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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.

Scaling relations based on superposition principles are animportant
tool foranalyzing frequency-dependent quantities. They allow
predictingphysical properties of materialsbeyond the experimental
ranges the materials have been studied in. Typical physical
guantities which are knownto follow s uperposition principles are,
forexample, the electricalconductivity and permittivity, and the
shearmodulus. The most well-known ofthese scaling procedures is
the time-temperature superposition principle (TTS P)l’z, application
of which can be found for all of the above mentioned physical
quantities. Itimplies that frequency-dependent spectra of the
investigated physicalquantity determined at different tempera-
tures, T, can be scaled onto a common master curve, if the
respective quantity and the frequency scales are properly
normalized. In other words, the shape of the spectrais independent
of temperature; thus T-dependent spectra are just shifted with
respectto eachother. The physicalprinciple behind this feature is
that variation of temperature only changes the rate of the
underlying dynamics (whichis then probed on different timescales)
without changing the mechanism itself. The time-temperature
superposition principle is applicable for a variety of materials such
as semiconductors®, inorganic crystals4and glassesS, ionic quuids6
and polymericsystems7’8,whena suitable temperature range is
chosen.In thiswork we focus on polyelectrolyte complex coacerva-
tes. Polyelectrolyte complexes are materials resultingfrom electro-
staticinteractions between highlycharged polycations and poly-
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anions. Apart from the “intrinsic” charge compensation of opposite
chargesonthe polyions, additionalsmallions like alkali or halide
ions mightalso be incorporated as “extrinsic” charge compensators
betweenthe polyelectrolyte chains. Inref. [7] itwas shown for the
firsttime that the conductivity s pectra of different types of dried
polyelectrolyte complexes (PEC) follow the time-temperature
superposition principle which led to new conclusions about the
changes of the number densityand the mobility of small ions

presentin different types of PEC.

In recentyears, other superposition principleshave beenreported.
In ref. [9] it was shown that the relative humidity (RH) of the
environment of PEChas a similarinfluence on theionic conductivity
spectra as temperature has. Thereason is that the absorption of
watermolecules into the solid PEClowers the activation enthalpy
for the ion transport process. The validity of a time-humidity
superposition principle (THSP) for RH-dependent conductivity
spectra therefore implies that this lowering of the activation
barriers does not onlyinfluence the long-range transport probed by
the dcconductivity, butalso theion dynamics occurring on shorter
time and length scales. The latter dynamics is probed in the

dispersive part of the conductivityspectrag.

Combination of polyelectrolyte anions and cations cannot only lead
to the formation of PEC precipitateswhich are subject ofthe above
cited studies. Below a critical salt concentration, the formation of
two liquid phases—a water-like and a viscous phase— may occur, if
solutions of polycations and polyanions are mixed with each other.
The water-like phase typically contains only very few polyions,
whereasthe viscous phase, termed coacervate phase, contains the
strongly swollen PEC.

10,11 . .
reported onan extensive scaling study of

Recently, Spruijtetal.
the frequency-dependent mechanical properties of coacervates
made of poly(acrylicacid) (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. Theyproved that the content of the added

saltinfluences the relaxation timesof the modulus spectra (both
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real and imaginary parts) significantlyand acts as a scalingfactor for
the complexshear modulus. Alsothe absolute values of the shear
moduliareinfluencedbythe salt content, butthe variation is only
smallas comparedto the variation of the relaxationtimes and can
be attributed to densitycha ngesm’u. Spruijt et al. used fixed pH-
values atwhich both, polyanions and polycations, are almost fully
charged. In their investigated stoichiometric complexes, the
average distance between the charged groups on either type of
polymers was therefore always constant.

In our study presented here, we changed the effective charge
density(givenbythedegree of dissociation) on the weak poly-
anions by varying the pH-values. The 1:1 ratio of negative to
positive chargesinthe coacervateswas always kept constant. We
will showforthe first time that the frequency-dependent complex
shearmodulus of PEC coacervates prepared from polyions with a
varying degree of dissociation, obeys scaling relations. We modified
both, pH-value and salt content. We will show that both
modifications, eitheradditional salt (here KCI) or the degree of
dissociation ofthe polyions influence the dynamics of the binding
processes and how these different influences can be separated
from each other. We conclude that the charge density of the
polyanions hasa significant effect on the complex dynamics and
thatthisinfluenceisthe strongerthe higherthe salt contentis. We
investigated a series of complex coacervates made of cationic
poly(diallyldimethyl ammonium chloride) (PDADMAC, M,, =
(100,000 to 200,000) g/mol, 20 %wt. in H,0) and of anionic
poly(acrylic acid) (PAA, M, = 100,000 g/mol, 35 %wt. in H,0)
prepared at different salt concentrations and different pH-values.
The water was ultrapure with a resistance of more than
18.2 MQ/cm. For polyelectrolyte complex formation stock solutions
of the two polyelectrolytes (1.76 M for PAA and 0.88 M for
PDADMAC) were made. The overall concentration of PAAinthe PEC
was fixed as 0.11 M for all batches (40 mL). Since PAAis a weak
polyelectrolyte, first the degree of dissociation of PAAin solutionat
different salt concentrations wasdetermined from titration curves
(potentiostatictitration with 1 M KOH) to calculate the appropriate
volume of PDADMACsolution to be added, see Fig. 1. Addition of
KCl resultedin a large shift of the titration curve. However, the
difference between curves determined for solutions with 0.25M
KCl and with 0.50 M KCl, res pectively, was very s mall. Replacement
of K" byNa* had a negligible effect. Comparison with published data
shows thatourtitration curve ofthe PAAsolution without added
KClis ingood agreement with data obtained by Brombe rglz'13 and
Philippova et al.®» The ratio of the positivelyand negatively
chargedgroups on the respective polyions wasalways: 1:1. For the
coacervates with a 0.25 M and 0.50 M KCl concentration, the
corresponding amount of KCI was added to both PAA and
PDADMACstock solutions. To adjust the pH, potassium hydro-
chloride orhydrochloricacid (both 1 mol/L) were added to both
stock solutions, respectively, before the complexation process was
started. Mixing was done from two solutions of identical pH,
followed byshaking intensively fora fewminutes. Upon mixingin a
certainpH-range, complexationoccurs if the salt concentration is
nottoo high.The formed PECappears eitheras a gel-like substance
inthe case of a coacervate oras a white solid in the case of a
precipitate formation. Phase separation occurs afterseveral hours
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Fig. 1 Degree of dissociation of PAA solutions with different
amounts of KCl (full symbols (thiswork), opensymbols (literature
data). The literature data were determined for PAA solutions
without additional KCl and have been redrawn from Fig. 2 in ref.
(12). Original data are published in refs. (12)-(15).

and aftertwo days the samples were centrifuged at 1000 g for 15
minutes and then left for three days for equilibration.

Measurements ofthe pH-valuein the coacervate phase showed
thatthe pH-valueisthesameasin both polyion stock solutions.
This implies that underthe chosen conditions changesinthe degree
of dissociation of PAA upon complexation are negligible.

Frequency-dependent spectra of the complexshear modulus
G*(w) were determined inthe oscillation mode with a rheometer
Physica MCR101 by Anton Paar usinga truncated cone (CP50-0.3 or
CP25-1)/plate configuration. Data were taken at ambient
temperature (25 °C).

Fig.2(a)isadouble-logarithmic plot with s pectra of the real part G’
and of the imaginary part G” of the complexshear modulus,
respectively,as a function oftheangular frequency, o, at various
pH-values. The measured data are typical ofa viscoelastic material,
forwhich G'isa measure forthe stored energy, whereas G" reflects
the energydissipated during the shearingprocess. The fact thatata
fixed angularfrequency the loss modulus G" is larger than the
storage modulus G', indicatesthat the complex coacervates behave
ratherlike viscoelasticfluids than like viscoelastic solids. With
increasing o, however, the difference AG = G"- G' decreases. A
transition pointis expectedat frequencies above our experiment-
tallyaccessiblefrequency window. Thistrendis bestseenatpH = 5.
The decrease of AG with @ implies thaton shorttime scales
(corresponding to large angular frequencies), the material behaves
more and more like a viscoelasticsolid.

Fig.2 (a)indicates that the pH-value shifts the G’ and G’ spectra on
the frequencyscale. The question whether the spectra are just
shifted orwhetherthereisan additional change of the spectral
shapecanbetested bya scalinganalysis inwhich Iogm((m/s'l)-f,up,.,)
is usedinstead oflogm(co/s'l).AII spectra were scaled byintroducing
suitable scalingfactors f,,,y to matchthe spectra taken at pH = 8.
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Fig. 2 (a) pH-dependent spectra of the real part G'(®) (full symbols) and of
the imaginary part G"(®) (open symbols) of the complex shear modulus
G*(w) for PAA/PDADMAC complex coacervates prepared at a salt concentra-
tion of 0.5 mol/L. (b) Master curves resulting fromscaling of individual shear
modulus spectra as presented in Fig. 2 (a). Different colors stand for pH-
dependent measurements at different salt concentration.

Infact,allshear moduli can be combined to a master curve by
normalizing the angular frequencyscale, see forexample the blue
symbolsin Fig. 2 (b). To superimpose the s pectra to a master curve,
we also have to shiftthe spectra veryslightlyon the modulus scale.
This additional shift can be attributed to the changing polymer
density, see discussionabove, but these shift factors fg,, are very
smallas comparedto the shift factors f,,,, forthe frequency scale

and will not be discussed here any further.

Figure 2 (b) shows additional sets of master curves that were
obtained in ananalogue fashion from pH-dependent G and G’
spectra determinedat other salt concentrations. The green symbols
correspond to data of PECcoacervates where no extra KCl salt was
added; red symbols are used for solutions with a KCl concentration
of 0.5 mol/L.Inall cases, the individual G’ and G'’-spectra measured
atdifferent pH-valuesdo form a mastercurve. The applicability of
the scaling procedure implies that changes of the pH-value,
analogueto changes of temperature, influence the rate of the
underlying complex dynamics without changing the basic
mechanism. The logarithms ofthe shift factors used to create the

master curves are displayed in Fig. 3.

This joumal is © The Royal Society of Chemistry 2015
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Fig. 3 Shift factors determined from superimposingindividual G'(w)and

G"(w) spectra to the master curves presented in Fig. 2 (b) plottedas a
function of the dissociation constant of PAA. The lines are justguides to the

eye.

We seein Fig. 3 (a) thatthereisa verystrongdecrease of logo(fym)
betweenpH=5andpH =7.Above pH=7, the shiftfactors f,, .,y are
always close to one. The latterimplies that for pH > 7 the position
ofthe G'and G"' spectra on the frequency s cale almost remains the
same. Inotherwords, there isa pH-regimeinwhichtherate of the
complexdynamics is very sensitive to pH-changes, whereas above
pH=7itis not. Thereasonforthis observation becomes clear when
we regardthe degree of dissociation, o, instead of the pH-value.
According to Fig. 1, we see thateven at a fixed pH-value, a of
PAA can differ with varying KCl-concentration. Therefore, we now
plot the same shift factors as a function of the degree of
dissociation determined for solutions ofthe weak polyanions PAA
atdifferentsalt contents, see Fig. 3 (b). We assume that changesin
a due to complexationare negligible because we did not observe
anychanges 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 logo(f,,n) decreasessignificantly with
the degree of dissociationand reaches finallya plateau regime at
abouta =0.9.This means thatindeed the degree of dissociation is
the crucial propertydetermining the coacervate dynamics. Once
the PAAis (almost)fully charged, the dynamics (as probed by the
shearmoduli G and G') are not changed anyfurtheron increasing
the pHvalue.Thedecyisthe more pronouncedthe higherthe salt
content is: f,,n changes by five orders of magnitude ata salt
concentration of 0.5 MKCl whereasitdecreases only by one order
of magnitude in the coacervates without added salt.

In orderto explainthese findings we have to ook at the underlying
dynamics which governs the frequency-dependent shear moduli G’
and G”, respectively. Athigh pH-values, the PAA polyanions are
fullycharged. PECare formed because of the strong Coulombic
interactions betweenthe opposite charges onthe polycations and
polyanions. These bonds, however, are not to be considered as
rigid, buttheycanbeopenedandreformed, as also describedin the

1011 They concluded that the ionic bonds

work of Spruijt et al.
betweenthe oppositely charged polyion chains act as temporary

cross-links. Addition of saltinfluencesthe bond energy of all ionic
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bondsto the same extent, so that allrelaxationmodes are shifted
10,11

equally .

In ourcase (which differs from the cited literature as the charge
densityon the polymeric chains can change with pH) we are able to
probe the chaindynamics eveninthe absence of salt. Addition of
saltaccelerates the chain dynamics for two reasons: First, the small
cations and anions of the added salt themselves can actas
(extrinsic)charge compensators for the opposite charges on the
polyions. Thisreduces the binding strength between the oppositely
chargedpolyionsresulting in faster dynamics. In addition, itis
evidentfromthe volume of the coacervate phase thatthe presence
of saltalso increases the amount of water absorbed into the
complex. The water, incorporated into the hydrophilicsegments of
the complex, acts as a plasticizer and therefore also accelerates the
chaindynamics. Uncharged hydrophobic segments of the PAA chain
mayplayanimportant role. Areduction of the charge density of the
weak polyions resulting froma pHdecrease enlarges the average
distances betweenthe negative chargesof the dissociated groups
on the PAAchains which goes hand in hand with an increasing
length of uncharged chain segments with partially hydrophobic
properties located between the negative charges. We may
speculate thatthe formation of uncharged hydrophobicchainloops
betweenthecharged binding sites on the polyions apparently
reduces therate of the chain dynamics tremendously, possibly due
to hydrophobic interactions. In spite of the ionic character of
polyelectrolyte complexes, it was shown that hydrophobic
interactions mayplaya largerolein polyelectrolyte complexation16.
This effectis, however, less pronouncedin PECcoacervateswithout
additional salt, where the dynamicsis slow evenin the completely
dissociated state. In other words, the “disturbance” of the
polyanion/polycation dynamics resulting from the formation of
uncharged polymerloops isthe more pronounced the faster the
dynamicsin the “undisturbed” complexis. The deceleration by
charge dilutionoccurring onpH reduction, however, is due to an
analogue reduction of interactions between all types of charges.
Therefore,the G’and G"'-spectraareonly shifted with respect to
each otheron the frequencyscale, but their spectral shapes do not
change, establishing the scaling properties in the novel time-pH

superposition principle.

Finally,inorderto test whether our coacervates also obey the time-

10,11 .
01 \vetried to

saltsuperposition principle reported by Sprujitatal.
superimpose the threeindividual master curves of Fig. 1 (b) to a
supermastercurve. Theresultisshown in Fig. 4, where the inset
summarizesthe shift factors f,, . for creatingthe super master curve
as a function of salt concentration. Indeed, the validity of the time-
saltsuperposition principle also holds for our complexes. The exact
dependence ofourshift factors on the ion concentration differs
howeverfromthatreportedinreferences [10,11]. Thisshows that
the dependence ofdynamical properties on salt concentration is

influenced by the type of polyelectrolytes.

4 | Phys. Chem. Chem. Phys., 2015, 00, 1-5
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Fig. 4 Super master curve resulting from the individual master curves as
displayedin 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 shownthatthe dynamics in polyelectrolyte
complexcoacervatesis stronglyinfluenced bythe presence of salt
and by the average distance of charged groups on the
polyelectrolyte chains. Botheffects can be separated from each
otherbya two-step-procedure. First, G’and G "~spectra taken at
different pH-values (and therefore different degrees of dissodation)
butconstantioncontentarenormalized to form a master curve.
This procedure allows determining of how the PEC dynamics is
influenced bythe average distance of the charged groups on the
polyelectrolyte chain.Ina second step, the so formed master cunes
taken atdifferention contents are additionally normalized with
respectto eachotherto form a super master curve. This procedure
allows determiningthe effect of saltions presentinthe coacervate
phases.Inall cases we find that the position of the spectra on the
frequency scale changes, but not the shape of the G’and G’-
spectra. Thisimplies thatthe charge density of the PE chains and
the saltions both influence the rate of the complex dynamics
strongly, but not the basic mechanism of temporary bond
formationandbondopeningbetweenthe charges. The decrease in
the numberofchargedgroups onone type ofpolyionincreases the
length of uncharged hydrophobic chain loops, which reduces the
rate of the chain dynamics tremendously. This is even more
interesting, as the type of interactions involved do vary, whereas
the dynamic mechanisms determiningthe spectral shape remain
invariant. The deceleration of dynamicsisless pronounced in PEC
coacervateswithout additional KCl salt, where the dynamicsis slow
eveninthecompletely dissociated state. This implies that the
“disturbance” ofthe polyanion/polycation dynamics resulting from
the formation of uncharged polymerloopsis the more pronounced

the faster the dynamics in the “undisturbed” complexis.
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