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J .  MACROMOL. SC1.-CHEM., A4(6), pp. 1327-1417, October, 1970 

Cationic Quaternary Polyelectrolytes - 
A Literature Review 

M. FRED HOOVER 

Calgon Corporation 
Pittsburgh, Pennsylvania 15230 

SUMMARY 

This paper is a literature survey of quaternary ammonium, sulfonium, 
and phosphonium polymers. 

Interest in the chemistry of water-soluble polymers (polyelectrolytes) 
has been continually increasing during the past 20 years. The tremendous 
scope of utility for water-soluble polymers has led to a vigorous search for 
new materials and the rapid development of polyelectrolytes into a dynamic 
field of industrial research. Growth in this field has been especially rapid 
since 1960; and today, many companies are engaged in synthesis and appli- 
cations research on polyelectrolytes which are primarily used in four main 
marketing areas-water treatment, paper, textiles and oil recovery. 

Polyelectrolytes are classified into three main groups-nonionic, anionic, 
and cationic-depending upon the nature of the residual charge on the 
polymer in aqueous solution (Table 1). 

which are comprised again of three classes-ammonium (Io, II", 111" 
amines and quaternaries), sulfonium, and phosphonium quaternaries as 
shown in Table 2. 

While the polyamines constitute a large class of materials with diverse 
industrial applications, they vary widely in the starting materials and cook- 
book recipes used in their synthesis (most are condensation polymers), 

The most versatile and useful type of polyelectrolytes are the cationics, 
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1328 M. F. HOOVER 

Table 1. Polyelectrolytes 

Nonionic Anionic Cationic 

Polyols Carboxylic Ammonium 

Polyethers Sulfonic amines 
quaternaries 

Pol yamides Phosphonic Sulfonium 

Poly (N-vinyl heterocyclics) Phosphonium 

subsequent treatments, and their formulation with other materials for ap- 
plication. They are limited in many applications by their generally low 
molecular weight and charge-pH dependency. Therefore, in recent years 
polyelectrolyte monomer/polymer synthesis efforts have been increasingly 
concentrating on the quaternary polycationics. 

Cationic quaternary polyelectrolytes have many industrial applications; 
the list in Table 3 is an indication of their varied uses. 

In view of the functional utility of these materials and the present inter- 
est in quaternary polyelectrolytes, it is surprising that there has not been 
any form of literature review published on these materials. This may be 
due, in part, to the great diversity of structural types of polyquaternaries 
and also t o  the fact that much of ths  research is being conducted in highly 
competitive industrial laboratories. 

This paper is an attempt to survey the literature on quaternary poly- 
electrolytes and to present some of the main literature references to the 
synthesis and application of the quaternary polyelectrolytes in a systematic 
manner by structural type. In order to facilitate this review the three basic 
types of quaternary cationic polyelectrolytes (ammonium, sulfonium, and 
phosphonium) reported in the literature have been arranged into the struc- 
tural categories shown in Table 4, according to the position of the quater- 
nary N, S or P heteroatom within the polymer. 

Since almost all of the polyquaternaries reported in the patent and 
journal literature can be put into one of these structural classes, this classi- 
fication system provides a suitable guideline for presenting a review on 
polyquaternaries. 
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CATIONIC QUATEWAR Y POL YELECTROL YTES 1329 

Table 2. Cationic Polyelectrolytes 

H H H 
lo -N-R lo -N-R I 0  

(prot onated) I I I 

I. Ammonium 
I", II", 111" mines  -N-H 

H H R 

1" 11" 111" 

Quaternary 

11. Sulfonium 

111. Phosphonium 

R 

lo -N-R 
I 

R 

R 
/ 0 -S 
\ 
R 

R 

' 0  -P-R 
I 
R 

1. QUATERNARY AMMONIUM POLYMERS 

1. Poly[ (meth)acryloxyalkyl Ammonium] -CCH2 -CR-);; 
I 

C=O 

0-A-N\ 
I 0, 

Amino-containing monomer/polymer systems derived from aminoalkyl- 
acrylates and methacrylates have been one of the most extensively used types 
of cationic polymers [ 11. The methacrylate monomer is generally preferred 
for its greater reactivity in polymerizations and, therefore, the majority of 
references pertain to the use of this monomer type. Most of the published 
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1330 M. F. HOOVER 

Table 3. Some Industrial Applications for 
Cationic Quaternary Polyelectrolytes 

1.  Primary coagulants 

2. Flocculants for solids-liquid 

14. Wet and dry strength 
additives in paper 

separation processes 15 .  Emulsion stabilizers and 
emulsifiers (also de- 

3. Antistatic agents mulsifiers) 

4. Soil conditioning 16. Corrosion inhibitors 

5 .  Flame retardants 

6. Hair sprays, additives to 
shampoos, soaps, and other 
cosmetics 

7. Sequestering agents and 
additives to detergents 

17. Softening agents for 
fabrics and paper 

18. Silver halide peptizers 
and sensitizers for 
photographic film 

19. Polysalt complexes 

8. Grease thickening 20. Permselective membranes 

9. Electroconductive coatings 21. Lubricating oil additives 

10. Anion exchange resins 

1 1 .  Biocides, nematocides, 
fungicides, etc. 

22. Isolation of protein 
fractions by forming an 
insoluble complex and 
regenerating the protein 

12. Dye mordants and dyeable 23. Functional coatings for 
assists in fibers and 
photographic film 

adhesion, curing, etc. 

24. Printing inks 
13. Pigment retention aids and drainage 

aids in papermaking 25. Adhesives 
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CATIONIC QUATERNARY POL YELECTROL YTES 1331 

Table 4. Types of Cationic Quaternary Polyelectrolytes 

I. Quaternary Ammonium Polymers 

1. Poly(meth)acryloxyalkyl 

2. Poly(meth)acrylamidoalkyl 
3. Polyakenyl 

4. Polyvinyloxy 

5. Polyvinylbenzyl 

6. Polydiallyl (quaternary ammonium cyclopolymers) 

7. Polyvinylpyridiniurn 
8. Polyvinyhmidazolinium (and other heterocyclics) 

9. Polyalkylation quaternaries “1onenes”)-N@ in polymer chain 

10. Polycondensation quaternaries-N@ not in polymer chain 

11. Sulfonium Polymers 

1 .  Polyacrylic 

2 .  Polyvinylbenzyl 

3. Polydiallyl 
4. Polycondensation 

111. Phosphonium Polymers 

1. Polyvinyl 
2. Polyacrylic 

3. Polyvinylbenzyl 

4. Polvcondensation 

work on the quaternary ammonium methacrylates can be conveniently 
divided into two areas, depending upon the structure of the methacrylate 
monomer [ 21 : 2-methacryloxyethyl trialkylammonium (Structure I) and 
3-methacryloxy-2-hydroxypropyl trialkylammonium (Structure 11). 
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I332 M. F. HOOVER 

CH3 
I 

CH2 =C 
I 

C=O 
I 
0 
I 
CH2 

I 
CH2 
I 

No OOS03CH3 
1 I \  

H3C R CH3 

CH3 
I 

CHZ = C 
I 

c=o 
I 

0 
I 

CH2 
I 

CH-OH 
I 

CH2 
I 

No @C1 
/ I  \ 

H3C CH3 CH, 

I I1 

2-me thacryloxyethyl 3-methacryloxy-2-h ydroxy prop yl 
(usually trimethylammonium methyl- 
sulfate) 

(usually trimethylammonium chloride) 

A. Poly(2methacryloxyethyl Trialkylammonium). Barney [3,4] first 
quaternized dimethylaminoethyl methacrylate and prepared homopolymers 
and copolymers with acrylonitrile containing 1- 15% 2-methacryloxyethyl 
trimethylammonium methylsulfate or p-toluenesulfonate to enhance the dye- 
ability of acrylic fibers. Forshey and Kirby [ S] also prepared acrylonitrile 
copolymers with 2-methacryloxyethyl trimethylammonium methylsulfate for 
enhanced fiber dyeability. 

Dimethylaminoethyl methacrylate was quaternized with chloroacetate 
esters by Winberg [6] to  form methacryloxyetiiyl carboalkoxymethyl 
dimethylammonium chloride for copolymerization with acrylonitrile for 
enhanced acid dyeability of fibers. 

Maeder [7) prepared water-dispersible copolymers with acrylic esters 
using quaternary monomers derived from 0-diethylaminoethyl acrylate or 
Pdiethylaminoethylfumarate and chloroacetamide. 

2-methacryloxyethyl trimethylammonium methylsulfate, 2-methyl-2- 
Jackson and Wilkinson [ 81 prepared polyampholytes by terpolymerizing 
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CA TIONIC QUATERNAR Y POL YELECTROL YTES 1333 

propenesulfonate, and acrylonitrile for enhanced acid and basic dye 
receptivity. 

A recent Belgian patent 191 also describes the use of copoly(acry1o- 
nitrile-quaternary acrylic esters) in the thiocyanate anion form as an addi- 
tive to polyacrylonitrile to enhance its dyeability. 

aminoacrylates made by quaternizing dimethylaminoethyl methacrylate with 
propanesultone and the use of these polymers in various paper and textile 
coatings. 

Hartmann [ 111 also improved the heat stability of acrylonitrile by co- 
polymerization with 2-methacryloxyethyl trimethylammonium methylsulfate 
followed by treatment with hydrofluoboric acid. 

This type of quaternary polymer has been extensively proposed for anti- 
static treatment of textiles. Hughes [ 12) complexed poly(2-methacryloxy- 
ethyl trimethylammonium methylsulfate) with fatty alcohol sulfates to pre- 
pare an antistatic textile finish, and Bacon and Hughes [13] treated textiles 
with dilute aqueous solutions of this polyquaternary followed by treatment 
with a solution of a fatty carboxylate or sulfate salt. Hayek [14, 151 
prepared the polyquaternary salts with hydrocarbon sulfates and fatty car- 
boxylic acids for antistatic textile finishes. 

with various anionic polyelectrolytes, Jackson [ 16, 17) prepared durable 
antistatic finishes for textiles. 

ethyl ether of various ethylene glycols followed by quaternization with 
dimethylsulfate then polymerization and used the resulting polyacrylic 
ether quaternaries as antistatic agents (Structure 111). 

A British patent [ 101 describes sulfobetaine monomers and polymers of 

By combining poly(methacryloxyethy1 trialkylammonium methylsulfate) 

Combere and Reed [ 181 prepared methacrylate esters of 0-diethylamino- 

CH? CH2 O w H z  

I11 

Gruntfest and Fordyce [ 191 partially quaternized poly(dimethy1amino- 
ethyl methacrylate) with ethylene oxide to prepare polyquaternaries useful 
as pigment retention aids in papermaking; Fordyce, Glavis, and Melamed 
[20] used these same polyquatemaries as flocculants for dewatering aqueous 
suspensions (Eq. 1). 
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I334 M, F. HOOVER 

CH3 

c=o 
I 
0 
I 
CH2 
I 
CH2 
I 

/ I \  
H3C CH2 CH3 

I 
CH2 
I 
OH 

N @  Xo 

- 

Grey and Webers [21, 221 prepared copolymers of dimethylaminoethyl 
methacrylate with the trimethylammonium methylsulfate quaternary salt 
for use as a dye mordant in photographic film. 

Melamed prepared a series of poly(trialky1ammonium ethyl methacry- 
1ates)-N-ally1 [23, 241, N-alkoxyme$yl [25], N-carbonamido [26], and 
N-ureido [27] -which are water soluble, but capable of curing to an 
insoluble form upon heating for textile antistatic and various paper treat- 
ments (Structure IV). 

Clapp and Yee [28) used poly(2-methacryloxyethyl trimethylammonium 
methylsulfate) t o  prepare cationically dispersed vat dyes. 

Guenthner [29] prepared oil and water repellent compositions by polym- 
erizing quaternary methacrylates containing the N-perfluoroalkyl sulfonamido 
group, and Marascia et al. [30] prepared cationic wax emulsions for repel- 
lency coatings by using quaternary acrylate polymers. Also Mackenzie [31] 
used the quaternary aminoalkylmethacrylates to retain perfluoroalkyl phos- 
phates on pulp to produce oil repellent paper. 

2-methacryloxyethyl trimethylammonium methylsulfate for wet strength 
Nixon, Berrigan, and Williams [32] prepared copolymers of acrolein with 
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CATIONIC QUATERNARY POL YELECTROL YTES 1335 

I 

/ I \  
H3C A CH3 

N @  Xo 

IV [23-261 

A = -CH2-CH=CH2 

= -CH2-O-CHS 

= -CH2CONHCH20-(H or R) 

= -CH2CONHCONH-(H or R) 

agents in paper, and Daniel [33] prepared sizing agents for paper by 
quaternizing co- and terpolymers of styrene-fatty acrylate-dimethyl- 
aminoethyl methacrylate with benzyl chloride to introduce hydrophilic 
(ionic) sites into the polymer for fiber substantivity. 

methylsulfate have been extensively studied for their use as flocculants, 
pigment retention aids [34],  etc. 

Monagle and Shyluk [35] disclosed a precipitation polymerization proc- 
ess for making acrylamide copolymers with 2-methacryloxyethyl trimethyl- 
ammonium methylsulfate in a 35-70% tertiary-butanol/water mixture where- 
from the cationic copolymer precipitates as it is formed. Monagle [36] 
also used various salts along with the tert-butanol/water mixture to provide 
a solvent media for this precipitation polymerization process. 

Recently, Fujimoto [37] prepared antistatic textiles by treating the ma- 
terial with a wide variety of polyquaternary ammonium resins, including 
poly(2-methacryloxyethyl trimethylammonium methylsulfate), and then 
polyanionic materials to form an insoluble polysalt-type of film. (See also 
Jackson [16, 171.) 

Szita et al. [38] made quaternary urea-type methacrylate monomers to 
be copolymerized with acrylonitrile for dye receptivity (Structure V). 

Kirby [39] prepared dye intermediates for photographic film by qua- 
ternizing poly(dimethylaminoethyl methacrylate) with dye moieties. 

Overberger, Biletch, and Nickerson [40] reported the copolymerization 
of 2-methacryloxyethyl triethylammonium iodde  with 4-vinylpyridine. 

Copolymers of acrylamide and 2-methacryloxyethyl trimethylammonium 
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1336 M. F. HOOVER 

CH3 0 0 
I 11 

I 
CH3 

CHz=C--C-O+CHz )rNH-C-NH 

V 

Rembaum, Singer, and Keyzer [41] made dicationic methacrylic and 
diallylic compounds for cross-linking agents to make quaternary ammonium 
group-containing gels, anion exchange resins, pennselective membranes, etc. 
(The analogous compounds were reported in 1951 by Anthes [42) when he 
synthesized diquaternaries based on ydimethylaminopropyl acrylamide with 
dihalides and used the resulting monomers to make anion exchange resins. 
Also, Haas and Taylor, U.S. Patent 3,309,376, employed diquaternary 
dialdehydes to form cross-linked cationic polymers for dye mordants.) 
(Eq. 2.) 

CH3 
I 

2CHz =C-C-O-CH2 CHz -N(CH3 )2 t Br-R-Br > 
II 
0 

0 
I1 

Br ' 
0 
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CATIONIC QUATERNARY POL YELECTROL YTES 1337 

8. Poly(3-methacryloxy-2-hydroxypropyl Trialkylammonium). Recently, 
Sobolev [43] synthesized another very interesting quaternary acrylate mono- 
mer by the reaction of methacrylic or acrylic acid, epichlorohydrin and tri- 
methylammonium chloride. Sobolev [44] also prepared homopolymers and 
copolymers (using persulfate redox catalyst systems) of 3-methacryloxy-2- 
hydroxypropyl trimethylammonium chloride with acrylamide, acrolein, etc., 
which were proposed for wet and dry strength agents in paper, retention 
aids, flocculants, antistats, etc. Mitls [45] prepared terpolymers of 3- 
methacryloxy-2-hydroxypropyl trimethylammonium chloride with acrolein 
and other monomers for treating paper-especially for wet strength proper- 
ties-and textiles. 

DeBenedictis and Sobolev [46, 471 discuss the use of poly(3-methacryl- 
oxy-2-hydroxypropyl trimethylammonium chloride) as a flocculant in the 
separation of solids from aqueous suspensions. Both homopolymers and 
copolymers are used either alone or in conjunction with an anionic poly- 
acrylamide in a dual treatment. 

containing the 3-methacryloxy-2-hydroxypropyl trimethylammonium chlo- 
ride group by treatment of a cross-linked polymer containing glycidyl 
methacrylate or 3-chloro-2-hydroxypropyl methacrylate with trimethylamine, 
and Bergmeister and Hackmair [ 50) used poly(3-methacryloxy-2-hydroxy- 
propyl trimethylammonium chloride) to stabilize cationic emulsion poly- 
mers (Eq. 3). 

these types of polyacryloxyalkyl and also polyamidoalkyl quaternary am- 
monium resins for electroconductive coatings on paper. 

Many years ago, Hwa [48, 491 prepared polymeric anion exchange resins 

In a recent Belgian Patent, Schaper and Hoover [511 discuss the use of 

2. Poly[ (meth)acrylamidoalkyl Ammonium] + CH2 - C R j  n I 
c=o 

In like manner to the dialkylaminoalkyl(meth)acrylic esters, the N- 
(dialkylaminoalkyl) acrylamides have been extensively used for making 
amino-containing polymers for dye receptivity, antistatic coatings, etc. 
However, not as much work has been reported on the corresponding qua- 
ternary aminoalkyl acrylamides as on the quaternary aminoalkyl acrylic 
esters. 

Anthes [42] quaternized N(ydimethylaminopropy1)acrylamide with tri- 
methylene dibromide to prepare diquaternary monomers which he polym- 
erized to form gels with anion exchange properties, as mentioned above. 
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1338 M. F. HOOVER 

CH3 
I 

CH2 =C 
I 
c=o - 
I 
0 
I 
CH2 
I 

CH-OH 
I 
CH2 

n 

c=o 
I 
0 
I 
CH2 
I 
CH-OH 
I 
CH2 

A 

A = CONHZ 

= COOR 

= COH 

= ococl 

[4346] ,  501 

Shacklett [ 52-54] prepared betaine monomers by quaternizing dimethyl- 
aminoethyl and propyl acrylamide and methacrylamide with chloroacetates, 
0-propiolactone, propanesultone, etc., and terpolymerized these monomers 
with methacrylamide and dihydroxyalkyl acrylamides to prepare gelatin 
substitutes for photographic film, protective colloids, dispersing agents, etc. 
(Structure VI). 

Schuller and Thomas [ 551 also prepared acrylamidopropyl dimethyl 
carboxymethylammonium betaine. Homopolymers and copolymers of this 
monomer with acrylamide were proposed as dry strength agents for paper, 
textile treating agents, soil conditioners, etc., and copolymers with acrylo- 
nitrile gave fiber compositions with enhanced dye receptivity. 

A British Patent [ 101 describes sulfobetaine monomers and polymers of 
aminoalkylacryiamides made by quaternizing dialkylaminoalkyl acrylamides 
with propanesultone and the use of these polymers in various paper and 
textile coatings. 

Melamed [23] also prepared a series of quaternary aminoalkyl acryl- 
amides analogous to the acrylic esters, containing reactive N-ally1 [24], 
N-alkoxymethyl [25],  Ncarbonamido [56j ,  ureido groups [26, 271, 
which are capable of being rendered insoluble to provide durable antistatic 
textile finishes and paper strength agents (Structure VII). 
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CH3 n = 2 o r 3  
m = I o r 2  

VI [52-551 

where A = -CH2 CH=CH2 

= -CH2 -0-CH3 

= -CH2 CONHz 

= -CH2 CONH-CH2 -OH 

= -CH2 CONH-CH2 -OR 

= -CH2 CONHCONHR 

V11 [23-27, 561 

Melamed [ 571 also prepared various copolymers with quaternary am- 
monium alkyl acrylamides, where a benzyl or fatty alkyl group was one of 
the substituents on the quaternary nitrogen, which had fungicidal and bac- 
teriostatic properties. 

dimethyl ammonium chloride homopolymers and copolymers with acryl- 
amide, ethyl acrylate, etc., and used these cationic resins for dry strength 
agents in paper. 

Maeder [ 591 prepared cationic emulsion copolymers utilizing various 
quaternary aminoethyl and propyl acrylamides which have epoxypropyl and 
acetamido functional groups on the nitrogen for textile, paper, and leather 
coatings. 

Fujimoto [37] prepared antistatic textile finishes by first treating the 
material with a polyquaternary resin, such as poly(acrylamidoethy1 and 
propyl trialkyl ammonium salts), and then with polyanionic resins. 

Wilson, Thomas, and Padbury [ 5 81 prepared (3-acrylamidopropyl)benzyl 

Gustafson and Lirio [60] studied the anion exchange properties of 
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I340 M. F. HOOVER 

poly(3-acrylamidopropyl trimethylammonium chloride) cross-linked with 
about 4% divinylbenzene and compared the organic anion adsorption prop- 
erties of this resin to a poly(vinylbenzyltrimethyl) ammonium chloride 
resin. 

Jones [61] prepared many varieties of monomeric methacrylamido- and 
acrylamidoalkyl trialkylammonium salts by the reaction of an N,N-disub- 
stituted diamine with acrylyl or methacrylyl chloride and then followed by 
subsequent quaternization of the tertiary amine. Jones [62] also prepared 
quaternary ammonium homopolymers from these monomers in 20-50% 
aqueous solutions using ammonium persulfate at 90-100°C. Baird, Batty, 
Henshall, and Jones [63] discussed the use of these poly(acrylamidoalky1 
quaternary salts) as antistatic finishes for textiles (Structure VIII). 

R(H or CH3) 

\ 
R1 

= benzyl 

= ally1 

n = 2 o r 3  
0 00 

X = CI, Br, OS03CH3, 
0 

p-CH3 +-SO3 

VIII [61-631 

Olaj and Maeder [64] found that terpolymers of quaternized N,N- 
dialkylaminoalkyl acrylamide (with chloroacetamide) and N-vinylpyrrolidone 
and acrylic acid were useful as leveling agents for vat dyes. 

Poly(aminimides). Another class of compounds that has potential utility 
in making cationic polyelectrolytes is the aminimides; however, t o  date 
these materials have been initially explored for coating applications because 
of their thermolysis to isocyanates. (See Brit. Patent 1,165,012.) 

Culbertson and Slagel [65) reported on the homo- and copolymerization 
of trimethyl methacrylimide, which when neutralized becomes essentially a 
poly(acylhydrazinium quaternary salt). 

Culbertson et al. [66] reported on tnmethylamine4-~inylbenzimide, 
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CATIONlC QUATERNARY POL YELECTROL YTES 1341 

0 0  
CH,=CH-q-CON-N (CH,), and Culbertson, Sedor, and Slagel [67] 
discussed the monomer/polymer properties of two new methacrylimides 
containing the hydroxypropyl group (Structure IX, Eq. 4). 

CH3 CH3 
1 0 1 0  

CH2=C-C-N-N -CH2 CHCH, -(H or OH) 
11 I I 
0 CH3 OH 

IX 

OH 
[65-67] 

3. Polyalkenyl +CH2 -CH+ 
I 
A 

Polyvinyl Ammonium. There are many references to the preparation of 
polyvinyl mines ;  however, there is little published on quaternary vinyl- 
ammonium polymers. The carbon-carbon double bond in an a-position to 
a quaternary ammonium or sulfonium group is not very stable and com- 
pounds of this type decompose by disproportionation. Therefore, little 
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1342 M. F. HOOVER 

progress has been made in the synthesis of polyvinyl quaternary ammonium 
or sulfonium resins. Two general approaches have been used in attempts to  
synthesize vinyl ammonium compounds: 1) vinylation of amines with 
acetylene [68, 691 ; 2) dehydration of choline or choline chloride or the 
dehydrohalogenation of P-chloroethyl-trialkyyl amines [70]. Many vinyl am- 
monium polymers have been prepared, however, where the quaternary 
nitrogen is not bonded directly to  a backbone carbon atom. 

0 
II 

Ham and Gann [ 7 11 used vinylchloroacetate (CH2 =CH-0-C-CH2 -C1) 
monomer as a means for introducing a quaternary ammonium group into 
polyacrylonitrile fibers to enhance their affinity for acid dyes. They pre- 
pared acrylonitrile-vinyl chloroacetate copolymers and subsequently reacted 
the copolymers in DMF with amines. The use of primary and secondary 
amines resulted in gellation, but tertiary alkyl amines or pyridine gave sol- 
uble quaternaries (Eq. 5). 

vinyl acetate and vinyl stearate followed by quaternization with tertiary 
amines (specifically, pyridine) in a water miscible organic solvent t o  obtain 
quaternary resins for treating cellulosic materials to enhance dyeability and 
adhesion properties. Sexsmith [73] quaternized the copolymer of vinyl 
stearate and vinyl chloroacetate with pyridine on a neat basis without the use 
of solvents at a temperature above the melting point of the copolymer. 

Newport and Reynolds I741 studied the quaternization of poly(viny1 
chloroacetate) with pyridine to  prepare quaternary polyelectrolytes and also 
their cross-linking with 4,4'-bipyridine. 

Levy, Newport, and Reynolds [75] claim that partially quaternized 
(30-60%) homopolymers and copblymers of vinyl chloroacetate with vinyl 
acetate are useful as flocculants. 

ation of polyvinyl chloroacetate [poly(vinylpyridinium acetate) chloride] as 
a dye mordant in photographic film. 

Because the quaternized vinyl chloroacetate copolymers are not hydro- 
lytically stable and tend to gel or cross-link, Ham, Craig, and Gann [77] 
investigated the use of allyl- and methallyl chloroacetate copolymers with 
acrylonitrile. After quaternization with trimethylamine the allyl chloro- 
acetate copolymers gelled, whereas the methallyl chloroacetate copolymers 
remained stable. 

chloride quaternary monomers by reacting vinyl chloroacetate with tertiary 

Daniel [72] prepared copolymers of from 1-5096 vinyl chloroacetate with 

Heseltine and Brooks [76] used the polyquaternary derived from pyridin- 

Ham [ 781 prepared (carbovinyloxymethyl) trimethyl ammonium 
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I 
A 

- 

I 
0 
I 
c=o 
I 

CH2 
I 
a 

where A = -CN, -OCOCH3 or -C02R 

[71-73, 75, 771 
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0 
II 0 

amines [ CH2 =CH-0-C-CH2 -N(CH2 )3 c1 '1 . Acrylonitrile was then 
copolymerized with 2-25% of the (carbovinyloxymethyl) quaternary mono- 
mer to provide fibers with enhanced acid-dye affinity (Structure X). 

In like fashion, Ham "791 copolymerized acrylonitrile with up to 15% 
(carboallyloxymethyl) trimethylammonium chloride (Structure XI). 

CH, =CH 
I 
0 
I 
c=o 
I 

CH2 
I 

W H 3  )3 

R (H or CH3) 
1 

CH2 =C 
I 
CH2 
I 
0 
I 
c=o 
I 

CH2 
I 
W H 3  13 
0 

Cl 

Poly(meth)allyl Ammonium. Butler and Ingley [ 1381 reported that 
monoallyl trimethyl ammonium bromide, failed to  polymerize when sub- 
jected to a free radical peroxidic catalyst-which is in accordance with the 
general observation that monoallyl compounds do  not polymerize well 
due to degradative chain-transfer. 

Price [ 801 reported using allyl ymyrist(or stear)amidopropyl dimethyl 
ammonium chloride as a comonomer for dyeable fibers and antistatic com- 
positions. Schuller and Thomas [ 811 copolymerized allyl dimethyl carboxy- 
methylammonium betaine with acrylonitrile for enhanced dye receptivity 
and with acrylamide for paper coatings (Structure XIII). 

ety of quaternary ammonium monomers, including trimethyl allyl ammoni- 
um chloride, to prepare cationic polyaldehydes useful for imparting wet- 
strength to paper. 

Nixon, Berrigan, and Williams [32] copolymerized acrolein with a vari- 

Naraski [82] quaternized low molecular weight oligomers of allyl chloride 
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r 1 

XI1 

C H ~  =CH-CH~-N-CH~ -c-o 0 
I 
CH3 

XI11 

with N-dodecylpiperidine and dimethyldodecylamine to obtain cationic 
polysoaps and studied their wetting and solubilizing characteristics. 

(2-hydroxy-3-butenyl) ammonium chloride for increased acid dye recep- 
tivity [CH2 =CH-CH-CH2-N(CH3)2(CH2$)] . 

Lytton [83] prepared copolymers of acrylonitrile with dimethylbenzyl 

4. Poly(vinyloxyaky1 Ammonium) +CHz -CH* 
I 
0 
I 
A 

I 

R R  R 

Barney [84] first prepared homopolymers of vinyloxyalkyl trialkyl qua- 
ternary ammonium monomers in the early 1950s and also copolymers with 
acrylonitrile for fibers with enhanced dye receptivity (Structure XIV). 
Many other uses for polymers of aminoalkylvinyl ethers have also been 
proposed [ 851 . 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1346 M. F. HOOVER 

f CHI - C H j  
I n  
0 
I 
A 
I 

/ I  \ X' 
NO 

XIV 

[MI 
A = +CH,--f;;, where n = 2 or 3 

= fCH2--);;CH3, n = 6-19 

Melamed [ 861 also prepared polymers of quaternary aminoalkylvinyl 
ethers, where A is ethylene and trimethylene and the substitutents on the 
quaternary nitrogen are benzyl, phenoxyethyl, and CI2 to  C fatty tails. 
These polymers are claimed to have good fungicidal and bactericidal prop- 
erties and are proposed as additives in chicken feeds, etc. 

Maeder and Albrecht [ 871 prepared aqueous emulsion copolymers using 
styrene or acrylic esters with quaternary vinyl ethers having structures XV 
which were used for textile, leather, and metal coatings. 

CH, =CH and CH,=CH R = R = R2 = carboxamido- 
I I methyl 
0 0 = glycidyl 
I I = lower alkyl 
CHZ 
I 

CH2 x@ 
I 

XV (871 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



CATlONlC QUATERNARY POL YELECTROL YTES 1347 

Butler and Goette [88] investigated the polymerization of unsaturated 
(allyl) vinyloxyethyl quaternary ammonium compounds and observed that 
diallylbutyl-@4nyloxyethyl ammonium bromide yielded a water-soluble 
polymer with the vinyloxyethyl group not polymerized. The triallyl 
analogue produced cross-linked insoluble polymers (Structure XVI). 

CH2zCH 
I 
0 
I 
CH2 
I 
CH2 
I 
N o  BrQ 

/ I  \ 
CH2 BU CH2 

I I 
CH CH 
II II 
CH2 CH2 

XVI [88] 

This is now understood to be due to the cyclopolymerization of the diallyl 
groups to form a linear cyclic ammonium polymer. 

Reynolds [89] has synthesized polyvinyloxymethyl quats by reacting 
N,N-disubstituted alkoxymethylamines with polyvinyl alcohol followed by 
subsequent quaternization (Eq. 6). These polyvinyloxymethylammonium 
quats are said to be useful as dye mordants, silver halide peptizers, sensi- 
tizers, and antistatic agents. 

While quaternary aminoalkylvinylethers polymerize quite readily, the 
tertiary aminoalkylvinylethers cannot be homo- or copolymerized very well. 
Very high catalyst concentrations (ca. 10-15% BOM) are required and various 
catalysts have yielded only very low molecular weight polymers with low 
conversions [90]. 

Melamed [90] has found that amidoalkylvinylethers are capable of being 
polymerized to high molecular weight and the resulting polymers can then 
be hydrolyzed to provide a poly(aminoalkylviny1ether) indirectly. The 
amidoalkylvinylether may be a carbonamidoalkyl or a carbamidoalkylvinyl- 
ether (ureidoalkylvinylether) (Eq. 7). 
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R' 
\ 

- - f C H 2 - C H j  t N-CH20R3 +CH2-CH-f;; + R 3 0 H  
I n  I I 

OH R2 

1891 

CH2=CH or CH2=CH F W H z - C H - ) ; ;  
I I I 
0 
I 
A 
I 
N-R 
I 
c=o 
I 
N H 2  

0 
I 
A 
I 
N-R 
I 
c=o 
I 
R' 

where A = (CH,) ; n = 2-3 
n 

R = H,CH3 

0 
I 
A 
I 
N 

I \  
R R 

(7) 

Cupery and Sauer [9 11 report the copolymerization of 0-vinyloxyethyl- 
amine with other comonomers such as styrene and acrylics to prepare 
primary amino group containing polymers for cross-linkable coating com- 
positions. 
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5. Poly(vinylbenzy1 Ammonium) w H 2  - C H Y  
I 

I 
N@ 

/ I \  

Vinylbenzyl quaternary ammonium polymers were first prepared by 
Jones [92,93] by the quaternization of chlorornethylated polystyrene and 
polya-methylstyrene with tertiary mines to form a water-soluble poly- 
quaternary (Eq. 8). 

CH2 
I 

@ NR3 

c1 
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1350 M. F. HOOVER 

Lloyd [94] prepared polyvinylbenzyl trimethyl ammonium chloride 
quats by aminating polymeric chloromethylstyrene latex (prepared by the 
method of Vitkuski [95]) to obtain a water solution of the polyvinylbenzyl 
trimethyl ammonium chloride resin. He also prepared the sulfonium salts 
with sulfides. The chloromethylated polystyrene became water soluble at 
about 30 mole % quaternization (Eq. 9). 

CHZ 
I 
Cl 10 

' I '  c? 
N 

[94, 96-98] (9) 

Lloyd and Vitkuski 1961 also showed the effects of cross-linking with 
0.05 to 1 .O% divinyl benzene (which gives interesting microgel structures) 
on dilute solution viscosities. 

Later work by Lloyd and Durocher [97,98] has shown the quaterniza- 
tion of poly(chloromethy1styrene) with trialkyl amines and disul fides to be 
an SN2 nucleophlic displacement reaction. 

The aqueous latex emulsion of poly(chloromethy1styrene) is very readily 
reacted with trimethylamine yielding the water-soluble polyquaternary in a 
few minutes at 20-30% concentration. Lloyd and Durocher [98] observed 
a marked decrease in the reaction rate at about 50-60% conversion due to 
the neighboring group effect and attributed this difference in reactivity to 
the microtacticity of the polymer segments and the different reaction rate 
between 0- and p-chloromethyl groups (this is also discussed by Arends 
[991 ). 

the polymer usually contains 8045% quaternized units, 2-7% unreacted 
chloromethyl groups, and 10-13% hydrolyzed groups. 

In a typical polyquat of this structure, made under optimum conditions, 
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Jones and Goetz [ 100) reported the synthesis of p-vinylbenzyltrimethyl- 
ammonium chloride monomer, homopolymer, and copolymers with styrene. 
acrylonitrile, and acrylamide in 1957 (Eq. 10). 

10 
N Cl' 

= CN 

The method by which p-vinyIbenzyltrimethylammonium chloride was 
first obtained involved chloromethylation of phenethyl bromide. Both 
halogens were replaced by reaction with trimethylamine at room temperature 
and the difunctional quaternary hydroxide was obtained by ion exchange. 
This compound readily lost trimethylamine on boiling the aqueous solution 
under reduced pressure. p-Vinylbenzyltrimethylammonium chloride was 
obtained by HCI neutralization of the aqueous hydroxide quat solution. 
However, the simplest preparation for these monomers is the aqueous 
solution amination of p-vinylbenzyl chloride with various tertiary amines. 
The vinylbenzyl quaternary ammonium monomers are also reported to  be 
toxic [loo]. 

chloride were observed to be highly substantive t o  paper pulp and were pro- 
posed by Jones [loo] as beater additives; acrylonitrile copolymers for 
enhanced dyeability; and styrene copolymers for antistatic effects. 

Copolymers of acrylamide with p-vinylbenzyltrimethyl ammonium 
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Morris [ 101 ] also prepared vinylbenzyltrialkyl ammonium chloride 
monomers and polymers where one of the alkyl groups on the quaternary 
nitrogen was a CI2-Cl8 fatty alkyl chain. He prepared his monomers by 
dehydrobrominating the (2-bromoethy1)benzyl quaternary ammonium 
halides (Eq. 11). These polyquats are claimed to be useful for wetting 
and emulsifying agents, dispersants and antistatic agents. 

CH2 
‘ 0  0 
N X  

The vinylbenzyl quaternary ammonium monomers and polymers are the 
subject of a patent issued to Clarke and Hamerschlag [lo21 in 1957 where 
they claim the compositions of linear soluble polyelectrolytes based on these 
monomers and also cross-linked gels for ion exchange resins and membranes. 

Juda and Hamerschlag [ 1031 also discuss the quaternization of chloro- 
methylated polystyrene to yield vinylbenzyl trialkylammonium gel structures. 

Repeating the earlier work of Jones, Rassweiler and Sexsmith [ 1041 also 
worked on acrylamide copolymers of p-vinylbenzyl trialkyl ammonium 
chloride and cited their use as paper dry strength additives. 

Rassweiler and Sexsmith have used all three of the p-vinylbenzyl quater- 
nary monomers (ammonium, sulfonium, and phosphonium) to prepare 
cationic acrylamide copolymers for use as paper strength additives (Structure 
XVII). 
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y = 1-95 mole % 1 ' 0  
A 

- 

1353 

'L 

n 

XVII 
0 0 

where A is: NR3 : [lo41 

0 
PR3 : [372] 

0 
SR2 : [334] 

Jones et al. also quaternized copolymers of vinylbenzyl chloride and iso- 

Mader and Seidel [ 106) quaternized polyvinylbenzyl chloride with pico- 
propenyl chloride [ 1051 . 

line, followed by further condensation with aromatic aldehydes to yield 
photosensitive poly(N-vinylbenzyl4vinylpyridinium) salts. 

strength by partially quaternizing poly(chloromethy1styrene) or copoly 
@-methylstyrene-chloromethylstyrene) with pyridine to introduce about 
2-2076 quaternary groups into the polymer while retaining its hydrophobic 
nature. 

By quaternizing chloromethylated styrene-divinylbenzene copolymers, 
Trostyanskaya et al. [ 1081 prepared quaternary ammonium resins having 
aminotriacetic and P' ,  P", 0"'-triaminotriethylamine complexogenic groups. 

The use of poly(vinylbenzy1 trimethylammonium chloride) for electro- 
conductive coatings on paper is discussed by Silvernail and Zembal [I091 
and Doggett and Cady [ 1 101 . These same polyquats are also proposed 
for antistatic coatings on photographic film and electrostatic recording films 
by Winchell [ 1 1 1, 11 21 . Also Geyer [ 1 1  31 discusses the use of polyvinyl- 
benzyl mixed ammonium and sulfonium quats for insolubilizable conductive 
coatings. 

Wahl and Dever [ 1141 propose the addition of both vinylbenzyl trialkyl 
ammonium and sulfonium polymers to control water-loss from hydraulic 
cement slurries used in oil well cementing. 

Jen and House [ 1071 prepared cationic resins for paper sizing and dry 
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The polyvinylbenzyl trialkyl ammonium chloride quats have been pro- 
posed extensively for their use as flocculants in many solids-liquid separa- 
tion processes. Wiley [ 1 151 uses polyvinylbenzyltrimethyl ammonium 
chloride homopolymer and acrylamide copolymers for flocculating ore, 
clay, and starch slurries, and Priesing and Mogelnicki [ 1 161 used a combina- 
tion of anionic polyelectrolyte and cationic polymer (such as polyvinyl- 
benzyltrimethyl ammonium chloride) to flocculate sewage sludges for 
dewatering. Zhukovskaya and Vernikova [117] also mention the use of 
poly(vinylbenzyltrimethy1 ammonium chloride) to purify oxytetracycline 
solutions. 

However, the poly(vinylbenzyltrialky1ammonium chloride) polyqua- 
ternaries have not found commercial utility as flocculants because of their 
generally low molecular weight. 

Polyelectrolyte complexes. Insoluble polyelectrolyte complexes (poly- 
salts) are formed when a cationic quaternary polyelectrolyte is mixed with 
an anionic polyelectrolyte in solution where mutual interaction (polysalt 
formation) can occur. 

Michaels and Miekka [118-120) and Michaels [121-1231 found that 
membranes consisting of complexes of a polyanion, poly(sodium styrene- 
sulfonate) and a polycation, poly(vinylbenzyltrimethy1ammonium chloride) 
could be formed by mixing solutions of the individual polyelectrolytes in 
a ternary solvent consisting of about 60% water, 20% acetone, and 20% 
NaBr, casting thin films from the solution, and allowing the acetone to 
evaporate so that the polysalt complex would precipitate. 

electroconductive, and mechanical behavior of these polysalts and their 
use in making membranes for separation processes. These polysalt com- 
plexes are also reported to increase the moisture vapor transmission rate 
of plastics when incorporated as filler material in plastic films [ 128, 1291 
and to have biomedical prosthetic utility [130, 1311. 

The interstitial salt content in the polyelectrolyte complex (gel) can be 
altered to  change its electrical properties for use in various electroconduc- 
tive applications, such as battery separators [ 132-1351 . 

Michaels et al. [ 119, 124-1 271 also discussed the unusual ion sorption, 

Poly@-vinyl Anilinium). Vinyl trialkyl phenylammonium (anilinium) 
compounds have been investigated by Price [ 1361 as comonomers for 
modification of acrylonitrile fibers to enhance their dyeability , and Arcus 
and Hall [137] investigated the kinetics of the quaternization of poly(4-N, 
Ndimethylaminostyrene) with methyl iodide. 
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Tpl 6. Poly(diallyl Ammonium) 

/ \  
In 1951 Butler and lngley [I381 first reported the observation that 

diallyl quaternary ammonium bromide salts polymerized with tert-butyl 
hydroperoxide to form water-soluble polymers-which was quite contrary 
to the expected insoluble cross-linked resins, as in the case of tri- and 
tetra-ally1 quaternary ammonium compounds. The monoallyl ammonium 
compounds failed to polymerize. Butler and Goette [139] also observed, 
contrary to their expectations, that dially butyl P-vinyloxyethyl ammonium 
bromide yielded a water-soluble polymer with the 0-vinyloxy group 
unpolymerized. 

Likewise, Butler and Johnson [ 1401 observed that diallyl propargyl 
quaternary ammonium compounds produce water-soluble polymers and 
the propargyl group did not enter the polymerization, and Butler and 
Goette [ 1411 showed that the 2-butene double bond is also not polym- 
erized in ally1 substituted 1,4-diamino-2-butene. 

poly(methy1ene piperidinium) structure for these diallyl ammonium poly- 
mers which is formed by an alternating intramolecular-intermolecular 
cyclization reaction and propagation into a linear cyclic polymer. The 
structure of these cycloquats was disclosed in March, 1957 [ 1421 and 
Butler and Angelo [ 1431 published the 1,6-diene cyclo-polymerization 
process in June, 1957. 

At a Gordon Research Conference in 1955, Dr. Butler proposed a cyclic 

(1,fd)iene)DiallyI Cyclopolymerization (Eq. 12). Butler, Crawshaw, 
and Miller [ 1441 degraded both poly(dially1 ammonium bromide) and 
poly(dially1 dimethyl ammonium bromide) and obtained the expected 
products from cleavage of the piperidinium bromide rings present in the 
structures, which confirmed the proposed cyclic structure obtained from 

diallyl ammonium bromide monomers [(CH2 =CHCH2)2 NRz] @ Br'. 
Hydrogenation experiments on purified polymer and infrared data indicate 
no unsaturation in these polymers. 

In 1960, Dr. Butler [I451 presented a review of the developments in 
cyclo polymers up to that time and again in 1966 in the Encyclopedia of 
Polymer Science [ 1461 . 

Butler, Angelo, and Crawshaw [ 1471 discuss linear homopolymers of 
diallylamines and Butler [ 1481 disclosed the composition of high molecular 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1356 M. F. HOOVER 

1 -CH2 -CH CH 
I I (1) initiation CH CH 

1 . t I  I 

\@I 
N Br' 

I \  
R R 

\ @ /  
N Br' 

/ \  
R R 

CH2 
/ \  

(2) propagation by I -CH2-CH CH * t 
+ I I 

CH2 intramolecular growth 

CH2 
/ \  

I -CH2 -CH CH-CI 

R R 

(3) propagation by 

intermolecular growth 
b 

CH2 
\\ 

I I I I 
-CH CI 

R R R R 
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weight poly(dial1ylammonium chlorides)-in contrast to the previously pre- 
pared low molecular weight poly(dially1ammonium bromide) salts. 

Poly(N,N-dimethy1-3,5-methylenepiperidinium chloride) (Structure 
XVIII). Boothe [ 149, 1501 discloses a process for making dimethyldiallyl- 
ammonium chloride monomer of high purity which is especially suitable 
for making high molecular weight polymers for flocculants. 

Butler also found that many other unsaturated ammonium, sulfonium, 
and phosphonium compounds containing the 1,6-diene system would also 
yield water-soluble polymers via cyclopolymerization [ 1481 . 

r 1 

I \ C P  I \ C P  I \ C P  

XVIIl 1148, 151, 162, 1631 

Recently, Negi, Harada, and Ishizuka 115 I ]  studied the polymerization 
of dimethyldiallylammonium chloride and bromide in DMSO solvent ini- 
tiated by ammonium persulfate. Their work confirmed Butler’s finding 
that the chloride anion form polymerized much better and gave significantly 
higher intrinsic viscosities than the bromide anion form. 

Many studies have been reported on the use of poly(dimethyldially1- 
ammonium chloride) as a primary coagulant or coagulant aid [ 1521 in 
destabilizing colloidal suspensions and in industrial waste water clarifica- 
tion by Butler [153], Black, Birkner, and Morgan [154, 1551, Jones (1561, 
Kleber [157], Posselt et al. [158], Pressman [159], and Dajani [160,161]. 
This is the only synthetic cationic quaternary ammonium polyelectrolyte 
approved by U.S.P.H.S. for use in potable water clarification. 

the best materials for electroconductive coatings on paper used in electro- 
graphic reproduction processes [ 1631 . 

Boothe and Hoover [I621 proposed the use of poly(dimethyldially1- 
ammonium chloride) as an electroconductive coating for paper and Hoover 

It is now recognized that polyquaternary ammonium compounds provide 
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and Carr [163] elaborated on the optimization, formulation, and com- 
mercial use of this polyquat for electroconductive coatings on electro- 
graphic papers. 

with a wide variety of other monomers to produce cationic copolymers. 
Schuller et al. [164] reported the copolymerization of dimethyldiallyl- 
ammonium chloride with acrylamide and acrylonitrile for paper dry strength 
additives. Schuller and Thomas [ 1651 prepared copolymers of dimethyldi- 
allylammonium chloride with acrylamide, acrylonitrile, styrene, methyl- 
acrylate, vinyl acetate, etc. Booth and Linke [I661 used copolymers of 
acrylamide and dimethyldiallylammonium chloride to aid in the separation 
of aqueous ore pulps and mineral suspensions, and Suen and Schiller [ 1671 
used these copolymers to  flocculate sewage wastes (Structure XIX). 

Schuller, Thomas, Moore, and House [ 1681 made polyampholytes by 
terpolymerizing dimethyldiallylammonium chloride with acrylamide and 
wyl ic  acid which were used as dry strength resins in paper. 

The diallyl quaternary ammonium monomers can also be copolymerized 

Ai where x is 0.1- 
40 mole % 

XIX [164-1681 

Jen [ 1691 discusses the use of dimethyldiallylammonium chloride to 
prepare acrylonitrile graft copolymers. 

Nixon, Berrigan, and Williams [32] copolymerized dimethyldiallyl- 
ammonium methylsulfate with acrolein to prepare wet strength resins for 
paper. 

Schuller and Thomas [ 1701 prepared diallylmethyl carboxymethyl- 
ammonium betaine and copolymerized this with acrylonitrile for enhanced 
dye receptivity. 

Hoover, Schaper, and Boothe [ 1711 prepared diallylmethyl P-propion- 
amido ammonium chloride monomer and homopolymers which are useful 
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m’ + I  

X @ Z  
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as primary coagulants and in many flocculation applications, and Schaper [ 1721 
made copolymers of diallylmethyl P-propionamido ammonium chloride with 
acrylamide which have excellent sewage sludge flocculation properties (Eq. 13). 

Harada and Katayama [ 1731 and Harada and Arai [ 174, 1751 reported 
the copolymerization of dimethyldiallylammonium chloride with sulfur 
dioxide to prepare a quaternary sulfone polymer useful in dye leveling and 
dye retention, flocculation, and textile treating (Structure XX). 

CH2 0 
I \  II 

I I II 
CH2 CH2 0 

w C H 2  -CH C H - S y  

\o/ 
N 

/ \ c10 
H3 c CH3 

XX [173, 176, 1771 

Ueda and Harada [176, 1771 discuss the effect of diallylamine substitution 
on the polymer properties and the use of these polycationic sulfones as floccu- 
lants for kaolinite. 

7. Poly(viny1pyridinium) +CH2 -CHJ, 
I 

I 
R' 

A voluminous amount of research has been done on the vinylpyridine 
homo- and copolymers in the form of their free tertiary bases; also, since 
polyvinylpyridine was quaternized and studied by Fuoss and Strauss [ 1901 
in 1948, many studies of polyvinylpyridinium systems have been made by 
these investigators and many others. 

Generally, the quaternary pyridinium polymers reported to date can be 
separated into the following basic structural types: 

1. Poly(N-vinylpyridinium) 

11. Poly(C-vinylpyridinium) 
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CATIONIC QUATERNARY POL YELECTROL YTES 1361 

A. Poly-2-vinyl 

B. Poly4-vinyl 

C. Poly-2-methyl-5-vinyI 

Type 1. Poly(N-vinylpyridmium). Very little work has been reported 
on the N-vinylpyridinium type polymers but a considerable amount of re- 
search has been reported on the C-vinylpyridinium compounds with the 
vinyl group and substituent alkyl groups in different positions with respect 
to the nitrogen in the pyridine ring. 

Duling and Price [178] studied the homo- and copolymerization of 
several N-vinylpyridinium fluoroborate salts. Solid state irradiation of N- 
vinylpyridinium fluoroborate gave a polyelectrolyte with about 150,000 
molecular weight. 

and Kenyon [ 179, 1801 by reacting pyridines with polyvinylsulfonic acid 
esters, such as polyvinylbenzenesulfonate derived from polyvinyl alcohol 
(Eq. 14). 

A series of poly(N-vinylpyridinium sulfonates) were prepared by Reynolds 

0 
I 
so2 

I 
c6 HS 

(14) 

[ 179-1 8 11 

Williams [ 18 11 used these poly(N-vinylpyridiniumsulfonate) resins to pre- 
pare light sensitive photographic coatings. 

Type IIA. Poly(2-Vinylpyridinium). Maclay and Fuoss [ 1821 prepared 
poly-2-vinylpyridine, with molecular weight 45,000, by solution polymer- 
ization in toluene-in which it was soluble, unlike poly4vinylpyridine which 
precipitates. In their quaternization studies on poly(2-vinylpyridine) with 
methyl and butyl bromide they found that quaternization was incomplete 
due to electrostatic and steric screening of some of the ring nitrogens by 
the polymer. In the poly-2-vinyl-N-methylpyridinium bromide approximately 
two of every three nitrogens are quaternized, but in the poly-2-vinyl-N-n- 
butylpyridinium bromide there was only one out of every four nitrogens 
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1362 M. F. HOOVER 

quaternized. Their viscometric studies also showed that quaternization 
in the 2-position stiffens and extends the chain to give a more nearly 
rodlike structure than the corresponding derivative of poly4vinylpyridine 
(Eq. 15). 

-WH,-CH--);; - 
[W ( 1 5 )  

Several recent references by Matsuzaki and Sugimoto [ 1831 and Weill 
and Hermann [ 1841 present interpretations of the NMR spectra of poly-2- 
vinylpyridinr, and Gueskens et al. [185, 1861 discusses the proton resonance 
spectra and tacticity of poly-2-vinylpyridine as a function of its method of 
preparation. Hyde and Taylor 11871 presented some data on light-scattering 
studies of poly(2-vinyl-N-propylpyridinium bromide). 

pyridine [ 1881 . 
Much work has been done on graft copolymers using poly-2-vinyl- 

Type IIB. Poly(4-Vinylpyridinim). Richards [ 1891 first made poly-N- 
alkyl-vinylpyridinium halides in the mid-1940s by quaternizing polpnyl- 
pyridine with akyl halides in organic solvents. 

In 1948, Fuoss and Strauss [ 1901 prepared poly4-vinyl-N-n-butylpyri- 
dinium bromide by quaternizing poly4-vinylpyridine with n-butyl bromide. 
The basic poly4vinylpyridine was obtained by precipitation from a toluene 
solution of its monomer upon polymerization (MW 77,000). The polymer 
was then quaternized with n-butyl bromide in nitromethane to give the 

polyquat (Eq. 16). - 
n-BuBr r 

L Bu - 
(16) [ 19O-1921 
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Fuoss and Strauss followed this original paper with a series of papers 
reporting their work on the aqueous solution conductive [ 191 1 ,  viscometric 
[192, 1931, osmotic pressure [I941 and light-scattering [19S] properties 
of poly4-vinyl-N-n-butylpyridinium bromide. Jordan et al. [ 1961 also re- 
ported some light-scattering and ultraviolet absorption studies on dilute 
solutions of poly(4-vinylpyridinium chloride). 

Their work showed that the reduced viscosity (qsp/c) and the ratio of 
osmotic pressure over concentration (nlc) increased with dilution, instead 
of decreasing linearly with concentration, as is the case for neutral polymers, 
due to increasing dissociation and electrostatic repulsion with dilution. The 
addition of excess electrolytes suppressed the dissociation of the polymeric 
salt and gave linear curves. 

Fuoss and Cathers [ 197, 1981 also studied the viscometric and conduc- 
tive properties of copolymers of styrene and 4-vinylpyridine which were 
subsequently quaternized to introduce ionogenic sites. They showed that 
the presence of the ionic groups on the polymer chain gave rise to the 
typical polyelectrolyte characteristic of an increase in the reduced viscosity 
with increasing dilution. 

Clark [ 1991 also prepared copolymers of vinyl aromatic compounds and 
quaternary N-alkylvinylpyridinium methosulfates by quaternizing 2-, 4-, 
and 2-methyl-5-vinylpyridine with dimethylsulfate in alcohol solution and 
then immediately adding styrene or divinylbenzene and copolymerizing. 

Jackson [200] quaternized copolymers of vinylpyridine and di- or 
trivinylbenzene to form anion exchange resins. 

The kinetics of the quaternization reaction on poly4vinylpyridine with 
n-butyl bromide in tetramethylene sulfone, dimethylformamide, and 
propylene carbonate were investigated by Fuoss, Watanabe and Coleman 
[201] and Hall [202]. They observed the initial rate to be a rapid second- 
order reaction, but as the quaternization proceeds, the rate decreases to 
one-tenth of its initial value due to  the positive electrostatic field of high 
intensity that builds up in the polymer coil. Arends [203] discusses the 
reasons for the decrease in quaternization rate and lack of 100% conver- 
sion due to steric and electrostatic effects and a change in basicity of the 
pyridine nitrogens. Fuoss and Sadek [204] first demonstrated the mutual 
precipitation of polycations with polyanions in dilute solutions using 
poly(4-vinyl-N-n-butyl pyridinium bromide). 

polymerizing 4-vinylpyridine monomer; however, the corresponding 4- 
vinylpyridinium quaternary salt monomers have not been obtained. 
Kabanov et al. [210, 21 I ]  have studied the reaction of 4-vinylpyridine 
with alkyl halides in various organic media. Instead of the monomeric 

Several papers [205-2091 have been published on various methods for 
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1364 M. F, HOOVER 

quaternary salts, high molecular weight quaternary polymer is formed. 
Since strong inhibitors for free radical polymerization did not inhibit this 
reaction, Kabanov proposed an anionic mechanism to  account for the 
spontaneous polymerization of the quaternary monomer. Quaternary 
monomeric salts of 2-methyl-5-vinylpyridine are capable of being pre- 
pared and isolated, but are subject to spontaneous polymerization on con- 
centrated aqueous solutions. 

Strauss, GersMield, and Spiera [2 121 observed an anomalous solubility 
behavior in a polysoap derived from poly4-vinylpyridine by quaternizing 
13.6% of the nitrogens with ndodecyl bromide and the remainder with 
ethylbromide. The polysoap was completely soluble in both dilute and 
concentrated KBr solutions, but insoluble in the intermediate concentration 
range. 

bromide as a soil conditioner. 
Ruehrwein and Ward [2 131 used poly4-vinyl-N-n-butylpyridinium 

Type IIC. Poly(2-methyl-5-vinyIpyndinium) (Structure XXI). Tabata, 

Kitano, and Sobue [2 141 investigated the radiation induced polymerization 
of 2-methyl-5-vinylpyridine; Gechele et al. [215, 2161 investigated the 
solution properties of poly(2-methyl-5-vinyIpyridine); and Lebedev [2 171 
made copolymers with maleic and fumaric acids. 

Lincoln and Shyluk [218] disclosed the synthesis of high molecular 
weight poly( 1,2dimethyl-5-vinylpyridinium methyl sulfate) by employing 
the monomer at a concentration of 6585% in aqueous solutions and free 
radical catalysts (Eq. 17). These polymers are claimed to be effective floc- 
culants and retention aids. 

Recently, Shyluk [2 191 discussed some homo- and copolymerization 
studies on 1,2-dimethyl-5-vinylpyridinium methyl sulfate monomer. It was 
observed that concentrated aqueous solutions of this pyridinium monomer 
(above 25%) tended to polymerize spontaneously; reaction temperatures 
below 25°C give complete polymerization and above this temperature the 
polymerizations appear to stop at about 70% conversion. They also re- 
ported copolymerization studies with acrylamide and methyl methacrylate. 
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____f 

CH3 OSOZ OCHJ 
CH2 =CH ’ CHZ=CH 

Q 
I 

CH3 

[218-2251 

Kargin et  al. [220] and Kabanov et al. [221, 2221 also report on the 
spontaneous polymerization of 1,2-dimethyl-S-vinylpyridine upon quaterni- 
zation and propose an anionic polymerization mechanism for this process. 

dimethyl-5-vinylpyridinium methyl sulfate) and its aqueous solutions have 
good viscosity stability at neutral or acidic pH’s up to 100°C but the poly- 
mer degrades in strongly basic solutions. This behavior seems t o  be typical 
of all polyquaternaries. 

Shyluk [224] also studied the adsorption of this polyquat on crystalline 
silica, and Shyluk and Smith [225] discuss its use as a flocculant. 

Monagle and Shyluk [35, 361 disclosed a precipitation polymerization 
process for making acrylamide copolymers with 1 ,2-dimethylJ-vinyIpyridi- 
nium methylsulfate using a tertiary-butanol/water mixture and also with 
various salts (electrolytes) added from which the polymer precipitates as 
it is formed. 

Strazdins and Kulick [226] use various quaternary polymers, including 
poly( 1,2-dimethy1-5-vinylpyridinium methylsulfate), to increase the reten- 
tion of a polycarboxylic anhydride sizing emulsions in paper. 

Leubner, Williams, and Unruh [227] prepared light-sensitive polymers 
by reacting poly( 1,2dimethyl-S-vinylpyridinium methylsulfate) with 
aromatic aldehydes to obtain 4’-(alkoxy or dialky1amino)-1-methyl-5- 
vinyl-2-stilbazolium methosulfate (Eq. 18). 

Shyluk [223] reported that water was the only good solvent for poly(l,2- 
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1366 M. F. HOOVER 

Miscellaneous Pyridinium Polymers. Most synthetic polyampholytes pre- 
pared to date have been the amino acid type; few polyampholytes have been 
reported which contain quaternary cationic groups. Ladenheim and Morawetz 
[ 2281 prepared Ncarboxymethyl4vinylpyridinium salts by quaternization 
of poly(4-vinylpyridine) with ethylbromoacetate followed by hydrolysis to 
the carboxymethyl betaine polymer (Eq. 19). 

Polysulfobe taines have been made by quaternizing either monomeric or 
polymeric 2- or 4-vinylpyridine with sultones. Hart and Timmerman [229] 
prepared poly(4vinylpyridine-N-butylsulfobetaine) by reacting butane 
sulfone with 4vinylpyridine to prepare the monomer, followed by subse- 
quent polymerization, and also by quaternization of poly(4vinylpyridine) 
(Eq. 20). 
The butylsulfobetaine of poly(2-vinylpyridine) was soluble in water over 
the whole pH range, while the butylsulfobetaine of poly(4-vinylpyridine) 
was not soluble in water at any pH but did dissolve in NaCl solutions. 

Shen [230] prepared polyquaternary salts of a variety of poly(viny1- 
pyridines) by reacting the polymers with chloroacetic acid to form the 
N-carboxymethyl betaine quats which 'are reported to be useful as oil-in- 
dater demulsifying agents and bactericides. 

Schuller and Guth [23 11 quaternized many tertiary amine-containing 
homo- and copolymers with bromo- and chloroacetates to form the 
betaines; specifically, they quaternized 2-methyl-5-vinylpyridine homo- 
polymer and acrylamide copolymers. Schuller and Price [232] made 
several copolymers with 1-carboxymethyl-2-methyl-5-vinyIpyridinium 
betaine monomer. 

Sprague and Brooker [233] quaternized poly(2-vinylpyridine) and 
poly(4vinylpyridine) by reaction with methyl ptoluenesulfonate to obtain 
the poly(N-methyl-2- and 4vinylpyridine ptoluenesulfonate) salts and used 
these polyquats as dye mordants in photographic film [234]. Minsk and 
Kenyon [235] and Reynolds and Laakso [236] discuss a method of con- 
ducting t h s  quaternization with methyl p-toluenesulfonate in alcohols, 
ethers, ketones, and other solvents as a reaction media. 
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CH2 
I \  

CH2 CH2 
I I 
CH2 0 

\ /  
poly(2- or 4-vinylpyridine) SO2 

Forshey and Kirby [237] copolymerized 1,2dimethyl-5 -vinylpyridinium 
p-toluenesulfonate with acrylonitrile and prepared the phosphotungstate 
salts for enhanced dye absorption. 

Daniel [238] quaternized 2-methyl-5-vinylpyridine copolymers (with 
acrylates and styrene) with benzyl chloride for use as sizing agents in paper. 

Laakso, Williams, and Garber [239] prepared quaternary vinylpyridine 
polymers by quaternizing poly(4-vinylpyridine) with compounds containing 
the chloroacetyl group and used these polymers for antistatic coatings on 
photographic film [240] (Structure XXI). 

’ 0 A = AlkyI, -OR, -NR2 or - 4 R  

XXI [239, 2401 

Laakso and Williams [241] quaternized poly(4-vinylpyridine) with chloro- 
acetone cyanohydrin to obtain polyquaternaries useful in making antistatic 
photographic film [242] (Structure XXII). 

Also, Laakso and Williams [243] reacted poly(4-viny1pyridine)haloketone 
polymers with hydrazides such as Girard reagents “T” and “P” (betaine hy- 
drazide hydrochloride and carbohydrazine-methylpyridinium chloride, respec- 
tively) to form quaternaries. These were also used for antistatic photographic 
film [244] (Structure XXIII). 
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CATIONIC QUATERNARY POL YELECTROL YTES 1369 

Price and Thomas [245] found that higher molecular weights and increased 
conversion could be obtained in the homo- and copolymerization of a variety 
of quaternary ammonium monomers using a Redox catalyst system compris- 
ing nitrate, chlorate, and sulfoxy ions at pH 1-5. 

- W H 2 - c H *  
I 

I 
CN 

XXII [241,242] 
f C H  - C H  j 

I "  

I II / 

I \ 
R R 

C=N-NH-C-CH~ -N @ -R 

XXIII  [243,244] 

8. Poly(vinylimidazo1inium) and Other Heterocyclics 

f C H 2 - C H j  n I 
C 

/ \\ X@ 
NH NO* 
I I 
CH CH 

I \ / \  
(CHdx 

Yost [246] prepared a series of polyvinyl heterocyclic quaternary com- 
pounds from such monomers as 1~~diakylaminoethyl)-3-vinylimidazolinone- 
2 and tetrahydro-pyrimidinone-2, which are reported to be good fungicides, 
bactericides, softeners, and antistatic agents for cellulosic fabrics (Struc- 
ture XXIV). 
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CH, =CH 
I 
N 

I \  

\ I  
N 
I 
R 

A C=O 

where A is alkylene Cz-3 

XXIV [246] 

Hurwitz and Aschkenasy [247] reacted polyacrylonitrile with diamines 
to form poly(2-vinylimidazolines) and tetrahydropyrimidines which, upon 
hydrolysis, yielded poly N-amino-alkylacrylamides. They have prepared 
both the homopolymers and copolymers by treating acrylonitrile containing 
copolymers with diamines. These polymers have been evaluated for their 
utility in hair sprays, retention aids, and as coagulants. The resulting 
polyimidazolines can be quaternized or used in the form of their acid 
salts for many flocculation applications as Hurwitz and Aschkenasy [248] 
and Pollio [249] also discuss (Structure XXV). 

A 0  
R-N N @ - R ~  

C 
I \\ 

I R3 = H, alkyl, or benzyl 
p = O o r  1 

I 
R1-CH HC-Rz 

\ I  
(CH dP 

XXV [247-2491 
Poly-N-vinylimidazole has been prepared by Poschmann [250] for use as 

a sizing agent in paper (Structure XXVI). Also, Schickh et al. [251] 
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prepared terpolymers of N-vinylimidazolinium compounds, such as 1-vinyl- 
2,3-dimethylimidazolinium methylsulfate, with acrylic esters and acrylo- 
nitrile for use as a sizing agent for paper. 

sizing of paper by copolymerizing 1-vinyl-3-methylimidazolinium methyl- 
sulfate (and 1 ,2-dimethyl-5-vinyIpyridinium methylsulfate) with other 
acrylic monomers. 

lyte effects in solutions of poly-N-vinylimidazole. 

by Machida and Saito [ 2 5 5 ]  and are reported to give good size retention 
and strength properties to paper. Machida et al. [256] also prepared azo 
dyes from 2-methyl-1-vinylimidazole homo- and acrylamide copolymers. 

Fikentscher et al. [252] prepared cationic emulsion polymers for surface 

Liu and Gregor [253, 2541 investigated metal complexing and electre 

Copolymers of 2-methyl-1-vinylimidazole with acrylamide were prepared 

fCH2 -CH j 
I n  
N N 

I \  and I \  
HC CH 

II I I  
HC -N 

HC C-CH3 

XXVI [250, 253-2561 

The catalytic activity of thiamine pyrophosphate, a coenzyme for a 
number of enzymatic reactions, is known to be due to the presence of the 
quaternized thiazole ring. Schilling and Mulvaney [257] prepared a series 
of quaternized poly(vinylthazo1es) t o  examine for their catalytic activity 
in the furfural to furoin conversion. The monomer synthesis and polym- 
erization methods for these vinylthiazoles were also reported by Schilling 
and Mulvaney [258]. Attempts to quaternize 4vinylthiazole with methyl 
iodide resulted in the formation of a quaternized thiazolium polymer-just 
as 4-vinylpyridine is spontaneously polymerized when quaternization with 
alkyl halides is attempted. Partially quaternized polymers of 4vinylthiazole 
and 5-vinyl4methylthiazole were obtained by treating the respective 
poly(vinylthiazo1es) with methyl iodide. Surprisingly, these thazolium 
polyquats were not water soluble (Eqs. 21 and 22). 
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9. Poly(Alky1ation Quaternary Ammonium)-"Ionenesl' 

X 

Polyquaternary ammonium compounds with the ammonium ion integral 
in the backbone of the polymer chain have been known for about 40 
years since the work of Marvel in the early 1930s with w-haloalkyl 
dialky lamines. 

Reaction of ~ H a l o a l k y l  Dialkylamines (Eqs. 23-25). In 1929, Littman 
and Marvel [259] investigated the reactions of bromodialkylamines of the 
general formula B r f C H 2  -fr;-N(CH3)2, where n has a value of 4, 5, 6, or 
7. All of the amines reacted with themselves to give cyclic quaternary 
ammonium salts when n has the value of 4,  5, or 6; however, when n = 7, 
they were unable to obtain any cyclic quat but obtained a chain polyquat. 

Cibbs, Littmann, and Marvel [260] also reported linear polyquats from 
ychloropropyldimethylamine. Lehman, Thompson, and Marvel [ 26 1 ] 
concluded that a-bromoalkyldimethylamines of the series 
Br-+CH2 % N(CH3)2, where n has the number 7, 8, 9,  or 10, polymer- 

ize to give linear polyquats with molecular weights reported to range from 
3,000 to 28,000. 

Gibbs and Marvel 12621 showed that the size of the alkyl groups on 
the nitrogen of y-bromopropylamines influenced the course of the reac- 
tion-the dimethyl compound gave predominatly linear polymer while the 
diethyl gave a cyclic quaternary. Gibbs and Marvel [263] also found that 
y-bromopropyldimethylamine in very dilute solution reacts intramolecularly 
to give the cyclic crystalline salt dimethyltrimethylene ammonium bromide. 
This salt subsequently rearranges slowly at room temperature or rapidly 
upon heating to form a linear polyquat. 

The reaction of ditertiary amines with dihalides (Menshutkin Reaction 
[264] ) can be made to yield linear polyquaternary ammonium compounds 
as shown in Eq. (26). 

In 1941, Kern and Brenneisen [265] reported the synthesis of a series 
of polyquaternary ammonium compounds from ditertiary amines and 
dihalides having molecular weights from 3,000 to 10,000. 
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CH3 Where X = Br or C1 

h t t e r  [266] reported the preparation of polyquats derived from deca- 
methylene dibromide and a variety of diamines such as N,N,N',N'-tetra- 
methyhexamethylenediamine producing a polyquat having this structural 
unit of Structure XXVII. 

1 

n 
XXVlI 

These polyquats are useful as bactericides, dispersing agents, dye fixates, 
etc., and Searle and Kirby [267] claim the use of these linear polyqua- 
ternary compounds where the onium atoms are sulfur, phosphorus, and 
nitrogen as fungicides and bactericides. 

diamines R2N+CH2+NR2 and their reaction with dihalides to form 
linear polyquaternaries, useful as bactericides. Coffman [270] reacted 
diols or dithiols with formaldehyde, ditertiarydiamines, and nonoxidizing 
acids to obtain polyquaternaries. 

Erickson used polyquats derived from diaminedihalide reactions for 
soil conditioning [271] and also, when complexed with bentonite, for 
grease thickening [272]. 

halides to prepare linear polyquats as dye fixatives, and Krieg [274] 

Kirby [268, 2691 discusses the preparation of tetraalkyl decamethylene- 

Taube and Bockmann [273] used ditertiary ethylenediamine and di- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1376 M, F. HOOVER 

employed polyquaternaries of this type to prevent clay swelling in oil 
recovery. 

The reaction of secondary amines and epichlorohydrin also has been 
used to form polyquaternary resins. Bock and Houk [275] reacted fatty 
alkylmethylamines with epichlorohydrin to prepare surface-active poly- 
quaternary ammonium salts with bactericidal properties (Structure XXVIII). 

CH3 
I 

-NO --CH2-CH-CH2 
I I 
R OH 
(fatty 
alkyl) 

XXVIII [275] 

Other surface active polyquaternaries of this general type have been 
prepared by Gunderson [276] by acylating polyalkylene polyamines with 
fatty carboxylic acids and then quaternizing with dimethyl sulfate. 

McCarty I2771 prepared some interesting quaternary poly(oxyalky1ene) 
alkylbis(diethy1enetriamine) compounds for use as flocculants, miticides, 
and rodenticides. These polymers are prepared by reacting an appropriate 
polyglycol with chlorosulfonic acid to prepare poly(oxyalky1ene) alkybis(di- 
ethylenetriamine) which is subsequently quaternized with an appropriate 
akylating agent (Eqs. 27 and 28). 

Polyethyleneimine+CH2 CH2 NH* represents the simplest linear 
polymer with an integral nitrogen and many attempts have been made to 
quaternize these polymers with varying degrees of success. Mung and 
Keller [278] quaternized polyalkylenepolyamines with dimethylsulfate for 
use as dye retention aids. 

ethoxylating polyethylenimine and then quaternizing the resulting product 
with dimethylsulfate. Thewis [280] quaternized polyethylenimine with 
dimethylsulfate and used this polyquat along with anionic materials for 
antistatic treatments on plastics and fibers. 

containing piperazine rings, whch  are reported as gelatin hardners. 

Feeman [279] prepared a series of polyquats for dye fiiation by 

Reynolds [281] prepared a series of polyquats both linear and cyclic- 

Nordgren and Wittcoff [282, 2831 prepared polyquats by reacting dimer 
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1378 M. F. HOOVER 

acid ditertiary amines with dihalides and claim their use as bactericides, 
flocculants, antistats, etc. 

A specific polyquaternary ammonium polymer of this family, hexa- 
dimethrine bromide (Polybrene), is used to neutralize the anticoagulant 
effect of heparin. Polybrene is a polyquat made from N,N,N’,N’-tetra- 
methylhexamethylenediamine and trimethylene bromide. A series of 
articles [284-2901 have been published on the use of this material (Struc- 
ture XXXI). 

Polybrene, Mol. Wt. ca. 6,000 

XXXI [284-2901 

The recent work of Rembaum and his associates on these types of 
polyquaternaries has renewed interest in this area. In 1968, Rembaum, 
Baumgartner, and Eisenberg [29 11 proposed the generic name aliphatic 
“ionenes” for this class of polyquaternary amines. Since then this term 
has been widely accepted and used to describe this class of linear, poly- 
quaternary ammonium resins derived from ditertiary amines and dihalides 
(Structures XXXII and XXXIII) .  

Rembaum [291] describes the synthesis of a series of Ionenes where 
n l  = 6 and nz = 3-10 with molecular weights up to 40,000 and presents 
data on the mechanism and kinetics of formation of these polyquaternaries. 
He also proposes their use as electroconductive agents when complexed 
with 7,7,8,8-tetracyanoquinodimethane (TCNQ) and flocculants; their 
biocidal properties and ability to form polysalt complexes with polysulfonic 
materials are also mentioned. 

pounds were formed when tetramethyl diaminomethane was used as one 
of the reagents (n, = 1 in above formula). Rembaum concluded from his 
studies that 3-3 and 2 4  diamine-dihalide combinations yield ionene poly- 
mers with the highest density of positive charges; however, they have low 
molecular weights. 

Noguchi and Rembaum [292] reported that unexpected cyclic com- 
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1380 M. F. HOOVER 

Eisenberg and Tokoyama [293] determined the glass transition tempera- 

-90°C 
ture of some aliphatic ionenes by plasticizing samples with glycerine and 
extrapolating to zero dilution and obtained very low values of Tg 
(for n, = 6 and n2 = 4 ionene). Rembaum [294] also reported recently on 
the use of ionenes to form polysalt complexes with anionic polyelectrolytes, 
and Rembaum et al. [295] discussed the electronic properties of TCNQ 
complexes with ionenes made from 1,2-bis(4-pyridyl) ethane and the corre- 
sponding ethylene compound with pdibromoxylene. 

Lloyd [296] prepared thermoplastic, electroconductive quaternary 
ammonium ionenes by alkylating ditertiary amines with 4,4’-bis(chloro- 
methylphenyl) ether, and Kraiman and Hasson [297] also prepared poly- 
mers of this type by reacting ditertiary amines with chloromethylated 
diphenyl ethers and proposed their use for antistatic agents, electrocon- 
ductive coatings for paper, fungicides, etc. (Structure XXXIV). 

1 r 

I 
R 

XXXlV [296,297] 

10. Poly(condensation Ammonium) 

Alkanolamines can be condensed with dibasic acids to yield amino- 
polyesters, and Fuoss and Edelson [298] used this type of reaction to 
prepare a polyquaternary ammonium salt. They condensed methyldi- 
ethanolamine with succinic acid to obtain an aminopolyester which they 
subsequently quaternized with methyl bromide. These polymers offer 
model systems in which the chargecharge spacing is known and controlla- 
ble. Fuoss and Edelson synthesized several polymers from different dibasic 
acids, determined their physical properties, and found that these polyqua- 
ternary ammonium polyesters were hydrolytically unstable in water 
(Eqs. 29 and 30). 

polyquaternaries. Witcoff [299] prepared a quaternary ammonium 
polyelectrolyte by quaternizing polyepichlorohydrin with pyridine; 
Rogers and Woehst [300] extended this to the trialkylamine quats, 
specifically trimethyl and triethyl. They claim the polymers are useful 
for modifying epoxy resins and sewage flocculants. Walker and Cambre 

Polyethers can also serve as suitable substrates for the preparation of 
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[301] made fatty dodecyl ammonium quats which have antibacterial 
properties. Voss [302] also used these fatty alkyl ammonium polyethers 
to prepare cell-free somatic antigens (Eq. 31). 

When copolymers containing epoxy groups derived from ally1 glycidyl 
ether or glycidyl methacrylate are reacted with tertiary mines ,  polyquats 
are formed as described by Webers [303]. Vandenberg [304] polymerized 
various quaternary aminoepoxides to obtain polyquats useful as flocculating 
agents. 

Coffman [305] made quaternary ammonium polymers by quaternizing 
a polytertiaryamine prepared by the reductive amination with dimethyl- 
amine of an ethylene/carbon monoxide polyketone. 

Polyvinylketones have been condensed with hydrazines containing 
quaternary nitrogen groups to form polyquats by Laakso and Williams 
[306]. They react a polyvinylketone with Girard reagents “T” and “P” 
(betain hydrazide hydrochloride and carbohydrazine-methylpyridinium 
chloride, respectively) (Structures XXXVI and XXXVII). These polyquats are 
proposed for antistatic coatings on photographic film [307]. 

Maleic anhydride copolymers can be reacted with aminoalcohols or di- 
mines  to form polyquaternaries. Isaacson and Young (3081 reacted styrene- 
maleic anhydride copolymer with dimethylaminopropylamine and subse- 
quently quaternized the dimethylaniino group to yield a polyquaternary 
which is proposed as a flocculant for oil slicks (Structure XXXVIII). 

A common reaction employed to make polyquats is the chloromethyl- 
ation of arylcontaining polymers (usually the stryl nucleus) followed by 
quaternization. The condensation polymerization of chloromethyl diphenyl 
ether provides another good aryl-substrate for polyquats, and Geyer, Hatch 
and Smith [309, 3101 report the preparation of water-soluble mixed cationic 
ammonium and sulfonium diphenyl eiher polymers. They condense chloro- 
methyldiphenyl ether to give a methylene-diphenylether polymer containing 
residual chloromethyl groups and then quaternize these with trialkylamines 
and disulfides to form the corresponding polyquaternary ammonium and 
sulfonium salts. They claim utility for these materials as flocculants, drill- 
ing mud additives, anion exchange resins, binders, etc. Ceyer [3 1 11 also 
discusses the use of these materials in paper for electroconductive treatments. 
These polyquaternaries tend to be highly colored due to low molecular 
weight impurities; therefore, for their utility they must be purified. Roth 
[312] discusses the use of perchloroethylene extraction to clean up the 
chloromethylated polymer prior to quaternization. 
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XXXVIII [308] 
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[309, 31 11 

Tevline et al. [313-3151 also made similar polyquats by the polyconden- 
sation of dibenzyl with ClCHzCH2C1 in the presence of AlC13 to give 
Structure XL which was modified by chloromethylation and subsequent 
amination with trialkyl amines or pyridine to provide polyquaternary am- 
monium salts. 

XL \ CICHz OCH3 
PY 

0 c1 (34) 
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1386 M. F. HOOVER 

From a practical standpoint, all of the condensation polyquats suffer 
from three common drawbacks-1) they tend to be very low molecular 
weight (50,000 max.), 2) they tend to be cross-linked or to gel with stor- 
age, and 3) they are not reproducible in charge density or molecular weight. 
To date, no practically useful, commercial polyquats are made by these 
processes. 

11. POLYSULFONIUM COMPOUNDS 

Sulfonium salts have been known for over a century; however, little 
work has been done on high polymeric sulfonium resins. This is probably 
due to the fact that sulfonium compounds are relatively unstable and break 
down to smelly sulfides. The sulfonium quaternary unit does not seem to 
have any special efficacy over the more readily available ammonium quater- 
nary group. 

Attempts to prepare unsaturated sulfonium salts have generally been un- 
successful. From Selkers [316] work, it has been shown that a double 
bond in the position a to a sulfur is unstable to any alkylating agent and is 
displaced. In general, sulfonium salts are not very stable and any group 
larger than methyl is subject to displacement by a smaller group. 

1. Poly(meth)acryloxy ethyl Sulfonium R 
I 

I 
c=o 
I 
0 
I 
R' 

- t C H z  -c* 

RZ R 3  

LaCombe [317] recently disclosed a series of acrylic and methacrylic 
sulfonium monomers (sulfines) and their homopolymers (Eq. 35). 
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R 
I 

I 
c=o 
I 
0 

I 
CH2 

I 
CH2 

I 
S 
I 

CH3 

CH2 =C t 

I 
s @  0 0 3 SOCH3 

/ \  
H3C CH3 

2-acryloxyethyl dimethyl 
sulfonium methylsulfate 

Usually the acrylic sulfonium monomers are prepared by reacting a thio- 
ether, 2-methyl thioethylacrylate, with an alkylating agent such as dimethyl 
sulfate. These monomers are extremely reactive and are usually prepared 
just prior to conversion to polymer to avoid spontaneous polymerization. 
The acrylic sulfonium monomer/polymer systems are said to be useful for 
improving the dyeability of fiber forming compositions and as flocculants. 

ethyl sulfonium ethyl methacrylate) by the allcylation of poly(2ethyltho- 
ethyl methacrylate). These materials are reported to insolubilize upon heat- 
ing and thus were used in preparing copolymers for various coating appli- 
cations. 

LaCombe and Bailey [319] also made water-soluble copolymers from 
these sulfonium acrylate monomers with acrylamide, N-vinylpyrrolidone, 
styrene, N-methyl-N-vinylacetamide, etc. (Structure XLI). 

Bailey and LaCombe [320] disclosed a special process for making high 
molecular weight, solid copolymers of acrylamide and acrylic sulfonium 
salts, particularly suitable for use as flocculants, by conducting the copolym- 
erization in acetone or acetonitrile as a solvent media wherein the monomers 
are soluble and the polymer precipitates as it is formed. 

The use of these polymers is discussed by Bailey and LaCombe [321] 
in more detail in their patent on the use of the acrylic sulfonium homo- 

Fang [318] also prepared the iodide and methosulfate salts of poly(methy1 D
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c=o 
I 

NH2 

c=o 
I 
0 
I 

CH2 
I 

CH2 
I 
S o  '03SOCH3 

I \  
H3 c CH3 - - 

XLI [3 19-32 1,325,3261 

where y is 
5-80 mole % 

n 

and copolymers as flocculants. Several other references [322-3241 also dis- 
close the use of these sulfonium polymers in turbidity removal from water 
by filtration, etc. 

The acrylic sulfonium polymers were also used as paper additives to 
improve wet and dry strength properties and as pigment retention aids-as 
discussed by Eldred, Buttrick, and Spicer [325]. Smith [326] used the 
acrylic sulfonium homopolymers and copolymers along with glyoxal and 
mineral acid to improve the strength properties of fiberboard. LaCombe 
[327) also proposes the use of the acrylic sulfonium polymers as additives 
to fiber-forming compositions to increase their dye-affinity. 

Acrylamide copolymers with 2-acryloxyethyl dimethyl sulfonium methyl 
sulfate (60/40 by wt, respectively) are reported by Hansen (3281 to sta- 
bilize water-in-oil emulsions used for hair dressings. Smith et al. [329] 
made thermosetting printing inks for tissue paper from sulfonium polymers 
of both the vinylbenzyl and acrylic type. 

Garrett et  al. [330] copolymerized 2 4 0  mole % of 2-acryloxyethyl di- 
methylsulfonium methylsulfate with acrylics such as 2-ethylhexylacrylate to 
obtain pressure-sensitive adhesive compositions. 
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2. Poly(Vinylbenzy1 Sulfonium) f C H 2  -CH-f;;- 0 
CH2 
I 

I \  
R R' 

so xo 

Hatch first prepared vinylbenzyl sulfonium resins by reacting chloro- 
methylated styrenedivinylbenzene beads with dimethyl sulfide to produce 
anion exchange and chelating resins (by further reaction of nucleophles 
with the sulfonium resin). 

benzyl sulfonium monomers and homopolymers by reacting vinylbenzyl 
chloride (p-chloromethylstyrene) with various dialkyl sulfides. They claim 
the vinylbenzyl sulfonium homopolymers are useful for cationic thickening 
agents and for the flocculation of slimes such as taconite tailings (Eq. 36). 

Hatch and McMaster [331] disclosed the synthesis of a series of vinyl- 

Q 
CH2 
I 
CI 

[ 33 1-3341 

Another way of synthesizing this same polymer structure is to quaternize 
a chloromethyl styrene containing polymer. Lloyd [332] made vinylbenzyl 
sulfonium halide resins by reacting a vinylbenzyl halide polymer, either 
1) linear, or 2) branched or cross-linked (with 0.01 to 1% divinylbenzene) 
with an organic sulfide. The vinylbenzyl chloride polymers are most ad- 
vantageously used in the form of an aqueous latex, which upon treatment 
with the sulfide is converted to an aqueous solution of the polyvinylbenzyl 
sulfonium chloride resin. 
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1390 M. F. HOOVER 

Hatch and Geyer [333] also prepared polyvinylbenzyl sulfonium poly- 
mers by reaction of an organic sulfide with a chloromethylated arylvinyl 
polymer by using a coupling solvent (“organic transfer solvent”) to assist 
in the phase transition from the organic solvent solution of polychlore 
methylstyrene to the aqueous solution of the polyvinylbenzyl sulfonium 
resin. 

monomers and polymers derived from Ar-vinylbenzyl chloride. 

ternizing a copolymer of styrene and chloromethylstyrene with sulfides 
to obtain cationic sulfonium polymers (Structure XLII). 

In a recent article, Hatch, Meyer, and Lloyd [334] reviewed sulfonium 

Sexsmith and Frazza [335] also prepared sulfonium polymers by qua- 

Q 
L 

y = 1-25 mole % 

n 

XLII [335,371] 

Rassweiler and Sexsmith [336] made copolymers of acrylamide and 
vinylbenzyl sulfonium chloride by reacting a copolymer of acrylamide and 
chloromethyl styrene with dialkyl sulfides (Structure XLIII). 

I 
s@ C P  

I \  
- R R’ 

y = 1-95 mole % 

n 
XLIII [ 104,336,337,3721 
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They claim the copolymers are useful for soil conditioning and imparting 
dry strength to paper. Humiston, Meyer, and Kenaga [337] also have used 
vinylbenzyl sulfonium homopolymers and copolymers (with styrene, acryl- 
amide, and acrylic acid) for increasing the strength properties of paper. 

Morgan and Hatch [338] used the combination of a polyvinylbenzyl 
sulfonium resin and a polycarboxylate resin to increase the wet strength 
of paper. 

Vinylbenzyl trialkylammonium polymers have been proposed as conduc- 
tive coatings for paper, as previously discussed, and Geyer [339] has found 
that a mixed copolymer of vinylbenzyl sulfonium and ammonium moieties 
provides water-soluble conductive coatings which are subject to insolubiliza- 
tion upon thermal treatment to provide water-insoluble conductive coatings. 

3. Poly(diaUy1 Sulfonium) CH2 
I \  

+CH,-CH CH% 
I I 

R 

Butler and Benjamin [340] first prepared methyldiallyl sulfonium methyl- 
sulfate from diallyl sulfide and dimethyl sulfate in methanol, but they did 
not report any polymerization studies. 

Price and Schuller [341] made linear, soluble copolymers from diallyl 
sulfonium monomers. The specific sulfonium monomer used in their work 
was methyl diallyl sulfonium methylsulfate which was copolymerized with 
other monovinyl materials such as styrene, acrylic esters, acrylonitrile, 
acrylamide, and vinyl acetate, as shown in Eq. (37). 

Schuller et al. [342] published a paper in 1954 disclosing the use of 
copolymers of me thyldiallyl sulfonium methylsulfate and acrylamide as 
paper treating agents for strength improvement and to provide dye sites. 
The copolymers were prepared in aqueous solutions by using Redox 
catalyst systems. 

4. Poly(condensation Sulfonium) 

Other miscellaneous polyelectrolyte systems containing the sulfonium 
group have been reported such as the work by Makino and Sugi [343, 3441 
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on the influence of counterion species on the polyelectrolyte behavior 
(ion-binding and conformation) of poly-L-methi0nine-S-methy Isulfonium 
salts. 

polyelectrolyte (Eq. 38). These sulfonium polymers are made by 
Wessling and Zimmerman [345] disclosed a new fluorescent sulfoniurn 

[345, 3461 

polymerizing bis-solfonium salts, such as p-phenylene dimethylene bis(di- 
methyl sulfonium chloride) in a cold, strongly basic aqueous solution. The 
polymers are reported to be fluorescent under UV and useful as cellulosic 
dyes and ultraviolet light absorbers. 

Further reaction of these sulfonium resins with a mercaptan or thiol 
produces water-resistant, nonconducting protective coatings [346] . 

The same reactions were also used by Kanbe and Okawara [347] to 
prepare poly(pxyly1idenes) from pxylylene bis(dimethylsu1fonium) tetra- 
fluoroborate. 

Geyer, Hatch, and Smith [348, 3491 describe the preparation of a 
sulfonium methylenediphenyl ether polymer analogous to the ammonium 
resins which is made by the condensation polymerization of a chloro- 
methyldiphenylether to give a linear, soluble rnethylenediphenylether 
polymer containing residual chloromethyl groups. The residual chloro- 
methyl groups are then reacted with a dialkyl sulfide to form the sulfonium 
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chloride resin. These sulfonium resins are reported to improve the wet and 
dry strength of paper and provide electroconductive properties [350] (Eqs. 
39 and 40). 

Geyer [350] also prepared mixed sulfonium-ammonium methylenedi- 
phenylether polymers, wherein the sulfonium moiety- [bis(hydroxyethyl 
sulfonium)] -provides a bonding site for attachment to the cellulose (see 
Geyer [ 1 131 for analogous polymers based on vinylbenzyl). 

Recently, Chiu [351] presented data which shows the high degree of 
retention of these methylenediphenylether sulfonium polymers on pulp. 

III. POLYPHOSPHONIUM COMPOUNDS 

Attempts to convert vinyl phosphorus compounds to high molecular 
weight polymers have been in progress for some time [352]. However, 
except for an isolated result reported by Tsetlin [353] and co-workers con- 
cerning the polymerization of diethyl- and diphenylvinyl phosphine oxide 
to polymers with molecular weights of 30,000 by ionizing radiation, all 
efforts have been fruitless, resulting in low molecular weight oligomers. 

Although vinylphosphonium salts have been known for more than a 
century [354], no polymerization work has been reported until recently 
when Pellon and Valan [355] discovered that tributylvinylphosphonium 
bromide is converted to a high molecular weight polymer upon irradiation 
of its aqueous solutions. This was quite unexpected since Gillis [356] has 
shown that the corresponding vinyl ammonium and sulfonium compounds 
are not polymerizable (Eq. 41). 

CH2=CH - ~ C H Z - C H ~  
I I 
Po BrQ Po BrQ (41) 

/ I  \ / I \  
Bu Bu Bu Bu Bu Bu 

[355, 357-3601 
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Further work on the polymerization of tributyl phosphonium bromide 
in the crystalline state by ionizing radiation was reported by Chen [357, 
3581. 

The mechanism of the ionizing radiation-initiated polymerization of 
aqueous solutions of tributyl vinylphosphonium bromide to high molecular 
weight polymers was established to be free radical by Rabinowitz and 
Marcus [359], and Pellon, Grayson, and Valan [360] also worked on 
tributyl vinylphosphonium polymers made by various free radical catalysts. 

The work of Rabinowitz and Marcus [359] showed that conventional 
oxidizing peroxide free radical catalysts failed to initiate the polymerization 
of tributyl vinylphosphonium bromide, but nonoxidizing materials like 
ditertbutylperoxide and azo compounds did catalyze the polymerization to 
give high molecular weight polymers. They postulate that the oxidizing 
peroxides are quickly reduced by the bromide ion before any homolytic 
cleavage can occur to generate initiating radicals. Rabinowitz and Marcus 
also observed that tributyl vinylphosphonium chloride was polymerized in 
aqueous solution using potassium persulfate; the homolytic cleavage of 
persulfate seems to compete favorably with redox processes involving the 
chloride ion. This observation is similar to the case of other ammonium 
halide monomers (e.g., vinyl pyridinium halides, vinylbenzyltrialkyl ammG 
nium halides, and diakyldiallyl ammonium halides) where the chloride 
anion form of the monomer polymerizes to much higher molecular weights 
than the bromides and the iodides do  not seem to polymerize well, if at 
all. 

tributyl vinylphosphonium halides seem to be an exception since other 
trialkyl groups (ethyl, cyclohexyl, phenyl) failed to yield any polymer. 
Copolymers of tributyl vinylphosphonium halides are also reported. 

Poly(tributylviny1phosphonium bromide) is claimed by Gillham and 
Sherr [361] to be an effective flame retardant for thermoplastic products, 
and treatment of cellulosic and fibrous materials with a trialkyl vinylphos- 
phonium halide (specifically, the tributyl bromide) monomers or their 
acetate precursors is claimed to impart both antistatic and flameproof 
properties [362, 3631. 

Di-, tri-, or tetra-vinylphosphonium salts are reported to have utility 
in treating cellulosic materials for improving crease resistance and provide 
antistatic properties and anionic dye acceptance [364]. 

is discussed by Maier et al. [365]. 

The work of Rabinowitz and Marcus also indicates that polymers from 

The synthesis of vinylphosphonium, arsonium and stibonium monomers 

The synthesis of vinylphosphonium monomers by the sodium carbonate 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



CA TIONIC QUATERNARY POL YELECTROL YTES 139 7 

dehydrobromination of the 2-bromoethyl salt prepared from tributyl phos- 
phine and dibromoethane is discussed by Rabinowitz, Henry, and Marcus 
[366] (Eqs. 42 and 43). 

Bu3P t BrCHzCH2Br (excess) - Bu3P@-CH2CH2 Br 
(42) 

Br' 

Bu3P@ -CH2CH2Br t Na2CO3 - Bu3P@-CH=CH2 (43) 

Br ' 
55-72% yield 

Rauhut, Borowitz, and Grayson [367] reported the snythesis of trialkyl 
vinylphosphonium halides by sodium carbonate treatment of the acetate 
resulting from the acetic anhydride acetylation of the salt formed from the 
reaction of ethylene bromohydrin and the corresponding phosphine (Eqs. 
44-46). 

R3P t BrCH2CH20H - RJP@-CHZCH2OH (44) 

Br ' 
XLV 

0 0 
II II 

XLV t ( C H 3 C j 2  0 - R3P@-CH2CH20-C-CH3 (45) 

Br ' 
XLVI 

XLVI+ N a ~ C 0 3  R 3P @-CH=CH2 

Br ' 

Attempts to prepare vinylphosphonium salts from vinyl halides and phos- 
phines have been unsuccessful [367]. 
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Analogous to Ham’s work with carbovinyloxymethylammonium mono- 
merlpolymer systems derived from vinylchloroacetate, Par6 and Hauser 
[368] reacted vinylchloroacetate with phosphines to prepare carbovinyl- 
oxymethyl trialkylphosphonium chloride monomers and polymers which 
displayed flame resistant properties. 

2. Poly(acrylic phosphonium) 

methacrylates, Franco [369] prepared polymers containing phosphonium 
groups by reacting poly (glycidylmethacrylate) with phosphines and used 
these phosphonium polymers to fix dyes in photographic film (Eq. 47). 

Analogous to Sobolev’s work on 2-hydroxypropyl quaternary ammonium 
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3. Poly(vinylbenzy1 Phosphonium) +CH, -CH j -  
I n  

Polymers containing the vinylbenzyl phosphonium unit can be made by 
two general techniques: 1) either by direct synthesis of the monomers and 
subsequent polymerization, or 2) by phosphonation of chloromethylstyrene 
containing polymers. The latter is preferred due to the hfficulty of obtain- 
ing the vinylbenzyl phosphonium monomer in good yield and purity without 
spontaneous polymerization. 

Monomers of this type are usually prepared by the reaction of p-vinyl- 
benzyl halide with the appropriate trialkyl phosphine in alcohol, benzene, 
or other convenient anhydrous solvent as proposed by Garner et  al. [370] 
who prepared pvinylbenzyltriphenyl phosphonium chloride. 

Salts of these monomeric phosphonium cations with polyacrylate anions 
are reported to be useful for preparing nonflammable and heat-resistant 
polymers. Sexsmith and Frazza [371] disclosed water soluble vinylbenzyl 
phosphonium polymers which they prepared by quaternizing a copolymer 
of styrene and chloromethyl styrene with a phosphine to obtain cationic 
phosphonium polyelectrolytes (Structure XLVII). 

CH2 

R R' R" - 

XLVII [335,371] 

Likewise, Rassweiler and Sexsmith [372] quaternized copolymers of 
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acrylamide and chloromethyl styrene with phosphines to get water-soluble 
phosphonium polyquaternaries (Structure XLVIII). 

2 

- 
+CH2 - C H * m + H 2  -CH+ 

QY i 
C-Q 
I 

NH2 

CH2 
I 

/ I \  
R R' R" 

P@ C P  

- 

XLVllI [104,336,372] 

where y = 
1-95 mole % 

1 

4. Poly(condensation Phosphonium) 

Braye [373] produced a polyphosphonium resin by reacting diphosptunes 
with dihalides to produce an integral polyphosphonium ionene, which is 
claimed to be useful for antistats, flame retardants, and also to have elec- 
troconductive properties when it contians conjugated double bonds (Eq. 48). 

+ X-A-X - 
(48) 

R' R" 

n 

R' R" 
\ I 

P-R-P 
I \ 

R' R" 

I3731 

Rauhut [374, 3751 prepared polyphosphonium resins by reacting a 
secondary phosphine with vinyl esters or halides followed by subsequent 
conversion of the reaction product to a polydialkylethylenephosphonium 
salt (Eq. 49). 
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