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ABSTRACT: Special properties of polyelectrolyte complexes (PEC) formed between poly­
( diallyl-N,N-dimethylammonium chloride) (PDADMAC) and poly(styrenesulfonic acid) (PSSA) 
were studied by gravimetry, viscosimetry, potentiometry, and quasielastic light scattering. These 
complexes are unsoluble precipitates. Their stoichiometry is 1 : I. Complex aggregation takes place 
only if a critical amount of salt is added. This critical salt concentration depends on the PEC 
concentration and the valence of the microions used. The aggregation behavior of the complexes 
was examined by quasielastic light scattering, varying the salt concentration. The data were analyzed 
by the theory of v. Smoluchowski. The accord between theory and experiment is qualitatively 
sufficient. 
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It is well known that oppositely charged 
polyions can form unsoluble intermacromo­
lecular complexes, so-called polyelectrolyte 
complexes (PEC). Thereby, cooperative inter­
actions are very important. The stability of the 
complex depends on several parameters, such 
as polyion composition and chain length, con­
centration of microions, solvent, and tempera­
ture. Therefore it is very complicated to predict 
theoretically what happens, if two comple­
mentary polyions are mixed together. There 
only exist some qualitative or semiquantitative 
models for the interpolymer complex forma­
tion, but there is still no consistent theory for 
the description of reactions between poly­
electrolytes. 

The aggregation behavior of PECs plays an 
important role in many biological processes, 
such as the function of biomembranes, the 
self-assembly of proteins, and the transmission 
of genetic information. Thus, it is very inter­
esting to investigate aggregation pheno~ena. 
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As there is little known about complexes 
of poly(styrenesulfonic acid) (PSSA)/poly­
( diallyl-N,N-dimethylammonium chloride) 
(PD AD MAC), 1 we have chosen this system for 
our investigations. The aim was threefold: first, 
we analyzed the complex stoichiometry and the 
degree of conversion of its formation. Second, 
we determined the complex sizes. Thereby, we 
varied the complex concentration, microion 
concentration, and microion valence. Third, 
the aggregation was examined. This was done 
by Quasielastic Light scattering (QELS). The 
data were analysed by the theory of v. 
Smoluchowski. 

EXPERIMENT AL 

Materials and Preparation 
Sodium poly(styrenesulfonate) (NaPSS) 

(Mw=5 x 105 gmol- 1) and PDADMAC (Mw 
= 2.4 x I 05 g mo! - 1) were products of Poly­
science Inc. The conversion of NaPSS 
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to PSSA was done by ion-exchange using a 
Lewatit Sl00 column followed by dialysis 
against bidestilled water. The concentration of 
the stock solution was determined by titration. 
PDADMAC was used without further puri­
fication. 

For the complex formation the aqueous 
solutions of PSSA and PDADMAC were 
mixed under stirring and stored under Argon 
for two days to reach equilibrium. This holds 
not for the solutions used for quasielastic light 
scatterning. In order to minimize the time for 
reaching temperature equilibrium with the 
index matching bath of the light scattering 
instrument, the solutions were centrifuged and 
tempered at 25°C. Note, the samples were 
mixed immediately before measurement. The 
enthalpy of mixing is very small in any case. 
So it does not affect the temperature of the 
mixture. 

METHODS 

Conductometry 
A Philips Model PW 9501 was used for 

Conductometric Measurements. The changes 
in conductivity after removal of the precipitate 
by centrifugation were negligible. 

Gravimetry 
The polyion solutions (c = 2.2 x 10- 2 M) 

were mixed in a number of mole ratios. Note, 
all concentrations are in moles of monomer 
per liter. The mixtures were centrifuged at 
13.000 Umin - i for 30 minutes. The precipitate 
was washed several times with bidestilled water. 
Finally, it was dried under vacuum at 70°C and 
weighted. A change in the order of mixing does 
not affect the results. 

Quasielastic Light Scattering 
Principle. The theory of QELS has been 

thoroughly reviewed. Nevertheless, some prin­
cipal features should be recalled. In our 
experiments we use the homodyne mode, that 
is, we measure the photocurrent autocorrela-
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tion function, C(t). This can be written as 

C(t)=A+Blg(t)l 2 , (1) 

where I g(t) I is the normalized autocorrelation 
function of the scattered field and A and B are 
apparatus constants. For noninteracting iden­
tical particles, I g(t) I is a single exponential. 
That is 

I g(t) I =e-ri (2) 

r is called the decay rate. It is related to 
the apparent translational diffusion coefficient 
Dapp by 

(3) 

where q is the wave vector. Extrapolation of 
Dapp(q 2) to q 2 =0 gives the true diffusion 
coefficient, i.e., the diffusion coefficient of the 
center of gravity. It is designated D. Accord­
ing to the Stokes~Einstein relation 

kBT 
D=~~ 

6n110Rh 
(4) 

D is related with the hydrodynamic radius Rh. 
17 0 is the dynamic viscosity of the solvent. 
However, in most cases we have samples with 
a distribution of particle sizes. Then, I g(t) I is 
a distribution of exponentials: 

I g(t) I= tX) G(I')e-rtdr, (5) 

where G(I') is the normalized distribution of 
decay rates. 

Equation 5 can be analyzed easily by the 
method of moments or cumulats. It consists in 
expanding I g(t) I in a power series of t: 

lnlg(t)I 

= -ft+ µ 2 (ft)2 - µ 3 (ft)3 + ... (6) 
2!r 2 3!r 3 

where 

f = { 0 

I'G(I')dI' (7) 

1125 



T. SCHINDLER and E. NORDMEIER 

(8) 

15 is derived from f as 15 = limq,_• 0 f / q 2 , 

where 15 is the z-average diffusion coefficient. 
Apparatus. An Argon-ion laser (wavelength 

488 nm; Spectra Physics) was used as light 
source. All experiments were performed at 
25°C ± 0.1 °C. An interference filter, calibrated 
for the wavelength of the incident beam, was 
placed in front of the photomultiplier. The 
output signal was analyzed on a 1024-channel 
ALV-3000 correlator. Further details are given 
in ref 4. 

RES UL TS AND DISCUSSION 

Yield and Stoichiometry 
Figure 1 shows a plot of the precipitation 

yield Y related to the amount of PDADMAC 
versus the monomer molar ratio, Ne, of PSSA 
to PDADMAC. For Nc=nrssA/nroADMAcE 

[O, l], Y increases linearly from Oto 1. In this 
range, the yield related to the amount of PSSA 
is 1. For N;z. l, Y is 1. Consequently, the 
degree of conversion is quantitative and no 
soluble complex is formed. 3 That is, PDAD­
MAC ~eacts like a pendant-type polycation. 
The linear increase of Y for Ne s 1 and its 
constancy for Ne 2: 1 indicate a complex 
stoichiometry of 1 : 1. 

To verify the gravimetric data we used the 
method of conductometric titration. This 
procedure is described in ref 5. In water, the 
degree of dissociation of PSSA is only 0.42. 
Nevertheless, PSSA is a strong polyelectrolyte. 
The remaining protons are bound to the 
polyion chain due to strong electrostatic 
forces. 2 When the complex formation takes 
place, the polyion concentration decreases and 
the concentration of microions in the mixture 
increases because all counterions are released. 
The equivalent conductance of the microions 
is about three times higher than that of the 
polyions removed. Thus, the total conductivity 
of the solution, K, increases. 
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Figure 1. Yield Y related to the amount of PDADMAC 
versus the molar ratio of PSSA to PDADMAC. 
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Figure 2. Conductances of the complex mixtures and the 
control mixtures versus the molar fraction of PSSA. 

We compared the conductometric results 
with data obtained from reference solutions. 
These reference solutions were prepared as 
follows. For instance, mixing 5 ml of 2.2 x 
10- 2 M PSSA with 15ml of 2.2x 10- 2 M 
PDADMAC, K should be equal to the value 
of a solution containing 1. 1 x 10- 2 M PDAD­
MAC and 5.5 x 10- 3 M HCl, if the degree 
of conversion is 1. Thus, we measured the 
conductivity of the samples and their corre­
sponding reference solutions. 

Figure 2 shows a plot of the conductivity, K, 

versus the monomer molar fraction nrssA/ 

[ nrssA + nroADMAcJ of PSSA. The circles present 
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the data obtained for the complexes and the 
triangles are due to the data of the reference 
solutions. 

The agreement between both data sets is very 
close. This supports the evidence that the 
complex formation is nearly quantitative. First, 
the conductivity increases linearly. The maxi­
mum is reached at the molar fraction 0.5, which 
corresponds to the molar ratio 1 : 1. At this 
point all polyion counterions are released. 

A further increase of the molar ratio results 
in a conductivity decrease. This is due to the 
fact that the counterion release of free PSSA 
is smaller than the release of reacted PSSA. In 
addition, the ion mobility of the macro­
molecules is lower. The linearity of K indicates 
that the complex composition is equimolar in 
any case. 

Complex Size 
The hydrodynamic radii, Rh, were measured 

by QELS. The concentration, ccomplex, was 
varied in the range of 5 x 1 o- 5 M to 2.2 x 
IO- 3 M. 

The results are shown in Figure 3. The 
sedimentation of the complexes formed is 
negligible over the time of the measurement. 

Rh increases linearly with ccomplex· This can 
be explained as follows. The number of polyion 
contacts is small at low ccomplex and large at 
high Ccomplex· Contacts between oppositely 
charged polyions lead to complexes. The higher 
ccomplex, the larger is the probability for complex 
formation between more than one pair of 
polyions. Consequently, Rh increases as ccomplex 

is raised. Note, over a time of 10 days no further 
aggregation of the particles could be measured. 

The extrapolation limc .... o Rh gives the 
hydrodynamic radius Rh,min = 33.8 nm. This 
radius is small in comparison to the radius 
Rh= 150nm of a single PSSA polyion (Mw= 
500,000 g mol - 1) when no salt is present. The 
relatively small value of Rh.min points to a 
strong contraction of the polyions within the 
complex, caused by hydrophobic interactions. 

There are two further parameters iniluencing 
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Figure 3. Hydrodynamic radius, Rh, versus the complex 
concentration. 
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Figure 4. Hydrodynamic radius of the complexes versus 
the NaCl concentration. The measurements were per­
formed one minute after mixing. 

complex formation: salt concentration and the 
type of the microions added to the polyion 
solutions. We used equimolar polyion mix­
tures. The measurements were performed I 
minute after mixing the polyion solutions. 
Figure 4 shows the effect on Rh when NaCl is 
added. Three different polyion concentrations 
are considered. With increasing salt concentra­
tion the hydrodynamic radius increases linearly 
until a critical NaCl concentration, c~aci, is 
reached. At this point, the complexes start to 
aggregate. c~aci decreases with increasing 
complex concentration, ccomplex- A similar 
observation was made by Tsuchida. 6 • 7 He 
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Figure 5. Hydrodynamic radius of the complexes versus 
the CaC12 concentration. The measurements were 
performed one minute after mixing. 

Table I. Summary of critical salt concentrations 

ccomplcx c* R* 
C~aCI 

h 

Salt 
M M cc!acl2 nm 

1.13 X 10- 4 NaCl 0.33 
275 

69 
1.13 X 10- 4 CaCl 2 1.2 X 10- 3 68 

5.65 X 10- 4 NaCl 0.24 
267 

71 
5.65 X 10- 4 CaCl 2 9.0 X 10- 4 68 

1.13 X 10- 3 NaCl 0.20 
333 

75 
l.13xl0- 3 CaC12 6.0 X 10- 4 72 

-"-"---------

Error 10% 5% 

found that for complexes based on hydrogen 
bonds a critical pH exists. Above this critical 
pH the complexes do not aggregate over a time 
scale of tens of minutes. 

Next, we considered the effect of the valence 
of the microions added. In Figure 5Rh is plotted 
versus the concentration of CaC12 . Again we 
used 3 concentrations. The same trend is found 
as in Figure 4. However, now for Ccac12 < ct'!'ac12 
the hydrodynamic radius increases according 
to a second order law (Rh"' c~aci) and ct'!'aci2 is 
about a factor of 100 lower than cJaci-

Table I gives a summary of the results 
abstracted from Figures 4 and 5. Column 4 
presents the ratios of the critical concentration 
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ct'!'aci to the critical concentration ct'!'aci, for a 
given complex concentration. It is seen that 
cJaCI/ccl'aci 2 is nearly constant over the range 
of complex concentrations studied. The critical 
hydrodynamic radii R: are summarized in 
column 5. They are also constant. In addition, 
it seems that R: is independent of the valence 
of the microions used. The average value of 
R(: is 70 nm. This seems to be the critical size 
of a complex for aggregation process to start. 

THE AGGREGATION AND 
ITS KINETIC ANALYSIS 

Time Dependency of Rh 
A quite interesting field of research is the 

kinetic of complex aggregation. Our handling 
WaS as follOWS. CNaCI and Ccomplex were fixed and 
Rh was observed as a function ohime, t. Three 
series of measurements were performed. All 
measurements were done at 25°C; the complex 
concentration was 1.13 x 10- 4 M. The salt 
concentrations used were chosen in the order 
of cJacI· We prepared samples with cNaci = 0.34 
M, 0.38 M, and 0.40 M. 

Unfortunately, the time range is limited by 
the smallest and largest detectible sizes of Rh. 
If t is small, the experimental error is high 
because the aggregation continues during the 
measurement. So we determined only the mean 
value of the measurement. If t is large, the 
complexes are too large. Then, they are no 
longer Rayleigh scatterers. 

Figure 6 shows the results. Rh increases 
continuarly with t. The data can be described 
well by the power law 

(9) 

Here, R0 and bare constants. Values of R 0 , 

b, and the correlation coefficient, s, are listed 
in Table II. When b < 1, the size increase-rate 
of the particles decreases with time. For b > 1, 
the size increase-rate increases with time. A 
similar relationship was found by Hemker and 
Frank8 for complexes based on hydrogen 
bonds. 
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Figure 6. Hydrodynamic radius versus time for three 
different salt concentrations. 

Table II. Aggregation parameters belonging to eq I 

CNaCl ro 
b s 

M nm 

0.34 94.77 0.1647 0.9942 
0.38 86.45 0.3096 0.9977 
0.40 92.53 0.3521 0.9974 

Size Distribution of the Complexes 
Another very interesting characteristic 

quantity of a complex is the complex size 
distribution. The inverse Laplace transforma­
tion of the photocurrent autocorrelation 
function gives the distribution of the transla­
tional diffusion coefficient, D. The relationship 
between molar mass, M, and D is: 

(10) 

To calculate the molar mass distribution the 
constants K and ')' have to be determined. 

Studies of interpolymer complexes using 
electron microscopy have shown that the 
structure of the complexes is spherical during 
the primary phase of aggregation. Later they 
grow slowly to fibrous structures. 6 

Therefore, we assume that the PSSA/PDAD­
MAC complexes are rigid spheres. The density 
of these spheres, p, is 
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3M 
p= 4nR~ 

(11) 

Comparing eq 4 and 11 it can be seen that 
the molar mass, M, is proportional to R:, 
D-M- 113 ; that is y= 1/3. For the calculation 
of K, it is sufficient to know one value of D 
and one of M. Two further assumptions are 
necessary. First, it is assumed that the com­
plexes are monodisperse at the start phase of 
the aggregation. For a complex consisting of 
one PSSA molecule with Mw= 5 x 105 gmol- 1, 

and every functional group of PSSA being 
bound to a functional group of PDADMAC, 
the molar mass, M 1 , of a single complex is 
8.4 x 105 g mol - 1 . The second assumption is 
that the value of Rh= 33.8 nm extrapolated for 
infinite dilution (see Figure 3) belongs to a 
single pair of oppositely charged polyions. 
Inserting Rh= 33.8 nm into eq 4 yields the 
translational diffusion coefficient D = 7 .26 x 
10- 12 m2 s- 1 . Witheq 10thisgivesK=6.85x 
10- 10 molm2 s- 1 g- 1 . 

Next, we transform the distribution function 
of the translational diffusion coefficient, h0 (D), 
into the molar mass distribution function, 
hM(M). 

The inverse Laplace transformation was 
performed by the program "Odil", developed 
by AL V Lasertechnik, Germany. 

The distribution of the degree of ag­
gregation, h; versus i as obtained by QELS is 
defined as 

h-='i,m, N;·i·m 1 

1 ' 
(12) 

mtot mtot 

where i is the number of single complexes in 
an aggregate, i.e., the degree of aggregation. 
N; is the number of aggregates of mass 
m;=i.·m1 , and m1 is the mass of one single 
complex at the beginning. m101 is the total mass 
of all particles. It is independent of time; that 
is, m101 =N0 ·m1 , where N0 is the number of 
complexes at the beginning (at time t=0). For 
our calculations we set m1 =M1 . 
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To explain our experimental data we com­
pared them with the aggregation theory 
developed by v. Smoluchowski.9 He describes 
the distribution of the degree, i, of aggregation 
as a function of time t. V. Smoluchowski 
supposes that the aggregates are rigid spherical 
particles, all having the same size at t = 0. The 
aggregates formed during the aggregation are 
also assumed spherically. Further, no long 
range forces exist and every particle collision 
results in an aggregation. According to the 
second diffusion law, v. Smoluchowski derived 
the following equation: 

where 

(aNot)i-1 
N-=N0 -----

' (l + aNot)i+ 1 
(13) 

Taking into account the condition m; = i · m 1 

and inserting eq 13 into eq 12 we get 

. (aNot)i-1 
h-=lX-----

' (1 +aNot)i+l 
(15) 

At this point, it is necessary to compute the 
number of particles N 0 at t=O. The complex 
concentration, ccomplex, is 1.13 X 10- 4 M. With 
a degree of polymerisation, P, of 2400, N 0 is 
calculated as follows: 

No= NA X PX Ccomplex = 2.83 X 1019 m- 3 (16) 

Then, the theoretical value of the product 
a x N O is 87.4 s - 1 . To compare the theoretical 
data with the experimental one, both datasets 
are normalized as 

(17) 

Figures 7 and 8 show the plots for the times 
1, 5, and IO minutes. The best agreement 
between theory and experiment is given if the 
theoretical curves are calculated with ax N 0 = 
0.171 s- 1 • This value is 500 times lower than 
the theoretical value of 87.4 s- 1 . The observed 
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Figure 7. Experimental particle size distribution curve; 
comparison between theory and experiment. 
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Figure 8. Experimental particle size distribution curves; 
comparison between theory and experiment. 

aggregation process is much slower than pre­
dicted by theory. Repulsive forces between the 
complexes seem to be the reason for slowing 
the aggregation. The existence of a critical salt 
concentration also points to repulsive forces. 
These forces have to be compensated by 
increasing the microion concentration in the 
solution. Thus, ax N 0 should be modified by 
a repulsive term. Further, it is seen that the 
experimental curves are broader than the 
theoretical curves. This may be due to the fact 
that the polyelectrolytes used are not mono­
disperse. Another interesting effect is that the 
experimental curves show two maxima. That 
is, the aggregates seem to form a bimodal molar 
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mass distribution. 
To analyse the time dependence of ax N 0 , 

we compared the theoretical behaviour of 
the average hydrodynamic radius with time 
to the experimental data. Therefore it is neces­
sary to derive a relationship that describes 
the hydrodynamic radius as a function of the 
theoretical distribution of the degree of ag­
gregation. The weight average molar mass is 
defined as 

Mw=I
0

hMMdM (18) 

Inserting eq 15 into eq 18 and using M; = i x M 1 

we obtain 

M (t)=M Joo ·2 (aNot)i-1 ct· 
w 1 z i+l l 

i=l (l+aN0 t) 
(19) 

For Rh and M w we use the relation 

Rh=tP x M';,, (20) 

For spherical particles y is 1/3. Using the 
same assumptions as for the calculation of K, 
we find tP is 3.58 x 10- 10 mg113 mo1- 113 _ 

Inserting eq 20 into eq 19 we get 

Rh(t)=cf> x M1 ;2 a o ·+1 di [ f 00 ( N iy-1 ]113 
i=l (l+aN0 t)' 

(21) 

Equation 21 can be numerically integrated. 
The results are shown in Figure 9. They are 
compared to the experimental data. The 
observations are as follows. The increase of the 
theoretical curve is significantly larger than the 
increase of the experimental curve. Thus, it 
seems that the term ax N 0 is not a constant. It 
may depend on time. The larger aggregates 
may tend to decay with time until an equili­
brium is reached. Unfortunately, this equili­
brium lies beyond the detection limit of our 
instrument. 
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Figure 9. Hydrodynamic radius of the complexes com­
pared to theoretical predictions. 

Summarizing our work on aggregation, v. 
Smoluchowkis theory describes the aggrega­
tion of complexes qualitatively well. Neverthe­
less the aggregation process seems to be in­
fluenced by complex-complex interactions, so 
that these effects should be considered in the 
theory to get a quantiatively satisfactory 
relation between experimental and theoretical 
data. 
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