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GENERAL REMARKS

All melting points are uncorrected.

The NMR spectra are recorded in DMSO-d6 using TMS
as an internal standard on Perkin-Elmer R-32 model.
The IR spectra are recorded as nujol mulls on cither
Perkin-Elmer E 137 or Pye Unicam SP-300 infrared
spectrophotometer, with sodium chloride optics.
Elemental analysis of compounds is carried out by
microanalytical procedures for carbon, hydrogen,
nitrogen and sulfur.

The list of References pertaining to each part

is given at the end of that part.




GENERAL INTRODUCTION




INTRODUCTION

The acrylamide family of monomers is a highly versatile
group of chemical intermediates. The major use of these monomers
is in the preparation of polymers and copolymers having a highly
polar functional groupsattached to the backbone.

Acrylamide, (2—propeneamide, CH2=CH-CONH2), a white crysta-
lline solid, prepared by Mourcu in 1893 from acryloyl chloride
and ammonia, became available commercially in 1940,

Linear polyacrylamide is a hard glassy or porous solid,
extremely soluble in water and most aqueous solutions of electro-
lytes, but insoluble in most of the polar organic solvents. By
replacing one or both of the hydrogen atoms attached to the
nitrogen atom of acrylamide molecule by organic groups, products
with increasing solubility in organic solvents and decreasing
water solubility are obtained. The polyacrylamide products
range from insoluble solids through rubbery and mushy gels to
soluble products. Many of the polymers and copolymers of
acrylamide may be cured by thermal or chemical methods.

In recent years, acrylamide has gained increasing
industrial importance as a monomer and as a chemical inter-
mediate. Polyacrylamide is useful as a flocculantl, as a
thickening agent2, as a pigment retention aid in paper makings,
hydraulic fracturing of oil well, in secondary oil recovery of

oil wells4 etc.



Preparation of Acrylamide

The methods of preparation for acrylamide are @

A) From Acrylonitrile

(1) Acrylonitrile is the preferred starting material
because of its low cost and ready conversion to acrylamide
sulfate by the use of sulfuric acid at a concentration corres-

ponding to its monohydrate.

CHy=CH-CN + H2$04.H20 —_— CH2=CH-C0NH2.H2$O4

Acrylamide sulfate

The addition of acrylonitrile to sulfuric acid is strongly
exothermic reaction and is complete in about an hour at 90-100°C?
or in 4-7 min. at 150-200°C®. The heat of reaction is 31 Kcal/
mole including heats of mixing of reactants7.

It is necessary to usc a polymerization inhibitor that is
not affected by the strongly acidic medium. Copper and iron
salts are particularly useful for this purpose. The use of
resorcinol has also been claimed as effective inhibitors.

Several methods have been available for the isolation of
pure acrylamide from acrylamide sulfate’ 1,

Aqueous hydrochloric acid can be used as a substitute for

sulfuric acid in the reaction with acrylonitrilel7.

H. O
CH2=CH-CN + HC1 —2——> ClCHz—CH2-CONH2
H, O

2 .
ClCH2-CH2-CONH2+ NaOH —— CH2=CH-CONH2 + NaCl + H0



Ethylene cyanohydrin may be substituted for acrylonitrile
as a starting material. By treatment with 100% sulfuric acid it
gives sulfate of 3-hydroxypropionamide, which upon treatment

with ammonium sulfate gives acrylamidels.

HOCH2-CH2—CN + H2$O4 —— H0354D—CH2-CH2-CONH2

~ -y, _,A__
HO 38-0-CHy~CH,=CONH, + (“14)2504 > CH2=CH-CONH2 + 2NH4HSO4

Another approach is to isolate 3-hydroxypropionamide and

subject it to catalytic dehydration at 155°C5.

Na,CO
HO-CH,~CH,~CONH ———g——§—> CH,=CH-CONH, + H,0
2 2 2 155°C 2 2 2

(2) Direct Methods
i) Hydrolysis of an acucots solution of acrylonitrile on

Dowex 50 sulfeonic acid ion exchange resin yields dilute acryl-

amide solutionlg.

ii) Acrylamide has been prepared by hydration of acrylo-

¢ ot L. s e
nitrile over marganc:2 dioxide O. Transition metal chromates

are also reported as hydration catalystgl’22.

iii) Acrylamide has been prepared with an increased yield
by hydrolysis of acrylonitrile at 80-160°C in the presence of
copperoxide~zincoxide-aluminiumtrioxide catalyst23.

(3) By using Micro~Organism

Acrylamide is produced in an aqueous medium by Corync-

bacterium or Nacardia strains capable of hydrolyzing



acrylonitrile24. Acrylamide obtained contains no unreacted

acrylonitrile and no by-products such as acrylic acid.

B) .Miscellaneous Methods

(1) The first reported preparation of acrylamide is the

reaction of acryloyl chloride with dry ammonia in benzene.

CH,=CH-COC1 + 2NH:3 —>  CHp=CH-CONH, + NH4C1
. s : 25
Similarly, acrylic anhydride can be used™~,
(CH2=CH-CO)2O + 2NH3 R 2CH2=CH-CONH2 + H,0

(2) Reaction of acryloyl isocyanate with water gives

acrylamide26.

CHy=CH-CONCO + Hx0 ——>  CH,=CH-CONH, + CO, 4}

(3) Esters of acrylic acid with ammonia are converted to

3-aminopropionamides, which on pyrolysis yields acrylamide27.

3CH2=CH-COOCH3 + ANH; ——> N(—CH2—CH2-CONH2)3 + 3CH30H.

A

(4) By pyrolysis of 3-alkyloxypropionamides in the presencc
of catalysts such as lithium phosphate,,titanium dioxide
ctc.28'29.

A
R-O-CH2-CH2-CONH2 — CH2=CH-CONH2 + ROH

(5) Acrylamide may also be prepared from acrylic esters



(1}

by interchange with acetamideao.

CH2=CH-COOCH3 + CH3-CONH2 —_ CH2=CH-CONH2 + CH3COOCH3
(6) Acrylic acid with ammonia in presence of dehydration

catalyst gives acrylamide3l..

H PO
CHp=CH-COOH + NHz  —2—2 CH,=CH~CONH,, + H,0

(7) The rcaction of acetylene with carbon monoxide and

ammonia, yields acrylamid032.

CH=CH + CO + NH3 m—— CH2=CH-CONH2

Preparation of N-Substituted Acrylamides

1) Condensation of acrylonitrile with formaldehyde in

presence of excess of 854 sulfuric acid gives N,N'=-methylene-

bisacrylamidc33.

H SO4

2
2CH2=CH-CN + HCHO ———m (CH2=CH-CO-NH)2CH2

2) Diacetone acrylamide is obtained by reaction of

acrylonitrile with acetone and sulfuric acid34.

CH2=CH--C0-NH2 + 2CH3-CO-CH3

|0,
CH3

CH2=CH-C0-NH—C-CH2-CO-CH3
CH3

Diacetone acrylamide



3) By the reaction of appropriate secondary amine with
cold acryloyl chloride, N,N'-disubstituted acrylamides are

formed35.

CHy=CH-COCl + R-NH-R' ——> CH2=CH-CO-NRR' + HC1

4) N-Aryl-N'-acryloylureas are prepared as below :
The recaction of aryl isocyanate with acrylamide in

o-dichlorobenzene at 150° 36;

(o}
CH,=CH-CONH, + Ar-Nco +X.G CH y=CH~CO-NH—-CO-NH-AT

or by the reaction37

CH2=CH-CO.NCO + Ar-NH2 ——> CH2=CH~CO-NH~-CO-NH~Ar

5) N,N'-Oxydimethylenebisacrylamide is obtained from N-

methylolacrylamide by using p-toluensulfonic acid (p-TSA) as

the catalyst in dioxane or in ecthyl acetatess.

o p"TSA T
= 1 b ) .
2CH,=CH-CONH-CH,OH ~ —E—30 (CH y=CH=CO -NH -CH ) J0+H .0

Physical properties of Acrylamide

The physical properties of acrylamide are listed in

Table-139.

Chemical Reactions of Acrylamide

Acrylamide contains two reactive centres, i) the amide
group (-CONH,) and ii) the double bond.

Reactions of the Amide Group

1) Acrylamide exhibits weakly acidic and basic properties.
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It forms a sulfate salt with sulfuric acid40 and a potassium
salt by reaction with potassium tert-butoxide in tert-butyl
alcohol at room temperature4l.

2) By hydrolysis with acidic or basic catalyst acrylamide

gives acrylic acid and acrylate ion respectively4o.

CH,=CH-CONH,, HY oz OH™, CH,=CH-COOH (or CH,=CH-C00”) + NH,

3) Acrylamide on trcatment with a strong dehydrating agent
such as phosphorus pentoxide gives acrylonitrile42.

P.,0
CHy=CH-CONH, ~—2—2— CHy=CH-CN + H,0

4) Acrylamide recacts with aqueous sodium hypochlorite to

form N-chloroacrylamide, a strongly irritating substance43.

CH,=CH-CONH, -N29CL_, CH,,=CH~CONHC1
5) Reaction of acrylamide with formaldehyde under basic
condition yields N-methylol derivative“4.

. H 7~9
CH,=CH~CONH,, + HCHO gaaa;i;a CH ,=CH~CONH~CH,OH

This on acidification reacts with additional acrylamide to yield

N,N'-methylenebisacrylamide.

CH,=CH~CONH-CH o0H + CH,=CH ~CONH,,

(CH2=CH-CONH)2CH2 + H0



Y

6) Chloral on reaction with acrylamide in carbon tetra

chloride gives N-(l—hydroxy—2,2,2-trichloroethyl) acid amide45.

C13C-CHO + CH2=CH-CONH2 s CH2=CH—CONH-CH(OH)—CC13

ii) Reactions of the Double Bond

1) Halogens add to the double bond of acrylamide. This
reaction is quantitative in the case of bromine and is used as

a method of analysis43.

CH2=CH-CONH2 + Br2 —_—> CHzBr-CHBr-CONHz

2) Hydroxy compounds add readily to acrylamide in

presence of a base40.

CH2=CH-CONH2 + ROH —BQEE> ROCH243H2—CONH2

3) Acrylamide reacts with amines4o as follows :
i) Primary amines give mono or bis adduct without

catalyst.

nCH2=CH~CONH2 + RNH2 —_ RNHQ:E(CH2—CH2—CONH2)n

where n = 1 or 2
ii) Secondary amines give only a mono adduct.

iii) Ammonia gives 3,3',3" -nitrilotrispropionamide.

iv) Tertiary amine salts yield quaternary ammonium

adducts.

e

/A /7N + -
CHp=CH=CONH, + ([ D N-+HC1 —> (V" =CHp=CH,=CONH, + C1
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4) By reaction with sodium sulfite or bisulfite, acrylamide

yields sodium-B—sulfopropionamide43.

CH2=CH-CONH2 + NaHSO3 — NaO3S—CH2-CH2-CONH2

5) Acrylamide with hydrogen halides gives 3-halopropio-

namide46.

CH2=CH-CONH2 + HX —_— XCH2-CH2-CONH2

6) Acrylamide reacts with dienes to give the Diels-Alder

addition product43.

=N /
>+ CHy=CH-CONH, —> !!CHQ

N CONH2
7) Activated Ketone reacts with acrylamide to yield adduct

'X' which cyclizes to lactam47. The lactam can be hydrolyzed to

yield substituted propionic acid.

/H\ CHs bare CH2—CH2~CONH2
o
J{ -HzO

0 0
) CHiy—CH ;~COOH l
| H

N +H,0
_~ CeHg e &
g



8) Acrylamide reacts with nitroform in presence of sodium

acetate48.

CH2=CH-CONH2 + HC(N02)3 — (O2N)3C—CH2-CH2-CONH2

9) Electrolytic hydrodimerization of acrylamide with

adipamide yields a tail-to-tail dimer rather than a polymer49.

2CH2=CH—CONH2 + 2H20 + 2e > (H2N-CO-CH2—CH o + 20H

o)
10) Acrylamide reacts with hydrogen sulfide in an aqucous
medium to give B,ﬁ-thiobispropionamideso.
2CH2=CH—CONH2 + HoS ;;—259 S(CH2—CH2-CONH2)2

Handling and Storage

Because of the neurotoxic nature of acrylamide and its
skin-irritating property, precautions must be taken to avoid the
contact.

Acrylamide and related amides are relatively stable when
stored in the solid state. Solutions of acrylamide are quite
stable below 50°C and they may be stabilized further by using
inhibitors such as cupric and ferric salts, cupferron, N-phenyl-
2-naphthylamine, butylated hydroxyanisole, resorcinol, etc.

Polymerization

A] Homopolymerization

1) Frece Radical Polymerization

Acrylamide polymerizes rapidly by free radicals to high

molecular weight polymers. The common initiators used are

11
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peroxides, azo compounds, redox pairs, photochemical system,
X-raysand ultrasonic energySl. Aqueous polymerization is
generally the preferred method.

Polymerization may be carried out in 10-30% aqueous
solution at 30-60°C using catalyst concentrations 0.01-1.0% at
pH 3-6. The polymer may be recovered by precipitation and
extraction with methanol or acetone. The molecular weight of
the polymer may be reduced by the addition of a chain transfer
agent such as alcohol, mercaptan or some inorganic salts. At
pH 9 or above the hydrolysis of the amide group is accomplished
while at pH 2.5 or below, imidization may occurs, which forms

crosslinking as shown below :

—-£-—CH2-CIH—]X— —[—-CH2-(I:H—}X—

CONH,, co
H+ +
- —_— TH + NH4
(IIONH2 clso
—-—[—-CH2—CH—}Y—- ——E—CH2-CH—}T

Organic solvents may be used as polymerization media.
The polymer precipitation in solvent limits the maximum mole-
cular weight build-up.

2) Solid-State Polymerization

There are reports on the mechanism of solid-state

polymerization of acrylamide initiated by ionization

radiation52’53.



If the monomer is irradiated with gamma rays and is then
removed from the source, the polymerization continues for many
months. Microscopical and x-ray studies showed that both
crystalline and amorphous phases arc present until all of the
monomer has been converted. X-ray studies showed no crystallinity
in the polymer, but the morphology of the original monomer crystal
may be retained and the polymer may be birefringent.

This polymerization is free radical in nature but is quite
different from liquid state rcactions. Initiation occurs at
crystal imperfections. Propogation may continue at polymer-monomer
interface. Termination is prevented by unfavourable disposition
of growing polymer chains in the relatively immobile matrix.

Polymer obtained have relatively low molecular weight as

compared with the polymer prepared by solution method.

3) Base Catalyzed Polymerization

If acrylamide is heated with strong base54’55, the polymer

obtained has an entirely different structure, poly-f-alanine
(nylon=3).

NCH,=CH-CONH, ——2288 —[—-CH2-CH2—|cl:—NH—-};;
This polyamide is clearly distinguishable from ordinary poly-
acrylamide by its general physical properties, its infrarecd
spectrum and by the formation on hydrolysis of the amino acid-
B—alanine54’56. The molecular weights obtained are 50,000 to

1,00,000, but not millions as with free radical initiated

polymers,
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Anionic polymerization through the double bond, as distinct
from poly-B-alaninc formation, yields a scries of crystallizable
polyacrylamides when N,N'-disubstituted monomers are used34.
Preferred catalysts are metal alkyls dispersed in hydrocarbons.

The polymers are distinguished from their free radical-initiated
counterparts by their X-ray diffraction patterns, by their infrared
spectra, by high melting or softening points and by reduced solu-
bility. The configuration of these polymers is thought to bec

34

isotatic>".

B] Copolymerization

The copolymerization of acrylamide occurs readily with
acrylates, methacrylates and most of the styrene derivatives; but
acrylamide does not copolymerize readily with vinyl halides.

The amide group is electron withdrawing and activates the
double bond. In copolymerization N-substituted derivatives57 are
less reactive than acrylamide itself due to substitution on
nitrogen atom which causes, the reactivity of the amide radical
to decrease and the polarity of the double bond to become less
positive.

Copoclymerization of acrylamide in aqucous solution gives
the highest molecular weight copolymers ard the molecular weight
of the copolymer is lower than can be achieved with acrylamide
alone.

Co-polymerization of acrylamide with N,N'-methylenebis-
acrylamide produces a polymer gel with a nearly uniform distri-

bution of pendent methyleneacrylamide groups. The pendent



double bonds have the same recactivity as the first double bond

of the monomer except for the restriction of mobility58.

C] Graft and Block Polymerization

Acrylamide and its derivatives have becn grafted onto
numerous substrates for the purpose of increasing hydrophilicity,
altering crystallinity or providing a reactive site. Grafts arc
initiated by chemical free radical sources, ultraviolet light or
X-rays. Substrates include starch, cellulose, polyolcefins,
polyvinyl chloride, polyvinyl alcohol, acrylics, polyesters,
polysaccharides, polyamides, urcthanes, ctc.

Block polymers of acrylamides are rare. They may be
prepared by mechanical or ultrasonic degradation of polymer in
the presence of acrylamide monomor59 or by incorporating a
rcactive end group in the basec polymeréo.

Monomers such as styrene, acrylic acid, acrylonitrile,
vinylchloride or ethylenc oxide may be grafted onto polyacryl-
amidce containing substrate. The vinyl-type monomers are grafted
using free radical catalysts61 and ethylenc oxide with acidic

or basic catalystséQ.

Applications of Polyacrylamide

Acrylamide and its polymers arc building blocks for
industries because of their ractivity and versatility. The
vinyl group offers ecase of polymerization or copolymerization
to a variety of products and moleccular weights. The amide

group offers a rcactive site to change the ionic character or
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to crosslink the polymer. Theoretically, polyacrylamide should
be nonionics; however, in practice, aqucous polymerization or
polymer solutions provide a small degrce of hydrolysis and result
in a mildly ionic polymer.

Polymers of acrylamide are water soluble over a broad
range of conditions, making them adaptable to many processes.
There are several end uses 3 the largest application is liquid-
solid scparation, where the polymer is flocculant and aids in
processing minerals in mining, waste trcatment and water trecat-
ment for municipalities or industry. Flocculation is the agg-

lomerization of particles into larger units called flocs, which
normally settle and filter easily due to their increased size.
Flocculation can occur because of polymcr adsorption by ionic
bonding, charge necutralization or intecr-particle bridging.
Polyacrylamides are extensively used as chemical additives or
processing aids in the manufacturing of paper and paperboard
products.

Another major usc of polyacrylamide, which is increasing
in importance because of the energy crisis, is enhanced o0il
recovery. An anionic polymer solution is pumped into an 0il well
and the high viscosity solution pushes the oil from the rock
formation or reservoir to another well where the 0il can be
recovereds The ability of polyacrylamide to gel or thicken is
a unique characteristic. The crosslinking can be accomplished
by methylolation or ionic bridging to give a curable coating,

an adhesive or a water-holding gel.



lo.

11.

12.

17

REFERENCES

J.K.Dixon, 'Flocculation', in Encyclopedia of Polymer
Science and Technology, Vol.7, Mark, Gaulord and Bikales,
Eds., Interscience, New York, 1967, pp 64-78

E.R.Kolodny, (to American Cyanamide Co.),U.S. Pat.
3,002,960 (1961)

N.Eldred, 'Paper Additives and Resin', in Encyclopedia
of Polymer Science and Technology, Vol.9, Mark, Gaylord
and Bikales, Eds., Interscience, New York, 1968. pPp

pp 748-793

K.R.McKennon, (to Dow Chemical Co.), U.S. Pat. 3,039,529
(1962)

E.L.Carpenter and H.S.Davis, J.Appl.Chem. 7, 671
(1957). A Review

D.Borneman, M.Dohr, G.Renner and C.Ziegler, (to
Henkel and Cie, G.m.b.H.), U.S. Pat. 3,023,242 (1962)

R.E.Friedrich (Dow.Chem.Co.), Unpublished work
(Functional Monomers Vol.l, Yaccum and Nyquist Eds.,
Marcel Dekker, Inc., New York 1973).

R.E.Friedrich, G.D.Jones and S.N,Heiny, (to Dow
Chemical Co.),U.S. Pat. 3,130,229 (1964)

F.B.Porter,Jr. (to American Cyanamide Co.), U.S. Pat.
2,806,881 (1957)

D.Porret and A.Maeder, (to CIBA Ltd.),U.S. Pat.
3,028,426 (1962)

C.A.Weisgerber, (to Hercules Powder Co.),U.S. Pat.
2,683,173 (1954)

R.L.Webb and E.L.Carpenter (to American Cyanamide Co.),
U.S. Pat. 2,753,375 (1956)

678 U5 84 (o4 3)
TAG



13.
14.
15.
16.
17.
18.
19.
20.
21.
22;

23.

24.

25.

26.

18

F.B.Bruschtein (to Dow Chemical Co.), U.S. Pat.
3,537,803 (1970)

W.C.Bauman and D.F.Harrington, (to Dow Chemical Co.),
U.S. Pat. 2,772,237 (1956)

T.Narasaka, K.Hiraki and Y.Amatoshi, (to Mitsubishi
Chemical Industries Co.Ltd.), Jap.Pat. 5664 (1963)

J.Maeda and S$.0zaki, (to Toyo Koatsu Industries Inc.),
Jap.Pat. 19,107 (1963)

C.A.Jdeisgerber, (to Hercules Powder Co.), U.S. Pat.
2,535,245 (19%0)

H.S.Davis, M.Lichtenwalter and W.M.Zeischke, (to American
Cyanamide Co.), U.S., Pat. 2,431,468 (1947)

S.N.Heiny, (to Dow Chemical Co.), U.S. Pat. 3,041,375
(1962)

M.J.Cook, E.J.Forbes and G.M.Khan, Chem.Commun.No.5,
121 (1966)

B.A.Tefertiller, C.Z.Haberman and R.E.Friedrich, (to
Dow Chemical Co.), Belg.Pat. 744,573 (1970)

B.A.Tefertiller and C.E.Haberman, (to Dow Chemical Co.),
Belg.Pat. 744,544 (1970)

N.V.Korol'kov, E.P.Grigoryan, V.A.Lifanova, S.M.Danov,
E.N.Zil'berman, G.P.Cherkasov, N.I.Yashkina and V.S.
Sobolevskii, U.S.S.R. 829,621 (1981)

I.Watanabe, Y.Satosh,,T.Takano, (to Nitto Chemical
Industry Co.), Ger.Offen. 2,912,292 (1979)
C.A. 92, 4720g (1980)

W.A.Raczynski, (to Hercules Powder Co.), U.S. Pat.
2,615,918 (1952)

T.Lieser and K.Kemmner, Chem.Ber. 84, 4 (1951)



27.

28.

29.

31.

32.

33.

34.

35.

36.

37.

38.

39'

1Y

W.Webster, (to Distillers Co.Ltd.), Brit.Pat.
723,006 (1955)

C.A.Weisberger, (to Hercules Powder Co.), U.S.Pat.
2,702,822 (1955)

W.Webster, (to Distillers Co.Ltd.), Brit.Pat. 728,955
(1955)

N.Jochum, K.Reifstahl and A.Tilly, (to B3hm and Hass
G.m.b.H.), Ger.Pat. 1,164,397 (1964)

O.Leichtle and F.Nicolai, (to Badisch Aniline and Soda
Fabrik A.G.), Ger.Pat. 1,043,320 (1958)

E.H.Specht, A.Neuman and H.T.Neher, (to R3hm and Hass Co.),
U.S5. Pat. 2,773,063 (1956)

The Chemistry of Acrylonitrile, 2nd Ed. American
Cyanamide Co., New York, 1959, pp 12

L.E.Coleman, J.F.Bork, D.P.Wyman and D.I.Hoke
J.Polymer Sci. A, 3, 1601 (1965)

K.Butler, P.R.Thomas and G.J.Tyler, J.Polymer Sci.
48, 357 (1960)

Cassclla Farbwerke Mainkur AKt-Ges, Ger.888,316 (1953)
C.A. 51, 1658b (1957)

Norman W.Gabel and S.B.Binkley, J.Org.Chem.
23, 643 (1958)

K.Yamamoto (to Mitsui Toatsu Chemical Inc.) Japan
Kokai 75, 82008 (1975)

N.M.Bikales, in 'Vinyl and Dienc Monomers', Part 1,
E.C.Leonard Ed. Wiley-Interscience, New York, 1969
pp 91

NeJ. Wayne, 'Chemistry of Acrylamide', Bulletin PRC
109, American Cyanamide Co. (1969)



41.

42,
43.

44.
45,
46'
47.
48.

49.

51.
52.
53.
54.

65.
56.

20

J+.R.Stephens, (to American Cyanamide Co.), U.S. Pat.
3,084,191 (1963)

C.Moreau, Bull.Soc.Chim.Fr. 9, 417 (1893)

The Chemistry of Acrylamide, American Cyanamide Co.
New York, 1956, : A Review

H.Fewer and V.E.Lynch, J.Am.Chem.Soc. 75, 5027 (1953)

E.Schiewald, K.Naumann, W.Kochmann, L.Zoclch, E.Schlenz
and H.Laqua, Ger.(East) 134,762 (1979)
C.A. 91, 157304d (1979)

N.M.Bikales and E.R.Kolondy, 'Acrylamide', in Encyclopedia
of Chemical Technology, Vol.l, 2nd Ed. A.Standen, Ed.
Inter-Science, New York, 1963, pp 274-284

E.Elad and D.Ginsburg, J.Chem.Soc. 4137 (1953)

M.J.Kamlet, J.C.Dacons and J.C.Hoffsomer, J.Org.Chem.
26, 4881 (1961)

M.M.Baizer, (to Monsanto Co.), U.S. Pat. 3,193,483
(1965)

R.Schoenbeck, L.Kloimstein and K.Lciss
Austrian 347,419 (1978)
C.A. 90, 137289d (1979)

V.A.Henglein, Makromol.Chem. 14, 15 (1954)
P.G.Garratt, Polymer 3, 323 (1962)
M.Magat, Polymer 3, 449 (1962)

D.S.Breslow, G.E.Hulse and A.S.Matlack,
J.Am.Chem.Soc. 79, 3760 (1957)

N.Ogata, Bull.Chem.Soc. Japan 33, 906 (1960)

J.P.Kennedy, 'Isomerization Polymerization', in
Encyclopedia of Polymer Science and Technology, Vol.7,
Mark, Gaylord and Bikales Eds. Interscience, New York,
1967, pp 754-782



57.

58.

59.
60.
61,

62.

21

J.F.Bork, D.P.Wyman and L.E.Coleman,
J.Appl.Polym.Sci. 7, 451 (1963)

A.Hungar and E.Roth, Faserforsch Textiltech.
8, 99 (1957)

A.Henglein, Makromol.Chem. 14, 128 (1954)
M.L.Miller, Can.J.Chem. 36, 309 (1958)

H.W.Coover,Jr., (to Eastman Kodak Co.), U.S.Pat.
2,921,044 (1960)

T.Ikemura, Kobunshi Kagaku 26, 306 (1969).



PART -1

REDOX SYSTEM —ACRYL AMIDE POLYMERS




INTRODUCTTION

Free Radical

Frece radical is an unsaturated molecular fragment that can
be formed by the homolytic fisson of covalent bond or by transfer

process. Free radicals are usually highly reactive speccies.

A] Eissbn of covalent bond

Fission of covalent bond is caused due to thermal or
photochemical reactions. High energy irradiation causes the
fission of the weak bond in the molecule and for free radical
formation at temperature convenient for polymerization, the
molecule must contain the weak covalent bond like -0-0- bond

in a peroxide

R-0-0-R! —Ja—é RO®* + R'O*

Dissociation of compound into frecec radicals may be
accompanied by the elimination of stable molecule; €ege azo

compounds

R-N=N-R' =

> R"+R'" + NI
Photochemical activation of weak bond may also cause a
molecule to dissociate into free radicals and a compound which
decomposes thermally is also susceptible to photodissociation,
often with the formation of same radical species. Many organic
compounds, which are not readily susceptible to thermal or

photolytic decomposition will dessociate into radicals on
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bombardment with high cnergy raciation (e.g. Gamma rays or
X=rays) .

B] Transfer Process

Radicals can be produced by elcectron transfer process in
redox (oxidation - reduction) reactions, which arce the main source
of frec radicals. Redox process involves the transfer of one
electron to or from an ion or molecule with the formation of
radicall.

Ferrous ions are oxidized into ferric ions by H202 with the

formation of hydroxyl radicalz.

2

Fet + H0, ——> Fe*

+ OH + OH
H202 also reduces ferric ions to ferrous ions

+ —_
H202 <—_—__—_—" H + H02

Fe* + Ho, ——  F®* 4 HO,

Peroxydisulfate ion oxidizes ferrous ion with the

formation of sulfate radical ion3.

Fo?* + 5,057 ——> Fe 4+ 502”

4 t SO4

Free Radical Polymerization

It is convenient to divide the vinyl polymerization by
free radicals into initiation, propagation and termination steps.

A] The Initiation Reaction

Certain monomers are known to polymecrize (without any



initiator which produces free radicals) either by heat or by
radiation alone, eventhough it is known that such uncatalyzed
polymerization also proceeds by free radical mechanism.

Initiation of polymerization gencrally is effected by
substances which arec known to generate free radicals, either by
thermal or photochemical decomposition. Organic peroxides and
azo compounds are widely used as single initiators and the
mixture such as hydrogen peroxide and ferrous ion forms a
redox system.

It has been presumed that the free radicals which arc
produced‘lu6 attack the monomer by pairing with onc of the =

clectrons of the double bond, leaving the other unpaired, c.qg.
R® + R'-CH=CH, ——> R'éH-CHQR

B! The Propagation Reaction

The propagation process involves essentially the addition
of a free radical to a molccule of monomer to produce a new
radical. The various isomeric structurcs of the polymer chain
are formed by the addition of a monomer unit in different ways
to the growing chain.

1) Head-to-Head, Tail-to-Tail or Head=-to-Tail

The structure of the products obtained by polymerization
of various vinyl compounds of the type CH2=CHX, have been
considered by many investigators. There are three ways, in which
units of the vinyl type may combine to form a long chain mole-

cule. The units may join in a 'hecad-to-tail' fashion to produce



a linear polymer of type I
—[-—CH2-(IZH—CH2—(13H—33 —[—CH2—C|IH—<|3H—CH2—CH2—(|3H -{IZH-CHT]F
X )¢ <N X X
(1) (11)

in a'head-to—head'or'tail—to—tail'fashion to give a linear polymer
of type II; or in a random fashion to give a linear polymer in
which some of thesubstituents are on adjacent carhons and some
are in the 1,3-positions with respect to each other.
Marvel and his coworkers7 have investigated the structure
of number of vinyl monomers by chemical means. Most of the
polymers appeared to have a'head-to-tail'structurec.

2) Optical Isomerism

In case of monomers of the type giving asymmetric carbon
atoms in the chain, XY = CH2 (e.g. styrene, vinyl acetate and
methyl methacrylate) the addition of monomer to the growing
chain may take place so as to give a polymer structure in which
the groups are regularly or irregularly arranged.

If the monomer is a diene, such as butadiene, propagation

may take place either by 1,2 or by 1,4~addition

CH -CH2-CH=CH-CH2—

1,2-Adcition 1,4-Addition
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C] The Termination Reaction

The termination is the final step in the polymerization
reaction by which a growing radical loses its activity and a dead
polymer is formed. The termination step can take place by combi-
nation of the two radicals or by disproportionation. Evidence
for both the mechanisms is strong and it has been assumed that
onc or the other of the two reactions, ingeneral predominates

in the polymerization reaction.

Chain Transfer

It is recognised8 that the reactivity of a radical can bec
transferred to another species which will usually be capable of
continuing the chain reaction. The reaction involves the transfcr
of an atom between the radical and the molecule.

Typical chain transfer processes are :

(1) Chain transfer with monomer :

R—CHz—?H + CH,=CH ——> RCH,-CH X + CH=CHX

l
X X

(2) Chain transfer with solvent :

R—CH2-?H + S-Y S RCHQ-?HY + S
X X

(3) Chain transfer with initiator :

R—CHQ—CI':H + R'-0-0-R"" —> RCH2-C|IH-OR' +R"O
X X



The transfer with the initiator may also be considered
as the secondary decomposition »f the initiator by the polymer
radical.

The chain transfer with solvent in particular, has been

9-13

studied by a number of workcrs using a large number of

solvents with different structurcs.

Redox Polymerization

The outstanding recent development in the field of initia-
tors has been the use of redox system in which an oxidizing and
reducing agent (each thermally stable by itself) react to form
free radicals at low or moderate tcemperature. It is rapid
production of free radicals from stable compounds, which
accounts for the prescnt technical importance. Redox initiation
in contrast to the production of free radicals by thermal
ddissociation of the initiator, which must either be unstable
at room temperature (such as diazo thio ethers) or clse be used
at elevated temperature.

First in Germanyl4 and later in United States15 and in
England16 reducing agents were added to the polymerization
systems initiated by peroxy compounds with the objective of
removing adventitious moleéular oxygen and thus eliminating the
induction period caused by the latter. The addition of reducing
agent not only cuts down the induction period but also markedly
accelerates the redox polymerization.

The method of polymerization provides direct experimental

cvidence of the existance of transient radical intermediates
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generated in redox reaction and identification of thesce radical
end groups in the polymer obtained throws new light on reaction

mechanism of redox system.

Helogens

Halogen as a component of redox systems has been studied.
Uril in 1952, reported Fe2t*-—Br2 initiator system and Saha et all7
have demonstrated the initiating efficiencies of metal salt-
halogen, amine-halogen and ammonia-halogen redox system. It was

observed by Sengupta ct all8

that halogen (Cl, and Br2) form
redox initiating system with thiourca and urca in aqueous and in
t-butyl alcohol media. Iodinc as expected, from its known
inhibiting power, fails to initiate. Guanidine-halogen initiating
system is highly interesting, since guanidine is known to be
inhibitor. Though guanidine and iodine are both inhibitors, they

together form a somewhat weak initiating systemla.

Sulfur Compounds

Organic sulfur compounds such as thiourealg-zs, thio-

29—31, 2—mercaptoethanol32, 2—mcrcaptoethylamin033,

35-38

acetamide
glycolic acid34and thioglycolic acid coupled with suitable
catalyst forms useful redox pair for the vinyl polymerization

in aqueous medium. The generation of complex thio-free radicals
by the above redox systems have been observed to initiate the
vinyl polymerization quite smoothly and effectively.

Metal Ions

Certain transition metals in their higher valence states
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alone or coupled with casily reducible organic substrates act

as potential initiator for redox polymerization of vinyl
monomers39. The metal ions which have been used for initiating
vinyl polymerization are (1) Permangnate, (2) Ceric ion (IV),

(3) Vanadium (V), (4) Mangancse (III), (5) Ferric ion, (6) Cobalt

ion, and (7) Cuprous ion.

Permanganate = Organic Substrate Redox System

Permanganate ion is onc of the most versatile oxidizing
agentsyreacting with all types of organic substrates4o. Its
recactions are most intecresting because of the several oxidation
states to which it can be reduced, the fate of the manganese ion
being largely dcterminéd by the rcaction conditions, in particular,
the acidity of the medium. Permanganate ion coupled with water
soluble organic compounds can produce free radicals which can
initiate the vinyl polymerization.

Potassium pormangnafe has been used with various reducing

agents such as thiouroa25, glycolic acid34, thioglycolic acid38,

l, lactic acid42, tartaric acid43, ascorbic acid44,

46

oxalic acid4
5 . 45 L. . . . 47
malic acid 7, mercaptosuccinic acid and citric acid for
acrylamide polymerization.
Mishra and coworkers have reported the homogenenus redox
polymerization of acrylamide initiated by the permanganate-
tartaric acid43/citric acid47 redox systems. The rate of poly-

merization increases with increasing catalyst and monomer

concentration. The initial rate increcases with increasing



temperature but thc maximum conversion shows a decrease as the
temperature is increased beyond 35°C. Addition of neutral salts,
organic solvents and complexing agents reduces the rate and
percentage convergion. An adcdition of manganese sulfate or the
injection of more catalyst at intermediate stage increases both
initial rate and the maximum conversion. NaF decreases the rate
but increases the conversion.

The distinguishing feature of the permanganate system is
that therec are two consecutive redox systems opcrative in the
prescnce of the monomer i.c. permanganate (oxidant) and monomer
(reductant); and mangancse dioxide (oxidant) and the added
reducing agent (reductant).

In potassium permagnate = ascorbic acid44 rcdox system,
the optimum amount of sulfuric acid is cssential to initiate the
polymerization but its presence in excess produced no effect on
the rate of recaction and maximum conversion. In the initial
stages permanganate oxicdizes ascorbic acid to form threonic acid

and oxalic acid as presented below :

0=Crrs 0=C-OH
| ?OOH
0= HO~C-H
0 Oxidation H~C-OH COOH
0= HO-C-H > +
R KMnO,4/H2S0,  Ho-ceH  CooH
H ~C—ud H~-C-OH
CH,0H
Ho-clz-H HO~C-H
CH,0H CH,0H

Ascorbic acid

R 0 <
Keto form Hydrated form Fhreonic i

acid acid
Dehydgg?acorblc

0
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In sccond step, permanganate rcacts with oxalic acid to
produce the COO™ radical which initiatcs polymerization at room
temperature with very short induction period.

Husain and Gupta48

have reported the effect of some acdditives
on aqueous polymerization of acrylamide initiated by permanganate-
oxalic acid redox system. The rate of polymerization increascs
in the presence of alkali metal chlorides. Cupric chloride and
ferric chloride were found to be retarders for the system. Anionic
and cationic detergents showed a marked influence on the rate of
polymerization.

Ceric Ion

Ceric salts (such as per chlorate, nitrate and sulfate)
form very effective redox system in the presence of organic agents

49-52 53,54 55,56 27,58
’

such as alcohols » aldehydes , amines

and thiolssg’ao. The oxidetion—reduction produces cerous ions

glycerol

and the frec radical species capable of initiating vinyl
polymerization.

Mino et al6l investigated the polymerization of acrylamide
initiated by the ceric nitrate/3-chloro-l-propanol redox system.
The dependence of the rate of polymerization and molecular weight
of the polymer on the concentration of ceric nitrate, pH and
nitrate ion concentration was determined. They predicted that the
the oxidation-reduction proceeds via free radicals, capable of
'initiating vinyl polymerization through the formation of complex

intermediate.
1

K ; K .
+ Alcohol m==2 (ceg;pfé?m” —> R+ Ce¥t 4+ it

Ce4+

1
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The initiation of polymerization is due to the free radical é,
and termination takes place by the ceric ion.

Machida ct a162—66 investigated the use of ceric ion alone
or coupled with organic substrates for the aqueous polymerization
of acrylamide. Narita and Machida66 have reported the mechanism
of acrylamide polymerization initiated by ceric ion.

The mechanism of aqueous polymerization of acrylamide by
Ce (IV)/glycerol redox system was studied by Santappa and
coworkers58. Misra and Dubey67 have studied the aqueous polymeri-
zation of acrylamide by Ce (IV)/thiomaldlc acid in which ceric
ammonium sulfate recacts with thiomalic acid to form a complex that
decomposes slowly in acid medium producing H ion, Ce3+ ion and
a free radical which initiates the polymecrization.

Various studies by different investigators revealed that the
rate of initiation of vinyl monomers of various ceric salts were
in the order: Ceric pcrchlorate > ceric nitrate > ceric sulfate
and the chain lengths of polymers initiated by the above salts

were in reverse order.

Vanadium (V) - Organic Substratc Redox System

Vanadium (V) in the presence of various organic reducing
agents has becen used as an effective initiator in the polymeriza-

tion of vinyl monomers. In a qualitative survey of the reduction

5+ 68

of V by a multitude of organic substrates, Littler and Watecrs

have shown that,most of the such recactions proceced via a free

radical mechanism which can initiate vinyl polymerization.

69

Nayak and coworkers reported the homogeneous polymerization



of acrylamide using V5+-cyclohexanone redox system. They also
studied the effect of certain salts such as KC1, Na2SO4 and
CuSO4 and organic solvents on the ratc of polymerization.

Manganese (III) - Organic Substrate Redox System

Waters and <:ollcagues70-72 have studied the oxidation of

2 multitude of organic substrates using trivalent mangancse cither
in the form of sulfate or pyrcphosphate.

Nayak et al have reported the vinyl polymerization using
multitude of Mn3+-organic substrates such as thioacetamidezg,

thioglycolic acid35, fructose73, citric acid74

28,76

’ cyclohexanol75,

’ glycerol77 and ascorbic acid78.
79

thiourca
Santappa et al have studied the kinetics and mechanism of
acrylamide polymerization by Mn (III) acetate - diglycolic acid
redox system. The polymerization Teaction is initiated by the
organic free radical arising from the Mn3+—diglycolic acid
reaction and the termination is by the metal ions. They also
studied the acrylamide polymerization using Mn (III) acetate

alone at high temperaturoso.

Ferric Ion
The effect »f ferric salt on vinyl polymerization has been

reported in recent years.

81

Carvell and coworkers showed that the rate of acrylamide

polymerization is proportional to theo reciprocal of the concen-

tration of ferric salt.

82

Machida et al have reported the aqueous polymerization



of acrylamide initiated by ferric nitrate. A complex formed
with monomer anc ferric salt generates an active monomer radical
capable of initiating polymerization. The ferric ion was found
to initiate as well as to terminate the polymerization. The
initiating capability of ferric ion is smaller than the termi-
nation capability. Therefore, the polymerization procceds at lower
concentration of ferric ion, where as it is inhibited by higher
concentration.

The role of ferric salt in the polymerizatisn of acrylamidc

initiated by ceric ion has been studied by Machida et a163.

Cobaltic Ion

A wice varicety of organic compounds = aromatic as well as
aliphatic aldehydes, alcohols, ketones, olefins, and hydrocarbons
have been found to be susceptible to oxidation by cobaltic ions.

Baxendale ancd We11383

have studied the reduction of Co (III) by
hydrogen peroxide and mentioned that Co3+ would initiate vinyl
polymerization.

Polymerization of acrylamide initiated by cobaltic ions
in aqueous solution in perchloric acid and sulfuric acid media
have been studied by Santappa and coworkersS?, Besides the poly-
merization reaction, it was observed that side reactions like
water oxidation and monomer oxication also contribute to the
rate of cobaltic ion disappearance.

85

Recently Sur and Choi studied thec aqueous polymerization

of acrylamide initiated by cobaltous chloride/N,N-dimethylanilinec.
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Copper Ion
The role of Cu2+ ion in various capacitics has been studied
for the polymerization of vinyl monomcrs86—88. Mostly it has been

used to promotc the activity of the catalyst. In threce component

systems, it has been found to act as an oxidant and reductant.
Misra and Dubey89 studied the polymerization of acrylamide

in an aqucous medium with Cu (II) = metabisulfitc redox pairs in

which Cu2+ has been used as an oxidant with mectabisulfite.

Peroxydisulfate

The peroxydisulfate is an oxidizing agent in aquecous
solution. The standard oxidation - reduction potential for
the reaction

2=

2 502 3 + 2¢

4 S50

(aq.) aqe.)

is - 2.01 voltsgo.

Houscgl, Wilmarth and Haim92 have reviewed the oxidation
of various organic and inorganic substrate by peroxydisulfate.
Many workers have studied the aqueous polymerization of

acrylamice by using peroxydisulfate with various reducing

substrates such as 2-mercaptoethanol32, 2-mercaptoethylaminc-

33, thioglycolic acid37, sodium thiosulfate?d,

hydrogen peroxide94, sodium sulfit095, triothanolaminegé, silver

amino acetatechelate97, 2-piperidinoethanol98 ancd thiomalic

acidgg.

hydrochloride
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PRESENT INVESTIGATION, RESULTS AND DISCUSSION

The use of ascorbic acid as an analytical reagent depends
principally on its reducing properties. On oxidation by moderatc

oxidants, it yields dehydroascorbic acid.

~——-—-4fd3 '=o
ﬁ@H ?ﬂ

¢ ?-OH SRS ? ?=o + 24" 4+ 267
CHOH CHOH
CH,OH CH,OH

Strong oxidants may oxidize this product further, ultimately
to carbondioxide and water. Ascorbic acid is a weak acid, hence
the redox potential of the dehydroascorbic - ascorbic acid system
depends on the hydrogen ion concentration.

The reducing action of ascorbic acid has been described by

earlier workersloo’lOl

in the titrimetric determination of
several inorganic and organic substances. Several publications
have described the reduction of ascorbic acid from the kinetic
point of view, some of which have been directed towards the
catalytic roductionloz. Grinsteale3 have studied the kinetics
of the oxidation of ascorbic acid by hydrogen peroxide in the
presence of the iron chelate of ethylenediaminetetraacetic acid

(EDTA) in the pH range 3.4-4.5. The direct reduction of the
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ferric chelate by ascorbic acid involves a onc-clectron oxidation
of the ascorbic acid to a radical intermediate, the ascorbate
(AH) radical. This species reacts with a second ferric chelate
molccule to complete the process. The hydrogen peroxide oxida-
tion involves a chain process being initiated by the above
reduction step. The chain itself consists of three steps :

(1) reaction of the ferrous chelate with hydrogen peroxide to
produce Hé radicals, (2) reaction of Hé radical with ascorbic
acid to produce the AH radical and (3) reduction of ferric chelate
by the ascorbate radical. Termination of the chain occurs mainly
by the rcaction of Hé radicals with ascorbate radicals. Khan and
Martoll104 have investigated the kinetics of the uncatalyzed and
copper (II) and iron (III) ion catalyzed oxidation of ascorbic
acid in the pH range 2-5.5 an? found that the monoionic ascorbic
acid as the main rcacting species. The catalyzed oxidation were
explained on the basis of thc formation of complex between

105 has

catalyst and ascorbic acid. Mattok studied the mechanism

of the reductinon of Adrenochrome by ascorbic acid and reported

that the dehydroascorbic acid is formed as an intermediate. The

106 )107 b

reduction of Palladium and hexacyanoferrate (III

y
ascorbic acid has also been studied and supported the concept of
the formation of an ascorbate radical intcrmediate.

Ascorbic acid has been used as reducing component with

108, t-butyl peroxybenzoatclog, potassium

)78

hydrogen peroxide
permangnate42 and Mn (III . The kinetics of the redox system

ascorbic acid-Peroxydisulfate was studied by Mushran and



Mehrotrallo and a mochanism involving Sé;, 6H and ascorbate
radical intermediatce was prooosodllo’lll. This redox system has
been used for aqueous polymerization of methacrylamide112 and

methyl methacrylatell3.

The present work explains the aqueous polymerization of
acrylamide by an ascorbic acid - peroxydisulfate system as a
redox initiator at 3510.2OC in the presence of atmospheric

oxygen.

REACTION MECHANISM

: 114
Weissberger and coworkers have observed that the
rcaction between oxygen and ascorbic acid is autocatalytic,
accelerated by dehydroascorbic acid. The reaction scheme is

as follows :

0 0
2 . S’ > A
AHy STows AH +HO, Vory fast, % Ho0p (1)
AHy + A i (2)

very fast

¢ ceactivation, 1
where AH2, AH and A represents the ascorbic acid, ascorbate
radical and dehydroascorbic acid respectively. In aqueous

solution ascorbic acid dissociates into ionic fragments and the

monohydroascorbate ion is mainly responsible for the strong



=t
I'

reducing action of ascorbic acid in aqueous media :
it - _— +
AH, === 4H~ +H (4)

The primary steps in all oxidation involving peroxydisulfatec
is its symmetrical decomposition into two sulfate radical ions
followed by scveral consecutive rcactions following a chain. The
redox reaction between ascorbic acid and peroxydisulfate involves

110

the chain recactions shown in egs. (5) - (10) for the

generatinsn of primary radicals:

S0 —H 2 s (5)
.o Kl 2_ + .
S04 + H-OH —=> S0, + H' + OH (6)
- — K2 . —
OH + AH —=> /AH + OH (7
. D Hg 2-  _e- %
AH + S,0g —==> A+ 80, + 50, +H (8)
. - K4 2- +
AH + 80, —5 A+ S0, + H (9)

AH + OH —> A+H++OH-—-—>A+H20 (10)

Initiation :

e

M+ S0, or AH —% (11)

Propagation :

M. (12)

K
Kp
Mg +M —> M (13)



Termination

s K

. t
M, + My ——> P (Polymer) (14)
.« Kat
M, + AH ——> A+ MH (Polymer) (15)

Role of /Atmospheric Oxygen

The peroxydisulfate initiated polymerization of acryl-

amidellf),llé

was carried out in the absence of atmospheric

oxygen after thoroughly deacrating the reaction mixture becausc
the molecular oxygen generally tends to inhibit the polymeriza-
tion reaction and increases the induction period (IP). The
peroxydisulfate—ascorbic acid system, however, acts as an
efficient initiator in an aqueous medium even in the presence

of atmospheric oxygen. It has bcen observedll7 that in the
absence of oxygen the rcaction starts after a prolonged induction
period at room temperaturc, It,thcrcfore,appears that oxygen
acts as a co-catalyst and helps to rcducc rather than increase
IP. Infact, oxygen facilitates the possibility of ascorbic acid
undergoing autoxidation likc other hydroxy ketones or onediolsll4
and thus participates in the reaction. The catalyzing action of
molccular oxygen with autoxidizable substrates like hydrazine

hydratell8 and sulfite ion119

in different systems of catalyzed
polymerization of vinyl monomers has also becn observed by
others.

The role of molecular oxygen in minimizing the IP in
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such systems is of greater importance incdustrially. In other
words, this is a novel system in which oxygen is used favourably

in decomposifg the ascorbic acid, whercas in other redox systems

like hydrogen peroxide - ascorbic acid120

44

and permaganate-ascorbic
acid the initiation of vinyl polymerization showed a marked
inhibition in the presence of atmospheric oxygen from air.

The low molccular weight of the polymer obtained by using
this redox initiating system may be due to oxygen acting as chain

terminator, as reported by Baxendal and coworkersl2l

.

R—E—-CH2-(|3H-—]—ECH2—(|:H + 05 —> R——[—CHQ—(’T’H—-}ECHQ-?H-O-O

CONHy,  CONH, CONH., CONH,,
i
R—[—-CHQ-(IZH-—}T]CHQ-CH-O-C.) + AH —> R+CH2—(|3H—};CH2-(l3 + HyO + A
CONH,  CONH, CONH, CONH.,

Dependence of Rate (R.) and Induction Period (IP)

on Ascorbic Acicd Concentration

The observations in Table=2 at various concentrationsof
ascorbic acid show that, thc initial rate (Ri) and limiting
conversion increases with incrcasing concentration of ascorbic
acid in the range [(2.84 - 11.36) x 1074 molc/litre]. At
relatively high concentration of ascorbic acid [(11.36 - 28.4)
x 1074 mole/litre] an appreciablc decrease in the initial rate

and limiting conversion has been observed (Fig.1l).
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The dependence of Ri on ascorbic acid concentration,
illustrated in a log-log plot of Ri versus initial concentration
of ascorbic acid (Fig.2), shows three differcent regions of
behaviour. At lower concentration of ascorbic acid [(2.84-8.52)
x 1074 mole/litre] the rate varies as a first order of ascorbic
acid concentration. Over a range of ascorbic acid concontration
[(8.52-22.72) x 107% mole/litre] the rate appears to level off,
thus, indicating zero order with respect to ascorbic acid
concentration, and then starts to decrecase with a further risc
in ascorbic acid concentration beyond [ 22.72 x 1074 mole/litre ],
At the higher concentration end, the initial rate shows an
inversc half-order dependence on ascorbic acid concentration.

122

Redox polymerization of acrylamide in a peroxydisulfate -

thiosulfate redox system has also shown the inverse half-order
dependence at 2 high concentration of thiosulfate. The induction
period is necarly independent of ascorbic acid concentration
except at low concentration of ascorbic acid [(2.84-4.26) x lO.-4

mole/litre].
At low concentration of ascorbic acid, AH radicals formed

by equation (2) and (7) arc consumed mainly by indtiation (11)

and by step (8) generating SO4 radicals. Bcecause the thermal
decomposition of 8202- by step (5) may be negligible under the

reaction conditions in the presence of oxygen, the formation

of SO4 radical is directly dependent on reaction (8). The SO4

radicals are efficient initiator of polymerizationj hence the

rate of polymerization increcases with increasing concentration
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of ascorbic acid in low concentratinon range [(2.84-11.36) x lO-'4

mole/litre]. At high concentrations, the pH of the medium makes
the rate dependent of ascorbic acid by bringing about a sort of
balance between generation and termination of radical specicese
The AH radicals are consumed in termination steps (9) and (10)
which assume a grcater significance at still higher concentration
of ascorbic acid. At this stage degracdative termination by (15)
may start competing with (14). The decrcase in the rate at
4

higher concentrations of ascorbic acid beyond [22.73 x 10 ' molc/

litre] is due to excess Ht ions which induces the catalyzed

decomposition of 8202- ions to predominantly polar soi' rather

than Sé; radicalsl23. This behaviour suggests a chain process
in the radical generating steps which involves significant
termination between primary species.

It is also evident that below [2.84 x 1074 mole/litre]
concentrations of ascorbic acid uncer otherwise constant
conditions, no polymerization takes placej; this indicates that
peroxydisulfate alone docs not initiate the polymerization at
3519.200 in the presence of air upto 90 min. Similar observation
have been made by Misra and Guptall2 during aq. polymerizatinn

of acrylamide by K25208 - ascorbic acid system.

Dependence of IP, Ringpd Mv on Peroxydisulfate

Concentration

The induction period decreases with increcasing peroxy-

disulfate concentration and to a negligible extent reaches to



[10.0 x 1073 mole/litre] under stherwisc constant conditions.

The observations in Table-3 at various concentrationsof
p:roxydisulfate show that, the initial rate (Ri) and limiting
conversion tend to increasc with increasing concentration of
peroxydisulfate [(1.5-10.0) x 167 mole/litre] at a fixed
concentration of ascorbic acid and monomer (Fig.3). Because
ascorbic acid alone is incapable of initiating the polymerization,
the transient intermediates (56; and AH) of chain reactions
between szog' and ascorbic acid, shown in the rcaction mechanism,
are the initiating species. The 6H radical gencrated by steps
(3) and (6) are mainly consumed in step (7) or radical termina-
tion step (10) and deactivation step (3) and are not detectable
112,113‘

as end groups in the polymer An increasing amount of

szog', however, increcases the formation of the initiating 86;
radicals at any fixed concentration of ascorbic acid; hence
the observed rise in the initial rate.

The order of reaction with respecct to peroxydisulfate
concentration can be obtained from the log-log plot of Ri
versus pcroxydisulfatce concentration (Fig.4). The slope of
0.5 for the linear plot indicates the normal half-power dependence
on peroxydisulfate concentration, which generally means a mutual
termination of the growing polymer chains. Suen and coworkers124
and Riggs and Rodriguez115 have also obtained similar results
with the redox-initiated aqueous polymerization of acrylamide.

The viscosity=average moleccular weight decrecases with

increasing concentration of peroxydisulfate and log-log plot of
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Mv versus initial peroxydisulfate concentration show the

expected slope of -0.5 (Fig.4).

Dependence of IP, Ri and Mv on Monomer Concentration

The observations in Table-=4 at various concentrationsof
monomer show that, the initial ratc (Ri) and maximum conversion
increases with increasing monomer concentratison in the range of
[(2.0-15.0) «x 1072 mole/litre] (Fig.5). A log=-log plot of
initial monomer concentration versus Ri (AB, Fig.6) shows that
the initial rate vary as the first power of initial monomer
concentration. Similar observations have also been made by other

workers4l’44’115

» in the aqueous polymerization of acrylamide
with redox system.

The induction period is nearly independent of monomer
concentration except at low concentratisn of acrylamide around
[2.0 x 1072 mole/litre].

The viscosity - average molacular weight (Mv), increasecs
with increasing concentration of acrylamide and 1log-log plot of
Mv versus initial monomer concentration shows the slope of about

oney; shows that the Mv also vary as the first power of initial

monomer concentration.

Dependence of R;, IP and Mv on Temperature

The observations in Table=5 at various temperatures show
that, the initial rate (Ri) and limiting conversion increascs
with rising polymerization temperature from 25 to 50°C (Fig.7)

according to the Arrhenius theory. The induction period decrecases
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appreciably with the rise in polymerization temperatures. In a
typical set of experiments, the induction period »f 12 min. at
25°¢ was reduced to 0.5 min. when the same experiment was
performed at 50°C.

Thé production of 564 radical by thermal decomposition is
quite likely at elevated tomperatures and is further catalyzed by
the presence »of H+ ions derived from ascorbic acid. The oxygen
formed by the deccomposition of peroxydisulfate under such

conditi-‘ms123

is readily consumed by ascorbic acid in accordance
with rcaction (1) and the chain reactions generating the recactive
radical specics are considerably accelerated. A decrease in the
induction period (IP) is the conscquence.

The overall energy of activation has been calculated
graphically by the Arrhenious plot (Fig.8,AB) and value is
12.203 K cal/mole in the temperaturc range of 25-50°C. This value
is in line with thosc obtained by using other redox systems for

4
acrylamide polymorizatian'4’112’122’124

in aqueocus solution.
The viscosity-average molecular weight (Mv) has also becn
observed (Fig.8,Cﬁ) to increase linearly with incrcasing polymeri-

zation temperature within the range of 30-50°C. This normal

[

behaviour finds the support from the work of Riggs and Rodriqu %2
who studied aqueous polymerization of acrylamide by using

peroxydisulfate - thiosulfate redox system.

Effect of Addition of Sulfuric Acid

The addition of an increasing amount of dilute sulfuric acid

to the reaction medium brings down the pH and consequently the
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rate falls (Fig.9). At lower pH, the peroxydisulfate decomposcs

123 and somctimes even the formation of

into the polar spccices
Caro's acid may take place. Thus in the acid medium, the possi-
bility of formation of reactive radical spccices is minimized,
thereby lowering the rate of reaction and increasing the induction
period (IP). As mentioned by Kolthoff and Millcrlzs, the acid-
catalyzed decomposition of peroxydisulfate yieclds oxygen derived
from sulfur tetroxide formed during the reaction. The additional
oxygen may procuce a considerable cxtension in the induction
period (IP) under the experimental condition observed. Misra and

112

Gupta also observed that at the higher concentration of acid,

a considerable decrecase in the rate is observed.

Effect of Organic Solvents

The observations in Table-6 show that, the addition of
water - miscible organic solvents like methanol, ethanol, acetone
and dimethylformamide (DMF) depresses the initial rate (Ri) and
limiting conversion (Fig.10). Similar observations have been
rceported by others in the aqueous polymerization of water soluble

monomerstls44,112,125,126

The lowering of the rate and limiting
conversion may be due to shrinkage of the hydration layer that
protectsthe growing polymer chain. Water-miscible organic
solvents may tend to dehydrate the growing chains of the hydro-
philic macromolccules, thus, leaving their chain ends open to

premature terminatisn. Such effects, however, may causc a

considerable lowering of molecular weight with the decrecase in
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the rate and limiting conversion. The molecular weight of the
resulting polymer decrcases with increasc in concentration of
DMF (Fig.ll), a water-miscible organic solvent, from 2.5 to
15.0% (v/v). The lowering of the molecular weight by organic
solvent may also be due to the chain transfer activity of the
additive. The depressisn in the rate duc to the additi»nn of

organic solvents is in the order:

acetone > DMF > ethanol > methanol.
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EXPERIMENTAL

Matcrials
[1] Acrylamide (Cyanamide, U.S.A.) was recrystallized twice
from methanol and dried under vacuum.
[2] Peroxydisulfate (Johnson and Sons, London) was dried at
50°C just before the use.
[3] Ascorbic acid (S.Merk, India), AR grade, was uscd as such.
[4] water as a solvent was prepared by distillation in the
presence of a small amount of alkaline permanganate.
[5] The AR grade acetone, methanol, cthanol and N,N-dimethyl-

formamide were distilled and then used.

Procedure

An aqueous acrylamide solution of definite molar concen-
tration (2M) was preparced in a volumetric flask. The calculated
amount of solid ascorbic acid, acrylamide solution, and water
taken in a reaction flask112 shielded from light was thoroughly
shaken to dissolve ascorbic acid completely ancd kept in a thermo-
stat at 3510.200 to maintain the equilibrium temperature. After
half an hour the polymerization was initiated by introducing
the calculated amount of freshly prepared stancard peroxydi-~
sulfate solution. Secveral samples were withdrawn at specified
intervals and directly introduced into different beakers, cach

containing 10 ml of ice c¢old 1% hydroquinonc in 2N of sulfuric

acid to short-stop the polymerization reaction and decompose



bb

the remaining peroxydisulfate ions in the samples to sulfate ions.
Peroxydisulfate, which is insoluble in alcohol, causes inter-
ference in the gravimetric procedure for cstimating the extent

of polymerization, whercas, sulfate ions are miscible in alcohol.
After about half an hour the polymer was isolated by precipitation
with an cxcess of ethanol (methanol or acetone). A few drops of

1/ aluminium sulfate solutionll6

were added before isolation of
the polymer to obtain the complete precipitation of lower-
molecular-weight polymer. The beakers that contained polymer
were kept cold overnight to obtain complete precipitation of the
polymer, which was then filtered in a ‘sintered glass crucible
under vacuum, dried in vacuum at 5000, and weighed until a
constant weight was achieved.

For molecular weight determination polymerization was stopped
at the desired level, as mentioned above, and purified by a two-
fold solution and precipitation procedure with water and alcohol.
After drying under vacuum at 50°c the viscosity of the series of
aqueous solutions of polyacrylamide was mcasured at 25°C with an

Ubbelhode viscometer and the viscometric average molecular weight

(Mv) was calculated from the equation127
a
(n] = KMv
-4
where K = 6.84 x 10
a = 0.66+0.05

and concentration is in g/100 ml.
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MODIFIED NEW ACRYLAMIDE MONOMERS & POLYMERS




INTRODUCTION

Isocyanates, the esters of isocyanic acid, are very
versatile compounds and are known since middle of nineteenth
century. They have a number of applications in organic, as well
as, polymer chemical industries. The significant industrial
importance of isocyanates was however realised only after second
World-War. The progress in the development of isocyanate
chemistry has been well reviewedl_é.

Isocyanates are characterized by the heterocumulene double
bond system (-N=C=0). The electronic structure of the isocyanate
group indicates that it should have the following resonance

possibilities :

R-';Gj-&”;gj. e R-N=C=0  ¢— R—N:E-.i')-‘:

The presence of high unsaturation in -N=C=0 group is
responsible for the high reactivity of isocyanates. Isocyanates
rcact with a broad spectrum of compounds containing ‘active
hydrogen'. The reaction can be described as the attack of a
nucleophile on the clectrophilic carbon atom in the -N=C=0
group. The hydrogen atom gets attached to the nitrogen of
the isocyanate group while the remainder of the reactant to
the carbonyl carbon atom.

(6]

X=H I
R-N=C=0 -—2=—3> R-NH-C-X
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The addition product, in many cases, is stable. In those
where it is unstable, it either dissociates to form the initial
reactants or decomposes to some other products. Other types of
reactions, which do not involve active hydrogen atom, usually
proceed through an opening of the carbon - nitrogen double bond.

In most of the reactions, aromatic isocyanates are relati-
vely more reactive than the aliphatic isocyanatesv. This may be
due to the fact that the partial negative charge on the nitrogen
of the isocyanate (-NCO) group is shared by the unsaturation in
the aromatic ring making the carbonyl carbon atom more positive
and hence susceptible to be attacked by nucleophiles. This
suggests that the presence of clectron withdrawing groups in the
ring enhance the reactivity, while electron donating groups
reduce the reactivity of the isocyanates. Acids as well as:bases
catalyze these reactions of isocyanates. Certain metal compounds
serve as catalysts. Steric factor also plays a considerable role
in all these isocyanate recactions.Reaction medium too affects
the course of the reaction if the reaction is carried out in
solvent.

Some of the important reactions of the isocyanates are
given in Table-7.

The present work deals with the reaction of the isocyanate
with the =NH of the amide group and O-H group. Therefore, the
reaction of isocyanate with the -NH and -O-H groups only

described in little detail here.
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Reaction with c¢ompounds containing the N-H group

All compounds containing N-H groups rcact with isocyanates.
Gencrally, amines react with isocyanates with the formation of
substituted ureas. Primary aliphatic amines are more reactive
towards isocyanates as compared to the secondary aliphatic amines

and primary aromatic aminesg’sl. The secondary aromatic amines

arc still less reactive.

R-NCO + H2N-R' —_— R-NH-CO-NH-R!

The isocyanates react with amide at a moderate rate to

give aryl ureasls’l7.

R-NCO + HoN-CO-R' _— R=-NH~-CO-NH-CO-R'

Sulfonamides also react with isocyanate, but their rate

of reaction is very slow.

R-NCO + HoN=50 p=Ar —H2H 5 R_NH-CO-NH-50,-AT

Reaction with compounds containing the ~OH group

[i] Alcohols
When a alcohol reacts with an isocyanate, a urethane,

also called as 'carbamate' is formed.
R-NCO + HO-R! — R=~NH~CO-Q-R'

Reactions of isocyanates with primary and secondary alcohols
give quantitative yields of the urethanes, which are quite

stable. In contrast, reaction with tertiary alcohol is normally
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accompanied by olefin formationl.

[ii] Water

The reactivity of isocyanate with water is usually similar
to that of secondary alcohols if both are soluble in the reaction

medium. The first addition product (R-NH-COOH) is unstable.
R-NCO + Hy0 —> [R-NH-COOH] —> R-NH, + CO, |

The amine thus formed reacts more rapidly with isocyanate

than the water molecule, forming the disubstituted ureca.
R-NCO + HoN-R —_ R=NH-~CO=NH-R

The reaction of isocyanate with water can proceed differcntly
in the presence of hydrochloric acid and sodium hydroxidea. In
the presence of hydrochloric acid the amine hydrochloride is

formed and in presence of sodium hydroxide, the amine and sodium

carbonate are formed.
R-NCO + H,0 + HC1 ——  R-NH,.HC1 + CO, %
R-NCO + H,0 + NaOH -——>  R-NH-COONa

R-NH-COONa + H2O + NaOH ——> R~NH2 + Na2C03.
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PRESENT INVESTIGATION, RESULTS AND DISCUSSION

Polymerscontaining reactive groups along the chain are of
great intecrest, mainly because they provide means for further
reactions to give modified polymers. Such polymers are prepared
by polymerizing the monomers containing functional groups or by
copolymerizing such monomers with other monomers to give copoly-
mers with randomly located reactive groups. For example, to
introduce carboxyl groups into polystyrene; styrene and acrylic
acid are copolymerized by a frec radical initiator.

Homopolymers and copolymers of number of vinyl monomers
containing various reactive groups such as hydroxyl, carboxylic,
isocyanate, cpoxide,etc. are well known.

Due to the high reactivity of the isocyanate groups with
compounds containing an active hydrogen atom such as alcohols,
amines, acids, cetc., it is of great interest to synthesize polymers
laterally substituted with an isocyanate group. These polymers
can be easily modified, crosslinked, grafted,etc. by means of
isocyanate groups.

Hart52, Schulz and Hartmann53, Overberger et a154, and
Butler and Monroe55 have studied the vinyl homopolymerization of

56

vinyl isocyanate. Iwakura et al and Welzel and Greber57 have

determined the various reactivity ratios for its copolymerization
with styrene, methyl methacrylate, methylacrylate, acrylonitrilc

58

and vinylidene chloride. Kropa and Nyquist claim. for the

copolymer of methyl acrylate with propenyl isocyanatc to impair
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special properties to textiles made of cotton, wool and silk

and also its use as binder for various fillers. Hart et a159
determined the reactivity ratios for the copolymers of isopro-
penyl isocyanate with methyl acrylate and with styrene. Fujisaki
et al60 claim for its copolymer with acrylonitrile better dying
properties in comparison to homopolyacrylonitrile. Butler and
Monroe61 prepared copolymers of both, B=allyloxyethyl isocyanate
and of 9~decenyl isocyanate with methyl acrylate, styrene and
methyl methacrylate. Graham62 made graft copolymers from aminc-
terminated polystyrene with copolymers of B-isocyanatocthyl

mcthacrylate. Vollonert63

prepared impact-resistant polystyrcne
by joining a copolymer of styrene - isocyanatohexylacrylamide
with a polyacrylate containing free carboxylic groups through
the rcaction of these carboxylic groups with the isocyanate

64 prepared

groups of the styrcne copolymer . Licbersohn and Kohn
copolymer, poly(styrenc-co=styryl isocyanate) by copolymerization
of styrene either with cinnamoyl azide or with styryl isocyanate.
The poly(styrene-coc-styryl isocyanate) can be grafted or cross-
linked through the lateral isocyanate groups and coloured
copolymers can be obtained by internal dying. The copolymers
could be used as matrix to attach enzymes and as carriers for
slow reclease pharmaceuticals, insecticides,ctc.

It has been reported in the literature65 that phenyl
isocyanate reacts with the amide group of thec acrylamide in the

presence of diluent and an organic polymer retarder to yield



acryloylurca, which can be readily polymerized.

CH2=CH-CO—NH2 + OCN —

Acrylamide Phenyl isocyanatec

CH »=CH-CO~NH-CO-NH —@

The present investigation was undertaken with a view to
synthesize new acryloylurea monomers and to polymerize them
into new polymers.

Acrylamide was reacted with the following diisocyanates

in the presence of organic polymer rctarder :

1] 2,4-Toluene diisocyanate (TDI),
2] 4,4'-Methylene bis(phenyl isocyanate)(MDI) and
3] 1,6-Hexamethylene diisocyanate (HDI)
Thus, the acryloylurea monomers having one free isocyanate group
were obtained.
The scheme for the synthesis of isocyanato acryloylurea

monomers is as shown below @

CH2$CH~CONH2 + OCN=-R-NCO

Acrylamide l Diisocyanate

CHy=CH-CO-NH~CO-NH~-R~-NCO

Acryloylurea



S6

where, R = i) —<Ej§2—CH3
&

iii) -(CH2)6-

Further modifications of the above acryloylurea monomers
were undertaken with the objective to prepare water soluble
monomers and the polymers therefrom. The free isocyanate group
was reacted with water, ethyl alcohol, ethylene glycol and

glycerin as follows :

R'=NCO + H,0 Hely  mraw, + o, f

R'-NCO + CH3—CH2-OH Seted R'-NH-CO-O-CH2-CH3
R'-NCO + HO-CH,=CH,-OH —> R'-NH-CO-0-CH,-CH,-OH

R'-NCO + HO~CH 5 =CH~=CH, -OH _— R'—NH-CO-O—CHz-?H—CﬂZOH
OH OH

where R' = 1] CH2=CH-co-NH-co-NH-©2—‘¢H3
i1] CH2=CH—CO-NH-CO-NH~<:>-CH2-@-

i11] CHy=CH-CO-NH-CO-NH=(CH,) (-



Acryloylurcas from Acrylamide ancd Diisocyanates

Acrylamide (0.1 mole) and diisocyanate (0.1l mole) were
heated at 100-110°C in o-dichlorobenzene using hydroquinone as
polymer retarder. The rcaction mixturc was cooled, the product
was filtered at suction and washed with carbon tetra chloride (to
remove excess diisocyanate). In case of acrylamide-HDI reaction,
the product which remained in the solution was precipitated using
nonsolvent, carbon tetra chloride.

Hydroquinone, which was added as polymer retarder, was
removed by soxhlet extraction with cether. All monomers were

dried under reduced pressurec.

Characterization of Isocyanato Acryloylurca Monomers

The monomers were characterized by the eclemental analysis
and spectral data such as IR and NMR. The physical characteri-
stics of all these monomers synthesizod are recorded in Table-8.

To confirm the structures of acryloylurca monomers, the
model reaction of phenyl isocyanate with acrylamide was carried

out. The IR and NMR spectra of this compound is studied.

Infrared Spectra

Spectra of acryloylurea from phenyl isocyanate

The IR spectrum is shown in Fig.12.

The spectrum showed a doublet at 1710 and 1700 cm-l. This

absorption is amide I band. The two bands at 3120 and 3240 <:m-l

. -1
were assigned to the two N-H groups. The absorptions at 1310 cm

and 15653% were attributed to amide III and amide II bands.
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Tespectively. The spectrum showed the characteristic vinyl
absorption at 920, 990 emt (C-H out-of-planec deformation),
1320 cm—l (C-H in-planc deformation) and 1420 cm.l (CH2 in-plane
deformation). The phenyl absorption occurs at 1610 cm-l. The

bands at 730 and 770 cm-l were assigned for monosubstituted

aromatic ring (C-H out-of-plane deformation).

Spectra of acryloylureas from diisocyanates

The IR spectra of acryloylureas from diisocyanates
(Fig.13,14) can easily be understood after the spectral data of
the compound from phenyl isocyanate is interpreted. Their
absorption bands listed in Table-9, characterize their structure

adequately.

Nuclear Magnetic Resonance Spectra

The NMR spectra of these acryloylureaswere recorded in
DMSO~-d6 using TMS as an internal standard on Perkin-Elmer R-32
model.

Fig.15 shows thc NMR spectrum of acryloylurea from phenyl
isocyanate. Signals corresponding to aromatic protons appear
at 6 = 7.0-7.6 as multiplet. The singlets at & = 10.66 and
10.76 for one proton cach were assigned to N-H protons (exchan-
gable with DZO)' A multiplet at & = 6.4-6.6 and a doublet at
6 = 5.85 was observed for (CHy=CH-) and (CH,=CH-) protons
respectively.

The NMR spectra of these acryloylurca monomers cexhibit

the expected chemical shifts and integrated intensities.
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Tables1l0-12 describce the position of the chemical shifts caused
by different protons in NMR spectra of isocyanato acryloylureas.
As an illustration, the NMR spectra of acryloylurecas obtained
from MDI and HDI are¢ given in Fig. 16 and 17 respectively. The
NMR spectra are in good accord with thce structures assigned.

Modified Acryloylurca Monomers

Acryloylurea monomers obtained from acrylamide and diiso-
cyanates were further modified by rcacting the free isocyanate
group using hydroxyl group containing compounds such as water,
ethyl alcohol, cthylene glycol and glycerin. Hydroquinone was
used as polymer inhibitor. The coursc of the reaction was
followed by the cisappcarance of strong, broad absorption band
in the 2275-2240 cm-l region due to asymmetrical -N=C=0 stretching.

Hydroquinone was removed by washing the modified monomers
with ethanol. All the monomers were dried under reduced pressure.
The physical characteristics of all these modified monomers are

given in Table-=13.

Polymerization

Free radical polymerization was carried out by using 2,2'-
azobisisobutyronitrile (AIBN). The AIBN is the best known of the

azo initiators. Its decomposition is usually written as @

o Gy
H3C-?-N=N-C-CH3 —— 2 H3C-C. + N2 T
C

N CN CN
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Its thermal decomposition in solution is first order with
a small diffcrence betwcen the rates in various solvents. AIBN
is not susceptible to attack by radicals so that induced decompo-
sition and transfer reactions are unimportant. It also dissociatcs
into free radicals under the influence of near u.v. light and can
be used as photosensitizer of polymerization.

The acryloylurea monomers and modified acryloylurca monomers
are insoluble in Hy0, however, they are soluble only in N-methyl-
2-pyrrolidone (NMP). Thercfore, the polymerization of thesec
monomers were carried out in NMP.

The polymerization was initiated by addition of 100 mg of
AIBN to dilute solution (2%) of the monomer (O.1 mole) in NMP.

The solution was stirred for 20 hr at 60°C, in nitrogen atmosphecre.
Finally, the polymer was isolated by precipitation with ethanol

or carbon tetfa chloride. It was filtecred, washed and dried
under reduced pressure.

The polymers were characterized by IR spectra and inherent

viscosity.

Polymer Characterization

IR spectra

IR spectra of these polymers exhibited no evidence of
vinyl unsaturation in the region of 1000-800 cm-l, thus indicatinc
the polymerization through vinyl group. As an illustration, the
IR spectra of the polymers obtained from thc monomers Ia, IIIa

are given in Fig.18,19.
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It was observed that the IR spectra of thc polymers
obtained from the monomers Ia, IIa and IIIa (having free
isocyanate group) showed no absorption at 2270 cmnlcorrespon-
ding to thec isocyanate group. This may be due to the reaction

of the free isocyanate group with the solvent (NMP) as shown

below :
(fi) }~_:]
R=N=C=0 + > % +co, *
. ET T \N 2
|
CHg R CHy
66

The literature survey reveals that the isocyanate group
reacts with NMP but at higher temperature (140°C).

This was confirmed by the reaction of monomer Ia with
solvent (NMP) without the use of initiator (AIBN) at 60°C for
20 hrs: During the rcaction, the evolution of carbon dioxide
gas was tested with lime water, which turns milky. The product
was isolated by precipitation with carbon tetra chloride. Its
IR showed no band corresponding to isocyanate group.

Viscosity

The inherent viscosity (ninh) of all these polymers were
determined in NMP at 30°C with a modified Ubbelohde viscometer.

The inherent viscosity value is defined as follows :

__2.303 log t/to
inh = o

n

where to and t represent the viscometer flow time for NMP
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and polymer solution. C is expressed in g/100 ml.

Table-14 describes the inherent viscosities of the polymers
obtained by polymerization of isocyanato acryloylurea and modi-
fied acryloylurea monomers.,

On comparing the viscosity data (Table-14), it was
observed that the polymer obtained from IIa (obtained by
reaction of acrylamide with MDI) has higher viscosity value
than from other isocyanato acryloylurea Ia and IIIa (from IDT

and HDI). Using the viscosity data, the order of viscosity is
IIa > Ia > IIla

The viscosities of the polymers obtained by polymerization
of modified isocyanato acryloylurea monomers of IIa are in the

following order :
ITb & IIc > IId > IIe

This can be attributed to the increase in the bulkiness
of the pendant group (IIb to IIe) which decreases the reaétivity
of the vinyl group of the monomers.

The same above pattern was also observed for the viscosities
of the polymers obtained from Ia and IIIa modified acryloylurea

monomers.
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EXPERIMENTAL

Materials
1] Acrylamide (Cyanamide, USA) was recrystallized twice
from methanol.
2] 4,4' -Methylene bis(phenyl isocyanate)(MDI), 2,4-toluene
diisocyanate (TDI) and 1,6-hexamethylene diisocyanate (HDI) were
obtained from Bayer AG (West Germany) and purified by distilla-
tion under reduced pressure.
3] Hydroquinone was obtained from Sarabhai M.Chem.Ltd.(India)
and used without further purification.
4] o-Dichlorobenzene was dried over calcium chloride and
distilled.
5] N-Methyl-2-pyrrolidone (NMP) was received from M/s. Fluka
AG (Switzerland), was dried over phosphorus pentoxide and
distilled.
6] 2,2'-Azobisisobutyronitrile (AIBN) was obtained from
SISCO (India) and recrystallized from methanol.
7] Carbon tetra chloride, ethyl alcohol, ethylene glycol and

glycerin were purified by standerd procedure67.

Acryloylurea from Acrylamide and TDI (Ia)

Into a 250 ml, three neck round bottom flask, equipped
with a mechanical stirrer, a reflux condenser and a thermowell
were placed 7.1 g (0.1 mole) of acrylamide, 17.58 g (0.1l mole)

of TDI and 0.1 g hydroquinone in 100 ml o=dichlorobenzene. The
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reaction mixture was heated at 100-110°C with stirring. After
15-20 minutes of heating, a white solid started separating out.
The heating was further continued for half an hour. Then the
reaction mixture was cooled. The solid obtained was filtered,
washed several times with carbon tetra chloride (to ensure
complete removal of the excess diisocyanate added) and dried
under reduced pressure.

The reaction conditions described for acrylamide - TDI
were followed to prepare acryloylurea from MDI and HDI. However,
in case of HDI, the product remained in solution even after
heating at llOOC for 4 hour. The product was recovered by

precipitation with carbon tetra chloride.

Reaction of Ia with Water (Ib)

Into a 100 ml round bottom flask were placed 5.0 g of Ia,
0.1 g hydroquinone and 50 ml dilute hydrochloric acid (1%)
solution. The recaction mixture was refluxed with stirring, till
the IR spectrum of the product showed no absorption at 2270 cm_l
corresponding to the isocyanate group. After completion of the
reaction, it was neutralized with dilute sodium hydroxide
solution. The solid obtained was filtered, Washed with severa}
times with water and ethyl alcoﬁol to remove hydroquinone. It
was dried under vacuum.

Similar procedurc was used to obtain IIb and IIIb from

Ila and IIIa respectively.
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Reaction of Ia with ethanol (Ic)

Into 2 100 ml round bottom flask were placed 5.0 g of
Ia, 0.1 g hydroquinone and 50 ml dry ethanol. It was refluxed
with stirring till IR spectrum of the product showed no absorption
corresponding to isocyanate group. It was cooled, filtered,
washed with alcohol and dried under vacuum.

Similar experiments were carried out with IIa and IIla

to obtain IIc and IIIc respectively.

Reaction of Ia with glycol (Id)

Into a 250 ml three neck round bottom flask equipped with
a mechanical stirrer, a reflux condenser and a thermowell were
placed 4.9 g (0.02 mole) of Ia, 0.1 g hydroquinone,1l00 ml o-
dichlorobenzene and 2.48 g (0.04 mole) of cthylene glycol. The
reaction mixture was heated at 110°C with stirring, till the IR
spectrum of the product showed no absorption at 2270 cm—l. Then
it was filtered, washed with alcohol and dried under vacuum.

The reaction conditions described for the preparation of

Id were followed to obtain IId and IIId from IIa and IIIa

respectively,

Reaction of Ia with glycerin (Ie)

Into a 250 ml three neck round bottom flask equipped with
a mechanical stirrer, a reflux condensecr and‘a thermowell were
placed 4.9 g (0.02 mole) of Ia, 0.1 g hydroquinone, 100 ml o-
dichlorobenzene and 3.68 g (0.04 mole) of glycerin. It was

hcated at llOOC, till the IR spectrum of the product showed no
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absorption band corresponding to isocyanate group. It was
filtered, washed with ethanol and dried under vacuum.
Similar procedurc was adopted to preparc IIe and IIIe

from IIa and IIIa respectively.

Polymerization

Into a 100 ml, three neck round bottom flask equipped with
a nitrogen gas inlet, a thermowell and a reflux condenser were
placed 2% solution of monomer Ia (2.45 g, 0.01 mole) in NMP. It
was hcated at 50°C then 10.0 mg of initiator (AIBN) was added.
The reaction mixture was stirred at 60°C for 20 hr. The polymer
was precipitated with ethanol. The polymer obtained was
filtered. It was washed with pet.ether and dried wunder reduced
pressure at 50°C.

Similar experiments were carried out with other monomers.
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NEW POLY (AMIDE—AMINE ) POLYMERS
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INTRODUCTION

Amino polymers have been described, particularly in the
patent literature. Such polymers are,however,extensively used
in industry. Some tertiary polyamines anc their N-oxides may
also be used in pharmacology. For example, a number of these
polymers have preventive properties against Silicosisl-3 and
others are anti-hcparinic4. Duc to their basicity and chemical
reactivity, amino polymers may intcract with a number of
biological macromolecular substances present in living organism.

The addition of primary or secondary amines to vinyl
double bonds activated by electron attracting groups is well
knowns. For example,

CH,=CH-CO-R + R'-—NH2 _ R'—NH—CHQ—CH2-CO—R
B o4

In this reaction, nitrogen is always bound to the carbon
B to the activating group whercas hydrogen migrates to the
a-carbon atom.

Hulse6 obtained a water soluble poly(amidc-amine) by the

reaction of N,N'-methylencbisacrylamide and piperazine in water.

) / ]
CH2=CH—CO—NH—CHZ—NH-CO—CH=CH2 + HN, NH
—/

N,N'-Mothylenebisacrylamide l Pipecrazine

/ e
~—f—CH,,~CH,,~=CO~NH =CH,, =NH =CO ~CH, =CH ,—N N~
2 2 2 2 2 7N / n

Poly(amide-amine)
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Danusso et al’ have obtained lincar poly(amide amines) by
polyaddition of primary monoamines or bis(secondary) diamines

(aliphatic or cycloaliphatic) to bisacrylamides.

Polymers from bis(secondary) diamines ancd bisacrylamides

The polymers prepared by this method have the following
general structurec:

CH2=CH—CO-T—R-N-CO-CH'=CH2 + NH-R2-NH

|
R; R R3 R3

o

—E—CH2—CH2-CO—1T-R—!il-co-CH2-CH2—ril-R'2-r?—]-ﬁ

R R R R

L 1 3 3

Poly(amide-amine)

Danusso et als’9

confirmed that this polymerization is a
nucleophilic polyaddition with an ionic mechanism. It is not
influenced by the presence of the typical inhibitors of radical
polymerization and it does not require acidic or basic catalysts.
The polyaddition takes place easily in water or alcohol.

The poly(amide-amines) are often very hygroscopic and are
soluble in water, alcohol, chloroform and insoluble in aliphatic
hydrocarbons.

In the polymer, the amine (a) and the amide (b) groups arc
regularly arranged along the main chain according to the

repeating sequence.
a-a=-b-b~-a-a-b-b-
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Polymers from primary amines and bisacrylamides

In this casc, the product obtained from the first addition
of a primary amine to an activated cdouble bond is a sccondary
amine, which may be further added to a second double Bond. There-
fore, the primary amine must be considered as a bifunctional
monomer, useful for the formation of linear high molecular

weight polymers, if cyclization reaction can be avoided.

CH,=CH-CO-N-R-N --CO—CH:CH2 + Ry-NH,

1 1 l
-{—CHz-CHz-CO-T—R-T—CO—CH2-CH2—T—}H

Ry Ry Rp

Poly(amide-amine)

The polymer has amine (a) and amide (b) groups in the

following repeating sequence along the main chain.

- -b-b-a-b=b-a-b-b-

Several properties, including solubility and thermal
stability of the poly(amide-amines) obtained from primary
amines are substantially similar to those from bis(secondary)

diamines.



Polymers from bis(sccondary) cdiamines and

acrylic diesters or divinyl sulfone

The polyaddition reaction of bisacrylamicde with bis(secon-
dary) diamine or primary amine leading to poly(amide-amines) may
be accomplished with acrylic diesters or divinyl sulfone instecad
of bisacrylamidelo. Primary amines do not yield well defincd
products with acrylic diesters, whereas,with divinyl sulfone,

they yield cyclic dimeric productsll.

CH2=CH—f-O—R4D—ﬁ-CH=CH2 + HN NH

NS

/\
—CH,~CH,~C-0-R-0~C~CH,~CH,-N N——
I I -/ "

Poly(ester-amine)

/7N

CH2=CH—SO2-CH=CH2 + HN NH

\L N S

—F—CH,~CH, =S50, =CH,~CH,=N N—3=

/

Poly(sulfono—amgne).‘

These polymers show a diffcrent solubility behaviour from
the poly(amide-amines) obtained from bisacrylamide. However,

other properties including thermal stability are similar. Yoda

[

1Y



and Todal2 also reported the polyaddition of piperazines to

divinyl sulfone. However, the intrinsic viscosities of these
poly(sulfone-amines)yere less than 0.6 él/g.
Imai et al13 reinvestigated the reaction of divinyl sulfone
with piperazine and obtained high molecular weight polymers.
14

Yoda et al obtained transparent poly(amide—amines) from

acrylates such as cyanomethyl acrylate, diphenoxymethyl acrylate

with diamines.

Polymers from bisacrylamides and hydrazine
7,15

Ferruti et al prepared linear poly(amide~hydrazines)
from hydrazine (or 1l,l~dimethylhydrazine) and bis-acrylamides.
Since hydrazine has four mobile hydrogens, it must be considerecd
to be a polyfunctional monomer in the polyaddition reaction.
However, as in the polyaddition of bis(secondary) diamines to
bisacrylamides, the steric bulkiness of the amino group excrts

a dominant influence on the rate of polymerization. This may be

the reason why hydrazine reacts with an equimolar amount of

bisacrylamide according to the equation to give a linecar polymer.

CH2=CH-CO-N-R-N-CO-CH:CH2 + NH2—NH2

R, R, ‘L

—{-—CH2-CH2-CO-T-R—T-CO ~CHy=CH o -NH -NH—~3}=

R, R

1 1

Poly(amide~hydrazine)



They confirmed the structure of this polymer by eclemental
and spectral analysis. They observed that linecar polymers were
obtained from equimolar amounts of hydrazine and bisacrylamide,
whereas,cross-linked polymers were obtained with higher amounts
of bisacrylamide.

Polymers from bisacrylamides and aromatic diamincs
16

Imai et al prepared poly@mideamines)with high molecular
weights by the polyaddition of aromatic primary diamines with

N,N'-methylenebisacrylamide.

H20=CH-C-NH-CH2-NH—CO-CH=CH2 + H2N-Ar—NH2

l

+CH2—CH2-CO =NH~CH 5 =NH -CO~Cii,~CH,-NH -Ar-NH—-]—ﬁ
Poly(amide-amine)

These poly(amide-amines) dissolved readily in polar aprotic
solvents such as N,N —-dimethylformamide, N,N-dimethylacetamide,
dimethyl sulfoxide, as well as in m-cresol and dichloroacetic
acid, but they were insoluble in common organic solvents such
as benzene, methanol and acetone. From these polymers, the dark
brown films can be casted fgom m-cresol which were somewhat
brittle. The decomposition of these polymers occurs at around

270°C both in air and nitrogen atmospheres.
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PRESENT INVESTIGATION, RESULTS AND DISCUSSION

Michael type polyaddition of primary and secondary
diamines to various types of bisacrylamides has been extensively

studied7’16’l7. Imai et a116

have studied the polyaddition of
aromatic diamines such as 4,4'-oxydianiline (ODA) and 4,4'-methyl-
enedianiline (MDA) with N,N'-methylenebisacrylamide. They have
studied the effect of solvent and acidic catalyst on molecular
weight of poly(amide-amines). They found that the weak acid like
acetic acid have a marked catalytic effect on the polyaddition

of aromatic diamines to N ,N'-methylenebisacrylamide.

There have been no reports in the literature of the
synthesis and properties of poly(amide-amines) from sulfone
ether diamines and bisacrylamides. Therefore, the present inve-
stigation was undertaken with a view to precpare a series of
poly(amide-amines) having a sulfone and ether linkages and to
study the structure-property relationship of the poly(amide-
amines).

The present study includes :

A] the synthesis of sulfone ether diamines

a) 4,4'-bis(4-aminophenoxy) diphenyl sulfone

b) 4,4'-bis(4-amino-3-methylphenoxy) diphenyl sulfone

c) 4,4'-bis(4-amino-2,5-dimethylphenoxy) diphenyl sulfone

d) 4,4'-bis(4-amino-3,5-dimethylphenoxy) diphenyl sulfone

B] the synthesis of bisacrylamides

a) N,N'-methylenebisacrylamide
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b) N,N'-butylidenebisacrylamide and
¢) N,N'-benzylidenebisacrylamide

C] the synthesis of poly(amide-amines) from thesc monomers.
The scheme for the synthesis of poly(amide-amines) is

given in Fig.20.

Sulfone Ether Diamines

The scheme for the synthesis of aminophenols and diamines
therefrom is given in Fig.2l.

The appropriate aminophenols were prepared by using the
procedure described by Nilsson et alls.

The sulfone cther diamines were prepared from sodium salt
of appropriate p-~aminophenol and 4,4' -dichlorodiphenyl sulfone
in dimethyl sulfoxide at 160°C in nitrogen atmosphere using the
method of Kawakami et allg.

The diamines were purified by recrystallization from
suitable solvent (Table=-15). The structurecs of thesc diamines
were confirmed by clemental and spectral analysis such as IR
and NMR. The physical characteristics of these diamines are

recorded in Table-15.

Infrared Spectra

The IR spectra are in good accordance with the structures
assigned to them. As an illustration, the IR spectrum of 4,4'~
bis(4-amino—3—methylphenoxy) diphenyl sulfone is given in Fig.22.

The infrared spectra of all the diamines showed the chara-

cteristic absorption bands in the N-H stretching region of the
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CH,= CH—CO=NH—CH—-NH—CO—CH=CH, + HoN—Ar —NH,

R
BISACRYLAMIDE DIAMINE

—E—CHZ—CHZ-CO—N H-—(IZH—NH—CO—CHZ—CHZ—NH—Ar— NH ;}:

R

POLY (AMIDE — AMINE)

Where
R=-—H

—©
SR O O
_...,@@ @@

X1 =Xp2=Xz =H

Xy =CHz, Xp = X3 =H
Xy =H, X =Xz =CHj
X, =Xp=CHz, X3=H

FIG. 20. SCHEME FOR SYNTHESIS OF POLY (AMIDE-AMINES)




ﬂ
T 120
X2

0 °C |NaNO,/HCL

X2

NOZ 52 04
X3 X4

HO NH.,
X2

NaOH

X3 b
=k
H,N ONa + u-@-soz@ cl

160 °C | DMSO

X3 x3 xl

Where i) K{ =Xd=Xs=H (D5)

i) 2K{ =4 Xo = X5 =CH. ( Dg ) Gnd
iv) X1=X2=CH3,X3=H (De)

FIG. 21. SCHEME FOR SYNTHESIS OF SULFONE ETHER DIAMINES
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symmetric (3370-3360 cm-l) and asymmetric (3420-3460 cm-l)
vibration of the hydrogen atoms. The strong sulfonyl stretching
absorption occurs at 1290-1280 cm t and 1120-1110 cm™ ' and ether

stretching vibration at 1260-1250 cm_l.

Nuclear Magnetic Resonance Spectra

The NMR spectra of these diamines were recorded in DMSQ-dg
using TMS as an internal standard on Perkin-Elmer R-32 model.
The NMR spectra of these diamines exhibit the expected chemical
shifts and integrated intensities. As an illustration, the NMR
spectrum of 4,4'=-bis(4-aminophenoxy) diphenyl sulfonec (D3) is
given in Fig.23. Aromatic region can be differentiated in four
types of protons. A pair of doublct (4H each, J=8 Hz) centercd
at § = 6.62 and 6.78 was observed for protons ortho and meta to
amino function respectively. Signals corresponding to protons
ortho and meta to sulfone group appear at & = 6.98 and 7.82 cach
being doublet (4H, J=8 Hz). Amino group protons resonate at
& = 4.95 (4H, singlet) which can be confirmed by D,0 treatment
(exchangable).

The chemical shifts caused by different protons in NMR

spectra of other diamines studied are listed in Tables«l6 to 18.

Bisacrylamides

In the present study the three different bisacrylamides
were prepared by the reaction of acrylamide (2 moles) with the
appropriate aldehyde (1 mole) in ethylene dichloride using hydro-

quinone as polymer retarder at reflux temperature using the

128



129

(3) Ndd O

(£a) 3INO3INS TANIHJIQ (AXONIHJONINWV-t) SI8— bt 40 WNYLD3dS dAN €2 9ld

I

LN3AT0S

-
-

H31VM

I 1 I




50

]

peozq = Iq ‘joTdr3TnE = w ‘j3aTqnop = p ‘1oTDBurs = s

(zH 6=r) p H 8L*L OH=-IV °G
(zH 6=r) P HY 26°9 qH-IV *b
w HO OL°9 eH-IY °¢
(0% yam oTqebueydXT) S°Iq Hy £G°¢ N~ vz
s HO p1°g CHo~ay 1
ArToTTdT TN mcmwmmm wdd 9 dnoxn  *oN
e,
NCH

°y By
\
N T(Ymom
€ / -
WO ey qp ux 9

?

BUOJTNS TAUSUdTp (AXoudyd TAyjaw-g

—OUTWe-)STa- p'y JO ©3EPp (8130945 WAN ¢ 91-21del



a1l

]

peoxq = Iq ‘3o@TdT3Tnw = w ‘33aTgnop = p ‘3oTBuUTS = s

(zZH g*8=r) P Hi LL*L PH-IV L
(zH ¢*8=r) P Hiy 88°9 OH-IV °*9
s HE 6G° AH-1Y  °*G
_ 4O
s He GG°9 EH-IV °V
Aowc Yy tm atqebueyoxy) s-aq HY Eboh N:Z: e
s HY 80°2 Chomav 2
s HO 86° 1 CHo-1y  °1
A3T1oTTdTA TN mcwwmwm udd @ dnozp  *oN
i
\
CHN
mk\n

QUOJTNS TAUSUAIP (AXOUSUATAUISWIp-G'yg
-outwe~{ )sTg- ‘Y JO ejep Tex3}dads YWN : LT-3Tqel




peoxq = Iq ‘3arqnop = p ¢“3oT1buts =

S

(zH 8=r) P HY CLEL OH-IV °G

(zH 8=r) P Hi z6°9 qH-IY ‘¥

s Hi 6G°9 BH-IY °€

AONQ y3tm orqebueyoxy) s*aq H oSV NIZl rN

s HeT o1z CHoay 1

suojoxd .

AytotTdT3TnN % oft wddQ dnoxp ON
vy y Ny R u W ®y &
\ 7

N R Oen @

€h4 ®© ay % a % €y

2uoITns TAUDUdTp (AXOUdUdTAYQUWTD
-G'g~-ouTWe~4 )STq-, Y JO ejep TeI3deds YAN ¢ 8T-2Tqel




- 7

Jd

method described by Feuer and Lynch20 as shown.

2CH2=CH—CONH2 + R-CHO

Acrylamide l Aldehyde

CH,=CH-CO-NH -CH -NH-CO-CH=CH,
R

Bisacrylamide

where R = -H, N,N'-methylenebisacrylamide (Bl)
=CH,~CH,~CH4, N,N'-butylidencbisacrylamide (B2) and
==CHg, N,N'-benzylidenebisacrylamide (B3)
They were purified by recrystallization and dried under
reduced pressure. The structuresof these bisacrylamides were

confirmed by IR and NMR. The physical characteristics of these

bisacrylamides arc given in Table-19.

Infrared Spectra

The infrared spectra are in good accordance with the
structures assigned. The absorption bands of these bisacrylamides
are recorded in Table-20. As an illustration,the IR spectrum

of N,N'-methylenebisacrylamide is shown in Fig.24.

Nuclear Magnetic Resonance Spectra

The NMR spectra of these bisacrylamides were recorded
in DMSO-dg using TMS as internal standard. The chemical shifts

caused by different protons in NMR spectra are recorded in
Table=-21.
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The NMR spectrum of N,N'-benzylidencbisacrylamide is
shown in Fig.25. Signals corresponding to five aromatic protons
appear at § = 7.18 = 7.50 as multiplct. The broacd singlet at
& = 8.57 (2H) was assigned for the N-H protons (exchangable with
D,O). A multiplet at & = 6.0 - 6.6 (4H) was observed for methy-
lene protons of vinyl group (Cﬂ2=CH—). The protons adjacent to
carbonyl (=Cﬂ—CO-) appear as doublet of doublet at §

Il

5.4 - 5.8
(2H). A doublet of doublet was observed at & = 6.65 - 6.92 for
the proton present between two NH groups which after D20

treatment became singlet.

Polymerization

The polymerization reaction of double bond of maleimide
compounds with aromatic diamines have been reported by Crivell%l.
They found that Brdnsted acids such as glacial acetic acid have
a marked catalytic effect on this reaction. Imai et al16 have
found that slightly acidic m-cresol was the most suitable
reaction medium than polar solvents such as dimethyl formamide
and dimethyl sulfoxide for the preparation of high molecular
weight poly(amide~amines). They also reported that acetic acid
was the most efficient catalyst than trifluoroacetic acid or
boric and phasphoric acids for preparation of high molecular
weight polymer from aromatic diamine and N,N'-methylenebisacryl-
amide. Therefore, in this study the polymerization was carried
out in m-cresol using glacial acetic acid as catalyst.

The reaction of N,N'-methylencbisacrylamide with 4,4'-

oxydianiline (ODA) and 4,4'-mcthylencdianiline (MDA) as reported
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by Imai et all6 was also studied. The reactions of ODA and MDA
with N,N'-butylidenc and benzylidencbisacrylamides were also
carried out in the present study. The general procedure of the
polymerization is described in brief below. The scheme for the
synthesis of poly(amide-amines)is shown in Fig.20.

Polymerization was carried out in three neck flask in
nitrogen atmosphere by acdding the stoichiometric amount of
diamine and bisacrylamide in m-cresol using glacial acectic acid
as catalyst (4%, v/v). The reaction mixture was stirred at
100°C for 24 hr. The polymer was isolated by precipitation
with dilute aqueous sodium hydroxide solution. The polymer was
filtered, washed with water till free from alkali. The polymer
was purified by dissolving it in a minimum amount of N,N: -
dimethyl formamice (DMF) and again by reprecipitation with water.
The polymers obtained were filtered and dried under reduced
pressure.

The physical characteristics of these polymers obtained
are recorded in Tables-22,23. The polymers were characterized

by IR, viscosity, clemental ancd thermal analysis.

Polymer Characterization

The elemental analysis of poly(amide-amines) are given
in Table=22,23. They are in good agreement with the theoretical
values.

Infrared Spectra

The infrared spectra of all the polymers exhibited a broad



141

*TOS2I0=W UT UOTINTOS ¥G*O

*

€6€°0 ¢9°G ve*g cL*LY L9°LY GOT-091 €d €d £d
28€°0 oG ¢ €L°G ?9°v9 L6 19 O9T-8GT cd €eda cd €d
06€°0 [4A728* AN ov°€9 8 °€9 GET-2ET 19 €d T4
8Ev°*0 GZ°9 c0*9 6% °69 9L°6G GLT-69T €4d zd €d
cEv*0 9€*L 80°L 2€°*99 8G°99 LOT-V9T cd ¢a cd ca
GEV*O T€°9 92°9 80° V9 6€° %9 PeT-06T Td ¢d 1€
60G°0 1 vG*9 8G°TL L6 Tl G9T-T91 €d 1d £d
9CE™D DL 1o 16°69 70* 0L 29T1-6GT cd 1d cd 1a
ctc 0 99 98°9 GZ°89 91°89 LGST-E€GT 19 Td 1d
puncqi °paTe) puncq °poTe)d
*m,\hn H ) 9% .N%QM OE%;H% ouTweTq
quTy, % STSATeuy TejudweTd *d'W I 1od -s1d
(sesutwe-opTwe JATod JO S2T3STI03oBIRUD $ gg-oldel




142

*TOSdI0-W UT UGTINTOS G°*°Q «

oee*C v9°¢ 8G°G 07 *89 ¢G*89 GZT~-021 €49 9d €d

gge*C 62°9 cv°*9 2G°99 29°99 GET-2ET cd 9d cd 9a

Gee* o 86°G 16°G T€°G9 cv*G9 OT1-80T1 Td 9a Td

EVE*O 9L°G €B8*g T *89 2G°89 IRALAAN €49 &d €d

ove*o 9€°9 Zr*9 TL°99 ¢9°99 OvT-CET ¢g &da cd Ga

6vE€*0 28°¢G 16°G 92°G9 Zv*c9 9TT-€TT Td &d 1€

GGeE* 0 TL°G 1G6°G 89°L9 ¢8° L9 cET-82T €d va €d

8GE*0 Gz*9 otT°*9 8V°G9 98°G9 SYTI-2vT cg va cd Pa

c9€°0 69°G AR LE*V9 Lv°v9 GZT-0C1 149 +d 14

€680 ¢G°9 vE*G TL* L9 L9°L9 G9T-09T €4 €d €d

Z8E*0 oG G €L*G v9°v9 L6*¥9 091-8GT cd €a cd €a

06e* 0 [47Al® ¢cl*G or*€9 8%°€9 GET-2CT 149 €d Td

6 punog °potTed punog °poTed

*P /TP

:mﬂc H 2 - % *2Iqqy optweTAIoe sutweTq

/% STSATeuvy TejuaweTq ‘d°w JoWwATOd -sTg F

(soutwe-sptwe )ATod JO sJT1STIo30EIRYU) : £g-oldel



145

N-H stretching band at 3380-3330 cm—l, a amide carbonyl

absorption at 1680-1650 cm—l, ether absorption at 1260-1230 cm_l

sulfonyl stretching absorption at 1290-1270 cm-l and 1140-1120
cm“l with the absence of vinyl absorption at 915-930 cm“l

990-980 cm-l.

s
and

The IR spectra of the polymers D5 Bl, D4 B2 and D3 B3 are
given in Fig. 26-28.

Viscosity
The inherentnviamsities(ninh) of these poly(amide-amines)
were determined in m-cresol at 30°C with a modified Ubbelohde

viscometer. The inherent viscosity value is defined as follows.

2.303 log t/to
L C

inh =
where,to and t represents the viscometer flow period for m-cresol
and the polymer solution respectively. The solution concentra-
tion C is 0.5 ¢g/100 ml.

The inherent viscosities (Table-22) of the polymers obtained
from N,N'-methylenebisacrylamide with ODA and MDA are the same
as reported by Imai et allé. However, there was no any marked
difference in viscosities of the polymers obtained from other
substituted bisacrylamides (B2 and B3) with ODA and MDA. On
comparing the inherent viscosities of the polymers from ODA and
MDA, it was found that the viscosities of polymers obtained
from MDA have higher values. This may be attributed to the

reactivities of the amino groups.
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The inhcrentviscosities(Table-23) of poly(amide-amines)
obtained from differcnt sulfone ether diamines and bisacrylamides,
it was found that the polymer obtained from D3 (Xl=X2=X3=H) has
higher viscosity than thc corresponding polymers obtained with
methyl substituted diamines. This difference in viscosity may
be related to the reactivity of the diamines.
gasicity of amines depends22 on the nature of the solvent,
temperature and structural features. However, in this study the
reactions were carried out under identical experimental condi-
tions (i.e. solvent, temperature and catalyst). The variation
in basicity (hence reactivity) of diamines can be attributed
only to structural features (i.e. inductive, resonance and
steric effect).

The presence of methyl group ortho to the amino function
decreases the reactivity of the amino group due to inductive and
steric effects. 1In diamine D6, both the methyl groups are ortho
to amino groups, hencec there is more inductive and steric effect
of the methyl group giving low molecular weight polymer as
compared to diamines D5 (one methyl is ortho and other is meta
to amino function) and D4 (only onc methyl group ortho to amino
group) .

Using the viscosity data, the sulfone ether diamine scries

occupy the order of the reactivity as :

D3 > D4 > D5 > D6
From the viscosity data it was also found that therc was

no marked difference in the inherent viscosities of the polymers



obtained from the bisacrylamicdes (Bl, B2 and B3) with each
diamines. This indicates that thce substituents (-CH2CH2CH3 or
--C6H5 instead of -H) in methylenebisacrylamide are far away from
the reactive site and have no effect on the recactivity on vinyl

double bonds.

Polymer Solubility

Solubility was determined at 3% concentration in various
solvents. All the polymers rcadily dissolved in aprotic polar
solvents such as N,N =-dimethylformamide (DMF), dimethylsulfoxide
(DMSO), N,N =-dimethylacctamide (DMAC), N=methyl=-2=pyrrolidone
(NMP) as well as in m=cresol and dichloroacetic acid. However,
they were insoluble in non-polar solvents such as benzene, pet.

cther, carbon tetra chloride, toluenc,etc.

Thermal Stability

In the present study, to evaluate the effect of sulfone
cther diamine/bisacrylamide structure on the thermal stability
of poly(amide-amines) the thermo-oxidative degradation of polymer
was studied by TG method.

Thermogravimetric analysis (TG), differential thermal
analysis (DTA) and derivative thermogravimetry (DTG) were
performed simultaneously by heating polymers at a constant rate
of SOC/min in air with Netzsch STA 409. Temperature was
measured by a platinum - platinum Rhocium (10#%) thermocouple.

Temperatures for different weight loss of polymer were

determined from TG curves and are presented in Table-24. The
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initial decomposition temperature (taking the sha¥p drop in the
curves as marking the onscet of decomposition rcaction) and

temperature for maximum decomposition (Tm x) are given in Table-

a
25. As an illustration,the TG curves for 4,4' -bis(4-aminophenoxy)
diphenyl sulfone with Ny,N'-methylene bisacrylamide and N,N'-

butylidene bisacrylamide are given in Fig.29 and 30 respectively.

The results show that the initial decomposition temperaturce

(IDT) of these polymers vary between 230 to 2750C. Further

increase in the temperature causes rapid decomposition of the
polymer. The small weight loss (3+1#%) can be attributed to
removal of absorbed moisture from the polymers (since amide
linkages arc polar in nature).

A) Poly(amide~amines) from N,N'-mcthylene

bisacrylamide and sulfone ether diamines

With dynamic heating, the initial temperature of decompo-
sition (IDT) is one of the main criteria of the heat stability
of polymer. Upto this temperature the polymer retains its
fundamental chemical structurec.

A comparison of IDT of poly(amide-amines) examined shows
that the poly(amide-amine) D3 Bl have the highest thermal
stability. Alkyl group substitution in diamine component has
a marked effect on the thermal stability of polymers. Thus
tabulated results (Table=25) show that IDT is highest for polymer
D3 Bl and introduction of methyl group (Polymer D4 Bl) recduces
IDT by lOOC. The initial temperature of decomposition and

therefore thermal stability decrcases with further addition of



us

b £Q (3INIWY -30INY) AT0d 40 WVHOOWYN3HL 62 34N9I4

Jo ‘3UNLIVHIANW3L

004 009 00¢ 00¢v 00¢ 002 00!}
I I I I I | T

u
Imle@!ol@nmo?@lon@rz N—=2HD=2HD=02-HN-2H)—HN—-02—-%HD—%H uw\

v.id

910

I




Py

280 ‘(ININV-3IAINY) A10d 40 WYHOOWHIHL "0 3HN9I4

Jo ‘I¥NLIVHIJWIL
00Z 009 00S 00v 00€ 002 00}
I 1 T 1 i I I
EHD—%HD-%HD

J—HN=02-%H>-%H)>

u
Imle@l?@mom@lou@l:zumxunmzuuouuzz ~H

v.id
TR

-

916
‘/‘l
2k 5
— v




euw
*UOT}TSOdWOodSp JO 93X WNWIXEW I0J oInjexadwd] = -

dINnjerodwdl} uoT}TSodwoodp TeTITUI = QLI

oey ‘062 €z cq ea 5
%y ez i zaed  °g
Sl e 19 €d b
cEy ‘cTe <9z 19 va g
o ST - T9¢a
oy ‘oze GGz T8 90 °T
xeuy arr Am@cHEmM%wwsmv o

(soutwe-spTwe )ATod JO $01351d03061eUD DIN}EIodUD] : Gz-3Tqel



153

alkyl groups. Thus IDT is lowest for polymer D5 Bl and D6 Bl.
The DTG curves of all polymers showed Tmax twice. This
indicates that decomposition of poly(amide amines) occurs in
two steps. The Tmax at higher temperature was_assigned to
decomposition of aromatic structure, whereas Tm at lower

ax
temperature may be due to decomposition of amide linkage.

B] Poly(amide-amines) from 4,4'=-bis(4-aminophenoxy)

diphenyl sulfone and different bisacrylamides

A comparison of IDT (Table-25) shows that polymer D3 Bl
has higher IDT than polymer D3 B2 and D3 B3. This indicates
that the substitucnts (-CH20H2CH3 or -CHg instead of H) in
mothylene bisacrylamide lower the thermal stability. The DTG

curves of these polymers also showed T twice (Table=25). The

max
Tmax at lower temperature was assigned to the decomposition of

amide linkage and Tma at higher temperature for the decompo-

X
sition of aromatic structurec.



EXPERIMENTAL

Materials

[1]  Acrylamide (Cyanamide, USA) was recrystallized twice from

methanol and dried in vacuum.

[2] Paraformaldehyde (BDH, England) was used as received.
[3] n-Butyraldehyde (BDH) was distilled and then used.

[4] Benzaldehyde was obtained from local market and purified
by distillation.

[5] 4,4' -Dichlorodiphenyl sulfone (EGA, Chemie, West Germany)
was used as received.

[6] 4,4' -Methylenedianiline (Bayer, A.G., West Germany) was
recrystallized from benzene.

(7] 4,4'-Oxydianiline (EGA,Chemie, West Germany) was recry-
stallized from tetrahydrofuran. A

[8] p-Aminophenol was recrystallized from water.

[9] Hydroquinone was obtained from Sarabhai M.Chemicals Ltd.
(India) and used as received.

[10] Glacial acetic acid (AR Grade) was distilled and then
used.

[11] Ethylene dichloride and m~cresol of commercial grade
were purified by distillation.

[12] The methyl substituted p-amino phenols were prepared by
the reduction of the azo compound formed by a diazo coupling
reaction of phenol with sulfanilic acid as reported by Nilsson,

et a1t8,

155



Sulfone Ether Diamines

4,4' -bis(4-aminophenoxy) diphenyl sulfone (D3)

Into a 500 ml, three neck round bottom flask equipped with
a mechanical stirrer, a reflux condenser, Dean-Stark trap, a
thermometer and a nitrogen gas inlet were placed 21.8 g (0.2 mole)
p—aminophenol, 100 ml dimethyl sulfoxide and 150 ml toluene. The
solution was saturated with nitrogen, heated to 50°C and 8.0 g
(0.2 mole) of 50% aqueous solution of sodium hydroxide was added.
The temperature was increased to 110-120°C and water was removed
via toluene/water azeotrope. After complete removal of water
(which requires about 6 hr.), the remaining toluene was removed
until the reaction temperature reached to 160°cC.

The heating was discontinued and the reaction was cooled
to lOOOC, 28< 7 (0% molg) of 4,4'-dichlorodiphenylsulfone in
100 ml toluene was slowly added to reaction mixture to control
the resulting exotherm. After complete addition of chlorosulfone,
the temperature was raised to 165°C and maintained for 2 hr. The
toluene was removed by distillation. The reaction mixture was
allowed to cool to room temperature and poured into 100 ml 2%
sodium hydroxide. The solid obtained was filtered, washed
several times with water and then further with 1% sodium sulfite
solution and isopropanol. The crude diamine was recrystallized
from butanol, dried under vacuum and stored in coloured bottle

under nitrogen atmosphere.



Preparation of :
i) 4,4'-Bis(4-amino~3-methyl phenoxy) diphenyl sulfone (D4)
ii) 4,4' -Bis(4~amino~2,5-dimcthylphenoxy) diphenyl sulfone (D5)
iii) 4,4'-Bis(4~amino-3,5-dimethylphcnoxy) diphenyl sulfone (D6)
Similar experiments with 3-methyl 4-aminophcnol, 2,5-
dimethyl 4-aminophenol, 3 S-dimethyl 4-aminophcnol and 4,4'-

dichlorodiphenylsulfone lead to the synthesis of D4, D5 and D6

respectively.

Bisacrylamides

i) N,N'-Mcthylencbisacrylamide (B1)

Into a 100 ml round bottom flask equipped with a reflux
condensor were placed 14,2 g acrylamide (0.2 mole), 3.0 g para-
formaldehyde (0.1 mole), 0.2 g hydroquinone, 50 ml cthylenec
dichloride and 5-6 drops of concentrated hydrochloric acid. The
reaction mixture was refluxed for 30 min. and cooled to room
temperature. The product obtained was filtered at suction,
washed with water. The crude bisacrylamide was recrystallized
from aqucous acetone and dried under vacuume

ii) N,N'=-Butylidencbisacrylamide (B2)

iii) N,N'-Benzylidenebisacrylamide (B3)

The reaction conditions described for the preparation
of N,N'-mcthylenebisacrylamide were followed to obtain B2 and
B3 from acrylamide with n-butyraldehyde and benzaldehyde

respectively.
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Poly(amide—-amine) from N,N'-methylenebisacrylamide

and 4,4'-bis(4-aminophenoxy) diphenyl sulfone

Into a 50 ml, three neck round bottom flask, equipped
with a thermometer, nitrogen gas inlet, a reflux condenser and
a magnetic stirrer were placed 0.77 g (0.05 mole) N,N'-methy-
lenebisacrylamide, 2.16 g (0.05 mole) 4,4'-bis(4-aminophenoxy)
diphenyl sulfone, 0.4 ml glacial acetic acid and 10 ml m-cresol.
The reaction mixture was stirred at 100°C for 24 hours. Nitrogen
atmosphere was prevailed throughout the course of the reaction.
The polymer was precipitated by pouring it into dilute aqueous
sodium hydroxide, it was then filtered and washed with water.

The polymer was purified by reprecipitation from dimethyl
formamide and dried at 50°C under reduced pressure.

Similar experimental conditions were followed to ‘obtain

other poly(amide-amines).
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SUMMARY




SUMMARY

of the thesis entitled 'Studies in Polymerization of
Acrylamide; Modified Acrylamides and Polymers therefrom'
submitted to the University of Poona for the degree of
Doctor of Philosophy in Chemistry by S.M.Jagadale,
Division of Polymer Chemistry, National Chemical Labora-
tory, Poona 411 008.

The present thesis describes :
I] Redox System - Acrylamide Polymers
II] Modified New Acrylamide Monomers and Polymers
III] New Poly(amide-amine) Polymers

Part-I : Redox System - Acrylamide Polymers

The reduc

ng action of ascorbic acid has been described by
earlier workers

i
L » in the titrimetric determination of several
inorganic and organic substances. The kinetics of the redox
system, ascorbic acid=-peroxydisulfate was studied by Mushran and
Mehrotra3. This redox system has been used for aqueous polymeri-
zation of methacrylamide4 and methyl methacrylates. The present
study explains the work on aqueous polymerization of acrylamide
with an ascorbic acid-peroxidisulfate system as redox initiator
at 3510.2°C in the presence of atmospheric oxygen. The concentra-

tions studied were :

(2.0 - 15.0) x 1072 mole/litre
[Peroxydisulfate] (1.5 - 10.0) x 1073 mole/litre
[Ascorbic acid] (2.84 - 28.4) x 10”4 mole/litre

temperatures were between 25-50°C.

[Acrylamide]

]

Within these ranges the initial rate showed a half-order
dependence on peroxydisulfate, a first-order dependence on a
monomer concentration, and a first-order dependence on a low
concentration of ascorbic acid [(2.84 - 8.54) x 1074 mole/litre].
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At higher concentrations of ascorbic acid the rate remained
constant in the concentration range [(8.54 - 22.,72) x 10-4 mole/
litre], then varied as an inverse half-power at still higher
concentrations of ascorbic acid [(22.72 - 28.4) x 1074 mole/
litre]. The initial rate increased with an increase in poly-
merization temperature. The overall energy of activation was
12.203 Kcal/mole in a temperature range of 25—50°C. Water-
miscible organic solvents depressed the initial rate and the
limiting conversion. The viscometric average molecular weight
increased with an increase in temperature and initial monomer
concentration but decreased with increasing concentration of
peroxydisulfate and an additive, dimethyl formamide.

Part-I1 : Modified New Acrylamide Monomers and Polymers

Isocyanates, the esters of isocyanic acid, are very
versatile compounds. The presence of high unsaturation in
-N=C=0 is responsible for the high reactivity of isocyanates.
Isocyanates react with compounds containing 'active hydrogen'.
The reaction can be described as the attack of a nucleophile
on the electrophilic carbon atom in the isocyanate (-N=C=0)
group. The hydrogen atom gets attached to the nitrogen of the
isocyanate group, while remainder of reactant to the carbonyl
carbon atom :

R-N=C=0 —BX 3 R-NH-C-X

It has been reported in the literature6 that phenyl
isocyanate reacts with the amide group of acrylamide to yield
acryloylurea, which can be readily polymerized.

The present investigation was undertaken with a view to
synthesize new isocyanato acryloylurea monomers and to poly-
merize them into new polymers.

Acrylamide was reacted with the following diisocyanates
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in the presence of organic polymer rctarder :
1) 2,4-Toluene diisocyanate (TDI)
2) 4,4'-Methylene bis(phenyl isocyanate)(MDI) and
3) 1,6-Hexamethylene diisocyanate (HDI)

The scheme for the synthesis of isocyanato acryloylurea

monomers is as shown below :
CH2=CH-CONH2 + OCN-R=-NCO

Acrylamide L Diisocyanate

CH,=CH-CO-NH-CO-NH-R~-NCO

Acryloylurea
where R = (:} Hj (1]
- -@{H2—&)>— [11]
= —(CH2)6- [111]

These monomers were characterized by elemental and spectral
analysis such as IR and NMR. They are in good agreement with the
structures assigned.

The free -NCO group of the monomers I, II and III was
further reacted with water, cthyl alcohol, glycol and glycerin
to obtain the modified acryloylurea monomers. These monomers
were characterized by elemental analysis and IR spectra.

The polymerization of all these monomers was carried out
in N-methyl-2-pyrrolidone (NMP) in nitrogen atmosphere using
2,2'-azobisisobutyronitrile (AIBN) as an initiator. The polymers
were characterized by IR spectra and viscosities.

IR spectra of these polymers indicate that the polymeri-
zation occure through vinyl group. It was observed that the IR
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spectra of the polymers obtained from monomers I, II and III
(having free isocyanate group) showed no absorption at 2270 cm
corresponding to the isocyanate group. This may be due to the
reaction of the free isocyanate group with the solvent (NMP)7.
The viscosities of the polymers obtained from isocyanato
acryloylurea monomers are in the following order 3

II > I > 1III

Further modifications of the isocyanato acryloylureca
monomers (I, II and III) with water, ethanol, glycol and glycerin
gave the polymers with decreasing order of the viscosity in each
sericse.

Part-III : New Poly(amide-amine) Polymers

The facile addition of nucleophiles to the double bonds of
acrylamide compounds is well known and the Michael-type poly-
addition of primary amines and secondary diamines to various
types of bisacrylamides has been extensively studieds’g. It has
been reported that weak acids like acetic acid . have a marked
catalytic effect on the polyaddition of aromatic diaminecs to
bismaleimide compounds giving linear high molecular weight
polymerslo.

The present investigation was undertaken with a view to
prepare a series of poly(amide-amines) having a sulfone and ether
linkages and to study the structure-property rclationship of the
poly(amide-amines).

The reaction of N,N!'-methylenebisacrylamide with 4,4'-
oxydianiline (ODA) and 4,4'-methylenedianiline (MDA) as reported
by Imai et alll was also carried out. The reactionsof ODA and
MDA with N,N'-butylidene and benzylidenebisacrylamides were also
carried out.

The poly(amide-amines) have been synthesized by the

reaction of bisacrylamides and diamines in m-cresol using acetic
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acid as a catalyst at 100°C in nitrogen atmosphere.

The scheme for the synthesis of poly(amide-amines) is
given in Fig.l.

The sulfone ether diamines were synthesized using the
method described by Kawakami et all2 by condensation of sodium
salt of unsubstituted and substituted p-aminophenols with 4,4'-
dichlorodiphenyl sulfone in dimethyl sulfoxide at 160°C. The
structures of these diamines were confirmed by elemental and
spectral analysis such as IR and NMR.

Three different bisacrylamides were prepared by the reaction
of acrylamide with appropriate aldehyde in ethylene dichloride

using the method described by Feuer and Lynchl3 as shown below :

2CH2=CH—CONH2 + R~CHO
Acrylamide i Aldehyde

CH2=CH-CO—NH—CH—NH—CO-CH:CH2
R

Bisacrylamide

where R

-H, N,N'-methylencbisacrylamide (B1l)
= —CH2-CH2-CH3, N,N'-butylidenebisacrylamide (B2) and
= —C¢Hg, N,N'-benzylidenebisacrylamide (B3)

The structures of the bisacrylamides werc confirmed by
elemental and spectral analysis such as IR and NMR.

The polymers obtained were characterized by IR spectra,
viscosities, elemental and thermal analysis.

The elemental analysis and IR spectra are in good agreement
with the structures of polymers. The inherent viscosities of
poly(amide-amines) obtained from different sulfone ether diamines
and bisacrylamides showed that the polymer obtained from D3
(X1=X2=X3=H) has higher viscosity than thc¢ corresponding polymers



CH,=CH-CO-NH-CH-NH-CO-CH=CH, + H,N -Ar-NH,

R
Bisacrylamide Diamine
-{—-CH2-CH2—CO—NH-(|IH-NH —CO-CH2-CH2—NH-—A1‘-NH—}E
R
Poly(amide-amine)

where R -H

~CHy=CH,y=CH4 and

"

2%
e

%
:
®
/@g

X, =X, = Xz =H

X, = CHgy X, = Xy =H
X, =H, X, = Xy = CHy
X, = X, = CHgy Xy = H

Fig.l - Scheme for synthesis of poly(amide-amines)

(B1]
(B2]

(B3]

(p1]

[D2]

(D3]
[D4]
(5] |
[D6]
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obtained with methyl substituted diamines.

Using the viscosity data, sulfonc cther diamines occupy
the order of recactivity as :

D3 > D4 > D5 > D6

Viscosity data also showed that the substituents
(-CH,~CHy,~CH5 or -CgHg instead of H) in methylenebisacrylamide
have no effect on the reactivity of vinyl group.

In the thermo-gravimetry (TG) , the initial decomposition
temperature (IDT) of these polymers vary between 230~275°C.

A comparison of IDT showed that the alkyl group substitution

in diamine component and the substitution in methydlenebisacryl-
amide (—CH2—CH2—CH3 or -CcHg instead of H) decreases the thermal
stability.

The DTG curves showed Tmax twice, corresponding to the
decomposition of aromatic structure (at higher temperature) and
to the decomposition of amide linkage (at lower temperature).
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