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ABSTRACT:	Intercrystallite	molecular	connections	are	widely	recognized	to	tremendously	impact	the	macroscopic	proper-
ties	of	semicrystalline	polymers.	Because	it	is	challenging	to	directly	probe	such	connections,	theoretical	frameworks	have	
been	developed	to	quantify	their	concentrations	and	predict	the	mechanical	properties	that	result	from	these	connections.	
Tie-chain	connectivity	similarly	impacts	the	electrical	properties	in	semicrystalline	conjugated	polymers.	Yet,	its	quantitative	
impact	has	eluded	the	community.	Here,	we	assess	the	Huang-Brown	model,	a	framework	commonly	used	to	describe	the	
structural	origins	of	mechanical	properties	in	polyolefins,	to	quantitatively	elucidate	the	effect	of	tie	chains	on	the	electrical	
properties	of	a	model	conjugated	polymer.	We	found	that	a	critical	tie-chain	fraction	of	10-3	is	needed	to	support	macroscopic	
charge	transport,	below	which	intercrystallite	connectivity	limits	charge	transport,	and	above	which	intracrystallite	disorder	
is	the	bottleneck.	Extending	the	Huang-Brown	framework	to	conjugated	polymers	enables	the	prediction	of	macroscopic	elec-
trical	properties	based	on	experimentally-accessible	morphological	parameters.	Our	study	implicates	the	importance	of	long	
and	rigid	polymer	chains	for	efficient	charge	transport	over	device	length	scales.	

The	 presence	 of	 intercrystallite	 molecular	 connections	
dictates	the	mechanical	properties	of	semicrystalline	poly-
mers.1–3	There	has	thus	been	a	strong	push	to	develop	pre-
dictive	frameworks	based	on	experimentally	accessible	and	
tunable	 variables	 to	 quantify	 the	 concentrations	 of	 such	
connections,	and	accordingly	to	understand	their	impact	on	
macroscopic	properties.4,5	Of	these	endeavors,	the	statisti-
cal	approach	developed	by	Huang	and	Brown6,7	has	gained	
substantial	 traction	 for	 capturing	 the	microstructural	 ori-
gins	of	mechanical	properties	of	polyolefin	resins,	especially	
their	resistance	to	slow	crack	growth.8	Inspired	by	the	suc-
cess	with	which	the	polyolefin	industry	has	been	able	to	use	
the	 Huang-Brown	 model	 to	 predictively	 produce	 resins	
with	pre-specified	mechanical	properties,	we	assessed	this	
framework	to	quantitatively	describe	charge	transport	in	a	
model	 semicrystalline	 conjugated	 polymer.	While	 the	 or-
ganic	 electronics	 community	 has	 generally	 acknowledged	
the	 role	 tie	 chains	play	 in	 facilitating	macroscopic	 charge	
transport,9	 and	 there	exists	 an	abundance	of	 indirect	 evi-
dence	that	speaks	to	their	importance	in	the	form	of	molar-
mass-dependent	 field-effect	mobility	 in	 the	 literature,10–14	
our	assessment	and	application	of	the	Huang-Brown	model	
provides	the	first	quantification	of	the	impact	of	tie	chains	

on	macroscopic	electrical	properties	in	semicrystalline	con-
jugated	polymer	systems.	
We	 started	 with	 batches	 of	 model	 poly(3-hexylthio-

phene),	or	P3HT,	with	distinct	molar	mass	(M)	and	low	dis-
persity	 (Ð),	 synthesized	 per	 literature.15,16	We	 systemati-
cally	 blended	 different	 batches	 in	 varying	mass	 ratios	 to	
produce	unique	molar	mass	distributions	as	a	way	to	access	
samples	having	different	tie-chain	fractions.14	We	obtained	
the	absolute	molar	mass	distribution	of	these	P3HT	samples	
by	a	combination	of	size	exclusion	chromatography	(SEC)	
and	nuclear	magnetic	resonance	(NMR)	spectroscopy	end-
group	analysis;	we	measured	the	crystallinity	and	crystal-
line	domain	thickness	of	 the	same	samples	by	differential	
scanning	calorimetry	 (DSC).	Optical,	 electrical,	 and	calori-
metric	 measurements	 were	 all	 performed	 on	 drop-cast	
P3HT	 samples	 that	 have	 undergone	 the	 same	 processing	
history	to	allow	for	meaningful	comparison.	Using	these	ex-
perimentally-obtained	physical	properties	as	input	param-
eters,	we	extended	the	Huang-Brown	model	to	calculate	the	
tie-chain	 fraction	 in	 P3HT	 thin	 films.	We	 find	 the	Huang-
Brown	model	to	effectively	describe	tie-chain	contributions	
to	charge	transport;	percolation	sets	in	when	the	tie-chain	
fraction	is	»10-3,	below	which	charge	transport	is	limited	by	
intercrystallite	 connectivity,	 and	 above	 which	 charge	



 

transport	 is	 limited	by	 intracrystallite	structural	disorder.	
Despite	its	simplicity,	the	Huang-Brown	model	offers	a	first-
order	guide	on	the	polymer-chain	characteristics	and	molar	
mass	distributions	to	maximize	charge	transport.		
Figure	1	shows	field-effect	mobilities	of	thin-film	transis-

tors	comprising	P3HT	blends	as	active	layers.	Here,	a	nota-
tion	of	P3HT_x	is	used	to	denote	P3HT	having	a	number-av-
erage	molar	mass	(Mn)	of	x	kg	mol-1;	a	notation	of	P3HT_x/y	
is	used	to	denote	P3HT	homopolymer	blends	comprising	a	
lower-M	P3HT	of	Mn	=	x	kg	mol-1	and	a	higher-M	P3HT	of	Mn	
=	y	kg	mol-1.	For	transistors	comprising	P3HT_5/20	(Figure	
1a)	and	P3HT_5/40	(Figure	1b),	 the	mobility	 initially	 in-
creases	with	increasing	loadings	of	the	higher-M	P3HT.	This	
trend	is	consistent	with	the	notion	that	increasing	the	frac-
tion	of	 the	higher-M	polymer	 increases	 the	probability	 of	
forming	tie	chains,	which	has	in	turn	been	correlated	with	
improved	macroscopic	charge	transport.13,17–19	The	field-ef-
fect	mobility	then	levels	off,	presumably	when	there	is	suf-
ficient	 connectivity	 between	 crystalline	 domains.	 Despite	
the	qualitatively	similar	trends,	subtle	differences	exist	be-
tween	P3HT_5/20	and	P3HT_5/40.	We	particularly	note	the	
difference	in	the	threshold	molar	mass	at	which	the	mobil-
ity	plateaus,	at	mass-average	molar	masses	of	»10	kg	mol-1	
and	»35	kg	mol-1	for	transistors	comprising	P3HT_5/20	and	
P3HT_5/40,	respectively.	We	surmise	this	quantitative	dif-
ference	 stems	 from	differences	 in	 domain	 connectivity	 in	
the	 transistors	 comprising	 these	 two	blends.	As	 a	 control	
experiment,	we	measured	the	mobilities	of	transistors	com-
prising	blends	of	the	two	highest-M	batches	of	P3HT.	These	
mobilities	remain	invariant	across	the	composition	window	
(P3HT_20/40	in	Figure	1c),	suggesting	that	P3HT_20,	by	it-
self	and	in	the	absence	of	P3HT_40,	has	sufficient	tie	chains	
to	bridge	neighboring	crystalline	domains	to	support	mac-
roscopic	charge	transport.		

	
Figure	1.	Field-effect	mobility	of	transistors	comprising	

(a)	P3HT_5/20,	(b)	P3HT_5/40,	and	(c)	P3HT_20/40,	as	a	
function	of	the	mass	fraction	of	the	higher-M	P3HT	in	each	
blend.	The	inset	in	(a)	illustrates	the	bottom-gate,	top-con-
tact	 configuration	 of	 transistors	 used	 in	 this	 study.	 Error	
bars	here	and	elsewhere	correspond	to	the	best	estimate	of	
one	standard	error	in	the	experimental	uncertainty.	
	
In	order	 to	gain	 further	 insight	 into	 the	 role	of	domain	

connectivity	on	charge	transport,	we	quantified	the	proba-
bility	 of	 tie-chain	 formation	 with	 the	 Huang-Brown	
model.6,7	The	Huang-Brown	model	assumes	Fischer's	solid-
ification	scheme,20	in	which	the	characteristic	size	of	poly-
mer	chains	in	the	melt	is	preserved	on	rapid	crystallization.		
P3HT	is	known	to	crystallize	rapidly;21,22	we	thus	assumed	
that	its	solidification	is	consistent	with	Fischer's	solidifica-
tion	scheme.	The	Huang-Brown	model	is	centered	on	the	as-
sumption	 that	 polymer	 chains	 with	 end-to-end	 distances	
greater	 than,	 or	 equal	 to,	 the	 distance	 between	 adjacent	
crystallites	will	 form	 tie	 chains.	 For	 a	 polymer	 chain	 of	 a	

given	molar	mass	 (M),	Huang	and	Brown	argued	 that	 the	
probability	of	forming	a	tie	chain	spanning	two	neighboring	
crystalline	domains	that	are	a	critical	distance,	dc,	apart	is	
described	by	Equation	(1)	below:		

𝑃𝑃(𝑀𝑀) =
∫ 𝑟𝑟)exp	(− 3𝑟𝑟)
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This	probability	distribution	assumes	Gaussian	chain	sta-
tistics	where	N	 is	 the	number	of	effective	Kuhn	segments	
and	lK	is	the	Kuhn	length	(lK	=	2*Lp	where	Lp	 is	the	persis-
tence	length	of	P3HT,	2.9	nm)23.	In	the	molar	mass	range	we	
access,	 the	contour	 length	of	P3HT	is	significantly	greater	
than	its	persistence	length;	Gaussian	chain	statistical	behav-
ior	is	thus	valid.24	We	estimate	the	contour	length	of	P3HT	
chains	to	be	comparable	to	its	persistence	length	at	a	critical	
molar	mass	of	»1200	g	mol-1.		
In	order	to	determine	the	critical	distance	over	which	tie	

chains	span,	we	need	to	first	estimate	the	crystalline	domain	
thickness	and	the	characteristic	distance	between	crystal-
line	domains.	We	extracted	these	parameters	from	the	on-
set	 melting	 temperature	 (Tm)	 and	 the	 enthalpy	 of	 fusion	
(ΔHf)	measured	by	DSC.	Specifically,	the	crystalline	domain	
thickness	along	the	chain-axis	direction	was	estimated	from	
Tm	using	the	following	relationship:25,26	

𝑙𝑙: = 𝑐𝑐 ×
𝑏𝑏𝑇𝑇? − 𝑎𝑎𝑇𝑇?8

𝑇𝑇?8 − 𝑇𝑇?
																																																						(2)	

where	a	and	b	are	constants	with	a	=	-5.4	±	0.5	and	b	=	-1.6	
±	0.4;	Tm0	is	the	equilibrium	melting	temperature	of	P3HT	
(545	±	6	K),26	and	c	is	the	repeat	distance	of	the	thiophene	
mer	(0.39	nm).27		
Crist	and	Mirabella	demonstrated	that	a	correction	factor	

of	 (Tm0/Tm)	 accounts	 for	 crystal-size	 effects	 on	 apparent	
crystallinity	 as	 characterized	 through	 the	 enthalpy	 of	 fu-
sion.28	 Hence,	 we	 calculated	 the	 crystallite-size	 corrected	
crystallinity	by:26	

𝜒𝜒: =
∆𝐻𝐻D
∆𝐻𝐻E

𝑇𝑇?8

𝑇𝑇?
																																																																			(3)	

where	ΔHu	is	the	enthalpy	of	fusion	of	a	perfect	P3HT	crystal	
(49	 J	 g-1).26	 We	 estimated	 the	 characteristic	 distance	 be-
tween	crystalline	domains	by:8	

𝑙𝑙F = 𝑙𝑙: ×
𝜌𝜌:(1 − 𝜒𝜒:)
𝜌𝜌F𝜒𝜒:

																																																						(4)	

where	ρc	is	the	crystalline	density	(1.13	g	cm-3)	and ρa	is	the	
amorphous	density	(1.094	g	cm-3)	of	P3HT.29	Here,	we	cal-
culated	P(M)	using	(lc+la)	as	the	critical	distance	for	which	
tie	chains	form	in	these	P3HT	blends.	
Strictly	speaking,	equation	(1)	is	only	applicable	for	mon-

odisperse	systems.	For	any	practical	P3HT	having	a	 finite	
distribution	of	molar	mass,	f(M),	where	f(M)dM	is	the	mole	
fraction	of	polymer	with	molar	masses	between	M	and	M	+	
dM,	 the	probability	calculated	 from	equation	(1)	 is	essen-
tially	a	weighting	factor	for	each	slice	of	the	molar	mass	dis-
tribution.	The	overall	probability	of	tie-chain	formation	can	
thus	be	calculated	by	integrating	the	probability	of	forming	
a	tie	chain	over	the	entire	molar	mass	distribution.30		
In	order	to	more	precisely	capture	the	electrical	connec-

tivity	across	the	crystallites	 in	the	charge	transport	direc-
tion,	especially	in	anisotropic	systems,	it	is	likely	that	the	in-
tegral	 in	 (1)	 will	 need	 to	 be	 modified.	 For	 example,	 one	
might	 consider	 the	 characteristic	 size	 of	 the	 chains	 in	 a	



 

specific	direction	of	 interest	(e.g.,	 the	charge	transport	di-
rection).	 Following	 Huang	 and	 Brown,	 the	 fraction	 of	 tie	
chains	along	the	charge-transport	direction	can	be	approxi-
mated	by	multiplying	the	overall	probability	by	a	pre-factor	
of	1/3.	

𝑓𝑓JK ≅
1
3M 𝑓𝑓(𝑀𝑀)𝑃𝑃(𝑀𝑀)𝑑𝑑𝑀𝑀

5
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																																										(5)	

We	note,	however,	while	 the	exact	value	of	 the	pre-factor	
may	depend	on	the	 film	morphology,	 it	does	not	alter	 the	
relative	tie-chain	fractions	across	the	different	blends	that	
adopt	the	same	nominal	structure.		
Figure	2a	shows	 the	 field-effect	mobility	of	 transistors	

comprising	all	the	blends	examined	in	this	study	as	a	func-
tion	of	fTC.	We	find	charge	transport	to	be	highly	dependent	
on	the	presence	of	tie	chains.	With	the	initial	rise	in	tie-chain	
fraction,	we	observe	a	drastic	 improvement	 in	 field-effect	
mobility,	presumably	because	more	tie	chains	provide	addi-
tional	conductive	pathways	linking	neighboring	crystalline	
domains	 in	 the	 sub-percolation	 regime.	 Interestingly,	 the	
mobility	data	extracted	from	transistors	comprising	blends	
of	 P3HT_5/20	 and	 5/40	 collapse	 onto	 a	 single	 universal	
curve	when	plotted	as	a	function	of	tie-chain	fraction,	sug-
gesting	it,	as	opposed	to	the	molar	mass	of	the	conjugated	
polymer,	to	be	the	appropriate	scaling	variable	that	governs	
charge	transport.	Our	analysis	estimates,	for	the	first	time,	
that	only	10-3	of	all	chains	need	to	form	tie	chains	in	order	
for	P3HT	to	develop	a	percolated	network	to	support	mac-
roscopic	 charge	 transport.	 Once	 the	 tie-chain	 fraction	 is	
above	 this	 percolation	 threshold,	 the	 field-effect	mobility	
becomes	independent	of	tie-chain	fraction	and	levels	off	at	
»0.02	cm2	V-1	s-1.		
We	attribute	the	effectiveness	of	the	Huang-Brown	model	

in	describing	charge	transport	in	P3HT	to	an	alignment	be-
tween	the	quasi-static	electrical	measurements	with	which	
we	extracted	field-effect	mobility	and	the	fundamental	as-
sumptions	of	the	framework.	 In	transistor	measurements,	
the	chain	conformation	 is	 largely	unperturbed,	 consistent	
with	the	framework’s	foundational	assumption.	The	model	
further	assumes	that	all	intercrystallite	molecular	connec-
tions	take	the	form	of	tie	chains;	chain	entanglements	are	
not	considered	in	this	framework.6,31,32	Consistent	with	this	
assumption,	entanglements	contribute	negligibly	to	electri-
cal	connectivity	compared	to	tie	chains	because	charge	car-
riers	still	have	to	hop	between	entangled	chains	to	access	
neighboring	crystalline	domains,	as	schematically	shown	in	
Figure	2b.		
We	 argue	 that	 this	 alignment	 between	 the	model’s	 as-

sumptions	 and	 electrical	 measurements	 is	 stronger	 than	
that	with	mechanical	measurements.	 In	contrast	 to	quasi-
static	 electrical	 measurements,	 mechanical	 testing	 to	 ex-
tract	tensile	strength,	toughness,	strain-hardening	modulus	
and	other	properties	involves	significant	deformation	of	the	
samples	 so	 the	 foundational	 assumption	 that	 polymer	
chains	retain	their	characteristic	size	is	almost	certainly	in-
valid.	Adding	to	this	deviation	from	the	model’s	assumption	
is	 the	 fact	 that	chain	entanglements,	which	are	capable	of	
transferring	 stress	 between	 neighboring	 crystallites,	 con-
tribute	 substantively	 to	 mechanical	 strength.	 Neglecting	
chain	entanglements	thus	limits	the	accurate	capture	of	the	
structural	origins	of	mechanical	strength	in	semicrystalline	
polymers.	 The	 assumptions	 underlying	 the	 Huang-Brown	
model	 hence	 result	 in	 intrinsic	 limitations	 in	 developing	

relationships	between	structure	and	mechanical	properties,	
but	these	limitations	are	seemingly	circumvented	in	eluci-
dating	 how	 structure	 impacts	 the	 electrical	 properties	 of	
conjugated	polymers.		

	
Figure	2.	(a)	Field-effect	mobility	of	transistors	compris-

ing	P3HT	blends	as	a	function	of	the	tie-chain	fraction	(fTC).	
The	fTC	calculations	were	performed	using	the	long	period	
(lc	 +	 la)	 as	 the	 critical	 distance	 required	 for	 tie	 chain	 for-
mation.	A	sigmoidal	line	has	been	added	for	visual	guide.	(b)	
Schemes	of	the	two	types	of	intercrystallite	molecular	con-
nections,	namely	tie	chains	(left)	and	chain	entanglements	
(right).	To	arrive	at	the	adjacent	crystallite,	charge	carriers	
travel	 directly	 across	 tie	 chains	but	 have	 to	hop	between	
chains	across	the	entanglements.	
	
In	applying	this	statistical	approach,	we	needed	to	define	

the	critical	distance	beyond	which	a	tie	chain	can	be	estab-
lished,	corresponding	 to	 the	minimum	distance	 that	poly-
mer	chains	need	to	span	in	order	to	electrically	bridge	two	
neighboring	crystalline	domains.	While	the	above	detailed	
our	analysis	based	on	a	critical	distance	of	(lc	+	 la),	we	as-
sessed	how	sensitive	the	tie-chain	fraction	in	P3HT_5/40	is	
when	different	critical	distances	are	used.	Outlined	in	Sup-
porting	Information	and	summarized	in	Figure	S1,	we	see	
that	the	absolute	value	of	the	calculated	tie-chain	fraction	
strongly	 depends	 on	 the	 choice	 of	 critical	 distance,	 with	
larger	 critical	 distances	 resulting	 in	 smaller	 fTC.	 However,	
the	relative	fTC	across	the	different	P3HT	blends	is	insensi-
tive	to	the	choice	of	critical	distance,	 implying	the	robust-
ness	of	the	model.7		
With	the	Huang-Brown	model,	we	can	effectively	explain	

the	rise	in	mobility	with	increasing	loadings	of	the	higher-M	
P3HT,	and	attribute	the	onset	of	percolation	to	a	critical	tie-
chain	fraction	at	»10-3.	We	further	sought	to	explain	why	the	
mobility	 plateaus	 beyond	 this	 percolation	 threshold.	 The	
channel	 lengths	 in	 our	 transistors	 are	macroscopic	 in	 di-
mensions	(L	=	204	µm);	neither	an	individual	P3HT	chain	



 

nor	a	single	P3HT	crystalline	domain	is	long	enough	to	span	
the	entire	channel.	Macroscopic	charge	transport	across	the	
channels	 must	 thus	 require	 interchain	 transport.	 Charge	
transport	 in	the	crystalline	domain,	either	along	the	poly-
mer	backbone	or	in	the	π-stacking	direction,	is	much	faster	
than	charge	transport	via	interchain	hopping	in	the	amor-
phous	domain.33	Despite	the	presence	of	amorphous	P3HT,	
the	mobility	of	our	P3HT	transistors	plateaus	at	a	value	that	
is	 comparable	 to	 what	 had	 been	 reported	 for	 charge	
transport	within	individual	crystallites	(»0.01	cm2	V-1	s-1).34–
36	We	take	this	observation	as	indirect	evidence	to	support	
the	 assertion	 that	 tie	 chains	 offer	 direct	 intercrystallite	
transport	 routes	 that	 improve	 macroscopic	 charge	
transport.		
In	order	 to	elucidate	 the	observed	mobility	plateau,	we	

investigated	the	structural	order	in	P3HT	thin	films	through	
grazing-incidence	X-ray	diffraction	(GIXD).	An	example	of	a	
2D	GIXD	pattern	of	P3HT_5	thin	film	is	shown	in	Figure	3a.	
Across	all	P3HT	blends,	the	P3HT	crystallites	adopt	a	typical	
"edge-on"	 texture	 in	which	 the	 alkyl	 stacking	 direction	 is	
normal	 to	 the	 substrate	 and	 π-stacking	 and	 the	 polymer	
backbone	are	preferentially	oriented	in	the	plane	of	the	sub-
strate,37	schematically	shown	in	Figure	3b.	From	the	GIXD	
patterns,	we	quantified	 the	paracrystalline	disorder	along	
the	 π-stacking	 direction	 (g010),	 the	 dominant	 interchain	
transport	direction	in	the	crystalline	regions.	We	obtained	
g010	by	the	single	peak-width	estimation.13,38	Figures	3c-e	
show	that	g010	remains	largely	invariant	across	the	different	
P3HT	blends;	a	range	of	6	to	8%	suggests	that	P3HT	exhibits	
significant	paracrystalline	disorder	along	the	π-stacking	di-
rection	in	the	crystalline	domains.13	For	reference,	highly-
crystalline	 molecular	 semiconductors,	 such	 as	 triiso-
propylsilyl	pentacene	(TIPS-pentacene),	exhibit	a	paracrys-
tallinity	of	less	than	1%;38	and	glasses,	such	as	SiO2,	exhibit	
a	paracrystallinity	of	12%.39	This	comparison	suggests	that	
the	 paracrystalline	 disorder	 limits	 charge	 transport	 once	
sufficient	 intercrystallite	 electrical	 connections	have	been	
established	for	macroscopic	charge	transport.	The	effect	of	
local	 paracrystalline	 disorder	 on	macroscopic	 mobility	 is	
masked	when	charge	transport	is	limited	by	a	lack	of	inter-
domain	 connectivity.	 In	 a	 percolated	 network	 where	 the	
crystallites	 are	 sufficiently	 connected,	 charge	 transport	 is	
instead	limited	by	the	presence	of	the	local	structural	disor-
der	within	crystallites.	
In	order	to	further	understand	the	structural	disorder	ex-

hibited	by	the	P3HT	blends,	we	also	performed	quantitative	
analyses	of	their	thin-film	absorption	spectra	according	to	
the	Spano	model40,41.	We	found	that	the	P3HT	aggregates,	of	
which	the	crystallites	are	composed,	are	also	similarly	dis-
ordered	along	the	interchain	π-stacking	direction	(see	dis-
cussion	 on	 the	 absorption	 spectra	 in	 Supporting	 Infor-
mation).	
	

	
Figure	 3.	 (a)	 A	 2D	 GIXD	 pattern	 of	 a	 representative	

P3HT_5	 thin	 film.	 The	 image	 has	 been	 corrected	 for	 the	
"missing	wedge"	of	data	along	the	out-of-plane	direction.42	
(b)	"Edge-on"	texture	of	P3HT	crystallites	in	which	the	alkyl	
stacking	 direction	 is	 normal	 to	 the	 substrate	 and	 the	 π-
stacking	and	polymer	backbone	are	preferentially	oriented	
in	the	plane	of	the	substrate.	Paracrystallinity	along	the	π-
stacking	direction	as	a	function	of	the	mass	fraction	of	the	
higher-M	P3HT	in	(c)	P3HT_5/20,	(d)	P3HT_5/40,	and	(e)	
P3HT_20/40.		
	
In	conclusion,	we	found	a	strong	correlation	between	the	

field-effect	 mobility	 of	 transistors	 comprising	 different	
P3HT	blends	 and	 their	 tie-chain	 fraction,	 as	 estimated	by	
the	Huang-Brown	model.	Though	the	model	may	be	over-
simplified	for	describing	the	structural	origins	of	mechani-
cal	properties	of	polyolefin	blends,	we	believe	the	model	to	
be	readily	applicable	for	investigating	the	electrical	proper-
ties	of	 conjugated	polymers.	That	 the	 field-effect	mobility	
eventually	plateaus	suggests	 the	presence	of	sufficient	 in-
tercrystallite	connectivity	to	establish	a	percolated	network	
for	charge	 transport,	with	 the	plateau	mobility	 limited	by	
the	intracrystallite	disorder.	
Our	findings	not	only	demonstrate	the	intricate	balance	

between	interdomain	connectivity	and	intradomain	disor-
der	 in	 determining	 charge-transport	 properties,	 but	 also	
highlight	 the	critical	variables	 for	designing	high-mobility	
polymers.	Per	the	Huang-Brown	model,	polymers	with	long	
(high	 molar	 mass)	 and	 rigid	 (long	 persistence	 length)	
chains	are	more	likely	to	form	tie	chains.	Even	without	long-
range	crystalline	order,	such	polymer	systems	should	still	
afford	 efficient	 charge	 transport,43	 consistent	with	 recent	
reports	that	donor-acceptor	polymers	that	are	rigid	but	lack	
long-range	 order	 exhibit	 high	mobilities(over	 1	 cm2	V-1	 s-
1).13,44,45	In	light	of	the	complex	and	multifaceted	nature	of	
charge	transport	in	conjugated	polymers,	calculations	with	
the	Huang-Brown	 framework	offer	 a	 first-order	 guideline	
on	how	to	design	polymer-chain	characteristics	and	molar	
mass	distributions	to	optimize	charge	transport.	 
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I. Experimental procedures 

Materials: All solvents were purchased from Fisher Scientific and used as-received.1 

Hexamethyldisilazane (HMDS) was purchased from Sigma Aldrich and used as-

received. P3HT was synthesized per literature, resulting in tolyl-group initiated 

100% regioregular P3HT.2,3 The molar masses and molar-mass distributions of the 

four regioregular P3HT samples (P3HT_5, P3HT_10, P3HT_20, and P3HT_40) were 

characterized by SEC and NMR end-group analysis separately and their absolute 

molar masses and dispersities are provided in Table S1.  

Table S1. Summary of the molar masses of P3HT obtained by size exclusion 

chromatography and NMR end-group analysis.  
 

a) The number average molar mass (Mn) is determined by NMR end-group analysis; b) the dispersity 
(Đ) is determined by size exclusion chromatograph; c) the mass average molar mass (Mw) is calculated 
by multiplying the Mn by Đ. 
 

Differential Scanning Calorimetry: DSC scans were collected using a TA Instruments 

Q2000 DSC with Tzero aluminum sample and reference pans. P3HT was fully 

dissolved in chloroform and high- and low- M solutions were fully mixed in 

controlled mass ratios before directly drop-casted into the DSC pans. We scanned 

between (25 and 270) °C at a rate of 10 °C min−1 for two heating and cooling 

cycles. 

Transistor Fabrication and Characterization: All thin-film transistors were fabricated 

in a bottom-gate-top-contact manner. Si (100) wafers with 300 nm thermally-

grown SiO2 (purchased from Process Specialties, Inc.) were used as gate and gate 

dielectric, respectively. The substrates were cleaned by sonication in deionized 

water, acetone, isopropanol for 5 minutes each and then dried with nitrogen 

stream. Their oxide surfaces were modified by spin-coating HMDS at 60π rad/s 

Samples  Mn  
[kg mol-1]a) 

Đ 
[-]b) 

Mw  
[kg mol-1]c) 

P3HT_5 5.0 1.26 6.3 

P3HT_10 10.0 1.17 11.7 

P3HT_20 20.0 1.26 25.2 

P3HT_40 40.0 1.27 51.0 



(1800 rpm), followed by thermal annealing at 120 °C for 5 min. P3HT was drop-

casted (0.5 mg mL-1 solution in chloroform) onto the substrates at ambient 

conditions. 50 nm of gold was then thermally evaporated onto the substrates at a 

rate of »1.5 A s-1, through a stencil mask to define active channels with a width of 

204 µm and a channel length of 50 µm. All transistors were tested under vacuum 

using an Agilent 4155C semiconductor parameter analyzer. The hole mobilities were 

estimated in the saturation regime at a source-drain voltage of -80 V. 

Grazing-Incidence X-Ray Diffraction: P3HT thin films for GIXD were deposited in the 

same manner as described above. GIXD was performed at the G2 station at the 

Cornell High Energy Synchrotron Source. X-rays at 13.0 keV were selected using a 

beryllium single-crystal monochromator. A 0.2 × 3 (V × H) mm2 beam was defined 

with motorized slits. The X-ray beam was aligned between the critical angles of the 

film and substrate, at 0.175° with respect to the substrate. Scattered intensity was 

collected using a 640-element 1D diode array. All GIXD images have been 

background subtracted.  

Optical Absorption Measurements: P3HT thin films were drop-casted onto glass 

slides in the same manner as described above. Absorption spectra were recorded 

using an Agilent Technologies Cary 5000 spectrophotometer. 

  



II. The choice of critical length 

In applying the statistical approach outlined in our manuscript, we needed to define 

the critical distance beyond which a tie chain can be established, corresponding to 

the minimum distance that tie chains need to span in order to electrically bridge 

two neighboring crystalline domains. In previous studies, both (2lc+la)4,5 and 

(2lc+2la)6 were used as critical distances in assessing the tie-chain fraction of 

polyethylene resins. Polyethylene adopts an alternating crystalline-amorphous 

lamellar structure with an amorphous layer thickness, la, corresponding to the 

edge-to-edge distance between two neighboring crystalline domains; this distance 

specifies the lower bound for the distance across which tie chains need to form.4 

Because 90% of chain ends are excluded from polyethylene crystallites, a more 

reasonable critical distance is given by (2lc+la).7 While it is unclear whether the 

chain ends reside in the crystalline domains or the amorphous regions in P3HT, we 

hypothesize that it is easier for P3HT to accommodate its chain ends in its 

crystalline domains compared to polyethylene in our case because of the tolyl end 

groups in our 100% regioregular P3HT are comparable in size with thiophene mers. 

We thus surmise the critical distance for tie-chain formation in P3HT to be between 

la and (2lc+la).  

In order to assess how the choice of critical distance impacts the calculated tie 

chain fraction, we performed a sensitivity analysis on our calculation of the tie-

chain fraction in P3HT_5/40. Figure S1a shows the distribution of fTC when the 

critical distance is varied. In this particular case, we varied the lc contribution. We 

see that the absolute value of the calculated tie-chain fraction strongly depends on 

the choice of critical distance, with larger critical distances resulting in smaller fTC. 

fTC increases by more than an order of magnitude when the critical distance is 

reduced from (2lc+la) to (0.5lc+la). However, variations in lc have much less of an 

effect on the relative fTC.8 We also investigated the distribution of fTC by varying la, 

as shown in Figure S1b.  

In a similar vein, we found the relative tie-chain fraction to be insensitive to 

variations in la. Our sensitivity analysis of the different possible critical distance 



scenarios implies a robustness of the model on the relative tie-chain fraction, 

although different end-group chemistries can ultimately dictate chain-end location 

and impact the critical distance over which tie chains form.  

 

Figure S1. The distribution in tie-chain fraction (fTC) of P3HT_5/40 when different 

critical distances, by varying (a) the crystalline domain thickness and (b) the 

characteristic distance between crystalline domains, are used during analysis.  

As outlined in the main text, the Huang-Brown model assumes that a polymer chain 

forms a tie chain when its end-to-end distance is greater than, or equal to, the 

critical distance (dc). As opposed to the end-to-end distance, the probability 

function in Equation (1) is formulated using the diameter of gyration (dg) as the 

polymer characteristic size.9 For linear polymers, the end-to-end distance is related 

to diameter of gyration by: 

	𝑅𝑅 =
√6
2
𝑑𝑑* ≅ 1.22	𝑑𝑑*																																												(𝑆𝑆1) 

Hence, if the criterion for forming a tie chain were that the diameter of gyration is 

greater than, or equal to, the critical distance (𝑑𝑑* ≥ 𝑑𝑑2), the probability of forming a 

tie chain described by Equation (1) can be modified accordingly: 



𝑃𝑃(𝑀𝑀) =
∫ 𝑟𝑟7exp	(− 3𝑟𝑟

7

2𝑁𝑁𝑙𝑙?7
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∫ 𝑟𝑟7exp	(− 3𝑟𝑟
7

2𝑁𝑁𝑙𝑙?7
)𝑑𝑑𝑟𝑟@

D

																(𝑆𝑆2) 

The model is probabilistically equivalent under the following two scenarios: (a) 

using the polymer diameter of gyration as the polymer characteristic size and a 

critical distance of dc, and (b) using the polymer end-to-end distance as the 

polymer characteristic size and a critical distance of 1.22dc. The impact of using 

either of these polymer characteristic sizes is assessed through sensitivity tests 

performed on the choice of critical lengths.  



III. UV-vis spectroscopy 

Detailed quantitative analysis of the absorption spectra of P3HT blends can provide 

further insight into the thin-film structure.10,11 The absorption spectra of drop-cast 

P3HT thin films were fitted with a weakly coupled H-aggregate model developed by 

Spano and co-workers to extract the Gaussian line width (σ) and the free exciton 

bandwidth (W). 10–13 The fittings of the spectra of P3HT_5/20 blends per the Spano 

model are shown in Figure S2. σ measures the extent of interchain disorder within 

P3HT aggregates; Figures S3a-c show that this quantity does not vary 

significantly or systematically across the different blends, suggesting that the P3HT 

aggregates are similarly disordered along the interchain π-stacking direction. The 

free exciton bandwidth, W, varies inversely with the number of interacting 

thiophene units in these aggregates along the backbone direction and hence gives a 

measure of the conjugation length and intrachain order.14 W in both P3HT_5/20 

(Figure S3d) and P3HT_5/40 (Figure S3e) gradually decreases with increasing 

loadings of higher-M fraction, suggesting better intrachain order within the 

aggregates as the loading of the higher-M fraction increases, consistent with 

previous reports.15 Decreasing exciton bandwidth contributes to enhanced charge 

transport and the change in W is only moderate upon the initial loading of higher-M 

fraction (up to 25%), compared to the initial sharp increase in mobility. We argue 

that the lack of interdomain connectivity is still the bottleneck for charge transport 

in these samples. The molecular-weight dependence of W for P3HT_20/40 is less 

pronounced: W stays at values much lower than that of P3HT_5 (Figure S3f), 

suggesting a similar extent of order along the polymer backbone in drop-cast films 

of P3HT with Mn > 20 kg mol-1. 



 
Figure S2. The experimental UV-vis absorption spectra of P3HT_5/20. The 

aggregate and amorphous components are deconvoluted per the Spano model.  
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Figure S3. Gaussian line width as a function of the fraction of the higher-MW P3HT 

in (a) P3HT_5/20, (b) P3HT_5/40, and (c) P3HT_20/40. Free exciton bandwidth as 

a function of the fraction of the higher-MW P3HT in (d) P3HT_5/20, (e) P3HT_5/40, 

and (f) P3HT_20/40. Both the Gaussian line width and the free exciton bandwidth 

were extracted from their respective absorbance data per the Spano model. 

 

  



IV. Transistor measurements and characteristic curves 

The field-effect mobility is the main figure of merit of an organic field-effect 

transistor;16 it describes how quickly charges move through the semiconducting 

active layer under an applied electric field. The mobilities in this study are 

calculated from the transfer characteristics in the saturation regime, according to 

the following equation:17 

𝐼𝐼F 	=
𝐶𝐶H𝑊𝑊
2𝐿𝐿
𝜇𝜇(𝑉𝑉M − 𝑉𝑉N)7																																														(𝑆𝑆3) 

where ID is the source-drain current; Ci is the capacitance of the dielectric layer 

(11.7 nF cm-2 for 300-nm thermally-grown silicon oxide); W and L are the channel 

width and length, respectively; VG is the gate voltage; and VT is the threshold 

voltage. The mobility is extracted from the slope of |ID|1/2 versus VG once the device 

is turned on. Representative transfer and output curves are shown in Figure S4. 

 



 
Figure S4. (a-g) Representative transfer curves of transistors comprising P3HT_5, 

P3HT_10, P3HT_20, P3HT_40, P3HT_5/20 (whigher-M=50%), P3HT_5/40 (whigher-

M=50%), P3HT_20/40 (whigher-M=50%) respectively. The devices were measured in 

the saturation regime at a source-drain voltage of -80 V. The mobility values were 

calculated from the slope of |ID|1/2 versus VG (red dashed lines). (h) Representative 

output curve of transistors comprising P3HT_40, taken at varying source-gate 

voltages. 
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