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ABSTRACT	

	

Unconventional	Strategies	Toward	Efficient	Self-Assembly	in	Solution	Processed	

Small	Molecule	Organic	Photovoltaics	

	

by	

	

Caitlin	Irene	McDowell	

	

Broadly	 described	 by	 conductive	 π-conjugated	 cores	 with	 electronically-inert	

solubilizing	groups,	solution-processed	organic	semiconductors	have	wide	applications	in	

modern	 electronics	 such	 as	 transistor,	 sensor,	 lighting	 and	 energy-harvesting	

technologies.	However,	 their	optical	 and	electronic	properties	 in	 the	 solid-state	 strongly	

depend	 upon	 their	 ability	 to	 organize	 into	 ordered	 phases	 during	 solution	 deposition.	

Frustrated	 self-assembly	 contributes	 to	 performance	 variation	 and	 thermal	 instability.	

Organic	 photovoltaics	 (OPVs)	 offer	 a	 relevant	 case-in-point,	 as	 they	 rely	 on	 a	 blend	 of	

electron-donating	and	electron-accepting	semiconductors	to	achieve	light	harvesting	and	

photocurrent	 generation.	 Efficient	 charge	 generation	 requires	 the	 self-assembly	 of	

internal	ordered	domains	and	broad	interfaces	between	these	components,	while	charge	

carrier	 extraction	 simultaneously	 demands	 that	 each	 form	 continuous	 pathways.	

Understanding	how	the	chemical	structure	and	processing	of	these	materials	impacts	their	



x	

organizational	tendencies	 is	essential	for	the	design	of	materials	that	readily	and	reliably	

reach	this	desired	complex	morphology.		

This	dissertation	discusses	the	novel	strategies	for	directing	self-assembly	 in	OPV	

materials	suggested	by	this	understanding.	Chapter	1	presents	our	current	understanding	

of	 the	 processes	 involved	 in	 the	 formation	 of	 the	 bulk	 heterojunction	 and	 processing	

methods	for	manipulating	morphology,	such	as	solvent	additives.	Chapter	2	discusses	how	

a	 solid	 and	 electronically-inert	 additive,	 polystyrene,	 provides	 additional	 interfaces	 for	

crystalline	 nucleation	 during	 solution-casting,	 a	 different	 mechanism	 than	 solvent	

additives.	 In	 Chapter	 3,	 we	 find	 that	 molecular	 design	 that	 reduces	 available	 structural	

conformation	decreases	morphological	disorder	during	solution-deposition,	with	minimal	

impact	 on	 other	 molecular	 properties.	 Chapter	 4	 discusses	 how	molecules	 designed	 to	

change	 topology	 in	 solution	 and	 film	 states	 can	 readily	 create	 ordered	 phases	 without	

sacrificing	processibility.	Chapter	5	concludes	this	work	by	discussing	how	these	strategies	

can	 be	 applied	 toward	 emerging	 fields	 within	 organic	 semiconductor	 research,	 namely	

processing	 from	 environmentally-friendly	 solvents	 and	 designing	 of	 electron-accepting	

materials.	
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1.	 Formation	of	the	Bulk	Heterojunction	During	Solution-Processing1	

1.1	 Introduction	

Environmental	 concerns	 over	 of	 the	 use	 of	 fossil	 fuels,	 such	 as	 air	 pollution	 and	

climate	 change,	 drives	 research	 and	 development	 in	 renewable	 energy	 sources.	 In	

particular,	solar	energy,	 in	the	form	of	readily	available	radiant	light,	has	the	potential	to	

provide	 greater	 power	 output	 that	 the	 projected	 global	 energy	 demand,	 even	 by	

conservative	 estimates.[1]	 Photovoltaic	 technologies	 based	 on	 organic	 semiconductors	

have	 the	 advantage	 of	 chemical	 tailoring	 to	 optimize	 absorption	 of	 the	 solar	 spectrum,	

such	 that	 thin	 flexible	 and	 lightweight	 devices	 can	 efficiently	 harvest	 sunlight.	

Consequently,	they	have	potential	to	be	integrated	directly	into	the	windows	of	buildings	

and	other	architectural	structures.[2–4]	

Organic	photovoltaic	(OPV)	active	layers	offer	the	potential	of	energy-efficient	and	

cost-effective	deposition	methods,	such	as	solution	processing.[5]	OPVs	consist	of	blends	

of	electron-donating	and	electron-accepting	polymers	or	organic	small	molecules	that	are	

cast	 into	 thin	 films	 from	 organic	 solvents	 and	 spontaneously	 phase	 separate	 into	 small	

nearly	 pure	 domains.	 However,	 as	 described	 in	 more	 detail	 below,	 processing	 from	

solution	 opens	 challenges	 in	 that	 the	 drying	 of	 the	 solvent	 greatly	 impacts	 the	 final	

																																																													

1	Parts	of	this	chapter	are	adapted	from:	
C.	McDowell,	M.	Abdelsamie,	M.	Toney,	G.C.	Bazan.	“Solvent	Additives:	Key	Morphology	Directing	Agents	
for	Solution-Processed	Organic	Solar	Cells”	Adv.	Mater.	2017.	Hall	of	Fame	Review	Article,	submitted.	
A.-J.	Payne,	C.	McDowell,	G.	Welch,	G.C.	Bazan,	“Low	Bandgap	Organic	Molecular	Solar	Cells”	in	“Handbook	
of	 Polymer	 and	 Hybrid	 Photovoltaics”	 ed.	 S.-A.	 Chen,	 John	 Wiley	 and	 Sons,	 Inc.	 Submitted,	 anticipated	
release	2017.	
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organization	 of	 the	 blend	 components	 in	 the	 final	 photoactive	 layer.	 This	 complex	 bulk	

heterojunction	 (BHJ)	 morphology	 of	 the	 active	 layer	 has	 a	 profound	 impact	 on	 the	

performance	 of	 OPVs.	 Casting	 from	 a	 single	 solvent	 usually	 results	 in	 a	 non-ideal	

morphology	with	either	 too	 little	or	 too	much	phase	 separation	between	 the	BHJ	blend	

components,	and/or	lack	of	order	within	domains,	thereby	reducing	the	device	efficiency.	

The	 selection	 of	 deposition	 solvent	 is	 constrained	 by	 the	 requirement	 of	 solvating	 the	

organic	 semiconductors	 that	 comprise	 the	 active	 layer.	 Thus,	 additional	 methods	 to	

manipulate	the	morphology	after	deposition	were	developed,	such	as	thermal	annealing	

and	 solvent	 vapor	 annealing.	 However,	 including	 uncommon	 solvents	 as	 additives	 can	

affect	film	formation	during	deposition,	which	has	distinct	advantages	compared	to	post-

processing	 methods.	 The	 fine	 control	 of	 the	 BHJ	 morphology	 enabled	 by	 such	 solvent	

additives	form	a	key	and	versatile	experimental	handle	for	optimizing	device	performance.	

As	 the	 variety	 of	 successful	 solvent	 additives	 grows,	 our	 understanding	 of	 the	 complex	

mechanisms	underlying	the	development	of	the	BHJ	improves,	but	we	still	require	deeper	

insight	into	these	mechanisms	to	develop	predictive	design	rules.	

In	 this	 chapter,	 we	 provide	 a	 brief	 history	 of	 BHJ	 organic	 photovoltaics	 and	 the	

advent	of	various	morphology	control	strategies.	We	present	the	current	understanding	of	

the	 mechanisms	 of	 phase	 separation,	 highlighting	 how	 solvent	 additives	 affects	 these	

processes	during	deposition	to	reach	the	desired	blend	morphology.	Finally,	we	introduce	

the	 novel	 routes	 this	 understanding	 of	 BHJ	 formation	 suggests	 for	 enhancing	 OPV	

performance,	which	are	elaborated	upon	in	further	chapters.	
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1.2	 The	Development	of	the	Bulk	Heterojunction	

Five	steps	are	essential	for	current	production	directly	from	sunlight	in	any	organic	

photovoltaic	device:	1)	the	active	layer	absorbs	photons,	forming	an	excited	electron-hole	

pair;	 2)	 this	 “exciton”	 diffuses	 to	 a	 lower	 energy	 state,	 typically	 at	 an	 interface	 or	 an	

impurity;	 3)	 the	excitons	dissociate	 into	 free	 charges;	4)	 free	electrons	and	holes	diffuse	

through	the	active	layer;	and	5)	finally,	the	free	charges	are	collected	at	the	electrodes	as	

current.	OPV	active	layers	typically	accomplish	this	by	blending	electron-donating	(donor,	

p-type)	and	electron-accepting	(acceptor,	n-type)	semiconductors.	Donors	and	acceptors	

are	paired	based	on	their	energy	 level	offsets	 (to	drive	charge	separation),	absorption	of	

the	 solar	 spectrum	 to	 maximize	 photocurrent,	 and	 charge	 carrier	 mobility	 to	 ensure	

efficient	 transport	 of	 free	 carriers	 to	 the	 electrodes.	 These	 organic	 semiconductors	 are	

typically	composed	of	π-conjugated	aromatic	subunits	to	promote	electron	delocalization,	

with	 minimal	 electronically-inert	 side	 groups	 for	 solubility.	 Effective	 charge	 generation	

and	transport	requires	the	donor	and	acceptor	components	of	the	film	to	phase	separate	

into	 internal	 domains	 with	 high	 interfacial	 area	 and	 bicontinuous	 pathways	 for	 charge	

extraction.	This	delicate	organization	is	known	as	the	BHJ.	In	solution	processed	OPVs,	the	

BHJ	 organization	 develops	 primarily	 as	 the	 deposition	 solvent	 dries,	 but	 the	 final	

morphology	 can	 be	 manipulated	 by	 the	 use	 of	 solvent	 additives,	 post-deposition	

treatments	or	both.	

The	geometric	organization	of	the	BHJ	morphology	must	be	tuned	in	order	to	take	

into	 consideration	 three	 properties	 of	 organic	 semiconductors:	 1)	 Excitons	 in	 organic	

materials	 are	 strongly	 bound	 after	 excitation.	 2)	 Bound	 excitons	 break	 up	 via	 ultrafast	
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charge	 transfer	 to	 an	 adjacent	 molecule	 whose	 energy	 levels	 are	 offset	 relative	 to	 the	

absorbing	 species,	 thereby	 forming	 free	 carriers.	 3)	 Excitation	 lifetimes	 in	 organic	

materials	 are	 relatively	 short,	 such	 that	 their	diffusion	within	a	domain	 is	 limited	before	

recombination.	These	properties	are	revealed	by	key	developments	in	the	history	of	OPV	

research.	

Given	 their	 strong	 absorbance	 and	 chemical	 tunability,	 organic	 semiconductors	

were	considered	attractive	materials	for	solar	cell	applications	upon	their	discovery	in	late	

1970s;[6,7]	 however,	 the	 first	 observation	 of	 significant	 photovoltaic	 activity	would	 come	

later,	in	1995.[8]	Upon	absorption	of	light,	an	electron	is	promoted	from	the	ground	state	to	

the	 excited	 state.	 In	 an	 organic	 semiconductor,	 this	 creates	 an	 electron-hole	 pair	 (i.e.	

exciton)	that	is	tightly	bound	(with	a	binding	energy	of	0.1	to	0.5	eV).[9]	This	contrasts	with	

inorganic	 semiconductors	 whose	 excitons	 are	 loosely	 bound	 and	 can	 thus	more	 readily	

dissociate	into	free	charges.	Few	free	carriers	can	be	collected	at	the	electrodes	for	single-

component	OPV	films,	as	excitons	are	predominantly	split	by	traps	within	the	film.[10]	For	

example,	 PPV	 and	 its	 derivatives	 have	 solar	 cell	 efficiencies	 of	 0.1%	 and	 often	 much	

lower.[9]	Note	that	the	chemical	structures	of	key	donors	and	acceptors	mentioned	in	this	

chapter	are	provided	in	Figure	1.1.	
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Figure	1.1	Chemical	structures	of	key	donors	 (blue),	acceptors	 (red),	solvents	 (black)	and	additives	 (green)	
mentioned	in	this	chapter.	Solid	additives	are	marked	by	*.	Ethyl	hexyl	alkyl	chains	are	represented	by	EH.	
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The	strong	binding	energy	of	 the	exciton	can	be	overcome	by	mixing	two	phase-

separating	 organic	 semiconductors	 with	 sufficiently	 different	 energy	 level	 alignments,	

creating	a	driving	force	for	free	carrier	generation.	In	1992,	photoinduced	electron	transfer	

between	 conjugated	 polymers	 in	 the	 excited	 state	 and	 fullerenes	 was	 discovered.[11]	

Fullerenes	 were	 observed	 to	 quench	 the	 photoluminescence	 of	 the	 polymer	 in	 blended	

films[12]	and,	later,	ultrafast	photoinduced	electron	transfer	spectroscopy	confirmed	a	very	

fast	charge	transfer	time	constant	of	~45	fs.[13]	This	discovery	implied	that	the	efficiency	of	

charge	 separation	 could	 readily	 approach	 100%,	 compensating	 for	 the	 inherently	 short	

lifetime	of	the	strongly	bound	excitons	in	π-conjugated	materials.	

Initial	OPV	cells	were	planar	heterojunctions,	shown	in	Figure	1.2,	where	the	donor	

and	 acceptor	 materials	 are	 deposited	 separately	 to	 create	 a	 well-defined	 interface	 for	

charge	 transfer.[14,15]	 This	 architecture	 was	 initially	 born	 of	 convenience:	 π-conjugated	

donor	materials	 performed	 best	with	 a	minimum	 of	 solubilizing	 groups	 and	were	 often	

polymerized	directly	onto	the	substrate.[16]	Similarly,	unmodified	fullerenes	also	have	poor	

solubility	and	are	better	suited	for	thermal	deposition	methods.	However	convenient,	the	

performance	of	planar	architectures	 is	 inherently	 limited	by	 their	 low	 interfacial	area	 for	

exciton	 dissociation.[17]	 Further	 limitations	 arise	 from	 the	 short	 excitation	 lifetimes	 of	

organic	 semiconductors	 such	 that	 excitons	 typically	 diffuse	 up	 to	 approx.	 10	 nm.	 Thus,	

ideal	planar	heterojunction	 layers	should	have	thicknesses	of	 this	order,	which	 limits	 the	

absorbance	of	the	active	layer.	

These	 properties	 prompted	 investigations	 into	 three-dimensional	 bulk	

heterojunction	 (BHJ)	 structures,	 also	 pictured	 in	Figure	 1.2.	 In	 an	 ideal	 BHJ,	 donor	 and	
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acceptor	 components	 form	 domains	 on	 the	 order	 of	 10-20	 nm	 that	 are	 sufficiently	

interconnected	 to	 create	 charge	 transport	 pathways	 to	 the	 electrodes.	 Achieving	 this	

bicontinuous	network	 is	difficult	to	template	mechanically	(unlike	the	planar	 junction)	so	

one	must	 rely	on	self-assembly	during	solution	casting.	 In	practice,	BHJ	components	are	

cast	 from	 a	 common	 solvent,	 relying	 on	 the	materials’	 different	 interaction	 energies	 to	

promote	phase	separation.	This	is	particularly	true	for	high	molecular	weight	polymers	and	

the	 soluble	 fullerene	 acceptors	 that	 have	 a	 small	 free	 energy	 of	mixing.[18]	 Additionally,	

crystallization	 into	 pure	 ordered	 domains	 provides	 a	 strong	 driving	 force	 for	 phase	

separation,	particularly	for	more	rigid	small	molecule	donors.		

As	 mentioned	 previously,	 the	 morphology	 of	 the	 BHJ	 active	 layer	 is	 a	 strong	

determinant	of	device	performance.[19]	As	an	example,	Figure	1.3a	presents	a	 simplified	

energy	 level	 diagram	 for	 a	 conventional	 FBT-biTh:PC71BM	 OPV	 device,	 emphasizing	

where	 photovoltaic	 processes	 occur	 within	 the	 BHJ	 morphology	 in	 Figure	 1.3b.	 For	

example,	while	excitons	can	form	and	diffuse	throughout	the	film,	they	have	little	driving	

force	to	separate	into	free	charges	except	near	the	interface	between	donor	and	acceptor	

	

Figure	1.1	Schematic	of	common	OPV	device	active	layer	heterojunctions.	
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domains	–	energetically,	this	interfacial	position	is	defined	as	a	charge-transfer	(CT)	state.	

The	energy	level	of	the	CT	state	is	determined	by	its	local	environment,	such	that	states	in	

intimately	mixed	phases	 are	 lower	 in	 energy.[20]	 This	 implies	 that	 the	 interface	between	

donor	 and	 acceptor	 domains	 need	 not	 be	 sharp	 –	 in	 fact,	 a	 concentration	 gradient	

between	the	two	components	at	an	 interface	has	been	suggested	to	create	an	energetic	

gradient	that	promotes	efficient	charge	separation.[21]	Optimal	solar	cell	performance	can	

be	 achieved	 by	 balancing	 ordered	 and	 pure	 domains	 of	 each	 component	 (which	 favors	

exciton	generation,	exciton	diffusion	and	charge	transport)	with	an	interfacial	mixed	phase	

to	 promote	 exciton	 dissociation	 into	 free	 charges.[22,23]	 This	 three-phase	 morphology	

forms	 the	 present	 basis	 of	 our	 understanding	 of	 the	 most	 desirable	 BHJ	 structure	 –	

however,	 the	 optimal	 ratio	 of	 these	 three	 phases	 often	 depends	 on	 the	 specifics	 of	 the	

blend.	

	

	

Figure	1.3	a)	Energy	level	diagram	for	an	OPV	device	with	a	FBT-biTh:PC71BM
[58]	active	layer	in	conventional	

architecture.	b)	Mechanism	of	energy	production	in	BHJ	OPVs:	(1)	photoabsorption	to	create	an	exciton,	(2)	
exciton	 diffusion	 to	 an	 interfacial	 CT	 state,	 (3)	 exciton	 dissociation	 into	 free	 charge	 carriers,	 (4)	 charge	
transport	of	electron	and	hole	through	bicontinuous	network,	and	(5)	charge	collection	at	the	electrodes.	
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Six	 key	 components	 determine	 the	 BHJ	 morphology	 and	 thus	 OPV	 device	

performance:	 molecular	 structure,	 the	 primary	 casting	 solvent	 (determined	 by	 the	

solubility	 of	 the	 components),	 the	 ratio	 of	 the	 components,	 overall	 concentration	 of	

components,	solvent	(or	other)	additives	and	processing	conditions	(both	during	and	after	

deposition).	 Solubility	 of	 each	 component	must	 be	 sufficiently	 high	 to	 create	 a	 blended	

film	 of	 thickness	 that	 effectively	 harvests	 light.	 For	 optimum	 efficiency,	 a	 deposition	

solvent	 must	 simultaneously	 dissolve	 the	 donor	 and	 acceptor	 components	 but	 also	

promote	 their	 phase	 separation	 into	 bicontinuous	 networks.	 Finding	 a	 solvent	 that	

effectively	 dissolves	 both	 donor	 and	 acceptor	 components	 has	 historically	 limited	

selection	largely	to	halogenated	or	aromatic	solvents	like	chloroform	(CF),	chlorobenzene	

(CB)	and	ortho-dichlorobenzene	(oDCB).	The	choice	of	deposition	solvent	also	determines	

the	drying	time	and	kinetics	of	this	process,	and	the	wetting	behavior	of	the	solvent	and	

BHJ	components	on	the	desired	substrate.	In	practice,	these	requirements	are	difficult	for	

a	 single	 solvent	 to	meet	 simultaneously,	 which	 is	 why	many	 blend	 films	 are	 kinetically	

trapped	in	amorphous,	intimately	mixed	phases	as-cast	and	suffer	from	inefficient	charge	

extraction.	Additional	processing,	during	or	after	deposition,	can	allow	the	morphology	to	

approach	the	ideal	phase-separated	BHJ	and	thus	improve	performance.	

The	figures	of	merit	for	an	OPV	device	are	discussed	below,	highlighting	how	the	

BHJ	morphology	contributes	to	each	metric.[24,25]	They	are	also	illustrated	in	Figure	1.4	for	

a	blend	of	a	small	molecule	donor	FBT-biTh	with	PC71BM	cast	from	CB.	The	morphology	

of	 this	donor:acceptor	pair	 is	 strongly	 impacted	by	 the	presence	of	 the	1,8-diiodooctane	
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(DIO)	 solvent	 additive,	 boosting	OPV	 efficiency	 from	 1.8%	 (blue	 traces)	 to	 7.0%	 (green	

traces).	

	

Figure	 1.4	Relevant	metrics	 for	 assessing	OPV	 performance,	 including	 current-voltage	 plot	 (bottom	 left),	
power	 curve	 (top	 left)	 and	 external	 quantum	 efficiency	 spectra	 (right).	 The	 data	 pictured	 is	 for	 FBT-
biTh:PC71BM	cast	 from	CB,	with	and	without	DIO	as	a	 solvent	additive	 to	boost	performance.[26]	Adapted	
with	permission.[58]	Copyright	2012,	WILEY-VCH	Verlag	GmbH	&	Co.	KGaA.	

Short-circuit	current,	JSC	–	the	current	flow	when	the	device	is	shorted	and	no	bias	is	applied.		

Free	charges	move	due	to	the	internal	field	established	by	the	difference	in	the	work	function	

of	 the	 contacts.	 The	 JSC	 depends	 on	 the	 number	 of	 photons	 absorbed	 (due	 to	 the	 materials’	

absorption	profile	and	extinction	coefficient)	and	the	efficiencies	of	the	exciton	separation	and	charge	

transport	 processes.	 BHJ	morphologies	 with	 ordered	 domains	 connected	 by	 percolating	 pathways	

greatly	increase	these	efficiencies	and	thus	JSC.	

Open-circuit	voltage,	VOC	–	the	bias	required	to	reduce	current	flow	to	zero,	countering	the	built-in	field.	

This	 voltage	 is	 largely	 determined	 by	 the	 difference	 in	 the	 quasi-Fermi	 levels	 of	 the	 blend	

components,	which	can	be	estimated	by	the	offset	between	the	highest	occupied	molecular	orbital	

(HOMO)	of	the	donor	and	lowest	unoccupied	molecular	orbital	(LUMO)	of	the	acceptor.[27]	Optimizing	

the	BHJ	blend	morphology	 can	 improve	VOC	 by	 reducing	 recombination	 losses	but	only	 to	 the	 limit	

pinned	by	the	quasi-Fermi	levels.[28]	
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Fill	factor,	FF	–	a	measure	of	nonideality	due	to	competition	between	charge	collection	and	recombination.[29,30]	

This	is	determined	by	the	ratio	of	the	maximum	measured	power	(light	grey	square)	versus	the	

power	produced	by	 an	 ideal	 diode	with	 the	 same	 JSC	 and	VOC	 (dark	grey	 square).	 Like	with	 JSC,	 this	

term	depends	on	efficiency	of	charge	generation	and	transport	processes,	and	thus	benefits	from	BHJ	

morphologies	with	suitable	domain	size	and	purity.	

Power	conversion	efficiency,	PCE	–	the	maximum	power	output.	

PCE	 is	 a	 measure	 of	 how	 much	 electrical	 power	 is	 generated	 relative	 to	 the	 incident	 solar	

spectrum	(AM1.5).	It	is	related	to	the	three	factors	discussed	above	via	the	following	equation:		

𝑃𝐶𝐸 % =  𝐽!"𝑉!"𝐹𝐹 𝑃!"#$% 	 (1)	

External	quantum	efficiency,	EQE	–	the	wavelength	dependence	of	the	JSC.	

EQE	 measures	 number	 of	 charges	 collected	 by	 the	 electrodes	 relative	 to	 the	 number	 of	

incident	 photons,	 as	 a	 function	 of	wavelength	 and	without	 bias	 applied.	 Thus,	 the	 integrated	 area	

under	the	curve	should	be	equal	to	the	JSC.	Comparing	the	EQE	spectra	to	the	absorbance	profiles	of	

the	donor	and	acceptor	can	deconvolute	their	relative	contributions	to	the	photocurrent.	

Internal	quantum	efficiency,	IQE	–	the	EQE	normalized	by	the	light	absorption	efficiency.	

IQE	 (not	 pictured	 in	 Figure	 1.4)	 measures	 the	 number	 of	 changes	 collected	 relative	 to	 the	

number	 of	 photons	 absorbed	 by	 the	 film	 and	 is	 thus	 by	 definition	 higher	 than	 EQE.[22,31]	 It	 can	

approach	90%	for	optimized	blend	morphologies,	indicating	low	rates	of	charge	recombination.[20]	

1.3	 Mechanisms	of	Phase	Formation	during	Solution	Processing	

The	 formation	of	 the	BHJ	 in	a	multicomponent	 solvent	 system	 is	 too	complex	 to	

easily	 explain	 by	 simple	 mechanisms.	 First,	 we	must	 establish	 the	 thermodynamic	 and	

kinetic	 framework	 that	 guides	 the	 formation	 of	 the	 BHJ	 when	 casting	 from	 a	 single	

solvent.	 From	 there,	 we	 will	 focus	 on	 how	 solvent	 additives	 can	 influence	 the	

thermodynamics	 and	 kinetics	 of	 film	 formation	 during	 solution	 deposition.	 The	 main	

parameters	 that	 control	 BHJ	 formation	 during	 solution	 processing	 involve:	 1)	 kinetic	
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parameters,	such	as	the	vapor	pressure	of	the	solvents,	and	the	deposition	conditions	that	

collectively	define	the	drying	kinetics	of	the	mixture;	2)	thermodynamic	parameters,	such	

as	 the	 solubility	 of	 donor	 and	 acceptor	 materials	 in	 the	 solvent(s),	 their	 ease	 of	

crystallization/aggregation,	 and	 the	 mutual	 interactions	 between	 the	 solvents	 and	 the	

donor	and	acceptor	solutes.		

One	method	for	predicting	the	solidification	pathway	from	a	homogenous	solution	

models	the	phase	separation	process	using	the	homogeneous	Flory-Huggins	free	energies	

of	the	multicomponent	blend.[93–96]	So	far,	such	models	have	only	been	rigorously	applied	

to	three	component	solvent:donor:acceptor	(S:D:A)	mixtures	but	this	methodology	can	be	

extended	 to	 include	more	 components.[94,96]	 Expressions	 in	 the	 Flory-Huggins	 equation	

account	 for	 free	 energy	 contributions	 that	 arise	 from	 interfacial	 interactions	 between	

locally	 separated	 phases;	 e.g.	 the	 expression	 for	 a	 three-component	 system	 of	 solvent,	

acceptor,	and	donor	is	given	by:		

𝐺/𝑅𝑇 = 𝜑! ln (𝜑!) + (𝜑!/𝑁!) ln (𝜑!) + (𝜑!/𝑁!) ln (𝜑!)  +  𝜒!"𝜑!𝜑! + 𝜒!"𝜑!𝜑! +  𝜒!"𝜑!𝜑!	 (2)	

where	 ϕi	 is	 the	 volume	 fraction	 of	 component	 i	 ,	 χij	 is	 the	 Flory–Huggins	 interaction	

parameter	between	components	i	and	j,	and	Ni	is	related	to	the	degree	of	polymerization	

and	 can	 be	 estimated	 by	 the	 number	 of	 lattice	 segments	 constituting	 one	molecule	 of	

component	i.	Equation	(2)	can	used	to	calculate	a	ternary	phase	diagram	of	S:D:A	mixture	

that	can	predict	the	phase	behavior	of	the	ternary	blend.	An	example	is	provided	in	Figure	

1.5a	 and	 construction	 of	 such	 ternary	 phase	 diagrams	 are	 explained	 elsewhere	 in	 the	

literature.[93–96]	
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In	Figure	1.5b,	we	summarize	the	main	phase	separation	processes	from	an	initially	

homogenous	 liquid	 phase.	 During	 solvent	 evaporation,	 two	 competing	 processes	 are	

driven	by	the	change	 in	the	mixture’s	composition:	 liquid-liquid	 (L-L)	or	solid-liquid	 (S-L)	

phase	 separation.	 L-L	 demixing	 begins	 upon	 crossing	 from	 the	 one-phase	 to	 the	 two-

phase	 region	 via	 spinodal	 decomposition,	 while	 S-L	 demixing	 occurs	 when	 either	 the	

donor	 or	 acceptor	 component	 reaches	 its	 solubility	 limit	 in	 the	 deposition	 solvent.	

Depending	on	the	system,	the	two	demixing	processes	may	occur	simultaneously	or	one	

may	 precede	 the	 other.	 If	 neither	 process	 occurs,	 the	 mixture	 will	 end	 up	 with	 an	

intimately	mixed	blend	morphology.	

A	 schematic	 representing	 the	 ternary	 phase-diagram	 of	 solvent:donor:acceptor	

mixtures	with	different	donor-acceptor	 interaction	parameters	 (χDA)	are	shown	 in	Figure	

1.5a.	The	composition	space	 in	 the	 ternary	phase	diagram	 is	divided	 into	a	 single	phase	

region	where	the	blend	mixture	is	stable,	a	two-phase	region	of	instability	surrounded	by	

the	spinodal	curve	 (solid),	and	a	metastable	 region	between	spinodal	 (solid)	and	binodal	

(dashed)	 curves.	 The	 dashed	 black	 line	 in	 Figure	 1.5a	 represents	 the	 changes	 in	

composition	 during	 solvent	 evaporation.	 Starting	 from	 an	 initially	 homogenous	 single	

phase,	L-L	demixing	begins	upon	crossing	from	the	one-phase	to	the	two-phase	regions.	

The	onset	of	L-L	demixing	strongly	correlates	with	the	interaction	parameter	between	the	

donor	and	the	acceptor,	χDA.[93,94]	A	donor	and	acceptor	pair	with	low	compatibility	(high	

χDA)	exhibit	a	large	two-phase	region.	As	a	consequence,	the	composition	crosses	into	the	

unstable	region	when	the	mixture	is	rich	in	solvent	content,	as	shown	by	the	blue	curves	in	

Figure	1.5a.	Under	these	circumstances,	L-L	demixing	 leads	to	over-coarsening	of	donor	
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and	 acceptor	 domains,	 driven	 by	 the	 strong	 repulsive	 interactions	 of	 the	 donor	 and	

acceptor	and	facilitated	by	the	high	solvent	content.	

	

Figure	1.5	a)	Schematic	 representing	 ternary	phase-diagram	of	 system	composed	of	 solvent	 (S),	acceptor	
(A),	 and	 donor	 (D)	 with	 different	 donor-acceptor	 interaction	 parameter	 (χDA).	 Dashed	 and	 solid	 curves	
represent	 the	 binodal	 and	 spinodal	 compositions,	 respectively.	 The	 homogenous	 mixture	 is	
thermodynamically	stable	in	the	one-phase	region,	metastable	in	the	region	between	binodal	and	spinodal	
curves,	and	unstable	in	the	two-phase	region	under	the	spinodal	curve.	The	dashed	black	line	represents	the	
change	 in	 the	blend	 composition	during	 solvent	 evaporation;	 the	 line	 corresponds	 to	 an	 arbitrary	mixture	
composition	with	donor:	 acceptor	 (1:2).	The	onset	of	L-L	phase	 separation	occurs	upon	 crossing	 from	 the	
one	phase	to	the	two-phase	regions	by	spinodal	decomposition.	The	onset	of	S-L	phase	separation	occurs	
upon	reaching	solubility	limit	of	the	donor	or	the	acceptor	in	the	solvent.	b)	Schematic	representation	of	the	
primary	phase	separation	processes	from	an	initially	homogenous	liquid	phase.	

Another	 factor	 that	 affects	 the	extent	of	 L-L	demixing	 is	 the	depth	 to	which	 the	

blend	 enters	 the	 two-phase	 region	 during	 the	 deposition	 process	 (known	 as	 quench	

depth);	fast	drying	kinetics	with	deep	quench	depth	are	associated	with	large	scale	phase	

separation,	while	slow	evaporation	reduces	the	extent	of	L-L	demixing.[94,97]	On	the	other	

hand,	a	donor	and	acceptor	pair	with	high	compatibility	 (low	χDA)	has	a	 large	one-phase	

region;	 thus,	 the	mixture	composition	reaches	the	 instability	 region	 later	during	solution	

casting,	when	there	is	low	solvent	content	(see	red	curves	in	Figure	1.5a).	In	this	case,	L-L	

(a)                                                                              (b) 
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phase	separation	is	limited	(if	not	prevented)	by	the	weak	repulsive	interactions	between	

the	donor	and	acceptor	molecules	and	their	low	mobility	within	the	film	due	to	low	solvent	

content.	Moreover,	the	solutes	may	have	already	reached	super-saturation	such	that	S-L	

phase	 separation	 drives	 film	 formation	 before	 significant	 spinodal	 decomposition	 can	

occur.	

S-L	 demixing	 occurs	 when	 either	 donor	 or	 acceptor	 begins	 aggregating	 after	

reaching	its	solubility	limit	or	super-saturation	in	the	deposition	solvent.	The	progress	of	S-

L	phase	separation	is	governed	by	the	thermodynamics	and	kinetics	of	the	nucleation	and	

growth	 processes	 of	 the	 aggregated	 solid	 phase.	 Materials	 with	 a	 strong	 tendency	 to	

crystallize	(i.e.	having	a	low	nucleation	barrier)	tend	to	segregate	easily	in	solution,	unlike	

materials	that	resist	crystallization	(i.e.	having	a	high	activation	barrier).[98,99]	Competition	

between	 the	 kinetics	 of	 nucleation	 and	 growth	 of	 the	 aggregated	 solid	 phase	 and	 the	

solvent	drying	kinetics	also	affect	 the	progress	of	S-L	demixing;	slow	evaporation	 favors	

prolonged	aggregation	or	 crystallization	and	 thus	 increases	 the	degree	of	S-L	demixing.	

Importantly,	S-L	phase	separation	competes	with	L-L	phase	separation	by	depleting	one	

of	the	solutes,	which	changes	the	composition	of	the	remaining	liquid	phase,	delaying	(if	

not	preventing)	L-L	demixing.	

For	BHJ	blends	whose	phase	 separation	 is	dominated	by	L-L	demixing,	 the	main	

role	of	 solvent	additives	 is	 to	prevent	or	 reduce	 the	extent	of	 this	demixing.	This	can	be	

accomplished	by	 inducing	 earlier	 aggregation	 in	 solution	 to	 favor	 S-L	 demixing	 instead,	

and/or	 reducing	 the	 quench	 depth	 into	 the	 unstable	 two-phase	 region	 by	 slowing	 the	

solvent	evaporation	rate.	Notably,	additives	that	are	poorer	solvents	than	the	deposition	
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solvent	 operate	 using	 both	 mechanisms	 of	 inducing	 earlier	 aggregation	 and	 reducing	

quenching	by	slowing	solvent	evaporation;	however,	additives	that	are	good	solvents	for	

both	donor	and	acceptor	work	mainly	via	the	latter	mechanism.	

In	 BHJ	 blends	 where	 phase	 separation	 is	 dominated	 by	 S-L	 demixing,	 phase	

separation	is	limited	by	the	nucleation	and	growth	of	the	separated	solid	phase.	The	main	

role	 of	 additives	 here	 is	 to	 help	 overcome	 barriers	 to	 crystallization	 and	 prolong	 the	

crystallization	 process	 by	 slowing	 the	 drying	 of	 the	 film.	 Again,	 additives	 of	 both	 types	

(poor	 and	 good	 solvents)	 were	 found	 to	 improve	 phase	 separation	 in	 BHJ	 systems	

dominated	by	S-L	demixing,	 although	 they	act	 through	different	mechanisms;	 additives	

that	act	as	a	poor	solvent	induce	both	early	aggregation	and	extend	film	formation	time,	

while	compatibilizers	largely	extend	the	drying	time.	

A	 possible	 route	 to	BHJ	 formation	 is	 shown	 in	Figure	 1.6	 using	FBT-biTh:PC71BM	

spin-casted	 from	 CB	 based	 on	 in	 situ	 ellipsometry,	 optical	 absorbance	 and	 X-ray	

scattering.[32,33]	These	small	molecules	do	not	adequately	phase	separate	as-cast,	leading	to	

low	 PCEs	 of	 1.8%.	 Figure	 1.6	 illustrates	 how	 the	 poor	 solvent	 additive,	 DIO,	 initiates	

crystallization	of	the	donor	by	solvating	the	fullerene	during	its	longer	drying	time.	Further	

phase	separation	 is	promoted	by	 subsequent	 thermal	annealing,	which	also	drives	off	 the	

residual	DIO.	This	blend	system	is	described	in	detail	in	Chapter	2.	
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	 Insight	 into	 the	 thermodynamic	 and	kinetic	mechanisms	 that	determine	 the	BHJ	

morphology,	particularly	from	complex	multicomponent	mixtures,	is	of	importance	to	the	

future	development	of	OPV	materials	and	deposition	methods.	Our	understanding	of	how	

solvent	 additives	 influence	 these	 mechanisms	 in	 solution-processed	 BHJ	 blends	 is	

informed	by	a	substantial	body	of	ex	situ	and	in	situ	morphological	studies.	Microstructural	

analysis	on	static	dry	 films	after	deposition	can	resolve	the	final	morphology	of	the	film,	

hinting	 at	 the	 complex	 impacts	 of	 solvent	 additives	 on	 film	 formation.	 However,	 in-situ	

studies	 more	 reliably	 probe	 the	 progress	 of	 film	 formation	 and	 allow	 us	 to	 observe	

	

Figure	 1.2	 A	 schematic	 showing	 a	 possible	 route	 to	 the	 BHJ	 morphology	 during	 deposition,	 using	 a	
solvent	additive	to	extend	the	drying	time	and	post-deposition	thermal	annealing	to	manipulate	the	final	
morphology.	 The	diagram	 is	based	 on	 in	 situ	 studies	 of	 FBT-biTh:PC71BM	 cast	 from	CB	with	DIO	as	 a	
solvent	additive.[91,116]	Adapted	with	permission.[217]	Copyright	2017,	Elsevier.	
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aggregation,	 crystallization	 and	 phase	 separation	 processes	 in	 real	 time,	 including	 the	

presence	of	metastable	phases	en	route.	

	 At	present,	the	majority	of	solution-processed	BHJ	OPV	active	layers	are	deposited	

via	 spin-casting,	 and	 thus	 in	 situ	morphology	 studies	 have	 largely	 probed	BHJ	 evolution	

during	spin-casting.[99–102]	While	convenient	at	 lab	scale,	this	technique	is	not	 likely	to	be	

scalable	 to	 large	 area	modules.[103]	 Given	 the	 sensitivity	 of	 the	 BHJ	morphology	 to	 film	

formation	conditions,	it	 is	currently	unclear	how	spin-casting	conditions	to	optimized	the	

BHJ	morphology	will	translate	into	other	deposition	methods	a	priori.	However,	awareness	

of	meniscus-guided	coating	(such	as	blade-coating,	solution-shearing	or	slot-dye	coating)	

and	other	industrial	printing	methods	(like	roll-to-roll,	inkjet	printing	and	spray	coating)	is	

growing	within	the	solution-processed	organic	semiconductor	community.[5]	

1.4	 Common	Morphological	Control	Strategies	

There	is	no	direct	way	to	correlate	the	molecular	structure	of	the	BHJ	components	

with	their	highest	cell	efficiency	in	fully	optimized	devices.	Different	research	groups	also	

incorporate	 their	 preferred	 device	 architectures	 and	 processing	 protocols,	 exacerbating	

the	challenge	for	chemists	to	find	unifying	structure/device	performance	relationships.	As	

it	stands	now,	the	ideal	BHJ	morphology	for	peak	performance	from	a	particular	blend	can	

be	approached	only	by	empirically	optimizing	the	composition	of	 the	BHJ	blend	and	the	

processing	conditions.[34,35]		

Approaches	 used	 for	 optimizing	 increases	 in	 device	 performance	 can	 be	 broadly	

broken	 down	 into	 those	 that	 focus	 on	 device	 architectures	 and	 blend	 film	morphology.	

This	 section	 focuses	 on	 recipes	 for	 fine-tuning	 film	 morphology	 and	 optoelectronic	
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performance	 of	 BHJ	 blends.	 Treatments	 applied	 after	 solvent	 casting	 will	 be	 discussed	

first,	 followed	 by	 a	 survey	 of	 additives	 mixed	 into	 the	 deposition	 solution	 prior	 to	

deposition.	 One	 has	 witnessed	 a	 remarkable	 volume	 of	 literature	 in	 the	 past	 few	 years	

dealing	with	this	topic[36,37]	so	only	representative	examples	are	provided	to	illustrate	the	

most	widely	used	methodologies,	with	emphasis	on	small	molecule	donors	with	fullerene	

acceptors.	

1.4.1	 Post-Deposition	Methods	

Thermal	 annealing	 (TA)	 is	 a	 well-established	 method	 for	 improving	

performance.[38]	 Heating	 may	 remove	 leftover	 volatiles	 that	 may	 interfere	 with	 device	

performance	or	react	with	interlayers,	and	it	allows	for	local	rearrangement	of	donor	and	

acceptor	molecules	within	 the	 rigid	matrix.	 This	 post-processing	 technique	 found	 to	 be	

particularly	 effective	 for	P3HT:PC61BM.	 Regioregular	P3HT	 is	 capable	 of	 forming	 highly	

crystalline	 domains	 but	 the	 presence	 of	 PC61BM	 kinetically	 hinders	 the	 donor	 from	

ordering.	 In	2003,	Padinger	et	al.	 studied	how	heating	 the	 film	after	casting	allowed	 the	

BHJ	 to	 evolve	 toward	 a	 morphology	 with	 improved	 device	 performance	 in	 significant	

detail.[38]	 Thermally	 annealing	 the	 film	 softens	 the	P3HT	 polymer	 matrix,	 which	 allows	

PC61BM	 to	 diffuse	 out	 of	 disordered/amorphous	 P3HT	 domains	 to	 form	 PC61BM-rich	

aggregates.	 Amorphous	P3HT	 domains,	 now	 fullerene-free,	 can	more	 readily	 align	 into	

crystalline	domains.	The	result	 is	a	three-phase	morphology	composed	of	ordered	donor	

and	 acceptor	 regions	 that	 are	 surrounded	 by	 amorphous	 mixed	 phase,	 as	 previous	

described.	 The	 degree	 of	 order	 can	 be	 monitored	 by	 shifts	 in	 optical	 absorbance	
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spectroscopy	 (typically	 red-shifted	 with	 increased	 aggregation)	 or	 by	 X-ray	 scattering	

techniques.	

TA	drives	the	system	toward	the	most	thermodynamically	stable	state,	which	may	

not	necessarily	be	the	optimal	arrangement	for	photovoltaic	performance.	 Indeed,	some	

systems	perform	poorly	after	heating,	such	as	the	polymer	PCPDTBT	with	PC71BM,[39]	and	

even	systems	that	respond	favorably	to	thermal	treatment	must	be	carefully	optimized	for	

temperature	 and	 duration.	 Optimal	 conditions	 for	 thermal	 treatment	 are	 typically	

determined	experimentally,	although	there	have	been	efforts	to	tie	optimum	conditions	to	

thermal	 transitions	 of	 the	 donor,	 acceptor	 or	 blend.[40–42]	 TA	 conditions	 depend	 on	 the	

material	system	but	are	typically	between	room	temperature	and	the	melting	point	of	the	

donor	 and	 last	 between	 1	 to	 30	minutes.	 TA	promotes	 the	 formation	of	 crystallites	 and	

aggregates	 through	 increased	 molecular	 motion	 but	 also	 through	 diffusion	 of	 small	

molecules,	 like	 fullerene.	 This	 rearrangement	 can	 also	 improve	 contact	 at	 interlayer	 or	

electrode	surfaces.[43]	

Tamayo	et	al.	performed	a	systematic	study	of	how	TA	impacts	the	morphology	of	

DPP(TBFu)2,	when	blended	with	different	fullerene	derivatives.[44]	Heating	the	neat	donor	

at	 100°C	 for	 5	 minutes	 gave	 rise	 to	 a	 red-shifted	 absorbance	 and	 strengthened	 X-ray	

diffraction	 peaks	 corresponding	 to	 an	 interplanar	 distance	 of	 14.7Å,	 characteristic	 of	

aggregate	formation.	These	qualities	were	not	present	in	as-cast	BHJ	films	but	appeared	

after	 annealing,	 indicating	 increased	order.	Morphological	 changes	were	measured	by	 a	

series	of	imaging	techniques:	surface	roughness	by	topographic	atomic	force	microscopy	

(AFM),	 domain	 coarsening	 by	 transmission	 electron	 microscopy	 (TEM),	 and	 the	



21	

distribution	 of	 conductive	 pathways	 using	 conductive	 AFM	 (cAFM).	 The	 root-mean-

squared	film	roughness	of	donor-only	films	increased	from	3.1	to	6.5	nm	upon	annealing.	

The	DPP(TBFu)2:PC61BM	 blend	 films	 achieved	 similar	 coarsening,	 from	 0.6	 to	 1.5	 nm,	

resulting	in	an	increase	in	PCE	from	2.2	to	2.9%.	The	AFM	and	TEM	images	in	Figure	1.7a-

c	allow	for	visualization	of	the	donor	and	BHJ	blend	morphologies.	As-cast	BHJ	films	have	

fiber-like	structures	in	Figure	1.7b,c,	whereas	annealed	films	are	plate-like	in	appearance,	

suggesting	 that	 the	 lack	 of	 initial	 phase	 separation	 leads	 to	 more	 nucleation	 sites	 for	

crystalline	 growth	 upon	 TA.	 AFM	 and	 TEM	 do	 not	 provide	 identification	 of	 the	 phases,	

which	 led	 to	 the	application	of	 conductive	 (c-AFM)	and	photoconductive	 (pc-AFM)	AFM	

techniques.	By	assessing	how	the	surface	conducts	and	generates	charges,	c-AFM	may	be	

used	to	distinguish	between	blend	components.	Indeed,	as	shown	in	Figure	1.7d,	Tamayo	

et	al.	 found	that	not	only	are	annealed	DPP(TBFu)2:PC61BM	films	coarser,	but	the	donor	

and	acceptor	phases	are	also	more	evenly	distributed	and	contain	fewer	isolated	domains.	

Blends	with	 fullerene	 derivatives	with	 longer	 alkyl-groups	 than	 PC61BM	 exhibited	 larger	

domains	 after	 annealing	 and	 reduced	 performance.	 The	 authors	 concluded	 that	 some	

degree	of	phase	separation	is	necessary	for	efficient	solar	cells;	however,	large-scale	phase	

separation	results	in	inefficient	devices.	



22	

Swelling	the	film	with	solvent	vapor	can	also	be	used	to	reverse	vitrification	of	the	

blend,	allowing	 the	 film	to	approach	a	more	 thermodynamically	 favored	morphology.	 In	

2005,	Li	et	al.	improved	the	PCE	of	P3HT:PC61BM	from	3.3%	to	4.4%	by	placing	the	as-cast	

film	 in	 a	 closed	 container	 directly	 after	 deposition,	 slowing	 the	 rate	 of	 oDCB	

evaporation.[45,46]	 Solvent	 vapor	 annealing	 (SVA)	 is	 an	 extension	 of	 this	 technique	 by	

introducing	 a	 media	 reservoir	 inside	 a	 closed	 container	 –	 allowing	 for	 swelling	 with	

alternate	media.	SVA	during	casting	is	also	possible.[47]	SVA	differs	from	the	“slow	growth”	

described	 by	 Li	 et	 al.	 in	 that	 it	 provides	 enough	 molecular	 mobility	 for	 local	

rearrangements	without	 fully	 dissolving	 the	 components.[48]	 Similar	 to	 TA,	 SVA	 softens	

the	polymer	matrix	and	allows	 the	BHJ	components	 to	phase	separate.	However,	unlike	

	

Figure	1.3	Thermal	annealing	of	DPP(TBFu)2:PC71BM	coarsens	domain	sizes	in	blend	films,	as	measured	
by	 three	different	 techniques:	 a-b)	 surface	 roughness	by	AFM,	 c)	domains	 by	bright-field	TEM,	 and	 d)	
conductivity	 by	 c-AFM	 (to	 identify	 phases).	 c-AFM	 shows	 that	 isolated	 high	 current	 domains	 (light	
regions)	 in	 the	 as-cast	 films	 disappear	 upon	 thermal	 annealing.	 Thus,	 high	 current	 networks	 are	
distributed	 throughout	 the	 film,	 resulting	 in	 higher	 current.	Reproduced	with	 permission.[43]	 Copyright	
2009,	Royal	Society	of	Chemistry.		
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TA,	 the	 choice	 of	 solvent	 vapor	 can	 guide	 the	 phase	 evolution	 toward	 larger	 or	 finer	

features,	 depending	 on	 the	 solvents	 affinity	 for	 the	 BHJ	 components	 and	 its	 vapor	

pressure.[49]	

Sun	et	al.	demonstrated	that	SVA	could	be	used	to	achieve	PCE	enhancement	of	

DPP(TBFu)2:PC71BM	films	from	0.5%	to	5.1%	after	a	7	s	exposure	to	carbon	disulfide	(CS2)	

vapor.[50]	 Sun	et	 al.	 obtained	TEM	 images	 to	 construct	 three-dimensional	models	of	 the	

resulting	BHJ	networks,	presented	in	Figure	1.8.	Fiber-like	DPP(TBFu)2	structures	appear	

in	 the	 bright-field	 TEM	 images	 upon	 SVA,	 with	 finer	 fibers	 and	 with	 distinct	

donor:fullerene	 phases	 yielding	 higher	 performance.	 The	 morphologies	 for	 best	 PCEs,	

shown	in	Figure	1.8c,	were	achieved	using	solvents	with	high	vapor	pressure	and	medium	

solubility	 toward	 the	 donor	 i.e.	 tetrahydrofuran	 and	 CS2.	 The	 authors	 contend	 that	 the	

strong	 solvent-solute	 affinity	 allow	 these	 solvents	 to	 permeate	 the	 active	 layer	 quickly	

upon	exposure.	High	vapor	pressure	also	allows	 for	 rapid	dissipation	of	 the	solvent	after	

treatment.	Solvents	with	low	donor	solubility,	 like	acetone	in	Figure	1.8b,	take	longer	to	

penetrate	the	film	regardless	of	vapor	pressure.	 In	contrast,	 low	vapor	pressure	solvents,	

like	 chlorobenzene	and	ortho-dichlorobenzene	 in	Figure	 1.8d,	 remain	 in	 the	 film	 longer	

after	exposure,	leading	to	overgrowth	of	DPP(TBFu)2	crystals	despite	moderate	solubility.	
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Notably,	Sun	et	al.	also	determined	that	SVA	treatment	improved	hole	mobility	in	

DPP(TBFu)2:PC71BM	blends	(measured	by	single-carrier	diodes)	to	5	to	7	x	10-4	cm2	V-1	s-1,	

almost	triple	that	measured	in	TA	films.	The	authors	attribute	the	improved	mobility	to	a	

more	ordered	donor	phase,	which	achieves	2.2%	PCE	in	air.	This	confirms	previous	reports	

that	 SVA	 treatment	 of	 DPP(TBFu)2	 promotes	 crystal	 growth	 preferentially	 in	 one	

direction,	leading	to	fibril	formation.[51,52]	These	features	allowed	for	greater	FF	in	devices,	

presumably	due	to	an	increased	hopping	rate	within	the	larger	crystallites.	Isotropic	crystal	

growth	of	DPP(TBFu)2	under	TA	did	not	have	same	effect.[51]	

The	evolution	 stages	of	 the	BHJ	morphology	during	TA[53]	 and	SVA[54]	were	 later	

confirmed	 and	 characterized	 in	 greater	 detail	 using	 grazing-incidence	 X-ray	 scattering	

	

Figure	 1.4	 Solvent	 vapor	 annealing	 of	 DPP(TBFu)2:PC71BM	 (6:4	 ratio	 from	 chloroform)	 films	 shows	
changes	to	the	BHJ	morphology	by	bright-field	TEM	(upper	image)	and	TEM	tomography	(lower	image).	
In	the	3D	models,	the	donor	phase	is	darker	and	the	PC71BM	is	lighter.	All	SVA	treatments	decrease	donor	
crystallite	 size	 and	 thus	 improve	 performance,	 but	 the	 highest	performances	were	achieved	with	SVA	
solvents	 with	 high	 vapor	 pressure	 and	 moderate	 donor	 solubility	 (i.e.	 CS2).	 Reproduced	 with	
permission.[49]	Copyright	2014,	Royal	Society	of	Chemistry.	
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techniques.[55]	 Both	 TA	 and	 SVA	 drive	 the	 system	 toward	 the	most	 thermodynamically	

stable	 state,	 which	 is	 typically	 unlikely	 to	 be	 the	 optimal	 arrangement	 for	 photovoltaic	

performance.	The	morphologies	accessed	by	post-processing	may	be	also	 limited	by	the	

nanostructure	 of	 the	 initial	 film	 formed	 during	 solution	 casting.	 Thus,	 extreme	

morphologies	 like	 nearly	 homogenous	 blends	 or	 overly	 separated	 blends	 have	 difficulty	

achieving	 the	 ideal	 degree	 of	 phase-separation	 via	 post-processing,	 despite	 careful	

optimization	 efforts.	 Strategies	 were	 therefore	 sought	 that	 could	 template	 a	 structural	

arrangement	closer	to	the	desired	morphology	during	the	timescale	of	film	formation.	The	

deposition	 solvent	 was	 noted	 to	 have	 a	 strong	 influence	 morphology	 but	 choice	 of	

deposition	 solvent	 is	 strongly	 limited	 by	 the	 solubility	 of	 both	 donor	 and	 acceptor	

components.	

1.4.2	 Solvents	and	Solvent	Additives		

It	 is	 from	the	 limitations	of	post-processing	 techniques	 that	 the	 idea	of	a	 solvent	

additive	was	born,	a	small	volume	of	additional	solvent	or	anti-solvent	(less	than	10%)	that	

would	have	a	disproportionately	 large	 impact	on	 the	drying	and	 film	 formation	process.	

This	approach	is	distinct	from	a	co-solvent	(>10%)	as	co-solvents	are	limited	by	the	same	

parameters	 as	 the	 primary	 solvent	 choice,	 but	 both	 co-solvents	 and	 additives	 can	 used	

strategically	to	similar	ends.	One	significant	advantage	of	a	solvent	additive	is	the	relative	

freedom	in	its	selection;	at	a	minimum,	it	must	be	partly	miscible	in	the	deposition	solvent	

but	is	free	to	solvate	the	donor,	acceptor,	both	or	neither.	Solvent	additives	affect	the	BHJ	

microstructure	 by	 manipulating	 the	 molecular	 order	 and	 orientation	 of	 pure	

donor/acceptor	 domains	 and	 their	 degree	 of	 phase	 separation.	 Often,	 solvent	 additives	
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improve	the	overall	crystalline	order,	but	the	effect	of	any	given	additive	varies	from	one	

donor:acceptor	pair	to	another.	 In	this	section,	we	discuss	the	history	of	solvent	additive	

usage	in	OPVs	and	criteria	for	their	selection.	

The	 first	 successful	 solvent	 additive	 was	 reported	 in	 2006.	 Peet	 et	 al.	 initially	

observed	higher	photocurrents	 from	 P3HT:PC61BM	blend	 films	when	excess	n-octylthiol	

was	used	to	incorporate	gold	nanoparticles	for	plasmonic	resonance	enhancement.	The	n-

octylthiol	 itself	was	 serendipitously	 found	 to	 induce	 structural	order	 in	P3HT,	 increasing	

mobility	in	BHJ	thin	film	transistors	similar	to	TA.[56]	In	a	follow-up	paper,	Peet	et	al.	found	

that	 alkyl	 dithiols	 of	 varied	 length	 (from	 propyl	 to	 octyl)	 also	 boosted	 the	 efficiency	 of	

PCPDTBT:PC71BM,	 a	 blend	 that	 did	 not	 significantly	 improve	 with	 thermal	 or	 solvent	

vapor	annealing.[57]	The	alkyl	dithiol	additives	primarily	promoted	phase	separation,	with	

minimal	impact	on	the	overall	donor	crystallinity,	unlike	the	case	with	P3HT:PC61BM.	The	

greatest	 performance	 enhancement	 occurred	 for	 octanedithiol	 (ODT),	 which	 boosted	

PCEs	 from	 2.8%	 to	 5.5%.	 X-ray	 diffraction	 studies	 by	 Rogers	 et	 al.	 also	 confirmed	 that	

these	solvent	additives	do	subtly	increase	the	crystalline	correlation	lengths	of	the	donor’s	

features,	indicating	more	perfect	crystallites.[58]	

A	 pivotal	 paper	 by	 Lee	 et	 al.	 identified	 potential	 selection	 criteria	 for	 solvent	

additives	 based	 on	 their	 chemical	 properties,	 demonstrated	 with	 the	 same	 system,	

PCPDTBT:PC71BM.	 Notably,	 this	 blend	 does	 not	 phase	 separate	 significantly	 when	

processed	directly	from	CB,	leading	to	a	PCE	of	3.4%.	First,	Lee	et	al.	demonstrated	that	

ODT	 does	 not	 react	 or	 dope	 the	 polymer	 in	 any	 way.	 The	morphological	 changes	 and	

improved	performance	induced	by	ODT	persist	after	residual	solvent	is	removed	from	the	
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	film	 by	 high	 vacuum	 –	 thus,	 ODT	 is	

purely	 a	 “processing	 additive”.[59]	 Also,	

ODT	 selectively	dissolves	PC71BM	 from	

the	 active	 layer	 when	

PCPDTBT:PC71BM	 films	 are	 dipped	 in	

the	additive,	leaving	the	polymer	matrix	

behind	 as	 illustrated	 in	 Figure	 1.9.[59]	

When	 used	 as	 a	 solvent	 additive,	 ODT	

remains	in	the	film	after	the	deposition	

solvent	 evaporates,	 due	 to	 its	 lower	

vapor	 pressure.	 The	 slower	 drying	 of	

ODT	 promotes	 the	 formation	 of	 three	

phases:	 1)	 an	 aggregated	 polymer	

phase	formed	by	the	rapid	evaporation	

of	 the	 deposition	 solvent;	 2)	 a	 mixed	

polymer-fullerene	 phase;	 and	 3)	

fullerene	 solvated	 by	 ODT,	 which	 becomes	 fullerene	 aggregates	 as	 the	 additive	

evaporates.	 Again,	 this	 “three-phase”	 morphology	 is	 believed	 to	 drive	 efficient	 exciton	

dissociation.[21,23]	Lee	et	al.	proposed	that	processing	additives	should	be	selected	based	

on	two	primary	criteria:	1)	selective	solubility	of	the	fullerene	component;	and	2)	having	a	

higher	boiling	point	(and	thus	lower	vapor	pressure)	than	the	deposition	solvent.[59]	

	

Figure	 1.5	 AFM	 and	 TEM	 images	 of	 BHJ	 films	 cast	
from	PCPCTBT:PC71BM	without	and	with	ODT.	AFM	
image	of	BHJ	film	(a)	without	and	(b)	with	ODT;	AFM	
image	 of	 PCPDTBT	 networks	 after	 removal	 of	
PC71BM	in	BHJ	film	(c)	without	and	(d)	with	ODT;	and	
TEM	image	of	exposed	polymer	networks	(e)	without	
and	 (f)	 with	 ODT.	 Reproduced	 with	 permission.[43]	
Copyright	2008,	American	Chemical	Society.	
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Further	investigations	probed	the	impact	of	six	1,8-di(R)octane	compounds	(where	

R	 is	 thio-,	 chloro-,	 bromo-,	 iodo-,	 cyano-,	 and	 acetate)	 that	 fit	 this	 criteria	 on	 the	

morphology	of	PCPDTBT:PC71BM.	All	six	additives	promoted	greater	phase	separation	of	

the	polymer	and	fullerene	at	2.5%	v/v	additive	concentration	but	only	three	(thio-,	bromo-	

and	iodo-)	led	to	performance	increases,	to	a	maximum	PCE	of	5.1%	for	1,8-diiodooctane	

(DIO).[59]	At	 this	 concentration,	 the	other	 three	additives	 lead	 to	overcrystallization,	and	

thus	poor	charge	extraction	and	low	JSC.	Figure	1.9	shows	the	internal	polymer	networks	

exposed	when	ODT	is	used	to	wash	away	PC71BM.	Note	that	larger	and	more	hierarchical	

structures	 are	 formed	when	processed	with	ODT	 (right	 side).	Hierarchical	 structures	 are	

created	by	the	evaporation	pathway	of	residual	solvent,	and	are	proposed	to	be	beneficial	

for	charge	percolation	without	sacrificing	interfacial	area.[60,61]	

A	study	by	Peet	et	al.	correlated	changes	in	the	PCPDTBT:PC71BM	morphology	to	

shifts	 in	BHJ	film	absorbance	with	red-shifts	 indicating	more	ordered	films.[62]	This	study	

confirmed	 that	 that	 the	evaporation	of	

the	 solvent	 additive	 impacts	 the	

evolution	 of	 ordered	 structures,	 as	

shown	 in	 Figure	 1.10.	 Little	 change	 in	

absorbance	 during	 the	 evaporation	 of	

the	deposition	solvent	trichlorobenzene	

(TCB)	(in	black)	but	the	traces	red-shift	

over	 the	 longer	 timescale	 of	 DIO	

evaporation.	These	observations	 led	 to	

	

Figure	1.6	Absorption	spectra	of	PCPDTBT:PC71BM	in	
the	 (a)	 250-300	nm	 range	 and	 (b)	600-900	nm	 range	
as	 a	 function	 of	 time	 after	 spin-coating	 for	 10	 s	 at	
2000	 rpm	 from	 TCB	 with	 2%	 DIO	 in	 90	 s	 intervals	
(black	 and	 blue)	 and	 then	 10	 min	 intervals	 (red).	
Reproduced	 with	 permission.[47]	 Copyright	 2008,	
American	Chemical	Society.	
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the	 general	 conclusion	 that	 the	 critical	morphological	 reorganization	 takes	 place	 during	

the	timescale	of	DIO	evaporation.	

Both	ODT	and	DIO	proved	to	be	effective	solvent	additives	for	BHJ	blends	that	do	

not	adequately	phase	separate	during	deposition,	by	extended	drying	times	and	inducing	

donor	 crystallinity	 as	 poor	 solvents.	 However,	 as	 a	 greater	 variety	 of	 donor	 materials	

became	 available,	 the	 number	 of	 BHJ	 blends	 that	 did	 not	 respond	 well	 to	 these	 two	

solvent	 additive	 treatments	 increased.	 This	 was	 the	 case	 for	 a	 novel	 copolymer	 of	

dithienosilole	and	benzoxadiazole,	which	 formed	micron-sized	domains	when	processed	

with	 PC71BM	 due	 to	 its	 poor	 solubility	 in	 the	 deposition	 solvent,	 CB.[63]	 Hoven	 et	 al.	

selected	 1-chloronaphthalene	 (1CN)	 as	 a	 potential	 solvent	 additive	 because	 of	 its	 high	

boiling	point	and	its	ability	to	solvate	the	polymer	to	a	greater	extent	than	the	deposition	

solvent	 CB.	 Using	 2%	 v/v	 1CN,	 the	 domain	 sizes	 of	 the	 BHJ	 components	 decreased	

dramatically	 and	 PCE	 values	 increased	 from	 1.6%	 to	 4.9%.[63]	 1CN	 creates	 a	 finer	 BHJ	

morphology	by	promoting	a	more	intimate	arrangement	of	donors	and	acceptors	that	are	

otherwise	 prone	 to	 rapid	 demixing.[64]	 Other	 aromatic	 solvent	 additives,	 like	 diphenyl	

ether	(DPE),	also	appear	to	increase	donor	and	acceptor	miscibility.[65,66]	In	particular,	Choi	

et	 al.	 used	 DPE	 to	 optimize	 the	 morphology	 of	 DT-PDPP2T-TT:PC71BM	 in	 films	 with	

thickness	of	up	to	300	nm,	thereby	improving	the	PCE	from	3.2%	to	a	remarkable	9.5%.[67]	

A	 recent	comprehensive	 study	on	 the	effects	of	 these	solvent	additives	 (ODT,	DIO,	1CN	

and	DPE)	showed	that	DPE	most	readily	creates	optimized	BHJ	morphologies	for	five	key	

polymer:fullerene	 blends	 (including	 P3HT,	 PCDTBT	 and	 PTB7).[68]	 The	 researchers	

attribute	 this	 to	 DPE’s	 favorable	 interactions	 with	 the	 conjugated	 backbones	 of	 the	
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polymers	 as	 a	 “theta”	 solvent,	 wherein	 polymers	 behave	 as	 ideal	 solvated	 chains.[68]	

Indeed,	1CN	has	also	been	used	as	deposition	solvent	for	similar	polymers	to	successfully	

fabricate	thin-film	transistors	with	comparable	performance	to	films	cast	from	CB.[69]	

Thus	far,	we	have	discussed	the	impact	of	solvent	additives	on	the	morphologies	of	

polymer-based	BHJ	films	but	they	have	similar	(if	not	more	pronounced)	effects	on	blends	

that	contain	molecular	donors.	Molecular	donors	have	defined	structures	without	batch-

to-batch	 variability[70,71]	 and	 tend	 to	 exhibit	 higher	 crystallinity	 than	 their	 polymer	

counterparts.	However,	their	self-assembly	can	be	kinetically	hindered	by	the	presence	of	

an	 acceptor,	 leading	 to	 poor	 phase	 separation.	 This	 is	 readily	 ameliorated	 by	 solvent	

additives:	Sun	et	al.	 increased	the	PCE	of	FBT-biTh:PC71BM	from	4.5%	to	6.7%	with	 just	

0.25%	 v/v	DIO	 in	 CB,[72]	 and	 van	 der	 Poll	 et	 al.	 used	 0.4%	 v/v	DIO	 to	 achieve	 7.0%	PCE	

(compared	to	1.8%	as-cast)	for	FBT-biTh:PC71BM.[26]	These	optimized	PCEs	demonstrated	

that	molecular	donors	could	compete	with	 their	polymer	counterparts,	provided	 that	an	

optimal	blend	morphology	is	reached.	Blends	with	small	molecules	that	are	prone	to	over-

crystallization	also	 respond	 to	 solvent	additives	 that	prevent	early	phase	 separation	 (i.e.	

compatibilizers),	like	1CN.[73,74]	

Notably,	 the	 morphologies	 of	 small	 molecule	 donor:fullerene	 blends	 are	 more	

sensitive	 to	 additive	 concentration,	 leading	 to	 very	 effective	 changes	 in	 performance	

metrics.	 Blends	 with	 molecular	 donors	 also	 generally	 optimize	 at	 lower	 additive	

concentrations,	 typically	 less	 than	 1%	 v/v.	 Rationales	 based	 on	 more	 facile	 molecular	

diffusion,	 lower	 polydispersity	 and	 less	 viscous	 deposition	 solutions	 leading	 to	 lower	

solvent	 retention	 have	 been	 suggested.	 However,	 this	 observation	may	 also	 stem	 from	
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defining	the	solvent	additive	concentration	relative	to	the	deposition	solvent,	rather	than	

the	 BHJ	 components	 themselves;	 Love	 et	 al.	 advocate	 reporting	 solvent	 additives	 as	 a	

mole	ratio	relative	to	the	BHJ	components	rather	than	as	a	percentage	of	the	solvent.[75]	

Low	 vapor	 pressure	 selectively	 solvating	 additives	 arguably	 behave	more	 like	 additional	

solutes,	rather	than	modifiers	of	the	solution	properties.	For	a	small	molecule	system	of	p-

SIDT(FBTTh2)2:PC71BM	 in	CB,	Love	et	al.	 found	 the	optimal	 concentration	of	DIO	scales	

linearly	with	 the	BHJ	component	concentration	over	a	wide	 range,	 from	20	mg/ml	 to	80	

mg/ml,	 but	 the	molar	 ratio	of	DIO	 to	BHJ	 components	 remains	 constant	 at	 0.38.[75]	 The	

DIO	content	of	related	donors	p-PT-biTh	and	FBT-biTh	(discussed	above)	also	optimize	at	

this	 molar	 ratio.[72,76]	 This	 direct	 stoichiometric	 relationship	 between	 the	 number	 of	

solvent	 additive	 molecules	 and	 BHJ	 components	 makes	 intuitive	 sense	 for	 molecular	

blends;	 for	 larger	polymer	chains,	higher	 solvent	additive	concentrations	are	 required	 to	

reach	 the	 same	 degree	 of	 molecular	 interaction	 per	 conjugated	 subunit.	 Thus,	 while	

polymer	 BHJ	 blends	 tend	 to	 have	 lower	 polymer	 content,	 with	 smaller	 D:A	 ratios	 and	

lower	overall	concentrations,	they	yield	thicker	films	with	a	greater	number	of	conjugated	

subunits	and	thus	require	more	solvent	additives	to	develop	their	morphology.	

A	broad	search	 for	novel	solvent	additives	began,	using	prominent	additives	 (e.g.	

ODT,	 DIO,	 and	 1CN)	 as	 guides.	 For	 example,	 varied	 lengths	 of	 alkyl	 dithiols,[57,77]	 alkyl	

dihalides[78]	and	alkyl	diols[79]	exhibit	similar	effects	on	BHJ	morphologies	as	ODT	and	DIO,	

but	 the	 PCEs	 provided	 by	 their	 optimal	 additive	 concentrations	 differ.	 2-

Bromonaphthalene[80]	 and	 1-methylnaphthalene[81]	 increase	 miscibility	 of	 the	 BHJ	

components	 in	a	similar	manner	to	1CN.	A	pentafluorobenzene	derivative	of	DPE[82]	and	
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perfluorinated	 DIO[83]	 show	 greater	 affinity	 for	 fluorinated	 polymers,	 increasing	 their	

surfactant	characteristics	and	thus	morphological	impact.	Though	these	examples	are	far	

from	 exhaustive,	 additives	 with	 similar	 chemical	 structures	 can	 clearly	 access	 the	 same	

enhancement	 mechanisms	 but,	 due	 to	 their	 size	 or	 the	 nature	 of	 their	 electron-rich	

subunit,	some	solvent	additives	are	better	suited	for	particular	BHJ	blends.	

Effective	 additives	 also	 have	 been	 found	 empirically	 by	 specifically	 looking	 for	

exceptions	 to	 the	 low	 vapor	 pressure	 and	 selective	 solubility	 “rules-of-thumb.”	 For	

example,	Chu	et	al.	used	DMF	(and	DMSO)	to	boost	the	performance	of	PCDTBT:PC71BM	

from	6.0%	to	6.7%	(and	7.1%),	despite	these	additives’	comparable	vapor	pressures	to	the	

deposition	 solvent,	 oDCB.[14]	 Similarly,	 Mahadevapuram	 et	 al.	 found	 that	 rapid	

evaporation	of	the	poor	solvent	THF	nucleates	crystallization	in	P3HT:PC61BM	that	is	still	

swollen	 with	 oDCB,	 templating	 the	 hierarchical	 growth	 of	 the	 bicontinuous	 BHJ	

network.[84]	 THF	 has	 also	 been	 effective	 for	 solvent	 vapor	 annealing	 post-deposition,	

capable	 of	 swelling	 and	 softening	 donor:fullerene	 BHJ	 films	 presumably	 due	 to	 specific	

intermolecular	interactions;[49]	solvent-swelling	may	also	be	at	play	when	THF	is	used	as	a	

solvent	additive.	

Other	types	of	additives	have	been	discovered.	Graham	et	al.	reported	in	2011	that	

a	polymeric	oil,	PDMS,	increased	the	PCE	of	a	blend	of	an	isoindigo-based	small	molecule	

il(TT)2	 and	 PC71BM	 from	 1.3	 to	 2.2%,	 even	 at	 a	 low	 0.05	 mg/ml	 concentration,	 by	

nucleating	 smaller	 donor	 domains.[85]	 Unlike	 previous	 additives,	 this	 macromolecule	

remains	in	the	film	indefinitely	after	casting	so	its	morphological	impact,	perforce,	cannot	

be	driven	by	evaporation.	 Instead,	PDMS	more	 likely	operates	as	nucleation	agent.	As	a	
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common	 lubricant,	 PDMS	 contamination	may	 factor	 into	 the	 performance	 variability	 of	

solution-processed	BHJ	OPVs	deposited	from	plastic	syringes.[86,87]	

Systematic	 computational	 approaches	 to	 discovering	 new	 additives	 have	 been	

proposed;	the	morphology	of	a	multicomponent	organic	film	like	the	BHJ	is	correlated	to	

the	 degrees	 of	 interaction	 among	 the	 various	 active	 materials,	 solvents,	 additives	 and	

interfaces.[88]	Hansen	et	al.	developed	a	methodology	that	splits	 interfacial	energies	 into	

dispersive,	 polar	 and	 hydrogen-bonding	 components.	 Hansen	 solubility	 parameters	

(HSPs)	for	solids	and	solutes	can	be	characterized	independently	and	compared	to	predict	

the	 solubilities,	miscibilities	 and	wetting	 behavior	 of	 potential	 blend	 combinations.[89–91]	

This	method	is	well-established	in	the	polymer	coating	and	ink	formulation	industries.[92]	

In	2004,	Hansen	and	Smith	presented	the	solubility	parameters	and	miscibility	of	C60	with	

a	 broad	 selection	 of	 solvents	 and	 common	 non-conjugated	 polymers,[93]	 which	 helped	

identify	potential	solvents	and	additives	for	 fullerene-based	OPVs.	Walker	et	al.	adapted	

their	methodology	 to	 identify	deposition	 solvents	 for	 a	 small	molecule	DPP(TBFu)2	 and	

PC71BM	 in	 2011,	 which	 form	 intimately	 mixed	 films	 from	 CF.	 HSPs	 predicted	 carbon	

disulfide,	 thiophene	 and	 trichloroethylene	 may	 be	 better	 deposition	 solvents	 than	 CF	

(from	 a	 selection	 of	 twenty-four),	 but	 only	 carbon	 disulfide	 showed	 the	 desired	 phase	

separation	as-cast.[94]	All	solvents	tested	showed	similar	morphology	and	performance	to	

CF	upon	annealing,	however.	

Shortly	 after,	 Graham	 et	 al.	 used	 HSPs	 to	 choose	 seven	 solvent	 additives	 with	

various	levels	of	solubility	for	 il(TT)2	and	PC61BM.[95]	Poor	solvents	(e.g.	PDMS,	HD,	DEG-

DBE)	 for	both	 components	nucleate	more	donor	 crystallites	 and	 create	 smaller	domains	
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than	 films	 cast	 from	 CB,	 increasing	 JSC,	 FF	 and	 hole	 mobility.	 Good	 solvents	 for	 the	

polymer	 (e.g.	 NMP,	 DIO,	 and	 1CN)	 exhibited	 lower	 PCEs	 and	 mobilities	 due	 to	 the	

overgrowth	of	domains.	This	is	illustrated	in	TEM	images	of	the	blend	film	morphologies	in	

Figure	1.11,	presented	with	hole	mobilities	and	JSC	values.	Note	that	these	“good	solvents”	

that	yield	poor	performance	are	common	processing	additives	that	often	lead	to	enhanced	

performance	 in	other	systems,	emphasizing	that	additive	processing	must	be	tailored	to	

the	 individual	material	 system.	 Also,	 Graham	 et	 al.	 found	 that	 the	 polar	 additive,	 TEG,	

increased	the	VOC	by	modifying	the	work	function	of	PEDOT:PSS,	but	did	not	significantly	

change	 the	 BHJ	 morphology.[95]	 This	 study	 further	 demonstrated	 that	 additives	 with	

orthogonal	 mechanisms	 can	 be	 used	 simultaneously	 to	 synergistically	 enhance	

performance,	 such	 as	manipulating	 the	morphology	 and	 contact	 resistance	 with	 PDMS	

and	TEG,	respectively.	

	

Figure	1.11	Top	down	bright	 field	TEM	 images	of	 il(TT)2:PC61BM	cells	with	 1.0	mg/mL	of	 solvent	 additive	
after	100°C	thermal	annealing,	with	μh	(cm

2	V-1	s-1)	and	JSC	values	indicated	at	the	bottom	of	each	image.	The	
darker	 regions	 are	 PC61BM	 rich	 while	 the	 lighter	 regions	 are	 donor	 rich.	 Adapted	 with	 permission.[81]	
Copyright	2012,	WILEY-VCH	Verlag	GmbH	&	Co.	KGaA.	
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The	diversity	of	 chemical	 structures	 and	behaviors	within	 the	growing	 catalog	of	

successful	 solvent	additives	makes	classification	challenging.	Solvent	additives	are	often	

simply	 classified	 into	 non-conjugated	 or	 aromatic	 structures,	 since	 examples	 from	 each	

category	 tend	 to	have	 the	same	effects	on	a	given	system.[37,96]	Non-conjugated	solvent	

additives,	 like	 ODT	 and	 DIO,	 tend	 to	 increase	 crystallinity,	 possibly	 due	 to	 increased	

affinity	for	the	alkyl	side-chains;	aromatic	solvent	additives,	like	1CN	and	DPE,	have	higher	

affinity	 for	 the	 conjugated	 backbones	 of	 OSC	 materials,	 tending	 to	 increase	 their	

miscibility	with	fullerene.[97]	However,	this	simplistic	division	does	not	provide	insight	into	

variations	in	efficacy	for	these	additives	with	different	BHJ	blends	and	deposition	solvents.		

To	address	this,	Machui	et	al.	expanded	the	criteria	proposed	by	Lee	et	al.[59]	into	a	

four	category	classification	system,	based	on	a	matrix	of	selective	solubility	of	the	donor	

(or	 acceptor)	 and	 the	 evaporation	 kinetics	 due	 to	 the	 additive’s	 vapor	 pressure.[98]	 The	

researchers	tested	the	effect	of	potential	additives	 from	each	category	 (shown	 in	Figure	

1.12)	on	the	performance	of	P3HT:PC61BM	blend	 films,	processed	with	up	 to	30%	v/v	of	

additive	in	CB.	Additives	with	high	volatility,	e.g.	acetone	and	benzene,	have	little	impact	

on	 the	 final	 BHJ	morphology,	 as	 long	 as	 the	 components	 remain	well	 solvated.	Volatile	

additives	evaporate	almost	entirely	during	deposition,	such	that	the	slower	drying	kinetics	

of	the	deposition	solvent	 is	 largely	responsible	for	the	microstructure	of	the	active	 layer.	

Thus,	these	volatile	additives	can	be	used	to	optimize	properties	of	the	deposition	solution	

in	ink	formulation	–	such	as	wetting,	surface	tension	and	viscosity.	Poor	solvents	with	low	

volatility	 (e.g.	 propylene	 carbonate)	 lower	 performance	 considerably,	 even	 at	 very	 low	

concentrations.	 The	 lingering	 poor	 solvent	 accelerates	 aggregation	 of	 the	 BHJ	
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components	and	serves	an	 insulating	contaminant.[98]	The	majority	of	 successful	 solvent	

additives	belong	 to	 the	 fourth	 category,	with	both	 low	volatility	 and	 selective	 solubility,	

e.g.	 bromoanisole.	 The	 slow	 evaporation	 of	 these	 additives	 leads	 to	 an	 enriched	

microstructure	by	solvating	the	fullerene	as	the	donor	self-assembles.[98]	

In	 the	 classification	 system	 outlined	 by	 Machui	 et	 al.,	 solvent	 additives	 can	 be	

ranked	 within	 each	 category,	 creating	 a	 two-dimensional	 matrix.	 For	 example,	 both	

bromoanisole	 and	 ODT	 selectively	 solvate	 PC61BM	 to	 a	 similar	 degree,	 but	 ODT	 has	 a	

lower	vapor	pressure.	Thus,	ODT	dries	much	more	slowly	and	can	lead	to	the	overgrowth	

of	domains	at	high	additive	concentrations.	Bromoanisole	dries	relatively	faster,	and	thus	

the	 BHJ	morphology	 is	 less	 sensitive	 to	 the	 concentration	 of	 this	 additive.[98]	 This	 also	

explains	the	difference	in	the	effects	of	non-conjugated	and	aromatic	additives,	like	ODT	

and	 1CN,	 even	 through	both	belong	 to	 the	 “low	volatility,	 selective	 solubility”	 category.	

	

Figure	 1.7	 (left)	 Categorization	 of	 additives	 according	 to	 solubility	 and	 volatility.	 (right)	 Device	
characteristics	of	different	additives:	(a)	open-circuit	voltage	(VOC),	 (b)	short-circuit	current	density	 (JSC),	
(c)	fill	factor	(FF)	and,	(d)	power	conversion	efficiency	(PCE).	Adapted	with	permission.[85]	Copyright	2015,	
WILEY-VCH	Verlag	GmbH	&	Co.	KGaA.	
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While	 aromatic	 additives	 still	 solvate	 fullerenes	 more	 than	 the	 donor	 component,	 the	

relative	 degree	 of	 selectivity	 is	 less	 than	with	 non-conjugated	 additives.	 These	 updated	

criteria	 and	 matrix	 designations	 account	 for	 the	 solvent	 additive’s	 specific	 interactions	

with	 the	 blend	 components	 and	 deposition	 solvent,	 which	 can	 explain	 the	 behavior	

variation	 observed	 for	 a	 given	 additive.	 Consider	 how	 DIO	 and	 1CN	 were	 observed	 to	

diminish	the	performance	of	il(TT)2:PC61BM:[95]	as	good	solvents	for	the	donor	il(TT)2,	DIO	

and	 1CN	 score	 lower	 in	 selective	 solvation	 for	 this	 blend	 than	 for	 other	 systems,	 like	

P3HT:PC61BM.	 Such	 understanding	 enables	 adaptive	 additive	 selection:	 e.g.	 the	 non-

fullerene	 acceptor	 PDI	 aggregates	 in	 large	 domains	 when	 the	 polymer	 PTB7:PDI	 is	

processed	 from	slow	drying	CB,	but	 this	behavior	 can	be	 suppressed	with	0.4%	v/v	 1CN	

additive.	Switching	the	deposition	solvent	to	volatile	CF	also	reduces	PDI	domain	size	but	

does	not	provide	sufficient	time	for	PTB7	to	organize,	which	can	be	remedied	with	0.4%	

v/v	DIO.[99]	

1.4.3	 Solid	Additives	

In	the	majority	of	cases,	additives	for	solution-processed	depositions	are	assumed	

to	 evaporate	 appreciably	 from	 the	 film	matrix.[100,101]	 However,	 there	 have	 been	 several	

reports	of	non-volatile	additives	that	are	neither	conjugated	nor	optoelectronically	active.	

Their	 inclusion	only	 impacts	morphology	 like	 the	polymeric	oil,	PDMS.[102]	Graham	et	al.	

found	that	active	 layers	of	 il(TT)2:PC71BM	cast	with	PDMS	were	five	times	more	efficient	

than	without	 the	 additive	 (at	 0.3%	and	 1.5%	 respectively)	 because	 the	 film	morphology	

continued	to	evolve	after	the	deposition	solvent	evaporated,	similar	to	the	effect	of	a	high	
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boiling	point	solvent.	Thermal	annealing	at	100°C	for	20	minutes	further	improved	PCE,	to	

1.2%	and	2.2%	respectively.[102]	

Another	 novel	 strategy	 for	 solid	 additives	 involved	 increasing	 viscosity	 of	 the	

deposition	 solvent	 without	 changing	 its	 solvation	 properties.	 Huang	 et	 al.	 used	 small	

amounts	of	high	molecular	weight	polystyrene	(PS)	to	allow	for	the	deposition	of	thicker	

active	 layers	 of	 FBT-biTh:PC71BM	 with	 the	 same	 solvent	 and	 donor-acceptor	

concentration.[103]	The	PS	was	found	phase	separate	from	the	rest	of	the	active	layer,	not	

interfering	 with	 charge	 transport.	 A	 PCE	 of	 4.7%	 was	 achieved	 from	 the	 thicker	 film,	

compared	 to	 3.6%	 as-cast,	 further	 improved	 to	 8.0%	 with	 the	 inclusion	 of	 solvent	

additives.[103]	 The	 PS	 regions	 were	 also	 found	 to	 promote	 the	 formation	 of	 donor	

crystallites	within	the	film,[33]	which	is	discussed	in	detail	in	Chapter	2.	

Solid	 additives	 have	 also	 been	 employed	 to	 nucleate	 crystal	 growth.	 In	 2014,	

Sharenko	 et	 al.	 used	 a	 commercially	 available	 nucleating	 agent,	 1,3:2,4-bis(3,4-

dimethylbenzylidene)sorbitol	 (DMDBS),	 to	 seed	 donor	 crystallite	 formation	 in	

	

Figure	1.8	In-situ	isothermal	annealing	GIWAXS	at	80°C	of	FBT-biTh:PC71BM	BHJ	films,	with	and	without	
DMDBS.	a)	The	normalized	peak	area	of	 the	47	 (100)	 reflection	 (qz	=	0.43	Å

-1)	 integrated	over	all	polar	
angles,	 over	 time.	 b)	 2D	 GIWAXS	 image	 of	 the	 blend	 film	 with	 1.4%	 DMDBS	 after	 annealing.	 c)	 The	
increase	in	current	density	 (in	mJ/cm2)	with	annealing	time.	Reproduced	with	permission.[105]	Copyright	
2014,	Royal	Society	of	Chemistry.	
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DPP(TBFu)2:PC61BM	 blend	 films.[104]	 DMDBS	was	 shown	 to	 accelerate	 crystallization	 of	

DPP(TBFu)2	 by	 examining	 the	 growth	 of	 X-ray	 scattering	 peak	 areas	 during	 thermal	

annealing	at	80°C,	as	shown	in	Figure	1.13a.	This	shortened	the	annealing	time	required	

to	achieve	peak	Jsc,	as	indicated	in	Figure	1.13c.	By	controlling	the	number	and	distribution	

of	nucleation	sites,	 the	additive	was	also	shown	to	 limit	 the	overgrowth	of	crystallites	 in	

FBT-biTh:PC71BM	when	greater	than	optimum	DIO	concentration	was	used.	The	authors	

contend	 that	 incorporating	 DMDBS	 can	 create	 larger	 processing	 windows	 for	

manufacturing	 by	 lessening	 the	 sensitivity	 to	 temperature,	 drying	 and	 annealing	 times,	

and	may	also	lead	to	increased	device	uniformity	and	stability.	

Graham	 et	 al.	 proposed	 that	 crystallization	 control	 could	 be	 achieved	 through	

tailor-made	solid	additives	 consisting	of	donor	backbones	with	bulkier	 side	chains.	They	

synthesized	two	analogs	of	il(TT)2	where	one	or	both	of	the	solubilizing	linear	hexyl	chains	

were	replaced	with	the	triisobutylsilyl	group,	see	Figure	1.14a.	 	Like	DMDBS,	the	ratio	of	

donor	to	additive	allows	for	the	modulation	of	crystallite	growth	rate,	size	and	shape.[105]	

Unlike	 previous	 additives,	 il(TT)2-C6Si	 is	 expected	 to	 participate	 in	 crystallite	 formation	

throughout	 the	 evolution	 of	 the	 film.	 A	 schematic	 illustrating	 how	 crystallite	 formation	

proceeds	 with	 and	 without	 this	 additive	 is	 shown	 in	 Figure	 1.14b.	 The	 original	 donor	

allows	for	crystalline	growth	along	all	axes,	leading	to	possible	overgrowth.	The	bulky	side-

chain	on	the	singly-substituted	additive	cannot	be	incorporated	into	growing	crystals	so	its	

inclusion	 limits	 the	 growth	 of	 il(TT)2	 domains.	 The	 concentration	 of	 this	 material	

determines	the	adsorption/desorption	rate	and	thus	overall	crystallite	size.	PCE	increases	

to	2.4%	as	the	percentage	of	il(TT)2-C6Si	approaches	20%,	compared	to	1.3%	as-cast,	but	
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greater	 concentrations	 lower	 hole	 mobility	 and	 thus	 device	 performance.	 The	 doubly-

substituted	analog,	il(TT)2-Si2,	is	too	bulky	to	participate	in	crystallite	formation	and	thus	

did	 not	 improve	 PCE.	 The	 success	 of	 this	 solid	 additive	 suggests	 a	 broadly	 applicable	

approach	to	additive	development	using	derivatives	of	the	donor	material.	

	

Figure	1.14	a)	Molecular	structures	for	il(TT)2-derivatives	where	one	(il(TT)2-C6Si)	or	both	(il(TT)2-Si2)	linear	
hexyl	chains	are	replaced	with	a	triisobutylsilyl	group.	b)	A	schematic	of	the	crystallization	process	where	in	
domain	overgrowth	of	 il(TT)2	 can	be	prevented	by	adding	modified	donors	with	bulky	side-chains.	c)	Hole	
mobility	 and	 d)	 PCE	 of	 il(TT)2:PC61BM	 films	 blended	 with	 il(TT)2-C6Si	 or	 il(TT)2-Si2.	 Reproduced	 with	
permission.[105]	Copyright	2013,	ACS	Publications.	
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1.4.4	 Toward	Processing-Tolerant	Donor	Materials	

Practical	 applications	 favor	 materials	 that	 are	 less	 sensitive	 to	 additives,	

treatments	 and	 tolerant	 to	 changes	 in	 solvent	 and	 acceptor	 blend.[106]	 Using	 iterative	

molecular	 design	 to	 create	 higher	 performance	 donor	 materials	 has	 also	 led	 to	 better	

performing	as-cast	 films	with	optimal	morphology.	For	example,	 the	 research	groups	of	

Bazan[35]	 and	 Chen[34]	 have	 developed	 families	 of	 related	 molecules	 in	 an	 effort	 to	

understand	 how	 structural	 changes	 impact	 observed	 properties,	 such	 as	 tolerance	 to	

processing	conditions.	

Liu	 et	 al.	 extended	 donor-acceptor	 π-conjugated	 backbones	 to	 bridge	 the	 gap	

between	 small	molecule	 and	 polymer	 properties,	 such	 as	 the	 oligomer	X2.	 Notably,	X2	

exhibits	similar	device	characteristics	at	multiple	donor-fullerene	blend	ratios	and	there	is	

no	 requirement	 for	 thermal	 treatment	 to	 achieve	 optimal	 device	 performance.[107,108]	

Interestingly,	 solvent	 additives	 have	 little	 effect	 on	morphology	 as	well.	 Continuing	 this	

motif	 led	to	the	development	and	characterization	of	nine	related	donor	materials,	all	of	

which	 show	 PCEs	 of	 3.0%	 to	 6.5%	 as-cast,	 with	 little	 change	 upon	 annealing	 or	 DIO	

addition.	Adding	 fluorine	 substituents	dampened	 the	need	 for	processing	and	 increased	

thermal	 stability	 up	 to	 200°C,	 analogous	 to	 studies	 of	 polymeric	 donors.[109]	 Such	

oligomeric	donors	with	extended	dimensions	have	the	desired	characteristics	of	molecular	

systems	 (defined	 structure	 and	 less	 batch-to-batch	 variability)	 with	 the	 benefit	 of	

increased	 solubility	 in	more	 varied	 solvents.	 This	 opens	up	 the	possibility	 for	 processing	

from	 non-halogenated	 solvents.	 Chen	 et	 al.	 showed	 that	 X2	 retains	 the	 desired	 BHJ	

morphological	 characteristics	 and	 OPV	 performance	 when	 processed	 from	 2-
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methyltetrahydrofuran	 (2-MeTHF),	 a	 environmentally	 benign	 solvent	 derived	 from	

agricultural	byproducts.[110]	

1.5	 Conclusions	

While	the	basic	mechanisms	of	the	BHJ	organic	solar	cell	have	been	established	–	

light	 harvesting,	 charge	 generation,	 and	 carrier	mobility	 to	 favor	 charge	 collection	 over	

recombination	 –	 improving	 OPV	 efficiency	 remains	 challenging.[111–113]	 Greater	

understanding	 of	 structure-property-function	 relationships	 is	 still	 needed.	 Systematic	

studies	 within	 donor	 families,	 particularly	 when	 incremental	 changes	 are	 made	 to	 the	

conjugated	 backbone	 and	 solubilizing	 groups,	 are	 of	 paramount	 importance.	 Small	

molecule	donors	with	defined	and	tunable	structure	are	well-suited	for	designing	studies	

that	probe	structural	evolution	due	 to	 their	higher	 structural	precision.	Finally,	 there	are	

practical	 concerns	 such	 as	 large-scale	 fabrication	 and	 long-term	 stability.[114,115]	 There	 is	

also	 increasing	 interest	 in	 industrially-	 and	 environmentally-relevant	materials,	 solvents	

and	 deposition	 methods,[106,116]	 discussed	 further	 in	 Chapter	 5.	 Understanding	 how	 the	

chemical	 structure	 and	 processing	 of	 OPV	 materials	 impacts	 their	 organizational	

tendencies	 is	 essential	 for	 the	 design	 of	 materials	 that	 readily	 and	 reliably	 reach	 this	

desired	complex	morphology	in	the	face	of	these	mounting	requirements.	The	mechanics	

of	 BHJ	 formation	 during	 solvent	 casting,	 outlined	 in	 Section	 1.2,	 suggest	 several	 novel	

routes	 toward	 reaching	 desired	 phase	 separated	 BHJ	 morphologies,	 such	 as	 the	

synergistic	 combination	 of	 additives	 with	 varied	 mechanisms,	 decreasing	 disorder	 by	

reducing	available	structural	conformations,	and	using	changes	 in	molecular	 topology	to	



43	

access	ordered	phases	without	sacrificing	processibility.	These	strategies	are	the	subjects	

of	the	subsequent	chapters.	
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2.	 Synergistic	Enhancement	via	Solvent	and	Solid	Additives1	

2.1	 Introduction	

In	 organic	 bulk	 heterojunction	 (BHJ)	 solar	 cells,	 donor	 and	 acceptor	

semiconducting	 materials	 are	 deposited	 from	 solution	 and	 phase	 separate,	 thereby	

creating	 high	 interfacial	 area	 between	 domains	 with	 distances	 suitable	 for	 charge	

extraction.[1–3]	 Small	 molecule	 (SM)	 donors	 have	 emerged	 as	 viable	 alternatives	 to	 the	

more	widely	studied	conjugated	polymer	counterparts	primarily	since	they	lack	batch-to-

batch	 variability	 and	 can	 be	 simpler	 to	 purify.[4–10]	 However,	 the	 lower	 viscosity	 of	 SM	

solutions	can	make	film	formation	from	solution	more	challenging,	particularly	in	terms	of	

surface	wetting	and	for	achieving	significant	film	thicknesses.[11,12]	It	has	been	determined	

empirically	 that	 nanostructures	 suitable	 optimum	 solar	 cell	 performance	 are	 often	

achieved	 through	 thermal	 annealing	 and/or	 high-boiling	 point	 solvent	 additives.[13,14]	

Neither	treatment	addresses	the	film	formation	difficulties	of	SM	solutions.		

Adding	 small	 quantities	 of	 an	 inert	 polymer	 can	 increase	 the	 film	 thickness	 of	

molecular	solar	cells	and	transistors.[15,16]	Specifically,	high	molecular	weight	polystryrene	

(PS)	has	been	shown	to	 increase	solar	cell	power	conversion	efficiency	(PCE)	of	7,7’-(4,4-

bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b’]	dithiophene-2,6-diyl)bis(6-fluoro-4-(5’-hexyl-[2,2’-

bithiophen]-5yl)	 benzo[c][1,2,5]thiadiazole	 (FBT-biTh)	 and	 [6,6]-phenyl	 C71-butyric	 acid	

																																																													

1	This	chapter	is	adapted	from:	
C.	McDowell,	M.	 Abdelsamie,	 K.	 Zhao,	 D.-M.	 Smilgies,	 G.	 C.	 Bazan,	 A.	 Amassian,	 “Synergistic	 Impact	 of	
Solvent	and	Polymer	Additives	on	the	Film-Formation	of	Small	Molecule	Blend	Films	for	Bulk	Heterojunction	
Solar	Cells“	Adv.	Energy	Mater.	2015,	5,	1501121.	
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methyl	ester	(PC71BM)	blends	from	chlorobenzene.	 Including	a	high-boiling	point	solvent	

additive,	such	as	diiodooctane	 (DIO),	 further	 increases	efficiency.[17]	Molecular	structures	

are	 shown	 in	 Figure	 2.1;	 FBT-biTh	 is	 commonly	 abbreviated	 as	 p-DTS(FBTTh2)2	 in	 the	

literature.[11,18]	 Thickening	 the	 BHJ	 layer	 film	 in	 this	 manner	 allows	 for	 increased	

absorbance	 without	 lowering	 hole	 mobility,	 as	 reported	 for	 thicker	 films	 in	 the	

literature.[15,16,19,20]	 This	 is	 at	 first	 surprising,	 given	 the	 insulating	 nature	 of	 PS.	 In	 this	

investigation,	 we	 combine	 a	 set	 of	 structural	 characterization	 tools	 to	 probe	 how	 the	

complex	 internal	morphology	of	 the	PS-containing	BHJ	 blend	 evolves	 prior	 to	 providing	

the	final	organization	found	in	devices	and	the	degree	to	which	PS	and	DIO	work	together	

to	 deliver	 films	 with	 optimal	 performance.	 The	 goal	 is	 to	 draw	 generalities	 and	

mechanistic	understanding	that	may	be	translatable	to	other	active	layer	blends.	

	

Figure	2.1	Molecular	structures	of	FBT-biTh,	PC71BM	and	additives,	PS	and	DIO.	

2.2	 Phase	Separation	within	the	Active	Layer	

Previous	 studies	 suggested	 that	 the	 FBT-biTh/PC71BM/PS	 blends	 achieve	 a	

remarkable	 phase	 separated	 structure:	 the	 PS	 is	 phase	 separated	 from	 FBT-biTh	 and	

PC71BM,	 in	 order	 to	 not	 interfere	 with	 the	 BHJ	 function,	 and	 away	 from	 the	 electrode	

interfaces	to	avoid	creating	an	insulating	layer	that	prevents	charge	extraction.[17]	Here,	we	

use	 a	 complementary	 technique	 to	 corroborate	 these	 findings	 –	 specifically,	 top-down	

energy-filtered	 transmission	 electron	 micrographs	 (EF-TEM).	 Figure	 2.2	 shows	
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micrographs	 of	 thickness-corrected	 elemental	 mappings	 of	 carbon	 (284	 eV)	 in	 red,	

associated	predominantly	with	PS	and	PC71BM-rich	phases,	and	sulfur	 (165	eV)	 in	green,	

corresponding	to	a	FBT-biTh-rich	phase.	Phase	separation	can	be	seen	in	the	micrographs	

of	FBT-biTh/PC71BM/DIO	 (Figure	 2.2b)	when	 compared	 to	 the	 as-cast	 (Figure	 2.2a).	 By	

comparison,	we	observe	that	the	addition	of	PS	on	its	own	does	not	appreciably	coarsen	

the	 phase	 separation	 of	 the	 BHJ	 film	 in	 Figure	 2.2c.	 The	 largely	 green	 regions	 are	

attributed	to	 intermixed	domains	of	donor-acceptor	components,	FBT-biTh	and	PC71BM	

on	 the	 resolution	 of	 the	 EF-TEM	 analysis.	 The	 distinct	 red	 domains	 in	 the	 BHJ	 films,	

deficient	 in	 sulfur,	 correspond	 to	 domains	 rich	 in	 PS.	 In	 Figure	 2.2d,	 the	 FBT-

biTh/PC71BM/PS/DIO	film	exhibits	fibrils	with	more	vivid	green	color,	which	we	attribute	to	

the	formation	of	FBT-biTh	crystals.	These	fibrils	can	be	seen	to	cross	PS	regions,	which	we	

interpret	 as	passing	under	or	 above	PS	 regions	without	 impediment,	 in	 agreement	with	

secondary	 ion	mass	 spectroscopy	 (SIMS)	 analysis	 performed	previously.[17]	 These	 results	

confirm	that	the	presence	of	PS	does	not	interfere	with	the	BHJ	formation;	PS	prefers	to	

disperse	 in	 the	 bulk	 film	 rather	 than	 segregating	 on	 the	 electrode	 interfaces	 where	 it	

would	interfere	with	charge	extraction.[17]	PS	appears	to	strongly	phase	separate	from	the	

BHJ	components	during	film	formation,	forming	PS-rich	globules	indicative	of	liquid-liquid	

demixing.[21]	This	demixing	occurs	in	both	BHJ	mixed	films	(shown	in	Figure	2.2c,d)	and	in	

FBT-biTh	films	(shown	in	Figure	S2.1).	
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Figure	 2.2	 Energy-filtered	 transmission	 electron	 microscopy	 (EFTEM)	 images	 of	 a)	 FBT-biTh/PC71BM,	 b)	
FBT-biTh/PC71BM/DIO,	c)	FBT-biTh/PC71BM/PS	and	d)	FBT-biTh/PC71BM/PS/DIO.	Green	regions	are	sulfur-
rich	(indicating	FBT-biTh),	while	red	are	carbon-rich	(primarily	from	PC71BM	and	PS).	

2.3		 In-situ	Measurements	of	Film	Evolution	

2.3.1	 Film	Thickness	Evolution	via	Ellipsometry	and	Reflectometry	

As	an	initial	set	of	experiments,	we	sought	to	characterize	the	temporal	evolution	

of	 film	 thickness	 by	 using	 combined	 in-situ	 spectroscopic	 ellipsometry	 (SE)	 and	

reflectometry.	These	techniques	have	been	used	 for	 in-situ	 characterization	of	 thin-films	

a) b) 

c) d) 
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deposited	by	a	variety	of	solution-processing	methods.[22,23]	Figure	2.3a	illustrates	how	the	

additives	 influence	 film	 thickness	 versus	 time	 through	 representative	 traces	 from	drying	

FBT-biTh/PC71BM	blend	films	during	spin-casting.	One	observes	a	series	of	transitions	that	

are	 general	 for	 all	 tests.	 When	 spinning	 begins,	 the	 solvent	 droplet	 is	 nearly	 20	 μm	 in	

height.	Thickness	then	rapidly	decreases	as	solvent	is	ejected	off	the	substrate,	described	

as	the	flow	regime	by	Emslie	et	al.[24]	A	wet	film	forms	abruptly	between	5	s	to	6	s,	after	

which	 thickness	 remains	 constant	 or	 decreases	 more	 slowly	 due	 to	 evaporation	 of	

volatiles,	also	described	as	the	solvent	evaporation	regime	by	Bornside	et	al.[25]	We	refer	to	

this	abrupt	change	between	the	two	regimes	as	the	thinning	transition,	 indicated	with	an	

asterisk	(*)	on	subsequent	plots.	Significant	differences	as	a	function	of	blend	content	and	

solvent	composition	are	discernable	post	this	transition.	

	

Figure	 2.3	 a)	 Thickness	 of	 particular	 films	 determined	 by	 spectroscopic	 ellipsometry	 and	 reflectometry,	
during	 spin-casting	 of	 FBT-biTh/PC71BM	 blends	 over	 time.	 Identifying	 symbols	 are	 placed	 at	 the	 end	 of	
casting	 at	 60	 s.	 The	 thinning	 transition	 is	 noted	 by	 *.	 The	 thickness	 after	 annealing	 is	 shown	 in	 the	 right	
column.	b)	Volume	of	solvent	(%)	retained	during	spin-casting	of	FBT-biTh/PC71BM	blends,	over	time.	These	
values	are	calculated	with	comparison	to	the	final	dry	thickness	obtained	post	thermal	annealing.	

When	using	only	 chlorobenzene	and	 in	 the	absence	of	PS,	 i.e.	FBT-biTh/PC71BM,	

the	 thickness	 after	 the	 thinning	 transition	 remains	 constant	 up	 to	 600	 s,	 indicating	 that	
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little	 chlorobenzene	 evaporates	 after	 6	 s.	 This	 is	 not	 the	 situation	 with	 FBT-

biTh/PC71BM/PS,	 for	 which	 the	 thickness	 is	 observed	 to	 decrease	 for	 approximately	 an	

additional	 40	 s.	 The	 net	 increase	 in	 film	 thickness	 by	 addition	 of	 the	 PS	 is	 also	 readily	

apparent,	due	to	this	solution’s	increased	viscosity	(see	Section	2.5).	Under	circumstances	

where	 DIO	 additive	 is	 included,	 one	 finds	 that	 the	 film	 approaches	 the	 final	 state	 at	 a	

slower	rate;	indeed,	after	1800	s	one	clearly	observes	that	the	volatiles	continue	to	exit	the	

layer.	

To	obtain	the	final	dry	thicknesses,	the	films	were	annealed	at	70°C	for	10	minutes	

to	drive	off	residual	solvent,	a	processing	step	that	is	often	used	in	device	fabrication.[17,18]	

The	thickness	after	annealing	 is	 indicated	by	symbols	 in	 the	 rightmost	column	of	Figure	

2.3a.	Ellipsometry	was	used	to	model	the	refractive	index	of	the	films	before	and	after	this	

annealing.	 Minimal	 change	 in	 refractive	 index	 was	 observed,	 as	 shown	 in	 Figure	 S2.2,	

indicating	 little	 change	 in	 film	 density.	 Thus,	 time-evolution	 in	 the	 in-situ	 thickness	

measurements	relative	to	the	final	value	is	attributed	to	loss	of	the	retained	solvent.	

To	visualize	solvent	retention,	 thickness	measurements	can	be	plotted	relative	to	

the	 final	 thickness	 after	 annealing.	 In	 Figure	 2.3b,	 we	 show	 that	 DIO-containing	 films	

retain	 between	 13	 to	 18%	 solvent	 (by	 volume)	 after	 the	 thinning	 transition,	 which	

decreases	gradually	over	1800	s,	such	that	we	attribute	the	thickness	change	principally	to	

slow	evaporation	of	DIO.	The	addition	of	DIO	does	not	appreciably	increase	the	final	film	

thickness,	 when	 compared	 to	 the	 thickness	 variation	 of	 ±	 5	 nm.[17]	 Perhaps	 the	 most	

revealing	feature	is	that	FBT-biTh/PC71BM/PS	layers	retain	up	to	8%	solvent	by	volume	at	
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the	 thinning	 transition,	 as	 opposed	 to	 3%	 for	 FBT-biTh/PC71BM;	 a	 clear	 demonstration	

that	the	PS	retards	chlorobenzene	evaporation,	while	increasing	overall	film	thickness.	

2.3.2	 Inter-chromophore	Aggregation	via	Absorption	Spectroscopy	

The	blends	under	study	are	well	suited	for	in-situ	absorption	spectroscopy	since	the	

spectral	profiles	of	the	solution	and	film	states	of	FBT-biTh	differ	significantly;	spectra	in	

solution	have	a	broad	absorption	band	centered	at	590	nm,	while	ordered	thin	films	show	

vibronic-like	peaks	at	620	and	680	nm.[18]	As	for	many	BHJ	blends,	the	addition	of	PC71BM	

typically	decreases	short	range	order	and	reduces	the	contribution	from	the	lower	energy	

bands.[18]	

In-situ	absorbance	measurements	were	performed	using	a	fiber-optic	spectrometer	

mounted	 on	 a	 spin-coater,	 such	 that	 light	 is	 transmitted	 through	 the	 film	 continuously	

during	the	casting	and	drying	process.	This	setup	 is	described	 in	detail	by	Abdelsamie	et	

al.[26]	Absorbance	over	time	is	presented	as	an	overlaid	series	for	FBT-biTh/PC71BM/PS	and	

FBT-biTh/PC71BM/PS/DIO	in	Figure	2.4a	and	Figure	2.4c,	respectively.	These	traces,	and	

those	at	intermediate	times,	can	be	assembled	into	a	map	of	wavelength	versus	time	for	

each	 condition	 with	 absorbance	 intensity	 proportional	 to	 a	 color	 scale,	 as	 presented	 in	

Figure	2.4b,d.	Corresponding	spectra	for	FBT-biTh/PC71BM	and	FBT-biTh/PC71BM/PS/DIO	

are	shown	in	Figure	S2.3.	
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Figure	2.4	In-situ	UV-Vis	absorption	spectra	of	a-b)	FBT-biTh/PC71BM/PS	and	c-d)	FBT-biTh/PC71BM/DIO.	a)	
and	c)	are	time	series	where	color	corresponds	to	time	after	casting	began,	while	b)	and	d)	are	2D	color	maps	
where	color	corresponds	to	absorbance	intensity.	

Examination	 of	 these	 plots	 reveals	 that	 absorbance	 intensities	 rapidly	 decrease	

after	spinning	begins	as	excess	solution	is	removed,	evidenced	by	the	disappearance	of	the	

dark	blue	regions	in	Figure	2.4b,d.	The	initial	primary	feature	is	a	broad	peak	at	590	nm,	

characteristic	 of	 solvated	 FBT-biTh,	 indicated	 by	 the	 dotted	 black	 line	 in	 Figure	 2.5a.	

Solvent	 evaporation	 continues	 after	 the	 excess	 solution	 has	 been	 expelled.	 Features	

consistent	 with	 solid-state	 formation	 appear	 rapidly	 between	 5	 s	 and	 6	 s,	 during	 the	

thinning	 transition	observed	by	 spectroscopic	ellipsometry/reflectometry.	This	 transition	
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is	characterized	by	the	growth	of	peaks	at	680	nm	with	some	intensity	decrease	at	590	nm.	

The	thin	film	absorbances	at	300	s	for	the	four	different	casting	conditions	are	provided	in	

Figure	2.5a,	with	traces	after	thermal	annealing	shown	in	Figure	2.5b.	Increased	intensity	

at	the	red-shifted	peak,	680	nm,	is	associated	with	more	ordered	FBT-biTh.	In	Figure	2.5c,	

we	plot	the	temporal	evolution	of	the	absorption	intensity	at	680	nm	for	different	casting	

conditions.	

	

Figure	 2.5	 Absorption	 spectra	 for	 a)	 the	 solution	 phase	 (all	 conditions)	 and	 films	 at	 300	 s,	 and	 b)	 after	
annealing	 at	 70.0°C	 for	 10	minutes.c)	 Absorption	 intensity	 at	 680	 nm	 over	 time.	 Identifying	 symbols	 are	
placed	at	the	end	of	casting	at	60	s.	Intensities	after	annealing	are	shown	in	symbols	in	the	right	column.	
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The	time	and	duration	of	the	transitions	observed	by	absorption	spectroscopy	are	

similar	 to	 the	 thinning	 transition	 observed	 in	 the	 thickness	 measurements,	 so	 it	 is	

reasonable	 that	 these	 shifts	 are	 responsive	 to	 the	 transition	 from	 solution	 to	 a	 more	

condensed	phase.	 In	Figure	2.5c,	FBT-biTh/PC71BM	and	FBT-biTh/PC71BM/PS	show	little	

change	 in	 absorbance	 after	 the	 thinning	 transition.	 The	 absorbance	 spectra	 of	 DIO-

containing	films	change	over	60	seconds,	although	comparing	Figure	2.3b	and	Figure	2.5c	

reveals	that	absorption	at	680	nm	ceases	to	change	at	15	and	12%	volume	by	solvent	for	

FBT-biTh/PC71BM/DIO	and	FBT-biTh/PC71BM/PS/DIO,	 respectively.	This	determination	 is	

consistent	 with	 the	 notion	 that	 the	 FBT-biTh/PC71BM	 film	 exhibits	 greater	 freedom	 to	

achieve	a	more	thermodynamically	stable	configuration	in	the	presence	of	DIO.	

The	 in-situ	 absorbance	 at	 300	 s	 (i.e.	 after	 film	 formation	 and	 chlorobenzene	

evaporation)	 for	 PS-containing	 films	 in	 Figure	 2.5a	 resemble	 the	 trace	 obtained	 from	

chlorobenzene	alone	in	that	it	lacks	vibronic-like	features.	Previously	reported	spectra	for	

FBT-biTh/PC71BM/PS	films	in	devices	showed	greater	intensity	at	680	nm	upon	addition	of	

PS.[17]	However,	part	of	device	fabrication	involves	annealing	at	70°C	for	10	minutes,	which	

allows	for	structural	rearrangement.	Figure	2.5b	shows	the	absorption	spectra	of	the	FBT-

biTh/PC71BM	 blend	 films	 after	 annealing,	 which	 are	 in	 agreement	 with	 spectra	 from	

devices	 reported	 by	 Huang	 et	 al.[17]	 The	 intensity	 at	 680	 nm	 after	 annealing	 (noted	 by	

symbols	 in	 Figure	 2.5c)	 reveals	 increases	 of	 ~50%	 and	 ~60%	 for	 FBT-biTh/PC71BM	 and	

FBT-biTh/PC71BM/PS	 films,	 respectively.	DIO-containing	 films,	 having	 already	 reached	a	

sufficiently	 stable	 configuration,	 do	 not	 show	 significant	 absorbance	 change	 upon	

annealing.	
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2.3.3	 Crystallinity	Evolution	via	Grazing-Incidence	Wide-Angle	X-ray	Scattering	

Determining	 changes	 in	 crystalline	 or	 long	 range	 order	 of	FBT-biTh	 during	 spin-

casting	 requires	 in-situ	 X-ray	 scattering	measurements.	We	 chose	 to	 probe	 the	 film	 via	

grazing-incidence	wide-angle	X-ray	scattering	(GIWAXS),	given	its	surface-sensitivity	and	

proven	ability	 to	 link	microstructure	 to	macroscopic	properties.[27–29]	 The	measurements	

were	 obtained	 with	 a	 high	 temporal	 resolution	 detector	 to	 capture	 the	 solution-solid	

transition	during	spin-casting	as	two	dimensional	(2D)	scattering	images.[30–33]	Figure	2.6	

shows	representative	scattering	images	from	the	FBT-biTh/PC71BM	blend	films,	measured	

after	 two	 days	 after	 spin-casting	 at	 the	 Advanced	 Light	 Source	 at	 Lawrence	 Berkeley	

National	Lab.	The	detector	at	the	Cornell	High	Energy	Synchrotron	Source	(CHESS),	used	

for	the	in-situ	measurements,	covers	a	significantly	smaller	area	than	those	typically	used	

for	 the	 static	 2D	 measurements	 in	 Figure	 2.6;	 the	 q-value	 range	 is	 limited	 to	

approximately	10	nm-1	in	the	qz	and	qxy	directions.	Due	to	this	q-range	restriction,	we	could	

not	 simultaneously	 monitor	 changes	 in	 the	 alkyl-stacking	 peaks	 (at	 2.8	 nm-1	 in	 the	 qz	

direction)	and	the	π-π	stacking	peak	(at	17.3	nm-1	in	the	qxy	direction)	of	the	donor,	or	the	

broad	PC71BM	halo	 (from	15-20	nm-1).	Note	that	atatic	PS	 is	amorphous	and	contributes	

negligible	GIWAXS	 intensity	due	 to	 its	 low	volume	 fraction.	We	chose	 to	monitor	 the	qz	

axis	 because	 the	 alkyl-stacking	 peaks	 of	 FBT-biTh	 have	 demonstrated	 sensitivity	 to	

processing	 conditions	 and	 the	 presence	 of	 additives.[34]	 Furthermore,	 static	 2D	GIWAXS	

images	captured	previously,	over	a	wide	q-range,	indicate	that	the	packing	behavior	of	the	

FBT-biTh	donor	remains	oriented	edge-on,	even	in	DIO-	and	PS-containing	films.[17]		
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Figure	2.6	Representative	2D	GIWAXS	images	of	blend	films,	measured	two	days	after	spin-casting:	a)	FBT-
biTh/PC71BM,	 b)	 FBT-biTh/PC71BM/DIO,	 c)	 FBT-biTh/PC71BM/PS,	 and	 d)	 FBT-biTh/PC71BM/PS/DIO.	 Note	
that	1	Å-1	is	equal	to	10	nm-1.	

The	2D	GIWAXS	 images	were	 integrated	at	a	 small	 range	of	 angles	around	qz	 to	

boost	scattering	 intensity.	Figure	2.7	provides	plots	of	 the	scattering	 intensity	along	the	

qz-axis	during	film	evolution	at	important	times:	6	s,	directly	after	the	thinning	transition;	

45	s,	when	film	absorbance	has	saturated;	and	120	s,	when	films	without	the	DIO	additive	

are	 already	 dry.	 Regions	 associated	 with	 the	 previously	 identified	 alkyl-stacking	 and	

metastable	peaks	of	FBT-biTh	are	indicated	by	green	and	orange	shading,	respectively.[18]	

a) b) 

c) d) 
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The	 time-resolved	 scattering	 plots	 are	 also	 assembled	 into	 a	 color	map	 in	 ,	 where	 one	

notes	 that	 the	 scattering	 intensities	 rapidly	 increase	between	5	 s	 and	6	 s.	 This	 timing	 is	

consistent	with	 the	 thinning	 transition	 seen	 by	 ellipsometry/reflectometry	 and	with	 the	

appearance	of	red-shifted	peaks	in	absorption	spectroscopy.	The	split	peaks	seen	in	Figure	

2.7	are	an	artifact	that	is	sometimes	encountered	at	low	q-values	along	the	qz	axis,	more	

commonly	 in	 grazing-incidence	 small-angle	 X-ray	 scattering	 (GISAXS).[35–38]	 The	 split	

arises	 in	 textured	 films	 from	 diffraction	 by	 both	 the	 direct	 x-ray	 beam	 and	 the	 beam	

reflected	off	the	silicon	substrate.	

The	most	prominent	feature	of	unannealed	FBT-biTh/PC71BM	films	is	a	broad	peak	

at	 4.4	 nm-1,	 corresponding	 to	 a	 metastable	 phase	 with	 short	 range	 order.	 This	 peak	

appears	 during	 the	 thinning	 transition	 and	 continues	 to	 grow	 during	 spin-casting,	 but	

without	change	 in	position.	No	other	peaks	are	observed	 for	 these	 films	within	 the	 time	

scale	of	these	studies.	For	FBT-biTh/PC71BM/DIO,	one	observes	a	metastable	peak	at	3.8	

nm-1	 at	 6	 s,	 while	 there	 is	 clear	 indication	 of	 two	 different	 prominent	 peaks	 at	 120	 s:	 a	

strong	peak	at	2.8	nm-1,	attributed	 to	 reflections	 from	the	 (001)	FBT-biTh	 alkyl-stacking	

plane,	and	its	(002)	reflection	at	5.6	nm-1.	Note	how,	in	the	case	of	FBT-biTh/PC71BM/DIO,	

one	observes	clear	attenuation	of	the	metastable	peak	at	45	s.	

Figure	2.7	GIWAXS	intensity	spectra	at	qz	(nm
-1)	for	FBT-biTh/PC71BM	blends	at	characteristic	times	(6	s,	45	

s	 and	 120	 s)	 after	 the	 start	 of	 spin-casting	 obtained	 from	 in-situ	 GIWAXS	 measurements.	 The	 regions	
associated	 with	 the	 alkyl-stacking	 and	 metastable	 peaks	 of	 FBT-biTh	 are	 indicated	 by	 blue	 and	 orange	
shading,	respectively.	
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Figure	2.8	2D	color	maps	of	in-situ	GIWAXS	intensity	at	qz-values	for	FBT-biTh/PC71BM	blends	over	time.	a-
b)	and	c-d)	 share	 the	same	color	 scales.	The	 thinning	 transition	 is	noted	by	*.	These	are	constructed	 from	
GIWAXS	intensity	spectra	over	time,	like	those	in	Figure	2.7.	

PS-containing	 films	 exhibit	 different	 time-dependent	 behavior:	 in	 FBT-

biTh/PC71BM/PS	 films,	 the	 crystalline	 peak	 appears	 at	 6	 s	 together	with	 the	metastable	

peak.	The	 (002)	 reflection	grows	 in	at	5.6	nm-1	over	 the	next	20	s,	 indicating	 long-range	

order,	 and	 the	 intensity	 at	 4.4	 nm-1	 does	 not	 significantly	 change	 after	 45	 s.	 Although	

chlorobenzene	 has	 been	 used	 in	 the	 past	 to	 increase	 SM	 crystallinity	 via	 solvent	

annealing,[39]	the	amount	of	retained	chlorobenzene	by	PS-containing	films	and	the	rate	at	

which	 the	 solvent	 is	 lost	 appear	 to	 be	 insufficient	 to	 allow	 for	 conversion	 from	 the	

metastable	 to	 crystalline	 phases	 within	 the	 bulk	 film	 of	 this	 BHJ	 system.[34]	 FBT-
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biTh/PC71BM/PS/DIO	films	exhibit	a	time-dependent	behavior	characteristic	of	both	types	

of	 additives.	 Both	 the	 crystalline	 and	 metastable	 peaks	 appear	 during	 the	 thinning	

transition,	but	 the	metastable	peak	shifts	 to	 lower	q-values	and	 lessens	 in	 intensity	over	

time.	The	metastable	phase	of	FBT-biTh	 is	discussed	 further	 in	Section	2.4	but,	 for	 this	

work,	 it	 is	 sufficient	 to	 consider	 it	 a	 polymorph	wherein	 the	 donor	molecules	 are	 closer	

together	 than	 in	 the	 crystalline	 unit	 cell.	 The	 peak	 location	 is	 sensitive	 to	 processing	

conditions,	shifting	from	4.4	to	4.8	nm-1	in	FBT-biTh/PC71BM	to	3.8	nm-1	in	the	presence	of	

DIO.[34]	Though	 it	 appears	at	different	q-values,	 the	metastable	peak	exhibits	 consistent	

time-dependent	behavior	in	DIO-containing	films.	

Switching	 to	 a	 shallow	angle	 (ca.	 0.06°)	 that	 falls	 below	 the	 critical	 angle	 for	 full	

film	penetration	allows	us	to	probe	the	features	near	the	top	surface,	rather	than	the	bulk.	

The	GIWAXS	intensities	from	the	bulk	and	the	surface	of	FBT-biTh/PC71BM/PS	and	FBT-		

biTh/PC71BM/PS/DIO	at	 important	times	are	provided	in	Figure	2.0.9	(with	color	maps	 in	

Figure	 2.0.10.	 Solid	white	 traces	 from	 the	 surface	 (0.06°)	 are	 overlaid	 on	 shaded	 traces	

from	the	bulk	(0.17°),	without	normalization.	Notably,	the	metastable	peak	at	4.4	nm-1	is	

absent	from	the	surface	of	both	films	throughout	casting.	This	is	attributed	to	the	greater	

degrees	of	freedom	of	FBT-biTh	molecules	near	the	top	surface	of	the	film	to	transform	to	

the	more	thermodynamically	stable	phase,	especially	as	they	tend	to	be	more	exposed	to	

the	solvent	and	additive	exiting	via	the	top	surface	than	do	bulk	molecules.	
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Figure	 2.9	 GIWAXS	 intensity	 spectra	 at	 qz	 (nm-1)	 for	 FBT-biTh/PC71BM/PS	 (top)	 and	 FBT-
biTh/PC71BM/PS/DIO	(below)	at	characteristic	times.	Solid	white	traces	from	the	surface	(0.06°)	are	overlaid	
on	shaded	traces	from	the	bulk	(0.17°)	without	normalization.	The	regions	associated	with	the	alkyl-stacking	
and	metastable	peaks	of	FBT-biTh	are	indicated	by	blue	and	orange	shading,	respectively.	

	

Figure	2.10	2D	color	maps	of	in-situ	GIWAXS	intensity	of	the	surface	of	a)	FBT-biTh/PC71BM/PS	and	b)	FBT-
biTh/PC71BM/PS/DIO	over	time.	The	incidence	angle	was	0.06°,	below	the	critical	angle	of	penetration.	The	
thinning	transition	is	noted	by	*.	
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The	formation	of	FBT-biTh	crystallites	at	the	film	surface	provides	insight	into	how	

PS-addition	may	enhance	device	performance.	The	higher	viscosity	of	the	PS-containing	

solutions	 allows	 deposition	 of	 a	 thicker	 but	 not	 necessarily	 more	 organized	 film.	 This	

behavior	can	be	seen	in	FBT-biTh	by	the	rapid	appearance	of	the	metastable	peak	at	4.4	

nm-1	 at	 the	 thinning	 transition.	 The	 intensity	 of	 the	metastable	 peak	 remains	 constant	

after	film	formation,	although	the	crystalline	peak	at	2.8	nm-1	continues	to	grow	over	time.	

Although	PS	retains	chlorobenzene	solvent,	we	suspect	that	this	solvent	is	localized	in	the	

PS-rich	regions	and	diffuses	up	to	the	film	surface	from	these	regions.	Chen	et	al.	propose	

that	the	diffusion	of	solvent	through	the	film	promotes	crystallization	along	the	diffusion	

path.	 These	 diffusion	 paths	 lead	 to	 hierarchical	 nanostructures	 of	 small	 crystallites	 and	

long	 fibrils	 that	 enhance	 charge	 transport	 properties	 in	 BHJ	 films.[40]	 In	 the	 case	 of	 PS	

addition,	the	retained	CB	solvent	is	insufficient	to	promote	crystallization	throughout	the	

film	but	may	promote	the	local	formation	of	crystalline	fibrils,	especially	in	the	top	of	the	

BHJ	film.	The	phase	separated	PS-rich	regions	within	the	film	may	also	provide	FBT-biTh	

interfaces	 upon	 which	 to	 nucleate.	 Regardless,	 additional	 rearrangement	 after	 film	

formation	is	required	to	provide	significant	device	improvements,	through	the	use	of	DIO	

or	thermal	annealing.	DIO	is	retained	in	greater	quantity	and	throughout	the	film	so	it	can	

promote	crystallization	throughout	the	film,	leading	to	the	formation	of	long	fibrils	when	

both	additives	are	used.	Herath	et	al.	 later	confirmed	that	DIO	evaporation	forms	donor-

rich	 fibrils	 near	 the	 FBT-biTh/PC71BM	 film	 surface	 using	 surface	 imaging	 with	 depth-

sensitive	neutron	reflectometry	(NR)	and	X-ray	diffraction.[41]	
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2.4	 Further	Studies	of	the	FBT-biTh	Metastable	Phase	

At	the	time	of	this	study,	the	relationship	between	the	metastable	and	crystalline	

phases	of	FBT-biTh	were	poorly	understood.[34]	However,	using	flash	differential	scanning	

calorimetry	 (flash-DSC)	 and	 polarized	 optical	 microscopy,	 we	 later	 identified	 the	

metastable	 phase	 of	 FBT-biTh	 as	 a	 transient	 liquid	 crystalline	 state.[42]	 Directly	 after	

casting,	FBT-biTh/PC71BM	films	exhibit	diffraction	features	primarily	from	the	metastable	

phase	 but	 these	 features	 transition	 to	 that	 of	 the	 crystalline	 phase	 slowly	 over	 time,	 as	

seen	 in	 time-resolved	GIWAXS	 spectra	 in	Figure	 2.11.	 This	 same	 kinetic	 process	 occurs	

over	a	much	shorter	timescale	when	the	film	is	processed	with	the	solvent	additive	DIO.[42]		

	

Figure	2.11	 Time	evolution	of	an	FBT-biTh	 as	 cast	 from	CB	 film	 from	 liquid-crystalline	 (left)	 to	 crystalline	
(right).	Time-resolved	 integrated	 intensity	over	days	are	shown	 in	 the	middle,	 flanked	by	2D	plots	of	each	
phase.[42]	

Our	subsequent	study	examined	the	ease	of	crystallization	from	solution	and	melt	

of	FBT-biTh	and	other	structurally	related	donor	molecules,	p-SIDT(FBTTh2)2	and	X2,	by	

combining	 flash	DSC,	optical	microscopy	and	 in-situ	GIWAXS.	Donor	molecules	 that	are	
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easily	 vitrified	 by	 rapid	 film	 formation,	 i.e.	 trapped	 in	 transient	 liquid	 crystalline	 phases	

(e.g.	FBT-biTh)	or	amorphous	phases	(e.g.	p-SIDT(FBTTh2)2),	require	solvent	additives	to	

overcome	 barriers	 to	 crystallization.	 Donor	 materials	 with	 strong	 self-assembly	

tendencies,	 i.e.	 with	 a	 lower	 nucleation	 barrier	 like	 X2,	 readily	 crystallize	 and	 phase	

separate	without	the	need	for	additives.[42]	The	presence	of	multiphasic	behavior	provides	

a	 rationale	 for	 why	 the	 self-assembly	 of	 specific	 organic	 semiconductor	 materials	 are	

frustrated	by	the	presence	of	PC71BM	and	thus	responsive	to	solvent	additive	processing	in	

BHJ	blend	films.	

The	inter-conversion	between	the	nematic	liquid	crystalline	and	crystalline	phases	

of	 FBT-biTh	 suggested	 above	 is	 supported	 by	 in-depth	 studies	 of	 another	 structural	

analog,	 F2BT-biTh.	 Huang	 et	 al.	 found	 that	 this	 donor	 also	 forms	 a	 nematic	 liquid	

crystalline	 phase	 under	 rapid	 drying	 conditions.[43]	 The	 metastable	 phase	 of	 F2BT-biTh	

also	exhibits	a	broad	alkyl	spacing	of	1.5	nm	while	its	crystalline	form	has	an	alkyl	spacing	

of	 2.3	 nm,	 suggesting	 analogous	 spacial	 transformations.	 (The	 orientations	 and	 spacial	

relationships	 between	 donor	 molecules	 in	 the	 nematic	 liquid	 crystalline	 and	 crystalline	

phases	of	FBT-biTh	are	discussed	further	 in	Section	3.2.5	of	 the	next	chapter.)	Likewise,	

the	F2BT-biTh:PC71BM	morphology	can	be	optimized	by	prolonging	film	formation	using	

DIO	 solvent	 additive	or	 thermal	 annealing,	 allowing	 for	 rapid	 conversion	of	 the	nematic	

phase	 into	crystalline	domains.	Nucleating	early	 crystallite	 formation	by	depositing	on	a	

polydimethylsiloxane	 stamp	 increases	 performance	 as	 well,[43]	 similar	 to	 the	 role	 of	 PS	

additive	in	FBT-biTh:PC71BM.[44]	
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2.5	 Impact	of	Polystyrene	Molecular	Weight	

Additional	experiments	were	conducted	to	 isolate	the	 impact	of	the	PS	additive’s	

molecular	weight	 (Mw).	 Initial	 solar	 cell	 device	 studies	with	 PS	 additive	were	 conducted	

using	“ultra-high”	Mw	polymer	(20,o00,000	g/mol)	with	narrow	polydispersity	(PDI	1.10),[17]	

while	 the	 studies	 presented	 above	 used	 a	 lower	 Mw	 of	 900,000	 g/mol.	 The	 proposed	

mechanisms	 of	 enhancement	 –	 whether	 chlorobenzene	 solvent	 retention	 or	 polymer	

phase	 demixing	 –	 are	 driven	 by	 the	 interaction	 potentials	 of	 the	 PS	with	 the	 other	 BHJ	

components,	and	thus	are	expected	to	have	negligible	dependence	on	the	additive’s	Mw.	

To	confirm	this,	selected	 in	situ	ellipsometry,	absorbance	and	GIWAXS	measurements	of	

FBT-biTh/PC71BM/PS	 films	 were	 repeated	 for	 a	 range	 of	 additive	 Mws,	 as	 detailed	 in	

Section	2.8.	 In	the	discussion	below,	we	will	 focus	on	the	behavior	of	the	Mw	extremes	–	

“ultra-high”	 (20,000,000	 g/mol)	 and	 “low”	 Mw	 (2,200	 g/mol)	 –	 as	 they	 compare	 to	 the	

“high”	Mw	(900,000	g/mol)	used	in	the	studies	described	above.	

The	primary	effect	of	the	PS	additive’s	Mw	is	increasing	solution	viscosity,	useful	for	

depositing	 thicker	 films	 without	 increasing	 the	 concentration	 of	 the	 BHJ	 components.	

Viscosity	is	difficult	to	measure	experimentally,	particularly	for	small	volume	solutions	and	

low	polymer	concentrations.[45]	However,	inherent	viscosities	(𝜂!"!)	can	be	estimated	from	

the	Mark-Houwink	equation,[46]	shown	below:	

𝜂!"! = 𝑘" 𝜂!𝐶 + 𝜂					where					𝜂 = 𝑘′𝑀! 	 (1)	

Here,	the	intrinsic	viscosity,	𝜂,	is	the	theoretical	limit	when	the	polymer	concentration,	𝐶,	

is	 zero.	Unfortunately,	 the	 empirical	Mark-Houwink	 constants	 of	𝑘",	𝑘′,	 and	𝑎	 have	 not	
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been	experimentally	determined	for	atactic	PS	in	chlorobenzene	(CB)	but	are	well	defined	

for	chloroform	(CF)	and	ortho-dichlorobenzene	(oDCB),	under	the	following	conditions:[47]	

𝜂 = 7.16×10!!𝑀!.!"						for	CF	at	25	°C,						Mw	from	115,000	t0	280,000	g/mol 

𝜂 = 13.8×10!!𝑀!.!      for	oDCB	at	138	°C,						Mw	from	2000	to	41,100	g/mol 

(2)	

(3) 

Several	assumptions	are	made	in	using	these	constants	to	estimate	the	viscosity	of	FBT-

biTh/PC71BM/PS	solutions	in	80	°C	CB	as	a	function	of	the	PS	additive’s	Mw.	First,	given	the	

similarity	 in	 their	Mark-Houwink	 constants,	 we	 assume	 that	 values	 for	 CF	 and	 oDCB	 at	

these	temperatures	approximate	the	trend	we	would	observe	for	CB	at	80	°C	for	a	wider	

range	of	Mws.	Second,	𝑘"	can	be	approximated	as	 −1 6 ,	which	is	valid	for	polymers	in	near-

theta	solvents.[47]	Theta	solvents	have	𝑎 ≈ 0.5,	indicating	well-solvated	flexible	chains;	the	

𝑎	values	of	CF	and	oDCB	indicate	that	they	are	near-theta	solvents,	which	should	hold	true	

for	CB	as	well.	Third,	we	assume	that	the	BHJ	components	(as	solvated	small	molecules)	

contribute	negligible	viscosity.	

Figure	2.12	 shows	the	viscosity	as	a	 function	of	Mw	of	the	PS	additive	for	CF	and	

oDCB,	 relative	 to	 the	 additive-free	 solution.	 Specific	 Mws	 of	 PS	 tested	 in	 this	 study	 by	

ellipsometry	 are	 labeled.	 Note	 that	 the	 relative	 viscosity	 of	 the	 BHJ	 solution	 does	 not	

significantly	increase	until	the	ultra-high	Mw	regime	is	reached;	going	from	low	to	high	Mw	

only	increases	the	relative	viscosity	by	22%	compared	to	the	additive-free	solution.	Thus,	

tuning	 the	 viscosity	 over	 a	 wide	 range	 using	 solid	 additives	 at	 low	 concentrations	

necessitates	the	use	of	ultra-high	Mw	polymers.	
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Figure	2.12	Relative	viscosity	of	a)	chloroform	and	b)	ortho-dichlorobenzene	with	2.5	wt%	PS	of	various	Mw.	

	

Figure	2.13	a)	Thickness	of	particular	films	during	spin	casting	of	FBT-biTh:PC71BM	blends	with	2.5	wt%	PS	
of	various	Mw,	determined	by	spectroscopic	ellipsometry.	The	thinning	transition	is	noted	by	*.	b)	Volume	of	
solvent	(%)	retained	over	time,	during	spin	casting	of	blend	films	in	a).	

The	viscosity	of	the	BHJ	solution	does	increase	the	thickness	of	films	formed	during	

spin-casting,	as	shown	in	Figure	2.13a,	with	higher	Mws	generally	leading	to	thicker	films	

under	the	same	conditions,	as	expected.	Increasing	the	viscosity	of	the	deposition	solution	

presents	diminishing	returns	on	thickness,	however,	with	high	Mw	PS	(in	blue)	 increasing	

the	thickness	only	30%	relative	to	the	additive-free	solution.	This	 increase	 is	comparable	

to	that	of	ultra-high	Mw	PS	(33%),[17]	despite	a	405%	increase	in	viscosity.	Furthermore,	the	

differences	 in	 thickness	 due	 to	Mw	 on	 the	 same	 order	 as	 the	 natural	 variance	 between	
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individual	spin-casted	films:	e.g.	in	this	particular	set,	the	film	with	low	Mw	additive	(in	red)	

is	~10	nm	thicker	than	the	123,000	g/mol	Mw	PS	(in	orange).	

The	 Mw	 of	 the	 PS	 additive	 does	 increase	 the	 films’	 retention	 of	 chlorobenzene	

solvent,	however,	as	shown	by	the	degree	of	solvent	swelling	over	time	in	Figure	2.13b.	All	

FBT-biTh/PC71BM/PS	 films	 retain	 solvent	 after	 the	 thinning	 transition,	 unlike	 films	

processed	from	CB	without	additive.	Films	with	high	Mw	PS	both	retain	more	total	solvent	

and	release	it	over	a	longer	period	(over	40	s)	than	those	with	low	Mw	PS	(15	s).	Given	that	

low	Mw	PS	 films	 are	 not	 significantly	 thicker	 than	FBT-biTh/PC71BM	 films,	 the	observed	

solvent	 retention	 is	 not	 an	 artifact	 of	 increased	 thickness.	 However,	 the	 evaporation	 of	

retained	CB	has	a	negligible	impact	on	the	temporal	evolution	of	the	FBT-biTh/PC71BM/PS	

films’	 absorbance,	 unlike	 retained	 DIO.	 Beyond	 forming	 thicker	 films	 with	 increased	

absorbance,	the	final	spectral	features	of	PS-additive	BHJ	films	in	Figure	2.14a	resemble	

those	 of	 FBT-biTh/PC71BM	 (solid	 grey),	 rather	 than	 those	 FBT-biTh/PC71BM/DIO	 (solid	

green)	 –	 regardless	 of	 PS	 Mw.	 Furthermore,	 the	 vibronic	 features	 at	 680	 nm	 for	 FBT-

biTh/PC71BM/PS	 films	 (Figure	 2.14b)	 do	 not	 change	 significantly	 after	 the	 thinning	

transition,	despite	solvent	swelling	within	the	films	after	the	transition	in	Figure	2.13b.	

Figure	2.15	 compares	 the	development	of	donor	crystalline	 features	over	 time	 in	

the	FBT-biTh/PC71BM/PS	 film	 for	high	and	 low	Mw	PS,	measured	during	 spin-casting	by	

GIWAXS.	The	temporal	behavior	of	low	Mw	PS	additive	matches	that	observed	for	high	Mw	

PS:	 FBT-biTh	 crystallites	 are	 nucleated	 prior	 to	 the	 thinning	 transition,	 earlier	 than	 in	

additive-free	films;	 the	metastable	peak	forms	after	 the	thinning	transition	but	does	not	

dissipate,	as	in	films	processed	with	DIO;	and	the	donor	crystalline	peaks	evolve	with	time,	
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on	the	timescale	of	retained	CB	evaporation.	This	suggests	that	retained	CB	does	promote	

the	formation	of	additional	donor	crystallites	but	not	in	sufficient	quantity	to	be	measured	

by	absorbance	in	the	bulk	film.	

	

Figure	2.14	 a)	Absorbtion	 intensities	of	FBT-biTh/PC71BM/PS	 films	 for	 various	Mw	of	PS,	 30	minutes	 after	
casting,	compared	to	FBT-biTh/PC71BM	and	FBT-biTh/PC71BM/DIO.	b)	Temporal	evolution	of	absorbtion	at	
680	nm	for	the	conditions	in	a).	

	

Figure	2.15	GIWAXS	 intensity	spectra	for	a)	FBT-biTh/PC71BM/PS	(“high”	Mw)	and	b)	FBT-biTh/PC71BM/PS	
(“low”	Mw)	at	characteristic	times.	

The	 early	 formation	 of	 donor	 crystallites	 in	FBT-biTh/PC71BM/PS	 films	with	 both	

low	and	high	Mw	PS	may	be	caused	by	phase	separation	of	PS	from	the	BHJ	components	in	

solution	prior	to	the	thinning	transition	via	liquid-liquid	demixing.[21]	Transmission	electron	
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microscopy	 in	 Figure	 2.16	 confirms	 that	 low	 Mw	 PS	 phase	 separates	 from	 the	 BHJ	

components	 into	globular	domains	of	 the	 same	dimension	 seen	 for	high	Mw	PS,	 and	by	

Huang	 et	 al.	 for	 ultra-high	 Mw	 PS.[17]	 These	 PS-rich	 domains	 could	 serve	 as	 additional	

interfaces	 for	 FBT-biTh	 nucleation,	 regardless	 of	 the	 additives’	 Mw,	 promoting	 the	

formation	of	crystallites	within	the	film	rather	than	preferentially	at	the	surface.	

	

Figure	 2.16	Bright-field	 TEM	 images	 of	 a)	 FBT-biTh/PC71BM/PS	 (“high”	Mw)	 and	 b)	 FBT-biTh/PC71BM/PS	
(“low”	Mw),	displaying	PS-rich	domains	of	similar	size.	

Examining	the	effects	of	PS	Mw	on	the	temporal	evolution	of	FBT-biTh/PC71BM/PS	

films	 clarifies	 the	 role	 of	 nucleation	 and	 delayed	 drying	 in	 morphology	 enhancement.	

Liquid-liquid	 demixing	 of	 the	 PS	 additive	 during	 spin-casting	 creates	 PS-rich	 domains,	

whose	surface	nucleates	donor	crystallites	within	the	film.	These	crystallites	can	be	further	

developed	 by	 the	 evaporation	 of	 retained	 deposition	 solvent	 or	 a	 low	 vapor	 pressure	

solvent	additive,	like	DIO.	The	film	formation	processes	for	this	complex	multi-component	

system	are	 illustrated	 in	Figure	 2.17.	 Based	on	 the	 trends	with	PS	Mw,	 the	 amount	 and	

duration	of	chlorobenzene	solvent	retained	by	PS	appears	to	contribute	significantly	 less	

a) 900,000 g/mol b) 2,200 g/mol 
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to	the	development	of	the	BHJ	morphology	than	the	impact	of	early	nucleation	of	donor	

crystallites.	 Thus,	 even	 PS	 additives	 of	 low	 Mw	 are	 anticipated	 to	 provide	 morphology	

enhancement,	particularly	when	paired	with	a	solvent	additive	like	DIO.	

	

Figure	2.17	A	schematic	the	BHJ	morphology	of	this	complex	blend	during	deposition,	highlighting	the	role	
of	PS	phase	separation.	

2.6	 Conclusions	

Jointly	 used	 in-situ	 characterization	 techniques	 allowed	 us	 to	 obtain	 a	 more	

sophisticated	perspective	of	how	the	DIO	and	PS	additives	work	in	tandem	to	deliver	high	

performance	FBT-biTh/PC71BM	films.	While	we	recognize	that	these	findings	are	specific	

to	a	specific	molecular	BHJ	system,	the	overall	methodology	provides	a	useful	approach	to	

untangling	contributions	by	additives	with	different	 functions	and	properties.	The	phase	

separation	 of	 PS	 from	 the	 other	 BHJ	 components	 and	 electrode	 interfaces	 during	 film	

formation	is	key	to	device	enhancement.	One	puzzling	question	was	how	the	PS	alone,	an	

insulating	 polymer,	 could	 increase	 the	 order	 within	 the	 thicker	 film	 to	 maintain	 hole-

mobility	 and	 device	 efficiency.	 We	 now	 know	 that	 the	 PS	 (irrespective	 of	 Mw)	 favors	

formation	 of	FBT-biTh	 crystallites	 early	 in	 the	 spin-casting	 process,	 before	 the	 thinning	
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transition	 and	 that	 its	 presence	 extends	 solvent	 retention.	 In	 the	GIWAXS	patterns,	 the	

crystalline	 peak	 appears	 together	 with	 the	metastable	 peak,	 and	 these	 conditions	may	

allow	the	crystallites	to	serve	as	nucleation	sites	during	film	evolution.	However,	despite	

the	 increase	 in	 chlorobenzene	 retention,	 there	 is	 little	 increase	 in	 inter-chromophore	

communication,	 as	 indicated	 by	 emergence	 of	 absorption	 at	 680	 nm	 after	 the	 thinning	

transition.	Absorption	spectroscopy	and	GIWAXS	experiments	thus	appear	to	probe	order	

within	different	length	scales	of	order	and	intermolecular	organization.	Despite	the	ability	

of	PS	to	help	organize	the	BHJ	components,	relative	to	pure	solvent,	during	the	thinning	

transition,	 the	 final	 arrangement	 is	not	 the	optimal	 situation	as	 far	as	power	 conversion	

efficiency	is	concerned.	This	is	where	DIO	comes	into	play:	due	to	its	low	vapor	pressure,	

the	 time	 scale	 for	 film	evolution	 is	 extended	 considerably	beyond	 that	of	PS	alone.	The	

enhancement	 from	 both	 the	 polymer	 and	 the	 solvent	 additive	 are	 complementary	 and	

synergistic,	 taking	 place	 at	 different	 stages	 during	 deposition	 and	 promoting	 different	

ordered	phase	growth	behavior.	

We	 expect	 these	 insights	 into	 synergistic	 additive	 enhancement	 will	 aid	 in	 the	

morphology	 control	 of	 other	 BHJ	OPV	blends.	 This	work	 suggests	 that	multiple	 control	

strategies	can	be	simultaneously	applied	to	target	specific	deficiencies	of	the	as-cast	films	

during	film	formation.	Pairing	additives	with	different	mechanisms	of	enhancement,	such	

as	PS	and	DIO,	is	key	to	achieving	synergistic	effects.	This	is	supported	by	other	examples	

of	binary	additives	–	such	as	the	solvent	additives	1-chloronaphthalene	(1CN)	and	DIO,[48]	

and	polymeric	additive	polydimethylsiloxane	 (PDMS)	and	DIO.[49]	 In	 these	examples,	 the	

first	 additive	 was	 also	 used	 to	 nucleate	 donor	 crystallites	 and	 the	 second	 to	 promote	
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crystalline	 growth.	 Notably,	 using	 multiple	 additives	 may	 also	 expand	 the	 processing	

window	for	optimal	performance	observed	for	each	additive	when	used	alone:	Sharenko	et	

al.	found	that	seeding	FBT-biTh	crystallites	homogenously	throughout	the	BHJ	film	with	a	

solid	 additive	 (1,3:2,4-bis(3,4-dimethylbenzylidene)sorbitol,	 DMDBS)	 limited	 donor	

overgrowth	in	the	presence	of	excess	DIO.[50]	Our	studies	also	suggest	that	the	Mw	of	an	

inert	polymer	additive	 (rather	than	 its	concentration)	can	be	used	to	 independently	tune	

the	deposition	solvent	viscosity,	provided	 the	additive	adequately	phase	separates	away	

from	 the	 electrode	 surfaces.	 This	 may	 desirable	 for	 alternate	 deposition	 methods	 like	

blade	 coating	 and	 roll-to-roll	 coating,	 where	 higher	 viscosity	 solutions	 are	 desired	 but	

limited	by	the	solubility	limits	of	the	BHJ	components.	Thus,	while	currently	less	common,	

multi-additive	 processing	 is	 a	 particularly	 attractive	 strategy	 for	 addressing	 concerns	 of	

performance	variability	raised	by	large-area	OPV	device	fabrication.	Pairing	additives	with	

complementary	 mechanisms	 of	 enhancement	 can	 allow	 for	 fine-tuning	 of	 both	 the	

properties	of	the	deposition	solvent	and	control	of	the	final	BHJ	morphology.	
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2.8	 Experimental	Methods	

2.8.1	 Spin-casting	Conditions	

FBT-biTh	 (p-DTS(FBTTh2)2,	 1-Material	 Inc.),	 PC71BM	 (99%,	Nano-C),	 DIO	 (Sigma-Aldrich)	 and	 CB	

(anhydrous,	 99%,	 Sigma-Aldrich)	 were	 all	 used	 as	 received.	 Polystyrene	 over	 a	 wide	 range	 of	 molecular	

weights	 (Mw)	were	obtained	from	Alfa	Aesar	and	used	as	received:	“high”	Mw	900,000	g/mol,	PDI	1.10;	Mw	

650,000	g/mol,	PDI	1.06;	Mw	123,000	g/mol,	PDI	1.06;	and	“low”	Mw	2,200	g/mol,	PDI	1.06.	“Ultra-high”	Mw	

(20,000,000	 g/mol,	 PDI	 1.10)	 was	 obtained	 from	 Pressure	 Chemical	 Co.	 of	 Pittsburg,	 PA.	 Solutions	 were	

made	at	35	mg/mL	concentration	 in	CB	with	6:4	donor-acceptor	 ratio,	with	and	without	additives	–	either	

0.4%	 v/v	 of	 DIO,	 2.5	wt%	 of	 total	 solids	 PS,	 or	 both.	 Solutions	were	 heated	 to	 70°C	 overnight	 to	 ensure	

solvation	and	for	30	minutes	prior	to	casting.	For	each	film,	approximately	20	µL	of	heated	solution	was	spin-

cast	for	60	s	at	1750	RPM.	All	depositions	were	performed	in	air.	Each	substrate	was	sequentially	sonicated	

for	20	minutes	 in	the	following	solvents	before	use:	dilute	sodium	dodecyl	sulfate	(SDS)	aqueous	solution,	

deionized	water,	acetone	and	isopropanol.	The	film	conditions	used	in	the	study	are:	

• FBT-biTh/PC71BM,	cast	from	CB;	

• FBT-biTh/PC71BM/DIO,	cast	from	CB	with	0.4%	DIO	by	volume;	

• FBT-biTh/PC71BM/PS,	cast	from	CB	and	2.5%	PS	(Mw	900,000	or	2,200	g/mol)	by	total	solid	weight;	

• FBT-biTh/PC71BM/PS/DIO,	 cast	 from	 CB	 with	 0.4%	 v/v	 DIO	 and	 2.5%	 PS	 (Mw	 900,000	 or	 2,200	

g/mol)	by	total	solid	weight.	

2.8.2	 Energy-filtered	Transmission	Electron	Microscopy	(EF-TEM)	

A	TEM	operating	at	300	kV	(Titan	Cryo	Twin,	FEI	Company,	Hillsboro,	OR)	was	used	to	acquire	top-

down	microscopy	images	using	a	4k	x	4k	charged	couple	device	(CCD)	camera	model	US4000	and	an	energy	

filter	model	GIF	Tridiem	from	Gatan,	Inc.	(Gatan	Inc.,	Pleasanton,	CA).	The	GIF	was	utilized	in	EFTEM	mode	

to	 image	the	carbon	and	sulfur	distribution	 in	 the	sample.	The	carbon	edge	 (located	at	284	eV)	and	sulfur	

edge	 (at	 165	 eV)	 were	 selected	 to	 generate	 the	 EFTEM	maps	 using	 a	 3-window	method.	 Samples	 were	

prepared	 on	 a	 Helios	 400s	 focused	 ion	 beam	 (FIB;	 FEI	 Company),	 foils	 were	 lifted	 out	 in-situ	 using	 an	
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Omniprobe	nanomanipulator	(AutoProbe300).	Electron	beam	assisted	carbon	and	platinum	deposition	was	

performed	on	the	sample	surface	to	protect	the	thin	film	surface	against	the	ion	beam	bombardment	during	

ion	beam	milling.	Ga	 ion	beam	(30	kV,	9	nA)	was	 first	used	to	cut	 the	sample	 from	the	bulk	 (30	kV,	9	nA),	

after	which	it	was	attached	to	a	Cu	grid	using	a	lift-out	method.	The	sample	was	subsequently	thinned	down	

to	ca.	50	nm	thickness	(30	kV,	93	pA)	and	cleaned	(2	kV,	28	pA)	to	get	rid	of	areas	of	the	sample	damaged	

during	 the	 thinning	 process.	 The	 plan-view	 samples	 were	 floated	 on	 water	 and	 then	 transferred	 onto	 a	

copper	(400-mesh)	grid.	

	

Figure	 S2.1	 Energy-filtered	 transmission	 electron	microscopy	 (EFTEM)	 images	 of	 a)	 FBT-biTh/PS	 and	 b)	
FBT-biTh/PS/DIO.	Green	regions	are	sulfur-rich	(indicating	FBT-biTh),	while	red	are	carbon-rich	(from	PS).	

	

2.8.3	 In-situ	Thickness	Evolution	

In-situ	 reflectometry	 (F20-UVX,	 Filmetrics,	 Inc.)	 and	 in-situ	 spectroscopic	 ellipsometry	 (SE;	 M-

2000XI,	 J.	 A.	Woollam	Co.,	 Inc)	were	 used	 together	 to	monitor	 the	 thinning	 of	 the	 solution	 and	 thin	 film	

formation	 during	 the	 spin-coating	 process,	 as	 well	 as	 solvent	 drying	 kinetics	 for	 1800	 to	 3000	 s,	 at	 0.1	 s	

intervals.	Solutions	were	cast	on	single	crystal	silicon	wafers	(100)	with	a	300	nm-thick	thermal	oxide	layer.	

Reflection	 spectra	 were	 analyzed	 using	 the	 Fast	 Fourier	 Transform	method,	 which	 provides	 a	 first	 order	

estimate	of	solution	thickness,	over	the	range	from	20	µm	to	100	nm,	without	requiring	an	elaborate	model	

a) b) 
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fit	 or	 correction	 for	 optical	 non-idealities	 –	 such	 as	 the	 spectral	 bandwidth	 of	 the	 detector	 or	 the	 non-

uniformity	of	the	liquid	film	during	the	early	stages	of	spin-coating.	Ellipsometry	data	was	collected	over	220	

to	1700	nm	and	at	an	incidence	angle	of	70°	from	the	substrate	normal.	Thickness	was	calculated	using	the	

EASE	and	WVASE32	software	packages,	assuming	a	Cauchy	dispersion	relation	and	isotropic	thin	film	using	

data	 from	 750	 to	 1500	 nm,	 where	 the	 FBT-biTh/PC71BM	 films	 are	 transparent.	 Refractive	 indexes	 and	

extinction	coefficients,	before	and	after	annealing,	were	calculated	using	the	B-spline	model.[26]	

	

Figure	S2.2	Plots	of	refractive	index,	n,	and	extinction	coefficient,	k,	for	a-b)	FBT-biTh/PC71BM	and	c-d)	FBT-
biTh/PC71BM/DIO,	before	and	after	annealing	at	70.0°C	for	10	minutes,	determined	by	ellipsometry.	These	
plots	establish	that	the	density	of	the	film	does	not	appreciably	change	during	annealing.	
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2.8.4	 In-Situ	Absorption	Spectroscopy	

A	 fiber-optic	 spectrometer	 (F20-UVX,	 Filmetrics,	 Inc.)	 equipped	 with	 a	 tungsten	 halogen	 and	 a	

deuterium	 light	 sources	 (Filmetrics,	 Inc.)	 performed	 the	 optical	 measurements,	 which	 is	 described	 in	 a	

previous	 paper.[26]	 Absorption	 spectra	 were	 obtained	 from	 transmission	 spectra	 using	 the	 following	

equation:	 Aλ	 =	 -log10	 (T),	 where	 Aλ	 is	 the	 absorbance	 at	 a	 given	 wavelength,	 λ,	 and	 T	 is	 the	 calibrated	

transmission	percentage.	Spectra	were	obtained	for	600	to	1800	s	over	wavelengths	400	nm	to	800	nm,	with	

an	integration	time	of	0.1	s.[26]	Solutions	were	cast	on	Goldseal®	glass	microscope	cover	slips,	25	x	25	mm.	

	

Figure	S2.3	 In-situ	UV-Vis	absorption	spectra	of	a-b)	FBT-biTh/PC71BM	and	c-d)	FBT-biTh/PC71BM/PS/DIO,	
as	a	time	series	and	2D	color	map.	

400 500 600 700 800
0.0

0.1

0.2

0.3

0.4

0.5

0.6a)

A
bs
or
ba
nc
e

Wavelength [nm]

 2
 3
 4
 5
 6
 7
 8
 9
 10
 12.5
 15
 20
 25
 45
 60
 180
 300

1 10 100
400

500

600

700

800b)

*
Time [s]

W
av
el
en
gt
h 

[n
m

]

0.100

0.300

0.500

0.800

1.60

400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

1.2c)

A
bs
or
ba
nc
e

Wavelength [nm]

 2
 3
 4
 5
 6
 7
 8
 9
 10
 12.5
 15
 20
 25
 45
 60
 180
 300

1 10 100
400

500

600

700

800

*

d)

Time [s]

W
av
el
en
gt
h 

[n
m

]

0.100

0.300

0.500

0.800

1.60



83	

2.8.5	 In-Situ	Grazing-Incidence	Wide-Angle	X-ray	Scattering	(GIWAXS)	

Measurements	 were	 performed	 at	 the	 Cornell	 High-Energy	 Synchrotron	 Source	 (CHESS,	 Wilson	

Lab,	NY,	USA)	on	D1	beam	line	(λ	=	1.158	Å).	All	depositions	were	performed	in	air.	A	description	of	the	fully-

automated	 spin-casting	 setup	 has	 been	 previously	 described.[51,52]	 A	 fast	 2D	 detector	 (PILATUS	 1M	 from	

Dectris)	was	used	with	a	frame	rate	of	10	Hz,	an	exposure	time	of	0.09	s,	and	a	sample-to-detector	distance	

of	213.5	mm.	An	incidence	angle	of	0.17°	was	chosen	for	the	incident	x-rays	with	respect	to	the	sample	plane,	

above	 the	 critical	 angle	 of	 the	 photoactive	 films	 and	 below	 the	 critical	 angle	 of	 silicon.	 The	width	 of	 the	

incident	x-ray	beam	 is	about	1	mm	and	silver	behenate	was	used	to	calibrate	 the	 lengths	 in	 the	 reciprocal	

space.[51,52]	
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3.		 Restriction	of	Rotamer	Diversity	to	Ease	Self-Assembly1	

3.1	 Introduction	

Organic	 semiconductors	 (OSCs)	 offer	 several	 potential	 advantages	 over	 their	

inorganic	 counterparts:	 low-cost	 production,	mechanically	 flexible	 films,	 tunable	 optical	

and	 electronic	 response,	 and	 solution	 processability.[1–3]	 However,	 the	 optoelectronic	

performance	of	OSCs	depends	upon	their	ability	to	self-assemble	 into	ordered	phases	 in	

the	 solid-state	 during	 solvent	 deposition,	 process	 that	 imposes	 considerable	 kinetic	

constraints.[4–6]	Complex	solvent	mixtures	and	post-deposition	treatment	may	be	required	

to	 reach	 the	 solid-state	morphology	needed	 for	optimal	optoelectronic	performance.[7,8]	

While	 the	 degree	 of	 order	 within	 OSC	 films	 can	 be	 estimated	 empirically	 by	 X-ray	

scattering	techniques	and	relatively	by	changes	in	device	performance,[4,9]	there	is	still	a	

vital	 need	 to	 understand	 what	 molecular	 substructures	 govern	 reliable	 self-

assembly	into	ordered	phases,[5]	despite	varying	deposition	conditions,	which	is	key	

for	all	solution-processed	OSC	technologies.	 Indeed,	substantial	efforts	have	been	

dedicated	toward	distilling	such	structural	design	guidelines	though	the	systematic	

study	of	OSC	subunits,	including	backbone	topology	modification	through	conformational	

locking,[10]	side-chain	engineering	to	manipulate	solubility,[11,12]	blend	miscibility,[13]	and	

backbone	planarity	control.[14,15]	

																																																													

1	This	chapter	is	adapted	from:	
C.	McDowell,	K.	Narayanaswamy,	B.	Yadagiri,	T.	Gayathri,	M.	Seifrid,	R.	Datt,	S.	M.	Ryno,	M.C.	Heifner,	V.	
Gupta,	 C.	 Risko,	 S.	 P.	 Singh,	 G.C.	 Bazan,	 “Impact	 of	 Rotamer	 Diversity	 on	 the	 Self-Assembly	 of	 Nearly	
Isostructural	Molecular	Semiconductors.”Journal	of	Mat.	Chem.	A,	2017,	DOI:	10.1039/c7ta09972j.	
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Conformational	diversity	due	to	different	orientations	of	the	component	subunits	

has	a	complex	impact	on	the	possible	solid-state	structures	and	thus	properties	of	organic	

crystals.[16,17]	 This	 is	 best	 illustrated	by	 crystal	 engineering	 in	 the	development	 of	 active	

pharmaceutical	 ingredients,	 as	 a	 drug’s	 polymorphic	 form	 can	 strongly	 affect	 its	

bioavailability	 and	 dosing	 efficacy.[18–21]	 However,	 the	 effect	 of	 conformational	

polymorphism	 on	 morphological	 disorder	 in	 OSCs	 is	 comparatively	 less	 well	

understood.[22–25]	 In	polymers,	 these	 contributions	are	particularly	difficult	 to	distinguish	

from	 polydispersity	 effects,	 which	 may	 cause	 batch-to-batch	 variability	 in	 relevant	

properties.	 By	 contrast,	 molecular	 systems	 have	 both	 defined	 chemical	 structures	 and	

lengths,	 leading	to	less	variable	optical	and	electronic	properties	–	in	addition	to	offering	

ease	of	synthesis	and	purification.[1,3]	The	conformational	space	of	molecular	materials	 is	

also	significantly	smaller,	making	them	better	suited	for	understanding	the	complex	and	

subtle	influences	of	specific	structural	variations	on	material	properties.[26]	

This	 chapter	 compares	 a	 set	 of	 four	 molecules	 with	 a	 modular	 architecture	

consisting	 of	 electron-donating	 (D)	 and	 -accepting	 (A)	 subunits	 in	 a	 D’-A-D-A-D’	

configuration.	 Our	 goal	 is	 to	 investigate	 the	 impact	 of	 a	 specific	 structural	 change:	

replacing	 bithiophene	 (biTh)	 units	 with	 thieno[3,2-b]thiophene	 (TT).	 All	 four	 molecules	

have	 the	 same	 central	 electron-donating	 dithienosilole	 (DTS)	 core,	 but	 use	 either	

pyridyl[2,1,3]thiadiazole	(PT)	or	6-fluoro-benzo[c][1,2,5]thiadiazole	(FBT)	as	their	electron-

accepting	subunits,	and	are	capped	with	either	electron-donating	biTh	or	TT.	For	ease	of	

comparison,	these	compounds	will	be	referred	to	as	PT-biTh,	PT-TT,	FBT-biTh	and	FBT-

TT,	 with	 structures	 shown	 in	 Figure	 3.1.	 PT-TT	 and	 FBT-TT	 were	 designed	 and	
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synthesized	for	this	study;	PT-biTh	was	previously	reported	as	d-DTS(PTTh2)2.[27–29]	FBT-

biTh	(previously	reported	as	p-DTS(FBTTh2)2)	is	a	widely-studied	molecular	donor	material	

in	bulk	heterojunction	organic	photovoltaics	(BHJ	OPVs).[30–33]	

TT-containing	 polymeric	 semiconductors	 often	 show	 increased	mobility	 in	 field-

effect	transistors	(FETs)[34]	and	higher	efficiency	in	OPVs[35,36]	relative	to	their	thiophene-

derivatives.	This	improved	performance	has	been	attributed	to	greater	order	and	closer	π-

stacking.	However,	there	are	counter	examples:	direct	substitution	of	TT	for	thiophene	or	

biTh	 yields	 little	 morphological	 or	 performance	 change	 in	 a	 PCDTBT	 analog,[37]	 and	

provides	 lower	 efficiency	 due	 to	 reduced	morphological	 order	 in	 a	 polythiophene-based	

polymer.[38]	This	study	aims	to	better	understand	how	the	structural	subunit	TT	influences	

self-assembly	by	comparing	 the	molecular	and	bulk	properties	of	PT-TT	 to	PT-biTh	 and	

FBT-TT	to	FBT-biTh	pairwise,	using	combined	experimental	and	computational	methods.	

Substituting	TT	for	biTh	has	minimal	 impact	on	the	 isolated	molecular	properties	

but	 influences	 the	 solid-state	 –	 as	 seen	 by	 optical	 absorbance,	 X-ray	 scattering	 and	

	
Figure	3.1	Chemical	structures	of	the	four	molecules	 in	this	study,	emphasizing	their	constituent	units:	
pyridylthiadiazole	 (PT,	 green),	 fluorobenzothiadiazole	 (FBT,	 orange),	 bithiophene	 (biTh,	 pink),	 and	
thieno[3,2-b]thiophene	(TT,	blue).	

	



90	

thermal	analysis.	Grazing-incidence	wide-angle	x-ray	scattering	(GIWAXS)	reveals	that	the	

TT-containing	molecules	more	 readily	 form	 crystalline	 domains	 in	 both	 neat	 and	 blend	

films.	 For	 a	 demonstration	 of	 practical	 implementation,	 these	 molecules	 were	 used	 as	

donors	 in	 BHJ	 OPVs.	 The	 charge	 generation	 and	 transport	 mechanisms	 required	 for	

efficient	photovoltaic	performance	rely	on	the	self-assembly	of	specific	structural	features,	

including	internal	domains	and	interfaces	between	the	donor	and	acceptor	and	continuous	

pathways	 for	 charge	 extraction.[4]	 This	 delicate	 BHJ	 morphology	 is	 often	 kinetically	

constrained	by	short	solvent	evaporation	times	and	frustrated	self-assembly	of	the	blend	

components;	 however,	 it	 can	 be	manipulated	by	 solvent	 additives.[39]	Despite	 negligible	

changes	 in	molecular	structure	and	electronic	properties,	PT-TT	and	FBT-TT	outperform	

their	biTh	counterparts	 in	OPV	applications,	particularly	when	cast	directly	from	solution	

without	additional	processing.	The	changes	in	self-assembly	and	the	resulting	morphology	

when	 TT	 is	 substituted	 for	 biTh	 can	 be	 understood	 within	 the	 context	 of	 predicted	

conformational	diversity.	

3.2	 Characterization	of	Neat	Materials	

3.2.1	 Optical	Properties	and	Electronic	Structure	

The	UV-visible	absorption	spectra	of	dilute	solutions	in	chloroform	are	compared	in	

Figure	3.2a	for	PT-biTh	and	PT-TT	and	Figure	3.2b	for	FBT-biTh	and	FBT-TT.	The	shape	

of	the	solution	absorbance	is	nearly	identical	for	all	four	molecules,	with	broad	absorbance	

from	500	to	750	nm.	The	choice	of	electron-poor	unit	(PT	or	FBT)	more	strongly	influences	

absorbance	 than	 that	 of	 the	 end-capping	 units;	 the	 peak	 absorbances	 of	FBT-biTh	 and	
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FBT-TT	are	blue-shifted	by	0.13	eV	from	PT-biTh	and	PT-TT,	respectively.	TT	substitution	

causes	a	slight	blue	shift	of	0.05	eV	in	the	absorbance	of	both	PT-TT	and	FBT-TT	but	does	

not	have	a	clear	impact	on	molar	absorptivity.	Absorptivity	is	increased	slightly	for	PT-TT	

(25%	greater	than	PT-biTh)	but	decreased	for	FBT-TT	(50%	less	than	FBT-biTh).	

In	 thin	 films	cast	 from	20	mg	mL-1	 chlorobenzene,	 the	absorbance	spectra	of	 the	

four	molecules	broaden	and	red-shift	out	to	800	nm,	as	shown	in	Figure	3.2c,d.	All	exhibit	

two	principal	absorption	peaks.	One	of	these	peaks	is	a	vibronic	shoulder	that	appears	at	

700	nm	for	PT-biTh	and	PT-TT,	and	690	nm	for	FBT-biTh	and	FBT-TT;	the	emergence	of	

such	 fine	structure	 indicates	effective	stacking	of	 the	π-conjugated	backbones	 in	as-cast	

neat	 films	 of	 all	 four	 molecules.[40–42]	 The	 optical	 band	 gaps	 (based	 on	 the	 onset	 of	

absorption)	of	the	PT-derivatives	in	solution	are	approximately	0.15	eV	less	than	their	FBT-

analogs,	but	this	reduces	to	0.04	eV	in	the	solid	state.	Cyclic	voltammetry	(CV)	was	used	to	

	
Figure	3.2	Molar	absorptivities	(M-1	cm2)	in	dilute	chlorobenzene	solution	of	a)	PT-biTh	and	PT-TT,	and	
c)	FBT-biTh	 and	FBT-TT.	Normalized	 film	absorbance	of	b)	PT-biTh	 and	PT-TT,	 and	d)	FBT-biTh	 and	
FBT-TT.	
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determine	 the	 energy	 levels	 of	 the	 newly	 synthesized	 PT-TT	 and	 FBT-TT	 relative	 to	

ferrocene,	as	shown	in	Figure	3.3.	

The	 optical	 properties	 and	 energy	 levels	 of	 all	 four	 molecules	 are	 presented	 in	

Table	3.1.	Examining	the	PT-	and	FBT-containing	molecules	pairwise,	TT	and	biTh	appear	

to	 contribute	 equally	 to	 the	 electronic	 structure.	 Specifically,	 there	 are	 negligible	

differences	 in	the	redox	potentials	and	absorbance	features	of	PT-TT	and	FBT-TT,	when	

compared	to	PT-biTh	and	FBT-biTh,	respectively.	

	
Figure	3.3	Cyclic	voltammograms	of	a)	PT-TT	in	dichloromethane	and	b)	FBT-TT	in	chloroform	solution.	

	

	 Solution	 Thin	Film	 Energy	Levels	

Donor	
λmax	 λonset	 Egap	 ε	 λmax	 λonset	 Egap	 HOMO	 LUMO	 Egap	

(nm)	 (nm)	 (eV)	 (M-1	cm-1)	 (nm)	 (nm)	 (eV)	 (CV,	eV)	 (CV,	eV)	 (eV)	

PT-biTh	 630	 730	 1.70	 5.43	x	104	 710	 780	 1.59	 -5.26[21]	 -3.54[21]	 1.72	

PT-TT	 615	 710	 1.74	 6.76	x	104	 700	 770	 1.61	 -5.24	 -3.56	 1.68	

FBT-biTh	 590	 665	 1.87	 6.07	x	104	 690	 760	 1.63	 -5.12[47]	 -3.34[47]	 1.78	

FBT-TT	 575	 655	 1.89	 3.34	x	104	 690	 765	 1.62	 -5.30	 -3.42	 1.88	

Table	3.1	Optical	properties	and	energy	levels	of	the	four	molecules,	summarizing	the	spectra	in	Figure	
3.2	and	cyclic	voltammetry	in	Figure	3.3.	
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3.2.2	 Solid-State	Morphology	

GIWAXS	 was	 used	 to	 probe	 the	 thin	 film	 solid-state	 morphology	 of	 all	 four	

molecules.	This	diffraction	technique	has	been	used	to	correlate	organizational	tendencies	

of	OSCs	on	 the	nanoscale	 to	 the	observed	properties	of	bulk	 thin	 films.[9,43]	Solutions	of	

each	 molecule	 were	 spun	 cast	 onto	 untreated	 silicon	 substrates	 under	 identical	

preparation	 and	 casting	 conditions	 to	 compare	 their	 internal	 thin-film	 order	 and	

propensity	for	self-assembly	from	solution.	

GIWAXS	shows	that	the	diffraction	patterns	from	as-cast	films	of	PT-TT	and	FBT-

TT	 exhibit	 altered	 packing	 structure	 and	 increased	 definition	 and	 texture	 compared	 to	

their	biTh	analogs.	Changing	from	PT	to	FBT	also	increases	the	relative	degree	of	thin-film	

order	 observed	 for	 these	 molecules,	 similar	 to	 other	 examples	 in	 the	 literature;[44,45]	

however,	this	is	due	to	a	convolution	of	changes	in	electronic	structure	as	well	as	intra-	and	

intermolecular	 interactions.	To	isolate	the	 impact	of	the	TT	for	biTh	substitution,	we	will	

focus	on	the	molecules	pairwise,	with	PT-biTh	and	PT-TT	shown	in	Figure	3.4,	and	FBT-

biTh	 and	FBT-TT	 shown	 in	Figure	 3.5.	 A	 summary	 of	 crystalline	 features	 is	 provided	 in	

Table	3.2.	

From	 Figure	 3.4a,	 PT-biTh	 exhibits	 isotropic	 alkyl	 features	 at	 0.32	 Å-1	 and	 π-

stacking	 features	 at	 1.77	Å-1.	PT-TT,	 in	Figure	3.4b,	 has	 tighter	 alkyl	 packing	at	 0.38	Å-1	

with	a	 similar	π-stacking	peak	at	 1.76	Å-1.	Notably,	PT-TT	 orients	preferentially	edge-on	

relative	to	the	substrate	and,	 instead	of	PT-biTh’s	broad	 isotropic	band	from	0.9-1.5	Å-1,	

Bragg	 rods	and	diffraction	spots	are	observed.	Both	of	 these	 features	 indicate	 increased	

order	in	as-cast	PT-TT.		
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Figure	3.4	GIWAXS	images	of	a)	PT-biTh	and	b)	PT-TT.	

	
Figure	3.5	GIWAXS	images	of	a)	FBT-biTh	and	b)	FBT-TT.	

FBT-biTh	 and	 FBT-TT	 display	 distinct	 diffraction	 spots	 in	 Figure	 3.5	 and	 have	

strong	Bragg	reflections	parallel	to	the	qz	axis.	While	the	alkyl-stacking	feature	at	0.41	Å-1	

of	FBT-TT	does	not	exhibit	overtones	like	FBT-biTh	in	Figure	3.5a,	more	distinct	spots	are	

seen	off-axis,	even	at	high	q-values.	This	quality	 is	most	strongly	seen	for	the	π-stacking	

peak	at	1.75	Å-1,	which	is	5°	off	the	qxy	axis	–	indicating	both	long-range	order	and	strong	

edge-on	preferential	 orientation	 toward	 the	 substrate	 surface.[46]	 Interestingly,	 the	 alkyl	

a) b) PT-biTh PT-TT 

a) b) FBT-biTh FBT-TT 
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stacking	 distances	 for	 both	PT-TT	 and	FBT-TT	are	 significantly	 shorter	 than	 their	 biTh-

analogs,	while	their	π-stacking	distances	are	comparable.		

	

Film	Treatment	 Figure	 Feature	 q-value	
(Å-1)	

d-spacing	
(nm)	

CCL	
(nm)	

PT-biTh	
	As-cast	

3.3a	
Alkyl	 0.32	 1.94	 35	
π-π	 1.77	 0.35	 9.9	

PT-biTh:PC71BM	
As-cast	

3.12a	
Alkyl	 0.31	 2.06	 8.8	
π-π	 1.77	 0.35	 9.8	

PT-biTh	:PC71BM	
0.25%	DIO	

3.12b	
Alkyl	 0.30	 2.06	 12	
π-π	 1.76	 0.36	 4.1	

PT-TT	
As-cast	

3.3b	
Alkyl	 0.38	 1.67	 32	
π-π	 1.76	 0.36	 9.7	

PT-TT:PC71BM	
As-cast	

3.12c	
Alkyl	 0.36	 1.73	 13	
π-π	 1.75	 0.36	 11	

PT-TT:PC71BM	
0.25%	DIO	

3.12d	
Alkyl	 0.37	 1.70	 24	
π-π	 1.74	 0.36	 10	

FBT-biTh	
As-cast	

3.4a	
Alkyl	 0.28	 2.24	 17	
π-π	 1.70	 0.37	 7.9	

FBT-biTh:PC71BM	
As-cast	

3.13a	
Alkyl	 0.25	 2.47	 4.4	
π-π	 1.68	 0.37	 10	

FBT-biTh:PC71BM	
0.4%	DIO	

3.13b	
Alkyl	 0.27	 2.37	 11	
π-π	 1.69	 0.37	 10	

FBT-TT	
As-cast	

3.4b	
Alkyl	 0.41	 1.52	 22	
π-π	 1.75	 0.36	 9.6	

FBT-TT:PC71BM	
As-cast	

3.13c	
Alkyl	 0.43	 1.45	 3.8	
π-π	 1.74	 0.36	 2.2	

FBT-TT:PC71BM	
0.4%	DIO	

3.13d	
Alkyl	 0.41	 1.52	 22	
π-π	 1.74	 0.36	 12	

Table	3.2	Crystallite	parameters	obtained	from	2D	GIWAXS	images	shown	in	various	figures.	Peak	q-values	
were	calculated	by	fitting	Gaussian	curves	to	 linecuts	along	the	qz	 (for	alkyl	 features)	and	qxy	axes	 (for	π-π	
features).	The	π-π	features	for	FBT-TT	were	determined	for	along	a	 linecut	angled	7°	above	the	qxy	axis	to	
better	capture	the	peak.	The	d-spacings	are	equal	to	2π/q-value	and	CCLs	were	calculated	using	the	Scherrer	
equation,	equal	to	2π/FWHM	of	the	Gaussian	fit.	
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3.2.3	 Analysis	of	Single	Crystal	Structures	

Single-crystal	 structures	 of	 molecular	 semiconductors,	 when	 available,	 can	 offer	

fundamental	insight	into	their	organizational	tendencies.[29]	The	single-crystal	structure	of	

FBT-biTh	has	been	characterized,	allowing	for	in-depth	analysis	of	its	distinctive	GIWAXS	

diffraction	 pattern.[29,30]	 In	 the	FBT-biTh	 unit	 cell,	 π-stacking	 occurs	 between	molecules	

with	 the	 same	conformation	and	orientation,	 in	 a	 slip-stacked	 fashion.[30]	 The	 short-axis	

dipole	moments	of	each	molecule	within	the	stack	are	oriented	together,	canceled	by	an	

adjacent	anti-symmetric	stack.	The	repeat	ordering	of	the	two	molecular	stacks	results	in	

the	large	2.33	nm	alkyl	spacing	seen	in	FBT-biTh	thin	films.[30]	

Slow	diffusion	of	 acetonitrile	 into	a	dilute	 chloroform	solution	of	FBT-TT	 yielded	

single	 crystals	 suitable	 for	 structure	 determination.	 Features	 of	 the	 crystal	 structure	 are	

shown	 in	 Figure	 3.6.	 FBT-TT	 exhibits	 a	 different	 packing	 motif	 than	 FBT-biTh	 and	 is	

consistent	 with	 the	 observed	 features	 in	 its	 the	 GIWAXS	 pattern.	 Unlike	 FBT-biTh,	

molecules	of	FBT-TT	are	interleaved	with	close	π-stacking	occurring	between	pairs	of	anti-

symmetric	molecules	in	a	single	stack	(Figure	3.6c).	The	repeat	spacing	occurs	across	one	

molecular	 backbone,	 rather	 than	 two,	 resulting	 in	 the	 shorter	 alkyl	 spacing	 of	 1.77	 nm	

(Figure	 3.6b).	 This	 packing	 structure	 is	 also	 denser	 (at	 1.332	 g	 cm-3)	 than	 FBT-biTh	 (at	

1.267	g	cm-3),	despite	the	lower	molecular	mass	of	FBT-TT.	There	are	partial	probabilities	

of	multiple	conformations	of	FBT-TT	present	 in	the	crystal	structure,	 i.e.	disorder,	which	

will	be	discussed	further	in	Section	3.4.3.	
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Figure	3.6	Structural	details	obtained	through	single	X-ray	diffraction	of	FBT-TT.	a)	Molecular	conformation	
of	FBT-TT	with	C,	N,	S	and	F	atoms	shown	in	grey,	blue,	yellow,	and	green	respectively.	b)	Unit	cell	showing	
1.77	nm	alkyl	spacing,	oriented	approximately	along	the	b-vector.	c)	Packing	viewed	along	the	(102)	plane	to	
highlight	 π-stacking	 and	 hexyl-stacking.	 d)	 Skeletal	 schematic	 showing	 the	 overlap	 of	 π-conjugated	
backbone	between	adjacent	molecules	in	FBT-biTh	and	FBT-TT	crystals.	

3.2.4	 Thermal	Transitions	by	DSC	

The	thermal	transitions	of	the	four	molecules	were	 investigated	using	differential	

scanning	calorimetry	(DSC)	measurements	under	a	nitrogen	atmosphere	–	please	refer	to	

Figure	3.7.	All	 four	exhibit	 reversible	melting	and	crystallization	behavior,	 indicating	 the	

presence	of	crystalline	phases.	PT-TT	has	an	increased	melting	temperature	(Tm	=	254	°C)	

and	enthalpy	of	melting	(ΔHm	=	51.7	J	g-1)	relative	to	PT-biTh’s	major	melting	transition	at	

220	 °C	 (ΔHm	 =	 35.5	 J	 g-1).	 PT-biTh	 exhibits	 a	 minor	 exothermic	 transition	 at	 a	 lower	

temperature	 (Tm	 =	 120	 °C),	 indicative	 of	 polycrystallinity	 or	 a	 possible	 liquid	 crystalline	

state;	FBT-biTh	 also	exhibits	a	weak	exotherm	at	150	°C,	visible	only	with	 rapid	heating	

rates	above	100	°C	min-1,	which	is	attributed	to	a	liquid	crystalline	transition.[47]	However,	

PT-TT	exhibits	only	one	exothermic	transition.	These	differences	 imply	that	PT-TT	 likely	

a) 

b) a 

b 

c 
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FBT-TT 
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exhibits	 stronger	 intermolecular	 interactions	 in	 the	 solid	 state	 that	 favor	 one	 crystalline	

form.		

	

Figure	3.7	Thermal	transition	temperatures	(T)	and	enthalpies	(ΔH)	of	melting	(m)	and	crystallization	(c)	for	
the	four	molecules,	determined	by	differential	scanning	calorimetry	(DSC).	
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Figure	 3.8	Temperature-dependent	 X-ray	 diffraction	 of	 a)	FBT-biTh	 and	 b)	FBT-TT	 films,	 confirming	 the	
melting	temperatures	observed	by	DSC	in	Figure	3.7.	

	

Substituting	 TT	 for	 biTh	 into	 the	 FBT-biTh	 molecular	 framework	 lowers	 the	

thermal	transitions,	as	seen	in	Figure	3.7b.	One	observes	that	the	melting	point	decreases	

from	 211	 °C	 for	 FBT-biTh	 to	 178	 °C	 for	 FBT-TT,	 and	 the	 crystallization	 temperature	

decreases	 from	 185	 °C	 to	 152	 °C.	 Notably,	 the	 enthalpy	 of	melting	 (ΔHm)	 of	FBT-TT	 is	

significantly	 lower,	 15.7	 J	 g-1	 vs.	 61.0	 J	 g-1.	 This	 exotherm	 was	 confirmed	 as	 melting	

transition	by	loss	of	X-ray	diffraction	peaks	from	thin	films	during	heating,	shown	in	Figure	

3.8.	The	lower	enthalpies	of	FBT-TT’s	transitions,	compared	to	FBT-biTh,	likely	arise	from	

a	 reduction	 in	 the	 degree	 of	 π-π	 overlap	 between	 adjacent	 molecular	 backbones	 in	 its	

crystal	 structure,	 as	 shown	 in	 Figure	 3.6d.	 Thus,	 fusing	 biTh	 into	 TT	 substantially	

influences	 the	 stability	 of	 the	 crystalline	 phase	 by	 changing	 the	 dominant	 packing	

structure	favored	by	FBT-TT,	despite	similar	molecular	connectivity.	
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3.2.5	 Molecular	Orientations	of	FBT-biTh	Molecules	in	the	Metastable	State	

The	crystal	structure	of	FBT-TT	provides	possible	insight	into	the	packing	motif	of	

the	metastable	phase	of	FBT-biTh.	These	molecules	are	nearly	 isostructural	and	capable	

of	forming	similar	packing	structures.	Both	states	have	alkyl	stacking	distances	of	approx.	

1.5	nm,	spanning	a	single	conjugated	backbone.	FBT-biTh	undergoes	a	weak	exothermic	

transition	from	nematic-isotropic	liquid	crystalline	phase	(purported	to	be	the	metastable	

phase)	 at	 150	 °C,[47]	 which	 is	 comparable	 to	 the	 crystallization	 temperature	 of	 FBT-TT.	

Most	notably,	conversion	between	the	crystal	packing	structures	of	FBT-TT	and	FBT-biTh	

does	not	 require	 the	 free	 rotation	of	molecules.	The	unit	cell	of	FBT-TT	consists	of	anti-

symmetric	pairs	with	1.5	nm	spacing;	 if	 the	molecules	 in	each	pair	are	 translated	 further	

from	each	other	(to	2.3	nm),	they	form	the	paired	symmetric	stacks	seen	in	the	FBT-biTh	

crystal	structure.	Such	a	translation	is	consistent	with	the	smooth	transition	of	FBT-biTh’s	

alkyl	 stacking	 peak	 from	 0.38	 Å-1	 to	 0.28	 Å-1	 observed	 by	 in-situ	 GIWAXS	 during	 spin-

casting	with	the	solvent	additive	DIO,	described	in	Chapter	2.[47–49]	

3.3	 Characterization	of	Blend	Films	

3.3.1	 Photovoltaic	Performance	

Crystalline	 domains	with	 long-range	 order	 are	 usually	 sought	 after	with	 efficient	

charge	 transport	 in	 organic	 semiconductor	 applications,	 such	 as	 in	 transistors	 and	 solar	

cells.[51]	 Photovoltaic	 performance	 provides	 insight	 into	 how	 a	 material’s	 self-assembly	

tendencies	 translate	 into	 bulk	 properties	 under	 various	 kinetic	 constraints,	 such	 as	 the	

blend	ratio,	choice	of	solvent(s)	and	other	deposition	parameters.	Materials	that	are	 less	
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sensitive	to	processing	also	tend	to	exhibit	strong	self-assembly	tendencies.[47,52,53]	Thus,	

by	 comparing	 the	 blend	 film	 morphology	 and	 photovoltaic	 performance	 of	 these	 four	

molecules,	 we	 can	 probe	 how	 their	 self-assembly	 tendencies	 withstand	 kinetically	

constrained	film	forming	conditions	and	isolate	the	role	of	TT	in	directing	self-assembly.	

We	 used	 the	 OPV	 device	 fabrication	 conditions	 and	 optimization	 protocols	

published	 for	PT-biTh:PC71BM[27,28]	 and	FBT-biTh:PC71BM,[30,54]	 respectively,	allowing	 for	

direct	 comparison	 to	 literature	 performance	 values.	 Details	 of	 the	 device	 fabrication,	

optimization	 and	 processing	 conditions	 are	 presented	 in	 Section	 3.7.	 1,8-Diiodooctane	

(DIO)	was	used	as	processing	additive	alter	the	morphology	and	resulting	performance	of	

the	 active	 layer.[55]	 Photovoltaic	 performance	 has	 been	 shown	 to	 improve	 due	 to	 the	

higher	 degree	 phase	 separation	 and	 increased	 donor	 domain	 purity	 in	 blend	 films	

processed	 by	 DIO.[56–58]	 Notably,	 the	 best	 device	 performances	 for	 PT-TT:PC71BM	 and	

FBT-TT:PC71BM	 were	 achieved	 for	 the	 same	 donor:acceptor	 blend	 ratios	 and	 DIO	

concentrations	as	PT-biTh:PC71BM	and	FBT-biTh:PC71BM,	respectively.	These	similarities	

simplify	 comparison	 of	 their	 resulting	 film	morphologies	 and	 performance.	 As-cast	 and	

optimized	 device	 characteristics	 are	 summarized	 in	 Table	 3.3.	 Representative	 current-

voltage	 curves	 under	 AM	 1.5	 G	 illuminations	 (100	 mW	 cm−2)	 are	 shown	 in	 Figure	 3.9.	

Traces	 for	 PT-biTh:PC71BM[28]	 and	 FBT-biTh:PC71BM[54]	 from	 the	 literature	 are	 also	

provided	in	grey.	
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Active	Layer	

D:A	
Ratio	

DIO	
(v/v	%)	

Voc	
(V)	

Jsc	
(mA	cm-2)	

FF	
(%)	

PCE	
(%)	

#	of	
Devices	

As-
Cast	

PT-biTh:PC71BM[28]	 7:3	 0	 0.75	 8.9	 37	 2.5	 --	
PT-TT:PC71BM	 7:3	 0	 0.74	 11.4	 47	 4.2	 20	
FBT-biTh:PC71BM[54]	 6:4	 0	 0.78	 6.6	 36	 1.8	 --	
FBT-TT:PC71BM	 6:4	 0	 0.85	 11.4	 55	 5.4	 15	

With	
DIOa	

PT-biTh:PC71BM[28]	 7:3	 0.25	 0.73	 12.7	 60	 5.6	 --	
PT-TT:PC71BM	 7:3	 0.25	 0.74	 13.4	 64	 6.4	 40	
FBT-biTh:PC71BM[54]	 6:4	 0.4	 0.81	 12.8	 68	 7.0	 --	
FBT-TT:PC71BM	 6:4	 0.4	 0.84	 14.3	 73	 8.8	 45	

Table	 3.3	 Average	 current-voltage	 characteristics	 of	 solar	 cells	 whose	 active	 layers	 contain	 the	 four	
molecules	blended	with	PC71BM	and	optimized	DIO	concentration	(v/v).	aDevices	processed	with	DIO	were	
annealed	at	80°C	for	15	minutes	after	spin-casting,	to	drive	off	residual	solvent.	

BHJ	solar	cells	were	fabricated	with	a	ITO/MoOx/PT-TT:PC71BM/Al	architecture,	to	

prevent	detrimental	interactions	with	the	widely-used	PEDOT:PSS	hole-transport	layer.[28]	

Open-circuit	voltage	(Voc)	values	are	similar	for	the	two	PT-derivatives,	which	is	expected	

given	their	similar	HOMO	levels.	However,	PT-TT:PC71BM	significantly	improves	upon	the	

as-cast	PCE	of	PT-biTh:PC71BM	(from	2.5	to	4.2%),	largely	due	to	increases	in	short-circuit	

current	(Jsc)	and	fill	factor	(FF).	We	attribute	this	to	a	greater	degree	of	donor	organization	

in	PT-TT:PC71BM	as-cast,	as	observed	by	GIWAXS	in	Figure	3.4c.	The	highest	efficiencies	

were	 obtained	 from	 devices	 cast	 from	 solutions	 containing	 0.25%	 DIO	 by	 volume,	 the	

same	 required	 for	 PT-biTh.[28]	 Not	 surprisingly,	 PT-TT:PC71BM	 also	 outperforms	 PT-

biTh:PC71BM	 processed	 with	 DIO,	 with	 average	 PCEs	 of	 6.4%	 (see	 Figure	 3.11a),	

compared	to	PT-biTh’s	5.6%.	

FBT-containing	molecules	are	less	sensitive	to	the	acidity	of	the	PEDOT:PSS	layer	

than	 PT-containing	 molecules,[54]	 so	 the	 ITO/PEDOT:PSS/PT-TT:PC71BM/Al	 architecture	

was	 used.	 FBT-biTh:PC71BM	 exhibits	 a	 low	 performance	 as-cast	 (PCE	 of	 1.8%),	 but	

improves	 to	7.0%	upon	processing	with	DIO.	As-cast	blends	of	FBT-TT:PC71BM	exhibit	a	
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PCE	 of	 5.4%,	 a	 significant	 improvement	 over	 the	 as-cast	 performance	 of	 FBT-

biTh:PC71BM.	 Improved	 FF	 and	 Jsc	 suggest	 more	 facile	 self-assembly	 into	 the	 desirable	

morphology	 during	 the	 evaporation	 of	 the	 chlorobenzene	 solvent.	 Like	 with	 FBT-

biTh:PC71BM,	 FBT-TT:PC71BM	 exhibits	 signs	 of	 more	 efficient	 charge	 extraction	 when	

processed	with	0.4%	DIO	additive,[59–61]	 such	as	a	high	 fill	 factor	of	 73%	and	an	external		

quantum	efficiency	(EQE)	of	74%.	Optimized	FBT-TT:PC71BM	blend	films	achieve	PCEs	of	

8.8	±	0.1%	over	an	average	of	45	devices	 (see	Figure	3.11a).	The	 recorded	maximum	of	

9.1%	for	FBT-TT:PC71BM	is	comparable	with	the	highest	performances	observed	for	small	

molecule	donors	with	PC71BM.[62–64]	

	

	

	
Figure	3.9	Representative	current-voltage	curves	a)	PT-TT:PC71BM	(blue,	compared	to	PT-biTh:PC71BM

[28]	in	
grey),	and	b)	FBT-TT:PC71BM	 (green,	 compared	 to	FBT-biTh:PC71BM

[54]	 in	grey).	Both	as-cast	 (circles)	and	
optimized	DIO	additive	(triangles)	devices	are	represented.	
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Figure	3.10	Representative	absorbance	for	blend	films	of	a)	PT-TT:PC71BM	and	b)	FBT-TT:PC71BM,	as	cast	
(circles)	 and	 processed	 with	 DIO	 (triangles).	 Representative	 EQE	 spectra	 for	 c)	 PT-TT:PC71BM	 (blue)	
(compared	to	PT-biTh:PC71BM

[28]	in	grey),	and	d)	FBT-TT:PC71BM	(green,	compared	to	FBT-biTh:PC71BM
[54]	

in	grey).	

	

Figure	3.11	Histogram	of	PCE	values	for	optimized	a)	PT-TT:PC71BM	solar	cells	(D:A	7:3	and	0.25%	DIO),	and	
b)	FBT-TT:PC71BM	solar	cells	(D:A	6:4	and	0.4%	DIO),	obtained	for	40	devices.	
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3.3.2	 Blend	Film	Morphology	by	GIWAXS	

GIWAXS	 was	 used	 to	 examine	 morphological	 differences	 between	 as-cast	

molecule:PC71BM	films	under	 the	same	deposition	conditions	as	 for	 the	devices	 in	Table	

3.3.	 GIWAXS	 images	 of	 the	 PT-derivatives	 are	 shown	 in	 Figure	 3.12,	 and	 the	 FBT-

derivatives	in	Figure	3.13.	Table	3.2	(in	Section	3.2.2)	lists	a	summary	of	the	GIWAXS	data	

for	ease	of	comparison.	

The	 alkyl-stacking	 and	 π-stacking	 features	 in	 PT-biTh:PC71BM	 blends	 in	 Figure	

3.12a	show	more	edge-on	character	than	in	neat	donor	films.	PT-biTh’s	other	diffraction	

features	 cannot	 be	 distinguished	 against	 PC71BM’s	 isotropic	 band	 at	 ~1.35	 Å-1.[65]	 PT-

biTh:PC71BM	film	processed	with	DIO	have	longer	range	order	and	surface	texture	than	in	

neat	 films,	 evidenced	 by	 additional	 overtones	 of	 the	 alkyl	 stacking	 peak	 and	 the	

appearance	 of	 off-axis	 features	 in	Figure	 3.12b.	 In	Figure	 3.12c,	PT-TT	 retains	 its	well-

defined	diffraction	features	in	PC71BM	blend	films,	such	as	the	Bragg	rods	at	0.3	and	0.6	Å-1	

along	the	qxy	axis.	The	definition	of	these	features	increases	with	DIO	processing	(shown	in	

Figure	3.12d),	resulting	in	longer	crystalline	correlation	lengths	(CCLs).	
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Both	FBT-biTh:PC71BM	and	FBT-TT:PC71BM	exhibit	low	donor	crystallinity	as-cast.	

This	 low	degree	of	order	 is	expected	for	FBT-biTh,	which	previous	GIWAXS	studies	have	

shown	 is	 kinetically	 trapped	 in	 a	metastable	 liquid	 crystalline	 state,	with	 a	 distinct	 alkyl	

feature	 at	 0.45	 Å-1.[31]	 The	 features	 seen	 in	 Figure	 3.13a	 are	 consistent	 with	 a	 FBT-

biTh:PC71BM	film	that	is	transitioning	between	the	metastable	phase	to	the	desired	crystal	

form	seen	in	neat	films.	DIO	allows	for	a	more	rapid	conversion	between	the	metastable	

and	 crystalline	 phases,	 with	 most	 of	 the	 development	 occurring	 an	 hour	 after	

	
Figure	 3.4	 2D	 GIWAXS	 images	 of	 bulk	 heterojunction	 films	 of	 a)	 as-cast	 PT-biTh:PC71BM,	 b)	 PT-
biTh:PC71BM	with	0.25%	v/v	DIO,	c)	as-cast	PT-TT:PC71BM,	and	d)	PT-TT:PC71BM	with	0.25%	v/v	DIO.	
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deposition.[47]	 Accordingly,	 FBT-biTh:PC71BM	 films	 processed	 with	 0.4%	 DIO	 exhibit	

strong	donor	diffraction	features	(see	Figure	3.13b).	

The	 frustrated	self-assembly	of	FBT-TT	 evidenced	 in	Figure	3.13c	 is	unexpected;	

the	most	prominent	feature	of	as-cast	FBT-TT:PC71BM	films	is	the	isotropic	fullerene	band	

at	 ~1.35	 Å-1.[49]	 No	 evidence	 of	 a	 metastable	 phase	 was	 observed	 by	 DSC	 or	 when	

comparing	 the	as-cast	and	DIO-processed	GIWAXS.	However,	 the	 features	of	 crystalline	

	
Figure	 3.5	 2D	 GIWAXS	 images	 of	 bulk	 heterojunction	 films	 of	 a)	 as-cast	 FBT-biTh:PC70BM,	 b)	 FBT-
biTh:PC70BM	with	0.4%	v/v	DIO,	c)	as-cast	FBT-TT:PC70BM,	and	d)	FBT-TT:PC70BM	with	0.4%	v/v	DIO.	
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FBT-TT	 in	Figure	3.12d	bear	a	striking	 resemblance	to	 those	expected	 for	 the	FBT-biTh	

metastable	phase:	the	alkyl-stacking	peak	at	0.41	Å-1	by	GIWAXS	in	Figure	3.5b,	and	lower	

melting	temperature	and	enthalpy	by	DSC	in	Figure	3.7.	This	suggests	that	the	metastable	

phase	 of	FBT-biTh	 could	 have	 similar	 features	 to	 the	FBT-TT	 crystal	 structure,	 such	 as	

interleaved	anti-symmetric	pairs	that	reduce	the	degree	of	π-π	overlap	when	compared	to	

the	slip-stacked	symmetric	pairs	in	the	FBT-biTh	crystal	structure	(Figure	3.6d).		

The	 GIWAXS	 results	 described	 above	 indicate	 that	 the	 TT	 moiety	 promotes	

molecular	self-assembly	into	ordered	phases	more	so	than	biTh.	Formation	of	large	donor	

domains	 directly	 from	 solution	 for	PT-biTh:PC71BM	 is	 frustrated	 by	 the	 presence	 of	 the	

acceptor,	 resulting	 poor	 as-cast	 PCE.	PT-TT	 (Figure	 3.12c)	 is	 less	 frustrated	by	PC71BM,	

based	 on	 the	 presence	 of	 Bragg	 rods,	 resulting	 in	 more	 efficient	 photovoltaic	 output	

(Figure	3.9a).	However,	the	as-cast	performance	from	FBT-TT:PC71BM	of	5.4%	is	difficult	

to	understand	within	the	context	of	donor	organization	described	by	GIWAXS,	compared	

to	FBT-biTh:PC71BM’s	1.8%,	given	that	both	blend	films	exhibit	weak	diffraction	from	the	

donor.	FBT-TT:PC71BM	films	with	0.4%	DIO	(Figure	3.12d)	regain	the	distinct	anisotropic	

scattering	 peaks	 corresponding	 to	 the	 donor,	 with	 greater	 spot	 resolution	 than	 in	 neat	

FBT-TT	 or	 FBT-biTh.	 It	 is	 possible	 that	 small	 crystallites	 are	 nucleated	 during	 the	

chlorobenzene	drying	period,	which	ripen	considerably	in	the	presence	of	the	DIO	solvent	

additive.[49]	 Thus,	 FBT-TT:PC71BM	 films	 processed	 with	 DIO	 achieve	 longer	 CCLs	 (see	

Table	3.2),	which	may	be	responsible	for	the	improved	PCEs	over	FBT-biTh:PC71BM.	
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3.4	 Computational	Methods	

Structural	 variations	 in	 π-conjugated	 systems,	 like	 substituting	 TT	 and	 biTh,	 are	

expected	 to	 influence	 both	 conformational	 diversity	 and	 rates	 of	 self-assembly	 through	

non-covalent	 intramolecular	 (along	 the	 backbone)	 and	 intermolecular	 interactions.	 For	

example,	the	sulfur	lone-pair	electrons	in	thiophene	can	induce	through-space	interactions	

with	 adjacent	 atoms,	 such	 as	 F	 and	 H,	 that	 increase	 the	 rotational	 barrier	 between	

thiophene	and	subunits	with	these	atoms.[66]	Such	conformational	locks	can	enforce	long-

range	planarity	in	π-conjugated	molecules	and	polymers.[10,14,67]	Likewise,	dipole-dipole	or	

hydrogen	 bonding	 interactions	 can	 be	 strong	 drivers	 of	molecular	 packing.[15]	 To	 better	

understand	 why	 the	 TT	 for	 biTh	 substitution	 changes	 the	 observed	 self-assembly	

tendencies,	we	used	computational	methods	to	compare	the	respective	influences	of	the	

biTh	and	TT	units	on	rotational	barriers,	the	number	and	distribution	of	possible	molecular	

conformations,	and	the	properties	of	the	conformations	most	likely	to	be	populated.	

3.4.1	 Rotational	Barriers	

TT	is	expected	to	have	similar	conformational	locking	preferences	with	PT	(or	FBT)	

as	biTh	because	it	has	S	and	C-H	sites	 in	the	same	geometric	arrangement.	The	dihedral	

potential	energy	surfaces	(PESs)	between	FBT	and	the	adjacent	fragments	(biTh	or	TT)	are	

shown	in	Figure	3.14.	The	PESs	were	calculated	using	density	functional	theory	(DFT)	at	

the	 ωB97X-D/6-31G(d,p)	 level	 of	 theory.	 As	 expected,	 the	 rotational	 barriers	 are	

comparable	in	magnitude	and	shape,	with	minima	at	~20°	and	150°.	The	energy	barrier	for	

rotation	 between	 adjacent	 thiophenes	 (Th—Th)	 is	 estimated	 at	 2.7	 to	 3.7	 kcal/mol.[68,69]	
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Thus,	 the	observed	differences	 in	ability	of	FBT-biTh	and	FBT-TT	 to	organize	cannot	be	

the	 result	 of	 increased	 conformational	 locking,	 as	 the	 rotational	 barriers	 between	 the	

FBT—biTh,	FBT—TT	and	Th—Th	fragments	are	essentially	identical.	

	
Figure	3.14	Rotational	barriers	in	vacuum	and	in	chlorobenzene	solvent	PCM,	as	a	function	of	dihedral	angle	
between	FBT	and	TT	(blue,	purple)	or	biTh	(yellow,	orange).	The	most	stable	conformations	occur	at	15-20°,	
predicting	 an	 approximately	 planar	 structure	 for	 both	 FBT—TT	 and	 FBT—biTh	 linkages.	 The	 0°	 planar	
configuration	for	each	fragment	is	shown	on	the	left.	

3.4.2	 Number	of	Rotamers	

We	 now	 consider	 the	 possible	 structural	 conformations	 available	 to	 the	 four	

molecules.	The	orientation	of	each	backbone	subunit	can	be	arbitrarily	designated	up	(U)	

or	 down	 (D)	 relative	 to	 the	 central	 dithienosilole	 unit.	 TT	 lacks	 the	 internal	 point	 of	

rotation	of	biTh,	which	reduces	the	number	of	 inter-ring	rotations	along	the	D’-A-D-A-D’	

backbone	from	six	to	four,	as	shown	in	Figure	3.15.	This	structural	exchange	narrows	the	

range	 of	 possible	 near	 planar	 rotational	 isomers	 (rotamers)	 from	 sixty-four	 (26)	 for	 biTh	

derivatives	 to	 sixteen	 (24)	 for	 the	 TT-analogs,	 see	Table	 3.4.	 Asymmetric	 rotamers	 are	

degenerate	–	 i.e.	 they	are	energetically	equivalent	to	their	mirror	 image	–	which	reduces	

the	 number	 of	 unique	 conformations;	 the	 ten	 unique	 rotamers	 of	 PT-TT	 are	 shown	 in	
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Figure	3.16.	As	 illustrated	 in	Figure	3.17,	 rotation	within	bithiophene	 leads	PT-biTh	and	

FBT-biTh	to	have	four	rotamers	for	each	available	to	their	TT-analogs.		

	

Figure	3.15	Schematic	of	the	two	backbone	D’-A-D-
A-D’	structures,	containing	biTh	or	TT	end-capping	
units.	The	number	of	points	of	rotation	determines	
the	 possible	 number	 of	 rotamers,	 with	 common	
points	of	rotation	highlighted	in	blue.	PT-containing	
molecules	have	X	=	C-H,	Y	=	N,	and	FBT-containing	
molecules	 have	X	 =	C-F,	Y	 =	C-H.	Alkyl	 groups	 are	
omitted	for	clarity.	

	

	

	

	

	

a)	 	 0	U	 1	U	 2	U	 3	U	 4	U	 	
	 	 DDSDD	 DUSDD	 DUSUD	 UUSUD	 UUSUU	 	
	 	 	 UDSDD	 UDSDU	 UUSDU	 	 	
	 	 	 	 UUSDD	 	 Unique:	10	 	
	 	 	 	 DUSDU	 	 Total:	16	 	
	 	 	 	 	 	 	 	
b)	 0	U	 1	U	 2	U	 3	U	 4	U	 5	U	 6	U	
	 DDDSDDD	 DDUSDDD	 UDDSDDU	 UUUSDDD	 DUUSUUD	 UUUSUUD	 UUUSUUU	
	 	 DUDSDDD	 DDUSUDD	 UUDSUDD	 UUDSDUU	 UUUSUDU	 	
	 	 UDDSDDD	 DUDSDUD	 UDUSUDD	 UDUSUDU	 UUUSDUU	 	
	 	 	 UUDSDDD	 DUUSUDD	 UUUSUDD	 	 	
	 	 	 UDUSDDD	 DUUSDUD	 UUUSDUD	 	 	
	 	 	 UUDSDDD	 UDUSDUD	 UUUSDDU	 	 	
	 	 	 DUUSDDD	 UUDSDUD	 DUUSDUU	 	 	
	 	 	 DDUSDDU	 UUDSDDU	 UDUSDUU	 	 	
	 	 	 DDUSDUD	 UDUSDDU	 UUDSDUU	 Unique:	36	 	
	 	 	 	 DUUSDDU	 	 Total:	64	 	

Table	3.4	List	of	all	possible	rotamers	for	a)	PT-TT	and	FBT-TT,	and	b)	PT-biTh	and	FBT-biTh,	based	on	the	
nomenclature	 established	 in	 .	 Rotamers	 are	 arranged	 in	 columns	 based	 on	 the	 number	 of	 U	 units	 in	 the	
structure,	with	symmetric	structures	in	black	and	asymmetric	structures	(with	degeneracy	=	2)	in	red.	
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Figure	3.16	Representative	examples	of	 the	 sixteen	possible	near	planar	 conformations	 for	PT-TT,	due	 to	
the	 four	 points	 of	 rotation	 in	 the	 DADAD	 structure	 shown	 in	 Figure	 3.15.	 We	 arbitrarily	 designate	 the	
substructures	as	upward	(U)	or	downward	(D)	–	this	is	analogous	to	bit	representation	(0	and	1).[29]	Note	that	
the	orientation	of	the	central	dithienosilole	unit	(S)	does	not	change.	The	top	four	symmetrical	structures	(in	
black)	 represent	 a	 single	 rotomer.	 However,	 the	 lower	 six	 structures	 (in	 red)	 represent	 two	 degenerate	
structures	 due	 to	 asymmetry	 e.g.	 UUSUD	 has	 an	 energetically	 equivalent	 rotational	 isomer,	 DUSUU	 (not	
pictured).	Thus,	there	are	ten	unique	structures,	out	of	a	total	of	sixteen	possible.	

	
Figure	3.17	Rotation	of	the	outer	thiophene	units	 in	the	biTh	moiety	causes	PT-biTh	 to	possess	additional	
conformations	 for	 each	 backbone	 structure	 for	PT-TT.	 For	 example,	 the	 backbone	 of	 the	 first	 rotomer	 in	
Figure	 3.16	 has	 four	 biTh	 analogs	 –	 two	 symmetric	 (left	 and	 right)	 and	 a	 pair	 of	 degenerate	 asymmetric	
rotamers	(center).	
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3.4.3	 Distribution	of	Rotamers	

Not	 all	 rotamers	 are	 equi-energetic.	 Intuitively,	 lower	 energy	 conformations	 are	

expected	 to	 have	 higher	 relative	 populations	 at	 a	 given	 temperature	 and	 may	 be	

anticipated	to	play	a	more	influential	role	in	determining	the	kinetics	of	crystallization.	The	

growth	of	ordered	domains	may	be	slowed	by	the	presence	of	rotamers	with	significantly	

different	 conformations	 or	 dipole	 moment	 vectors,	 due	 to	 changes	 in	 the	 nature	 and	

strength	 of	 their	 intermolecular	 non-covalent	 interactions.	 Dispersity,	 regardless	 of	 its	

provenance,	has	been	 shown	 to	 frustrate	 self-assembly	and	prevent	 long-range	order	 in	

bulk	films.37,60	For	example,	replacing	benzothiadiazole	as	the	A	moiety	in	this	D’-A-D-A-D’	

architecture	with	PT	increases	donor	crystallinity	and	OPV	performance.[28]	The	rotational	

barrier	around	 the	PT	and	biTh	 linkage	 is	 significantly	higher	 than	benzothiadiazole	and	

biTh,	 which	 decreases	 the	 rotamer	 diversity	 and	 orients	 the	 rotamers’	 dipole	moments	

along	 similar	 vectors.	 These	 factors	 are	 suggested	 to	 promote	 self-assembly	 and	 drive	

phase	separation	in	PT-containing	donors.[28]	Substituting	TT	for	biTh	has	similar	potential	

to	influence	the	distribution	of	thermally	accessible	rotamers.	

To	 investigate	 this,	 we	 determined	 the	 optimized	 geometry	 of	 each	 rotamer	 in	

Table	3.4	for	all	four	molecules,	at	the	ωB97X-D/6-31G(d,p)	level	of	theory.	From	this,	we	

obtained	 the	 relative	 energy	 and	 short-axis	 dipole	moment	 of	 each	 rotamer.	 Transition	

state	theory	predicts	that	these	molecules	are	thermally	equilibrated	within	milliseconds	

at	 room	temperature,	as	 the	energetic	 cost	 to	 rotation	between	each	dihedral	 in	Figure	

3.15	 is	 small.[71]	 Thus,	 relative	 energy	 differences	 can	 be	 used	 to	 predict	 the	 thermally-

accessible	rotamers	at	300K	using	the	Boltzmann	distribution,	irrespective	of	their	starting	
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conformations.[71]	 From	 the	 summary	 of	 these	 calculated	 quantities	 in	Figure	 3.18,	 one	

observes	 that	 the	 overall	 energetic	 landscapes	 do	 not	 significantly	 change	 going	 from	

biTh-	to	TT-containing	molecules,	e.g.	the	change	in	energy	across	all	rotamers	of	PT-biTh	

resembles	that	of	PT-TT	(5.3-5.6	kcal	mol-1)	and	the	same	is	true	for	FBT-biTh	and	FBT-TT	

(3.0-3.5	 kcal	 mol-1).	 PT-biTh	 and	 FBT-biTh	 have	 more	 thermally-accessible	 species	

principally	 because	 their	 structures	 contain	 additional	 degrees	 of	 freedom	 with	 small	

energetic	differences	within	that	energy	landscape.	

The	 distribution	 of	PT-biTh	 conformers	 is	 dominated	 by	 five	 states	with	 relative	

populations	 greater	 than	 0.2,	 while	 PT-TT	 has	 only	 two	 such	 states	 available.	 Both	

molecules	 have	 large	 short-axis	 dipole	 moments	 (on	 the	 order	 of	 2	 Debye)	 that	 vary	

	
Figure	 3.6	The	 relative	 populations	 (blue),	 energies	 (grey)	 and	 short-axis	 dipole	moment	magnitudes	
(orange)	for	the	unique	planar	rotamers	described	in	Table	3.4	for	a)	PT-biTh,	b)	PT-TT,	c)	FBT-biTh,	and	
d)	FBT-TT.	The	 relaxed	 potential	 energy	 (grey)	 is	 reported	 relative	 to	 the	 lowest	 energy	 rotamer.	The	
structure	of	the	rotamer	with	the	largest	probability	and	its	designation	are	shown	in	the	inset.	
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substantially	with	changing	rotational	conformation.	These	results	suggest	 that	not	only	

could	 the	 self-assembly	 of	PT-biTh	 be	 frustrated	 by	 the	 existence	 of	 multiple	 rotamer	

populations	 but	 also	 that	 dipolar	 disorder	 could	 impede	 the	 efficient	 formation	 of	

crystalline	 domains.	PT-TT,	 on	 the	 other	 hand,	 is	 less	 affected	 by	 variation	 in	 rotamer	

population,	but	mismatched	dipole	orientation	could	still	be	problematic.	This	analysis	 is	

consistent	with	the	relative	degree	of	order	shown	by	the	GIWAXS	scattering	patterns	of	

the	pure	as	cast	PT-biTh	and	PT-TT	films	in	Figure	3.4,	where	the	degree	of	order	of	PT-

TT	is	greater	than	that	of	PT-biTh.	

The	 presence	 of	 fullerenes	 in	 blend	 films	 adds	 further	 challenge	 to	 the	 ability	 to	

organize	during	solution	casting,	exaggerating	the	impact	of	rotamer	and	dipolar	diversity	

seen	 in	neat	 films.	The	 relative	degree	of	order	 can	be	 compared	using	 the	CCLs	of	 the	

same	molecular	features,	shown	in	Table	3.2.	For	example,	the	CCL	of	the	alkyl-stacking	

peak	of	PT-biTh	 in	as-cast	blend	films	 is	significantly	 lower	(at	~9	nm)	than	 in	neat	films	

(35	 nm).	 We	 propose	 that,	 by	 virtue	 of	 its	 narrower	 rotamer	 diversity,	 PT-TT	 is	 less	

frustrated	by	fullerene	and	thus	exhibits	smaller	drop	in	alkyl-stacking	CCL	from	32	nm	to	

13	 nm	 and	 retains	 its	 higher-order	 diffraction	 spots.	 Thus,	 there	 are	 larger	 (or	 more	

perfect)	 donor	 crystallites	 in	PT-TT:PC71BM	 films	 and	more	 phase	 separation	 in	 as-cast	

blend	 films.	 These	 active	 layers	 achieve	 PCEs	 of	 4.2%	with	 a	 higher	 FF	 (47%)	 than	PT-

biTh:PC71BM,	with	PCE	of	2.5%	and	a	lower	FF	(37%).	

Trends	observed	for	PT-biTh	and	PT-TT	extend	to	the	FBT-containing	molecules:	

the	TT	 subunit	 reduces	 the	 rotamer	population	of	FBT-TT	 to	primarily	 four	 conformers,	

compared	to	 ten	 for	FBT-biTh.	The	reduced	rotamer	population	 is	expected	to	 facilitate		
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assembly	 into	 ordered	 domains,	 which	 is	 confirmed	 by	 the	 increased	 definition	 of	 the	

diffraction	 features	 seen	 by	GIWAXS	 in	Figure	 3.5.	 Furthermore,	 analysis	 of	FBT-biTh’s	

and	 FBT-TT’s	 thermally-accessible	 rotamer	 populations	 may	 explain	 the	 reduced	

diffraction	in	both	of	their	as-cast	blend	films	in	Figure	3.12.	Recall	that	the	FBT-molecules	

have	a	more	shallow	energy	landscape	and	thus	more	conformational	dispersity	than	their	

PT-analogs.	 Indeed,	 the	 smaller	 energy	 differences	 give	 degeneracy	 more	 pronounced	

effects	on	their	rotamer	distribution,	such	that	their	most	populated	rotamer	is	the	second	

lowest	energy	conformer	and	is	asymmetric.	This	is	expected	to	slow	their	relative	rate	of	

self-assembly	 (see	Figure	3.19	 for	a	comparison	of	each	molecules’	 two	most	populated	

	
Figure	3.7	Dipole	moments	associated	with	FBT-Th/TT	and	PT-Th/TT,	ordered	from	highest	predicted	
crystallinity	(top,	FBT-TT)	to	lowest	predicted	crystallinity	(bottom,	PT-biTh).	The	most	populated	states	
are	on	the	left,	while	the	second	most	populated	states	are	on	the	right.	The	(symmetric)	lowest	energy	
structures	are	colored	black	and	(asymmetric)	second-lowest	energy	structures	are	red.	Total	molecular	
dipole	moments	are	 colored	 blue	 and	 positioned	 next	 to	 the	 short-axis	molecular	 dipole	moment	and	
orientation.	 The	 in-plane	 dipole	 moment	 vector	 of	 each	 fragment	 is	 superimposed	 on	 top	 of	 the	
fragment	with	the	associated	dipole	moment	magnitude.	
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rotamers).	Additionally,	rotamers	of	FBT-containing	molecules	exhibit	less	drastic	shifts	in	

dipole	 moment	 than	 their	 PT-analogs.	 The	 lowest	 energy	 conformers	 of	 FBT-TT	 have	

particularly	 low	dipolar	disorder	compared	 to	 those	of	FBT-biTh,	 such	 that	 the	different	

rotamer	 conformations	 could	 still	 be	 stabilized	 together	 in	 an	 ordered	 lattice.[28]	 Thus,	

FBT-TT	may	be	able	to	more	readily	form	interconnected	donor	domains	than	FBT-biTh.		

Note	 that	 lowest	 energy	 rotamers	 of	 PT-biTh	 and	 FBT-biTh	 are	 in	 the	 same	

configuration,	 labeled	UDUSUDU.	This	 “banana”	shape	 is	observed	 for	 the	single	crystal	

structures	of	proximal	PT-biTh.[72]	The	most	populated	FBT-TT	rotamer	is	predicted	to	be	

DUSDU,	which	matches	 the	primary	conformation	 in	 the	crystal	 structure	 in	Figure	3.6.	

Notably,	 this	 structure	was	 resolved	after	 theoretical	 analysis	was	 completed.	There	are	

also	partial	contributions	 from	 less	populous	rotamers,	such	as	DUSDD	(ranked	6th	most	

populous),	 DDSDU	 (8th)	 and	 DDSDD	 (10th).	 The	 reduced	 variation	 in	 dipole	 moment	

vectors	 between	 the	 rotamers	 likely	 allows	 them	 to	 be	 readily	 accommodated	 into	 the	

same	packing	structure.	 Isolated	single-crystals	of	FBT-biTh	 adopt	a	DUDSDUD	(ranked	

11th)	or	DUDSDUU	 (14th)	 conformation.[72]	Unlike	our	original	prediction	 that	 low	energy	

states	would	be	more	influential	 in	the	crystal	structure,	this	hints	that	certain	molecular	

conformations	are	more	favorable	for	forming	stable	solid-state	lattices.	These	states	may	

have	a	greater	tendency	to	nucleate	crystalline	growth	during	film	formation,	regardless	of	

their	starting	population.	However,	arguments	on	the	resistance	to	crystallization	due	to	a	

poorly	 compacted	 distribution	 of	 conformers	 and,	 particularly	 wide	 variation	 in	 dipole	

moment	vectors,	still	apply	under	these	conditions.	



118	

3.5	 Conclusions	

We	 examined	 how	 a	 small	 change	 to	 molecular	 structure	 –	 substituting	

thienothiophene	 (TT)	 for	 bithiophene	 (biTh)	 –	 impacts	 the	 optical	 and	 electronic	

properties,	self-assembly	tendencies	and	ultimately	photovoltaic	performance	of	organic	

molecular	 semiconductors.	 Morphological	 studies	 show	 that	 this	 substitution	 leads	 to	

more	 distinct	 donor	 diffraction	 features	 in	 neat	 and	 bulk	 heterojunction	 blend	 films,	

indicating	more	facile	self-assembly	from	solution.	

We	attribute	the	higher	degree	of	self-assembly	observed	for	PT-TT	and	FBT-TT	to	

a	 reduction	 of	 conformational	 diversity	 relative	 to	PT-biTh	 and	 FBT-biTh,	 respectively.	

Substituting	the	biTh	subunit	for	TT	reduces	the	number	of	points	of	rotation	along	the	π-

conjugated	 backbone.	 We	 calculated	 the	 relative	 energies	 and	 dipole	 moments	 of	 the	

possible	 conformations	 of	 each	 molecule	 in	 this	 tetrad,	 and	 found	 that	 TT-containing	

molecules	have	fewer	thermally-accessible	rotamers.	Variations	in	the	molecules’	rotamer	

populations	 are	 consistent	 with	 the	 trends	 observed	 by	 GIWAXS,	 particularly	 the	

significantly	 increase	 in	 thin-film	 order	 for	 TT-containing	 molecules	 in	 blend	 films	

processed	with	DIO.	We	also	found	that	FBT-containing	molecules	have	higher	degrees	of	

thin-film	order	when	compared	to	their	PT	counterparts.	While	substituting	FBT	for	PT	has	

complex	 influences	 on	 the	 material	 properties,[44,45]	 we	 can	 attribute	 changes	 in	

morphology,	in	part,	to	the	smaller	degree	of	dipolar	disorder	in	the	FBT	molecules.	

Increased	 rotamer	 dispersity	 exacerbates	 kinetic	 constraints	 during	 solution	

processing,	such	as	competitive	assembly	of	the	acceptor	PC71BM	and	varied	drying	time	

in	bulk	heterojunction	films.	Thus,	the	solar	cell	performance	of	the	four	molecular	donors	
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provides	 a	 practical	 demonstration	 of	 these	 effects.	 Both	 PT-TT:PC71BM	 and	 FBT-

TT:PC71BM	significantly	improve	upon	the	as-cast	OPV	performance	of	their	biTh-analogs,	

PT-biTh:PC71BM	and	FBT-biTh:PC71BM,	by	virtue	of	their	more	facile	self-assembly.	FBT-

biTh	and	FBT-TT	have	a	greater	number	of	populated	states	than	their	PT-analogs,	which	

appears	to	frustrate	their	ability	to	phase	separate	from	PC71BM	in	blend	films.	However,	

the	 thermally-accessible	 rotamers	 of	 the	 FBT-containing	molecules	 exhibit	 lower	 dipole	

variation.	 The	 low	 dipolar	 dispersity	 of	FBT-TT,	 in	particular,	may	 account	 for	 its	more	

ideal	 bulk	 heterojunction	 morphology	 as-cast,	 resulting	 in	 a	 PCE	 of	 5.4%	 that	 further	

improves	to	8.8%	when	processed	with	DIO.	

Within	 a	 similar	 molecular	 semiconductor	 framework,	 TT	 limits	 rotamer	

distribution	 relative	 to	 biTh	 and	 thus	 aids	 self-assembly	 without	 significantly	 changing	

desirable	optical	and	electronic	properties.	As	such,	 the	 impact	of	molecular	subunits	on	

rotamer	 diversity	 should	 be	 considered	 future	 materials	 design.	 Indeed,	 reduced	

conformational	dispersity	and	thus	more	reliable	self-assembly	may	factor	into	the	recent	

successes	of	extended	 rigid	or	 fused	backbone	 systems	 in	 the	 solution-processable	OSC	

field,	 such	as	 ITIC.[73–76]	More	 robust	understanding	of	 conformational	 entropy	–	 such	as	

the	diversity	of	rotamer	conformation,	energy,	and	dipole	moment	–	will	help	us	translate	

molecular	structure	into	the	desired	degree	of	solid-state	ordering.	

Solution-processed	organic	 semiconductors	 (OSCs)	have	broad	application	 in	 the	

fabrication	 and	 implementation	 of	 transistors,	 sensors,	 lighting	 and	 energy	 production.	

The	solid-state	properties	of	OSCs	depend	upon	their	ability	to	self-assemble	into	ordered	

phases	 during	 solution	 deposition.	 In	 this	 work,	 we	 begin	 molecular	 design	 with	 well-



120	

established	species	and	 isolate	a	specific	change	 in	chemical	 structure	 that	 impacts	self-

assembly	 and	 ultimately	morphological	 order.	 Incorporation	 of	molecular	 substructures	

that	 readily	 self-assemble	 reduces	 the	need	 for	 complex	deposition	and	post-processing	

conditions,	which	may	be	environmentally	hazardous	(like	the	use	of	halogenated	solvents	

and	 additives)	 or	 energy	 intensive	 (like	 thermal	 annealing).	A	 detailed	 understanding	 of	

structure-property	 relationships	 will	 enable	 a	 tolerance	 to	 variations	 in	 deposition	

conditions	 to	be	programmed	directly	 into	 the	molecular	 structure	of	 future	OSCs,	both	

donors	and	emerging	non-fullerene	acceptors.	Ultimately,	such	new	capabilities	will	allow	

high-performance	morphologies	 to	 be	 cast	 from	 an	 increasing	 range	 of	 polar	 non-toxic	

solvents	and	using	low	environmental-impact	deposition	techniques.	
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3.7	 Experimental	Methods	

3.7.1	 General	Characterization	

Chemical	 Structure	 Confirmation:	 1H	 and	 13C	 nuclear	 magnetic	 resonance	 (NMR)	 spectra	 were	

recorded	 on	 an	 ADVANCE	 500	MHz	 Spectrometers	 at	 25°C	 unless	 otherwise	 noted.	 Those	 spectra	 were	

referenced	to	SiMe4	using	the	residual	solvent	peak	impurity	of	the	given	solvent	CDCl3:	
1H:	δ=	7.26	ppm,	13C:	

δ=	77.23	ppm.	Chemical	shift	was	reported	in	ppm	and	coupling	constants	in	Hz	as	absolute	values.	Full-scan,	

low-resolution	FD	mass	 spectroscopy	was	 carried	out	at	 the	Department	of	Chemistry	mass	 spectroscopy	

facility,	University	of	California,	Santa	Barbara.	

Thermal	Properties:	Differential	scanning	calorimetry	(DSC)	was	determined	by	a	TA	Instruments	

DSC	(Model	Q-20)	with	about	2	mg	samples	at	a	rate	of	10	°C/min	in	the	temperature	range	of	0	to	300	°C.	

Optical	 Absorbance:	 UV-Vis	 absorption	 spectra	 of	 synthesized	 compounds	 were	 recorded	 on	 a	

Shimadzu	UV-1800	 PC	 dual	 beam	 spectrometer	 and	 a	 Perkin	 Elmer	 Lambda	 750	 UV/Vis	 spectrometer	 at	

room	temperature.	All	solution	UV-Vis	absorption	was	measured	in	dilute	chlorobenzene	(at	concentrations	

of	 less	 than	 1	 x	 10-3	 M).	 Molar	 absorptivity	 was	 determined	 by	 the	 average	 of	 five	 measurements	 at	

concentrations	between	5	x	10-5	M	and	1	x	10-3	M.	Films	were	prepared	by	spin-casting	from	chlorobenzene	

solution	(20	mg	ml−1)	onto	glass	substrates	at	1500	rpm.	

Electrochemical	Properties:	Cyclic	voltammetry	was	performed	on	a	CH	instrument	with	a	three-

electrode	 system	 consisting	 of	 Ag/AgCl	 reference	 electrode,	 a	 working	 electrode,	 and	 a	 platinum	 wire	

counter-electrode.	 The	 redox	 potential	 of	 PT-TT	 was	 measured	 in	 dichloromethane	 containing	 0.1	 M	

Bu4NClO4	 at	 a	 scan	 rate	 of	 100	 mV	 s−1.	 The	 redox	 potential	 of	 FBT-TT	 was	 measured	 in	 chloroform	

containing	0.1	M	TBAPF6	at	a	scan	rate	of	100	mV	s−1.	

Temperature	Dependent	XRD:	X-ray	diffraction	spectra	were	obtained	using	a	Bruker	D8	Advance	

X-ray	 diffractometer	 using	 a	 copper	 Kα1	 source	 with	 an	 incident	 wavelength	 of	 1.5406	 Å.	 Films	 were	

dropcast	from	20	mg	ml-1	solutions	in	chlorobenzene	onto	clean	glass	microscope	cover	slips.	The	films	were	

scanned	over	a	range	from	5	or	6	to	21°	2θ,	with	a	0.0288°	step	size	and	1.0	s	integration	per	step.	Samples	
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were	 probed	 at	 10°C	 intervals	 from	 30°C	 to	 220°C	 until	 no	 scattering	 peaks	 were	 observed,	 with	 2	 min	

equilibration	time	between	scans.	

3.7.2		 Computational	Methods	

Rotational	Barriers:	Density	functional	theory	(DFT)	at	the	ωB97X-D/6-31G(d,p)	level	of	theory	

was	used	to	generate	the	rotational	barriers	 in	Figure	3.14.	Rotational	barriers	were	assessed	by	 fixing	the	

dihedral	of	interest,	at	20°	intervals.	The	conductor-like	polarizable	continuum	model	was	used	to	simulate	

the	effects	of	 the	chlorobenzene	solvent.	All	DFT	calculations	were	carried	out	with	the	Gaussian	09	 (Rev.	

E.01)	software	suite.[77]	

Energetic	Distribution	of	Rotomers:	The	optimized	geometries	for	all	possible	rotamers	were	

determined	at	the	ωB97X-D/6-31G(d,p)	level	of	theory.	The	results	of	these	calculations	are	summarized	

in	Figure	3.18	 for	all	 four	molecules.	The	energies	of	 the	optimized	rotamers	were	then	used	to	predict	

those	 states	 that	 are	most	 likely	 to	be	populated	at	 room	 temperature	 (300	K)	 via	 the	Boltzmann	

distribution.	The	fraction	of	molecules	pi	in	a	state,	𝑖,	is	given	by:	

	 	 𝑝𝑖 =Ni N= gie−εi kbT gje
−εj kbTN

j=0 		 	 (1)	

where	𝑁	 is	 the	total	number	rotamers,	𝑁!	 is	 the	number	of	molecules	 in	state	𝑖,	𝑔!{!}	 is	 the	

degeneracy	of	 the	 state	 i	 {j},	k!	 is	 the	Boltzmann	constant,	and	𝑇	 is	 the	 temperature.	The	 relative	

population	of	a	particular	state	(shown	by	blue	bars)	is	expressed	as:	

	 	 	
𝑝𝑖 𝑝0 =

gi
g0
𝑒
− 𝜀𝑖−𝜀0 𝑘𝑇

	 	 	 	 (2)	

where	𝑝!	 represents	 the	 state	 with	 the	 highest	 population,	 taking	 into	 account	 the	 degeneracy.	

Energies	(shown	in	orange)	are	normalized	relative	to	the	lowest	energy	state.	The	short-axis	dipole	

moment	vector	for	each	conformer	is	shown	in	gray.	

3.7.3	 Organic	Solar	Cell	Devices	

Device	 Fabrication:	 Pre-patterned	 ITO	 substrates	 on	 glass	 were	 progressively	 cleaned	 by	

ultrasonication	in	aqueous	detergent,	deionized	water,	acetone,	and	isopropyl	alcohol.	The	substrates	were	
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then	 exposed	 to	 UV-ozone	 treatment	 for	 15	minutes.	 Solutions	 and	 devices	 were	 prepared	 according	 to	

procedures	reported	earlier	 for	d-DTS(PTTh2)2
1	or	p-DTS(FBTTh2)2.

[30]	PT-TT	and	PC71BM	were	dissolved	 in	

chlorobenzene	(CB)	at	various	donor:acceptor	(D:A)	ratios	with	an	overall	concentration	of	40	mg	ml−1.	Blend	

solutions	of	FBT-TT:PC71BM	were	prepared	at	35	mg	ml−1	total	solids	in	CB,	for	the	various	D:A	ratios.	Blend	

solutions	of	both	molecules	were	also	prepared	with	1,8-diodooctane	(DIO)	 in	chlorobenzene,	at	0.25,	0.4,	

0.6	and	1.0%	volume	per	volume	percent.	Solutions	were	stirred	at	60°C	overnight	and	blend	solutions	of	

FBT-TT:PC71BM	heated	to	90°C	for	15	min	directly	prior	to	spin	casting.	

For	 PT-TT:PC71BM	 devices,	 MoOx	 (10	 nm)	 was	 thermal	 evaporated	 on	 to	 the	 substrates	 in	 a	

glovebox	 at	 a	 chamber	 pressure	 of	 ∼10−7	 torr.	 Active	 layers	 were	 then	 spin-coated	 using	 the	 prepared	

solutions	at	60°C	and	1500	r.p.m.	in	a	N2	glove	box,	yielding	films	of	150	±	10	nm	thickness	as	determined	by	

a	surface	profiler.	Films	containing	DIO	were	baked	to	80°C	for	10	min	to	evaporate	residual	solvent.	Finally,	

an	 Al	 (100	 nm)	 cathode	 was	 thermally	 evaporated.	 The	 final	 device	 architecture	 was	

glass/ITO/MoOx/Donor:PC71BM/Al.	As-cast	films	used	an	active	layer	of	a	7:3	D:A	ratio	cast	from	20	mg	mL-1	

chlorobenzene.	The	optimum	DIO	concentration	was	0.25%	v/v.	

For	FBT-TT:PC71BM	devices,	PEDOT:PSS	(Clevios	PH)	was	deposited	as	a	hole-transport	material,	

spin-coated	 at	 5000	 rpm	 for	 40	 s	 to	 obtain	 a	 film	 thickness	 of	 approx.	 30	 nm.	This	 layer	was	 annealed	 at	

140°C	for	15	minutes	before	proceeding.	Active	layers	were	obtained	by	spin-casting	the	prepared	solutions	

onto	the	substrates	at	90°C	and	2000	rpm	for	45	s.	Films	containing	DIO	were	baked	to	80°C	for	10	min	to	

evaporate	residual	solvent.	BHJ	film	thicknesses	were	110	±	10	nm,	as	determined	by	a	surface	profiler.	Then,	

the	 Ca	 layer	 was	 thermally	 evaporated	 with	 thickness	 of	 20	 nm,	 and	 the	 Al	 cathode	 was	 continuously	

deposited	 to	 approx.	 80	 nm,	 vacuum	 pressures	 less	 than	 4x10-6	 torr.	 The	 final	 device	 architecture	 was	

glass/PEDOT:PSS/Donor:PC71BM/Ca/Al.	As-cast	films	used	an	active	layer	of	a	6:4	D:A	ratio	cast	from	35	mg	

mL-1	chlorobenzene.	The	optimum	DIO	concentration	was	0.4%	v/v.	

Both	types	of	fabricated	solar	cells	were	encapsulated	using	epoxy	and	a	cover	glass	and	cured	for	

15	min	under	ultraviolet	irradiation	before	characterization.	
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Figure	S3.1	a)	Representative	current-voltage	characteristics	and	b)	incident	photocurrent	efficiency	(IPCE)	
spectra	for	PT-TT:PC71BM	(7:3)	solar	cells	at	various	%	DIO	(v/v).	

	

	
Figure	S3.2	Representative	current-voltage	characteristics	 for	FBT-TT:PC71BM	(7:3)	solar	cells	at	various	%	
DIO	(v/v).	

	

Devices	 DIO	(v/v	%)	 Voc	(V)	 Jsc	(mA	cm-2)	 FF	(%)	 PCE	(%)	

PT-biTh:	
PC71BM[28]	

0	 0.75	 8.9	 37.0	 2.5	
0.25	 0.73	 12.7	 60.0	 5.6	
0.6	 0.70	 9.1	 53.5	 3.4	
1	 0.60	 1.3	 33.3	 0.3	

PT-TT:	
PC71BM	

0.0	 0.74	±	0.02	 11.4	±	0.2	 47.4	±	0.3	 4.0	±	0.2a	
0.25	 0.74	±	0.01	 13.4	±	0.1	 64.0	±	0.1	 6.4	±	0.1b	
0.6	 0.73	±	0.01	 10.0	±	0.2	 55.0	±	0.1	 4.0	±	0.1a	
1	 0.63	±	0.02	 6.2	±	0.5	 41.8	±	0.4	 1.6	±	0.2a	

Table	S3.1	Average	 current-voltage	 characteristics	 of	PT-biTh:PC71BM,	 and	PT-TT:PC71BM	 (D:A	 ratio	 7:3)	
solar	cells	at	various	%	DIO	(v/v),	based	on	20	(a)	or	40	(b)	devices.	The	devices	were	annealed	at	80°C	for	15	
minutes	after	spin-casting.	PT-biTh:PC71BM	device	data	is	reported	from	the	literature.[28]	
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Devices	 DIO	(v/v	%)	 Voc	(V)	 Jsc	(mA	cm-2)	 FF	(%)	 PCE	(%)	

FBT-biTh:	
PC71BM[30]	

0	 0.78	 6.6	 36.0	 1.8	
0.4	 0.81	 12.8	 68.0	 7.0	
1	 0.55	 2.4	 31.0	 0.4	

FBT-TT:	
PC71BM	

0	 0.84	±	0.02	 12.1	±	0.2	 60.0	±	0.3	 6.1	±	0.2a	
0.25	 0.83	±	0.01	 14.1	±	0.1	 71.2	±	0.1	 8.3	±	0.1a	
0.4	 0.84	±	0.01	 14.3	±	0.1	 73.4	±	0.1	 8.8	±	0.1b	
0.6	 0.78	±	0.01	 13.4	±	0.2	 73.1	±	0.1	 6.5	±	0.1a	
1	 0.74	±	0.02	 10.8	±	0.5	 41.8	±	0.4	 3.7	±	0.2a	

Table	S3.2	Average	current-voltage	characteristics	of	FBT-biTh:PC71BM,	and	FBT-TT:PC71BM	(D:A	ratio	6:4)	
solar	cells	at	various	%	DIO	(v/v),	based	on	12	(a)	or	45	(b)	devices.	All	devices	were	annealed	at	80°C	for	15	
minutes	after	 spin-casting.	Device	data	 for	FBT-biTh:PC71BM	 (as	d-DTS(PTTh2)2:PC71BM)	 is	 reported	 from	
the	literature.[30]		

	

Devices	 D:A	Ratio	 Voc	(V)	 Jsc	(mA	cm-2)	 FF	(%)	 PCE	(%)	

FBT-TT:	
PC71BM	

20:80	 0.90	±	0.02	 9.8	±	0.2	 49	±	0.5	 4.3	±	0.2a	
30:70	 0.88	±	0.01	 11.3	±	0.1	 57.0	±	0.3	 5.7	±	0.1a	
40:60	 0.87	±	0.01	 13.5	±	0.1	 61.2	±	0.3	 7.2	±	0.1a	
50:50	 0.85	±	0.01	 13.8	±	0.2	 70.4	±	0.3	 8.2	±	0.1a	
60:40	 0.84	±	0.01	 14.3	±	0.1	 73.4	±	0.1	 8.8	±	0.1b	
70:30	 0.84	±	0.01	 13.1	±	0.2	 66.1	±	0.1	 7.2	±	0.1a	
80:20	 0.83	±	0.02	 12.5	±	0.2	 46.2	±	0.3	 4.7	±	0.1a	

Table	S3.3	Average	current-voltage	characteristics	of	FBT-TT:PC71BM	solar	 cells	 at	 various	D:A	 ratios	and	
0.4%	v/v	DIO	additive,	based	on	12	(a)	or	45	(b)	devices.	All	devices	were	annealed	at	80°C	for	15	minutes	after	
spin-casting.	

	

Device	Characterization:	The	J-V	characteristics	of	the	solar	cells	were	measured	using	a	Keithley	

2420	source	meter	unit.	The	light	source	was	calibrated	by	using	silicon	reference	cell	(NREL)	with	an	AM	1.5	

G	solar	simulator	with	an	intensity	of	100	mW/cm2.	During	the	testing,	an	aperture	with	an	area	of	10	mm2	

was	used	to	accurately	measure	the	performance	of	solar	cells.	The	EQE	was	measured	using	a	CEP-25ML	

Spectral	 Response	 Measurement	 System	 after	 monochromatic	 power	 calibration	 using	 reference	 silicon	

diode.	

Morphology	 Characterization	 by	 GIWAXS:	 Films	 were	 spin-cast	 directly	 onto	 silicon	 substrates	

with	 approx.	 200	 nm	 native	 oxide	 layer,	 which	 were	 prepared	 as	 the	 ITO-glass	 described	 above.	 Casting	
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solutions	were	various	concentrations	and	temperatures	in	chlorobenzene:	20	mg	ml-1	at	room	temperature	

for	neat	films	of	all	four	molecules,	40	mg	ml-1	at	60°C	for	PT-biTh:PC71BM	and	PT-TT:PC71BM	films	or	35	mg	

ml-1	at	90°C	for	FBT-biTh:PC71BM	and	FBT-TT:PC71BM	films.	Grazing-incidence	wide-angle	X-ray	scattering	

measurements	were	 performed	 at	 the	Advanced	 Light	 Source	 at	 Lawrence	Berkeley	National	 Lab	 on	 the	

7.3.3	beamline.[78]	Samples	were	scanned	for	2	to	10	s	at	an	incidence	angle	of	0.14°	and	a	photon	energy	of	

10	keV	(λ	=	1.24	Å),	while	under	a	helium	environment	to	minimize	beam	damage	and	reduce	air	scattering.	

The	width	of	the	incident	x-ray	beam	is	about	1	mm	and	silver	behenate	was	used	to	calibrate	the	lengths	in	

the	reciprocal	space.	A	2D	detector	(PILATUS	2M	from	Dectris)	with	a	sample-to-detector	distance	of	305.4	

mm	 was	 used	 to	 collect	 the	 images.	 The	 Nika	 software	 package[79]	 and	 WAXS	 Toolkit[80]	 for	 Igor	 (by	

Wavemetrics)	was	used	to	process	the	images.	
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3.7.4	 Single	Crystal	Structure	of	FBT-TT	

Suitable	single	FBT-TT	crystals	were	grown	in	chloroform	via	vapor	diffusion	of	acetonitrile.	Single	

crystal	 x-ray	crystallography	was	completed	at	 the	Advanced	Light	Source	at	Lawrence	Berkeley	National	

Lab	on	the	11.3.1	beamline.	The	structure	is	registered	in	the	Cambridge	Structural	Database	1579296.	

Identification	code		 SPS1_a	
Empirical	formula		 C60	H68	F2	N4	S8	Si	
Formula	weight		 1167.75	g/mol	

Temperature		 100(2)	K	
Wavelength		 0.7749	Å	

Crystal	system		 Triclinic	
Space	group		 P	-1	

Unit	cell	dimensions		 a	=	8.3190(7)	Å	 α	=	92.141(4)°	
b	=	17.7676(16)	Å	 β	=	99.217(4)°	
c	=	20.0174(18)	Å	 γ	=	93.398(4)°	

Volume		 2912.1	Å3	
Z		 2	

Density	(calculated)		 1.332	Mg/m3		
Absorption	coefficient		 0.472	mm-1	

F(000)		 1232	
Crystal	size		 0.200	x	0.030	x	0.010	mm3	

Theta	range	for	data	collection		 1.644	to	19.724°	
Index	ranges		 -7	≤	h	≤	7,	-15	≤	k	≤	15,	-17	≤	l	≤	17	

Reflections	collected		 13903	
Independent	reflections		 4021	[R(int)	=	0.0776]	

Completeness	to	theta	=	19.724°	 99.6%	
Absorption	correction	 Semi-empirical	from	equivalents	

Max.	and	min.	transmission		 0.995	and	0.753	
Refinement	method		 Full-matrix	least-squares	on	F2	

Data	/	restraints	/	parameters		 4021	/	203	/	394	
Goodness-of-fit	on	F2		 2.393	

Final	R	indices	[I>2sigma(I)]		 R1	=	0.1447,	wR2	=	0.3744	
R	indices	(all	data)		 R1	=	0.1939,	wR2	=	0.3969	

Extinction	coefficient	 n/a	
Largest	diff.	peak	and	hole		 0.775	and	-0.631	e.Å-3	

3.7.5	 Synthesis	

Materials:	 Toluene	 was	 dried	 over	 CaH2,	 distilled	 under	 nitrogen	 and	 stored	 with	 sodium	 wire	

before	use.	Syringes	that	were	used	to	transfer	reagents	or	solvents	were	purged	with	nitrogen	prior	to	use.	

Anhydrous	chlorobenzene,	chloroform	and	dichloromethane	were	purchased	from	Sigma	Aldrich	and	used	

as	received.	4,7-dibromo-[1,2,5]thiadiazolo[3,4-c]pyridine	(2a)	was	purchased	from	1-Material	Organic	Nano	

Electronic	 Corporation.	 (5-hexylthieno[3,2-b]thiophen-2-yl)trimethyl	 stannane	 (1),	 4,7-dibromo-5-
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fluorobenzo[c][1,2,5]thiadiazole	(2b)	and	4,4-bis(2-ethylhexyl)-2,6-bis(trimethylstannyl)-4H-silolo[3,2-b:4,5-

b']dithiophene	(4)	were	prepared	according	to	the	literature	procedures,	with	negligible	modification.[54,81,82]	

Synthesis	of	3a:	A	solution	of	compound	1	 (393	mg,	1.01	mmol)	and	compound	2a	 (300	mg,	1.01	

mmol)	in	dry	toluene	(15	mL)	was	purges	with	nitrogen	gas	for	15	minutes	followed	by	the	addition	of	tri(o-

tolyl)phosphine	 (15.2	mg,	 0.05	mmol)	 and	 tris(dibenzylideneacetone)dipalladium(0)-chloroform	 (25.8	mg,	

0.025	mmol).	The	mixture	was	reacted	at	85°C	for	3	days.	The	reaction	mixture	was	poured	into	water	and	

extracted	with	 dichloromethane.	 The	 organic	 layer	was	washed	with	water,	 and	 then	 dried	 over	Na2SO4.	

After	 removal	 of	 solvent,	 the	 crude	 product	 was	 purified	 by	 column	 chromatography	 on	 silica	 gel	 with	

hexane	 and	 chloroform	 as	 eluent	 to	 afford	 compound	3a	 as	 yellowish	 solid	 (202mg,	 46%).	 The	 structural	

name	 of	 compound	 3a	 is	 7-bromo-4-(5-hexyl	 thieno[3,2-b]thiophen-2-yl)-[1,2,5]thiadiazolo[3,4-c]pyridine.	

1H	NMR	(400	MHz,	CDCl3):	δ	ppm	8.85	(s,	1H),	8.62	(s,	1H),	7.02	(s,	1H),	2.92	(t,	J	=	7.5	Hz	2H),	1.79-1.72	(m,	

2H),	1.42-1.33	(m,	6H),	0.92	-	0.90	(t,	3H).	13C	NMR	(101	MHz,	CDCl3):	δ	ppm	156.29,	153.20,	147.85,	145.84,	

143.25,	140.79,	139.06,	125.74,	116.96,	107.74,	31.58,	31.51,	31.36,	28.83,	22.60,	14.12.	MALDI-TOF	MS:	calcd.	

for	C17H16BrN3S3,	[M]+	m/z	436.96;	found:	436.97.	

	
Figure	S3.3		Chemical	structures	and	synthetic	route	for	PT-TT.	

Synthesis	 of	 PT-TT:	 In	 a	 15	 mL	 glass	 tube,	 solution	 of	 compound	 4	 (60	 mg,	 0.080	 mmol)	 and	

compound	3a	 (77.7	mg,	 0.177	mmol)	 in	 dry	 toluene	 (6	mL)	was	 purged	with	 nitrogen	 gas	 for	 15	minutes,	

followed	 by	 the	 addition	 of	 tri(o-tolyl)phosphine	 (3	 mg,	 0.010	 mmol)	 and	

tris(dibenzylideneacetone)dipalladium(0)-chloroform	 (5mg,	 0.005	 mmol)	 then	 sealed	 with	 a	 Teflon®	 cap.	
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The	mixture	was	 reacted	at	85°C	 for	4	days.	After	 removal	of	 solvent,	 the	 reaction	mixture	was	extracted	

with	dichloromethane	poured	into	water.	The	organic	layer	was	washed	with	sodium	chloride	solution,	and	

then	dried	over	Na2SO4.	The	crude	product	was	then	washed	with	methanol	(100	mL,	three	times)	followed	

by	 hexane	 (100	mL,	 three	 times)	 and	 finally	 purified	 by	 column	 chromatography	 on	 silica	 gel	 (230	 -	 400	

mesh)	with	hexane	and	dichloromethane	as	eluent	to	afford	compound	PT-TT	as	dark	blue	solid	(72mg,	79.5	

%).	1H	NMR	(500	MHz,	CDCl3):	δ	ppm	8.78	(s,	2H),	8.72	(s,	2H),	8.18	(t,	J	=	4.7	Hz,	2H),	7.02	(s,	2H),	2.92	(t,	J	=	

7.6	Hz,	4H),	1.80	-	1.75	(m,	4H),	1.60	-	1.57	(m,	2H),	1.45	-	1.42	(m,	4H),	1.35	-	1.33	(m,	14H),	1.25	-	 	1.24	(m,	

10H),	1.13	-		1.11(m,	4H),	0.91(t,	J	=	7.1	Hz,	6H),	0.86-	0.84	(m,	12H).	13C	NMR	(126	MHz,	CDCl3):	δ	ppm	154.32,	

152.37,	150.43,	147.75,	145.48,	145.13,	142.63,	141.82,	139.83,	139.08,	138.65,	130.98,	124.60,	120.35,	116.93,	

36.12,	35.89,	31.62,	31.49,	31.38,	29.11,	29.02,	28.89,	23.14,	22.63,	17.82,	14.32,	14.13,	10.95.	MALDI-TOF	MS:	

calcd.	for	C58H68N6S8Si,	[M]+	m/z	1132.30;	found:	1132.29.		

	
Figure	S3.4		1H	NMR	spectra	of	3a.	
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Figure	S3.5		13C	NMR	spectra	of	3a.	

 

	
Figure	S3.6		FD-MASS	spectra	of	3a.	
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Figure	S3.7		1H	NMR	spectra	of	PT-TT.	

	

	
Figure	S3.8		13C	NMR	spectra	of	PT-TT.	
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Figure	S3.9		FD-mass	spectra	of	PT-TT.	

 

	
Figure	S3.20		Chemical	structures	and	synthetic	route	for	FBT-TT.	

	

Synthesis	of	3b:	In	a	N2	filled	glove	box,	a	20	mL	glass	tube	was	charged	with	2b	(327.5	mg,	1.05),	

(2-hexylthieno[3,2-b]thiophen-5-yl)trimethylstannane	 1	 (406.5	 mg,	 1.05	 mmol),	 Pd(PPh3)4	 (62	 mg,	 .04	

mmol),	and	toluene	(15	mL),	and	sealed	with	a	Teflon®	cap.	The	reaction	mixture	was	heated	to	80°C	for	48	
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hr.	 Upon	 cooling,	 the	 material	 was	 then	 loaded	 onto	 silica	 and	 purified	 by	 flash	 chromatography	 using	

hexanes/chloroform	gradient.	After	fraction	collection	and	solvent	removal,	an	orange	solid	(compound	3b)	

was	obtained.	Recovered	 yield:	 283	mg,	 59%.	The	 structural	 name	of	 compound	3b	 is	 (2-hexylthieno[3,2-

b]thiophen-5-yl)trimethylstannane	 4-bromo-5-fluoro-7-(2-hexylthieno[3,2-b]thiophen-5-yl)benzo[c][1,2,5]	

thiadiazole.	1H	NMR	(600	MHz,	Methylene	Chloride-d2,	298	K):	δ	=	8.41	(s,	1H,	TT),	7.68	(d,	
3JFH	=	10.2	Hz,	1H,	

FBT),	7.02	(s,	1H,	TT),	2.92	(t,	3JHH	=	7.6	Hz,	2H,	
aCH2),	1.75	(p,	

3JHH	=	7.6	Hz,	2H,	
bCH2),	1.42	(m,	2H,	cCH2),	1.33	

(m,	4H,	dCH2,
eCH2),	0.90	(t,	

3JHH	=	7.0	Hz,	3H).	
13C	NMR	(151	MHz,	Methylene	Chloride-d2,	298	K):	δ	=	161.1	(d,	

1JFC	=	250	Hz,	CF),	154.7	(d,	
3JCF	=	7.4	Hz,	C=N),	152.1	(TTC-aCH2),	149.3	(C=N),	140.9	(TTC),	138.9	(TTC),	137.5	(d,	

4JFC	=	2.8	Hz,	
TTC-FBT),	128.5	(d,	 3JFC	=	10.3	Hz,	

FBTC-TT),	122.7	 (TTCH),	116.9	(TTCH),	115.8	(d,	2JFC	=	31.0	Hz,	

FBTCH),	96.0	(d,	2JFC	=	24.8	Hz,	C-Br),	32.0	(
dCH2),	31.9	(

bCH2),	31.7	(
aCH2),	29.2	(

cCH2),	23.0	(
eCH2),	14.3	(CH3).	

Synthesis	of	FBT-TT:	In	a	N2	filled	glove	box,	a	20	mL	glass	tube	was	charged	with	compounds	3b	

(300	mg,	0.658	mmol)	and	4	(245	mg,	0.329	mmol),	Pd(PPh3)4	(30	mg)	and	toluene	(15	mL)	and	sealed	with	a	

Teflon®	cap.	The	reaction	mixture	was	heated	to	100°C	for	1	min,	125°C	for	1min,	140°C	for	10	min,	150°C	for	

10	min,	and	160°C	for	10	min	using	a	Biotage	microwave	reactor.	Upon	cooling,	the	material	was	then	loaded	

onto	 silica,	 washed	 with	 methanol	 and	 purified	 by	 flash	 chromatography	 using	 a	 hexanes/chloroform	

gradient	in	duplicate.	After	fraction	collection	and	solvent	removal,	a	metallic	solid	was	obtained.	The	solid	

was	 slurried	 in	 a	 3:1	 mixture	 of	 methanol	 and	 hexanes,	 sonicated	 for	 1	 hr	 and	 stirred	 overnight.	 The	

suspension	was	filtered,	washed	with	acetone	and	dried	under	vacuum.	The	product	FBT-TT	was	recovered	

as	a	metallic	purple	solid.	Recovered	yield:	283	mg,	75%	yield.	1H	NMR	(600	MHz,	CDCl3,	298	K):		δ	8.39	(s,	

2H,	TT),	8.34	(s,	2H,	SDT),	7.7	(d,	3JFH	=	12.9	Hz,	2H,	FBT),	6.98	(s,	2H,	TT),	2.91	(t,	4H,	TT-CH2),	1.75	(t,	4H,	TT-

CH2CH2),	1.42	(m,	4H),	1.34	(m,	16H),	1.23	(m,	10H),	1.13-1.109	(m,	4H),	0.91	(m,	6H),	0.84(m,	12H).	13C	NMR	

(151	MHz,	 CDCl3,	 298	 K):	 δ	 158.7,	 157.4,	 153.5,	 151.9,	 151.0,	 144.3,	 140.1,	 138.7,	 138.2,	 134.5,	 133.5,	 125.7,	

121.6,	116.6,	116.4	3,	111.7,	36.2,	36.0,	31.7,	31.6,	31.5,	29.9,	29.2,	28.9,	23.2,	22.8,	18.0,	14.33,	14.25,	11.0.	
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Figure	S3.9		1H	NMR	spectra	of	PT-TT.	

	
Figure	S3.10		13C	NMR	spectra	of	PT-TT.	
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Figure	S3.11		MALDI	spectra	of	PT-TT.	
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4.	 Changes	in	Molecular	Topology	Driven	by	Lattice	Stabilization1	

4.1	 Introduction	

Molecular	 shape,	 or	 topology,	 is	 generally	 accepted	 to	 impact	 the	 ability	 of	

solution-processable	molecular	 semiconductors	 to	 achieve	 ordered	morphologies	 under	

kinetically	constrained	conditions.[1–4]	Rigid	and	planar	shapes	have	a	greater	tendency	to	

form	crystalline	domains.[5,6]	Within	this	context,	several	strategies	have	been	elaborated,	

such	 as	 fused	 ladder-type	 polymer	 backbones,[7,8]	 and	 intramolecular	 hydrogen-

bonding,[9–11]	to	favor	planarity	along	the	π-conjugated	backbone.	Conversely,	“awkward”	

structures,	–	where	conjugated	substructures	are	inhibited,	or	restricted,	from	achieving	a	

coplanar	 conformation	 –	 constitute	 a	 general	 strategy	 for	 achieving	 soft	 glassy	

semiconductors.[12,13]	Typical	frameworks	to	elaborate	such	materials	include	biphenyl,[14]	

triphenylamine,[15]	and	spirobifluorene.[16]	 Indeed,	commercially	 relevant	 transport	 layers	

used	 in	organic	 light	emitting	diodes	rely	on	semiconductors	that	take	advantage	of	this	

simple	 design	 principle.[17,18]	 A	 typical	 example	 is	 spiro-OMeTAD	 (Figure	 4.1),	 in	 which	

two	 conjugated	 segments	 are	 set	 orthogonal	 to	 each	 other	 in	 a	 constrained	

environment.[19]	The	resistance	of	crystallization	provides	homogenous	films	widely	used	

as	 hole	 transporting	 layers	 in	 perovskite	 solar	 cells.[20,21]	 Spiro-bifluorene	 is	 used	 in	 the	

design	of	non-fullerene	acceptors	used	in	bulk	heterojunction	(BHJ)	solar	cells,	such	as	SF-

																																																													

1	This	chapter	is	adapted	from:	
C.	Zhou,	Q.	Cui,	 C.	McDowell,	M.	Seifrid,	X.	Chen,	 J.-L.	Brédas,	M.	Wang,	 F.	Huang,	G.	C.	Bazan,	Angew.	
Chem.	Int.	Ed.	2017,	56,	9318.	
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PDI2	(Figure	4.1).[22]	The	twisted	molecular	shape	of	SF-PDI2	reduces	tendencies	for	over-

crystallization.[23]	 Finally,	 consider	 molecule	 AT1	 (Figure	 4.1),	 wherein	 head-to-head	

di(hexylthiophene)	links	lead	to	dihedral	angles	of	57˚	between	the	two	outer	C2	(blue)	and	

the	 inner	 C1	 (red)	 fragments,	 effectively	 creating	 three	 weakly-conjugated	 absorbing	

units.	However,	the	molecular	shape	of	AT1	inhibits	crystallization	and	as	a	result,	it	is	not	

possible	to	achieve	BHJ	blends	with	useful	photovoltaic	action.[24]		

	

Figure	4.1	Chemical	structures	of	spiro-OMeTAD,	SF-PDI2	and	AT1.	

In	this	study,	we	examine	two	structurally	related	conjugated	molecules	(TT	and	CT	

in	 Figure	 4.2a)	 that	 differ	 in	 terms	 of	 the	 torsional	 rigidity	 within	 the	 interior	 of	 the	

molecule.	 Our	 goal	 is	 to	 identify	 to	what	 extent	 a	 backbone	 conformation	 enforced	 by	

steric	 repulsion	 between	 the	 internal	 hexyl	 substituents	 can	 be	 overcome	 to	 achieve	 an	

ordered	or	crystalline	morphology	 in	 the	bulk.	Such	a	strategy	would	 lead	to	a	molecule	

with	 increased	 solubility	 through	 the	 participation	 of	 the	 twisted	 conformation,	 while	

possessing	a	planar	topology	in	the	solid	state	with	long-range	order.	
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Figure	4.2	a)	Chemical	structures	of	trans-planar	TT	and	CT,	and	b)	relaxed	potential	energy	surface	of	the	
TT	molecule	along	the	dihedral	between	the	central	thiophene	units,	from	trans-planar	at	0˚	to	cis-planar	at	
180˚.	The	shaded	region	indicates	available	energy,	kT,	at	room	temperature	(~0.6	kcal/mol).	

4.2	 Properties	of	the	Model	Compounds,	TT	and	CT	

Complete	synthetic	details	for	TT	and	CT	can	be	found	in	the	Section	4.7.1.	In	both,	

identical	“wings”	(blue)	are	connected	via	different	dithiophene	linkers	(red).	As	in	AT1,	TT	

contains	 a	 non-planar	head-to-head	di(hexylthiophene).	Density	 functional	 theory	 (DFT)	

calculations	predict	a	minimum	energy	conformation	for	TT	with	a	112˚	dihedral	angle.[9,25]	

The	 relaxed	 potential	 energy	 surface	 scan	 in	 Figure	 4.2b	 was	 calculated	 by	 fixing	 the	

dihedral	 angle	 in	 15˚	 increments,	 and	 reported	 relative	 to	 the	 minimum	 energy.	 The	

optimized	geometries	of	TT	in	the	twisted,	trans-	and	cis-planar	conformations	are	shown	
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in	Figure	4.3.	 In	contrast,	 the	 junction	 in	CT	 is	 the	 rigid	and	planar	cyclopenta[2,1-b:3,4-

b']dithiophene	(CDT)	unit	(Figure	4.4).	For	both,	the	outer	“wings”	are	essentially	planar,	

which	 is	 consistent	 with	 previous	 single	 crystal	 characterization	 of	 structurally-related	

molecules.[26]	 Though	 both	 molecules	 have	 the	 same	 number	 of	 hexyl	 groups,	 the	

solubility	 of	 TT	 in	 chloroform	 (25	 mg/mL)	 is	 substantially	 higher	 than	 that	 of	 CT	 (14	

mg/mL).	We	 attribute	 this	 increased	 solubility	 to	 the	 non-planar	molecular	 topology	 of	

TT.[16,27]		

Differential	scanning	calorimetry	(DSC)	scans	are	shown	in	Figure	4.5.	At	a	rate	of	5	

°C/min,	 one	 observes	 for	TT	 two	melting	 transitions	 (108	 °C,	 124	 °C);	 no	 crystallization	

peak	is	observed	during	the	cooling	process.	Instead,	one	observes	a	cold	crystallization	at	

56	°C.	At	lower	heating/cooling	rates	(1	°C/min),	an	exothermic	crystallization	peak	occurs	

a)				Twisted,	112°	dihedral	 b)									Trans-planar,	0°	dihedral	 c)					Cis-planar,	180°	dihedral	

	
	 	

Figure	4.1	Optimized	ground-state	geometries	of	TT	with	fixed	central	dihedral	angle,	at	the	DFT	level	
with	the	ωB97XD/6-31G(d,p)	functional	and	basis	set:	a)	twisted,	b)	trans-planar,	and	c)	cis-planar.	

	

	

Figure	4.2	DFT	optimized	ground	state	geometry	of	CT	viewed	from	two	different	angles.	
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at	 69	 °C.	 These	 data	 indicate	 that	TT	 finds	 situations	where	 it	 is	 kinetically	 constrained	

from	crystallizing.	By	comparison,	CT	shows	no	obvious	variations	in	scans	when	changing	

the	cooling	rate	from	5	°C/min	to	1	°C/min	(Figure	4.5b).		

The	absorption	spectra	of	TT	and	CT	 in	chloroform	are	shown	in	Figure	4.6a.	The	

maximum	of	TT	 in	solution	(λmax	=	488	nm)	occurs	at	higher	energies	relative	to	CT	 (582	

nm),	which	we	attribute	to	less	effective	electronic	communication,	consistent	with	a	non-

planar	conformation.	Spin	coating	yields	red	TT	films.	At	room	temperature	(RT)	and	over	

a	 period	 of	 15-20	 minutes	 the	 color	 changes	 to	 dark	 blue.	 The	 features	 at	 early	 times	

resemble	those	of	the	solvated	molecule	(Figure	4.6b),	suggesting	the	initial	formation	of	

an	amorphous	film	with	non-planar	TT	molecules.	A	gradual	red	shift	in	absorption	ensues,	

such	that	the	 lowest	energy	band	extends	from	525-700	nm.	From	Figure	4.6a,	 the	final	

absorption	of	 the	TT	 film	 is	 similar	 to	 that	 of	 a	CT	 film,	 suggesting	planarization	of	 the	

	

Figure	4.3	DSC	scans	of	a)	TT	and	b)	CT	at	different	heating/cooling	rates.	
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molecule.	However,	this	spectrum	cannot	determine	whether	the	topology	is	cis-	or	trans-

planar,	 as	 DFT	 calculations	 in	 Figure	 S4.4	 predict	 similar	 absorbance	 for	 these	

conformations.	TT’s	slightly	 larger	film	absorptivity	may	result	from	its	greater	tendency	

for	orientation	relative	to	the	substrate	(see	GIWAXS	discussion	in	Section	4.3).[28]			

	

Figure	4.6	a)	Absorption	spectra	of	TT	and	CT	in	chloroform	and	in	thin	films.	b)	Change	in	absorbance	for	a	
TT	film	with	a	test	interval	of	1.33	min.	
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Figure	4.7	Hyperchromic	process	of	TT	film	at	RT	after	first	(a)	and	second	(b)	thermal	annealing	(above	130	
°C)	with	a	test	interval	of	1.33	min.	

	

Figure	 4.8	 Film	 absorbance	 of	 a)	 CT	 and	 b)	 TT	 when	 heated	 from	 RT	 to	 150	 °C,	 above	 their	 melting	
temperatures.	 (c)	A	hyperchromic	progression	when	the	film	 is	slowly	returned	from	130	°C	to	RT,	with	an	
inset	of	temperatures	for	each	scan	plotted	over	time.	
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Changes	 in	TT	 film	absorption	suggest	a	 reorganization	 that	 reduces	 the	 internal	

dihedral	 angle	 between	 the	 two	 thiophenes[29,30]	 and	 thereby	 an	 increase	 in	 electron	

delocalization.	Moreover,	 the	 color	 change	 of	TT	 films	 is	 fully	 reversible.	 Upon	 heating	

above	 124	 °C,	 the	 color	 changes	 back	 to	 red	 slowly	 (as	 shown	 in	 Figure	 4.8b)	 Once	

returned	quickly	to	RT	(Figure	4.7),	the	absorption	profiles	show	similar	changes	as	those	

in	Figure	4.6b,	 thus	providing	evidence	that	 it	 is	not	a	solvent-mediated	process.[31]	This	

sequence	 also	 occurs	when	 the	 film	 is	 slowly	 cooled	 from	 130	 °C	 to	 RT,	 in	Figure	 4.8c.	

These	 results	 indicate	 that	 the	 non-planar	 molecule	 TT	 can	 crystallize	 over	 time	 and	

ultimately	 generates	 a	 lattice	 in	 which	 it	 adopts	 a	 planar	 configuration.[32]	 Figure	 4.8a	

shows	 for	 analogous	 experiments	with	CT,	who	 absorbance	 blue-shifts	 significantly	 less	

upon	heating.		

TT	films	were	probed	by	X-ray	diffraction	(XRD,	Figure	4.11).	The	transformed,	i.e.	

red-shifted,	initial	film	shows	a	sharp	diffraction	peak	at	0.42	Å-1,	with	additional	peaks	at	

0.63,	0.84,	and	1.01	Å-1.	Upon	heating	to	110	˚C,	i.e.	past	the	first	transition	in	the	heating	

DSC	curve,	these	features	disappear	and	a	second	phase	appears	(0.55	and	0.72	Å-1),	which	

persists	after	 removal	 from	 the	heating	 stage.	Heating	beyond	 the	melting	 transition	 to	

130	˚C,	leads	to	the	absence	of	diffraction	and	the	return	to	the	characteristics	of	the	non-

planar	TT.[33]	When	the	film	is	rapidly	cooled	to	30	˚C,	no	diffraction	peaks	are	observed.	

Over	 time,	however,	diffraction	peaks	attributed	 to	 the	 initial	dark	blue	phase	gradually	

reappear,	 analogous	 to	 the	 cold	 crystallization	 in	 Figure	 4.5	 and	 the	 hyperchromic	

progression	seen	in	Figure	4.7.	
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Surface	topographic	 features	of	TT	and	CT	 films	were	compared	by	using	atomic	

force	microscopy	(AFM,	see	Figure	4.10).	The	TT	 film	 in	Phase	 I	 forms	a	 rough	film	that	

exhibits	 small	 needle-like	 structures,	 indicating	 preferential	 aggregation	 along	 one	

dimension.	 	 After	 annealing	 films	 at	 110	 °C	 for	 10	 min	 (TT,	 Phase	 II),	 better-defined	

crystalline	 structures	were	observed	 (Figure	4.10b).	The	as-cast	CT	 film	 in	Figure	4.10c,	

however,	 is	 smoother	 and	 its	 features	 exhibit	 no	 preferred	 growth	 axis	 under	 thermal	

treatment	(Figure	4.10d).	This	suggests	that	CT’s	ability	to	self-assemble	is	limited	by	the	

rapid	casting	conditions,	while	the	relatively	slow	cold	crystallization	process	allows	TT	to	

self-assemble	into	larger	crystallites	after	casting.	

	

Figure	4.4	a)	Temperature-dependent	XRD	of	TT,	illustrating	the	transition	of	Phase	I	(blue)	to	Phase	II	
(purple)	 during	 heating	 from	 30	 ˚C	 to	 melt	 at	 130	 ˚C	 (red).	 b)	 Absorption	 spectra	 of	 TT	 film	 at	
corresponding	transitions.	(c)	Proposed	schematic	representation	of	TT	in	the	different	states.	
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Figure	4.10	Tapping-mode	AFM	topographical	images	(5	x	5	µm)	of	TT	film	a)	as-cast	(RRMS	=	11.5	nm)	and	b)	
annealed	at	110	°C	for	10	mins	(RRMS	=	6.6	nm).	Tapping-mode	AFM	topographical	image	of	CT	film	c)	as-cast	
from	chloroform	(RRMS	=	0.9	nm)	and	d)	annealed	at	110	°C	for	10	mins	(RRMS	=	1.9	nm).	

The	 extent	 to	which	 these	 differences	 in	 structure	 impact	 electronic	 transport	 in	

the	bulk	was	explored	by	determining	the	hole-mobilities	 (μh)	of	 thin	 films	of	TT	and	CT	

using	bottom-gate,	bottom-contact	field-effect	transistors	(FETs,	see	Figure	4.11).[20]	The	

μh	value	of	TT	Phase	I	(4.22	×	10-4	cm2/V-1s-1)	was	found	to	be	almost	twice	that	of	CT	(2.16	

×	10-4	cm2V-1s-1).	Heating	TT	to	the	Phase	II	condition	leads	to	an	order	of	increase	in	μh,	to	

6.73	 ×	 10-3	 cm2/V-1s-1.	 No	 change	 in	 μh	 for	 CT	 occurred	 after	 thermal	 annealing.	 These	

results	are	in	agreement	with	the	observed	differences	in	solid-state	morphology	by	AFM.	

(b) (a) 

(c) (d) 
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Figure	4.11	Typical	output	and	transfer	characteristics	of	OFETs	based	on	TT	film	device	a,b)	before,	and	c,d)	
after	annealing,	and	CT	film	device	e,f)	before,	and	g,h)	after	annealing.	Mobilities	were	calculated	from	the	
transfer	characteristics	using	the	equation:	Id=μWCi(Vg-Vth)
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4.3	 Phase	Transformations	of	TT	

Correlating	transitions	observed	by	absorbance,	DSC	and	XRD	analysis	leads	us	to	

propose	 that	 TT	 can	 form	 three	 distinct	 solid	 phases,	 which	 are	 shown	 as	 schematic	

representations	in	Figure	4.9c:	an	amorphous	phase	obtained	directly	upon	casting,	or	by	

quenching	 from	 the	melt,	 in	which	 the	backbone	 is	 twisted	 (shown	 in	 red);	 a	 crystalline	

phase,	 Phase	 I,	 that	 forms	 after	 cold	 crystallization	 (shown	 in	 blue);	 and	 a	 different	

crystalline	phase,	Phase	 II,	obtained	after	the	first	melting	transition	at	108	˚C	 (shown	 in	

purple).	The	absorption	spectra	of	these	three	phases	are	shown	in	Figure	4.9b.	Phase	II	

appears	 to	 absorb	 in	 a	 region	 slightly	 blue	 shifted	 relative	 to	 Phase	 I.	 Isosbestic	 points	

(suggesting	only	two	phases:	Phase	I	and	amorphous)	in	Figure	4.6b,	in	conjunction	with	

the	XRD	results,	 indicate	that	Phase	II	 is	only	weakly	present	when	the	film	evolves	from	

solution	at	RT.		

Grazing	 incidence	 wide-angle	 X-ray	 scattering	 (GIWAXS)	 images	 offer	 further	

insight.	The	most	prominent	peak	seen	by	XRD	and	GIWAXS	in	Phase	I	 is	at	q	=	0.42	Å-1,	

likely	 an	 alkyl	 stacking	 feature	 (Figure	 4.12a).[34]	 At	 110	 ˚C	 (Figure	 4.12b),	 peaks	

corresponding	to	Phase	I	disappear	and	a	different	diffraction	pattern	appears,	related	to	

Phase	 II	 in	XRD	measurements.	The	most	prominent	peak	of	 this	Phase	appears	 at	qz	 =	

0.31	Å-1,	which	is	out	of	range	of	our	X-ray	diffractometer	(Figure	4.9a).	No	peaks	can	be	

observed	in	the	GIWAXS	pattern	upon	heating	to	130	˚C	(Figure	4.12c).	Upon	cooling,	one	

observes	a	return	to	the	pattern	attributed	to	Phase	I	(Figure	4.12d).		



153	

	

Figure	4.12	Temperature-dependent	GIWAXS	profiles	of	a	TT	film;	(a)	as-cast;	(b)	at	110	˚C;	(c)	at	130	˚C;	(d)	
cooled	to	RT,	30	minutes	after	melting.	

Based	on	the	location	of	the	prominent	peaks,	Phase	II	has	an	alkyl	spacing	of	2.03	

nm,	 longer	 than	 that	 of	 Phase	 I	 (1.52	 nm)	 and	 on	 the	 order	 of	 the	 maximum	 length	

between	the	central	hexyl	chains	(Figure	S4.5).	Both	phases	appear	to	have	π-π	spacings	

of	approximately	0.38	nm,	although	their	orientations	in	the	crystal	structure	differ.	Koch	

et	 al.	 observed	 similar	 phases	 for	 a	 series	 of	 oligothiophenes,	 which	 initially	 form	

interdigitated	crystalline	phases.[35]	Upon	heating	(past	their	first	endotherm	by	DSC),	the	
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lamellar	spacings	by	XRD	increase	to	the	full	extension	of	their	alky	chain,[35]	analogous	to	

the	behavior	observed	for	TT.	This	suggests	interdigitation	of	hexyl	chains	in	the	lattice	of	

Phase	 I,	 as	 shown	 in	 Figure	 4.11c.	 However,	 for	 oligothiophenes,	 this	 shift	 in	 lamellar	

packing	coincides	with	a	reduction	in	π-π	spacing,	which	not	observed	in	TT.	Further	study	

will	 be	 required	 to	 clarify	 the	 nature	 of	 these	 phases	 to	 understand	 the	 source	 of	 the	

complex	 diffraction	 patterns	 seen	 by	 GIWAXS,	 either	 via	 isolation	 of	 a	 single-crystal	

structure	 [36]	 or	 solid	 state	2D	nuclear	magnetic	 resonance	 (NMR)	 spectra	 to	 reconstruct	

the	molecular	topology.[37]	

There	is	mounting	evidence	that	the	phases	of	TT	form	independently,	i.e.	Phase	I	

is	 not	 an	 intermediate	 formed	 during	 a	 solid-solid	 transition	 to	 Phase	 II.	 Optical	

microscopy	of	dropcast	TT	 films	 in	Figure	4.13	clearly	 illustrate	this:	Figure	4.13b	shows	

that	dark	crystallites	(that	were	present	in	the	crystalline	film	in	Figure	4.13a)	do	not	melt	

or	change	shape/size	when	held	above	108	˚C.	These	features	do	melt	above	the	second	

endotherm	at	124	˚C,	however.	Thus,	 the	 first	endotherm	(108	˚C)	can	be	 interpreted	as	

the	 TM	 of	 Phase	 I,	 with	 the	 second	 endotherm	 corresponding	 to	 Phase	 II;	 once	melted,	

amorphous	 TT	 is	 free	 to	 contribute	 to	 Phase	 II	 crystallite	 growth,	 accounting	 for	 the	

increase	 in	 XRD	 scattering	 features	 in	 Figure	 4.11a	 and	 the	 slight	 exotherm	 after	 the	

melting	of	Phase	I	in	Figure	4.5a.	
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Figure	4.13	Optical	microscopy	images	of	a	dropcast	TT	film	at	various	temperatures:	a)	90	˚C,	below	the	TM	
of	Phase	I;	b)	120	˚C,	above	the	TM	of	Phase	I;	and	c)	130	˚C,	above	the	TM	of	Phase	II.	

	

Figure	4.14	Sequential	offset	DSC	traces	(at	a	heating/cooling	speed	of	10	ºC/min)	of	TT	demonstrating:	how	
Phase	 I	can	be	converted	to	Phase	 II	 (Cycle	1),	 transitions	unique	to	Phase	 II	 (Cycles	2	and	3)	and	that	cold	
crystallization	produces	both	phases	(Cycle	4).	Cycles	2	thru	4	were	replicated	three	times	each.	

The	dominant	phase	of	TT	can	be	selected	by	thermal	treatment,	illustrated	by	the	

DSC	heating	cycles	in	Figure	4.14.	In	Cycle	1,	the	cold	crystallized	film	is	heated	above	the	

first	endotherm	at	108	ºC,	melting	Phase	I.	Upon	cooling,	a	new	crystallization	endotherm	

occurs	 at	 92	 ºC,	 indicating	 the	 growth	 of	 Phase	 II	 crystallites.	 The	 Phase	 I	 melting	

exotherm	 does	 not	 reappear	 upon	 repeated	 heating/cooling	 past	 108	 ºC	 in	 Cycle	 2,	

although	 lower	 temperature	 transitions	 unique	 to	 Phase	 II	 emerge.	 Phase	 II	 does	 not	

90ºC 120ºC 130ºC 

a) b) c) 

0 20 40 60 80 100 120 140 160
-3

-2

-1

0

1

2

3

4

H
ea
t	F

lo
w
	/
	W

/g

Temperature	/	°C

	Cycle	1
	Cycle	2
	Cycle	3
	Cycle	4



156	

readily	transform	into	Phase	I	upon	cooling,	suggesting	Phase	II	is	more	stable	than	Phase	

I.	 When	 the	 film	 is	 heated	 above	 124ºC,	 only	 the	 exotherm	 corresponding	 to	 Phase	 II	

melting	appears.	Once	the	sample	is	completely	melted,	cold	crystallization	reproducibly	

occurs	during	heating,	as	shown	in	Cycle	4,	with	the	same	distribution	of	Phase	I	and	Phase	

II	exotherms.	Notably,	the	single	Phase	II	exotherm	in	Cycle	3	has	a	comparable	enthalpy	

to	 the	 sum	 of	 the	 two	 exotherms	 in	 Cycle	 4:	 this	 confirms	 that	 the	majority	 of	 the	TT	

sample	forms	Phase	II	when	annealed	above	108	ºC	in	Cycle	1.	

The	 distribution	 of	 TT	 phases	 is	 determined	 by	 the	 kinetic	 constraints	 on	

crystallization,	determined	by	the	speed	(or	temperature)	of	solid-state	formation.	Figure	

4.15	 shows	 the	 DSC	 heating	 traces	 after	 isothermal	 crystallization	 at	 different	

temperatures.	The	 faster	 crystallizations	 (between	50	and	80	 ºC)	 favor	 the	 formation	of	

	

Figure	 4.5	 a)	 DSC	 traces	 of	 TT	
Isothermal	 crystallization	 at	
various	 temperatures.	 b)	 Offset	
DSC	heating	 traces	 (at	 a	 speed	of	
10	 ºC/min)	 after	 isothermal	
crystallization	 of	 TT	 at	 different	
temperatures,	 showing	 that	
crystallization	 temperature	
changes	the	distribution	of	Phase	I	
and	 Phase	 II.	 Note	 that	 no	
appreciable	 crystalization	 occurs	
at	 20	 ºC,	 resulting	 in	 cold	
crystallization	upon	heating.	
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Phase	I	almost	exclusively,	with	the	percentage	of	Phase	II	increasing	as	the	crystallization	

rate	slows.	This	is	consistent	with	the	observation	by	GIWAXS	(Figure	4.12a)	that	Phase	I	

dominates	TT	films	when	cast	from	solution	(with	a	crystallization	time	of	~30	min).	The	

temperature-dependence	 of	 the	 phase	 distribution	 also	 suggests	 that	 the	 activation	

energies	for	the	rates	of	nucleation	and	growth	differ	significantly	between	TT	phases.	

While	uncommonly	observed	in	conjugated	small	molecules,	these	complex	time-

temperature	behaviors	are	well-studied	phenomena	in	semi-crystalline	polymers.[38]	Such	

materials	can	reversibly	transition	between	a	kinetically	trapped	(or	“glassy”)	amorphous	

state	 and	 a	 viscous	 (or	 “rubbery”)	 amorphous	 state	 that	 can	 evolve	 into	 the	 crystalline	

phase.[39]	The	dynamic	behavior	observed	for	TT	films	results	from	its	Tg	being	just	below	

room	temperature	(at	~3.6	˚C	measured	by	DSC	in	Figure	S4.2).	(Note	that	as	a	dynamic	

phenomenon,	 the	 precise	 temperature	 at	 which	 this	 glass	 transition,	 Tg,	 is	 observed	

depends	 on	 processing	 history	 and	 heating	 speed.)	 If	 the	 Tg	 of	 TT	 were	 higher,	 film	

evolution	would	 be	 significantly	 slower,	 similar	 to	 the	 transition	 observed	 for	FBT-biTh	

from	 the	 metastable	 to	 the	 crystalline	 phase	 (discussed	 in	 Section	 2.4);	 if	 the	 Tg	 were	

lower,	TT	films	would	unlikely	be	vitrified	as-cast	or	cooled	from	the	melt.	

The	 glass	 transition	 of	 organic	 semiconductors	 (OSC)	within	 device	 active	 layers	

can	play	a	key	role	in	determining	the	choice	of	thermal	annealing	protocols,	the	thermal	

stability	of	 the	 film	morphology	and	the	 films’	mechanical	properties.[40]	Amid	the	many	

requirements	on	the	design	of	OSCs	for	photovoltaic	and	transistor	applications,	relatively	

little	 attention	 has	 been	 given	 to	 the	 influences	 on	 blend	 Tg	 and	 tuning	 of	 specific	

material’s	 Tg	 to	 achieve	 dynamic	 self-assembly.[41]	 Instead,	 glassy	 OSCs,	 such	 as	 spiro-
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OMeTAD	 (Figure	4.1),	that	are	quenched	in	their	amorphous	phases	for	use	as	electron-

blocking	 layers	 in	 photovoltaic	 and	 light-emitting	 diode	 devices,[42–44]	 or	 as	 non-linear	

optical	 materials.[45]	 Accordingly,	 their	 molecular	 design	 focuses	 increasing	 molecular	

weight	and	steric	bulk	to	raise	Tgs	above	room	temperature.	However,	optimizing	the	Tg	of	

a	 multicomponent	 photovoltaic	 active	 layer,	 for	 example,	 must	 be	 significantly	 more	

nuanced,	balancing	the	need	for	mechanical	 flexibility	 (that	 requires	a	 low	Tg,	below	the	

processing	and	operating	 temperatures)	with	 the	desire	 for	high	 thermal	 stability	of	 the	

blend	 morphology	 and	 device	 performance	 (that	 requires	 a	 high	 Tg).[40]	 Flexible	 and	

context-sensitive	molecular	subunits,	like	the	head-to-head	coupling	in	TT,	may	provide	a	

route	to	toward	that	compromise.	

4.4	 Complex	Solid-State	Structure	of	CT	

CT	also	has	more	complex	phase	behavior	than	anticipated	for	the	rigid	analog	of	

the	pair,	though	this	is	evident	from	the	multiple	transitions	by	DSC	in	Figure	4.5.	As-cast	

CT	 films	 (Figure	 4.16a)	 exhibit	 isotropic	 diffraction	 features	 by	 GIWAXS,	 with	 alkyl	

stacking	of	1.46	nm	and	π-π	stacking	of	0.36	nm.	Polarized	optical	microscopy	 (POM,	 in	

Figure	 4.17a)	 reveals	 that	 this	 phase	 is	 a	 liquid	 crystalline,	 rather	 than	 disordered	

crystallites.	CT	 transitions	from	its	nematic	to	 its	crystalline	phase	at	82	ºC,	marked	by	a	

weak	endotherm	by	DSC.	A	 complex	diffraction	pattern	 corresponding	 to	 crystalline	 CT	

emerges	when	 the	 film	 is	annealed	at	85	ºC	 for	greater	 than	10	minutes	 (Figure	4.16b).	

The	properties	of	 this	crystalline	 form	of	CT	would	 likely	be	a	better	comparison	to	TT’s	

crystalline	 phases.	 However,	 CT	 films	 with	 crystalline	 order	 are	 difficult	 to	 achieve,	
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evidenced	by	liquid	crystalline	features	persisting	even	in	films	slow	cooled	from	the	melt	

in	Figure	4.17b.	

	

Figure	4.16	Temperature	dependent	GIWAXS	of	CT	at	a)	30	˚C,	displaying	isotropic	features;	and	b)	85	˚C,	
displaying	crystalline	features.	

	

Figure	4.17	Polarized	microscopy	of	vitrified	CT	films	a)	dropcast	from	chloroform	and	b)	slow	cooled	from	
the	melt,	both	demonstrating	liquid-crystalline	birefringence.	

	

a) b) 85ºC 30ºC 

a) b) 
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4.5	 Conclusions	

We	have	thus	compared	two	structurally	related	conjugated	molecules	that	differ	

with	respect	to	the	conformational	rigidity	of	the	internal	core.	The	general	architectures	

are	 analogous	 to	 those	 used	 in	 the	 design	 of	 donors	 in	 molecular	 bulk	 heterojunction	

organic	solar	cells.[46]	CT	contains	the	rigid	CDT	fragment,	while	TT	 is	held	together	by	a	

bithiophene	 linkage	 and	 prefers	 a	 non-planar	 arrangement	 as	 a	 result	 of	 the	 steric	

interference	 between	 two	 hexyl	 groups.	 The	 molecular	 shape	 of	 TT	 leads	 to	 higher	

solubility	 and	 a	 delayed	 crystallization	 from	 the	 melt	 (by	 DSC)	 or	 from	 solution	 (by	

absorption	 spectroscopy),	 at	 least	 relative	 to	 its	 close	 structural	 analog	CT.	 Changes	 in	

absorption	indicate	that	TT	crystallization	requires	the	molecule	to	change	its	topology	to	

a	 more	 planar	 shape;	 the	 degree	 to	 which	 the	 relative	 energies	 between	 the	 twisted	

ground	 state	 conformation	 in	 solution	 (or	 the	amorphous	phase)	and	 the	planar	 form	 in	

the	lattice	contribute	to	the	overall	activation	energy	for	crystallization	remains	difficult	to	

quantify	 at	 this	 point.	 Interestingly,	 XRD	 and	 GIWAXS	 measurements	 reveal	 that	 TT	

exhibits	 glassy	 and	 polymorphic	 behavior;	 the	 rigid	 analog,	CT,	 also	 has	more	 complex	

phases	 than	 anticipated.	 We	 take	 these	 findings	 to	 imply	 that	 there	 are	 additional	

perspectives	on	molecular	design,	beyond	the	strict	rigid/flexible	paradigm.	

Dynamic	structures,	 like	the	head-to-head	alkyl	thiophene	coupling	in	TT,	allow	a	

conjugated	 framework	 to	 adopt	 a	 favorable	 topology	 based	 on	 context.	 The	 idea	 is	 to	

achieve	 a	 non-planar	 shape	 in	 solution,	 increasing	 solubility	 and	 processability,	 but	

transform	 to	 a	 more	 planar	 shape	 in	 the	 lattice,	 favoring	 electronic	 coupling	 between	

units.	The	 increased	 solubility	afforded	 to	molecules	with	 flexible	 substructures,	 like	TT,	
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may	 enable	 deposition	 from	 a	 wider	 variety	 of	 media,	 such	 as	 non-aromatic	 and	 non-

halogenated	 solvents.	 Furthermore,	 the	 crystallization	 processes	 in	 films	 of	 glassy	

materials	 like	TT	are	not	 solvent-mediated.	By	contrast,	most	solution-processed	organic	

semiconductors	rely	upon	the	drying	of	the	deposition	solvent	to	nucleate	crystal	growth	

but	 can	 become	 kinetically	 trapped	when	 the	 solvent	 fully	 evaporates,[47]	 particularly	 in	

multicomponent	blend	films.	By	virtue	of	its	low	glass	transition	temperature,	TT	films	can	

repeatedly	and	reproducibly	evolve	from	their	as-cast	amorphous	state	into	ordered	films,	

without	solvent	additives	or	post-processing.	Finally,	the	deposition	history	of	TT	can	by	

erased	 upon	melting,	 opening	 up	 the	 possibility	 for	 solvent-free,	 solid-state	 processing	

methods	like	melt-pressing.[48]	The	ability	to	program	contextual	topological	changes	into	

the	molecular	 structure	 of	 organic	 semiconductors,	 like	 those	 observed	 in	TT,	 is	 highly	

desirable	as	solution-processed	organic	semiconductors	move	toward	deposition	via	more	

scalable	processing	methods	and	environmentally	friendly	solvents.		
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4.7	 Experimental	Methods	

4.7.1		 Synthetic	Details	

	

Figure	S4.1		Synthetic	route	for	the	preparation	of	TT	and	CT.	

Compounds	 (3,3'-dihexyl-[2,2'-bithiophene]-5,5'-diyl)bis(trimethylstannane)	 (1),	 4-bromo-5-fluoro-

7-(5-hexylthiophen-2-yl)benzo[c][1,2,5]thiadiazole	 (2)	 and	 (4,4-dihexyl-4H-cyclopenta[2,1-b:3,4-b']	

dithiophene-2,6-diyl)bis(trimethylstannane)	(3)	were	synthesized	according	to	previous	reports.[24,49,50]	

	 Synthesis	of	TT:	In	a	N2	filled	glove	box,	a	5	mL	glass	tube	was	charged	with	1	(0.1	g,	0.15	mmol),	2	

(0.15	 g,	 0.38	 mmol),	 Pd(PPh3)4	 (6	 mg),	 and	 chlorobenzene	 (1	 mL),	 and	 sealed	 with	 a	 Teflon®	 cap.	

Subsequently,	the	reaction	mixture	was	heated	to	180	°C	for	1	hr	with	a	Biotage	microwave	reactor.	Upon	

cooling,	 the	 crude	 product	 was	 purified	 with	 column	 chromatography,	 and	 then	 the	 final	 product	 was	

obtained	 (0.12	 g,	 84%).	 The	 structural	 name	 of	 TT	 is	 7,7'-(3,3'-dihexyl-[2,2'-bithiophene]-5,5'-diyl)bis(6-

fluoro-4-(5-hexylthiophen-2-yl)	benzo[c][1,2,5]thiadiazole).	1H	NMR	(CDCl3,	500	MHz)	δ	(ppm):	8.20	(s,	2H),	

7.95	(d,	J	=	3.7	Hz,	2H),	7.65	(d,	J	=	13.0	Hz,	2H),	6.87	(d,	J	=	3.6	Hz,	2H),	2.95	–	2.81	(m,	4H),	2.77	–	2.67	(m,	4H),	

1.80	–	1.67	 (m,	8H),	1.47	–	1.26	 (m,	24H),	0.96	–	0.83	 (m,	12H).	 13C	NMR	 (CDCl3,	125	MHz)	δ	 (ppm):	160.4,	

158.4,	 153.7,	 153.6,	 150.1,	 149.6,	 142.9,	 135.7,	 132.9,	 132.1,	 131.8,	 131.7,	 128.8,	 126.3,	 126.2,	 125.8,	 116.5,	
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116.3,	 110.9,	 110.7,	 32.0,	 31.9,	 31.2,	 30.7,	 29.6,	 29.5,	 29.2,	 23.0,	 22.9,	 14.4.	 FD-TOF	 MS:	 Calculated	 for	

C52H60F2N4S6:	970.31.	Found:	970.30	(M
+),	485.19	(M2+).	

	 Synthesis	of	CT:	In	a	N2	filled	glove	box,	a	5	mL	glass	tube	was	charged	with	3	(0.15	g,	0.22	mmol),	2	

(0.21	 g,	 0.56	 mmol),	 Pd(PPh3)4	 (9	 mg),	 and	 chlorobenzene	 (1.5	 mL),	 and	 sealed	 with	 a	 Teflon®	 cap.	

Subsequently,	the	reaction	mixture	was	heated	to	180	°C	for	1	hr	with	a	Biotage	microwave	reactor.	Upon	

cooling,	 the	 crude	 product	 was	 purified	 with	 column	 chromatography,	 and	 then	 the	 final	 product	 was	

obtained	 (0.19	 g,	 86%).	 The	 structural	 name	 of	 CT	 is	 7,7'-(4,4-dihexyl-4H-cyclopenta[2,1-b:3,4-

b']dithiophene-2,6-diyl)bis(6-fluoro-4-(5-hexylthiophen-2-yl)	 benzo[c][1,2,5]thiadiazole).	 1H	 NMR	 (CDCl3,	

500	MHz)	δ	(ppm):	8.21	(s,	2H),	7.94	(d,	J	=	3.6	Hz,	2H),	7.66	(d,	J	=	13.4	Hz,	2H),	6.87	(d,	J	=	3.7	Hz,	2H),	2.89	(t,	

J	=	7.6	Hz,	4H),	2.06	–	1.99	(m,	4H),	1.80	–	1.71	(m,	4H),	1.47	–	1.40	(m,	4H),	1.39	–	1.31	(m,	8H),	1.26	–	1.09	(m,	

16H),	0.94	–	0.88	(m,	6H),	0.83	–	0.77	(m,	6H).	13C	NMR	(CDCl3,	125	MHz)	δ	(ppm):	159.9,	159.6,	157.8,	153.6,	

153.5,	 150.2,	 149.4,	 140.6,	 140.5,	 135.9,	 134.5,	 128.6,	 125.8,	 125.4,	 125.3,	 124.7,	 124.6,	 116.6,	 116.3,	 112.1,	

112.0,	54.5,	38.3,	32.0,	31.9,	30.7,	30.1,	29.2,	25.0,	23.0,	22.9,	14.4.	FD-TOF	MS:	Calculated	for	C53H60F2N4S6:	

982.31.	Found:	982.32	(M+),	491.18	(M2+).	

	
Figure	S4.2		FD-TOF	mass	spectra	of	TT	and	CT,	showing	multi-charged	species	(Mn+).	

4.7.2	 Determination	of	Solubility	

	 The	solubility	of	the	materials	was	determined	by	making	30	mg/mL	chloroform	solutions	of	TT	and	

CT.	After	stirring	at	room	temperature	for	3	hours,	solutions	were	passed	through	a	1.0	µm	PTFE	filter	and	5	

µL	of	the	filtered	solution	was	added	to	5	mL	of	chloroform,	to	ensure	complete	solvation.	Using	the	molar	

200 400 600 800 1000 1200 1400

485.19 (M2+)

491.18 (M2+)

970.31 (M+)
 

 

 

m/z

 TT
 CT

982.32 (M+)



165	

absorptivity	in	Figure	4.6,	the	absorbance	of	the	dilute	solution	was	used	to	determine	the	concentration	of	

the	 filtered	 solution	 prior	 to	 dilution.	 All	 solution	 absorption	 measurements	 were	 taken	 at	 the	 dilute	

concentration	of	0.01	mg/mL	in	chloroform.	

4.7.3		 Deposition	of	the	TT	and	CT	films	

	 Solutions	were	made	 in	 chloroform	 (Sigma-Aldrich)	at	 10	mg/mL	concentration,	unless	otherwise	

specified,	and	stirred	overnight	to	ensure	solvation.	For	each	film,	approximately	20	µL	of	solution	was	spin-

cast	 for	 60	 s	 at	 1000	 RPM	 at	 room	 temperature.	 Thermal	 annealing	 was	 accomplished	 by	 placing	 the	

substrates	directly	on	a	hotplate	or	heating	stage	at	the	stated	temperatures	and	time.	All	depositions	and	

annealing	were	performed	in	air.	All	substrates	were	cleaned	prior	to	deposition	by	ultrasonic	treatment	in	

detergent,	 deionized	water,	 acetone	 and	 isopropyl	 alcohol	 for	 30	min	 each,	 and	 subsequently	 dried	 in	 an	

oven	overnight.	

4.7.4	 Thin-Film	Characterization	

	 Differential	 scanning	 calorimetry	 (DSC)	 was	 determined	 by	 a	 TA	 Instruments	 DSC	 (Model	 Q-20)	

with	about	4	mg	molecule	samples	at	a	rate	of	5	°C/min	or	1	°C/min.	

	 UV-Vis	absorption	spectra	were	recorded	on	a	Shimadzu	UV-2401	PC	dual	beam	spectrometer	and	

Perkin	Elmer	 Lambda	 750	UV/Vis	 spectrometer.	Glass	microscope	 cover	 slips	were	used	 as	 substrates.	All	

absorbance	 measurements	 were	 carried	 out	 at	 room	 temperature,	 unless	 specified.	 Absorbance	

measurements	 at	 elevated	 temperatures	 were	 accomplished	 using	 a	 heated	 sample	 mount,	 with	 film	

temperature	measured	by	an	eternal	thermocouple	probe.	

	 Transmission	polarized	optical	microscopy	was	performed	on	a	Zeiss	Axio	Imager	Z1m	microscope.	

The	temperature-dependent	transmission	POM	was	collected	with	an	Olympus	BX51	(with	LMPlanFL	N	50×	

objective)	in	combination	with	a	temperature-controlled	microscope	stage	(Linkam	LTS	420).	In	both	cases,	

micrographs	were	taken	with	a	Canon	5D	Mark	II.	

	 XRD	diffraction	spectra	were	obtained	using	a	Bruker	D8	Advance	x-ray	diffractometer	and	scanned	

over	 a	 range	 from	 5-20°	 2Theta,	 with	 a	 0.0288°	 step	 size	 and	 1.0	 s	 integration	 per	 step.	 TT	 films	 were	
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dropcast	 from	 10	 mg/mL	 solution	 in	 chloroform	 onto	 clean	 glass	 microscope	 coverslips.	 Samples	 were	

probed	at	10	°C	intervals	from	30	°C	to	130	°C,	with	2	min	equilibration	time	between	scans.	Additional	scans	

were	 taken	at	 10	min	 intervals	while	holding	at	 110	 °C,	 130	 °C	and	30°C	 (after	melting)	 to	ensure	 thermal	

equilibrium.	

	 GIWAXS	images	were	obtained	at	the	Stanford	Synchrotron	Radiation	Lightsource	(SSRL)	beamline	

11-3	with	an	X-ray	wavelength	of	0.9752	Å,	at	a	40	cm	sample	to	detector	distance	at	an	incidence	angle	of	

0.25°.	Films	were	cast	on	single	crystal	silicon	wafers	(100)	with	a	300	nm-thick	thermal	oxide	layer.	Samples	

were	 probed	 under	 a	 helium	 environment	 to	minimize	 beam	 damage	 and	 reduce	 diffuse	 scattering.	 The	

measurements	 were	 calibrated	 using	 a	 lanthanum	 hexaboride	 (LaB6)	 standard	 and	 analyzed	 using	 Nika	

software.	

	 The	morphology	of	 the	TT	 film	and	CT	 film	were	characterized	with	AFM	using	glass	microscope	

slides	 as	 substrates.	AFM	 images	were	 collected	 in	 air	 under	 ambient	 conditions	 on	multiple	 sets	 of	 films	

using	the	Innova	scanning	probe	microscope	(Veeco).	Silicon	probes	with	spring	constants	of	40	N	m-1	and	

resonant	frequencies	of	300	KHz	(Budget	Sensors)	were	used	for	tapping	mode	AFM	measurements.	

	 OFETs	were	fabricated	in	the	bottom-gate,	bottom-contact	structures.	Highly	doped	silicon	wafers	

(0.001-0.005	Ω	cm−1)	with	300	nm	of	 thermally	grown	SiO2	were	used	as	 substrates.	Standard	 lithography	

procedures	 were	 used	 to	 pattern	 the	 wafers	 with	 gold	 electrodes	 of	 50	 nm	 using	 2	 nm	 of	 nickel	 as	 an	

adhesion	layer.	The	TT	and	CT	solutions	at	5	mg/ml	in	chloroform	were	then	spin-coated	on	substrates.	
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Figure	S4.3	DSC	of	vitrified	TT	measured	at	a	heating	speed	of	100	˚C/min	and	cooling	speed	of	20	˚C/min,	
exhibiting	a	glass	transition	below	RT.	

4.7.5	 Quantum-Mechanical	Calculations	

	 The	long-range	corrected	DFT	functional	ωB97XD,	with	the	default	value	(0.2	bohr−1)	of	the	range-

separation	 parameter	 ω	 and	 the	 6-31G(d,p)	 basis	 set,	 was	 employed	 to	 optimize	 the	 ground-state	

equilibrium	geometry	for	the	TT	and	CT	molecules.	This	functional	includes	dispersion	corrections,	which	is	

important	 to	 reliably	 describe	 systems	with	weak	 intra-	 or	 inter-molecular	 interactions.[51,52]	 Based	 on	 the	

optimized	 structure	 of	 the	 TT	 molecule,	 the	 parameter	 ω	 was	 tuned	 non-empirically;	 the	 ωB97XD/6-

31G(d,p)	method	with	the	tuned	ω	value	(0.13	bohr-1)	was	then	employed	to	model	relaxed	potential	energy	

surface	 (PES)	 for	TT;	 specifically,	 all	 geometric	 parameters	were	 allowed	 to	 relax	while	 the	 torsion	 angle	

between	 the	 two	central	 thiophene	 rings	was	scanned	at	 intervals	of	15°	between	180°	 (cis	 conformation)	

and	0°	(trans	conformation).	The	optical	absorption	spectra	for	TT	were	simulated	by	using	time-dependent	

density	 functional	 theory	 (TD-DFT)	 at	 the	 tuned	ωB97XD/6-31G(d,p)	 level.	 The	ω	 values	 were	 optimized	

following	the	gap	tuning	procedure.[53,54]	
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Figure	 S4.4	 	 Calculated	 absorption	 spectra	 by	 using	 time-dependent	 (TD)	 DFT	 method	 with	 the	 TD-
ωB97XD/6-31G(d,p)	 functional	 and	 basis	 set,	with	 the	 tuned	ω	parameters:	 twisted	 0.13	 bohr-1,	 cis-planar	
0.12	bohr-1,	trans-planar	0.12	bohr-1.		

	

Figure	S4.5	Distance	estimate	for	the	TT	alkyl	spacing	using	GaussView	software	(Version	5.0).	
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5.	 Prospectus	on	Solution-Processed	Organic	Photovoltaics1	

5.1	 Introduction	

The	impetus	behind	organic	photovoltaics	has	consistently	included	consideration	

of	 their	 environmental	 impact.	 In	 search	 of	 higher	 efficiency,	 the	 field	 has	 diversified	

chemical	structures,	deposition	processes,	and	device	architectures.	Although	reliably	high	

PCEs	 have	 been	 achieved	with	multiple	 organic	 photovoltaic	 (OPV)	 systems,[1–3]	 silicon,	

thin	 film	 (e.g.,	 CdTe),	 and	 more	 recently	 perovskite	 solar	 cells	 continue	 to	 outperform	

OPVs	in	terms	of	efficiency.	Research	has	started	to	shift	in	response	to	highlight	organic	

semiconductors’	 unique	 and	 desirable	 material	 properties:	 color-tunability,	 lightweight,	

thin,	printable,	flexibility,	conformable,	biocompatible,	and	elements	of	 low	toxicity.	The	

current	 challenges	 facing	 solution-processed	 OPVs	 concern	 their	 long-term	 device	

stability,	sustainable	sourcing	and	large-scale	manufacturing	–	returning	to	environment-

centric	motivations.	In	the	face	of	anticipated	shifts	in	the	existing	solvent:donor:fullerene	

paradigm,	novel	strategies	for	control	the	bulk	heterojunction	(BHJ)	morphology	will	need	

to	be	explored.	

																																																													

1	Parts	of	this	chapter	are	adapted	from:	
C.	McDowell,	M.	Abdelsamie,	M.	Toney,	G.C.	Bazan.	“Solvent	Additives:	Key	Morphology	Directing	Agents	
for	Solution-Processed	Organic	Solar	Cells”	Adv.	Mater.	2017.	Invited	Review	Article,	in	preparation.	
C.	McDowell,	G.	C.	Bazan,	 “Organic	Solar	Cells	Processed	 from	Green	Solvents.”	Current	Opinion	 in	Green	
and	Sustainable	Chemistry,	2017,	5,	49–54.	
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5.2	 Challenges	Facing	Solution-Processed	BHJ	OPVs	

Po	et	al.	highlight	five	primary	industrial	considerations	for	the	future	of	BHJ	OPVs,	

three	 of	 which	 are	 relevant	 to	 the	 processing	 of	 the	 active	 layer:	 (1)	materials	must	 be	

stable	 and	 soluble	 enough	 to	 form	 highly	 concentrated	 inks	 that	 can	 be	 used	 in	

industrially-relevant	 printing	 processes;	 (2)	 solvents	 and	 additives	 should	 be	 readily	

removable	or	 recoverable,	and	preferably	non-toxic	and	sustainably	sourced;	and	 (3)	 the	

layer	morphology	should	be	stable	under	mild	processing	conditions.[4]	These	sentiments	

are	echoed	by	Kang	et	al.	in	“Key	Core	Technologies	for	[BHJ	OPV]	Commercialization”	–	

being	 module	 design,	 flexible	 transparent	 electrodes,	 device	 efficiency,	 device	 stability	

and	printing	technology.[5]	Again,	three	of	these	challenges	relate	to	the	processing	of	the	

active	 layer.	 While	 solvent	 additives	 can	 address	 particular	 morphological	 deficiencies,	

their	 use	 in	 large-scale	 manufacturing	 poses	 new	 concerns	 over	 reproducibility	 in	

fabrication,	long-term	performance	stability	and	environmental	toxicity	of	BHJ	OPVs.		

5.2.1	 Performance	Variability	and	Reproducibility	

In	 enabling	 high	 power	 conversion	 efficiencies,	 additives	 also	 underscore	 how	

sensitive	 the	 BHJ	morphology	 is	 to	 fabrication	 conditions.	 In	 the	majority	 of	 cases,	 the	

donor:acceptor	 blend	 film	 is	 quenched	 into	 a	 poor	 organization	when	processed	 from	a	

single	solvent;	high	boiling	point	additives	extend	the	drying	process	and	allow	the	film	to	

evolve	 toward	 thermodynamic	 equilibrium.	 However,	 the	 BHJ	 morphology	 for	 optimal	

charge	 generation	 and	 collection	 for	 a	 given	 donor:acceptor	 blend	 does	 not	 necessarily	

coincide	with	the	thermodynamic	equilibrium	morphology	of	the	system.	Thus,	some	BHJ	
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blend	systems	are	susceptible	 to	overprocessing	 (e.g.	 via	prolonged	thermal	annealing	or	

excess	solvent	additive	concentration)	and	thus	lowered	OPV	performance.	These	systems	

would	likely	benefit	from	the	simultaneous	use	of	multiple	morphological	agents	to	widen	

the	 processing	 window.[6]	 The	 sensitivity	 of	 OSCs	 to	 dilute	 concentrations	 of	 solvent	

additives	may	 also	 be	 problematic	 at	 scale,	 as	 volatile	 deposition	 solvents	may	 vary	 in	

additive	 concentration	 after	 long-term	 storage	 and	 thus	 contribute	 to	 batch-to-batch	

variability.	This	variability	extends	to	the	deposition	environment	as	well,	as	factors	such	

as	 the	 rate	of	 residual	 solvent	 evaporation	 can	 affect	OPV	performance.[7]	 Furthermore,	

industrial	 implementation	may	 require	 additional	 solid	 or	 solvent	 additives	 to	modulate	

the	 properties	 of	 the	 deposition	 ink,	 and	 further	 processing	 steps	 to	 remove	 residual	

solvent	(like	heating	or	washing).[4,8]	BHJ	blend	systems	that	are	readily	manipulated	using	

processing	additives	are	more	likely	to	sensitive	to	these	processes.	

5.2.2	 Photostability	

Residual	 solvent	 additives	 can	decrease	OPV	efficiency	over	 time	 in	 various	ways	

including	overdeveloping	the	BHJ	morphology	and	undesired	photoreactions	during	solar	

cell	operation.	Chang	et	al.	 found	that	P3HT	 crystallites	 formed	preferentially	at	 the	top	

surface	of	P3HT:PC61BM	films	during	the	slow	evaporation	of	DIO,	leading	to	poor	ohmic	

contact.[7]	 Gently	 heating	 the	 film	 after	 deposition	 speeds	 the	 evaporation	 without	

depleting	the	surface	of	PC61BM	domains.	Processing	under	an	inert	atmosphere,	common	

in	OPV	processing,	may	cause	more	additive	to	be	retained	than	under	ambient	air,	as	the	

film	 can	 reabsorb	 solvents	 from	 the	 contained	 environment.[7]	 Ye	 et	 al.	 later	 confirmed	
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that	 how	 DIO	 is	 released	 from	 the	 active	 layer	 impacts	 the	 morphology	 and	 thus	

performance	 for	 seven	 different	 polymer	 blend	 films	 processed	 from	 oDCB.[9]	 The	

researchers	 found	that	 rapid	removal	of	 residual	DIO	results	 in	higher	PCEs,	as	shown	 in	

Figure	5.1,	and	suggest	two	methods	to	accomplish	this:	first,	placing	the	blend	film	under	

high	 vacuum,	 commonly	 done	 during	 electrode	 evaporation,	 and	 second,	 using	 a	 high	

vapor	pressure	anti-solvent	to	wash	out	the	DIO,	such	as	methanol	or	isopropyl	alcohol.[9]	

Thus,	 the	 deposition	 and	 drying	 environments	 play	 significant	 roles	 in	 the	 OPV	

performance	processed	with	solvent	additives.	

	

Figure	5.1	Schematic	detailing	how	residual	solvent	additive	 is	 removed	from	the	active	 layer	 impacts	 the	
BHJ	morphology,	 and	 thus	 performance,	 of	 polymer:fullerene	 solar	 cells.	Washing	 the	 blend	 film	with	 an	
anti-solvent,	 such	 as	methanol,	 can	 remove	 residual	 solvent	 additive	quickly,	 replicating	 exposure	 to	high	
vacuum.	Reproduced	with	permission.[9]	Copyright	2013,	American	Chemical	Society.	

Removing	 residual	 solvent	 additive	 thus	 requires	 special	 attention	 given	 the	

potential	 for	 additional	 degradation	 pathways.	 Removing	 residual	 additives	 additionally	

increases	long-term	device	stability,	as	the	presence	of	halides	in	the	active	layer	may	lead	

to	photodegradation.	Tournebize	et	al.	noted	that	P3HT:PC61BM	devices	processed	with	
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ODT	are	more	sensitive	to	both	light	and	oxygen	than	those	cast	directly	from	CB.[10]	The	

researchers	 found	 that	 ODT	 oxidizes	 when	 exposed	 to	 the	 intense	 light	 of	 a	 solar	

simulator,	 and	 that	 the	 gaseous	 photoproducts	 cannot	 escape	 the	 film	 once	 the	 top	

electrodes	are	deposited.	This	effect	was	greatly	reduced	if	the	active	 layer	was	exposed	

to	 bright	 light	 prior	 to	 electrode	 deposition.	 The	 authors	 note	 that	 such	 a	 light-soaking	

step	 could	 be	 easily	 integrated	 into	 industrial	manufacturing	 protocols.	 de	 Villers	 et	 al.	

observed	similar	effects	for	PTB7	and	PTB7-Th:PC71BM	when	processed	with	DIO;[11]	the	

presence	of	 residual	DIO	 in	the	active	 layer	significantly	 increased	the	photodegradation	

rate	 of	 both	 donor	 and	 acceptor	 components,	 later	 observed	 for	 other	 alkyl	 halides.[12]	

Removing	residual	solvent	additive	thus	requires	special	attention	given	the	potential	for	

additional	degradation	pathways.	

5.2.3	 Environmental	Hazards	

Common	deposition	solvents	(i.e.	CF,	CB	and	oDCB)	and	solvent	additives	(i.e.	DIO,	

and	 1CN)	 are	 both	 toxic[161–163]	 and	 energy	 intensive	 to	 synthesize;[16,17]	 the	 use	 of	

“greener”	 solvents	 and	 additives	 with	 lower	 toxicity	 and	 sustainable	 manufacture	 is	

preferable.[18]	However,	environmentally	benign	solvents	and	additives	are	typically	non-

aromatic	and	polar	in	nature,	and	thus	are	less	likely	to	be	good	solvents	for	current	OPV	

materials.	Figure	 5.2	 illustrates	 the	 trend	 away	 from	halogenated	 toxic	 solvents	 toward	

environmentally	 benign	 solvents.	 Representative	 solvents	 and	 additives	 used	 in	 OPV	

processing	are	classified	by	their	type	in	Figure	5.3,	ranked	by	solvent	polarity.[19]	The	side	

chains	and	conjugated	subunits	of	both	donor	and	acceptor	components	will	need	to	be	
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modified	 to	 increase	 solubility	 in	 a	 wider	 array	 of	 media.	 New	 additives	 will	 also	 be	

required	 to	 replicate	 the	 complex	 relationships	 between	 the	 BHJ	 components	 and	

deposition	solvent.[19]	However,	number	of	 reports	show	that	non-halogenated	and	non-

aromatic	solvents	can	be	used	to	fabricate	OSCs	with	PCEs	greater	than	5%.[20–22,2]	Also,	it	

is	not	uncommon	for	BHJ	blends	in	the	emerging	green	solvent	literature	to	be	optimized	

without	solvent	additives	or	thermal	annealing,	as	a	greater	variety	of	deposition	solvents	

are	 tested.	 e.g.	 Lee	 et	 al.	 found	 that	 PTB7:PC71BM	 processed	 from	 trimethylbenzene	

(TMB)	performed	better	films	optimized	for	deposition	from	CB	with	DIO.[23]	

Until	donor	and	acceptor	molecules	are	designed	that	self-assemble	well	from	such	

green	 solvents,	 most	 pairs	 are	 likely	 to	 form	 non-optimized	 BHJ	morphologies	 as-cast,	

which	 solvent	 additives	 and	 additional	 processing	 could	 readily	 improve.	 In	 green-

processed	 OPVs,	 new	 additives	 have	 emerged	 that	 were	 not	 previously	 tenable:	 for	

example,	efficiencies	of	6.6%	were	recently	reported	for	PCDTBT:PC70BM	processed	from	

carbon	disulfide	with	acetone	as	a	co-solvent.[24]	So	far,	these	additives	appear	to	operate	

via	the	same	mechanisms	described	 in	Section	1.2,	but	this	will	need	to	be	borne	out	by	

further	 in	situ	 film	formation	studies.	 It	 is	unclear	whether	they	pose	similar	concerns	for	

long-term	stability	as	halogenated	additives	like	DIO	and	1CN.	
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Figure	 5.2	 Progression	 of	 deposition	 solvents	 from	 halogenated	 and	 aromatic	 (right)	 toward	 “greener”	
alternatives	that	are	polar	and	protic.	

	

Figure	 5.3	General	 categories	 of	 solvents	 used	 in	BHJ	 solar	 cell	 fabrication	with	 representative	 examples.	
Median	 lethal	 dose	 (LD50)	 values	 (in	 g/kg	 for	 rats	 via	 oral	 ingestion,	 where	 available)	 provide	 a	 relative	
measure	 of	 toxicity,	 chosen	 on	 the	 basis	 of	 its	 availability	 for	 the	 listed	 solvents.	 Solvent	 additives	 are	
marked	with	*.[19]	
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5.3	 Opportunities	for	Unconventional	Processing	Strategies	

5.3.1	 Binary	Solvent	Additives	

Solvent	additive	processing	has	dominated	the	BHJ	OPV	field	precisely	because	it	

provides	 multiple	 readily	 accessible	 experimental	 handles	 for	 understanding	 and	

manipulating	 the	 existing	 film	 formation	 processes	 during	 deposition.	However,	 solvent	

additives	 are	 part	 of	 a	 larger	 toolkit	 for	 manipulating	 film	 formation,	 complementing	

blend	 solution	 optimization	 and	 post-processing	 techniques.	 For	 example,	 changing	 the	

deposition	 solvent	 or	 using	 a	 co-solvent	 also	 drastically	 impact	 the	 resulting	 BHJ	

morphology	 by	 manipulating	 L-L	 or	 S-L	 demixing.[25]	 Other	 techniques	 can	 be	 used	 to	

manipulate	the	drying	kinetics	during	or	after	casting,	such	as	solvent	vapor	annealing,[26]	

controlled	 vapor	 chambers[26,27]	 or	 inverted	 drying.[28]	 Thermal	 annealing	 can	 be	 readily	

combined	with	solvent	additives	but	 is	 typically	used	to	 remove	 residual	additive,	 rather	

than	 for	 further	 morphological	 control.	 However,	 even	 gentle	 annealing	 can	 induce	

additional	 morphology	 evolution,	 and	 brief	 high	 temperature	 annealing	 directly	 after	

casting	 has	 been	 shown	 to	 form	donor	 fibrils	 as	 the	 solvent	 additive	 rapidly	 evaporates	

toward	the	top	surface	of	the	film.[29]	

Each	of	the	methods	listed	above	can	conceivably	be	used,	alone	or	combined,	to	

manipulate	the	BHJ	and	thus	enhance	performance.[30]	However,	not	all	methods	readily	

approach	 the	 optimum	morphology	 for	 a	 particular	 donor:acceptor	 blend	 because	 they	

operate	 via	 different	 mechanisms.	 Thus,	 combining	 multiple	 strategies	 can	 target	 and	

rectify	 specific	 morphological	 deficiencies,	 often	 with	 synergistic	 effects	 on	 efficiency.	
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There	 are	 numerous	 examples	 of	 binary	 additives	 providing	 fine	 control	 over	 the	 phase	

separation	of	BHJ	blends:	e.g.	Hou	et	 al.	used	20%	v/v	CF	 co-solvent	 and	5%	v/v	DIO	 in	

oDCB	to	create	finer	phase	separation	and	purer	domains	in	PDPP3T:PC71BM.[31]	Wang	et	

al.	 demonstrated	 two	 solvent	 additives,	 DIO	 and	 1CN,	 can	 be	 used	 synergistically	 for	

PDPPFTF:PC71BM;	as-cast	from	CB,	the	acceptor	aggregates	into	large	domains,	resulting	

in	low	FF	of	0.33	and	PCE	of	0.9%.	Processing	with	either	3%	v/v	DIO	or	1CN	results	small	

isolated	acceptor	aggregates,	 improving	PCE	to	4.4%.	Using	both	additives	yield	PC71BM	

domains	that	are	simultaneously	fine	and	interconnected,	optimizing	the	PCE	to	4.7%	and	

improving	the	diode-character	of	the	device.[32]	

Pairing	 additives	 with	 different	 mechanisms	 of	 enhancement	 is	 clearly	 more	

important	than	either’s	chemical	 identity;	for	example,	Wen	et	al.	extended	this	strategy	

to	 blends	 of	PTB7-Th	 (and	 two	 other	 polymers)	 with	 PC71BM	 that	 over	 phase	 separate	

when	cast	from	CB,	using	NMP	to	increase	miscibility	and	DIO	to	boost	donor	crystallinity;	

for	PTB7-Th:PC71BM,	 the	 PCE	 is	 8.1%	 as-cast,	 8.9%	 with	 NMP,	 9.2%	 with	 DIO	 and	 an	

impressive	 10.4%	 when	 both	 additives	 are	 used.	 Impedance	 spectroscopy	 showed	 that	

films	 optimized	 with	 both	 additives	 have	 significantly	 better	 charge	 transport	 and	

balanced	 electron	 and	 hole	 mobilities,	 indicative	 of	 bicontinuous	 networks	 and	 phase	

purity.[33]	Similarly,	Jung	et	al.	used	the	polymeric	additive	PDMS	to	nucleate	donor	fibrils	

while	 DIO	 suppressed	 acceptor	 aggregation	 in	 PBDTTT-CF:PC71BM	 films	 –	 increasing	

PCEs	to	7.3%	compared	to	2.6%	as-cast	and	6.6%	with	DIO	alone.[34]	Interestingly,	the	use	

of	 multiple	 additives	 may	 expand	 the	 processing	 window	 for	 optimal	 performance	
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observed	for	each	additive	alone,	despite	the	sensitivity	of	the	BHJ	morphology	to	additive	

concentration.	 Sharenko	 et	 al.	 used	 a	 commercial	 nucleating	 agent,	 DMDBS,	 to	 seed	

crystal	 growth	 homogenously	 throughout	 the	 film	 to	 limit	 donor	 overgrowth	 in	 the	

presence	 of	 excess	 DIO.	 Processing	 FBT-biTh:PC71BM	 with	 1.5%	 DIO,	 greater	 than	 the	

optimum	0.4%,	decreases	PCEs	from	7.0%	to	0.7%;	such	blends	with	DMDBS	only	drop	to	

4.2%.	

In	Chapter	2,	we	discussed	the	synergistic	effects	of	a	solid	and	solvent	additives	on	

the	BHJ	formation	in	FBT-biTh:PC71BM	blend	films.	We	showed	that	PS	and	DIO	additives	

promote	 donor	 crystallite	 formation	 on	 different	 time	 scales	 and	 through	 different	

mechanisms,	 as	 elucidated	 in-situ	monitoring	 of	 absorbance,	 thickness	 and	 crystallinity.	

PS-containing	 films	 retain	 chlorobenzene	 solvent,	 extending	 evaporation	 time	 and	

promoting	 phase	 separation	 earlier	 in	 the	 casting	 process.	 This	 extended	 time	 is	

insufficient	to	attain	the	morphology	for	optimal	PCE	results	before	the	film	sets.	Here	is	

where	 the	 presence	 of	 DIO	 comes	 into	 play:	 its	 low	 vapor	 pressure	 further	 extends	 the	

time	scale	of	 film	evolution	and	allows	 for	crystalline	 rearrangement	of	 the	donor	phase	

long	after	casting,	ultimately	 leading	to	optimal	BHJ	organization.[35]	This	work	suggests	

that	multiple	additives	can	be	applied	simultaneously	during	film	formation,	provided	they	

have	 different	 mechanisms	 of	 enhancement.	 Furthermore,	 combining	 morphological	

control	methods	may	expand	 the	 processing	window	of	BHJ	 blends,[36]	which	 addresses	

concerns	 over	 performance	 variability	 of	 OPVs	 especially	 by	 large-area	 deposition	

methods.	Our	 studies	 also	 suggest	 that	 inert	 polymer	 additives	 can	 tune	 the	deposition	
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solvent	 viscosity,	 so	 long	 as	 the	 additive	 does	 not	 insulate	 electrode	 surfaces.	 This	 is	

desirable	for	established	industrial	deposition	methods	that	require	deposition	solutions	of	

high	 viscosity,	 like	 blade	 coating	 and	 roll-to-roll	 printing.	 Thus,	 pairing	 additives	 with	

complementary	 mechanisms	 and	 post-processing	methods	 can	 allow	 for	 fine-tuning	 of	

the	properties	of	 the	deposition	solvent	and	control	of	 the	 final	BHJ	morphology	–	both	

relevant	to	large-area	OPV	device	fabrication.	

This	insight	is	particularly	relevant	to	the	development	of	ternary	BHJ	blends	that	

incorporate	an	additional	donor	and	acceptor	components.[37,38]	A	 ternary	blend	adds	an	

additional	dimension	to	the	phase	diagram,	such	that	the	film	formation	of	a	ternary	can	

exhibit	emergent	behavior	not	observed	in	the	binary	blends.[39]	Common	motivations	for	

adding	 additional	 BHJ	 components	 are	 improving	 light	 harvesting	 by	 extending	 film	

absorption,	 reducing	 charge	 recombination	 through	 energetic	 offsets,	 but	 also	 includes	

morphological	control.[37,38]	Indeed,	the	optimal	BHJ	morphology	for	a	given	ternary	blend	

depends	on	the	intended	function	of	the	additional	component	–	e.g.	whether	it	forms	an	

alloyed	phase,	part	of	an	interfacial	energetic	cascade	or	a	parallel	transport	pathway.[40,41]	

The	 ternary	 component	 can	 also	 serve	 as	 a	 morphological	 control	 agent,	 reducing	 the	

need	for	solvent	additives	or	synergistically	enhancing	their	effects.	For	example,	Zhang	et	

al.	used	 10	w%	P3BT	 to	 nucleate	 donor	 crystallites	 in	FBT-biTh:PC71BM,	 improving	 the	

PCE	 from	 3.4%	 to	 5.0%	 without	 the	 need	 for	 high	 temperature	 annealing	 or	 solvent	

additives.[42]	 The	 P3BT	 polymer	 heterogeneously	 nucleates	 donor	 crystallites	 into	

interconnected	 nanofibers,	 to	 similar	 effect	 as	 the	 insulating	 solid	 additive	 PS;[35,43]	
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however,	 in	 this	 ternary	 blend,	 P3BT	 also	 contributes	 to	 photogeneration	 and	 charge	

transport,	 increasing	 the	 hole	 mobility	 by	 an	 order	 of	 magnitude.[42]	 Lee	 et	 al.	

accomplished	similar	results	by	combining	2	w%	PCDTBT	with	0.4%	v/v	DIO	in	the	same	

D:A	blend,	 synergistically	 improving	performance	 from	2.4%	(without	either	additive)	 to	

7.9%.[44]	 Significantly,	 the	 ternary	 blend	 morphology	 was	 less	 sensitive	 to	 thermal	

treatment	and	the	concentration	of	solvent	additive,	as	observed	for	other	binary	additive	

combinations.[36,45]	 In	films	cast	from	3%	v/v	DIO,	overcrystallization	could	be	suppressed	

by	increasing	the	polymer	concentration	to	20	w%	–	maintaining	a	PCE	of	6.6%,	compared	

to	 2.5%	 without	 the	 additional	 polymer	 donor.	 Additionally,	 Lee	 et	 al.	 showed	 that	

PCDTBT’s	 ability	 to	 nucleate	 FBT-biTh	 stems	 from	 favorable	 interactions	 between	

benzothiadiazole	 subunits,	 suggesting	 future	 criteria	 for	 controlling	 morphology	 via	

ternary	 components.[44]	 As	 a	 final	 example,	 Zhang	 et	 al.	 combined	 3%	 v/v	 DIO	with	 15	

donor	w%	FBT-biTh	as	a	sensitizer	for	PTB7-Th:PC71BM	blends	to	achieve	10.5%	PCE.[46]	

The	 two	 donors	 form	 an	 alloyed	 phase	 with	 the	 more	 crystalline	 small	 molecule	

templating	face-on	PTB7-Th	crystallites	that	are	favorable	for	vertical	charge	transport.[46]	

Both	 the	 small	molecule	and	DIO	additives	promote	phase	 separation	via	S-L	demixing,	

suppressing	 L-L	 demixing	 processes	 that	 lead	 to	 reduced	 efficiency	 in	 as-cast	 PTB7-

Th:PC71BM	films.[47]	As	our	understanding	of	these	complex	blends	improves,	solvent	and	

solid	 additives	 will	 likely	 be	 chosen	 to	 selectively	 tune	 the	 spatial	 and	 temporal	

development	of	specific	phases.	
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5.3.2	 Design	of	Processing-Insensitive	Materials	

Ideally,	molecular	design	of	the	donor:acceptor	pair	could	be	tailored	such	that	the	

blend	forms	an	ideal	BHJ	morphology	when	cast	from	a	single	deposition	solvent;	there	is	

no	 inherent	 need	 for	 additional	 processing	 if	 the	 readily-accessible	 equilibrium	

morphology	 can	 provide	 optimal	 performance.	 Indeed,	 multiple	 high	 performance	

donor:acceptor	 pairs	 have	 been	 identified	 that	 fit	 this	 description.	 e.g.	 PBDTSe-TT	

achieves	8.8%	PCE	when	blended	with	PC71BM	from	CB,	without	the	need	for	DIO	unlike	

its	structural	derivative,	PTB7.	Chang	et	al.	attribute	the	greater	as-cast	phase	separation	

to	 selenium’s	 enhancement	 of	 backbone	 π-π	 interactions.[48]	 Zhang	 et	 al.	 changed	 the	

deposition	 solvent	 for	 PBDT-TS1:PC71BM	 from	 oDCB	 (6.9%	 PCE)	 to	 2-methylanisole	

(9.7%)	to	directly	reach	a	similar	BHJ	morphology	to	oDCB	processed	with	DIO	(9.5%).[49]	

Fluorination	increases	the	crystallinity	of	the	polymer	acceptor	P(NDI2OD-2FT)	such	that	

it	drives	S-L	demixing	in	blends	with	PTB7-Th	processed	from	oDCB;	DIO	and	1CN	delay	

the	 onset	 of	 acceptor	 crystallization,	 reducing	 the	 as-cast	 PCE	 from	 6.7%	 to	 1.5%	 and	

4.7%,	respectively.[50]		

Note	 that	 each	 of	 these	 cases	 resulted	 from	 particular	 interactions	 between	 the	

deposition	 solvent	 and	 solutes,	 with	 no	 clear	 structural	 pattern	 –	 we	 do	 not	 yet	 have	

guidelines	 for	 designing	 and	 selecting	 additive-insensitive	 BHJ	materials.	 Encoding	 this	

desired	 self-assembly	 behavior	 into	 the	 molecular	 design	 of	 an	 organic	 semiconductor	

requires	 a	 deeper	 understanding	of	 structure-property	 relationships,	 one	 that	 is	 actively	

being	 pursued.	 Susceptibility	 to	 processing	 additives	 can	 be	 used	 to	 assess	 the	 film	
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formation	 tendencies	 of	 solution:donor:acceptor	 blends	 to	 identify	 more	 deposition-

tolerant	 systems.	Susceptibility	 to	 solvent	 additives	 can	be	a	useful	metric	 for	 assessing	

the	 suitability	 of	 a	 material	 (or	 blend)	 for	 further	 study	 and	 possible	 industrial	

implementation,	beyond	sole	consideration	of	its	optimal	efficiency.	

Liquid	 crystalline	 behavior	 has	 been	 investigated	 by	 Sun	 et	 al.	 as	 an	 alternative	

mode	of	self-assembly	and	phase	separation	to	crystallization.[51]	Liquid	crystalline	phases	

allow	 for	 increased	order	within	 the	 film	even	when	crystallization	 is	 frustrated	by	other	

BHJ	 components,	 like	 PC71BM.	 BTR,	 a	 BDT-backbone	 with	 oligothiophenes	 and	

rhodamine	 end-caps,	 displays	 nematic	 liquid	 crystalline	 behavior	 by	 polarized	 optical	

microscopy	 (POM),	 in	 Figure	 5.4.	 Solvent	 annealing	 of	 BTR:PC71BM	 films	 leads	 to	 the	

formation	of	extended	 fibril	networks	while	 thermal	annealing	 led	 to	oversized	domains	

observed	 by	 TEM	 tomography.	 The	 fibrils	 facilitated	 charge	 extraction	 and	 minimized	

non-geminate	 recombination,	 atypical	 for	 thick	 films.	 This	 allows	 for	 the	 fabrication	 of	

devices	with	consistent	PCEs	between	6.8%	and	8.3%	over	thicknesses	ranging	from	80	to	

400	nm.	The	authors	credit	 this	 to	 the	existence	of	both	edge-	and	 face-on	orientations	

within	the	fibrils,	which	allow	for	nearly	isotropic	transport.[51]		

	

Figure	5.4	Polarized	optical	microscope	(POM)	images	of	BTR	thin	films,	sandwiched	in	between	two	glass	
slides,	 at	 various	 stage	 temperatures:	 a)	 185°C,	 b)	 195°C,	 and	 c)	 197°C.	 Reproduced	 with	 permission.[51]	
Copyright	2015,	Nature	Publishing	Group.		

S

S

S

S

S

S

N

S

S

N

S

O
O

S

H13C6 C6H13S

S

S

S

R

R
R = 2-ethylhexyl

C6H13

C6H13

60
λonset= 681 nm
HOMO= -5.3 eV  
LUMO= -3.5 eV

C6H13

C6H13

C6H13

C6H13

a) c) b) 



185	

	

Such	 dynamic	 structures,	 like	 the	 head-to-head	 alkyl	 thiophene	 coupling	 in	 TT	

described	in	Chapter	4,	allow	a	conjugated	molecule	to	adopt	a	favorable	topology	based	

on	context.	Having	a	non-planar	 shape	 in	 solution	 increases	 solubility	and	processability	

while	planarizing	in	the	lattice	allows	for	favorable	electronic	coupling	between	molecules	

in	 the	 solid-state.	 The	 increased	 solubility	 afforded	 to	 molecules	 with	 flexible	

substructures,	like	BTR	and	TT,	may	enable	deposition	from	a	wider	variety	of	media,	such	

as	non-aromatic	and	non-halogenated	solvents.	Furthermore,	the	crystallization	processes	

in	 films	 of	 glassy	 materials	 like	 TT	 are	 not	 solvent-mediated.	 By	 virtue	 of	 its	 low	 glass	

transition	temperature,	TT	films	can	repeatedly	and	reproducibly	evolve	from	their	as-cast	

amorphous	 state	 into	 ordered	 films,	 without	 solvent	 additives	 or	 post-processing.	

Program	contextual	topological	changes	 into	the	molecular	structure	by	tuning	the	glass	

transition	 temperature	 could	 be	 used	 to	 enable	 large-area	 fabrication	 and	 deposition	

environmentally-benign	solvents	without	sacrificing	morphological	order.	

5.3.3	 Processing	from	Green	Solvents	

Solution-processed	OSCs	 illustrate	challenges	 inherent	 in	processing	π-conjugated	

semiconductors	 from	 polar	media,	 in	 particular	 the	 challenge	 of	 achieving	 desirable	 BHJ	

morphologies	 during	 solvent	 evaporation.	 While	 high	 PCEs	 have	 been	 achieved	 with	 a	

variety	 of	materials,	 greater	 emphasis	 on	 green	 solvent	 processing	 has	 the	 potential	 to	

make	 OSCs	 competitive	 to	 solar	 cell	 alternatives	 that	 rely	 on	 significantly	 more	 toxic	

compositions.	Multiple	avenues	of	research	are	being	pursued	–	changing	the	deposition	

method	 to	 reduce	 solvent	 use,	 using	 experimental	 and	 computer	 methods	 to	 find	
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alternative	 solvents,	 and	 creating	 novel	 donor	 and	 acceptor	 materials	 specifically	 to	

enhance	solubility.	All	of	these	approaches	will	be	needed	to	identify	more	ideal	materials,	

particularly	 those	 that	 can	 be	 processed	 from	 alcohols	 and	 water.	 Fullerene	 electron	

acceptors	 have	 constrained	 solvent	 choices	 up	 to	 now	 and	 we	 anticipate	 that	 non-

fullerene	 acceptors,	with	 their	 greater	 structural	 variety	 and	 flexibility,	will	 enable	more	

rapid	 progress.	 It	 is	 also	 important	 to	 consider	 a	 materials’	 susceptibility	 to	 processing	

conditions,	as	notable	successes	 in	green	processing	have	been	achieved	with	X2[20]	and	

PffBT4T-C9C13,[54]	 which	 were	 previously	 reported	 as	 processing	 insensitive.	 Creating	

novel	materials	 that	are	 impervious	to	deposition	conditions	and	morphological	changes	

may	also	 solve	other	engineering	 challenges,	 such	as	 variations	 in	quality	 and	efficiency	

over	time.	

Greater	solubility	in	green	solvents	will	require	structural	modifications	to	produce	

new	 materials.	 Side-chain	 engineering	 using	 established	 conjugated	 backbones	 is	 a	

popular	strategy,	designed	to	lessen	the	impact	on	optoelectronic	properties.[55]	However,	

side-chain	 modifications	 often	 have	 unpredictable	 influence	 on	 BHJ	 morphology.	

Molecular	design	of	both	chains	and	backbones	specific	 for	 the	goal	of	embracing	green	

solvent	 processing	 will	 likely	 continue	 to	 be	 required.	 In	 an	 illustrative	 example,	 the	

addition	of	ethylene	glycol	chains	to	both	PBDTTT	and	PC71BM	improved	donor-acceptor	

miscibility	 and	 promoted	 their	 solubility	 in	 anisole,	 dimethylacetamide,	 and	 cyclopentyl	

methyl	ether.[21]	
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Solvent	options	have	been	limited	by	the	use	of	fullerene	electron	acceptors	due	to	

the	 poor	 solubility	 of	 the	 all-carbon	 cage	 in	 polar	media.	 Polymeric	 and	molecular	 non-

fullerene	 acceptors	 (NFAs)	 have	 recently	 emerged	 that	 utilize	 modular	 donor-acceptor	

molecular	 architectures,	 similar	 to	 prominent	 donor	 materials.[56–58]	 This	 new	 class	 of	

acceptors	offers	several	advantages	over	fullerenes	such	as	widely	tunable	energy	levels,	

greater	 light	 absorption,	 greater	 solubility	 in	 a	 wider	 range	 of	 solvents.[59]	 Processing	

conditions	often	play	 a	 prominent	 role	 in	 optimizing	donor:NFA	morphologies,	 as	NFAs	

can	be	prone	to	over-crystallization	(for	rigid	planar	structures)	or	 intimate	mixing	(when	

there	are	fewer	chemical	differences	between	donor	and	acceptor).	Li	et	al.	confirmed	that	

additives	 can	 be	 used	 to	 address	 both	 L-L	 and	 S-L	 demixing	 processes	 in	 donor:NFA	

systems	 using	 PTB7:PDI	 and	 FBT-biTh:PDI,	 respectively.[60]	 The	 greater	 and	 tunable	

solubility	 of	 NFAs	 will	 likely	 widen	 the	 selection	 of	 deposition	 solvents	 and	 solvent	

additives.	 Given	 similarities	 in	 the	 BHJ	 components’	 chemical	 structures,	 solvents	

additives	 may	 need	 to	 exploit	 smaller	 differences	 in	 solubility.	 However,	 additives	 in	

donor:NFA	blends	can	be	also	be	used	to	manipulate	acceptor	crystallization.	For	example,	

DIO	can	prevent	overcrystallization	of	 the	acceptor	PDI	by	promoting	competing	crystal	

growth	of	the	donor	FBT-biTh.[61]	The	molecular	structures	of	successful	NFAs	continues	

to	diversify	and	grow	–	as	the	field	matures,	in	situ	morphological	studies	of	polymer:NFA	

and	 small	 molecule:NFA	 blends	 will	 bear	 out	 or	 clarify	 our	 current	 mechanistic	

understanding	of	BHJ	formation.	
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The	intermolecular	forces	that	contribute	to	phase	separation	during	the	formation	

of	the	BHJ	morphology	are	still	poorly	characterized,	even	for	donor:fullerene	blends.	For	

example,	 rotamer	 dispersity	 is	 not	 widely	 considered	 in	molecular	 design	 but	 has	 been	

demonstrated	 to	 exacerbate	 kinetic	 constraints	 during	 solution	 processing.	 In	materials	

that	already	struggle	to	form	ordered	phases	in	neat	films,	the	presence	of	the	other	blend	

components	 and	 short	 drying	 time	 can	 lead	 to	 intimately	mixed	BHJ	morphologies	 and	

low	 OPV	 performance.	 Fortunately,	 the	 reduced	 range	 of	 molecular	 configurations	

available	 to	 small	molecule	donors	 facilitates	 theoretical	modeling	of	 structure-property	

relationships	 allowing	 these	 influences	 to	 be	 isolated	 and	 better	 understood.	 Thus,	 the	

solar	cell	performance	of	structurally	related	materials	provides	a	practical	demonstration	

of	these	effects.	This	 is	borne	out	through	investigations	of	BT	and	PT	acceptor	subunits	

by	Takacs	et	al.[62]	and	the	studies	of	biTh	and	TT	donor	subunits	detailed	in	Chapter	3.[63]	

Notably,	 the	TT	subunit	 limits	 rotamer	distribution	 relative	 to	biTh,	without	significantly	

changing	 desirable	 optical	 and	 electronic	 properties.	 By	 virtue	 of	 more	 facile	 self-

assembly,	 both	 PT-TT	 and	 FBT-TT	 exhibit	 improved	 as-cast	 and	 optimized	 OPV	

performance	in	PC71BM	blends.	

More	 robust	 understanding	 of	 conformational	 entropy	 –	 such	 as	 the	 diversity	 of	

rotamer	 conformation,	 energy,	 and	 dipole	 moment	 –	 will	 help	 us	 translate	 molecular	

structure	 into	 the	 desired	 degree	 of	 solid-state	 ordering.	 A	 detailed	 understanding	 of	

structure-property	 relationships	 will	 enable	 a	 tolerance	 to	 variations	 in	 deposition	

conditions	 to	be	programmed	directly	 into	 the	molecular	 structure	of	 future	OSCs,	both	
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donors	 and	 emerging	 non-fullerene	 acceptors.	 Facile	 self-assembly	 of	 the	 BHJ	 through	

molecular	 engineering	 reduces	 the	 need	 for	 morphological	 control	 via	 processing,	

enabling	 casting	 of	 efficient	 BHJ	 active	 layers	 from	 an	 increasing	 range	 of	

environmentally-benign	solvents	and	deposition	techniques.	

5.4	 Conclusions	

Higher	 OPV	 efficiencies	 have	 been	 afforded	 by	 some	 design	 principles	 derived	

from	fundamental	 insight	 into	the	relationships	between	molecular	structure,	processing	

conditions,	BHJ	morphology	and	device	function.	In	situ	x-ray	scattering,	absorbance	and	

reflectometry	 studies	 of	 film	 evolution	 during	 solution	 casting	 have	 provided	 a	 rich	

understanding	 of	 the	 underlying	 mechanisms	 that	 operate	 during	 formation	 of	 a	 BHJ.	

Emerging	 research	 trends	 in	 solution-processed	 BHJ	 OPVs	 will	 change	 the	 prevailing	

solvent:donor:fullerene	paradigm	in	response	to	growing	concerns	over	device	instability,	

environmental	 toxicity	 of	 processing	 solvents	 and	 scalability	 to	 large-area	 device	

fabrication.	 As	 design	 considerations	 expand	 beyond	 that	 of	 raw	 efficiency,	 novel	

strategies	for	directing	self-assembly	that	fit	that	are	compatible	with	use	of	non-fullerene	

acceptors,	 ternary	 blends	 and	 environmentally	 sustainable	 solvents	 are	 being	 explored.	

For	example,	solvent	additives	and	other	morphological	control	strategies	have	historically	

provided	tools	for	manipulating	the	kinetics	of	self-assembly	and	phase	separation	of	the	

active	layer	during	and	after	solution	deposition.	Now,	multiple	solvent	additives	are	being	

rationally	combined	or	paired	with	other	morphological	control	strategies	to	fine	tune	of	

BHJ	domains	simultaneously	via	different	mechanisms,	often	enabling	synergistic	effects	
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and	 processing-tolerant	 performance.	 Molecular	 engineering	 and	 systematic	 study	 of	

structurally	 related	OPV	materials	have	also	 suggested	 strategies	 for	programming	 self-

assembly	 into	the	molecular	structure	of	organic	semiconductors,	 lessening	the	need	for	

additional	 processing.	 This	 includes	 reducing	 conformational	 diversity	 to	 facilitate	 self-

assembly	during	solution	casting	and	inducing	contextual	changes	 in	molecular	topology	

to	enable	solvent-independent	ordering.	Strategies	that	can	control	the	film	morphology	

while	ameliorating	the	additional	concerns	of	device	stability,	environmental	toxicity	and	

large-area	 scalability	 will	 be	 increasingly	 relevant	 as	 existing	 solvent:donor:fullerene	

paradigms	shift	and	are	likely	to	percolate	into	related	organic	semiconductor	fields.	
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