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SUMMARY.

A detalled kinetic study has been made of the
photosensitized polymerization of acrylonitrile in
dimethyl formamide solution with ferric chloride as
both catalyst and terminating agent.

It has been shown that ferric chloride readily
forms complexes with solvents containing atoms which act
as electron donors, and that a complex exists between
ferric chloride and dimethyl formamide which probably
involves co-ordination via carbonyl oxygen atoms.

There is evidence also that two specles of ferrilc
chlofde exist in dimethyl formamide, and that one of
these is more readily reduced by absorption of light or
reaction with free radicals than the other.

Notithstanding the complex nature of these solutions,
1t appears that the process whereby free radicals are
obtained on photolysis with u.v. light primarily involves
a relatively simple reaction, namely electron transfef
from chlorine to iron to form chlorine atoms. These
atoms, however, do not initiate polymerization directly;
it 1s probable that the solvent is attacked to produce
further radicals which react with monomer to initilate

chains.
(1)



(11)

The extinction coefficient of ferric chloride in
dimethyl formamide at 36504 is 5 % 10° litre mole'lcrf{.l,
such that absorption ol irradiation at this wavelength
in reaction vessels of 2 cmn. diameter containing chloride
. concentrations grecater than ca. 3 X 10—4 mole 1itre’1 is
virtually complete. It Ig shcun that urder then
conditions the rate of production of ferrovs iron, ard
consequently the rate of initiztion, 1s Independent of
ferric chlorlde concantration. At concentration greater
then ca. 2 = 10™° mole 1itre"1, termination occurs by
reaction of growing radicals with ferric chloride. To
describe this system, a simple kinetic scheme 13
postulated which indicatcs that, under stationary state

conditicns, rates of polymerization and initiation should

be given by the cxpressions

Ratop - kpkilo-[M-’ cevsa(l)
kt [FeCJ.z}
and In = klIO oooao(z)

where kp and k. are the velocity coefficients of

propagation snd termination, ki is the congtant relating

the rate of initlation, I,, to the intcnsity of irrad-

iation, I, 4 and [M] and [EeClajrepresent {1e monomer and



(111)

ferric chloride concentrations.

I,, as measured by titration for ferrous 1ro§1wi§?l
ceric ammonium sulphate, is 1+64 x 10™ ' mole litre sec
and by substitution of this value for kiIo in equation
(1), a value of 0-073 is obtained fow kb/kt at 25°C.

This is somewhat smaller than that obtained by Bamford
and co-workers,namely 0°33 at GOOC (29) « The difference
1s due in‘part to the difference in temperature; the
overall activation energy is ca. 2 keal mole-l. It may
also however, be due to a lower efficiency of initlation
for the radicals derived from ferric chloride than for
cyanolsopropyl radicals.

Kinetic observations, in general, are in agreement
with the scheme postulated, though the intensity exponent

is lower than expected. A tentative theory has been

put forward to explain this.
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CHAPTER 1.

INTRODUCTION

1.1, The Polymerlzation of Vinyl Compourds by Free Radical

Mechanisms; The Homogeneous Polymerlzatlon of

Acrylonltrile,

The first observation of the polymerization of
vinyl monomers was made as early as 1839 by Simon (1), who
reported the conversion of styrene to a gelatinbus masse
In 1910, Stobbs and Posnjak (2) postulated that polystyrene
was a "colloidal body", but almost immedlately Lebedev (3)
showed that polymers had high molecular welghts.

Lebedev's suggested mechanism for the growth process
however, involved intermolecular assoclation. This was
nevertheless, an advance on the prevailing ring theoriles
of Harries (4) and earlier of ILebedev himself (5).

The first major advance in the elucidation of the
mechanism of polymerization of vinyl monomers is to be
found in an all important paper by Staudinger in 1920 (6)
in which he suggested a chain mechanism, the formula of
the intermediates being written with free valances at
both ends of fhe molecule. He considered that activ-

ation of the monomer molecule resulted in the opening



of the double bond, and that the activated molecule then
reacted with successive monomer units to give inter-
mediates similar to those described abovc. He assumed
also that termination occurred by deactivation of the
radical by virtue of its long chain length. These
discussions however, were rather vague and imprecise, and
the first complete free radical mechanism foxf a polymer-:
ization reaction was given by Taylor and Jones in 1930 (7).

Another mechanism was suggested by "thitby and
Ratz (8) who, although accepting the idea of linear
polymeric molecule, did not agree with Staudinger's concept
of free radical intermedlates. They postulated a mechaniam
involving successive hydrogen transfer between a polymeric
molecule and the vinyl monomer. Even in 1936, at a
symposium on polymerization (9), both free radical and
stepwise hydrogen transfer mechanisms were discussed.

Thus the theory that polymerization could occur by
free radical chain mechanisms was not universally accepted
for almost another decade. It was finally accepted when
1t was shown that polymerizations could be initlated by
substances which were known to give radicals on decompos-
ition or by photo-exitation. Detailed kinetic analyses

of vinyl polymerizations also gave results which could be



correlated to a radical mechanism. This latter evidence
was slow in forthcoming since the influence of impurities
on a reaction involving radicai intermediates was not
fully appreciated.

The normal kinetic scheme is now taken to be:=

Initiation C — R, eese(lel.)
M + ‘Rc-% Ry eese(le24)
kp
Propagation Rn + M -‘>Rn*1 ceno(le3s)
kt ’
Termination R, + Ry — Polymer eece(leds)

where C and M are molecules of inltlator and monomer,

R, is a radical derived from the initiator, R represents
a growing radical chain, the subscripts refer to the
number of units in the chain, and kb and ki are veloclty
coefficients. This simple scheme gilves rise, urnder
steady state conditions, - (the full assumptions involved
are discussed in Chapter 5) - to the followlng rate

equations -

Rate = kp[c]o'5 [u]t"

On addition of a substrate X which can termminate

free radicals, the additional termination step:-
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kg
R+X — Polymer esse(le5)
should be included in the scheme. If this reaction is
significant compared to (l.4.) the effect on the rate
equation is to raise the initiator exponent and in the
eXtreme case where all termination of radicals 1s by

(1.5.) the equation becomes:-
k, ] 1,
k. [X]

where I,, the rate of initiation may be proportional to

Rate =

initiator concentration, or light intensity, or both.
The first detailed results for the polymerization
of acrylonitrile by free radicals were published in 1953
by Bamford et. al. (10, 11), but not until 1955 were
results published on the homogeneous polymerization of
this monomer (12). In dimethyl formamide solution, at

60°C, kinetic orders in initiator and monomer concent-

ration are 05 and 1°*5 respectively, but in the photo-
sensitized polymerization at 25°C (13) the rate is

*6 - 13
proportional to (light intensity)o and [Mi . A

kinetic scheme in which relatively inactive radicals are
formed by transfer to solvent has been proposed to account

for the unusual kinetic orders observed.



1.2, Effect of Added Substrates; the Role of

Transition Metal Salts in Free Radical

Reactl ons.
The role of metal salts with variable valance in
reactions involving free radical intermediates has been
widely studied in both aqueous and non-agqueous medla.

Work in each media 1s considered separatelye.

l.2.1. Reactions of Metal Salts in Agueous Medla

From an examination of the u.ve. spectra of various
salts and bases of multi-valent ions, Rabinowitch et. al.
(14, 15), postulated the existence of ion pair complexes
of the type (MZ*x¥)in aqueous solution with varying
degrees of stability, and malntained that the high
molecular extinction coefficient was to be associated
with electron transfer from anion to cation. Evans
et. al. (16, 17) subsequently showed that u.ve irradiation
of aqueous solutions of ferric perchlorate in perchloric
acid produced free radicals, and this was considered to
involve electron transfer within the active gpecies
(FeS*0r")

eS*’ = hy 2 2+

re°tom 2 rettom — Fe°T .+  OH

In presence of halogen ions, the specles (Fe®* Cc1) or
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(F634'B53 could become active by regulation of pH such
that the (Fes*'0ﬁ3 concentration was minimal. The
radicals produced (OH, Cl, or Br), were shown to initlate
the polymerization of acrylonitrile.

Another aqueous system capable of producing free

radicals on photolysis is that containing the oxalato

complex I:M (0204)3:] 3-. This reaction has been studied
by Porter et. al. (18) and it has been shown that
[Mn(0204)é]3' and Fe(0204ﬂ5- produce free radicals which
;;n initiate the polymeriz;tion of acrylonitrile (19, 20).
The active radical is gaid to be the 020;‘ radical-ion
produced by electron transfer to the metal lon.

The second role of transition metal salts in
aqueous solutions containing radicals 1s that of termin-
ation. That water soluble free radicals could reduce

metal ions in solution has been shown by Hains and
7aters (21), Dainton et. al. (22, 23, 24, 25) and others.
Again in the ion pair (Fesﬁ'OﬁB is postulated as the

active species with a contribution from (F63+H20)

FeotoR + R —>ROH + Felt

2 + +

Fe°tH,0 + R —>ROE + Fe + H

In thelr study of the polymerization of acrylon-

itrile mentioned above, Evans and co-workers assumed



that termination was by Interaction of radicals and
postulated considerable back reaction of the type

re?t + om —— pedYoH

to explain certain kinetlc characteristics,Dainton and
Tordoff in a study of the polymerization of acrylamide
initiated photochemically by (FQS'*0ﬁ3 (26) point out
that, at the monomer concentration used by Evans, thls is
extremely unlikely, and moreover, at the ferric ion
concentrations used, (up to 102 mole litre'l), at least
some, if not all, termination of radicals would be
effected by electron transfer to metal lons. Some
confirmation for these claims is to be seen In earlier
work on the photochemlcal oxidation of aromatic substrates
in aqueous solution in presence of ferric ion by Bates
and Uri (27) and Baxendale and Magee (28). For example,
although diphenyl is formed on photolysis of (Fes +OH—S

in presence of benzene, phenol 1s also formed, and the
yield can be increased by increasing the (Fes'*0ﬁ3
concentration. Dainton, then, postulates that, at
relatively high ferric concentrations, the rate of poly-
merization for steady state conditions 1s given by the

expression

Rate = BOH Iabs. [mliy, ..
k4-[Fes’ITI20 l + ES E‘e OH ]



where kb’ k, and kg are velocity c?efficients,¢bH is the
quantum yield from the initial photolysis, [M] 1s the
acrylamide concentration and Iabs. 1s the actual
intensity of light absbrbed for any one ferric ion
concentration. The rate of production of ferrous lron

is given by

__..S.l_a..g_ﬁ;__.ezﬂ = 2 goH Iabs.

It was found that the intenslity exponent was only
less than unity when the total ferric lon concentration
was less than 4 x 10~% mole 1itre™  such that termination
is exclusively first order above thisconcentration.

#O0H was found to be approximately 02 while the values of

3 1

- -4 - -
k4 and k5 were 2 x 10 and 15 x 10 litre mole secondl

respectively.

1.2.2. Reactions of Metal Salts in Non-Aqueous Media

Little was known of the interaction of free
radicals and metal salts in non-aqueous solution prior
to 1957 when Bamford et. al. (29) investigated the
thermal polymerization of acrylonitrile in dimethyl
formamide solution initiated by azobisbutyronitrile in

presence of ferric chloride.At chloride concentrations



of about 102 mole litre™t and above, the salt was found
to be an efficient retarder, and fram the kinetic scheme
postulated 1t was shown that the rate of initlation could
be obtained by measuring the rate of production of ferrous

iron via the reaction

R + FeCl; — Polymer + F9012

- -1
k, =6 x losl.mole 1860 .

t

Subsequently Chernlak et. al. (30) have pointed
out the usefulness of ferric chloride as a scavenger for
radicals formed during the radiolysis of organic compounds.
Products of reaction or radical intermediates could be
identificd in this way. More recently Monteiro (31) has
shown cupric chloride to be an inhibitor in the polymer-
ization of acrylonitrile in dimethyl formamide, the
process

R + Cu012 —Polymer + CuCl
being sven more efficient than the corresponding reaction
with ferric chloride.

Bamfofd et. al. have made an extensive study of the
nature of the reaction between polymer radicals and ferric
chloride in dimethyl formamide solution. It was
observed initially that polystyrene radicals were

consid erably more reactive to the ferric salt than
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polyacrylonitrile radicals. This unexpected result was
explained in terms of inductive effects. The electron
attracting - CN group in polyacrylonitrile radicals would
tend to oppose transfar of charge to metal cations more

than the phenyl group in polystyrene radicals

H H

{ {
MA.CHZ —— ?a WCHZ P ('}

ON e

'S
Thus, even though the polystyrene radical 1s more

"resonance stabilised" it reacts more rapidly with metal
catlons because the reactlion involves charge transfer,
This study was extended to a series of monomers (32) and
the order of reactivity of radicals to ferric chloride
was found to be:-
Vinyl Acetate > Styrene > Methyl Acrylate > Acrylonitrile
> Methyl Methacrylate > Methacrylonitrile
The reactivity to metal cations then is governed
by two factors:=-

(a) Resonance stabilisation, a relative measure of
which can be obtained from the radicals!
reactivity to non-polar toluene.

(b) Electron donating ability of the radical.'

The transition state in the radical-ion reaction may be

vizualised as involving partial transference of an
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electron from radical to ion. That the transition state
could be associated with contributions from polar
structures had been observed as early as 1948 (33), but
Bamford et. al. go much further than othor workers by
separating the general reactivities of radicals from
thelr polar properties in a mathematical treatment which
correlates each of these with measurable quantities (34,35).
Most recent work (36) presents tabulation of all results,
and the presentation, on nomogram-type plots, of the
whole of copolymerization monomer reactivity and transfer
reagent reactivity.

Electron transfer then, 1ls a prime factor in the
radical-ion reaction, but in 1960 Entwhistle studled the
reaction from a new angle (37). The reactivitles of a
series of ferric salts to polymethylmethacrylate radicals
were examined and 1t was found that these varled greatly.
The order of reactivity is

Bromide » Chloride > Benzoate > Perchlorate
Intwhistle observes that this is also the order of
decreasing tendency to hydrolyse and concludes that the
bond strength of the ferric salt is an important factor
in determining its reactivity to polymer radicals. Also
Watanabe and Kiuchi (38) have shown that cupric salts
havé a similar order of reactivity to polyacrylomitrile
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radicals as that found for ferric salts to polymethyl-
methacrylate radicals. These results would appear to
favour the "bridged activated complex for electron
transfer reactions" theory postulated by Taube and Meyers
(39) with the reaction proceeding via the transition

state shown below.

n - n . Ne
R + M Xn —“é[RouaoX.cth Xn_]]""‘?m( + M lxn-l

These authors quote, as evidence for thils, the oxidation
of chromous ion by chloro pentammino cobalt ion

[co mg)g01]?Y + Cr2+-——)EJo (mg) |2t +  cRGL
Quantitative transfer of a chlorine atom to the reducing
agent takes place with no exchange with chlorine ions in
solution. Thus it is maintained that reaction takes
place only through the formation of a chlorine bridged
transition state.

In the final analysis then, the facts would appear
to Indicate that reaction between free radicals and metal
salts involves "electron flow through a bridged activated
Complex™,

Little is recorded in the literature of the
photolysis of metal salts in non-aqueous media. Kochl
has studied the effect of u.v. irradiation on solutions
of cupric chloride in organic solvents (40) and describes



the reactions as the addition and abstraction reactions
of chlorine. For example, in isopropyl alcohol, acetone

is formed by abstraction of two hydrogen atoms

2 Ou012 + GH3 ?H CHS----)CH5 3 CH3

OoH 0
+ 2HCl

No attempt has been made, as yet, to study the
photolysis of solutions of ferric chloride in dimethyl
formamide. McIntosh (41l) in 1960 observed that radicals
were formed from this reaction which could initlate
polymerization of acrylmitrile. The exact nature of
these radicals 1s unknown however. Ferric chloride:
complexes strongly with dimethyl formamide as postul=~
ated by Bamford (29) and substantiated by McIntosh,
whilst Nortia (42) describes complexes of the type

where M 1s Copper, Nickel or Cobalt. Thus 1t appears
likely that the complex

[Fe(HCONMeg)e] Clz
might exist in dimethyl formamide, though this has not,
as yet, been showmn. Nor 1s 1t known whether different
specles of ferric ion analogous to thos found in aqueous
solutions exist in dimethyl formamide.

Thus the process whereby free radicals are formed
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on photolysis of the ferric chloride - dimethyl formamide
complex with possible dzsp3 octahedral co-ordination 1is
almost certainly more complex than that represented by
the simple equation

h
FeCly 22 FoCl, + Gl

The purpose of the present work 1s to examine this
reactlon with particular reference to its role in the
polymerization of acrylonitrile in the region of ferric
chloride concentration where both initlation and termin-
ation are effected by the ferric salt, and to co‘mpare
the kinetics and kinetic parameters of this system with
those obtained with aqueous solutions of ferric ions by
Dainton and Tord off in the polymerization of acrylamide
(26), and also with those obtained by Bamford et. al. in
the thermal polymerization of acrylonitrile in dimethyl
formamide (29). In thls way 1t is hoped to establish a
better understard ing of the nature of ferric chloride
solutions in dimethyl formamide, and other non-aqueous
med 1a,.



CHAPTER 2.

EXPERIMENTAL

2e10 Materlals

2slele Ferric Chloride

Anhydrous ferric chloride 1s supplied to the
laboratory by B.,D.H. as the reagent grade, and the
following experiments were carried out in an attempt to
purify this grade
(a) sublimation under vacuum; it was found that heating

urder high vacuum caused brealkiown of ferric chloride
presumably to ferrais chloride and chlorine,

(b) sublimation in a stream of pure dry nitrogen; McIntosh

(41) describes this as a satisfactory method for the
purification of anhydrous ferric chloride, but it was
fourd that breakiown here was even more prevalent than in
(a) with additional formation of red and brown crystals.
It was now decided to prepare the anhydrous salt
from the elements and A.R. iron filings were heated in a
stream of dry chlorine. This method yielded no more
satisfactory results, the solid being fourd to form in
layers containing varying amounts of red, brown and

darker crystals.
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Variations of all three methods described above
were employed wilthout successe.

It has been suggested that the red or brown materials
formed might be intermediate hydrates of ferric chloride,
but this seems unlikely since their formation occurs in
similar proportions whether the chlorine is dried carefully
or not, and, on exposure to the atmosphere, no formation
of the hexahydrate by further absorption of moisture is
obgerved., No attempt has been made to Identify these
productse

In all experiments what appeared to be pure anhydrous,
(deep purple), crystals of ferric chloride did sublime
near the area of application of heat, but to recover these
crystals without contamination from other materials amd
products, particularly before hydrolysis of the chloride,
was fourd to be virtually impossible,

In view of the above, it was decided to use the
relatively pure B.D.H. reagent grade of ferric chloride

without further purification.

2¢le2¢ N.N, - Dimethyl Formamide (DMF)

The solvent, as supplied by Eastman Kodak, was
shaken up for five 1 - hourly treatments with
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phosphorus pentoxide, then distilled at atmospheric
pressure, and the fraction boiling at 153°C collected.

2¢14s3¢ Acrylonitrile (AN)

The monomer, (supplied by G. Light & Co.), was
dried over calcium chloride for twenty four hours, then
filtered off and distilled at atmosphoric pressure.

The fraction bolling at 77'300 was collected.

This pure acrylonitrile was pourcd into a distill-
ation flésk, a little azobisisobutyronitrile added and
the flask connected to the vacuum line. The solution
was degassed, then photochemically polymerized to about
20% conversion. Pure unreacted monomer was now
distilled off into another compartment on the line, and
reaction vessels could be filled direct from this

reservoir.

226 Apparatus
2¢2¢1e High Vacuum Line

This consisted of a series of traps and vacuum
tested taps in Pyrex glass connected via a mercury
diffusion pump to an Elwards rotary high vacuum pump.
Cold traps were placed immediately before and after
the mercury diffusion pumps, and a Drikold-Acctone
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mixture was used as coolant in both trapse All taps

and jolnts were greased with Aplezon high vacuum greases.
A manometer connected to the system allowed approximate
measurement of the vacuum, arl could be used to detect
slow air leaks, which in turn, could be located by
observing the discharge of a high voltage coill activated
close to the line. A pressure of about 10”4 mm. of

mercury was eaglly attained.

2¢2¢2¢ Reaction Vessels.

All reactions were carried out in Pyrex glass
dilatometers.s The design of these was as illustrated
in Pigure (1). The vessels were made from tubing of
2 cm. bore giving a capacity of some 12 to 13 ml., and
a magnetic follower, encased in glass, was incorporated
Iinto the bulb to allow stirring. Stems were of Veridila
tubing of 1 mm. bore, and the use of a side arm facilit-
ates degassing and distillation procedurecs.

2¢2¢3¢ Thermostatically Controlled Tank

All experiments were carried out under standard
corditions in a cylindrical glass tank. This was
surrounded by an aluminium jacket with observation and

irradlation windowse. The annular space between the
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fig 1
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tank and jacket was filled with asbestos wool lagging.
The capacity of the tank was about 25 litres, amd a
constant temperature (¥0:02°C) was maintained by a relay
operated fillament heater, the relay circult being actuatad
by a mercury-toluene regulator. A propellor stirror and
a dilatometer stand were the only other contents of the
tank. The tank was situated on a platform which allowed
the Introduction of a rotating magnet, (operated by a
variable sped electric motor), urndernocath. The magnet
was placed as close as possible to the base of the tank,
a hole being cut in the platform directly beneath

the dilatometer stand for this purpose. The rotation of
this magnet was used to induce stirring in reaction
vessels by means of the enclosed magnetic followers.

A strip of brass was attached to the dilatometer stand
some 4 cm. above the base to ensure that the surface area
of reaction vessel being irradiated was the same in all
experiments. To this end also, dilatometers had flat

bottoms.

2¢2e4e Irradiation

The source of irradiation was a 125 we Osira high
pressure mercury vapour lamp. To smooth out variations

In the applied current, the lamp was connected to a



capacitator and choke. The emitted light was filtered
through a Chance OXl filter such that 5650X was the pre-
dominant wavelength of light.

203 Procedure

2¢3s1l. (Calibration of Dilatometers

The volume of the bulbs was found by filling with
A.R. acetone from a burette graduated in 0°05 ml.

divisions, and Veridila tubing, (bore lmown), was used for

the steme.

2e3e2s Fillling of Dilatometers

The calculated volume of ferric chloride - DMF
solution to be used was measured into the cleaned
dilatometer before connecting tc the vacuum line. (DMF
distils only very slowly on the line). Degasgsing was
carried out as follows:~ The dilatometer was immersed
in a Drikold-Acetone mixture before opening to vacuum.
The air in the vessel was pumped off for thirty minutes,
then the isolating tap was closed. Reactants were
warmed to 25°C, then lmmersed in coolant, befare opening

the tap to vacuum. The above cycle was repeated three
times.



The dilatometer was now sealed off from the side
arm at the constriction joining of the two, the bulb
being immersed in a small beaker of coolant.

Monomer was distilled directly from a reservoir on
the line into the dilatometer, and thls was sealed off
at the constrictione.

2¢3¢3. Rate Measureament

The filled dllatometers were completely immersed
in the thermostat at the required temperature and allowed
twenty minutes to come to thermal equilibrium with the
surrourd ings before lrradiation commenced. The rate of
polymerization was obtained by measuring the rate of
fall of the meniscus level in the dilatometer stem using
a cathetometer. From a knowledge of the densitles of
reactants and products, the rate of fall of meniscus can

be directly correlated to the rate of reactions



CHAPTER 3.

The Extinction of Ferric Chlorlide in IMF.

3ele Theory
For the absorption of light by a substance in

solution, the relationship between the incident and

transmitted radiations is given by Beer's law, one form

of which states that

where Io
I
€

a

"

I

-
-

- €cd
I, 10

OOOO(III.I.)

Intensity of Incident Light

Intenslty of Transmitted Light

Extinction Coefficlent

Concentration of solution

Length of light path through solutions.

Obviously the intensity of the incident light will

decrease on passing through depth 4, but if this decrease

i1s no greater than 10%, the irradiation can be considered

approximately uniform.

Thus it was required to find

what concentration of ferric chloride in MPF would allow

transmission of at least 90% of the incident light of

wavelength 36502.

Fquation IIT.le can be written:=-

log

€ cd

seee(IITe2)
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logIOf is lmown as the optical density, (0.D.) and this
can be read directly against wavelength on a spectro-
photometer. A plot of 0.D. against concentration for
any one wavelength will have a slope equal to €d from
which € can be estimated. Knowing € for any wavelength,
we can estimate the percentage light transmitted for any
concentration or alternatively the concentration for any

transmission or optical density.

3e2e Experimental

Measurements of 0.D. werc made on a Unlicam spectroe
photometer, (S.P. 500), and cells of 1 cm. thickness
were used. The 0.D. was measured between wavelengths
30008 and 60008 for a range of concentrations of ferric
chloride in DMF, from 1 x 10™° moles 1itre™™ downwards,
with IMF as blank.

A set of readings of 0.D. for various concentrations
was also taken for the wavelength 36508 for estimation
of €.

The effect of time on the 0.D. of solutions was
also investigated. Little or no difference was fourd
for solutions of various concentrations on standing in

air for up to seven days.
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3636 Results
Figs. (2) and (3) show two sample plots of 0.D.
against wavelength of 1light. Fig. (2) is for a

-5 1 and the value

concentration of 2+02 x 107" moles litre”
of 00625 for 0.D. at 36508 shows that this concen=~
tration 1s quite closc to that which would allow 90%
transmission fof 1 cm. vossels. Fig. (3) 1s for a
conslderably higher concentration.

The slope from Fig. (4) gives the value of £d at
36508.

€d = 4¢96 x 10° 1itre mole~t

Thus € = 49 x 10:5 1itre mole tem

3ede Discussion

Most of the polymerizations described in the
chapters followlng have been carried out in cells of 2 cm.
dilameter. Thus the value of ferrle chloride concen-

tration for which transmission is 90% is OD
£d

0°046
4+96 x 10

3 x 240

4¢64 x 10~ mole 11tre"1
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As the chloride concentration 1s raised, the amount

of light absorbed increascs, till, at

2 x 107% mole 1itre~! I S

T, ~ 100

and at 3 x 10™% mole 1itre™t I __1
I, ~ 1000

Thus for ferric chloride concantrations of

3% 107 mole 1itre~! or greater, we can consider that

all irradiation at 36502 is absorbed.




CHAPTER 4.

Estimation of Ferrous Iron in Presence of DMF.

o —

The most obvious method of estimating ferrous iron
is titration with a standard oxidising solution using a
redox indicatore. Bamford et. al. (29, 43) used Ceric
Ammonium Sulphate (C.A.S.) with dipyridyl as indicator,
but McIntosh (41l) found this method unreliable in
presence of DMF, and made use of potentiometric titrations.
It was decided to carry out a serles of experiments on
the applicability of titrants Potassium Dichromate (P.D.)
and Ce.Ae.S. with redox indicators for the estimation of
ferrous iron and to comparé this with the use of potente

jometric titrations for this estimatione.

4.1 Materials
4.,1.1s GCeric Ammonium Sulphate (C.A.S.)

The B.D+H. Laboratory reagent grade contains
anything from 95% to 105% Ceric ceriume. The molecular
weight is 6326, so about 6+4 - 6+6 gm. are dissolved
in 500 ml. of 2N sulphuric acid, then made up to 1 litre
with water. This gives a N/100 solution suitable for
measuring the low concentrations of FeHion produced

during polymerizatione
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Standardization 1s against weighed portions of A.R.
sodium oxalate.

L}

1ml. N/100 C.A.S. = 10™° moles ferrous iron.

441le2e Potassium Dichromate (P.D.)

The A.R. grade has a purity not less than 99.9%.
An exactly N/100 solution can be made up by weighing out
04904 gm. of the salt and dissolving in 1 litre of water.

as above,

-5

1 ml. ¥/100 P.D. 10"° moles ferrous iron.

4ele3s¢ Redox Indlicator

N = phenyl anthranilic acid indicator solution is
made up by weighing 1+07 gm. and dissolving this in
20 ml. of 5% sodium carbonate solution, then making up

to 1 litre with watere. About 05 ml.1s used in a
titration.

4424 Results

A standard solution of ferrous sulphate (FSSO47H20)
was made up In water. Portions of this were titrated
with standard P.D. solution (N/100) using N - phenyl

anthranilic acid indicator. EFach titration was diluted
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with about 15«20 ml. 2N sulphurilc acid. Presence of
DMF in small amounts was found to have little effect on
the titration, yet larger amounts prevented any colour
changoe completelys A series of titrations was carried
out with increasing amount of IMF. A plot of volume of
titrant against amount of IMF added is shown in Fig. (5).
The volume of P.D. required falls linearly, and after
the addition of 10 ml. of IMF no colour change 1s
observed. This effect was observed for titrations of
P.De (N/100), fram a few ml. to about 20 mls Thus
potassium dichramate could not be used in presence of
DMF.

The above experiment was repeated with C.A.S. in
place of P.D. Although the same effect was not observed,
reproduceablility was not entirely satisfactory since, in
presence of more than 10-12 ml. IMF, the tltrations of
C.A.S. were sometimes about 0¢5 ml. greater or less than
the values expected.

The reproduceability of potentiometric titrations
with P.D. and C.A.S. in presence of DMF was next
Investigated. It was found that results were consistant
no matter how much DMF was added, and 1t appears that the
solvent has little or no effect on this type of titration.
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This, then, was the method used in all subsequent
measurements of ferrous iron concentration, and the
ceric solution was chosen in preference to the
dichromate since its' use gives rise to a considerably
groater difference in potential at the end point as can
be seen from Fig. (6).

Before making any measurements of ferrous iron
produced during polymerization, however, 1t was decided
to test the method on a standard solution of ferrous
iron made up in IMF and then diluted with 2N sulphuric
acid to simulate actual working conditions. For thils
purpose a welghed portion of A.R. ferrous sulphate,
(FeSo,7H0), was dissolved in DMF and portions of this
titrated potentiometrically with C.A.S. For expectead
titrations of 10 ml. the results varied between Q0°7 ml.
and 1¢5 ml. This was repeated several times and
similar results obtained. It was observed here that
addition of the sulphuric acid discharged the red colour
of the solution. A solution of FeSo,TH 0 in water gave
consistant 10 ml. titrations as expected. The sulphate
dissolves only slowly in DMF and in view of the apparent
disappearance of over 80% of the Feintions, it was

thought that oxidation bv air might be responsible,
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the alr,.

Estimation of the Rate of Oxidation_gx Alr of

re’ /IMF to Fe' ' /muMF.

A solution of ferrous chloride (F60124H20) was made
up under vacuum in DMF as before, the vessel broken open
and samples titrated after noted intervals of time.

A plot of volume of C.A.S. agalnst timeo of standing in
alr is shown in Fig. (8). The rate of oxidatlon urder
these conditions is constant and occurs at 68¢8% per

hour.

443e Conclusions and Discussion

Potentiometric titration with ceric ammonium
sulphate is the most satisfactory method of estimation
of ferrous iron in presence of IMF.

That addition of sulphuric acid and titration
Immediately on breaking open of dilatometers will give
reliable results, 1s illustrated by the experiments
carried out on ferrous chloride solutions, and is
verified by the constant and relatively slow rate of
oxidation of ferrous iron in MMF on standing in air.

Ferrous sulphate 1s a light green salt and the
solution made up in colourless IMF is reddish brown.
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As mentioned above, thls red colour is discharged on
addition of sulphuric acid, It seems likely that the
salt only dissolves in IMF by formation of a complex
which 1s relatively ecasily oxidised by air. Bamford
et. al. suspected caomplex formation in the light of
optical measurements and the effect of DMF on the rate
of AN polymerization in presence of ferric chloride (29)
and McIntosh, on removal of DMF by distillation from a
ferric chloride = DMF solution, found that the rocsidue
had an infra-red spectrum which exhiblted peaks cories-
ponding neither to ferric chloride nor to DMF (41).
Nortia found that DMF complexes with some transition
metals of the iron series contaln six molecules of the
solvent (42), which suggests that the ferric - IMF complex
might be [Fe (DMF)s:] Clg

Attempts have been made to isolate and analyse the
complex by the methods of Nortia, but unfortunately
results were not at hand at the time of writing.




CHAPTER S

Rate Dependences, Rate of Initlation and Evaluation

of Velocity Coefficicnts for the Polymerization of

Acryloniﬁrile in DMF solution with Ferric Chlorlde
as Photoinitiator.

The complete kinetic scheme for a polymerization
reaction 1s extremely camplex and it is normal to make
the following simplifying assumptionse.

(a) The roactivity of the growlng chain is
independent of chain lengthe.

The reactive radical intermediates in vinyl poly-
merizations are all of a similar type, contalning
varying numbers of the same structural unit. The kinetic
treatment must consider radicals of all sizes, and 1t 1s
generally assumed that the reactivity of any given type
of radical is independent of its lengthe.

(b) Monamer is removed in the propagation step only.

The rate of polymerization is gcenerally taken to be
equal to the rate of removal of monomer in the propagatlon
step, neglecting any consumption of monomer in initiation
or transfer reactione.

(c) A stationary state for radicals 1s rapidly
established.,




-

It 1s assumed that the concentration of radical

Intermedlates remains constant during the polymerization.

5.1, Kinetlc Scheme

Making full use of the assumptions outlined above, the
simplest kinetlc scheme for a photoinitiated polymeriz-

ation by free radicals 1s as follows:=~

Rate
Catalyst —13-\)—-) Re r
Ry + M —> Ry °
B, + M —= R4 ky [R][M:l
By + Ry ——> Polymer ky [R] 2

where R, 1s a radical derived from the initiator, R, 1s
a growing radical with n monomer units, M 1s a molecule
of monomer, and k_ and k, are veloclty coefficients for

p
propagation and termination respectively.

For "d?i'}[;lﬂ = 0 ,[R]S =f_.i_r;,_
andRatep = -..._g_t_[.l_ﬂ.l = kp/—%-’?—-[M]

Hence if I, & E’Jatalyst]
Rate 1gl@atalys t]%

These relationships will hold where illumination of
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reaction vessels 1s uniform.

Applying this mechanlsm to a system with ferric
chloride as catalyst, and for convenience, assuming that
the Inltlation process commences with simple fracture of

an Fe - Cl bond, we have:=-

Rate

h .

Fecls—-—\-’-:« FoCl, + C1 \
In .ooo.(V.l.)

L+ —> Ry /
Rn+M — er+l kaRJ[M] o-..-(V.2.)
Rn+&n —> Polymer kt/[-R]z ooo.o(VoSo)
Ry +‘Fecls-—~9‘Polymer + FeCl, ktEE]E§6013}---(Vo4o)

where (Ve4.) is an additional termination step allowing
for the ability of ferric chloride to react with free
radicals. Thus termination will involve elther or both
of reactions (Ve3.) or (Ved.)

From absorption measurements, (Chapter 3.) it was
found that only for concentrations of ferric chloride in
DMF of 5 x 10~0 moles litre ' or less would irradiation
be uniform for a path length, (or dilatometer diameter),
of 2 cm. Unfortunately, using concentrations of this
order does not allow polymerizations to be followed for
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very long before the catalyst is used up. Apart from
this, 1t is extremely difficult to reproduce such low
concentrations with any great accuracy since successive
dilutions are required. Thus to obtain reproducible
rate measurements over reasonable periods of time,
higher catalyst concentrations must bc used,

We would expect the relationship Rate «[FeCls]%
to hold for FeCl, £ 5 x 1076 mole litre-l wherc not
only will 1llumination be uniform, but where termination
by (Veds) will almost certainly be ncgligible.

As the chloride concontration is increased however,

the value of I as governed by the equation

- ¢cd
I = IO 10 & o‘---o(IIIolo)

will begin to fall, illumination can no longer be
considered uniform, and a point will soon be reached
where I is negligible compared to I . (In Chapter 3, we
saw that this point was found to correspond to a ferric
chloride concentration of about 3 x 10™% mole 11tre~t

for & =2 cm.)

For all concoentrations beyond the point where I is
negligible compared to I, we can consider that all the

Irradiated light is absorbed.

’
Let the actual intensity of light absorbed = I.



d
7
I will be proportional to /o I dx

Using the form of Beer's law,

p; d -2¢3 gcd
we have I o¢ IOA e ax

For any concentration C,

. I { - 23 ecd]d
I o¢=- o) S
o)

€c
- 2-3gcd
o I, [l - g ]
Ec
€ =50 x 10° and d = 2°0  Thus o~ 2°3 €4 315 negligible
4

campared to unity for ¢ 23 x 10 .
/
The rate of initiation, I,, is proportional to I

and to catalyst concentration C.

. /
lece In o« I ¢
L In - Io where all light is absorbed
€
Thus In = ki IO o--o(VoSo)

where ky is a constant.

Thus for ferric chloride concentrations greater
than 3 x :Lc)"'4 mole 1itre"l, I, should be independent of
catalyst concentration and should depend only on the

intensity of the incident light.
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Coupled with this, termination by (Ve4e.) will
become increasingly important till a point is reached,
as the chlorlde concentration 1s increased, where
termination by (Ve3s) is negligible comparsd with (V.4.)

Assuming a stationary state for radicals in this

region, we have:=-

I, = kg (7] [Fecis]

R, = In
S E‘b ' FGCIS]

Rate = %‘{%&1‘5] OOOO(VOGC)
kp ¥y T, [u] coee(VeTe
ky LFeC?.:,,J o (Ve

and, since initiation wlll produce ferrous chloride at

the same rate as termination,

- 14 FeCl] '
In - _z__Ea_E_.Z— ....(V.B.)

Furthermore, the kinetic chain lifetime T:.LR;S.]_
n

T =

1
iy [FoCl,]
- or [FeCls:‘ = 1

Tkt



Substituting in ( V.6.) for [?3315]

Rate = k I [M] T

- 1 x HRate é k
I, [M] d
or Fractional Rate - kp seee(Ve9s)
I, T

From the above discussion of the various reglons of
ferric chloride concentration, it can be seen that a plot
of log Rate against log [FoClS] should have a slope of
0°5 at very low concentrations where irradiation is
uniform, and a slope of =1 for high concentrations where
all irradiation is absorbed, and tormination is all
first order with respect to [R]s It is difficult to
predict what might happen in the intormediate region
where fractions of light absorbed will vary fram 10% to
100% though some sort of gradual changeover would not

be unexpected.

5e2e Preliminary Investigation; Rate Dependence on
Ferric Chloride Concentration

A series of dilatometric measurements of rate of
polymerization was carried out at 20°C with reaction

mixtures containing varying amounts of ferric chloride.
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The monomer concentration was held constant at 302 mole
litre'l, (20% by volume), small cells were used, (about

5 ml. capacity),and the ultra=violet irradiation was
unfiltered.

5¢2ele Results

The results of this preliminary series are shown in
Fig. (9). This is a plot of log Rate against log [FeCls]
and shows nothing very definite below a concentration of

1 x 1073 molo litre-l. It was found almost impossible

5 mole

to reproduce rates below a concentration of 1 x 10~

litre"l, probably because of the successive dilutions

required. The region of concentration where irrad-
lation is not uniform but where some light is trans-

mitted, (in this system betwoen 1 x 10~5 and about

6 x 10-4 mole litre'l) shows a scatter of points through
which a line of slope 042 has been drawn.

1

Above 2 x 10”5 mole litre” s the plot slopes downe

wards with a gradient of =0°97 or very nearly unity.

5e2426 Dlscussion
The region of ferric chloride concentration between

105 mole litre™ and 10~° mole litre'l'might be
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expected to exhibit some sort of curve to mark the
transition between 2nd and 1lst order termination, and
between low and high absorption of light. Such a curve
might well exist, and a prolonged study of tho region
with many repeats for cach point might sorve to detect

a non=-linear relationship but it would be vory difficult
to ascribe a kinetlc scheme here.

The slope of =1 obtained at highor chloride concen-
trations verifies that Rateg __ 1 and indlicatoes that

[Fe013]
I, romained constant throughout thls region.

The purpose of this work is now to study, as
completely as possible, the kinetics of polymerization
of AN in DMF in this region of forric chloride concon-
Atration wherc thé salt is apparently inltiating and
terminating the reactlion.

530 Experimental

5¢3e1e Apparatus

For rate measurements, this was as described in

Chapter 2. For potentliometric titrations, a

PtV Calomel- electrode systam was used.
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5¢3¢2¢ Rate Dependencos

A serles of polymerizations was carried out at 2500,
(1) using reaction mixtures containing varying quantitics
of ferric chloride, thoe AN~IMF proportion being held
constant at 20% - 80% such that [MJ= 3+02 molo litre=l,
(ii) using reaction mixtures containing varying propor-
tions of AN-DMF and with constant ferric chloride concen=-

tration, [FeCls] = 2x 1()":3 mole litre'l.

5¢3e¢3¢ Rate of Initiatlion

Quantities of ferrous iron produced during polymeriz-
ations were estimated by potentiometric titration using

34+ _ gttt

CsAsS. as oxidant. For the Ce system in

contact with a platinum electrode, E, = 1¢61 volts,
while the corresponding value for theo F82+- F05+system
is 0+77 volts (44). Consequently end points are marked
with an easily detectable rise in potential. (see Fig. (6),
Chapter 4.)

Froam the above, rate dependences on ferric chloride
and monomer were obtained and the rate of initiation was

estimated .




5.3e4s PFactors used in Calculations

"

Bore of Veridia tubing 10 mm.

3

"

Volume of fubing/cm.length 7.85 x 10" ° ml.

0.8004 gm.ml-l (45)
1.19 gm.ml":L (13)

Density of AN

n

Density of poly-AN

Thus for conversion of AN to poly-Ai\T,
1% volume decrease =3-05% polymerization
Rate (mole litro"lsec-l) = Rate(volume % hour—l)
x (2+559 x 10~9)
The use of density differences to corrolatec volume
change with rate of polymerization is generally consid-
ered to be an approximation, but experiments involving
precipitation of polymer were carried out which showed
that their use for the polymerization of AN in 20% AN -
80% DMF mixtures is justifiecd. This is in agreement

with work by Bevington and Eaves (46).

Sede Results

5.4.1. Rate Dependence on Catalyst Concentration

Fig. (10) shows the plot of log Rate against log
ferric chloride concentration. The gradient 1s - 1°03.
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54442« Rate Dependenco on Monamer Concentration

Fig. (11) shows that the rate of polymerization is

directly proportional to monomer concontration.

5e4e3s Rate of Inltiation

Fig. (12) shows that the rate of production of
ferrous chloride is constant. The polnts represent
concentrations of ferric chloride ranging from 2 x 10'3

mole litro~l up to 1+*6 x 102 mole litro-l. From the

slope,
L= 1 alroct] = 1e64x 2077 .
n 2 dy mole 1itre~+soc”

5¢5 Evaluation of Ratio kp/kt'

It would appear fram the rcesults above that the

equation
kp Ih [M]

Rate - X Qo..(V.6.)
Iy iF@ClS]

where I, is a constant, holds for [FeClSJabove 2 x 10~°

moles 1itre~l. The constancy of I,, while L?eClé]is
k
LFetls

and 1s verified by the observation that the rate of

changed, is shown by the observation that Rate =

production of ferrous iron is independent of [56015]
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fig. 11.  Rate dependence on monomer
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Thus a plot of Rate against 1 will yield a slope
!F601 |
of Eg EM]. I_ and consequently a éhlue for EE
kt n t

2

Fig. (13) has a slope of 3+85 x 10”8 mole litre=2gec ™t

- ~§2~[M] I,= 3+85x 10~8 mole” litre~zsec-l
t

K, 3.85 x 10~8
ky (1464 x 10™7) x 302

N

= .77 x 107°

- -1
From literature (41) kp==5-59 x 10° 1itre mole lsec

"k = 4+36 x 10% litre mole lsec™t

5464 Discussion

The value of k,_ obtalned above is small compared to

t
that for systems where termination is betweon two radic-

alse. This is expected, since, for this system,
termination, liko propagation, is brought about by
interaction of a radical and a molecule. Thus kp and
ky are of approximately the same order.

Equation (Ve9.) gives an expression relating the
kinetic chain lifetime, “Tyand k_ such that k, could be

b
determined independently if a method of measuring T
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could be fourmd. (A plot of Rate against T would have
I, kp as gradient). Now, the value of 7T at [F6013]=

10°3 mole litro~t 1s _L secomi, ( 1 ) and of
10 * " Eg[FoClg]

course as [Fecls]is raised, T becomes oven smaller,

Thus T could not be measured by the usual non=-stationary
state techniques, and, since termination 1is first order,
the sector method could not be used. Thus 1t appears
that the ratio kp/kt can only be separated into k, and
ki by taking a literaturc value of kp as abovoe.

The value of kp/kt obtained In this work 1s low
compared to the value of 033 obtained by Bamford et. al.
(29). There is, in fact, o fourfold difference, but two
factors should be considered at this point:- (a) Bamford!s
constant was obtained from work at 60°C while ours was
from work at 25°C. Consequontly, if our system has a
positive activation energy, then our valuc of kp/kt will
be higher at 60°C.

(b) In evaluating kp/k, above, the value of I, uscd 1is
that obtained by halving the total rate of production

of ferrous iron. This presumes an initiator efficiency
of 100%. It may well, of course, be lower which would
mean the true value of kp/ky would be higher.

A fuller discussion of these polnts, on receipt of
further results, is given in Chapter 12,




CHAPTER 6.

An Examination of Reactlion Characterlistics

at Later Stages

6ele Acceleration in Rate of Polymerization as

Reaction Proceeds

In all references to "Rate of Reaction" in Chapter 5,
the rate indlcated is that of consumption of monomer in
the initial stages of reaction, i.e. at less than 1%
conversion of monomer to polymer. If however the reac-
tion is allowed to continue, a gradual acceleration 1is
observed. A series of experiments has been carried out

to study this effect.

6elele Results
Examples are shown in Figs. (14) to (18). These

are for initial ferric chloride concentrations of

3 w4

8:3 x 1073, 5.2 x 1073, 2 x 10"
1

, 1e4 x 10™° and 5 x 10

mole litre™" with monomer concentration at 3-02 mole

1itre'1. The latter three runs have been taken to

completion, and, following the acceleration, a marked

decrease in rate is observed.

6.1.2. Discussion

The acceleration in rate can be explalned quite
simply,
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fig. 16. Fall in meniscus level with time

[Fect, |

A

(vericlia bore

20 x10™ (mole.l™)

= 15 mm.)

TIME

‘minutes)

4




(S9lnutw} 1Y

&E

of 1

oWl Ylim [aA9] SnIosuadw Ul o4 4L Bi)

(W2} NOILIVHINOD



N

( Solnuiw ) Sy

0§ o¢

T

(j@0W) L 0L X 05

[es]

Wil Y)M SNISIUaW Ul )0

o1 61y

{

0r

4%

(Wd) NOILIVYINOI



w48

As the reaction proceeds, ferric chloride 1s used up at
a rate of 3+28 mole litre=lsec™l and although this will
not affect the rate of initiation, termination depends
directly on [FeCls] and consequently as [F‘ecls} falls,
to maintain a stationary state in radicals, the radical
concentration must rise. In fact, from Fig. (9) in
Chapter 5, the rate assoclated with any [ﬁeCls] value on
the slope of =1 should follow this line as the reaction

proceeds, then fall as the region of second order termine
ation 1s reached, the overall effect being an S - shaped
curves.’

Such curves are shown for reactions with initial

ferric concentrations of 2 x 10'5, 1.4 x 10-3 and 5 x 10~%

mole litre~l, but the results show that the higher the
initial [FeClS] value, the lower the maximum rate value
reached. This—means that the accelerating rate does
not follow the -1 slope, but is modified to some extent.
This effect is illustrated in Fig. (20). The full 1line
shows a continuation of the log Rate against log [fecls]
plot in Fig. (10). The dotted lines join points
suggested from the data in table (VI.1l.) Fig. (19).

The ferric concentrations for maximum rates for runs at

1

83, 52 and 2 x 10"3 mole litre™ ™ are calculated from

titrations made after the maximum rates shown in the
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table were reached. If nothing more, this diagram
1llustrates how accelerating rates are modified. A
more rigorous study might result in a closer definition
of the shape, position and maximum value of accelerating
rates, but this is outwith the scope of the present work.
In an attempt to explain the above results, we turn our
attention now to the rate of initlation at later stages

in reaction.

6.2 Deceleration in Rate of Initlation as
Reaction Proceeds

Fig. (12) shows the rate of production of ferrous
iron from which the rate of initiation 1s obtained.
This linear plot represents titrations taken only up to
100 minutes irradiation. A fuller examination 1s made
here of ferrous iron production at later stages in
reaction.

In theory, the rate of production of ferrous iron
should remain constant as ferric chloride concentration
decreases till termination by interaction of radicals
commences, whence it should fall by approximately half
at the point where first order termination 1s negligible.

On reaching the point where light transmission commences,




the expression

. 40 - d(Co =0) - kI, (1=-e"€cd
it at 3

whers C::EfeClg] glves the rate of ferrous formation.

Integration ylelds an expression of the form
Constant + o~ £ . ged = Kt '

Thus the plot should fall by half then follow this

modified exponential curve.

6e2sla Results
Fig. (21) shows the results of titrations taken
after long periods of irradiation. The curves are for

=3 and

initial ferric chloride concentrations of 5 x 10
2 x 10~° mole litre~l, with monomer concentration of

3«02 mole litre-l. Each point represents titration of
the contents of reaction vessels of 13 ml. volume, such

that conversion to mole litre™l reduced simply involves

multiplication by‘i%_ x 10°,

6.2¢.2« Discussion
The results agree falrly closely with the theory

above. The rate of ferrous production for 5 x 10‘5

mole litre~l ferric chloride appears to decrease somewhat
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prematurely, but this is only really noticeable after
about 150 minutes irradiation when the titration of
36 x 10™9 moles indicated shows that the ferric concen=-

S mole litre-l.

tration has fallen to about 22 x 10~
Nevertheless, the rate of ferrous production for 2 x 10~
mole litre~l ferric chloride is constant up to about 50
minutes when the ferric concentration is 1 x 10~ mole

l, so that runs at 5 x 10™2 mole litre~l should

litre”
not show a decrease iIn rate till the concentration has
fallen to 1 x 107° mole litre™  after approximately 200
minutes.

This slightly premature fall in I, would not however
have a very noticeable effect on the accelerating rate;
the results above indicate that the rate of reaction for
an initial ferric concentration of 5 x 10~° mole 1itre~t
should at least follow the =1 slope in Fig. (20) till
[FeClSJ falls to 2 x 10™3 mole litre-l, and consequently
we must look elsewhere for an explanation of this

"modified acceleration” effecte.

6e3s Effect of the Accumulation of Ferrous Chloride
in Reaction Mixtures

It has been found, (i) that rates of reaction

accelerate much less rapidly and reach lower maxima




than expected; (il) that the rate of production of
ferrous chloride decreases slightly earlier than
expected .

In a recent paper on the use of cupric chloride as
an Inhibitor in the polymerization of AN in IMF solution,
Monteiro postulates that the cuprous chloride so formed
can further retard the reaction (31). In an effort to
explain effect (1) above, it was decided to check whether
the ferrous chloride formed during polymerization of AN
can act as a retarder by comparing the rate of polymerize
ation with (a) no ferrous chloride initlally present, and
(b) an .added quantity of ferrous chloride present.

Effect (11) might be explained if it were found that
ferrous chloride absorbs some irradlation at 56502, and
consequently the extinction coefficient of this salt in

DMF has been measured.

6e3el1e Experimental

(1) The rate of polymerization of 302 mole litre'l

of AN in DMPF wilth an initial ferrlec chloride concen-

1 was measured before and

1

tration of 5 x 10~ mole litre”
after the sddition of 5 x 10~ mole litre™— ferrous

chloride under vacuum.




(11) Ferrous iron in IMF oxidises rapidly in air
to ferric and in Chapter 4 it was shown that the rate
of conversion 1s linear, provided the amount of air is
not limited. A measure of the extinction coefficient
for ferrous chloride in IMF at 36508 can be obtained by
making up a solution under vacuum as described in
Chapter 4, opening this to air, and taking 0.D. readings,
(at 36503 in quartz cells in a Unicam S.P. 500 spectro-
photaneter), at noted time intervals: the value of §
(FeCl,/MF) is obtained by extrapolationto zero time.

Two runs were carried out:-
(a) (Fe012]==2 x 10"3 mole litre”l with oxidation linear

(b) [F6012]=-1°36 x 1070 mole litre™ . 1In this case
the quartz cell was closed after 30 seconds with a close
fitting 1id thus limiting the quantity of air above

solution. This latter procedure produces an exponential

type of curve.

6e3e20 Results

(1) The addition of as much as 5 X 1070 mole 1itre~!

ferrous chloride to a reaction mixture containing
5 x 10™° mole litre ferric chlaride was found to make

virtually no difference to the rate of reaction.
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(11) Pig. (22) shows the rate of increase of 0.D. of
ferrous chloride in DMF in an open vessel. Extrapol-
ation to zero time is linear and gives 0.De = 02,

From this:-

€ (FeCly/mMF ) = 0-2 = 100 1litre mole™lom~l,

2 x 10‘3 x 1
Fig. (23) shows the rate of increase of 0.D. of ferrous

chloride in IMF in a vessel closed to air after 30 sec.
This curve can be extrapolated to give an initial 0.D.
reading anywhere between zero and 0-05.

Thus the maximum value of & (Feclz/DMF)from this plot is

0°05 = "73.5 litre mole"lcm"1
1436 x 10™° x 1

From these results, ECFeClz/bME)lies between limits of

0 and 100 litre mole’lmn-l.

6ede3e Conclusions

(1) Ferrous chloride formed during reaction would
not affect the rate of polymerization of AN in IMF.

(11) It appears that absorption of light of wave-
length 36508 by ferrous chloride in DMF is very low
compared to that by ferric chloride. (Even if the value

ofE(FeClz/DMF) is as high as 100 litre mole"lcm-l, this
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is only about 2% of 5(?6015/DME).

Thus the deviations from expected behaviour of the
rate of polymerization and the rate of initilation at
later stages iIn reactlon cannot be attributed to the

accumulation of ferrous iron in the reaction mixture.




CHAPTER 7.

Determination of Intensitv Exponents

The Intensity exponent for a reaction can be found
by evaluating the rate dependence on the intensity of
initiating irradiation.

X
Rate = Intensity

Log Rate(f) = x log _L(£)_
Rate(r) I(r)

where Rate(f).and Rate(r) refer to the rates at full and

v o3 +r T
reduced inte _ "log Rate(f / Rate py

Thus = x = 108 Rate(r)/ Ratet_) coeee(VIIo1,)
log I(f)/ I(I‘)

The intensity exponent therefore may be obtained

from equation (VII.l.) by measuring the rate of reaction

at different intensitles of irradiation.

7.1. Experimental

The exponent was measured at ferriec chloride
concentrations of 2 x 10"5, 32 x 10'5, 5 x 10"3,
83 x 10'3, 1x 1072 and 1.6 x 10~° mole litre’l.
The procedure in each case was to measure the rate of
reaction at full intensity, then insert between vessel
and source of irradiation a screen of known transmission

and measure the reduced rate. On removing the screen,




=HT=

the rate of full intensity was remeasured. An average
valus of the rates before and after the screen insertion

was taken as the rate at full intensity.

7«20 Results
Pig. (24) shows a typical determination for a run

at [FeClS] = 5 x 107% mole litre~1 using a 36% transe
mission screen. Thils particular run gave 3 = Q0+70.

The results are shown in Table (VII.l.)

TABLE (VII.1l.)

Ferric Outer Limits Mean Value

Chloride of values of x

Concentration 3 obtalned

-3 -1

2 x 10™°(Moles.1le =) 0+60 = 0+62 0+61
3e2 x 10™9 0+59 0°59
5.0 x 10~° 0:67 = 071 0469
8e3 x 10™° 061 - 0+65 0°63
1x 1072 0+60 = 0+68 064
1.6 x 10™° 072 072

Thus X shows little variation throughout the

region of first order termination and between 2 x 10-3

mole 1itre'l and 16 x 10™%° mole 1itre'1 of ferric
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chlorlide concentration has an overall mean value of 0°65.

Tede Discussion

In Chapter 5 1t was shown that

Rate = K [MJ for [FeCls]).z x 10~ moli

[Fe01z] litre~

From the simple klnetlc scheme postulated it was

assumed that:-

K = % =x 1,

ky

kpky I,

kg

where I, = Intensity of Irradiation.
It has been shown that K is Indeed a constant for
but it appears fram the work described

65
here that Rate e« Ioo

constant I,
The value of X for a reaction involving termination
first order with respect to radical concentration should
of course be unity. (The value of 065 obtained here
points to a predominance of 2nd order terminaticn.)
Thus the sum total of our findings indicates that

[MJ Ino 65

Rate __fF6013]

and we must attempt now to construct a scheme to
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describe the kinetics of the system on the basis of the
results at hand. To this end, a considerable number
of theoretical schemes have been examined, and two of
these are worth mention, if only to emphaslse how

Incompatible are the relations

Rate O(I’Fecls.] -1 and Rate X :rno'65

Scheme !1!

This 1s based on the assumption that the intensity
exponent has been lowered from unity by the occurrence
of some second order termination. The effect of this
on the dependence of rate on ferric chloride concen-

tration 1s desir&d.

Rate
PoCl, — 1 + FeCl,
Cl+ M — Ry } n
B+ M — Ry 41 e, [r]J{n]
Ry + R, — Polymer k. [r)?
R, + FeClz —>Polymer + FoCl, k) [r][7]

For stationary state in radicals,
In= k [R]°? + kt/ (] [F]

.2 /
Thus [R_L EE'L[jktF) + 4T,k - ki F
t
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A typlcal plot for the function

o ¢
1og[J( k;F) + 4I, k; - k. F| against
log F 1s showm in Fig. (25). This 1s for

K, = 10°

108

ky
I, = 1077
- 8.2 4
such that log {(Rate) = log 10F"+40 « 10°F
The rate dependence on rate of initiation has been
calculated at various points on this line e.g. for
- -1
[FeCls] = 10 3 mole litre from the
- 8
form f(Rate) -[Jloo +4x 1071 - 1(ﬂ

“Te see that, for this particular system of constants,

at [FeC15]=10"3, X is found to be 0+94, yet the slope
of log f(Rate)/log F 1s as low as = 08, A value of
0+65 would be accompanied by a slope less than 06
which 1is a far cry from the value of - 1°0 obtainel.

Other combinations of constants give similar results.

Scheme (ii).

This is based on the assumption that the intensity
exponent has been lowered by some termination involving
interaction of a radical and an initiator atom of
chlorine, and again the effect on the dependence of




ﬁma,&w 907

N

=t

80— sl

e-0F = N»mam..% 0 ,onNm

Mmamulsw 5g7 Jo UO/IOUN; D SP

Tw-?wvm.@&\ 97 = (3174)F D07 §Z DUy v

o

(:71 vy )4 D07



w8le
rate on ferric chloride concentration is desired.

Rate

PeGl; —-3 01 + Fecl | I,
Cl+¥ —> R, | iy [ca] [x])
Ry+¥ — R, X, [R] [u]
R, +0l —> R, Cl &, (8] [o1]
Ry +FeCly =R, C1 + Fecl, kg (=] [F]

Assuming a stationary state for both chlorine and poly_;ner
radicals, we find
’ 2 ’
(kgky F ) R® + (ky I, 4 kekMF) R - ky T M=20
'.[hus{R] is given by:~
/7 7/ 2
(kg kMF + k. L) + (kyk MF + k¢ L)
v
+ 4(kgky kP 1)

2 ktk; F

This system has been examined for a wide number of
cambinations of values for constants, all of which gave

basically the same results.
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For example:=-

. K
k, 10
k,  10°
I, 1077
M 3

In this system, for [FeCls] >lo"1,. X =10, amd
the slope of log f(Rate) against log F = = 10

TABLE (VII.Z2.)

1o R
[FeCls] X gf( ) slope
log F
101  0e96 ) - 0+84
10~2 077
. ) - 0°50
10~ 0°+40

From Table (VII.2.) it 1s seen that even with ) as high
as 070, the slope would be between - 050 and - 0-8.
From another system giving a slope of - 0+95 between
[F9013]= 10=% and 10’2, > was measured at ’_'19*e015].~.1o'3
and fourd to have fallen only to 0°98.
In both of the above schemes then, it 1s seen that
lowering of X to 0°6 - 0°7 would be accompanied by a

very large deviation from minus unity in the slope of
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log Rate against log [Fecls] and consequently schemes
of this type must be rejected.

- Further consideration of this problem is left till
the general discussion in Chapter 12,

S




CHAPTER 8.

Determination of Overall Activation Energy

The veloclty coefficient k¥ of a reaction is
related to the energy of activation by the expression

k = Ae ®/RT
where A = Frequency factor
E = Activation rnhergy
T = Temperature (degrees absolute)
R = Molar gas constant

As derived iIn Chapter 5, the Rate of Polymerization

i1s given by the expression:-

kp T[]

key [Fec1; ]

Rate =

thus I, A, - (Ep - E;)/RT

©

ke Ay
and log Rate = log Ay + log s [M- - {Bp - Ex)
o o A, " §FeCls] 2.3 RT

Since I, [M] and Ef-‘eClS]will remain sensibly constant
over initial stages of reaction, and I, is independent
of temperature for the photosensitlized reaction, the
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equation may be written

log Rate = K - B
10 23 RT

where K 1s a constant and E = Ep - E,

A plot of log Rate against l/7 will have a slope of
-4
Eo '
2*'3 R

8.1,  Experimental
Rates of polymerization weore measured at different
temperatures between 25°C and 50°C for solutions containing

3, and 2 x 10~° mole

1x 1072, 8.2 x 1073, 5.2 x 10~
11tre™! ferric chloride to exemine the reglon of first

order termination and at 2 x 10~% mole 1itre™t to obtain
y

an estimate of (Ep - %—Et) in the region of second order

termination. (Et/refers to the activation energy for

the interaction cf two polymer radicals).

All reaction mittures centained 3.02 mole litre"l

acrylonitrile-

8.2 Res'!llts
These are shown graphically in Flgs. (25) to (28)

and also in Table (VIII.l-)
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TABLE (VIII.1.)
-1 -1
FeCl3 mole litre Eo kcal. mole
1x 1072 1.7
8.2 x 10™° 2e2
§e2 x 10™° 204
2+0 x 10~° : 1.7
1x 10™% 5¢5

Ey, then, is approximately 2 kcal. mole'l, and appears
to be failrly constant at high chloride concentrations.
At 10-4 mole litre“l, however, E, 1s markedly higher
showing that second order termination is much more

important here.

8e 36 Discussion

’ -
The value of E, - %Et obtained is 5.5 kcal. mole l.

This is of the order expected for the difference in

activation energy of radical propagation reaction and an

interaction of radicals.

1l

’ -
If Ety 1is of the order of 1 kcal. mole ~, then E,

is approximately 6 kcal. mole'l, and Ei is approximately

4 keal. mole'l-
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Thls is lower than would be expected for a reaction
involving electron transfer. In a study of the
decomposition of azoblsisobutyronitrile in DMF between
60°C and 80°C using ferric chloride and styrene as
scavengers, Betts, Dainton and Ivin quote the value of
Et for reaction between ferric chloride and primary
radicals, (cyanolsopropyl or styryl radicals), as being
slightly higher than 8 kcal. mole™t (47). However, in
the photosensitized polymerization of AN in DMF in
presence of ferric chloride, the low Intenslty exponents
obtained in the region of first order termination suggest
that, although it has been found that rate of reactlon
is inversely proportional to ferric chloride concen-
tration, the termination step may be somewhat more complex

than that represented by the equation

R + FeCl3 e} Polymer -+ F6012

such that the value of Eg obtained above may not be ;
truly representative of the activation energy required

for this reaction.



CHAPTER 9.

Measurement of the Rate of Photolysis of Ferric

Chloride by Spectrophotometry

As observed in Chapter 3, the optical density of a
solution which obeys Beer's law is given by the

eXpression
I,
0D = log -~—— = ¢gcd
I
where € = extinction coefficilent,
¢ = concentration of substrate,
d = path length of light through solution

such that any change in concentration of the substrate
can be followed by measuring 0.D. at a suitable wave-
length. From a calibration plot of 0.D. against c¢ at
this wavelength, the changes in 0.D. can be converted to
changes in c.

This procedure can be used for measurement of the
rate of reduction of ferric chloride in Al - DMF
mixtures, and from this, the rate of initiatlon of the
polymerization of AN in DMF photosensitized by ferric
chloride may be obtained.

Furthermore the rate of photolysis of ferric
chloride in pure DMF and in various other solvents can
be measured, and comparison of the rates obtained in

different solvents may yield information on the nature
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of the reaction

hy
F6015/SOIVent BGS'OX;I radical -+ F6012

Q.1 EXperimental

9.1l.1« Apparatus

A Unicam S.P. 1400 spectrophotometer was used so
that 0.D. measurements could be made directly on solutions
urd er vacuum. wide tubes were employed to allow stirring
by magnetic follower. The tubes were matched and fitted
exactly the space provided in the instrument (dlameter
approximately 25 cm.) Before each 0.D. measurement
was made, transmission was set at 100% with pure solvent
as blank, The volume of solution used in all exper-

iments was 16 ml.

9.142. Measurements

The rate of photolysis of ferric chloride has been

measured in the following solvents.

(i) DMF - AN mixtures

11 th monomer concentration held constant at 3.02
mole litre"l, runs were carried out with initial ferric

concentrations of 52 x 10"3, 8+1x 1073, 1.2 x 102



and 16 x 1072 mole litre~l.

Wwith ferric chloride concentration held constant at
8 x 10~3 mole litre, runs were carrled out at monomer
concentrations of 0¢75 and 453 mole litre'l, (5% and
30% by volume).

(1i1) pPure DMF

Runs were carried out in this solvent with initial
ferric concentrations of 5.2 x 10'5, 8 x 10™° and |
1+6 x 10™2 mole litre~t.

(iii) Other Solvents

Runs were carried out with initial ferric concen-
tration of 1 x 1072 mole 1litre™  in othanol) ethyl
acetate, methyl cyanide, acetone and diethyl ether.

Titratlon Tests

In each of the above runs, after measurement of the
photolysis rate, the reaction mixture was titrated for
ferrous iron.

Reduced Intensity

The rate of photolysis of ferric chloride in 20%
AN - 80% DMF solution at reduced intensity of irrad-

iation has been measured.



Gele Results

Fig. (29) shows absorption curves for each of the
pure solvents studied. On the Unlcam S.P. 1400 spectro-
photometer 1t 1is generally accepted that beyond limits
of 0«8 and 0+2 on the 0.D. scale, accuracy.of measure~
ment diminishes rapidly,; consequently, where possible,
wavelengths have been chosen such that 0.D. readings

lie within these limitse.

9.2.1ls Rate of Photolysis of Ferric Chloride in

systems containing DMF

Fig. (30) shows the fall in 0.D. at a wavelength of
48008 with time of irradiation for four different ferric
chloride concentrations in AN - DMF mixtures containing
2% by volume of monomer.

This shows that, in the region of first order term-
ination, the rate of reduction of ferric chloride 1is
constant, being independent of initial chloride concen-
tration. This verifies the constancy of I, as found
by titration.

Fig. (31) shows the fall in 0.D. at 48008 against
time for three chloride concentrations in pure DMF, and

here too, the rate is independent of initial chloride

concentration.
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fig.- 30._Photolysis of ferric chloride in AN-DMS-

o8t mixture wavelength = 4800 4
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fig. 32. Ca(/brat/'on plosrf.or DMF
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The calibration plot of 0.D. against ferric concen-
tration shown in Fig. (32) 1is for pure DMF but it was
fourd that the presence of 20% AN does not alter 0.D. ,
values measureably so this plot has been used to
evaluate rates of photolysis in AN - DMF mixtures as
well as in DMF.
Since the calibration is a straight line, the
linear rates can be calculated directly without
plotting ferric concentration against time of irradiation.
20% - 80% AN - DMF

For each chloride concentration,
A 0.D. = 0:12 hour~!
From the calibration plot, it can be scen that,
for any initial 0.D. rcading, this reprcsents a fall in
ferric concentration of 2+40 x 1079 mole litre‘l hour'l

= 6+67 x 10~ mole litre-l sec™t

1 da[FeCly) = 3.34 x 1077

and I -
7 2 dt mole litre tgog
Purc IMF

Here A o.0. = o0-16 hour ™t

Thus Rate of Photolysis = 8¢9 x 10" ‘mole 1itr€13361

Titrations:- FEach of the above runs was titrated

for ferrous iron after noted times of irradiation
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Example:~ Run with 5.2 x 10':5 mole litre-l ferric

chloride in 20% - 80% AN - DMF by volume.

Time or irradiation

Titration

Initial 0.D.
Final 0.D.

4 o.p.

Thus percentage ferric reduced =

[11]

L

-
-

60 minutes

2.10 mlI%\Im C.A.S.

2.10 x 10™° moles iron
025
0+135
0-115

0-115

x 1 46%
0+25 00 = 46%

Total ferric initially present

8.32 x 10™°
vessel,

5.2 x 10™° mole litre

1

mole in 16 ml. rsaction

Thus fram 0.D. readings, number of moles ferrous

formed in 16 ml. vessel

0+46 x 832 x 10~

= 3.83 x 10™° moles

5

The titration actually obtained is about one half

Of thise.

Percentage =

2.10 x 10‘5

1

55%

3.83 x 10=9°

x 100



e

Similar results werc obtained for the other runs

carried out in this series as shown in Table(IX.l.)

TABLE (IX.1.)

10'2J

[beClS]o mole litre” Moles Fé+kby Titration x 100%
Moles Fe++frcm 0.D.
5.2 x 1079 ) 55%
- t
8¢1 x 10™° j AW 49+5%
1.2 x 10~2 [*DMF 57%
1+6 x 1072 -
5.2 x 100 51%
5 | DUF
80 x 10~ f 52%
1.6 x 56%

In view of the above results, two specclal runs

were carried out at 5-2 x 10"° mole litre”

chloride in pure DMF.

L ferric

(1) Solution was irradiated till colourless (approx-

Total Iron present

In 16 mle. volume

imately 8 hours)and titrated.

= B.2 X 10'3 mole litre~
5.2 X 10'5 x

g-32 x 1070

1

16
1000
moles

and since solution is colourless, this is the quantity

of ferrous iron indicated by 0.D. measurements.
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Actual titration = 8¢5 mls z9160 C.A.S.

v

85 x 10"5 moles ferrous iron

i

Thus 0.D, and titratlion are in agreement when conversion
is complete.
(11) Solution was irradiated for 105 minutes such
that 0.D., fell quite close to zero

Initial 0.D. at 4700% T 047
0.D., after 105 minutes = 007

Titration 4.6 mls.

Thus, whereas 0.D. measurements indicate that 85% of the
ferric has reacted, the titration indicates only about
55% of the total iron present has been reduced.

The situation is illustrated in Fig. (33) which is
a plot of results obtained for solutions of 52 x 10'5

mole litre'l

of ferric chloride in pure IMF. This

shows that the rate of photolvsis as measured by
titration is about half that from 0.D. measurements where
these are both linear, and that, while the titration line
is linear after as much as 105 minutes in agreement with
results obtained previously, the rate of fall of 0.D.
with time decreases rapidly after about 60 minutes. At
105 minutes the actual titration is about 65% of that

indicated by 0.D. and as shown above these lines must
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eventually meet.

Effect of altering Monomer Concentration

From results above, 1t can be seen that the rate of
reduction of ferric chloride in pure IMF is about %/3 .
times that in DMF containing 20% monomer. Thus
inclusion of monomer in reaction mixtures causes a
lowering of rate. To examine this effect more closely,
two runs have been carried out at 8 x 10~ mole litre~t
ferric chloride in mixtures containing 5% and 30% by
volume of monomer. See Fig. (34).

Rate for 5:95 by volume AN - IMF system

= 845 x 10'7 mole l:l.tr'e'lsoac”1

Rate for 30:70 by volume AN - IMF system

7 -1

= 667 x 10" ' mole 1itre'lsec

9¢2¢2¢ Rate of Photolysis of Ferric Chloride

in other Solvents

(a) Ethanol
Spectroscopically pure ethanol was used, ard
results are shown in Fig. (35). In conjunction with
calibration plot, Fig. (36) this gives a rate of photo-
2 mole litre™! ferric chloride of

]'sec"1

lysis at 1 x 10~

8.55 x 10~ mole litre~
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Titrations: (1) The fall in 0.D. at 46003 af ter 60
minutes indicates that 35% of ferric present has been
reduced .

Thus expected titration for ferrous iron

= 0+35x 1 x 102 moles litre T

= 56 x 1070 moles in 16 ml.
Actual titration =3+3 mls N/100 C.A.S.

T 343 X 10'5 moles ferrous iron.

Thus only 59% of the expected titration is obtained.
(11) A run was carried out with 1 x 1072

mole litre ™ ferric in ethanol till 0.D. was zero.

6 ml. were titrated immediately, and another 6 ml. after

standing in air for 65 minutes.

First 6 ml. 0.D. = 0.

5moles iron.

6 mle at 1 x 10~° mole 1itre'l contain 6 x 10~
Titration obtained=6-2 x 10'5 moles ferrous irone.

Second 6 ml. On standing 65 minutes,

Titration obtained=3.05 x 102 moles ferrous iron

Thus the titration - 0.D. situation is the same In
ethanol as in DMF svstems, and ferrous ions in ethanol
oxidise rapidly in air as in DMF systems.

(b) Ethyl Acetate
Spectroscopically pure Ethyl Acetate was used and

the results are shown in Figs. (37) and (38).
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Rate of reduction of ferric =934 x 10~7 mole litre'lsea1

Titration: Ethyl Acetate 1s immiscible with the aqueous
titration media of dilute sulphuric acid and it was
fourd that, even on vigorous shaking, the colour tended
to remain in the organic layer. Consequently no
titrations with C.A.S. could be carried out for this
solvent.

Note:- Experiments with ethyl acetate were performed on
the same day as solutions were made up as a fall in 0.D.

of stock solutions can be detected after a few days.

(¢) Methyl Gyanide

The B.D.,H. laboratory reagent grade was treated with
four one hour shakings with phosphorus pentoxide and
distilled under reduced pressure.

A solution of 1 x 1072 mole litre"l ferric chloride

In the cyvanide was irradiated and results are shown in

- -1 -1
Rate of reduction of ferric =68 x 10~ mole litre lsec

Titration: Titration after 60 minutes irradiation was
fourd to be 48% of that expected from 0.D. measurements.

Solutions of ferrous ions in methyl cyanide do not

oxidise in presence of air. Indeed, as with ethyl
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acetate, runs with the cyanide had to be carried out as
soon as possible affer solutions were made up, as these
tend to deteriorate to ferrous. This 1s detectable by

0.D. measurements after a few days.

(d) Acetone

On irradiation of a solution of ferric chloride in
acetone, the 0.D. fell but rose rapidly on stand ing.
It would appear then, that a reverse reaction takes
place when irradiation is cut off, possibly Involving
reformation of ferric iron. Consequently the use of

acetone was abandoned.

(e) Di-ethyl Ether

The rate could not be measured by 0.,D. in this
solvent as precipitation occurred. Ferrous chloride

was found to be insoluble in ether.

Oe¢2e3¢ Rate of Photolysis of Ferric Chloride in
AN :DMF Mixture at Reduced Intensity of

Irradiation.

Fig. (41) shows a plot of 0.D, v time for irrad-
lation at 41% of full intensity of a solution
containing 1 x 10~2 mole litre ! ferric chloride and
3402 mole 1itre~! (20% by volume) of AN in DMF.
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From this plot,

Rate at 0°41 x Io 2 278 x 10"7 mole litre-lsecnl

from above,

Rate at 10 x I, = 667 x 10""7 mole litre-lsec-l
a[Fec1,)
Thus — is directly proportional to Intensity

of irradiation.

Oe264s Summary of Results

l. Rates of reduction of ferric chloride in the
region of first order termination are indepen-
dent of chloride concentration.

2. Comparison of Rates in different solvents.

TABLE (IX.2.)

Solvent Rate of Reduction
80% DMF - 20% AN 6467 x 107 mole 11tré'€e;1
DMF 8+9 x 10 ~7
Tthanol 8:55 x 107
Ethyl Acetate 9+34 x 10~
Methyl Cyanide 6.8 x 10-7

3. The rate of reduction of ferric chloride as
estimated by titration is between 50 -66& of

that indicated by 0.D. measurements.



4. For the expression

d{FeCl X
3 ( 2} = I o¢ (Intensity)
dt

n
the value of X = 1.0

9+.3. Discussion

Ip Chapter 5, it was shown from titrations that the
rate of production of ferrous iron was independent of
initial ferric chloride concentration, and a rate of
initiation was derived from the titrations (1+64 x 10"
mole litre-lsec-l). From the 0.D. measurements
described in this Chapter, we see that the independence
of rate of reduction of ferric chloride on chloride
concentration is verified but that the value for I,
derived is just over twice that from titrations

_]_) .

This effect is verified by titrations on the actual

(3+34 x 10" ‘mole litre-lsec

solutions whose rate of photolysis is belng measured by
changes in 0.D. and the effect is also observed in
ethanol and methyl cyanide. In all cases, where the
fall in 0.D. is linear, the amount of ferrous iron

indicated by titration is about 50 - 60% of that by 0.D.
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Flg. (33) shows that the fall in 0.D. decreases almost
abruptly long before the rate of production of ferrous
iron by titration, which 1s still linear after 100
minutes.

To find an explanation for this phenomenon 1is not
easye. We know that the titration measurements are
reliable since total conversion of ferric to ferrous
results in titrations representing the total quantitiles
of iron present. Thus it would not be unreasonable to
suppose that the removal of colour represents the
reduction of only half the ferric chloride present.
This can only be explained by postulating that ferric
chloride in non-aqueous media can exist in two forms,
one of which is coloured and the other either very
faintly coloured or colourless. For example, suppose
that on solution of ferric chloride in DMF the complex

(Fe [.HCON (CH5)2] 6 } Clg
is formed, and that this can react further with DMF

according to the reversible reaction:-

c1
[Fe(DMF)SJ Clz + DMF & [Fe(DMFs)] me(-m) * O

Let us also suppose that

(i) the equilibrium is such that approximately 50% of

the chloride is in each fomm
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(ii) the equilibrium is a very slow one
(iii) one form is coloured, the other colourless

(iv) finally, one form is preferentially reduced.

Such a system would exnlain the results as shown in
Fige (33). Where the linear fall in 0.D. ceases would

mark roughly the growing importance of photolysis of the
colourless speciese.
As an alternative to the above, the forms might be

[FG(DMF)G] Clz in conjunction with ferric chloride un-
associated with solvent. Again, FeCl; might be the

coloured form in conjunction with a colourless dimer
It has been found that the rate of photolysis of

ferric chloride in pure DMF is 30% greater than in
solutions containing 20 AN. The effect of altering

the monamer concentration was examined to see whether a

ferric - AN complex is the controlling influence here

or whether reduction of ferric chloride involves contri-
butions from ferric -~ AN and ferric - IMF complexes such
that lowering of AN concentration, in lowering the pro-
portion of ferric - AN complex reacting, would raise

the rate of photolysis towards the value in pure DMF.
The results are mixed. The rate with only 5% AN is
much nearer the value in pure DMF than in 20% AN
sclutions, yet there appears to be a point where

increasing the AN concentration does not alter the
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rate since this is the same in 30% AN solution as in
20%e

In plotting the fall in 0.D. with time of irred-
lation for solutions of ferric chloride in ethanol,
ethyl acetate and methyl cyanide, it is observed that
between 0 and 15 minutes a large drop occurs in 0.D.
followed by a linear fall. In each case the rate
taken 1s the linear one, and no attempt 1s made to
explain the high initial 0.D. reading. This effect
was generally not observed wlth solutions in DMF.

From Table (IX.2.) it can be seen that the rate of
reduction for all solutions of ferric chloride examined
lies between

667 x 10~/ and 934 x 10~ mole 11tre tsec™l.

Thus rates in different solvents are very much of
the same order which suggests strongly that the initial
reaction involves simply the fracture of an iron-chlorine
bond, the process being represented by the simple
equation:=-

hY
Fecls—-——--) c1 + F9012

The energy associated with irradiation of wave-

o] -
length 3550A is about 78 kcal mole 1 which compares
favourably with published estimates of the Fe=(Cl bond

strength in ferric chloride (48).



Slight differences in rate, as are obtained, may be
due to the effects of different ligands in complexes.
Some of these will be more ready to donate slectrons
than others. The ligands will form co-ordinate bonds
of varying strengths and will occupy different volumes
around the iron nucleus and the ease with which charge
transfer occurs might well be influenced by such factors.

On the other hand, these small differences may be
bound up in rates of reactlions subsequent to the primary
photolysis. In the photolysis of ferric chloride in
AN - DMF mixtures, half the chloride reduced 1s from
reaction with a polymer radical, and, since the rate of
reduction in other solvents 1s anproximately the same as
in the polymerization reaction, it is not unreasonable
to assume that a similar system will exist in absence of
monomers. For example in pure solvents, the system may
be represented by the following scheme:-

hy
FeCl; —— Cl1 + FeClp
Cl + Solvent — S + HC1 eese(IXol,)
S+ FeCl; —3 5 Cl + FeCl, eoeo(IXe20)
where S represents a radical derived from the solvent.
(The chlorine atoms formed could combine but they are
more likely to attack the solvent provided the activ=-

ation energy for this process is not too high). The
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rate of reaction (IX.l.) will depend on the reactivity
of the solvent to chlorine atoms, while the termination
step (IX.2.) will depend on the reactivity of the
solvent radical and also on the reactivity of ferric
chloride as the ferric chloride - solvent complex.
Either of these reactions may be rate determining.

A considerable number of factors then, may be
responsible for the slight differences in the total
rate of reduction of ferric chloride found in different

solvents,

With regard to the nature of ferrlc chloride in
AN - DMF mixtures, Bamford et. al. (29) have shown that'
the reactivity of the salt to polyacrylonitrile radicals
produced in the thermosensitized bulk polymerization of
AN is greatly reduced on the addition of a trace of IMF,
and the same effect has been observed In this labor-
atory for the ferric chloride photosensitized reaction.
It would appear that the effect is due to very strong
complexing between ferric chloride and DMF such that,
in solutions containing 20% AN in DMF all the chloride
will exist as the DMF complexX. Thus the primary photo-
lysis of ferric chloride in 20% AN - 80% DMF mixtures
(and in pure DMF) will be identical, yet the rate of

reduction of the chloride in the former solution 1s



lower than in the latter. This difference In rate must
be associated then, with a reaction subsequent to the
initial photolysis, and the difference in reactivity of
the macromolecular polyacrylonitrile radicals and those
derived directly fram DMF may well be responsible.
Finally, as expected, the rate of formation of
ferrous iron in AN - DMF mixture was found to be
directly proportional to the intensity of lrradiation.




CHAPTER 10.

Ultra-Violet Spectra of Ferric Chloride Solutions

With a view to obtaining information on the nature
of ferric chloride in non aqueous solutions, and on the
process whereby irradiation of these solutions ylelds
free radicals, the ultra-violet spectra of the chloride
in a range of solvents have been examined, and, where
possible, compared with the spectra of solutlons after

irradiation.

10.1. Experimental

10.1.1. Apparatus
All w.v. spectra were obtained on a Unicam "Optica”

spectrophotometer. Matched cells of 1 em. thiclness

were used, and in each case the blank cell contained

the solvent being examined.

10.1.2¢ Measurements

o

The spectra of ferric chloride between 2000A and
20002 were measured in the following solvents:-

AN, DMF, Methyl Cyanide, Ethanol, Ethyl Acetate,

Diethyl Ether, Acetone and Water.
o
The spectra of ferric chloride between 2000A and
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40002 after irradiation at 36508 for periods of approx-
imately 30 minutes - sufficient to convert most of the
ferric to ferrous - were measured in the following
solventss=-

DMF, Methyl Cyanide, Ethanol and Ethyl Acetate.
Since solutions of ferrous iron in DMF and ethanol are
oxidised by air, these spectra were measured immed-
iately on opening reaction vessels. Solutions of
ferric chloride in ethyl acetate and methyl cyanide
have a slow tendency to go to ferrous even in ailr, so
these are much less likely to be oxidised on opening
vessels.

This experiment could not be carried out for
solutions of ferric chloride in water, (diffilculty in
degassing), acetone, (unreliable 0.D. readings), ether,
(ferrous chloride precipitation), or AN, (heterogeneous
polymerization).

Because of the high extinction of ferric chloride,

low concentrations must be used. Generally solutlons

4

contained about 10~ mole litre-l.

10.2. Results
The spectra are shown in Figs. (42) to (49) and

Fig. (50) is a comprehensive diagram illustrating the
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positions of the peaks of the main bands of absorption
for the solutions examined togother with those for four

solutions examined by Cherniak et. al. (30).

10e3e Discuss ion

The fact that the u.ve. spectra of ferric chloride
in different solvents show® considerable differences 1is
strong evidence for complex formatlon between the
chlorlide and at least some of the solvents examined.
Fig. (50) shows the position of the peaks for the main
bands of absorption of 12 ferric solutions. The most
striking feature of the region of absorption between
3000 to 40008 is that solutions of ferric chloride in
ether, dioxan,and tetrahydro furan have one band of
absorption at approximately 34008 while all other
solutions except ethyl acetate have a band at approx-
imately 36502, and in the case of AN, the methyl cyanide
and DMF an additional band at about 31508.  Solvents
such as ether, dioxan,and tetrohyiro furan are not
usually electron donors and consequently it secems
fairly safe to postulate that solutions in these
solvents are not complexes, and that a peak at 34OOX
Indicates absorption by uncomplexed ferric chloride.

If this is so, then complex formation in other solvents
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is accompanied by a shift to about 56508 in the cage of
ethanol, methanol, acetone and 1:2 dichloro esthane, and
by separation into two peaks at about 56502 and 31502
iIn the case of AN, methyl cyanide,and DMF. Thus all
solvents suspected of forming complexes with the
chloride have a common peak at about 56502.

Obscrvation of the spectra of ferric chloride in
DMF and ethanol after irradiation show that thils common
peak is removed while that in methyl cyanide, (shorter
period of irradiation) diminishes. Irradlation of
complex solutions of ferric iron results in reduction
to ferrous, so it would appear that the absorption at
36502 is due to charge transfer presumably from chlorine
to iron.

These obscrvations would appear to indicate that
complexing is accompanied by a shift of the iron-chlorine
bond absorption to higher wavelengths, such that charge
transfer would occur more readily in the presence of
complex bonding. This might be explalned in terms of
steric effects; the Fe-Cl distance is presumably
greater where the iron has a co-ordination sphere such
that the potential energy associated with the bond radius
is raised,

These reflections are contrary to the now accepted
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view that complex formation stabilises a molecule to
processes involving charge transfer. In Chapter 9. it
was seen that ferric chloride in complexing solvents
probably exists in two forms and apart from this, it
must be admitted in all falrness that little is known
of the spectra of complex molecules in the charge
transfer region. Workers in this field maintain that
any conclusions from such spectra must be drawn with
great reservation, and consequently, no attempt is made
here to elaborate on the interpretation of this apparent
shift to higher wavelength, beyond stating that the
value of the quantum necessary for reduction of ferric
chloride appears to be very similar in all complexes
indicating that production of free radicals primarily
involves cleavage of the iron-chlorine bonds common to
all solutions.

Commenting on ind ividual spectra, those of ferric
chlaride in AN and methyl cyanide are almost identical.
The narrow bands of high absorption at 24508 are not
shared by any other solution, and must be due to absor-
ption by complex bonding between the iron and cyanide
nitrogen atoms. The spectrum in IMF is similar to
that in solutions containing the CN group, and very

different from that in ethyl acetate. This might be
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taken as evidence that DMF complexes via the amide
nitrogen atom, but the spectrum in ethyl acetate 1is
unique in that the main peak is at approximately 55003.
After irradiation of ferric chloride in the acetate, a
spectrum 1s obtained very similar indeed to that in DMF,
and this spectrum is probably characteristic of complex=-
Ing via the carbonyl oxygen atams which exist in both
DMF and the ester. To explain why the acetate solution
only shows this spectrum after a period of Irradiation,
we must invoke the theory that two species of ferric
chloride exist in this solution, one of which is not
complexed, and that this form is preferentially reduced.
(This would in fact mean that complexing stabilises the
ferric chloride molecule). Thus DMF probably does
donate via the oxygeh atom as postulated by Nortia (42)
ard Muetterties (49).




CHAPTER 1l.

Radioactive Tracer Studles; (5601) ~- TLabeled
Ferrlc Chloride as Photoinitiator.

By the use of radicactive isotopes as tracers a
great deal of interesting information can be obtained
relating to the mechanisms and extents of chemical
reactionse. The method is particularly advantageous
because amounts of isotopes can be detected and
estimated which are so small as to be beyond the limits
of chemical analysis.

In polymerization reactions, work in this field
has generally been confined to 146 studies. For
example, (14g) - labeled azobisisobutyronitrile cata-
lyst has been used by Arnett and Peterson in the
determination of efficiencies of initilation (50), and
by Bevington, Bradbury and Burnett (51) in the
measurement of kinetic chain lengths.

With regard to the present work, it was reckoned
that if ferric chloride could be prepared from pure
iron and the readily available 3601 radiocactive isotope
of chlorine, this could be used as the photoinitiator
in the polymerization of AN in DMF, and, provided the
activity could be easily detected and measured, inform-

ation relating to the mechanisms of tha initiation and




terminatlion reactions might be obtained. It might, for
example, be possible to establish whether the initiation
step involves attack of monomer units by chlorine atoms
on measurement of the activity in the polymer fommizd in
the region of ferric concentration where termination is
second order with respect to radical concentration.
In the region of first order termination, it should be
possible to egtablish whether termination involves
addition of chlorine atoms (XI.l.) or abstraction of
hydrogen atoms (XI«Z2.). |
wGH, - (‘)H + FoCly —>n~CH, - CHCL + Fe 1

CN CN
L 3] -(XIll.)

2

“~nCHg « CH + F’eCl5 —3 “CH = CH+HCl+FeCl
| |
CN CN
- LR (XI-Q. )

2

If both occur, the relative rates of these reactions
might be determined.

Unfortunately lack of time has decreed that the
present study be confined to qualitative work though it
is hoped that tentative quantitive statements might be

made from the results obtained.




1L.1. (3c1) - chlorine

The isotope is supplied in 50 ml. samples contain-
ing - c.a. 50)1.0. of activity. Samples generzlly
contain c.a. 40}1.c. per mM. such that at N.T.F. the
volume is c.2. 25 ml. and the pressure in the sample
vessel c.a. 3 abmospheric. The isotope emits B part-

icles of energy 071 Mev.

11.2. Preparation of Ra‘ioactive Ferric Chloride

The following procedure was found to produce
lustrous deep purple crystals of anhydrous radicactive
ferric chloride without the occurrence of side reactions
encountered in Chapter 2. Ordinary chlorine was twice
distilled under vacuum from -78°C, (Drikold-zcetone),
to -200°C, (1igquid nitrogen), and allowed to stand over-
night over calcium chlaride in a 1 litre roundi bottamed
flagk at about £ of an atmosphere pressure, them
distilled into vessel A shom in Pig. (51). The S0 ml.
sample of (5601) = chlorine, (vessel B), ani the
reaction vessel containing an even layer of A.R. irom
filings, (dried overnight at 40°C), were attached to
the vacmmm line, Chlorine vas allowed to diffuse imto
2 and € by keeping 4 a2t -38°C for about 15 minmtes, and
A shut off thus incorvorzting chlorine at almost
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atmospheric pressure into C and the space above B.
B was now broken open and all the chlorine in B and 0
frozen and thawed twice in B to ensure complete mixing
of the radioactive chlorine with the ordinary chlorine.
The iron was now heated very gently and crystals of
ferric chloride containing (Cl36) - chlorine were
formed. The vessel was sealed off and small amounts
of unreacted iron were carefully drawn from the reaction
chamber with a very strong magnet. The crystals were
stored in a dry vessel with a tight fitting lid.
Note «- Heating must be very gentle as overheating can
cause the formation of ferrous chloride particularly
when the chlorine pressure is becoming low.

The (#C1) - chlorine is diluted with ordinary
chlorine to provide a sufficient quantity of chlorine
at a sufficiently high pressure to provide a good yield
of ferric chloride.

In the fofegoing sections, the crystals obtained by
the above procedure, which will contain ordinary ferric
chloride as well as radioactive, will be referred to as

Ifactive ferric chloride”e

11.3. Experimental

11.3.1. Apparatus
For activity measurements a scintillation counter,
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with a linear pulse amplifier ard a pulse height
selector, (all supplied by Nuclear Eterprises Ltd.),
were used in conjunction with a Dynatron scaler.

The conditions used for counting were as follows:=-

Gain = 1250 times
Pulse height = 30 volts
Gate width = 20 volts
E.H.T. = 135 K volts

The scintillator consisted of a mixture of 3 gm.
litre~! of 2:5 diphenyl oxazole, (P.P.0.) and 0+l gm.
litre™l of 1:4 bis (2 =(5 phenyl oxazole) ) = benzene,

(PoOoPoO;P), in toluene.

1ll,3,2. Measurements

Polymerizations of 302 mole litbe"l (20% by volume)
1

of AN in DMF at concentrations of 2 x 10™% mole 1litre”
and 5 x 1070 mole litre™’ of the radioactive ferric
chloride were carried out, and these were repeated for
the same concentrations of ordinary farric chloride.
The runs at 2 x 10~% mole litre ™ ferric were taken to
completion while those at 5 x 107° mole Z_litre'l were

stopped after 180 minutes irradiation.
Polymers were precipitated in methanol, filtered
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throu”i sintered glass crucibles, (porosity 4), washed
with, methanol and dried at 80°C. Solution in HIP
followed by reprecipitation was carried out twice to
ensure removal of all active ferrous chloride and any
unreacted active ferric chloride.

In each case, the entire sample of polyner obtained
was dissolved in EMF and added to the toluene solution
containing the scintillator, (precipitation of the
polymer does not occur), and the resultant solutions
were used for counting.

The activity of the polymers obtained from active
catalyst were measured and compared with that from
ordinary catalyst for each of the ferric concentrations
used and the activity of a solution of active ferric

chloride was measured and compared with that of ordinary

ferric chloride.

11.4. Results
SEperiment A. *PeCI*J - 2 x 10~4 mole litre””

Volume of reaction vessels = 15 ml. and reaction
was taken to completion. therefore total f erric
chloride converted to ferrous = 5x 10 moles

A ctivity found in polymer (counts per sec.)

Solution 3-66 i 3/B
Blank - 0*46 2 iof
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FEXperiment B. {FeClS] = §5x 10-5 mole litre-l

Volume of roeaction vessel =15 ml. Reaction was
stopped after 180 minutes, and from the titration-time
data for vessels of volume 13 ml. shown in Fig. (21) it
is seen that this is equivalent to a conversion of

45 x 10”2 moles of ferric chloride in a 15 ml. vessel.

Activity found in Polymer (counts per sec.)

Solution -~ 3440 * 14
Blank - 059 t 104

Experiment C.

For comparison with Zxperiment A above, the
activity of a solution contalning 1 x 10 moles of
active ferric chloride was measured. This would have
the same activity as the polymer from conversion of
3 x 10~ moles of ferric chloride if it is assumed
(a) that each truly active ferric chloride molecule
contains one active chlorine atom - a very reasonable
assumption under the corditions of preparation of the
chloride, and (b) that one chlorine atom is incorpor-
ated in the polymer from the initiation process for
each molecule of ferric chloride reduced, i.e. ignoring
termination by the chloride 2t this low concentratione.
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Activity from 1 x 1070 moles active ferric chloride

Solution - 124 19
Blank - 0-41 * 109

1145 Conclusions

(1) Chlorine from Initiation step; comparing

results from Experiment A with those from Experiment C,
it 1s seen that the ratio

Activity in polymer from conversion of 3 x 10~moles
active ferric chlaride

Activity from 1 x 10 Omoles active ferric chloride

5°66
124

= 295%
Thus little or no chlorine 1s incorporated in the
polymer in polymerizations initlated with 2 x 10~

mole litre™t ferric chloride.

(ii) Chlorine from termination; from Experiment B

5mo les.

the total ferric chloride converted is 4.5 x 10~
Starting with the assumptions

(a) that half the active chlorine from the reduction

of this number of moles of the active ferric chloride

1s lost in the initiation step, (conclusion (i),)

(b) that, as before, only one third of the active




chlorine atoms available react in the termination step,
and (c) that one chlorine atom is incorporated in the
polymer for each molecule of ferric chloride reduced due
to the reaction (XI.l.),

the activity which should be present in polymer B 1s

that equivalent to 4+5 x 1072 = 7.5 x 10~°moles of
6

active ferric chloride.
From Experiment C,
Activity ¥ 1 x 10~% moles active ferric chloride

= 124 counts per second.

Therefore Activity 2 75 x 10~% moles active ferric
chloride = 930 counts per sec.

Activity found in Experiment B=344 counts per sec.

Percentage = 344 ; 100 = 37%
930

Thus it might be concluded that temination by (XI.2.)
is of greater importance than that by (XI.l.).

11.6. Discussion

It must be emphasised that the conclusions outlined
above are put forward very tentatively in view of the
few experiments carrled out. Nevertheless it does
seem safe to say (i) that no chlorine atoms react

directly with monomer units in the initiation process,
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(the small amount of chlorine, c.a. 3% of expected,
indicated in the polymer might well be the result of
first order termination at 2 x 10~% mole 11tre-1 ferric),
and (1ii) that at least some termination by reaction
(XI.l.) occurs.

That chlorine atoms do not react directly with
monomer is at first sight surprising, but at the high
concentrations of DMF present the atom mightt well
react preferentially with solvent such that a solvent
radical is the effoctive polymerization initiator.
Certainly abstraction of hydrogen by chlorine from the
monomer is possible but hardly likely in the absence of
any addition to the monomer. Evans and Url claimed
that chlorine analysis and molecular weight determin-
ation on. polymethylmethacrylate produced photochemically
with the aqueous Fe® ¥ 1 ion pair indicated that each
- polymer chain was initiated directly by chlorine
radicals, (16). The system, of course, for methyl-
methacrylate in aqueous solution might be very different
from that of AN in DMF solution, but as Dainton and
Tord off (26) have pointed out, the ferric concentrations
used by Evans would almost certainly result in a
considerable proportion of first order terminatione.

Apart from this, chlorine analyses, especially in the




small proportions found in high polymers should be
interpreted with reservation.

A more rigorous study of the region of ferric
concentration where termination is effected by the salt
might show that, in fact, all termination involves
transfer of a chlorine atom to the polymer radical.
Intwhistle maintains that this 1s the case, (again from
chlorine analysis and molscular weight determination),
but it is considered that tracer experiments of the
type outlined above might provide more conclusive
evidence for the mechanism of this reaction. Cortainly
the (5601) - isotope of chlorine 1is very easily
detected even at low concentrations, and, with the high
counts obtained, background counts are negligible, and
it should not be too difficult to obtain sound quantit-
ative estimations of chlorine in products of reaction

with ferric chloride,




CHAPTER 1l2.

General Discussion

The previous chapters contain discussions of the
individual experimental results obtained. In this
chapter the significance of these results in relation
to each other and to a general kinetic scheme for the
polymerization of AN in DMF solution photoinitiated and
terminated by ferric chloride is considered.

Considerable information relating to the nature of
ferric chloride in non aqueous media has been amassed.
Bamford et. al. (29) and McIntosh (41l), postulated that
the chloride complexes strongly with DMF and Nortia (42)
has recently described complexes of the type
[M(IMF)S] (Cl0y)z for other transition metals in the
iron series. It has been observed 1In the presant work
that the strong red-yellow colour of ferric - DMF
solutions is discharged on addition of acid, which is
strongly indicative of the existance of a complex
between iron and DMF, but the most conclusive evidence
for complexing 1s obtained from a study of the u.v,
spectrum of. ferric chloride in a series of non aqueous
The spectra in solvents which are not

solvents.

usually electron donors are very similar but show
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considerable differences from those in solvents%dontain-
Ing nitrogen atams or carbonyl oxygen atoms. Further
small differences are observed in the latter spectra,
although those in AN and methyl cyanlde are almost
identical, indicating that these spectra arc character=-
istic of co-ordination between iron and cyanide nitrogen
atoms.

It is not known whether IMF complexes via the
nitrogen or cafbonyl oxygen atom but the u.ve. spoctrum
of forric chlaride in this solvent 1s almost identical
with that in efhyl acetate after the latter solution
has been subjected to a short period of irradiation at
3650%. This 1is discussed fully in Chapter 10, and may
be taken as evidence forvcomplexing via the oxygen
atome This is in agreement with prevailing opinion;
Nortia (42) and Muetterties (49), now seam convinced,
from steric and other considerations, that the prob-
ability of complexing by IMF via the amide nitrogen

atom 1s lowe.

The nature of ferric chloride in non aqueous media
is further complicated by_the apparent exlstance of two
species one of which is more highly coloured éni
preferentially reduced than the other. Only by such a
postulate can it be explained that estimatlions of ferrous
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iron by spectrophotametry yield results approximately
twice those from titrations. It is odd admittedly
that both species should be present in approximately
equal proportions not only in DMF and AN - DMF
mixtures but also in ethanol and methyl cyanide.
Uncomplexed ferric chloride or the dimer may be involved
here.

with fegard to the mechanlism of the primary procoss
whereby free radicals are obtainod on photolysis of non
aqueous solutions of ferric chloride, 1t appears that,
notwithstand ing the complex nature of these solutions,

the reaction can be represented by the equation

hy

FoCl, — FoCl, + ¢l

This conclusion is drawvn from the following observations:-
(a) The rate of photolysis of ferric chloride in several
non aqueous solvents is very similar varying only

between cea. 7 x 10~7 and c.a. 9 X 10”7 mole 11tre'1se;1,
(b) The uev. spectra of ferric chloride in different
solvents involving suspected complexes have in common

a band of absorption with a peak at c.a. 36508 which
disappears on irradiation. This band is assoclated

then with absorption by the iron chlorine bonds common

to all of these solutions.




(¢) The encrgy of light of wavelongth 36508 is 78 keal.
mole™l which compares favourably with estimates of the
iron - chlorine bond strength (47).

Thus it is considecred that cleavage of an iron -
chlorine bond is responsiblc for the production of
primary radicals ard that ligands arc not involved as,
for example, in the photolysis of oxalate complexes to
producs 0204- radical ions shown to initiate the
polymerization of AN (19, 20).

In Chapter 5, it is shown that, for the polymer-
ization of AN in DMF solution in presence of ferric
chloride at concentrations greater than ce.a. 2 x 10-3
mole litre-l, thc rate of reaction should be given by

the expression

k, 1, [u}
- P n
Rate P = -—-—r-——kt F9013]

and that use of ferric chloride as photoinitiator

gives rise to the relation
I, = K1 o
" ‘
_ Pki IO{M]
P ki [PeCl;]

The following observations have been made.

whence Rate
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(2) The rate of reaction is proportional to the
reciprocal of the ferric chloride concentration.
(b) The rate of reaction is proportional to the
monomer concentration.

(e) The rate of initlation, both fram spectrophoto-
metry and titrations, is independont of the ferric
chloride concentration, and 1is proportional to the
intensity of irradiation.

(d) The overall enoergy of activation 1s independent
of the ferric chloride concentration.

(e) The rate of reaction 1s dependent on Intensity of
irradiation to the power 0+65.

Observations (a) to (d) are In full agreement
with the-above expression, but (e) is totally incom-
patible. This last observation would, in fact,
appear to indicate the participation of a considerable
proportion of second order tefmination. This possib-
11ity, and the possibility of interaction betwoen
polymer radicals and initiator radicals, have been
examined in Chapter 7 and the conclusion is that any
termination other than that by Interaction of polymer
radicals with ferric chloride would cause large

deviations from relation (a) above.




The only way in which the simultaneous application
of the relationships

Ratep ¢ —1 _  and Rate . & In°'65

{FeClsj p
can be visualized 1s by postulating that the termin-
ation reaction is in some manner depondent on the
intensity of irradiation. Let us suppose, for
example, that thero are two species of ferric chlorido
presont in the polymerization mixture of AN In DMF and
that one of these can only act as a terminator by
absorption of a quantity of light enorgy, = the class=-

ical "hot molecule” theorye

Let the spocies be reprosented by F, ond Fy such
that termination is offectod by F, and F;*(where Eb*'

represents a "hot molecule").

The rates of initiation and tormination will be

given by the equations

In ® ki, [F ] Tab + Ky [Fb] Tabs

Rato y, = kgg |F ][R] + ke [pb] Tbs.
(where ky,, kip, Kgg, ktb arc constants and I,hg, 1s

the actual intensity of irradiation absorbed)

Lot [Fb*]z k, [Fb] Ipe

wherec ke is a constant.
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Then, for a stationary state in radicals the rate of
reaction will be given by the expression

kp [M] (kiq [Fa] Iops. 4 k1p [Fb] Iabs)
Kta {Fa] + ktb* K [Fb_] Iabs.

Now it has been shown that, at relativoely high ferric

Rate p =

chloride concentrations, the rate of initiation 1is
independent of ferric concentration and depands only on
Iy If the eonorgy absorbed by the terminating spoecloes
is of similar order to that involved in initiation
process, the rate of production of F‘b*(and consequently
the Fbxconcentration), will also depend only on I,.

ieco In = ki IO

where ki and kjare_constants.
kp[M] kg I,
Kia thﬂ+km

X
Let us supposc, for the moment however, that [Fb ]dOes

Thus Rate p=

depend on the concentration of specles Fy

X /
lece [Fb ]= kI [Fb] IO
and that a fraction of of the total ferric present

exists as specles F,

fecs [Fa:lz u[Fo] and [Fé.‘%' (1 -e) [F‘o]
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Then Raté = k'P [M] ky Lo

p-
'F°k kg O + KX k2 (L =) 10}
.ooa(XII.l.)

By arrangement of the constants in this ocquation it can
be shown that Rate pcan depond on 1/[Fo] and I°0°65
simultancously.

The success of this explanation hinges on tho
direct dependencc of thc concontration of "hot molecules"
on the concentration of tho speciles from which they are
formed as well as on the intensity of irradiation.
Unfortunately, as oxplained above, this should not bo
the cases (Even if tho onergy involved in termination is
very much less than that in initiation, direct depond-
ence of [Fb*] on [Fb] could not be expected as non
uniformity of irradiation results from absorption in the
initiation process). Consequently it 1is only very
tentatively that the above theory can be postulated, yeot
only by an cxpression of the type (XII.le) can these
incongruous dcpendences on ferric concentration and
intensity of irradiation be reconciled.

The theory makes use of the conclusion from
Chapter 9 that two species of ferric chloride exist in

AN - IMF solutione. Other kinetic observations can be
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related to the involvement of light absorption in the
termination reaction. For example, we could expect
the activation energy Ei, for the termination reaction
to be low if part of this energy was provided by
irradiation, and the value obtalned (ca. 4 kecal. mole-l),
does seem low for reaction between a polymer radical

and an inorganic salt. The overall effoct of loworing
of Bt 1s toralse B, = g, - E_ ond the fact that E, is
positive accounts for part of the difference botween

the value of kp/kt = 0+078 obtained in this work at

25°¢ ond that of 0°+33 obtained at 60°C by Bamfofd aet.al.

(29)¢ E, in fact was fourd to be c.a. 2 keal. mole™!

so that k,/ky would rise from 0-078 at 25°C to 0+11 at
6000. As observed in Chapter 5, the remaining
discrepancy could be ascribed to a low efficiency of
initiation though it would have to be postulated that
as much 28 two thirds of the radicals farmed combine to
foam inert productse.

With regard to the radicals which actually roact
with monomer units to initiate chalns, the radioactive
tracer studies described in Chapter 11 indicate that in
20% AN - 80% IMF reaction mixtures, chlarine atoms are
not involved. This, In turn, indicates that the primary
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- photolysis
hy

FeClS — I*"e('}l2 + Cc1l

is followed by the reaction,

Cl + DMF —>R; + HC1
such that solvent radicals are the effective initiating
species.

The retarding effect of ferric chloride in DMF on
the polymerization of AN 1s conslderably less than that
of aqueous solutions of ferric ions on the polymeriz-
ation of acrylamide. For example, Dainton and Tordoff,
in their study of the latter system, (26), maintain
that termination is first order with respect to radical
concentration when the ferric concentration is greater
than c.a. 4 x 10~% mole litre~!, while dependence of
rate of reaction on the reciprocal of the ferric
chloride concentration was not observed in the present
work at less than ce.a. 2 X 1073 mole litre™l. It 1s
interesting to note that in this work with aqueous
ferric solutions, initiation and termination are
reckoned to involve two species of ferric ion, though

this apparently causes no complications in the kinetics

of the reaction.

There is plenty of scope for future work both on
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the present polymerization system, and on other
systems containing inorganic salts and vinyl monomers.
As observed in Chapter 5, kinetic chain life-
times in the polymerization of AN in presence of ferric
chloride are very short - too short, in fact, to
measure by the usual non-stationary techniques.
Consequently molecular weights are very low. As

estimated from the expression

MeWo = Rate of Polymerization x (M.W. of monamer)
Rate of Terminatilon

the molecular weight is c.a. 6000 when the ferric
chloride concentration used 1s 2 x 10™° mole litre"l,
and of course is even lower at higher chloride
concentrationse. Light scattering methads could be
employed in the measurement of molecular weights of
this order. If however, the mechanism of termination
by ferric chloride in DMF can be firmly establlshed by
the tracer atom studies described in Chapter 11, those
studies should provide an even more accurate estimate
of molecular weights by comparison of weights of
polymers with the number of chlorine atoms incorparated
in these.

The extension of the study of non aqueous ferric
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chloride solutions by u.v. spectroscopy to a wider
range of solvents might allow more definite conclusions
to be derived concerning the nature of these solutions.
Certainly 1t should be possible to obtain spectra
characteristic of complexes between lron and selected
donor atoms. Spectrum changes during irradiation could
be examined by the use of quartz cells connected by
greduated seals to pyrex tubing such that these could be
sealed off umler vacuum, though same alteration of the
u.ve spectrophotometer miéh‘t be necessary to accamocdate
these vessels,

Finally, the study of the photolysis of other
transition metal salts, e.ges cupric chloride, in
presence of AN in DMF and the comparison of results
with those obtained for ferric chloride, with particular
regard to intensity exponents in regions of first order
termination, would be most interesting; extension of the
work to other monamer-solvent systems might also

provide same interesting comparisons.
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SUMMARY.

A detailed kinetio study has been made of the
photosensitized polymerization of acrylonitrile in
dimethyl formamide solution with ferric chloride as
both catalyst and terminating agent.

It has been shown that ferric chloride readily
forms complexes with solvents containing atoms which act
as electron donors, and that a complex exists between
ferric chloride and dimethyl formamide which probably
involves co-ordination via carbonyl oxygen atoms.

There is evidence also that two species of ferric
chloride exist in dimethyl formamide, and that one of
these is more readily reduced by absorption of light or
reaction with free radicals than the other.

Notwithstanding the complex nature of these solutions,
it appears that the process whereby free radicals are
obtained on photolysis with u.v. light primarily involves
a relatively simple reaction, namely electron transfef
from chlorine to iron to form chlorine atoms. Uiese
atoms, however, do not initiate polymerization directly;
it is probable that the solvent is attacked to produce
further radicals which react with monomer to initiate

chains.

(i)



(11)

The extinction coefficient of ferric chloride in
dimethyl formamide at 56502 1s 5 x 105 litre mole-lm;},
such that absorption of irradiation at this wavelength
in reaction vescels of 2 cm. diameter containing chloride

-1
% 1ole 1itre  1s

concentrations greater than ca. 3 x 10~
virtually comnlete. It 18 shown lhat under these
conditions the rate of production of ferfcus iron, and
consequently the rate of inltlation, lc Indepcndent of
ferrie chleridc concentratlion. At ccncenvration greater
than ca. 2 x 107° mols litroml, terminntion occurs by
reaction of growing radinals with ferris chlorlde. To
describe thils systan, a 3lmplie kinetie scheme 1s
poatulated which indicates that, under stationary state

conditions, ratos of polymerilzation end inltistion should

be given by the exprezsions

X k,T [M] .

Ratep —_ PJ-IO[N_IJ_ .oooo(l)
ktLE‘<3013T

and In = k:iIo oennoe(2)

where k? end ir. are the veloclity coeffleients of
propagation and termination, Iy 13 tho constant relating
the rats of iniltiation, I,, to *he intensity <% Irrad-

iation, Iy erd [M] and [FoClé]represent the monomer and



(111)

ferric chloride concentrations.

I,> as measured by titration for ferrous lron with
ceric ammonium sulphate, is 164 x 1077 role litrglseé‘l,
and by substitution of this value for kijI, in equation
(1), & value of 0-078 s obtainel fo k. at 25°¢.

This 1s somewhat smaller than that obtained by Bamford
end co-workers,namely 0°33 at 60°C (29) . The difference
1s due in part to tho difference in temperature; the
overall activation encrgy is ca. 2 keal mole_ . It may
also however, be due to a lower efficiency of initiation
for the radicals derived from ferric chlorlide than for
cyanolsopropyl radicals.

Kinetic observations, in general, are in agreement

with the scheme postulated, though the intensity exponent
1s lower than expected. A tentative theory has been

put forward to explain this.



