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Abstract

The interactions between polymer molecules in solution are strongly affected by the way that

the constituent polymers interact with the solvent. In this work, we use a mixed solvent system

(dimethyl sulfoxide and ethylene glycol) to tailor the strength of the hydrogen bonding interactions

between partially quaternized poly (4-vinyl pyridine) [QVP] and poly (methacrylic acid) [PMAA].

The charge introduced by the quaternization reaction enables homogeneous solutions to be formed

over a large concentration range, even in the presence of attractive hydrogen bonding interactions

between the proton-donating PMAA and the proton-accepting QVP. The viscoelastic properties of

equimolar QVP/PMAA solutions are superposed onto master curves that are well-described by a

fractional Maxwell liquid model. This model provides a means for quantifying the dependence of the

relaxation times on the solvent composition. These relaxation times increase by a factor of 1000 as the

hydrogen bonding interactions are strengthened by a decrease in the DMSO content of the solvent,
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within a composition regime where the solutions remain homogeneous. A much stronger effect is

obtained when the ethylene glycol is replaced by water.
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Introduction

Polymeric materials bonded by weak interactions, such as hydrogen bonding,1 electrostatic interac-

tions,2–5 host-guest inclusion,6,7 etc., find applications in a variety of fields including drug delivery,

functional coatings, and underwater adhesion.8–10 The weak nature of these interactions allows them to

reform under mild conditions, enabling a range of useful material responses.8,11–15 The phase behavior

and dynamic response of these systems are influenced by the strength of the intermolecular bonding in-

teractions in a non-trivial way. One important consideration in the application of these materials is their

processiability, which can be affected by altering the nature of the bonding within material to obtain a

more liquid-like or solid-like response.16 For example, salt concentration has been widely used to control

electrostatic interactions between oppositely charged polyelectrolytes, producing moldable materials at

high salt concentrations that transform to stiffer materials after dialysis.17–19 A general understanding of

the interplay between viscoelastic properties, material composition and environmental parameters (tem-

perature, ionic strength of the surrounding medium, etc.) is essential when designing processing routes

and application areas for functional materials made from associating polymer solutions.

The focus of the work reported here is on polymer solutions and gels where the dynamics are controlled

by intermolecular hydrogen bonding interactions, using solvent composition to control the hydrogen

bonding strength. We use poly(methacrylic acid) (PMAA) as the proton donor and poly(4-vinylpyridine)

(P4VP) as the proton acceptor. This system, and closely related systems involving poly(2-vinyl pyridine)

or poly(acrylic acid), have been widely investigated for a range of applications and as model systems.20–28

In aqueous media, these materials are weak polyelectrolytes, with pKa values in the accessible range

(4.7 for P4VP and 5.5 for PMAA).29 Under conditions where one or both of the polymers are charged,

electrostatic interactions affect the assembly and the solubility of the complexes in the solvent,30,31 but

are not necessarily the most important factors in determining the rheological response of the material at

a fixed overall polymer concentration.32

In our previous work, we demonstrated that the transient network built up by partially quaternized poly

(4- vinyl pyridine) (QVP) and PMAA could be used to strengthen and toughen ABA triblock copolymer

hydrogels.32 The interactions between QVP and PMAA, and the resultant toughness of the gels, are

found to be sensitive to the details of the solvent. We also found that the role of un-quaternized groups

3



(P4VP) is more significant than that of charged groups in terms of interacting with PMAA. To develop

an understanding of the role of solvent in the QVP-PMAA system, where the dynamics are determined

by hydrogen bonding interactions between proton-donating and proton-accepting groups, we performed

a more systematic study of the effects of solvent composition on the complexes formed between PMAA

and QVP. We considered a range of solvents, but we focused primarily on mixtures of either water

or ethylene glycol with DMSO, a hydrogen bond acceptor that is well-known for its ability to disrupt

hydrogen bonding.33–38

Materials and Methods

Materials

Poly (4-vinyl pyridine) (P4VP, molecular weight, 200,000 g/mol), and poly (methacrylic acid) (PMAA),

were purchased from Scientific Polymer Products Incorporation and used without further purification.

Figure 3(a) shows the structures of P4VP, quaternized poly (4-vinyl pyridine), and PMAA. Organic sol-

vents, methanol (MeOH), ethanol (EtOH), ethylene glycol (EG), dimethyl sulfoxide (DMSO), dimethyl

formamide (DMF), and N-methyl-2-pyrrolidone (NMP) were purchased from Sigma-Aldrich, and were

also used as received. Physical properties of these solvents are listed in Table 1, and all of these solvents

could be utilized to dissolve homopolymers, P4VP and PMAA. Quaternization of P4VP was achieved

by adding a certain amount of ethyl bromide (Sigma-Aldrich) into P4VP solution to reach the expected

charge ratio, which was confirmed by 1H-NMR, in a Bruker Advance III 500 MHz system (1H-NMR

spectra shown in Supporting information). We refer to this partially quaternized polymer as QVPxx,

where xx is the mole percent quaternization. QVP and PMAA (at a molar ratio of 1:1 based on the con-

centrations of the acrylic acid and pyridyl units) were dissolved in the solvent mixture of interest to make

samples for rheological testing, with a total polymer weight fraction of 9.1 wt.% in each case.

Characterization

Solubility tests: The solubility of single component systems (PMAA, P4VP, QVPxx) was tested by

making solutions at overall polymer concentrations of 2 wt.%. Clear polymer solutions were obtained
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in most solutions of individual polymers in different solvents, except for high charge ratio QVP in NMP

and DMF, shown in Table 2. The polymer blend systems (QVP-PMAA or P4VP-PMAA) in Table 2

correspond to equimolar mixtures (based on the concentrations of pyridyl and methacrylic acid groups) at

a total polymer weight fraction of 9.1 wt.%. Either white precipitates or homogeneous clear solutions/gels

were obtained after mixing two types of polymers, with results shown in Table 2.

Rheological experiments: Rheological behaviors of QVPxx-PMAA solutions were probed by an Anton

Paar MCR 302 rheometer using a stainless steel cone−plate geometry (50 mm in diameter, 2° angle). All

experiments were conducted at 25 °C. Frequency sweeps were performed from 0.1 rad/s to 100 rad/s in

the linear viscoelastic regime (strain amplitudes less than 5%). We also conducted steady state shear tests

on these samples, in the shear rate range, γ̇=0.01-100 s−1. The zero shear viscosity (ηo) of each specimen

was obtained from the low shear rate region (γ̇<10 s−1), where the viscosity value was independent of

shear rate.

Fractional Maxwell liquid model fitting: The model we utilized to simulate the frequency responses

of our materials is a fractional Maxwell liquid model, consisting of a spring-pot, and a dash-pot (in

Figure 1).39 The dash-pot represents the viscous part of the material, with the viscosity of ηo, dominating

the long term relaxation at low frequency regime. At higher frequencies, the spring-pot plays a more

important role, determining the phase angle at short time scales.40,41

The spring-pot element is a power-law element, with a constant phase angle across the frequency range.

The complex shear modulus of a spring-pot is expressed as:

G∗ = GS(iω/ωo)
β (1)

where ωo is reference frequency and GS is the magnitude of the complex modulus at this reference

frequency. The exponent, β (0≤ β ≤ 1) is the most important parameter in this expression, and is directly

related to the phase angle, δ (β = δ/90◦). Note that β=0 corresponds to a pure solid with δ=0°, and β=1

represents a Newtonian liquid with δ=90°.

In the fractional Maxwell liquid model, a liquid element with an exponent of 1 is placed in series with a

springpot characterized by an exponent of β . The connection of these two elements gives the responses
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of a typical fractional Maxwell liquid:

G∗

GS =
(iωτ)β

1+(iωτ)β−1 (2)

Here τ is the inverse of the characteristic frequency at which the power law response transitions from

1 to β , and GS is closely related to the modulus of the material at this transition point. By adjusting

three parameters, τ , β , and GS, the full spectrum can be simulated. The zero shear viscosity is obtained

directly from GS and τ:

ηo = GS
τ (3)

As an example, Figure 1 shows the response of the system for β = 0.3, which is very close to the value

obtained from our experiments. One advantage of using this model is the simplicity of the fitting process.

Only three parameters need to be used, while traditional viscoelastic liquid models involve the fitting

of multiple Maxwell elements.40 More detailed explanations of our implementation of the fractional

Maxwell liquid model can be found elsewhere.39

Figure 1: A spectrum predicted by the factional Maxwell liquid model, with β = 0.30.
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Results and Discussion

Phase Diagram

In this work we study the role of solvents in determining the viscoelastic properties of polyelectrolyte

complexes, beginning with the solvents listed in Table 1. The solubility of the different polymers and

polymer mixtures are listed in Table 2. While PMAA and P4VP are soluble in a wide range of solvents,

mixtures of these polymers generally form precipitates due to the strong hydrogen bonding interactions

between these two polymers, with PMAA acting as a proton donor and P4VP acting as a proton ac-

cepter.42–44 The exception is DMSO, which is an effective proton accepter, reducing the net interaction

between the polymers so that a homogeneous solution is maintained. Proton accepting polymers, in-

cluding, for example, poly (vinyl pyrrolidone) (PVP), poly (vinyl alcohol) (PVA), poly (ethylene oxide)

(PEO), or QVP in our case, remain flowable in the presence of PMAA in DMSO.42 Regardless of the

changes in charge fraction in QVP, DMSO provides an ideal environment for dissolving and processing

polymer mixtures for useful applications.1,9

Table 1: Properties of different solvents in this work. ∗Dielectric constants of organic solvents come from
Ref.45

Solvents ∗ε Nature
Water 78.5 Protic solvent

Ethanol (EtOH) 22.4 Protic solvent
Methanol (MeOH) 32.6 Protic solvent

Ethylene glycol (EG) 37.7 Protic solvent
Dimethyl sulfoxide (DMSO) 46.6 Aprotic solvent

N,N-dimethylformamide (DMF) 36.7 Aprotic solvent
N-methyl-2-pyrrolidone (NMP) 32.2 Aprotic solvent

In our previous work, water was added as a co-solvent to DMSO in order to strengthen the hydrogen

bonding interactions between QVP and PMAA, tuning the rheological and fracture properties of the

QVP-PMAA complexes.32 However, to obtain homogeneous samples, the degree of charge within the

QVP was restricted to values from 5% to 25%, and the water content within the solvent was restricted

to values less than 40%. A better solvent mixture is needed to broaden the range of materials that can

be used. Ethylene glycol (EG) is a particularly attractive co-solvent choice because of the wide range of

solution compositions and charge ratios over which single phase QVP-PMAA complexes can be obtained.
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Table 2: Solubility of polymers and polymer mixtures in different solvents. Clear solutions were obtained
for the polymer/solvent combinations for which an X is shown in the table. The total polymer weight
fraction for testing mixed polymer solubility was 9.1 wt.% a The solubility information of P4VP in water
was taken from reference46.

Solvents H2O (pH=7) EtOH MeOH EG DMSO DMF NMP
PMAA X X X X X X X
P4VP X (pH<5) a X X X X X X

QVP20 X X X X X X X
QVP30 X X X X X X X
QVP50 X X X X X X
QVP70 X X X X X

P4VP-PMAA X
QVP30-PMAA X
QVP50-PMAA X X
QVP70-PMAA X X

Mixtures of ethylene glycol and DMSO are ideally suited as a model system for tailoring the strength of

hydrogen bonding interactions in QVP-PMAA for this reason, and are investigated in the most detail in

the work presented here.

The dependencies of solubility on both solvent composition and quaternization degree for equimolar

blends of QVP and PMAA in DMSO-EG solvent mixtures are shown in Figure 2. Higher degrees of

charge enhance the solubility of the complexes. When the degree of charge on the QVP polymer is larger

than 50%, the solutions are soluble for all DMSO-EG solvent compositions. QVP-PMAA mixtures made

with QVP10 (a 10% degree of charge) are soluble for ethylene glycol contents of 50 wt.% or less, and

mixtures made with QVP20 (a 20% degree of charge) are soluble for ethylene glycol contents of 70 wt.%

or less. This behavior is determined by the combination of hydrogen bonding, electrostatic interactions,

and counterion entropy. The importance of hydrogen bonding in this system is consistent with previous

investigations of hydrogen bonding in similar polymer complexes formed by P4VP, where a mild shifts

in the the characteristic adsorption peaks are observed in FT-IR experiments.21,22

Rheological Characterization

The decreased solubility of the polymers as the ethylene glycol content in the solvent increases can be

attributed to an increase in strength of the net attractive interactions between the QVP and PMAA poly-

mers. This enhanced interaction also increases the viscosity, as illustrated in Figure 3. Increasing the EG
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Figure 2: Phase behavior of QVPxx-PMAA system in DMSO-EG mixed solvents.

content to 60 wt.% in mixed solvents increases the viscosity by a factor of ∼300 for the QVP20-PMAA

system, and by a factor of ∼1000 for the QVP10-PMAA system. Complexes formed between PMAA and

the fully quaternized system (QVP100) show a specific viscosity that is only weakly dependent on the

solvent content, indicating that observed viscosity enhancement can be attributed to interactions between

methacrylic acid and unquaternized 4-vinylpyridine groups.

The viscosity enhancement in mixed solvent conditions suggests that there exist strong attractive associa-

tions between polymers, leading to a strong dependence of viscosity on polymer concentration as well.47

Thus, a slight change in polymer concentration in our experiments would induce a more significant dif-

ference in viscosity value, resulting in the mild scattering in the experimental results in 20% and 30% EG

samples in QVP20-PMAA system, shown in Figure 3(b). In pure DMSO, a general trend of decreasing

in viscosity is observed as charge ratio increases. Dou et al.27 suggested that the introduction of charges

to poly (vinyl pyridine) has a significant impact on the correlation of polymer chains, which possibly

contributes to the observed viscosity change for different charge ratios. It also needs to be mentioned

that although DMSO is a good hydrogen bonding disruper for QVP-PMAA, the intermolecular bonding

between QVP and PMAA might still play a role. As charge ratio increases, the density of these bondings

decreases, giving lower viscosity values.

Figure 4 and Figure 5 give a more quantitative description of the rheology of these solutions. The increase

of ethylene glycol content results in a higher magnitude of the complex modulus, and a lower phase

9



angle, as illustrated in Figure 4. As shown in Figure 5(a), superposition of the frequency-dependent

storage and loss moduli at different solvent compositions is obtained by applying horizontal solvent shift

factors, aS, to the data. These shift factors are referenced to the pure DMSO solvents (ethylene glycol

content=0), for which as is defined to be equal to 1. The composition dependencies of these shift factors

are shown in Figure 5(b). We also show the solvent shift factors obtained for QVP10-PMAA and QVP30-

PMAA systems in Figure 5(b). The reduced charge density in the QVP10 polymer enhances the ability

for intermolecular hydrogen bonds to form, giving larger values of aS (and therefore of the zero-shear

viscosity, which is proportional to aS, shown in Supporting Information) than those are observed for

the QVP20-PMAA system. However, in QVP30-PMAA, there is an overall decrease in the value of aS

compared with QVP20-PMAA, due to the lower probability of complexation through hydrogen bonding.

(a)

N

N

O

O

H

O

O

H

(b)

Figure 3: (a) Images of QVP20-PMAA blends dissolved in different DMSO-EG mixtures. The enhanced
viscosity as the ethylene glycol content is increased from 0 to 60 wt.% in 10 wt. % increments from left
to right is illustrated. A schematic representation of hyrogen bonding between the PMAA and QVP poly-
mers is also shown. (b) Effect of DMSO-EG solvent composition on the specific viscosity of equimolar
mixtures of QVP10, QVP20, QVP30, QVP80, or QVP100, and PMAA, at a total polymer concentration
of 9.1 wt. %. ηsp = (ηo −ηsolvent)/ηsolvent . The viscosities of mixed solvents are based on literature.48

The legends in (b) denote mixtures of two types of polymers.

Fractional Maxwell Liquid Models for DMSO-EG and DMSO-Water Systems

In order to understand the role of different solvents in determining rheological properties of these model

hydrogen bonding systems, it is useful to compare the behavior DMSO-EG and DMSO-water mixed

10



ω (rad/s)

10-1 100 101 102

|G
|*  (

P
a
)

10-1

100

101

102

103

104
(a)

ω (rad/s)

10-1 100 101 102

δ
 (

o
)

30

40

50

60

70

80

90

(b)

0% EG

10% EG

20% EG

30% EG

40% EG

50% EG

60% EG

Figure 4: Rheology of QVP20-PMAA in DMSO-EG solution. (a) |G|∗ as a function of shear frequency;
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for DMSO-EG solvent mixtures; (b) solvent shift factors used to generate the master curves in QVP10-
PMAA, QVP20-PMAA, and QVP30-PMAA systems.
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solvent systems. This comparison is made in Figure 6 for the equimolar mixtures of QVP20 and PMAA

at the same total polymer concentration of 9.1 wt. % that is used in the rest of this work. Rheological

master curves are shown in parts (a) and (b) of this figure for the DMSO-EG and DMSO-water solvent

systems, respectively. In DMSO intermolecular hydrogen bonding is disrupted. Although both water and

ethylene glycol are able to strengthen the QVP-PMAA intermolecular interactions, water is much more

efficient than ethylene glycol at promoting hydrogen bond formation between the methacrylic acid and

vinyl pyridine units of the constituent polymers, with the viscosity increasing much more rapidly with

the addition of water than it does with the addition of ethylene glycol.

Table 3: Fractional Maxwell model fitting parameters for QVP20-PMAA.

Solvent GS (Pa) β EG/Water content (wt%) aS τ (s) ηo (Pa·s)

DMSO-EG 1000 0.31

0 1 0.0010 1.0
10 1.1 0.0011 1.7
20 8.8 0.0088 9.0
30 5.7 0.0057 7.5
40 69 0.069 80
50 105 0.11 115
60 386 0.39 408

DMSO-Water 800 0.31

0 1 0.0010 0.8
5 1.7 0.0017 1.3

10 3.6 0.0036 2.5
15 13 0.013 8.8
20 50 0.05 32
25 220 0.22 148
30 1500 1.5 1020
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Figure 6: Behavior of QVP20-PMAA in DMSO-EG (a) and DMSO-water (b) mixed solvents.
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To quantify the behavior of QVP20-PMAA in different solvent systems, these master curves are fitted to

fractional Maxwell liquid models (Eq. 2), with fitting parameters listed in Table 3. We obtain β ≈0.31

for the DMSO-EG, and DMSO-water systems. The relaxation times, τ , in Table 3 are proportional to

both η0 (Eq. 2) and aS, so any of these three quantities can be taken as a measure of the effect of the

solvent composition on the dynamics of the solutions. In Figure 7 we plot τ as a function of solvent

composition for the QVP20-PMAA system. These are the characteristic time-scales where the material

transitions from liquid-like behavior with |G∗| ∝ ω to a gel-like behavior where |G∗| ∝ ω0.31. Use of the

fractional Maxwell liquid model enables us to quantify changes in the solvent-dependent dynamics by

specifying this single parameter.

It has been demonstrated that fractional Maxwell model is able to probe the viscoelastic properties of

QVP-PMAA system by adjusting three parameters in this case. The choice of these parameters depends

on the structures of the materials. Sadman et al. applied the same model to a series of fully quaternized

poly (4-vinyl pyridine) - polystyrene sulfonate (QVP-PSS) coacervates, obtaining β ≈ 0.41.39 Samp et

al. fitted this model to tough hydrogels, and obtained β values between 0.05 and 0.15.41 Factors that

influence viscoelasticity of the materials will lead to different fitting parameters.49,50 In QVP-PMAA

system, the nature of interactions that drive the complexation, mobility of polymer chains, molecular

weights and concentration of polymers, are presumably to be factors that result in different viscoelastic

properties, and fitting parameters. Exploring the correlation between rheological properties and the de-

tails of molecular structures in our polymers, for example, entanglements, is still of great interest for us,
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and that will be our future work.
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Figure 8: A van Gurp-Palmen plot showing phase angle as a function of the normalized magnitude of
complex modulus of QVP20-PMAA systems both DMSO-EG and DMSO-water mixed solvents.

Universality of Mixed Solvent Effect

The overall picture emerging from this work is the nature of the solvents increases the relaxation times

in the system by a solvent-dependent shift factor, aS, but the shape of the relaxation time distribution is

not affected. For this reason master-curves of similar shapes are obtained for different solvent mixtures.

This point is further illustrated in Figure 8 where the viscoelastic phase angle is plotted as a function of

normalized magnitude of the complex shear modulus for all of the data from parts (a) and (b) of Figure 6.

In this plot, we also include the prediction of the fractional Maxwell liquid model, using β = 0.31. This

type of plot, referred to as a van Gurp-Palmen plot, is normally used to generalize the responses of rubber

materials under different temperatures and frequencies.51–53 Collapse of the data onto a single curve

indicates that the shape of the relaxation time distribution is not affected by the strength of hydrogen

bonds that are responsible for the increased relaxation times in the system. During the addition of a

different solvent (EG or water), only time scale that allows for the interaction relaxes is altered. Use of

mixed solvents provides a facile tool for tuning the strength of interactions between polymers, leading

to different viscoelastic properties and relaxation times; while the generalized viscoelastic responses of

the system are dominated by structural features of the polymer complexes that are strongly affected by

solvent composition.
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One last point we want to address in Figure 8 is that the fractional Maxwell liquid model gives an accurate

prediction in the more liquid-like regime where the complex modulus is relatively low and the phase angle

is high. However, in the more solid-like regime at the highest frequencies, a discrepancy between the

fractional Maxwell liquid model and the experimental data is observed. The model assumes a constant

phase angle of β ∗90◦ at high frequencies, but the experimental phase angle at the highest frequencies in

our experiments decreases below this data. A more complete (and necessarily more complicated model)

is needed in order to describe the data at the highest frequencies. Here we emphasize that fractional

Maxwell liquid model, fully described by three independent parameters, gives an excellent description of

the experimental data, greatly simplifying the comparison of related materials systems.

Conclusions

In conclusion, we have developed a system consisting of partially quaternized poly (4 vinyl pyridine)

(QVP) and poly (methacrylic acid) (PMAA), and have studied the behavior of this system in mixed

solvents of dimethyl sulfoxide (DMSO) and ethylene glycol (EG). The partial quaternization introduces

a net repulsive interaction between polymer molecules in the system, decoupling the hydrogen bonding

interactions that affect the rheological response of the system and the phase behavior. This strategy is

used to quantify the effect of solvent composition on the hydrogen bonding interactions. Addition of

either water or ethylene glycol increases hydrogen bond strength, with the addition of water increasing

the relaxation times in the system more than the introduction of ethylene glycol, but with an enhancement

of the relaxation times of up to three orders of magnitude in both cases. By using a simple fractional

Maxwell liquid model, the viscoelastic properties of these materials could be simulated, providing a

useful means for analyzing associating polymeric materials in general.
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