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Abstract 
 
The colloidal and electrokinetic behavior of three amphoteric acrylamide-based water-soluble 

terpolymers of high molecular mass was elucidated in terms of their structure and composition, 

using potentiometric and colloidal titrations, as well as microelectrophoresis, viscometry, and 

turbidity measurements.  Independent variables included polymer composition, pH, and the 

concentration of salt ions.  The electrokinetic properties, titratable charge, and isoelectric pH 

values of the samples were compared to their monomeric composition, as confirmed by NMR 

and FTIR analysis.  The electrophoretic mobilities of the polyampholytes changed relatively 

rapidly with pH in the neighborhood of the isoelectric pH values, consistent with an enrichment 

of excess charges toward the outer parts of the macromolecules.  Interactions of the 

polyampholytes with highly-charged titrants appeared to be less pH-dependent, in the 

neighborhood of the isoelectric condition, relative to a linear prediction based on the numbers of 

acidic and basic macromolecular groups.  Specific viscosity measurements, in the vicinity of the 

isoelectric point, were found to increase with increasing salt concentration, which is a typical 

anti-polyelectrolyte behavior.  In a similar manner, salt addition suppressed the development of a 

turbidity maximum at the isoelectric point.   
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1.  Introduction 
 
 Polyampholytes, which are polyelectrolytes possessing both positively and negatively 

charged groups, have received increasing attention in such applications as sludge dewatering,1 

paper manufacture2-3, and detergency.4  Although synthetic polyampholytes have been known for 

more than 50 years,5-6 their industrial utility has not been as wide as that of single-charged 

polyelectrolytes.  Recently polyampholytes have become commercially available as dry-strength 

additives for paper.7  Therefore, the colloidal behavior of such additives needs to be understood 

in order to maximize the benefits and cost-effectiveness of their use.   

 A variety of methods to elucidate the colloidal properties of polyampholytes have been 

demonstrated in previous studies.  For example, results of potentiometric titrations have been 

shown to be consistent with the presence of acidic and basic groups, using reasonable values for 

their respective dissociation constants.7-10   Microelectrophoresis has been used to detect the sign 

of charge of polyampholytes as a function of pH,5 usually as a means of determining the 

isoelectric pH.6,8-9,11  Recently the streaming current method12 was used, apparently for the first 

time, as an evaluation tool for a system involving amphoteric polyelectrolytes.1  Other studies 

have demonstrated a minimum in specific viscosity of polyampholyte solutions at pH conditions 

corresponding to near-zero net charge.6,8,13   

When characterizing a polyampholyte of commercial importance, the following questions 

are relevant:  In what ways is the material different from an ordinary polyelectrolyte?  How does 

the material respond to changes in pH and salt content of the solution, especially within 



 

industrially relevant pH ranges?  The present work is motivated by a desire to answer questions 

of this nature, and also to understand and optimize the solution properties of these polymers.  

Questions related to the adsorptive behavior, flocculating ability, and paper-strengthening effects 

of these materials will be the subject of future communications. 

 
2.  Experimental  
 
 The starting recipes of polyampholyte laboratory samples used in this investigation, 

prepared by Harima Chemicals, Inc., are shown in Table 1.  Monomer units used in the 

preparation were acrylamide, N,N-dimethylaminoethyl acrylate (cationic monomer), and itaconic 

acid (anionic monomer).  The initiator was ammonium persulfate, and methylenebisacrylamide 

was used as a cross-linking agent.  The numerical value after the letter “C” in the table 

corresponds to the percentage of cationic monomers and the number after the letter “A” indicates 

the percentage of anionic monomers, on a mole basis, in the recipes used for the synthesis of 

these polymers.   

Table 1.  Synthesis recipes of polyampholytes used in the experiments 
Polyampholyte 

sample 
Cationic groups 

mol % 
Anionic  
groups 1) 
mol % 

Molecular weight 
106 

C3A5 3.0 5.0 2.5 
C5A4 5.0 4.0 3.0 
C7A7 7.0 7.0 1.2 

1) Note that the acidic monomers were bifunctional. 
 
 A typical synthesis procedure involved placement of 174 g of 40% acrylamide aqueous 

solution, 5.2 g of 80% acrylic acid, and 300 g of ion exchange water into a four-neck flask 

provided with a reflux condenser and heating the resulting solution to 60 oC in a N2 atmosphere.  

Then, 10g of 1% ammonium persulfate aqueous solution were added to the reaction solution and 

allowed to react at 85 oC for one hour.  After cooling, an anionic polyacrylamide solution (PAM-



 

1) was obtained.  The weight average molecular mass of this polymer was 400,000 Daltons.  A 

corresponding polymer of 1,900,000 Daltons was obtained by a similar procedure in which 1 

mass % of the cross-linking agent was added with the other monomers; the purpose of 

crosslinking was to enable adjustment of molecular mass to range of interest.   

For analysis, the aqueous polymer solutions prepared by the manufacturer were purified 

by precipitation in THF.  Two cycles of dissolving and precipitation were carried to ensure 

complete removal of organic impurities.  The polymer samples were then dissolved again in de-

ionized water and collected in a powder form by freeze-drying.  The NMR samples were 

prepared by making 4% polymer solutions in D2O.  Crystals of chromium potassium sulfate 

{CrK(SO4)2} were added at a concentration of 1.5 mM in order to reduce the spin-lattice 

relaxation times (T1).  1, 3, 5 - trioxane was used as an internal integration standard for some of 

our measurements.  All NMR experiments were carried out on a Bruker 300MHz spectrometer. 

A Quad dedicated probe was used for acquisitions of the one-dimensional spectra, while a 

broadband inverse detection (BBI) probe was used for the 2-dimensional NMR experiments.  

The quantitative 13C NMR spectra were acquired using an inverse gated proton decoupling 

sequence with a 90o pulse and a relaxation delay of 4.5 s, that was ca. 5 times the longest T1 

measured for the samples.  The 1H spectra were measured with a 60o pulse and a pulse delay of 3 

s.  The two dimensional 1H-1H correlation spectroscopy (COSY) and 1H-13C heteronuclear 

correlation spectroscopy (HETCOR) experiments were acquired by applying gradients while the 

COSY spectra were recorded with a recycling delay of 2 s. HETCOR acquisitions were carried 

out via an indirect detection method using a heteronuclear multiple quantum coherence (HMQC) 

pulse sequence with a relaxation delay of 2 s and a JC-H of 140Hz.  Distortionless enhancement 



 

by polarization transfer (DEPT) experiments were also carried out using the BBI probe with 

pulse angles of 45o, 90o, and 135o.  

100 mL of 0.1 % amphoteric polyacrylamide solution was prepared for potentiometric 

titration.  0.1 N HCl was added until the pH reached to 3.00.  Aliquots of 0.02 mL of 0.1 N 

NaOH were added dropwise to the solution continuously under stirring to pH 11.0.  The pH 

value was recorded after each 0.02 mL of NaOH was added. 

 Microelectrophoresis measurements were carried out in deionized water.  Because the 

scattered light from the samples was insufficient to permit direct observation, microcrystalline 

cellulose (MCC) particles (max. 20µm, Aldrich) were used to make electrophoretic observations.  

MCC particles were selected as indicator particles due to their relative purity, low surface charge 

density, low settling rate in solution, and visibility under the microscope.  For each analysis 

involving an acrylamide polymer, 20 mL of 0.02% polymer solution was further diluted to 180 

mL in deionized water.  The solution was stirred and 20 mL of 0.01% cellulose dispersion was 

added slowly.  The level of polymer addition, approximately two times that of the cellulose on a 

mass basis, was much higher than the adsorption capacity of the cellulose.  After the pH reached 

a desired value using NaOH or HCl, the ionic strength was set to 0.001 M with KCl.  After the 

dispersion was stirred for two minutes, the electrophoretic mobility was measured with an SKS 

charge analyzer Model II. 

 Streaming current measurements were carried out after the pH of amphoteric 

polyacrylamide solution (0.001 %) had been adjusted to a certain value and the ionic strength 

adjusted to 0.001 M with KCl.  The streaming current value of the polyacrylamide solution was 

measured with an ECA 2000P instrument from Chemtrac Systems, Inc.  The plastic materials in 

contact with the sample consist of polytetrafluoroethylene and Delrin®, materials selected for 



 

their low reactivity, lack of electrical conductance, and resistance to abrasion.  The solution was 

titrated with 0.001 N of poly(diallyldimethylammonium) chloride or potassium 

poly(vinylsulfate) until the streaming current reached zero. 

 Viscosity and turbidity measurements were carried out on each amphoteric 

polyacrylamide solution (0.002 % solids for C5A4, 0.01% for C3A5) whose pH was set to a 

certain value with NaOH or H2SO4.  For experiments involving salt addition the conductivity 

was adjusted to 1500 µS/cm by adding 0.1 N Na2SO4.  This electrolyte was selected in order to 

make the results more relevant to application of the polymers in typical industrial environments.  

The turbidity of such polyacrylamide solutions was measured with an HF turbidimeter, Model 

DRT-100B.  Then, 10 mL of the solution was put into a Cannon-Ubbelohde viscometer, and the 

viscometer was allowed to stand in a water bath (25.0 °C) for 20 minutes.  The efflux times were 

measured 3 times for each polymer solution.  The specific viscosity was calculated by (solution 

efflux time – solvent efflux time) / solvent efflux time. 

 
 
3. Results and Discussion 
 
3.1. Characterization 
 
Based on the FTIR spectral information acquired, the polymer was found to contain carbonyl, 

amine, and amide functional groups.  Potentiometric titrations as well as additional thermal 

analysis data showed that the polymer was a polyamide resin with some acidic and basic 

functional groups.  The assigned polymer structure and its quantitative 13C and 1H NMR spectra 

are shown in Fig. 1.  The proposed assignment is based on a number of factors including the 

DEPT data (not shown).  More specifically the DEPT data indicated that the peak b was a 

methine carbon (CH) signal; the peaks a, c, d and f were methylene carbon (CH2) signals; the 



 

peak i was a methyl carbon signal; and the peaks g and h were quaternary carbon signals.  

Furthermore, the HETCOR spectrum (not shown), which provides the correlation information of 

13C signals with directly attached proton signals further assisted 1H NMR signal identification  

(Fig. 2).  The COSY spectrum (not shown) and the peak width information indicated that signals 

c, d, and e are three side chain CH2 connected with each other (CH2—CH2—CH2).  The signals a 

and b were the CH2 and CH of the polymer backbone (CH2—CH), while the peak i was an 

isolated CH3 thus assigned as the –N(CH3)2.  The peak f was an isolated CH2.  The peaks g and h 

were the carbonyl groups.  According to the above analyses and the peak integrations of the 13C 

and 1H NMR spectra, the structure of the random amphoteric copolymer and the percentages of 

the monomer units are proposed as per Figure 1.  
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Fig. 1.  Signal assignment and quantitative 13C NMR spectrum of the polymer C5A4.  A. 
Proposed structure.  B.  Shift and amplitude information.  
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Figure 2. 1H NMR spectrum of the polymer. 
 
 
 Similar analyses were performed with the remaining polyampholyte samples considered 

in this study.  Table 2 summarizes the results, in terms of the monomeric compositions of 

positive and negative groups. 

Table 2 – Monomeric Composition of Polyamphlolytes Based 
on NMR Data 

Polyampholyte 
sample 

Cationic 
monomers 

mol % 

Anionic  
monomers 1) 

mol % 
C3A5 3.8 4.5 
C5A4 5.0 4.0 
C7A7 4.1 5.0 
1) Note that the acidic monomers were bifunctional. 

 



 

3.2.  Potentiometric Titrations 
 
Figure 3 shows results of potentiometric titrations in which NaOH was added to either deionized 

water (initially adjusted to pH=3), or to solutions of amphoteric acrylamide terpolymers (see 

Table 1 for monomeric synthesis recipes of the polyampholytes evaluated).  In each case the 

curves were normalized to show a net usage of base or acid at the pH values corresponding to the 

iso-electric point of the samples (see later).   

To account for the general shape of the curves in Fig. 3, calculations were carried out 

based on the determined amounts of amine and difunctional acid in the polyampholytes, as listed 

in Table 2.  Each dissociation of an ionizable group was assumed to obey the following 

relationship, 

pH =   pKi  +  log  [αi / (1 - αi)]       (1) 

where Ki is the dissociation constant and αi is the fractional degree of dissociation of the “ith” 

ionizable group, having a value between zero and one.  For purposes of calculation, the equation 

was expressed in terms of αi, as follows: 

 αi  =  (Ki / [H+]) / ( 1 + Ki / [H+])       (2) 

Finally, it was assumed that the net amount of base consumed can be expressed as the sum of 

three independent terms.  In the following expression the terms correspond, respectively, to the 

first dissociation of a carboxylic acid group of the difunctional monomer, a second dissociation 

corresponding to the other carboxyl group (affected by its proximity to the ionic charge already 

present), and the third equilibrium ionization corresponding to the amine group: 

 Net base consumed  =    f1 α1  +  f2 α2  +  f3 α3 ,      (3) 

where the terms fi correspond to the amount of each type of group in a unit mass of 

polyampholyte.   



 

The plotted curves in Fig. 3 show the results of calculations with the following best-fit 

values of the three dissociation constants: K1=2.2 x 10-5, K2= 1.5 x 10-8, and K3=5.0 x 10-10.  The 

fit of the calculated values to the data helps to support the validity, as an approximation, of 

treating the dissociation interactions as independent contributions in Eq. (3).  Non-interaction 

between ionizable groups, with the exception of the adjacent carboxyl groups in the difunctional 

monomers, can be explained by the relatively low charge density of the molecule, assuming a 

near-random (non-blocky) process of polymerization.   

-2

-1

0

1

2

3

4

5

6

7

8

4 6 8 10 12

pH

B
as

e 
C

on
su

m
ed

  (
m

eq
/g

)

C3A5
C7A7
C5A4

 
 
Fig. 3.  Fits of titration data for polyampholyte samples based on the given values for 
dissociation constants and the determined relative abundances of weak acid and weak base 
groups. 
 
 
3.4.  Microelectrophoresis Measurements 
 

The presence of amphoteric PAM in solution was found to have a profound influence on 

the electrophoretic mobility of microcrystalline cellulose particles (Fig. 4).  A relatively high 



 

ratio of polyampholytes to substrate was used in order to ensure complete coverage of the 

particles.  The lowest curve (open circles) corresponds to the mobility of the cellulose in the 

absence of the copolymers.  In agreement with earlier work,18 cellulose is seen to have a negative 

mobility throughout the observed pH range of 3 to 11, and the absolute magnitude increased with 

increasing pH.  The results are consistent with the presence of some carboxyl groups on the 

particle surfaces.  Independent conductometric titrations of microcrystalline cellulose may 

confirm this rationalization. 
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Fig. 4.  Electrophoretic mobility of microcrystalline cellulose in solutions containing an excess 
of amphoteric PAM (PAM/cellulose = 2/1) of various monomer mole ratio (see Table 2 for 
compositions). 
 

Since the mass of polyampholyte added to each mixture, represented in Fig. 4, was twice 

that of the mass of cellulose, it is reasonable to assume that adsorption of the polyampholyte 

leads to essentially complete coverage of the cellulose particles.  In fact, data by Sandell and 

Luner implies that approximately 1% cationic poly-ionene halides, based on microcrystalline 

cellulose solids, was enough to fully reverse the charge.19  In that study similar levels of 

adsorbed polymer, at saturation, were achieved with two different charge densities of 

polyampholyte.  Likewise, between 0.3% and 2.4% poly-DADMAC by mass has been found to 

reverse the charge of bleached kraft cellulose fibers.20   



 

Figure 4 shows that, in the presence of polyampholyte solutions, the electrophoretic 

mobility tended to change relatively rapidly, as a function of pH, as the sign of charge was 

reversed.  To interpret these data one needs to consider that polymer segments located towards 

the outer edges of a dissolved polyampholyte molecule are expected to have the greatest impact 

on electrokinetic effects.21-23  Thus, despite the fact that a positive electrophoretic mobility is 

expected when there is an excess of ionized amine groups in these outer loops and tails of the 

polyampholyte, the data do not provide as much information about the state of charge in the 

interior regions of polyampholyte molecules in solution.  Long et al. proposed that the 

electrophoretic mobility of polyampholytes in solution is affected by changes in molecular 

conformation, including the distribution of charged groups within the coiled structure.24 

By assuming essentially complete coverage of the microcrystalline cellulose particles in 

the present instance, iso-electric points of the polymers were estimated from Fig. 4 and are 

shown in the first numerical column of Table 3. 

 
Table 3.  Iso-electric pH values estimated from the electrophoretic mobilities (Fig. 4) and 
streaming current data (Fig. 5) 

Iso-electric pH Polyampholyte 
sample From Fig. 4 From Fig. 5 Calculated 
C3A5 4.4 4.1 5.4 
C5A4 5.8 6.0 7.3 
C7A7 5.9 5.7 5.4  
 
 
3.5.  Streaming Current Titration Results vs. pH 
 

Streaming current (SC) titrations are widely used to detect the colloidal charge of 

polyampholyte solutions.  In this method a polymer sample is titrated with an oppositely charged 

titrant until the streaming current reaches zero.  As shown in Fig. 5, pH also affected the amounts 

of two fully charged, linear polyelectrolytes that were required to titrate amphoteric PAM 



 

solutions to an SC endpoint of zero.  Poly-diallyldimethylammonium chloride (poly-DADMAC) 

was used for all titrations in which the initial SC signal was negative.  Poly-vinylsulfate (PVSK) 

was used for titrations in which the initial signal was positive.   
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Fig. 5.  Polyelectrolyte titration endpoint vs. pH for amphoteric PAM samples of differing 
monomer role ratio. 
 

Figure 5 shows a relatively flat plateau of apparent charge over a pH range of 

approximately 5 to 8.  The relative flat nature of these curves near to the point of charge 

neutralization is in contrast to the electrophoretic results shown in Fig. 4.  The implication is that, 

despite the evident change in electric potential on the external segments of the dissolved 

molecules, the polyampholytes had relatively low tendency to complex with the high-charge 

linear titrant molecules in the plateau region, especially poly-diallyldimethylammonium chloride, 

up to a pH of about 8.  Such behavior is consistent with an expected tendency toward globular 

conformation of polyampholytes in the neighborhood of an isoelectric pH when charged groups 

of both signs are present within the same molecule.15  Another factor to consider is whether there 



 

is a significant effect of ion pairs forming between carboxylate and ammonium groups within 

individual polyampholyte molecules within the intermediate pH range noted.  It has been 

suggested that such ion-pairing can render such groups unavailable for interaction with 

polyelectrolytes.25  Questions concerning whether oppositely charged groups exist as pairs or as 

free ions require further research.9 

Keeping in mind the issues concerning the shapes of the curves, the points where the 

curves in Fig. 5 cross zero provide an alternative means to estimate the isoelectric pH values of 

the polymer samples.  Such estimates are shown in the middle numerical column of Table 3.  

Caution should be used in the interpretation of these data in light of the shallow slope of some 

the curves where they cross the zero charge horizontal line; it is evident that only a minor shift in 

the vertical position of the line would have a major effect on the resulting estimate of iso-electric 

point.  Placed in this context it is worth noting in Table 2 that the iso-electric pH values 

estimated from the streaming current tests were generally similar, and in the same sequence, as 

those obtained by the microelectrophoresis measurements.  

 
3.6  Accounting for Isoelectric pH Values 
 
Isoelectric points were estimated by using equations (2) and (3), and with the simplifying 

assumptions that all charged groups within a complex were uniformly distributed.  Expressions 

such as equation (2) were solved simultaneously for the three dissociable groups, with the same 

dissociation constants that had been used to fit the potentiometric titration data.  The isoelectric 

points were identified with the condition in which an equal amount of positive and negative 

groups were calculated.  Results are shown in the final column of Table 3.   

The level of agreement in Table 3 between the isoelectric pH values calculated from the 

compositional determinations and the two electrokinetic tests is reasonable, given the precision 



 

of the analytical methods.  For instance, the integration of NMR signals to quantify the amounts 

of positive and negative monomeric units in the polyampholytes has an estimated uncertainty in 

the range of about 1%.  This can be important in relative terms, given the low charge densities of 

the samples.  The fact that microelectrophoresis consistently yielded lower values for the 

isoelectric pH, compared to the calculated values, suggests that carboxyl groups tended to be 

enriched towards the outside of the adsorbed layer under the conditions of testing.  It could be 

argued that potentiometric titrations are more reflective of bulk phenomena, whereas the 

microelectrophoresis and streaming current results are more influenced by surface conformation 

details.  Further work is required to clarify this and other aspects of the structure of adsorbed 

layers of polyampholytes. 

Figure 5 also shows that the streaming current endpoints, for samples other than C3A5, 

tended to remain close to zero as the pH was raised above the point where charge reversal was 

first evident.  The calculated estimates of isoelectric points are in better agreement with the break 

points of the curves, where the measured charge density began to become significantly more 

negative with increasing pH.  This level of agreement seems reasonable in light of various 

factors that can affect the endpoint values of streaming current titrations.26-28   

 
3.7.  Viscosity Measurements  
 

Results of solution viscosity tests (capillary method) are shown in Fig. 6 (A) for one of 

the amphoteric PAM solutions (C5A4).  The following features, seen in Fig. 6 (A), have been 

previously described as characteristic for amphoteric polymers:13  (a) the viscosity approached a 

minimum near the known isoelectric pH, (b) the viscosity rose with increasing difference in pH 

relative to the iso-electric point, and (c) the viscosity was suppressed at the extreme pH values.  

The initial rise in viscosity with increasing pH difference from the iso-electric point is consistent 



 

with the mechanisms of intra-molecular charge repulsion.13  The suppression of viscosity at 

extreme pH’s has been attributed to shielding of electrical double layers at the higher electrolyte 

concentrations associated with pH value at increasing distances from the neutral point.  It is 

worth noting that the minimum viscosity, in this case, coincided with the iso-electric point of the 

C5A4 polymer (see Table 2). 

The unfilled square symbols in Fig. 6 (A) correspond to addition of sufficient sodium 

sulfate to reach a final electrical conductivity of 1500 µS/cm.  The fact that the viscosity at pH 7 

increased with increasing salt has been called an example of “anti-polyelectrolyte” behavior.29  

Such behavior has been attributed to the tendency of polyampholytes to uncoil, approaching 

unperturbed coil dimensions in solution, similar to what an uncharged, soluble polymer would be 

expected to have.  However the more significant effect of salt appears to be the suppression of 

substantial viscosity contribution with increasing departure from the iso-electric point.  In this 

respect, when the polymers had a substantial net charge, their behavior more closely resembles 

that of ordinary polyelectrolytes. 
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Fig. 6.  (A) Specific viscosity of a 0.002% solution of amphoteric PAM (sample C5A4) as a 
function of pH in the presence or absence of sodium sulfate (used to adjust the electrical 
conductivity to 1500 µS/cm throughout the pH range).  (B) Specific viscosity of two amphoteric 
PAM solutions (C5A4 and C3A5) differing in monomer ratio, as a function of pH in the absence 
of added salt. 
 



 

Figure 6 (B) shows related data, comparing cases of different amphoteric PAM samples.  

The minima in specific viscosity correspond roughly to the iso-electric points shown in Table 2.  

Based on these results it is reasonable to expect that products C5A4 and C3A5 might have very 

different optimum pH values when they are used as strength additives in papermaking 

operations. 

 
3.8.  Turbidity  
 

A further manifestation of the amphoteric character of one of the polyampholyte samples 

is shown in Fig. 7.  The position of the turbidity maximum, near to pH 6 or 7, coincided 

approximately with the iso-electric pH values shown earlier.  The higher turbidity is consistent 

with decreased solubility of the polyampholyte molecules, such that they coagulate, forming a 

suspension of particles large enough to scatter light.  A tendency for such insolubility at the 

neutral point is strongly predicted by thermodynamic considerations.30  The high turbidity near to 

the of point charge equivalency is analogous to what is sometimes observed during titrations 

between oppositely charged polyelectrolytes, each bearing only one sign of charge.26 

Interestingly, although salt generally suppressed the development of turbidity, there was 

increased turbidity with increasing salt at pH values more than about 1 or 1.5 units away from 

the isoelectric point.  This effect is tentatively attributed to a generalized coagulating effect of 

increased salt content, regardless of the detailed charge makeup of the polymers. 



 

 

pH

0

5

10

15

20

25

30

2 4 6 8 10 12

Tu
rb

id
ity

 (N
TU

)

No Salt

Na2SO4

0.002 % C5A4, 25 °C

 
 
Fig. 7.  Turbidity as a function of pH for a 0.002% solution of amphoteric PAM (C5A4) as a 
function of pH in the presence of absence of sodium sulfate (used to adjust the electrical 
conductivity to 1500 µS/cm throughout the pH range). 
 
 
 
4.  Conclusions 
 
1. The colloid-chemical behavior of the acrylamide-based polyampholytes investigated were 

consistent with their monomeric composition and structure.  The electrokinetic properties, 

including titratable charge and isoelectric pH values, agreed with theory over the range of 

independent variables examined. 

2. Approximate agreement was observed between potentiometric titration data and the 

compositions of the polyampholytes, as determined by detailed NMR measurements.   

Estimates of the dissociation constants of the acidic (first and second dissociations) and basic 

groups were obtained as a result of data fitting. 

3. The electrophoretic mobilities of the polyampholytes changed relatively rapidly with pH in 

the neighborhood of the isoelectric pH values, consistent with an enrichment of excess 

charges toward the outer parts of the macromolecules.  



 

4. Colloidal titrations revealed a range of pH’s (5-8) over which the polyampholytes had 

relatively low apparent net charge densities, consistent with ion pair formation. 

5. Viscometric and turbidimetric data showed evidence of anti-polyelectrolyte behavior in the 

neighborhood of the isoelectric pH.  The samples behaved more like ordinary 

polyelectrolytes at pH values well-removed from the isoelectric point.   
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FIGURE CAPTIONS 

Fig. 1.  Signal assignment and quantitative 13C NMR spectrum of the polymer C5A4.  A. 
Proposed structure.  B.  Shift and amplitude information.  
 
Figure 2. 1H NMR spectrum of the polymer. 
 
Fig. 3.  Fits of titration data for polyampholyte samples based on the given values for 
dissociation constants and the determined relative abundances of weak acid and weak base 
groups. 
 
Fig. 4.  Electrophoretic mobility of microcrystalline cellulose in solutions containing an excess 
of amphoteric PAM (PAM/cellulose = 2/1) of various monomer mole ratio (see Table 2 for 
compositions). 
 
Fig. 5.  Polyelectrolyte titration endpoint vs. pH for amphoteric PAM samples of differing 
monomer role ratio. 
 
Fig. 6.  (A) Specific viscosity of a 0.002% solution of amphoteric PAM (sample C5A4) as a 
function of pH in the presence or absence of sodium sulfate (used to adjust the electrical 
conductivity to 1500 µS/cm throughout the pH range).  (B) Specific viscosity of two amphoteric 
PAM solutions (C5A4 and C3A5) differing in monomer ratio, as a function of pH in the absence 
of added salt. 
 
Fig. 7.  Turbidity as a function of pH for a 0.002% solution of amphoteric PAM (C5A4) as a 
function of pH in the presence of absence of sodium sulfate (used to adjust the electrical 
conductivity to 1500 µS/cm throughout the pH range). 
 



 

TABLES 

Table 1.  Synthesis recipes of polyampholytes used in the experiments 
Polyampholyte 

sample 
Cationic groups 

mol % 
Anionic  
groups 1) 
mol % 

Molecular weight 
106 

C3A5 3.0 5.0 2.5 
C5A4 5.0 4.0 3.0 
C7A7 7.0 7.0 1.2 

1) Note that the acidic monomers were bifunctional. 
 

Table 2 – Monomeric Composition of Polyamphlolytes Based 
on NMR Data 

Polyampholyte 
sample 

Cationic 
monomers 

mol % 

Anionic  
monomers 1) 

mol % 
C3A5 3.8 4.5 
C5A4 5.0 4.0 
C7A7 4.1 5.0 
1) Note that the acidic monomers were bifunctional. 

 

 
Table 3.  Iso-electric pH values estimated from the electrophoretic mobilities (Fig. 4) and 
streaming current test results (Fig. 5) 

Iso-electric pH Polyampholyte 
sample From Fig. 4 From Fig. 5 Calculated 
C3A5 4.4 4.1 5.4 
C5A4 5.8 6.0 7.3 
C7A7 5.9 5.7 5.4  
 
 


