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Abstract	

The	control	of	local	order	in	polymer	semiconductors	using	non-covalent	interactions	may	be	used	to	

engineer	 materials	 with	 interesting	 combinations	 of	 mechanical	 and	 optoelectronic	 properties.	 To	

investigate	 the	 possibility	 of	 preparing	 n-type	 polymer	 semiconductors	 in	which	hydrogen	 bonding	

plays	 an	 important	 role	 in	 structural	 order	 and	 stability,	 we	 have	 used	 solution-phase	

polycondensation	 to	 incorporate	 dicyanoperylene	 bisimide	 repeat	 units	 into	 an	 aliphatic	 polyamide	

chain	backbone.	The	morphology	and	thermomechanical	characteristics	of	the	resulting	polyamides,	in	

which	the	aliphatic	spacer	 length	was	varied	systematically,	were	comparable	with	those	of	existing	

semiaromatic	engineering	polyamides.	At	the	same	time,	the	charge	carrier	mobility	as	determined	by	

pulse-radiolysis	 time-resolved	 microwave	 conductivity	 measurements	 was	 found	 to	 be	 about	 10–

2	cm2	V–1	s–1,	which	is	similar	to	that	reported	for	low	molecular	weight	perylene	bisimides.	Our	results	

hence	demonstrate	 that	 it	 is	possible	 to	use	hydrogen	bonding	 interactions	as	a	means	 to	 introduce	

promising	optoelectronic	properties	into	high-performance	engineering	polymers.	
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Introduction	

Semiaromatic	 polyamides,	 particularly	 the	 polyphthalamides,	 are	 high-performance	 engineering	

thermoplastics	because	they	exhibit	outstanding	thermomechanical	property	profiles,1,2,3	but	remain	

compatible	 with	 conventional	 industrial	 melt	 processing	 routes	 such	 as	 extrusion	 and	 injection	

moulding,	 in	 contrast	 to	 fully	 aromatic	 polyamides	 (polyaramids).4–6	 Although	 the	 development	 of	

semiaromatic	polyamides	and	copolyamides	has	strongly	 focused	on	structural	applications,2,4,7	 they	

also	often	show	similar	morphological	features	to	recent	high-performance	polymer	semiconductors,	

namely	 thin	 lamellar	 crystals	 and	 significant	 residual	 local	 order	 in	 the	 amorphous	 regions.8–11	

Semiaromatic	 polyamides	whose	 repeat	 units	 contain	 π-conjugated	 segments	may	 hence	 provide	 a	

promising	 route	 to	 engineering	 materials	 with	 novel	 combinations	 of	 optoelectronic	 and	

thermomechanical	properties.		

The	 widespread	 recognition	 of	 the	 importance	 of	 the	 morphology	 of	 semiconducting	 polymers	 at	

different	 length	 scales	 for	 their	 optoelectronic	 and	 thermomechanical	 properties12,13	 has	 led	 to	 a	

concerted	 effort	 to	 better	 understand	 their	 structure	 and	 property	 relationships,	with	 emphasis	 on	

controlling	the	balance	between	short-range	order	and	overall	disorder.14–16	Modification	of	the	chain	

backbone	with	 non-π-conjugated	 segments	 and	 side-chain	 engineering,	 in	 particular,	 have	 played	 a	

significant	 role	 in	 improving	 both	 the	 mechanical	 properties	 of	 π-conjugated	 polymers	 and	 device	

performance,	 through	 their	 influence	 on	 local	 order	 and	 hence	 the	 electronic	 coupling	 between	

neighboring	 chains.17,18	A	promising	approach	 in	 this	 respect	 is	 the	use	of	hydrogen	bonding	motifs	

that	promote	specific	non-covalent	intermolecular	interactions.19	Hydrogen	bonding	has	been	widely	

used	 to	 promote	 self-assembly	 of	 π-conjugated	 compounds	 into	 one-dimensional	 nanostructures	 in	

solution,20–32	and	to	tailor	the	packing	of	π-conjugated	compounds	in	the	solid-state.33,34	At	the	same	

time,	 it	 is	 well	 known	 to	 be	 key	 to	 the	 unique	 thermomechanical	 properties	 of	 engineering	

polyamides.35	 The	 introduction	 of	 hydrogen-bonded	 side	 chains	 into	 semiconducting	 polymers	 has	

consequently	gained	considerable	recent	attention.	For	instance,	the	presence	of	amide	groups	in	the	

side	chains	of	π-conjugated	polymers	based	on	diketopyrrolopyrrole	36,37	or	isoindigo	38,39	repeat	units	

has	been	 found	both	 to	 increase	 the	strength	of	aggregation	and	crystallinity,	 resulting	 in	enhanced	

charge	 carrier	 mobility	 and	 photovoltaic	 performance	 compared	 with	 the	 corresponding	 polymers	

with	 non-hydrogen-bonded	 side	 chains,	 and	 to	 enhance	 energy	 dissipation	 during	 mechanical	

deformation.39,40		
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By	 contrast,	 incorporation	 of	 hydrogen-bonded	 segments	 as	 non-conjugated	 spacers	 into	

semiconducting	polymers	has	so	far	received	limited	attention.	Bao	et	al.	introduced	a	non-conjugated	

unit	 containing	 an	 amide	 group	 into	 the	 backbone	 of	 a	 π-conjugated	 polymer.41	 They	 found	 that	

10	mol%	 of	 this	 co-monomer	 sufficed	 to	 alter	 the	 thin	 film	 morphology	 of	 the	 polymer	 network,	

leading	 to	 a	 reduction	 in	 elastic	modulus	 and	a	moderate	 increase	 in	 the	 crack	onset	 strain,	 but	no	

significant	changes	in	charge	carrier	properties.	In	another	approach,	the	possibility	of	incorporating	

π-conjugated	 segments	 into	 a	 polyamide	 repeat	 unit	 was	 investigated	 by	 Mugurama	 et	 al.,	 who	

prepared	semiaromatic	polyamides	with	oligothiophene	units	but	provided	no	details	of	either	their	

morphology,	 or	 their	 mechanical	 and	 optoelectronic	 properties.42,43	 We	 recently	 reported	

semicrystalline	 semiaromatic	 polyamides	 with	 bithiophene	 units	 and	 demonstrated	 that	 such	

materials	indeed	combined	the	thermomechanical	characteristics	of	typical	semiaromatic	engineering	

polyamides	with	significant	charge	carrier	mobility.44		

Here,	we	report	the	first	example	of	polyamides	containing	electron	deficient,	n-type	semiconducting	

dicyanoperylene	bisimide	repeat	units.	Four	such	polyamides	with	different	aliphatic	spacer	 lengths	

were	found	to	show	not	only	good	thermal	stability	and	shear	moduli	in	the	range	0.75-0.93	GPa,	but	

also	 H-type	 coupling	 of	 the	 dicyanoperylene	 bisimide	 chromophores	 in	 the	 solid-state,	 and	 charge	

carrier	mobilities	of	about	0.01	cm2V–1s–1.	The	dicyanoperylene	bisimide-containing	polyamides	thus	

combined	 the	 thermomechanical	 properties	 of	 typical	 engineering	 polyamides	 with	 optoelectronic	

properties	typical	of	organic	and	polymer	semiconductors.	

Experimental	Part	

Materials	and	Instrumentation		

Materials.	 	All	materials	 and	 solvents	 for	 reactions	were	 purchased	 from	 commercial	 suppliers	 and	

used	 without	 further	 purification.	 Chlorendic	 hydroxylimide45	 and	 1,7-dibromoperylene-3,4:9,10-

tetracarboxylic	 dianhydride	 2	 were	 prepared	 following	 a	 literature	 procedure.46	 Chromatography	

solvents	were	purchased	as	reagent	grade	and	distilled	once	prior	to	use.	The	progress	of	the	reactions	

was	monitored	 by	 thin-layer	 chromatography	 (TLC)	 on	Merck	 TLC	 plates	 (Silica	 gel	 60	 F254)	 using	

DCM/EtOAc	as	the	eluent.	UV	light	(254	nm)	was	used	for	detection	of	compounds	on	the	TLC	plates.	

Silica	gel	(Geduran	Si	60	Merck,	40-60	um)	was	used	for	column	chromatography.	
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NMR	Spectroscopy.	 	NMR	spectroscopy	was	 carried	out	at	298	K	with	Bruker	Avance	 III	400	or	600	

spectrometers	at	frequencies	of	400	MHz,	600	MHz	for	1H	nuclei,	and	100	MHz,	150	MHz	for	13C	nuclei,	

respectively.	 The	 spectra	 were	 calibrated	 using	 the	 residual	 solvent	 peaks	 of	 CD2Cl2	 (5.32	 ppm	 1H	

NMR;	53.84	ppm	13C	NMR)	or	CDCl3	(7.26	ppm	1H	NMR;	77.16	ppm	13C	NMR).	The	1H	NMR	spectrum	of	

1,7-dibromoperylene-3,4:9,10-tetracarboxylic	dianhydride	2	was	recorded	in	conc.	D2SO4	(96–98%	in	

D2O)	 with	 4,4-dimethyl-4-silapentane-1-sulfonic	 acid	 (DSS)	 as	 an	 internal	 refence	 material.	 The	 1H	

NMR	spectra	of	the	polyamides	were	recorded	in	TFA-d	/	CDCl3	(1:3)	mixtures.		

Infrared	Spectroscopy.		Infrared	spectra	were	measured	on	a	JASCO	FT/IR	6300	spectrometer	using	the	

Miracle	attenuated	total	reflection	(ATR)	accessory	from	PIKE.	

Optical	Spectroscopy.		UV-vis	spectra	were	measured	with	a	Jasco	V-670	spectrometer.	Solution-phase	

spectra	 of	 trifluoroacetic	 acid	 (TFA)	 solutions	 (0.1	mg/mL)	 were	 obtained	 using	 Hellma	 quartz	

cuvettes	(1	cm	path	length),	and	thin	film	spectra	were	measured	from	specimens	spin-coated	onto	a	

quartz	 substrate	 (4000	rpm,	 1	 min)	 from	 100	μL	 of	 a	 stock	 solution	 (1	mg/mL).	 Solution-phase	

fluorescence	 spectra	 were	 obtained	 with	 a	 Jasco	 FP-6500	 spectrofluorometer	 from	 TFA	 solutions	

(0.01	mg/mL)	using	Hellma	quartz	cuvettes	(1	×	1	cm2)	at	an	excitation	wavelength	of	527	nm.	Solid-

state	 fluorescence	 spectroscopy	 made	 use	 of	 films	 obtained	 from	 dispersions	 prepared	 by	 stirring	

5	mg	of	 the	compounds	 in	5.2	g	of	a	17%	w/v	 solution	of	PMMA	in	 toluene.	These	dispersions	were	

spin-coated	 (4000	rpm,	 1	min)	 onto	 transparent	 polyester	 substrates	 (Byko-Charts,	 BYK	 Gardner,	

USA),	and	the	resulting	films	were	first	dried	in	air	for	2	h	and	then	in	high	vacuum	for	a	week	after	

removal	of	 the	substrate.	The	fluorescence	spectra	of	 these	films	were	recorded	with	a	Horiba	Jobin	

FluoroMax-3.		

Mass	Spectrometry.		High-resolution	mass	spectrometry	was	carried	out	with	a	Waters	QTOF	Xevo	G2-

S	for	APPI.	

Gel	 Permeation	 Chromatography	 (GPC).		The	number	 and	weight	 average	molecular	weights,	Mn	 and	

Mw,	and	the	dispersities,	Đ,	of	the	polyamides	were	determined	using	an	Agilent	1260	Infinity	GPC/SEC	

system	 with	 a	 refractive	 index	 detector	 and	 a	 total	 column	 length	 of	 650	mm	 (PSS	 PFG,	 100	 Å).	

1,1,1,3,3,3-hexafluoropropane-2-ol	 (HFIP)	was	 used	 as	 the	 eluent	 at	 a	 flow	 rate	 of	 1	mL/min	 and	 a	

temperature	of	25	°C.	Six	poly(methyl	methacrylate)	(PMMA)	standards	with	molar	masses	between	

2’000	and	44’000	g/mol	and	Đ	≤	1.1	were	used	for	calibration.	The	derivatized	polyamides	and	PMMA	

standards	were	all	dissolved	in	neat	HFIP	(c	=	3	mg/mL).	
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Thermal	 Characterization.	 	Thermogravimetric	 analyses	 (TGA)	were	 conducted	with	 a	Perkin	Elmer	

TGA	4000.	 Samples	 of	 5–10	mg	were	 dried	 in	 high	 vacuum	 at	 80	°C	 for	 24	h	 and	 then	 heated	 from	

30	°C	to	950	°C	at	a	scanning	rate	of	10	°C/min	under	nitrogen	flow	(20	mL/min).	Differential	scanning	

calorimetry	 (DSC)	 was	 carried	 out	 with	 a	 Mettler	 Toledo,	 DSC	 3+	 STARe	 System	 calorimeter	 at	 a	

scanning	rate	of	10°C/min	under	nitrogen	 flow	(50	mL/min).	Specimens	of	about	3–5	mg	were	 first	

heated	to	a	220	°C	and	then	cooled	to	0	°C	at	a	cooling	rate	of	10	°C/min	in	order	to	erase	the	effects	of	

their	thermal	history.	

Small-Angle	X-Ray	Scattering	and	Wide-Angle	X-Ray	Diffraction	 (SAXS	/	WAXD).	 	2D	SAXS	and	WAXD	

measurements	were	performed	with	 a	Xeuss	2.0	 apparatus	 (Xenocs)	 equipped	with	 a	micro	 source	

(CuKα	radiation,	λ	=	1.54	Ax )	and	point	collimation.	The	sample-to-detector	distance,	which	was	around	

18	cm	for	WAXD	and	150	cm	for	SAXS,	was	calibrated	using	silver	behenate	as	a	standard.	The	data	

were	 recorded	 in	 transmission	 mode	 with	 a	 beam	 size	 of	 500	×	500	µm²	 and	 a	 2D	 Pilatus	 200K	

detector.	Standard	corrections	were	applied	to	the	WAXD	and	SAXS	patterns	before	their	analysis.	The	

intensity	profiles	were	obtained	by	azimuthal	integration	of	the	2D	patterns	using	the	fit2D	software.	

Trial	 crystal	 structures	 for	 the	 polyamides	 with	 perylene	 bisimide	 units	 were	 generated	 using	 the	

BIOVIA	Materials	Studio	graphics	user	interface.	Their	geometry	was	then	optimized	with	respect	to	

all	structural	degrees	of	 freedom	subject	 to	periodic	boundary	conditions,	using	classical	 force	 field-

based	energy	minimization	with	the	generic	Dreiding	force	field47	and	the	method	of	steepest	descents	

with	charge	equilibration.	WAXD	patterns	were	simulated	using	the	BIOVIA	Reflex	software	package.	

Dynamic	Mechanical	Analysis.	 	Dynamic	mechanical	 testing	 (861e,	Mettler	Toledo)	was	performed	 in	

shear	 mode	 at	 room	 temperature	 with	 a	 strain	 amplitude	 of	 0.1%.	 Each	 specimen	 was	 tested	 at	

successive	frequencies	of	10,	1	and	0.1	Hz.	The	test	specimens	were	compressed	into	5	mm	diameter	

cylindrical	pellets	with	heights	of	0.30–0.60	mm.		

Pulse	Radiolysis	Time-Resolved	Microwave	Conductivity.	 	Charges	were	generated	 in	powder	 samples	

(20–50	mg)	by	irradiation	with	short	pulses	(2–20	ns)	of	high-energy	electrons	(3	MeV)	from	a	Van	de	

Graaff	 accelerator.	 The	 penetration	 depth	 of	 these	 high-energy	 electrons	 in	 the	materials	 is	 several	

millimeters,	 resulting	 in	 close	 to	 homogenous	 ionization	 and	 hence	 a	 uniform	 concentration	 of	

charges.	The	change	in	conductivity	of	the	material	due	to	charges	generated	by	the	irradiation,	was	

probed	 using	 high	 frequency	 microwaves	 (28	 to	 38	GHz).	 The	 fractional	 change	 in	 the	 microwave	
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power	(Δ𝑃/𝑃)	absorbed	on	irradiation	is	directly	proportional	to	the	change	in	the	conductivity	(Δ𝜎)	

according	to		
Δ𝑃
𝑃
= −𝐴Δ𝜎	

where	 the	 sensitivity	 factor,	A,	 is	 a	 sensitivity	 factor	 that	 depends	 on	 the	 geometric	 and	 dielectric	

properties	of	the	material.48	The	conductivity	(Δ𝜎)	is	related	to	the	mobility	of	all	charged	species,	and	

their	concentration,	Np,	through	

		 	 Δ𝜎 = 𝑒𝑁! ∑𝜇	

where	e	is	the	elementary	charge	(1.6	×	10–19	C).	This	this	is	equation	allows	the	mobility	of	the	charge	

carriers	to	be	calculated	given	a	reasonable	estimate	of	their	concentration.	Such	an	estimate	may	be	

obtained	 from	 dosimetry	 measurements,	 which	 provides	 the	 amount	 of	 energy	 deposited	 by	 the	

electron	pulse,	as	described	in	detail	previously.49	

Synthetic	Procedures	and	Analytical	Data	

1,7-Dibromoperylene-3,4:9,10-tetracarboxylic	 dianhydride	 (2).	 	 Perylene-3,4:9,10-

tetracarboxylic	 acid	 bisanhydride	 (20	g,	 51	mmol)	was	 suspended	 in	 concentrated	H2SO4	 (300	mL).	

This	mixture	was	stirred	 for	16	h	at	 room	temperature	before	powdered	 iodine	 (0.52	g,	2.05	mmol)	

was	added.	It	was	then	heated	to	85	°C,	and	bromine	(5.8	mL,	112	mmol,	2.2	equiv.)	added	dropwise	

over	6	h.	On	completion	of	the	addition,	the	reaction	mixture	was	heated	for	a	further	48	h	and	then	

allowed	to	cool	to	room	temperature.	The	excess	bromine	was	removed	with	a	gentle	stream	of	argon	

and	 reduced	 by	 bubbling	 the	 stream	 through	 a	 saturated	 Na2S2O3	 solution.	 After	 cooling	 to	 0	°C,	

100	mL	 of	 deionized	water	was	 carefully	 added.	 Filtration	 of	 the	 resulting	 precipitate	 and	washing	

with	concentrated	H2SO4	(50	mL)	and	deionized	water	(2	L)	yielded	a	red	solid	powder,	comprising	a	

mixture	 of	 1,7-dibromo,	 1,6-dibromo	 and	 1,7,6-tribromoperylene	 bisimide	 in	 a	 ratio	 of	 75:17:8,	 as	

revealed	by	 1H	NMR	 in	 conc.	D2SO4	 (96-98%	 in	D2O)	 (Supplementary	Figure	S1).	This	mixture	was	

used	without	 further	purification	 in	 the	next	step	(26.4	g,	97%).	HRMS	(APPI):	calcd	 for	C24H6Br2O6:	

547.8537		[M]–;	found:	547.8519.		

1,7-Dibromoperylene-3,4:9,10-tetracarboximide-N,N’-di(butanoic	acid)	di(tert-butyl	ester)		(3).		

Compound	2	(13	g,	23.6	mmol),	4-aminobutyric	acid	tert-butyl	ester	hydrochloride	(19	g,	97.1	mmol)	

and	Zn(OAc)2	 (4.3	g,	23.6	mmol)	were	suspended	 in	 freshly	distilled	quinoline	 (350	mL)	 in	an	argon	

flow.	The	reaction	mixture	was	heated	to	100	°C	for	16	h	and	then	cooled	to	room	temperature	prior	
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to	solvent	removal	in	vacuum.	The	resulting	residue	was	redissolved	in	DCM	(2	L),	washed	twice	with	

1	M	 HCl	 twice	 and	 once	with	 brine,	 and	 finally	 dried	 over	MgSO4.	 After	 solvent	 removal,	 the	 crude	

product	was	purified	by	column	chromatography	(silica	gel,	5%	EtOAc	in	DCM)	to	give	3	as	a	mixture	

of	 the	 1,7-dibromo	 and	 the	 1,6-dibromo	 regioisomers	 (75:25)	 as	 a	 dark	 red	 powder	 (15.5	g,	 79%	

yield).		1H	NMR	(400	MHz,	CDCl3):	δ	=	9.50	(d,	J	=	8.2	Hz,	2H),	8.94	(s,	2H),	8.72	(d,	J	=	8.1	Hz,	2H),	4.28	

(t,	J	=	7.2	Hz,	4H),	2.39	(t,	J	=	7.4	Hz,	4H),	2.19–1.90	(m,	4H),	1.44	(s,	18H)	ppm.	13C	NMR	(101	MHz,	

CDCl3,	 [m,n]	 stands	 for	 the	 corresponding	 isomer):	 δ	 =	 172.19,	 163.21	 [1,6],	 162.83	 [1,7],	 162.33	

[1,7],	161.97	[1,6],	138.13	[1,6],	138.04	[1,7],	133.09	[1,6],	132.84	[1,7],	132.71	[1,7],	132.29	[1,6],	

130.02	[1,7],	129.90	[1,6],	129.10	[1,7],	128.46	[1,7],	128.10	[1,6],	127.87	[1,6],	127.70	[1,6],	126.89	

[1,7],	126.06	[1,6],	123.28	[1,6],	123.09	[1,7],	122.65	[1,7],	122.35	[1,6],	121.70	[1,6],	120.90	[1,7],	

80.53,	40.13,	33.27,	28.21,	23.59	ppm.	HRMS	(APPI):	calcd	 for	C40H36Br2N2O8:	830.0833	[M]+;	 found:	

830.0819.	Rf	:	0.34	(5%	EtOAc	in	DCM).	

1,7-Dicyanoperylene-3,4:9,10-tetracarboximide-N,N’-di(butanoic	acid)	di(tert-butyl	ester)		(4).		

Compound	 3	 (13.5	g,	 15.95	mmol),	 Zn(CN)2	 (15.9	g,	 135.55	mmol),	 tris(dibenzylideneacetone)-

dipalladium(0)	 (Pd2(dba)3)	 (3.65	g,	 4	mmol)	 and	 1,1’-bis(diphenylphosphino)-ferrocene	 (dppf)	

(2.21	g,	 4	mmol),	 were	 suspended	 in	 dry	 dioxane	 (1	L)	 in	 an	 argon	 atmosphere.	 The	 dark-orange	

suspension	was	heated	to	95	°C	for	48	h	and	then	cooled	to	room	temperature.	The	amount	of	solvent	

was	 reduced	 to	 about	 one	 third	 in	 vacuum,	 before	 diluting	 the	 solution	 with	 DCM	 (600	mL)	 and	

filtering	over	 celite.	After	 solvent	 removal,	 the	 crude	product	was	 suspended	 in	EtOAc,	 filtered,	 and	

purified	by	column	chromatography	(silica	gel,	7%	EtOAc	 in	DCM)	to	give	4	as	a	mixture	of	 the	1,7-

dibromo	 and	 the	 1,6-dibromo	 regioisomers	 (75:25)	 as	 a	 red	 solid	 powder	 (4.6	g,	 40%).	 	 1H	 NMR	

(400	MHz,	TFA-d:CD2Cl2=	1:3,	[m,n]	stands	for	the	corresponding	isomer):	δ	=	9.79–9.68	(m,	[1,6]	and	

[1,7],	2H),	9.18	(s,	[1,6],	2H),	9.13	(s,	[1,7],	2H),	9.04	(d,	[1,7],	J	=	8.2	Hz,	2H),	8.98	(d,	[1,6],	J	=	8.2	Hz,	

2H),	4.41	(t,	J	=	7.1	Hz,	4H),	2.69	(t,	J	=	7.3	Hz,	4H),	2.22	(m,	4H),	1.59	(s,	18H)	ppm.	13C	NMR	(101	MHz,	

TFA-d:CD2Cl2=	1:3):	δ	=	181.30,	165.13	 [1,6],	164.60	 [1,7],	163.92	 [1,7],	163.40	 [1,6],	140.07	 [1,6],	

139.75	[1,6],	138.17	[1,7],	137.84,	[1,7],	135.45	[1,7],	133.66	[1,7],	133.26	[1,6],	132.00	[1,6],	130.54	

[1,7],	130.34	[1,7],	129.06	[1,6],	128.29	[1,6],	127.71	[1,7],	127.09	[1,6],	125.87	[1,6],	124.96	[1,7],	

123.99	[1,7],	123.19	[1,6],	118.99	[1,7],	109.46	[1,6],	109.10	[1,7],	89.72,	41.32,	31.94,	27.84,	23.33	

ppm.	 HRMS	 (APPI):	 calcd	 for	 C42H36N4O8:	 724.2528	 [M]+;	 found:	 724.2528.	 Rf	 :	 0.38	 (7%	 EtOAc	 in	

DCM).	
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1,7-Dicyanoperylene-3,4:9,10-tetracarboximide-N,N’-di(butanoic	acid)	 (5).	 	Compound	4	 (1.6	g,	

2.2	mmol)	was	suspended	in	180	mL	CHCl3	before	addition	of	TFA	(96	mL,	1.2	mol).	The	mixture	was	

heated	 to	 reflux	 and	 stirred	 for	 15	h.	 It	 was	 then	 cooled	 to	 room	 temperature,	 and	 the	 volatiles	

removed	under	vacuum.	The	crude	product	was	suspended	in	1	M	HCl	(300	mL)	and	ultrasonicated	for	

20	min.	Filtration	and	subsequent	drying	of	the	resulting	precipitate	yielded	5	as	a	mixture	of	the	1,7-

dibromo	 and	 the	 1,6-dibromo	 regioisomers	 (75:25)	 as	 a	 red	 solid	 powder	 (1.3	g,	 96%),	which	was	

used	without	further	purification	in	the	next	step.		1H	NMR	(400	MHz,	TFA-d:CD2Cl2=	1:3,	[m,n]	stands	

for	the	corresponding	isomer):	δ	=	9.78–9.74	(m,	[1,6]	and	[1,7],	2H),	9.22	(s,	[1,6],	2H),	9.17	(s,	[1,7],	

2H),	9.08	(d,	[1,7],	J	=	8.2	Hz,	2H),	9.01	(d,	[1,6],	J	=	8.2	Hz,	2H),	4.44	(t,	J	=	7.0	Hz,	4H),	2.71	(t,	J	=	7.1	

Hz,	 4H),	 2.30–2.20	 (m,	 4H)	 ppm.	 13C	NMR	 (101	MHz,	 TFA-d:CD2Cl2=	 1:3):	δ	=	 180.54,	 165.54	 [1,6],	

165.00	[1,7],	164.32	[1,7],	163.79	[1,6],	140.48	[1,6],	140.08	[1,6],	138.54	[1,7],	138.14,	[1,7],	135.81	

[1,7],	133.92	[1,7],	133.58	[1,6],	132.24	[1,6],	130.80	[1,7],	130.62	[1,7],	129.28	[1,6],	128.51	[1,6],	

127.92	[1,7],	127.28	[1,6],	126.07	[1,6],	125.15	[1,7],	124.17	[1,7],	123.37	[1,6],	118.98	[1,7],	109.57	

[1,6],	 109.20	 [1,7],	 40.53,	 31.02,	 22.42	 ppm.	 HRMS	 (APPI):	 calcd	 for	 C34H20N4O8:	 612.1287	 ([M]–);	

found:	612.1271.	

1,7-Dicyanoperylene-3,4:9,10-tetracarboximide-N,N’-	bis	(N-propylbutanamide)	(6).	Compound	

5	(100	mg,	0.16	mmol)	was	suspended	in	dry	DMF	(10	mL)	in	a	flame-dried	50	mL	Schlenk	tube	prior	

to	 the	 addition	 of	 chlorendic	 hydroxylimide	 (132	mg,	 0.34	mmol)	 and	N,N’-diisopropylcarbodiimide	

(DIC)	 (0.17	mL,	 1.1	mmol,	 6.5	equiv.)	 in	 an	 argon	 atmosphere.	 The	 reaction	mixture	was	 heated	 to	

50	°C	for	14	h.	The	volatiles	were	then	removed	in	vacuum,	and	the	residue	was	dissolved	in	dry	THF	

(20	mL).	Propylamine	 (0.27	mL,	3.3	mmol,	20	equiv.)	was	 then	added,	and	 the	 reaction	mixture	was	

heated	 to	50	°C	 for	14	h.	After	 removal	of	 the	volatiles,	 the	 crude	product	was	 suspended	 in	MeOH.	

Filtration	and	subsequent	washing	with	MeOH	yielded	6	as	a	mixture	of	the	1,7-dibromo	and	the	1,6-

dibromo	regioisomers	(75:25)	as	a	dark	red	solid	powder	(95	mg,	84%).	 	1H	NMR	(800	MHz,	TFA-d,	

[m,n]	stands	for	corresponding	isomer):	δ	=	9.94	(d,	[1,6],	J	=	8.6	Hz,	2H),	9.93	(d,	[1,7],	J	=	8.2	Hz,	2H),	

9.37	(s,	[1,6],	2H),	9.32	(s,	[1,7],	2H),	9.24	(d,	[1,7],	J	=	8.1	Hz,	2H),	9.17	(d,	[1,6],	J	=	8.1	Hz,	2H),	4.60	

(h,	J	=	7.6,	7.1	Hz,	4H),	3.74	(q,	J	=	8.0,	7.5	Hz,	4H),	3.06	(t,	J	=	7.3	Hz,	4H),	2.52	(p,	J	=	6.6	Hz,	4H),	1.93	

(h,	J	=	7.2	Hz,	4H),	1.19	(t,	J	=	7.5	Hz,	6H)	ppm.	13C	NMR	(201	MHz,	TFA-d):	δ	=	178.55,	165.73	[1,6],	

165.18	[1,7],	164.47	[1,7],	163.94	[1,6],	140.35[1,6],	139.61	[1,6],	138.44	[1,7],	137.65	[1,7],	135.47	

[1,7],	133.62	[1,7],	133.19	[1,6],	132.00	[1,6],	131.92	[1,6],	130.35	[1,7],	130.13	[1,7],	128.75	[1,6],	

127.95	[1,6],	127.33	[1,7],	126.66	[1,6],	125.12	[1,6],	124.30	[1,7],	123.32	[1,7],	122.63	[1,6],	117.68	
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[1,6],	 117.12	 [1,7],	 108.86	 [1,6],	 108.45	 [1,7],	 45.13,	 40.17,	 30.96,	 24.29,	 21.18,	 9.68	 ppm.	 	 HRMS	

(APPI):	calcd	for	C40H35N6O6:	695.2613	([M+H]+);	found:	695.2603.	

General	Procedure	 for	 the	Synthesis	 of	Dicyanoperylene	Bisimide-Containing	Polyamides	 (PAnPBICN2).	

Compound	5	(250	mg,	0.41	mmol)	was	suspended	in	dry	DMF	(25	mL)	in	a	flame-dried	50	mL	Schlenk	

tube	 before	 the	 addition	 of	 chlorendic	 hydroxylimide	 (331	mg,	 0.86	mmol)	 and	 N,N’-

diisopropylcarbodiimide	 (DIC)	 (0.38	mL,	 2.5	mmol,	 6	 equiv.)	 in	 an	 argon	 atmosphere.	 The	 reaction	

mixture	was	 heated	 to	 50	°C	 for	 14	h.	 The	 volatiles	were	 removed	 in	 vacuum,	 and	 the	 residue	was	

dissolved	 in	 dry	 DMSO	 (10	mL).	 The	 aliphatic	 diamine	 (1	equiv.)	was	 then	 added,	 and	 the	 reaction	

mixture	was	heated	to	120	°C	under	vigorous	stirring.	After	48	h,	the	solution	was	poured	into	MeOH	

(250	mL),	 and	 the	 resulting	 slurry	was	 stirred	 for	 15	min.	 The	 precipitate	was	 filtered	 off,	 washed	

several	times	with	hot	MeOH	and	dried	in	vacuum	to	yield	the	desired	polyamide	as	dark	red	powder.		

General	 Procedure	 for	 the	 Derivatization	 of	 Dicyanoperylene	 Bisimide-Containing	 Polyamides	

(PAnPBICN2).	 For	 molecular	 weight	 determination	 by	 GPC,	 the	 polyamides	 were	 derivatized	 as	

follows.	 The	 polyamide	 PAnPBICN2	 (20	mg)	 was	 suspended	 in	 dry	 DCM	 (3	mL)	 in	 a	 flame-dried	

10	mL	Schlenk	tube	before	the	addition	of	trifluoroacetic	anhydride	(TFAA)	(0.8	mL,	5.75	mmol)	in	an	

argon	atmosphere.	The	reaction	mixture	was	stirred	at	room	temperature	for	48	h	and	the	derivatized	

polyamides,	 i.e.,	 the	corresponding	poly(trifluoroacetylimide)s,	were	obtained	by	gently	evaporating	

the	volatiles	at	40	°C.	The	polymers	were	soluble	in	HFIP	(c	=	3	mg/mL).		

Poly(hexamethylene	 dicyanoperylene	 bisimide	N,N’-dibutanamide)	 (PA6PBICN2).	The	 general	

procedure	for	the	synthesis	of	dicyanoperylene	bisimide-containing	polyamides	was	followed,	starting	

from	 5	 (250	mg,	 0.41	mmol),	 chlorendic	 hydroxylimide	 (331	mg,	 0.86	mmol),	 N,N’-

diisopropylcarbodiimide	 (DIC)	 (0.38	mL,	 2.5	mmol,	 6	equiv.),	 and	 1,6-hexanediamine	 (47	mg,	

0.41	mmol),	to	give	the	desired	polyamide	PA6PBICN2	in	a	yield	of	240	mg	(85%)	after	precipitation.		

1H	NMR	(400	MHz,	TFA-d:CDCl3=	1:3):	δ	=	9.88–9.77	(m,	2H),	9.30–9.20	(m,	2H),	9.20–9.01	(m,	2H),	

4.51	(br,	4H),	3.70	(br,	4H),	2.96	(br,	4H),	2.43	(br,	4H),	1.87	(br,	4H),	1.59	(br,	4H)	ppm.	GPC	(HFIP):	

Mn	=	9’700	(Đ	=	2.0).	

Poly(octamethylene	 dicyanoperylene	 bisimide	 N,N’-dibutanamide)	 (PA8PBICN2).	 The	 general	

procedure	for	the	synthesis	of	dicyanoperylene	bisimide-containing	polyamides	was	followed,	starting	

from	 5	 (250	mg,	 0.41	mmol),	 chlorendic	 hydroxylimide	 (331	mg,	 0.86	mmol),	 N,N’-

diisopropylcarbodiimide	 (DIC)	 (0.38	mL,	 2.5	mmol,	 6	equiv.),	 and	 1,8-octanediamine	 (58.85	mg,	
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0.41	mmol),	to	give	the	desired	polyamide	PA8PBICN2	in	a	yield	of	272	mg	(92%)	after	precipitation.	

1H	NMR	(400	MHz,	TFA-d:CDCl3=	1:3):	δ	=	9.92–9.72	(m,	2H),	9.30–9.20	(m,	2H),	9.20–9.05	(m,	2H),	

4.51	(br,	4H),	3.69	(br,	4H),	2.96	(br,	4H),	2.43	(br,	4H),	1.85	(br,	2H),	1.51	(br,	8H)	ppm.	GPC	(HFIP):	

Mn	=	11’100	(Đ	=	1.9).	

Poly(decamethylene	dicyanoperylene	bisimide	N,N’-dibutanamide)	(PA10PBICN2).		The	general	

procedure	for	the	synthesis	of	dicyanoperylene	bisimide-containing	polyamides	was	followed,	starting	

from	 5	 (250	mg,	 0.41	mmol),	 chlorendic	 hydroxylimide	 (331	mg,	 0.86	mmol),	 N,N’-

diisopropylcarbodiimide	 (DIC)	 (0.38	mL,	 2.5	mmol,	 6	 equiv.),	 and	 1,10-decanediamine	 (70.3	mg,	

0.41	mmol),	 to	 give	 the	 desired	 polyamide	 PA10PBICN2	 in	 a	 yield	 of	 280	mg	 (92%)	 after	

precipitation.	1H	NMR	(400	MHz,	TFA-d:CDCl3=	1:3):	δ	=	9.88–9.82	(m,	2H),	9.30–9.20	(m,	2H),	9.20–

9.06	(m,	2H),	4.52	(br,	4H),	3.70	(br,	4H),	2.98	(br,	4H),	2.44	(br,	4H),	1.94–1.78	(m,	4H),	1.47	(m,	12H)	

ppm.	GPC	(HFIP):	Mn	=	9’400	(Đ	=	2).	

Poly(dodecamethylene	 dicyanoperylene	 bisimide	 N,N’-dibutanamide)	 (PA12PBICN2).	 The	

general	procedure	for	the	synthesis	of	dicyanoperylene	bisimide-containing	polyamides,	was	followed	

starting	 from	 5	 (250	mg,	 0.41	mmol),	 chlorendic	 hydroxylimide	 (331	mg,	 0.86	mmol),	 N,N’-

diisopropylcarbodiimide	 (DIC)	 (0.38	mL,	 2.5	mmol,	 6	equiv.),	 and	 1,12-dodecanediamine	 (81.7	mg,	

0.41	mmol),	 to	 give	 the	 desired	 polyamide	 PA12PBICN2	 in	 a	 yield	 of	 270	mg	 (85%)	 after	

precipitation.	1H	NMR	(400	MHz,	TFA-d:CDCl3=	1:3):	δ	=	9.92–9.82	(m,	2H),	9.30–9.20	(m,	2H),	9.20–

9.05	(m,	2H),	4.51	(br,	4H),	3.69	(t,	J	=	7.2	Hz,	4H),	2.97	(br,	4H),	2.43	(m,	4H),	1.83	(br,	4H),	1.44	(m,	

4H)	ppm.	GPC	(HFIP):	Mn	=	15’500	(Đ	=	2.0).	

Results	and	Discussion	

Synthesis	and	Characterization	of	Dicyanoperylene	Bisimide-Containing	Semiaromatic	Polyamides		

The	synthesis	of	dicyanoperylene	bisimide	dibutyric	acid	5	was	performed	in	four	steps	starting	from	

commercially	 available	 perylene	 bisanhydride	 (Scheme	 1).	 Following	 a	 published	 procedure,46	 the	

bromination	 of	 perylene	 bisanhydride	 was	 carried	 out	 by	 electrophilic	 substitution	 with	 bromine,	

using	iodine	as	a	Lewis	catalyst.	The	insolubility	of	the	crude	product	prohibited	further	purification,	

resulting	 in	 a	 mixture	 of	 non-separable	 1,7-dibromo,	 1,6-dibromo,	 and	 1,7,6-tribromoperylene	

bisimides	2	in	a	ratio	of	75:17:8	in	a	yield	of	97%	(26	g)	(Supplementary	Figure	S1).	The	butyl	spacer	

between	 the	 chromophore	 and	 ester	 functionality	was	 introduced	by	 subsequent	 imidization	of	 the	
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regioisomeric	mixture	with	 4-aminobutyric	 acid	 tert-butyl	 ester	 hydrochloride	 to	 give	 di(tert-butyl	

ester)	3	after	purification	with	column	chromatography	in	a	yield	of	79%	(15.5	g),	as	a	mixture	of	the	

desired	 1,7-dibromo	 and	 the	 1,6-dibromo	 regioisomers	 in	 a	 ratio	 of	 75:25,	 which	 also	 remained	

inseparable	 in	 the	 subsequent	 synthetic	 steps.	 The	 corresponding	 dicyanoperylene	 bisimide	

dibutanoate	 4	 was	 prepared	 by	 a	 Pd-catalyzed	 cyanation	 of	 compound	 3	 with	 Zn(OAc)2,	 1,1’-

bis(diphenylphosphino)-ferrocene	 (dppf)	 and	 tris(dibenzylideneacetone)-dipalladium(0)	 (Pd2(dba)3)	

in	 dry	 dioxane	 at	 95	°C	 for	 2	d.	 After	 suspension	 in	 EtOAc	 and	 filtration,	 purification	 by	 column	

chromatography	 gave	 compound	 4	 as	 a	 red	 solid	 powder	 in	 a	 yield	 of	 40%	 (4.6	g).	 Subsequent	

deprotection	 of	 the	 tert-butyl	 esters	with	 TFA	 gave	 dicyanoperylene	 bisimide	 	 dibutanoic	 acid	5	 in	

almost	quantitative	yield	(1.3	g).		

 

Scheme	1. 		Synthesis	 of	 the	 dicyanoperylene	 bisimide	 	 N,N’-dibutanoic	 acid	 5	 and	 the	 corresponding	 diamide	 model	
compound	6.		Reagents	and	conditions:		a)	Br2,	cat.	amount	of	I2,	conc.	H2SO4	(96%),	85	°C,	3	d,	97%	yield;		b)	4-aminobutyric	

acid	tert-butyl	ester	hydrochloride,	Zn(OAc)2,	quinoline,	100	°C,	16	h,	79%	yield;		c)	Zn(CN)2,	Pd2(dba)3,	dppf,	dioxane,	95	°C,	

48	h,	40%	yield;	 	d)	 CHCl3,	TFA,	 reflux,	15	h,	96%	yield;	 	e)	chlorendic	hydroxylimide,	DIC,	propylamine,	DMF/THF,	50	°C,	

28	h,	84%	yield.		

Because	 of	 solubility	 issues	 encountered	 with	 5,	 the	 Yamazaki-Higashi	 solution-phase	

polycondensation	route50,51	was	not	an	option	and	an	alternative	procedure	was	therefore	used.	The	

carbodiimide-promoted	 reaction	 of	 compound	 5	 with	 chlorendic	 hydroxylimide	 resulted	 in	 the	

corresponding	active	ester	monomer,	which	was	used	in	situ	for	the	synthesis	of	the	dicyanoperylene	

bisimide-containing	 polyamides	 PAnPBICN2	 (n	=	6,	 8,	 10,	 12)	 by	 solution-phase	 polycondensation	

with	 1,6-hexanediamine,	 1,8-octanediamine,	 1,10-decanediamine,	 and	 1,12-dodecanediamine,	

respectively,	in	yields	of	85–92%	(240–280	mg)	after	precipitation	(Scheme	2,	Table	1).	Likewise,	the	

in	 situ	 activation	 of	 dibutanoic	 acid	 5	 with	 chlorendic	 hydroxylimide	 followed	 by	 coupling	 to	
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propylamine	gave	the	diamide	model	compound	6	in	a	yield	of	84%	(95	mg).	The	continued	presence	

of	the	1,6-dicyano	regioisomer	was	shown	by	2D	NMR	spectroscopy	(Supplementary	Figure	S2).		

 

Scheme	2. 	Synthesis	 of	 dicyanoperylene	 bisimide	 -containing	 polyamides	 PAnPBICN2.	 	 Reagents	 and	 conditions:	 a)	
Chlorendic	hydroxylimide,	DIC,	DMF,	50	°C,	14	h,		b)	DMSO,	120	°C,	2	d,	85–92%.		

All	 polyamides	 were	 soluble	 in	 trifluoroacetic	 acid	 (TFA)	 and	m-cresol	 at	 room	 temperature,	 but	

remained	 insoluble	 in	 most	 common	 polar	 aprotic	 solvents,	 including	 dimethyl	 sulfoxide	 (DMSO),	

dimethylformamide	 (DMF),	 N-metyl-2-pyrrolidone	 (NMP),	 hexamethylphosphoramide	 (HMPA),	 o-

dichlorobenzene,	 cyclohexanone,	 or	 dimethylacetamide,	 as	 well	 as	 quinoline,	 glacial	 acetic	 acid,	

1,1,1,3,3,3-hexa-fluoropropan-2-ol	(HFIP),	 o-/m-xylene	 or	 chlorobenzene,	 even	 at	 elevated	

temperatures.		

Table	1.		Yields,	number	and	weight-average	molecular	weights	(Mn,	Mw),	and	dispersities	(Đ)		obtained	from	gel	permeation	
chromatography	of	the	dicyanoperylene	bisimide-containing	polyamides	PAnPBICN2.	

Polyamide	 	 	 	 GPC	

PAnPBICN2	 n	 Amount	[mg]	 Yield	[%]	 Mn	[g/mol]	 Mw	[g/mol]	 Đ	

PA6PBICN2	 6	 240	 85	 9’700	 19’700	 2.0	

PA8PBICN2	 8	 272	 92	 11’100	 22’500	 1.9	

PA10PBICN2	 10	 280	 92	 9’400	 19’000	 2.0	

PA12PBICN2	 12	 270	 85	 15’500	 32’000	 2.0	

	

A	 combination	 of	 1H	 NMR	 spectroscopy,	 solid-state	 IR	 spectroscopy,	 and	 gel	 permeation	

chromatography	 (GPC),	 confirmed	 the	 chemical	 structures	 of	 the	 resulting	 polyamides	 (Figure	1,	

Table	1).	 However,	 their	 insolubility	 in	 common	 organic	 solvents	 required	 derivatization	 with	

trifluoroacetic	 anhydride	 (TFAA)	 to	 give	 the	 corresponding	 poly(trifluoroacetylimide)s.	 GPC	 could	

then	be	performed	with	HFIP	as	the	eluent.	The	number	average	molecular	weights	(Mn)	of	9’400	to	

15’500	g/mol	and	the	dispersities	(Đ)	of	around	2.0	implied	a	degree	of	polymerization	of	between	13	

and	20,	indicative	of	a	robust	polycondensation	procedure	(Table	1).		
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The	broad	absorption	at	2800–3300	cm–1	in	the	solid-state	infrared	(IR)	spectra	of	compound	5	can	be	

assigned	 to	 the	 O–H	 stretching	 vibration,	 while	 the	 band	 at	 1712	 cm–1	 corresponds	 to	 the	 C=O	

stretching	vibration	of	a	free	carboxylic	acid	group	(Figure	1a).	 	After	polycondensation,	these	bands	

were	 replaced	 by	 a	 characteristic	 amide	 A	 (N–H	 stretching)	 absorption	 at	 3302–3307	cm–1	 with	 a	

shoulder	at	around	3390	cm–1	(Figure	1b),	the	amide	I	(C=O	stretching)	peak	at	1631–1642	cm–1,	and	

the	 amide	 II	 band	 at	 1537–1545	 cm–1,	 along	 with	 with	 C=O	 stretching	 bands	 and	 benzene	 C=C	

vibrations	 from	 the	 perylene	 bisimide	 core	 at	 1703–1706,	 1657–1664,	 and	 1597–1600	cm–1	

(Figure		1c).52	In	each	case,	the	maximum	and	the	shoulder	of	the	amide	A	peak	were	associated	with	

hydrogen-bonded	and	free	(non-hydrogen-bonded)	amide	groups,	respectively.	The	peak	position	and	

its	 full	 width	 at	 half	 maximum	 (FWHM	 <	 100	 cm–1)	 were	 similar	 to	 those	 observed	 in	 typical	

semicrystalline	polyamides.53	

	

Figure	1. Solid-state	 IR	 spectra	 of	 the	 of	 the	 dicyanoperylene	 bisimide	 -containing	 polyamides	 PAnPBICN2.	 	 a)	 The	
formation	of	amide	bonds	was	confirmed	from	comparison	of	the	solid-state	IR	spectra	of	the	polyamides	PAnPBICN2	with	

that	 of	 compounds	 5	 and	 6.	 	 b)	 The	 characteristic	 amide	 A	 c)	 and	 amide	 I	 and	 II	 bands	 (blue)	 appeared	 after	

polycondensation,	along	with	the	C=O	stretching	vibrations	of	the	perylene	bisimide	core	(red).		

Crystalline	Morphology	of	the	Polyamides	

Wide-angle	X-ray	diffraction	(WAXD)	patterns	of	the	as-synthesized	polyamides	PAnPBICN2	(n	=	6,	8,	

10,	12)	powders	 showed	clear	Bragg	peaks	 superimposed	on	an	amorphous	background,	 indicating	

the	presence	of	an	ordered	phase	in	the	solid-state,	consistent	with	the	IR	spectroscopic	data.	Peaks	

were	 observed	 for	 all	 the	 materials	 at	 2θ	 ranging	 from	 42.0-43.1	°	 (broad),	 23.8-29.5	°	 (strong),	

18.2-19.9	°	 (strong),	 12.1-12.9	°,	 10.3-10.5	°,	 and	 3.7-4.5	°	 (strong),	 corresponding	 to	 spacings	 of	

2.1-2.2	Å,	 3.0-3.7	Å,	 4.5-4.9	Å,	 6.9-7.3	Å,	 8.4-8.6	Å	 and	19.5-23.5	Å	 (Figure	2a).	 This	 suggested	 the	
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increase	 in	 the	 length	 of	 the	 aliphatic	 segment	 (n)	 not	 to	 have	 a	major	 qualitative	 influence	 on	 the	

crystalline	morphology	 of	 the	 polyamides.	 However,	 the	 spacings	 associated	with	 the	 lowest	 angle	

peak	 visible	 in	 the	 WAXD	 patterns	 increased	 from	 19.5	 to	 23.5	Å	 with	 increasing	 n	 (Figure	 2b),	

suggesting	a	 systematic	 increase	 in	 the	 long	period	of	 the	unit-cell.	Peak	deconvolution	 followed	by	

subtraction	 of	 the	 amorphous	 background	 suggested	 a	 crystallinity	 index,	 c,	 of	 43-53%,	 which	 is	

similar	 to	 the	degrees	of	crystallinity	observed	 in	other	semiaromatic	polyamides	obtained	with	 the	

same	 method	 (Figure	 2c).54,55	 The	 lamellar	 long	 period	 (Lp)	 arising	 from	 the	 periodic	 stacking	 of	

alternating	 crystalline	 and	 amorphous	 lamellae	 was	 estimated	 from	 small-angle	 X-ray	 scattering	

(SAXS)	measurements	 to	 be	 in	 the	 range	 of	 19-22.5	nm	 (Figure	 2c).	 Combining	WAXD	 crystallinity	

indexes	 and	SAXS	 long	period,	 it	 therefore	 implied	 lamellar	 thicknesses	of	 roughly	9.1	nm	 for	n	=	6,	

8.5	nm	for	n	=	8,	10.2	nm	for	n	=	10	and	11.9	nm	for	n	=	12,	assuming	a	simple	two	phase	model,	which	

was	between	4	and	5	times	the	spacings	corresponding	to	the	lowest	angle	WAXD	peaks	in	each	case.				

	

Figure	2. a)	Wide	angle	X-Ray	diffraction	 (WAXD)	patterns	of	 the	as-synthesized	PAnPBICN2	 (n	=	6,	8,	 10,	12)	powders	
were	recorded	at	room	temperature	in	transmission	mode,	along	with	the	corresponding	2D	patterns	(insets).	Deconvolution	

of	these	patterns	was	used	to	separate	the	amorphous	background	from	the	Bragg	peaks.	 	b)	Systematic	 increase	in	the	d-

spacings	 corresponding	 to	 the	 lowest	 angle	 peaks	 in	 the	 WAXD	 patterns	 with	 increasing	 n	 from	 19.5	to	 23.5	Å	 (inset:	

corresponding	 Bragg	 peaks).	 	 c)	 Estimated	 crystallity	 index	 as	 a	 function	 of	 n	 based	 on	 the	 deconvolution	 of	 the	WAXD	

patterns,	 together	 with	 the	 corresponding	 long	 period	 (Lp)	 estimated	 from	 small-angle	 X-ray	 scattering	 (SAXS)	

measurements.	

Attemps	to	obtain	a	suitable	single-crystal	for	WAXD	analysis	from	model	compound	6	from	solution	

or	 by	 vacuum	 sublimation	 were	 unsuccessful.	 However,	 crystalline	 structures	 obtained	 for	 similar	

centrosymmetric	PBICN2	derivatives	without	amide	groups,	as	well	as	our	own	UV-vis	spectroscopic	

investigations	 (see	 below)	 suggest	 that	 the	 roughly	 planar	 perylene	 bisimide	moieties	 should	 show	
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parallel-displaced	p–p	 stacking	with	 an	 interplanar	distance	of	 approximately	3.4	Å,	 consistent	with	

the	strong	Bragg	reflection	at	2θ	=	25.4-25.5	°	observed	in	the	present	case,	and	the	aliphatic	groups	

in	 an	 extended	 conformation.56–58	 Moreover,	 in	 common	 with	 other	 polyamides	 derived	 from	

centrosymmetric	aromatic	diacids	and	linear	aliphatic	diamines	with	even	n,	PAnPBICN2	(n	=	6,	8,	10,	

12)	 is	 expected	 to	 show	a	 stable	a-type	 crystalline	phase	 in	which	 fully	 extended	aliphatic	 linkages	

form	stacked	planar	hydrogen-bonded	sheets.10,44	At	the	same	time,	in	order	to	maintain	a	reasonable	

packing	 density,	 the	 chain	 direction	 of	 the	 aliphatic	 linkages	must	 be	 strongly	 tilted	 away	 from	 the	

planes	of	the	more	bulky	perylene	moieties.	

	

Figure	3. a)	Model	structure	for	PA6PBICN2	assuming	a	triclinic	unit	cell	with	the	c-axis	parallel	to	the	polymer	backbone.	
b)	Simulated	WAXD	powder	pattern	from	the	structure	in	a)	in	comparison	with	a	fitting	of	the	experimental	WAXD	peaks	in	

Figure	2a.	

A	model	triclinic	unit	cell	for	PA6PBICN2	containing	a	single	repeat	unit	was	constructed	on	this	basis	

and	energy-minimized	using	the	Dreiding	II	force-field	and	charge	equilibration,	resulting	in	unit	cell	

parameters,	a	=	8.37		Å,	b	=	5.24		Å,	c	=	23.08	Å,	a	=	102.55	°,	b	=	96.4	°,	and	g	=	112.65	°,	and	a	relative	

density	of	1.295	(Figure	3a).	The	planes	of	the	perylene	bisimide	cores	were	twisted	by	about	15.6	°	in	

the	relaxed	structure,	consistent	with	previously	reported	values	for	similar	model	compounds,59	and	

their	 interplanar	 spacing	 was	 3.4	Å.	 The	 intermolecular	 hydrogen	 bond	 angles	 and	 distances	

associated	with	 the	 amide	 groups	were	N–H×××O	∢	 169	°	 and	H×××O	d	=	2.2	Å,	 respectively.	 Simulated	
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WAXD	powder	patterns	from	this	structure	confirmed	strong	scattering	at	2θ	of	around	25	°	from	the	

perylene	stacks,	whose	planes	were	approximately	parallel	 to	 (112
_
)	 in	 this	 representation,	 a	 strong	

(010)	peak	at	2θ	»	19.2	°	and	significant	additional	scattering	at	lower	angles	from	the	(10l)	planes,	in	

reasonable	qualitative	 agreement	with	 the	 corresponding	 experimental	WAXD	patterns	 (Figure	3b),	

bearing	 in	 mind	 the	 significant	 1,6-regioisomer	 content	 of	 the	 specimens.	 Indeed,	 while	 the	

experimental	WAXD	patterns	did	not	permit	unambiguous	independent	determination	of	the	unit	cell	

parameters,	 the	 diffraction	 peaks	 for	 PA6PBICN2	 could	 be	 indexed	 by	 analogy	 with	 the	 model	

structure,	implying	a	=	9.22		Å,	b	=	5.00	Å,	c	=	20.45	Å,	a	=	100.50	°,	b	=	93.50	°,	and	g	=	112.85	°,	and	a	

relative	density	of	1.37,	suggesting	stronger	tilting	of	the	chain	direction	of	the	aliphatic	linkages	away	

from	the	planes	of	the	perylene	moieties	than	in	the	model	structure,	and	hence	a	reduced	long	period.		

Thermomechanical	Properties	of	the	Polyamides	

The	 thermal	 stability	 of	 the	 polyamides	was	 investigated	 by	 thermogravimetric	 analysis	 (TGA)	 at	 a	

heating	rate	of	10	°C/min	under	a	nitrogen	atmosphere.	All	the	polyamides	PAnPBICN2	(n	=	6,	8,	10,	

12)	as	well	as	the	monomer	5	and	the	model	compound	6	exhibited	a	mass	loss	of	1-2	wt%	at	about	

300	°C,	defined	as	the	onset	of	decomposition,	 followed	by	a	strong	increase	in	the	rate	of	mass	loss	

above	350	°C	(Figure	4a,	Supplementary	Figure	S3),	as	well	as	high	residual	mass	due	to	carbonization	

of	 the	 peryelene	 bisimide	 units.	 Differential	 scanning	 calorimetry	 (DSC)	 indicated	 there	 to	 be	 no	

significant	melting	transition	prior	to	the	onset	of	degradation	(Figure	4b).		

Dynamic	mechanical	analysis	(DMA)	performed	on	powder	specimens	of	PAnPBICN2	(n	=	6,	8,	10,	12)	

at	 room	 temperature	 revealed	 a	 shear	 modulus	 in	 the	 range	 0.75-0.93	GPa	 in	 each	 case,	 which	 is	

significantly	 higher	 than	 that	 of	 the	 fully	 aliphatic	 PA610	 but	 lower	 than	 that	 of	 the	 commercially	

available	engineering	semiaromatic	polyamide	PA6TI	(Figure	4c).	Increasing	the	length	of	the	aliphatic	

segment,	 n,	 is	 not	 expected	 to	 have	 a	 major	 effect	 on	 the	 resulting	 modulus,	 as	 the	 apparent	

crystallinities	of	 the	different	polyamides	PAnPBICN2	 (n	=	6,	8,	10,	12)	as	obtained	by	WAXD	were	

similar	(Figure	2c).		
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Figure	4. a)	 Thermogravimetric	 analysis	 (TGA)	 scans	 of	PAnPBICN2	 (n	=	 6,	 8,	 10,	 12)	 as	well	 as	 5	 and	 6	performed	 at	
heating	rate	of	10	°C/min	under	nitrogen	atmosphere.		b)	Differential	scanning	calorimetry	(DSC)	heating	and	cooling	runs	of	

PAnPBICN2	 (n	=	6,	 8,	 10,	 12)	 confirmed	 the	 absence	of	 any	 significant	 thermal	 transistions	before	 the	degradation	onset	

temperature	 of	 300	°C.	 	 c)	 The	 shear	modulus,	G,	 of	PAnPBICN2	 as	 a	 function	 of	 n	 calculated	 from	 dynamic	mechanical	

analysis	measurements	 (shear	mode,	 1	Hz	 at	 room	 temperature).	 Representative	 values	 from	 the	 commercially	 available	

polyamides	PA610	and	PA6TI	are	shown	for	comparison.		

Optoelectronic	Properties	

UV-vis	 absorption	 and	 fluorescence	 spectroscopy	 used	 to	 investigate	 the	 packing	 and	 the	

photophysical	 properties	 of	 the	 polyamide	 PA6PBICN2	 as	 a	 representative	 example	 and	 model	

compound	 6	 in	 solution	 and	 in	 the	 solid-state.	 Both	 PA6PBICN2	 and	 6	 showed	 a	 strong	 S0-S1	

absorption	 in	TFA	(c	=	10–4	mol/L)	at	527	nm	(0-0)	with	higher	energy	vibronic	bands	at	492	(0-1)	

and	 462	nm	 (0-2)	 (Figure	 5a,b,	 solid	 black	 lines).60	 The	 ratio	 of	 the	 0-0	 and	 the	 0-1	 (A0-0/A0-1)	

absorption	 intensities	 was	 around	 1.48,	 which	 is	 similar	 to	 typical	 values	 for	 perylene	 bisimide	

derivatives	 in	 solution	 and	 indicated	 spectroscopic	 aggregates	 to	 be	 absent	 in	 TFA	 at	 this	

concentration.61–63	The	weak	absorption	band	at	391	nm	was	attributed	to	the	S0-S2	transition	of	the	

perylene	bisimide.60	Emission	spectra	from	dilute	solutions	of	both	PA6PBICN2	and	6	in	TFA	(c	=	10–

6	mol/L)	 revealed	 a	 Stokes	 shift	 of	 15	nm	 and	 well-resolved	 vibronic	 fine	 structure	 patterns	 with	

fluorescence	maxima	at	542	nm	and	shoulders	at	574	nm	(Figure	5a,b,	solid	red	lines)	mirroring	the	

corresponding	absorption	spectra.	
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Figure	5. Normalized	UV-vis	(solution-phase	and	thin	film)	absorption	and	solution-phase	fluorescence	spectra	of	a)	model	
compound	6	and	b)	PA6PBICN2.	The	solution-phase	spectra	were	obtained	from	TFA	solutions	(black:	absorption	spectra,	

c	=	10–4	mol/L;	red:	fluorescence	spectra	c	=	10–6	mol/L),	while	thin	film	spectra	were	obtained	from	spin-coated	thin	films	

on	 quartz	 substrates	 (blue).	 The	 inset	 shows	 the	 corresponding	 specimens	 under	 UV	 light	 (254	 nm).	 c)	 The	 change	 in	

conductivity	on	irradiation	with	a	10	ns	electron	pulse	for	PAnPBICN2	(n=	6,	8,	10,	12)	and	model	compound	6,	measured	by	

time-resolved	microwave	conductivity.	

Thin	 films	 prepared	 by	 spin	 coating	 of	PA6PBICN2	 and	 6	 from	 TFA	 (c	 =	 10–3	mol/L)	 onto	 quartz	

substrates	exhibited	spectral	signatures	that	were	markedly	different	from	the	solution-phase	spectra.	

The	two	main	absorptions	at	551	and	506	nm	for	6,	and	542	and	522	nm	for	PA6PBICN2,	as	well	as	

the	shoulders	at	472–475	nm	could	be	assigned	to	the	0-0,	0-1,	and	0–2	bands	of	the	S0-S1	transitions,	

and	a	weak	S0-S2	absorption	was	observed	at	391	nm	in	both	cases	(Figure	5a,b,	blue	lines).	The	weak	

red-shift	 (15–20	nm)	 of	 the	 highest-wavelength	 absorptions,	 the	 strong	 decrease	 in	 the	 respective	

A0-0/A0-1	 ratios	 to	 0.98	 for	 6	 and	 1.0	 for	 PA6PBICN2,	 and	 the	 almost	 complete	 quenching	 of	

fluorescence	suggested	pronounced	H-type	coupling	of	 the	dicyanoperylene	bisimide	chromophores,	

typical	 of	 an	 almost	 cofacial,	 parallel-displaced	 arrangement	 of	 these	 chromophores	 in	 the	 solid-

state.64–67		

Finally,	 in	 order	 to	 gain	 insight	 in	 the	 conductive	properties	 of	 these	materials,	we	 then	performed	

pulse-radiolysis	time-resolved	microwave	conductivity	(PR-TRMC)	experiments	on	bulk	specimens	of	

PAnPBICN2	 (n	=	 6,	 8,	 10,	 12)	 and	 the	 model	 compound	 6,	 as	 described	 above.	 The	 PR-TRMC	
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measurements	 resulted	 in	 clear	 conductivity	 transients,	 yielding	 one-dimensional	 charge	 carrier	

mobilities,	μ1D	 =	 1.4	 ×	 10–2	 cm2	V–1	s–1	 (6),	 1.1	 ×	 10–2	 cm2	V–1	s–1	 (PA6PBCIN2),	 1.2	 ×	 10–2	 cm2	V–1	s–1	

(PA8PBCIN2),	 1.0	 ×	10–2	 cm2	V–1	s–1	 (PA10PBCIN2),	 and	 1.0	 ×	 10–2	 cm2	V–1	s–1	 (PA12PBCIN2)	

(Figure	5c).	 These	 values	 were	 comparable	 with	 those	 reported	 for	 other	 electron-conducting,	

bisubstituted	 perylene	 bisimides,	 including	 liquid-crystalline	 materials	68,69	 and	 hydrogen-bonded	

perylene	 bisimide	 organogelators,70	 and	 about	 one	 order	 of	 magnitude	 higher	 than	 those	 of	 hole-

conducting,	hydrogen-bonded	oligothiophene	derivatives.31,71		

Conclusions	

We	 used	 solution-phase	 polycondensation	 to	 prepare	 a	 series	 of	 novel	 polyamides	 containing	

dicyanoperylene	 bisimide	 repeat	 units,	 which	 showed	 morphologies	 and	 thermomechanical	

characteristics	similar	to	existing	semiaromatic	polyamides.	Based	on	IR	and	optical	spectroscopy	as	

well	as	molecular	modelling	and	WAXD,	we	suggest	the	perylene	bisimide	units	in	the	polyamides	to	

form	stacks	with	a	parallel-displaced	π–π	arrangement.	This	arrangement	gives	rise	to	strong	H-type	

coupling	in	the	solid-state	UV-vis	spectra	and	is	expected	to	provide	percolation	pathways	for	charge	

transport,	 as	 reflected	 by	 charge	 carrier	mobilities	 of	 about	 0.01	cm2		 V–1		 s–1,	which	 is	 in	 the	 same	

range	as	for	typical	crystalline	electron-conducting	materials	based	on	perylene	bisimide	derivatives.	

Our	results	hence	demonstrate	 that	 the	 incorporation	of	 cyanoperylene	bisimide	repeat	units	 into	a	

polyamide	backbone	may	be	used	to	prepare	polymers	that	combine	the	charge	transport	properties	

of	 typical	electron-deficient	π-conjugated	segments	with	thermomechanical	properties	characteristic	

of	high-performance	engineering	polyamides.	
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