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ABSTRACT Self-assembled structures of brush block copolymers (BrBCPs) with polylac-

tide (PLA) and polystyrene (PS) side chains were studied. The polynorbornene-backbone-based

BrBCPs containing approximately equal volume fractions of each block self-assembled into

highly ordered lamellae with domain spacing ranging from 20 to 240 nm by varying molecular

weight of the backbone in the bulk state, as revealed by small-angle X-ray scattering (SAXS).

The domain size increased approximately linearly with backbone length, which indicated an

2

extended conformation of the backbone in the ordered state. In situ SAXS measurements

suggested that the BrB(Ps self-assemble with an extremely fast manner which could be

attributed to a reduced number of entanglements between chains. The strong segregation

theory and Monte Carlo simulation also confirmed this near-linear dependence of the domain

Simulation

spacing on backbone length, rationalizing experimental results.
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tremendous interest from both aca-
demia and industry because of their
ability to self-assemble into periodic struc-
tures with domain spacing ranging from 10
to 100 nm."? The incompatibility effects
arising from the particular chemical structure
of block copolymers give them a number of
specific morphologies such as spheres, cylin-
ders, lamellae, or gyroid, which leads to nu-
merous technological applications>* For a
noncrystalline A—B diblock copolymer, the
bulk morphology is determined by Flory—
Huggins parameter, y, the total degree of
polymerization, N, and volume fraction of
each block, f. As the value of yN varies, three
different regimes are distinguished: the weak
(WSL), intermediate (ISR), and the strong (SSL)
segregation limits. Notably, if yN > 10, the
diblock copolymer is not only in SSL, where A
and B blocks are strongly segregated, but it is
also strongly stretched to create sharp micro-
domain interfaces. The characteristic domain
spacing, D, is determined by the scaling rela-
tion of D ~ N3y in this region.>®
Dedicated efforts have been made to
tune the microphase separation distance

B lock copolymers (BCPs) have attracted
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by varying y and N. In addition, macromo-
lecular architecture is also a powerful tool
for tuning BCP domain spacing. For exam-
ple, Poelma et al. recently found that thin
film self-assembly of cyclic polystyrene-block-
polyethylene oxide (cPS-b-PEO) showed sig-
nificant decrease in domain spacing over the
corresponding linear polymers due to the
reduced hydrodynamic radii of the cyclic
systems.”® Although small microstructure
sizes are of particular interest,>” especially to
semiconductor industries, such as for storage
media fabrication and lithographic applica-
tions,***> it remains a challenge to obtain
BCPs that self-assemble into morphologies
with domain sizes exceeding 100 nm. Materi-
als with large domain sizes have exciting
applications as optical materials, such as po-
larizers and photonic band gap materials for
visible and infrared light#9? It is noted that,
according to the model system for polymers
with molecular weight (MW) over the critical
entanglement MW, the viscosity of polymers
increases abruptly as the MW gets larger
due to severe chain entanglements, re-
sulting in significant reduction of polymer
mobility. Consequently, there could be a

AMRTAN TS

* Address correspondence to
russell@mail.pse.umass.edu,
rhg@caltech.edu,
junehuh@yonsei.ac.kr.

Received for review December 19, 2012
and accepted January 31, 2013.

Published online January 31, 2013
10.1021/nn305867d

©2013 American Chemical Society

WWwWWw.acsnano.org

2551



NB-PLA

Sequential ROMP

Sequential ROMP

THF

ti4

~

NB-PS é

WL

Scheme 1. General synthetic route and schematic diagram of BrBCPs.

serious degradation of polymer chains due to signifi-
cantly increased annealing temperatures and time
for molecular arrangement, and the defects might
not be effectively annihilated due to the severe
entanglements.'>>'°

Brush block copolymers (BrBCPs) where two or more
different types of side chains are attached to a linear
polymer in a block-wise manner may open up an
alternative approach to obtain domain spacing with
a broader range of length scales. In that case, each side
chain may be designed long enough to drive micro-
phase separation and thus behave like a block segment
in a conventional block copolymer. Moreover, brush
polymers have been considered to have the highly
extended backbone conformation and exhibit the
reduced degree of entanglements between brush
polymers compared with conventional polymers, due
to the significant steric hindrances between densely
grafted side brush chains. Runge et al. found that high
MW BrBCPs can self-assemble into exceptionally large
structures with domain spacing exceeding 100 nm in
the bulk state.'" More recently, Xia et al. reported
highly ordered lamellae structures with bulk domain
spacing as large as 116 nm from the self-assembly of
high MW, narrowly dispersed BrBCPs.'? In their report,
they concluded that the domain size was dictated by
the backbone length but did not provide quantitative
molecular weight dependence of backbone and side
chain on the domain spacing, which is one of the
essential guidelines for the tuning of microstructure
formed by BrBCPs.

Here, we use a series of well-defined BrBCPs, which
have similar chemical structures to the previously
reported ones, to study their self-assembly behavior
in the bulk state. The general synthetic route and
schematic diagram of those BrBCPs are shown in
Scheme 1. More specifically, w-norbornenyl macro-
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TABLE 1. Sample Codes and Characteristics of BrBCPs

Mn? polydispersity total degree of

group sample codes (kDa) index (PDI) polymerization (DP)”

I [g-Spahob-lgLAyados 105 1.01 4
[9-S2.ad3sb-[g- LAl 186 1.01 78
(9-S.ads17b-[g-LAraler 281 1.03 118
(9-S2.adosb-[g- LAy 120 529 1.08 m
[9-S2.akl189D-1g-LA 4kl 33 1007 124 422
[9-S2.a2590-1g-LAs ailzn 1525 1.61 640

Il [g-Sazdii-b-lg-LAssdis 104 1.01 5
[9-Sasrob-lg-lAssidas 192 1.01 4
6Sesdnblolhsle 30 102 7
[9-Sa3darb-lg-lAssdss 432 1.03 100
(9-Sa3o3b-[g-LAssidis - 954 1.04 m
[9-Sa.3206D-1g-LAg sk 27 2089 1.13 484

“ Determined by THF GPC using RI and MALLS detectors.

monomers containing polystyrene (NB-PS) and poly-
lactide (NB-PLA) were prepared by sequential ring-
opening metathesis polymerization (ROMP) according
to the reported procedure (Gel permeation chroma-
tography (GPC) data can be found in Supporting
Information, Figure 51).">*2 The MW of brush side
chain and degree of polymerization of each block were
intentionally controlled to be symmetric. Table 1 sum-
marizes two sets of samples ([g-S,],-b-[g-LA,],) used,
and the sample codes and characteristics of BrBCPs are
clearly described there. Note that the subscripts xand y
represent the molecular weight of side chains of each
type (S represents NB-PS and LA represents NB-PLA),
and subscripts p and g represent the number of the
side chains. Small-angle X-ray scattering (SAXS) experi-
ments were used to determine the bulk morphology,
and the kinetic self-assembly process was also studied
by performing an in situ SAXS experiment. The strong
segregation theory and Monte Carlo simulation are in
good agreement with those experimental results. Both
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Figure 1. Representative 2D SAXS patterns for (A) [g-S;.akl19-b-[g-LAs ail2si (B) [9-Sz.4kl35-b-[9-LA5 4ilaz; (C) [g-Sz.aklsq-b-
[g-LA; al67; (D) [g-S2.alos-b-[g-LA2 4il124; (E) [g-S2.ail189-b-[9-LA3 al233; and (F) [g-S2 ail250-b-[9-LA 4l381-

experiments and computational results show that
domain spacing increases approximately linearly with
the degree of polymerization of the backbone, sug-
gesting an extended conformation of the backbone.

RESULTS AND DISCUSSION

Self-Assembly of BrBCPs in Bulk. Bulk samples were
prepared in aluminum washers which were sand-
wiched by Kapton films and kept in a vacuum oven
for 12 h or longer to achieve thermal equilibrium
before SAXS measurements were taken (for details,
see Experimental SAXS section). Circular patterns were
observed in the 2D SAXS results from bulk samples of
group | and group Il (Figure 1 and Figure 2). Samples
with low MW in each series showed distinguishable
multiple ring patterns (Figure 1A—D and Figure 2A—E),
indicating that well-ordered microphase structures
were formed isotropically in the bulk state. Meanwhile,
the domain spacing of high MW samples (Figure 1E, 1F
and Figure 2F) may have been too large and beyond
the limit of SAXS or microdomains may not have been
as well-ordered. Profiles of the scattering intensity
versus scattering vector were also generated from
Figure 1 and Figure 2 and are shown in Figure 3A,
and 3B, respectively. A systematic decrease in g*, the
scattering vector of the first-order reflection, was ob-
served from low MW BrBCP to high MW BrBCP, indicat-
ing the anticipated increase of the domain spacing,
ranging from 19.2 to 235 nm (Table 2). Strong reflec-
tions were also seen at integral multiples of g*
most cases, indicating the lamellar nature of the
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microdomains with long-range lateral ordering, as
expected due to the near symmetric volume fractions
of the PS and PLA segments.

To analyze the relationship between the measured
domain spacing, L, and DP of the backbone further, L,
was plotted against total degree of polymerization, DP,
in the log—log plot (Figure 4). The exponents v in the
scaling form L, ~ DP" for both cases were determined
from the slope: v = 0.84 for group | and v = 0.91 for
group Il. Both values are greater than the power law
index determined in the SSL region, which is 2/3, and
they were also even greater than the greatest value
previously reported, to the best of our knowledge, for a
polystyrene-block-polylactide (PS-b-PLA)-based BCP
system (0.81).">'* This suggests that the backbones
of BrBCPs are highly stretched as the PS and PLA side
chains are segregated from each other since the
stretching of the backbone decreases the PS/PLA
interfacial area per unit volume. Since group Il BrBCPs
have longer side chains compared with group |, steric
hindrance may make the backbone more rigid and,
thus, cause the v value to be even larger.

In order to analyze this scaling relation that must be
strongly related to the molecular packing of BrBCPs
into a lamellar phase, we also simulated a model system
of a molten BrBCP by the Metropolis Monte Carlo method
with the 8-site bond fluctuation model.'>'® The detailed
description of the simulation method and parameters are
given in Simulations section.

The morphologies of BrBCPs were simulated with
various combinations of parameters (N,M) where the
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Figure 3. One-dimensional SAXS profiles calculated from
the 2-D SAXS patterns in Figure 1 and Figure 2, respectively.
(A) Group I. (B) Group Il. Profile curves were offset for clarity.

backbone length N and the length of side chain M vary
from N =6 to N =30 and from M =3 to M = 12,
respectively (Figure 5A). For comparison, the case of
N = 0, which corresponds to symmetric diblock copo-
lymer with chain length 2M, was also simulated. The
morphologies show that the system undergoes transi-
tion from disordered to lamellar phase by increasing
either N or M, as summarized in the phase map shown
in Figure 5B. A large reduction of translational entropy
of A and B side chains attached to the backbone leads
to the promotion of the phase separation when com-
pared to the AB diblock case (N = 0).

The detailed molecular packing of BrBCPs into the
lamellar phase was examined by the density profiles of
the system components across the lamellar interfaces,

GU ET AL.

TABLE 2. Bulk Domain Spacing of BrBCPs

group sample codes total degree of polymerization (DP)  L,°
I 19-S2.4d19°b-[9-LA2 4d5 4 19.2
19-S2.4d35°b-[9-LAs ada3 78 336
19-S2.4d517b-[9-LAs ade7 18 54.6
19-S2.4d0sb-[9-LAs 4124 222 91.0
19-S2.4d18970-19-LAs il 33 422 157
[9-S2.4d25970-19-LA; 381 640 b
I [g-Sa3di1-b-1g-LAssiha 25 19.8
[9-Sa3id10b-[g-LAq sil2s 44 312
[9-S43d327b-[9-LAs 51ds 74 439
19-S43d427b-[g-LA4 51]s5 100 58.7
[9-S43do3-b-[g-LA4 511128 1 102.9
[9-S432060-19-LAs 578 484 235¢

“The domain spacing L, is calculated from the corresponding first-order peak
position of the 1-D SAXS profiles (L, = 2st/q*) unless noted. ® peaks are absent
during the given experimental condition.  The first peak value is derived from the
higher-order peaks.

using the local fractions of ®pg(r,) = Palry) — ¢glry),
Dc(ry) = dclry) — (@) and Pe(ry) = ¢elrL) — (Pe), where
o (r) is the volume fraction of a-segment at the position
r, along the direction perpendicular to the lamellar
interface, (¢ is the average volume fraction of a-
segment, and the subscript e stands for the end segment
of backbone chain C. The three density profiles ®ag(r,),
D(r,), and @(r,) for N=18 and M = 12 were plotted as
an example (Figure 6). It is noted from the density profiles
that the distribution of backbone chain ends ®.(r,) are
maximal in the midplane of lamellar phase, while the
period in the profile of Dc(r}) is half that of D g(r,) with
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Figure 4. Scaling law between L, and DP. (A) Group I. (B)
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Figure 5. (A) Simulated morphologies of BrBCPs with a various
set of variables (N,M). The regions of high density of A brush, B
brush, and backbone (C) are colored blue, red, and black,
respectively. (B) Phase map of molten BrBCP in the (N,M) space
constructed from the simulation results. The filled circles
represent the ordered lamellar phase (LAM), whereas the open
circles denote the disordered state (DIS). The red line represents
a guide to eye for the phase transition line from DIS to LAM.

small density depletion at the A/B interfaces. The other
cases with (N # 0,M) show qualitatively similar profiles.
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Figure 6. Local density difference between A and B brush
(D ag), local density of the backbone (®¢), and local density
of the end segment of backbone chains (®,) as a function of
the position along the direction perpendicular to the lamel-
lar interface for N =18 and M = 12.
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Figure 7. Interlamellar spacing L, (in unit of lattice spacing) of
the simulated BrBCP melt as a function of N for M=12,6,and 3.

This indicates that BrBCPs in the lamellae form bilayers
with backbones orienting perpendicular to the A/B inter-
face and with side chains orienting parallel to the A/B
interface (see schematic in the inset of Figure 6).

Figure 7 shows the interlamellar spacing L, as a
function of backbone length N for different side chain
length M. The interlamellar spacing was computed
from the dominant scattering vector q* in the scatter-
ing function defined by

S@ = V'Y Y (expliqltn — n)1Pag(Fm) Pas(ry))

(M

where q is the scattering vector, V is the system
volume, and @ pg(r,,) is the volume fraction difference
between A and B segment at position r,,,. The simula-
tion results show that the exponent in the power from
Lo ~ N” asymptotically approaches v = 0.9 as the
backbone length N increases, in good agreement with
the experimental result, suggesting that the back-
bones are stretched due to the steric force between
side chains and due to the phase separation between A
and B side chains that are grafted to the backbone in a
blocky manner. The deviation from the power v = 0.9
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for small N may be attributed to the weaker steric force.
The steric effect from the brushes becomes reduced
when a long backbone chain with many side chains is
cut into some pieces of short backbones due to the
significant backbone end effect where the steric effect
vanishes. In addition, the weak degree of incompatibility
is also responsible for the decrease of the exponent
(recall that the system is disordered if N — 0).

This near-linear dependence of the backbone
length on the lamellar spacing can also be shown by
a strong segregation theory."”” Assuming that the
molecular packing of BrBCPs in the unit cell of lamellar
phase follows the geometry shown in Figure 8A, the
total free energy (F) can be expressed in terms of
interfacial and stretching energies, F = Fag + Fac +
Fgc + Fp + Fs, where Fag, Fac, and Fgc are A/B, A/C, and
B/Cinterfacial energies and F, and F; are the stretching
energies of backbone and side chains, respectively.
Considering the geometry of the unit cell (Figure 8A),
each contribution of F (in unit of thermal energy kgT)
turns out to be

_ V6 YA RENaIM(3a — Re) — R

Fa 3L,(3a —RJ) @
Fac = N "R |:R2 Aac T ;C%Z—RZC (6 — aPoRg)] ®3)
Fac = 3 N - [2 Bc+’2‘%§;ﬁ 6 — apoRc)} @
o= g

3R 7°N(3R? — 8R3R. + 6R2R2 — R?)

Fs

2Ba —Ro) ' 16a23Ma — MR, — RO(RE — R?)
(6)

with a constraint for volume conservation

Ry =

1/2
14+M)3a — R)R?
(1+MBa — R ] -

3a

where x5 is the Flory interaction parameter between
and 8 segments, R. is the radius of cylindrical domain
formed by backbone C segments, a is the segment size,
Po is the mean segmental density, and R; is a measure
for the lateral size of unit cell relating to the center-to-
center distance between cylindrical C domains L. (Ry/L. =
(v/3/2)"% see the schematic in Figure 8). Numerically
minimizing the total free energy with respect to L, and R,
gives the dependence of the lamellar spacing on the
backbone length N and the side chain length M.

Figure 8 presents the theoretical results of inter-
lamellar spacing L, as a function of the backbone
length N (Figure 8B) and the side chain length M
(Figure 8C) for BrBCPs with the molecular parameters
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Figure 8. (A) Schematic of unit cell of lamellar phase formed
by BrBCP. (B) Theoretical results for interlamellar spacing L,
as a function of N for M = 25, 50, and 100. (C) Theoretical
results for interlamellar spacing L, as a function of M for N =
25, 50, and 100.

of {a=0.7nm, po=6m >, ypg = 1.0, xac = 1.0, ac = 1.0}
where the degree of incompatibility (i.e., Ny.s and
Myap) is large enough to validate the strong segrega-
tion approximation. The values of a and p,, are chosen
as typical values in block copolymer melt. As shown in
Figure 8B and 8C, it is found from strong segregation
theory that the dependence of the interlamellar spa-
cing asymptotically approaches L, ~ N° (N is equiva-
lent to DP in Figure 4) for large N and L, ~ M®*® for
large M, which is in good agreement with both experi-
mental and simulation results.

Fast Kinetics of Self-Assembly in the Bulk. Polymer en-
tanglement causes a kinetic barrier for polymers to self-
assemble, thus leading to a slow kinetic process of the
self-assembly. As the polymers grow bigger, entangle-
ment can have increased effect on the self-assembly
process. The typical value of the entanglement molec-
ular weight M., above which the self-diffusion constant
D of the chain molecules is changed from D ~ N~
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Figure 9. In situ SAXS of sample (A) [g-S;.4i]35-b-[g-LA 4ila3, (B) [g-Sz.akl51-b-[9-LA2 aile7, and (C) [g-Sz.axlos-b-[g-LAz 4124

(non-entangled, Rouse dynamics) to D ~ N~ %4, is on
the order (O) of O(1) ~ O(10) kDa. Brush polymers have,
on the other hand, been reported to show non-en-
tangled dynamics at the high MW regime up to several
thousand kilodaltons,'® which allows us to expect a
more rapid self-assembly process even for the ultra-
high MW (hundreds to thousands of kilodaltons as
indicated in Table 1) of BrBCPs. This inspired us to take
a closer look at the unique properties of those BrBCPs
and their self-assembly behavior in the bulk state. In
situ SAXS was used to monitor the kinetics of the self-
assembly process. Figure 9 shows representative ex-
amples of samples [g-S;al35-b-(g-LAzaidas, [9-Soauds1-
b-[g-LAz ads7, and [g-S; aidog-b-[g-LA; 4id124. For instance,
in Figure 9B, the initial state as indicated by the bottom
black curve did not show any distinct peak and exhibited
a gradual decrease in intensity, suggesting that chains of
BrBCPs were in random arrangements. A measurement
was taken immediately (1 s, red curve) once the tem-
perature was increased to 130 °C and a primary peak at
~0012 A" appeared. This implies that a characteristic
distance was developed, although not too well-de-
fined due to its broad shape. Upon longer annealing
time, the primary scattering wavevector g* shifted a
little bit to smaller g value (0.011 A™") and higher-order
reflections were profoundly enhanced at integral multi-
ples of g*, an evidence of improvement in lateral order of
lamellar structures. Notably, low MW BrBCP (Figure 9A)
self-assembled much more rapidly (~5 min) in compar-
ison to the high MW (Figure 9C, ~1 h). Itis understandable
that low MW BrBCP has less entanglement between

EXPERIMENTAL SECTION

Small-Angle X-ray Scattering (SAXS). We investigated the self-
assembly of BrBCPs in the bulk state using small-angle X-ray
scattering (SAXS). Since Ty of PS was determined to be around
95 °Cand T, of PLA in the BrBCP was found to be around 50 °C
(Supporting Information, Figure S2), an elevated temperature of
130 °C was chosen to perform the thermal annealing experi-
ments of those BrBCPs. The solid samples were pressed in
aluminum washers which are windowed by Kapton films and
kept in vacuum oven for 12 h or longer to achieve thermal
equilibrium. SAXS measurements for group | BrBCPs were per-
formed at beamline 7.3.3 at the Advanced Light Source, Berkeley
National Laboratory (Figure 1). The wavelength of incident X-ray
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chains and thus the mobility is higher. Nevertheless, these
results show that well-ordered lamellar structures were
formed within an hour for all of the samples shown. As a
comparison, we also tried ex situ SAXS experiments with
the largest MW of a linear lamellar forming PS-b-PLA BCP
that we have (Polymer Source, 21k-b-24.3k, PDI = 1.14). We
found that, even after thermal annealing for 24 h at 130 °C,
the order was not well-developed (Supporting Informa-
tion, Figure S3). This reflects the advantage of a BrBCP for
its rapid kinetics on the other side.

CONCLUSION

In summary, symmetric BrBCPs of PLA and PS side
chains self-assemble rapidly into highly ordered lamellar
domains ranging from 20 to 240 nm as revealed by SAXS.
The domain size increased approximately linearly with the
MW of the backbone, which indicated that the backbone
was in an extremely extended conformation. Strong seg-
regation theory and Monte Carlo simulation of ordered
BrBCPs revealed that the direction of backbones is per-
pendicular to the interface between lamellar domains
formed by PS and PLA brushes that are oriented parallel
to the interface in the lamellar structure, which is essentially
different from the molecular packing in linear diblock
lamellae. This molecular packing is responsible for the
near-linear dependence of the domain spacing on back-
bone length, rationalizing experimental results. Those
BrBCPs provide an ideal model system to study the self-
assembly of other BrBCPs and may enlighten structure
designing of BCPs that are capable of fast self-assembly
into nanostructures with a wide range of domain spacing.

was 0.124 nm. The sample-to-detector distance was 3889.2 mm.
Scattering signals were collected by a Pilatus 100k fast detector
with pixel size of 0.172 mm. SAXS measurements for group II
BrBCPs were performed at beamline X27C, National Synchrotron
Light Source, Brookhaven National Laboratory. The wavelength of
incident X-ray was 0.1371 nm. The sample-to-detector distance
was 1786.5 mm. A marCCD detector with pixel size of 0.158 mm
was used to collect the scattering signals. For both beamlines, the
exposure time was kept between 30 and 60 s.

In Situ Small-Angle X-ray Scattering. /n situ SAXS measurements
were performed at beamline 8-ID-E, Advanced Photon Source,
Argonne National Laboratory. The wavelength of incident X-ray
was 0.1687 nm. The sample-to-detector distance was 1641.0 mm.
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The samples were mounted onto an Instec HCS410 hot stage
equipped with liquid nitrogen cooling and nitrogen gas pur-
ging accessories. The temperature was programed to increase
fast from room temperature to 130 °C at a rate of 50 °C/min
and held at that temperature. The exposure time for each
snapshot was limited to 0.5—1 s in order to minimize the
damage to the samples that can be probably caused by the
X-ray photons.

Simulations. Dynamic Metropolis Monte Carlo method with
the 8-site bond fluctuation model'*'® was used. For the simula-
tion of the bulk morphology of BrBCPs, bead spring chains of
BrBCP chains, each with N backbone beads of type C to which
equal numbers of A and B side chains with M beads each, were
sequentially grafted and were generated on a cubic box with
L x L x L under periodic boundary conditions. The system was
then equilibrated with the set of interaction parameters of ¢ =
e = €pc/2 = eac/2 = 0.4 kgT, where the segmental interaction
parameters &5 between the components o and 3 were given
considering the solubility parameters of the PS, PLA, and
polynorbornene.'®? The number of segments of backbone N
and the number of segments of side chain M are varied from N =6
to N=30and from M =3 to M = 12. For comparison, the case of N =
0, which corresponds to a symmetric diblock copolymer with chain
length 2M, was also simulated. A lattice occupation density is set to
be ¢ = 05 for polymer chains in the simulation box, which
corresponds to a polymer melt in the bond fluctuation model.*’
Starting from a random initial configuration, the film system is
allowed to equilibrate for 5 x 10’ Monte Carlo steps (MCS).
Configurations sampled at every 10* MCS after equilibration and
the mean local densities of the simulation components were
obtained by averaging the densities over 100 samples.
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