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Abstract. We present an experimental study of the spreading dynamics of symmetric diblock copolymer
droplets above and below the order-disorder transition. Disordered diblock droplets are found to spread
as a homopolymer and follow Tanner’s law (the radius grows as R ~ t™, where ¢ is time and m = 1/10).
However, droplets that are in the ordered phase are found to be frustrated by the imposed lamellar
microstructure. This frustration is likely at the root of the observed deviation from Tanner’s law: droplet
spreading has a much slower power law (m ~ 0.05+ 0.01). We show that the different spreading dynamics
can be reconciled with conventional theory if a strain-rate-dependent viscosity is taken into account.

PACS. 83.80.Uv Block copolymers — 68.08.Bc Wetting — 82.35.Gh Polymers on surfaces; adhesion —

47.55.D- Drops and bubbles

1 Introduction

The spreading of liquid droplets on solid substrates has
long fascinated many researchers [1-8]. A firm understand-
ing of the details governing droplet dynamics is crucial for
many industrial processes and serves as a testing-ground
for the physics of capillarity [1]. The wetting of a surface
by droplets of simple fluids [2-4], as well as more com-
plex polymeric fluids [5-8] has therefore received much
attention.

Tanner, who studied the spreading of poly(dimethyl-
siloxane) droplets, noted that the apparent contact line of
the droplets spread in time with the characteristic power
law of ¢"™; where m = 1/10 —commonly referred to as
Tanner’s law [2]. Tanner also discussed the complexities of
a hydrodynamic solution due to divergences in the vicin-
ity of the contact line, which is related to a nanoscopic
precursor film that spreads diffusively ahead of the con-
tact line of the droplet (see fig. 1). The existence of the
precursor film was suggested by the earlier experiments of
Hardy [9], and this film was found to cover the substrate
quickly compared to the spreading of the bulk droplet. As
a result the macroscopic wetting that is observed is a con-
sequence of the bulk droplet spreading on a microscopic
film of the same material, thus removing the chemical de-
tails of the surface from the problem.

# e-mail: dalnoki@mcmaster.ca

Precursor

Fig. 1. The geometry of a spreading droplet with radius, R,
volume, (2, surface tension, o, and viscosity, 1. Also illustrated
is a precursor wetting layer which spreads ahead of the bulk
droplet.

The dynamics of wetting was put on firm theoretical
footing by de Gennes who developed a hydrodynamic the-
ory which correctly predicted the scaling relationship

2k

R(t) ~ (‘;)ﬁ)(sztl : (1)

where R is the position of the apparent contact line, o
is the surface tension, 1 is the viscosity, and {2 is the
droplet volume [10]. In this formalism, the energy gained
by spreading is balanced by the energy lost to viscous dis-
sipation in a wedge of fluid near the apparent contact line
of the drop. The universality of the wetting dynamics was
shown by de Gennes to be due to the presence of the pre-
cursor layer. As a result of this layer, the droplet spreads
with a power law that is independent of the substrate.
Since the energy gained by covering the substrate surface
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is dissipated in the precursor film alone, the droplet dy-
namics is entirely due to the Laplace pressure reducing the
curvature of the droplet as it spreads on the precursor.

Diblock copolymers, molecules made of two chemically
distinct polymer blocks with monomers “a” and “b” co-
valently bonded to one another, are widely studied and
find increased use as a compatibilizing agent between two
surfaces (for example as a coating on an unfavorable sub-
strate) due to their amphiphilic nature [11-13]. Because
of the chemical incompatibility of polymer blocks a and
b, diblock copolymers are found to phase separate as they
pass through the order-disorder transition (ODT). The
connectivity of the blocks limits the length scale of the
phase-separated domains to that of the molecular size
(~ 10nm). The geometry of the morphology depends on
the natural curvature induced by the ratio of the two
block lengths and the stretching of the chains required
to accommodate the morphologies with long-range peri-
odic order. Here we deal with the simplest case: a sym-
metric diblock where the a and b components are of equal
size favouring the zero-curvature microstructure of lamel-
lae [12,14]. The phase transition as the system passes
through ODT is most easily understood through changes
in the temperature, T high temperature favours the en-
tropy of the polymer coils as they randomly fill space,
whereas at low temperature the enthalpy dominates which
drives the segregation of the blocks to minimize a and b
contacts. Though somewhat less intuitive, ODT can also
be traversed through changes in molecular weight. In this
case increasing the molecular weight, My, leads to in-
creasing the enthalpic contribution and hence ordering;
this is because the energy cost of removing a block from
its preferred domain is proportional to its size. Thus, the
ordered state can be obtained by increasing the molec-
ular weight of the molecules or by decreasing T'. These
two effects are generally combined as IV, where N is the
number of segments in a chain, and x is the Flory-Huggins
interaction parameter (typically written as x = A/T+ B).

The microstructure of a block copolymer melt signifi-
cantly changes its rheology [11,16]. When in a disordered
state a diblock copolymer responds much like a homopoly-
mer and the timescales of flow are set by the length of
the polymer. When microphase separation takes place,
the structure imposed on the fluid adds complexity to its
rheological response (for example, see fig. 6 of [11]). One
might expect the addition of structure to result in an addi-
tional barrier to flow, which naturally raises several ques-
tions: Does the underlying structure affect droplet spread-
ing in an observable way? Can the flow of diblock copoly-
mer droplets be understood in the same manner as that
of more simple fluids? Here we address these questions
with an experimental study of the spreading of symmet-
ric diblock copolymer droplets. We find that the droplet
spreading is comparable to simple polymeric fluids when
the polymer is in the disordered state, while the flow dur-
ing spreading is significantly impeded in the ordered state.
The slow dynamics observed here can be understood when
the spreading dynamics theory of de Gennes is coupled
with a viscosity that is dependent on the microstructure.
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Table 1. Polymer details: the number-averaged molecular
weights for the PS and PMMA blocks, the polydispersity in-
dex, and the microstructural state at 180°C (D: disordered,
O: ordered) [17].

MES (kg/mol)  MEMMA (kg/mol)  PI Phase
10.0 10.0 1.05 D
12.8 12.9 1.05 D
14.9 13.1 1.05 (0]
18.0 18.0 1.07 O
25.0 26.0 1.09 O
52.0 52.0 1.09 O

2 Experiment

Electronics grade Si substrates (University Wafer, USA)
with the native oxide layer present were cleaned with super
critical COy (“Snow jet”, Applied Surface Technologies,
USA) and UV-ozone treatment, which will largely elimi-
nate surface contamination. The resulting substrates were
completely wetted by the polymers used in this study:
a series of symmetric monodisperse poly(styrene-methyl
methacrylate) (PS-PMMA) of various total My, obtained
from Polymer Source (Dorval, Quebec). Details of the
polymers used in this study can be seen in table 1. We
note that when we discuss the molecular weight of a sys-
tem we refer to the total weight of the molecule, with
each block composing half of the total mass. There is a
slightly lower interfacial tension between PMMA and the
substrate than that of PS and the substrate. Furthermore,
PS has a lower surface tension than does PMMA at the
temperatures studied. As a result, when ordered, the wet-
ting precursor layer on the substrate is a monolayer allow-
ing PMMA contact with the substrate and PS with air.
All additional layers will be bilayers in order to maintain
a PS-air interface i.e. Si/PMMA-PS/PS-PMMA PMMA-
PS/etc.

The PS-PMMA was “dusted” onto a substrate, heated,
and observed via optical microscopy. Several molecular
weights were used, ranging from molecules with 20 kg/mol
to 104kg/mol. From previous work it was known if the
droplets were in the ordered or disordered state (see ta-
ble 1 for the details) [17]. All experiments were carried
out on a microscope hot stage (Linkam Scientific, UK) at
180°C as well as in a separate home-built vacuum oven.
Some substrates were spin-coated with a monolayer of
diblock from a dilute polymer solution in toluene prior
to use. Since a monolayer precursor film is expected to
form ahead of the spreading droplet, comparison of droplet
spreading on either substrate should be equivalent. There
was no difference between the spreading dynamics of ex-
periments on the Si substrate or those pre-coated with
a monolayer. The test on the two substrates shows un-
ambiguously that there is a precursor layer in front of
the bulk droplet and that the final state is a totally wet
substrate.

Droplet radii were measured with reflection optical mi-
croscopy. White light was filtered with a green notch filter
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Fig. 2. An average intensity profile from a typical droplet
(shown in inset). In this case the droplet is made up of a
20kg/mol disordered diblock copolymer.

(centered at 533nm, FWHM 10nm) in order to improve
our measurements which depend on interference fringes.
Software was developed which located a droplet center
and then averaged the interference fringes of the droplet
around this point (see fig. 2). The fringes were converted
into topography data and fit with the generic equation
0 = Az?+ Bzy+Cy?*+ Dx+ Ey+F. Fitting to this droplet
profile was used because we have previously found that
ordered droplets can have a hyperbolic profile; thus this
simple form is valid in the case of hyperbolic or spherical
cap droplets and can be used to determine the state of or-
der [17]. The fit function was extrapolated to the substrate
to yield the dynamic contact angle, 8p, and radius of the
contact line, R. Since the bulk droplet “leaks” into the pre-
cursor layer, by accessing both #p and R, the droplet vol-
ume could be monitored thereby ensuring that the volume
of the droplet was constant as required in the theory. The
use of the interference fringes limits the droplets included
in this study to those such that the fringes nearest the
edge could still be easily resolved (contact angles < 30°).

Atomic force microscopy (AFM) was used in order to
independently verify the microstructure of the droplets
and contact angle (Caliber, Veeco, USA). These measure-
ments involved quenching samples to room temperature,
well below the glass transition, and then scanning with
tapping mode with AFM. No significant deviations from
the optical experiments were found.

3 Results and discussion
3.1 Disordered droplets

A typical spreading curve for a disordered diblock copoly-
mer can be seen in fig. 3. The solid line is a fit to the power
law R(t) ~ (t—to)™, where m and ¢ are fitting constants.
The time offset is crucial because the start of flow is not
clearly defined both because the drop does not start as a
perfect spherical cap and because the time at which the
flow begins is not exactly when the accumulation of im-
ages starts. The radius is found to grow as a power law in
time with an exponent of 0.096 + 0.004 —a scaling that
is consistent with the spreading of simple fluids and ho-
mopolymers in accordance with Tanner’s law. This scaling
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Fig. 3. Radius as a function of time for the spreading of a
typical disordered diblock copolymer droplet. Shown is data
from a 20kg/mol droplet on a Si substrate. The curve is a
power law fit with exponent 0.096 4 0.004.

15000

was typical of all droplets studied in the disordered regime
(Mpy = 20 and 26 kg/mol).

The rheology of homopolymers is well known to be
non-linear, particularly if the polymer length is above the
entanglement length, where the polymer diffusion becomes
significantly slowed by the topological constraints imposed
by other chains [19]. In general the polymer viscosity will
depend on the shear strain rate and shear thinning is ob-
served beyond some critical shear strain rate. Here we sim-
ply estimate the shear strain rate as the spreading velocity
divided by the droplet height, H. For the droplet in fig. 3,
using the largest velocity, V/H ~ (0.3nm/s)/(800 nm), we
estimate the shear rate to be below ~ 10~*s~! over the
course of the experiment. Comparison to work by other re-
searchers reveals that this is well below the critical shear
strain rate, validating the constant value of the viscos-
ity used in the derivation of Tanner’s law and the results
obtained in the experiments described here (see fig. 1 of
ref. [16] which shows that this system is well within the
terminal flow region). With a constant viscosity there is no
significant difference in the spreading dynamics between
disordered block copolymers and simple fluids, and there-
fore we can easily understand the good agreement with
the predicted 1/10 power law.

3.2 Ordered droplets

Figure 4 shows the radius as a function of time for several
droplets of 36kg/mol molecules. This system is ordered
at 180°C [17]. These droplets flow in a different manner.
Initially, spreading is in agreement with Tanner’s law —a
power law exponent of ~ 1/10. However after some time
(~ 5000s) flow crosses over to follow a power law with a
lower exponent. This slower spreading has been observed
for all the molecular weights studied in the ordered regime
(see table 1), on both the Si- and monolayer-covered sub-
strates, in air and under vacuum. The slower spreading
region is well fit by an exponent of 0.05 4+ 0.01: we stress
that the power law scaling is still consistent with the data,
but with a smaller exponent than the expected 1/10 value
of Tanner’s law.
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Fig. 4. A double logarithmic plot of the contact radius of sev-
eral 36 kg/mol diblock copolymer drops of differing volume as
a function of time at 180 °C. At this temperature, this system
is in the ordered lamellar regime. The observed noise on the
signal is related to focal drift over the course of the experiment.
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Fig. 5. Data from fig. 4 scaled by dividing by a scaling pa-
rameter, a, described in the text. Note that this one parame-
ter is enough for the data to collapse on the same curve. The
slopes of the best-fit lines correspond to 0.1£0.01 in the initial
fast regime and 0.05 + 0.01 in the slow regime for 36 kg/mol
droplets.

In fig. 5 we rescale the data of of fig. 4 by normaliz-
ing the data by a prefactor, a. The normalization is cho-
sen such that the data sets collapse and correspond to
unity at 500s. The crossover from the “fast” to “slow”
regime is clear for the molecular weights that can order.
This crossover behaviour should be contrasted with that
of the very low molecular weights which remain disordered
shown in fig. 6 which show growth consistent with Tan-
ner’s law. Comparison with Tanner’s law (eq. (1)) reveals
that the prefactor is dependent on viscosity, surface ten-
sion, and the volume of the drop, a ~ (o /n)Y/10023/10,
Since n and o are the same for the set of 36kg/mol
droplets shown in fig. 5, we plot the scaling parameter
as a function of the volume of the droplets in fig. 7. This
is well fit by a power law with an exponent of 0.29 + 0.03,
consistent with that predicted by Tanner’s law.

We suggest that the basis of the crossover from Tan-
ner’s law to a different power law is the result of increasing
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Fig. 6. Data as shown in fig. 5 for the case of diblock drop-
lets with molecular weights which are disordered at the tem-
perature at which the experiments are performed (20 and
26 kg/mol). The data is consistent with the scaling of Tanner’s
law.
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Fig. 7. In this figure we show a log-log plot of the scaling
parameter as a function of volume for the 36 kg/mol droplets.
The line is a power law fit with a slope of 0.29 £ 0.03.

ordering in the droplets. In the initial stages of growth the
droplets are not well ordered, both because ordering takes
time and because the growth rate is most rapid initially
which may impede ordering. The initial spreading dynam-
ics is analogous to disordered droplets and hence follows
Tanner’s law. However, as the spreading proceeds, the ve-
locity decreases and eventually larger length scale lamellae
parallel to the substrate start to dominate [17]. Once sig-
nificant order appears flow is frustrated further, i.e. more
complex rearrangement of lamellae and polymer molecules
in one layer have to overcome a hopping barrier to flow
into an other layer [21]. The ordering results in a change
in the rheology of the fluid in the droplet —as the droplet
velocity slows, order increases, and the effective viscosity
increases. This is similar to the increasing viscosity with
decreasing frequency of rheological experiments which has
been observed in block copolymer samples, see for exam-
ple [16]. We can estimate the shear strain rate from the
data in fig. 4 and the droplet size to be ~ 1073 s~ ! at the
crossover from fast to slow behavior. This is approximately
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where the modulus of a block copolymer is known to show
power law behavior [16], which suggests that one might
expect a non-linear viscosity in the spreading droplet.

Based on the observation that the flow is impeded,
we make the following simple assumption: the viscosity
varies inversely with the shear strain rate as n ~ '3~ ~
7' (h/V)P, where 3 is a positive constant, h is the height of
the droplet wedge at some point near the contact line, and
V' is the average velocity of the contact line. We note that
this is similar to what is expected for shear thinning fluids
and follow the theory presented by Rafai and coworkers
on that topic [22], which we describe briefly here. We take
as starting point that the energy that drives the spreading
is balanced by the energy dissipated in the fluid wedge at
the contact line (see [1,10]),

o2V [Roh rdv?
— —/a /0 n(a) dzdx,

where the driving force comes from the surface tension,
o, and the contact angle, 8. The integrals are over the
height of the droplet and the radial distance; the details of
the small length scale cutoff, a, depends on the molecular
scale and is well discussed in [1,10]. Assuming Poiseuille
flow, that fp is small, and near the wedge h ~ 6z, one

obtains )
R~ (5)7 e, 3)
n/

which is in full agreement with the expression obtained by
Rafai and coworkers for shear thinning. Equation (3) rep-
resents a modified Tanner’s law which includes the possi-
bility of a non-linear viscoelasticity that can be described
by n ~ n/47P. The best fit to the slow growth regime
shows R ~ t™, with m = 0.05 + 0.01. Since § = (1 —
10m)/(1—3m), the non-linear viscosity seen in the spread-
ing experiments corresponds to 7 ~ n/4~(0-59£0.14) [15],
We can compare this result with those obtained previously
on bulk samples and find that the droplet spreading non-
linear viscosity is consistent with rheological experiments
on diblock copolymers which result in 5 ~ 0.5 [16]. We
note that this exponent is different from what would be
expected for the shear thinning of a simple homopolymer,
n~ 0yt [19].

Finally the lamellar structure’s effect on the spreading
can be examined with atomic force microscopy (fig. 8). In
previous work we have shown that ordered droplets can
have a hyperbolic profile when the flow is very slow or
halted [17]. Here the morphologies observed are different
as flow is still significant and droplets are far from equi-
librium. Disordered droplets show the expected spherical
shape (see fig. 8b), with a minor perturbation due to weak
ordering induced by the substrate [23]. The small amount
of order near the substrate is insignificant when compared
with the bulk of the droplet and does not seem to affect
the flow. The droplets in the ordered state show a com-
plex morphology (see figs. 8a and ¢), with lamellar grains
forming parallel and perpendicular to the substrate. The
lack of a single grain of order as observed in our previous
work [17] is a dynamical effect —the droplet starts flowing

(2)
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Fig. 8. Atomic force micrographs of several different droplets,
illustrating some details of the microstructure. a) A sample im-
age of an ordered droplet (36 kg/mol) in the process of spread-
ing over the substrate (error signal image, 11 pm X 11 pym).
The defects near the top of the droplet are due to grains of
lamellae organized orthogonal to the substrate. b) A disor-
dered drop (20kg/mol), which illustrates the spherical nature
of the droplet and the small amount of surface-induced order-
ing (error signal image, 33 pm x 33 yum). ¢) Close up of a defect
near the top of a droplet (phase image, 2 um x 2 um).

from a relatively disordered state but quickly orders into
many lamellar grains. The order, however, only finds the
preferred minimum energy state (parallel to substrate) af-
ter significant annealing. We have verified the scaling in
time of the droplet radius directly with atomic force mi-
croscopy, and note no deviation from the results obtained
with optical technique.

3.3 Molecular weight effects

We now turn to the effect of molecular weight on the
droplet spreading. In order to determine if any molecu-
lar weight effects existed in this system, the same master
plots as described above were constructed for all ordered
samples (see table 1). The scaling parameters were then
plotted as a function of volume as can be seen in fig. 9.
For all molecular weights except perhaps the 104 kg/mol
sample, the data falls along the same power law. Since
a vertical shift in these data is related to surface ten-
sion and viscosity as seen in eq. (3), the fact that all
the data lies on the same general curve may initially
seem counterintuitive as homopolymer viscosity is highly
molecular-weight-dependent. However, in a partially or-
dered sample the molecular domains are segregated and
spreading takes place mainly through lamella sliding past
one another, and the rheology is primarily a result of this
microstructure [18]. The viscous losses are therefore de-
termined by the molecular friction of the lamella sliding,
an effect that is amplified by shearing [20]. With a small
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Fig. 9. A log-log plot of the scaling factor a (see text) obtained
in the creation of master plots for various molecular weights,
as a function of volume. The solid line is a best fit to the data
excluding the 104 kg/mol sample o ~ 20295003

interpenetration or entanglement between lamellae, there
is no longer any physical reason for molecular weight to
contribute as significantly to the flow as for an entangled
polymer melt. The highest molecular weight polymer used
in this study, 104 kg/mol, does show some small deviations
from the general trend, indicating that the greater pene-
tration of chains into adjacent lamellae expected for higher
molecular weights may be starting to become important.

4 Conclusions

We have observed a significantly impeaded flow in
ordered diblock copolymer droplets. Droplets that consist
of a diblock molecular weight that is disordered show
spreading dynamics consistent with Tanner’s law. How-
ever upon increasing the molecular weight and passing
into the ordered regime, the droplets initially follow
Tanner’s law and then proceed with a slower dynamics.
We show that the late stage spreading is consistent
with a modified spreading law that takes into account
the non-linear viscoelastic effects of the ordered diblock
copolymer melt. The picture that emerges is one where
as the degree of order increases, both because more
time has elapsed and because the flow proceeds more
slowly, the droplets crossover from a faster to a slower
growth dynamics. The slowing is then related to the
frustration induced by the lamellar microstructure of the
droplets. We show that this effect persists through many
ordered molecular weights. Our experiments show no
dependence of the spreading on the molecular weight of
the diblock when ordered with a possible exception of the

The European Physical Journal E

highest molecular weight studied. This suggests, in agree-
ment with other studies, that the character of this fluid is
primarily a result of the lamellar structure, and the sliding
of lamellae, not of the polymeric nature of the material.

Financial support from NSERC and the ACS PRF are grate-
fully acknowledged.
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