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ABSTRACT: Supported lipid bilayers of 1,2-dioleoyl-snglycero-3-phosphocholine were formed on a silicon oxide
substrate, and the viscoelasticity of poly(ethylene glycol)
(PEG) solutions above the bilayer was subsequently studied by
quartz crystal microbalance with dissipation monitoring. No
detectable adsorption of PEG molecules to the bilayer was
found over a broad range of PEG molecular weight at various
concentrations. The viscoelastic properties of the PEG
solutions were obtained from the shifts in the resonance
frequency and the energy dissipation factor of the polymer
solution in contact with the resonator-supported lipid bilayer.
The resulting viscoelastic properties of PEG solutions were found to be in excellent agreement with the Zimm model for linear
polymer chains in a good solvent. The excluded volume scaling exponent ν for PEG in water shows an ideal-to-real crossover
with increasing molecular weight. The exponent adopts a value of 0.50 for short chains and gradually increases to 0.565 for long
chains. The onset of the excluded volume eﬀect of PEG in water, a good solvent, lies in the molecular weight range between 4000
and 8000.

■

INTRODUCTION
Viscoelasticity of polymer solutions has been the subject of
intensive research for several decades, which provides
considerable insights into the dynamics of polymer chains in
both dilute and concentrated regimes.1,2 Polymer solutions
usually have a wide spectrum of relaxation times which is not
easy to probe experimentally. Thus, it is necessary to employ
instrumentation operating at frequencies capable of probing the
whole relaxation time spectrum. However, commercial
rheometers employing oscillatory shear ﬂows generated by
cone-and-plate, parallel-plate, or tube geometries have a typical
upper frequency limit of about 100 Hz, which is not high
enough unless for high molecular weight polymers in a very
viscous solvent. Such a frequency limitation can often be
circumvented by employing time−temperature superposition
(TTS) for polymer solutions with good solvent conditions for
which the viscosity exhibits a strong dependence on temperature.1 However, TTS is not so eﬀective for aqueous polymer
solutions because the viscosity of water weakly depends on
temperature and water represents a good solvent only over a
limited temperature range depending on the polymer species.
Additionally, theories of polymer dynamics in solutions and
melts predict explicit scaling behaviors at high frequencies,3−6
which depend on the chain architectures, the ﬂexibility of the
chains, and the solvent−polymer interactions. Therefore, it is
© XXXX American Chemical Society

highly desirable to use experimental methods that can probe
the polymer dynamics in the high-frequency regime.
Diﬀusing wave spectroscopy can measure the viscoelasticity
of polymer solutions up to frequencies of about 100 kHz7 but is
not applicable, in general, to dilute polymer solutions.
Instruments based on the torsional resonator, which was
pioneered by Mason, 8 have been used to study the
viscoelasticity of polymer solutions up to hundreds of
kilohertz.9−11 Another potential technique to probe the
viscoelasticity of polymer solution at high frequency is the
quartz crystal microbalance with dissipation (QCM-D). QCM
was initially employed in air to measure the mass deposited on
a piezoelectric resonator according to the decrease of the
oscillation frequency12 and was later applied in liquid
environments.13−15 Similar to torsional resonators which are
working in the kilohertz range, QCM-D measures both
resonance frequency and bandwidth (or energy dissipation
factor) of the resonator in contact with the ﬂuids, from which
one can deduce the viscosity of Newtonian ﬂuids in the
megahertz frequency range.16 It is expected that QCM-D can
also measure the viscoelasticity of polymer solutions as
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torsional resonator did but at higher frequencies.16−19
However, it should be noted that the mass sensitivity constant
of the adsorption on the resonator is inversely proportional to
the square of the fundamental resonance frequency. Therefore,
the perturbations arising from polymer adsorption on the
resonator should be minimized in order to probe the
viscoelasticity of polymer solutions by QCM-D. This can be
achieved by coating the resonator surface with an inert
layer,20−22 such as a gold ﬁlm, a polymer layer, or a selfassembled monolayer or bilayer, which should be rigid and does
not cause adsorption of the studied polymer molecules. Recent
studies by Zhu et al. discussed the viscosity and shear modulus
of poly(ethylene glycol) (PEG) solutions near a gold-coated 5
MHz resonator, but unfortunately the high-frequency character
of the QCM-D results was not considered.20 Coating the quartz
crystal resonator with a supported lipid bilayer22 (SLB) is a
convenient and promising way to provide a nonadsorbing
interface for water-soluble polymers such as PEG and dextran.
PEG had been used for aggregating or fusing vesicles and cells,
which is believed to be governed by attraction induced by
polymer depletion from the vesicle membranes.23,24 The static
and hydrodynamic forces between two substrate-supported
lipid bilayers in PEG solution have been studied by surface
force apparatus, and a crossover from depletion attraction to
adsorption with increasing molecular weight of PEG was
observed.25 Recent studies on giant unilamellar vesicles
enclosing an aqueous solution of PEG and dextran revealed
the formation of nanotubes26 and budding transformations,27
two processes that depend on the membranes’ spontaneous
curvature that can be generated by depletion layers of the
dissolved polymers, as ﬁrst predicted in ref 28. Therefore, for
PEG solutions in contact with the SLB-coated quartz crystal
resonator, it is expected that PEG is depleted from the surface
and that the resonator primarily probes the viscoelasticity of the
solution because the thickness of the depletion layer is much
smaller than the viscous penetration depth of the resonator.
In the present paper, we study the formation of the SLB on
silicon oxide substrates followed by an investigation of the
viscoelastic properties of aqueous PEG solution in contact with
the SLB using QCM-D in the high-frequency regime of 5−65
MHz. The results are compared with the frame of the Zimm
model for linear polymer chains in a good solvent.

■

mL aqueous solution containing 150 mM NaCl under gentle
vortexing. Large unilamellar vesicles (LUVs) were obtained by
extruding the solution 31 times through a polycarbonate membrane
with a pore size of 100 nm via a mini-extruder (Avanti Polar Lipids
Inc.). The obtained liposomes have a narrow size distribution with
averaged diameter of 122 ± 2 nm, as determined by a Malvern
Zetasizer Nano ZS90 dynamic light scattering instrument. Vesicle
suspensions were stored at 4 °C and diluted to a lipid concentration of
0.1 mg/mL prior to use.
QCM-D. The adsorption kinetics and the properties of the adsorbed
layer were monitored on a Q-Sense E4 system (Biolin Scientiﬁc,
Sweden).30 The AT-cut quartz crystal sensors with a fundamental
resonance frequency of 4.95 MHz were cleaned with two cycles of the
following procedure before each usage: soaked in 2% SDS solution for
30 min, rinsed with ultrapure water, blow-dried with nitrogen gas, and
exposed to an ultraviolet (UV)/ozone cleaner for 15 min.22 QCM-D
experiments were carried out at 24 ± 0.02 °C in an exchange mode at
a ﬂow rate of 100 μL/min. At least 1.0 mL of degassed sample solution
was delivered into the chamber containing the sensor crystal (internal
volume 40 μL) to ensure a complete exchange of the liquid. The shifts
in the resonant frequency (Δf n) and the energy dissipation factor
(ΔDn) of the sensors were acquired simultaneously at multiple
harmonics (overtone number n = 1, 3, 5, 7, 9, 11, and 13).
The measurements were performed after mounting the crystals in
the ﬂow module and establishing a baseline with a buﬀer containing
150 mM NaCl solution. DOPC vesicle solution was pumped into the
chamber to form the supported lipid bilayers on the crystal surface,
followed by rinsing with the above buﬀer again. The buﬀer was
exchanged to water, before aqueous solution of PEG was pumped into
the chamber. The adsorption behavior of PEG solution of diﬀerent
molecular weights at various concentrations on the SLB was checked
one after another, and a suﬃcient amount of water was used to rinse
the SLB surface between each step. For comparison, the adsorption
behavior of sucrose solution of diﬀerent concentrations on the SLB
was also studied in the same way.
For a thin and rigid ﬁlm attached to the substrate, the Sauerbrey
equation describes the relationship between the frequency shift Δf n
and the adsorbed mass Δm.12 This equation has the form
Δm = −

(ρq μq )1/2 Δf
n
2f0

2

n

= −C

Δfn
n

(1)

where f 0 is the fundamental resonance frequency of the sensor (4.95
MHz), ρq is the density of quartz (2.648 g/cm3), μq is the shear
modulus of the crystal (2.947 × 1011 g cm−1 s−2), and C is the mass
sensitivity constant (18.0 ng cm−2 Hz−1 at f 0 = 4.95 MHz). For
Sauerbrey ﬁlms, the frequency shift Δf n is proportional to the overtone
number n and the dissipation shift ΔDn ∼ 0. However, a soft and
viscous adlayer will dissipate energy and damp the sensor oscillation.
In this case, one can get information about the stiﬀness of the adlayer
from the shift in the energy dissipation factor, which is deﬁned as the
energy dissipated per oscillation divided by the total energy stored in
the oscillator.
Density and Viscosity Measurements. The density of each
solution was measured at 24 ± 0.01 °C by a DMA 4500M density
meter (Anton Paar) with a resolution of 5 × 10−5 g/mL. The
viscosities of the solutions were determined by a stress-controlled
rheometer ARES-G2 (TA Instruments) with a cone-and-plate
geometry (with a cone diameter of 5 cm and a cone angle of 2.2°).
The measurements were performed in steady ﬂow mode with a shear
rate between 1 and 100 s−1 at 24 ± 0.1 °C by circulating water under
the lower steel plate.

MATERIALS AND METHODS

Materials. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) was
purchased from Avanti Polar Lipids Inc. and used without further
puriﬁcation; the lipids were stored at −20 °C upon arrival. PEGs of
diﬀerent molecular weights (Mw = 200, 400, 600, 1000, 1400, 2000,
4000, 6000, 8000, 10 000, 20 000, and 35 000) were obtained from
Sigma-Aldrich; they were desiccated in vacuum until no further
reduction in mass was observed before use. The polydispersities Mw/
Mn of these PEG samples are less than 1.1, according to gel
permeation chromatography measurement (Supporting Information
Table S1). Poly(ethylene oxide)s (PEOs), synonymous to PEG, with
higher molecular weight of 116 000, 278 000, and 443 000 were
obtained from Polymer Laboratories Ltd. All other reagents were of
analytical grade. All solutions were prepared using ultrapure water
from Sartorius water puriﬁcation system with a resistivity of 18.2 MΩ·
cm.
Preparation and Characterization of Liposomes. The liposomes were prepared by the extrusion method.29 About 400 μL
DOPC chloroform solution (concentration 10 mg/mL) was dried
under a gentle stream of nitrogen gas onto the walls of a continuously
rolled vial followed by desiccating in vacuum for 3 h to completely
remove the solvent. The dried lipid ﬁlm was then hydrated by adding 2

■

RESULTS AND DISCUSSION
Formation of the DOPC SLB. Figure 1 shows the
formation of a supported lipid bilayer from DOPC LUVs
with an average size of 122 ± 2 nm on a silicon oxide substrate
as monitored by QCM-D. After establishing the baseline with
buﬀer for about 5 min, DOPC liposome solution was pumped
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Figure 2. QCM-D signals for a series of subsequent experiments, in
which the SLB was exposed to aqueous solutions with diﬀerent
concentration of PEG-8000, interrupted by rinsing the SLB with water.
The signals from left to right are for 0.1, 0.5, 1.0, 2.0, 5.0, 10.0, and
20.0% PEG solutions, respectively. The time evolutions of the
frequency shift Δf 3/3 (black curve) and the dissipation shift ΔD3 (red
curve) and their ratio ΔD3/(−Δf 3/3) are shown in (A) and (B),
respectively. The signals for 0.1 and 0.5% PEG in (A) are enlarged and
shown as an inset. The black dashed line is a guide to the eyes with a
value of 0 for the baseline.

Figure 1. Formation of the DOPC SLB on a silicon oxide substrate
monitored by QCM-D. (A) Resonance frequency shifts Δf n/n and
energy dissipation shifts ΔDn for all seven harmonics as a function of
time. The frequency signals from bottom to top are for overtone
number n = 1, 3, 5, 7, 9, 11, and 13, respectively. The corresponding
dissipation signals at each overtone are shown with the same color as
frequency. The black dashed line is a guide to the eyes with a value of
0 for the baseline. (B) Ratio of the dissipation shift to the frequency
shift for the third overtone, ΔD3/(−Δf 3/3), as a function of time.

shown are for the third overtone). Upon PEG solution
pumping into the chamber, both resonance frequency and
energy dissipation shifted from the initial baseline. Both Δf n/n
and ΔDn signals reached plateau values in about 2−3 min.
However, after rinsing the chamber with water, both signals
went back to 0 quickly, indicating no irreversible adsorption of
PEG on the SLB. This process is the same for all
concentrations, except that the plateau values of Δf n/n and
ΔDn are more pronounced with increasing concentration.
Varying the molecular weight of PEG resulted in the same
behavior (Figure 3). It should be noted that the signals for 0.1%
PEG-8000 solution are rather small with Δf n/n = −(0.92 ±
0.12) Hz and ΔDn = (1.2 ± 0.05) × 10−6. At PEG
concentration below 0.01%, the signals cannot be distinguished
from the noise level (data not shown), indicating no detectable
adsorption of PEG on the DOPC SLB in our QCM-D. It had
been reported that the nonspeciﬁc adsorption of PEG-6000 on
silicon oxide (at concentrations below 0.01%) was very small
(with a large equilibrium dissociation constant KD = 2 × 10−5
mol/L, or 0.012%) by using a 55 MHz wireless−electrodeless
QCM,21 which is more sensitive to detect adsorption than the 5
MHz QCM used in the present study (the limit of detection
scales with f 0−1 in air and f 0−1/2 in liquid19). We compared the
adsorption behavior of PEG on the SLB with that on the bare
silicon oxide substrate. It was found that both −Δf n/n and ΔDn
signals in the presence of PEG solutions on the SLB are smaller
than those on the bare silicon oxide at the same PEG

into the chamber at 6.7 min; a decrease of the resonance
frequency and an increase of the energy dissipation factor were
observed, caused by the deposition of liposomes on the
hydrophilic substrate. The frequency shifts, Δf n/n, decreased to
values between −47 and −33 Hz (the value is diﬀerent for each
overtone) at 9.1 min, before the signals reached a plateau value
of −24 Hz (the value is the same for all harmonics) after 13.0
min. This is due to the rupture of adsorbed liposomes to form
supported lipid bilayers and the release of trapped water. The
corresponding dissipation shifts, ΔDn, reached n-dependent
maxima of about 5.0 × 10−6 for the adsorbed liposomes before
stabilizing at n-independent values of (0.1−0.2) × 10−6 for the
rigid bilayers. The ratio between the dissipation shift and the
frequency shift ΔDn/(−Δf n/n) showed a transition from a
value more than 10−7 Hz−1 for the “soft” liposomes to a value
less than 10−8 Hz−1 for the “rigid” bilayers. The scenario of
vesicle adsorption followed by rupture observed by QCM-D is
in good agreement with previous observations in diﬀerent
experiments and is supported by the theory.22,30−37
PEG Solutions in Contact with the SLB-Coated
Resonator. After the DOPC bilayer had been formed on the
resonator substrate, aqueous PEG solution was subsequently
brought into contact with the DOPC SLB. Figure 2 shows the
time evolutions of the frequency shift and the dissipation shift
for PEG-8000 aqueous solution on the DOPC SLB at weight
fractions of 0.1, 0.5, 1.0, 2.0, 5.0, 10.0, and 20.0% (the data
C
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dissipation shift for sucrose solutions in contact with the
DOPC SLB (Supporting Information Figures S1−S3). Both
−Δf n/n and ΔDn showed good agreement with eqs 2 and 3,
and the obtained viscosity agreed very well with the bulk
solution viscosity measured by a rheometer. Therefore, forming
a SLB on the quartz resonator does not prevent it as a sensor
for ﬂuid viscosity and density. Instead, the bilayer served as a
rigid nonadsorbing interface to prevent the nonspeciﬁc
adsorption between the bare silicon oxide substrate with the
solutions in the chamber, and the resonator can be used to
study the viscosity and density of the Newtonian ﬂuids.
According to eqs 2 and 3, the ratio between the dissipation shift
and the frequency shift is
ΔDn
2
=
f0
−Δfn /n

(4)
−7

which is 4.04 × 10 Hz for f 0 = 4.95 MHz. However, a large
value of 1.3 × 10−6 Hz−1 for PEG-8000 is observed (Figure
2B), indicating that PEG with molecular weight of 8000 shows
non-Newtonian behavior in the frequency range of QCM-D
and that eqs 2 and 3 are not applicable.
QCM-D measurements for PEG over a broad molecular
weight ranging from 200 up to 35 000 were performed. Figure
3 shows the typical QCM-D measurement for dilute aqueous
solutions with 2.0% PEG of diﬀerent molecular weight on the
DOPC SLB. No irreversible adsorption of PEG solution on the
SLB was found over such a broad molecular weight range. The
ratio ΔDn/(−Δf n/n) for PEG with molecular weight 200, 400,
600, and 1000 is close to the theoretical value of 2/f 0 = 4.04 ×
10−7 Hz−1 for Newtonian ﬂuids, and it increases with molecular
weight to 2.1 × 10−6 Hz−1 for PEG-35000. Therefore, the
elastic property of PEG solution is getting stronger for higher
molecular weight PEG.
For a viscoelastic ﬂuid in contact with an oscillating quartz
resonator,18,19 its complex-valued viscosity as obtained from the
frequency shift and the dissipation shift leads to the dynamic
viscosity
πρq μq Δf ΔΓn
n
η′(ω) = −
ρl fn
f0 2
(5)

Figure 3. QCM-D signals for a series of subsequent experiments, in
which the SLB was exposed to 2.0% PEG aqueous solution with
diﬀerent molecular weights. The signals from left to right are for PEG
with molecular weight of 200, 400, 600, 1000, 1400, 2000, 4000, 6000,
8000, 10 000, 20 000, and 35 000, respectively. (A) and (B) are the
frequency shift Δf 3/3 (black curve) and the dissipation shift ΔD3 (red
curve) and their ratio ΔD3/(−Δf 3/3), respectively. The red dashed
line is the theoretical value of ΔD3/(−Δf 3/3) = 2/f 0 for Newtonian
ﬂuids.

concentration between 0.1% and 1.0%, indicating the reversible
adsorption of PEG on the resonator surface is successfully
eliminated by the SLB coating. Previous QCM-D studies by
Zhang et al. using the same 5 MHz resonator also found that
PEG with a molecular weight of 5000 did not adsorb to the
SLB, but PEG with enough hydrophobic end groups did adsorb
to the bilayer.38 The SLB plays the role of a nonadsorbing
interface for PEG molecules, in agreement with the literature
that PEG is depleted from lipid bilayers.23−25 The eﬀect of
depletion on viscosity of PEG solution is arguably small;25
therefore, both the frequency shifts and the dissipation shifts
should primarily reﬂect changes in the solution properties, as
shown below.
For a quartz resonator in contact with a Newtonian ﬂuid, the
frequency shift and the dissipation shift are13−16
−

Δfn
n

=

⎛ η ρ ⎞1/2
l l ⎟
⎟
⎝ πμq ρq ⎠

n−1/2f0 3/2 ⎜⎜

and the storage viscosity
2
2
1 πρq μq ΔΓn − Δfn
η″(ω) =
2 ρl fn
f0 2

ΔDn =

⎛ η ρ ⎞1/2
l l ⎟
⎟
πμ
⎝ q ρq ⎠

(6)

where the shift of the half-bandwidth ΔΓn = ΔDn f n/2 with f n =
nf 0 the frequency at each overtone n. Note that the complex
viscosities are functions of the angular frequency ω = 2πf n.
Here one assumes that the SLB is rigid, which is justiﬁed by the
value of nearly zero for the dissipation of the SLB (Figure 1A).
A related version had been derived by Mason et al. for torsional
resonator.8 A Voigt model has also been developed to correlate
the QCM-D data with the viscoelasticity of the overlayer.17 It
was found that the above two procedures end up with the same
results (Supporting Information), which will be reported in the
next section.
Viscoelasticity of PEG Solutions Probed by QCM-D.
When we vary the molecular weight of PEG for ﬁxed PEG
concentration, the quantities Δf n/n and ΔDn change nonmonotonically with molecular weight. This nonmonotonic
behavior is more clearly seen in Figure 4, where both −Δf n/n
and ΔDn are plotted as functions of PEG molecular weight.

(2)

and
2n−1/2f01/2 ⎜⎜

−1

(3)

where ηl and ρl are the solution viscosity and density,
respectively. We have studied the frequency shift and
D
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Figure 4. Molecular weight dependence of (A) the frequency shift
−Δf n/n and (B) the dissipation shift ΔDn for 2.0% PEG/PEO aqueous
solution on a SLB of DOPC. The values from top to bottom are for
overtone number n = 1, 3, 5, 7, 9, 11, and 13, respectively.

Both −Δf n/n and ΔDn are increasing with molecular weight in
the low-Mw region but behave diﬀerently in the high-Mw
region: a peak for −Δf n/n is observed followed by a decrease
to a plateau value at Mw ≥ 35 000, while ΔDn is continuously
increasing with Mw to a plateau value at Mw ≥ 35 000. Another
three PEO samples with higher Mw were examined to show
indeed both −Δf n/n and ΔDn reach plateau values in the highMw range. It is interesting to note that both the frequency shift
−Δf n/n and the dissipation shift ΔDn are strongly dependent
on the overtone number n: both signals are getting lower with
increasing overtone number n; the Mw at the peak for −Δf n/n
and at the transition point for ΔDn are getting lower for higher
overtone number n. These observations indicated that the
elastic properties are getting stronger at either increasing Mw or
higher frequency.
Using eqs 5 and 6, we calculate the complex viscosities of all
PEG/PEO solutions. Figure 5 shows the dynamic viscosity η′
and storage viscosity η″ for 2.0% PEG/PEO aqueous solution
obtained from QCM-D. Both viscosities increase with
increasing Mw until a plateau value is reached. There seems
to be a small peak for η′ before it comes to the plateau region,
while η″ is increasing monotonically with Mw up to the plateau
region. In the low-Mw regime with 200 ≤ Mw ≤ 1000 (for n = 1,
the upper limit is shifting to low-Mw region for higher n), it was
found that the storage viscosity η″ ≈ 0 and the dynamic
viscosity η′ ≈ η where η is the bulk solution viscosity measured
by a rheometer, corresponding to the behavior of a Newtonian

Figure 5. Molecular weight dependence of (A) the dynamic viscosity
η′ and (B) the storage viscosity η″ for 2.0% PEG/PEO aqueous
solution obtained from QCM-D. The values from top to bottom are
for overtone number n = 1, 3, 5, 7, 9, 11, and 13, respectively. (C)
Viscosity η of 2% PEG/PEO solution measured by a rheometer under
steady shear ﬂow (open circles) is compared with the dynamic
viscosity η′ obtained from the ﬁrst overtone (solid squares).

ﬂuid. Both −Δf n/n and ΔDn show a scaling law as n with
exponents of −1/2 (Supporting Information Figure S4) as
expected from eqs 2 and 3. In the high-Mw regime, PEG
solutions show non-Newtonian behavior with η″ ≠ 0 and η′ <
η. Both −Δf n/n and ΔDn scale as n with exponents smaller than
−1/2, which is another indication of non-Newtonian behavior.
The Mw values for the crossover point between the two regimes
shift toward smaller values for higher frequencies.
The shear modulus contributed from the polymer can be
calculated via G′ = ωη″ and G″ = ω(η′ − ηs), where G′ is the
storage modulus, G″ is the loss modulus, and ηs is the solvent
viscosity. In Figure 6, we plot the reduced storage modulus
G′Mw/(cRT) and reduced loss modulus G″Mw/(cRT) as
E
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from the QCM-D measurement, which is acting as a
microrheometer working in oscillation shear mode at high
frequency. It should be noted that the amplitude of the
oscillation motion is no more than a few nanometers, ensuring
the measurements of the linear viscoelasticity by QCM-D.18,19
Taking a closer look into Figure 6, we ﬁnd that the data for
the intermediate range of ωτ seem to be slightly deviating from
the Zimm model for a good solvent with ν = 0.565. A change to
ν = 0.50 ﬁts the data perfectly. Since these data are in the low
molecular weight range, the excluded volume eﬀect is small due
to the ﬁnite size of the polymer, and ν = 0.50 is expected.
Below we deduce the excluded volume exponent ν from our
measurements (Figure 7).

Figure 6. Reduced storage modulus G′Mw/(cRT) (solid symbols) and
loss modulus G″Mw/(cRT) (open symbols) for all PEG (circles) and
PEO (diamonds) samples. The solid curves are the predictions of the
Zimm model with the excluded volume exponent ν = 0.565. The
dashed lines are guides to the eyes with the theoretical scaling
exponents of 2.0 for G′Mw/(cRT) and 1.0 for G″Mw/(cRT) in the
region of ωτ ≪ 1, and 1/(3ν) = 0.590 for both modulus in the region
of ωτ ≫ 1.

functions of ωτ for all PEG/PEO samples of diﬀerent
molecular weight Mw.1,6,39 Here c is the polymer mass
concentration, R is the gas constant, T is the absolute
temperature, and τ is the Zimm relaxation time as given by6

τ = 0.325

ηsR̅ 3
kBT

Figure 7. Excluded volume scaling exponent ν as a function of
molecular weight of PEG/PEO samples. The dashed line is a ﬁtting to
the data. The left insets show the molecular weight dependence of the
storage modulus G′ and loss modulus G″. The values from bottom to
top are for overtone number n = 1, 3, 5, 7, 9, 11, and 13, respectively.
The dashed lines are guides to the eyes with scaling exponents of 2.0
for G′ and 0.5 for G″. The right inset shows the reduced storage
modulus G′Mw/(cRT) (solid symbols) and loss modulus G″Mw/(cRT)
(open symbols) for PEG-8000 (squares), PEG-35000 (circles), and
PEO-443k (diamonds). The solid lines are ﬁttings of the data in the
region of ωτ > 10 to scaling laws, and the obtained exponents are
listed nearby.

(7)

where kB is the Boltzmann constant and R̅ is the end-to-end
distance of polymer with R̅ = 61/2Rg. The radius of gyration Rg
can be obtained from its molecular weight according to the
scaling relation of Rg ∼ Mwν. Here we use the relation of Rg
(nm) = 0.0215Mw0.583 for high molecular weight PEG/PEO
samples.40 While for PEG with Mw < 2000, Rg (nm) =
0.0405Mw0.50 estimated from viscosity measurement was
employed.41,42 Below we will show that the excluded volume
exponent ν can be deduced from our data, which is close to the
above values.
In Figure 6, we also plot the Zimm model predictions of the
storage and loss modulus for dilute solutions of linear polymer
chains:39,43

According to eqs 7−9, in the region of ωτ ≪ 1, one has
G′ ∼

G′M w
ωτ sin[(1 − 1/(3ν)) arctan(ωτ )]
=
cRT
[1 + (ωτ )2 ](1 − 1/(3ν))/2

(8)

G″ M w
ωτ cos[(1 − 1/(3ν)) arctan(ωτ )]
=
cRT
[1 + (ωτ )2 ](1 − 1/(3ν))/2

(9)

(ωτ )2
∼ M w 6ν− 1
Mw

(10a)

ωτ
∼ M w 3ν− 1
Mw

(10b)

and

G″ ∼

while in the region of ωτ ≫ 1, one obtains

It can be seen that the shear modulus data for all samples
collapse to single curves, which are very close to the Zimm
model predictions with ν = 0.565. In the region of ωτ ≪ 1, the
scaling exponents are 2.0 for G′Mw/(cRT) and 1.0 for G″Mw/
(cRT). While in the region of ωτ ≫ 1, both modulus had the
same scaling exponents of 1/(3ν) = 0.590. These results are in
excellent agreement with the theoretical Zimm model of linear
polymer chains in a good solvent. It indicated that the
viscoelastic properties of polymer solution can be obtained

G′ ∼

(ωτ )1/(3ν)
∼ M w0
Mw

(11a)

(ωτ )1/(3ν)
∼ M w0
Mw

(11b)

and
G″ ∼
F
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In the left insets of Figure 7, G′ and G″ are plotted as functions
of PEG/PEO molecular weight. In the region of ωτ ≪ 1 for
400 ≤ Mw ≤ 2000 (n = 1 and 3), one ﬁnds G′ ∼ Mw2.03±0.05 and
G″ ∼ Mw0.49±0.02, which lead to ν = 0.500 ± 0.007 for PEG with
400 ≤ Mw ≤ 2000. PEG-200 shows slightly lower exponents
since it contains only four monomers, which agrees with the
previous viscosity measurements.41,42 For PEG-4000, the
lowest value of ωτ is 0.66 for n = 1, already outside the region
of ωτ ≪ 1, so one cannot estimate its ν. In the region of ωτ ≫
1 (Mw ≥ 20 000 for n = 1), both G′ and G″ are indeed
independent of molecular weight.
On the other hand, in the high molecular weight region with
ωτ ≫ 1, we can ﬁt the data in Figure 6 for each sample
individually with G′Mw/cRT ∼ (ωτ)1/(3v) and G″Mw/cRT ∼
(ωτ)1/(3v). In this way, the exponent ν can be deduced from the
frequency dependence of the shear moduli for each molecular
weight Mw separately. On the contrary, if one derives ν from all
the data sets together, the uncertainty of Mw and foreknown ν
enter the analysis since they are related to τ by eq 7. The right
inset of Figure 7 shows three examples (PEG-8000, PEG35000, and PEO-443k) of such ﬁttings for ωτ > 10. From the
scaling exponents, we obtain the excluded volume exponent ν =
0.494 ± 0.007 (PEG-8000), 0.549 ± 0.003 (PEG-35000), and
0.569 ± 0.007 (PEO-443k), respectively. We also perform
scaling analysis for the frequency dependence of the complex
viscosities according to (η′ − ηs) ∼ ω(1/3ν−1) and η″ ∼ ω(1/3ν−1),
and the obtained ν are the same as we have shown in Figure 7
(Supporting Information Figure S5). It should be noted that for
PEG-8000 the scaling analysis is performed in a limited
frequency range, corresponding to overtones n = 5−13, since
the value of ωτ is not big enough for n = 1 and 3. However, the
obtained exponent of 0.494 ± 0.007 is still reasonable. In
Figure 7, it is shown that the excluded volume exponent ν is
gradually increasing from 0.50 (400 ≤ Mw ≤ 2000) to 0.565
(Mw ≥ 100 000) with increasing molecular weight. The PEG
Mw at the onset of the transition is between 4000 and 8000.
Kawaguchi studied the molecular weight dependence of the
intrinsic viscosity of PEG/PEO in water42 and also found a
transition for the exponent α in the scaling law [η] ∼ Mwα; they
observed 0.50 for Mw ≤ 6000 and 0.679 for Mw ≥ 6000. Not
only the Mw at the transition point is close, but also the
exponents agree well by considering the relation α = 3ν − 1.
Eshuis et al. studied the dynamic moduli of PEG solutions by a
torsional resonator up to 250 kHz;44 a shifting procedure for
two monodisperse PEG samples with Mw of 12 800 and 29 300
gave ν = 0.565 at 20 °C and ν = 0.54 at 30 °C, also in accord
with our results at 24 °C. It should be noted that the current
method from viscoelasticity of polymer solution can give the
value of ν at each molecular weight, without the need to do
scaling analysis on the molecular weight. For linear long
polymer chains in a good solvent, where excluded volume
eﬀects are appreciable, polymer physics theory predicted Rg ∼
Mwν with ν = 0.588.6 However, for short chains with a size
below the thermal blob size, the self-avoidance is not
signiﬁcant, and the chain assumes an ideal random-walk
conﬁguration.39 Therefore, a certain polymer in a good solvent
can display an ideal-to-real crossover with increasing chain
length; the crossover reﬂects the size of the thermal blob. Saleh
et al. had performed single-molecule elasticity measurements of
PEG in water;45 they found the thermal blob size of PEG to be
6 nm and the onset of the excluded volume to be roughly 100
ethylene oxide units, i.e., with Mw ∼ 4400. Our results are in

good agreement with the outcome of this sophisticated
experiment.
Therefore, one can conclude that the shifts in the resonance
frequency and the energy dissipation factor in the QCM-D
measurements of PEG solutions on the rigid resonatorsupported lipid bilayer are due to the viscoelastic properties
of the polymer solutions. QCM-D can be employed to study
the viscoelastic properties of polymer solution at megahertz
frequency, which is very useful for short polymer chains and is
complementary to the rotational rheometer and torsional
resonator rheometer working in the lower frequency regimes.
QCM-D measurements are performed over tens of milliseconds
and, thus, over time scales that are much longer than the period
of the oscillatory motion, ensuring that the systems can reach a
steady state. Therefore, these measurements should probe the
viscoelasticity of polymer solution in the megahertz frequency
range in a rapid and accurate way. The use of a SLB as an
intermediate layer between the resonator and the bulk liquid to
be studied is beneﬁcial with regard to viscoelasticity measurements because the SLB provides a rigid nonadsorbing interface.
One might also passivate the resonator with other inert layers
to study the viscoelasticity of diﬀerent polymer species.

■

CONCLUSIONS
PEG solutions of diﬀerent molecular weights at various
concentrations were exposed to supported lipid bilayers of
DOPC and studied by QCM-D. No adsorption of PEG
molecules could be detected on the bilayer. The viscoelastic
properties of the PEG solution were obtained from the shifts in
the resonance frequency and the energy dissipation factor due
to the presence of PEG solution at the resonator. Good
agreement of the viscoelastic properties of PEG solution with
the Zimm model for linear polymer chains in a good solvent
was found, as shown in Figure 6. The excluded volume scaling
exponent ν for PEG/PEO in water shows an ideal-to-real
crossover with increasing molecular weight, i.e., from ν = 0.50
for short chains to ν = 0.565 for long chains, as demonstrated in
Figure 7. The onset of the excluded volume eﬀect of PEG in
water, a good solvent, occurs at molecular weight between 4000
and 8000.
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1

Molecular Weight Distribution of PEG and PEO Samples. The molecular weights of 12
PEG samples and 3 PEO samples were determined by a gel permeation chromatography
equipped with either two PL aquagel-OH 30 or two PL aquagel-OH mixed-H columns
(7.5×300mm) with refractive index detection. Water containing 0.02% NaN3 was used as the
eluent at a flow rate of 1.0 mL/min. The columns were calibrated with narrow PEG/PEO
standards from Polymer Laboratories Ltd. Table S1 summarized the molecular weight data of
these PEG and PEO samples.
Relations of the Frequency Shift and the Bandwidth Shift with the Complex Viscosity.
Rearrangements of eqs (5) and (6) in the main text lead to the frequency shift
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On the other hand, the Voigt model relates the viscosity and elasticity of the overlay with the
frequency shift and the dissipation shift via1
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where hq = (μq/ρq)1/2/2f0. After renaming the variables (μ → η''ω, η → η'),2 the frequency shift
can be written as
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and the bandwidth shift, Δn = ΔDnfn/2, is
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Apparently eqs (S1)-(S2) seem to take concise albeit different forms with eqs (S5)-(S6). In
these equations, the pre-factor K 

n

 q  q

f 03 / 2 is a constant for each overtone. By assuming η'

= kη'' with k the ratio between the dynamic viscosity and storage viscosity, these equations can
be simplified to functions of η'' and k
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We have plotted the terms in the square bracket as functions of k, and found those from eqs
(S7)-(S8) coincide exactly with those from eqs (S9)-(S10). Actually some algebraic calculations
show these equations are actually the same, since
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Therefore we concluded that the procedures from eqs (5) and (6) and the Voigt model gave the
same results.
Viscosity of Sucrose Solutions on the DOPC SLB. After forming supported lipid bilayer of
DOPC on silicon oxide substrate, the adsorption behavior of sucrose solution was subsequently
studied at sucrose weight fraction wsucrose of 0.50, 1.0, 2.0, 5.0, 10.0, 20.0, 25.0, and 50.0%. The
resonance frequency and the energy dissipation factor for all 7 harmonics (overtone number n =
1, 3, 5, 7, 9, 11, and 13) were monitored as the sucrose solution pumping into the chamber
followed by rinsing with water (Figure S1). The shifts in the resonance frequency and the energy
dissipation factor induced by sucrose solution disappear as soon as the sucrose solutions had
been rinsed away by water, indicating no irreversible adsorption. The plateau values of the
frequency shift and the dissipation shift in the presence of sucrose solution were plotted as a
function of the overtone number n, both showing the scaling laws of -Δfn/n ~ n-1/2 and ΔDn ~ n-1/2
(Figure S2). The complex viscosities obtained from QCM-D show the behaviors of typical
Newtonian fluids with dynamic viscosity η' = constant and storage viscosity η'' = 0, and the
obtained η' agreed well with the bulk solution viscosity measured by a rheometer (Figure S3).
Scaling Laws for the Frequency Shift, the Dissipation Factor Shift, and the Complex
Viscosities of PEG/PEO Solutions on the Normalized Frequency. Figure S4 shows the
dependence of the frequency shift-Δfn/n, the dissipation factor shift ΔDn on the normalized
frequency ωτ. The scaling exponents decrease from -1/2 for low molecular weight PEG to -0.9
for high molecular weight PEG/PEO. Figure S5 shows the dependence of the polymer
contributed complex viscosity on the normalized frequency in the region of ωτ > 10. The scaling

4

exponents for high molecular weight PEOs is about -0.41, in accord with the value of 1/(3ν)-1
with ν = 0.565.
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Table S1. Molecular weight data of PEG and PEO samples.
samplea

supplier

Mw (g/mol)

Mn (g/mol)

Mw/Mn

PEG-200

SAb

201

183

1.10

PEG-400

SA

414

370

1.12

PEG-600

SA

631

591

1.07

PEG-1000

SA

992

936

1.06

PEG-1400

SA

1430

1350

1.06

PEG-2000

SA

2040

1980

1.03

PEG-4000

SA

4030

3900

1.03

PEG-6000

SA

5720

5430

1.05

PEG-8000

SA

8330

7970

1.05

PEG-10000

SA

10240

9450

1.08

PEG-20000

SA

19600

18160

1.08

PEG-35000

SA

31330

28650

1.09

PEO-116k

PLc

108700

99600

1.09

PEO-278k

PL

278700

248400

1.12

PEO-443k

PL

399900

312700

1.28

a

The numbers in the sample name are weight-average molecular weight Mw as given by
suppliers. b Sigma-Aldrich. c Polymer Laboratories Ltd.
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Figure S1. A typical QCM-D measurement for 2.0% sucrose aqueous solution on a SLB of
DOPC. (A) Resonance frequency shifts Δfn/n and the energy dissipation shifts ΔDn for all seven
harmonics as a function of time. The frequency signals from bottom to top are for overtone
number n = 1, 3, 5, 7, 9, 11, and 13, respectively. The corresponding dissipation signals at each
overtone are shown with the same color as frequency. (B) Ratio of the dissipation shift to the
frequency shift for the third overtone, ΔD3/(-Δf3/3), as a function of time. A constant value very
close to the theoretical value of ΔD3/(-Δf3/3) = 2/f0 (the red dashed line) was observed.
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Figure S2. Dependence of (A) the frequency shifts –Δfn/n and (B) the dissipation shifts ΔDn on
the overtone number n. The data from bottom to top are for solution with sucrose weight fraction
wsucrose of 0.50, 1.0, 2.0, 5.0, 10.0, 20.0, 25.0, and 50.0%, respectively. The solid lines are fitting
to the data with scaling exponents of -1/2 (the dash lines serve as guides to the eyes).
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Figure S3. Dynamic viscosity η' (open squares) and storage viscosity η'' (open circles) of sucrose
solution obtained from QCM-D as a function of sucrose weight fraction wsucrose. The viscosity η
of sucrose solution measured by a rheometer under steady shear flow is also shown (open
diamond). The inset shows the complex viscosities of 2.0% sucrose solution for all harmonics
from overtone number n = 1 up to 13.
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Figure S4. Dependence of (A) the frequency shifts –Δfn/n and (B) the dissipation shifts ΔDn on
ωτ for 2.0% PEG/PEO aqueous solution on a SLB of DOPC. The data from left to right are for
PEG/PEO with molecular weight of 200, 400, 600, 1000, 1400, 2000, 4000, 6000, 8000, 10000,
20000, 35000, 116000, 278000, and 443000, respectively. The solid lines serve as guides to the
eye with scaling exponents of -1/2 for low molecular weight PEG and -0.9 for high molecular
weight PEG/PEO.
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Figure S5. Dependence of polymer contributed dynamic viscosity η'-ηs (A) and storage viscosity
η'' (B) on ωτ for 2.0% PEG/PEO aqueous solution obtained from QCM-D. The data from left to
right are for PEG/PEO with molecular weight of 8000, 10000, 20000, 35000, 116000, 278000,
and 443000, respectively. The solid lines are fittings of the data in the region of ωτ > 10 to
scaling laws and the obtained exponents are listed nearby.
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