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A Light Scattering Study 
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ABSTRACT The salt aqueous solution properties of a low charge density polyampholyte terpolymer with 
a balanced stoichiometry of charges were investigated by static and dynamic light scattering. At high ionic 
strength, the sample is entirely soluble and the chains exhibit an excluded volume conformation. When the 
salt content is lowered, part of the sample precipitates, leaving in the supernatant highly swollen chaing. The 
rmulta are interpreted by assuming that, due to different reactivity ratios of the monomers, there is adistribution 
of the net charges among the polymer chains. By varying the salt content, one performs a fractionation of 
the polyampholyte chains according to their net charge. 

Introduction 
Polyampholytes, which are copolymers containing both 

positive and negative charges distributed along the chain 
present great potential for applications due to their 
interesting aqueous solution properties.'-l4 The intro- 
duction of ionic groups of opposite signs onto the polymer 
chain results in a complex solution behavior which is 
essentially controlled by electrostatic interactions. For 
example, a polyampholyte with a balanced stoichiometry 
(same number of negative as positive monomers) is usually 
insoluble in water but becomes soluble upon addition of 
salt, which screens the interactions and weakens the 
attractions.' This results in an antipolyelectrolyte be- 
havior, with enhanced viscosity upon increasing the ionic 
strength, making these polymers well adapted to high- 
salinity media. 

While a large number of theoretical work exists on the 
structure of polyelectrolytes, much less attention was paid 
to polyampholytes16 until recently when different groups 
studied by theoretical means and by simulation the 
behavior of such polymers.1G20 However, opposite con- 
clusions were reached on whether the conformation in pure 
water of a neutral polyampholyte is stretched or compact. 
Both Monte-Carlo simulations and analytical arguments 
predict in fact that the conformation is very sensitive to 
the charge distribution. Polyampholytes with an overall 
constraint of charge neutrality are found to collapse into 
compact globules.16 If however, there is a random dis- 
tribution of the oppositively charged monomers, it was 
argued that the polymer chains can be stretched due to 
the occurrence of a small net charge.17 Copolymers with 
an average net charge have also been studied theoretically 
by Higgs and Joanny.lB It was shown that depending on 
the salt content, the solution behavior is dominated by 
either the attractive polyampholyte effect or by the 
repulsive electrostatic effect. 

In a recent series of papers, Corpart and Candau 
described the synthesis,21 the characterization,22 and the 
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aqueous solution properties23 of a series of high charge- 
density polyampholytes formed of sodium 2-(acrylamido)- 
2-methylpropanesulfonate (NaAMPS) and [2-(methacry- 
loyloxy)ethyl] trimethylammonium chloride (MADQUAT). 
The preparation of polyampholytes by means of a mi- 
croemulsion polymerization technique was shown to 
present several advantages over other conventional pro- 
cesses. In particular, the process allows the production of 
very high molecular weight polymers (up to 1.7 X 10') at  
rapid reaction rates. Another characteristic is related to 
the microstructure of these polyampholytes. Microemul- 
sion polymerization yields copolymers more homogeneous 
in composition, with a microstructure not far from random 
(reactivity ratios r1r2 = L6), while polymerization in 
solution usually leads to copolymers with a strong tendency 
to alternation.llJ2122 This result was attributed to dif- 
ferences in mechanism and microenvironment between 
the two processes.22 

Experimental results obtained by turbidimetry and 
viscometry on polyampholytes either neutral or with a 
large net charge23 were found to be in qualitative agreement 
with the model of Higgs and Joanny.16 

The present paper reports the study of a low charge 
density terpolymer with a balanced stoichiometry of 
charges. The sample was prepared using a microemulsion 
polymerization and by incorporating acrylamide (AM) as 
a neutral water-soluble monomer along with NaAMF'S 
and MADQUAT as the charged monomers. We analyze 
here the influence of added salt on the solubility of the 
terpolymer as well as on the conformational behavior in 
the dilute regime. 

Experimental Section 

Materials. [2-(Methacryloyloxy)ethyl]trimethylammonium 
chloride (MADQUAT) was supplied by Elf-Atochem as a 75% 
wt/wt aqueous solution. 2-(Acrylamido)-2-methylpropaneaulfon- 
ic acid (AMPS), obtained from Cassella, was recrystallized from 
dry methanol prior to use. Neutralization at  pH 9 was achieved 
by slow addition of AMPS to an aqueous sodium hydroxide 
solution. Acrylamide (AM) from Aldrich was regrstallizedtwice 
from chloroform and the hydrophobic initiator AIBN (2,2'-azobis- 
[isobutyronitrile]) was recrystallized twice from ethanolanddried 
under vacuum. Water was double distilled. The oil is a narrow- 
cut isoparaffinic mixture, Isopar M from Esso Chemic, which 
was filtered before use (boiling range: 207-275 "C). The 
surfactant is a blend of sorbitan sesquioleate (Arlacel83, HLB: 
hydrophile-lipophile balance = 3.7) and a poly(oxyethy1ene) 
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The values of dn/dc at lower salt contents were obtained by 
extrapolation, using the two above values. 

The viscosity values of the solvents were taken as tabulated 
in the handbooks and are as follows 

sorbitol monooleate with 40 ethylene oxide residues (G 1086, 
HLB = 10.2), supplied by IC1 speciality Chemicals. 

The transparent and thermodynamically stable microemul- 
sions were prepared (wtlwt) with stirring by adding the aqueous 
solution of monomers (adjusted to pH a: 7) to the mixture of 
surfactants, AIBN, and Isopar M. The recipe used was the 
following (wlw): Isopar M, 44%; monomers, 22%; water, 22%; 
nonionic emulsifiers, 12 % . 

Polymerization Procedure. The polymerization experi- 
menta were carried out in water-jacketed reaction vessels, after 
bubbling purified nitrogen through the microemulsion to elim- 
inate oxygen. The monomer feed was initiated with AIBN as 
the oil-soluble initiator (0.3 w t  % based on monomers) by 
irradiation at  20 "C from a source of ultraviolet light (mercury 
lamp, Philips). 

Total conversion to copolymer was achieved within <30 min. 
The product of the polymerization was a clear and stable 
microlatex. After polymerization, the latex was poured into an 
excess of 2-propanol, and the precipitated copolymer was 
separated and washed several times. It was then filtered out and 
dried under vacuum at 45 "C. To eliminate impurities (mono- 
mers, residualsalt, emulsifiers, etc.), the resulting polymer powder 
was subsequently dissolved in 0.5 M NaCl aqueous solutions and 
dialyzed against deionized water before recovering by freeze- 
drying. 

Copolymer Composition. A monomer feed containing 
NdMPSIAMlMADQUAT in a molar ratio 3.77192.4813.75 was 
polymerized in a microemulsion according to the recipe given 
above and polymerized up to complete conversion. The ter- 
polymer composition was determined by elemental analysis. The 
weight percentage of C, H, and N was determined with a Carbo 
Erba elemental analyzer, the sodium content by atomic adsorption 
spectrophotometry, and C1, N, and S by mineralization using the 
SchBninger method. The water content in the copolymer was 
measured by Karl Fisher's method with an automatic KFE 452 
titrimeter. The elemental analysis data after correction for water 
content were found to be NaAMPS, 3.83; AM, 92.18; and 
MADQUAT, 3.99, in excellent agreement with the initial 
monomer feed. 

As for other high charge-density polyampholytes,22 a more 
complete analysis of the data shows that the sample after dialysis 
tends to self-neutralize almost completely; i.e. the anionic and 
cationic monomers are completely paired with no residual sodium 
or chloride counterions left in the solution. 

Light Scattering. As polyampholyte solutions are very 
sensitive to shear degradation and to aggregation, the polymer 
stock solutions were made by dissolving the polymer at a 
concentration of N 5 X 10-9 g cm4 in 0.5 or 0.2 M NaCl aqueous 
solution 48 h before the measurements under gentle stirring. 
The solutions were subsequently diluted to appropriate con- 
centrations (down to 2 X 1P g cm") at  the prerequisite salt 
concentration and were made dust-free by centrifugation. 

The samples are hygroscopic, and for all experiments, the 
concentrations were corrected for water content. 

The optical source on the light scattering apparatus is a 
Spectra-Physics argon ion laser operating at XO = 4880 A. The 
scattered intensity and the time-dependent intensity correlation 
function are obtained by using a 256-channel digital correlator 
(ALV 8OOO). The scattering angle could be varied between 15 
and 145". The scattered intensities reported on the different 
figures of this paper have been normalized by the intensity 
scattered by the toluene. 

The intensity data were processed by using the method of 
~umulants~  to obtain the average decay rate (r)  of the field 
autocorrelation function and the variance u = (( l'2) - (r)2)/ ( 
For most systems investigated in this study, we observe a 
moderate distribution of exponential decays 0.1 5 u 5 0.25. Only 
the more concentrated samples exhibit a correlation function 
with two distinct decay rates. 

All the experiments were performed at T = 20 "C. The 
refractive index incrementa dn/dc were determined on dilute 
samples in NaCl aqueous solutions (2 X 10-9 g cm4 < C < 
g cm4) with a Brice-Phoenix differential refractometer (wave- 
length X = 632.8 nm). The dnldc were found to be 0.170 and 
0.175 cm3 g1 in 1 and 0.5 M NaCl aqueous solutions, respectively. 

[NaClI(M) 5 x 10-3 1k2 5 x 1k2 0.1 0.2 0.5 
vo (mPas) 1.00 1.002 1.006 1.011 1.021 1.048 

Experimental Results 
(a)  Sample Characterization. To determine the  

morphological characteristics of t he  samples, the  polymer 
is dissolved in 0.2 and 0.5 M NaCl brines. With such salt 
contents, and for the polymer concentrations used, the  
sample is entirely solubilized. T h e  electrostatic interac- 
tions are screened out since the Debye-Hackel length K - ~  

is equal to 6.8 and 4.3 A, respectively. 
A n g u l a r  Distributions of the Scattered In tens i ty .  

T h e  properties of the light scattered by polymer solutions 
depend on the  concentration range and on the  relative 
magnitude of a characteristic length scale explored in the 
light scattering experiment. In  dilute solutions, the 
characteristic length is the radius of gyration RG. In  
semidilute solutions, above a concentration C* when the 
polymer chains begin to overlap, the characteristic length 
is the correlation length 5 that decreases upon increasing 
concentration. 

In the  Guinier regime, i.e. if qRo or q t  << 1, the  angular 
distribution of the  excess of scattered intensity with respect 
to the  solvent has well-known forms, namely 

2 2  

C/I = (C/I(O)) (1 + + + ...) 
or 

with 

(3) 

where A is an apparatus constant that is determined by 
using toluene as a reference sample. M, is the weight 
average molecular weight of the polymer. 

If q& (or q t )  >> 1, light sees essentially the  interior of 
t he  flexible polymers, the conformation of which depends 
on the quality of the solvent. T h e  corresponding scattering 
pattern is known to be a power law of q, I (q )  - q4 with 
d = 1 for a stretched polymer, d = 6/3 for an excluded 
volume regime, and d = 2 for a Gaussian chain.26 

If the  data are obtained in a range around qRG = 1, one 
can use the  Fisher-Burford expression26 that has been 
applied to studies on fractal colloidal aggregatesz7 and on 
wormlike micelles28 and that has the  asymptotic behavior 
for high and  low q's corresponding to the  behavior 
described above: 

(4) 

Figure 1 shows the log-log variation of I /C  versus q2 for 
systems with different polymer concentrations and dis- 
solved in 0.5 and 0.2 M NaCl aqueous solutions, respec- 
tively. One observes clearly a crossover from a Guinier 
behavior in the  low q range to an intermediate regime 
characterized by a power law. I n  the dilute regime the  
different scattering curves tend to coincide. Upon in- 
creasing polymer concentration, they still obey the  same 
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Figure 1. Scattering curves for different polymer concentra- 
tions: (a) C, = 0.5 M, (b) C, = 0.2 M. 

behavior in the high q range, but the crossover wavevector 
q* between the Guinier regime and the intermediate regime 
is shifted to higher q values. This could be interpreted as 
the onset of the semidilute behavior for which the crossover 
occurs at q*[ = 1 instead of q*RG = 1 in the dilute regime 
with [ I RG. From the data of Figure 1 one can estimate 
10-4 g cm3 < C* < 5 X 10-4 g cm3. The concentration 
dependence of the scattered intensity in the q - 0 limit 
does not confirm this result. As a matter of fact, this 
intensity increases steadily with the polymer concentration 
whereas one would expect from the well-known behavior 
of neutral polymers a maximum of the scattered intensity 
a t  the crossover concentration C* between the dilute and 
the semidilute regimes. In this respect, one must point 
out that for polymer concentrations C L 103 M one clearly 
observes in the autocorrelation function obtained in 
dynamic light scattering a slow mode. This could be an 
indication of the formation of aggregates that would form 
above C* and would contribute significantly to the 
scattering. We will come back later to this point. 

In the dilute range one can use in principle the classical 
representation CIIversus q2 to obtain the radius of gyration 

10 

U 

1 

71 

-3 

1 y 4  10 -3 

q (nm-2) 
Figure 2. Angular distributions of scattered light for different 
polymer concentrations: (a) C, = 0.5 M; (b) C, = 0.2 M. The 
lines are the fits to the experimental data of the Fisher-Burford 
expression (see text). 
RG and the molecular weight Mw according to eqs 1-3. 
However, as most of the data lie in the crossover region 
between the Guinier and the intermediate regime, it is 
preferable to use the Fisher-Burford expression (cf. eq 4). 
Figure 2 shows the fits of such an expression to the 
scattering curves obtained for samples with different 
polymer concentrations and salt contents 0.2 and 0.5 M, 
respectively. From the fits we obtain for a given polymer 
concentration the fractal exponent d and an apparent 
radius of gyration. The values of the apparent radius of 
gyration were found to be in good agreement with the 
initial slope of the curve CII = f (q2) .  The extrapolation 
to zero polymer concentration of the apparent radius of 
gyration leads to the following estimates of RG 

RG = (2400 f 200) A in 0.5 M NaCl solution 

R ,  = (2500 f 200) A in 0.2 M NaCl solution 

As for d,  we obtain 
d = 1.6 f 0.1 in both 0.5 and 0.2 M NaCl solutions 

The above values are characteristic of an excluded volume 
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regime. They are slightly larger than those obtained from 
the slopes of the straight lines measured in the high q 
limit of the log-log plots of I (q )  (cf. Figure 1). This could 
be due to a polydispersity effect that smoothes the 
crossover between Guinier and intermediate regimes, thus 
reducing artificially the variation of I(@. It must also be 
noted that the highest values of qRG attainable in our 
experiments are around 8; it is well-known that data 
analyzed in an up-limited qRG range lead to a slightly 
reduced exponent. 

The extrapolation of (C/O to zero q and zero C provides 
an estimate of the weight average molecular weight (cf. eq 
3). 

One obtains 

M, = (9.1 f 1) X lo6 in 0.5 M NaCl solution 

M, = (9.5 f 1) X lo6 in 0.2 M NaCl solution 
Dynamic Light Scattering. The dynamic scattering 

experiments provide also different information, depending 
on the qRG range investigated. 

In the dilute regime and in the range qRG << 1, the 
autocorrelation function is close to a single exponential 
with a mean decay rate (r  ) related to the translational 
diffusion coefficient D by 

( r )  = Dq2 (5) 

with kB the Boltzmann constant, T the absolute temper- 
ature, 70 the viscosity of the solvent, and RH the hydro- 
dynamic radius. 

In the intermediate regime, the relaxation of the index 
fluctuations is due to internal modes of the chains. The 
shape function has been explicitly obtained for an un- 
perturbed Gaussian chainz9 and can be represented in the 
limit qRc+ m by a stretchedexponential withan exponent 
-2/3. In the case of a polymer in a good solvent, the 
asymptotic shape is not available analytically although it 
is not expected to deviate appreciably from that in a 8 
s0lvent.3~ Akcasu et al., using the linear response theo- 
ry.Y,3l1~~ and Lee et al., using an t expansion,33 developed 
models for the interpretation of dynamic scattering 
experiments in terms of the first cumulant (l') of the 
intermediate scattering function. I t  was found that 

(7) 

The prefactor was found to be dependent on the quality 
of the diluent. For solutions in a good solvent A = 0.08 
according to Akcasu and Benmouna whereas A N 0.045 
in the derivation of Lee et al. The theoretical curves 
obtained in these two theories for the variation of (I?) 
versus q R G  are given in Figure 3. 

Figure 4 shows the results of dynamic light scattering 
for solutions in 0.2 and 0.5 M brines, plotted using the 
log-log representation ( 2r)-lq2 versus q2. Again one 
observes a net crossover a t  about the same q values as for 
I (q )  (cf. Figure 1). We have also performed a detailed 
analysis of the shape function in the intermediate regime. 
The long time behavior ( t  > ( )-l/2) of the autocorrelation 
function G(2)(t) of the scattered intensity is well described 
by a stretched exponential function Age-(t170)e with ~0-l = 
2(r) and 6 = 0.657, a value in good agreement with the 
theoretical one (2/3). An example of the profile of G(Z)(t) 
is given in Figure 5 where the logarithm of the normalized 
autocorrelation function G(2) = (G(2)(t)  - l)/G(z)(O)) is 

0.16 I . C = 5.010 lo-' g/cq3; 0.5 M NaCl 
0 C = 5.029 lo-' g/cm ; 0.2 M N d l  

t 
0.00; ' 2 I ' 4 ' ' 6 ' ' 8 I ' 

9*R, 
0 

Figure 3. Variations of the reduced first cumulant (r)(q)so/ 
ksTqS aa a function of &. The solid curve is the renormalization 
group calculation of Lee et al.:2 and the broken curve is that of 
Benmouna and Akcasu.3' 

plotted as a function of (t/n#. In this representation, 
over a decrease of G(2) by a factor 100, a linear behavior 
is observed which clearly shows that the stretched expo- 
nential decay is the dominant feature of the time depen- 
dence of G@)(t). 

In Figure 3 are reported the plots of ( r ) 7 0 / k ~ T q 3  versus 
qRG for two dilute solutions with salt concentrations 
respectively equal to 0.2 and 0.5 M. The experimental 
results are in satisfactory agreement with the theoretical 
prediction of Lee et al.,33 mainly in the high q range where 
the polydispersity plays a lesser role. 

The extrapolation of ( F ) / q 2  to zero q leads to the 
following value for the hydrodynamic radius of the sample 

(RH) = (1500 f 100) 8, in both 0.5 and 
0.2 M NaCl solution 

The ratio RG/RH is found to be -1.6, that is a value 
close to the theoretical prediction 1.562 obtained by Oonoa 
for a polymer in a good solvent. Again, we have a better 
agreement with this theory than with the linear response 
theory that predicts35 (RG/RH) = 1.86. 

(b) Salt Effect. In the salt and polymer concentration 
ranges investigated, the solutions appear transparent and 
the scattering signal is stable a t  least a t  the scale of a few 
days. However, under centrifugation at  2750g, one ob- 
serves for the samples with NaCl content less than 0.2 M 
the deposition of a white precipitate, stuck at  the bottom 
of the cell. For a given polymer concentration, the lower 
the salt content, the larger the amount of precipitate. The 
intensity scattered from the supernatant solution is smaller 
than that measured for the sample prior to centrifugation. 
This suggests the presence in the sample of some aggregates 
that separate from the solution under centrifugation. The 
duration of the centrifugation required for the formation 
of a stable biphasic system is of the order of few hours. A 
subsequent centrifugation maintains unchanged the in- 
tensity scattered by the supernatant. This intensity 
remains constant in time, thus showing that no redisso- 
lution of the precipitate occurs. The precipitate can be 
easily separated from the supernatant and redissolved in 
a solution at  a higher salt content. 

In the present study, we have not attempted to deter- 
mine the respective amounts of the polymer in the 
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Figure 4. log-logplota of ( 21')-lq2 versus q2 for different polymer 
concentrations: (a) C, = 0.5 M; (b) C, = 0.2 M. The straight lines 
are the best fib to the data in the high q range. 

precipitate and the supernatant. However, in order to get 
an order of magnitude of these amounts for the samples 
a t  the lowest salt concentration ([NaClI = 5 X le3M),  we 
have conducted the following experiment: the precipitates 
obtained for polymer solutions a t  different concentrations 
were redissolved in a brine with 0.2 M NaC1. The intensity 
scattered from these solutions was found to be significantly 
larger than those obtained from the supernatants, as shown 
in Figure 6. Furthermore, the solutions directly prepared 
in a brine with 0.2 M exhibit even larger scattering. 
Considering the experimental accuracy that becomes poor 
for the more dilute samples, and the fact that the three 
series of systems contain different distributions of poly- 
meric chains, one cannot draw any quantitative conclu- 
sions. One can just tell from the results and by assuming 
in a first approximation that the variations of scattered 
intensity reflect variations of concentration that a t  least 
more than half of the polymer has precipitated. Mea- 
surements of the dry content of the precipitate should 
bring more precise information on that point. 

The light scattering results reported in the following 
refer to either monophasic solutions with a concentration 

Figure 5. Typical variation of the autocorrelation function of 
the intensity fluctuations as a function of (t/ro)@ with j3 = 0.657: 
C = 4.35 x 1od g cm3, C, = 0.2 M, 0 = 90'. 
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c or  Ci (g/cm3) 
Figure 6. Excess of intensity scattered at 0 = 90' versus 
concentration C or initial concentration Ci: (0)  solutions prepared 
directly in a 0.2 M NaCl brine; (0) precipitates of solutions 
prepared at 5 X 10-9 M NaC1, redissolved in a 0.2 M NaCl brine; 
(0) Supernatants of solutions prepared in a 5 x 1V M NaCl 
brine. For the last two systems, the concentration refers to the 
initial system. 

c or to the supernatants relative to the systems with the 
initial concentration C i s  

The effect of salt on the scattering curves and on the 
dynamic behavior in the dilute regime, is illustrated in 
Figures 7 and 8. The most striking feature is that the 
intermediate regime is extended toward the lower q values 
as the salt content is decreased. For the system with the 
smallest salt content, one observes a power law of I ( q )  in 
the whole q range experimentally accessible and therefore 
it is not possible to measure a radius of gyration, nor a 
molecular weight. 

Table 1 summarizes the values obtained for both static 
and dynamic exponents in the intermediate regime, as a 
function of salt and polymer concentrations. 

Discussion 
The solubility behavior of the sample can be qualitatively 

understood from consideration of the balance between 
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Figure 7. Scattering curves for solutions or supernatants with 
concentration C or initial concentration Ci = 5.029 X 1od g cm3, 
and with different salt contents. For 0.1, 0.2, and 0.5 M brine 
systems, there is no precipitate. 
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Figure 8. Dynamic scattering curves for solutions or superna- 
tants at different polymer and salt concentrations; the concen- 
tration C refers to systems not having precipitated; the concen- 
tration Ci refers to the initial concentration, the measurements 
being made on the supernatants. 

interactions. At a low salt content, attractive electrostatic 
interactions are dominant and the chains collapse. On 
the contrary, in the high salt limit, when the Debye-Huckel 
length becomes short enough that the Coulomb interac- 
tions are screened out, then the excluded volume inter- 
actions are dominant and the polymer has a swollen or 
Gaussian conformation, depending on the quality of the 
solvent. 

The theoretical treatment of Higgs and Joanny predicts 
that the globule-coil transition of a neutral polyampholyte 
occurs when the salt concentration becomes larger than 
the concentration of polymeric charges within the globule.16 
Below the critical salt concentration, at finite polymer 
concentration, a phase separation is expected between a 
high concentration phase of interpenetrating Gaussian 
chains and a dilute solution in which each chain is a 
collapsed globule. 

Table 1. Static Exponent a, and Dynamic Exponent aD 
Relative to the Scattering Measurements in the 

Intermediate Regime. 
Part a 

C8(M) C ( g ~ m - ~ )  a8 a~ C, (M) C(gcm") as CYD 

0.5 2.3 X 10-5 1.68 0.2 5.03 X 1od 1.66 2.8 
" 5.01 X 106 1.6 2.85 " 1.25 X 10-4 1.64 
* 1.02 X 10-4 1.6 2.8 2.5 X 1o-L 1.6 

5.09 X 10-4 1.6 2.84 3.75 X 10-4 1.6 
0.2 5 X 10-5 1.68 5 X 10-4 1.6 2.82 

Part b 

C, (MI 
0.26 

0.1 

0.05 

Ci (g cm3) 
1.62 X lod 
2.15 X 103 
1.29 X 10-4 
2.59 X 10-4 
2.5 X 10-4 
5.02 X 105 
3.18 X 10-5 
5.02 X 10-5 
6.37 X 10-5 
1.25 X 10-4 
1.27 X 10-4 

am "D 

1.66 
1.66 
1.6 
1.6 
1.64 2.94 
1.6 
1.65 
1.57 
1.64 
1.68 2.91 
1.6 2.89 

G (MI 
0.05 

0.01 

0.005 
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a I ( q )  a p. (2I')-1 a q * D ;  CYD was determined from the linear 
part of the log-log plots of (2I')-l versus q. The exponent a, was 
obtained from the Fischer-Burford fit to the data for the solutions 
prepared in 0.5 and 0.2 M NaCl (Part a). For the Supernatants 
obtained at lower salt content (Part b), a, was determined from the 
linear part of the log-log representation of the scattering curves. In 
the later case, the concentration refers to the initial concentration 
Ci of the sample. * Precipitates obtained in0.005M NaCl, redissolved 
in 0.2 M NaCl. 

u" 

0 

Figure 9. Schematic phase diagram for a polyampholyts with 
overall neutrality. Open squares represent systems with fiied 
polymer concentration and variable salt content. Below the 
solubility curves the systems undergo a phase separation, and 
the compositions of the supernatants are represented by the filled 
squares. Open circles represent systems with fiied salt concen- 
tration and variable polymer concentration. In that case, the 
supernatants of the diphasic systems have the same polymer 
concentration, represented by the filled circle. 

Schematically, one can envision a phase diagram such 
as that shown in Figure 9. Upon decreasing the salt 
concentration C, at  a fixed polymer concentration C, one 
should observe, as one crosses the coexistence curve, a 
phase separation with a supernatant increasingly diluted. 
This is indeed observed experimentally, as inferred from 
the measurements of the intensity scattered from the 
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the Bjerrum length, v is the excluded volume parameter, 
and b is the length of the statistical unit. The theoretical 
model is not able to describe in detail the transition 
between collapsed and swollen molecules, but it is inter- 
esting to note that the authors speculate that the transition 
occurs without passing through the usual 8 point. This 
is what is effectively observed in this study, since the 
asymptotic exponent of the scattered intensity is always 
close to the excluded volume value. 

Let us turn now to the case of the polymer chains with 
a net charge that are left in the supernatant. 

The effect of salt on nonneutral polyampholytes has 
been considered by Joanny and Higgs.16 The chain 
conformation results from the competition between the 
repulsive polyelectrolyte interactions and the attractive 
polyampholyte effect. The theory predicts that the 
nonneutral polyampholyte behaves in low salt solutions 
like a polyelectrolyte with a net charge. In particular, it 
is soluble in pure water. Upon increasing the salt content, 
the chain passes from linear to collapsed to swollen 
configuration. The salt content corresponding to the coil- 
globule transition depends on the net charge of the 
polymer. 

In the present study, we observe that there is less and 
less polymer left in the supernatant as the salt concen- 
tration is lowered. Presumably, there are no or very few 
polymer chains soluble in pure water. This leads us to 
admit that the distribution of net charges is rather narrow 
and that the situation of neutral polyampholytes prevails. 
However, the higher the net charge, the lower the amount 
of salt required to screen the electrostatic interactions 
and therefore to solubilize the polyampholyte. 

The experimental results also show that the chains 
solubilized in the supernatant of a low salt system are 
more swollen than those dissolved in high salt solutions. 
This surprising result suggests that, for polyampholytes 
with a small net charge, once suppressed the polyam- 
pholyte effect (screening of the interactions between 
charges of opposite signs), there is a persistence length 
left, may be due to the existence of small charged monomer 
blocks. In fact, the above observation is consistent with 
the Monte-Carlo simulations of Kantor et al.17 that show 
that, due to charge fluctuations, the chains are stretched 
even in pure water, provided the system is dilute enough. 

In this respect, it must be pointed out that the chains 
with opposite signs, present in the supernatant, are unlikely 
to form associated pairs in the dilute regime. On the other 
hand, in the semidilute regime the formation of such pairs 
might play a role in the precipitation of the polyam- 
pholytes. Even at  high salt content, aggregates could form, 
thus giving rise to the slow mode observed in the 
autocorrelation function of the scattered intensity and to 
the anomalous behavior of the scattered intensity. 

Figure 11 summarizes our observations relative to the 
phase diagram of the investigated systems. We have also 
tried to estimate the concentration of the supernatant 
obtained when a phase separation occurs. For doing so, 
we have compared the intensity scattered at  90" by the 
supernatant with the intensity scattered by the polymer 
with the same concentration under solvent conditions 
where it is entirely solubilized at  high salt content (0.2 M). 
Of course, this method is very rough since we neglect the 
effect of interactions but it gives a general view of the 
behavior of the system upon variations of salt and polymer 
concentration. It must also be noted that the results 
relative to the phase separation are very reproducible. 

b 
0 q 

Figure 10. Schematic charge distribution of a polyampholyte. 
At low salt content, the chains with a low net charge (hatched 
part) precipitate whereas the chains with higher net charge (white 
area) remain in the supernatant. 

supernatant that decreases steadily as the salt content is 
reduced (cf. Figure 7). 

If now we keep C, constant and increase C, we expect 
to observe a decrease of the volume of the Supernatant, 
the polymer concentration in this phase remaining con- 
stant (cf. Figure 9). 

The results are a t  variance with this prediction: the 
intensity scattered by the supernatant increases to the 
first order proportionally with the concentration of 
polymer dispersed prior to centrigugation (Figure 6). Also 
we would expect from the theory that the conformation 
of the macromolecules remaining in solution would be 
compact. In fact, the results of the table, relative to the 
exponent of I ( q )  in the intermediate regime, indicate a 
swollen conformation of the chains. 

To interpret the results obtained in this study, one must 
rather invoke a polydispersity of the net electrical charge 
carried out by the polyampholyte molecules. Such a 
polydispersity can be inferred from the variation of the 
copolymer composition with the degree of c o n ~ e r s i o n ~ ~ ~ ~ 3  
that shows that the incorporation of MADQUAT in the 
copolymer is faster than those of acrylamide or AMPS.36 
Therefore, we can assume that the sample consists of chains 
with adistribution of net charges of the kind schematically 
shown in Figure 10. In fact, we are dealing here with a 
situation similar to that described by Kantor et al.,17 the 
origin of the charge distribution being however different. 
These authors consider the case where the constraint of 
charge neutrality assumed by Higgs and Joanny is released 
so that the polymers are randomly charged. Simulation 
and analytical arguments lead to the conclusion that the 
chains become stretched in pure water, due to a net charge 
imbalance. However, this effect should disappear for very 
high molecular weight polyampholytes. 

In the presence of salt and for concentrations large 
enough to screen the electrostatic interactions, the polyam- 
pholyte behaves like a neutral polymer. The results 
relative to the asymptotic behavior of the scattered 
intensity suggest that the molecules adopt an excluded 
volume configuration. When the salt content is lowered, 
the neutral chains, i.e. those in the central part of the 
distribution, are expected to precipitate first, leaving 
chains with a finite net charge, i.e. the wings of the 
distribution, in the supernatant. 

According to Higgs and Joanny,16 the solubilization of 
neutral polyampholytes in a large excluded volume regime 
occurs a t  a salt concentration such that 

where f represents half the total number of charges, I is 
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The next step of the study will be to compare the 
respective behaviors of polyampholytes prepared under 
different experimental conditions and therefore with 
different monomer sequence distributions. 
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Figure 11. Actual phase diagram for the investigated sample. 
The open circles correspond to soluble samples, and the filled 
circles to samples for which a precipitate could be observed by 
eye; the triangles represent the concentrations of the supernatants 
estimated from the scattering intensities. The lines connect the 
initial systems to the corresponding supernatants. 

Conclusion 
The results reported in this study emphasize the 

influence of the distribution of charges along the chains 
of a globally neutral polyampholyte. This distribution 
strongly depends on the chemical synthesis method. The 
microemulsion polymerization leads to a monomer se- 
quence distribution not far from random: due to different 
reactivity ratios of the monomers, the fluctuations of the 
net charge from chain to chain are larger than those that 
would be expected from a perfectly random distribution 
of charges. 

At high salt content, the electrostatic interactions are 
screened out and all the chains are soluble. The chain 
conformation is that of the excluded volume regime. Below 
a critical salt content, the chains with a zero or small net 
charge precipitate, due to the polyampholyte effect. The 
supernatant contains highly swollen oppositely charged 
molecules. The polymer concentration in the supernatant 
decreases upon decreasing the salt content, the chains 
being more and more swollen. In other words, the phase 
separation observed here represents a fractionation pro- 
cess, not in terms of molecular weight distribution but 
rather in terms of a net charge distribution. Note that the 
mass polydispersity can also play a role since the collapse- 
swollen transition is very sensitive to the molecular weight 
of the polyampholyte.16 


