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1.1	Introduction	

The	world’s	growing	population	and	economy	demand	vast	amounts	of	energy.	It	

is	 projected	 that	 the	 consumption	 of	 energy	 will	 increase	 from	 17.5	 TW	 in	 2010	 to		

27	TW	by	2040.1	Especially	China	and	India	are	expected	to	have	doubled	their	energy	

consumption	by	that	time	due	to	their	strong	growing	economies.	Currently	the	majority	

of	 this	 energy	 is	 produced	 by	 burning	 fossil	 fuels.	 This	 is	 however	 not	 a	 sustainable	

solution	 and	 alternatives	 will	 have	 to	 be	 implemented	 in	 order	 to	 meet	 the	 energy	

demands,	while	reducing	CO2	emissions	and	preserving	the	planet.	Of	all	the	alternative	

energy	 sources,	 solar	 power	 is	 by	 far	 the	 most	 abundant	 with	 120	 PW	 reaching	 the	

earth’s	 surface,	 far	more	 than	 the	 required	demand.	 Converting	 this	 solar	 energy	 into	

power	and	ultimately	fuels	is	therefore	an	important	and	fast	growing	technology.2	

The	first	report	on	the	conversion	of	light	into	power	was	by	Becquerel	in	1839	

where	 he	 demonstrated	 the	 photovoltaic	 effect	 on	 a	 silver	 chloride	 covered	 platinum	

electrode	 in	 a	 liquid	 electrolyte.3	 It	 took	 however	 more	 than	 a	 century	 until	 Chapin	

fabricated	in	1954	a	silicon	p‐n	 junction	that	was	capable	of	converting	6%	of	the	light	

into	electricity,	revealing	the	true	potential	of	photovoltaics	(PV).4	Since	that	discovery,	

research	on	solar	cells	has	grown	tremendously	leading	to	crystalline	silicon	(c‐Si)	solar	

cells	 with	 record	 efficiency	 of	 25%	 nowadays.5	 The	 136	 GW	 of	 solar	 electrical	

production	capacity	 installed	worldwide	with	38.4	GW	 installed	 in	2013	alone,	 is	now	

dominated	by	crystalline	silicon	technology.6	

The	use	of	crystalline	silicon	as	a	semiconductor	for	efficient	solar	cells	requires	

very	 high	 purity	 materials	 and	 therefore	 undergoes	 an	 expensive	 purification	 and	

fabrication	process.	Although	prices	have	decreased	 significantly	 for	 this	 type	of	 solar	

cell	 in	 recent	 years	 due	 to	 upscaling	 factors,	 factory	 startup	 capital	 is	 significant.	

Additionally,	 the	 indirect	 bandgap	 of	 silicon	 requires	 solar	 cells	 to	 be	 very	 thick		

(200–300	 m)	 in	 order	 to	 absorb	 all	 the	 light.	 This	 requires	 significant	 amounts	 of	

material	 and	 leads	 to	 heavy	modules.	 Thin	 film	 technologies	 aim	 to	 circumvent	 these	

issues	 with	 the	 use	 of	 direct	 bandgap	 semiconducting	 absorbers	 such	 as	 amorphous	

silicon	(a‐Si)	cadmium	telluride	(CdTe),	copper	indium	gallium	(di)selenide	(CIGS),	and	

gallium	 arsenide	 (GaAs).	 Layers	 of	 around	 5	m	are	 sufficient	 to	 capture	most	 of	 the	

incident	light,	leading	to	current	maximum	efficiencies	for	single	junctions	of	13.4,	20.4,	

20.8,	and	28.8%	respectively.5	Recently	an	interesting	new	thin	film	technology	emerged	

using	 solution	 processable	 Perovskite	 based	materials,	 reaching	 18%	 efficiency	 at	 the	

moment.7,8	Considering	that	the	theoretical	efficiency	limit	of	a	single	junction	solar	cell,	

the	Shockley‐Queisser	limit,	is	33.7%	under	standard	illumination	conditions,	solar	cell	

technology	is	steadily	approaching	this	value.9	
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1.2	Organic	solar	cells	

The	downside	of	the	aforementioned	thin	film	technologies	is	that	they	often	rely	

on	 highly	 toxic	 or	 scarce	 materials.	 Widely	 available,	 non‐toxic,	 carbon	 based	

semiconductors	 provide	 an	 interesting	 addition	 to	 thin	 film	 PV	 technologies.	 The	

discovery	of	the	electrical	conductivity	of	doped	polyacetylene	by	Heeger,	Macdiarmid,	

and	 Shirakawa	 in	 1977	 kick‐started	 the	 research	 into	 this	 type	 of	 conducting	 and	

semiconducting	 organic	 materials.10,11	 They	 are	 based	 around	molecules	 or	 polymers	

that	 have	 alternating	 single	 and	 double	 bonds	 in	 their	 chemical	 structure,	 forming		

‐conjugation	 in	which	 electrons	 can	 be	 delocalized	 over	 large	 parts	 of	 the	molecule.	

This	 leads	 to	semiconducting	properties	such	as	 the	capability	of	 transporting	charges	

and	the	absorption	or	emission	of	 light.	This	class	of	organic	compounds	has	therefore	

found	applications	 in	 light‐emitting	diodes	 (OLED),	 field‐effect	 transistors	 (OFET),	and	

photovoltaics	(OPV).	

One	 of	 the	 virtues	 of	 organic	 materials	 is	 the	 ease	 with	 which	 they	 can	 be	

synthetically	 modified	 using	 organic	 chemistry:	 simple	 changes	 to	 the	 molecules	 can	

drastically	alter	their	optical	and	electrical	properties.	The	typical	very	high	absorption	

coefficient	of	organic	materials	allows	for	the	use	of	very	thin	layers	(~100	nm)	in	solar	

cells	and	since	they	are	usually	soluble,	they	can	be	solution	processed	onto	large	areas	

utilizing	 common	 printing	 techniques.12	 The	 thin	 layers	 and	 ability	 to	 tune	 color	 also	

open	up	opportunities	in	semitransparent	and	building	integrated	applications.13	

Similar	to	inorganic	semiconductors,	organic	molecules	can	absorb	photons	with	

an	energy	 larger	than	their	optical	bandgap	(Ephoton	≥	Eg).	Any	excess	photon	energy	 is	

lost	via	non‐radiative	thermalization	processes.	Photons	with	an	energy	smaller	than	the	

bandgap	will	 not	 be	 absorbed.	 The	 crucial	 difference	 between	 organic	 solar	 cells	 and	

their	inorganic	counterparts	is	that	absorption	of	light	in	an	organic	molecule	leads	to	a	

tightly	bound	excited	 state,	 called	an	 exciton.14	The	excited	electron	and	 residual	hole	

are	coulombically	bound	to	each	other,	mainly	because	of	a	low	dielectric	constant	in	the	

organic	semiconductor.	In	contrast,	for	inorganic	semiconductors	the	dielectric	constant	

is	 high	 and	 the	 thermal	 energy	 available	 at	 room	 temperature	 (kT)	 is	 sufficient	 to	

separate	such	an	electron‐hole	pair.	 In	organics	 the	coulombic	 interaction	needs	 to	be	

overcome	by	other	means	in	order	to	separate	the	exciton	into	free	charges.		

Tang	first	introduced	the	concept	of	a	heterojunction	in	1986	where	he	combined	

two	organic	 semiconductors	with	different	 electron	affinity	 (p‐type	and	n‐type).15	The	

working	 principle	 is	 depicted	 in	 Figure	 1.1a.	When	 the	 two	 semiconducting	materials	

are	 in	 close	 proximity	 and	 their	 lowest	 unoccupied	 molecular	 orbitals	 (LUMO)	 are	

properly	matched,	charge	transfer	can	occur	of	the	excited	state	in	the	donor	(p‐type)	to	
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the	acceptor	(n‐type).	 In	 this	manner	 the	exciton	can	be	separated	 into	a	 free	electron	

and	free	hole	at	the	cost	of	potential	energy.	Placing	such	heterojunction	in	between	two	

metal	 electrodes	 with	 different	 workfunctions	 creates	 an	 internal	 electric	 field	 that	

enables	 the	 collection	 of	 the	 respective	 holes	 and	 electrons,	 providing	 a	 photocurrent	

and	photovoltage.	As	such,	Tang	demonstrated	that	a	bilayer	of	copper	phthalocyanine	

as	 donor	 and	 a	 perylene	 tetracarboxylic	 acid	 derivative	 as	 acceptor	 sandwiched	 in	

between	two	metal	electrodes	provides	~1%	power	conversion	efficiency	in	sunlight.		

It	 is	 important	 to	 note	 that	 the	 additional	 energy,	 that	 is	 necessary	 to	 split	 the	

exciton,	significantly	limits	the	maximum	attainable	efficiency	that	can	be	expected	from	

an	 organic	 solar	 cell.	 Applying	 the	 Shockley‐Queisser	 theory,	 a	maximum	efficiency	 of	

~23%	can	be	calculated	for	a	single	junction	organic	solar	cell.16	Empirical	calculations	

however	 show	 that	maximum	efficiencies	of	~15%	are	more	 likely,	 assuming	 realistic	

physical	properties	of	materials	and	device	structure.17	

	

Figure	1.1	(a)	Schematic	band	diagram	of	a	donor‐acceptor	heterojunction.	(1)	Absorption	of	light	in	the	
donor	and	excitation	of	an	electron	to	the	LUMO	energy	level,	forming	an	exciton.	(2)	exciton	diffusion	to	
the	 interface.	 (3)	 charge	 transfer	 of	 the	 excited	electron	 to	 the	LUMO	of	 the	 acceptor,	 forming	a	bound	
charge	 transfer	 (CT)	 state.	 (4)	 separation	 of	 the	 CT	 state	 into	 free	 charges.	 (5)	 charge	 transport	 to	 the	
respective	electrodes.	(6)	charge	collection.	Note	that	an	excitation	in	the	acceptor	can	very	similarly	lead	
to	hole	 transfer	 to	 the	donor,	provided	 there	 is	 a	 sufficient	 energy	offset	between	 the	highest	occupied	
molecular	orbital	(HOMO)	energy	levels.	(b)	Schematic	representation	of	a	bulk	heterojunction.	

The	 excitons	 in	 an	 organic	 semiconductor	 have	 a	 limited	 lifetime	 before	 they	

relax	 back	 to	 the	 ground	 state,	which	 also	 implies	 that	 the	 physical	 distance	 they	 can	

diffuse	 is	 limited	 to	 typically	 ~10	 nm.18	 In	 bilayer	 heterojunctions	 free	 charges	 can	

therefore	only	form	when	the	exciton	is	created	close	to	the	interface	between	the	two	

materials,	resulting	in	a	very	thin	active	layer	which	is	insufficient	to	absorb	all	the	light.	

A	major	 improvement	 in	 this	 respect	 is	 the	bulk	heterojunction	 (BHJ)	configuration	 in	

which	the	two	materials	are	intimately	mixed	in	a	much	thicker	layer	(~100	nm).	This	
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provides	 a	 large	 interfacial	 area	 for	 exciton	 dissociation	 between	 donor	 and	 acceptor	

and	a	layer	that	is	thick	enough	to	absorb	a	significant	part	of	the	light.19	Crucial	for	the	

operation	of	 such	a	device	 is	 the	presence	of	percolating	pathways	of	pure	donor	and	

acceptor	domains	in	order	to	facilitate	transport	of	free	charges	to	the	electrodes	(Figure	

1.1b).		

The	first	successful	bulk	heterojunction	devices	were	based	on	a	semiconducting	

polymer	as	a	donor	that	had	good	film	forming	ability,	mixed	with	a	fullerene	derivative	

as	 acceptor.20,21	 These	 type	 of	 mixtures	 are	 deposited	 from	 solution	where	 the	 quick	

evaporation	of	solvent	provides	a	mixed	morphology.	The	difference	 in	surface	energy	

between	 the	 two	 materials	 leads	 to	 a	 partial	 phase	 segregation	 allowing	 for	 the	

formation	 of	 donor	 rich	 and	 acceptor	 rich	 domains	 and	 hence	 form	 a	 bulk	

heterojunction.	 This	 concept	 has	 proven	 the	 most	 successful	 strategy	 nowadays,	

resulting	in	efficiencies	of	up	to	9.5%	for	polymer‐fullerene	solar	cells.22	

1.3	Solar	cell	layout	and	characterization	

The	layout	of	the	OPV	devices	discussed	in	this	thesis	is	depicted	in	Figure	1.2a.	

The	 device	 stack	 is	 built	 up	 from	 a	 substrate	 covered	 with	 a	 transparent	 conductive	

electrode.	Typically	glass	or	PET	foil	can	be	used	as	a	substrate,	covered	with	an	indium	

tin	oxide	(ITO)	layer	that	acts	as	a	transparent	bottom	electrode.	The	active	layer	can	be	

solution	processed	on	 the	 substrate	 by	means	of	 spin	 coating,	 doctor	 blading,	 slot‐die	

coating,	 inkjet	 printing,	 or	 any	 other	 printing	 technique.	 For	 opaque	 devices	 the	 top	

electrode	consists	of	a	metal,	 typically	aluminum	or	silver,	 that	 is	commonly	thermally	

evaporated	 onto	 the	 active	 layer	 but	 can	 also	 be	 solution	 processed.23	 For	

semitransparent	applications,	the	top	electrode	is	transparent	as	well.		

In	order	to	improve	the	performance	of	the	cell,	interlayers	are	usually	placed	in	

between	 the	 electrodes	 and	 the	 active	 layer.	 These	 layers	 are	 often	 based	 on	 metal	

oxides	or	(highly	doped)	organic	materials	and	provide	selectivity	and	enhancement	of	

the	 extraction	 of	 either	 holes	 or	 electrons.	 Typically,	 poly(3,4‐ethylenedioxythio‐

phene):polystyrene	sulfonate	(PEDOT:PSS),	MoO3,	or	NiO	are	used	as	hole	transporting	

layers	 (HTL)	 and	 LiF,	 ZnO,	 poly[(9,9‐bis(3′‐(N,N‐dimethylamino)propyl)‐2,7‐fluorene)‐

alt‐2,7‐(9,9‐dioctylfluorene)]	(PFN),	or	ethoxylated	polyethylenimine	(PEIE)	can	be	used	

as	 electron	 transporting	 layers	 (ETL)	 (Figure	1.2b).	 The	 exact	mechanism	 responsible	

for	 the	enhanced	extraction	of	 electrons	by	materials	 such	as	LiF,	PFN,	or	PEIE	 is	 still	

under	debate.	The	most	suggested	mechanisms	involve	dipole	(and	mirror	image	dipole)	

formation	with	the	metal	electrode,	lowering	the	workfunction	and	enhancing	electron	

transfer	from	the	organic	semiconductor	to	the	metal.24‐27	
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Two	polarities	of	the	device	structure	can	be	fabricated	(Figure	1.2a).	The	regular	

configuration	 devices	 discussed	 in	 this	 thesis	 consist	 of	 a	 high	 workfunction	 bottom	

contact	composed	of	ITO	covered	with	an	interlayer	of	PEDOT:PSS	for	the	collection	of	

holes	 and	 a	 low	 workfunction	 LiF/aluminum	 or	 PFN/aluminum	 top	 contact	 for	 the	

collection	 of	 electrons.	 Inverted	 configuration	 devices	 are	 constructed	 from	 a	 low	

workfunction	 ZnO	 covered	 ITO	 electrode	 and	 a	 high	 workfunction	 MoO3/silver	 or	

PEDOT:PSS/silver	top	contact.	

SO3
- SO3H SO3H SO3

- SO3H

n

S
S

O O

OO

S

O O

S

OO

m

2+

PEDOT:PSS

N N

H17C8 C8H17

n

PFN

N

R

n
R = CH2CH2NR2
R = H
R = CH2CH2OH

PEIE 	

Figure	1.2	 (a)	 Schematic	 layout	 of	 the	 devices,	 showing	 the	 regular	 configuration	 on	 the	 left	 and	 the	
inverted	configuration	on	the	right.	(b)	Chemical	structures	of	some	interlayer	polymers.	

Connecting	the	two	electrodes	to	an	external	circuit	enables	the	characterization	

of	 the	 device	 by	 applying	 voltage	 sweeps	 on	 the	 terminals	 and	 recording	 the	 current	

density	 in	 dark	 and	 under	 illuminated	 conditions.	 An	 example	 of	 the	 corresponding	

current	 density	 voltage	 curves	 (J–V	 curves)	 are	 depicted	 in	 Figure	 1.3a.	 In	 dark,	 the	

device	 behaves	 like	 a	 diode	 with	 only	 a	 very	 small	 current	 at	 reverse	 bias	 (leakage	

current)	and	a	large	current	density	in	forward	bias.	When	the	device	is	illuminated,	 it	

produces	 power	 as	 can	 be	 seen	 in	 the	 fourth	 quadrant	 of	 the	 J–V	 graph.	 Several	

parameters	can	be	obtained	from	this	curve.	The	open‐circuit	voltage	(Voc)	is	defined	as	

the	voltage	where	the	curve	intersects	the	x‐axis.	The	short‐circuit	current	density	(Jsc)	is	

the	 point	 where	 the	 curve	 intersects	 the	 y‐axis.	 The	 product	 of	 V	 and	 J	 provides	 the	

(a)	

(b)	
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power	output	of	the	devices	which	is	largest	at	the	maximum	power	point	(PMPP)	and	has	

the	corresponding	values	VMPP	and	JMPP.		

∙ ∙ FF	
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Figure	1.3	 Example	 of	 a	 solar	 cell	 J–V	 curve	 in	 dark	 (dashed	 line)	 and	 under	 illumination	 (solid	 line)	
showing	 the	 characteristic	points	 (a).	Global	 spectrum	of	 the	 sun	under	an	angle	of	48.2°	 to	 the	zenith,	
equivalent	to	an	air	mass	coefficient	of	1.5,	with	a	total	irradiance	of	100	mW	cm‐2	(AM1.5G)	(b).	

The	performance	of	 solar	 cells	has	 to	be	measured	under	standardized	AM1.5G	

illumination	conditions	(Figure	1.3b).28	However,	devices	are	typically	measured	under	

simulated	solar	light.	If	the	spectrum	of	the	solar	simulator	is	close	enough	to	the	solar	

spectrum,	 the	only	major	difference	between	the	simulated	 J–V	 characteristics	and	the	

real	 characteristics,	 is	 the	 Jsc.	 A	 more	 accurate	 way	 of	 determining	 the	 short‐circuit	

current	density	is	by	using	the	wavelength	dependent	spectral	responsivity	of	the	device	

S().	This	 is	 related	 to	 the	external	quantum	efficiency	EQE(),	defined	as	 the	 ratio	of	
externally	 collected	 charges	 to	 the	 number	 of	 incident	 photons	 on	 the	 device	 per	

wavelength	by:	

EQE 	

Where	e	is	the	elementary	charge,		the	wavelength	of	the	light,	h	Plank’s	constant,	and	c	
the	 speed	 of	 light.	 Integrating	 the	 absolute	 spectral	 responsivity	 multiplied	 with	 the	

AM1.5G	 solar	 spectrum	 over	 all	 wavelengths,	 gives	 the	 Jsc	 that	 is	 expected	 when	 the	

AM1 AM0

AM1.5
48.2°

(a)	 (b)	
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device	 would	 be	 subjected	 to	 standardized	 solar	 illumination.	 The	 corrected	 power	

conversion	efficiency	is	then	given	by:	

PCE
FF ∙ ∙ FF ∙

∙ . d 	

Where	Pin	 is	the	power	of	the	incident	 light	and	EAM1.5G()	 is	the	energy	of	the	AM1.5G	
spectrum	per	wavelength	of	light.	

Care	 has	 to	 be	 taken	when	measuring	 the	 spectral	 response	 of	 a	 solar	 cell	 and	

determining	the	EQE.	Usually,	modulated	monochromatic	 light	of	 low	intensity	dI()	 is	
used	 in	 combination	with	 lock‐in	 amplification	 techniques	 to	 determine	 the	 response	

per	wavelength	S().	However,	these	low	light	intensities	do	not	approximate	operating	
conditions	at	~100	mW	cm‐2	irradiance.	Therefore	an	additional	bias	illumination	needs	

to	be	applied	to	the	cell	in	order	to	measure	the	response	at	1	sun	operating	conditions.	

The	lock‐in	amplification	detection	is	however	essentially	a	differential	measurement,	it	

determines	DS();	 the	 first	 derivative	 of	 the	 light	 intensity	 vs.	 current	 density	 graph	
DS()	=	dJsc()/dI()	rather	than	the	absolute	value	of	the	response	S()	=	Jsc()/I().29	It	
is	often	assumed	that	DS()	=	S()	however,	for	cells	that	exhibit	a	non‐linear	response	
of	light	intensity	to	current	density	at	1	sun	lighting	conditions,	DS()	is	actually	smaller	
then	S().	This	 leads	 to	an	underestimation	of	 the	EQE	of	 these	cells	and	hence	 the	 Jsc	
calculated	thereof.30	For	these	cases	an	additional	correction	 factor	can	be	determined	

for	the	responsivity	in	order	to	accurately	determine	the	Jsc.		

Alternatively,	the	Jsc	obtained	from	the	solar	simulator	can	also	be	corrected	with	

the	 use	 of	 a	 mismatch	 factor.31,32	 This	 is	 comprised	 of	 the	 mismatch	 between	 the	

spectrum	 of	 the	 solar	 simulator	 (ES())	 and	 the	 AM1.5G	 spectrum	 (ER()),	 and	 the	
mismatch	 between	 the	 response	 of	 a	 calibrated	 cell	 (SR())	 and	 the	 test	 cell	 (ST())	
according	to:	

M
∙ d
∙ d

∙
∙ d
∙ d

	

It	 is	 noted	 that	 for	 this	 mismatch	 factor	 no	 absolute	 values	 for	 the	 responses	 are	

necessary	and	normalized	values	can	be	used.	

1.4	Energy	levels	

The	 top	 performing	 organic	 solar	 cells	 nowadays	 use	 fullerene	 based	 acceptors.	 The	

chemical	 structure	 of	 the	most	 common	used	 variants,	 phenyl‐C61‐butyric	 acid	methyl	
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ester	 ([60]PCBM)	 and	 phenyl‐C71‐butyric	 acid	methyl	 ester	 ([70]PCBM)	 are	 shown	 in	

Figure	 1.4a.	 The	 combination	 of	 solubility,	 high	 electron	 affinity,33	 high	 electron	

mobility,34	small	size,	and	spatial	symmetry,35	makes	them	the	acceptors	of	choice	since	

they	 were	 first	 synthesized.36,37	 Only	 few	 alternative	 n‐type	 materials	 exist	 that	 can	

compete	 with	 the	 performance	 of	 fullerenes,38,39	 therefore	 research	 has	 focused	 on	

designing	new	donor	materials	that	work	optimal	with	fullerenes	as	the	acceptor.	

	

	

	

	

	

	

	
	
	
	

Figure	1.4	(a)	Chemical	structure	of	[60]	and	[70]PCBM.	(b)	Energy	level	diagram	of	donor	and	acceptor.	

Design	 rules	 for	donor‐acceptor	 systems	 that	use	 fullerenes	were	 already	early	

identified	and	in	detail	described.	17,40	Here	a	similar	approach	to	set	design	rules	for	the	

HOMO	 and	 LUMO	 energy	 levels	 of	 the	 acceptor	 and	 donor	 is	 described	 (Figure	 1.4b).	

These	energy	levels	have	a	direct	impact	on	the	solar	cell’s	J–V	characteristics	and	hence	

its	performance.	First	of	all,	the	Voc	of	an	organic	solar	cell	is	related	to	the	energy	offset	

	 between	 the	 HOMO	 of	 the	 donor	 and	 the	 LUMO	 of	 the	 acceptor.	 In	 practice		
eVoc	=	EHOMO	−	ELUMO	−	0.4	eV.	Secondly,	the	smallest	effective	optical	bandgap	(Eg,eff)	of	

the	donor	(+	)	or	the	acceptor	(′	+	)	determines	the	absorption	onset	of	the	active	
layer	and	therefore	how	much	of	the	solar	spectrum	can	be	absorbed.	A	smaller	bandgap	

results	 in	 more	 light	 that	 can	 be	 absorbed	 and	 hence	 a	 higher	 photocurrent	 can	 be	

expected.	Thirdly,	since	the	organic	solar	cell	 is	excitonic	in	nature,	the	energy	offset		
(or	′)	between	the	donor	and	the	acceptor	needs	to	be	sufficient	 in	order	to	split	 the	
photoexcitations	 into	 free	 charges.	 These	 relations	 impart	 some	 consequences	 when	

designing	 new	 donor	 materials.	 For	 instance,	 decreasing	 the	 bandgap	 of	 a	 donor	

material	by	increasing	its	HOMO	energy	level	can	result	in	a	higher	Jsc	but	concomitantly	

decrease	the	Voc,	and	therefore	does	not	necessarily	lead	to	an	improvement	of	the	PCE	

as	it	depends	on	both	parameters.	From	the	energy	diagram	a	total	energy	loss	can	be	

defined	for	the	system:	

, 	

Donor Acceptor

Eg





 ’

LUMO

LUMO

HOMO

HOMO

E

(a)	 (b)	
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Since	 both	 Eg,eff	 and	 Voc	 can	 be	 easily	 determined	 accurately,	 Eloss	 is	 a	 useful	

parameter	when	designing	and	evaluating	materials.	Essentially,	 it	 is	a	combination	of	

the	 voltage	 loss	 on		 (typically	0.4	 eV)	 and	 the	 energy	 loss	 as	 a	 result	 of	 splitting	 the	
exciton		(or	′).	It	has	been	calculated	that	a	minimum	energy	loss	of	0.6	eV	is	required	
for	efficient	device	operation.41	In	practice	however,	it	has	been	observed	that	the	larger	

this	energy	loss	is,	the	higher	the	external	quantum	efficiency	of	the	device	tends	to	be.	

In	Figure	1.5a	the	energy	loss	of	some	of	the	most	efficient	polymers	to	date	is	depicted	

in	relation	to	EQEmax,	which	is	the	maximum	value	of	the	EQE	in	the	absorption	region	of	

the	donor	material.	Clearly	 there	 is	an	experimental	 trend	 that	high	energy	 loss	yields	

higher	EQEmax	for	a	variety	of	materials.	However,	a	high	energy	loss	also	implies	a	lower	

Voc	compared	to	the	optical	bandgap.	Therefore	there	is	an	intricate	correlation	between	

the	 effective	 optical	 bandgap	 and	 the	 maximum	 efficiency	 that	 can	 be	 attained	 in	 an	

organic	solar	cell.		
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Figure	1.5	 (a)	Energy	 loss	vs.	EQEmax	 for	 some	of	 the	most	efficient	polymers	 in	 literature	arranged	by	
acceptor	 type	 (see	 also	 section	 1.5).	 (b)	 Theoretical	 calculated	 efficiencies	 plotted	 against	 the	 effective	
optical	bandgap	for	varying	energy	loss.	

In	Figure	1.5b	the	theoretical	efficiency	for	a	single	junction	device	is	calculated	

with	 respect	 to	 the	 effective	 optical	 bandgap.	 Here	 it	 is	 assumed	 that	 the	 EQE	 is	

correlated	to	the	energy	 loss	and	has	a	block	shape	with	values	according	to	the	black	

line	 shown	 in	 graph	 1.5a.	 Furthermore	 a	 fill	 factor	 of	 0.70	 is	 assumed	 and	 the	Voc	 is	

determined	 according	 to	 eVoc	 =	 	 −	 0.4	 eV.	 It	 shows	 that	 wide	 bandgap	 materials		
(Eg	 =	 2.0‐1.7	 eV)	 can	 permit	 a	 higher	 energy	 loss	 in	 order	 to	 improve	 the	 current	

generation.	 For	 small	 bandgap	materials	 (Eg	 =	 1.4‐1.0	 eV)	 a	 higher	Voc	 is	 preferential	

over	 a	 high	 response	 in	 order	 to	 make	 an	 efficient	 device.	 The	 most	 efficient	 single	

junction	devices	are	expected	at	bandgaps	between	1.7	and	1.4	eV,	having	an	energy	loss	

of	around	0.8	eV.	Interestingly,	at	the	moment	the	highest	performing	polymers	have	an	

energy	loss	around	this	value	and	a	rather	wide	optical	bandgap	of	1.9‐1.6	eV	(see	Table	

1.1).	This	is	significantly	larger	than	the	~1.4	eV	that	has	been	proposed	as	the	optimal	

(a)	 (b)	
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bandgap	 for	 a	 polymer‐fullerene	 solar	 cell,	 since	 these	 calculations	 do	 not	 take	 into	

account	 the	 relation	 between	 energy	 loss	 and	 Jsc.40	 Ultimately	 however,	 the	 best	

performance	 will	 be	 achieved	 when	 this	 empiric	 correlation	 is	 overcome	 and	 high	

quantum	efficiencies	can	be	attained	with	small	energy	losses.	

1.5	Rational	design	of	donor	materials	and	recent	developments	

Semiconducting	polymers	have	traditionally	received	much	attention	for	the	role	

of	electron	donor	in	organic	solar	cells.	The	conjugation	can	be	easily	extended	over	the	

length	 of	 the	 polymer	 chain	 and	 they	 have	 good	 film	 forming	 ability.	 More	 recently		

solution	processable	small	molecules	have	also	been	used	as	donor	in	combination	with	

fullerenes	 and	 achieved	 efficiencies	 of	 over	 8%.42	 One	 of	 the	 first	 polymers	 that	 was	

successfully	applied	in	a	bulk	heterojunction	with	fullerenes	was	MDMO‐PPV,	providing	

an	efficiency	of	2.5%	with	the	use	of	[60]PCBM	and	later	up	to	3.0%	with	[70]PCBM.43,37	

A	significant	improvement	was	realized	when	poly(3‐hexylthiophene)	(P3HT)	could	first	

be	 processed	 into	 good	 solar	 cells	 with	 [60]PCBM.44,45	 Owing	 to	 its	 semi‐crystalline	

nature	P3HT	possesses	excellent	hole	mobilities	and	displays	performances	in	solar	cells	

of	 4‐5%	 with	 [60]PCBM.46,47,48	 It	 is	 still	 considered	 to	 be	 a	 workhorse	 material	

nowadays.	

These	initial	materials	however	suffered	from	rather	wide	optical	bandgaps	that	

did	 not	 allow	 absorption	 of	 all	 the	 light	 and	 had	 low	open‐circuit	 voltages	 (i.e.	 a	 high	

energy	 loss).	 In	 order	 to	 tune	 the	 energy	 levels	 and	 reduce	 the	 optical	 bandgap	 of	

semiconducting	 polymers	 several	 techniques	 can	 be	 employed.	 Reducing	 bond	 length	

alternation	between	the	single	and	double	bonds	(reducing	Peierls	distortion)	stabilizes	

the	 first	 electrical	 transition,	 resulting	 in	 a	 smaller	 bandgap.	 This	 can	 be	 achieved	 by	

stabilizing	the	so‐called	quinoidal	resonance	form	of	the	molecule.	Polyisothianaphthene	

(PITN)	is	a	classic	example	where	this	form	is	stabilized	by	the	benzene	rings	that	gain	

aromaticity	 when	 the	 polymer	 backbone	 is	 in	 its	 quinoid	 state	 (Figure	 1.6a).49	 This	

drastically	 reduces	 the	 optical	 bandgap	 to	 ~1	 eV	 for	 PITN	 compared	 to	 ~2	 eV	 for	

polythiophene.	 Another	 even	 more	 widely	 used	 strategy	 to	 tune	 the	 energy	 levels	

involves	 the	 alternation	 of	 donor	 and	 acceptor	 units	 in	 the	 polymer	 chain	 (not	 to	 be	

confused	 with	 the	 donor	 and	 acceptor	 materials	 in	 the	 bulk	 heterojuntion).50	 This	

decreases	bond	length	alternation	by	charge	stabilization	(D−A	↔	D+=A−).	The	concept	is	

shown	in	Figure	1.6b.	Hybridization	of	the	molecular	orbitals	between	the	donor	and	the	

acceptor	 creates	 new	HOMO	 and	 LUMO	 energy	 levels	with	 a	 smaller	 optical	 bandgap	

than	those	of	the	individual	donor	or	acceptor	constituents.	Since	the	LUMO	energy	level	

of	the	new	material	is	mostly	determined	by	the	strength	of	the	acceptor	and	the	HOMO	

level	is	mostly	determined	by	the	strength	of	the	donor,	the	exact	position	of	the	energy	
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levels	 can	 also	 be	 tuned	 by	 simply	 changing	 the	 acceptor	 or	 donor	 strength.	 This	

modular	 approach	 allows	 good	 control	 over	 the	 energy	 levels	 and	 optical	 bandgap	 in	

order	to	match	them	with	the	energy	levels	of	the	fullerene	and	has	therefore	become	a	

very	popular	approach.	

	 	

Figure	1.6	 (a)	 Resonance	 structures	 of	 PTIN	 and	 PT	 in	 the	 aromatic	 and	 quinoid	 state.	 (b)	 Simplified	
energy	level	diagram	showing	donor‐acceptor	hybridization	resulting	in	a	reduced	bandgap.	

The	 first	 polymer	 that	 successfully	 implemented	 the	donor‐acceptor	 concept	 in	

photovoltaic	 application	was	PTPTB,	where	 a	 benzothiadiazole	 (BTD)	unit	 as	 electron	

deficient	 acceptor	 was	 alternated	 with	 a	 thiophene‐pyrrole‐thiophene	 segment	 as	

electron	 rich	 donor	 (Figure	 1.7).	 It	 displayed	 a	 bandgap	 of	 1.6	 eV	 and	 reached	 an	

efficiency	of	~1%.51	Keeping	the	acceptor	part,	but	changing	the	donor	 into	a	stronger	

one,	 cyclopentadithiophene,	 PCPDTBT	 could	 be	 synthesized,	 displaying	 a	 reduced	

optical	 bandgap	 of	 1.4	 eV	 and	 providing	 an	 efficiency	 of	 5.5%	 when	 blended	 with	

[70]PCBM.52	The	other	way	around,	changing	the	donor	 into	a	weaker	one,	 thiophene‐

carbazole‐thiophene,	 gives	 PCDTBT,	 a	 nowadays	widely	 used	 polymer	with	 an	 optical	

gap	of	1.9	eV	and	excellent	efficiencies	of	up	to	7.9%	with	[70]PCBM.53	It	demonstrates	

the	convenient	modularity	of	the	donor‐acceptor	concept.	

Although	 successful,	 these	 polymers	 have	 a	 significant	 energy	 loss	 due	 to	 the	

large	 energy	offset	 between	 the	LUMO	of	 the	polymer	 and	 the	LUMO	of	 the	 fullerene.	

Stronger	 acceptors	 such	 as	 diketopyrrolopyrrole	 (DPP),	 isoindigo	 (iID),	

thienothiophene‐carboxylate	 (TT‐c),	 and	 thienopyrrolodione	 (TPD)	 can	 alleviate	 this	

issue,	 reducing	 the	 energy	 loss	 and	 increasing	 the	 efficiency.	 Over	 the	 years	 new	 and	

very	successful	families	of	polymers	have	been	developed.	Discussing	all	these	materials	

is	beyond	the	scope	of	this	thesis	and	several	reviews	are	available.54‐56	Figure	1.7	and	

Table	 1.1	 show	 the	 chemical	 structures	 and	 performances	 of	 a	 small	 selection	 of	 the	

most	recent	high	performing	polymers	that	are	based	on	some	of	these	acceptors.	
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Figure	1.7	Chemical	structures	of	some	important	and	high	performance	polymers.	

Table	1.1	Selection	of	High	Performance	Polymers	in	Literature	

Polymer		 Eg	
(eV)	

Voc	

(V)		

Jsc	
(mA/cm2)	

FF EQEmax	 Eloss	
(eV)	

PCE

(%)		

PCDTBT53	 1.90	 0.90 14.0 0.63 0.78	 0.84	 7.9

PPDT2FBT57	 1.72	 0.79 16.3 0.73 0.81	 0.93	 9.4

PiITVT58	 1.61	 0.91 13.2 0.59 0.67	 0.70	 7.1

PThTPTI59	 1.86	 0.87 13.7 0.66 0.72	 0.87	 7.8

PBTI3T60	 1.81	 0.85 12.9 0.78 0.73	 0.89	 8.7

PBDTTPD61	 1.82	 0.97 12.6 0.70 0.72	 0.77	 8.5

PTB762	 1.63	 0.75 17.5 0.70 0.82	 0.88	 9.2

PBDT‐TS163	 1.51	 0.80 17.5 0.68 0.72	 0.71	 9.5
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Some	of	the	new	efficient	polymers	have	indeed	reduced	the	energy	loss	and	have	

smaller	 optical	 bandgaps.	 The	 energy	 loss	 is	 however	 often	 still	 significant,	 indicating	

that	there	is	still	room	for	improvement.	Besides	having	optimal	energy	level	alignment	

and	optical	bandgap,	for	efficient	devices	it	is	also	important	for	the	material	to	have	a	

high	 absorption	 coefficient	 in	 order	 to	 absorb	 as	much	 of	 the	 light	 possible	 in	 a	 thin	

layer,	and	a	high	hole	mobility	is	required	in	order	to	efficiently	transport	free	charges	to	

the	electrode.	

1.6	Diketopyrrolopyrrole	polymers	in	organic	solar	cells	

The	diketopyrrolopyrrole	(DPP)	core	was	first	synthesized	in	1974	by	Farnum	in	

the	 form	of	3,6‐diphenylpyrrolo[3,4‐c]pyrrole‐1,4(2H,5H)‐dione.64	 It	was	obtained	as	a	

bright	red	byproduct	while	attempting	a	Reformatsky	reaction	between	benzonitrile	and	

ehtylbromoacetate.	 It	proved	to	be	an	 insoluble	and	very	stable	dye	with	high	thermal	

stability	 and	 high	 absorption	 coefficient.	 Iqbal	 innovatively	 improved	 the	 synthesis	 in	

1986	 with	 the	 reaction	 of	 benzonitrile	 and	 succinate	 esters.65	 Owing	 to	 its	 bright	

appearance	and	high	stability	it	was	initially	used	as	a	pigment,	most	famous	being	the	

CIBA	Pigment	Red	254	(also	called	Ferrari	red)	used	in	automotive	paint.66	The	stability	

of	 the	 dye	 can	 be	 ascribed	 to	 the	 presence	 of	 an	 intermolecular	 hydrogen	 bonding	

network,	 combined	 with	 Van	 der	 Waals	 and	 electrostatic	 interactions	 between	 DPP	

cores.	

The	 intriguing	 physical	 properties	 of	 this	 dye	 have	 been	 studied	 in	 detail	 and	

more	 soluble	 variants	 can	 be	 synthesized	 by	 means	 of	 N‐alkylation,	 eliminating	 the	

hydrogen	bonding	network.67	Polymers	 that	 are	 synthesized	 from	 these	biphenyl‐DPP	

derivatives	display	 interesting	semiconducting	properties	and	were	 initially	applied	 in	

OLED	 devices.68	 In	 OPV	 devices	 however,	 they	 never	 reached	 high	 efficiencies,	which	

was	 mainly	 attributed	 to	 the	 relatively	 low	 hole	 mobility	 of	 these	 polymers	 and	

suboptimal	energy	level	alignment	to	the	acceptor.	The	large	torsion	angle	between	the	

phenyl	 ring	 and	 the	DPP	 core	 impairs	planarity	of	 the	polymer	backbone,	 resulting	 in	

limited	conjugation	and	most	likely	the	low	performance.	It	was	not	until	Turbiez	et	al.	

synthesized	the	 thiophene	DPP	analog	and	polymers	 thereof,	 that	 impressive	hole	and	

electron	mobilities	 in	ambipolar	OFETs	and	up	to	4.0%	efficiency	 in	OPV	devices	were	

achieved.69,70	 Heteroaryl	 groups	 such	 as	 thiophene,	 furan,	 selenophene,	 and	 pyridine	

substituted	on	the	DPP	core	do	not	cause	steric	hindrance	and	govern	planarity	of	 the	

molecule,	 extending	 the	 conjugation.	 The	 feasible	 synthesis	 of	 this	 DPP	 monomer	 is	

shown	in	Scheme	1.1,	within	three	simple	steps	the	monomer	can	be	obtained	in	good	

yield	and	in	large	scale.	
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Scheme	1.1	Iqbal	DPP	synthesis	followed	by	alkylation.	The	yield	of	the	alkylation	depends	on	the	type	of	
alkylbromide	 used,	 long	 and	 branched	 alkyl	 chains	 can	 lead	 to	 a	 significant	 amount	 of	 an	O‐alkylated	
byproduct.	 By	 refluxing	 the	 crude	 alkylated	 products	 in	 dioxane/HCl,	 the	 O‐alkylated	 chains	 can	 be	
hydrolyzed.	Subsequently,	 the	di‐N,N‐alkylated	product	can	be	easily	purified	and	the	mono‐N‐alkylated	
and	 non‐alkylated	 byproducts	 can	 be	 recovered.	 Final	 bromination	 gives	 the	 monomer	 used	 for	
polymerizations.	

Since	 this	 discovery,	 the	 resulting	 electron	 deficient	 DPP	monomers	 have	 been	

co‐polymerized	with	numerous	electron	rich	donors	using	aryl‐aryl	coupling	chemistry	

such	as	Yamamoto,	Stille,	and	Suzuki‐Miyaura	reactions.71‐73	Due	to	the	strong	electron	

affinity	 of	 the	DPP	 core,	 small	 bandgap	polymers	 are	 generally	 obtained.	 The	 gap	 can	

however	 be	 effectively	 tuned	 between	 ~1.8	 and	 ~1	 eV	 depending	 on	 the	 donor	 part	

while	a	good	LUMO	energy	offset	to	the	fullerene	can	be	maintained.	

A	prime	example	of	tuning	the	bandgap	and	energy	loss	of	DPP	polymers	can	be	

found	when	varying	 the	number	of	 thiophenes	between	DPP	cores	 (Figure	1.8).	Going	

from	 two	 thiophenes	 to	 five	 thiophenes,	 (PDPP2T,74	 PDPP3T,75,76	 PDPP4T,77	 and	

PDPP5T78),	the	bandgap	widens	from	1.20	eV	to	1.46	eV.	This	is	due	to	the	fact	that	the	

decrease	 in	 bond	 length	 alternation	 by	 the	 donor‐acceptor	 interaction	 via	 resonance	

(D−A	 ↔	 D+=A−),	 which	 increases	 with	 the	 strengths	 of	 donor	 and	 acceptor,	 is	

counteracted	by	the	effect	that	 for	 longer	oligothiophenes	the	transformation	from	the	

aromatic	 to	 the	 quinoid	 form	 costs	more	 energy.	 In	 these	 PDPPnT	 polymers	 both	 the	

HOMO	and	LUMO	energy	levels	increase	with	every	additional	thiophene.	This	results	in	

a	progressive	 increase	of	 the	energy	 loss	and	clearly	reflects	 in	 the	EQEmax	 that	can	be	
	

	

Figure	1.8	Chemical	structures	of	DPP	polymers	with	increasing	number	of	thiophenes	between	the	DPP	
acceptors,	and	PDPPTPT.	
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obtained.	While	 for	PDPP2T	 there	 is	 not	 enough	driving	 force	 for	 exciton	dissociation	

and	a	very	low	efficiency	is	obtained,	the	other	polymers	show	excellent	performance	in	

OPV	devices	(Table	1.2).		

Table	1.2	Characteristics	of	Some	Important	and	High	Performance	DPP	Polymers	

Polymer		 Eg	
(eV)	

Voc	

(V)		

Jsc	
(mA/cm2)	

FF EQEmax	 Eloss	
(eV)	

PCE

(%)		

PDPP2Ta	 1.20	 0.68 2.03 0.50 0.01 0.52	 0.7

PDPP3Tb	 1.33	 0.67 15.4 0.69 0.49 0.66	 7.1

PDPP4T	 1.43	 0.64 16.0 0.69 0.60 0.83	 7.1

PDPP5Tc	 1.46	 0.56 18.8 0.62 0.69 0.90	 6.5

PDPPTPTd	 1.53	 0.80 13.8 0.67 0.56 0.73	 7.5

PBDTT‐ODPP	 1.51	 0.77 10.9 0.56 0.47 0.74	 4.7

PBDTT‐DPP	 1.46	 0.74 13.5 0.65 0.52 0.72	 6.5

PBDTT‐SeDPP	 1.38	 0.69 16.8 0.62 0.54 0.69	 7.2

PBTPyDPP	 1.71	 0.90 7.63 0.58 0.42 0.81	 4.9

PDPPTT‐T	(C1)	 1.40	 0.59 16.6 0.60 0.50 0.81	 5.9

PDPPTT‐T	(C2)	 1.40	 0.61 18.6 0.64 0.61 0.79	 7.3

PDPPTT‐T	(C3)	 1.40	 0.60 18.7 0.62 0.54 0.80	 6.9
a	See	Chapter	4,	b	See	Chapter	3,	c	Unpublished	results,	d	See	Chapter	3	and	5.	

Changing	the	central	thiophene	in	PDPP3T	to	benzene	gives	PDPPTPT,	an	easily	

accessible	polymer	 that	has	a	bandgap	of	1.53	eV	due	 to	a	 significantly	deeper	HOMO	

energy	level.	This	results	in	a	high	Voc	of	0.8	V	and	PCEs	of	up	to	7.5%.76,79	

Another	 effective	 tool	 to	 tune	 energy	 levels	 is	 by	 hetero	 atom	 substitution.80‐82	

Yang	et	al.	compared	the	physical	properties	and	performance	of	three	DPP	containing	

polymers	 flanked	 by	 furan	 (PBDTT‐ODPP),	 thiophene	 (PBDTT‐DPP),	 or	 selenophene	

(PBDTT‐SeDPP)	(Figure	1.9).	They	showed	that	 this	mainly	affected	 the	HOMO	energy	

level	 and,	 to	 a	minor	 extent,	 the	 LUMO	 energy	 level.	 It	 also	 slightly	 changed	 the	 hole	

mobility	 of	 the	 polymers	 and	 led	 to	 different	 morphologies	 when	 blended	 with	

[70]PCBM.	These	combined	effects	resulted	in	the	highest	efficiency	for	the	selenophene	

variant	of	7.2%.83	In	a	similar	fashion,	an	interesting	DPP	polymer	PBTPyDPP	that	was	

recently	 published	 contained	 pyridine	 groups	 next	 to	 the	 DPP	 (Figure	 1.9).84	 When	

compared	to	the	benzene	analog,	the	absence	of	a	hydrogen	atom	in	the	case	of	pyridine	

provides	 increased	planarity	 to	 the	backbone.	The	polymer	shows	a	good	photovoltaic	

performance	 of	 4.9%	with	 a	 high	Voc	 of	 0.9	V,	 but	more	 interestingly,	 has	 a	 very	 high	

electron	mobility	of	6.2	cm	V‐1	s‐1	in	OFET	devices.85	
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Figure	1.9	Chemical	structures	of	DPP	polymers	with	varying	heteroatom	substitution,	and	PBTPyDPP.	

The	‐	interaction	between	DPP	cores	is	very	high	and	results	in	polymers	that	

show	very	strong	aggregation	behavior	even	in	solution,	and	are	semi‐crystalline	in	the	

solid	state.	A	good	example	of	the	crystalline	nature	of	DPP	polymers	was	demonstrated	

by	Choi	et	al.86	They	were	able	 to	grow	and	 isolate	a	single	crystal	nanowire	of	a	DPP	

polymer	 and	 demonstrated	 that	 the	 chains	 were	 perfectly	 packed,	 extending	 in	 the	

crystal	 long	 axis	 direction.	 An	 elegant	 study	 on	 the	 influence	 of	 crystallinity	 on	 the	

photovoltaic	 performance	 and	 hole	 mobility	 was	 demonstrated	 by	 McCulloch	 et	 al.87	

Three	 polymers	 of	 DPP	 alternating	 with	 thienothiophene‐thiophene‐thienothiophene	

were	synthesized	(Figure	1.10),	where	the	polymers	only	differed	in	the	spacing	length	

between	the	branching	point	of	the	alkyl	side	chains	and	the	DPP	core.	This	resulted	in	a	

progressively	higher	degree	of	crystallinity	when	the	branching	point	was	further	away	

from	 the	core.	This	 trend	was	 reflected	 in	 the	hole	mobilities	determined	 from	OFETs	

with	the	highest	mobility	for	the	most	crystalline	polymer.	The	photovoltaic	devices	also	

showed	higher	efficiencies	of	6.9	and	7.3%	for	the	more	crystalline	polymers	PDPPTT‐T	

(C3)	and	PDPPTT‐T	(C2),	compared	to	the	5.9%	of	PDPPTT‐T	(C1).	The	combination	of	

good	optical	properties,	ease	of	synthesis,	good	energy	level	alignment	with	fullerenes,	

and	 semi‐crystallinity	 has	 therefore	 made	 DPP	 polymers	 a	 very	 successful	 class	 of	

material	for	organic	solar	cells.	

	

Figure	1.10	Chemical	structures	of	DPP	polymers	with	different	alkyl	spacers	between	the	DPP	core	and	
the	branching	point.	

	



	
	
Chapter	1	

22	
	

1.7	Morphology	control	

Besides	the	energy	level	considerations	on	the	performance	of	organic	solar	cells,	

particular	 attention	 has	 to	 be	 given	 to	 the	 bulk	 heterojunction	 itself	 and	 the	 phase	

separation	of	the	two	components.	When	the	phase	separation	between	the	donor	and	

acceptor	material	is	too	large,	there	is	not	enough	interface	present	where	excitons	can	

separate,	this	will	lead	to	a	small	Jsc	from	the	device.	In	the	case	that	mixing	is	too	fine,	

excitons	can	easily	be	separated,	but	 the	 free	charges	are	difficult	 to	collect	due	to	the	

absence	of	percolating	pathways	of	pure	material.	This	will	result	in	a	low	fill	factor,	and	

since	the	free	charges	will	eventually	recombine,	will	also	reduce	the	Jsc.	The	perfect	bulk	

heterojunction	 is	 thought	 of	 being	 somewhere	 in	 between	 these	 extremes.	 Since	 the	

formation	of	the	BHJ	relies	on	the	physical	properties	of	the	polymer	and	acceptor,	and	

the	 processing	 conditions,	 every	 new	 material	 combination	 needs	 to	 be	 carefully	

optimized	 in	 terms	 of	 concentration,	 solvent,	 temperature,	 donor‐acceptor	 ratio,	 and	

post	treatment	steps,	in	order	to	achieve	the	highest	efficiency.	

Bulk	 heterojunctions	 of	 DPP	 polymers	 and	 [60]	 or	 [70]PCBM	 can	 be	 made	 by	

dissolving	 the	 two	 components	 in	 a	 common	 solvent,	 typically	 chloroform	 or	

chlorobenzene,	and	for	instance	spin	coating	it	on	a	suitable	substrate.	However,	when	a	

closer	 look	 is	 taken	 at	 such	 a	 layer,	 often	 big	 ‘blobs’	 can	 be	 observed	 in	 the	 layer	

consisting	of	pure	 fullerene	domains.88	This	 coarse	phase	 separation	 (>100	nm	 length	

scale)	is	much	larger	than	the	exciton	diffusion	length,	and	therefore	results	in	devices	

with	small	Jsc.	The	‘blob’	formation	is	caused	by	spinodal	decomposition	of	the	printing	

solution.	 During	 drying	 of	 the	 layer,	 the	 ternary	 blend	 of	 solvent,	 polymer	 and	 PCBM	

phase	separates	due	to	large	differences	in	surface	energy	into	a	two‐phase	system	that	

consists	 of	 PCBM	 rich	 droplets	 in	 a	 solvent	 matrix	 that	 is	 enriched	 with	 dissolved	

polymer.	Upon	drying,	 the	PCBM	droplets	appear	as	blobs	 in	 the	 final	 layer.	This	 large	

scale	phase	separation	can	however	be	 inhibited	by	the	addition	of	a	co‐solvent	to	 the	

solution	 such	 as	 1,8‐diiodooctane	 (DIO),	 ortho‐dichlorobenzene	 (o‐DCB),	 or		

1‐chloronaphthalene	 (CN).52,89,90	These	co‐solvents	are	good	solvents	 for	 the	 fullerene,	

but	a	worse	solvent	 for	the	polymer,	and	have	a	significantly	higher	boiling	point	then	

the	main	solvent.	During	evaporation	of	the	main	solvent,	the	effective	concentration	of	

the	co‐solvent	increases	and	the	polymer	will	start	to	aggregate,	forming	a	gel.	This	traps	

the	fullerenes	in	between	the	aggregates	and	avoids	spinodal	decomposition.91	Upon	full	

drying	 of	 the	 layer,	 the	 polymer	 and	 fullerenes	 are	 intimately	 mixed	 and	 a	 bulk	

heterojunction	can	be	formed	in	which	there	is	a	polymer	rich	and	fullerene	rich	phase	

with	length	scales	in	the	order	of	~10	nm.	
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Apart	from	adding	a	co‐solvent	to	the	printing	solution,	the	physical	properties	of	

the	polymer	also	play	an	important	role	in	the	formation	of	the	bulk	heterojunction.	In	

particular	the	tendency	of	the	polymer	to	aggregate	is	important.	High	molecular	weight	

polymers	 show	 generally	 a	 higher	 tendency	 to	 aggregate	 and	 it	 is	 known	 that	

improvement	of	the	molecular	weight	can	increase	the	photovoltaic	performance	due	to	

improvement	of	the	morphology.75,92,93	Secondly,	the	overall	solubility	of	the	polymer	is	

important	 in	 the	 formation	 of	 the	BHJ.	 A	 number	 of	DPP	polymers	 have	been	 studied	

that	 differ	 in	 size	 of	 the	 aromatic	 unit	 and	 side	 chain	 lengths,	 effectively	 tuning	 the	

solubility	 of	 the	 polymers	 from	 poor	 to	 very	 good	 irrespective	 of	 their	 molecular	

weight.94,95	 Transmission	 electron	microscope	 images	 of	 the	 active	 layer	 clearly	 show	

that	 the	 better	 soluble	 materials	 give	 rise	 to	 the	 formation	 of	 large	 polymer	 fibers	

(Figure	 1.11).	 The	 diameter	 of	 the	 fibers	 can	 however	 become	 larger	 than	 the	 typical	

exciton	 diffusion	 length.	 This	 results	 in	 a	 reduced	 external	 quantum	 efficiency	 in	 the	

absorption	region	of	the	polymer	and	a	lower	Jsc	for	the	better	soluble	materials.	
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Figure	1.11	 (a)	 TEM	 images	 of	 active	 layers	 comprised	 of	 poorly	 soluble	 HD‐PDPPTPT:[70]PCBM	 and	
good	soluble	DT‐PDPPTPT:[70]PCBM	(HD	=	2‐hexyldecyl,	DT	=	2‐decyltetradecyl	alkyl	chains).	(b)	Plot	of	
EQEmax	versus	the	average	fibril	width	for	the	polymers	discussed	in	reference	94	and	95.	The	open	circle	
and	square	are	the	results	from	HD‐PDPPTPT	and	DT‐PDPPTPT	respectively,	shown	in	the	TEM	images.	
The	inserted	line	is	a	guide	to	the	eye.	

Similar	 effects	 of	 side	 chain	 length	 and	 composition	 on	 solar	 cells	 performance	 have	

been	reported.87,96,97	It	is	therefore	important	when	designing	new	polymers,	not	only	to	

consider	their	energy	levels,	but	also	their	molecular	weight	and	solubility.	In	general,	it	

is	thought	that	improvement	of	the	molecular	weight	and	limited	solubility	are	favorable	

for	optimal	morphology	formation	and	high	PCEs.	

	 	

Poor Solubility  Good Solubility 

(a)	 (b)	
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1.8	Aim	and	outline	of	this	thesis	

The	research	described	in	this	thesis	aims	to	further	advance	the	state	of	the	art	

and	understanding	of	DPP	polymer‐fullerene	solar	cells.	This	is	achieved	by	fine‐tuning	

the	HOMO	and	LUMO	energy	levels	and	optical	bandgap	of	polymers	using	new	electron	

donor	groups	and	investigating	a	terpolymer	design	strategy.	Secondly,	it	is	shown	that	

optimizing	 the	 polymerization	 procedures	 in	 order	 to	 enhance	molecular	 weight	 and	

avoiding	homo‐coupling	side	reactions	results	in	improved	performances.	The	polymers	

are	 employed	 in	 solar	 cells	 with	 various	 configurations	 in	 order	 to	 maximize	 their	

performance	and	in	semitransparent	structures	to	evaluate	their	potential	in	these	type	

of	applications.	

In	 Chapter	 2	 electron	 donating	 alkoxy	 side	 chains	 are	 used	 in	 comparison	 to	

regular	alkyl	chains	as	a	tool	to	alter	the	energy	levels	of	a	polymer	without	changing	its	

processing	 conditions.	 PDPP4TOP	 and	 PDPP4TP	 are	 synthesized	 and	 show	 similar	

efficiencies	in	solar	cells,	although	their	optical	bandgap	and	energy	levels	are	distinctly	

different.	 The	 alkoxy	 chains	mainly	 increase	 the	 HOMO	 energy	 level	 while	 the	 LUMO	

remains	 largely	 unaffected.	 Using	 PFN	 instead	 of	 LiF	 as	 an	 ETL	 enhances	 the	

photocurrent	of	these	devices,	resulting	in	performances	of	~6%.	

Chapter	3	describes	the	use	of	a	terpolymer	design	strategy	in	order	to	fine‐tune	

energy	 levels.	 A	 polymer	 of	 DPP	 alternating	 with	 terthiophene	 and	 thiophene‐

phenylene‐thiophene	in	a	regular	alternating	fashion	is	synthesized	(PDPP3TaltTPT).	It	

displays	 optical	 and	 electrical	 properties	 that	 are	 exactly	 in	 between	 the	 two	 parent	

copolymers.	Owing	 to	an	 improved	molecular	weight	and	precise	energy	alignment	 to	

the	fullerene,	efficiencies	of	up	to	8.0%	can	be	achieved	with	this	new	terpolymer.	The	

improved	 synthetic	 procedure	 for	 the	 polymerization	 reaction	 could	 also	 enhance	 the	

molecular	weights	of	the	corresponding	copolymers	PDPPTPT	and	PDPP3T,	resulting	in	

PCEs	of	respectively	7.4%	and	7.1%.	

The	 effects	 of	 regioregularity	 in	 terpolymers	 on	 the	 solar	 cell	 performance	 is	

investigated	 in	 Chapter	 4.	 Two	 isomeric	 terpolymers	 are	 synthesized	 containing	 DPP	

and	thienopyrrolodione	as	the	acceptor,	alternating	with	bithiophene	as	the	donor	in	a	

random	 and	 regular	 fashion.	 The	 random	 variant	 shows	 a	 broadened	 absorption	

spectrum	 compared	 to	 the	 regular	 variant,	 with	 a	 smaller	 optical	 bandgap.	 This	

originates	 from	 DPP2T	 sections	 in	 the	 polymer	 chain	 that	 to	 a	 large	 extend	 also	

determine	the	electrical	properties.	As	a	result	the	random	terpolymer	has	a	deep	LUMO	

energy	 level	 compared	 to	 the	 regular	 isomer,	 that	 is	 insufficiently	 large	 to	 efficiently	

separate	 excitons.	 Photovoltaics	 devices	 therefore	 have	 a	 PCE	 of	 merely	 1%	 for	 the	

random	terpolymer	while	a	more	favorable	5.3%	is	obtained	for	the	regular	variant.	
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In	Chapter	5	homo	coupling	defects	in	DPP	polymers	are	discussed	in	respect	to	

their	 physical	 properties	 and	 solar	 cell	 performance.	 These	 intra‐chain	 defects	 can	 be	

commonly	 found	 in	 DPP	 copolymers	 that	 use	 the	 T‐DPP‐T	 monomer	 in	 the	

polymerization	 reaction.	 They	 can	 be	 easily	 identified	 with	 the	 appearance	 of	 a	 low	

energy	 shoulder	 in	 the	 absorption	 spectra.	 It	 is	 demonstrated	 that	 a	 relative	 small	

amount	 of	 these	 defects	 (~5%)	 can	 significantly	 lower	 the	 photovoltaic	 performance	

(>25%	reduction)	of	the	polymer	due	to	localization	of	the	LUMO	with	low	energy.	

The	 use	 of	 strong	 pyrrole	 based	 donors	 in	 combination	 with	 heteroatom	

substitution	 on	 the	 DPP	 core	 is	 use	 in	 Chapter	 6	 to	 synthesize	 ultra‐small	 bandgap	

polymers.	 Increasing	 the	donor	 strength	primarily	 raises	 the	HOMO	energy	 level,	 as	 a	

result	the	bandgap	can	be	decreased	from	1.34	to	1.13	eV.	Owing	to	a	good	LUMO	energy	

offset	to	the	fullerene	and	a	good	morphology,	high	external	quantum	efficiencies	in	the	

near‐infrared	region	are	obtained,	with	50%	at	1000	nm	and	extending	up	to	1200	nm.	

Using	 a	 retro‐reflective	 foil	 and	 an	 inverted	 device	 architecture	 to	 maximize	 light	

absorption,	a	Jsc	of	up	to	23.0	mA	cm‐2	with	a	PCE	of	5.3%	is	obtained.	These	materials	

are	 excellent	 candidates	 for	 application	 in	 multi‐junction	 devices	 and	 organic	

photodetectors.	

In	 the	 last	 chapter,	 the	 use	 of	 PDPP3T	 in	 combination	 with	 [60]PCBM	 for	

semitransparent	 applications	 is	 demonstrated.	 A	 novel	 composite	 transparent		

top	contact	is	fabricated	using	a	single	solution	processing	step.	The	formulation	for	this	

contact	 consists	 of	 high	 conductivity	 PEDOT:PSS	 mixed	 with	 a	 dispersion	 of	 silver	

nanowires.	It	does	not	require	any	thermal	annealing	after	deposition	and	acts	as	both	

an	efficient	HTL	and	top	electrode	with	a	good	combination	of	optical	transparency	and	

sheet	 resistance.	 The	 near‐infrared	 response	 of	 the	 polymer	 yields	 semitransparent	

devices	with	an	efficiency	of	up	 to	3.7%	and	an	average	visible	 transmittance	of	47%.	

This	is	~70%	of	the	performance	compared	to	the	opaque	reference	device.	Applying	a	

‘hot‐mirror’	 to	 selective	 back	 reflect	 the	 near‐infrared	 light,	 easily	 enhances	 the	 Jsc	 by	

14%	without	the	loss	of	visible	transparency.	
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McGehee,	P.	M.	Beaujuge,	J.	Am.	Chem.	Soc.	2013,	135,	4656−4659.	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	



	
	
Chapter	1	

30	
	

	
	



	

Chapter	2	

Bandgap	control	in	
diketopyrrolopyrrole‐based	polymer	
solar	cells	using	electron	donating	

side	chains*	
	

	

	

	

	

Abstract	

The	opto‐electronic	and	photovoltaic	properties	of	two	diketopyrrolopyrrole	(DPP)	

based	semiconducting	polymers	are	compared,	in	which	the	DPP	unit	alternates	along	the	

chain	with	a	conjugated	bis(dithienyl)phenylene	(4TP)	unit.	The	two	polymers	differ	only	

in	the	solubilizing	substituents	on	the	thiophene	rings	which	are	either	alkyl	(PDPP4TP)	or	

alkoxy	(PDPP4TOP)	groups.	It	is	shown	that	alkoxy	groups	lower	the	optical	bandgap	and	

increase	 the	 ionization	 potential	 compared	 to	 the	 alkyl	 groups.	As	 a	 result,	 PDDP4TOP	

provides	a	significantly	higher	charge	generation	efficiency	and	concomitant	higher	short‐

circuit	current,	18.0	mA	cm−2	vs.	12.4	mA	cm−2,	compared	to	PDPP4TP	in	optimized	devices	

with	[6,6]phenyl‐C71‐butyric	acid	methyl	ester	([70]PCBM)	as	acceptor,	but	a	simultaneous	

decrease	in	open‐circuit	voltage,	0.51	vs.	0.67	V.	The	increased	current	arises	from	a	higher	

external	 quantum	 efficiency	 and	 a	 wider	 spectral	 coverage.	 The	 net	 result	 is	 a	 small	

increase	in	power	conversion	efficiency	from	5.8%	for	PDPP4TP	to	6.0%	for	the	PDPP4TOP	

in	 optimized	 devices.	 The	 optimized	 processing	 conditions	 and	 bulk	 heterojunction	

morphologies	are	virtually	 identical	 for	both	photoactive	 layers.	The	 study	demonstrates	

that	 the	 side	 chains	 enable	 effective	 method	 for	 rationally	 designing	 new	 photoactive	

semiconducting	polymers.		

	
*	This	work	has	been	published:	K.	H.	Hendriks,	W.	Li,	M.	M.	Wienk,	R.	A.	J.	Janssen,	Adv.	

Energy	Mater.	2013,	3,	674–679.	
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2.1	Introduction	

Bulk	 heterojunction	 organic	 solar	 cells	 based	 on	 a	 semiconducting	 polymer	

blended	with	 a	C60	 or	C70	 fullerene	derivative	 are	making	 significant	 advancements	 in	

efficiency	and	provide	 the	prospect	of	 a	viable	 renewable	energy	source	 in	 the	 future.	

The	operation	of	these	solar	cells	relies	on	the	efficient	photoinduced	electron	transfer	

reaction	 between	 the	 semiconducting	 polymer	 as	 electron	 donor	 and	 the	 fullerene	 as	

electron	acceptor.	The	alternation	of	 electron	 rich	and	electron	deficient	π‐conjugated	

moieties	 along	 the	 polymer	 chain	 has	 proven	 to	 be	 a	 very	 successful	 strategy	 in	 fine	

tuning	 the	 optical	 bandgap,	 frontier	 orbital	 levels,	 and	 charge	 carrier	 mobility	 of	 the	

semiconducting	 donor	 polymer.	 In	 combination	 with	 versatile	 and	 straightforward	

synthesis	via	palladium	catalyzed	Stille	or	Suzuki	coupling	reactions	this	has	resulted	in	

a	wide	range	of	efficient	donor	materials.1,2	One	of	the	successful	electron	deficient	units	

used	 in	 these	 electron	 donor	 polymers	 is	 diketopyrrolopyrrole	 (DPP).3‐6	 The	 strong	

electron	deficient	 character	 of	DPP	 allows	 synthesizing	materials	 that	 absorb	 into	 the	

near‐infrared	 and	 show	 ambipolar	 charge	 transport	 in	 organic	 field‐effect	 transistors	

with	 good	mobilities	 for	 holes	 and	 electrons.7‐10	 DPP	 has	 been	 combined	with	 a	wide	

variety	 of	 electron	 rich	 units	 leading	 to	 polymers	 that	 exceed	 7%	 efficiency	 in	 single	

junction	solar	cells	and	up	to	9.5%	efficient	tandem	solar	cells.11	

The	 power	 conversion	 efficiency	 (PCE)	 of	 organic	 solar	 cells	 can	 be	

parameterized	 as	 being	 the	 product	 of	 open‐circuit	 voltage	 (Voc),	 short‐circuit	 current	

(Jsc),	and	fill	factor	(FF).	In	these	cells	the	HOMO	level	of	the	electron	donor	and	LUMO	

level	of	the	electron	acceptor	determine	the	maximum	achievable	Voc,	while	the	smallest	

optical	bandgap	(Eg)	of	the	two	components	limits	the	Jsc.12	As	a	consequence	there	is	a	

subtle	 interplay	 between	 the	 two	 parameters.	 A	 high	 FF	 is	 generally	 obtained	 for	

systems	 in	which:	 (i)	 the	 initially	 formed	 charge	 transfer	 state	 at	 the	 donor‐acceptor	

interface	 easily	 dissociates	 into	 free	 charges;	 (ii)	 the	 charge	 carrier	 mobilities	 of	

electrons	and	holes	are	high	and	balanced;	and	(iii)	the	contacts	are	selective.	The	first	

two	factors	are	intimately	related	to	the	three‐dimensional	morphology	of	the	polymer‐

fullerene	 films	 and	 the	 tendency	 of	 these	 materials	 to	 aggregate	 or	 crystallize	 in	

interconnected	 nanosized	 domains.	 In	 developing	 improved	 materials	 it	 is	 therefore	

important	to	create	sufficient	options	to	chemically	modify	these	energy	levels	and	the	

molecular	 and	 mesoscopic	 structure.	 Considering	 that	 favorable	 efficiencies	 have	

already	been	obtained	for	numerous	materials,	further	progress	will	depend	on	critical	

fine	tuning	of	existing	structures	towards	intrinsic	limits.13		

Energy	 level	control	 is	even	more	 important	 in	polymer	 tandem	solar	cells	 that	

have	emerged	as	a	more	efficient	way	to	convert	solar	light	by	reducing	thermalization	
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and	 transmission	 losses.	 In	 tandem	 solar	 cells,	 it	 is	 necessary	 to	 combine	 well	

performing	wide	and	small	bandgap	materials.14	Therefore,	there	is	a	need	for	new	high	

performance	wide	and	small	bandgap	materials,	 that	preferentially	absorb	 in	blue	and	

red	 shifted	 spectral	 regions	 compared	 to	 materials	 that	 are	 optimized	 for	 single	

junctions.	 The	 general	 way	 of	 controlling	 the	 optical	 bandgap	 and	 tuning	 the	 energy	

levels	in	DPP‐based	polymers	is	by	varying	the	nature	of	the	electron	rich	segment	that	

alternates	with	the	electron	deficient	DPP	unit,	either	by	changing	the	length	or	by	using	

different	aromatic	heterocycles.	Each	change,	can	however	have	a	significant	impact	on	

solubility,	 processing	 conditions,	 and	 transport	 properties	 of	 the	 material.	 An	

alternative,	possibly	more	subtle,	way	of	controlling	these	energy	levels	is	to	change	the	

solubilizing	 alkyl	 substituents	 attached	 to	 the	 electron	 rich	 segments	 by	moieties	 that	

are	 designed	 to	 donate	 to	 or	 withdraw	 electron	 density	 from	 the	 π‐conjugated	 main	

chain.	 π‐Donating	 alkoxy	 groups,	 e.g.,	 endow	 additional	 electron	 density	 to	 the	 chain,	

raising	the	HOMO	and	LUMO	energy	levels.15,16	Because	the	overall	chemical	structure	of	

the	 polymer	 remains	 virtually	 unchanged,	 side	 chain	 control	 provides	 another	 tool	 to	

change	 the	 energy	 levels	 without	 making	 drastic	 changes	 to	 the	 conjugated	

backbone.13,16	Modifying	 conjugated	 polymers	 by	 changing	 the	 length	 or	 branching	 of	

alkyl	 side	 chains	 to	 influence	 the	molecular	 weight	 or	 morphology	 of	 the	 blends	 has	

received	 considerable	 attention,13,17‐22	 but	 attempts	 to	 change	 the	 electronic	 nature	 of	

the	polymer	via	the	side	chains	on	the	conjugated	main	chain	are	much	less	common.23,24	

Considering	the	fact	that	the	HOMO	is	dominated	by	the	electron‐rich	unit	and	the	LUMO	

by	the	electron	deficient	units,	the	nature	and	position	of	the	side	chains	can	be	used	to	

preferentially	 influence	 the	 HOMO	 or	 LUMO	 level.16	 In	 favorable	 cases	 it	 can	 even	 be	

expected	 that	 the	 formation	 of	 the	 ideal	 morphology	 is	 similar	 by	 using	 the	 same	

processing	conditions,	even	though	the	electronic	properties	differ.		

Here	it	is	demonstrated	that	the	bandgap	of	a	DPP	polymer	can	be	controlled	by	

alkoxy	side	chain	substitution.	Recently	 the	synthesis	and	performance	of	 several	DPP	

based	polymers	were	reported	that	showed	good	efficiencies	in	photovoltaic	devices.25	

One	of	 these	materials,	 PDPP4TP	 (Figure	2.1),	 showed	excellent	Voc	 =	0.67,	 FF	=	0.69,		

Jsc	=	12.0	mA	cm−2,	and	a	PCE	of	5.5%	when	combined	with	[6,6]phenyl‐C71‐butyric	acid	

methyl	 ester	 ([70]PCBM)	 in	 a	 bulk	 heterojunction	 cell.25	 The	 optical	 bandgap	 of	

PDPP4TP	is	Eg	=	1.54	eV.	It	is	shown	here	that	by	changing	the	alkyl	side	chains	to	alkoxy	

side	 chains	 to	 create	 PDPP4TOP	 the	 bandgap	 can	 be	 further	 reduced	 to	Eg	 =	 1.45	 eV,	

which	results	in	very	high	photocurrents.	
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Figure	2.1.	Molecular	structures	of	PDPP4TP	and	PDPP4TOP.	

2.2	Results	and	Discussion	

2.2.1	Synthesis	

For	the	synthesis	of	PDPP4TOP	several	routes	can	be	envisioned.	For	the	Suzuki	

or	 Stille	 condensation	 polymerizations	 that	 are	 commonly	 employed	 in	 preparing	

conjugated	polymers,	the	purity	of	the	monomers	is	crucial	in	obtaining	high	molecular	

weights.	 Since	 these	 often	 involve	 labile	 bis(boronic	 esters)	 or	 bis(trialkylstannyl)	

compounds	 purification	 can	 be	 challenging.	 Although	 simple	 and	 extended	

bis(trialkylstannyl‐alkoxythiophene)	 monomers	 have	 successfully	 been	 used	 in	

synthesizing	 semiconducting	 conjugated	 polymers,21,22,26	 here	 a	 reaction	 route	 that	

avoids	 such	monomer	 in	 favor	 of	 one	 that	 can	 easily	 be	 purified	 by	 crystallization	 is	

opted.	In	this	route	(Scheme	2.1)	a	dithiophene‐DPP	core	is	extended	with	two	terminal	

2‐bromo‐3‐alkoxythiophene	 units	 in	 two	 steps.	 This	 allows	 for	more	 flexibility	 in	 the	

synthesis	and	the	monomers	are	crystalline	and	can	be	purified	by	recrystallization.	To	

obtain	 a	 similar	 substitution	 pattern	 of	 solubilizing	 chains	 on	 the	 new	 polymer	when	

compared	to	PDPP4TP	(i.e.	the	alkoxy	chains	on	the	5	position	relative	to	the	DPP	core),	

a	 2‐alkoxythiophene	 with	 a	 5‐trialkylstannyl	 functionality	 is	 required.	 This	 type	 of	

compound	is	not	readily	available	from	standard	procedures.	In	test	reactions,	it	was	not	

possible	to	selectively	lithiate	the	5	position	of	compound	1	directly.	The	ortho‐effect	of	

the	 alkoxy	 functionality	 always	 resulted	 in	 a	 mixture	 of	 substitution	 of	 the		

3‐alkoxythiophene	in	the	2	and	5	positions,	even	when	using	a	sterically	hindered	base.	

Therefore	 decyloxythiophene	was	 first	 selectively	 protected	with	 trimethylsilyl	 (TMS)	

on	 the	 2	 position	 by	 using	 butyllithium	 and	 trimethylsilyl	 chloride	 in	 hexane.	 Using	

hexane	in	this	reaction	−instead	of	the	more	commonly	used	THF−	proved	to	be	critical	

for	 the	 selectivity,	 similarly	 to	 the	experiences	 from	Koeckelberghs	et	al.27	 In	 the	next	

step,	2	was	treated	with	 lithium	tetramethylethylenediamine	 in	THF	and	subsequently	

quenched	with	 tri‐n‐butyltin	 chloride	 to	 give	 the	 corresponding	 tin	 compound	3	 that	
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was	purified	by	vacuum	distillation.	This	gave	compound	3	 in	 sufficient	purity	 for	 the	

Stille	 reaction	 with	 the	 dibromodithienyldiketopyrrolopyrrole	 4.	 The	 TMS	 group	 was	

cleaved	 off	 with	 tetrabutylammonium	 fluoride	 after	 crude	 work	 up	 of	 this	 reaction.	

Compound	 5	 could	 then	 be	 further	 purified	 by	 column	 chromatography	 and	

recrystallization	 from	 ethanol.	 Especially	 the	 recrystallization	 step	 proved	 to	 be	

successful	 in	 removing	 a	 small	 fraction	 of	 a	 DPP	 impurity	 that	 contained	 the	 wrong	

substitution	 pattern	 of	 alkoxy	 chains.	 Bromination	with	 NBS	 provided	monomer	6	 in	

high	 yield,	 which	 was	 then	 reacted	 in	 a	 Suzuki	 cross	 coupling	 polymerization	 with		

1,4‐phenylenebis(4,4,5,5‐tetramethyl‐1,3,2‐dioxaborolane)	 and	 Pd(PPh3)4	 to	 give	

PDPP4TOP	in	high	yield.	

	

Scheme	2.1	Synthesis	of	PDPP4TOP.	(i)	n‐BuLi,	(CH3)3SiCl,	−20	°C,	hexane;	(ii)	n‐BuLi,	TMEDA,	n‐Bu3SnCl,	
THF,	 −78	 °C;	 (iii)	 (1)	 Pd(PPh3)4,	 toluene,	 115	 °C;	 (2)	 n‐Bu4NF,	 THF,	 RT;	 (iv)	 NBS,	 CHCl3,	 0	 °C;	 (v)	 1,4‐
benzenediboronic	acid	bis(pinacol)	ester,	Pd(PPh3)4,	K2CO3,	Aliquat	336,	toluene,	115	°C.	

Compared	 to	PDPP4TP	 (Mn	 =	 33	kg	mol−1)	with	 alkyl	 substituents,	 the	number	

average	molecular	weight	of	PDPP4TOP	with	alkoxy	substituents	is	higher	(Mn	=	55	kg	

mol−1)	and	the	polydispersity	is	less	(Table	2.1).	Apparently	monomer	6	is	more	reactive	

in	the	Suzuki	reaction	than	the	corresponding	monomer	with	alkyl	instead	of	alkoxy	side	

chains.	Also	the	alkyl	chains	can	be	more	sterically	demanding	compared	to	the	alkoxy	

chains.	 Therefore,	 there	 is	 a	 big	 difference	 in	 the	 optimal	 reaction	 conditions.	 For	

PDPP4TOP	high	molecular	weights	could	only	be	achieved	by	using	Pd(PPh3)4	in	toluene	

with	K2CO3	as	base.	For	PDPP4TP	the	best	reaction	conditions	were	with	Pd2dba3	and		

t‐Bu3PH	BF4	in	THF	as	solvent	and	K3PO4	as	base.25		

2.2.2	Opto‐electronic	properties	

The	 UV/vis	 absorption	 spectra	 reveal	 a	 red	 shifted	 spectrum	 of	 PDDP4TOP	 in	

chloroform	and	solid	state	compared	to	PDPP4TP	(Figure	2.2).	The	optical	bandgap	 in	
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the	solid	state	is	reduced	from	1.54	to	1.45	eV	when	replacing	the	alkyl	side	chains	by	

alkoxy	groups.	The	absorption	maxima	also	show	a	red	shift	going	from	solution	to	solid	

state.	The	more	pronounced	peak	of	PDPP4TOP	at	731	nm	in	solution	compared	to	the	

shoulder	of	PDDP4TP	at	around	690	nm	arises	 from	a	higher	degree	of	aggregation	 in	

solution,	probably	due	to	the	higher	molecular	weight	of	PDPP4TOP.	This	difference	in	

peak	height	can	also	be	observed	in	the	solid	state	between	the	two	polymers.	
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Figure	2.2	Electronic	absorption	spectra	of	PDPP4TP	and	PDPP4TOP	in	CHCl3	(dashed	lines)	in	solid	state	
films	(solid	lines).	

Table	2.1	Molecular	Weight,	Optical	Absorption,	Redox	Potentials,		
and	Charge	Carrier	Mobilities	of	PDPP4TP	and	PDPP4TOP.	

	 PDPP4TP PDPP4TOP	

Mn	(kg	mol‐1)	 32.4 55	

PDI	 2.69 2.04	

Egsol	(eV)	 1.67 1.56	

Eg	(eV) 1.54 1.45	

Eox	(V)	a 0.04 −0.18	

Ered	(V)	a	 −1.70 −1.76	

EgCV	(eV)	 1.74 1.58	

E(HOMO)	b(eV)	 −5.27 −5.05	

E(LUMO)	b(eV)	 −3.53 −3.47	

ΔLUMO	(eV)c	 0.63 0.69	

µh	(cm2 V−1	s−1)	 3.5	×	10‐2 2.1	×	10‐2	

µe	(cm2 V−1	s−1)	 5.0	×	10‐3 2.0	×	10‐4	

a	Versus	Fc/Fc+.	b	Determined	using	a	work‐function	value	of	−5.23	eV		
for	Fc/Fc+.	c	LUMO‐LUMO	offset	with	[70]PCBM	(Ered	=	−1.07	V).	
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The	HOMO	and	LUMO	energy	levels	were	determined	by	cyclic	voltammetry	(CV).	

While	it	is	common	to	use	half‐wave	potentials	for	this	determination,	the	typical	waves	

obtained	for	these	type	of	polymers	are	not	always	clearly	reversible.	This	can	make	the	

determination	of	the	half‐wave	potential	ambiguous.	Therefore,	in	this	thesis,	the	onset	

of	 the	 reduction	 and	 oxidation	 waves	 is	 used.	 The	 measurements	 revealed	 that	 the	

reduction	 potentials	 of	 the	 two	 polymers	 are	 similar.	 PDDP4TOP	 has	 a	 slightly	more	

negative	reduction	potential	by	−0.06	V.	The	main	difference	is	in	the	oxidation	potential	

where	 the	 π‐donating	 effect	 of	 the	 alkoxy	 chains	 becomes	 apparent.	 The	 oxidation	

potential	is	lowered	by	0.22	V	from	0.04	to	−0.18	V.	This	results	in	a	signi icantly	higher	

HOMO	 level	 for	 PDPP4TOP	 and	 an	 overall	 decrease	 of	 the	 optical	 bandgap.	 As	 the	

electrochemical	 measurements	 are	 performed	 for	 the	 polymer	 in	 solution	 it	 is	 also	

observed	 that	 the	 bandgap	 derived	 from	 CV	 is	 somewhat	 larger	 than	 the	 optical	

bandgap.	The	larger	effect	of	the	alkoxy	group	on	the	HOMO	energy	level	compared	to	

the	LUMO	energy	level	can	qualitatively	be	explained	by	considering	the	atomic	orbital	

contributions	 to	 the	 frontier	 molecular	 orbitals.	 Density	 functional	 theory	 (DFT)	

calculations	on	a	thiophene	substituted	DPP	oligomer	show	that	the	coefficient	of	the	pz	

atomic	orbital	of	 the	carbon	atom	that	carries	 the	alkoxy	group	 in	PDPP4TOP	 is	much	

smaller	in	the	LUMO	than	in	the	HOMO.28		

Charge	carrier	mobilities	were	determined	 in	bottom	gate	bottom	contact	 field‐

effect	transistors	(FETs).	The	two	polymers	exhibit	a	similar	hole	mobility	in	the	order	

of	10‐2	 cm2	V‐1	 s‐1.	The	electron	mobility	 is	however	one	order	of	magnitude	 lower	 for	

PDPP4TOP.	 It	 is	noteworthy	 to	mention	that	 the	electron	mobilities	 listed	 in	Table	2.1	

are	 probably	 lower	 limits	 to	 the	 actual	 values	 because	 the	 SiO2	 dielectric	 used	 in	 the	

FETs	can	act	as	a	trap	for	electrons	in	semiconductors	with	LUMO	energies	below	−3.5	

eV	and	both	PDPP4TP	and	PDPP4TOP	have	LUMO	levels	close	to	this	level	(Table	2.1).	

2.2.3	Photovoltaic	devices	

Photovoltaic	devices	were	fabricated	by	spin	coating	the	active	 layer	from	a	1:2	

(w/w)	mixture	of	polymer	and	[70]PCBM	on	indium	tin	oxide	patterned	glass	substrates	

covered	with	a	thin	PEDOT:PSS	layer	as	transparent	electrode.	As	back	electrode	LiF/Al	

and	 PFN/Al	 was	 used.	 PFN	 (poly[(9,9‐bis(3′‐(N,N‐dimethylamino)‐propyl)‐2,7‐

fluorene)‐alt‐2,7‐(9,9–dioctylfluorene)])	 is	 a	 polyelectrolyte	 electrode	 interlayer	 that	

has	recently	been	shown	to	provide	improved	contact	with	Al	compared	to	LiF.29‐31	

Because	PDPP4TP	and	PDPP4TOP	have	a	very	similar	chemical	structure,	it	was	

not	surprising	that	the	optimal	processing	conditions	for	both	materials	were	identical.	

For	 both	 polymers	 the	 weight	 ratio	 of	 1:2	 (polymer:[70]PCBM)	 gave	 optimum	

performance	in	combination	with	spin	coating	the	active	layer	from	chloroform	with	10	
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vol%	ortho‐dichlorobenzene	(o‐DCB)	as	co‐solvent	at	3000	rpm.	Even	though	there	is	a	

slight	 difference	 in	molecular	weight	 between	 the	 two	materials,	 this	 did	 not	 have	 an	

identifiable	 influence	 on	 the	 optimum	processing	 conditions.	 The	morphologies	 of	 the	

two	 active	 layers	 are	 very	 similar	 as	 determined	 by	AFM	 and	 TEM	 (Figure	 2.3).	 Both	

films	are	very	smooth	and	do	not	show	large	regions	that	can	be	attributed	to	[70]PCBM	

or	 polymer	 rich	 regions.	 The	 root‐mean‐square	 (RMS)	 roughness	 of	 the	

PDPP4TOP:[70]PCBM	 layers	 is	 slightly	 less	 than	 that	 of	 the	PDPP4TP:[70]PCBM	 films.	

This	suggests	a	slightly	finer	morphology.	TEM	images	of	the	active	layers	are	consistent	

with	the	AFM	results,	showing	the	absence	of	 large	domains	and	a	slightly	finer	mixed	

morphology	for	PDPP4TOP:[70]PCBM	films.	

	 	

	 	

Figure	2.3	 (a,	b)	AFM	surface	topology	(2	x	2	μm2,	20	nm	height	scale)	of	(a)	PDPP4TP:[70]PCBM	(rms	
roughness	 1.41	 nm)	 and	 (b)	 PDPP4TOP:[70]PCBM	 (rms	 roughness	 0.97	 nm)	 layers.	 (c,	 d)	 TEM	 images	
(740	x	740	nm2,	scale	bar	is	100	nm)	of	(c)	PDPP4TP:[70]PCBM	and	(d)	PDPP4TOP:[70]PCBM	layers.	

The	J−V	characteristics	of	the	optimized	cells	under	~100	mW	cm‐2	filtered	white	

light	 illumination	 and	 the	 spectrally	 resolved	 external	 quantum	 efficiency	 (EQE)	

measured	with	1	 sun	bias	 illumination	are	 shown	 in	Figure	2.4.	The	 Jsc	 under	AM1.5G	

conditions	 was	 determined	 by	 integrating	 the	 EQE	 (measured	 with	 1	 sun	 bias	

illumination)	 with	 the	 AM1.5G	 spectrum.	 The	 relevant	 characteristic	 parameters	 are	

collected	in	Table	2.2.		

(a)	 (b)	

(c)	 (d)



	
	

Bandgap	control	in	diketopyrrolopyrrole‐based	polymer	solar	cells	using	electron	donating	side	chains	

39	
	

0.0 0.2 0.4 0.6 0.8
-20

-15

-10

-5

0

5

 

 
C

ur
rr

en
t d

en
si

ty
 (

m
A

 c
m

-2
)

Voltage (V)

 PDPP4TPT PFN
 PDPP4TOP PFN
 PDPP4TPT LiF
 PDPP4TOP LiF

400 500 600 700 800 900
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

 

PFN/Al
 PDPP4TP:[70]PCBM
 PDPP4TOP:[70]PCBM

E
Q

E

Wavelength (nm)
	

Figure	2.4	(a)	J−V	characteristics	of	PDPP4TP:[70]PCBM	and	PDPP4TOP:[70]PCBM	solar	cells	with	LiF/Al	
and	 PFN/Al	 electron	 collecting	 contacts	 under	 ~100	 mW	 cm‐2	 filtered	 white	 light	 illumination.	 (b)	
Spectrally	 resolved	 EQE	 for	 PDPP4TP:[70]PCBM	 and	 PDPP4TOP:[70]PCBM	 solar	 cells	 with	 PFN/Al	
electron	collecting	contacts	recorded	under	1	sun	equivalent	bias	illumination.	

Table	2.2	Solar	Cell	Characteristics	

Photoactive	layer	 interlayer	
d	

(nm)	

Voc
(V)	

Jsca

(mA	cm‐2)	

FF	

	

EQEmax	
	

PCEa

(%)	

PDPP4TP:[70]PCBM PFN	 96 0.67 12.4 0.70	 0.61	 5.8

PDPP4TOP:[70]PCBM PFN	 103 0.51 18.0 0.65	 0.69	 6.0

PDPP4TP:[70]PCBM LiF	 96 0.67 11.8 0.69	 0.59	 5.5	

PDPP4TOP:[70]PCBM LiF	 105 0.51 16.9 0.65	 0.65	 5.6
a	Jsc	is	based	on	integrating	the	EQE	(measured	with	1	sun	bias	illumination)	with	the	AM1.5G	spectrum.	

The	PCE	is	determined	from	the	EQE	integrated	Jsc.	

PDPP4TP	 and	 PDPP4TOP	 clearly	 show	 the	 trade‐off	 between	 Voc	 and	 Jsc.	 The	

alkoxy	substituents	on	PDPPT4OP	reduce	 the	optical	bandgap	and	 increase	 the	HOMO	

level	 compared	 to	 PDPP4T	 with	 alkyl	 side	 chains.	 As	 a	 result	 there	 is	 a	 substantial	

increase	 in	 Jsc	and	a	simultaneous	reduction	 in	Voc	(Figure	2.4a,	Table	2.2).	Figure	2.4a	

also	 shows	 the	 beneficial	 effect	 of	 the	 PFN	 layer	 compared	 to	 LiF	 as	 interlayer	 in	

modifying	the	Al	electron	collecting	contact.	In	both	cases	there	is	a	significant	(up	to	1.5	

mA	cm−2)	increase	in	Jsc,	but	Voc	and	FF	remain	largely	unaffected	(Table	2.2).	This	is	a	

typical	 result	 when	 replacing	 LiF	 by	 PFN.	 For	 a	 range	 of	 polymers	 (not	 shown)	 an	

increase	 in	 Jsc	of	 typically	1	–	1.5	mA	cm‐2	has	been	measured,	which	seems	not	 to	be	

directly	 correlated	 with	 the	 optical	 bandgap	 of	 the	 specific	 polymer.	 Hence,	 wide	

bandgap	 materials,	 having	 lower	 Jsc,	 generally	 benefit	 more	 in	 terms	 of	 relative	

enhancement	from	the	PFN	interlayer,	which	can	be	as	much	as	20%	in	favorable	cases.	

The	 significant	 increase	 in	 short‐circuit	 photocurrent	 in	 the	 PDPP4TOP:	

[70]PCBM	 cells	 compared	 to	 the	 PDPP4TP:[70]PCBM	 cells,	 not	 only	 results	 from	 the	

larger	spectral	coverage	but	also	from	an	increased	efficiency	for	charge	generation	or	

(a)	 (b)
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collection	 as	 can	 be	 inferred	 from	 the	 spectrally	 resolved	 EQE	 (Figure	 2.4b).	 Both	

material	combinations	show	a	broad	spectral	response,	of	the	polymer	and	of	[70]PCBM.	

At	low	photon	energies,	where	the	polymer	absorbs	light,	the	EQE	is	0.69	for	PDPP4TOP	

and	0.61	for	PDPP4TP.	This	difference	between	the	two	materials	can	be	ascribed	to	the	

slightly	higher	LUMO	level	of	PDPP4TOP,	leading	to	a	larger	LUMO‐LUMO	offset	towards	

[70]PCBM	(Table	2.1)	and	an	increased	driving	force	for	exciton	dissociation.		

The	clear	disadvantage	of	the	higher	HOMO	level	is	the	reduction	in	Voc,	from	0.67	

to	0.51	V.	The	difference	of	0.16	V	is	slightly	 less	than	the	raise	of	 the	HOMO	level	(by	

0.22	V)	determined	 from	cyclic	 voltammetry	 for	 the	polymers	 in	 solution.	The	 energy	

loss	in	the	photovoltaic	conversion,	defined	as	Eg	−	eVoc	(where	e	is	the	electron	charge),	

is	 0.94	 eV	 for	 PDPP4TP:[70]PCBM	 and	 0.87	 eV	 for	 PDPP4TOP:[70]PCBM.	 Although	

energetically	the	conversion	is	slightly	better	for	PDPP4TOP:[70]PCBM,	the	energy	loss	

is	still	significantly	higher	that	the	value	of	0.6	eV,	which	is	considered	to	be	the	target	

value	for	efficient	solar	cells.	

When	 comparing	 the	 fill	 factors,	 both	 materials	 show	 relatively	 high	 values:		

FF	 =	 0.70	 for	 PDPP4TP:[70]PCBM	 and	 FF	 =	 0.65	 for	 PDPP4TOP:[70]PCBM.	 The	 small	

difference	can	be	due	to	the	difference	in	thickness	of	the	two	devices.	Overall,	the	PCE	

of	the	best	devices	is	6.0%	for	PDPP4TOP:[70]PCBM	and	5.8%	for	PDPP4TP:[70]PCBM.	

2.3	Conclusions	

It	 has	 been	 demonstrated	 that	 the	 frontier	 orbital	 energy	 levels	 and	 optical	

bandgap	of	DPP‐based	semiconducting	polymers	can	effectively	and	rationally	be	tuned	

by	replacing	the	solubilizing	alkyl	chains	on	the	thiophene	rings	by	alkoxy	side	chains.	

As	 a	 result	 the	 HOMO	 and	 LUMO	 levels	 are	 raised,	 while	 their	 energy	 difference	

decreases.	 This	 results	 in	 a	 new	 material	 (PDDP4TOP)	 that	 provides	 a	 significantly	

higher	 charge	 generation	 efficiency	 and	 concomitant	 higher	 short‐circuit	 current,		

18.0	mA	 cm−2	 vs.	 12.4	mA	 cm−2	 in	 optimized	 devices,	 but	 a	 simultaneous	 decrease	 in	

open‐circuit	voltage,	0.51	vs.	0.67	V.	The	increased	current	arises	from	a	wider	spectral	

coverage	but	also	from	a	higher	quantum	efficiency	for	charge	generation	and	collection,	

in	consequence	of	the	increased	LUMO	offset	with	the	fullerene	acceptor.	The	net	result	

is	a	small	increase	in	power	conversion	efficiency	from	5.8%	to	6.0%	for	the	PDPP4TOP.	

In	more	general	 terms	 it	was	 shown	 that	by	 changing	 the	 solubilizing	 side	 chains,	 the	

energy	levels	of	a	conjugated	polymer	can	be	rationally	tuned	while	retaining	the	same	

backbone	structure.	The	small	structural	variation	makes	that	the	favorable	morphology	

characteristics	and	processing	characteristics	can	be	preserved	while	shifting	the	energy	

levels	 and	 optical	 bandgap.	 This	 is	 a	 valuable	 asset	 when	 designing	 new	 photoactive	

materials	for	tandem	solar	cells	where	control	over	bandgap	and	current	generation	in	
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two	 complementary	 layers	 is	 important	 to	 reach	 the	 maximum	 possible	 synergy	

between	the	two	sub	cells.11,32	

2.4	Experimental	

All	 reactions	 were	 performed	 under	 an	 argon	 atmosphere.	 Commercial	 solvents	 and	

reactants	 were	 used	 as	 received	 unless	 stated	 otherwise.	 [70]PCBM	 (purity	 90‐95%)	 was	

purchased	 from	 Solenne	 BV.	 PDPP4TP,25	 PFN,29	 3,6‐bis(5‐bromothiophen‐2‐yl)‐2,5‐bis(2‐

hexyldecyl)pyrrolo[3,4‐c]pyrrole‐1,4(2H,5H)‐dione	 (4),7	 and	 3‐decyloxythiophene	 (1)26	 were	

synthesized	according	to	literature	procedures.	
1H‐NMR	and	13C‐NMR	spectra	were	recorded	on	a	Varian	Mercury	(1H	400	MHz,	13C	100	

MHz)	 system	 in	 CDCl3.	 Chemical	 shifts	 are	 given	 in	 ppm	with	 respect	 to	 tetramethylsilane	 as	

internal	 standard.	Matrix	 assisted	 laser	 desorption	 ionization	 time	 of	 flight	 (MALDI‐TOF)	was	

measured	 on	 a	 PerSeptive	 Biosystems	 Voyager‐DE	 PRO	 spectrometer.	 Molecular	 weight	

distributions	of	the	polymers	were	estimated	by	GPC	at	80	°C	on	a	PL‐GPC	120	system	using	a	

PL‐GEL	 5μm	 MIXED‐C	 column	 with	 o‐DCB	 as	 the	 eluent	 and	 using	 polystyrene	 internal	

standards.	 UV/vis/NIR	 spectroscopy	 was	 conducted	 on	 a	 Perkin	 Elmer	 Lambda	 900	

spectrophotometer.	Cyclic	voltammetry	was	performed	under	an	inert	atmosphere	with	a	scan	

speed	of	0.1	V	 s‐1	 in	 an	o‐DCB	 solution	of	1	M	 tetrabutylammonium	hexafluorophosphate	 and	

approximately	2	mM	of	polymer	 (by	monomer	weight).	A	platinum	disk	was	used	as	working	

electrode,	silver	rod	as	counter	electrode	and	silver	rod	coated	with	silver	chloride	(Ag/AgCl)	as	

quasi‐reference	 electrode	 in	 combination	 with	 Fc/Fc+	 as	 an	 internal	 standard.	 The	 redox	

potentials	were	determined	as	the	onset	of	the	oxidation	and	reduction	waves	compared	to	the	

half‐wave	potential	of	Fc/Fc+.	For	Fc/Fc+	a	work‐function	value	of	−5.23	eV	was	used.		

Photovoltaic	devices	with	 an	active	 area	of	 0.09	 and	0.16	 cm2	were	 fabricated	by	 spin	

coating	 poly(ethylenedioxythiophene):poly(styrenesulfonate)	 (PEDOT:PSS)	 (Clevios	 P,	 VP	

Al4083)	on	pre‐cleaned,	patterned	indium	tin	oxide	(ITO)	glass	substrates	(Naranjo	Substrates).	

The	PEDOT:PSS	layer	was	then	annealed	at	120	°C	for	10	minutes	in	an	inert	atmosphere.	The	

photoactive	 layer	 was	 spin	 coated	 at	 3000	 rpm	 under	 inert	 atmosphere	 from	 a	 chloroform	

solution	 containing	6	mg	mL−1	polymer,	12	mg	mL−1	 [70]PCBM	and	10	vol%	o‐DCB.	The	back	

electrode	consisted	of	LiF	(1	nm)	with	Al	(100	nm)	or	of	a	thin	PFN	layer	(approximately	3	nm)	

and	 Al	 (100	 nm).	 The	 PFN	 layer	 was	 spin	 coated	 at	 2000	 rpm	 from	 a	 methanol	 solution	

containing	0.25	mg	mL−1	PFN	and	0.5	vol%	acetic	acid.	LiF	and	Al	were	deposited	by	evaporation	

under	 high	 vacuum	 (~3	 ×	 10‐7	 mbar).	 Cells	 with	 active	 areas	 of	 0.09	 or	 0.16	 cm2	 provided	

virtually	identical	results	and	no	consistent	size‐dependent	differences.	

J–V	characteristics	were	measured	with	a	Keithley	2400	source	meter	under	~100	mW	

cm‐2	white	light	illumination	from	a	tungsten‐halogen	lamp	filtered	by	a	Schott	GG385	UV	filter	

and	a	Hoya	LB120	daylight	filter	that	provides	illumination	conditions	within	~10%	of	100	mW	

cm‐2	AM1.5G	for	most	cells.		

The	 short‐circuit	 currents	 under	 AM1.5G	 conditions	 listed	 in	 Table	 2.2	 and	 used	 to	

calculate	the	PCE,	were	estimated	by	integrating	the	spectral	response	with	the	solar	spectrum.	
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Spectral	response	measurements	were	conducted	under	1	sun	operating	conditions	by	using	a	

532	 nm	 solid	 state	 laser	 (Edmund	 Optics)	 for	 bias	 illumination.	 The	 device	 was	 kept	 in	 a	

nitrogen	filled	box	behind	a	quartz	window	and	irradiated	with	modulated	monochromatic	light,	

from	a	50	W	tungsten‐halogen	lamp	(Philips	focusline)	and	monochromator	(Oriel,	Cornerstone	

130)	with	the	use	of	a	mechanical	chopper.	The	response	was	recorded	as	a	voltage	over	a	50	Ω	

resistor	 using	 a	 lock‐in	 amplifier	 (Stanford	 research	 Systems	 SR830).	 A	 calibrated	 silicon	 cell	

was	used	as	reference.	The	thickness	of	the	active	layers	was	determined	on	a	Veeco	Dektak150	

profilometer.	

Efficiencies	and	 J–V	 and	EQE	characteristics	were	averaged	values	over	4	–	6	different	

devices	with	 the	 same	 nominal	 configuration.	 The	 standard	 deviation	 in	 the	 PCE	 varied	 from	

0.03	to	0.13.	

(3‐(Decyloxy)thiophen‐2‐yl)trimethylsilane	(2)	
3‐(Decyloxy)thiophene	(1)	(2.5	g,	10.4	mmol)	was	dissolved	in	dry	hexane	(50	mL)	and	

cooled	to	−25	°C.	n‐Butyllithium	in	hexanes	(2.5	M	4.6	mL,	11.5	mmol)	was	drop	wise	added	and	

the	 mixture	 was	 allowed	 to	 warm	 to	 room	 temperature	 and	 stir	 for	 1.5	 h.	 The	mixture	 was	

cooled	 to	−20	°C	and	 trimethylsilane	chloride	(1.7	g,	15.6	mmol)	was	added.	The	mixture	was	

warmed	 to	 room	 temperature	 and	 stirred	 for	 an	 additional	 16	 h.	 The	 reaction	was	 quenched	

with	saturated	ammonium	chloride	solution	(2	mL)	and	extracted	with	diethyl	ether	 (50	mL).	

The	organic	phase	was	washed	with	water	(2	×	100	mL)	and	brine	(100	mL)	after	which	it	was	

dried	with	magnesium	sulfate	and	filtered.	The	organic	fraction	was	concentrated	in	vacuo	and	

the	residue	was	distilled	(0.26	mbar,	130‐140	°C)	to	obtain	2.0	g	2	as	a	colorless	oil	(6.4	mmol,	

60%	yield,	purity	95%	by	NMR).	1H‐NMR	(400	MHz,	CDCl3)	δ	7.39	(d,	J	=	4.9	Hz,	1H),	6.90	(d,	J	=	

4.9	Hz,	1H),	3.96	(t,	J	=	6.4	Hz,	2H),	1.76	–	1.65	(m,	2H),	1.49	–	1.41	(m,	2H),	1.37	–	1.25	(m,	12H),	

0.88	(t,	J	=	6.4	Hz,	3H),	0.29	(s,	9H).	13C‐NMR	(100	MHz,	CDCl3)	δ	163.91,	129.37,	117.23,	113.83,	

71.33,	32.07,	29.87,	29.74,	29.71,	29.51,	29.48,	26.21,	22.84,	14.28,	−0.27.	

(3‐(Decyloxy)‐5‐(tributylstannyl)thiophen‐2‐yl)trimethylsilane	(3)	
A	solution	of	tetramethylethylenediamine	(713	mg,	6.14	mmol)	and	dry	tetrahydrofuran	

(4	mL)	 at	 −78	 °C	was	 treated	with	 n‐butyllithium	 in	 hexanes	 (1.6	M,	 3.5	mL,	 5.7	mmol)	 and	

warmed	to	room	temperature.	After	stirring	for	15	min.	it	was	drop	wise	added	to	a	solution	of	2	

(1.6	g,	5.1	mmol)	in	dry	tetrahydrofuran	(20	mL)	at	−78	°C.	The	reaction	was	stirred	for	2	hours	

at	 that	 temperature	 and	 subsequently	 tributylstannyl	 chloride	 (2.1	 g,	 6.1	mmol)	was	 injected.	

The	mixture	was	warmed	to	room	temperature	and	stirred	for	16	h,	after	which	it	was	quenched	

with	saturated	ammonium	chloride	solution	(2	mL)	and	the	solvent	was	evaporated.	The	crude	

mixture	was	taken	 into	diethyl	ether	(70	mL)	and	washed	with	water	(2	×	100	mL)	and	brine	

(100	mL).	 The	 organic	 layer	was	 dried	with	magnesium	 sulfate	 and	 filtered.	 The	 solvent	was	

evaporated	 in	vacuo	and	the	residue	purified	by	Kugelrohr	distillation	at	250	°C	(0.2	mbar)	 to	

obtain	3	(1.85	g)	as	light	yellow	oil	in	a	purity	of	85%	(determined	by	NMR).	Compound	3	was	

used	in	the	next	reaction	without	further	purification	(3.0	mmol,	60%	yield).	1H‐NMR	(400	MHz,	
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CDCl3)	δ	6.91	(s,	1H),	3.98	(t,	J	=	6.4	Hz,	2H),	1.78	–	1.68	(m,	2H),	1.67	–	1.51	(m,	6H),	1.50	–	1.42	

(m,	2H),	1.40	–	1.25	(m,	18H),	1.15	–	1.00	(m,	6H),	0.95	–	0.85	(m,	12H),	0.29	(s,	9H).	

3,6‐Bis(4'‐(decyloxy)‐[2,2'‐bithiophen]‐5‐yl)‐2,5‐bis(2‐hexyldecyl)pyrrolo[3,4‐

c]pyrrole‐1,4(2H,5H)‐dione	(5)		
3,6‐Bis(5‐bromothiophen‐2‐yl)‐2,5‐bis(2‐hexyldecyl)pyrrolo[3,4‐c]pyrrole‐1,4(2H,5H)‐

dione	(4)	(725	mg,	0.8	mmol)	and	3	(1.5	g,	2.0	mmol)	were	dissolved	in	dry	toluene	(20	mL)	and	

degassed	with	argon	 for	30	minutes.	Tetrakis(triphenylphosphine)palladium(0)	 (46	mg,	0.040	

mmol)	was	added	and	the	solution	was	degassed	for	an	additional	10	minutes	after	which	it	was	

heated	 to	 115	 °C	 for	 16	 hours.	 The	 reaction	 mixture	 was	 cooled	 to	 room	 temperature	 and	

poured	 into	 methanol.	 The	 solids	 were	 filtered	 of	 and	 taken	 into	 tetrahydrofuran	 (15	 mL).	

Tetrabutylammonium	 fluoride	 (1	 M)	 in	 tetrahydrofuran	 (2	 mL)	 was	 slowly	 added	 and	 the	

mixture	was	stirred	at	room	temperature	for	15	min.	The	contents	were	poured	into	methanol	

and	 filtered.	 The	 solid	 residue	 was	 subjected	 to	 column	 chromatography	 (silica	 gel)	 using	

heptanes/dichloromethane	(6:4)	as	eluent.	The	product	was	further	purified	by	recrystallization	

from	ethanol	to	obtain	620	mg	of	5	as	a	dark	green	solid	(63%	yield).	1H‐NMR	(400	MHz,	CDCl3)	

δ	8.89	(d,	J	=	4.2	Hz,	2H),	7.27	(d,	J	=	4.1	Hz,	2H),	6.97	(d,	J	=	1.6	Hz,	2H),	6.24	(d,	J	=	1.6	Hz,	2H),	

4.02	(d,	J	=	7.7	Hz,	4H),	3.96	(t,	J	=	6.5	Hz,	4H),	1.95	(m,	2H),	1.78	(m,	4H),	1.45	(m,	4H),	1.40	–	

1.15	(m,	72H),	0.92	–	0.81	(m,	18H).	13C‐NMR	(100	MHz,	CDCl3)	δ	161.78,	158.11,	142.97,	139.66,	

136.72,	134.58,	128.38,	124.61,	117.35,	108.55,	98.33,	70.46,	46.46,	32.05,	32.03,	29.73,	29.71,	

29.48,	29.46,	22.84,	22.82,	14.27,	14.24.	MS	(MALDI‐TOF)	calculated:	1224.78,	found:	1224.79.	

3,6‐Bis(5'‐bromo‐4'‐(decyloxy)‐[2,2'‐bithiophen]‐5‐yl)‐2,5‐bis(2‐

hexyldecyl)pyrrolo[3,4‐c]pyrrole‐1,4(2H,5H)‐dione	(6).		
3,6‐Bis(4'‐(decyloxy)‐[2,2'‐bithiophen]‐5‐yl)‐2,5‐bis(2‐hexyldecyl)pyrrolo[3,4‐c]pyrrole‐

1,4(2H,5H)‐dione	(5)	(603	mg,	0.49	mmol)	was	dissolved	in	chloroform	(24	mL)	and	degassed	

with	argon	for	15	min.	at	0	°C.	Freshly	recrystallized	N‐bromosuccinimide	(180	mg,	1.00	mmol)	

was	added	portion	wise	over	30	min.	The	reaction	was	followed	with	TLC	until	completion	after	

which	 it	 was	 poured	 into	 methanol	 (150	 mL).	 The	 solids	 were	 filtered	 and	 the	 residue	

recrystallized	from	ethanol	to	obtain	6	as	a	dark	purple	solid	(640	mg,	0.46	mmol,	94%	yield).	
1H‐NMR	(400	MHz,	CDCl3)	δ	8.80	(d,	J	=	4.1	Hz,	2H),	7.21	(d,	J	=	4.1	Hz,	2H),	6.92	(s,	2H),	4.08	(t,	J	

=	6.5	Hz,	4H),	4.00	(d,	J	=	7.5	Hz,	4H),	1.92	(m,	2H),	1.78	(dd,	J	=	14.2,	6.9	Hz,	4H),	1.48	(m,	4H),	

1.41	–	1.16	(m,	72H),	0.86	(dt,	J	=	18.7,	5.8	Hz,	18H).	13C‐NMR	(100	MHz,	CDCl3)	δ	161.68,	155.15,	

142.15,	 139.41,	 136.40,	 134.15,	 128.55,	 124.45,	 114.70,	 110.15,	 108.71,	 92.92,	 72.65,	 46.42,	

38.06,	 32.04,	 31.50,	 29.87,	 29.71,	 29.60,	 29.48,	 26.52,	 25.98,	 22.82,	 14.26.	 MS	 (MALDI‐TOF)	

calculated:	1380.60,	found:	1380.59	
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Poly[[2,5‐bis(2‐hexyldecyl)‐2,3,5,6‐tetrahydro‐3,6‐dioxopyrrolo[3,4‐c]pyrrole‐

1,4‐diyl]‐(4'‐decyloxy‐2,2'‐bithiophen‐5,5′‐diyl)‐1,4‐phenylene‐(4‐decyloxy‐2,2'‐

bithiophen‐5,5′‐diyl)]	
A	Schlenk	 tube	equipped	with	screw	cap	was	charged	with	6	 (50.0	mg,	0.0361	mmol),	

freshly	 recrystallized	 1,4‐phenylenebis(4,4,5,5‐tetramethyl‐1,3,2‐dioxaborolane)	 (11.9	 mg,	

0.0361	mmol),	1	drop	of	Aliquat	336	and	toluene	(2	mL).	The	mixture	was	degassed	with	argon	

for	15	min.	after	which	a	 freshly	prepared,	degassed,	potassium	carbonate	solution	(2	M,	0.15	

mL)	and	tetrakis(triphenylphosphine)palladium(0)	(2.1	mg,	1.8	μmol)	were	added.	The	mixture	

was	degassed	for	an	additional	10	min.	after	which	the	flask	was	sealed	and	heated	to	115	°C	for	

5	h.	Benzeneboronic	 acid	pinacol	 ester	 and	bromobenzene	were	 added	 as	 end‐cappers	 in	1	h	

intervals	and	the	mixture	stirred	at	115	°C	for	16	h.	The	solution	was	precipitated	in	methanol	

and	filtered.	The	solids	were	taken	into	chloroform	and	refluxed	with	ammonia	(>25%)	for	2	h.	

The	phases	were	separated	and	the	organic	part	was	refluxed	with	EDTA	(300	mg)	and	water	

for	2	hours.	The	organic	phase	was	separated	again	and	washed	with	water	(2	×	100	mL).	The	

volume	was	reduced	in	vacuo	and	precipitated	in	methanol.	The	resulting	solids	were	subjected	

to	a	Soxhlet	extraction	with	acetone	(2	h),	hexanes	(15	h),	and	chloroform	(4	h).	The	chloroform	

fraction	was	reduced	 in	volume	and	precipitated	 in	methanol	 to	obtain	 the	polymer	as	a	dark	

green	solid	(45	mg,	96%	yield).	1H‐NMR	(400	MHz,	CDCl3)	δ	8.5	(b,	2H),	7.5	(b,	4H),	6.9	(b,	4H),	

4.1	(b,	8H),	1.9	(b,	6H),	1.6	–	1.0	(b,	76H),	1.0	–	0.8	(b,	18H).	GPC	Mn	=	55	kg	mol‐1,	PDI	2.04.	
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organic	solar	cells*	
	

	

	

	

	

	

	

Abstract	

A	new	D1‐A‐D2‐A	ter‐polymer	based	on	PDPPTPT	and	PDPP3T	was	synthesized	and	

its	 performance	 in	 organic	 solar	 cells	 evaluated.	 The	 PDPP3TaltTPT	 polymer	 contains		

ter‐thiophene	 (3T)	 and	 thiophene‐phenylene‐thiophene	 (TPT)	 units	 as	 donors	 and	

diketopyrrolopyrrole	(DPP)	as	acceptor,	alternating	 in	a	regular	 fashion.	The	HOMO	and	

LUMO	energy	 levels	of	 the	new	polymer	are	 in	between	 those	of	PDPP3T	and	PDPPTPT,	

resulting	 in	 an	 optical	 bandgap	 and	 absorption	 profile	 that	 is	 the	 average	 of	 the	 two	

parent	 polymers.	 Combined	with	 a	modified	 synthetic	 procedure	 for	 the	 polymerization	

reactions,	 new	 batches	 of	 high	 molecular	 weight	 PDPP3T,	 PDPPTPT	 and	 the	 newly	

designed	 PDPP3TaltTPT	 showed	 high	 power	 conversion	 efficiencies	 of	 7.1%,	 7.4%	 and	

8.0%	respectively	in	single	junction	devices.	The	fine	tuning	of	the	energy	levels	and	optical	

bandgap,	 by	 combining	 the	 two	 donors	 in	 one	 polymer,	 resulted	 in	 a	 more	 optimal	

combination	of	open‐circuit	 voltage	and	 short‐circuit	 current	giving	 rise	 to	 the	 superior	

performance	of	PDPP3TaltTPT.	

	

*	This	work	has	been	published:	K.	H.	Hendriks,	G.	H.	L.	Heintges,	V.	S.	Gevaerts,	M.	M.	

Wienk,	R.	A.	J.	Janssen,	Angew.	Chem.,	Int.	Ed.	2013,	52,	8341–8344.	
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3.1	Introduction	

The	recent	significant	increase	in	power	conversion	efficiency	(PCE)	of	polymer‐

fullerene	solar	cells	largely	originates	from	the	successful	development	of	new	electron	

donor	polymers.	The	donor‐acceptor	(D‐A)	or	push‐pull	design,	where	electron	rich	and	

electron	deficient	units	alternate	along	the	copolymer	chain	 is	commonly	used	to	 tune	

the	HOMO	and	LUMO	energy	levels	and	the	optical	bandgap	of	these	polymers.1,2	While	

structure‐property	relations	 for	energy	 levels	are	well	established,	 these	are	 less	clear	

for	 the	 actual	 photovoltaic	 performance.	 Creating	morphologies	 in	 which	 nanometer‐

sized,	 interconnected,	 semi‐crystalline	 domains	 of	 both	 polymer	 and	 fullerene	 exist	

seems	 crucial	 for	 high	 photovoltaic	 performance.3,4	 These	 semi‐crystalline	 domains	

optimize	the	conjugation	along	the	polymer	backbone	and	allow	delocalizing	the	carrier	

wave	 functions	 to	 assist	 efficient	 charge	 separation.5	 High	 molecular	 weight	 and	 a	

tendency	to	crystallize	are	important	in	achieving	such	morphologies.	

The	 advantageous	 effect	 of	 high	 molecular	 weight	 and	 refined	 energy	 level	

control	 through	 the	 synthesis	 of	 a	 regular	 alternating	 D1‐A‐D2‐A	 terpolymer	 are	

presented	here,	and	its	superior	performance	in	polymer‐fullerene	solar	cells	compared	

to	 the	 corresponding	 D1‐A	 and	 D2‐A	 copolymers	 is	 demonstrated.	 The	 regular	

alternating	D1‐A‐D2‐A	design	motif	presents	a	versatile	tool	in	fine	tuning	energy	levels	

and	optical	bandgap.	Compared	to	random	alternation	of	D1	and	D2	with	A,	the	regular	

D1‐A‐D2‐A	 alternation	 allows	 quantifying	 the	 exact	 chemical	 composition.6‐9	 Further,	

regular	alternation	of	units	along	 the	polymer	chain	reduces	 local	variations	 in	HOMO	

and	LUMO	energy	 levels	 that	 broaden	 the	 density	 of	 states	 and	 reduce	 charge	 carrier	

mobility.10		

The	new	 terpolymer	uses	diketopyrrolopyrrole	 (DPP)	as	 electron	deficient	unit	

(A),	 alternating	 with	 electron	 rich	 terthiophene	 (D1	 =	 3T)	 and	 thiophene‐phenylene‐

thiophene	 (D2	=	TPT)	 segments	 in	 a	 regular	 fashion:	 PDPP3TaltTPT	 (Figure	3.1).	 The	

DPP	unit	has	previously	been	copolymerized	with	several	different	electron	rich	units,	

providing	 polymers	 with	 excellent	 performance	 in	 photovoltaic	 cells	 and	 field‐effect	

transistors.4,11‐18	The	choice	for	the	3T	and	TPT	segments	is	based	on	previous	work	on	

the	individual	PDPP3T	and	PDPPTPT	polymers	(Figure	3.1),	for	which	favorable	PCEs	of	

4.7%	 and	 5.5%	 have	 been	 obtained.11,12	 Here	 it	 is	 demonstrated	 that	 improving	 the	

polymerization	 reaction	 of	 PDPP3T,	 PDPPTPT,	 and	 of	 the	 new	 PDPP3TaltTPT,	 a	

dramatic	enhancement	of	the	PCEs	to	7.1%,	7.4%,	and	8.0%	can	be	achieved.	These	PCEs	

represent	the	highest	values	reported	for	DPP‐based	polymers	to	date.	
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Figure	3.1	Molecular	structures	of	PDPP3TaltTPT,	PDPP3T	and	PDPPTPT.	

3.2	Results	and	Discussion	

3.2.1	Synthesis	

Compared	 to	 previous	 synthesis	 (cf.	 11,12)	 the	 improved	 cross‐coupling	

polymerization	 procedure	 involves	 a	 slight	 reduction	 of	 the	 amount	 of	 palladium		

(4‐6	mol%	 vs.	 8‐9	mol%)	 and	 using	 a	 higher	 triphenylphosphine	 to	 palladium	 ligand	

ratio	(Pd:PPh3	of	1:2	vs.	1:1.2).	The	higher	ligand	ratio	serves	to	prevent	decomposition	

of	 the	 palladium	 catalyst.19	 It	 is	 found	 that	 these	 conditions	 improve	 both	 Suzuki	 and	

Stille	polymerizations.	Accordingly,	PDPPTPT	was	prepared	in	a	Suzuki	reaction,	while	

PDPP3T	was	obtained	 from	a	Stille	 reaction.	PDPP3TaltTPT	was	 synthesized	 from	 the	

extended	 monomer	 4	 under	 the	 same	 conditions	 used	 for	 PDPP3T	 to	 give	

PDPP3TaltTPT	in	excellent	yield	(Scheme	3.1).	
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Scheme	 3.1	 Synthetic	 route	 to	 PDPP3TaltTPT,	 PDPPTPT,	 and	 PDPP3T.	 (i)	 NBS,	 CHCl3,	 0	 °C;	 (ii)	 1,4‐
phenylenebis(4,4,5,5‐tetramethyl‐1,3,2‐dioxaborolane),	 Pd2dba3,	 PPh3,	 K3PO4,	 Aliquat	 336,	 toluene,	 H2O,	
115	°C;	(iii)	NBS,	CHCl3,	0	°C;	(iv)	2,5‐bis(trimethylstannyl)thiophene,	Pd2dba3,	PPh3,	toluene,	DMF,	115	°C.	
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The	addition	of	DMF	to	the	Stille	polymerizations	proved	crucial	for	accelerating	

the	 reaction	 and	 obtaining	 high	 molecular	 weights.19	 Typically,	 the	 polymerization	

reaction	 mixtures	 gelated	 within	 30	 minutes,	 indicating	 the	 high	 rate	 of	 conversion.	

Because	 of	 their	 low	 solubility,	 PDPP3T	 and	 PDPP3TaltTPT	 were	 isolated	 using	 hot	

1,1,2,2‐tetrachloroethane	 (TCE)	 after	 Soxhlet	 extraction	 with	 acetone,	 hexane,	 and	

chloroform.	The	high	yields	(>90%)	and	the	lack	of	recovering	oligomers	during	Soxhlet	

purification	indicate	the	formation	of	high	molecular	weight	polymers.	GPC	at	80	°C	 in		

o‐dichlorobenzene	 (o‐DCB)	 confirms	 that	 all	 three	 polymers	 have	 high	 molecular	

weights	 (Figure	 3.2a,	 Table	 3.1).	 For	 PDPP3T	Mn	 =	 147	 kg	 mol‐1	 is	 found,	 which	 is	

significantly	higher	 than	 the	value	obtained	previously	 (54	kg	mol‐1).11	PDPP3TaltTPT	

showed	 a	 higher	 peak	 molecular	 weight	 than	 PDPPTPT	 but	 also	 tailing	 on	 the	 GPC	

column,	giving	rise	to	a	high	polydispersity	index	(PDI)	and	a	lower	estimated	value	of		

Mn	=	42	kg	mol‐1.	For	PDPPTPT,	GPC	was	measured	on	the	old	batch	from	reference	12	

and	on	 the	new	batch.	Although	measurements	 in	o‐DCB	at	80	 °C	displayed	negligible	

differences	 in	 the	molecular	weight	with	 an	Mn	 of	 72	 kg	mol‐1	 for	 the	 new	 batch	 and		

77	kg	mol‐1	 for	 the	old	batch,	measurements	 in	 superheated	 chloroform	 (Figure	3.2b)	

showed	 distinct	 different	 traces	 were	 the	 new	 batch	 did	 not	 have	 a	 large	 signal	 at		

6.3	 minutes	 elution	 time	 (i.e.	 a	 smaller	 fraction	 of	 low	 molecular	 weight	 polymers),	

showing	that	the	new	batch	has	a	higher	molecular	weight	compared	to	the	old	batch.	It	

also	 demonstrates	 the	 difficulties	 in	 accurately	 determining	 the	 molecular	 weight	 of	

these	DPP	polymers	by	GPC	due	to	their	strong	aggregation	behavior.	
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Figure	3.2	GPC	traces	of	PDPPTPT,	PDPP3T	and	PDPP3TaltTPT.	(a)	recorded	at	80	°C	in	o‐DCB.	(b)	Traces	
of	the	old	and	new	batch	of	PDPPTP	in	superheated	CHCl3	at	145	°C.	The	shoulder	at	short	elution	time	is	
due	to	some	aggregates	still	present.	The	peaks	correspond	to	a	molecular	weight	of	70	kg	mol‐1	and	25	kg	
mol‐1.	
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3.2.2	Opto‐electronic	properties	

The	absorption	spectra	in	solution	and	of	solid	state	films	(Figure	3.3)	reveal	that	

the	 optical	 absorption	 band	 of	 PDPP3TaltTPT	 is	 positioned	 in	 between	 those	 of	

PDPPTPT	 and	 PDPP3T.	 Hence,	 the	 electronic	 structure	 of	 the	 terpolymer	 is	 better	

described	by	 the	average	of	 the	 two	parent	 copolymers	 than	by	 the	 sum.	 In	 the	 latter	

case,	 the	 density	 of	 states	 and	 the	 absorption	 spectrum	 would	 broaden.	 The	 optical	

bandgap	 of	 1.43	 eV	 (Table	 3.1)	 is	 close	 to	 ideal	 for	 maximum	 efficiency	 in	 a	 single	

junction	organic	solar	cell.20		
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Figure	3.3	UV/Vis/NIR	spectra	of	PDPPTPT,	PDPP3T	and	PDPP3TaltTPT:	(a)	In	dilute	o‐DCB	solution	and	
(b)	in	thin	film.	

Table	3.1	Molecular	Weight,	Optical	Absorption,	and	Redox	Potentials	of	PDPPTPT,		
PDPP3T,	and	PDPP3TaltTPT.	

	 PDPP3TaltTPT PDPPTPT	 PDPP3T

Mp	(kg	mol‐1)	 141 122 369

Mn	(kg	mol‐1)	

Mw	(kg	mol‐1)	

PDI	

λmax	(nm)	

Egsol	(eV)	

42

154	

3.68	

792	

1.47	

72

143	

1.98	

756	

1.57	

147

400	

2.72	

830	

1.37	

Eg	(eV)	 1.43 1.53 1.33

Eox	(V)a	 n.a. 0.25b 0.07b

Ered	(V)a	 −1.50 −1.57b −1.49b

EgCV	(eV)	 n.a. 1.82 1.56

E(HOMO)c	(eV)	 n.a. −5.48 −5.30

E(LUMO)c	(eV)	 −3.73 −3.66 −3.74
a	Versus	Fc/Fc+.	b	Values	from	reference	11	and	12.	c	Determined	using	a	work‐function	value	of	−5.23	eV	

for	Fc/Fc+.		

(a)	 (b)	
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The	HOMO	and	 LUMO	energy	 levels	 estimated	 by	 cyclic	 voltammetry	 place	 the	

LUMO	 energy	 level	 in	 between	 those	 of	 PDPPTPT	 and	 PDPP3T.	 Unfortunately,	 an	

oxidation	potential	could	not	be	determined	for	PDPP3TaltTPT.	

3.2.3	Photovoltaic	devices	

Bulk	 heterojunction	 solar	 cells	 were	 fabricated	 from	 photoactive	 layers	

comprising	PDPP3TaltTPT,	PDPPTPT,	or	PDPP3T	as	electron	donor	with	 [70]PCBM	as	

electron	acceptor.	The	solar	cell	performance	was	carefully	optimized	for	each	polymer	

by	 varying	 the	 layer	 thickness,	 the	 polymer:[70]PCBM	 weight	 ratio,	 the	 solute	

concentration	 and	 the	 composition	 of	 the	 spin	 coating	 solvent.	 The	 similar	 chemical	

structure	 of	 the	 three	polymers	 resulted	 in	nearly	 identical	 optimized	 conditions.	 The	

optimal	 polymer:[70]PCBM	 weight	 ratio	 was	 1:2	 in	 each	 case.	 The	 best	 solvent	

combination	 was	 chloroform	 with	 o‐DCB	 as	 co‐solvent	 at	 6,	 7.5,	 and	 10	 vol%	 for	

PDPPTPT,	 PDPP3T,	 and	 PDPP3TaltTPT	 respectively.	 It	 is	 notable	 that	 PDPP3T	 and	

PDPP3TaltTPT	had	to	be	processed	from	a	solution	containing	only	3	mg	mL‐1	polymer	

due	to	gelation	at	higher	concentrations.	

The	 current	 density	 –	 voltage	 (J‐V)	 characteristics	 and	 spectrally	 resolved	

external	quantum	efficiencies	 (EQEs)	of	 the	optimized	cells	 are	 collected	 in	Figure	3.4	

and	Table	3.2.	Mixed	with	[70]PCBM	all	three	polymers	provide	very	good	performance	

with	PCEs	between	7.1%	and	8.0%,	for	the	best	cells	and	6.9%	to	7.8%	for	the	average	

performance.	 Compared	 to	 the	 previous	 reports	 on	 solar	 cells	 of	 PDPP3T	 and	

PDPPTPT,11,12	 the	 solar	 cell	 parameters	 are	 virtually	 identical,	 except	 for	 a	 significant,	

more	 than	 30%,	 increase	 in	 the	 short‐circuit	 current	 density	 (Jsc).	 Upon	 testing	 the	

original	 batches	 of	 PDPP3T	 and	 PDPPTPT	 again,	 their	 performance	 was	 entirely	

consistent	 with	 the	 previously	 reported	 data.11,12	 To	 test	 reproducibility	 of	 the	 new	

synthetic	 procedure,	 three	 additional	 batches	 of	 PDPPTPT	 were	 synthesized	 that	 all	

showed	 the	 favorable	 increase	 in	 Jsc	 (PCE	 >7%).	 The	 increase	 in	 PCE	 for	 the	 new	

polymer	 batches	 arises	 from	 their	 higher	 molecular	 weight.	 The	 positive	 effect	 of	

molecular	weight	on	the	PCE	has	previously	been	discussed,11,21,22	but	 it	 is	remarkable	

that	 the	effect	 continues	 to	be	so	strong	even	above	 the	Mn	=	54	kg	mol‐1	value	of	 the	

PDPP3T	 previously	 reported.11	 Notable	 is	 that	 for	 the	 new	 batch	 of	 PDPP3T,	 the	

beneficial	effect	of	using	a	 ternary	solvent	mixture	(CHCl3,	o‐DCB,	1,8‐diiodooctane)	as	

reported	recently	by	Ye	et	al.	for	the	same	polymer,	could	not	be	reproduced.18	
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Table	3.2	Solar	Cell	Characteristics	

Photoactive	layer	 d

(nm)	

Voc
(V)	

Jsca

(mA	cm‐2)	

FF EQEmax	 PCEb

(%)	

PDPP3TaltTPT:[70]PCBM	 110 0.75 15.9 0.67 0.59	 8.0 (7.8)

PDPPTPT:[70]PCBM 115 0.80 14.0 0.67 0.58	 7.4 (7.3)

PDPP3T:[70]PCBM	 134 0.67 15.4 0.69 0.49	 7.1 (6.9)
a	Determined	by	integrating	the	EQE	spectrum	with	the	AM1.5G	spectrum.	b	Value	in	brackets	is	averaged	

value	over	6	nominally	identical	devices.	
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Figure	 3.4	 (a)	 J–V	 characteristics	 and	 (b)	 spectrally	 resolved	 external	 quantum	 efficiencies	 of	
PDPPTPT:[70]PCBM,	PDPP3T:[70]PCBM,	and	PDPP3TaltTPT:[70]PCBM	solar	cells.	

Of	course	 it	would	be	very	 interesting	to	 investigate	whether	 further	enhancing	

the	 molecular	 weight	 or	 reducing	 the	 polydispersity	 can	 increase	 the	 performance.	

However,	 both	 changes	 will	 further	 reduce	 the	 already	 limited	 solubility	 making	

processing	of	the	polymers	into	thin	films	more	challenging.	

The	Voc	of	the	PDPP3TaltTPT:[70]PCBM	cells	at	0.75	V	is	in	between	the	0.67	and	

0.80	V	of	the	parent	copolymers.	This	reveals	that	the	HOMO	level	of	PDPP3TaltTPT	lies	

in	 between	 those	 of	 PDPP3T	 and	 PDPPTPT,	 analogous	 to	 the	 electrochemically	

determined	LUMO	levels	and	the	optical	bandgaps	(Table	3.1).		

With	a	PCE	up	 to	8%,	 the	new	PDPP3TaltTPT	 terpolymer	outperforms	 the	 two	

parent	 copolymers	 in	 solar	 cells	 with	 [70]PCBM.	 To	 rationalize	 the	 origin	 of	 the	

improvement	 it	 is	 useful	 to	 compare	 the	 maximum	 EQE	 in	 the	 region	 of	 the	 main	

polymer	absorption	(EQEmax)	to	the	photon	energy	loss	defined	as	Eg	−	eVoc,	where	e	is	

the	 elementary	 charge	 and	Voc	 the	 open‐circuit	 voltage.	Eg	 −	 eVoc		 0.6	 eV	 serves	 as	 a	

lower	threshold	for	efficient	charge	generation.23	Table	3.2	shows	that	 for	PDPP3T	the	

photon	energy	loss	is	only	0.66	eV,	but	slightly	larger	for	PDPP3TaltTPT	and	PDPPTPT	

(0.69−0.73	eV).	The	higher	photon	energy	loss	scales	with	EQEmax,	which	increases	from	

0.49	for	PDPP3T	to	0.58	and	0.59	for	PDPPTPT	and	PDPP3TaltTPT,	respectively.	

(a)	 (b)	
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Figure	 3.5	 TEM	 and	 AFM	 images	 of	 the	 photoactive	 layers.	 (a),(d),(g),(j)	 PDPPTPT:[70]PCBM,	
(b),(e),(h),(k)	PDPP3T:[70]PCBM,	and	(c),(f),(i),(l)	PDPP3TaltTPT:[70]PCBM.	For	TEM	images	with	lower	
((a–c);	scale	bar	200	nm)	and	higher	magnification	((d–f);	scale	bar	50	nm).	Inserts:	Fourier	transform	of	
part	of	the	images	to	determine	d‐spacings.	For	AFM	images	topology	is	on	top	and	phase	signal	is	on	the	
bottom.	

The	 advantageous	 effect	 of	 the	 high	molecular	weight	 on	 the	 PCE	 is	 likely	 also	

related	 to	 the	morphology	 of	 the	 bulk	 heterojunction	blends	 that	 are	 obtained	during	

layer	deposition.	TEM	and	AFM	of	the	photoactive	layers	reveal	clear	fibrillar	structures	

arising	from	aggregated	polymer	chains	(Figure	3.5).		

(a)	 (b)	 (c)	

(d)	 (e)	 (f)	

(g)	 (h)	 (i)	

(j)	 (k)	 (l)	
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Compared	 to	PDPP3T	and	PDPPTPT,	 the	 fibrils	of	PDPP3TaltTPT	 that	gives	 the	

highest	performance,	seem	somewhat	finer	dispersed	with	[70]PCBM	and	more	narrow	

(Figure	3.5a‐c).	At	higher	magnification,	clear	lattice	fringes	can	be	observed	in	the	TEM	

images	 of	 PDPPTPT	 and	 PDPP3T	 with	 average	 d‐spacings	 of	 18.5	 Å	 and	 18.7	 Å	

respectively	 determined	 by	 detailed	 analysis	 of	 multiple	 images	 (Figure	 3.5d‐f).	 For	

PDPP3TaltTPT	only	some	fringes	(d	≈	20	Å)	could	be	observed	due	to	the	sensitivity	of	

the	 layer	 to	 the	 electron	 beam.	 These	 distances	 correspond	 to	 the	 lamellar	 stacking	

distance	of	this	class	of	polymers.18,24	It	 indicates	that	the	fibrils	are	composed	of	pure	

polymeric	 material	 and	 PCBM	 can	 be	 intermixed	 between	 these	 domains.	 The	 AFM	

images	 reflect	 well	 the	morphology	 that	 has	 been	 observed	 in	 the	 TEM	 experiments,	

similar	 fibrillar	 features	 are	 visible	 on	 the	 surface	 topology	 and	 they	 are	 very	

pronounced	in	the	phase	images. 

3.3	Conclusions	

The	modified	 synthetic	 procedure	 resulted	 in	 a	 significant	 improvement	 of	 the	

photovoltaic	performance	of	 the	PDPPTPT	and	PDPP3T	donor‐acceptor	 copolymers	 in	

combination	with	 [70]PCBM	as	a	 result	of	high	molecular	weights.	Combining	 the	 two	

3T	 and	 TPT	 donor	 segments	 with	 DPP	 in	 a	 new	 regular	 alternating	 PDPP3TaltTPT	

terpolymer,	 provides	 a	 material	 with	 optimized	 energy	 levels	 and	 optical	 bandgap	

positioned	 in	 between	 those	 of	 the	 parent	 copolymers,	 providing	 PCEs	 up	 to	 8.0%	 in	

combination	with	 [70[PCBM.	 These	 results	 show	 the	 feasibility	 of	 combining	multiple		

D‐A	 copolymer	 systems	 into	new,	 superior,	 terpolymer	materials	with	 tailored	energy	

levels.	

3.4	Experimental	

All	 reactions	 were	 performed	 under	 an	 argon	 atmosphere.	 Commercial	 solvents	 and	

reactants	 were	 used	 as	 received	 unless	 stated	 otherwise.	 [70]PCBM	 (purity	 90‐95%)	 was	

purchased	 from	Solenne	BV.	 3,6‐bis(thiophen‐2‐yl)‐2,5‐bis(2‐hexyldecyl)pyrrolo[3,4‐c]pyrrole‐

1,4(2H,5H)‐dione	 (1)	 and	 3,6‐bis(5‐bromothiophen‐2‐yl)‐2,5‐bis(2‐hexyldecyl)pyrrolo[3,4‐

c]pyrrole‐1,4(2H,5H)‐dione	 were	 synthesized	 according	 to	 literature	 procedures.25	 2,5‐

bis(trimethylstannyl)thiophene	 and	 1,4‐phenylenebis(4,4,5,5‐tetramethyl‐1,3,2‐dioxaborolane)	

were	 recrystallized	 from	 methanol	 prior	 to	 polymerization	 reactions.	 1H	 NMR	 and	 13C	 NMR	

spectra	were	recorded	on	a	Varian	Mercury	spectrometer	(1H	400	MHz	or	1H	200	MHz,	13C	100	

MHz).	Chemical	shifts	are	given	in	ppm	with	respect	to	tetramethylsilane	as	 internal	standard.	

Matrix	 assisted	 laser	 desorption	 ionization	 time	 of	 flight	 (MALDI‐TOF)	 was	 measured	 on	 a	

Bruker	 Autoflex	 Speed	 spectrometer.	 Molecular	 weight	 distributions	 of	 the	 polymers	 were	

estimated	by	GPC	at	80	°C	on	a	PL‐GPC	120	system	using	a	PL‐GEL	10μm	MIXED‐B	column	with	
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o‐DCB	as	the	eluent	and	using	polystyrene	internal	standards.	Superheated	GPC	experiments	in	

chloroform	 were	 performed	 on	 an	 in‐house	 build	 system,	 see	 reference	 26	 for	 a	 detailed	

description.	 UV/vis/NIR	 spectroscopy	 was	 conducted	 on	 a	 Perkin	 Elmer	 Lambda	 900	

spectrophotometer.	

Cyclic	voltammetry	was	performed	under	an	inert	atmosphere	with	a	scan	speed	of	0.1	V	

s‐1	in	an	o‐DCB	solution	of	1	M	tetrabutylammonium	hexafluorophosphate	and	approximately	2	

mM	of	polymer	(by	monomer	weight).	A	platinum	disk	was	used	as	working	electrode,	a	silver	

rod	 as	 counter	 electrode	 and	 a	 silver	 rod	 coated	 with	 silver	 chloride	 (Ag/AgCl)	 as	 quasi‐

reference	electrode	in	combination	with	Fc/Fc+	as	an	internal	standard.		

Photovoltaic	devices	with	 an	active	 area	of	 0.09	 and	0.16	 cm2	were	 fabricated	by	 spin	

coating	 PEDOT:PSS	 (Clevios	 P,	 VP	 Al4083)	 on	 pre‐cleaned,	 patterned	 ITO	 glass	 substrates	

(Naranjo	Substrates).	The	photoactive	 layer	of	PDPPTPT	was	 spin	 coated	at	2000	rpm	 from	a	

chloroform	solution	containing	5	mg	mL−1	polymer,	10	mg	mL−1	[70]PCBM,	and	6	vol%	o‐DCB.	

PDPP3T	active	 layers	were	spin	coated	at	1100	rpm	 from	a	 chloroform	solution	of	3	mg	mL‐1	

polymer,	 6	 mg	 mL−1	 [70]PCBM,	 and	 7.5	 vol%	 o‐DCB.	 PDPP3TaltTPT	 active	 layers	 were	 spin	

coated	from	either	1,1,2,2‐tetrachloroethane	at	80	°C	or	chloroform	at	RT	containing	10	vol%	o‐

DCB	and	5	mg	mL‐1	or	3	mg	mL‐1	polymer	and	10	mg	mL‐1	or	6	mg	mL‐1	[70]PCBM	respectively,	

with	spin	speeds	at	respectively	800	or	2000	rpm.	Both	methods	gave	identical	results.	The	back	

electrode	consisted	of	LiF	(1	nm)	and	Al	(100	nm)	which	were	deposited	by	evaporation	under	

high	vacuum	(~3	×	10‐7	mbar).	

J–V	characteristics	were	measured	with	a	Keithley	2400	source	meter	under	~100	mW	

cm‐2	white	light	illumination	from	a	tungsten‐halogen	lamp	filtered	by	a	Schott	GG385	UV	filter	

and	 a	 Hoya	 LB120	 daylight	 filter.	 Short‐circuit	 currents	 under	 AM1.5G	 conditions	 were	

estimated	 by	 convoluting	 the	 spectral	 response	 with	 the	 solar	 spectrum.	 Spectral	 response	

measurements	were	conducted	under	1	sun	operating	conditions	by	using	a	532	nm	solid	state	

laser	(Edmund	Optics)	for	bias	illumination.	The	device	was	kept	in	a	nitrogen	filled	box	behind	

a	quartz	window	and	 irradiated	with	modulated	monochromatic	 light,	 from	a	50	W	 tungsten‐

halogen	lamp	(Philips	focusline)	and	monochromator	(Oriel,	Cornerstone	130)	with	the	use	of	a	

mechanical	chopper.	The	response	was	recorded	as	a	voltage	over	a	50	Ω	resistor	using	a	lock‐in	

amplifier	(Stanford	research	Systems	SR830).	A	calibrated	silicon	cell	was	used	as	reference.	The	

thickness	 of	 the	 active	 layers	was	 determined	 on	 a	 Veeco	 Dektak150	 profilometer.	 TEM	was	

performed	on	a	Tecnai	G2	Sphera	TEM	(FEI)	operated	at	20	kV.	Digital	Micrograph	software	was	

used	 to	 determine	d‐spacing	 from	bright	 field	 TEM	 images	 using	 line	 integration	 and	 Fourier	

transform.	AFM	 images	were	 taken	 on	 a	Veeco	MultiMode	AFM	 connected	 to	 a	Nanoscope	 III	

controller	operating	in	tapping	mode	using	PPP‐NCH‐50	probes	(Nanosensors).	

3‐(5‐bromothiophen‐2‐yl)‐2,5‐bis(2‐hexyldecyl)‐6‐(thiophen‐2‐yl)pyrrolo[3,4‐

c]pyrrole‐1,4(2H,5H)‐dione	(2)	
A	 solution	 of	 2,5‐bis(2‐hexyldecyl)‐3,6‐di(thiophen‐2‐yl)pyrrolo[3,4‐c]pyrrole‐

1,4(2H,5H)‐dione	 (1)	 (4.1	 g,	 5.47	mmol)	 in	 chloroform	 (100	mL)	 at	 0	 °C	 was	 degassed	 with	
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argon	and	protected	from	light.	N‐bromosuccinimide	(0.65	g,	3.82	mmol)	was	added	in	portions	

at	 0	 °C	 over	 the	 course	 of	 15	 minutes.	 The	 reaction	 mixture	 was	 allowed	 to	 warm	 to	 room	

temperature	 and	 left	 to	 react	 for	 3	 hours.	 The	 solution	was	 then	washed	with	water	 and	 the	

organic	 layer	was	 dried	 over	 anhydrous	magnesium	 sulfate.	 The	 solvent	was	 removed	 under	

reduced	 pressure	 and	 the	mixture	 of	 products	 was	 separated	 using	 column	 chromatography	

(silicagel,	eluent	gradient	8:2	>	5:5	heptanes:DCM).	2.1	g	of	the	target	compound	was	obtained	

as	a	red	flaky	powder	(yield	66%).	1H	NMR	(200	MHz,	CDCl3,	δ):	8.89	(dd,	 J	=	3.9,	1.2	Hz,	1H);	

8.61	(d,	J	=	4.3	Hz,	1H);	7.64	(dd,	J	=	5.1,	1.2,	1H);	7.27	(dd,	J	=	5.1,	3.9	Hz,	1H);	7.22	(d,	J	=	3.9	Hz,	

1H);	4.01	(d,	J	=	7.4	Hz,	2H);	3.93	(d,	J	=	7.8	Hz,	2H);	1.89	(br,	2H);	1.40‐1.10	(m,	48H);	0.93‐0.78	

(m,	12H).	13C	NMR	(100	MHz,	CDCl3,	δ):	161.62;	161.45;	140.87;	138.91;	135.47;	134.99;	131.31;	

131.25;	 130.74;	 129.74;	 128.43;	 118.53;	 108.15;	 107.78;	 46.24;	 37.75;	 37.70;	 31.86;	 31.73;	

31.15;	29.98;	29.97;	29.64;	29.48;	29.47;	29.27;	26.16;	26.14;	22.65;	22.61;	14.10;	14.06	(Note:	

some	peaks	in	the	13C	NMR	spectrum	overlap).	MS	(MALDI‐TOF,	m/z):	[M+]	calc:	826.41,	found:	

826.41.	

6,6'‐(5,5'‐(1,4‐phenylene)bis(thiophene‐5,2‐diyl))bis(2,5‐bis(2‐hexyldecyl)‐3‐

(thiophen‐2‐yl)pyrrolo[3,4‐c]pyrrole‐1,4(2H,5H)‐dione)	(3)	
A	 Schlenk	 flask	 was	 charged	 with	 2	 (550	 mg,	 664	 µmol),	 1,4‐phenylenebis(4,4,5,5‐

tetramethyl‐1,3,2‐dioxaborolane)	 (107	 mg,	 324	 µmol),	 and	 triphenylphosphine	 (8.5	 mg,	 32	

µmol)	under	argon.	Toluene	(26	mL),	a	 freshly	prepared	solution	of	2	M	potassium	phosphate	

(0.8	mL)	and	a	few	drops	of	Aliquat	336	were	added.	This	solution	was	degassed	with	argon	for	

30	 minutes	 before	 adding	 tris(dibenzylideneacetone)dipalladium	 (7.45	 mg,	 8.1	 µmol).	 After	

reaction	overnight	at	115	°C,	 the	mixture	was	cooled	and	precipitated	 in	methanol.	The	solids	

were	recrystallized	twice	from	acetone	to	obtain	the	product	as	a	flaky,	dark	blue	powder	in	a	

yield	of	86%	(437	mg).	1H	NMR	(400	MHz,	1,1,2,2‐tetrachloroethane‐d2	,	δ):	8.89	(d,	J	=	3.9	Hz,	

2H);	8.80	(d,	J	=	3.5	Hz,	2H);	7.70	(s,	4H);	7.64	(d,	J	=	5.1	Hz,	2H);	7.49	(d,	J	=	4.30	Hz,	2H);	7.24	

(dd,	J	=	4.6,	4.1	Hz,	2H);	4.01	(d,	J	=	7.4	Hz,	4H);	3.97	(d,	7.4	Hz,	4H);	1.92	(br,	2H);	1.85	(br,	2H);	

1.33‐1.12	(m,	96	H);	0.85‐0.76	(m,	24H).	13C	NMR	(100	MHz,	CDCl3,	δ):	161.77;	161.68;	148.49;	

140.24;	 139.95;	 136.78;	 135.26;	 133.39;	 130.52;	 129.87;	 129.25;	 128.42;	 126.62;	 124.77;	

108.33;	 108.14;	 46.28;	 37.94;	 37.75;	 31.89;	 31.84;	 31.77;	 31.33;	 31.20;	 30.06;	 30.02;	 29.73;	

29.68;	29.58;	29.51;	29.30;	26.35;	26.21;	26.18;	22.67;	22.64;	14.12;	14.11;	14.09	 (Note:	 some	

peaks	 in	 the	 13C	 NMR	 spectrum	 overlap).	 MS	 (MALDI‐TOF,	m/z):	 [M+]	 calc:	 1571.02,	 found:	

1571.04.	

6,6'‐(5,5'‐(1,4‐phenylene)bis(thiophene‐5,2‐diyl))bis(3‐(5‐bromothiophen‐2‐yl)‐

2,5‐bis(2‐hexyldecyl)pyrrolo[3,4‐c]pyrrole‐1,4(2H,5H)‐dione)	(4)	
A	 solution	 of	 3	 (437	 mg,	 278	 µmol)	 in	 chloroform	 (9	 mL)	 was	 degassed	 with	 argon,	

protected	from	light	and	cooled	to	0	°C.	N‐bromosuccinimide	(103	mg,	584	µmol)	was	added	in	

portions	over	the	course	of	15	minutes.	The	mixture	was	subsequently	allowed	to	warm	to	room	

temperature	and	left	to	react	for	4	hours,	after	which	the	reaction	mixture	was	precipitated	in	
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ethanol.	The	solids	were	recrystallized	from	acetone	to	obtain	the	desired	compound	as	a	dark	

blue,	flaky	powder	in	a	yield	of	85%	(407	mg).	1H	NMR	(400	MHz,	CDCl3,	δ):	8.94	(d,	J	=	3.8	Hz,	

2H);	8.61	(d,	J	=	4.2	Hz,	2H);	7.70	(s,	4H);	7.50	(d,	J	=	4.0	Hz,	2H);	7.21	(d,	J	=	4.0	Hz,	2H);	4.05	(d,	J	

=	7.4	Hz,	4H);	3.95	(d,	J	=	7.8	Hz,	4H);	1.96	(br,	2H);	1.90	(br,	2H);	1.42‐1.06	(m,	96H);	0.92‐0.75	

(m,	24H).	13C	NMR	(100	MHz,	CDCl3,	δ):	161.62;	161.37;	148.75;	140.30;	138.71;	137.00;	135.08;	

133.35;	 131.36;	 131.29;	 129.18;	 126.57;	 124.8;	 118.65;	 108.32;	 108.15;	 46.33;	 37.91;	 37.77;	

31.89;	31.84;	31.78;	31.31;	31.20;	30.06;	30.01;	29.74;	29.67;	29.58;	29.52;	29.31;	26.34;	26.21;	

26.17;	 22.68;	 22.64;	 14.13;	 14.10	 (Note:	 some	 peaks	 in	 the	 13C	 NMR	 spectrum	 overlap).	 MS	

(MALDI‐TOF,	m/z):	[M+]	calc:	1726.84,	found:	1726.84.	

PDPPTPT	
A	Schlenk	tube	equipped	with	screw	cap	was	charged	with	3,6‐bis(5‐bromothiophen‐2‐

yl)‐2,5‐bis(2‐hexyldecyl)pyrrolo[3,4‐c]pyrrole‐1,4(2H,5H)‐dione	 (300.0	 mg,	 0.3308	 mmol),	

freshly	 recrystallized	 1,4‐phenylenebis(4,4,5,5‐tetramethyl‐1,3,2‐dioxaborolane)	 (109.2	 mg,	

0.3308	mmol),	1	drop	of	Aliquat	336	and	toluene	(6	mL).	The	mixture	was	degassed	with	argon	

for	 15	minutes	 after	which	 a	 freshly	 prepared,	 degassed,	 potassium	phosphate	 solution	 (2	M,	

0.83	mL),	triphenylphosphine	(10.41	mg,	39.7	μmol)	and	tris(dibenzylideneacetone)dipalladium	

(9.09	mg,	 9.92	 μmol)	were	 added.	 The	mixture	was	 degassed	 for	 an	 additional	 10	min.	 after	

which	the	flask	was	sealed	and	heated	to	115	°C	for	16	hours.	The	reaction	mixture	was	diluted	

with	chloroform	and	precipitated	 in	methanol.	The	precipitate	was	 taken	 into	chloroform	and	

refluxed	with	EDTA	(300	mg)	and	water	for	2	hours.	The	organic	phase	was	then	separated	and	

washed	 with	 water	 (2	 ×	 100	 mL).	 The	 volume	 was	 reduced	 in	 vacuo	 and	 precipitated	 in	

methanol	 after	 which	 the	 resulting	 solids	 were	 subsequently	 subjected	 to	 Soxhlet	 extraction	

with	 acetone	 and	 hexanes.	 The	 residue	 in	 the	 thimble	 was	 dissolved	 in	 boiling	 chloroform,	

filtered	hot	and	precipitated	in	methanol	to	obtain	PDPPTPT	as	a	dark	green	solid	(254	mg,	yield	

93%).	1H	NMR	(400	MHz,	CDCl3,	:	9.4	–	8.6	(br);	7.8	–	6.7	(br);	4.07	(br);	2.1	–	0.6	(br).	

PDPP3T	
A	 dry	 Schlenk	 tube	 equipped	 with	 screw	 cap	 was	 charged	 with	 3,6‐bis(5‐

bromothiophen‐2‐yl)‐2,5‐bis(2‐hexyldecyl)pyrrolo[3,4‐c]pyrrole‐1,4(2H,5H)‐dione	 (200.0	 mg,	

0.2205	mmol)	and	freshly	recrystallized	2,5‐bis(trimethylstannyl)thiophene	(90.35	mg,	0.2205	

mmol).	The	tube	was	put	under	argon	atmosphere	and	dry	toluene	(4	mL)	and	dry	DMF	(0.4	mL)	

were	 added.	 The	 resulting	 solution	 was	 degassed	 with	 argon	 for	 15	 minutes	 after	 which	

triphenylphosphine	(4.63	mg,	17.6	μmol)	and	tris(dibenzylideneacetone)dipalladium	(4.04	mg,	

4.41	μmol)	were	added.	The	mixture	was	degassed	for	an	additional	10	minutes	after	which	the	

tube	was	sealed	and	heated	to	115	°C	for	16	hours.	The	resulting	gel	was	diluted	with	15	mL	hot	

1,1,2,2‐tetrachloroethane	 (TCE)	 and	precipitated	 in	methanol.	The	 solids	were	 taken	 into	TCE	

and	 treated	 with	 EDTA	 (300	 mg)	 and	 water	 at	 110	 °C	 for	 2	 hours.	 The	 organic	 layer	 was	

separated	and	washed	with	water.	The	polymer	solution	was	then	precipitated	in	methanol	and	

the	resulting	solids	were	subjected	to	Soxhlet	extraction	with	acetone,	hexane	and	chloroform.	
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The	residue	in	the	thimble	was	dissolved	in	boiling	TCE,	filtered	hot	and	precipitated	in	acetone	

to	afford	PDPP3T	as	a	dark	green	solid.	(156	mg,	yield	85%,	chloroform	fraction:	10	mg,	yield	

5%).	1H	NMR	(400	MHz,	CDCl3,	:	9.2	–	8.4	(br);	7.4	–	6.8	(br);	2.0	–	0.6	(br).	

PDPP3TaltTPT		
A	dry	 Schlenk	 tube	 equipped	with	 screw	 cap	was	 charged	with	4	 (70	mg,	 40.5	 µmol),	

freshly	 recrystallized	 2,5‐bis(trimethylstannyl)thiophene	 (16.6	 mg,	 40.5	 µmol),	

triphenylphosphine	(0.86	mg,	3.24	µmol)	and	placed	under	argon.	A	mixture	of	dry	toluene	and	

dry	 DMF	 (5:1,	 2	 mL)	 was	 added	 and	 the	 resulting	 solution	 was	 degassed	 with	 argon.	

Tris(dibenzylideneacetone)dipalladium	(0.74	mg,	0.81	µmol)	was	 subsequently	added	and	 the	

mixture	was	degassed	for	an	additional	10	minutes	after	which	the	tube	was	sealed	and	heated	

to	115	°C.	After	reacting	overnight,	the	crude	product	was	dissolved	in	TCE	(50	ml).	EDTA	(300	

mg)	was	added	 to	 this	 solution	and	heated	 to	110	 °C	 for	one	hour.	Water	was	added	and	 the	

mixture	was	stirred	for	another	hour	at	110	°C	after	which	the	organic	layer	was	separated	and	

washed	with	water.	The	polymer	solution	was	 then	precipitated	 in	methanol,	and	 filtered	 in	a	

Soxhlet	thimble.	Soxhlet	extraction	using	acetone,	hexane,	dichloromethane	and	chloroform	was	

performed	 after	which	 the	 residue	 in	 the	 thimble	was	 dissolved	 in	 hot	 TCE	 and	 filtered.	 The	

filtrate	was	subsequently	precipitated	in	methanol	and	filtered,	giving	PDPP3TaltTPT	as	a	dark	

green	solid	(50	mg,	yield	75%;	chloroform	fraction:	13	mg,	yield	19%).	1H	NMR	(400	MHz,	CDCl3,	

δ):	9.7	–	8.5	(br);	7.9	–	6.2	(br);	2.1	–	1.0	(br);	1.0	–	0.3	(br).	
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Comparing	random	and	regular	
diketopyrrolopyrrole‐bithiophene‐
thienopyrrolodione	terpolymers	for	

organic	photovoltaics*	
 

 

 

 

 

 

 

 

 

Abstract		

Isomeric	 random	 and	 regular	 alternating	 π‐conjugated	 terpolymers	 comprising	

diketopyrrolopyrrole	 (DPP),	 thienopyrrolodione	 (TPD),	 and	 bithiophene	 (2T)	 were	

synthesized	 to	 study	 the	 effect	 of	 the	 sequential	 distribution	 of	monomeric	 units	 on	 the	

semiconducting	 properties.	 The	 optical	 and	 electrochemical	 properties	 and	 the	

performance	in	photovoltaic	cells	of	the	random	and	regular	terpolymers	are	found	to	be	

significantly	different.	DPP2T‐rich	sections	in	the	random	terpolymer	cause	higher	HOMO	

and	deeper	LUMO	energy	 levels	and	a	 smaller	optical	bandgap	compared	 to	 the	regular	

terpolymer.	The	randomization	of	DPP	and	TPD	units	along	the	chain	has	a	negative	effect	

on	the	photovoltaic	performance,	resulting	in	power	conversion	efficiencies	of	merely	1.0%	

for	 the	random	 terpolymer	while	a	more	 favorable	efficiency	of	5.3%	 is	obtained	 for	 the	

regular	terpolymer	when	combined	with	a	fullerene	acceptor.		

 

*This	work	has	been	published:	K.	H.	Hendriks,	G.	H.	L.	Heintges,	M.	M.	Wienk,	R.	A.	 J.	

Janssen,	J.	Mater.	Chem.	A,	2014,	DOI:	10.1039/C4TA04118F.	
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4.1	Introduction	

Bulk	heterojunction	polymer‐fullerene	organic	solar	cells	rely	on	the	combination	

of	 a	 strong	 light‐absorbing	 polymer	 that	 is	 intimately	 blended	 with	 a	 fullerene	

derivative.	The	design	of	new	conjugated	polymers	 for	this	application	often	combines	

electron	 rich	 and	 electron	 poor	 moieties	 in	 an	 alternating	 push‐pull	 polymer	 chain	

architecture.	 This	 enables	 control	 over	 the	 optical	 bandgap	 and	 energy	 levels	 of	 the	

material	by	varying	 the	nature	of	 these	moieties.	Two	acceptor	groups	 that	have	been	

investigated	extensively	are	diketopyrrolopyrrole	(DPP)	and	thienopyrrolodione	(TPD).	

Owing	 to	 its	 electron	deficiency,	DPP	 is	 known	 for	 providing	 access	 to	 small	 bandgap	

polymers	with	high	efficiencies	in	photovoltaic	devices	and	ambipolar	charge	transport	

in	field‐effect	transistors.1‐6	TPD	is	slightly	less	electron	deficient,	which	results	in	wide	

to	 medium	 bandgap	 materials.7‐10	 Traditionally,	 semiconducting	 copolymers	 with	 a	

push‐pull	 configuration	 only	 use	 the	 combination	 of	 one	 donor	 and	 one	 acceptor.	

Recently,	 terpolymer	 design	 strategies	 have	 been	 explored	 as	 a	 tool	 to	 control	 the	

physical	 properties	 of	 push‐pull	 polymers.	 In	 this	 approach,	 two	 electron	 rich	 (or	

electron	poor)	building	blocks	are	combined	with	one	electron	poor	 (or	electron	rich)	

building	block.2,11‐15	 Incorporation	of	the	different	co‐monomers	 in	the	polymer	can	be	

achieved	in	a	regular	or	a	(semi)random	fashion.		

One	 of	 the	 principal	 reasons	 for	 using	multiple	 components	 in	 the	 synthesis	 of	

semi‐conducting	polymers	is	that	it	can	lead	to	broadening	of	their	absorption	spectra,	

which	can	be	beneficial	for	the	harvesting	of	photons	in	a	photovoltaic	cell.16,17	Another	

opportunity	is	to	tune	the	molecular	packing	by	introducing	components	that	favor	‐	

stacking.18,19	The	different	electron	affinities	of	the	components	also	allows	to	effectively	

tune	the	HOMO	and	LUMO	energy	levels.20	Especially	the	physical	properties	of	random	

terpolymers	 can	 be	 easily	 tuned	 by	 simply	 varying	 the	 initial	 stoichiometry	 of	

monomers	 in	 the	polymerization	 reaction.21	While	 for	 regular	 alternating	 terpolymers	

the	frontier	orbitals	are	likely	to	be	extended	over	all	different	units,	resulting	in	sharp	

absorption	bands	and	a	defined	HOMO	and	LUMO,2	in	random	terpolymers	the	various	

sections	with	different	chemical	composition	can	lead	to	broadening	of	the	energy	levels	

and	 possible	 formation	 of	 trap‐sites.14	 This	 is	 however	 highly	 dependent	 on	 the	

electronic	 nature	 of	 the	 building	 blocks	 that	 are	 studied	 and	 therefore	 does	 not	

necessarily	 need	 to	 undermine	 the	 photovoltaic	 performance.	 In	 fact,	 several	 groups	

have	 reported	 random	 terpolymers	 that	 outperform	 both	 corresponding	

copolymers.11,22,23	More	specific,	random	terpolymers	of	DPP	and	TPD	alternating	with	

oligothiophenes,13	benzodithiophene14	or	benzotrithiophene24	have	been	shown	to	give	

good	photovoltaic	 performance	with	high	 short‐circuit	 currents	 as	 a	 result	 of	 spectral	
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broadening.	 On	 the	 other	 hand,	 some	 systems	 have	 been	 reported	 were	 regular	

alternating	 terpolymers	 show	 higher	 performance	 compared	 to	 their	 random	

counterparts.25‐27	Therefore	no	clear	design	rules	that	are	in	favor	of	random	or	regular	

terpolymers	appear	to	be	present	at	the	moment.	

While	it	is	common	practice	to	compare	the	physical	properties	and	photovoltaic	

performance	of	 terpolymers	 to	 their	 corresponding	parent	 copolymers,	 reports	on	 the	

direct	comparison	between	regular	and	random	alternating	terpolymers	are	scarce.	Sun	

et	al.	described	the	differences	between	a	regular	and	random	terpolymer	of	 isoindigo	

and	quinoxaline	alternating	with	thiophene.26	In	this	particular	case,	the	opto‐electronic	

properties	 of	 both	polymers	were	 exclusively	determined	by	 the	 isoindigo	part	 of	 the	

polymer	because	 the	absorption	spectra	showed	minimal	differences	between	the	 two	

variants	 and	 the	 HOMO	 and	 LUMO	 energy	 levels	 were	 identical.	 Braunecker	 et	 al.	

reported	on	oligo‐benzodithiophenes	alternating	with	thienoisoindolodione	in	a	random	

or	regular	fashion	where	they	found	a	higher	photovoltaic	performance	for	the	random	

materials.28	 On	 the	 other	 hand,	 Deng	 et	 al.	 found	 that	 for	 a	 system	 based	 on	

phenanthrocarbazole	 and	 bezothiadiazole	 alternating	 with	 thiophene,	 the	 regular	

alternating	polymer	had	a	higher	performance.27		

Here	the	synthesis	and	comparison	is	described	of	isomeric	random	and	regular	

terpolymers	 comprising	 both	 DPP	 and	 TPD	 alternating	 with	 bithiophene	 (2T).	 The	

significantly	different	electron	deficiencies	of	DPP	and	TPD	are	expected	to	give	rise	to	

panchromatic	 absorption.	 Further,	 by	 using	 T‐DPP‐T	 and	 T‐TPD‐T	 monomers,	 with	

identical	 end	 groups,	 conditions	 for	 random	 rather	 than	 semi‐random	polymerization	

are	enhanced. In	the	random	material	a	broadening	 is	 found	of	 the	absorption	spectra	

towards	 the	 red	 owing	 to	 ‐T‐DPP‐T‐T‐DPP‐T‐	 rich	 segments	 in	 the	 backbone.	 These	

segments	effectively	increase	the	HOMO	and	decrease	the	LUMO	energy	levels	compared	

to	the	regular	isomer.	As	a	result,	the	random	terpolymer	displays	a	significantly	lower	

efficiency	in	photovoltaic	devices	compared	to	the	regular	variant.		
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4.2	Results	and	Discussion	

4.2.1	Synthesis	

The	 monomers	 9	 and	 11	 for	 the	 terpolymers	 were	 synthesized	 according	 to	

adapted	procedures	from	literature.29,30	The	straightforward	synthesis	route	is	depicted	

in	Scheme	4.1. 
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Scheme	4.1	 Synthesis	 of	 monomers	9	 and	11.	 (i)	 Acetic	 anhydride,	 140	 °C;	 (ii)	 Acetamide,	 methanol,	
NaBH3CN,	75	°C;	(iii)	Toluene,	115	°C;	(iv)	Thionyl	chloride,	110	°C;	(v)	Sulfuric	acid,	trifluoroacetic	acid,	
NBS,	 RT;	 (vi)	 2‐(trimethylstannyl)thiophene,	 Pd(PPh3)4,	 toluene/DMF,	 115	 °C;	 (vii)	 NBS,	
chloroform/acetic	 acid,	 RT;	 (viii)	 Lithium	 diisopropylamine,	 2‐isopropoxy‐4,4,5,5‐tetramethyl‐1,3,2‐
dioxaborolane,	THF,	−25	°C.	

Two	 isomeric	 PDPP/TPDalt2T	 terpolymers	 were	 synthesized,	 differing	 only	 in	

the	 monomer	 sequence	 within	 the	 polymer	 backbone	 (Scheme	 4.2).	 Both	 polymers	

contain	equal	numbers	of	DPP	and	TPD	acceptors	alternating	with	2T	as	donor	but	differ	

in	their	regular	(D‐A1‐D‐A2)n	or	random	[(D‐A1)n‐(D‐A2)m]	alternating	structure	along	

the	 chain.	 The	 random	 terpolymer	 will	 inherently	 contain	 domains	 that	 are	 rich	 in	

DPP2T	or	in	TPD2T,	next	to	alternating	DPP2T‐TPD2T	segments.		

The	regular	alternating	 terpolymer	(reg‐PDPP/TPDalt2T)	was	synthesized	via	a	

Suzuki	 polycondensation	 of	 2,5‐bis(2‐hexyldecyl)‐3,6‐bis(5‐(4,4,5,5‐tetramethyl‐1,3,2‐

dioxaborolan‐2‐yl)thiophen‐2‐yl)pyrrolo[3,4‐c]pyrrole‐1,4(2H,5H)‐dione	 and	 1,3‐bis(5‐

bromothiophen‐2‐yl)‐5‐(heptadecan‐9‐yl)‐4H‐thieno[3,4‐c]pyrrole‐4,6(5H)‐dione.	 The	

reaction	 initiated	 already	 at	 room	 temperature	 and	 proceeded	 very	 quickly,	 yielding		

reg‐PDPP/TPDalt2T	 with	 an	 average	 molecular	 weight	 of	 Mn	 =	 50.0	 kg	 mol‐1	 and		
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Mw	 =	 137	 kg	 mol‐1.	 The	 random	 terpolymer	 (ran‐PDPP/TPDalt2T)	 was	 synthesized	

using	a	Yamamoto	homo‐coupling	polymerization	from	equivalent	amounts	of	3,6‐bis(5‐

bromothiophen‐2‐yl)‐2,5‐bis(2‐hexyldecyl)pyrrolo[3,4‐c]pyrrole‐1,4(2H,5H)‐dione	 and	

1,3‐bis(5‐bromothiophen‐2‐yl)‐5‐(heptadecan‐9‐yl)‐4H‐thieno[3,4‐c]pyrrole‐4,6(5H)‐

dione.	ran‐PDPP/TPDalt2T	has	Mn	=	34.6	kg	mol‐1	and	Mw	=	116	kg	mol‐1.	

	

Scheme	 4.2	 Polymerization	 of	 regular	 reg‐PDPP/TPDalt2T	 and	 ran‐PDPP/TPDalt2T.	 (i)	 Pd2dba3,	 (t‐
Bu)3PH[BF4],	K3PO4,	THF/H2O,	80	°C;	(ii)	Ni(cod)2,	bipyridine,	toluene,	80	°C.	

The	 stoichiometric	 incorporation	 of	 monomers	 in	 ran‐PDPP/TPDalt2T	 was	

verified	via	NMR	spectroscopy	and	found	to	be	identical	to	reg‐PDPP/TPDalt2T	(Figure	

4.1).	 The	 corresponding	 copolymers	 PDPP2T	 and	 PTPD2T	 were	 also	 synthesized	 for	

comparison.	 PDPP2T	 was	 obtained	 from	 a	 Yamamoto	 polymerization	 of	 3,6‐bis(5‐

bromothiophen‐2‐yl)‐2,5‐bis(2‐hexyldecyl)pyrrolo[3,4‐c]pyrrole‐1,4(2H,5H)‐dione	with	

a	Mn	 =	 85	 kg	 mol‐1.31	 PTDP2T	 was	 synthesized	 in	 a	 similar	 fashion	 from	 1,3‐bis(5‐

bromothiophen‐2‐yl)‐5‐(heptadecan‐9‐yl)‐4H‐thieno[3,4‐c]pyrrole‐4,6(5H)‐dione.	 This	

polymer	 proved	 to	 be	 largely	 insoluble	 and	 could	 not	 be	 properly	 characterized;	

therefore	it	was	omitted	for	this	study.	The	physical	properties	of	the	new	terpolymers	

and	PDPP2T	are	summarized	in	Table	4.1.	
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Figure	4.1	Normalized	1H‐NMR	spectra	of	reg‐PDPP/TPDalt2T	and	ran‐PDPP/TPDalt2T	between	4.7	and	
3.6	ppm	displaying	the	signals	of	the	α‐protons	on	the	alkyl	side	chains	of	TPD	and	DPP.	
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4.2.2	Opto‐electronic	properties	

Figure	 4.2a	 shows	 the	 absorption	 spectra	 of	 solutions	 of	 the	 two	 isomeric	

polymers.	 For	 the	 regular	 PDPP/TPDalt2T	 terpolymer	 a	 sharp	 onset	 of	 the	 electronic	

transitions	 and	 a	narrow	band	are	observed.	 In	 contrast,	 the	 random	PDPP/TPDalt2T	

isomer	shows	an	onset	at	lower	energies,	a	significant	broadening	of	the	spectrum,	and	

the	 appearance	 of	 multiple	 shoulders.	 Similar	 differences	 are	 observed	 in	 thin	 films	

(Figure4.2b).	 It	 can	 be	 conjectured	 that	 longer	 segments	 enriched	 in	 TPD	 or	 DPP	

electron	 deficient	 moieties	 lead	 to	 local	 differences	 in	 the	 HOMO	 and	 LUMO	 energy	

levels	along	the	chain	of	the	random	terpolymer	and	thus	a	broadened	absorption.	The	

features	 at	 lower	 wavelengths	 are	 assigned	 to	 TPD2T	 rich	 sections,	 based	 on	 the	

absorption	spectrum	of	PTPD2T	with	additional	side	chains	published	by	Jo	et	al.,	which	

show	a	wide	bandgap	of	~1.8	eV	and	λmax	of	570	nm.32	The	broadening	towards	higher	

wavelengths	 is	 attributed	 to	 DPP2T	 enriched	 segments	 based	 on	 the	 spectrum	 of	 the	

PDPP2T	 copolymer,	which	displays	 a	 small	 bandgap	with	 an	onset	 at	~1000	nm.	 It	 is	

notable	 that	 the	 optical	 bandgap	 of	 the	 random	 PDPP/TPDalt2T	 terpolymer	 is	 larger	

than	that	of	PDPP2T.	This	implies	that	segments	of	pure	alternating	DPP2T	are	not	very	

long.	
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Figure	4.2	UV/vis/NIR	absorption	spectra	of	reg‐PDPP/TPDalt2T,	ran‐PDPP/TPDalt2T	and	PDPP2T:	(a)	
in	o‐DCB	solution,	(b)	in	thin	solid	films.	Absorption	spectrum	at	elevated	temperatures	in	o‐DCB	solution	
of	(c)	reg‐PDPP/TPDalt2T	and	(d)	ran‐PDPP/TPDalt2T.	
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To	exclude	 the	possibility	 that	 the	 spectral	broadening	 is	due	 to	 aggregation	of	

polymer	 chains,	 the	 temperature	 dependence	 in	 o‐DCB	 solution	was	measured	 and	 it	

was	found	that,	apart	from	a	small	blue	shift	of	the	onset	of	absorption,	the	broadening	

is	 largely	 retained	 at	 100	 °C	 (Figure	 4.2d).	 For	 the	 regular	 PDPP/TPDalt2T	 the	 entire	

spectrum	 shifts	 hypsochromically	 with	 increasing	 temperature,	 while	 the	 low‐energy	

shoulder	 at	 820	 nm	 slowly	 disappears	 suggesting	 that	 polymer	 aggregates	 dissolve	

(Figure	4.2c).		

Table	4.1	Molecular	Weight,	Optical	Absorption,	and	Redox	Potentials	

	 reg‐PDPP/TPDalt2T	  ran‐PDPP/TPDalt2T  PDPP2Tb 

Mn	(kg	mol‐1)	  50.0	 34.6	 85	

Mw	(kg	mol‐1)	  137	 116	 322	

PDI	 2.74	 3.36	 3.8	

λmax	(nm)	 787	 768	 927	

Egsol	(eV)	 1.43	 1.30	 1.25	

Eg	(eV)	 1.42	 1.29	 1.20	

Eox	(V)	a		 0.55	 0.48	 0.53	

Ered	(V)	a		 −1.39	 −1.29	 −1.19	

E(HOMO)	(eV)	c	 −5.78	 −5.71	 	−5.76	

E(LUMO)	(eV)	c	 −3.84	 −3.94	 −4.04	
a	Versus	Fc/Fc+.	b	Values	from	reference	31.	c	Determined	using	a	work‐function	value	of	−5.23	eV	for	

Fc/Fc+.	
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Figure	4.3	Cyclic	voltammograms	of	reg‐PDPP/TPDalt2T,	ran‐PDPP/TPDalt2T,	and	PDPP2T	in	thin	film	
vs.	Fc/Fc+.	
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Frontier	 orbital	 energy	 levels	 of	 the	 polymers	 estimated	 by	 cyclic	 voltammetry	

(CV)	on	solid	 films	 (Table	4.1,	Figure	4.3)	 indicate	 that	 the	LUMO	 level	of	 the	 random	

terpolymer	is	in	between	the	LUMO	levels	of	the	regular	terpolymer	and	that	of	PDPP2T.	

It	is	inferred	that	the	relatively	low	LUMO	energy	level	of	the	random	polymer	compared	

to	the	regular	material	is	caused	by	DPP‐rich	fragments.	The	HOMO	energy	levels	of	the	

three	polymers	are	much	closer.	

To	study	the	effect	of	 the	co‐monomer	sequence	on	 the	spatial	extension	of	 the	

frontier	 orbitals	 over	 the	 conjugated	 backbone	 and	 on	 the	 expected	 energy	 levels,	

density	 functional	 theory	 (DFT)	 calculations	 were	 carried	 out	 on	 model	 oligomers	

containing	four	acceptor	units	(Figure	4.4).	For	the	perfectly	alternating	system	(a)	and	

the	 sequence	 with	 two	 TPD	 units	 in	 the	 center	 (b),	 both	 HOMO	 and	 LUMO	 are	 fully	

delocalized	and	the	calculated	energy	levels	show	relative	deep	HOMO	and	high	LUMO	

energy	levels.	 

	

-T-DPP-T-T-TPD-T-T-DPP-T-T-TPD-T- 

Eg: 1.87 eV   HOMO: −4.86 eV   LUMO: −2.99 eV 
-T-DPP-T-T-TPD-T-T-TPD-T-T-DPP-T- 

Eg: 2.00 eV   HOMO: −4.91 eV   LUMO: −2.91 eV 
	

	

	

	

-T-TPD-T-T-DPP-T-T-DPP-T-T-TPD-T- 

Eg: 1.73 eV   HOMO: −4.79 eV   LUMO: −3.06 eV 
-T-TPD-T-T-TPD-T-T-DPP-T-T-DPP-T- 

Eg: 1.80 eV   HOMO: −4.81 eV   LUMO: −3.01 eV 
Figure	4.4	Spatial	distribution	of	the	HOMO	(below)	and	LUMO	(top)	orbitals	on	four	repeat	unit	model	
systems	calculated	by	DFT	modeling	at	the	DFT/B3LYP	6‐31G(d)	level.	Alkyl	chains	have	been	simplified	
to	methyl	groups.	

(c)	 (d)	

(a)	 (b)	
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In	sharp	contrast,	for	systems	where	two	DPP	units	are	adjacent	(systems	(c)	and	

(d)),	 both	 the	 HOMO	 and	 the	 LUMO	 are	 significantly	 more	 localized	 on	 the	 DPP‐rich	

segments.	 Moreover,	 higher	 HOMO	 and	 lower	 LUMO	 energy	 levels	 are	 calculated,	

causing	a	decrease	in	bandgap	when	compared	to	systems	(a)	and	(b).	This	suggests	that	

in	 the	 random	 terpolymer,	 DPP2T	 rich	 domains	 will	 result	 in	 a	 localization	 of	 the	

frontier	 orbitals	 and	 a	 local	 lowering	 of	 the	 optical	 bandgap	 compared	 to	 the	 regular	

copolymer.	This	 tendency	 is	consistent	with	 the	red	shift	of	optical	absorption	spectra	

(Figure	4.2)	and	the	lowering	of	LUMO	and	increase	in	HOMO	(Table	4.1)	for	the	random	

terpolymer	compared	to	the	regular	terpolymer.	 It	 is	noted,	however,	 that	wile	 for	the	

PDPP2T	 copolymer	 the	 bandgap	 and	 LUMO	 level	 are	 reduced,	 the	 HOMO	 level	 is	 not	

really	 increased	 compared	 to	 reg‐PDPP/TPDalt2T	 and	 actually	 somewhat	 lower	 than	

that	of	ran‐PDPP/TPDalt2T.	

4.2.3	Photovoltaic	devices	

Bulk	 heterojunction	 photovoltaic	 devices	 of	 the	 terpolymers	 were	 made	 with	

[6,6]‐phenyl‐C71‐butyric	acid	methyl	ester	([70]PCBM)	as	acceptor.	The	active	layer	was	

sandwiched	between	a	transparent	ITO/PEDOT:PSS	front	electrode	and	reflective	LiF/Al	

metal	 back	 electrode.	 The	 photoactive	 layers	 were	 carefully	 optimized	 in	 terms	 of	

thickness,	polymer‐fullerene	ratio,	and	solvent	composition	of	the	spin	coating	solution.	

Both	materials	had	identical	optimized	processing	conditions	and	displayed	the	highest	

performance	 when	 spin	 coated	 from	 a	 chloroform	 solution	 containing	 2	 vol%	

diiodooctane	 as	 co‐solvent	 and	 using	 a	 1:2	 polymer‐fullerene	 ratio.	 The	 J–V	 curves	 of	

cells	based	on	 the	 random	and	regular	 terpolymers	are	 shown	 in	Figure	4.5	and	 their	

characteristics	summarized	in	Table	4.2.		
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Figure	4.5	(a)	J–V	curves	of	solar	cells	of	reg‐PDPP/TPDalt2T:[70]PCBM,	ran‐PDPP/TPDalt2T:	[70]PCBM,	
and	PDPP2T:[70]PCBM.	(b)	The	corresponding	EQE	spectra.	
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Table	4.2	Solar	Cell	Characteristics	for	DPP‐TPD‐2T	Terpolymers	

Polymer	 d 

(nm) 

Voc
(V) 

Jsc	a

(mA	cm‐2) 

FF Eg	−	eVoc 
(eV) 

PCE

(%) 

reg‐PDPP/TPDalt2T 108 0.78 9.95 0.68	 0.64	 5.3

ran‐PDPP/TPDalt2T 108 0.74 2.31 0.61	 0.55	 1.0

PDPP2T	 125 0.68 2.03 0.50	 0.52	 0.7
a	Determined	by	integrating	the	EQE	spectrum	with	the	AM1.5G	spectrum.	

The	open‐circuit	voltage	(Voc)	for	the	cell	with	the	random	terpolymer	at	0.74	V	is	

40	mV	lower	than	that	of	the	regular	terpolymer.	As	the	Voc	is	related	to	the	HOMOdonor	−	

LUMOacceptor	 energy	 offset,	 this	 is	 in	 line	 with	 the	 differences	 in	 HOMO	 energy	 levels	

between	the	polymers	(Table	4.1).	There	is	a	small	difference	in	fill	factor	(FF),	favoring	

the	reg‐PDPP/TPDalt2T:[70]PCBM	cell.	The	most	striking	difference,	however,	is	found	

in	the	short‐circuit	current	(Jsc)	were	the	regular	 terpolymer	produces	over	 four	times	

the	 photocurrent	 compared	 to	 the	 random	 terpolymer.	 A	 closer	 look	 at	 the	 external	

quantum	 efficiency	 (EQE)	 spectra	 reveals	 that	 the	 reg‐PDPP/TPDalt2T:[70]PCBM		

cell	 has	 an	 equally	 strong	 response	 in	 the	 [70]PCBM	 absorption	 range		

(350‐650	 nm)	 and	 the	 polymer	 absorption	 range	 (650‐900	 nm).	 In	 contrast,	 the		

ran‐PDPP/TPDalt2T:[70]PCBM	 cell	 shows	 a	 negligible	 contribution	 in	 the	 polymer	

absorption	 range	 and	 a	 small	 response	 for	 [70]PCBM.	 The	 imbalance	 in	 the	

contributions	to	the	EQE	of	the	latter	cell	is	not	caused	by	a	poor	absorption	of	light	by	

the	polymer	(Figure	4.6).	It	is	rather	attributed	to	the	reduced	LUMOdonor	−	LUMOacceptor	

energy	offset	for	the	random	terpolymer	and	the	fullerene.	When	the	photon	energy	loss	

is	 evaluated	 for	 both	 polymers	 (as	 determined	 by	 Eg	 −	 eVoc,	 where	 Eg	 is	 the	 optical	

bandgap	and	e	the	elementary	charge)	values	of	0.55	eV	for	the	random	and	0.64	eV	for	

the	 regular	 terpolymer	 are	 found.	 A	 minimum	 photon	 energy	 loss	 of	 ~0.6	 eV	 has	

previously	been	proposed	as	a	lower	threshold	to	provide	sufficient	charge	separation.33	

Because	the	random	polymer	is	below	this	limit,	the	photon	energy	loss	can	explain	the	

difference	in	current	generation	between	the	polymers.	In	fact,	the	EQE	for	the	random	

polymer	is	virtually	identical	to	that	of	PDPP2T:[70]PCBM,	for	which	it	has	been	shown	

earlier	 that	 the	 LUMOdonor	 −	 LUMOacceptor	 offset	 is	 insufficient	 to	 afford	 any	 current	

generation	 from	the	polymer	excited	state.31	The	results	demonstrate	 that	DPP2T‐rich	

segments	along	the	random	terpolymer	chain	have	an	equally	detrimental	effect	on	the	

efficiency	of	the	devices.	The	photocurrent	created	in	the	350‐650	nm	spectral	region	in	

ran‐PDPP/TPDalt2T:[70]PCBM	and	PDPP2T:[70]PCBM	cells	most	likely	originates	from	

hole	transfer	of	excitons	generated	in	the	fullerene	domains	to	the	polymer.	Overall	the	
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power	 conversion	 efficiency	 (PCE)	 of	 the	 random	 terpolymer	 merely	 reaches	 1.0%,	

while	a	more	favorable	5.3%	is	obtained	for	the	regular	terpolymer.	
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Figure	4.6	Reflection	(grey	line)	and	EQE	(line+symbol)	spectra	of	ran‐PDPP/TPDalt2T:[70]PCBM	(a)	and	
reg‐PDPP/TPDalt2T:[70]PCBM	solar	cells	(b).	

 

The	morphology	 of	 the	 active	 layers	was	 investigated	with	 TEM	 and	AFM.	 The	

results	 are	 shown	 in	 Figure	 4.7.	 In	 bright‐field	 TEM	 the	 darker	 features	 result	 from	

[70]PCBM	 because	 of	 its	 higher	 density.	 Clearly	 the	 optimized	 blends	 have	 distinctly	

different	morphologies.	 The	 regular	 terpolymer	 shows	 a	 finely	 dispersed	morphology	

with	fiber‐like	polymer‐rich	structures	that	are	in	general	beneficial	for	efficient	exciton	

dissociation	(Figure	4.7a,c).	The	random	terpolymer	shows	a	much	coarser	morphology	

and	rougher	surface	(Figure	4.7b,d).	The	differences	in	morphology	can	either	be	caused	

by	the	difference	in	molecular	weight	(Mn	=	50.0	kg	mol‐1	vs.	Mn	=	34.6	kg	mol‐1)	or	by	

the	 different	 sequential	 distribution	 of	 monomeric	 units	 and	 associated	 solubilizing	

alkyl	chains	along	the	chain	of	the	regular	and	random	terpolymers.		

It	 is	 clear	 that	 in	 addition	 to	 the	 insufficient	 LUMOdonor	 −	 LUMOaccpetor	 energy	

offset	 caused	 by	 DPP2T‐rich	 segments,	 the	 coarse	 phase	 separation	 of	 the	 random	

terpolymer	 blend	 can	 also	 limit	 the	 photocurrent.	 Although	 the	 feature	 size	 of	 the	

terpolymer	domains	is	larger	than	the	typical	exciton	diffusion	length	in	semiconducting	

polymers	of	5‐10	nm,	this	would	not	reduce	charge	generation	when	a	small	amount	of	

[70]PCBM	 is	 present	 in	 such	 domain.	 However,	 electrons	 that	 would	 be	 generated	

within	 such	 polymer‐rich	 phase	 are	 difficult	 to	 collect	 when	 there	 are	 insufficient	

percolating	 pathways	 of	 [70]PCBM.34	 This	 effect,	 however,	 would	 result	 in	 a	

photocurrent	 that	 strongly	 depends	 on	 the	 voltage	 bias	 (to	 extract	 the	 electrons)	 and	

would	continue	to	increase	under	reverse	bias	conditions.34	This	is	not	observed	in	the	

ran‐PDPP/TPDalt2T:[70]PCBM	 devices.	 Hence,	 the	 fact	 that	 absorption	 of	 light	 by		

(a)	 (b)	
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ran‐PDPP/TPDalt2T	does	not	contribute	to	the	photocurrent	is	primarily	caused	by	its	

low	lying	and	localized	LUMO	level	that	hampers	electron	transfer	to	[70]PCBM.		

	

			 	

	

	

Figure	4.7	Bright‐field	TEM	images	of	active	layers	from	reg‐PDPP/TPDalt2T	(a)	and	ran‐PDPP/TPDalt2T	
(b)	with	[70]PCBM.	The	scale	bar	is	200	nm.	AFM	height	(c,d)	and	phase	(e,f)	images	of	the	active	layers	of	
reg‐PDPP/TPDalt2T:[70]PCBM	 (Ra	 =	 1.78	nm)	 (c,e)	 and	 ran‐PDPP/TPDalt2T:	 [70]PCBM	 (Ra	 =	6.38	nm)	
(d,f).	

(a)	 (b)	

(c)	 (d)	

(e)	 (f)	
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4.3	Conclusions	

Regular	 PDPP/TPDalt2T	 and	 random	 PDPP/TPDalt2T	 terpolymers	 were	

synthesized.	Experimental	results	and	DFT	calculations	reveal	that	DPP2T‐rich	sections	

in	the	random	terpolymer	cause	a	localization	of	the	frontier	orbitals	in	these	segments	

with	 a	 concomitant	 rise	 of	 the	 HOMO	 and	 lowering	 of	 the	 LUMO	 energy	 levels.	 This	

results	in	a	smaller	optical	bandgap	of	the	random	terpolymer	compared	to	the	regular	

terpolymer.	 The	 simultaneous	 presence	 of	 TPD2T‐rich	 segments	 also	 broadens	 the	

absorption	 spectrum	of	 the	 random	 terpolymer	 to	 higher	 energies.	 The	 higher	HOMO	

level	reduces	the	open‐circuit	voltage	in	solar	cells	with	[70]PCBM,	while	the	low	lying	

LUMO	energy	level	hampers	exciton	dissociation	in	solar	cells	and	results	in	a	significant	

reduction	 of	 the	 photocurrent	 and	 efficiency	 of	 ran‐PDPP/TPDalt2T:[70]PCBM		

(PCE	=	1.0%)	when	compared	to	reg‐PDPPaltTPD2T:[70]PCBM	(PCE	=	5.3%)	solar	cells.	

The	 study	 clearly	 shows	 that	 when	 designing	 new	 terpolymers	 for	 photovoltaic	

applications,	it	is	important	to	consider	the	electronic	nature	of	all	segments	that	can	be	

formed.	 For	 random	 terpolymers	 the	 broadening	 of	 the	 energy	 levels	 caused	 by	 the	

statistical	distribution	of	electronically	different	units	can	increase	the	wavelength	range	

for	 absorption	 of	 light	 and	 improve	 the	 performance.13,14	 But,	 as	 shown	 here,	 any	

segments	that	lead	to	deep	lying	LUMO	or	high	lying	HOMO	levels	should	be	avoided	in	

order	to	maximize	the	photovoltaic	performance	of	the	polymer.		

4.4	Experimental	

Commercial	solvents	and	reactants	were	used	without	further	purification	unless	stated	

otherwise.	 3,6‐Bis(thiophen‐2‐yl)‐2,5‐bis(2‐hexyldecyl)pyrrolo[3,4‐c]pyrrole‐1,4(2H,5H)‐dione	

(10)	 and	 3,6‐bis(5‐bromothiophen‐2‐yl)‐2,5‐bis(2‐hexyldecyl)pyrrolo[3,4‐c]pyrrole‐

1,4(2H,5H)‐dione	 (12)	 were	 synthesized	 according	 to	 literature	 procedures.35	 PDPP2T	 was	

synthesized	as	described	previously.31	NMR	spectra	were	recorded	on	a	Varian	Mercury	(1H	400	

MHz	or	500	MHz,	13C	100	MHz)	spectrometer.	Chemical	shifts	are	given	in	ppm	with	respect	to	

tetramethylsilane	 as	 internal	 standard.	 Fourier	 transform	 infrared	 spectroscopy	 (FTIR)	 was	

performed	on	a	Perking	Elmer	Spectrum	Two	spectrometer	in	ATR	mode.	Matrix	assisted	laser	

desorption	ionization	time	of	flight	(MALDI‐TOF)	mass	spectroscopy	was	performed	on	a	Bruker	

Autoflex	Speed	spectrometer.	Molecular	weight	distributions	of	the	polymers	were	estimated	by	

GPC	at	80	°C	on	a	PL‐GPC	120	system	using	a	PL‐GEL	10μm	MIXED‐B	column	with	o‐DCB	as	the	

eluent	and	using	polystyrene	internal	standards.	UV/vis/NIR	spectroscopy	was	conducted	on	a	

Perkin	 Elmer	 Lambda	 900	 spectrophotometer.	 Cyclic	 voltammetry	 was	 performed	 under	 an	

inert	 atmosphere	 with	 a	 scan	 speed	 of	 0.1	 V	 s‐1	 in	 an	 acetonitrile	 solution	 of	 1	 M	

tetrabutylammonium	 hexafluorophosphate.	 An	 ITO	 glass	 slide	 covered	 with	 a	 thin	 layer	 of	

polymer	(approx.	20	nm)	was	used	as	working	electrode,	a	silver	rod	as	counter	electrode	and	

silver	 rod	 coated	 with	 silver	 chloride	 (Ag/AgCl)	 as	 quasi‐reference	 electrode	 in	 combination	
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with	 Fc/Fc+	 as	 an	 internal	 standard.	 Atomic	 force	 microscopy	 (AFM)	 was	 measured	 on	 an	

extended	Veeco	MultiMode	AFM	connected	to	a	Nanoscope	III	controller	in	tapping	mode	using	

PPP‐NCH‐50	 probes	 (Nanosensors).	 TEM	 was	 performed	 on	 a	 Tecnai	 G2	 Sphera	 TEM	 (FEI)	

operated	at	20	kV.	

Photovoltaic	devices	with	 an	active	 area	of	 0.09	 and	0.16	 cm2	were	 fabricated	by	 spin	

coating	 poly(ethylenedioxythiophene):poly(styrenesulfonate)	 (PEDOT:PSS)	 (Clevios	 P,	 VP	

Al4083)	on	pre‐cleaned,	patterned	indium	tin	oxide	(ITO)	glass	substrates	(Naranjo	Substrates).	

Solutions	contained	6	mg	mL‐1	polymer	and	12	mg	mL‐1	[70]PCBM	(90‐95%	Solenne	BV)	with	2	

vol%	diiodooctane	in	chloroform,	and	were	spin	coated	at	spin	speeds	between	1000	and	2000	

rpm.	 The	 back	 electrode	 consisted	 of	 LiF	 (1	 nm)	 and	 Al	 (100	 nm)	 which	 were	 deposited	 by	

evaporation	 under	 high	 vacuum	 (~3	 ×	 10‐7	 mbar).	 J–V	 characteristics	 were	measured	with	 a	

Keithley	 2400	 source	 meter	 under	 ~100	 mW	 cm‐2	 white	 light	 illumination	 from	 a	 tungsten‐

halogen	lamp	filtered	by	a	Schott	GG385	UV	filter	and	a	Hoya	LB120	daylight	filter.	Short‐circuit	

currents	under	AM1.5G	conditions	were	estimated	by	convoluting	the	spectral	response	with	the	

solar	 spectrum.	 Spectral	 response	 measurements	 were	 conducted	 under	 1	 sun	 equivalent	

operating	conditions	by	using	a	532	nm	solid	state	laser	(Edmund	Optics)	for	bias	illumination.	

The	 device	 was	 kept	 in	 a	 nitrogen	 filled	 box	 behind	 a	 quartz	 window	 and	 irradiated	 with	

modulated	monochromatic	 light,	 from	 a	 50	W	 tungsten‐halogen	 lamp	 (Philips	 focusline)	 and	

monochromator	 (Oriel,	Cornerstone	130)	with	 the	use	of	a	mechanical	 chopper.	The	response	

was	 recorded	 as	 a	 voltage	 over	 a	 50	 Ω	 resistor	 using	 a	 lock‐in	 amplifier	 (Stanford	 research	

Systems	 SR830).	 A	 calibrated	 silicon	 cell	 was	 used	 as	 reference.	 The	 thickness	 of	 the	 active	

layers	was	determined	on	a	Veeco	Dektak150	profilometer.	

For	 the	 DFT	 (density	 functional	 theory)	 modeling,	 structures	 were	 generated	 using	

Gaussview	3.0	and	optimized	to	a	minimum	using	the	Gaussian	03	program.36	The	Becke	three	

parameter	hybrid	functionals	Lee‐Yang‐Parr	(B3LYP)37,38	level	of	theory	was	employed	using	the	

standard	6‐31G(d)	basis	set.	

Thieno[3,4‐c]furan‐1,3‐dione	(2)	
Thiophene‐3,4‐dicarboxylic	acid	(1)	(3	g,	17.43	mmol)	was	dissolved	in	acetic	anhydride	

(70	mL)	and	placed	under	argon	atmosphere.	The	solution	was	stirred	at	140	°C	overnight,	after	

which	the	solvent	was	removed	under	reduced	pressure.	The	crude	product	was	used	without	

further	purification.	1H‐NMR	(400	MHz,	CDCl3,	δ):	8.10	(s,	2H).	

Heptadecan‐9‐amine	(4)	

Heptadecan‐9‐one	 (3)	 (5	 g,	 19.65	 mmol)	 and	 acetamide	 (15.2	 g,	 196.5	 mmol)	 were	

dissolved	in	methanol	and	crushed	molsieves	were	added.	After	stirring	this	mixture	for	1	hour	

at	 room	 temperature,	 sodium	 cyanoborohydride	 (5.5	 g,	 87.5	mmol)	was	 added.	 The	 reaction	

mixture	was	subsequently	stirred	at	75	°C	during	48	hrs	under	argon	atmosphere,	after	which	it	

was	 allowed	 to	 cool	 to	 room	 temperature.	 The	 solution	 was	 then	 filtered	 over	 celite	 and	

extracted	with	diethyl	ether.	The	combined	organic	layers	were	washed	with	water,	dried	over	
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anhydrous	 magnesium	 sulfate	 and	 the	 solvent	 was	 evaporated	 under	 reduced	 pressure.	 The	

resulting	oil	was	purified	using	column	chromatography	(8:2	heptanes:ethyl	acetate,	containing	

1	vol%	of	triethylamine)	and	the	product	was	recovered	as	a	colorless	oil	in	a	yield	of	66%	(3.27	

g).	1H‐NMR	(400	MHz,	CDCl3,	δ):	2.67	(m,	1H);	1.46‐1.35	(br,	4H);	1.34‐1.18	(br,	24H);	0.88	(t	,	J	=	

6.8	Hz,	6H).	(note:	amine	protons	were	not	visible).	13C	NMR	(100	MHz,	CDCl3,	δ):	51.27;	38.28;	

31.95;	 29.90;	 29.37;	 26.26;	 22.72;	 14.13.	 FTIR:	 νmax,	 [cm‐1]:	 2956,	 2890,	 1378	 (s)	 (CH3);	 2922,	

2853,	1466,	722	(CH2);	795	(NH2).	

4‐(Heptadecan‐9‐ylcarbamoyl)thiophene‐3‐carboxylic	acid	(5)	
To	a	solution	of	4	(3.25	g,	12.7	mmol)	in	toluene	(80	mL),	1.64	g	of	2	(10.6	mmol)	was	

added.	The	mixture	was	placed	under	a	protective	atmosphere	of	argon	and	reacted	at	115	°C	

overnight.	 The	 solution	was	 subsequently	 cooled	 to	 room	 temperature	 and	 washed	with	 a	 5	

vol%	 HCl	 solution.	 Evaporation	 of	 the	 solvent	 under	 reduced	 pressure	 gave	 4.3	 g	 of	 a	 waxy	

brown	residue,	which	was	used	without	further	purification.	1H‐NMR	(400	MHz,	CDCl3,	δ):	8.40	

(d,	J	=	3.5	Hz,	1H);	8.24	(d,	J	=	3.5	Hz,	1H);	7.42	(br	d,	J	=	8.6	Hz,	1H);	4.11	(m,	1H);	1.65‐1.49	(m,	

4H);	1.41‐1.19	(br,	24H);	0.86	(t,	J	=	6.8	Hz,	6H).	13C	NMR	(100	MHz,	CDCl3,	δ):	164.97;	163.64;	

138.53;	 134.21;	 132.56;	 131.53;	 51.18;	 34.80;	 31.85;	 29.51;	 29.26;	 26.08;	 22.65;	 14.10.	 (note:	

one	 peak	 in	 the	 13C‐NMR	 spectrum	 overlaps).	 MALDI‐TOF‐MS:	 [M+H+]	 calc:	 410.27,	 found:	

410.33;	[M+Na+]	calc:	432.25,	found:	432.30;	[M‐H‐]	calc:	408.26,	found:	408.31.	FTIR:	νmax,	[cm‐

1]:	2956,	2890,	1377	(s)	(CH3);	2923,	2854,	1465,	722	(CH2);	3096,	753	(CH,	thiophene);	3300	

(br),	1580	(NH	amide);	1689	(C=O,	aromatic	acid,	amide);	1286	(CO	acid).	

5‐(Heptadecan‐9‐yl)‐4H‐thieno[3,4‐c]pyrrole‐4,6(5H)‐dione	(6)	
5	(4.14	g,	10.1	mmol)	was	dissolved	in	thionylchloride	(125	mL)	and	placed	under	argon.	

The	reaction	mixture	was	stirred	at	80	°C	during	4	hours,	after	which	the	solvent	was	removed	

under	 reduced	 pressure.	 The	 brown	 residue	 was	 subsequently	 purified	 via	 column	

chromatography	 (7:3	 heptanes:dichloromethane)	 and	 the	 product	 was	 recovered	 as	 a	 white	

solid	 in	a	yield	of	50%	over	 two	reactions	(2.11	g).	 1H‐NMR	(400	MHz,	CDCl3,	δ):	7.78	(s,	2H);	

4.11	(p,	J	=	5.1	Hz,	1H);	2.03	(m,	2H);	1.65	(m,	2H);	1.39‐1.11	(br,	24H);	0.85	(t,	J	=	6.6	Hz,	6H).	
13C	NMR	(100	MHz,	CDCl3,	δ):	160.70;	134.49;	112.77;	53.36;	32.17;	31.82;	29.42;	29.27;	29.22;	

26.67;	22.64;	14.10.	MALDI‐TOF‐MS:	[M+H+]	calc:	392.26,	found:	392.30.	FTIR:	νmax,	[cm‐1]:	2953,	

2890,	1391	(s)	(CH3);	2953,	2850,	1467,	721	(CH2);	3090,	744	(CH,	thiophene);	1759,	1705	(C=O,	

imide);	1404	(CN,	imide).	

1,3‐Dibromo‐5‐(heptadecan‐9‐yl)‐4H‐thieno[3,4‐c]pyrrole‐4,6(5H)‐dione	(7)	
To	a	cooled	solution	(0	°C)	of	6	 (2.11	g,	5.39	mmol)	 in	a	mixture	of	trifluoroacetic	acid	

(29	 mL)	 and	 sulfuric	 acid	 (9	 mL),	 N‐bromosuccinimide	 (2.85g,	 16.18	 mmol)	 was	 added	 in	

portions.	The	reaction	mixture	was	then	allowed	to	warm	to	room	temperature	and	kept	in	the	

dark	 for	 2	 hours.	 The	 mixture	 was	 subsequently	 poured	 into	 ice	 water	 and	 extracted	 with	

dichloromethane.	 The	 organic	 layers	were	 combined,	washed	multiple	 times	with	 a	 saturated	
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solution	 of	 sodium	 bicarbonate,	 dried	 over	 magnesium	 sulfate,	 and	 concentrated	 in	 vacuo.	 A	

pale‐yellow	residue	was	obtained	of	which	part	was	purified	via	recrystallization	in	a	mixture	of	

methanol	 and	 toluene.	 696	 mg	 of	 the	 product	 (yield	 =	 23	 %)	 was	 obtained	 as	 pale‐yellow	

needles,	while	1.5	g	(yield	=	51%)	was	not	further	purified.	1H‐NMR	(400	MHz,	CDCl3,	δ):	4.08	(h,	

J	=	5.1	Hz,	1H);	2.00	(m,	2H);	1.65	(m,	2H);	1.34‐1.14	(br,	24H);	0.87	(t,	J	=	6.8	Hz,	6H).	13C	NMR	

(100	MHz,	 CDCl3,	 δ):	 163.04;	 136.49;	 125.23;	 52.74;	 32.28;	 31.82;	 29.45;	 29.29;	 29.22;	 26.67;	

22.64;	14.08.	

5‐(Heptadecan‐9‐yl)‐1,3‐di(thiophen‐2‐yl)‐4H‐thieno[3,4‐c]pyrrole‐4,6(5H)‐dione	

(8)	
A	 dried	 Schlenk	 flask	was	 charged	with	7	 (750	mg,	 1.37	mmol)	 and	 2‐tributylstannyl	

thiophene	(1.3	mL,	4.09	mmol).	Toluene	(40	mL)	and	DMF	(8	mL)	were	added	and	the	solution	

was	 degassed	 with	 argon.	 After	 addition	 of	 tetrakis(triphenylphosphine)palladium	 (94.6	 mg,	

0.082	mmol),	the	mixture	was	reacted	at	115	°C	overnight.	The	cooled	solution	was	then	washed	

with	 water,	 dried	 over	 magnesium	 sulfate	 and	 the	 solvents	 were	 removed	 under	 reduced	

pressure.	 The	 residue	 was	 purified	 using	 column	 chromatography	 (9:1	

heptanes:dichloromethane,	 gradient	 7:3),	 after	which	8	was	 obtained	 as	 a	 yellow	 solid	which	

was	recrystallized	in	a	mixture	of	methanol	and	toluene.	The	product	was	obtained	in	a	yield	of	

59%	(445	mg).	1H‐NMR	(400	MHz,	CDCl3,	δ):	8.03	(d,	J	=	3.9	Hz,	2H);	7.43	(d,	J	=	5.1	Hz,	2H);	7.13	

(dd,	J	=	5.0,	3.8	Hz,	2H);	4.17	(h,	J	=	5.1	Hz,	1H);	2.08	(m,	2H);	1.69	(m,	2H);	1.33‐1.17	(br,	24H);	

0.84	(t,	 J	=	6.8	Hz,	6H).	 13C	NMR	(100	MHz,	CDCl3,	δ):	163.00;	136.33;	132.45;	129.90;	128.56;	

128.41;	128.33;	52.87;	32.36;	31.83;	29.45;	29.34;	29.23;	26.79;	22.64;	14.09.	MALDI‐TOF‐MS:	

[M+]	calc:	555.23,	found:	555.24.	

1,3‐Bis(5‐bromothiophen‐2‐yl)‐5‐(heptadecan‐9‐yl)‐4H‐thieno[3,4‐c]pyrrole‐

4,6(5H)‐dione	(9)	
A	 solution	of	8	 (425	mg,	 0.765	mmol)	 in	 chloroform	and	 acetic	 acid	 (1:1,	 10	mL)	was	

cooled	 to	 0	 °C	 and	 kept	 in	 the	 dark.	N‐bromosuccinimide	 (283	mg,	 2.1	mmol)	 was	 added	 in	

portions	and	the	mixture	was	allowed	to	warm	to	room	temperature.	N‐bromosuccinimide	was	

added	 until	 the	 reaction	was	 found	 to	 be	 complete	 via	 TLC.	 (in	 total	 200	mg	NBS	was	 added	

additionally)	The	solution	was	subsequently	washed	with	water,	dried	over	magnesium	sulfate	

and	reduced	in	volume	under	reduced	pressure.	The	obtained	solids	were	purified	using	column	

chromatography	 (9:1	 heptanes:dichloromethane,	 gradient	 7:3),	 followed	 by	 precipitation	 in	

methanol	from	toluene.	The	product	was	obtained	as	yellow	needles	in	a	yield	of	73%	(399	mg).	
1H‐NMR	(400	MHz,	CDCl3,	δ):	7.64	(d,	J	=	4.3	Hz,	2H);	7.07	(d,	J	=	3.9	Hz,	2H);	4.15	(h,	J	=	5.1	Hz,	

1H);	2.05	(m,	2H);	1.70	(m,	2H);	1.34‐1.17	(br,	24H);	0.85	(t,	J	=	6.7	Hz,	6H).	13C	NMR	(100	MHz,	

CDCl3,	 δ):	162.79;	135.04;	133.73;	131.07;	129.71;	128.49;	116.69;	53.06;	32.31;	31.83;	29.43;	

29.29;	29.23;	26.76;	22.64;	14.09.	MALDI‐TOF‐MS:	[M+]	calc:	711.05,	found:	711.07.	
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2,5‐Bis(2‐hexyldecyl)‐3,6‐bis(5‐(4,4,5,5‐tetramethyl‐1,3,2‐dioxaborolan‐2‐

yl)thiophen‐2‐yl)pyrrolo[3,4‐c]pyrrole‐1,4(2H,5H)‐dione	(11)	
To	a	cooled	solution	(0	°C)	of	diisopropylamine	(0.18	mL,	1.24	mmol)	in	dry	THF	(4	mL),	

a	2.5	M	solution	of	n‐butyllithium	in	hexane	(0.48	mL,	1.20	mmol)	was	added	drop	wise	over	the	

course	 of	 10	 minutes.	 The	 mixture	 was	 kept	 at	 0	 °C	 during	 15	 minutes,	 after	 which	 it	 was	

allowed	to	warm	to	room	temperature	and	stirred	another	45	minutes.	This	mixture	was	then	

added	 drop	 wise	 to	 a	 solution	 of	 2,5‐bis(2‐hexyldecyl)‐3,6‐di(thiophen‐2‐yl)pyrrolo[3,4‐

c]pyrrole‐1,4(2H,5H)‐dione	(10)	(0.3	g,	0.40	mmol)	and	2‐isopropoxy‐4,4,5,5‐tetramethyl‐1,3,2‐

dioxaborolane	 (0.32	 mL,	 1.60	 mmol)	 in	 dry	 THF	 (4	 mL)	 at	 −25	 °C	 during	 25	 minutes.	 This	

mixture	was	 kept	 10	minutes	 at	 –25	 °C	 and	 subsequently	 stirred	 at	 room	 temperature	 for	 1	

hour.	A	1.2	M	solution	of	HCl	(7	mL)	was	then	added,	after	which	the	mixture	was	extracted	with	

dichloromethane.	 The	 combined	 organic	 layers	 were	 then	 washed	 with	 water,	 dried	 over	

magnesium	 sulfate	 and	 the	 solvents	were	 removed	 under	 reduced	 pressure.	 The	 solids	were	

then	 dissolved	 in	 dichloromethane	 and	 precipitated	 in	 acetone	 at	 0	 °C.	 This	 process	 was	

repeated	one	more	time	before	drying	the	solids	in	vacuo.	The	product	was	recovered	as	a	pink	

solid	in	a	yield	of	33%	(133	mg).	1H‐NMR	(400	MHz,	CDCl3,	δ):	8.89	(d,	J	=	3.9	Hz,	2H);	7.70	(d,	J	=	

3.9	Hz,	2H);	4.05	(d,	J	=	7.4	Hz,	4H);	1.89	(br,	2H);	1.33‐1.17	(br,	48H);	0.85	(t,	J	=	6.3	Hz,	12H);	

0.83	(t,	J	=	6.3	Hz,	24H).	

reg‐PDPP/TPDalt2T	
A	Schlenk	flask	was	charged	with	11	(100	mg,	0.10	mmol),	9	(71.8	mg,	0.10	mmol)	and	

tri(tert‐butyl)phosphonium	tetrafluoroborate	(3.50	mg,	0.012	mmol)	and	placed	under	argon.	4	

mL	of	THF	and	0.25	mL	of	a	degassed,	2	M	solution	of	potassium	phosphate	in	water	were	added	

and	degassed	with	argon.	Tris(dibenzylideneacetone)dipalladium	(2.74	mg,	0.0030	mmol)	was	

then	added	and	the	reaction	flask	was	sealed.	After	stirring	at	room	temperature	for	15	minutes	

the	mixture	was	heated	to	70	°C	in	the	course	of	1.5	hours	and	left	to	react	overnight.	The	solid	

mixture	 was	 subsequently	 dissolved	 in	 chloroform	 and	 precipitated	 in	 methanol.	 The	 crude	

product	was	then	dissolved	in	chloroform,	EDTA	(300	mg)	was	added	and	refluxed	for	one	hour,	

after	which	water	was	added	and	the	mixture	was	refluxed	for	another	hour.	The	organic	phase	

was	cooled	and	washed	with	water,	reduced	in	volume	under	reduced	pressure	and	precipitated	

in	 methanol.	 The	 solids	 were	 subjected	 to	 Soxhlet	 extraction	 with	 acetone,	 hexane,	

dichloromethane	 and	 chloroform.	 The	 polymer	 was	 then	 precipitated	 in	 methanol	 and	

recovered	as	a	dark	blue	film.	(59	mg	in	dichloromethane	fraction,	Y	=	44%,	75	mg	in	chloroform	

fraction,	Y	=	55%).	1H‐NMR	(500	MHz,	CDCl3,	δ):	9.7‐8.4	(br);	8.3‐7.3	(br,	low	intensity);	7.5‐6.2	

(br);	4.7‐3.2	(br,	2	peaks);	2.6‐1.0	(br);	1.0‐0.0	(br).	GPC	(o‐DCB,	80°C):	Mn	=	50.0	kDa,	Mw	=	137	

kDa,	PDI	=	2.74.	

ran‐PDPP/TPDalt2T	
Bis(cyclooctadiene)nickel(0)	 (153	mg,	 0.555	mmol)	 and	 2,2'‐bipyridine	 (90	mg,	 0.574	

mmol)	 were	 charged	 in	 a	 dried	 Schlenk	 flask	 under	 nitrogen	 atmosphere	 and	 3	 mL	 of	 dry	
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toluene	was	added.	This	mixture	was	stirred	at	70	°C	for	one	hour,	and	subsequently	transferred	

to	 a	 Schlenk	 flask	 containing	 a	 degassed	 solution	 of	 3,6‐bis(5‐bromothiophen‐2‐yl)‐2,5‐bis(2‐

hexyldecyl)pyrrolo[3,4‐c]pyrrole‐1,4(2H,5H)‐dione	 (83.9	 mg,	 0.093	 mmol)	 and	 9	 (66.1	 mg,	

0.093	mmol)	in	3	mL	of	dry	toluene.	The	resulting	mixture	was	then	stirred	at	70	°C	overnight,	

before	adding	0.1	mL	of	bromobenzene,	followed	by	another	30	minutes	of	stirring.	15	mL	of	a	

0.1	M	HCl,	methanol	and	acetone	mixture	(1:1:1)	was	then	added,	 followed	by	extraction	with	

chloroform.	The	organic	layers	were	then	combined,	washed	with	water,	reduced	in	volume	and	

precipitated	in	methanol.	The	solids	were	then	dissolved	in	1,1,2,2‐tetrachloroethane	at	115	°C,	

before	ethylenediaminetetraacetic	acid	(300	mg)	was	added	and	the	mixture	was	stirred	at	115	

°C	 for	 one	 hour.	 Water	 was	 subsequently	 added	 and	 the	 mixture	 was	 refluxed	 further	 for	 2	

hours.	 The	 organic	 layer	 was	 then	 separated	 and	 washed	 with	 water,	 before	 reducing	 it	 in	

volume	 and	 precipitating	 the	 polymer	 in	methanol.	 The	 crude	 product	was	 then	 subjected	 to	

Soxhlet	extraction	with	acetone,	hexane	and	chloroform.	The	chloroform	fraction	was	reduced	in	

volume	and	precipitated	in	methanol.	The	polymer	was	recovered	as	a	dark	blue	powder	(52	mg,	

Y	=	43%).	1H‐NMR	(500	MHz,	CDCl3,	δ):	9.7‐8.4	(br);	8.3‐7.3	(br,	low	intensity);	7.5‐6.2	(br);	4.7‐

3.2	(br,	2	peaks);	2.6‐1.0	(br);	1.0‐0.0	(br).	GPC	(o‐DCB,	80°C):	Mn	=	34.6	kDa,	Mw	=	116	kDa,	PDI	

=	3.36.	
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Chapter	5	

Homo‐coupling	defects	in	
diketopyrrolopyrrole‐based	
copolymers	and	their	effect	on	
photovoltaic	performance*	

 

 

 

 

 

 

 

Abstract	

The	 occurrence	 and	 effect	 was	 studied	 of	 intra‐chain	 homo‐coupling	 defects	 in	

alternating	 push‐pull	 semiconducting	 PDPPTPT	 polymers	 based	 on	 dithienyl‐

diketopyrrolopyyrole	 (TDPPT)	 and	 phenylene	 (P)	 synthesized	 via	 a	 palladium‐catalyzed	

cross‐coupling	 polymerization.	 Homo‐coupled	 TDPPT‐TDPPT	 segments	 are	 readily	

identified	by	the	presence	of	a	low‐energy	shoulder	in	the	UV/vis/NIR	absorption	spectrum.	

Remarkably,	 the	 signatures	 of	 these	 defects	 are	 found	 in	many	 DPP	 based	 copolymers	

reported	 in	the	 literature.	The	defects	cause	a	reduction	of	the	bandgap,	a	higher	HOMO	

level,	a	 lower	LUMO	 level,	and	a	 localization	of	 these	molecular	orbitals.	By	synthesizing	

copolymers	with	a	pre‐defined	defect	concentration,	it	is	demonstrated	that	their	presence	

reduces	the	short‐circuit	current	and	open‐circuit	voltage	of	solar	cells	based	on	blends	of	

PDPPTPT	 with	 [70]PCBM.	 In	 virtually	 defect‐free	 PDPPTPT,	 the	 power	 conversion	

efficiency	 is	as	high	as	7.5%,	 compared	 to	4.5‐5.6%	 for	polymers	containing	20%	 to	5%	

defects.	

 

*	 This	work	 has	 been	 published:	 K.	H.	Hendriks,	W.	 Li,	 G.	 H.	 L.	Heintges,	 G.	W.	 P.	 van	

Pruissen,	M.	M.	Wienk,	R.	A.	J.	Janssen,	J.	Am.	Chem.	Soc.	2014,	136,	11128−11133.	
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5.1	Introduction	

In	the	quest	for	viable	alternative	energy	sources,	organic	solar	cells	are	making	

significant	progress	in	terms	of	efficiency	and	reliability.	Especially	bulk	heterojunction	

polymer‐fullerene	 cells	 have	 received	 considerable	 attention,	 resulting	 in	 reported	

power	 conversion	 efficiencies	 (PCEs)	 of	 over	 9%	 for	 single	 junction	 devices	 and	 over	

10%	 for	 tandem	 cells.1,2	 The	 design	 of	 new	 conjugated	 polymers	 for	 this	 application	

often	 relies	 on	 combining	 electron	 rich	 donor	 (D)	 and	 electron	 poor	 acceptor	 (A)	

moieties	 in	an	alternating	push‐pull	polymer	chain	architecture.	These	donor‐acceptor	

or	push‐pull	polymers	are	commonly	synthesized	using	a	palladium‐catalyzed	(Stille	or	

Suzuki)	 cross‐coupling	 condensation	 polymerization	 reaction	 from	 complementary	

bifunctional	monomers.	 The	 push‐pull	 design	 allows	 control	 over	 the	 optical	 bandgap	

and	 energy	 levels	 of	 the	 material	 by	 varying	 the	 nature	 of	 the	 alternating	 moieties	

incorporated	in	the	chain	and	is	the	principal	design	motif	for	modern	semiconducting	

polymers.		

Besides	the	influence	of	the	chemical	nature	of	the	components	in	the	main	chain	

and	the	resulting	electronic	and	physical	properties,	various	parameters	govern	organic	

solar	cell	performance.3	Some	intrinsic	factors	are	well	understood	such	as	energy	losses	

and	recombination	processes,4,5	but	also	fullerene	composition,6	molecular	weight	of	the	

polymer,7,8	 end	 group	 effects,9	 and	 external	 impurities	 influence	 performance.10,11	

Studies	towards	the	influence	of	structural	defects	incorporated	within	the	main	chain	of	

push‐pull	 copolymers,	 such	as	homo‐coupling	defects,	however,	are	not	very	common.	

This	 is,	 understandably,	 in	 part	 due	 to	 difficulties	 associated	 with	 identifying	 and	

characterizing	 main‐chain	 defects	 in	 semiconducting	 polymers.	 In	 practice,	 it	 is	

implicitly	 assumed	 that	 the	 palladium‐catalyzed	 reactions	 results	 in	 a	 perfect	 cross‐

coupling	reaction.	Here	it	will	be	demonstrated	that	homo‐coupling	readily	occurs	when	

reaction	conditions	are	not	optimal	and	can	have	strong	effects	on	the	performance	of	

the	resulting	polymer	in	a	solar	cell.		

The	investigation	is	focused	on	polymers	containing	diketopyrrolopyrrole	(DPP).	

Owing	 to	 its	 electron	deficiency,	DPP	 is	 known	 for	 providing	 access	 to	 small	 bandgap	

polymers	with	high	efficiencies	in	photovoltaic	devices	and	ambipolar	charge	transport	

in	field‐effect	transistors.12‐17	The	UV/vis/NIR	absorption	of	many	high	performing	DPP	

based	polymers	published	in	literature,	is	dominated	by	a	π→π*	transition	with	charge	

transfer	character	and	a	distinct	and	steep	onset	at	the	optical	bandgap.	Remarkably,	in	

several	published	spectra,	an	additional	shoulder	at	longer	wavelengths	can	be	observed	

that	 look	 very	 reminiscent	 to	 the	 broadening	 towards	 longer	 wavelengths	 of	 the		

ran‐PDPP/TPD2T	 terpolymer	 discussed	 in	 Chapter	 4.	 131	 recent	 publications	 on	DPP	
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based	copolymers	were	assessed	and	it	was	found	that	38	reported	absorption	spectra	

of	 polymers	 with	 a	 distinct	 additional	 long‐wavelength	 shoulder	 (see	 Appendix	 for	

examples).	 In	addition,	23	articles	showed	spectra	with	onsets	of	absorption	at	 longer	

wavelengths	then	would	be	expected,	but	without	direct	evidence	of	a	shoulder.	At	first	

glance	 the	 low‐energy	 spectral	 feature	might	 be	 attributed	 to	 aggregation	 of	 polymer	

chains,	but	a	detailed	assessment	of	the	origin	of	this	shoulder	is	usually	absent.	Owing	

to	the	multitude	of	DPP	polymers	published	to	date,	it	is	possible	to	compare	the	spectra	

of	 some	 polymers	 that	 have	 the	 same	 conjugated	 backbone	 structure	 but	 have	 been	

prepared	by	different	research	groups.	Even	though	the	polymers	can	differ	slightly	 in	

alkyl	side	chain	length,	they	inherently	should	have	the	same	absorption	spectrum	and	

hence	 have	 identical	 optical	 bandgaps.	 For	 instance,	 the	 onset	 of	 absorption	 of		

PDPP2T‐TT	 derivatives	 (i.e.	 where	 DPP	 alternates	 with	 2,5‐bis(thiophen‐2‐

yl)thieno[3,2‐b]thiophene,	Figure	5.1)	have	been	reported	at	1.36	eV,18	1.34,19	1.31,20,21	

1.23,22	 and	 ~1.2	 eV.23	 Even	 more	 outspoken	 differences	 occur	 for	 DPP	 polymers	

containing	 benzodithiophene	 (BDT).	 For	 PDPP2T‐BDT	 with	 unsubstituted	 BDT	 units	

(Figure	 5.1),	 an	 optical	 bandgap	 of	 1.31	 eV24	 has	 been	 reported	 displaying	 a	 clear	

shoulder	at	 lower	energies,	while	Li	et	al.	 reported	 the	onset	at	1.51	eV,25	without	 the	

presence	of	a	low	energy	shoulder.	Similarly,	DPP‐BDT	polymers	bearing	alkoxy	chains	

on	the	BDT	have	been	reported	with	a	very	distinct	shoulder26,27	or	without.28,29	These	

remarkable	differences	have	not	yet	been	explained.		

	

Figure	5.1	Chemical	structure	of	PDPP2T‐TT,	PDPP2T‐BDT,	and	PDPPTPT	

In	 this	 Chapter	 a	 homo‐coupling	 defect	 is	 discussed	 that	 has	 been	 identified	 to	

occur	while	polymerizing	the	commonly	used	Br‐TDPPT‐Br	monomer	under	suboptimal	

reaction	conditions.	The	defect	consists	of	a	homo‐coupled	DPPT‐TDPP	segment	within	

the	polymer	chain	and	can	be	identified	by	a	low	energy	shoulder	in	UV/vis/NIR	spectra.	

As	 a	 model	 system,	 PDPPTPT	 (Figure	 5.1)	 is	 used	 as	 an	 easy	 accessible	 polymer	 to	

investigate	the	influence	of	these	defects	on	the	photovoltaic	performance.13,30	PDPPTPT	
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polymers	 are	 compared	 that	 were	 synthesized	 with	 optimal	 and	 suboptimal	 reaction	

conditions	and	polymers	 that	were	synthesized	with	optimal	 conditions	where	a	 fixed	

amount	of	a	Br‐TDPPT‐TDPPT‐Br	monomer	was	 introduced	 in	 the	reaction	mixture	 to	

create	a	known	amount	of	TT	defects.	The	resulting	defects	can	act	as	low	lying	energy	

trap	 sites,	 and	effectively	decrease	 the	LUMO	and	 increase	 the	HOMO	energy	 levels	of	

the	material.	This	reduces	the	photocurrent	that	can	be	obtained	from	solar	cells	when	

combined	with	[70]PCBM	and	leads	to	a	significant	reduction	of	the	PCE.	It	is	likely	that	

the	 same	 type	 of	 shoulder	 found	 in	 some	 literature	 spectra	 of	DPP	 based	 copolymers	

also	arises	from	homo‐coupled	TT	defects	present	in	the	polymer	chain.	The	detrimental	

effect	 of	 a	 relatively	 small	 amount	 of	 defect	 on	 the	 photovoltaic	 performance	 is	

demonstrated	and	highlights	the	importance	of	carefully	optimizing	reaction	conditions	

as	to	obtain	high	performing	polymers.	

5.2	Results	and	Discussion	

5.2.1	Synthesis	

To	validate	the	formation	of	DPPT‐TDPP	homo‐coupled	defects	when	suboptimal	

reaction	conditions	are	applied,	test	reactions	were	performed	on	the	Suzuki	reaction	of	

3,6‐bis(5‐bromothiophen‐2‐yl)‐2,5‐bis(2‐hexyldecyl)pyrrolo[3,4‐c]pyrrole‐1,4(2H,5H)‐

dione	(Br‐TDPPT‐Br,	1)	and	phenylboronic	acid	pinacol	ester	according	to	Scheme	5.1.	

Scheme	5.1	Reaction	of	1	with	phenylboronic	acid	pinacol	ester,	 (i)	Pd2dba3/PPh3	 (1:2),	K3PO4,	Aliquat	
336,	toluene,	H2O,	115	°C;	(ii)	Pd2dba3/PPh3	(1:1),	K3PO4,	Aliquat	336,	toluene,	H2O,	115	°C.	

The	 use	 of	 an	 optimized	 1:2	 molar	 ratio	 of	 palladium	 and	 triphenylphosphine	

ligand	led	to	the	exclusive	formation	of	2a.	The	suboptimal	conditions	represented	by	a	

1:1	molar	ratio	of	palladium	to	ligand,	yielded	the	expected	purple	product	2a,	but	also	

the	homo‐coupled	blue	byproduct	2b	 that	 could	be	 isolated	 and	 characterized.	 Figure	

5.2	 shows	 absorption	 spectra	 of	 the	 reaction	mixture	 and	 the	 purified	 compounds	2a	

and	2b.	An	image	of	a	TLC	plate	of	the	crude	reaction	mixtures	is	also	shown	where	the	

product	and	homo‐coupled	byproduct	can	easily	be	identified	(Figure	5.2b).	
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Figure	5.2	(a)	UV/vis	absorption	spectra	in	chloroform	solution	of	the	crude	reaction	mixture	that	used	
suboptimal	conditions	and	the	purified	compounds.	(b)	TLC	analysis	of	the	starting	material	and	the	crude	
reaction	mixtures	from	the	reaction	described	in	Scheme	5.1.	

The	synthesis	of	the	extended	Br‐TDPPT‐TDPP‐T‐Br	monomer	(5)	that	is	used	to	

introduce	the	homo‐coupling	defect	into	polymers	controllably,	is	shown	in	Scheme	5.2.	

The	mono‐brominated	DPP	(3)	that	has	been	described	in	Chapter	3,	was	reacted	with	

bis(pinacolato)diboron	to	form	the	boronic	acid	derivative	and	in	situ	couple	to	another	

molecule	of	3,	forming	4.	Bromination	with	NBS	yielded	the	homo‐coupled	monomer	5.	

	

Scheme	 5.2	 Synthesis	 of	 Br‐TDPPT‐TDPPT‐Br	 (5).	 (i)	 Bis(pinacolato)diboron,	 Pd(PPh3)4,	 K2CO3,	
tetrahydrofuran,	water,	70	°C;	(ii)	NBS,	chloroform,	0	°C.	

The	PDPPTPT	polymers	were	synthesized	by	a	Suzuki	polycondensation	reaction	

of	 1	 and	 1,4‐benzenediboronic	 acid	 bis(pinacol)	 ester	 using	 the	 exact	 same	 reaction	

conditions	 as	 for	 the	 test	 reactions	 (Scheme	 5.3).	 A	 virtually	 defect‐free	 PDPPTPT	

polymer	 (P1)	 was	 synthesized	 using	 the	 optimized	 1:2	molar	 ratio	 of	 palladium	 and	

triphenylphosphine	ligand.	P2	was	synthesized	using	the	1:1	molar	ratio	of	palladium	to	

ligand.	 P3,	 P4,	 and	 P5	 were	 synthesized	 by	 introducing	 the	 homo‐coupled		

Br‐TDPPT‐TDPPT‐Br	(5)	monomer	in	respectively	5%,	10%,	and	20	mol%	with	respect	

to	 the	 Br‐TDPPT‐Br	 (1)	 monomer	 and	 using	 optimized	 reaction	 conditions.	 P6	 was	

obtained	from	condensation	of	5	and	1,4‐benzenediboronic	acid	bis(pinacol)	ester.	
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Scheme	 5.3	 Polymerization	 of	 P1–P6,	 (i)	 1,4‐phenylenebis(4,4,5,5‐tetramethyl‐1,3,2‐dioxaborolane),	
Pd2dba3/PPh3	 (1:2),	K3PO4,	Aliquat	 336,	 toluene,	H2O,	 115	 °C;	 (ii)	 1,4‐phenylenebis(4,4,5,5‐tetramethyl‐
1,3,2‐dioxaborolane),	Pd2dba3/PPh3	(1:1),	K3PO4,	Aliquat	336,	toluene,	H2O,	115	°C.	P3	n	=	0.95,	m	=	0.05;	
P4	n	=	0.90,	m	=	0.10;	P5	n	=	0.80,	m	=	0.20.	

GPC	 analysis	 reveals	 that	 all	 polymers	 have	 high	 molecular	 weight,	 P1	 shows		

Mn	 =	 72	 kg	 mol−1.	 For	 the	 polymers	 P3–P6	 that	 were	 made	 with	 the	 same	 reaction	

conditions,	 similar	 or	 even	 higher	molecular	weights	were	measured	 (Table	 5.1).	 The	

differences	 between	 the	 molecular	 weights	 of	 these	 batches	 could	 arise	 from	 small	

differences	 in	the	 initial	stoichiometry.	P2	which	was	synthesized	with	the	suboptimal	

1:1	palladium:ligand	catalyst	system,	clearly	shows	a	lower	Mn	of	47	kg	mol−1.	The	lower	

molecular	 weight	 is	 most	 likely	 due	 to	 a	 resulting	 imbalance	 in	 monomer	 feed	 ratio	

inflicted	by	the	homo‐coupling	side	reaction	or	due	to	decomposition	of	the	catalyst.31		

5.2.2	Opto‐electronic	properties	

The	UV/vis/NIR	spectra	of	the	polymers	in	dilute	chloroform	solution	and	in	thin	

films	(Figure	5.3)	show	a	clear	trend	in	the	onset	of	absorption	for	the	polymers.	While	

P1	and	P6	have	narrow	absorption	spectra	in	chloroform	with	a	sharp	onset	at	1.57	and	

1.42	 eV	 respectively,	P2–P5	 have	 an	 onset	 in	 between	 these	 values	 and	 the	 spectral	

shape	 is	 broadened	 and	 effectively	 a	 linear	 combination	of	 the	 two	parent	 absorption	

spectra	 P1	 and	 P6.	 For	 small	 amounts	 of	 incorporated	 TT	 defects	 (5%)	 this	 merely	

results	in	a	low	energy	shoulder	that	is	hardly	identified	as	an	additional	peak.	P2	shows	

a	 low	 energy	 shoulder	 that	 exactly	 overlaps	with	 the	 spectrum	 of	P3,	 confirming	 the	



	
	

Homo‐coupling	defects	in	diketopyrrolopyrrole‐based	copolymers	

89	
	

presence	of	TT	homo‐coupling	defects	in	P2.	Also,	a	small	blue	shift	of	λmax	is	observed,	

probably	due	to	the	lower	molecular	weight	and	presence	of	oligomeric	species.	These	

defects	in	P2	originate	from	the	side‐reaction	of	the	Br‐TDPPT‐Br	monomers	during	the	

polymerization	 reaction	 because	 no	 Br‐TDPPT‐TDPPT‐Br	 monomer	 was	 added.	 The	

spectral	shape	remains	the	same	in	the	solid	state	and	the	relative	intensity	of	the	long	

wavelength	shoulder	in	solution	does	not	diminish	at	elevated	temperatures,	confirming	

that	 it	 is	not	an	aggregation	effect	(Figure	5.3).	The	differences	between	the	spectra	of	

P1	and	P3–P5,	also	indicate	that	the	former	is	virtually	defect‐free.		
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Figure	5.3	UV/vis/NIR	absorption	spectra	of	P1–P6.	 (a)	 In	dilute	chloroform	solution.	 (b)	 In	 thin	solid	
films.	 The	 absorption	 spectra	 of	 (c)	 P1,	 (d)	 P2,	 and	 (e)	 P3	 in	 dilute	 o‐DCB	 solution	 at	 varying	
temperatures.	The	normalized	spectra	at	100	°C	(f)	show	that	the	low	energy	shoulders	of	P2	and	P3	(in	
the	boxed	regions)	do	not	disappear	at	elevated	temperatures.	

(b)	

(c)	 (d)	
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Figure	5.4	Cyclic	voltammograms	of	P1–P6.	

Redox	 potentials	 and	 frontier	 orbital	 energy	 levels	were	 estimated	 using	 cyclic	

voltammetry	on	thin	films	of	the	polymers	in	a	liquid	electrolyte	(Figure	5.4).	Table	5.1	

shows	 that	 the	 LUMO	 energy	 level	 for	 the	 polymers	with	 defects	 (P2–P6)	 is	 lowered	

compared	to	P1,	while	the	HOMO	energy	level	is	increased.	

Table	5.1	Molecular	Weight,	Optical	Absorption,	and	Redox	Potentials	of	PDPPTPT	Polymers	

	 P1  P2 P3 P4 P5  P6

Mn	(kg	mol‐1)		 72	 47	 73	 131	 86	 135c	

Mw	(kg	mol‐1)		 122	 107	 144	 303	 243	 540c	

PDI	 1.98	 2.28	 1.98	 2.32	 2.83	 3.99c	

λmax	(nm)	 750	 740	 749	 749	 747	 823	

Egsol	(eV)	 1.57	 1.48	 1.48	 1.47	 1.45	 1.42	

Eg	(eV)	 1.53	 1.40	 1.40	 1.39	 1.38	 1.37	

Eox	(V)	a		 0.56	 0.55	 0.54	 0.50	 0.48	 0.46	

Ered	(V)	a		 −1.44	 −1.41	 −1.42	 −1.42	 −1.39	 −1.37	

E(HOMO)	(eV)	b	 −5.79	 −5.78	 −5.77	 −5.73	 −5.71	 −5.69	

E(LUMO)	(eV)	b	 −3.79	 −3.82	 −3.81	 −3.81	 −3.84	 −3.86	
a	Versus	Fc/Fc+.	b	Determined	using	an	energy	of	−5.23	eV	for	Fc/Fc+	vs.	vacuum.	c	Signal	was	in	the	

exclusion	limit	of	the	column.	

Density	 functional	 theory	 (DFT)	 calculations	 on	 B3LYP/6‐31G(2d,p)	 level	were	

performed	for	extended	defect‐free	and	defect‐containing	oligomers	(Figure	5.5).	In	the	

DFT	calculations	 the	side	chains	on	 the	DPP	unit	were	replaced	by	methyl	groups	and	

planarity	 was	 enforced	 between	 adjacent	 thiophene	 and	 phenyl	 rings.	 The	 calculated	

frontier	orbitals	(Figure	5.5)	show	that	the	TT	defect	results	in	a	stronger	localization	of	

the	HOMO	and	LUMO	around	the	central	TT	defect	compared	to	a	central	TPT	unit.	As	a	
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result	 the	 HOMO	 energy	 is	 raised	 from	 −4.71	 to	 −4.69	 eV	 and	 the	 LUMO	 energy	 is	

lowered	from	−2.98	to	−3.08	eV.	Overall	this	leads	to	a	reduced	HOMO‐LUMO	energy	gap	

difference	of	0.12	eV,	similar	in	magnitude	to	the	experimental	results.		

The	experimental	and	theoretical	results	show	that	a	TT	homo‐coupling	defect	in	

the	alternating	PDPPTPT	polymer	results	in	a	lowering	of	the	bandgap	and	localization	

of	the	orbitals	at	the	defect.	As	a	consequence	these	TT	homo‐coupling	defects	may	act	

as	a	trap	for	excitons	or	charges.			

 

Figure	5.5	 DFT	 frontier	molecular	 orbitals	 for	 defect‐free	 T‐DPP‐TPT‐DPP‐TPT‐DPP‐TPT‐	 DPP‐T	 (top)	
and	defect‐containing	T‐DPP‐TPT‐DPP‐TT‐DPP‐TPT‐DPP‐T	(bottom)	oligomers	of	PDPPTPT.	

5.2.3	Photovoltaic	devices	

To	test	the	effect	of	the	defects	on	device	performance,	solar	cells	were	fabricated	

by	combining	the	polymers	P1–P6	with	[70]PCBM	([6,6]‐phenyl‐C70‐butyric	acid	methyl	

ester)	as	acceptor,	sandwiched	between	a	transparent	ITO/PEDOT:PSS	front	contact	and	

a	 reflective	 LiF/aluminum	 back	 contact.	 All	 polymer:[70]PCBM	 blend	 combinations	

were	found	to	possess	identical	optimized	processing	conditions	with	a	1:2	weight	ratio	

of	 polymer	 to	 fullerene	 and	 using	 6	 vol%	 o‐DCB	 as	 additive	 in	 chloroform	 for	 spin	

coating.	 The	 current	 density	 –	 voltage	 (J–V)	 characteristics	 and	 external	 quantum	

efficiencies	(EQE)	of	the	solar	cells	are	displayed	in	Figure	5.6	and	the	cell	parameters	

are	summarized	 in	Table	5.2.	The	defect	 free	material	P1	has	the	highest	performance	

with	 an	 open‐circuit	 voltage	 (Voc)	 of	 0.80	 V,	 a	 short‐circuit	 current	 density	 (Jsc)	 of		

13.84	mA	cm‐2	and	a	fill	factor	(FF)	of	0.67	under	simulated	AM1.5G	conditions,	resulting	

in	 a	 power	 conversion	 efficiency	 (PCE)	 of	 7.5%.	 At	 the	 other	 extreme,	 P6	 shows	 a	
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reduction	in	the	Voc	of	60	mV,	identical	fill	factor,	but	a	greatly	reduced	photocurrent	of	

only	6.44	mA	cm‐2,	resulting	in	a	PCE	of	only	3.2%.	

The	Voc’s	 for	P2–P5	 are	 in	between	 those	of	P1	 and	P6	 and	reveal	a	 trend	 that	

more	 defects	 lead	 to	 a	 lower	Voc.	 This	 is	 effectively	 due	 to	 the	 increase	 of	 the	 HOMO	

energy	 level	 of	 the	polymer.	The	photocurrent	 follows	a	 similar	 trend	and	 shows	 that	

more	 homo‐coupling	 leads	 to	 a	 reduction	 of	 Jsc,	 except	 when	 comparing	 P4	 (10%	

defects)	 to	P3	 (5%	 defects).	 In	 this	 case,	 the	 photocurrent	 of	 the	 polymer	with	more	

defects	is	slightly	higher.	This	is	attributed	to	the	higher	molecular	weight	of	P4	and	it	

shows	that	although	a	material	can	have	defects,	it	is	still	possible	to	obtain	respectable	

PCEs.	 The	 virtually	 defect‐free	 material	 P1	 however	 clearly	 outperforms	 all	 other	

PDPPTPT	polymers,	despite	differences	in	molecular	weight.	For	P2	both	the	effects	of	a	

low	molecular	weight	and	the	presence	of	defects	drastically	reduce	the	performance	to	

PCE	=	4.5%.	
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Figure	5.6	 (a)	J–V	characteristics	and	(b)	corresponding	EQE	spectra	of	solar	cells	from	P1–P6	blended	
with	[70]PCBM.	

Table	5.2	Solar	Cell	Characteristics	for	PDPPTPT	Polymers	

Active	layer		 d		

(nm)		

Voc	

(V)		

Jsc	a

(mA	cm‐2)		

FF EQEmax	 PCE

(%)		

P1:[70]PCBM		 100	 0.80 13.84 0.67 0.56	 7.5

P2:[70]PCBM		 104	 0.78 9.70 0.59 0.33	 4.5

P3:[70]PCBM		 111	 0.78 11.58 0.60 0.45	 5.4

P4:[70]PCBM		 110	 0.78 12.12 0.60 0.45	 5.6

P5:[70]PCBM		 112	 0.76 9.80 0.60 0.32	 4.5

P6:[70]PCBM		 110	 0.74 6.44 0.67 0.13	 3.2
a	Determined	by	integrating	the	EQE	spectrum	with	the	AM1.5G	spectrum.	

(a)	 (b)	
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EQE	 spectra	 show	 a	 clear	 correlation	 between	 the	 contribution	 in	 the	 polymer	

region	 (600–900	 nm)	 and	 the	 amount	 of	 homo‐coupling	 present	 in	 the	 material.	 In	

general,	the	EQEmax	in	the	long	wavelength	region	is	reduced	from	0.56	for	P1	to	0.13	for	

P6	when	more	 TT	 defects	 are	 present.	 The	 decrease	 in	 EQE	 follows	 the	 trend	 of	 the	

polymers	 LUMO	 energy	 levels.	 It	 is	 conjectured	 that	 the	 TT	 defects	 act	 as	 low	 lying	

energy	traps	that	inhibit	formed	excitons	from	splitting	into	free	charges	as	the	effective	

LUMOdonor	 –	 LUMOacceptor	 offset	 is	 reduced.	 The	 reduction	 potential	 of	 [70]PCBM	 at		

−1.09	V	vs.	Fc/Fc+,	makes	that	going	from	P1	to	P6,	the	LUMO‐LUMO	offset	drops	below	

the	0.3	V	difference	that	is	generally	considered	as	being	necessary	for	electron	transfer	

to	occur.	P3	and	P4	have	the	same	EQEmax	and	show	the	combined	effects	that	a	higher	

molecular	weight	increases	EQEmax	while	more	homo‐coupling	defects	decrease	it	again.	

TEM	 images	 of	 the	 active	 layers	 show	 finely	 dispersed	 phase	 separated	

morphologies	 for	 all	 blends	 (Figure	 5.7).	 For	 P1	 and	 P6,	 fiber‐like	 structures	 are	

observed	 that	 can	 help	 for	 efficient	 transport	 of	 free	 charges	 and	 result	 in	 good	 fill	

factors.25	For	P2–P5	a	slightly	finer	phase	separation	is	observed	and	fill	factors	are	less	

because	 of	 the	 more	 mixed	 morphology	 or	 the	 presence	 of	 charge	 traps	 by	 the	 TT	

defects.	

 

Figure	5.7	TEM	images	of	active	layers	of	(a)	P1,	(b)	P2,	(c)	P3,	(d)	P4,	(e)	P5,	and	(f)	P6	with	[70]PCBM.	
The	scale	bar	is	200	nm.	
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At	this	point	the	exact	mechanism	that	is	responsible	for	the	homo‐coupling	side	

reaction	in	the	synthesis	of	P2	is	not	clear.	It	has	been	observed	in	both	Suzuki	and	Stille	

type	 polymerizations	 with	 the	 Br‐TDPPT‐Br	 monomer	 and	 it	 is	 suspected	 that	 a	

palladium‐catalyzed	 Ullmann	 type	 of	 homo‐coupling	 occurs	 yielding	 the	 DPP‐TT‐DPP	

defect	and	a	PdBr2	species.32,33	Subsequently	this	Pd(II)	compound	could	be	reduced	by	

the	 consumption	 of	 boronic	 or	 stannyl	 monomers	 to	 obtain	 the	 active	 Pd(0)	 species	

again.	The	resulting	imbalance	in	monomer	feed	ratio	and	presence	of	end	cappers	then	

also	 explains	 the	 lower	molecular	weight	 of	P2.	 For	 this	 example,	 the	 pathway	 to	 the	

side	reaction	opens	up	when	insufficient	 ligand	is	present	and	it	can	be	suppressed	by	

adding	more.	It	is	however	clear	that	these	defects	should	be	avoided	in	order	to	obtain	

the	 highest	 performing	materials	 by,	 for	 example,	 empirically	 optimizing	 the	 reaction	

conditions	for	every	different	polymerization.	

5.3	Conclusions	

A	homo‐coupling	defect	was	identified	in	DPP	based	copolymers	by	the	presence	

of	 a	 long	 wavelength	 shoulder	 in	 the	 UV/vis/NIR	 absorption	 spectra.	 A	 series	 of	

PDPPTPT	polymers	with	increasing	amount	of	homo‐coupled	DPP‐TT‐DPP	defects	was	

synthesized	 to	 evaluate	 the	 influence	 of	 this	 defect	 on	 the	 photovoltaic	 performance.	

Polymers	with	defects	show	a	large	decrease	in	the	photocurrent	due	the	localization	of	

LUMO	energy	levels.	This	inhibits	exciton	separation,	leading	to	a	reduced	photocurrent	

in	solar	cells	based	on	defect‐containing	polymers.	 In	addition,	 the	higher	 lying	HOMO	

energy	 level	 reduces	 the	 open‐circuit	 voltage	 while	 the	 morphology	 becomes	 more	

finely	 separated	 resulting	 in	 lower	 fill	 factors.	 The	 results	 show	 that	 these	 defects	

negatively	 influence	 the	 photovoltaic	 performance	 of	 these	 DPP	 based	 polymers	 and	

should	 be	 minimized.	 Because	 similar	 low	 energy	 shoulders	 are	 observed	 in	 many	

published	 absorption	 spectra	 of	 DPP	 copolymers	 synthesized	 by	 palladium	 catalyzed	

Stille	and	Suzuki	cross‐coupling	reactions,	it	is	reasonable	to	believe	that	these	materials	

also	suffer	 from	homo‐coupling	defects	with	 the	aforementioned	consequences.	As	 the	

cross‐coupling	 reactions	used	here	 involve	 couplings	among	 thiophene	and	phenylene	

units	only,	it	is	plausible	that	the	homo‐coupling	defects	observed	here	are	not	limited	to	

DPP‐based	polymers	but	commonly	occur	in	semiconducting	push‐pull	copolymers,	but	

the	 extend	 of	 this	 remains	 to	 be	 established.	 At	 least	 for	 DPP‐based	 polymers	 these	

defects	 are	 easily	 detected	 by	 a	 low	 energy	 shoulder	 or	 slant	 onset	 of	 the	 optical	

absorption	spectrum.		
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5.4	Experimental	

Commercial	solvents	and	reactants	were	used	without	further	purification	unless	stated	

otherwise.	Tris(dibenzylideneacetone)dipalladium	was	obtained	from	Strem	Chemicals	Inc.	and	

used	 without	 further	 purification.	 Typically	 a	 fresh	 bottle	 was	 used	 for	 the	 polymerization	

reactions.	 Afterwards	 it	 was	 stored	 under	 argon	 at	 −20	 °C	 and	 used	 for	 no	 longer	 than	 one	

month.	 3,6‐bis(5‐bromothiophen‐2‐yl)‐2,5‐bis(2‐hexyldecyl)pyrrolo[3,4‐c]pyrrole‐1,4(2H,5H)‐

dione	 (1),	 3‐(5‐bromothiophen‐2‐yl)‐2,5‐bis(2‐hexyldecyl)‐6‐(thiophen‐2‐yl)pyrrolo[3,4‐

c]pyrrole‐1,4(2H,5H)‐dione	(3)	and	P1	were	synthesized	according	to	the	procedures	outlined	

in	Chapter	3.34,35	NMR	spectra	were	recorded	on	a	Varian	Mercury	(1H	400	MHz,	13C	100	MHz)	

spectrometer.	 Chemical	 shifts	 are	 given	 in	 ppm	with	 respect	 to	 tetramethylsilane	 as	 internal	

standard.	 Matrix	 assisted	 laser	 desorption	 ionization	 time	 of	 flight	 (MALDI‐TOF)	 mass	

spectroscopy	 was	 performed	 on	 a	 Bruker	 Autoflex	 Speed	 spectrometer.	 Molecular	 weight	

distributions	of	the	polymers	were	estimated	by	GPC	at	80	°C	on	a	PL‐GPC	120	system	using	a	

PL‐GEL	 10μm	 MIXED‐B	 column	 with	 o‐DCB	 as	 the	 eluent	 and	 using	 polystyrene	 internal	

standards.	 UV/vis/NIR	 spectroscopy	 was	 conducted	 on	 a	 Perkin	 Elmer	 Lambda	 900	

spectrophotometer.	Cyclic	voltammetry	was	performed	under	an	inert	atmosphere	with	a	scan	

speed	of	0.1	V	s‐1	 in	an	acetonitrile	solution	of	1	M	tetrabutylammonium	hexafluorophosphate.	

An	ITO	glass	slide	covered	with	a	 thin	 layer	of	polymer	(approx.	20	nm)	was	used	as	working	

electrode,	a	silver	rod	as	counter	electrode,	and	silver	rod	coated	with	silver	chloride	(Ag/AgCl)	

as	quasi‐reference	electrode	in	combination	with	Fc/Fc+	as	an	internal	standard.		

Photovoltaic	devices	with	 an	active	 area	of	 0.09	 and	0.16	 cm2	were	 fabricated	by	 spin	

coating	 poly(ethylenedioxythiophene):poly(styrenesulfonate)	 (PEDOT:PSS)	 (Clevios	 P,	 VP	

Al4083)	on	pre‐cleaned,	patterned	indium	tin	oxide	(ITO)	glass	substrates	(Naranjo	Substrates).	

Solutions	contained	4–5	mg	mL‐1	polymer	and	8–10	mg	mL‐1	 [70]PCBM	(90‐95%	Solenne	BV)	

respectively	with	 6	 vol%	o‐DCB	 in	 chloroform,	 and	were	 spin	 coated	 at	 spin	 speeds	 between	

2000	and	3000	rpm.	The	back	electrode	consisted	of	LiF	(1	nm)	and	Al	 (100	nm)	which	were	

deposited	 by	 evaporation	 under	 high	 vacuum	 (~3	 ×	 10‐7	 mbar).	 J–V	 characteristics	 were	

measured	with	a	Keithley	2400	source	meter	under	~100	mW	cm‐2	white	light	illumination	from	

a	tungsten‐halogen	lamp	filtered	by	a	Schott	GG385	UV	filter	and	a	Hoya	LB120	daylight	filter.	

Short‐circuit	 currents	 under	 AM1.5G	 conditions	 were	 estimated	 by	 convoluting	 the	 spectral	

response	with	 the	 solar	 spectrum.	 Spectral	 response	measurements	were	 conducted	 under	 1	

sun	 operating	 conditions	 by	 using	 a	 532	 nm	 solid	 state	 laser	 (Edmund	 Optics)	 for	 bias	

illumination.	The	device	was	kept	in	a	nitrogen	filled	box	behind	a	quartz	window	and	irradiated	

with	modulated	monochromatic	 light,	 from	 a	 50	W	 tungsten‐halogen	 lamp	 (Philips	 focusline)	

and	 monochromator	 (Oriel,	 Cornerstone	 130)	 with	 the	 use	 of	 a	 mechanical	 chopper.	 The	

response	 was	 recorded	 as	 a	 voltage	 from	 a	 preamplifier	 (Stanford	 research	 Systems	 SR570)	

using	a	lock‐in	amplifier	(SR830).	A	calibrated	silicon	cell	was	used	as	reference.	The	thickness	

of	the	active	layers	was	determined	on	a	Veeco	Dektak150	profilometer.	TEM	was	performed	on	

a	Tecnai	G2	Sphera	TEM	(FEI)	operated	at	20	kV. 
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2,5‐bis(2‐hexyldecyl)‐3,6‐bis(5‐phenylthiophen‐2‐yl)‐2,5‐dihydropyrrolo[3,4‐

c]pyrrole‐1,4‐dione	(2a)	
A	Schlenk	 tube	equipped	with	screw	cap	was	charged	with	1	(50.0	mg,	0.0552	mmol),	

4,4,5,5‐tetramethyl‐2‐phenyl‐1,3,2‐dioxaborolane	 (23.6	 mg,	 0.116	 mmol),	 triphenylphosphine	

(1.74	 mg,	 6.6	 mol),	 tris(dibenzylideneacetone)dipalladium	 (1.51	 mg,	 1.7	 mol),	 1	 drop	 of	

Aliquat	336	and	1	mL	toluene.	The	mixture	was	degassed	with	argon	for	15	minutes	after	which	

a	 freshly	 prepared,	 degassed,	 potassium	 phosphate	 solution	 (2	 M,	 0.14	 mL)	 was	 added.	 The	

mixture	was	degassed	for	an	additional	10	min.	after	which	the	flask	was	sealed	and	heated	to	

115	°C	for	16	hours.	After	cooling,	the	reaction	was	diluted	with	dichloromethane	and	washed	

with	water	 (2	×	50	mL).	The	organic	phase	was	dried	and	 reduced	 in	volume	after	which	 the	

crude	product	was	purified	by	column	chromatography	(2:3	dichloromethane:heptanes).	2a	was	

obtained	as	a	blue	solid	in	a	yield	of	97%	(48	mg).	1H‐NMR	(400	MHz,	CDCl3,	δ):	8.94	(d,	J	=	4.1	

Hz,	2H);	7.68	(d,	J	=	7.2	Hz,	4H);	7.50	–	7.30	(m,	10H);	4.07	(d,	J	=	7.7	Hz,	4H);	1.99	(m,	2H);	1.40	–	

1.15	 (m,	 48H);	 0.90	 –	 0.80	 (m,	 12H).	 13C	 NMR	 (100	MHz,	 CDCl3,	 δ):	 161.90;	 149.77;	 140.06;	

136.86;	 133.37;	 129.30;	 128.99;	 126.28;	 124.62;	 108.36;	 46.46;	 38.08;	 32.04;	 31.98;	 31.52;	

30.22;	 29.88;	 29.73;	 29.46;	 26.55;	 22.81;	 14.26.	 MALDI‐TOF‐MS:	 [M+]	 calc:	 900.57,	 found:	

900.57.	

6,6'‐([2,2'‐bithiophene]‐5,5'‐diyl)bis(2,5‐bis(2‐hexyldecyl)‐3‐(5‐phenylthiophen‐

2‐yl)‐2,5‐dihydropyrrolo[3,4‐c]pyrrole‐1,4‐dione)	(2b)	
The	exact	 same	 synthetic	procedure	was	used	as	 for	2a,	 but	using	 triphenylphosphine	

(0.87	mg,	3.3	mol)	and	tris(dibenzylideneacetone)dipalladium	(1.51	mg,	1.7	mol).	The	crude	

products	were	separated	by	column	chromatography	(8:2	>	2:8	heptanes:dichloromethane).	2a	

was	obtained	 in	a	yield	of	87%	(43	mg)	and	2b	 in	a	yield	of	6.6%	(3	mg).	 1H‐NMR	(400	MHz,	

CDCl3,	δ):	8.98	(d,	J	=	4.1Hz,	2H);	8.92	(d,	J	=	4.2	Hz,	2H);	7.68	(d,	J	=	7.3	Hz,	4H);	7.50	–	7.35	(m,	

10H);	4.07	(m,	8H);	1.98	(m,	4H);	1.50	–	1.15	(m,	96	H);	0.95	–	0.80	(m,	24H).	13C	NMR	(100	MHz,	

CDCl3,	 δ):	 161.86;	 161.69;	 150.22;	 140.94;	 140.61;	 138.83;	 137.32;	 136.59;	 133.28;	 129.93;	

129.31;	 129.04;	 128.87;	 126.29;	 124.66;	 109.22;	 108.42;	 46.50;	 32.04;	 31.98;	 31.51;	 31.43;	

30.22;	 29.88;	 29.72;	 29.48;	 22.81;	 14.26;	 14.24.	 MALDI‐TOF‐MS:	 [M+]	 calc:	 1648.06,	 found:	

1648.06.	

6,6'‐([2,2'‐bithiophene]‐5,5'‐diyl)bis(2,5‐bis(2‐hexyldecyl)‐3‐(thiophen‐2‐

yl)pyrrolo[3,4‐c]pyrrole‐1,4(2H,5H)‐dione)	(4)	
A	Schlenk	flask	equipped	with	screw	cap	was	loaded	with	3	(500	mg,	0.604	mmol)	and	

bis(pinacolato)diboron	(76.7	mg,	0.302	mmol)	and	was	placed	under	argon.	15	mL	of	THF	and	

1.0	mL	of	a	degassed,	2	M	solution	of	potassium	carbonate	 in	water	were	added	and	degassed	

with	argon.	Tetrakis(triphenylphosphine)palladium	(35	mg,	0.030	mmol)	was	 then	added	and	

the	total	solution	was	degassed	for	a	final	10	min	after	which	the	flask	was	sealed	and	heated	to	

70	 °C.	 An	 additional	 25	mg	 of	 bis(pinacolato)diboron	was	 added	 after	 stirring	 overnight	 and	

again	30	mg	after	5	more	hours,	whilst	continuing	the	reaction	at	70	°C.	After	2	additional	hours,	
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the	 reaction	mixture	 was	 precipitated	 in	 methanol	 and	 filtered.	 The	 residue	 was	 purified	 by	

column	chromatography	(3:2	dichloromethane:heptanes)	and	subsequently	recrystallized	from	

200	mL	ethanol	to	give	4	as	a	dark	purple	solid	in	a	yield	of	68%	(305	mg).	1H‐NMR	(400	MHz,	

CDCl3,	δ):	8.85	(m,	4H);	7.56	(d,	J	=	4.8	Hz,	2H);	7.34	(d,	J	=	4.1	Hz,	2H);	7.20	(m,	2H);	3.96	(d,	J	=	

7.4	Hz,	8H);	1.86	(m,	4H);	1.27	–	1.15	(m,	96H);	0.80	–	0.75	(m,	24H).	13C	NMR	(100	MHz,	CDCl3,	

δ):	 162.09;	 162.07;	 141.31;	 141.04;	 139.61;	 136.98;	 135.97;	 131.21;	 130.27;	 130.18;	 128.93;	

126.44;	 109.34;	 108.64;	 46.76;	 38.46;	 38.21;	 32.34;	 32.25;	 32.22;	 31.72;	 31.65;	 30.52;	 30.48;	

30.18;	30.14;	30.01;	29.97;	29.79;	29.76;	26.75;	26.72;	26.67;	26.63;	23.14;	23.11;	14.57;	14.55.	

MALDI‐TOF‐MS:	[M+]	calc:	1494.99,	found:	1494.99.	

6,6'‐([2,2'‐bithiophene]‐5,5'‐diyl)bis(3‐(5‐bromothiophen‐2‐yl)‐2,5‐bis(2‐

hexyldecyl)pyrrolo[3,4‐c]pyrrole‐1,4(2H,5H)‐dione)	(5)	
A	 solution	 of	 4	 (245	 mg,	 0.164	 mmol)	 in	 10	 mL	 chloroform	 was	 cooled	 to	 0	 °C	 and	

degassed	with	 argon.	N‐bromosuccinimide	 (60	mg,	 0.336	mmol)	was	 added	 in	 portions	 after	

which	 the	 solution	 was	 left	 to	 warm	 to	 room	 temperature	 while	 stirring.	 After	 2	 hours,	 the	

mixture	was	precipitated	in	methanol	and	filtered.	The	residue	was	recrystallized	from	150	mL	

acetone	and	a	second	time	from	150	mL	isopropanol	after	which	5	was	obtained	as	a	dark	blue	

solid	in	96%	yield	(260	mg).	1H‐NMR	(400	MHz,	CDCl3,	δ):	8.85	(m,	2H);	8.59	(m,	2H);	7.36	(m,	

2H);	7.17	(m,	2H);	3.97	(dd,	J	=	25.0,	7.2	Hz,	8H);	1.89	(m,	4H);	1.35	–	1.15	(m,	96H);	0.85	–	0.8	

(m,	24H).	13C	NMR	(100	MHz,	CDCl3,	δ):	161.54;	161.43;	141.28;	139.55;	139.22;	136.77;	135.48;	

131.50;	 131.34;	 129.87;	 126.17;	 119.16;	 110.16;	 108.81;	 108.43;	 46.47;	 38.05;	 37.87;	 32.02;	

31.91;	31.39;	31.34;	30.20;	30.15;	29.85;	29.80;	29.68;	29.66;	29.45;	26.42;	26.38;	26.35;	26.31;	

22.82;	22.78;	14.24;	14.22.	MALDI‐TOF‐MS:	[M+]	calc:	1650.81,	found:	1650.69.	

P2	
A	Schlenk	 tube	equipped	with	screw	cap	was	charged	with	1	(100.0	mg,	0.110	mmol),	

freshly	 recrystallized	 1,4‐phenylenebis(4,4,5,5‐tetramethyl‐1,3,2‐dioxaborolane)	 (36.4	 mg,	

0.110	mmol),	 triphenylphosphine	 (1.74	mg,	 6.6	mol),	 tris(dibenzylideneacetone)dipalladium	

(3.03	mg,	3.3	mol),	1	drop	of	Aliquat	336	and	2	mL	 toluene.	The	mixture	was	degassed	with	

argon	for	15	minutes	after	which	a	freshly	prepared,	degassed,	potassium	phosphate	solution	(2	

M,	0.27	mL)	was	added.	The	mixture	was	degassed	for	an	additional	10	min.	after	which	the	flask	

was	 sealed	 and	 heated	 to	 115	 °C	 for	 16	 hours.	 The	 reaction	 mixture	 was	 diluted	 with	

tetrachloroethane	(TCE)	and	precipitated	in	methanol.	The	precipitate	was	taken	into	TCE	(100	

mL)	and	heated	to	120	°C	with	EDTA	(300	mg)	and	water	 for	2	hours.	The	organic	phase	was	

then	 separated	 and	washed	with	water	 (2	 ×	 100	mL).	 The	 volume	was	 reduced	 in	 vacuo	 and	

precipitated	in	methanol	after	which	the	resulting	solids	were	subsequently	subjected	to	Soxhlet	

extraction	with	acetone,	hexanes	and	dichloromethane.	The	residue	in	the	thimble	was	dissolved	

in	hot	TCE,	filtered	hot	and	precipitated	in	methanol	to	obtain	P2	as	a	dark	green	solid	(67	mg,	

yield	74%).	



	
	
Chapter	5	

98	
	

P3	
The	same	synthetic	procedure	was	used	as	for	P2,	but	using	1	(86.17	mg,	0.095	mmol),	5	

(8.27	 mg,	 0.005	 mmol),	 freshly	 recrystallized	 1,4‐phenylenebis(4,4,5,5‐tetramethyl‐1,3,2‐

dioxaborolane)	 (33.00	 mg,	 0.100	 mmol),	 triphenylphosphine	 (1.57	 mg,	 6.0	 mol),	

tris(dibenzylideneacetone)dipalladium	 (1.37	mg,	 1.5	mol).	P3	was	 obtained	 as	 a	 dark	 green	

solid	(77	mg,	yield	90%).	

P4	
The	same	synthetic	procedure	was	used	as	for	P2,	but	using	1	(81.63	mg,	0.090	mmol),	5	

(16.54	 mg,	 0.010	 mmol),	 freshly	 recrystallized	 1,4‐phenylenebis(4,4,5,5‐tetramethyl‐1,3,2‐

dioxaborolane)	 (33.00	 mg,	 0.100	 mmol),	 triphenylphosphine	 (1.57	 mg,	 6.0	 mol),	

tris(dibenzylideneacetone)dipalladium	 (1.37	mg,	 1.5	mol).	P4	was	 obtained	 as	 a	 dark	 green	

solid	(71	mg,	yield	79%).	

P5	
The	same	synthetic	procedure	was	used	as	for	P2,	but	using	1	(72.56	mg,	0.080	mmol),	5	

(33.08	 mg,	 0.020	 mmol),	 freshly	 recrystallized	 1,4‐phenylenebis(4,4,5,5‐tetramethyl‐1,3,2‐

dioxaborolane)	 (33.00	 mg,	 0.100	 mmol),	 triphenylphosphine	 (1.57	 mg,	 6.0	 mol),	

tris(dibenzylideneacetone)dipalladium	 (1.37	mg,	 1.5	mol).	P5	was	 obtained	 as	 a	 dark	 green	

solid	(84	mg,	yield	87%).	

P6	

The	same	synthetic	procedure	was	used	as	for	P2,	but	using	5	(100.0	mg,	60.45	mol),	

freshly	 recrystallized	 1,4‐phenylenebis(4,4,5,5‐tetramethyl‐1,3,2‐dioxaborolane)	 (19.95	 mg,	

60.45	 mol),	 triphenylphosphine	 (1.58	 mg,	 6.0	 mol),	 tris(dibenzylideneacetone)dipalladium	

(1.38	 mg,	 1.5	 mol).	 After	 purification,	 the	 polymer	 was	 isolated	 by	 Soxhlet	 extraction	 with	

chloroform.	P6	was	obtained	as	a	dark	green	solid	(80	mg,	yield	84%).	
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Ultra‐small	bandgap	semiconducting	
polymers	with	high	near‐infrared	

photoresponse*	
	

	

	

	

	

	

	

	

Abstract	

Lowering	 the	 optical	 bandgap	 of	 conjugated	 polymers	while	maintaining	 a	 high	

efficiency	for	photoinduced	charge	transfer	to	suitable	electron	acceptors	such	as	fullerene	

has	 remained	 a	 formidable	 challenge	 in	 the	 area	 of	 organic	 photovoltaics.	 Here	 the	

synthesis	and	application	 is	presented	of	a	 series	of	ultra‐small	bandgap	donor‐acceptor	

polymers	 composed	 of	 diketopyrrolopyrrole	 as	 acceptor	 and	 pyrrole	 based	 groups	 as	

strong	donors.	The	HOMO	energy	levels	of	the	polymers	can	be	progressively	increased	by	

increasing	 the	donor	 strength	while	 the	LUMO	 level	 remains	 similar,	 resulting	 in	optical	

bandgaps	 between	 1.34	 and	 1.13	 eV.	 Solar	 cells	 based	 on	 these	 polymers	 blended	with	

fullerene	 derivatives	 show	 a	 high	 photoresponse	 in	 the	 near‐infrared	 and	 good	

photovoltaic	 characteristics	 with	 power	 conversion	 efficiencies	 of	 2.9–5.3%.	 The	

photoresponse	reaches	up	to	50%	external	quantum	efficiency	at	1000	nm,	and	extends	to	

1200	 nm.	 With	 the	 use	 of	 a	 retro	 reflective	 foil	 to	 optimize	 light	 absorption,	 high	

photocurrents	 up	 to	 23.0	 mA	 cm‐2	 are	 achieved	 under	 standard	 solar	 illumination	

conditions.	 These	 ultra‐small	 bandgap	 polymers	 are	 excellent	 candidates	 for	 use	 in		

multi‐junction	applications	and	near‐infrared	organic	photodetectors.	

	

*	This	work	has	been	published:	K.	H.	Hendriks,	W.	Li,	M.	M.	Wienk,	R.	A.	J.	Janssen,	J.	Am.	

Chem.	Soc.	2014,	136,	12130–12136.	
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6.1	Introduction	

Over	the	past	years,	organic	photovoltaics	has	emerged	as	an	interesting	field	of	

renewable	 energy	 research.	 In	 particular,	 semiconducting	 polymer‐fullerene	 bulk	

heterojunctions	have	received	much	attention.	Impressive	power	conversion	efficiencies	

(PCEs)	 in	 excess	 of	 9%	 have	 been	 achieved	 for	 single	 junction	 devices	 that	 utilize	

intermediate	 bandgap	 absorber	 materials.1‐3	 One	 of	 the	 main	 challenges	 is	 the	

intrinsically	 high	 energy	 loss	 in	 organic	 solar	 cells	 that	 results	 from	 the	 need	 to	

overcome	 the	 excitonic	 nature	 of	 the	 primary	 photoexcitations	 and	 produce	 free	

charges,	 which	 significantly	 limits	 the	 attainable	 PCE.4,5	 In	 addition,	 a	 major	 intrinsic	

energy	 loss	 originates	 from	 thermalization	 of	 excited	 states	 to	 the	 semiconductor	

bandgap.	One	way	of	minimizing	 these	 energy	 losses	 is	 by	 the	use	of	 a	multi	 junction	

layout,	where	several	absorber	 layers	with	different	complementary	bandgaps	convert	

the	 solar	 light	 into	 electrical	 energy.6	 These	 device	 layouts	 have	 already	 been	 proven	

successful	 with	 PCEs	 of	 up	 to	 10.6%	 for	 a	 tandem	 device.7	 However,	 the	 optical	

absorption	of	these	devices	typically	does	not	exceed	~900	nm,	while	the	solar	spectrum	

extends	much	 farther	 into	 the	 near‐infrared	 (NIR).	 This	 leaves	 an	 unused	 part	 of	 the	

solar	 spectrum	 and	 a	 potential	 opening	 for	 further	 improvement	 of	 organic	 solar	 cell	

performance.		

Semiconducting	 polymers	 with	 ultra‐small	 bandgaps	 have	 been	 synthesized	

before.8‐14	However,	 the	 challenge	 in	designing	and	 synthesizing	materials	 that	have	a	

good	photoresponse	beyond	900	nm	and	an	appreciable	PCE	in	polymer‐fullerene	solar	

cells,	 lies	 (among	 others)	 in	 the	 precise	 energy	 level	 control	 that	 is	 required.	 There	

needs	to	be	a	sufficient	energy	offset	between	the	HOMO/LUMO	levels	of	the	fullerene	

and	 the	HOMO/LUMO	 levels	 of	 the	 polymer	 to	 efficiently	 dissociate	 excitons	 into	 free	

charges.	In	practice,	energy	offsets	in	the	range	of	0.3	–	0.4	eV	are	required	in	order	to	

have	optimal	charge	separation.15	Especially	for	efficient	small	bandgap	polymer	donors	

the	minimum	energy	offset	of	 the	LUMO	 levels	 requires	 the	HOMO	energy	 level	of	 the	

polymer	 to	 be	 very	 high.	 As	 the	 open‐circuit	 voltage	 (Voc)	 in	 an	 organic	 solar	 cell	 is	

related	to	the	energy	difference	between	the	HOMO	of	the	donor	and	the	LUMO	of	the	

acceptor,	 this	will	 inevitably	 result	 in	 small	Voc	with	 small	 bandgaps.16	 It	 is	 therefore	

essential	for	ultra‐small	bandgap	polymers	to	have	energy	levels	that	exactly	balance	the	

bandgap	with	the	energy	loss	and	their	overall	performance	in	solar	cells.	

Here	 a	 series	of	 alternating	donor‐acceptor	 (D‐A)	 copolymers	 is	presented	 that	

progressively	push	the	bandgap	down	while	maintaining	a	high	photoresponse	and	good	

photovoltaic	 characteristics.	 The	 polymers	 are	 composed	 of	 strong	 electron	 accepting	

diketopyrrolopyrrole	 (DPP)	 moieties	 alternating	 with	 very	 strong	 electron	 donating	
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pyrrole	based	groups.	Diketopyrrolopyrrole	is	known	for	its	strong	electron	affinity	and	

facile	 synthesis	of	high	performance	 semiconducting	polymers	with	good	photovoltaic	

performance	and	high	hole	and	electron	mobilities.17‐22	Pyrrole	represents	an	electron	

rich	 building	 block	 and	 has	 a	 strong	 foundation	 in	 organic	 (semi)conducting	

applications.	 However,	 pyrrole‐based	 materials	 are	 often	 prone	 to	 oxidation	 and	

therefore	can	result	in	challenging	chemistry.23,24	Here	a	straightforward	synthetic	route	

is	 shown	 to	 use	N‐methylpyrrole	 as	 a	 strong	 electron	 donor	 unit	 in	 D‐A	 copolymers.	

Furthermore,	by	replacing	the	pyrrole	with	an	even	stronger	donor,	dithienopyrrole,	the	

bandgap	can	be	further	lowered	by	selectively	increasing	the	HOMO	energy	level,	while	

the	LUMO	remains	unchanged.25‐28	Additionally,	thiophene‐to‐selenophene	substitution	

on	 the	 DPP	 core	 acts	 as	 another	 tool	 to	 mainly	 increase	 the	 HOMO	 energy	 level.29‐31	

Ultimately	the	bandgap	for	these	materials	is	tuned	from	1.34	eV	down	to	1.13	eV	while	

the	photoresponse	remains	high,	with	up	to	50%	external	quantum	efficiency	(EQE)	at	

1000	nm,	extending	to	1200	nm.	

	

6.2	Results	and	Discussion	

6.2.1	Synthesis	

The	 ultra‐small	 bandgap	 copolymers	 were	 synthesized	 using	 a	 palladium‐

catalyzed	 cross‐coupling	 condensation	 polymerization	 of	 3,6‐bis(5‐bromothiophen‐2‐

yl)‐2,5‐bis(2‐hexyldecyl)‐2,5‐dihydropyrrolo[3,4‐c]pyrrole‐1,4‐dione	 or	 3,6‐bis(5‐

bromoselenophen‐2‐yl)‐2,5‐bis(2‐hexyldecyl)‐2,5‐dihydropyrrolo[3,4‐c]pyrrole‐1,4‐

dione	with	2,5‐bis(trimethylstannyl)‐N‐methylpyrrole	or	2,6‐bis(trimethylstannyl)‐N‐2‐

ethylhexyl‐dithieno[3,2‐b:2,3‐d]pyrrole	according	to	Scheme	6.1.	The	bisstannylpyrrole	

monomer	was	obtained	from	the	reaction	of	N‐methylpyrrole	with	n‐butyllithium	in	the	

presence	of	tetramethylethylenediamine	(TMEDA)	and	quenching	with	trimethylstannyl	

chloride.	Although	2,5‐bis(trimethylstannyl)‐N‐pyrrole	 is	 susceptible	 to	decomposition	

in	 protic	 solvents,	 use	 of	 recrystallization	 from	 acetonitrile	 resulted	 in	 pure	 product.	

PDPPTPyT,	 PDPPSPyS,	 PDPPTDTPT,	 and	 PDPPSDTPS	 were	 obtained	 in	 high	 yields		

(82	–	97%).		

Scheme	6.1	Polymerization	to	PDPPTPyT,	PDPPSPyS,	PDPPTDTPT,	and	PDPPSDTPS.	
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Gel	 permeation	 chromatography	 (GPC)	 analysis	 of	 the	 materials	 proved	 to	 be	

challenging.	Both	PDPPTDTPT	and	PDPPSDTPS	did	not	elute	 from	the	column,	neither	

using	a	GPC	system	with	o‐dichlorobenzene	at	80	°C	nor	a	system	with	chloroform	up	to	

145	°C.	At	this	point	the	reason	is	unclear,	either	these	particular	polymers	adhere	to	the	

stationary	 phase	 of	 the	 column	 or	 they	 deteriorate	 at	 the	 high	 temperature	 in	

chlorinated	solvents.	PDPPTPyT	and	PDPPSPyS	did	elute	from	the	high	temperature	GPC	

in	 chloroform,	 but	 the	 traces	 showed	 an	 elution	 tail	 and	 a	 signal	 originating	 from	

aggregated	polymer	chains	at	the	elution	limit	of	the	column,	even	at	145	°C	(Figure	6.1).	

Therefore	no	reliable	values	for	Mn	and	Mw	could	be	assigned	to	the	polymers.	However,	

from	 the	 high	 yield	 of	 the	 polymerization	 reactions,	 the	 high	 viscosity	 of	 polymer	

solutions	 at	 low	 concentrations,	 and	 the	 absence	 of	 oligomer	 fractions	 during	 Soxhlet	

extractions,	it	is	deduced	that	the	molecular	weights	for	all	batches	are	high	and	in	the	

same	order	as	the	other	polymers	in	this	work,	and	those	of	other	polymers	published	in	

literature	that	were	synthesized	with	identical	procedures	(Mn	>	50	kg	mol−1).20,32		
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Figure	6.1.	GPC	traces	of	PDPPTPyT	and	PDPPSPyS	in	chloroform	eluent	at	various	temperatures.	Even	at	
145	°C	the	traces	do	not	fully	resolve,	showing	an	aggregation	peak	before	the	main	signal.	

6.2.2	Opto‐electronic	properties	

UV/vis/NIR	 spectroscopy	 shows	 that	 the	 absorption	 bands	 in	 the	 solid	 state	

progressively	shift	 to	 longer	wavelengths	with	 increasing	donor	strength	 from	pyrrole	

to	 dithienopyrrole	 and	 from	 thiophene	 to	 selenophene	 (Figure	 6.2b).	 This	 results	 in	

optical	bandgaps	(Eg)	of	1.34	eV	for	PDPPTPyT	and	1.24	eV	for	its	selenium	counterpart,	

1.23	 eV	 for	 PDPPTDTPT,	 and	 ultimately	 1.13	 eV	 for	 PDPPSDTPS	 (Table	 6.1).	

Interestingly,	the	two	polymers	with	selenophene	both	show	a	large	red	shift	on	going	

from	solution	to	the	film,	while	for	the	thiophene	analogues	this	is	not	observed	(Figure	

6.2).		
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Figure	 6.2	 UV/vis/NIR	 absorption	 spectra	 of	 the	 polymers:	 (a)	 In	 dilute	 chloroform	 solution.	 An	
aggregation	shoulder	of	PDPPTPyT	at	850	nm	can	be	observed.	(b)	In	thin	solid	films.	

Cyclic	 voltammetry	 (CV)	 measurements	 on	 thin	 films	 (Figure	 6.3)	 were	

performed	to	estimate	the	frontier	orbital	energy	levels	of	the	polymers,	from	the	onset	

of	 the	 oxidation	 (Eox)	 and	 reduction	 (Ered)	 waves	 (Table	 6.1).	 Although	 the	 bandgap	

derived	 from	 CV	 is	 systematically	 higher	 than	 the	 one	 obtained	 from	 optical	

measurements,	the	same	trend	is	observed.	The	main	difference	between	the	polymers	

is	a	gradual	 increase	of	the	HOMO	energy	level.	The	LUMO	energy	level	 is	very	similar	

for	all	materials,	but	the	selenophene	materials	have	a	slightly	lower	LUMO	compared	to	

the	thiophene	analogues.	Likewise,	going	from	pyrrole	to	dithienopyrrole	as	a	donor,	the	

main	difference	is	an	increase	of	the	HOMO	energy	level.		
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Figure	6.3.	(a)	Cyclic	voltammograms	obtained	from	thin	polymer	films.	(b)	Band	diagram	representing	
the	HOMO	and	LUMO	levels	determined	by	CV,	compared	to	the	LUMO	of	PCBM	at	−4.16	eV.	

Hole	mobilities	 were	measured	 in	 a	 field‐effect	 transistor	 configuration	with	 a	

heavily	 doped	 Si	 bottom	 gate	 electrode,	 a	 SiO2	 dielectric,	 and	 Au	 bottom	 source	 and	

drain	contacts.	The	hole	mobilities	of	 the	 four	polymers	were	 found	to	be	very	similar	

with	 values	 of	 4	 ×	 10−2	 cm2	 V−1	 s−1	 (PDPPTPyT),	 2.5	 ×	 10−2	 cm2	 V−1	 s−1	 (PDPPSPyS),		

(a)	 (b)	

(a)	 (b)	
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8	×	10−2	cm2	V−1	s−1	(PDPPTDTPT),	and	7	×	10−2	cm2	V−1	s−1	(PDPPSDTPS).	These	values	

are	 consistent	 with	 hole	 mobilities	 of	 related	 DPP‐based	 polymers	 measured	 under	

identical	conditions.33	

Table	6.1	Optical	Absorption	Onsets	and	Redox	Potentials	

Polymer	 Ereda	
(V)	

Eoxa	
(V)	

E(LUMO)b

(eV)	

E(HOMO)b	

(eV)	

Eg	

(eV)	

PDPPTPyT	 −1.52	 0.29 −3.71 −5.52 1.34	

PDPPSPyS	 −1.47	 0.17 −3.76 −5.40 1.24	

PDPPTDTPT	 −1.55	 0.03 −3.68 −5.26 1.23	

PDPPSDTPS	 −1.48	 −0.06 −3.75 −5.17 1.13	
a	Versus	Fc/Fc+.	b	Determined	using	a	workfunction	value	of	−5.23	eV	for	Fc/Fc+.	

6.2.3	Regular	configuration	photovoltaic	devices	

The	photovoltaic	performance	of	the	materials	was	evaluated	in	solar	cells	with	

the	 active	 layer	 consisting	 of	 a	 blend	 of	 polymer	 and	 phenyl‐C61‐butyric	 acid	 methyl	

ester	 ([60]PCBM),	 sandwiched	 between	 a	 transparent	 indium	 tin	 oxide	 (ITO)	 front	

electrode	 covered	 with	 poly(ethylenedioxythiophene):poly(styrenesulfonate)	

(PEDOT:PSS)	and	a	reflective	LiF/Al	back	electrode.	For	every	polymer,	the	blend	layer	

was	carefully	optimized	in	terms	of	polymer	to	fullerene	ratio,	amount	and	type	of	co‐

solvent	used	for	spin	coating,	and	active	 layer	thickness	 in	order	to	maximize	the	PCE.	

The	characteristics	of	the	optimal	devices	are	summarized	in	Figure	6.4	and	Table	6.2.	
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Figure	6.4	(a)	J–V	curves	of	regular	configuration	polymer/[60]PCBM	solar	cells.	(b)	The	corresponding	
EQE	spectra.	

The	 Voc	 of	 the	 cells	 clearly	 reflects	 the	 trend	 of	 the	 HOMO	 energy	 levels	

determined	by	the	CV	measurements,	going	down	from	0.55	V	for	PDPPTPyT	to	0.48	V	

for	 PDPPSPyS	 and	 from	 0.43	 V	 for	 PDPPTDTPT	 to	 0.34	 V	 for	 PDPPSDTPS.	Most	 cells	

(a)	 (b)	
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show	 good	 fill	 factor	 (FF)	 values,	 especially	 when	 considering	 the	 low	 open‐circuit	

voltages;	only	PDPPSPyS	shows	slightly	lower	FF,	which	is	probably	caused	by	a	poorer	

morphology.	 Transmission	 electron	 microscopy	 (TEM)	 analysis	 of	 the	 optimized	

photovoltaic	blends	shows	that	for	PDPPSPyS	no	clear	fibrillar	structures	are	observed,	

while	these	are	present	in	the	other	blends	(Figure	6.5).	These	fibrils	are	favorable	for	

charge	transport	and	can	explain	the	difference	in	FF	that	is	observed	for	the	different	

blends.32	

Table	6.2	Solar	Cell	Characteristics	of	Regular	Configuration	Polymer/[60]PCBM	Devices	

Polymer	 d	

(nm)	

Voc		
(V)	

Jsca	
(mA	cm−2)	

FF EQEmax Eg−eVoc	
(eV)	

IQEav	 PCE

(%)	

PDPPTPyT	 114	 0.55	 14.0 0.58 0.54 0.79	 0.74	 4.5

PDPPSPyS	 115	 0.48	 12.9 0.50 0.47 0.76	 0.66	 3.1

PDPPTDTPT	 117	 0.43	 15.5 0.56 0.58 0.80	 0.73	 3.8

PDPPSDTPS	 124	 0.34	 15.4 0.57 0.50 0.79	 0.74	 2.9
a	Determined	by	integrating	the	EQE	spectrum	with	the	AM1.5	G	spectrum.	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	6.5	Bright‐field	TEM	images	of	active	 layers:	 (a)	PDPPTPyT:[60]PCBM,	(b)	PDPPSPyS:[60]PCBM,	
(c)	PDPPTDTPT:[60]PCBM,	and	(d)	PDPPSDTPS:[60]PCBM.	The	scale	bar	is	100	nm.	
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EQE	 spectra	 measured	 for	 the	 solar	 cells	 show	 high	 photoresponse	 of	 the	

polymers,	especially	in	the	NIR	region	where	maximum	EQE	exceeds	0.45	for	all	blends.	

Integrating	 the	 EQE	 of	 PDPPTPyT	 and	 PDPPSPyS	 with	 the	 AM1.5G	 reference	 solar	

spectrum	yields	high	short‐circuit	currents	(Jsc)	of	14.0	and	12.9	mA	cm−2,	respectively.	

The	difference	 in	 heights	 of	 the	 photoresponses	 between	 these	materials	 seems	 to	 be	

primarily	due	to	a	lower	absorption	coefficient	of	PDPPSPyS	compared	to	its	thiophene	

analogue	(Figure	6.6a).	The	slightly	larger	offset	of	the	LUMO	levels	for	PDPPTPyT	can	

also	help	increase	the	quantum	efficiency	in	the	polymer	absorption	region.33	Notable	is	

the	performance	of	PDPPSDTPS,	which	retains	a	very	high	overall	EQE	with	an	optical	

gap	of	only	1.13	eV.	This	results	in	an	extended	response	up	to	1200	nm	and	high	short‐

circuit	 current	of	15.4	mA	cm−2.	PDPPTDTPT	has	 an	 even	 larger	EQEmax	of	0.58	and	a	

short‐circuit	 current	 of	 15.5	 mA	 cm−2.	 This	 difference	 is	 again	 attributed	 to	 a	 larger	

absorption	coefficient	of	 the	 thiophene	analogue	and	a	 slightly	higher	energy	offset	 to	

the	 LUMO	 of	 [60]PCBM.	 The	 photoresponse	 of	 PDPPTDTPT	 is	 noticeably	 higher	 than	

previously	reported	for	polymers	with	an	identical	backbone	structure.25,27	This	is	most	

likely	 a	 result	 of	 the	 higher	 molecular	 weight	 of	 the	 polymer	 in	 combination	 with	 a	

different	 substitution	 pattern	 of	 the	 alkyl	 side	 chains.	 This	 polymer	 is	 processed	 at	 a	

concentration	of	only	3	mg	mL−1,	and	even	 then,	after	heating,	gelation	of	 the	solution	

sets	in	after	a	few	minutes.	This	is	due	to	the	presence	of	high	molecular	weight	polymer	

chains,	 which	 are	 in	 general	 beneficial	 for	 solar	 cell	 performance.20,34‐36	 The	 other	

materials	 did	 not	 show	 this	 extreme	 gelation	 behavior,	 but	 still	 showed	 impressively	

high	EQE	 spectra.	Overall	 these	high	 responses	 lead	 to	 good	PCEs	 in	between	2.9	 and	

4.5%.	

In	terms	of	the	minimum	photon	energy	loss	of	the	cells,	as	defined	by	Eg	−	eVoc	

(with	e	the	elementary	charge),	all	polymers	have	similar	losses	of	around	0.80	eV.	As	a	

lower	limit	of	0.6	eV	has	been	established	as	a	threshold	for	efficient	device	operation,	

these	 materials	 still	 lose	 additional	 energy	 in	 converting	 photons	 to	 electrons.16	

However,	this	larger	energy	loss	is	reflected	in	the	high	photoresponse	which	is	crucial	

for	 multi‐junction	 applications	 where	 series	 connected	 sub	 cells	 need	 to	 be	 current	

matched.6,33		

Using	the	wavelength‐dependent	refractive	 index	n(λ)	and	extinction	coefficient	

k(λ)	determined	for	the	polymer‐fullerene	blends	(Figure	6.6a),	 the	absorption	of	 light	

by	 the	 active	 layer	 was	 modeled	 and	 the	 average	 internal	 quantum	 efficiency	 (IQE)	

calculated.	 IQE	 values	 well	 over	 0.7	 were	 found	 for	 three	materials.	 This	 is	 high	 and	

follows	 the	 trend	of	EQEmax	 for	 each	blend.	Only	PDPPSPyS	had	an	 average	 IQE	<	0.7,	

which	 is	 attributed	 to	 the	 suboptimal	morphology.	Modeling	 results	 also	 showed	 that	

the	 relative	 large	difference	between	 the	 internal	 and	external	quantum	efficiencies	 is	



	
	

Ultra‐small	bandgap	semiconducting	polymers	with	high	near‐infrared	photoresponse	

109	
	

mainly	 due	 to	 suboptimal	 light	 absorption	 in	 the	 active	 layer,	 especially	 in	 the	 NIR	

region.	This	is	due	to	parasitic	absorption	in	the	polaron	band	of	PEDOT:PSS	and	the	use	

of	aluminum	as	a	back	reflector	(Figure	6.6b),	which	absorbs	some	of	the	NIR	light	after	

the	first	pass,	limiting	the	amount	of	photons	that	are	absorbed	by	the	active	layer.		
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Figure	 6.6	 (a)	 Optical	 constants	 determined	 for	 the	 polymer/[60]PCBM	 blends.	 (b)	 Modeled	 AM1.5G	
photon	 absorption	 profiles	 within	 the	 device	 stack	 for	 PDPPTDTPT/[60]PCBM	 and	
PDPPSDTPS/[60]PCBM	in	regular	and	inverted	configurations.	

Inverted	polarity	device	configurations	use	low	light	absorbing	metal	oxides,	e.g.,	

ZnO	 as	 electron	 transport	 layer	 (ETL)	 and	 MoO3	 as	 hole	 transport	 layer	 (HTL)	 with	

silver	 as	 a	 back	 reflector,	 which	 is	 superior	 compared	 to	 aluminum.	 The	 absorption	

profiles	are	shown	 in	Figure	6.6b:	 the	optical	electric	 field	 is	enhanced	 in	 the	 inverted	

configuration,	 which	 results	 in	 more	 photons	 being	 absorbed.	 Hence,	 higher	

photocurrents	can	be	expected.	

6.2.4	Inverted	configuration	photovoltaic	devices	

Inverted	 devices	 were	 fabricated	 using	 the	 same	 active	 layer	 formulations	 but	

changing	 the	 ETL	 and	 HTL.	 Unfortunately,	 blends	 of	 PDPPTPyT	 and	 PDPPSPyS	 with	

[60]PCBM	 displayed	 an	 S‐shaped	 J−V	 curve	 with	 all	 electrode	 combinations	 in	 the	

inverted	 configuration	 (Figure	6.7).	 The	 S‐shape	was	present	 for	 interlayers	 based	 on	

ZnO	 sol‐gel,	 ZnO	 nanoparticles,	 poly[(9,9‐bis(3´‐(N,N‐dimethylamino)propyl)‐2,7‐

fluorene)‐alt‐2,7‐(9,9‐dioctylfluorene)]	(PFN),	and	ethoxylated	polyethelenimine	(PEIE)	

on	 ITO.	 This	 is	 tentatively	 assigned	 to	 vertical	 phase	 segregation,	 leading	 to	 pure	

fullerene	 domains	 on	 the	 top	 surface	 or	 pure	 polymer	 regions	 at	 the	 bottom	 contact,	

giving	 rise	 to	 an	 injection	 barrier	 when	 processed	 in	 an	 inverted	 configuration.	

Therefore,	 focus	 was	 placed	 on	 PDPPTDTPT	 and	 PDPPSDTPS	 which	 do	 not	 display		

S‐shapes	 (Figure	 6.8a).	 The	 EQE	 spectra	 of	 these	 devices	 show	 the	 distinct	 difference	

between	the	two	device	configurations	(Figure	6.8b).	Because	more	light	is	absorbed	in	

the	 photoactive	 layer	 of	 the	 inverted	 structures,	 EQEmax	 increased	 by	 12%	 for	
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PDPPTDTPT	 and	 18%	 for	 PDPPSDTPS.	 This	 leads	 to	 an	 effective	 increase	 of	 almost		

2	mA	cm−2	in	short‐circuit	current,	resulting	in	Jsc	=	17.3	and	16.7	mA	cm−2,	respectively	

(Table	6.3).	The	FF	and	Voc	remain	similar	to	those	of	the	regular	devices,	resulting	in	an	

increase	of	the	PCE	to	4.4	and	3.1%.	
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Figure	 6.7	 J–V	 curves	 of	 PDPPTPyT/[60]PCBM	 and	 PDPPSPyS/[60]PCBM	 solar	 cells	 with	 an	 inverted	
configuration	using	ZnO	sol‐gel	as	ETL,	displaying	a	severe	s‐shape.	

The	 extended	 photoresponse	 up	 to	 1200	 nm,	 with	 a	 50%	 external	 quantum	

efficiency	 at	 1000	 nm,	 is	 the	 highest	 NIR	 photoresponse	 reported	 to	 date	 for	 organic	

solar	cells.	The	IQE	is	higher	than	in	the	regular	configuration,	due	to	the	lower	optimal	

thickness	 of	 the	 active	 layer.	 Thinner	 active	 layers	 show,	 in	 general,	 less	 bimolecular	

recombination	and	give	rise	to	a	higher	IQE.		
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Figure	6.8	(a)	J–V	curves	of	inverted	configuration	polymer/[60]PCBM	solar	cells.	(b)	The	corresponding	
EQE	spectra.	
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Table	6.3	Solar	Cell	Characteristics	of	Inverted	Configuration	Polymer/[60]PCBM	Devices	

Polymer	 d	

(nm)	

Voc		
(V)	

Jsca	
(mA	cm−2)	

FF EQEmax IQEav	 PCE

(%)	

PDPPTDTPT	 97	 0.45	 17.3 0.57 0.65 0.77	 4.4

PDPPSDTPS	 96	 0.35	 16.7 0.52 0.57 0.74	 3.1
a	Determined	by	integrating	the	EQE	spectrum	with	the	AM1.5G	spectrum.	

To	 fully	 maximize	 the	 short‐circuit	 current	 of	 devices	 with	 these	 polymers,	

inverted	configuration	solar	cells	with	active	 layers	of	polymer	and	phenyl‐C71‐butyric	

acid	methyl	ester	([70]PCBM)	as	the	acceptor	were	made.	The	higher	optical	absorption	

coefficient	 of	 [70]PCBM	 aids	 in	 the	 generation	 of	 charges	 in	 the	 visible	 region.	 In	

addition,	a	retro‐reflective	foil	was	used.	This	foil	effectively	couples	light	into	the	device	

at	 an	 angle,	 increasing	 the	 optical	 path	 length	 while	 simultaneously	 reducing	 out‐

coupling	of	light	from	the	device.37	The	enhanced	light	in‐coupling	is	clearly	reflected	in	

the	EQE,	which	displays	an	increased	response	over	the	whole	width	of	the	absorption	

(Figure	6.9b).	J–V	characteristics	of	the	cells	show	that	the	use	of	[70]PCBM	provides	an	

increase	 in	 photocurrent	 of	 3.2	 mA	 cm−2	 for	 PDPPTDTPT	 and	 1.9	 mA	 cm−2	 for	

PDPPSDTPS	 compared	 to	 using	 [60]PCBM	 (Figure	 6.9a,	 Table	 6.4)).	 The	 relatively	

smaller	 increase	 in	 current	 for	 PDPPSDTPS	 is	 attributed	 to	 a	 slightly	 different	

morphology	when	 changing	 fullerenes.	 Applying	 the	 retro‐reflective	 foil	 on	 top	 of	 the	

cells	 further	 increases	 the	 photocurrent	 by	 another	 10%	 to	 23.0	 mA	 cm−2	 for	

PDPPTDTPD	and	20.8	mA	cm−2	 for	PDPPSDTPS	 (Figure	6.9,	Table	6.4)).	The	effects	of	

the	retro‐reflective	foil	for	polymer/[60]PCBM	solar	cells	have	previously	been	analyzed	

and	modeled	in	detail,	and	showed	that	 largest	 improvements	are	obtained	in	spectral	

ranges	with	low	absorption,	but	that	even	in	the	absorption	maximum	the	light	capture	

can	 be	 improved.37	 The	 EQE	 data	 shown	 in	 Figure	 6.9b	 are	 consistent	 with	 this	

conclusion.	
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Figure	6.9	(a)	J–V	curves	of	inverted	configuration	polymer/[70]PCBM	solar	cells	with	and	without	retro	
reflective	foil.	(b)	Corresponding	EQE	spectra.	
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Table	6.4	Solar	Cell	Characteristics	of	Inverted	Configuration	Polymer/[70]PCBM	Devices	With	and	
Without	Retro‐Reflective	Foil	

Polymer	 d	

(nm)	

Voc		
(V)	

Jsca	
(mA	cm−2)	

FF EQEmax	 PCE

(%)	

PDPPTDTPT	 110	 0.43 20.5 0.54 0.67	 4.8

	 +	Foil	 	 0.44 23.0 0.53 0.71	 5.3

PDPPSDTPS	

	 +	Foil	

98	

	

0.35

0.35	

18.6

20.8	

0.52

0.49	

0.51	

0.55	

3.3

3.5	
a	Determined	by	integrating	the	EQE	spectrum	with	the	AM1.5G	spectrum.	

The	 values	 of	 Jsc	 =	 23.0	 and	 20.8	 mA	 cm‐2	 are	 among	 the	 highest	 reported	

photocurrents	 for	 bulk	 heterojunction	 organic	 solar	 cells.	 Despite	 the	 high	

photocurrents,	the	FF	is	only	reduced	marginally	with	the	use	of	the	retro‐reflective	foil	

and	 the	 Voc	 remains	 identical,	 resulting	 in	 maximum	 PCEs	 of	 5.3%	 for	

PDPPTDTPT/[70]PCBM	and	3.5%	for	PDPPSDTPS/[70]PCBM.		

6.4	Conclusions	

It	 has	 been	 shown	 that	 semiconducting	 copolymers	 based	 on	 electron	 rich	

segments	 consisting	 of	 pyrrole	 combined	 with	 thiophene	 or	 selenophene,	 alternating	

with	 electron	 deficient	 diketopyrrolepyrrole	 units,	 represent	 ultra‐small	 bandgap	

materials	tailored	to	exhibit	a	high	photoresponse	in	the	NIR	region	in	solar	cells	when	

blended	with	 fullerenes.	 Several	 factors	 contribute	 to	 the	high	NIR	 response	 for	 these	

ultra‐small	bandgap	DPP	polymer	solar	cells.	

First	 and	 foremost,	 is	 the	 positioning	 of	 the	 energy	 levels,	 in	 particular	HOMO,	

LUMO,	and	optical	bandgap.	For	an	internal	quantum	efficiency,	a	sufficiently	large	offset	

between	the	LUMO	levels	of	 the	donor	and	acceptor	should	exist.	With	LUMO	levels	at	

about	 −3.7	 eV	 (Table	 6.1),	 these	DPP	 polymers	 have	 an	 energy	 offset	 of	 about	 0.5	 eV	

from	the	LUMO	level	of	PCBM	(at	−4.2	eV).	This	is	somewhat	larger	than	the	minimum	

offset	 of	 0.3‐0.4	 eV.15	This	 is	 also	 reflected	 in	 the	Eg	 −	eVoc	 energy	difference	of	 about		

0.8	 eV	 for	 these	 cells	 (Table	 6.2).	 Again,	 this	 is	 more	 than	 the	 minimum	 required		

0.6	eV.16	Although	these	larger	offsets	cause	a	concomitant	loss	in	open‐circuit	voltage,	

they	contribute	in	practice	to	a	higher	internal	quantum	efficiency.33		

Second,	the	use	of	efficient	polymerization	reactions	provides	polymers	with	high	

performance	in	organic	photovoltaic	devices.	The	synthetic	route	and	catalyst	used	here	

are	 known	 to	 provide	 DPP	 polymers	 with	 very	 few	 homo‐coupling	 defects	 and	 high	

molecular	 weights	 (see	 Chapters	 3	 and	 5).38	 Both	 are	 known	 to	 contribute	 to	 a	 high	

quantum	 efficiency	 and	 charge	mobility.	 To	 fully	 exploit	 these	 intrinsic	 advantages,	 a	
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careful	 optimization	 of	 the	 processing	 conditions	 (concentration,	weight	 ratio,	 solvent	

additive)	to	control	the	blend	morphology	is	imperative.		

Third,	optical	effects	are	important.	For	a	high	NIR	photoresponse,	it	is	important	

to	exclude	parasitic	absorption	of	NIR	light	by	electrode	and	interface	materials	such	as	

Al	 and	 PEDOT:PSS.	 Figure	 6.6	 clearly	 shows	 the	 enhanced	 optical	 absorption	 by	 the	

photoactive	 layer	 of	 an	 inverted	 structure	 with	 ZnO	 and	 MoO3/Ag	 compared	 to	

PEDOT:PSS	and	LiF/Al.	Also	the	use	of	the	retro‐reflective	foil	 is	effective	in	enhancing	

light	 absorption.	 Optimizing	 the	 optical	 field	 within	 the	 devices	 has	 proven	 to	 be	

beneficial	 to	 further	 enhance	 the	 external	 quantum	efficiency	 in	 the	NIR	 region.	 In	 an	

inverted	 device	 configuration	with	 a	 silver	 back	 electrode,	 blends	 of	 PDPPTDTPT	 and	

PDPPSDTPS	 with	 [70]PCBM	 provide	 high	 short‐circuit	 currents	 (up	 to	 23	 mA	 cm−2)	

when	 using	 a	 retro‐reflective	 optical	 foil	 to	 improve	 absorption	 of	 light.	 The	 high	

photoresponse	in	the	NIR	that	extends	up	to	1200	nm	opens	up	possibilities	for	applying	

these	polymers	in	multi	junction	solar	cells	and	in	NIR	organic	photodetectors.	

6.5	Experimental	

Commercial	solvents	and	reactants	were	used	without	further	purification	unless	stated	

otherwise.	 4‐(2‐ethylhexyl)‐2,6‐bis(trimethylstannyl)‐4H‐dithieno[3,2‐b:2',3'‐d]pyrrole	 was	

purchased	 from	 SunaTech	 and	 used	 as	 received.	 3,6‐bis(5‐bromothiophen‐2‐yl)‐2,5‐bis(2‐

hexyldecyl)pyrrolo[3,4‐c]pyrrole‐1,4(2H,5H)‐dione,	3,6‐bis(5‐bromoselenophen‐2‐yl)‐2,5‐bis(2‐

hexyldecyl)pyrrolo[3,4‐c]pyrrole‐1,4(2H,5H)‐dione	 were	 synthesized	 according	 to	 literature	

procedures.39,40	NMR	spectra	were	 recorded	on	a	Varian	Mercury	 (1H	400	MHz,	 13C	100	MHz)	

spectrometer.	 Chemical	 shifts	 are	 given	 in	 ppm	with	 respect	 to	 tetramethylsilane	 as	 internal	

standard.	 Superheated	 GPC	 experiments	 in	 chloroform	were	 performed	 on	 an	 in‐house	 build	

system,	see	reference	41	for	a	detailed	description.	UV/vis/NIR	spectroscopy	was	conducted	on	

a	Perkin	Elmer	Lambda	900	 spectrophotometer.	 Cyclic	 voltammetry	was	performed	under	 an	

inert	 atmosphere	 with	 a	 scan	 speed	 of	 0.1	 V	 s‐1	 in	 an	 acetonitrile	 solution	 of	 1	 M	

tetrabutylammonium	 hexafluorophosphate.	 An	 ITO	 glass	 slide	 covered	 with	 a	 thin	 layer	 of	

polymer	(approx.	20	nm)	was	used	as	working	electrode,	a	silver	rod	as	counter	electrode,	and	

silver	 rod	 coated	 with	 silver	 chloride	 (Ag/AgCl)	 as	 quasi‐reference	 electrode	 in	 combination	

with	Fc/Fc+	as	an	internal	standard.		

Regular	configuration	photovoltaic	devices	with	an	active	area	of	0.09	and	0.16	cm2	were	

fabricated	 by	 spin	 coating	 poly(ethylenedioxythiophene):	 poly(styrenesulfonate)	 (PEDOT:PSS)	

(Clevios	 P,	 VP	 Al4083)	 on	 pre‐cleaned,	 patterned	 indium	 tin	 oxide	 (ITO)	 glass	 substrates	

(Naranjo	 Substrates).	 Solutions	 for	 spin	 coating	 PDPPTPyT	 and	 PDPPSPyS	 based	 blends	

contained	5	mg	mL‐1	polymer	and	10	mg	mL‐1	[60]PCBM	(99%	Solenne	BV)	with	5	and	2	vol.‐%	

diiodooctane,	 respectively	 in	 chloroform.	 Solutions	 for	 spin	 coating	 PDPPTDTPT	 and	

PDPPSDTPS	based	blends	contained	3	and	4	mg	mL‐1	polymer	with	6	and	8	mg	mL‐1	[60]PCBM	

respectively	in	chloroform	with	5	vol.‐%	o‐DCB.	Spin	coating	was	done	at	2000	rpm	on	top	of	the	
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PEDOT:PSS	 layer	 in	 inert	atmosphere.	The	back	electrode	consisted	of	LiF	(1	nm)	and	Al	(100	

nm)	which	were	deposited	by	evaporation	under	high	vacuum	(~3	×	10‐7	mbar).		

Inverted	configuration	photovoltaic	devices	were	fabricated	by	spin	coating	a	ZnO	sol‐gel	

precursor	solution	(0.5	M	zinc	acetate	dihydrate	and	0.5	M	ethanolamine	in	2‐methoxyethanol)	

onto	ITO	substrates	and	annealing	them	for	5	min.	at	150	°C.	The	active	layers	were	spin	coated	

using	the	same	conditions	as	for	the	regular	devices,	using	either	[60]PCBM	or	[70]PCBM	(90‐

95%	Solenne	BV).	The	top	electrode	consisted	of	thermally	evaporated	MoO3	(10	nm)	and	silver	

(100	nm).	

J–V	characteristics	were	measured	with	a	Keithley	2400	source	meter	under	~100	mW	

cm‐2	white	light	illumination	from	a	tungsten‐halogen	lamp	filtered	by	a	Schott	GG385	UV	filter	

and	 a	 Hoya	 LB120	 daylight	 filter.	 Short‐circuit	 currents	 under	 AM1.5G	 conditions	 were	

estimated	 by	 convoluting	 the	 spectral	 response	 with	 the	 solar	 spectrum.	 Spectral	 response	

measurements	were	conducted	under	1	sun	operating	conditions	by	using	a	532	nm	solid	state	

laser	(Edmund	Optics)	for	bias	illumination.	The	device	was	kept	in	a	nitrogen	filled	box	behind	

a	quartz	window	and	 irradiated	with	modulated	monochromatic	 light,	 from	a	50	W	 tungsten‐

halogen	lamp	(Philips	focusline)	and	monochromator	(Oriel,	Cornerstone	130)	with	the	use	of	a	

mechanical	 chopper.	 The	 response	 was	 recorded	 as	 a	 voltage	 from	 a	 preamplifier	 (Stanford	

research	Systems	SR570)	using	a	lock‐in	amplifier	(SR830).	A	calibrated	silicon	cell	was	used	as	

reference.	J–V	and	EQE	Measurements	with	the	retro‐reflective	foil	were	performed	according	to	

the	procedures	described	in	reference	37.	The	thickness	of	the	active	layers	was	determined	on	

a	Veeco	Dektak150	profilometer.	TEM	was	performed	on	a	Tecnai	G2	Sphera	TEM	(FEI)	operated	

at	20	kV.	

Optical	modelling	was	performed	with	Fluxim	Setfos	3.4	software	using	n	and	k	optical	

constants	of	the	materials	in	the	stack	and	the	matrix	transfer	formalism	in	order	to	determine	

the	absorption	profile	of	the	active	layer	within	the	devices	and	calculate	the	internal	quantum	

efficiencies	thereof.	

2,5‐bis(trimethylstannyl)‐N‐methylpyrrole	
n‐Butyl	lithium	(2.5	M	in	hexanes,	9.6	mL,	24.0	mmol)	was	added	to	a	solution	of	TMEDA	

(3.6	mL,	24.0	mmol)	in	hexanes	(50	mL)	at	room	temperature	over	15	minutes.	N‐methylpyrrole	

was	added	(835	mg,	10.3	mmol)	and	the	mixture	was	refluxed	for	6	hours.	After	cooling	to	−30	

°C	a	solution	of	trimethylstannyl	chloride	(5.86	g,	24.0	mmol)	in	hexane	(10	mL)	was	added.	The	

mixture	was	allowed	to	warm	to	room	temperature	and	stirred	overnight.	Volatile	compounds	

were	removed	under	reduced	pressure	and	the	crude	residue	dispersed	in	hexane	and	filtered	

repeatedly	 until	 the	 filtrate	 remained	 clear.	 The	 solvent	was	 evaporated	 and	 the	 solids	were	

recrystallized	from	acetonitrile	to	obtain	the	desired	compound	as	white	crystals	(2.88	g,	69%	

yield).	1H‐NMR	(400	MHz,	CDCl3,	δ):	6.65	(s,	J	=	10.5	Hz,	2H),	3.41	(s,	J	=	2.4	Hz,	3H),	0.22	(s,	J	=	

53.4,	55.9	Hz,	18H).	13C	NMR	(100	MHz,	CDCl3,	δ):	136.3,	120.1	(J	=	50.5,	60.5Hz),	39.4,	8.8	(J	=	

348.3,	364.3	Hz).	
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PDPPTPyT	
A	 dry	 Schlenk	 tube	 equipped	 with	 screw	 cap	 was	 charged	 with	 3,6‐bis(5‐

bromothiophen‐2‐yl)‐2,5‐bis(2‐hexyldecyl)pyrrolo[3,4‐c]pyrrole‐1,4(2H,5H)‐dione	 (100.0	 mg,	

0.1103	 mmol)	 and	 2,5‐bis(trimethylstannyl)‐N‐methylpyrrole	 (44.84	 mg,	 0.1103	 mmol).	 The	

tube	 was	 put	 under	 argon	 atmosphere	 and	 dry	 toluene	 (2	mL)	 and	 dry	 DMF	 (0.2	 mL)	 were	

added.	 The	 resulting	 solution	 was	 degassed	 with	 argon	 for	 15	 minutes	 after	 which	

triphenylphosphine	(2.31	mg,	8.82	μmol)	and	tris(dibenzylideneacetone)dipalladium	(2.02	mg,	

2.21	μmol)	were	added.	The	mixture	was	degassed	for	an	additional	10	minutes	after	which	the	

tube	was	sealed	and	heated	to	115	°C	for	16	hours.	The	resulting	gel	was	diluted	with	15	mL	hot	

1,1,2,2‐tetrachloroethane	 (TCE)	 and	 precipitated	 in	 methanol.	 The	 solids	 were	 taken	 into	

chloroform	and	treated	with	EDTA	(300	mg)	and	water,	refluxing	for	2	hours.	The	organic	layer	

was	separated	and	washed	two	times	with	water.	The	polymer	solution	was	then	concentrated	

and	 precipitated	 in	 methanol.	 The	 resulting	 solids	 were	 subjected	 to	 Soxhlet	 extraction	 with	

acetone,	 hexane	 and	 dichloromethane.	 The	 residue	 in	 the	 thimble	 was	 dissolved	 in	 boiling	

chloroform,	 filtered	 hot	 and	 reduced	 in	 volume	 after	which	 it	 was	 precipitated	 in	 acetone	 to	

afford	PDPPTPyT	as	a	dark	green	solid	after	filtration	and	drying.	The	polymer	was	stored	under	

nitrogen	atmosphere	(84	mg,	yield	92%).	

PDPPSPyS	
The	same	procedure	as	for	PDPPTPyT	was	used,	but	with	3,6‐bis(5‐bromoselenophen‐2‐

yl)‐2,5‐bis(2‐hexyldecyl)pyrrolo[3,4‐c]pyrrole‐1,4(2H,5H)‐dione	 (100.0	mg,	 0.0999	mmol)	 and	

2,5‐bis(trimethylstannyl)‐N‐methylpyrrole	 (40.64	 mg,	 0.0999	 mmol)	 as	 monomers	 and	

triphenylphosphine	(2.10	mg,	7.99	μmol)	and	tris(dibenzylideneacetone)dipalladium	(1.83	mg,	

1.99	μmol)	as	catalyst.	PDPPSPyS	was	obtained	as	a	dark	green	solid	and	stored	under	nitrogen	

atmosphere	(80	mg,	87%	yield).	

PDPPTDTPT	
The	 same	procedure	 as	 for	PDPPTPyT	was	used,	but	with	3,6‐bis(5‐bromothiophen‐2‐

yl)‐2,5‐bis(2‐hexyldecyl)pyrrolo[3,4‐c]pyrrole‐1,4(2H,5H)‐dione	(83.4	mg,	0.0919	mmol)	and	4‐

(2‐ethylhexyl)‐2,6‐bis(trimethylstannyl)‐4H‐dithieno[3,2‐b:2',3'‐d]pyrrole	 (56.72	 mg,	 0.0919	

mmol)	 as	 monomers	 and	 triphenylphosphine	 (2.89	 mg,	 11.0	 μmol)	 and	

tris(dibenzylideneacetone)dipalladium	(2.52	mg,	2.75	μmol)	as	catalyst.	After	Soxhlet	extraction	

the	residue	was	boiled	in	TCE	in	order	to	isolate	PDPPTDTPT	as	a	dark	green	solid.	The	polymer	

was	stored	under	nitrogen	atmosphere	(85	mg,	82%	yield).	

PDPPSDTPS	
The	same	procedure	as	for	PDPPTPyT	was	used,	but	with	3,6‐bis(5‐bromoselenophen‐2‐

yl)‐2,5‐bis(2‐hexyldecyl)pyrrolo[3,4‐c]pyrrole‐1,4(2H,5H)‐dione	(80.0	mg,	0.0799	mmol)	and	4‐

(2‐ethylhexyl)‐2,6‐bis(trimethylstannyl)‐4H‐dithieno[3,2‐b:2',3'‐d]pyrrole	 (49.3	 mg,	 0.0799	

mmol)	 as	 monomers	 and	 triphenylphosphine	 (1.26	 mg,	 4.80	 μmol)	 and	
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tris(dibenzylideneacetone)dipalladium	 (1.10	 mg,	 1.20	 μmol)	 as	 catalyst.	 PDPPSDTPS	 was	

obtained	as	a	dark	green	solid	and	stored	under	nitrogen	atmosphere	(88	mg,	97%	yield).		
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Chapter	7	

Near‐infrared	absorbing	
semitransparent	organic	solar	cells	
with	single	step	solution	processed	

transparent	top	electrode	
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Abstract	

A	 near‐infrared	 absorbing	 polymer	 (PDPP3T)	 is	 used	 in	 combination	 with	

[60]PCBM	 as	 active	 layer	 in	 a	 semitransparent	 solar	 cell	 device	 architecture.	 A	 novel	

composite	transparent	top	contact	is	fabricated	using	a	single	solution	processing	step.	The	

formulation	 for	 this	 contact	 consists	 of	 high	 conductivity	 PEDOT:PSS	 mixed	 with	 a	

dispersion	of	 silver	nanowires.	 It	does	not	 require	 thermal	annealing	after	deposition	 in	

order	 to	 function	and	acts	both	as	an	efficient	hole	 transporting	 layer	and	 top	electrode	

with	a	good	combination	of	optical	transparency	and	sheet	resistance.	The	near‐infrared	

absorption	 of	 the	 polymer	 yields	 semitransparent	 devices	 with	 a	 power	 conversion	

efficiency	of	up	to	3.7%	and	an	average	visible	transmittance	of	47%.	This	is	~70%	of	the	

performance	 compared	 to	 an	 opaque	 reference	 device.	 Applying	 a	 ‘hot‐mirror’	 to	

selectively	back	reflect	the	near‐infrared	light,	easily	enhances	the	Jsc	by	14%	without	the	

loss	of	visible	transparency.	
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7.1	Introduction	

Organic	 solar	 cells	 have	 great	 potential	 in	 semitransparent	 applications.	 The	

ability	of	tuning	the	color,	the	intrinsically	thin	active	layers,	and	large	scale	roll‐to‐roll	

production	using	solution	deposition	techniques,	are	key	advantages	over	silicon	based	

technologies.1,2	 One	 of	 the	 challenges	 in	 designing	 and	 fabricating	 semitransparent	

devices	is	the	requirement	of	transparent	electrodes	on	both	sides	of	the	device.	Several	

materials	can	be	used	for	this	purpose.	While	indium	tin	oxide	(ITO)	is	commonly	used	

as	 an	 efficient	 transparent	 bottom	 electrode	 on	 transparent	 substrates,	 for	 the	

transparent	 top	 electrode	 a	 variety	 of	 solution	 processable	 materials	 are	 available,	

examples	 are:	 high	 conductive	 polymers	 such	 as	 poly(ethylenedioxythio‐	

phene):poly(styrenesulfonate)	 (PEDOT:PSS),3‐5	 graphene,6,7	 and	 metallic	 nanowires.8,9	

Essential	 for	 these	 electrodes	 is	 to	 combine	 a	 low	 sheet	 resistance	 with	 high	 visible	

transparency.	 It	 is	 also	 important	 for	 the	processing	 conditions	 to	be	 compatible	with	

the	 underlying	 layers.	 In	 general,	 these	 only	 tolerate	 low	 temperature	 processes	 and	

orthogonal	 solvents.	 Furthermore,	 it	 is	 advantageous	 to	 minimize	 the	 number	 of	

printing	steps	in	order	to	increase	the	total	yield	of	the	production	process	and	reduce	

costs.	

Silver	 nanowires	 (AgNWs)	 have	 received	 considerable	 attention	 for	 use	 in	

transparent	 contacts	 as	 they	 can	 be	 readily	 dispersed	 in	 common	 solvents	 such	 as	

alcohols	 and	 subsequently	 solution	processed,	 providing	 layers	 that	 have	 an	 excellent	

combination	 of	 transparency	 and	 sheet	 resistance.10‐14	 An	 important	 aspect	 of	 silver	

nanowire	layers	that	is	however	not	often	mentioned,	is	that	they	scatter	a	portion	of	the	

transmitted	light	and	can	appear	hazy.	It	is	important	to	minimize	and	quantify	this	haze	

as	it	can	diminish	the	esthetic	appeal	of	the	final	device.15,16	The	haze	is	defined	as:	

Haze 	

Were	Tdir	 is	 the	direct	 transmission	with	a	deflection	angle	<	2.5°	 to	 the	normal	of	 the	

incident	light	beam	and	Ttot	is	the	total	transmission	that	includes	any	scattered	light.	A	

second	 important	 aspect	 is	 that	 the	 workfunction	 of	 silver	 is	 usually	 not	 suited	 for	

efficient	 alignment	 of	 the	 energy	 levels	 with	 the	 active	 layer,	 therefore	 additional	

electron	or	hole	transport	layers	(ETL	or	HTL)	are	needed	to	adjust	the	workfunction	of	

the	metal	and	provide	a	selective	contact,	this	however	results	in	additional	processing	

steps.17,18	

It	is	important	to	balance	the	average	visible	transparency	(AVT)	with	the	overall	

power	 conversion	 efficiency	 (PCE)	 of	 a	 semitransparent	 device.19	 Since	 part	 of	 the	
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visible	 light	 is	 transmitted,	 this	 inherently	 decreases	 the	 maximum	 attainable	 PCE.	

Semiconducting	 polymers	 that	 are	 typically	 used	 in	 organic	 solar	 cells	 often	 display	 a	

narrow	 absorption	 band.20,21	 It	 can	 therefore	 be	 beneficial	 to	 use	 small	 bandgap	

polymers	 that	 have	 their	 main	 absorption	 band	 in	 the	 near‐infrared	 (NIR)	 and	 an	

absorption	minimum	in	the	visible	region.	This	provides	maximum	visible	transparency	

while	 still	 being	 able	 to	 convert	 a	 significant	 part	 of	 the	 solar	 light,	 providing	 good	

photocurrents	and	PCEs.22	

Here	 the	 use	 of	 PDPP3T,	 previously	 discussed	 in	 Chapter	 3,	 is	 presented	 in	

semitransparent	 solar	 cells.23,24	 The	 top	 transparent	 electrode	 consists	 of	 a	

PEDOT:PSS/AgNWs	composite	electrode	that	is	deposited	from	a	mixed	dispersion	in	a	

single	processing	step.	It	simultaneously	acts	as	HTL	and	transparent	electrode	and	does	

not	 require	 thermal	 annealing	 in	order	 to	 function.	The	 resulting	 solar	 cell	provides	a	

good	 combination	 of	 optical	 transparency	 and	 performance.	 Furthermore	 it	 is	

demonstrated	 that	 the	 performance	 of	 such	 semitransparent	 devices	 can	 be	 easily	

increased	with	the	use	of	a	commercial	dichroic	mirror	(i.e.	“hot	mirror”)	that	selectively	

reflects	NIR	light	back	into	the	active	layer	while	transmitting	the	visible	light.	

7.2	Results	and	Discussion	

7.2.1	Composite	transparent	top	electrode	

The	formulation	for	the	transparent	top	electrode	consists	of	a	high	conductivity	

PH1000	PEDOT:PSS	formulation,	mixed	with	a	dispersion	of	silver	nanowires	in	ethanol.	

To	 improve	 the	 wetting	 on	 the	 active	 layer	 a	 small	 amount	 of	 Zonyl	 surfactant	 was	

added.25	The	ratio	of	Zonyl,	silver	nanowires	and	PEDOT:PSS	in	the	solution	and	the	final	

thickness	of	 the	electrode	were	carefully	optimized	to	achieve	the	best	combination	of	

maximum	 optical	 transparency,	 minimal	 haze,	 and	 a	 sheet	 resistance	 below	 20	 Ω/sq	

which	is	a	typical	value	required	for	efficient	device	operation	(Figure	7.1,	Table	7.1).26		
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Figure	 7.1	 Transmission	 (solid	 line)	 and	 haze	 (dashed	 line)	 spectra	 of	 PH1000/AgNWs	 transparent	
electrodes	on	glass.	Series	of	different	ratios	with	similar	thickness	(a)	and	different	thicknesses	using	the	
1:1	ratio	formulation	(b).	

(a)	 (b)	
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Using	a	volume	ratio	of	1:1	of	PH1000	in	water	to	AgNWs	in	alcohol	(Ag:	10	mg	mL‐1),	

and	 forming	 a	 layer	 of	 ~100	 nm	 thickness,	 provided	 the	 best	 characteristics	 with	 an	

average	visible	transmittance	of	76%,	an	acceptable	haze	of	12%	and	a	sheet	resistance	

of	 18.7	 Ω/sq.	 Although	 thermal	 annealing	 can	 be	 beneficial	 in	 improving	 the		

sheet	 resistance	 of	 AgNW	 based	 contacts,14,27	 the	 temperatures	 that	 are	 typically	

required	 (~150	 °C)	 are	not	 compatible	with	 the	underlying	PDPP3T/[60]PCBM	active	

layer.	This	electrode	formulation	shows	however	that	good	combination	of	transparency	

and	sheet	resistance	can	be	achieved	without	the	need	of	thermal	annealing.	

Table	7.1	PEDOT:PSS/AgNWs	Transparent	Electrode	Characteristics.	

Ratio	

(PH1000/AgNWs)	

d	

(nm)	

AVTtot	%	

(400‐650	nm)

AVTdir	%

(400‐650	nm)

Haze	%	

(400‐650	nm)	

Sheet	Res.

(Ω/sq)	

1:1	 102	 76.0 66.8 12.4	 18.7

1:2	 104	 64.6 48.5 25.4	 11.3

2:1	 120	 80.3 74.7 7.0	 72.0

1:1	 217	 56.4 43.7 23.5	 7.1

1:1	 163	 64.7 53.0 18.4	 11.4

1:1	 59	 82.8 75.8 8.6	 44.2

 

SEM	 and	 TEM	 images	 of	 the	 composite	 electrode	 show	 that	 the	 AgNWs	 are	

uniformly	distributed	in	the	PEDOT:PSS	matrix	(Figure	7.2).	Some	circular	shapes	can	be	

observed	in	the	SEM	image	which	may	have	originated	from	small	air	bubbles	in	the	spin	

coating	solution,	or	partial	dewetting	on	the	surface.	

	

											 	

Figure	7.2	TEM	(a)	and	SEM	(b)	image	of	the	optimal	PEDOT:PSS/AgNWs	transparent	electrode.	

(a)	 (b)	
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The	workfunction	 profile	 of	 the	 composite	 electrode	was	measured	 on	 the	 top	

(electrode‐air)	 and	 bottom	 (electrode‐active	 layer)	 side	 using	 scanning	 Kelvin	 probe	

microscopy	(SKPM)	with	gold	as	a	reference.	The	topology	images	(Figure	7.3a,b)	show	

that	 the	 electrode	has	 a	 relative	 smooth	 surface	on	both	 sides	 apart	 from	 the	 circular	

features	 (Ra	 =	 ~17	 nm).	 The	 potential	 images	 (Figure	 7.3c,d)	 show	 that	 there	 are	 no	

large	differences	in	workfunction	on	the	different	areas	of	the	contact,	either	on	the	top	

side	 or	 the	bottom	 side.	 Two	defects	 can	however	be	 seen	on	 the	bottom	 side,	 this	 is	

tentatively	ascribed	to	bare	silver	protruding	from	the	PEDOT:PSS	matrix,	implying	that	

the	 rest	 of	 the	 silver	 nanowires	 are	 embedded	 in	 the	 PEDOT:PSS.	 An	 average	

workfunction	of	–4.9	eV	vs.	vacuum	was	determined	for	the	composite	electrode.	This	is	

slightly	 lower	 than	 the	workfunction	of	PH1000/Zonyl	measured	at	 –5.1	 eV,	 but	deep	

enough	to	act	as	an	efficient	hole	selective	contact	for	most	donor	materials	in	the	active	

layer,	including	PDPP3T.	

	

	

Figure	 7.3	 SKPM	 images	 of	 the	 top	 and	 bottom	 side	 of	 the	 optimal	 composite	 transparent	 electrode.	
Topology	image	of	(a)	top	side	and	(b)	bottom	side.	Potential	image	of	(c)	top	side	and	(d)	bottom	side.		

(a)	 (b)	

(c)	 (d)	
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7.2.2	Photovoltaic	devices	

Solar	 cells	 were	 fabricated	 on	 ITO	 patterned	 glass	 substrates	 in	 an	 inverted	

configuration.	A	ZnO	layer	was	first	deposited	on	the	ITO	to	form	an	electron	selective	

contact.	 The	 active	 layer	 consisted	 of	 a	 PDPP3T/[60]PCBM	 blend	 with	 an	 optimized	

thickness	to	provide	the	highest	performance.	The	semitransparent	device	was	finished	

by	 spin	 coating	 the	PH1000/AgNWs/Zonyl	mixture	directly	on	 top	of	 the	active	 layer.	

Thus	 fabricating	 the	 complete	 semitransparent	 device	 requires	 only	 three	 solution	

processing	 steps	 on	 top	 of	 the	 ITO	 bottom	 electrode.	 As	 an	 opaque	 reference,	

PH1000/Zonyl	 was	 spin	 coated	 on	 the	 active	 layer	 and	 a	 100	 nm	 silver	 contact	 was	

thermally	 evaporated.	The	 current	density	 –	 voltage	 (J–V)	 curves	 are	 shown	 in	Figure	

7.4a	and	the	characteristics	summarized	in	Table	7.2.		

-0.2 0.0 0.2 0.4 0.6 0.8
-14

-12

-10

-8

-6

-4

-2

0

2

4

 

 

C
ur

re
nt

 D
en

di
ty

 (
m

A
/c

m
2 )

Bias (V)

 Semitransparent
 Opaque reference

	

400 500 600 700 800 900 1000
0.0

0.2

0.4

0.6

0.8

1.0
 EQE Semitransparent
 EQE Opaque
 Absorbance Semitransparent
 Absorbance Opaque

Wavelength (nm)

E
Q

E
 (

so
lid

 s
ym

b
ol

s)

0.0

0.2

0.4

0.6

0.8

1.0

A
bs

or
ba

nc
e 

(A
) 

(o
pe

n 
sy

m
bo

ls
)

	

Figure	7.4	(a)	J‐V	curves	of	the	transparent	and	opaque	reference	solar	cells.	(b)	Measured	EQE	spectra	
and	modeled	absorption	spectra	of	the	respective	cells.	

The	 semitransparent	 device	 has	 an	 optimal	 active	 layer	 thickness	 of	 160	 nm	

while	 the	 opaque	 reference	 has	 an	 optimal	 thickness	 of	 120	 nm	 due	 to	 the	 back	

reflection	of	the	silver	electrode,	providing	a	second	light	pass.	The	open‐circuit	voltages	

of	 the	 devices	 are	 nearly	 equal	 and	 identical	 to	 previous	 reported	 values	 of	

PDPP3T/[60]PCBM	blends	showing	that	the	HOMO	energy	level	of	the	active	layer	and	

the	 composite	 electrode	 align	well.24	 The	 fill	 factor	 of	 the	 reference	 device	 is	 slightly	

higher	 than	 the	 fill	 factor	 of	 the	 semitransparent	 devices,	which	 is	 in	 part	 due	 to	 the	

thicker	active	layer	of	the	latter	and	to	the	higher	sheet	resistance	of	the	transparent	top	

electrode	 compared	 to	 the	 evaporated	 silver	 electrode.	 The	 photocurrent	 of	 the	 best	

semitransparent	 device	 is	 9.21	mA	 cm‐2	while	 11.97	mA	 cm‐2	 is	 found	 for	 the	 opaque	

device,	 resulting	 in	good	PCEs	of	 respectively	3.79%	and	5.24%.	 It	should	however	be	

noted	 that	 the	 average	 PCE	 of	 the	 semitransparent	 devices	 is	 significantly	 lower	

compared	 to	 the	 PCE	 of	 the	 best	 device.	 This	 is	mainly	 due	 to	 variation	 of	 the	 short‐

circuit	current	between	the	cells.	It	is	suspected	that	the	irregular	rings	observed	in	the	

(a)	 (b)	



	
	

Near‐infrared	absorbing	semitransparent	organic	solar	cells	

125	
	

transparent	electrode	(Figure	7.2)	are	responsible	for	this	variation,	as	some	parts	of	the	

electrode	may	not	make	conformal	contact	with	the	active	layer.	Current	efforts	have	not	

yet	resolved	the	formation	of	these	rings,	but	it	is	the	focus	of	future	experiments.	

Table	7.2	Solar	Cell	Characteristics	of	Semitransparent	and	Opaque	Devices	

Cell	 Semitransparentb Opaque Reference	

d	(nm)	 160 120	

AVTtot	(%)	 47.1 ‐	

Haze	(%)	 12.1 ‐	

Rs	(Ω)	 16.4 (17.4) 8.6	

Rsh	(kΩ)	 1.70 (1.42) 2.49	

Voc	(V)	 0.65 (0.65) 0.66	

Jsca	(mA	cm‐2)	 9.21 (8.22) 11.97	

FF	 0.63 (0.61) 0.66	

IQEav	 0.60 (0.54) 0.62	

PCE	(%)	 3.79 (3.26) 5.24	
a	Determined	by	integrating	the	EQE	spectrum	with	the	AM1.5G	spectrum.		
b	The	value	in	brackets	is	the	average	over	6	nominally	identical	devices.	

The	 absorption	of	 light	 in	 the	 active	 layer	was	modelled	using	 the	wavelength‐

dependent	 refractive	 index	n(λ)	 and	 extinction	 coefficient	 k(λ)	 of	 all	 the	 layers	 in	 the	

device.	 The	 absorbance	 spectra	 are	 plotted	 in	 Figure	 7.4b	 together	 with	 the	 external	

quantum	efficiency	(EQE)	spectra.	The	cells	show	a	good	EQE	response	in	the	NIR	part	of	

the	spectrum	with	a	minimum	in	the	visible	at	around	550	nm.	The	shapes	of	the	EQEs	

follow	the	modelled	absorption	profile	and	average	internal	quantum	efficiencies	(IQE)	

of	0.60	for	the	best	semitransparent	device	and	0.62	for	the	opaque	were	calculated.	The	

small	 difference	 can	 be	 attributed	 to	 the	 thicker	 active	 layer	 thickness	 of	 the	

semitransparent	 device.	 This	 demonstrates	 that	 the	 composite	 contact	 does	 not	 give	

additional	losses	for	charge	extraction	compared	to	the	opaque	contact.	

The	 transmission	 spectrum	 of	 the	 semitransparent	 device	 is	 shown	 in	 Figure	

7.5a.	 The	device	 displays	 a	 very	 high	 transmission	 in	 the	 visible	 part	 of	 the	 spectrum	

with	an	AVT	of	47%,	a	maximum	of	57%	transmittance	at	550	nm,	and	a	haze	of	only	

12%.	 Most	 light	 is	 absorbed	 in	 the	 NIR	 with	 a	 transmittance	 of	 only	 ~15%.	 It	

demonstrates	 that	 the	 semitransparent	 device	 can	 produce	 up	 to	 72%	 of	 the	

performance	compared	to	the	opaque	device	while	being	almost	50%	transparent	to	the	

human	eye.		

To	 quantify	 the	 color	 of	 the	 device	 that	 is	 observed	 by	 the	 human	 eye,	 the	

CIE1931	color	space	chromaticity	diagram	can	be	used.28,29	The	outer	curved	boundary	
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of	the	diagram	is	the	spectral	locus	and	displays	all	the	monochromatic	colors	with	their	

corresponding	 wavelengths.	 The	 area	 within	 the	 diagram	 contains	 all	 possible	 colors	

that	 the	human	eye	 can	perceive	and	 is	based	on	X,	Y	 and	Z	 tristimulus	values.	These	

values	 can	be	 calculated	by	 integrating	 the	product	 of	 the	 transmission	 spectra	of	 the	

solar	 cell,	 the	 AM1.5G	 spectrum,	 and	 the	 appropriate	 X,	 Y	 or	 Z	 CIE	 color	 matching	

functions.	 Normalizing	 the	 tristimulus	 values	 gives	 coordinates	 x,	 y	 and	 z,	 where		

z	=	1–x−y.	This	allows	to	plot	the	chromaticity	of	the	device	in	the	x,y‐diagram	of	Figure	

7.5b.	 It	 shows	 that	 the	 device	 has	 a	 quite	 neutral	 chromaticity,	 close	 to	 the	 AM1.5G	

chromaticity.	 By	 drawing	 a	 line	 through	 the	 chromaticities	 of	 the	 illuminant	 and	 the	

device	the	dominant	color	that	the	human	eye	perceives	of	the	device	can	be	determined	

on	the	intersection	with	the	spectral	locus.	For	these	devices	this	is	yellow/green.	
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Figure	7.5	(a)	Transmittance	and	haze	spectra	of	the	full	semitransparent	device	stack.	The	area	within	
the	 lines	 indicates	 the	 response	 region	 of	 the	 human	 eye.	 (b)	 CIE1931	 color	 diagram	 with	 inserted	
chromaticity	of	AM1.5G	(open	circle)	and	the	semitransparent	device	(solid	square).	The	red	line	indicates	
chromaticities	of	different	temperature	black‐body	light	sources,	and	the	black	 line	represents	the	color	
mainly	perceived	of	the	device	by	the	human	eye	under	AM1.5G	illumination.	

7.2.3	Back	reflectors	

The	 performance	 of	 semitransparent	 devices	 can	 be	 increased	with	 the	 use	 of	

Bragg	reflectors	that	selectively	reflect	part	of	the	sunlight	back	into	the	active	layer	and	

transmit	the	remaining	part	of	the	light.30‐32	Since	the	photoresponse	of	these	solar	cells	

extends	into	the	near‐infrared	a	dichroic	reflector,	in	this	case	a	so‐called	“hot	mirror”,	

that	efficiently	reflects	NIR	and	IR	light	while	transmitting	the	visible	light	can	be	used	

for	 this	 purpose	 without	 significantly	 altering	 its	 transparency.	 Such	 commercially	

available	 reflectors	 can	 be	 simply	 placed	 on	 top	 of	 the	 semitransparent	 solar	 cell,	

circumventing	the	need	of	depositing	this	 intricate	multi‐stack	of	materials	directly	on	

the	solar	cell,	 separating	the	 two	production	processes.	The	semitransparent	solar	cell	
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used	for	this	experiment	displayed	a	more	average	performance	of	3.14%	(Figure	7.7a,	

Table	7.3).	
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Figure	7.6	(a)	Transmittance	and	haze	spectra	of	the	full	semitransparent	device	stack	with	applied	hot	
mirror.	 The	 area	 within	 the	 lines	 indicates	 the	 response	 region	 of	 the	 human	 eye.	 (b)	 Image	 of	 the	
semitransparent	solar	cell. 

Applying	the	hot	mirror	on	top	of	the	cell	enhances	the	photocurrent	by	14%	and	

concomitantly	increases	the	PCE	from	3.14%	to	3.60%	while	the	AVT	only	decreases	by	

1%	(Figure	7.6,	Table	7.3).	The	performance	of	the	cell	was	also	measured	using	a	 full	

back	reflector	(silver	mirror).	Applying	this	mirror	gives	an	increase	in	the	photocurrent	

of	30%	from	6.60	to	9.60	mA/cm‐2	and	a	slight	 increase	 in	 the	Voc,	approaching	the	 Jsc	

and	PCE	of	the	opaque	reference	device.	The	remaining	loss	in	the	photocurrent	is	most	

likely	 due	 to	 the	 optical	 differences	 in	 the	 stack.	 The	 applied	mirror	 is	 farther	 spaced	

from	the	active	layer	when	compared	to	the	evaporated	reference	contact,	resulting	in	a	

different	 optical	 field.	 Secondly,	 the	 lower	 refractive	 index	 of	 the	 air	 interface,	 that	 is	

present	between	the	cell	and	the	applied	reflector,	possibly	reduces	the	amount	of	back	

reflected	light.	
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Figure	7.7	(a)	J‐V	curves	of	the	transparent	solar	cell	with	and	without	back	reflectors.	(b)Measured	EQE	
spectra	of	the	respective	cells.	
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Table	7.3	Solar	Cell	Characteristics	With	and	Without	Back	Reflectors		

Cell		 AVT	

(%)	

Haze	

(%)	

Voc	

(V)	

Jsc
(mA	cm‐2)

Jsc,sr	a

(mA	cm‐2)	

FF MPP	

(mW	cm‐2)	

PCE

(%)	

Semitransparent		 47.1	 12.1	 0.64 6.60 7.89 0.62 2.62	 3.14

+	Hot	Mirror	 46.0	 13.0	 0.65 7.53 8.81 0.62 3.05	 3.60

+	Back	Reflector	 ‐ ‐	 0.66 8.60 9.60 0.62 3.48	 4.18b

a	Determined	by	integrating	the	EQE	spectrum	with	the	AM1.5G	spectrum.	b	Calculated	using	the	relative	
increase	of	the	Jsc	instead	of	the	Jsc,sr.		

The	 EQE	 spectra	 of	 the	 cell	 with	 and	 without	 the	 different	 back	 reflectors	 is	

shown	in	Figure	7.7b.	The	effect	of	the	hot	mirror	compared	to	the	cell	without	reflector	

can	nicely	be	observed	in	the	higher	response	of	the	cell	in	the	NIR	region	(750‐900	nm).	

For	the	hot	mirror	the	increase	of	the	integrated	photocurrents	(12%)	match	well	with	

the	increase	determined	from	the	 J–V	measurements	(14%).	For	the	full	back	reflector	

the	response	increases	over	the	whole	spectrum,	as	can	be	expected.	It	should	however	

be	noted	that	in	this	case	the	increase	of	the	integrated	photocurrent	(22%),	compared	

to	the	increase	derived	from	the	J–V	measurements	(30%)	does	not	match	very	well.	In	

fact,	the	response	in	the	NIR	region	is	expected	to	be	as	high	for	the	full	reflector	as	for	

the	hot	mirror,	which	is	not	the	case.	This	is	most	likely	due	to	a	measurement	error	of	

the	 EQE	 or	 this	 is	 due	 to	 degradation	 of	 the	 device,	 since	 the	 experiments	 were	

performed	successively.	

7.3	Conclusions	

Using	 the	 PH1000/AgNWs/Zonyl	 mixture,	 efficient	 semitransparent	 solar	 cells	

can	 be	 fabricated	 by	 solution	 processing	 of	 merely	 three	 layers	 without	 the	 need	 of	

annealing	 the	 transparent	 top	 contact.	 The	 composite	 electrode	 acts	 as	 a	 selective	

contact	 for	 holes	 and	 has	 good	 transparency	 with	 minimal	 haze	 and	 low	 sheet	

resistance,	 leading	 to	good	open‐circuit	 voltage	and	 fill	 factor	 in	 the	device.	The	 small	

bandgap	polymer	used	in	the	active	layer	gives	semitransparent	devices	with	an	average	

visible	 transmittance	 of	 47%	 and	 a	 PCE	 of	 up	 to	 3.79%	 which	 is	 ~70%	 of	 the	

performance	 compared	 to	 the	 opaque	 reference	 device.	 This	 demonstrates	 the	

straightforward	 use	 of	 the	 solution	 processable	 composite	 electrode	 to	 fabricate	 an	

excellent	 transparent	 top	 electrode	 for	 efficient	 semitransparent	 solar	 cells.	 The	 small	

number	 of	 processing	 steps	 can	 be	 beneficial	 for	 future	 large	 scale	 production.	

Furthermore,	 it	 has	 been	 shown	 that	 the	 use	 of	 a	 hot	 mirror	 can	 easily	 increase	 the	
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performance	 by	 ~12%	 without	 significantly	 altering	 the	 visible	 transmittance	 of	 the	

device,	owing	to	the	selective	back	reflection	of	NIR	light	into	the	active	layer.	

7.4	Experimental	

The	 PH1000/AgNWs/Zonyl	 dispersion	 for	 the	 transparent	 electrode	was	 prepared	 by	

mixing	 a	 4	 wt%	 Zonyl®	 FS‐300	 (Sigma‐Aldrich)	 solution	 in	 water	 to	 fresh	 Clevios™	 PH1000	

(Haraeus)	in	a	1:10	volume	ratio.	This	solution	was	then	mixed	in	a	1:1	volume	ratio	with	a	10	

mg	mL‐1	AgNWs	dispersion	 in	 ethanol	 (Blue	Nano,	 SLV‐NW‐35).	 The	 resulting	dispersion	was	

thoroughly	mixed	before	use.	

UV/vis/NIR	 spectroscopy	 was	 conducted	 on	 a	 Perkin	 Elmer	 Lambda	 900	

spectrophotometer	using	an	integrating	sphere	detector.	All	samples	were	measured	against	air	

as	a	reference.	The	total	transmission	(Ttot)	was	measured	by	placing	the	sample	in	front	of	the	

aperture	of	the	integrating	sphere.	For	the	direct	transmission	(Tdir),	 the	sample	was	placed	in	

the	 sample	 chamber	 approx.	 50	 cm	 from	 the	 detector,	 effectively	 measuring	 only	 the	

transmittance	with	deflection	angle	<	2.5°.		

Photovoltaic	 devices	were	 fabricated	 by	 spin	 coating	 a	 ZnO	 sol‐gel	 precursor	 solution	

(0.5	 M	 zinc	 acetate	 dihydrate	 and	 0.5	 M	 ethanolamine	 in	 2‐methoxyethanol)	 on	 pre‐cleaned,	

patterned	indium	tin	oxide	(ITO)	glass	substrates	(Naranjo	Substrates)	and	annealing	them	for	5	

min.	at	150	°C.	The	active	layer	was	spin	coated	from	a	chloroform	solution	containing	4	mg	mL‐1	

PDPP3T	 (synthesized	 according	 to	 ref.	 23),	 8	mg	mL‐1	 [60]PCBM	 (99%	 Solenne	 BV),	 and	 7.5	

vol%	 o‐dichlorobenzene	 as	 additive.	 For	 the	 semitransparent	 devices,	 the	

PH1000/AgNWs/Zonyl	 dispersion	 was	 spincoated	 at	 2000	 rpm	 for	 2	 minutes	 on	 top	 of	 the	

active	 layer,	 forming	a	 layer	of	~100	nm	thickness.	The	 individual	cells	on	 the	substrate	were	

electrically	 separated	 by	 scratching	 the	 top	 electrode	with	 a	 blade.	 For	 the	 opaque	 reference	

device,	a	PH1000/Zonyl	mixture	was	spincoated	on	top	of	the	active	layer	and	a	100	nm	silver	

back	electrode	was	thermally	evaporated	in	high	vacuum	(~3	×	10‐7	mbar).	The	thickness	of	the	

layers	were	determined	on	a	Veeco	Dektak150	profilometer.	

J–V	characteristics	were	measured	with	a	Keithley	2400	source	meter	under	~100	mW	

cm‐2	white	light	illumination	from	a	tungsten‐halogen	lamp	filtered	by	a	Schott	GG385	UV	filter	

and	a	Hoya	LB120	daylight	filter.	The	cells	were	measured	on	top	of	a	shadow	mask	to	define	the	

cell	 area.	 Short‐circuit	 currents	 under	 AM1.5G	 conditions	 were	 estimated	 by	 convoluting	 the	

spectral	 response	with	 the	 solar	 spectrum.	 Spectral	 response	measurements	were	 conducted	

under	1	sun	operating	conditions	by	using	a	532	nm	solid	state	laser	(Edmund	Optics)	for	bias	

illumination.	The	device	was	kept	in	a	nitrogen	filled	box	behind	a	quartz	window	and	irradiated	

with	modulated	monochromatic	 light,	 from	 a	 50	W	 tungsten‐halogen	 lamp	 (Philips	 focusline)	

and	 monochromator	 (Oriel,	 Cornerstone	 130)	 with	 the	 use	 of	 a	 mechanical	 chopper.	 The	

response	 was	 recorded	 as	 a	 voltage	 from	 a	 preamplifier	 (Stanford	 research	 Systems	 SR570)	

using	 a	 lock‐in	 amplifier	 (SR830).	 A	 calibrated	 silicon	 cell	 was	 used	 as	 reference.	 For	 the	

measurements	with	the	reflectors	a	TechSpec	Hot	Mirror	(0	Degree	AOI,	Edmund	Optics)	and	an	

in‐house	build	back	reflector	(100	nm	silver	insulated	with	200	nm	LiF	on	glass)	were	used.	The	
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back	reflector	or	hot	mirror	were	simply	placed	on	top	of	the	semitransparent	device	during	J–V	

and	EQE	measurements.	

Optical	modelling	was	performed	with	Fluxim	Setfos	3.4	software	using	n	and	k	optical	

constants	of	the	materials	in	the	stack	and	the	matrix	transfer	formalism	in	order	to	determine	

the	absorption	profile	of	the	active	layer	within	the	devices	and	calculate	the	internal	quantum	

efficiencies	thereof.	

SKPM	 images	 were	 recorded	 in	 a	 glove	 box	 under	 N2	 atmosphere	 with	 a	 Veeco	

Instruments	 MultiMode	 AFM	with	 Nanoscope	 IV	 controller,	 operating	 in	 lift	 mode	 with	 a	 lift	

height	 of	 50	 nm.	 Au‐coated	 silicon	 tips	 from	 MikroMasch	 were	 employed.	 During	 surface	

potential	measurements	 the	 sample	was	 grounded.	An	Au	 substrate	was	used	 as	 reference	 to	

monitor	any	tip	wear	after	multiple	measurements.	The	samples	were	prepared	on	ITO	covered	

substrates.	The	bottom	side	of	the	electrode	was	measured	by	floating	the	transparent	electrode	

of	a	[60]PCBM	layer	and	depositing	it	upside	down	on	an	ITO	substrate.	The	measurements	were	

carried	out	at	room	temperature.	TEM	was	performed	on	a	Tecnai	G2	Sphera	TEM	(FEI)	operated	

at	20	kV.	SEM	was	performed	on	a	FEI	Quanta	3D	FEG.	
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Summary		
Diketopyrrolopyrrole	polymers	for	efficient	organic	solar	cells	

Organic	 photovoltaics	 provide	 an	 interesting	 and	 promising	 addition	 to	

established	 thin	 film	 solar	 cell	 technologies.	 Especially	 polymer‐fullerene	 bulk	

heterojunctions	 have	 received	 significant	 attention	 in	 recent	 years.	 Their	 operation	

relies	on	the	combination	of	a	strong	light	absorbing	semi‐conducting	polymer	that	acts	

as	 electron	donor	 and	 a	 fullerene	derivative	 as	 an	 electron	 acceptor.	When	 intimately	

blended,	this	provides	an	electrical	driving	force	for	the	generation	of	charges	and	hence	

gives	 rise	 to	 a	 photovoltaic	 effect.	 One	 of	 the	 successful	 building	 blocks	 for	 polymers	

with	 high	 efficiencies	 is	 diketopyrrolopyrrole	 (DPP).	 This	 electron	 deficient	 moiety	

allows	 for	 the	 facile	 synthesis	 of	 high	 performing	 polymers	 when	 combined	 with	

electron	 rich	 donors	 such	 as	 thiophenes,	 phenylenes	 etc.	 Although	 structure‐property	

relations	 for	 these	 materials	 are	 quite	 well	 understood,	 there	 is	 still	 room	 for	

improvement	of	their	performance.	

When	designing,	synthesizing,	and	processing	DPP	polymers	 in	efficient	organic	

photovoltaics	several	important	aspects	have	to	be	taken	into	consideration:	(i)	There	is	

an	intricate	relation	between	the	optical	bandgap	of	the	polymer	and	the	performance	of	

the	 cell	 due	 to	 a	 trade‐off	 between	 the	 open‐circuit	 voltage	 (Voc)	 and	 short‐circuit	

current	density	(Jsc).	To	be	more	precise,	the	energy	levels	of	the	highest	occupied	and	

lowest	 unoccupied	 molecular	 orbital	 (HOMO	 and	 LUMO)	 of	 the	 polymer	 and	 of	 the	

fullerene	 determine	 the	 onset	 for	 the	 absorption	 of	 sunlight,	 and	 their	mutual	 energy	

differences	 determine	 the	 energy	 loss.	 This	 is	 the	 difference	 in	 energy	 required	 to	

convert	the	photon	energy	into	potential	energy.	Being	able	to	tune	these	energy	levels	

is	 therefore	 an	 essential	 requirement	 for	 the	 development	 of	 new	 high	 performance	

polymers.	(ii)	The	morphology	of	the	bulk	heterojunction	determines	to	a	great	extend	

the	performance	of	the	device	and	is	very	dependent	on	the	processing	conditions,	the	

tendency	 of	 the	 polymer	 to	 aggregate,	 and	 the	 overall	 solubility	 of	 the	 polymer.	 This	

requires	 that	 every	 material	 combination	 needs	 to	 be	 carefully	 optimized	 (iii)	 The	

optical	properties	of	the	total	device	stack	determine	how	much	light	can	be	absorbed	in	

the	active	layer	and	hence	determine	the	maximum	attainable	Jsc.	Optical	modeling	can	

aid	in	determining	the	optimal	device	configuration.	

In	order	to	control	the	energy	levels	of	a	polymer	without	altering	its	processing	

conditions,	 the	 use	 of	 alkyl	 to	 alkoxy	 side	 chain	 substitution	 is	 investigated.	 Both	

polymers	 display	 a	 distinctly	 different	 optical	 bandgap	 but	 have	 similar	 power	
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conversion	 efficiencies	 (PCE)	 in	 photovoltaic	 devices	 due	 to	 the	 trade‐off	 between	Voc	

and	Jsc.	

Control	over	the	energy	levels	can	be	refined	with	the	use	of	a	terpolymer	design	

strategy	 that	 combines	 multiple	 electron	 rich	 donors	 with	 DPP	 as	 electron	 deficient	

moiety	in	a	regular	alternating	fashion.	The	resulting	terpolymer	displays	the	averaged	

electrical	and	optical	properties	of	the	two	parent	copolymers	and	has	a	very	high	PCE	

of	 up	 to	 8%.	 This	 is	 attributed	 to	 the	 precise	 energy	 alignment	 with	 the	 fullerene	

acceptor,	 resulting	 in	 a	 minimal	 energy	 loss	 while	 retaining	 a	 high	 photo	 response.	

Additionally,	the	high	molecular	weight	of	the	polymer	gives	rise	to	a	good	morphology	

of	 the	 active	 layer	 and	 hence	 a	 high	 PCE.	 The	 improved	 synthetic	 procedure	 for	 the	

polymerization	reaction	could	also	enhance	the	molecular	weights	of	the	corresponding	

copolymers,	resulting	in	PCEs	of	>7%.	

The	 terpolymer	 design	 strategy	 is	 further	 investigated	 with	 a	 study	 on	 the	

influence	of	the	chemical	composition	of	terpolymers	on	the	energy	levels	and	resulting	

photovoltaic	 performance.	 Two	 isomeric	 terpolymers	 have	 been	 compared	 that	 are	

composed	 of	 DPP	 and	 thienopyrrolodione	 (TPD)	 as	 electron	 deficient	 acceptors	

alternating	in	a	random	or	regular	fashion	with	bithiophene	(2T)	as	electron	rich	donor.	

The	random	variant	shows	a	broadened	absorption	spectrum	compared	to	the	regular	

variant,	with	a	smaller	optical	bandgap.	This	originates	from	pure	regions	of	TPD2T	and	

DPP2T	in	the	polymer	chain.	The	DPP2T	rich	sections	also	determine	to	a	large	extend	

the	electrical	properties	of	this	terpolymer,	therefore	the	random	terpolymer	has	a	deep	

LUMO	energy	level	compared	to	the	regular	isomer.	This	results	in	an	insufficiently	large	

energy	 difference	 with	 the	 LUMO	 energy	 level	 of	 the	 fullerene	 to	 efficiently	 separate	

primary	photoexcitations	into	free	charges.	Photovoltaic	devices	have	therefore	a	PCE	of	

merely	1%	for	the	random	terpolymer,	while	a	more	favorable	5.3%	is	obtained	for	the	

regular	 variant.	 It	 demonstrates	 that	 when	 designing	 terpolymers	 it	 is	 important	 to	

consider	the	electronic	nature	of	all	segments	that	can	be	formed.		

Related	 to	 this,	 it	 is	 found	 that	 suboptimal	 polymerization	 conditions	 of	

conventional	AB	type	DPP	copolymers	can	lead	to	chemical	defects	in	the	polymer	chain	

that	are	similar	in	nature	as	the	DPP2T	sections	in	the	random	terpolymer.	These	intra‐

chain	defects	can	be	commonly	found	in	DPP	copolymers	that	use	the	T‐DPP‐T	monomer	

in	the	polymerization	reaction	and	can	easily	be	identified	with	the	appearance	of	a	low	

energy	 shoulder	 in	 the	 absorption	 spectra.	 A	 relative	 small	 amount	 of	 these	 defects	

(~5%)	 can	 significantly	 lower	 the	 photovoltaic	 performance	 (>25%	 reduction)	 of	 the	

polymer	due	to	localization	of	the	LUMO	with	low	energy.		

The	 use	 of	 strong	 pyrrole	 based	 donors	 in	 combination	 with	 heteroatom	

substitution	on	 the	DPP	core	can	be	used	 to	synthesize	ultra‐small	bandgap	polymers.	
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Increasing	 the	donor	strength	primarily	 raises	 the	HOMO	energy	 level,	 and	as	a	 result	

the	bandgap	can	be	decreased	from	1.34	to	1.13	eV.	Owing	to	a	good	LUMO	energy	offset	

to	the	fullerene	and	a	good	morphology,	high	external	quantum	efficiencies	in	the	near	

infrared	region	are	obtained,	showing	50%	at	1000	nm	and	extending	up	to	1200	nm.	

Improving	 the	optical	 profile	 in	 the	 active	 layer	by	 applying	a	 retro‐reflective	 foil	 and	

using	an	 inverted	device	 architecture	 to	maximize	 light	 absorption	gives	 a	 Jsc	 of	up	 to	

23.0	 mA	 cm‐2	 with	 a	 PCE	 of	 5.3%.	 These	 materials	 are	 excellent	 candidates	 for	

application	in	multi‐junction	devices	and	organic	photodetectors.	

Next	 to	opaque	cells,	 the	broader	application	of	DPP	polymers	 is	demonstrated	

with	 the	 fabrication	 of	 efficient	 semitransparent	 solar	 cells.	 A	 novel	 composite	

transparent	 top	 contact	 is	 fabricated	 using	 a	 single	 solution	 processing	 step.	 The	

composition	 of	 this	 contact	 consists	 of	 high	 conductivity	 PEDOT:PSS	 mixed	 with	 a	

dispersion	 of	 silver	 nanowires.	 It	 does	 not	 require	 any	 thermal	 annealing	 after	

deposition	and	acts	both	as	an	efficient	HTL	and	top	electrode	with	a	good	combination	

of	 optical	 transparency	 and	 sheet	 resistance.	 The	 near	 infrared	 response	 of	 the	 DPP	

polymer	that	is	used	in	the	active	layer	yields	semitransparent	devices	with	an	efficiency	

of	 up	 to	 3.7%	 and	 an	 average	 visible	 transmittance	 of	 47%.	 This	 is	 ~70%	 of	 the	

performance	 compared	 to	 the	 opaque	 reference	 device.	 Applying	 a	 ‘hot‐mirror’	 to	

selective	back	reflect	the	near	infrared	light,	easily	enhances	the	Jsc	by	14%	without	the	

loss	of	visible	transparency.	

In	conclusion,	the	research	described	in	this	thesis	has	led	to	a	collection	of	new	

DPP	 polymers	 that	 display	 high	 efficiencies	 when	 applied	 in	 opaque	 and	

semitransparent	 photovoltaic	 devices.	 They	 show	 a	 high	 photoresponse	 in	 the	 near	

infrared	 region,	 some	 of	 which	 beyond	 1000	 nm.	 These	 studies	 have	 furthermore	

resulted	in	a	deeper	understanding	on	the	role	of	energy	levels,	molecular	weight,	and	

intra‐chain	defects	in	DPP	co‐	and	terpolymers.	
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Samenvatting	
Diketopyrrolopyrrole	polymeren	voor	efficiënte	organische	

zonnecellen	

Organische	 fotovoltaïsche	 cellen	 zijn	 een	 interessante	 en	 veelbelovende	

toevoeging	 aan	 huidige	 dunne‐film	 zonneceltechnologieën.	 Met	 name	 polymeer‐

fullereen	bulkheterojuncties	hebben	veel	aandacht	gekregen	in	de	afgelopen	jaren.	Hun	

werking	 is	 gebaseerd	 op	 de	 combinatie	 van	 een	 sterk	 lichtabsorberend	 halfgeleidend	

polymeer	dat	optreedt	als	elektrondonor	en	een	fullereenderivaat	als	elektronacceptor.	

Wanneer	deze	twee	materialen	intiem	met	elkaar	worden	gemengd	in	een	actieve	laag,	

ontstaat	 er	 bij	 belichting	 een	 elektrische	 drijvende	 kracht	 voor	 de	 generatie	 van	 vrije	

ladingen	 wat	 resulteert	 in	 een	 fotovoltaïsch	 effect.	 Een	 van	 de	 meest	 succesvolle	

bouwstenen	 voor	 polymeren	 met	 een	 hoge	 efficiëntie	 is	 diketopyrrolopyrrool	 (DPP).	

Deze	elektronarme	groep	kan	op	simpele	wijze	gecombineerd	worden	met	elektronrijke	

groepen	 zoals	 thiofenen,	 fenylenen,	 etc.	 om	 hoogpresterende	 polymeren	 te	

synthetiseren.	 Alhoewel	 structuur‐eigenschap	 relaties	 voor	 deze	 materialen	 vrij	 goed	

bekend	zijn	is	er	nog	steeds	ruimte	voor	verbetering	van	hun	efficiëntie	in	zonnecellen.	

Er	 zijn	 een	 aantal	 belangrijke	 overwegingen	 die	 gemaakt	moeten	worden	 voor	

het	ontwerp,	de	synthese	en	de	toepassing	van	DPP	polymeren	in	efficiënte	organische	

zonnecellen:	 (i)	 Er	 is	 een	 intrinsieke	 relatie	 tussen	 de	 optische	 bandafstand	 van	 het	

polymeer	 en	 de	 prestatie	 van	 de	 zonnecel	 door	 een	 wisselwerking	 tussen	 de	

openklemspanning	 (Voc)	 en	 kortsluitstroomdichtheid	 (Jsc).	 Om	 precies	 te	 zijn,	 de	

energieniveaus	van	het	hoogst	bezette	en	laagst	onbezette	moleculaire	orbitaal	(HOMO	

en	LUMO)	van	het	polymeer	en	de	 fullereen	bepalen	de	absorptie	van	zonlicht	en	hun	

onderlinge	 verhoudingen	 bepalen	 het	 energieverlies.	 Dit	 is	 het	 verlies	 in	 energie	 dat	

nodig	 is	 om	 de	 fotonenergie	 om	 te	 zetten	 in	 elektrische	 potentiaal.	 Het	 kunnen	

aanpassen	 van	 deze	 energieniveaus	 is	 daarom	 een	 belangrijke	 vereiste	 voor	 de	

ontwikkeling	van	nieuwe	polymeren.	(ii)	De	precieze	menging	(morfologie)	van	de	bulk	

heterojunctie	 bepaald	 voor	 een	 groot	 gedeelte	 de	 prestatie	 van	 de	 cel	 en	 is	 zeer	

afhankelijk	van	de	fabricagecondities,	de	neiging	van	het	polymeer	om	te	aggregeren	en	

de	 oplosbaarheid	 van	 het	 polymeer.	 Daarom	 moet	 iedere	 materiaalcombinatie	

nauwkeurig	worden	geoptimaliseerd.	 (iii)	De	optische	eigenschappen	van	alle	 lagen	 in	

de	zonnecel	bepalen	hoeveel	licht	er	door	de	actieve	laag	geabsorbeerd	kan	worden	en	

bepalen	 daarom	 ook	 de	 hoogst	 haalbare	 Jsc.	 Optische	 modellering	 kan	 helpen	 om	 de	

meest	optimale	celconfiguratie	te	bepalen.	
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Om	 de	 energieniveaus	 van	 een	 polymeer	 aan	 te	 passen	 zonder	 de	

fabricagecondities	 te	 beïnvloeden,	 is	 de	 vervanging	 van	 alkyl	 door	 alkoxy	 zijstaarten	

onderzocht.	 De	 resulterende	 polymeren	 hebben	 zeer	 verschillende	 optische	

bandafstanden	 maar	 geven	 dezelfde	 efficiëntie	 in	 zonnecellen	 door	 de	 wisselwerking	

tussen	Voc	en	Jsc.	

Verfijnde	 controle	 over	 de	 energieniveaus	 kan	 worden	 bereikt	 door	 een	

terpolymeerstrategie	 te	 gebruiken	 waarbij	 meerdere	 elektronrijke	 groepen	 op	 een	

regelmatig	 alternerende	 manier	 gecombineerd	 worden	 met	 DPP.	 Het	 resulterende	

terpolymeer	 heeft	 de	 gemiddelde	 elektrische	 en	 optische	 eigenschappen	 van	 de	 twee	

originele	 copolymeren	 en	 geeft	 een	 zeer	 hoge	 efficiëntie	 van	 8%.	 Dit	 wordt	

toegeschreven	aan	de	precieze	uitlijning	tussen	de	energieniveaus	van	het	terpolymeer	

en	 de	 fullereenacceptor.	 Dit	 resulteert	 in	 een	 minimaal	 energieverlies	 terwijl	 de	

fotorespons	hoog	blijft.	Daarnaast	zorgt	het	hoge	moleculaire	gewicht	van	het	polymeer	

voor	een	goede	morfologie	van	de	actieve	laag	en	daardoor	ook	de	hoge	efficiëntie.	De	

verbeterde	 synthetische	 procedure	 die	 dit	 mogelijk	 heeft	 gemaakt	 kan	 ook	 toegepast	

worden	op	de	gerelateerde	copolymeren,	wat	resulteert	in	een	efficiëntie	van	>	7%	voor	

deze	materialen.	

De	terpolymeerstrategie	is	verder	onderzocht	met	een	studie	naar	de	invloed	van	

de	 chemische	 samenstelling	 van	 terpolymeren	 op	 de	 energieniveaus	 en	 hun	

fotovoltaïsche	 efficiëntie.	 Twee	 isomere	 terpolymeren	 zijn	 vergeleken	 die	 opgebouwd	

zijn	uit	DPP	en	 thienopyrrolodion	 (TPD)	als	 elektronarme	groepen	alternerend	 in	een	

regelmatige	 of	 willekeurige	 wijze	 met	 bithiofeen	 (2T)	 als	 elektronrijke	 groep.	 Het	

willekeurig	 alternerend	 terpolymeer	 heeft	 een	 verbreed	 absorptiespectrum	 in	

vergelijking	met	de	 regelmatig	 alternerende	 variant.	Dit	wordt	 veroorzaakt	 door	pure	

TPD2T	en	DPP2T	segmenten	in	de	polymeerketen.	De	DPP2T	ketensegmenten	bepalen	

ook	 voor	 een	 groot	 gedeelte	 de	 elektronische	 eigenschappen	 van	 dit	 terpolymer.	

Daardoor	heeft	de	willekeurige	variant	een	dieper	LUMO	energieniveau	vergeleken	met	

het	afwisselend	alternerende	isomeer,	welk	een	onvoldoende	energieverschil	heeft	met	

het	LUMO	energieniveau	van	de	fullereen	om	fotoexcitaties	te	splitsen	in	vrije	ladingen.	

Zonnecellen	 gemaakt	met	 het	willekeurig	 alternerende	 terpolymeer	 hebben	 daardoor	

een	 efficiëntie	 van	 slechts	 1%	 terwijl	 het	 regelmatig	 alternerend	 terpolymeer	 5.3%	

behaalt.	Het	 laat	 zien	dat	 tijdens	het	ontwerp	van	 terpolymeren,	het	van	belang	 is	om	

rekening	te	houden	met	het	elektronische	karakter	van	elk	ketensegment	dat	gevormd	

kan	worden.	

Hieraan	gerelateerd	is	ontdekt	dat	suboptimale	reactiecondities	voor	de	synthese	

van	 conventionele	 DPP	 copolymeren	 kunnen	 leiden	 tot	 chemische	 defecten	 in	 de	

polymeerketen	 die	 van	 gelijke	 aard	 zijn	 als	 de	 DPP2T	 segmenten	 in	 het	 willekeurig	
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alternerend	 terpolymer.	 Deze	 intra‐ketendefecten	 worden	 regelmatig	 aangetroffen	 in	

DPP	 copolymeren	 die	 gebruik	 maken	 van	 het	 T‐DPP‐T	 monomeer	 in	 de	

polymerisatiereactie	 en	 kunnen	 eenvoudig	 herkend	 worden	 aan	 een	 lage‐energie	

schouder	 in	 het	 absorptiespectrum.	 Een	 relatief	 kleine	 hoeveelheid	 van	 deze	 defecten	

(~5%)	 kan	 de	 efficiëntie	 van	 het	 polymeer	 significant	 verminderen	 (>25%	 verlaging)	

door	lokalisatie	van	de	LUMO	met	een	lage	energie.	

	Het	gebruikt	van	sterke	pyrrool‐gebaseerde	donoren	in	combinatie	met	hetero‐

atoomsubstitutie	aan	de	DPP	kern	kan	worden	gebruikt	om	polymeren	te	synthetiseren	

met	 een	 ultrakleine	 bandafstand.	 Het	 verhogen	 van	 de	 donorsterkte	 verhoogt	

voornamelijk	het	HOMO	energieniveau	waardoor	de	optische	bandafstand	kan	worden	

verkleind	 van	 1.34	 naar	 1.13	 eV.	 Doordat	 er	 voldoende	 energieverschil	 is	 tussen	 de	

LUMO	 van	 het	 polymeer	 en	 de	 LUMO	 van	 de	 fullereen	 en	 er	 een	 goede	 morfologie	

aanwezig	 is	 in	 de	 actieve	 laag,	 kan	 er	 hoge	 kwantumefficiëntie	 in	 het	 nabij‐infrarood	

worden	 behaald	 van	 50%	bij	 1000	 nm,	 reikend	 tot	 1200	 nm.	Het	 verbeteren	 van	 het	

optische	profiel	 in	de	actieve	laag	door	gebruik	te	maken	van	een	retroreflectieve	folie	

en	 gebruik	 te	 maken	 van	 een	 geïnverteerde	 celstructuur	 om	 lichtabsorptie	 te	

maximaliseren	resulteert	in	een	Jsc	tot	23.0	mA	cm‐2	met	een	efficiëntie	van	5.3%.	Deze	

polymeren	 zijn	 hierdoor	 geschikte	 kandidaten	 voor	 multi‐junctiezonnecellen	 en	

organische	fotodetectors.	

De	bredere	toepassing	van	DPP	polymeren	is	gedemonstreerd	met	het	maken	van	

efficiënte	semitransparante	zonnecellen.	Een	nieuwe	composiet	transparante	elektrode	

is	ontwikkeld	die	gefabriceerd	wordt	met	één	enkele	printstap.	De	samenstelling	van	dit	

contact	 bestaat	 uit	 een	 hoog	 geleidend	 polymeer	 (PEDOT:PSS)	 vermengd	 met	 een	

dispersie	 van	 zilveren	 nanodraadjes.	 Het	 nieuwe	 contact	 vereist	 geen	 thermische	

behandeling	na	depositie	 en	werkt	 zowel	 als	 een	 efficiënte	 gatentransportlaag	 als	 een	

topelektrode	met	een	uitstekende	combinatie	van	transparantie	en	vierkantsweerstand.	

De	nabij‐infrarood	respons	van	het	DPP	polymeer	dat	gebruikt	wordt	in	de	actieve	laag	

geeft	 semitransparante	 cellen	 met	 een	 efficiëntie	 tot	 3.7%	 en	 een	 gemiddelde	

transparantie	van	47%	in	het	zichtbare	deel	van	het	zonspectrum.	Dit	 is	~70%	van	de	

efficiëntie	vergeleken	met	een	ondoorzichtige	 referentie	 cel.	Wanneer	een	 ‘hot	mirror’	

wordt	gebruikt	om	selectief	het	nabij‐infrarood	licht	weer	terug	te	kaatsen	in	de	cel,	kan	

de	Jsc	worden	verhoogd	met	14%	zonder	het	verlies	van	transparantie.	

In	 conclusie	 heeft	 het	 onderzoek	 beschreven	 in	 dit	 proefschrift	 geleid	 tot	 een	

collectie	 nieuwe	 DPP	 polymeren	 die	 hoge	 efficiëntie	 geven	 in	 ondoorzichtige	 en	

semitransparante	zonnecellen.	Ze	laten	een	hoge	fotorespons	zien	in	het	nabij‐infrarood,	

sommigen	verder	dan	1000	nm.	De	studie	heeft	daarnaast	geleid	tot	een	dieper	begrip	
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over	de	rol	van	energieniveaus,	moleculair	gewicht	en	intra‐ketendefecten	in	DPP	co‐	en	

terpolymeren.	
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niets	anders	dan	ontzettend	dankbaar	voor	zijn.	Het	heeft	me	zoveel	geleerd	en	ik	voel	

dat	 ik	als	persoon	gegroeid	ben,	niet	 te	vergeten	dat	 ik	Alice	ontmoet	heb!	Zonder	 jou	

was	dit	allemaal	nooit	gebeurd,	mijn	dank	is	groot.	Ik	hoop	dat	we	in	de	toekomst	onze	

krachten	 nog	 eens	 ouderwets	 kunnen	 bundelen	 en	 de	 rest	 kunnen	 laten	 zien	 hoe	 het	

moet:	Zoe	môt	det!	Stiekem	hoop	 ik	ook	dat	 ik	die	bak	bier	nog	van	 je	ga	krijgen.	Ook	

mijn	 ouders,	 Sam	en	Cielke	wil	 ik	 graag	bedanken.	Ondanks	dat	 ik	 af	 en	 toe	wel	 eens	

afwezig	kan	zijn	en	niets	van	me	laat	horen,	is	jullie	onvoorwaardelijke	steun	ontzettend	

belangrijk	voor	mij.	Ik	ben	dan	ook	blij	dat	ik	altijd	op	jullie	kan	vertrouwen.	

Cara	 Alice.	 Come	 sai,	 di	 solito	 non	 sono	 molto	 bravo	 con	 le	 parole	 ma	 queste	

ultime	 sono	 apposta	 per	 te.	 L’inizio	 della	 nostra	 relazione	 è	 stata…	 interessante	 a	 dir	

poco,	ma	ora	sono	molto	felice	che	siamo	insieme.	La	passione	che	condividiamo	per	la	

cucina	non	è	 seconda	a	nessuno	e	vorrei	 tenere	 la	nostra	 cucina	24/7	aperta	a	 tempo	

indefinito.	La	tua	opinione	decisa	e	 la	 tua	abilità	di	 farmi	rigare	dritto	ogni	volta	che	è	

necessario	è	esattamente	ciò	di	cui	ho	bisogno	per	tornare	coi	piedi	per	terra	(o	alzarmi	

dal	 letto).	 La	 tua	 disciplina	 e	 abilità	 organizzativa	 sono	 qualità	 che	 mi	 posso	 solo	

sognare.	Con	te	mi	sento	in	equilibrio,	mi	sento	completo.	Ti	ringrazio	per	tutto	l’aiuto	e	

il	sostegno	durante	quest’ultimo	anno	e	non	vedo	l’ora	di	vivere	tutte	le	avventure	che	

ancora	devono	accadere.	Ti	amo.	

	

	

	 	

	

	


