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Abstract

Using dynamic light scattering (DLS) and capillary dynamic viscoelasticity (DVE) analyzer, we investigated dilute (0.5 mg/ml) poly(diallyl
dimethyl ammonium chloride) (PDADMAC) aqueous solution properties for three different molecular weights of PDADMACs mixed with var-
ious concentrations of NaCl. The dependence of PDADMAC molecular chain conformations in aqueous solutions on polymer molecular weight
and NaCl concentration were studied. By analyzing dynamic shear viscosity h0(u), viscoelastic relaxation times tr, and shear rate at tube wall
ŕa(u) of PDADMAC aqueous solutions in oscillatory flows, we proposed that polymer chain conformations varied with increasing shear
frequency u via the following steps: intra-polymer associations, dissociation of intra-polymer associations, stretching of polymer chains,
inter-polymer aggregations, and dissociations of inter-polymer aggregations. The intra-polymer associations lowered the n0 exponent of storage
modulus G0(u) (G0(u) w un0) with n0 < 2, and the polymer chain stretching and inter-polymer aggregations caused shear thickening (i.e. upturn
of h0(u)) of PDADMAC aqueous solutions. The behaviors of the lowering of n0 exponent with n0 < 2 and the shear thickening were favored by
increasing ionic strength of solutions. By comparing h0(u) data with DLS hydrodynamic radii (Rh) data, we also confirmed the possibility of
inter-polymer aggregations in dilute solutions when polymer chains were stretched in oscillatory flows.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Most of the polymer solutions display shear thinning
behavior. Shear thickening, however, is not so frequently ob-
served as shear thinning, and has been observed in polystyrene
solutions in decalin [1,2], polystyrene solutions in toluene
[3], crystallizable polymer solutions such as polyethylene in
xylene and polypropylene in tetralin [4], polyethyleneoxide
in ethanol and water [4,5], aqueous solutions with polymers
consisting of charged and hydrophobic compositions [6,7],
aqueous solutions with mixtures of water-soluble polymers
and colloidal particles [8], worm-like micelles solutions, and
ionomers solutions etc [9e11]. Under flow at low shear rates
these solutions exhibit shear thinning or Newtonian behavior;

* Corresponding author. Tel.: þ886 3 4638800x2553; fax: þ886 3 4559373.

E-mail address: cetlyu@saturn.yzu.edu.tw (T.L. Yu).
0032-3861/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.polymer.2007.05.012
shear thickening occurs when shear rate is increased above
a critical shear rate. However, when shear rate is further
increased, shear thinning behavior is observed.

Most of the researchers investigated shear thickening be-
havior of polymer solutions near the overlap concentration.
The mechanism for shear thickening is still a matter of discus-
sion. Various explanations have been proposed to account for
the shear thickening behavior of polymer solutions. One of the
most accepted explanations is the ‘‘flow-induced formation of
macromolecular associations’’ [1,4,12e14], which had been
confirmed by Kishbaugh and McHugh using in situ simulta-
neous optical and rheological observations of polymer solutions
in a coquette flow cell [1]. To explain the shear thickening
behavior of associative polymer solutions near overlap con-
centration, several theoretical approaches and simulation
models [14e23] had appeared in the past two decades. Witten
and Cohen [15] proposed a shear thickening mechanism in the
framework of mean field approximation. They showed that
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shear flow can increase the probability of inter-chain associa-
tion at the expense of intra-chain association, thus leading to
the increase of viscosity. This mechanism was based on an
increasing number of inter-molecular associations due to the
stretching of the polymer chains under flow. Ballard et al.
[16] also predicted that shear thickening occurs in a flow field
of sufficiently high strain rate due to the expansion of self-
associating polymers. Wang [19] attributed shear thickening
to the coagulation of free chains into existing transient network
and thus there is an enhancement of the effective network mo-
lecular chains and viscosity. Ma and Cooper [20] related shear
thickening to extended non-Gaussian chains induced by shear
and the partial relaxation of dissociated extended chains. They
claimed the possibility of the recapture of dissociated
extended chains by the associating networks before the disso-
ciated chains fully relaxed to an equilibrium state causing an
enhancement of thickening behavior.

In literature, most of papers reported shear thickening
behavior of polymer solutions near overlap concentrations.
Few papers reported shear thickening behavior of dilute poly-
electrolyte solutions with various ionic strengths. In the present
study, using capillary dynamic viscoelasticity (DVE) analyzer,
static light scattering (SLS), and dynamic light scattering
(DLS), we investigated dilute aqueous solution properties of
three different molecular weights of poly(diallyl dimethyl
ammonium chloride) (PDADMAC) mixed with various con-
centrations of NaCl. The dependence of polymer chain confor-
mations and dynamic viscoelastic properties of these polymer
solutions on PDADMAC molecular weight and NaCl concen-
tration were studied. The dynamic shear viscosity data showed
shear thickening behavior with increasing shear frequency,
when the polyion solution was in an oscillatory flow in a cap-
illary rheometer. The storage modulus data showed deviation
of n0 exponent (G0(u) w un0) from that of Rouse and Zimm
model of ordinary dilute polymer solutions. By comparing
shear viscosity data with DLS hydrodynamic radius data, we
suggested that shear thickening of dilute polyion solutions
was attributed to the polymer chain stretching and inter-
polymer aggregations. The behavior of shear thickening was
favored by increasing ionic strength of solutions, which can
be attributed to the reduction of inter-polymer electrostatic
charge repulsion caused by the electrostatic shielding of the
charged groups of polyions by excess salt.

PDADMAC is a cationic water soluble polymer. It was
synthesized from diallyl dimethyl ammonium chloride (DAD-
MAC) via free radical polymerization. The polymerization
kinetics and mechanism, chemical structure, and molecular
weight distribution measurements had been well studied and
reported in literature [24e30].

The oscillating capillary rheometer was a Vilastic VE sys-
tem rheometer. The advantage of Vilastic VE rheometer is its
capability to obtain precise dynamic viscoelastic data of dilute
polymer solutions with small sample sizes (w3 ml) and solu-
tion viscosities lower than 0.2 poise. In this rheometer, a cham-
ber containing silicone oil with an oscillatory flow generator,
is installed at the bottom of a sample solution reservoir. The
measuring capillary tube is inserted vertically in the center
of the sample solution reservoir and filled with sample solu-
tion. The fluid inside the tube for the dynamic viscoelasticity
measurements is separated from the silicon oil by a Teflon
membrane. The fluid in the measuring tube was forced into
oscillatory flow from silicone oil by an electrodynamic trans-
ducer with a constant drive. The pressure gradient P along and
volume flow U through the tube were monitored by sensors at
the entrance of the tube. The instrument provides resolutions
of ‘‘magnitude’’ and ‘‘phase’’ of P. The ‘‘magnitude’’ and
‘‘phase’’ of P combining with U allows calculation of the vis-
cous and elastic components of shear stress, and also the
shear rate at the tube wall. The DVE data such as dynamic
shear viscosity (DSV) h0(u), shear elasticity h00(u), storage
shear modulus G0(u), and loss shear modulus G00(u) etc
were derived from viscouse component and elastic component
of shear stress and shear rate. The detailed instrument design
and theory can be found in Refs. [31e33].

2. Experimental section

2.1. Material and sample preparations

2.1.1. Poly(diallyl dimethyl ammonium chloride)
(PDADMAC)

Three PDADMACs (Aldrich Chemical Co), i.e. PDADMAC-1
(Mw¼ 1.5� 105 g/mol), PDADMAC-2 (Mw¼ 3.2� 105 g/mol),
and PDADMAC-3 (Mw¼ 4.5� 105 g/mol) were used in
this study. The indicated Mws were obtained from Aldrich
Chemical Co.

2.1.2. Sodium chloride
Sodium chloride (Riedel de Haen Co., Germany) was used

as calibrated NaCl aqueous solutions in differential refractive
index increment dn/dC measurements and a salt of PDAD-
MAC aqueous solution.

2.1.3. Sample preparations
The aqueous solutions of three PDADMACs with PDAD-

MAC concentrations of 0.5, 1.0, 1.5, 2.0, and 2.5 mg/ml and
a NaCl concentration of 1.0 M were prepared from deionized
water. These solutions after dialysis with a Spectra Pore
membrane (MWCO¼ 3000) and filtered through a 0.45 mm
Millipore filter were used for refractive index increment dn/dC
and SLS measurements. The 0.5 mg/ml PDADMAC aqueous
solutions mixed with NaCl concentrations ranging from 0.0
to 1.0 M were prepared and used for DLS and DVE measure-
ments. Before DLS measurements, the PDADMAC aqueous
solutions were filtered through a 0.45 mm Millipore filter. All
the measurements were carried out at 25þ 0.5 �C.

2.2. Instrumentation

2.2.1. Refractometer
Abe refractometer (Nippon Optical Works, Tokyo) was

used for the measurements of refractive indices of NaCl
aqueous solutions.
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2.2.2. Differential refractometer
A RF600 differential refractometer (C.N. Wood, PA) was

used to determine differential refractive index increments dn/
dC of polymer solutions. The measurements were calibrated
using NaCl aqueous solutions [34].

2.2.3. Static light scattering
A BI-200SM goniometer with a photo detector designed

in a BI2030AT correlator (Brookhaven Co, NY) and an Ar
ion laser (514 nm, Lyconix, operated at 100 mW) were used
for SLS measurements. Second virial coefficients A2, radii of
gyration RG, and molecular weights Mw of PDADMAC aque-
ous solutions were obtained from these measurements.

2.2.4. Dynamic light scattering
The dynamic light scattering measurements were carried out

using a 256-channel autocorrelator (model BI9000, Broo-
khaven Co., NY) and an Ar ion laser (514 nm, Lyconix, oper-
ated at 100 mW). The measurements were performed at various
scattering angles q¼ 30�, 45�, 60�, 90�, and 120�. To obtain the
hydrodynamic radius (Rh) distributions of PDADMAC, an
inverse Laplace transformation (ILT) was made from the nor-
malized field autocorrelation function g(1)(t) by using CONTIN
software and StokeseEinstein equation.

2.2.5. Dynamic viscoelasticity analyzer
An oscillatory flow rheometer (VE system, Vilastic Scientific

Inc., Texas) with a cylindrical tube of length 6.115 cm and inner
diameter 0.0513 cm was used for DVE measurements.

3. Results and discussion

3.1. SLS measurements

The scattered light intensity from a polymer solution is
given by [35,36]
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�
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where DRq is the excess Rayleigh ratio of a polymer solution
at a scattering angle q, l the wavelength of incident light, A2

the second virial coefficient, hRG
2 i the mean square radius of

gyration of polymers in a solution, and C the polymer concen-
tration. For vertically polarized incident light, the optical con-
stant, K, is given by

K ¼ 4p2n2
oðdn=dCÞ2=

�
l4NA

�
ð2Þ

where no is the refractive index of the solvent, NA the Avoga-
dro’s number, and dn/dC the differential refractive increment
of a polymer solution. Zimm plots were constructed and
extrapolated to zero concentration and zero scattering angle
using Eq. (1). The refractive index no of 1.0 M NaCl aqueous
solution was measured using an Abe refractometer and a value
of 1.354 was obtained. The dn/dC values of PDADMAC-1,
PDADMAC-2, and PDADMAC-3 aqueous solutions mixed
with 1.0 M NaCl measured at 25 �C were 0.1745, 0.1720
and 0.1701 ml/g, respectively.

The Zimm plot of PDADMAC-1 aqueous solutions mixed
with 1.0 M NaCl obtained at 25 �C is shown in Fig. 1. The lin-
ear extrapolations of KC/DRq to C / 0 and q / 0 are also
shown in Fig. 1. Similar Zimm plots of other PDADMACs
in 1.0 M NaCl aqueous solutions were also obtained and are
not shown in the present paper. The Mw, A2, and hRGi of
PDADMAC in 1.0 M NaCl aqueous solutions were obtained
from the intercepts and slopes of the extrapolated data (i.e.
C / 0 and q / 0), respectively, of Zimm plots, and are listed
in Table 1. The Mw data obtained in our measurements were
quite consistent with those reported from the supplier (Aldrich
Chemical Co).

3.2. DLS measurements

The DLS measurements of 0.5 mg/ml PDADMAC aqueous
solutions mixed with various concentrations of NaCl were car-
ried out at 25 �C with scattering angles varying from q¼ 30�

to q¼ 120�. The normalized field autocorrelation functions
g(1)(t) and the relaxation times t distributions A(t) at the scat-
tering angle q¼ 90� for 0.5 mg/ml PDADMAC-3 aqueous so-
lutions mixed with 0.0e1.0 M NaCl are shown in Fig. 2. Fig. 3
shows plots of average relaxation rate h1/ti versus sin2q/2 for
0.5 mg/ml PDADMAC-3 aqueous solutions mixed with vari-
ous concentrations of NaCl. The linear plots of h1/ti against
sin2q/2 suggest diffusive relaxation modes of these data. Sim-
ilar diffusive behavior was also obtained for other PDADMAC
aqueous solutions.

On careful investigation of Fig. 2, we found a fast relaxa-
tion mode located at log t< 0.5 ms while [NaCl]� 0.07 M.
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Fig. 1. Zimm plot of PDADMAC-1 in 1.0 M NaCl aqueous solution: (B) ex-

perimental data of KC/DRq; (:) data of KC/DRq linear extrapolation to C /
0; (C) data of KC/DRq linear extrapolation to q / 0.
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The DLS fast relaxation mode of polyion solutions had been
reported in literature and was attributed to the coupled diffu-
sion of polyions and counterions [28,37e39]. Since the pres-
ent g1(t) did not reach an asymptote as log t / 0 and our
main purpose of the present study was to investigate the rela-
tion of particles size to shear viscosities of polymer solutions,
only slow relaxation modes were analyzed and hydrodynamic
radii distribution calculations were performed. The DLS slow
mode (1.5 ms< log t< 3.0 ms in this study) of polyion solu-
tions with low ionic strength was also an interesting research
topic in the past two decades [37,40e43]. Most of the re-
searchers attributed slow diffusion modes to the internal mo-
tion of large domains consisting of a large number of
polyions, with slow mode diffusion coefficient Ds increasing
linearly with sin2(q/2). Xia et al. [39] also reported linear
increment of Ds with increasing sin2(q/2) for 3.0 g/L PDAD-
MAC (Mw¼ 105e106 g/mol) aqueous solutions without

Table 1

SLS data of PDADMAC in 1.0 M NaCl aqueous solution

Solution Mw� 10�5

(g/mol)

A2� 105

(cm3 mol/g2)

hRGi
(nm)

hRGi/hRhi

PDADMAC-1 1.51 6.71 35.5 1.69

PDADMAC-2 2.35 5.31 45.4 1.68

PDADMAC-3 4.46 4.81 61.4 1.69
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Fig. 2. Normalized field autocorrelation functions g(1)(t) and relaxation time

distributions tA(t) at the scattering angle q¼ 90� for 0.5 mg/ml PDAD-

MAC-3 aqueous solutions mixed with 0.0, 0.04, 0.07, 0.1, 0.5, and 1.0 M

NaCl (from bottom to top).
mixing salt, indicating internal motions of slow modes. In
the present study, the DLS slow relaxation times ts were
around 101.5e102.7 ms (Fig. 2), which were about 101 order
shorter than those reported by Xia et al. (ts w 103.5 ms as
shown in Fig. 1 of Ref. [39]). These results indicated that
the slow mode particle sizes of our present work were much
smaller than those reported by Xia et al. [39]. Thus the present
work showed diffusive relaxations of slow modes (Fig. 3). The
hydrodynamic radii Rh distributions calculated from Fig. 2 us-
ing StokeseEinstein equation for 0.5 mg/ml PDADMAC-3
aqueous solutions mixed with various concentrations of
NaCl are shown in Fig. 4. In calculating Rh distributions
from A(t), the viscosities of 8.900, 8.906, 8.912, 8.917,
9.109, and 9.353� 10�3 g cm�1 s�1 (which were obtained
from the measurements using an Ubbelohde viscometer) for
0.00, 0.04, 0.07, 0.10, 0.50, and 1.00 M NaCl aqueous solu-
tions, respectively, were used as viscosities of solvents in Stok-
eseEinstein equation. These data showed that PDADMAC-3
molecules had largest Rh in an aqueous solution without mix-
ing NaCl. Rh decreased with increasing NaCl concentration in
the solutions. Table 2 summarizes hRhi values for PDADMAC
aqueous solutions mixed with various concentrations of NaCl.
The data of Table 2 show that hRhi decreases with increasing
NaCl concentration, indicating the reduction of intra-polymer
electrostatic charge repulsion caused by the electrostatic
shielding of pNþ(CH3)2 groups of PDADMACs by the excess
Cl� ions.

From hRGi (Table 1) and hRhi (Table 2) data of PDADMAC
in 1.0 M NaCl aqueous solutions, we calculated hRGi/hRhi
ratios and values of 1.69, 1.68, and 1.69 were obtained for
PDADMAC-1, PDADMAC-2, and PDADMAC-3, respec-
tively (Table 1). During translational motion of particles, the
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Fig. 3. Plots of relaxation rate 1/t versus sin2q/2 (scattering angles q¼ 30�,
45�, 60�, 90�, and 120�) for 0.5 mg/ml PDADMAC-3 aqueous solutions mixed

with various concentrations of NaCl. Concentration of NaCl: (B) 0.0 M; (þ)

0.04 M; (6) 0.07 M; (>) 0.1 M; (C) 0.5 M; (:) 1.0 M.
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solvent can penetrate deeply into the fairly open molecular
chains leading Rh to be smaller than RG (see Fig. 13.9 of
Ref. [44]). However, if the particle is highly compact then
only the outer shell is drained by solvent. Thus Rh is larger
than RG for compact molecules (see Fig. 13.9 of Ref. [44]).
The ratio hRGi/hRhi is an indicator of the compactness of poly-
mers in solvents. The relation of polymer architecture with
hRGi/hRhi ratio in solvents had been summarized by Burchard
[44]. According to Burchard, hRGi/hRhi � 2.0 for rod struc-
tural polymers and hRGi/hRhi ¼ 1.78e1.50 for polydispersed
random coiled polymers. The hRGi/hRhi ¼ 1.68e1.69 of pres-
ent work suggested PDADMAC molecules behaved coil-like
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Fig. 4. Hydrodynamic radii Rh distributions calculated from Fig. 2 (scattering

angle q¼ 90�) using StokeseEinstein equation for 0.5 mg/ml PDADMAC-3
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Table 2

DLS hRhi data of PDADMAC aqueous solutions mixed with various concen-

trations of NaCl

[NaCl]

0.0 M 0.04 M 0.07 M 0.1 M 0.5 M 1.0 M

hRhi (nm)

PDADMAC-1 44.76 34.02 30.84 27.01 26.10 20.98

PDADMAC-2 61.80 41.88 39.29 35.67 29.35 27.07

PDADMAC-3 81.25 59.06 51.42 48.16 44.78 36.25
structures in 1.0 M NaCl aqueous solutions. On careful inves-
tigation of hRhi values shown in Table 2, we found that at
a fixed PDADMAC molecular weight, hRhi decreased with
increasing NaCl concentration. However, at a fixed NaCl
concentration, hRhi increased with increasing PDADMAC
molecular weight.

3.3. DVE measurements

3.3.1. Dynamic shear viscosity
DVE measurements of 0.5 mg/ml PDADMACs aqueous

solutions mixed with 0.0e1.0 M NaCl were carried out at
25 �C. Fig. 5 shows the plots of DSV log h0(u) versus fre-
quency log u (u in unit of rad/s) for PDADMAC-3 aqueous
solutions mixed with various concentrations of NaCl. The
h0(u) data show the shear thickening behavior for all of these
solutions. The plots of Fig. 5 reveal that PDADMAC aqueous
solutions behave like Newtonian fluids at low shear frequency
(u<ucrt). As u increases above a critical frequency ucrt,
h0(u) increases dramatically with increasing frequency and
reaches a maximum h0(u), i.e. hpeak

0, at upeak. As u is higher
than upeak, h0(u) decreases dramatically with increasing u.
Similar h0(u) behaviors of PDADMAC-1 and PDADMAC-2
aqueous solutions were also observed and those plots are not
shown here. We define ho

0 as the zero shear frequency viscos-
ity of a solution, which can be obtained by extrapolating h0(u)
to u¼ 0; hpeak

0 the maximum h0(u) of log h0(u) versus log u

curve; ucrt the frequency at which h0(u) starts to increase as u

increases from a low to a high u; upeak the shear frequency at
which h0(upeak)¼ hpeak

0. In Fig. 5, the definitions of ucrt,
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Fig. 5. Plots of DSV log h0(u) versus log u for 0.5 mg/ml PDADMAC-3 aque-

ous solutions mixed with various concentrations of NaCl. [NaCl]: (þ) 0.0 M;

(6) 0.04 M; (�) 0.07 M; (>) 0.1 M; (,) 0.5 M; (B) 1.0 M. The designated

arrows are ucrt, upeak, ho
0, and hpeak

0 of PDADMAC-3 aqueous solution mixed

with 0.0 M NaCl.
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upeak, ho
0, and hpeak

0 for PDADMAC-3 aqueous solution
mixed with 0.0 M NaCl are designated by arrows.

In literature [1,4,12e14,45], it has been reported that ap-
plying a shear force with increasing u on polymer solutions
causes formation and dissociation of inter-polymer aggrega-
tions. In Fig. 5, ucrt (ucrt¼ 10e30 rad/s) is the lowest fre-
quency for inducing polymer thickening and upeak (upeak¼
70e200 rad/s) the lowest frequency for breaking polymer
aggregations. If ucrt is lower than upeak, shear thickening be-
havior of polymer solutions will be observed. On the other
hand, if the inter-polymers aggregation forces are weak and
ucrt>upeak, a shear thinning behavior will be observed. Shear
field causes stretching of chains and increases the possibility
for inter-polymer chain association, leading to an ‘‘upturn
effect’’ of h0(u) with increasing u and thus a shear thickening
behavior. It is obvious that upeak and hpeak

0 strongly depend on
the polymerepolymer and polymeresolvent interactions.
Increasing charge repulsion of polyions in solvents reduces
the tendency for inter-polymer associations and leads to a re-
duction of the degree of shear thickening. Fig. 5 shows that
both upeak and hpeak

0 increase with increasing NaCl concentra-
tion. These results suggest that mixing NaCl into PDADMAC
aqueous solutions causes electrostatic shielding of pNþ(CH3)2

groups of PDADMACs by excess Cl� ions and reduction of
electrostatic charge repulsions of polyions, and thus enhance-
ment of inter-polymer associations.

3.3.2. Storage and loss moduli
The rheometer with an oscillatory flow fluid in a tube per-

mits examining not only viscosity h0(u) but also elasticity
h00(u) of a solution. For a DVE measurement, viscosity h0 is
the ratio of shear stress component t00, which is in-phase
with shear rate ŕ, to the ŕ (i.e. h0(u)¼ t00(u)/ŕ(u)). And, the
elasticity h00 is the ratio of stress component t0, which is 90�

out-of-phase with ŕ, to the ŕ (i.e. h00(u)¼ t0(u)/ŕ(u)). h00(u)
relates to storage shear modulus G0(u) by the equation
h00(u)¼G0(u)/u and h0(u) relates to the loss shear modulus
G00(u) by the equation h0(u)¼G00(u)/u. During flow, h0 can
be attributed to the energy loss while h00 can be attributed to
the energy storage through elastic deformation and inertia.

Since elasticity is an important DVE property of polymer
solutions, in the following paragraphs we will show the ionic
strength dependence of G0(u) data and compare G0(u) and
G00(u) data with Rouse and Zimm models’ dilute polymer so-
lutions. After that, we will analyze and compare h0(u) data
with DVE relaxation time tr(u) and shear rate at tube wall
ŕa(u). Based on the analyzed results, we propose a mechanism
for the variation of polyion conformations with increasing u

(Section 3.3). Finally, we will discuss the ionic strength depen-
dence of ho

0 and hpeak
0 and thus the ionic strength dependence

of shear thickening of polyions (Section 3.4).
Fig. 6 shows plots of log G0(u) versus log u for 0.5 mg/ml

PDADMAC-3 aqueous solutions mixed with various concen-
trations of NaCl. The designated arrows shown in this figure
are ucrt and upeak of PDADMAC-3 aqueous solutions mixed
with 1.0 M NaCl. These plots show two groups of G0(u)
data, i.e. one group of PDADMAC aqueous solutions mixed
with [NaCl]� 0.07 M and other group of PDADMAC aqueous
solutions mixed with [NaCl]� 0.1 M. At the shear frequency
regime of 3 rad/s<u< 70 rad/s, G0(u) decreases with increas-
ing NaCl concentration when [NaCl]� 0.07 M, and G0(u)
does not vary significantly with NaCl concentration when
[NaCl]� 0.10 M. As will be shown in the discussions of
Fig. 8 (a graph of h0(u) with tr(u) and ŕa(u)), the oscillatory
flow at the shear frequency regime of 3 rad/s<u< 70 rad/s
causes reduction of tr(u), which was attributed to intra-polymer
associations. The presence of NaCl in PDADMAC aqueous
solutions reduces electrostatic charge repulsions of polyions
and enhances intra-polymer associations. Thus G0(u) de-
creases with increasing NaCl concentration when u is in-
creased from 3 to 70 rad/s.

Fig. 6 shows that as u< 1.5 rad/s, the log G0(u) data of all
the PDADAMAC-3 aqueous solutions are close but do not
merge into one curve. The mixing of NaCl with PDADMAC
aqueous solutions may cause a change of G0(u) value, but
the influence of NaCl concentration on G0(u) in the frequency
regime of u< 1.5 rad/s is not so significant as in the frequency
regime of 3 rad/s<u< 70 rad/s. However, when u is increased
above 130 rad/s, all the log G0(u) data merge into one curve
with increasing u. The frequency u¼ 130 rad/s is above the
upeak of PDADMAC-3 aqueous solution mixed with 1.0 M
NaCl, and thus is above the upeaks of all the PDADMAC-3
aqueous solutions (see Fig. 5: the solution with 1.0 M NaCl
has a highest upeak). As will be shown in the top graphs of
Fig. 8a and b, when u>upeak, utr/2p is larger than 1 (i.e.
tr> 2p/u, where tr is the polymer relaxation time in unit of
seconds). Thus the period 2p/u of the oscillatory flow is
shorter than tr, when u>upeak. The relaxation of polymers
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cannot keep pace with the alternating flow, most of energy are
stored in the oscillatory flow. The G0(u) relates to the visco-
elastic property of local segments and increases with increas-
ing u and G0(u) is independent of NaCl concentration.

G00(u) is also an important viscoelastic property of polymer
solutions. In literature, G00(u) is combined with G0(u) for the
discussion of viscoelastic properties of polymer solutions.
Fig. 7a and b shows plots of log G00(u) and log G0(u) versus
log u for 0.5 mg/ml PDADMAC-3 aqueous solutions mixed
with 0.0 and 1.0 M NaCl, respectively. The plots of log G00(u)
and log G0(u) versus log u for 0.5 mg/ml PDADMAC-3
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aqueous solutions mixed with 0.04 and 0.07 M NaCl are sim-
ilar to those of PDADMAC-3 aqueous solution mixed with
0.0 M NaCl, and the plots of log G00(u) and log G0(u) versus
log u for 0.5 mg/ml PDADMAC-3 aqueous solutions mixed
with 0.1 and 0.5 M NaCl are similar to those of PDAD-
MAC-3 aqueous solution mixed with 1.0 M NaCl. Thus
G00(u) and G0(u) plots of those solutions are not shown in
the present paper.

Comparing Fig. 7 with Fig. 5, we found the frequency u at
which G0 ¼G00, i.e. tan d¼ 1, is close to the upeak of h0(u). As
u is above upeak, Fig. 7a and b shows that G0 increases and G00

decreases with increasing u, indicating polymer chains are
highly elastic and less energy dissipates in the oscillatory
flow. In ordinary dilute polymer solutions, the Rouse and
Zimm models suggest G0(u) w un0 and G00 w un00 with
n0 ¼ 2 and n00 ¼ 1 when utr1/2p< 1 (where tr1 is the longest
relaxation time of a polymer in solution), and log G0(u) paral-
lels to or merges with log G00(u) with exponents n0 ¼ n00 ¼ 0.5
and n0 ¼ n00 ¼ 0.67 for Rouse and Zimm model solutions,
respectively, when utr1/2p> 1 [46].

In Fig. 7a (with 0.0 M NaCl aqueous solution), the expo-
nents n00 of G00(u) are n00 ¼ 1.04 when u<ucrt, n00 ¼ 2.60
when ucrt<u<upeak, and n00 ¼ �2.30 when u>upeak. The
exponents n0 of G0(u) are n0 ¼ 0.67 when u<u1, n0 ¼ 1.74
when u1<u<ucrt, n0 ¼ 3.41 when ucrt<u<u2, and
n0 ¼ 1.83 when u>upeak. The exponent of n00 ¼ 1.04 at the
regime of u<ucrt is consistent with the n00 exponent of
ordinary dilute polymer solutions. However, the n0 of G0(u)
for the whole frequency regime and n00 of G00(u) for u>ucrt

indicate PDADMAC aqueous solutions have viscoelastic be-
haviors different from Rouse model and Zimm model polymer
solutions.

In Fig. 7b (with 1.0 M NaCl aqueous solution), the n00 of
G00(u) are n00 ¼ 1.03 when u<ucrt, n00 ¼ 4.19 when
ucrt<u<upeak, and n00 ¼ �3.26 when u>upeak. The n0 of
G0(u) are n0 ¼ 0.74 when u< 20 rad/s, n0 ¼ 1.05 when
u1<u< 30 rad/s, n0 ¼ 5.94 when ucrt<u<u3, and
n0 ¼ 1.83 when u>upeak. Similar to the PDADMAC aqueous
solutions mixed with 0.0 M NaCl, the n0 of G0 for the whole
frequency regime and n00 of G00 for u>ucrt indicate 0.5 mg/
ml PDADMAC aqueous solutions mixed with 1.0 M NaCl
have viscoelastic behaviors different from Rouse and Zimm
models’ dilute polymer solutions. The reasons for the devia-
tions of n0 and n00 exponents of dilute PDADMAC aqueous so-
lutions from those of Rouse and Zimm models’ ordinary dilute
polymer solutions will be discussed after the discussion of
Fig. 8 (Section 3.4).

3.3.3. Comparison of DSV with relaxation time
and shear rate

In a capillary rheometer, the shear rate ŕo at tube wall of
a Newtonian fluid is related to the volume flow rate U and
tube radius a through the relation ŕo¼ 4U/(pa3). For a non-
Newtonian fluid a WeissenbergeRabinowitsch correction is
needed, which is ŕa¼ ŕo(3þ dŕo/dta)/4, where ŕa is the shear
rate and ta the shear stress at the tube wall [31,32,47]. The re-
laxation time tr of a polymer in solution can be calculated from
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Fig. 8. Plots (from top to bottom) of utr/2p, tr (with u¼ 3.0e220 rad/s), tr (with u¼ 0.6e400 rad/s), h0(u), and ŕa(u) versus log u for 0.5 mg/ml PDADMAC-3

aqueous solution mixed with (a) 0.0 M NaCl; (b) 1.0 M NaCl.
viscoelasticity properties using the relation tr(u)¼ 2pG0(u)/
uG00(u). The variation of tr(u) with u gives information of
the variation of polymer chain conformation with u when
utr(u)/2p< 1, i.e. tr< 2p/u, the polymer relaxation time tr
is shorter than the period 2p/u of the oscillatory flow. In order
to observe the variation of polymer chain conformation with
increasing u, we have plotted utr(u)/2p, tr(u), h0(u), and
ŕa(u) versus log u in one graph for PDADMAC-3 aqueous so-
lutions mixed with 0.0 M NaCl and 1.0 M NaCl and shown
these plots in Fig. 8a and b, respectively. For the reason of
easy viewing, the tr axes ( y-axes) of tr versus log u plots
with u¼w3.0e200 rad/s were enlarged and are also shown
in Fig. 8a and b. The graphs of the variations of PDADMAC
molecular conformations with increasing u in various fre-
quency regimes are abstracted from Fig. 8a and b and shown
in Fig. 9a and b, respectively.

In Figs. 8a and 9a (PDADMAC-3 aqueous solution mixed
with 0.0 M NaCl), we divided the viscoelastic properties into
several frequency regimes, i.e. regime-0 u¼ 0 rad/s, regime-I
u<ucrt, regime-II ucrt<u<u2, regime-III u2<u<upeak,
and regime-IV u>upeak.

In regime-I (u<ucrt) of Fig. 8a, h0(u) is independent of u,
indicating that the solution is in Newtonian flow region. The
relaxation time tr(u) decreases when u is increased from
zero frequency to u1 and then decreased slowly as u is
increased from u1 to ucrt. In regime-I, since the relaxation
time of polymers is shorter than the period of an oscillatory
flow (i.e. utr(u)/2p< 1), tr can be related to the relaxation
of a whole polymer chain. The oscillatory flow generated by
the electrodynamic transducer induces intra-polymer contacts
and thus intra-polymer associations (regime-0 and regime-I
of Fig. 9a). The probability for intra-polymer associations in-
creases with increasing u when u<ucrt. The intra-polymer
associations cause reduction of polymer particle sizes, thus
tr(u) decreases and ŕa(u) increases with increasing u when
u<ucrt (Fig. 8a). Two intra-polymer association processes
may happen as u is increased from u¼ 0 to u¼ucrt. One
is intra-polymer hydrophobic association and the other is
intra-polymer ionic association of pNþ(CH3)2 groups with
Cl� ions. For PDADMAC aqueous solutions without mixing
with NaCl, the hydrophobic association is the major process
of intra-polymer associations. Because of the positive electro-
static charge repulsions within a polymer chain, the intra-
polymer ionic associations are not so significant as hydrophobic
associations.

In regime-II (ucrt<u<u2) of Fig. 8a, h0(u) starts to
increase, tr(u) increases slowly, and ŕa(u) continues increas-
ing when u is increased from ucrt to u2. Dissociations of
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Fig. 9. Graphs of PDADMC conformations abstracted from Fig. 8 in various frequency regimes, for 0.5 mg/ml PDADMAC-3 aqueous solution mixed with (a)

0.0 M NaCl; (0) u¼ 0 rad/s; (I) u<ucrt; (II) ucrt<u<u2; (III) u2<u<upeak; (IV) upeak<u. (b) 1.0 M NaCl. (0) u¼ 0 rad/s; (I) u<ucrt; (II) ucrt<u<u2;

<u<u2; (III) u2< u<u3; (IV) u3<u<upeak; (V) upeak<u.
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intra-polymer associations and polymer chain expansions
happen in this regime, thus h0(u) and tr(u) increase with in-
creasing u (regime-II of Fig. 9a).

In regime-III (u2<u<upeak) of Fig. 8a, h0(u) increases
and ŕa(u) decreases when u is increased from u2 to upeak. In-
ter-polymer aggregations happen in this regime, which causes
increase of particle sizes and a further increase of h0(u) and
thus a decrease of ŕa(u) with increasing u. However, tr(u)
does not vary significantly with u when u is increased from
u2 to upeak, suggesting that dissociation of polymer chains
from large inter-polymer aggregated particles may also occur
simultaneously when u is increased closer to upeak (regime-III
of Fig. 9a).

In regime-IV (u>upeak) of Fig. 8a, h0(u) decreases, ŕa(u)
increases dramatically with increasing u. The high frequency
with short oscillation period causes polymer chains to have no
time to form inter-polymer aggregations. Only dissociation of
polymer chains from inter-polymer aggregations happen but
no further inter-polymer aggregation proceeds in this regime.
Particle sizes decrease and ŕa(u) increases with increasing u

(regime-IV of Fig. 9a). However, the high stretching of poly-
mer chains causes tr(u) to increase with increasing u.

We also divide Figs. 8b and 9b (PDADMAC-3 aqueous so-
lution mixed with 1.0 M NaCl) into several frequency regimes,
i.e. regime-I u<ucrt, regime-II ucrt<u<u2, regime-III
u2<u<u3, regime-IV u3<u<upeak, and regime-V
u>upeak. Similar viscoelastic properties of Fig. 8b to those
of Fig. 8a were observed with increasing u in regime-I and
regime-II, i.e. intra-polymer association in regime-I (regime-
0 and regime-I of Fig. 9b), dissociation of intra-polymer
association and chain expansion in regime-II (regime-II of
Fig. 9b). Because of electrostatic charge repulsion caused by
the shielding of pNþ(CH3)2 groups of PDADMAC by excess
Cl� ions, the degree of intra-polymer associations are larger
and the PDADMAC particle sizes are smaller in Fig. 8b
than in Fig. 8a when u<u2. Thus tr(u) is shorter and ŕa(u)
is larger in Fig. 8b than in Fig. 8a when u<u2.

In regime-III (u2<u<u3) of Fig. 8b, h0(u) and tr(u)
increase, and ŕa(u) decreases with increasing u, indicating
inter-polymer aggregations happen in this regime, which
causes increase of particle sizes and thus increase of h0(u)
and tr(u) and a decrease of ŕa(u) (regime-III of Fig. 9b).

In regime-IV (u3<u<upeak) of Fig. 8b, h0(u) continues
increasing, ŕa(u) continues decreasing, and tr(u) decreases
with increasing u, suggesting inter-polymer aggregations of
small polymer particles continue to proceed and dissociation
of large inter-polymer aggregated particles happen simulta-
neously in this regime (regime-IV of Fig. 9b). Fig. 9b shows
that some large aggregated particles dissociate into inter-
mediate sizes particles and some small size particles aggregate
into intermediate size particles as u is increased from regime-
III to regime-IV. The number of aggregated particles increases
and the average particle sizes decrease as u is increased
from u3 to upeak. Thus tr(u) decreases (because of the
decrease of average particle sizes) and ŕa(u) also decreases
(because of the increase of aggregated particle numbers)
with increasing u.
In regime-V (u>upeak) of Fig. 8b, similar to that of
Fig. 8a, h0(u) decreases and ŕa(u) increases dramatically
with increasing u. Only dissociations of polymer chains
from inter-polymer aggregations proceed and no more inter-
polymer aggregations happen in this regime, and the aggre-
gated particle sizes decrease with increasing u (regime-V of
Fig. 9b).

After careful investigation of viscoelastic properties of
Fig. 8a (0.5 mg/ml PDADMAC aqueous solution without
mixing NaCl) and Fig. 8b (0.5 mg/ml PDADMAC aqueous
solution mixed with 1.0 M NaCl), we found Fig. 8b had lower
values of tr and h0 and higher value of ŕa at u¼ucrt and
u¼u2, and higher value of hpeak

0 and lower value of ŕa at
u¼upeak than Fig. 8a. The main reason for the difference
in the viscoelastic properties of these two solutions is the dif-
ference in ‘‘ionic strength’’ of these two solutions. Mixing
NaCl with PDADMAC aqueous solutions causes electrostatic
shielding of eNþ(CH3)2 groups of PDADMAC and reduces
electrostatic charge repulsion. The reduction of electrostatic
charge repulsion results in the enhancement of intra-polymer
association and thus the reduction of polymer particle sizes.
Thus Fig. 8b shows lower tr and h0 and higher ŕa at ucrt and
u2. Similarly, the presence of NaCl also reduces inter-polymer
electrostatic charge repulsion, leading to the enhancement of
inter-polymer aggregation. Thus Fig. 8b has higher hpeak

0

and lower ŕa than Fig. 8a at upeak.

3.3.4. The n0 exponent of G0(u) and relaxation time
Comparing n0 exponents of Fig. 7a and b with tr data of

Fig. 8a and b, respectively, in the regimes of utr/2p< 1 (i.e.
u<upeak), we found n0 < 2 when tr decreases with increasing
u, and n0 > 2 when tr increases with increasing u. Since the
period of an oscillatory flow is longer than tr when u<upeak,
tr is related to the relaxation of a whole polymer chain when
u<upeak. The n0 exponent with n0 < 2 when u is increased
from zero frequency to ucrt, can be attributed to the intra-
polymer chain associations. The higher exponents of n0 > 2
and n00 > 1 when u is increased from ucrt to upeak can be
attributed to the polymer chain stretching and inter-polymer
aggregations. The exponents of n0 ¼ 1.83 and n00 < 0 when
u>upeak (utr/2p> 1) can be attributed to the dissociations
of inter-polymer aggregations and high extension of polymer
chains. The data of Fig. 7a and b also show that these two
PDADMAC aqueous solutions have different n0 exponents
when u<ucrt. The smaller n0 of Fig. 7b ([NaCl]¼ 1.0 M)
than of Fig. 7a ([NaCl]¼ 0.0 M) when u¼ 2.0e40 rad/s indi-
cates that the presence of NaCl reduces intra-polymer electro-
static charge repulsion and thus enhances intra-polymer
association when u is increased from 2.0 to 40 rad/s.

3.3.5. Degree of shear thickening and ionic strength
Fig. 10 shows the plots of ho

0 and hpeak
0 versus NaCl con-

centration. These plots show that ho
0 increases with increasing

PDADMAC molecular weight. ho
0 also decreases with increas-

ing NaCl concentration, which is consistent with the NaCl
concentration dependence of hRhi data shown in Table 2 and
can be attributed to the electrostatic shielding of pNþ(CH3)2



4162 W.-H. Liu et al. / Polymer 48 (2007) 4152e4165
by the excess Cl� ions. The electrostatic shielding of
pNþ(CH3)2 leads to the reduction of intra-polymer electro-
static charge repulsions and the shrinkage of polyion particles.
These data also show that hpeak

0 increases with increasing
NaCl concentration. Fig. 10 shows that hpeak

0 values of three
different molecular weights of PDADMAC aqueous solutions
mixed with 0.0 M NaCl were very close, in spite of different
PDADMAC molecular lengths. As NaCl concentration was
increased from 0.0 to 0.1 M the increment of hpeak

0 was larger
for higher molecular weight PDADMAC, and the differences
of hpeak

0 values among these three different molecular weights
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Fig. 10. Plots of ho
0 and hpeak

0 of 0.5 mg/ml PDADMAC aqueous solutions

versus NaCl concentration. hpeak
0: (C) PDADAMC-1; (-) PDADMAC-2;

(:) PDADMAC-3. ho
0: (B) PDADAMC-1; (,) PDADMAC-2; (6) PDAD-

MAC-3.
of PDADMAC solutions increased with increasing NaCl con-
centration. As NaCl concentration was higher than 0.1 M, the
differences of hpeak

0 among these three different molecular
weights of PDADMAC solutions did not change significantly
with increasing NaCl concentration.

As discussed in previous sections, applying a shear field on
a polyion solution results in the stretching of polymer chains
and the aggregation of stretched polyions. Thus shear thicken-
ing occurs when a polyion solution is under a shear field. The
hpeak

0 data of solutions with [NaCl]¼ 0.0 M shown in Fig. 10
suggest the sizes of aggregated charged particles increased
with increasing u while ucrt<u<upeak and the aggregated
charged particle sizes would not increase any more when the
sizes of the particles reached a ‘‘critical size’’, because of
high charges of particles. When the charge of aggregated par-
ticles reaches a critical charge number, no further association
of polyion chains into the aggregated particles happens, be-
cause of high electrostatic charge repulsion from the aggre-
gated particles. The sizes of an aggregated charged particle
depend on the total charges of the aggregated particle, but
not on the polyion chain lengths inside the charged aggregated
particles. Fig. 11a shows that at u¼upeak for two different
molecular weights of PDADMAC aqueous solutions without
mixing NaCl, the sizes and total charges of these two aggre-
gated PDADMAC particles are the same, in spite of different
polyion chain lengths within the aggregated particles. The
electrostatic charge repulsions of these two aggregated parti-
cles are same. Thus hpeak

0 was independent of PDADMAC
molecular weight when [NaCl]¼ 0.0 M in the aqueous solu-
tions. When NaCl was mixed with PDADMAC aqueous solu-
tions, because the charges of polyions are shielded by excess
Cl�, in a shear field the stretched polymer chains of longer
chain lengths have more chance to contact with other polymer
Fig. 11. (a) The PDADMAC polymer chains at a shear frequency u¼upeak in aqueous solutions without mixing NaCl: (left figure) low Mw PDADMAC solution;

(right figure) high Mw PDADMAC solution. (b) The PDADMAC polymer chains at a shear frequency u¼upeak in aqueous solutions mixed with NaCl. : Naþ; :

Cl�; (þ) positive charge of PDADMAC; (�) negative charge of counter ions. (left figure) low Mw PDADMAC solution; (right figure) high Mw PDADMAC

solution.



4163W.-H. Liu et al. / Polymer 48 (2007) 4152e4165
chains and form larger aggregated particles than those of
shorter chain lengths (Fig. 11b). Thus Fig. 10 shows that the
solutions of higher molecular weight PDADMAC had higher
hpeak

0 values than those solutions of lower molecular weight
PDADMAC when NaCl concentration is above 0.04 M.

In Table 3, we summarize hpeak
0/ho

0 ratios of PDADMAC
aqueous solutions. These results show that when [NaCl]�
0.04 M and at a fixed NaCl concentration hpeak

0/ho
0 increased

with increasing PDADMAC molecular weight, suggesting that
the degree of shear thickening increased with increasing
PDADMAC molecular weight when [NaCl]� 0.04 M. Table
3 also shows that at a fixed PDADMAC molecular weight,
hpeak

0/ho
0 increases with increasing NaCl concentration, sug-

gesting the enhancement of shear thickening by the presence
of NaCl in the solutions. The increment of the degree of
shear thickening was due to the electrostatic shielding of e
Nþ(CH3)2 groups of PDADMACs by excess Cl� ions and a
reduction of inter-polymer charge repulsions by the presence
of excess salt NaCl.

3.4. Comparison of dynamic shear viscosity with DLS
hydrodynamic radius

In Fig. 12, we plot log ho
0 versus log hRhi for PDADMAC

aqueous solutions mixed with various concentrations of NaCl.
Two groups of data were observed in Fig. 12, i.e the data with
high zero shear viscosities log ho

0 ¼ �2.03 to �1.82 poise
([NaCl]� 0.07 M) and the data with low shear viscosities
log ho

0 ¼ �2.06 to �2.03 poise ([NaCl]� 0.10 M). The slopes
0.474 and 0.0497 of log ho

0 against log hRhi were obtained for
high viscosity solutions ([NaCl]� 0.07 M) and low viscosity
solutions ([NaCl]� 0.10 M), respectively. It is known that
mixing excess salt into polyion solutions results in the shield-
ing of electrostatic charges on polyions and thus the reduction
of surface charges of polyions. These results are similar to the
results shown in Fig. 10. Fig. 10 shows no significant differ-
ence in ho

0 data of PDADMAC aqueous solutions when
NaCl concentration was above 0.10 M. However, as NaCl con-
centration was lower than 0.07 M, ho

0 increased dramatically
as NaCl concentration was decreased. The different particle
sizes hRhi dependencies of ho

0 between PDADMAC aqueous
solutions containing [NaCl]� 0.07 M and those containing
[NaCl]� 0.10 M can be attributed to the different polyion
chains conformations, i.e. rod-like PDADMAC structures for
[NaCl]� 0.07 M and coiled-like structures for [NaCl]�
0.10 M, resulted from different polyion charge densities due
to different ionic strengths in the solutions.

Table 3

Ratio of hpeak
0/ho

0 of 0.5 mg/ml PDADMAC aqueous solutions mixed with

various concentrations of NaCl

[NaCl]

0.0 M 0.04 M 0.07 M 0.1 M 0.5 M 1.0 M

PDADMAC-1 5.12 6.69 10.83 14.16 14.29 14.31

PDADMAC-2 4.41 6.90 11.02 15.98 16.27 16.47

PDADMAC-3 3.99 7.82 11.42 17.12 18.32 18.45
In the following paragraphs, by comparing DLS hRhi data
with DSV h0 data, we show that inter-polymer aggregations
may happen in a dilute solution (the polymer concentration
is lower than the overlap concentration C*) when it is under
an oscillatory flow.

In dilute PDADMAC aqueous solutions ([PDAD-
MAC]¼ 0.5 mg/ml in the present study), polymer chains are
well separated from each other and few inter-polymer chain
aggregations occurs. Since the compatibility of water with
PDADMAC backbones is poor, increasing ionic strength (i.e.
increasing NaCl concentration) of dilute PDADMAC aqueous
solutions causes intra-molecular association and leads to
shrinkages of polymer chains and hRhi decreases with increas-
ing NaCl concentration as shown in Table 2. However, inter-
polymer chain aggregations may happen in dilute solutions
when polymer chains are fully stretched. For example, the
fully extended PDADMAC-1 had a contour length of
343.9 nm (Table 4). The overlap concentration C*str of a fully
stretched PDADMAC-1 aqueous solution is

C�str ¼Mw=
�
ð4=3ÞpNAðLc=2Þ3

�

¼ 151;000� 103 mg=
h
ð4=3Þp

�
6:03� 1023

�

�
�
343:9� 10�7 cm=2

�3
i
¼ 1:18� 10�2 mg=ml ð4Þ

The PDADMAC concentration, i.e. 0.5 mg/ml, in the present
study was much higher than Cstr*¼ 1.18� 10�2 mg/ml, and
thus inter-polymers chain associations might happen when
PDADMAC molecular chains were fully stretched.
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Fig. 12. Plot of log ho
0 versus log hRhi for three PDADMAC aqueous solu-

tions. (B) PDADAMC-1; (6) PDADMAC-2; (,) PDADMAC-3. The slopes

of log ho versus log hRhi are 0.0497 and 0.474 for low ho
0 ([NaCl]� 0.10 M,

dashed fitted line) and high ho
0 ([NaCl]� 0.07 M, solid fitted line),

respectively.
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The three PDADMAC contour lengths Lc were calculated
using Eq. (5) and are summarized in Table 4.

Lc ¼ loðMn=MoÞ ð5Þ

where Mo¼ 161.5 g/mol is the mass of a monomer unit and
lo¼ 0.55 nm the length of a unit monomer [27]. We assumed
a polydispersity of Mw/Mn¼ 1.5, and calculated Mn from Mw,
which were obtained from SLS measurements of PDADMAC
aqueous solutions mixed with 1.0 M NaCl (Table 1). These Mn

data were used in Eq. (5) for Lc calculations. Though this cal-
culation is rough, these data are still good for qualitative
analyses.

As mentioned in Section 2, the ratio hRGi/hRhi is an indica-
tor of the compactness of polymers in solvents. According to
Burchard [44], hRGi/hRhi> 2.0 for rod structural polymers and
hRGi/hRhi ¼ 1.78e1.50 for polydispersed random coiled poly-
mers. In Section 2, we have shown hRGi/hRhi ratios of around
1.68e1.69 for 0.5 mg/ml PDADMAC in 1.0 M NaCl aqueous
solution. From ho

0 data shown in Fig. 10, it is reasonable to
assume hRGi/hRhi ¼ 1.70, i.e. coiled-like structures, for
PDADMAC aqueous solutions with [NaCl]� 0.1 M, and
hRGi/hRhi ¼ 2.0, i.e. rod-like structures, for PDADMAC aque-
ous with [NaCl]¼ 0.0 M. The ho

0 (Fig. 10) values of PDAD-
MAC aqueous solutions with [NaCl]¼ 0.04 and 0.07 M
located between those of PDADMAC aqueous solutions with
[NaCl]¼ 0.1 and 0.0 M, indicate that PDADMAC molecular

Table 4

PDADMAC counter length Lc, Lc/2RG and [hpeak/ho]0

Solution Lc (nm) Lc/2RG
a [hpeak/ho]0

¼ [Lc/2RG]0.474

0.0 M NaCl

PDADMAC-1 343.9 1.92 1.36

PDADMAC-2 535.2 2.17 1.44

PDADMAC-3 1015.7 3.13 1.72

0.04 M NaCl

PDADMAC-1 343.9 2.66 1.59

PDADMAC-2 535.3 3.36 1.78

PDADMAC-3 1015.7 4.53 2.05

0.07 M NaCl

PDADMAC-1 343.9 3.10 1.71

PDADMAC-2 535.3 3.78 1.88

PDADMAC-3 1015.7 5.49 2.24

0.1 M NaCl

PDADMAC-1 343.9 3.83 1.89

PDADMAC-2 535.3 4.20 1.97

PDADMAC-3 1015.7 6.00 2.34

0.5 M NaCl

PDADMAC-1 343.9 3.90 1.91

PDADMAC-2 535.3 5.45 2.23

PDADMAC-3 1015.7 6.80 2.48

1.0 M NaCl

PDADMAC-1 343.9 4.83 2.11

PDADMAC-2 535.3 5.89 2.32

PDADMAC-3 1015.7 8.25 2.72

a RG calculated from Rh by assuming: RG¼ 1.7Rh for [NaCl]� 0.1 M;

RG¼ 1.8Rh for [NaCl]¼ 0.07 M; RG¼ 1.9Rh for [NaCl]¼ 0.04 M; RG¼
2.0Rh for [NaCl]¼ 0.0 M.
chains have conformations behaving in the intermediate range
between rod-like and coil-like structures. Thus we assumed
hRGi/hRhi ¼ 1.9 and 1.8 for PDADMAC aqueous solutions
mixed with NaCl concentrations of 0.04 and 0.07 M, respec-
tively. Using these assumptions, we obtained hRGi values
from hRhi (Table 2) and calculated Lc/2RG data. The values
of Lc/2RG, an indicator of chain stretching ratio, are summa-
rized in Table 4. Comparing Lc/2RG ratios listed in Table 4
with hpeak

0/ho
0 ratios listed in Table 3, we found that Lc/2RG

ratios were smaller than hpeak
0/ho

0 ratios. Using the relation
[hpeak/ho]0 ¼ [Lc/2RG]0.474 (the exponent ‘‘0.474’’ is obtained
from the plot of log ho

0 against log hRhi for PDADMAC aque-
ous solutions with [NaCl]� 0.07 M shown in Fig. 12), we cal-
culated [hpeak/ho]0 from [Lc/2RG] and the calculated [hpeak/ho]0

data are shown in Table 4. Comparing the calculated [hpeak/
ho]0 data with the experimental hpeak

0/ho
0 data (Table 3), we

found the calculated [hpeak/ho]0s were smaller than the mea-
sured hpeak

0/ho
0 ratios. These results suggest that shear thicken-

ing in dilute PDADMAC aqueous solutions comes not only
from polymer chain stretching but also from inter-polymer
chain aggregations.

4. Conclusions

Using DLS and DVE measurements, the dilute solution
properties of three different MW PDADMAC aqueous solu-
tions mixed with various concentrations of NaCl were investi-
gated. In the DVE measurements with increasing u, we
showed that the lower n0 exponent of G0(u) with n0 < 2 and
a constant h0(u) value when u<ucrt; and the higher n0

exponent with n0 > 2 and the upturn of h0(u) when
ucrt<u<upeak. By analyzing h0(u), tr(u), and ŕa(u) of
PDADMAC aqueous solutions in oscillatory flows, we pro-
posed changes of polymer chain conformations with increas-
ing u via the following steps: intra-polymer associations
(u<ucrt), dissociation of intra-polymer associations
(ucrt<u<u2), stretching of polymer chains (u2< u<u3),
inter-polymer aggregations (u3<u<upeak), and dissocia-
tions of inter-polymer aggregations (upeak<u). The lowering
of n0 with n0 < 2 was attributed to the intra-polymer associa-
tion and the upturn of h0(u) was attributed to the stretching
of polymer chains and inter-polymer aggregations. By com-
paring DSV h0 data with DLS hydrodynamic radii (Rh) data,
we confirmed the possibility of inter-polymer aggregations
in the dilute solutions, which leads to the shear thickening
of the solutions. Two major polymer association processes
may happen during the oscillating flow. One is the hydropho-
bic association and the other is the ionic association of e
Nþ(CH3)2 groups of PDADMC via counter ions and excess
Cl� ions. The intra-polymer associations (u<ucrt) and shear
thickening (u3<u<upeak) behaviors were favored by in-
creasing ionic strength of solutions. Mixing NaCl into dilute
PDADMAC aqueous solutions resulted in electrostatic shield-
ing of ionic eNþ(CH3)2 groups of PDADMC by excess Cl�

ions, and a lowering of electrostatic charge repulsions among
the PMADMAC molecules. Thus intra-polymer associations
and shear thickening resulted from the inter-polymer chain
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aggregations were enhanced by increasing NaCl concentration
in the solutions.
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