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ABSTRACT

Morphological behavior of PS-PLA bottlebrush copolymers with a compositional gradient along
the backbone was investigated by small-angle X-ray scattering (SAXS) analysis and compared to
that of their block copolymer analogs. Side-chain-symmetric gradient copolymers with varying
volume fractions were prepared by one-step ring-opening metathesis polymerization of the
corresponding exo- and endo-norbornene-functionalized macromonomers of similar lengths. The
morphological map constructed using the SAXS data revealed a wide cylindrical morphology
window, including for symmetric compositions, well-ordered lamella morphologies at very low
PS volume fractions, and the formation of a rare bicontinuous gyroid morphology. In addition to
the highly asymmetric nature of the morphology diagram, the domain spacings obtained for
gradient bottlebrush copolymers were significantly smaller (by 30-40%) than the corresponding
bottlebrush block copolymer analogs, which was attributed to a non-perpendicular orientation of
the gradient bottlebrush backbone at the domain interface. Side-chain-asymmetric gradient
bottlebrush copolymers were synthesized from PS and PLA macromonomers of different lengths
and were demonstrated to assemble into well-ordered cylindrical and lamella morphologies. The
results of these studies demonstrate that the gradient interface plays an important role in
determining molecular packing during bottlebrush copolymer self-assembly. A rich morphological
behavior of the gradient bottlebrush copolymers combined with their “user-friendly” one-step
synthesis provides a robust and versatile platform for nanostructured materials design and

fabrication.



Introduction

Melt state self-assembly of block copolymers has been extensively used for fabricating materials
with nanoscale morphologies, which are being developed for applications as membranes,
templates for nanomaterial fabrication, surface patterning, and catalyst supports.t® Self-assembly
behavior of an AB diblock copolymer is governed by the segregation strength parameter, yagN
and polymer composition parameter fa, where yag is the Flory-Huggins interaction parameter
between A and B segments, N is the overall degree of polymerization, and fa is the volume
fraction of block A.”® Linear diblock copolymers with carefully controlled block lengths can
produce a wide variety of morphologies including lamellar, cylindrical, gyroid and spherical.®1°
Recently, bottlebrush copolymers (BCP) have emerged as a new class of macromolecules
featuring densely grafted side chains, molecular rigidity, low density of entanglements and fast
assembly kinetics in the melt state.!*"* These unique characteristics have allowed bottlebrush
block copolymers to be used in the preparation of materials that are difficult to access with linear
systems, e.g. photonic nanostructures with very large domain spacings (>150 nm).***® Due to
their rigidity, block BCPs show a strong propensity for lamellar morphologies. In this paper, we
demonstrate a vastly different and richer phase behavior of bottlebrush copolymers featuring a

gradient compositional profile along the backbone.

Block BCP composition can be manipulated by backbone or side chain asymmetry. The strong
tendency of side-chain-symmetric bottlebrush block copolymers to pack into lamellar
microstructures has been well documented.'®2! Such bottlebrush block copolymers require a
high degree of backbone asymmetry to form non-lamella morphologies. For example, Gai et al.

found that polystyrene-poly(ethylene oxide) (PS-PEQ) bottlebrush block copolymers form



cylindrical morphologies only at high degrees of asymmetry (feeo ~ 0.8).2° Bates et al. reported
the formation of a cylindrical morphology from PS-PEO-PS triblock bottlebrush copolymer with
freo > 0.75.22 For side-chain-symmetric polystyrene-polylactide (PS-PLA) bottlebrush block
copolymers with a vinyl backbone, lamellar morphology was observed even for asymmetric
compositions, while cylindrical morphology was obtained only when significant side chain
asymmetry was introduced.*® Non-lamellar morphologies were also observed from other
bottlebrush copolymers with extreme side chain asymmetries, such as brush-linear block
copolymers.t8 2324 A greater morphological diversity has been observed in statistical or Janus-
type bottlebrush copolymers, including cylindrical and gyroid phases.?>-? Phase separation of
such BCPs, which are comprised of linear diblock copolymers tethered together through the
junction points, is driven by their side chains, and therefore, their morphological behavior,
including the length scale of the obtained nanostructures, parallels that of the constituent linear
block copolymers. These examples illustrate the effect of molecular structure on polymer
assembly, and set the stage for exploiting bottlebrush architecture as a powerful handle for

morphological control.

There has been an increased research focus on incorporating gradient structural changes in
bottlebrush polymers. For example, Grubbs et al.?” and Matyjaszewski et al.?32° reported the
synthesis of bottlebrush polymers with gradient grafting densities using “grafting-through” and
‘grafting-from’ strategies, respectively. Tapered bottlebrush polymers with gradually changing
side-chain lengths have been synthesized by Matson et al. by sequential ring-opening metathesis
polymerization (ROMP) of macromonomers with varying lengths.® Bottlebrush copolymers
with changing cross-sectional diameters were also prepared using continuous flow chemistry by

Guironnet et al.3! Choi et al. reported the synthesis of gradient polymers with dendritic side



chains through the use of dendronized macromonomers functionalized with cyclic olefins
exhibiting different reactivities.®? Recently, we reported the synthesis of bottlebrush copolymers
with a gradient compositional profile along the backbone by a one-step ROMP of two
macromonomers with vastly different reactivities that contained exo- and endo-norbornene end
groups (Figure 1).3 We demonstrated that side-chain-symmetric and compositionally symmetric
gradient bottlebrush copolymers pack into cylindrical microstructures, in contrast to their block
and statistical bottlebrush analogs. In this paper, we undertake a detailed evaluation of the
morphological behavior of compositionally gradient bottlebrush copolymers by small angle X-
ray scattering (SAXS). We construct a morphological map for side-chain-symmetric gradient
bottlebrushes with varying backbone asymmetries, which includes the formation of cylindrical
morphology over a wide compositional window and the presence of a rare bottlebrush gyroid
morphology. We also present results on the synthesis and self-assembly of compositionally
gradient and side-chain-asymmetric, or “cone-shaped” bottlebrush copolymers. Our results
demonstrate that the gradient interface has a dramatic impact on the assembly of bottlebrush

copolymers, which can be harnessed for enriching their morphological behavior.
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Figure 1. One-step synthesis of gradient bottlebrush copolymers by ring-opening metathesis
polymerization using exo-norbornene-functionalized PS and endo-norbornene-functionalized

PLA macromonomers.

Experimental Section

Materials and Measurements. Solvents and reagents were purchased from commercial sources
and used directly without purification unless noted. Exo- and endo-norbornene-functionalized
macromonomers exo-PS (2.2 kg/mol), exo-PLA (2.0 kg/mol), endo-PLA (2.1 kg/mol) and endo-
PLA (3.7 kg/mol) (Figures S1-S4, Supporting Information) were synthesized using previously
reported procedures.®* *H NMR spectra were recorded with Inova-500 MHz spectrometers and
chemical shifts were reported in ppm using TMS or deuterated solvents as internal standards
(CDClg, 7.27 ppm). Size exclusion chromatography analysis was performed by using Viscotek’s

GPC Max system with and two PLgel PolyPore columns (Agilent), and TDA 302 Tetra detector



Array system equipped with refractive index, UV, viscosity, low (7°), and right angle light
scattering units. Tetrahydrofuran was used as a mobile phase at 30 °C. The system was calibrated
with 10 polystyrene standards from 1.2 x 10° to 500 g/mol. For gradient BCP samples, molecular
weights were determined by SEC-LS using dn/dc calculated based on weight fractions of PS
(dn/dc = 0.185 mL/g) and PLA (dn/dc = 0.042 mL/qg). For block BCP samples, molecular
weights of the first block were determined by SEC-LS, while the length of the second block was
determined by *H NMR analysis based on the integral ratios of signals coming from the aromatic
PS protons (2H, 6.3-6.9 ppm) and methine protons of the PLA repeat unit (1H, 5.2 ppm).
Scanning Electron Microscopy (SEM) images were obtained on a Carl Zeiss AURIGA
instrument with a 2 keV accelerating voltage and a secondary electron detector. Freshly fractured
monolith of copolymer G6 was soaked in 0.5 M NaOH agueous methanol solution (50/50 by
volume) for 20 minutes at 50 °C to improve topographic contrast, and was gold-coated for 60 s
using an SPI-Module sputter coater prior to imaging. SAXS data were collected either on a
custom SaxsLab instrument or at the 11-BM (CMS) beamline of the National Synchrotron Light
Source Il (NSLS-I1) of Brookhaven National Laboratory. The SaxsLab instrument was equipped
with a PILATUS 300K area detector and a rotating copper anode. The CMS beamline was
equipped with PILATUS 2M area detector and x-ray energy was set to 13.5keV. The sample to
detector distance was calibrated with silver behenate for both SaxsLab instrument and CMS
beamline. Image reduction and conversion to intensity vs scattering vector g was performed with
Saxsgui package (saxsgui.com). Temperature dependent SAXS experiments were done on
SaxsLab instrument using a Linkham Scientific temperature stage. The polymer sample was
sandwiched between Kapton windows and placed in a metal holder. Care was taken to ensure

good contact between the sample, the holder and the temperature stage. The polymer sample was



brought to a desired temperature using heating and cooling rates of 0.5 °C per min, and

equilibrated for 30 min before starting the measurements with a typical exposure time of 1 h.

PS and PLA bottlebrush persistence length determination. For persistence length (lp)
measurements, filtered polymer solutions were placed in 1 mm diameter glass capillary tubes
(Charles Supper, MA). For background subtraction, we also measured scattering from the
corresponding solvents under analogous conditions. Different concentrations of polymer
solutions were tested from 1 to 10 mg/ml. We found 2 mg/ml to be optimal, providing a good
signal to noise ratio without a discernible effect of chain overlap on the scattering. The data
analysis was done with SasView 4.1.2 software package.*® To determine persistence length, we
have used flexible cylinder model, which is a good approximation for semirigid
macromolecules.®® The polydispersity of backbone and side chains were accounted for using

Schulz distribution function.

General procedure for PSn-grad-PLAm BCP synthesis. In a 1-dram vial, a mixture of exo-PS
and endo-PLA macromonomers with a predetermined feed ratio was dissolved in a degassed
anhydrous dichloromethane at [M]o = 0.05M in the glove box under argon. In a separate vial, a
stock solution of 3" generation Grubbs’ catalyst was prepared. An aliquot was withdrawn from
the macromonomer mixture before the addition of a desired amount of catalyst stock solution.
Reaction was allowed to run overnight and quenched with ethyl vinyl ether. A small sample was
withdrawn for GPC analysis. The rest of the reaction mixture was precipitated into methanol and

dried in vacuo.

General procedure for PSn-block-PLAm BCP synthesis. In a glove box, exo-PLA was

dissolved in dry DCM (0.2 g/ml) in a 1-dram vial equipped with a stir bar. Exo-PS was dissolved



with dry DCM (0.1 g/ml) in a separate vial. A catalyst stock solution (1 mg/mL) was made by
dissolving 3 generation Grubbs’ catalyst in dry DCM. Polymerization was initiated by adding
desired catalyst stock solution to the exo-PLA solution. The reaction was allowed to run for 45
min before an aliquot was withdrawn. The aliquot was immediately quenched by ethyl vinyl
ether and analyzed by SEC without further purification. Exo-PS solution was then added to the
reaction. The polymerization was allowed to run for another 60 min before quenching with ethyl
vinyl ether. A small aliquot was extracted for SEC and NMR analysis and the rest was

precipitated into methanol.

Results and Discussion

Polymer synthesis

Exo-norbornene-capped PS macromonomer (exo-PS 2.2 kg/mol) was prepared by conjugating
azide-terminated polystyrene and exo-norbornene functionalized alkyne using copper mediated
azide-alkyne click chemistry.3* Exo- and endo-norbornene-capped PLA macromonomers (exo-
PLA 2.0 kg/mol, and endo-PLA 2.1 kg/mol) were synthesized by ring-opening polymerization of
D,L-lactide from the corresponding norbornene-functionalized initiator. PS(2.2k)n-grad-
PLA(2.1k)m bottlebrush copolymers were prepared by one-step copolymerization of exo-PS and
endo-PLA macromonomers using the 3" generation Grubbs’ catalyst (Figure 2 top). We have
previously reported a kinetic study of this copolymerization, which verified the formation of

compositionally gradient copolymers composed of PS-rich and PLA-rich end segments (blocks)



and a gradient interface between the two blocks.®* In this work, we synthesized a series of
PS(2.2k)n-grad-PLA(2.1k)m bottlebrush copolymers (G1-G15) with uniform side chain lengths
but varying overall compositions, with fps values ranging from 0.26 to 0.73 (Table 1). PS volume
fractions of PS(2.2k)s-grad-PLA(2.1k)m samples were readily controlled by adjusting feed ratios
between exo-PS and endo-PLA via simple gravimetric measurements of the two
macromonomers, which were corroborated by *H NMR analysis of the olefin signals from exo-
and endo-norbornene moieties (6.25 and 6.10 ppm, respectively) in aliquots extracted from
macromonomer solutions before polymerization. Complete consumption of both
macromonomers were confirmed by the disappearance of the norbornene olefin signals after 16
hours. Size-exclusion chromatography (SEC) analysis evidenced the formations of bottlebrush
copolymers with narrow molecular weight distributions (P < 1.20) and minimal unreacted
macromonomers (Figure 2 top, and Figure S5, Supporting Information). The near complete
conversion of macromonomers minimized the impact of unreacted short macromonomer chains

on polymer self-assembly.
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Figure 2. Synthesis and representative SEC data for gradient (G7) and block (B6) bottlebrush
copolymers (dashed curve represents PLA homopolymer brush produced in the first step during

block copolymer synthesis).

As a control group, a series of PS(2.2k)n-block-PLA(2.0k)m bottlebrush block copolymers (B1-
B7) were also synthesized by sequentially polymerizing exo-PLA (2.0 kg/mol) and exo-PS (2.2
kg/mol) with fps values ranging from 0.21 to 0.73 (Figure 2 bottom). Complete re-initiation and
continuing growth of polymer chains was observed upon addition of the second macromonomer,
as evidenced by the SEC analysis (Figure 2 and Figure S6, Supporting Information). Molecular
characteristics of G1-G15 and B1-B7 bottlebrush copolymers are listed in Table 1. Both block
and gradient bottlebrush copolymers featured PS and PLA side chains of similar lengths (~2

kg/mol) to allow us to probe specifically the effect of side chain distribution along the backbone.

Table 1. Structural parameters of PS(2.2k)n-grad-PLA(2.1K)m (G1-G15) and PS(2.2k)n-block-

PLA(2.0K)m (B1-B7) bottlebrush copolymers with symmetric side chains.
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Polymer

Gl
G2
G3
G4
G5
G6
G7
G8
G9
G10
Gl1
G12
G13
Gl14
G15
Bl
B2
B3
B4
BS
B6
B7

[PS]:[PLAJ?

0.27
0.30
0.34
0.41
0.48
0.57
0.67
0.67
0.79
0.98
1.11
1.30
1.56
1.75
2.13
0.22
0.32
0.47
0.95
1.35
1.74
2.00

Nbackbone

103
99
108
167
144
125
127
95
122
125
122
126
119
128
106
89
98
128
136
94
107
120

b

Mn (kg/mol)®

213
205
225
340
301
262
267
201
257
264
258
268
254
271
227
198
217
267
280
207
235
252

Bd

1.15
1.15
1.18
1.26
1.11
1.17
1.19
1.15
1.17
1.15
1.18
1.15
1.13
1.12
1.11
1.12
1.11
1.09
1.19
1.07
1.08
1.08

fps®

0.26
0.28
0.30
0.34
0.38
0.42
0.46
0.46
0.50
0.56
0.59
0.62
0.67
0.69
0.73
0.21
0.28
0.37
0.55
0.61
0.67
0.73

d

(nmy)’

N/A

23
24
33
28
28
30
27
29
29
28
29
29
29

N/A

32
38
38
52
38
41

N/A

Morphology?

DIS
L+
L

O O o o o o 6o ©

O
O

L+
C
DIS

aMolar ratios of macromonomers used during synthesis; PTotal number of repeat units in the
backbone Npackbone = N + m; “Measured by SEC-LS; “Measured by SEC with linear PS calibration;
®Volume fractions of PS determined by using the following densities: pps = 1.04 g/cm?® and ppra =
1.25 g/cm?®; 'Calculated as d = 2n/g*; Obtained from SAXS (DIS: disordered, L: lamellar, L+:
mixed morphologies including lamellar, G: gyroid, C: cylindrical).
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Self-assembly of block BCPs

We first examined the phase behavior of PS(2.2k)s-block-PLA(2.0k)m bottlebrush copolymers to
establish the morphological spectrum of copolymers with a sharp compositional transition along
the backbone. Diblock bottlebrush copolymers B1-B7 were comprised of side chains with
equivalent lengths, and their composition was varied as a result of backbone asymmetry only.
Polymer samples pressed into discs and thermally annealed at 180 °C for 16 hours were analyzed
by SAXS at room temperature (Figure 3). Copolymers B2-B5 showed scattering consistent with
a lamellar morphology (L), where a number of higher order reflections were identified at
multiples of the primary scattering peak (g*). It must be noted that sample B5 also showed a
broad reflection centered at \7g*, which might be indicative of the presence of some cylindrical
domains in addition to lamellar domains (L+). Copolymers B1 and B6 showed scattering
consistent with a hexagonally packed cylindrical morphology (C), as evidenced by prominent
reflections at V3g* and \7g*. Copolymer B7, with the largest PS volume fraction, did not show
strong higher order reflections likely due to poor ordering, and was labeled as “disordered” (D).
The morphology map constructed based on this data (Figure 3) clearly illustrated the presence of
a large lamellar window spanning from fps = 0.28 to 0.61.This is consistent with what was
observed for PS-PEO bottlebrush block copolymers.?’ The stabilization of the lamellar phase
was predicted for bottlebrush block copolymers with increasing backbone stiffness.®’
Additionally, in a recent computational study of the phase separation of worm-like linear block
copolymers, Chen et al. demonstrated that increasing the copolymer persistence length
significantly widens the lamellar window in the morphology diagram. Within this framework,
the strong propensity of bottlebrush block copolymers to form flat interfaces as compared to their

linear block copolymer analogs can be attributed to their increased molecular rigidity.

13
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Figure 3. SAXS analysis and morphology diagram of PS(2.2k)n-block-PLA(2.0k)m copolymers

(A L: lamellar, A L+: mixed morphologies including lamellar, B C: cylindrical, @ D:

disordered).

Self-assembly of gradient BCPs with symmetric side chains
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SAXS characterization of melt pressed gradient bottlebrush copolymers PS(2.2k),-grad-
PLA(2.1k)m samples with the same side chains as their block copolymer analogs revealed a
drastically different behavior (Figure 4). Copolymers G9-G14 with fps ranging from 0.50 to 0.69
exhibited scattering consistent with a hexagonally packed cylindrical morphology. Depending on
the composition, higher order reflections with varying intensities at V3g*, 2q*, V7g*, and 3g*
were observed (Figure S7 in the Supporting Information), likely due to the effect of changing
form factor of PLA cylinders with varying polymer asymmetry and the coincidence of the form
factor zeros with the structure factor scattering maxima®® (within this compositional window, the
domain spacing remained constant at ~29 nm, while PLA cylinder diameter ranged from 20 to 25
nm). Such a wide cylindrical morphology window is an unusual feature of the gradient
bottlebrush copolymer assembly, where even the compositionally symmetric sample G9 with
symmetric side chains packs into cylindrical microstructures. At lower PS volume fractions (fps
= 0.46), we observed a bicontinuous gyroid morphology for copolymers G7 and G8, as
evidenced by the presence of scattering maxima at q values with the following relationship:
\6:48:V14:V16:420:122 (Figures 4 and 5). The 2D-SAXS analysis of the smaller molecular
weight gyroid-forming copolymer G8 produced a spot pattern, instead of typically observed
isotropic rings, indicating the presence of large and well-ordered grains in the sample (Figure 5).
To the best of our knowledge, this is the first example of a gyroid morphology observed in a

non-Janus-type bottlebrush copolymer.
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Figure 4. Morphology diagram of PS(2.2k)n-grad-PLA(2.1k)m, SAXS characterization of G3, G5,
G7, G11 and G15, and SEM image of G7 (A L: lamellar, /A L+: mixed morphologies including

lamellar, @ C: cylindrical, ® G: gyroid, @ D: disordered).

V22q*
V24q*

Figure 5. 2D-SAXS analysis of gyroid-forming gradient bottlebrush copolymer G8.
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Lamellar domains were observed for copolymers G2-G6, but only highly asymmetric PLA-rich
copolymer G3 with fps = 0.30 exhibited scattering consistent with a well-ordered lamellar
morphology, which was identified by the presence of a sharp primary scattering peak and a sharp
higher order reflection at 2q* (Figure 4 and Figure S8, Supporting Information). All other
samples in this region (L+) exhibited either incomplete ordering with broad shoulders around the
primary scattering peak, or well-identifiable mixed morphologies. For example, samples G4 and
G6 exhibited scattering maxima at q* and 2g*, which could be attributed to the presence of
lamellar morphology, but they also contained large and broad shoulders at g < g*. Dalsin et al.
observed similar peaks in their analysis of polypropylene-polystyrene bottlebrush block
copolymers, which they attributed to the kinetically trapped morphologies, such as local
disorder.*® On the other hand, copolymer G5 at fps = 0.38 exhibited well-defined scattering peaks
that could be attributed to the presence of both lamellar (g, 2g°) and gyroid (V6g*, V8q*)
domains. A quick SAXS analysis of this sample at different temperatures (Figure 6) revealed a
likely order-order transition with the gyroid phase stabilized at higher temperatures. While the
lab machine used for temperature-dependent SAXS studies had a lower resolution than what
could be achieved at a synchrotron beamline (Figure 4), the results provided sufficient evidence
for a morphological transition. At room temperature, the main peak at g* = 0.0222 A for
sample G5 appeared broad with shoulders on both sides, and a higher order reflection at 2g* was
also present, consistent with mixed morphology and the presence of the lamellar phase, as
described above. When heated to 130 °C, the main scattering peak split into two maxima at
scattering vector q values that were related by a ratio of V6:V8 (labelled as stars in Figure 6).

Additionally, the higher order reflection at 2q* disappeared. We attributed this transition to the

17



stabilization of the gyroid phase and disappearance of the lamellar morphology at higher
temperatures. The gyroid morphology was stable up to 190 °C. Interestingly, heating the sample
from 130 °C to 190 °C caused the first scattering peak to move to smaller g values, from 0.0209
A100.0198 A, indicating an increase in domain spacing with temperature. Such a temperature
dependence is opposite to what is typically observed for block copolymers, where increasing
temperature leads to a decrease in the y parameter (y ~ 1/T) and the corresponding small
decrease in the domain spacing (d ~ ).t When copolymer G5 was cooled down from 190 °C
back to room temperature, the primary peak maximum shifted back to g* = 0.0222 A%, the
second scattering maxima disappeared, and the higher order reflection at 2g* reappeared,

suggesting a return of the lamellar phase. It is possible that depending on the cooling conditions,

18



complete transformation to the lamellar phase is not achieved, and the sample could be trapped

in a mixed phase state.

=

(@) xq (a.u.)

16
;

Figure 6. SAXS analysis of gradient copolymer G5 at different temperatures. Triangles indicate

signals indexing as (g, 2q) and stars indicate signals indexing as (Y64, V8q).

The most asymmetric samples G1 and G15 exhibited broad primary scattering peaks and
additional broad reflections (Figure 4 and Figure S8, Supporting Information), which was
attributed to the formation of poorly ordered microstructures at both ends of the spectrum. No
other morphologies, including the inverted cylindrical morphology at low PS volume fractions,

could be identified by SAXS analysis.
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Block vs gradient BCPs

The comparison between the melt state assemblies of block and gradient bottlebrush copolymers
revealed a striking difference in the domain spacings obtained by the two copolymer systems
with otherwise identical size and chemical compositions. We have previously reported that the
domain spacing of symmetric gradient bottlebrush copolymers increases nearly linearly with the
backbone length, but is consistently smaller than that of their block bottlebrush analogs.®*
However, that comparison was imperfect since the two systems exhibited different morphologies
(lamellar for block copolymers, and cylindrical for gradient copolymers). In this work, we have
prepared two sets of copolymers that can provide a more accurate assessment of the effect of
gradient interface on microstructure domain spacings. For example, copolymers G3 and B2 have
been synthesized to have similar molecular weights, side chain and backbone lengths, and PS
volume fractions, with only major difference between the two being the distribution of side
chains along the backbone. They both produce lamellar morphology, but the domain spacing (d =
2n/q*) for the gradient bottlebrush copolymer G3 is 24 nm, while for B2 is 39 nm. Similarly,
copolymers G13 and B6 are structurally similar and produce cylindrical morphology, but differ
significantly in the measured domain spacings (29 nm for gradient copolymer G12, and 41 nm
for block copolymer B6). This represents 30-40% reduction in domain spacing by introducing a
gradient interface between the two blocks. Interestingly, such a strong effect on domain spacing
is not observed in linear copolymer assembly. For example, Epps et al. studied melt self-
assembly of linear polystyrene-polyisoprene block copolymer with a gradient interface between
the blocks where the gradient interface occupied 28% of the copolymer (tapered polymers) and
observed no significant difference in lamellar domain spacings between the copolymer with the

gradient interface (20.1 nm) and its analog with the sharp interface (18.4 nm).*? These results

20



demonstrate an important difference between bottlebrush and linear copolymer systems and

indicate a strong influence of the gradient composition on the bottlebrush copolymer assembly.

The origin of this effect on domain spacing can be rationalized in terms of molecular orientation
at the interface. For bottlebrush block copolymers, it has been postulated both experimentally
and computationally that the bottlebrush backbone is orientated perpendicularly to the domain
interface (at least within ~10 nm of the interface).*® As a result, these copolymers produce
materials with large domain spacings commensurate with the length of the backbone. For
statistical and Janus-type bottlebrush copolymers, it has been observed that the domain spacing
does not depend on the bottlebrush backbone length and is primarily determined by the length of
the side chains, which suggests a parallel orientation of the bottlebrush backbone to the domain
interface.?> 3 We reported earlier that a statistical PS-PLA bottlebrush copolymer with 2 kg/mol
side chains does not produce an ordered morphology, but exhibits a broad scattering peak
corresponding to a characteristic distance d ~ 12 nm.** It is reasonable to hypothesize then that
gradient bottlebrush copolymers, described in this work, orient at an intermediate angle relative
to the domain interface during assembly resulting in domain spacings with weaker dependence
on the bottlebrush backbone length, producing values that are smaller than their block copolymer

analogs but larger than statistical copolymers with the same side chain lengths (Figure 7).
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Figure 7. Coarse-grained illustration of the interfacial molecular orientation of bottlebrush
copolymers with blocky (A), gradient (B), and statistical (C) distributions of side chains along

the backbone.

Another important feature of the PS(2.2k)n-grad-PLA(2.1k)m morphology diagram (Figure 4) is
its highly asymmetric nature: cylindrical phase at symmetric compositions, lamellar phase at low
polystyrene volume fractions, and no inverted cylindrical phase for PLA-rich (low fps)
copolymers. We posit that this asymmetry could be attributed to the difference in rigidity
between the PS and PLA bottlebrush components. Indeed, a number of computational studies on
semiflexible-flexible block copolymers, or in the extreme case rod-coil block copolymers,
predict a highly asymmetric phase diagram skewed toward higher volume fractions of the
semiflexible component.*-* For example, lamellar phase was observed only for highly
asymmetric compositions with higher volume fractions of the semiflexible component, while
cylindrical phase was observed for symmetric compositions and those with higher volume
fractions of the flexible component. Additionally, no inverted cylindrical morphology was
predicted at higher volume fractions of the semiflexible component. These qualitative similarities
between our system and a semiflexible-flexible copolymer assembly prompted us to assess the

molecular rigidity of the constituent bottlebrush blocks. We measured persistence lengths (Ip) of
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PS(2.2k) (Ms = 825 kg/mol, D = 1.24) and PLA(2.0k) (Mn = 875 kg/mol, B = 1.12)
homopolymer bottlebrushes by SAXS analysis in theta solvents (acetone for PLA,*" and
cyclohexane for PS*) to emulate chain dimensions in the melt. Scattering from dilute solutions
(2 mg/ml) was analyzed using a flexible cylinder model as implemented in SasView package.®
The model is based on a parametrized scattering function for semiflexible chains*® and provided
I, values of 9 nm for PLA bottlebrushes, and 2-3 nm for PS bottlebrushes (Figure S9, Supporting
Information). The larger uncertainty for PS bottlebrushes I, stems from a limited applicability of
the flexible cylinder model when |, is close to the cylinder diameter. While the obtained values
were unexpectedly small, they reflected the reported chain softening by mutual interactions for
bottlebrush copolymer melts.*® Importantly, higher rigidity of the PLA bottlebrush block is
consistent with the morphology diagram of the PS(2.2k)n-grad-PLA(2.1k)m copolymers being
skewed toward high PLA content, i.e. the observation of the lamellar morphology at high PLA
volume fractions, and cylindrical morphology for symmetric and high PS content copolymers.
Similar asymmetry, albeit to a much smaller extent, can also be observed for PS(2.2k)n-block-
PLA(2.0k)m copolymers (Figure 3). The asymmetry effect seems to be much more pronounced
for gradient copolymers, for which we have no explanation, but speculate that it could be related

to the molecular orientation of bottlebrush copolymers at the interface.

Self-assembly of gradient BCPs with asymmetric side chains

We have also synthesized a series of gradient bottlebrush copolymers where in addition to the
compositional change along the backbone there was a gradient change in average bottlebrush

diameter. This was achieved by using the same one-step copolymerization of exo- and endo-
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norbornene-functionalized macromonomers but with different chain lengths (Figure 8). For this
series of copolymers, we used PS macromonomer with M, = 2.2 kg/mol and a much larger PLA
macromonomer with M, = 3.7 kg/mol. Bottlebrush copolymers with varying PS volume fractions
and nearly identical overall backbone lengths were prepared by adjusting the feed ratios of the
macromonomers (Table 2). Even with the larger endo-PLA macromonomer, complete

conversions were observed within 16 hours (Figure 8 and Figure S10, Supporting Information).

exo-PS
endo-PLA exo-PS endo-PLA

(3.7 kg/mol) T (2.1 kg/mol)
G20

16 18 20
Retention Time (min)

l one step

RI Signal (a.u.)

Figure 8. Synthesis and SEC analysis of gradient BCPs PS(2.2k)s-grad-PLA(3.7K)m with

asymmetric side chains.

Table 2. Structural parameters of gradient BCPs with asymmetric side chains, PS(2.2k)n-grad-
PLA(3.7K)m.

- a
Polymer [PEIRPLA Nbackbone® Mn (kg/mol)¢ D¢ fps® (n(rjn)f Morphology?
G16 0.65 76 213 1.30 0.31 28 L+
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G17 0.73 79 205 1.28 0.34 26 L

G18 0.97 76 225 1.25 0.40 27 L+
G19 1.08 89 262 1.25 0.43 N/A DIS
G20 1.54 77 267 1.21 0.52 28 C
G21 2.17 79 201 1.20 0.60 27 C
G22 3.03 84 258 1.14 0.68 26 C

aMolar ratios of macromonomers used during synthesis; PTotal number of repeat units in the
backbone Npackbone = N + M; “Measured by SEC-LS; “Measured by SEC with linear PS calibration;
®Volume fractions of PS determined by using the following densities: pps = 1.04 g/cm?® and ppLa =
1.25 g/cm?; "Calculated as d = 2n/gq*; 'Obtained from SAXS (DIS: disordered, L: lamellar, L+:
mixed morphologies including lamellar, C: cylindrical).

Self-assembly of PS(2.2k)n-grad-PLA(3.7K)m gradient bottlebrush copolymers was studied by
SAXS analysis of the melt pressed samples (Figure 9). Samples G20-G22 with fps = 0.68 - 0.52
exhibited scattering consistent with a hexagonally packed cylindrical morphology, as evidenced
by the presence of either V3g* or \7q* peaks, or both. Here again, the absence of certain higher
order reflections is likely due to their coincidence with the cylinder form factor zeros.
Copolymers G16-G18 formed lamellar microstructures, indicated by the presence of sharp g*
and 2g* peaks. However, primary scattering peaks in samples G16 and G18 were accompanied
by broad shoulders on either side, which were indicative or poor or incomplete ordering.
Copolymer G19 with fps = 0.43 located between the cylindrical and lamellar regions only

exhibited broad scattering peaks and was labelled as “disordered” in the morphology diagram.
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Figure 9. SAXS analysis and morphology diagram of side-chain-asymmetric gradient BCPs

PS(2.2k)n-grad-PLA(3.7K)m (A L: lamellar, A L+: mixed morphologies including lamellar, ll C:

cylindrical, @ D: disordered).

We initially expected that increasing the cross-sectional diameter of the PLA brush will curve the

interface toward the PS domain, which will result in a more symmetric morphology diagram. For

example, it was previously reported that bottlebrush block copolymers with asymmetric side
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chains will form cylindrical microstructures where the cylinder domains are formed by the
bottlebrush block with smaller side chains.?® %° However, the morphology diagram for side-
chain-asymmetric gradient copolymers PS(2.2k)n-grad-PLA(3.7K)m constructed using the SAXS
data (Figure 9) bears key similarities to that of the side-chain-symmetric samples PS(2.2k)n-
grad-PLA(2.1k)m discussed earlier (Figure 4): (1) cylindrical morphology is observed in a wide
compositional window (frs = 0.52 — 0.68), including for nearly compositionally symmetric
copolymers, and (2) lamellar phase is observed only for high PLA-content copolymers (fps =
0.31 and 0.40). This implies that these gradient copolymers tend to pack into cylindrical
microstructures with PLA cylinders even though PLA brush component has a larger cross-
sectional diameter. It is possible that increasing the side chain length of the PLA brushes resulted
in increased stiffness, as has been reported for other bottlebrush copolymer systems,>2 which
produced the opposite effect on the morphology diagram. While this phenomenon is under
further investigation, it is clear that gradient bottlebrush copolymers provide easy access to a
well-ordered cylindrical morphology, which is of interest in a variety of applications, such as

surface patterning and membrane fabrication.

Conclusion

The one-step ROMP synthesis of compositionally gradient PS-PLA bottlebrush copolymers from
exo- and endo-norbornene-functionalized macromonomers enabled rapid access to a library of
copolymers with varying volume fractions. Melt self-assembly of these gradient bottlebrush
copolymers across a wide range of PS volume fractions produced materials with a variety of

morphologies, as determined by SAXS. In a striking contrast to their bottlebrush block
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copolymer analogs, the morphological map of gradient BCPs exhibited a wide cylindrical
morphology window, including for symmetric compositions, while well-ordered lamella
microstructures were only observed for high PLA-content copolymers. Additionally, a rare

bicontinuous gyroid morphology was observed for gradient BCPs with fps = 0.46.

Domain spacings of gradient bottlebrush copolymers were significantly smaller (by 30-40%)
than those of their block BCP analogs with the same size, composition and morphology. The
difference in domain spacings between the block and gradient bottlebrush copolymers, which is a
unique behavior not observed in linear systems, was attributed to the interfacial localization of
the gradient portion of the copolymer and a non-perpendicular orientation of the gradient
bottlebrush backbone relative to the domain interface. The morphology diagram of the gradient
bottlebrush copolymers was highly asymmetric with a wide cylindrical morphology window for
PS-rich copolymers and a complete absence of the inverted cylindrical morphology at high PLA
volume fractions, which was attributed to the difference in molecular rigidity between PLA and

PS brush components, as determined by SAXS.

Gradient BCPs with asymmetric side chains were also prepared by using macromonomers with
different molecular weights. These “cone” shaped molecules with a gradient change in average
cross-sectional diameter along the backbone packed into well-ordered cylindrical and lamellar

microstructures. It appears that for this specific system, volume fraction of the components, and

not the side chain asymmetry, was the dominant factor governing their morphological behavior.

The results described in this paper indicate that the gradient interface in bottlebrush copolymers

can be used as an effective handle in controlling molecular packing. The combination of “user-
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friendly” one-step synthesis and a rich morphological behavior of gradient bottlebrush

copolymers presents a versatile platform for nanostructured materials development.
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