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Crystallization of Bottlebrush Statistical Copolymers of Polystyrene
and Poly(ethylene oxide)

Xuchen Gan,1‡ Hong-Gyu Seong,1‡ Mingqiu Hu,1 Zhan Chen,1 Todd Emrick,1 and Thomas P.
Russell1,2*

1Department of Polymer Science and Engineering, University of Massachusetts, Amherst, MA
01003

2Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 37831

KEYWORDS    Bottlebrush statistical copolymers, Semicrystalline, Microphase separation 

ABSTRACT   Bottlebrush statistical copolymers (BSCPs) with poly(ethylene oxide) (PEO) and

polystyrene (PS) side chains grafted to a polynorbornene (PNB) backbone were synthesized by

ring-opening metathesis polymerization (ROMP). The impact of the glassy PS sidechains on the

crystallization of the PEO sidechains as a function of the backbone length, grafting densities, and

fraction of the PS and PEO side-chains is described. The bottlebrush architecture, where the side-

chains are anchored to the backbone, inherently constrains the mobility of PEO. Compared to the

bulk crystallization temperature of PEO, the higher glass transition temperature of PS places

further  constraints  on PEO  crystallization.  The  limited  mobility  of  PEO  leads to  a  cold

crystallization  behavior  during  heating. Reduced  grafting  densities  in  turn  reduce side-chain

crowding, leading to less extended pendant structures.  The degree of crystallinity of PEO was
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found to decrease at lower grafting densities to a point where crystallization was not observed.

The  average  distance  between  bottlebrush  backbones  increased linearly  with  the  backbone

length, suggesting that the backbone forms a distinct mesodomain. For BSCPs with asymmetric

volume fractions of PS and PEO side-chains, the degree of crystallinity of PEO increases with a

change from cold crystallization to normal nucleation and growth during cooling, as a result of

reduced constraints on PEO mobility by the glassy PS sidechains.

INTRODUCTION   With advances  in  controlled  polymerization  and catalyst optimization,

bottlebrush  polymers  (BPs)  can  now  incorporate  a  wide  range  of  segments  having  unique

architectures, composition and functionality, affording exceptional opportunities to manipulate

self-assembly  and  phase  transition  behavior1–5.  BPs  have  been  used  as  photonic  crystals,6–9

elastomers,13–15 surfactants,13–17 batteries,18,19  drug delivery,20  and for patterning.21–23 The high

density of  chains anchored to a linear  backbone massively reduces,  if  not eliminates,  inter-

bottlebrush  entanglements,  significantly  enhancing  the  dynamics  of  the  bottlebrush  block

copolymers (BBCPs) in the bulk, as manifest in the rapid  microphase separation with a repeat

period  in  the  direction  of  the  backbone.24–26 For  bottlebrush  statistical  copolymers  (BSCPs),

where the two side chains are randomly distributed along the backbone, the repeat period is

orthogonal to the backbone with the side extending out on different sides of the backbone. Thus,

the domain size of BBCPs is determined by backbone length, while that of BSCPs depends upon

the  side  chain  length.  Such  polymers  with  advanced  architectures,  including  star  block

copolymers and bottlebrush core-shell block copolymers, can exhibit unique phase behavior.27–29
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Poly  (ethylene  oxide)  (PEO)  is  a  semi-crystalline, water-soluble  polymer  of  considerable

interact  for  its crystallization  properties under  various  states  of  confinement.30–32 Linear

polystyrene-block-PEO adopts the same crystalline structure as PEO but the crystallization and

melting temperatures are depressed due to confinement by the glassy PS microdomain.33 For

PEO bottlebrush homopolymers, the constraint arising from the polynorbornene (PNB) backbone

restricts  PEO mobility, resulting in a decreased spherulite growth rate and size.34 The sequence

and ratio of amorphous poly(propylene oxide) (PPO) and semi-crystalline PEO in PPO-PEO

core-shell BBCPs greatly affect the overall crystallization and phase behavior.29 For BSCPs with

PDMS and PEO side chains, where the glass transition temperature (Tg) of PDMS is much lower

than the crystallization temperature of PEO, PEO crystallization disrupts the lateral order of the

self-assembled  lamellar  morphology  of  the  two  side-chains,  and  the  PNB  backbone  loops

between the two side-chain domains to form a third backbone mesodomain.

Here we describe BSCPs with PS and PEO side-chains, where the backbone constrains the

mobility of PEO side chains, and the PS microdomains with a Tg higher than the crystallization

temperature of PEO adds additional confinement constraints. This frustrates the mobility of the

PEO chains by 1) fixing the chain end to the backbone and 2) prohibits the movement of PEO

chains by the glassy and solid-like domains formed by PS. To understand the crystallization and

microphase  behaviors  of  PS-PEO BSCPs,  we synthesized  three  types  of  polymers:  1)  fully

grafted BSCPs with different backbone lengths; 2) BSCPs with different grafting densities at

fixed backbone chain lengths; and 3) BSCPs with different PS and PEO side-chain ratios at fixed

backbone  length  and grafting  density.  The fully  grafted  samples  are  prepared  by ROMP of

norbornene-terminated PEO and PS macromonomers, while the loosely grafted samples have

cis-5-norbornene-exo-2,3-dicarboxylic anhydride spacer units. Differential  scanning calorimetry
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(DSC) and small- and wide-angle X-ray scattering (SAXS and WAXS) were used to characterize

the crystallization and phase behavior. 

EXPERIMENTAL SECTION

Materials

Propagylamine (98%), 6-aminohexanoic acid (≥98.5%), N,N′-dicyclohexylcarbodiimide (99%,

DCC),  4-(dimethylamino)pyridine  (ReagentPlus®,  ≥99%,  DMAP), triethylamine  (≥99%,

TEA), ethyl vinyl ether (≥99%, EVE), Grubbs Catalyst M204, pyridine anhydrous (99.8%),

sodium  azide  (ReagentPlus®,  ≥99.5%,  NaN3),  N,N-dimethylformamide  (anhydrous,  99.8%,

DMF),  ethyl  α-bromoisobutyrate  (98%,  EBiB),  styrene  (ReagentPlus®,  99.9%)  copper  (I)

bromide  (98%,  CuIBr),  N,N,N′,N″,N″-pentamethyldiethyltriamine  (99%,  PMDETA),

tetrahydrofuran  (anhydrous,  ≥99.9%,  inhibitor-free,  THF)  and  poly(ethylene  glycol)  methyl

ether (average Mn ~ 2,000 Da, flakes) were purchased from Sigma Aldrich.  Cis-5-norbornene-

exo-2,3-  dicarboxylic  anhydride  was  purchased  from Oakwood  Chemical.  Toluene  (certified

ACS, ≥99.5%), methanol (certified ACS, ≥99.8%, MeOH), hexane (certified ACS, ≥98.5%),

ethyl acetate (certified ACS,  ≥99.5%), acetone (certified ACS, ≥99.5%), methylene chloride

(stabilized,  certified ACS,  ≥99.5%), diethyl  ether (anhydrous,  BHT stabilized/certified ACS,

≥99%),  hydrochloric  acid  (certified  ACS plus,  36.5  to  38.0%),  sodium sulfate  (anhydrous,

granular/certified  ACS,  ≥99.0%),  and  sodium  bicarbonate  (powder/certified  ACS,  99.7  to

100.3%) were  purchased  from  Fisher  Scientific.  Deuterated  chloroform  (CDCl3)  for  NMR

spectroscopy was purchased from Cambridge Isotope Laboratories. DCM and TEA were purified
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by distillation over calcium hydride. THF was purified by distillation over sodium benzophenone

ketyl.

General procedure for ROMP of macromonomers – (PS-PEO)NBB

In a typical experiment,  NB-PS (130 mg, 0.05 mmol) and NB-mPEO (125 mg, 0.05 mmol)

were charged in a flame-dried 20 mL scintillation vial with a magnetic stirring bar. The vial was

purged with N2(g) and anhydrous THF (1.5-1.95 mL, final  [MM] upon injection  of G3 stock

solution were targeted at 0.05 M) was added to the vial. In another flame-dried 7 mL scintillation

vial,  a  stock  solution  of  initiator  (G3,  0.01  M)  was  prepared  under  N2(g) atmosphere.  The

polymerization was initiated by adding the G3 stock solution to the macromonomer solution in

stoichiometric amounts intended to yield a desired NBB = [MMs]:[G3]. The solution was stirred at

room temperature  under  N2(g) for  2  h.  Ethyl  vinyl  ether  (0.1  mL)  was added to  quench the

polymerization. The crude products were dried under vacuum to yield a pale brown powder in

high conversion (~95%) and yield (>98%).

Size-Exclusion Chromatography (SEC)

SEC in THF was performed at 40 °C at a flow rate of 1.0 mL min -1 on an Agilent 1260 infinity

system with a G1362A refractive index detector and G1310B isocratic pump, equipped with a

PLgel 5 μm mixed-c (7.5 mm × 300 mm), a PLgel 5 μm mixed-d (7.5 mm × 300 mm), and a 5

μm guard column (7.5 mm × 50 mm) calibrated against polystyrene (PS) standards. Multiangle

laser light scattering (MALLS) SEC of the bottlebrush polymers was carried out in THF with 1

vol % of TEA at 30 °C on two PLgel 10 μm mixed bed columns and two detectors: MALLS and

differential refractive index (dRI) at a flow rate of 1.0 mL min-1. For SEC analysis, the polymers

were  first  dissolved  in  THF  (3.0  mg  mL-1)  and  then  passed  through  a  0.45  μm

5

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109



polytetrafluoroethylene (PTFE) filter. The differential refractive index (dn/dc) was obtained for

each  sample  assuming  100%  mass  recovery.  The  number-average  molar  mass  (Mn)  and

polydispersity index (PDI) were determined by constructing a partial Zimm plot for each slice of

the elution profile.

Nuclear Magnetic Resonance (NMR) Spectroscopy

1H and  13C NMR spectra were recorded on a Bruker Avance-500 spectrometer operating at

500 and 126 MHz, respectively, and chemical shifts reported in ppm were calibrated to residual

solvent signals.

Differential Scanning Calorimetry (DSC)

The crystallization behavior of the PS-PEO BSCPs is measured and characterized by DSC

(TA Q200 with RCS90 device). Polymers are firstly heated from room temperature to 120°C at

the heating rate of 10°C min-1 and held for 5 minutes to remove the thermal history. Then, the

temperature is decreased to -50°C and increased to 120°C in exothermic and endothermic cycles

at 8°C min-1.

Small- and Wide-Angle X-ray Scattering (SAXS and WAXS)

X-ray scattering measurements are performed on an in-house Ganesha SAXS-LAB facility

with Cu K𝛼 radiation (wavelength  𝜆 = 0.1542nm) and a 2D area detector (Pilatus 300K). The

original scattering images are processed and analyzed with the python package XRayScatter.py

(https://github.com/mingqiuhu/XRayScatterPy) developed by Hu et al.36. For the in-situ small-

and wide-angle  X-ray  Scattering  (SAXS and WAXS) at  different  temperatures,  the  polymer

sample temperature is controlled between -50°C and 100°C using a Linkam sample stage. All

samples are thermally annealed at 150°C for 12 hours before X-ray measurements. 
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RESULTS AND DISCUSSION

Synthesis of BSCPs

Norbornene  dicarboximide-linked  macromonomers  containing  poly(ethylene  oxide

monomethyl  ether)  (NB-mPEO)  were  synthesized  by  esterification  of  mPEO  with  N-

(carboxyhexyl)-cis-5-norbornene-exo-2,3-dicarboxyimide.35 The  polystyrene-based

macromonomer  (NB-PS)  was synthesized  by copper-catalyzed  azide-alkyne cycloaddition  of

PS-N3 with  the  corresponding  NB-alkyne  (N-(propargyl)-cis-5-norbornene-exo-2,3-

dicarboxyimide),  in  which  PS-N3 was  prepared  by  atom-transfer  radical  polymerization  of

styrene  followed  by  conversion  of  the  alkyl  bromide  chain-end  to  azide  with  NaN3(s).16

Macromolecular  synthesis  and  characterization  are  given  in  the  Supporting  Information.

Subsequently, BSCPs with PS and PEO side chains were synthesized by ruthenium benzylidene-

initiated  ROMP,  utilizing  G3  as  the  initiator  (Figure  1a).  The  backbone  degree  of

polymerization (NBB)  was modulated by adjusting the [macromonomers]:[G3] ratio.  MALLS-

SEC traces (Figure 1c) are indication of successful ROMP at over a range of targeted NBB values

(from 20 to 200), with a marked shift in peak position shorter retention time at higher target NBB.

High conversion was evidenced by the nearly complete depletion of SEC signals associated with

macromonomers (both NB-PS and NB-mPEO) ~16.8-18.8 min. Quantification of the side-chain

ratio was accomplished using 1H nuclear magnetic resonance (NMR) spectroscopy by comparing

the  peak  integration  of  PS  at  6.25-7.25  ppm  (br,  -C6H5)  and  the  PEO  at  3.64  ppm  (s,  -

CH2CH2O-). Detailed procedures for data processing and corresponding results are provided in

the Supporting Information and Table 1, respectively. Further experiments involved varying the
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NB-PS molar ratio from 40 to 0% while maintaining  NBB at 200. Due to the similar molecular

weights  of  the  two macromonomers,  the  peak  positions  of  the  resulting  polymers  remained

almost  constant  (13.9-14.0  min),  indicating  consistent  molecular  weights  (Figure  1d).  The

grafting densities of the BSCPs, at a fixed  NBB of 200 and PS:PEO molar ratio of 1:1, were

adjusted by copolymerizing cis-5-norbornene-exo-2,3-dicarboxylic anhydride (NB) as a spacer to

increase the average inter-side-chain distances (Figure 1b).  Successful ROMP is depicted in

Figure 1e, where lower molecular weights were observed at lower grafting densities, attributed

to a decreased number of polymeric side chains per BSCP. Significant peak broadening at lower

retention times was observed with reduced grafting density, likely arising from to the decreased

solubility of the BSCPs due to the higher  NB mol %, that would compromise ROMP control.

This  was  evident  from  the  precipitation  observed  during  the  control  experiment  of  NB

homopolymerization (Figure S5). Efforts to quantify the grafting density were unsuccessful due

to  the  overlap  of  vinyl  protons  in  norbornene  for  macromonomers  and  NB,  occurring  at

approximately  6.28  ppm.  Detailed  synthetic  procedures  and  characterization  outcomes  for

bottlebrush statistical copolymer synthesis are shown in Supporting Information.
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Figure  1.  (a)  ROMP  of  NB-PS and  NB-mPEO,  and  illustrations  of  bottlebrush  statistical
copolymer  shapes  as  a  function  of  NBB;  (b)  ROMP  of  NB-PS,  NB-mPEO and  NB,  and
illustrations of a BSCP with reduced grafting density; MALLS-SEC traces of different (c) NBB,
(d) macromonomer ratio, and (e) grafting density (Z) of BSCPs.

Table 1. Characterization data for BSCPs.

Entry
Target NBB

([MMs]/[G3])
Target Z

(%)

Target
PEO ratio

(%)

Target
PS ratio

(%)

PEO
ratio
(%)

PS
ratio
(%)

Mn,
theo

(kDa)

Mn
(kDa)

Mw

(kDa) PDI

(PS-PEO)200 200 100 50 50 51.4 48.6 510.0 589.9 802.0 1.36

(PS-PEO)100 100 100 50 50 50.9 49.1 255.0 270.8 334.3 1.24

(PS-PEO)50 50 100 50 50 51.0 49.0 127.5 139.7 173.9 1.25

(PS-PEO)20 20 100 50 50 50.3 49.7 51.0 61.5 74.9 1.22

PS40%-PEO60% 200 100 60 40 60.4 39.6 508.0 472.0 652.1 1.38

PS25%-PEO75% 200 100 75 25 76.0 24.0 505.0 467.0 606.3 1.30
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PS10%-PEO90% 200 100 90 10 91.0 9.0 502.0 406.4 530.0 1.30

HomoPEO 200 100 100 0 100 0 500.0 398.2 525.6 1.32

(PS-PEO)80% 200 80 50 50 50.9 49.1 414.6 546.5 742.3 1.36

(PS-PEO)50% 200 50 50 50 50.7 49.3 271.4 298.0 405.4 1.36

(PS-PEO)20% 200 20 50 50 51.3 48.7 128.2 168.7 217.6 1.29

(PS-PEO)10% 200 10 50 50 51.6 48.4 80.5 487.6 554.3 1.14

All side-chains of the same chemical structures have the same side-chain length (Nsc) and same
molecular weight (Mn).  Mn, SEC (PEO) = 2.5 kDa; Mn, SEC (PS) = 2.6 kDa; Mn, SEC (PDMS) = 2.7
kDa. The side-chain ratio was calculated based on 1H NMR spectroscopy.

Fully Grafted Symmetric PS-PEO BSCPs

The impact of constraint from the glassy PS sidechains on PEO crystallization was assessed by

comparing fully grafted PS-PEO BSCPs and our previously reported PDMS-PEO BSCPs, where

the latter has no such constraint  due to the low Tg of  the  PDMS component. As shown in the

DSC  cooling  and  heating  curves  in  Figure 2a,  the  PEO  side  chains  in  (PDMS-PEO)200

crystallized  at  14 °C during  cooling  and melted  at  47 °C during  heating,  similar  to  that  of

unconstrained PEO homopolymers. However, for (PS-PEO)200, no crystallization was observed

during cooling (Figure 2b), suggesting that the PEO chains, under the constraint of glassy PS,

lack the mobility to organize  into  a crystal lattice.  Instead, a broad exotherm is seen during

heating,  followed by the  melting  of  PEO crystallites  at  42 °C.  This  broad exotherm has  an

integrated area close to that of the subsequent endothermal melting peak, indicating that the PEO

side-chains in the fully grafted (PS-PEO)200 BSCPs undergo a  cold crystallization during the

quench-and-reheat cycle. The degree of crystallinity, Xc of PEO, was calculated using the ratio

between the melting peak area in the DSC endothermic cycles and the standard melting enthalpy

of PEO (205 J/g) normalized by the weight percentage of PEO in the BSCPs. Xc  of (PDMS-
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PEO)200 was 47% and Xc of (PS-PEO)200 was 25%, indicating that the confinement from glassy PS

side-chains reduces the degree of crystallinity of the PEO sidechains in PS-PEO BSCPs.

Temperature dependent small- and wide-angle X-ray scattering (SAXS and WAXS) was used

to correlate  PEO  crystallization  to  the  BSCP morphologies.  SAXS  gives  morphological

information on the tens-of-nanometer  nm-scale, while WAXS monitors the local  ordering of

PEO.  For  (PS-PEO)200  in  Figure 2c, the  WAXS shows a  similar  cold  crystallization  during

cooling and re-heating. Before cooling, the WAXS of the original BSCPs consisted mainly of a

diffuse  halo  arising  from the  amorphous  interchain  separation  distance  of  the  PS  and  PEO

sidechains. Weak interferences from more ordered PEO are evident as shoulders on the diffuse

halo.  No obvious crystallization was observed when the BSCPs were cooled to -50 °C from

room temperature.  The sharp diffraction peaks at scattering vectors of ~1.33Å -1, 1.61Å-1, and

1.84Å-1 are seen due to the monoclinic crystal structure of PEO33 that forms during reheating

from -50 °C to 20 °C. The onset of cold crystallization during heating matches the DSC results,

further confirming the constraint of PEO mobility by glassy PS sidechains.

The SAXS profiles characterize the morphology of the BSCPs. Compared with our previous

study of PDMS-PEO BSCPs, which self-assembled into a laterally ordered lamellar morphology

with  melted  PEO,  the disorder  of the  PS-PEO BSCPs is  evidenced by  the  absence  of  any

characteristic  SAXS reflections at  80  °C.  Unlike  BBCPs,  where  microphase  separation  is

enforced by connecting  various  sidechains  to  different  sections  of  the backbone,  microphase

separation of BSCPs relies on the chemical  disparity between the two sidechains, like linear

diblock copolymers. c for PS and PEO at room temperature is 0.07636, and for PDMS and PEO is

0.2237. For linear diblock copolymers with symmetric volume fractions of the two blocks, the
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order-disorder transition occurs at  cN=10.538,39, corresponding to a volume-averaged degree of

polymerization of 138 and 48 for PS-PEO and PDMS-PEO, respectively. Compared with our

previous study on PDMS-stat-PEO that is microphase-separated with cN=14.86, PS-PEO having

a similar molecular weight is phase mixed, due to  the  smaller  c value, in agreement with the

SAXS results at 80 °C in Figure 2c. The cN of PS-PEO is calculated to be 4.79, using 118 Å3 as

the  reference  volume.  Despite  predictions  by  self-consistent  field  theory  calculations  that

connecting sidechains to a bottlebrush backbone would enhance the degree of segregation at the

same cN40,41, 4.79 is  insufficient for microphase separation. As a result, besides the constraint

from the glassy PS sidechains, the phase-mixed morphology also contributes to the decreased Xc

and cold crystallization of PEO sidechains in PS-PEO BSCPs.

A  scattering  peak  at  ~0.12  Å-1 is  observed  for  all  the  BSCPs.  The  scattering  is  most

pronounced with amorphous or melted PEO sidechains,  for example,  before cooling or after

heating above the melting temperature. The scattering  weakens when the PEO crystallizes, as

shown in the SAXS profiles from -20 °C to 40 °C during cold crystallization. The correlation

distance of this scattering is 5.2 nm. In our previous study of PDMS-PEO with similar molecular

weight, the full pitch of microphase-separated lamellar morphology is 13.5 nm, with an inter-

backbone distance  being half  of  the full  pitch,  6.8 nm. We attribute  the  5.2 nm correlation

distance in SAXS of PS-PEO BSCPs to the inter-backbone distance. It is understandable that the

inter-backbone distance of phase mixed PS-PEO BSCPs is smaller than microphase separated

PDMS-PEO BSCPs with similar  molecular  weights.  That  the scattering  is most  pronounced

without PEO crystallization and weakens upon PEO crystallization is attributed to disruption of
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backbone conformation when PEO crystallizes. This is similar to our observations on PDMS-

PEO BSCPs, where PEO crystals disrupt the lateral order of self-assembled morphologies.

Another significant feature in the SAXS profile occurs at ~0.028 Å-1, where scattering was

evident in the BSCPs before quenching and remained unchanged during cold crystallization until

melting at 70 °C. A shoulder emerged to the right of this scattering ~0.05 Å-1 when the BSCPs

were quenched and then reheated  to  allow the  cold crystallization  to  proceed.  The shoulder

disappeared  between  40  °C  and  50  °C.  We  attribute  the  scattering  at  ~0.028  Å-1  to  PEO

crystallites  in  the  BSCPs  before  quenching,  likely  due  to  heterogeneous  nucleation  during

sample  preparation. This  scattering  remained  unchanged  during  quenching  and  reheating,

without  crystal  growth,  further  confirming that PEO crystallization  is  hindered by glassy PS

sidechains. The emergence of the shoulder at a scattering vector higher than that of the original

scattering during reheating,  and its disappearance between 40 °C and 50 °C, match the cold

crystallization  observed by DSC with a  melting  temperature  of  45  °C.  This  suggests  that  a

homogeneous nucleation occurred during quenching, while the crystal growth during subsequent

heating  yielded  crystallites  with  smaller  inter-crystallite  distances  than  previously  existing

crystallites. The crystallites grown during cold crystallization first melted during heating, after

which the scattering curves at 50 °C and 60 °C were similar to those at 20 °C before quenching

and reheating. Subsequently, the crystallites from heterogeneous nucleation fully melted above

60 °C, and the phase-mixed BSCPs showed no obvious SAXS peaks at 70 °C and 80 °C.
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(a)
43.61J /g

46.30J /g

(b)

22.46J /g

23.13J /g

(c)

20°C

0°C

-50°C

-20°C
0°C

20°C
30°C

q=0.028Å-1

q=0.12Å-1 PS

PS & PEO(a)

40°C

50°C
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q=0.05Å-1

Figure 2. (a) and (b) DSC curves of fully grafted symmetric (PDMS-PEO)200 and (PS-PEO)200

BSCPs. The endothermic and exothermic cycles are measured within the temperature range of -
50 °C to 120 °C at a heating and cooling rate of 8 °C min-1. (c) Small-angle and wide-angle X-
ray scattering intensity as a function of the scattering vector (q) of (PS-PEO)200 during cooling
and reheating. PEO(a) and PEO(c) refers to amorphous and crystalline PEO respectively.  The X-
ray profiles are vertically shifted for clarity.

To evaluate the impact of the backbone degree of polymerization on PEO crystallization, PS-

PEO BSCPs were synthesized with symmetric ratios of the two side-chains over a range of NBB

from  20  to  200.  The  broad,  diffuse  WAXS  interference  maximum  indicates  that  the  PEO

sidechains  were  amorphous  before  quenching  and  reheating,  regardless  of  NBB.  The  WAXS

reflections  characteristic  of  the  crystalline  structure  of  PEO  appear  after  quenching  and

reheating,  with similar intensities for BSCPs  of different backbone lengths. From the WAXS

data, we conclude that cold crystallization and the Xc of PEO are independent of NBB. Also, the

inter-backbone distance,  indicated  by the peak at  ~ 0.12 Å-1,  did not depend on  NBB,  and it

weakened after PEO cold crystallization, similar to that shown in Figure 2.  SAXS shows either

no peaks or weak peaks before quenching and reheating, further confirming that the BSCPs were
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phase-mixed with no crystalline PEO domains before cold crystallization. After quenching and

reheating,  the intense SAXS halo, highlighted by the dashed rectangle SAXS, corresponds to

intercrystallite distance  associated with PEO cold crystallization.  The peak position decreases

with increasing NBB, suggesting an increase in the distance between neighboring crystallites. This

is not observed in going from NBB = 10 to 50 and is only observed for BSCPs of larger NBB. For

the fully grafted BBCPs, the side-chains are  more extended than linear polymers, due to  side-

chain crowding. However,  we note that  the sidechain crowding is  only significant  when the

bottlebrush backbone is longer than the sidechains.40,41 With a short backbone, the free space at

both ends of the backbone reduces the bulkiness of sidechain packing. For the PS-PEO BSCPs in

this study, with side-chain degree of polymerization (NSC) of ~35, the transition of side-chain

packing bulkiness  is  expected  to  occur  above 35,  the  same range where the inter-crystallite

distance increases. Consequently, we conclude that crowded side-chains increase the distance

between nearby PEO crystallites, likely due to larger crystallites.

Figure 3. The absolute 1D X-ray scattering intensity profiles of (a) fully grafted symmetric PS-
PEO BSCPs before thermal annealing and (b) the same samples then annealed and quenched to -
50°C  and  reheated  to  room  temperature.  The  dashed  rectangle  refers  to  the  SAXS  peak
corresponding to inter-molecular distance. The X-ray profiles are shifted vertically for clarity.
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Loosely Grafted Symmetric PS-PEO BSCPs

The impact of grafting density on PEO crystallization and microphase separation between the

backbone  and sidechains  were  examined  using  loosely  grafted  PS-PEO BSCPs.  A series  of

symmetric BSCPs was studied with the same backbone length (NBB = 200) but different grafting

densities (ranging from 100% to 10%). From the DSC curves in Figure 4a, the PEO of loosely

grafted BSCPs at a grafting density of 80% exhibits cold crystallization behavior, like the fully

grafted BSCPs. As the grafting density decreases from 100% to 80%, the Xc  of PEO decreases

drastically from 25% to 5%. Upon further decrease of the grafting density to 50% or lower, PEO

did not crystallize. 

The SAXS data in Figure 4b shows that the peak corresponding to the inter-backbone distance

shifted from 0.12 Å-1 to 0.036 Å-1 when the grafting density decreased from 100% to 10%. The

inter-backbone distance was calculated using Bragg’s Law, d = 2p/q, and is shown as a function

of  the  number  of  backbone  segments  (n)  between two nearby sidechains  in  Figure  4c.  For

example,  in  fully  grafted  BSCPs,  the  number  of  backbone  segments  between  two  adjacent

sidechains is 0, since each backbone segment is connected to a sidechain. For a BSCPs with a

grafting density of 10%, there are, on average, 9 backbone units between two adjacent side-

chains. Surprisingly, a linear relationship is observed between the inter-backbone distance and

the number of backbone segments between two adjacent sidechains, as shown in Figure 4c. This

suggests  that  the  contour  length  of  the  backbone  segments  between  two nearby side-chains

increases  linearly  with  NBB,  which points to  fully  extended backbone segments,  as shown in

Figure 4d. In our previous study on PDMS-PEO, we concluded that the microphase separation

between two side-chains resulted in a backbone stitching, or looping back and forth between two
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side-chain  domains.  Here,  the  linearity  observed  in  Figure  4c indicates  that  the  backbone

stitches, even without side-chain microphase separation. The forced stitching of the backbone is

essential for the side-chains to fill the space as required by incompressibility.1,38 The backbone

forms a distinct mesodomain, contributing to the increasingly intense scattering in the SAXS

regime in  Figure 4b and the increasing distance between two nearby backbones. Despite the

backbone stitching,  the  side-chain  packing bulkiness  nonetheless  decreases  at  lower grafting

density. The reduced sidechain extension contributes to the reduced degree of crystallinity, like

our previous study of PDMS-PEO BSCPs.

(a)

22.46J /g

23.13J /g

5.274J /g

4.698J /g
(d)

(c) y=1.33x+5.20
R2=0.9961

(b) q*=0.036

q*=0.063

q*=0.092

q*=0.112

q*=0.120

Figure 4. (a)  Heating curves for various  NBB = 200 symmetric PS-PEO BSCPs with different
grafting density. (b) Absolute 1D X-ray scattering intensity profiles of the BSCPs with different
grafting density. The DSC curves and X-ray intensity profiles are vertically shifted for clarity. 

Fully Grafted Asymmetric PS-PEO BSCPs

The  impact  of  the  volume  ratio  between  the  PS  and  PEO sidechains  in  BSCPs  on  PEO

crystallization was evaluated with PS-PEO BSCPs with the backbone length (NBB) fixed at 200.

Fully grafted BSCPs were used to ensure side-chain crowding so as to favor crystallization. The

DSC curves in Figure 5a showed that the increase in PEO volume fraction changed the BSCPs

from cold crystallization to traditional nucleation and growth during cooling, as a result of the
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alleviated constraint from glassy PS sidechains. The degree of crystallinity of PEO also increased

from 25% to 50% when the PEO volume ratio  increased from 50% to 90%, confirming the

relaxation of the constraint on PEO crystallization. 

Comparing the SAXS and WAXS results in  Figure 5c of asymmetric PS-PEO BSCPs with

Figure 2 of the symmetric BSCPs, at room temperature before quenching and reheating there is

an  absence  of  PEO  crystallites  for  the  asymmetric  BSCPs.  This  indicates  that  the  reduced

volume ratio  of  glassy  PS leads  to  reduced  heterogeneous  crystallization  in  the  as-prepared

samples. For PS40%-PEO60% as shown in Figure 5c, the BSCPs at room temperature showed fully

amorphous  PS  and  PEO  by  WAXS,  with  a  diffuse  interference  maximum  at  ~0.12Å -1

corresponding to the inter-backbone distance, and a broad diffuse halo in the SAXS regime at

~0.012 Å-1 arising from the average distance between the PS-rich and PEO-rich domains in the

disordered BSCPs. Upon quenching and reheating, the PEO sidechains crystallized, giving rise

to WAXS reflections at  1.33Å-1, 1.61Å-1, and 1.84Å-1 in the WAXS regime. Also, for PS40%-

PEO60%, a peak in the SAXS is seen at 0.07Å-1 that shifted to 0.04Å-1 during reheating from -20

°C to 40 °C. This peak corresponds to the inter-crystallite distance during cold crystallization.

Since the SAXS reflections arise from spatial correlations in the electron density, we attribute the

abrupt shift from ~ 0.07Å-1 to 0.04 Å-1 between 30 °C and 40 °C to merging of crystallites. After

heating above the melting temperature of PEO crystallites, the SAXS and WAXS curves were

almost  indistinguishable  compared  to  the  that  at  room  temperature  before  quenching  and

reheating,  confirming  the  absence  of  PEO  crystallites  in  disordered  BSCPs.   Similar  to

symmetric  BSCPs,  PEO  side-chains crystallization disrupted  the  backbone  conformation  as

evidenced by the disappearance of the peak at ~0.12Å-1 during crystal growth. For the SAXS and
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WAXS of  PS25%-PEO75%  (Figure 5d), the features are similar to  those in  PS40%-PEO60%, with a

gradual decrease of the inter-crystallite distance during crystal growth, as shown in the dashed

rectangle.

(a)
1.574J /g

26.41J /g

37.76J /g

(b)
85.67J /g

92.52J /g

(d)

20°C

0°C

-50°C

-20°C

0°C
20°C
30°C

40°C

50°C
60°C
70°C
80°C

q=0.016(c)

20°C

0°C

-50°C

-20°C

0°C
20°C
30°C

40°C

50°C
60°C
70°C
80°C

q=0.012

q=0.07Å-1

q=0.04Å-1

q=0.12Å-1

Figure 5. DSC curves and one-dimensional X-ray scattering profiles of NBB = 200 fully grafted
asymmetric PS-PEO BSCPs. The DSC exothermic and endothermic cycles for (a) PS40%-PEO60%

and (b) PS10%-PEO90% BSCPs are measured within the temperature range from -50°C to 120°C.
1D relative X-ray scattering intensity profile of (c) PS40%-PEO60% sample and (d) PS25%-PEO75%

during its crystallization process. The DSC curves and X-ray profiles are vertically shifted for
clarity.

CONCLUSION

Using ROMP of  NB-PS,  NB-mPEO,  and  NB,  we  synthesized  three  types  of  bottlebrush

statistical  copolymers  (BSCPs). The backbone length,  grafting  density,  and side-chain  ratios

were tuned  to  investigate  the confinement  effect  on PEO crystallization  and morphology  of

BSCPs. The BSCPs were phase-mixed when PEO was melted, due to the low cN between PS

and  PEO. The  fully  grafted  symmetric  PS-PEO  underwent cold  crystallization  due  to

confinement from glassy PS sidechains.  The BSCPs  did not crystallize during cooling but  did

crystallize  during  subsequent  heating.  Increasing  the  backbone  degree  of  polymerization

facilitated PEO crystallization, as side-chain crowding increases resulting in their extension. As
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the grafting  density  decreased,  Xc of  the PEO decreased, and the distance  between adjacent

bottlebrush backbones increased. The decreasing Xc of PEO is attributed to less extended side-

chains at lower grafting density. The inter-backbone separation distance increased linearly with

the  number  of  backbone  segments  between  two  adjacent  sidechains,  suggesting  that  fully

extended backbone segments form distinct backbone mesodomains.  By decreasing the PS side

chain  ratio,  PEO  has  increased  the  degree  of  crystallinity  and  transitioned  from  cold

crystallization during heating to traditional nucleation and growth during cooling.
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