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Abstract:		

Multiblock	copolymers	(MBCPs)	are	emerging	class	of	materials	that	are	becoming	more	accessible	

in	recent	years.	However,	to	date	there	is	still	a	lack	of	fundamental	understanding	of	their	physical	

properties.	In	particular,	the	glass	transition	temperature	(Tg)	which	is	known	to	be	affected	by	the	

phase	 separation	has	 not	 been	well	 characterised	 experimentally.	 To	 this	 end,	we	 report	 the	 first	

experimental	 study	on	 the	evolution	of	 the	Tgs	 	 and	 the	 corresponding	phase	 separation	of	 linear	

MBCPs	with	 increasing	number	of	blocks	whilst	 keeping	 the	overall	 degree	of	polymerisation	 (DP)	

constant	 (DP	 =	 200).	 Ethylene	 glycol	methyl	 ether	 acrylate	 (EGMEA)	 and	 tert-butyl	 acrylate	 (tBA)	

were	 chosen	 as	monomers	 for	 reversible	 addition-fragmentation	 chain	 transfer	 polymerization	 to	

synthesise	MBCPs.	We	found	the	Tgs	(as	measured	by	Differential	Scanning	Calorimetry)	of	EGMEA	

and	tBA	segments	within	the	MCBPs	to	converge	with	 increasing	number	of	blocks	and	decreasing	

block	 length,	 correlating	 with	 the	 loss	 of	 the	 heterogeneity	 as	 observed	 from	 Small	 Angel	 X-ray	

Spectroscopy	(SAXS)	analysis.	The	Tgs	of	the	multiblock	copolymers	were	also	compared	to	the	Tgs	of	

the	 polymer	 blends	 of	 the	 corresponding	 homopolymers,	 and	 we	 found	 that	 Tgs	 of	 the	 polymer	

blends	 were	 similar	 to	 those	 of	 the	 respective	 homopolymers,	 as	 expected.	 SAXS	 experiments	

further	demonstrated	microphase	separation	of	multiblock	copolymers.	This	work	demonstrates	the	

enormous	 potential	 of	 multiblock	 architectures	 to	 tune	 the	 physical	 properties	 of	 synthetic	



polymers,	 by	 changing	 their	 glass	 transition	 temperature	 and	 their	 morphologies	 obtained	 from	

microphase	separation,	with	domain	sizes	reaching	under	10	nm.	

	 	



Introduction:	

Sequence	 regulated	 synthetic	 macromolecules,	 called	 multiblock	 copolymers	 (MBCPs),	 form	 an	

interesting	class	of	materials,	where	the	properties	and	functionality	can	be	controlled	on	demand.1,	

2	 Multiblock	 copolymers	 have	 opened	 up	 a	 new	 perspective	 for	 building	 functional	 polymer	

architectures	with	tailored	morphologies.3-5	Advances	in	the	synthesis	of	multiblock	copolymers	have	

offered	 a	 novel	 platform	 to	 manipulate	 the	 microdomain	 structures	 (e.g.	 spherical,	 cylindrical	 or	

lamellar	domains)	of	synthetic	materials	in	terms	of	block	length,	polymer	architecture,	or	choice	of	

monomers.1,	6-11	Microphase	separated	block	copolymers	have	appealing	properties	(for	applications	

such	as	nanoscale	lithography,	ionic	conductivity,	or	energy	storage)	that	are	influenced	significantly	

by	their	microdomain	structures.12-20	Tuning	the	molecular	composition	of	the	block	copolymer	can	

influence	both	type	and	domain	size	of	the	respective	bulk	morphologies	upon	self-assembly	in	the	

solid	 state	and	 this	might	allow	generating	materials	with	designed	properties	 for	nanotechnology	

applications.21-24		

Phase	behavior	 in	 (AB)n	multiblock	 copolymers	has	been	a	 subject	of	 ongoing	 	 theoretical25-32	 and	

experimental30,	 33-37	 research	 over	 recent	 twenty	 years.	 It	 was	 shown	 that	 (AB)n	 linear	multiblock	

copolymer	 phase	 behavior	 qualitatively	 is	 similar	 to	 that	 of	 AB	 diblock	 copolymers25,	 26	 and	 is	

governed	 by	 the	 composition	 f	of	 the	 block	 copolymer	 (where	 fA	 is	 the	 volume	 fraction	 of	 the	 A	

block),	and	the	product	χNeff	 (where	χ	 is	 the	Flory-Huggins	parameter	describing	excluded	volume	

interactions	between	A	and	B	blocks,	and	Neff	is	the	effective	number	of	monomer	units	in	a	diblock	

copolymer	obtained	by	dissecting	the	multiblock	copolymer	under	study	into	constituent	diblocks).	

Thus,	 depending	 on	 the	 composition	 of	 the	multiblock	 copolymer	 and	 the	 degree	 of	 segregation,	

ordered	lamellar,	cylindrical,	bcc	spherical,	hcp	spherical,	gyroid	and	Fddd	phases	are	expected	to	be	

observed.	These	theoretical	predictions	are	in	perfect	agreement	with	experimental	observations.30,	

33-37	

The	largest	difference	in	terms	of	phase	behaviour	of	multiblock	copolymers	with	respect	to	diblock	

copolymer	systems	 is	expected	when	operating	close	to	the	order-disorder	 transition	 (ODT).30,	 32	 It	

was	 shown	 that	 ordering	 in	 multiblock	 copolymers	 occurs	 at	 lower	 values	 of	 χNeff	 compared	 to	

diblock	 copolymers	 with	 the	 same	 value	 of	 χN.	 This	 is	 explained	 by	 the	 lower	 value	 of	 both	

translational	 and	 conformational	 entropy	 of	 a	 multiblock	 copolymer	 system	 compared	 to	 the	

equivalent	 diblock	 copolymer	 system.	 	 Interestingly,	 it	 was	 shown	 by	 Wu	 et	 al.	 that	 taking	 into	

account	 fluctuations	 shifts	ODT	 in	 (AB)n	multiblock	 copolymers	upwards	 relative	 to	 the	mean-field	

prediction	by	the	value	independent	of	number	of	blocks	in	a	multiblock.30		



However,	understanding	phase	behaviour	is	just	the	first	step	on	the	way	fully	understanding	about	

multiblock	 copolymer	 properties	 relevant	 for	 applications.	 The	 material	 properties	 of	 synthetic	

polymers	 are	 to	 a	 large	 extent	 dependent	 on	 the	 thermal	 response,	 such	 as	 glass	 transition	 or	

crystallization	behaviour.38	

The	glass	transition	temperature	(Tg)	plays	a	significant	role	in	the	applications	of	synthetic	materials	

and	the	Tg	values	are	useful	for	a	variety	of	purposes,39-42	e.g.	intelligent	medical	devices,43	implants	

for	minimally	invasive	surgery,44,	45	producing	‘breathable	clothing’,46	or	fabricating	devices	with	high	

ionic	conductivity	using	soft	(low	Tg)	polymers	featuring	rapid	segmental	motion	and	low	rigidity.47		

A	 large	 body	 of	 work	 has	 focused	 on	 studying	 the	 correlation	 between	 the	 structure	 of	 block	

copolymers	 and	 the	 glass	 transition	 temperature	 in	 order	 to	 further	 investigate	 the	microdomain	

morphologies	 and	 physical	 properties.48-53	 Recently,	 Zuckermann	 et	 al.	 synthesized	 a	 series	 of	

sequence-defined	 peptoid	 diblock	 copolymers	 by	 solid-phase	 synthesis	 and	 investigated	 the	

nanoscale	 phase	 separation	 of	 these	 materials.14	 With	 this	 approach	 it	 was	 possible	 to	 tune	 the	

intra-	 and	 intermolecular	 interactions	 of	 block	 copolymers,	 proving	 the	 system	 to	 be	 useful	 for	

fundamental	 studies	 of	 block	 copolymer	 self-assembly.	 More	 recently,	 Gao	 et	 al.	 reported	 the	

investigation	 of	 the	 effect	 of	 monomer	 sequence	 on	 the	 Tg	 of	 segmented	 hyperbranched	

copolymers,54	proving	that	segmentation	significantly	affects	the	glass	transition.		

Dependence	 of	 the	 number	 and	 length	 of	 blocks	 on	 the	 glass	 transition	 of	 linear	 multiblock	

copolymers	 was	 studied	 in	 works	 of	 Spontak	 et	 al.37	 and	 Lee	 et	 al.34	 In	 the	 former,	 symmetrical	

poly(styrene-b-isoprene)n	 (1	 ≤	 n	 ≤	 4)	 multiblock	 copolymers	 were	 studied.	 They	 considered	 two	

multiblock	copolymer	series:	one	with	constant	block	 length	and	 the	second	with	constant	overall	

multiblock	 chain	 length.	 All	 samples	 showed	 long	 range	 lamellar	 order	 where	 the	 domain	 size	

decreased	as	n0.8	for	the	series	with	constant	chain	molecular	mass.	For	the	first	series,	domain	size	

also	 decreased	 with	 increase	 in	 the	 number	 of	 blocks	 but	 this	 dependence	 was	 not	 as	 strong.	

Multiblock	 copolymer	 samples	 showed	 interesting	 thermal	 behaviour.	 The	 authors	 found	 that	 the	

lower	 (isoprenic)	 glass	 transition	 was	 insensitive	 to	 the	 number	 of	 blocks,	 however	 the	 higher	

(styrenic)	 glass	 transition	 temperature	 showed	 a	 decrease	 on	 increase	 in	 n.	 The	 effect	 was	more	

pronounced	for	the	second	series	in	their	study.	

Lee	 et	 al.34	 studied	 the	 phase	 behavior	 of	 poly(styrene-b-butadiene)n	multiblock	 copolymers	 with	

alternating	(n	=	7,	8,	11,	15)		and	random	(n	=	16,	21,	24,	25)		sequence	and	volume	fraction	of	PS	

block	in	the	range	69%-85%	PS.	The	length	of	block	was	fixed	and	the	number	of	blocks	was	varied.	

They	 found	 lamellar	 for	 alternating	 tetrablock	 copolymer.	 All	 other	 samples	were	 disordered,	 but	

inhomogeneous.	 They	 found	 a	 slight	 decrease	 in	 the	 higher	 glass	 transition	 temperatures	 and	 an	



increase	 in	 the	 lower	 Tg	 compared	 to	 the	 glass	 transition	 temperatures	 of	 the	 corresponding	

homopolymers.	 These	 small	 differences	 increased	 with	 decreasing	 block	 length.	 Shifts	 in	 Tg	 were	

attributed	to	microphase	mixing	of	PS	and	PB	blocks.	

In	 this	work	we	 synthesize	and	 study	microphase	 separation	and	 thermal	properties	of	 symmetric	

poly(ethylene	 glycol	 methyl	 ether	 acrylate-b-tert-butyl	 acrylate)	 [(EGMEA-tBA)n]	 multiblock	

copolymers	with	overall	 fixed	degree	of	polymerisation	but	different	number	of	blocks.	 In	contrast	

to	 study	 of	 Spontak,	 et	 al.,37	 we	 consider	 short	 blocks	 and	 probe	 the	 region	 near	 order-disorder	

transition.	We	 found	 the	 Tgs	 of	 the	 segments	 to	 converge	 with	 increasing	 number	 of	 blocks	 and	

decreasing	block	length,	correlating	with	the	loss	of	the	heterogeneity	as	observed	from	Small	Angel	

X-ray	 Spectroscopy	 (SAXS)	 analysis.	 Our	 approach	 highlights	 the	 potential	 of	MBCP	 for	 tuning	 the	

physical	properties	of	synthetic	polymers.	

	 	



Results	and	Discussions:	

Very	 recently,	 our	 group	 developed	 a	 simple	 and	 scalable	 approach	 to	 synthesize	 well-defined	

sequence	 controlled	multiblock	 copolymers	 with	 quantitative	monomer	 conversions	 using	 a	 wide	

range	of	monomers	in	a	one-pot	approach,	which	showed	enormous	potential	to	generate	synthetic	

polymers	with	 complex	 architectures.1,	 8	Herein,	we	 applied	 this	method	 to	 systematically	 explore	

the	 effect	 of	 the	 segmentation	 on	 the	 Tg	 dependence	 and	 nanoscale	 phase	 separation	 in	 linear	

multiblock	copolymers.		

A	series	of	sequence	controlled	multiblock	copolymers	(diblock,	tetrablock,	hexablock,	octablock	and	

icosablock)	based	on	two	different	monomers,	ethylene	glycol	methyl	ether	acrylate	(EGMEA,	A)	and	

tert-butyl	acrylate	(tBA,	B),	as	well	as	their	corresponding	homopolymers	and	statistical	copolymers	

were	synthesized	by	RAFT	polymerization.	The	block	copolymers	were	synthesized	with	alternating	

order	of	 the	two	monomers	 (e.g.	ABAB	for	a	tetrablock).	 Importantly,	 the	total	 targeted	degree	of	

polymerization	(DP)	of	each	copolymer	was	set	at	200	with	a	monomer	ratio	of	1:1,	in	order	to	keep	

the	 overall	 chemical	 composition	 of	 each	 multiblock	 copolymer	 constant	 while	 the	 degree	 of	

segmentation	was	varied	(Scheme	1a,	Table	1).	

	



	

Scheme	 1.	 a)	 Schematic	 Representation	 of	Multiblock	 Copolymers	 Investigated	 in	 this	 Study.	 b)	

Synthesis	 of	 the	 Tetrablock	 Copolymer	 of	 A50B50A50B50	 by	 RAFT	 Polymerization	 (where	 A	 and	 B	

represent	EGMEA	and	tBA,	respectively).	

All	 MBCPs	 were	 synthesized	 by	 RAFT	 polymerization	 in	 a	 one	 pot	 approach	 using	 sequential	

monomer	addition	for	each	block.	In	order	to	avoid	side	reactions	of	the	acrylate	monomers	during	

the	 polymerization,	 all	 polymerizations	 were	 carried	 out	 in	 DMF	 at	 a	 relatively	 low	 temperature	

(50	°C)	using	2-((butylthio)-carbonothioyl)	thio	propanoic	acid	(referred	to	as	(propanoic	acid)yl	butyl	

trithiocarbonate	(PABTC)	in	this	paper)	as	chain	transfer	agent	(CTA)	and	4,	4ʹ-azobis(4-cyanovaleric	

acid)	 (ACVA)	 as	 initiator.	 Scheme	 1b	 illustrates	 the	 synthesis	 of	 the	 tetrablock	 copolymer	 of	

A50B50A50B50.	The	detailed	synthetic	procedures	of	these	multiblock	copolymers	can	be	found	in	the	

Electronic	Supporting	Information	(ESI,	Tables	S1-S6).	MBCPs	were	analysed	by	1H	NMR	and	SEC	to	

determine	conversion	after	each	step	and	confirm	the	successful	chain	extension.	

1H	NMR	spectra	of	MBCPs	showed	near	quantitative	monomer	conversion	(≥	96%,	see	SI	Figure	S1-

S5,	 see	 Figure	 S1	 for	 a	 detailed	 structural	 assignment	 for	 the	 1H	 NMR	 spectrum	 of	 the	 diblock	

A-B

A-B-A-B

A-B-A-B-A-B-A-B

A-B-A-B-A-B-A-B-A-B-A-B-A-B-A-B-A-B-A-B

A-ran-B

A-B-A-B-A-B

(a)

(b)



copolymer	A100B100	as	an	example)	for	each	block	extension.	The	molecular	weight	distributions	were	

characterized	by	Size	Exclusion	Chromatography	 (SEC,	 see	SI	Figure	S6-S10),	 revealing	monomodal	

distributions	with	a	clear	shift	to	higher	molecular	weights	after	each	monomer	addition.	However,	

some	low-molecular-weight	tailing	was	observed	after	each	chain	extension,	which	can	be	ascribed	

to	 the	 accumulation	 of	 initiator-derived	 dead	 chains,	 or	 possible	 interactions	 of	 the	 multiblock	

copolymer	with	the	SEC	column.1,	8,	9	These	findings	are	more	prevalent	for	the	icosablock	(20	blocks)	

system;	 as	 a	 higher	 number	 of	 blocks	 was	 targeted,	 a	 higher	 initial	 initiator	 concentration	 was	

required	 to	 reach	 full	 monomer	 conversion	 after	 each	 step.9	 The	 increased	 propagating	 radical	

concentration,	however,	also	increases	the	number	of	termination	events	(initiator	derived	chains).55	

However,	 assuming	 that	 the	 segment	 lengths	 of	 the	 individual	 blocks	 are	 similar,	 the	 presence	of	

dead	 chains	 with	 different	 number	 of	 segments	 surely	 affects	 the	 overall	 dispersity,	 but	 not	

necessarily	 the	 (vide	 infra)	self-assembly	 in	 the	bulk.	The	high	molecular	weight	shoulder	detected	

by	 SEC	 is	 likely	 associated	 to	 the	 copolymerization	 of	macromonomer	 formed	 by	 the	 propagating	

radical	 undergoing	 backbiting	 β-scission,	 which	 occurs	 during	 the	 radical	 polymerization	 of	

acrylates.9,	56-58	

Table	1.	Characterization	of	the	Multiblock	Copolymers	by	1H	NMR,	CHCl3-SEC	and	DSC.	

Sample 
Mn,th

c Mn,SEC
d Ðd P(A) Tg

e P(B) Tg
e 

g mol-1 g mol-1  °C °C 

 A200
a 26,300 24,700 1.11 -32.3±0.2 - 

 B200
b 25,900 24,500 1.09 - 47.9±0.3 

BCPdi A100B100 26,100 24,800 1.17 -30.9±0.3 39.1±0.2 

BCPtetra A50B50A50B50 26,100 22,700 1.26 -28.1±0.1 23.3±0.2 

BCPhexa
 A33B33A33B33A33B33 25,800 21,200 1.37 -26.6±0.6 10.1±0.4 

BCPocta A25B25A25B25A25B25A25B25
 26,100 23,300 1.34 -22.6±1.0 3.1±0.6 

BCPicosa
 (A10B10A10B10A10B10A10B10A10B10)2 26,100 21,200 1.67 -9.9±0.4 -9.9±0.4 

CPran A100-ran-B100 26,100 25,300 1.10 -6.5±0.2 

a	A	represents	the	monomer	EGMEA	
b	B	represents	the	monomer	tBA	
c	Mn,th	=	([M]0	×	p	×	MM)/[CTA]0	+	MCTA,	where	p	is	the	monomer	conversion	
d	Determined	by	SEC	in	CHCl3	with	PMMA	used	as	molecular	weight	standards		
e	Data	represent	mean	±	SD	(n	=	3).	

	



	

Figure	1.	Comparison	of	Tg	values	of	multiblock	copolymers	(total	DP	=	200),	homopolymers	EGMEA	

and	tBA	(DP	=	200,	100,	50,	33,	25,	10,	respectively)	and	statistical	copolymer	of	EGMEA	and	tBA	(DP	

=	200).	Data	represent	mean	values	only	(error	bars	within	point	size,	see	Tables	1	and	S8	for	SD).	

The	 microphase	 separation	 of	 MBCPs	 and	 the	 influence	 of	 the	 segmentation	 on	 the	 Tg	 were	

investigated	using	DSC	measurements.	 	The	results	are	shown	 in	Table	1,	Figure	1	and	DSC	curves	

are	depicted	in	the	supporting	information	(Figures	S11-S15).	Based	on	all	of	the	DSC	traces	of	the	

MBCPs,	melting	peaks	 and	 crystallization	exotherms	were	not	observed,	 showing	 that	 all	 of	 these	

MBCPs	are	noncrystalline.14,	 18,	 59	As	a	control,	a	statistical	copolymer	with	a	DP	of	200	(DP	100	for	

each	monomer)	was	 synthesized	 as	well.	 Based	 on	 the	 polymerization	 kinetic	 study	 (Figures	 S16-

S18),	 the	 two	monomers	A	and	B	 had	 the	 same	 reactivity,	which	 indicates	 a	 random	distribution	

along	the	copolymer	chain.	The	DSC	thermogram	of	random	copolymer	(CPran)	showed	one	single	Tg	

value	of	-6.5	°C	(Table	1,	Figure	S19)	which	means	there	was	no	microphase	separation	occurring	as	
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expected	 for	 a	 random	 copolymer.	 On	 the	 other	 hand,	 the	 diblock	 copolymer	 BCPdi	 (A100B100)	

showed	two	distinct	Tgs	at	-30.9	°C	and	39.1	°C	(Table	1,	Figure	S11)	indicative	of	phase	separation.	

The	tetrablock	copolymer	BCPtetra	(A50B50A50B50)	was	synthesized	with	a	decreased	DP	of	each	block	

(from	100	to	50)	and	an	increased	segmentation	number	(from	2	to	4).	The	DSC	thermogram	of	the	

tetrablock	 copolymer	BCPtetra	 also	displayed	 two	Tgs	of	 -28.1	 °C	 and	23.3	 °C	 (Table	1,	 Figure	S12),	

again	 demonstrating	 the	 occurrence	 of	 phase	 separation.	 The	 hexablock,	 BCPhexa	

(A33B33A33B33A33B33),	with	a	DP	of	33	for	each	block	and	segmentation	number	of	6	still	shows	two	Tg	

values,	-26.6	°C	and	10.1	°C	(Table	1,	Figure	S13).	With	a	further	decreased	DP	of	25	for	each	block	

and	 a	more	 segmented	 polymer	 chain,	 the	 8	 blocks	 containing	 octablock	 copolymer	 (BCPocta)	 still	

exhibits	two	Tg	values,	-22.6	°C	and	3.1	°C	(Table	1,	Figure	S14).	It	is	however	noteworthy	that	these	

latter	 Tg	 values	 were	 not	 as	 clearly	 observable	 as	 for	 the	 other	 aforementioned	 MBCPs	 (DSC	

thermograms	 shown	 in	 Figure	 S14).	 Overall	 it	 is	 apparent	 that	 the	 Tg	 values	 of	 the	 MBCPs	 shift	

towards	 that	of	 the	statistical	copolymer	with	 increasing	segmentation.	 In	order	 to	 investigate	 the	

effect	of	segmentation	on	MBCP	microphase	separation	further,	an	 icosablock	copolymer	(BCPisoca,	

DP	10	for	each	block)	was	synthesised	and	analysed.	The	DSC	analysis	of	BCPisoca	demonstrated	only	

one	Tg	value	of	-9.9	°C	(Table	1,	Figure	S15)	which	indicates	the	absence	of	phase	separation.	These	

results	 show	 that	 these	 multiblock	 copolymers	 up	 to	 octamer	 sample	 have	 two	 glass	 transition	

temperatures	which	shows	that	they	are	microscopically	inhomogeneous.		

In	 addition,	 homopolymers	 of	 each	 monomer	 with	 a	 DP	 equal	 to	 each	 block	 of	 the	 multiblock	

copolymers	were	synthesized	[Tables	S7	and	S8,	1H	NMR	spectra	(Figures	S20-S26),	and	SEC	traces	

(Figures	 S27	 and	 S28)]	 and	 subsequently	 analysed	 by	 DSC.	 As	 expected,	 the	 Tg	 values	 of	 the	

homopolymers	decreased	with	decreasing	molecular	weight	 (Figure	1).	As	 the	DP	decreased	 from	

200	to	10:	A200	was	shown	to	have	a	Tg	of	-32.3	°C,	while	the	Tg	values	of	A100,	A50,	A33,	A25	and	A10	

were	-33.1	°C,	-34.0	°C,	-35.1	°C,	-36.0	°C	and	-39.6	°C,	respectively	(Table	S8,	Figures	S29-S34).	The	

Tg	values	of	homopolymers	of	B	also	decreased	with	decreasing	DP.	The	Tgs	decreased	from	47.8	°C	

for	B200	to	44.7	°C,	40.4	°C,	36.3	°C,	33	°C	and	13	°C	for	B100,	B50,	B33,	B25	and	B10,	respectively	(Table	

S8,	Figures	S35-S40).	Compared	to	the	homopolymers	of	A,	the	difference	is	more	pronounced.	This	

is	attributed	to	larger	flexibility	of	homopolymer	A,	which	means	that	it	is	difficult	to	change	the	Tg	

dramatically.	These	results	are	corroborated	by	well-known	theory,	based	on	the	Fox-Flory	equation	

(Equation	1).60,	61		

	𝑇!  =  𝑇!,! − 𝐾/𝑀!	 	 	 (Equation	1)	

where		

𝐾 = 2 !!!!
!

			 	 	 	 (Equation	2)	



where	ρ	is	density,	NA	is	Avogadro	number,	θ	is	an	average	free	volume	content	per	chain,	α	is	the	

thermal	expansion	coefficient,	Tg,∞	is	the	Tg		for	the	(hypothetical)	polymer	with	an	infinite	molecular	

weight	and	K	is	an	empirical	parameter	for	a	specific	polymer	species.	Decreasing	molecular	weight	

consequently	increases	the	chain-end	concentration.	The	end	groups,	however,	exhibit	greater	free	

volume	than	units	within	the	chain	and	possess	deficient	intermolecular	constraints,	which	will	lead	

to	 higher	 segmental	 mobility	 and	 cause	 a	 lower	 Tg.62-67	 Fitting	 of	 our	 experimental	 data	 with	

Equation	1	gives	approximations	of	Tg(A),∞	=	-32	°C,	K(A)	=	1.3	×	104	K	and	Tg(B),∞	=	50	°C,	K(B)	=	5.5	×	104	K	

(see	Figures	S41	and	S42	in	the	ESI).		

As	shown	in	Figure	1,	the	comparison	between	the	multiblock	copolymers	and	the	homopolymers	is	

particularly	striking.	The	Tg	of	the	B	block	dropped	significantly	from	39.4	°C	for	B100	in	BCPdi	to	-9.9	

°C	 for	 B10	 in	 BCPisoca	 while	 it	 only	 decreased	 from	 44.7	 °C	 for	 homopolymer	 B100	 to	 13	 °C	 for	

homopolymer	 B10.	 Interestingly,	 an	opposing	 trend	was	observed	 for	 the	Tg	 values	 of	 the	A	 block,	

which	increased	for	the	MBCPs	yet	decreased	for	the	homopolymers	with	decreasing	DP	(Figure	1).	

The	Tg	of	the	A100	block	in	the	diblock	copolymer	BCPdi	was	-30.9	°C	and	increased	to	-9.9	°C	for	A10	

block	in	the	icosablock	copolymer	BCPicosa,	whereas	it	decreased	from	-33.1	°C	for	homopolymer	A100	

to	 -39.6	 °C	 for	homopolymer	A10.	 	As	 the	number	of	blocks	 in	multiblock	 copolymer	 increases	and	

their	 length	 correspondingly	 goes	 down,	 degree	 of	 segregation	 in	 the	 system	 also	 decreases.	

Boundaries	 between	 domains	 rich	 in	 A	 and	 B	 become	 smoother	 and	 mixing	 between	 species	

increases.	This	 leads	to	the	decrease	of	difference	in	Tgs	of	A-rich	and	B-rich	areas	of	the	melt	and	

increase	of	corresponding	breadths	of	glass	transitions.	Both	A10B10	diblock	copolymers	(see	below)	

and	 icosablock	demonstrate	one	glass	 transition	temperature	 indicating	the	presence	 large	degree	

of	 homogeneity	 in	 theses	 samples	 compared	 to	 other	 multiblocks.	 However,	 the	 fact	 that	 the	

breadth	of	 glass	 transition	 in	both	 cases	 is	 larger	 than	 for	 random	copolymer	 sample	allows	us	 to	

conclude	that	concentration	fluctuations	 in	Both	A10B10	diblock	and	icosablock	are	stronger	than	in	

randomly	mixed	system.		

Polymer	blends	of	the	two	different	homopolymers	with	the	same	DP	were	also	investigated	by	DSC	

(Table	S8,	Figures	S43-S47).	Based	on	the	DSC	thermograms,	all	blends	 investigated	displayed	two	

different	Tgs,	even	at	DP	10.	Compared	to	the	corresponding	pristine	homopolymers	 (Figure	2,	 for	

the	 comparison	 to	 the	 multiblock	 copolymers,	 see	 Figure	 S48),	most	 of	 the	 Tg	 values	 of	 the	 A	

component	in	the	polymer	blends	were	similar	but	a	slight	decrease	in	the	Tg	values	of	the	B	portion	

was	 observed	 in	 the	 polymer	 blends.	Most	 notably,	 the	B	 portion	 in	 the	 polymer	 blend	 of	 DP	 10	

showed	 a	more	 pronounced	 decrease	 (from	 13	 °C	 for	 the	 homopolymer	 to	 -2.5	°C	 for	 the	 blend)	

compared	to	the	polymer	blends	composed	of	 longer	homopolymer	chains.	This	phenomenon	can	

be	explained	by	the	fact	that	the	fraction	of	A	polymer	inside	the	B-rich	phase	and	the	fraction	of	B	



polymer	inside	the	A-rich	phase	increases	upon	decrease	in	chain	length	affecting	the	observed	glass	

transition	 temperatures.	 In	 order	 to	 make	 a	 rough	 estimation	 of	 this	 effect	 we	 calculated	

concentrations	of	A-rich	and	B-rich	phases	using	the	Flory-Huggins	expression	for	the	free	energy	of	

the	 mixture68,80	 and	 then	 used	 the	 obtained	 concentration	 to	 predict	 shifts	 in	 glass	 transition	

temperatures	using	 the	Fox	equation.69	Comparison	of	 calculations	with	experimental	data	 can	be	

found	in	the	ESI	(Figure	S49).	Qualitatively,	the	dependence	of	glass	transition	temperatures	of	the	

homopolymer	mixtures	on	their	length	is	closely	matched,	however	the	reduction	in	the	higher	glass	

transition	temperature	of	mixtures	of	longer	homopolymers	compared	to	pure	polymer	B	is	not	yet	

fully	aligned	and	requires	the	development	of	a	more	suitable	theoretical	model.	

 

Figure	 2.	 The	 comparison	 of	 Tg	 values	 of	 homopolymers	 (DP=200,	 100,	 50,	 33,	 25	 and	 10)	 and	

corresponding	polymer	blends.	Data	 represent	mean	values	only	 (error	bars	within	point	 size,	 see	

Tables	1	and	S8	for	SD).	

In	order	to	investigate	the	influence	of	the	overall	molecular	weight	on	the	phase	separation,	diblock	

copolymers	with	 segment	 size	matching	 those	of	 the	MBCPs	 (e.g.	A10B10	 corresponding	 to	BCPicosa	

and	A25B25	corresponding	to	BCPocta)	were	synthesized	and	analysed	by	DSC	(Figures	S11,	S50-S53).	
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Importantly,	all	diblock	copolymers	showed	similar	Tg	values	to	the	corresponding	MBCPs	(Table	S8,	

Figure	S54),	which	suggests	similar	molecular	environments70	 in	agreement	with	overall	similarities	

in	the	phase	behaviour	of	diblock	copolymers	and	(AB)n	multiblock	copolymers.		

The	 microphase	 separation	 of	 the	 MBCPs	 with	 varying	 degrees	 of	 segmentation	 was	 also	

investigated	using	small	angle	X-ray	scattering	(Figure	3).			

	

Figure	 3:	 Radially	 integrated	 Small	 angle	 X-ray	 scattering	 data	 for	 different	 MBCPs,	 the	

measurements	were	carried	out	at	 -30	 °C	 for	 the	BCPhexa,	BCPocta,	 and	BCPicosa	 –	all	measurements	

were	performed	for	2	h.	(y-axis	in	log	scale,	traces	have	been	translated	along	the	intensity	axis	for	

clarity	purposes)	

As	can	be	seen,	three	distinct	reflexes	can	be	observed	for	the	diblock	copolymer	A100B100	with	[100]	

:	[200]	:	[300]	=	0.027	Å-1	:	0.054	Å-1	:	0.081	Å-1,	indicative	of	a	lamellar	morphology	in	the	bulk	state,	

with	 an	 overall	 long	 period	 of	 d	 =	 23	 nm	 (calculated	 using	 the	 Bragg	 equation	 according	 to	 the	

reflection	assigned	as	[100];	d	=	2π/q,	where	q	is	the	scattering	vector	of	the	peak).	Structure	factors	

of	 all	 other	 samples	demonstrate	only	one	main	peak	 indicating	 the	absence	of	 long-range	order.	



The	 tetrablock,	 A50B50A50B50,	 shows	 one	 distinctly	 broader	 reflection	 at	 q	 =	 0.052	 Å-1,	 which	

corresponds	 to	a	 characteristic	 length	 scale	of	monomer	density	 fluctuations	of	12	nm.	This	 trend	

continues	for	the	hexablock	copolymer,	where	an	even	broader	reflection	at	q	=	0.068	Å-1	is	found,	

showing	 that	 the	 presence	 of	 compositional	 heterogeneity,	 albeit	 being	 far	 less	 pronounced	 (d	 =	

9	nm).	 It	 should	 be	 noted	 that	 for	 this	 sample,	 as	 for	 the	 octa-	 and	 icosablock	 copolymer,	 the	

measurement	was	carried	out	at	-30	°C	to	account	for	the	rather	oily	consistency	of	the	material	at	

room	 temperature	 and,	 in	 addition,	 phase	 separation	 might	 be	 more	 pronounced	 at	 lower	

temperatures	 (due	 to	 the	associated	 increase	 in	 the	Flory-Huggins	 interaction	parameter	between	

the	 two	 blocks,	 χA-B).	 In	 the	 case	 of	 the	 octablock	 copolymer,	 the	 observed	 reflection	 with	 a	

maximum	in	intensity	at	q	=	0.081	Å-1	 increases	further	in	width	and	shows	that	there	is	much	less	

order	in	the	system	and	the	interfaces	between	the	A-rich	and	B-rich	domains	are	significantly	less	

well-defined.	The	icosablock	copolymer	which	has	one	glass	transition	temperature	according	to	DSC	

measurements	shows	structure	factor	with	extremely	broad	and	weak	peak.	So	it	can	be	concluded	

that	in	this	case	a	preferable	wavelength	of	fluctuations	in	the	system	cannot	be	determined	due	to	

the	high	degree	of	homogeneity.	Here	 it	 is	worth	to	mention	that	as	molecular	weight	distribution	

can	 significantly	 affect	 the	 phase	 behaviour	 of	 block	 copolymers,71-73	 the	 high	 dispersity	 of	 the	

BCPicosa	(Ð	=	1.67)	could	also	influence	the	phase	separation	and	explain	the	presence	of	one	single	

Tg.	However,	 considering	 the	 segment	 lengths	 are	 similar	 even	with	 a	high	dispersity	 and	 the	 fact	

that	the	diblock	copolymer	A10B10	has	a	low	dispersity	(Ð	=	1.15)	but	also	displays	only	one	Tg	(Table	

S8,	Figures	S53	and	S54),	it	can	be	speculated	that	dispersity	is	not	the	main	driving	force	to	prevent	

phase	 separation	 for	 BCPicosa.	 Summarising	 we	 can	 conclude	 that	 all	 multiblock	 samples	 except	

diblock	 copolymer	A100B100	are	 in	 a	disordered	 state,	 however,	 as	 far	 as	 tetrablock,	 hexablock	and	

octablock	 copolymers	 show	 two	distinct	 glass	 transition	 temperatures	 these	disordered	 states	 are	

microscopically	 inhomogeneous	 and	 may	 have	 liquid-like	 order	 with	 the	 domain	 size	 d	 =	 2π/q*	

defined	by	the	position	of	the	peak	q*	of	structure	factor.		

According	 to	 the	mean-field	 theory	dimensions	of	block	copolymers	 in	a	disordered	state	must	be	

Gaussian	for	 flexible	chains74	and	correspondingly	domain	size	should	scale	as	N0.5	with	number	of	

segments	 in	 a	 chain.	 However,	 the	 plot	 of	 log	 d	 versus	 log	 Neff	 (Figure	 S56)	 for	 the	 multiblock	

copolymer	 series	 where	 d	 =	 2π/q*	 and	 Neff	 is	 the	 total	 degree	 of	 polymerization	 of	 the	 diblock	

copolymer	 obtained	 by	 cutting	 the	 multiblock	 copolymer	 at	 even	 junctions	 between	 blocks	 (as	

shown	in	Figure	S56b),	gives	an	approximate	linear	correlation	(regression	value,	r2	~	0.98)	with	an	α	

value	of	0.78	indicating	non-Gaussian	(more	extended)	conformation	of	the	chains,	which	is	 in	 line	

with	other	reports	on	diblock	copolymers.75-79		

Conclusion	



In	 summary,	 a	 series	 of	 sequence	 controlled	 multiblock	 copolymers	 using	 EGMEA	 and	 tBA	 were	

synthesized	by	RAFT	polymerization	 and	 their	microphase	 separation	was	 studied	by	 investigating	

the	 glass	 transition	 temperatures	 using	 DSC	 analysis.	 	 Compared	 to	 the	 homopolymers	 and	

homopolymer	 blends,	 the	 glass	 transition	 temperatures	 of	 the	multiblock	 copolymers	 displayed	 a	

more	distinct	trend	which	evolves	according	to	the	number	of	segments.	A	counter	trend	behavior	

of	 the	Tgs	 of	 the	 polyEGMEA	blocks	was	 observed	 in	 the	multiblock	 copolymers	 compared	 to	 the	

homopolymers	with	decreasing	DP.	Diblock	copolymers	composed	of	blocks	of	 the	same	 length	as	

the	 segments	 of	 the	 multiblock	 copolymers	 displayed	 similar	 thermal	 characteristics	 to	 their	

corresponding	 multiblock	 copolymers.	 In	 addition,	 SAXS	 analyses	 showed	 that	 all	 multiblock	

copolymers	 except	 diblock	 copolymers	 (which	 show	 lamellae	 morphology)	 are	 in	 a	 disordered	

inhomogeneous	 state	 (up	 to	 and	 including	 octablock	 copolymers)	 with	 a	 characteristic	 size	 of	

inhomogeniety	decreasing	when	lowering	the	size	of	the	blocks	with	a	dependence	of	Neff
0.78,	where	

Neff	 is	 the	 total	 length	 of	 two	 of	 the	 polymer	 blocks.	 Our	 findings	 show	 that	 the	 glass	 transition	

temperatures	of	the	multiblocks	are	akin	to	that	of	individual	diblock	copolymers	of	equivalent	block	

lengths.	 This	 approach	 therefore	 can	 be	 used	 to	 modulate	 the	 Tg	 and	 domain	 sizes	 of	 a	 block	

copolymer	by	keeping	the	ratio	of	monomer	and	overall	DP	of	each	monomer	constant,	but	varying	

the	number	of	segments	in	the	copolymer.		
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