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Abstract: Interpolyelectrolyte complexes (PECs) were obtained starting from 

polycations with (N,N-dimethyl-2-hydroxypropylenammonium chloride) units in 

the main chain and sodium salts of the poly(acrylic acid), on one hand, and poly 

(2-acrylamido-2-methylpropane sulfonic acid), on the other hand, as polyanions. 

The polycations were different as concerns both the content of the quaternary 

ammonium salt groups and the degree of branching. The polyanions were different 

both by their structure and molecular weight. The complex formation was followed 

through the variation of the reduced viscosity and of the conductivity of the 

reaction medium vs. the unit molar ratio polyanion/polycation in two ranges of 

concentration. 

INTRODUCTION 

The study of interpolymer complexes is still very attractive due to their numerous applications 

in both industrial (Refs. 1-5) and biological fields (Refs. 6-10). The formation of interpolymer 

complexes takes place by many types of interactions, such as electrostatic, hydrogen bonds, 

dipoldipol or hydrophobic interactions and so on (Refs. 11-30). The coexisting interactions 

are directly determined by the complexity of the structure of the complementary polymers. The 

synthetic polyelectrolytes, by their large variety of structures and combination possibilities, 

offer a very useful field for the understanding of the multiple interactions that take place 

between biopolymers in the living cells. Ako, as regards the structural characteristics of the 
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complementary polymers (molecular weight, chain flexibility, type of ionic sites, charge 

density) and the synthesis conditions, synthetic interpolymer complexes find use as new 

polymeric materials (Refs. 10, 26). 

The cationic polyclectrolytes of intcgral type, with quaternary ammonium salt groups in the 

main chain and pendent hydroxyl groups, could represent a complementary polymer in the 

synthesis of some less studied interpolyelectrolyte complexes. From the practical point of view 

these products could be useful in the improvement of the separation processes of some very 

fine suspensions or dyes frequently met in waste waters. 

The aim of this paper is the study of the polyclectrolyte complexes (Pl!Cs), resulting from 

poly(N,N-dimcthyl-2-hydroxypropylenammonium chloride)s with different branching degrees, 

as cationic component, and the sodium salts of poly(acry1ic acid) or poly(2-acrylamido-2- 

methylpropane sulfonic acid) of different molecular weights, as anionic component. The 

stoichiometry of PECs depending on the unit molar ratio and its value at the endpoint, the 

release of the low molecular weight salt (NaCl) and the aspect of the PECs as concerns the 

structure and the concentration of the complementary polymtrs were followed. 

EXPINMENTAL 

Poly(acrylic acid) was synthesized in aqueous solution, with (NI&)2S208 as radical initiator. 

The polymers were converted into sodium salts by use of aqueous sodium hydroxide. After 

two purifications with watedacetone system, the sodium salts were recovered from aqueous 

solutions by atomizing. The molecular weight of the sodium salts of poly(acrylic acid) (1'ANa) 

was determined by viscometry, in 2N NaOH aqueous solution, at 25°C and the following 

values were found: PANa2 - 5 1,400 and PANa3 - 2 17,600. 

Ilomopolymers of the sodium salt of 2-acrylamido-2-methylpropansulfonic acid (PAMPSNa) 

with different molecular weights were prepared. The polymerization of the monomer 

(AMPSNa) was carried out in aqueous medium to high conversions, at 65-70 OC, under Nz, 

using ammonium persulfate ( M )  - sodium metabisulfite (MB) as initiator-activator, and 

isopropyl alcohol (IA) as a chain transfer agent. 

The polymm w c ~ e  purified by dialysis against distilled water, then concentrated and dried in 

vacuum at 50' C for several days. The average molecular weights were evaluated by 

viscometric measurement., in IM NaCl aqueous solution, at 25" C. The Huggins parameter 

values, calculated according to equation (I), are included in Tab. I .  
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were qsp is the specific viscosity, [q] is the intrinsic viscosity, kH is the Huggins parameter and 

C is polymer concentration. kH is used extensively as a qualitative measure of branching in 

polymers, its value being afected by the bushy branching, i. e., the increase of the segmental 

density or of the coil volume (Refs. 3 1,32). 

The synthesis conditions and the molecular weights of PAMPSNa are summarized in Tab. 1. 

Tab. 1. Synthesis conditions and some characteristics of PAMPSNa samples 

Sample AP (wt- MB (wt- IA (vol- Time @) M,xlO -5 kH 

code %) YO) %) 

I 0.15 0.06 20 4 0.73 0.85 

VI 0.08 0.04 6 14.00 0.23 

VII 0.04 0.02 6 26.00 0.38 

The cationic polyelectrolytes with N,Ndimethyl-2-hydroxypropylenammonium chloride units 

in the main chain were synthesized by condensative polymerization of epichlorohydrin with 

dimethylamine and a polyfunctional amine such as N,N-dimethyl- 1,3diaminopropane, 

according to the method previously presented (Ref. 33). The theoretical structures of the 

cationic polyelectrolytes used in this work are presented in Scheme I: 

I 

p = 0.95, polycation PC,; p = 0.80, polycation PC, 

Scheme I 

In the above scheme the ideal structure unit was given; the used polyfunctional amine 

(DMDAP) has a functionality of 4 and consequently the branching can take place at the 

tertiary amine groups, this possibility being higher for a greater content of the amine. The 

polycation samples were carefully purified by dialysis against distilled water up to the absence 
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of C1- ions in the external water; the presence of C1- ions in the external water was checked up 

with a 0.02N AgNO3 aqueous solution. The diluted aqueous solutions were concentrated by 

gentle heating in vacuum and then recovered by atomizing. The cationic polymer samples were 

kept for days in vacuum on P205 at room temperature. The intrinsic viscosities were 

determined in 1M NaCl aqueous solution at 25°C and the following values were found: (qlK, 

= 0.610 and [q]pr~ = 0.355. Details on the characteristics of the polycation samples were 

presented elsewhere (Ref. 34). 

Comulex Formation. The aqueous solution of polyanion (or polycation), with a concentration 

of 10” or 10” unit mom, was slowly dropped into a 50 ml aqueous solution of polycation (or 

polyanion) having a concentration of respectively lo4, unit mom, under magnetic stirring 

at room temperature in a [PA]/[I’C] unit molar ratio ranging from 0 to 3. The mixing was 

continued for 2 hours; the precipitates were removed by centrifugation at 600 g or by filtration 

when formed. The reaction between the two polyions was checked by comparison of the 

supernatant mixture characteristics (specific viscosity and conductivity) with those of a 

control sample prepared taking into account the composition expected for a stoichiometric 

reaction and a complete release of NaCl. Thus, on the left of the theoretical endpoint (1: l), the 

control samples included the polycation in excess and NaCl corresponding to the molar ratio at 

a given moment and on the right of the endpoint the control samples included NaCl calculated 

for a stoichiometric reaction at the theoretical endpoint (1: 1) and the polyanion in excess. 

The viscometric measurements were peformed with an Ubbelohde viscometer with internal 

dilution, at 25°C. The conductivities were measured in a specific cell with platinudplatinum 

electrodes (Radiometer Copenhagen, type CUM 2d). 

RESULTS AND DISCUSSION 

The interaction between two polyelectrolytes with opposite charges leads to the formation of 

interpolyclectrolyte complexes whose structure and properties depend mainly on their 

molecular weights, charge density, branching degree, on the concentration of both solutions, 

the mixing order and the unit molar ratio. The influencc of the branching degree and of the 

charge density of the cationic polyelectrolytes on complex formation, for both weak and strong 

polyanions, was less studied. The cationic polyelectrolytes used in this paper are characterized 

by both different branching degrees and different types of charges (strong and weak) provided 

by the presence of the polyfunctional amine (Scheme I). They also have different chain 

conformations, as emphasized by their viscometric behaviour in aqueous solution (Ref. 34). 
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PANa and PAMPSNa were used as polyanions. They differ both by the charge strength and 

charge density. 

Complex formation between PANu andplycations PC', and PC2 

First, the interaction between the weak polyanion (PANa) and the polycations of integral type 

(PCI and PC,, Scheme I)  was analysed. The variation of the reduced viscosity vs. the P M C  

unit molar ratio (r) is presented in Fig. 1. Polymer concentration was calculated as a sum of the 

initial polycation content and of the polyanion content corresponding to the unit molar ratio. In 

this way the endpoint could be emphasized clearly. The decrease of the reduced viscosity with 

increasing the unit molar ratio between the two components before the endpoint is affected by 

a number of factors such as: 

-the increase of the total polymer concentration in the mixture 

-the release of the low molecular weight salt (NaCI) 

-the decrease of the f m  ionic group number on the polycation chain. 

The influence of the molecular weight of the PANa on complex formation with PCI is proved 

by the deviation of the endpoint from 1: 1 unit molar ratio to 1.16 1 for PANa,. In the case of 

PANa3 the endpoint is close to a 1 : 1 unit molar ratio. The deviation of the endpoint from 1 : 1 is 

even higher when the complementary polymers were PANaz and PC,. According to Scheme 1, 

PC, has a polyfunctional amine content higher than PCI, i. e., a higher branching degree and 

also two types of cationic sites - quaternary ammonium and tertiary amine sites. The increase 

of the viscosity afier the endpoint is induced by the excess of the polyanion, being dependent 

only on the molecular weight of the PANa and rather independent of the polycation. Since in 

all these systems the formation of the insoluble polysaltu took place and these were removed 

from the medium, one may also assume that only the free polyelectrolyte could influence the 

specific viscosity of the reaction mixture. 

The release of the low molecular weight salt was followed through the conductivity- unit 

molar ratio variation (Fig. 2). The conductivity values increase quite linearly with increasing 

of the P M C  unit molar ratio up to the endpoint, when a break is eviden4 i.e., the end of 

complex formation; then the increase of the conductivity takes place mainly due to polyanion 

excess but also by the further releawe of microions caused by the rearrangements occuring 

inside the complex. The conductivity endpoint coincides with the endpoint found through 

viscosity measurements. As one can see from Fig. 2, the conductivity values are influenced 

before the endpoint mainly by the polycation and are rather independent on the polyanion 
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Fig. 1. Variation of the reduced viscosity in the system PANa/pc: U - PANa2/PCl; A - 
PANa,/PCl; 0 - PANa2/PC2 

(PANazNCl and PANaJPC,). The structural differences between the complementerry 

polymers are much higher in the PANa21PC2 system than in the PANa4PCt system and more 

restrictions in complex formation are to be expected. The presence of more branches makes 

difficult thc compensation of the opposite charges, and conformational changes of the 

complementary polymers are required from the very begining of the process. This situation is 

reflected in the variation of the conductivity of the reaction medium vs. the PNPC unit molar 

ratio: the increase of conductivity is slower in the PANa2/PC2 system than in the PANa2/PCI 
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one at unit molar ratios less than about 0.4. After reaching the endpoint the conductivity curves 

of all systems overlap, thus suggesting a further microion release in the case of the PANa2RC2 

system, due to the intracomplex rearrangements which result in the neutralization of more 

opposite charges standing on unfavourabk positions. An argument for this process is also 

provided by the decrease of the difference between the experimental values and the control 

samples afler the endpoint for this system. Another difference between PANa2/PCI and 

PANa2/YC2 complexes consists in their physical aspect - a compact precipitate in the former 

case and a hydrophilic gel in the second one. 
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0.00 1 .oo 2.00 3.00 

Fig. 2. Dependence of the conductivity on the PNPC unit molar ratio for the systems: [I] - 
PANa2/PCI; A - PANa3RC,; 0 - PANa2/PC2; + - PANaZRC2 - control samples 

r=[ PA]/[ PC] 
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Complex jormution between PUPSNa and PC, 

The large range of the molecular weights of the PAMPSNa synthesized in this work and the 

different behaviour of this plyanion in the complexation with the polycation PC, suggested 

the study of this system for different orders of mixing and at two concentrations. The 

variation of the reduced viscosity vs the PARC or PCPA unit molar ratio, when the 

concentration of the major plyelectrolyte was 10‘3M and that of the minor one was 10”M, is 

presented in Fig. 3. 
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Fig. 3. Variation of the reduced viscosity vs. the unit molar ratio for the PAMPSNdPO and 

PC/PAMPSNa systems: A - PAMPSNavu/PCI; A - PC,/PAMPSNaw; [I - PAMPSNadPC,; 

- PCI/PAMPSNaVI; + - PAMPSNafl’CI; 0- PCIPAMPSNaI 
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In the concentration range used in the above systtms, the endpoint was evidenced at a 1: 1 unit 

molar ratio, irrespective of the molecular weight of PAMPSNa and of the mixing order. The 

complexes resulted in all these systems looked like unstable coacervates. This could be a 

consequence of the important differences between the complementary polymers due to both 

the position of the ionic sites related to the backbone and the charge density. Ihglin et al. 

reported the obtaining of only compact precipitates when PAMPSNa was used in combination 

with poly (4-vinylpyridinium chloride) as cationic component (Ref. 35). 
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Fig. 4. Variation of the conductivity vs. the unit molar ratio for the PAMF'SNdPC and 

pC/PAMpSNa systems: A - PAMPSNam/PCg; A - PCJPAMPSNaw; [I - PAMPSNaVr/PC,; 

- PCJPAMPSNaVI; + - PAMF%NadPC&- PCIlPAMPSNal 
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The compensation of the opposite charges were also studied through the variation of the 

conductivity vs. the unit molar ratio (Fig. 4). The release of the low molecular weight salt is 

influenced more by the molecular weight of the polyanion than by the mixing order. 

It is worth to remark that the release of NaCl, reflected in the increase of the conductivity, is 

faster and higher in the case of the polyanion with the lowest molecular weight 

(PAMPSNa1/PCI system) than in the case of the polyanions with molecular weights much 

higher than that of the polycation. This behaviour was expected since the arrangement of the 

macromolecular chains proceeds easier when the molecular weights of the complementary 

polymers are comparable than w h a  they are highly different. The sharp increase of the 

conductivity close to the endpoint proves the completion of the complexation process in the 

case of PAMPSNavn. 

The important differtmce between the molecular weights of the complementary polymers 

allowed the study of these systems in a concentration range adequate for the obtaining of 

quasisoluble complexes. The variation of the reduced viscosity and of the conductivity vs. the 

unit molar ratio for the PAMPSNaw/PCI and PCI/PAMPSNavII systmw, when the 

concentration of the major component was I04M and that of the minor one was W’M, were 

presented in Fig. 5.  In this domain of concentration the endpoint is different as compared to the 

former concentration range. The stoichiometry of the complex was clearly dependent on the 

order of mixing, as made evidtqt by both viscometric and conductometric measuremens. As in 

the case of the former range of concentrations, these systems are characterized by a strong 

increase of the conductivity just before the mdpoint. The specific viscosity of the complex at 

the endpoint allowed the calculation of the density of the complex using the Einstein relation, 

which correlates the specific viscosity with the dmsity for spherical stiff particles: 

where q$,, is the specific viscosity of the system at the endpoint, C is the total concentration of 

the polymers in the system and p is the dmsity of the complex particles. The values thus 

obtained were 2.637 10” gkm’ for the PAMPSNamI/PCj system and 3.16 lo-* gkm’ for the 

PC,/PAMPSNavrr system, respectively. 
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Fig. 5.  Variation of the reduced viscosity and of the conductivity vs. the unit molar ratio for the 

PAMI’SNaVII/PC, (0, A) and PCt/PAMPSNavn (6 A) systems 

CONCLUSIONS 

In the complex formation between polycaiions of integral type as p l y  (N,N-dimethyl-2- 

hydroxypropylenammonium chloride) (PC 1) and weak or strong polyanions, the structure of 

the polyanion was observed to determine the PEC properties - a compact precipitate in the case 

of PANa and a coacervate in the case of PAMPSNa, irrespective of plyanion molecular 



154 

weight. In the 10~z-lO’” M concatration domain, while the endpoint was more or less 

influenced by the molecular weight of PANa, for PAMPSNa the endpoint was 1:1, unafr‘kcted 

by the order of mixing or by the molecular weights. Otherwise, in the IW3-1O4M concentration 

domain the order of mixing influenced the endpoint when PAMPSNa was the polyanion. This 

concatration domain also allowed the obtaining of qua..isoluble complexes. 
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