Iowa State University

From the SelectedWorks of Eric W. Cochran

December, 2006

Effect of chain architecture and surface energies
on the ordering behavior of lamellar and cylinder
forming block copolymers

V. Khanna

Eric W. Cochran

A. Hexemer

G. E. Stein

G. H. Fredrickson, et al.

Available at: https://works.bepress.com/eric_cochran/14/

B bepress®


http://www.iastate.edu
https://works.bepress.com/eric_cochran/
https://works.bepress.com/eric_cochran/14/

9346 Macromolecule2006, 39, 9346-9356

Effect of Chain Architecture and Surface Energies on the Ordering
Behavior of Lamellar and Cylinder Forming Block Copolymers

V. Khanna,™ E. W. Cochran,’ A. Hexemer, G. E. Stein} G. H. Fredrickson,’#
E. J. Kramer,*-7# X, Li,% J. Wang$ and S. F. Hahr!

Department of Materials, Umersity of California, Santa Barbara, California 93106; Department of
Chemical Engineering, Unersity of California, Santa Barbara, California 93106; Aahced Photon
Source, Argonne National Laboratory, Illinois 60439; and Performance Plastics and Chemicals,
The Dow Chemical Company, Freeport, Texas 77541

Receied April 26, 2006; Reised Manuscript Receed August 22, 2006

ABSTRACT: We investigate the effect of surface energy and chain architecture on the orientation of microdomains
in relatively thick films (606-800 nm) of lamellar and cylindrical block copolymers of poly(cyclohexylethylene)

(C) and poly(ethylene) (E). The E block has 26 ethyl branches per 1000 backbone carbon atoms. Melt surface
energies of the C and E blocks are 22.3 and 20.9 mXespectively. Grazing-incidence small-angle X-ray
scattering (GISAXS), scanning force microscopy (SFM), and cross-sectional transmission electron microscopy
(TEM) show that cylindrical and lamellar CEC triblock copolymers orient their microdomains normal to the
surface throughout the film thickness. However, a lamellar CE diblock copolymer prefers a parallel orientation
of the lamellae relative to the surface with an E surface layer. Moreover, a cylindrical CEBC triblock copolymer
where the EB block has 125 ethyl branches per 1000 backbone carbon atoms leads to EB cylinder domains that
always orient parallel to the surface. In this case the lower surface energy EB block dominates the surface.
Calculations using self-consistent-field theory allow us to interpret the experimental results in terms of the entropic
cost of forming a wetting layer comprised entirely of looping blocks. Thus, in triblock copolymers, parallel
orientations are only stabilized when the midblock has the lower surface energy, and the difference in surface
energies of the two blocks is large enough to compensate for this conformational penalty, which is absent in
diblock copolymers.

Introduction have been used as templates for the production of nanostructures

Block copolymers (BCPs) are composed of polymerized and_ in n_anoscale Iithography. _However, proper design and
sequences or blocks of chemically distinct repeat units. The €ngineering of these materials is essential to ensure that such

linear AB diblock is the simplest block copolymer architecture, aPplications can be realized. In thin film applications, especially,
consisting of a block of type A monomers covalently bonded contr.ol over the orlent{:mon.(')f the nanodoma|n§ over macro-
to a block of type B monomers. By coupling additional A or B SCOPIC Iength_ scz?lles is critical. A recent review of_ block
blocks to this simple architecture, multiblock copolymers can coPolymer thin films for patterning applications gives a
be obtained. If the chemically distinct blocks are immiscible, COmPrehensive coverage of the topic.
then excess free energy contributions are present that discourage When a block copolymer is confined in a thin film geometry,
mixing. However, in a block copolymer melt, these thermody- the orientation of the microdomains is determined by the
namic forces that drive separation are balanced by entropicpreferential wetting of top and bottom surfaces by the two
constraints on the long chain molecules that arise from block blocks. This wetting, in turn, is determined by the surface
connectivity. The morphology of the microphase separated €nergies of the two blocks at the interfaces. A number of
structure depends on three parameters: (1) the Floryyhi ( techniques have been developed to tune the wettability of block
parameter between the two monomers, (2) the overall degreecopolymers on different surfaces and, hence, control the
of polymerizationN, and (3) the composition of the block orientation of the microdomains in thin filnts?
copolymerf (volume fraction of A segments). Singevaries In this study we investigate the effects of surface energy,
inversely with temperature, above the orddisorder transition morphology, and architecture on the orientation of microdomains
(ODT) temperature, the block copolymer is a disordered in block copolymer films. Poly(cyclohexylethylene) (PCHE) is
miscible melt. Below the ODT spherical, cylindrical, lamellar, a glassy amorphous polymer with excellent optical and thermal
and the gyroid morphologies with characteristic dimensions of properties but an undesirable brittleness due to its high entangle-
the order of tens of nanometers can be obsetvéd. ment molecular weight~49 000 g/mol).3 Block copolymers
Because of this ability to self-assemble into nanoscale of PCHE and ductile poly(ethylene) (PE) can circumvent this
morphologies, block copolymers are versatile material candi- undesirable brittleness. The thermodynatfhiviscoelastidt 18
dates for a myriad of applications as bulk materials and in thin and mechanical properti#s?2! of this block system have been
film geometries. In recent years, block copolymer thin films studied extensively in previous works in both thin film and bulk
geometries. Experiments on thin films of the cylindrical PCHE

 Department of Materials, UC Santa Barbara. PE-PCHE triblock copolymers (PE cylinders) showed that the
zDepartment of Chemical Engineering, UC Santa Barbara. microdomains preferred to orient themselves perpendicular to
Argonne National Laboratory. the interfaced4?2%a behavior that is not generally observed in
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Table 1. Molecular Weight, Composition, and Block Lengths of CE and CEC Block Copolymers

polymer chain architecture Mw (g/mol) fee (Wt %) PCHE block (g/mol) PE block (g/mol) % 1,2 addition
CEx2.48.10 diblock 22 000 48 11 400 10 600 10
CECus5.48.10 triblock 45000 48 11 250 22500 10
CECy0.25.10 triblock 40000 25 15000 10 000 10
CEGs0.24.10 triblock 50 000 25 18 750 12 500 10
CEBGs0.25.40 triblock 60 000 25 22 500 15000 40

of this work is to understand this peculiar behavior in both
cylindrical and lamellar systems. The ordering behavior of a
lamellar diblock copolymer is compared with that of a lamellar
triblock copolymer to understand the effect of chain architecture.
Additionally, the influence of surface energy is investigated by
varying the ethyl branch content of the PE block. Transmission
electron microscopy (TEM) and scanning force microscopy
(SFM) images are complemented with small-angle X-ray
scattering (SAXS) and grazing-incidence small-angle X-ray
scattering (GISAXSY measurements to obtain a complete
picture of the morphology and orientation of the microdomains
in the films.

Experiments and Theory

Materials and Thin Film Preparation. The poly(cyclohexyl-
ethylene)-poly(ethylene) block copolymers were synthesized at the

Table 2. Annealing Temperatures and Time for the CE and CEC
Block Copolymers

polymer annealing temgC) annealing time (days)
CEz2.48.10 220 3
CEGs5.48.10 220 3
CECy0.25.10 220 3
CEGs0.24.10 220 3
CEGs0.25.40 220 4

the ODT of the block copolymers, which ensures that the block
copolymer is well segregated before the glassy matrix vitrifies. The
ODT of all the block copolymers under investigation was greater
than 260°C, as determined by dynamic mechanical analysis. The
films were allowed to cool to th&y of the glassy block at about
1.5°C/min, below which they were quenched to room temperature.
Scanning Force Microscopy (SFM)To characterize the domain
structures of the microphase-separated block copolymers, scanning
force microscopy measurements were performed using a Digital

Dow Chemical Co. The synthesis involved heterogeneous catalytic Instruments Dimension 3000 and a Digital Instruments Nanoscope

hydrogenation of polystyrengpolybutadiene (PSPB) block co-
polymer precursord After hydrogenation, the PE blocks contained

IIl. The microscopes were operated in tapping mode. The mechan-
ical contrast between the glassy PCHE and softer PE domains

an average of 26 ethyl branches per 1000 backbone carbons. Thinables the imaging of the microphase-separated domains of the

was due to the 10% 1,2 monomer addition in the PB block (as
determined byH NMR analysis of the polymer prior to hydroge-
nation). However, one sample (entry 5 in Table 1) contains, on

polymer films24
Transmission Electron Microscopy (TEM). Cross-sectional
TEM of the thin flms was done in order to characterize the

average, 1 ethyl branch per 8 backbone carbons due to the 40%orientation of the microdomains. The films were floated off the

1,2 monomer addition in the PB block. In this study, the block
copolymers had a poly(ethylene) weight fraction of 0.25 for the

NaCl substrates onto the surface of a water bath and picked up on
epoxy substrates. The films were then stained in Reapor (0.5%

cylindrical systems and 0.48 for the lamellar systems. For the sake RuQ, aqueous solution, Electron Microscopy Sciences) for 442
of convenience, a nomenclature is adopted for the different block h. Different rates of diffusion of the RuGstain in the amorphous

copolymers where the C refers to the poly(cyclohexylethylene)

PE regions, the PE crystals, and the glassy PCHE matrix enable

block and E corresponds to the poly(ethylene) block. Hence, CE the morphological contragt.This was followed by capping of the

stands for a diblock copolymer and CEC stands for a triblock
copolymer with a poly(ethylene) midblock. The names are followed
by a six-digit number subscript. The first two digits indicate the
M,, in kg/mol, the next two give the percentage weight fraction of
poly(ethylene) in the block copolymer, and the last two indicate
the percentage amount of 1,2 monomer addition in the poly-
(butadiene) precursor. As an example, GE& 10is a 40 kg/mol
triblock copolymer containing 25% poly(ethylene) and synthesized
with a PB block precursor containing 10% 1,2 monomer addition.
The molecular weights and composition of the block copolymers
used in this study are listed in Table 1.

Uniform thin films of the block copolymer were spun-cast from
hot decahydronaphthalene solutions1@0 °C) on hot substrates
at 2500 rpm for 40 s. For TEM and SFM samples, NaCl and Si
wafers were used for substrates, respectively. For GISAXS

films with another layer of epoxy. 100 nm thick cross sections of
the films were microtomed at room temperature using a Leica
Ultracut UCT ultramicrotome and a diamond knife. The cross
sections were imaged using an FEI-T20 TEM operated at 200 keV.

Small-Angle X-ray Scattering. Transmission SAXS measure-
ments were performed at room temperature on annealed bulk
polymer pellets using copperdcKradiation ¢ = 1.54 A) from a
Rigaku rotating anode generator. The radiation was monochromated
using an Osmic Confocal Maxflux double focusing multilayer
mirror. The sample-to-detector distance was about 1720 mm, and
the data were collected using a Bruker HI-STAR multiwire area
detector.

GISAXS Measurements. The GISAXS measurements were
performed at XOR-sector 1 and XOR-sector 8 at the Advanced
Photon Source at Argonne National Laboratory. Monochromatized

measurements, 2 in. diameter Si wafers were used as substrates{-ray beams of 12 keVA(= 0.1042 nm) and 7.4 ke\A(= 0.1675

The wafers were cleaned in piranha solution$B8,:H,0, = 3:1
volume ratios) for 30 min, and a8 nm thick native oxide layer

nm) were used. The sample-to-detector distance was 2680 and 2007
mm, respectively, for the two beamlines. The sample-to-detector

was allowed to regrow. During spin-casting, the temperature of the distance was calibrated with silver behenate, which has a periodicity

substrate was maintained at 1ZDusing an IR lamp with a voltage
regulator. The resulting films were about O/n thick. For

of 58.376 A. A piece of lead was used as a beam stop. The incident
angleq, for the 12 keV beam was varied from 0204 0.12, which

transmission SAXS measurements, bulk pieces of the block is above the critical angle of the block copolymer film, (& 0.1°)

copolymers were used. Bulk polymer was pressed into 1 mm

but below that of the silicon substrate. For the 7.4 keV beam (

diameter and about 0.1 mm thick pellets using a hot press. The=0.16"), a; was varied from 0.0%4to 0.2F. The data were typically

pressing temperature was about &) Subsequently, the pellets

collected for 16-30 s exposure, depending on the beam intensity,

were annealed at the same temperature for the same time as thand a sum of 510 exposure images was taken for analysis. The
corresponding films. The annealing temperatures and times for theimages obtained were 2048 pixels 2048 pixels in 16 bit TIFF
block copolymers are shown in Table 2. The annealing was done format. Each pixel was 78m x 79 um.

under a vacuum of about 1®Torr. The annealing temperatures

Surface Energy MeasurementsThe homopolymers used for

were chosen such that they were sufficiently above the glass surface energy measurements were poly(cyclohexylethylene), poly-

transition temperature of the glassy PCHE block (3@5bbut below

(ethylene), and poly(ethyleres-butylene). Dow Chemical provided
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of the experimental and the theoretical drop profile to determine
B. The experimental drop profile was obtained by heating a bulk
piece of the polymer suspended from the roof of a vacuum oven
(~1 mbar) to the required test temperature. After the polymer drop
reached thermal and mechanical equilibrium, drop images were
taken at regular intervals. For the shape comparison, the theoretical
drop profile is obtained by solving the Bashforth and Adams
equatior?”

Self-Consistent-Field Theory Calculations. We use self-
consistent-field theory (SCFI%3° calculations to aid the inter-
pretation of our experimental data. SCFT, which has been shown
to encapsulate many important features of the equilibrium behavior
of block copolymer melts, reduces the problem of calculating the
partition function for a collection of interacting chains to that of
finding a constrained partition functiay(r,s) for a single polymer
chain of contour lengtfs with its end segment at position in an
inhomogeneous chemical potential field. Ma&dinst applied the
SCFT of Helfan@ to thin films of symmetric AB diblock
copolymer lamellae; we adopt a similar approach here to investigate
the influence of chain architecture on the stability of the parallel
and perpendicular orientations of lamellae and hexagonally packed
cylinders as a function of surface interactions.

Our approach to SCFT of thin films is to utilize a “masking”
technique that confines the block copolymer between two surfaces
by prescribing an interfacial density field (or “cavity” fieldw(r)

(W stands for wall), that expels polymer through the imposition of

a modified incompressibility constrainga(r) + ps(r) + pw(r) =

1. Here we employ normalized densitjgg) that can be interpreted

as volume fractions of speciésRegions for which 0< pw(r) <

1 represent overlap of the substrate (or air) with the polymer.

«Experiment The enthalpic interacti(_)ns that_arise from th_is overlap may be

— ‘Theoretical profile accounted through the introduction of quadratic terms of the form

pi(Npw(r)yiw to the standard field-theoretic Hamiltonian:

b)

A BARARERARE A" R

H 1
kT = \—/fd3r [arsxaBN + paPwxawN + peowewN — PAWA —

PeWg — P(L = pa — pg — pw)] —INQ (2)

10 05 00 05 10
Figure 1. (a) Typical pendant drop digitized image, (b) after edge
detection, and (c) superposition of the experimental profile (*) and the

theoretical profile £). wheren is the number of chains ar@ is the partition function of

a single chain experiencing chemical potential fielgsand ws.
Here V represents the effective volume occupied by polymer

us with the PCHE and P-EB homopolymer. For PCHE Nheavas . .
species, i.e.

equal to 129 000 g/mol and thd,, was equal to 283 000 g/mol.
The P-EB homopolymer had av,, of 53 300 g/mol and a PDI of
1.16. It was synthesized by the hydrogenation of a PB precursor V= fdgr (1= pw(r) (3)
made with 44% 1,2 monomer addition. The resulting P-EB polymer

contained about 130 ethyl branches per 1000 backbone carbonsHere and in subsequent equations it is convenient to express all
For the PE homopolymer, a 7m thick film was obtained from lengths and volumes in units d&, the unperturbed radius of
Exxon having anM, equal to 31 700 g/mol and a,, equal to gyration of the block copolymer. The Flory parametgs controls

68 600 g/moF® The polymer contained 25 ethyl branches per 1000 the degree of incompatibility between A and B blocks, whilg,
backbone carbons, which is comparable to the 26 ethyl branchesandygw are dimensionless measures of the surface energies of the
per 1000 backbone carbons in the E blocks of the present study.A and B blocks. Note that the caseyafy > 0, ysw = O corresponds
The measurements were made using the pendant drop method whiclio a B-attractive wall. The pressure fiefad enforces the local
involves the determination of the profile of the molten polymer incompressibility conditionpa(r) + ps(r) + pw(r) = 1.

drop using digital imaging and shape analy8i¥ The drop profile The choice ofow(r) determines the geometry of the film; here
depends on the balance of gravitational and surface forces. Thewe consider a melt confined between two planar interfaces with
surface tension can be determined using eq 1: normals directed along theaxis:
2 1 1
V= %ﬂ (l) 1 E(T + Lx) - |rx - ELxl
pw(r)=§ 1+ tann4 : X
where g is the acceleration due to gravithp is the density :—L(T+ L)+ r —1L|
difference between the polymer and the surrounding medium, i.e., 2 x 27X
; ; : tanh 4 4)
vacuum for our experiments, is the radius of curvature of the t

drop, andB is a dimensionless quantity that depends on the shape

of the drop. Figure lac shows a typical sequence of steps for This expression, which is sketched in Figure 2, describes a planar
inferring the surface energies. The algorithm for extracting the cavity field centered at thgzplane with an overall cavity thickness
interfacial tension from the drop profile involves three major T. The projection of the position vectoralong thex-axis is given
steps: (1) formation of the drop and capture and digitization of by r,, andt is the interfacial thickness of the transition from “inside”
the image, (2) extraction and smoothing of the drop contour and to “outside” the cavity field. Thus, a value of = %,T may be
determination of the radius of curvatuagand (3) shape comparison  viewed as the center of the polymer/substrate interface white
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Figure 2. Film geometry corresponding to eq 4 showing the depth
profile of the interfacial density field for two unit cells (two thin films).
Heret = 0.19., and T = 0.5.,. Incompressibility renders the shaded
regions inaccessible to the block copolymer. Surface interactions
are manifested through the overlap region of widtlwhere 0 <
pw(l’) < 1.

Ly — Y,T represents the center of the polymer/air interface. Equation

4 asymptotically approaches values of 0 and 1, and so the

“beginning” and “end” of the polymer/cavity regions must be
defined; the quantity 4kerves this purpose, so that the transition
from pw(r) = 0.02 (mostly polymer) tgow(r) = 0.98 (mostly
cavity) occurs over a thickness df The functional form is
particularly convenient for the use of pseudo-spectral numerical
methods with periodic boundary conditions.

In order forpw(r) to represent confining surfaces, the interfacial
region should be small, i.e.,< 1 should hold; we have found that
all values oft for t < %, lead to qualitatively identical results. For
t < 1, the interface is exceedingly sharp, requiring a computa-
tionally expensive degree of spatial resolution and slowing the
convergence of the SCFT equations. Value$ should be chosen
to prevent the overlap of the two interfaces; we use a choice of
t =1, andT = 1. The effective thickness of the simulation volume
available to the polymer id = Ly — T.

For a diblock copolymer with a volume fractidrof A blocks,
q(r,s) satisfies the modified diffusion equation (MDE)

aq(r,s)

as ©)

= Va(r.9 —w(r) q(r.9)

subject to the initial conditiom(r,0) = 1, wherei = A for s < f
andi = B for s > f. The local density operatos(r) and pg(r)
are

pa) =G [0 dr9 a'r ) (6)

po(r) = & ds dr 9 (19 @)

whereq(r,s) is the solution to eq 9 subject tf(r,1) = 1. Q is the
single-chain partition function whose relationshipg@,s) is

Q=3 [drqtr.1) ®)

At a saddle point these fields must satisfy
Wa = pgxasN + ppzawN TP 9)

Wg = paXawN + pyxewN + P (10)

pa(r) + p(r) + pw() =1 (11)

Lamellar and Cylinder Forming Block Copolymer9349

Table 3. Summary of Parameters Used for Thin Film SCFT

Calculations
polymer  fa o yas GLRZ do,RP  AXmax RS As
AB 0.5 0.5 20 8.1 18 0.1 0.01
ABA 0.5 0.5 34 5.9 12 0.1 0.01
ABA 0.75 0.25 40 4.9 12 0.1 0.01

a Effective film thickness used for parallel orientation; corresponds to
an optimal film thickness? Effective film thickness used for perpendicular
orientation. Maximum mesh size.

wall (ysw = 0, xaw > 0) the free energy per chain may be calculated
as

F 1
@— = \_/fdr (oarexaN T papwXawN — PaAWA — PgWg —

P(L = pp = pg — pw)) — INQ (12)
The extension to ABA triblock copolymers is straightforward. The
MDE was solved using a fourth-order backward difference formula
(BDF):37

25

4 1
1_2qn+1 - 4qn + 3qnfl - §qn72 + anf3 =

A V20,4 — W(r)(4d, — 60,_, + 40, , — G, 3] (13)

where As is the step size along the chain contour. Saddle-point
configurations of the pressure field were calculated using a
semiimplicit relaxation scheme devised by Cenicernos and
Fredricksor?® while explicit Euler relaxation was used to optimize
the mean-field chemical potential fieltks, andwg. The box shape
parameters in the transverse directidgsandL,, were continuously
adjusted toward optimal values for a single unit cell by calculating
the local microscopic stress using an explicit algorififihe BDF
method for solving the MDE and box shape optimization techniques
will be discussed in greater detail in a forthcoming publicaffon.
Our calculations included the AB and symmetric ABA archi-
tectures withfg = 0.5 andfg = 0.25, for which lamellae and
cylinders, respectively, are the stable phases in the bulk. The excess
surface energy per unit area (surface tension) is proportional to
(F — Fg)dinks T, whereF/nkgT is the (intensive) free energy of the
confined system anBig/nksT is the corresponding quantity in the
bulk. The optimal film thicknesses of parallel orientations are
indicated by the minima in{ — Fg)d vsd. The experimental films
considered in this work are too thick’kRy) for calculations using
the same thickness to be computationally tractable on a reasonable
time scale. Instead, we gradually increasedntil (a(F — Fg)d/
nksT)/ad ~ 0, i.e., into the regime where the thickness is irrelevant.
A summary of the parameters used in these calculations appears in
Table 3. Note that the nomenclature of A and B blocks in the
calculations corresponds to the C and E blocks in the experimental
results.

Results

Surface Energy Measurements.The surface energies of
PCHE, PE, and P-EB in the melt were measured using the
pendant drop method. The temperature of 2€0wvas chosen
for the measurements, which is also the annealing temperature
for all the BCP films (Table 1). For the PCHE homopolymer,
the time to reach thermal and mechanical equilibrium was
substantially more than that of the PE and P-EB homopolymer.
This was probably due to the higly and highM,, and hence
the high viscosity of the polymer. The PCHE homopolymer was
held at this temperature for 3 days until a suitable drop was
obtained that did not seem to change shape over the next 24 h.
For PE, the mechanical equilibrium was reached over 10 h,
whereas for the P-EB homopolymer, the images were obtained

wherep, andpg are obtained from egs 10 and 11 and the pressure after 3 h of heating. After superposing the theoretical drop

p is chosen to satisfy eq 15. At a saddle point, for a B-attractive

profile on our experimental results, the value Bf the
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Table 4. Polymer Melt Density, Radius of Curvature and Surface 10.0 °

Energy at 220°C

polymer o (kg/m?) a(mm) y (MJI/n?)
PEB 746.4 1.09 17.6
PE 741.6 1.1 20.9
PCHE 862.2 1.09 22.3

dimensionless shape factor, was obtained. To calcyl&tem
B (eq 3), the values o4, the radius of curvature at the apex of
the drop, andp, the density of the polymers at 22C, were
required. The value dd is obtained by fitting circles of different
radii to the drop apex. The radius of the circle with the best fit
is taken as the radius of curvature. The melt density of PE at
220 °C was obtained from the work of Richter et'&lTheir
work documents the melt densities of PE-2 (20 ethyl branches
per 1000 backbone carbons) from 145 to 283 A linear fit Film
of the data gives us the value of the melt density of PE-2 at gyrfacell
220 °C. Since the PE in our work contains about 26 ethyl %
branches per 1000 backbone carbons (PE-2.6), we believe tha
the value is reasonable for our calculations. Using a linear
extrapolation of the densities of P(EB)-14 (140 ethyl branches T e Taet ]
per 1000 backbone carbons) atZ5and P(EB)-11.7 (117 ethyl b) @E@er R
branches per 1000 backbone carbons) at®Ct&om the work i 5 e i
of Fetters et al'! a reasonable estimate of the density of P(EB)- 6 s 2
12.5 (125 ethyl branches per 1000 backbone carbons) at 220 A, T
°C can be obtained. For PCHE, the value of melt densities at | o }
160 and 187°C'8 were obtained, and a linear extrapolation | s

. . _,, ubstrate
was done to obtain the value of the melt density at 220 200 nm interface

Using eq 3, the values & obtained from the drop images L=
and the melt densities obtained above, the surface energies ofigure 3. CEz.4si0annealed at 220C for 3 days: (a) Tapping mode
PCHE, PE, and PEB at 22UC can be calculated. The melt SFM phase image; (b) cross-sectional TEM image.
densitiesp, radius of curvatur@, and surface energiesof the
three homopolymers are listed in Table 4. For the sake of
comparison, using the Flory, Orwoll, and Vrij (FOV) equation
of state theory, Dee and Sauer predicted the surface tension ol
linear PE M, = 28000 g/mol) to be about 22 mXnat
220°CA2

Characterization of Block Copolymer Films. The following
sections describe the morphological characterization of the block a)
copolymer films used in the study. The block copolymers are
listed in Table 1. Transmission electron microscopy (TEM) and
scanning force microscopy along with grazing incidence small-
angle X-ray scattering (GISAXS) results are reported.

CE22.4810 The CE diblock copolymer was annealed at
220 °C for 3 days. SFM images of the films surface show
crystalline features in an amorphous matrix (Figure 3a) which
indicate that the poly(ethylene) block covers the surface of the )
film. Transmission SAXS patterns give the position of the first- Film
order peak afj = 0.245 nn1?, which corresponds to@spacing surface
of 25.6 nm. Cross-sectional TEM of the film showed that the
alternating lamellar sheets of the diblock copolymer architecture
were aligned parallel to the film interfaces (Figure 3b). This !',
orientation persisted throughout the film thickness after sufficient "\
annealing. Hence, the diblock prefers to align itself parallel to b)
the film interfaces with the poly(ethylene) block on the surface
of the film.

CECys.48.10 The triblock copolymer film was annealed at
220 °C for 3 days. The block copolymer shows a lamellar
morphology. SFM and cross-sectional TEM images of the films A Substrate
show that the lamellar sheets are oriented perpendicular to the — o Ao A= ¥ interface
plane of the film, and the orientation persists throughout the _ T N - mn e_
film thickness (Figure 4). Transmission SAXS diffraction E'g,l\jlre 4. CEGisss0annealed at 220 for 3 days: (a) Tapping mode

. - phase image; (b) cross-sectional TEM image.
patterns show that the first-order peak existgat= 0.245 nnt?,
corresponding to a spacing of 25.6 nm. Angle-resolved about the microdomain orientation at different depths from the
GISAXS measurements were carried out to obtain information film surface. When the incident angle is below the critical angle

50.0

0.0 @
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Figure 6. (a) Tapping mode SFM phase image. (b) GISAXS pattern

at an incident angle of 0.224 = 0.1042 nm, of CEG 2s10annealed
at 220°C for 3 days.

1.0 1.2

0.1

02 03 04 05 08

q,(nm)

Figure 5. GISAXS pattern { = 0.1675 nm) at an incident angle of
(a) 0.06 and (b) 0.21 of CEGisas10annealed at 220C for 3 days.

07 08

perpendicular to the plane of the film (Figures 6a and 7a).
Ruokolainen et al. have reported cross-sectional TEM images
of the 50 kg/mol block copolymer in a previous work, which
clearly show that the perpendicular orientation is present

of the polymer film ¢ = 0.06°, 2 = 0.1675 nm), the X-rays  throughout the thickness of the fil.

probe only the surface of the film. At incident angles greater
than the critical angle of the polymer film but less than the
critical angle of the substrate(= 0.21°, 4 = 0.1675 nm), the

X-rays probe the complete depth of the film. Below the critical
angle of the film, the GISAXS pattern shows a single peak
corresponding to the lamellar spacing for the block copolymer

The SFM and TEM results are clearly corroborated by the
GISAXS measurements. For Ckf3s 16 the in-plane diffraction
pattern (constard,) of the block copolymer film shows several
diffraction peaks where the relative peak positions or relative
scattering vector lengths agg, x/éq*, 2q*, and ﬁq* (Figure
6b). The peaks and their relative positions indicate that the

(Figure 5a). The peak occursait= 0.253 nnt1t, corresponding cylinders are oriented with their axes perpendicular to the film
to ad spacing of 24.8 nm. The peak direction suggests that the plane. No other peaks or rings are observed, and the out-of-
lamellar sheets are oriented perpendicular to the film plane. plane intensity along; is due to the form factor of the cylinders
However, at incidence angles above the critical angle, we seethat are standing up throughout the thickness of the film. The
diffraction rings coexisting with the single diffraction peak first-order peak is observed gt = 0.36 nnT?, corresponding
where the relative peak positions ayg 2g*, and 3y*. This to a plane spacing of 17.45 nm, which is in good agreement
implies that in the bulk of the film some of the lamellar sheets with the SAXS results.
are oriented randomly (Figure 5b) due to insufficient annealing  The CEGo.24.10films show a 2D diffraction pattern that is
time for the block copolymer film. very similar to the loweiM,, triblock (Figure 7b). However,
CEC40.25.10and CECsp24.16 The two triblock copolymer films weak diffraction rings are also observed along with the sharp
were annealed at 22@ for 3 days. The block copolymers show diffraction peaks. The peaks suggest the predominance of the
a cylindrical morphology with E cylinders embedded in a C perpendicular orientation. The first-order peak is observed at
matrix. From the SAXS patterns, the first-order peak occurs at 0.304 nn1?, corresponding to a (10) plane spacing 20.7 nm, a
0.351 and 0.30 nmt, corresponding to a (10) plane spacing of result that is again corroborated by SAXS measurements.
17.9 and 20.95 nm for the 40 and 50 kg/mol triblocks, However, the presence of rings as well as the absence of strong
respectively. SFM images show that the E cylinders are aligned higher order peaks suggests the presence of a small fraction of
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Figure 7. (a) Tapping mode SFM phase image. (b) GISAXS pattern
at an incident angle of 0.224 = 0.1042 nm, of CE&2410annealed
at 220°C for 3 days.

0.8 1.0

randomly oriented microdomains and absence of long-range
order due to trapped defects. These observations are in agre
ment with the SFM images which show poorer lateral order in
the higherM,, triblock film, perhaps due to the low annealing
temperature or insufficient annealing time.

CEBCeo.75.40 This particular triblock copolymer was different
from the previous two in that the E block was made by
hydrogenation of PB synthesized to produce 40% 1,2 monomer
addition and 60% 1,4 monomer addition. The resultant E block
has a much higher ethyl branch content of 1 ethyl branch per 8

Macromolecules, Vol. 39, No. 26, 2006

ratio between nearest-neighbor spacing (for cylinders parallel
to the film plane) and close-packed plane spacing (for the
perpendicular orientation) in a hexagonal arrangement. The first-
order peak for the perpendicular orientation, ioge; occurs at
0.32 nnT1?, which corresponds to a (10) plane spacing of 19.6
nm, a result that is in good agreement with the transmission
SAXS data.

SCFT Calculations.The SCFT results are shown in Figures
9 and 10 for the lamellar and cylindrical block copolymers,
respectively. For the symmetric lamellar block copolymers, the
excess free energy for the parallel and perpendicular configura-
tions is shown as a function gfawN for the AB diblock
architecture (Figure 9a) and the ABA triblock architecture
(Figure 9b). Note that W stands for the wall or interface. For
the diblock copolymer, the perpendicular orientation is energeti-
cally favorable up tgawN ~ 1. For the neutral casgAwN =
0), the difference in the free energy between the parallel and
perpendicular orientation is only about OKETR,. Further
increase ingawN, i.e., the repulsion between the A block and
the wall, stabilizes the parallel orientation with the loweB
block on the surface. Hence, even for small differences in the
surface energy of the two blocks, the B block will cover the
surface and the lamellar sheets will order parallel to the film
interfaces. For the triblock copolymer, three configurations are
considered for the calculations. The parallel configurations with
(1) end block A on the surface, (2) midblock B on the surface,
and (3) the perpendicular configuration with both A and B on
the surface. For the neutral case, i.e., wha@wN = 0, the
perpendicular configuration is the lowest free energy state, a
result similar to what is obtained from calculations for the
diblock architecture. However, the difference in energies
between the parallel (midblock B on surface) and perpendicular
orientations is> Inks TRy, which is an order of magnitude higher
than the difference for the diblock architecture. Moreover,
contrary to what is observed for the diblock architecture, the
perpendicular orientation is stable for the triblock architecture
over a much larger range gfawN, and the crossover from
perpendicular to parallel orientation occurgaty/N ~ 12. This
suggests that even if the surface has a relatively strong repulsion
for one block, the perpendicular orientation remains the lowest
free energy state.

For the cylindrical triblock copolymer ABA, the excess free
energy contributions are plotted as a functionyafyN, the
surface interaction of the end block A with the wall, for the
two parallel orientations (A wetting the surface and B wetting
the surface) and the perpendicular orientations (Figure 10). The
crossover from perpendicular to parallel occurgatN ~ 2.

This implies that the perpendicular orientation is favorable over
a much smaller range of surface interaction difference for the

e_

backbone carbons as compared to the previous block copolymer§yli”drica| triblock as compared to the lamellar triblock. Note

and thus an ethylerebutylene architecture. The films were
annealed at 220C for 4 days. SFM images show that the
cylinders are oriented with their axes parallel to the film plane
(Figure 8a,b). Transmission SAXS patterns give the first-order
peak atg = 0.316 nnt?, corresponding to a (10) plane spacing
of 19.9 nm. However, a cross-sectional TEM image of the film
shows that the parallel orientation persists only in the top few
layers of the film, after which the cylinders orient with their
axes perpendicular to the film plane (Figure 8c). The GISAXS

that for the neutral as well as positive valueggfN the parallel
orientation with the outer block A wetting the surface is never
energetically favorable. The case where B wets the surface and
the cylinders are oriented parallel to the interfaces is discussed

in more detail in the following section.

Discussion

Typically, block copolymers with a lamellar or cylindrical
morphology, when confined in relatively thick films, exhibit

patterns corroborate the TEM image. Two sharp peaks arean orientation where the lamellae or cylinders are parallel to
observed along the, direction at position labeledpar and dper the film interfaces. The block with the lower surface energy

in Figure 8b. These arise from the cylinders in the parallel and forms a thin brush layer at the interfaces. However, a perpen-
perpendicular orientations respectively with the expected ratio dicular orientation of the microdomains may be observed if the
Of Qpar tO Qper Of 1:2/3. This corresponds to the inverse of the surface energies of the two blocks are closely matététiVe
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Figure 8. (a) Tapping mode SFM phase image. (b) GISAXS pattern at an incident angle 8f D210.1675 nm. (c) Cross-sectional TEM image
of CEGso24.40annealed at 220C for 4 days. The E block contains about 1 ethyl branch per 8 backbone carbons due to the 40% 1,2 monomer
addition in the PB precursor.

observe this atypical behavior in the poly(cyclohexylethylene)  with this looping can be sufficiently compensated by a gain in
poly(ethylene) system for both lamellar and cylindrical mor- surface energy due to the looped top layer. Ten Brinke and
phologies. The phenomena may be understood by consideringHadziioannotf and Balsara et & examined the formation of
the surface energy of C and E. Pendant drop measurementsnicelles with poorly solvated looped coronal blocks (the end
indicate that the surface energy of E is only slightly lower than blocks B in BAB triblock copolymers) and estimated the entropy
that of C, which from an enthalpic standpoint means that an E loss associated with this looping. Assuming weakly perturbed
wetting layer will slightly lower the internal energy, regardless chains, they estimated the contribution per loop to the free
of block architecture. energy by the expression

SCFT calculations for the lamellar block copolymers show
that the perpendicular orientation for the triblock architecture _1
is energetically more favorable over a larger range/afN Fioop = ékBT In(Neg)
when compared to the diblock architecture (Figure 9). Hence,
for small differences in the surface energy of the two blocks, De Jeu et al. used the expression to estimate the gain in
as is the case for PCHE and PE (Table 4), the parallel surface energy in thin films of lamellar triblock copolymé#s.
configuration is favored for the diblock architecture whereas In the context of our system, if this loss in entropy due to the
the perpendicular orientation is energetically more desirable for looping of the lower surface energy midblock is less than the
the triblock architecture. This is also evident from the experi- gain in surface energy written agpcre — ype)o, Whereo is
mental results for Ck 48.10(Figure 3) and CEgz 4g.10(Figure the surface area per chain, the sheets will align perpendicular
4). The reasons for this behavior can be qualitatively understoodto the film interface. Taking the value gbchepe from ref 14
if the configurations of the blocks for the two architectures are and calculatings from the density of the block copolymer and
considered in the parallel and the perpendicular orientations.the lamellar period¢25 nm), it can be seen that jfoche —

For the lamellar triblock copolymer, a looping of the lower ype < 4.4 mJ/n, the perpendicular orientation is favored since
surface energy midblock is required in order for it to cover the Ay is too small to compensate for the entropic penalty due to
air—film interface, as shown in Figure 11. The lamellar sheets the midblock looping. From the surface energy measurements,
will lie parallel to the interface if the entropy loss associated this criterion is satisfied by the PCHEPE system. However,

(14)
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Figure 9. Self-consistent-field theory calculations for (a) 50/50 AB diblock copolymer and (b) 25/50/25 ABA triblock copolymer showing the
excess free energy for different orientations as a functiopn@N, which is a measure of the repulsion between the A block and the surface. The
equilibrium morphology is lamellar, andlis the film thickness. The dotted line in both figures indicates the valyawN at which the parallel
orientation (B block on the surface) becomes energetically more favorable than the perpendicular orientation.

2.5 lamellar triblock copolymer film. As can be seen from the
ABA Triblock density plot in Figure 12a, whepawN < 2, the cylinders
=~ 2.0 slightly broaden at the interface in an attempt to wet the surface
& with the lower y block. However, for higheryawN, the
X 15 perpendicular orientation does not survive since it costs too
3 much elastic energy to wet the surface with the lower
"g 1.0 midblock which is the minority component. The stable config-
- uration for higher,awN is the presence of a wetting layer of E
S 05 on the surface with an £C interface just below that has a
roughly sinusoidal oscillation whose period matches that of the
0.0 . PP T S SR underlying E cylinders. Figure 12b shows the density plot for

this configuration. A further increase jnwN results in an E
wetting layer on the top with a layer of C below it and a
completely straight EC interface. The narrow difference in

. . . surface energies for the C and E blocks makes the perpendicular
== Parallel orientation, A wetting layer orientation the lower energy state for Ck@sie For CE-

=== Parallel orientation, B wetting layer BCs0.75.40SFM images show that the cylinders are lying down
== Perpendicular orientation on the surface of the film. This precludes the possibility of a

Figure 10. Self-consistent-field theory calculations for 37/25/38 ABA wetting Iayer_ of _the E block_on the surface and a Iay_er of the C
triblock copolymer showing the excess free energy for different block below it with the E-C interface completely straight. The
orientations as a function gfawN. The equilibrium morphology is obtained contrast in SFM would not be possible as the tip would

Cylinﬁ'rilcal; T{Wi, dOtteﬁl |irée inﬁcatfs thebvaluemNN at Wthinlll the  not be able to penetrate through the glassy C phase in order to

parallel orientation, wit a b wetting layer, becomes energetically more Phei . ila.

favorable than the perpendicular orientation. Image the morphology inside the f|Im. In SFM, tr_lese oscilla
tions, or half cylinders, appear as lying down cylinders.

since no such looping constraint exists on the film surface for A similar conclusion is reached by calculating the looping
the diblock architecture (Figure 11), a parallel morphology is penalty for CEGp7516 The calculations suggest that if
observed. While for thinner films, nonoptimal thickness has been ypcre — yee < 3 mJ/N?, the perpendicular orientation is favored,
shown to cause reorientation of the thin film morphology from a criterion that is satisfied bAyc_g. As discussed above, a
parallel to perpendicular, this cannot be the case in our larger difference in surface energies of the two blocks might
experiments. The thickness of the films under investigation is be able to compensate for this entropy loss and make the parallel
large (~600 nm) relative to the lamellar perioet25 nm). For orientation energetically more favorable over the perpendicular
the diblock architecture, any chain deformation in the parallel orientation. For the CEBC triblock copolymer, the decreased
orientation that would stabilize the perpendicular morphology surface energy of the EB block due to the higher ethyl branch
due to nonoptimal thickness in thin films is effectively content containing the larger, nonpolaCHs grougd? is able
distributed over many layers in these thicker filffs. to accomplish this. At 220C Ayc—gs ~ 4.7 mJ/nd, which is
SCFT calculations for a cylindrical triblock copolymer (Figure  sufficient to compensate for the entropic penalty due to the
10) predict that the perpendicular configuration is only stable midblock looping in the wetting layer 3 mJ/n¥), and hence
for yawN =< 2. This implies that the range over which the the parallel orientation with a modulated interface between the
perpendicular orientation is stable is smaller than that for a top E layer and the underlying C matrix is observed (as predicted

0 5 10
KN
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Parallel orientation of lamellar sheets, 1 <y,

Midblock looping in the triblock copolymer No such constraint
causes an entropic penalty in the diblock copolymer

A e

CEC CE

Figure 11. Cartoon depicting the interplay between surface energy and entropy loss due to midblock looping for lamellar block copolymers.

for this behavior is the entropic penalty associated with the

midblock looping in the surface wetting layer in the parallel
’ orientation, which is not compensated by a lay. The absence
| of this constraint stabilizes the parallel orientation in lamellar
Y awN = 2 dﬁblock copolymers. F!nally, the range Afy over whiph this
a) simultaneous perpendicular orientation is observed is lower for
the cylindrical block copolymers as compared to the lamellar
block copolymers. This is due to the stretching penalties
associated with the formation of a wetting layer in the
perpendicular orientation ag for the midblock is reduced
‘ further.
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