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ABSTRACT:	 A	 strategy	 to	 synthesize	 SiO2-g-PMMA/PMMA-b-PS	 mono-	 and	 bimodal	 block	 copolymer	 particle	
brushes	by	surface-initiated	atom	transfer	radical	polymerization	(SI-ATRP)	from	silica	particles	is	presented.	First,	
PMMA	blocks	were	prepared	by	normal	ATRP	with	controlled	degree	of	polymerizations	and	grafting	density.	In	a	
second	step,	the	PS	block	was	synthesized	through	a	chain	extension	using	low-ppm	Cu	catalyst.	Variation	of	the	SiO2-
g-PMMA-Br	macroinitiator	concentration	had	a	pronounced	effect	on	the	modality	of	the	chain	extension	product.	In	
the	 limit	of	small	concentration,	partial	 termination	resulted	 in	bimodal	brush	architectures	while	more	uniform	
brush	 architectures	 were	 observed	 with	 increasing	 concentration	 of	 macroinitiator.	 Brush	 nanoparticles	 with	
bimodal	architectures	assembled	into	string-like	aggregates	that	bear	resemblance	to	structures	found	in	systems	
comprised	 of	 sparse	 (homopolymer)	 brush	 particles.	 The	 unexpected	 effect	 of	modality	 on	 structure	 formation	
points	to	opportunities	in	controlling	microstructures	in	brush	particle	materials.	

The	grafting	of	polymer	chains	to	the	surface	of	
nanoparticles	 to	 form	 so-called	 brush	 (or	 ‘hairy’)	
particles	 has	 emerged	 as	 a	 viable	 route	 to	 tailor	 the	
interactions,	 assembly	 behavior	 and	 properties	 of	
particulate	 materials.1-5	 For	 example,	 the	 increased	
structural	uniformity	of	particle	brush-based	hybrids	in	
conjunction	with	 the	more	 stretched	 conformations	 in	
densely	tethered	brush	systems	was	shown	to	raise	the	

dielectric	breakdown	strength	and	thermal	transport	or	
to	result	in	novel	phonon	transport	behavior.6	Properties	
of	 particle	 brush	 hybrids	 sensitively	 depend	 on	 the	
microstructure	of	the	assembly.7-11	Structural	order	and	
its	 dependence	 on	 the	 molecular	 characteristics	 of	
polymer	canopies	have	thus	been	an	important	subject	
of	 recent	 research	 in	 this	 field.12-13	 Two	 important	
parameters	determining	the	structure	of	brush	particle	
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assemblies	are	the	density	and	degree	of	polymerization	
(DP)	of	grafted	chains.14	In	the	dense	grafting	limit,	hard	
sphere-type	close	packed	assembly	structures	have	been	
reported,	 mostly	 face-centered	 cubic	 (fcc).	 Long-range	
order	was	 found	to	decrease	with	 increasing	degree	of	
polymerization.	 In	 the	 sparse	 grafting	 limit	 (typically	
associated	with	 grafting	 densities	 of	 the	 order	 of	 0.01	
chains/nm2)	the	formation	of	string-like	superstructures	
was	reported.15-18	Interestingly,	particle	brush	materials	
formed	by	 string-like	 superstructures	 exhibited	higher	
elastic	 moduli	 thus	 illustrating	 the	 opportunities	 for	
functional	material	design	that	are	afforded	by	tailoring	
the	structure	of	brush	particle	assemblies.19	

An	 interesting	 concept	 to	widen	 the	 range	 of	
accessible	microstructures	in	brush	particle	materials	is	
by	 utilizing	 block	 copolymer	 (BCP)	 based	 ligands.20-21	
Since	BCPs	self-organize	 into	a	variety	of	microdomain	
structures	 (depending	 on	 composition	 and	 degree	 of	
polymerization),	 the	 structure	 in	 BCP-tethered	 brush	
materials	is	determined	by	the	balance	of	hard	sphere-
type	interactions	(contributed	by	the	particle	core)	and	
the	driving	forces	of	BCP	microdomain	formation.22	The	
competition	 of	 the	 various	 driving	 forces	 for	 structure	
formation	 can	 be	 expected	 to	 give	 rise	 to	 a	 range	 of	
microstructures	 not	 typically	 found	 in	 homopolymer	
brush	 materials.23-24	 Early	 indications	 of	 this	 ‘phase	
space’	 were	 provided	 by	 numerical	 simulations	 of	 the	
assembly	of	particles	tethered	with	single	BCP	chains.25-
29	These	simulations	suggested	that	the	presence	of	BCP	
tethers	 can	 result	 in	 the	 symmetry	 breaking	 of	
interactions	 and	 the	 formation	 of	 non-cubic	 assembly	
structures.30-36	 To	 unravel	 the	 governing	 parameters	
that	 control	 structure	 formation	 in	 BCP-brush	 particle	
assemblies,	synthesis	has	to	accomplish	control	of	a	wide	
range	 of	 geometric	 and	 compositional	 parameters.37-38		
In	this	letter,	we	present	a	strategy	to	synthesize	SiO2-g-
PMMA/PMMA-b-PS	 bimodal	 block	 copolymer	 particle	
brushes	 by	 surface-initiated	 atom	 transfer	 radical	
polymerization	 (SI-ATRP)	 from	 silica	 particles.	 Here,	
‘bimodal’	refers	to	the	chain	architecture	obtained	after	
partial	extension	of	the	primary	PMMA	graft	layer.	The	
bimodal	 architecture	 allows	 to	 selectively	 vary	 the	
density	 of	 copolymer	 chains	 while	 maintaining	 full	
coverage	of	particle	cores	by	the	primary	polymer	layer.	
This	 was	 seen	 as	 advantageous	 for	 correlating	 graft	
architectures	with	microstructure	formation.		

One	 key	 advantage	 of	 atom	 transfer	 radical	
polymerization	 (ATRP)	 is	 the	 possibility	 to	 prepare	
complex	molecular	architectures	such	as	BCPs.39-40		The	
ability	 to	 control	 both	 the	 length	 scale	 and	 the	 spatial	
organization	 of	 BCP	 brush	 morphologies	 on	
nanoparticles	 makes	 these	 materials	 particularly	
attractive	 as	 scaffolds	 for	 the	 engineering	 of	
nanostructures.41-43	For	BCP-brush	particles,	we	recently	
reported	 that	 deliberate	 choice	 of	 grafting	 density,	

initiation	efficiency,	and	initiator	concentration	enables	
tailoring	 of	 brush	 architecture	 from	 monomodal	 to	
bimodal	 (the	 term	 ‘bimodal’	 generally	 refers	 to	 graft	
layers	comprised	of	two	populations	of	polymer	chains	
of	distinct	molecular	weights).44-45	This	interdependence	
of	 grafting	 density,	 initiation	 efficiency	 and	 initiator	
concentration	 can	 be	 used	 to	 prepare	 BCP-tethered	
particle	 brushes	 with	 controlled	 degree	 of	 chain	
extension	 through	simple	chain	extension	reactions.	 In	
the	 following	 we	 demonstrate	 the	 possibility	 of	
controlling	the	degree	of	modality	of	the	second	block	in	
copolymer-tethered	 particle	 brush	 systems	 and	 the	
respective	 effect	 on	 particle	 organization	 in	 thin	 films.		
Interesting	differences	between	 the	assembly	behavior	
of	 monomodal	 vs.	 bimodal	 BCP-brush	 particles	 are	
observed.	While	 assembly	 structures	 of	 unimodal	 BCP	
brush	 particles	 resemble	 those	 of	 regular	
(homopolymer)	 brush	 particle	 systems,	 bimodal	
systems	are	found	to	assemble	into	string-like	structures	
that	bear	resemblance	to	those	predicted	by	simulation	
studies	 for	 mono-BCP-tethered	 particles.	 The	 intricate	
microstructure	 of	 these	 assembly	 structures	 could	
render	 these	 materials	 attractive	 as	 scaffolds	 for	 the	
engineering	of	nanostructures.46-48	

The	 synthesis	 of	monomodal	 SiO2-g-PMMA-b-
PS	 particle	 brushes	 was	 accomplished	 using	 surface-
initiated	 atom	 transfer	 radical	 polymerization	 (SI-
ATRP).49-52	First,	PMMA	blocks	were	“grafted	from”	the	
surface	of	 the	SiO2	 particles	by	normal	SI-ATRP.	Three	
SiO2-Br	nanoparticles	were	prepared	for	initial	grafting	
of	PMMA	chains	with	controlled	grafting	densities	(Table	
1,	Scheme	1).	The	grafting	density	was	tuned	by	altering	
the	 ratio	 between	 tetherable	 ATRP	 initiator	
((chlorodimethylsilyl)propyl	 a-bromoisobutyrate)	 and	
“dummy”	initiator	(chlorotrimethylsilane).53	The	second	
PS	block	was	formed	using	a	low-ppm	Cu	catalyst	ATRP	
procedure	comprising	of	catalyst	complexes	with	highly	
activating	ligands.		

Scheme	1.	Synthesis	of	SiO2-g-PMMA	particle	brushes	
with	different	grafting	densities.		
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For	 the	 synthesis	 of	 bimodal	 copolymer	
particle	brush	with	low	grafting	density,	we	utilized	our	
previously	 reported	 finding	 that	 the	 bimodality	 of	 the	
particle	 brushes	 and	 the	 population	 of	 conjugated	 PS	
blocks	can	be	tuned	by	altering	the	concentration	of	the	
pre-synthesized	 SiO2-g-PMMA	 particle	 brush	
macroinitiators	 in	 the	 reaction.44	 Both	 low	 and	 high	
grafting	 density	 SiO2-g-PMMA	 particle	 brush	 systems	
were	used	as	substrates	for	the	synthesis	of	bimodal	BCP	
brush	particles.	However,	stronger	emphasis	was	given	
to	lower	grafting	density	systems.	This	is	because	it	was	
expected	that	the	reduced	grafting	density	enables	more	
efficient	 interactions	 between	 BCP	 tethers	 and	 hence	
microphase	separation.	Table	1	shows	the	composition	
of	 two	 sparsely	 grafted	 SiO2-g-PMMA	 particle	 brush	
systems	that	were	synthesized	by	normal	ATRP,	PMMA-
L1	with	DP	=	1335,	 grafting	density	0.046	 chains/nm2	
and	 PMMA-L2	 with	 DP	 =	 232,	 grafting	 density	 0.042	

chains/nm2,	 respectively.	 In	 order	 to	 achieve	 bimodal	
structures,	low	initiator	concentrations	of	20	and	40	ppm	
were	used,	for	chain	extension	experiments	with	styrene	
monomers,	 samples	M-b-S-1/2	 (extended	 from	PMMA-
L1).	After	polymerization	and	purification,	 the	samples	
were	 characterized	 by	 TEM	 and	 SEC.	 SEC	 traces	 of	
polymers	 cleaved	 from	 nanoparticles	 indicated	 clear	
bimodal	 features	 (Figures	 S6	 and	 S7).	 The	 number-
averaged	 molecular	 weight	 (Mn),	 dispersity	 and	
PMMA/PMMA-b-PS	 chain	 fractions	 were	 calculated	 by	
deconvolution	of	SEC	traces.	As	shown	in	Table	S3,	under	
high	target	DP	conditions,	50,000	and	25,000,	only	7%	
and	 11%	 of	 PMMA-Br	 chains	 were	 chain	 extended.	
Constant	grafting	density	values	before	and	after	chain	
extensions	 suggested	 that	 the	 amount	 of	 free	
homopolymers	generated	from	thermal-self	initiation	of	
styrene	monomers	was	negligible.		

 
Table	1.	Result	of	syntheses	of	SiO2-g-PMMA	and	SiO2-g-PMMA-b-PS	particle	brushes	with	different	grafting	density	

and	compositions	

Entrya	 Mnb	 Mw/Mnb	 fino	(%)c	 σ	(nm-2)d	 fPMMAe	
(%)	

σ1	
	(nm-2)f	

fPMMA-b-PSe	
(%)	 σ2	(nm-2)f	

PMMA-H1	 44,500	 1.16	 8.9	 0.763	

N/A	
PMMA-M1	 56,300	 1.12	 26.2	 0.165	
PMMA-L1	 133,500	 1.18	 35.1	 0.046	
PMMA-L2	 23,200	 1.23	 77.2	 0.042	
PMMA-L3	 47,700	 1.13	 57.7	 0.051	
M-b-S-1	 209,400	 2.66	 24.52	 0.049	 93.1	 0.043	 6.9	 0.003	
M-b-S-2	 241,800	 2.11	 24.15	 0.044	 88.6	 0.039	 11.4	 0.005	
M-b-S-3	 206,800	 3.17	 27.52	 0.042	 45.2	 0.019	 54.8	 0.023	
M-b-S-4	 80,600	 1.68	 21.98	 0.043	 19.7	 0.008	 80.3	 0.035	
M-b-S-5	 97,100	 2.46	 5.3	 0.609	 68.5	 0.417	 31.5	 0.192	
M-b-S-6	 113,000	 1.93	 15.8	 0.156	 54.9	 0.086	 45.1	 0.070	
M-b-S-7	 152,400	 4.41	 36.7	 0.038	 70.6	 0.027	 29.4	 0.011	

a	Reaction	condition:	PMMA-L1-2:	[MMA]0/[SiO2-Br]0/[CuCl2]0/[dNbpy]0/CuCl]0	=	3000:1/4:0.4:8:3.6;	PMMA-H1/M1/L3:	
[MMA]0/[SiO2-Br]0/[CuCl2]0/[dNbpy]0/[CuCl]0	=	4000:1:0.4:8:3.6;	M-b-S-1~2:	[S]0/[PMMA-
L1]0/[CuBr2]0/[Me6TREN]0/[Sn(EH)2]0	=	50000:1/2:5:50:5;		M-b-S-3~4:	[S]/	0[PMMA-
L2]0/[CuBr2]0/[Me6TREN]0/[Sn(EH)2]0	=	5000:1/2:0.5:5:0.5;	M-b-S-5~7:	[S]0/[PMMA-
H1/M1/L3]0/[CuBr2]0/[Me6TREN]0/[Sn(EH)2]0	=	10000:1:2:20:2	with	45	vol%	anisole,	5	vol%	DMF	at	60	ºC.	b	
Determined	by	SEC.	c	fino	(inorganic	content),	determined	by	TGA.	d	σ	(grafting	density),	calculated	according	to	TGA	data,	e	
mol%	fraction	of	PMMA	blocks	and	PMMA-b-PS	blocks	in	particle	brushes,	f	Calculated	according	to	TGA	data,	σ =	σ1	+	σ2,	
the	deconvolution	of	SiO2-g-PMMA-b-PS	particle	brushes	polymer	ligands	SEC	traces	is	shown	in	Table	S3.

	 Transmission	electron	microscopy	(TEM)	was	
used	 to	 investigate	 the	morphology	 of	 (approximately	
monolayer)	particle	brush	films.	Micrographs	shown	in	
Figure	1	 illustrate	 the	effect	of	 extension	efficiency	 for	
samples	 with	 about	 constant	 total	 grafting	 density	 of	
~0.04	 nm-2.	 Figure	 1a	 (M-b-S-1)	 corresponds	 to	 low	
extension	 efficiency	 of	 about	 7	%.	 The	 resulting	 ultra-
small	density	of	BCP	tethers	(0.003	nm-2)	implies	that	a	
significant	 fraction	 of	 SiO2-g-PMMA	 primary	 brush	
particles	 may	 remain	 unfunctionalized.54	
Correspondingly,	 Figure	 1a	 reveals	 a	 phase-separated-
type	 structure	 that	was	attributed	 to	 the	 separation	of	

PMMA	and	PMMA-PS	modified	brush	particles.	Spherical	
PS	domains	seen	in	the	micrograph	exhibited	an	average	
diameter	of	 ádñ	~	185	nm	which	 is	of	 the	order	of	 few	
multiples	 of	 the	 radius	 of	 gyration	 of	 the	 PS	 block.	
Increasing	 the	 fraction	 of	 BCP	 tethers,	 more	 uniform	
microstructures	 were	 observed.	 A	 common	 motif	 in	
Figures	1b-1d	 is	 the	 formation	of	string-like	structures	
that	bear	similarity	to	anisotropic	string	structures	that	
were	 observed	 previously	 for	 sparsely	 grafted	
homopolymer	 brush	 particles.19	 While	 string-like	
superstructures	appear	somewhat	‘blurred’	by	irregular	
aggregation	in	the	limit	of	low	extension	efficacies	(M-b-
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S-2,	Fig.	1b),	more	discrete	‘particle	strings’	are	observed	
in	the	case	of	high	extension	efficacy	(M-b-S-4,	Fig.	1d).	
Contrast	 variation	 between	 intra-	 and	 inter-string	
regions	 in	 the	micrographs	 suggest	 that	 particle	 cores	
are	mostly	concentrated	within	PMMA	rich	regions	while	
PS-blocks	segregate	to	the	inter-string	galley	regions.	We	
note	 that	 for	 all	 images	 a	 quantitative	 comparison	
between	the	areal	fraction	of	components	in	TEM	images	
and	the	respective	composition	based	on	TGA	and	DSC	
was	 performed	 to	 confirm	 the	 consistency	 of	 the	
interpretation	(see	Fig.	S14-S20	and	Table	S1-S3).	

	
Figure	1.	Schematic	graph	of	the	synthesis	and	assembly	
of	 bimodal	 SiO2-g-PMMA/PMMA-b-PS	 particle	 brushes	
and	TEM	images	of	SiO2-g-PMMA-b-PS	particle	brushes.	
(a)	M-b-S-1,	(b)	M-b-S-2:	(c)	M-b-S-3:	(d)	M-b-S-4.	Scale	
bar:	500	nm,	inset	scale	bar:	100	nm.			

The	more	irregular	aggregate	structures	in	the	
limit	of	low	extension	efficacy	(M-b-S-1	and	M-b-S-2,	Fig.	
1a	and	Fig.	1b)	were	interpreted	as	a	consequence	of	a	
substantial	 amount	 of	 pristine	 primary	 SiO2-g-PMMA	
particles.	Since	chain	extension	is	expected	to	result	in	a	
binomial	 distribution	 of	 copolymer	 tethers	 among	
particles,	 the	 heterogeneity	 of	 modified	 particles	
increases	rapidly	in	the	limit	of	low	extension	efficacy.54	
For	example,	for	primary	SiO2-g-PMMA	particles	with	a	
grafting	 density	 of	 0.04	 chain/nm2	 and	 extension	
efficiency	 of	 7%	 (M-b-S-1),	 about	 20%	 of	 primary	

particles	 are	 expected	 to	 not	 carry	 BCP	 tethers	
(calculated	 by	 equation	 S9).	 The	 phase	 separated	
structure	 for	 M-b-S-1	 (Fig.	 1a)	 and,	 similarly,	 the	
aggregate	structures	of	M-b-S-2	and	M-b-S-3	(Fig.	1b	and	
1c)	suggest	that	pristine	SiO2-g-PMMA	cluster	within	the	
PMMA	 rich	 regions	 of	 SiO2-g-PMMA-b-PS.	 To	 validate	
this	 hypothesis,	 blending	 experiments	 of	 sparsely	
grafted	SiO2-g-PMMA	particle	brushes	(PMMA-L2)	with	
two	SiO2-g-PMMA-b-PS	particle	brushes	(M-b-S-6	and	M-
b-S-4)	 were	 performed.	 As	 shown	 in	 Figure	 2,	 after	
adding	a	large	amount	of	SiO2-g-PMMA	particle	brushes,	
the	“string-like”	structure	of	M-b-S-6	(Figure	2b)	evolved	
to	a	“cluster-string”	structure.	

	

 
Figure	2.	 Schematic	 graph	of	 the	 assembly	of	 bimodal	
SiO2-g-PMMA/PMMA-b-PS	 and	 SiO2-g-PMMA	 particle	
brushes	mixtures	and	TEM	images	of	a	mixture	of	SiO2-
g-PMMA-b-PS	and	SiO2-g-PMMA	particle	brushes.	 (a-b)	
M-b-S-6	 with	 PMMA-L2,	 mass	 ratio=1:4,	 scale	 bar:	 (a)	
500	nm,	(b)	100	nm. 

	Due	to	the	lower	grafting	density	of	the	added	
particle	brushes,	PMMA-L2,	it	is	easy	to	distinguish	the	
two	 distinct	 PMMA	 regions,	 one	 where	 the	 SiO2-g-
PMMA-b-PS	particle	brushes	are	 located	outside	of	 the	
cluster	 and	 another	 where	 the	 SiO2-g-PMMA	 particle	
brushes	are	inside	the	clusters.	A	similar	evolution	can	
be	 observed	 in	 sparsely	 grafted	 bimodal	 copolymer	
particle	 brush	 system	 (M-b-S-4)	with	 a	 smaller	 PMMA	
phase	(Figure	S24).	These	observations	not	only	support	
the	 proposed	 self-assembly	 mechanism	 but	 also	
demonstrate	that	adding	SiO2-g-PMMA	particle	brushes	
can	 enrich	 the	 PMMA	 phase	 in	 the	 system,	 overall	
enhancing	 the	 design	 and	 fabrication	 of	 unique	 and	
elaborate	network	structures.		
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.	Scheme	2.	Synthesis	of	bimodal	SiO2-g-PMMA/PMMA-
b-PS	particle	brushes	with	different	grafting	densities.

	
 

Block	 copolymers	 can	 self-assemble	 into	
various	 morphologies	 after	 annealing.21,	 55-57	 The	 self-
assembly	 of	 BCP-tethered	 brush	 particles	 is	 thus	
expected	to	be	determined	by	the	competition	between	
excluded-volume	type	interactions	(as	they	are	present	
in	 regular	 homopolymer-brush	 particles)	 and	 the	

microphase	 separation	of	 copolymer	 tethers.	 Since	 the	
tethering	 of	 polymer	 chains	 to	 the	 particle	 surface	
restricts	 chain	 mobility	 and	 potentially	 limits	 the	
interaction	 between	 copolymer	 chains,	 the	 structure	
formation	 is	 expected	 to	 sensitively	 depend	 on	 brush	
characteristics	such	as	grafting	density.		To	evaluate	the	
impact	 of	 graft	 composition	 and	 density,	 three	 SiO2-g-
PMMA-b-PS	particle	brush	systems	were	investigated	to	
study	 the	 effect	 of	 chain	 composition	 and	 grafting	
density	on	the	self-assembly	of	block	copolymer	particle	
brushes.	 First,	 three	 SiO2-g-PMMA	 particle	 brushes	
(PMMA-H1/M1/L3)	 with	 different	 grafting	 densities	
(high:	0.75	nm-2,	medium:	0.15	nm-2,	low:	0.05	nm-2)	but	
with	a	similar	degree	of	polymerizations	(DP~450	to	550)	
were	 prepared,	 Table	 1.	 Before	 chain	 extension,	 the	
morphologies	 of	 SiO2-g-PMMA	 particle	 brushes	 were	
characterized	by	TEM,	Figure	S14,	which	confirmed	the	
expected	decrease	 in	particle	distance	with	decreasing	
grafting	density.	The	outer	PS	blocks	were	prepared	by	
ARGET	 ATRP	 chain	 extension	 with	 the	 same	 initial	
macroinitiator	 concentration	 ([SiO2-g-PMMA-Br]0),	 (50	
ppm	 referred	 to	 styrene	 monomers).	 Polymer	 ligands	
(M-b-S-5~7)	were	characterized	by	SEC	after	etching	the	
SiO2	 cores.	 The	 bimodal	 features	 and	 high	 dispersity	
values	from	the	SEC	traces	(Figures	S10-S12)	indicated	
only	a	partial	chain	extension	from	the	tethered	PMMA	
blocks.	 After	 deconvolution	 of	 the	 SEC	 traces,	 the	
composition	of	polymer	ligands	(PMMA	and	PMMA-b-PS)	
are	 listed	in	Table	S3,	which	shows	that	the	fraction	of	
PMMA-b-PS	 ligands	 prepared	 under	 these	 conditions	
was	30%	to	45%，	which	also	defines	the	re-initiation	
efficiency	for	the	chain	extension	reaction	of	PS	blocks.	
(Scheme	2)	
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Figure	3.	TEM	images	of	SiO2-g-PMMA-b-PS	particle	brushes.	(a-b)	M-b-S-5,	(c-d)	M-b-S-6:	(e-f)	M-b-S-7.	Scale	bar,	(a),	(c),	
(e):	500	nm;	(b),	(d),	(f),	100	nm.

Although	the	three	BCP	particle	brushes	(M-b-
S-5,	 6,	 7)	 have	 comparable	 ligand	 compositions,	 i.e.	
similar	 PMMA	 blocks	 and	 block	 copolymer	 ligand	
fractions,	 their	 morphologies	 were	 dramatically	
different.	 To	 evaluate	 structure	 formation,	 thin	 films	
were	 solution	 cast	 onto	 carbon-coated	 Cu-grids	 and	
analyzed	using	electron	imaging	after	thermal	annealing	
for	24	h	at	T	=	120	°C	in	vacuum	and	staining	with	RuO4.			
Figure	3	 shows	 the	TEM	 images	of	M-b-S-5~7	particle	
brushes	with	the	same	magnification.	The	high	grafting	
density	 particle	 brush	 (M-b-S-5)	 showed	 a	 relatively	
uniform	 structure	with	 partially	 string-like	 features	 in	
the	monolayer	film	on	Cu	grids,	Figures	3a-b	and	Figure	
S22.	 In	 contrast,	 medium	 and	 low	 grafting	 density	
systems	 exhibited	 strongly	 anisotropic	 morphological	
features,	such	as	connecting	strings	(M-b-S-6,	Figures	3c-
d)	and	continuous	cluster	networks	(M-b-S-7,	Figures	3e-

f),	 respectively.	 This	 unique	 assembly	 behavior	 is	
attributed	 to	 the	 different	 grafting	 densities	 and	
resulting	chain	conformations	of	polymer	ligands	on	the	
silica	 nanoparticle	 surfaces.	 The	 apparent	 grafting	
densities	(σ2)	of	PMMA-b-PS	block,	which	are	calculated	
using	the	grafting	density	of	SiO2-g-PMMA	particle	brush	
(σ,	Table	1)	and	the	fraction	of	block	copolymer	ligands	
after	chain	extension	are	listed	in	Table	S3.	In	the	case	of	
high	grafting	density	particle	brush	systems,	the	grafting	
density	of	PMMA-b-PS	ligands	is	0.192	nm-2,	which	is	still	
in	 the	medium	 and	 high	 grafting	 density	 region.	With	
sufficient	 PS	 outer	 layers,	 this	 leads	 to	 a	 relatively	
uniform	structure.	

Our	results	demonstrate	that	in	the	presence	of	
a	copper	catalyst	 formed	with	highly	activating	 ligands	
under	 a	 low	 ppm	 catalyst	 loading	 condition,	 SiO2-g-
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PMMA/PMMA-b-PS	 particle	 brushes	 were	 successfully	
synthesized	 by	 SI-ATRP.	 The	 grafting	 density	 and	
concentration	 of	 the	 hybrid	 initiator,	 SiO2-g-PMMA-Br,	
were	effective	parameters	 for	 the	synthesis	of	bimodal	
chain	 composition	via	 chain	extension.	Bimodal	homo-
/block	 copolymer	particle	brushes	were	 thus	obtained	
through	 simple	 chain	 extensions	 from	 PMMA	 grafted	
silica	 particle	 brushes.	 Within	 the	 tested	 regime	 of	
(rather	small)	grafting	density,	self-assembly	of	bimodal	
block	 copolymer	 tethered	 brush	 particles	 resulted	
predominantly	in	anisotropic	string-like	and	continuous	
cluster	 network	 morphologies.	 The	 results	 suggested	
that	 structure	 formation	 was	 determined	 by	 the	
superposition	 of	 driving	 forces	 relating	 to	 the	
immiscibility	 of	 block	 domains	 and	 chain	 segregation	
similar	 to	 previously	 reported	 sparse	 homopolymer	
brush	 particles.	 For	 densely	 tethered	 PMMA	 brush	
particles	 sparsely	 extended	 with	 PS,	 the	 resulting	
morphology	 resembled	 those	of	 sparse	brush	particles	
with	an	‘apparent	core’	comprised	of	the	inorganic	core	
and	 the	 inner	 PMMA	 shell.	 The	 self-assembly	 of	 BCPs	
grafted	 from	 strategically	 designed	 hybrid	 particles	
provides	 a	 new	 route	 toward	 hierarchically	 ordered	
quasi-one	 component	 materials	 in	 which	 structure	
results		through	the	competition	of	hard-sphere	type	and	
block	 segregation-driven	 interactions.	 This	 provides	
new	 perspectives	 for	 the	 engineering	 of	 high-
performance	composite	materials	that	require	localized	
or	specifically	oriented	particles,	ultimately	allowing	for	
efficient	 capitalization	 of	 these	 materials’	 distinct	
properties.		

ASSOCIATED	CONTENT	
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PMMA/PS/PS-b-PMMA	 ligands.	 The	 Supporting	
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