The European Physical Journal volume 37 - number 10 - october - 2014

FOUNDED BY -~ “PIERRE-GILLES DE GENNES

—=! Recognized by European Physical Society

Soft Matter and
Biological Physics

From: Strain rate effects on symmetric diblock
copolymer liquid bridges: Order-induced stability
of polymer fibres

by Robert D. Peters and Kari Dalnoki-Veress

@\ @ /
sciences N\

Societa Italiana
di Fisica




Eur. Phys. J. E (2014) 37: 100
DOI 10.1140/epje/i2014-14100-8

THE EUROPEAN
PHYSICAL JOURNAL E

Regular Article

Strain rate effects on symmetric diblock copolymer liquid
bridges: Order-induced stability of polymer fibres

Robert D. Peters! and Kari Dalnoki-Veress!2:2

! Department of Physics & Astronomy and the Brockhouse Institute for Materials Research, McMaster University, Hamilton,

Canada

2 Laboratoire de Physico-Chimie Théorique, UMR CNRS 7083 Gulliver, ESPCI ParisTech, PSL Research University, Paris,

France

Received 7 July 2014 and Received in final form 23 September 2014
Published online: 29 October 2014 — (© EDP Sciences / Societa Italiana di Fisica / Springer-Verlag 2014

Abstract. Optical microscopy is used to study the effect of lamellar order on the evolution of polymer-
melt bridges. Measurements are performed on symmetric diblock copolymers and linear homopolymers
in the melt state. Diblock copolymer bridges measured in the disordered phase are shown to exhibit the
same strain rate response as their homopolymer counterparts: shear thinning at low strain rates and shear
thickening at high strain rates. However, when measured in the ordered phase, copolymer-melt bridges
demonstrate an increased effective viscosity due to the lamellar order and a shear thinning response over the
entire range of strain rates probed. The increased viscosity demonstrates an enhanced stability in lamellae
forming diblock liquid bridges, presumed to be caused by the isotropic orientational order of lamellar
domains that provide energy barriers to flow within the bridge. The shear thinning can be understood
as an alignment of lamellae along the axis of the bridge due to flow, facilitating unimpeded diffusion of
polymer out of the liquid bridge along lamellar boundaries.

1 Introduction

The breakup of a long cylindrical Newtonian liquid jet into
individual droplets is explained by the Plateau-Rayleigh
instability. A common example of this phenomenon is the
breakup of a thin stream of water from a kitchen faucet
into droplets [1]. Though the water exits the faucet as
a cylindrical jet, the surface is unstable to perturbations
of wavelength greater than the circumference of the jet.
The free energy of the thin stream is reduced via a sinu-
soidal perturbation that grows continuously until the jet
is separated into individual droplets. Understanding the
breakup of liquid jets allows us to understand many nat-
ural systems [1], however it is also vital for understanding
and improving various industrial and research applications
such as electrospinning [2], inkjet printing [3], and diesel
engines [4], to name a few.

The breakup of a cylindrical liquid element may also be
observed in the case of an unstable liquid bridge. When a
droplet of fluid spanning two solid substrates is separated,
for example saliva between your fingers, an axi-symmetric
liquid bridge joins the two reservoirs. For small separation
distances the outer curvature of the liquid bridge domi-
nates and will induce an attractive capillary force which
pulls the substrates back together [5]. However, if the sep-
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aration distance is large enough then the liquid bridge is
unstable as the inner curvature dominates and surface ten-
sion causes fluid to drain from the bridge into two reservoir
droplets, one on each substrate [5]. In the case of a slender
liquid bridge where the bridge is nearly cylindrical at its
midpoint, (i.e. the inner curvature is much greater than
the outer curvature) the minimum diameter of the bridge,
dmin, is known to evolve as

dmin = dO - 2alt7 (1)
n

where 7 is the viscosity of the liquid, v is the surface ten-
sion, and « is a numerical geometric prefactor [6,7]. The
geometric factor o has been calculated previously by Pa-
pageorgiou to be o = 0.0709 for a liquid bridge system [6],
and verified experimentally by McKinley and Tripathi [7].
Equation (1) is quite remarkable as it illustrates how one
can measure a simple observable parameter in a naturally
evolving system, the minimum diameter of a thinning lig-
uid bridge, to extract an important rheological property,
the ratio of surface tension to viscosity of a fluid system
~/n. The parameter 7 /7 is known as the capillary velocity.
In the case of a simple Newtonian liquid (7 is constant)
and a constant surface tension, this leads to a linear de-
crease in filament diameter.

Though the breakup of Newtonian liquid jets and
bridges is well understood [1], when additives, such as
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polymers, are included in a liquid jet or bridge system,
the physics of breakup may become highly non-linear due
to viscoelastic effects. An area of intense research focus is
the breakup of dilute polymer solutions [8-17] and poly-
mer melts [18-22]. In bulk polymer rheology, it is known
that for sufficiently high strain rates, polymer melts ex-
hibit a shear thinning property such that

T (2)

where v < 0 for shear thinning and ¢ is the strain rate
applied to the bulk polymer melt. For a Newtonian liquid
v = 0, while v > 0 denotes shear thickening. In the case of
bulk polymer systems, shear thinning has been measured
with a power law exponent as large as v ~ —0.85 [23].
However, as axially symmetric polymer systems such as
liquid jets and bridges evolve toward pinch-off, regions
which experience a local decrease in radius also experience
a stretching of the fluid element in that region, extending
the polymer chains along with it. This stretching of the
polymer chains by the extensional flow creates a build
up of elastic stresses resulting in an increase in effective
viscosity, or a shear thickening, of the liquid [8-22]. The
onset of this shear thickening has been observed in dilute
polymer solutions for shear strain rates that are compa-
rable to the inverse of the polymer relaxation time [10].
This shear thickening has been shown to increase the vis-
cosity by orders of magnitude in dilute solutions of high
molecular weight polymer [8-16]. The large elongational
strain rates experienced at the midpoint of a cylindrical
filament, ¢, are the source of the shear thickening and are
calculated as

_ldr 2 d
CTUA T duw dt

(dmin) ) (3)

where [ is the length of the cylindrical fluid element which
is stretched upon liquid bridge thinning [11]. This local-
ized shear thickening in regions near pinch-off leads to a
variety of interesting viscoelastic effects in the breakup of
both liquid bridge [13,14] and liquid jet [24] homopolymer
systems.

Though extensive research has been performed on the
breakup of jets and bridges both for homopolymer solu-
tions and melts, very little has been reported on the ef-
fect of diblock copolymer architecture on the dynamics in
these axially symmetric systems. Diblock copolymers con-
sist of two chemically distinct homopolymer chains that
are covalently bonded together. In the liquid state, the in-
compatibility between the two polymer blocks can favour
phase separation at temperatures that are sufficiently low.
Due to the connectivity of the two blocks, macroscale
phase separation is not possible, thus diblock copolymer
molecules are known to self-assemble into unique micro-
structures which depend on the relative lengths of the two
polymer chains [25,26]. A symmetric diblock, where both
blocks take up a similar volume, will microphase separate
into a lamellar morphology. The lamellar thickness, Lg,
is dependent on the molecular weight of the diblock and
determined by the balance of both entropic and enthalpic
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Table 1. Polymers used in this study. M,, is the number av-
eraged molecular weight and PI is the polydispersity index.

Polymer M, (kg/mol) PI
PS 8.0 1.10
PS 16.0 1.03
P2vPpP 15.5 1.04
PS-b-P2VP 8.2-b-8.3 1.09
PS-b-PMMA 25-b-26 1.09

energy terms [25]. However, as temperature is increased,
the lamellar order can be destroyed as entropy becomes
dominant, and the system favours mixing. The order dis-
order transition temperature, TopT, is determined by the
relative incompatibility of the two blocks and the length
of the copolymer chain [25].

A number of experimental studies have shown that
diblock copolymer order has a significant effect on the
rheological properties in the melt state (for example [25,
27,28]). In particular, diblock copolymers in the disor-
dered state can exhibit properties similar to Newtonian
liquids [25]. However, in the ordered state the lamellar
morphology of symmetric diblock copolymer restricts flow
depending on strains and strain rates [25,28]. Here we in-
vestigate the effect of strain rate dependent rheological
properties on the thinning dynamics of symmetric diblock
copolymer-melt bridges.

2 Experiment
2.1 Sample preparation

All measurements were performed with low polydisper-
sity symmetric diblock copolymer and homopolymer pur-
chased from Polymer Source Inc. (Dorval, Quebec). The
homopolymers used were polystyrene (PS) and poly(2-
vinylpyridine) (P2VP), while the diblocks were poly(sty-
rene-b-2-vinylpyridine) (PS-b-P2VP) and poly(styrene-b-
methyl methacrylate) (PS-b-PMMA), see table 1 for de-
tails. All polymers were dissolved in toluene to form con-
centrated solutions with ~ 25-40% polymer by weight.
A schematic of our experimental setup is shown in
fig. 1. One polymer droplet is deposited on a glass sub-
strate that is mounted perpendicular to a freshly cleaved
Si wafer (University Wafer, USA). A second droplet of the
same polymer is deposited on a glass substrate that is at-
tached to a stiff micropipette. The micropipette is affixed
to a multi-axis translation stage that allows us to ma-
noeuvre the polymer droplets in and out of contact. The
entire experimental setup is then placed on a modified op-
tical microscope hot stage (Linkam Scientific THMS 600,
United Kingdom) capable of elevating the temperature, T,
of the polymer above the glass transition and into the melt
state. To ensure consistent temperature regulation, the ex-
perimentation volume is enclosed within a metal ring and
capped with a sapphire window. The metal ring is in inti-
mate contact with the heating block of the hot stage, and
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Fig. 1. Schematic of experimental setup from top view (left)
and side view (right). The labels shown correspond to the dif-
ferent components of the setup: a) pipette, b) metal ring, c) Si
wafer, d) sapphire window, e) glass substrate, f) microscope
objective, g) hot stage. The pipette can be translated as indi-
cated by the arrows in order to bring the two droplets together
and prepare the liquid bridge.

the sapphire window is in contact with the metal ring. The
conductive contacts and high thermal conductivity of sap-
phire all ensure that the temperature is well known and
well controlled. All polymer droplets are annealed ~ 50 °C
above the glass transition temperature for sufficient time
(~ 30min) to remove all toluene from the system and
allow the droplets to relax to equilibrium spherical caps
before measurements are performed.

A measurement is executed by bringing two polymer
droplets into contact, causing them to coalesce (see fig. 1).
The droplets are then separated quickly to a fixed dis-
tance, forming a liquid bridge that is unstable. The evolu-
tion of the polymer bridge is then monitored on an optical
microscope in reflection mode (Olympus BX51, Canada).
The silicon wafer provides a highly reflective background,
creating high contrast between the polymer bridge and
its surroundings, facilitating image analysis of the liquid
bridge profile.

2.2 Time-temperature superposition

Measurements are performed over a wide range of temper-
atures in order to observe a broad range of dynamics. It is
important to note that for all polymers used in this study,
surface tension is known to vary by less than 10% over
the temperature ranges used in these experiments [29],
and is not dependent on the shear strain rates. However,
as will be shown below, the viscosity changes by orders
of magnitude. Thus, we ignore the small changes in sur-
face tension and focus instead on the temperature and
strain rate effects on viscosity which play the dominant
role in dynamics. As the temperature response of the vis-
cosity in polymeric systems is well understood, we use the
Williams-Landel-Ferry (WLF) equation to perform time-
temperature superposition such that all experimental time
scales are shifted to those of a reference temperature [30].
The WLF equation allows us to calculate shift factors, a,.,
for specific temperatures, T', based on the equation

—C\(T —To)

log(aT) = _02 + (T_TO) b

(4)
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where C7 and Cb, are empirical constants, and Ty is the
reference temperature chosen to construct the compliance
master curve in bulk rheology measurements. All time co-
ordinates for experiments performed at different temper-
atures, T and T> may be equated through the relation

aTl
ty = @ ta, (5)

where ¢; and t5 are the timescales of the experiments per-
formed at temperatures 77 and T5, respectively [30]. Us-
ing eqs. (4) and (5), we can form master curves for ex-
periments performed at a variety of temperatures on the
same material. All measurements made above 180 °C were
made under Ns atmosphere to prevent degradation.

3 Results and discussions

In sect. 3.1 we discuss the simplest case of the 8 kg/mol PS
homopolymer —this simple canonical system will serve as
a reference for the measurements on diblock copolymers.
In sect. 3.2 we discuss the diblock copolymers. First a PS-
b-P2VP with a total molecular weight of 16 kg/mol which
has an experimentally accessible TopT. As will be seen,
the lamellar order resulting from the microphase separa-
tion in symmetric diblock copolymer melts has a signif-
icant effect on the breakup dynamics of the bridges. We
will then compare the 16 kg/mol PS-b-P2VP to both PS
and P2VP homopolymer, both with the same molecular
weight as the diblock. Ensuring that the PS-b-P2VP, PS,
and P2VP all have similar molecular weights facilitates
a fair comparison of the dynamics. The second diblock
studied is PS-b-PMMA diblock which is strongly segre-
gated and serves as a comparison to the PS-b-P2VP to
investigate the general features of diblock fibres.

3.1 Homopolymer bridges

To facilitate comparison to the more complex case of di-
block copolymers, we performed experiments on a linear,
8kg/mol PS homopolymer, which is well below the en-
tanglement molecular weight. The evolution of a typical
homopolymer bridge is shown in fig. 2. Initially, after the
droplets are separated, there is a significant outer curva-
ture in the bridge (fig. 2a). After a short time, the lig-
uid bridge forms an approximately cylindrical fiber, with
negligible outer curvature at the midpoint (fig. 2b) and
this liquid cylinder decreases in diameter until its even-
tual pinch-off (fig. 2¢-d). Due to the high contrast between
the polymer and the highly reflective Si wafer background,
the diameter of the bridge is easily measured as a func-
tion of time, resulting in a typical plot shown in fig. 3.
In that plot it can be seen that in the early stages, after
initial droplet separation, the dynamics are highly non-
linear (¢ < 0.5min, see also image in fig. 2a); however, af-
ter the bridge evolves to a cylindrical geometry we can use
eq. (1) to obtain the evolution of viscosity in the system.
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Fig. 2. Optical microscopy images of stages of liquid bridge
evolution for 8kg/mol PS homopolymer melt at 130°C. All
images are 500 um wide.

60

501

t (min)

Fig. 3. Typical measurement of minimum diameter (dmin) as
a function of time for homopolymer, taken for 8kg/mol PS
bridge at 130 °C. The dashed line identifies the approximately
constant viscosity regime after the cylindrical bridge is formed.
Deviations from the simple Newtonian fluid can be identified
by the decrease in the slope at late times, which corresponds
to an increase in viscosity.

In this measurement, when the nearly cylindrical geome-
try is reached (¢ ~ 0.5 minutes), dp, decreases linearly
with time indicating a constant viscosity. However, as the
diameter of the bridge decreases, the bridge evolution de-
viates from this linearity. Clearly the bridge begins to thin
more slowly. Since 1/ is proportional to the slope of the
plot in fig. 3 (see eq. (1)), the slowing down indicates an
increasing viscosity for small bridge diameters.

Since an instantaneous n/v and é can be calculated
from dpin(t) using eqs. (1) and (3), respectively, we can
monitor the effect of strain rate on the viscosity of our sys-
tem. All results presented hereafter for n/v as a function
of é are calculated from the average of at least 4 separate
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Fig. 4. Measurement of the ratio of viscosity to surface tension
as a function of strain rate at the midpoint of the liquid bridge
for temperatures of 112 °C to 155 °C for PS with 8 kg/mol. The
data has been shifted using the WLF equation as described in
the text. The two power law slopes represent guides to the eye
for the shear thinning and shear thickening representing power
laws of ¥ = —0.85 and v = 1/3, respectively, in correspondence
with eq. (3). The inset demonstrates the unshifted data for each
temperature.

liquid bridge breakup experiments at each temperature.
Measurements on 8 kg /mol PS were performed over a tem-
perature range of 112°C to 155 °C, allowing us to probe
a wide range of different strain rates and polymer viscosi-
ties. The viscosity changes by orders of magnitude and is
known to be impacted by shear flows in both bulk and lig-
uid bridge systems [22,23]. By applying time-temperature
superposition using eqs. (4) and (5), we shift all measure-
ments to a reference temperature of 140°C obtaining a
master curve of all data. We use WLF shift parameters
for PS of Cy =15°C, Cy = 60°C, and Ty = 98°C, taken
from ref. [31].

In fig. 4 is shown the data for 1/y and ¢, both with-
out time-temperature superposition (inset) and the super-
posed data for the 8 kg/mol PS. From the inset it is clear
that over 4 orders of magnitude in viscosity and strain rate
are observed for the different temperatures. The temper-
ature shifted data (main plot) shown in fig. 4 illustrates
an excellent collapse of all the data. A transition between
two regimes for the viscosity at the midpoint of the ho-
mopolymer bridge as a function of strain rate is observed.
At low strain rates, the polymer bridge decreases in vis-
cosity as a function of strain rate, indicative of a shear
thinning fluid. This shear thinning approaches a power
law (see eq. (2)) with an exponent of v ~ —0.85, indi-
cating bulk shear response in accordance with previous
measurements [23]. However, at higher strain rates there
is a transition to a shear thickening regime, where the
viscosity increases as a function of strain rate within the
bridge. This is in response to the high elongational flow
experienced in the liquid bridge geometry extending poly-
mer chains, thereby increasing the effective viscosity of
the homopolymer melt [10]. The shear thickening effect is
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not as drastic as in previous experiments [11-16], where
viscosity was observed to increase by orders of magnitude,
for 2 main reasons. Firstly, our strain rates are lower than
in these previous experiments. Secondly, previous experi-
ments were performed primarily on polymer solutions and
homopolymers of much larger molecular weight, increasing
the relaxation time of the polymer and creating a greater
build up of elastic stresses due to extensional flows.

3.2 Symmetric diblock copolymer bridges

Having understood the dynamics in the simple homopoly-
mer system, we now focus on the effect of lamellar or-
dering of symmetric diblocks on the dynamics of copoly-
mer bridges. We use PS-b-P2VP which has an experimen-
tally accessible bulk Topt of ~ 160°C [32]. Simply by
changing temperature we can treat this system as a sim-
ple homogenous polymer fluid, like the PS homopolymer
case discussed above, or as a complex fluid with ordered
lamellae. Furthermore, PS-b-P2VP was chosen as both PS
and P2VP are similar in terms of chemical composition
and have similar rheological properties [33]. As before,
we measure the PS-b-P2VP at varying temperatures from
150°C to 180°C, thereby capturing the dynamics above
and below Topr. Optical images of evolution and the cor-
responding typical measurements of dy,i, (¢) are shown in
fig. 5 for the disordered state at 175°C (fig. 5a) and or-
dered state at 155°C (fig. 5b). The left-right asymmetry
seen in the optical images reflects slightly different geome-
tries for the left droplet and right droplet prior to coales-
cence. This asymmetry is not a concern since the system is
locally symmetric at the minimum diameter, from where
the measurement d,pi, (t) is obtained. Though it is difficult
to compare measurements made at the two temperatures
shown in fig. 5, the difference in evolution of dpi,(t) is
marked. While the disordered diblock copolymer exhibits
dynamics similar to what we observed for the homopoly-
mer case (fairly constant viscosity), the ordered lamellar
diblock bridge evolves differently, thinning out much faster
as the liquid bridge gets thinner and strain rates increase
at ¢ 2 25 min.

Since diblock copolymer melts are a complex fluid with
nanostructure, it is difficult to define a viscosity or surface
tension! for the system. However, since the evolution of
diblock bridges is cylindrical at the midpoint for the late
stages of breakup, we can calculate an effective viscosity,
(7v/m)eft, and strain rate using eqs. (1) and (3). The cal-
culation of an effective viscosity in diblock copolymer sys-
tems has been performed in the past using bulk rheological
techniques [25]. In fig. 6 we show the results of (1/7)es as a
function of é. The raw unshifted data is shown in the inset
and, as in the homopolymer case, an increase in temper-
ature is accompanied by orders of magnitude decreases in
viscosity. However, the shear response of the low temper-
ature lamellar ordered diblock melt is quite different from

L Again, we stress that though the surface tension may differ,
the changes are at the 10% level while the effective viscosity
changes by orders of magnitude.
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Fig. 5. Typical measurement of the minimum diameter as a
function of time for the bridge evolution of PS-b-P2VP in the
disordered (top) and ordered (bottom) state at 175°C and
155 °C, respectively. The dashed lines identify the constant
viscosity regimes. The optical microscopy images (times indi-
cated) are representative of the breakup of the diblock bridges.
The images are 500 pm wide.

the high temperature disordered melt, exhibiting solely
shear thinning response during the liquid bridge evolu-
tion. This shear thinning response is entirely consistent
with the increasing negative slope of fig. 5b).

In addition to experiments on lamellar forming 16.5
kg/mol PS-b-P2VP, we also performed measurements on
16 kg/mol homopolymer PS and 16 kg/mol homopolymer
P2VP melt bridges to facilitate comparison. Since both PS
and P2VP exhibit extremely similar rheological properties
(both in previous measurements [33] as well as the liquid
bridge evolution experiments performed with our experi-
mental setup), we performed time-temperature superpo-
sition of all PS, P2VP and PS-b-P2VP with the same
WLF shift parameters as before using egs. (4) and (5).
In the main plot of fig. 6 is shown the effective ratio of
viscosity to surface tension as a function of strain rate for
all three polymer melts superposed to a temperature of
140°C. As expected, the homopolymer PS and P2VP data
collapse to similar viscosities and strain rate responses.
Just as the 8kg/mol PS of fig. 4, there is an initial shear
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Fig. 6. Measurement of the ratio of viscosity to surface
tension as a function of strain rate during bridge evolution
for 16 kg/mol PS-b-P2VP (filled circles), 16 kg/mol linear PS
(open circles), and 16kg/mol linear P2VP (crosses). All the
data in the main plot has been superposed using the PS
WLF parameters. The inset shows the same PS-b-P2VP data
unshifted by time-temperature superposition. The horizontal
dashed line indicates the separation between measurements
made in the ordered and disordered states.

thinning regime followed by a shear thickening with in-
creasing shear strain rate. However, when we perform
time-temperature superposition on the diblock copolymer
data, we obtain a remarkable collapse of the data to two
markedly different master curves corresponding to the or-
dered and disordered diblock phases.

All experiments performed in the disordered phase,
collapse to a single curve that exhibits a similar shear
response to that of the homopolymer PS and P2VP sys-
tems, whereby there is a shear thinning effect at low strain
rates, and a shear thickening effect at high strain rates.
At these high temperatures, there is no order and the ho-
mogeneous diblock system is rheologically equivalent to a
homopolymer. This result is in agreement with measure-
ments performed on bulk disordered diblock copolymers,
where similar rheological properties to simple homopoly-
mers were observed [25,28]. One interesting and surpris-
ing result for disordered diblock bridges is that though
they have similar shear responses, they exhibit increased
effective viscosity in comparison to the experiments on ho-
mopolymers of each block, though all three molecules were
chosen to have very similar molecular weight. We specu-
late that this may be caused by an increased energy cost
of flowing unlike blocks past each other in the melt, even
in the disordered case where the diblock copolymers are a
homogeneous mixture.

The measurements made in the ordered lamellar phase,
below TopT, collapse to a distinct second curve. The mea-
surements on ordered diblock copolymer demonstrate an
elevated effective viscosity at low shears in comparison
to measurements made in the disordered state, indicat-
ing an enhanced stability of ordered diblock-melt bridges.
Additionally, the strain rate response is shear thinning
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throughout the entire measurement, recombining with the
disordered data only at the largest strain rates just before
bridge breakup. Since all measurements were performed
on the same diblock copolymer droplets, the difference in
dynamics is attributed solely to the effect of order on the
flow in symmetric diblock bridges.

In order to understand the results for the lamellar
ordered diblock, we first revisit the length scales in the
system. The symmetric diblock copolymer orders with a
repeating bilayer thickness on the ~ 10nm length scale,
Lo =~ 13.5nm, whereas the polymer bridge diameter is ini-
tially 10s to 100s of microns in diameter. This represents a
difference of 103-10* in length scale between the lamellae
and the entire system, indicating that we may treat our
liquid bridges as an unconfined, bulk system with regard
to the diblock ordering. In bulk symmetric diblock copoly-
mer systems ordered under low shear or no shear, the ori-
entation of lamellar domains is isotropic [25]. Thus, within
our bridge there are lamellae oriented in many different
directions. Though polymer may flow along the bound-
ary of a lamella continuously, there is an energy barrier to
hopping from one lamellar layer to another [34], or hop-
ping across defects between lamellae of different orienta-
tions [35]. The energy barrier to layer hopping or motion
across a defect is induced by the energy cost of moving
a polymer block through a region of unlike polymer. In
the case of our ordered symmetric diblock-melt bridges,
due to the isotropic orientations of the lamellae, there are
countless energy barriers that must be overcome in flow-
ing polymer from the centre of the bridge to the reservoir
droplets. These energy barriers impede flow and conse-
quently increase the effective viscosity of the system and
the inherent stability of the polymer bridge.

We now turn to the shear thinning that is observed
over the entire range of shear strain rate explored for
the ordered diblocks. As the ordered diblock bridge thins
in diameter, strain rates increase and as is evident from
fig. 6, the effective viscosity decreases. It is known that
in the case of oscillatory shear measurements made on
bulk symmetric diblock copolymer melts in the ordered
phase, the lamellar domains may become aligned with
shear forces dependent on annealing history as well as the
amplitude and frequency of shear [36]. Additionally, the
application of sufficiently large shear stress is known to
align lamellae, cylinders and spheres in block copolymer
thin films [37,38]. The process is believed to occur through
the destruction of ordered domains not oriented parallel
to the shear stress, and the subsequent reformation of or-
dered structures in alignment with applied shear [39,40].
Since we measure shear thinning in our measurements on
ordered diblock-melt bridges, we suggest that the strain
rates within the bridge are in the regime where lamellae
are forced to align such that the normal vector to the
lamellae are directed perpendicular to the flow. This ori-
entation would allow copolymer to travel more efficiently
along the lamellar boundaries, flowing into the reservoir
droplets without having to hop between lamellae or across
as many defects. As the strain rates increase, the lamellae
become increasingly more aligned and the effective viscos-
ity correspondingly decreases.
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Fig. 7. Measurements of effective viscosity divided by sur-
face tension as a function of strain rate for a 51 kg/mol PS-b-

PMMA symmetric copolymer. Measurements are not shifted
using time-temperature superposition.

In addition to this shear thinning effect, it is evident
from fig. 6 that measurements made both above and below
Topt converge at high strain rates to the same effective
viscosity. There are two possible explanations for this con-
vergence; the disordered phase is ordering under shear or
the ordered phase is disordering. In bulk systems, oscilla-
tory shear has been shown to increase the Topr for lamel-
lar forming diblocks, and the domains created under these
conditions are aligned such that flow is possible along the
lamellar boundaries [41,42]. Therefore, it seems likely that
under the strain rates experienced in our measurements,
the disordered diblock is ordering lamellae at high strain
rates such that flow is less impeded and dynamics are iden-
tical to measurements performed below bulk TopT. Indeed
this suggestion is further evidenced by the fact that the
disordered diblock, rather than continuing along the trend
of shear tickening with increasing ¢ actually follows per-
fectly the extrapolated shear thinning trend of the ordered
diblock.

Bridge evolution measurements were also performed
on a 51kg/mol PS-b-PMMA symmetric diblock copoly-
mer which has an experimentally unaccessible Topr, and
thus contains more strongly segregated lamellae than its
PS-b-P2VP counterpart [43]. Polymer-melt bridge evolu-
tion was investigated at 220, 230 and 240°C for the PS-
b-PMMA melt in a No atmosphere. In fig. 7 we plot the
effective viscosity divided by surface tension as a func-
tion of strain rate for the PS-b-PMMA copolymer without
performing any time-temperature shifts. It is clear that for
this highly ordered polymer melt, a shear thinning effect is
once again observed due to the shear alignment of lamellae
along the direction of flow within the bridge. However, it
is interesting to note that in the case of this highly ordered
symmetric diblock, the effect of temperature seems to be
negligible since the dynamics at all 3 temperatures seem
to overlap. As the PS-b-PMMA system is more strongly
segregated, there is a much larger energy penalty for layer
hopping or moving across a defect than for the weakly
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ordered PS-b-P2VP melt. We speculate that the dynam-
ics are dominated by the shear alignment of the lamellae,
rather than the viscosity effects of the individual polymer
blocks, resulting in identical dynamics for measurements
at different temperatures.

An increase in effective viscosity upon lamellar order-
ing and a decrease in viscosity upon application of strain
has been observed previously in oscillatory shear rheology
experiments [25,27, 28]. In particular, Schulz et al. per-
formed measurements on a PS-P2VP diblock copolymer
and observed a discontinuity in the rheological properties
as a function of temperature for constant shear rates [27].
This discontinuity is consistent with a transition from the
ordered to the disordered curves in fig. 6. The collapse of
ordered and disordered data with only time-temperature
superposition from a direct observation of bridge diameter
supports previous rheological measurements of symmet-
ric diblock copolymer. As well, the additional complexity
of the elongational flows within the axisymmetric liquid
bridges provides a useful method for studying complex
macromolecular fluids where molecule extension or align-
ment may play a key role in the resultant dynamics.

4 Conclusions

Using optical microscopy we have investigated the effect of
the lamellar order in symmetric diblock copolymer melts
on the dynamics of unstable polymer-melt bridges. In
the disordered phase, symmetric diblock copolymer melts
were observed to exhibit similar dynamics to their ho-
mopolymer counterparts: at low strain rates, a shear thin-
ning response due to bulk shear effects, followed by a
shear thickening response due to polymer extension at
high strain rates. Though qualitatively similar to the ho-
mopolymers in response to strain rate, the symmetric di-
block copolymer in the disordered state was measured to
have higher effective viscosity than the homopolymers. In
the ordered phase, symmetric diblock copolymers were ob-
served to be markedly different from disordered. The or-
dered system was more stable, with a higher effective vis-
cosities in comparison to the disordered phase. This en-
hanced stability may be attributed to the energy barriers
to flow induced by the isotropic orientation of lamellae. As
strain rates increased, a shear thinning response was mea-
sured consistent with an alignment of lamellae which facil-
itates flow of polymers from the bridge into the adjacent
droplets. In the case of the strongly segregated lamellar
forming diblock, PS-b-PMMA, the effect of temperature
was negligible in comparison to the shear thinning effect
in the liquid bridge evolution, exhibiting identical dynam-
ics over a 20 °C temperature range. The ability of diblock
copolymers to prevent breakup and enhance the stability
of liquid fibres may be useful for the production of textiles
or in the creation of electrospun fibres.
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