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ABSTRACT: In dilute solution, semicrystalline diblock copolymers with one crystallizable block form
thin platelet structures consisting of a chain-folded crystalline domain between solvated layers of the
amorphous block chains. The amorphous block is attached to the crystalline fold surface, forming a model
system of tethered chains at a flat interface. We use self-consistent mean field (SCF) theory and a chain-
folding model to calculate both the equilibrium platelet thickness and the tethered chain density profile.
The theoretical predictions are compared with small-angle X-ray (SAXS) and neutron (SANS) scattering
measurements from poly(ethylene oxide)—polystyrene (PEO/PS) suspended in cyclopentane and poly-
ethylene—poly(ethylpropylene) (PE/PEP) suspended in n-decane. The SCF calculations for the crystalline
domain thickness are consistent with measured values for diblocks with short crystalline blocks or diblocks
having strong enthalpic interactions between the two blocks. The SANS intensity from the tethered
chain structure of a PE/PEP diblock is consistent with both SCF calculations and SAXS measurements.

1. Introduction

In this paper, we are interested in studying the
structures formed by semicrystalline diblock copolymers
having one crystallizable block in dilute solution. In
contrast with amorphous diblock copolymers in a selec-
tive solvent that form spherical micellar structures,
semicrystalline diblock copolymers self-assemble in
solution to form large platelets consisting of a thin
chain-folded lamellar domain between layers of the
solvated amorphous block.! These diblocks illustrate
the large effect local ordering has on the morphology of
diblock copolymers in solution. Additionally, these
structures provide a good experimental system to study
tethered polymer chains. The amorphous block of the
copolymer is attached to the crystalline surface by one
end through the chemical junction between the two
blocks. The chain-folded crystalline region leads to a
dense packing of the amorphous blocks and results in
highly stretched tethered chains.

Semicrystalline diblocks in dilute solution were first
studied by Lotz et al.12 They studied the structure of
PEO/PS diblocks in an attempt to form stable crystalline
domains of PEO. They observed square platelet struc-
tures with crystalline regions having the same structure
as PEO homopolymers. The PS block was inferred to
be expelled from the crystalline regime. The thin
platelets were also more stable than pure PEO single
crystals formed in the same solvents. More recent work
on this diblock copolymer system was done by Cogan
and Gast3# studying the effect of trace amounts of water
on the aggregate structure. Other groups have studied
crystallizable block copolymers, but they have focused
primarily on B—A—B triblock copolymers with the B
block being the crystallizable block. Kawai et al. studied
B—A—-B triblocks consisting of PEO and poly(a-meth-
ylstyrene) and observed the formation of thin platelet
structures although the domains were not as sharply
defined as in the diblock case.> Droéscher and Smith
used transient electric birefringence to study the kinet-
ics of formation of square platelets of B—A—B triblocks
consisting of PEO and poly(propylene oxide).® They
found that the platelet thickness is monodisperse after
the final structure is formed. These studies demon-
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strate common characteristics of semicrystalline block
copolymers in solution, including the formation of a thin
lamellar chain-folded crystalline domain and a stable
structure.

Most of the recent experimental work on semicrys-
talline diblock copolymers has focused on bulk systems
with the addition of moderate amounts of a solvent
selective for one of the blocks. These polymeric systems
form primarily well-ordered lamellar domains similar
to those of amorphous diblock copolymers.” More
recently, experiments on model polyolefin diblock co-
polymers have focused on the determination of scaling
laws in relation to theoretical predictions.8-10

Few experimental data have been published on the
dilute solution structure of these diblock systems even
though they form an excellent model system for the
study of tethered chains at a flat interface. Tethered
chains at flat interfaces have been studied using ad-
sorbed diblock copolymers,!! diblock copolymers at the
air—liquid interface,'? or chains chemically grafted to
a solid substrate.l® For many of these systems, the
effective tethering density is not high enough for
analytic theories to be applicable. Also, it is difficult to
independently characterize the tethering density; it
must be inferred from the structures. Semicrystalline
diblock copolymer platelets have the advantage of
having very high tethering densities that are deter-
mined by the structure of the crystalline domain, a
measurable quantity.

The theoretical analysis for semicrystalline diblock
copolymer aggregates is also limited. In the initial
study by the Lotz group,'? the thermodynamics of the
structures was not examined since they were primarily
interested in the morphology. Additionally, to extract
information about the relative domain sizes of each
block, they assumed the PS layers outside the crystal-
line domains had polymer meltlike configurations. A
better interpretation of the structures of the amorphous
should include the physics of tethered chain systems.
This is particularly important with respect to the
presence of a solvent that swells the tethered chain
domains. A modern analysis of semicrystalline platelets
was carried out by Vilgis and Halperinl4 using simple
scaling theory for the brush structure; however, they
made no comparisons with experiment and their predic-
tions were not quantitative. Most theories about sem-
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Figure 1. Schematic diagram of the model for the cross-
section of semicrystalline diblock copolymer platelets.

icrystalline diblocks have concentrated on the bulk
polymer systems rather than dilute solutions of plate-
lets. In these studies, a simple chain-folding model is
used to describe the crystalline domain. The differences
between them come from the analysis of the amorphous
block. Di Marzio et al. used a Flory description for the
amorphous block entropy to calculate the equilibrium
domain sizes,'® Birshtein and Zhulina used an analytic
form of the mean field equations,’® and Whitmore and
Noolandi used a self-consistent mean field (SCF) theory!”
to numerically calculate the amorphous block energy
and the final equilibrium domain sizes.

In this paper, we develop a theoretical model to
guantitatively calculate the equilibrium structure of
both the crystalline and tethered chain domains using
a self-consistent mean field approach. We also present
experimental measurements of the crystalline and
tethered chain regions of two semicrystalline diblock
copolymer systems using small-angle scattering tech-
niques and compare these results with the theoretical
calculations.

2. Theory

2.1. Model. We model the semicrystalline aggre-
gates as thin platelets with a flat lamellar region
consisting of the chain-folded crystallizable polymer
blocks between layers of the amorphous polymer blocks
extending into the solvent. A schematic diagram of the
cross-section of the platelet is shown in Figure 1. The
separation of the two blocks in the copolymer is driven
by the unfavorable interactions between them as well
as by the crystallization process itself. The chemical
joints between the two blocks are located in an inter-
phase region between the crystalline and amorphous
domains. As a result, the amorphous block forms a
layer of chains extending into the solvent and tethered
to the crystalline surface by one end.

Semicrystalline diblock copolymer aggregates differ
from single crystal platelets formed by the correspond-
ing homopolymers because the diblock aggregates ap-
pear to have an equilibrium structure whereas the
homopolymer crystalline structure is kinetically con-
trolled. This is inferred from the greater stability and
more perfect structure seen in PEO/PS diblock copoly-
mer crystallites than in pure PEO systems.2

A simple argument illustrates the expected equilib-
rium structure for the semicrystalline aggregates. We
focus on the energetic contributions determining the
equilibrium thickness of the crystalline domain, dryst.
The primary contribution from the crystalline block is
the energy needed to create a crystalline fold. Each fold
has a high energetic cost and the crystalline block
reduces the total free energy by creating fewer folds,
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resulting in a larger crystalline domain thickness. The
tethered polymer chain layers can lower the total free
energy by decreasing the amount of chain stretching by
creating a greater number of folds and a smaller
crystalline domain thickness. The energetic balance
between these two effects results in an equilibrium
value for deryst.  The structure of the amorphous polymer
layer is determined by the geometric constraints be-
tween the two domains, the amorphous block charac-
teristics, and the solvent quality.

The dimensions of the equilibrium aggregate struc-
ture for a monodisperse semicrystalline diblock copoly-
mer with Na monomers of the amorphous block and Ng
monomers in the crystallizable block can be calculated
by minimizing the free energy with respect to deryst.
Since we focus on dilute solutions with no interactions
between the platelets, we ignore concentration effects
on the aggregation behavior and minimize the Helm-
holtz free energy of an extended lamellar domain. A
general form of the equation for the free energy for a
semicrystalline platelet structure is given by

Frot _

ﬁ - Fcryst + Famorph + I:interface (1)
where k is the Boltzmann constant and T is the
temperature. The specific expressions for each term in
eq 1 used in our model are similar to other theoretical
treatments!* and follow most closely the approach of
Whitmore and Noolandi.”

2.1.1. Crystalline Block Energy. The first term
Feryst represents the free energy contribution from the
formation of the crystalline lamellar domain. We use
a phenomenological chain-folding model for Ferys:. We
do not perform a molecular-level calculation of the
energetics of a chain-folded polymer. The chain-folding
model is general enough to include the fundamental
characteristics of all crystalline polymers and can be
adapted to describe a specific chain-folded crystalline
structure. The free energy expression in units of KT per
chain is

F —AHNg + nEgyq (2

cryst =
where AH; is the overall heat of fusion per monomer of
the crystallizable block, n¢ is the number of folds within
one polymer, and Ejq is the fold energy. In this
expression, the overall heat of fusion is independent of
the size of the crystalline domain, depending only on
the length of the crystalline block. As a result, the heat
of fusion is a constant in the minimization of F: with
respect to d¢yse and only the fold energy, Efog, is
relevant.

The number of folds for the crystallizable block, n;,
determines the parameters characterizing the amor-
phous tethered chain block as well as dcryst. The specific
values are obtained geometrically from the crystalline
unit cell structure with dimensions a, b, and c. By
convention, the c dimension represents the unit cell size
perpendicular to the fold plane and the other two
dimensions represent directions parallel to the fold
plane. The crystalline domain size, dcryst, iS given by

cryst nc(nf + 1)

where n¢ is the number of monomers through the c axis
of the unit cell. The nondimensional grafting density,
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o, for the tethered chain layer is

o= 1 bAznchains (4)

2 (n; + 1)ab
where Ncnhains 1S the number of polymer chains per unit
cell of the crystalline polymer block, ab represents the
surface area of the crystalline unit cell, and ba is the
statistical segment length of the tethered polymer chain.
The factor of 1/, is present because only half of the
tethered chains appear on each side of the crystalline
layer.

In developing these expressions, we have implicitly
assumed 100% crystallinity in the chain-folded domain
and adjacent re-entry for the folded polymer chain.
These assumptions are geometric ones made to relate
the crystalline block structure to that of the amorphous
block through o. The values for real systems are not
expected to differ greatly from these conditions. As a
result, the amorphous block energy may be changed
from the small variations in o, but the crystalline fold
energy is not affected as we use experimentally deter-
mined values already including the imperfections within
a crystalline domain. We also assume the ends of the
crystallized chain are located at the fold surfaces and
not within the crystalline domain. There is an energetic
penalty for the inclusion of the amorphous block or
chain in the crystalline region, but in real systems, some
degree of noncrystallinity is expected. Nevertheless, we
expect the fold distances calculated here for the fully
crystalline domain provide a good estimate for dcryst. In
contrast with bulk semicrystalline systems, homopoly-
mer single crystals have higher crystallinities and more
adjacent re-entry folds,® so our approximations here
may not be unreasonable. We have also assumed the
presence of only one crystalline layer, although it has
been suggested that there could be two crystalline layers
pressed together for the PEO/PS diblock copolymer.?
The presence of more than one layer would affect the
absolute size of the crystalline thickness and the 1/,
prefactor in eq 4, but does not change the scaling of deryst
with respect to the system characteristics.

2.1.2. Amorphous Block Energy. The second term
in eq 1, Famorpn, represents the free energy of the
tethered chain layers. As previously noted, the amor-
phous chains of the diblock copolymer are highly
extended because of the relatively high grafting densi-
ties at the crystalline—amorphous block interface. Given
the planar geometry and parameters set by the crystal-
line domain, Famorpn Can be calculated using self-
consistent mean field (SCF) theory. We can then
determine the structure of the tethered chain layer as
well as quantitatively calculate the free energy without
ignoring scaling prefactors.1*

The fundamental quantity to be calculated in mean
field studies is the polymer segment probability distri-
bution function, G(z,Z'|t), representing the probability
of finding segment t at the position z, given that the
segement started at the position z'. The polymer chain
is modeled as a random walk in a potential field. From
this description, the probability distribution function,
G, is governed by the forced diffusion equation?®

2
%_(t?‘ — b?‘\vze + w(2)G = 6(t)0(z—2") (5)

where w is the mean field potential. In this equation,
the connectivity of the polymer chain enters through t
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and the potential term accounts for the average interac-
tion of one polymer chain with all other polymer chains.

Once G is calculated, the volume fraction profile of
the tethered chain layer is described by

_ Pa(2) _ C /N w ,
Pa2) = e mfo dt G(0,z[t) [, "dz' G(z,2 IN~—t)
(6)
where
W= [“dz' G(0.Z|N) 7)

is the configurational partition function for a tethered
polymer chain, pao is the bulk number density of the
polymer segments, and pa(z) is the local number density
at z. Equation 6 can be interpreted as the normalized
convolution of two probability distribution functions, one
describing a polymer segment of length t starting at the
surface and ending at the position z and one describing
a polymer segment of length N — t starting in the bulk
and also ending at the position z. The normalization
constant C ensures conservation of polymer segments.
The solution is assumed to be locally imcompressible
and the volume fraction of the solvent is ¢s(z) = 1 —
PA(2).

The self-consistency in the equations arises from the
direct relationship between the volume fraction profiles
and the mean field potential, w, through

0(2) =22 —1n ,2) + 1[0 — 0@ (©)
Pao

where pg is the bulk number density of solvent mol-
ecules and y is the Flory—Huggins interaction param-
eter.1720 The mean field potential can be interpreted
as the local solvent excess chemical potential and
represents the energy associated with replacing a
solvent molecule by a polymer segment.

The free energy of the amorphous block layer is then!”

Psg (o
Famorpn = ~INW = == [%(=1n ¢(2) — 204°(2)) dz (9)

a term from the single-chain partition function and a
correction for an overcounting of the segment—segment
interactions arising in mean field theories.?!

The remaining term in eq 1, Finterface, represents the
free energy from the interfacial region between the
crystalline and amorphous domains. This energy arises
from the interaction energy between the chemically
different blocks and includes surface energies not only
at the fold surface but also at the edges of the platelet.
In our calculations, we assume this term and its
variation with dcryst are negligible with respect to Famorph
and Feyst. If the interfacial energy was large, the
aggregates would minimize this energy by decreasing
the surface area of the platelet structure. In the PEO/
PS system, the lateral dimensions of the platelets are
on the order of a micron whereas the typical size of the
crystalline domain is on the order of 100 A. As a result,
there are only small variations in the total crystalline
surface area with respect to dgys:. Also, the SCF
calculations for the pure semicrystalline diblock copoly-
mer by Whitmore and Noolandil” show that Finerface iS
almost constant with respect to the crystalline domain
thickness and that the dominant energetic contributions
arise from Famorph and Feryst.
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Figure 2. Relative free energies from the crystalline block
and amorphous block as a function of the crystalline domain
thickness. The minimum in the total free energy represents
the equilibrium structure of the platelet.

2.2. Theoretical Calculations. In this section, we
calculate the equilibrium structure from the free energy
equation and examine the variation of the structural
dimensions with the polymer system characteristics. We
also make comparisons with predictions from scaling
theory.'* The parameters we use here are not repre-
sentative of a particular polymeric system but are of
the same order of magnitude as the polymers we study
experimentally and are chosen to illustrate results from
the theoretical model.

An example of the minimum in the overall free energy
as a function of the crystalline domain size is shown in
Figure 2 along with contributions from Famorpnh and Feryst.
The curves in Figure 2 have been shifted for clarity.
These results are for a semicrystalline diblock copolymer
in solution with Na = 200, Ng = 500, y = 0.0, and ps =
pa = 1.0. For the crystalline unit cell structure, we
choose a statistical segment length of ba = 5.0 A, ¢ =
5.0 A, ab = 25.0 A2, and Efyjqg = 2.0 x 10720 J, The total
free energy, Fir, has a minimum at deyst = 192 A,
corresponding to 12 folds per crystallizable diblock
copolymer. Although the energy appears to fall upon a
continuous curve, it is important to remember that deryst
is calculated only for integral numbers of folds.

Once the free energy is minimized, the equilibrium
structure of the tethered chain layer is determined. The
volume fraction profiles, ¢a, as a function of distance
from the interface for integral values of n; are shown in
Figure 3. The number of crystalline folds determines
the tethering density, producing a family of allowable
volume fraction profiles for this particular system. As
the number of folds increases, the tethering density
drops. The overall size of the tethered chain layer and
the maximum volume fraction in the density profiles
then decrease, indicating that the polymer layer be-
comes more diffuse with less highly stretched chains.

It is of interest to see if the theoretical results
approach the limiting power law behavior predicted
from scaling arguments. We compare the SCF calcula-
tions with results from the scaling theory developed by
Vilgis and Halperin!* and results from mean field
scaling arguments. The Vilgis and Halperin results
came from a free energy minimization similar to the one
used here; however, they used the scaling “blob” ansatz
to describe the tethered chain energetics. In addition
to the flat lamellar structure, they analyzed finite-sized
crystalline domains using the spherical and cylindrical
geometries to scale the energy in the amorphous block;
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Figure 3. Volume fraction profiles of the possible tethered
chain structure for different numbers of crystalline folds. The
equilibrium profile is given by the bold line.

however, we are only interested in the lamellar results.
The scaling law for lamellar structures in an athermal
solvent is given by

dcryst ~ NBN;\GlllEfGéIldl (10)
It is known that the free energy scaling of tethered
polymer chains using the blob ansatz is slightly different
in the mean field approximation.2223 The resulting
scaling relationship from the mean field approximation
is

dcryst ~ NBNAS/SEglsd (11)
These two approximations for athermal solvents result
in slightly different power law dependences of dgryst 0n
Na and Efyg in contrast with the identical scaling laws
for the tethered chain layer size. For each case, the
crystalline domain size scales linearly with Ng because
only the number of folds is important for the equilibrium
structure. Given a constant amorphous block length,
the number of folds remains constant and dcryst increases
linearly with the length of the crystalline block. The
scaling law also shows that dcyst decreases with in-
creasing amorphous block length Na because the in-
creased stretching energy produces more folds per
diblock. The thickness also decreases as the fold energy
Efg decreases because more crystalline folds can be
accommodated to relieve the stretching energy of the
tethered chains. These scaling results are easily ex-
tended to describe platelets in a © solvent, resulting in
the relationship

eryst ~ NgNA Y2 Efry (12)

cryst
These scaling laws are not quantitative but provide
qualitative relationships between the relevant system
parameters at the appropriate limits.

In Figure 4 we show the calculated equilibrium values
of deryst for the same parameters used in Figure 2, while
varying Na in both an athermal solvent, y = 0.0 and a
O solvent, y = 0.5. The equilibrium values of dcryst do
not fall on a smooth line because of the restriction to
integral values of folds per chain. As Na increases, an
increase in number of folds or a decrease in dcryst does
not occur until the stretching energy increases enough
to cause the crystalline block to create another fold.
Experimental evidence for these quantized changes in
the crystalline domain thickness was presented by
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Figure 4. Equilibrium crystalline domain thickness as a
function of the degree of polymerization of the tethered
polymer for two solvent conditions. The results are compared
with the scaling predictions* given by the solid lines.

Gervais and Gallot for nearly bulk PEO/PS diblock
copolymer systems while varying the concentration of
a selective solvent.24 If the crystalline block has a small
integral number of folds, the scaling laws will not fit
well because each fold causes relatively large jumps in
the thickness. The scaling relationships are only ap-
plicable for cases where the amorphous and crystalline
blocks are long enough to provide a quasi-continuous
distribution of crystalline thickness as a function of the
number of folds. The predicted scaling values compare
very well with the SCF results, indicating that the
numerical calculations have the expected behavior for
the limiting cases of an athermal solvent and a ©
solvent. Naturally, the self-consistent mean field cal-
culations for the athermal solvent system more closely
approach the —3/5 power law dependence of the mean
field scaling, but the differences with the blob model are
very small. Real systems are expected to lie somewhere
in between the two limits in solvent quality, although
the differences at these limits are very small and may
be difficult to distinguish from the available scaling
laws.

Experimental Section

We measure the characteristic dimensions of two types of
semicrystalline diblock copolymers using small-angle X-ray
(SAXS) and neutron (SANS) scattering experiments. We
compare the thickness of the crystalline domain and the
structure of the tethered chain layer with predictions from the
SCF theory outlined above.

3.1. Polymer Characteristics. To experimentally study
semicrystalline diblock copolymer platelets, we use two dif-
ferent diblocks, poly(ethylene oxide)—polystyrene (PEO/PS)
and polyethylene—poly(ethylpropylene) (PE/PEP). The PEO
and PE blocks are the crystallizable blocks and PS and PEP
are the amorphous blocks. We suspend both polymers in low
molecular weight solvents selective for the amorphous block
and measure the characteristics of the aggregates through
small-angle scattering techniques. The physical properties of
the polymers used in this study are summarized in Table 1,
including molecular weights, polydispersities, and weight
fractions of the crystallizable block. Some of the blocks are
deuterated and are indicated with a lower case d in the sample
name.

The PEO/PS diblock copolymer was purchased from Polymer
Laboratories, Inc. Dilute solutions of the PEO/PS diblock were
made by dissolving the polymer in cyclopentane, a selective
solvent for polystyrene, purchased from Eastman Kodak. To
observe large platelet aggregates, it is important to remove
all trace amounts of water.> Trace amounts of water dissolve
the crystalline block, destroying the crystalline structure and
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Table 1. Physical Characteristics of the Semicrystalline
Diblock Copolymers2

polymer mol wt (kg/mol) Muw/Mp wt frac PEO or PE
PEO/PS
3/8 11.14 112 0.26
PE/PEP
6/d30 36 1.05 0.17
10/100 110 1.05 0.10
20/30 50 1.05 0.66
35/d90 125 1.05 0.28

2 Two of the PE/PEP diblocks have deuterated PEP blocks and
are indicated with a d in the sample name.

Table 2. Densities, Electron Densities, and Neutron
Scattering Length Densities for Each Component

component o (glemd)  pX (A3 pN(x1070cm2)

poly(ethylene oxide) 1.13 0.371 0.64
polystyrene 1.04 0.343 1.42
cyclopentane 0.742 0.255

polyethylene 0.986 0.339 —0.360
poly(ethylpropylene) 0.854 0.294
d-poly(ethylpropylene) 0.854 0.264 5.216
n-decane 0.73 0.254 —0.489

producing spherical micellar structures.> We first dissolve the
polymer in cyclopentane at a 1 wt % concentration and then
heat to ~70 °C, above the melting temperature of pure
crystalline PEO. The clear solutions were then placed in a
desiccator with the lid of the sample container slightly ajar
and allowed to cool to room temperature. After several hours,
large aggregates are observed consisting of semicrystalline
platelets. The aggregates are large enough to settle out of
solution.

The PE/PEP diblock copolymers were synthesized by Dr.
Lewis Fetters at the Exxon Research and Engineering Co.
These diblocks were prepared via anionic polymerization of
the parent polydienes®® and then hydrogenated to form the
PE/PEP diblock copolymer.?®6 Some of the PEP blocks were
deuterated to provide contrast in small-angle neutron scat-
tering (SANS) experiments. The hydrogenation process leads
to the formation of ~10% ethyl branches in the PE block and
~10% isopropyl side groups in the PEP block?” because of the
presence of both 1,2 and 1,4 double bonds in the polydienes.
The PE/PEP polymers were suspended in n-decane at concen-
trations between 0.5 and 12 wt %. The polymers were
dissolved in n-decane and then heated to 80 °C. The clear
solutions were slowly cooled to room temperature. After
several hours, the solutions became slightly turbid, indicating
that crystalline aggregates had formed. The particles were
not large enough to settle out of solution.

3.2. Small-Angle Scattering. We study semicrystalline
platelet structures, using small-angle X-ray (SAXS) and
neutron (SANS) scattering to measure dcyst and ¢a. The
scattered radiation from a sample at an angle 6 from the beam
path probes the structure on the length scale of g%, where q
= (4x/1) sin(6/2) and A is the wavelength of the probing
radiation. Different wavelengths and/or radiation sources are
used to provide variations in contrast and in the accessible q
range. The strength of the scattering depends upon the
difference between the scattering length densities of the
particles and the solvent. The densities, electron densities,
and the neutron scattering lengths of the components in this
study are shown in Table 2.

3.2.1. X-ray. The small-angle X-ray scattering (SAXS)
experiments were performed at the Stanford Synchrotron
Radiation Laboratory (SSRL) on beamline 1—4. Details about
the station are available elsewhere.?® The wavelength of the
incident radiation was A = 1.493 A, and the scattered intensi-
ties were measured using a Reticon 1024 pixel linear photo-
diode array cooled to —80 °C. The X-ray beam was collimated
using two sets of slits to reduce parasitic scattering. The
sample to detector distance was set between 52 and 107 cm
for a g range between 0.005 and 0.18 A~1. The magnitudes of
scattering vector were calibrated using chicken tendon collagen
(domain spacing, d = 653 A). Typically, eight or nine peaks
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were observed and the g range was calibrated using the
prominent sixth peak.

The polymer solutions were loaded into 1 mm thick sample
cells with Kapton windows. The measured intensities were
first normalized by the sample transmission, thickness, and
the incident intensity. The signal from the suspended particles
was obtained by subtracting the solvent scattering from the
sample scattering. The data were then placed on an absolute
scale with reference to a Lupolen standard.?® All experiments
were performed at room temperature.

3.2.2. Neutron. The small-angle neutron scattering (SANS)
experiments were performed at the National Institute of
Standards and Technology (NIST) on beamline NG7. The
details of the experimental setup are described elsewhere.3°
The incident radiation had a wavelength of 7 A (AA/A = 0.11
at full width, half-maximum). The sample to detector distance
was 13.31 m for a range of q between 0.004 and 0.038 AL,
The polymer solutions were loaded into 1 mm thick quartz
cells. Again, the intensity data of interest were obtained by
subtracting the solvent scattering from that of the sample. The
data were put on an absolute scale with the NIST silica
standard using standard reduction techniques. All experi-
ments were performed at room temperature.

4. Results and Discussion

4.1. Model Parameters. We calculate the equilib-
rium structure of the semicrystalline aggregates for
these diblock copolymer systems and compare the
results with those from the scattering experiments.
There are a number of parameters that are needed for
the calculation including the crystalline polymer unit
cell structure, the physical characteristics of the amor-
phous polymer block, and the Flory—Huggins y param-
eter.

4.1.1. Crystalline Blocks. For both diblock copoly-
mer systems, the chain-folded structure in the crystal-
line domain is the same as that of the analogous
homopolymer. Rangarajan et al. performed wide-angle
X-ray scattering (WAXS) on bulk PE/PEP systems and
found that the crystalline structure in the lamellar
domains is the same as that of bulk PE homopolymers.8
Lotz et al. used electron diffraction techniques and
determined that the crystalline structure of the PEO/
PS system is the same as that of pure PEO.?

Crystalline PE has an orthorhombic unit cell struc-
ture withc=25A, a=75A and b = 49 A. Each
unit cell contains two polymer chains and two carbon
units through the c axis perpendicular to the plane of
the platelet.’® These values are slightly larger than
those found in pure polyethylene and are taken from a
study by Howard et al. measuring the unit cell dimen-
sions for polyethylene with some ethyl branches®! aris-
ing from the polymerization of the polydiene. The unit
cell structure of PEO is monoclinic3? with the ¢ axis
being 19.3 A in length. The a and b dimensions are 8.15
and 12.99 A, respectively. Within each PEO unit cell,
there are four polymer chains in a helical configuration
with seven monomers going through two turns.

The crystalline fold energies were taken from experi-
mental data from the melting point depression of both
single crystal and bulk crystalline samples. By measur-
ing the melting point depression of homopolymer plate-
lets relative to that of an infinite crystal and using an
equilibrium free energy expression for the formation of
a single chain-folded crystal, one can determine the fold
energy from the slope of the degree of melting point
depression as a function of the thickness of the initial
homopolymer crystal. The measured values for Eqq for
polyethylene are almost identical for solution-growth
crystals, dried single crystals, and melt-crystallized
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polymers.®® The experimental consistency provides
confidence in the application of the literature values of
Efog to the semicrystalline diblock copolymer system.
The crystalline fold energy for PEO is Egq = 1.6 x 10720
J and that for PE is Efg = 3.08 x 10720 333 |t is
important to recall that these fold energies include the
presence of nonadjacent re-entry folds in the crystalline
domain. The assumptions of 100% crystallinity and
adjacent re-entry affect only the value of ¢ used to
calculate the amorphous free energy.

4.1.2. Amorphous Blocks. The parameters needed
in the SCF calculations for the tethered amorphous
blocks are determined by the structure of the crystalline
domain. Our calculations are performed nondimension-
ally so we scale all lengths for the SCF calculations on
the statistical segment length, ba, of the amorphous
polymer block. The statistical segment length is deter-
mined from the expression for the radius of gyration,
Ry, for a Gaussian polymer coil

Na

1/2

Ry can be measured through scattering techniques, and
given the molecular weight of the polymer, Na and ba
are adjusted to match experimental data. For the PEP
polymer block, we follow Bates et al.?” and take by to
be 7.2 A. We then use experimental data measuring
R for deuterated PEP in a hydrogenated PEP matrix3
and determine the Kuhn ratio, the number of monomers
per statistical segment, to be 0.81 monomers per ba,
thus producing the number of statistical segments for
each polymer system. For the polystyrene block in
cyclopentane, we use ba = 15.5 A as determined by
Vagberg et al.,?® which is consistent with light scattering
data.3® The Kuhn ratio for PS is 5.0 monomers per ba.
The densities for the monomers and the solvent are also
scaled on ba® for consistency. The last parameter
needed for the SCF calculations is the Flory—Huggins
y parameter. For PS in cyclopentane, y = 0.45%7 and
for PEP in n-decane, y = 0.3.%7

4.2. Crystalline Domain Thickness. To compare
with the theoretical calculations, we measure the size
of the crystalline domain using the scattered intensity
from dilute solutions of the diblock copolymers. Planar
particles in solution have a scattered intensity that
should be multiplied by g? to account for the form of
flat particles with a thin cross-section. This factor arises
because the particle contributes to the scattered inten-
sity only when q is perpendicular to the plane of the
particle.3® The traditional Guinier approximation used
to determine the overall particle size from small values
of g has a two-dimensional analog. The Guinier ap-
proximation for thin homogeneous flat particles is

2 _
lac@) = Aq—f(ApXﬁZe( TR (14)

where A is the planar area of the particle, ApX is the
relative electron density of the platelet to the solvent, =
is the thickness of the flat particle, and R; is the one-
dimensional radius of gyration taken from the center
of the platelet perpendicular to the face as

, S A" (2)2? dz
RZ=2 " —

JApX(2) dz

where z is the distance from the center plane of the

(15)
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Figure 5. SAXS data from semicrystalline platelets in a

Guinier thickness plot to determine the crystalline domain
thicknesses. The data for each polymer are offset for clarity.

platelet. From eq 14, the slope of the linear region in a
plot of In(1g?) vs g? gives R,. The presence of a linear
region over a range of q in this type of plot is a strong
characteristic feature of flat platelets. The Guinier
thickness approximation is valid for 2n/A < q < 1/7.
Deviations from the linear region for q < 2xz/A will arise
as q begins to probe length scales near the size of the
lateral dimensions of the particle. At higher values of
g, the scattering resolves features within the platelet
structure. If we assume the particle has a homogeneous
electron density through the lamellar structure, the
overall thickness of the particle, 7, can be calculated
from R, through 7 = 1212R,.

Figure 5 shows the scattered intensity from 1 wt %
solutions of the PE/PEP diblock copolymer aggregates
on a Guinier thickness plot. The lamellar structure of
each system is evident from the range of q where the
scattered intensity is linear. The scattering profiles are
similar to data used to determine the thickness of single-
crystal polyethylene platelets in solution.®® The de-
crease in the scattered intensity of the 10/100 and 35/
d90 polymers at the lower q values is due to the finite
size of the platelet structure. For the 6/d30 and 20/30
diblocks, a slight peak in the curves is present at low
values of g. Although the peak is not seen in the
previous two samples, this deviation most likely results
from the finite size of the platelet particles and occurs
where 1/q ~ the lateral size. The presence of a local
maximum in the scattering profile suggests that the
6/d30 and 20/30 aggregates are not as large laterally
as the 10/100 and 35/d90 polymers. At low enough
values of q, scattering peaks characteristic of the finite
size of the 35/d90 and 10/100 aggregates should also be
seen. Although the Guinier thickness approximation
is developed for infinitely wide lamellar particles, Pilz*°
has shown that the particle thickness determined from
a Guinier plot is adequate for particles with lateral
dimensions only 2 or 3 times the size of the thickness.
The radius of gyration for an entire aggregate can be
determined through the traditional Guinier approxima-
tion from the data when g — 0. Unfortunately, we do
not have data at low enough values of q to obtain
information about the overall dimensions of the plate-
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Table 3. Comparison between the SCF Values for dcryst
and the SAXS Values Guinier Thickness Plots

dcryst (A) N¢ o
polymer Na Ng SAXS SCF SCF SCF
PEO/PS

3/8 16 65 62+10 55 3 3.742
PE/PEP

6/d30 475 215 78+6 68 7 0.17

20/30 530 714 73+7 227 7 0.17

10/100 1766 357 58+7 57 15 0.09

35/d90 1426 1250 91+8 227 13 0.10

2 This value for ¢ appears unphysical, but results from the large
size of ba for PS relative to the fold dimensions of the PEO block.

lets; however, we estimate the lateral dimensions are
greater than 5 times the thickness of the platelets.

Given the thickness radius of gyration for the diblock
copolymer aggregates, further interpretation of the data
depends upon the electron densities of the crystalline
and tethered chain domains. For the PE/PEP system,
the electron density for the crystalline PE domain is
much higher than the PEP domains. From Table 2, the
PE monomer has a higher scattering length density
than the PEP monomer relative to n-decane and the
crystalline domain has a denser structure than the
diffuse solvated PEP block. As a result, the crystalline
PE block dominates the scattered intensity at the angles
in the linear region of the Guinier thickness plot. We
assume a homogeneous density for the platelet structure
and interpret the value of 7 calculated from R, as an
effective crystalline domain thickness, deryst. This is
only an effective dcryst Since an interphase region exists
between the two domains and the PE structure is not
100% crystalline and some contrast is present between
the amorphous block and the solvent. This assumption
can be tested by comparing dcryst from SAXS with data
from SANS experiments where the solvent scattering
density is matched to that of the PEP monomer. Drs.
S. L. Chang and J. S. Huang at the Exxon Research
and Engineering Co. have performed the SANS experi-
ment and measured the thickness of the aggregate
structure of the 35/d90 diblock copolymer and find that
deryst = 94 + 12 A from fitting their SANS data to the
form factor for polydisperse platelets.*! The value from
our SAXS measurement using a separately prepared
solution is deryst = 91 + 8 A. The excellent agreement
between the two scattering experiments provides con-
fidence in the assumptions used to calculate d¢ryst from
the SAXS data.

In Table 3, we compare the crystalline domain thick-
nesses calculated from the SCF theory with those
measured using SAXS. Also included in Table 3 are the
predicted effective grafting density of the tethered
chains, o, and number of folds, n;, per chain. The
measured values of deryst are between 50 and 100 A, on
the same order of magnitude as the thicknesses of many
polymer single crystals.'® The theoretical values of deryst
and the experimental data agree for the PEO/PS, the
PE/PEP 6/d30, and the PE/PEP 10/100 diblock copoly-
mers but do not agree with the measured thicknesses
of the PE/PEP 35/d90 and 20/30 diblocks. For these two
polymers, the calculated dcyst are larger than the
measured ones by approximately a factor of 3. The
theoretical model predicts that the 20/30 and 6/d30
polymers should have the same number of folds in the
crystalline block because the amorphous blocks are the
same size; however, we observe that the 20/30 polymer
has more folds than the 6/d30 polymer. The calculations
agree with the experimental data for the diblocks with
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both a smaller molecular weight in the crystalline block
and a smaller crystalline fraction per chain.

We attribute the discrepancy between theory and
experiment for the 20/30 and 35/d90 polymers to Kinetic
effects during the crystallization process and effects
from the presence of ethyl branches in the PE block.
The comparison between experiment and theory sug-
gests that an equilibrium platelet structure is more
likely to be reached for semicrystalline diblock copoly-
mers having strong unfavorable enthalpic interactions
between the two blocks of the copolymer (PEO/PS) and
diblocks with larger amorphous blocks relative to the
crystalline block. Rangarajan et al. have observed that
the crystallinity of bulk PE/PEP polymers is much less
than 100% for diblocks with large crystalline domains
due to the formation of small crystallites within the bulk
crystalline region.8 For similar reasons, the PE/PEP
copolymers having larger crystallizable blocks may form
crystalline domains whose thicknesses are controlled by
the kinetics rather than equilibrium. The crystalliza-
tion kinetics are also important for the PE/PEP systems
because the two polymers do not have a strong enthalpic
driving force to separate from each other. The chemical
similarity between PE and PEP makes it more likely
to find parts of the PEP block within the PE domains
than to find PS segments within the PEO domains. If
some of the structures are trapped in a kinetically
determined state, annealing the diblock copolymers at
temperatures closer to the crystalline melting point
could induce the thickening of the crystalline domain
to the equilibrium values. This behavior is analogous
to single crystals of bulk polyethylene, which increase
in thickness as crystallization temperatures increase.18

Given the simplicity of the model and the complexity
of the crystallization process, the comparisons for deryst
between theory and experiment are reasonable. A more
detailed theory would take into account the finite size
of the extended lamellae. Even with discrepancies
between experiment and theory for the crystalline
domain thickness, the overall structure of the platelet
can be studied. Since there are geometric constraints
between the crystalline domain and the tethered chain
layers, we can study the amorphous layers and deter-
mine whether the tethered chain structure is consistent
with the measured values of dcrys: as well as with the
tethered chain structure predicted by the mean field
calculations.

4.3. Tethered Chain Layer. To study the tethered
chain layer, we perform SANS experiments on the PE/
PEP 6/d30 polymer with a deuterated PEP block. When
the polymer is suspended in n-decane, the scattering
length density of the solvent closely matches that of the
PE block and the scattered intensity comes from the
structure of the deuterated PEP block. Given the
platelet structure, the structure of the tethered chain
layer can be analyzed using equations developed by
Auvray and Auroy for the scattering from planar
interfaces.’3

The total scattered intensity for the diblock copolymer
system can be separated into three contributions cor-
responding to the interference between different com-
ponents as

1(q) = 1gg(Q) + 144(@) + 145(q) (16)

where B represents the crystalline block and A repre-
sents the amorphous block.

Since we have prepared solutions with effectively zero
contrast between the crystalline domain and the solvent,
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Figure 6. (a) Porod plot of the SANS data from a 1 wt %
solution of PE/PEP 6/d30 platelets with the best fit SCF profile
and step profile. (b) The volume fraction profiles correspond-
ing to the fits to the experimental data.

only the Iaa component is of interest. The general
equation for laa is given by

S _ o iqz i
Laa = 21(pp = p2)°50 771 [ 42 @)™ + Tan(@) (17)

where z is the distance from the interface, S/V is the
interfacial area per unit volume, and pj and ol are the
neutron scattering length densities of the amorphous
block and solvent, respectively. The first term arises
from the average concentration profile of the amorphous
block perpendicular to the interface, and the second
term laa arises from concentration fluctuations within
the tethered chain layer. At large values of g, the Porod
limit is reached where the scattering from the interface
between the solid and the solvent dominates. At this
limit, the scattered intensity is described by

@) = 2a06} = o2 o (18)

Using this general formalism, Auvray et al. have
calculated analytic expressions for the parabolic and
step profiles.’342 They find that the parabolic profile
with some minor modifications well describes SANS
data from polystyrene chains chemically grafted to
porous silica.*?

In Figure 6 we present the scattered intensity from
the tethered chain structure of the 1 wt % PE/PEP 6/d30
sample. The larger deuterated diblock, 35/d90, could
not be studied because the appropriate q range was not
accessible. The SANS data are best presented in a
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Porod presentation of 1g* vs q because it emphasizes
the local singularities in the concentration profile and
the deviations from the Porod limit given in eq 18. The
observed oscillations in the scattering profile are char-
acteristic of an interfacial layer and are similar to the
data obtained by the French group for polymer chains
grafted in porous silica.** We have also divided the
scattered intensity of the 0.5, 2, and 3 wt % solutions
by the polymer concentration and see identical scatter-
ing curves, indicating that we observe single-particle
scattering at these concentrations. We begin to see
deviations in the scattering profile with the 5 and 9
wt % samples where a weak lamellar order begins to
appear.

We compare the measured intensity with the scat-
tering curves calculated from eq 17 using the volume
fraction profiles from SCF calculations and the expres-
sion for a step profile. To fit the SCF calculations to
the SANS data, we fix the model parameters used to
calculate the equilibrium values of dcryse and vary only
the effective tethering density, o, and a constant pre-
factor representing the prefactors in eq 17. We also
neglect the second term in eq 17, Iaa, because we did
not have data at high enough g values to determine the
background scattering of the in-plane fluctuations. The
resulting volume fraction profiles from the fits are also
presented in Figure 6.

The model calculations adequately fit the experimen-
tal data, and we find the effective tethering density of
the PEP block to the crystalline domain to be ¢ = 0.14.
The profile from the SCF calculations matches the data
much better than the step profile. The results of the
theoretical fits demonstrate the greater accuracy of the
tethered chain structure from the mean field theory over
the step profile. The parabolic profile was also fit to
the data and closely matches the SCF curve at lower
values of g but begins to deviate from the SCF curve
and the SANS data at the higher g values. Deviations
between the SCF curve and the SANS data are apparent
at both low and high values of g. These deviations can
be attributed to features of the actual tethered chain
structure that are not taken into account in the model
calculations. First, the model calculations have as-
sumed a sharp tethering interface whereas in the
experimental system, an interphase region between the
crystalline and amorphous domains is expected. Auvray
and Auroy have found that the addition of an adsorption
layer at the tethering interface greatly improved model
fits to the scattered intensity, particularly at higher
values of .2 We have also neglected the in-plane
fluctuations, Iaa, which contribute to a background that
shifts some of the scattered data in the Porod plot.
These fluctuation effects are more pronounced at high
g values but may contribute at lower g.13 The Iaa term
can be determined through contrast variation using a
series of different solvent mixtures, but was not done
here due to material limitations. Finally, the interfaces
are not infinite as the particles have a finite surface
area. At low enough values of g, the overall shape of
the platelet structure can affect the scattered intensity.
The finite surface area also allows long tethered chains
to extend in directions not perpendicular to the plane
of the particle, changing the volume fraction profiles of
the polymer chains near the platelet edges.

We compare the value of ¢ from the fit to the SANS
data with the values determined from the equilibrium
SCF calculations and the measurements of drys; from
the SAXS Guinier thickness plot in Table 4. These
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Table 4. Comparison for ¢ Determined from the SCF Fit
to the SANS Data, the Equilibrium SCF Calculations,
and the SAXS Measurements

feature SANS(fit) SCF(equil) SAXS
o 0.14 0.17 0.20
n¢ 9 7 6

different measurements are consistent with one another
with differences of only a few folds per chain. The
smaller value of o from the SCF fit to the SANS data
relative to o from the SAXS measurement is reasonable
given the assumption of a 100% crystalline domain used
to determine the SAXS value of dgryst. In homopolymer
single crystals, crystallinities of greater than 70% are
rarely observed.’® With less crystalline order, the
tethering points of the experimental system are gener-
ally spaced farther apart because of defects in the
structure. We would expect a smaller value of ¢ from
fitting the data from the tethered chain than from the
value extracted from the effective thickness determined
from the SAXS data. Additionally, the theoretical
prediction from the full SCF theory predicts a value of
o in between the two experimental ones. Given the
assumptions of the theoretical model, the structure of
the tethered chain layer is reasonably well described
by the mean field theory.

5. Summary

Semicrystalline diblock copolymers in solution form
platelets consisting of a chain-folded lamellar region
formed by the crystalline block between solvated layers
of the amorphous block. The platelets have an equilib-
rium structure determined by an energy balance be-
tween the cost of forming a crystalline fold favoring a
thicker crystalline domain and the stretching energy of
the chains extending into solution favoring a thinner
crystalline domain. We experimentally and theoreti-
cally studied the platelet structures through small-angle
X-ray (SAXS) and neutron scattering (SANS) and nu-
merical self-consistent mean field (SCF) calculations.

To calculate the equilibrium structure of the platelet
structure, we minimized the free energy of an extended
lamellar sheet with respect to the crystalline domain
thickness. We modeled the crystalline domain with a
phenomenological chain-folding model. The solvated
blocks were modeled as polymer chains tethered to the
crystalline domain surface due to the chemical bond
between the two blocks. The structures of the amor-
phous block and the crystalline block are geometrically
dependent on one another through the chemical bond
between them. We neglected the presence of an inter-
phase region between the two domains as well as any
finite size or edge effects of the platelet. These ap-
proximations are not unreasonable in light of previous
experimental evidence. We calculated the equilibrium
crystalline domain size as a function of the amorphous
block length for an athermal and a ® solvent and found
good agreement with the scaling predictions at these
limits.

We studied two semicrystalline diblock copolymer
systems, poly(ethylene oxide)—polystyrene (PEO/PS) in
cyclopentane and polyethylene—poly(ethylpropylene)
(PE/PEP) in n-decane, using small-angle scattering. We
found that the SCF theory is consistent with the SAXS
measurements for diblock copolymers with smaller
crystalline block fractions and a stronger unfavorable
enthalpic interaction between the two blocks. Diblocks
with larger crystalline block fractions did not follow the
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predicted scaling laws for the crystalline domain size
and may have kinetically controlled structural dimen-
sions. SANS measurements on PE/PEP diblocks with
deuterated PEP blocks were used to measure the
structure of the tethered chain layers. We found that
the SCF volume fraction profiles are consistent with
both the profile expected from the SAXS measurements
and a best fit volume fraction profile. The SCF calcula-
tions also fit the data much better than the step profile
assumed in scaling predictions.

We have demonstrated the importance of the tethered
chain structure on the equilibrium characteristics of
semicrystalline diblock copolymer platelets. In the
future, careful measurements of the kinetics of the
platelet formation will be useful in establishing the
process of reaching an equilibrium structure as well as
identifying possible differences with homopolymer solu-
tion crystallization. It would also be useful to extend
the theory to better incorporate a description of the
crystalline—amorphous interphase region as well as
finite size effects from the edges of the platelet struc-
tures. Other novel tethered chain structures may be
obtained from semicrystalline diblock copolymer mix-
tures, leading to the formation of mixed tethered chain
layers. Although the kinetics may be complicated, the
tethered chain structure will still be present and have
a strong effect on the final morphology.
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