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ABSTRACT: We probe the mechanics of two different
viscoelastic complex systems at a microscopic length scale.
The first is made of cross-linked polymer gel, and the second
consists of a polysaccharide solution, in which spherical
birefringent colloidal tracers have been embedded. This
method is widely known as optical microrheology. In the
present work we focus on both the translational and the
rotational motions of the tracers. The significant discrepancies
observed between the results obtained by translational and
rotational microrheology imply that the two types of motion probe the mechanical response of the matrix in different ways. We
also suggest a simplified theoretical model to explain the experimentally observed discrepancies in terms of the relationship
between the viscoelastic moduli obtained from rotational and translational tracer dynamics. Our results have implications for the
insights obtainable by rotational and translational microrheology and for the role of compressibility.

I. INTRODUCTION

Microrheology is a technique that has been used for over two
decades to characterize micromechanical properties of soft
materials, which are of interest in science, industry, and
medicine. It is based on tracking of diffusion of a probe particle
in a viscoelastic medium. In the early reported works, the
translational dynamics of colloidal tracers using diffusive wave
spectroscopy (DWS) and dynamic light scattering (DLS) were
measured.1−3 This technique became popular and is widely
used to characterize colloidal suspensions, emulsions, polymer
solutions, surfactant micellar fluids, biological tissues, and more
complex soft matter systems.4−7,12 Later, works with a focus on
rotational dynamics of colloidal tracers were reported.8−11 The
dynamics of optically anisotropic spherical tracers can be
studied by depolarized dynamic light scattering (DDLS), and
the viscoelastic properties may be extracted as well from the
particle time-dependent angular displacement. The latter
technique is known as rotational microrheology.
Traditionally, the results of translational microrheology were

compared with those obtained by mechanical bulk rheology to
validate them. Indeed, for some viscoelastic systems bulk and
microrheology results matched quite well.12−16 However, in
the case of more complex systems such as colloidal glasses and
gels, cross-linked polymer gels, and biological tissues, a
disagreement between the two techniques was observed.6,17−21

This is due to the fact that the local viscoelastic response does
not always reflect the macroscopic properties. Moreover, the
system characteristics such as structural and dynamic
heterogeneities, the tracer size as compared to the character-
istic length of the medium, and tracer−medium interactions

also influence the observed tracer dynamics and, as a result,
microscopic viscoelastic properties.17,19,22−26

In a homogeneous viscous medium the translation and
rotation of a spherical particle are coupled, so that the ratio of
the corresponding mean-square displacements (MSD)
⟨δr2(t)⟩/⟨δθ2(t)⟩ is a constant. As the particle diffusion
slows down, for example due to particle trapping in a matrix,
the rotation may decouple from translation; namely, the ratio
of the two MSDs ceases to be a constant. Therefore, the
microrheological response obtained by the two types of motion
might not coincide, assuming that under equilibrium
conditions they should provide the same response. The
decoupling of translation from rotation was previously
observed for simple liquids and colloidal suspensions
approaching the glass transition,27−32 for gels made of alumina
crystals in fatty acids,33 and for semidilute xanthan solutions.34

On comparison of the viscoelastic moduli observed by
translational and rotational dynamics of tracers, both agree-
ment and disagreement are reported for a few tracer−matrix
systems.8−11 Apart from a few reports on comparison of the
two types of responses, no systematic study has been done on
the influence of “sticky” tracer−polymer interactions on the
viscoelastic properties observed by translational and rotational
microrheology.
In the present work we show that under conditions of

dynamical arrest the compressibility of the polymer matrix
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causes a gradual decoupling of rotational and translational
tracer diffusion. Such a decoupling is expressed as a difference
in the viscoelastic moduli obtained by rotational and
translational microrheology. As a model to test such a
decoupling, we use two different polymeric matrices. The
first system is polyacrylamide (PAA) aqueous sols and gels
with a tendency to adsorb on the cross-linked liquid crystal
spherical, optically anisotropic probe particles. The mesh size
of such a polymer matrix is much smaller that the probe size,
and the matrix can therefore be treated as a continuum. We
vary the degree of cross-linking arresting the tracer motion.
The second system is semidilute and concentrated aqueous
solutions of semirigid xanthan polysaccharide at high ionic
strength. This polysaccharide has an ordered double-helical
conformation at room temperature and high ionic strength.35

Xanthan has a strong tendency to aggregate due to hydrogen
bonding,36 and it readily adsorbs on our probe particles,
although to lesser extent than PAA. In both cases, entropy may
favor adsorption.37,38 Therefore, this system also fulfills the no-
slip probe−matrix condition. The characteristic correlation
length of xanthan solutions is higher than that of PAA sols and
gels, and at lower xanthan concentration it is about 30% less
than the tracer size. Nevertheless, despite the medium
difference, in both cases the decoupling of the two tracer
dynamics occurs on slowing down of the probe diffusion
motion. We suggest a simple-model theory that relies on the
no-slip condition between the tracer and the matrix and takes
into account polymer compressibility to explain discrepancies
in viscoelastic moduli observed by different tracer motions.

II. EXPERIMENTAL SECTION
II.A. Materials. Absolute ethanol was purchased from J.T. Baker.

Sodium dodecyl sulfate (SDS), xanthan polysaccharide (G1253), 2-
hydroxy-2-methylpropiophenone (Darocur 1173), sodium chloride,
acrylamide (AA), N,N′-methylenebis(acrylamide) (BA), ammonium
persufate, and N,N,N′,N′-tetramethylethylenediamine (TEMED)
were purchased from Sigma-Aldrich. Reactive Mesogen 257 (RM
257) was supplied by Xi’an Caijing Opto-Electrical Science &
Technology Co., Ltd., China. All the compounds except for xanthan
were used without further purification. Deionized water (Milli-Q,
resistivity ρ = 18.1 M Ω·cm) was used.
II.B. Synthesis of Optically Anisotropic Colloidal Tracers.

Liquid crystal particles (LCP) were synthesized by a previously
reported procedure.39 A solution of 40 mg of RM 257 and 20 mg of
Darocur 1173 in 5 g of ethanol was prepared and quickly added to a
hot solution (70 °C) of 0.46 g of SDS in 200 mL of water under
constant ultrasonication. An emulsion was formed within a few
minutes and was left in ultrasonication for 1 h at 70 °C. The emulsion
droplets were then solidified by UV-light illumination on gentle
stirring at 70 °C. The solid particles were washed with water to
remove excess SDS. Particle geometrical Rdry and hydrodynamic Rh
radii as well as the polydispersity index PDI were characterized by
scanning electron microscopy (SEM) and depolarized dynamic light
scattering (DDLS). The hydrodynamic radius was characterized both
in water and in an aqueous 0.1 M NaCl solution. The following LCP
tracer characteristics were obtained: Rdry = 159.7 nm, polydispersity
PDI = 3.3%, Rh = 175.3 nm in water, and Rh = 169.4 nm in 0.1 M
NaCl aqueous solution.
II.C. Sample Preparation. Cross-linked networks consisted of

PAA chains cross-linked with N,N′-methylenebis(acrylamide) (BA).
Ammonium persufate and TEMED were used as reaction initiator
and catalyst, respectively. A standard procedure was used to prepare
polyacrylamide gels as in molecular biology for protein electro-
phoresis.40 The extent of cross-linking depends on the fraction fbis =
[BA]/([AA] + [BA]). In the present work f bis was varied in the range
of 0−3% w/w, keeping the total amount of monomers [AA] + [BA] =

2.5% w/w for all samples. LCP tracers were dispersed in the monomer
solution before polymerization, which was performed at room
temperature directly in light scattering cells. The measurements
were made 48 h after sample preparation. The range of values of f bis
was chosen to cover the sol−gel transition.41 The LCP tracers volume
fraction was fixed at about 10−5 to avoid interparticle interactions and
multiple scattering.

Xanthan was purified from large aggregates as previously
reported.36 Xanthan samples were prepared by dissolution of the
desired amount of the purified polymer in 0.1 M solution of NaCl
containing 0.02% w/w NaN3 (antimicrobial agent) and followed by
its renaturalization. The amount of tracer particles was adjusted for
each polymer concentration to obtain sufficient signal-to-noise ratio
with the maximum volume fraction of 2 × 10−4. The samples without
tracers did not present light scattering in the cross-polarized mode,
indicating the absence of optically anisotropic objects.

II.D. Characterization by Depolarized Dynamic Light
Scattering. DDLS experiments were performed with a 3D light
scattering spectrometer (LS Instruments, Switzerland) in a pseudo-
cross-correlation mode using a HeNe laser with the wavelength λ =
632.8 nm equipped with two Glan-Thompson linear polarizers. A
vertically polarized laser beam is focused on the sample cell. The
second polarizer is located in front of the optical fiber and is
perpendicular (horizontal) relative to the first one to ensure that only
the signal from the depolarized scattering (VH) reaches the APD
detectors (Excelitas, Canada). The depolarized time-averaged
autocorrelation function of the scattered intensity g2

VH(q,τ) is
measured at a certain scattering angle θ. Here q is the wave vector
given by q = (4πn/λ) sin(θ/2) with n denoting the refractive index of
the medium. Applying Siegert’s relation42 for ergodic samples or the
Pusey−van Megen procedure of correction for the nonergodicity,43

one obtains the depolarized intermediate scattering function f VH(q,τ)
(DISF) from g2

VH(q,τ). In the measured DISF the translational and
rotational contributions to the particle dynamics are mixed according
to44

τ = − − Ωf q( , ) e eq W t t
VH

( ) 6 ( )2

(1)

where the subindex VH denotes crossed polarizers andW(t) and Ω(t)
are the translational and rotational self-diffusion coefficients,
respectively. These are related to the corresponding translational
(TMSD) and rotational (RMSD) mean-square displacements as W(t)
= ⟨δr2(t)⟩/6 and Ω(t) = ⟨δθ2(t)⟩/4. To separate the two
contributions, the measurements at the two different angles θ1 and
θ2 can be done with the corresponding scattering vectors q1 and q2.
Then, one can obtain the MSDs as follows:
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II.E. Microrheological Concepts for Translational and
Rotational Dynamics of Tracers. For colloidal particles of radius
a immersed in a viscoelastic medium described by a complex modulus
G*(ω), the translational generalized Stokes−Einstein relation is given
by2

ω
π δ ω α ω

* =
⟨ ⟩Γ[ + ]

πα ω[ ]
G

k T
a r

( )
e

(1/ ) 1 ( )T

i

T

B
( ) /2

2

T

(4)

where kBT is the thermal energy. The rotational counterpart of eq 4 is
given by10

ω
π δθ ω α ω

* =
⟨ ⟩Γ[ + ]

πα ω[ ]
G

k T
a

( )
e

4 (1/ ) 1 ( )R

i

R

B
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3 2

R

(5)

where αT(ω) and αR(ω) are logarithmic derivatives of TMSD and
RMSD, respectively, evaluated at t = 1/ω, given as
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Using Euler’s equation for eqs 4 and 5, one obtains
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with the subscript T/R meaning either translational or rotational
quantity. Here

ω
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The comparison of the moduli obtained by translational and
rotational tracer motion can be done in terms of the ratio GT*(ω)/
GR*(ω). Consider two time regimes for an arrested viscoelastic
medium: (a) very short times, when a tracer moves almost freely, and
(b) very long times, when a tracer motion is dynamically arrested. For
the first case, the parameter α(ω) tends to be 1 at the time regime t
→ 0 (or similarly when ω → ∞); as a consequence GT′(ω→∞) =
GR′(ω→∞) = 0, and it yields
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When αT(ω) = αR(ω) = 1, Γ[1 + αT(ω)] = Γ[1 + αR(ω)] = Γ[2] = 1,
and as a consequence
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In the second case, α(ω) tends to be 0 at the time regime t → ∞ (or
similarly when ω→ 0); as a consequence GT″(ω→0) = GR″(ω→0) = 0,
and it yields
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When αT(ω) = αR(ω) = 0, Γ[1 + αT(ω)] = Γ[1 + αR(ω)] = Γ[1] = 1,
and as a consequence
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Equations 13 and 15 imply that when the mean-square displacements
are coupled (their ratio is a constant), the ratio of the moduli
obtained by translational and rotational tracer motion is unity, and
therefore translational and rotational microrheologies provide the
same results. However, the latter consideration does not take into
account possible decoupling of the translation from rotation, which
we will discuss further.

III. RESULTS AND DISCUSSION
III.A. Cross-Linked Polyacrylamide Networks and

Xanthan Solutions. Figures 1 and 2 show translational and
rotational mean-square displacements of tracer particles in
pure water, 0.1 M NaCl, PAA sols and gels, and xanthan
solutions on increase of the cross-linker fraction f bis or xanthan

concentration. The corresponding time correlation functions
of depolarized scattered electric field are shown in the
Supporting Information (Figure S1).
As can be seen in Figure 1, particle diffusion is free in water,

and it slows down in the polymer sol up to f bis = 1.0. When the

Figure 1. Translational (a) and rotational (b) MSD of the tracers in
PAA networks on variation of cross-linker mass fraction fbis as given in
the legend. The black dashed line indicates a slope of unity.

Figure 2. Translational (a) and rotational (b) MSD of the tracers in
xanthan 0.1 M NaCl solutions on variation of polymer concentration
as given in the legend. The black dashed line indicates a slope of
unity.
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polymer gel is formed, f bis > 1.5, the tracer dynamics are
arrested, which is consistent with gel formation. At f bis ≈ 1.0−
1.5 intermediate dynamics are observed, reflecting the vicinity
of the sol−gel transition. The particle dynamics in xanthan
solutions (Figure 2) is free up to 2.0 g/L, and then it gradually
slows down, showing two distinct dynamic time scales with
different slopes at short and long times. Even for the largest
xanthan concentration the plateau at long times is still absent
indicating faster tracer dynamics than in PAA gels.
The absolute value of the complex moduli |GT*| and |GR*|

obtained from these MSDs are shown in Figures 3 and 4 for
selected f bis and xanthan concentrations. The corresponding
viscoelastic moduli G′ and G″ are shown in the Supporting
Information (Figure S2).

As the cross-link density increases, the system behaves first
as a viscous liquid and, after the sol−gel transition, it turns into
an elastic solid. Such a behavior is typical for sols turning into
chemically cross-linked strong gels. In all the cases the moduli
obtained from the rotational motion are larger than those from
the translational one. The difference between the moduli is the
smallest at the lowest cross-link density, and it increases with
increasing polymer cross-linking. As can be seen in Figure 4,
for xanthan saline solutions both moduli increase monotoni-
cally as frequency increases. Such a behavior is typical for
semidilute and concentrated xanthan solutions at room

temperature. For high concentrations G′ is larger than G″ in
the whole frequency range (see the Supporting Information),
and both moduli depend only slightly on the oscillation
frequency. This behavior is attributed to a weak gel and is
similar to previously observed behavior in bulk rheology.45−48

At lower concentration, the storage and the loss moduli are
practically equal, which characterizes the transition from the
fluidlike to the solidlike behavior or the concentration regime
at the onset of structure formation. In this regime the moduli
obtained from rotational tracer motion reproduce the trans-
lational moduli. With an increase of xanthan concentration,
|GR*| increases as compared to |GT*|, similar to the case of PAA
gels in Figure 3.
In a homogeneous viscous medium translational and

rotational motions of tracers are coupled, and the ratio
⟨δr2(t)⟩/⟨δθ2(t)⟩ is expected to be a constant. The ratio |GR*|/
|GT*| tends to unity, and therefore one expects a good
agreement between the observed moduli.8,10 On increase of
the medium’s rigidity, the tracer dynamics slow down so that
the rotation may decouple from translation. We observe such a
decoupling in our experiments at large cross-linked density of
PAA gels or xanthan concentrations (see Figure S5). Because
the ratio of the mean-square displacements is not a constant,
the ratios of the complex moduli are not expected to tend to
unity; namely, there should be a disagreement between the
viscoelastic response to each type of tracer motion. The larger
moduli observed by the rotational motion in Figures 3 and 4
imply that the tracer rotation is more restrained than its
translation. We attribute this fact to the difference in the matrix
response to the two types of motion, in which tracer−matrix
interactions and polymer compressibility could play an
important role.
Liquid crystal tracer particles consist of chemically linked

monomers of RM 257 aligned in parallel to the nematic
director, as shown in Figure S6. The measurement of ζ-
potential of these particles in water yields −13.8 ± 1.8 mV.
The small negative charge in water is probably due to the
presence of carboxylated ester groups or reduced carbonyl
groups as a result of radical transfer in water during the
polymerization process, although the exact surface chemistry of
these particles has not been reported. To confirm the presence
of interactions between LCP tracers and the studied polymers
we performed adsorption experiments. The LCP tracers were
dispersed in an aqueous solution of linear PAA (sample with
f bis = 0) and saline xanthan solution with C = 0.2 g/L. After 24
h of stirring at room temperature the particles were cleaned by
15 cycles of sedimentation−redispersion procedure to remove
excess nonadsorbed polymer. Afterward, the hydrodynamic
radius and the ζ-potential of the particles in water were
measured. The corresponding DISFs for the particles in water
before and after polymer adsorption are given in Figure S6.
The hydrodynamic radius obtained from the corresponding
DISFs after PAA adsorption is 395.3 nm and after xanthan
adsorption is 219.4 nm. The corresponding ζ-potentials are
−16.1 ± 2.1 and −29.7 ± 2.2 mV. These results suggest that
both PAA and xanthan adsorb onto the tracer surface, which
increases the particle radius and the ζ-potential. A change in ζ-
potential is more pronounced for xanthan because of its
polyanionic nature. For the same reason it adsorbs less than
PAA does on slightly negatively charged particles. Polymer
adsorption indicates that the tracer particles do interact with
both polymers and such interactions cannot be neglected when
probing microrheological response. Although the precise

Figure 3. Absolute values of the complex moduli |GT*| (filled symbols)
and |GR*| (open symbols) obtained from translational and rotational
MSDs of the tracers in PAA networks on variation of the cross-linker
mass fraction f bis as given in the legend.

Figure 4. Absolute values of the complex moduli |GT*| (filled symbols)
and |GR*| (open symbols) obtained from translational and rotational
MSDs of the tracers in xanthan solutions at three concentrations given
in the legend.
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mechanism and nature of these interactions is beyond the
scope of the present work, the following may contribute to the
polymer adsorption on our tracer particles: hydrogen bonding,
hydrophobic interactions, and van der Waals attraction.49−52 In
addition, the fact that adsorption is entropically favorable37,38

and that it decreases solid−liquid interfacial tension likely
contribute to polymer adsorption. As a result, a certain number
of particle−matrix contacts are formed, the situation akin to a
sphere trapped in a 3D spider web. The number of such
polymer-on-particle adsorption sites depends on the polymer
concentration and is related to the matrix mesh size. The mesh
size ξ of the polymer network may be estimated as ξ = RG(C*/
C)3/4,53 where RG is the radius of gyration and C and C* are
the polymer concentration and its critical value, respectively.
For PAA solutions with 2.5% w/w polymer concentration it is
estimated to be less than 10 nm.9 For our xanthan solutions in
the range 2−10 g/L it varies from 116 to 35 nm. Therefore, in
the both cases, the tracer size is well above the mesh size of the
polymer matrix except for the most dilute xanthan solutions, in
which we observe an agreement between the two types of
moduli. On increase of the polymer or cross-linker
concentration, the LCP tracer motion becomes more
restrained. Because of the tracer−matrix interactions, our
system is different from the others where the particles rotate in
a “cavity” made by their nearest neighbors or due to depletion
of the polymer matrix from the volume close to the tracer
surface.24,26,31,34 Therefore, in our case the tracer−matrix
interactions introduce a difference in the tracer motion
decoupling as compared to some of the previously studied
systems; namely, rotation slows down faster than translation.
The rotation−translation decoupling can be well repre-

sented by the ratios in the complex moduli |GR*|/|GT*| at a given
radial frequency. Figure 5 shows these ratios for PAA and

xanthan solutions and gels as a function of the cross-linker
mass fraction (PAA) and concentration (xanthan). For the
studied range of frequencies rotational moduli are almost
always larger than translational ones, except for non-cross-
linked PAA sols and low concentration xanthan solutions. An
increase of the cross-linking in PAA networks results in an
increase of this difference, especially for f bis > 1.5%. This
implies that the tracer motion decoupling is more pronounced
at larger cross-linking and elasticity of the gels, probably
because of the stronger tracer confinement in the gel network.
A similar trend is observed on increase of xanthan
concentration. Both elastic and viscous moduli from rotational

motion are greater than those from translational one. Their
difference grows with an increase of structure formation as one
moves to more concentrated polysaccharide solutions, once
more confirming the role of the tracer confinement in its
motion decoupling. At the lowest xanthan concentrations (up
to 2.0 g/L) the ratios smaller than one are observed most
probably due to low sample elasticities and large mesh size,
which may lead to a partial tracer slippage on rotation. To
tackle the problem of tracer motion decoupling as well as to
find a possible reason for more restrained rotation as compared
to translation, we suggest the following theoretical model.

III.B. Viscoelastic Continuous No-Slip Model. Let us
consider a model as depicted in Figure 6. A rigid tracer sphere

of radius a is trapped inside a larger sphere of radius L (L ≫
a). The large sphere is made of an isotropic and homogeneous
material (medium) with the shear modulus G and shear
viscosity η. We can reasonably assume that the medium is
nearly incompressible (the solvent can be assumed to be
incompressible, while the gel network may be compres-
sible25,54) and that it responds to the tracer motion according
to the no-slip boundary condition. The tracer sphere
undergoes translational and rotational displacements by a
distance s and by an angle σ, respectively.

B.1. Translational Displacement by a Distance s. Figure 7
shows a schematic representation of the translational displace-
ment. The tracer sphere is displaced along the z-axis by a
distance s without rotation. The displacement of an arbitrary
infinitesimal element of surface area dA = a2 sin θ dθ dϕ by s
results in both shear and normal stresses. Because both shear
and normal stresses counteract the displacement, the work
done on any element of the surface area is the modulus of the
force opposing the motion multiplied by ds. Thus, the total
work can be obtained by considering the total force over the
entire surface and integrating over the displacement. The total
force exerted on a surface infinitesimal element dA during a
displacement by a distance s is given by

τ τ= + ⊥F Ad ds
2 2

(16)

Figure 5. Ratios of viscoelastic complex moduli obtained by rotational
and translational motion of the tracers |GR*|/|GT*|: (a) PAA sols and
gels on variation of f bis and (b) xanthan solutions on variation of its
concentration. The values correspond to frequencies of 100 (circles)
and 5000 rad/s (squares).

Figure 6. Schematic representation of the proposed model. A tracer
sphere of radius a trapped inside a sphere of radius L made of a
viscoelastic material with shear modulus G and shear viscosity η.
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where τ∥ and τ⊥ are the shear and the normal stress,
respectively. For a Hookean solid (elastic contribution) the
stresses can be expressed as

τ γ θ= =G G
s

L
sinE( )

(17)

τ γ θ= =⊥ ⊥Y Y
s

L
cosE( )

(18)

where G is the shear modulus, Y is the Young’s modulus, and
γ∥ and γ⊥ are shear and normal strains, respectively. For a
Newtonian fluid (viscous contribution) the stresses are

τ ηγ η θ= ̇ = v
L

sinV( )
(19)

τ η γ η θ= ̇ =⊥ ⊥
v

L
cosV( )

ext ext (20)

where v is the speed of tracer displacement, η is the shear
viscosity, ηext is the extensional viscosity, and γ̇∥ and γ̇⊥ are the
shear and normal rates, respectively. Combining eqs 16, 17,
and 18, the force for the elastic contribution dFs

(E) can be
rewritten as

θ θ θ θ ϕ= +F
s
L

G Y ad sin cos sin d ds
E( ) 2 2 2 2 2

(21)

In a similar way combining eqs 16, 19, and 20, the force for the
viscous contribution dFs

(V) is

η θ η θ θ θ ϕ= +F
v
L

ad sin cos sin d ds
V( ) 2 2

ext
2 2 2

(22)

For a nearly Hookean isotropic weakly compressible solid,
the relationship between Young’s modulus Y and shear
modulus G is Y ≈ 3G.55 In a similar way, for a purely
Newtonian isotropic incompressible liquid, the relationship
between extensional viscosity ηext and shear viscosity η is ηext =
3η. Equations 21 and 22 thus become

θ θ θ ϕ= +F
Gsa

L
d 1 8 cos sin d ds

E( )
2

2
(23)

η θ θ θ ϕ= +F
va
L

d 1 8 cos sin d ds
V( )

2
2

(24)

Integration of eqs 23 and 24 yields

π= +
− ( )

F G
a s
L

2
3

tanh

2 2s
E( )

2
1 2 2

3

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑ (25)

η π= +
− ( )

F
a v
L

2
3

tanh

2 2s
V( )

2
1 2 2

3

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑ (26)

The work is obtained by integration of eqs 25 and 26. The
work for the elastic contribution is then

π= +
− ( )

W G
a s
L

3
tanh

2 2s
E( )

2 2
1 2 2

3

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑ (27)

and for the viscous contribution is

η π= +
− ( )

W
a sv
L

2
3

tanh

2 2s
V( )

2
1 2 2

3

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑ (28)

The total work for the translational motion of the tracer
particle by a linear displacement s is finally given by

π η= [ + ] +
− ( )

W
a
L

Gs sv2 3
tanh

2 2s

2
2

1 2 2
3

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑ (29)

Thus, eq 29 has two stress contributions to the total work: the
first one is due to the shear τ∥, and the second one is due to the
compression/extension of the matrix τ⊥.

B.2. Rotational Displacement by an Angle σ. Now let us
analyze the rotational displacement as shown in Figure 8.
During this motion only shear strain is experienced by the
medium. If the probe rotates by angle σ about the z-axis, an
infinitesimal element of surface area dA experiences a
tangential displacement of magnitude σa sin θ and, thus,
shears the medium by σa sin θ/L. Taking into account the
same considerations as for the translational displacement, the

Figure 7. Probe has executed a linear displacement by a distance s
along the z-axis inside a medium with shear modulus G and shear
viscosity η.

Figure 8. Probe has executed a rotation by an angle σ around the z-
axis inside a medium with shear modulus G and shear viscosity η.
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total force exerted on a surface element dA during the
displacement by angle σ is given by

τ=σF Ad d (30)

The elastic and viscous contributions to the shear stress can be
expressed as

τ γ σ θ= =G G
a

L
sinE( )

(31)

τ ηγ η ω θ= ̇ = a
L
sinV( )

(32)

where ω is the angular velocity of the tracer. Combining eqs 30
and 31, for the elastic contribution the force can be rewritten
as

σ θ θ θ ϕ=σF G
a

L
ad

sin
sin d dE( ) 2

(33)

Combining eqs 30 and 32, for the viscous contribution the
force is

η ω θ θ θ ϕ=σF
a

L
ad

sin
sin d dV( ) 2

(34)

Integration of eqs 33 and 34 yields

∫ ∫σ θ θ ϕ=σ
θ

θ π

ϕ

ϕ π

=

=

=

=
F G

a
L

sin d dE( )
3

0 0

2
2

(35)

∫ ∫η ω θ θ ϕ=σ
θ

θ π

ϕ

ϕ π

=

=

=

=
F

a
L

sin d dV( )
3

0 0

2
2

(36)

The work is obtained by integration of eqs 35 and 36. Thus,
the work for the elastic contribution is

∫ ∫πσ θ θ=σ
θ

θ π σ θ

=

=

=

=
W G

a
L

2
sin dE

s

s a
( )

3

0 0

sin
2

(37)

πσ= G
a

L
8

3

2 4

(38)

and for the viscous contribution is

∫ ∫η πω θ θ=σ
θ

θ π σ θ

=

=

=

=
W

a
L

2
sin dV

s

s a
( )

3

0 0
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2

(39)

ηω πσ= a
L

8
3

4

(40)

The total work due to the rotational motion of the tracer
particle is finally given by

π σ ησω= [ + ]σW
a
L

G
8
3

4
2

(41)

Therefore, only shear stress τ∥ contributes to the total work.
B.3. Translational and Rotational Work Ratio. The work

ratio is obtained by dividing eq 29 by eq 41. The translational
work differs from the rotational work by a factor of

η
σ η σω

=
+
+σ

W
W

C
a

G s sv

G
3
8

2s T T

R R
2

2

2

i

k
jjjjjj

y

{
zzzzzz (42)

where subindices T and R mean “detected” by tracer
translation and rotation, respectively. The coefficient C is

= + ≈
− ( )

C 3
tanh

2 2
3.623

1 2 2
3

(43)

According to this ratio, the difference between translation and
rotation is due to the contribution of the normal stress
(polymer gel compression/extension) to the total force acting
on a particle. Compression, as well as partial slipping between a
particle and the polymer chains, may result in an under-
estimation of the viscoelastic moduli probed by translational
motion.25,54 In terms of our theoretical model, if the polymer
matrix is highly compressible, then for translational motion
Young’s modulus must be substituted in terms of G using
another suitable relationship, whereas Wσ does not involve Y
and is unaffected by compression.

B.4. Storage and Loss Moduli for a Kelvin−Voigt Medium.
To calculate the work ratio for real experimental systems such
as PAA networks or xanthan solutions, it is necessary to
express eq 42 in terms of experimentally measurable quantities
such as the frequency-dependent storage modulus G′(ω) and
loss modulus G″(ω). We use the Kelvin−Voigt model for the
viscoelastic medium. Gelatin hydrogels have been successfully
modeled as Kelvin−Voigt fluids,56 and other hydrogels such as
gellan gum57 and alginate and agarose constructs58 have been
successfully described using models based on the Kelvin−Voigt
model. This model’s main limitation is its inability to describe
long-term relaxation, but since we examine intermediate times,
this is not a fatal flaw for our purposes. Thus, we have

ω′ =G G( ) (44)

ω ωη″ =G ( ) (45)

Then eq 42 can be expressed as

ω
ω ω ω
σ ω σ ω

=
′ + ″
′ + ″σ
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Because work W is approximately proportional (eqs 29 and
41) while the complex moduli G* are inversely proportional
(eqs 4 and 5) to the square displacement, the work ratio is
then related to the moduli ratio as follows:

∼
*
*σ

W
W

G
G

s R

T (47)

Figure 9 shows the work ratios for both PAA networks and
xanthan solutions as a function of fbis or the polysaccharide
concentration. As shown in Figure 9, the work ratios for both
systems are larger than 1000 (value of the work ratio when GR′
= GT′ and GR″ = GT″) for the majority of samples, and they
increase with increasing fbis or xanthan concentration. Taking
eq 47 into account, Figure 9 qualitatively reproduces Figure 5.
Therefore, the theory reproduces the experimental behavior
quite well. The variation of Ws/Wσ on increase of
viscoelasticity of the system represents the degree of diffusion
decoupling. At the three largest f bis the degree of decoupling
stays constant indicating similarity in the hindering of the
tracer dynamics. This is not the case for xanthan, since the
work ratio increases up to the largest polymer concentration
studied. All four data sets have correlations with p-values (the
probability that random variations would produce a correlation
no smaller than the value obtained) such that the correlations
are very statistically significant by conventional criteria, which
is inconsistent with the variation in the work ratios being the
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result of random experimental error but is consistent with this
variation having a physical origin.
Because work is an increasing function of the displacement,

larger work implies larger tracer displacement; namely, the
tracer can translate more easily than it can rotate. The fit
parameters of a certain mathematical function to the increasing
work ratios might potentially represent the rate of diffusion
decoupling for each system. Decoupling appears to increase
more rapidly for PAA systems.
For the most cross-linked or concentrated systems, their

behavior should be governed overwhelmingly by the elastic
contributioneven treating these systems as elastic solids
would be expected to be a reasonable approximation, so even if
the Kelvin−Voigt model imperfectly captures the viscosity’s
contribution to the overall behavior, this cannot on its own
account for the large discrepancies in the apparent moduli nor
for the large work ratios. The discrepancy is clearly both large
and depends on cross-linker mass fraction or xanthan
concentration, as does the work ratio (see Figures 5 and 9).
The weakest assumption in the foregoing equations is that each
individual particle is assumed to probe a stable, homogeneous
region. However, Stillinger and Hodgdon59 developed a model
for supercooled liquids, assuming them to have time-
dependent fluidlike and solidlike domains, which predicts
translational (but not rotational) microrheology yields of
viscosity to deviate from the bulk viscosity by 2 orders of
magnitude for the fluids examined. It is plausible that our
systems exhibit qualitatively similar behavior, i.e., also exhibit
time-dependent fluidlike and solidlike domains, the model’s
key assumptions.59 Polyacrylamide gels are known to exhibit
large dynamic heterogeneities,18 and xanthan’s tendency to
form aggregates makes dynamic heterogeneities highly
probable. Extending this argument to complex viscosity
could account for the discrepancy between the rotational and
the translational results.
In addition, the polymer networks might not be approx-

imately weakly compressible. If the assumption of weak
compressibility does not hold, since translational displacement
involves both Young’s modulus and the shear modulus, as it
inherently involves both extensional and shear deformation of
the medium, then Ws is not as described by eqs 23−29,
whereas Wσ is unaffected. Because both compressibility (and
therefore the relationship between Young’s modulus and the
shear modulus) and the nature of dynamic heterogeneities

(including time dependence) likely depend on the degree of
cross-linking or on xanthan concentration, these effects can
account for these parameters and the work ratios being
correlated.

IV. CONCLUSIONS
We present an experimental and theoretical study of the
discrepancies of microscopic viscoelastic properties observed
by translational and rotational microrheology. These discrep-
ancies stem from the decoupling of translational and rotational
diffusion of spherical probe particles inside an entangled matrix
independently of the matrix nature. The tracer diffusion
decoupling is enhanced by growing matrix rigidity and
slowdown of its dynamics. The theory predicts that the tracer
rotation within the matrix slows down faster than its
translation when its motion in the viscoelastic medium is
treated using the no-slip condition. The theoretical description
is in a good qualitative agreement with the experimental
results. The theory developed explains the moduli discrep-
ancies in terms of the different stress contributions of tracer
translation and rotation, as the former involves normal stresses.
Thus, if the polymer matrix’s compressibility is unknown, its
microrheology is best determined by tracer rotational motion;
on the other hand, translational microrheology may yield
valuable insights into the polymer matrix’s compressibility.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.macro-
mol.8b01005.

Figures S1−S7 (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: akozina@unam.mx (A.K.).
ORCID
Anna Kozina: 0000-0002-4287-2953
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Financial support from CONACyT (grants INFR 163241, CB
238618, CB 256599 and FC 1450) and DGAPA-UNAM (IA
100217) is gratefully acknowledged.

■ REFERENCES
(1) Mason, T. G.; Weitz, D. A. Optical Measurements of Frequency-
Dependent Linear Viscoelastic Moduli of Complex Fluids. Phys. Rev.
Lett. 1995, 74, 1250.
(2) Mason, T. G. Estimating the Viscoelastic Moduli of Complex
Fluids Using the Generalized Stokes-Eistein equation. Rheol. Acta
2000, 39, 371.
(3) Dasgupta, B. R.; Tee, S.-Y.; Crocker, J. C.; Frisken, B. J.; Weitz,
D. A. Microrheology of Polyethylene Oxide using Diffusing Wave
Spectroscopy and Single Scattering. Phys. Rev. E: Stat. Phys., Plasmas,
Fluids, Relat. Interdiscip. Top. 2002, 65, 051505.
(4) Harden, J. L.; Viasnoff, V. Recent Advances in DWS-based
Micro-rheology. Curr. Opin. Colloid Interface Sci. 2001, 6, 438.
(5) Moschakis, T.; Murray, B. S.; Dickinson, E. Particle Tracking
Using Confocal Microscopy to Probe the Microrheology in a Phase-
separating Emulsion Containing Nonadsorbing Polysaccharide.
Langmuir 2006, 22, 4710.

Figure 9. Work ratios due to translational (Ws) and rotational (Wσ)
motion of the tracers: (a) on variation of the cross-linker mass
fraction fbis in PAA networks and (b) on variation of xanthan
concentration in solutions. The values are calculated at frequencies of
100 (circles) and 5000 rad/s (squares). Error bars correspond to
approximate uncertainties. All four data sets have correlation
coefficients >0.8 and p-values <0.01.

Macromolecules Article

DOI: 10.1021/acs.macromol.8b01005
Macromolecules 2018, 51, 9203−9212

9210

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.macromol.8b01005
http://pubs.acs.org/doi/abs/10.1021/acs.macromol.8b01005
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01005/suppl_file/ma8b01005_si_001.pdf
mailto:akozina@unam.mx
http://orcid.org/0000-0002-4287-2953
http://dx.doi.org/10.1021/acs.macromol.8b01005


(6) Cardinaux, F.; Cipelletti, L.; Scheffold, F.; Schurtenberger, P.
Microrheology of Giant-micelle Solutions. Europhys. Lett. 2002, 57,
738.
(7) Apgar, J.; Tseng, Y.; Fedorov, E.; Herwig, M. B.; Almo, S. C.;
Wirtz, D. Multiple-Particle Tracking Measurements of Heterogene-
ities in Solutions of Actin Filaments and Actin Bundles. Biophys. J.
2000, 79, 1095.
(8) Cheng, Z.; Mason, T. G. Rotational Diffusion Microrheology.
Phys. Rev. Lett. 2003, 90, 018304.
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