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Abstract

Evidence for ferrocene-olefin and ferrocene-aromatic
interactions has been presented. The bulk and benzene solution
thermal polymerization of styrene, both in the absence and
presence of 2,2'-azobisisobutyronitrile (AIBN), has been
studied at 60°C in the presence of ferrocene derivatives.

Simple kinetic schemes for bulk polymerization were inapplicable
and enhanced propagation may proceed through styrene interacting
with the ferrocene derivative. In tﬁe presence of vinylferrocene
aﬁd-ethylferrocene, retardation was also observed. However, the
solution polymerization of styrene in the presence of
vinylferrocene proceeded norm%lly and a chain tranéfér constant
for vinylferrdcene in this polymerization was determined.

The kinetics of the bulk polymerization of styrene at 60°%¢
in the presence of cyclohexanone and ferrocene have been
studied and increased polymerization rates were noted. This
effect was attributed to the formation of initiating radicals
from cyclohexanone and ferrocene., The chain transfer constant
. for cyclohexanone in styrene polymerization was evaluated.

The kinetics of the AIBN-initiated homopolymerization of
vinylferrccene in dioxane have beeﬁ investiagted at 60°C and
were found to be normal, Various kinetic parameters have been
evaluated. The thermal behaviour of polyvinylferrocene hag been
studied as a function of molecular weight. Two transitions were
observed, the second being assigned as the glass transitiom.

The first transition may be due to rotation of the unsubstituted
cyclopentadiene rings,

Vinylferrccene has been free~radically copolymerized with

styrene and vianyl acetate at 60°C. Relative reactivity ratios
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have been determined for both of these copolymerizations and @
and e values have teen calculated for vinylferrocene, Limiting
viscogity numbers in toluene at BOOC and glass transition
temperatures have been determined for the styrene-vinylferrocene
copolymers,

VThe homopolymerization of vinylferrocene, and copolymerizatcion
with styrene., by ani;nic and Ziegler-Natta catalysts, and with

manganese(III) acetylacetonate as initiator, have been

investigated.
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I Introduction.

Since the synthesis and polymerizationl of the first, and
simplest, -olefinic ferrocene compound, vinylferrocene (I), a
CH:::CH2

Fe (1)

variety of ferrocene~containing vinyl monomers have been
prepared and polymerized. Some of these studies have been

specifically designed to obtain ferrocene-containing polymer
2,3

for an assessment of a potentizl application as a redox agent

k

or a semiconductor . Other studies have been more generally
motivated by the potential properties of ferrocene-containing
polymers, because of the known advantageous properties of many
simple ferrocene derivatives, particularly their stability
toward ultraviolet light, which enables them to be highly

5,6

effective stabilizers toward photodegradation . However,
few of these studies have been detailed, either with respect
to the polymerization or with respect to the polymer formed.
Vinyiferrocene is the most extensively studied vinylic
ferrocene~containing monomer but, although the free~radical
homopolymerization of this monomer lias been recorded quite

152,7-15" it is only recently that a full kinetic

14

study of the solution polymerization has been reported™ .

frequently

Although an earlier brief study9 had suggested that the
.

homopolymerization of vinylferrocene in benzene follows a

normal kinetic scheme for free-radical vinyl polymerization



(Sectién'II.A), the rate of polymerization being first-order in
monomer concentration and half-order in initiator concentration,
the more complete later study demonstrated that the rate of
polymerization, whilst still being first-order in monomer
concentration, is first-order in initiator concentration. A
"monomolecular termination step involving the poiymer radical was
suggested to account for the anomalous rate eguation., It was
further proposed that this.step results in the formation of a
paramagnetic Fe(III)-containing species. Méssbauer and esr
spectral evidence was reported to éubstantiate the presence of
this species in the polymer formed. These proposéls afe
discussed further in section V1I,
Polyvinylferrocene formed in solution polymefiéations has
invarizably been of low molecular weight, often having a number
- average molecular weight,-ﬁn, of less than 10,000, However, a
polymer prepared in a bulk polymerization was reported2 to have
a ﬁn of 48,600, |
Recently, the solution properties of fractionated

polyvinylferrocéne have been invesfigated, and the K and a
cdnstants of the Mark-Houwink relationship (Section III.B.15)
have been evaluated for bengzene (6°64 x 10’4rloocm3g'1 and_p'48

3

respectively) and tetrahydrofuran (7.2 x 10™° 100cm g-l and

0.72 regpectively). Theoreticallyl6, the value of a has limits

of unity, when the polymer molecules are extended in solution,
and 0+5 at the theta temperature for the system, when the polymer
molecules are coﬁtracted. The value for a of approximately 0«5
for polyvinylferrocene in benzene at 30°C has led to the
suggestion15 that the theta temperature fof this system might

not be too far from BOOC. However, the same study classes benzene

as a good solvent for polyvinylferrobene, which is not compatible



with a system close to its thets temperature.

T?e glass transition temperatgre, Tg, which marks the
onset of segmental motion in the polymer, has been estimatedlo’ll
for polyvinylferrocene by differential scanning calorimetry
(DSC). The values obtained were in the region 184°C to 194°cC,
jbut were approximate because the uvSC traces exhibited broad
curves, These values are considerably lower than the reported

1 and 280-

softening points for poiyvinylferrocene of 280-285°C
290002. However, it is clear that Tg for polyvinylferrocene is
much higher than that fér polystyréne, which has a Tg in the
_région of 100°¢C.

Vinylferrocene has been free-radically copolymerized with
a number of the more common vinyl monomers (Table’I;l) and
relative reactivity ratios (Section II.B) have been determined
for many of these copolymerizations (Table I.1). The Alfrey-Price
Q ard e scheme (Section II.B) has been applied to the majority
of those copolymerizations for which relative reactivity ratios
have been determined, but it appearsll that vinylferrccene does
not fit into this scheme, There has been 1little investigation
of the properties of the copolymers formed in these studies.

17

However, sotrtening points were estimated for styrene-
vinylferrocene copolymers with a vinylferrocene content of
5;62 mele-percent. These were found to increase with increasing
vinylferrocene content (120~130°C to 200-21500), as would be
expected in view of the glass transition temperatures of the
homopolymers.

The cationic polymerization of vinylferrocene at 0°¢c by-a

variety of suitable catalysts has been reporteda2

. The polymer
yields were high, but the molecular weights of the polymers

formed were very low (1,100-3,500). This low molecular weight



probably accounts for the generally low softening points
observed, compared with values obtgined for free~radically
prepared polymers, and also for the variation in these values
from 160-170°C (ﬁn = 1,100) to 235°C (ﬁn = 3,500). The ratio of
the absorbances at 995 et and 815 cn™t in the infrared spectrum
of the cationically prepared polyvinylferrocene was found tc be
in good agreement with that for free-radically prepared polymer.

1 is exhibited only by ferrocene

Since the absorption at 995 cm
derivatives which have one of the cyclopentadiene rings
unsubstituted and the absorption at 815 cm”l is lesc sensitive

23

to heteroannular substitution™, it was suggested22 that
cationically and free-radically prepared polyvinylferrocene are
of similar structure and therefore that nvclear substitutlion is
unimportant in the cationic polymerization of vinylferrocene,
However, although this spectral evidence indicates that
heteroannular substitution does not occur, it cannot preclude

the possibility of homoannular substitution. If polyvinylferrdcene
is considered to behave as an alkylferrocene, this latter mode

éf nuclear substitution would be the preferred modezs.

The ease with which vinylferrocene undergoes cationic
polymerization is to be expected <from the known stability of
the l-ferrocenylcarbonium ionzs. It ig reflected also in the
cationic copolymerization of vinylferrocene and styreneza,

" since styrene was incorporated into. the polymer only when the
styrene content of the feed was 80-90 mole-percent, deﬁending

on the solvent used. The cationic copolymerization of

vinylferrocene (Ml) and vinyl isobutyl ether (MZ) wvas successful
over the entire range of monomer feed compositionza. The relative
‘reactivity ratios determined for this copolymerization (r1 = 0.1,

r, = 9.7 at OOC) illustrate the high reactivity of the vinyl



\n

alkyl ethers toward cationic polymerization.

4

Vinylferrocene has been homopqumerized2 also by soluble
Ziegler catalysts and by a [—»P(C6H5)2]/Ni(acac)2 catalyst. The
Ziegler catalysts gave moderately high polymer yields after 6 hr
at 60003 but substantial amounts of the polymers were methanol
soluble, which suggests low polymer molecular weights. The
[»P(C6H5)2}/Ni(acac)2 catalyst éave somewhat higher yields under
similar conditions. The polymerization mechenism in the presence
of this catalyst was thought to be of an anicnic coordinafive
nature.

Divinylferrocene has been polymerized by free-radica125’26,

25~27

. Ziegler25 and anionic25 techniques, but this

cationic
polymerization is characterized by cyciization and crosslinking,
much of the polymer formed beiﬁg benzene insoluble,

Two groups of ferrocene~substituted monomers which have been
studied almost as extensively as vinylferrccene are the
ferrocene~containing acrylates and methaecrylates, Ferrocenylmethyi

10,28

acrylate and methacrylate and 2-ferrocenylethyl acrylate

29

and methacrylate all appear to follow a normal kinetic scheme
(Section II.A) in their free-radical homopolymerizaticn in
benzene, since their rates of polymerization-are first-order in
monomer concentration and half-order in initiator concentratioz.
lwferroceﬁylethyl acrylate29 decomposes to vinylferrocene in
competition with polymerization at 20°¢,

10,29 for K and a in the Mark-

Values have been determined
Houwink relationship (Section III.B.15) for these polymers in
benzene, but, since the viscosity measurements were made on
unfractionated polymer samples and the limiting viscosity numbers

were related to Mn and Mw’ these values were given as preliminary

estimates only.



As with polyvinylferrocene, DSC traces obtained for these
polymers exhibited brcad curves, However, these were interpreted
as indicating glass transition temperatures of l97~21000, 185~
19500, 15700 and 20900 for poly(ferrocenylmethyl acrylate)lo,
poly(ferrocenylmethyl methacrylate)lo, poly{(2~ferrocenylethyl

]
10,29 and poly(2-ferrocenylethyl methacrylate)”o’zg,

| “acrylate)
resPective1§. Few other polyacrylates and polymethacrylates
have glass transitions at temperatures as high as these,

These four ferrocene-containing acrylic and methacrylic
esters have been copolymerized freé—radically with ; variety
’of common vinyl monomers. The details of these copolymerizations,
including relative reactivity ratios, are summarized in table
I.2., Two partial summaries of the free-radical polyﬁerization
of these four monomers and vinylferrocene have been publishedla’IB.
The relative reactivity ratios for copolymerizations with a
common comonomer clearly indicate that 2-ferrocenylethyl acrylate
and methacrylate are more reactive monomers than ferrocenylmethyl
acrylate and methacrylate, It has been suggested29 that this
difference in reactivity is due to steric factors, the bulky
ferrocene nucleus being closer to the polymer backbone in the
ferrocenylmethyl monomers and polymers, The Alfrey-Price Q and
e scheme (Section II.B) has been applied to the ferrocenylmethyl

30,31

acrylate and methacrylate copolymerizations , but, when a
Q-e¢ map was constructed, nc satisfactory single values of @ and
e were obtained for either monomer. This was attributed, in
part, to the rather large confidence limits associated with some
of the copolymerizations. Also, steric factors were considered
to be intervening, and these are not accomodated in the Q and e

schene.,

Limiting viscosity numbers, in tetrahydrofuran, and glass



transition temperatures were obtained31 for several of the
copolymers of ferrocenylmethyl methacrylate and acrylonitrile,
maleic anhydride and N-vinyl-2-pyrrolidone, and also for several
ferrocenylmethyl acrylate-maleic anhydride copolymers. However,
no systematic study of the variation of polymer properties with
copolymef composition has been reported.
1~ferroceﬂylnl,B-butadiene has been homopolymerized by

f'.r'ee—radicalBU'-36 and anionic34’35’37 techniques and copolymerized

35,36 35 he

free-radically with styrene and methyl methacrylate
azobisisobutyronitrile (AIBN) initiated homopolymerization in
toluene at 67°C was reported35 to give only dimer, in high yield.
%6 )

However, a later study”~ of this polymerization in beﬁzene at
70?0 was successful in preparing homopolymer of low molecular
weight (ﬁn = 1,650). The softening point of this polymer was
given as 14000. This latter study also included the more complete
investigation of the free-radical copolymerization of .-
l-ferrocenyl=-1l,3-butadiene (MZ) with styrene’(Ml). In agreemént
with the earlier studyBs, 1-ferroceny1~1,B-bﬁtadiene was found

to be preferentially incorporafed into the copolymer. This is

36

reflected in the values obtained for the réia£ive reactivity
ratios for this copolymerization (r2 = Z-L;?,-rl = 0«76). The
Alfrey~Price Q and e scheme was applied to these values, and § '
and e for 1—ferroceny1—1,B—butadienelwere calculated to be 156
and -0+8 respectively. — g
The anionic homopolymerization of 1-ferrocenyl-1,3-butadiene,
in toluene at room temperature with n-butyllithium as initiator,
. has been studied37 over a wide range of monomer:initiator ratios,
The polymerizations did not proceed to 100% conversion at high

monomer:initiator ratios (greater than 20), and molecular weights

were higher than would be expected from the monomer:initiator



ratio. Also, the dispersity indices (ﬁw/ﬁn)/of the polymers
formed‘were relatively high for anionic polymerizations. These
observations were interpreted as indicating that chain transfer
had occurred. In view of the known lithiation of ferrocene, it
was suggested that transfer occurs to the ferrocene nucleus of
the movomer and polymer.

Three alkenoylferrocene monomers have been polymerized.

8’38

Acryloylferrocene has been homopolymerized by free-radical

28

anionic and cationic’7>8 technigues. However,; both

furylacryloylferrocene8 and trans-cinnamoylferrocene8’39 failed
“to form homopolymers when standard free-radical techniques were
employed. All three monomers have been successfully copolymerized

8

z
free~-radically; acryloylferrocene with acrylonitrile””, vinyl

acetates, styrene8 and methyl methacrylateg,
furylacryloylferrocene8 with styrene and methyl methacrylate,

8,39

and trans-cinnamoylferrocene with a range of combnomers,
including dienes,

Isopropenylferrocene alsc has been reportedho‘as not
undergoing homopolymerization in toluene at 100°C in the presence
of AIEN as initiator, althcugh it did copolymerize with styrene
and methyl methécrylate. This behaviour is similar to that of
its benzene analogue, e-methylstyrene. However,

3

diisopropenylferrocene has been homopolymerized

I+Lby“free—radical,

cationic and Ziegler-Natta technigues, although the latter
method gave only oily oligomer, An attempted anionic

41

homopolymerization failed to produce polymer.
Among the less common ferrocene-containing vinyl monomers
are trans-@-ferrocenylacryionitrile, which has been copolymerized

free—radicallyha, and di(l-chlorovinyl)ferrocene, which has been

homopolymerized43 by an anionic technique. A range of silicon



and ferrocene substituted vinyl monomers also has been

ol

LS
homopolymeriz and copolymerizedr5 by anionic techniques.

The non-vinylic ferrocene-containing monomer

ferrocenylacetylene (ethynylferrocane) is of some interest here,

2l 16
b

because it has been homopolymerized by free-radical

17 2k, 48

tecnniques and copolymerized

and Ziegler—Natta5l techniques.

and Ziegler-Natta
50

anionic
by thermalAg, cationic
An observation which is of importance to studies of the
free-radical polymerization of all of these ferrocene-containing
vinylic monomers is the incffectivéness of benzoyl peroxide as
aﬁ initiator in these systems. This has been reported on several
occasionsg’sg, and has been attributed to a non~radical reaction
of benzoyl peroxide with the ferrocene nucleus of"tﬁe monomer.
The polymerization of ferrocene substituted vinylic
monomers represents only one method of preparing ferrocene-
containing polymers. More study has been directed toward the
preperation of such polymers by condensation methods. These
investigaticons are not of direct relevance to this work, and

52

are reviewed elsewhere” .,
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Table I.1

The free-radical copolymerization of vinylferrocene

Comonomer (ME) a ry a ry b Ql b ey Ref.
Styrene - - ‘- - - 1,7,8,9

¢ 0.2 |4 O-4 | -1-3 |17

¢ 0.08 | 2.5 |0.145) 0.47] 11

¢ 0.097 | 2-91 - - 11
Methyl acrylate © 0.82 | 0.63 | 1.16 1.39] 11
Methyl - ; - - 1,7,8,9
methacrylate ° 052 | 1.22 | 0.79 1.07 11
Acrylonitrile © 6-15 | 0.16 | 0.05 0.721 11
Maleic anhydride d 0«02 | 0-21 - - |18
N-vinyl-2-pyrrolidone® | 0.66 | 0.40 - - 19
Ethyl acrylate - - - - 9
Butadiene , - - - - | 20,21
Chloroprene °© - - - - 1,7

Relative rectivity ratios. .

b Alfrey-Price Q and e scheme based on § = 1.0 and e = -0.8
for styrene, |

¢ In benzene at ?OOC,

d In a solvent mixture of 75% benzene and 25% ethyl acetate
at 70°C,

e

Emulgion polymerization,



-

Table I.2
Free-radical copolymerizations of ferrocene-containing acrylic

and methacrylib esters

Monomer (Ml) Comonomer (MZ) | a ry 2 r, [Ref.
Ferrocenylmethyl b st&rene ’ 002 [2-3 30
acrylate b vinyl acetate 1eLlL {046 20
b methyl acrylate 014 446 | 30
Y yethyl methacrylate |C.08 [2.9 | 30
© maleic anhydride 0¢61 {0-11 | 31
Ferrocenylmethyl b styrene 003 |37 30
methacryiate b vinyl acetate 152 }0.20 30
b methylyacrylate 0«08 [0-82 | 30
b methyl methacrylate 012 [3527 30
® maleic anhydride 0+28 {0-10 | 31
d acrqunitrile 030 011 31

ON-vinyl-2-pyrrolidone |3%+71 |0.05 | 31

2-ferrocenylethyl b styrene ' O+41 |1-06 | 32
acrylate © vinyl acetate Zely JOs07 | 32
© methyl acrylate 0+76 |0-69 | 32

n{benzyl acrylate) - - 33

chromium tricarbonyl

2-ferrocenylethyl b styrene 0.08 10.58 | 32
{
methacrylate e vinyl acetate , 8.7 [0-06 32
e

methyl methacrylate 020 |0+65 32

&  Relative reactivity ratios. b In benzene at ?OOC.

€ In 1:1 v/v benzene:ethyl acetate at 80°C.

d e

In benzene at 80°C. In benzene at 60°C.



I1 Kinetic aspects of free-radical polymerizatlion

I1.A Free~radical homopolymerization

Several thorough treatments of the kinetics of the free-
radical homopolymerization of vinyl monomers have been
publishedsé The following scheme is, therefore, only a framework
necessary for the treatment and discussion of the results which
are to be presented,

The scheme considers the general éase of the polymerization
of a monomer, M, via polymer radicéls, Re, in the presence of
ahother chemical species, S, to give polymer, P. Initiating

radicals, Rc-, are formed at a rate I.

ky

RC. + M —> R. (i)

- k

p -

R+ + M —> R- (i1)
Kem

Re + M —3 P + Re (1ii)
kfs ‘

Re + 8§ —>P + S < (iv)
k, _

Se + M — R. , ' (v)
ke

Re + Re —>P or 2P {vi)
k

3 ’ .

Re + Se —=F ‘ (vii)
5y,

S+ + S+ —> Inactive product (viii)

In many polymerizaticns, steps II.(vii) and II.(viii) are of
minor importance and do not influence the polymerization
significantly. Furthermore, in any polymerization which yields

high polymer, step II.(ii) occurs many times more than steps
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IT,{i) and II.(v). Thus, the rate of polymerization,
R = «~diM V: k {Reji M 1

Assuming a steady state concentration of polymer radicals, that

is, ‘
a[r.] =0 o » (2)
at
1+ s ][] = 2k [R.]° + x, [R-][s] (3

For a steady state concentration of S-, assuming steps II.(vii)

and II,(viii) to be negligible,

kfs[R'][S'l = ky[s- ][] - (%)

and equation II.3 becomes

[r-] = (r/2x)0"? | (5)
Hence, ’ ‘A
R = kp(I/Zkt)O'5[M] (6)

In the presence of a free-radical initiator, In, initiating
radicals are formed by

Ky

In —>2R + | (ix)
Then, the rate of initiation

1= 2fk,[1n] (7)
where f, the initiator efficiency, is the fraction of radicals
which initiate polymerization..The rate of polymerization may be
given now by

R, = kp(fkd/kt)0‘5[M][In]O°5 (8)

When the degree of polymerization of the polymer, ﬁ?, is
considered, the precise mode of termination, generaiised,in
step II.(vi), becomes importanf. The general nature of this
treatment may be preserved by regarding the rate of formation

of polymer by this step to be kter[R-lz. Then, by definition,
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kp{R-}[M] (9

DP =
ko [R]E + wg [R[M] ¢ s [R]] 8]
or,
’%: = kter[R‘] + kfm * kfs[S] (10
DP kle] kp kp[MJ
Combining equations II.1 and II1.9 gives
o=k Rkt k,_[s] (11)
S ) T

or, introducing Cm and Cs’ the chain transfer to monomer and
and CS are equal to

species S constants respectively, where Cm

(kfm/kp) and (kfs/kp) respectively,
+C o+ c_[s] (12)

=k R
ter D
] ~

i
DP THLE
DP kp? [In ]
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II.B Free-radical copolymerization

In a binary copolymerization, the composition of the copolymer
formed is related to the composition of the monomer feed by the
copolymer equaticn. This is based on a considerationsq’55 of the

propagation steps in the copolymerization:

B

~he + A —> ~~—AA- (x)
S

~b: + B —3 r—uiB. : (xi)
Koz

~—B: + B —> kBB (xii)
k21 .

~B+ + A ——> r~Bh- (xiidi)

Then, - ; |
-afa] - kll[A°][A] + k. [B][a] (13)
" and
~afe] = &, [e-][e] + k,[a-][8] (14)

dt

Assuming steady state conditions,

ey [Be][a] = [0 ][8] . S a
from which | | |
| ky,|B]

Combining equations II.13, IT.1l4, IT.15 and II.16 gives

%{%} = Gy ke [B ][220, [B]) kal[B'][A] an
k| BoIBJ+ kyq|BeJ]A] ,
and dividing through by kal[B-][B],
%{%} = (e (21276, [B]%) + [2]/[B] | (18)
(ppfliay) [A}/15]

Defining the relative reactivity ratios, rl and rZ, ag

ry = kll/k12 | (19)
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and

1"2 = kaa/kal (20)

and introducing these into a rearranged form of equation II.18
gives
gH = (o, [aY/[B]D + 2 | (21)
Tl By

If the composition of the monomer feed is Ml mole-percent of 4

and M2 mole-percent of B, equation I1.21 becomes

3% zrﬂMyﬁg +.1 , (22)
V. /M :
rZ(La/Il) + 1

which is the differential form of the copolymer egquation. At
low conversion, the copolymer composition reflects the relative
rates of incorporation of A and B into the polymer, that is

(23)

where my and m, are the mole-percent of A and B in the copolymer

respectively. Thus,

my = rl(Ml/MZ) + 1 ' (24)

m, rZ(Ma/Ml) + 1 '

The Fineman—Ross56methodprovides a simple means of

determining Ty and ra‘if the monomer feed and copolymer

compositions are known, Substituting F for Ml/M2 and f for ml/mz

in equation II.24 and rearranging gives

(fr/F) + £ = piF + 1 (25)

Hence

(f - 1)/F = r. - rZQf/FZ) C (26)

1

and

(F/£){f - 1)

H

2
Thus, plots of (f - 1)/F against £/F° are straight lines of

gradient -r, and with r, as intercept, and plots of (F/£)(f - 1)

2 1

against Fz/f have a gradient of ry and -r, as intercept. The
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advantage of having the two forms of the basic eguation is that,
on some occaslons, one form gives a better plot than the other.
A knowledge of the relative reactivity ratios for a system
permits the prediction of the compoéition of the copolymer
formed from a given monomer feed, or allows the calculation of
the couposition of the monomer feed reguired to give a copolymer
with a desired composition., The valﬁes of rl and r, obtained for
one system may be used also in a semi-guantitative predictive
manner in other copolymerizations,'by ueing the Alfrey-Price Q-e
scheme?’, This is based on the assuﬁption that the rate constant
for the attack of a radical 1 upon monomer 2 is given by
(28)

k exp(~e

12 = 11% 1°2)

where Pl is the radical reactivity factor, QZ is the mean
reactivity of monomer 2, and ey and &, are measures of the
polarity of the radical 1 and monomer 2 resvectively. The same

polarity factor is used for a monomer and.its adduct radical,

thus
. (-0 @ ’
ky, = PpQexp( e, %) (29)
Then, dividing equation 1I1.29 by equation II.28 gives
kiq =7y = E; exP{}el(el - e2)} » (30)
%2 A%
Similarly, _
Kyp = Ty = ..%3. exp{—ez(e2 - el)} (31)
k21 \&

These relationships may be used to predict values for the
relative reactivity ratios for a copolymerization from the Q andA
e values for the two monomers, which have been determined

previously by studies of other systems., Such a use c¢f the § and

e scheme must be undertaken with caution, since the scheme has

several limitations, which are discussed elsewhereBaa
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| Q@ and e values for 2 new monomer may be calculated fronm
experimentally determined relative reactivity ratios for the
copolymerization with a monomer with known @ and e values
(styrene being particularly useful in this respect, since it is
taken as the standard for the system, with @ = 1+00 and e = -0-8)
using equation II,30 or II.3]1 and
rr, = exp{-—(el - ee)e} (32)

which derives from eguations II.%0 and II1,31.



IIT Experimental
III.A Materials
ITIT.A,1 Vinylferrocene

Initially, vinylferrocene was prepared from acetylferrocene
via l-hydroxyethylferrocene, For example, acetylferrocene
(Koch-Light), 10 g, and sodium borohydride (EDH), 54 g, were
dissolved in a 2:1 v/v dimethyl sulphoxide water mixture,

450 cm, and the solution was stirred for 5 hr at 90°C. The
cooled solution was extracted overnight with 60-80 petroleum
ether, 150 cmB, in an upward dispiacement liquid/liquid extractor,
The petroleum ether solution was cooled to room temperature,
seeded, and then further cooled in an ice-bath, The amber,
needle-shaped crystals of 1l-hydroxyethylferrocene were filtered
off, washed with ice-cold 60-80 petroleum ether and dried in
vacuo at room temperature; yield 8.9 g (88%), mp 75-5~76o200
(Lit. mp 73-75°cL, 78-80°C%9), & further 0.8 g (7%) of crude
product (mp 71-8-72.8°C) was obtained by evaporating the filtrate
to dryness under reduced pressure. Recrystallization of this
crude product from 60-80 petroleum ether yielded 0:5 g (4%) of
l-hydroxyethylferrocene (mp 95.6=-76+4°C) .

Pyrolysis of l-hydroxyethylferrocene, én an alumina catalyst
and under reduced pressureéq gave o 50% yield of vinylferrocené,
mp 50-5-51.1°C (Lit. mp 46-5-47-5°C7, 52-53.5°C61y,

Vinylferrocene, pre?ared by the above method, supplied
commercially (ROC/RIC) or recovered from previous polymerizations,
was purified prior to use by recrystallization. A warm (50°C)
methanolic solution (7% w/v) was repeatedly filtered through
a double thickness of Whatman No, 42 filter paper until the

filtrate was clear and no deposit was left on the filter paper.

This solution was cooled first to room temperature and then to
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;6000. The solid was collected by filtering through a pre-cooled
(s01id carbon dioxide) Blichner funnel and washed with chilled
methanol, The crystalline mass was dried at the pump while it
attained room temperature. Final drying was carried out on a
high vacuum line (Section III.B.1, Fig. III.2, outlet 9). After

6

degassing to 107 ° mm Hg, the solid, at room temperature, was
connected to a trap (T3) cooled by liquid nitrogen. After 24 hr,
the s0lid mass was broken up with a magnetic follower, the trap
was cleaned and the drying process repeated. This method gave
high purity vinylferrocene, as indicated by the melting point,
typically 53-4-54°C, and the absence of induction periods in
subsequent polymerizatioﬁs.
IIT.A.2 Styrene

The inhibitor present in the styrene (BDH) was removed by
shaking three times with 10% w/v aqueous sodium hydroxide
solution and three times with distilled water. The styrene was
dried, by stirring over powdered calcium hydride overnight,
before bsing fractionally distilled from calcium hydride under
reduced pressure. The centre cut was retained and, if necessary,
stored in the dark at -20°C for no more than 2l hr before being

used,

ITI.A. 3 Vinyl acetate

Vinjl acetate (BDH) was fractionally distilled and
2-2'~azobisisobutyronitrile (AIBN), Q+4 g, was added to the
3

centre cut, 60 cm”. This was partizlily polymerized in a
distillation appartus by warming gently until the monomer
distilled of its own accord. The centre cut was used immediately.
ITIT.A. 4 Solvents

Benzene (BDH, AR grade), dioxane (M & B, R grade),

tetrahydrofuran (THF, Koch~Light, puriss) and cyclohexane
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(Koch~Light, puriss) were stirred over calcium hydride overnight
and fractionally distilled from calcium hydride. The centre cuts
of theAsolvents required for free-radical polymerizations were
stored in the dark prior to use. Solvents which were required
for either Ziegler~Natta or anionic polymerizations were further
dried either by stirring over 'living' polystyrene-overnight

or, where contamination by hexane from the anionic initiator
reguired for this process was undesirable, by stirring over

6% Both of these drying procedures were

sodium/potassium alloy
carried out on the high vacuum syétem and the solvents were
ﬁsed immediately.

n-Hexane (BDH) was dried over n-butyllithium solution on
the high vacuum line. ‘

Decahydronaphthalene (Koch-Light) was dried over molecular
sieves (Linde, 4A) and purged with dried oxygen-free nitrogen
before use.
II1.4.5 Ferrocene

Ferrocene (BDH) was purified by sublimation under reduced
pressure (0«5 mm Hg, 8OOC), mp 17500, as determined by DSC
(Lit. mp 174°C23), |

I1T.4A.6 Ethylferrocene

Ethylferrocene was prepared by catalytic reduction of
acetylferrocene63{Koch—LightL After the chromatographic
purification, thorough removal of solvent was ensured by
evacuating the product on the high vacuum line until the
ethylferrocene began to distil. The infrared spectrum of the
purified product exhibited only absorptions due to ethylferrocene.
Handling time for the ethylferrocene was kept t0 a minimum

because of its relatively low oxidative stability.



11T.4.7 Cyclohexanone

Cyclohexanone (R. N. Emanuel) was purified by the procedure
adopted for solvents required for free-radical polymerizations.

I1T.A.8 2,2'-Lzobisisobutyvronitrile (AIBN)

2,2'-Lz0obisisobutyronitrile (R. N. Emanuel) was
recrystallized three times from A.R. methanol, dried in vacuc
at room temperature and stored in the dark at -20°C ( mp 101.8-
102+4 with decomposition).

III.A.9 Manganese(III) acetylacetonate (Mn(acac),)

Mangenese(III) acetylacetonate (Koch-Light) was
64

recrystallized by adding a benzene solution to n-heptane and
dried in vacuo at room temperature (decomposes at ca. 16900,

by DSC).

IIT,A,10 n-Butyllithium (n-Buli)
n-Butyllithium (Koch-Light) wes used as supplied (15%
n-hexane solution) and at lower concentration, thoroughly dried

n~-hexane being used as the diluent. The Gilman double titration

65

method gave the concentrations of active butyllithium as

2

1.2 mol dm™ and L+11 x 107° mol dm'3.

I1T.4,11 Cumylpotassium

Cumylpotassium (Orgmet, Inc.) was supplied as a suspension
in heptane in the presence of potassium metal, A heptane-free
THF solution was prepared, the potassium metal being removed
by filtration. The concentration of tactive' cumylpotassium was
determined by reacting the solution with butyl bromide, and
titrating the potassium bromide liberated with agueous silver
nitrate solution (Section III.B.3). This method gave the
concentration as 995 x 1072 mol dm-5. The solution was stored

at -20°C for the short period between its preparation and use,



because cumylpotessium reacts slowly with THF.

IIT1.A.22 Titanium(IV) chlorice (TiClq) and

N

3)

Titanium(IV) chloride and vanadium(V) oxotrichloride were

Vanadium(V) oxoctrichloride (V0OC1

diluted, under dried, oxygen—free nitrogen (OFN), by sodium-
dried A.R. benzene to give solutions of concentration

0-898 mol dm™~ and 0+ 883 .mol dmnz, respectively. These solutions
were stored under OFN in a flask fitted with a spring-loaded

stopcock (Fig, III.l.a).

I11.4,13 Titaniwm(III) chloride (TiCl.) and
~

Vaﬁadium(III) chloride (V0152

Titenium(III) chloride (Stauffer AA, §-TiCl,.1/3A1C1

3 32
ball-milled) and vanadium(III) chloride (ball-milled) were
supplied in the form of benzene suspensions, which were stored
under OFN in flasks fitted with a spring—loaaed stopceck and

a stirrer (Figt I11.1.b). The concentration of the TiCi3 slurry
was determined, by titration with cerium(IV) sulphate solution,
to be 0406 mol am™> (Section III,B,A).'Redox titration of the

VC]_3 slurry with potassium permanganate solution gave the

~concentration as O«L4& mol dm'3 (Section II1I,.B.5).

III.A. 14 Triethyl aluminium (AlEt,) and
-~

diethyl aluminium chloride (AlEtECl) :

Triefhyl aluminium and diethyl aluminium chloride were
supplied as benzene solutions under OFN (Fig.III.l.a). The
'active'! concentrations of these solutions were determined, by
ethane liberation, to be 0938 mol dm-5 and 136 mol dm?z,
‘respectively (Section III.B.6).

33 L 23 AlEtsznuiAlEtZCI were kindly
éupplied by I.C.I. Ltd., Plastics Division, Welwyn Garden City.

TiCl1 Ticl VCi,, VOC1
-
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ITI.B Techniques

II1.B,1 The high vacuuwr/inert gas system

This system, depicted in fig.IITI.2, combined a conventional
high vacuum line with a buffered inert gas {(dried, oxygen-free
nitrogen, OFN) supply. The high vacuum pumping section of the
line was capable of evacuating L2 10—6 mm Hg in a short time,
ca. 15 minutes, OFN, dried by a concentrated sulphuric acid
(D1)/sodium hydroxide (D2) train, could be delivered at pressures
ranging from several cm of mercury to several cm of liguid
paraffin, pressure regulation in the latter case being provided
by a liguid paraffin bubbler (D3). This OFN supply system,
working in conjunction with a rotary vacuum pump, provided an
evacuation-OFN purge facility. Silicone H.V.'greéée wazs used
in sections of the line involved with solvent and monomer
trancfer and purification (9,16-21,28,29). Normazl hydrocarbon
based H.V. grease was used throughout the remainder of the high
vacuum system. PTFE stopcocks (22-27) were used in the OFN
supply system, primarily because their desgign was compatible
with the range of pressures used And pernitted easy control
of low gas flow rates,

I1TI.B.2 Technigues for handliﬂg air-gsengitive compounds

All actions involving the anionic initiators, n~butyllithium
and cﬁmylpotassium; the Ziegler-Natta catalysts and components,
titanium(III) chloride, titanium{IV) chloride, vanadium(III)
chloride, vanadium(V) oxotrichloride, triethyl aluminium and
diethyl aluminium chloride; and polymerization systems generated
by these compounds were carried out under OFN, The pressure in
vessels containing these compounds and systems was kept at a
level slightly above atmospheric pressure, and thus wherever

possible spring-loaded stopcocks were used and all joints were
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resgstrained by elastic retainers. Silicone grease was used on
these‘stopcocks end joints because it is slightly more resistant
to stripping by solvent vapours than hydrocarbon-based greases.
The problem of stripping was further reduced by using vessels
designed to prevent any stripped grease from reaching the
contents of the vessel (Fig.III.%.a). Vessels of this pattern
were used for storing anionic initiator solutions, monomer
soluticne and purified solvents for Ziegler-Natta and anionic
polymerizations.

Large scale transfer of liquids under OFN was carried out
via stainless steel tubving (bore ca. 1 mm) by applying the
minimum pressure differential across the tubing for sustained
liquid flow. )

Transfer of accurately known volumes of liquids and slurries
under OFN required the careful use of syringes. A syringe was
flushed with OFN and primed with the appropriate purged solvent,
The priming served to wet the barrel-plunger jéint, thus
providing a seal, excess solvent being thoroughly expelled by
repeatedly flushing with OFN, TIn the cases of n-butyllithium,
cumylpotassium and the alkyl aluminium solutions, the syringe
was purged twice with the solution prior to.the final flushing
with OFN., The syringe was filled by slowly withdrawing the
plunger until the mark on the lower tip of the barrel coincided
with the required volume graduation. Then, OFN was drawn into
-the syringe, thus emptying the contents of the needle into the
syringe and preventing loss of liguid during the transfer.
Maximum discharge of the liquid or slurry was ensured by
flushing the syringe with OFN into the receiving vessel.

The slurries required special techniques to maximise the

uniformity of concentration over many withdrawals. The design
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of the storage vessels (Fig.III.1.b) was such that a reasonably
uniform suspension was created szt moderate stirring speeds.
Withdrawal of the slurry from a constant depth also increased
the uniformity of the samples. In addition, it was necessary’
to agitate the syringe during the entire transfer procedure to

prevent settling of the so0lid in the syringe barrel.
’

IT1.B.3 Cumylpotassium analysis

Butyl bromide was purified by stirring over calcium

hydride overnight and fractionally distilling, under reduced

3

of the centre cut was

3)’

pressure, from calcium hydride. 1lcm
transferred to a two-necked flask (100 cm which then was
connected to the OFN supply, the other neck being sealed by a
rubber septum. The butyl bromide was degassed by three alternate
evacuation-OFN purge cycles and azn accurately measured volume

3

of cumylpotassium solution, 1 cm”, was added via a syringe,
under OFN. The fine precipitate of potassium bromide, which
formed of the immediate discharge of the red colour of

3

cumylpotassium, was dissolved in distilled water, 5 cm”, and
.titrated with.standardized aqueous‘silver nitrate solution, with
fluorescein as indicator. This method was found to have a zero
blank. The concentration of the cumylpotassium solution, CK’

was given by

C, =C.V ‘ (1)

where V. was the volume of cumylpotassium solution used and

CA and VA

silver nitrate solution, respectively.

were the concentration and titration volume Qf the

ITI.B. 4 Titanium(IIT) chloride analysis
3

~7
Sulphuric acid (1 mol dm “), 100 cm”, was purged out by

adding a piece of solid carbon dioxide. An accurately measured
3

volure, 5 cm”, of the titanium(III) chloride slurry was
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syringed, under OFN, into the sulphuric acid. The syringe was
washed three times with purged acetone, the washings being
added to the sulphuric acid solution. This solution was tiltrated
with a standardized aqueous cerium(IV) sulphate solution
(02 mol dm_B), using a 2% w/v solution of diphenylamine in
concentrated sulphuric acid as indicator. The purple colour of
the solution faded to milky-white just prior to the persistent
bright blue endpoint. This titration, which had a zero blank,
may be summarized as

Ce(IV) + Ti(IIT) —> Ce(III) + Ti(IV)
Thus, the concentration of the titanium{(III) chloride slurry,
'CT, was given by

Cp = Cola \ ' (2)

Uy
where VT was the volume of the titanium(III) chloride used and
CC and Vc were the concentration and titration volume of the

cerium(IV) sulphate solution, respectively.

I1I,.B,5 Vanadium(III) chloride analysis

Sulphuric acid (1 mol dm-B), 100 cmB, was purged by addiug
a piece of solid carbon dioxide. An accurately measured volune,

3

5 cm”, of the vanadium(III) chloride slurry was syringed,

under OFMH, into the sulphuric acid. The syringe was washed
three times with purged acetone, the washings being added to
the sulphuric acid. This solution was .titrated with a
standardized aqueous solution of potassium permanganate

(0+1 mol dm™>). The purple slurry gave a blue solution in the
acid, this colour changing to very pale yellow as the titration
was carried out. At this point the solution was heated to 6OOC
before the titration was continued teo the first persistent

pink endpoint, This titration, which had a significant blank

arising from the oxidation of acetone by potassium permanganate,



may be summarized as
AMn(VII) + S5V(III) —3 2Mn(II) + 5V(V)
The concentration of the vanadium(III) chloride slurry, Cys

was given, therefore, by

Cy = 2CpVp (3)
5Vv
where VV was the volume of the vanadium(III) chioride slurry
used and CP and VP were the concentration and titration volume

of the potassium permanganate solution, respectively.

III.B.6 Analysis of triethyl éluminium and

diethyl sluminium chloride

) 3

Sulphuric acid (3 mol dm—5), 20 c¢m”, and benzene, 1 cm”,

3

were stirred in a flask (100 c¢cm”, long-neck) conneéfed, by

gas-tight joints, to a gas burette (Fig. III.3.b). Alkyl
aluminium solution, ca. lcmB, was added in order to saturate
the apparatus with ethane. The gas burette was levelled, when
the apparatus had returned to ambient temperture. An accurately
measured vclume, lcms, of alkyl alumﬁnium solution was syringed
slowly, with stirring, into the acid. As ethéne was liberated,
the pressure in the apparatus was held close to athSpheric
pressure by adjusting the gas burette. After complete addition
of the alkyl aluminium solution, the apparatus was aliowed to
equilibrate to room temperature before the gas burette was
levelled. The volume of ethane evolved, room temperature and
atmoépheric pressure were recorded, Three further additions of
alkyl aluminium solution were carried out. The number of moles

3

of ethane produced by 1 dm” of alkyl aluminium solution at
STP, and thus the concentration of the solution with respect

to alkyl groups, CR’ was given by



Cg = V,Vp273-3P o (1)
76T x 1000 -

where VE was the total volume of ethane produced (cm3

), at a
temperature T (X) and pressure P (cm Hg), by the total volume
of alkyl aluminium solution added, Vy (cmz). The ‘'active! alkyl
aluminium concentration wa;, therefore, CR/3 for the triethyl
aluminium solution and CR/Z for the diéthyl aluminium chloride

solution.

III.B.7 Polvmer isolation and purification . N

In general, polymers were isolated and purified by a
standard method. The concentration of the polymer solution
was adjusted with A,R. toluene to be apﬁroximately in the
appropriate concentration range for its prédictedrmolecular
weight; 4% for M.W. less than 75,000, ca, 2% for M,W. 75,000~
50C,C00 and 0+8% for M.W.<greater than 500,000. These values
were found to be necessary to obtain polymer of a tractable
physical form on precipitafion. The diluted polymer solutién
was passed slowly through a No., 2 glass sinter into a stirred
‘ten-fold excess of methylated spirits, The precipitated polymer
was allowed to settle, collected on a Nﬁ. L4 glass sinter, washed
with methylated spirits and dried to constant weight in vacuo
at room temperature. These polymers were purified by
reprecipitation from A.R.vtoluene into methylated spirits,
following the scheme used for their isolation.

I11.B.8 Anionic homopolymerizetion of vinylferrocene

I1II.B.8.a n-Butyllithium initiated in cyclohexane solution

Vinylferrocene, L g, was degassed to .'LO.'3 mn Hg in a two-
necked flask, one neck of which was sealed by a rubber septum.

3

Purified cyclohexane, 21 cm”, was dictilled, under vacuum, onto
the vinylferrocene and the vacuum was broken with OFN. The

solution was heated, with stirring, to 60°C and n-butyllithium
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solution (1+2 mol dm 085 cmgg was added via a syringe. This
solution was stirred for 2 hr at 60°C and then A.R. nethanol,.

0«5 cmi, was added to terminate any activity. Polymer precipitated
as the solution cooled and it was necescary to add A.R. toluene,
25 cms, and warm the solution to redissolve this ﬁolymer. The
polymer was isolated and purified by the standard method

(Section III.B.7).

ITI.B.8.b n-Butyllithium and cumylpotassium initiated in THF

Vinylferrocene, L g, was purged, in a sforage vessel
(Fig., III.3.a2), by three evacuatioﬂ-OFN purge cyclee. Purified
THF, 37 cmB, was syringed onto the vinylferrocene to give a
stock solution.(A flask, 25 cm?, sealed with a rubber septum and
equipped with a magnetic follower, was purged, via a side-arm,
by threé evacuation-OFN purge cycles. Vinylferrocene solution,

3

5 cm”, was syringed into the flask, which then was placed in a

bath at the required temperature. After equilibration, anionic

2 3

initiator solution (n-butyllithium, 4+11 x 1077 mol dm

cumylpotassium, 995 x 102 mol dmwB), l>cm3, was added and the
solution was stirred for 1 hr at the desired polymerization
temperature. Any activity was terminated then by pouring the
solution, uncder OFN, onto a rapidly stirred élurry of finely
powdered solid carbon dioxide in THF, 5 cmB. Any pol&mer formed

was isolated by the standard method (Section I1I.B.7).

I11.B.8.c n-Butyllithium initiated in decahydronaphthalene

The technioue described above (Section III,B.8.b) was
employed, but in this case the decahydronaphthalene, qu‘CmB,
solutions of vinylferrocene, 0.5 g, were prepared in situ.

III.B.9 Anionic random copolymerization of vinylferrocene

and styrene

A styrene, 1 g, solution of vinylferrocene, 2 g, was
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purged, by three evacuation-~0OFN purge cycles, in a flask sealed
with a rubber septum and equipped with a magnetic follower.

3

Purified cyclohexane was added to give ca. 25 cm” of solution.
Polymerizaetion was initiated by n-butylliithium solution

(1-3% mol dmns), Ce2 cm3, and the solution was stirred at 60°C
for 3 hr. Methanol, 0.5 cms, was added to terminate any éctiv1ty

and the polymer was isclated and purified by the standard method

(Section III.B.7;-

I111.B.10 Homopolymerizetion of vinylferrocene by

Ziegler-Natta catalysts

These polymerizations were carried out in & vessel of the
type shown in fig. III.1l.,a. The flask was equipped with a
megnetic follower and pufged by three evacuation-OFN purge

cycles. Alkyl aluminium solution, 1 cmE, was syringed into the

3 3

flask and transition metal chloride (0.5 cm” of slurry or 0.2 cm
of solution) was added. This catalyst was aged by stirring at
6000 for 30 minutes. A benzene solution of vinylferrocene

(2413 mol an™> solution prepared as in section III.B.8.b),

‘ 25 cms, was added and the mixture stirred for a further 1 hr.
Then the catalyst was deactivated by pouring the mixture directly
into a stirred ten-fold excess of methylated‘spirits and the
precipitated polymer was isolated by the standard method (Section
III.B.7). Vinylferrocene was polymerized alsoc by ‘I‘iCl3 using this
method, but omitting the alkyl aluminium and catalyst ageing step.

The polymers obtained from the TiClz/AlEt TiClB/AlEt c1

3? 2
and TiCl3 systems were purified, the standard procedure (Section
III.B.7) being adopted for the powdery polymer produced by the

TiCls/AlEt% system. However, both the TiClB/AlEt201 &nd the TiCl3

systems yielded, primarily, a gum when the reaction mixture was

poured into the methylated spirits. This material was purified,



therefore, by dissolving in THF, filtering the solution and
evaporating it to dryness under reduced pressure, with a final
drying of the polymer in vacuo at room temperature.

I1IT.B.11 Homopolymerizetion of styrene and copolymerization

of styrene and vinylferrocene With TiClB/AlEt3 as
catalyst

A benzene solution of styrene (1.98 mol dm—B, prepared as
in section III.B.8.b) was polymerizecd by TiClB/AlEt3 using the
method given in the previous section (III.B.10). The isotactic
polystyrene was purified'&yrepreciﬁitationi&xmlwarm chlorobenzene
solution into methylated spirits, using the standerd procedure
(Section III.B.7).

A solution of vinylferrocene, 1.04 g, in styrene/benzens
(1-98 mol dm*B), 25 cm5, was prepared by the method described
in section III.B.8.b and polymerized by the procedure given in
the previous seption (III.B.10). The polymer obtained was
treated repeatedly with A.R. toluene until no further polymer
was extracted., The polymer from this solution was isolated by
the standard method. The remaining polymer was reprecipitated
from warm chlorobenzene solution into methylated spirits by the
standard procedure (Section III.B.7). .

ITI.B.12 Free-radical homopolymerizations

Free-radical homopolymerizations were studied by dilatometry
and the mean rates of polymerization were obtained by gravimetric
determinations, These polymerizatious were taken to no more
than 10% conversion.

The monomer feed, which was prepared by weight, was
thoroughly mixed before being introduced, via a finely drawn
funnel, into a dilatometer-filler or polymerization vessel. The

zZ
latter was a round-bottomed flask (50 cm”) with a cepillary
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(9 mm o.d., 3 mm i.d.) neck, which facilitated the sealing off
from the high vecuum line. Round-bottomed flasks were preferred
to tubes, because the former were not subject to breaksege by
the thermsl expansion of their frozen contents. Dilatometer-=fillers
‘were polymerizaticn vessels equipped with a capillary side-arm
leading to a calibrated dilestometer. The dilatometers used
comprised a length (ca. 15 cﬁ) of precision-bore capillary

(0«2 mm 1,8.) joined to a cylindricel bulb. The capacity of the
bulb usedqwas chosen according to the monomer concentration of
the solution to be polymerized and.the expected rate of
pblymerization. The former parameter fixed the amount of monomer
present in the dilatometer, and hence the total drop in meniscus
height, whilst the lafter parameter governed the féfe‘of drop

of the meniscus.

The contents of the dilatometer-filler or peclymerization
vessel were degassed to 10—6 mn Hg, by three alternate freegze-
thaw cycles, on the high vacuum line. The vessel was sealed off
from the line and, in the case of the dilatometer-filler, the
solution was transferred to the dilatometer, which then was
sealed off from the filler. All polymerization vessels were
screened with aluminium foil to prevent photbpolymerization.

The polymerizations were carried out in a water bath
thermostatted (30.02°C) at the required temperature, and were
timed from the moment of immersion of the vessel in the bath.
Care was taeken to mount the dilatometers vertically and meniscus
heights were read, at timed intervals, with a cathetometer fitted
with a vernier scale (resolution %0.001 cm).

The conclusion of the polymerizstion was taken to be the
time at which the vessel was removed from the bath and cooled

to ambient temperature. The vessel was opened, weighed, emptied,



washed (the washings being combined with the polymer solution),
dried and reweighed, Dilatometers were emptied by inverting the
dilstometer and removing the contents with nitrogen, which was
introduced via a stainless steel tube. The dilatometer was
- washed by forcing A.R. toluene or dioxane, where this was used
as solvent 1n the polymerization, up the stainless steel tute.
Styrene polymers were isolated and purified by the standard
method (Section ITI.B.7). Vinylferrocene polymer were isolated
and purified by the standard procedure but with THF as solvent,
The drop in meniscus height in the capillary, radius r,
arises from the difference beween the density of the monomer,
Dm’ and the polymer Dp. Thus, for a volume of monomer Vm the
change in volume on complete polymerization, AV, is given by
AV = v - (VmDm/Dp) (5)
For a change in meniscus height from 10 cm at zero time to 11 cnm

after a time t seconds, the change in volume of the sclution,

Av is
bv = nr(1, - 1)) (6)
Thus,
"o . . -1 2
%polymerization s~ = 100mr“(1_ - 1.) (7)
t -
V{vm (vam/Dp)}
Gravimetric studies also yield an expression of this type, since
%polymerization st = 100w (8)
tW

m

where Wp is the weight of polymer formed from Wm g of monomer
in t seconds.

The rate of polymerization, Rp, of a monomer of molecular
weight MW may be obtained fron

Rp = 1000Dm(%polymerization s 1) mol am™2 &1 (9)
MW . 100

For studies of styrene polymerizations in the dilatometers



described in this sectidn, and using density values of
-3 PO 66 6
08712 g ecm ~ and 1+0563 g cm ~ for monomer ~ and polymer

respectively, equation III.7 reduces to

%polymerization st = ;7-Q§C£§ : (10)
‘ v di )

where (dl/dt) is the rate of fall of meniscus height in cm s—l.

For these studies, equation III,9 therefore becomes

RP = 8.369(%polymerization sy x 1072 ol am™ 71 (11)
III.B.13% ¥ree-radical copolymerizations

Free-radical copolymerizations were carried out in
polymerization vessels as described in section IIT.B.12, and
were taken toc no more than 10% conversion. 60-80 petroleum ether
was used as precipitant in the isolation and purification steps
in the virylferrocene-vinyl acetate copolymerization.

ITI.B. 14 Recovery of unreacted vinylferrocene after

polymerizations

Any solution containing an appreciable amount of unreacted
vinylferrocene was evaporated to dryness, under reduced pressure,
on a rdtary evaporator. In order to minimise the amount of
vinylfer;ocene carried over in this procedure, the solution was
kept at ambient temperature and the condenser of the evaporator
at ca. -500. Vinylferrocene recovered by this metho? was
purified before use (Section III.A.1).

I1I.B.15 Viscometry and molecular weight determination by

A Y

this method

Polymer limiting viscosity nﬁmbers in A R. toluene were
determined using a suspended level dilution viscometer of a
modified Ubbelhode pattern (details of Ubbelhode viscometers
and a comprehensive treatment of viscometry are given
elsewhere68). The modification involved the introduction of a

short fourth srm (A in fig. III.4.b) close to the opening of



36
the main inlet arm of the viscometer. It was then possible to
fit a filter tube in the main inlet 2rm of the viscometer and
keep if in place throughout the entire determination, This
permitted the filtraticn of measured volumes of'soclvents and
solutions directly intoc the viscometér, thereby reducing the
possibility of dust particles beizng introduced into the viscometer.

The filter tube and the viscometer were thoroughly cleaned
with chromi¢ acid (24 hr), distilled water, A.R. acetone and,
finelly, A.R, toluene. All solutions and solvents were introduced
into the viscometer via the filter tube, The viscometer was
connected to the pumping system (Fig. III.L.a) via<dust-free
flexible tubing and immersed in a constant temperature bath at
30°¢ (*0.02°C). | -

A;R. toluene was introduced into the filter tube and forced
through the sinter and capillary tube, T (Fig. III.4.b), by
nitrogen, using the attachment shown in fig. IIl.L4.c. This
attachment was replaced by a screw cap, K, and the solvent was
allowed to equilibrate in the viscometer. Tap 3% of the pumping
system (Fig. IIIl.4.a) was closed and the three-way tap 2 set to
allow only the viscometer access to the atmosphere. Three-way
tap 1 was set to connect the rubber bellows, R, with the
viscometer aﬁd pressure was applied until the liguid level in
the capillary arm, C, had entered the second bulb, whereufon
the pressure in the viscometer was returned to atmospheric
pressure by setting tap 1 to allow only the viscometer access
to the atmosphere. The susvended level was obtained immediately
by opening tép % and the solvent flow time was obtained in the

68

normal manner ~, This was repeated until three consecutive
resdings agreed to within O«l second. The filter tube was

removed, placed in a dust-free tube while the viscometer was
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emptied, and then replaced. The entire apparatus wes dried by
warming with a hot air blower and flushing wifh nitrogen, via
the fiiter tube.

Polymer solution (generally ca. 1% w/v), 4 cmB, was pipetted
into the filter tube and introduced into the viscometer as
before, The flow time was obtainel bty the method described for
the solvent., A.R. toluene, 1 cmB, was pipetted into the filter
tube and thoroughly discharged intc the viscometer. Complete
mixing of the solution was ensured by pumping it up the capillary
arm several times.and passing air from the bellows, via taps 2
and 3, through the solution. The flow time of this solution was

> >

determined. Further dilutions (1 em”, 2 cm” and 4 cm) were
carried out and flow times were determined for the éolutions
obtained. The viscometer and filter tube were thoroughly washed
with A,R. toluene and dried as before.

Relatlve?72r, and specific, Qsp’ viscosities were calculated

from

72r = t/t (12)

72513 = }zr - 1 (13)

where to and t were the flow times for solvent and solution
respectively, The limiting viscosity number, [”}, of the polymer
in toluene at 30°C was obtained from the standard double plot

of 7SP/C and (ln?r)/C against C, where C was the polymer
concentration in g (lOO(nﬂ5)-1. This plot arose from the

68

relationships

1s0/¢ = [7] * [l (1)

and

(ng 3/c = []] - 1 [9]%c - (15)

It therefore gave the limiting viscesity number as the common

intercept (Fig. III.5), which was determined by least mean squares
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analyses of the data.

For a polydisperse polymer, the viscometric average molecular
weight, Mv’ may he calculated from the limiting viscosity number
using the Mark-Houwink relationship

= a

[Q] = KMV (16)
where K and a are constants, Literature values c¢f K and a are
available for o wide range of polymers, sclvents and temperstures.
For polystyrene iun toluens at BOOC, this relationship becones

M = (% . :
1oy = (32873 + logy [ gD/ (17)
69

when the appropriate -literature values for K and a are inserted~”.

log

Number average molecular weights, ﬁn’ were calculated from
the viscometric average molecplar weights by the method described
by Henrici—Olivg, 01iv€ and Schulz7o. This method is based on
the relationship between an experimentally determinable ﬁarameter
Q and the degree of polymerization of the polymer, ﬁﬁ, the link
between the two being provided by the weight fraction of molecules
of polymer terminated by a mechanism other than polymer radical

combination, y, and the non-uniformity of the polymer, U. § is

defined by

Q= fﬁ%?&ktc (18)
[M]% + b)kp2
where
b= (1 +a)2 : (19)
and, for styrene,
DP, = Ev/loq-l - (20)

1

R_ is the mean rate of polymerization of the monomer, M, and kp
and ktc are the velocity constants for propagation and termination
by combination of polymer radicals respectively. For polystyrene
prepared at 6OOC, e literature value’~ of (ktc/kpa) of

861 mol s dm"3 wes used. The non-uniformity of the polymer, U,



is defined by
U= (DP /DP) - 1 . (21)
where Eﬁw is the weight average degree of polymerization. § is

related to y by

Q= - y)(2 + b+ 2by = by?) (22)
(1 + y)(2 + b)

and U is related to y by

U =05+ y(1 - 0-5y) (23)
Finally, for the-polymers under consideration,

P = fﬁ%/(l + bU) ' (24)

A table of values of bU for given values of Q was
constructed (Table III.1) and this facilitated a rapid
calculation of ﬁn from ﬁv’ since for polystyrene

M = 104-17F | (25)
III.B.lé Moleculer weight determinations by membrane osmometry

The osmotic pressure, n, of polymer solutions in A.R.
toluene (3-10 g'dm*B) were ﬁeasured on a Melabs CSM-2 recording
osmometer fitted with a Sartorius membrane (11539) and operating
at 37OC.IThe signhais gener;ted by low osmotic pressures were
amplified‘by using incressed receorder sensitivity.

Initially, the standard plot’2 of (m/C) against C was
constructed, C being the polymer concentration (g dm—B).‘Where
straight lines were obtained, the intercept, (“/C)C=O’ was
calculated by least mean squares analysis of the data. The number

average molecular weight, ﬁn’ of the polymer was calculated from

) (n) = RT - (26)
c C=0 -I‘Zn

the value of RT being %-04 x 104 for toluene at 57OC.
However, the plots for high molecular weight polymers
exhibited pronounced curvature. This arose because of an

approximation made in the derivation of the plots, which were
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based on the relationshipl6
n=fny @+PC+ g?9802> (27)
c- c 0=0 -

The approximation made was that the term in 02 was negligible,

and this is not applicable at high molecular weights. An
16

alternative approzimation ™, that g = 0.25, was applied to give

=(0) 1+ P25) (28)
c (C)C:O r‘d 52

or
g = (,n (1 +[,0° (29)
c ch:O 2 .

and hence
\

(g)% . (_)“2“ (1 + [,0) (30)
c C 2

C=0

Thus, plots of (ﬁ/C)% ageinst C were constructed for data which
gave curved plots of ©/C against C. The intercept, (ﬁ/C)%zo, was
determined by the least mean squares analysis, and the number
average molecular weight was calculated from equation III1.26,

as before.

I171,B.17 Gel Permeation Chromatcgraphic (GPC) analysis of

polymers

GPC analysis of polymers was carried out by the Polymer
Supply and Characterization Centre of the Ruﬁber And Plastic
Research Asscciation, G.B. The author is grateful for the:
aséistance received from this bhody.

I11.B.18 Thermal anzlysis of polymers

Thermal analysis of polymers was carried out on a Dupont
990 thermal analyser operating in the DSC and DTA modes, the cell
being continually flushed by a low fiow of oxygen-free nitrogen.
In the case of vinylferrocene homopolymers, eight heating
rates betwecen 2 and 50 ¢ m:‘Ln"1 were used., The transition
temperatures at zero heating rate were estimated from a plot of

1og10(transition temperature) agasinst heating rate’” (for example,



g
-]
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fig. III.8), the intercepts being celculated by least mean squares
analysies of the data.

An important polymer transition temperature is the glass
transition temperature, Tg, below which there is no segmental
motion and the polymer is sald to be in its glass state. Above

T the pclymer exists in its rubbery state, in which segmental

g,
motion tekes place. The presence of segmental motion causes an

increase in the hcat capacity of the polymer, and thus the Tg

of the polymer is characterized by an endothermic dip in the

trace from the thermal analyser. The ‘I‘g of a polymer is an

important physical property and many detailed accounts of this
74

phenomenum and its detection are available' .

I7I.B.19 Ultraviolet and visible spectroscopy

Ultraviolet and vieible spectra were obtained on a Perkin-
Elmer 137 UV spectrophotometer, and were calibrated with
absorptions given by a holmium oxide glass sample.

IT11.B.20 Infrared spectroscopny

Infrared spectra were run on a Perkin-Elmer 157G specirometer,
and were calibrated with polystyrene absorptions. The spectra were
obtained for solutions (spectroscopic grade carbon tetrachloride
anG carbon disulphlde), mulls (spectroscopic grade nujol and
hexachlorobutadiene), and, in the case of polymers, films. Filmé
were cast from an appropriate solvent, allowed to dry under
ambient conditions, and then evacuated in a vacuum oven at 6OOC,
to remove ithe final traces of solvent.

ITI.B.21 Nuclear mezgnetic resonance (nmr) spectroscopy

Thanks are due to Dr, M. Kinns and Mr. S. J. Roberts for
running “H nmr spectra, either at 100 MHz on a Varian HA 100

spectrometer or at 60 MHz on a Varian A 60 spectrometer, and to

13

Mr. R. B, Jones 2nd Mr. M. Pendlebury for running C nmr spectra
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on a Varian XL 100 spectrometer, operating at 2516 MHz.

III.B.22 Electron spin resonance (esr) spectroscopy
X~band esr spectroscopy was carried out an a Varian E-9
spectrometer.

I11.B.23 Mbssbauer spectroscopy

A mgssbauer spectrum of polyvinylferrocene, prepared by
free-radical polymerization in dioxane solution, was obtained
by Mr. A, Ghosh and Mr. I. E. G. Morriscn using an Intertechnique
SALOB multichannel analyser with an Elron MDA-138 digital to
analogue converter and an Elron HDf mbssbaver drive amplifer.

Their assistance is gratefully acknowledged.
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Table III.1

Values of Q and bU for polystyrene in toluene at BOOC

Q bU Q U

0 0+ 855 0-55 | 0-6819
0+05 }0+8525 || C-60 | 0+6564
0+10 | 08461 |} 0-65 | 0-6300
0.15 [0-8364 || 0-70 | 0-6027
0-20 }10-8237 |1 075 | 05750
0-25 [0-8086 || 0-80 | 0+5454,
0:30 [0+7914 || 0-85 | 0-5171
0:35 [0-7723 |] 090 [ 04878
0«40 |0-7516 1] 0-95 | 0-4578
0«45 [0+7296 (| 1-00 | 0+4275

050 |0-7062

Values of bU for intermediate values of @ can be obtained

by interpolation.
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Fig. III.1

Ziegler-Natta catalyst component storage vessels, (a) for

solutions (b) for slurries.

Key

G Stirrer gland, sealed and lubricated with ligquid paraffin,

I Indentations, four of these largely prevented the
formation of a vortex on stirring.

R Rubber septum.

S Stirrer.

T Spring-loaded stopcock.
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Fig, I1I.2

High vacuum-OFN supply line.

Key

b 500 cm3 buffer volume,

5 de bulbs, providing a buffer volume,.
Dreschel bottle.

Mercury mancmeter (1 mm-=100cm Hg).

2_10-6

Mcleod gauge (10~ mm Hg).
Oxygen-free nitrogen supply.
Mercury diffusion pump.

Gas filter (No. 2 sinter).

Cold trap.

< B nn w =2 =2 o m 9

2-stage rotary vacuum pumps protected by non-return valves.
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Fig. 1II1.3.a
Storage vessel.
Fig, II1.3.b

Aluminium alkyl analysis apparatus.

Key

G Outlet to gas burette,
M Magnetic follower.

R Rubber septum.

T Spring-loaded stopcock.

;
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Fig. I1I1.4 -r

Viscometer top fitted with the filtration device, (b) and kc),

and viscometer pumping system (a).

Key

A, B, C Viscometer arms and matching pumping system outlets,
the corresponding points are linked with dust-free
flexiblé tubing. 7

Filter tube with No. 3 glass sinter,

'So?irel' threaded glass Jjoint,

'Sovirel' screw cap.

'Sovirel' sliding joint.

Nitrogen supply.

Inlet from a rubber bellows.

Gas filters with No. 2 sinter.

Lo~ /> - o B N ~ R R o]

Capillery tube reaching to the bottom of the main viscometer

bulb.
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Fig, III1.5
A double plot of 7sp/c (0) and (ln?r)/C (®) against concentration
for a toluene solution of a vinylferrocene-styrene copolymer

(12.2 mole percent vinylferrocene content) at BOOC.
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1
(T1/C)° as a function of concentration for toluene solutions

of polystyrene, ﬁn = 947,000 (c.f. fig. III1.6)..
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Fig., I111.8
LoglOTg 25 a fdnction of heating rate for polyvinylferrocene,

'ﬁn = 10,8900.
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Iv Ferrocene~olefin and ferrocene-aromatic interactions

A kinetic analysis of the polymerization of styrene in the
presence of ferrocene derivatives (Section V) revealed that the
behaviour of these systems could not be explained in terms of
the accepted simple kinetic scheme for free-radical
pblymerization (Section 1I.4). The possibility of ferrocene-

" olefin or ferrccene~aromatic interactions tuerefore arose, and .
consequently a search was made, both of the literature and

experimentally, for evidence of such interactions.

IV.A Spectrophotometric studies

The existence of charge~-transfer complexés between ferrocene
and halogenated organic solvents has been suggested75’82, primarily
ion the basis of differences between\the ultraviolet spectrum of
ferrocene in these solventsiand in hydrocarbon solvents or
ethanol. The visible and ultraviolet (above 295 nm) spectra of
ferrocene, n-butylferrocene and vinylferrocene were examined,
therefore, in styrene, benzene, n-heptane égd ethanol solution,
these last two solvents being assumed to be inert (Figs.\III.i,
II1.2 and III.3), Molar extinction coefficieﬁts were determined
for the two maxima observed (in the case of vinylferrocene a
shoulder, father than a maximum, was observed in the ultraviqlet
spectrum) by obtaining spectra for five of six solutions in
appropriate conceantration ranges, aud applying the Lambert-Beer
law,

A = ECL (1)
where A is the absorbance of>a solution of concentration C, €
is the extinction coefficient (molar extinction coefficient if

C is given in mol dm_B), and L is the path length of the cell



used (1 cm in this cése). Plots of absorbance against
concentration were constructed (for example, fig. IV.4) and the
gradients of these were calculated by least mean sguares analyses
of the data. In order to allow for any cell mismatch, the origin
was not taken as a point in these snalyses. The results are
summarized in table IV,l, and a s=lection of relevant literature
values are given in table IV.2.

Also, the ultraviolet and visible spectra of
polyvinylferrocene, vinylferrocene-styrene copolymers {(Section
VIII), and a polyvinylferrocene/polystyrene mixture were studied
(Fig. IV.5). Molar extinction coefficients, based on
vinylferrocene repeat unit concentration, were determined for
the mexima, as before, Thé resulfs for the homopoiyﬁer and
homopolymer mixture are listed in table IV.3. The molar
extinction coefficients for the copolymers are given in table
V.4, but these are suscepgible to any error in the value of the
vinylferrocene content of the polymer. This may be eliminated
by considering the ratios of the two molar extinction coefficients.
These values are also listed in table IV.L4 and are depicted
graﬁhically, as a function of the mole-percentage of vinylferrocgne
repeat units (ml) in the polymer, in fig IV.é.

The results for the simple ferrocene dérivatives indicate
that a srmall, but reproducible, overall increase in molar
extinction coefficient occurs on changing from an inert solvent
to benzene or styrene, the largest increase observed being ca.
15% for vinylferrocene in benzene at 340 nm. Styrene appeared
to exert a slightly greater effect than benzene, but the
difference between the two was marginal and probably within
experimental error., It is therefore unfortunate that the high
ultraviolet absorbance of styrene prevented a comparison of the

effect of these two solvents on the more sensitive uliravoilet
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peak,
The absence of a shift in either peak and the small changes
in extinction ccefficients suggest a similarity with the

85-87

ferrocene-piperylene systen , in which ferrocene was found
to catalyse the photoisomerization of piperylene. However, in
this case, the spectrum of ferrocene was found to be affected

85,86 that

only below 320-310 nm, Additionally, it was reported
examination of the nmr spectrum of trans-piperylene revealed the
presence of a new methyl doublet in the presence of ferrocene,
although a similar study87 failed fo detect these absorptions.
However, on the basis of the spectral evidence a ferrocene-

85,86

olefin complex was proposed and the value of the egquilibrium

86 to lie between 10 and 30C. This estimate

constant was estimated
was based on a study of the difference between the absorbance
of ferrocene/piperylene solutions in cyclohexane at 301 nm, a
minimum, and 324 nm, a maximum,.asa function of piperylene
c¢oncentration; and on a study of the change in the chemical
shifts between the higher field peaks in the methyl doublets

éf piperylene and tetramethylsilane, as standard, as a function
of ferrocene concentration.

It should be noted that the ferrocene—oiefin complex was
proposed not only for the specific case of ferrocene and
piperylene, but also in a wider sense in order to account for
the ferrocene catalysis of the photodimerization of isoprene
in benzere solution. It is noteworthy that ferrocene has been
found to catalyse the thermzl dimerization of butadiene to
1—viny1cyclohexane88 in benzene solution.

A further feature of the ferrocene-piperylene system was
that a marked solvent effect was observed87. In
trans~1l,2-dimethylcyclohexane, it was proposed that ferrocene

87

acted as a low-energy sensitizer ', whilst it was suggested
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that ferrocene acted as a high-energy sensitizer85"87 when in
benzene solution, Also, the rate of isomerization was higher in
benzene than in trans~l,2-dimethylcyclohexane. This markedly
different behaviour in benzene has led to the suggestion76 that
a benzene-ferrocene complex was a possibility.

.89

Ferroceme also has been reported as catalysing the photo-
induced alkoxycarbonylation of azulene (I) in carbon tetrachloride~

alcohol solutuon. This reaction did not take place in the

(1)

absence of ferrocene, and no product of the photoinduced reaction
- of ferrocene with carbon tetrachloride and alcohol was found
when azulene was present. Ultraviolet and nmr spectra were . .
reported as suggesting the fbrmation of a compiex between
azulene, ferrocene and carbon tetrachloride, but no details were
given.

In comparison with the small changes observed in the spectra
of the simple ferrocene derivetives in various solvents, a
" marked difference was apparent between the sfectra of the
vinylferrocene repeat unit in polyvinylferrocene and in
Vinylferrdcene—styrene copolymers. The styrene repeat unit in
the latter polymers had an insignificant absorption in this region
at the concentrations employed. The greater effect might be
explained by the enforced close proximity of the ferrocene and
benzene nuclel in the copolymer, Such an explaination might
also be invoked to account, in part, for the presence of this
effect in spite of the apparent non~interaction of the repeat

unit with toluene and benzene. Amore important factor here
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might be the exclusion of the solvent from the repeat unit. A
study of polystyrene in toluene90 indicated that more than
three out of four neighbouring sites of a polystyrene segment
are, on average, occupied by other segments of its own molecule,
or that the fraction of the surface area of a polymer segment
exposed to the solvent is less than one fourth, Further, it was
suggested that there was no space for any solvent molecules
between the benzene nuclei. Thus, it is also probable in the
case of polyvinylferrocene that only a fraction of the total
repeat units are exposed to the soivent. Furthermore, the
cbnfigurations available for the solvent-repeat unit contact
may not include those favouring or permitting any possible
‘specific interaction between the ferrocene and beﬁiéne nuclei.
As with the simple ferrocene derivatives, the maximum in
the ultraviolet spectrum of the polymers was affected more than
the maximum in the visible region. This effect was used, when
considering the extent of the poséible interaction as a function
of copoclymer composition, to remove any inaccuracies arising
from concentration errors, which were primarily due to errors
in the values for copolymer composition. The ratio of the two
" molar extinction coefficients for these maxima (51 for the
visible, £, for the ultraviolet) was taken to be an indicator‘
of any change in the fraction of vinylferrocene repeat units
involved in the proposed interactions, since this ratio should
be constant unless there is such a change. As can be seen from
fig. IV.6, the value of 51/éé iﬁcreased smoothly with increasing
vinylferrocene content in the copolymer. The value for an
anionically prepared copolymer (Section XI) also fitted the
curve well., This curve suggests that there is some interaction

between a fraction of the vinylferrocene and styrene repeat



units in the copolymer, and, since the value of éi/&a for
polyvinylferrocene is 1+37, that this fraction decreases as the
vinylférrocene content of the copolymer increases, that is as
the styrene content of the copolymer decreases. If the former
proposition is accepted, the latter effect would follow, since
for every vinylferrocene unit in the copolymer of lowest
vinylferrocene content (3.92 mole-percent) there are ca. 24
styrene units, whereas the corresponding number in the copolymer

of highest vinylferrocene content (20.3 mole-percent) is ca. 4.
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IV.B Nmr studies

Specific interactions between two species in the ground
state have been extensively studied by lH nmr. The reports of
nmr evidence for specific interaction between ferrocene and an
olefin85=86 were based on observations of the olefin absorptions.
However, some of the systems studied here involved overlap of
some zbsorptions from the two species present. The absorptions
arising from the protons on the ferrocene nucleus were free
from this effect, and, tﬁerefore, were selected for study. The
lH nmr spectra of ferrocene and viﬁylferrocene were obtained in
a variety of solvents, the chemical shifts of the protons on the
ferrocene nucleus being recorded, together with relevant
literature values, in table IV,5 and table IV.6 respectively.
The small variations in these chemical shifts with solvent
changes may be attributed to solvation effects. However, the
absence of large shifts in the position of an absorption of a
solute with changing solvent does not necessarily preclude the
;he presence of specific interaction between the solute and one
or more of the solvents, since the effect ¢of any such interaction
may be somewhat negated by the solvation effect acting in
opposition, |

The lH nmr spectra of polyvinylferrocene, polystyrene, and.
a vinylferrocene-styrene copolymer (122 mcle-percent v . -
vinylferrocene) were obtained in carbon disulpghide solution
(Figs. IV,7, IV.8 and IV.9 respectiveiy). The chemical shifts
observed are summarized in table IV.?7. The spectrum of
polyvinylferrocene resembles that of an alkylferrocene, and may
be comparec¢ with spectra of such compounds available in the
literature (Table IV.8), although the absorptions are much

broader, as would be expected for a polymer (cf. polystyrene,
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fig. IV.8). The absorptions arising from protons on the polymer
backbone are not differentiated into two peaks, as they are in
the polystyrene spectrum. This may be due to the greater peak
width in the polyvinylferrocene spectrum. The low field
absorption may be assigned to the protons on the unsubstituted
cyclopentadiene ring and the slightly higher field shoulder to
the protons on the substituted cyclopentadiene ring. The presence
of only one absorption due to the latter protons may be caused
by the broad nature of the peaks, but this is often the case for
alkylferrocenes (Table IV.8), |

It is apparent that the absorptions arising from the styrene
repeat unit were unaffected by the incorporation of
vinylferrocene repeat units, However, the absorptioﬁs due to the
protons on the ferrocene nuclel exnibited considerable shifts
on incorporation into polystyrene. Additionally, the form of
these absorptions was altered, there being three peaks rather
than two, although the width of the total absorption was reduced.
A comparison of the total area of these three absorptions,
obtained by integration, with the total area of the absorptions
arising from the protons on the benzene nucleus was in good
agreement (within 10%) with that calculated from the composition
of the copolymer. This substantiates the interpretation of these
three absorptions as being attributable solely to the protons
on the ferrocene nuclei. A spectrum taken of an anionically
prepared copolymer (7-.86 mole-percent vinylferrocene) under
similar conditions had substantially the same form as the spectrum
of the free-radically prepared copolymer. However, the low
vinylferrocene content of the copolymer resulted in a weak
spectrum, which did not warrant a full analysis.

The peak height of the low field absorption of the three
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attributaeble to the ferrocene protons in the copolymer was lower
than those of the two higher field absorptions, this peak was
broader than the other two. This would tend to suggest that it
had a greater area than the combined area of the other two, and
that it may be assigned to the protons on the unsubstituted
cyclopentadiene ring. The two sharper peaks may be assigned,
then, to the protons on the substituted cyclopentadiene ring,
the higher field peak most probably being due to the protons &
to the substituted carbon aton.

The change in the lH nmr specérum of the vinylferrocene
repeat unit, as a result of incorporating styrene units, may be
summarized as a shift of ca. 0+25 ppm to high field in the
absorptions due to the ferrocene protons, those in the
substituted cyclopentadiene ring being affected to slightly
different extents, thereby giving rise to two peaks for these
protons., It is possible that such a shift might arise from a
through space effect, if a benzene nucleus were to lie face on
above a cyclopentadiene ring.

The 130 nmr spectra of polyvinylferrocene, polystyrene, a
vinylferrocene~styrene copolymer (1l2.2 mole-percent
vinylferrocene), and some simple ferrocene dérivatives were
recorded in cerbon disulphide solution., The chemical shifts are‘
listed in table IV.9 and may be compared with literature values
for chemical shifts in the 130 nmr spectra of various other
alkylferrocenes (Table IV,10). Again, the spectrum for
polyvinylferrocene had a pattern similar to that of the
alkylferrocenes, although the o and 8 carbon atoms of the
substituted cyclopentadiene ring apparently gave only one
absorption. This latter observation is probably due to the broad

nature of the polymer peaks masking the presence of two closely
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situated absorptions.

On incorporating styrene units into the polymer, the
absorpticns due to the « and B carbon estoms of the substituted
cyclopentadiene ring and to the carbon atoms of the unsubstituted
cyclopentadiene ring shifted to high field, 0.3 ppm and O.4 ppm
respeciively. The magnitude of these shifts is of the order of
those experienced in the lH nor spectra of the vinylferrocene
repeat unit and, therefore, might tend to substantiate the

explaination offered for the latter‘shifts.
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Iv.C Physical measurements

Tpe physical properties of ferrccene solutions have not
been greatly studied. However, z study of intermolecular
interactions in ferrocene solutions, by following the difference
between experimental and additive dielectric constant values,
has been reported96. The solvents studied included benzene,
cyclohexane snd hexane and the most effective intermolceular
interactions were observed in the benzene solutions of ferrocene.

As a part of the dilatometric study of the polymerization
of styrene in the presence of vinyiferrocene, the apparent
density of the latter compound was determined in the presence
of the former at 60°C. The density of pure vinylferrocene9? at
60°C is 1-259 g cm"B, and that this value is maintéined in
benzene,solution97 was confirmed, dilatometrically, in this =
study. Howevér, data from the dilatometric studies of styrene
polymerization in the presence of vinylferrocene repeatedly
suggested 2 higher wvalue fof the apparent density of the Jatter
in the former. A dilatometric study of an inhibited (DPPH)
solution of vinylferrocene in styrehe at 60°C gave a value for
this apparent density of 1.302 ¢ cm°3. A similar measurement on
pure styrene gave a value for the density ofrthis compound of

66 of

0.8711 g cm"B, coinciding well with the literature value
048712 g cm‘s. Thus, the 4% difference between the density of
vinylferrocene at 50°C and the apparent density of vinylferrocene
in styrene at 66°C would seem to be significant. This differerce
results from a decrease in overall volume on dissolving
vinylferrocene in styrene, that is the principle of volume
additivity is not obeyed by this system. This finding suggests

the presence of some specific interaction between vinylferrocene

and styrene,
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1v.D Summary

The need to account for anomalies iq the kinetics of the
bulk polymerization of styrene in the presence of ferrocene
derivatives prompted a search for evidence of ferrocene-zromatic
and ferrocene~olefin Iinteractlons. The presence of the former
interaction could cast light also on the anomalous nature of the
kinetics of the free-rsdical homopolymerization of vinylferrocene
in benzene solutionlh.

Reports in the literature suggest that specific interactions
do occur between ferrocene and some olefins, an equilibrium
constant having been estimated for the ferrocene-piperylene

86

system”™, and the possibility of ferrocene-benzene interaction

6

has been suggested7 « &lso, complex formation between ferrocene,
azulene and carbon tetrachloride, has been suggested89.
Spectrophotometric studies c¢f ferrocene derivatives in
various aromatic and non-aromstic solvents and of the
vinylferrocene repeat unit in the homopolymer and copolymer with
§tyrene suggest the presence of an interaction between ferrocene
and aromatic nuclei. However, the interpretation of 1H and 13C
nmr spectra of simllar systems does not require such an
interaction. Nevertheless, the inapplicabilify of the principle

of volume additivity to the vinylferrocene-styrene system

suggests that specific interactions do take place in this case.



Table IV.1
Molar extinction coefficientsa of ferrocene derivatives as a .

function of solvent.

Ferrocens, maxima at 327 nm (2) and 445 nm (1) /

Solvent ¢, é&
n-Heptene (puriss) 511 91
A.R. ethanol 51| 9
L.R. benzene 56| 96
Styrene (purified) -] 8.

n-Butylferrocene, maxima at 327 nm (2) and 442 nm (1)

n-Heptane (puriss) 591 99
L.R. ethanol 56 26
A.R. benzene 65 {105

Vinylferrocene, shoulder at 340 nm (2) and maximum at §49.nm (1)

(]
o

n-Heptane (puriss) 439 | 242
A.R. ethanol 448 | 241
A.R. benzene 510 | 253
Styrene (purified) - | 258

In dm’ mol™+ em™t



Table IV.2

. . ;o . . a
Literature values of molar extinction coefficients” of

ferrocene derivatives in different solvents

Ferrocene
Solvent Max. (nm), £ [|Max. (nm), £ |Ref.
n-Hexane 325, L8 | - 80
Isooctane 325, 51 Lyo, 87 83
326, 55 Lyo, 95 6.
326, 56 | 4ko, 96 | 76
95% ethamol 325, 50 440, 90 | 76
Carbqn tetrachloride 311, 648 - 80
307, 785 450, 105 84
Ethylferrocene
Isooctane 225, 57 428, 95 83
n-Propylferrccene
Isooctane 325, 58 438, 97 83

a In dm3 mol™t cm

-1
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Table 1IV.3
Molar extinction coefficients® for polyvinylferrocene, bhased

on repeat unit concentration, as a function of solvent

Solvent 6527 CL45
Tetrahydrofuran (puriss) 66 |92
A.R. benzene 59 |92
AR, toluene 68 oL, 92
P polystyrene/A.R. toluene| 67 |90

In de mo1™t cm'l.

b Concentration of mixed polymer solutions with respect to

polystyrene was 8+4 g am™>,



Table IV.4
Molar extinction coefficients® of vinylferrocene repeat units,

in vinylferrocene~styrene copolymers as a function of copolymer

composition
Mole % vinylferrocene |Max. (nm), E, [Max. (nm), 51 b 61/6é
592 325, 141 L43, 114 0809
5oL 326, 163 L, 138 0- 847
8.65 326, 126 445, 120 0.952
12.2 325, 110 - Lik, 106 0.964
15.6 | 328, 94 447, 103 1.09
20-8 328, 87 Ly7, 103 1-19
7.86° | 324, 110 bil, 101 0918
a , Iﬁ de mol-l‘cm'l, based on repeat unit concentration.
b ‘ 1.37 for polyvinylferrocene.
¢ Anionically prepared random copolymer (Section Xl).‘



Table IV.5
Chemical shift, §, of ferrocene in the 1H nmr spectrum as a

function of solvent

Solvent Sa eioiid "Ref,
n-Hexane iy« 05 This workb
Cyclohexane Q;G5 n b

404 91
CD50D 4eli | This work®
Styrene 4-00 " b
¢ D¢ 4+ 01 no°
Carbon tetrachloride L+.05 .92
CDCl3 Lell 9%
Carbon disulphide L0l 95
Tetrahydrofuran 1«04 91

Tetremethylsilane as reference.
From 60 MHz spectrum.

From 100 MHz spectrum.



Chemicasl shifts, sa, of vinylferrocene in the

Table IV.6

as a function of solvent

69

1H nmr spectrum

Solvent 63 52b Sib SB SA SX Ref.
Styrene® 395 | 4+02 | 4+20 This work
Benzene° 3.97 | 4403 | 4.22 "
Cyclohexane® | 400 | 4.09] 4.25| 4o94 | 5.27| 6.37 "
CDCl3 LeOB | 4+18 | L3l | 501 5431 | 649 60
co1,, 3.97 | 522 5.08 4-90| 5.19] 6-60| 61
Cs, 2+95 | 4+051 419 94

a Tetramethylsilane as reference.

b Céntre cof multiplet, which had the form of a triplet.
¢ From a 60 MHz spectrum, |

d

From a 100 MHz spectrum.
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Table IV.?
lH nmr spectraa of polyvinylferrocene, polystyrene and a

vinylferrocene~-styrene copolymer

1 2 5 6
—v-CH--CH2-— —-CH-—-CH2"——
> O ’ ‘
8 8
Fe 8

Shift { Polyvinylferrocene | Polystyrene | Copolymer
181,2 1-8L - -
83 381 - 352
_ - 559
6, 3.98 . - 374
65 - 1468 1-67
6 - 136 136
&, - 641 6+40
88 - 6-87 6-88

100 MHz spectra in carbon disulphide with tetramethylsilane

as reference.



Table IV.8

. 1 a
Literature values for the “H nmr spectra® of some ferrocene

derivatives91
3 2
L
6
R | = Me | Et | i-Pr| t-Bu
66 LeObh} 3.971 400} 3.991 4.04
8 -1 - 3.92 3.92]
&30 3.9 3.9l
&, | - 395 3498
& Cyclohexane as solvent, chemical shifts given with

tetramethylsilane as reference.

71
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Table IV.9
1 .
5C nmr spectra of polyvinylferrocene, a vinylferrocene-styrene

copolymer and some ferrocene derivatives in carbon disulphide

Ferrocene
a
Sg| &, and 8¢ | & | §, b5 & | &
681 - - - - - -
Vinylferrocene

69.3| 688, 66.7} 88.71 134.3| 110.8| =~ -

n-Butylferrocene

68-4 ] 68-0, 67-11 88«7 | 33<L| 29-4}] 229 | 1i4-2

Polyvinylferrocene

68+5 670 95:4 | 43-6| 31.6]| - -

b Vinylferrocene-styrene copolymer

C

681 66¢7 947 32.2] - -

a Chemical shifts from tetramethylsilane.

P Peaks due to the styrene repeat unit omitted; these
coincide with those for polystyrene.

c

Obscured by styrene repeat unit absorption,
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Table IV.10

Literature valu6595 for the 130 nmr spectra of some ferrocene

derivatives
: 6
I
""C? .
Fe L 3
8 :
Ferrocene

Solvent| 2 88 87 and &6 55 : 54 53

CHCl3 679 - - - -
C6D6 67-8 - - - -
Methylferrocene . |

CHCl; | 68-7|69+2, €7-2| B840} 14-8| -

Ethylferrocene

CHC1 6832|673, 669 90:8| 22-2| 146

3

i-Propylferrocene

06D6 6£7+7| 6646, 658 96-5] 276 | 23+6

t-Butylferrocene

CH013 680 667, 64-8 101:8| 30-1| 31-5

Chemical shifts from tetramethylsilane.
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Fig., IV.1

' Visible and ultraviolet spectrum of ferrocene; (a) A.R. ethanol

2

solution, [HFCH] = 1.32 % 10~ mol dm-B, (v) A.R. benzene

solution, [HFcH] = 1:28 x 1072 mol dm™>.
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Fig. Iv,.2

Visible and ultraviolet spectrum of n-butylferrocene;

(a2) n-heptane (puriss) solution, [n:BchH] = 947 x 1072 mol dm'3,

(b) A.R. benzene solution, [n-BchH] = 9+71 x 1072 mol dm"s.
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WAVELENGTH (nm)

300 340 380 450 550

]

'ABSORBANCE

Fig., IV.3
Visible and ultraviolet spectrum of vinylferrocene;
(a) n-heptane (puriss) solution, [VFcH] = 1.03% x 102 mo1 dm'z,

(b) A.R. benzene solution, [VFcH] = 1.06 x 107 mol dm™>.
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Fig., IV.4
Absorbance of A.R. ethanol solutions of ferrocene at 3227 nn as

a function of ferrocene concentration.
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WAVELENGTH (nm)
300 340 380 450 = 550

Fig, IV.5.

Visible and ultraviolet spectrum of polyvinylferrocene (a) and

of a vinylferrocene-styrene copolymer (b).

(a)

(v)

A.R. toluene solution of polyvinylferrocene, concentration
with respect to vinylferroccioe repeat unit = 5-?7 b'd IL"O'3
mol dm™-.

AR, toluene solution of a vinylferrocene-styrene -
copolymer, vinylferrocene content 5+54-mole percent,
concentration with respect to vinylferrocene repeat

unit = 5.80 x 1072 mol dm‘3.
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Fig., IV.6

The ratio of the molar extinction coefficients of the maxima

in the visible and ultraviolet spectra of the vinylferrocene
repeat urit in vinylferrocene-styrene copolymers as a function
of vinylferrocene content of the copolynmer, mys in molie-percent.
0 - Free-radically prepared polymer (Section VIII).

+ Anicnically prepared polymer (Section XI).
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Fig. IV.,7
1H nmr spectrum of polyvinylférrocene in carbon disulphide, the

chemical shift, §, being expressed in ppm from tetramethylsilane.
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8 (ppm)

Fig., IV.8
1H nmr spectrum of polystyrene in carbon disulphide, the

chemical shift, &, being expressed in ppm from tetramethylsilane., .
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Fig, 1IV.9

lH nmr spectrum of a vinylferrocene-styrene copolymer,
vinylferrocene content 12+2 mole-percent, in carbon disulphide,
the chemical shift, §, being expressed in ppm from

tetramethylsilane.
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v The free~-radical polymerization of styrene in the presence

of come ferrocene derivatives

Although the free-radical homopclymerization and
copolymerization of ferrocene-containing monomers have been
studied quite extensively, there have been few investigations
into the behaviour of the ferrocene nucleus in such
polymerizationsgg'lo% Furthermore, because these studies have been
concerned primarily with evaluating the ability of ferrocene to
act as an initiator,‘the ferrocene concentrations employed have
been low, typically 1 mole-percent and less. Such concentrations
are not representative of the concentration of ferrocene nuclei
present in a polymerization involving a ferrocene éubstituted
monomer. Alsoy; although vinylferrocene ig the most studied
ferrocene~-containing monomer, there ig no data available
concerning the ability of this monomer, and the polymer formed
from it, to act as a chain transfer agent in free—radicai
polymerizations.

A series of studies were undeftaken, therefore, to
investigate the effect of relatively substantial concentrations
of ferrocene, vinylferrocene and ethylferrocéne on the free-
radical pelymerization of styrene. Ethylferrocene was selected
for sfudy as a nmodel compound for the vinylferrocene repeat
unit in polymers. The concentrations of vinylferrocene used in
these studies led to a vinylferrocene content in the polymer
formed of less than 3+5 mole-percent, and, therefore, the

polymerizations were treated as being solely homopolymerizations

of styrene.
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V.A The polymerization of styrene in the presence of

ferrocene without added initiator or solvent

The thermal, bulk polymerization of styrene at 60.5°C was
carried out in the presence of varying concentrations of
ferrocene., Dilatometric measurements indicated that the
polymerizations were linear with respect to time, up to the low
conversions used (Fig. V.l). However, the low rates of
polymerization observed in this system rendered accurate rate
determination by dilatometry difficult, and for this reason the
gravimetrically determined mean rates of polymerization were
preferred for use in the kinetic analysis. Both methods revealed
a trend of Iincreasing rate of polymerization with increasing
ferrocene concentration (Table V.1l), which is contfary to the
normal diluent effect of decreasing rate of polymerization with
decreasing monomer concentration (Equation II.6). In fact,
theoretically, an approximately 25% drop in the rate of
polymerization would be expected between the pure styrene and
the most concentrated ferrocene solvtion. This finding does not

100,101 that ferrocene

necessarily conflict with previous revorts
did not affect the thermal polymerization of styrene in bulk,
since the lowest concentration of ferrocene used in this study
is greater than any previously reported, and the difference
between the rate of polymerization for this solution and for
pure styrene is very small.

The number average molecular weights of the polymers formed
were determined by GPC analysis and were found to be virtually
constant {Table V.1). A consideration of the simple kinetic
scheme (Section II.A) reveals that this finding is contrary to

such a scheme, It is4well established that termination by reaction

of two polystyryl radicals is almost exclusively by combination,
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and thus equation 1I.12 becones

1= kxR +C +C[s] (1)
= cp m sh_d ~
R N (i

where k is the velocity constant for termination by combination

te
of polystyryl radicals. This equation predicts thet as monomer
conceniracion decreases or rate of polymerization increases,

even if chain transfer to the diluent is negligible, the number
average molecular weight of the polymer forued shquld decrease,
Aleo, a plot of {(1/BF) - (ktcRp/kpa[M)a)} against [5]/[1] should
be a straight line with a positive'gradient, the value of which
is CS the transfer to solvent constant. When such a plot was
constructed, using mean values for styrene concentration,
ferrocene concentration and rate of polymerigzation and literature

67 -1

values ! for kp end k, ., of 176 an® mol™t s and 346 x 107

dn® mo1~t s—l, respectively, the result was a curve (Fig. V.2)

with a negative.gradient at all points.

If the ferrocene were acting as an additional source of
free~radicals, the rates of polymerization would tend to exhibit
the observed trend with ferrocene concentration. However, it is
clear from eguation V.1l that such an effect could not account
for the observed behaviocur of polymer molecuiar weight with
ferrocene concentration., Indeed, thig inability is further
illustrated by.the anomalous form of fig. V.2. Two alternative
explainations of the observed behaviour are appsrent if any
simple kinetic scheme, and hence sone form of equation V,1, is
applicakle. Either an increase in the 'apparent! vzlue of kp
or a decrease in the 'apparent'! value of ktc with ferrocene
concentration would lead to¢ the observed increase in the rate
of polymerization, and also could give nearly constant polymer

molecular weights. If the presence of specific interaction
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between styrene and ferrocene is accepted (Section IV), the
former alternative seems reasonaeble, since siyrene molecules
involved in such an interaction could well be activated toward
free-radical attack. Not only is there the possibility of grouad
state activation, but, given the presence of such an interaction,
there is also the probability of the transition state of the
propagation step being favoured by the electron-rich ferrocene
molecule,

The general simple kinetic scheme presented in section II.A
may be adapted for the particular éase of the thermal
polymerization of styrene in the presence of ferrocene by
replacing M by St, representing styrene, S by HFcH, representing

ferrocene, and kt by k the velocity constant for termination

te?
by combination of polystyryl radicals., It is also necessary to
define the initiation step in the polymerization. The mode of
initiation in the self-initiated thermal polymerization of
styrene has been the point of much study and debate. However,
a recent study105 has demonstrated that initiating radicals are
formed by a mechanism involving a Diels~Alder compound, which
results in the overall initiating process having an apparently
termolecular nature. Thus, the rate of initiétibn, I, is given
by

1=k, [st]’ (2)
This simple scheme may be amended further, to allow for the

proposed bzhaviour between ferrocene and styrene, by the

inclusion of:

K -
HFcH + St == ¢ (1)

kg
Rn- +C—®»R .+ + BFcH (ii)
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Step V.(ii) suggests that ferrocene is rapidly regenerated
after propagation via C and, thus, that the equilitrium V.(i)
is quickly a%tained. Following the arguments in section II.A,

the rate of polymerization, Rp’ is given now by

R = kp[ ‘I[st] + kg[r-]{c] (3)
The equilibrium constant, K, may ve expressed as
k= _ lcl ()
[HFCH]F[St]F

where [HFCH]F and {St]F are the concentrations of free ferrocene
and free styrene respectively. Since the total concentration of
styrene is much greater than the total concentration of ferrocene,
the cdncentration of free styrehe may be taken ss the total
styrene concentration, whilst the concentration of free ferrocene
is given by F \

[eFen], = [mren] - [c] (5)
where [HFCH] represents the total concentration of ferrocene,

Thus,

K = [c] . " (6)
[St]([HFcH] - [¢P

-

from which

[c] = k[st][nren] (7)
(1 + K[St]) g .
In;roducing this equation into egquation V.3 gives
R = k[re][s6] + kok[R][st][rren] BCY
1+ K[St]

5
Using the relationship |R-| isequal to (I/2k )O “ as in equation
tc

II.5, this becomes

0.5 : 0.5 .
Ro=k [ I )"7[st] + k K L\ ""7[st][aFen] (9)
P p(zktc) (T + K[5¢] )(2ktc)

Combining with equation V.2

Ro=x [k 0 2[st]%77 + K( k, \°7[s¢]2"?urer]  (20)
2k —
te

2k, (1 + K[St])
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Rearranging gives

0:5 _ e 05y
R -k [k, = kK kg [Eren]  (11)

[stfa'é P §E:; (T + K[8t])\ 2k,

. N X 05 . . 2*5

+ - S
in which the term Kp(ki/aktc) is given by Rp/[St] for
pure styrene. Since the styrene concentraticn employed here
varied by less than ¥ 5%, for the purposes of this study, th=
term X/(1 + K{St]) may be approximated to be a constant. Thus,

defining b as

b = X (12)
1 +K [St]
egquation V.11l becomes
0+5 _ 0¢5
R, -~k fk ) = [k, b [BFcH] (13)
[S’c]a'E 2ktc aKtc

Using the gravimetrically determined mean rates of
polymerization and mean styrene concentrations, a plot of the
left-hand side of equatien V.13 against mean ferrocene
concentration yields a straight line passing through the origin
(Fig. V.3). The gradient of the plot gives a velue of 1.18 x 10-8
an’ "2 wo1™%"° s71 for bk5(ki/2ktc)o'5; When the value of
kp(ki/aktc)o'5, obtained as above, and a literature va1u967 of
k_ are substituted, the value of bk5 is calculated to be 174 % 20
am® mo1™? 5”1, From equation V.12, when K is much less than
unity, b becomes approximately equal to K, but when K is greater
than unity, b becomes approximately equal to 1/[St]. Thus,
although it is not possible to assign a lower limi%t for b, the
upper limit may be given as l/[St], or, in this case, as ca. 1/8.
This value may be used to set the lower l1limit of k5, using the
value determined for bk5. Thus, k5, the velocity constant for
propagation via styrene interacting with ferrocene, may be
assigned a lower limit of 1390 dm> mo1™L s—l; vhich may be

compared with a literature value67 for kp, the velocity
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mol™ 1 s“l.

3

constant for propsgation via styrene alone, of 176 dm
Under the proposed scheme, the degree of polymerization,
55, of the polymer formed in the polymerization may be redefined

as

Hi

'D'ﬁ o 7[5 + se]le] )
i, [Re]% + ke, [R][st] + i, [Re][HFcH] |

Combining equations V.7 and V.12 gives

[c] = v[st][nFen] (15)
Hence,
P = kp[?=][8t] + ka[R-][St][Hch] | (16)
i [R-]% + k, [R-][st] + k, [R+][nFecH]
and
ko + visg[EFCH] =k, [R-] + kg + k, [BFen] (17)
b5 [5¢] [5t]
but froﬁ equation V.3 ~

[r-] = Ry | (18)
kp[St + k5[C] '

Combining equaticns V.15, V.17 and V.18, and rearranging gives

ko ka[HFcH]} - L = ke + kfs[HFcH] (19)
P [St]z(kp + vig[Hren])] | [st]

When e plot of the left-hand side of equation V.19 against
[HFcH]/[St] is constructed, using mean values of the experimental

parameters, the value for bk5 obtained above, and literature

67

values the points, with one exception, fall on

te?
a straight line (Fig. V.4). A least mean squares analysis yields
1 -1

of k and k
jY

and for &k of
fm

from the slope and intercept

values for k_ of 0125 % 0+026 dm3 mol‘l s

fs
(1:00 * 0.12) x 1072 -1

respectively. When the anomalcous result (!HFCH!/!St] = 261 x 10~

de mol"l S
2)

is omitted from the least mean squares analysis, the values

obtained are k. = 0-119 * 0-008 am> mol™t 571 and
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kp = (106 % 0:04) x 107° dn” mol™ &7F, which is identical to
a previously determined67 value of kfm’

This velue for kfs infers a greater reactivity of ferrocene
toward polystyryl radicals than would be expected from previous
discussions23 of the reactivity of ferrocene toward free~radicals.
However, the value probably reflects chain transfer to styrene
involved in an interaction with ferrocene, rather than to free
ferrocene or ferrocene involved in such an interaction. Indeed,
the styrene involved in this interaction would be activated
toward chain transfer, which may bé viewed as hydrogen atom
(radical) transfer from polystyryl radicals, as well as toward
propagation, that is polystyryl radical attack. It is of interest
tc note that = Cm term can be evaluated for styrene involved in
the propesed interaction with ferrocene, This Cm term, Cmc’ is
-given, by definition, by the velocity constant for chain

transfer to styrene involved in the interaction, k divided

fe?
by the velocity constant for propazgation via this styrene, k5°
Although the value of neither of these terms is known

individually, the value of Cmc can be calculeted, since from

equation V.15

¢l = b[St] HFcH (20)
St St
J
and thus
ko, = Koo , (21)
b[St}
from which
Cmc = kfs (22)
bk5[5t]

Using the average mean styrene concentration and the values for

Kfs and bk5

is, .perhaps, not insignificant that this value is close to that

obtained here, the value of C_ . is 887 x 10_5. It
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of 6.02 x 10"5 for Cm’ which may be calculated from litersture

67

values of kfm and kb. Although possibly fortuitous, this

similarity in the values of Cm and Cmc’ suggesting that styrene
involved in the proposed interaction with ferrocene is almost
equally activated toward propagation and chain transfer, might
be expected, if the model is correct, in view of the basic

similarity between the mode of attack involved in the two

processes.



V.B The polymerization of styrene in the presence of low

concentrations of vinvlferyocene without added

initiator or solvent

The bulk thermal polymerization of styrene at 60°C was
studied in the presence of vinylferrccene, the initial
concentration of the latter varying from O to 0:679 mol an™>,
Dilatometric measurements revealed that the polymerizations in
the presence of vinylferrocene were markedly non-linear with
respect to time (Fig. V.5) and possessed large initial rates
of polymerization, which increased with increasing vinylferrocene
concenfration.‘The initial rate§ of polymerization were cobtained
from the gradients of the tangents at zero time of plots of the
type depicted in fig., V.5, and are listed in tablé V.2. In
calculating these values, polymerization was taken to have
occurred only via styrene, which seems to be a reasonable
approximation in view of the fact that no more thén %25 mole-
percent vinylferrocene was incorporated into the polymer.

Since repeated attempts to homopolymerize vinylferrccene
thermally, without added initiator; in benzene solution at both
60°C ana 80°¢ failed, it is apparent that vinylferrocene does
not produce free-radicals that attack vinylférrocene under
these conditions. Furthermore, when the polymerizastion of pure
styrene ([St] = 837 mol dm—B) and of a solution of
vinylferrocene in styrene ([VFCH] = 0402 mol dm'3 and
[St] = 782 mol dm-s)'were carried out at 6006 in the presence
of equal smounts of diphenylpicrylhydrazyl (DPPH), the induction
pericds observed were 43 min. and 55 min. respectively. The
induction period for the styrene solution of vinylferrocene
would be expected to be greater them that for pure styrene,

since the styrene concentration, and hence the rate of
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initiation, is lower. This concentration effect may be eliminated
by considering the ratioc ¢7 the two induction periods, since,

for styrene, the induction period, t, for a given amount of
inhibitor is given by

t = constant ' (23)
[st]°

and thus for two different styrene concentrations

) - [[St]2)3 (21)

In this case, the ratio of the two induction periods is 0s782
and the value of the corresponding concentration tern is 0«816.
This agreement between these two terms (4%) demonstrates not
only the fzilure of vinylferrocene to producé free-radicals
under these conditions, but also that the rate of initiation is
not increased by anylparticipation ofﬂﬁinylferrocene in the
initiating mechanism, /

A scheme similar to that proposed in the previous section
(V.A), that is one involving a propagation step through styrene
vhich is interacting with vinylferrocene, may bevapplied to the
initial rates of poljmerization observed in the presence of
vinylferrocene. Omitting the anomalous result for [VFCH] = 06
mol dm'B, a plot of {kRp/[St]2'5) - kp(ki/zktc)OOE} against
[VFCH], based on equation V.13, reproduced below in a suitably

enended form, is a straight line through the origin (Fig. V.6).

R - kp( k, )0'5 = [k )0‘5bk5[VFcH] - (25)
[st12°5 i i

The gradient of this plot is (7+4 % 1+3) x 10~/ dm’ ° mol™2"2 g1

6 o178 571 may

’

from which a value for bk, of 14,000 % 2,500 dm

67

5

be calculated, by using a literature value of kp and the value

0.5 . 2.5 .
of kp(ki/ZKtc) obtained from RP/[St} for pure styrene,
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The difference between thig value of bks and that obtained for

6 2 g~ may possibly reflect

ferrocens in section V.& (17L dm° mol”
a greater degree of interaction between styrene and the larger
delocalized system of vinylferrccene, and also a conseguently
greater activation Qf the styrene involved in this interaction.

Tue precise reason for the marked decline in the rate of
polymerization of styrene in the presence of vinylferrocene
cannot be ascertaired from the available data. However, 2
possible explaination is the formstion of a retarder, a species
which reacts with polymer radicalslto give polymer without
regenerating an active free-radical. Further, it would be
necesgsary for the concentration of this retarder to increase
over a period of several hours, The effect of such a process
would be two-fold. Step (vii) in the simple kinetic scheme
(Section II.A), previously taken to be negligible, would become
of importance, ;hus lowering the molecular weighf of the polymer
formed and the concentration of polymer radicals, and hence the
rate of polymerization. Additionally, the failure to achieve a
ateady concentration of retarder over a period of several hours
would invalidate equation I1I.% and lead to a decrease in the
rate of polymerizaticn with time during this-period. Possibly
such a retarder could derive from chain transfer to vinylferrocene,
particulariy that involved in an interaction with styrene, since
vinylferrocane has been found to be & relatively active chailn
transfer agent in its homopolymerization (C = 1.17 x 10-2,
section VII). Alternstively, the retarder might derive from the
vinylferrocenyl radical formed in such a transfer reaction,
since Fe(III)-containing eudgroups have been observed tor
polyvinylferrocene formed by the monomolecular termination of

14

polyvinylferrocenyl radicals in bengzene solution™ ", and it is
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well known that Fe(III) compounds can aect ss retarders or
inhibitors.

Aﬁ observation supporting the suggestion that retardation
is due, in some way, to vinylferrocene is that the gravimetrically
determined mean rates of polymerization, although greater in the
presence of vinylferrocene than fur pure styrene, are not
directly related to vinylferrocene concentration, rather they
are randomly distributed in a band of ca. * 20% (Table V.2).
This would suggest that the decline in the rate of polymerization,
and hence the degree .of retardatioﬁ, was greatest for those
polymefizations with the highkest initial rates of polymerization,
that is with the highest #inylferrocene concentration.

The possibility of retardation, whatever the source,
renders a detailed analysis of the molecular weights of the
polymers too difficult, since the overriding effect would be

that of the retardation.
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V.C The polymerization of styrene in the presence of low

concentrations of vinylferrocene and azobilisisobutyronitrile

(AIPN), but without added solvent

The ATEN-initiated thermal bulk polymerization of styrene
was stu&ied in the presence of low concentrations of
vinylferrocene at 6OOC. As In the casze of the self-initiated
thermal polymerizations (Section V.R), dilatometric measurements
revealed that the rates of polymerization in the presence of
vinylferrocene exhibited a decline with time from a relatively
high initial rate (¥ig. V.7). As cén be seen from the values
given in table V.3, however, neither the relative increase in
initial rate of polymerization with respect to pure styrene, nor
the subsequent decline in rate were as pronounced aé in the
self-inltiated thermal polymerizstions, under similar conditions.

Clearly, since the initial rates of polymerizztion in the
presence of vinylferrocene were much lower than would be
expected by comparlson with the values obtained in the absence
of AIBN (Section V.B), the behaviour in the presence of the
initiator cannot be fitted directly into the proposed scheme.
However, the difference in conditions, namely the much higher
radical concentration in the preserice of AIBN, suggests a
posslble explaination for the apparent deviation from the
expected behaviour. If a retarder is formed,; the higher radical
concentration could increase the rate of formation of retarder
and decrease the time taken to acquire a steady retarder
concentration. Certainly, & linear rate of polymerization is
échieved more rapldly in the presence.of AIBN than in its absence
(z.f, fig. V.5 and fig. V.7), and an increase in the rate of
formation of a retarder, causing a more rapid decliné in the rate

of polymerization, could lead to the observed initial rate of
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polymerization being 10Wer than the rezl value, because of the
limitations of the mode of obLservation.

The relative effect of retardation on polymer molecular
weight is diminished at high radical concentration, because of
the increased importance of termination by the reaction of two
polymer radicals. A limited discussion of the molecular weight
data (Table V.3) is, therefore, feasible, and in spite of the
possible retardation these molecular weights are scmewhat
analagous to those obtained for the ferrocene/styrene system
(Section V.A), in that the moleculér weights of the polymers
vary liftle with vinylferrocene cpncentration. The increasing
mean rates of polymerization and decreasing styrene concentrations
would require, under a normal kinetic scheme, a prbnounced S
decrease in polymer molecular weight. As before,‘the results
suggest an increase in the ‘'apparent' value of the velocity
constant for propagation, kp, wilth increasing vinylferrocene
concentration, possibly arising from propagation via styrene

involved in a specific interaction with vinylferrocene.



V.D The benrene solution thermal polymerization of styrene

in the presence of low concentrations of vinylferrocene,

without added initiator

Styrene was thermally polymerized in benzene solution, at
constant styrene concentration (4 mol dm—a), in the presence of
varyling concentrations of vinylferrocene. Dilatometric studies
indicated that the polymerizations were linear with respect to
time, up to the low conversions employed, and that the initial
rates of polymerization were independent of vinylferrocene
concentration. However, the more accurate gravimetrically
determined mean rates of polymerization suggest a slight [all
in mean rate with increésing vinylferrocene concentration
(Teble V.4), but sven these values must be treatedrwith caution
in view of the difficulties asscciated with the determination
of such low rates of polymerization.

If the vinylferrocene is assumed {o have little effegt on
the rate of polymerization of the styrene, this system appears
@o follcw a normal kinetic scheme for free-radical polymerization
(Section II.A) and thus equation V.l may be applied to this

‘ system. A suitable form of this equation is

L - kR = ¢+ C_[vren] (26)

Dp k 2[St]2 IStl
b

A plot of {(1/55) - (k, R /k 2[St]2}} against [VFcH]/[St}, using

te'p' Tp
mean values of the experimental parameters and literature
values67 of k

and k_, is a reasonable straight line (Fig. V.8).
te p’?

4 least wean squares analysis of the data gives a value of
(1-98 £ 0-36) x 10> for C_ and of (3-21 £ 2-23) x 1077 for Co
67

which may be compared with a literature value for Cm of
602 x 10-5. There must be uncertainity with regard to the

precise nature of the species responsible for the value of Cs’
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since it may well be that vinylferrocene is involved in some
interaction with benzene, Also, the slight decline in mean rate
of polymerization and the suggestion of curvature in fig. V.8
with dincreasing vinylferrocené concentration might indicate
slight retardation linked to the presence of vinylferroccene.
However, a comparison of the values of Cs and Cm obtained heré
suggests that, under these-conditions, vinylferrocene, in some
form, is a more effective chain transfer agent than styrene.
The msrkedly different hehaviour of the solution
polymerizatioﬂ of this syétem compared witn that of bulk
éolymeriZation nay ﬁe explained if aromatic-vinylferrocene
interactions are present. The benzene would exert a greater
infiuvence than an inert diluent, since it would cohpete with
the styreﬁe for the vinylferrocene, thus greatly reducing the
amount of styrene-vinylferrocene iﬁteraction. Not only would
this result in near normal rates of polymerization, but it
could also alter chain transfer reactions and thereby largely

prevent the formation of a retarder.
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V.E The benzene solution polymerization of styrene in the

presence of low concentrestions of vinvlferrocene ang
i

azobisisobutyronitrile (AIBN):

The AIBN-initiated polymerizaticn of styrene in the presence
of varying concentrations of vinylferrocene was studied in
benzene solution at 6000, with thc styrene concentration held
constant at 4 mol du™>. Dilatometric measurements revealed that
the polymerizations were linear with respect to time, up to the
low conversions used, and that the initial rates of polymerization
were, within the experimental limiﬁs, independent of
vinylferrocene concentration (Table V.5). The gravimetrically
determined mean rates of polymerization (Table V.5) exhibited
a slight increase with increasing vinylferrocene conccntration,
but this was perhaps within the experimental limits.

The molecular weights of the polymers also exhibit a slight
increase with increasing vinylferrocene concentration (Table
V.5). However, this increase is very small for the majority of
the polymers and even the largest increase is only 10%. This
must be regarded as being within experimental limits when it is
considered that these molecular weights were derived from
viscometric measurements and, in the treatment of the results,
the polymer was approximated to be pure polystyrene. This
approximation would become less valid for polymers prepared in
the presence of the higher vinylferrocene concentrations. Also,
the limiting viscosity numbers, on which the calculations were
"based, varied by only 3% (Table V.5).

In view of the ability of vinylferrocene to act as a
transfer agent, as demonstrated in the previous.section (V.D),
the molecular weights of the polymers would be expected to fall

as vinylferrocene is introduced into the polymerization systenm.
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However, the magnitude of this drop would be small under the
conditions employed, as msy be seen by considering equation V.26,
given below in a suitably rearranged from. Since the styrene
= + +
(hy Ry + Gy | ¥ G [vren] (27)
g
Dp kpz[St]E juti

concentration was constant and the mean rates of polymerization

i

were very nearly sqQ, the term {kktcRp/kpe[St]E) + Cm} may be
approximated to be constant, and is thefefore given by 1/DP for
the polymer formed in the polymerization of the pure styrene
solution, that is 2¢21 x 10_3. In fhis study, the maximum value
ot ¢_[vrcH]/[st] was 0-142 x 1077, if the value of C_ obtained
in section V.D is used. Thus, assuming this value of CS to be
correct and that a normal kinetic scheme is applicéble, the
maximum decrease expected in DP in this study would be 6%,
which would be within experimental error.

The results obtained in this study are, therefore, somewhat
inconclusive with respect to the applicability of a normal
kinetic scheme to this system. However, in the absence of any
clear, positive evidence to the contrary, such a scheme may be
taken to apply to this system. This 1s in agreement with the
obeservations of this system in the absence of AIBN, given in the
previous section (V.D), and the arguments presented there, when

comparing it to the bulk systems, may be arplied here.
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V.F The thermal polymerization of styrene in the preasence

of ethylferrocene, without added initiator or solvent

The bulk thermal polymerization of styrene at 60°C was
studied in the presence of varying concentrations of
ethylferrocene. Dilatometric measurements were made on the pure
styrene and on the two ethylferrocene solutions of highest
concentration., These revealed that, whereas the polymerization
of pure styrene was linear with respect to time, the
polymerization in the presence of ethylferrocene exhibited
relatively higher initial rates of polymerization followed by a
slow decline in rate (Fig. V.9). The initial rate of
polymerization was higher for the more concentrated ethylferrocene
solution studied (Table V.6). The gravimetrically determined -
mean rates of polymerization also exhibited a general trend of
increase with increasing ethylferrocene concentratién (Table V.&),
‘but these overall rates were much lower than the initial rates
observed dilatometrically.

These findings bear a close resemblance to the behaviour
of the styrene/vinylferrocene system (Section V.B), and this
suggests that a scheme involving propagation via styrene
participating in an interaction with ethylferrocene is applicable
here, Although initial rates of polyrerization are available |
for only two ethylferrocene solutious and the pure styrene, a
value for bk5 (Section V.A) can be estimated from a plot of
{(RP/[St]3‘5) - kp(ki/Zktc)o's} against [EtFcH] for these
solutions. The gradient of this plot (Fig. V.lO); which is based

on the appropriate form of equation V.13, given below, is

' 05 _ 0.5 -
R -k [k, ) =[x, bl [EtFcH] (28)
[5t)2° Z 2k,
(152 * 0-08) x 1077 am’ " mo1~2"> 5-1, giving a value of
6 2 -1 67

2,200 £ 120 dm” mol™“ s”~ for bk5, when a literature value° ' of
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kp and the value of<kP(ki/2ktC)o°5, obtained from Rp/[St]a.5 for
pure styrene, are used. The difference between this value and
that obtained for ferrocene in section V.A (174 dm6 mol"2 s'l)
possibly arises from an increase in the degree of interaction
between the ferrocene nuclei and the styfene, and a consequent
increase in the activation of this styrene, due to the favourable
inductive effect of the ethyl group.

As with the bulk etyrene/vinylferrocene system, the decline
in the rate of polymerization with time observed for this systen
may be explained by the fdrmation of a retarder, which only
reaches a steady concentration after a period of several bours.
It is interesting to note that chain transfer to ethylferrocene
could result in the formation of a radical identicél to that
formed in chain transfer to vinylferrocene, although in this case
the mechanism would be hydrogen radical abstraction by the
polymer radical. This link between two different systems
exhibiting similar behaviour tends to support the possible
explaination offered in section V,B, that is that the retarder
may be derived from the vinylferrocenyl radical formed in a
chain transfer step. Certainly, there is a link between the
decline in rate and the concentration of eth&lferrocene, since
the mean rates of polymerization vary relatively little with
ethylferrocene concentration compared with the initial rates.
This requires that the solutions with the highest ethylferrocene
concentration, and thus the higheet initial rates of polymerization,
experienced the greatest decline in rate.

| In view of the above complications, detailed znalysis of
the molecuiar weight data was not attempted.(Table V.6). However,

it is interesting to note that the decrease in molecular weight

with increasing ethylferrocene concentration is.insufficient, if
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a normal kinetic scheme were Lo apply, even in the absence of
retardation,

If the explaination offered to account for the increase in
the initial rates of polymerization is correct, ethylferrocene
cannot be taken as a model compound for polyvinylferrocene,
gsince fhe latter does not seem to uncdergo specific interaction

with aromatic solvents (Section IV.4).
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V.G Summary

Opservationscafthe bulk thermal polymerirzation of styrene
in the presence of ferrocene cannot be explained by a normal
kinetic scheme (Section II.A). A scheme has been proposed here,
inc¢luding propagation via styrene involved in an interaction
with ferrocene, and this can fully account for the behaviour of
this sy=tem.

The polymerization of styrene in the presence of
vinylferrocene is strongly dependent on the precise conditions
under which it takes place. Both tﬁe bulk thermal and thé ATBN-
initiated buik fhermal polymerizations exhibit high initial
rates of polymerization followed by a marked decline in rate,
‘and in the former case the initial rates of pclymefization can
be accomodated by the scheme proposed for the styrene/ferrocene
systemn., However; the initial rates of polymerization in the
AIBN-initiated polymerizations are not as high as would be
predicted using data obtained for the purely thermal
polymerization. Since a possible explaination for the decline
in rate is the formation of a retarder, this difference in the
behaviour of the two systems might be attributed to a higher .-
rate of formation of the retarder due to the‘higher radical
concentration. The polymerization behaviour of benzene solutions
of styrene and vinylferrocene is markedly different from that
of the bulk systems and seems to be accounted for by a normal
kinetic scheme, This difference between the bulk and benzene
solution systems may be due to the benzene interacting with the
viﬁylferrocene, that is competing with the styrene, and thus
exerting & greater influence on the polymerization than that of
an inert diluent.

The bulk thermal polymerization of styrene in the presence
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of ethylferrocene is similar to that of the bulk styrene/
vinylferrocene system, | \ . A

It should be noted that these polymerizations are not
charge-transfer polymerizations, which proceed via polar
intermediates, since the observat%on of an induction period in
the polymerization of a styrene/vinylferrocene mixture in the
presence of DPPH indicates that free~radical intermediates are
involved,

Little of é general nature can be drawn from these studies,
although it might be infefred, froﬁ results for the benzene
sélution thermal polymerization of styrerne in the presence of /
vinylferrOcege,.that vinylferrocene is a more active chain
transfer agent than styrene. This is inm agreemént'with a very
brief 1'=epor’cl‘(.)br of 2 chain transfer constant for methylferrocene
in the self-initiated styrene polymerization of 0.7 x 10"4,
which may be compared with that for toluene, 0-12 x 10-4.
However, no details of the precise conditions employed, or of
the results from which this value was derived, were given,
other than 'by the usual techniques for measuring these
quantities'!, and thus, in view of the dependence of the bhehaviour
of these systems on the polymerization condiiions, the

applicability of this value to a discussion of this study is

uncertain.



Table

V.1

The bulk thermal polymerization of styrene in the presence of

ferrocene at 60»50C

Mean [AFcH] | Meen [st] |Mean R x 10°| @ 75

mol am™> | wol dm™> |mol am™> &™t
0 8.05 2.20 9,970
0104 7.91 2.38 20,100
0.204 .80 2.3,0 11,600
0.297 7468 257 10,500
0396 754 2+78 10,200
0+488 C7e47 2057 10,500
0583 7436 2:64 10,500

Estimated by GPC analysis.
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The bulk thermal polymerization of styrene in the presence of

low concentrations of vinylferrocene at 60°¢
Initial values Mean values
[vrer] [st] *Ryx10° | %R x 10° | PTE
mol dn™> | mol dw™ | mol am™> &% [mol dam™> &7t
0 837 0+188 2+32 10,300
" 0-186 812 3+81 4.18 5,960
0270 8+02 3.25 e l2 5,010
0+360 788 4«78 547 5,220
0«L45 777 Le76 L« 40 3,340
0+522 766 641 3-09 2,780
0600 753 11-1 L4-37 3,580
0+679 7L 7479 3kl 2,950
a Calculated assuming that only styrene rolymerized.
b

Determined by membrane osmomeiry.



Table V.3
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The AIBN-initiated bulk thermal polymerization of styrene in

-the presence of low concentrations of vinylferrocene at 60°¢

[a1BN] = (2-2 % 0+2) x 1072 mol dm™>

Initial values

Mean values

[vrer] [st] "R x 10° [ #P R x 10° | ° TP
mol dn™> | moi du™> | mol dm™> st | mol am™ st
.0 837 4 3.78 3478 2090
00543 8-29 420 359 2400
0-109 822 Le22 558 2430
0-213 807 613 3-92 2430
0.3138 7.92 7+99 L+66 2010
0-416 7-78 10-1 4«60 1710
0-512 7-65 11-3 o3 1790
0+609 751 179 L 4O 1380
& Calculated assuming that only styrene polymerized.
b Gravimetrically determined..
¢ Determined by membrane osmometry.
d

[a1BK] = 2:84 x 1072 mol am™.

This valve from a gravimetric measurement,
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Table V.4

~
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The benzene solution thermal polymerization of styrene in the

. . . 0
presence of low concentrations of vinylferrocene at 60°C

™

Mean [st] | Mean [vFcr] | ® Mean k| x 107 |® TP
mol dm™> mol dm™> mol dm™> s+
392 0 8+50 9,040
3.92 0.0184 8-94 9,090
3-95 0-0575 8+05 8,120
3+94 0.0942 7+75 7,630
3.91 0.151 | 915 6,110
3.91 0+208 7+90 5,260
3.93 0.283 611 L, 250
a Calculated/assuming that bnly styrene polymerized.
b

Determined by membrane(osmometry.



Table V.5
The AIBN-initiated benzene soiution polymerization of styrene.
in the presence of vinylferrocene at 60°C
[ater] = (1 # 0.01) x 1072 mol am™

[st] = & * 0-02 mo1 am™

Initial values Mean values
[vren] | R, x 107 | 2R x10° [ °[y] DR, | 7P
mol.dm™> | mol dam™> 51 | mol am™> s™T | 100cm® g_l ¢
0 6+67 636 0-372 €80 | 452
0.0187 664 6-41 C.379 697 | 469
0-0571 703 6455 0+371 676 | 455
0.6948 6-93 656 0373 684 | 461
Q0«15 - 6-82 6461 0+372 682 | 462
0-208 6:80 668 0+381 703 1 484
0.287 6+84 687 0+384 710 | 497
a Calculated essuming that only styrene polymerized.
b In toluene at BOOC.
c

Calculated from Dp, (Section III.B.15).

(A



Table V.6
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The bu}k thermal polymerization of styrene in the presence of

ethylferrocene at 60°¢C

Initial values Mean values

[EtFen] [st] R x 10° R, x 10° ® p
mol dm™> | mol du™> |mol an™> &% | mol am™ &7t

0 8+37 0246 2.23 11,800
. 0.103 8.21 - 2.8} 12,100
0-182 8-08 - 3.1% 10,200
0.272 794 - 3.18 1G,500

0354 7-81 - 312 ' 9,360

0-429 774 1.24 559 9,420

0751 7-11 173 271 7,740

Estimated by GPC analysis.
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((HFcHI/St) x 102

Fig. V.2
(A - B) as a function of IHFcH]/[St], where A = 1/DP,
L = 22 -3 :
B = ktcRp/kp [St] and iSt] and ]HFcn} are the mean concgntratlons
of styrene and ferrocene respectively, for the bulk thermal

polymerization of styrene in the presence of ferrocene at 60o5°C.
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Fig. V.3

(D - E) as a function of mean ferrocene concentration, where
D= §£/[St]2'5 and E = kp(ki/aktc)O.B, for the bulk thermal

polymerization of styrene in the presence of ferrocene at 60-500°
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(F - G) as a function of [HFcH]/[St], where

I = S
F=(k + blsg [HFcH])/TF and G = k R /[st] 0 + bks[HFcH]),
for the bulk thermal polymerization of styrene in the presence

of ferrocene at 60:5°C. The line drawn is obtained by omitting

the point [HFcH)/[St] = 2+61 x 107° from the fitting.
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Fig. V.6

(D - E) a5 a function of initial vinylferrocene concentration,
_ 2+5 _ 045

where D = Rp/[St] and E = kp(ki/ Zktc) , for the bulk

thermal polymerization of styrene in the presehce of low

concentrations of vinylferrocene at 60°cC.
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Fig. V.8

(A -~ B) as a function of [VFcH]/[St], where A = 1/DP and
B = ktcﬁs/kpa St]z, for the benzene solution thermal |
- polymerizetion of styrene in the presence of low concentrations

of vinylferrocene at 60°C.
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122

Oé . : : :
@) O-2 04 O-6 O-8
| [EtFcH) (mol dm™>)

e

Fig, V.10

(D ~ E) as a function of initial ethylferrocene concentration,
: 25 0-5
D =R = !
where P/[St] and E kp(xi/Zktc) ., for the bulk
thermal polymerization of styrene in the presence of

ethylferrocene at 60°c.



VI The volymerization of styrene in the presence of

ferrocene and cyclohexanone

The presence of ferrocene and a ketone, particularly a
cyclic ketone such as cyclohexanone, has been foundlol to
increase greatly the rate of polymerization of methyl methacrylate,
whilst ferrocene alone had little effect. Ferroceune was shown to
have no effect on the polymerization of styrene in benzene
solution and , because the yields were lower then in the methyl
methacrylate polymerizations, it was concluded also that
ferrocene/cyclohexanone did not polymerize styrenelOl. However,
in.SPite of the low ferrocene concentration used (ca. 2°5 x 10"2
mol dm_B), with cyclohexanone as solvent, there wéé a four-fold
increase in conversion after 20 hr, with respect to the benzene
solution polymerization of styrene.

In view of the small effects observed for the ferrocene/
styrene system (Section V,A), a more complete kinetic study of
the ferrocene/cyclohexanone/styrene cystem was undertaken. As
a part of this study, a value was determined for the chain

transfer constant for cyclohexanone in the self-initiated

polymerization of styrene.

VI.A The determination of the chain transfer constant for

cyclohexanone in the self-initiated polymerization of

-

styrene

Styrene was polymerized thermally, at 60°C, in the bresence
of varying concentrations of cyclohexanone {CXON). Dilatometric
measurements demonstfated that all of the polymerizations were
linear with respect to time, up to the low conversions used.

The gravimetrically determined mean rates of polymerization were



.virtually independent of cyclohexanone concentration (Table VI.1).
The diluent effect requires that the rate of polymerization
decreases with decreasing monomer concentration, but since the
total decrease in monomer concentration was only ca. 6%, the
observed behaviour was, within experimental limits, normal.

The system may be taken, therefore, to follow a normal,
simple kinetic scheme {Section II.A) and a suitably amended form
of equation V.1, given below, may be applied to the molecular

- kR =c_+ c_[cxon] | (1)
P} 2[st]? [5t) |

2

weights of the polymers formed (Table VI.1). A plot of the

left-hand side of equation VI.1 against [CXOI]/[St], using mean
‘ 67

. values for the experimental parameters and literature values

1

s™1) and k o (36 x 107 am® moi~t s-l),

for kp (176 dm’ mol” &
is a reasonable straight line (Fig. VI.l). A least mean squares
analysis of the data gives a value of (533 % 1.8) x 1074 for
C, and of (7:43 £ 0+75) x 1072 for C,» which may be compered
with a literature value®’ for ¢, of 6:02 x 1077,

The value of CS obtained herejindicates that cyclohexanone

is only-a moderate chain transfer agent in the polymerization

of styrene.
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VI.B The bulk thermal polymerization of styrene in the

presence of a constant concentration of ferrocene

and varying concentrations of cyclohexanone

The bulk thermai polymerization of sfyrene solutions of
ferrocene (L+73 x 10-2 mol dm"B) were carried out at 60°C in
the presence of varying concentrziioans of cyclohexanone.
Dilatometric measurements demonstrated that the polymerizations
were linear with respect to time, up to the low conversions
employed, and the initial rates of polymerization obtained from
these meazsurements exhibited a treﬁd of increésing rate with
iﬁcreasing cyclohexanone concentration. This trend wae also
apparent in the gravimetrically determined mean rates of
polymerization (Table VI.2). The general trend of decline in
molecular weight of the polymers formed (Table VI.2) with
-increasing rate of polymefization suggests that this rate .. .
increase derives from an increase in the rate of initiation in
the system. This is further substantiated by results obtained
in a study cf styrene polymerization at constant cyclohexanone
concentration and varying ferrocene concentration (Section VI.C).
At this very low ferrocene concentration, therefore, a normal
kinetic scheme (Section II.A) may be applied‘to this system and
then, frem equation II.6,

2 _ .2
<8

Rp 0 I (2)
lStJ 2k

tc

Since I, the rate of initiation, seems to be some function of
cyclohexanone concentration, a plot of (Rp/[St])2 against [CXON]
is an appropriate way of depicting the behaviour of the rate of
polymerization with cyclohexanone concentration, Using mean
values, this plot is a curve (Fig. VI.2). This demonstrates

that the rate of initiation associated with ferrocene and
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cyclohexanone is not first order in cyclohexanone concentration.
If a normal kinetic scheme is applicable to this systen,.
the molecular weight data should fit equation VI.1l. These
results are given in a suitable form in table VI,3. When a
correction is applied to the value for the polymer formed in
the polymerization of pure styrene; o allow for the absence of
ferrocene (Fig. V.2 indicates that a reduction of ca. 5% is
necessary), the values obtained for {(l/ﬁ?) - (ktcﬁp/kpatgzja)}
are constant to within ca. ¥ 6%. This is well within experimental
limits. However, these values shouid increase as fEEBﬁ]/fEET
increases; a total change of ca. 23% would be expected if the
value for Cs obtained in section VI,A is correct. Failure to
exhibit this chaznge nay be dﬁe, in part, to experimental grror
in the values obtained here and also to an overestimation of
the value of Cs for cyclohexanone. Furthermore, for all but the
nost concentréped cyclohexanone solution, the predicted change
would be less than 9%, whichiis within experimental limits. If
the contribution cof the term involving CS in equation VI.1 is
taken to be small under these conditions, the values obtained
for {kl/ﬁ?) - (ktcﬁp/kpa St 2)} may be compa?ed with a literature
value67 for C for styrene of 6+02 x 107°.
Thus, the molecular weights of the polymers obtained in
this systém may be best considered as being got inconsistent
with polymerization proceeding by the normal mechanisms, with
an increased rate of initiation attributable to the presence

of both ferrocene and cyclohexanone.
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VI.C The bulk thermal polymerization of styrene in the

presence of a constent concentration of cyclohexznone

and varying concentrations of ferrocene

The thermal polymerization of styrene solutions of
cyclohexanone (0+439 mol dm-z) were carried out at 60°C in the
presence of varying concentrations oi ferrccene. As with the
styrene polymerizations at constant ferrocene concentration and
varying cyclohexanone concentrations (Section VI.B), dilatometric
measurements demonstrated that the polymerizaticns were linear
with respect to time, up to the low conversions used, and initial
rates of polymerization derived from these measurements
exhibited a trend of increasing rate with incréasing ferrocene
concentration. The gravimetrically determinsed meanrrates of
polymerization confirmed this trend (Table VI.4).

The lower molecular weights of polymers formed in the
presence of .ferrocene, with respect to that formed in its
absence (Table VI.4), is contrary to the behaviour of this
system in the absence of cyclohexanone (Section V.A), and
suggests that ferrocene and cyclohexanone together give rise to
an increased rate of initiation. Thus, as with the results
obtained at constant ferrocene concentration and varying = -
cyclohexanone concentrations (Section VI.B), an appropriate
means of representing the behaviour of the rate of polymerization
with additive concentration, in this case ferrocene
concentration, is a ﬁlot of (Rp/[St])2 against [HFCH]. This
plot, using mean values, is a curve (Fig. VI.3), similar to that
obtained for (R /[st])? agatnst [oxon] (rig. vi.2). 1t 1s
noteworthy that the value of (R /[St])® obtained from fig. VI.3
for [HFeH] of 4+73 x 1072 mol du™> and [CXON] of 0-489 mol dn™>

(12-1 x 10" §72) would fit well into fig. VI.2, indicating
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the compatibility of the two studies on which these plots are
based.‘The curve obtained for the plot of (Rp/[St])2 against
[HFcH] indicates that the rate of initiation associated with
ferrocene and cyclohexanone is not first order in ferrocene
concentration.

\ When equation VI.3, a suitablj modified form of equation
V.1, which derives from a normal kinetic scheme, is applied to
the molecular weight data, it would seem that the ferrocene is
- By Ry =C + cs[chH]. ‘ (3)

kpZ[St]2 [5¢]

exerting also the anomalous effect observed in the absence of

———
—

1
D

o]

cyclohezanone (Section V.A), since there is, perhaps, a
general decline in the value of the left~hand side of equation

VI.3 as.[HFcH]/[St] increases (Table VI.5). .
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VI.D Summary

A'value of (5.33 * 1:8) x 107" was determined for the chain
transfer constant for cyclohexanone in styrene polymerization.

The results obtained here for the styrene/cyclohexanone/
ferrocene system indicate that ferrocene and cyclohexarone
together give rise to free-radical initiating species. Howevecr,
at sufficiently high ferrocene concentrations, the anomalous
behaviour previously observed in the presence of ferrocene alone
(Section V.A) also may exert an effect.

This study does not provide any information on the precise
mechanism of radical formation from ferrocene and cyclohexanone,
although curves obtained for plots of (RP/[St])Z, which is
proportional to the rate of initiation, against fefrocene or
cyclohexanone concentration suggest that this mechanism is
conplex, involving a series of steps.

It has been suggested101 that the carbonyl sroup of the
¢yclohexanone ceqrdinates to the metal atom of ferrocene in an
activated state, and leads to the generation of an initiatirg
radical. The findings of this study are not consistent with such
2 simple mechansim, Furtﬂermore, no significant difference was
found between the visible spectrum of ferrocesne in cyclohexanone

and in ethanol or n-heptane solution, the latter solvents being

assuned to be inert.
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The bulk thermal polymerization of styrene in the presence of

cyclohexanone at 60°¢

Mean [CXON] | Mean [st] | Mean R, X 106 | 2 5B
mol dm™> mol dm™> | mol dm™> st
0 §15 1-93 8,840
040976 8+06 201 8,790
0183 | 7+98 2+06 8,010
0.270 790 2:07 7,710
0-361 781 2-15 75390
0+ L0 77 218 7,050
0°530 767 2410 6,220

Determined by membrane osmometry.
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Table VI.2 \
The bulk thermal polymerization of styrene at 60°C in the
presenee of ferrocene and varying concentrations of
cyclohexanone ’

[aFcH] = (4-73 % 0-06) x 1072 mol dx™>

Mean ECXON} Mean [St] Mean RP x 106 2 P
mol dm™ mol dm™> | mol dm™ s™%
L 822 o 1.97 9,100
X 0-0113 §-18 | 2:15 9,430
| © 0.0207 8413 2-20 9,860
0+0289 8e12 ‘2¢26 9,300
0-0421 810 242 95200
0-0476 8+09 2+50 8,770
0+1010 8-04 2+50 8,710
0+2540 7490 2-61 9,040

Estimated by GPC analysis.

No ferrocene added.

\
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Table VI,3
Treatment of the molecular weights of polymers formed in the
polymerization cf styrene at 60°C in the presence of a constant

concentration of ferrocene and varying concentrations of

cyclohexanone
1/DF ktcﬁp/kpzfs_-t]a A -3 | [oxon)/ [st]
Ax10°f %Bx10° |x10° x 10°
10+6 - 3-39 Boaa| o
1046 Bk  6:86 C-138
10.2 387 . €33 0-254
10-8 ' 397 €83 0+356
10+9 L+28 662 0-520
1leh belil 6+96 0588
115 L +50 700 1-25
11-1 44+ 86 624 3-21
& Literature values®’ of kp (176 dm> mol™t s™%) and LI
(3:6 x 107 dm” mol™! s71) used.
b

No ferrocene added.



The bulk thermal polymerization of styrene at 60°C in the

presence of cyclohexanone and varying concentrations of

ferrocene

[CXON] = 0.489 * 0.009 mol am™>

Table VI.4

Mean [HFcH] | Mean [5t] |Mean R x 10° | TP
mol dm™> mol dm™> | mol dm™> &%

0 7478 201 9,230
00204 773 2431 8,260
0-0394 7+69 2462 6,190
0-0610 766 277 7,310
0+0777 763 3.09 8,470
0:0983 7-61 2+85 8,370 |
0+147 7°56 2-90 8,330
9'239 747 2487 8,410

Estimated by GPC analysis.

133



: | 134

Table VI.5
Treatment of the molecular weights of polymérs formed in the
polymerization cf styrene at 60°C in the presence of a constant
concentration of cyclohexanone and varying concentrations of

ferrocene

1/57 ktcﬁp/kp2[5¥]2 a - B |[EFcH]/{st]
Ax10°1 25 x10° x 107 x 10°
1C-8 %+ 86 6+ 94 0]
12-1 450 7460 0-261
16-2 5e 1l 1.1 | 0-s12
15-7 5.49 |8-21 0+796
118 618 5.62 102
12+0 5.71 §29 1-29
12-0 590 610 194
11-9 5:98 5-02 320

67

Using literature values ' of kp (176 am’ mol™" 57%) and

L (36 x 107 am® mol~t s~1y,



7 [ §

T !

o 2 4 6
(fcxoNi/[St) x 102

Fig. VI.1

(A - B) as a function of |[CXON]/[st}, where &4 = 1/DP and

= 2 2 . .
- 1
B = ktcRp/ﬁp [Sti , for the bulk thermal polymerization of

styrene in the presence of cyclohexanone at 60°c.
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l I -

O 5 10 I5 20 25
TCXON] x 102 (moldm™3)

Fig. VI.2
(§p/[St])2 as a fupction of mean cyc]ohexanone.concentrétion,

for the bulk thermal polymerization of styrene at 60°C in the

presence of ferrocene and cyclohexanone,

[HFcH] = (4:73 £ 0.06) x 1072 mol an™°.
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Fig. VI.3
(ﬁp/ St])2 as a function of mean ferrocene concentration, for
the Bulk thermal polymerization of siyrene at 60°C in the
presence of ferrocene and cyclohexanone.

[cxon] = c+489 * 0-005 mol am™.
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VII The AIBN-initiated howopolymerization of vinylferrocene

in dioxane

The free~radical homopolymerization of vinylferrocene has
. 1 7-12 1
been reported on a number of occasions 1257-12,1h, 5, the
majority of these studies being performed on benzene solutions,

although the bulk polymerization has received some attentiona’lS.

One of the more detailed studie515 concerned the effect of
temperature and the mode of initiator (AIBN) addition (single

or sequential) on the polymer yield and molecular weight from
solution and bulk polymerizations., As would be expected, higher
" yields were obtained by continuous or multiple AIBN addition

and higher poiymer molecular weights were observed ét higher
mononmer concentrations and lower polymerization temperstures.
Llso, considerable branching was detected in the higher molecular
weight polymers, indicative of the chain transfer activity of
the homopolymer. However, even when solution polymerizations
were taken to quite high conversion, polymer molecular weights
were low (4,000-5,000) and independent of both the mode of
addition of AIBN and of the overall concentration of AIEBH. This
is contrary to expected behaviour if a normél kinetic scheme
(Bection TI.A) is to apply to thié‘monomer, since higher
ipitiator concentration leads to a higher rate of polymerization
(Equation II.8) and, as can be seen from equation II.12, this
should result in a lower polymer molecular weight.

2 suggested that the benzene

Although a brief early study
solution polymerization of vinylferrocene was accomodated by
the normal kinetic scheme, a recent and more detailed kinetic

studyl4 of the AIBN-initisted homopolymerization of

vinylferrocene in benzene demonstrated that the kinetics were
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not normal. The dependence of the rate of polymerization, Rp,
on initiator concentration, [In], was found to be to the power
111, rather than the normal dependence of Rp on [In}ﬁ's. This
anomaly was explained im terms of monomolécular termination of
the polymer radical, step.(vi) in section II.A Séing replaced,
therefore, by

kg

R. — Inactive species (1)

As before, equation II.1 applies and

f .
R =k |Rej| M 1
p = sp[reln] (1)
but mow equation II.5 becomes
[r] =L o (2)
kt
and thus,
R, = EEI[M] | | (3)
ky

Combining with equation II.7 gives

R = éfkdEB M][1x] (4)

ke

This scheme may be extended to redefine the degree of

polymerization, DP, of the polymer as

TP = kp[R-][M] ' ()
iy [Re] + kg [R][H] + g [R][5]
and hence
1=k, +k. +k[s] (6)

= 1 fm
PP k lM] k k_ M
P P P
The observed lack of dependence of polymer molecular weight on
initiator concentrationll‘t’15 in the bvenzene solution
homopolymerization of vinylferrocene is accounted for, therefore,

by this scheme.

Spectral evidence14 indicated that the monomolecular
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termination step resulted in the formation of a paramagnetic
high spin Fe(III) complex in the polymer.
Although values of K and a in the Mark-Houwink equation

(II1.16) have been evaluatedl5 for polyvinylferrocene in benzene

and in tetrahydrofuran at 30°C (K = 664 x 10-4 1OOcm3 g"l,

1

a = 048 and K = 7«2 x 10-5 1OOcm3 g ~, a = 0-72 respectively),

there has been little study of homopelymer properties. This

particularly applies tc the glass transition temperature, Tg,

of the polymer. Although a value of approximately 19000 has

10,11

been estimated from broad DSC curves, this value is

considerably lower than reported softening points (280-2850Cl
'
and 280-290002) would suggest it should be.
In view of the indications of ferrocene-aromatic

W ossibility of

interactions (Section IV) and the suggested
Bolvent interaction in the monomolecular termination of the
polyvinylferrocenyl radical in benzene solution, a study of the
kinetics of the homopolymerization of vinylferrocene in dioxane
was undertaken, prior to an investigation of the éOpolymerization
of vinylferrocene and vinyl acetate in this soivent (Section IX)}.
The séﬁdy also provided polyvinylferrocene, of varying molecular

weight, for an investigation of the variation of Tg with

molecular weight for this polymer.
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VII.A The kinetics of the AIBN=initiated homopolymerization

of vinylferrocene in dioxane

The thermal homopolymerization gf vinylferrocene in dioxane
solution was studied dilatometrically at 60°C at constant
initiator (AIBN) concentration with varying vinylferrocesne
concentrations, and at constant vinylferrocene concentration
with varying AIBN concentrations, Gravimetric determinations
were performed on the same polymerizations. The dilatometric
studies demenstrated that the polymerizations were all linear
with respect to time, for conversi&ns less than about 10%, and
gave a value for the apparent density cf vinylferrocene in

dioxane at 60°C of 1262 g cm . This value is sufficiently
close tec that determined97 for bulk vinylferrocene>(le259 g cm"B)
to indicate that ﬁhe principle of volume additivity applies to
this system, and therefore the latter value was used in‘
calculating the rates of polymerization from the dilatometric
measurements.,

' In addition to providing the mean rates of peclymerization
(Table VII.1l), the simultaneous gravimetric determinations
permitted the calculation of the density of polyvinylferrocene

in dioxane at 60°C, since the total volume change observed

dilatometrically during the polymerization time, Av, is giﬁen b&

o Av=w -1 7
PID. D
m Y
where Wp is the weight of polymer formed in this time and Dm
and DP are the monomer and polymer densities respectively. The
mean value for 1/Dp obtained over all of the polymerizations
was 0:693 cn” g-l, giving a value of 1-44(4) g om™> for the

density of polyvinylferrocene in dioxsne at 60°C. This value

was used to calculate the rates of polymerization from the
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dilatometric measurements (Table VII.1).

A plot of loglORp against loglo{VFcH] (Fig., VII.1), using
initial values of the rate of polymerization and vinylferrocene
concentration, for the polymerizations at constant initiator

2 3

concentration ([AIBN] = (5 % 0.06) x 10°° mol dm ) has a
gradient of 0¢974 and an intercept of -4+727, as calculated by
lJeast mean squares analysis. Also, when initial values are used,
a least mean squares snalysis gives a gradient of O«416 and an
intercept of -3.9€9 for the plot of log) R against loglo[AIBN]
(Fig. VII,2) for the~polymerizatioﬁs at constant vinylferrocene
concentratiOn (201 mol dm"3). Because of the magnitude of the
values involved, no accurate estimate of the error limits could
be made from either of the least mean squares analyses. The
rate equation for the homopolymerigzation of vinylferrocene in
dioxane may be given, therefore, as
O- 041

R = k[vFen] 974 [1a] " 6 (8)
where k is an overall constant. The fit between this expression
and the experimental data is illustrated in figs. VII.j and VII.L.
| This experiméntally determined expression is sufficiently
close to thét expected (Equation II.8) for a system following
normal vinyl free-radical polymerization mechanisms that the
simple kinetic scheme given in section II.A may be taken to

apply to this polymerization. Then, considering an appropriately

amended form of equation II.8, given below, the overall constant,

R = K Gi;d)o°5[VFcH][AIBN]O'5 : (9)
AR
k, in equation VII.8 may be given as
k = kp (-i;lfg)o.s (10)
kt

Values for k may be calculated from the intercepts of figs, VII.1



and VII.2, since

1oglo(k[AIBN]o'416)

= =4e727 (11)
- -2 -3
for [AIBN] of 5 x 107° mol dm™”, and
0-974

log o(k[vFeH] ) = =3-969 . (12)
for [VFcH] of 2.01 mol dn™>. These relationsnips give values
for k of 651 x 1072 and 5.47 x 1077 respectively. .

In the absence of any values for f, the initiator
efficiency, in vinylferrocene polymerization, a reasonable
approximation would seem to be to take a value determined for
f in the AIBN-initiated polymerization of styrene. & number of
studies have given values for f, under these conditions, which
" 106

lie in the regionlo5 0¢48-0°80, a convenient value being that

combined with a value of kd:

1 1

fky = 0-94 x 10" exp(-15,450/T) &~ (13)

This expression gives a valus of 6:97 x 10_6 s-l for fkd for
the AIBN-initiated styrene polynmerization.at 60°C. Using this

value for fk, and a mean value of 6 x 10-5 for k in equation

d
VII.10, a value of 2°27 x 1072 ant"? mo1™9"2 ¢70°2 may be
calculated for kp/(le;t)o’5 for vinylferrocene at 60°¢C.

A study of vinylferrocene polymerization in dioxane, at
constant monomer ([VFCH] =2 & 0.09 mol dm°3) and initiator

2 mol dam™>) concentration, at ten

([a1EN) = (5% 0-25) x 10
degree intervals over the range 5000—8000 allowed an estimation
of the overall activation energy for the polymerigation. The
polymerizations were observed dilatometrically, and all were
found to be linear with respéct to time, for conversions of less
than 10%. However, in the absence of polymer density values over
this temperature range, the gravimetricallj determined mean
rates of polymefization (Table VII.1) were used in the |

construction of an Arrhenius plot (Fig. VII.5) ofVIOgIORp

against 1/T. The gradient of this plot was calculated, by least
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mean squares enalysis, to be =(4+38 ¥ 0.56) x 10° °k, and,
similarly, the intercept was given as 8-54 ¥ 0-98. The overall
activation energy, EA’ for the polymerization under these
conditions is, therefore:

E, = 10,100R ‘ (14)
" where R .is the gas constant. Thus, E, is given as 84 kJ mol™",

In the presence of an initiator, for a normal kinetic

scheme the overall activation energy is given by

By =Bt (Bp = Ty | (1%)
2 2

EP

and ET are the activation energies for the

initiating radical formation, propagation and termination steps
106

where ED’

1

respectively. Using the literature value for E. of 128 kJ mol ™ —,

D
which is contained in equation VII,.1l3, a value may be calculated
for {EP - (ET/B)} for vinylferrocene in dioxane of 20 kJ mo1~t.
This may be compared with a literature value67 fer {EP - (ET/Z}}
for styrene of 275 kJ mol™ T,

Since this system seems to follow a normal kinetic schene,
%he molecular weight data obtained in this study (Table VII.1)

may be trested using equation II.12, which may be amended to

L KpgpRy * Cp * C [px] ‘ (16)
DP ;;?T;;;Eié [VFCH]

where [DX] is the concentration of dioxane. However, it should
be noted that these molecular weights were estimated by GPC
analysis, and it has been suggestedl5 that the universal
calibration method employed overestimatés the polydispersity of
polyvinylferrocene. This seems to result from an overestimation
of ﬁw, and it is also possible that the Hn( values obtained here
are somewhat overestimated. Combining equations VII.§ and VII,16

gives
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- 05 10°5 ,
1= ktpr_ (fkd [£1Ex] + 0+ c_[x] (17)
DP kP[VFcH]‘kt [VFcH]
Also, kter and kt are related by
kter = Fkt . ) (18)

where 1K FL2, the limits being the values of F when termination
by reaction of two polymer radicals is solely by:combination or

solely by disproportionation respectively. Then, equation VII,17

becomes
1= Floege 0 7 [axen]}®2 « ¢+ c_[nx] (19
P kP[VFcH] | ' VFCH]

R ¢ 5
A plot of 1/LP against [AIBN]O <, using initial AIBN
concentrations, 1s a straight line (Fig. VII.6), which further
demonstrates the applicability of a normal kinetlc schenme to

this system. Least mean square analysis of the data gives the

gradient of the plot as (523 % 1.2) x 1072 am’ 2 mo1~2"? ana

the intercept as (1+20 % 0:28) % 1072, Thus, from these values,

v

0.5 '
F(fkdkt) = 01046 (20)
k
P
and
C_+ 3.7C_ = 1.2 x 1072 (21)

t
[DX] [VFcH], for the polymers prepared at varying monomer

A plot of {(1/DP) - F(fkgk [AIBN])°’5/kp[VFcH]} sgainst
concentrations, should be a straight line, with Cs as gradient
and Cm as intercent, However, the values of the former term
merely exhibit scatter in the region of (1-:17 * 0.15) x 1072,
This suggests a relatively low value for.CS, in which case the
term CS[DX]/[VFCH] may be approximated to be negligible,.and
1/DF may be plotted against 1/[VFCH], for these polymers. Least

mean squares analysis of the data gives the gradient of this

plot (Fig. VII.7) as (2:40 * 0-52) x 1072 dm’ mol™T and the
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intercept, C,» @8 (1.17 £ 0-32) x 1072, The sgreement between
this latter value and that obtained from equation VII.21 when
C_ 1s taken to be very small, that is 1.2 x 10’2, suggests that
the approximation of the ternm CS as being negligibly small is
justified. From the value calculated for the gradient,

| F(fkdkt)o's = 0-1076 - (22)

k
D

This in good agreement with the value obtained for this term

from the plot of 1/TF against [ATEN]?™? (Equation VII.20).
. «F .

Using a mean value for this term of 0-1061 molo 7 dm 15 and

the value of fk, used in the discussion of the rate results

d
6 "l) 1"0'5 S~0'5

(6-97 x 10°° 5 7), a value of 2+45 x 1072 am®"? wo

may be calculated for kp/F(kt)o°5. Combining this result with
the value of 2-27 x 1072 amt 2 mo1”0"? 70°2 sor kp/(k,c)o'5
calculated from the rate resulis gives F as 0-927. Since the

value of F cannot be less than unity (Equation VII.18), this

low value, althéugh possibly fortuitous, may be taken to suggest
that termination by reaction of two polymer radicals 1s primarily,
if not wholly, by combination, that is that F is approximately
unity. If this approximation is accepted, it becomes possible

to calculate a potentially more accurate value for kp/(kt)o's,

since the term fk and hence any uncertainty associated with

d’
it, may be eliminated. This is accomplished by combining the

result from the kinetics, that is

d

k

kp fx %2 - 6 x 1077 (23}
t

with the result from the molecular weight data, that is

(fkdkt)o.s = 0-1061 (24)

K
b
- .r - L] - - ~ "—
to give a value of 2:3%8 x 10 2 ant"? mol 05 8 05 for kp/(kt)o 2,
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71 for this term

This may be compared with a literature value
for styrene, at this temperature, of 3-41 x 1072 ant"? mol

The value obtained here for C_ (1.2 x 107%) clearly
indicates a high degree of chain transfer to monomer. This value
sets an.upper limit of ca. 18,000 on the number average
molecular weight of polyvinylferrocene formed under conditious
similar to those employed here. However, number average

molecular weights greater than this have been reporteda’l5 To

r

polymers prepafed in bulk polymerizations, the highest value2

being 48,600. This suggests that the value for Cm obtained from

this study nmight be tod high, but these high molecular weights

may, in part, arise from the high degree of branching, caused

by chain transfer to polymer, observed15 in bulk/polymerizations.
Clearly, the kinetics of the free-radical homopolymerization

of vinylferrocene in dioxane solution differ markedly from

those of this polymerization in benzene solutionlh. Both rate

and molecular weight results demonstrate that a normal kinetic

scheme is applicable to this system. as opposed to the first

order dependence of the rate of polymerization on initiator

concentration observed14 in the benzene solution polymerization.

Furthermore, the overall activation energy observed for the

dioxane solution polymerization (84 LJ molwl) is nmuch iess than

that determined14 for the benzene solution polymerization over

a similar temperature range (1397 kJ m01~1). It is interesting

to note that the difference between these two values (56 kJ mol_l)

106 l)

is close to the literature value for ED/E (64 kJ mol ). The

overall activation energy for the benzene solution polymerization,
from equation VII.4, may be given as
- - 1
E, = B, + (B, - Eq ) (25)

where ET' is the activation energy for the monomolecular

-Q-5 s“o.

.
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termination step. Comparing this‘expression with that for the
polymerization in dioxane (Equation VII.15), the difference
between the two is ED/Z and the difference between ET/E and ET’.
However, ET values are generally small (10 kJ mol-1 for styrene67)
relative to ED/E (64 kJ mcl-l). Thus, the difference between

the twy polymerization systems in emphasised in the overall
activation energies for the polymerizations, .

That the polymers prepared in dioxane snlution are formed
by normal termination mechanisms, rather thawn by monomolecular
termination tc give a paramagnetic‘Fe(III)-containing species,
as is suggestedlh for the polymers prepared in benzene solution,
receives further support from the esr and mBssbhauer specira of
polyvinylferrocene prepared here. Even at high gain settings,
no absorptionrwas éetected in the esr spectrum of either the
solid polymer or of a carbon disulphide solution of the polymer,
at room temperature. This contrasts sharply with the reportedlh
esr spectrum of polyvinylferrocene prepared in benzene, which
exhibited a broad absorption in both solid and solution state,
at room temperature and at liquid nitrogen temperature. Also, a
styrene-vinylferrocene copolymer (15-6 mole-percent
vinylferrocene) prepared in benzene solution'(Section VIIiI)
exhibited an esr absorption, at lower gain settings than those
employed for the homopolymer prepared in dioxane, in the/solid
state at room temperature and in both solid and solution states
at —154-5°C. No attemp£ was made to cbtain a solution spectrum
at room temperature. The 'g' value for the centre of the
absorplion in the solid state spectrum at -154-5°C was 2+11 and
that for the centre of the absorption in the solution spectrum

at -154-5°C was 2-04. These values are close to that (2-06)

reportedll+ for the esr spectrum of polyvinylferrocene prepared
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in benzene, and, therefore, the absorption possibly derives from
a similar source. In view of the higher molecular weight and low
vinylferrocene content of the copolymer, a larger absorption
would have been expected for the homepolymer prepared in dioéane
than for the copolymer. Since no absorption was detected, even
at higher gain settings, it must be concluded that no
paramagnetic species were presenlt in the homopolymer prepared

in dioxane.

The mBssbaver spectrum of polyvinylferrocene prepared in
dioxane confirms the absence in this polymer of the Fe(IIT)-
containing species reportedlh to be present in polyvinylferrocene
prepared in benzene solution. The spectrum comprised two peaks,
there being no third peak attributable to the parémagneticv
species. The precise position of this third peak is unclear,
since the isomer ghift was reported as 0417 mm s"l, but the
standard on which this shift was based was not given. The
spectrum of polyvinylferrocene obtaired here was taken at room
temperature (Fig. VII.8) and gave an isomer shift (&) of 0-L&C
mm s"l relative to natural iron an& & quadrupocle splitting Q&EQ)
of 2+40 mm s"l. These ﬁay be compared with values obtained for
polyvinylferrocene relative tovothér standards by applying the
appropriate correction factor. At 77°K, values for & and.AEQ of
0-78 ﬁm s"l, relative to sodium nitroprusside, and 2-44 mm s-l,
respectively, were obtained for polyvinylferrocene prepared in
benzenelo. The corrected isomer shift relative to natural iron

107

is 0.522, taking the shift of sodium nitroprusside relative

-

to natural iron to be 0.258 mm s ~. At 80°K, the m8ssbauer

spectrum of the soluble fraction of polyvinylfefrocene prepared

108

with zinc chloride as catalyst gave § 25 0-55 mm s-l, relative

to stainless steel, andAEQ as 225 mm s, The isomer shift



O«L6 mm s"l, if the shift of

109

relative to natural iron i

{1

stainless steel relative to natural iron is taken to be

<

0«09 mm s~1, The absence of a third peak iun the mOssbauer
spectrum of the polymer prepared in benzene solutionlO guoted
above may be due to the high conversion to which the
polymerizations were taken, since this is reported14 to affect
the area ef this third peak.

It may be councluded, then, that the monomolecular
termination step, giving rise to a paramagnetic Fe(III)-
containing species, does not take place when the polymerization
is carried out in dioxane. This suggests that the monomoclecular
termination step involves, in some way, benzene. Furthermore,

the free-radical homopolymerizations of ierrocenylﬁethyl

8 28 29

and methacrylate and. 2-ferrocenylethyl acrylate

29

acrylate2
and methacrylate in benzene solution have .been shown to follow
a normal kinetic scheme, being first order inm monomer
concentration and half-order in initiator (AIBN) concentration.
All of the polymer radicals generated from these monomers have
the ferrccene nucleus of the end unit removed some distance

from the site of the radical, as can be seen from the diagrams

below., This would tend to indicate that the terminal ferrocene

fw-JCHE—-?R R = H poly(ferrocenylmethyl acrylyl)
C radical
diqﬁ)
é R = CH3 poly(ferrocenylmethyl methacrylyl)
H R

2 radical




f-,CH§—-?R R =H poly(2-ferrccenylethyl acrylyl)
G radical
A
Q 0 R = CH oly(2~ferrocenylethyl methacrylyl)
I 3 P _ | |
\?HZ radical
CH2

f-¢CH§—-éH polyvinylferrocenyl radical

.

- Fe

nucleus is involved in the monomolecular termination step, as

14

hzs been suggested .
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VII.E Polymer properties

The visible and uvltraviolet spectra and the 1H and 13C nmr
spectra of polyvinylferrocene are presented in sections IV.A
and IV.B respectively. The differences between the visible and
ultraviolet spectra recorded here and those given previouslylo
may be atiributed to the different sclvents employed. The higher
extinction’coefficients in the latter studylo probably arise
from charge~-transfer complexing between the ferrocene nuclei
and the dichloromethane solvent, since this behaviour is well

76 1

established for ferrocene and halogenated solvents -, The "H
nmr spectrum of polyvinylferrocene has not yet been reported,
primarily because spectra for polymers prepared free-radically
in benzene sclution have exhibited pronounced paré&agnetic
broadening. The absence of paramagnetic broadening in the
spectra obtained for polymers prepared in dioxane solution
cannot be taken as further evidence against the presence of
paramaghetic species in these polymers. The 1H nmr spectra of
a styrene-vinylferrocene copolymer (Section IV.B) prepared in
benzene did not appear to exhibit paraﬁagnétic broadening,
although a similar copolymer with only a slightly higher
vinylferrocene content (15-6 rather than 12'2 mole-percent)
exhibited an absorplion in its esr spectrun.

The esr and mUssbauer spectra of polyvinylferrocene
prepared in dioxane were discussed in the previous section (VII.A).
The infrared spectrum of these polymers (Fig. VII.9) contains
the absorptions previously reportedlo.

The thermal properties of polyvinylferrocene were studied,
as a function of molecular weight, by differential scanning

10,11

calorimetry (DSC). As has been reported previously the

traces obtained for polyvinylferrocene by this method (Section
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I11.B.18) are broad curves. However, in this study two transitions
vere opserved for all samples and at all heating rates employed.
‘The first transition was broad, the second relatively sharp

(Figs. VII.10.a, VII.10.b and VII.ll.a), resembling, in form, -

the glass transition for polystyrene. The presence of two
transitioné was confirmed by differential thermal analysis

(Fig. VII.1O.c). Upon cooling a polymer sazmple to room temperature
and recycling at the same heating rate, both of the transitionms
occurred at lower temperatures (Fig. VII.1l). The second

transition was more affected in this respect, and became more
diffuse. This behaviour might suggest that some thermal
degradation had occurred on the first run after the second

- transition. |

Eight heéting rates were employed fér each different
molecular weight sample, fresh polymer being used for every run.
Both the trensition temperatures and the magnitude of the dips
in the trace increased with increasing heating rate. The first,
broad trsnsition became more distinct as the heating rate
increased., The transition temperatures at zero heating rate
were obtained from plots of 1og10(transition temperature) against
heating rate {Section III.B.18, fig. III.8),-and these are
given in table VII,2.

Clearly, the first transition temperature is virtually
independent of polymer molecular weight, the majority of the
values being bhelween 17100 and 17803, whilst the second
transition tempersature increases mzrkedly as moleoular weight
increases. This scatter of values is a feature of the first
transition temperature, it being far less reproducible than the
second transition temperature, though this may be due to the
more diffuse nature of the former. The dependence of the second

transition temperature on polymer molecular weight suggests
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,/. )
that this is the glass trancition temperature, Tg, since a
relationzhip between T  and molecular waight has been derived
g .

. . 110 . . .
from temperature-volume considerations L « This relationship
has the form

®

T =T 7 =

k 26
g e x. (26)
M

where T ©is the glass transition tempsrature at infinite
molecular weight and k is a coastant. An observation.which
sthstantistes this assignment of the second transition
temperature as Tg is that when polymer samples were heated to
beyond the first transition and held at that temperature for
several minutes prior to cocling, the form and appearence of
the polymers were unchanged. However, polymer senmples which were
heated to beyond the second transifion before being cooled to
room temperature all exhibited marked changes in form, and
appeared to have been softened at some point., This latter
interpretation is based on the manner in which the original
pvowdery semples became aggregated and took on the form of the
sample pan. Indeed, the changes observed in samples of
volyvinylferrocene, which had passed through the second
transition, were very similar to those cbserved in samples of
polystyrene which had been heated through the glass transition,
Thus, equation VII,26 may be applied to the second
transiticn temperatures, which now will be referred to as the
glass trensition temperatures., A plot of Tg against 1/ﬁn
(Fig. V1I.12) is =2 streight line and, when the anomalous point
(Eﬂ = 8,200) is omitted, a least mean squeres analyéis of the
data gives the gradien® as -(2:54 £ 0o4) x 10°°¢ and the intercept
as 268 * 500, which is somewhat greater than a2 value (1 x 10500}

111

obtained for polystyrene . It is noteworthy, though perhaps
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fortuitous, that the ratic of these two values is very similar
to the ratio of the two repeat unit molecular weights. There
would be, therefore, a close similarity between the values of

. k for these two polymers, if DP rather than En was used in
equation VII.26. The value of 268°C for Tg‘” and the values of
Tg observed here are in better agreement with reported softening
points of 280—285001 and 280-290002, the latter being for
polymer with a ﬁn of 48,600, than previously reportedlo’ll
estimates of Tg in the region of 19006. The range of the latter
values10 for Tg was 184-194°C, but the polymer molecular weights
varied from 5,560-11,400, These observations correlate better
with the first transition temperatures than with the Tg values
observed. here,

The nature of the change associated with the first
transition temperature is unclear. However, the lack of
dependence of this event on polymer molecular weight, sdggests
that it is also largely independent ¢f free volume, since the
molecular weight €ffect on Tg arises from the free volume
associated with chain ends. This would tend to indicate that
this transition irvolves the repeat unit rather than polymer
segments., Clearly, this transition is associéted also with the
presence of the ferrocene nucleus and, therefore, a possible
cause is rotation of the unsubstituted cyclopentadiene ring. The
onset of ring rotation would result in an increase in heat
capacity, just as occurs when segmental motion begins, and the
transition would, therefore, give a similar DSC trace to that
of a glass transition, The rotation could be somewhat dependent
upon the local environment of the repeat unit and, if this was

the case, in the polymer sample as a whole the transition would

take place over a pronounced temperature range, giving rise to
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a diffuse DSC curve.

Glass transition temperatures have been reported for
poly(ferrccenylmethyl acrylate)lo, 197~EIQOC,
poly(ferrocenylmethyl methacrylate)lo,'185-19500,
poly(2-ferrocenylethyl acrylate)lo’ag, 157°C, and

)10’29, 20900. However,

poly(2-ferrocenylethyl methacrylate
assignment of these transitions as glass transitions was not
conpletely certaian, since the DSC curves were not always sharp.
In the cases of poly(2-ferrocenylethyl acrylate) and
poly(2-ferrocenylethyl methacrylate), sharp breaks were
_xjeported29 in the DSC traces at 15700 and 20900, respectively,
no such breaks being found before or after to above EAOOC.
However, since a second transition, thought to beifhe glass

transition, in the region of 225~247°C was observed here for

olyvinylferrocene, it is possible that a second transitio
’ p

=9
beyond ZQOOC, occurs for the ferrocene-containing polyacrylates

and polymethacrylates,
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ViI.C Summary

The kinetics of‘the free~radical homopolymerization of
vinylferrocene in dioxane at 60°C were found to follow a normal
kinetic scheme, the polymerization bheing first order in monomer
concentration and half-order in initiator (AIRN) concentration.
A value for )r{p/(k_t)o.5 of 2+38 % 107% ant "2 mo17Y"? 5792 was
calculated from rate and molecular weight data. These data also
form the basis of a tentative suggestion that, in dioxane
solution, termination by reaction of two polyvinylferrocenyl
radicals occurs predominantly by éombination. The overall
activation energy for the polymerization betwesen 5000 and 80°¢
was determined to be 84 kJ mo1~L.

The esr spectrum of polymer prepared under these conditions
indicated that the polymer did not ccntain any paramagnetic
species, and the m8ssbauer spectrum exhibited only absorptions
due tec iron in the ferrocene nucleus.

These findings are in contrast to these obtained for the

oy . . . . 1l
benzene solution fres-radical polymerization of vinyiferrocene f

In that case, the polymerization was reported as being first
order in both monomer and initiator (AIEN) cqncentration. The
polymer formed was reported to contain a paramagnetic Fe(IIIl)-
containing species, which was thought to be formed in a
monomolecular termination step. |

Thermal aralysis of the polymers by DSC indicated the
presence of two transitions. The first, in the region of 17500,
was diffuse and independent of molecular weight. The second was
sharper and the temperature at which it occurred increased with
increasing polymer molecular weight, from 22500 for a ﬁn of
5,790 to 24700 for a ﬁ# of 11,500, Beczuse of this molecular

weight dependence and changes cbserved in the form of the
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polymer after it had passed through the second transition, this
transition was assigned as the glass transition. A value of
268°C was calculated for Tgaithe glass transition temperature
for polymer of infinite molecular welight. Rotation of the
unsubstituted cyclopentadiene ring of the ferrocene nucleus was
suggested as a possible cause of the first transition.

The infrared spectrum of polyvinylferrocene was given here,
the vigible and ultrsvionlel spectra and lH and 150 namr spectra
having been presented ané discussed in sections IV.4 and IV.B

respectively.
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The AIBN-initiated thermal homopolymerization of vinylferrocene

in dioxane at 6OOC

Initial values Mean values
[vrer] | [aren] x 20| R x 107 R x 107 | *H
mol dm mol dn™> mol dn™> ™% | mol aw™> st
0.999 499 1-98 1-98 5,790
1+49 L.27 278 3.13 8,200
2.01 501 3-14‘ 320 8,900
251 LG5 L-6L L+49 9,520
3«01 5+06 600 5+32 10,800
2+01 3+75 2+72 275 10,100
2+01 75k 3+62 354 7,760
2-01 100 L+15 3-89 7,480
2+:00 1.04 ~ - 11,500
2+00 2+50 - - 11,100
P 5.02 5-08 - 0-936 -
“1-91 4+75 - 5-91 -
4 1.99 5-00 - 142 -
a Estimated by GPC snalysis using the values™” K = 7.2 x 1077
lOOcm3 g~l and a = 0+72 for calibration conversion.
b Polymerization temperature BOOC.
¢ Polymerization temperature 7OOC.
d

Polymerization

temperature 8o°c.



Table VII.2
The thermal behaviour of poclyvinylferrocene as a function of

molecular weight

a ﬁn b First transition b Second transition

temperature, °C temperature (Tg), °¢
5,790 181 225
7,480 171 232
75760 165 235
8,200 176 | 228
8,900 184 238
9,520 178 239
10,100 176 2Ll
10,800 - 175 - 244
11,100 173 245
11,500 171 247

Estimated by GPC analysis, using the valuesl5 K =72 x 10—5
100cH’ g"l and a = 0+72 for calibration conversion,
Determined by DSC, under nitrogen, and extrapclated to zero

heating rate.
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Fig, VII.1

Log;lORp as a function of 1oglo[VFcH] for the homopolymerization

of vinylferrocene in dioxane at 6OOC, [AIBN] = (5 % 0:06) x 1072

3

mol dm .
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Fig. VII,2
LoglORp as a function of 1oglO[AIEN] for the homopolymerization

of vinylferrocene in dioxane at 60°C? [VFCH] = 2+01 mol dm"B.
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Ve O
Initial rate of polymerization, Rp, as a function of [VFcH]C Ik

for the homopolymerization of vinylferrccene in.dioxane at 60°C,

[a1B8] = (5 % 0-06) x 107 mol du™.
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Rp xI'O5 (moldm"3 s“i)

O Ol 02 03 04
AIBNICHE (mol dm™3)

Fig., VII.}4

Initial rate of polymerization, R_, as a function of [AIBN]O‘416
for the homopolymerization of vinylferrocene in dioxane at 6OOC,

[VFcH] = 2+0]1 mol dm“3.
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Fig., VII.S

LoglORP as a function of 1/T for the homopolymerization of
3

vinylferrocene in dioxane, [VFCH] = 2 mol dm - and

2 3

[a1BN] = 5 x 107° mol au™~.



166
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Fig, VII.6
1/DP as a function of [AIBN]O'5, using initial values of the

AIBN concentrations, for the homopolymerizaticn of vinylferrocene

in dioxane at 60°C, [VFcH] = 2:0 mol dz™>,
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1/TF as a function of 1/[VFtH], using initial values of the

vinylferrocene concentration, for the homopolymerization of
Y

. . . o} -p -3
vinylferrocene in dioxane at 60 C, [AIBN] =5 x 107 mol dm ~.
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g POLYVINYL. FERRGCENE ABSORBER. VELGCITY SCALE REFERRED TO IROH.
ot
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Fig, VII.8

MUssbauer spectrum of polyvinylferrocene.
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Fig, V1iI.9
Infrared spectrum c¢f a film of polyvinylferrocene cast from

" carbon disulphide.
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(c)

14 1 H

160 200 240
T (°C)

Figs., VII.10.a and VII.10.D

DSC curves for polyvinylferrocene (En = 7,760), AT sensitivity

1 1 1

0.05°C in"t and heating rate (a) 7-7°C min™", (1) 14°C min™",

Fig. VII.1O0.c
DTA curve for the same pclymer, AT sensitivity 0-1% in_l and
1

heating rate 14°C min™".

The transitions are indicated by arrows.
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160 200

Fig. VII.11
DSC curves for polyvinylferrocene (ﬁn = 7,480), AT sensitivity

1 and heating rate‘luoc minml; (a) initial run and

0-05°C in~
(b) recycle run after cooling to room temperature.

The transitions are indicated by arrows.
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225 -

8 O 12 |4 16 18
(i/ﬁ;‘) x 10°

220

Fig., VII,12

The glass transition temperature, Tg, g5 a function of l/ﬁnrfor
polyvinylferrocene. Tg values are those for zero heating rate
and the line drawn was obtained by omitting the point M_ = 8,200

from the fitting.
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VIII The free-radical copolymerization of styrene and

vinylferrocene and the properties of the copolymers .

fermed

The free-radical copolymerization of styrene and

vinylferrocene has been recorded on several occasionsl’7_9’ll'13’l7,

11,17 contain a detailed discussion of

and two of these reports
the kinetic aspects of the copolymerization. However, the values
presented in these reports are somewhat at vsriance, and no
detailed study of the properties of the copolymer formed has
been recorded.

A further study 6f this copolymerization was undertaken,
therefore, in an attempt to clarify the ginetic asbects of the
copolymerizetion, but primarily in order to provide copolymer
of varying composition, suitable for a study of polymer
properties With.copolymer composifion. Since vinylferrccene is
known to give polymer of considerably lower degree of
polymerizaticn than polystyrene formed under comparable
conditions, a preliminary study was carried cut to assess the
maximum level of vinylferrocene which could be incorperated into
polystyrene, under standard polymerization cénditions, without
appreciably lowering the degree of polymerization of the polymer.
This precaﬁtion was necessary because many polymer properties
are strongiy dependent on degree of polymerization. The
preliminary investigation suggested that an upper limit of
approximately 20 mole-gpercent vinylferrocene in the copolymer

would be adequate, under the conditions employed,
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VIII.A Kinetic aspects of the copolymerization of styrene

and vinylferrocene

Styrene was copolymerized with varying amounts of
vinylferrocene (O-4l mole-percent in the monomer feed) at 60°C
in benzene soluticn with AIBN as initialor. The AIBN
concentration and the total monomer concentration were held
constant, Dilatometric measurements, made cn the
homopolymerization of styrene and the copolymerization with the
highest vinylferrocene content, demonstrated that the
polymerizations were linear with réspect to time, at conversions
of less than 10%. The conversions, with respect to total monomer
weight, were determined gravimetricslly. The compositions of the
purified copolymers were determined by elemental énélysis and
the results are given in table VIII,1, together with details of

N
the copolymerizations. h

The relative reactivity ratios r,, for vinylferrocene, and

1

ra, for styrene, were calculated from the composition data by
the Fineman-Ross method (Section II.B). Of the two plots, based

on equations II.26 and II.27, reproduced below, that of (f - 1)/F

(£-1) =r, - (_f__‘__)rz (1)
2 ‘

F F
B - 1) - (%f)rl -, 2)

~against t/F° (F = Ml/M f = ml/mz) appears to be the better

2
(Fig. VIII.1). A least mean sguares analysis of the data for
this plot gives a value for r, of 2+6L £ 042 and ry as

0+40 % 0-80. The plot of (F/f)(f - 1) against (F°/f) exhibits
some scatter (Fig. VIII.2), this being largely due to the small
gradient. The point with (Fz/f) as 0557 is cleérly anomalous
and this was omitted from the least mean squarés analysis of

the data, which gave a value for r, of 249 ¥ 0:32 and for r

2 1
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'

a value of 0-38 * 0.32. Thus, the mean values, given by the
Fineman~Ross method, for ry and r, are 039 and 257,
respectively. These may be compared with literature values,
which are summarized in table VIII.2. A plot of .y against Ml’
including the line generated from the copolymer equation (II.24)
by these values for the relative reactivity ratios, illustrates
the fit of the latter to the experimental data (Fig. VIII.3).

The 10°C difference in polymerization lemperature between
this and previous studies will have had some effect on the

values of r., and r but this probably would be small compared

1 2?
with the overall error limits. Although the raximum
vinylferrocene content of the monomer feed used in ﬁhis study
was ca. 41%, and previous studies have covered the entire
composition range, it should be noted that, in the plot of
(f - 1)/F against f/Fa, higher vinylferrocene content’
polymerizations would have provided data only in a small region
close to the infercept; Such data would have exerted little
effect on the gradient of the plot, although the intercept may
have been affected to a greater extent, because of its low
value, A& discussion of the relative reactivily ratios given in
table VIII;2 has some validity, therefore, and it would seen
that a value of r2 in the region of 2.5 is the more correct of
those previously determined., However, this study favours the
higher of the previously determined values for Ty

The large discrepancy between the two sets of Q and e
values (Section II.B) previously determinedll’l7 for
vinylferrccene from its copclymerization with styrene
(Table VIII.2) is due apparently not only to the difference i

the values of r, and r., from which they were calculated, but

1 2
also seems to arise, in part, from the manner in which they

were calculated. The first stage in the calculation of these



values is the solution of equation II1.32, given below..

= - 21
T, = exp{—(el e,) i (33
Clearly, the solution proceeds via equation VITI.L and there
0.5 '
- = E(~
(el ea) = I( lnrlra) (4)

are, therefore, twe possible values for €q - Conventially, the
positive solution of this equation is taksn, that is
02 (5)

e, = e, * (-Inrir,) 5

Tl 2
However, 1t would appear that the negative solution was taken
when @ and e values for vinylferrocene were calculated from
values of Ty and Ty of 0«2 and & réspectively, to give § as O
aﬁd ¢ as -1*3 (styrene is the standard in the @ and e scheme
and hasti% @ = 1.00 and e = -0-8). If the positive solution is
applied to these relative reactivity ratios, Q and'é values for
vinylferrocene of 0.2 ard -0.3%, respectively, are obtained.
These values are considerably closer to the other previously
determined values (Tavle VIII.2) than those obtéined from the
negative solution of equation VIII.L.

The Q and e valueé for vinylferrocene calculated from the
reactivity ratios derived from this study are 0+39 and -0°+8,
respectively. These values wouid tend to suggest that
vinylferrocene has a lower reactivity than sfyrene, but a2
similar polarity. However, @ and e values c¢btained for
vinylferrocene should be treated with caution because it
appears that this monomer does not fit the Q and € schemell, in

11 for

that widely differing Q and e values have been obtained
vinylferrocene from copolyrerizaticns with a variety of monomers.
Nevertheless, the § and e values determined here were found to

predict the behaviour of the vinylferrocene-vinyl acetate

copolymerization quite accurately.
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VIIT.B Stvrene-vinylferrocene copolymer properties

Two readily determined polymer properties are the limiting
viscosity number in solution and the glass transition
temperature. |

Limiting viscosity numbhers of the styrene-vinylferrocene
copolymers in A.R. toluene were determined at 30°C (Section
III.B.15). The values obtained are listed in table VIII.3 and
are displayed as a function of copolymer cownosition in fig.

VIII.L, In general, it has heen shown that, for both block114

115 copolymers, as the content of the minor component

and randomn
of a copolymer is increased, the polymer chain in solution
extends. This arises from repulsion between the unlike units in
the copolymer and for copolymers of a given molecular weight,

is reflected in an increase in limiting viscosity nunber.

Although the number average molecular weights for the copolymers,
listed in table VIII.3, are constent within experimental iimits,
these are based on GPC measurements, which in fact revealed a
decrease in number avefage mclecular size with increasing
vinylferrocene content. The calculated number average molecular
weights of the polymers remgin nearly constant because of the
much greater molecular weig£t, and hence Q factor (moleéular
weight per g unit of extended chain length), of the

vinylferroéene repeat unit with respect to the styrene repeat
unit, The number average molecular welghts of these polymers lie
in a region which is too high for determination by vapour pressure
osmonmetry, and yet are sufficiently low to allow permeation
through the membrane of a membrane osmometer by the lower
molecular weight fractions. Thus, in the absence of reliable

molecular weight data, the discussion of the effect of the

incorporation of vinylferrocene into polystyrene must be limited
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to the obvious effect of a decrease in limiting viscosity
number with increasing vinylferrocene content, probably
resulting from a decrease in the degree of polymerization of
the polynmer, |

The glass transition temperatures, Tg, of the copolymers
were determined, under nitrogen, by DSC (Section III.B.1§). The
values obtained are listed in table VIII.3, and, with the exception
of one anomalous value, exhibit a trend of increasing Tg with
increasing vinylferrocene content in the copolymer. Such a
trend is to be expected, since the.Tg of vinylferrocene (Section
VII.B) is much greater than that of styrene. Although the
relationship between copolymer Tg and vinylferrocene content
is apparently linear (Fig. VIII.5), this is probablj fortuitous,
since the degree of polymerization of the polymer seems to
decrease with increasing vinylferrocene content and, as has
been observed‘(Section V1I.R), this would result in a lowering
of Tg' Indeed, the value obtained for the Tg of
polyvinylferrocene by éxtrapolating the line in fig. VIII.f to
100% vinylferrocene content is ca. 15000, which is well below
the region defined by the;study of vinylferrocene homopolymers

(225-247°C, section VII.B).
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VIII.C Summary

This study of the copolymerization of vinylferrocene and.
styrene gave values for the relative reactivity ratios for the
two moncmers of 0:39 and 2-57 respectively. These values assist
in the assessment of two previously determined sets of values,
which were somewhszt disparate. The Q =nd e values for
vinylferrocene, calculated from the relative reactivity ratios
obtained here, are 0+39 end -0+8 respectively, indicating that
vinylferrocene has a lower reactivity than styrene, but a simiiar
polarity. |

The limiting viscosity numbers of the copolymers, in
toluene at BOOC, decreased with increasing vinylferrocene content,
but this was attributed to a decrease in degree of polymerization,
5?, of the polymers with increasing vinylferrccene content.

The glass transition temperatures, Tg’ of the copolymers
increased with inpreasing vinylferrocene content, but not to
the extent that would be expected from the Tg of
polyvinylferrocene. Agéin, this was attributed to a decrease
in DP of the polymers with increasing vinylferrocene content,

The ultraviolet and visible spectra and 1H and OC

nmr
spectra of the copolymers, which exhibit somé anomalies, have
been presented and discussed in sections IV.A and IV.B
respectiveiy. The esr spectrum of one c¢f the copolymers was
discussed in section VII.A, and is similar to that obtained

14

for polyvinylferrocene prepered free-radically in benzene ",
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Table VIII.1

The AIBN~initiated copolymerization of styrene and

. . ' . 0
vinylferrocene in bengzene solution at 60°C

[a1Ex] = (9-94 % 0-07) x 1077 mol du™

Total monomer concentration = 2-98 £ 0:02 mol dm-3

c

VFcH in feed

Ml, mole%

a .
Conversion

%

b VFcH in copolymer

Wy 5 mole%

O

9-50
153
200
2L +7
30+5

¢ 406

10«1
997
9436
9-01
8+67
8-08
643

0
3492
554
8-65
122
15-6
20+8

Conversion, based in total monomer weight, after 4 hr.

From elemental analysis.

[AIBN] = 8-10 x 10~ mol dm™.

o
-
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Table VIII.2
Relative reactivity ratics for the copolymerization of

vinylferrocene {(monomer 1) and styrene (monomer 2) in benzene

¥y r, a N a ey Ref.
P3¢ 0.39 257 | 0439 1 -0+8 | This work
45 0.08 [250 ] 0-145] ©0-47 11
43¢ 0.08 |ze50| - - 11
4% 0,097 | 2093 - - 11
¢ o2 fy foy |13 17
& Basedll2 on Q2 = 1+0 and e, = -0-8.
P Polymerization temperature 60%¢.
¢ From the Fineman-Ross treatment.
d Polymerization tem?erature 7000.
¢ from a curve-fitting technique.
f 54

Using the integrated form of the copolymer equation on

copolymerizations taken to higher conversion.
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Table VIII.3

Styrene-vinylferrocene copolymer properties

a b c =
4 [7] Tg My
mole% 100em” g—l ¢
0 029 g2 45,500

392 0-27 &85 47,100
5¢54 0+261 85 43,900

8-65 0-257 |88 145,500

12-2 0-246 83 47,900

15-6 0-234 |93 | 44,100

20-8 Q227 96+5 | 48,300
e In toluene at 30°C.
b Determined by DSC at a heating rate of 2°¢C min~L,
C

Estimated from GPC analysis, using a @ factor of 414 for
113

polystyrene and 88 for polyvinylferrocenelo.
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(f-1)/F

_.|()4

Fig, VIII.1
(f - 1)/F as a function of f/F2 for the copolymerization of

styrene aud vinylferrocene, where F = Ml/M2 and f = ml/mz.
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- 1-9

(F/f)f-1)

..:2.:7- |

Fig. VIII.2

(F/£)(f - 1) as a function of F°/f for the copolymerization of

styrene and vinylferrocene, where F = Ml/M2 and f = ml/me. The

point Fa/f = 0557 ig omitied in the fitting indicated in the

plot.
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201

Fig., VIII.3
Molie~percent vinylferrocene in styrene~vinyllerrocene copolymers,
m,, as a function of mole-percent vinylferrocene in the monomer

feed, M The line dravn is that generated using values of 039

1.
and 2+57 for r

1 and Ty respectively, in the copolymer equation.
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] i [ ]

O 5 1O |5 20
m, (%)

Fig, VIITI.4
Limiting viscosity number, [Q], in toluene at BOOC, of styrene-
vinylferrocene copolymers as a function of the vinylferrocene

content of the polymer, m,, in mole-percent,

1
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Fig. VIII.5
The glass transition temperature, Tg’ of styrene-vinylferrocene
copolymers as a function of the vinylferrocene content of the

polymer, m, in mole-percent,
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IX The free-radical copolymerization of vinylferrocene and

vinyl acetate

The AIBH-initiated copolymerization of vinylferrocene and
vinyl acetate has been attempted previouslyll in bengens
solution at 7000, but with no success. With a vinylferrocene,/
vinyl acetate mole ratio of C<48/1 =znd a reaction time of up to
147 hr, unreacted vinylferrocene was recovered on work-up, and
a mole ratio of 0°206/1 also fajled to produce ccpolymer.

However, the importance of this system prompted Further
investigation of the copolymerizetion. A preliminary attempt
was made in benzene at 60005 with vinylferrocene, vinyl acetate
and AIBN concentreticns of 1.8, 2.02 and 1-01 %1072 mol am™
respectively, and yielded yellow polymer in a 3% conversion
after 7hr. Infrared spectra demonstrated that this polywer had
a high vinylferrccene content, but absorptions at 1740 cm”l and
1245 cm‘l indicated the presence of vinyl acetate repeat units,
§ince these absorptions may be atiribvuted tc¢ the carbonyl
stretch and C-0 stretch, respectively, in the acetate group.

However, benzene is not a good solvent for this systen,
because, in addition to the abnormal kinetics observed for ths
homopolymerization of vinylferrocene in benzenelh, this solvent
is known to retard the polymerization of vianyl acetatell6.
Dioxane was chosen, therfore, as the solvent in a more extensive
study of che copolymerization at 6000, onn the basis that it
dissolves both homopolymers and does not interfere excessively
with vinyl acetate polymerization, The vinylferrocene content

of the feed was varied from 15 to 89 mole-percent, the total

mononer concentration and AIBH concentration being held constant,

and the reaction time was incressed for the high vinylferrocene
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content feeds, The homopolymerization of vinyl acetate was
observed dilatometrically and found to be linear with respect
to time; at low conversions, indicating high monomer purity.
A1l of the copolymerizations gave low conversions (Table IX.1),
and much of the so0lid isolated was subsequently insoluble in a
variety of solvents, including carvon disulphide and .
chlorobenzene, which are solvepts for both homopolymers. The
fawn-brown colour of the copolymers, instead of the usual
yellow colour of vinylferrocenre-containing polymers, suggested
that degradaticn had taken place. |

The low ylelds and the presence of the insoluble residue
prevented the normal procedure of purification of the copolymers
followed by elemertal analysis. The copolymers were analysed,
therefore, by infrared spectroscopy. A series of solutions of
mixtures of polyvinylferrocene and poly(vinyl acetate}, of
known composition, were prepared in carbon disulphide, and
several fiilms were cast from each of these solutions. Infrared
spectra were obtained for these films in the region of 1300 cm_l
to 1050 cm™' and the absorbances at 1240 cm™' and 1105 cm™t
were determined, the baseline being taken to be the minimum
observed at 1145 cm-l. The absorption at 12#0 cn™t arises from
the C-0 stretch in the acetate group and thg abéorption at
1105 et is due to the antisymmetric ringfﬁ;%ath in the
ferrocene nucleus. Thus, the ratio of the absérbances of a
homopolymer mixture or copolymer at these two frequencies,
Alaqo and A1105’ is a measure of the composition of the mixture
or copolymer. A calibration plot of A1240/A1105 against mole-
percent poly(vinyl acetate) (Fig. IX.1) was constructed,

therefore, from the data obtained for the homopolymer mixtures.

Carton disulphide solutions of the vinylferrocene-vinyl
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acetate copolymers were centrifuged‘to remove the insoluble
residue prior to casting several films from each solution.
Infraréd spectra were obtained for the films in the region of
1300 em™t to 1050 et and the absorbancevwas determined at
1240 em™t and 1105 cm_l, as for the films of the homopolymer
mixtures. Infrered spectra in the region of 4000 cm"l to 700 cm_l
(Fig. IX.2) contained only absorptions attributable to
polyvinylferrocene (Fig. VII.9) and poly(vinyl acetate) (Fig.
IX.3), thus indicating that the copolyuer films were free from
impurity. The copolymer compositions were determined from the
calibration plot, and these are given in teble IX.1.

The Fineman«Ross method was applied to the monomer feed/
copolymer composition data in order ito estimate valﬁes for the
relative reactivity ratios (Section II.B), ry and r, for

vinylferrocene and vinyl acetate respectively. The two relevant

equations (II1.26 and II.27) are reproduced below. The plot of

(f - ]_:_2 = I‘:L - rz(_i_‘__) (1)
B F2

F(f - 1) = r. [F°) - (2)

wannfd) o

(£ - 1)/F against £/F° (F = M /M, £ = m/m,) exhibited scatter,
primarily about a value of (f - 1)/F of 14, due to a very small
gradient. The plot of (F/f)(f - 1) agéinst Fa/f indicated that
the snalysis values for the two lowest vinyl acetate content
were somewhat high with respect to vinyl acetate; this also
being apparent in a plot of copolymer composition against
monomer feed composition (Fig. IX.5). However, the remaining
four points lie on a straight line in the former plot (Fig.
IX.4), and a least mean squares analysis of this data gives a

; of 14 ¥ 4 and for r, of 0 * 0.2, The fit of these

values to the experimental data is demonstrated in fig. IX.5
/

value for r



by the line generated from the copolymer equation (II.24) using
these values.

The behaviour of this system is similar to that observed
for the styrene-vinyl acetate_copolymerization (styrene,

r, = 55 % 10, vinyl acetate, r, = 0-0l * 0.0l at 60°ct17y, 1f
the Q and schene is‘applicable to vinylferrocene, this finding
would be expected in view of the similarity between the Q and e
values for styrene and those obtained in seciion VIII,A for
vinylferrocene, from the 00p01ymerizationud111styrene. In fact,
the relative reactivity ratios predicted for the
copclymerization of vinylferrocene and vinyl acetate from these
Q and e values for vinylferrocene and literature values112 for
Q and e for vinyl acetate (Q = 0-026, e = -0+.22) are r, of 9-4
and r, of 0-076.

The fawn-brown colour of the copolymers, and the presence
of & residue, which was insoluble in solvents for both the
homopolymers and the copolymers, suggested that degradation had
taken place, either during the polymerization or on isolation
of the copolymer. The flow time of a ferrocene/poly(vinyl
acetate) solution in dioxame in a vacuum viscometer was
unaltered after 18 hr at 60°C. Although this‘clearly demonstrates
that the polymer wes not degraded by'ferrocene under these
conditions, it cannot preclude degradation of a vinylferrocene-
vinyl acetate copolymer nnder the same conditions, since, in
the copolymer, the vinylferrocene and vinyl acetate repeat
units are not only in intimate contact but also are honded to
each other, This latter condition might be the more important
in view of the repcrted successful copolymerizationBo’32 of

vinyl acetate with ferrocens-containing acrylates and

methacrylates. As can be seen from the =tructures given



below, the ferrocene nucleus in the repeat unit from these

R

-

r-¢CH§——?»—f~ R =H ferrocenylmethyl acrylate repeat unit

C = CH ferrocenylmethyl methacrylate repeat

/\ 3 y 5 y b

0 0 .

' unit

CH2

Fe

|

r~_aCH§—-C~’~\ R = H » 2~ferrocenylethyl acrylate fepeat'unit

C R = CH, 2-ferrocenylethyl methacrylate repeat
O/ \\O : >

I unit

@)

Fe

©

monomers is well removed from the polymer backbone, and hence
from any comonomer repeat unit.

Thermal analysis, by DSC (Section III.E.18), of samples
cast from centrifuged solutions failed to locate a glass
transition for any of the copolymers. The traces obtained
indicated that thermal degradation cccurred, even under

_nitrogen, before the Tg was reached.
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Table IX,1
The AIBN-initiated copolymerization of vinylferrocene and

. L . . o
vinyl acetate in dioxane at 60°C

Total monomer concentration = 3-06 ¥ 0+08 mol dm—3
[a1Er] = (49 * 0-12) x 1077 mol an™>
VFcH in | Reaction | Conversion b ﬁl@ﬂg VFcH in
feed, Ml time %1105 copolymer, my
mole% hr 2 o9 mole%
15+0 5. 0e74 | 0+483 77
30-3 9 1-6 0-356 869
L2+0 9 1.7 0234 92+6
59-9 9 2-1 0-148 957
751 14 2.1 0«122 965
88+8 14 2+2 0-078 978

Based on total monomer weight; and including insoluble
material.

Mean value from infrared spectra of films.
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5 20 25
m_ (9)

Fig. IX.1

A ono’ 1105

poly(vinyl acetate) mixtures as a function of poly(vinyl acetate)

in the infrared spectra of polyvinylferrocene/

[ )
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- Infrared spectrum of a vinylferrocene-vinyl acetzte copolymer

(86+9 mole-~percent vinylferrocene) film, cast from carbon

disulphide.
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Infrared spectrum of a poly(vinyl acetate) film, cast from
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Fig. 1X.4
(F/£)(f - 1) as a function of Fz/f for the copolymerization of

vinylferrocene and vinyl acetate, where I = Ml/MZ and T = ml/m2°
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The vinylferrocene content of vinylferrocene-vinyl acetate
copolymers, my mole~-percent, as a function of the vinylferrocene
content of the monomer feed, Ml mole-percent, The line drawn is

obtained by using ry = 14 and r, = 0 in the copolymer equation.
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X The polymerization of vinylferrocene by heterogeneous

Ziegler-Natta catalysts

Recently, there has been a report24 of vinylferrocene
polymerization by homogeneous Ziegler-Natta catalysts.. The
polymerizations were carried out at 60°C in chlorofornm solution,

and catalysts of the form AlEtB/TM(acac) and AlEt201/TM(acac)2,

2
T™ being Ni, Co or VO, gave yields of 20-75% over a period of
6-24 hr. However, the polymers formed would seem to be of low
molecular weight, since substantial amounts were methanol
soluble. Catalysts of the form Al(i—Bu)B/TM(acac)2 were found
tb be inefficient under the same conditions.

In an attempt Lo prepare high molecular weigh% polymer, a
study of the polymerization of vinylfsrrocene by a variety of
commonly used heterogeneous Ziegler-Natta catalysts was

undertaken.

XA Tiuc_homopolymerization of vinylferrocene by

heterogeneous Ziegler-Natta catalysts

Vinylferrocene was polymerized in benzene at 6000 by
catalysts formed by combinations of eithe? AlEt3 or AlEtZCl
with one ¢f the following transition metal compounds: TiClB,
TiClA, VClB’ VOClB. A dilatometric study of a polymerigzation in

the presence of AlEtB/TiCl the monomer solution being added

39
to the catalyst immediately after the latter had been mixed,
suggested that a catalyst ageing period of 30 min. would be
adequate, The performance of all of the catalyst mixtures was
assessed then, using a standard method (Section.III.B.lo),

polymer yields being determined. by gravimetric-analysis.

The results are listed in table X.l1 a2nd demonstrate that
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the catalysts fall into two distinct categories, low yield and
high y;eld, The conversions given for the high yield catalysts
are approximate because of difficulties experienced in isolating
polymers from these systems. This difficulty arose when the
polymerization mixture from these systems was poured into
methylated spirits, since under these conditions the polymer
.predominatly formed a gum. In contrast, the polymef formed by
the low yield catalysts was isolated as @ powder in methylated
spirits.

The bvehavicur of the high yiel& systems is similar to that
observed for vinylferrocene polymerization by TiClB alone, With

2 mol am™>, 100%

a vinylferrocene concentration of 2+5 x 107
conversion was attained in less than 20 min. at 60°C. Again,

the polymer formed in this polymerization was isolated as a gum
in methylated spirite. The pelymerization probably proceeded

by a cationic mechanism, with traces of water acting as
co-catalyst. The formation of a gum in methylated spirits =
suggests that the polymer was of very low molecular weight,

&hich is typical of cationic polymefizations of vinylferroceneza.
Thus, it seems possible that polymerization in the presence of
the high yield catalysts also proceeded via a cationic mechanism,

Certainly, TiCl, has been used as a catalyst in the cationic

4
polymerization of vinylterrocene™?,

The sharp change in conversion would tend to suggest a
different polymerization mechanism in the presence of the low
yield catalysts. Also, polymer prepared in the presence of the

AlEtB/TiCl
1

catalyst had & limiting viscosity number of 0.030

3

IOOcm3 g~ in tetrahydrofuran at BOOC, from which a viscometric

average molecular weight, ﬁv’ of 4,350 may be calculated, us:.g

~1

values™” of 72 x 1077 100cm g ~ and 0<72 for K and a,
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respectively, in the Mark-Houwink equation (Equation III1.16).
Furthermore, the formation of isotactic polystyrene in the

presence of vinylferrocene in the AlEtB/T101 catalysed

3
copolymerization of vinylferrocerne and styrene (Section X.B)
cléarly demonstrates the presence ¢of Ziegler-Natta type catalyst
sites in the polymerization. Thus, it would seewm that the low
yield catalysts promote polymerizastion of vinylferrocene by a
Ziegler-Natta mechanism. Tne precise mechanism 0f this node of
polymerization has been the subject of much study end debate,
118

and several extensive reviews have been made of this subject .

The conversion obtained even with A1EL_/TiCl the more

3 37
active of the two catalysts giving Ziegler-Natta type
polymerization, is extremly low for this type of polymevization.
Indeed, even styrene, which is itself not one of the more
active monomers toward such catalysts, gave ten times the yield
obtained for vinylferrocene under the same conditions. The low
activity of vinylferrocene toward these catalystis may be due to
the large pendant ferrocene nucleus hindering the access of
further monomer to the active site.

The infrared and lH nmr spectra of polymer prepared with

the AlEtB/TiCl catalyst were identical to those obtained for

3

free-radically prepared polyvinylferrocene (Section VII.B).
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X.B The homopolymerization of styrene and gopolymerization

of styrene and vinylferrocene with AlEL./TiCl, as
. > 2

catalyst

A benzene solution of styrene was polymerized at 60°¢
using the standard method employed for vinylferrocene in the

previous section (X.A}, with AlEt./TiCl, as catalyst ([St] = 135

% 3
mol an™, [M1Et;] = 0:128 mor aw™, [rici,]= 5.5 x 1072
mol dm"B). A 143% conversion was obtained in 1 hr, The

polystyrene formed was insoluble in toluwene, but dissolved in
warm chlorobenzene. This suggests tﬁat the polymer had a high
isotactic content., Thermal analysis, by DSC, confirmed the
presence of isotactic polymer, since the DSC trace (Fig. X.l.a)
‘exhibited not only the endothermic dip associated Wifh the
glass transition (90°C) but also an exothermic peak (159°C,
max. 178°C) followed by an endothermic peak (218°C). These last
two features are characteristic of isotactic polystyrenellg.
The exothermic peak is due to crystsllization of the isotactic
pdlymer and the endothermic peak is caused by the subsequent
helting of the crystals at the highér temperseture. The values
obtained for the temperature at which the rate of crystallization

is a meximum, T_"2%, (178°C) and for the melting point, T,

(21800) are in reasonable agreement with literasture values119
of ca.'l75OC and EQOOC.respectively.

A benzene solution of styrene and vinylferrocene was
polymerized at 60°C by the standard method ([VFcE] = 1-08
mol dn™>, [st] = 1-1 mol an™, [#1Bt,] = 0-105 mol am™?,
[TiClz] = 45 X 1072 wol dm™). After 1 hr, the conversion,
with respect to total monomer weight, was 9%. Part of the

polymer formed, which was yellow in colour, was soluble in

toluene to give a yellow solution, the remainder being
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insoluble. The insoluble polymer was extracted repeatedly with
A.R. toluene until the solution was no longer coloured. The
residual insolutle polymer was white in colour. This white
polymer was found to be soluble in warm chlorobenzene, which
suggeste that it was isotactic polystyrene. An infrared spectrum
of this polymer contained only absorptions due to polystyrene,
Thermal analysis, by DSC, confirmed thst the polymer had a high
isotactic content, the DSC trace (Fig. X.1l.b) being very similar
to that obtained fof the isotactic polystyrene prepared in the
homopolymerization of styrene (Fig; AL.l.a). It gave Tcmax as
159°C and T_ as 212°C,

The infrared spectrum of the toluene soluble polymer from
the copolymerization dontained absorptions due to both styrene
and vinylferrocene repeal units. Elemental analysis gave the
vinylferrocene content of this polymer sas 27-2 mgle~-percent.
However, ultraviolet and visible spectra of a toluene solution
of the polymer gave a value for Ahhh/g326’ which is equivaient
?o 5444/8326’ of 1:07, This demonstrates the presence of true
copolymer, since the value for homopolymer mixtures is 1+39
(Section IV.A). Using the plot of €ﬁ44/6326 against molé-percent
vinylferrocene in the copolymer (Section IV.A, fig. IV.6),
constructed from data for free-radically prepared styrene-
vinylferrocene copolymers, this valuve indicates a copolymer
composition of 15 mole-percent vinylferrocene.This suggests
that either polyvinylferrocene was formed as well as styrene-
vinylferrocene copolymer or that there was considerable
formation of homopolymer blocks in the latter. Taus, it would
seem probatle that when a mixture of styrene and vinylferrocene

is polymerized by AlEtB/TiCl , under these conditions, both

3

homopolymers are formed in addition to the copolymer. Such
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behaviour is not unusual in Ziegler-Natta catalysed -

copclymerizationslzo, a psriticular examplelal being the

polymerization of mixtures of styrene and 4-methylpent-l-ene

or 3-methylbut-l-ene, with VOCl3/A1(i»Bu) as catalyst. Here,

3
the presence of both homopolymers and copolymef in the reaction
products was attributed to the presence of different active

‘sites in the catalyst.



X.C Summary

. . . . 0
Polymerization of vinylferrocene, in benzene at 60 C, by

catalysts formed from a combination of either AlEtZCI and one

% L’ 3 or AlEt5 and one of TiClq and

VOCl3 proceeds to 100% conversion within 1 hr. The polymer

of TiCl TiCl VCl3 and VOCl
formed was isclated as a gum in methylated spirits, and was
therefore probably cf very low molecular weight. Since some of
the components of these catalysts can act as catalysts or
co~catalysts in the cationic polymerization of vinylferrocene,
a cationic mechanism may he operétiﬁg in the presence of these
cémbination catalysts.

Catalysts formed by‘the combination of AlEt3 with either

TiCl3 or VCL ave very low conversions, under these conditi'ons,

3 g
and the,polyv;nylferrocene formed was of higher molecular weight
than that obtained with the other combination catalysts. There
is no reason to doubt that these pélymerizations proceeded by
a Ziegler-Katta mechanism, particularly since this mechanism was
operating in a styrene/vinylferrocene copolymerization. The low
conversion is possibly caused by the bulky ferrocene nucleus
of the terminal unit of a growing polymer chain hindering the
approach of mononmer molecules to the active éite.

The AlEtB/Ti(n5 catalyst gave isotactic polystyrene in a
styrene homopolymerization. The polymerization of a mixture of

styrene and vinylferrocene by this catalyst gave isotactic

polystyrene, copolymer and possibly polyvinylferrocene.
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Table X.1
Vinylferrocene polymerization by heterogeneous Ziegler-Natta
catalysts in benzene at 60°¢C

Polymerization time = 1 hr

[VFCH] Alkyl aluminium 2 my compound a Lﬁ}} Conv.
and conc, ané conc, an
mol dm™> wol dn™> mol dm™> x 10° %
1ol AlEBt,, 0°13l o TiCl,, 5°8 2:3% I
1.4 AlEt34 0-134 VClB, 6l 2«1 1
lely AlEtB, 0<13L TiClu, 6.4 21 100
14 AlEtB, 0-13L VOClB, €3 21 100
1-6 R1Et,Cl, 0-137 b TiCl. 58 2+ 100
1.6 AlEtZCI, 0+137 VClB’ 64 2+ 1 100
1-6. AlEtZCl, 0-137 TiClh, €L 2+1 100
1.6 AlEtECI, 0-137 VOCl39 63 22 100
a TM represents transition metal.
b

More correctly, S—Ti013.1/3A1013.
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Fig. X.1

DSC curves for {(a) isntectic polystyrene
insoluble polymer from the Ziegler-Nztta
styrene and vinylferrocene, heating rate
sensitivity 0-05°C in™>. |

The transitions are indicated by arrows.

220

and (b) the toluene

copolymerization of

10°C min™t and AT
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X1 The anionic polymerirzation of vinylferrocene

The anionic polymerization of vinyiferrocene by both

n-butyllithium and methyllithium has been recordedlae, but no

details were given., More detailed reports have been made

38

concerning the anionic polymerization of acryloylferrocene

314535537

and l-ferrocenyl-l,3~-butadiene

37

The most comprehensive
study was carried out on the polymerization of l-ferrocenyl~l,3-
butadiene by n-butyllithium in toluene at room temperature. Complete
conversion was only attained when low monomer to initiator
ratios were employed, and the molecular weights of the polymers
formed were consequently low., Additionally the dispersity indices
(ﬁﬁ/ﬁg) of these polymers were relatively high for anicnically
prevared polymers. Analysis of the molecular weight data led
to the suggestion that both the initiator and the
poly(l-ferrocenyl-1l,3~butadienyl) anion transferred to the
ferrocene nucleus, thereby terminating the polymerization.

As a part of an investigation of the methods available to
frepare high molecular weight linear polyvinylferrocene in a

controlled manner, a study of the anionic polymerization of

vinylferrocene over a wide range of conditions was undertzken.

XI.A The snionic homeopolymerization of vinylferrocene

The anionic polymerization of vinylferrocene was attempted
in cyclohexane, decahydronaphthalene and.tetrahydrofuran
solution with n-butyllithium or cumylpotassium as initiator
(Section III.B.8). The polymerization temperature was varied
from -75°C to 60°C, The conditions of the polymerizations and
the conversions obtained are summarized in table XI.1.

As in the anionic polymerization of l-ferrocenyl-1l,3-
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butadiene, it would appear that transfer to the ferrocene
nucleus is the dominant feature of the anionic polymerization&
of vinylferrocene., In the absence of transfer, anionic
polymerizations in polar solvents, such as tetrahydrofuran,
proceed rapidly to 100% conversion, the polymerization being
slower in non-polar solvents. Polymer anions in such
.polymerizations are known &s ‘'living'! polymers and give polymer
with a low dispersity index. Transfer terminates the polymer
anion bvefore complete conversion is attained and therefore
produces polymer with a lower moledular weight than predicted
from a knowledge ¢f the monomer to initiestor ratic, assuming
that complete and instantaneous initiation took place. Also,
the dispersity index of the polymef obtained from the system
as a whole is higher than that of polymer formed in a 'living'
polymerization. However, 100% conversion may still be achieved
if the anion formed as a result of the tranmsfer reaction is
capable of initiating further polymerization. If the anion
formed by transfer is incapable ¢f initiating polymerizetion,
the number of propagating species declines with time and the
polymerization may fail to reach 100% conversion. Again, the
dispersity index of polymer formed in such a'system is greater
than that for polymer formed in a 'living! polymerization.

The suggestion37 that transfer to the ferrocene nucleus
occurred in the anionic polymerization of l-ferrocenyl-1,3~-
-butadiene was based on the reported123 lithiation of ferrocene
by n-butyllithium. Thus, it would seem probable that such a
reacticon would compete with initiation and propagation in the
vinylferrocene polymerization and, although lithiated ferrocene

124 as initiating butadiene polymerization, it

has been reported
is possible that these species are not capable of initiating

vinylferrocene polymerization. However, the infrared spectra
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of twe of the polymers terginated with carbon dioxide did not
contain absorptions due to the carboxyl group. If there had
been aﬁions on the polymer chain when the reaction mixture was
terminatea with carbon dioxide, carboxyl groups would have been
formed and the strong carbonyl ebsorption should have been
detected in the infrared spectrum of the polymer. It would
appear, therefore, that transfer from the polyvinylferrocenyl
anion occurs primarily, if not exclusively, to monomer under
the conditions employed in these polymerizations (Table XI.1l).

| The results obtained may be eﬁplained by the change in the
relationship between transfer and initiation and propagation as
the polymerization conditions vary. With n-butyllithium as
initiator the observed teuperature effect of polymef formation
only at higher temperatures may be accounted for by the
reportedla3 decrease in the lithiation of ferrocene as the
reaction temperature was increased. Thus, it would seem that at
low temperatures lithiatiorn of the ferrocene nucleus occcurred
exclusively, whereas at higher temperaturee initiation of
polymerization was able to compete effectively. However,
subsequent transfer by the polyvinylferrocenyl anion to the
ferrocene is indicated by the low conversions obtained for
these polymerizations. With cumylpotassium as initiator,
initiation occurred ever the entire temperature range studied.
There have been no reported studies of the metalation of
ferrocene by cumylpotassium and, therefore, the temperature
dependence of this reactior is unknown. However, the low
conversions observed and the absence of carboxyl groups in
polymers from reactions terminated with cardbon dioxide suggest
that metalstion of the ferrocene nucleus of the monomer does

occur. The results for these systems are best accomodated if
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this reaction is favoured, over initiation and propagation, by
higher temperatures, although the low yield at —7500 does not
readily fit thig scheme.

This study, carried out over = wide range of reaction
conditions, suggests that anionic polymerization cannot be used
to obtain high molecular weight, low dispersity

polyvinylferrocene.
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XI.B The anionic random copolymerization of vinylferrocene

and styrene

Vinylferrocene and styrene were copolymerized in
cyclohexane ([VFc] = [st] = Oe4 mol an™) at 60°C, with
n-butyllithiue as initistor ([total monomer]/[1n] = 38). & 25%
conversion, based in total monomer weight, was obtained after
3 hr. Elemental analysis gave the vinylferrocene conternt of the
polymer as 7+86 mole-percent, GPC analysis demonstrated that
this was a copolymcr with a dispersity index of 1-48 and, using
Q factors of 414 and 88 for polystyrene™™ and
polyvinylferrocenelo resrectively, the number average molecular
weight was estimated to be 20,000; Data from visible and
ultraviolet spectra of sdlutions of the polymer are given in

iy’ €301,

is a random copolymer (Section IV.A).

table IV.4 and the value of £ of 0918 confirms that it

The consideratly higher meolecular weight than would be
predicted from the monomer to initiator ratio suggests that
transfer competed with initistion. The low conversiocn and
felatively high dispersity index also suggest the occurrence of
termination by transfer, as would be expected from the study of
the anionic homopolymérization of vinylferrocene (Section XI.A).
In view of the results obtained in the latter study and since
styrene is known to form living polymers, this transfer
presumably involves metalation of the ferrocene nucleus of
vinylferrccene to give a species incapable of initiating further
polymerization.

The low vinylferrocene content (7:86 mole-percent) of the
copolymer, obtained from an sguimoler mixture of vinylferrocene
and styrene, suggests that vinylferrocene is considerably less

reactive than styrene toward enionic propagation.



XI.C Summary

The anionic polymerization of vinylferrocene under a widg
range of reaction conditions gave zero or low coﬁversion, the
highest conversion being 43% for the n-butyllithium initiated
polymerization in cyclohexane at 6c°c.

37

Cezyperiscn with a study of the anionic polymerization of
l1-ferrocenyl-l,3-butadiene and results obtained here suggest
trensfer to the ferrocene nucleus of the monomer from both the
initiator anion and the polyvinylferrocenyl enion. Thus, high
molecular weight, low dispersity pdlyvinylierrocene cannot be
obtained by snionic polymerization.

Copolymerization of an equimolar mixture of vinylferrocene
end styrene with n-butyllithium as initiestor gave a low
vinylferrocene content copolymer (7+86 mole-percent). This
suggests a lower reactivity for vinylferrocene than styrene

toward anionic propagation. -



Table XI.1
The anionic homopolymerization of vinylferrocene
[vFcr] = 0-4 mol am™

Polymerization time = 1 hr

Iritiator Solvent Temperature [VFCH] Conv,
o [1n] %

n-puli cyclohexane €0 18 2 43
n-Buli P gocalin 28 60 0
n-Buld -t decalin 0 €0 0
n-BuLi ¢ rur 22 60 1
n-BulLi THF 0 60 0
n-Buli THE -40 60 | 0
n-Buli THF -75 60 0
CunylK THF 22 24 15 ¢
CumylK THF 0 24 35
CumylK THF -40 2t |9 18.5
CumylK THF -75 24 d s

a Conversion after 2 hr, [VFCH] = 0«7 mol dm—3 and, from
GPC analysis, ﬁi = 3,71C and ﬁw/ﬁg = 1;58, using values™”
for K and a of 7.2 ¥ 1072 100cm” g'l and 072,
respéctively, in the calibration cenversion.

b Decahydronaphthalene.

¢ Tetrahydrofuran.

4

No carbonyl absorpticn in the infrared spectrum.
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XI1 The polymerization of vinylferrocene with

manganese (III1) acetylecetonate as initiator

It has been establishedlz5 that some metal chelates can
act as free-radical initiators in vinyl polymerization, The
most commonly used initiator of this kind is manganese(III)
acetylacetonate (Mn(acac)a), primarily because it has been
found to be of relatively high activity. In inert solvents, for
example benzene, the deperdence of the reate of polymerization

125

on monomer concentration has been shown to be greater than

~unity for all monomers studied. In the presence of a wide range

of solvents and additives, such as ethyl acetatelzp,

126

. cyclohexanone and phenanthroline127, the rate df
polymerizatioﬁ is dincreased and, where there has been a full
kinetic study, a decrease in the order of dependence of the
rate of polymerization on monomer concentration has been
observed. Such observations have led to the suggestionla5_la7
that monomer and/or solvent participate in the initiation step.
Such participation is generally takén to involve coordination
6f the monomer or solvent>molecules with the Mn{III) ion
followed by dissociation to give a‘frée—radiéal and Mn(acac)a.

Mn(acac)3 has been used?? successfully as an initiator in
the co@olymerization of butadiene and vinylferrocene in toluene
at 120°cC, However, there has been no report of this initiator
being used in the homopolymerization of vinylferrocene.

When a study of the hom0polymerizatibn of vinylferrocene
by Mn(acac)3 was undertaken, repeated attempts in benzene
solution at 80°C failed to produce polymer after 53+5 hr
([vFer] = 1-24-3+1 mol am™>, [Mn(acac)al =5 x1070-2 x 1072

mol dm°3). A further attempt in dioxane at 60°C also failed.
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However, a copolymérization of vinylferrqcene and styrene in
dgioxane ([vFcH] = 2.91 mol au™, [st] = 2:89 mol dn”?,

"2 jol én™2) at 60°C gave a low yield

[Mn(acac)B] = 1.05 x 10
of copolymer (2¢3% conversion based on total monomer weight)
after 9%+5 hr,

How=ver, pol&merization in the presence of styrene, a
menomer which participates in the initiation process, cannot be
taken to indicate that the inclusion of an additive, such as

127

phenanthroline , Will enable Mn(aCac)3 to be effective as an
initiator for the homopolymerizatioh of vinylferrccene. Such a
suggestion does not take account of the slow thernsl dissociation
of Mn(acac)3 in benzene125. This requires that some |
nolymerization should take place even in the absence of monomer
participation in the initiation process. It 1s possible,
therefore, that the radicals formed fron Hn(acac)3 do not
initiate vinylferrocene polymerization, but may react with it

in some other manner, as 1s the case with benzoyl peroxide9’39.
The reaction between vinylferrocene and the latter initiator is
ﬁrobably the same as that between ferrocene and benzoyl
ra&icals, in which ferroéene is oxidised to the ferricenium
cation and the benzoyl radical is reduced to the stable benzoate
anionlzg’lag. A similar reaction between vinylferrccene and an
acetylacetonate radical is feasible. The ferrocene nucleus
could be oxidised to the ferrocenium state, thereby reducing
the acetylacetonate radical to the corresponding anion, which

may be resonance stsbalised, as can be seen from the structures

given below,

0% 0@ o0 O
>99] .
E C/ f;/? S H C/ \\C/ \CH
5 i 3 3 >
H

|
H
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X111 Conclusion and sugpestions for further work

The existing evidence for ferrocene-olefin and ferrocene=-
aromatic intepractions, and the anomalous kinetics observed for
the bulk thermal polymerization of styrene in the presence of
ferrocens derivatives, suggest that further study of the bulk
thermal polymerization of vinyl moromers in the presence of
ferrocene derivatives may substantiate the presence of these
effects. Such study could also provide information concerning
. the nature of these interactions. Since ferrocene and a ketone
apparently act as a source of initiating radicals, any monoumer
containing a carbonyl group, such as the acrylic and methacrylic
esters, would be unsuitable for a study of this nature. Also,
monomers which give polymer that is insoluble in the monomer,
such as acrylonitrile, would not be suitable for these studies,
because of the heterogeneous nature of the polymerization,
which results iﬁ the polymerizations being non-linear with
respect to time. However, in view of the previous study of
ferrocene-diene systems, an investigation of the bulk thermal
poiymerization of these ﬁonomers in the presence of ferrocene
might be fruitful.

Further study of the ferrocene/cyclohexanone system is
necessary fo elucidate the mechanism of the formation of
initiating radicals from these two compounds. Polymerizations
in the presence of high concentraticus of these two components,
but at low monomer concentration, could give polymer of low
molecular weight, suitable for end-group analysils.

The marked difference between the kinetics of the free-
radical homopolymerization of vinylferrocene in benzene solution

and dioxane solution suggest that investigation of this
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polymerization in a variety of solvents is desirable. Also, a
study qf the homopolymerization in aromatic solvents, with the
benzene nucleus substituted by groups of varying electron donating
or withdrawing ability, might sssist in defining the role of
benzene in the proposed monomolecular termination step. A&

study of the homopolymérization ir o mixed solvent system, such
as dioxane and benzene, might provide further information on

this aspect of the free-radical homopolymerization of
vinylferrocene. The present study indicates that the other
techniques available for the homOpélymerization of vinylferrocene
are not capable of yielding high molecular weight, linear
polyvinylferrocene. Indeed, it wouvld appear that the best

method available for the preparation of high rolecular weight
polyvinylferrocene is bulk free-radical polymerization to high
conversion, but the polymer formed will be highly branched.

The observation of two transitions in the study of the
thermal behaviour of polyvinylferrocene, the second being
assigned as the glass transition and the first as being due to
the rotation of the unsubstituted dyclopentadiene ring, suggests
thét further study of thé thermal behaviour of ferrocene-
containing homopolymers is necessary.

Another aspect of thermal behaviour, thermal degradation,
of h0m0polymers and copolymers derived from ferrocene-containing
vinyl monomers has yet to be investigated. Also, although
resistance toward photodegradation has often been cited as a
potenfial property of. these polymers, no systematic investigation
has yet been made. Some study of these two properties is required,

therefore.
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LIV Glossar

A absorbance

acac acetylacetonate

AIBN " 2,2'-azobisisobutyronitrile

n-BuFcH n-butylferrocene

Cm chain transfer to monomer constant

CS chain transfer to species S (solvent) constant

CXON cyclohexanone

PP degree of polymerization

DPPH diphenylpicrylhydrazyl

DsC differential scanning calorimetry

DTA differential thermal analysis

DX dioxane

E extinction coefficient

esr electron spin resonance

EtFcH ethylferrocene

GPC gel permeation chromatographic

HF¥cH ferrocene

1 rate of initiation

In initiator

kd velocity constant for initiator decomposition

kfm velocity constant for chain transfer to monomer

kfs velocity constant for chain transfer to species S
{(solvent)

ki overall velocity constant for the formation of initiating

radicals from styrene
k velocity constant for propagation
k velocity constant for termiration by reaction of two

polymer radicals



ktc

=

+3

THF

VFcH
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velocity constant for termination by polymer radical

combination

number average molecular weight
melting point

viscometric aversge molecular weight
weignt average molecular weight
molecular weight

Jimiting viscoslity number
nuclear magnetic resonance
relative viscosity

specific viscosity

dried oxygen-free nitrogen
polymer radical

initiating radical

rate of polymerization

styrene

glass transition temperature
tetrahydrqfuran

vinylferrocene



XV

9s

10,

11.

12,

13.

11”’.

15.

16.

221

References

f. S. Arimoto and A. C. Haven Jr., J. Amer. Chem. Soc.,

77, 6295 (1955). |

Y-H. Chen, M. Fernandez-Refojo, and H. G. Cassidy, J. Polym.'
Sci., 4O, 433 (1959).

T. Nekashima and T. Kunitake, Bull, Chem. Soc. Japan, 45,
2892 (1972).

D. 0. Cowan, J. Park, C. U. Pittmen Jr., Y. Sasaki,

T. K. Mukherjee, and N. A. Diambnd, J. Amer. Chem. Soc.,

9L, 5110 (1972).

F. G. Schmitt and R. C. Hirt, J. Appl. Polymer Sci., 7,
1565 (1963). | o

A, M. Tarr and D. M. Wiles, Canad. J. Chem., 46, 2725 (1968).
A. C. Haven Jr., U.S5. 2,821,512,

T-T. Ma, pP-C. Yeh, C-C. Lu, and L-F, Wu, Ko Fen Tzu T'ung
Hsun, 6, 148 (1964).

M. G. Baldwin and"K.vE. Johnson, J. Peclym. Sci. A-1, 5,
2091 (1967).

C. U. Pittman Jr., J. C. Lai, D. P. Vanderpool, M. Good,

and R. Prado, Macromolecules, 3, 746 (1970).

J. C. Lai, T, Rounsfell, and C. U, Pittman Jr., J. Polym.
Sei. A-1, 9, 651 (1971).

C. U. Pittmen Jr., J. Paint Technol., 43, 29 (1971).

C. U. Pittman Jr., Chem. Tech., L16 (1971).

M. H. George and G. F. Hayes, J. Polym. Sci. B, 11, 1471
(1973).

Y, Seseki, L. L. Walker, E. L. Hurst, and €. U. Pittman Jr.,
J. Pelym. Sci. A-1, 11, 1213 (1973).

P. J. Flory, 'Principles of Polymer Chemistry', Cornell

Univ, Press, N.Y., 1953.



'17.
18.
19.
20.

21.

22.

23.

21}‘ -

2b.

26.

27.

28.

29.

30.

31.

32.

222

C. Aso, T. Kunitake, and T. Nskashima. Kogyo Kagaku 2Zasshi,
72, 1411 (1969).

C. U, Pittman Jr., R. L. Voges, and J. Elder, J. Polym.
Sci. B, 9, 191 (1971).

C., U. Pittman Jr. and P. L. Grube, J. Polym. Sci, A-1, 9,
3175 (1971).

C. U. Pittmen Jr., J. Polym. Sci. B, 6, 19 (1968).

M. G. Baldwin and S. ¥. Reed Jr., U.S. 3,718,633,

C. Aso, T, Kunitake, and T, Nakashima, Makromol. Chen.,
124, 232 (1969).

M. Rosenblum, 'Chemistry of the Iron Group Metallocenes',
Part 1, Wiley~Interscience, N.Y., 1965,

CR.. Simionescu, T, Lixandru, I. Negulescu, i;’Mazilu, and
L. Tétafu, Makromol. Chem., 163, 59 (1973).

S. L. Sosin, L. V. Dzhaski, B. A. Antipova, and

V. V. Korshak, Vysokomol. Soedin, Ser. B, 12, 699 (1970).
T. Kunitake, T. Nakashima, and C. Aso, J. Polym. Sci. A-1,
8, 2853 (1970).

T. Kunitake, T. Nakashima, aﬁd C. Aso, Makromol., Chem.,
146, 79 (1971).

C. U, Fittman Jr., J. C. Lai, and D. P; Vanderpool,
Macromolecules, 3, 105 (1970).

C. U, Pittman Jr., R. L. Voges, and W. B. Jones,
Macromolecules, L4, 291A(1971).

J. C. Lai, T. D. Rounsfell, and C., U. Pittman Jr.,
Macromolecules, 4, 155 (1971).

0. E. Ayers, S. P. McManus, anda C. U. Pittman Jr., J. Polym.
Sci, A-1, 11, 1201 (1973).

C. U. Pittman Jr., R. L. Voges, and W. B, Jones,

Macromolecules, 4, 298 (1971).



3.

35.

37,
38.

339.

LI-O.

!+20

43.
Ll‘l-{-o

L5.

L7.

L8,

C. U, Pittmen Jr., R, L. Véges, and J. Elder,
Macromolecules, U, 302 (1971).

D. C, Vah Landuyt, J. D. Burnett, and C. W. Huskins,

U.5. Clearing House Fed, Sci. Tech.vlnform. AD, 1971,

No. 723963.

I'e Co Varn Landuyt and S. F, Reed Jr., J. Polym. Sci. A-1,
s 523 (1971).

. H. Lewizs, R, C. Kneisel, and B. W. Ponder, Macromclecules,

A= o

s 660 (1973).

C. Van Lenduyt, J. Polym. Sci. B, 10, 125 (1972).

o

wn

L. Sosin, V. V. Korshak, T. M. Frunze. and

I. I, Tverdokhlebova, Dokl. Akad. Neuk SSSR, 175, 1076 (1967).

L. E. Coleman Jr. and M. D. Rausch, J. Polym. Sci., 28,
207 (1958).

M. Howard and S. F. Reed Jr., J. Polym. Sci. &-1, 9, 208%
(1971).

S¢ L. Sosin, V. V. Korshak, and T, M. Frunze, Dokl. Akad.
Kauk SSSR, ;23, 1124 {1968).

T. P. Vishnyakova, A. A. Koridze, and E. K. Kozlova,
Vysokomol. Soedin. Ser. B; 19, L58 (1949).

K. Schloegl and W, Steyrer, Monstsch. Chem., 96, 1520 (1965).
G, Greber and M, L. Hallensleben, Makromol. Chem., 10i,

90 (1967). |

G. Greber and M. L. Hallensleben, ﬁakromol. Chem., 83,

148 (1965).

CR. Simionescu, T. Lixandru, I. Mezilu, and L. T¥taru,
Mzkromol. Chem., 147, 69 (1971).

V. V. Korshak, L. V. Dzashi, and S. L. Sosin, Nuova Chim,,
49, 31 (1973).

T. Naxashima, T. Kuniteke, and C. Aso, Makromol. Chem.,

157, 73 (1972).



224

L9, V. V. Korshak, S. L. Sosin, L. V. Dzashi, and
B. A. Antipova, Vysckomol. Soedin. Ser. B, 14, 165 (1972).

50. Ya. M. Paushkin, B. F. Sokolov, T. P, Vishnyakova, and
0. G. Glazkova, Dokl. Akad. Nauk SSSR, 206, €64 (1972).

51, T. P. Vishnyakova, L. I. Tolstykh, G. M. Ignatteva,

B. F, Sokolov, anéd Ya, M. Prusnkin, Dokl. Akad. Nauk SSSR,
208, &53 (1973).

52. For example, E. W. Neuse and H., Rosenberg, 'Metallocene
Polymers', Reviews in Macromolecular Chemistry, Vol. 5-1,
Marcel Dekker, WN.Y., 1970. |

53. For example, C. H. Bamford, W. G. Parb, A. D. Jenkins,
~and P. F., Onyon, 'Kinetics of Vinyl Polymerization by
‘Radical Mechanisms', Butterworths, London,;19§8,

A. M, North, 'The Kinetics of Free Radical Polymerization',
Pergsmon, Oxford, i966.

54. F. R. Mayo and F. M. Lewis, J. Amer. Chem. Soc., 66, 1594
(1944 .

55. T. Alfrey Jr., and GirGoldfinger, J. Chem. Phys., 12, 205
(1944). i

56. M. Fineman and S. D. Ross, J. Polym. Sci., 5, 269 (1950).

57. T. Alfrey Jr. and C. C. Price, J. Polym. Sci., 2, 101 (1947).

58. T. Alfrey Jr. ané L. J. Young, in 'Copolymerization', Ed..

G. E. Ham, Wiley~Interscience, N.Y., 196h.

59. E. W, Neuse and D. S. Trifan, J. Amer. Chem. Soc., 85,
1952 (1962).

60. M. D. Rausch and A. Jiegel, J. Organometal. Chem., 11,
317 (1968).

61. W. M. Horspool and R. G. Sutherland, Canad. J., Chem., 46,
3453 (1968).

62. L. J. Fetters, Journal of Research of the National Bureau

of Standards, 704, 421 (1966).



659

61{—0
65.

66.

67.

63,

70.

72.

73.
4.
75.

76.

225

M. Resenblum and R. B. Woodward, J. Amer. Chem. Soc., 80,
5443 (19586).

R. G. Cherles, Inorganic Syntheses, 7, 183 (1963).

H. Gilmen and A. H. Hurbein, J. Awmer, Chem., Soc., &6,
1515 (1944).

R. H. Boundy, R. F. Boyer, and S. M. Stoesser, Eds.
'Styrene: Its Polymers, Copolymers and Derivatives',
Reinhold, ¥.Y., 1952.

M. S. Matheson, E. E. Aver, E. B. Bevilacqua, and

E. J. Hart, J. Amer. Chem. Soc., 73, 1700 (1951).

‘P. F. Onyon, in 'Technigues of Polymer Characterization',
'Ed. P. W. Allen, Butterworths Sci. Publ., London, 1959.

C. E, H. Bawn, R, F. J. Freeman, and A. R. Kamaliddin,

Trans. Faraday Soc., 55, 168 (1959).

G. Henrici-01ivé, S. O1ivé, and G. V. Schulz, J. Polym.
Sci., 56, 233 (1962). ,

A. V. Tobolsky and J. Offenbach, J. Polym. Sci., 16, 311
(1955). ﬁ

E. A. Collins; J. Bare¥, and F. W. Billmeyer Jr.,
'Experiments in Polymer Science', Wiley-Interscience, N.Y.,
1973. |

P. D. Garn, 'Thermoanalytical Methods of Investigation’,
Academic Press, N.Y., 1965.

For exesmple, F. W. Billmeyer Jr., 'Textbook of Polymer
Science', Wiley-Interscience, N.Y., 1971.

J. C. D. Brand and W. Snedden, Trans. Faraday S¢c., 53,
894 (1957).

R. E. Bozak, in 'Advances in Phctochemistry', Vol. 8, Eds,
J. N. Pitts Jr., G. S. Hammond, and W. A. Noyes Jr.,

Wiley-Interscience, N.Y., 1971.



7.

79.

80.
81.

82.
83.
84.
85.

86.
870

88.
89.

g0.

21.

92.

226
T. Akiyama, Y. Hoshi, 5. Goto, and A. Sugimori, Pull.
Chen, Soc. Japan, 46, 1851 (1973).
T. Akiyama, A. Sugimori, and H. Hermann, Bull. Chem. Soc.
Japan, gé, 1855 (1973).
Y. Hoshi, T. Akiyama, and A, Sugimori, Tetrahedron Lett.,
1485 (1970).
I. Pavlik and J. Klikorka, Z. Chem., 5, 345 {(1965).
1. Pavlik, R. Foniok, and J. Gregr, Sb. Ved. Pr. Vys. Sk.

Chem-Technol., Pardubice, 15, 25 (1967).

0. Traverso, F. Scandola, and Y. Carassiti, Inorg. Chim.

Acta., 6, 471 (1972).

JA. N. Nesmeyanov, B. N. Yavorskii, G..B. Zaslavckaya, and

N. S. Kochetkova, Dokl. Akad. Nauk SSSR, 160, 837 (1965).
E. Collinson, F¥. S. Dainton, ard H., Gillis, J. Phys. Chem.,
65, 695 (1961).

J. J. Dennenberg and J. H. Richards, J. Amer. Chem. Soc.,
87, 1626 (1965),

J. H. Richards, J. Paint Technol., 39, 569 (1967).

J. P, Gﬁillory, C. F. Cook, and D. R. Scott, J. Amer. Chemn.
Soc., 89, 6776 (1967).

G, Fontana and S, Cosmi, Itsl. €9%,126.

. T. Ishigemi, T. Akiyama, H., Watanabe, T. Kato, and

A. sﬁgimori, J. Chem. Soc. Chem, Comm., 22, 871 (1973).

J. Hansen and A, Hvidt, J. Chem. Soc., Faraday Trans. II,
69, 881 (1973).

A. N. Nesmeyanov, N. S. Kochetkova, E. V. Leonova,

E. I. Fedin, and P. V. Petrovskii, J. Organometal, Chen.,
29, 175 (1972).

D. W. Slocum, T. R. Engelmsnn, R. Lewis, and R. J. Kurland,

J. Chem. Eng. Deta, 1%, 378 (1968).



- 227

9%. K. Schloegl, Monatsch, Chem., §9, 2175 (1968).
94, N. Kamezawa, J. Magn. Resonance, 11, 88 (1973).
95. A. N. Nesmeyanov, P. V. Petrovekii, L. A. Fedorov,
E. I, Fedin, H. Schheiders, andéd N. S. Kochetkova, Izv,.
Akad, Nauk SSSR Ser. Knim., 6, 1362 (1973).
96.  S. I. Nazarkin and B. S. Ksenofontov, Izv. Vyssh. Ucheb.
Zaved., Fiz., 1L, 159 (1971).
a7. G. F. Hayes, Private communication.
98. C. H. Bamford, J. Polyn. Sci. C, L, 1571 (1963).
99. C. 4. Bamford and C. A. Finah, 2, Nzturforsch., 176,
500 (1962).
100. = J. Furukawa and T. Tsuruta, Kogyo Kegaku Zasshi, 60,
802 (1957). | -
101. K. Keeriyama, Polymer, 12, 422 (1971).
102. T, Otsu and S, Kubota, Kobunshi Kagaku, 30, 211 (1973).
103, W. A, Pryor and L. D. Lasswell, Polym. Prepr., 1i, 713
(1970).
104.  J. H. Richards, J. Paint Technol., 26, 1433 (1964).
105, M. H. George, in 'Vinyl Polymerization', Part 1, Ed.
G. E, Ham, Arnold, London, 1967.
106. A. V. Tobolsky end B. Baiyel, J. Polym. Sci., 11, 471
(1953). |
107. R. H. Herber, in 'An Introduction to MUssbauer Spectroscopy!',
Ed. L. May, Hilger,vLondon, 1971.
108. V. F, Belov, T, P. Vishnyakova, V. 1. Gol'danskii,
E. F. Makarov, Ya. K. Paushkin. T. A. Sokolinskaya,
R. A. Stukan, and V. A, Trukhtanov, Dokl, Akad., Nauk
SSSR, 159, 831 (1964).

109, U. Conser, in 'An Introduction to MOssbauer Spectroscopy’',

Ed. L. May, Hilger, London, 1971.



228

110, T. G. TFox and S, Loshaek, J. Polym. Sci., 15, 371 (1955).

111. T. G. Fox and P. J. Flory, J. Polym. Sci., 14, 315 (1954).

112. L. J. Young, in 'Copolymerization', Ed. G. E. Ham,
Wiley-Interscience, N.Y., 1964.

113, As used by the Pelymer Supply and Characterizaticn Centre,
RAPRA, G.B.

114, For example, C. M. Burnett, P, Meares, and C. Paton,
Trans. Faraday Soc., 58, 737 (1962).

115, For example, W. H. Stockmayer, L. D, Moore, M. Fixman,
and B. N, Epstein, J. Polym, Sci., 16, 517 (1955).

116. M. K. Lindemann, in 'Vinyl Polymerization', Part 1, Ed.

G. E. Ham, Arnold, London, 1967. 7

117. F. R. Mayo, C. Walling, F. M. Lewis, and W. F, ﬁulse,
J. Amer, Chem, Soc., 70, 1523 (1948).

118. For exémple, J. Boor Jr., Macromol. Rev., 2, 115 (1967).
J. Boor Jr., Ind. Eng. Chem. Prod. Res. Develop., 9, 437
(1970). |

119, *Encyclopedia of Polymer Science and Technology', Vol. 13,
Ecs. H. F. Mark, ¥. G. Gaylord, and N. M. Bikales,
Wiley-Interscience, N.Y¥.,, 1970.

120. T. G. Heggs, in 'Block Copolymers', Eds; D. C. Allport
and W, M. Janes, Applied Science Publishers, 1973,

12). - C. G. Overberger and K. Miyamicki, J. Polym. Sci. A4, 1,
2021 (1963). |

122. W. P. Fitzgerald, Diss. Abstr., 24, 2657 (1964).

123, For example, M. D. Rausch and D. J. Ciappenelli, -

J. Organometal. Chem,, 10, 127 (196‘7_)°
124, A, F. Halasa and H. E. Adanms, U.S. 3,412,079.

125. For example, C. H. Bamford and D. J. Lind, Proc. Roy.

Soc. A, 302, 145 (1968).



229

\igﬁ} K. Kseriyama, Bull. Chem. Soc. Japan, 43, 1511 (1970).

127. K. Kaeriyama, Makromol. Chem., 150, 189 (1971).

128. W. Kern, M-A. Achon~Samblancat, and R. C. Schulz, Monatsh.,
88, 763 (1957). | |

129. ‘L} M. Postnikov, E. M. Tochinas, and V. Ya. Shlyapintokh,

Dokl. Akad. Nauk SSSR, 172, 651 (1967).



