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ABSTRACT: Dynamic rheological responses of polymer solu-
tions exhibit a range of dynamic modes reflecting the hierarchical
structures with different characteristic lengths such as the Kuhn
length and mesh size. The polymer contribution to the viscoelastic
modulus at each dynamic mode is proportional to the number
density of unit segments at the corresponding hierarchical level,
allowing for the determination of their molecular weight. This
paper evaluates the molecular weight of a Kuhn monomer from the
boundary between the Zimm and bending modes, using a worm
like micellar solution of cetylpyridinium chloride/sodium salicylate
as a model system. Employing high-frequency diffusing-wave
spectroscopy microrheology, we determined the molecular weight,
which agrees well with that measured by static light scattering. We showed that the radius of the Kuhn monomer was also accurately
estimated from the characteristic volume related with the molecular weight. The proposed method holds potential for application
across various dynamic modes and polymer solutions.

■ INTRODUCTION
Polymer chains in solution and gels exhibit hierarchical
structures determined by their chemical compositions and
interactions. Static measurements provide insights into these
structures and interactions, while dynamic properties, partic-
ularly rheological properties, reveal distinct dynamic modes
that correspond to various characteristic lengths and
interactions within the polymer chain. These dynamic modes
allow us to characterize polymer structures in greater detail.1,2

Key parameters for describing polymer dynamics include the
characteristic lengths of the unit segments, which ranges from
small statistical monomer units to the entire chains, and the
number of the unit segments, which corresponds to the
molecular weight (MW). In dilute polymer solutions, the MW
of the entire chain can be determined through zero-shear
viscosity measurements.1,2 For cross-linked or entangled
polymer systems, the MW of the strand can be commonly
estimated from the elastic plateau modulus observed at low
frequencies.3,4 However, to investigate smaller characteristic
units, such as Kuhn monomers and correlation blobs,
rheological measurements at high frequencies are required.
Microrheology is a practical technique for high-frequency

rheometry. It is a relatively new technique developed over the
past three decades, which estimates viscoelastic properties by
tracking the motion of thermally fluctuating Brownian particles
added to a sample.5−22 Complementarily used with classical
macrorheology, which typically covers frequencies up to
around 102 rad/s,15 microrheology extends the accessible
frequency range up to approximately 105 rad/s.5−22 It has been

successfully employed to determine the Kuhn length (or
persistence length) of semiflexible wormlike micelles and
biopolymers,16−20 as well as the correlation length of flexible
polymers.14 However, the MW corresponding to these
characteristic lengths has not been fully explored.
This study proposes a rheological method for determining

the MW of the small unit segments in polymer chains. We use
microrheology to successfully determine the MW of Kuhn
monomers, providing detailed characterization of the hier-
archical structures of polymer systems. A theoretical concept is
experimentally confirmed using wormlike micellar solutions, a
well-established model polymeric system in microrheol-
ogy.10,19−22

■ EXPERIMENTAL SECTION
Materials. Cetylpyridinium chloride monohydrate (CPyCl·H2O)

was purchased from TCI, and sodium salicylate (NaSal) from Sigma-
Aldrich. An aqueous suspension of polystyrene microspheres (particle
size: 500 nm, plain surface) used as probe particles for diffusing-wave
spectroscopy (DWS) microrheology experiments was obtained from
Micromod (Rostock, Germany). All the chemicals were used as
received without further purification.
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Sample Preparation. CPyCl/NaSal aqueous solutions ([CPyCl]:
[NaSal] = 5:3) were prepared by mixing CPyCl·H2O and NaSal in
Milli-Q water at room temperature, then the mixture was heated to 60
°C to ensure homogenization and solubilization of the surfactant. For
DWS measurements, the aqueous suspension of the probe particles
was added to the CPyCl/NaSal solution at 60 °C. The probe
concentration was set to 1 wt %. For SLS measurements, Milli-Q
water filtered with a 0.2 μm syringe filter was used. The final CPyCl/
NaSal solutions were filtered with a 0.8 μm syringe filter.
Macrorheological Oscillatory Shear Measurements. Oscil-

latory shear measurements were carried out at 25 °C using a DHR3
stress-controlled rheometer (TA Instruments) with a cone−plate
geometry (diameter: 40 mm, angle: 2°) equipped with an
antievaporation lid for solutions of 60 mM CPyCl and above, and
with Couette concentric cylinders (cup diameter: 30 mm, gap: 1 mm)
for 50 mM CPyCl solution. Frequency sweeps were performed with
an angular frequency range of 0.01−100 rad/s at 1 to 10% strain in
the linear regime, determined beforehand by amplitude sweeps at 1
rad/s.
DWS Microrheology. Measurements were conducted using a

laboratory-made setup. A Spectra-Physics Excelsior laser (wavelength:
532 nm, output power: 300 mW) was used as the coherent light
source. The laser beam was expanded to about 1 cm in diameter with
a beam expander. A plastic cuvette for spectroscopy with a path length
L = 4 nm was placed in a thermostated sample holder at 25 °C. The
scattered light was collected by an optical fiber placed in the
transmission geometry, connected to a photon counter. A digital
correlator (ALV-7004/USB-FAST, ALV, Lanssen, Germany) was
used to treat signals and obtain the intensity autocorrelation function.
The theoretical basis of DWS microrheology is given in the
Supporting Information.
Static Light Scattering (SLS). SLS measurements were

performed with a 3-CGS ALV goniometer system at 25 °C. The
molecular weight was determined by the Zimm plot. The details of
the Zimm plot are provided in the Supporting Information.

■ THEORETICAL BASIS
Let us consider a polymer solution where the polymer chains
consist of various unit segments with differing lengths, such as
Kuhn monomers, correlation blobs, and mesh strands between
cross-links. The specific details of these segments will be
explained later. Each unit segment contributes to the
viscoelasticity of the system, which is described by the stress
relaxation modulus G(t) (t denotes time). For many unit
segments, G(t) is generally expressed as1,2
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where n is the number of the unit segments, kB is the
Boltzmann constant, T is temperature, V is the system volume,
α is the index corresponding to the mode of the segment, cn �
n/V is the number density of the unit segment, and τ is the
relaxation time, which is the characteristic time required for the
segment to diffuse a distance on the order of its own size.
Equation 1 suggests that the stress relaxation modulus arises
from the entropic contributions of the unit segments,
analogous to the pressure of an ideal gas p = nkBT/V.
At the corresponding relaxation time τ, eq 1 provides the

characteristic volume 1/cn, in which one unit segment is found.
In dynamic viscoelastic analysis, the complex modulus G*(ω)
(ω denotes frequency) is obtained from G(t) via the
Boltzmann superposition principle as G*(ω) = iω∫ 0

∞G(t)
e−iωtdt. This transformation maintains the magnitude of the
moduli: |G*(τ−1)| ≈ G(τ) (theoretical details are provided in
the Supporting Information). Therefore, 1/cn can be directly

determined from the absolute value of the complex modulus at
ω = τ−1:
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The determined characteristic volume then yields the
number-average MW of the unit segment, M, as
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where NA is the Avogadro constant, and cw is the polymer
weight concentration (mass per unit volume).
As an illustrative example, let us consider the Kuhn

monomer (statistical unit segment) of a semiflexible chain.
According to classical polymer dynamics, a semiflexible chain
exhibits two distinct modes around the Kuhn length b (twice
the persistence length).1 At length scales larger than b, the
chain behaves similarly to a flexible chain in dilute solutions,
with significant hydrodynamic coupling between solvents and
chains, described by the Zimm model and known as the Zimm
mode.23 At length scales smaller than b, the chain exhibits
bending modes, behaving like a stiff rod. The relaxation time of
the Kuhn monomer, τ0 � ηsb3/kBT (ηs is the solvent
viscosity), can be determined from the boundary between
the Zimm and bending modes, with the corresponding
complex moduli described as1

G
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where ν is the Flory exponent, taking values of 0.588 for good
solvents and 0.5 for θ solvents. Applying eqs 2 and 3 to this
case, the characteristic volume of the Kuhn monomer (1/cn)0
and the MW of the Kuhn monomer M0 are given by
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Equations 1, 2, and 3 are broadly applicable for determining
the characteristic volumes and MWs of various unit segments
in polymer chains. A comprehensive theoretical summary for
different unit segments found in polymer solutions of
semiflexible or flexible chains at varying concentrations is
provided in the Supporting Information.

■ RESULTS AND DISCUSSION
For experimental validation, we used a wormlike micellar
solution of cetylpyridinium chloride/sodium salicylate
(CPyCl/NaSal) at 25 °C as a model system, representing
semidilute solutions of semiflexible chains. This system has
been extensively studied in both microrheological and
macrorheological studies due to its unique structural and
rheological properties, which are relevant to a wide range of
applications.10,16,19,24−31 The structural and dynamic proper-
ties of this wormlike micellar solution are influenced by the
surfactant-to-salt concentration ratio, [CPyCl]:[NaSal]. For
this study, we prepared solutions with a fixed ratio of [CPyCl]:
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[NaSal] = 5:3, chosen for its ease of preparation, stability, and
suitability for microrheological experiments due to its rapid
dynamics.16,19

Overall Micellar Structure. First, the overall micellar
structure was confirmed through macrorheological oscillatory
shear measurements. In Figure 1a, the zero-shear viscosity, η0,

is plotted as a function of the surfactant concentration
[CPyCl]. The η0 value increases with [CPyCl] up to 80
mM, then decreases between 80 and 100 mM, peaking around
80 mM. From 100 mM, η0 increases again. The peak in the
viscosity is characteristic of wormlike micellar solutions
undergoing a linear-to-branched transition.32−34 Previous
studies have reported that η0 in CPyCl/NaSal solutions
reaches a maximum when a linear-to-branched transition
occurs as the salt concentration [NaSal] increases at a fixed
surfactant concentration [CPyCl].16,24 This study observes a
similar effect with proportional increases in both [CPyCl] and
[NaSal] ([CPyCl]:[NaSal] = 5:3). Surfactants with small head
groups and long tail groups such as CPy+ generally form linear
micelles rather than spherical ones.32,35 Initially, as [CPyCl]
increases, the linear micelles become longer and more
entangled, leading to the increase in η0. However, with
sufficient salt addition (or increased ionic strength), the
electrostatic interactions between cationic charges on the head

groups are screened. This screening makes concave curvature,
which brings the charged head groups closer together and
reduces the number of end-caps, energetically favorable.
Consequently, the wormlike micelles form three- or four-
point junctions.32 These branch points can slide along the
micellar backbone, relieving stress and leading to the decrease
in η0.32,33 Additionally, temporary branch points (ghost-like
crossings) form easily due to reduced energy barriers,
contributing to the decrease in η0.32 After the decrease, η0
increases again with further addition of CPyCl due to increased
entanglement in the concentrated regime. The rising plateau
modulus, Ge, further indicates the increase in entanglements
and branching.16 Within the studied concentration range, Ge
increases with [CPyCl] without a noticeable change in trend
between 80 and 100 mM, scaling as Ge ∼ [CPyCl]2.1 (Figure
1b). The value of the exponent well matches the theoretical
prediction (9/4).36 The estimated structure of the wormlike
micelles is summarized in Figure 1c.
Microrheology and Conventional Estimation of Kuhn

Lengths. Next, we microrheologically measured the complex
moduli of these solutions. Diffusing-wave spectroscopy
(DWS)5 was successfully applied to the CPyCl/NaSal system,
consistent with the previous studies.10,19,20,22 In Figure 2, we

plotted the complex viscosity and moduli measured by
microrheology and macrorheology for three reprensentative
CPyCl concentrations (50, 100, and 200 mM). In the
overlapping frequency range of about 10−102 rad/s, micro-
rheology and macrorheology agree well, with microrheology
extending the accessible frequencies up to about 105 rad/s.
Figure 3 displays the polymer contribution to the complex
modulus from a microrheological measurement for the 100
mM CPyCl solution. We identified the Zimm and bending

Figure 1. (a, b) Macrorheologically measured (a) zero-shear viscosity
η0 and (b) plateau modulus Geof the CPyCl/NaSal aqueous solution.
The concentration ratio is fixed to [CPyCl]:[NaSal] = 5:3. (c)
Estimated structure of wormlike micelles in the investigated CPyCl/
NaSal system.

Figure 2. Polymer contribution to (a) complex viscosity and (b)
complex moduli of the CPyCl 50, 100, and 200 mM solutions
obtained by oscillatory shear macrorheology and DWS micro-
rheology.
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modes, which exhibit power-law behaviors with exponents of
5/9 and 3/4, respectively, as predicted theoretically in eq 4
(note that 5/9 (= 0.56) for the Zimm mode aligns with 1/3v
(= 0.57) for a good solvent where v = 0.588).1,37,38 To
determine accurately the crossover point of the two scaling
modes, we adopted the method proposed by Tassieri et al.,
which determines the crossover point from the local minimum
of |G*(ω)|/ω(5/9+3/4)/2 (the exponent (5/9 + 3/4)/2 is the
intermediate value between the scaling exponents of each
mode).39 The crossover point allows for the determination of
the relaxation time τ0 and the corresponding modulus |
G*(τ0−1)|.
From τ0, the Kuhn length can be determined as b = (kBTτ0/

ηs)1/3. The value of b decreases with increasing surfactant
concentration (Figure 4). This behavior, as well as the value of

b, is consistent with the previous studies,16,17,40−44 which
attribute the decrease to charge screening effects induced by
counterions. In our experiments, maintaining a fixed
concentration ratio [CPyCl]/[NaSal] means that increasing
[CPyCl] also increases the ionic strength. At high ionic
strengths, the repulsive forces between the cationic micellar
head groups are screened, which enhances chain flexibility. As
a result, the length scale at which the chains exhibit bending
becomes shorter, leading to the shorter Kuhn length.
Characteristic Volume and Molecular Weight Deter-

mination. From |G*(τ0−1)|,the characteristic volume of the
bending mode (1/cn)0 is determined by using eq 5 and plotted
as a function of [CPyCl] in Figure 5 (filled circles). The value

of (1/cn)0 decreases with the increase in the concentration,
consistent with the decrease in the characteristic length b. We
also plotted the value of b3 in the figure (filled triangles). We
found that (1/cn)0 ≈ b3 at the low concentrations but (1/cn)0 <
b3 at high concentrations. This result suggests that the distance
between neighboring Kuhn monomers is shorter than b.
Consequently, the volume (1/cn)0 that contains both a Kuhn
monomer and solvents is space-filling. These volumes repelling
each other with interactions on the order of kBT. In other
words, each Kuhn monomer and the surrounding solvents
form a correlation blob with the volume (1/cn)0.
In the correlation volume (1/cn)0 containing one Kuhn

monomer and the solvents, the volume fraction of the Kuhn
monomer matches that of the entire system, since the
correlation volume is space-filling. Thus, the Kuhn monomer
volume, v0, can be estimated as v0 ≈ ϕ(1/cn)0, where ϕ = cw/ρ
is the volume fraction of the surfactant (ρ ≈ 103 g/L is the
mass density of the solution). Assuming the Kuhn monomer is
cylindrical, we have v0 = πr2b, where r is the radius of the
cylinder. Therefore, the radius can be determined as
r b c( / )(1/ )n 0 . We found an average radius r = 2.1 ±
0.4 nm over the concentration range of 30−200 mM (the inset
in Figure 5), which coincides well with the literature value r =
2.0 ± 0.1 nm, determined by a small-angle neutron
scattering.45,46 This agreement supports the validity of the
microrheological method proposed in this study.
To elucidate the hierarchical structure in this system, the

conventional macrorheological method was used to assess the
larger characteristic volume. From the elastic plateau modulus
Ge, the space-filling volume of the mesh strand (partial chain
between the entanglements or branching points) can be
determined as4

c
k T
G

1

n m

B

e
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jjjjj

y
{
zzzzz
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Notably, this approach applies eq 2 to a frequency-
independent elastic mode (α = 0 in eq 1). Although the
elastic plateau was also observed in microrheological DWS
measurements, macrorheological results (Figure S1b) were
preferred over microrheological results (Figure S2) due to
their greater accuracy in the low-frequency regime where the
plateau appears. The value of (1/cn)m plotted in Figure 5
decreases with increasing solution concentration, reflecting
greater entanglement and branching. The ratio (1/cn)m/(1/

Figure 3. Polymer contribution to complex modulus of the CPyCl
100 mM solution obtained by DWS microrheology (left axis, black
circles). The red and blue lines show power-law behaviors with
exponents of 5/9 and 3/4, corresponding to the Zimm and bending
modes, respectively. Value of |G*(ω)|/ω(5/9+3/4)/2 used to determine
the crossover point between the two scaling laws (right axis, green
squares).

Figure 4. Kuhn length b as a function of [CPyCl].

Figure 5. Characteristic volumes as functions of [CPyCl]. The inset
shows the radius of the Kuhn monomer calculated from (1/cn)0.
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cn)0 ≈ 7−14 suggests that one mesh volume contains
approximately 10 Kuhn monomers or correlation blobs.
The MW of the Kuhn monomer M0 was determined from

the value of microrheologically determined (1/cn)0 or |
G*(τ0−1)| using eq 6 as shown in Figure 6 (filled circles).

The value of M0 decreases with increasing [CPyCl], reflecting
the observed reduction in the Kuhn length b. To verify the
accuracy of this MW determination method, the determined
MW are compared with results obtained from two alternative
methods.
The first simple method uses the volume of the Kuhn

monomer v0 and the volume occupied by a single surfactant
molecule vCPy+. A saturated hydrocarbon chain with 16 carbon
atoms (cetyl group, CPy+), has a volume of approximately vCPy+
≈ 0.46 nm3.35 The MW of the Kuhn monomerM0 is calculated
as M0 ≈ (v0/vCPy+)MCPy+, where MCPy+ = 287 g/mol is the MW
of CPy+, and we have used r = 2 nm to calculate v0 = πr2b. The
values of MW are determined and plotted in Figure 6 (filled
diamonds). They agree well with those obtained from |
G*(τ0−1)|.
The second method is the static light scattering (SLS)

measurement, which provides the MW of the correlation blob
Mb through Zimm plots. Scattered light intensity measured by
SLS is related to the osmotic pressure Π. It represents the
repulsive force between blobs on the order of kBT as Π ≈
cnkBT ≈ cwNAkBT/Mb, allowing for the determination of Mb.

1

Figure 6 shows the MW values measured by SLS (filled
triangles). In the dilute regime, Mb increases with [CPyCl] due
to chain growth, as shown in Figure 1c. At [CPyCl] = 20 mM,
it peaks and then decreases with further increases in [CPyCl]
due to entanglement and branching of the micelles, which
reduces the blob size. Importantly, Figure 6 also shows that Mb
from SLS and M0 from microrheology are in good agreement.
This result indicates again that in this system, one correlation
blob contains one Kuhn monomer, and Mb and M0 are
equivalent. The proposed microrheological method is as
reliable as the conventional SLS measurement.
The MW of the mesh Mm is also evaluated as
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through macrorheological measurements.4 Figure 6 demon-
strates that Mm decreases with increasing solution concen-
tration, in proportion to (1/cn)m (filled squares). Since the
mesh occupies a larger volume than the Kuhn monomer and
correlation blob, Mm is significantly higher than M0 and Mb.
Note that this previously proposed method is another
application of the MW determination method based on eq 3,
and that the MW of the different unit segments in the same
system can be individually determined from a wide range of
modulus.

■ CONCLUSIONS
We used DWS microrheology to successfully capture the
crossover between the Zimm and bending modes in the
CPyCl/NaSal wormlike micellar solutions, determining the
relaxation time and the corresponding modulus. From these
two values, we estimated the Kuhn length, as well as the radius
and MW of the Kuhn monomer. The results are consistent
with trends observed in the Kuhn length and align with
conventional SLS measurements and the estimations based on
literature values. Importantly, the MW determination from the
modulus at the crossover point of two modes is not specific to
either microrheology or wormlike micelles. Theoretically, this
method is applicable to a wide range of solutions and gels
containing both semiflexible and flexible chains across different
concentrations. For example, biopolymers forming ordered
rigid structures, such as helices, could be characterized by
analyzing their solution dynamics.47 Tightly entangled semi-
flexible polymer solutions could also be studied to provide
experimental data for developing theoretical models that
describe the relationships among modulus, concentration,
and persistence length.48,49 Experimental validation in other
systems remains a topic for future research.
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