Thet Llfect ol D@D % A\7Y
Prancineties—ef radlca7 pclymerisation of acrylamide in

solution, in-thepresence—of oxygen.

by

Annoottam Ghosh, BSc., A.R.C.S.

A thesis submitted foxr PhD.

Department of Chemistry,
Imperial College of Science and Technology,
South Kensington,

London S.W.T. May 1977



INDEX

I.1
1.2
1.3
1.4
1.5
I.5.1
1.5.2
1.5.3
1.6
I1.6.1
I.6.2
1.6.3
I.6.4
1.6.5
I1.6.6
I.6.7

I.6.8

I.6.9

Acknowledgements

Abstract

Chapter 1.

Introduction

Autoxidation

Historical developments

Cleavage Products

Oxidation of Vinyl monomers
Kinetics of Vinyl Polymerisation
Simplifying Assumptions

Kinetic scheme

Kinetic Analysis

Review of the Chemistry of acrylamide
Properties

Preparation

Toxicity

Chemical reactions of acrylamide
Acrylamide in Solution

Hydrogen bonding

Polymerisation

Kinetics of Polymerisation in the absence of
oxygen

Autoxidation of Amides

Page no.

1T

21

24
27

29



2.1

2.1.1

2.2.1
2.2.2
2.2.3

2.2.4

2.2.7

2.2.8

2.2.9
2.2.10
2.2.11

2.2.12

Chapter 2.

Experimental

Reagents

Acrylamide

2,2’ azobisisobutyronitrile

4,4’ —-azobis-4-cyanopentanoic acid
Methacrylamide

Oxygen

Ethanol

Water

Apparatus

Dilatometers

Constant temperature bath
Apparatus for monitoring oxygen
Conventional dilatometry
Tumbled dilatometxry

Warburg Manometry

Oxygen electrode

Investigation of oxidation products formed
during the induction period

Viscometry
Infra-red spectroscopy
Ultra—violet spectroscopy

Thermogravimetric analysis

31
31
31
31
31
33
33
33
33
37
37
37
39
39

47
55
59

63
65
65
65



3

3.1
3.2
3.3
3.4
3.5
3.6
3.7

3.8

3.9
3.10
3.11
3.11.1
3.11.7a
3.11.1b

3.11.1¢c

3.11.1d

3.11.1e

3.12
3.13
3.14
3.15
3.15.1
5.15.2
3.15.3

Chapter 3.

Results

Dilatometry

Estimation of Oxidation preducts

Warburg Manometry with Acrylamide as monomer
Warburg Manometry with Methacrylamide as monomer
Warburg Manometry with Styrene as monomer
Oxygen electrode:- with acrylamide as monomer

Oxygen electrode:- with methacrylamide as
monomer

Viscometry
Thermogravimetrie analysis
Spectroscopy

Discussion of results

Kinetics
Dilatometry
Warburg Manometry

Difference in the autoxidation of acrylamide
and methacrylamide

Oxygen electrode

Effect of varying shaking rates and extent of
gassing on oxygen uptake rates

Viscometry

Oxidation products
Thermogravimetric analysis
Spectroscopy

Infra-red

Ultra-violet

Nuclear Magnetic Resonance
Conclusions

References

68
68
79
80
98
105
109

17

126
133
146
155
155
155
164
167

169

171

172
174
174
175
175
176
176
177
179



ACKNOVWILEDGEMENTS

I am deeply indebted to my supervisor,

Dr. Maurice H. George, whose guidance and enthusiasm were
a constant encouragement.

I would also like to express my sincere gratitude
to Allied Colloids Ltd. for their interest and financial
support.

Thanks are also due to the technical staff of the
Chemistry department of Imperial College.

I should 1like to thank Dr. H. Maybod for many
helpful and interesting suggestions.

Finally, I wish to thank Miss S.¥. Cowen, for typing

the manuscript.



II

ABSTRACT

The polymerisation of acrylamide has been studied in
ethancl at BOOC, in the presence of oxygen, with
2,2 ~azobisisobutyronitrile (AIBN) as the initiator, and also
in water at 60°C, in the presence of oxygen, with
4,4' —~azobis-4-cyanopentanoic acid (ACV) as the initiator. TFor
the first system, it was found, approximately, that the well-
defined induction period showed an inverse dependence on both
the initial monomer and initiator concentrations, but was
directly proportional to the square root of the initial oxygen
concentration. For the second system, the rate of oxygen
uptake was approximately directly proportional to the monomer
and initiator concentration but independent of oxygen
concentration. The results obtained for these two systems axre
compaxred.

The thermal stability of polyacrylamides prepared in the
presence and absence of oxygen was studied by thermogravimetric
analysis.

Oxygen uptake measurements have also been carried out
on methacrylamide in water at 60°C with ACV as the initiator.
For this system, the rate of oxygen uptake was found to be
directly proportional to the monomer concentration, to the
square root of the initiator concentration, and oxygen
concentration to the power 0.4. The significance of these

results is briefly discussed.
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I.2.

CHAPTER I

INTRODUCTION

Autoxidation

The oxygen molecule is a diradical with an electronic
structure most simply represented as

0~0 . | (1)

or in terms of molecular orbitals,

¥* * ¥*
180° 1soc ° 2s0° 2sc ° 2pos 2pM 4 op T 2o, 1" (2)

3T ,
which represents a ;Eg triplet (paramagnetic) ground
state. It is thus no surprise to find that the majority of
autoxidation processes are free radical reactions, often
involving long kinetic chains, and that organic peroxides are
commonly either intermediates or end products; In spite of
certain common features, these reactions may follow a variety
of detailed paths, so a short survey of autoxidation reactions
and a brief outline of their historical development seems

pertinent.

Historical Developments

Ag early as 1858, Schinbein 1 made some remarks on the
autoxidation of unsaturates obtained from almond oil. In 1861,
Hoffmann 2 indicated that the deterioration of rubber was linked

3

to oxygen absorption and Genthe observed that linseed oil

absorbed oxygen slowly during the initial oxidation stages but

that the rate of oxygen absorption then proceeded with increasing

rapidity.



He also found that the addition of ethyl or benzoyl
peroxide decreased the initial induction period and he therefore
suggested thét during the initial oxidation stage peroxides were
accumilating and hence acting as oxidation cataiysts.

Although the investigation of autoxidation thus dates back
over 140 years, modern auntoxidation theories are génerally
assumed to begin with the work of Bach 4 ana Engler 5 -1 et al.
These workers showed that trimethylethylene and hexene formed
peroxides upon oxidation and that these peroxides gave stable
end products.

Bach and Engler believed that autoxidation involved molecular,

and not atomic, oxygen and that the former could add to a double

bond to form a cyclic peroxide,

H H
m—?—?—% (3)
0 —20

which presumably contained "activated oxygen" which in turn

could oxidise another oxidisable substance.

Standinger 8 proposed an auntoxidation theory in which the cyelic
peroxide previously proposed by Bach and Engler was not the first

but the second product in the autoxidation of ethylenic compounds.

H H H H
R1-c\—}c-32———4>31—(l:—-?—32 (4)
0 0 —— 0
0
moloxide

The initial peroxide was referred to as a "moloxide". The
Staudinger theory was based on work conducted on the antoxidation
of 1,1 — diphenylethylene. It was later shown that the stabie
peroxide isolated was a polymeric peroxide and not a cyclic

peroxide.



Furthermore, it was difficult to account for the various

autoxidation products obtained by use of the cyclic peroxide

9 10

theory. Certain olefins and dienes react with oxygen

to givé polymeric peroxides which are essentially copolymers.

Copolymers of this type have been obtained from such
olefins as 1,1. diphenylethylene, disubstituted ketenes, styrene,
x-methylstyrene, methyl methacrylate, methyl acrylate,
acrylonitride, vinyl chloride and indene

%

CH, = CH & CH CH 0 0 ) (5)

[
V2 /n
X

Oxygen pressure and the degree of stabilisation of the terminal

b

alkyl radical of the growing chain are important factors in these
reactions. At lower oxygen pressures, carbonyl compounds and
epoxides are formed besides the polymeric peroxides, and can be
major products under certain conditions.

Dienes can react with oxygen in two different ways:-

(i) to give polymeric peroxides, both 1, 2 @nd 1, 4 copolymers 1

usually in the absence of light and photosensitisers.

CH, = CH — CH = CH, + 0, — (— CH, — CH = CH — CH,~— 00 —)n

1,4 Copolymer

¥ (6)

1,2 Copolymer
(ii) to give a Diels-Alder reaction with 1,4 addition of oxygen,

under the influence of light and a semnsitiser.
O
hy > | 7)

CH. =CH —CH=CH, + 0
photosensitiser O

2 2

1 - 4 epi peroxide



I.3.

Finally, substituted olefinic compounds (vinyl and vinylidene
monomers) react with oxygen to form a polymeric peroxide, with a

1
generally accepted structure T15

pH,C = CHR + n0, —— %CHZ—CH—-OO , (8)

n
R

The reaction is nofmally accompanied by the formation of

various cleavage products, depending on the type of the monomers.

Cleavage Products

Most of the side products are formed by depolymerisation of
the growing radicals as well as by decomposition of the
corresponding polymeric peroxide. The exact nature of the
cleavage products depends on the particular polymerisation system
examined but formaldehyde is a common product of most systems.
Formation of epoxides has also been reported in several

13 16-18
cases.

A brief review of the autoxidation of some vinyl monomers

is presented in table 1.



1.4.

Table 1: Oxidation of vinyl monomers.
In this table, [M] and [I] represent concentrations of monomer and initiators,
respectively. [020] represents the initial concentration of oxygen.
Monomer Side Product Polymerisation Kinetics Reference
identified System
CH, = CHON HOCH,,COOH,, HCN Aqueous solution -dfo,]/at < 19
C0,HCHO,HCOOH, 50°C [£.5 0510.69 [mﬂ°°65
HOCHZCH(CN)OH 272
CH2 = CHCN C02,CO,HCHO, Aqueous solution —d[Oz] /dt X 14
o)
50°C
HCN, HOCH,,COOH 1.5
P HULHRLUNE, [m]"° [x,5,0,]
HOCH2CH(CN)OH
CH, = CHCN — Solution (benzene, -afo,]/at « 20
toluene, butamone,
[aen] ©+2 [n]
and n-heptane), : :
50°C
CH = CHO 0.6 1.6
= N _ In bromobenzene -d [02]/dto< [I] [M] 21

50°C




Monomer Side Product Polymerisation Kinetics Reference
identified System
O.5
CH, = CHCN —_ In Chlorobenzene, -afo] /ate [aTBN]""7 [1M] 21
.0
50°C
CH, = CHCt — Emulsion, 50°C Induction Period ©
, -0.5 (.10 0.5
[k,8,00 lo] 22, 23

CH, = CHOL — Bulk -a[o,]/at «[1]°*? 24

5 = 2 )
CH2 = CHC{ CO,HCHO Bulk (dilatometric- Induction Period « 25, 26

-0.46 0.
ally), 55°C [1]70+4° [0,7]©°

CH, = C(CH,)C H CH C/O\CH Bulk, 50°C -a[0,] /at « [aren]©-° 1

2 %7765 6 5l 2 ! 2 3

CH
3
HOHO, C ¢l (COCH,,

CH, = CHC.H C H-CH CH Bulk, 50°C and -a[0,] [AIBN]O'S[M] 16, 27

2 65 675 2 2 21 4

0 35-80"C dat
HOHO, C gHCHO




Monomex Side Product Polymerisation Xinetics Reference
identified System
CH2=C(CH3)C(O)OCH3 HCHO, Bulk and in -afo,]/at « 28
o
(I{ I(l) Benzene, 50°C [AIBN]O'S [M]
CH.C - C - QCH
3 3 Oxygen pressure
200mmHg.
| g
Q 0. 4 0.7
CH2 = CHCCH5 CO,CO,_JHCOOH Agqueous solution ] [K 08] M] 19
50°¢C Tat
CH, = C(CHS)CN CHBCOOH,HCN,HCHO Aqueous solution —d[OQ]/dtx EKQSQOé]O'é 19
o
CH3COCHO, 0°C
CHBC(OH)(CN)CHon
CH2 = CHC6H5 — In bengene Induction, Period o4 29
(dilatometrically atew] 02 [u]~o,.°
o ’ 2
50°C
CH, = C(CHB)CN — In bromobenzene, -d{pé]/dtcx:@IBN]O'5 (] 21

50°¢




Monomex Side Product Polymerisation Kinetics Reference
identified System
CH, = C(CHB)CN €0, C0,,,HCHO, Bulk, 45 - 50°C — 30
i
CH, C CN
3
CH2=C(CH3)C(O)OCH3 —_— In benzene Induction Period «
(ailatometrically), | [aren]™"*?[1] ™" [0,°] 31
50°¢C ‘
CH2 = CHC6H5 —_— Emulsion, SOOC Induction Period <« 32
. -1
[bizoa] [0,7]
CH, = c;Hoc(o)CH3 —_ Bulk, 60°C Induction Period 33

measurements made




I.5. XINETICS OF VINYL POLYMERISATION

I.5.1. Simplifying Assumptions

(1)

(ii)

(iii)

Independence of radical reactivity of radical size
' Any kinetic treatment must take into account the
reactions of radicals of all sizes, and it is generally
assumed that the reactivity of a given type of radical
is independent of its length, so that a single velocity
constant will characterise all the propagation steps
occuring in the polymerisation of a given monomer.
Calculations are made much easier by making this assumption.
Long Chains

It is assumed that the average chain length is great.
This means that in calculations the total rate of reaction
of monomer is equal to the rate of reaction of monomer in
the propagation steps alone, neglecting, by comparison,
any consumption of monomer in initiation or transfer
reactions.

The Stationary State

The stationary state method involves the assumption
that the concentration of the radical intermediates remains
constant during the polymerisation; & common modification
of this is to state that the rate of change of the radical
concentration is very much less than the rate of

polymerisation, i.e. than the rate of change of monomer

concentration.
d | R
-—L—J——-= 0 (9)
dt
a[x] « a [m) (10)
dt dt

Vhere M denotes the monomer, and R denotes the radicals,

and t the time.
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I.5.2. Kinetic Scheme

The mechanism of the interaction of oxygen on polymerising

monomers is commonly assumed to be: 54
Initiation
Ky
In ——— 2R; (11)
k2
Ri + M ———» R (12)

where In represents the initiator, either AIBN or ACV, in this
study.

e.g. For ATBN

H.C CN NC CH B.C
NSNS
—p N, + .
NN, T VARNSE)
HBC N — CH3 C'H3

Ri are the primary radicals produced initially by decomposition

of In. M represents a monomer such as acrylamide, CH2= CHCONHQ,
and R+ represents any radical with a terminal - CH, - CHX unit,
such as - CHZdHCONH2 form acrylamide.
Propagation
k3
R+ + 0, —=—> RO,. (14)
%4
RO5+ M —>* 5 R (15)
k5 _
R + M —=% R (16)

Radical Decomposition
k .
R. ————EL—+ R-+ Decomposition products. (17)

Termination reactions

RO, + RO, — 1, (18)
RO,.- R k8 Inactive products |
2 —_ P = (19)
k
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During induction periods the polymerisation propagation
reaction (16) is unimportant and oxidative propagation
proceeds by reactions (14) and (15). There also exists
the possibilily of further initiation from polyperoxides
formed after the termination reactions:

K10
) 0w — 10, 5 e (21)

Reaction (21) appears not to be significant in either of
the systems reported in this study, although clearly
) — O~~~ must be formed.

I.5.%3. Kinetic Analysis

Using the simplifying assumptions, the following relations

can be derived:

2k, flm) = 2k [R)% + 2 [R] [ROy] + 2k, [R0,] 2 (22)

where  is the initiator efficiency

ks [®] [o0,] = k, [0, [m]  (23)
[r0,] = %, [2] [0, (28
k4[M}

Substituting in for [RO,]

ky f [In] = X [r)2 + kg [R][ RO, ] + k, [Ro,] 2 (25)
|

+ gk [0,][R]% +x Zkzg[oz}z

jk [M2] ! k4 " : %.(26)
Xg + (kg [o] k [M])+k7 k [o&“nz

9 Fe 1 Z%[M]J (27)

i
~
\O
| pammn !
=]
—

Kulanly, w.m;a foe (30,7, and aiing
] | @1(,] = ReBerICA
ot
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And hence, the rate’of oxygen consumption
1JC In] -
-4 |0, = k
dE 2] 4 k /k 2J) [My [Oé)+k7
(28)

The terms in the denominator represent the relative
contributions of the three termination reactions, and hence
further simplification may occur if termination can be shown
to take place exclusively by one mechanism.

(i) Mutual Termination by Peroxy Type Radicals (18)

Equation (28) becomes

- ao,] - k4[M] {k1 {([In%:,{}% (29)

dt

The rate of oxygen consumption is therefore
proportional to the square root of the initiator
concentration, and is independent of the oxygen concentration.
The induction period (7T ) Dbeing the time during which no
noticeable polymerisation takes place, can then be defined
as the time during vhich the oxygen concentration falls from
its original concentration [020] to the value at which the
polymerisation is observed to occur (& ).

This may be described by the integral,

. _/ d[oz] afo,] (30)

i

Therefore k7 ( - } ) [In] % (31)

Since the monomer and initiator concentrations are essentially
constant during the induction period, and if a relatively
small value of 5 is assumed,
-
T = X [o2°][1n] (32)

vwhere K is a composite constant.
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(ii) Crossed Termination (19)

Equation (28) becomes

-a[0g =(fipeg, [Ml//kg)

dat

The rate of oxygen consumption is therefore proportional

hi
ol

[m]%[0,]%  (33)

to the square root of the oxygen concentration, and to the
square root of the initiator concentration. Upon integration

integration equation (33) becomes

(1 ey (] [m]) # (0,7 - %) G
which simplifies to
T= x [0,°]F [m]7® (35)
where K’ is the composite constant

(455 /Freyegi, [m] )2

(iii) Mutual Alkyl Type Radical Termination  (20)

Equation (25) becomes

—E_LSZ] =k fiy [ 1n] /

at

which upon integration becomes

l\)‘}-l

(36)

1
9/ ?fic, [M)[10])® (1n[ 0,%] - 1n8) (37)

No further simplification is possible.

No allowance has been made in this treatment for the

possible decomposition of the peroxidic products to

form radicals capable of initiating further chains.

“10
ROOR ——————3 2RO (38)

Nor have any transfer reactions been discussed, these will

be considered in a later section.
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I.6. Review of the Chemistry of Acrylamide (35 — 40)

Acrylamide, CH2 = CHCONHz, molecular weight 71.08, is
a white crystalline solid. Acrylamide is highly water-soluble
and tends to impart this property to its polymers and
copolymers. Polyacrylamide is especially useful as a flocullant
for fine solids suspended in water, as a thickening agent, and
as a pigment retention aid in paper making. Copolymers of
acrylamide are being used in surface coatings, and in additives
to increase the dry strength of paper.

I.6.1. Properties

Physical constants

melting point 84.5+ o.3°C

vapour pressure 0.007 mm at 2500
0.03% mn at 40°C
0.07 m at 50°C
boiling point 87°C at 2mm
103°C at Smm

125°%C at 25mm

heat of polymerisation 82.80 gJ/mole

density
crystal system
crystal habit

refractive indices

optic axial angles

optic sign

1.122 g/cm’ at 30°C
monoclinic or triclinic

thin tabular or lamellar

1.460 (calculated)
1.550 % 0.003

1.581 % 0.003

oE 98° 2ov 58°

(-)
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Solubilities in g/100cm> solvent at 30°C »
acetone 63.1
benzene 0.346
chloroform 2.66
ethanol 86.2
ethyl acetate 12.6
n-heptane 0.0068
methanol 155.0
water 215.5

Acrylamide has relatively good stability when stored in
the solid state. Solutions of acrylamide may be stabilised by
the use of various polymerisation inhibitors such as cupric
and ferrous salts and N-phenyl-2-naphthylamine.

I.6.2. Preparation

From Acrylonitrile Acrylonitrile is particularly suitable

as a starting material because of its low cost and ready conversion
to acrylamide sulphate by the use of sulphuric acid at a

concentration corresponding to its mdnohydrate.

CH, = CHCN + H,S0 4" H,0 —— CH, = CHCONH, - H,S0 4 (39)

The hydration is conveniently carried out by adding

acrylonitrile slowly to the acid. The reaction is strongly
38
cxothermic and is complete in about an hour at 90o - 100°%

or in 4 - 7 minutes at 1500 - 2OOOC. 41 It is necessary
to use a polymerisation inhibitor that is not affected by the
strongly acid conditions. Copper and iron salts are particularly

ugeful for this purpose.
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Although the preparation of acrylamide sulphate offers no
great difficulties, isolation of the pure acrylamide is complex.
Dilution of acrylamide sulphate yields acrylamide and sulphuric
acid, but it also tends to cause hydrolysis. Conseguently, it
is desirable to neutralise the acid but the separation of the
resulting salt from acrylamide is complicated by the very high
solubility of the amide in water and its tendency to polymerise.
Furthermore, some bases, such as ammonia, can react with
acrylamide to produce undesirable by-products. The numerous
processes that have been proposed avercome these difficulties
with varying degrees of success.

The use of agqueous hydrocloric acid has been suggested as
a substitute for sulphuric acid in the reaction with
acrylonitrile. The product of the reaction is

3-chloropropionamide which, upon treatment with alkali, yields

acrylamide. 42
H,0

CH, = CHCN + HCl ———— C1CH,CH,CONH, (40)
H,0

C1CH,CH,CONH, + NaOH —— CH, = CHCONH,+NaCl + H,0 (41)

Acrylamide may also be prepared from acrylic esters by

43

interchange with acetamide

CH, = CHCOOCH, + CH_CONH, —— CH, = CHCONH2 + CH

5 3 4CONE, 5 COOCE, (42)

3

An alternative is the reaction of acrylic acid with an amine in

the presence of a dehydration catalyst. 44
H O4 :
CH2 = CHCOOH + RZNH e CH2CONR2 + H20 (43)



T1.6.%.

I.6.4.
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The reaction of acetylene, carbon monoxide and amines is an
excellent method of preparing a wide variety of N-substituted

45

acrylamides

[N Y/
HC=CH + CO + RR NH ——— CH, = CHCONR R (44)

If the amine is replaced by ammonia, good yields of acrylamide
are not obtained due to various side reactions.
Toxicity

Acrylamide produces characteristic toxic effects on the
central nervous system. Signs of poisoning include general
miscular weakness, atqxia. These signs are slowly reversible on
termination of exposure, provided that poisoning has not been
severe. Acrylamide is absorbed through the skin and is a mild
gkin irritant and eye irritant. DPolyacrylamide exhibits very
little toxic properties and these are probably due to residual
monomer present.

Chemical reactions of Acrylamide

Acrylamide can undergo reactions at the amide group and at
the double bond The ability of the amide group to withdraw
electrons facilitates attack by nucleophilic reagents to give
2—carbamoylethyl compounds. Acrylamide is also an active monomer
and readily undergoes polymerisation and copolymerisation
reactions.

Hydrolysis with either acid or base converts acrylamide
to acrylic acid.

H+ or OH

CH,=CHCONH, + H,0 ——— CH, = CHCOOH (or CH,, = CHCOO )+NH

2 2 2 2 3

A maximim rate of hydrolysis with sulphuric acid is achieved

at an acid concentration between 2.5 and 4.5 mol dm 2

(45)
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Treatment with a strong dehydrating agent such as
phosphorus pentoxide gives acrylonitrile.

PO

CH, = CHCONH,, —22 CH, = CHCN + H,0 (46)

Reaction with an aldehyde under basic conditions results in

the formation of aleohol.

base

CH, = CHCONH, + HCHO ———— CH, = CHCONHCH,OH (47)
CH, = CHOONH, + C1,CCH(OH), _base, CH, = cncozmcn(cc13)0H+H20
chloral hydrate (48)

Under acid conditions, N,Ni alkylidenebisacrylamides are

formed.

2CH, = CHCONH,, + RCHO L (CH2 = CHCONH) oCHR + H,0 (49)

These compounds may also be prepared stepwise. This is

illustrated for N,NL methylenebisacrylamide.

CH, = CHCONH2 + CH2 = CHCONHCH

H+
> OH ——— (CH, = CHCONH), CH, (50)

2

Reactions of the Double Bond

Halogens add to the double bond of acrylamide. This
reaction is quantitative in the case of bromine and may be used

as a method of analysis

CH, = CHCONH2 + Br

0 ~————— CH,BrCHBrCONH, (51)

2

Acrylamide reacts with dienes, such as cyclopentadiene, to give

the Diels—-Alder addition product.

* i
v OB (52)
— CONH CONH2

2
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Addition of nucleophiles to the double bond proceeds easily.

Since the reaction introduces the 2-Carbamoethyl group into

the substrate, the reaction is often called carbamoylethylation.
Most aliphatic primary and secondary amines as well as

ammonia react directly without need of a catalyst.

= st —_——
RNH, + CH, = CHCONH, RNHCH,,CH,,CONEL, (53)

RNHCH,CH,CONH,, + CH,, = CHCONH, ———————¢-RN(CHZCHQCONH2)2 (54)

= ——p
NH3 + 3CH, = CHCONH, N(CH20H200NH2)2 (55)
Aromatic amines react in the presence of a catalytic amount of

acetic acid.

CHBCOOH (56)
RNH, + CH, = CHCONH & RNHCH,CH,CONH (wvhen R is an

2 2 2 2V o
aryl group)

Mercaptans (including hydrogen sulphide, alcohols, ketones and

phosphorus hydrogen compounds (dialkylphosphineoxides), 46
require a strong base as catalyst.
02H50Na
RSH + CH, = CHCONH, —=— RSCH,,CH,CONH,, (57)
NaOH
H.S + 2CH, = CHCONH, ——— S(CH,CH,CONE,) (58)
2 2 2 : 2772 2/,
RONa 14
ROH + CH, = CHCONH, ——— ROCH20H200NH2 (59)
C_H_CH COCH.C,H. + 2CH. = CHCONH, —~21, (,H_CHCOCHC H (60)
652 2°6°5 2 2 6 5| 675
H,NOCH,,CH,,C
CH,.CH,.CONH
o 0 2772 2
R QH + CH, = CHCONH, —2252 5, R !CH CH,,CONH (61)
2 2~ 2 2" TeY 2 2
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Dithiocarbamates, being already in the anionie form, react

47

without a catalyst.

5 NCS,,CH.CH,CONH,, -+

R NCS oNGS,CH,CH,CONH,

+NH(C,,H5) + CH, = CHCONH, —— R
“73

(02H5)3 N (62)

The reaction of hydrogen halides with acrylamide gives

3-halopropionamides:

-
HX + CH, = CHCONH, ————— XCH,CH,CONH, (63)

With pyridinuim chloride, N—(2-carbamoylethyl) pyridinuim chloride
48

is obtained.

-1 - - + -
C5N5N H C1” + CH, = CHCONH, ——— 05H5N CH,,CH,CONH,,C1 (64)

Sodium bisulphite adds to the sodium salt of 3-sulphopropionamide:

Na.Hso3 + CH, = CHCONH, —— Na03803203200m2 (65)

The reaction of acrylamide with polymeric hydronyl-containing
49 50 51

materials such as cellulose, starch, and polyvinyl
alcohol proceeds in the presence of a basic catalyst such as
NaOH.

Acrylamide in Solution

Acrylamide in solution exists in the two tamtomeric forms

52 - 54

forms.

N +..._..x _ _ _
CH2 = CH - ﬁ - NH2 &> CH2 =CH-C = NH2 = CH2_ CH - C = NH

0 B OH (66)

o

The equilibrium between these two forms is shifted in
solvents of different polarities and dielectric constants. Also,
these equilibria have been taken into account to explain the

base catalysed hydrogen migration of acrylamide.
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Protonation of the acrylamide radical may occur i.e. as shown

in (67) .

|
wCHG - (67)

E - OH

NH2+
The reactivity of this radical will be different from the
acrylamide radical in aprotic solvents.

Association of acrylamide itself may vary with solvent
type and affect radical reactivity with respect to the monomer.
The effect of added salts, affecting hydrogen bonding then
h2

becomes important.

I.6.6. Hydrogen Bonding

25

Hydrogen bonding in lower fatty acids oxr thelr amides
leads to complete dimerisation of the molecules, even in the
gaseous phase, and involves association energies as high as
16.74 to 29.29 kJ/mole per bond of the type 0 - Hievuveww O orT
N-H.eeeee..0. The detailed molecular structures of acrylic

56

and methacrylic acids have been determined by Ukaji from
electron diffraction measurements and show complete dimerisation
of these monomers in the solid state. It should also be
appreciable in liquid or gaseous states as in the well confirmed
instances of formic and acetic acids. In the process of polymer
formation, these hydrogen bouds must be broken first (an
endothermic process), although they are reformed in the polymer.
The steric constraints in the polymer chain would, however,
preclude the ready accessibility of the substituents for both
inter - and intramolecular association, and the number of hydrogen

bonds per mole in the polymer would generally be less than in the

monomer in the case of strong hydrogen bonding sites.
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The monomer state is thus more stabilised on account
of this bonding energy, which is clearly reflected in the
lowering of the heats of polymerisation, as shown by Joshi 5T 53
in his experimental study of these monomeric acids and their

amides. The AHi)values in ncn-polar media, acrylamide

60.25 kT in benzene) and methacrylamide

(- AHss

(_‘AHss 25.15 RJ in benzene and 57.74 kT in hexane), are

considerably lower than the monomer structure would suggest. If,
however, polymerisation is carried out in water (or other polar
media), the intermolecular association in both monomer and

polymer, i.e. monomer-mcnomer and polymer-polymer contacts, is
repléced with co-association, i.e. by monomer-water or
polymer-water contacts. The AH__ (water or methanol) for all
these hydrogen-bonded monomers have been found normal in relation
to structure and were wmiformly higher by about 12.55 to 20.92 than
those of the associated liquid state.

The surprisingly low values of the heats of polymerisatioﬁ,
in contrast to its extremely fast rates of polymerisation and-high
kp may be partially explained in terms of resonance energy.
Examples of resonance stabilisation in amides have been observed

59 60

by Richards and Thompson and several other workers.

4)0 OH
R - C7 R - ¢/
NHR N NR
Resonance
Stabilisation
- +
[0} 0 -H
R - C//+ R - 04%
N N
“SNHR N - R

KETO form ENOL form
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The theoretical wvalue taking into account resonance

stabilisation energy would be for acrylamide 75.31iiy/m01_‘
57

as compared to the actual value of 60.25 R’J’/mol-1 in benzene.
This appreciable difference can be attributed to the monomeric
state through N — H ++-+--+0 type hydrogen bonding and/or due to
the instability of the polymer caused by repulsion of polar groups
brought together in the chain.

Examples of hydrogen bonding have been obServea by several

workers. 61 62 Hobbs and Bates proposed the structure showm

in (69) |

R - c/ \c - R (69)

Various spectroscopic studies 63 64 have been carried out to

investigate hydrogen bonding in amides. X-ray 61 studies show

acetamide to exist as

. H

. {

0 H-N
V4 N
é J°-F (70)

\r_H.........O/

oooon.H

R-C

Infra red studies 63 show that the frequency of the carbonyl
group is reduced by hydrogen bonding.

The polar nature of the monomer and probably appreciable
hydrogen bonding in the monomeric state results in the large
positive heats of solution in the decreasing order
water > ethanol ) acetone.

Methacrylamide compared to acrylamide has an additional
factor of steric hindrance of the «- methyl group which further

reduces the —-AHp value.
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However, if we compare the propagation rate constants (kﬁ)
for acrylamide and methacrylamide, in agueous solution at 2500,

1 2na 0.08 dam’ mo1 s respectively, we can

1.8 dm> mol s~
conclude that though there is a substantial lowering of the
AE§ for methacrylamide, the overall effect of the lowering
of AHP values, taking into account the respective k? values
is that the contribution of association or hydrogen bonding is
considerably more marked for acrylamide as compared to

methacrylamide.

Polymerisation 36 37 65 66

Acrylamide is a highly reactive monomer that under suitable

conditions readily undergoes the usual type of vinyl

polymerisation.
2x CH, = CH —_— —CHQ—CH—CHQ—fH— (71)
I' CONH,,
CONH,, CONH,,

x
Monomeric acrylamide can polymerise in mass if the monomer

67 During such a

is heated to approximately 15000.
polymerisation, ammonia is evolved and an insoluble polymeric
product presumably of imide structure, is formed. Two types of
imidization may occur:

a) Intramolecular condensation yields an imide group from two

adjacent amide structures on the same chain

-CHZ—CH—CH2—TH— —CHZ—?H—CHZ—fH— (72)
0=C =0 —_— 0=C C=0

/ ? ,//

NH,, NH,, N
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Due to the close proximity in mass polymerisation of the
hydrocarbon chain, amide groups of separate chains can
also condense intermolecularly to form imide crosslinkages

between chains.

—CH2—CH-CH2—CH—

](:=o CONH,
?H (73)
?:O CONH2

—CH2—CH—CH2—CH—

This type of imidization leads to water insolubility.
Acrylamide also readily undergoes polymerisation by

conventional free radical methods, but can also be

polymerised photochemically in the solid state with ionising

35 36 39

radiation, and anionically. In the latter case

the polymer obtained is poLy—E»—alanine, a polyamide

0
—(}CH2CH2£NH—>— ' (74)

The polyamide is prepared by heating acrylamide with
68 69

(nylon-3)

a strong base, and is clearly distinguishable
from polyacrylamide by its general physical properties,
its inframed spectrum, and by the fqrmation on hydrolysis
of the amino acid alanine.

All current industrial production is believed to be by

free-radical polymerisation.
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Thus there are two types of polymerisation:

—fCHch - free radical (i)
/ CONE,

n
n CH, = CH-CONH, (75)

2
S NHCH20H2CO—} anionic (ii)
n

The pH of the reaction medium and the temperature
are also important. Hydrolysis of amide groups can take
place at high pH, whereas imidization is favoured by low

pH and high temperatures.

S S CH2 — TH CH2 — CH
| CONE,, 4 c=0]
- x H + %H x
- TONHQ ? -0 (76)
— 032 — CH . CH2 — CH
y y

Polymerisations of radiotagged acrylamide were carried
out at 50°C and 78°C !0 with a persulphate-bisulphite
catalyst. At 7800, polymer with one to seven branches were
formed while at 5000 even with larger amounts of catalyst
present, the polymer was almost exclusively linear. The
limiting viscosity number of the branched ﬁolyacrylamide
at 30°C was comparable with the predictions of the
Zimm and Stockmeyer equation for limiting viscosity number
of tri-functionally branched molecules.

Polymerisation studies have been carried out with

85 ™ -174

redox initiators, g8ingle initiators,

15 76

ultraviolet radiation, gamma. rays, oxygen

71 electrochemical initiation, 8

19 high pressure and shear, 80

carriers, ultrasonic

radiation,
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as well as without added initiators. 81

I1.6.8 Kinetics of radical polymerisation in the absence of oxygen

Expressing the rate of polymerisation as in equation (72)

Rate = k[M]a[In]b (17)

the order with respect to monomer M has been reportéd

T 82 4 o5 T4 ana 1.5, 85 vut the order

5. 71 74 82 83

variously as 1.0,

with respect to initiator is believed to be O.

71 83

Termination by disproportionation and by coupling

have been postulated.

Nakano and Minuora 81 prepared polyperoxides and used these as

initiators and found that the Rate o [ 1] [Peroxide]%' (78)
The mechanism of free radical polymerisation has been

studied extensively. o4 2 At 25° the rate constant for

propagation is reported k.p = 1.8 x 10% an’ m01—1s—1; for
termination k, = 1.45 x 107 am? mo1~'s~! and for transfer to

t
monomer, ktm =2.2 x 10'"1 dm3 m01_1s_1.

exceeds that reported for any other monomer, kp being exceptionally

The rates of kp/kt 3

high and k, rather low. This implies that the polymerisation

t
will be rapid and molecular weights high. Molecular weights may
be reduced by alcohols, mercaptans and other transfer agents.

Some aspects of the kinetics suggest that the polymer
chain may go through several cycles of growth and inactivity
before being terminated. The inactive form may be one in which
the radical end is temporarily buried in the coiled chain, or
perhaps more likely, it may bte a tawbomeric form in which the
radical is localised on nitrogen.

The burial 86 may be regarded as occurring either in single
polymer chains, the radical end being remote from the surface of

the tightly coiled polymer chain, or in the aggregates of polymer

molecules comprising an insoluble or precipitating particle.
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Aggregates of polymer molecules containing free radicals

vhich are unable to react freely with monomer for steric

reasons. The probability of a radical becoming occluded will

depend on the number of polymer particles present, and high

rates of polymerisation are therefore favourable to occlusion.

1
Occlusion causes deviations from Rp o([In]z (79) such

that the order in initiator concentration is greater than 3.

It has been suggested by Bamford et al (1952) that the

termination in polymerisations under heterogeneous conditions

can occur in several ways.

undergoes slow imidization in aqueous solution.

Between two radicals in solution.

motion within the aggregate.

When a second radical penetrates an aggregate.

The active end of a radical may become exposed by thermal

Another possibility arises from the fact that polyacrylamide

If such an imidization occurred at the radical end the

growing polymer would have the glutarimide structure (I) rather

than the expected acetemide (II) structure.

Whilst these would

be expected to react at comparable rates with the same reagents,

they differ in that the imide (I) has a highly mesomeric

tautomer (IIT), the glutarimidyl radical which resembles the

extremely stable sucecinimidyl radical.

//CHZ\\
v~CH cH-

X
CONH2 COJHZ

II

//CH2

FH ﬁHz

co co

\\\g’// (80)
III
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I.6.9. Autoxidation of Amides

Little is kmown about the oxidation of amides. Even the
limited information available, however, does reveal a complex
situation, with hydrogen abstraction from carbon and nitrogen
competing effectively with oxidative substitution at the
nucleophilic centres.

In autoxidation, the three principal overall reactions

have been identified 87 &8

(i RCONHCEH_R »  RCONHCOR (81)
2 1

Formation of N-acylamides from N-n-alkylamides

(ii) RCONHCH,R, ~——————  RCONHCHO (82)
/N
RCONHC{ »  RCONHCOR, + RCONHCOR, (83)
R
2

Formation of N-formylamides from N-n-alkylamides or
N-acylamides from N-s-alkylamides, via carbon-carbon bond

fission.
(iii) Oxidative dealkylation (carbon-nitrogen bond fission) to

yield carbonyl derivatives.

'BCONHCHQR1 > RCONH, + R,CHO (84)
/M

RCONHCH » RCONH, + R,COR, (85)
2

What factors determine the relative importance of each
path has not been clearly established, but further work is being

done in the field.
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There is little doubt that the initial steps common to all
three pathways are removal of the G<N -~ "hydrogen atom followed by
oxygen addition to give the peroxy radical shown in (85) which

then

*
RCONHCEL R, hyor A% RCONHCHR, + AH
102 (86)
RCONHCHR
Where A¥ = radical 0 - 0
initiator

decomposes to products by various routes.

In some of the following chapters, the polymerisation of
acrylamide in the presence of oxygen, will be considered in

greater detail.
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EXPERIMENTAL
Reagents
Acrylamide Acrylamide (Allied Colloids Ltd.,) was

recrystallised twice from Chloroform, and dried in vacuo at
room temperature over anhydrous calcium chloride (m.p. 84.500).

2,2/ ~AZOBISISOBUTYRONITRILE (AIBN) (B.D.H. Chemicals). AIBN was

recrystallised twice from AR methanol, and dried in vacuo at
room temperature, and stored at -20°C until required.
(m.p. 101.8 — 102.5 with decomposition).

4,4 - Azobis-4-cyanopentanoic Acid (ACV) was prepared from

levulinic acid (B.D.H.) by/a modification of standard methods.
Hydrazine sulphate (5g) and sodium cyanide (4g) were dissolved in
ice cold water (20 cm3). This was cooled in an ice bath for
15 minutes. To this was added a neutralised (with solid sodium
carbonate) solution of laevulic acid (9g) in water (1Ocm3). The
mixture was stirred vigorously during the addition and cooled for
a further 15 minutes in an ice bath. The reaction was then
allowed to proceed at room temperature and left stirring overnight.
(The solution was pale yellow, due to formation of the azine).
This vas then cooled to -5C and acidified to pH 5-6 with
1:1 HCl/HZO, and bromine (ca 2.1cm5) was then added dropwise
keeping the.temperature below 0°C. A white solid separated out,
vhich was filtered and washed with ice cold water.

The solid was purified by suspending in water at 60°C
and adding solid sodium carbonate until the solid just dissolved.
The pH of the solution was then adjusted to pH 2 with ECl and the
solution cooled until the solid crystallised out. The solid was
then filtered off and washed with ice cold water and allowed to

dry in. vacuo over phosphorus pentoxide.
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An infra-red spectrum of the compound was determined using
nujol as the solvent. An ultra-violet spectrum of the compound
was recorded using dimethylformanide at 60°C. The n.m.r. spectrum,
melting point and microanalysis of the compound were also
measured. The analysis results and the spectra are showvn in
Figures 1, 2 and 3.

This initiator has similar values of kd to AIBN and has a
related chemical structure, but the presence of the two carboxylie
acid groups makes ACV water soluble.

The U.V. spectrum shows a main absorbance at ca 350 nm
which is typical of azo groups.

The n.m.r. data is in accordance with the structure of
ACV.

m.p. of dry and purified solid was found to be 123 -~ 13000

compared with the literature value 89 of 115 - 12700.

Analysis

Carbon (C) Bydrogen (H) Nitrogen ()
Caleculated %  51.40  5.80 20.10
Found % 51.35, 51.33 5.72, 5.74 19.83, 20.26

The equivalent weight of 4,4 -azobis-4-cyanopentanoic acid
was determined several times, by titrimetric methods using dilute
KOH solution. Thus, in a typical experiment,

4,4’ -azobis-4-cyanopentanoic acid(0.1567g;in 1OOcm5 water was
equivalent to(O.1577g0KOH dissolved in 2500m3 water.

Hence the experimental value found for the equivalent was
135.7, in reasonably good agreement with the calculated value

of 140.
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Fauationg
?N
7 - C -
2CH300(CH2)2 COH + (NHZZFZSO4 + NaCN ——» CH3 F (CH2)2 O H
NH
2 moles of + 1 mole of + 1 mole of |
levulinic acid hydrazine sodium NH
sulphate cyanide |
CH, - C - (CH COo, H
CN
Azine
fN Br2 Oxidation
CH, - C - (CH COo.H
5= f - (05), 0,
N
/ ,ll
4,4  -azobis-4-cyanopentonoic F (86)
acid CH, - C - (CH.) CO,H
3 l 2 o 2
CN
Methacrylamide

Methacrylamide (Allied Colloids Ltd.,) was recrystallised
from benzene, and dried in vacuo at room temperature. (m.p. 11000)
Oxygen

Medical grade, (British Oxygen Co.), was stored in a
5 dm3 bulb on the vacuum line until regquired.
Bthanol

AR ethanol was purified by distillation over calcium
hydride and was stored over Linde molecular sieve 4A before use.
Water

Deionised water was used in all kinetic experiments.
Only the source and purification of the major reagents used
have been described above. More details of purification of other
reagents will be provided in the sections dealing with specific

technigues.
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2.2 Apparatus

A conventional glass vacuum line was constructed,
incorporating an oil pump (Edward's 'Speedivac!', Model 2Sc 30)
and a mercury diffusion pump. This system was capable of
maintaining a vacuum of 10_6 Torr, as monitored by a Mcleod
gauge. High vacuum 'Safety Pattern' (Springham Ltd.) stopcocks
were used whenever possible, lubricated by Apiezon N or silicone
grease., ©Silicone grease was preferred when volatile materials
were being handled on the vacvum line. The diffusion pump was
commected to an electrical cut-out (Laycock 'Truflo!) which was
triggered by any failure in the cooling water supply.

2.2.1. Dilatometers

Dilatometer bglbs were constructed from thick walled
'"Pyrex' glass, 1.75 mm thick and 15 mm external diameter.
Capillary (2 mm bore) was used for the dilatometer stems.

The dilatometers were calibrated using distilled water in
the usual way.

2.2.2. Constant Temperature Bath

This consisted of a 30 dm3 unlagged 'Pyrex' bath,
efficiently stirred and maintained at a constant temperature
by a mercury contact thermostat (Gallenkamp JUNO), coupled to
a control relay (Ether Ltd. Type 213B) and a 1kw immersion
heater.

This arrangement maintained the temperature at 80 t 0.0500,
throughout the bath. The temperature was measured using a

previously calibrated thermometer. (Sugden, Powell Itd.)



5 dm3 bulb used
to store oxygen

To vacuum <—

Ts5

Calibrated bulb —

T3

B10 cone —»
—B10

gocket

Stem of 2 mm bore
capillary —————p

Dilatometer bulb —

Figure 4: Apparatus for monitoring oxygen.

T4 To T 2 mm bore Springham taps.
1 +2 13

Calibrated glass bulb of volume

4—Ianometer

29.02 cm
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Apparatus for lMonitoring Oxygen

A simple, but relatively accurate, volumetric technigue
was developed to monitor the small quantities of oxygen involved.
The apparatus is shown in Figure 4. ‘'Safety Pattern' stopcock
stopcocks (2mm bore) were used throughout. The volume enclosed
by stopcocks T4, Tp, and T3 was calculated following calibration
with distilled water.

Conventional Dilatometry 91

Thick walled dilatometers of conventional design were

3

constructed, having bulb volumes of about 4 cm”, and stems
consisting of approximately 12 cm of 2 mm bore capillary. The
exact bulb volumes were found by calibration with distilled water
and dried in the oven at 120°C.

Conventional dilatometry was used in an effort to measure
rates of polymerisation.

The monomer and initiator solutions were introduced into
the dilatometer bulb and having degassed the solution, a knowm
amount of oxygen was added. The dilatometer was then sealed off
and later was immersed in a vertical position in the 80°C bath.
(A more detailed description of the experimental technique will be
given in the next section.)

The height of the meniscus was followed using a
cathetometer. The shape of the plot of height of meniscus versus
time is shown in Figure 5. Rates were calculated from these
plots.

The abrupt flattening out is contrary to the autocatalytic
behaviour expected for the polymerisation of acrylamide. One
possible explanation is that the initiator is absorbed on the

polymer surface, thus preventing further polymerisation.
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J///’~\\\\\Initia1 rise as dilatometer

-reaches bath temperature.

Linear section )

Abrupt flattening out i.e. this is due to
formation of a solid mass of polymer in the
dilatometer and no further volume change is

observed

Time/min

Figure 5: Plot of Height of meniscus Vs time.

02/mm5 cn solution

&0 tailing off.

Slope of this line gives
' the rate of oxygen uptake.
In all cases the slope of
F?Zg the initial section is taken
because the later readings
tend to tail off.‘

_ Time/min

Figure 6: Typical oxygen uptake plot.
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This was checked by shaking 10 cm3 Ethanol + 10 cm3 of AIBN
solution (1g/50 cm3) + %.68g polyacrylamide overnight and
determining the u.v. spectra of the ATBN and comparing to the
spectra of the same solution of ATBN before shaking. There was
no marked change in the intensity of the peak at ca 350 nm, as
shown in Figures 7, 8, and 9, due to the shaking, thus suggesting
negligible adsorption of AIBN on the poiyacrylamide.

The only other reasonable explanation of the apparent
abrupt end of polymerisation is that the polyacrylamide, on
being formed, blocks the capillary of the dilatometer. This
blocking of the capillary prevented accurate rate measurements
being made.

Tumbled Dilatometry 91

A critical factor in determining induction periods is the
extent of mixing of the oxygen within the dilatometer. The less
thorough the mixing, the shorter the induction period. Hence,
to obtain any consistency in the results, the oxygen has to be
very thoroughly mixed. The following procedure was adopted.

The appropriate monomer and initiator solutions were introduced
into the dilatometer using a dropping pipette. After the
solutions had been thoroughly degassed, T3 was closed and the
apparatus was evacuated. The height of the manometer (h4) was
measured using a cathetometer. With Top, T3, T5 closed, T4 and T4
open, oxygen was allowed into the calibrated bulb and the
manometer height (h2) was recorded, and the temperature t1OC was
noted. With stopcock T4 closed, the apparatus was again evacuated
and the height (h3) measured,-and T3 opened for periods of time
ranging from 10 seconds to 1 minute, to allow the oxygen to come

into contact with the solution.
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With T3 s%ill open, the monomer was then frozen in liquid
nitrogen for a further minute, to reduce its vapor pressure
effectively to zero. ©Stopcock T3 was finally closed and the
dilatometer sealed. Vhen the apparatus had returned to room
temperature, stopcock Ty was closed and Tp, Tz were opened and
the final manometric height (h4) and the temperature tZOC vere
measured.

By this technique therefore, all the terms in the equation
of state for ideal gases could be calculated except for the final
volume Vo of the oxygen in the addition apparatus. This could
be calculated by allowing a known amount of oxygen in the
calibrated bulb to expand into the unknown volume, and recording
the manometric height. In this calibration technique allowance
mst be made for variation in the final volume produced by
differing manometer heights. In general, three calibrations
were carried out, and the mean taken.

The sealed dilatometer was then placed into the thermostat
bath, and rotated at ca 30 r.p.m. at an angle of about 450 with
respect to the water surface. Rotation was maintained throughout
the induction period. The main difficulty in this technique is
that oxygen in the bulb does not penetrate far enough into the
capillary. GConsequently, due to depletion of oxygen, the monomer
in the capillary starts to polymerise. The precipitated volymer
in the capillary tube then enters the dilatometer bulb - = the
end of the induction period cannot be measured accurate.;. This
problem was partially overcome by taking the dilatometer out of
the water bath at intervals of 10 - 15 minutes and reintroducing
the oxygen bubble into the capillary. The time required to

precipitate the polymér was recorded using a stopclock.
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The amount of oxygen in the dilatometer was calculated

as described before, a typical calculation is shown below:

hy = 39.605 cm $1% = 18.6% 293K Py = 8.227 cm of Hg
hy = 31.678 cm
hz = 39.602 cm t2°C = 18.9°c  293.3K P, = 6.931 cn of Hg
hy = 32.671 cm

The tap T3 was opened for 10 seconds.
hi(1) = 39.695cm  hq(2) = 39.528cm  hq(3) = 39.600cm hq(4) = 39.690cn
ho(1) = 26.075cm  hp(2) = 23.98%ecm  ho(3) = 23.350cm  ho(4) = 23.435cm
h3(1) = 39.645cm  h3(2) = 39.500cm  hz(3) = 39.5%8cm h3(4) = 3%9.620cm
h4(1) = 26.891cm  hy(2) = 25.284cn h4(3) = 24.604cm h4(4) = 24.000cm

Vq is the calibrated volume = 29.O2cm3

13.620cn of Hg P1(2) = 15.547cm of Hg P1(3) = 16.250cm of Hg

P,(4) = 16.255cm of EHg

P, (1)

P2(1) = 12.754cm of Hg P,(2) = 14.316cm of Hg Py(3) = 14.994cn of Hg

P2(4) = 14.820cm of Hg
3

3

v2(1) = 30.81cm3 vz(z) = 31.51cm3 v2(3) = 31.45cm

V2(4) = 31.58cm

Average Vo = 31.22cm3

To Calculate the number of moles of Oxyzen in the dilatomer

Using

PqVy PoVo P1Vq4 = nqRT4

— T or

™ To PyV, = noRT,
29.02 x 8.227 31,22 x 6.931 5
- = 1.24 x 10 7 moles

1000 x 76 = 0.082 x 293 1000 % 76 x 0.082 x 293.3
Converted imto mol dm > - 2.30 x 1072 mol am ~

]

99.30 ppm (w/w) Oxygen.
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2.2.6. Varburg Manometry 92

To study the effect of oxygen on the kinetics of
polymerisation of acrylamide in aqueous solution, Warburg
manometry was used. The apparatus and experimental details
are described below.

Manometric methods for estimating the exchange of gases
have been used in the study of both chemical and biological
reactions for many years. A wide variety of techniques have
been employed and many types of apparatus have been developed..
The type of respirometer which has met with widest use is
commonly called the 'Warburg' instrument. The respirometer
is based on the principle that at constant temperature and
constant gas volume, any changes in the amount of a gas can be
measured by changes in its pressure. The apparatus is shown in
Figures 10 and 11.

General Principles

To follow a reaction consuming oxygen occurring in the
flask, the screw clamp on the fluid reservoir is opened or closed
to adjust the manometer fluid (Brodie's Manometer Fluid:

3

23g of sodium chloride, 5g of sodium choleate in 500cm” of water)
level to 150mm on the stopcock side of the manometer, while the
stopcock remains open.

The stopcock is then closed, and the reading of the cpen
arm of the manometer is recorded (149mm for example as shown in
Figure 12).

After ten minutes, the liquid in the closed arm is
readjusted to the 150mm mask thus keeping the volume of the flask
constant. If, for example, the reading of the open arm is 120mm,

this drop in pressure of 29mm is due to oxygen consumption by

the reaction in the flask.
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Thermostatic system
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Speed reduction pulleys
Pin

Hub

Rating label
Thermometer cable
Switch for stirrer and heater
Yellow lamp ( heater)
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Start button

Power control

Re .;cc thermometer
Cooling coil
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; Warburg manometric apparatus.



Open end of )
manometer
vwhich is
graduated in
mm.

tn +eM  Reference mark on closed side of
S manometer at 150 mm. The ligquid
1l F in the closed arm is always

: ) adjusted to this point before
. taking readings.

Figure 11 The Warburg Constant Volume Respirometer.

¥ = TFlask,

S5 = ©Sidearm

G = Sidearm stopper with gas vent

C = Centre vwvall

M = HManometer ‘

R = Pluid reservoir; adjustment of screw clamp alters the level
of fluid in the manometer

T = Three way stopcock.

The apparatus consists of a detachable flask (F) sometimes equipped
with one or more sidearms (S) attached to a manometer (M) containing
a liquid of Ymowvn density. The flask is immersed in a constant
temperature water baith and between readings ilhe system is shaken to

promote a rapid gas exchange between the fluid and the gas phase.
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It is important that the observed manometer readings
are corrected for variations in atmospheric pressure and
temperature using a thermobarometer. The thermobarometer is
in effect a 'blank' run i.e. mno chemical reagents, only the
solvent, and thus the readings taken in the reaction flask can
be corrected for variations in atmospheric pressure and
temperature.

The flask constant

In order to calculate the change in volume which would
have occurred at constant pressure due to oxygen uptake from
the observed change in pressure at constant volume, it 1is
necessgary to determine the 'flask constant' for each
flask-manometer combination. The equation for the calculation

of the flask constant is shown:-

f = (V-v) 2%1 + va
100
where f = flask constant (k = f/v = flask constant per cm’ of
solution)
V = Total volume (cmB) i.e. flask + manometer volume
(usually written on flask and manometer gides)
v = fluid volume in cm3

T = Absolute temperature

Solubility of oxygen (cm3 of gas at S.T.g./per om’ of
fluid at temperature T) u = 0.0208 at 60 C

W
Il

A calibration graph for the solubility of oxygen with increasing
temperature is shown in Figure 13.

Practical details

The appropriate solutions were pipetted into a previously

3 3

calibrated flask, (1cm of monomer sclution, 1em” of initiatox
solution) and the flask was then attached to the manometer,

making sure that every pint was well greased with Apiezon T grease.
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Figure 13: Calibration graph for the solubility of oxygen
in water.
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The mixture was then thoroughly gassed for fifteen (15)
minutes with medical grade oxygen with a pressure difference
of 13cm of Brodies liquid measured on the manometer. The flask
and manometer were then attached to the thermostat bath, with
the flask completely immersed in the water at 60°C. The stopcock
on the manometer was left open during the ten minute equilibration
period. The flask was shaken during this period to ensure
thorough mixing of oxygen and the solutions,

Two other flasks were similarly set up, containing
deionised water (2cm3) instead of monomer and initiator solutions;
these serve as thermobarometers.

After the initial ten minute equilibration period, the
stopcock on the manometer was closed, such that the flask was
connected only to the manometer, and the changes in pressure
were recorded at regular time intervals using the methods
described previously.

A typical set of results is shown in table 2.



Table 2:

Flask (F1) Flask (F2) Flask (F3) | Time (+) _h 20,
Manometer (M1) Manometer (M2) Manometer (M3) /min /Qg mm5 cm3
SAMPLE THERMOBAROMETERS solution

Height of Brodies Height of Brodies liquid in mm

liquid in mm in in manometer

manometer.
152 149 150 0 0
150 147 148 10 0
147 147 148 20 3 3 xk
145 147 148 30 2 5xk
142 147 148 40 3 8 x k

Where 2202 is the total oxygen uptake in mm’/cm3 solution.

Where k is the flask constant per cm3 of solution.

144
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The results can also be plotted graphically as they are
shown in this thesis, as a plot of oxygen uptake in mms/cm3
Versus time in minutes and the rate of oxygen uptake can be

expressed in mmj/cms/hr.

Oxygen Electrode

Measurement of oxyegen uptake using an oxygen electrode

The oxygen electirode system consisted of a polarising
unit, the oxygen electrode, a magnetic stirrer and stirrer
control and a suitable chart recorder.

The platinum electrode was mounted in perspex and wvas
designed for following the uptake of oxygen in agueous solutions.
The oxygen diffuses through a thin (0.0005") teflon membrane
and is reduced at a platinum surface immédiately in contact

with the membrane.

0, + 26 + gt ——— H,0, (88)

Fo———
H0, + 2e + 2H 2H,0 (89)

The other half-cell is also incorporated in the base of the
incubation vessel and is composed of an Ag - Ag Cl electrode.

Setting up the electrode

The base of the incubation vessel was detached and
sufficient saturated potassium chloride solution (electrolyte)
vwas added to wet the silver and platinum electrodes. The locking
nut was then screwed down, taking care that no air bubbles were
trapped and that the membrane was not twisted. The oxygen
electrode was now ready for operation and was placed on the
magnetic stirrer. The circulating hot water at 60°C was connected
up to the incubation vessel outer jacket, so that the uptake
of oxygen could be followed at 60°C. A photograph of the oxygen

electrode is showvn overleaf.
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Blectrical connections and recoxding

The platinum electrode was polariscd at -0.6V with
respect to the Ag - Ag Ci electrode. The current flowing
was proportional tc the activity (partial pressure or
concentration) of oxygen in solution over a wide range.
Circuit (The circuit is shown in Figure 14).

The choice of value for the sensitivity control resistor
depends on the span of the recorder.

A suitable value is given by:-

R = 2 x Span of recorder (in mV) x 10° ohms.
Ideally R should not exceed 2R since this will alter the
polarising voltage.

Suitable recorders

Any potentiometric recorder with a sensitivity better
than 20 mV full scale and which will accept a source impedance
of 1 kKSL'mV span is suitable. For the best results a response
time of 1 - 2 seconds is advisable.

Method of Use

The Ag - Ag Cl electrode was connected to the positive
gide of the potential divider and the platinum to the negative.

The oxygen saturated solution was then added to the
incubation vessel and the perspex disc placed in position and,
after ensuring that no air bubbles were trapped, the magnetic
stirrer was switched on. The sensitivity control was adjusted
to give a suitable deflection on the recorder. VWhen steady

state was reached the rate of oxygen uptake could be followed.



1.5V (Bell battery)
1.5 Ra

W]

Z 1k f

Ag - Ag (1
Pt

2R
To recorder

4>

Sensitivity control (3 - 20 turn helipot)

Figure 14: Electrical circuit.for oxyg&en glectrode.
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Test for residual current

A few crystals of sodium dithionite were added. The
electrode current should fall to nearly zero within 5 seconds,
if it did not, the membrane needed to be changed.

BExperimental Precautions

a) The locking nut was not overtightened.
b) The electrode was not switched off between runs.
¢) The membrane was changed frequently.

Experimental Procedure

To study the dependence of the rate of oxygen uptake on
monomer, initiator and oxygen concentration, the appropriate
solutions were gassed for ten minutes with medical grade oxygen,

3

and then 2cm” of the gassed solutions transferred to the
incubation vessel, the recorder switched on and the reaction
followed. The rates of oxygen uptake are given by determining
the glope of the uptake plot.

A typical plot as registered by the recorder is shovn in

Figure 16.

Investigation of the oxidation products formed during the

induction period.

Several tumbled dilatometric runs were carried out each
with a different oxygen content. These runs were carried out on
a far larger scale than previously described, using 1Ocm3 of

3

monomer and 10cm” of initiator solution, to enable more accurate
analyses of the oxidation products to be performed. The runs
were stopped by taking the dilatometer out of the 80°C thermostat
bath as soon as the end of the induction period was reached, when

precipitation of the polymer was just observed, and the products

vere then analysed by iodometric titrations.
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An expected product in vinyl polymerisations in the
presence of oxygen is polymeric polyperoxide, and the following

92

procedure vas adopted in order to estimate the polyperoxide
present.

The reaction was stopped, the dilatometer broken and the
contents transferred to a two neck round bottomed flask. 2Ocm3
of a 5% w/v potassium iodide solution in methanol were added,

3

followved by 40cm” of glacial acetic acid. (A deep red colour
developed due to iodine liberation). The deep red solution was
then refluxed for ten minutes with nitrogen bubbled into the
flask continuously. The contents of the round bottomed flask
vere then transferred to a conical flask, and then titrated

against standard (M/40) sodium thiosulphate solution with starch

as the indicator.

Equations
2KI + 2H' -~ 2HI (90)
—0—0— + 2HI —n —OH +HO0-+1, (91)

Polyperoxy link

—_—
I, + 2Na25203 Na25406 + NaT (92)

1 mole of iodine = 2 moles of sodium thiosulphate
.. 1 mole of —0—0— = 2 moles of sodium thiosulphate

Preparation of polymeric polyperoxide

The polymeric polyperoxide was prepared on a 1argé £ e
in order to determine the viscosity average molecular weigh.. [ilv)
by viscometry. Acrylamide (44.4g) in ethanol (1o4om3) and AIBN
solution (1250m3) (2.5 mol dm_3) were placed in a two necked

round bottomed flask.
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Medical grade oxygen was bubbled in, and the solution refluxed
for 3 hours. The apparatus is shown in Figure 15.

The solution was allowed to cool and then filtered to
remove any excess monomer which had not dissolved. The filtrate
was then concentrated on a rotary evaporator at room temperature.
The solution was not heated during this concentration process
as this would have encouraged polymerisation. Excess methanol
was added to the ethanolic concentrate to keep any monomer in
solution. The white solid was filtered off.

Both the filtrate and the residue were tested for peroxide
content, and the concentration, followed by filtration, process
repeated until the white solid contained more peroxide than the
filtrate. Finally the white solid was washed with methanol
and dried in vacuo.

The species obtained by this method is the polymeric
peroxide in the presence of bulk polymer. Several attempts were
made to prepare only the polyperoxide, but all attempts showved
that there was either an excess of monomer or polymer present
together with the polyperoxide. A wide variety of solvents were
tried in order to precipitate the polyperoxide selectively, but
the monomer was usually co-precipated.

Previous attempts 81 to prepare the polymeric
polyperoxide have also resulted in bulk polymer being present in
the sample of polyperoxide.

The infra-red spectrum, and a thermogravimetric analysis
was carried out on the sample of polyperoxide prepared. The

molecular weight was determined by viscometry.
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2.2.9. Viscometry 94

Viscometric measurements were carried out in agueous
solution at 30 * 0.02% using an Ubbelohde dilution viscometor,
shown in Figure 17.

The limiting viscosity number of a polymer in dilute
solution is related to the viscosity average molecular weight

by the Mark-Houwink equation

()= w2 (93)

vhere K and a are constants for a particular polymer, solvent
and temperature.

Measurements of solution viscosity are made by comparing
the time, t, required for a constant volume of polymer solution
to flow through a capillary, with the corresponding flow time, t,,

for pure solvent. Then the viscosity ratio is given by

e = % (94)

0
the viscosity number
'733 =]t - to 1 (95)
C to C

and the limiting viscosity number ( /7 ) by either

(7) 1T (96)

or

- 6T (97)

C=0
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Figure 17: Ubbelohde viscometer
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In practice the limiting viscosity number is obtained by
plotting both forms of the viscosity number against concentration,
C, and extrapolating to zero concentration. There should be
a common intercept, but if not, the average value is used.

If the distribution of the polymer is known, then the
number average molecular weight can be obtained from the
Mark-Houwink equation.

Infra-red spectroscopy

Infra-red spectra of polymer samples were determined
using either a nujol mull or a polymer film cast on mercury.
Solutions (10%) w/v were made and left to evaporate on mercury.
The films formed were dried in vacuo at room temperature and
placed in the magnetic film holder and the spectrum determined
using a Perkin-Elmer 137G Grating Infra-red spectrometer.

Ultra-violet spectroscopy

For all spectroscopic work a Perkin-Elmer 137 uv model was
used.

Thermogravimetric Analysis

Thermogravimetric analysis is the measurement of a change
in weight as a function of temperature (DIG) or as a function of
time at fixed temperature. The latter method is termed isothermal
thermogravimetric analysis (ITG). By applying these techniques
to polymers, information concerning thermal stability and kineties
of degradation can be obtained. The advantages of DTG over ITG
are that it requires a relatively small amount of sample and is
less time consuming.

The Stanton Rederoft TG - 750 Thermobalance, shown inl
Figure 18, is a sensitive apparatus designed to give a direct
plot of weight versus temperature for any sample over the

temperature range from room temperature to 1000°¢C.
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The resulting thérmogravimetric (1G) records (i.e. weight versus
time or temperature curves) provide valuable information on
physical and chemical phenomena.

Physical changes: Vaporisation, sublimation, adsorption-
desorption, absorption.

Chemical changes: Decomposition, oxidative degradation,
dehydration, solid-solid reactions involving
loss of weight, solid-gas reactions (for
example, oxidation and reduction).

The rate of heating can be varied. The temperature
measured using a Pt v Pt — 13% Rh platform thermocouple assembly
is situated in the micrecfurnace assembly to give an accurate
record of the sample temperature.

The atmosphere can also be varied i.e. static air or gas
or a flow of gas. A flowmeter gives an accurate measure of gas
flow through the equipment.

The results were recorded on a Perkin Elmer Model 56
recorder.

Thermogravimetric analysis was carried out on samples of
polyacrylamide, prepared in dilatometers at 80°C. The
dilatometers were broken open and the polymer filtered through
a grade 4 sinter glass funnel. In some cases the filtered sample
was washed with Ethanol to remove the AIBN, but sometimes the
sample remained unwashed. The two types of sample gave slightly
different chart recordings. Some of these samples had been
prepared in the presence of monitored amounts of oxygen, as
described before. Viscosity measurements were also carried out

on these samples.
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CHAPTER 3

RESULTS

Dilatometry

In order to study the dependence of the induction
period (T) on monomer, initiator and oxygen concentration,
several tumbled dilatometric runs wexre carried out, varying
the monomer, initiator and oxygen concentration in turn. The
results are summarised in tables 3%, 4, 5 and 6. Some of the
results are also shown plotted graphically.

The initial oxygen concentration, [Oé], in ppm w/w was
calculated using the density of ethanol at 8000 as 0.74g cm—3,
and assuming the density of the mixture of acrylamide, ethanol
and ATBN in the dilatometer had the same density. A correction
of two minutes was applied, by subtraction, to the induction
period values, since the run with zero oxygen content required
ot %+ minutes before precipitation of polyacrylamide.

A critical factor in these induction period results is
the thorough mixing of the oxygen in the dilatometer. To
demonstrate this effect, some upright dilatometry was carried
out. The results of these runs were very random as can be
seen by studying table 4. Similar random behaviour has been

previously obtained o1 when upright dilatometry was used.
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Table %: Variation of Induction Periods, T , with Oxygen concentration

for the polymerisation of Acrylamide in Ethanol at BOOC

[ATEN] = 2.5 x 10%mo1 a2,  [M] = 2.5 mol du ™’
[AIH@ and [NJ represent the initial concentrations of init
initiator and monomer respectively.

Tumbled dilatometry - 30 rpm

OXYGEN CONCENTRATION INDUCTION PERIOD

103[02] a0l an™’ | [0,] /pom (w/w) 7 /min
0 0 ‘ 2tE — 0
1.52 65.6% 1551 —s 13£1
2.04 88.06 271 — 2141
2.30 99.30 2442 —p 2212
2.3% 100.90 23t1 —s 2111
2.85 123,24 2742 —» 25t2
2.96 128.03 2612 —s 2412
4.26 184.18 3142 —s 2912
4.41 190.79 33t2 — 312
5.74 248.25 3712 — 3552
5.95 257.45 4012 — 3812
6.4% 278.1% 42t2 — 4012
7.64 330.26 45%3 —s 43t3
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Table 4: Variation of Induction periods, T , with oxygen concentration

for the polymerisation of Acrylamide in Ethanol at BOOC.

Upright dilatometry

[M = 2.5 mol am 2, [amB] = 2.5 x 1077 mol au™”
OXYGEN CONCENTRATION THDUCTION FERIOD

103[0é]/ﬁ01 dm™? [Oé]/ppm (vi/w) T/min
1.11 48.05 TH —s 51
2.53 109.42 1851 —» 1631
2.78 120.40 2241 — 2031
2.80 121.28 1451 —> 1241
4.04 174.80 811 —» 631
9.20 397.90 81 — 611

By comparing the results in tables 3 and 4, it can be seen
that in general the induction period values for upright
dilatometry were considerably shorter than the induction period
values for tumbled dilatometry at similar oxygen concentrationms.

This can be explained in terms of the lack of thorough
mixing in the case of upright dilatometry and thus the oxygen is
not thoroughly mixed into the solution and is used up faster, thus
giving shorter induction periods.

The induction period T may be assumed, at constant
temperature, to vary with oxygen, moncmer and initiator
concentrations:

T =k [oz]a[mzq]b [1]° (92)

vhere k is the constant of proportionality.
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When the initial monomer and initiator concentrations are
maintained constant, T will be a function of [Oz]a. The value |
of 'a' was found from the log Induction period Vs
log([bxyged]/ppm) plot shown in Figure 20. The slope of the
straight line gave a value of 'a' which was 0.54 ¥ 0.02 and thus
close to 0.50.

Further tumbled dilatometric runs were carried out to
determine the dependence of the induction period on the initiator

and monomer concentrations. The results are shown in tables 5 and

6.
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' T
Table 5: Variation of 10@[[_6"]'/;] with Tnitiator Concentration [ATBNI
2
for the polymerisation of Acrylamide in Bthancl at 80°¢c

Constant initial monomer concentration, [M] = 2.5 mol dm_5

[0,] /pom (/%) |Induction Period Initiator conc” log[T/[OQ]y’j]

T/min (arenl /mol am™ |~
116.00 135%2 — 133%2| 5.0 x 1074 1.0920
107.20 6552 —» 63%t2| 1.0 x 1077 0.7844
37.48 1581 — 13%1| 1.25 x 1077 0.3269
125.70 46%2 — 44%2| 1.50 x 1077 0.5936
83.30 oats . 2otp| 2.0 x 1077 0.6021
249.00 3782 — 35%2| 2.5 x 1077 0.3404
63.88 41t — 39%2| 1.25 x 1070 0.6792
137.20 50tp —» 4et2| 1.5 x 1077 0.6010
152.80 352 —5 33t2| 2.0 x 1077 0.4621

‘These results are shown plotted graphically as log '[-_é;]'/z Vs
2

log [AIBN] in Figure 21. The slope of the graph, equal to

D! in Equation (92), was found to be -1.04 % 0.02.
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Table 6: Variation of log [T%;Pi] with monomer concentration [M],
2

for the Polymerisation of Acrylamide in Ethanol at SOOC

Constant initial Initiator concentration

[ATBN] = 2.5 x 1077 mol dm >~

[0,] /ppm (3/w)| Induction Period Monomer conc™ 10g[—[—g—];]
T/min [M] /mol am™> 2

47.80 5212 — 5012 0.5 0.8667
44.00 2812 — 2612 1.0 0.6252
32.00 1881 — 1611 1.5 0.4522
31.45 | 1431 — 12%1 2.0 0.33%00
88.03 23] — 2111 2.5 0.3521
99.30 24%1 — 2211 2.5 0.3440
65.6% 1581 — 13%1 2.5 0.2051

The value of 'c' in equation (92) was found from a
T

plot of 1og{F$34 Vs log [M] as shown in Figure 22, end
'e! was equal to -1.00 £ 0,05,

The results reported so far were obtained using samples of
acrylamide monomer which had not been exposed to oxygen prior
to making up the reaction solutions. However, to compare these
results with those of solutions made after the solid monomer
had been exposed to medical grade oxygen for 20 hours, further

dilatometric runs were carried out. The results obtained are

shown in table 7.



Table 7:

Polymerisation of Acrylamide in Ethanol at 80°C in the

presence of oxXygen

Monomer concentration = 2.5 mol dm—3

Initiator concentration = 2.5 x 10—3 mol dm—3

78

EYPOSED MONOMER RESULTS

Induction period

Oxygen concg/ ppm (w/w) T/min
0.00 °¥ — 0

156.00 302 —» 28t2

240.00 3882 —» 3612

UNEXPOSED MONOMER RESULTS

0.00
128.03
184.18
248.25

257.45

e S—|
26t2 — 24%2
3132 — 2912
3712 — 3542

got2 — 38tp




3.2. fistimation of the oxidation products

Table 8: Polymerisation of Acrylamide in Ethanol at 80°C

Monomer concentration [M] = 2.5 mol dm_3

Initiator concentration [AIBN] = 2.5 x 1072 mol dm 2

Oxygen concn Induction period Titre Moles of Sodium
EE] /opm_(w/w) T/min Volume/cm3 Thiosulphate
ppm (w/w Moles
opm_(w/w) Moles
247.46 |(1.16x10™% moles) 2712 —s 25t2 9.60 2.40 x 1074
447.50 (2.01:.:10‘4 moles) 47t2 — 4512 16.00 4.00 x 1074
195.80 (9.18:.:10'5 moles) 20f2 —» 18%2 8.30 2.07 % 1074
191.30 (9.10:.:10'5 moles) 18%2 — 16%2 8.00 2.00 x 1074
15%.82 (7.80:.:10‘5 moles) 1332 — 1132 6.60 1.65 x 1074




g0

From these results and reference to equations,9Q - 92, it
can be concluded that, within experimental error, 1005 conversion
of oxygen into polyperoxide occurred.

The induction period values in table 8 are éonsiderably
shorter that those reported in table 3, for similar oxygen
contents. This effect can be explained in terms of the relative
sizes of the dilatometer. In the above case, large dilatometers
(bulb volumeiﬂ=500m3) were used, thus giving rise to more
"dead space" for the oxygen to occupy. The previous dilatometers
with volumes of about 5cm3, there was less "dead space" above the
liquid phase.

Warburg Manometry 92

Several experiments were carried out, varying monomer and
initiator concentrations in turn, while keeping the initial oxygen
concentration constant. Some typical plots are shown in
Figures 23 and 24 and a summary of the results is given in
Tables 9 and 10. The oxygen concentration was kept constant by
gassing for 15 minutes before each run.

The effect of varying the oxygen concentration, keeping
monomer and initiator concentrations constant was investigated.
The results are shown in Table 11. Typical plots are also shown.

The effect of varying the shaking rate of the manometexr
was also investigated, and these results are also shown in
Table 12 and Figures 30 and 31.

All volumes of oxygen measured in uptake experiments are

at 60°C and atmospheric pressure.



Table 9: Polymerisation of Acrylamide in Water at 60°C s

oxygen uptake rates

The shaking rate was kept constant at 100 strokes/minute.
Constant initiator concentration = 5.0 x 10_3 mol dm_a,
(4,4 - azobis-4-cyanopentanoic acid).

The rates of oxygen uptake were calculated from the slopes
of the oxygen uptake vs time plots.

The oxygen concentration was kept constant by gassing for

15 minutes each run.

Monomer concentration Rate of O, uptake log

/mol dm™> /'mmaogcm—3 S;lution p=t (Rate of oxygen uptake)
4.0 ' 40.0 1.6021

3.5 33,6 1.5263
3.0 29.4 1.468%
2.5 25.0 1.3979
2.0 19.5 1.2986
1.5 16.6 1.2201
1.25 14.4 1.1584
0 Release of nitrogen e




0
N

A plot of log monomer concentration Vs log rate of oxygen
uptake had a slope of 1.00 ¥ 0.05 as shown in Figure 25.

WVhen the experiment was carried out using only '2cm3 of
5.0 x 1070 mol dm™> ACV initiator solution, there was no oxygen
uptake observed, but a release of nitrogen. This is due to the

s s . . . -0 .
initiator decomposing in solution at 60°C to release nitrogen.

CN
| 1

CH3 - f - (CH2)2COéH fN
N
i > N, + 2CH3 -C - (CH2)2002H
N
l

CH, - ? - (032)20023 (93)
CN

4,4’ - Azobis-4-cyanopentanoic acid.

This release of nitrogen caused a negative intercept on
some of the rate of uptake Vs monomer concentration plots. The

release of Nitrogen is shown in Figure 27.



Table 10: Polymerisation of Acrylamide in Water at 60°C

Oxvzen uptake rates.

The shaking rate was kept constant at 100 strokes/minute.
Constant monomer concentration = 2.5 mol dm_3 acrylamide.
The oxygen concentration was kept constant by gassing for

15 minutes for each run.

Initiator conc” Rate of oxygen uptake log
[acV] /mol a2 /mmaogcm_a solution h™ = (Rate of oxygen uptake)
5.0 x 1077 25.2 1.4014
4.5 x 1070 23.0 1.3717
4.0 x 1072 17.5 1.243%0
4.0 x 1072 14.4 1.1523
3.5 x 1077 18.0 1.2533
3.0 x 1077 15.8 1.1987
2.5 % 1077 13.4 1.1271
2.0 % 1072 10.0 1.0000
2.0 x 1077 12.0 1.0791
1.5 % 1077 7.8 0.8921
1.0 x 1072 6.2 0.7823
0 No Uptake — ‘

The rates of oxygen uptake were found from the slopes of the
oxygen uptake Vs time plots, and hence a log rate of oxygen uptake
Vs % + log initiator concentration was constructed (Figure 26), the
slope éf which was 1.00 £ 0.05.

When a run was carried out with no initiator present, there was

no uptake of oxygen.
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Figure 23: Typical plots of oxygen uptake Vs tine.

Constant initiator concentration = 5.0 x 10-'3 mol dm—3 ACV
Shaking rate = 100 strokes/minute B
Mononer concentration QO 4.0 mol dm__3 acrylamide
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Initiator concentration = 5.0 x 10 mol dm “ ACV
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Further runs were carried out to investigate the effect
of varying the oxygen concentration on the rate of oxygen
uptake, and the results are shown in table 11. Some typical

plots are shown in Figures 28 and 29.

Table 11: Polymerisation of Acrylamide in Vater at 60°¢

Variation of oxygen uptake rates with composition of gas

Monomer concentration = 4.0 mol dme
Initiator concentration = 1.0 x 10—2 mol dm—B, ACV
Gassing time = 15 minutes

Shaking speed = 100 strokes/minute

Composition of gas Rate of oxygen uptake
v/v /mmsozcm._3 solution n
100%02 86.4
80%02 2Q%N2 78.0
60%02 40%N2 _ 84.0
40%02 60%N2 . 84.0
20%0,, BO%N,, (AIR) 84.0

Monomer concentration = 2.5 mol dm_3
Initiator concentration = 1.0 x 10_'3 nol dm_'3
Gassing time = 15 minutes

Shaking speed = 100 strokes/minute

2090, 80%1\12 (AIR) 12.6
0, 9N, 12.6

From these results, the rate of oxygen uptake appears to

be independent of oxygen concentration.
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Further runs were carried out to investigate the effect

of shaking rate and the extent of gassing of the solutions, on

the rate of oxygen uptake.

These results are shown in Teble 12. -

Typical plots are shown in Figures 30 and 31.

Table 12:

The Polymerisation of Acrylamide in Water at 60°¢C.

The effect of varying the shaking rates on oxygen uptake.

Constant monomer concentration = 4.0 mol dm

-7 -
Constant initiator concentration = 5.0 x 10" ” mol dm 53

5
ACY

Constant oxygen concentration, (100% oxygen) saturated.

Gassing time =

15 minutes.

Shaking rate

in strokes/min

Rate of oxygen uptake

/mmao,\cm_3 solution h™

50
75
100
150

200

14.0
15.8
18.0
18.0
40.0

40.0
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Gassing time = 15 minutes
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Initiator concentration = 5.0 x 1072 mol dm
Constant oxygen concentration = saturated
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The effect of varying the extent of gassing on the rates
of oxygen uptake is shown in Table 13. Typical oxygen uptake

plots are again shown in Figures 32 and 33.

Table 13: The Polymerisation of Acrylamide in VWater at 60°¢G

Monomer concentration = 2.5 mol am >
Initiator concentration = 5.0 x 1072 mol dmfa, ACV
Shaking speed = 200 strokes/minute.
Composition Time/min Rate of oxygen
of gas (v/v) | that solution is gassed upj:ake/mmBCm_3 solution h™"
100%60,, 15 42.0
4090, 609N, 15 42.0
ATR 15 42.0
100360, 5 48.0
AIR 5 %6.0
100360, 2 44.0
40%0,, 605N, 2 44.0
AIR 2 44.0
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3.4 Warburg Manometry with Methacrylamide as Monomer

Several experiments were carried out with methacrylamide

as the monomer, in order to investigate the dependence of

oxygen uptake on monomer and initiator concentrations. The

results are shown summarised in tables 14 and 15. Typical plots

of oxygen are also shown in figures 34 and 35.

Table 14:

The Polymerisation of Methacrylamide in Water at 60°¢C

Constant monomer concentration = 1.0 mol am ™2
Gassing time = 15 minutes with 100% oxygen
Shaking speed = 200 strokes/minute

Initiator used was 4,4 -azobis-4-cyanopentanoic acid (ACV)

Initiator concentration| Rate of oxygen uptake! log (Rate of
/mol dm /'xntcm'—3 solution h~ | oxvgen uptake)
5.0 x 1072 28.8 1.4594
4.0 x 1072 26.4 1.4216
3.0 x 1072 23,2 1.3655
2.5 x 107 20.0 1.3010
2.0 x 1077 17.4 1.2406
1.0 x 1072 1%.2 1.1206




A log (Rate of oxygen uptake) Vs log (Initiator
concentration) is shown in Figure 36, and the slope was found
to be 0.51 ¥ 0.02. Thus approximately,

~a [0,] o [In] z

———

dat

99



Mable 15: Polymerisation of Methacrylamide in Water at 60°C
Constant initiator'concentration = 5,0 x 10_3 mol dm_B,ACV
Gassing time = 15 minutes with 100% Oxygen
Shaking speed = 200 strokes/minute

Monomer concentration | Rate of oxvgen uptake log (Rate of
/mol am™> /'mm3cm_3 solution h~' oxygen uptake)
1.0 28.8 1.4594
0.8 22.8 1.3579
0.6 18.0 1.2553%
0.5 14.0 1.1461
0.4 10.8 1.0334

A log Rate of oxygen uptake Vs log monomer concentration
is shown in Pigure 37, and the slope was found to be

1.00 ¥ 0.02. Thus to a near approximation,
—d_[O_g]_ L 1O [In] 0.5
dt

This result will be discussed at length in a later section.
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3.5. Warburg Manometry on Styrene

The results obtained.for acrylamide were not in agreement
with the date obtained for many other vinyl monomers on which
oxygen uptake studizs have been carried out. Hence, a check
experinent was carried out in order to verify the experimental
technigue used.

The dependence of the induction period (T) on the initiator
concentration to the first power did not agree favourably with
other vinyl monomers, and in this check experiment, styrene was
the monomer used, with 4,4’ -azobis-4-cyanopentanoic as initiator
and the dependence of oxygen uptake on initiator concentration
was investigated.

The results obtained are shown in Table 16, and some typical
oxygen uptake plots are shown in Figure 38. A log Rate of oxygen
uptake Vs log Initiator concentration was plotted (Figure 39).
The slope was found to be 0.45 ¥ 0.02 which is close to the value

1
of 0.50. Thus approximately for styrene, -d [Oz]ci[ln]2
dt
o7 - 29

as has been previously observed.

The above experiment with styrene was carried out at BOOC.



Table 16:

Polymerisation of Styrene at 5OOC

106

Initiator used was 4,4/ -azobis-4-cyanopentanoic acid

Shaking speed

Gassing time

200 stokes/minute

15 minutes with 100% oxygen.

Concentration of

Rate of oxygen uptake

log (Rate of

Initiator/mol dm > | /mmocw > solution h~ | oxyzen uptake)
1.0 x 1072 1%80.0 3.1399
7.5 x 1072 1120.0 3.0492

~ 3.0 x 1077 700.0 2.8451
2.0 x 107 666.7 2.8239
1.0 x 1077 480.0 2.6812
2.5 x 1074 262.5 2.4509
2.0 x 1074 240.0 2.3802
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Figure 38: Typical plots of oxygen uptake Vs time for styrene

Styrene is the monomer
Shaking speed = 200 strokes/minute

Gassing time = 15 minutes
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3.6, Oxygen Electrode

Oxygen uptake measurements were also carried out on
aqueous solutions of acrylamide and methacrylamide, using an
Oxyéen electrode. The results are shown in Tables 17 and 18 and
Figures 40 and 41. The rates of oxygen uptake measured by the
oxygen electrode are all relative, and are measured in terms of
the slope of the linear section of the uptake plot

(cf. Figure 6 ), expressed in mV nl,

Table 17: The Polymerisation of Acrylamide in Water at 6OOC

The dependence of oxygen uptake on monomer concentration

Constant initiator concentration = 5.0 x 10-3 mol dm_3
Initiator used was 4,4'-azobis—4—cyanopentanoic acid.
Solutions were gassed for 10 minutes with 100% medical
grade oxygen.

Chart record speed = 10 inches per hour

Full scale on recorder = 10mV.

Monomer concentration Relative rate of oxygen log R
fmol @™’ | g uptake, R/mvh |
M
0 — 0 —
0.50 1.6990 1.3 0.1139
1.00 0 2.7 ' 0.4314
1.25 0.1004 3.2 0.5051
1.50 0.1903 3.6 0.5441
2.00 0.3010 5.3 0.7243
2.50 0.3979 6.5 ' 0.8129
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These results are shown plotted graphically in
Figures 40 and 42. The slope of the log Rate of oxygen uptake
Vs log monomer concentration was found to be 1.00 * 0.02.
Thus, to a near approximation, the rate of oxygen uptake is

directly proportional to the monomer concentration.
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Table 18: The Polymerisation of Acrylamide in Vater at 60°C.

The dependence of oxygen uptake on initiator concentration

Constant monomer concentration = 2.5 mol dme

Solutions were gassed for 10 minutes with 10096 medical
grade oxygen.

Chart recorder speed = 10 inches per hour.

Full scale on recorder = 10 mv.

Initiator concentration | 3 + log[Iﬂ] Relative rate of oxygen log R !
/mol du > uptake, R/mvh ]
5.0 x 107> 0.6990 5.00 0.6990
4.0 x 1072 0.6020 3.80 0.5798
3.0 x 102 C0.47T1 3.00 0.4771
2.0 x 1077 0.3010 1.80 0.2552
1.5 x 1077 0.1761 1.35 0.1139
1.0 x 1070 0 ~0.0468

These results are shown plotted graphically as shown in
Figures 41 and 43. The slope of log Rate of oxygen uptake
Vs log Initiator concentration was found to be 1.00 * 0.02, hence
the rate of oxygen uptake is directly proportional to the

initiator concentration.
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Table 19:
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Polymerisation of Acrylamide in Vater at £0°¢

The dependence of oxygen uptake on oxygen concentration

Constant monomer concentration = 2.5 mol )

Constant initiator concentration = 5.0 x 1072 mol dm™>

Solutions gassed for 10 minutes.

Chart recorder speed = 10 inches per hour.

Full scale on recorder = 10 mv.

Composition of gas

v/v

Relative Rate of oxygen uptake

R/mv -1

100% 0,

60% 0,5 405 N,

40% 0,5, 60% N,

ATR

10% 0, 90 N,
6 0, 9% N,

45.0

32.5 | FRESH
30,0 | [CIBRANE
33.0

25.0

24.0 MEMBRANE

24.0 ONE DAY OLD

From the results in Table 19, within the limits of the

experiment, the rate of oxygen uptake was independent of

oxygen concentration.

The condition and age of membrane is an important factor

in the experimental technique and in order to get consistent

results, the membrane must be changed regularly.




Table 20:

"7

Oxygen Blectrode.

Measurements on methacrylamide.

Oxygen uptake measurements were made on agueous solutions
of methacrylamide, with 4,4/—azobis—4—cyanopentanoic acid as the
initiator. The results obtained are shown in tables 20 and 21.
The results are also presented graphically as shown in
Figures 44 and 45.

The Polymerisation of Methacrylamide in Water at 60°C.

The dependence of oxygen uptake on monomer concentration.

Constant initiator concentration = 5.0 x 1072 mol dm_3, ACY

Solutions were gassed for 10 minutes with 100% y/v medical

grade oxygen.

Monomer concentration | log [M] |[Relative Rate of oxygen uptake | log R

(M) /mol dm 2 Rgnwh"1

0
0.25 0.3979 . 1.3 0.1140
0.50 0.6990 3,2 0.5051
0.75 0.8751 4.5 0.6532
1.00 1.0000 5.5 0.7404
1.50 1.1761 8.0 0.9031

The log (Rate of oxygen uptake) Vs log (monomer
concentration) is shown in Figure 46. The slope was found to be
1.00 * 0.02.

Thus rate of oxygen upteke —d[Oz! was proportional to
dt

[M]1.O
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Table 21: The Polymerisation of Methacrylamide in Water at 60°¢.

The dependence of oxygen uptake on initiator concentration.

Constant monomer concentration = 1.5 mol am™2

Solutions were gassed for 10 minutes with 100% medical

grade oxygen.

Initiator concentration| 3 + log [In] |Relative rate of oxygen |log R
[in] /mol du™> uptake, fmvh”|
5.0 x 1072 0.6990 7.5 0.8751
4.0 x 1072 0.6021 6.5 0.8129
3.0 x 1072 0.4771 5.5 0.7403
2.0 x 1072 0.3010 4 0.6532
1.0 x 1077 0 3.0

The slope of log (Rate of oxygen uptake) Vs log (initiator
concentration) was determined (see Figure 47) and found to be

+ . . - =
0.49 % 0.02, which is close to 0.5. Thus -d[0] o lm? b0 a

near approximation.



Rate of oxygen uptake

R/mvh—1.
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] 1

Figure 44:

1
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3

Monomer concentration /mol dm

Plot of rate of oxygen uptake Vs monomer concentration (methacrylamide)
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Figure 45: Plot of rate of oxygen uptake Vs Initiator concentration.
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1 3 1 1 1 1 )

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
| 1+ Log([1] /mo1 dm'3)

Figure 46: Plot of log Rate of oxygen uptake, log R Vs log monomer

concentration, log([M]/hol dn'%

Monozer was netnacrylamide.
Constant initiator concentration was 5.0 x 10

=3 mol am™2, ACV.
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Digure 47:

o
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0.2 0.3 0.4 0.5 0.0
3 4 1og([Acv] /=01 dm_3)

Plot of log (Rate of oxygen uptake) Vs log([ACY] /=0l &)

Constant mcnomer concentration = 1.5 mol dm-3
methacrylanide.

Initiator used was ACV.



Table 22:

The Polymerication of Methacrylamide in Vater at 60°C.

The dependence of oxygen uptake on oxygen concentration.

Constant monomer concentration of 1.5 mol dm_3

Constant initiator concentration of 5.0 x 10_3 mol dm—3

4211 solutions were gassed for 10 minutes.

Composition Relative Rate of oxygen uptake, log R
of gas R/mv. -

100% 0, 8.00 0.9031

80% 0,, 20% N, 7.50 0.8751

60% 0,, 40% N, 7.20 0.8573

40% O, 20% X, 6.00 0.7781

AIR 5.00 0.6990

10% 0,, 90% N, 3.75 0.5752

F%6 0,5 95%6 N, 2.75 | 0.4393

2% 0,5 98% N, 2.00 0.3010

The results are shown plotted in Figures 48 and 49. The

slope of the log (oxygen uptake) Vs log (oxygen concentration)

was found to be 0.40 I 0.02. Thus, approximately

-4 [0,

]xbﬂ

dt

0.40
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Figure 49:

Monomer concentration = 1.5 mol dm™2

Initiator concentration = 5.0 x 1072 mol dmfa,

Gel
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Viscometry.

Viscosity measurements were carried out on various
samples of polyacrylamide. Each sample was prepared in the
presence of different amounts of oxygen by a dilatometric
method, described previously.

After preparation, some samples of polyacrylamide were
washed thoroughly with ethanol, to remove any initiator and
others were not washed, and it was found that this washing
affected the times of flow. The results are shown in
Table 23. No guantitative measurements of molecular weight
were made, hovever.

Measurements were carried out on 1% solutions, using
deionised water as the solvent. The temperature at which
the measurements were made was 30.00 * 0.02°%. Flow times
were measured using a stopwatch accurate to ¥ 0.28. Several
measurements were made for each flow time, and an average

flow time was recorded.



Table 23:

Viscosity measurements of agueous solutions of

polyacrylamide at 30°C.

127

Solution

Flow time/s

(Average value)

Oxygen content
of sample

during dilatometric

preparation.

Pure deioxised
water

0.5%% solution of
BDH Polyacrylamide
M.W. 500,000

1% solution of
Polyacrylamide
washed.

1% solution of
Polyacrylamide
washed.

1% solution of
Polyacrylamide
washed.

1% solution of
Polyacrylamide
washed.

1% solution of
Polyacrylamide
unwashed.

1% solution of
Polyacrylamide
unwashed.

1% solution of
Polyacrylanide
unwashed.

1% solution of
Polyacrylamide
unwashed.

159.8

162.0

215.2

207.2

213.0

211.2

184.0

177.2

177.8

192.0

Zero

zZero

zZero

140ppm

46.7ppm

101ppn

zexo

210ppm

500ppm

102ppm
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Further measurements were carried out to determine the

effect of ageing of the solutions on the viscosity. The

results are shown in table 24.

Table 24: The effect of Ageing of solutions on Viscosity.

Solution Flow time/s Ageing time in
Average value hours

H, solution of 183.0 0

Polyacrylamide

+ 210ppm O2

Unwashed. 184.0 2%

' 186.0 19

1% solution of

Polyacrylamide 183.2 0

+ 500ppm O2

Unwashed.
179.2 12
181.2 2%%
183.0 4T3
182.2 72%
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The effect of formaldehyde on the flow times of
polyacrylamide solutions was also investigated. The results

are shown in table 25.

Table 25: The effect of formaldehyde on the viscosity of aqueous

solutions of acrylamide.

The solution investigated was an 1% solution of

polyacrylamide + 46.7ppm 0,-

Flow time/s Time in hours Quantity of
Average value that formgldehyde is formaldehyde present

present in the

polymer solution

222.2 Zexro . Nil
228.0 Zero Trace of 40%
' v/v formaldehyde
) solution.
229.0 3 n
229.4 1 "
230.2 5 "
230.0 183 "
255.0 20 Further lom’ of 40%

v/v formaldehyde

solution added.

255.0 21 "
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The effect of oxygen being bubbled into agqueous solution
of polyacrylamide was alsé investigated and the results are
shown in table 26. |

Oxygen was bubbled into the aqueous solution, ensuring

that there was no solvent lost due to evaporation.

Table 26: Effect of oxygen on the viscosity of agueous solutions

of polyvacrylamide at BOOC.

Flow timefs Time/h

Average value that solution was gassed
219.4 0
218.6 %‘
219.2 2

219.2 6
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3.8.1. Determination of Molecular Weight of Polyacrylamide polyperoxide

by Viscometry.

The sample of polyperoxide was prepared as described
before, and in oxder to determine the molecular weight, viscosity

measurements were made. The results are shown in Table 27.

Table 27: The viscosity of Polvacrylamide polyperoxide in agueous

solution at SOOC.

Concentration/ Top =M=l |(“hp/e)/100cmg

(£/100cm’ solution) -t
o

1.0000 0.1076 0.1076

0.8333 0.0951 0.1140

0.7140 0.0838 0.1174

0.5000 0.0638 - 0.1276

0.4167 0.0576 0.1382

- 0.2941 0.0438 0.1489

The limiting viscosity number [7@ was found from the

intercept on the 782 axis when ¢ = o, (see Pigure 50) and
c

using the equation,
[7]= 6.31 x 1072 fiy -8 a¢ 30%
where My is the average molecular weight.
[7] was found to be 0.162 ¥ 0.002/100cn7g .

My was calculated and found to be 1.82 £ 0.03 x 104.
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Plot of 739 Vs C for agqueous solution of polyacrylamide polyperoxide.
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Table 28:

Thermogravimetric Analysis.

Thermogravimetric analysis was carried out on various polyacrylamides and the resulis are

shown tabulated in table 28.

A typical thermogravimetric plot is shown in figure 51.

Thermogravimetric Analysis of Various Polyacrylamides.

(Polymers prepared by polymerisation of acrylamide in ethanol at 80°C using AIBN).

Sample details Heating rate Chart speed Analysis

Polyacrylamide 15°C /minute 10mm/minute weight loss 20°- 80° (1.7mgz)

+ 10ppm O, 200°-260° (0.35ng)

Sample wt = 9.9mg o} o

Sample washed 2600—3650 (1.6mg)

40% polymerisation 365 ~425" (3.0mg)
Thereafger continual wt. loss
2mg/150 C.

Polyacrylamide 15°c/minute 10mm/minute After initial sharp weight loss

+ 600ppm 0, (20° - 50°¢C)

100 polymerisation
Sample wt = 9.8mg
Sample washed.

80°-170%¢ (1.2mg)
170°-260°C (0. 5mg)
260°-380°% (1.6mg)

380°-440°C (1.6ng)
Thereafter continual weight loss.

el



Samrnle details Heating rate Chart speed Analysis
Polyacrylamide 5°C/hinute 5mm/hinute Gragual we%ght loss
65% polymerisation 20" - 100°C (0.9mg)
Sample wt. = 9.4mg o _ o -
Sample washed. 1000 24000 (0.35mg)
240° - 340°C (1.4mg)
340° - 400°C (3.0mg)
Conginual weight loss fro%
400°C onwards (0.5mg/100 C)
Polyacrylamis 5°C/hinute 5mm/minute After initial gradual weight

74% Polymerisation
Sample wt. = 9.5mg
Sample not washed.

loss (0.8mg/100°C) Sharp
exothermic change at 100°C.
(If AIBN, could also be due to
excess acrylamideg

Plateau 100 - 220°C

220° - 270°%¢  (0.3mg)
270° - 380°C  (1.7mg)
- 440°C  (2.5mg)

Continual weight loss thereaftex
These last two transitions can
be compared to commercial
polyacrylamide.

vl



Sample details Heating rate Chart speed Analysis
Polyacrylamide , 5°C/minute 5mm/hinute Shagp exothermic change at
28.8% polymerisation 100°C. o o
Sample wt. = 9.5mg Plateaun 100~ - 220°C
Sample not washed. 200° — 260°C (0.4mg)

260° - 310% (1mg)
310° - 360°C  (0.5mg)
360° - 410°C  (2mg)
Continued weight loss thereaften
Polyacrylamide 5°C/minute Smm/minute 40° - 100°%C (1.2mg)
+ 500ppm O2

Sample wt. = 9.8mg
Sample not washed.

Sharp exoghermic change at
100 - 220°C
(Characteristic of Acrylamide)

220° - 280°%  (0.45mg)
280° - 310°Cc  (0.65mg)
310° - 380°C  (0.8mg)
380° - 420°C  (1.3mg)

Continual weight loss thereafteq

o]
(o]
o]

99}
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Sample details Heating rate Chart speed Analysis
Acrylamide SOC/hinute 5mm/minute Gradual change between
Allied Colloids - 90°%c (0.4mg)
recrystallised from Sharp exothermic change at
Chloroform 90°¢ (0. 5mm) o
Sample wt. = 9.5mg Plateau 90 - 210°C
O .
210" - 230°Cc  (0.35mg)
230° - 280°C  (0.50mg)
280° - 340°%C (0.70mg)
340° - 400°C  (1.4ug)
After 400°C no sharp change, but
continual welght loss at
ca 0.9mg/100°C.
ATBN recrystallised BOC/ﬁinute Smm/minute Very little change between

from methanol.
Sample wt. = 8.8mg

20° - 80°%. Complete
decomposition at 100 C.
Melting p01nt at 102°C.

9¢1



Sample details Heating rate Chart speed Analysis

Commercial sample of 5°C/hinute 5mm/hinute Gradual wt, lgss o

Polyacrylamide. 407 - 120°C  (0.6mg)

M.W. over 5,000,000 o] o)

Stmple wb. = 9.8mg 1200 - 24000 (0.5mg)
2407 - 290°C (1.0mg)
300° - 360°C  (0.55mg)
,570° = 400°C  (1.2mg)

After 400°C coz&tinual weight
loss 2.5mg/100 C.

Polyacrylamide 5°C/hinute Smm/minute Gradual wt. lgss o

+ 46.7ppm 0, 407 - 100°C (0.6mg)

2066 polymerisation 100° - 260°C  (0.9mg)

Sample wt. = 9.5mg 0 o}

Sample washed. 2600 - 36000 (2.4ug)
360" - 440°C  (3.9mg)

Continual slow weight loss

from 440°C onwards.

LEL



Sample details Heating rate Chart speed Analysis
Polyacrylamide 5°C/minute Smm/minute Initial gradual wt. loss
Zg;égpim 02_ o 20° - 90°C  (0.7mg)

6 Polymerisation o)
Sample wt. = 9.9mg Sharp wt. 1ossoat 90 g, followed
by plateau 90~ - 2107C.
Sample not washed. ) o)
— 2107 - 260°C (0.4mg)
260° - 300°C (0.95mg)
300° -~ 310°C (0.8mg)
3707 - 430°C (1.8mg)
Continualoweight loss thereafterx
1.6mg/100°C.
Polyacrylamide SOC minute Smm/minute Initial weight loss between
o) 0
+ 600ppm 02 60° - 100°C, followed by sharp

11% Polymerisation
Sample wt. = 10.0mg
Sample not washed.

exothermic change at 10000,
follow?gogy—azgé%geau
220° - 280°C  (0.55mg)
280° - 320°¢  (0.90mg)
320° - 380°C  (0.70mg)
380° - 430°C  (2.4mg)

Thereafter continual weight loss

gslL



Sample details Heating rate Chart speed Analysis

Polyacrylamide SOC/hinute 5mm/minute Initial gt. 1085 between

+ 269ppn 0, 500 - 80°C (1.2mg)

57% Polymerisation Plateau between 100° - 180°C

Sample wt. = 9.3mg o] 0

Sample not washed 2200 - 25000 (0.35mg)
250° - 2300°C (0.75mg)
300° - 360°C  (0.6mg)
360° - 420°C  (2.7mg)

Thereafter continual wt. loss
Polyacrylamide 5°C/minute Smm/mimite Wt. loss between 40° - 110°C.

6.8% polymerisation
Sample wt. = 10.4mg
Sample washed.

Plateau between 110° - 210°C.
210° - 300°%  (1.1mg)
300° - 360°%C  (0.7mg)
380° - 430°C (2.0mg)

Thereafter continual weight loss

6%1



Sample details Heating rate Chart speed Analysis
Polyacrylamide 5OC/minute 5mm/minute Sha%'p exothermic change at
+ 210ppm O 100°C followed by plateau
2 0! o
100° - 210°C
Sample wt. = 10.2mg o o
Sample not washed. 210" - 290°C (1.3mg)
290° ~ 350°¢  (0.8mg)
360° - 430°C  (3.2ng)
Thereafter slow weight loss.
Polyacrylamide 5°C/minute Smm/minute Gradual weight loss
+ 260ppn 0, 50° - 100°C (1.2mg)

3.5% Polymerisation
Sample wt. = 9.2mg
Sample washed.

100° - 200°%¢  (0.7mg)

200° - 260°C Platesu

260° - 380°¢ (1.7mg)

380° - 440°C  (1.4mg)

Gradual weight loss thereafter.

oyl



Sample details Heating rate Chart speed Analysis
Polyacrylamide 5°C/minute 5mm/minute Gradual weig%t losso
+ 140ppm 0, 40" - 100°C (0.8mg)
6.66% Polymerisation 100° - 180°C  (0.7mg)
gzggi: ¥Zéh:d?.2mg 200° - 240°C Plateau
260° - 310°C  (1.0mg)
310° - 360°C  (0.5mg)
360° - 420°%C  (1.5mg)
Thereafter gradual weight loss.
Polyacrylamide 5°C/minute 5mm/minute Gradual weig%t 1osso
+ 101ppm 0, 40° - 80°C (0.6mg)
6.66% Polymerisation 80° - 180°C (0.6mg)
g:gg%: ::Qth?'1mg 180° - 230°C Platesu
240° - 280°C  (0.75mg)
280° - 360°C  (1.00mg)
380° - 440°C  (1.4mg)

Thereafter gradual weight loss.

LyL



42% Polymerisation

Sample wt. = 9.8mg
Sample not washed.

Sample details Heating rate Chart speed Analysis
Polyacrylamide 5°C/minute S5mm/minute Gradual weight loss
+ 102ppm O, 40° - 80 C (0.8mg)

Followed by exothermic change
at 90°C. o
100" - 200°C Plateau

200° - 280°C (1.3mg)
280° - 350°C  (0.8mg)
360° - 420% " (1.7mg)

Thereafter gradugl weight leoss
at 2.0mg per 100 C.

Further thermogravimetric analyses were carried out on polymeric polyperoxide, and the net effect

wag very similar to above.

bt



+ 53.3ppm O,

26.6% Polymerisation
Sample wt. = 9.5mg
Semple not washed.

Sample details Heating rate Chart speed Analysis
Polyacrylamide 5°C/minute 5mm/minute Gradual weight loss

40° - 80° (0.3mg)

Followed by s%arp exothermic
change at 100°C

100° - 200°C Plateau

200° - 300°C (1.7mg)
300° - 350°C  (0.6mg)

360° - 420°C (1.8mg)

Further information can be deduced from the above table in terms of weight loss as % of

sample weight.

44
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Table 29: Polymerisation of Acrylamide in Ethanol at 80°¢

Thermogravimetric Analysis

Washed Samples

ppm/o2 Wt. loss as % of %Polymerisation
Sample weight
0 31.9% T4%
10.0 31.% 40%
46.7 41.0% 20%
101.0 15. 4% 6.66%
140.0 16.%% 6.66%
260.0 15. 2% 3.5 %
600.0 16.%% 10%

Unwashed Samples

0 26.3% B 7%

0 20. 4% 28.8 %
500.0 1. 3% 63%
260.0 18.2% 49%
600.0 24.0% 1.2 %
269.0 29.0% 57%
210.0 19.6% 13%
102.0 17. 5% 42%

) 53.0 18.9% 26.6 %
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Figure 51:

A typical thermograph.

weight loss

increase in temperature.
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3.10. Spectroscovy

Typical infra-red and n.m.r. spectra are shown in

figures 52 - 59. Discussions of spectra follows in section

3,15,
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Figure 52: Infra~red spectrum of a commercial sample of polyacrylamide of molecular weight 5,000,000.
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Figure 53:

Infra-red spectrum of a sample of low molecular weight polyacrylamide.

ght



3.0 4.0 5.0 MICRONS 6.0 7.0 8.0 9.0 10 12 14
t 13 ) { ' ) t 1 ) ]
C-K C-0 stretch
CH2
h C-H C=0
L ! i 4 1\ } i i 1 1 A
3500 3000 2500 2000 180Q\ 1600 1400 1200 1000 800 625

Figure 54:
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Infra-red spectrum of
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polyacrylamide in the presence of 46ppm (w/w) oxygen.
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Figure 55: Infra-red spectrum of a sample of polyacrylamide in the presence of 269ppm (w/w) of oxygen.
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Pigure 56: Infra-red spectra of polymeric polyperoxide in hexachlorobuta 1.3 diene.

LG



NS DT T S TUAT U TN VN WU SN VENY SN N WO TR DU DUN WA SN VU TN (N UNANE YNE VN WA UV NN N TN SH JRNGY TN NN TN SN UG JUNE DU TR SOV NN . O SO TN MO Y BN
PPM . .

£ S S A S S e A A AN U S R O O O L O SRS AL ARC ML S AR OO UL O e A O O AL SOL 00 DL SO SN S SN L IR

S M S M A A Y AT W 1 Y e O A Y S A IO B N A I AN I AL D A Y I B I R N |

3000 ' 12000 1000

[ S O, I |

L4
i

1500 ' 1000 500

400 . . 400 200 .

{ ' 300 i . 200 : o wo ¢ : o

Y P ; . N : :
: o 150 be 00 . : S 50 | ; !
: s * 40 O B : ~ 20 ? !
! : i R R S i
' 30 i 20 ¢+ B I 0 ; :

I T N T S S S SR

; : : g # . , i : :
R . ' ' .{ ' - ) - ]
) N ] . : e [ ; 4..: .1 ‘!
' ; i i ' : ! {
.__l‘._' - ' e R : SO OOUE OIS SV SOV O : . e e e s SRS
] B . H
! V . !
e i E | i
: {
{ ! i ;
. . f ! o . | .
I ) : 1 : '
. 1 H .
|il .I ; 8 : ! !
. . . H - 1 .. ' -
N : : 1 f }
‘ o 3 ! . B e et : ———
| , ; ; t ;
: . |
H !
. : i
i : , {
b ’ H |
; ! : K ! ;
| . ‘ ' . ! :
; | ! ; : '
) X i ? '
. % i N ‘ :
- : ' - - .- medeee - e Do mm e
: . § l ; i
) ‘ i t i i -
; : o ! :
. i
: : i i
; i Lo :
. . . 1 . . ‘ i | s . :
R A A U SO O I A O A PR D S S U 0K N N A N TG U N T X T O OO DN N O SO S O O gt vy g b e oo e g by 1y
1.t [

NN TN RN [N IR I

"loril‘][T“iIl['Ilfr]rTTT R B I!IIA[IIaI‘III‘T]|‘|II|IIIIIIIT‘TrbTTlll

Figure 57s Proton n.m.T. spectrum of acrylamide.

cGl



[T ST TONY NNE WO TN ST YN (U YOO WY TR DN TR N NN SN (RS TR SOOUE ARG VRS CUNNY TSN S TN UAUHN N SN SN NN NN (NN VRN TR VAN VHN (NN UHUUN WG NN PO VU WY SHUNS GO WU JUNCS A SO SHNNN SHUE SN N SO S S B

llllll[IT‘Il‘AT\I]III]]II.T'leIlIIll]lfll[IIII[IITT[‘?TI‘([]I:I[I‘IIl[illI||IAllllllllll“llll.llll\nx
:-l]I]ll'llil llllll'll.Illl'llill!lllf!! r!f!illlillf‘l—'l—‘llll LR L L L L N L
i 4000 : R S 3000 e N Lo Pl B 200000 o 1000 ¢ :
L PSR-V OO SOOIV SOV TN IETN PN .'..3;;.....;_“:..:... SIOERS B0 ER 0 SRNORes NS RO SRR RS ) ' . I | et g e e e
: S R LR S e SR S el B i A . S T ; )
2000 S o 1500 I GV qepp b E ! -1 I S A U RPN
. 800 Lo .- g0 f 1 A I A P . 200 , -
, L D o . b N . _
%;§.3°l° Loy 200 i ' 100
Tee b R LU S [EOSUUCOO S PO SRR . et ; RN . : L. . .. .
R IR R S A SO mpme el : I ; R
150 . - - b o e o _so . : |

f 400

200

i
: : . . t
i :

80 O T A B A S 20
. v 7 ! H

© 40 : S AT A S ' A A Lot 20 i
' e B RPN . P T . Co Lo - ! !

SRR E A DR A AT O AR R TS TS JY SC W WO S U SOV I ML X U0 OO S D DU O A A W O Y
{1

X N PPM
[_]lTl[‘Inlllr'll‘l|lllI[.iill[llll'nlll.llll|l]ll||lll[llll|l3|0.ll

[T O OO |
| T AT A O S T U N W S AU 0 DO A AR ST I U T A T A O W T I M T A W A A T
L]

Fioure “H8: n.m.r. spectrum of low molecular weight polyacrylamide S



A N

RN WU VRS WO, MU U |

UL SRR W W |

(W WO L JU VU S ¥

[

[}

L

[ N N DR T

Lol

| I VAR W DU G WA WO B |

[E D R TN DS D |

X

) SO T |

| S

IR A S B R N S, S |

PPM

| SRS NS SO N OGN O SO0 S AN A1 LA L LI LIS O I LI IV L. L A ML

ll]llll[lllITTIII[IlllJlll"llll[lfll[llll T

U
4000

2000

. oo

[

T T T

St Y My R A Y e N Tt |
3

000
1500

600

300 ¢
. P
o130
: 60 |
. -

5.,
R
- e i I,i‘
I R
T
: A
A
|
!
;

L L

LR

LI O R I T |

vV
2000

1000

L NN T T It T T R M M T A AL ML ) &
1000

500
200

100

.. 200 -
AR S o
! 100 : H : 50
T " C 20
; Loy ) N !
) t . . H | : :
' ! 20 ok , 10
! I |
S R | SR S R R 3
I R .
Lo : : e
LR Bt
j P : | :
H . L : ' - :
oL P «
H N L

[

o

!

LA LS AL

T T

t
)
T '

Pigure 59:

n.m.r. spectrum of

polymeric polyperoxide.




-t

|
I

2.11. Discussion of results

2.11.1. Kinetics

3.11.1a Dilatometry

The experimental work involving ethanol as the solvent

medium, showed that the induction period, T, is given by the

equation;

T = k[o,)* 0] ® [1]° (98)
vhere k is the constant of proportionality,

a = 0.54%0.02

b =-1.05 *0.02

c =-1.00 ¥ 0.05

The values of a, b and ¢ are thus relatively close to
the rounded off values of Oﬂép, -1.00 and -1.00 respectively.

The mechanism of the interaction of oxygen on polymerising
monomers is commonly assumed to involve the kinetics steps of
the scheme described in the introduction.

During the induction periods, the polymerisation
propagation reaction

k5
Re + M —m —— R (99)

is wnimportant and oxidative propagation proceeds by the

reaction.
5
R: + 0, ——» RO, (100)
Xy
RO,- + M —— R- (101)

There also exists the possibility of further initiation

from polyperoxides formed after the termination reactions:

X
O — 0 o 2 epe (102)

w0
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This reaction appears not to be significant in either
of the systems reported in this thesis, although clearly
polyperoxides ) —— O~ are formed, as can be seen
by studying the results in table 8. Thus in the dilatometric
study involving acrylamide in ethanol, there was no increase
in the rate of polymerisation after the end of the induction
period, T, with corresponding increase in initial oxygen
concentration.

In the oxygen uptake work, with both acrylamide and
methacrylamide, involving water as solvent, oxygen consumption
rates were always linear and no rate acceleration was observed.
Again the 100% conversion of oxygen to polyperoxide (Table 8)
in the acrylamide-ethanol system suggests that the polyperoxides
of acrylamide are relatively stable.

In this type of oxidation study, the standard autoxidation
reactions of scheme are usually kinetically analysed, as shown
in the introduction, and an explanation of the experimentally
determined values of a, b and ¢ can often be obtained. These
values of a, b and ¢ are usually dependent on the termination
mechanismns involved. However, the values obtained foxr
a, b and ¢ in the present study do not correlate with any of the
standard mechanisms, and hence a more complicated termination
mechanism may be involved.

Thus the value of b obtained is unexpected (b £=-1), in
that T is usually inversely proportional to the square root of
the initiator concentration or is independent of its concentratiox.
An inverse relationship between induction period and initiafor
concentration has however been previously observed with

32 97 14 98

styrene and acrylonitrile but was not

satisfactorily explained.



The rounded off values of a and ¢ do not correspond
to a mechanism involving either exclusive cross-—termination
or mutual termination by peroxy radicals.
Morgan 98 explained his results by suggesting that
since the induction Period is inyersely proportional to
CR R Jon o g mﬂ*ﬁ”ﬁ sofasance o mmamie
Kolthoff et al 32 91 studied the persulphate-~initiated
emulsion polymerisation of styrene in the presence of oxygen
and found the rates of oxygen uptake were directly proportional
to the persulphate concentration.
Kolthoff and Dale 52 suggested that the monomer, styrene
in their case, became activated, and that the persulphate

concentration was thus directly proportional to the rate of

activation of styrene.

K,8,05 + M ZedeSe (activated styrene molecule)

(97)
This step was assumed to be the rate cdetermining step,

(r.d.s.) followed by

M* + 0, > M(0,)* (98)

‘ M(Oz)* can then react in various ways.

However, their suggestion is céntrary to the present day
commonly accepted mechanism of persulphate initiation.
Bovey and Kolthoff 1 continuing the study of the
persulphate initiated emulsion polymerisation of styrene, in
the presence of oxygen, suggested the following mechanism,

which has also been proposed by Baxendale et al. 97
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C6H50H = CH2 + OH-_ (from persulphate in aqueous solution)
HSCHCH OH (99)
06350305205 + 0, —> HOCHZTHOO- (100)
Cels
HOCH,CHOO* + CgH.CH = Cd, ——— HOCH,CH - 00 - CH,CH-
| (101)
Cellg Cely
HOCH,CH - 00 - CH,CH* with [ 0—0—CH, u—CH
2 2 termination L
Cgls CeHg
(102)

14

Smeltz and Dyer proposed the following scheme, in

order to explain their results,

-afoy) e[u]'?[z]"° ~ (103)
it

where k is the constant of proportionality
M is the monomer, acrylonitrile

I is the initiator, persulphate

P _—  2Z° (104)
P+M ———s Z- +R (105)
R* +M ———2 R- (106)
R +0, ——> 2 ' (107)
Ze + M ———————> R- (108)
R* + R* ——————p X (109)
Re + 2+ —m——p Y (110)
Z+ + R ~————> BRH + R- (111)

Y ———p 2R (112)
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where P represents the persulphate ion consider reaction (105)
vhere the initiator interacts with the monomer possibly as

shown below:

8,0g + CHy=CH ———>b °50,7 + SO4—CH2—?H (113)
CN CN

Z+* is a radical which can combine only with monomer

e.g. -304' or HOCHZCH(CN)OO-

M is the monomer acrylonitrile

R+ is the radical which can combine with either monomer or
oxygen

X, Y and ZH are the termination products.

Solving the above equations for dR, 4%, and —d[Oz]
dt dt Ty

and assuming stationary states,

" 0%l ¢ [0 [m]"0 (114)

dat

Termination may occur by abstraction of a hydrogen atom,-
from monomer or solvent, as in (111), or by combination of
radicals as in (110).

Both. these schemes have the same weakmess in that the
persulphate initiator molecule attacks the monomer, in one case
to give an activated styrene molecule, and in the other *o give
two radicals. Both these proposals seem unlikely to occur.

21 29 has shown that the rate of

Indeed, more recent work
oxygen uptake is proportional to the square root of the

initiator concentration.
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Other examples of monomolecular termination, and hence
a first order dependence on the initiator concentration, have
been reported. George and Robertson 100 found that in the
thermal oxidation of tetralin, with benzoyl peroxide as the

initiator in the presence of oxygen, the observed kinetics

could not be explained by any of the recombination steps.

R- + R- _— (115)
ROs + RO,» ——————pyInert products (116)
R+ + RO,» ——» (117)

They concluded that if the free radical mechanism was to be
retained, some unimolecular termination step must be involved.
A monomolecular termination step has been proposed in the

polymerisation of diallylcyanamide. 101 Uno et al found that

Rp = k:[In]1'O [M]1‘2 (118)
and proposed that for the polymerisation of allylic compounds,
degradative chain transfer to the monomer, as a termination
reaction was well known and obeyed first order kinetics.

Degradative chain transfer to monomer

—CHE_——ﬁH' —CHZ——40H2
CH2 > CH2
N—CH,CH = CH, IiI—CHZCH = CH,
CN CN
(119)
or
///’CHZ\\\ CH2
CH,.—CH CH- — CH,—CH CH
N ] 2 } 2
Qgg\ CH2 CH2 CH2
N N
CN CN

(120)
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Another possibility of monomolecular termination is

intramolecular hydrogen abstraction.

H
—CHy—C-¥ Ny g cE, —s “C2T("2 CH = cH
| \./ | ./ 2
CH2\ /C\ CEK/\
N H N H
CN CN
relatively reactive radical inert stabilised radical
(121)

Considering the polymerisation of acrylamide in solution
in the presence of oxygen, again a monomolecular termination
step must be proposed. However, other reactions may be
involved in the system including transfer to monomer involving
RO2- and R+ species.

One possibility is that a highly stable radical is formed

by R02° radicals transferring to the monomer by hydrogen atom

abstraction.
. —_ =
R02 + CH2 ?H —— CH2 ?H + R02H
C =0 ? =0
1!‘Hz NH (122)
where RO.+ is —CH,~—CH—0—0*
2 2
§ =0
NH, (123)
The radical CH2 = ?H
C=0
| (124)
NH

appears reasonably stable due to conjugation. However, such

a transfer reaction cannot explain the observed results.
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Similarly, transfer to monomer involving hydrogen

abstraction by R+ radicals provides no explanation of the data.

R + CH2 =

(125)
There is a further complication involved in the

polymerisation of acrylamide in the absence of oxygen. In
aqueous solution polyacrylamide undergoes slow imidization, and
if an imidization occurred at the radical end, the growing
polymer radical would have the glutarimide structure (D) 84
rather than the acetamide structure (II). The imide (i) has a
highly mesomeric tautomer (III), fhe glutarimidyl radical which

resembles the highly stable succimidyl radical.

CH CH

wAcH CH- CH CH,, waCH CH-
[ ] ]
€O co o co CONH,  CONH,
\N/ \N/
H “ -
I ' III II

(126)

Another unusual feature of the system is that the monomer

57 58

is considerably associated due to hydrogen bonding of

the type O——H¢+++++0 or N—=H.+++..0. The acrylamide
may even exist as dimer as found in the case of acrylic and

56

methacrylic acids.
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Other complications that exist in the polymerisation

84 102 thereby

of acrylamide are formation of aggregates
leading to occlusion. 86 The effect of occlusion on the
kinetics is to iucrease the dependence of the rate of
polymerisation on the initiator concentration from half order,
i.e.

Rpe [10] %7 o Rp[1n]70*? (127)

The polymerisation of acrylamide is believed to be

strongly controlled by the formation of linear monomer

aggregates.
55

It is well established that carboxylic acids form
cyclic dimers as shown in I. A similar situation exists for

acrylamide as in II.

_CH CH CH CH
v 2o ....... ..HO §écn o 2o.........HN $§CH
047 \\‘C” \\‘04; H§\‘C’/
N 7 N\ e
OH’...'...O NH....‘...O
"
(128)
I II

Alternatively, one can assume that the monomer forms
linear aggregates as shown in (129) below. In such an event,
the double bonds lie in a narrow zone and on encounter with a
growing chain the addition of the first monomer molecule could

be followed by a ‘'zip' reaction involving all monomer units of

the aggregate.

CH = CH2

|
0440\\\NH S S A Nt
H

LA BN I ) ........O
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This would account for the very high rate of propagation
found for acrylamide. Very little information is available in
literature on such associations in carboxylic acids. Dimeric

55

structures of the type I are characterised in dilute solution;

linear structures such as in (129) have also been reported. 103, ~-=
As can be seen from the above discussion, the polymerisatic=

of acrylamide in aqueous or alcoholic solution is very

complicated but nevertheless, no unequivocal explanation for the

observed kinetics involving oxygen is possible.

3.11.1b Warburg Manometry

(i) Measurements of oxygen uptake for aqueous solutions of

acrylamide.

The kinetic conclusions derived from the oxygen uptake
measurements in aqueous solution may be summarised

mathematically,
—d [0,] _ &[]0 [ 1m])"° (130)
dt

vhere K is a proportionality constant.

[Mﬂis the monomer concentration.

EIn} is the initiator concentration.

For the same system, it is possible to derive
expressions for the dependence of the induction period,

T, on other variables.

0,
Thus, T =/ 4[0,) vhere [0.] . i;s;ygelz initial
0—'(1[02)]/dt concentration.

(131)
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Assuming that the change in monomer concentration,
Dq, is negligible during the induction period, , then

for constant initiator concentration,

1 OQ]O A
v =Wj(d[°2]
= [02]0 i (132)

If [02]0 is maintained constant, then for constant

initiator concentration,

T =x [4"° (133)

where k" = [02]9/k'

Similarly for constant monomer concentration

1 02]0
K =§TIT] afo,] (134)
= LOQ]O
—k'[:[—ri oxr
T = K[In]'1‘O (135)

where K = [02]q/k'

Hence, for constant oxygen concentration
' -1.0 -1.0
T = o[m]™"0 [1]™ (136)
This compares very favourably with the kinetic

result obtained by.dilatometry.
T = K[M]—1.O [Ina—1.0 [02]0.5 (137)

In the aqueous solution woxrk, T was found to be
independent of oxygen concentration, but the discrepancy
between the results in equations (136) and (137) in
dependence of oxygen can be explained in terms of

different experimental conditions.
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In tﬁe dilatometric measurements, the maximum concentration
of oxygen was 500ppm w/w, whereas in the aqueous solution
work, oxygen saturated solutions were investigated. This
variation in the experimental conditions may explain the
difference in tle dependence of the induction period on
the oxygen concentration in the two solvent systems.

Again, the dependence of the initiator concentration
is unusual and the same features of the discussion of the
dilatometric results apply as in section 3.11.1a.

Measurements of oxygen uptake for styrene

Oxygen uptake measurements were carried out on
styrene, with 4,4’-azobis-4—cyanopentanoic acid as the
initiator. This was done in order to check that the
anomalous dependence of the rate of oxygen uptake,

—d[Oz] on the initiator concentration to the first

dt
power for acrylamide was due to the peculiarities of the
acrylamide monomer and due to any inadegquacies in the
Warburg manometric technique.
As the free radical kinetics of styrene have been

thoroughly studied and it is well established in recent

studies 21 23 that for styrene
0.5
-a [0,] o [1n] (138)
dt

Styrene was used as the standard monomer.
Carrying out Warburg r..cmetry on bul¥X styrene, it
was found that

-a [0,] M[In]0'5 at 50°C (139)

as can be seen from the results shown in table 16 and

figures 38 and 39.



167

This result suggests that the manometric technique
vas adequate but that the acrylamide monomer behaved in
and anomalous manner.,

(iii) Measurements of oxygen uptake for aqueous solutions of

methacrylamide.

The kinetic conclusions reached from the results

shown in tables 14 and 15 may be summarised mathematically,

—d o _ 1.0 192
£t2] = K[M] [z ] (140)

If we compare the above with equation (29), it may
be concluded that termination occurs by two R02- radicals.

See Section 1.5.3., where

CH3

RO,+  represents n~CH2?- (141)
=0

Z—

2

The dependence of —d[02] on oxygen concentration
dt

was not investigated, and thus it is not definite that
termination occurs exclusively by peroxy type radical
combination. The dependence of oxygen uptake on the
oxygen concentration was investigated using an oxygen
electrode and is discussed in a later section.

3.71.1¢ Difference in the kinetics of autoxidation of acrylamide and

methacrylamide.

For acrylamide, —d!Oé] o [M]1.O [In]1'o (142)

dat

For methacrylamide, —dgzj LBT0 [958 (1as)
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Apart from the kinetic defferences, methacrylamide takes
up oxygen about twice as quickly as acrylemide. This can be
explained in terms of hyperconjugation. Comparing the structures

of acrylamide and methacrylamide, it can be seen that the only

difference
H CH
l | 2
H,C = ? HC = ? (144)
(l) =0 ? =0
NH, NH,
ACRYLAMIDE METHACRYLAMIDE

is the o~ methyl substituent.

When an alkyl group is attached to an unsaturated system,
it gives rise to electron release by an extension of the
confugative or mesomeric effect, delocalisation taking place

in the following way.

" B

()
HE—C C =CH —» H—C Cc—CH
| ! 2 [ \ 2
H (f =0 H q =0
NH, NH, (145)

This effect is called hyperconjugation. It is electron
releasing effect by the «— methyl group causes easier attack
of the double bond by a free radical such as R02' (electrophilic),
in the case of methacrylamide than in the case of acrylamide.
Other more quantitive predictions of reactivity may be made,
for example by the use of the Q - e scﬁeme 106 or an
alternative scheme as proposed by Bamford and Jenkins. 107

Comparing acrylamide and methacrylamide there is also an
electron withdrawing contribution dve to the carbonyl group,
but this is the same for both compounds.

" The difference between the rates of oxygen uptake for

acrylamide and methacrylamide in kinetic terms is difficult

to explain.,
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As has been mentiorned before the polymerisation of

acrylamide is strongly controlled by linear monomer

aggregates.

102

form the same types of associations as acrylic acid and

69

Methacrylic acid and presumably methacrylamide

acrylamide, but the homopolymerisation kinetics of methacrylamide

do not reflect any peculiarities related to such aggregates.

effect of linear aggregates are reflected in their respective

propagation rate constants, see table 30.

3.11.1d Oxygen electrode.

(1)

(ii)

Measurements of oxygen uptake for acrylamide in agueous

The

solution
From the results in tables 17, 18 and 19 and the

plots shown in Figures 40 - 43 it can be concluded that

~a[0,) oc [ 1]+ [a] -0 (146)
at

Therefore, as before "E°([Pﬂ_4°o [Ina_1'o (147)

It was also found that —d[OZ] was independent of
- dt

the oxygen concentration as was found in oxygen uptake
measurements for agueous solutions of acrylamide using
Warburg manometry. 'Again, the unusual first order
dependence of the initiator concentration is explained
terms of the anomalous behaviour of acrylamide.

Measurements of oxygen uptake for methacrylamide in

aqueous solution.

From the results in tables 20, 21 and 22 and the

. plots shown in Figures 44 - 49 it can be concluded that

for methacrylanide

_.d[Oz] o« [M]‘q,o In 0.5 Jo 4 (148)
at

in



Table 30: Propagation rate constants for acrylamide and methacrylamide polymerisations in aqueous

solutions at 2500.

Monomer Reference | Propagation rate Termination RatioL Transfer to
constant rate constant kp/kl:"2 monomer
1~:p/dm3mol_1s_1 | kt/dm3m01_1s—1 /dm molés-% rate constant
—1 -1
ot cin-© ktrm/demol g
Acrylamide 84,63 1.8 14.5 4.2 0.22
Methacrylamide 105 0.08 16.5 0.20 —
63

The high kP value for acrylamide is explained in terms of a 'zip' reaction involving
all the mcnomer units of linear aggregates. 102
The differences in the kinetics shown in equations can thus be attributed to anomalies

in the polymerisation of acrylamide.

oLt
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This does not coincide with neither crossednaor
mutual peroxy radical type termination, but the actual
termination mechanism lies in between the two distinct
types.

Again, the difference between methacrylamide and
acrylamide relects the anomalous kinetics of
homopolymerisation of acrylamide.

3.11.%e.Effect of varying shaking rates and extent of gassing on

oxygen uptake rates.

By stuégng the results in tables 12 and 13, it is
obvious that the rate of oxygen uptake is independent of the
extent of gassing, for the polymerisation of acrylamide in
aqueous solution.

The results in table 12 show that the slower shaking
rates of 50 and 75 strokes/minute and when there was no
shaking at all, the diffusion of oxygen into the aqueous
solution was the rate limiting process, whereas at higher
shaking rates, above 100 strokes/minute, the limiting
uptake of oxygen was measured. Thus the oxygen uptake
measurements for aqueous solutions of acrylamide and
methacrylamide were carried out at high shaking rates at
100 strokes/minute or over.

Dilatometric studies show a similar behaviour, in that
results for upright dilatometry shown in'table 4 are relatively
random, whereas the results from tumbled dilatometric

measurements can be correlated.
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3.12. Viscometbry.

(1)

(i1)

(iii)

Effect of washing samples of polvacrylamide with ethanol.

By studing the results in table 23, it can be seen
that there is approximately a 30s difference in flow
times between the samples that had been washed and the
samples that had not.

The supposed effect of washing the samples with
ethanol is to remove any excess monomer and also to
remove any excess AIBN. These molecules are both
comparitively small with respect to the polymer molecules
and should have negligible effect on the flow time values.

The 30 s difference in the flow times could be due to
some low molecular weight polymer being washed out by the
ethanol.

The effect of ageing solutions of polyacrylamide on the

flow times.

There was no significant effect on the flow times,
see table 24. Perhaps measurements should have been
carried on for weeks to observe any substantial effect
due to ageing.

The polyacrylamide solutions (1%) are unaffected by
ageing.

The effect of formaldehyde on the flow times on 1%

polvacrylamide solutions.

From the results in table 25, it can be seen that
the formaldehyde does make the flow times longer, but the
added formaldehyde is used up quickly.

This may be due to the reaction shown overleaf.
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CH—]~ 4+ HCHO —0p —l:-cH2 = CH%——

(l) = 0 (l; = O

N NCH,.OH
2 pe

(149)

This reaction is accelerated by the presence of base.

(iv) The effect of bubbling oxygen into agueous solution of

(v)

polyacrylamide.

As can be seen from table 26, there was no marked
effect due to bubbling oxygen into the solutions of
polyacrylamide.

The viscosity of 1% polyacrylamide solutions is
unaffected by oxygen being bubbled into the solutions.

Determination of Molecular Weight of polymeric polyperoxide.

The average Molecular Weight ﬁv was calculated from
the relationship
" - xm? (150)
which putting in the values for K and a becomes
[7] = 6.31 x 1072 8,°% f100ea® &1 (151)
The average Molecular Weight My, was found to be

18,200 * 300. This would mean on average that about

180 units of ———CH2-—?H——OO——— vwere present in the
NH,,

polyperoxide. This compares with previous values
obtained 81 for My = 3.89 x 104 which would imply
ca 400 repeat units. Nakano and Minuorc\.B1 stated
that the polyperoxide was not isolated but left in the
presence of polymér, and assumed that the sample was
entirely polyperoxide. This arguement seems somewhat

irrational.
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Tﬁese workers also found that the polypeioxide
could initiate further pclymerisations, and they found
that

Rp o [ Polyperoxide) O (152)

However, the dilatometric measurements reported in
this thesis, do not suggest any acceleration in the rates
of polymerisation, once the induction period has been
completed. If the polyperoxide had been acting as
initiator there would have been an increase in the rates
of polymerisation. These findings were also borne out by
the oxygen uptake measurements in aqueous solution. From
these observations it would seem that Nakano and Minuora 81

were in exrrox.

Oxidation Products.

In the present study with acrylamide and methacrylamide,

the oxidation products were found to be entirely polyperoxide.

Again this is unusual in comparison with other vinyl monomers

which usually give rise to several small molecules such as

formaldehyde and carbon dioxide as additional oxidation

products.

Thermogravimetric analysis.

1
By stud%ng the results in table 28 and 29, certain

features may be noticed:

(1)

(ii)

The main weight loss occurs between 360O - 44000. This

would suggest that the polyperoxide of is reasonably
table as is borne out by the dilatometric and manometric

rate measurements.

The unwashed samples all show a sharp exothermic change

at ca 100°C corresponding to 102°C the melting and

decomposition point of azobisbutyronitrile (AIBN).
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(iii) Any excess acrylamide in the unwashed samples is

3.15.
3.15.1.

polymerised in the crucitle within the furnace, since
acrylamide readily polymerises thermally. This can be
seen as the thermograph of acrylamide corresponds to that
of polyacrylamide.

(iv) From table 29, it can be seen that for low conversions,
the weight loss % of sample weight is a constant at
ca 20%.

Spectroscopy.

Infra-red spectra (i.r.).

The infra-red spectrum of 4,4/—azobis—4-cyanopentanoic
acid (ACV) is shown in figure 1. It is a typical spectrum for
a dicarboxylic acid. The absorption due to the azo group can
be assigned to 1340 - 1180 em'. There is a certain degree of
overlap with CH stretch 1440 - 1396 en™? and 1320 - 1210 cm 1.

Other infra-red spectra were also investigated. Comparing
the spectra of a sample of commercial polyacrylamide, (molecular
weight 5 000 000) Figure 52, with a sample of low molecular
weight polyacrylamide, Figure 53, there are two extra peaks in
the low molecular weight sample. The extra peak at ca 960 em |
is probably due to the presence of some unconverted acrylamide.
See spectrum of acrylamide.65 The peak at 1200 em” | is

possible due to occluded solvent.

Comparing figures 53, 54 and 55 it should be noted that

"in the spectrum of polyacrylamide prepared in the presence of

46 ppm (w/w) oxygen, figure 54, there is little evidence of a
peak at ca 960 cm—1 oxr at 1200 cm_1, whereas in figure 55,

the spectrum of polyacrylamide prepared in the presence of

269 ppm (w/w) oxygen, there is a doublet in the region of

960 cm_1. This can again be explained in terms of % conversion

of monomer to polymer.
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The sample shown in‘figﬁre 54, being taken to a far
higher conversion than the sample shown in figure 55.

The spectrum shown in figure 56, is very similar to
acrylamide, which is due to a large quantity of monomexr
present in the sample of polyperoxide.

In all spectra the main peaks are assigned.

Ultra-violet spectra (u.v.)

The wltra-violet spectrum of 4,4/-azobis—4—cyanopentanoic
acid shown in figure 2, shows a typical absorbance due to
azo groups at ca 350 nm.

Figures 7 and 8 show u.v. spectra of AIBN, before and
after shaking with polyacrylamide. There is little difference
between the spectra confirming that there was very little
absorption of ATBN on polymer.

Nuclear Magnetic Resonance (n.m.r.)

Figure 57 shows the proton n.m.r of acrylamide. Consider
Considering the structure of acrylamide, Figure 57 shows the
protons assigned

N
/\ (153)

H CONH
% 2

H+

Figure 58 shows the C13 spectrum of low molecular weight
polyacrylamide. The spectrum shows the effect of a large
distribution of molecular weights.

Figure 59 shows the C13 spectrum of polymeric polyperoxide.

The peaks are assigned.
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Conclusions
A, The kinetics of polymerisation of acrylamide in solution
in the presence of oxygeﬁ has been thoroughly investigated.
The main kinetic results are summarised below.

In ethanol as the solvent, at 80°¢c using tumbled

dilatometry and 2,2/—azobisisobutyronitrile as the initiator.

(1) T[] O[] "0 02]0'5

where T  represents the induction period.
[Fﬂ represents the monomer concentration.
[Id] represents the initiator concentration.
[02] represents the oxygen concentration.
(ii) In aqueous solution at 60°C using Warburg Manometry, with

4,4/-azobis—4—cyanopentanoic acid as the initiator.

-'_c_iLd%Q_]_ oc[M]10 [ 1a] 1

but independent of oxygen concentration.
e rome ~eedt wiae rLAJ7§tM
(iii) Inkaqueous solution at 60 C using an oxygen electrode
with 4,4’ -azobis-4-cyanopentanoic acid as the initiator.
B. The kinetics of polymerisation of methacrylamide in
aqueous solution, in the presence of oxygen has also been
investigated.

(1) In aqueous solution at 60°¢c using Warburg Manometry with

4,4'—azobis—4—cyanopentanoic acid as the initiator.

i&ég%%1CA[M}1.O [ In]o'5

(ii) In agueous solution at 60°¢ using an oxygen electrode with
4,4I—azobis—4—cyanopentanoic acid as the initiator.

—E—g—:‘?—]— D([M]LO [In]o.s [0 ]0.4

2
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The oxidation products were investigated.
The anomalous behaviour of acrylamide and its solution

polymerisation was discussed.
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