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An effort was made to demonstrate the dynamic heterogeneity of poly(methyl methacrylate) (PMMA)/poly(vinylidene 

fluoride) (PVDF) blends, where its composition dependence and the role of interphase were probed. Firstly, the 

composition dependence of thermorheological complexity of PMMA/PVDF blends in the melt was revealed. Molecular 

entanglement state involving intra- and interchain entanglements was found to govern the scenario of thermorheological 

complexity. Intriguingly, local heterogeneity was further demonstrated to exist in the melt-state blends with intermediate 

compositions, and its origin was depicted to be the interphase. The interphase, coupled with unfavourable interchain 

entanglements in those blends, could explain the reduced viscosity and speed-up relaxations, contributing to the overall 

thermorheological complexity. Besides, two experimental glass transition temperatures of blends were resolved in view of 

segment motions in the miscible phase and the crystal-amorphous interphase, and further assessed via the “self-

concentration” concept. The presence of a crystal-amorphous interphase, likely leading to three distinct dynamics of 

segments in blends, was supposed to contribute to the dynamic heterogeneity in segment relaxations for PMMA/PVDF 

blends at the solid state. Lastly, effects of dynamic heterogeneity on dynamic mechanical properties were also evaluated.

1 Introduction 

With	increasing	demand	for	suitable	polymer	electrolytes	in	

advanced	electrochemical	applications	(e.g.	lithium-ion	bat-

tery)	nowadays,	polymer	blends	once	again	aroused	public	

attentions	 and	 have	 been	 increasingly	 considered	 as	 the	

most	promising	and	feasible	approach.	Among	them,	blends	

of	PMMA/PVDF	have	attracted	the	sustained	interest	due	to	

their	 tunable	 mechanical	 and	 electrochemical	 properties,	

ease	of	fabrication	and	good	contact	with	electrode	materi-

als,	 etc.1-3	 Design	 of	 tailor-made	 electrolytes	 based	 on	

PMMA/PVDF	blends	would	be	enormously	facilitated	by	the	

understanding	of	the	blending	phenomenon	at	a	molecular	

level.	 It	 is	 generally	 stated	 that	blends	of	PMMA	and	PVDF	

are	completely	miscible	in	the	melt	state	at	all	compositions,	

due	to	 the	strong	 intermolecular	 interactions	 involving	hy-

drogen	 bonding	 between	 carbonyl	 groups	 in	 PMMA	 and	 -

CH2	groups	of	PVDF,	and	the	dipole−dipole	interactions	be-

tween	-CH2	of	PMMA	and	-CF2	in	PVDF.	A	single	calorimetric	

glass	 transition	 temperature	 (Tg)	 is	 usually	 taken	 as	 the	

proof	for	the	miscibility	of	PMMA/PVDF	blends.4-6	Whereas,	

the	width	of	the	glass	transition	of	this	pair	of	blends	is	al-

ways	broader	 than	 those	of	 components.7,	8	 The	broadness	

of	glass	transition	has	been	also	observed	in	many	miscible	

blends	 and	 generally	 attributed	 to	 the	 heterogeneity	 in	

structural	 relaxations,	 i.e.	 dynamic	 heterogeneity.	 Dynamic	

heterogeneity	has	been	 intensively	 studied	 in	 the	past	 two	

decades	particularly	with	several	typical	miscible	blends	as	

models:	 polyisoprene	 (PI)/poly(vinylethylene)	 (PVE),9-12	

PI/polybutadiene	 (PB),13-15	 PMMA/ poly(ethylene	 oxide)	

(PEO),16-18	 etc.	 Relevant	 studies	 addressing	 this	 topic	 have	

been	 comprehensively	 elaborated	 in	 recent	 review	

articles.19-21	 Concentration	 fluctuations22,	23	 and	 chain	 con-

nectivity	effects	are	generally	considered	to	be	responsible	

for	 the	 dynamic	 heterogeneity.	 24,	25	 Specifically,	 the	 latter	

emphasizes	 the	 self-concentration,	 value	 of	 which	 is	 ap-

proximately	ratio	of	 the	packing	volume	of	a	Kuhn	 length’s	

worth	of	monomers	to	the	cooperative	volume.24		

With	 a	 substantial	 dynamic	 asymmetry	 (∆Tg=150K),	

PMMA/PVDF	 blends	 are	 also	 supposed	 to	 be	 dynamically	

heterogeneous.	In	a	pioneering	work,	Han	and	co-workers26	

demonstrated	 that	 the	 temperature	 dependence	 of	 time-

temperature	shift	factor	for	PMMA/PVDF	varies	with	blend	

composition	 and	 predicted	 the	 failure	 of	 empirical	 Time-

Temperature	Superposition	(TTS)	principle.	Though	Yousefi	

and	 co-workers27	 later	 observed	 the	 breakdown	 of	 TTS	

principle	in	PMMA/PVDF	blend	and	claimed	its	thermorhe-

ological	complexity,	the	blends	under	their	study	were	with-

in	 a	 narrow	 range	 of	 compositions.	 A	 clear	 conclusion	 has	

not	yet	been	drawn	as	strong	intermolecular	interactions	in	
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PMMA/PVDF	blends	that	could	affect	their	thermorheologi-

cal	 complexity/simplicity.	While	 a	 detailed	 investigation	 is	

needed	to	understand	the	thermorheological	complexity	for	

PMMA/PVDF	blends,	 it	 is	well	understood	 that	 their	 inter-

actions	 are	 strongly	 composition-dependent.4,	 6	 In	 most	

miscible	 blends,	 the	 intermolecular	 interactions	 influence	

remarkably	 the	 thermorheological	 complexity.28,	29	 The	de-

gree	 of	 thermorheological	 complexity	 for	 PMMA/PVDF	

blends	might	 also	 vary	with	 composition,	which,	 however,	

has	until	now	been	largely	ignored	in	the	literature.	Besides,	

chain	 entanglements	 strongly	 influence	 the	 intermolecular	

coupling	and	cooperativity	between	chains,	 thus	determin-

ing	the	thermorheological	complexity	or	simplicity.7	Though	

chain	 entanglements	 of	 PMMA/PVDF	 blends	were	 studied	

by	 several	 researchers,	 apparently	 conflicting	 results	 have	

been	 obtained.	Wu30	 found	 that	 dissimilar	 chains	 are	 less	

likely	to	entangle	with	each	other	than	the	similar	chains	in	

PMMA/PVDF	blends	over	 the	wide	 range	 of	 compositions.	

In	a	recent	study,	however,	Zuo	and	co-workers31	reported	

a	completely	opposite	result	that	dissimilar	chains	are	more	

likely	to	entangle	with	each	other	than	the	similar	chains	for	

the	 PMMA/PVDF	blends.	 Obviously,	 a	 clear	 consensus	 has	

not	yet	been	reached	regarding	the	chain	entanglement	and	

its	 relationship	 with	 thermorheological	 complexity	 of	

PMMA/PVDF	blends.	

Furthermore,	 upon	 cooling	 from	 the	 melt,	 PMMA/PVDF	

blends	 show	 upper	 critical	 solution	 temperature	 (UCST)	

strongly	dependent	on	the	blend	composition	and	the	cool-

ing	 rate.	 They	 undergo	 liquid-liquid	 and	 crystallization-

induced	phase	 separation	 in	sequence.	PVDF	 in	 the	blends	

can	 either	 crystallize	 or	 remain	 amorphous	 depending	 on	

blend	composition	and	the	cooling	rate.32	No	crystallization	

takes	place	 in	blends	with	PVDF	content	below	40	wt%	ei-

ther	upon	slow	cooling	from	the	melt	or	by	annealing	at	the	

temperature	above Tg,	leading	to	the	morphology	as	a	single	

amorphous	phase.	In	contrast,	blends	with	PVDF	concentra-

tion	above	40	wt%	can	crystallize	from	the	melt	and	phase	

separation	 occurs	 subsequently.	 The	 resulting	 multiphase	

morphology	 of	 crystalline	 blends	 consists	 of	 a	 crystalline	

PVDF	 phase,	 an	 amorphous	 miscible	 PMMA/PVDF	 phase,	

together	with	a	crystalline-amorphous	interphase.32,	33	Par-

ticularly,	 the	 liquid-like	 interphase	 is	 solely	 comprised	 of	

amorphous	PVDF	 segments.32,	34	Both	 the	 rigid	PMMA	seg-

ments	 in	 the	miscible	phase	 and	 the	PVDF	 crystals	 impose	

confinement	on	the	dynamics	of	the	amorphous	PVDF	seg-

ments,	and	the	relaxation	dynamics	of	the	interphase	there-

fore	vary	as	a	function	of	composition.32	Besides,	two	exper-

imental	 Tgs	 related	 to	 the	 multiphase	 morphology	 were	

even	 reported	 for	 crystalline	 PMMA/PVDF	blends,7,	30	 sug-

gesting	the	structural	heterogeneities	in	these	blends.	How-

ever,	 the	 corresponding	 molecular	 origins	 and	 relevant	

segmental	 dynamic	 heterogeneity	 are	 still	 unsolved	 in	 the	

open	 literatures.	 Furthermore,	 it	 is	 noteworthy	 that	 PVDF	

chains	 possess	 the	 strong	 tendency	 to	 be	 self-associated	

rather	 than	 entangled	with	 PMMA	 chains.27,	30	 This	 can	 be	

probably	 evidenced	 by	 the	 crystalline-amorphous	 inter-

phase	which	is	pure	PVDF	rather	than	penetrated	by	PMMA,	

despite	 their	 favourable	 interactions.32	 Understandably,	

upon	melting	the	multiphase	crystalline	blends,	the	regions	

containing	original	PVDF	crystal	and	interphase,	i.e.	PMMA-

free	regions,	will	be	penetrated	and	subsequently	entangled	

with	PMMA	chains.	In	view	of	the	self-association	character	

of	 PVDF	 chains	 and	 the	 unfavourable	 interchain	 entangle-

ments	between	PMMA	and	PVDF	chains,	one	might	imagine	

that	 the	final	state	of	 those	regions	 is	not	exactly	 the	same	

as	that	of	the	remaining	ones	and	behave	as	interphase,	re-

sulting	 in	 two	distinct	environments	 in	the	melt.	The	pres-

ence	of	 interphase	 in	 the	melt	might	 remarkably	affect	 the	

molecular	 dynamics	 and	 rheological	 properties	 of	 blends.	

Whereas,	 few	 studies	 are	 available	 in	 the	 open	 literature	

addressing	the	effects	of	interphase	on	the	dynamic	hetero-

geneity	 and	 thermorheological	 behaviors	 in	 the	melt-state	

PMMA/PVDF	blends.		

In	 this	 paper,	 we	 present	 a	 comprehensive	 view	 of	 the	

dynamic	 heterogeneity	 of	 PMMA/PVDF	 blends.	 This	 is	

mainly	accomplished	by	performing	melt	rheology	and	die-

lectric	relaxation	spectroscopy	for	blends	over	a	wide	range	

of	 composition,	 at	 different	melt	 temperatures.	 One	 of	 the	

primary	 objectives	 is	 to	 map	 the	 thermorheological	 com-

plexity	and	chain	entanglement	state	as	a	 function	of	com-

position,	 and	 subsequently	 clarify	 the	 relation	 between	

them.	Based	on	this,	we	 further	attempt	 to	understand	the	

presence	 of	 interphase	 in	 the	 melt	 and	 its	 effects	 on	 the	

thermorheological	behaviours	of	blends.	Further,	 effects	 of	

heterogeneity	 related	 to	 the	 crystal-amorphous	 interphase	

in	 the	 solid-state	 blends	 on	 glass	 transition	 temperatures	

and	dynamic	mechanical	properties	will	 be	 also	evaluated.	

This	 paper	 will	 offer	 some	 new	 enlightenment	 for	 the	 dy-

namic	 studies	 of	 PMMA/PVDF	 blends	 and	 their	 advanced	

applications.	

2 Experimental 

2.1 Materials and sample preparation 

Table 1 Characteristics of the investigated polymers 

	 Mw	a	

(kg/mol)	
Mw/Mn 

a	
Tg 

b 

(°C)	

Tm 
b 

(°C)	

Tc 
b 

(°C)	

 ρ	

(g/cm3)	

PVDF	 210	 2.0	 -42	 170	 136	 1.78	

PMMA	 100	 1.9	 112	 -	 -	 1.19	

a
 Determined by size exclusion chromatography (SEC) with tetrahydrofuran (THF) 

as the eluent for PMMA and dimethyl formamide (DMF) for PVDF. 
b
 Measured 

with a DSC (Q20, TA Instruments) at a heating/cooling rate of 10 °C/min under 

N2.  

PMMA	 (Altuglas	 V825)	 and	PVDF	 (Kynar	 720)	 in	 granular	

pellet	 form	were	kindly	provided	 by	Arkema	 Inc.	More	 in-

formation	 about	 the	 characteristics	 of	 these	 polymers	 has	

been	 described	 elsewhere	 in	 our	 previous	 studies.7	

PMMA/PVDF	blends	with	compositions	ranging	from	100/0	

(v/v)	 to	 0/100	 (v/v)	 with	 a	 step	 of	 10	were	 prepared	 by	

melt	blending	at	220	°C	using	a	twin-screw	extruder.	Details	

on	 the	 processing	 procedures	 were	 given	 elsewhere.35	 All	
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the	pristine	polymers	were	dried	in	a	vacuum	oven	at	80	°C	
for	 48	 h	 prior	 to	 blend	 preparation.	 As-prepared	 blends	

were	subsequently	compression-molded	into	disks	and	rec-

tangular	sheets	at	200	°C	with	a	pressure	of	200	bar.	All	the	

samples	were	 further	 dried	 at	 80	 °C	 under	 vacuum	 for	 at	

least	24	h	before	measurements.	

2.2 Small-amplitude oscillatory shear (SAOS) measurements 

Linear	 viscoelastic	 properties	 of	 the	 blends	 were	 studied	

using	 a	 stress-controlled	 rotational	 rheometer	 (Discovery	

Hybrid	Rheometer,	DHR-2,	TA	Instruments)	with	a	parallel-

plate	geometry	(25	mm	in	diameter)	at	 temperatures	from	

180	 to	 240	 °C	 under	 a	 nitrogen	 atmosphere.	 Disk-shaped	

samples	with	 the	 thickness	 of	 ca.	 1.2	mm	were	positioned	

between	the	plates,	and	left	for	5	min	at	the	measured	tem-

perature	 to	 minimize	 any	 residual	 stress	 and	 also	 to	 im-

prove	the	adhesion	between	samples	and	the	plates.	To	en-

sure	that	all	the	SAOS	measurements	were	performed	with-

in	 the	 linear	 viscoelastic	 regime,	 a	 dynamic	 strain	 sweep	

test	 was	 first	 conducted	 in	 a	 strain	 amplitude	 range	 from	

0.01%	 to	 100%	 with	 a	 maximum	 angular	 frequency	 (ω)	

amplitude	 of	 628	 rad/s.	 Then	 dynamic	 frequency	 sweep	

tests	were	carried	out	under	a	fixed	strain	amplitude	of	5%,	

which	fell	well	within	in	the	linear	viscoelastic	region,	from	

the	angular	frequency	of	628	to	0.01	rad/s. 

2.3 Dielectric relaxation spectroscopy (DRS) 

Dielectric	 relaxation	 measurements	 were	 conducted	 on	 a	

dielectric	thermal	analyzer	(LCR	Meter,	Agilent	E4980A,	TA	

Instruments)	equipped	with	the	Environmental	Test	Cham-

ber	 (ETC,	 TA	 Instruments)	 for	 temperature	 control.	 Disk-

shaped	 samples	 were	 placed	 between	 two	 parallel-plate	

brass	 electrodes	 (25	mm	 in	 diameter)	 in	 a	way	 similar	 to	

SAOS	experiments.	Dielectric	responses	were	recorded	 iso-

thermally	for	frequency	range	from	20	Hz	to	2	MHz	under	a	

constant	voltage	of	2	V	at	temperatures	from	180	to	240	°C	

on	heating	with	an	 increment	of	5	°C.	Prior	 to	tests,	 it	was	

also	 necessary	 to	 heat	 the	 assembly	 thereby	 sticking	 the	

polymer	to	the	electrodes.	Nitrogen	purging	was	also	main-

tained	throughout	the	tests.	Temperature	fluctuations	were	

well	controlled	within	±	0.5	°C.		

2.4 Fourier transform infrared spectroscopy (FTIR) 

Infrared	 spectra	 of	 the	 blends	 were	 collected	 on	 a	 FTIR	

spectrometer	 (Spectrum	 One,	 Perkin	 Elmer	 Instrument)	

equipped	with	an	attenuated	total	reflectance	(ATR)	device.	

A	 reflectance	 mode	 combined	 with	 40	 scans,	 a	 spectral	

range	of	4000−600	cm-1	and	a	resolution	of	4	cm-1	was	used.	

FTIR	 samples	were	prepared	 by	 squeezing	 blend	 granules	

into	films	(thickness	ca.	30μm)	at	200	°C	by	the	compressor.	

2.5 Differential scanning calorimetry (DSC) 

Calorimetric	measurements	were	performed	on	a	differen-

tial	 scanning	 calorimeter	 (DSC,	 Q20,	 TA	 Instruments)	 in	 a	

dry	 nitrogen	atmosphere.	 A	 temperature	program	was	 set	

in	which	the	samples	were	first	heated	from	-90	to	220	°C,	

then	cooled	to	-90	°C	followed	by	a	second	heating	scan	 to	

220	°C.	Both	the	heating	and	cooling	rates	were	10	°C/min.	

The	melting	temperature	(Tm)	and	glass	transition	tempera-

ture	(Tg)	were	determined	from	both	first	and	second	heat-

ing	scan.	Tm	was	noted	as	the	maximum	of	the	melting	peak	

and	 Tg	 as	 the	 inflection	 point	 of	 the	 glass	 transition.	 The	

crystallization	 temperature	 (Tc)	was	 taken	 from	 the	maxi-

mum	of	exothermal	peak	in	the	cooling	run.	

2.6 Dynamic mechanical analysis (DMA) 

Dynamic	mechanical	properties	of	 the	blends	were	studied	

on	 compression-molded	 rectangular	 samples	 (30	 mm	 ×	 6	
mm	×	1.2	mm)	using	a	dynamic	mechanical	analyzer	(DMA,	

Q800,	 TA	 Instruments)	 in	 the	 tensile	mode.	 DMA	 thermo-

grams	were	recorded	at	a	constant	frequency	of	1	Hz,	strain	

amplitude	 of	 0.1%,	 and	 heating	 rate	 of	 2	 °C/min	 over	 the	

range	from	-100	to	180	°C	under	a	nitrogen	atmosphere.	Tg	

was	 also	 determined	 from	 the	 peak	 temperature	 in	 loss	

modulus	of	DMA.	

3 Results and discussion 

3.1 Linear viscoelasticity of PMMA/PVDF blends:            

themorheological complexity 

Complex	viscosity	(η∗)	of	the	blends	is	plotted	as	a	function	

of	angular	frequency	at	a	given	temperature	of	220	oC	in	Fig.	

1a.	As	observed,	the	neat	polymers	and	their	blends	display	

a	 shear-thinning	 behaviour	 at	 higher	 frequencies	 and	 a	

Newtonian	behaviour	at	lower	frequencies.	PVDF	exhibits	a	

moderate	shear-thinning	behaviour	and	is	less	viscous	than	

PMMA.	 η∗	of	 the	 blends	 decreases	 with	 the	 inclusion	 of	

PVDF,	 indicating	 the	 formulation	of	 the	blends.	 It	 is	worth	

noting	 that	 η∗	of	 the	 blends	 with	 higher	 PVDF	 concentra-

tions	especially	for	the	intermediate	compositions	are	lower	

than	 those	 of	 the	 neat	 polymers.	 Specifically,	 blend	 with 

approximate	70%	of	PVDF	shows	the	 lowest	viscosity.	The	

reduction	of	dynamic	viscosity	is	pretty	surprising	and	will	

be	 discussed	 later.	 TTS	 principle	 has	 been	 frequently	 ap-

plied	to	examine	 if	there	exists	a	rheological	heterogeneity	

and	thereby	thermorheological	complexity	in	blends.	Based	

on	the	principle	that	all	the	relaxation	times	are	affected	in	

the	same	degree	at	different	 temperatures,	a	master	curve	

at	a	reference	temperature	(Tref)	can	be	generated	from	vis-

coelastic	 data,	 using	 a	 time-temperature	 shift	 factor.	 The	

validity	 of	 TTS	 can	 be	 firstly	 examined	 by	 Han	 plot	 with	

storage	modulus	 (G′)	versus	 loss	modulus	 (G″).36,	37	 Fig.	1b	
presents	the	Han	plots	for	the	blends	varying	compositions	

at	 220	 °C.	 Obviously,	 Han	 plots	 for	 neat	 PMMA	 and	 PVDF	

exhibit	 quite	 small	 spreads,	 and	plots	 for	 all	 of	 the	 blends	

lay	 between	 those	 of	 components,	 showing	 a	 composition	

independent	correlation;	therefore,	it	indicates	a	quite	good	

miscibility	 between	PMMA	 and	PVDF	 from	 the	 rheological	

aspect.	

Page 3 of 14 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

 

 
Fig. 1 (a) Complex viscosity versus frequency and (b) Han plots of PVDF/PMMA blends 

with varying compositions at 220 °C. 

Representative	curves	of	time-temperature	superposition	

reduced	at	a	Tref	of	220	°C	for	blends	are	shown	in	Fig.	2a-e.	

At	 first	 glance,	 one	 can	 roughly	 tell	 that	 the	 TTS	 principle	

holds	 well	 for	 the	 blends	 over	 all	 the	 compositions,	 with	

only	a	subtle	discrepancy	at	the	terminal	zone.	Moreover,	a	

typical	terminal	behaviour	at	lower	frequencies	is	observed,	

i.e.	G′∝ω2	and	G″∝ω,	which	is	characteristic	of	a	homogene-

ous	blend	structure.	However,	the	scenario	for	TTS	emerges	

a	 slight	difference	when	one	 takes	 careful	 inspection	 com-

bining	with	the	curve	of	phase	angle	(δ)	which	is	believed	to	

be	more	 sensitive	 to	 the	 failure	of	TTS	principle	 (Fig.	 2).38	

One	can	observe	in	Fig.	2	that	TTS	principle	fails	for	blends	

with	intermediate	compositions	(40%	≤	φPVDF	<	80%),	espe-

cially	 for	 those	with	φPVDF	=	 60∼70%,	where	 the	 curves	 of	

tanδ	are	poorly	superimposed	over	the	whole	terminal	zone.	

In	contrast,	 the	TTS	failure	tends	to	alleviate	in	 the	case	of	

both	PMMA-rich	blends	(φPVDF	<	40%)	(Fig.	2a	and	2b)	and	

PVDF-rich	blends	(φPVDF	≥	80%)	(Fig.	2e).	It	 should	be	also	

pointed	out	that	the	data	scattering	at	the	lower	 frequency	

(below	0.03	 rad/s),	partly	 caused	by	 the	 thermal	degrada-

tion	 of	 PMMA	 during	 the	 longer	 holding	 time	with	 higher	

temperature	 up	 to	 240	 °C	 ,	 may	 confuse	 the	 judgment	 on	

TTS.	 Fortunately,	 this	 effect	 can	 be	 neglected	 since	 blends	

with	 higher	PVDF	 fractions	 (e.g.	 30/70	blend)	 expected	 to	

be	more	thermally	stabile	still	shows	the	TTS	failure	even	in	

the	 frequency	 region	 up	 to	 the	 crossover	 frequency	 (ωc)	

(Fig.2d).	Therefore,	this	failure	of	TTS	is	indicative	of	differ-

ences	 in	 the	 temperature	dependence	of	 structural	 relaxa-

tions	in	blends, i.e.	dynamic	heterogeneity.	Meanwhile,	tem-

perature	dependence	of	shift	 factors	 remain	some	discrep-

ancies	 at	 low	 temperatures	 compared	 to	 the	 linearity	 at	

high	temperatures,	implying	the	less	cooperative	structural	

relaxations	at	low	melt	temperatures	(Fig.	2f).	Besides,	van	

Gurp-Palmen	(vGP)	curves39	of	phase	angle	(δ)	versus	com-

plex	 modulus	 (G∗)	 for	 blends	 give	 the	 same	 conclusion	

about	 the	TTS	 failure	(see	Appendix	A	for	details).	Overall,	

the	 degree	 of	 thermorheological	 complexity	 for	 blends	 is	

composition-dependent:	both	PMMA-	and	PVDF-rich	blends	

show	 a	 slight	 thermorheological	 complexity,	 whereas	

blends	with	 intermediate	compositions	 exhibit	 a	moderate	

one.	 Compared	 with	 PMMA/PEO	 blends	 (similar	 ∆Tg	 to	

PMMA/PVDF)	 where	 TTS	 fails	 severely,16	 PMMA/PVDF	

blends	exhibit	the	weak	thermorheological	complexity,	like-

ly	due	to	the	stronger	interactions	than	the	former.		

	

Fig. 2 Time-temperature superposition curves of PMMA/PVDF blends shifted to a 

reference temperature of 220 °C. (a) PMMA/PVDF (80/20); (b) PMMA/PVDF (60/40); 

(c) PMMA/PVDF (40/60); (d) PMMA/PVDF (30/70); (e) PMMA/PVDF (20/80); (f) shift 

factors obtained for the PVDF/PMMA blends with varying compositions using a refer-

ence temperature of 220 °C. 

Fig.	3a	depicts	zero-shear	viscosity	(η0)	estimated	by	Car-

reau-Yasuda	model40	 for	 the	blends	with	 various	 composi-

tions.	Meanwhile,	predicted	values	of	η0	by	 two	theoretical	

mixing	rules,	including	the	logarithmic	additivity	rule41	and 

logarithmic	 reciprocal	rule,42	 are	also	given.	 It	 is	 clear	 that	

negative	deviations	for	η0	versus	φ	 		with	respect	to	mixing	

rules	 can	 be	 observed,	 exhibiting	 a	 concave	 up	 behaviour.	

More	 interestingly,	instead	of	monotonic	decrease	with	the	

inclusion	of	PVDF,	the	viscosities	of	blends	with	intermedi-

ate	 compositions	 are	 lower	 than	 those	 of	 the	 components	

and	 even	 emerge	 a	minimum	 at	 φPVDF	=	 60∼70%.	 Besides,	

weighted	 relaxation	 spectrum	 λH(λ)	 reflecting	 the	 time	
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distribution	of	 chain	 relaxations	was	 also	 extracted	by	 the	

following	equation:43,	44	

																																						
( )

( )
(1 )

H i
G d

i

λ ωλ
ω λ

λ ωλ

∞
∗

−∞

=
+∫                         	(1)	

where		λ	is	the	relaxation	time.	Fig.	3b	illustrates	the	λH(λ)		
spectra	for	neat	polymers	and	their	blends	at	220	°C.	Simi-

lar	 to	 the	 trend	 of	 η0,	 the	 average	 relaxation	 times	 the	

blends	especially	at	 intermediate	compositions	are	shorter	

than	those	of	the	components	and	also	exhibits	a	minimum	

for	 bends	 with	 φPVDF	 =	 60∼70%,	 displaying	 a	 speed-up	 in	

relaxations.	Generally,	molecular	entanglements	dictate	the	

viscoelastic	properties.	It	is	ever	reported	that	PMMA/PVDF	

blends	can	have	reduced	molecular	entanglements	in	com-

parison	with	their	components.45,	46	The	observed	curve	up	

behaviour	and	a	 local	minimum	 in	 viscosity,	 as	well	as	 the	

speed-up	relaxations	for	blends	with	intermediate	composi-

tions	are	assumed	to	be	related	with	the	reduced	molecular	

entanglements,	which	will	be	discussed	in	the	next	section.	

 

Fig. 3 (a) Plots of zero-shear viscosity versus compositions of PMMA/PVDF blends at 

temperature range from range from 180 °C to 240 °C (the scatters are the experi-

mental, the dashed and dotted lines are respectively predicted by logarithmic additivity 

rule and reciprocal mixing rule); (b) weighted relaxation spectra of PMMA/PVDF blends 

over a wide composition at 220 °C. 

3.2 Chain entanglements 

The	entanglement	state	of	both	the	similar	chains	(i.e.	intra-

chains)	 and	 dissimilar	 chains	 (i.e.	 interchains)	 in	

PMMA/PVDF	blends	 can	 be	 deduced	 in	 terms	of	 entangle-

ment	 molecular	 weight	 (Me)	 within	 each	 component	 and	

that	 (Me12)	 between	 two	 components	 (see	 Appendix	 B	 for	

details).30,	47	 For	clarity,	 the	parameters	on	chain	entangle-

ments	for	PMMA/PVDF	blends	measured	at	220	°C	are	rep-
resentatively	listed	in	Table	2	and	relevant	calculations	are	

described	 in	 Appendix	 B.	 The	 plateau	 modulus	 (��
� )	 for	

PVDF	 (i.e.	 6.23×105	 Pa)	 and	 its	 entanglement	 molecular	

weight	(i.e.	9.58	kg/mol)	at	220	°C	agree	well	with	the	pre-

viously	 reported	 values.48	 A	 slightly	 higher	��
� 	for	 PMMA	

and	therefore	a	little	lower	Me	compared	with	the	literature	

data48	 can	 be	 due	 to	 the	 semi-quantitive	 character	 of	 the	

calculation	method	 based	on	 crossover	modulus.	 It	 can	 be	

clearly	 observed	 that	 Me12	 >	 Me	 ever	 reported	 by	 Wu,30	

which	 indicates	 that	dissimilar	chains	are	 less	 likely	 to	en-

tangle	 with	 each	 other	 than	 the	 similar	 chains	 in	

PMMA/PVDF	blends,	 is	also	 captured	 in	 the	present	 study.	

The	difference	 from	 findings	of	Wu	lies	 in	 that	 this	kind	of	

entanglement	only	tends	to	be	pronounced	for	blends	with	

intermediate	 compositions	 (40%	 ≤	 φPVDF	 <	 80%)	 in	 our	

study,	whereas	it	exists	over	the	whole	compositions	in	the	

case	of	Wu.	The	slight	deviation	of	blend	with	φPVDF	=	50%	is	

not	clear	for	the	moment	and	is	still	being	investigated	in	a	

future	 article.	 As	 for	 PMMA-rich	 blends	 (φPVDF	<40%)	 and	

PVDF-rich	blends	(φPVDF	≥	80%),	however,	an	opposite	sce-

nario,	 i.e. Me	> Me12	which	 implies	dissimilar	chains	can	en-

tangle	 with	 each	 other	 more	 than	 similar	 ones,	 can	 be	

found.	 Apparently,	 chain	 entanglement	 state	 in	

PMMA/PVDF	blends	also	appears	the	composition	depend-

ence.	 In	particular,	 blends	with	 intermediate	 compositions	

have	 the	 higher	 Me	 and Me12	 and	 the	 maximum ones for	

φPVDF=80%,	 clearly	 suggesting	 the	 reduced	 molecular	 en-

tanglement;	 this	 is	 coincided	with	 proceeding	 assumption,	

explaining	 the	 observed	 curve	 up	 behaviour	 and	 a	 local	

minimum	in	viscosity,	and	speed-up	relaxations.	

The	 composition	dependence	of	 chain	 entanglements	 as	

observed	can	be	rationalized	by	invoking	the	intermolecular	

interactions.	According	 to	 the	FTIR	spectra,	 intermolecular	

interactions	 in	 the	 studied	 blends	 are	 strongly	 dependent	

on	the	compositions,	where	PVDF-rich	blends	demonstrate	

the	 stronger	 interactions	 while	 blends	 with	 intermediate	

compositions	display	the	medium	ones	(see	Fig.	S1	in	Elec-

tronic	 Supplementary	 Information).	 This	 agrees	 well	 with	

results	 of	 Wendorff6	 that	 this	 pair	 of	 blends	 shows	 very	

large	 negative	 value	 of	 interaction	 parameter	 (χ)	 with	

strong	 composition	 dependence, where	 χ	 is	 continuously	
decreased	with	 increasing	 the	content	of	PVDF	but	 further	

reduced	 more	 steeply	 for	 PVDF-rich	 blends	 (χ	 decreases	
from	-0.02	to	-0.7).	It	is	also	worth	mentioning	that	the	val-

ue	of	χ	was	measured	by	Wendorff	in	the	melt	(i.e.	187	°C),6	
and	 our	 group	 recently	 obtained	 a	 relation	 χ=0.2207-
137.52/T(K)	by	rheological	modelling	 for	the	melt	mutual-

diffusion	 in	PMMA/PVDF	bilayers;7	hence,	χ	 is	expected	 to	
be	negative	and	interactions	persist	in	the	melt	temperature	

ranges	 under	 the	 present	 study.	 Therefore,	 it	 is	 envisaged	

that	 for	 PVDF-rich	 blends	 dissimilar	 chains	 entangle	 with	

each	other	more	 than	the	similar	chains	 in	the	presence	of	

the	 stronger	 interactions.	 Besides,	 PVDF	 chains	 were	 re-
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ported	 to	possess	 the	 strong	 tendency	 to	 self-associate	 ra-

ther	than	inter-associate	with	PMMA	chains.10,	13	There	even	

exists	a	nearly	pure	PVDF	interphase	which	is	not	penetrat-

ed	by	PMMA	in	the	crystalline	blends	(i.e. φPVDF	≥	40%)	de-

spite	 their	 favourable	 interactions.32	 Logically,	 for	 blends	

with	intermediate	compositions	having	the	moderate	inter-

actions	compared	 to	PVDF-rich	blends,	 the	self-association	

or	 intrachain	entanglements	of	PVDF	chains	occurs	prefer-

entially	and	PVDF	chains	thus	have	 less	chance	to	entangle	

with	PMMA	chains.		

Table 2 Crossover modulus, plateau modulus, and entanglement molecular 

weight of PMMA/PVDF blends at 220 °C 

PMMA/PVDF	

(v/v)	

Gc	

(×104	Pa)	

��
�	

(×105	Pa)	

Me 

(kg/mol)	

Me12	

(kg/mol)	

100/0	 7.35	 4.81	 9.22	 －	

90/10	 7.58	 5.28	 8.72	 6.99	

80/20	 8.52	 6.16	 7.74	 5.82	

70/30	 7.78	 5.74	 8.59	 7.67	

60/40	 6.86	 5.10	 9.98	 10.42	

50/50	 8.26	 6.14	 8.54	 7.61	
40/60	 7.33	 5.41	 9.97	 10.30	

30/70	 7.24	 5.28	 10.49	 12.04	
20/80	 8.54	 6.13	 9.28	 8.47	

10/90	 10.44	 7.33	 7.95	 4.14	

0/100	 9.10	 6.24	 9.57	 －	
	

Additionally,	one	might	be	 further	 surprised	by	 the	case	

of	PMMA-rich	blends	(φPVDF	<40%)	where	dissimilar	chains	

entangle	with	each	other	more	than	the	similar	ones,	analo-

gous	to	the	case	of	PVDF-rich	blends	(φPVDF	≥	80%)	but	the	

interactions	are	weaker	 compared	with	the	 latter.	 It	 is	un-

derstandable	that	rigid	PMMA	chains	(high-Tg)	dominate	in	

PMMA-rich	blends.	One	plausible	explanation	for	the	entan-

glement	window	herein	could	be	ascribed	to	the	large-scale	

restricted	entanglement	spacing	and/or	confined	chain	sur-

roundings	of	PVDF	by	PMMA.	In	that	way,	PVDF	chains	are	

less	 likely	 to	 self-associate/entangle	 internally	 but	 relax	

cooperatively	 with	 PMMA	 chains.	 Besides,	 it	 is	 widely	

agreed	 that	 for	PMMA-rich	 blends,	 no	 crystallization	 takes	

place	either	upon	slow	cooling	from	the	melt	or	annealing	at	

a	temperature	above	Tg.	This	suggests	that	PVDF	chains	are	

unable	 to	 self-associate	 to	 form	 nucleation	 in	 PMMA-rich	

blends,	 which	 further	 demonstrates	 that	 PVDF	 chains	 are	

less	 likely	 to	 entangle	 themselves	 but	 with	 PMMA	 chains	

therein.	Moreover,	Bose	and	coworkers49	recently	reported	

the	self-concentration	(φs)	of	PMMA	as	0.05	in	PMMA/PVDF	

(90/10)	 (w/w)	 blend	 (PMMA-rich)	 under	 the“ self-

concentration”	model	of	Lodge-McLeish	(LM),24	which	is	far	

below	the	theoretical	value,	i.e. φs	=0.31.7	It	might	also	imply	

that	PMMA	chains	would	rather	entangle	with	PVDF	chains	

than	self-concentrate	in	PMMA-rich	blends.	

As	 observed,	 chain	 entanglement	 state	 of	 PMMA/PVDF	

blends	exhibits	the	composition	dependence	similar	to	that	

of	 thermorheological	 complexity.	 It	 is	 proposed	 that	 the	

scenario	of	 thermorheological	 complexity	 for	PMMA/PVDF	

blends	is	governed	by	the	molecular	entanglements.	In	both	

PMMA-	and	PVDF-rich	blends,	interchains	among	homopol-

ymers	 tend	 to	 entangle	 much	 more	 than	 intrachains	 and	

thus	 relax	 cooperatively,	 leading	 to	 the	 slight	 thermorheo-

logical	 complexity;	 for	 blends	 with	 intermediate	 composi-

tions,	on	the	contrary,	intrachain	entanglements	prevail	and	

thus	dissimilar	chains	relax	 less	 cooperatively,	 resulting	 in	

the	 medium	 thermorheological	 complexity.	 Other	 factors	

including	 heterogeities	 can	 also	 contribute	 to	 the	 ther-

morheological	 complexity,	 which	 will	 be	 resolved	 in	 the	

following	section.			

3.3 Dielectric relaxation spectroscopy: local heterogeneity 

in the melt 

Dielectric	 relaxation	 spectroscopy	 (DRS)	 was	 employed	 to	

further	obtain	crucial	 insights	into	the	molecular	dynamics	

in	 the	 melt-state	 PMMA/PVDF	 blends. Fig.	 4	 presents	 the	

frequency	 dependence	 of	 dielectric	 loss	 modulus	 spectra	

(M″)	 for	 neat	 polymers	 and	 blends	 at	 temperatures	 from	

180	 to	 240	 °C	 (see	 relevant	 loss	permittivity	 spectra ε″	 in	
Fig.	 S2	 in	 Electronic	 Supplementary	 Information).	 Electric	

modulus	 formalism	 is	 advantageous	over	 others	 as	 it	 sup-

presses	 effects	 of	 electrode	 polarization	 at	 the	 lower	 fre-

quency.50	To	analyse	quantitatively	the	relaxation	behaviors,	

the	experimental	plots	of	M″	versus	frequency	were	further	

fitted	by	the	Havriliak–Negami	 (HN)	 equation	according	 to	

the	following	form:50 
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where	ε′	and	ε″	are	storage	and	loss	permittivity,	M′	and	M″	
are	dielectric	storage	and	 loss	modulus,	M∞	and	M0	are	the	

high	and	low	frequency	limits	of	M′,	respectively,	M∞ =	1/ε∞	

and	M0 =	1/ε0;	ω	is	the	angular	frequency	(ω=2πf)	and	α	and	
β	shape	parameters	(0<	α,	β ≤	1).	The	corresponding	 fitted	
M″	plots	are	shown	by	solid	curves	in	Fig.	4.	It	is	known	that	

PVDF	 and	 PMMA	 are	 respectively	 identified	 as	 dielectric	

type-B	and	type-C	polymer,51	thus	the	normal	mode	relaxa-

tion	related	to	the	end-to-end	vector	of	whole	chains	is	die-

lectrically	 invisible	 in	 the	 DRS	 spectra.	 As	 for	 neat	 PMMA	

(Fig.	4a),	the	dielectric	relaxation	has	been	observed	as	two	

relaxations,	where	one	relaxation	peak	(above	10	kHz)	cor-

responds	to	 the	merged	αβ relaxation	of	α-relaxation	(seg-
mental	 motions)	 and	 β-relaxation	 (local	 motions	 of	 side	

group),32and	 the	 other	 represents	 the	 conductivity	 relaxa-

tion	 with	 characteristic	 relaxation	 time	 defined	 by	

2πfmaxτ=1.	 Conductivity	 relaxation	 peak	 symbolizes	 the	

transition	from	long	range	to	short	range	mobility	of	charge	

carriers	(catalyst,	impurities,	etc.)	along	conductivity	paths.	

By	contrast,	segmental	relaxations	of	PVDF	are	not	captured	

in	 the	 measured	 temperature	 and	 frequency	 ranges.	 The	

conductivity	relaxation	of	PVDF	emerges	at	higher	frequen-
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cies	(104	–105	Hz)	(Fig.	4b),	suggesting	the	higher	mobility	

of	charge	carriers	in	PVDF.	

	

	

Fig. 4 Dielectric loss modulus M″ as a function of frequency with temperature 

ranging from 180 °C to 240 °C (5 °C increment) for (a) neat PMMA; (b) neat 

PVDF; (c) PMMA/PVDF (80/20); (d) PMMA/PVDF (60/40); (e) PMMA/PVDF 

(40/60); (f) PMMA/PVDF (20/80). The solid curves are fitted lines by Havriliak–

Negami equation. 

As	for	blends,	one	can	view	that	the	characteristic	relaxa-

tion	 frequency	 (fmax)	 of	 conductivity	 relaxation	 locates	 be-

tween	 that	 of	 neat	 PMMA	 and	 PVDF,	 and	 shifts	 to	 higher	

frequencies	with	increasing	temperature	and/or	PVDF	con-

tent		(Fig.	4c-f).	αβ relaxation	shifts	to	higher	frequency	ac-

companied	by	 the	declined	 intensity	with	 increasing	PVDF	

content.	Interestingly,	 for	blends	(φPVDF	≥	40%)	a	shoulder-

like	relaxation	peak	emerges	at	frequency	region	below	fmax	

particularly	 at	 the	 lower	melt	 temperatures.	This	 shoulder	

moves	to	higher	frequencies,	comes	closer	to	the	conductiv-

ity	 relaxation	 peak	 with	 increasing	 temperature,	 and	 are	

hardly	 discernible	 at	 the	 higher	 temperatures	 (above	 220	

°C).	As	mentioned	above,	normal	mode	relaxation	is	dielec-

trically	inert	for	both	PMMA	and	PVDF,	and	electrode	polar-

ization	 is	 greatly	 suppressed	 with	 the	 electric	 modulus;	

hence,	the	emerging	relaxation	observed	at	lower	frequency	

is	ascribed	to	the	relaxation	of	charge	carriers	at	interfaces	

within	 the	 bulk	 of	 the	 sample,	 i.e.	 interfacial	 Maxwell-

Wagner-Sillars	 (MWS)	 polarization.51	 It	 is	 worthwhile	 to	

note	that	MWS	relaxation	observed	in	blends	under	investi-

gation	displays	a	composition	dependence.	To	clearly	illus-

trate	the	trends,	 the	normalized	M″	curves	of	blends	(φPVDF	

≥20%)	 for	 the	 conductivity	 relaxation,	 i.e.	�"/��	

" 	versus	

�/��	
 ,	are	plotted	in	Fig.	5.	Notably,	MWS	relaxation	peak	

becomes	most	pronounced	 for	blends	with	φPVDF	 increased	

up	to	60%,	but	further	declines	for	PVDF-rich	blends	(φPVDF	

≥	80%)	(Fig.	5a).	At	higher	temperatures	(e.g.	220	°C),	MWS	

relaxation	tends	to	be	merged	with	the	conductivity	relaxa-

tion	 (Fig.	 5b).	With	 relaxations	 both	 in	 the	blend	 bulk	 (i.e.	

conductivity	 relaxation)	 and	 at	 the	 interface	 (i.e. MWS	 re-

laxation),	 charge	 carriers	 shows	 a	 bimodal	 relaxation	 be-

haviour,	especially	 in	the	blends	(40%	≤	φPVDF	<	80%).	Fur-

ther	analysis	on	the	dielectric	relaxation	behaviors	by	Cole-

Cole	plot	(M″∼M′)	and	alternating	current	conductivity	(σAC )	

also	 suggests	 the	 bimodal	 relaxation	 of	 charge	 carriers	 in	

these	 blends	 (Fig.	 S3	 and	 S4	 in	 Electronic	 Supplementary	

Information).		

 

Fig. 5 Normalized frequency dependence of M″ for the conductivity relaxation of 

PMMA/PVDF blends with various compositions at 180 °C (a) and 220 °C (b) 

Charge	carrier	transport	is	governed	by	the	motion	of	the	

polymer	 chains	 at	 temperatures	 higher	 than	Tg.52	 The	 dy-

namics	of	charge	carriers	can	thus	reflect	the	structural	re-

laxations	of	blends.	Fig.	6a	represents	 the	plots	of	 fmax	ver-

sus	the	 reciprocal	 temperature	 for	 the	conductivity	relaxa-

tion.	 The	 temperature	 dependence	 of	 the	 conductivity	 re-

laxation	can	be	well	described	by	the	Arrhenius	equation:	

																																			         






 −=
RT

E
Af aexpmax                              		(6)	

where	A	 is	 the	 pre-exponential	 factor,	 Ea	 is	 the	 activation	

energy,	 R	 is	 the	 gas	 constant,	 respectively.	 Ea	 was	 deter-

mined	 by	 performing	 the	 least	 square	 fit	 to	 the	 plots	 and	

has	 been	 shown	 in	 Fig.	 6b.	 Schematical	 deconvolution	 for	

the	relaxations	by	HN	equation	is	shown	by	Fig.	6d.	One	can	

observe	 that	 the	 activation	 energy	 for	 the	 conductivity	 re-

laxation	is	continuously	reduced	with	the	increase	of	PVDF.	

For	 comparison,	 the	 activation	 energy	 of	 the	 viscous	 flow	

obtained	from	the	rheological	test	is	also	presented.	In	prin-

ciple,	 Ea	 from	 rheology	 reflects	 the	 activation	 barrier	 of	
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chain	 relaxations,	while	Ea	 from	DRS	 shows	 that	 of	 charge	

carrier	 transport.	 Interestingly,	 the	 values	 of	 Ea	 obtained	

from	DRS	are	in	harmony	with	these	estimated	from	rheol-

ogy	 despite	 some	 small	 disparities	 in	 PMMA-rich	 blends,	

confirming	that	charge	carrier	transport	is	governed	by	the	

motion	of	chains	in	the	blends	under	investigation.	Increas-

ing	 the	 content	 of	 PVDF	 (low-Tg	 component)	 leads	 to	 an	

increase	in	the	mobility	of	chains	in	blends	and	accelerates	

charge	 carrier	 transport.	 The	 slight	 deviation	 Ea	 by	 DRS	

from	that	by	rheology	for	PMMA-rich	blends	is	presumably	

due	 to	 uneven	 distribution	 of	 charge	 carriers	 around	 the	

PMMA	backbone	 and	 side-groups,	where	 the	 charge	 carri-

ers	around	the	side-groups	moves	with	less	activation	bar-

riers.	The	plots	of	fmax	as	a	function	of	composition	for	both	

conductivity	relaxation	and	MWS	at	180	°C	are	shown	in	Fig.	

6c.	It	is	evident	that	relaxation	times	of	two	processes	near-

ly	 show	 similar	 composition	 dependence	 and	 both	decline	

with	increasing	PMMA	content,	 indicating	that	the	addition	

of	 PMMA	 (high-Tg	 component)	 imposes	 constraint	 on	 the	

structural	 relaxations	 at	 both	 the	 interfaces	 and	 the	blend	

bulk.	Besides,	the	slower	MWS	relaxation	than	conductivity	

relaxation	 is	 attributed	 to	 the	 hindered	motions	 of	 charge	

carriers	blocked	at	the	interfaces.	

Fig. 6 (a) Activation plots of the conductivity relaxation process for PMMA/PVDF 

blends with various compositions; (b) plots of activation energy estimated from 

rheological test and DRS test for PMMA/PVDF blends; (c) plots of the characteris-

tic relaxation frequency for conductivity relaxation and MWS relaxation process 

of blends at 180 °C; (d) schematic deconvolution for the curves of loss modulus 

versus frequency. 

The	presence	of	bimodal	relaxation	of	charge	carriers	as-

sociated	with	MWS	relaxation	 in	 the	melt-state	blends	 is	a	

clear	indication	of	the	coexistence	of	distinct	environments.	

The	origin	 for	 this	 type	of	heterogeneity	 can	be	 addressed	

by	 the	 multiphase	 morphology	 of	 PMMA/PVDF	 blends	 in	

the	solid	and	 its	 evolution	 in	 the	melt.	Blends	with	φPVDF	≥	
40%	 are	 crystallizable	 upon	 cooling	 from	 the	 melt	 and	

phase	separation	occurs	in	sequence	(DSC	results	in	Fig.	S5	

and	Table	S1	of	Electronic	Supplementary	Information).	The	

resulting	 morphology	 of	 crystalline	 blends	 consists	 of	 a	

crystalline	 PVDF	phase,	 an	 amorphous	 phase,	 as	well	 as	 a	

crystal-amorphous	interphase.32,	33	The	amorphous	phase	is	

the	 miscible	 amorphous	 PMMA/PVDF	 blends,	 while	 the	

interphase	 is	 solely	comprised	of	PVDF	from	which	PMMA	

has	been	excluded	during	crystallization	(Fig.	7a).32,	34	Upon	

melting,	 all	 chains	 of	 both	 components	 relax,	 diffuse	 and	

gradually	 lose	 their	 original	 conformation.	 From	 a	 micro-

scopic	 viewpoint,	 in	 addition	 to	 constraining	 tubes	 con-

structed	 by	 neighbouring	 chains	 of	 the	 same	 polymer,	 the	

interactions	between	a	wriggling	chain	and	its	neighbouring	

chains	 of	 the	 other	 polymer	 also	 contribute	 to	 the	 estab-

lishment	of	new	entanglements,	as	a	result	of	mutual	diffu-

sion	of	PMMA	and	PVDF	chains.	Particularly,	in	the	original	

interphase	 and	 crystal	 regions,	 i.e. PMMA-free	 regions,	

PVDF	 chains	 gradually	 entangle	 with	 the	 diffused	 PMMA	

chains	 from	the	original	amorphous	miscible	phase.	Unfor-

tunately,	PVDF	chains	usually	tend	to	be	self-associated	ra-

ther	than	entangled	with	PMMA	chains, 27,	30	which	is	espe-

cially	 true	 for	 blends	 at	 the	 intermediate	 compositions	 as	

discussed	 earlier.	 Therefore,	 PVDF	 chains	 are	 unable	 to	

largely	entangle	with	PMMA	chains	therein.	Those	regions,	

which	 are	 originally	 devoid	 of	 PMMA,	 are	 unlikely	 to	

achieve	completely	identical	to	the	remaining	regions	(orig-

inal	amorphous	phase),	but	act	as	transition	region	between	

the	latter	in	the	melt.	This	transition	region	can	be	regarded	

as	a	new	interphase,	termed as	“Interphase	II”,	as	schemati-

cally	 shown	 in	 Fig.	 7a.	 It	 is	 logical	 that	 the	 blends	 contain	

two	 distinct	 local	 regions:	 Region	 A	 (derived	 from	 the	

amorphous	 miscible	 phase)	 and	 Region	 B	 (Interphase	 II)	

(Fig.	 7a);	 the	 structural	 asymmetries	 between	 them	deter-

mine	 the	 degree	 of	 local	 heterogeneity.	 The	 entanglement	

state	of	the	interphase	in	the	melt	should	also	depend	on	its	

inner	composition.	Understandably,	the	local	concentration	

of	PMMA	 in	the	Region	A	 is	reduced	due	to	 the	removal	of	

PMMA	chains	by	its	diffusion.	At	higher	blend	concentration	

of	 PVDF,	 i.e. PVDF-rich	 blends,	 it	 is	 expected	 that	 those	

PMMA-free	regions	easily	admit	 the	diffused	PMMA	chains	

because	 of	 the	 favourable	 interchain	 entanglements	

(stronger	interactions	for	PVDF-rich	blends).	Consequently,	

both	 regions	 can	 have	 the	 comparable	 local	 compositions	

and	 thus	equivalent	 entanglement	 state,	 alleviating	 the	de-

gree	 of	 heterogeneity.	 This	 can	 account	 for	 the	 observed	

reduced	intensity	of	MWS	relaxation	for	blends	with	φPVDF	≥	
80%	 (Fig.	 5a).	 By	 contrast,	 the	 degree	 of	 heterogeneity	 in	

the	 blends	 (40%	≤	φPVDF	<	 60%)	 in	 the	melt	 declines	with	

decreasing	PVDF	content.	It	is	caused	by	the	thinner	crystal	

and	 interphase	at	 solid	state,	 into	which	PMMA	chains	can	

penetrate	 more	 effectively	 on	 melting.	 Region	 B	 thus	 has	

less	difference	from	Region	A,	and	the	entire	blend	becomes	

less	heterogeneous	with	decreasing	PVDF.	Especially,	blend	

(φPVDF	≈	60%)	is	demonstrated	to	have	the	largest	degree	of	

local	 heterogeneity,	 suggesting	 the	 highest	 asymmetry	 in	

entanglement	state	between	Region	A	and	B.	Herein,	Region	

B	 should	 possess	 the	 much	 lower	 entanglement	 density	

than	Region	A.	Overall,	 it	is	assumed	that	the	interphase	in	

the	melt	has	the	weaker	entanglements	than	the	remaining	

regions	 (Region	A).	 The	deviation	 in	entanglement	density	

of	interphase	from	that	of	Region	A	leads	to	the	coexistence	
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of	 two	distinct	 environments.	Besides,	one	 can	also	 expect	

that	this	kind	of	interphase	survives	upon	statically	anneal-

ing	at	higher	temperatures	in	view	of	its	inner	unfavourable	

interchain	entanglements,	despite	the	diminishing	intensity	

in	MWS	relaxation	with	increasing	temperature.	

 

Fig. 7 (a) Schematic of morphology evolution for crystalline PMMA/PVDF blends 

from solid state to molten state. (b) Schematic of a hypothetical tube concept. 

Bearing	 in	mind	 the	 presence	 of	 interphase	 in	 the	melt,	

one	 can	 further	elucidate	 its	 effects	 on	 the	viscoelastic	be-

haviours	 and	 overall	 thermorheological	 complexity	 of	

blends.	As	described	above,	in	Region	B	(interphase	II),	the	

unfavourable	 interchain	entanglement	probability	between	

PMMA	 and	 PVDF	 chains	 results	 in	 a	 weak	 entanglement	

fraction	as	compared	to	Region	A.	Besides,	our	recent	study	

also	revealed	that	the	diffuse	interphase	in	the	PMMA/PVDF	

bilayer	 has	 the	 dilated	 tube	 (larger	 tube	 diameter)	 due	 to	

weak	entanglements.53	 This	 conclusion	 seems	 to	 hold	 true	

for	 the	 interphase	 presented	 here,	 since	 both	 of	 them	 are	

triggered	by	interdiffusion	among	PMMA	and	PVDF	chains.	

It	is	therefore	expected	that	dilated	tube	prevails	in	the	Re-

gion	B	assuming	 its	 same	physics	of	weak	 topological	 con-

straint	 with	 the	 diffuse	 interphase.	 Presumably,	 the	 tube	

diameter	of	 Region	B	 is	 larger	 than	Region	A	 (aB	>	aA),	 as	

schematically	 shown	 by	 a	 hypothetical	 tube	 concept	 (Fig.	

7b).	 In	 the	 melt,	 the	 structural	 relaxations	 with	 released	

constraint	in	interphase	(Region	B),	which	can	be	treated	as	

effective	 solvent	 for	 the	 remaining	 regions,	 facilitates	 the	

overall	relaxations	in	the	blends.	As	observed,	blends	(40%	

≤	φPVDF	<	80%)	of	which	the	interphase	is	more	pronounced	

in	 the	 melt	 exhibit	 the	 reduced	 viscosities	 and	 speed-up	

relaxations,	especially	for	blend	(φPVDF	≈	60%)	(Fig.	3).	The	

presence	of	 interphase	 in	 the	melt,	 coupled	with	 the	unfa-

vourable	 interchain	 entanglement,	 is	 thus	 responsible	 for	

the	 lower	 viscosity	 and	 speed-up	 relaxations	 in	 those	

blends.	 It	 is	 also	 concluded	 that	 the	 distinct	 relaxation	 of	

interphase	 contributes	 to	 the	 degree	 of	 thermorheological	

complexity	 of	 blends,	 since	 blends	 (40%	 ≤	 φPVDF	<	 80%)	

with	 more	 obvious	 interphase	 display	 the	 moderate	 ther-

morheological	 complexity	and	 the	particular	blend	 (φPVDF	≈	

60%)	shows	the	greatest	thermorheological	complexity	(Fig.	

2c).	 Especially,	 the	 more	 notable	 relaxation	 of	 interphase,	

coupled	with	 less	 cooperative	motions	of	 chains,	 results	 in	

the	deviation	of	shift	factor	versus	temperature	from	lineari-

ty	at	low	melt	temperatures	(Fig.	2f).	

	

3.4 Effects of dynamic heterogeneity on the glass transition 

temperatures and dynamic mechanical properties 

The	 glass	 transition	 temperatures	 of	 PMMA/PVDF	 blends	

with	 various	 compositions	 were	 determined	 both	 by	 DSC	

and	DMA.	Values	of	Tg	taken	from	the	inflection	point	of	the	

glass	transition	with	DSC	are	shown	by	the	round	scatters	in	

Fig.	8.	The	temperature,	at	which	a	sharp	decrease	 in	stor-

age	 modulus	 (E′),	 loss	 modulus	 (E″)	 and	 damping	 factor	

(tanδ)	 exhibit	 a	 peak	 in	 DMA	 thermograms,	 also	 corre-

sponds	 to	 the	 glass	 transition	 temperature	 (Fig.	 9).	Values	

of	Tg	discerned	 from	peak	temperature	of	E″	 are	also	plot-
ted	by	the	triangle	scatters	in	Fig.	8.	It	can	be	observed	that	

Tg	measured	by	DSC	agrees	quantitatively	with	that	by	DMA,	

despite	the	slightly	higher	Tg	by	DMA	(40%	≤	φPVDF	≤	60%)	

caused	by	crystallization	in	as-prepared	DMA	samples.	It	 is	

apparent	that	the	bends	at	low	concentration	of	PVDF	(φPVDF	

<40%)	shows	a	single	but	broader	Tg.	However,	two	Tgs	can	

be	clearly	observed	for	blends	with	higher	concentration	of	

PVDF	(φPVDF≥60%).	The	existence	of	two	Tgs	is	derived	from	

the	 multiphase	 morphology	 of	 crystalline	 PMMA/PVDF	

blends.	The	Tg	 at	 higher	temperature	 (Tg,1)	corresponds	 to	

the	Tg	of	the	amorphous	miscible	phase.30	As	observed,	Tg,1	

shifts	 from	 the	Tg	 of	PMMA	 (i.e.	112	°C)	 to	 the	 lower	 tem-

perature	as	PVDF	content	increases.	The	abrupt	increase	in	

Tg,1	is	 observed	 for	 blends	 (φPVDF	 >	 40%)	 due	 to	 the	 local	

trapping	of	PMMA	into	the	amorphous	phase	during	crystal-

lization	where	 local	 concentration	of	PMMA	 is	higher	 than	

that	of	 the	bulk.
8
 Besides,	one	might	assume	that	 the	other	

Tg	 at	 lower	 temperature	 (Tg,2)	 is	 attributed	 to	 segmental	

relaxation	 of	 the	 PVDF	 in	 the	 amorphous	 phase.	 This	 as-

sumption,	 however,	 contradicts	 the	 observed	 moderate	

shift	 in	 Tg,2	 to	 higher	 temperatures	 with	 increasing	 PVDF	

(the	insets	of	Fig.	9).	This	shift	was	also	observed	by	Paul	et 

al.5	Therefore,	in	this	study	it	is	proposed	that	the	origin	of	

Tg,2	 could	 be	 related	 with	 crystal-amorphous	 interphase	

(only	PVDF	segments)	in	the	blends.	On	increasing	PVDF	in	

blends,	the	crystalline	phase	will	be	more	perfect	and	thick-

er,	 evidenced	by	 the	 increase	 in	melting	 temperature	 (Tm)	

(Fig.	 S5	 and	 Table	 S1	 in	 the	 Electronic	 Supplementary	 In-

formation).	With	larger	confinement	to	interphase	imposed	

by	the	thicker	PVDF	crystals,	segments	in	the	interphase	are	

thus	observed	to	relax	at	the	higher	temperatures	(i.e.	high-

er	Tg,2).	Tg,2	was	not	captured	for	blends	(40%	≤	φPVDF	≤	60%)	

due	to	the	resolution	limitation	of	DSC	and	DMA	employed	

in	this	study.	

To	 study	 the	 effective	 glass	 transition	 (Tg,eff),	 the	 “self-

concentration”	model	of	Lodge-McLeish	(LM)	24	is	employed	

with	 considering	 the	 dynamic	 heterogeneity.	 This	 model	

associates	 the	 average	 local	 concentration	 (φeff)	 for	 each	

component	with	a	local	glass	transition	temperature:	
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																																	 AAsAsAeff φφφφ )1( ,,, −+=                        									(7)	

where	φeff,A	is	the	effective	concentration	of	a	given	compo-

nent	 A	 (the	 same	 for	 component	 B),	 	 φs,A	 is	 	 its	 self-

concentration,	and		φA	is	the	bulk	composition	of	the	blend,	

respectively.	According	to	LM	model,	each	component	in	the	

blend	experiences	 a	 distinct	 effective	 glass	 transition	 tem-

perature	that	depends	on	φeff.		Tg,eff	for	component	A	can	be	

determined	from		φeff 	via	the	modified	Fox	equation:	

																																									
Bg

Aeff

Ag

Aeff

Aeffg TTT ,

,

,

,

,,

11 φφ −
+=                         (8)	

For	the	calculation	the	Tg,eff,	self-concentration	(φs)	of	PMMA	

and	PVDF	are	respectively	take	as	0.31	and	0.32,	for	which	

the	 calculation	 details	 were	 given	 in	 our	 previous	 study.7	

The	calculated	values	of	Tg,eff	for	PMMA	and	PVDF	are	plot-

ted	with	dashed	lines	in	Fig.	8,	together	with	the	theoretical	

Tg	via	Fox	equation	with	the	solid	line.	Clearly,	Fox	equation	

fails	 to	 describe	 the	 experimental	 Tg.	 Instead,	 the	 Tg,eff	 of	

PMMA	predicted	 by	 LM	model	 is	 very	 close	 to	 the	 experi-

mental	 for	 the	 amorphous	blends	 (φPVDF	<	 40%).	Whereas,	

crystallization	 denies	 the	 LM	 model	 for	 the	 crystalline	

blends	 where	Tg,eff	 	 of	 PMMA	 is	 illogically	 lower	 than	Tg,1.	

Fortunately,	 the	 equivalent	 local	 composition	of	 the	 amor-

phous	 miscible	 phase	 in	 crystalline	 blends	 can	 be	 deter-

mined	 by	 the	 approximation	 from	 the	 composition	 in	 the	

amorphous	blends	(φPVDF	<	40%),	since	Tg,1	shows	the	simi-

lar	 composition	 dependence	 as	 that	 of	 the	 latter.	 Further-

more,	 the	 Tg,eff	 for	 crystalline	 blends	 is	 further	 evaluated	

with	LM	model	by	substituting	the	equivalent	 local	compo-

sition	 of	 the	miscible	 phase	 for	 the	 bulk	 composition,	 and	

the	values	(Tg,eff	′)	are	plotted	with	dotted	lines	in	Fig.	8.	The	

agreement	of	Tg,eff	′	 for	PMMA	with	the	experimental	Tg,1	 is	

now	acceptable	for	the	crystalline	blends	with	the	approxi-

mation	for	local	composition	of	the	miscible	phase.	The	ab-

rupt	increase	in	Tg,eff	′	of	PVDF	is	due	to	higher	local	concen-
tration	of	PMMA	than	the	bulk,	which	causes	lager	confine-

ment	to	PVDF	segments	as	the	case	of	PMMA-rich	blends.		

 
Fig. 8 Glass transition temperature of PMMA/PVDF blends as determined by DSC 

and DMA (scatters), and predicted by theories (lines). 

In	accordance	with	LM	model,	as	seen	in	Fig.	8,	the	high-

Tg	 component	 (i.e.	 PMMA)	 in	 the	 blends	 over	 the	 whole	

compositions	 shows	 Tg,eff	 closer	 to	 the	 blend	 average,	

whereas	Tg,eff	of	 low-Tg component	(PVDF)	is	nearer	to	that	

of	neat	PVDF.	Considering	 the	better	description	of	experi-

mental	Tgs	with	LM	model	(Fig.	8),	one	can	view	that	crys-

talline	 blends,	 especially	 with	 intermediate	 compopitions	

(40%	≤	φPVDF	≤	 60%),	 show	three	distinct	values	of	Tg,eff,	 of	

which	the	largest	one	(Tg,eff	′)	is	related	to	PMMA	segments	

in	miscible	phase,	the	medium	one	to	the	PVDF	segments	in	

miscible	 phase,	 and	 the	 smallest	 one	 (Tg,2)	 to	 PVDF	 seg-

ments	 	 within	 the	 crystal-amorphous	 interphase;	 hence,	

three	 distinct	 segment	dynamics	 are	 expected	 therein.	 Be-

sides,	 differences	 between	Tg,2	and	Tg,eff	 of	 PVDF	 or	 PMMA	

are	 clearly	 larger	 for	 blends	 with	 intermediate	 composi-

tions,	likely	indicating	the	more	prominent	heterogeneity	in	

segment	 dynamics.	 Particularly,	 one	 can	 also	 expect	 the	

largest	 dynamic	 heterogeneity	 in	 blend	with	 φPVDF	≈	 60%,	

for	which	 there	 emerge	 the	 biggest	 differences	 among	 the	

values	 of	 Tg,eff.	 Therefore,	 the	 presence	 of	 crystal-

amorphous	 interphase	with	 distinct	 relaxation	 contributes	

to	the	dynamic	heterogeneity	for	PMMA/PVDF	blends	at	the	

solid	state.	Specifically,	three	distinct	relaxation	dynamics	of	

segments	are	supposed	to	exist	in	blends	with	intermediate	

compositions,	leading	to	the	larger	dynamic	heterogeneity.	

Apart	 from	the	 glass	 transition,	 the	dynamic	mechanical	

properties	 also	 show	 a	 strong	 dependence	 of	 composition	

(Fig.	9).	As	observed,	the	damping	factor	is	clearly	larger	for	

PMMA-rich	 blends	 (e.g.	 φPVDF	 =	 20%)	 and	 negligibly	 de-

creases	with	the	addition	of	PVDF	(i.e.	low	damping	compo-

nent).	 It	 seems	 that	PVDF	 segments	experience	 large-scale	

confinement	 imposed	 by	 rigid	 PMMA	 segments	 in	 PMMA-

rich	blends,	as	explained	earlier.	Notably,	the	dynamic	me-

chanical	behaviours	appear	alike	among	PMMA-rich	blends	

manifesting	 in	 the	analogous	shape	of	 curves,	which	 is	 the	

same	 case	 for	 PVDF-rich	 blends.	 Presumably,	 they	 are	 at-

tributed	 to	 the	 prevailing	 interchain	 entanglements	 and	

relatively	 cooperative	 relaxations	 of	 segments.	 It	 is	 also	

noteworthy	that	 the	dynamic	mechanical	 thermograms	 for	

blends	 at	 intermediate	 compositions	 show	 obvious	 devia-

tions	 from	 those	 of	 remaining	 blends,	which	 is	 a	 clear	 re-

sponse	 of	 distinct	 segmental	 dynamics	 in	 the	 presence	 of	

crystal-amorphous	 interphase	 as	 discussed	 above.	 It	 is	

therefore	concluded	that	the	dynamic	heterogeneity	associ-

ated	 with	 the	 crystal-amorphous	 interphase	 in	 the	

PMMA/PVDF	blends	 remarkably	 affects	dynamic	mechani-

cal	 properties.	 This	 part	 presented	 here	 is	 a	 guideline	 for	

the	studies	regarding	the	effects	of	segmental	dynamic	het-

erogeneity	 on	 the	 glass	 transitions	 and	 macroscopically	

dynamic	 mechanical	 properties	 of	 PMMA/PVDF	 blends.	

Nevertheless,	more	investigations	will	be	carried	out	to	en-

rich	 these	 interpretations	 on	 basis	 of	 component	 segment	
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Fig. 9 (a) Storage modulus (E′), (b) loss modulus (E″), and (c) damping factor 

(tanδ ) as a function of temperature obtained by DMA for PMMA/PVDF blends 

with various compositions. 

4. Conclusions  

In	this	work,	dynamic	heterogeneity	in	PMMA/PVDF	blends	

was	studied	with	regard	to	microscopic	dynamics	and	mac-

roscopic	 properties,	 and	 its	 composition	 dependence	 and	

the	role	of	interphase	were	elaborated.	Firstly,	the	composi-

tion	 dependence	 of	 thermorheological	 complexity	 in	 the	

melt	was	clearly	mapped.	Molecular	entanglement	state	was	

found	to	govern	the	scenario	of	thermorheological	complex-

ity	 in	 view	of	 chain	 entanglements	 involving	 intra-	 and	 in-

terchain	 entanglements.	 Secondly,	 local	 heterogeneity	 was	

further	demonstrated	to	exist	 in	the	melt-state	blends	with	

intermediate	compositions manifesting	in	the	distinct	MWS	

relaxation,	and	its	origin	was	depicted	to	be	the	interphase.	

This	 interphase,	 coupled	with	 unfavourable	 interchain	 en-

tanglements,	 could	 account	 for	 the	 reduced	 viscosity	 and	

speed-up	relaxations	as	observed	 in	 those	blends,	 favoura-

ble	 for	 the	 overall	 thermorheological	 complexity.	 Thirdly,	

two	experimental	Tgs	of	blends	were	resolved	in	light	of	the	

multiphase	 morphology	 of	 crystalline	 blends,	 and	 further	

assessed	 on	 the	 basis	 of	 the	 “self-concentration”	 concept.	

Three	 distinct	 relaxation	 dynamics	 of	 segments	were	 sup-

posed	 to	prevail	 in	 the	blends	with	 intermediate	 composi-

tions.	 The	 presence	 of	 the	 crystal-amorphous	 interphase	

thus	 contributes	 to	 the	 dynamic	 heterogeneity	 in	 segment	

relaxations	 for	 PMMA/PVDF	 blends	 at	 the	 solid	 state.	 	 In	

addition,	 dynamic	 mechanical	 properties	 of	 PMMA/PVDF	

blends	were	also	evaluated.	Dynamic	heterogeneity	associ-

ated	 with	 the	 crystal-amorphous	 interphase	 in	 the	

PMMA/PVDF	blends	 remarkably	 affects	dynamic	mechani-

cal	 properties.	 Hopefully	 the	 results	 presented	 here	 will	

guide	the	understanding	of	the	dynamics	of	this	blend	pair	

at	molecular	scale	and	the	design	of	tailor-made	electrolytes	

or	smart	devices	(e.g.	capacitors)	based	on	them. 	

Appendix 

A. Van Gurp- Palmen (vGP) curves 

 

Fig. 10 Representative vGP curves for PMMA/PVDF blends over temperature 

range from 180 °C to 240 °C. (a) PMMA/PVDF (60/40); (b) PMMA/PVDF (40/60); 

(c) PMMA/PVDF (20/80). 
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Phase	 angle	 (δ)	 was	 plotted	 against	 complex	 modulus	

(G∗)	according	to	van	Gurp	and	Palmen	method.39	This	way	

of	 plotting	 eliminates	 the	 effect	 of	 shifting	 along	 the	 fre-

quency	 axis	 and	 yields	 temperature-independent	 curves	

when	TTS	holds.	Moreover,	the	amount	of	a	resulting	verti-

cal	shift	can	readily	observed	with	vGP	curve,	which	allows	

of	the	complete	identification	of	the	thermorheological	sim-

plicity	or	complexity.	For	the	sake	of	brevity,	the	vGP	curves	

of	 PMMA/PVDF	 (60/40),	 (40/60)	 and	 (20/80)	 blends	 are	

representatively	shown	in	Fig.	10.	Identical	to	the	trends	in	

Time-temperature	superposition	curves	(Fig.	2),	the	failure	

of	 TTS	 displays	 the	 composition	 dependence	 and	 is	 more	

severe	for	blends	with	intermediate	compositions,	but	alle-

viates	for	the	PMMA-	and	PVDF-rich	blends	(Fig.	10).	

B. Calculation of entanglement molecular weights 

Entanglement	molecular	weight	 (Me),	 defined	 as	 the	 aver-

age	 molecular	 weight	 between	 adjacent	 temporary	 entan-

glement	points,	 is	one	of	the	most	fundamental	parameters	

for	polymeric	material.	Generally,	Me	 is	evaluated	from	the	

plateau	modulus	(��
� ),	which	can	be	determined	by	measur-

ing	the	storage	modulus	and	the	loss	modulus	in	rheological	

test.54	

																																										
e

N
M

RT
G

ρ
=0

                               																		(9)	

where	ρ	is	the	density	at	the	chosen	reference	temperature		

T,	and		R	 is	the	gas	constant.	 	��
� 	is	usually	obtained	by	the			

G′	at	the	frequency	where	tanδ	 	(	tanδ =	G″/G′)	(or	G″	)	ex-
hibits	 a	minimum	 in	 the	plateau	 zone	or	by	 the	numerical	

integration	 over	 the	 terminal	 relaxation	 peak	 of	 G″(ω).55	

However,	 both	 tanδ	 and	 G″	 exhibit	 no	 minimum,	 and	 G″		
shows	no	terminal	peak	over	the	test	frequency	regions	for	

PMMA/PVDF	blends.	So	the	above	are	not	applicable	for	the	

extraction	of	��
� .	Instead,	another	semi-quantitative	method	

based	on	the	crossover	modulus	Gc	(Gc=G′=G″)	proposed	by	
Wu47	is	applied.		
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The	 weight	 average	 molecular	 weight	 (Mw)	 and	 number	

average	molecular	weight	(Mn)	for	the	blends	were	calculat-

ed	using		

       2211 www MwMwM += ,  22111 nnn MwMwM +=         					(11) 

in	which,		w	is	the	weight	fraction,	and	the	subscripts	1	and	

2	refer	to	the	component	1	and	2,	respectively.		

For	a	binary	blend	consisting	of	volume	fraction	φ1 and	φ2,	

there	are	three	possible	kinds	of	entanglement	points:	1-1,	

2-2,	 and	 1-2,	 i.e.	 intra-	 and	 interchain	 entanglements.	 As-

suming	 that	 the	 probability	 of	 every	 contact	 between	 two	

chains	of	species i	and	j	is	Pij	 in	a	unit	volume	of	the	blend,	

the	number	of	 contacts	between	two	similar	chains	 is	pro-

portional	 to	φ
�


(k=i,j),	 and	 that	 between	 two	 dissimilar	

chains	 is	 	 proportional	 to	2φ1φ2.	 Thus,	 the	 total	number	 of	

entanglement	points	per	unit	volume	is	

																	 2112

2

222

2

111 2 φφφφρ PPPM e ++=                            (12)	

in	 which,	 P11=ρ1/Me1,	 P22=ρ2/Me2	 and	 P12=(ρ1ρ2)1/2/Me12.			

Me1	and	 Me2	are	 respectively	 the	 entanglement	 molecular	

weights	of	 component	 1	 and	2,	and	Me12	 is	 that	of	 a	hypo-

thetical	 pure	 component	 of	 density	 (ρ1ρ2)1/2	 having	 the	

same	 entanglement	 probability	 as	 between	 the	 dissimilar	

chains	in	the	blends.30,	47	Taking	Eq.	(9)	and	(12),	the	follow-

ing	formula	is	obtained:	

																	
12

21210

2

2

2

0
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2

1

0 2

e

NNN
M

RT
GGG

ρρφφ
φφ ++=                  						(13)	

Note	 that	 the	 densities	 of	 the	 constituent	 homopolymers	

change	with	temperature,	and	those	of	 the	blends	vary	 ac-

cordingly	 as	 a	 function	 of	 temperature	 and	 composition.	

Therefore,	 it	 is	necessary	to	determine	 the	densities	 in	or-

der	to	quantify	correctly	the	entanglement	state.	For	PMMA	

and	PVDF,	their	densities	(ρ,	in	g/cm3)	as	a	function	of	tem-

perature	(T,	in	°C)	above	Tg	can	be	determined	according	to	

the	Eq.	(14)	and	(15),	respectively.56	

									
264 10507.01029.5223.1 TTPMMA

−− ×−×−=ρ 																					(14)																						
26-4

1075.41077.26816.1 TTPVDF ×+×−= −ρ 																			(15)	

Meanwhile,	the	density	of	the	blends	can	be	taken	as	a	func-

tion	of	composition:30	

																	 PVDFPVDFPMMAPMMA ww ρρρ +=1 																									(16)	
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Graphical Abstract 

 

 

 

A fundamental study of the dynamic heterogeneity in the PMMA/PVDF blend from 

the microscopic dynamics to macroscopic properties is presented. The findings can 

stimulate the understanding this pair of blend at the molecular scale, as well as the 

design of tailor-made polymer electrolytes and smart devices based on it. 
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