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Scaling Properties of the Shear Modulus of Polyelectrolyte 
Complex Coacervates: A time-pH Superposition Principle 

 
M. Tekaata, D. Bütergerdsa, M. Schönhoffa, A. Feryb, C. Cramer*a 

We analyze the scaling properties of pH-dependent shear modulus 
spectra of complex coacervates made of weak polyanions and 
strong polycations. For the first time, we report on a “time-pH 
superposition principle”. This principle implies that the charge 
density in complex coacervates made of not fully charged polyions 
only influences the time-scale of the relaxation dynamics, but not 
the mechanisms of the underlying dynamics. 

Sca l ing relations based on superposition principles are an important 
tool  for analyzing frequency-dependent quanti ties . They a l low 
predicting physical properties of materials beyond the experimental 
ranges  the materia ls  have been s tudied in. Typica l  phys ica l  
quantities which are known to follow superposition principles  are, 
for example, the electrical conductivi ty and permittivi ty, and the 
shear modulus. The most well-known of these scaling procedures is  
the time-temperature superposition principle (TTSP)1,2, appl ication 
of which can be found for a l l  of the above mentioned phys ica l  
quantities. It impl ies  that frequency-dependent spectra  of the 
investigated physical quantity determined at di fferent tempera -
tures , T, can be sca led onto a  common master curve, i f the 
respective quanti ty and the frequency sca les  are properly 
normalized. In other words, the shape of the spectra i s independent 
of temperature; thus T-dependent spectra  are just shi fted with 
respect to each other. The physical principle behind this  feature i s  
that variation of temperature only changes  the rate of the 
underlying dynamics (which is then probed on different timescales ) 
without changing the mechanism i tsel f. The time-temperature 
superposition principle is applicable for a  variety of materia ls  such 
as  semiconductors3, inorganic crystals4 and glasses5, ionic l iquids 6 
and polymeric systems7,8, when a  sui table temperature range i s  
chosen. In this work we focus on polyelectrolyte complex coacerva-
tes . Polyelectrolyte complexes are materials resulting from electro-
s tatic interactions between highly charged polycations  and poly-

anions. Apart from the “intrinsic” charge compensation of opposi te 
charges on the polyions, additional small ions l ike a lka l i  or ha l ide 
ions might also be incorporated as “extrinsic” charge compensators  
between the polyelectrolyte chains. In ref. [7] i t was shown for the 
fi rs t time that the conductivity spectra of di fferent types  of dried 
polyelectrolyte complexes  (PEC) fol low the time-temperature 
superposition principle which led to new conclus ions  about the  
changes of the number dens i ty and the mobi l i ty of smal l  ions  
present in di fferent types  of PEC.  

In recent years, other superposition principles have been reported. 
In ref. [9] i t was  shown that the relative humidi ty (RH) of the 
environment of PEC has a similar influence on the ionic conductivity 
spectra as temperature has. The reason i s  that the absorption of 
water molecules into the solid PEC lowers the activation enthalpy 
for the ion transport process . The va l idi ty of a  time-humidity 
superposition principle (THSP) for RH-dependent conductivi ty 
spectra  therefore impl ies  that this  lowering of the activation 
barriers does not only influence the long-range transport probed by 
the dc conductivity, but a lso the ion dynamics occurring on shorter 
time and length sca les . The latter dynamics  i s  probed in the 
dispers ive part of the conductivi ty spectra 9. 

Combination of polyelectrolyte anions and cations cannot only lead  
to the formation of PEC precipitates which are subject of the above 
ci ted s tudies. Below a cri tical salt concentration, the formation of 
two l iquid phases –a  water-like and a viscous phase– may occur, i f 
solutions of polycations and polyanions are mixed with each other. 
The water-like phase typica l ly conta ins  only very few polyions , 
whereas the viscous phase, termed coacervate phase, contains  the 
s trongly swol len PEC. 

Recently, Spruijt et a l.10,11 reported on an extensive scaling study of 
the frequency-dependent mechanica l  properties  of coacervates  
made of poly(acrylic acid) (PAA) polyanions and of poly(N,N-dime-
thylaminoethylmethacrylate) (PDMAEMA) polycations. They found 
a  new scaling principle for the shear modulus , termed time-salt 
superposition principle. They proved that the content of the added 
sa lt influences the relaxation times of the modulus  spectra  (both 
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rea l  and imaginary parts) significantly and acts as a  scaling factor for 
the complex shear modulus. Also the absolute va lues  of the shear 
moduli are influenced by the salt content, but the variation i s  only 
small as compared to the variation of the relaxation times  and can 
be attributed to density changes10,11. Sprui jt et a l . used fixed pH-
va lues at which both, polyanions and polycations, are a lmost ful ly 
charged. In their investigated s toichiometric complexes , the 
average distance between the charged groups  on ei ther type of 
polymers  was  therefore a lways  constant. 

In our s tudy presented here, we changed the effective charge 
density (given by the degree of dissociation) on the weak poly-
anions  by varying the pH-va lues . The 1:1 ratio of negative to 
pos itive charges in the coacervates was always  kept constant. We 
wi l l show for the fi rst time that the frequency-dependent complex 
shear modulus of PEC coacervates prepared from polyions  with a  
varying degree of dissociation, obeys scaling relations. We modified 
both, pH-va lue and sa l t content. We wi l l  show that both 
modi fications, either additional  sa l t (here KCl ) or the degree of 
dissociation of the polyions influence the dynamics  of the binding 
processes and how these different influences  can be separated 
from each other. We conclude that the charge dens i ty of the 
polyanions has a  significant effect on the complex dynamics  and 
that this influence i s the stronger the higher the salt content i s . We 
investigated a  series  of complex coacervates  made of cationic 
poly(dia l lyldimethyl  ammonium chloride) (PDADMAC, Mw = 
(100,000 to 200,000) g/mol , 20 %wt. in H2O) and of anionic 
poly(acryl ic acid) (PAA, Mw = 100,000 g/mol , 35 %wt. in H2O) 
prepared at different salt concentrations and different pH-va lues . 
The water was  ul trapure with a  res is tance of more than 
18.2 MΩ/cm. For polyelectrolyte complex formation s tock solutions 
of the two polyelectrolytes  (1.76 M for PAA and 0.88 M for 
PDADMAC) were made. The overall concentration of PAA in the PEC 
was  fixed as 0.11 M for a l l  batches  (40 mL). Since PAA is  a  weak 
polyelectrolyte, first the degree of dissociation of PAA in solution at 
di fferent salt concentrations was determined from titration curves  
(potentiostatic ti tration with 1 M KOH) to ca lculate the appropriate 
volume of PDADMAC solution to be added, see Fig. 1. Addition of 
KCl  resulted in a  large shi ft of the ti tration curve. However, the 
di fference between curves determined for solutions  with 0.25 M 
KCl  and with 0.50 M KCl , respectively, was very small. Replacement 
of K+ by Na + had a negligible effect. Comparison with published data 
shows that our titration curve of the PAA solution without added 
KCl  i s  in good agreement with data obtained by Bromberg12,13  and 
Phi l ippova et a l .12,14 The ratio of the pos i tively and negatively 
charged groups on the respective polyions was a lways : 1:1. For the 
coacervates  with a  0.25 M and 0.50 M KCl  concentration, the 
corresponding amount of KCl  was  added to both PAA and 
PDADMAC stock solutions . To adjust the pH, potass ium hydro-
chloride or hydrochloric acid (both 1 mol/L) were added to both 
s tock solutions, respectively, before the complexation process  was  
s tarted. Mixing was  done from two solutions  of identica l  pH, 
fol lowed by shaking intensively for a  few minutes. Upon mixing in a  
certa in pH-range, complexation occurs if the sa l t concentration i s  
not too high. The formed PEC appears either as a  gel-like substance 
in the case of a  coacervate or as  a  white sol id in the case of a  
precipitate formation. Phase separation occurs after severa l  hours   
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Fig. 1 Degree of dissociation of PAA solutions  with di fferent 
amounts of KCl  (full symbols (this work), open symbols  (l i terature 
data). The l i terature data  were determined for PAA solutions  
without additional KCl  and have been redrawn from Fig. 2 in ref. 
(12). Origina l  data  are publ i shed in refs . (12)-(15). 

and after two days the samples were centri fuged at 1000 g for 15 
minutes  and then left for three days  for equi l ibration. 

Measurements of the pH-value in the coacervate phase showed 
that the pH-value is the same as in both polyion s tock solutions . 
This  implies that under the chosen conditions changes in the degree 
of dissociation of PAA upon complexation are negl igible. 

Frequency-dependent spectra  of the complex shear modulus  
G*(ω) were determined in the oscillation mode with a  rheometer 
Phys ica MCR101 by Anton Paar using a  truncated cone (CP50-0.3 or 
CP25-1)/plate configuration. Data  were taken at ambient 
temperature (25 °C). 

Fig. 2 (a) i s a double-logarithmic plot with spectra of the real part G′ 
and of the imaginary part G′′ of the complex shear modulus , 
respectively, as a function of the angular frequency, ω, at various  
pH-va lues. The measured data are typical of a  viscoelastic materia l , 
for which G′ is a  measure for the stored energy, whereas G′′ reflects 
the energy dissipated during the shearing process. The fact that at a 
fixed angular frequency the loss  modulus  G′′ i s  larger than the 
s torage modulus G′, indicates that the complex coacervates behave 
rather l ike viscoelastic fluids  than l ike viscoelastic sol ids . With 
increasing ω, however, the di fference ∆G = G′′- G′ decreases . A 
trans ition point is expected at frequencies above our experiment-
ta l ly accessible frequency window. This trend is best seen at pH = 5. 
The decrease of ∆G wi th ω impl ies  that on short time sca les  
(corresponding to large angular frequencies), the material behaves  
more and more l ike a  viscoelastic sol id. 

Fig. 2 (a) indicates that the pH-value shifts the G′′ and G′ spectra on 
the frequency scale. The question whether the spectra  are just 
shi fted or whether there is an additional  change of the spectra l  
shape can be tested by a  scaling analysis in which log10((ω/s -1)·fω,pH) 
i s  used instead of log10(ω/s-1). Al l spectra were scaled by introducing 
sui table scaling factors fω,pH to match the spectra  taken at pH = 8. 
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Fig. 2 (a) pH-dependent spectra of the real part G′(ω) (full symbols) and of 
the imaginary part G′′(ω) (open symbols) of the complex shear modulus 
G*(ω) for PAA/PDADMAC complex coacervates prepared at a salt concentra-
tion of 0.5 mol/L. (b) Master curves resulting from scaling of individual shear 
modulus spectra as presented in Fig. 2 (a). Different colors stand for pH-
dependent measurements at different salt concentration. 

In fact, a ll shear modul i  can be combined to a  master curve by 
normalizing the angular frequency scale, see for example the blue 
symbols in Fig. 2 (b). To superimpose the spectra to a master curve, 
we a lso have to shift the spectra very s lightly on the modulus scale. 
This  additional shi ft can be attributed to the changing polymer 
density, see discussion above, but these shi ft factors  fG,pH are very 
small as compared to the shift factors fω,pH for the frequency sca le 
and wi l l  not be discussed here any further. 

Figure 2 (b) shows  additional  sets  of master curves  that were 
obta ined in an analogue fashion from pH-dependent G′′ and G′ 
spectra determined at other salt concentrations. The green symbols 
correspond to data of PEC coacervates where no extra KCl  sal t was  
added; red symbols are used for solutions with a  KCl  concentration 
of 0.5 mol/L. In all cases, the individual G′ and G′′-spectra measured 
at di fferent pH-values do form a  master curve. The appl icabi l i ty of 
the sca l ing procedure impl ies  that changes  of the pH-va lue, 
analogue to changes  of temperature, influence the rate of the 
underlying complex dynamics  without changing the bas ic 
mechanism. The logarithms of the shift factors  used to create the 
master curves  are displayed in Fig. 3.   

 

 

 

 

 

 

 

Fig. 3 Shift factors determined from superimposing individual G′(ω) and 
G′′(ω) spectra to the master curves presented in Fig. 2 (b) plotted as a 
function of the dissociation constant of PAA. The lines are just guides to the 
eye. 

We see in Fig. 3 (a) that there is a  very s trong decrease of log10(fω,pH) 
between pH = 5 and pH = 7. Above pH = 7, the shift factors fω,pH are 
a lways close to one. The latter implies that for pH > 7 the pos i tion 
of the G′ and G′′ spectra on the frequency scale almost remains the 
same. In other words, there is a pH-regime in which the rate of the 
complex dynamics is very sensitive to pH-changes, whereas  above 
pH = 7 i t i s  not. The reason for this observation becomes clear when 
we regard the degree of dissociation, a, ins tead of the pH-va lue. 
According to Fig. 1, we see that even at a  fixed pH-va lue, a of 
PAA can di ffer with varying KCl -concentration. Therefore, we now 
plot the same shi ft factors  as  a  function of the degree of 
dissociation determined for solutions of the weak polyanions  PAA 
at di fferent salt contents, see Fig. 3 (b). We assume that changes in  
a due to complexation are negligible because we did not observe 
any changes of the pH-values after the pH-adjusted solutions of the 
polyanions and polycations  were mixed to form the coacervate 
phase. Fig. 3 (b) shows that log10(fω,pH) decreases s ignifi cantly with  
the degree of dissociation and reaches finally a  plateau regime at 
about a = 0.9. This means that indeed the degree of dissociation i s  
the crucial property determining the coacervate dynamics . Once 
the PAA is  (almost) fully charged, the dynamics  (as  probed by the 
shear moduli G′′ and G′) are not changed any further on increas ing 
the pH va lue. The decay i s the more pronounced the higher the sal t 
content i s : fω,pH changes  by five orders  of magnitude at a  sa l t 
concentration of 0.5 M KCl  whereas i t decreases only by one order 
of magnitude in the coacervates  without added sa l t.  

In order to explain these findings we have to look at the underlying 
dynamics which governs the frequency-dependent shear modul i  G′ 
and G′′, respectively. At high pH-va lues , the PAA polyanions  are 
ful ly charged. PEC are formed because of the s trong Coulombic 
interactions between the opposite charges on the polycations  and 
polyanions. These bonds , however, are not to be cons idered as  
rigid, but they can be opened and reformed, as a lso described in the 
work of Sprui jt et a l .10,11. They concluded that the ionic bonds  
between the oppositely charged polyion chains  act as  temporary 
cross -links. Addition of salt influences the bond energy of a l l  ionic 
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bonds to the same extent, so that all relaxation modes  are shi fted 
equal ly10,11. 

In our case (which differs from the ci ted l i terature as  the charge 
density on the polymeric chains can change with pH) we are able to 
probe the chain dynamics even in the absence of sa l t. Addition of 
sa lt accelerates the chain dynamics for two reasons: First, the small  
cations  and anions  of the added sa l t themselves  can act as  
(extrinsic) charge compensators for the oppos i te charges  on the 
polyions. This reduces the binding strength between the oppositely 
charged polyions resul ting in faster dynamics . In addition, i t i s  
evident from the volume of the coacervate phase that the presence 
of sa l t a lso increases  the amount of water absorbed into the 
complex. The water, incorporated into the hydrophilic segments  of 
the complex, acts as a plasticizer and therefore also accelerates the 
chain dynamics. Uncharged hydrophobic segments of the PAA chain 
may play an important role. A reduction of the charge density of the 
weak polyions resulting from a  pH decrease enlarges  the average 
dis tances between the negative charges of the dissociated groups  
on the PAA chains which goes  hand in hand with an increas ing  
length of uncharged chain segments  with partia l ly hydrophobic 
properties  located between the negative charges . We may 
speculate that the formation of uncharged hydrophobic chain loops 
between the charged binding s i tes  on the polyions  apparently 
reduces the rate of the chain dynamics tremendously, possibly due 
to hydrophobic interactions . In spi te of the ionic character of 
polyelectrolyte complexes , i t was  shown that hydrophobic 
interactions may play a  large role in polyelectrolyte complexation16. 
This  effect is, however, less pronounced in PEC coacervates without 
additional salt, where the dynamics i s slow even in the completely 
dissociated s tate. In other words , the “dis turbance” of the 
polyanion/polycation dynamics  resul ting from the formation of 
uncharged polymer loops is the more pronounced the faster the 
dynamics in the “undis turbed” complex i s . The deceleration by 
charge dilution occurring on pH reduction, however, i s  due to an 
analogue reduction of interactions between a l l  types  of charges . 
Therefore, the G′ and G′′-spectra are only shi fted with respect to 
each other on the frequency scale, but their spectral shapes do not 
change, establishing the scaling properties  in the novel  time-pH 
superpos i tion principle.  

Finally, in order to test whether our coacervates also obey the time-
sa lt superposition principle reported by Sprujit at al.10,11 we tried to 
superimpose the three individual  master curves  of Fig. 1 (b) to a  
super master curve. The result is shown in Fig. 4, where the inset 
summarizes the shift factors fω.c for creating the super master curve 
as  a  function of salt concentration. Indeed, the va lidity of the time-
sa lt superposition principle also holds for our complexes. The exact 
dependence of our shift factors  on the ion concentration di ffers  
however from that reported in references [10,11]. This shows  that 
the dependence of dynamical properties on sa l t concentration i s  
influenced by the type of polyelectrolytes . 

  

 

Fig. 4 Super master curve resulting from the individual master curves as 
displayed in Fig. 2 (b). The inset shows the shift factors used for this scaling 
procedure. The dashed line is just a guide to the eye. 

In summary, we have shown that the dynamics  in polyelectrolyte 
complex coacervates is s trongly influenced by the presence of sa l t 
and by the average dis tance of charged groups  on the 
polyelectrolyte chains. Both effects  can be separated from each 
other by a  two-step-procedure. Fi rs t, G′ and G′′-spectra  taken at 
di fferent pH-values (and therefore different degrees of dissociation) 
but constant ion content are normal ized to form a  master curve. 
This  procedure al lows  determining of how the PEC dynamics  i s  
influenced by the average distance of the charged groups  on the 
polyelectrolyte chain. In a  second s tep, the so formed master curves 
taken at different ion contents are additional ly normal ized with 
respect to each other to form a  super master curve. This procedure 
a l lows determining the effect of salt ions present in the coacervate 
phases. In all cases we find that the position of the spectra  on the 
frequency sca le changes , but not the shape of the G′ and G′′-
spectra. This implies that the charge dens i ty of the PE chains  and 
the sal t ions  both influence the rate of the complex dynamics  
s trongly, but not the bas ic mechanism of temporary bond 
formation and bond opening between the charges. The decrease in 
the number of charged groups on one type of polyion increases the 
length of uncharged hydrophobic chain loops , which reduces  the 
rate of the chain dynamics  tremendous ly. This  i s  even more 
interesting, as the type of interactions  involved do vary, whereas  
the dynamic mechanisms determining the spectra l  shape remain 
invariant. The deceleration of dynamics is less  pronounced in PEC 
coacervates without additional KCl  salt, where the dynamics i s slow 
even in the completely dissociated s tate. This  impl ies  that the 
“dis turbance” of the polyanion/polycation dynamics resulting from 
the formation of uncharged polymer loops is the more pronounced 
the faster the dynamics  in the “undis turbed” complex i s . 
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