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We present a study of the rheological phenomenology of a non-Newtonian glass former within
hybrid microchannels above the vitrification region. We determined the temperature behavior of the
viscosity, which is well fitted by a Vogel-Fulcher-Tamman law for shear rates between 4�10−2 and
9�10−1 s−1. The microflow viscosity was compared with previously reported conductivity data of
the investigated molecular system. Our findings provide an insight into the coupling between the
structural dynamics in the bulk and that within the microchannels, suggesting lithographically
defined microfluidic systems as promising tools for the investigation of the rheological properties of
complex liquids. © 2007 American Institute of Physics. �DOI: 10.1063/1.2789426�

I. INTRODUCTION

Amorphous materials are ubiquitous in nature and in
modern technology and materials science, spanning from
metallic composites to conjugated polymers.1,2 Cooling de-
termines the slowing down of the molecular motion and con-
sequently the dramatic increase of the liquid viscosity ���
and relaxation time. A number of experimental techniques
were employed so far in order to gain insight into the super-
cooled molecular dynamics.3–9 However, the rationalization
of the role of the topological disorder in determining the
physical properties of molecular systems under vitrification
is not yet achieved, and the different proposed theoretical
approaches10–13 still provide an incomplete predictive capa-
bility.

Upon approaching the glass transition temperature Tg,
amorphous materials are characterized by large viscosity
��1013 P�, and the slowing down of the structural dynamics
close to Tg is reasonably well described by the Vogel-
Fulcher-Tamman �VFT� law,14

��T� = �0 exp
DT0

T − T0
, �1�

where D is the strength parameter, �0 indicates the viscosity
for very high temperature, and a divergence of the viscosity
and the structural relaxation time is predicted at T0 �Vogel
temperature�. Many recent works indicated the existence of a
crossover region well above Tg��1.2Tg�, where a number of
phenomena priming the glass transition occur. These include
changes in structural dynamics,15 splitting between the main
and secondary relaxations,16 increase of the intermolecular
cooperative coupling,17 and failure of the coupling between
translational and rotational dynamics established by the
Debye-Stokes-Einstein �DSE� relations.16,18 According to the
DSE model, � and the conductivity ��� should be related by
��=nie

2 /6�r=const, where ni, e, and r are the density, the

charge, and the hydrodynamic radius of the charge carrier
particles in the liquid.

The rheology of polymeric liquids and organics near
solid walls, with thickness ranging from tens of nanometers
to tens of micrometers, is also important for the develop-
ment of many applications, such as coatings, nano- and
microtechnologies involving solid-fluid interfaces, spin coat-
ing of films for lithographies and plastic optoelectronics,19

and micronanofluidic devices.20 In particular, microfluidics
can open new perspectives in the basic study of fluids since
the penetration motion in microscale capillaries is strictly
related to the rheology of the filling liquid, and microchannel
devices operate with small volumes �picoliters to microliters�
of chemicals and low costs. Significant advancements have
been made on lab-on-chip technology, whereas rare attempts
have been devoted to fundamental understanding of such
fluid motion. Analytical chips can allow one to investigate
glass formers under laminar conditions and high surface to
volume ratio, and the microchannels can be engineered �pat-
terned, made more polar,21 etc.� to explore different bound-
ary conditions for the flow. For instance, many surfaces, es-
pecially hydrophobic, can determine slip �i.e., a nonzero slip
length�22 at the solid-liquid interface, with an enhancement
of the flow rate.23

In general, the remarkable variation of the fluid viscosity
upon varying temperature renders glass formers very suitable
for the observation of the fluid motion within lithographi-
cally defined microchannels since the rate of penetration in-
creases upon decreasing the fluid viscosity. Fragile com-
pounds, which are characterized by small values of D, are
particularly interesting for temperature-resolved microfluidic
measurements, since showing a more evident slowing of
their dynamics upon decreasing temperature.

Within microchannels, the shear-rate ��̇� behavior of liq-
uids has also to be taken into account. Unlike Newtonian
fluids, which are characterized by a linear relation between
shear stress ��� and �̇ ��=��̇�, a lot of bio-organic24 and
polymeric compounds exhibit nonlinear mechanical proper-a�Electronic mail: salvatore.girardo@unile.it
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ties and peculiar viscoelastic behavior.25 In the case of non-
Newtonian systems, microfluidics can be particularly useful
since the capillary motion directly probes the fluid viscosity
and allows one to investigate a full range of �̇ in a single
penetration run into microchannels.

In this study, we applied microfluidics for the investiga-
tion of the rheological properties of a non-Newtonian glass
former, i.e., the cresyl glycidyl ether �CGE�, and the tem-
perature dependence of the viscosity in the range 1.4–1.6Tg.
The temperature behavior is well fitted by a VFT law, whose
structural parameters were compared with previously re-
ported conductivity data of CGE. Our findings, indicating a
DSE coupling between the bulk conductivity and the viscos-
ity of the non-Newtonian fluid under laminar flow, suggest
lithographically defined microfluidic systems as promising
tools for the investigation of the rheological properties of
complex liquids.

II. EXPERIMENTAL SECTION

CGE �molecular weight of about 164, inset of Fig. 1�
was purchased from Sigma-Aldrich and used as received.
The compound, which is in liquid form at room temperature,
was used as received, without dilution in any solvent. Epoxy
compounds such as CGE revealed to be especially suitable
for dielectric spectroscopy,16,26,27 by virtue of the large
dielectric susceptibility, permitting accurate impedance
measurements. In addition, they get a weak frequency-
independent conductivity by ionic impurities, allowing one
to study the coupling between translational and rotational
diffusion16,25 and they often possess also a large optic sus-
ceptibility, thus being very suitable to compare results ob-
tained by different experimental approaches.28

The microchannels of our assembled device, of height
�h��1.2 �m, width�17.0 �m, and length �L��1 cm,
were realized by the contact superposition of a polydi-
methylsiloxane �PDMS� element, negatively replicating a
template realized by optical lithography �cross section in
the inset of Fig. 1�, and a substrate of Si–SiO2.29 The elas-
tomeric replicas were obtained by the in situ polymerization
�140 °C for 15 min� of PDMS �Sylgard 184 by Dow Corn-

ing, Midland, MI, A :B 1:9� according to a standard replica
molding procedure.

An integrated ruler was fabricated side by side with the
planar capillary, allowing us to accurately measure the mi-
crofluidic filling rate by optical microscopy.30 The system
temperature was varied between 293 and 333 K, avoiding
thermal gradients during measurements. We could not ob-
serve any evaporation phenomena during measurements.

In addition, rheological measurements were carried out
by a rotational rheometer �TA Instruments Inc.� equipped
with a dual range rebalance transducer. A Couette geometry
with bob and cup sizes of, respectively, 34 and 32 mm filled
with 15 ml of sample volume was employed, with shear rates
between 10−1 and 102 s−1.

III. RESULTS AND DISCUSSION

The coordinate, z, of the liquid front along the micro-
channel increases during the capillary penetration according
to the temporal dependence, z=At	, where one usually
employs 	=0.5 �Washburn equation�31 and A��P /��1/2,
P being the effective pressure difference driving the capillary
motion. Though a simplified Newtonian �	=0.5� description
is largely adopted for the lithographic applications of
microfluidics,31–33 experimental findings for organics in
microchannels often exhibit remarkably different behaviors
with the consequence of an effectively halted capillary
flow.32 The CGE viscosity dependence on the shear rate
at room temperature, determined by rotational rheometry,
is displayed in Fig. 1, clearly indicating a roughly Newtonian
and a non-Newtonian behavior for �̇
10 s−1 and for
�̇�10 s−1, respectively. The non-Newtonian region can be
effectively described by a model by Ostwald,34

� = m�̇n−1, �2�

where m �Pa sn� is the flow consistency coefficient and
n �dimensionless� is a flow behavior index �when n=1 and
m=�, a Newtonian representation is recovered�. Fitting
the rheometry data collected for �̇�10 s−1 provided a value
n= �0.25±0.03� �Fig. 1�.

In microchannels, the fluid velocity is described by
Navier-Stokes equations35,36 that, using the Ostwald–de
Waele model, for incompressible fluids can be expressed, in
the simplified case of a cylindrical capillary with radial co-
ordinate r, as dP /dz= �1/r��� /�r��mr�duz /dr�n�, where uz in-
dicates the z component of the fluid velocity in microchan-
nels. The previous equation, solved under the assumptions of
neglectable linear convective acceleration and dominating
velocity gradients in the y direction �cross section in Fig. 1�,
finally gives

z = G� P

m
�1/�n+1�

tn/�n+1� = Atn/�n+1�, �3�

where G depends on the geometry of the channel and on n,
P is the pressure drop throughout L,32 and the phenomeno-
logical constant A depends on the system temperature and on
eventual nonzero slip lengths.

For each temperature, experimental �z , t� data were fitted
by Eq. �3�, namely, by a law with two fitting parameters,

FIG. 1. CGE viscosity dependence on the shear rate, by classical rheometry
at 293 K. The line is a fit by Eq. �2� for �̇�10 s−1. Inset: scanning electron
micrograph of the cross section of the employed master, with scheme of the
employed coordinate system, and molecular structure of CGE.
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A and n. The experimental data together with the best fitting
curves, and the �ż , t� data found for CGE at temperatures
between 293 and 333 K, are shown in Figs. 2�a� and 2�b�,
respectively. The liquid fills completely the microchannels
�L=10 mm� in 5400 s at 333 K, with velocity decreasing
down to 0.4 �m/s along the capillary. The glass transition
behavior of the monoepoxy directly affects the capillary
motion because of the abrupt increase of the fluid viscosity
upon decreasing temperature, determining a rapid decrease
of the filling rate. At 293 K, the fluid penetrates into the
channels until a maximum value, z about 2.0 mm, in a time
as large as 5400 s. Upon filling, the penetration velocity
decreases to less than 0.06 �m/s. Therefore, a temperature
reduction of about 40 K induces a decrease of almost seven
times of the residual penetration speed at the end of the
experimental observation. Overall, the microfluidic data
of CGE are well described by Eq. �3�, with the exponent
	=n /n+1=0.22±0.03, i.e., n=0.28±0.05 �Fig. 2�, in agree-
ment with the value of the flow behavior index obtained by
classical rheometry.

Our analysis aimed then at evidencing the tempera-
ture dependence of the penetration dynamics. This is impli-
cit in Eq. �3� and mainly due to viscosity, on its turn
connected to the flow consistency coefficient by Eq. �2�. In
the following, the weak dependence of n on temperature35

will be neglected with respect to exponential-like �VFT�
behaviors, such as that exhibited by � in the supercooled
regime. Considering �̇� ż /h,37 we obtain for the penetrating
CGE a relation between the capillary length and the shear
rate,

z = � n

n + 1
�nGn+1P

mhn

1

�̇n . �4�

The measured �z , �̇� curves are displayed in Fig. 3. To extract
the dependence of the CGE viscosity on temperature, we first
determined the ratios, z��̇ ,TRT� /z��̇ ,Ti�, that, for each value
of the shear rate and for each temperature value, Ti, directly
provide the quantity ���̇ ,Ti� /���̇ ,TRT�, by Eqs. �2� and �4�.
The viscosity curves were then normalized by the value of
the room temperature viscosity at �̇=1 s−1, which was
measured to be 4.5�10−2 Pa s �Fig. 1�. This procedure
allowed us to obtain the curves, ���̇�, of CGE within the

FIG. 4. �a� Viscosity vs shear rate �̇ at different temperatures. Same symbols
as those used in Fig. 2�b� Temperature dependence of the viscosity of CGE
in microchannels for �̇=0.05 s−1. The superimposed line is the VFT law
with parameters D=0.77±0.05 and T0=244±3 K.

FIG. 2. �a� Covered length z vs time t at different temperatures, with the
best fit according to Eq. �3�. The experimental errors are smaller than em-
ployed symbols. �b� Filling rate ż vs time t at different temperatures. ���
293 K, ��� 298 K, ��� 303 K, ��� 307 K, ��� 314 K, ��� 318 K, ���
324 K, ��� 329 K, and ��� 333 K.

FIG. 3. Covered length z vs shear rate �̇ at different temperatures. The
values of �̇ are between 4�10−2 and 9�10−1 s−1. Same symbols as those
used in Fig. 2.
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microfluidic device at different temperatures �Fig. 4�a��.
For each value of �̇, the viscosity decreases upon increas-
ing temperature, for instance, ranging from 4�10−1 Pa s
�at T=293 K� to 6�10−2 Pa s �at T=333 K� for
�̇=5�10−2 s−1. The corresponding change rate �d� /dT�
is large for low temperature, progressively decreasing when
temperature increases �Fig. 4�b��. This behavior is well re-
produced by a VFT law with parameters D=0.77±0.05 and
T0=244±3 K �fitting curve in Fig. 4�b��. The low value of D
indicates CGE as a fragile glass-former compound. The
value of viscosity has been calculated for different shear
rates �4�10−2 s−1��̇�9�10−1 s−1�, providing similar
VFT parameters.

The glass transition dynamics of CGE was investigated
by Corezzi et al.26 by dielectric spectroscopy. Our results
agree with their findings about T0 and D, obtained for the
structural dynamics in the high-temperature regime by con-
ductivity ��� data. This result indicates that a DSE coupling
occurs between the conductivity and the viscosity of the non-
Newtonian fluid under laminar flow, namely, the monoepoxy
within the microfluidic device shows a temperature dynamics
for translational diffusion processes comparable to that
measured by dielectric spectroscopy in the bulk material. We
point out that, in the investigated range of temperatures
�
1.4Tg�, the conductivity-viscosity coupling would be ex-
pected in the bulk material. In our case, this finding provides
an insight into the coupling between the structural dynamics
in the bulk and that within the restricted geometry of the
microchannel environment. This result is physically reason-
able since the influence of confinement on the mobility and
the structural dynamics of molecular systems is generally
relevant for system lengths below the scale of 100 nm,19,38

that is, around one order of magnitude below the smallest
dimension of our microchannels. Therefore, a proper choice
of the fluidic geometry allows one to employ very minute
amount of sample, concomitantly retaining the condition of
bulk materials. In the future, fabrication technologies provid-
ing higher resolutions, such as soft lithography using hard
elastomeric materials and optimized etching and lift-off pro-
cedures, will be employed to fabricate fluidic circuits with
vertical �y� dimension of the order of a few tens of nanom-
eters, retaining micrometer size in the horizontal �x� direc-
tion. These will enable the optical observation of complex
fluids in nanofluidic geometries and the study of the dimen-
sional dependence of their structural dynamics and glass
transition phenomenology.

IV. CONCLUSION

In summary, we investigated the rheological behavior of
the non-Newtonian glass-former CGE within lithographi-
cally defined microchannels in the range 1.4–1.6Tg. We de-
scribed the penetration dynamics in terms of an Ostwald–de
Waele model for the viscosity dependence on the liquid shear
rate. The viscosity could be measured by the �z , t� and �ż , t�
filling curves of the hybrid microchannels. For each value of
�̇, the temperature dependence of � can be described by a
VFT law, whose strength parameter and Vogel temperature
are in agreement with conductivity data26 for the same tem-

perature range. This study suggests lithographically defined
microfluidic systems as promising tools for the investigation
of the rheological properties of complex liquids.
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