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SUIMMARY

The aqueous polymerisation of acrylonitrile,
initiated by hydroxyl radicals produced from the photo-

chemical electron transfer (Fe3

toi”) = Fot' 4 OH at
31304, has been investigated at 15°C, 25°Cc, 30°C, 40°%C
and 50°C.

At 15°C, 25°C and 5000, assuming a photostationary
state In the aqueous phase and in burled centres of the
polymer particles:‘the system was found to obey the
rate equation:

-G (m7)
at

0.5 St - 0.5 1.0
k I, (Fe JOH )  (m)

At these three temperatures, an attempt was made to
evaluate the rate constants and activation energles of
propagation and terminatlion by the rotating sector
technique. Only lower limlting values were obtalned
because of the presence of two phases.

Unusually high monomer exponents, found at 40°¢ and
50°C, are attributed to a changlng rate of initiatlon

with monomer concentratione.
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CHAPTER 1. INTRODUCTION.

A. THE NATURE OF THE INVISTIGATION.

This investigatlon is primarily concerned with

. elucldation of the reaction of the polymerisation of
acrylonitrile in aqueous solﬁtion. An attempt has been
made, not only to evaluate the rate constants and
energetics of’tbe various steps of the reéctlon, but also
to ascertain whether the polymerisation of aqueous
acrylohltrila 1s predominantly a homogeneous or a
heterogeneous progéss. Some attentlon has also been
glven to the efféot of Increased temperature on the

polymerisation of acrylonitrile in aqgueous solution.

I. Relation to General Chemistrye.

A3 an additlon polymerisation provides an excellent ;
example of a kiﬁetic chain reaction, it ié important
from a physical chemlcal point of view. With present day
sdvances in the technology of plastica, fibers and
rubbers, a more complete understanding of such intérésting
and useful compounds as acrylonltrlile is always welcome.

iI. Relation to Photochemistry and Radiatlon Chemistrye.

One of the best tools for detecting the reactive
_enﬁities created by the radiation of high energy 1s the
polymerisation process. Free radlcals, as these:reactive
entities usually turn out to be, are generally of low

concentration and require a sensitlve reagent to capture
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theme. Free radical initiated addition polymerisation of
 vinyl compounds such as acrylonitrile, belng long chain in
character, provides a very largs material amplification of
the original'step and hence makes them readily detectable
by physical chemical means.

ITI. Relation to the Chemistry of Poiymerisation.

Because of the interest in the photochemistry and
- radiation chemistry of water and 1bs products, research has
been directed along the lines of water soluble vinyl
compounds. The most useful of these has turned out to be
acrylonitrile because of its high solubllity and freedom
from comﬁlicating side reactions and because of the general
reproquceablllty of results obtalned when it l1s used. ;
ﬁuch study has been dlrected on the actual initiation
processes of these aqueous systems; In thls work more
attentlon has been pald to the polymerisation process
1tself, to prove that the method of steady states can be
applied to the polymerisation of aqueous acrylonltrilé,
and to show that the process 1ls a mixture of a homogeneous

and a heterogsneous reaction.

B. A BRIEF SURVEY OF POLYMERISATION.

I. Introduction.

In discﬁssing the chemistry of isomers, Berzlius

(1833) gave the name "polymer" to those compounds which
g
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contained the same atoms in the same proportlions but had
different molecular weights. High polymer chemistry
could be saild to have origlnated with Regnault in 1838
and Goodyear 1n 1839, but 1t has only been in this
century that a systematic study has been carried out.
There are several texts in which the field has been
covered in defail. Some of these are: Mark and Tobolsky
(1950) , Burk and Grummitt (1949), Bawn (1948) and
D'Alelio (1952).

Carothers (1Y40) ﬁas the first to distinguish between
polycondensations and addition polymerisations. Both
Carothers and Chalmers (1934) put polymerisation on
firmer theoretibal grounds.

Polycondensatlon or step reactlon polymerisatlon
1s characterized by thevstep—wiée combinatlon of monomer
units with the elimination of some simple molecule, e.ge
H20, NaCl. Each individual step proceeds at the same.
specific rate and hence .all steps will have the same
probability of reaction 1lndependent of chaln length.
Therefore, the degrée of pdlymerisation 1s chlefly dependent
on the duration of the reaction and not on thé extent of
the reaction. This does not mean, of course, that a step
‘reaction polymerisation élways goes to completlon and

that the degree of polymerisatlon tends toward 1nfinity.
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There 1s generally a random distribution of molecular
~welghts, influenced, for example, by an excess of reagent,
by non-removal of eliminated molecule to prevent back
reaction, of by viscosity changes.

Addition or chain reaction polymerisations, because
of their complex features, are moré interesting and will
be considered in greater detall.

II. Addition or Chain Reaction Polymerisation.

Addition polymerisation is the intermolecular
combination of unsaturated compounds, usually derivatlves
of ethylene and butadiene, without the elimination of any
simple moleculs.  Vinyl monomers are most widely
Investigated, as it is found that even complete
substitution at one carbon atom will not hinder polymer-
isation, but substitution at the second atom will (ekcept
in-the case of fluorine). However 1,2,substituted
ethylenes may take part in copolymerisations.

A monomer reacts to form long chain molocules 1n
which the 1individual units or segmers are connected by
slingle bonds. Addifion polymerisation ls a true chain
reaction. The fnitiation’step, which isjslow, 1s quite
different from the propagation step in contrast to
polycondensation. Also in common with other chain

reactions, addition polymerisatlons are very sensitlve to
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the negative or positive catalytlc effect of impurities
such as oxygen or traces of heavy metals. The molecular
welght 1is also constant and does not show random
variations. Hence the degree of polymerisation is not
dependent on the duratlion of the reaction.

Addition polymerisations conslst of at least three
main steps: 1inltlation, propagation and termination.
Other factors will also be considered.

le Inltiation: The opening of the double bond.

>

There are two types of vinyl polymerisations which

depend on the electronlc nature of the double bond" radical
Initlated chain polymerisatlon, and lon initiated chain
polymerisation.

A double bond can be considered in two parts, the firat
conslisting of theedbonds formed from the maximun overlap
of one of the trigonal bonds of the sp, hybrid. The other
part of the double bond is made up of unhybridized p,
orbitals at right angles to the ofher three, which overlap
to form a Wi bond having about 70% of the strength in
ethylene of the®¢ bond. “

From the mélecular orbltal treatment of ethylens
summarized by Mulliken (1942), 1t is found that ten of the
twelve electrons are localized in pairs in positions

between the carbon and hydrogen nuclel and between the
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carbon nuclei. The'remaining two electroﬁs are dlstributed
over the entire molecule.

The opening of the double bond may be visuallzed by
the followlng processes.

la. Radical approachs:

The odd electron of the freebradical attracts the T
electroh of the double bond which hés a spln opposite to
that of the free radical and repels the electron with the
same spln to the other end df the double bond. The
radical then form; an electfon palr bond with monomer at
one end and effectively transfers its free radical

character to the other end.'

lb. Tonic approach:

(1) A positive ion such as a proton attracts both
electrons of the double bond to form a simple covalent
bond at one end leaving the far end of the monomer
positively charged. |

(11) A negative lon repels both T electrons to the
far end of the monomer, thus glvling 1t a negative charge.

Pepper (1952) after Ma&o, Lewis‘and Walling (1948)
has summarized %he effect of gubstituent groups on‘the
reéctivity of varioﬁs monomers when subjected to the two
types of attack. (Table 101). From the table, 1t can be

seen how the relative electronegativities of the groupé
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Table 101

~—————> Radical Initiatilon

’ P - 4
~CN -g-O-CH5 -O-g-CH5 --CH=CH2 =Celig -I,-C1l «OR
| - J . .
(. ‘ 4 r]
Basic ¢ Electron acceptor Acldic :'Electron donors
-— : —

Ion Initiated

Arrows show directlon of increasing reactivity.

affect thevoverall slectronicsdistributionTin a monomer
and hence will affect 1ts ébility to accept or donate
electrons or to undergovradical initiation. Acrylonitrile
haé been polymerised by a host of free radicals but 1s not
lonically pblymerised In aqueous solutlon where the
strongest anion 1s the hydroxide lon. It 15, however,
polymerlised by a stronger base, the amlde ilon Nﬁg
(Higginson and Wooding, 1952). The table does not take
into accbunt any poiarisatibn that might occur in the
presence of highly polar solvents such as water; and so
this groupilng should not be examined too rigorously.

The energy states of the two lablle electrons 1ln
ethylene have been conslidered by Eyring et aliav(ﬁulbert,
Harmon, Tobolsky and Eyring,.1943; Eyring and Harhon, 1942)
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It 1s found that two excited states are possible, a
 triplet internal radical state and an ionic state, with
the ilonic state above the radical state. A review of
experimentai data on cls-trans lsomerizatlion, olefine
Gimerization and polymerisation initlation rates by llagee,
Shand and Eyring (1941) provides results falling into two
classes: (a) Those with activation energles of |
40 kcals/mole and frequency factors of 10%% i.e. an lonic
transition, and (b) Those with activation energies of
20 kcals/mole and frequency factors of 10% i.,6. a
radical transition. |

Direct sensltizatlion of monomer 1s also possible by
elther photochemical or thermal means and 1t was thils |
type of process that was consldered in early theorles.
Stgﬁdinger (1932) sald that a diradical was formed but
this is‘improbable because of the high activation.energy
required. A collision mechanism involving two monomer
units 1s more likely. Recent work has proven that chalns
grow in one direction only in the polymerisation of styrene
and methyl methacrylate. (Baysal and Tobolsky 1952,
Johnson and Tobolsky 1952). '

Since thls thesis ls primarily concerned with a
radical initlated polymerisation, the followling sections
will be especially concerned with that subject, bearing
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In mind that analagous steps are postulated for ilonlc
polymerisations.

2e Propegatione.

Once a polymerisation has started, propagation
follows readily. The propagation step is analagous to the
opening of fhe double bond in the inltlation step, the
difference occurring in the nature of the radlcal ion.
Since monomers are generally unsymmetrical abouﬁ the
double bond, the question arises as to whether addition
to a growing chain is a head to head, or taill to tall
mechanisme Evans (1947) has shown theoretically that the
activation enefgy for head to tall addition would be less
than for head to head addltlon and hence would be the
most probable mode of reaction. Experimental evidence
gengrally supports head to tall addltion. lThe experiments
described by Marvei and Cowan (1939) have shown that head
to head addition was favoured in a-haloacrylates. However,
Marvel, Well, Wakefleld and Fairbanks (1953) have carried
out further investigations and have come to the conclusion
that head to tall addition predominates and that their
ear;ier concluslons were unjusfified.

Christlansen-Semenov chain theory when applled to
polymerisation processes assumes that radicals have a

reactivity independent of thelr chain length and that the
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lifetime of a growing chain is short compared with the
| duration of the reaction. Burnett (1950) has shown that
experimental evlidence supports this view,

3¢ Termination.

Terminatipn occurs when a growlng chailn loses 1its
activity without creatiﬁg another ‘active centre. In
radidél polymerisations, the most probable terminal
reaction 1s that occurring between two grbwing polymer
radicals, l.6. mutual termination. IMutual termination
can occur in two ways.

(1) Disproportionation.

MCHZCHX‘ + WCHchD{‘ a~~ CH=CHX = + MCH20H2X
(11) Combilnation. ' . L

NVCHQCHXCHXCHéf~‘

’VVCHchXO + NNCHéCHX‘

Woiss (1947) has shown that radicals of the type
found in polymerisations which\haﬁe appreclable dipole
moments are most likely to disproportionate. Ilelville
and Valentine (1950), Bonsall, Valentine and llelville
- (1953) and Taylor and Bevington quoted in the above,
favour disprOpoftionation In styrene and methylmethacrylate
especially at high temperatures. Matheson et alia (1953§
find that a comblnation proceés fits thelr results best
for styrene at 30°C. Arnett (1952) and Arnett and
- Peterson (1952) postulate termihaﬁion by combination for
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methylmethacrylate. Baysal and Tobolsky (1952) assuming
100% initiator efficiency, find that combination occurs
in éhe polymerisation of styrene.

It 1s becoming increasingly clear that in any
particular system, both termination mechanisms can operate
at the same timé, and 1t is the temperature at which the
reaction 1s carried out which determines which mechanism
predominates, disproportionation beling favoured at high
temperatures. .-

Linear termination is' also possible in a number of
ways: additlon of an initiatling radlcal; addition of
Impurities; or spontaneously. The concept of spontaneous
linear termination is lmportant in the polymerisation of
acrylonitrile in a non-solvent for the polymer. IHere there
1s a chance of linear termination by the burying of a
radical end in a polymer particle. \

Termination by ring formation of a long diradlcal 1s
too improbable to be considered,

4, Other polymerisation steps.

4a.. Chain transfers

A growing polymer chain may transfer 1its activity to
~the catalyst, a monomer molecule, a solvent molecule,
an impurity, a growing chain other than at the radical

end, or a dead polymer chaln. ©One chaln ls termlnated and
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another one started resulting in a reduction of the averagse
molecular weighte.

4b. Chain branching.

When the activity of a growing chaln is transferred
to another growing chain or a dead polymer chain, branchlng
1s said to have occurred.

4c. Cross 11nking.

The process of mutual combination of two branched
chains 1s called cross linking. If there 1s no chemlcal
Interaction between a polymer and a solvent and they have
approximately the same coheslive energy densities, the
polymer will be soluble in the solvent. Hence, the large
change 1n cohesive energy densities brcught about by
branching and crosslinking tend to lncrease the rigidity
and insolubllity of a polymer. This accounts for tho
hardness of dry paint and the elasticlty 6f vuicahized
rubber. | ,

Branchihg and crosslinking are not likely to occur in
polymers formed from‘bifunctional molecules of the vinyl
type because the growing chains and dead polymer are
generally saturated molecules and’present‘no convenlent
site for attacke. This 1s, of course, not true for poly-
functional molecules of bﬁtadiene type. |

- 5+ Degradative chaln transfer.
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A special type of chaln transfer 1s that known as
degradative chain transfer (Bartlett and Altschul, 1945).
In this case,’the actlive specles formed from the transfer
may be stabllized by resonance and therefore become
inactivevin initiating further polymerisation. Alternatively,
two species may be formed, one of ﬁhich is an inhibitor
such as oxygen (SmithI195l), This mechanism may also be
advanced.to explalin the results of Khomlkovskil and
Medvedev (1948) who found that highlpersulphate |
‘concentrations were necessary to bring about the
polymerisation of acrylonitrile.

Degradative chaln transfer has .also been Qbserved
by Bartlett and Nozaki (1946) for allyl acetate and by
Hart and Smets (1950) for 1soprene acetate. Ihrig aﬁd
Allyea (1953) have measured the dlamagnetic susceptlbllity
oghgethylmethacrylate'system In the presence of various
retardefs which serve to promote degradative chaln
transfer. Radicals were found to be present in
concentrations well ﬁbove that of the‘chaln carriers,.
thus supportiné'the above ideas. Air was rigorously
removed. Bartlett and Tate (1953), using allyl-1l-do
acetate showed that a resonance stablllzed allyl radical
was formed. The rate of reactlion was increased twofold in

the deuterated form wlth respect to the undeuterated
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molecule. If resonance stabillzed radical formation did
- not occur, Involving the a~position of the allyl group, the

rate would have been unchanged by the presence of D atomse

6o Depropagation reaction.

Taylor and Tobolsky havé pointed out that the principal
of microscopic reversibility would lead to the conclusion
that not only can an active chain add on a monomer molecule,
but under suitable conditions could cast one off as well,

A depropagation step .will occur slmultaneously with
the propagation step. At temperatures at which AG 'has a
large negative value, little depropagation will take place.
However, at higher temperatures, NG will become more positive
and the depropagation contributlion will increase. When
QG = 0, the rate of propagation will equal the rate of
depropagation and no polymerisat?.on can occur. For addltion
polymerisations, since both AH and AS are nepgative, thils
leads to a "ceiling" temperature above which polymerisation
Wwill not take place (Dainton and Ivin, 1948, 1950), If
both AH and 8S are positive, then a "floor" temperature will
result (Geo, 1952). | |
IIT. The Resction Mechanism..

Considering only initlation, propagation and mutual
termination, the mechanism can be written as follows:
. ~ N ,
X+m = m (ki)

»* = ' -
mytmy = omy (kp)
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m + g™ = P, + Py (k)
| Or Pryg : (k)

If k, end kg ere independent of chain length and if .
= 2:(m5*), then:
(a) Using stationary state kinetics, Lee. a(e) = o

at
Therefore.
-d(m )
Sefle if X = 8208 (Morgan, 194:6)

For thermal initiation(gr direct photochemical initiatioﬁz

X =
oy

~d 1 |
- kp/ e @ (11)

For radical initlation, dégH) = 0

1e60 reductioh activation

Felt + HyOp = (Fot.0H) + OH Iy
then, k., (Fe2%)(H,0,) = kq(O0H)(m) = k. A®
| 2V2 1 1/ 1
1f (FeR%) = (Hy03) = 4
- - 2

Therefore, (X) - (oH) .. -—T-i)
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Therefore:

-d(ml)

- (mt° (111)

(Baxendale, Evans and Kilham, 1946.)
For photosensitized'ihitiation,

a(R) = 0 where .R = XQ,
at |
where R = OH, C1, N, (Evans, Santeppa and Uri, 1951.)
= OH, H (Dainton and James, 1953;)
and ky (OH) (m)” = npI, ‘

where nfg = number of radicals produced per quantum
absorbed 1f all the radlcals formed dlsappear by initiating

chains, and Ia = number of quanta absorbed per cc. per

second.
Therefore:
-d{m,) nPI '
1 = Kk a 1.0
at p Ty (mq) (IV)

Equations (I), (III) and (IV) have bsen verlfied by
the above mentloned authors; (III) with methyl
methacrylate and-(I) and (IV) with acrylonitrile.

. For a meqhanism involving’linear termination only

. with photochemical initlation as in equation (III),

~d(m) _ ngT. k 1.0 '
—— = n¢k:“ 5) (my) X = Radlcal (V)
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where kt' = rate constant of linear terminatlon,
and X = concentration of linear termination.
{b) Using non-stationary state kinetics.
Burnett (1950) has summarized the various equations
~obtained consldering the photochemical build up to the
steady state in the light period, and the die away from
the stegdy state in the dark period.
| Briefly, for a system which follows equatlon (IV) in
the steady state: --
For the build up,

a(e)

SEl = kgeky (0)2

For the dle away,

g_(_gl.- = .-kt(C)z

dat

On integration, these equations gilve,

4%& = %5 In(cosh t/p) | | (vI)

for the bulld up,

Al 3‘2 1n(1+t /) (VII)

for the die avay,
where AM/M = fraction of the monomer consumed,

and = lifetime of the active centres defined by

T = {C)steady state



118

Melville and his group have determined rate constants
from the non steady states using very sensitive methods of
detection such as change of dilelectric constant (Melville
and Majury, 1951), or the change of refractive index
(Grassie and Melville, 1951). These and similar technlques
for measuring lifetime have been summarized by Illelville
(1952) . |

The equations which lead to (VI) and (VII) are also
used in the development of the rotating sector theory of
measuring rate constants to be consldered in a later |
section.

IV. Polymerisation in Agueous Solution.

l. Introduction.

In the absence of emulsifylng agents, acrylonitrils,
methyl acrylate, methyl methacryiate, methacrylic acld,
styrene, vinylidene chlorlde, ethylens, 2-nitropropylene
énd acrylamlide have all been polymerised in aqueous medla
by a variety of free radicals.

The most complets Investigations are dus to
Baxendale, Evans and Park (1946), using methyl acrylate
and acrylonitrile initiated by OH radicals from Fenton's
Reagent; to Evans, Santappa and Uri (1951) using
methacrylic acid, methyl methacrylate and acrylonitrile
initiated by OH, C1 and N radicals produced photochemically;
and to James (1952) who studied the polymerisatlon of
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acrylonitrile initiated by H atoms and OH radilcals
produced photochemically.

lMost interest has been shown, however, in the process
of initiation and so, few veloclty constants of
polymerisation have been.determined.

2. Production of initlatine free radicals in

agueous solutlone.

Radicals may be formed in aqueous solution in
several different ways. These methods have bsen detalled
in full by Jemes (1952) and will only be summarized here.

28 IExcitation of the monomer,

If light of sultable wavelength 1s absorbed, or if
the reaction 1s carried out at a high enough temperature,
direct production of radicals from a monomer will resulte.

2b. Homolytic dissociatione.

The thermal or photochemical dlssociatlon of poroxide
molecules, e.g. benzoyl peroxide, hydrogen peroxide
(Smith 1951), persulphate lon (Bacon 1946) provides one
of the most convenlient methods of initlating polymerisatlon.

2c. Hetserogensous sourcese.

' Parravano has initiated polymerisation by H atoms

from the electrodeposition of H_  on metal surfaées; from .

2
motals loaded with hydrogen; from metal hydrides; by the

decomposition of hydrazine or palladium and by the
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decompositiqn of formic acid on palladiﬁm In the
presence of oxygen. (1950).

 Kolthoff and Ferstandig (1951) activated an otherwise
unreactivé reduction activation system by electrolytic
reduction.

2de Ionizing radiationse.

The polymerisation process has been develbped in an
attempt to identify the reactive entities produced in the
radiation of water:‘ Hydrogen atoms and hydroxyl radicals
are the principle speciles formed in water (Collinson 1952,
Collinson and Dainton 1952), but are by no means the only
species producéd (Betts, Collinson, Ivin and Dainton 1955).

20, Reduction activation.

Thls may be a thermal or a photochemical reaction and
usually.involves the transfer of an electron from a
reducing lon to an ion or molecule which possesses no
vacant orbital of low energy and dissociates to a radical
and an inactive specles,

The reducing lon may be catlionic or anionic in
nature and the reaction may be written generally as
follbws; using hydrogen peroxide as the electron acceptov.

+
X 4 moog = x(ptd)

X + HooH =

+ O™ + OH

x=D= o+ om

Baxendalé, Evans and Park (1946), Bacon (1946) and Morgan
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(1946), have induced polymerlsation by systems operating
by one or other of the above mechanisms.

The water molecule may also be reduced to form H
atoms,

Xn+ + HOH = x(n+1)+

+ OH + H

83 described by James (1952), but this 1s generally a
photochemical reaction and will be described in more
detall below.

ey

2fe Oxidation of an anione

The oxidizing agent 1is generally a cation and elsctron
transfer takes place on dissoclatlon of a catlon-anion
compléx. Unless the catlion 1s a powerful oxidizing agent
Or the anion a powerful reducing agent, the process ls
Photochemical. By a sultable choice of cation, the
eleétron transfer spectrum of the complex can be brought

into a convenient reglon of the spectrae

C. THE MECHANISM OF PHOTOCHEMICAL ELECTRON TRANSFER.

Since the beginning of the century, lonlc reactions
Involving electron transfer as the primary step, have been
recognlzed as taking part in a great number of chemical
reactions. A study of a speclal type of elcctron
transfer was initiated by the work of Franck and Scheibe
(1928), who assocliated certain absorption,bands In the

visible ‘and ultraviolet spectra of some aqueous solutlons
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with this step. The concept of eleqtrbn transfer spectra
had arisen in ionic crystals as early as 1896, but it was
not extended to the liquid phase until this century.

In order that photochemlcal electron transfer can
take place with considerable probability, the electron
donor and acceptor must form a largely electro-valent
(fonic or ionic dipole) bond, rather than & covalent
(eloctron palr) bond. Fbr this reason, transfer takes
place in gaseous ilonic molecules, ionlc crystals and
simple and complex Lons in solution (Rabinowltch, 1942).

When a bond 1s largely covalent, only electronic
excltatlon results on the absorption of light until
shorter wavelengths are reached 1.e. until sufficlent
energy 1s provided to transfer the electron. The complex
formed between the vanadous lon and acrylonitrile well
1llustrates the shift to shorter wavelengths of the actual
electron transfer band, while at the same time moving the
Observed band cut-off towards the visible. In other words,
an electronic excitation band of higher extlnctlon 1sa
Superimposed on, and masks the true electron transfer bande

All complex lons show posslble slectron transfer
bands in the ultraviolet. These are characterized and
génerally recognlzed by the large extinctlon of the order

of 104, caused by the large "dipole moment of transition"
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(Bowen, 1950). This large extinction coefficient 1is
comparable to that of organic dyes and 1is much greater
than that of simple "coloured" inorganic salts. The
large increase 1s usually quife marked So that a wavelength
Just shorter than the long wavelength cut-off can be
assoclated with the energy necessary for the transfer,.
It is necesséry to use this rather arbltrary procedure
because of the difficulty of measuring the wavéiength of
the peak of the abéofption band. As this usually occurs
In the vacuum ultraviolet, it 1s noﬁ convenlently located.
Since the energetics of photochemical electron
transfer are best approached after consideration of a
thermal reaction, this case is presented first. The
example clted below ls only one of many similar electron
transfer reactions, but an undérstanding of thls type
leads directly to the photochemical case.
I. Transfer Assoclated with Bond Breakage;’

Bond breakage takes place if the eloctron is accepted
by a molecule and enters an antibonding orbital, or if
the molecule donates an electron from a bonding orbiltal.
FA good example of thils process 1s the decompositlon of
hydngen peroxide 1n the presence of reduced ionss |
FoR + HO.OH = Fe®' + (HO.OH)™ = Fo®' + OH + OH

The mechanlsm of the reaction is shown in figure 101 as
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developed by‘Evans (1950) « Curve ABCD 1s the llorse curve
for the dissociation of hydrogen‘pefoxide Into two hydroxyl
radicals., Curve FCE represents the unstable reaction
product (HO.OH)  which at large values of r dissoclates

to OH" and OHe The difference, DE, between the curves‘is
equal to (Egy + Sor) - IFGZE , where E,y 1s the electron
affinity of the hydroxyl radical, Sppg 1s the solvation
energy of the hydroxide ion, and IFG&Z 1s the lonization
potential of the reduced state of the aqueous cation
when fully hydrated. This 1s derived from a conslderatlion

of the following steps:

(2) OH‘é = OHy +e - Eoy
. : 3+ _
(3) FeF + e = Fo - I, 2+
aq ' | aq ) Feaq

Since (E + SOHf) %= 149.7 kcals/mole (Evans and Uri 1949,
Brewer 1950), and IF 2+ = 101,3 kcals/moie, the diatance
DE = 48.4 keals/mole. the heiéht of C above the zero
~bolint energy 1s the activation energy of the forward |
reaction, the reactlon path being BCE. ,

| From the above equation, it can be seen that DE and
hence the energy of activation, 1s governed by the
lonization potential of the reduced cation when 1t is
assumed that the presence of’the reduced éation does not

affect the relative positions of the two curves.
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Thus, the rate constants for the decomposition of
hydrogen peroxide by cret, (ICr2+ = 72 kcal/mole), wiil
be greater than those 1n the prgsehce of Fezf,which In
turn wlll be greater than the rate constants for M=t
(IMn§+ = 127 kcals/mole). |

The activation energy for the reverse reactlon will
be low, depending on the height of C above a horizontal
line through E. The height of C will depend chiefly on
the curvature of the two curves at C.

The overall entropy decrease in the reactlon of
1l e.u./mole is due to two factors: a large decrease of
51 e.u./mole because of the increase of effectlve charge
of the system; and a large increase of SO‘e.u./mole due
to the reduction of the total effective charge on
formation of the complex FeSTOHf. Fortunately, the
entropy change in the oxidation of the above ions 1is
approximately the same. Comparison is thus possible
because the rate of reaction will be equally influenced
by the change of ‘entropy in each case.

. The actuai Valueg of the thermodynamic functions have
beenrcalculated by Evans, Hush and Uri (1952).
IT. Transfer to the Water of Hydration.

This mechanism was proposed to explaln the results

of Welss (1935), who observed the evolution of hydrogen
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from an aqueocus solution of ferrous sulphate Irradlated
by ultraviolet light. "Franck and Haber (1931) said that
an electron would most probably be transferred from a
cation (or an anion) to a specific molecule of the
hydration sphere. This assumption was embodied in the
mechanism of Potterill, Walker and Welss (1936) to |
oxplain Welss'! observation.
FoP*iH0 = Fo  + OH” + H

The combination~0f the hydrogen atoms accounts for the
evolution of gase , M

Farkes and Farkas (1938) modified the above rseaction
to, |

3

Fo*T.H O = Fe°'.O0H + H

which is more probablz In the light of present day
knowledge of the hydrolysis of iron (Olson and Simonson
1949, Rabinowitch and Stockmayer 1942). |

There 1s no dlrect evidence as to the true nature of
the complex, whether 1t 1s lonic FeSt.0H or covalent
(FeOH)2+. For this reason, Bowén (1950) has questioned
whether the photochemical process 1s écﬁually an o
electron transfer.

Hydrogen evolutlon 1s completely suppressed on the

addition of a monomer. Thls can be'easily shown even 1in

the presence of a_ir, by the addition of acrylonitrile to
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an aqueous mixture of zinc in dilute hydrochloric acld.
The potential energy curves are shown in Figure 102.
In this case, H20 replaces Hy0p so that the llorse curve |
- ABCD corresponds to the dissociation bf water Into H
atoms and OH rqdidals; The electron acceptor 1s now in a
solvation sheath about the donor and differs from the
previous case in the dissoclation energles of the two
= 52'kca1/molé).

compounds (D ‘= 120 keal/mole; D

Heo o OH HO.4+.0H
The separation of the curves ABCD and FCE 1s
governed by the same facts as above. |

(E__+ S_

OH oH~ Tpe2t)

aq
The reiative steps shown are for the ferrous lon. |
However, because of the much greater dissocilation enefgy
of water, the activation energy for the reactidn represented
by the height of C above the zero point energy is much
greater than in tﬁe hydrogen peroxlde case. Hence,
elecfron transfer is imméasureably slow unless'brought
about by the absorption of light. Tbe magnitude of energy
required 1s shown by the dottéd line rising from B to .

The reactions are alsb characterizedvby low quantun
yields because of the low energy ofraétivation for the
back reaction. |

’The rates of reaction for the different idns éhould ;

be in the same order as in the case of hydrogen peroxide
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since the separation of the two curves ls agaln governed
by the ionization potential of the reduced ion. For the
transition group'the results are summarized 1ln Figure 105;
Fromlthis figure it is seen that a relationshlp should
exist between the magnitude of the quanta absorbed and
the fonizatlion potential. Dainton and James (1951) have
shown that a linear relationship does exlst when the short -
wavelength cut-off of the electron transfer spectra is
used as a measure of hv and 1s compared wlth the redox
potential for the ions vanadous, chromous, manganous,
forrous, cobaltous and nickelous. Redox potentials are
compared instead of lonization potentials because of lack
of knowledge about the latter. Comparison is valld 1f the
entropy chénges arc approximately equal as In the above
group of ionse. _

Figure 102 1ilustrates that the ionizatlon potentlal
involved in the separatiﬁn of the curves needs to be
corrected by a term to account for the energy changes on
“the reorientatlion of the water molecules after light 1s
absorbsd. By the Franck-Condon principie, the 1light
absorption is instantaneous and the electron 1s
effectively transferred before reorientation can take
place. However, this difference 1s agaln approximatély

the same for each ion of this series and so the error 1s



r HO...OH
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constant and does not affect the validity of the results.
The conclusion to‘be drawn from this, is that for

the same anion, the sum of the solvation and electron

affinities remains unchanged, and the separation of the

two curves and therefore the energy required to bring

about electron transfer is governed only by the lonization

potentlial of the reduced state of the aqueous cation.

III., Transfer from One Ion to Another with an Unlike Charce.

From the point of view of this investigation; this is
the most important of electron transfer reactions, as the
radicais produced in a transfer of tﬁis type.were used to
initlate the polymerisation of acrylonitrile.
| Using ferric iron as an example, the potential energy
curves are shown in Figure 104 (Evans and Uri, 1950).

Evans, Santappa and Uri (1951), have shown that a
System containing ferric lons at high acid concentrations
does not initiate polymerisation.. At higher pH's however,

the reaction occurs readily and is found to take place

throush the compleix Fe®fOH™ formed in the followlng

reactione. |
Feo* + H,0 = Fellow” 4 I
PeSTOH + hy = Fe° 4+ OH
OH + my = etce

A similar mechanism 1is postulated In the presence of
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hydrochloric:acid. Rabinowltch and Stockmayer (1942),
have evaluated the thermbdynamic;functions of this reactlon
and the equilibrium constant at 25°C is found to be about
5x10~%, - The absorption spectra of the Fe®ToH™ was also
analysed and found to have a maximum at 3130A corresponding
to about 90 kecals/mole. |

Stor™ 1s weak having a heat of interaction

The complex Fe
of about 1.5 kcals/mole so that the lower curve shows a
shallow minimum only. The separation of the two curves 1is
governed by the same conditions as before but 1In this
Case, the curves do not intersect.

The quantum yleld of the reaction s low and of the
order of 0.05. Back reaction is reduced to a minimum by
the presence of monomer which will pick off any radicals
that are produced, and'by the fact that the products are
Separated shortly after the light ls absorbed and are not
In a favourable positlon for a back reaction. The primary
back reaction involving the radical and ion formed from
the same ion-pair complex accounts for most of the back
Teaction. The secondary back reaction oécurring from lons
after separation will be suppressed by the presence of
sufficient monomer.

IV. The Effect of Complexing the Reducing Ion.

Any agent that preferentlally complexes with the
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reducing lon will increase its stability and therefore the
magnitude of its lonization potentilal. This in turn will
shift the electron transfer spectrum to shorter
wavelengths. Examination of the absorption spectrum may
not show this because of the presence of excitatlon bands
of high extinction which will mask the beginnlng of the
electron-transfer band. Polymerlsation techniques can

be used to locate tliis band however.

l. Complex between ferrous ion and acrylontrile.

James found that a complex exlsts between ferrous lon
and acrylonitrile which shifted the long wave limlt from
2850A to 3000A. Polymerisation was found to take place'
only when wavelengths of 2900A or shorter were absorbed by
the system, thus confirming that thls spectral reglon

Corresponds to slectronlc excitation only.

2. The complex between vanadous ion and. acrylonitrile.

James found that a.much stronger complex exlsted -
between the vanadous ion and acrylonitrile; the absorption
Spectrum 1s shown in Figure 105. The redox potentlal of
V2+/V5+ was also changed by .78 volts inlthé presence of
acrylonitrile.

A mechanlsm may be postulated which 1s analagbus to
the photochemical electron transfer from ferrous ions in

Water.
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If the complex 1s (VZTMk) then the reaction will
broceed in the following manners:

(Vz'fhx).HOH + hy = (Vs'f <) (HOH)™ = vor 4+ xM + O + H
The electron 1s transferred to a water molecule outside
the complex and since vo* 15 not complexed, the products
break up as shown. The minimum quantum necessary to |
produce transfer 1s greater than that for the uncomplexed
lon because of the increased stabilization of the complex.
In effect, the electron transfer spectrum may be shifted
to shorter wavelengths than that of the uncomplexed ionse.

The author of this thesis carried out some
experiments to investigate thls shlft using the technique
to be described in the next chapter, and obtained the
Tesults shown in Table 102. '

The following four systems were considered:

1. 0.001 .M V¥¥, 0.6 I acrylonitrile, 0.5 If IC10,

2. 0.0001 M V¥, 0.6 M acrylonitrile, 0.5 I HC10,
o4

S¢ 0,001 MV , 0.22 M methyl acrylate, 0.5 I HClO4
24

4. 0,0001 M V"', 0.22 Il methyl acrylate, 0.5 M HC10,
The rates were measured as mm./min. contfaction in a
1 mm. capillary. |

The large shift in the redox potentlal indlcates
that the properties‘of the vanadous-acrylonitrlle system

will be essentially that of the complex.
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Table 102.
The relative effectlveness of various wavelengths in

the initlation of vanadous ion sensitized polymerisation.

Rate of polymerisation (mm./min.)

Monomer 'O.é I acrylonitrile C0.22 1 methYlnaérylate

(V=) 0,001 I  0.0001 M = 0,001 I  0.,0001 M

Wavelength, A

3650 0.000 . 0.000 e

3340 0.000 .o - 0.001 | oo
3130 + 3340 e e« 0.003 .

3130 0.001 0.001 .o 0.012
3020 + 3130 0,002 . 0,004 .

2537 - 0,020 .o 0,040 .

‘ full 1ight o 0.030 - oo o 0.5

———




COri
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The gxperimental results show that the electron
transfer spectrum of the uncomplexed vanadous lon .lies
botween 3340A and 3650A, l.e. close to that observed from
the absbrption spectrume.

Further, the electron transfer spectrum of the
complexed vanadous ion 1s shifted to shorter wavelengths
and lies between 3130A and_334OA and so bears out the
above theory.

It was also fo&hd that the vanadous 1on 1s a mbro
effective sensitiéer at lower concentrations and 1s fhus
simllar to the chromous ion in that respect (James, 1952) .

The large shift of the complex spectrum toward longer\
wavelengths must then be due to electron transfer within
the complex, possibly 1ead£pg to 1ts dissoclation. But
since no hydrogen atoms are formed,.polymerisation ¢an
only occur by means of colllsion or if a dlssoclated
fragment is a radical. Neilther is the case in the vanadoué-

acrylonltrile system.

Do REACTION LOCI IN POLYMERISATION SYSTEIRS.

I. Types of System.

Polymerisation systems can be separated into two
general classes.

" 1. Homogeneous systems.

If the polymer is_soluble in the monomer or solvent,
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the system is obviously homogeneous throughout, and the
kinetics are relatively simple. All reaction loci are in
the liquid phase and for low conversions, steady states

are usually obtalned. At hlgher conversions however, the
viscosify of the system may increase markedly 1eading to

an "explosive" polymerisation. Examples of this latter
phehomena were gstudied for methyl methacrylate by
Trommsdorff (1944) and by Norrish and Smith (1942); and for
methyl 1so-propenylukatone by Haward (1948).- Matheson ot
alta (1951b) also noted this effoct in.methylacrylate.

i

2o Heterogenedus systems.

Because of the large difference 1in physical propertles
between polymer and monomer, most polymers are generally
insoluble In their monomers or common solvents. Interesting
effects arise if the polymer ls swollen by monomer and if
the 1liquid phase 1s & preclpitant or only a poor solvent
for a polymer. For a precipitant, there is no significant
increase in the viscoslty of the system on polymerisatione
. Initiatioh occurs homogeneously in the liquid phase
but the loci of p50pagation and - termination depend on
individuallmonomers. Particular examples of esach type

will be considersd.

IT. The Polymerisation of Styrene.

l. The emulsion po;ymérisatlon of styrene. .

An understanding of the part played by soluble,
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Insoluble and swollen polymers can be galned from a
consideration of emulsion polymerisation. Harkins (1947),
has put forth a detalled description of emulslon polymerisation.
Smith and Ewart (1948) have extended this treatment and
Smith (1948) has verified the theory for the case of
styrene.

. The theory 1s based on systems in which the polymer
1s swollen by its monomer and the monomer is only s;ightly
soluble in water. ﬁ;ter soluble initiators are used.
Styrene in aqueous solution is a good e#ample of thils type.

The four phases of an emulsion system are detailed

below:

(1) The oil phase, which serves as a reservoir to

keep the aqueous phase supplied with monomer and is only

a minor locus of propagation.

(11) The aqueous phase, which contalins the dlssolved

initlator, and only very little monomer (1f not appreciably
éoluble) and ls also a minor locus of 1nitiation and

bropagation.

(111) The soap micelles, which contaln most of the
dissolved monomer (depending on the‘soap concehtration).
This phase i1s a major locus of initlation but only a
minor locus of. propagation. In the presence of soap,

the activatlion energy of inltiation for styrene 1s reduced
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from 25 kcal/mole in a monomer droplet, to 17 kcal/mole
~in a micells. Thus, the micelles compete favourably with
the o0il phase for the initlator.

_Polymer particles are formed in the micelles but
after about 10% conversion, they adsorb all the soap and
the micelles disappear.

(1v) The polymer particles, which become stabilized

against coagulation by soap. These particles, swollen by
rnonomer, become the Eajor locus of propagation. Thelr
number ceases to increase when the micelles disappear from
solution. The rate then becomes congtant, the particles

- belng suppliedlwith further monomer by diffusion.

Case 2 of Smith and Ewart's theory.is the most
Important. A pblymer particle 1s sald to contain elther
one growing chain or none. If a radical enters a partlcle
already containing a growing chain, termlnation takes
place. The lifetime of a growlng chaln, and the time
Interval between the termination of one chain and the
initiation of another chain, are thus both equal to the
average‘time 1nter§al between successlve captures of a
free radical. The average number of growing chalns per
particle 1s therefore equal to %, and the rate of reactlon
1s independent of the rate of radical production and

dependent on the number of particles.‘
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Smith and Ewart have calculated that the number of
particles 1s pr0portiona1 to (R)2/5(3)5/5 where R = rate
of radical production and S = the soap concentration
during the micellar stage. This relation was confirmed
by Smith.

He also found that the lifetime of a growing chaln
was 10 - 106 seconds and the degree of~pblymerisation
10% - 105. These can be compared with the results of
Matheson et alia (1951a) for the bulk polymerisation of
styrene (1.3 seconds and 4000 respectively), and 1t can
readily be seen why both the rate and converslon in
emulsion are much higher.

Baxendale, Evans and Kllham (1946) suggested that the
lncreased rates were due to a reduced terminatlion constant
brought about by the increased viscosity of the system.
 However, the rate of termination does not enter into the
kinetics as long as 1t remalns high (ki for styrene =
7.2 x 107 (mole/l.)'lsec'l; Matheson et alla 1951).

Thus ;n an emulsion system in which they are swollen
by monomer and stabilized agalnst coagulatlon by a soap
layer, the polymer particles are the maih locus of
Propagatlon and termination and steady states are readlly

obtained.
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2. Aqueous non-emlsion polymerisation of styrene.

Experiments have shown that the non-micellar
polymerisation of styréne is essentlally the same as in
the emulsion case. Polymer particles swollen by monomer
Temain the major locus of propagation and termination.
However, the rate of formation of these particles,is very
low and the number of particles will be reduced by
coégulation 8o that condltlions leadlng to a steady state
~ars not easlly realized (Harkins, 1950).

~ Bovey and Kolthoff (1950) found the rate proportional
to the square of the monomer concentration and the square
root of the persulphate initiator concentration,
Indicating that some measurements are possible.

IIX. Bulk Polymerisation of Vinyl Chloride.

Bengough and Norrish (1950) have shown that the rate
of polymerisation of vinyl chloride initiated by benzoyl
beroxide gradually accelerated over the flrst 40% of the
~Teaction.s The increase 1in rate was attributed t; the
immobilizétion of reactive polymer ends on the surface of
the polymer, and was roughly proportional to the surface
erea of the polymer. The polymer may be élightly swollen
by the monomer (Arlman and Wagner, 1953). Addition of

dead polyvinyl chlorids after‘exposure to air, was found

to act as a co-catalyst with benzoyl peroxide. Increased
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reactivity was not due to the removal of inhibitanp; If
the remaining monomer was removed from a paptially '
polymerised system and fresh monomer added, the reactlon
procesded at the accelerated rate; vThis catalytic effect
dlsappeared when the reaction took place ih the presence

of a solvent for the polymer.

Chain transfer from growing chains to the dead
polymer was postulated; thls lead to an accumulation of’
immobile centres which were eventually terminated by
further transfer to monomer.

Thusvthé locus of propagation is both 1In the liquild
| phase and on thé surface of the polymer particle. The
bart played by the polymer increases with 1ts surface aroa.

IV. Polymerisation of Vinylidens Chloride.

l. In aqueous solution and emulsion.

Polyvinylidens chloride differs from the ébove polymers
In being crystalline and not swollen by its monomor,
Arlmen and Wagner (1953) have compared the density of
polyvinylidene chloride measured from the volume contraction
1n a dilatomster with that determined from the X-ray unit
Coll (Reinhardt 1943), and found agreement within
SXperimental error.

However, Weiner (1951) in an emﬁléion polymerisation,

found that the solubllity of vinylidene chloride could be
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increased by the addition of dead polymer. The augmented
solubility was found to be small and increased much more
Slowly than the increase in polymer concentration. The
increase was also dependent on the soap concentration.
This indicates that there may be some absorption, affected
by soap, in the polymer lattice. |

Steady and higher rates were observed in an emulsion
system by Weiner and by Tkachenko and Khomikovskil (1950)
after a period of slow reaction. Very slow rates were
observed in water alone, but no e&idence is available to
show 1f the rate was steady or not (Tkachenko and
Khomikovskil, 1950).

Therefore, in spite of the fact that the monomer is
only slightly absorbed by polymer,.the system is similar
to that of st&rene. Thus, the main locus of propagation
1s about the polymer particle.

2¢ Bulk polymerisation.

Burnett and Melville (1950), investigating the direct

Photopolymerisation of vinylidene chloride (A less than

_ 2800A) 1in bulk and in hexane (& non-solvent for the
POlymer), found that steady states were attained shortly
after illumination was started. The rate was followed
dilatometrically over a temperature range of 15°C to 35°C;

the limits of temperature control and the volume of the
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vVessels were noﬁ fecorded. After 40 minutes exposure; the
rate began to fall off, Two reasons were advanced to
explain this: (a) Formation of polymer particles scatters
the incident light and effectively reduces the number of
quanta absorbed. (b) The polymer was found to decompose
on long irradiation evolving hydrochloric acid.

Using the rotating sector technique, rate constants
were evaluated at sevoral temperatures; discusslon of this
1s reserved to a later section.

In contrast to the steady rates observed by Burnett
and Melville, Bengough and Norrish (1953) found that the
rate steadily accelerated throughout the first 30%

- bolymerisation. The monomer was subjected to fepéated,
distillation and partial polymerisation to remove any
lmpurities that mlght take part in autocatalysis. The
System was initiated by 0.02 = 1.0 U% benzoyl peroxide over
a temperaturé,range of 45°C to 75'C." The temperaturs
control was only ¥0.1°C, so that there may be a possibility
of convection currents in the dilatometer (capacity

0.6 ml.). This would effect the coagulation of the
bPolymer particles and lead to increased oéclusion and
Immobilization of burled centres. There is also a
Possibility, as pointed out by the authors, of chaln

transfer to dead polymer resulting in the formatlon of
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other immoblle centres which could’continue growth until
terminated by a filnal chain transfer to monomer, and the
initiation of a "free" mobile chain. Condltions leading
to a steady state are therefore not easlly attained in

this System.

Additlion of dead polymef, after exposure to alr, had
no effect. It was thought by Bengough and Norrish that
the reactivity was destroyed by air; Bamfdrd and Jenkins‘
(1953) have shown that polyacrylonitrile was deactivated
on exposure to oxygen. The inhibiting effect of oxygen
on the initiatlion of polymerisation is well known for
styrene (Bovey and Kolthoff, 1947), methyl methacrylate'
(Burnett and Melville, 1950), vinyl acetate in bulk
(Matheson et alla, 1940b) and acrylonitrile in solution
(Baxendale, Evans and Park, 1946), when stable peroxides
are usually formed. It 1ls probable that slimilar effects
occur with a growing chain.

The only conclusions to be drawn from the negative
effect of dead polymer are that it is not swollen by
monomer, and chaiﬁ transfer doeé not take place.

Thus, 1t appears that the locus of pfopagation is
both in the aqueous phase and in the polymer'partiéle.
Which effect predominates will depend on the number and
stability of the particles. If a high degree of



144

coalescence l1ls favoured, steady states may not result
because of trapped centres. If coalescence 1s reduced to
a minimm, a steady'state in the system of trapped radicals
may be possible.

Arlman and Wagner (1953) have added a further step
to ihe formation of a crystalline polymer. They postulate
that growing radicals could add to the polymer by the
physical process of crystallizatlon rather than by a
process of occlusion. This theory should hot, however,
Invalidate any quélitative conclusions reached from a
Consideration of occluded radicals.

Bamford and Barb (1953) have pointed out that a
steady rate does not always mean that steady state
Conditions exlste In a photopolymerisation of a system
Involving an insoluble polymer, two opposing effects are
possible. The rate may be accelerating as the concentration
Of the precilpitated polymer and trapped centres increases,
while at the same time, the number of quanta absorbed 1s
belng reduced by the scattering of light. If a balance
Occurs, g steady réte 1s possible. In a thermal
Polymerisation, the second phenomenum doeé not occur, and
Continually accelerating rates would be observed. Thils
might account for the contradictory results observed by

Bengough and Norrish and by Burnett and lelville.
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Ve Polgmerisation of Methyl Methacrylate.

le Bulk polymerisation.

As well as those authors mentioned in II.l., the bulk
polymerisation of methyl methacrylate has been investigated
by Bamford and Dewar (1944) and latheson et alia (1949a);
both groups have determined the rate constants. The most
interesting feature has been the increase in rate due to
the increased viscosity of th; system at high conversions.
This was first studiéd by Schulz and Blaschke (1941, 1942)
and subséquently by Norrish and Smith (1942), and
Trommsdorff . (1944), "

The general conclusion 1s that the termination
Constant 1s reduced but-that the propagation donstant
Temains unchanged. | |

2« Aqueous polymerisation.

Because of 1its relatively high solublility in water
(0.15 I = 1.5%) at 25°C, methyl methacrylate is conveniéntly
. Studied in soiution. Baxendale, Evans and Kilham (1946),
Using Fenton's Reagent as initlator, obtalned steady rates
after én 1nitial-£cceleration. .The polymer pfecipitated
and rapidly formed = coagﬁlum; polymerisaﬁion did not
Proceed beyond 40%. While the température control at 25°C
was £0,02°C, the éystem was agltated throughout a run, so

that coalescenée would be favoured. Violent agltation may
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assist termination and minimize the effect of occluded
radicals. |

Addition of an emulsifying agent had a profound effect
on the reaction. As 1ittle as O.0003% cetyl trimethyle
ammonium.bromide doubied the rate and;increased the conversion;
1% emulsifier accelerated the rate tenfold and nearly
100% conversion resulted.

” This phenomenuh, coupled with the fact that the
 bPolymer 1s swollen 5§ its monomer, lndicates that the
locus of propagation is In the polymer phase. . The whole
System 1s similar to the emulsion polymerisation of
. 8tyrene.

VI. Polymerisation of Acrylonitrilc.

l. Bulk polymerisation.

The work of Bamford and Jenkins (1953) has provided
the most compiete survey of the bulk polymerisation of
acrylonitrile. Both thermal and photochemical inltlators
were used. Most of the experlments were carried out in a
temperature range of 25°C to 70°C controlled to ¥ 0.02°C.

Cohtinuously ;cceleréting rates were observed; the
Tsaction behaved similarly to that of vinylréhloride and
vinylidene chloride (Bengough and Norrish, 1950, 1953) «
Photochemical after effects were detected which were

shown to be caused by long living buried centres. Removal
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of polymer in vacuo did not change the shape of the rate
curves and confirmed that the rate increased in the
bresence of polymer and the initial acceloration was not
caused by the slow formation of a monomer-catalyst complex.
It was suspected, however, that the polymer retained some
of the catalyst which could not be washed free in the
filtration. The rate could be reduced to 50% of its value
by centrifuging the polymer. - |
The degree of c;alescence was found to play a major
part iIn the occlusion of radicals; the photochemibal after
effect depends on the extent of feaction. Strong evidence
for the occlusion of radicals was obtalned when a mixture
containing 18% polymer prepared at 25°C.was transferred to
a thermostat at 60°C. A striking, fast reaction followed
which proceeded for at least 8% of the reaction and at
forty times the initial rate. ‘By comparison of the monomer
concentration before and after the fast reaction, 1t was
proved that a polymerisation had really occurred.
Polymerisation could also be initlated in the absence of
other catalyst in fresh monomer and in styrene. In the
- latter case, a block copolymer of styrens-acrylonitrile
Was obtained in molar prdportions of 1:25. The occluded
radical effect could be destroyed by exposing the polymer

to oxygen for as little as two minutes. Therefore,
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polyacrylonitrile maintained in vacuo is a catalyst for
polymerisation.

The following conclusions may be dfawn from this wérk:

(i)‘ Coaléscence and preclpitation of polymer play a
large part in the terminatibn step, effectlvely reducing
the rate constant of termination. |

(11)- Occluded radicals formed by the coiling of the
polymer and by cbalescence of polymer partlcles have been
shown to exist; their lifetime depends on the degree of
Coalescence. At 60°C, the increased kinetlc motion?of
these radicals makes them more accessible to propagation
and termination.

(111) The buried radlcal activity of the polymer
barticles can be reduced by centrifuging, and completely
destroyed by exposure to oxygen. |

Consideration of the conclusions noted above readily'
accounts for the non-steady'rates observed.

Zlegler, Deparade and Kuhlhorn (1950) also observed
inltlal perilods of acceleration in the bulk polymerisafion
of acryloﬁitrile, as did Chapiro.(lgsb) who initiated
1p01ymerisation by v- or X-rays.

Trommsdorff (1944) observed an "explosive' reactlon
In the bulk polymerisation of acrylonitrile similar to
that of methyl methacrylate.
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The reaction was initlated with Oe 1p benzoyl peroxide
at 60°C, and was so violent that the dilatometer was ,
usually destroyed. In addition, holes and pores developed
inside the material which made accurate measurements
impossible. These results indicate that termination is
diffusion controlled but the weight of evidehce is agalnst
this.

| For the bulk polymerlsatlon of acrylonltrlle, thercfore,

the major locus of propagation 1s in a coiled polymer
particle with the radical ends "in‘solution" being a
minor locus. | M -

2. Agqueous polymerisatione.

Whereas emulsifiers and dead polymer acceierate the
polymerisation of methyl methacrylate, Khomikovskil and
Medvedev (1948) and Khomikovskil (1948) found that these
agents had little effect on the polymerisation of aquéous
acrylonitrile.

The first two authors found that the rate was lowered
by the addition of glass powder or dead polymer.

The latter author investigated the relative effects
of potassium palmitate on the pblymerisation of methyl
methacrylate and acrylonitrile, both catalysed by 0,006 i
potassium persulphate. At 40°C, the rate of methyl
methacrjlate polymerisation was accelerated 40 times by
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3% soap, whereas the rate for acrylonitrile at 60°C was
reduced 30% with 5% soap. With 8% soap, the rate was
reduced toASO% of fhe full rate aﬁd ran parallsel wlth the
Increase in iﬁsolubility of acrylonitrilee.

In the abéence of eﬁulsifying agents, workling at 25°C,
James (1952) obtained steady, reproduceabls rates for the
aqueous polymerisation of acrylonitrile. Ilionomer
concentrations of 0,006 M to 1.2 Il were used and chalnga
were initiated by many radicals (chilefly OH and H)
produced photochemically from a redox system of the types
mentioned in C.II and III. The reaction was followed
dilatometrically in quartz cells of capacity 80 ml; the
temperature of the bath was controlled to £0.001°C.

The rate accelerated at first, but after the formation
of about 35 mgm. of poiymer (one to two hours), the rate
became steady and,remained so for at least one hour, after
WEich it fell off. No inductiqn perlods were 6bserved;
poiymer could be seen within one minute of commencing
1llumination and was evenly distributed throughout the
cell, .

Increasing light absorptlon was postuiated to account
for the increasing rates. As the polymer is formed, more
light is absorfed because of Lnternal scattering in the
cell. If the acrylonitrile concentration is sufficlently
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reduced (from 0.3 M to 0.006 M) to prevent the formation
of large quantlties of insoluble polymer while ensurlng
that all the hydroxyl radicals were captured, James found
that the fate of photoreduction of the initiator fell to
71% of its previous value. The scattering power of the
poiymer is thus equivalent to a 40% increase in the depth
of the cell. ”

If the photopélymerisation was stopped, the after
effect allowed to diéwaway and the system reilluminated,
the rate of polymerisation was rapldly reproduced only ir
the polymer had not been precipitated or filltered from
the solution. If the polymer was removed by filtration
and the clear liquid reilluminated, the originai rate
curve 1s reproduced when allowance 1is made for the
consumptlon of monomer; the rate gradually accelerates to
a steady rate and remains so for about one hour.

If the polymer 1s coagulated and proecipltated by
‘disturbing the éell mechanically, a simllar result is
‘Oobtalned upon illumination 1f allowance is made for the
fraction of the illﬁminated volume not occupied by
coaguium. Smith (1951) observed the same effects using
acrylonitrile-in aqueous solﬁtion initiated by the ;
photochemical decompositlion of hydrogen peroxide.

;The after effect which was observed dled away to
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less than 10% of the full rate in one hour.

Rate .constants were obtalned using the rotating
sector technique. The divergence of the intensity
exponent from‘b.s to 1.0 has been explalned by the
introduction of a linear termination step to the kineticse.
These aspects of Jamesf workrwill be considered 1n more
detall in later sections.

From his results and a consideration of other modes
of polymerisation similar to those detalled in thé above
'sebtions, James haé come to the conclusion that the major
locus of prbpagation of acrylonitrile in aqueous solution
i1s in the 1liquid phase (Dainton and James, 1953). This 1is
borne out by fhe negative effects of added deadvpolymer,
or glass, and of emulsifying agents. Moreover, the rate
equatlon determined experimentally 1s the same as that for
a homogeneous systen.

The existence of the photo after effecﬁ,'the
reduction of rate on preciplitation of the polymer, and the
gradual acceleration to the steady state, show that the
polymer particles ds piay a minor role in the locus of |
propagation and é major role in the absorption of light.

VII. Conclusionse

A reasonably complete plcture of the polymerisation
steps 1s available in the literature already published.
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The locus of propagation for a homogeneous system has
been shown to be in the liquid phase., When an accelerating
rate 1s'observed in such a system, 1t 1s due to a
reduction in the terminatlon rate because of increased
viscosity.

In a heterogeneous system, the locus of propagatlon
1s in the polymer particle, if the polymer is swollen by
monomer. If the polymer 1s unswollen by monomer, active
centres may become tr;fped In the lattlice and may play
more or less importﬁnt parts, depending on the degree of
coalescence and the medium about the particles. In the
bulk polymerisation of acrylonitrile, the medium is the
monomer 1tself and hence a large prOportibn of ﬁhﬁ readtion
can be carried by the particles. . In the aqueous phase,
the medium 1s a dilute solutlon of monomer, and the
contribution to the rate from the particles willl be
correspondingly 1é$s. A steady state for the system will
be obtained in the agueous polymerisation, when coalescence
1s reduced to a minimum. Then steady states can be
established in the érapped radicals as well. Uniform
production of radicals throughout the system and lack of
mechanical dlsturbance will favour suspension of the
polymer particles and establishment of thls steady state.

| ‘The actual effect of an emulsifying agent 1ln the

=
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aqueous acrylonitrile system 1s not clear. Khomikovskil
(1948) has shown that the reduction in rate lncreases with
higher sosp concentration. Since the solubility of
acrylonitrile increases with higher soap‘concentrations,
1t appeers that soap immobilizes the monomer and
effectively reduces the rate of propagation. Alternately,
the polymer particles may be shielded from the monomer by
the $oap.

Therefore, for the agqueous polymerisation of
acrylonitrile photochemlcally initiated, the major locus
of propagation is in the aqueous phase. The polymer
particles increase the light absorption and play only a
small part in the locus of propagation.

Hence steady states and reproduceable kilnetlcs can
be obtained for an acrylonitrile system in water.

The present thesls will proceed from this point and
will attempt to evaluate the kinetlcs of the acrylonitrile
reactlion at several temperatures as well as to clarify

some of the effects noted above.

E. RATE CONSTANTS AND ACTIVATION ENERGIES OF AQUEQUS

POLYMERISATIONS.

Dainton, James and Kutschke (1953) have reported the
only rate consfants‘for the polymerlsation of acrylonitfil@.

The above authors obtain:
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-l -
kb = 6.4 x 10°(mole/1l.) “sec 1
ky = 9.2 x 108(mole/l.)-lsec"1
k | S . 5 ) \ -l -1 °C
£' = 1.1 x 107 (mole/l.) “sec at 25 C.

ki' refers to the rate constant for linear termination.
Kutschke's analysls of the sector curve has lead to an
evaluation of the proportion of the rate dus to trapped
radicals. It 1s found that 25% of the observed rate in
continuous illumination 1is cauééd'by these occluded
centres, but no allowance is made for them 1n‘the
determination of the rate constants.

Evens, Santappa  and Uri have determined the value of
kp/k% for acrylonitrile in aqueous solution initiated by
the photoreduction of the FeSTCl' complex. Thelr result

X
ot~

of 0.156 (mole/l.)"%éec compares with the value 021
(mole/l.)'%éec—% for the above work.

Bamford and Jenkins (1953) have evaluated rate
_constants at 25°C from the photochemical rate and the
dark rate after specified perilods of 1lluminatioﬁ. These

results are shown in Table 103.

Table 103. Rate Constants for Bulk Acrylonitrile

Time of Irrad'n 1 kt‘l
Minutes (mole/1.) “sec™l (mole/1.) tsec™t

, 4

2 ’ ) 1609 5,2 x 10

6.7 " 648 0.8 x 10%

12 3.6 0.2 x 10%
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Analagous systems to that of acrylonitrile are
difficult to find. Burnett and Melville (1950) found
rather startling results for the rate constants and
activation energles for the bulk polymerisation'of vinylidene
chloride, the polymer of which resembles that of
acrylonitrile in its crystalline nature. Thelr results

are suwmmarized in Table 104.

Table 104. The Bulk Polymerisation of Vinylidene Chloride

Tempe P4 - Eact. Eact. - Ay Eacte.
CE (mole/1) 1sec—l (mole/1) lsecmt prop. term o overall
5
15 2e3 0.23 x 10 o
25 846 1.75 x 10 kcal/ kcal/ 10~ 10 kcal/
' : 5 mole - mole. mole
35 3648 18,0 x 10

The values for the frequency factors are phendmenally
highs According to Arlman and Wagner (1953) , those results
‘are subject to a systematic error which, however;%will not
affect the magnitude of the results. Both Bgrnett and
llelville and Matheson et alia (1951b) have summarized the
rate constants for many bulk polymerisations.

The rate constants of methyl acrylaté (Matheson et
alia, 1951b) and butyl acrylate (Melville and Blckel, 1949)
in bulk at 30°C, may be_compared with thosé’of | o
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acrylonitrile. These three monomers are monosubstltuted
ethylenes and the substltuent groups have similar
mesomeric and inductive properties (Nozaki, 1947).

" The results are summarized in Table 105.

Table 105.

lfp k:t

Monomer - - - -
(mole/l.) loec™t (mole/l.) leec™t
acrylonitrile 6.4 x 10° | 9.2 x 10°
methyl acrylate 7.2 x 102 4.3 x 10°
butyl acrylate 13,8 1.8 x 10

The iocreosevin slze of the substituent runs parallel with
and may be the principal cause of the decrease 1n the rate
constante

The reasonable correlation of the results suggests
that there is no difference in mechanism in the agqueous
polymerisation of acrylonitrile and the homogeneous bullk
polymerisation of the acrylates.
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CHAPTER 2. EXPERIMENTAL, TECHNIQUE.

The experimental procedure may be conveniently
divided into four stages:

(1) The preparation and deaeration of a solution.

(2) The transfer of the solution to a quartz
-dllatometer, and the removal of this dllatometer to a
thermostat.

(3) The adjustment of the meniscus to a convenient
- height.

(4) The 1llumination and measurement of the rate.

" After a preliminary description of the apparatus and
chemlcals, these steps will be described in greater detall,
I. Purification of Chemicals. | | | |

le. Water.

Since certaln ions present in tracé amounts will
exhlblit profound effects upon aqueous polymerisation, it
ls important that the water used in any solution 1is
free from these contaminents. To ensure that all ions,
especlally iron; are removed, dlstilled water 1ls allowed to
trickle through a cdiumn one metre long packed with an
acid-base ilon-exchange resin, using the procedure
recommended by Ackroyd and Kressiman (1950). DBio-Deminrolit
wés used for most of the work and was discarded after the

passage of 200 litres. This was later replaced by
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Bio-Deminrolit F which could be regenerated after
sepération of the acid and base components. DBoth products
were purchased from the Permutit Company of London.

2« Perchloric acid,

Analar perbhloric acid was found to contaln sufficlent
trace.ions, especlally iron, to cause irreproduceable.
results.' Vacuum distillation at lOOOC of analar conétant
boiling perchloric acid was sufficient. The final product,
12_Molar (72%) was stored, in the dark, in a special glass
stoppered boftle that had previoﬁsly been cleaned with a
boiliﬁg nitrié/suiphuric acid solutién and steamed out for
at least one hour. »

38 Ferric perchlorate.

‘As this was used in very dilute solution as a photo~
catalyst, spécial care was taken in 1lts preparation.
Ferric hydroxide was prepared from analar ferrlic alum by
the method described by Vogel (1951). A4 double
preclipitation was carried out redissolving the hydroxide
in perchloric acid each time.

For later work,. ferrlc perchlorate, bought from the
Ge Frederick Smith Chemical Compahy of Columbus, Ohlo,
was used without further purification. Both solutlons
gave ldentical results. | =

A stock solution of 2 x 1072 M in .25 M perchloric



acld was prepared and kept in the dark in a speclally
cleaned volumetric flask. Such a solution was found to be
stable for at least two years. More dilute solutions were
made from this solution when requlred, and these were

kept under similar conditions. These dilute solutions
~were stable for at least one month after which time fresh
solutions were prepared.

3bs Vanadous perchlorate.

Vanadous perchlorate was prepared by the reduction of
analar ammonium vanadate 1n dilute perchloric acld by
zinc amalgam, all in vacuo.. The ammonium vanadate
solution was deaerated twice, reduced with zinc amalgam,
the zinc amalgam removed; and the deaeration completed.
Care was takgn not to allow daylight to fall on the mixing
vessels after reduction. ’

48, Acrylonitrile.

Acrylonitrile, containing stabilizer, was supplied by
Lights in two kllogram lots. Water was first‘removed by
coéling the monomer 6vernight in a stoppered flask at
-80°C. Most of the water which is almost insoluble at
that temperature crystallizes out (Davis and Wiedemann,
1945). The monomer 1s then rapidly decanted through a
glass wool plug, with minimum contact to alr, into ak

flask which was then connected to the vacuunm line.k One
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freezing and decantation, if carefully carried out, was
found to be sufficlent. The monomer was freed from
dlssolved air by cooling it again to =-80°C, Alir in the
liquid ﬁas then pumped off. The system was isolated and
heated to room temperature, then cooled again to -80°C,
This cycle was repeated at least three times. Finally,

| the monomer, at room temperature, was distilled to the
pot of the still leaving the last 10% of the crude
monomer in the flask. - The stlill was'then 1solated, the
monomer warmed to about 35°C and allowed to reflux. The
dlstillation apparatus consists of a 250 ml. flask, a
10-plate vacuum-jacketed column about one metre long,
packed with Fenske hellces; a double walled water cooled
condenseq,and two 1solatable receivers.

The dlstillation was conducted in the absence of alr
with the source at 35°C - 50°C and the receiver at 0°C.
The first and last 25% of the distlllate were rejected.
The distillate was tbén exposed to daylight, allowing

partial polymerisation to remove any remaining impurities.

4be. Methyl acfylate. 1
Methyl acrylate was purified by a simple distillation
in vacuo. This procedure was found to be adequate for the

slmple experiments carrled out with the vanadous initiatlon.
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IT, Apparatus.

1, Vacuum linoce.

A'conventidnal all glass vacuum line was used for the
deaeration of the solutions. A high vacuum was obtained
by a one étage mercury diffusion pump backed by an
Edwards 150 litre mechanical pump. Pressures were
measured oﬁ a McLeod gauge which was capable of reading
pressures of better than 10™% mm. of mercury.

Tubing of 1 cm. diameter and largs bore, good
quality taps were used to facilitate the rapid removal of\
residual air. All the taps and jolnts on the main line
were greased with Aplezon M or N grease.

Liquid alr traps on elther side of the lcleod gaﬁge
and diffusiop pump prevented the distillatlon of mercury
Into deasration flasks and the distillation.of water and
monomer into the'pumps.

2. Degeration assembly.

28+ The deaeration flask.

The deaeratlon flask, shown in the inset of Figure
201, was a 250 ml. round bottom Pyrex flask, modified so
that the neck was constricted and connected +to 7 mm.
tubing terminating in a BlO jolnt. About 3/4 of thelway
up thé side of the flask, another Bl0O jolnt was fittéd 80

that the two arms were parallel and about 20 cm. long.
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The deaeration flask was filled through a small funnsl,
the stem of which extended well down into thé neck of the
flaske All glass and quartz vessels were cleaned wilth a
boiling nitric/sulphuric acid solution and were then
steamed out for at least one hour. Chromlc acld was
found to be unsatisfactory for this purpose, as sufflclent
chromic ions were left on the surfaces to initiate
polymerisation.

It was unecessary to reclean the fiaSk after each
run; the jolnts were cleaned of plclen and placed on the
steamer for at least one hour and then left to dry in the
ovene

2b. ‘The adapter.

The adapter was a good quallty vacuum tap of'large
bors, termiﬁated at one end by a Bl9 cone which plugged
Into the main vacuum line, and at the ofherAby a B1O -
socket which was piciened to the slde arm of the dsacration
flask. This adapter was used to facllitate cleaning
which would have been difflcult i1f the tap had been directly
connected to the flask. '

2¢e The quartz cell.

The quartz cell served the dual purpose of reaction
cell and dilatometer. It consisted of a short cyliﬁder of
2 cme internal depth and 7 cm. radius. The faces of the

)



 cell were optically flat and well polished. The cell
walls were about 3 mm. thick to immunize the effect of
vafiations of atmospheric pressure on the V'olume of the
cell when in vacuo. Out of the sidg of the cell projected
a short BlO socket. ) \ '

The quartz cell was cleaned in the usual manner about .
once a month. Polymer tended to precipitate on therface
nearest the light, but the effect on the light transmlssion
was negligible. If the accumulation seemed large, the
other face of the cell was presented to the light during
the next rune.

After each run, the cell was washed well with
distilled water and steamed for one hour. It was then

allowed to draln in an inverted position overnight.
2d. The capillary.

A standard bore Verildia capillary of 1,00 mm. dlameter
Tormed the other part of the dilatomﬁter and was connoccted
to the quartz celi with plcien. The other end of the
capillary was also Jjolned to the central B1lO cone of the
deaeration vessel with piclen. ‘

Thus, when the deaeration aséembly was connected to
the vacuum line, the flask was upright and the quartz cell
inverted and separated from the deaeration flask by?the

standard capillary.
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In this way, a solution could be deaerated, the
assembly lsolated from the vacuum line by the tap,
disconnected, melted, inverted, and the solution allowed
‘to flow into the quartz cell withouf passing over any
greased joints. Plclen was found to be completely inert
to a solutlon containing monomer.

3. Optical bench.

A side view of the optical bench 1s shown in Figure
201, -

3a. The mercury lampe.

The mercury lamp, the ultraviolet source of radiatlon,
was provided by the Thermal Syndicate. ‘It was the medium
pressure type, capable of Opérating at 200 V. DeCe The
arc is struck by tlpping the lamp on 1lts slde and allowing
liquiad mercﬁry‘to touch ﬁhe top electrode. The lamp
envelope 1is madé of quartz, and passed radiatlion down to
ZOOOA.

An 1)l mm. stop was placed‘directly in front of the
lamp so as to provide as close an approximation to a polnt
source as‘possible.-

The lamp was usually operated at 89 gV, DeC. and
2,95 1,05 amperes; the power was supplied through a -

current_établlizer.
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3be Mercury lamp current stabllizer.

A dlagram of the circuit 1s shown in Figure 202,

The principle of the stabllizer 1s as follows:

The voltage from the D.C. mains is passed to the
lamp through a parallel resistance. One arm of this 1s an
18 ohm plus a variable proporfion of a 25 ohm fixed .
resister. The bulk of the current through the other arm
1s carried by three 12El valves; some of the current 1is
also fed to two controlling valves.

If there 1s a drop in the voltage of the mains, the
current through the control circuit also drops. The
voltage on the grid of the 6SJ7 becomes more positive and
allows more current to flow which in turn ralses the
potential of the 6F6 grid and finally the grids of the
12E1 valves; Thus more current 1s éllowed to by-pass the
fixed resisters and the voltage»of the lamp increases to
counteract the drop in the mains. For an increase in the
mains voltage, the procedure 1s reversed.

With careful adjustment, the output of the lamp willl
Temain constant for mains fluctuations of %5 volts. Runs
.Were not carried out in the daytiﬁe in winter when the
Variations were somewhat greater; expériments’wore then
conducted in the evening.

-Fluctuations in the intensity of the light at’ the cell



FIG. 202 CURRENT STABILIZING CIRCUIT FOR MERCURY LAMP
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wefa occasionally noted when the fast sector was operated.
To remove this beat, the DeCe input was filtered with a
large inductance-capacitance circult, and condensers were
placed across the grid of the 63SJ7. No variations could
be observed at lower sector speeds.

3ce Lens system.

The first quartz lens (7 cm. focal length) 18 cm.
from the lamp stop, brought the;light to a focus as shown
in the.diagram. This light was then gathered through a
3 cme. stop by a second quartz lens (10 cm. focal 1ength);
and passed on as a nearly parallel beam to the quartz cell
in the thermostat. The transmitted light was measured by
a QeVelAe39 photocell. The two lenses were 19 cm. apart;
the second lens was 18 cm. from the centre of the quartz
cell, |

3d. Filter solutionse

The filter solutlons were placed directly behind the
second quartz lens. The fllter conslsted of the following
solutions separatedlby 7 cme. quartz plates.

1.3 eme 1 M.N1SO,, 0.04 IM CuSO, pH about 2.
1.3 cm. 0.008 M KoCrOg
1.3 cme 0.015 M potassium hydrogen phthalate.

It was found that analar grade nickel sulphate -

contalned sufficient 1ron to be rapidly decomposed at 3130A.
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It was removed along with other interfering eloments by
adding pure hydngen peroxide to the solution, boiling,
cooling slightly, adding dilute sodium hydroxide to gilve
a small permanent precipltate, dlgesting at the bolling
point for ten minutes and filtering.v The addition of a
small quantity of copper sulphate improved the stablility
of the solutlon, only slightly reducing the tragsmission.

Analar potassium chromate and analar potassium
hydrogen phthalate werg'uéed without further purification.

The nickel sulphate solutlion was placed nearest the
light source and was found to be stable for several
monthse The phthglate and chromate solutlions were
repladed daily. )

This assembly was almost monochromatic for 3130A; the
transmission was as follows:

A 2970 3020 3130 3340 3650
4T 0 0 - 38 55 0

Slnée the 3340A line of the mercury lamp has only
about one tenth of the Intenslty of the 31304 llne, 1lts
contribution was qulte negligible.

3f. _The thermostat. |

The thermostat was made of Perspex, 6 mm. thiclk.
Light was admitted through 10 cme. quartz plates fitted to

the tank with rubber gaskets. The internal measurements of



212

the tank were 35 cm. long, 9.5 cm. deep and 53 cme. high,
and 1t was filled with about 20 litres of distilled water.

 The quartz cell, placed about 3 cm. from the window
nearest the light, was supported in a rubber lined semi=-
circular saddle fixed to the bottom of the tank. With
such a deep tank, the dilatométer was completely
immersed. Readings were taken on a cathetometer, by
observing the meniscus through the tank side.

The temperature was maintalned constant to 5.002°C
by‘means of a toluene-ﬁercury regulator, of very large
surface fo volume ratlos. DBecause of the necessity of
gqod temperature control, a relay clrcult of very short
time lag wﬁs used. A Sunvic relay was found to be
unsultable because of 1ts large time'lag. The most
satisfactory relay was that employlng two thyratrons;
800 ma. could be passed without overloading the clrcult,
A 250 watt lamp with a seriles resister was used as the
heater. The tank water was stirred by a 24V. D.C. motor
attached to the top of the tank.

A National Phys;cs Laboratory standard thermometer
was used to callbrate a Beckmanh thermdmeter.' By means of
a screw on the top of the toluene regulatbr, the tank
could be adjusted to within 0.01°C of any chosen
temperature between 15°C and 50°C. It 1s not advisable
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to heat Perspex much above 60°C. For the lower
temperatures, 1t was sometimes necessary to cool the
water by means of a copper loop at the back of the tank
which was fed from a constant head device. About three
‘drops a second were sufficlent to keep the tank at 15°C
in the winter. In the summer, the lowest temperature
attainable was somewhat higher than this, because the
temperature of the tap water used iIn the cooling loop rose
to about 17°C. “;

| With the above controls the thyratrons were fllckerlng
on and off about every 15 seconds; no variation of
temperature could be observed on the Beclmann thermometer.

3ze The photocell,

The photocell waé connected to a simple spot
galvanometef and deflections of the mirror were recorded
from time to time. This phbtocell was sensitive to the
visible radiation'passed by the filter solutions, so that
readings never dropped exactly to zero.

3he Rotating sector.

- The rotatlng sector interrupted the 1ight beam at its
focus just in front of the second lens. In this way,
penumbra errors could be~képt to a minimum as the beam was

quite narrow at this spot.

Two sectors were used. For determination of the



214

intenslty exponent, a high speed sector of 30 cm. diameter
from which alternate 90° segments had been cut, was used.
The sector rotated at 2000 - 3000 r.p.me., and was mounted
on shock absorbers and rubber matting so that the
vibrations generated at ihat high speed were not
transmitted to thé dilétometer.
| For shorter flashing times, a varlable speed gector

was used. This consisted of a high speed motor geared
down with varlous chai9§ and sprockets. A frame of
Meccano supported about 10 axles holding two or three
sprockets each. Chains of correct length were filtted and
removed from the sprockets. In this way, the rate of
rotation of the sector could be alfered by tilghtening
the set-screw on a sprocket and fltting 1ts chain,
Flashing times of O.l seconds to 25 seconds could be
obtained with this arrangement. The sector had a diameter
of 60 cm. cut in alternate 90° segments so that 1f the
‘angular veloclty was low, the linear veloclty of the end
of the sector was relatively high. For flashing times of
30 seconds or greater, the sector was hand oporated.

The fast sector was timed by a stroboscope. The slow
sector was timed with a stop watch or by timing the motor
" with the stroboscope and from the gear ratios, calculating

the rate of rotation of the sectors
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5. Wire pauze.

A wire. gauze waé used to confirm the value of the‘
intensity exponent fouﬁd using the fast sector. The gauze
was placed immedliately after the first lens in such a
position that ﬁhe Intensity was reduced without focussing
the wire mesh on the cell. -

The transmission of the gauze‘was found to be
34,0% for 3130A. |

ITI. Experimental Procedure.

l. Preparation aﬁd‘deaeration of solutions.

One hundred millilitres of solution were prepared for

sach run. Ten millilitres, 1e0e 8e3 x lO_5 M Fes+, 0,12 M

HClOé, of the concentrated stock solution were added to a
one hundred millllitre volumetric flask and diluted to
volume. The monomer was noﬁ édded at this stage.

The solution was then transférréd to’thb deasration |
flask, the adapter aﬁd dilatometer piciened dn, and the
whole unlt connected to the vacuum line.

~Vacuum was‘applied for a second or two 1n‘short
bursts before freézing, to remove most of the residual air.
The solution was then carefully frozen with a dry Iice-
acetone mixture at -BOOC. After freezlng the adapter was

opened until a vacuum of not less than lO"4 mme of mercury

was obtained; a "sticky" vacuum was reached after about -
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fifteen minutes pumpihg. The tap of the adapter was then
closed and the solﬁtion warmed to room temperature, then
refrozen. This cyqie.was repeated twlce more; é good
vacuum was obtalned each time. Two runs, mixed in separate
flasks, were usually prepared and degassed together.

As the runs were deaerated the day before use, they
were stored overnight at -80°C after the third pumpinge.
In the morning, a "sticky" vacuum was again obtained before
the addition of monomer. |

A known volume of monomer was distilled in from a
graduated plpette at OfC, while the remainder of the line
ﬁas lsolated from the pumps. The graduated plpette was
£11led by dlstillation from the partly polymerised monomer
i1n the stock flask. The monomer 1n the plpette was always
water white. Frofi the volume and known density of the
monomer, the exact concentration could be calculated.

The deaeration assembly was then disconnected from the
vacuum line after closing the adapter tap, and the
solution was melted for the last time.

2 Filling the dilatometer.

After melting the solution and glving 1t a thorough
shaking, the whole assembly was carefully tipped over so.
that the solution in the flask ran into the quartz cell
through the caplllary. As the solution did not paés over
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the tap, no grease could enter the system.

" The quartz cell filled quickly; occaslonally vapour
bubbles formed at the cell end of the capillary. These
could generally be removed by shaking; in extreme
circumstances they could be collapsed by touching the
capillary at that spot with cotton wool that had been
dipped in the dry ice-acetone mixture. |

After all the bubbles had been removed from the
quartz cell and capillary, the adapter tap was opened, with
the assembly still in éwsloping position, allowing the |
whole system to come to gtmospheric pressure. As long as
there was plenty of liquid at the top of the capillary, no
air reached the main body of the solutilon.

The dllatometer was then disconnected from fhe |
deaeration flask by heatlng the piclen joint, and was then
- placed in the thermostat. The length of the dilatometer was
extended by a BlO joint (as shown in Figure 20l) so that
the cell could be clamped at the tap and rigldly fixed in
position.

A small mercury drop was placed at the top of the
capillary before pla&ing the dilatometer in the tank.
This drop sefvcd two purposes. It prevented any sair from
passing down the capillary and it dampened any vibrations
at the liquld menlscus. Twenty of the 24 - 28 p1, of
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solution remalning in the deaeration flask were pipetted
into a 25 ml. volumetric flask for a blank analysis.

3« The adjustment of the meniscus.

When the dilatometer was placed in the thermostat, 1t
was filled with solution to the bottom of the top Jjoint on
the capillary. To get the mercury drop into the capillary
and sufflcient liquid removed so that a meniscus could
be observed, the following procedure was adopted.

A plece of rubber‘pubing was placéd over fhe end of
the tube which was piclened to the top of the caplllary,
and by means of‘suction, the dllatometer was contracted
sufficiently to push the solution past the drop. On
release of the suction, the mercury was pushed down the
capilllary.

Excess mercury and solution was removed by
wilthdrawing 1t through a very fine caplillary attached by
rubber tubing‘to the water pump. About 2 mme. was the
optimum length of the mercury plug. It was best placed so
that there was ébout 1l cm. of liquld above the mercury. A
liquid meniscus was found to be muich steadler than the
meniscus of the drop. If the plug'had»been any shorter
1t would have slipped and fallen Into the solutlon; if 1t
was nuch longer, 1t tended to stick. The éapillary was

gently tapped just before a reading to remove any errors
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© of this sort.

Excess liquid above the caplllary was removed by a
plece of cotton wool on a wire., Draining in the capillary
was stopped by touching the meniscus with a fine plece of
glass dlipped in Teepol. Thls detergent lowered the
surfacé tension and suppressed any tendency of the
meniscus to creep up the side of the capillary.

After about twenty mihutes, the level of the meniscus
was followed with a cagpetomater; Since the solution was
generally cooler than the thermostat, cessation of
expanslon signified thermal equilibriﬁm. Further
observations were made to determine 1f there was any dark
rate. With good temperéture control, a change of 0,0l mm.
could be detected in this manner.

4, The 1llumination and measurement of the rate.

If no dark rate was observed, the solutlon was
1lluminated and timing commenced. The general pattern of
the reaction 1s shown below.

4a. Induction period.‘

The induction period was always less than one minute
with well deserated solutions. The beginning of the
contraction coincided with the first appearance of polynior.

4b. The period of accelerating rate.

A period of accelerating rate followed for all systems.
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About 50% of the full rate was reached in twenty-five

minutes. For the system 8.3 x 107 11 Fe*

s 0,012 II HC1O,,
0.6 M acrylonitrile, at 25°C, the steady rate was reached
after about two hours. For systems at 25°C or 30°C, the
steady rate was observed after 36 mgm. of polymer had
been deposited. The deflection of the photocell was then
about 20% of the full deflection. -AL.15°C, the steady rate
was reached after 40 mgme of polymer had been deposlted;
the transmission in this case was about 2}% of the full
transmission. See F;gﬁée 203 for a typicai rate curve,
and Figure 204 for the corresponding transmission of the
solution. |

Only a few representative points afe shown on
Figure 203. Readings were taken every minute at.the full
rates and every two and a half minutes at lower rates.
The numbers indicate the rates observed at corresponding
polints on a graph of much larger scale; the straight
line shows the limits of llnearity. Devliatlons which
are not so apparent here for the bulld up and fall off of
the rate, are much more obvious on the larger scale.

4c. Steady rate.

A period of steady rate was then observed in the
System described above, extendlng for two hours or until

about 100 mgm. of polymer were precipiltated.
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4d, ~ Period of decreasing rate.

A period of decreasing rate then followed.

4e. Rotating sector.

The rotating sector was inﬁroduced during the steady
rate periode The full light rate was measured before and
after the interrupted rate. Filve mlnutes after the
Introduction of the sector, the rate became steady at the
lower value.

IV. The Physical Appearance of the Polymer in Suspensione

Within two or three minutes of the beginning of an
ifradiation, a thin, homogensous cloud of polymer could be
seen in the light beam. As the reaction proceeded more
polymer was formed and the cloud became more dense, as
Indicated in Flgure 204. However, after about fbur hours
of 1llumination in such a system as shown in the above
. flgure, the polymer coﬁld be seen to sag, taking up a
parabollic shape when viewed from the side. It did not
preclpitate equally throughout the cell; it stuck to the
parts of both faces which were directly exposed to the
light beam, and settled 1n the middle. In the space
above the sagglng polymer, which was stlll exposed to the
light beam, fresh polymer could be seen forming. No
definlte coagulation of the polymer could be seen at the
bottom of the cell, but it was ncticeébly deﬁser here -than
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at the’tob.‘

The oﬁset of the decreasing raté was not marked by
any visible change in the appearance of the polymer.

For a cell and stem‘volume of 80 ml. (2 cme. deep by
7 cm. 1n diameter), the total illuminated volume was
625 mle (2 cme deep by 6.% cm. in dlameter),
Ve Determlnation of the Rate of Initlation.

‘The rate of initiation of ferric sensitized polymerisation'
was measured from the rate of formation of the ferrous lon.

At the end of an irradiation, the polymer was
filtered off and 20 ml. of the flltrate were transferred
to a 25 ml. volumetric flask.  The blank solution obtalned
as described 1n Sectlon II.Z2, was also analysed to glve
the zero time ferrous concentration.

The foilbwing analar reagents were added to the two
" solutions in strict order: 1 ml. 0.2 I ammonium fluoride;
sufficient 5 I ammonium acetate to give a pH of about'4; |
1 ml. of 0.2% o-phenanthroline. |

The sélﬁtions were then diluted to volume and the
optical density was measured, in 4 cm. cells‘at 51004,
within fifteen minutes. '

The results for each temperature‘will be given in the
next chapter.

VI. The Determination of the Intensity of Illuminatlone

Uranyl oxalate was prepared from analar uranyl nitrate
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and»oxalic acid, and was recrystalligzed from water. A
solution of 0,005 M U020204 and 0.025 Il HoCp0, was used;
75 ml. were placed in a 2 cm. deep standard quartz reaction
cell and exposed with constant stirring to radiation of
3130A for periods of approximately 24 hours. All the
light was absorbed at theée concentrations. About 10%
decomposltion occurred in this time; the oxallc acld ~
concentration was determined beforé and after exposure by
direct titratlon with 0.00985 U KMnO4,(Farkas'and
Melville, 1939).

The amount of light of 3130A incident bn the cell was
found to be 1.40 x 1015 quanta/second, or 2432 x 10°°
4Nbﬂ/secohd; these results have an error of 4£2% from three
determinations. The radiation had 12% of the intensity
used by Evans, Santappa and Uri (19515, orvslightly'less
" than that used by James.

VII. Staﬁdardization of the Capillary.

In order to determine the absolute rates of reactioh,
1t was necessary to know the relative contraction in the |
capillary cdrresponding to the formation of a certaln
weight of polymer.

The standardization was carried out by welghing the
Insoluble polymer after a month's drying in a vacuum

dessication over anhydrous magnesium perchlorate.
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~ At least three determinations were made at each
temperature, except at 40°C. The overall ervor in each case
was about 12%. For a capillary of 1l.00 mm. dilameter, the
results are éhown in Table 201; the value for 40°C 1s
1nterpblated.
Table 201. Standardization of the capillary.

Temperature Wte of polymer for Denslity of

degrees Ce 10.0 mm. contraction lonomer g/mle.
15.0 54.1 mgm.- B 0.811
25,0 3044 M 0.800
30.0 29,9 " . 0.795
40.0 27.8 " | D.784
50,0 26.1 " 0.773

James obtalned an average value of 30.5 mgme for 10.0 mme
contractlion at 25.000.

From this contraction factor, the density of the
polymer can be obtalned. _A density of 1.01 g/ml. (error of
1%) wes obtalned from all five temperatures, indlcating
that the variation in the factor depends only on the
difference of the denslty of water at that temperature.

The density of water 1s found to vary linearly with the above
éalculétions. The density of these dilutse solutionsxis
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agssumed to be the same as that of water.

Bamford and Jenkins (1953) obtained values of 1l.04
gre/ml. from measurements of polymer density "by standard
methods." —

VIII. Standardization of Dilute Ferric Perchlorate Solutions.

The dilute ferric solution was standardized
colorimetrically as described in Vogel (1951) page 647.
Results wefe reproduceable Wiﬁhin 1% after a period of six
monthse The ferrous lon content of“tﬁe solution was
observed periodically at the same time as measurements
were made for the rate of inigiation and was never greater
than 4% of the total 1ron concentration, i.,e. for

Be3 X lO"6 M FeS+, the ferrous lon concentratlion was not

greater than 3 x 1077 1.
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CHAPTER 3. THE EXISTENCE OF A PHOTOSTATIONARY STATE.

A. VERIFICATION OF THE RATE EQUATION FOR 15°C, £5°C AND 30°C.

From the arguments and data presented 1ln Chapter 1,
it 1s seen that the polymerisation of acrylonitrile In,
aqueous solution should be a homogeneous photochemlcal
reaction‘cépable of reaching a steady state. The rate of
regction should therefore be deécribable by Equation IV

assuming mutual termination to be occurring exclusively.

tee. -alm) I 1.0
arra ’Eézi (m1) (1V)

Non-steady states may arise from several causes:
(1) the variation of the rate constants with the degree of
reaction; (1i) a non-éteady state in 1solated loéi; (111)
the formatlion of catalysts or lnhibltors during the
reaction. These effects show themselves in continuously
accelerating and irreproduceable rates; Inductlon periods
and long after effects} and variable and unusual values
for the monomer.and Intensity exponents.

None of these effects were observed at 15°C, 25°C and
50°C. |
I. Reproduceabllity of Observed Rates of Réaction.

As noted in Chapter 2, Sectlion IIT.4, the reaction’

accelerated‘for a relatively long time but a steady rate
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was finally reached. The results were reproduéeable; at
15°C, for a total of 26 runs at the same concentrations,
the average deviation was 5%; at 25°C, for 14 runs, the
average deviation was 4%; at 30°C, for 13 rﬁns, the average
deviation was 6 %. No induction periods were observed in’
well deaerated éolutlons.

The exact rates will be given in the next chapter.

IZI. The Monomer Exponent.

For the Feo system at 3130A and the temperatures 15°C,
25°C and 30°C, the monomer exponent was found to be l.C.
See Flgure 301,

+Devliations from an exponent of 1.0 are observed at
monomer concéntrationsvof less than 0.6 . At low
concentrations, l1.6. 0.3 M, 1t was observed thatvpolymer
was formlng so slowly that 1t precipitaﬁed to the bottom
- of the cell., After three hours, the transmission of the
system had only dropped to about 60% énd remalned constant,
instead of the 20% observed at the éteady rates for higher
concentrations. Hence sufficlent polymer was not formed to
increase the light absorptlon to a degres found at’higher
concentrations. With less light being absorbed, 1owerk |
rates wers obsérvgd than would be predicted from an
exponent of 1l.0.

Polymer settled very slowly at highér concentrations
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also, but 1t was being formed at a.suffibient rate to
maintain constant light absofption. See Chapter 4.

James found a monomer exponent of 1.0 for
acrylonitrile at 25°C initiated by Fe2' (2537A and full
light) ; Foor (2537A); and I” (2400A). The lowest
concentration used in these ekperiments was 4.5 N3 no |
deviatlions from i;nearity were observed.

ITI. The Intensity Exponente.

A valus of 0.5 wag found for agueous acrylonitrile
at all three temperatufés. The intensity was varled by
means of the fast seétor and the wire gauze. The fast
sector reduced the Intensity 50%, the gauze 66%. The
results are shown 1in Filgure 502: o

IVe The Initiator Exponente.

The rate of inltlation was varied by changling the
- pH of the solutions. Evans, Santappa and Uri (1951) have

shown that in a Fe°'

system, the photoactive specles 1s
the complex FeSTOHf. Using the thermodynamlc functlons
evaluated by Rabinowitch and Sﬁockmayer (1942), the
exact concentration qf this complex was calculated at
various acld strengths at the three temperatures. An

-exponent of 0.5 was obtained in all cases; see Figure

303.
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B. EVIDENCE FOR THE STIMNULTANEOUS OCCURRENCE OF HOIOGENEOUS

AND HETEROGENEOUS REACTIONS TN THE SYSTEM;

The above results supply partial verification of the
. homogeneous rate equation. Attempts at further proof have
led to a reinﬁerpretation of the mechanlsm and to a
reinterpretation of the effect played by the polymer

particles.

I. The Rate of Initlation.

The rate of 1nitiation was determined as deséribed in
Chapter 2, Section V. *éhe results are shown for the three
temperétures in Flgures 304, 305 and 306. The graphs -
obtained at 15°C and 25°C do not pass through the origin
vas the actual measured optical densities are plotted, the
value at zero time being due to the initial ferrous
concentration and reagent blank. IHence the zero time
reading 1ls effectively the‘origin. The calcuiatioﬁ of the
rates of Initiation will be given in Chapter 4. |

It 1s to be noted from Figs. 304, 305 and 306, that

the rate of initiation is constant from zero time.

II. Buried Centres of Polymerisation.

Bamford and Jenkins (1953) have shown that
polyacrylonitrile particles contaln propagating centres.
Observations on the agueous system show that buried

contres are also present.
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1l Photochemicai after effects. -

It will be shown in Chapter 4, that the lifetime of a
growing chain 1s of the order of one second in the
homogeneous phase. Thus, within a minute after irradiation
has ceased, most'of these chalins wlll have disappeared.
However, a gradual dle away of rate ls observed, félling
off to about 10% ;f'the full rate in one hour. Dainton,
James and Kutschke (1953) also observed this. Assuming
only mutual termination, they were able to fit a
theoretlical curve to the experimental points and evaluated
the lifetime of}these buried centres in the dark.

The equation 1s of the form:

-Ah = A log (1 + Bt)
where B =‘%, and where e = the lifetime of the buried
centres. See Equation VII of Chapter 1.

This equation was fitted to 15 dle away curves
measured at 15°C, 2500 and 30°C at various duratlons of
exposure. The results are shown in Table 301 for the
system 8.3 x 10”6 M Fe®"; 0.6 M acrylonitrile; 0,003 M

HC10, at 15°C and 0.012 I HC10, at 25°C and 30°C; 3130A.

‘ 4
Flgure 307 shows a typlcal dle away and 1ts calculated
CUI've .

From the table 1t can be seen that the lifetime of

the centres lncreases with the duration of exposure until
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Table 30l Lifetimes of Burled Centros.
Temperature Duration of Exposure - Lifetime
°c . to Light - hrs, e, seconds
o
15°C 1.0 100
2.0 200
2.2 300
3.0 300
steady rate 3e4 300
reached ~
346 300
0
25°C 1.0 60
2.0 100
28 160
steady rate 3.2 210
reached '
‘ 3ed 170
345 170
o)
30°C Red 160
steady rate Sed 100 2%

reached
3e 6

170
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the steady rate 1s reached. Then the lifetime 1s
effectively independent of the exposure time.
It 1s also to be noted that the average lifetime

after thé_steady rate 1s reached 1s greater at 15°C than
at 25°C and 30°C. This is 1llkely a temperature effect, but
the lower acld concentration necessary to increase the
rate of initiation at this temperature may also affect it
indirectly.

James consldered at one time, that this dle away was
a éboling effect; the ﬁéét released on polymerisation would
maintain the cell at a temperature slightly above that of
the bathe ©On terminating i1llumination, the cell slowly
cooled, resulting In a contraction.

However, James and Dainton (1953) show that the
amount of heat released 1s negligible. The heat of
 polymerisation is 17.3 kcal/mole (Tong and Kenyon, 1947);
the rate of reaction is about 2 x 10°° mole/1. sec'l and the
volume of th§ cell 1s 80 ml. Thoe total decrease inﬂVolume
to be expected would not exceed a few thousandths of a
millimetre when the light is turned off. This 1s quite
within the experimental error of the microscope readings.

2. Resurgence of Reactivitye.

A similar experiment to that of Bamford and Jenkins
(1953) was undertaken. The system 8.3 X 106 u Fes*,
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0,012 M HC10, and 1.0 }f acrylonitrile was illuminated, at
2500,’in a quartz cell in vacuo for three houré. It was
estimated that 82 mgm. of palymer would form in that time.

The mixture was transferred, still in vacub, to a
spiral, pyrex dilatometer of large surface area (volume
60 ml.). This was then placed in a thermostat, in the
dark, at 50°C. From observations of the cessatlon of
expansion, thermal equilibrium was found to be established
in about five minutes. A rapid rate was observed; the
results are summarized iﬁ Table 302. Zero time refers to
the start of the readings. |

Table 302. Rates observed in a system at 50°C
from polymer prepared at 25°¢C,

Time Relative Rate
minutes mm. /mine
10 171

Estimated photo rate -1

20 «245 : at 25°C = 2,59 mole/l. sec
. = 001'7 m. mino

30 «117 b

. Photo rate that would be observed

50 . 087 in the same system at 50°C

. = 0443 mme/mine

90 072

120 « 064

About 1% polymerisation occurred in the two hours of

observation.
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The rates are seen to reach a peak and then slowly to
decay.
3¢ Addition of polymer to a fresh run.

- +
Tho system 8.5 x 107° Fo°', 0.006 1 HC10,, and

0.6 U abrylonitrile was irfadiated, at 25°C in vacuo, in a
quartz cell for two and a half hours. It was estimated that
52 mgme of polymer would form in that time.

The polymer was then separated from the liquid phase
by filtration under vacuume This polymer, without
exposure to alr, was théA added to a fresh solutlon of
composition 8.3 x 10°° 1 Foo', 0.012 I HC10, and 0.6 I
acrylonitrile. The whole mixture was placed in a standard
dllatometer and a run carried but as 1f the polymer were
not present.

Most of the pre-prepared polymer settled to the -
bottom of the cell to a depth of about one centimetre and
a half, The remalnder of the solutlon was slightly
clouded from a fine suspension of pdlymer. Thus the cellk
contailned a mixture of coagulated and suspended polymor.

A slight dark rate of .14 x 107° mole/l. sec™! was observed
before irradiation. This may be due to two causes:

(1) an after effect as described in Chapter 3, Section II.l
or (i1) initiation of polymerisation caused by impurities

picked up from the large vacuum assembly necessary for the
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separation of polymer. It is suspected, in thils case,

that the dark rate was caused by iImpurities. The effect on
the light rate will be negligiblé 1f one estimates the
error from the square root of the difference of the squares
of the rate. For a 10% dark rate, the error is only ;%.

On turning the light on, the transmlssion of the |
system was found to be only about 50% of that of a tclear
solutlion. The transmission rapldly dropped and a stead&
rate was observed within one and a half hours, lnstead of
the usual two and a half hours required for a system of
this type. The steady rate observed was 1.89 x 10~ -6 mole/1.
sec™t; the raﬁe of a system without initlally added |
polymer at the same monomer concentratlon ia 1.8 x lO"6
mole/1l. sec-l, so the.two rates are the same within
experimental error. The slight increase in rate is not

consldered to be significant.
III. Emulsifying Agentse

l. Acrylonitrile.

An attempt was made to repeat the experiments of

Khomikovskil (1948). ©ne per cent sodium stearate,
purified by filtration, was added to a system 8.3 x lO"6 M

Fe®T, 0.012 M HC10 , and 0.6 M acrylonltrile. Very low

. 4’
rates were observed; see Table 303.

The mlxture was qulte fluld and very silky in
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Table 303. The polymerisation of acrylonitrile in the

presence and absence of soap at 25°C and 3130A.

% Soap Absolute late g % Transmission
: ' mole/l. sec”™ x 10 of system

1% «37 at first, .14 after 2 hours 1

1% «30 at first, .15 after 2 hours e

0 1.73 steady rate after 2% hours As in Fige. 204

appearance; the transmission of the cell was very low
throughout the observatilons,.
2. Methyl methacrylate.

It has been shown that‘emulsifying agents have a
profound effect on the polymerlsation of methyl methacrylate.
A simllar system to that mentioned above was exposed to
31304, using methyl methacrylate in place of acryloniﬁrile.
Pure methyl methacrylate was obtained from Dr. K.J. Ivin
of this laboratory. The results are summarized in Table
304.

The rate of polymerisation of methyl methacrylate 1is
apparently unchanged Ey the presence of soasp, while tﬁe
rate of polymerisetlon of acrylonitrlle 1s reduced to
about one fifth.

The results for methyl methacrylate are contrary to
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Table 304. The polymerisation of methyl methacrylate in

the presence and absence of soap at 25°C and 3130A.

>t

. MMA ~ Fe HC104 Soap Relative Trans.

conce ‘concCe conce conc., max. rate of cell
moles/l. moles/l. moles/l. % mme /mine. %
.14 8.3 x 10°°  .o0012 1% 0495 kX
.28 8.3 x 107 .o012 1% 0499 2

14 8¢3 x 10 .0012 - 0.91 similar
-8 ' to

.14 4.2 x 10°°  L.o12 - 0.44 AN runs

what has been found previously for systems not photo-
initlated. Because of the low transmission of the mixtufe,
1t 1s felt that the light absorption 1s reduced considerably
below that of a simple,acrylonitrile system in which there
1s no soap. The equivalence of the rates for methyl
methacrylate in the presence and absence of soap 1s
fortultous.

- Khomikovskil (1948), studylng the aqueous persulphate
catalyzed polymerisation of acrylonitrilé, has shown that
it took a 5% soap solutlon to reduce the rate 30%, and an
8% soap solution to reduce the rate 50% at 60°C. From |
this 1t 1s seen that a 1% soap solution would have 1little
effect on the rate at GObC;‘and it might be inferred that
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the same conclusion would hold at 25°¢.

In effect, the light absorption is reduced by about
twenty-five fold (assuming homogeneous kinétics)‘and loweré
the observed acrylonitrile rate by one fifth. Therefore
the true emulsion rate of polymerisation of methyl
methacrylate for an intensity comparable to that observed
in the absence of soap, should be about five times that
actually measured; this s more in line with other
experimental results.

The rates for the ;queous non-emulsion polymerisation
of methyl methacrylafe were very high, and not steady.
This system 1s more complex than that of acrylonltrile
and would réquire more study, when photoinitiated, both in
the aqueous phase'and in emulsion in order to obtain more
reliable results. |

IVe Discussione.

From Figures 304, 305 and 306, the rate of initlation
of the aquéous acrylonitrile system is seen to be constant
from zero time. Thls can only mean that the light

‘absorption must be effectively constant from a time shortly

after the illumination i1s started and that 1t remains so

throucghout the period of accelerating rate and the period

of constant rate.

James, who also found a linear rate of 1lnitlatilon
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from zero time, postulates that the acceleration of rate to
the steady period 1s caused by lncreasing light absorption
from increasing polymer formation. If this were the case,
the rate of initiation shouldvalso show an increase.
When the steady rate 1s reached, the rate of inltlatlion
should fhen become linear. Extrapolation of this linear
rate would not go through the origin. |

If the 1ight absorption is constant, then what is
causing the accelerating rate? The accelerating rate must
be due to the slow estaﬁiishment of a steady state in the)
buried centres of therpolymer particles., A steady state
In the homogeneéus phase 1s established shortly after the
start of the illuminatlon. A steady rate occurs when:
both systems reach a steady state. |

Light absorptlon ls constant at a higher level than
would be obtalned in a clear solution. This high level of‘
absorption is reached shortly after the f£irst polymer is
formed. | |

With increasing polymer formatlon and coalescence,
light, instead of passing through the cell, 1s scatterecd

in all dlrections. Tﬁe increase in-'absorption dué to

scattering is, however, offset by the 1lnabllity of the
light té penetrate very far into the cell before beling

scattered. As more and more polymer 1is formed, more
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light is scattered but less can penetrate to any aepth,
resulting in constant absorption throughout the reaction.

The rate falls off at the end of the steady period,
not because of reactant consumption, but because the
balance between scattering and absorptidn 1s disturbed.
Insufflicient light enters the cell to malntain the
absorption at the high level created by scattering. The
results show, as 1llustrated in Filgures 203 and 204, that
the rate falls off much more raplidly than can be accounted
for by consumption of re;ctants. At the end of the steady
period, 4% hours after the start, less than 3% of the
monomer has been consumed. In the next hour;—the rate
drops 8%. In the same period, the initlator concentration
will have changed much less than that of the monomer
concentration.

Further evidence to support the work of Bamford and
Jenkins was presented 1n Section B.II.1l,2 and 3.

The photochemical after effect was shown to be due‘to
the propagatlion and mutual termination of long lived buried
radlcals. Thellifetimg of these burled centres 1s found
to be independent of the duration of exposure after the
steady rate 1ls reached, inferring that the concentration
of these radlcals has become constant in the period of the

steady rate. For exposures of shorter duratlon, in which
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less polymer 1s formed, the buried centres must be more
accessible to termination, even though they are in lower
concentration. Hence, i1t appears that the degree of
coalescence has some beariﬁg on the lifetime of the buriled
radicals. Those buried centres formed 1n the steady rate
period, belng In the presence of more coalesced polymer,
have a longer lifetime. |

The burst of activity from polymer prepared at 25°C
and then observed at 50°C must be due to the greater
accesslblility of these buried centres at higher
temperatures. The results observed were not so striking as
those of Bamford and Jenkins because of the difference of
environment In the two cases, and the slightly lower
temperature of the aqueous system. |

The additlon of polymer to a fresh run illustrates
that the rate 1s not increased by the presence of polymer
as In the case of systems in which polymer 1s swollen by
monomer. This conflrms that the locus of propagatlon
for "free radicals" is in the aqueous phase.

The.effect of emu}sifying agents on the agueous
polymerisatlion i1s not concluéive, but appears to support
these conclusions.

Also, the presenée of polymer partlcles accelerates

the attalnment of a steady state of buried centres by
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favouring coalescence. The overall result is that a steady .
rate is reached in a shorter time than without initial

polymer. In other respects, the two systems are the same.

Ve Conclusions.

From the experlments described above, 1t has been
proven thét buried centres‘of conslderable lifetime do
exlst. The only reasonable interpretation correlating a
linear rate of initiation with a gradually accelerating
rate of reaction 1s that 1ight absorption is constant from
zero time, and the 1ncre¥sing rate is due tb the slow
attalnment of a steady state in these buriled centres. The
lifetime of these burlied centres is dependent on the
degres of coalescence but independent of the quration of
exposure after a steady rate 1s reached. ’

The effect of adding polymer to a run 1s not to
increase the light absorption, but to asslist iIn coalescence
and to accelerate the attalinment of a steady staﬁe In the
buriled centres.

Therefore, a trus steady state doss occur in the
aqueous polymerisatlion of acrylonitrile. However, the
steady state 1s not sihple, but consists of two systems,
one predominantly homogensous and the other prédominantly
heterdgenebus, both bf which contribute to the obsér#ed

rate. The homogeneous reaction may be descrlibed as that In



which the growing chains are effectively fres and "in
solution'; the heterogeneous reaction that in which the

growing chains are buried in polymer particles and are

1mmobilized.

. . -
The mechanism of the FeS.OH photoinitiated
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polymerisation of acrylonitrile should include steps for

this heterogeneous propagation and termination.

mechanism as postulated by James

Feton .+ hv

OH + ml f
mj + ml =
m, +mg =
m, + Fezfﬁzo =
My 4 My =
Mr +. Ms =

Mj = trapped centre

Ml = concentration of the monomer avallable to

trapped radicals.

This mechanism will be described by an equation
simlilar to that assuming homogeneous kinetics, provided
that the F62+ ionvconcentration 1s iow diee. that there
is little,lineaf termination. Catalyst'and Intensity
variatiens will stilll give an exponent of 0.5, as bothx

phases are initlated in the same manner. Since the

is also included.

O + FooT
m
J
m3+1‘
Pr+s or Pr + Ps
2+ .
m.I + Fe ,0H
P
Pr+s or Pr + PS

%

A linear

fdla
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.monomer exponent 1s 1.0, then the monomer conéentration
about the particles must be the same as that in the
homogeneous phase 1.e. My = my

Thus 1t can be said that Equation IV is wverlfled, in

the form,

-d(ml)

0.5, 3+ =045, .10
F =k I, (Fe“40H ) (ml) (IVa)

but 1t is seen that the rate constants incorporated in k,
are made up contrlbutions from both the homogensous and
heterogeneous reactions.

Whether the two systems can be separated and whether
thgir relative fate constants can be evaluated are the

subjects of the next chapter,
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CHAPTER 4.
THE EVALUATION OF THE RATE CONSTANTS AND ACTIVATION ENERGIES

OF THZ POLY:ERISATION OF ACRYLONITRILE IN AQUEOUS SOLUTION

AT 15°¢, 25°C AND 30°C.

I. Introduction.

It has been shown in Chapter 3, that the aquoous
polymerisation of acrylonitrile can be described by the.
equation,

-d(my) 045 0.5, 1.0
= v 3+ - . .
—_E%—— k IO (Fe“.0H ) (ml) (IVa)
which is a form of Equation IV.

It now remains to attempt an evaluation of the
separate rate constants. The most convenient method has
been to use a rotating sector to measure the lifetimes of

the growing chains.

IT. Refinements in the Theory of the Rotating Sector.

l. Homogeneous systems.

Kutschke (Dalnton, James and Kutschke, 1953), worlking
in this laboratory, has developed a general gsolution of the
rotatling sector theorys |

A simple theofy involving mutuai termlnation only,
has been presented by Dickinson (1941); Special cases
have been considered by Rice (1942), Bateman and Gee (1948),
latheson et alia (1949a) and Burns and Dainton (1950).
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Case I of Kutschke's treatment involves thormal as
well as photochemical initiatlion, and 1s not applicable to

this system.

Case II, which treats a mechanism involving both
linear and mutual termination in the absence of any thermal
reaétion; can be applied to the aqueous acrylonitrile

system.

Let the subscript ¢ refer to continuous illumination

and a bar refer to intermittent illumination. Then the

-

steady rate

R = =d(my) -
o = ZE = i (mpe,
and the intermittent rate
'F = kp (ml)ﬁ' .
where C =ij.

Ce = steady rate

Therefore, Yo
¢ intermittent rate

-—
-

R
Rs

1s the experimentally measured ratio.

The variation of R/R;, with respect to the ratio
flashing time to the lifetime of the chalns b, 1is
déscribed by the functlon p(0,6) shown in detall ih Table
401 (Equations VIII and IX).

The dimensionless quantity 5 may be relafed to
functions of more physical significance. In continuoué

11lumination, the rate of linear radical disappearance



Table 401l. The Function: The variation of the ratio of the interrupted rate to the
full rate, with respect to the logarithm of the ratio of the flashing
time to the lifetime of the chain.

{’Wj: P-i, [ b |1+ [l—f( '(/—%’(—Zépé')} ffo':(}o;{f:ll o (VIIT)
20)- ) 4}*’ [+ |1+ (l‘_";',r (cotupﬁ[coﬂwEw[(c»ﬂ)(fa«wf/+(c»f£efp6¢(w’))} z ()
) r 1{05)%: 4 ‘:’ ‘(X«I‘ / (O’Aijo i} pi/' / : P ’ (;jﬁdf ;Z:;{L (XIT)
e R U U v v e | R

Po#[ e Bpbetl b +4]%

,c“

p = duration of the dark period

Ty _ _flashing time .
duration of the light period

~ lifetime of chain

=
i
o

|

1l for the sectors used hers.
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is v, = kt'(B)Cc,‘where (B) = the concentration of the
linear'terﬁinating species. 'Thé rate of quadratic radical
disappearance is V, = kt(Cc)z. The total rate of
‘disappearahce of centres is V = Vq + V5, from which 1t can

be shown that,

Vl 26 and - V2 1-6
v 1+56 VA 1+5

Lo A combination of a homogeneous and a heterosensoua

systeme

The long photo after effect and other phenomena have
shown that burled centres are also chain carriers.

If two photochemical initlated chain carriers are
independently propagated and terminated within the same
system, the sector curve will exhlbit a plateau for valucs
of the flashing time which lie between the dlfferent
lifetimes of the two chaln carrlers. Therefore, from the
complote mechﬁnism given in the conclusions of Chapter 3,

the steady total rate in continuous illumination,
' R, = Ik (m)C, + k (11)D,
where D =ZMJ*- and C = Zmir.
For intermittent illumination, :
R = kp(mi)‘o'+ kp(Ml)B
where the bar and the subscript ¢ have the same meanlng as

before.
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Therefore the ratio of the intermittent rate to Lhe

continuous rate 1is now given by,

c = p(o,b) + GP(OsO) (XV)
l+g ' lt+g

4)D
where g = Kp (1) D » which 1s independent of the flashing
C .
I (m)Ce gy
time, but dependent on the physical condition of the

polymer present.

3. -Evaluation of tﬁé theorstical sector curve.

In Equation XIV, P(o,o) 1s the function describing the
lifetime curve of the buried centres assuming mitual
tormination only; p(0,8) 1s the functlon describing the
lifetime curve of the chain ceﬁtres In the homogeneous
phase assuming both linear and mutual termination.

The éymbol g may be evalueted from the value F/Rc
at the plateau, using Equation XV, and assuming p(o;ﬁ) =
plo,d),, = 0.50 (Equation XI), and 9(0,0) = 0,707 at thié
point. |

From the value'of g so obtalned, e(o 6) can be
determined from the intercept of the sector curve at very
short flashing times, l.6. when b—> 0, by a second
application of Equatlon XV,

It can be shown from LEquation XII, that,
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(1 - (p + 1)p=(0,6) )

. (XVII
p - (p+ l)(l-p(o,é)o)‘g )

6] =

Using the abéve value of p(0,6),, & can be determined.
From this value of &, P(o,é) can be'qbtained; F(o,o)
may be similarly calculated (Equation X). By combining
these in Equation XV, the theoretlcal sector curve can be
constructed, fitted to the experimental points and the
lifetimes, corresponding to mutual termination, of both the
hombgeneous and heterqgenebus chains determined.

“ITI, The Resultse «

l. The concentrations used were as follows:

' +
6 Fo°*, 0.003u HC10,, 0.60M acrylonitrile.

At 15°C, 8.30 x 10~

At 25°%, 8,30 x 107°M Fo°', 0,0121 HG10,, 0,601 acrylonitrile.

At 30°C, 8.30 x 10" °M Fe°', 0.012M HC10,, 0.60l acrylonitrile.
Fo?t not greater than 3 x 10”7 11 in all cases.

2., The Illuminated volume.

The i1lluminated volume of the system was 63 ml; the
total volume of the cell and stem was 80 ml; '

3¢ The rate of polymerisation.

The values of the relative rates at each temperature
are shown 1n Table 402.. |

From these, the average rate and average deviation
~can be calculated. This 1s then converted to absolute
units. |

The absolute rates are calculated from the
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Table 402, The rate of polymerisation.

Temperature Relative Rate
mm./mino
15°C 115 <106 Average rate
. .104 .105 = 0,105 mm./min.
«106 «104
104 « 105 Average deviatlion
«106 - « 0024 = L005
«105 «121
+ 105 « 107 Absolute rate -1
.101 ...108 = 1,80 x 10'°(moles/l)sec
« 106 «107
.101 «110
«101 110
0998 102
111 «103 |
25°¢C . .108 e111 Averapge rate
110 .121 = 0.114 mm./mine
«108 0112 Average deviatlon
112 «115 = L0056
117 112
126 0120 Absolute rate . -1
0114 116 = Lo73 X 10'°(moles/1)sec
30°C 0147 «128 - Average rate
0137 .132 = 0,135 mm./mine
146 132 Average deviation
144 123 = 4006
«139 «137
e 134 «131 Absolute rate .

«129 = 2,01 x lO'U(moles/l)sec -1




407

shrinkage factors given in Table 201 of Chapter 2, and the
known illuminated volums.

4, The rate of inltiation.

If D is the increase in the measured optical density
of the colorimetric solutlions corresponding to a time t

in minutes, then ,

2+ -
a(Fe®") - 25,0.85 801 D - g5 g5, 1077 D
at 20 11100 63 60 & v

The results ére summarized in Table 403.

Table 403. The rate of initiatione.

Tgmp. D/t min"l Absolutekrayg i +‘5 dOH _ Q,(mole/1)
C 1-06 dt , -1

(mole/l)sec sec’
- . , =10
15 3.16 x 10 4 1.88 x 10 10 ls41l 2.65 x 10 1
25 2.20 x 10 ¢ 1.31 x 10°°  1.05 1.38 x 107+°
30 A2.68 x 10 1l.59 x 10 1.57 2650 x lO‘

The wvalues 1n column 2 are obtained from Figures 304,
305, and 306.
The Equation,

o+
aom _ - 145 dFe”
at QT Tmear

also follows from Kutschke's treatment. This 1s to allow
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for the consumption of Fe2+ In a linear terminatlon step.
The constant & 1s derived from the intercept as describped
in Section II.3. The evaluation is given in the next
sectlon.

5. The sector curves.

The experimental ratios and the calculated sector
curves are shown in Figures 401, 402 and 403, for the
systems described above. h

The plotted ratlos are obtained by interrupting the
light during the steady&rate period and then measuring
the reduced rate. If there was a variation in the steédy
rate in that time, the avéragé steady rate was used in the
ratio. The points given at log tf’= 3.0 are those
obtained from the wire gauze. The ratio that would be
obtalned usiﬁg the fast sector, to glve the saho value of
the Intensity exponent, 1is plotted. The polnts at
log tf = 3.7 are from the fast sector running at 3000 Teper.

At least five minutes were required for the rate to
fall to the lower valué.

From the experimental ratios, it 1s seen that the
intensity exponent, e%aluated from very short flashing
times, 1s slightly greater than O.5. This effect 1s not
marked at 25°C, But 1s prominent at 15°C and SOOC.k qu

ﬁ/Rc = 0,707, the intensity exponent is 0.50; for
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'R'/Rc = 0.68, n = 0,55, This variation 1s within the
experimental error of the calculation of the intensity
exponent as in Figure 302, but 1t does play anlimportant
part in the derivation of the sector curve.

James (1952) has shown that at high concentrations,
ferrous ion acts as a linear terminator in a manner
1llustrated in the mechanism presented in Chapter 3, page
318. A llnear terminating step leads to an Intensity
exponent at some Intermedlate value between 0.50 and 1.0,
depending on the ferrous concentration. For ferrous ion
concentrations of not‘greater than 5 x 10™7 M, James
found an intensity exponent of 0.5; at 2500. Figure 402
~shows that this 1s also true 1In this work at 2500, where
the fefrous concentratlion is not greater than 3 x 10"‘7 I

No explanatlion can be offéred for the deviations at
15°C or 30°C, other than to say that, for the lower acid
concentration and temperature in the first case, and for
the hlgher temperature in the second case, the above
limits on the ferrous concentration may not hold.

The experimental Intercepts and plateaux, and the
constants calculated from them by Equations XIV and XVI
are shown in Table 404.

Table 405 glves the theoretical values of R/R,

calculated from these constants.

i
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Table 404. Derivation of the sector curve constantse

Tgmp. Intercept Plateau pl(o,8), g & & linear
C .

termination
15 0.687 - 04630 0.661 130 .169 29
© 25 0,704 0.618 0,700 1432 0244 5
30 0.678 0.625 0.646 l.16 221 36

Table 405. Theoretical sector curvese

Log b. 159 - TR/Rg c;ésgl&ted 500G
2,000 04687 0.704 0.678
T.000 0,687 0,704 0.678
T.477 : 0,686 0.703 04677
0. 000 ‘ 0.679 0.698 0.669
0.301 0.666 ~ 0.688 0,655
0.602 0,650 0.674 0,638
1.000 S 04633 0.652 0,623
1.778 0,620 0,627 0. 606
2,000 | 0.611  o.618 0.594
24301 0.598 0.612 04574
2.602 . 0,578 0.600 0.548

3,000 0.550 04579 04517
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The theoretical curves and experimental polints were
-fitted together and the polnts at which log b = 0O were
compared with the actual flashing times. While the
results at long flashing times are not very reliable, some
estimate can be made of the lifetimes of the buriled
chains.

6. The lifetime of the prowing chalns.

If subscripts 1 and 2 refer to cases of linear and
mutual termination respectively, the related lifetimes are

connected by the expressilons:

= 1=0 ‘
2oy trs T oI

~

- Loy 1 - 1 ,1 41

where T is the overall lifetime of the growing chain.
The lifetime of the burled centres, e, can be

determined approximately, from the lower half of the

‘sector curve. The results are tabulated in Table 406,

Table 406. Lifetimes of the growlng chalns.

Temp. LogT, To. T T e sector e from
oG _ SecS. S6CSe S6CS.  curve %&e aways
: seconds
15  0.40 2.51 6.17 1.78 100 300
25 0.04 1l1.10 22.0 1.05 100 170

30 0.28 1.19 Se B l.22 60 170




LOG FLASHING  TIME
SECONDS , t(

SECONDS , t(
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IV. Evaluation of the Rate Constants and Activation Enerpglese.

l. The activation energy of polymerisation, Ep - %Et.

Since the concentratlion of the initlating complex
vearies with the temperature, two arbitrary concentrations,
near those actaully used, were chosen. At these
concentrations, the absolute rate at each temperature
could be calculated. The logarithms of the absolute rate
against the reciprocal of the absolute temperature are |
plotted in Flgure 404. Both give a reasonable, straight
line. The activation energy, E = Ep - %Et, has a value
of 4.8%0.2 kcal/mole for both concentrations.

2. FRate constants of propacation and termination at

15°¢, 25°C ana 30°C.

Assuming the exlstence of a‘photostationary state, the
rate constants may be evaluated from the following

equatlions:

<4 -4 (ml) (1) . ' 1 - 1
8 at PULTTST T2y Lot Yk (B)
~d(mp)/at 1 8 1
= ——— k= s kt’ =
where Cg = the concenfration of the growing chains under

steady illuminatlon.

i

Q
(B)

rate . of formation of unit chains per unit volume.

the‘concentration:pfvthe linearly terminating

speclese.
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Substituting the values given in Tables 402, 403 and
406, and since (my) = 0.60 M, and letting(P)= 3 x 1077 1,
the followlng rate constants are obtalned. The total
rate 1s used for -d(mi)/dt. Jemes! valuesat 25°C are also
quoted.

Table 407. The rate constants from the total ratce.

_ Xk k!
Tempe, -1 vy G 2

c (1/mole) sec (1/mole) sec (1/mole)sec™L kb/ktz
15 6.6 x 109 "B.5 x 108 5 x 10° 0.23
: ' 4 9

25 2.0 x 10 6.5 x 10 2z 10°  0.25
James!  6e4.% 10° 9.3 x 10° 1.1 x 10° 0.21
values

4 9 | 5
30 l.1 x 10 1.7 % 10 10 x 10 0.26

The logarithms of these values are plotted agalnst
the reciprqcal of the absolute temperature in Flgure 405
(kp overall) and Figure 406.

The points do not fall on a straight line. Only by
incorporating James' results can an approximation be
obtained. - This gives'a value to the activatlon energy of
propagation of 6%2 kcal/mole and & frequency factor of
about 108, The plot for thé rate constant of mutual

termination 1s no better. The values in this case are 7i2
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kecal/mole for the energy of activation and a frequency
factor of about 1014. Tbe'limits of accuracy of the
actlivation energles are only estimated; the actual errors
are probably much greater. |

Since there 1s little linear termination in this .
system, the values of k;' will also have a large error.

For thls reason, they are not plotted.

An attempt could be made to evaluate the rate constants
of the burled centres from thelr lifetimes, assumlng that
the monomer concentration was the same about the buried
radical as in solution. However, it is felp that thers
are too many errors to giVe results of any value.

Ve Dilscusslon. |

It can be calculated, from Equations XIV and XVI, that

over 50% of the rate 1s carrled by the buried centres
(Table 408). If this 1s the case, then only the rate
associated with the homogeneous polymerisation can be used
. for calculating the homogeneous rate constants.

A correction should also be made to Q, the rate of
formation of unit chalns per unit volume, but it is not
known what proportion‘of the light goes to lnitlate chains
that will effecﬁively remain "in solution". This rate
cannot be divided with the data avallable here. Also, 1t

1s naive to assume that the homogeneous system 1s distinct
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from the heterogeneous system. A chain may start growing
"in solution", and at some point in its growth become
occluded, thus bedoming a heterogeneous centre.

Ir kb is recalculated using only the homogeneous rate
of polymerisation, other factors remaining unchanged,
lower limitling values éan be obtained. See Table 408.

For the same reason, the values of kt are only '
limiting values. However, kt',xalthough lnaccurate, will
be real. &Slnce an equatlion assumlng mutual termination
exclusively, gives a goé& L1t for the dle away of burled
centres, it can be inferred that there is 1little linear
termlnation in the burled radicals. Hence, the values
used to calculate k' refer to the homogeneous phase onlye

The same corrections are applied to James' results.

Table 408. The lower limit of the values of the

propagatlion raterconstant.

Temp Total rate Fractidn Homo. rate kP
og (moles{l) of rate 1in (moles{l) (l/moli)
sec” homo. phase sec” sec”
15  1.80 x 106 - 0,43 7.8 x 1077 2.9 x 10°
25  1.73 x 10°° 0e43 7.5 x 1077 8.6 x 108
James! -6 -7 3
values 2.18 x 10 0.76 l.7 x 10 449 2 10
30 2,01 x 10°° 0.46 9.3 x 10”7  5.1.x 10°
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These values are plotted ag kp homogenebus, in Figure
405, - They give an activatlon energy of 7i2 kcal/mole, and
a frequency factor of about lO9 which 1s within the |
experimental error of the first determination. Agaln the
errors are estimated and are probably larger than quoted.

If we assume that the proportion of the feaction
carrled by the burled centres is the same at‘the tbreé

temperatures, then while the rate constants are only
limiting values, the activation energiés may stlll be
roughly correct. The e&@erimental results seem to bear
this out (Table 408, éolumn 3, and the homogeneous plot
of Figure 405}, |

As has been shown in Chapter 1 Section E, few rate
constants or activation energles have been evaluated for
systems similar to acrylonitrile. The ratio kp/kt%‘agrees
woll with the work of James and Evans, Santappa and
Uri (1951)s Except for the results of Burnett and
Melville (1950) on vinylidene chloride, the activation
energy of propagation in radical polymerisatlion systems
is generally betwsen 2 and 7 kcal/hole; and the activafion
energles of mutual tefmination are between O and 5
kcal/mole. The former agrees with Ep calculated from.tpisk
work, but the termination activation energles are generally |

smaller than calculated here. However, the value of
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7 kcal/mole‘for Et probably includes a contribution from
the buried centres. |

The frequency factors of propagation are of the same
order as those In other polymerlsations, but the frequency
factor of tefmination 15 perhaps high, in common with, but
not as high as, the values of Burnett and Melville (1950).
The cause of the high result 1s likely the same in both
cases. |

The value E, - By = 4.8 keal/mole 1s comparable to
those reported 1ln the liéerature and may be a real valus,
}as pointed out above.

Table 406 compares the lifetimes of the burled
centres, measured from the sector curve, with those from
the die away equatlon. It 1s to be noted that the
lifetimes measured in the 1lluminated system are shorter
than those in the dark. . Thié 1s probably due to termlnatlon
between chains "in solution" with burled centres in the
polymer parficles{‘ The 1ifetime agaln appéars to decrease
with increasing temperature.

Further evidehce for the steady state in the polymer
particle 1ls provided ﬂy observatlon of the tlme requlred
for the rate for total 1llumlnatlion to fall to the fate
for interrupted 1llumin