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ABSTRACT

The ionic species produced on dissolving small quantities of
ferric compounds either alone, or in the presenée of additives,
in solvents N,N~dimethyl formamide, (DMF), or dimethyl sulphoxide,
(DMSO), and in solvent/styrene mixtures at 20°C and 60°C have been
studied spectroscopically, The nature of the iron(III) chloro-
complexes has been established by studying the ultraviolet spectra
of solutions containing model compounds such-as hexakis(N,N-dimethyl
formamide) iron(III) tetrafluoroborate, [Fe(DMF),]1(BF,J)s, A,
hexakis(dimethyl sulphoxide) iron(III) tetrafluorcborate,
[Fe{DMSO)(1(BF,)s, D, and tetraethyl ammonium tetrachloroferrate(III),
(C,H; ), NFeCl,, B, in the presence of varying amounts of lithium
chloride, The tetrafluoroborate salts were chosen for study since
BF,” ions show little tendency to complex,

The solution polymerization of styrene at GOOC, in DMF and in
particular DMSO, initiated by a,a'-azobisisobutyronitrile (A1BN),
has been studied kinetically, Molecular weiéht measurements have
enabled the transfer constant, Cs, for DMSO at 60°C to be evaluated,
Further kinetic studies of polymerizing systems with added ferric
compounds, both in the absence and presence of lithium chloride,
lithium bromide, sulphuric acid or phenanthroline have been made,

The presence of Fe(DMF)G3+ or Fe(DMSO)53+ ions in the poly-

merizing systems caused retardation, but iron chloro-complexes



produced well-defined induction periods, Mean velocity constants
at 60°C, for polystyryl radicals towards Fe(DMF)GE*, Fe(DMSO)GZ#,
Fe(DUF);C1°%, Fe(DMF),C1,*, FeCl,™ and Pe(DMSO);C1%* were 847, 229,
4”22 X 104; 6:2; X 104, 2,96-x 104 and 7,%; X 1Oq'z.mole-lsec:1,
respectively, Iron(III) bromo and phenanthroline complexes also
produced well-defined induction periods, Values of the initiator
efficiency, f, for most systems investigated, ranged from 0,59 to
0,62,

The transfer constant for DMSO was found to be 2,42 x 10-'5 in
the DMSO/styrene system at 60°C, The decomposition of AIBN in
IDMSO was followed spectroscopically at cOOC and the first order
decomposition rate constant, kd for A1BN was found to be 0,94 x 10-5

sec:l, at 60°C,
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I, INTRODUCTION

Interest in the mechanisms of reactions involving inorganic
ions in solution has been marked in recent years and much of the

1-5

growing literature has been periodically reviewed, Many of
these reactions may be classified as (a) Oxidation-reduction
processes in which an electron or an atom is transferred, (b) sub-
stibution reactions in which one ligand is substituted by another
and (¢) acid-base reactions, Usually, studies of oxidation-
reduction reactions have been coﬁfined to agueous systems although
more recently other solvents have been used,

Possibly the simplest type of electron transfer reaction involves

two ions of the same metal in different valency states such as

Fe(II) and Fe(III) and reactions,
&% L3
Fe(H0)¢ 2" + Fe (Hy0)(2" ~ Fe(l,0),°" + Fe (H,0),>" (1)

may be studied by isotopic labelling, although NMR and ESR technigques
are suitable for studying faster reactions, Perchlorate salts of
metals are usually employed since the perchlorate ion shows little
tendency to complex,

The electron exchange reaction (i) proceeds at greater velocities
in the presence of added anions, X, such as, OH , ¥, C17, Br~
and N; . The kinetic data have usually been interpreted in terms
of an equilibrium involving formation of the complex ions
[Fe*(III)(HZO)E,X-]2+ followed by their suﬁsequent reaction with

Fe(H20)52+ ions,



The precice mechanism for electron transfer still remains
obscure, however, One suggestion is that an inner-sphere transition
complex of the type, [(H,0)sFe(III) ..o X ... Fe(III)(HZO)SJLH' is
formed in which the negative ion, X , acts as a.bridge for electron
transfer, This suggestion was primarily due to Taube.6’7 When
the Fe(ITI) and Fe(II) ions are inert to substitution by X-, however,
the co-ordination spheres of exchanging partners are not altered
during the exchange process and then electron transfer proceeds by
a so-called outer sphere mechanism, This mechanism would be
involved for example in the Fe(CN)GQ. - Fe(CN)GB- exchange reaction,
The process probably involves electron tunnelling,8’9 although it
is possible that an electron is transferred from the outside of one
co-ordination sphere to another if the ligand is suitably conjugated,
The ligand then acts as an electron-conduction medium, A hydrogen
atom transfer mechanism for electron transfer between two cations has
also beensuggested for agueous solutions containing Fe(II) ions and
various complex Fe(III) ions.8

The theoretical treatments of electron transfer reactions in

solution have been reviewed recently,2’10

but precise mechanisms
have yet to be formulated, Much of the existing data, such as that
for the Fe(II) - Fe(III) system may be interpreted by any of the
inner-sphere, outer-sphere or hydrogen atom transfer mechanisms,
Electron transfer processes of interest in free radical polymer

chemistry have been much less studied than the above types of ion-ion

exchange reactions, However, the photochemical initiation of vinyl

10
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monomers in agueous and non-aqueous solutions by so-called ion pair
complexes invelving electron transfer is now well established.ll-l7

Again, interest in polymer radical-ion interactions developed
simultaneously with observations of electron transfer reactions in
other fields of chemistry, For example, as early as 1932, Haber
and Weisslg’l9 had indicated that the decomposition of aqueous

solutions of hydrogen peroxide by ferrous salts involved an initial

electron transfer from Fe2+ to HyOp ¢

Hy0, + Feo* » Feo* 4+ HO™ + HO. (i1)
followed by:
HO» + Fe™* - Feo* 4+ OH™ (iii)

whereby a single electron was transferred from F92+ to a hydroxyl
radical, Other side reactions involving HO+ and HOp radical attack
on hydrogen peroxide also occurred, |

The oxidation of organic compounds such as alcohol and alcohol/
acetic acid mixtures by the hydrogen peroxide-ferrous iron system was

studied in later years by other WOrkers,20’21

who proposed other
radical-ion single electron transfer reactions such as?

CH;COO« + Fe* - CH;C00" + fe3+ (iv)

CH,O+ + Fe' - HCHO + Fe-* 4 u' (v)
Clearly, electron transfer both from and to a radical in a radical-ion
reaction was possible,

At the same time, interest in methods of generating radicals by
electron transfer was created when initiation of polymerization of
several monomers in agueous solution was achieved by the hydrogen

peroxide~-ferrous ion system.22—24
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Zarly work by Ra:’.nardz5 and Cooper26 using redox initiators
revealed the possibility of polymer radical-metal ion reactions at
high metal ion concentrations,

It is not provosed to review the later extensive application
of these redox systems to initiation of vinyl polymerization in

27

enulsions, since the early work ' and some of the later work28 has
been reviewed elsewhere,

Dainton and co-workers, following extensive work on the irradiation
of metal salts in various solutions appear to have been the first to
show unequivocally that polymer radicals could undergo an electron
transfer reaction with metal :‘Lons.29’30 Thus, in the polymerization
of acrylamide in perchloric acid solution initiated by X-rays, they

suggested that polyacrylamide radicals could be terminated by Fe3+

ions or Fe rOH™ ion-pairs,
R+ + Feo© = P 4 Feor (vi)
r r
and
Roe o+ Fe3+OH- - Pyt Fe2+ + HyO0 ' (vii)

although the mechanism of these reactions remained obscure,
The presence of chromous ions was briefly reported to prevent
the aqueous solution polymerization of acrylonitrile by an electron

29

transfer process,
In a subsequent paper,3 1 it was concluded that oxidation and

reduction of various organic radicals, including polymer radicals, by

ions was a general phenomenon, the rate of reaction depending on the

nature of the polymer radical and ion, and the solvent medium involved,



Polyacrylonitrile radicals in aqueous solution were shown to be
terminated by ions such as V2+, V3+, M03+, Ti3+ and U3+, 32

A more extensive investigation of the polymerization of acrylonitrile
in aqueous solution in the presence of added metal ions, especially
ferric ions has been made by Dainton and co-workers involving initiation

33

by Fenton's reagent, photo~-initiation using metal ions including

ferrous and ferric ions,34 and a more detailed study of photo initiation
with the ferric ion at temperatures 15 - 5000.35
The effect of the cation of various cupric salts on aquecus
polymerization of acrylonitrile initiated by ammonium persulphate
has indicated that cupric nitrate, sulphate or acetate lead to increaséd
rates, but that cupric chloride and bromide retard or inhibit polymer-
ization.36 |
A discussion of some of the factors affecting rates of termination
of polymer radicals by metal ions has also been provided with respect
to the aqueous polymerization of acrylamide initiated by y-, and
X-rays_37
Further work on the kinetics of polymerization of acrylamide
in aqueous solution initiated by 4,4'-azo-bis-i-cyanopentancic acid
and on the effect of added ferric salts has been reported by Cavell
and co-workers,38"1fo
Although termination constants for the inner sphere complexes
Fe(H20)5012+ and Te(H,0),50,% have been deternmined at 25°C, there

was a complication since rates of initiation seemed to be increased

in the presence of added ferric salts, An electron transfer



mechanism has been suggested by this group to account for the effect
of uranyl perchlorate on the same polymerizing system.41

Experimental investigations in non-aqueous systems have not
been so extended, partly due to the difficulties in ensuring that
all the initial reactants, including the added metal salt, and any
resultant polymer always form a homogeneous system, One suitable
solvent, however; was N,N-dimethylformamide, (DMF), and its solvent
properties were exploited initially by Bamford and co—workers,z"a-l'}4
who studied the polymerization of acrylonitrile, methylacrylonitrile
and styrene, at 60°C, initiated by «,0'-azo-bisisobutyronitrile,
(A1BN) in the presence of ferric chloride,

A detailed mathematical treatment of the kinetics, enabling-
rate constants for the electron transfer termination processes to

43

be determined was also presented, In the case of styrene, the
polymer radical reactivity was so high that well-characterized
induction periods were produced, enabling rates of initiation to
be determined, The ferric chloride then behaved as an 'ideal'

o=l

retarder,

Unexpected accelerative effects of single valency state ions,

14

such as Lif, were also observed in the polymerization of acrylonitrile,

The importance of primary radical termination in the polymeriza-
tion of styrene in DMF initiated by A1BN, particularly at low
[M3/[In]g values has also been suggested following work with ferric

L5 ‘

chloride,
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Later, the polymerization of several monomers including methyl
methacrylate and methyl acrylate was studied in the presence of
ferric chloride, and from measurements in the absence and presence
of monomer, it was concluded that rates of initiation were constant
in all the monomers, implying that cage effects were unimportant.46

The importance of polar effects in determining the reactivity
of ferric chloride towards radicals has been stressed.qq

A similar type of study at 60 - 7800 using ferric chloride and
styrene>as scavengers for primary radicals from A1BN gave an initiator
efficiency, f, about 0,73 almost independent of temperature,

The importance of the anion of various ferric salts added to
monomers polymerized by A1BN or 4-4'-azo~bis-l~cyanopentancic acid
has been stressed by Entwistle.49 The possibility of decarboxylation
of the above substituted azo-pentanoic acid initiator by ferric
chloride was also realized,

The use of ferric chloride in DMF as a simultaneous photo-
initiator and terminator in the polymerization of acrylenitrile was
complicated by the possible solvent pérticipation in the initiation
step.so

More recently, Bengough and co~workers have studied the polymeriza-

52

tion of methyl methacrylate,51 acrylonitrile, styren953 and

54

methacrylonitrile” in DMF initiated by A1lBN in the presence of

cupric chloride, Of particular importance was the method of
determining termination rate constants from kinetic data somewhat

different from that previously reported by Bamford et al.qs
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Cupric chloride behaves as an Yideal retarder" in the polymeriza-
tion of methyl methacrylate,sl styrene53 and metharylonitrilesu

but thé product of the. primary retardatioh reaction, presumably

cuprous chloride or its complexes with solvent or monomer, appears

also to act as a retarder, in acrylonitrile polymerization,52’55’56
Although the previous workers have successfully calculated many
velocity constants for polymer radical-metal ion termination reactions,
several problems remain,
These problems may be summarised:

(a) The precise nature of the metal ion which reacts with the polymer
radical in zqueous or DMF solutions remains obscure, Thus,
co~ordination of solvent molecules around free metal ions must
occur to some extent to form complex ions,

(b) The role of the anion in determining reacfion rates is not well

~understood, In particular, the possibility of the anion forming
outer-~ or inner-sphere complexes with the metal ion must be
considered, The kinetice of some ligand substitution processes
have been discussed recently,59'61

(c) The effect of changing solvent on the velocity of a polymer
radical-ion reaction is not known,

For example, previous workers have not compared reactions

involving the same polymer radical Rr‘ and complexes of an ion Ve

of the type M(s,)nx+

and M(sz)né* where s; and s, are non-agqueous

solvent ligands,
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(d) The detailed chemistry of the termination process is not clear,
For example, when a polystyryl radical reacts with ferric chloride
in DMF solution, the radical may be terminated by an acguired

ko

chlorine atom - or may donate a hydrogen atom and acquire an

unsaturated -CH = CHPh end group.43
The work described loter in this thesis was peprformed to obtain
further information about certain of these outstanding problems,
Attention was confined to an identification of various ferric complex
ions existing in dimethylformamide-~ and dimethylsulphoxide-styrene

systems, and to a consideration of the relative reactivities of these

complex ions towards polystyryl radicals,
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11 THEORETICAL SECTION (62,63,64)

2,1, Simple Kinetic Scheme

2,1.3. Kinetic scheme for vinyl polymerization in the presence of an

initiator producing free radicals

Initiation

The process of free radical initiation may be considered to
involve two steps:

Decomposition of the initiator molecule, In, to give, usually,
two radical fragments, RC’;
(a) In~- ER& First order velocity constant = kd and addition

of Rc- radicals to the monomer molecules, Mj

(b) Rc’ + M - Rl' Rate of inltiation=1I = d(Rl )
at

(1)

However, some of the free radicals, Rc', initially formed, are
lost in various side reactions and as such, the efficiency, f, of an
initiator is generally less than unity,

The efficiency, f, of the initiator, is equal to the fraction
of free radicals, RE y formed by step (a), which are effective in
initiating the subsequent chain by means of step (b), Hence, in
any experimentsg

1=2kdf['fﬁj (2)

where [Tﬁj = the mean initlator concentration during that experiment,
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ProBagation

The growth of a polymer radical by successive addition of

monomer molecules may be represented byt

Riy* + M~ Rp* | velocity constant = kP
Rp* + M~ Rs* velocity constant = kp
2
Ry* + M = R, » velocity constant = kp3
or in general,
(e) Rr- + M- R§+l velocity constant = kﬁr

The same common velocity constant, kp’ may be used for each
propagation step assuming that polymer radical reactivity is independent

of chain length,

So, k&% = kﬁ& = kp3 = veecees = kpr = kb (in general),
'+ Rate of propagation, Rp = k,p M3 [R<] (3)
where r=co

[Re] = Z: [Rr'] = the total concentration of polymer radicals,
r=1

EZansfer

(4) Transfer to monomer

A free radical, Rr',formed during propagation may attack
monomer, and undergo a transfer reaction:
(d) R e+ M~—-P 4+ M velocity constant = kf
r r m
where P, represents an inactive polymer containing r monomer units and
M* is a new radical usually formed by transfer of a hydrogen atom

from a polymer radical to a monomer molecule, In the polymerization



of styrene induced by an initiator, producing radicals, transfer
to monomer is relatively unimportant in determining rates of polymeriza-

tion and molecular weights, both in bulk and in solution, For example,
kf
the transfer constant to styrene monomer, Cn (= —igb is only

- : P
6.023 x 10~ at 0%, &

(B) Transfer to solvents

In the presence of a solvent, an additional transfer reaction
must be considered, involving a polymer radical and a solvent molecule,

(e) R +8 P, +8° velocity constant = kf_

In the simplest case, where the S. radicals are of similar
reactivity to the polymer radicals, the solvent decreases the molecular
weight but has a negligible effect on the rate of polymerization,
other than that expected by mere dilution of monomer, The determina-

kf
tion of the transfer constant of the solvent,Cgy (= —EEQ will be

P
discussed in a later section,
Termination -
The process of termination is a bimolecular reaction between

a pair of polymer radicals causing annihilation of their active

centres, It may be either termination by combination,

(f) R.» + R - s velocity constant = Zktc
or, termination by disproportionation,
(g) Rr‘ + Rs' =P, + Py velocity constant = aktd

Most of the evidence to date suggests that the termination

reaction between two polystyryl radicals is an exclusive combination



process for temperatures up to 80°C. Thus, for the sake of
simplicity, é velocity constant, Ekt, without a subscript, will be
used as the termination constant in this thesis, since only styrene
was used as monomer,

The total rate of termination between polystyryl radicals,
is given by

R, = 2k, [R*]? (&)
Once the steady state is achieved,

Rate of initiation = Rate of termination

ek, [T) = 2k [RTP (5)
or _
kgt [In] = k, [R-F (6)

Substituting the value of [R°] from eqn (5) in eqn (3),
fk, [In]]%
R =k

P P
. kt

Since the number of monomer molecules involved in initiation

] (7

is insignificant in comparison with those involved in propagation,
provided the chain length is great, Rp, may be identified with the

rate of polymerization,

e RP = Rate of polymerization

_ a0

dt
= k'p [M] FRe] €©)
fky [In]| %
=k [M] (9)
P k

t
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Hence, according to eqn (7), the rate of polymerization should
vary as the square root of the initiator concentration,

If £ for a,o'-azobisisobutyronitrile, (A1BN), is constant and
independent of the monomer concentration, [M], then the rate of
polymerisation, Rp, is first order6l+’66’6'7 in monomer concentration,
[M]. There still remains some controversy about this particular

oint, however,
P ’

The determination of transfer constants

Since transfer to initiator is known to be megligible for A1BN™ 66168

the degree of polymerisation, Db = ~ore of growth

Rate of all reactions leading to
dead polymer

fp B

i
~

K [M] [Re] + kg [8] [R*] + k, [ReD?

) .i =kfm . kE_ 8] . k,f {kd £ ['fﬁ]}%
P kp M1 kp M}

*.° 2k, f [In] = 2k [R-T? (5)
1 w3k, £ [Tal?

. — =c +c_ L, #% [n]}“ (10)
7 1 ke, ]

where Cm and CS represent the transfer constants to monomer and solvent
respectively,
For a series of experiments performed by varying [M] and [8] but

maintaining [In] constant, from eqn (10)
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] { Z_-c } = C_ [S] + constant (11)
5P m s
provided that the various velocity constants and £ do not vary with
1
monomer-solvent composition, lence, by plotting [M]‘( %—; - Cm}l’

against [S], Cs can be determined since it is equal to the slope of the

line,

2,1.2, Generalised Kinetic Scheme for Retardation

The rate of polymerization of a vinyl monowmer may be reduced
or almost completely stopped by addition of relatively small quantities
of certain substances termed - retarders and inhibitors, respectively,
On polymerizing styrene at 6000, in the presence of the initiator,
ay0' ~azobisisobutyronitrile, (A1BN), and a complex A, (such as hexakis
NyN-dimethyl formamide iron(III) tetrafluoroborate, Fe(DMF);-(BF,)s,
in the non-aqueous solvents (dimethyl formamide or dimethyl sulphoxide),
retarded rates of polymerization were recorded dilatometrically.69
The rate results may be analysed by the method of K:n".ce.'?O-’l?1 The
generalised kinetic scheme includes the steps of initiation, propa-
gation and mutual termination of poljmer radicals previously discussed,
and also
(h) Termination by transfer to Retarder

Rr‘ + A =2 5 P& velocity constant = Kx
(i) Copolymerization, or reinitiation by Z° species

Z2* + M- R velocity constant = k
(3) Cross termination

4 + Rr' - inert product velocity constant

il
)
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(k) Mutual termination of Ze« species Z* + Z* — inert product

velocity constant = 2 kz'

where 7%° represents any speciles formed by the reaction between a
polymer radical and the complex, A*, Z* a priori, might be radical,

Kice; by rigorous kinetic analysis, obtained the equation

TN (8) 1
(1-4¢) kxk c(l - ¢?) k X
RI/L-i-c ¥ =J‘~”‘.q)2 1+/1 + ¢ l-..?...B(M)
< ¢ (1- ¢*) ¢

2] k
(R )
where, the reduced rate, ¢ = =2 .
(R
P o
d In (M
o - - a0,
dt inhibited
= -2'.-_ d_(_b_’[l]

(M) dt inhibited,
which is thus a fractional rate of polymerization,

d In (M)

R) ==~7F 1
po dt uninhibited
b4 kt kz
and ¢ is a constant equal to ~——1;—— .
k
c

The definition of Rp used by Kice, which is a fractional rate
of polymerization, is not that used in many other kinetic schemes,
including other sections of this thesis, Thus, the fractional rafes
of polymerization are in units of sec.—l, rather than the more usual
mole 2._1 sec.-l, Normally, the value of ¢ is chosen until a plot

of the left hand side of the equation (12) against
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2 _ 42 '
Q__&él 1+/ 1+ Eil———gL) at constant (11) gives a straight line
2

(1-42)

k k :
of slope —%k_}i and an intercept of = 7%2 (1),
t " c
A low value of Eg indicates a low tendency of Z° species to attack
c

monomer,

2,1,3, Kinetic Treatment of an "Ideal! Retarder

43

2+1.3.1, Treatment of Bamford et al,

An "jideal" retarder is a compound which reacts directly with
a polymer radical to yield a completely inert product incapable of
further reaction, For an "ideal" retarder a particularly simple
reaction scheme of vinyl polymerization may be adopted, When the
transfer reactions to solvent and monomer are of negligible importance,
the reaction scheme involves the initiation steps (a) and (b), the

propagation step (c¢) and two termination steps:

(1) R,* + Z - inert product velocity constant = k_
(m) Rr. + Rs. - Pr+s velocity constant = 2kt

(assuming only combination),

For this scheme:

2] 1ok 0] - X BF (13)
dt
and
dg
- ;; =k [R-] [Z] (14)
where
r=o
[Re] =} [R.*] = total polymer radical concentration,

r=1
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For, a steady state condition, in the presence of an ideal retarder,

9%%:3 = 0, The question remains whether this assumption is a
reasonable one in the presence of an ideal retarder, and this
assumption will therefore be examined more closely, From eqn (8),
(13) and (14

aR*] 1 1 d R

S e o——-E=I—[2kt[R‘]2—%z-l] (15)
dt k, [M] dt
1 1 dR

If the steady state approximation is correct, " T '_EEE
P

must be a very small quantity, if not exactly equal to zero, and

d R
2 _ 47] 1 P
also I and [2 kt [R*] T3 ] must be much greater than kp[M] T .
A typical polymerization - time curve is shown in Fig,30 (curve £),

for the polymerization of styrene at 8300, in dimethyl formamide
“initiated by AIBN in the presence of [Fe(DMF)s] C12% ioms, which

functioned as an "ideal retarder", 1In this experiment [M] is

1 €5

2,49 mole £7%, at &°C, and k, is 176 Zomole Ysec,”t, at e0°C,
d R
During the first 80 minutes of the experiment -EEE' is a very small
d R
. 1 P .
guantity and hence, T T 1S much smaller than the measured

value of T of 1,11 x 1O~6 mole E.-l sec,'-1

Hence, assuming the steady state approximation during the
initial stages,
I=1xk ([Re][Z] + 2k, [R-]? (16)
2 t dR_
Only towards the end of induction period does —EER alter
rapidly, and under these conditions the approximation may well break

down,



When the inhibitor is completely exhausted [Z] is zero and the
concentration of polymer radicals attains its maximum value, [R-]s,
given by

I=2 k‘t [R']zs (17

The fraction of total termination occurring by mutual reaction
of polymer radicals during the induction period is sufficiently
small to be neglected, . The assumption is reasonable, since [R*] is

very small during the induction period, for experimental values of

-1 at EDOC,

k, = 4.53x 10% 4ymole™" sec,
[Z], = 7.873 x 10~ mole Jz,“l,

and 2k, = 7.2 x 107 4, mole™t sec.nl,
k, [7], [Rs] > 2k [R-]2,

Hence,

2k, [R*]? _ k, [Re]? ) (Rp)2

= ~ = - (18)
I k, (RO R)2

Hence, during the induction period, using a simple reaction scheme:

I =k, (R](7] = - $&1 (19)
dt

By differentiation of eqn (18)

4z I+2k [R)? d[R]

— = e

at k, [Re7? dt

Also, since = %% = kZ [Re] [ from eqn (16) and (17):
I + 2 kt [R'jzl d [R.] == T4+ 2 kt [R‘]2 (20)
k, [R*] [ dt




28

After re-arrangement and integration this becomes,

[R']s "+ 1n [R.]s + [R°] = k, [R.]st + A% (21)

[R] [R*], ~ [R*]
where A¥* is a constant and ER-]S is the final steady radical concen-
tration corresponding to [Z] = 0, If the 'reduced rate' ¢t iz defined
as the ratio of the rate at any time t in presence of the inhibvitor,
RP, to the final maximum rate, Rps, wien all the inaibitor has dis-

appeared and if the monomer concentration remains effectively constant,

then we have,

B kaM)(R‘) _ (Re)

. = = (22)
kp(M)(R )B (R')s
Hence eqn (21) becomes
(1 -9 +49)
1 1 o] t
- + In =k [R*] t (23)
TE; q; (1 + Qo)(l - ¢t) z s
where ¢o << 1, equation (23) may be rewritten as,
(1+9)
%ﬁ- - %;—-4, In ——L =k [Re] b (24)
o it (1 -4,)
It is possible to choose a time t = T, such that
(1+9)
mi i ln — o0 (25)
¢t (1 - ¢t) '
whence, Qt = 0,648, in which case egn (24) becomes
1ok [Re] (26)
z sT )

4,
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T is thus the time taken for the rate to reach 0,648 times the final

maximum rate,
L

oy

Again, from eqn (17), (R')s = [ ]k , when all the inhibitor
has been used up, i,e, when [Z] = O,
From eqn (19) we know that during the induction period,

. | ~ I
[7] = g—fgey @nd corresponding Yo ¢ = 0y [Re], = p—73

7
..o T = L " = S = L%]_O ™ [ ]O — (27)
k, ¢o [R*l, ¥, [R?], T 2 ky £ [In]

where T is the time corresponding to eqn (25) and [Z]o is the

initial concentration of the ideal retarder, Bamford et al, used

43z, hh 48

FeCl; as an ideal retarder, Equation (23) may be rewritten

in the alternative form

=k [Re]. %t + A¥ (28)
¢, 1-¢) ° s

which enables ¢t to be plotted against k [R']st + A*.51

Again, since (Rp)s = ” = kp Ml (R ]s

k (R*) (M) k
. _ETR_?_._ = w2 (29)
o max p

2,1.3,2, The Treatment of Bengough et al, 15k

Alternatively, a plot of the left hand side of eqn (28) against
time, t, will give a straight line of slope k, (R')s and hence, k_
can be determined from eqn (29) using a measured value of (Rp)max

at a known monomer concentration (M),



Again, re-arranging equation (13):

2 ky (R*)? + k, (R*)(B) = T =0

Cm) = - k_ (%) + /E;Z(%)z + 8 k, I

Iy ke (20)
when (2) = 0y
oy I 7
(R), = [-Z-k—t 12 (31)
4 (Rp) (R*)
. . t = = .
R)y (R,
: -Ik(m-ffk{fm‘+-8kt1 (32)
2(21 kt)2
(1-¢.2) (2 Ik )3
ek s —te i (33)
2, (2)
Now we require the variation of (Z) with time or with %
polymerization,
But - £ =k (%) (2) | (14)
dt
(z) t
. - ::'-".. j -c-l—z- = ( (Ro) dt
. o k (Z) JO
Z
Now in general,
L aan (M) (R*) (8)
dt p
t. ( (1)
e | R b= a(i) (35)
Jo k) J(M)O ()
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. 7 ky (0 1)
or, y
k () (M
K, @), ),
i kz/k
Hence, (Z) = (Z)O i-——} P (37)
MO :
HNow, if F = fractional conversion of monomer to polymer,
) - ()
egual to T
M o]
S _q-m
(M)
[o] kZ/k
Hence, (3) = (Z) (0 -F) P (38)

Substituting the value of Z in (33)

(1-¢2 (21 k,c)%

” ¢, (@), QL -F) ¥
1-0:2 k_(Z) ' k
.’ log ¢t = log z_.2 3 + EE log (1 - F) (40)
& [(2T k) P

1-(),02

Thus, keeping I and (2) fixed if we plot log { } against
’ o 'k_@;—'
log (1 - F), we should get a straight line of slope z/kp. The
above equation was used by Bengough et al, for the polymerization of

51,53, 54

some monomers in presence of CuCl,.



However, because of the shape of the % polymerization against
time curves, it is difficult to determine accurately the value of
time corresponding to any value of ¢ if it is < 0,15 or > 0,8, In
this thesis, the values of ¢ were determined from the smoothed curves
of % polymerization vs, time, at convenient intervals of time for the
range of §-values 0,15 - 0,8,

2,1.,3,3, Extension of the Treatment of Bengousgh et al, to the

Equilibrium A & €1~ = ACL

It is assumed that in the presence of LiCl and an organic ferric
complex, A, the following equilibrium is established,

A g CL ? AC1
ko

where ACl represents a substituted inner- or outer-sphere complex,
Now if the velocity constant for the reaction of a polystyryl
radical with A and ACl are represented by kx and kz respectively, the

different termination steps will be

k

R-+A—-3‘—-+Pr+ﬁ.'
Kk

R* 4+ ACL =2
2k

R* 4+ R* ——tuy P

P+ ACL'
T

e 2R ¢ (R {k, (&) vk, (D] - T =0 (41)

- $E ) + . (ACLY + /TR (B + K (ACI? + @k, I

bk

e (RY)

But, (R‘)S =[ -é—k:-[- ]% [cf eqn (31)]

32
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Proceeding as before, we can show that,

5 )t ¢t2 1
{0 + o0l = (2, 12§t ) (43)
}
_ d(AC1)

Now, =k, (R*) (AC1) + ky (AC1) ~ K (aA)(c1m)
dt

and if the equilibrium is always attained,

K (A)(CL7) = k, (AC1)
~_ d(ac)

e at = kz (Re)(ACL)

(44)

Hence, it can be shown as before

k
(AC1) = (AC1)_ (1 = F) Z/kp (45)
| [ef (38)]
If kx(A) << kZ(A01) i,e, if the equilibrium is somewhat to the

right hand side, and k, >> k.

then k_ (ACL) = (2, | _1_:__%_2_&
% |

In our experiments, k, is of the order 10* ,:",.mole"]'sec"l while

(46)

k, is of the order 102 ﬂ.mole_lsecfl, only,

(2, ¥ 1-9,2)
. kz = Kz/k » T L
.. (ac1), (1-F) “"p ¢ (47)
whence, ¢ . y
1- k (AC1) k
log t = log{ —=2 10 + =2 1og (1 - F) (48)
¢t Y (2k€I)2 kp

- d 21
Hence, a plot of log {—75—45-! against log (1 ~ F) should give a
k )
straight line of slope 2 kp. t
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2,1.4, Relationship between 7 and the Induction Period%’51

In Figure 1, curve (a) represents the period of acceleration
to the steady retarded rate following inhibition, and (b) is a
straight line drawn through the origin parallel to the linear

portion of the curve (a), We have

(- ¢0) 1+ 9

.]_'_ - .]_'_ + 1n | = kZ [R.]St (23)
Qo Qt : 1+ Qo) (1 - ¢t>j

Differentiating eqn (23) and for convenience pmitting the subscript t

of gt q omd ver\n,eina , Jov comvenience ere , Ahe pqwbol ¢ /Bn o

1 1 11

———  } S—— 4 v—

. =k [R*] dt
©le2 10 1—9J‘ z 5

Now, let the vertical distance between curves (b) and (a)
be equai to & and AY be the value of A when (a) becomes linear
(i,e, when (b) and (a) are parallel), The extrapolated linear
portion of the curve (a) intersects the time axis at A, Hencé,

Induction Period, I,P, = OA,

Again,
A = difference in % polymerization achieved at any time t,
t -
= 7 . Red ¢
=, | e, - ) e (49)
“o
_ value of © (R°)S - (R*) 1 1 1
= k_ [M] at time, t (-—-+ — ———). de
P x_ (R*) 140 1-0
3 s
value of @
at t=0
(Re)
But =0
(R*)
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Hence, 8
1 1 1
kb=t | a0 e — =)
= F o e 1-0
o]
e
=k(M)B (1 = - L, L _1yg4 (50)
P o 1+e 1+e e? Q

o
Now, when 6 = 1, A becomes AY,

Hence, integrating (50) between 8, and 1

1
k AY = k (M) S (G TP R .
z P o 146 146 & @
(o]
= k_(M) {21n2-2-21n(1+o)+3—+1n9 *@} (51)
p °° g ° A
(o]
But A = ot = rate of polymerization
intercept on OA I1.P,
= kP(M) (R*) (52)
ny 1 .
. I P, =0A = = 42 1In 2-2-21n (1+go)' (53)
k (M)(R*)_ k_ (R*) o
o) s 'z s 1
+ go + 1n Oo 4 @h
. . 1 ’
——g— = L d T
Again, since 5 k [Re], (26)

where T is the time when the rate is 0,648 x maximum rate,

o T-IpP, =t {2 ~2In 2 - 1n oo} | (54)

kz (R’)S

Since, 1n (1 + eo) o~ o, with 6~ 0, So T is always greater than

IP., Bamford et al, 43 gave
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1
kz (R.)s

T - 1,P, = {1 -21n2 - 1In 90}

2,2, Decomposition of o,a'=~amobisisobutyronitrile, (A1BN)

Azo-initiators are favoured for many kinetic studies because
unlike peroxides they undergo no induced decomposition, The most
widely used initiator with styréne is aya'~azobisisobutyronitrile
(A1BN), Its thermal decomposition in solution has been followed
by nitrogen evolution, by 5pectrophotometry and by radical svavengers
such as iodine, oxygen, o,o'=diphenyl-p picrylhydrazyl and ferric
chloride, and is found to be first ordei",72

Initially,

CHj | CH; CN

(a) CH}"C—N=N~%-CH3 "’ZGHB-%“I'NQ
CN cN CH,

Tetramethylsuccinodinitrile is the main product in solution

though other side products are formed.ag’67 A spectrophotometric
method may be applied to determine the first order rate constant, kd,
using the expression73
1 Ao - A .
ky== 1n (55)
t A, - A
t (eo]

where, Ao, At and Aoo represent the absorbancies corresponding to
times zero, time t and time infinity, respectively, The value of
in (Ao - Aao) was found by an extrapolation procedure involving a

plot of 1n (At - Aa? against time, t, since during the early stages
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of the experiment the spectroscopic cell contents had to warm up

to the thermostatted cell holder temperature, The value of Aod

in practice, was determined after three or four weeks, when there was
no measurable further change,

2,3, Measurement of Rates of Polymerization Dilatometrically

The density of styrene is less than that of polystyrene;
Consequently, polymerization of styrene is accompanied by a decrease
in volume and the rate of contraction in volume in a dilatometer
enahles the rate of polymerization to be determined,

If V ml, is the initial volume of the solvent and monomer (styrene)
in the dilatometer at the experimental temperature and v is the volume
of 1 cm of the capillary of radius, r,
v='n:r2

v

volume of the dilatometer bulb to the lower mark}

i+ w? 4 { cc
o

where 20 is the initial height of thg liquid above the lower mark in cm,

when the reaction time is zero and r is the radius of the capillary

in cm,

- In practice, different values of the height of the meniscus above
the lower mark, are plotted against time of polymerization and 20 is
determined by extrapolating back to zero time, Now, if £ is the
height above the lower mark at any time, t;, min,, % contraction

(4-2)7|

in volume = f x 100 at any time t, min,

v
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If all the styrene present in the reacting mixture of
volume, V ml, are converted into polymer and if the initial

volume of styrene at 60°C is V (ml); then

styrene

fatyrore = Yporymer |
100% polymerization = styrene POLYIET & 5 100 % volume
v
contraction,

.°s corresponding to time, t; min,, at 60°C

(20-!&1 Jv x 100 1
% polymerization = 7 . _
Vstyrene - 'styrene x 0,8712, V
1,0563
v
(zo-z,>v x 100
= % (56)

_ Vstyrene x 0,8712
1,0563

Vstyrene

since the densities of monomer and polymer at &°C are 0,8712 and
1,0563 g.ml.-l, respectively,

The percent polymerization can be calculated from eqn (56) and
the plot of % conversion (of monomer to polymer) against time is
found frequently to be linear.

Now, for 1 litre of styrene/solvent mixture converted at the
rate of 1% per minute we have, (3%5 X w) gm of polystyrene formed
in 1 litre of the mixture at &°C.

In other words,

1% polymerization per minute E-[i%5 X E%E:I X E%] mole of

styrene Z:lsec_l,

e X% " " 11 =

1 W 1 -1 =1
= X[Té.o. X TohT X -6-6] mole L. ~sec,” (57)



The following densities were used in this thesis,

Table 1

Compounds Density at 20°C Density at 60°C
(gm.ml?l) (gm.mlfl)
7h .
Styrene 0,5063% 0,8712
Polystyrene in s‘l:yrenZLF - 1,0563
. <o 7h
Dimethyl formamide
*
Dimethyl sulphoxide 1,1003 1,0609
(DMSO) -

3
( Determined in these laboratories)
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2,4, The Viscosity Measurement

The intrinsic viscosity of a polymer is related to the viscosity
average molecular weight by the Mark-Houwink equation

(M =KH“

v ?

where K and o are constants for a given polymer, solvent and temperature,
Measurements of solution viscosity are usually made by comparing

the time,; t, required for a given volume of polymer solution to flow

through a capillary tube with corresponding time, to, for the solvent,

t

The relative viscosity is given by ﬂr =T
)

Specific viscosity, by T, = t -t

(o}

and intrinsic viscosity, by [T]= [FﬂSI’_2
¢ -“c=0

1= 1,
=

for ﬂr <2 68

The intrinsic viscosity is obtained by plotting both —=2 and
c
in nr against ¢ and extrapolating back to zero concentration, and
c

using a mean value if the two extrapolated values do not coincide,
The intrinsic viscosity is independent of concentration, The
constant, K, may be replaced by the appropriate calculated constant
to yield the number average molecular weight (ﬁﬁ) directly, For
example, for unfractionated vinyl polymers terminated exclusively

5

by disproportionation’” of polymer radicals of low conversion,



L2

K" = K'(2 + &) and [T] = K" ﬁn“ (58)

and for unfractionated vinyl polymers terminated exclusively by

combination,
KO (3 + ) _ -
K" = __.2_1___;0?_____ and ['ﬂ] = Km Mn (59)

where [ is the "Gamma Function",70 Bawn et al.77 established
the following values for polystyrene in toluene at 25 - EOOC,

. 0.7 -1
(M = 1.729 x 10" () di. g. (&0)
for unfractionated polystyrene

and

(0] = L34 x 107 ()  dl. e (61)
for fractionated polystyrene,

The above equations, suitably modified when necessary, were
used in all later calculations,

2,5, Osmotic Pressure Measurements

2,5.1, Determination of Molecular Weight, (ﬁ;)
According to the theory of dilute polymer solutions66’58, the
osmotic pressure, m is a function of concentration, ¢ and it is

established that

olda

= (Ztc-)o (L +7,c + gnz c?]

where [, is the parameter depending on the polymer-solvent inter-
actiony g is a slowly varying function of polymer-solvent inter-

action with values near zero for poor solvents and near 0,25 for good
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solvents, and (EDO ragpresents the limiting value at infinite dilution,
For very dilute solutions, the above equation may be approximated as
@ <ED o] e

c’o
M
n.

- (62)
M
n
Owing to the omission of the higher terms in eqn (62), its
application is restricted to solutions of low concentration only,

2,5,2, Calculation of the gas constant, R,

R = 8,205 x 1072 2 ,atmos, deg.‘l mole-l.

o s if dt density of toluene at temperature, tOC,

R = 8,205 x 1072 (ZELEELQ&ZQZ) 4, cm of toluene at t°C deg.—lmole-{
t

. s At a temperature of tOC,
i | 1

RT = i§33229 x (273,16 + t)f 2. cm of toluene mole T,

t
RT b4 2  + % ‘
coB e Eo BT (FB100 ) (63)
M a., M
n t* n
In this thesis, the following density values78 were used:
Table 2
Tempgrature Density of Eiluene
(c) (gm, m1,” ™)
20 0,866
25 0,361
20 0,856




The plot of densities of toluene against temperature (ra.nge
0% to 99°C) gives a straight line (Fig.2) and the densities
corresponding to intermediate témperatures were calculated from

this plot.
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IIT MATERIALS

(Preparation, Purification and Storage)

3.1, Monomer

3411, Stzzene

The styrene, (supplied by B,D,H,), contained O,QOl to 0,002 per
cent of tert, - Butyl catechol as the stabilizer, It was purified79
by washing three times with 40 per cent agueous sodium hydroxide
(A R,y Hopkin and Williams) followed by five times with distilled
water, and drying overnight over anhydrous calcium sulphate, The
filtered liquid was distilled under vacuum and the middle fraction
was collected,

Oxygen-free nitrogen was then bubbled through the purified
styrene and it was stored in "Cardice" (solid carbon dioxide) in a
Quickfit stoppered flask, The styrene was discarded when a few ml,
of methanol added to a small test sample of monomer at room temperature
produced a faint precipitation of polystyrene, The purity of the
styrene was checked with methanol in this way from time to time,

3,2, Solvents

3,2,1, N,N Dimethyl Formamide (DME‘)71+’80

Commercial N,N dimethyl formamide (B,D.,H.,) was dried by treating
it successively with AR, potassium hydroxide pellets (Hopkin and
Williams), anhydrous calcium sulphate and calcium hydride (Hopkin and

Williams), After filtration, it was distilled under reduced pressure

ke
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and the middle fraction was collected, It was stored in a stoppered
bottle over a trace of calcium hydride until required,

3,2.2, Dimethyl sulphoxide (DMSO) oL

Commercial dimethyl sulphoxide (B,D,H,) was dried over Linde L4A
molecular sieve, distilled under reduced pressure and the middle
fraction was collected, It was stored over Linde 4A molecular
sieve until needed,

3.3« Organic Ferric Compounds

34341, Hexakis N,N-dimethyl formamide iron(III) Tetrafluoroborate,
82, 83

[Fe(DMF) ¢ 1(BF, )5

To 2,6869 gm (0,0138 mole) of anhydrous silver boron tetrafluoride
" (Alfa Inorganic) dissolved in %0 ml, of N,N-dimethyl formamide (DMF),
0,75 egm, (0,0046 mole) of anhydrous ferric chloride (Hopkin and
Williams) dissolved in 20 ml, DMF were added, To enSuré complete
precipitation, the mixture was allowed to stand for about twelve hours
and then the precipitate of silver chloride was filtered off through
a dry No,3 sintered glass crucible, 300 ml, of dried anhydrous ether
(M and B) were added to the filtrate and the mixture was kept overnight,
The solid formed was filtered off, washed with ether, and dried under
vacuum in a desiccator over silica gel,

3 Ag'BF,” + FeCl; —— [Fe(DMF)¢]1”"(BF,7), + 3 Agll,

The yellow crystalline compound was recrystallised from a mixture
of DMF/absclute alcohol and stored in the dark over silica gel until

required, The entire operation was carried out in a dry box,
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Analytical results:
Calculated for C, 28,64%; H, 5,61%; N, 11,13%
Found C, 28,76%; H, 5,82%; N, 11,26%,

3.3.2, Hexakis Dimethyl Sulphoxide Iron(III) Tetrafluorcborate,

[Fe(DMSO) ¢ J(BF, )3 .82

To 2,6869 gm (0,0138 mole) of anhydrous silver boron tetrafluoride
(Alfa Inorganic) dissolved in 30 ml, of dimethyl sulphoxide (DMSO),
0,75 gm (0,0046 mole) of anhydrous ferric chloride (Hopkin and Williams)
dissolved in 20 ml, of DMSO were added, To ensure complete precipita-
tion, the mixture was allowed to stand for twenty four hours and then
the precipitate of silver chloride was filtered off through a dry No,3
sintered glass crucible, 300 ml, of dried anhydrous ether (¥, and B,)
were added to the filtrate and the mixture was kept in the dark for
forty eight hours, The solid formed was filtered off, washed with
ether and dried under vacuum in a desiccator over silica gel,

- DMSO ~

The greenish yellow crystalline compound was then dissolved in
DMSO and reprecipitated twice by absoclute alcohol, It was dried
in vacuo and stored in the dark over silica gel until required, The
entire operation was carried out in a dry box,
Anslytical results:
Calculated for, C,,H;¢S¢G¢Bs Fy o Fe
C, 18.36%; H, 4,5%

Found C, 18.36%; H, 4ok
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33543+ Tetraethylammoninm Tetrachloroferrate(III).82

Tetraethylammonium tetrachloroferrate was prepared by dissolving
iron(III) chloride (Hopkin and Williams) in a benzene/ethanol mixture
(1:1,'by volume), To the solution was added the stoichiometric
quantity of tetraethylammonium chloride (B,D.H.). Precipitation
of yellow needle~like crystals occurred immediately,

benzene/ethanol

The crystals were filtered off and washed with anhydrous ether,
and dried in a vacuum desiccator over phosphorous pentoxide, The
compound was stored in the dark in vacuo over phosphorus pentoxide
until required,

Analytical results:
Calculated for CgH, NFeCl,:
C, 22,28%; H, 6,10%; N, 4, 27%

Found C, 29.,23%; H, 5,98%; N, k4,22%,
3,4, Initiator

3.,4,1, Purification of a,a’'-azobisiscbutyronitrile (A1BN)

About 6 gm, of commercial a,c'-agobisiscbutyronitrile (Aldrich
Chemical Company) were ﬁlaced in a 500 ml, round hottom flask and
about 400 ml, of anhydrous ether (1, and 3,) were added progressively,
in small quantities, The mixture was stirred in a bath of warm water,
(%0 - 35°C), until the AIBN dissolved to form a clear solution,

For the sake of safety, this operation was performed outdoors,

Some ether was then evaporated using a water pump to reduce the
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volume to about 200 ml, The solution became cloudy and was kept
overnight in a refrigerator, in a stoppered round~bottomed flask
wrapped in aluminium foil,

The crystalline material was isolated by filtration, dissolved
in ether once more, and the whole operation was repeated,

The final white, crystalline material was stored in a small
stoppered bottle covered completely with aluminium foil,

The purity of the compound was checked spectroscopically,

3,5, Lithium salts

Lithium fluoride, lithium chloride, lithium bromide and AR,
lithium sulphate supplied by B,D,H, were used directly without

further purification,
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IV APPARATUS

4,1, The High Vacuum System

It has been noted that atmospheric oxygen has a profound
influence upon the kinetics of polymerization of vinyl monomers,
Further, the effect of oxygen is so varied and unpredictable that
it is absolutely essential to remove all atmospheric oxygen from
the reaction vessel to achieve reproducible kinetic results, The
high vacuum system used for filling reaction vessels and degassing
reactants is shown in Fig,3,

The pumping system consisted of one small mercury diffusion
pump Dy and a large mercury diffusion pump D, arranged in series,
backed by an Edwards "Speedivac' high vacuum oil rotary pump
(2 8C 20 4),

The o0il pump used in conjunction with the mercury diffusion
pumps enabled the pressure to be reduced to zs low as 10-6 mm of
mercury, The small bulb ¥ together with a large ''equalizing pressure
bulb", E, prevented oil from being sucked into the main system in
the event of power failure, The liguid air trap, A, prevented the
condensable vapours released during degassing procedures from con-
taminating the mercury in the diffusion pump or the oil in the rotary
pump, A section‘of the apparatus, P, with two taps, T; and T,, enabled
the mercury diffusion pumps Dy and D, to be by-passed if desired,

In some experiments in which large quantities of air were released

from materials being degassed, initial degassing was achieved using
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the rotary pump alone, by closing the taps Ty, T¢, T, and Ty and
opening taps Ty and T,, The degassing procedure could be completed
using both diffusion pumps and rotary pump by closing taps T; and T,
and opening taps Ts, Ty, Ty and Tg,

The main vacuum line, connected to the diffusion pumps, was
made of tubing of large bore (2 cm) in order to facilitate efficient
outgassing and consisted of two parts I, and I, with an inter-
connecting tap T;4, The vacuum lines I; and I, contéined a series
of isolating high vacuum taps T, - Ty, and Tyq = Tpq 4 respectively,
L, and I, also contained a series of side arms fitted with taps
T, - Tz, and each side arm had a B/19 cone at the free end,

A conventional Mcleod gauge which could be isolated by tap T,
if necessary, was incorporated in the vacuum line for measurement
of pressure,

Pyrex glass was used throughout and all the tabs are lubricated .
with Apiezon N high vacuum grease (Edwards High Vacuum Co,ltd.).

4,2, The Dilatometers

The density of most vinyl moﬁomers is less than that of the
polymers formed from them and as such rates of polymerization can
be followed by measuring the contraction in volume, The rate of
contraction is generally measured in a reacting vessel known as a
dilatometer, (Fig,4). Dilatometers were usually méde of Veridia
precision bore capillary of diameter 2 mm and of'length 10 cm, Joined
to a bulb of size about 8 co, In some experiments dilatometers

with a bulb capacity of about 30 ml,, and a capillary of 1,0 mm



diameter were used to increase the accuracy of measuring reduced
rates of polymerisation, Dilatometers were calibrated using
distilled water, the density of which is known precisely at any given
temperature, Two marks, C and D, were made on the capillary by
means of a glass knife as shown in Fig 4, The volume of each dila-
tometer to the lower mark, C, as well as the radius of the capillary
and the distance between the top and bottom marks, C and D, were
determined accurately,

. The Filler Tube with Dilatometer

To avoid any extraneous effects due to atmospheric oxygen, the
dilatometers were filled and sealed off in vacuum, The apparatus
for doing this is shown in Fig,5, The dilatometer was attached to
a tube filler furnished with a B/19 socket at the top, The reaction
mixture was first introduced into the tube filler through a dropping
funnel, The mixture was then frozen by immersing the tube filler
in liquid nitrogen and the whole system was evacuated, By alter-
nately isolating the tube filler and contents from the rest of the
vacuum line by means of a tap and melting the contents in the tube
filler, degassing was accomplished, The reactants were assumed to
be free from air, when no bubbles were evolved on melting the solid,
In practice, degassing was usually carried out three times, With
the tube filler frozen in liquid nitrogen, the tube filler was sealed
at the constriction, A, by an oxy-gas flame, Finally some of the
liguid was tipped into the dilatometer so that the meniscus of the

liguid in the capillary tube would stand about 3 cm below the top
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mark, D, when thermostatted at €0°C, The liquid in the dilatometer
and that left in the filler tube were then both frozen in liquid
nitrogen and the dilatometer was sealed at the constriction, B, and
detached from the tube filler, The fall in the meniscus height

in the dilatometer was followed by means of a cathetometer, Usually
a 50 cm cathetometer with a vernier reading to + 0.001 cm was used,

L.3, The Thermostat

A cylindrical glass bath of height 45 ém and diameter of 30 cm,
was used as a thermostat, It was filled with water and covered by
a layer of paraffin oil of about 1 cm depth, about 4 cm below the
bath top, in order to reduce excessive evaporation of water,

The temperature of the bath was controlled at £0°C (+ 0,01°C)
by a contact thermometer (Jumo Contact Limited, MS 121) connected
to a heater through an electronic control relay (Electro Methods
Limited, England, Type No,213B), In order to keep the temperature
of the bath uniform, the contents in the bath were constantly
stirred by an electrical stirrer, A standard thermometer (certified
by Sugden, Powell Limited), immersed completely in the bath, served
as a reference thermometer, A gimilar bath filled with distilled
water maintained at BOOC, by a similar method was used for viscometric
work,

L, L, Gravimetry

For gravimetric work, reactions were carried out in simple tubes

(Fig,6), fitted with B/19 sockets at the top, The reaction mixture

of monomer (styrene), solvent and initiator in each tube was degassed
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and sealed in vacuo exactly as in dilatometric work, The sealed tube
was then introduced into the bath at GOOC, The conversion was not
allowed to exceed ten per cent, The tube was then cracked open and
the contents were poured into a 400 ml, beaker containing about 200 ml,
of methanol in which had been dissolved a trace of hydroquinone, |
The polystyrene precipitated, and the precipitate was allowed to
settle overnight and filtered through a clean previously-weighed
sintered glass crucible (No,3), It was washed with methanol and dried
at EDOC, under vacuum, to constant weight, (In practice, the samples
were dried under vacuum until the loss in weight did not exceed
5 milligrams per day), The rate of polymerization was calculated
from the amount of polystyrene formed and the sample could be subse-
quently used in osmometry and/or viscometry for the determination
of the degree of polymerization,
4,5, Viscometry

The molecular weight of polystyrene was determined using an
Ubbelohde viscometer fitted with a pumping device as shown in Fig,8,
The three limbs of the viscometer, Ay, B and C were covered, when
necessary, with glass lids, Dy E and F, respectively, to prevent
dust from contaminating the solution inside the viscometer, There
were two etched marks X and Y on the limb C,

In order to obtain reproducible results, the apparatus must be
clean, dry and completely free from dust particles, Hence, the
apparatus was soaked in chromic acid for 24 hours, rinsed with

distilled water and dried overnight in an air oven before use,
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The apparatus was placed in the thermostat at BOOC, and 5 ml,
of dust free '"AnalaR" toluene were pipetted through A, About 15

minutes were allowed for tenperature equilibrium to be attained,

The pumping system wes then connected to A and air, previously
filtered through a sintered glass filter S, was pumped into the
viscometer keeping a moistened finger over B, till the solvent level
rose well above the top etched mark, X, Then the pressure was re-
leased by opening the tap T on the pumping device and a few seconds
later the finger from B was removed and the liquid began to flow down
the capillary, The time of flow of the solvent from the upper to
lower etched mark was measured with a stopwatch, The experiment was
repeated until three consecutive readings agreed within 0,2 second,
If the times were found to be inconsistent the apperatus was cleaned
with chromic acid once more, as some dust particles were suspected to
be present,

The apparatus was dried in an oven and 5 ml, of a standard
solution (about 1%) of polystyrene in dust free "AnalaR" toluene
(B,D,H,) were pipetted into A and the time of flow of the solution
from X to ¥ was measured as before, A known volume of dust free
"AnalaR" toluene was added td A to reduce the concentration of the
solution to about 0,8%, The solution was made homogeneous by holding
a fingexr over C and applying pressure by means of the pumping device
at B to bubble air through the solution, The time of flow was
determined by the stopwatch as before and the operation was repeated
by further additions of solvent till the concentration of the solution

fell to about 0,25%,
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4,6, Osmometry

The osmometer used for the determination of the molecular weight
of the polystyrenes was a Mechrolab model 502 High Speed Membrane
Osmometer, with a Schleicher and Schuell type O - 8 regnerated
cellulose membrane, The instrument was sensitive within the number-
average molecular weight range of 20,000 to 1,000,000, and permitted
operation from room temperature to 13000, The instrument was
operated at room temperature with "AnalsR" toluene (B,D,H,) as the
solvent,

The working principle of the osmometer is shown in Fig,9,
Fundamental to the operation of the Mechrolab 502 were a semipermeable
membrane and an air bubble, The air bubble was trapped in a capillary
which was filled with solvent and attached to a lower membrane clamp,
In the control position, the light source was focused on the upper
meniscus of the air bubble, The photo~detector cell was located
at an angle of 90° from the light bean,

The counter pressure servo system consisted of a photo-detector
cell, an amplifier and a servo-motor connected to the elevator that
adjusted the pressure on the solvent side of the membrane,

Initially a standard solution of polystyrene (about 1%) was
introduced, This caused solvent flow towards the membrane causing
distortion of the air-solvent meniscus, This distortion of the
meniscus changed its light scattering properties, and, hence
changed the intensity of light reaching the detector cell, The

detector cell analysed this change and sent a signal through the
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amplifier to the servo system, The servo system then made the
appropriéte pressure adjustment, The pressure applied was read

on a digital counter in cm of solvent and was equivalent to the

osmotic pressure of the solution, The osmotic pressures at a series

of three or four concentrations were measured and the results were
represented graphically, Extrapolation to zero concentration of (gp was
made, and the molecular weight was calculated from this value,

A typical extrapolation is shown in Fig, 10, using a fractionated
polystyrene sample supplied by The Pressure Chemical Company,

The servo system was capable of reading osmotic pressures to
well within + 0,01 cm of the solvent, A recorder was used in -
conjunction with the osmometer, The recorder demonstrated the
graphic display of the dynamics of the system,

L, 7. Spectroscopy

The spectrometers used were the Unicam S$,F, 800 and S,P, 500
models and a Perkin-Elmer 137 U,V, model, The firet spectrometer
was used for recording spectra at room temperature whilst the other
two were used for spectra at room temperature‘as well as at 6090,
A Churchill thermo circulator was used in conjunction with the spectro-
meters for thermostafting the cells at 60°C, To avoid any extraneous
effects due to oxygen, reactions were performed under vacuum in plain
reaction tubes (Fig.6), At suitable times, reaction tubes were
removed from the thermostat rapidly cooled in liguid nitrogen, cracked

open, mixed with an appropriate amount of 1,10 phenanthroline hydrate

(Hopkin and Williams) and then the mixture transferred to spectroscopic
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cells, 1In some cases, the cells were filled in vacuo and the
reactions were followed directly, Aluminium foil was used to
protect cells containing reactant solutions from stray light.

The apparatus for filling such cells is shown in Fig,7, The
degassing was performed as previously described for dilatometry,
10 mm, path length rectangular quartz ﬁells (Thermal Syndicate Ltd)
vwere usually used for ultra~violet spectroscopy, The cells were
matched against DMF and DMF-styrene mixture containing lithium

chloride when appropriate,
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V, RESULTS AND DISCUSSIONS

5.1. Spectroscopic Identification of a,a'~azobisisobutyronitrile

The melting point of «s0'=azobisisobutyronitrile, (A1BN), is not
a good criterion of purity, and therefore the purity of the recrys-~
tallised material was checked spectroscopically, A solution of
AIBN of strength 10,35 g. . in absolute alcohol at 20°C, was used
for spectroscopic analysis, .The maximum extinction coefficient was

-1

found to be 13,0 z.mole-lcm, at a wavelength of 3&50°A, (Fig,11),

and was in reasonable agreement with other literature values.85’86

5.2, Decomposition of A1BN in Dimethyl Sulphoxide

The decomposition of A1BN in dimethyl sulphoxide, (DMSO) was
followed spectroscopically at EOOC, using a 137 Perkin-Elmer spectro-
meter, TFreshly distilled DMSO was used and the experimental
procedure has already been outlined (Section 4,7), Some of the
spectroscopic curves recorded are shown in Fig,12, corresponding
to different times of reaction, As the decomposition proceeded,
the intensity of the peak at 350 mp gradually decreased while that
at 200 mp increased, initially, giving an approximate isosbestic
point at 327 mp, The peak at 350 mp is characteristic of the azo-
group in A1BN, and the absorption in the region of 300 my is due
in part to tetramethylsuccinodinitrile,»which is the main decomposition

87

product, ' although some dimethyl-N- (2 cyano-2 propyl) ketenimine,

(CHs); C =C = N = C (ON)(CH; ),, which also absorbs in the same
72

region,88 may be formed,
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The first order rate constant, kd’ fo~ A1BN decomposition

was determined using the expression?
1 A Aoo“
H1="]ﬂ[”&“‘“J (55)
t At ~ A

where AO, At and chrepresent the absorbanciss of AI1BN at a suitable

wavelength correspoading to time zero, time t and time infinity,

A - A
The plots of logJ:KO-_ AQOJ against time t, corresponding to wavelengths,
t foe}
345, 350 and 360 my, gave a ressonably straight line (Fig,13) and the

5

mean value of k, was found to be 0,9% x 10™%sec,”t at 60°C, The

value of kg for A1BN I+ DMF, which is also a relatively inert solvent
5 -1 67,89

with respect to transfer, is reported as 1.2 x 10 “sec, .

5.3, Spectroscopic Investigation of Iron(III) Chloro Ccmplexes in

N,N Dimethyl Formamide and Mixed Solvents

The spectra of [Fe(DMF),] (BF,); in dimethyl formamide (DNF)
solution containing different concentrations of added lithium
chloride are shown in Fig,1h4, Assuming the usual co~-ordinaticn
number of six for all cationic iron(III) species, curve (a) may be
associated with the prasence of Fe(DMF)53* jons, Acdding lithium
chloride to give a LiCl/A molar ratio of 0,25 produced an increase

in absorption over the entire wavelength range, curve (b), attributed

to the formation of Fo(DMF);01%* ions, The formila Fe(DMF)5C1%*
is used for simplicity here, and does not necessarily imply inner
sphcre comniexing. hu* rould also refer to outer sphere complexes
of the type Fe(DMF)53+, cr”

The oomilib=fvm veortion dwralvad is?

o



(n) Fo(DMF) (>F + 01" —ad—d Fo(DMF)5C1* } DMF
Pm——

The intensity of absorption at 265 mp subsequently decreased
progressively on increasing the LiCl/A molar ratio to 0,5:1 and 1:1,

These changes were due to disappearance of Fe(DMF)5 Cla+ and
formation of Fe(DMF), Clz+ species, which by analegy with other ,
results involving Fe(DMA), 012+ were expected to absorb most

strongly at 320 myu,

(o) 20
+

Fe(DMF); C1 1 Lo Fe(DMF), Cl,” + DMF
Pl*

where K, is the corresponding equilibrium constant,

A relatively large increase in absorption over all wavelengths
occurred for a LiCl/A molar ratio of 2:1 [curve (e)], presumably due
to the increased concentration of Fe(DMF)h012+ ionsy and a hump also
appeared in the region 340 - 360 mp, For a LiC1l/A molar ratio of
3%1, the intensity at 265 mp again decreased, there was a peak at
205 mp, and the absorption at 350 mu increased [curve (f)], There

82,90 that an absorption in the region

is strong independent evidence
of 360 mu is due to FeCl, ions, which are presumably formed in
this instance by the process,

(p)  Fe(DMF),Cl,* + 2017 —ds FeC1,” + LDMF
”

where X; is the appropriate equilibrium constant,
This was confirmed also by recording the spectrum of

(CoHs ), N FeCl,; B, in DMF at 20°C, as shown in Fig,15 [curve (a)],
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F | d. 1 4 Ultravxoiet spectra of the complex (A), Fe(DMF)s—(BF )3,
with added LiCl in DMF at 20°C. [Total Fe(IIl) concentration is 2.2 x -
10~% mole 1.7 !): (a) complex (A) alone; LiCl/(A) molar ratios are
0.25:1 in (b); 0. so 1 in'(c); 1:1_ in (d); 2:1in (e); 3:1 in (f); and 4:1 -

in (g). ‘ . ‘
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Flg ]5 Ultravxolet spectra in DMF at 20°C. [Total Fe(HI) concen-
tration is 1.37 x 10™% mole 1.7 ]:* (a) tetraethylammomum tetrachloro-
" ferrate(III), (b) iron(III) chlonde
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The intensity due to compound, B, was only slightly affected on
adding lithium chloride to the solution to give a molar ratio of
LiC1/B of 3:1, indicating the stability of FeCl,  under these
conditions; Again; in agreement with this rationalization, the
absorbancy at 360 mp increased markedly on increasing the LiCl/A
molar ratio to 4:1 as shown in Fig,l4 [curve (g)]; The intensity
of thé peak at 360 mp thereafter increased by 1,4% on increasing
the 1iC1l/A molar ratio to 931, indicating that most of the iron(III)
species beyond a 4:1 molar ratio existed as FeClk-.

The equilibrium constant for the formation of the monoéhloro
species could not be calculated accurately from the speétrosCoPic
results but there were indications that the equilibrium constant,
Ky, was very high, Again the plot of T against added LiCl for
a molar ratio of C1~ ¢ A < 1:1 was found to be linear (Fig,31)
whicﬂ“also suggests a high value for K; . The equilibrium constant
of formation of the dichloro species was estimated to be about
5 x 104 from the spectroscopic results shown in Fig,16, The spectro-
scopic results in DMF and DMF/styrene mixtures suggest that uncharged
FeCl; species are not involved in the equilibria, This point is
well supported by the fact that the trichloro iron(III) species can
exist in only strongly acidic aqueous solutiongo. The values of
the equilibrium constants for the séepwise formation of iron(III)
complexes generally decrease with progressive addition of chloride

91

ions, " so that K; >X;, K, may thus be of the order of 108.
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Fig 16 Ultraviolet spectra of the complex A, Fe(DMF)5~(BF~),,‘:

: .with added LiCl in DME/styrene (1:1 by volume)
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Flg . 1 7, Ultcaviolet spectra in a DMF/styrene mixture at 60°C. _
[DMF] = 8.79 mole 1.7 !; [styrenel = 2.49 mole 1.7 [Total Fe(Ill) con-
- centration is 2.2 x 107 % mole 1.7 ']: (a) iron(Il) chloride; (b) LiCl/(A)
molar ratio i1s 3:1; (c) tetraethylammonium tetrachloroferraté(lll). o
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Similar spectroscopic studies were made with DMF/styrene mixtures
at 20°C and GDOC, with the concentrations of styrene similsr to those

43,69

employed in many kinetic studies, In these mixed solvent
systems, at both temperatures there was a tendency for FeCl,  ious
to be present to a greater extent than in the pure DMF alone, the
other principal ionic species again being Fe(DMF)h012+ at relatively
high LiCl/A molar ratios, Figure 17 shows some of the spectroscopic
results at 6000. From the spectroscopic results, the equilibrium
constant K; was estimated to be at least 108. In pure NyN~dimethyl
acetamide, a similar type of equilibrium was established82 with an
estimated equilibrium constant of 1010,

The spectroscopic results were unaffected by addition of traces
of water to the solutions studied, and were not markedly time dependent,

indicating that the various equilibria were rapidly attained,

5,4, Spectroscopic Investigations of Iron Complexes in Dimethyl

Sulphoxide (DMSO) and in Mixed Solvents

The spectra of [Fe(DMSO)G]tBF#)3, D, in DMSO containing different
concentrations of added lithium chloride are shown in Fig,18.
Assuming the usual coordination number of six for all cationic species,
curve (a) may be associated with the presence of Fe(DMSO)G3+ ions,
| Adding 1ithium chloride to give a LiCl:D molar ratio of 121 changed
the spectrum in the 335 mp region, This was in accordance with the

81

published results of Drago ~ and Wada et al?z However on addition

of further chloride ions the intensity in the 335 my region was found
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‘ Pig.ZO Ultraviolet and visible spectra of the compleg, D, [Fe(DMSO)GJ(BF',’)3
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to increase and did not reach a limit for a molar ratio of 21 as
previously reported,81 but required a minimum molar ratio of about
1031, This is quite expected as DMSC is a stronger ligand than

el
93 Drago et al.Ul also reported the absence of

the chloride ion,
FeCl4- in DMSO at a 5 x ID—qM iron concentration with a very large
chloride ion to iron(III) molar ratio, They also stated that the
spectrum of iron(IIT) chloride dissolved in DMSO is qualitatively the
same as that of a 1t1 molar ratio of chloride ion to iron(III),

These spectroscopic results sugrested that only the monochloro species
was stable in DMSO; +the dichloro and the tetrathoro species were
consequently very unstable, The spectra of the same systems in DMSO
at GOOC, were almost identical with those at ZOOC, as shown in Fig,19,
The same conclusion can be drawn from the spectra recorded at GDOC,
(Fig.20) in DMSO/styrene mixtures, but the interpretation may be
complicated by the possible precipitation of polystyrene formed by
thermal polymerization when the cells were thermostatted for long
times, The equilibrium constant, X, for the system,

2+ + :DF;\SO

(@) Fe(DMSO);~" + C1 = Te(DMSO),C1
at 60°C in DMSO and DMSO/styrene is estimated to be about 10° from
the spectroséOpic results and is much smaller than the equilibrium

constant of the corresponding system in DMF,

5.5. Densities of Dimethyl Sulphoxide (DMSO) at Different Temperatures

81

The densities of DMSO at different temperatures vwere determined
experimentally by Célculating the total volume of a known weight of

DMSO using a calibrated dilatometer, The results are recorded in
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Table 3 and plotted in Fig,21,

Table 3

Variation of densities of dimethylsulphoxide with

temperature

Temperature Density
(°c) (g.ml.—l)

20 1,1003

25 1,0958

35 1,0861

4o 1,0807

50 1,0709

60 1,0609

506, Determination of Rates of Polymerization of Styrene in Dimethyl

Sulphoxide (DMSO),

According to eqn (9),

(£, (Tn1i _
Rate of polymerization, R_ = k VoM
PP ke |
J

so if f, kg [Tn] and L remain constant, and independent of monomer
and solvent concentrations, then a plot of Rp against [ﬁ] should be

linear, Since DMSO is not a good solvent for polystyrene, kt is

expected to fall with increasing solvent concentration due to polymer

radical coiling and eventual radical occlusion by precipitated polymer,

83
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Rp will then increase due to occlusion of some of the free radicals;
However; for a conversion of less than 10%, no noticeable increase
in rate was observed for homogeneous or héterogenéous systems,

The data for different times of reaction are collected in Table 5;
The reason for the relatively small change of rate of polymerization
with increasing % convefsion may be due to the fact that DMSO is

riot an extremely poor solvent for polystyrene; and polystyrenes of
low molecular weight are soluble; It was found éXperimentally

that precipitation of polystyrene did not odcur if the concentration
f DMSO vas less thar &bout 5 mole ™Y, The three points marked

with an asterisk in Table 4 were within that range and gave homogeneous
systems throughout the course of the reaction, A plot of the rate

of polymerization against average monomer concentration is shown in

Fig.22 and the data are collected in Table U,
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Fig.22 Rate of. polymerization as a function of [M’], in D’VISO at 60°C,
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Table 4

. -2 -1
Polymerization of styrene in DMSO at 60°C, [In] = 1,0 x 10 “mole £

Reaction Times about 3 hours.

[M]-l T, R x 10?1 ] . '« 207Y ] = Eﬁér- cg{ X107
(mole £.7)| (mole £,7)|(mole Z.7 }(d1l, g.7) (mole &)
BeCs )

8.0m | 0,000 | 7.29% | 0,7154 | 11,930 6.296
6,680 2,281 | 6,028 0,615 | 9,647 6.521
5.638 | 3.695 | 5.108 | 05695 | 8.6 6.399
4,153 6,517 4,026 0.46h0 6,483 6.156
3,739 7.229 . | 3,553 04270 | 5,813 6,206
3,311 7.929 3.279 0.4065 | 5,371 5.96k4
3,041 8.6l 2,869 - - -
1,660 §10.753 1,544 0,3220 3,875 4,184
0.827 112,155 0,819 | 0,2553 | 2,796 2,897

#*
These systems remained homogeneous throughout the course of the

experiments,
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Table 5
Effect of % conversion on DF and Rate of Polymerization of Styrene

in DMSO gt 60°C.  [In]_ = 1,0 x 1077 mole £

! e -
[l ] lmime | [s] Rpxlo5 (R BP0 (0 (gl -C )
[mole Zrl) (mole 2?1) of re- (mole | (mole dl.g:l :,crlol+
action -1 -1 _ ) -1
(ours)| £,7) | 4, sec l) cmole £.7)
1,74 1,718 1 {10,753 1,12 [0,298512,960 5.705
1,7 1,660 3 130,753{ 1,544 0,3320{3,875 | 4,184
0,870 0,857 1 12,165( 0,779 10,2051 {1,995 4.308
0,870 0,827 3 j12,165) 0,819 10.2553{2,796 | 2,897

5.7.1. Molecular Weight Determinaticn by Osmometry and Viscometry

Degrees of polymerization, Db, and molecular weights, ﬁn of
the polystyrenes prepared at various solvent/monomer concentrations,
with constant initiator concentration, (In)ol were determined
osmotically and viscometricaliy. Details of these methods were
discussed in Sections 2,4, 2,5, 4,5 and 4,6, A comparison of the
DP's determined by the two methods is shown in Table &, In general,
osmotic molecular weights were much higher than the ﬁn values deter-
mined by viscometry, though the general trend of the results was
similar, The experimental techniques and results_were checked more
carefully with a highly fractionated polystyrene,(b-_gE <1,086),
supplied by the Pressure Chemical Company (Lot No.%ﬁ) with a nominal

stated weight of 97,200, ﬁn found by osmometry (Fig,10) was 133, 500
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and Mn by viscosity (Pig,23) was 103, 100, So the molecular
weights of polystyrenes determined viscometrically were taken to
be more accurate and were used in calculations for the determination

of the transfer constant of Dimethyl sulphoxide,

Table 6

DP Values of Unfractionated Polystyrenes, Prepared by the Polymerization

of Styrene at EDOC, in Dimethylsulphoxide, Determined by Viscometry and

Osmonmetry,
T
Viscometric Method Osmotic Method
5 x 1072 ’ ™ x 1072
11,930 13,069
9,647 12,305
8.650 | 11,202
5.371 7.254
3,875 4,514

S5a7.2, Variation of the Intrinsic Viscosity of a Standard Polystyrene

Sample in Different Mixtures of DMSCVStyrene

The intrinsic viscosity of a highly iractionated polystyrene
M
(Pressure Chemical Company- Polystyrene, :ﬂ < 1,08, Lot No,42,
M
Nominal ﬁn = 97,200) was found to decrease with increase of [DMsO]

in a mixture of DMSO/styrene (Table 7), Fig, 24, Precipitation

of the standard polystyrene did not occur over the concentration
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range studied, From these results, it is concluded that there is

no preferential solvation of polystyrene over the range considered,

Table 7
/
Molecular weight of the special polystyrene supplied by Pressure
M
Chemical Co, (Lot No,42) Nominal, ﬁn = 97, 200, :E < 1,06,

The following data were obtained for solutions at n 3000,

i
[Styrene] [DMsO] ' Flow time of [m
-1 1 Mixed Solvent -1
(mole £,7) (mole £.7) (sec,) di, g.
8,622 0,000 172.5 0.4685
7,760 1.295 195,7 0,4335
6.897 2,70 1 25,1 0.4320
6,035 4,185 235,0 0,3815
Oowo 130 949 39109 -

5¢8« Determination of the Transfer Constant for Dimethylsulphoxide

The usual reaction scheme for vinyl polymerization in solution,
using a constant initiator concentration, in which termination occurs

by combination of radicals leads to the equations
] (~l ~C)=20C_ [S] + constant (11)
5 m 8

where CS and Cm are transfer constants to solvent and monomer,

respectively, and DF is the degree of polymerization, If, as has
6ty 71

been observed for certain other systems, the initiator efficiency
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and velocity constants involved remain constunt, then a plot of the
left hand side of eqn (11) against values of [S] should be linear
with a slope equal to Cs‘ Dxperimentally it was found that the first
three points (marked with an asterisk in Table 4) gave a reasonably
straight line (Fig,.25) cnd assuming a va.lue65 of Cm = 6,023 x 10—5,
C, was found to be equal to 2,42 x 10-5. White et al, 9 obtained
a value of 1,1 x 10-5 for DMSO in a DMSO/acrylonitrile system,

It has been shown that the velocity constant, k; for a polymer
radical ~ substrate reaction, is related to the velocity constant,
kT’ for the transfer reaction with toluene, by the eéuation:

log k = log kT + 0g + By
vwhere o and B are characteristic constants for the substrate, for
example monomer or transfer agent, and ¢ is a constant for a partiéu-
lar polymer radical,

Using the value of CS as above for the DMSQ/styrene systems, o
and B for DMSO were found to be ~2,59 and +0,245, respectively,

L7, 65

Other numerical values, taken from literature and used in this
calculation were (a) for the polystyrene radical o = -0,01,
kp = 176 fomole Ysec, ¥ and kp = 2,11 x 10~ 2. moledlsec:1 at 60°C,
and (b) for the polyacrylonitrile radical, ¢ = +0,66, kp = 2458 z.mole-l
sec?l,and k,11 = 0,785 Z.mole_lsecrl, at 60q3.

The negative value of a indicates that DMSO tends to accept an
electron from the polystyrl radical in the transition state and that
polar effects are important, but the relatively low value of B shows

that DMSO is relatively unreactive, This may be due to the high
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dissociation energy of the H - C bond which is probably broken
during the transfer reaction,

However, TP values were found to be greater than expected when
DMSO exceeded about 5 mole 2.-1, In this particular system, i)
might increase due to occlusion of the polystyryl radicals by the
‘precipitated polystyrene, Thus there was no precipitation of
polystyrene in the experiments corresponding to the first three
values in Table 4; while TP increased markedly and rates of reaction
increased slightly (Table 5) for the heterogeneous systems studied,

5.9, Interaction of Polystyryl Radicals with Ferric Ions and Complexes

Followed Dilatometrically

5,9.1, With Ferric Chloride

Some experiments were performed using A1BN to initiate the
polymerization of styrene in DMF at GDOC, in the presence and absence
of anhydrous ferric chloride, Typical results, in excellent agree-
mentwith Bamford et al,“a, are shown in Fig,30,

Further experiments with ferric chloride at &0°C, indicated
that with constant [M], [DMF] and [FeClgjo, there was a linear
relationship between 71 and [A1BN] (Fig,26, Table 8), as empected
from eqn (27), Assuming a value of k, of 1,2 x 1077 sect 67’89,
£ was found to be 0,80 from the slope of the curve,

Again, for a series of experiments in which [AlBN}o was maintained

constant but [FeCl;]o was varied, there was a linear relationship

between [AIBN] T and [FeCl3]o (Fig,27, Table 8), as expected from
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eqn 27, From the slope of the curve, the value of f was found to

be 0,57, Analysis of d;,c-time data by the method of Bamford et a1.43

L - -
gave a value of ks of §,62 x 10 £,mole lsec.l at 60°C, which compares well

with the value of Bamford et al.43( using kp = 176 Z,mole-lsec . at
6000.65, wpteed of 100 X wole” Psac}, makes Bambordss value G,L3xI0
A. ol Lsee! )

However, the above treatment is only approximate since it had
already been shown that when iron(III) chloride was dissolved at low
concentrations in DMF/styrene mixtures at 6'O°C, the principal ionic

species present were Fe(DMF),Cl, 2t and FeCl, &

" So the precise
significance of the previous values of f and ks are difficult to

agsess from the results obtained with ferric chloride alone,

Table &

Experiments performed with Anhydrous FeCl;, At GOOC,

[styrene] = 2,49 mole J&,-l, [DMF] = 8,792 mols ,@._l.

[A1BN]x10? i [(ABH]x102 | o 1

= x 10* T [A1BN] [FeCl;] x 10°
-1, -1 T -1 °-1
{mole £2.7)!(mole £,7) (sec,) {(sec, ) !(sec,moled. )| (mole 4, )
3,809 | 3.630 {1400 | 0,709 - 7.873
7.618 | 7.598 | 7860 1,27 597,20 2,873
15,236 15,201 3480 2,87 - 7.873
7.618 7.611 1920 - 146,13 2,620
7.618 ?7.576 15900 - 1204,58 15,746 !
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Fig.%ﬁ Dependence of the 1nduction period, T, on mean
o azo-bisisobutyronitrile concentration, [A1BN],
[Styrene] = 2,490 mole z.'l; [FeCl,] = 7,873x10 =3
mole z."l,' and [DMF] = 8,792 mole z 1, at 60 %,
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5.9.2, Rate Measurements using the Complex, LEE(DMF)63+]3(BFu~), A;

Evaluation of kx

The tetrafluoroborate salt, A, Fe(DMF)63+3(BF4_) was selected
for study since the BFA_ ion shows little tendency to complex and
Fe(DMF)s3+ ions are formed in DMF/Ztyrene mixtures,

On polymerization of styrene at €0°C in the presence of A1BN,
DMF and A, retarded rates of polymerization were recorded dilatometrically
(Fig.28). The rate results were analysed by the method of Kice,
assuming that the egquilibrium (r) was well over to the left hand side,
(r) Fe(DMF)63* b Feot 4 6 DMF

According to Kice equation,

Joea-¢n wx, ¢Rw 1+ o1 - )7
Rp 1 — = 2=, 5, 41t 5 (
/ 4 Zey (-4 ©
' k k
- =2 (W) (12)
k

c

The equation and the significance of the terms involved are

discussed in Section 2,1.2,

A plot of the left hand side of equation (12) against

2 T a2 ]
4<(a) / c(1-4 )L
1+ 1+
2 2
(1-4°) 4/ Q.{
k kx
at constant (M) should give a slope of -%E— and an intercept on the
k k (M) t
vertical axis of - -2§R—~ . A value of ¢ equal to 1 x 1076 vas
c .

chosen to give the least deviation of the experimental points from

a straight line and the results are collected in Table 9 and plotted



Effect of Complex A on the Polymerization of Styrene Initiated by A1BN in DMF Solution

Table 9

at 60°% .
() = 2,490 mole £.7Y; (DMF) = 8.792 mole 2.”Y. Value of ¢ chosen = 1.0 x 10'5
(ALBN) x 107 | Rate of Poly- | Retarder ¢ o, /Tl [ riery
e 1.7 | R, |Gt |y VT | /T
£,V sec) (mole £,71) x 10° (mole 2,~%) x 10° (sec,™)
7.618 34979 0,000 - -
7.618 2.390 3,936 b, b3 9.598
7.618 2,035 5,904 4,183 8.173
7.618 1,701 7.873 3.521 6.831
7.618 1,057 11.909 1.756 4,165
1,404 1.859 0,000 - -
1,404 0,500 7.873 1,228 2,008

-
RN

66
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Fig,28, Effect of Complex, A, on the golynerlzation of styrene initiated.

by A1BN in DMF solution at 60°C,

M] =2 490 mole £,~1; [DMF] = 8,792 mole 4, [AlBN]
7.618 x 10~2 mole £,~ ib) (A) = 3.936 x 10~ 5 mole £,°

(c) (A) = 5,904 mole z - ()°a) = 7.873 x 10™ mole L
(e) (A) = 11,909 mole £,-1 ¢

and (f) A) = 7,873 % 10-3 mole £, "1 ‘
[a1BN] %= 1,404 x 10-2 mols 4,-1, - :



- 10.0
TU .
[V 2 .
». 8.0
%)
e 6.0r
=~ 4.0
N@N '
e
ol 2.0
g+
-  0 A
:\; | 50
Q (A2) P +jl+c([-®22) x_IO3 o (mole 1.7y -
1 -q - Q : AT
' Fig' 29' .

hd

. Kice plot of retardation results with complex A. alone. At 60°C., [styrene]
2490 mole/l.; [DMF] = 8.792 mole/l.; value of ¢ chosen = 1.0 X 1075,
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in Fig.29, The slope of the line is 2,07 x 107 g.mole ‘sec:

65

and using values™ of kp and 2 kt equal to 176 Z.mole-lsec:l, and

7.2 % 107 z.mole-lsecfl; k  was 847 £.mole-lsec-1, From the
k

intercept, == was 2,31 x 1070 at 60%,
c k
The low value of Eg indicates a low tendency of Z. species to
c
attack monomer, The transfer constant for polystyryl radicals to
L

DMF is only 4,0 x 107 ' at 60°C§ and involves H atom abstraction from
a CHy~group, Hence unless the reactivity of a DMF molecule is
greatly increased when it is a ligand in the complex ion, another

type of radical-A rea&tion must occur to explain the high value of k.
This equation might be

(8) AN/ CH,GHPh + Fe(DMF)~"3(BF,”) - A/\/ CH = CHPh + K'BF,”

£ Fe(Dl\dF‘)ﬁa'?_(BF:)

5,10, Effect of Adding TiCl to Complex, [Fe(DF)(>*](BF, )5, A, on

Rates of Polymerization

On progressively adding lithium chloride to mixtureées of constant
composition containing styreney DMF, A1BN and complex, A, and
measuring rates at 60°C, definite induction periods were observed,
as indicated in Fig,30, A plot of 1 evaluated from individual
rate curves againét concentration of lithium chloride added is shown
in Fig,.31 and the data are collected in Table 10, It was found
experimentally that LiCl alone did not affect the reaction rate of

L

the above system in absence of the complex, A, though Bamford et al,
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observed some unexpected accelerative effects with LiCl in the
polymerization of acrylonitrile,

A1l these results confirmed the spectroscopic evidence of
formation of chloro-species on addition of C1 ions to systems
containing Fe(DMF)63+ ions, fully discussed in Section 5.3, and
also suggested that they are more reactive than Fe(DMF)63+ ions
alone, |

Table 10

Inductioh period T as é function of added 1ithium chloride concentration,
At 60°C, [Styrene] = 2,490 mole 2.—1; [DMF] = 8,792 mole Z.-l;

3 , -1

[A] = 7.87 x 10~ mole zjl; [AlBN]°= 7.62 x 10"2 mole 2,

-! Molar ratio LiCl ¢ A } T (min,)

| 52
74
96

120

122

128

128

12!

124
97
95
92
92

: 1 92

Anhydrous FeCl, [F6015]0=Z532X%€:§ 151

|

0:25
0,40
0.50

1
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Flg 30. Polymen/,atlon of styrene in D\IF solntlon at 60°C initiated by AIBN n
the presence of various iron(III) species: (a) no added iron(I11) compound. (b) [FeCls]o
= 2.62 X 10~* mole/l.; (C)'[FBCIs]o = 7.87 X 107 mole/L; (d) [FeClz]o = 1.58 X 1072 .
mole/l : (e) molar ratio LiCl: A = 0.25:1, [A] = 7.87-X 107% mole/L.; (f) molar ratio.
LlCl A= 1:1,[A] =7.87 X 10‘3 mole/L.; (g) (O) results for a molar ratio LiCl: A =
; (X) 1esultb for a molar ratio of LiCl:* A = 3:1, [A] = 7.87 X 10~ ‘mole/l (h)"
mola.r ratio LiCl: A = 10:1, [A] = 7.87 X 10~3 mole/l. At 60°C., [styrene] = 2.490
mole/l.; . [DMF] = 8.792mole/l.; [AIBN] = 762 X 10~2mole/L. -

0T
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Fig. 31. Induction period 7 as a function of added lithium chloride concentration. At
~ 60°C.,, [styrene] = 2.490 mole/l.; [DMF] = 8.792 mole/l.; [A] = 7.87 X 107 mole/l.;
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5,10.1, Analysis of Results up to a Molar Ratio of LiCl : A of 1:l

Ivaluation of k¢

83

Spectroscopic evidence ™ suggested that up to a 1:1 molar ratio
of LiCl1 to A, Fe(DMF)5012+ ions were progressively formed by the
equilibrium reaction (n), which has a high equilibrium constant
(Section 5,3), Since no chlorine could be found by microanalysis
in the low molecular weight polymers formed during induction periods,
the predominant inhibition reaction may be written:

oy
(t) AA/ CHCHPh + Fe(DMF);C12* = AA/ CH = CHPh 4+ Fe(DuF), = * H 61
and presumably the Fe(DMF)52+ ion rapidily acquires another DMF molecule
to become Fe(DMF)62+,

In this case, the total T value will depend on the initial
equilibrium concentration of Fe(DMF)5012+ ions and also on the
concentration of Fe(DMF)5012+ ions formed by equilibrium (n) as C1~
ions are liberated in (t), If (A) and (clf)o are the initial
concentrations of A and C1™, then the initial concentrations of
Fe(DMF)63+ and FeéDMF)5Cl2+ are (A)o - (Cl_)0 and (Cl-)o, respectively.

By analogy with eqn (27);

k'$(A) -~ (C1T)Y  (C17)  K'(A) (1 k'l
T o= { 2 ol + 2 - 2 . (Cl—)o —— (84)
I T I I I

where the first term on the right hand side of eqn (64) allows for
the conversion of Fe(DMF)63+.to Fe(DMF)5012+, and k' is an arbitrary

constant,
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In accordance with this prediction, Fig,3l gave an initially

linsar plot of T against (Cl—)o up to a molar ratio of LiCl/A of

1:1, The slope was 5,748 x 10°

and these values gave a rate of initiationy I, equal to 1,07 x 10-6

-1

mole ﬂ.-lsec . This is reasonable since using [In] equal to 7,31

x.lﬂ—gmnlg ﬂ.—l, over the range considered and kd equal to
1,2 x lO"5 secfl, the initiator efficiency was found to be 0,62,
Again, when both A and added LiCl had a concentration of

3

7,873 x 10"~ mole ﬂ,‘l at 60°C, the value of T was 7200 sec, |\Mriting

. [Fe(DMF)gcla‘“]o i [c1,

(65)
I I

and using the above mentioned value of k, and [fﬁj, the value of f

d

was 0,61, This value of f is in good agreement with other literature

values, although the dependence on the value of k k6 used is clear,

d

A detailed analysis of the rate curve measured with a 1:1 molar ratio
%

of LiCl/A was then made, and a plot of Qt vs kﬁ[R-}st + A is shown

in Fig,32, where it was assumed that only Fe(DMF)5012+ ions were

present and k; referred to reaction (t),

Reasonable agreement was found between the experimental and

1

- *
theoretical plot when kﬁ[R']s was 4,00 x 103 sec ~ and A was -29,6

(Fig.32), k¢ was also calculated by Bengough's methods (Fig.33 and 34)

with ¢ values lying between 0,15 and 0,8, The methods are fully
discussed in Sections 2,1,3.,2 and 2,1,3.3, A summary of the

different values obtained is given in Table 11, The values of kg

obtained by three different methods agreed well (Table 19) and the mean

-1
c.

value of kg was 4,53 x ZLOLF z,mole-lse at 60°C,

sec.ﬁ.mole_l and intercept, 2847,6 sec,
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Table 11

Data used in the calculation of kg at GOOC,

[styrene] = 2,49 mole E.-l
[DMF] = 8,792 mole ,3_—1
[A1BN] = 7.618 x 10°% mole. 47%

ﬁ}b(DMF)B](BFh)3]= 7.875 x 107> mole 4%
LiCl : Complex = 131

Maximum rate = 0,102% m:?.n-:L at 6000.

; . % -2
e e I N B ] R
Max,rate t -3 t
kg [Re] =410 7| 5 (1+0¢)
! (Sec,) Zn*f—29. (—T)
4200 0,0186 - 12,8
4800 0,049 ~ 9.8
5400 0,119 - 8,0
6000 0.1568 .- 5.6 - 6,0571 11,9991 0,7936
6300 0.1872 - 44 - 5,0045 | 1,9989 0,7120
6600 0.3128 - 3,2 - 2,5498 | 1,9985 0.4602
6960 0.3461 - 2,0 - 2,1673 | 1.9974 0.4053
7200 0.6196 - 0,08 - 0,1651 | 1,9967 | -0,0024
7500 0.7618 + 0,4 + 0,6886 | 1,9952 | -0,2589
7800 0,8971 + 1,6
8100 1 + 2,8
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Fig.32. Reduced rate ¢, as a function of reaction time ¢: (O) experimental points;

(——) caleulated curve. Molar ratio of LiCl: A = 1:1; at 60°C.; [styrene] = 2.490

- mole/L; [1)\11"] = 8792 mole/l.; [AIBN] = 7.62 X 10 —2 mole/l.; [A] = 7.87 X
10 "mole, [LlCl] 7.87 X 10~*mole/l.. ’ » | -
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4
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Molar ratio of LiCl ¢ A = 1t1j [styrene] = 2,490 mole £,

-1

H
[DMF] = 8,792 mole £,7; [AIBN]_ = 7.62 x 1072 mole 2,
[A] = 7.87 x '.\.,0"3 mole z.‘l. ~'Method ?. ' . : y ,

100 | 110 120 ‘ -.'130.
TIME ( min. o

. Fig,33. Analysis of the results for the polymerizazion of styrene initiated by a,a azobisisobutyroﬁitrile,

AlBN at & C, and 1nhibited by Fé(DMF)501

« prepared in situ,
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Fig.}ll- Analysis of the results for the polymerization of styrene initiated by A1BN
and inhibited by Fe(DMF);Cl at €0 . Fe(DMF)5C1l was prepared in_ situ by
using a molar ratio of LiCl:A = 121, [Styrene] = 2,490 mole £,” :

- [DMF] = 8,792 mole £, 1; [AIBN] = 7.62 x 10"2 mole £,~1y [A] = 7.87 x 107> ) |

mole 4,7L, Method 3,

T
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5.,10,2, Evaluation of k,

83

- Spectroscopic evidence ~ suggested that when the molar ratio of
LiC1/A was greater than 1:1 in the polymerizing system, the equilibrium
(o) was established and the induction periods were possibly due to
mechanisms (t) and (u).

W AN/ CH,CHPh + Fe(DMF),CL,” - /\VA/CH=CHPh + Tal (DMF),c1t + H'C1
with the iron(II) complex becoming rapidly solvated with DMF,

The equilibrium constant of (o) was estimated to be 5 x 101+ from
the spectroscopic results and so for a molar ratio of LiCl/A of 2:1,
virtually all the Fe(III) ions were expected to exist as Fe(DMF)4012+,
Hence,

[Fe(DMF)ACIQ+]O
v

(66)
1

The experimental T value gave a value of T of 1,03 x 10~ Cmole zflsecf
and an £ value 0,61,

Reasonable agreement was found between the experimental and
theoretical plot when k7(R‘)S =5,2x 10-'3 sec?l, and A* = -38 (Fig.35).
k, was also calculated by Bengough's plot (Fig,36 and 37), A summary
of the different values obtained is given in Table 12, The values of
k, obtained by the three different methods agreed well (Table 19) and
the mean value of k, hence calculated was 6,40 x 1.04 z.mole—lsecrl at

60°C,

1
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Table 12

Data used in the calculation of k, at 6’000
[Styrene] = 2,49 mole st

[DMF] = 8,792 mole: 47t
[A1BN] = 7.618 x 1072 mole. 4t
[[Fe(DMF) ¢1(BF, )3] = 7,873 x 10™> mole by 1
LiCl : Complex = 2 : 1
Maximum rate = 0,084% min.-l at 0%
Reaction |Reduced rate,|ky [Re] teA* - %—- + | 7 (l-Qtz)
time (t) | ate at £ _, assuming (E+(§t) log(1-F) |log ?....
im Tk [R-]s=5.2x1637 T t
(sec.) | and (1-4,) -i
! A¥= -38 ‘
2100 | 0,0179 ~27,08 3.
2400 | 0,0250 -25,52
3000 0,0357 -22 40
3600 0.0429 -19,28
4200 0,0500 ~-16,16
4800 0,0619 -13,04
5400 0,0744 - 9,92
5700 0,0764 - 8.36
6000 0.1033 - 6,80 : .
6300 0.1809 - 5,24 -5,1620 | 1,9989 0,7281
6600 0.2381 - 3,68 ~3,7142 | 1,9986 | 0,5972
6900 0,3572 - 2,12 -2,0520 | I,9980 0,3878
7200 0.5798 - 0.56 -0,3457 11,9976 0.2967
7500 0,7500 + 1,00 +0,6130 1,9963 ~0,2341
7800 0,869 + 1.78 ’
8400 1 + 5,68
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Fig,35, Reduced rate §, as a function of time, ti (0) experimental points,
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(=) ecalculated curve, Helar ratio of LiCl ¢t A = 2:1,
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-6 ‘/ © Molar ratio of LiC1 ¢ 4 = 2t1; [styrene] = 2,490 mole £,™;
LT Tl (DMF] = 8,792 mole £,~1; _f[AlBNJ = 7,62 x 107° mole £,~1,
bk . [A] = 7.87 x 10-3 mole £,~L, ° |
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Fig.36. Analysis of the results for the-pblgmeriéétion of styrene initiated by A1BN at

60°C,, ‘and inhibited by Fe(DMF),Cl, " prepared in situ, ,

¢t
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5.10,3, Evaluation of kg

Sypectroscopic results

83 suggested that all iron(III) species

from complex A with LiCl/A moiar ratios in excess of 6:1 existed a8
FeCl,” in the polymerizing system at €0°C, The equilibrium constant,
K3, for (p) was estimated to be about 108.

A detailed analysis of the rate curve (Table 13) measured with
a 10:1 molar ratio of LiCl/A was then made and a plot of ¢t vs ks[R-]st+A%
is shown in Fig.38, where it was assumed that only FeCl,  ions were
present and kg referred to reaction (v),

(v)  /NANCE,CHPR + FeCl,” ~ /NAVNCH=CHPh + FeCl, + C1~ + H'C1
Reasonable agreement was found between the experimental and theoretical
plots when ks(R')s was 3 X lOnssecfl, and A% was -16,9 . kg was also
calculated by Bengough's methods (Fig,39 and 41) withqt values lying
between 0,15 and 0,8, The values of k, obtained by three different
methods agreed reasonably well (Table 19) and the mean value of

kg hence calculated was 2,96 x 104 z,mole‘lsec:-1 at 6000,-

However, the measured values of T for LiC1/A molar ratio greater
than 631, although virtually constant with increase of (LiCl), seemed
somewhat lower than suggested by the usual treatment, and gave an f
value of 0,8, The rate pf production of iron(II) species was there-
fore followed spectroscopically in a polymerization experiment with
a molar ratio of LiCl/A equal to 10:1, The experimental details are
discussed in Section L,7. Thne experiment indicated a linear rate of

7

production of iron(II) species of 1,11 x 10/ mole ﬁ."lsec:l and the



. 0.8 |
0.6
0.4 F

0.2k

o)

|

1 . { : { : ‘ :
-20 -5 -0 . =5 0 - 5

- O

kglRIst + A¥

f.Fi9.38'- Reduced rate ¢, as a function of reaction time ¢: (O) experimental points;
(=) calculated curve. Molar ratio of LiCl:A = 10:1; at 60°C.; [styrene] = 2.490

- mole/l.; [DMF] = 8.792 mole/l.; [AIBN] = 7.62 X 1072 mole/l.; [A] = 7.87 X
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Fig,39, Analysis .of the results for the polymerization of styrene initiated by AlBN at €0 C., and ./
inhibited by FeCl,, prenared in situ. o
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results are shown graphically in Fig,40, Assuming that each
polystyryl radical is captured by one FeClﬁ- ion during the

induction period, simple theory sugpests:

o IT
FeT) _ o L 2k, £ [Tn]
dt

3mole Z.—l

For an average value of [iﬁﬂ equal to 7,52 x 10~
during the induction period, the rurresponding value of f is 0,62
in agreement.with previous results,

The reason for the discrepancy between f values calculated from
T measurement and those obtained by direct measurement of the rates

of production of Fe(II) species remains uncertain,

5,10,4, The Kinetic Effects of Tetraethyl-anmonium-tetrachloroferrate,

(C,Hs ), NFeCl,, B, on the Polymerization of Styrene

Some of the results obtained with compound, B, in the polymeriza~
tion of styrene are shown in Fig,42, and summarised in Table 1k,
Unfortunately, (02H5)4N+ ions were found to affect the polymerization
of styrene as is evident from curve (b) in Fig,42, Assuming Ta[(Csz)bN}f
attempts were made to correct the total T value as shown in Table 1k,

The plots.of [AIBN ]t against the concentration of B with constant [M],
[DMF] and [T], (Fig,b3) and% against [AIBN] with [M], [DMF] and [B]
constant (Fig,44) gave reasonable straight lines with a mean f value

of 0,66,



Data used
[Styrene]
[DMF']

[A1BN]

Table 13

in the calculation of kg

= 2,49 mole

Ze

-1

= 8,792 mole 2,-1

1l

LiCl ¢ Complex = 10:1

[tFe<DMF>5]<BF4){]= 7.873 x 10~

7.618 x 10-2 mole ﬂ:l

3

mole-

Maximum rate = 0,102% min. T at 60°C.

-1

123

Reaction|{ Reduced rate kafR']st+A% 1 (1—¢t2)
time (£} p v at _ assuming - ?- + log(1-F) | log "
(sec.) | Max,rate " Tt kg[Re] =3x10 1n i+¢t) t
and A%==16,9 (T4,)
1200 0,0392 -13,3
1800 0,0617 -11,5
2400 0,107 - 9.7
3000 0,147 - 7.9
3600 0.176 - 6.1 -5,3262 | 1.9986 0,819
4200 0,219 - 4.3 -4,1208 | 1,9976 0,6057
4800 0,343 - 2.5 -2,2214 | 1,9965 0,402
5100 0,392 - 1.6 -1,722L4 | 11,9957 0,3342
5400 0,539 - 0,7 -0,6499 | 1.9948 0,1192
5700 0.696 - 0,4k 0.2819 | 1,9936 -0,1303
6000 0,762 1.1 0.6899 | 1,9921  |-0,259%
6300 0.880 2.0
6600 2,9
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Fig.l+2 Polymerization of styrene in DMF solution at & C., initiated b{ A1BN in presence of (CpI )N FeCl,o
(a) [(C,H;), N FeCl,] = 0,000; (b) [(C,H;),NC1] = 7,873 mole 4,7~; [(C,H;),N FeCl,] = 0,000 -1
[A1BN] = 7.62 x 10~2 mole £ ~1: for curves (c) to (£) [(Czﬂs)iNFeCL,] 7.873 x 10~3 mole £,
_ and (AZBN) for (c) 10 x 10-2 mele 4 -1 (d) 8x 1072 mole £, (e) 6 x 1072 mole £.-1; a1
S (£) 4 x 1072 mole z.-l_.. At & C,, [styrene] = 2 490 mole £.-1, (DMF) = 8, 792 mole 4, ~,

42T
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Fig b3, Dependence of T on- the initial tetra-ethyl ammonium tetrachloro-

ferrate concentration [(C,Hs),N FeCl,] [AIBN] = 7.618x1072
mole £,-1; and [DMF] = 8,792 mole £, 22 . at 60 C . '
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Table 14

Dependence of the Induction Period on mean [AIBN],

[Styrene] = 2,490 mole zfl;

[(CoHs ), NFeCl,] = 7.873 x 102 mole 4~ 1;

[DMF] = 8,792 mole 271. Temperature = &0°C.
EAlBN]Xloz'Egzgilﬁlij Tcorrection Texpt.; Tt 104
mole £, [A1BN] rue .

x 102 (sec,) (sec,) (sec,) true_,

(sec. ™)
9.736 8.086 08,8 6330 5,772 1.7476
7.715 10,207 768.5 7440 by 671 1.4991
5.751 13,738 1,034 .4 9420 8,386 1.1924
3,720 21,164 1,593.5 |14820 13,226 0.7576

5,11, Rate Measurements using the Complex, [Fe(DMSO)5]3+(BF4:25, D,

5,11.,1, Evaluation of k'

On polymerizing styrene at EDOC, in the presence of A1BN, DMSO
and complex, D, retarded rates of polymerization were recorded dlla-

tometrically (Fig.45).
70,71

of Kice,

left hand side and the precipitated polystyrene had little effect on

127

The rate results were analysed by the method

the reaction rate during the initial stages of the reaction,

(w)

Fe(DMSO)53+ 2 Fe ot

4+ 6DMSC,

assuming that the equilibrium (w) was well over to the
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According to the Kice equation, which is fully discussed in

Section 2,12,2,

e(1~-42) k. x' Q*(D) ¢ Ay c(1-¢2.$} k k
R/+ 2q>2 = 2X 114/ > =2 ) @12
P ¢ 2, -0F V¢ 0

A value of ¢ equal to 1 x 10-6 gave the least deviation of the

experimental points from a straight line and the results are collected

in Table 15 and plotted in Fig,46, The slope of the line is

0,5609 x 21.0-3 E.mole-lsech, and using values of kp and Zkt equal

to 176 E.mole-lsecri, and 7,2 x 107 z,mole—lsectl, k; was 229 z.mole-lseCT

10

From the intercept Eg was 7,42 x 107" at €0°C, The low value of

o
kq/kc indicated a low tendency of 7. species to attack monomer, The

2 at 60°C, and probably involves

transfer constant is only 2,42 x 10™
a hydrogen étom abstraction from a CH;-group, Therefore, another
type of radical-D reaction must occur to explain the relatively high
value of ki, This equation might bet

(x) /\/V/\CH,CHPh + Fe(DMso)GB”s(BF,,") -

/~/\/\CH=CHPh + H'BF,” + Fe(DMSO)52+ + .QB"FZ

1
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. Fig, 1+5 Effect of the complex, D, [Fe(D‘VISO)G](BF,, ), on the polymerisation of styrene 1n1tia1:ed by

" Al1BN in DMSO solution at 60 C .
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"Fig, 46, Kice plot ‘of retardation resu‘.lts with complex,uD, a_lone,
At 60°C., [AIBN] = 6,67 x 10™°mole £.7; [styreme] =
3,95 mole z.'l; (DMSO] = 7,17 mole z.'?; “value of

¢ chosen = 1,0 % 10'6.
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Table 15
Effect of complex, D, on the polymerization of styrene initiated
by A1BN inDMSO solution at &0°C,
[M] = 3.95 mole 4. Y; [DMSO] = 7.17 mole 2,77,

Value of ¢ chosen for best fit of experimental data to the theoretical

line = 1,0 X 1070
ilBN&lOz Rate of poly- | Retarder &7 (D) ft1ae T}
T -1 merization concentrationw' l7 C(l-¢ ) Rpj1+c(1 )
(mole £.7) | x 10° (mole D] x 1¢0° (142 ) ~ ¢? ] ¢?
2 "Loge -1) (mole 2,'1) A xloil x 1086 1
* y i (mole £, ) (sec, )
6467 2.697 0,00 - -
6,67 2.526 2,50 - | 21,4300 64390
6.67 2,223 5.0C 21,1876 5.630
6,67 1,64k 14,70 17,3842 4,163
6,67 1,368 24,10 16,6964 3 b6k

5,11,2, Effect of Adding LiCl to the Complex, Fe(DMSO)53+(BFA:l}, D

on the Rates of Polymerization

Evaluation of k,

On progressively adding LiCl to mixtures of constant composition
containing styrene, DMSO and complex, D, and measuring rates at GDOC.,
definite induction periods were observed as indicated in Fig, b7,

A plot of T evaluated from the individual rate curves against the

concentration of lithium chloride added is shown in Fig,L48, It was
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found that LiCl alone did not affect the reaction rate of the above
system in the absence of complex, D, All these results confirmed
the spectroscopic conclusion that all iron(III) species from complex, D,
with a molar ratio of LiC1/D in excess of 6:1 existed as Fe(DMSO)5Cl2+
in the polymerizing system at 60°C, and Fe(DMSO)5012+ ions are much
more reactive towards polystyryl radicals than Fe(DMSO)63+ ions, The
induction periods were possibly due to mechanism (y):
(¥) /\/NACH,CHPh + Fe(wso)g,m2+ + DMSO ~

AAACH = CHPh + Fe(DMSO)¢ =" + HYCL™,

By analogy with eqn (27), we can write,

[Fe (DMSO)5 C1°* ] .
T = o . :

(67)
I

assuming that only the monochloro species was present for a molar
ratio of LiCl:D of 10:1, The assumption is quite reasonable as the
equilibrium constant for the reaction (#) was estimated to be about

10°

from the spectroscopic results,
Further experiments with constant [M], [DMSO] and {D] and
with a molar ratio of LiC1/D equal to 10:1, indicated that there was

1 and [KIBN] (Fig.49, Table 16) as

a linear relationship between T
expected from equation (67), Again, for a series of experiments in
which [AlBN]o was maintained constant, but [Fe(DMSO)5012+] prepared

in situ was varied, there was a linear relationship between T [AIBN]
and [Fe(DMSO)5012+], Fig,50, Table 17, as expected from eqn (67), The
f values obtained from these plots agreed reasonably well and the

mean value was 0,61,
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Table 16

Dependence of the induction period, T, on the mehn azo-bis-isobutyro-

nitrile concentration, [ADN]. [Styrenc] = 1,74 mole g._l;

1

[DMSO] = 10.75 mole 2.™ 13 [[Fe(DmF)Gj(BF4)5]=:5_O x 107 mole £,7%;

H

LiC13A = 1031, Temperature = 60,0°C,

— L ! ‘
[A1BN] x 10° | [ETEN] x 10° L 1oy
. T = x 10 (sec,
(mole z,'l) (mole L,-l) (secs) T
5,00 1 4,5840 9120 1,096
6425 6,0315 7260 1,377
7.50 72,0440 6430 1,543
10,00 9,5420 4800 2,083
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Table 17

2
Dependence of induction period, T, on initial Fe(DMS0);Cl +

concentration, [Styrene] = 1,74 mole z.’l; [DMSO] = 10,75 mole z.“l;
[AlBN] = 2.5 x 10" mole 2.7 :Fe(DMSO)5012+] was prepared in situ
using molar ratio LiCl:A = 10:1, A represents the complex

Fe(DMF)63+- (BF, )5

[E18Wx 10° T T [A1BN] [Fe(DMS0)5 C1°" %107
(mole 2.-1) (sec,) (sec, mole E,-l) (mole 2.7 h

2, 4824 117.7 1.500

2,39 o6k2 230, 4 3,000

2.3 | 15,120 352.3 4,500

2,25 22, o 504,9 6.500

2,21 26,310 581.5 7,500

A detailed analysis of the rate curve (Table 18) measured with
a 10:1 molar ratio of LiC1/D was then made and a plot of ¢t V8
kg[R-]Bt + A% is shown in Fig,51; (Table 18) it was assumed that
only [Fe(DMSO)5012+; were present and k, referred to reaction (y),
Reasonable agreement was found between the experimental and theoretical

plots when kg(R')s =2,9x 10> sec.-l

y and A¥ = -27.2, Kk, was
also calculated by Bengough's methods (Fig.52 and 53 and Table 18)

with-dvt values lying between 0,15 and 0,8, The values of k,
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obtained by these three different methods agreed reasonably well
(Table 19) and the mean value of k, was 7,18 x 101+ ﬂ.mole-lsec:l at
&,

Table 18

Data used in the calculation of k9 at 60°C,

[Styrene]= 1,74 mole. 2, [DiSO] = 10,75 mole £,
[A1BN] =52x 107" mole 4, [Fe(DHSO)¢](EF,);]= 5 x 107> mole - 2.7%
LiCl ¢ Complex = 9,5 ¢ 1 Meximum rate = O,0418% min."1
R?actigp Reduced rate | kg[R']st+A* - %- + (1-9 2)
time (t) Rate at t _ 0 assuming L1 El+¢£§ log L1-F) flog t
(sec.) - Max, rate - 't }gg[R-]i 33 - G | ¢t
.9 x 10 t
A¥ = =272
4800 0,0478 - 13,28
5400 0.0598 - 11,54 |
6000 0,0765 | - 9.8 |
6600 0,0909 - £.36
7200 0.1220 I - 6,32
7800 0.2129 - 4,58 |- ho2ghs | 1. 9995 0,65167
8100 0.2560 - 3,7 - 3,3826 | 1. 99896 0,56229
8400 0.2895 - 2,84 - 2,8580 | 1, 99874| 0,50038
8700 0.3469 - 1,97 - 2,1589 | I, 99848 | 0,40397
9000 0.5622 - 1,1 - 0.5066 | 1, 99804 | ~0.08517
9300 0,620 . 0,23 - 0,1496 I, 99761 1 -0,00612
9600 0,6938 + 0,64 + 0,2696 | 1, 99695 | ~0,12633
9900 0.8851 + 1,51
10200 1 + 2,38
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Table 19

A comparison of the specific reaction rate constants of different
chlorinated species of Fe(III) with polystyryl radicals, evaluated

by three different methods,

Temperature = GDOC.
-1 -1 o ;
Pe(III) Symbol. Valu~ of k, (£, mole "sec, = at 60°C
for -
species specific | evaluated] &valuated |evaluated by | Mean
= - - - 2 - o
reaction | by Qt vs.| by ¢t Vs, _log(l & ) spec1?1c
rate K(R*) t +| - 3;_+ ——¢—~—— reaction
constant 5 8 @t(l ¢ ) t - rate
A plot 1n g ive,log(1-F) | constant
11-¢t5 plot
plot 1
Fe(DMF)sclaﬁ ke 4.15X104 1-#.'79)(1.01+ L,65 x 104 4,53X10q
Fe(DMF),CLY K, 6.55x10" | 6.25x10" 6,39 x 10* | 65010
- l
FeCl, ke 3.110 | 2.88x10% |2.90 x 10" | 2.96x10"
Fe(DMS0); Ok, 73310 | 6. 70x10" |7, k7 ot 1 2.18x10"

5,12, Effect of Adding Fluoride, Bromide and Sulphate Ions to the

Complex, [Fe(DMF)63+] (BF, )5, A, on Rates of Polymerization

of Styrene

The equilibrium constants for the formation of different fluoro-

By

91

complexes from Fe in aqueous solution are very high, So

attempts were made to prepare these complexes in situ in DMF/styrene

from [Fe(DMF)6]3+(BF4—)3, Unfortunately, LiF, NaF and NH,F were not
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sufficiently soluble in DMF for fluoro-complexes to be detected,
The effect of lithium bromide, LiBr, was found promising,
Some preliminary experiments done with lithium brbmide at SOOC,
with a constant composition of [DMF], [styrene], [A1BN] and [A] are
shown in Fig,54, Assuming that Fe(DMF)5Br2+ ions were progressively
formed on adding LiBr by the ecuilibrium (=z),
(z) Fe(DMF) > 4 Br~ = Fe(DMF);Bro' + DMF
and that when both A and LiBr had a.concentration of 7,873 x 1.0"'3

1

mole £,”~ at 60°C, all the Fe(DMF)G3+ ions were converted into

2
Fe(DMF)s Br * we can write,

. [Fe (DMF); Br™*]_ e,

(68)
I I

The value of T was 6900 seconds and using k, = 1.2 x 102 sec,-l,67’89
f was 0,63, which agreed well with other literature values,
Lithium sulphate, Li,S0O,, was sparingly soluble in DMF, while
H,50,, though soluble in DMF, had a small accelerative effect on
the polymerization of styrene initiated by A1BN in the presence of

the complex A (Fig.55),

5.13, Effect of Adding 1,10 Phenanthroline Monohydrate to the Complex,

A, [Fe(DMF)BJE?(BBFg~), on Rates of Polymerization of Styrche

The results of adding phenanthroline, phen, to the complex, A, in
the polymerization of styrene, initiated by AlBN, are shown in Fig.55.

| The fact that a slight inhibition period was produced (curve d)

with a phenanthroline/A molar ratio of 1:1 may be attributed to the

reactions of the type:
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(a) R+ Fe(DMF)#(Phen)3+ - P+ Fe(DMF),,(Phen)2+
(B) R+ Fe(DMF), (Phen), >t - P + Fe(DMF), (Phen), 2
(v) R+ Fe(Phen)33+ - P+ Fe(Phen)32+

Since phenanthroline itself was shown to have a negligible effect
(curve a) on the rate of polymerization of styrene in DMF initiated
by A1BN in absence of ferric substances, transfer to phenanthroline
itself, that is,

(8) Rr' + Phen - Pb + Phene
is probably not a significant reaction in the system,

The existence of the complex ion [Fe(Phen)3]3+ has been established
954 96,97 conclusively, while that of the other two phenanﬁhroline-
substituted ions is a matter of controversy,

On increasing the concentration of phenantrrolihe to reach a
phenanthroline!A molar ratio of 3t1l, a long inhibition period was
followed by a final retarded rate (curve e), The results are
difficult to explain, but can be rationalized by assuming that on
increasing the concentration of phenanthroline, ions of the type
Fe(Phen);3+ are produced, presumably by a set of stepwise equilibriag

3+

Feo* 4+ GDMF w Fe(DUF),>"

Feot 4 3 Phen 2 Fe(Phen)33+

Fe(DI4F)63+ + Phen 2 Fe(DMI"),,(Phen)}*' + 2 DMF
Fe(DMF),,(Phen)3+ + Phen = Fe(DMF)z(Phen)23+ + 2 DMF
Fe(DMF)z(Phen)23+ + Phen 2 Fe(Phen)33+ + 2 DMF

The species Fe(Phen)33+ is presumably a relatively reactive species,

having a comparable reactivity to that of the chloro iron(III) complex
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ions and giving rise to an induction period, while the ions with

fewer phenanthroline molecules as ligands have a lesser reactivity
and may persist in the polymerizing system to cause the final retarded
rate,

The postulated high reactivity of Fe(Phen);~ ions in the
polymer radical-ion electron transfer is in agreement with the high
positive standard reduction potential, EO, of the couple,sca)

Fe(Ph.en);3+ +e Fe(Phen),2+
and the consequent negative value of the standard free energy, AFO
in the forward direction, Again, very high rates of electron exchange
have been observed for the Fe(Phen)32+ - Fe(Phen);3+ system, giving

- 4
1, at OOC.

a velocity constant greater than 105 £, mole—lsec.
On the other hand, when phenanthroline is added to ferric
chloride in a DMF/styrene mixture in the presence of AlBN, the

phenanthroline produced very little effect, Presumably this is due

to the fact that velocity constants for the reactions,

R.* + Fe(DMF),C1," ~ products
R * + FeCl,~ - products
and R« + Fe(Phen)33+ - products

are approximately of the same order, The final rate of polymerization
for a system containing ferric chloride and phenanthroline was not
significantly retarded since the ions Fe(DMF),*(Ph.en)3+ and Fe(DMF), (Phen),
with lower reactivity were less likely to be formed. The mechanism

of the polymer radical - Fe(Phen)33+ ion reaction remains uncertain,

but there is a possibility that electron transfer occurs by conduction

through the phenanthrbline ligands,
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5,14, Note on the Nature and Absorption Spectra of the Complexes used

For convenience only, some of the ionic species have been
represented as inner sphere complexes rather than outer sphere
complexes, In spite of the lack of conclusive evidence, spectroscopic
and kinetic data suggest that the term "ion pair" is certainly not
adequate to describe such compleies, This point has been extensively

reviewed by Beck99

s Trecently,

The absorption spectra of ferric complexes discussed in this
thesis are due to d - d transitions coupled with partial charge
transfer.to the catggﬂ.98 In the charge transfer complexes such as
* the bromo and chloro ones, the an‘on is the electron donorlOO to the
central metal ion, while in phenanthroline complexes the conjugated

ligand is the donor of the*e'lectron,g7

5.15. Comparison of Velocity Constants

The velocity constant, kx’ for polystyryl radical attack on

Fe(DMF)63+,of 847y E,molefl sec.'l; is much less than the corresponding

mean values for iron(III) chloro-complexes, Fe(DMF)5012+

L

, Pe(DMF),C1,"

and 2,96 x lOL+ z,mole-lSec,-l,

and FeCl,” of 45}5’ x 104, 6.?8 x 10
respectively, Similarly, the velocity constant, k;, for polystyryl
radiéal attack on Fe(DMSO)GE%, of 229 Z.mole-lsec,-l, is much less
than the value for the corresponding iron(III) monochloro species,

of 7.4; X 104 ﬂ.mole-lsec,-l, The presence of chloride ions in

the complexes of iron(III), facilitates the electron transfer process

in a way that is relatively unaffected by either the number of
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chloride ions ypresent, even if a statistical correction is applied,
by the net charge carried by the ion, or by the geometry of the
2+ + +)

complex, octahedral,{er(DMF)scl , Fe(DMF),Cl,” and Fe(DMSO)5C1'S
or tetrahedral { FeCl,,-} .

Again, initial results indicated that the presence of a bromide
ion in Fe(DMF)sBr2+ facilitates electron transfer with respect to
a polystyryl radical, Some of the photochemical behaviour of

FeCIEM&O)sBr2+ in water also confirms the effect of bromide ions in
101

facilitating electron transfer

The accelerative effect of chloride ion52’102~104

1ongth 51105

, and other

with respect to électron transfer between iron(ITI) and

2,4,5,102,104

iron(II) species is well established in aqueous and in

92,105 solutions, The Cl  ion might facilitate electron

non~-agueous
‘transfer between two metal ions by a bridge mechanism or may act as
a "conductor" for the transfer of the electron, Precise mechanisms
remain uncertain, however,

For a few other radical-iron(IIT) reactions, accelerative
effects of ions within the complex have also been observed, Thus,
the velocity constants for termination of polyacrylamide radicals

in agueous solutions at 25°C, with Fe(H20)53+ and Fe(HzO)SCla+

5 .e,mole-1 sec.-l 37, and 18,9 x 10L*'£,mole_lsec':l 40,

have
values of 2,8 x 10
respectively, The high reactivity of the inner sphere complex,

Fe(H20)450k+ towards the polyacrylamide radical in water has also

Lo

been noted,
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The velocity constant, kx’ for polystyryl radical attack on
Fe(DMF)G3+ was found to be greater than of corresponding value,”

k;, for Fe(DMSO)63+, Infrared spectroscopy suggested that the Fe(III)
83

82

ion in the complex, A; is coordinated through the oxygen atoms = of the
ligands as in the complex [Fe(DMA),](C1l0,);, reported by Drago,
The Fe(III) ion in the complex, D, is also likely to be co~ordinated
through oxygen atoms since 'Fe(DMSO)G2+ is reported to be a strongly

oxygen-bonded complex.lo6

So the nature of co-ordination in both the
complexes is essentially the same, although the strengths of the ligand-
ion bonds, which might involve ¢ and n-bonding are different, Thus,
the compound, D, [Fe(DMSO),](BF,)s could be prepared merely by
dissolving A, [Fe(DMF),](BF,)s; in DMSO, This suggested that the
ligands in complex D are more strongly held than in A, Further,

a molar ratio of 1l:1 of LiCl:A was sufficient to conveRt all the
Fe(DMF)53+ ions into Fe(DMF)5012+ but at least a 6:1 molar ratio of

S+ into

LiC1:D was required for complete conversion of Fe(DMSO)g
Fe(DMSO)5012+ ions, This confirms the greater strength of a
DMSO~Fe(ITI) ion bond compared with a DMF-Fe(III) ion bond,

37

Collinson et al,” ' suggested that the oxidation of a polymer
radical involves the ufilization of one of the vacant d orbitals of
the cation, They envisaged that the radical approached the cation
in order to achieve sufficient overlap of the p orbital of the carbon
and a d orbital of the cation in the transition state so that rapid

electron transfer could taeke place, The release of an electron by

the radical enabled it to expel a proton,



The DMSO ligands in forming rclatively strong bonds with the
central-iron(III) cation, presumably incrcase the electron charge
densify around this cation, more than would the corresponding DMF
ligands, The polystyryl radical is more reactive towards the
Fe(DMF)63+ species for which the central ion has unfilled d
orbitals and a lower electron cloud density immediately around it,
than towards the Fe(DMSO)63+ species,

The vélocity constants, k¢, for polystyryl radical attack on
Fe(DMF);C1° and k, for Fe(DMSO);C1%* were 6.33 x 10" and
7.%; X 1OLF Z,mole—lsec.-l, respectively, This suggests that for
these ions, the ligand shape, size and nature of bonding are
relatively unimportant and that a C1~ ion probably conducts an
electron from the radical to the central metal ion by a similar

mechanism,

152
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VI, CONCLUSIONS

The iron(III) chloro-complexes existing in solution in pure
dimethyl formemide (DMF), pure dimethyl sulphoxide (DMSO), styrene/DMF
and styrene/DMSO mixtures at 20°C and 60°C, have been identified,
Tdentification has been achieved by the use of spectroscopic
techniques, together with the use of model compounds such as
hexakis (N,N;dimethyl formamide)iron(IIIJ tetrafluoroborate,
[Fe(DMF)¢1(BF, )5, hexakis (dimethyl sulphoxide)iron(III) tetrafluocro-
borate, [Fe(DMSO)¢](BF,);, and tetraethylemmonium tetrachloroferrate(ILI),
(CyHs ), NFeCl,, in the presence of varying amounts of lithium chloride,
By these methods, the ions Fe(DMF)e>', Fe(DMF);C1%*, Fe(DMF),Cl,", FeC1,”,
have been identified in the presence of DMF, and the ions Fe(DMSO)63+
énd Fe(DMSO)5012+ have been observed in the presence of DMSO,

The kinetics qf the solution polymerization of styrene in DMSO
initiated by o,a'=-azobisisobutyronitrile (A1BN) at 60°C nave been
studied gravimetrically and dilatometrically, Number-average
molecular weights, ﬁ£, of various isolated polymer samples have
been measured by osmometry and viscometry, and the transfer constant,
C_, for DMSO at 60°C was found to be 2,42 x 10"5_ Similar types
of rate measurements have also been made using the solvent,
NyN-dimethylformamide,

Kinetic studies of the polymerization of styrene initiated by
A1BN at 6600 in either DMF or DMSO, and in the presence of ferric

compounds together with additives such as lithium chloride, lithium
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bromide, sulphuric acid and phenanthroline have been made,
The presence of Fe(DMF)63+ or Fe(DMSO)63+ fons in the
polymerizing systems caused retardation, but iron chloro-comple xes
produced well defined induction periods, Mean velocity constants at
60°C,, for polystyryl radicals towards Fe(DMF)63+, Fe(DMSO)63*,
Fe(DMF)5012+, Fe(DMF),,G]e'*', FeCl,,- and Fe(DMSO)5012+ were 847, 229, 4.553{10%

40 18 _
6,39 x IDQ- N and 7,47 x qu'Z,mole_l sec, l, respectively,

, 2,96 x 10
Iron(III) bromo- and phenanthroline-complexes also produced well-
defined induction periods, Values of the initiator efficiency, i,
for most systems investigated, ranged from 0,59 to 0,62, The
decomposition of A1BN in DMSO was followed spectiroscopically at
60°C and the first order decomposition rate constant, kd for A1IBN

-1, at 60%,

was found to be 0,94 x 10_5 sec,
The detailed mechanism of these polystyryl radical-iron(III)

complex electron transfer reactions still remains uncertain, In

particular, the problem remains of whether the process occurs by

an inner or an outer-sphere mechanism, It would appear profitable

in the future to study the kinetic effect of other additives in

such polymerizing systems, For example, the electron transfer

reaction between a polystyryl radical and the iom F955X2+ could be

studied, where S represents a ligand such as DMF or DMSO and X

is an ion such as a halide ion or the azide ion, N; , Ifa

bridged type of transition complex is involved, and the polariza-

bility of the ligand i1s important, electron transfer, and hence
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the magnitude of the corresponding velocity constants would be
expected to follow the series T >Br >Cl >T , A relatively
iarge velocity constant for the azide substituted ion would also
be expected due to the mobile electronic structure of the ligand,
Experiments at different temperatures are also needed for the
determination of activation energies,

Preliminary results also suggest that further studies of
electron transfer between polyvinyl radicals and iron(III)
cémplexes'with conjugated ligands such as phenanthroline and

bipyridine would be of interest,
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IRON(III)-CHLORO COMPLEXES IN N,N-DIMETHYLFORMAMIDE/
STYRENE SYSTEMS

The interaction of polyvinyl radicals with compounds of various trans-
ition elements has received increasing attention recently. For example,
the polymerization of styrene initiated by 1,1’-azobisisobutyronitrile
(AIBN) in solution in N,N-dimethylformamide (DMF) in the presence of
low concentrations of ferric chloride has been studied (1-3), since under
appropriate conditions the ferric chloride acts as an *‘ideal’’ retarder.
Under these circumstances, polystyryl radicals react with ferric chloride
to give products incapable of further reaction and kinetic analysis is
simplified (1). The reaction is represented usually by a one-electron
transfer reaction:

te

~~CH,CHPh + FeCl; » ~~CH=CHPh + FeCl; + HCI (1)

However, eq. (1) is expected to be an oversimplification since various
complex ionic species ate known to be formed when ferric chloride is
dissolved in other solvents (4), including N,N-dimethylacetamide (5).

This paper reports the ultraviolet spectroscopic identification of the
ionic species on dissolving small quantities of ferric chloride in DMF
and DMF/styrene mixtures at 20 and G0°C. Spectral analysis has been
achieved by studying the spectra of solutions containing the model com-
pound hexakis(N,N-dimethylformamide) iron(Ill} tetrafluoroborate,
Fe(DMF)s—(BF4)3, (A), in the presence of varying amounts-of lithium
chloride, and also of solutions containing the model compound, tetra-
ethylammonium tetrachloroferrate(Ill), (C,Hg)4N—FeCly, (B). The tetra-
fluoroborate salt (A) was chosen for study since the BF4~ ion shows
little tendency to complex.

The compound (A) was prepared by the reaction of anhydrous u'on(III)
chloride and anhydrous silver tetrafluoroborate in DMF, by a method
based on that described for the synthesis of hexakis(N,N-dimethylace-
tamide) iron(Ill) perchlorate (5). The yellow crystalline compound (A)
was recrystallized from a DMF/ethyl alcohol mixture and stored in the
dark until required.

Anal. Calcd. for C;gH4, NgOgF 1,B3Fe: C, 28.64%; H, 5.61%; N,
11.13%. Found: C, 28.76%; H, 5.82%; N, 11.26%.

The compound (B) was synthes1zed by a procedure previously de-
scribed (5).

The infrared spectrum of a solution of (A) in methylene chloride was
recorded together with a spectrum of DMF in methylene chloride. The

C=0 stretching vibration in the complex occurred at 1639.3 cm.~! com-

1119
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ABSORBANCY A

%50 350 450
WAVELENGTH (mp)

Fig. 1. Uleraviolet spectra of the complex (A), Fe(DMF)s—(BF,)3,
with added LiCl in DMF at 20°C. [Total Fe(III) concentration is 2.2 x
10~% mole 1.7 1]: (a) complex (A) alone; LiCl/(A) molar ratios are
0.25:1 in (b); 0.50:1 in (c); 1:1 in(d); 2:1in(e); 3:1 in (f); and 4:1
in (g).

pared with a value of 1694.9 cm.™ ! for the free ligand. This suggests
that the Fe(III) ion in the complex is co-ordinated to oxygen atoms of
the ligand. Other absorption bands of free ligand and complex overlapped.

Ultraviolet absorption spectra were recorded with a Unicam SP800 or
SP500 spectrometer using matched 10-mm. quartz cells against DMF or
DMF/styrene mixtures, containing lithium chloride when appropriate.

The cells were thermostatted at 60°C., and all solutions were protected
against stray light to avoid reduction of any species from the iron(III) to
the iron(II) state. The spectroscopic results were unaffected by the addi-
tion of traces of water to the solutions studied, and were not markedly
time-dependent, indicating that the various equilibria were rapidly attain-
ed.
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Fig. 2. Ultraviolet spectra in DMF at 20°C. [Total Fe(Ill) concen-
tration is 1.37 x 10~% mole 1.7 1]: (a) tetraethylammonium tetrachloro-
ferrate(IIl); (b) iron(III) chloride.

The DMF and styrene were purified as described in the literature (6)
and both solvents were dried over calcium hydride before use.

- The spectra of Fe(DMF)s—(BF4); in DMF solutions containing differ-
ent concentrations of added lithium chloride are shown in Figure 1.
Assuming the usual co-ordination number of six for all cationic iron(III)
species, curve (a) may be associated with the presence of Fe(DMF)G3+
ions. Adding lithium chloride to give a LiCl/(A) molar ratio of 0.25
produces an increase in absorption over the entire wavelength range
[curve (b)] attributed to the formation of Fe(DMF)5C12+. The formula
Fe(DMF)sCl1%? is used for simplicity here, and does not necessarily im-
ply inner-sphere complexing, but could also refer to outer-sphere com-
plexes of the type Fe(DMF)¢®t, CI—.

Fe(DMF)¢3* + C1- = Fe(DMF)s;C12* + DMF (2)
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The intensity of absorption at about 265 mp subsequently decreases
progressively on increasing the LiCl/(A) molar ratio to 0.5 and 1.0
[curves (c) and (d)], and the absorption 'intensity at 320 my increases.
These changes are due to the disappearance of Fe(DMF)5Cl2+ ions and
formation of Fe(DMF),Cl," species, which by analogy, with other results
involving Fe(DMA),Cl,* are expected to absorb most strongly at about
320 mp (5).

Fe(DMF)sCl1?* + CI~ % Fe(DMF),Cl,' + DMF (3)

A relatively large increase in absorption over all wavelengths occurs
for a LiC1/(A) molar ratio of 2:1 [curve (e)], presumably due to the in-
creased concentration of Fe(DMF),Cl," ions, and a hump also appears
in the region 340—-360 mp. For a LiCl/(A) molar ratio of 3:1 the inten-
sity at 265 mp again decreases, there is a peak at 305 my, and the ab-
sorption at about 350 my is increased. [curve (f)]. There is strong inde-
pendent evidence (4) that an absorption in the region of 360 my is due
to FeCl,~ ions which are presumably formed in this instance by the
process:

Fe(DMF),Cl," + 2C1~ % FeCl,™ + 4DMF (4)

This was confirmed also by recording the spectrum of the model com-
pound (B), (C,H;);N—FeCly, in DMF at 20°C. as shown in Figure 2
[curve (a)l. The intensity of the strong peak at 360 mp due to compound
(B) was unaffected on adding lithium chloride to the solution, to give a
molar ratio of LiCl/(B) of 3:1, indicating the stability of FeCl,™ under
these conditions. Again, in agreement with this rationalization, the ab-
sorbancy at 360 mpt increases markedly on increasing the LiCl/(A) molar
ratio to 4:1 as shown in Figure 1 [curve (g)]l. The intensity of the peak
at 360 mp thereafter only increased by 1.4% on increasing the LiCl/(A)
molar ratio to 9:1, indicating that most of the iron(Ill) species beyond

a 4:1 molar ratio existed as FeCl,;™.

The results suggest that the equilibrium constant for the formation of
the monochloro—iron(IIl) complex is smaller than that for the formation
of the dichloro complex. The spectrum of anhydrous iron(III) chloride
dissolved in DMF is shown in Figure 2 [curve (b)), and allowing for the
difference in concentrations, the spectrum is almost identical with the
spectrum obtained by dissolving (A) in DMF with a LiCl/(A) molar ratio
of 3:1 [curve (f) of Fig. 1]. It is therefore concluded that when iron(IID)
chloride is dissolved at low concentrations in DMF at 20°C. the princi-
pal species present are Fe(DMF)4Cl,* and FeCl, ™ ions, together with
small concentrations of Fe(DMF)SCl2+ ions. These results are similar
to those previously reported (5) for the solvent N,N-dimethylacetamide
which has a dielectric constant similar to that of DMF (7). The above
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Fig. 3. Ultraviolet spectra in a DMF/styrene mixture at 60°C.
[DMF] = 8.79 mole l._l; [styrene] = 2.49 mole 1.7 [Total Fe(Ill) con-
centration is 2.2 x 10™% mole 1.7']: (a) iron(IlI) chloride; (b) LiCl/(A)
molar ratio is 3:1; (c) tetraethylammonium tetrachloroferrate(III).

conclusions for the solvent DMF. were also shown to be valid at 60°C.
Similar spectroscopic studies were made with DMF/styrene mixtures
at 20 and 60°C., with concentrations of styrene similar to those employ-
ed in many kinetic studies (1). In these mixed solvent systems, at both
temperatures, there was a tendency for the FeCly™ ions to be present to
a greater extent than in pure DMF alone, the other principal ionic spec-
ies again being Fe(DMF)4C12+. Figure 3 shows some of the spectral
results at 60°C. Again, in the mixed solvent system, thete is a close
similarity between the spectrum of iron(III) chloride and that of LiCl—
complex (A) in a 3:1 molar ratio. ' .
Solutions of (A) in DMF both in the presence and absence of added
lithium chloride undergo reduction from the Fe(III) to Fe(II) condition in
visible or ultraviolet light. In vinyl monomer/DMF mixtures, one of the
main processes undergone by iron(IIl) chloride when photolysed at about

4350 A. is likely to be:
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F8C14_+hV->FeC12+Cl_+Cl' ) (5)

as has recently been suggested (8).

Further experiments will be performed in the future in an attempt to
assess the relative reactivity of the various chloro complexes towards
polystyryl radicals.
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APPENDIX II

Effects of Iron(III) Chloro-complexes on the Polymerization of

Styrene
by

N,N, Dass and },H, George

Szgopsis

The polymerization of styrene initiated by 2,2'—azobisisg—
butyronitrile has been studied in N,N-dimethylformamide solution
at €°C in the presence of hexakis(N,N-dimethylformamide) iron(III)
tetrafluoroborate alone, and also in the premence of added lithium
chloride, The presence of Fe(DMF)53+ ions in the polymerizing
systems caused retardation, bﬁt iron(III) chloro-complexes produced
well-defined inhibition periods, Velocity constants at aoqd for
polystyryl radicals towards Fe(DMF)63+, Fe(DMF)5012#, Fe(DMF),.Clﬂ+
and FeCl,  ions were calculated to be 847, 4,15 x 10*, 6,55 x 10%
and 3,14 x 10* £.mole_1 sec,il, respectively, Values of the
initiator efficiency, f, for most systems investigated, ranged

from 0,59 to 0,62,

Introduction

Ih recent years there has been increasing interest in the
kinetics of reactions between polyvinyl radicals and transition

metal salts in non-aqueous solutions, Under appropriate conditions,



ferric chloride in N,N-dimethylformamide (DMF) solution acts as

an 'ideal retarder' in the polymerization of styrenme since growing
polystyryl radicals then react to give products incapable of

further reactionl-B, In such ciroumstances kinetic analysis is
simplified and rates of initiation may be deterhined by the induction
period technique or by measurements of the rate of formation of
ferrous ions, Both teehniques applied to styrene polymerization
give results in good agreement4.

However, the precise nature of the polymer radical-substrate
reaction has remained obscure, though it was realised that various
complex ions of iron(III) might exist in monomer/DMF solutionsl’z’s.
Recently, the complex ions produced when ferric chloride is dissolved
in DMF and DMF/styrene solutions have been identifieda, Tﬁis paper
reports the evaluation of the various kinetic constants at 60°C for
the reaction of polystyryl radicals with individual iron(III)

complex ions,

EXPER IMENTAL

Materials

The initiator 2,2'~-azobisiscbutyronitrile, (A1BN), N,N-dimethyl-

formamideg, (DMF), and styren99

were purified as described previously,
The monomer and DMF were finally dried over calcium hydride, and the
monomer was stored at —78°C under oxygen-free nitrogen until required,
The method of preparation and purification of hexakis(N,N-di-
methylformamide) iron(III) tetrafluorcborate, Fo(DMF), - (BF,)s, A,

has already bheen describedé,



Laboratory reagent lithium chloride (B,D,H.) and anhydrous
ferric chloride (Hopkin and Williams) were used directly in certain
experiments, 1,10-Phenanthroline hydrate (Hopkin and Williams) was
recrystallised from absolute A,R, ethyl alcohol and dried in vacuo
before use in polymerization experiments; but was used as the mono-
hydrate for estimating concentrations of ferrous ions in DMF/styrene
mixtures spectrophotometrically, 1, 10-FPhenanthroline - ferrous
perchlorate (Hopkiﬁ and Williams) was used to calibrate the spectro-
photometric determination of iron(II) ions,

Procedure

Rates of polymerization were measured dilatometrically in
the usual way7, care being taken to degas the reactants thoroughly
before sealing off the dilatometers, 1In some experiments dilatometers
with a.bulb capacity of about 30 ml,, and a capillary of 1,0 mm
diameter were used to increase the accuracy of measuring reduced
rates of polymerization.

Ultra~violet absorption spectra were recorded with a Unicam
SP800 or SP5C0 spectrometer using matched quartz cells against
DMF/styrene mixtures containing lithium chloride when appropriate,

Some determinations of iron(II) species produced in polymerizing
styrene/DMF mixtures in the presence of A1BN and added iron(III)
compleXes were made by ceric titrations, after diluting the systems
with excess DMF, ~ However, the spectrophotometric determination,

based on the formation of the tris~ orthophenanthroline complex of



iron(II) was more successful, Polymerizations were then performed

in small reaction tubes at GOOC, and at the end of a known time,

a tube was cooled rapidly, cracked open and a 6:1 ratio of 1,10-phenan-
throline based on the initial iron(III) concentration was added,
Absorbancy readings for the solutions were measured at 518 my, at

room temperature, The method was calibrated using 1,10~phenanthro-
line ferrous perchlorate dissolved in similar DMF/styrene mixtures

in the presence of lithium chloride,

Beer's Law was obeyed up to a concentration of 1,8 x 10_1’L
mole 2._1 of ferrous ions with a molar absorptivity, €, of
10,490 4, mole Yem, T,

RESULTS AND DISCUSSION

Measurements using ferric chloride alone

Some experiments were performed using AlBN to initiate the
polymerization of styrene in DMF at g°C in the presence and absence
of anhydrous ferric chloride,

Polystyryl radicals react with the species produced when
ferric chloride is dissolved in DMF/styrene so readily that well-
defined induction periods are produced, at the end of which the
rate rapidly attains that expected in the absence of ferric chloride,
Typical results, in excellent agreement with those of Bamford et al.l,
are shown in Fig,1l.

A simple kinetic scheme has been used to explain the resultsl’lo,

assuming that ferric chloride exists as a single entity:



(a) Initiation:
In - ZRC'. velocity constant = kd
R*+M7R" Rate of initiation = I

(v) Propagationt

Rr* + M- Rr+1 velocity constant = kp
(c) Termination by ferric chloride:
R + FeCly TP, + FeCl, velocity constant = ks

(d) Mutual 'termination of polystyryl radicals:

Rr- + RS- - Pr+s velocity constant = 2kt
where In represents the initiator, A1BN, Rc' is a radical produced
by direct decomposition of AI1BN, R, °, Rr- and Rs‘ are all growing
radicals, and M and P represent monomer and dead polymer molecules,
respectively,

A stationary state treatment leads to the equation:

1 1+ . *
-¢t+znl__%:=k5(a ) b+ A (1)

where qt is the'reduced rate, equal to the ratio of the rate at
any time t in the presence of ferric chloride to the final maximum
rate, (R-)S is the final maximum radical concentration when all of
the ferric chloride has disappeared, and A is an integration
constant,

Furthermore, if T is defined as the time when the rate of

polymerization has attained a value 0,648 of the final maximum value,
(FeCl;)0




where (FeC13)O is the initial concentration of ferric chloride at
time t = 0, The rate of initiation, I, in any experiment may
be expressed by the equation:

I = 2k £(Tn) (3)
where (Tn) is the mean initiator concentration and f is the
initiator efficiency,

Purther experiments with ferric chloride at 60°C indicated
that with constant (M), (DMF) and (FeCl3)o, there was a linear
relationship between ¢~1 and (Th), Again, for a series of experi-
ments in which (In)0 was maintained constant but (Fe015)0 was varied,
there was a linear relationship between (In)T and (FbCl;)o. Both
these relationships may be predicted from equations (2) and (3) and

c,—l, 11912 . nean value of

assuming a value of kd of 1,2 x 10-'5 se
f of 0,60 was obtained,

Expansion of the kinetic scheme

However, the above treatment is only approximate, since it has
has been shown6 that when iron(III) chloride is dissolved at low
concentrations in DMF/styrene mixtures at 6000, the principal ionié
species>present are Fe(DMF),C1,” and FeCl,~,

A generalized kinetic scheme for systems containing arbitrary
concentrations of iron(III) and chloride ions has, therefore, to
include reactions of polymer radicals with Fe(DMF)63+, Fe(DMF)5012+,

Fe(DMF)h012+ and FeCl, , with corresponding velocity comstants L)

k¢y k; and kg, respectively, For convenience in writing only, some



of the ijonic species have been represented as inner-sphere, rather
than outer-sphere complexes,

The precise significance of the previous value of f is thus
difficult to assgess, For similar reasons, a detailed analysis of
the ét-time t data by the method of Bamford et al.l was not made
using the results obtained with ferric chloride alone,

It was confirmed spectroscopically that iron(II) species were
produced,y at least in part, by polystyryl radical attack on all of
the iron(III) species studied, The value of k  was determined by
experiments involving the complex Fe(DMF), - (BF,);, A, while k¢, ki
and kg were evaluated by the study of polymerizing styrene systems
containing A and added lithium chloride, Various ionic equilibria
of the following type also have to be considered:6’13
() Fe(DMF),~" = Feo' 4 & DNF
(£) Fe(DMF)63+ + C1 2 Fe(DMF)5012+ + DMF
(g)  Fe(DMF);C1%" 4 G1~ 2 Fe(DMF),C1,” + DUF
(h)  Fe(DMF),Cl,” + 201 =2 FeCl,” + &4 DNMF

It was checked that addition of lithium chloride alone, over
the concentration range used in later experiments, produced no
retardation or inhibition of the polymerization of styrene in DMF
initiated by AIBN at 60°C,

Some rate measurements were also performed when 1,10-phenan-

throline was added in varying amounts to the polymerizing styrene

systems in the presence of anhydrous ferric chloride,. Values of



T at EDOC were essentially identical to those observed in the
absence of 1,10-phenanthroline, Since the latter functions
predominantly by complexing with ferrous ions produced by iron(IIT)
- radical interaction, it appears that a polystyryl radical is
insufficiently electrophilic to accept an electron from an iron(II)
species, and cause regeneration of an iron(III) ion:

(1) Fe2+ >+

-
+ Rr Fe + Rr

Rate Measurements using Complex Aj Evaluation of k.x

The tetrafluoroborate salt, A, Fe(DMF),-(BF,);, was selected

for study since the BFk- ion shows little tendency to complex; and

Fe(DMF)63+ jons are formed in DMF/styrene mixtures6,
On polymerisation of styrene at 60°C in the presence of

A1BN, DMF and A, retarded rates of polymerization were recorded

dilatometrically, The rate results were analysed by the method

of Kicelbr’:L5

, assuming that the equilibrium (e) was well over to
the left-hand side, This kinetic scheme includes the steps of

initiation, propagation and mutual termination of polymer radicals

and alsol
(N Transfer

Rr- + A = Ze 4+ Pr velocity constant = kx
(x) Copolymerization

Ze 4+ M — R velocity constant = ko
(1) Cross~-termination

VAN Rr. = inert product, velocity constant =k



(m) Mutual termination of Ze radicals

Z* 4 Ze ~ inert products, Velocity constant = 2kZ

where 7+ represents any species formed by reaction between a polymer
radical and complex A, which, a priori, might be a radical,

If Q is defined as the ratio of the retarded rate of polymeriza-
tion to the rate in the absence of retarder A, ¢ is a constant equal
to (4ktkz/kcz), Rp is the fractional rate of polymerization,

~d[4n(M)]/dt, in sec.f} and experiments are conducted at constant (M)

and (DMF):
4" r———————'———-—
/el -d®) kk 2(p) c(l - ¢?) k k
R /1+ ¥ = RX ¢ {1+ A ¥ ] .22 )
2TTTE T T o ¥
(&)

Thus a plot of the left hand side of equation (4) against

{].+n/]_+ l¢ )} at constant (M) should give a =slope

k k
of (kpkx/2kt) and an intercept on the verticel axis of - S22

k
c

A value of ¢ of 1 x 21.0-6 was chosen to give the least deviation
of the experimental vpoints from a straight line and the results are
c¢ollected in Table I and plotted in Fig,2,

The slope of the line in Fig,2 is 2,07 x 10-3 z.mole-lsec,-l,
and using values16 of kp and Zkt equal to 176 and 7.2 x 107 £.mole-lsec-l,
respectively, k  was 847 z.mole-lsec._l. From the intercept, (ko/kc)

was 2,71 x 10720, at 0%,



The low value of (kd/kc) indicates a low tendency of Z°
species to attack monomer, The transfer constant for polystyryl

I

radicals to DMF is only 4,0 x 10 ' at GOOC, and involves H-atom
abstraction from a CH;- group8, Hence, unless the reactivity
of a DMF molecule is greatly increased when it is a ligand in the
complex ion, another type of radical - A reaction must also occur
to explain the relatively high value of kx‘ This might be:
(n)  AANCHCEPh + Fe(DUF),>* 3 BF,™ -

/NNNCH = CHPh + H'BF, ™ + Fe(DMF)62+ + 2BF,

for which the products are completely inert,

Effect of adding 1LiCl to A on Rates of Polymerization

On progressively adding lithium chloride to mixtures of
constant composition containing styrene, DMF, AIBN and complex 4,
and measuring rates at GOOC, definite induction periods were observed,
as indicated in Fig,l, A plot of g4 evaluated from individual rate
curves, against concentration of lithium chloride added is shown

in Fig.3, and this suggests that the various iron{(III) = chloaro

complexés are all much more reactive towards polystyryl radicals than

Fe(DMF)63+ ions,

The rate curves for molar ratios of TiCl to A of 2:1 and 3:1
were almost identical, but curve (g) of Fig,l was not identical with
that for ferric chloride at an equal concentration of iron(III), as
might have been expected, although the r-values differed by only

three minutes, (Fig,3).

10



Analysis of Results up to a Molar Ratio of (LiC1)/(A) of 1:1

Spectroscopic evidenceE> suggests that up to a 1:1 molar rat:”l.c;"
of LiCl to A, Fe(DMF),,ClZ+ ions are progressively formed by the
equilibrium reaction (f), which has a relatively high equilibrium
constant, Since no chlorine could be found by microanalysis in
low molecular weight polymers formed during induction periods, the
predominant inhibition reaction may be written:

(o) /NAACH, CHPh + 1’1"3(13141?)5012+ - A/NACH = CHPh + Fe(DMF), 2
+ He1o

and presumably the Fe(DMF)52+ ion rapidly acquires another DMF

molecule to become Fe(DMF)62+°

In this case, the total T-value will depend on the initial
equilibrium concentration of,Fe(DMF)sCl2+ ions and also on the
concentration of Fe(DMF)5012+ ions formed by equilibrium (f) as
C1™ ions are liberated in (o), If (A)o and (Cl-)o are the initial
concentrations of A and LiCl, and the equilibrium constant in (f)
is high, the initial concentrations of Fe(DMF)63+ and Fe(DMF)5Cla+
are, (A)O-(Cl-)o and (Cl-)o’ respectively,

By analogy with equation (2),

T o= k|{(A)p - (€1 );% + (Cl_)o = kl(A)o + (le)o (3:— k'l (5)

I T I bz 1)

where the first term on the right hand side of (5) allows for the

2+

conversion of Fe(DMF)G3+ to Fe(DMF)sC1™, and k' is an arbitrary

constant,



Table I
Lffect of Complex A on the Polymerization of Styrene Initiated by A1BN in DMF Solution at g0°C

(M) = 2,490 mole 4. %; (DMF) = 8,792 mole 4, . Value of ¢ chosen

= 1,0 x 10°°
; -A . -
AR | Bk S0/,
2,71 sec,mH (mole £, ™) x 10° (moi.e_'ﬁ.-l) ‘ (sec,—l) !
7.618 3,979 0,000 - | -
74613 243590 5,956 b bh3 9.598
7.618 2,035 5,904 4,183 8.173
7.618 1,701 7.873 3,521 6.831
7.618 1,037 11,909 1,736 L, 165
1,404 1,859 0.000 - -
1,404 0,500 7.873 1,228 2,008

21
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In accordance with this prediction, Fig,3 gave an initially
linear plot of t against (Cl")0 up to a molar tatio of LiCl/A of

1:1, The slope was 5,748 x 10° sec,)‘Z..mole“1 and intercept 2847,6 sec,
6

and these values glve a rate of initiation, I, equal to 1,07 x 10°

mole 2,-1sec,_l, This is reasonable, since using [In] equal to’

7,31 X Ud-a mole E,-l over the range considered, and kd equal to

1,2 x 1()_5 sec,~1, the initiator efficiency f is 0,62,

Again when both A and added LiCl have a concentration of

3

7.873 x 10"~ mole ﬁ,-l at 6000, the value of T was 7,200 sec,

Weiting,

.- [Fe(DMF)5012+]O _ (e

(6)
I I

and using the above-mentioned values of kd and (Tn), the value of f
is 0,61, These values of f are in good agreement with other
literature valuesl7, although the dependence on the value of kd
used is clear,

A detailed analysis of the rate curve measured with a 1:1
molar ratio of LiCl/A was then made, and a plot of ¢t vs kg (R')St+ AF
is shown in Fig,4, where it is assumed that only Fe(DMF)5012+ ions
are present, and k¢ refers to reaction (o). Agreement between the
experimental and theoretical plot was reasonable when kg (R')s was

~1

4,00 x 1077 sec,

Now,

ke kg (Re)_ (D)
P bs
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where Rps represents the maximum rate of polymerization for the

system, Using the experimental values of Rps and (M) of 4,23 x 10_5

mole £.°1 sec.”™  and 2.49 mole ﬂ.-l, respectively, and using k

-1 1l

equal to 176 ﬁ.mole-lsec, , the value of k¢ is 4,15 x 1.0['L 4.mole”

sec,-l at 60004

Kvaluation of k,

Spectroscopic evidence6 suggested that on adding lithium
chloride to polymerizing systems in excess of a 1:1 molar ratio
of LiCl:A, the equilibrium (g) is involved, and induction periods
are possibly due to mechanisms (o) and (p)*

T ), 01, - AAVACH = CHPh + FelT(DMF),CLt

(0) /' VACH,CHPh + Fe
+ HC1™
with the iron(II) complex becoming rapidly solvated with DMF,
The equilibrium constant in (g) is highG, so that for a 2:1
molar ratio of LiCl to A, all of the iron(III) ions exist as Fe(DMF)kCIQ+.
Hence,

(Fe(DMF),,012+)o
T =

(8)
I

The experimental T value indicates a value of I of 1,03 x 10-6

mole 2,-1 sec.-l and an f value of 0,59,

Analysis of the Qt - time data by the method of Bamford et al.l

1

gave k, equal to 6,55 x 104 ,c,mole-:L sec, = at 60°C.

Evaluation of kg

Spectroscopically, it was shown6 that all iron(III) species

from complex A with LiCl/A molar ratios in excess of about 6:1 exist
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as FeCl, ions in DMF/styrene mixtures at 60°C, Calculations
indicated that the value of the equilibrium constant for (h) was

at least 108. In pure N,N-dimethyl acetamide, a similar type of
13

equilibrium is established
10

with an estimated equilibrium constant
of at least 10

Analysis of the ¢t - time t data was therefore performed for
an experiment at 6000 with a LiCl/A molar ratio of 10:1, and the
value of kg obtained was 3,14 x 1Oh'z,mole~1sec,-1, The plot of
Qt against kB(R-)St + A¥is shown in Fig.,5,

However, the measured values of ¢ for LiCl/A molar ratios
greater than 6:1, although virtually constant with increase of (LiCl),
seemed somewhat lower than suggested by the usual treatmentl, and
gave values of f about 0,8, The rate of production of iron(II)
species was therefore measured spectrophotometrically in a poly-
merization experiment with & LiCl/A molar ratio of 10:1, Iron(II)
was determined as the tris-phenanthroline complex, The results of
an experiment are shown in Fig,s, and indicate a linear rate of

-1

production of iron(II) species of 1,11 x 10-7 mole 2.-1 sec,
Assuming that each’polystyryl radical is captured by one

FeClh— ion during the induction period, simple theory suggests that:

EE—?—E) = I = 2kdf('fn) (9)
dt
3 1

For an average value of (In) equal to 7.52 x 10 ~ mole £.
during the induction period, the corresponding value of f is 0,62,

in good agreement with previous results,
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A mechanism of radical scavenging by FeCl4— ions preserving
a 1:1 radical-ion stoichiometry would be?
(@) /\AACHCHPh + FeCl,”™ - AANACHCHPh + H'C1™ 4+ FeCl, + C1”
The reason for the discrepancy between values of f calculated
from ¢ measurements and those obtained by direct measurement of the
rates of production of iron(II) species remains uncertain, However,
the difference may be associated, in part, with the formation of
other iron(III) chloro-complexes such as Fe0152- and FeClGB- at very
high chloride concentrationsl8

Comparison of Velocity Constants

The velocity constant, kx’ for polystyryl radical attack on
Fe(DMF)63+, of 847 Z.mole-lsec.-l, is much less than the corresponding
values for the iron(III) chloro-complexes, Fe(DMF)5012+, Fe(DMF)QC12+
and FeClh- of 4,15 x 104, 6,55 x lO4 and 3,14 x 1Ol+ z,mole-lsec,-l,
respectively, The presence of chloride ions in the complexes of
iron(III), facilitates the electron transfer process in a way that is
relatively unaffected by either the number of chloride ions present,
even 1f a statistical correction is applied, by the net charge carried
by the ion, or by the geometry of the complex, octahedral
z’LFe(DMF)Scf” and Fe(DMF),,CZL;} or tetrahedral {FecL,'}.

The accelerative effect of chloride ionslg, and other ionszo,
is well established for exchange reactions between iron(III) and

iron(II) in aqueous solutions, The C1  ion might facilitate electron

transfer by acting as a bridge between the two metal ions, or act as
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a "conductor" for the transfer of the electron, Precise mechanisms

remain uncertain, however

For a few other polymer radical-iron(III) reactions,
accelerative effects of ions within the comvplex have also been
observed, Thus, velocity constants for termination of polyacrylamide

radicals in aqueous solutions at 25°C with Fe(H20)63+ and Fe(H20)5012+

3 -1 2L
’

have values of 2,8 x 10 E.mole_lsec, and 18,9 x 1.04.2,.mole-.1

- 2 .
sec, 1, 2 respectively, The high reactivity of the inner sphere
complex Fe(HZO),’SO,,+ towards polyacrylamide radicals has also been

noted,al
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