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Abstract 
Block copolymers, long chain molecules of two distinct chemical species joined 

covalent ly to one another, have long been known to form organized structures on 

the nanoscopic level. For example, if the two chains are the same length a lamel

lar structure results . In this work we show how this internal structure causes distinct 

deviation from 'normal' fluid behavior. vVe begin with the observat ion of block copoly

mer droplets with atomic fo rce microscopy. vVe note the droplets form nearly conical 

shapes in stark contrast to the usual spherical cap. These droplets are found to spread 

at an incredibly slow speed, and to have interesting instabilit ies in their wetting layer. 

vVe move on to studies of completely wet substrates (i. e. thin films) near the order

disorder transit ion of the material. Here we directly observe, wit h optical microscopy, 

a change in the fundamental spacing of the diblock's internal structure. This repre

sents a superior method of measurement of the Flory-Huggins interaction parameter, 

which we verify in several ways. We also use the change in lamellar t hickness to drive 

diffusion from one layer to another, and by similar measurements we can determine 

the kinet ics of diffusion between the lamellar layers. In the last study we measure the 

lamellar edges on a gradient thickness sample with optical microscopy. In so doing 

we can directly observe surface induced ordering, and for the first time, can precisely 

resolve the near surface ordering dynamics. 
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Preface 
This is a 'sandwich ' thesis. As the published works are collaborations among 

several researchers some comments are necessary. I am the primary author of all 

works presented which represent experiments concieved of, conducted, and analyzed 

by myself. Often modern theoretical methods are of sufficient complexity that their 

implementation is beyond the humble experimenter. Therefore, we have relied upon 

the expertise of several top theorists in many of our papern (An-Chang Shi and Mark 

Matsen). 
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Chapter 1 

Introduction 

Block copolymers, those "clever animals that can find their way to an interface" [1], 

are one of the most fascinating molecules of modern synthetic materials. They have 

properties that are similar to those of lipids, of liquid crystals and, of course, of poly

mers, which places them firmly at the crossroads of modern soft condensed matter. 

They spontaneously form structure on a nanoscopic scale, making them of clear rel

evance in modern lithographic technology [2]. They make polymer alloys (blends) 

stronger [3]. They are complex. They are beautiful. They are the backbone of this 

thesis. 

To appreciate the physics of block copolymers, one must first be introduced to 

some of the physics behind ordinary long chain polymer molecules. This is because a 

block copolymer is made of several different long chains that are joined together by 

a chemical bond. One must also be acquainted with the details of phase separation, 

as many of the most interesting properties of block copolymers arise because the 

different blocks are unable to mix. Only after familiarization of these two topics can 

one delve into the introductory physical details of diblock copolymers (the simplest 

form of a block copolymer, in which two different polymers are joined at one end). 

Study of these physical details, such as the micro-phase separated state in which these 

materials spontaneously form nanoscopically ordered structures, will be continued 

throughout this thesis. After an introduction to these background concepts, the first 

experimental work of this thesis will be presented. These experiments will begin by 
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looking at static and dynamic aspects of small droplets of fluid on a silicon substrate. 

These studies reveal that ordered symmetric diblock copolymers form a near-conical 

structure, in stark contrast to the familiar spherical shape adopted by ordinary fluids. 

The dynamics of spreading is found to be dramatically slowed, and to depend primarily 

on molecular friction rather than a true newtonian viscosity. Finally, we find that 

molecular details of the thin wetting fluid layer at the base of a spreading droplet 

leads to a unique fingering instability which is analogous to the process by which 

snowflakes form such unique shapes [4]. 

In chapter 3 we discuss experiments on thin films of diblock copolymer that com

pletely cover a substrate. In these experiments we observe the spacing of the internal 

layers of the fluid precisely, and by changing the sample temperature, build up direct ly 

a map of layer spacing as a function of temperature .. These results lead us to make 

several conclusions about the scaling of this thickness near the order to disorder tran

sit ion, primarily of note is that this region is not well approximated by a single power 

law function. vVe also observe the dynamics of the relaxation from one equilibrium 

spacing to another as temperature is changed. 

'vVe next study how the material forms ordered structures near the substrate while 

the bulk remains in the disordered state [5- 7]. Our experiment allows us to make high 

resolu t ion measurements of the location of the ODT, which we note to be significantly 

above the simple mean field prediction. This non-mean field ODT is in line with 

current understanding of fluctuation effects [6, 8]. The same experimental system also 

allows for simple real-space observation of the ordering and disordering dynamics of 

these surface layers. Finally, we repeat these last two experiments using an alternative 

variable and a second polymer. The agreement of this second set of data lends great 

confidence to our new understanding. 

1.1 Poly mers 

Polymers are molecules created through the repetition of a large number of units 

known as monomers. These molecules have an exceptional aspect ratio, often being of 

order 106
. As one might imagine, the result of this extreme aspect ratio is an incredibly 
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Figure 1.1: The geometry of a polymer chain in the coarse-grained model used 
throughout this thesis. Boxes show progressively magnified regions of chain , the limit 
of which is the true chemical structure. 

flexible molecule. Indeed , as will be shown shortly, this flexibili ty dominates most 

of the propert ies that make polymeric materials so desirable (elasticity, toughness, 

processibility, .. . ) . The flexibility is determined by the geometry of the molecules. It 

is therefore easy to see why a coarse grained view of these materials is so desirable -

the propert ies do not strongly depend on the type of monomer used. 

In the spirit of generalization we will persue the standard treatment followed by 

many authors [9, 10] and consider an object of Nm monomers each of length lcJ The 

vector Ci points along the backbone of the lth monomer in the chain (see Fig. 1.1). vVe 

also note Nm is a very large number. Any two adj acent monomers (say a t positions 

~ and ~+ 1 ) will be related to each other by some well defined bond angle, e. This 

angle, and the size lei I, are strongly related to the type of monomer used . vVe therefore 

wish to find a lengthscale at which we lose this level of detail. To set this new 

lengthscale we consider a vector iii which we define as the sum of several monomer 

vectors (iii = L:t~~i Ci ). The key is t hat iii is large enough that (ai · ai+ 1) ~ 0, that is, 

the vectors ai and ai+ t are completely uncorrelated . The result is that the trajectory 

of the chain of uncorrelated links follows a random walk of step length a = 151 [9, 10]. 

Before discussing the random-walk or ' ideal' polymer chain, there remains one 

ambigui ty in the model that must be addressed - we have no defini tion for n, the 

number of monomers in a segment of length liii l· The lower limit of n is set by 
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Figure 1.2: A 1000 step random walk on a cubic lattice. The solid red line connects 
the two ends of the chain (i.e. it is Re)· 

the requirement of zero correlation between segments, but the upper limit remains 

unbound. Kuhn was the first to suggest using the requirement of equal t rajectory of 

the ideal and real chain to set this limit [9]. Specifically, we require that IC1Nrn = JaJN. 
With this we have a complete definition, the Kuhn length, Jal, is the length which is 

small enough that there is no correlation between two adjacent units, but not large 

enough to change the total contour length. 

A useful way to visualize this generalization is to use a lattice model to simulate 

a polymer chain [11 , 12]. In a lattice model, space is discritized into points that lie 

on a lattice (a cubic lattice is shown in figure 1.2). A polymer is then represented 

by connecting lattice points together to form a chain. Such simulations give direct 

access to all of the details that have just been discussed, for example, Re is shown 

in Fig. 1.2. This simple type of model is useful in construction of heuristic, analytic 

models of polymer behavior that capture the essential physics of a situat ion. This 

type of model will be relied upon heavily in the following discussion. 

As we have mentioned this ideal polymer chain follows a random walk contour in 
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space. This is convenient as it allows the use of the many textbooks devoted to the 

Gaussian statistics of random walks [13, 14]. Therefore we simply note several feat ures 

of the Gaussian chain result , starting with a definition of the distribution funct ion, 

p(Re), where R-:_ is the average end to end vector [10]. This function can be thought 

of as a map of probabilities of having a random walk with and end to end vector given 

by Re. It is given by, 

_ - 3;2 (- 3IRel 2
). p(Re) - k exp 

2
k2 , (1.1 ) 

where k is the root mean squared average value of Re. The details of this new length, 

k, can be found directly from our 'ideal' chain model. 

'vVe begin by defining the end to end vector as, 

N 

Re= l:ai, (1.2) 
i=O 

from which we can then calculate k as follows , 

r::;2: 
k = V ( fl e ) = 

N 

2:: (a:i · a1)· (1.3) 
i,j=O 

However, ai and a1 are uncorrelated, so this can be simplified to 

k =am. (1.4) 

This simple scaling rule is one of the most important results of polymer physics and 

is commonly recast as the related quantity, R9 = a/Nf6, the radius of gyration. 

This statement might be unexpected; one might have assumed that the total length 

of a polymer chain would appear in any relevant argument pertaining to material 

properties. As we shall show below, the average end-to-end size is indeed the most 

fundamental length in polymeric materials because of the dominance of entropy in 

these molecules. 

To see how Eq. 1.4 is so intimately linked ~o material performance, let us now 

consider the free energy of a polymer chain in a melt with the particular end-to-end 
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distance R. The Gibbs free energy is given as 

F= U-TS, (1.5) 

where U is an internal energy, T is temperature and S is the entropy. The internal 

energy of a chain in a melt will simply be a constant as polymers in the melt typically 

do not bond with other chains or break into pieces. This means the major contribution 

to the free energy is from entropy, which is easily calculated, 

3R2 

S ,...., ln[p(R)] = S0 - - · 
12R2 ' g 

(1.6) 

where S0 is a constant. Eq. 1.6 taken together with Eq. 1.5 show the dramatic 

effect of conformation on the fundamental properties of a polymer melt. If chains 

are stretched, there is a high energetic cost proportional to the square of the new 

end-to-end distance. This cost scales as the inverse of the radius of gyration squared, 

illustrating the importance of R9 to the physical properties of a polymer melt. 

The resulting free energy is identical to the case of a simple spring (F ,..._, kx2 ) , 

which makes it clear why polymeric materials have a high elasticity. 'vVe further note 

that the polymeric 'spring constant' also depends directly on temperature. This im

portant detail will be useful in understanding experiments that manipulate the chain 

conformations - high temperatures increase the cost of deviating from the average 

shape. 

In summary, polymer chains can be successfully described as random walks [9, 

10] This allows the identificat ion of a statistical lenghtscale, R9 , which characterizes 

the average size of a polymer chain in the melt. The lengthscale, R9 , is important 

in quantifying many physical properties of a polymer melt , as for example, in the 

calculation of the free energy of a chain. Because of the dominance of entropy in 

these systems we expect temperature to greatly influence the physical properties of 

polymer melts (as F,...., -TS). 
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1.2 Polymer Blends 

A polymer blend is created when one mixes two different polymers (say A and B). 

Blends can lead to useful combinations of material properties (for example, High 

Impact Polystyrene a common class of industrially important plastics, combine the 

hardness of styrene with the elasticity of butadiene) which makes them of significant 

interest to industry [15]. From a more fundamental point of view, the blend can lead 

to significant interphase formation [11], pattern formation [16], and interesting dy

namics [17]. The characterization of these phenomena allows a deeper understanding 

of the interaction between polymers, and will form a starting point for our studies of 

diblock copolymers. 

'vVe begin by considering the free energy of mixing, which will ultimately allow 

us to characterize the blend [9, 11, 12]. This is the difference between the Gibbs free 

energy of a volume of A molecules, VA , and a volume of B molecules, V8 , in an 

unmixed state and that of a volume, V, of a mixture of A and B molecules. 'vVe use 

this difference in free energy, rather than the full free energy, as many terms will not 

change between these two states and will simply serve to obfuscate the important 

parameters. 'vVe wish to create a microscopic model that allows us insight into the 

change in free energy, 

-T Strans + P int; (1. 7) 

where S trans is due to the gain in translational freedom of the molecules and Pint is due 

to the interaction of the different molecular species. For simplicity, let V = VA+ V8 , 

and the concentration of A molecules be represented as ¢A = VA/V. The entropy is 

given by, 

[
</JA ( (</Ja ) ( )] 

Strans =ks NA ln ¢A )+ Na ln <Pa ; (1.8) 

where NA (N8 ) is the number of monomers in the A (B) chain, and the first and 

second term are clue to chain A and chain B respectively. This formulation arises 

from the conventional Gibbs formula, S = k8 p ln(p); where k8 is the Boltzmann 
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constant and the probability is given by p. Here, the probability of finding a chain is 

simply the volume occupied by the chain in the total volume of the system. vVe must 

also account for the fact that NA monomers belong to any A chain. 

The calculation is most easily performed in a latt ice model. vVe simply count 

occupied sites to arrive at a measure of entropy. The lattice also provides a conve

nient way calculate the interaction energy Fint· If we consider only nearest neighbour 

interactions we have three possible energies which we must sum up, EAA, the energy 

between two A monomers, E88 , the energy between two B monomers, and EAs , the 

energy between an A and B monomer. The lattice is filled with ¢A monomers which 

we assume interact with an average background. The average is a mean fi eld assump

tion - a chain reacts to a 'field ' created by all other molecules. The average field will be 

due to Z neighbours, which have a probabili ty of being A (or B) given by</> (or 1- </>). 

By subtracting the energy of a chain in its unmixed state (i.e. z</>AEAA + z</> 8 c88 ) we 

arrive at, 

(1.9) 

vVe define x - z( -EAA - Eaa + 2EAa)/ kaT where x is known as the Flory-Huggins 

interaction parameter. If we assume incompressibility of the melt , ¢A+ ¢8 = 1, then 

Fint = ¢(1 - </> )xkT. (1.10) 

vVe may now write the total Flory-Huggins free energy of mixing [18- 20] as, 

!:::.F/kaT = -[_±_zn(</>) + (l - ¢) ln(l - ¢)] + ¢(1 - </>)x 
NA Na 

(1.11) 

from which several observations are warranted. Firstly, although we have 'defined' a 

parameter x as a purely energetic parameter it is unlikely that this is the case [9,21]. 

In general the interaction parameter is written as x = XH /T + xs, where the first 

term is the enthalpic term just discussed. The second term is a 'catch all ' termed the 

entropic contribution due to the thermodynamical relation S = -OF / OT. There are 

many physical possibilities for this entropy (and indeed, extra contributions to the 

enthalpy), but the most relevant to our discussion is t he unphysical nature of a simple 

8 
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Figure 1.3: A plot of free energy per monomer as a function of weight fraction for 
several different values of xN. From the top down xN = 3, 2.5, 2, 1.5, 1. 

la ttice used in deriving x (for an alternative see [22]). 

With Eq. 1. 11 we may now begin to describe t he behavior of a polymer blend . 

For simplicity, let us consider a symmetric blend where ¢A = ¢ 8 and the polymer 

lengths are also equal N = NA = N8 . We can then plot the resulting free energy 

of mixing per polymer for several different xN (see Fig. 1.3). The rescaling of x for 

a simple molecular blend to xN for a polymeric mixt ure is introduced in order to 

illuminate the relevance of this combination of x and N as the new enthalpic scale. 

Clearly a polymer of N uni ts will have N interactions with the mixt ure, wheras a 

molecule of a simple fluid would only have one. The free energy changes from a 

function with a single minimum (xN < 2), to a function with two minima (xN > 2). 

The significance of this t ransit ion is clear when considering a par t icular mixture, for 

example a homogeneous mixt ure at ¢' and 6 F' and a separated mixture at some <Pa 

and ¢b· If xN is low the free energy is concave up and any separated state will have 

a free energy larger than 6 F' , as the new free energy is a weighted average of the 

two new free energies. T his is most di rectly seen as the intersection of a ver t ical line 

through¢' and a line connecting F (</Ja) and F (¢b ) (see Fig. 1.4) [9]. 

Increasing the value of xN, we eventually find a case in which the free energy of 

9 
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Figure 1.4: An illustration of the free energy per monomer as a function of weight 
fraction for xN = 1. A particular mixture initially of concentration q/ and energy F' 
will have a higher energy, Fab, if it phase separates to concentrations </>a and </>b . 

the phase separated mixture is lower than the homogeneous state. This means the 

mixture will have regions rich in A molecules, </>a, in equilibrium with regions rich in 

B molecules, <l>b· The mixture has phase separated. The behavior crosses over as the 

concavity of the curve changes from positive to negative, allowing a rigorous definition 

of the boundary between mixed and demixed solution, 

8F 
8</> = 0. (1.12) 

Eqn. 1.12 defines a new curve is known as the binodal line, and is most compactly 

written as 

- 1 (1-</>) xN = 1 _ 2</> ln - </> - ; (1.13) 

where we see more clearly why xN is used in combination to describe the phase. xN 

is adequate to entirely describe the phase of a mixture - for xN above Eq. 1.13 there 

is phase separation, below it there is a homogeneous mixture. 

There remains an important subtlety. There are conditions under which a mixture 

can be locally stable, even if the ultimate equilibrium state lowers the free energy. 

10 
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Figure 1.5: A schematic illustrating both metastable and unstable mixtures. A mix
ture at ¢2 is spontaneously unstable, any fluctuation is seen to lower the total free 
energy (by an amount -F). A mixture at ¢ 1 will have an increase in free energy ( +F) 
with a small fl uctuation even though a large fluctuation will lower the free energy. 

This difference is illustrated in figure 1.5 where we see two mixtures ¢ 1 and ¢2. If 

we consider a small fluctuation of phase around these two points we find that the 

free energy is lowered for ¢2 and raised for ¢ 1. Hence, ¢2 will be unstable to any 

fluctuation, but ¢ 1 is not . The mixture a t ¢1 must have a fluctuation of a large size 

before its energy is lowered - it must overcome a barrier before phase separating. 

These two cases are clearly delineated by a change in curvature of F , i. e. 

which leads to 

82F 
8¢2 = 0, 

xN = ~(! +-1-) . 
2 </; 1- ¢ 

This second curve is known as the spinodal line. 

(1.14) 

(1.15) 

vVith these two curves we can now construct a comprehensive phase diagram (see 

Fig. 1.6). This diagram shows that a mixture will be spontaneously unstable for high 

xN and </; not to near 1 or 0. 'vVe also note that the metastable region fills a thin 

strip between the spinodal and binodal curves except for a point at </; = 1/ 2 where 

the two curves meet . This point has thermodynamic significance which is revealed by 

11 
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Figure 1.6: The phase diagram of a binary mixture. The solid line is the binodal and 
the dashed line shows the spinodal. Both lines converge on a critical point. 

considering the order of the phase transition along the binodal. To do so most simply, 

we Taylor expand F( ¢) around the binodal point cPb· For points other than cPb = 1/2 

we note that the term proportional to ( ¢ - cPb)3 exists and therefore the transition 

is first order. However , for the special case of ¢ = 1/2 we see that the third order 

derivative is identically zero, and the third order term of the expansion disappears. 

This means that there is a second order phase transition, and ¢ = 1/2 is called a 

critical point. 

Despite the mixture ultimately ending in a phase separated state, the metastable 

and unstable regions significantly differ in the kinetics of phase separation which leads 

to dramatic morphological differences [9 , 11 , 12, 14] . In the metastable region a sample 

must overcome a barrier before separating into an A-rich and B-rich region. As a 

result the kinetics will follow the Arrhenius form , 

(1.16) 

where /.1 is a nucleation rate, and OE is the size of the energy barrier. 

The form of the energy barrier can be estimated by considering a small spherical 

12 
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• 

a. 

Figure 1. 7: Schematic of the phase separation morphology of a. nucleation and growth 
regime and b. spinodal regime 

domain of phase separated mixture. This domain will lower the system 's free energy 

by 6f t imes its volume(,...,_, r 3 ), where 6f is simply the difference of free energy between 

the phase separated and phase mixed states. The domain also has an unfavourable 

interfacial tension / which leads to 

( 1.17) 

the standard form of classical nucleation theory [12]. Eqn. 1.17 has a single ma.ximum, 

which is t he barrier energy needed , i.e. & ,...,_, 1f/j6f . The stochastic nature of the 

Arrhenius process means tha t the metastable region is dominated by random processes 

and as a result will have a morphology of many droplets of phase separated material 

of different sizes in uncorrelated locations (Fig. 1. 7 a. ). 

Experiments on symmetric mixtures in the spontaneously unstable region (above 

the spinodal line) region typically show an interesting pat tern of interconnected re

gions of A or B rich regions of similar size (see Fig. 1. 7 b.), which is very different 

from the nucleation and growth morphology. In the spinodal region the kinetics are 

significantly faster as any thermal fluctua tion instantly lowers t he system 's free en

ergy. Because of the significance of the fluctuations there is no well defined surface 

between A and B rich regions, which means analysis similar to t hat of the nucleation 

regime (where the energies of surfaces and volumes are calculated) is dest ined to fail. 

In order to evaluate the striking pat tern formation in the spontaneously unstable 
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region of t he phase diagram, we follow the Cahn-Hillard derivation [23] and begin 

with a free energy functional of the following form , 

J(¢) = jax [Jo (¢)+r;,(~~ )] , (1.18) 

where r;, is the gradient energy composit ion, J0 (¢) is the free energy in the phase mixed 

state, and we have integrated over the system in one dimension for simplicity [23]. 

This phenomenological form for the free energy takes the weak interface between A 

and B domains into account by considering the gradient explicitly [12] . The chemical 

potential is thus given by, 

µ 
BJ(¢) 

8¢ 
BJo 82¢ 
8¢ + 2r;, 8x2 · 

(1.19) 

As the chemical potential gradient drives the formation of the domains, this is all 

that is necessary to understand the pattern that forms. Molecules are driven by a 

chemical potential, and diffuse accordingly. 

The pattern forms because a part icular fluctuation diffuses more readily than 

others. This can be understood quali tatively as a contrast between the long distances 

material must diffuse in a long wavelength instabili ty, and the high energetic cost of the 

many interphases fo rmed in a short wavelength instability. Clearly some intermediate 

wavelength is the most relevant to the pat tern. To be more rigorous, let us consider 

a linearized diffusion equation, 

8¢ 
at 

(1.20) 

where t is t ime, m is the mobility, and the linearization per tains to m and r;, which 

are assumed to be only weakly dependent on ¢. This is known as the Cahn-Hillard 
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equation [23]. Its solution is, 

(1.21) 

The fastest growing wave is simply the extrema of the argument of the second expo

nential ( q = j jg/"') , and it is this lengthscale that best describes the morphology 

observed. 

The phenomenological description of the statics and dynamics of binary mixtures, 

while not exact, is nonetheless a very good description of the physical process. This 

analysis will prove invaluable as a starting point for much of the discussion in the rest 

of this thesis . We will, in fact, find several instances where identical reasoning will 

allow us to understand the behavior of diblock copolymers. 

1.3 Diblock Copolymers 

Diblock copolymers, the main object of study of this thesis , are created by joining 

two chemically different polymers together at one end (see Fig. 1.8). This results 

in a peculiar type of polymer blend that has many fascinating properties; the most 

remarkable of which is the self-assembly of intricate nanoscopic patterns in a diblock 

copolymer melt [24]. These structures are of clear technological importance, given 

the desired small size of semiconductor hetrostructures [2]. Beyond the potential 

for technological use, diblocks form ideal model systems for the study of pattern 

formation, and offer a more easily controled analogy to the surfactant systems which 

are so abundant in Nature [25, 26]. 

As in an ordinary blend, the two blocks have an enthalpic interaction which can 

be characterized by the Flory-Huggins interaction parameter, x [12, 24 , 27]. Diblocks 

will also phase separate into A-rich and B-rich domains if x exceeds some critical 

value. However, in the case of diblocks, we find that the process is frustrated by 

the connectivity of the two chains and stalls at some small lengthscale, L, that is 

dependent on the size of the chains. The di block copolymer melt microphase separates 

into one of many possible nanostructures [24, 27]. 
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Figure 1.8: A diblock copolymer in its disordered and ordered state. The wid th of 
the A - B interface is given as wi and L characterises the most relevant lengthscale. 

The simplest three nanostructures (spheres, cylinders and lamella) are illustrated 

in fig. 1.9 , which shows a schematic phase diagram [28]. The particular structure is 

determined by the ratio of lengths of the two blocks, f = NA/(NA + N8 ). If t he A 

block is very small, its enthalpic contribution will be ignored , and the melt will behave 

as a homopolymer melt of B molecules. As A becomes longer the interfacial energy 

grows and microphase separation into a body-centered lattice of spherical domains of 

A in a matrix of B takes place. The curved interface is mainly due to the geometry, 

since there is less A than B. As the A block becomes longer, the cost of deforming 

the molecules becomes greater and the spherical structure gives way to a hexagonally 

packed la ttice of cylindrical domains. ·when A becomes comparable to B in length , 

there is a similar amount of both blocks and the interface becomes fl a t . The result is a 

lamellar structure fo r symmetric molecules. The phase is symmetric around f = 0.5, 

the location of A and B in the structures simply swap when A becomes longer than 

B . 

The structures (and their spacing) can be accurately predicted if the correct free 

energy is known [24,25, 29- 31]. There are in fact several viable theories of the structure 

of diblock copolymers, each applicable in different ways. The simples t theoretical 

regime applies to the strongly segregated part of the phase diagram (xN > > 10). 

Here we may assume an extremely thin interface w i between the different blocks 

(see Fig. 1.8b .) [12 , 30, 31]. This assumption allows us to replace the interface by an 

energy cost per area, /AB, which competes with a stretching energy due to the loss of 

confo rmations by fo rcing the blocks to reside on their respective sides of the interface . 
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f 

Figure 1.9: A schematic diblock copolymer phase diagram illustrating the four clas
sical phases. Below the curve is the disordered phase. Immediately above this is 
the spherical phase, and then the hexagonally packed cylindrical phase. The largest 
central region represents the lamellar phase. 
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This stretching entropy is given by Eq. 1.6, resulting in the free energy, 

F/k T = 3L2 - /AaNa3 . 
8 8Na2 L ' 

(1.22) 

where N = NA + N 8 , and a = (aA + a 8 )/2 for simplicity. The latter definition is 

valid in the case that the two monomers share the same segment length, but forms a 

reasonable estimate otherwise. 

In order to calculate the interfacial tension, the width of the interface must be 

determined. ·while there are more sophisticated methods of making this estimate [30, 

32], we shall follow the simplest estimate in order to illustrate the relevant ideas [12] . 

We start by noting the interfacial width will be set by the length of some segment of 

a test chain that finds itself in the opposite phase. This segment has an energy cost 

of,___, xNse9 k8 T, where Nseg is the number of units of the segment . The energy of this 

incursion will be approximately equal to the current thermal energy of the system, 

kaT, which allows the number of units of the segment to be determined, Nseg ,___, 1/x. 
Because the segment of chain still follows Gaussian statistics, the interfacial width is 

simply w ,___, ajfi::;. From the definition of x, and the number of molecules per unit 

area at the interface w/a3 , the interfacial tension is seen to be /AB= k8 T JX/a2
. 

Once the free energy is calculated many details can now be obtained, for exam

ple, minimization of Eq. 1.22 with respect to L gives the equilibrium pattern spacing 

L ,___, x116 N 2!3
. This scaling has been verified in numerous experiments, which gives 

much confidence to the underlying physical idea - the spacing is set by the competi

tion between stretching and interfacial area [33, 34]. However , the strong segregation 

limit is, only one extreme and is only asymptotically applicable as the chains become 

infinitely long. Most chains used in industry are much shorter than this, which means 

another approach must be taken. 

To move forward one must consider why the strong segregation assumption fails for 

shorter chains. If one considers a chain as it moves from disordered to weakly ordered 

to strongly ordered it becomes clear that the width of the interface changes. In the 

strongly segregated regime the interface is assumed to be extremely narrow, molecules 

cannot significantly move into the opposite phase. However, in the disordered state 
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there is no cost to move into the opposite phase. Clearly in the weak regime the 

cost of an 'incursion' into the opposite phase is somewhere between the two extremes. 

Hence, a weak segregation theory must allow for diffuse interfaces between A and B 

(i.e. w--+ L). 

Leibler proposed a mean field theory of the weakly segregated state that has 

correctly approximated this diffuse boundary [35]. The full calculation is beyond 

the scope of this introduction and will not be given here, however a discussion of 

the main results of this important contribution is certainly worthwhile. Leibler's 

derivation begins by identifying the average deviation of the A monomer density from 

that of the homogeneous state, ¢( r), as an order parameter that describes the phase 

transition from the ordered to the disordered state. A Landau expansion [36] was 

then performed resulting in the following free energy, 

F =Fa+ kaT f v-n~ 2..::: f n(q1, ... , q-:i)¢(q1) . . . ¢(q-:i) ; 
n=2 n. q[ , .. .,q-;. 

(1.23) 

where if is a wavevector in Fourier space, V is the system volume, and the f's are 

related to the monomer density correlation functions. The correlation functions were 

calculated with the random phase approximation [35, 37]. 

Once the free energy has been derived in this manner one can make several im

portant observations. Firstly, the underlying phase pattern can be considered to be 

built up of many different Fourier modes. More importantly, near the transition one 

particular wavelength dominates the system and it is this wavelength that mainly sets 

the scale of the phase separated state (L). This also reveals the proper description 

of the diffuse boundary between A and B domains , ¢ is a sinusoidal function along 

the pattern a.xis and the interface becomes quite wide. Secondly, as the free energy 

is already expanded in powers of ¢, we see quite clearly that the transition is first 

order everywhere along the boundary except when the molecule is symmetric (as the 

third order term is in general non-zero) [35]. In the symmetric case, the third order 

term becomes zero, and the transition becomes second order. This preserves much of 

the analogy between a binary mixture and a diblock copolymer melt because of the 

analogy with the Cahn-Hillard treatment [38]. Finally the phase stability is easily 
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determined near the ODT through the assumption of one dominant q, which allows 

the spinodal to easily be located and a phase diagram can be constructed. An im

portant prediction that will be useful later is that a symmetric diblock copolymer has 

a spinodal point predicted to be (xN)ooT = 10.495 (compared with 2 in the binary 

blend). 

This theory, while immensely successful in describing the phase of a di block copoly

mer melt, also suffers from several drawbacks. Primarily, Leibler 's theory is confined 

to a small range of applicabili ty around the order disorder transition point . This is 

similar to the shortcomings of the theory of the strong segregation regime, in that it 

explores one of the two extremes of ordered state along the continuum from weakly 

segregated to strongly segregated. Furthermore , this method is only approximate; it 

is ultimately a truncated series. Finally Leibler 's theory ignores fluctuations of the 

mean field which are a major contribution to the state of the system near the ODT. 

Self-consistent field theory (SCFT) provides an alternative which successfully con

nects both the weak and strong segregation regimes, as well as providing an exact 

solution to the mean field theory [7, 25, 39- 42]. Although the complexity of this the

ory precludes a detailed discussion, some comments are necessary. The technique 

begins with the assumption of some background field due to the average contribution 

of nearby chains. This field is then used to predict the energies of the different possi

ble molecular conformations of a test chain. The conformations can then be used to 

recalculate the field which we began with. After much iteration the result narrows in 

on the appropriate monomer density and free energy. vVith this numerical free energy 

many of the same details calculated with Leibler's theory and the strongly segregated 

theory can be found [41]. vVhile immensely successful SCFT also has some drawbacks, 

for example, its numerical complexity. There are also no fluctuation considerations in 

the theory, and it therefore locates the phase boundaries incorrect ly as does Leibler's 

theory. 

In summary, diblock copolymers are polymer molecules of amphiphillic nature 

that microphase separate into intricate ordered structures. These structures can be 

understood with the help of different approximate theories, or with the exact SCFT. 

Despite several decades of intense research, there remain several challenges. This 
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includes an understanding of the dynamical processes involved in anisotropic liquids 

such as diblock copolymers, and most deeply, how fluctuations alter the nature and 

location of the order disorder transition. 
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Chapter 2 

Polymer Droplets 

In this chapter we consider the geometry and dynamics of small droplets of liquid 

on solid substrates. We compare the behavior of homopolymeric fluids with that 

of symmetric diblock copolymers in order to illustrate the differences caused by the 

----ail-~~f--th@.._,l.-&Jrl,gI=,~~~~~~~~~~~~~~~~~~~~~~~ 

2.1 Statics 

'vVe begin by comparing the measured shape of a droplet of homopolymer with that of a 

diblock copolymer both above and below the ODT. In so doing we discover a dramatic 

difference between the two cases. Homopolymeric fluids (as any Newtonian fluid) form 

spherical caps whereas the diblock copolymers, while still fluid , form nearly conical 

terraced shapes. Our analysis of this dramatic difference relies on the minimization of 

a simple free energy function and leads us to a new physical effect - the repulsion of two 

adj acent lamella edges. 'vVe begin with a discussion of homopolymer and disordered 

block copolymer droplets, and then present the first paper of this thesis in which 

ordered diblock copolymer droplets are studied. 

The details of the molecules used in these studies are reproduced below in Ta

ble 2.1. This table, which also appears in the first published work, is reproduced here 

due to an error in one of the published thickness measurements. This error was due 

to an improperly calibrated atomic force microscope which has since been corrected . 
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Table 2.1 : Polymer Details - The number averaged molecular weights for the PS and 
PMMA blocks , the polydispersity index, and the microstructural state at 180 °C. 

Jvf---PY 
n 

!'vl~ n N Polydispersi ty L(measured) State 
10 000 10 000 206 1.05 14.5 ± 0.5 Disordered 
12 800 12 900 252 1.05 18.0 ± 0.5 Disordered 
14 900 13 100 274 1.05 19.0 ± 0.5 Weakly Ordered 
18 000 18 000 353 1.07 26.6 ± 0.5 Ordered 
21 000 21 000 412 1.07 28.3 ± 0.5 Ordered 
25 000 26 000 500 1.09 30.6 ± 0.5 Ordered 

Our measurements are in otherwise perfect agreement with other studies of lamellar 

thickness [43]. 

2 .1.1 Homopolymer 

A droplet of homopolymer on a solid substrate will adopt a shape that minimizes the 

droplets total free energy. Hence, we begin by defining the free energy of a small parcel 

of fluid in contact with some rigid boundary (see Fig. 2.1) . The energies involved are 

once again rooted in the molecules that make up the fluid. A fluid molecule surrounded 

by other fluid molecules will (as discussed earlier) feel an energy proportional to the 

number of neighbours around it. As a liquid is a condensate, we can safely assume 

that these interactions are favourable. A molecule at a surface, however , feels less 

fluid neighbours than does a molecule in the bulk and therefore the interface comes at 

an increased cost given by the surface tension I· Calculated on a lattice, the surface 

tension would be given by r'"" xkbT/v213
; where vis the volume of a lattice site [12]. 

Most concisely, the fluid adopts a shape that minimizes surfaces. 

There are three interfaces in the problem, the solid-vapour, the solid-liquid, and 

the liquid-vapour. As fluid molecules at each of these surfaces come at an energetic 

cost compared to molecules in the bulk, an energy must be assigned to each. The 

shape of the droplet can then easily be determined by minimizing the free energy 

while keeping the volume constant. 

To calculate the shape we begin with the assumption of a...xial symmetry, which 
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z 
z(x) 

x 

Figure 2.1: Schematic of a droplet of polymer on a solid substrate. The droplet is 
cylindrically symmetric and has a surface labeled by the curve z(x) which terminates 
at the surface a distance R from the droplets center. 

allows us to write the free energy as 

(2.1) 

where/ is the energy of the interface and the subscripts refer to the liquid (l) , solid 

( S) and vapour ( v) respectively. R is the point at which the droplet's free surface 

contacts the substrate. If the volume constraint is written as V = 27f f0R xzox, then it 

becomes clear that the shape of the surface can be determined by the usual techniques 

of variational calculus. That is , the solution of, 

oF o 8F 
----=0· 
oz ox oz ' 

(2.2) 

where F = / tvX Vl + z2 - >..xz and >.. is a Lagrange multiplier. Solving this partial 

differential equation yields 

(2.3) 

with c as an integration constant. Using the volume constraint we find Lagrange 

multiplier is given by >.. = /ab/ R. Finally, the integration constant is set by the 

balance of surface energies. 
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Figure 2.2: \,Yater droplets on a tulip. Note the spherical cap shape of each drop . 

The main result is the shape predicted by Eq. 2.3. This curve is a sphere centered 

at (0, - c) - a droplet is a spherical cap. This result is easily verified by the observation 

of a fluid droplet on a surface (see Fig. 2.2) . 

This spherical cap shape is also observed in disordered diblock copolymer droplets, 

as is shown in Fig. 2.3. Here we have annealed a droplet of disordered copolymer for 

a long time at 180°C under vacuum. The droplet is on an atomically flat substrate 

(electronics grade silicon) that has been cleaned by super-critical C02 and UV-ozone 

treatment. The topography has been recorded by atomic force microscopy. The 

spherical nature of these droplets is exactly as we would expect, a disordered diblock 

copolymer will behave exactly as a homopolymer or Newtonian fluid under these 

static, equilibrium condit ions . 
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Figure 2.3: A three dimensional rendering of a typical droplet of disordered block 
copolymer , in this case a molecular weight of 27kg/mol is shown. The image is 
10 x 10 µm and has a z scale of approximately 130 nm. Note the surface induced 
ording (bumps near the substrate) and wetting monolayer. These two effects are 
discussed in Section 2.2 and Section 3.2 respectively. 
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2.1.2 Paper I: Droplet Shape of an Anisotropic Fluid 

A.B. Croll, M.V. Massa, M.W. Matsen and K. Dalnoki-Veress, Phys. Rev. Lett. 97 

24502 (2006) 

In this first published work we have studied the shape formed by small droplets of 

diblock copolymer by atomic force microscopy. In contrast to the previously discussed 

spherical solution of an ordinary fluid, here we find nearly conical shapes in ordered 

diblock copolymer droplets. vVe model the atypical shape by considering the free

energy of a stack of fluid disks. Minimization of this free energy predicts a cylinder 

to be the lowest energy shape. Hence, the need for an additional physical mechanism 

beyond the interfacial tension on the disks was revealed. We considered an edge-edge 

repulsion term that arises due to the extra stress of a lamellar edge. As the two edges 

come closer to each other , the stress from each edge is shared in the same location 

which comes at a higher energetic cost. This additional effect contributed to excellent 

fits with the droplet measurements. 

Deeper theoretical analysis reveals that the shapes predicted by the simple free 

energy model are in fact hyperbolic caps, a close relative of the spherical cap. This re

alization allows for the non-invasive experimental classification of droplets. A general 

quadratic curve can be fit to a drop, and geometry of the curve can tell the observer 

wether or not a droplet is ordered (hyperbolic) or disordered (spherical). To verify 

our prediction, we use this new technique to locate the ODT point of the diblock 

used, and find good agreement with the literature [44]. 
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2.2 Dynamics 

The dynamics of spreading droplets also reveal significant differences between ordinary 

and diblock copolymer fluids. In the case of block copolymers we note a dramatic 

slowing, which has significant implications to the surface coating industry. vVe show 

how this slowing is a direct result of the fluid 's rheological character. As such we 

propose that the simple experiment of watching a droplet of fluid spread on a substrate 

is effectively an experiment characterizing the rheology of the fluid . 

vVhen the droplet topography is observed with the resolution of the atomic force 

microscope we see a fingering instability of well defined wavelength. vVe characterize 

this instability experimentally and provide a state diagram locating the instability for 

a number of molecular weights. \Ve analyze the fingering in analogy to the mullins

Sekerka instability which governs the intricate pattern formation of the snowflake. 
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2.2.1 Paper II: Spreading of Symmetric Diblock Copoly m er 

D roplets - A Novel Probe of Poly m er M icro-Rheology 

A.B. Croll and K. Dalnoki-Veress, Euro. Phys. J. E. Submitted 

In this second work we once again compare ordinary fluid behavior with that of 

a symmetric diblock copolymer. In this case, we investigate the dynamics of a fluid 

droplet covering a favourable substrate, a geometry relevant to the paint industry. 

The experiments are conducted with an optical microscope in combination with an 

atomic force microscope. We find that the diblock copolymer flows in a similar power 

law manner to that of ordinary fluid , R ,...._, tm; where R is the contact radius and 

t is time. However, we find the exponent, m, to be much lower than predicted for 

ordinary fluids , leading to an incredibly slow dynamic for spreading diblock droplets . 

The slowing is a direct result of the polymers internal structure, which we verify by 

comparing disordered diblock copolymer with ordered diblock copolymer. 

This resul t can be accounted for by proper inclusion of the block copolymer's 

rheological response in a simple scaling model. In more simple language, one must 

acknowledge the non-linear viscosity (response to stress) of a block copolymer fluid . 

Or, in reverse, the flow is a measurement of a fluid 's non-linear viscosity. In an 

ordinary fluid viscosity is a constant independent of the fluid 's velocity, in a diblock 

(and indeed many complex fluids) the viscosity depends on the speed of the fluid flow . 

As we study the diblock's viscosity we further reveal that there is no significant 

molecular weight dependence to the process for the molecular weights studied. This 

result is very different from the strong dependence of homopolymer viscosity on chain 

length , and can be attributed to a different mechanism of fluid motion. Homopolymer 

is free to move in any direction, but lamella never cross. This means that the bulk 

of block copolymer viscosity is due to lamellar sliding and molecules of each adj acent 

lamella do not significantly mix. The result is a viscosity that is much more closely 

related to brush-on-brush friction. 
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2.2.2 Paper III: Fingering Instability of a Spreading Lamella 

A.B. Croll and K. Dalnoki-Veress , Phys. Rev. Lett. In Prep. 

In this paper we discuss a fingering instability that occurs on the front of the 

wetting monolayer of a diblock copolymer droplet. 'vVe measure the instability with 

AFM and report a morphological progression from very dendritic to cellular patterns 

as small to large droplets are investigated. As the morphology strongly suggest an 

analogy to the solidification of metal crystals in the presence of a solute, we proceed 

to analyse our findings in terms of the Mullins-Sekerka instability. 

By assuming the strong segregation limit for the wetting monolayer, we find fair 

scaling agreement with the predictions of the linear stability analysis. In particular, 

because the motion of the front is diffusive, we predict the spacing of the fingers 

increases as the square root of the wetting front in a sample annealed for a particular 

time. This also coincides with the morphological progression observed in a sample, 

slower speeds (smaller droplets) form more dendritic structures, in direct analogy to 

the solidification of metal blends. 

Our simple scaling analysis predicts a weak molecular weight dependence of the 

fingering wavelength. This prediction is also found to be consistent with measure

ments. 'vVe finish our discussion by presenting the molecular weight dependence of 

the onset of the instability. 
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Chapter 3 

Thin Films 

Just as the surface and internal energies of a droplet of diblock copolymer combine to 

yield dramatic non-classical static and dynamic behavior, when confined to a thin film 

diblock copolymers can also show a number of interesting physical phenomena [5,45]. 

In this chapter we present two related studies of block copolymer thin films . In 

the first we measure the thickness of lamellar layers and, noting no deviation from 

bulk spacing, discuss how to use the layer thickness to measure the Flory-Huggins 

parameter. This system also allows for a simple method to measure the anisotropic 

diffusion of these molecules. These simple measurements could easily be adapted to 

many other lamella forming systems. 

In the second study we observe the surface induced ordering in a similarly simple 

way. Here we use an optical microscope to observe step edges in a gradient thickness 

film of diblock copolymer near the ODT. These films show order in a number of 

layers near the substrate despite being above the bulk ordering temperature. Our 

hands-free method allows high-resolution observation of the shape of the divergence 

of the correlation length as the ODT is approached. We also have access to dynamical 

information on the ordering and disordering in the system. This shows a disordering 

time that is significantly faster than the ordering time, something that has direct 

implications on what true equilibrium means in a thin block copolymer film. 

Finally we add some comments on how these studies are easily verified by exploit

ing an alternate parameter (N in the place of T). Here we reproduce certain aspects 
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of the above two thin film studies with a second set of samples (PS-PMMA instead 

of PS-P2VP). This allows us great confidence in the techniques that we develop in 

these thin film studies, and is the beginning of a very good set of ODT measurements 

for theoretical considerations. Both studies indicate an ODT of,....., 18, which is in-line 

with current theoretical models; however, numerical agreement is still beyond our 

grasp. 
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3.1 Paper IV: Kinetics of Layer-Hopping in a Di

block Copolymer Lamellar Phase 

A.B. Croll, A.-C Shi, M.vV. Matsen and K. Dalnoki-Veress, Euro. Phys. J. E 27 407 

(2008) 

This work shows a very simple method of observation of changes in diblock copoly

mer lamellar thickness using an optical microscope. This experiment, coupled with 

the accurate SCFT prediction of lamellar thickness, leads to the measurement of the 

Flory-Huggins interaction parameter with unpresidented simplicity and accuracy. We 

verify our technique by measuring a well known polymer and comparing the value 

of x obtained with our optical method and that of more complex neutron scattering 

measurements. The result of this comparison reveals several important details: 1. 

Our trivial measurement is at least as good as highly complex scattering methods; 2. 

Our measurement verifies the quantitative predictions of SCFT. 

Our optical method also allows us to measure the diffusion of diblock-copolymer 

in the direction perpendicular to the lamella. In order to diffuse in the perpendicular 

direction, one block, A, must pass through the B-rich phase. This corresponds to a 

slow barrier-hopping process, which we can measure directly and without any mixing 

of the parallel diffusion signal. vVe show, for the first time, that this barrier can be 

entirely accounted for with the predictions of SCFT. 
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3.2 Paper V: Ordering of a Lamella Forming Fluid 

Near an Interface. 

A.B. Croll, A.-C Shi and K. Dalnoki-Veress, Phys. Rev. Lett. Submitted 

In the final work presented in this thesis we conduct experiments on thin 'wedge' 

films of diblock copolymer. A 'wedge' is simply a thin film that has a gradient in 

thickness from one side of a sample to another. When allowed to order, a 'wedge' film 

of symmetric diblock copolymer forms several discrete terraces due to the lamellar 

structure of the fluid, which form parallel to the substrate. We observe the edges of 

each lamella with dark-field optical microscopy and AFM. This allows the direct and 

non-invasive observation of the dynamics of ordering in a thin block copolymer film 

as it traverses the ODT. 

We begin by studying the surface induced ordering of a sample (that is, order 

induced in an otherwise disordered sample simply by the presence of a surface). vVe 

observe this well-known effect at very high resolution which reveals a curious deviation 

from the predicted scaling at very low thicknesses ('""' 3layer s) or high temperatures 

('""' ToDT + 50K) [6]. The scaling of the higher thickness region, when combined with 

our earlier measurement of x, locates the ODT at xN = 18. This high value cannot 

currently be reconsiled with the predictions of any theory. 

Beyond these observations, our new method allows the dynamics of the ordering 

and disordering process to be tracked one layer at a time. vVe find that the disorder

ing timescale is independent of quench depth (temperature jump). This is because 

the relaxation is dominated by viscous processes. The ordering is found to be quite 

different; it has a timescale that depends exponentially on the distance of the layer 

from the substrate. This timescale can be understood by analogy to the Cahn-Hillard 

equation of a simple binary blend - the layer forms by a spontaneous process anal

ogous to spinodal decomposition. In the case of a diblock copolymer, this simple 

analogy is modified by the molecular connectivity as recently shown theoretically by 

Yamada et. al. [46]. 
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3.3 Additional Studies 

The two previous studies have both used a polymer that has a very high degree of sen

sitivity to temperature changes (which is reflected in the Flory-Huggins parameter). 

Indeed the temperature sensitivity was exploited in both studies in order to perform 

the measurements necessary to determine x and (xN)oDT· There is, of course, an 

alternative mechanism that can be exploited in studies of block copolymer phase. The 

molecular weight can be changed and in much the same way both x and (xN)oor 

can be located. In order to provide further confidence in these new techniques we 

provide these alternative measurements using a different polymer which has a much 

lower temperature dependence. 

Samples were prepared by dusting freeze-dried polystyrene-b-poly(methyl methacry

late) onto silicon substrates that have been cleaned by super-critical C02 and UV

Ozone treatment. Samples were then annealed for long times at 190°C, yielding 

droplets as described in chapter 2. Several different molecular weights were used, the 

details of which appear in table 2.1. Lamellar thickness is a non-linear, increasing 

function of N as can be seen in Fig. 3.1. 

Eqn. 2 of the fourth paper presented above, can be fit to this data yielding a 

measurement of the one free parameter x = 0.068 ± .005. This is notably larger than 

the values measured by Russell et .al. in [44] (at 180°C they find x = 0.037). This 

difference is not unexpected, as Russell et. al. rely on the scattering function derived 

by Leibler in [35] which is not corrected for fluctuation effects. In fact, by using 

the fluctuation corrected scattering function proposed by Fredrickson and Helfand 

in [47] one finds that the Russell data is well fit with x = 0.061 ± .002. This is 

much closer to our measurement which needs no external manipulation to account for 

fluctuation effects as they are not expected to alter lamellar thickness [8]. We also 

note that the fluctuation correction proposed by Fredrickson and Helfand is still just 

a modification to the approximate theory of Leibler , and is therefore not expected to 

be quantitatively accurate. 

'vVe have also located the ODT in this set of diblock samples by the method 

described in section 2. In this study we noted the sample at N = 288 to be ordered, 
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Figure 3.1: Thickness of various PS-PMMA samples as a function of N. The curve is 
a fit to Eqn. 2 of paper four and yields x = 0.0685 ± .005 

but only weakly at 190°C, while the sample at N = 265 is distinctly disordered in the 

bulk. Hence we shall take NoDT c:::'. 270 ± 10, where the error indicates the significant 

uncertainty in this measurement. This highlights the usefullness of the high resolution 

achieved in our earlier study (section 3.2). Combining these two measurements we 

locate the order to disorder point at (xN)oor = 18.5 ± 2. 

Combined with our earlier study of PS-P2VP where we found (xN)oor = 18.0 ± 

0.1 this second measurement strongly suggests that the spinodal point is located 

considerably higher than the SCFT and weak segregation theory prediction of 10.495. 

The reason for this high value of the spinodal point is well known to be a fluctuation 

effect, but its exact value has not yet been successfully predicted [8 , 4 7] . For example, 

Fredrickson and Helfand predict a value given by 

(xN)oDT = 10.495 + 41.0.N 1
/

3 (3.1) 

where N = a6 p2 N and a is the statistical segment length and p is the density. This 

suggests that a3 p is always very close to one, which is not very realistic given the 
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variance in these parameters from one polymer to another. Other predictions using 

Monte-Carlo methods give (xN)oor ,...., 28 which is certainly outside of the range of 

our measurements [8]. 

This study of PS-PMMA lamellar thickness and ODT point , and our previous 

PS-P2VP study, provide the starting point of an important set of data for theoretical 

analysis. These two studies rely on minimal assumption, or data analysis, and there

fore have a much lower possibility of error in interpretation. This provides a very 

reliable set of experimental data (and techniques to study other molecules) that can 

be used to test theoretical models of fluctuations in diblock copolymer melts near the 

order disorder transition. 
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Chapter 4 

Conclusions 

In this thesis we have presented the results of several studies of the behavior of di block 

copolymer fluids. We began by exploring the consequences of the competition of 

two length scales (the internal lamellar structure and the mesoscopic droplet) on the 

sta tic and dynamic behavior of the system. vVe noted a significant departure from the 

behavior of iso tropic fluids - most notably that the droplets of block copolymer form 

nearly conical equilibrium shapes. We also explored how having molecules confined 

to exist within a lamella dramatically impeded the ability of the droplets to flow 

and cover a surface . Finally we explored a curious fingering instability of the surface 

monolayer as its constituent molecules diffused across the surface. 

In a second set of works , we considered the behavior of the block copolymer 

molecules in an alternate geometry - confinement to a thin film . vVe first noted that 

the combination of the fact that the equilibrium lamellar spacing is directly related to 

the temperature and that a thin film will form discrete surface domains with material 

in excess of a complete layer to measure the Flory-Huggins parameter with an optical 

microscope. This technique has far reaching possibili t ies due to its simplicity, and uni

versali ty. For example, any researcher with an optical microscope can now determine 

the most fundamental parameter characterizing diblock copolymer behavior . We also 

show how these domains can be used to examine the diffusion of block copolymers 

from one lamellar layer to another; an experiment that we feel has implications for 

any lamella forming system. 
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vVe also use thin film 'wedge' samples to observe how an attractive substrate 

causes the block copolymers to order near the surface despite their being in the bulk 

disordered state. vVe find remarkable agreement with the scaling of Fredrickson's 

predictions , and use this scaling to make a high resolution measurement of the location 

of the ODT [6]. We can also use the 'wedge' samples to observe directly the dynamics 

of disordering and of ordering of these flu ids. vVe finish this section by repeating 

these two works with a second polymer and the alternative variable (varying N in 

the place of T). The agreement of our ideas and the existing literature confirm the 

validity of these new techniques. The two measurements of the ODT point also form 

the beginning of an excellent set of data to test theoretical predictions of fluctuation 

effects or other factors influencing the location of the ODT. 

These various studies illustrate how pattern formation and simple, creative exper

iments can reveal interesting fundamental details of diblock copolymer melts. The 

avoidance of significant theoretical complexity and the high resolution of our experi

ments allow us to see clearly the successes of modern theory such as SCFT, as well as 

its limitations (for example in predicting the exact location of the ODT). This clearly 

illustrates the road towards our future understanding of these complex materials. 
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Droplet Shape of an Anisotropic Liquid 

Andrew B. Croll , 1 Michael V. Massa, 1 Mark W. Matsen,2 and Kari Dalnoki-Veress 1.* 
1 Department of Physics & Astronomy and the Brockhouse Institute for Materials Research, McMaster University, 

Hamilton, ON, Canada 
2Department of Mathematics, University of Reading, Whiteknights, Reading, United Kingdom 

(Received 2 June 2006; published 17 November 2006) 

We investigate how a droplet of a complex liquid is modified by its internal nanoscale structure. As the 
liquid passes from an isotropic disordered state to an an isotropic layered morphology, the droplet shape 
switches from a smooth spherical cap to a terraced hyperbolic profile, which can be modeled as a stack of 
thin concentric circular disks with a repulsion between adjacent disk edges. Our ability to resolve the 
detailed shape of these defect-free droplets offers a unique opportunity to explore the underlying physics. 

DOI : I 0. 1103/PhysRevLett.97.204502 

Consider a simple fluid droplet on a solid substrate. In 
the absence of gravity or for small droplets, the shape is 
governed by the surface tension requirement of a minimal 
area and results in a spherical cap. The contact angle (the 
angle between the liquid-air and liquid-substrate interface 
at the three-phase contact line) depends on the three inter
facial tensions in the system according to Young's equation 
[ I]. Droplets of rain on a leaf are a familiar example and 
can be particularly striking in the case of superhydrophobic 
surfaces (with very high contact angles) like a lotus leaf 
[2,3). The simple picture of a spherical droplet becomes 
more complex in the case of an anisotropic liquid [4], 
where there is some underlying order or on substrates 
with some lateral order [5]. Here we show that, when 
diblock copolymers form an ordered liquid with a lamellar 
structure, droplets are found to exhibit a hyperbolic shape. 
This unusual droplet shape, which can be understood from 
a simple model, switches to a spherical cap once the 
ordered structure is lost (i.e., upon passing through the 
order-disorder transition). While deviations from a spheri
cal droplet are of general fundamental interest, there is also 
great technological potential given that the hyperbolic 
shape is highly regular, controllable, and switchable. 
Furthermore, the wide variety of existing block-copolymer 
nanostructures [6] implies a rich assortment of possible 
droplet shapes, all of which could be utilized as building 
blocks for nanotechnology. 

Diblock copolymers are long chain molecules com
prised of two chemically distinct parts (i.e., blocks) 
covalently bonded together. The general chemical incom
patibili ty of the two components imparts the molecules 
with amphiphilic behavior that drives them to self
assemble into ordered nanostructures, where the unlike 
blocks reside in separate domains. The connectivity of 
the blocks limits the length scale of the domains to that 
of the molecules ( - I 0 nm), and a complex interplay 
between the internal interfacial tension and chain stretch
ing causes the domains to adopt morphologies with long
range periodic order. The geometry of the morphology 
transforms from lamellar to gyroid to cylindrical to spheri-

PACS numbers: 47.20.Hw, 61.25.Hq, 68.03.Cd, 68.08.Bc 

cal as the ratio of the block lengths deviates from one [6-
8). Although the unlike blocks are confined to separate 
domains, they still maintain liquidlike mobility and thus 
can be classified as a structured fluid. However, the melt 
transforms to an amorphous liquid when the temperature is 
increased above the order-disorder transition (ODT), 
where entropy dominates the energetic benefits of nano
phase separation. Alternatively, the disordered state can be 
brought about by reducing the molecular weight (M w) of 
the molecules, because the energy cost of removing a block 
from its preferred domain is proportional to its size. 

During the last few decades there has been significant 
effort to study diblocks at surfaces and interfaces [8- 20). 
This focus is in large part due to fundamental interest in the 
interdependence of surfaces or interfaces and nanostruc
ture but it is also motivated by the technological impor
tance of self-assembling nanostructures. Potential appli
cations can be found in enhancing material properties, 
patterning, photonics, lab-on-a-chip devices, information 
storage, and many others, provided one can control mor
phology and also the orientation of morphologies (see, for 
example, ordering by solvent evaporation [21 ), ordering by 
substrate topography [22], and ordering by electric fields 
[23,24] ). Understanding wetting/dewetting of diblock co
polymers on a substrate is paramount to the coupling 
of pattern formation on two different length scales: those 
of dewetting ( - 10 µ m) and nanophase separation 
( - IO nm) [14- 20]. It was first suggested by Fredrick
son that due to the preferential interaction of an interface 
wi th one of the blocks there could be induced ordering at 
the substrate interface even above ODT [9]. Recent experi
mental work on ordering in thin films above ODT have 
been carried out by Green and co-workers [20). In the cases 
where there is a stronger affinity for one of the blocks and 
the substrate, a symmetric diblock will form lamellae 
which order parallel to the substrate, thereby minimizing 
the interfacial energy. 

Typically fluids that do not wet a substrate form spheri
cal cap droplets. However, the shape of nonequilibrium 
droplets as they are spreading on the substrate can deviate 
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from the simple spherical cap. In experiments on simple 
fluids [25] and liquid crystals [26]. as well as molecular 
dynamics on short chain molecules (27] it was found that 
the spreading droplet can be terraced. Equilibrium droplets 
which exhibit no flow can also show terracing, but as a 
result of an underlying anisotropy in a complex fluid like 
liquid crystals and block copolymers [ IO, 14,28 - 30]. We 
find that droplets of symmetric diblock copolymer self
assemble into stacks of concentric circular disks with 
decreasing radii, again forming terraced profiles. How
ever, we focus on the overall profile of the droplets, similar 
to previous work on smectic liquid crystal droplets [4]. The 
relative ease of imaging the terraces of diblock droplets 
contrasts with liquid crystal droplets where uncertainty 
about the actual nanostructure and nonequilibrium effects 
provide further challenges [30]. The droplet profiles we 
observe are not spherical, but a nearly conical shape, which 
can be understood from a simple model and is described by 
a hyperbola. Interestingly, the profiles revert to a spherical 
shape, when the diblock melt loses its internal lamellar 
structure as M w is reduced or temperature is increased 
beyond the ODT. 

The polymer used in this work is symmetric monodis
perse poly(styrene-methyl methacrylate) (PS-PMMA) ob
tained from Polymer Source (Dorval, Quebec). The range 
of total (sum of both blocks) number-averaged molecular 
weights extends from Mn = 21 to I 04 kg/ mol (see 
Table I), and spans both sides of the bulk ODT (31 ]. The 
substrates were electronic grade Si wafers with the native 
oxide layer present, which were cleaned by supercritical 
C02 (Applied Surface Technologies) and UV-Ozone in 
order to remove surface contaminants. The polymer was 
"dusted" onto the clean Si and then annealed at 180 ° C 
under vacuum ( - 10-6 Torr) for long times ( - I 00 h). 
Annealing well above the glass transition temperature ( = 
I 00 °C) of both polymer blocks ensures that the polymer 
can nanophase separate and reach an equilibrium droplet 
shape. Droplet morphologies were obtained with atomic 
force microscopy (AFM) in tapping mode. Both topo
graphic and error signal images were collected. The error 
signal, roughly the derivative of the topography, was used 
to highlight the edges of lamella. Each step of the terrace is 
a diblock bilayer arranged A-B/ B-A in order to minimize 
the interfacial tension of the system. For the PS-PMMA 
system the PMMA block has a greater affinity for the 

TABLE I. Molecular weights Mn , polydispersity index Pl, and 
lamellar thickness L of the diblocks used. 

Mn(PS) (kg/mo!) M11 (PMMA) (kg/mol) Pl L (nm) 

10.5 10.5 1.05 14.6 ± 0.8 
13.4 13.6 1.05 18.0 ± 0.4 
15.6 13.8 1.05 19.0 ± 2.0 
19.3 19.3 1.07 21.6 ± 1.4 
27.3 28.3 1.09 27.0 ± 1.2 
52.0 52.0 1.09 62.0 ± 3.0 

substrate and wets the substrate, while the PS block has a 
lower surface tension (a condition termed asymmetric 
wetting (8,20] ). The minimum in the free energy of the 
system is obtained with a half lamella (di block monolayer) 
at the substrate followed by full lamellae (di block bilayers) 
forming the sequence: Si/PMMA-PS/PS-PMMA PMMA
PS/etc. Lamellar heights, L, of the diblock bilayer were 
measured with AFM and found to be in good agreement 
with expected values (see Table I) (7,3 1] . 

Figure I shows an AFM image of the error signal of a 
PS-PMMA(29.4 k) diblock droplet (the total Mn of the 
diblock is indicated in brackets) . The image reveals several 
important features. ( l) The terracing is very clear, and each 
step corresponds to a diblock bilayer. (2) The rings are 
almost equally spaced, indicating that the droplet has a 
nearly conical shape, in contrast with the usual spherical 
cap. (3) The first layer of the droplet is a monolayer and 
spreads beyond the base of the bulk of the droplet. The 
monolayer exhibits a clear fingering pattern. (4) The near 
perfect circularity of the disks strongly implies that the 
disks are in equilibrium. 

The monolayer can be treated separately. It exhibits slow 
continuous growth driven by the strong tendency for 

a 

b 

monolayer ' 
substrate 

FIG. I (color) . (a) Atomic force microscopy error signal. In 
this 32 X 32 µ.m scan of a diblock droplet PS-PMMA(29.4 k), 
each ring corresponds to one lamella (diblock bilayer). The 
droplet has the morphology of a stack of concentric disks with 
increasing diameter towards the substrate. We note that the error 
signal tracks vertical fingers faithfully. The lack of detail in the 
horizontal fingers is due to the horizontal scan direction, and the 
sensitivity of the signal to changes in height. (b) Schematic of an 
ordered droplet denoting the relevant parameters: bilayer thick
ness L, disk radii R;, edge tension y, and terrace widths w; . 
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PMMA to wet the substrate, with the bulk of the droplet 
acting as the reservoir from which it acquires new material. 
The fingering pattern is complex and dependent on both the 
temperature at which the sample is annealed as well as the 
Mw and will be the subject of a further publication. 
Because the monolayer spreads very slowly in comparison 
with the time scale on which the droplet shape is estab
lished (the time scales differ by more than 2 orders of 
magni tude), we can consider the bulk of the droplet to be 
in equilibrium on a static monolayer brush. Ultimately, if 
one waits a sufficient number of days , the monolayer will 
spread to such an extent so as to consume the entire droplet, 
since the minimum energy state is to cover the entire 
substrate with a layer of PMMA. 

T he behavior of the bilayers can be understood in terms 
of the simple model depicted in Fig. 1. This model assumes 
that the monolayer forms a relatively static PS surface, 
upon which n bilayers adjust their respective radii, R;, so as 
to minimize their total free energy, 

F n n 

- = y L R;+ L R;U( w;). 
27T i=l i=2 

The PS-air tension of the horizontal surfaces (including 
that of the monolayer carpet) is omitted because their 
combined area remains fixed . The only variation in area 
occurs due to the vertical steps; this part of the PS-air 
surface energy is combined in y along with all the other 
energy costs of forming an edge to the bilayer. The last 
term of the free energy represents a repulsion between 
adjacent edges and depends on the terrace width w; = 

R;-i - R;. The source of the repulsion is conceptually 
simple. Of course, the terraces will not exhibit the sharp 
idealized steps depicted in Fig. l(b) . Their equilibrium 
shape will be dictated by a competition between the air
PS tension, which tends to smooth out sharp corners, and 
the effective elasticity of the bilayers, which favors a 
uniform thickness (7). For large isolated terraces, this 
competition will select a preferred profile with some char
acteristic length scale over which the bilayer disk acquires 
its preferred uniform thickness, L. When the separation 
between terraces, w;, becomes less than this length scale, 
their shapes will be forced to deviate from the preferred 
profile causing a rise in the free energy. This excess energy 
represents the effective interaction, U( w;). responsible for 
the edge-edge repulsion. We find that the droplet shape is 
not particularly sensitive to the details of this repu lsion, 
and choose the simple form V(w;) = V0 exp(-w;/w0), 

where V0 and w0 are fitting parameters. Naturally, the 
free energy must be minimized with respect to n and the 
R; under the constraint that the total volume, V = 

7TL Ii=i RT, of the droplet remains fixed. We search for 
the equilibrium droplet shape by stepping through each 
value of n and introducing a Lagrange multiplier (i.e., 
pressure), P, which allows us to minimize D = F - PV 
with respect to R; as if there is no constraint. 

FIG . 2 (color). (a) Three-dimensional rendering of the di block 
droplet shown in Fig. I . The droplet has a diameter of 17.6 µm. 
(b) The output of a best fit of the model to the data. To faci litate 
comparison, the same surface rendering is used. 

In Fig. 2 we show AFM topography data as well as a best 
fit of the model to the data (the parameters L = 19.0 nm, 
V = L 1.68 X 104 µm 2, and R 1 = 8.78 µm, are fixed to 
their experimentally determined values. The fitting pa
rameters are w0 / l = 1 and U0 /y = I. I X 106). The 
model is in very good agreement with the data and seems 
to capture all the essential physics. Numerically the loca
tion of the edges predicted by the model fall exactly on a 
hyperbola. Hence, droplets of an anisotropic Auid of this 
type form a hyperbolic cap, rather than the spherical cap 
for an isotropic Auid. This is very clear in Fig. 3 where a 
circle and hyperbola are fit to a droplet in the disordered 
and ordered state. As first predicted by Fredrickson [9], we 
also observe some ordering induced by the substrate for 
temperatures above ODT as can be seen as a small step at 
the droplet base in Fig. 3(a). To differentiate between the 
ordered and disordered droplet in a quantitative manner, 
the profile can be fit to the generic equation 0 = Ax2 + 
Bxy + Cy2 + Dx + Ey + F. If the droplet is a spherical 
cap, the discriminant, ti = B2 - 4AC < 0, while for a 
hyperbolic ~ > 0. Measurements at 180 °C were carried 
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FIG. 3 (color online). Droplet profiles in the amorphous and 
ordered state. (a) AFM profile and fit to an amorphous spherical 
cap droplet PS-PMMA(27.0 k) , and (b) an ordered hyperbolic 
droplet PS-PMMA(55.6 k). 
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FIG. 4 (color). Phase diagram of the droplet order as a functi on 
of the total molecular weight at a temperature of 180 °C. 

out for droplets with Mn ranging from 21 kg/ mo! to 
I 04 kg/mo! (see Tab le I). Using the discriminant to di s
tinguish between the ordered and di sordered droplets we 
ob tain the results shown in Fig. 4. In changing the total Mn 
o f the symmetric diblock from 27.0 kg/mo! to 
29.4 kg/mol, the system passes from being disordered to 
being ordered, which is consistent with the bulk ODT 
observed at Mn = 28 kg/ mo! [31 ]. 

Here we have shown that an anisotropic liquid like a 
diblock copolymer can form droplets which deviate from 
the classical spherical cap. An ordered droplet will orient 
its lamellae along the substrate because of a preferential 
interaction between the substrate and one of the blocks. 
There are two competing interactions which lead to the 
hyperbolic profile: ( I ) the edge tension which dri ves ma
terial from a higher (smaller) disk into a lower (larger) 
disk-analogous to a small soap bubble in contact with a 

FIG. 5 (color). Error signal of a "droplet" consis ting of a 
single bilayer disk. The 20 X 20 µm AFM scan of a diblock 
droplet PS-PMMA(29.4 k) shows a si ngle bilayer disk on a 
monolayer carpet. There is a well-defined periodic fingering 
instabi li ty associated with the spreading monolayer. 

large bubble and (2) the edge repulsion which prevents two 
adjacent edges from coming too close to each other. The 
process of smaller disks emptying into larger disks con
tinues, with very slow kinetics compared to defining the 
hyperbolic shape, making an equilibrium treatment reason
able. An extreme example of this is shown in Fig. 5. In thi s 
final stage of the morphology only one bilayer disk remains 
on a monolayer surface which undergoes a fingering in
stabi lity as it spreads onto the substrate. 

The authors thank Gi.inter Reiter and An-Chang Shi for 
valuable di scuss ions. Financial support from NSERC, 
PREA, CFI, and OIT of Canada are gratefully 
acknowledged. 

*Electronic address: dalnoki @mcmaster.ca 
(I] P. G. de Gennes, F. Brochard-Wyart, and D. Quere, 

Capillarity and Wetting Phenomena (Springer-Verlag, 
Berl in, 2004). 

[2] R. Blossey, Nat. Mater. 2, 301 (2003) . 
[3] A. Otten and S. Herrninghaus, Langmuir 20, 2405 (2004). 
[4] J. Bechhoefer and P. Oswald, Europhys. Lett. 15, 521 

(1991). 
[5] H. Gau et al., Science 283, 46 (1999) . 
[6] F. S. Bates and G . H. Fredrickso n, Phys . Today 52, No. 2, 

32 ( 1999). 
[7] M. W. Matsen, J. Phys. Co ndens. Matter 14, R21 (2002). 
[8] M. J. Fasolka and A. M. Mayes, Annu . Rev. Mater. Res. 

31, 323 (2001). 
[9] G. H. Fredrickso n, Macromolecules 20, 2535 (1987). 

[I 0) B. L. Carvalho and E. L. Thomas, Phys. Rev. Lett. 73, 
3321 (1994). 

[l l] K. Binder et al., J. Phys. II 7 , 1353 ( 1997). 
[ 12) R. Limary and P. F. Green, Langmui r 15, 56 17 ( 1999). 
[ 13) P. Busch et al., Macromolecules 36, 87 17 (2003). 
(14) D. Ausserre et al., J. Phys. II 3, 1485 ( 1993). 
( 15) M.S. Turner et al., J . Phys. I 5 , 917 (1995). 
[ 16) P. F. Green and R. Limary, Ad v. Colloid Interface Sci. 94, 

53 (200 I). 
(17] R. Limary et al., Eur. Phys. J . E 8 , 103 (2002). 
( 18] P. Milller-Buschbaum et al., Macromo lecules 35, 2017 

(2002). 
[ 19) !. Podariu and A. Chakrabarti, J. Chem. Phys. 118, 11 249 

(2003). 
[20) P. F. Green, J. Polym. Sci ., Part B: Polym. Phys. 41 , 2219 

(2003). 
(21] S. H. Kim et al., Adv. Mater. 16, 2119 (2004). 
(22] R. A. Segal man et al., Phys. Rev. Lett. 91, 19610 I (2003). 
(23] E. Hu ang et al., Nature (London) 395, 757 (1998). 
(24] T. Thurn-Albrecht et al., Ad v. Mater. 12, 787 (2000) . 
[25] F. Hes lot et al., Nature (London) 338, 640 ( 1989). 
(26] S. Betelu et al., Phys. Rev. E 59, 6699 ( 1999). 
(27] J. de Coninck et al., Phys. Rev. Lett. 74, 928 ( 1995). 
(28) M. P. Valignat et al., Phys. Rev. Lett. 77, 1994 (1996). 
[29] R. Lucht and Ch. Bahr, Phys. Rev. Lett. 85, 4080 (2000). 
[30] P. Oswald and L. Lejcek, Eur. Phys. J. E 19, 441 (2006). 
(31] T. P. Russell, R. P. Hjelm, and P.A. Seeger, 

Macromo lecules 23, 890 ( 1990). 

204502-4 

Al"\ 



EPJ manuscript No. 
(will be inserted by the editor) 

Spreading of diblock copolymer droplets: a probe of polymer 
micro-rheology 

Andrew B. Croll 1 and Kari Dalnoki-Veress1 a 

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

March 3, 2009 

Abstract . 'vVe present an experimental study of the spreading dynamics of symmetric di block 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"' tm; where t 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.Dz Drops and bubbles 

1 Introduction 

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

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 oftm; where m = 1/10 - commonly referred to as Tan
ner's law [2]. Tanner also discussed the complexities of a 
hydrodynamic solution due to divergences in the vicinity 
of the contact line, which is related to a nanoscopic pre
cursor film that spreads diffusively ahead of the contact 
line of the droplet. 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 macro
scopic wetting that is observed is a consequence of the 
bulk droplet spreading on a microscopic film of the same 
material, thus removing the chemical details of the surface 
from the problem. 

The dynamics of wetting was put on firm theoretical 
footing by de Gennes who developed a hydrodynamic the-

a email: dalnoki@mcmaster.ca 

Precursor 

Fig. 1. The geometry of a spreading droplet with radius, R, 
volume, n, surface tension, 7, and viscosity, T/· Also ill ustrated 
is a precursor wetting layer which spreads ahead of the bulk 
droplet. 

ory which correctly predicted the scaling relationship 

(')ft, 3 l R(t)"' ;:j flTiitTO; (1) 

where R is the posit ion of the apparent contact line, / 
is the surface tension, 'f/ is the viscosity, and n 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 
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. 
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Diblock copolymers, molecules ma<le of two chemically 
distinct polymer blocks with monomers 'a' and 'b' cova
lently bonded to one-another, are widely studied and find 
increased use as a compatibilizing agent between two sur
faces (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, di
block copolymers are found to phase separate as they pass 
through the order disorder transition (ODT). The con
nectivity of the blocks limits the length scale of the phase 
separated domains to that of the molecular size (----10 nm). 
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 periodic order. Here we 
deal with the simplest case: a symmetric di block where the 
a and b components are of equal size favouring the zero 
curvature microstructure of lamellae [12, 14]. The phase 
transition as the system passes through ODT is most eas
ily understood through changes in the temperature, T: 
high temperature favours the entropy 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, A/ N, leads to increasing the enthalpic contribu
tion and hence ordering; this is because the energy cost 
of removing a block from its preferred domain is propor
tional to its size. Thus, the ordered state can be obtained 
by increasing the molecular weight of the molecules or by 
decreasing T. These two effects are generally combined as 
xN, 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, 15]. When in a disordered 
state a di block 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 rhe
ological response (for example, see figure 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 i8 coupled 
with a viscosity that is dependent on the microstructure. 

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 , 
0-ordered) [16]. 

M~8 (kg/mol) M,~MMA (kg/ mo!) PI Phase 

10.0 10.0 l.05 D 
12.8 12.9 l.05 D 
14.9 13.1 1.05 0 
18.0 18.0 l.07 0 
25.0 26.0 l.09 0 
52.0 52.0 1.09 0 

2 Experiment 

Electronics grade Si substrates (University Wafer, USA) 
with the native oxide layer present were cleaned with su
per critical C02 ('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 MN, obtained 
from Polymer Source (Dorval, Quebec). Details of the 
polymers used in this study can be seen in Table l. vVe 
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 the total mass. There is a slightly 
lower interfacial tension between PMMA and the sub
strate 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/mo! 
to 104 kg/mol. From previous work it was known if the 
droplets were in the ordered or disordered state (see ta
ble 1 for the details) [16] . 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 unam
biguously that there is a precursor layer in front of the 
bulk droplet and that the final state is a totally wet sub
strate. 

Droplet radii were measured with reflection optical 
microscopy. White light was filtered with a green notch 



A. B. Croll et al.: Spreading of diblock copolymer droplets 3 

175 

0 
;:l 150 
~ 
~ ·;;; 125 c 
~ 
c 

100 

0 JO 20 30 40 50 

R {µm) 

Fig. 2 . An average intensity profile from a typical droplet 
(shown in inset). In this case the droplet is made up of a 
20 kg/mol disordered diblock copolymer. 

filter (centered at 533 nm, FWHM 10 nm) 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 figure 2). The fringes were 
converted into topography data and fit with the generic 
equation 0 = Ax2 + B xy + Cy2 + 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 order [16]. The fit function was extrapolated 
to the substrate to yield the dynamic contact angle, 8 D, 

and radius of the contact line, R. Since the bulk droplet 
' leaks' into the precursor layer, by accessing both BD and 
R, the droplet volume could be monitored thereby ensur
ing that the volume of the droplet was constant as re
quired in the theory. The use of the interference frin rres 
limits the droplets included in this st udy to those s~ch 
that the fringes nearest the edge could still be easily re
solved (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 temperat ure, 
well below the glass transition, and then scannin.,. with 

0 

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 figure 3. The solid line is a fit to the 
power law R (t) ,.._, (t - to)m, where m and t0 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 flow begins is not exactly when the accumulation 
of images starts. The radius is found to grow as a power 
law in time with an exponent of 0.096 ± 0.004 - a scal
ing that is consistent with the spreading of simple fluids 
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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 20 kg/mol droplet on a Si subst rate. The curve is a 
power law fi t with exponent 0.096 ± 0.004. 

and homopolymers in accordance with Tanner's law. This 
scaling was typical of all droplets studied in the disordered 
regime (MN= 20 and 26 kg/mol). 

The rheology of homopolymers is well known to be 
non-linear, particularly if t he polymer length is above the 
entanglement length, where the polymer diffusion becomes 
significantly slowed by the topological constraints imposed 
by other chains [1 ] . 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 rv (0.3 nm/s)/(800 nm), 
we estimate shear rate to be below rv 10-4 s- 1 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 viscosity 
used in the derivation of Tanner 's law and the results ob
tained in the experiments described here (see figure 1 of 
reference [15] 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 be
tween disordered block copolymers and simple fluids , and 
therefore 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 36 kg/ mo! molecules. This system is ordered 
at 180°C [16]. 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 t ime 
( rv 5000 s) 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 fi t by an exponent of 0.05 ± 0.01: we stress 
that the power law scaling is still consistent with the data, 
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Fig. 4. A double logari t hmic plot of the contact radius of 
several 36 kg/mol di block copolymer drops of differing volume 
as a fu nction of time at 180°C. At these temperatures, 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 figure 4 scaled by dividing by a scaling pa
rameter, a, described in the text. Note that this one parameter 
is enough for the data to collapse on the same curve. 

but with a smaller exponent than the expected 1/10 value 
of Tanner 's law. 

In figure 5 we rescale the data of of figure 4 by nor
malizing the data by a prefactor, a. The normalization is 
chosen such that the data sets collapse and correspond to 
unity at 500 s. Comparison with Tanner's law (eq. 1) re
veals that the prefactor is dependent on viscosity, surface 
tension, and the volume of the drop, a,.._, (!/ry)L/10[23/10 . 
Since TJ and / are the same for the set of 36 kg/mo! 
droplets shown in figure 5, we plot the scaling parameter 
as a function of the volume of the droplets in figure 6. This 
is well fit by a power law with an exponent of 0.29 ± 0.03, 
consistent with that predicted by Tanner's law. 

vVe suggest that the basis of the crossover from Tan
ner's law to a different power law is the result of increasing 
ordering in the droplets. In the initial stages of growth the 
droplets are not well ordered, both because ordering takes 

3 4 5 678910 20 30 

nil o' (run') 

Fig. 6. In this figure we show a log- log plot of the scaling 
parameter as a funct ion of volume for the 36 kg/mol droplets. 
The line is a power law fit with a s lope of 0. 29 ± 0.03. 

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 lengthscale lamella 
parallel to the substrate start to dominate [16]. Once sig
nificant order appears flow is frus trated 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 [23]. 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 [15]. We can estimate the shear strain rate from the 
data in figure 4 and the droplet size to be '""" 10-3 s- 1 

a t the cross-over from fast to slow behavior. This is ap
proximately where the modulus of a block copolymer is 
known to show power law behavior [15], which suggests 
that one might expect a non-linear viscosity in the spread
ing 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 TJ '""" TJ1 i-/3 '""" 
ry'(h/ V) f3; where f3 is a positive constant , his 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 [2-1], 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 [l, 10]), 

1 82 V 1R 1h (dV) 2 
-

0
- = T/ - dz dx; 
2 a 0 dz 

(2) 

where the driving force comes from the surface tension, 
/, and the contact angle, () D . The integrals are over the 
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Fig. 7. A log-log plot of the scaling factor a (see text) obtained 
in the creation of master plots for various molecular weights , 
as a funct ion of volume. The solid line is a best fit to the data 
excluding the 104 kg/mo! sample a ,..., .ao.29±0.03 

height of the droplet and the radial distance; the details of 
the small lengthscale cutoff, a, depends on the molecular 
scale and is well discussed in [l , 10]. Assuming Poiseuille 
flow, that B D is small , and near the wedge h "' Bx, one 
obtains 

_ l _ 

(I) lU - 3 1< 3 -/l 1- (i 
R ,...., - rt lo - Ji! t 10-3# • 

ry' ) (3) 

which is in full agreement with the expression obtained 
by Rafai and coworkers for shear thinning. Equation 3 
represents a modified Tanner 's law which includes the 
possibility of a non-linear viscoelasticity that can be de
scribed by T/ "' ry' t-!3. The best fit to the slow growth 
regime shows R ,...., tm with m = 0.05 ± 0.01. Since f3 = 
(1 - lOm)/(1 - 3m), the non-linear viscosity seen in the 
spreading experiments corresponds to T/,...., ry' t-(0.59±0.14). 

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 f3 "' 0.5 [15]. We 
note that this exponent is different from what would be 
expect:d for the shear thinning of a simple homopolymer , 
T/ "' T/1c 1 [18]. 

3.3 Molecular Weight Effects 

vVe 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 firr
ure 7. 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 
tension and viscosity as seen in equation 3, the fact that 
all the data lies on the same general curve may ini tially 
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 [17]. The viscous losses are therefore de
termined by the molecular friction of the lamella sliding 
an effect that is amplified by shearing [rn]. With a small 
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/mo!, does show some small deviation 
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 

vVe have observed a significantly impeaded flow in ordered 
diblock copolymer droplets. Droplets that consist of a di
block molecular weight that is disordered show spreading 
dynamics consistent with Tanner's law. However upon in
creasing the molecular weight and passing into the ordered 
regime, the droplets initially follow Tanner 's law and then 
proceed with a slower dynamics. vVe 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 pro
ceeds 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. vVe show that 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 
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 
gratefully acknowledged. 
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Fingering Instability of a Spreading Lamella 
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An atomically thin wetting layer quickly spreads from the base of a droplet of fluid placed on 
a favourable substrate. In a larnella forming fluid this presents a problem, the film's lowest free 
energy state is one of lamellar thickness , which a film cannot maintain far from the fluid reservoir. 
The result of this frustration is an intricate pattern of equally spaced dendritic fingers, which we 
investigate in this letter. Atomic Force Microscopy (AFM) measurements reveal a morphological 
progression from densely spaced dendritic fingers to cellular patterns as small to large droplets are 
observed. As the morphology strongly suggest an analogy to the solidification of metal crystals 
in the presence of a solute, we proceed to analyze our findings in terms of the M ullins-Sekerka 
instability. Using the strong segregation limit to describe the wetting monolayer, we find fair scaling 
agreement with the predictions of the standard linear stability analysis. We finish our discussion by 
presenting the molecular weight dependence of the onset of the instability. 

PACS numbers: 61.25.Hq 

The study of soft condensed matter systems is riddled 
with examples of intricate self-assembled mesoscopic pat
terns [1-8]. The 'fingering' instability is an example of 
a simple type of pattern wherein a material forms reg
ularly spaced intrusions from one phase into another . 
These non-equilibrium intrusions are ubiquitous in na
ture, forming for a number of different reasons in many 
different systems. However, fingering only occurs when 
there is a competition between two different interfacial 
conditions. An excellent example is the 'tears' that oc
cur in a thin film of wine on the side of a glass. Due to the 
surface tension gradient formed by the evaporating alco
hol the film is driven up the glass and a competition arises 
between the energetic cost of newly created interface and 
the viscous dissipation incurred in moving the wine to 
accommodate the new shape [2]. The viscosity favours 
small features (less distance to move the fluid) whereas 
the interfacial energy favours larger features (less surface 
area). The solution is the fastest growth of an intermedi
ate scale fluctuation (often on the order of microns in soft 
matter systems). A particularly striking, and previously 
unstudied example of a fingering instability is evident 
in the spreading of block copolymer droplets on silicon 
substrates (see Fig. 1) . In this letter we experimentally 
investigate this spontaneous pattern formation and show 
that it falls into the universality class of the ubiquitous 
Mullin-Sekerka instabili ty. 

Diblock copolymers are extended molecules made by 
joining a sequence of monomers of one variety (A , for 
example), to a sequence of some other type of monomer 
(in this case B) . A melt of diblock molecules is well 
known to spontaneously form a rich variety of internally 
ordered states when below an Order to Disorder Transi
tion (ODT) temperature, due to the chemical dissimilar
ity of A and B . While many geometries (spheres, cylin
ders, lamella) can be formed as the ratio of sequence 
lengths deviates from 1/2, here we will only consider 

r:c 

FIG. 1: a. a typical droplet in which the lamellar wetting 
front has become unstable. b. a schematic of the geometry 
used throughout to characterize the pattern. 

the lamellar state formed by symmetric molecules. This 
choice is made primarily for simplicity, but secondly be
cause all but the most extreme, asymmetric molecules 
will form a lamellar wetting layer on a substrate that is 
highly attractive to one block. We ensure the substrate 
is completely wet by the diblock simply by choosing a 
molecule/substrate combination that has just this prop
erty. 

In a typical experiment, a silicon substrate (University 
Wafer) is cleaned by super-critical C02 and then by 40 
minutes of UV-ozone treatment . This results in a highly 
reliable substrate for these experiments. 'vVe stress that 
the substrate preparation is critical for the instability 
to appear as we show here, due to the strong depen
dence of wetting phenomena on the fine details of the 
surface energy. After UV-Ozone treatment, samples are 
immediately "dusted" with freeze-dried diblock copoly
mer (Polymer Source, inc.) and placed on a hot stage 
(Linkam Scientific) under argon flow. Samples can then 
be quenched into their glassy room temperature state af
ter annealing for some pre-determined time and explored 
with an atomic force microscope (AFM). We use a Veeco 
Caliber in tapping mode for the studies described here. 
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FIG. 2: Log-log plot of the instability wavelength as a func
tion of front position for several droplets of the 36 kg/mo! 
samples. The insets show 10 x lOµm AFM phase images of 
several droplets, illustrating the morphological progression as 
the front position becomes larger. The solid line is a fit to the 
function a,/R, where a= 0.094 µm 112

. 

Fig. 2 shows the wavelength of the instability as a func
tion of front position for several droplets of N = 353 sym
metric copolymer. The insets of this figure show AFM 
phase images of the morphological progression of the in
stability. Small droplets have fingers that are more den
dritic in character, and as the distance to the front gets 
larger the pattern becomes progressively more cellular. 
T his morphological progression qualitatively suggests an 
interpretation in analogy with a solidifying binary mix
ture, as many studies of solidifying alloys show the cellu
lar to dendritic transition taking place as front velocity 
increases [9]. We note the wavelength also noticeably 
increases with the distance to the front position. 

Superficially the spreading diblock copolymer film 
seems quite similar to the wine glass example. As in any 
fluid wetting a substrate, a thin film spreads away from 
the droplet to minimize the surface energy [10]. This mi
croscopic layer is not unstable in the same manner as is 
the wine, because there is no significant thickness to the 
moving fluid (hence gravity can safely be ignored) . An 
extremely thin polymer film slides across the substrate, 
in contrast with the Poiseuille flow of a much thicker 
film [11]. The anisotropic nature of the diblock copoly
mer molecules causes there to be an additional energetic 
penalty to this fl.ow as the molecules would prefer to re
main separated into A rich or B rich lamellar domains. 
This order, which prefers a fixed lamellar thickness, must 
compete with the natural tendency of a fluid film spread
ing from a source to thin as its front progressively covers 
more area. It is this additional frustration that leads to 
a destabilizing effect, not on the wetting front , but some 

2 

distance away where the areal density of polymer is high 
enough to form a lamellar layer. 

The two necessary physical effects for a fingering in
stability are present, a viscosity (or sliding friction) that 
makes long wavelengths unfavorable and an edge tension 
that makes small features costly. The instability arises 
because there is a difference in chemical potential be
tween a molecule in the lamella and a molecule in the 
surface wetting phase. This difference causes liberation 
of some small amount of energy at the interface which 
must also be dissipated away. This places this effect in 
the category of the Mullins-Sekerka (MS) instability, the 
same instability that describes the formation of dendritic 
fingers in solidifying alloys, snowflakes, and many other 
systems [12, 13] . 

Mullins and Sekerka first derived the criteria for the 
stability of front propagation in a two component sys
tem [12]. In our case the two components correspond 
to ordered diblock copolymer in a lamella, and the dis
ordered diblock copolymer that can no longer form a 
lamella. The interphase between these two states moves 
with velocity v away from the center of the droplet. The 
wavelength is then given simply by ). '"" )l,,,- 1 . l is 
a diffusion length, and can be rewritten as 2D /v with 
D a diffusion constant. ,,,- 1 , the capillary length, is 
best defined through a chemical model of the interface as 
r/( t::.C)2 (8µ/8C); where r is an edge tension, C is the 
areal concentration, t::.C the areal concentration gap, and 
µ is the chemical potential (see [13] for a more detailed 
discussion of the chemical model) . The edge tension in 
this system will mainly be due to the new surface created 
at the interphase and can be written r '""1£ where/ is 
simply the surface tension of polystyrene (which is always 
situated on the air interface) and L is the lamellar thick
ness. In this form, however , the wavelength prediction 
is somewhat unruly due to the dependence on velocity 
(which results from the balance of forces acting on the 
fluid) and the details of the chemical potential. 

The flow in a thin fi lm has been thoroughly investi
gated in polymeric systems [14- 17]. It is most simply 
understood by comparison of the frictional energy dis
sipated by the film sliding over the substrate and the 
energetic gain of the film covering the surface. From a 
scaling point of view, the friction can be characterized as 
~V7r R2 , where~ is a constant describing the magnitude of 
the friction , v is velocity and 7r R2 is the amount of fluid 
in contact with the substrate (R is the position of the 
front) . The surface energy is described by the spreading 
parameter S in combination with the amount of front 
(27r R) present. Balancing the two gives the front posi
tion as R '"" VStlf,, where t is the time. This is the 
same form as one might expect from a diffusion argu
ment if the diffusion constant is replaced as D = S/~. 
The diffusion constant has been thoroughly character
ized by others [16, 17]. The velocity can then be di
rectly related to the position of the front (R '"" Jl5t, so 
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FIG. 3: The instability wavelength (scaled by VR) is shown 
as a function of N. The Solid line is a fit to the function 
aN 116 where a= 48µm 0 ·5 . 

V rv /D7t rv D / R ). 
In order to calculate the areal concentration we be

gin with the assumption that the block copolymer in 
its ordered state can be described by the strong seg
regation limit. While strictly speaking this assump
tion is not true in the bulk for the molecular weights 
considered here, its analytic nature and success in de
scribing the main physical ideas behind microphase sep
aration make it attractive. Furthermore, because of 
the high affinity of one of the blocks for the substrate, 
the strong-stretching theory should provide an adequate 
perspective. In this framework the lamellar thickness 
scales as L "' ax116 N 213 [18, 19]. The areal concen
tration in the brush can then easily be calculated as 
Cbrush rv a-2x1l 6 N- 113 • Likewise the disordered con
centration is C11opped "' a-2 N- 1 . Therefore the change 
in concentration at the front is D..C "' Cbrush, as one 
might expect. The chemical potential can also be cal
culated from the strong segregation free energy which 
allows the simple calculation of 8µ/8C, which we find to 
be "' (xN) t / 3 . The wavelength is therefore given by the 
much more experimentally accessible form 

(1) 

Figure 2 shows clear agreement with this prediction. 
To further verify our scaling prediction of the wave

length, the experiment was repeated for several different 
molecular weights (Fig. 3). The data is clearly consis
tent with our scaling prediction, which is shown as a solid 
curve. The only free parameter in the fit yields a value of 
48µm0 ·5 , which is close to the calculated value of rv 3.1. 
This slight disagreement is likely related to the strong
segregation approximation used here (this can be loosely 
thought of as assuming a value for x which is too large, 
if we lower X our constant would clearly get larger) . 

The instability only occurs if the selected unstable 
wavelength can grow at a speed greater than that of the 
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FIG. 4: A diagram illustrating the regions of instability (open 
symbols and vertical bars) and stability (everywhere else) for 
several molecular weights. A clear linear relationship between 
the critical time and N is shown 

motion of the interface. This means that there is a critical 
range of speeds (or equivalently annealing times) where 
the fingering will occur. For the 36 kg/mo! sample this 
occurs between 7 and 9 hours of annealing at 190°C. If 
we make the assumption that there is no reason for this 
critical velocity to depend on molecular weight (as the 
monomers and surface determine the dynamics) then the 
critical time depends only on the diffusion constant (i.e . 
tc = D/vc)· 

To learn more about the stability of the front we map 
out the location in time of the destabilizing transition as 
a function of N (see Fig. 4). In this plot we show re
gions of instability as an open circle with vertical error 
bars indicating the extent of the fingering region. All 
other regions indicate that only stable fronts were ob
served with AFM. The time to onset of instability ap
pears to be a linearly increasing function of molecular 
weight , which reflects the decreasing mobility of longer 
chains compared to shorter ones. This is again what one 
would expect, as the diffusion constant of an unentangled 
polymer chain on a subst rate scales linearly with N [17]. 

In conclusion, we have observed a novel instability of a 
spreading diblock copolymer monolayer. We show this 
fingering pattern to be a two dimensional analogy of 
the Mullins-Sekerka instability, and show a fair scaling 
agreement between these predictions and our measure
ments. Notably, we find that the finger spacing varies 
as the square root of the distance from the drop center 
to the fingering. The data is also consistent with a scal
ing of N 1 /6. Finally we construct a stability diagram 
which locates the region of instability of several different 
molecular weights . This diagram indicates that the time 
at which fingering occurs scales linearly with molecular 
weight. 
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Abstract . In the ordered state, symmetric diblock copolymers self-assemble into an anisotropic lamellar 
morphology. The equilibrium thickness of the lamellae is the result of a delicate balance between enthalpic 
and entropic energies, which can be t uned by controlling the temperature. Here we devise a simple yet 
powerful method of detecting tiny changes in the lam liar thickness using optical microscopy. From such 
measurements we characterize the euthalpic interaction as well as the kinetics of molecules as they hop 
from oue layer to the next in order to adjust the lamellar thickness in response to a temperature jump. 
The resolution of the measu rements faci li tate a direct comparison to predictions from self-consistent field 
theory. 

PACS. 83.80.Uv Block copo lymers - 68.47.Mn Polymer surfaces - 82.35.Jk Copolymers, phase transitions, 
structure - 68.55.J- Morphology of films 

Often the most fascinating features of nature are 
roote<l in the complexity and order found in self-assem
bling patterns. The innate interest in self-assembly, cou
pled with the technological need for simple cost-effect ive 
templates results in a significant research effort to under
stand pattern formation [l]. Of the many self-assembling 
nanoscale polymeric structures, some of the most remark
able are formed by block copolymers [2, 3]. Block copoly
mers are long chain molecules ma<le up of segments of 
different chemical constituents joined together by a cova
lent bond. In the simplest case, a block of f N segments 
is attached to another block of (1 - f)N segments to 
form a cliblock copolymer. Because of the general incom
patibi li ty of the chemically distinct blocks, the molecules 
exhibit amphiphilic properties: that is , the blocks tend 
to segregate into structures that minimize contact be
tween unlike segments. These molecules will typically self
assemble into long-range periodically ordered morpholo
gies composed of nanosized domains, when cooled below 
an order-disorder transition (ODT) . The composition of 
the molecule, f , sets the preferred curvature of the internal 
interfaces which, in turn, controls the geometry of the re
sulting morphology; symmetric diblocks (! "' 1/ 2) prefer 
zero cw-vature resulting in a simple lamellar phase, where 
the incompatible domains form fiat alternating layers. The 
repeat period , L, is on the order of the relaxed molecular 
size (i.e., the polymer radius of gyration, R9 "' 10 nm) , but 
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the precise value of L is controlled by t he product, xN, 
where the Flory-Huggins parameter, x, is a temperature

ependent quantity that specifies the incompatibility of 
the unlike segments. 

Here we examine thin films of a symmetric diblock 
copolymer, which form a stack of lamellae oriented paral
lel to the substrate. Using a simple optical measurement, 
we are able to monitor changes in the domain size, L , in 
situ with an unprecedented sensitivity. By comparing the 
measure<l L with predictions from self-consistent fiel<l t he
ory (SCFT), we extract the temperature dependence of X 
and verify the technique. With the methodology estab
lished, we measure the equilibration of L as the lamellae 
respond to a sudden temperature jump. The resolution of 
the experiments facilitates a direct comparison of the data 
with SCFT, which provides a quantitative, parameter-free 
measill'e of the kinetic energy barrier , Ll£, for an individual 
molecule to hop between adjacent layers. 

The kinet ics of molecular motion in structured mor
phologies is of wide interest [4- 7] . It is relevant to virtu
ally all complex liquids and biological systems; such as the 
exchange of molecules between layers in smetic liquid crys
tals and between the inner and outer layers of lipid mem
branes. In the model system of block copolymer melts, 
L dge and co-workers have tried to differentiate between 
lateral diffusion where the molecules move with their junc
tion point on the same interface, and perpendicular diffu
sion where the junct ion point jumps between neighboring 
interfaces [8]. In our experiment, the rate of change in the 
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domain spacing of our defect-free thin films is controlled 
solely by the rate at which the molecules hop between lay
ers, since lateral diffusion does not contribute to changes 
in L. A decrease in L , for example, requires molecules to 
move upwarJ through the layers eventnally adding to the 
topmost incomplete layer -a reservoir , which adjusts its 
area accordingly. 

The main difficulty in quantitatively relating theory 
to experiment is obtaining the temperature dependence 
of X· This dependence is often determined by mea.'5ur
ing the ODT of symmetric diblock copolymers of differ
ent N , and matching to Leibler's mean-field prediction, 
(xN)oDT = 10.495, with X = A/T+B expressed in terms 
of the fitting parameters, A and B. However , it is known 
that fluctuations play an important role in the location 
of the ODT, and additional theory is used to supplement 
the prediction of (xN)ooT [9, 10]. Another common ap
proach is to perform the comparison on symmetric binary 
blends, but unfortunately this does not always produce 
a consistent result [ll ]. Regardless of the methodology, 
the comparison should be performed on some quantity for 
which both the experiment and theory are accurate. Our 
use of the domain size L is particularly ideal [12], because 
not only can we measure it accurately, it is also considered 
to be one of the most reliable predictions of SCFT. 

The molecule used in our experiment is a monodisperse 
(polydispersity index of 1.09), symmetric (J = 0.50) , di
block copolymer polystyrene-poly(2-vinyl pyradine) , with 
a molecular weight of M = 16.5 kg/mol (Polymer Sow·ce). 
Thin films of various thicknesses were prepared by spin
coating the polymer from toluene or chloroform solution 
onto silicon substrates with the native oxide layer present , 
which were cleaned by super-critical C02 (Applied Surface 
Technologies) and UV-ozone. Upon annealing the sample 
below the ODT temperature, a surface topography results 
clue to the lamellar confinement - the molecules must ex
ist within lamellae of a preferred thickness, L. If an integer 
number of n lamellae happens to be commensurate with 
the film thickness (i.e., h = nL), then the film adopts a 
fi at. featureless surface. vVhen there is a small amount of 
extra material, the film creates a topography of isolated 
islands of height L on top of the n complete layers. Fur
ther material ca.uses the islands to grow eventually merg
ing into an interconnected bicontinuous structure. As the 
low areas are gradually filled in, the topography is best 
described as a film of thickness h = (n + l)L with isolated 
holes of depth L. Ultimately, the holes fill in producing 
again a flat uniform film , but now witli (n + 1) complete 
layers [ 13]. These surface topographies: islands, bicontin
uous networks and holes, are readily observed with simple 
optical microscopy. 

Even with a fixed amount of material, the topography 
of the film surface varies with temperature because of the 
effect that the temperature dependence of x has on the 
preferred lamellar thicknes , L. The equilibrium thickness 
results from a delicate balance between the energy penalty 
of the internal interfaces separating the unlike domains 
(favoring large L) and the eutropic cost of stretching the 
blocks so as to fill the ceuter of each domain (favoring 
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J~ig. 1. a) Schematic cross-section of a film illustrating the de
crease in island area and i11crea.5e in lamellar thicknt>ss upon 
cooling the film. b) Total area of surface structures as a func
tion of temperature for a film with n = 2 layers. Optical images 
in the inset collected at 433 K and 463 K for a film with n = 7 
layers (20 µm scale bar). 

mall L). A decrease in temperature, for example, causes 
an increase in x, which in turn amplifies the interfacial 
tension resulting in thicker domains. Because the polymer 
melt can be treated as incompressible, the increase in L 

mong the complete layers must be accommodated by re
moving molecules from the topmost layer, thus reducing 
its area (see Fig. l(a)). The change in area can be c:alcu-
1 ted by writing the volume of film within some large field 

f view as V = L(T) [nA 1 + a(T)], where n is the number 
f complete layers each of area A f and a(T) is the total 

area of the upper incomplete layer within the field of view. 
ince the thermal expansion is a small contribution [14], 

V can be treated as constant, and the lamellar thickness 
can be written with respect to a reference temperature, 
To, as 

L(T) 

L(To) 
nA1 + a(To) 
nA1 + a(T) · 

(1) 

Using the observed area in this way, we can accurately 
infer tiny variations in L, because the topography of tlw 
topmost surface results from the change in thickness of all 
t he lamellae in the film [1.5]. 

In our experiment, samples are placed on a hot stage in 
a nitrogen atmosphere and an optical microscope is used 
to observe any changes in the area of the topmost layer 
as the temperature is slowly changed. After each change 
in temperature, the sample is allowed to equilibrate for 
~ long as is necessary for the surface topography to stop 
changing. Figure 1 (b) shows the change in area of the top
most layer as the temperat ure is uecreased from 468 K to 
413 K. Over this range in temperature the area of the is
lands is seen to vary liuearly with a slope of 106 µm2 /K 
Analogous measurements were conducted for film thick
nesses ranging up to n = 7 and with surface topographies 
ranging from islands to holes. Figure 2 shows the data 
from all these films scaled a.ccordi 11g to eq uatiou ( 1); there 
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Fig. 2. Master plot of many block copolymer films ranging in 
th ickness from n = 2 to 7 lamellae (2-squares, 3-stars, 4-circles, 
6-triangles, 7-crosses). The curve is a fit to the function dis
cussed in the text. The inset shows two AFM images of the 
same film at different temperatures with the AFl\l error shown 
by the error bars (scan size 10 x 10 µrn ). 

is a near perfoct collapse of the da ta onto a single master 
curve. This implies that the substrate interface ha.5 a neg
ligible effect on L - more precisely, we can infer that the 
thickness of each and every layer is indicative of the bulk 
lamellar spacing despite its proximity to the substrate. We 
note that this result is in complete agreement with SCFT 
predictions [16]. 

Although the optical measurements of the area are 
very sensitive to the ratio L/ L0 , they do not provide an 
absolute value for L . AFM is used here to set the ab
solute scale for L0 , we use L( 453 K) = 13.l nm as this 
reference. This absolute reference is obtained from AFM 
measurements of a number of la.mellae. The very small 
change in thickness of lamella makes the AFM measure
ment extremely error prone, as indicated by the relatively 
large error bars in Figure 2. Another disadvantage of the 
AFM measurement is that lamellae that are parallel to 
a substrate can only be measured at a lamellar edge. An 
edge is where one would expect to see the most devia
tion from the "b ulk" lamellar thickness. This highlights 
the advantages of the optical measurement - it is simple 
and very accurate, as one can average the change over 
many surface domains of different sizes and furthermore 
the n-layers amplify the effect on the topmost feature. 

Numer ical solutions of the self-consistent field theory 
show that L / R 9 is an increasing function of x N, which is 
extremely well fit by 

L / Rg = 2.8 + Jo.I5(xN - 9.2), (2) 

shown in Figure 3(a) by the solid curve. Note that the 
conventional power law fit , L / R 9 "'"' (x.N)m, is a rela
t ively inaccurate approximation, which may explain the 
wide range of exponents, m , quoted in the literature. Fit
ting equation (2) to the experimental results in Figure 2 
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Fig. 3 . Self-consistent field theory calculations of a) the lamel-
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F ig . 4 . Experiments following the change in the area of the 
t p layer as the temperature is quenched from T; = 180 °C to 
T1 as indicated , for a film with n = 7 complete layers. The 
lines represent fits to the exponent ia l decay, equat ion (4). 

with R9 = 3.44 nm (since both blocks are structurally sim
il ar, R9 is obtained from polystyrene parameters [17]) , we 
obtain 

(97 ± 2) K 
X = T + (-0.11 ± 0.01), (3) 

in close agreement with previous measurements [10, 18]. 
Further insight into the process by which lamellae form 

and adjust their length scale with temperature is avail
able through experiments which probe the dynamics of 
t e transition from equilibrium at T;, aud a quench to Tr. 
t-.Iolecules from one lamella can penetrate into another 
lamella by overcoming an energy barrier Llt: - roughly, 
t e energy &5sociated with a block entering a matrix of 
t he unfavorable block [19]. Figure 4 shows the response of 
t. e area of the topmost layer ( n + 1) as the temperature 
i dropped from T; = 453 K to Tr for a film with n = 7. 
W ith the drop in temperature, the lamella becomes more 
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Fig. 5. Time coustaut associated with the probab ility of 
mole!".u les hopping from one layer to the next, r , as a func
tion of temperature, T . The line is a fit to equation (5). 

strongly segregated, and L increases resulting in a pres
sure difference that is equilibrated by molecules hopping 
from one lamella into another . This results in a decrease in 
a(t) with time as molecules from the topmost layer, which 
acts as a reservoir, empty into then layers below. 

A model can be constructed to describe the decay of 
the area of the islands , a( t ), from ai to a f resulting from 
the temperature quench . For modest temperature jumps, 
it is natural to assume that the rate of change is a' (t ) ex 
[a(t) - a1J, which leads to exponential decay, 

a= (ai - a1) exp(-t/ T) + a1. (4) 

In Figure 4, we fit the data to equation (4) plus an ad
ditional long-time exponential relaxation. The additional 
rela,'(ation is attributed to the gradual Ostwald ripening 
of the islands or holes, and occurs on a time scale that is 
independent of and much larger than that of the hopping 
mechanism. 

The symbols in Figure 5 denote the time constants, 
T , extracted from our fits at the various tempera
tures, T. The changes in T are dictated by two impor
tant temperature-dependent contributions. The first con
tribution, the frequency with which molecules attempt to 
pass between layers, is represented by the temperature de
pendence of molecular motion, and is given by the Vogel
Fulcher expression, exp[-TA/(T-Tv )]. Because the chem
ical structures of polystyrene and poly(2-vinyl pyridine) 
are so similar [20], we use the values, TA = 1250 and 
Tv = 320, of polystyrene homopolymer [17]. The second 
contribution, the success rate with which the molecules 
diffuse across laruellae, is a thermally activated process 
T ex exp(Dc/kT), where De is the energy barrier asso
ciated with molecules hopping between layers . Thus the 
time constant can be expressed as 

T =To exp[TA /(T - Tv )] exp(Dt./kT), (5) 

where To is a temperature-independent quantity that de
pends on details such as the total number of layers, n . 
Returning to the SCFT, we calculate D E by examining 
the free energy of a single polymer in the self-consistent 

fields as its junction point is draggeJ from one interface 
to another. Note that the SCFT automatically accounts 
for changes in the block copolymer conformat ions as the 
molecule passes between layers. The theoretical result , 
plotted in Figure 3(b) as a function of x_N, is then rnn
verted to a function of T using om fi t of \: in t ~quatio11 Ci) 
with N = 1G8. The solid curve in Figme 5 shows the the
oretical expression iu equation (G) fi t to the data using 
only one free parameter (To = (l.:i ± 0.1 ) x 10-·1 s). The 
excellent agreement between thf~ theory and expPrimeut. 
provides a useful consistency check between the informa
t ion gained from the static and kinetic experiments . 

In conclusion, we have used a simple optical technique 
to measure the area of the surface structure of symmetric 
dihlock copolymer lamellae . As the temperature is varied, 
the balance between the entropic stretching of cha ins and 
the enthalpic repulsion between the two chemically dis
tinct polymer blocks results in a change in the thickness 
of the larnellae. When the lamellar thickness changes, ma
terial from the topmost layer acts as a reservoir changing 
its area accordingly. This reservoir responds to all the lay
ers thus amplifying any change in the lamellar thickness. 
Becau::;e of this amplification, the simple area measure
ment of the top layer can extract changes in the lamellar 
thickness with unprecedented resolution. Our study begins 
by comparing the equiHbrium thickness of lamellae as a 
function of temperature to predict ions from self-consistent 
field theory; from this, we obtain the temperature depen
dence of the Flory-Huggins x parameter (see Eq. (3)). In 
the second part of our study, we switch from equilibrium 
measurements to dynamics; by measuring the rate with 
which the area of the topmost layer changes in response 
to a temperature jump, we obtain a time constant associ
a ted with molecules passing over the energetic barrier as 
they hop from one layer to the next. The relaxation data 
is fit with a simple model, which verifies both the model 
and the consistency between the results obtained for both 
the equilibrium and dynamic measurements. For both sets 
of experiments, a simple optical microscopy observation is 

sed to obtain parameters describing the motion of the 
diblock chains on a molecular level. 
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Ordering of a lamella forming fluid near an interface 
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By usir:g wedged thin films , we have measu red the effect of interfaces on the ordering of an 
anisotropic fluid in real space. Symmetric diblock copolymers can form an ordered lamellar fluid , 
and the preference of the substrate for one of the blocks can induce order well into the disordered 
bulk phase. The induced order decays away from the substrate with a lengthscale that diverges at 
the bulk ordering transition. Ordering and disordering kinetics is found to differ: all layers relax 
identically upon disordering; whereas, the formation of lamellae is found to vary with the distance 
from the substrate, and can be understood from the time-dependent Ginzberg-Landau theory. 

PACS numbers: 83.80. Uv, 68.47.Mn, 82.35. Jk, 68.55.J-

Interest in polymers at interfaces is rooted in the var
ied effects that have been observed, some of which are 
not yet fully understood. Bulk morphologies are often 
modified near interfaces due to finite size or confinement 
effects, providing an alternate route to patterning. A 
striking example is that of binary mixtures, where phase 
separation has been found to occur preferentially near 
an interface - surface directed spinodal decomposition [1]. 
Similarly, diblock copolymers, long chain molecules made 
up of segments of different chemical constituents joined 
together by a covalent bond, can order in the presence of 
an interface [2-5]. Just as a blend of two fluids can phase 
separate, block copolymers will also phase separate when 
cooled below the order-disorder transition (ODT) [7]. 
However, the connectivity of the two blocks restricts the 
separation to a molecular lengthscale. The details of the 
geometry of the resulting domains is set by the number of 
monomers, N, the ratio of the lengths of the two blocks, 
J, and the Flory-Huggins interaction parameter, x, which 
specifies the incompatibility of the unlike segments and 
varies inversely with temperature. In the case of a sym
metric diblock copolymer, f = 1/2, and the resulting 
morphology is that of alternating lamellae of a-rich and 
&-rich domains. In the bulk, lamella will self-assemble 
out of the isotropic melt when xN > (xN)oDT· 

·when the block copolymer melt is near a wall that has 
some affinity for one of the two monomers this simple 
description breaks down [3- 6]. If the a monomers pre
fer the substrate, then even for temperatures, T > Toor, 
corresponding to xN < (xN)oor, local order is induced. 
An a-rich region forms near the interface, and due to the 
connectivity of the molecules, this forces a &-rich region 
to form. In analogy with surface directed spinodal de
composition [1], beyond the &-rich domain there is not 
an abrupt transition to a purely disordered melt , but a 
slow screening of the surface over progressively less highly 
concentrated a-rich and &-rich domains. Near the ODT 
the system is only weakly segregated (i .e. the interface 

•Elec tronic address: dalnoki<Omcmaster . ca 

between the a and b domains is not sharp) and we can 
write a decaying oscillatory concentration gradient as a 
function of the distance from the interface as [3- 5] 

'ljJ(z) ,..,, exp(-z/O cos(nz + ¢); (1) 

where n sets the period of the concentration profile and 
scales with the radius-of-gyration, R9 , of the molecule, 
¢depends on the strength of the block-interface interac
tion, and the the concentration decays into the bulk with 
a characteristic length given by 

~ = 2R9 

.JxN - (xN)oDT 
(2) 

This form was first predicted by Fredrickson [4], verified 
with the self-consistent field theory of Shull [5], and ob
served with scattering [2 , 3]. 

Measurements of the concentration profile are gener
ally inferred through fits to neutron or x-ray scattering 
profiles [2, 3]. These types of experiments are invaluable 
in studying the internal structure of a material, although 
the inherent complexity and ambiguity associated with 
modeling the scattering make complementary methods 
of great value. Here we present a simple alternative: we 
observe perturbations in the surface of a wedged diblock 
film caused by its internal concentration profile. Not only 
does this enable an accurate determination of ODT us
ing only an optical microscope, but we have for the first 
time measured the extent of the ordering induced by the 
substrate on an isotropic diblock melt in real-space. Fur
thermore, we present measurements on the kinetics of 
ordering which which reveal that the ordering and disor
dering kinetics differ, and are well described by theory. 

The polymer used in this study is a monodisperse 
(polydispersity index of 1.09), symmetric (f = 0.50), 
polystyrene-poly(2-vinyl pyradine) diblock copolymer, 
with a molecular weight of M = 16.5 kg/mol , which cor
responds to N = 158 (Polymer Source). Samples with 
a gradient in the film thickness were prepared by allow
ing a capillary wedge to form between a silicon substrate 
with the native oxide layer present, and a horizontal glass 
capillary (using a dilute polymer solution). Samples were 
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FIG. 1: Atomic force microscopy topography image (10 µm 
x 10 µm) and a height trace of a sample rapidly quenched to 
room temperature after equilibration at 438 K. 
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FIG. 2: A dark-field image of a wedged film at 428 K is shown 
in the inset. Typical intensity profiles through such images, 
taken at the temperatures indicated, are shown (shifted ver
tically for clarity) . 

heated using a microscope hot stage (Linkam Scientific) 
and observed with optical microscopy (Olympus BX51) 
and atomic force microscopy (AFM) (Veeco Caliber). 

The films form discrete lamellar steps when ordering 
in order to accommodate the wedge geometry, see Fig. 1. 
Standard dark-field microscopy is ideal for observing the 
steps: light is incident on a sample at a large angle from 
the film normal and observations are made along the nor
mal. As T is decreased towards Toor, ordered lamella 
form and the surface of the wedged films is broken by the 
layer edges of the anisotropic liquid . The lamellar steps 
are small ("' 13.5 nm [8]) and form ideal scattering sites 
as is shown in the inset of Fig. 2. Upon cooling we ob
serve the lamellar edges in the intensity traces of Fig. 2, 
which form first near the substrate (i .e. only 5 ordered 
layers are observed at 443 K), and then order sets in fur
ther into the bulk of the film as T decreases and hence 
~ increases. In Fig. 2 the film is thickest on the left, i.e. 
order sets in on the right. We note that the magnitude 
of the intensity peaks does not solely reflect the degree 
of order, but also a convolution of thin film interference 
effects. The scattering provided by edges and the result-

2 

ing intensity profile allows for a very simple method to 
track the height above the substrate L (T) of the highest 
observable ordered layer in a sample. As the tempera
ture is changed the sample is allowed to equilibrate, the 
intensity profile obtained, and the number of peaks in 
this curve corresponds to the number of ordered layers in 
the sample. This methodology not only allows us to map 
out the equilibrium structure near ODT, but to follow 
the dynamics of ordering in real-time. 

Before we analyse the ordering in detail, several qual
itative observations must be made. 1) vVhen T >Toor 
the sample is partially ordered near the substrate and we 
never observe scattering at the thickest part of a wedged 
sample. This lack of lamellar steps is also verified with 
AFM measurement, which allows us to conclude that or
dering is dominated by the substrate rather than air in
terface. This is consistent with the fact that the two 
blocks have very similar affinity for the air interface as 
the surface tensions are very similar. 2) Toor is deter
mined to be 433 K from observation of the temperature 
at which a sample becomes ordered at its thickest point. 
3) Measurements of the appearance or disappearance of 
each layer with a change in T can be made, and reveal a 
significant difference in kinetics between disordering and 
ordering, with ordering being the slower process. 4) An 
edge appearing in the t ransition region from order to 
disorder along the gradient of the film has a lower in
tensity than when that same edge is fully ordered at a 
lower T. The latter observation suggests a relationship 
between the scattering intensity and the degree of order 
present in a sample given by the concentration envelope, 
"' exp( -z/0, of Eq. 1. The lamellae scatter light be
cause the edges are well defined steps, smoothed by sur
face tension. The intensity of light scattered from an 
edge correlates with the degree of ordering in a layer . 
This can be verified with AFM as shown in Fig. 1 for 
a sample equilibrated at 438 K, just above TooT · The 
lamellar edges become progressively less well defined as 
one moves away from the substrate and the concentra
tion amplitude decreases. No ordering is observable with 
AFM beyond 14 layers, which corresponds exactly with 
the last optically observable layer at 438 K. 

In order to analyze this data we make the following 
assumption: a layer edge geometry is related to the am
plitude of if;(z). More precisely, the number of observable 
ordered layers corresponds to a depth of order into the 
bulk, L, which we assume to be proportional to the de
cay length , ~. The number of observable ordered layers 
as a function of temperature is then a measure of the 
concentration profi le. In Fig. 3 we plot the dimension
less lengthscale L/ R9 , where R9 = 3.44 nm is the radius 
of gyration of the molecules (we have accounted for the 
change in lamellar spacing with T, which is "' 53 over 
the entire range) [8]. The inset to Fig. 3 shows the data 
plotted as suggested by Eq. 2. Contrary to the prediction 
that the data should fall on a single straight line, there 
are two distinct linear regions, each with a different slope. 
This bimodal scaling is consistent with a 'curvature' pre-
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FIG. 3: Height of the topmost observable ordered lamella 
normalised to R9 as a function of temperature for a typical 
sample. The inset shows the scaling of L(T) as suggested by 
Frederickson (4] which reveals two linear regimes. 

viously observed by Menelle and coworkers [3]. To under
stand each region we must recognize that the two surfaces 
(substrate and air) compete to set the scale of the order 
in a sample. At low temperatures the stronger ordering 
of the substrate is dominant throughout the sample, and 
the highest visible layer is directly proportional to the 
decay length, L = k~. We can ignore the air interface be
cause the surface tension of the two components is nearly 
identical i.e. the value of the concentration at the air 
boundary, 'ljJ '"" cos( </>air) is small relative to the substrate 
effect. We can directly verify this assumption: Eq. 2 and 
the Flory-Huggins parameter, which is typically written 
as x = A/T + B, results in L-2 

rv A/T - A/ToDT· 
From the ratio of the slope to the intercept we obtain 
ToDT = 433 ± 0.4 K, consistent with the divergence of 
L(T) in Fig. 3. When the temperature becomes higher 
the substrate effect damps out more rapidly, and ~ de
creases. Eventually, the assumption made above, that 
the substrate amplitude dominates even at the air in
terface is invalid (i.e. exp(-h/E,) < cos(</>air)i with film 
thickness h). Thus, the ordering at the air surface sup
presses the highest observable layer since ordering at the 
air interface does not form step edges which can be ob
served in the experiment. In this case the observed num
ber of layers L = (k - k')E,, and the slope in the high 
temperature region of the inset in Fig. 3 is reduced. This 
transition from the substrate dominated regime to that 
where the air interface contributes is clearly seen in the 
crossover in the inset of Fig. 3. 

The original mean field predictions of Leibler set the 
value of (xN)oDT = 10.495 [9); however, imposing the 
value of the spinodal point from a mean field theory that 
does not account for fluctuations is not reasonable [10]. 
'vVe have previously measured x = 97 /T - 0.11 for the 
identical system [8). We consider the combination of 
these measurements to be an accurate, and stress free, 
determination of (xN)oDT· For the system studied, 
N = 158, and we find that xNooT = 18.0 ± l. This 
value is reasonable since fluctuation effects drive the tran
sition higher than Leibler's (xN)oor, though this quan
tity is not yet quantitatively predictable [10, 11]. For 
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FIG. 4: The normalised intensity of light scattered from a 
lamellar edge as a function of time while disordering. The 
intensity decays as the sample is quenched from well ordered 
at 428 K to disordered at 435 K. Three larnellae are shown 
corresponding to the 19-21st lamella away from the substrate. 

example, the work of Fredrickson and Helfand suggests 
that (xN)oDT is increased from the mean field value 
of 10.495 to a value given by (xN)oDT = 10.495 -
41.022(Na6v- 2)-113 ; where the monomeric parameters a 
and v are the segment length and the segmental volume. 
A reasonable estimate of a 3 /v rv 1, gives (xN)oDT rv 18, 
which is in agreement with the measured value. 

The methodology presented here provides an excellent 
window into ordering dynamics. The change in the inten
sity, I , of the scattered light from the edge of a lamellae 
is proportional to the change in segregation of the a and 
b domains, ti. I (T) '"" ti.[exp(-z/~(T))J. Thus, by ob
serving the intensity of a given lamellar edge in time we 
gain information about the dynamics of each layer . In 
Fig. 4, we plot the normalised intensity, ti.I(t)/ ti.I , for 
several lamellae as a function of time, after a quench from 
a well-equilibrated ordered state at 428 K to 435 K, a 
temperature above the ODT. One can easily identify the 
exponential nature of the dynamics with a time constant 
of T = 32.8 ± 0.4 s. In short, as the system is quenched 
into the isotropic state, all the ordered lamellae disorder 
at the same rate and independent of the distance from 
the substrate, as expected since the relaxation is viscosity 
dominated. 

In Fig. 5, we plot the intensity normalised to that of the 
fully ordered state for the five lamellae ranging from the 
18th to the 22nd from the substrate. A disordered sam
ple at 435 K is quenched to the ordered state at 433 K. 
Here we observe a significant difference from the disor
dering process: the intensity rises asymptotically and the 
process of ordering takes longer for lamellae that are fur
ther from the substrate. The ordering kinetics can be un
derstood from the time-dependent Ginzberg-Landau the
ory as extended to diblocks by Ohta and coworkers [12] . 
For a lamellar structure, the amplitude of the concen
tration profile, A(t), evolves towards the ordered equilib
rium amplitude, Ao, according to the kinetic equation, 
dA/dt'"" (Ab-A2 )A. Definingy(t) = A(t)/Ao , the solu
tion to this equation provides the evolution from the ini
tial amplitude, y0 , as y = 1//1 + exp[-2(t - t0 )); with 
t0 = ln(l/y6 -1) / 2. We emphasize that the solutions for 
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FIG . 5: The light intensity scattered from a lamellar edge a.s 
a function of time while ordering. The five lamellae are the 
18th-22nd from the substrate after a quench from 435 I< to 
433 K. The solid lines correspond to the best fit of Eq. 3, with 
Iv = 0.6, w = 45 s, and to given in Fig. 6. The inset shows 
the ma.ster-curve, after applying the shift factors, t0 . 

different initial concentrations are simply shifted by the 
time offset to . Assuming that I ,....., A , 

I I 
Io-ID 

= D+ . Jl + exp[-2(t - t 0 )/wj ' 
(3) 

where ID and Io are the intensities measured for the fully 
disordered and ordered state, and w is the time constant 
which represents the width of the transition (note that 
ID =I- 0 if there is a nonzero background intensity as in 
this experiment). The fit of Eq. 3 to the data is excellent 
as shown in Fig. 5, and the shift factors thus obtained 
can be applied to provide the master-curve shown in the 
inset (values of t0 shown in Fig. 6). The initial intensities 
follow the concentration amplitude, which is given as a 
function of the distance from the substrate by Eq. 1 as 
Yo = a exp( - z / ~); with a < l. To first order, the plot of 
the shift factor, to, as a function of the distance from the 
substrate is linear with a slope given by w/a2~. Indeed 
Fig. 6 is linear and the best fit line has a slope of 30 ± 2 s. 
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With this slope, the best fit value w = 45 s and taking 
a ,....., 0.5, one obtains a decay le11gth of ,....., 10 which is en
tirely reasonable given that at 435 K, the last observable 
lamellae is ,....., 20. 

In conclusion, we have presented a simple approach for 
the study of the effect of interfaces on the ordering of a 
lamella forming fluid . The degree of order is probed with 
dark field optical microscopy by light scattering from the 
lamellar edges at the surface of wedged diblock copoly
mer films. Even in the disordered state, the sample can 
have order induced by the presence of an interface which 
decays away from the perturbation. vVe have, for the 
first time, measured this decay in real space and the dy
namics of the ordering/disordering process. With a sym
metric diblock copolymer, we provide several methods of 
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FIG. 6: Shih factors to for lamellae 18 to 22 (see Fig. 5). 

locating ToDT, and determine that (xN)oDT = 18.0± l. 
The different measures of To DT show excellent agreement 
with each other, and the concentration profile is in agree
ment with the scaling predicted by Fredrickson [4]. It is 
found that the disordering kinetics is limited by viscous 
processes and not influenced by the substrate. Experi
ments probing ordering are in full agreement with the ki
netics predicted by the time-dependent Ginzberg-Landau 
theory of Ohta and coworkers [12]. 
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