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1. Electron	Diffraction	Dosage	Series	of	P3HT:F4TCNQ		

Figure	S1	displays	normalized	radial	profiles	of	electron	diffraction	patterns	of	pristine	P3HT	
and	 P3HT:F4TNCQ,	 recorded	with	 different	 electron	 dosages	 (defined	 by	 the	 illumination	
time).	For	all	measurements,	the	samples	were	cooled	with	liquid	nitrogen.	The	position	of	
the	diffraction	peak	at	0.380	that	represents	the	π-π	spacing	does	not	change	for	pristine	
P3HT	for	varying	illumination	times,	shown	for	200	ms	and	2000	ms.	However,	for	F4TCNQ-
doped	 P3HT,	 a	 clear	 signature	 of	 two	 peaks	 is	 visible	 for	 short	 illumination	 times,	
reproducing	the	results	of	studies	performed	with	X-ray	diffraction.1–6	This	signature	can	be	
observed	with	both	 sequential	deposition	of	 the	dopant	 from	acetonitrile	 (seq-s)	 and	 the	
mixed	doping	 technique	 (mix),	where	P3HT	and	F4TCNQ	solutions	are	mixed	prior	 to	 spin	
coating.	 For	 higher	 dosages,	 the	 double-peak	 structure	 gradually	 decreases,	 which	 could	
explain	why	previous	studies	with	electron	diffraction	at	room	temperature	did	not	or	only	
slightly	observe	it.7,8	In	contrast	to	P3HT:F4TNCQ,	doping	of	P3HT	with	Mo(tfd-CO2Me)3	does	
not	result	in	two	distinct	peaks	(see	Figure	S2).	

	

Figure	 S1.	 Normalized	 radial	 profiles	 of	 electron	 diffraction	 patterns	 of	 (liquid	 nitrogen-cooled)	 undoped	 P3HT	 and	
P3HT:F4TCNQ	thin	films.	The	profiles	were	shifted	in	y-direction	for	clarity.	The	illumination	time	corresponding	linearly	to	the	
electron	dosage	 is	given	 in	milliseconds.	P3:	P3HT,	F4:	F4TCNQ,	seq-s:	 sequential	doping	 from	acetonitrile	solution,	mix:	host	
and	dopant	solutions	are	mixed	prior	to	spin	coating.	
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2. Electron	Diffraction	Dosage	Series	of	P3HT:Mo(tfd-CO2Me)3	

Figure	S2	displays	normalized	radial	profiles	of	electron	diffraction	patterns	of	pristine	P3HT	
and	 P3HT:Mo(tfd-CO2Me)3,	 recorded	 with	 different	 electron	 dosages	 (defined	 by	 the	
illumination	time).	For	all	measurements,	the	samples	were	cooled	with	 liquid	nitrogen.	 It	
can	be	seen	that	in	contrast	to	P3HT:F4TNCQ,	doping	with	Mo(tfd-CO2Me)3	does	not	result	
in	 two	distinct	peaks.	 Instead,	only	one	diffraction	peak	 is	observed,	which	 is	 shifted	 to	a	
larger	d*,	and	hence	a	smaller	π-π	spacing.	The	position	of	this	peak	does	not	change	with	
increasing	electron	dosage,	comparable	with	the	behavior	of	pristine	P3HT.	A	similar	peak	
position	 and	 dosage	 dependence	 is	 observed	 for	 mixed	 doping	 (mix),	 sequential	 doping	
from	 thermal	 evaporation	 of	 the	 dopant	 in	 vacuum	 onto	 a	 P3HT	 thin	 film	 (seq-v),	 and	
sequential	doping	from	acetonitrile	solution	(seq-s).	

	

Figure	 S2.	 Normalized	 radial	 profiles	 of	 electron	 diffraction	 patterns	 of	 (liquid	 nitrogen-cooled)	 undoped	 P3HT	 and	
P3HT:Mo(tfd-CO2Me)3	thin	films.	The	profiles	were	shifted	in	y-direction	for	clarity.	The	illumination	time	corresponding	linearly	
to	 the	 electron	 dosage	 is	 given	 in	 milliseconds.	 P3:	 P3HT,	 Mo:	 Mo(tfd-CO2Me)3,	 seq-s:	 sequential	 doping	 from	 acetonitrile	
solution,	seq-v:	sequential	doping	via	thermal	evaporation	of	the	dopant	in	vacuum	conditions,	mix:	host	and	dopant	solutions	
are	mixed	prior	to	spin	coating.	
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3. Fit	to	low	Dosage	Electron	Diffraction	Profiles	of	P3HT:F4TNCQ	

Figure	S3	shows	radial	profiles	of	electron	diffraction	patterns	of	pristine	regioregular	P3HT	and	
regiorandom	P3HT	(P3HTrra),	which	develops	an	amorphous	microstructure	without	crystallites.	
It	 can	be	 seen	 that	 the	broad	background	underneath	 the	π-π	 spacing	diffraction	peak	 (010)	
around	2.5	nm-1	originates	from	the	amorphous	content	of	the	film.9	To	estimate	the	intensity	
of	 the	 two	 peaks	 that	 are	 observed	 in	 case	 of	 P3HT:F4TNCQ,	 a	 diffraction	 measurement	 of	
P3HTrra	was	used	as	baseline	with	a	scalar	factor	regulating	the	intensity.	

	

Figure	 S3.	 Radial	 profiles	 of	 electron	 diffraction	 patterns	 of	 thin	 films	made	 of	 P3HT	 and	 regiorandom	P3HT	 (P3HTrra).	 The	
samples	were	cooled	with	liquid	nitrogen	during	measurements.	

Figure	 S4	 displays	 fits	 of	 the	 electron	 diffraction	 profiles	 of	 P3HT:F4TNCQ-mix	 and	 –seq-s,	
recorded	with	200	ms	 illumination	time	(compare	Figure	S1),	 in	the	region	of	the	π-π	spacing	
diffraction	peak	between	1.5	nm-1	and	3.5	nm-1.	As	outlined	above,	a	baseline	corresponding	to	
the	amorphous	content	of	 the	P3HT	was	used,	as	well	 as	 two	Lorentzians	 that	 represent	 the	
two	peaks	of	interest.	Figure	S4	reveals	that	the	peak	at	higher	d*	values	is	significantly	more	
pronounced	compared	to	what	could	be	expected	by	inspection	of	the	profile	at	first	sight.	This	
is	caused	by	the	broad	maximum	of	the	baseline	which	is	comparable	in	position	to	this	peak.	
The	fits	were	performed	with	the	software	fityk.10	The	fit	parameters	are	given	in	table	S1.	

Table	S1.	Fit-parameters	of	fits	to	P3HT:F4TNCQ-mix	and	–seq-s	shown	in	Figure	S4.	

	 	 Peak	1	 Peak	2	 	 P3HTrra	

P3HT:F4TNCQ-mix	

height	 133.97	 38.173	

amplitude	 0.254	center	 2.735	 2.522	

hwhm	 0.1019	 0.0590	

P3HT:F4TNCQ-seq-s	

height	 216.97	 59.34	

amplitude	 0.218	center	 2.713	 2.542	

hwhm	 0.0910	 0.0829	
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Figure	 S4.	 Fits	 to	 radial	 profiles	 of	 electron	 diffraction	 patterns	 of	 (liquid	 nitrogen-cooled)	 P3HT:F4TNCQ	 thin	 films.	 seq-s	
describes	 sequential	 doping	 from	 acetonitrile	 solution,	 whereas	mix	 refers	 to	 doping	 where	 host	 and	 dopant	 solutions	 are	
mixed	prior	to	spin	coating.	
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4. Bulk	Structures	of	P3HT	and	Poly-thiophene	

Fig.	S5	shows	the	computed	bulk	structure	of	P3HT	from	side	(upper)	and	top	(lower)	view.	
The	 bulk	 geometry	 is	 calculated	 with	 the	 VASP	 code11,12	 at	 the	 PBE13	 +D3	 dispersion	
correction14,15	 level.	 (More	computational	details	can	be	found	 in	the	article	section:	“DFT	
calculations”.)	The	calculated	parameters	of	the	unit	cell	were:	a=34.6	Å,	b=7.2	Å,	c=7.8	Å,	
α=89.4°,	(angle	between	b	and	c	axis),	β=90.08°,	γ=90.8°.	The	calculated	stacking	distance	of	
the	adjacent	thiophene	backbone	planes	is	3.45	Å.	

	
Figure	S5.	Computed	bulk	structure	of	P3HT.	Top:	View	along	b	axis.	Bottom:	View	along	c	axis.	

	

The	 optimized	 bulk	 structure	 of	 poly-thiophene	 (Figure	 S6	 left)	 has	 an	 approximately	
orthorhombic	 lattice	 with	 P212121	 pace	 group	 symmetry,	 in	 which	 all	 thiophene	 chains	 are	
stacked	along	 the	 same	axis	of	 the	unit	 cell.	 The	planes	of	 the	 thiophene	chains	 in	 the	 same	
layer	are	parallel	to	each	other,	and	the	planes	of	the	adjacent	layers	have	an	angle	of	θ=31°,	
leading	 to	 a	 classical	 herringbone	 structure.16	 The	 calculated	 cell	 parameters	 are:	 a=5.72	 Å,	
b=7.76	Å,	c=6.66	Å,	α=90.2°,	β=90.2°,	γ=90.2°.	The	optimized	poly-thiophene	sheet	 (Figure	S6	
right)	however	maintains	the	π-π	stacking	structure	(d=3.45Å)	that	is	similar	to	the	bulk	P3HT,	
but	 with	 a	 slightly	 different	 registry	 of	 adjacent	 chains,	 as	 shown	 in	 the	 lower	 right	 part	 of	
Figure	S6.	A	vacuum	layer	of	thickness	of	20	Å	was	added	along	the	a	direction.	The	structure	
was	used	to	build	a	set	of	poly-thiophene	dimers	with	shifted	orientation	of	the	rings,	as	used	in	
the	main	text	(Figure	4).	
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Figure	S6.	Left:	computed	structure	of	bulk	poly-thiophene,	from	top	to	bottom	are	views	along	b	and	a	axis,	respectively;	
Right:	computed	structure	of	poly-thiophene	nanoribbon,	from	top	to	bottom	are	views	along	b,	a,	c	axis	respectively.	

	

5. Energy	Decomposition	Analysis	

In	 order	 to	 distinguish	 between	 different	 effects	 such	 as	 electrostatic	 interaction	 or	 charge	
delocalization,	 we	 applied	 the	 energy	 decomposition	 analysis	 (EDA)17,18	 on	 a	 4u	 π-π	 stacked	
poly-thiophene	trimer	system.	The	trimer	is	effectively	considered	as	a	dimer,	where	the	closely	
stacked	 double	 chain	 and	 the	 third	 single	 chain	 are	 considered	 as	 the	 two	 subsystems.	We	
designed	two	different	initial	cationic	states,	by	assigning	the	positive	charge	to	the	single	chain	
subsystem	 (cationic	 state	 I)	or	 the	double	chain	 subsystem	 (cationic	 state	 II),	 respectively.	By	
setting	 up	 an	 antisymmetrized	 and	 normalized	 product	wavefunction	 of	 the	 system,	we	 can	
calculate	the	electrostatic	interaction	energy	(Eelstat)	of	a	cationic	single	chain	to	a	neutral	single	
chain	and	the	results	are	listed	in	Table	S2.	In	our	consideration,	the	exchange	repulsion	effect	
is	included	in	the	energy	term	Eelstat.	The	intermediate	product	wavefunction	is	further	relaxed	
to	 the	 final	 state	 by	 allowing	 the	 monomer	 orbitals	 to	 mix	 with	 each	 other,	 and	 the	
corresponding	interaction	energy	term	is	called	orbital	interaction	energy	(Eorb).	The	final	states	
of	the	two	EDA	setups	are	energetically	 identical,	where	the	cationic	state	 I	has	a	 larger	total	
interaction	energy	compared	to	the	cationic	state	II.	This	means	that	the	first	EDA	setup,	where	
the	positive	charge	is	assign	on	a	single	chain,	leads	to	an	energetically	higher	lying	initial	state,	
therefore	 less	 favorable	 in	 terms	 of	 energy.	 All	 the	 interaction	 energy	 contribution	 terms,	
except	the	“orbital	relaxation”,	are	very	close	to	each	other.		
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Table	 S2.	Decomposition	of	 the	 computed	 interaction	energy	 (in	 kJ/mol)	of	 the	4u	poly-thiophene	 trimer	at	 the	equilibrium	
geometry	of	its	cationic	form.	Cationic	state	I	and	II	are	the	two	different	EDA	initial	state	setups	with	the	positive	charge	on	the	
single	chain	subsystem	(cationic	state	I)	or	the	positive	charge	on	the	double	chain	subsystem	(cationic	state	II).	

	 Cationic	state	I	 Cationic	state	II	

Total	interaction	energy	 –160	 –110	

Electrostatic	interaction	+	Pauli	rep.	 +178	 +175	

Orbital	relaxation	 –120	 –75	

Correlation	interaction	 –79	 –74	

Dispersion	interaction	 –138	 –136	

	

	

6. Charge	Population	of	Large	Model	Systems	Without	Side	Chains	

Figure	S7	shows	how	the	two	positive	charges	populate	polythiophene	tetramers,	where	all	the	
tetramers	adopted	 the	equilibrium	P3HT	bulk	 structure	and	 the	 side	 chains	were	 substituted	
with	 H	 atoms.	 For	 small	 sized	 tetramers,	 i.e.	 4u	 and	 6u	 in	 length,	 the	 two	 positive	 charges	
delocalize	on	the	whole	chain	of	the	upper	and	the	lower	poly-thiophene	dimer,	respectively.	
For	medium	sized	tetramers,	i.e.	8u	and	10u,	the	two	positive	charges	locate	on	the	left	and	the	
right	 part	 of	 the	 upper	 and	 the	 lower	 poly-thiophene	 dimer	 chains,	 respectively.	 This	 also	
verifies	 that	 one	positive	 charge	 is	 satisfied/populated	 in	 a	 4u-5u	 thiophene	dimer.	 For	 even	
larger	 dimers,	 the	 two	 positive	 charges	 delocalize	 on	 the	 left	 and	 the	 right	 part	 of	 poly-
thiophene	tetramer,	respectively.	
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Figure	S7.	Charge	population	in	poly-thiophene	tetramers.	From	top	to	bottom:	two	positive	charges	delocalized	on	6u,	8u,	10u,	
12u	tetramers,	respectively.	
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