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In	 the	 search	 for	 molecular	 materials	 for	 next-generation	 optoelectronic	 devices,	
organic	co-crystals	have	emerged	as	a	promising	class	of	semiconductors	 for	 their	
unique	 photophysical	 properties.	 This	 paper	 presents	 a	 joint	 experimental-
theoretical	study	of	ground	and	excited	state	charge	transfer	(CT)	interactions	in	two	
CT	co-crystals.	Reported	herein	is	a	novel	CT	co-crystal	Npe:TCNQ,	formed	from	4-(1-
naphthylvinyl)	 pyridine	 (Npe)	 and	 7,7,8,8-tetracyanoquinodimethane	 (TCNQ)	
molecules	via	molecular	self-assembly.	The	electronic	structure	and	photophysical	
properties	of	Npe:TCNQ	are	compared	with	those	of	the	co-crystal	composed	of	Npe	
and	1,2,4,5-tetracyanobenzene	(TCNB)	molecules,	Npe:TCNB,	reported	here	with	a	
higher-symmetry	 (monoclinic)	 crystal	 structure	 than	 previously	 published.	
Npe:TCNB	and	Npe:TCNQ	dimer	clusters	are	used	as	theoretical	model	systems	for	
the	 co-crystals	 and	 their	 electronic	 structure	 is	 compared	 to	 that	 of	 the	 extended	
solids	via	periodic	boundary	conditions	density	functional	theory	(PBC	DFT).	UV-Vis	
absorption	 spectra	 of	 the	 dimers	 are	 computed	 with	 time-dependent	 density	
functional	theory	(TD-DFT)	and	compared	to	experimental	UV-Vis	diffuse	reflectance	
spectra.	Both	Npe:TCNB	and	Npe:TCNQ	are	found	to	exhibit	neutral	character	in	the	
S0	 state	 and	 ionic	 character	 in	 the	 S1	 state.	 The	 degree	 of	 CT	 in	 the	 S0	 state	 of	
Npe:TCNB	is	found	to	be	slightly	smaller	than	that	of	Npe:TCNQ,	as	predicted	from	
differences	in	electron	affinities	of	the	acceptors.		Furthermore,	the	degree	of	CT	in	
the	S1	state	of	Npe:TCNB	is	found	to	be	slightly	higher	than	that	of	Npe:TCNQ,	aligning	
with	predictions	employing	a	recently	developed	orbital	similarity	metric.	
	
1.	Introduction	
In	the	search	for	semiconducting	materials	with	tailored	optoelectronic	properties,	
organic	co-crystals	have	emerged	as	particularly	promising	materials	for	integrated	
photonics,	 photovoltaic	 devices,	 and	 organic	 LEDs.1-14	 Co-crystals	 are	 crystalline,	
single-phase	materials	composed	of	two	or	more	molecular	compounds	that	interact	
noncovalently.3	One	class	of	these,	charge	transfer	(CT)	co-crystals,	can	be	defined	by	
CT	 interactions	 between	 molecular	 subunits	 of	 electron	 donor	 and	 acceptor	
molecules.3	Organic	CT	co-crystals	are	particularly	interesting	for	the	development	of	
optoelectronic	devices,	exhibiting	behaviors	such	as	ambipolar	charge	transport,3,5,6	
tunable	emission,7-9	and	room	temperature	ferroelectricity.2,10	
	 In	the	vast	space	of	molecular	complexity,	finding	combinations	of	donors	and	
acceptors	that	produce	co-crystals	with	optimal	properties	has	inspired	significant	

aSandia	National	Laboratories,	Livermore,	California	94550,	USA	
bDepartment	of	Chemistry,	Northwestern	University,	Evanston,	Illinois	60208,	USA	
*Correspondence	should	be	directed	to	lmmccas@sandia.gov	
†Electronic	Supplementary	Information	(ESI)	available	

https://doi.org/10.26434/chemrxiv-2023-vdtk0 ORCID: https://orcid.org/0000-0002-6705-8755 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-vdtk0
https://orcid.org/0000-0002-6705-8755
https://creativecommons.org/licenses/by/4.0/


interest.	 Researchers	 use	 the	 principles	 of	 rational	 design	 to	 identify	 structure-
function	 relationships	 and	 correlate	 properties	 of	 individual	 molecules	 to	 the	
properties	of	bulk	materials.3,11-14	Modern	approaches	 to	exploring	chemical	space	
have	 also	 emerged,	 such	 as	 high-throughput	 screening	 and	machine	 learning.15-19	
These	 methods	 screen	 combinations	 of	 donor	 and	 acceptor	 molecules	 to	 predict	
materials’	 bulk	physical	properties	 from	molecular	metrics	 such	as	 geometric	 and	
energetic	parameters.20	Machine	learning	and	high-throughput	screening	approaches	
are	 continually	 improving	 via	 inclusion	 of	 new	 structure-function	 relationships,	
driving	 a	 need	 for	 fundamental	 studies	 that	 identify	 such	 relationships	 through	
crystallographic	 structure	 determination,	 spectroscopic	 characterization,	 and	
electronic	structure	characterization.	

A	recent	paper	from	our	group	has	identified	a	novel	orbital	structure-function	
relationship	in	donor-acceptor	(D-A)	materials,	enabling	predictions	of	the	degree	of	
S1	CT	using	ground	state	orbital	analysis	alone.21	For	integration	of	such	relationships	
into	high-throughput	screening	procedures,	metrics	that	quantify	these	relationships	
must	 be	 tested	 on	 new	 chemical	 systems	where	 high-quality	 crystallographic	 and	
spectroscopic	data	are	available.	To	this	aim,	we	present	a	comparative	study	of	the	
crystallographic	 structure,	 spectroscopy,	 and	 electronic	 structure	 of	 two	 D-A	 co-
crystals:	 4-(1-naphthylvinyl)pyridine	 (Npe)	 co-crystalized	 with	 1,2,4,5-
tetracyanobenzene	 (TCNB)	 and	 Npe	 co-crystalized	 with	 1,2,4,5-
tetracyanoquinodimethane	 (TCNQ),	 shown	 in	 Figure	 1.	 We	 report	 a	 revised	
crystallographic	study	of	Npe:TCNB,	in	which	we	find	a	monoclinic	crystal	structure,	
in	contrast	to	the	previously	reported	triclinic	structure.22	A	crystal	structure	of	the	
second	 system	 studied	 here,	 Npe:TCNQ,	 has	 not	 been	 reported	 to	 date;	 we	 thus	
present	the	first	studies	of	the	structure	and	photophysical	properties	of	Npe:TCNQ.		
Theoretically,	 the	S0	optimized	geometries	of	 the	D-A	dimer	models	are	computed	
using	density	functional	theory	(DFT)	and	compared	to	calculations	of	the	extended	
solids	via	periodic	boundary	conditions	(PBC)	DFT	to	assess	the	role	of	the	extended	
crystal	in	constraining	molecular	geometries	of	the	D-A	subunits.	Comparisons	of	the	
experimental	vs.	theoretical	UV-Vis	spectra	enable	benchmarking	theoretical	cluster	
models	against	the	experimentally	studied	extended	solids.	We	report	the	degree	of	
CT	 in	 the	 ground	 (S0)	 and	 first	 electronically	 excited	 singlet	 state	 (S1)	 of	 our	
theoretical	 dimer	 models	 to	 compare	 between	 the	 two	 co-crystal	 systems.	
Furthermore,	we	rationalize	the	degree	of	S1	CT	by	computing	the	orbital	similarity	
between	isolated	and	D-A	complexes,	using	our	recently	developed	metric.21	
	
2.	Methods	Section	
	
2.1	Computational	Methods	
2.1.1	Methodology	

Figure	1:	Structures	of	TCNB,	Npe,	and	TCNQ	
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A	 variety	 of	DFT	methods	 and	 basis	 sets	were	 benchmarked	 and	 used	 to	 identify	
possible	 minimum	 energy	 structures	 along	 the	 neutral	 Npe:TCNB	 and	 Npe:TCNQ	
dimer	 surfaces,	 with	 additional	 information	 given	 in	 ESI	 Tables	 S1-S2.	 Geometry	
optimizations	and	relative	energies	were	computed	and	compared	using	functionals	
ωB97X-D,	 B3LYP,	 B3LYP-D3,	 CAM-B3LYP,	 CAM-B3LYP-D3,	 and	M06-2X	 and	 basis	
sets	 6-31G(d,p),	 6-31+G(d,p),	 and	 6-311+G(d,p),	 resulting	 in	 18	 combinations	 of	
functional	and	basis	set.23–30	Here,	a	D3	suffix	on	the	functional	name	refers	to	the	
Grimme	D3	dispersion	correction,	needed	for	the	calculation	of	non-covalent	bonding	
interactions.30	We	 find	 that	CAM-B3LYP-D3/6-31+G(d,p)	 calculations	of	 the	dimer	
clusters	best	reproduce	the	geometries	found	in	the	experimental	crystal	structures	
and	UV-Vis	spectra	without	the	need	for	any	long-range	parameter	tuning.	Geometry	
optimization	 calculations	were	 also	 performed	with	 periodic	 boundary	 conditions	
(PBC)	 DFT	 using	 the	 hybrid	 functional	 HSE06	 and	 6-31G(d,p)	 basis	 using	
crystallographic	 information	 file	 (CIF)	 geometries	 from	 the	 experimental	 crystal	
structure	as	 initial	guesses.27-29,31	Hybrid	 functionals	 such	as	HSE06	combine	semi	
local	 exchange	and	non-local	Hartree-Fock	exchange,	which	yields	 improved	band	
gaps,	excitation	energies,	and	thermochemical	properties	over	pure	functionals	(see	
Ref.	 32	 and	 references	 within).	 Structures	 were	 obtained	 by	 optimizing	 all	
coordinates	and	unit	cell	lengths	using	an	energy	convergence	criterion	of	10−5.	The	
number	of	k	points	used	for	Npe:TCNB	is	28	and	for	Npe:TCNQ,	36.	Direct	band	gaps	
are	 reported	 using	 these	 PBC	 DFT	 parameters.	 	 Excited	 state	 calculations	 were	
carried	 out	 using	 CAM-B3LYP-D3/6-31+G(d,p)	 within	 the	 linear	 response	 time–
dependent	DFT	(TDDFT)	formalism,	with	additional	details	given	in	ESI,	Tables	S3-
S12	and	Figures	S14-23.33-35	Natural	bond	orbital	(NBO)	population	analyses36	were	
performed	to	quantify	the	amount	of	CT	in	the	ground	state	of	the	complexes,	while	
transition	density	matrix	analysis	was	used	 to	calculate	 the	degree	of	CT	 in	 the	S1	
excited	 states	 using	 Theodore.37	Excited	 state	 analysis	 was	 facilitated	 by	Martin’s	
Natural	Transition	Orbital	(NTO)	model.38	

All	calculations	described	in	2.1.1	were	carried	out	using	the	GAUSSIAN	suite	
of	electronic	structure	programs,	G16.39	Stability	was	tested	on	all	converged	Kohn–
Sham	 determinants.40	 Stationary	 points	 were	 verified	 as	 minima	 using	 harmonic	
frequency	 analysis,	 employing	 analytical	 second–derivative	 calculations.41	 All	
relative	 energies	 of	 structures	 are	 zero-point	 energy	 corrected,	 employing	 the	
harmonic	approximation	for	frequency	analysis.	See	ESI	Tables	S1-S2	and	ESI	Section	
2.4	for	more	details.	
	 Calculations	 of	 the	 orbital	 similarity	 are	 performed	 as	 suggested	 in	 our	
previous	paper.21	Orbital	similarity	is	computed	between	donor	HOMO	and	D-A	dimer	
HOMO,	 as	 well	 as	 acceptor	 LUMO	 and	 D-A	 dimer	 LUMO,	 where	 values	 of	 orbital	
similarity	range	between	0	(no	similarity)	and	1	(same	orbital).	Donor	and	acceptor	
geometries	are	taken	to	be	the	geometries	they	assume	in	the	optimized	D-A	dimer	
complex	(i.e.	donor	and	acceptor	geometries	are	not	geometric	minima	of	the	isolated	
molecules),	 allowing	 for	 the	 simplification	 that	 the	 overlap	matrix	 of	 atomic	basis	
functions	between	donor	and	D-A	complex	(as	well	as	acceptor	and	D-A	complex)	is	
equivalent	to	the	self-overlap	of	atomic	basis	functions,	reported	in	the	output	of	our	
electronic	structure	calculations.21	
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2.2	Experimental	Methods	
2.2.1	General	Comments	
All	 co-crystals	 were	 synthesized	 in	 ambient	 conditions.	 1,2,4,5-
tetracyanoquinodimethane	(TCNQ)	was	purchased	from	Acros	Chemical	and	used	as	
received.	1,2,4,5-tetracyanobenzene	(TCNB)	and	4-(1-naphthylvinyl)pyridine	(Npe)	
were	purchased	from	TCI	America	and	used	as	received.	All	organic	solvents	were	
purchased	from	Sigma-Aldrich	and	used	as	received.	
	
2.2.2	General	Instrumentation	
Powder	X-ray	Diffraction	 (PXRD):	 Patterns	 for	 the	bulk	powders	were	 collected	
with	 a	 Panalytical	 Empyrean	 Diffractometer	 system	 equipped	 with	 a	 PIXcel3D	
detector	 using	 CuKα	 radiation	 using	 samples	 loaded	 in	 glass	 capillaries	 (Charles	
Supper,	Inc.)	and	sealed	with	vacuum	grease.		See	Figures	5,	7.	
Single	Crystal	X-Ray	Crystallography	(SCXRD):	Suitable	crystals	were	mounted	on	
a	thin	glass	fiber	using	perfluoropolyether	oil,	which	was	frozen	in	situ	by	a	nitrogen	
gas	 cryostream	 flow.	 Data	 collection	 was	 performed	 on	 a	 Rigaku	 Super	 Nova	
diffractometer	 equipped	 with	 an	 AtlasS2	 CCD,	 and	 Oxford	 700	 low-temperature	
attachment,	using	CuKα	(λ	=	1.54184).	Using	Olex2,	structures	were	solved	with	the	
SHELX	structure	solution	program	using	Direct	Methods	and	refined	with	the	SHELXL	
refinement	package	using	least	squares	minimization.	See	additional	details	 in	ESI,	
Figures	S1-S9	and	ESI	Section	3.		
Fourier	Transform	Infrared	(FTIR):	Spectra	were	obtained	with	an	Agilent	Cary-
630	spectrometer,	with	an	attenuated	total	reflectance	module	containing	a	diamond	
crystal.	See	additional	info	in	ESI,	Figures	S10-S11.		
Elemental	Microanalyses:	Elemental	microanalyses	were	performed	by	Galbraith	
Laboratories,	Inc.	(Knoxville,	TN).		
Photoluminescence	(PL)	Spectroscopy:	Photoluminescence	spectra	were	collected	
using	an	Edinburgh	Instruments	FLS1000	fluorimeter	equipped	with	a	450	W	Xenon	
arc	 lamp	 for	 steady-state	 measurements	 and	 a	 375	 nm	 picosecond	 pulsed	 light	
emitting	 diode	 for	 time-resolved	 measurements.	 Single-grating	 Czerny-Turner	
excitation	and	emission	monochromators	were	used	along	with	a	cooled	PMT-900	
photomultiplier	detector	that	covers	a	range	of	185-900	nm.	Absorption	spectra	were	
collected	between	300-540	nm	monitoring	the	emission	at	a	wavelength	of	550	nm.	

Figure	2:	Optimized	geometries	of	Npe:TCNB	found	with	CAM-B3LYP-D3/6-31+G(d,p).	Energies	
(eV)	are	reported	relative	to	the	lowest-energy	structure	(a)	and	include	zero-point	corrections.	
The	calculated	degree	of	CT	is	also	reported	for	S0	and	S1	with	the	associated	oscillator	strength	for	
S1	excited	states. 
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Emission	spectra	were	collected	between	424-740	nm	with	an	excitation	wavelength	
of	375	nm.	See	Figure	5b-c.		
	
2.2.3	Synthesis	of	Npe:TCNB	co-crystals	
Npe:TCNB	 co-crystals	were	 synthesized	 by	 dissolution	 of	 0.5	mmol	TCNB	 and	0.5	
mmol	Npe	in	a	20	mL	vial	with	6	mL	of	a	1:1	DMF:MeCN	solvent.	Once	fully	dissolved,	
the	 yellow	 solution	 was	 allowed	 to	 slowly	 evaporate	 forming	 broad	 needle-like	
crystals.	A	bulk	powder	form	of	the	Npe:TCNB	co-crystals	can	be	formed	by	mixing	
two	separate	TCNB	and	Npe	solutions	in	pure	MeCN.	
	
2.2.4	Synthesis	of	Npe:TCNQ	co-crystals	
Npe:TCNQ	co-crystals	were	synthesized	by	dissolution;	0.15	mmol	of	Npe	and	0.1	
mmol	of	TCNQ	were	combined	in	a	7	mL	vial	with	4	mL	of	MeCN	and	heated/boiled	
until	all	solids	were	dissolved,	resulting	in	a	dark	green	solution	that	forms	small	
blue-like	plates	as	it	slowly	cools	to	room-temperature	overnight.	(Note:	the	
crystallographic	ratio	is	the	opposite	of	the	synthesis	conditions).	Further	
purification	and	isolation	were	achieved	by	washing	with	cold	MeCN.	Elemental	
Analysis	of	2Npe:3TCNQ	co-crystal:	C17	H13	N,1.5(C12	H4	N4).	Calculated:	C	78.20,	H	
3.56,	N	18.24;	Found:	C	77.30,	H	3.22,	N	17.84.	
	
2.2.5	Diffuse	Reflectance	Spectra	
UV-Vis	and	near-IR	spectra	of	solid	Npe,	TCNB,	TCNQ,	Npe:TCNB,	and	Npe:TCNQ	were	
acquired	 in	 diffuse	 reflectance	 mode	 using	 a	 Perkin-Elmer	 Lambda	 1050+	
spectrophotometer.	Samples	were	finely	ground	and	mixed	with	MgO	powder	(∼40	
μm	particle	 size)	 to	make	∼1	wt.%	mixtures.	 Sample	mixtures	were	 then	pressed	
against	a	CaF2	window	mounted	onto	the	side	of	a	100	mm	integrating	sphere.	
	
2.2.6	Band	Gap	Determination	
To	estimate	 the	optical	band	gap	of	each	co-crystal,	 the	diffuse	reflectance	spectra	
shown	 in	 Figures	 6c,	 8c	 were	 first	 transformed	 using	 the	 Kubelka-Munk	
transformation.42	 The	 resulting	F(R)	 spectra	were	 treated	 as	 a	 pseudo-absorption	
function,	assuming	the	scattering	coefficient	is	constant	for	small	spectral	windows	
near	the	onset	of	the	lowest	energy	feature.	In	this	approximation,	the	linear	portion	

Figure	3:	Optimized	geometries	of	Npe:TCNQ	found	with	CAM-B3LYP-D3/6-31+G(d,p).	Energies	
(eV)	are	reported	relative	to	the	lowest-energy	structure	(a)	and	include	zero-point	corrections.	The	
calculated	degree	of	CT	is	also	reported	for	S0	and	S1	with	the	associated	oscillator	strength	for	S1	
excited	states.	
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of	plots	of	F(R)1/γ	vs.	photon	energy	was	extrapolated	to	the	x-axis	to	determine	the	
optical	band	gap.43	For	direct	band	gap	materials,	such	plots	will	appear	linear	for	γ	=	
1/2	whereas	indirect	band	gap	materials	will	show	good	linearity	for	γ	=	2.	F(R)	plots	
for	both	materials,	along	with	linear	extrapolations,	are	presented	in	ESI,	Figures	S12-
S13.	As	none	of	these	F(R)	plots	show	obvious	improvements	in	linearity,	we	report	
the	direct	band	gap.	Due	to	the	vibronic	structure	observed	in	Npe:TCNQ,	multiple	
linear	fits	were	performed	up	to	the	lowest	energy	shoulder	at	~862	nm.	

	
3.	Results	and	Discussion	
In	high-throughput	screening	procedures,	dimer	cluster	geometries	are	optimized	to	
determine	a	low-energy	conformer	for	which	properties	such	as	orbital	energies	and	
vibrational	 frequencies	 are	 calculated.	 	 Detailed	 benchmarking	 of	 (1)	 the	 level	 of	
theory/basis	set,	and	(2)	comparison	of	theoretical	and	experimental	spectroscopic	
data	 is	 generally	 not	 performed	 in	 screening	 procedures	 due	 to	 computational	
expense	 and	 difficulty.	We	 perform	 these	 detailed	 benchmarking	 and	 comparison	
studies	 here	 to	 develop	 and	 improve	 databases	 of	 crystallographic,	 spectroscopic,	
and	electronic	structure	data.			

In	this	section	we	compare	D-A	co-crystal	systems	with	commonly	used	donor	
and	 acceptor	 molecules	 previously	 employed	 in	 co-crystal	 materials	 with	 unique	
optical	properties.	These	two	co-crystal	systems	have	the	same	donor	molecule,	Npe,	
and	 structurally	 similar	 acceptors,	 TCNB	and	TCNQ.	The	 first	 acceptor,	 TCNB,	 has	
been	used	in	the	synthesis	of	co-crystals	for	applications	in	developing	waveguides	
and	 photoswitches.22,44,45	 The	 second	 acceptor,	 TCNQ,	 is	 one	 of	 the	 most	 widely	
studied	acceptor	species	due	to	its	high	electron	affinity	(EA).	6,46-49	TCNQ-based	co-
crystals	 are	 known	 for	 strong	 CT	 character	 and	 some	 exhibit	 room	 temperature	
ambipolar	charge	transport.6,46-49	While	Npe:TCNB	co-crystals	have	recently	been	of	
interest	in	the	development	of	waveguides	for	integrated	photonics,22	to	the	authors’	
knowledge,	Npe:TCNQ	co-crystals	have	not	been	reported	to	date.		
	
3.1	Comparing	Orbital	Overlap	and	Charge	Transfer	of	Npe:TCNB	and	Npe:TCNQ	
We	 performed	 scans	 of	 the	 potential	 energy	 surfaces	 (PES)	 of	 Npe:TCNB	 and	
Npe:TCNQ	using	CAM-B3LYP-D3/6-31+G(d,p)	with	additional	details	in	Section	2.1.1.		
Figures	2	and	3	show	the	minimum	geometries	identified	for	each	system.		To	best	
model	 the	 conditions	 of	 a	 high-throughput	 screening	 procedure,	 our	 tests	 of	 the	
recently	 developed	 orbital	 similarity	 metric	 are	 performed	 on	 the	 lowest-energy	
isomer	for	each	system.21	Additional	benchmarking	to	confirm	the	chosen	models	is	
described	in	Sections	3.2-3.3.	

Table	1:Values	of	the	orbital	similarity	are	reported	for	each	system	along	with	the	average	
similarity	value.	
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Figure	4	presents	 the	HOMO	and	LUMO	 isosurfaces	 and	orbital	 energies	of	
Npe,	TCNB,	TCNQ,	Npe:TCNB,	and	Npe:TCNQ.		One	of	the	most	striking	features	of	the	
orbital	 isosurfaces	is	the	similarity	of	the	Npe:acceptor	complexes’	HOMO	and	Npe	
HOMO	 isosurfaces,	 as	 well	 as	 those	 of	 the	 Npe:acceptor	 complexes’	 LUMO	 and	
acceptor	 LUMO.	 Because	 a	 large	 degree	 of	 CT	 is	 observed	 in	 the	 S1	 states	
(HOMO→LUMO)	 of	 each	 complex,	we	 look	 for	 correlations	 between	 the	 degree	 of	
similarity	between	isolated	vs.	complexed	orbitals	and	the	degree	of	S1	CT,	using	our	
recently	developed	method,21	shown	in	Table	1.	In	the	case	of	Npe:TCNB,	we	find	an	
overlap	of	0.99	between	the	Npe	HOMO	and	Npe:TCNB	HOMO	(Npe-Npe:TCNB)	and	
an	overlap	of	0.99	between	the	TCNB	LUMO	and	Npe:TCNB	LUMO	(TCNB-Npe:TCNB).	
In	the	case	of	Npe:TCNQ,	overlap	values	are	calculated	to	be	0.98	between	the	Npe	
HOMO	and	Npe:TCNQ	HOMO	(Npe-Npe:TCNQ)	and	0.98	between	 the	TCNQ	LUMO	
and	Npe:TCNQ	LUMO	(TCNQ-Npe:TCNQ).	Our	explicit	calculations	of	the	degree	of	CT	
in	 S1	using	 TDM	 analysis	 (See	 Figures	 2	 &	 3)	 reveal	 a	 high	 degree	 of	 CT	 in	 both	
complexes,	 with	 0.97e	 in	 the	 S1	 state	 of	 Npe:TCNB	 and	 0.95e	 in	 the	 S1	 state	 of	
Npe:TCNQ.	 Comparing	 HOMO	 overlap	 between	 Npe-Npe:TCNB	 (0.99)	 and	 Npe-
Npe:TCNQ	 (0.98),	 Npe-Npe:TCNB	 exhibits	 a	 1%	 higher	 overlap	 than	 that	 of	 Npe-
Npe:TCNQ.	 The	 LUMO	overlap	 between	TCNB-Npe:TCNB	 (0.99)	 is	 also	 1%	higher	
than	 that	 of	 TCNQ-Npe:TCNQ	 LUMO	 (0.98).	 Taking	 the	 average	 of	 the	HOMO	 and	
LUMO	values	for	each	complex,	as	shown	in	Table	1,	we	see	that	the	average	orbital	
similarity	for	Npe:TCNB	is	0.99	vs.	0.98	for	Npe:TCNQ,	revealing	that	Npe:TCNB	has	
a	slightly	higher	orbital	similarity	(1%)	than	Npe:TCNQ,	as	expected	from	the	slightly	
higher	 degree	 of	 S1	 CT	 in	 Npe:TCNB	 (0.97e	 vs.	 0.95e	 in	 Npe:TCNQ).	 	While	 these	
differences	 in	orbital	similarity	between	Npe:TCNB	and	Npe:TCNQ	are	quite	small,	
we	 find	 that	 the	 degree	 of	 orbital	 similarity	 is	 very	 high	 for	 both	 complexes,	 as	
expected	from	the	large	degree	of	S1	CT	in	both	systems.			

Figure	4:	The	molecular	orbital	energy	level	diagram	for	Npe:TCNQ	and	
Npe:TCNB	complexes	with	their	isolated	molecules.	Orbital	energy	gaps	are	
also	shown.	Orbitals	are	plotted	with	isovalue	of	0.05	Å−3.	
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We	now	turn	to	comparing	orbital	energies	using	well-established	techniques.		
Prior	studies	have	used	the	metric	EHOMOdonor-ELUMOacceptor	to	identify	the	degree	of	CT	
in	the	ground	state,	with	larger	values	of	EHOMOdonor-ELUMOacceptor	representing	higher	
values	of	S0	CT.20	The	energy	difference	between	isolated	Npe	HOMO	and	TCNB	LUMO	
(EHOMONpe-ELUMOTCNB)	is	(-7.02	eV)	–	(-3.04	eV)	=	-3.98	eV.	In	the	Npe	and	TCNQ	orbital	
analysis,	we	observe	an	EHOMONpe-ELUMOTCNQ	difference	of	–(-7.02	eV)	–	(-3.98	eV)	=	-
3.04	 eV.	 Comparing	 the	 EHOMONpe-ELUMOacceptor	values	 between	 the	 two	 systems,	we	
observe	that	EHOMONpe-ELUMOTCNQ	=	−3.04	eV	is	higher	than	EHOMONpe-ELUMOTCNB	=	−3.98	
eV,	indicating	a	larger	degree	
of	S0	CT.		
	 We	 can	 also	 compare	
the	 orbital	 energies	 between	
Npe:TCNB	 and	 Npe:TCNQ	
using	 an	 analysis	 based	 on	
Koopman’s	theorem	to	assess	
the	degree	of	S0	CT,	estimating	
that	 the	 EA	 is	 approximately	
equal	 to	 the	 negative	 of	 the	
LUMO	 energy.	 This	 gives	 an	
EATCNB	of	3.04	eV	vs.	an	EATCNQ	
of	 3.98	 eV.	 Comparing	 the	
estimations	 of	 EA	 to	
calculations	 of	 ground	 state	
CT	using	an	NBO	analysis,	we	
observe	 that	 Npe:TCNB	
exhibits	smaller	degree	of	CT,	
0.02e,	vs.	0.04e	in	Npe:TCNQ,	
as	 expected	 from	 TCNB’s	
smaller	EA.		
	
3.2	 Structural	 and	
Electronic	 Characterization	
of	Npe:TCNB	
	 We	 now	 turn	 to	
detailed	benchmarking	of	our	
model	 systems	 against	
experimental	 crystal	
structures	 and	 spectroscopic	
data	to	confirm	our	choice	of	
the	 lowest-energy	D-A	 dimer	
as	a	sufficient	model	for	these	
crystalline	 materials.	 	 As	
briefly	 described	 in	 3.1,	 we	
performed	scans	of	the	S0	PES	
of	 the	 Npe:TCNB	 molecular	
cluster	(MC)	and	identified	six	

Figure	5:	a)	Powder	X-ray	patterns	of	Npe:TCNQ	obtained	
from	simulation	of	the	crystal	structure	(top	trace),	MeCN	
(middle	trace),	and	by	DMF/MeCN	(bottom	trace).	B)	The	
absorption	and	PL	spectra	of	Npe:TCNB	co-crystals	on	a	glass	
substrate	at	298	K.	c)	The	PL	decay	profile	(with	fitting	
curve).	
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structures	as	candidate	dimer	models	of	the	extended	co-crystals,	shown	in	Figure	2.	
A	previous	study	identified	two	low-energy	minimum	geometries	of	the	Npe:TCNB	
dimer.22	In	the	six	conformers	identified	here,	two	agree	with	the	previously	reported	
geometries	by	Zhu	et	al.,	including	the	lowest-energy	isomer,	a.	We	find	that	multiple	
minima	exist	upon	rotation	of	TCNB	with	respect	to	the	naphthalene	of	Npe,	resulting	
in	 our	 identification	 of	 two	 low-energy	 structures	 that	 differ	 by	 0.009	 eV	 (b)	 and	
0.062	eV	(c)	from	the	lowest-energy	structure.	We	also	identify	a	structure	at	0.107	
eV	 for	which	TCNB	 is	 localized	 to	 the	pyridine	of	 the	Npe	 (d).	The	highest	energy	
structure	(0.179	eV,	f)	found	in	this	study	is	structurally	similar	to	the	higher	energy	
structure	 determined	 by	 Zhu	 et	 al.,	 differing	 only	 by	 a	 slight	 rotation	 of	 the	
naphthalene	 ring.22	 Finally,	 a	 folded	 structure	was	 located	 at	 a	 relative	 energy	 of	
0.111	eV	(e).	In	this	structure,	the	Npe	molecule	is	folded	in	a	V-shape	and	TNCB	is	
positioned	on	top	of	the	naphthalene	moiety.	

To	compare	our	model	structures	to	experimental	values,	Npe:TCNB	crystals	
were	synthesized	and	spectroscopically	characterized.	Single	crystals	of	Npe:TCNB	
were	grown	by	slow	evaporation	of	a	1:1	molar	ratio	of	TCNB	and	Npe	dissolved	in	a	
1:1	 (vol.)	 DMF/MeCN	mixture,	 resulting	 in	 yellow	 blade-like	 crystals	 suitable	 for	
single-crystal	 X-ray	 diffraction	 (SCXRD).	 Analysis	 by	 SCXRD	 determined	 that	 the	
Npe:TCNB	 co-crystal,	 in	 contrast	 to	 the	 previously	 reported	 triclinic	 structure,22	
crystallizes	with	a	1:1	ratio	of	TCNB	to	Npe	in	the	monoclinic	space	group	P21/c	with	
a	 =	 6.73,	 b	 =	 36.66,	 and	 c	 =	 9.51	 Å(β	 =	 106◦).	 Although	 the	 single-crystal	 XRD	
measurement	was	performed	at	100	K,	there	is	still	a	large	amount	of	disorder	around	
the	 pyridine	 moiety	 of	 Npe,	 which	 appears	 to	 be	 “rocking”	 and	 generating	 an	
additional	conformation	of	the	pyridine	ring	that	is	>45◦	out	of	the	plane	with	respect	
to	the	other	occupied	pyridine	site.	The	expanded	structure	reveals	that	there	is	a	π	–	
π	stacking	interaction	between	the	naphthalene	moiety	of	the	Npe	and	the	benzene	
ring	of	the	TCNB	molecule	with	a	distance	of	3.375	Å.	The	pyridine	of	Npe	interacts	
with	other	Npe-pyridines	in	adjacent	layers	with	a	centroid-centroid	distance	of	3.9	
–	4.9	Å,	Figure	S4.	The	crystal	structure	shows	no	evidence	of	interaction	between	the	
Npe	pyridine	moiety	and	TCNB.	Further	details	on	the	crystal	structure	data	are	given	
in	ESI	Section	3.	

Steady-state	 and	 time-resolved	 photoluminescence	 measurements	 were	
collected	on	Npe:TCNB	co-crystals	to	further	probe	the	interactions	between	the	Npe	
and	TCNB	moieties,	as	shown	in	Figures	5b	and	5c.	The	emission	spectra	show	a	single	
peak	centered	near	550	nm,	which	is	red	shifted	∼100	nm	from	that	of	Npe	itself.	This	
shift	 is	 associated	 with	 CT	 interactions	 between	 Npe	 and	 TCNB.50	 The	 observed	
fluorescence	 decay	 for	 Npe:TCNB	 follows	 a	 bi-exponential	 decay	 with	 decay	
components	of	2.43	ns	(14.6%)	and	9.54	ns	(85.4%).	These	values	differ	from	that	of	
pure	Npe	(1.57	ns)	and	reflect	appreciable	electronic	interactions	in	the	excited	state	
between	the	two	co-crystal	components.		

The	 centroid-centroid	 distances	 between	Npe	 and	TCNB	 in	 the	 six	 isomers	
shown	 in	 Figure	 2	 agree	 with	 the	 experimentally	 observed	 distances,	 ranging	
between	3.3	and	3.5	Å.	The	values	quantifying	degree	of	CT	are	very	consistent	for	all	
isomers	in	the	S0	and	S1	states,	varying	between	0.01e	and	0.02e	in	S0	and	between	
0.96e	and	0.98e	in	S1,	as	shown	in	Figure	2.	In	all	isomers	found,	the	S1		
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state	 is	 a	CT	 state	 characterized	by	 the	HOMO	 to	LUMO	 transition.	The	 computed	
oscillator	strengths	of	these	transitions,	however,	are	quite	different.	Isomers	a,	d,	and	
e	 exhibit	 S1	 oscillator	 strengths	 with	 values	 of	 0.021,	 0.016,	 and	 0.023	 a.u.,	
respectively,	higher	than	the	other	conformers	where	the	S1	state	oscillator	strength	
values	range	from	0.002	to	0.009	a.u.	Of	these,	structure	a	(the	lowest-energy	isomer)	
is	far	closer	geometrically	to	the	experimental	crystal	structure	than	d	or	e,	allowing	
structure	a	to	emerge	as	the	best	model	for	Npe:TCNB,	as	predicted	from	energetic	
arguments	alone	in	Section	3.1.	

Figure	6:	a)	Geometries	of	Npe:TCNB	from	the	experimental	crystal	structure	(Exp),	
periodic	boundary	condition	(PBC)	DFT,	and	molecular	cluster	(MC)	calculations	
(centroid-centroid	distances	are	indicated	with	dotted	line	in	Å).	b)	The	simulated	
absorption	spectra	of	Npe,	TCNB,	and	Npe:TCNB	in	the	MC.	c)	Diffuse	reflectance	spectra	
of	∼1	wt.%	mixtures	of	Npe,	TCNB,	and	Npe:TCNB.	d)	Orbital	contributions	of	strong	
electronic	transitions	and	their	associated	weights.	
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	 PBC	DFT	 calculations	were	 carried	out	 to	 study	 the	effects	of	 the	 extended	
solid	on	the	geometry	of	the	unit	cell	and	found	to	be	in	agreement	with	the	both	the	
experimental	 crystal	 structure	 and	 MC	 model,	 shown	 in	 Figure	 6a.	 Due	 to	 the	
significant	 computational	 expense	 of	 PBC	 DFT	 calculations,	 we	 can	 only	 compute	
ground	 state	 geometries	 and	 energies.	 We	 thus	 focus	 our	 comparison	 between	
ground	 state	 PBC	 DFT	 and	 MC	 calculations.	 Two	 main	 structural	 differences	 are	
observed	in	the	comparison	between	the	PBC	DFT	structure	and	its	MC	counterpart.	
First	is	the	alignment	of	the	TCNB	molecule	relative	to	Npe.	The	MC	structure	exhibits	
a	-15.50°	rotation	of	the	TNCB,	while	the	PBC	DFT	structure	exhibits	a	2.0°	rotation,	
and	 experimental	 crystal	 structure	 a	 3.25°	 rotation.	 Another	 key	 difference	 is	 the	
planarity	of	Npe	observed	in	the	structures,	calculated	as	the	dihedral	between	the	
pyridine	 and	 naphthalene	 moieties.	 This	 dihedral	 angle	 is	 2.8°	 in	 the	 PBC	 DFT	
structure	and	13.3°	 in	 the	MC	structure,	compared	 to	 the	2.0°	 in	 the	experimental	
crystal	 structure.	While	 we	 see	 larger	 differences	 between	 the	MC	 geometry	 and	
experimental	 structure	 compared	 to	 the	 PBC	 DFT	 geometry,	 these	 geometric	
differences	 are	 relatively	 minor,	 with	 MC	 structures	 exhibiting	 the	 qualitative	
features	of	the	crystal	structure.	Some	geometric	differences	between	PBC	DFT	and	
MC	structures	are	to	be	expected,	as	the	crystal	structure	constrains	the	structures	of	
the	D-A	pairs.	We	thus	turn	to	assess	the	importance	of	these	structural	differences	
via	comparisons	of	the	experimental	UV-Vis	spectra	and	theoretically	predicted	UV-
Vis	spectra	of	the	dimer	cluster.	
	 While	we	have	strong	structural	and	energetic	arguments	for	our	choice	of	the	
optimal	MC	model	of	Npe:TCNB,	we	must	compare	the	computed	UV-Vis	absorption	
spectra	to	the	experimental	UV-Vis	diffuse	reflectance	spectra,	shown	in	Figure	6	b-c.	
Here	 we	 compare	 dips	 in	 the	 experimental	 reflectance	 spectra	 to	 calculated	
absorption	peaks.	The	exact	%	R	peak	shapes	will	not	be	examined	closely,	as	features	
such	 as	 >100%	R	 values	 shown	 at	 low	wavelength	 are	 likely	 due	 to	 fluorescence	
emission	and	outside	the	scope	of	this	discussion.	The	calculated	S1	state	at	430	nm	
with	oscillator	strength	f	=	0.021	a.u.	is	characterized	by	a	HOMO→LUMO	transition,	
originating	from	intermolecular	CT	from	Npe	to	TCNB,	as	shown	in	Figure	6d.	This	
transition	corresponds	to	the	experimentally	observed	dip	around	450	nm	(Figure	6	
b-c).	The	peak	computed	at	310	nm	corresponds	to	the	S4	excited	state,	f	=0.478,	seen	
experimentally	at	350	nm.	In	contrast	to	the	CT	character	of	the	S1	state,	the	S4	state	
exhibits	local	excitation	within	Npe,	as	seen	in	Figure	6d.	The	theoretical	S10	peak,	f	
=0.356,	computed	at	250	nm	(in	excellent	agreement	with	the	experimental	dip	at	
250	 nm),	 is	 characterized	 by	 two	 orbital	 transitions,	 both	 with	 locally	 excited	
character,	shown	in	Figure	6d.		The	good	agreement	between	the	simulated	spectrum	
of	the	cluster	model	and	the	experimental	diffuse	reflectance	spectrum	of	the	crystals	
supports	 our	 choice	 of	 the	 lowest-energy	 cluster	 model	 and	 aids	 in	 the	
characterization	of	the	electronic	structure	involved	in	photon-induced	CT.		

The	UV-Vis	diffuse	reflectance	spectra	were	analyzed	to	determine	the	band	
gap	 of	 Npe:TCNB	 crystals,	 as	 described	 in	 Section	 2.2.6.	 	 A	 direct	 band	 gap	 is	
determined	as	2.45	eV.		Our	PBC	DFT	calculations	determine	the	direct	band	gap	to	
be	2.03	eV.	 	The	difficulties	with	which	PBC	DFT	computes	accurate	band	gaps	are	
well	 documented,	 though	 hybrid	 functionals	 such	 as	 the	 one	 used	 in	 this	 study	
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balance	local	and	non-local	exchange,	resulting	in	computed	band	gaps	that	compare	
favorably	with	experimental	values	(see	Ref.	32	and	references	within).		We	thus	find	
reasonably	good	agreement	between	the	PBC	DFT	and	experimentally	derived	direct	
band	gaps.	
	
3.3	Structural	and	Electronic	Characterization	of	Npe:TCNQ	
We	 now	 turn	 to	 studying	 the	 electronic	 structure,	 crystal	 structure,	 and	 UV-Vis	
spectra	 of	 Npe:TCNQ.	We	 performed	 scans	 of	 the	 PES	 of	 the	 Npe:TCNQ	 dimer	 to	
identify	 structures	 of	 the	model	 cluster	 that	 best	 reproduce	 the	 crystal	 structure.	
Figure	3	shows	the	optimized	minimum-energy	structures	located	on	the	Npe:TCNQ	
dimer	PES.	Four	low-energy	dimer	structures	were	identified	with	a	0.029	eV	energy	
gap	between	the	lowest	and	the	highest	energy	structure.	The	four	conformers	differ	
from	each	other	by	the	rotation	of	the	TCNQ	above	the	phenyl	rings	with	significant	
rotations	 of	 the	 pyridine	 ring	 in	 conformers	 b	 and	 c,	 labeled	 in	 Figure	 3.	 An	
intermolecular	distance	of	3.4	Å	 is	 found	 in	all	 structures	except	b,	with	a	 shorter	
inter-ring	distance	of	3.2	Å.	This	shorter	distance	can	be	explained	by	the	alignment	
of	 the	 TCNQ	 molecule	 above	 the	 Npe	 molecule	 that	 results	 in	 strong	 hydrogen	
bonding	between	the	N	atoms	of	the	TCNQ	and	the	H	atoms	of	the	Npe	pyridine	ring.		

To	 ensure	 that	 the	 lowest-energy	 conformer	 of	 Npe:TCNQ	 is	 the	 closest	 in	
structure	 to	 a	 D-A	 subunit	 in	 the	 extended	 solid,	 crystals	 of	 Npe:TCNQ	 were	
synthesized	 and	 characterized.	 Single	 crystals	 of	 the	 Npe:TCNQ	 co-crystal	 were	
grown	by	slowly	cooling	a	warm	solution	of	TCNQ	and	Npe	dissolved	in	MeCN	at	330	
K.	 This	 resulted	 in	 precipitation	 of	 large	 dark	 blue	 prismatic	 crystals.	 Analysis	 by	
SCXRD	(Figure	7)	determined	that	the	Npe:TCNQ	crystallizes	with	a	2:3	ratio	in	the	
triclinic	space	group	P-1	with	cell	parameters	of	a	=	9.88,	b	=	11.81,	c	=	12.31	Å,	α	=	
93.8◦,	β	=	93.94◦,	and	γ	=	111.87◦.	The	crystal	structure	reveals	layers	of	TCNQ	and	
Npe	alternating	in	pairs	similar	to	that	of	the	Npe:TCNB	co-crystal	as	shown	in	Figures	
S5-S9	of	the	ESI.	The	stacking	of	the	layers	displays	a	pair	of	TCNQ	molecules	lining	
up	above	a	single	Npe	molecule	from	an	adjacent	 layer.	The	close	proximity	of	the	
layers	enables	a	π	−	π	stacking	interaction	between	the	naphthalene	moiety	of	the	

Npe	with	 one	TCNQ	 (3.730	Å)	
and	 an	 interaction	 with	 a	
second	TCNQ	and	the	pyridine	
moiety	 of	 the	 Npe	 (3.841	 Å).	
Despite	 the	 close	 interactions	
between	TCNQ	and	Npe	within	
the	 same	 layer,	 the	 distance	
between	the	two	interlayer	Npe	
pyridine	 moieties	 is	 too	 large	
(4.847	Å)	for	substantial	π	–	π	
interaction.	 Further	 details	 on	
the	 crystal	 structure	 data	 are	
given	in	ESI	Section	3.	Figure	7:	Powder	X-ray	patterns	of	Npe:TCNQ	(bottom	trace)	

and	simulated	from	the	crystal	structure	(top	trace).	
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Photoluminescence	measurements	were	attempted	for	the	Npe:TCNQ	system,	
though	 no	 detectable	 fluorescence	 was	 observed.	 We	 attribute	 the	 fluorescence	
quenching	 to	 self-absorption	 effects.51	 Currently	 underway	 are	 studies	 of	 the	 UV	
pump,	 UV-Vis	 probe	 ultrafast	 transient	 absorption	 spectroscopy	 of	 Npe:TCNQ	 to	
reveal	time-resolved	luminescence	data,	which	we	will	report	in	an	upcoming	paper.		

We	 compare	 the	 experimental	 crystal	 structure	 of	 Npe:TCNQ	 to	 the	 dimer	
structures	shown	in	Figure	3.	Structures	b	and	c	exhibit	significant	rotation	of	TCNQ	
relative	 to	 Npe,	 differing	 substantially	 from	 the	 crystal	 structure’s	 D-A	 subunit	

Figure	8:	a)	Geometries	of	Npe:TCNQ	found	with	the	experiment	(Exp),	
periodic	boundary	condition	(PBC)	DFT,	and	molecular	cluster	(MC)	
calculations	(centroid-centroid	distances	are	indicated	with	dotted	line	
in	Å).	b)	The	simulated	absorption	spectra	of	Npe,	TCNQ,	and	
Npe:TCNQ	in	the	MC.	c)	Diffuse	reflectance	spectra	of	Npe,	TCNQ,	and	
Npe:TCNQ	in	MgO.	d)	Orbital	contributions	of	strong	electronic	
transitions	and	their	associated	weights.	
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geometry.	In	analysis	of	the	degree	of	CT	in	the	S0	and	S1	states,	we	find	that	these	
quantities	vary	between	conformers	of	Npe:TCNQ	far	more	than	in	Npe:TCNB.	In	the	
S0	state,	CT	values	range	from	0.01	to	0.07e,	while	in	the	S1	state,	CT	values	range	from	
0.92	to	0.97,	exhibiting	neutral	character	in	the	S0	state	and	ionic	character	in	the	S1	
state,	as	seen	in	Npe:TCNB.	We	turn	to	the	S1	oscillator	strength	to	assess	our	choice	
of	 the	 lowest-energy	 conformer	 a	 as	 our	model.	 Indeed,	we	 find	 that	 conformer	 a	
emerges	 as	 the	 optimal	 candidate,	 as	 its	 S1	 oscillator	 strength	 is	 sufficiently	 large	
(0.030	a.u.	compared	to	0.002	a.u.	in	structurally	similar	isomer	d).	

PBC	DFT	calculations	were	performed	to	quantify	the	effects	of	the	extended	
solid	on	the	structure	of	the	D–A	subunit	in	the	crystal.	Figure	8a	shows	that	the	PBC	
DFT	 calculated	 structure	 is	 in	 good	 agreement	 with	 the	 experimentally	 observed	
structure	with	a	centroid-centroid	distance	difference	of	0.21	Å	between	experiment	
and	PBC	DFT.	The	main	differences	between	the	PBC	and	MC	structures	are:	1)	the	
degree	 of	 rotation	 of	 TCNQ	 with	 respect	 to	 Npe	 and	 2)	 the	 centroid-centroid	
distances.	There	 is	a	 larger	degree	of	 rotation	observed	 in	 the	MC	structure,	60.5°	
compared	 to	 the	 experimental	 crystal	 structure,	 whereas	 the	 rotation	 in	 the	 PBC	
structure	differs	from	the	experimental	crystal	structure	by	2.8°,	consistent	with	the	
findings	in	the	case	of	Npe:TCNB.	Although	a	higher	degree	of	rotation	is	observed	in	
the	MC	structure,	the	centroid-centroid	distance	exhibits	smaller	deviation	from	the	
experimental	crystal	structure,	0.05	Å,	than	the	distance	deviation	between	the	PBC	
DFT	structure	and	experiment,	0.21	Å.	Due	to	the	larger	differences	between	MC	and	
crystal	 structure,	 we	 turn	 to	 comparing	 the	 theoretical	 and	 experimental	 UV-Vis	
spectra	to	validate	MC	model.	

The	absorption	spectra	of	our	model	Npe:TCNQ	dimer	were	calculated,	shown	
in	 Figure	 8b.	 The	 simulated	 spectrum	 of	 Npe:TCNQ	 shows	 a	 peak	 at	 660	 nm,	
associated	with	the	S1	excited	state.	This	state	corresponds	to	CT	from	the	Npe	to	the	
TCNQ	with	oscillator	strength,	f	=	0.0299	a.u.	and	a	HOMO→LUMO	orbital	transition,	
as	shown	in	the	orbital	isosurfaces	in	Figure	8d.	This	peak	is	observed	experimentally	
within	the	vibronic	structure	region	between	600	and	900	nm.	Two	additional	peaks	
in	the	calculated	spectrum	are	 located	at	440	and	380	nm,	associated	with	excited	
states	S2	and	S4,	respectively.	These	two	states	have	higher	oscillator	strengths,	f	=	
0.310	a.u.	and	0.280	a.u.	 for	S2	and	S4,	 respectively,	with	mixed	character	between	
locally	 excited	 and	 CT	 transitions,	 originating	 mainly	 from	 the	 TCNQ	 π	 →	 π∗	
transition.	 These	 peaks	 likely	 correspond	 to	 the	 less	 intense	 dip	 observed	 in	 the	
experimental	spectrum	at	420	nm.	A	final	strong	peak	at	320	nm	originates	from	the	
S8	 excited	 state	 with	 strong	 oscillator	 strength,	 f	 =	 0.860	 a.u.,	 aligning	 with	 the	
observed	 experimental	 dip	 at	 340	 nm.	 This	 excitation	 is	 characterized	 by	 the	
intramolecular	 Npe	 π→π∗	 transition;	 see	 Figure	 8d.	 Similar	 vibronic	 structure	
observed	 between	 600	 and	 900	 nm	 in	 other	 co-crystals	 has	 been	 attributed	 to	
formation	of	radical	anion	pairs	of	TCNQ	and	donor.53-54	However,	this	assignment	
has	 recently	 come	 under	 scrutiny	 with	 evidence	 indicating	 that	 donor:TCNQ	 co-
crystals	can	exhibit	a	small	degree	of	CT	in	the	S0	state	and	a	large	degree	of	CT	in	the	
S1	state,	indicating	formation	of	a	radical	anion	pair	only	in	the	S1	state.55	To	explain	
this,	 the	 authors	 refer	 to	 the	 foundational	work	of	Mulliken	on	D–A	pairs	 and	 the	
emergence	of	CT.56	Mulliken’s	two-state	system	model	describes	a	D–A	pair	as	a	linear	
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combination	 of	 neutral	 and	 ionic	 states,	wherein	 systems	with	 ground	 states	 that	
exhibit	predominantly	neutral	character	must	necessarily	exhibit	predominant	ionic	
character	in	an	excited	state	due	to	orthogonality	requirements.	In	our	calculations	of	
CT	in	the	S0	and	S1	states	of	Npe:TCNQ,	we	also	find	dominantly	neutral	character	in	
S0	and	ionic	character	in	S1,	supporting	the	assignment	of	Monezi	et	al.55		

The	UV-Vis	diffuse	reflectance	spectra	were	analyzed	to	determine	the	band	
gap	of	Npe:TCNQ	crystals,	as	described	in	Sections	2.2.6	and	3.2.		A	direct	band	gap	is	
determined	as	1.38	eV.		Our	PBC	DFT	calculations	determine	the	direct	band	gap	to	
be	0.79	eV.	 In	the	case	of	Npe:TCNQ,	PBC	DFT	and	experimental	band	gaps	do	not	
agree	as	nicely	as	in	the	case	of	Npe:TCNB,	but	still	fall	within	typical	deviations	for	
hybrid	functionals.32			
	
4.	Conclusions	
In	this	work	we	test	a	recently	developed	method	for	correlating	ground	state	orbital	
characteristics	with	degree	of	 S1	 CT	 in	CT	co-crystals	 in	 the	pursuit	of	uncovering	
orbital	 structure-function	relationships.	We	quantify	 the	orbital	similarity	between	
donor	HOMO	and	D-A	HOMO	as	well	as	acceptor	LUMO	and	D-A	LUMO	to	predict	the	
degree	of	S1	CT	in	HOMO	à	LUMO	dominated	electronic	transitions,	finding	that	the	
degree	of	orbital	similarity	positively	correlates	with	degree	of	CT	in	the	S1	state.	
	 The	availability	of	 accurate	 crystal	 structures	of	CT	 co-crystal	 complexes	 is	
essential	 for	 developing	 chemical	 databases	 used	 by	 high-throughput	 screening	
methods	for	materials	discovery.	To	this	aim	we	report	details	of	the	syntheses	and	
crystal	structures	of	Npe:TCNB	and	Npe:TCNQ	co-crystals.	Our	reinvestigation	of	the	
crystal	structure	of	Npe:TCNB	reveals	a	monoclinic	structure,	previously	assigned	as	
triclinic.22	 High-resolution	 crystal	 structures	 are	 necessary	 for	 benchmarking	
theoretical	 models	 and	 identifying	 structural	 effects	 of	 component	 molecules	 on	
crystal	packing.	Experimental	UV-Vis	diffuse	reflectance	spectra	were	measured	to	
assess	the	peak	positions	and	intensities	of	bright	states	of	the	co-crystals.	Comparing	
relative	intensities	of	these	states	to	those	calculated	for	theoretical	molecular	model	
systems	 plays	 an	 integral	 role	 in	 assessing	 the	 quality	 of	 our	 D-A	 dimer	 models.	
Furthermore,	 experimental	 UV-Vis	 diffuse	 reflectance	 spectra	 of	Npe:TCNQ	 reveal	
vibronic	structure	in	the	600-900	nm	region,	indicating	strong	photon-induced	CT.	
NBO	analysis	of	the	ground	state	of	our	model	clusters	reveals	that	the	degree	of	S0	
CT	is	slightly	greater	in	Npe:TCNQ	than	in	Npe:TCNB,	as	predicted	from	tests	of	the	
recently	developed	orbital	similarity	metric.21	We	find	that	differences	in	the	S0	and	
S1	 degree	 of	 CT	 in	 each	 system	 are	 quite	 small,	 with	 each	 system	 exhibiting	
dominantly	neutral	character	in	the	S0	state	and	ionic	character	in	the	S1	state.	The	
integrated	 experimental-theoretical	 methodology	 presented	 here	 for	 quantifying	
ground	and	excited	state	CT	in	CT	co-crystals	enables	high-accuracy	benchmarking	of	
models	 for	 future	 discovery	 of	 novel	 co-crystals	 with	 desired	 optoelectronic	
properties.	
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1 Experimental Results

1.1 Figures

Figure S1: Expanded unit cell of Npe:TCNB (view along the crystallographic a-axis).

Figure S2: Expanded unit cell of Npe:TCNB (view along the crystallographic b-axis).
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Figure S3: Expanded unit cell of Npe:TCNB (view along the crystallographic c-axis).

Figure S4: Expanded asymmetric unit of Npe:TCNB (interatomic distances in Å).
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Figure S5: Expanded unit cell of Npe:TCNQ (view along the crystallographic a-axis).
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Figure S6: Expanded unit cell of Npe:TCNQ (view along the crystallographic b-axis).

Figure S7: Expanded unit cell of Npe:TCNQ (view along the crystallographic c-axis).
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Figure S8: Expanded unit cell of Npe:TCNQ (view along off angle to show layered structure).

Figure S9: Expanded asymmetric unit of Npe:TCNQ (interatomic distances in Å).
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Figure S10: Infrared spectra of Npe, TCNB, and Npe:TCNB co-crystals.

Figure S11: Infrared spectra of Npe, TCNQ, and Npe:TCNQ co-crystals.
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1.2 Band Gap Analysis

Figure S12: Plots of F(R)1/g vs. photon energy for Npe:TCNB.
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Figure S13: Plots of F(R)1/g vs. photon energy for Npe:TCNQ. Due to the vibronic structure observed in
Npe:TCNQ, multiple linear fits were performed up to the lowest energy shoulder at 11600 cm�1.
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2 Computational Results

2.1 Figures

Figure S14: Simulated UV-Vis absorption spectra of Npe:TCNB conformer a, computed with CAM-
B3LYP-D3/6-31+G(d,p).
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Figure S15: Simulated UV-Vis absorption spectra of Npe:TCNB conformer b, computed with CAM-
B3LYP-D3/6-31+G(d,p).

Figure S16: Simulated UV-Vis absorption spectra of Npe:TCNB conformer c, computed with CAM-
B3LYP-D3/6-31+G(d,p).
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Figure S17: Simulated UV-Vis absorption spectra of Npe:TCNB conformer d, computed with CAM-
B3LYP-D3/6-31+G(d,p).

Figure S18: Simulated UV-Vis absorption spectra of Npe:TCNB conformer e, computed with CAM-
B3LYP-D3/6-31+G(d,p).
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Figure S19: Simulated UV-Vis absorption spectra of Npe:TCNB conformer f, computed with CAM-
B3LYP-D3/6-31+G(d,p).

Figure S20: Simulated UV-Vis absorption spectra of Npe:TCNQ conformer a, computed with CAM-
B3LYP-D3/6-31+G(d,p).
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Figure S21: Simulated UV-Vis absorption spectra of Npe:TCNQ conformer b, computed with CAM-
B3LYP-D3/6-31+G(d,p).

Figure S22: Simulated UV-Vis absorption spectra of Npe:TCNQ conformer c, computed with CAM-
B3LYP-D3/6-31+G(d,p).
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Figure S23: Simulated UV-Vis absorption spectra of Npe:TCNQ conformer d, computed with CAM-
B3LYP-D3/6-31+G(d,p).

2.2 Energetics
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Table S1: Relative energies of Npe:TCNQ conformers optimized with different functionals and basis sets.
All relative energies are zero-point energy corrected.

Model Chemistry / Conformer a b c d

B3LYP/6-31G(d,p) 0.000 0.096 0.014 0.014
B3LYP/6-31+G(d,p) 0.016 0.000 0.029 0.027
B3LYP/6-311+G(d,p) 0.017 0.000 N/A 0.024
B3LYP-D3/6-31G(d,p) 0.016 0.000 0.077 0.106
B3LYP-D3/6-31+G(d,p) 0.008 0.000 0.074 0.102
B3LYP-D3/6-311+G(d,p) 0.007 0.000 0.077 0.104
CAM-B3LYP/6-31G(d,p) 0.000 0.080 0.068 0.019
CAM-B3LYP/6-31+G(d,p) 0.006 0.059 0.000 0.000
CAM-B3LYP/6-311+G(d,p) 0.004 0.056 0.000 0.000
CAM-B3LYP-D3/6-31G(d,p) 0.000 0.003 0.024 0.028
CAM-B3LYP-D3/6-31+G(d,p) 0.000 0.010 0.026 0.029
CAM-B3LYP-D3/6-311+G(d,p) 0.000 0.010 0.031 0.034
wB97X-D/6-31G(d,p) 0.003 0.000 0.006 0.018
wB97X-D/6-31+G(d,p) 0.000 0.006 0.017 0.032
wB97X-D/6-311+G(d,p) 0.000 0.011 0.024 0.035
M062x/6-31G(d,p) 0.012 0.000 0.040 0.055
M062x/6-31+G(d,p) 0.013 0.000 0.042 0.054
M062x/6-311+G(d,p) 0.010 0.000 0.048 0.062

Table S2: Relative energies of Npe:TCNB conformers optimized with different functionals and basis sets.
All relative energies are zero-point energy corrected.

Model Chemistry / Conformer a b c d e f

B3LYP/6-31G(d,p) 0.000 0.005 0.073 0.023 0.235 0.083
B3LYP/6-31+G(d,p) 0.000 0.002 0.075 N/A 0.215 0.078
B3LYP/6-311+G(d,p) 0.000 0.002 0.073 N/A 0.208 0.024
B3LYP-D3/6-31G(d,p) 0.000 0.015 0.059 0.113 0.129 0.182
B3LYP-D3/6-31+G(d,p) 0.000 0.009 0.063 0.121 0.110 0.190
B3LYP-D3/6-311+G(d,p) 0.000 0.013 0.066 0.129 0.106 0.203
CAM-B3LYP/6-31G(d,p) 0.000 0.004 0.069 0.040 0.208 0.119
CAM-B3LYP/6-31+G(d,p) 0.000 0.000 0.071 0.011 0.183 0.103
CAM-B3LYP/6-311+G(d,p) 0.000 0.000 0.070 0.037 0.178 0.108
CAM-B3LYP-D3/6-31G(d,p) 0.000 0.016 0.060 0.103 0.133 0.171
CAM-B3LYP-D3/6-31+G(d,p) 0.000 0.009 0.062 0.107 0.111 0.179
CAM-B3LYP-D3/6-311+G(d,p) 0.000 0.014 0.064 0.115 0.106 0.190
wB97X-D/6-31G(d,p) 0.000 0.017 0.055 0.114 0.113 0.182
wB97X-D/6-31+G(d,p) 0.000 0.012 0.054 0.120 0.083 0.181
wB97X-D/6-311+G(d,p) 0.000 0.018 0.061 0.130 0.082 0.200
M062x/6-31G(d,p) 0.000 0.015 0.053 0.129 0.132 0.191
M062x/6-31+G(d,p) 0.000 0.012 0.054 0.136 0.108 0.204
M062x/6-311+G(d,p) 0.000 0.015 0.055 0.153 0.099 0.221
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2.3 Excited State Properties

2.3.1 Npe:TCNQ

Table S3: Excitation energies and oscillator strengths of Npe:TCNQ conformer a at the CAM-B3LYP-
D3/6-31+G(d,p) level of theory

Excited State Oscillator Strength E (eV) E (nm)

S1 0.030 1.884 658.24
S2 0.310 2.884 429.93
S3 0.015 3.035 408.45
S4 0.280 3.315 374.00
S5 0.001 3.629 341.65
S6 0.008 3.783 327.71
S7 0.000 3.810 325.42
S8 0.860 3.894 318.40
S9 0.011 4.435 279.54
S10 0.014 4.479 276.78
S11 0.003 4.653 266.48
S12 0.076 4.789 258.89
S13 0.036 4.863 254.95
S14 0.015 4.942 250.88
S15 0.010 4.993 248.30
S16 0.017 5.073 244.40
S17 0.028 5.086 243.77
S18 0.000 5.221 237.46
S19 0.017 5.311 233.44
S20 0.000 5.351 231.68
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Table S4: Excitation energies and oscillator strengths of Npe:TCNQ conformer b at the CAM-B3LYP-
D3/6-31+G(d,p) level of theory

Excited State Oscillator Strength E (eV) E (nm)

S1 0.065 2.020 613.83
S2 0.489 3.010 411.95
S3 0.002 3.121 397.30
S4 0.071 3.299 375.79
S5 0.033 3.648 339.88
S6 0.002 3.748 330.83
S7 0.879 3.876 319.88
S8 0.002 3.945 314.25
S9 0.004 4.441 279.19
S10 0.003 4.493 275.97
S11 0.003 4.671 265.42
S12 0.091 4.772 259.80
S13 0.032 4.848 255.72
S14 0.006 4.901 252.98
S15 0.046 5.011 247.44
S16 0.043 5.122 242.06
S17 0.025 5.156 240.45
S18 0.038 5.244 236.43
S19 0.000 5.250 236.16
S20 0.022 5.308 233.57
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Table S5: Excitation energies and oscillator strengths of Npe:TCNQ conformer c at the CAM-B3LYP-
D3/6-31+G(d,p) level of theory

Excited State Oscillator Strength E (eV) E (nm)

S1 0.025 1.905 651.01
S2 0.066 2.947 420.74
S3 0.418 3.080 402.50
S4 0.243 3.219 385.20
S5 0.001 3.713 333.89
S6 0.003 3.743 331.28
S7 0.001 3.885 319.13
S8 0.547 4.042 306.76
S9 0.011 4.389 282.48
S10 0.000 4.502 275.38
S11 0.003 4.755 260.73
S12 0.070 4.777 259.57
S13 0.002 4.867 254.74
S14 0.011 5.063 244.90
S15 0.036 5.090 243.59
S16 0.125 5.143 241.09
S17 0.001 5.227 237.19
S18 0.008 5.237 236.74
S19 0.004 5.332 232.54
S20 0.005 5.367 231.01
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Table S6: Excitation energies and oscillator strengths of Npe:TCNQ conformer d at the CAM-B3LYP-
D3/6-31+G(d,p) level of theory

Excited State Oscillator Strength E (eV) E (nm)

S1 0.002 1.782 695.55
S2 0.135 2.788 444.76
S3 0.051 3.084 402.07
S4 0.573 3.220 385.09
S5 0.003 3.624 342.13
S6 0.000 3.715 333.78
S7 0.003 3.873 320.12
S8 0.552 3.971 312.25
S9 0.000 4.450 278.64
S10 0.001 4.476 277.02
S11 0.003 4.706 263.44
S12 0.027 4.800 258.32
S13 0.043 4.863 254.94
S14 0.029 5.006 247.66
S15 0.034 5.052 245.43
S16 0.145 5.061 244.99
S17 0.002 5.193 238.75
S18 0.022 5.207 238.10
S19 0.013 5.307 233.62
S20 0.026 5.346 231.94
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2.3.2 Npe:TCNB

Table S7: Excitation energies and oscillator strengths of Npe:TCNB conformer a at the CAM-B3LYP-D3/6-
31+G(d,p) level of theory

Excited State Oscillator Strength E (eV) E (nm)

S1 0.021 2.883 430.05
S2 0.020 3.738 331.66
S3 0.017 3.884 319.25
S4 0.478 3.985 311.14
S5 0.006 4.202 295.09
S6 0.001 4.503 275.34
S7 0.040 4.577 270.91
S8 0.003 4.701 263.76
S9 0.013 4.795 258.58
S10 0.356 4.859 255.16
S11 0.004 4.882 253.95
S12 0.005 4.931 251.44
S13 0.024 5.042 245.90
S14 0.010 5.056 245.21
S15 0.000 5.108 242.71
S16 0.082 5.246 236.35
S17 0.002 5.366 231.06
S18 0.000 5.474 226.51
S19 0.049 5.542 223.71
S20 0.480 5.814 213.23
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Table S8: Excitation energies and oscillator strengths of Npe:TCNB conformer b at the CAM-B3LYP-
D3/6-31+G(d,p) level of theory

Excited State Oscillator Strength E (eV) E (nm)

S1 0.003 2.823 439.18
S2 0.026 3.778 328.21
S3 0.066 3.881 319.46
S4 0.463 3.986 311.07
S5 0.012 4.154 298.50
S6 0.003 4.498 275.61
S7 0.063 4.575 271.01
S8 0.003 4.684 264.68
S9 0.019 4.770 259.92
S10 0.033 4.795 258.55
S11 0.209 4.821 257.20
S12 0.090 4.899 253.09
S13 0.004 4.988 248.56
S14 0.021 5.018 247.09
S15 0.020 5.069 244.61
S16 0.030 5.220 237.53
S17 0.019 5.385 230.23
S18 0.001 5.486 226.00
S19 0.257 5.495 225.65
S20 0.526 5.786 214.28
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Table S9: Excitation energies and oscillator strengths of Npe:TCNB conformer c at the CAM-B3LYP-D3/6-
31+G(d,p) level of theory

Excited State Oscillator Strength E (eV) E (nm)

S1 0.009 2.835 437.33
S2 0.022 3.771 328.82
S3 0.025 3.908 317.25
S4 0.358 4.106 301.99
S5 0.050 4.131 300.10
S6 0.001 4.507 275.11
S7 0.084 4.581 270.65
S8 0.018 4.730 262.14
S9 0.010 4.754 260.80
S10 0.013 4.783 259.24
S11 0.131 4.829 256.75
S12 0.109 4.893 253.39
S13 0.018 4.932 251.40
S14 0.018 5.062 244.94
S15 0.030 5.104 242.92
S16 0.054 5.275 235.06
S17 0.017 5.349 231.77
S18 0.011 5.495 225.63
S19 0.216 5.498 225.52
S20 0.074 5.744 215.86
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Table S10: Excitation energies and oscillator strengths of Npe:TCNB conformer d at the CAM-B3LYP-
D3/6-31+G(d,p) level of theory

Excited State Oscillator Strength E (eV) E (nm)

S1 0.016 3.005 412.63
S2 0.187 3.865 320.75
S3 0.305 3.912 316.91
S4 0.006 4.148 298.87
S5 0.014 4.299 288.42
S6 0.033 4.305 288.01
S7 0.001 4.499 275.56
S8 0.002 4.514 274.68
S9 0.035 4.616 268.59
S10 0.003 4.763 260.30
S11 0.004 4.795 258.57
S12 0.230 4.910 252.54
S13 0.017 4.989 248.54
S14 0.012 5.064 244.84
S15 0.019 5.179 239.41
S16 0.084 5.187 239.04
S17 0.085 5.196 238.59
S18 0.004 5.308 233.60
S19 0.169 5.471 226.64
S20 0.001 5.504 225.27
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Table S11: Excitation energies and oscillator strengths of Npe:TCNB conformer e at the CAM-B3LYP-
D3/6-31+G(d,p) level of theory

Excited State Oscillator Strength E (eV) E (nm)

S1 0.023 3.018 410.88
S2 0.007 3.898 318.04
S3 0.027 3.927 315.71
S4 0.004 4.133 299.95
S5 0.165 4.315 287.33
S6 0.003 4.556 272.12
S7 0.058 4.583 270.52
S8 0.006 4.776 259.60
S9 0.100 4.799 258.36
S10 0.012 4.803 258.16
S11 0.113 4.928 251.62
S12 0.014 4.955 250.22
S13 0.023 5.069 244.60
S14 0.007 5.094 243.38
S15 0.011 5.126 241.89
S16 0.035 5.198 238.52
S17 0.026 5.434 228.15
S18 0.004 5.471 226.63
S19 0.270 5.566 222.74
S20 0.088 5.675 218.49
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Table S12: Excitation energies and oscillator strengths of Npe:TCNB conformer f at the CAM-B3LYP-
D3/6-31+G(d,p) level of theory

Excited State Oscillator Strength E (eV) E (nm)

S1 0.002 2.967 417.84
S2 0.191 3.793 326.89
S3 0.260 3.994 310.46
S4 0.003 4.117 301.16
S5 0.068 4.260 291.08
S6 0.000 4.281 289.61
S7 0.002 4.463 277.77
S8 0.002 4.480 276.77
S9 0.035 4.604 269.30
S10 0.004 4.754 260.80
S11 0.005 4.814 257.56
S12 0.180 4.919 252.03
S13 0.051 4.997 248.12
S14 0.003 5.042 245.91
S15 0.004 5.176 239.55
S16 0.047 5.203 238.29
S17 0.157 5.234 236.89
S18 0.009 5.326 232.80
S19 0.000 5.438 227.98
S20 0.142 5.478 226.35
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2.4 Geometries

2.4.1 Monomer Optimized Geometries

Npe

E=-709.793714 Eh

0 1

H -0.77115 -0.799086 0.879519
H -0.87117 1.741053 -0.814270
H -5.38473 -1.529269 1.558058
H -5.34332 1.108336 -1.594221
N -5.48399 -0.210198 -0.019065
H -2.91635 -1.467138 1.760004
C -4.79778 -0.908312 0.886069
H -2.88553 1.277052 -1.555187
C -4.77316 0.552246 -0.854454
C -3.41319 -0.874530 0.998251
C -3.38982 0.654042 -0.825180
C -2.66965 -0.067860 0.132785
C -1.20767 -0.021327 0.258901
C -0.41240 0.915132 -0.274255
H 4.46426 -3.093441 -0.164285
H 2.07143 -3.461807 -0.755678
H 0.49422 -1.600252 -0.754509
C 3.77175 -2.258173 -0.161917
C 2.41284 -2.467786 -0.485571
H 0.89869 3.135538 0.072813
C 1.52429 -1.423750 -0.475151
C 4.21212 -0.995547 0.129999
H 4.85043 1.564254 0.592439
H 3.30679 3.495529 0.509980
H 5.25925 -0.815125 0.354509
C 1.57026 2.282074 0.081861
C 1.04788 1.019981 -0.115663
C 1.93826 -0.106187 -0.141090
C 3.32075 0.108878 0.132821
C 3.79480 1.421207 0.382219
C 2.93989 2.489203 0.337756
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TCNB

E=-600.830452 Eh

0 1

N 3.41977 2.049057 -0.000007
C 2.43855 1.438636 0.000008
N 3.41977 -2.049060 0.000033
C 2.43855 -1.438636 -0.000029
N -3.41979 2.049011 0.000000
C -2.43855 1.438627 0.000010
N -3.41978 -2.049018 0.000024
C -2.43855 -1.438624 -0.000028
H 0.00001 2.479386 0.000011
H 0.00000 -2.479384 -0.000015
C 1.20749 -0.703056 -0.000010
C 1.20749 0.703057 0.000001
C 0.00000 1.396228 0.000005
C -1.20747 0.703065 0.000002
C -1.20747 -0.703061 -0.000011
C 0.00000 -1.396225 -0.000006
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TCNQ

E=-678.139475 Eh

0 1

C 3.55427 -0.101710 -1.200959
C 3.12639 -2.070474 0.155950
C 2.63650 -0.857155 -0.412279
C 1.33424 -0.433766 -0.208625
H 1.53135 1.388635 -1.393966
C 0.85381 0.795466 -0.790202
H -0.76546 2.135349 -1.034813
C -0.41817 1.208998 -0.591304
N 4.28461 0.525477 -1.844522
N 3.50560 -3.058588 0.625799
C -3.55427 0.101710 1.200959
C -3.12639 2.070474 -0.155950
C -2.63650 0.857155 0.412279
C -1.33424 0.433766 0.208625
H -1.53135 -1.388635 1.393966
C -0.85381 -0.795466 0.790202
H 0.76546 -2.135349 1.034813
C 0.41817 -1.208998 0.591304
N -4.28461 -0.525477 1.844522
N -3.50560 3.058588 -0.625799
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2.4.2 Npe:TCNQ Optimized Geometries

Npe:TCNQ conformer a

SCF=-1388.27454303 Eh

0 1

H -4.55633 -1.783357 -2.256453
N 6.29838 -0.505046 -1.267842
H 6.85494 0.169781 0.595166
C 6.03539 -0.240235 0.010943
H 5.52737 -1.217057 -3.039312
C 5.29845 -1.006754 -1.997921
C -4.33553 1.507465 -1.564542
C -4.66333 0.920872 0.773552
C -3.76942 1.326246 -0.264985
C -2.43434 1.519733 -0.024928
H -1.93964 2.062737 -2.084482
C -1.53331 1.917818 -1.090197
H 0.44265 2.391798 -1.662886
C -0.22138 2.098107 -0.857984
N -4.77895 1.660445 -2.622516
N -5.36873 0.587048 1.628205
C 2.25375 1.824747 1.978003
C 2.58277 2.413411 -0.359626
C 1.68242 2.048065 0.688143
C 0.33891 1.891972 0.462449
H -0.15724 1.343921 2.520663
C -0.56308 1.502009 1.528429
H -2.53757 1.028620 2.102798
C -1.87686 1.329702 1.298824
N 2.70191 1.618195 3.025184
N 3.29010 2.709813 -1.226283
H -0.30949 -1.291692 -2.181225
C -1.22848 -1.505645 -1.650085
H -2.40487 -1.320037 -3.416938
C -2.40797 -1.516157 -2.349903
C -3.63040 -1.774879 -1.691677
H -4.57375 -2.175445 0.183164
C -3.63992 -1.994574 -0.339906
C -1.19499 -1.755995 -0.251409
C -2.43677 -1.976713 0.412582
H -3.41487 -2.318564 2.308613
C -2.45932 -2.166539 1.816370
H -1.30579 -2.333295 3.605171
C -1.29073 -2.170762 2.532632
H 0.85379 -2.058846 2.459461
C -0.05866 -1.994626 1.877320
C 0.01998 -1.778221 0.513552
H 1.36422 -1.819476 -1.203254
C 1.32159 -1.597396 -0.142686
H 2.40538 -0.930071 1.524332
C 2.43947 -1.179968 0.467267
H 4.64731 -0.215224 1.651203
C 4.79714 -0.458181 0.604020
C 3.75083 -0.981157 -0.159817
H 3.27498 -1.673730 -2.162734
C 4.02880 -1.261220 -1.501839
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Npe:TCNQ conformer b

SCF=-1388.26917485 Eh

0 1

H 4.62585 3.389692 -1.826617
N -5.75810 0.986529 0.641421
H -6.06930 0.085057 2.465172
C -5.31518 0.492087 1.797268
H -5.21563 1.883435 -1.132519
C -4.84289 1.484443 -0.193042
C 3.96126 -1.339672 -1.040709
C 3.33787 -2.726725 0.854202
C 2.92248 -1.918669 -0.249337
C 1.59572 -1.726564 -0.537189
H 1.94589 -0.408492 -2.246386
C 1.18254 -0.904516 -1.657838
H -0.41054 -0.133139 -2.805826
C -0.11818 -0.748576 -1.962477
N 4.79778 -0.875301 -1.692091
N 3.65458 -3.385330 1.751741
C -3.51024 -1.887661 -0.742907
C -2.89597 -0.432566 -2.599359
C -2.48204 -1.243342 -1.497863
C -1.15614 -1.392463 -1.179516
H -1.50881 -2.676963 0.553185
C -0.74348 -2.198846 -0.047286
H 0.85197 -2.960579 1.106191
C 0.55740 -2.353731 0.257790
N -4.31847 -2.431550 -0.118330
N -3.20021 0.241862 -3.489559
H 0.48228 2.803311 -0.947693
C 1.51819 2.587000 -0.719241
H 2.21927 3.815694 -2.309945
C 2.49639 3.167541 -1.485021
C 3.86129 2.934836 -1.206340
H 5.25641 1.947413 0.073097
C 4.21178 2.136533 -0.151903
C 1.84443 1.732759 0.367830
C 3.22292 1.525243 0.661099
H 4.64582 0.550387 1.962864
C 3.59132 0.701189 1.753023
H 2.91927 -0.540081 3.354805
C 2.63283 0.100602 2.528026
H 0.53509 -0.253754 2.817912
C 1.27188 0.276349 2.224957
C 0.85420 1.072597 1.173205
H -0.79517 1.518496 -0.166051
C -0.56751 1.199261 0.844279
H -1.40418 0.626125 2.686653
C -1.59679 0.928853 1.660503
H -3.68121 0.051234 3.119150
C -3.97513 0.474046 2.163693
C -3.01354 0.985110 1.288822
H -2.80861 1.946176 -0.650528
C -3.48166 1.508636 0.077710
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Npe:TCNQ conformer c

SCF=-1388.27262371 Eh

0 1

C -1.71706 -2.872065 1.930820
C -3.81413 -1.682959 1.590617
C -2.39322 -1.628375 1.733655
C -1.70780 -0.444456 1.659809
H 0.26185 -1.333927 1.990844
C -0.26397 -0.408786 1.787192
H 1.50220 0.740190 1.691564
C 0.42047 0.735636 1.622589
N -1.14656 -3.866894 2.086551
N -4.96510 -1.706228 1.471926
C -0.22852 4.328498 0.659245
C 1.86416 3.128415 0.971888
C 0.43617 3.116077 1.018018
C -0.26514 1.973900 1.308505
H -2.24077 2.882685 1.073678
C -1.71542 1.955701 1.269606
H -3.48016 0.803118 1.366108
C -2.39858 0.809573 1.430730
N -0.78883 5.294060 0.352984
N 3.01994 3.111285 0.908024
H 0.30338 1.498617 -1.850985
C -0.74234 1.220720 -1.894723
H -1.36662 3.234764 -2.210458
C -1.68084 2.202552 -2.094110
C -3.05444 1.880757 -2.143481
H -4.50601 0.315648 -2.032009
C -3.45299 0.578468 -1.996637
C -1.11744 -0.139652 -1.744384
C -2.50500 -0.459331 -1.800044
H -3.98156 -2.035056 -1.695380
C -2.92142 -1.806189 -1.653244
H -2.31555 -3.831212 -1.356759
C -1.99814 -2.799088 -1.460052
H 0.08689 -3.295233 -1.259001
C -0.62508 -2.488911 -1.394688
C -0.16716 -1.193189 -1.515724
H 1.64303 -0.037187 -1.948587
C 1.26550 -0.887019 -1.388438
H 1.75758 -2.432295 -0.058565
C 2.11953 -1.571218 -0.617228
H 4.06842 -3.261062 0.190320
C 4.42373 -2.252964 0.000956
C 3.54287 -1.259083 -0.433733
H 3.45306 0.853209 -0.925170
C 4.07823 0.016040 -0.637268
H 5.85789 1.215255 -0.561100
C 5.43366 0.224995 -0.421044
H -3.78734 2.665473 -2.298167
H 6.46416 -2.709469 0.508022
C 5.76629 -1.943532 0.179780
N 6.27888 -0.729453 -0.024632
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Npe:TCNQ conformer d

SCF=-1388.27712288 Eh

0 1

C 1.96437 2.939945 -1.168401
C 0.17804 4.286118 -0.218664
C 0.57747 3.070416 -0.854071
C -0.31842 2.063033 -1.105012
H 1.15143 0.675985 -1.946602
C 0.10562 0.807260 -1.694921
H -0.43855 -1.130881 -2.326495
C -0.77115 -0.189572 -1.904325
N 3.08807 2.811289 -1.414769
N -0.16193 5.257314 0.311373
C -4.45706 -0.907976 -1.472802
C -2.65959 -2.314896 -2.307078
C -3.06789 -1.050912 -1.778920
C -2.17432 -0.035615 -1.568325
H -3.64551 1.352716 -0.740485
C -2.60056 1.227727 -0.999144
H -2.04928 3.151568 -0.331509
C -1.72153 2.218652 -0.774226
N -5.58079 -0.777173 -1.229822
N -2.31551 -3.335215 -2.730962
H -0.24142 -2.692188 0.741179
C -1.10901 -2.169480 1.125063
H -2.41143 -3.793258 0.673716
C -2.33169 -2.790475 1.080042
C -3.48908 -2.127005 1.543040
H -4.27821 -0.329417 2.382424
C -3.39178 -0.852534 2.036297
C -0.96860 -0.857248 1.648350
C -2.14085 -0.187074 2.103293
H -2.94271 1.634385 2.948982
C -2.04199 1.136587 2.602598
H -0.75434 2.782160 3.038376
C -0.83053 1.771876 2.650095
H 1.29345 1.607460 2.313795
C 0.33603 1.106216 2.218046
C 0.29574 -0.179438 1.720274
H 1.55467 -1.935676 1.421827
C 1.52656 -0.858383 1.291690
H 2.55909 0.820235 0.571424
C 2.59312 -0.249917 0.756677
H 4.54121 0.804155 -0.776433
C 4.74612 -0.214609 -0.463648
C 3.83934 -0.907570 0.342644
H 3.54868 -2.805430 1.355719
C 4.18461 -2.213399 0.707120
H 5.65878 -3.765164 0.521818
C 5.37691 -2.752263 0.246120
H -4.45310 -2.621660 1.494186
H 6.62749 -0.319980 -1.501202
C 5.91560 -0.846719 -0.871128
N 6.23974 -2.094998 -0.533651
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2.4.3 Npe:TCNB Optimized Geometries

Npe:TCNB conformer a

E=1310.652160 Eh

0 1

N -4.19737 -2.835595 -1.486689
C -3.42182 -1.978913 -1.493854
N -0.18609 -3.555226 -1.909517
C -0.60947 -2.483960 -1.816092
N 1.07715 3.136304 -1.612539
C 0.28239 2.297536 -1.590540
N -2.94264 3.874952 -1.063350
C -2.52576 2.805567 -1.198513
H -3.98887 0.593542 -1.201778
H 0.84996 -0.272665 -1.844503
C -0.66588 1.222636 -1.564000
C -2.03544 1.469537 -1.372963
C -2.93321 0.405584 -1.351785
C -2.47898 -0.898904 -1.513803
C -1.10609 -1.144895 -1.689107
C -0.20862 -0.082634 -1.719885
H 2.36241 1.572161 0.224087
H 1.83000 -1.028540 1.738304
H 6.59010 0.756996 -1.638932
H 6.15930 -2.390665 0.969763
N 6.47895 -0.858957 -0.368842
H 4.34539 1.649277 -1.074932
C 5.96505 0.243938 -0.912714
H 3.91639 -1.646458 1.663491
C 5.72414 -1.497169 0.529912
C 4.70701 0.743985 -0.596979
C 4.45806 -1.080182 0.914299
C 3.91417 0.071970 0.336814
C 2.57874 0.595022 0.648710
C 1.62943 -0.032120 1.356994
H -4.04906 -2.551977 1.947560
H -1.82827 -3.579436 1.490948
H 0.16965 -2.198775 1.346538
C -3.16556 -1.924947 1.899139
C -1.90478 -2.507995 1.642203
H 1.01239 2.542203 1.760826
C -0.78049 -1.726486 1.564829
C -3.26662 -0.569699 2.069488
H -3.21033 2.106556 2.317810
H -1.21000 3.544825 2.145077
H -4.23111 -0.109906 2.264897
C 0.14262 1.896226 1.803145
C 0.30328 0.534395 1.643536
C -0.84649 -0.318394 1.742979
C -2.12167 0.265921 1.992918
C -2.23249 1.671929 2.133728
C -1.12280 2.469138 2.037773
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Npe:TCNB conformer b

E=1310.651819 Eh

0 1

H -2.87818 -2.205387 0.953701
H -1.77413 0.588261 0.426267
N 1.82302 4.367473 -0.216614
C 1.83731 3.263360 -0.557493
N -1.50894 2.532258 -1.748295
C -0.48962 1.993062 -1.669064
N 5.28237 -1.497471 -0.767701
C 4.30735 -0.914794 -0.981021
N 2.03043 -3.243939 -2.579756
C 2.01986 -2.145744 -2.220159
H 3.91682 1.628642 -0.361884
H -0.06893 -0.521395 -2.382534
C 0.74809 1.280220 -1.546743
C 1.87897 1.894332 -0.981257
C 3.05080 1.164425 -0.815398
C 3.10457 -0.169566 -1.211167
C 1.98168 -0.776924 -1.795614
C 0.80617 -0.048315 -1.955009
H -7.49605 -1.413898 0.409416
H -5.80916 1.973431 -1.198964
N -6.76130 0.322467 -0.416799
H -5.27970 -2.327062 1.038062
C -6.59190 -0.851331 0.191298
H -3.53102 1.223753 -0.670030
C -5.65782 1.022563 -0.695176
C -5.34868 -1.363552 0.542779
C -4.37207 0.600806 -0.387302
C -4.19584 -0.626899 0.260748
C -2.88305 -1.163106 0.642191
C -1.73789 -0.469154 0.667489
H 3.41129 1.979236 3.194207
H 1.14813 2.940654 2.802745
H -0.62894 1.577393 1.844424
C 2.63224 1.363496 2.756936
C 1.34800 1.908488 2.536240
H -0.84705 -2.946701 0.168168
C 0.35300 1.141755 1.984859
C 2.88381 0.055741 2.432421
H 3.12361 -2.522550 1.713067
H 1.36709 -3.911830 0.668397
H 3.86292 -0.379275 2.610980
C -0.10880 -2.335305 0.676059
C -0.41923 -1.028852 0.997315
C 0.58570 -0.208822 1.611629
C 1.87507 -0.762023 1.860287
C 2.13609 -2.114062 1.522104
C 1.16020 -2.884599 0.947736
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Npe:TCNB conformer c

E=1310.649880 Eh

0 1

H 2.43359 2.055117 0.490868
H 2.12211 -0.911518 1.152582
N -5.54502 -0.304294 0.650060
C -4.52013 -0.608984 0.211457
N -4.26690 0.987685 -3.037543
C -3.61261 0.322062 -2.356088
N 0.37379 -3.632404 1.506409
C -0.30327 -2.971002 0.843206
N 1.70868 -2.207356 -2.027817
C 0.63846 -1.967668 -1.663239
H -2.76471 -2.165420 1.437096
H -1.15312 -0.473747 -2.937129
C -2.78297 -0.514771 -1.539428
C -3.23388 -0.987144 -0.296101
C -2.41737 -1.807910 0.476717
C -1.14514 -2.145121 0.027869
C -0.68581 -1.659188 -1.208670
C -1.50828 -0.851389 -1.986750
H 7.11737 2.093539 -0.305781
H 6.06918 -1.817132 -1.022037
N 6.70641 0.111893 -0.684349
H 4.81267 2.677518 0.397193
C 6.33921 1.334601 -0.298914
H 3.72157 -1.414039 -0.383574
C 5.75987 -0.830044 -0.689107
C 5.04751 1.661970 0.093921
C 4.44202 -0.607547 -0.312700
C 4.06302 0.670786 0.106897
C 2.69757 1.001237 0.535513
C 1.80899 0.121684 1.013099
H -3.03535 3.549681 -1.129261
H -0.81076 3.063991 -2.137196
H 0.79345 1.636561 -0.973567
C -2.32588 2.925806 -0.596869
C -1.06276 2.650610 -1.165955
H 0.68684 -0.840205 3.165308
C -0.15918 1.854630 -0.509135
C -2.65890 2.378077 0.613140
H -3.10631 1.147790 2.948756
H -1.55048 -0.384045 4.117309
H -3.63567 2.561663 1.050336
C 0.01391 -0.167392 2.643105
C 0.44241 0.428914 1.473885
C -0.46002 1.287471 0.759271
C -1.74921 1.543601 1.314428
C -2.12274 0.937053 2.539874
C -1.26131 0.088255 3.184203
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Npe:TCNB conformer d

E=1310.648214 Eh

0 1

N 0.22911 3.953242 0.125114
C -0.36723 3.047025 -0.273663
N -3.83041 3.676900 0.513116
C -3.21829 2.844039 -0.003771
N -3.67218 -2.482557 -2.487241
C -3.10091 -1.543445 -2.130705
N 0.38564 -2.250698 -2.727678
C -0.24421 -1.370444 -2.322601
H 0.73070 0.923290 -1.416397
H -4.20396 0.584523 -0.988557
C -2.40700 -0.372813 -1.678422
C -1.00944 -0.280740 -1.791490
C -0.34812 0.857536 -1.340505
C -1.07047 1.896811 -0.763103
C -2.46788 1.798413 -0.635460
C -3.13016 0.667638 -1.101173
H 0.18853 -2.564153 0.675098
H 0.84800 0.160683 1.886372
H -4.49379 -2.624939 0.991475
H -3.53772 0.892717 2.898044
N -4.13282 -0.836611 1.948601
H -2.11194 -3.160699 0.590783
C -3.71810 -1.947087 1.337565
H -1.12487 0.517423 2.605748
C -3.18595 -0.001108 2.389341
C -2.37954 -2.248919 1.115623
C -1.82606 -0.213132 2.218183
C -1.38894 -1.359751 1.542305
C 0.01209 -1.629900 1.203043
C 1.03860 -0.792233 1.402112
H 5.50593 2.938627 -0.820779
H 3.20983 3.429081 0.034363
H 1.80149 1.646764 0.869916
C 4.88180 2.131537 -0.452132
C 3.58326 2.410284 0.029208
H 2.32914 -3.140956 1.318614
C 2.78607 1.397014 0.496120
C 5.34755 0.843591 -0.447367
H 6.02528 -1.754454 -0.344781
H 4.60658 -3.602599 0.478629
H 6.34478 0.617734 -0.813150
C 2.93254 -2.320355 0.945657
C 2.41698 -1.041548 0.962419
C 3.23336 0.048935 0.510727
C 4.54437 -0.225267 0.028194
C 5.02241 -1.559789 0.022801
C 4.23440 -2.583787 0.475633
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Npe:TCNB conformer e

E=1310.648088 Eh

0 1

H -3.41825 2.604684 -0.410592
H -1.28625 2.855747 0.470619
N 4.73265 -1.688165 1.720057
C 4.12367 -0.999329 1.019765
N 3.77916 -2.789370 -2.110603
C 3.42383 -1.788672 -1.654638
N 1.27785 4.158862 0.889016
C 1.64821 3.158575 0.443904
N 0.13539 2.950663 -2.831288
C 0.85186 2.317476 -2.182080
H 3.18801 1.387190 1.683792
H 1.87532 -0.023502 -2.885214
C 2.98109 -0.535162 -1.117469
C 3.34419 -0.137435 0.180546
C 2.91368 1.086778 0.681016
C 2.10574 1.911624 -0.095480
C 1.72701 1.506948 -1.386665
C 2.17267 0.290094 -1.892928
H -6.20904 -0.988816 -1.849055
H -4.56756 -2.349302 1.665748
N -5.44771 -1.769799 -0.102855
H -4.81465 1.061644 -1.812009
C -5.50204 -0.822983 -1.040264
H -3.09750 -0.372640 1.861232
C -4.59155 -1.575779 0.902658
C -4.72018 0.325644 -1.019647
C -3.76178 -0.467879 1.011132
C -3.80625 0.515029 0.019436
C -2.96278 1.722729 0.033641
C -1.71802 1.857588 0.507534
H 0.52147 -3.729570 -1.316862
H -0.90290 -2.064826 -2.505060
H -1.53089 0.033215 -1.412690
C 0.24168 -2.806110 -0.821623
C -0.56279 -1.859661 -1.495233
H -0.56776 2.003895 2.864960
C -0.91924 -0.685831 -0.882883
C 0.67996 -2.545948 0.449748
H 1.43804 -1.788426 2.911530
H 0.87414 0.351136 4.018244
H 1.31099 -3.259521 0.971377
C -0.32399 1.069992 2.367950
C -0.84724 0.823681 1.116227
C -0.49701 -0.390915 0.440231
C 0.33028 -1.338790 1.109877
C 0.81082 -1.055290 2.413389
C 0.49906 0.130918 3.024137
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Npe:TCNB conformer f

E=1310.645596 Eh

0 1

H 0.79238 -0.458958 2.112141
H 0.59751 2.175850 0.572725
N -3.78440 3.093156 -1.733286
C -3.23200 2.082264 -1.641701
N 0.19163 2.777832 -2.538019
C -0.43414 1.858024 -2.224647
N -3.93412 -3.514447 0.068938
C -3.33957 -2.620755 -0.359174
N 0.04417 -3.825343 -0.785247
C -0.54485 -2.847599 -0.966511
H -4.31311 -0.190936 -0.798734
H 0.52134 -0.588452 -1.855436
C -1.18783 0.712814 -1.805460
C -2.55694 0.824231 -1.509200
C -3.26431 -0.283952 -1.051602
C -2.61125 -1.499489 -0.876856
C -1.24207 -1.612306 -1.177145
C -0.53787 -0.506915 -1.643899
H -3.78782 -1.332522 2.823376
H -3.79785 2.610254 1.648439
N -3.91393 0.637105 2.231966
H -1.32919 -1.491983 2.579974
C -3.21524 -0.468628 2.496256
H -1.35597 2.637017 1.352174
C -3.21940 1.711035 1.842821
C -1.83536 -0.557465 2.357492
C -1.84278 1.721319 1.668792
C -1.11134 0.551986 1.909360
C 0.33283 0.423399 1.677802
C 1.07435 1.276895 0.958776
H 5.20371 -3.302330 -0.468673
H 2.72638 -3.385255 -0.150007
H 1.48748 -1.371272 0.379659
C 4.65534 -2.393880 -0.243255
C 3.25706 -2.443855 -0.053087
H 2.67688 3.304517 0.777552
C 2.55698 -1.303223 0.244851
C 5.30757 -1.193313 -0.159007
H 6.35620 1.263598 -0.020422
H 5.11464 3.367678 0.371822
H 6.37946 -1.136309 -0.323707
C 3.21020 2.374547 0.605100
C 2.50925 1.186037 0.646739
C 3.20015 -0.041706 0.363253
C 4.60549 0.006572 0.126733
C 5.28477 1.250315 0.154761
C 4.59841 2.413812 0.373584
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3 Crystal data and structure

Table S13: Crystal data and structure refinement for CY_D1 (Npe:TCNB).

Identification code CY_D1
Empirical formula C27H15N5
Formula weight 409.44
Temperature/K 99.95(10)
Crystal system monoclinic
Space group P21/c
a/Å 6.7312(3)
b/Å 36.6599(13)
c/Å 9.5150(4)
a/� 90
b /� 106.283(4)
g/� 90
Volume/Å3 2253.79(17)
Z 4
rcalcg/cm3 1.207
µ/mm-1 0.586
F(000) 848.0
Crystal size/mm3 0.17 × 0.077 × 0.037
Radiation Cu Ka (l = 1.54184)
2q range for data collection/� 9.65 to 144.258
Index ranges �8  h  6,�44  k  39,�11  l  11
Reflections collected 8966
Independent reflections 4325 [Rint = 0.0264, Rsigma = 0.0314]
Data/restraints/parameters 4325/102/353
Goodness-of-fit on F2 1.085
Final R indexes [I>=2s (I)] R1 = 0.1237, wR2 = 0.3330
Final R indexes [all data] R1 = 0.1331, wR2 = 0.3397
Largest diff. peak/hole / e Å�3 0.94/-0.34
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Table S14: Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters
(Å2×103) for CY_D1. Ueq is defined as 1/3 of the trace of the orthogonalised UIJ tensor.

Atom x y x U (eq)
N2 -1655(7) 3894.2(11) 6917(4) 41.4(10)
N3 -1692(5) 2800.7(10) 6873(4) 29.1(8)
N4 -4799(5) 2831.7(10) -677(4) 27.7(8)
N5 -4820(8) 3928.5(11) -541(4) 46.0(11)
C18 -2127(7) 3733.5(11) 5830(5) 30.2(9)
C19 -2154(6) 2957.0(10) 5783(4) 21.2(8)
C20 -2705(6) 3538.1(11) 4466(4) 23.6(8)
C21 -2719(5) 3158.1(10) 4430(4) 19.3(8)
C22 -3270(5) 2974.0(10) 3104(4) 19.4(8)
C23 -3793(5) 3169.1(11) 1802(4) 20.7(8)
C24 -4354(6) 2981.1(11) 428(4) 21.3(8)
C25 -4372(7) 3759.5(12) 508(4) 31.4(10)
C26 -3787(6) 3552.2(11) 1842(4) 23.3(8)
C27 -3236(7) 3738.6(11) 3164(4) 27.5(9)
C7 2421(9) 4079.6(14) 4804(5) 44.1(12)
C8 2322(6) 3689.5(12) 4587(4) 28.1(9)
C9 2838(6) 3459.6(14) 5803(5) 33.5(10)
C10 2779(6) 3081.6(13) 5647(5) 31.3(10)
C11 2208(6) 2925.3(12) 4300(5) 28.5(9)
C12 1697(6) 3144.5(11) 3034(4) 24.1(8)
C13 1117(6) 2979.4(13) 1631(5) 31.5(10)
C14 613(7) 3184.4(15) 394(5) 37.1(11)
C15 658(7) 3563.2(15) 497(5) 37.2(11)
C16 1207(7) 3737.8(13) 1836(4) 31.6(10)
C17 1750(6) 3532.3(12) 3153(4) 24.7(9)
N1 3690(20) 5411(3) 6736(13) 73(3)
C1 4550(30) 5176(3) 7748(14) 90(4)
C2 4460(30) 4801(3) 7532(13) 89(4)
C3 3468(19) 4644(3) 6169(11) 47(2)
C4 2350(40) 4911(8) 5190(40) 69(4)
C5 2430(30) 5265(5) 5560(20) 68(4)
C6 3409(19) 4254(3) 5976(12) 50(2)
N1A 2350(30) 5407(4) 6920(20) 74(4)
C1A 2170(40) 5150(4) 7880(20) 90(4)
C2A 2360(40) 4779(5) 7630(20) 88(4)
C3A 2480(30) 4644(4) 6358(17) 44(3)
C4A 2930(60) 4887(14) 5160(60) 69(5)
C5A 3180(50) 5252(9) 5380(40) 72(5)
C6A 2460(30) 4249(5) 6080(19) 43(3)
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Table S15: Anisotropic Displacement Parameters (Å2×103) for CY_D1. The Anisotropic displacement
factor exponent takes the form: -2p2[h2a*2U11+2hka*b*U12+. . . ].

Atom U11 U22 U33 U23 U13 U12
N2 57(3) 35(2) 28(2) -6.8(16) 4.1(18) 4.2(18)
N3 31.9(19) 30.1(19) 22.3(17) 0.9(14) 2.8(14) 0.5(14)
N4 28.5(17) 34.1(19) 20.6(17) -1.4(14) 7.0(13) -0.6(14)
N5 69(3) 38(2) 28(2) 9.2(17) 7.5(19) 8(2)
C18 39(2) 24(2) 24(2) 1.9(17) 4.8(17) 3.0(17)
C19 21.7(18) 22.1(18) 20.7(19) -0.2(15) 7.5(14) -0.9(15)
C20 26(2) 27(2) 17.0(18) -1.5(15) 4.4(15) 0.6(15)
C21 14.0(16) 26.0(19) 18.0(18) 0.0(14) 4.6(13) -0.1(14)
C22 18.6(17) 19.9(18) 20.4(18) -0.8(14) 6.6(14) -1.2(14)
C23 16.1(17) 27(2) 18.5(18) -1.4(15) 4.1(14) 0.8(14)
C24 16.9(17) 28.2(19) 18.6(18) 1.0(15) 4.9(14) -0.1(14)
C25 46(3) 26(2) 21(2) 0.2(17) 8.3(18) 3.2(18)
C26 26(2) 27(2) 16.3(18) 1.5(15) 4.3(15) 2.9(15)
C27 39(2) 21.9(19) 20.5(19) 2.4(15) 6.3(17) 2.2(17)
C7 61(3) 35(3) 34(2) 3(2) 9(2) 1(2)
C8 25(2) 33(2) 26(2) -3.9(17) 6.2(16) -1.4(16)
C9 23(2) 57(3) 19.0(19) -4.5(18) 4.2(16) -1.6(19)
C10 21(2) 45(3) 27(2) 10.3(18) 5.3(16) -0.3(18)
C11 19.4(19) 32(2) 36(2) 6.9(17) 10.4(16) 3.7(16)
C12 15.5(17) 32(2) 26(2) 1.9(16) 7.5(15) -1.8(15)
C13 19.6(19) 39(2) 37(2) -11.4(19) 10.3(17) -5.8(17)
C14 23(2) 64(3) 24(2) -11(2) 6.9(17) -8(2)
C15 29(2) 64(3) 19(2) 5(2) 6.7(17) 2(2)
C16 37(2) 36(2) 22(2) 4.4(17) 8.3(17) 1.6(18)
C17 22.6(19) 33(2) 16.9(18) -1.1(15) 2.6(15) 1.0(16)
N1 98(8) 34(4) 83(6) -3(4) 17(6) -2(6)
C1 162(10) 41(5) 59(5) 1(4) 16(6) -7(6)
C2 163(10) 37(4) 57(5) -5(4) 11(6) -9(6)
C3 65(6) 41(4) 38(4) -1(3) 18(4) 9(5)
C4 86(13) 39(5) 78(5) 3(4) 17(8) 12(8)
C5 87(12) 42(4) 76(6) -2(4) 23(7) 16(7)
C6 65(6) 41(4) 40(4) 1(3) 11(5) 4(5)
N1A 89(10) 39(6) 80(8) 5(6) -1(9) -8(8)
C1A 162(11) 33(6) 57(7) -6(5) 4(8) 1(7)
C2A 160(11) 36(6) 52(6) -12(5) 3(8) 5(7)
C3A 58(7) 38(5) 40(5) 3(4) 22(5) 5(6)
C4A 91(14) 38(6) 78(6) -1(5) 20(9) 14(9)
C5A 91(14) 41(6) 80(7) -3(6) 17(9) 12(9)
C6A 59(7) 38(5) 34(5) -1(4) 17(6) 5(6)
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Table S16: Bond Lengths for CY_D1.

Atom Atom Length/Å Atom Atom Length/Å

N2 C18 1.155(6) C11 C12 1.408(6)
N3 C19 1.149(5) C12 C13 1.417(6)
N4 C24 1.148(5) C12 C17 1.426(6)
N5 C25 1.141(6) C13 C14 1.357(7)
C18 C20 1.437(5) C14 C15 1.392(7)
C19 C21 1.439(5) C15 C16 1.381(6)
C20 C21 1.393(5) C16 C17 1.419(5)
C20 C27 1.398(5) N1 C1 1.300(16)
C21 C22 1.387(5) N1 C5 1.31(2)
C22 C23 1.388(5) C1 C2 1.390(15)
C23 C24 1.432(5) C2 C3 1.404(15)
C23 C26 1.405(5) C3 C4 1.41(3)
C25 C26 1.437(5) C3 C6 1.440(14)
C26 C27 1.388(5) C4 C5 1.34(3)
C7 C8 1.444(6) N1A C1A 1.34(3)
C7 C6 1.296(12) N1A C5A 1.80(4)
C7 C6A 1.358(17) C1A C2A 1.40(2)
C8 C9 1.394(6) C2A C3A 1.33(2)
C8 C17 1.431(5) C3A C4A 1.55(6)
C9 C10 1.393(7) C3A C6A 1.47(2)
C10 C11 1.358(6) C4A C5A 1.36(4)
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Table S17: Bond Angles for CY_D1.

Atom Atom Atom Angle/
�

Atom Atom Atom Angle/
�

N2 C18 C20 179.1(5) C11 C12 C17 120.4(4)
N3 C19 C21 179.0(4) C13 C12 C17 119.7(4)
C21 C20 C18 121.2(3) C14 C13 C12 121.1(4)
C21 C20 C27 120.4(3) C13 C14 C15 119.8(4)
C27 C20 C18 118.4(4) C16 C15 C14 121.5(4)
C20 C21 C19 119.5(3) C15 C16 C17 120.3(4)
C22 C21 C19 120.0(3) C12 C17 C8 118.1(4)
C22 C21 C20 120.5(3) C16 C17 C8 124.2(4)
C21 C22 C23 119.8(3) C16 C17 C12 117.7(4)
C22 C23 C24 120.2(3) C1 N1 C5 113.9(12)
C22 C23 C26 119.6(3) N1 C1 C2 123.7(12)
C26 C23 C24 120.2(3) C1 C2 C3 122.1(11)
N4 C24 C23 179.7(5) C2 C3 C4 110.6(17)
N5 C25 C26 179.0(5) C2 C3 C6 120.8(9)
C23 C26 C25 120.5(3) C4 C3 C6 127.8(17)
C27 C26 C23 121.0(3) C5 C4 C3 121(2)
C27 C26 C25 118.5(4) N1 C5 C4 125.9(16)
C26 C27 C20 118.8(4) C7 C6 C3 126.1(9)
C6 C7 C8 127.2(7) C1A N1A C5A 116.3(18)
C6A C7 C8 124.8(9) N1A C1A C2A 122(2)
C9 C8 C7 119.3(4) C3A C2A C1A 123.8(19)
C9 C8 C17 119.0(4) C2A C3A C4A 122(2)
C17 C8 C7 121.6(4) C2A C3A C6A 122.2(15)
C10 C9 C8 121.4(4) C6A C3A C4A 115(2)
C11 C10 C9 120.8(4) C5A C4A C3A 120(4)
C10 C11 C12 120.2(4) C4A C5A N1A 113(3)
C11 C12 C13 119.9(4) C7 C6A C3A 127.6(14)
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Table S18: Torsion Angles for CY_D1.

A B C D Angle/
�

A B C D Angle/
�

C18 C20 C21 C19 0.3(6) C13 C12 C17 C16 0.0(6)
C18 C20 C21 C22 -179.6(4) C13 C14 C15 C16 0.0(7)
C18 C20 C27 C26 179.7(4) C14 C15 C16 C17 0.2(7)
C19 C21 C22 C23 -179.3(3) C15 C16 C17 C8 -179.5(4)
C20 C21 C22 C23 0.6(5) C15 C16 C17 C12 -0.2(6)
C21 C20 C27 C26 0.4(6) C17 C8 C9 C10 -0.9(6)
C21 C22 C23 C24 179.7(3) C17 C12 C13 C14 0.1(6)
C21 C22 C23 C26 -0.9(5) N1 C1 C2 C3 2(3)
C22 C23 C26 C25 -178.5(4) C1 N1 C5 C4 -17(2)
C22 C23 C26 C27 0.9(6) C1 C2 C3 C4 -9(2)
C23 C26 C27 C20 -0.7(6) C1 C2 C3 C6 179.7(15)
C24 C23 C26 C25 1.0(6) C2 C3 C4 C5 4(3)
C24 C23 C26 C27 -179.6(4) C2 C3 C6 C7 174.8(13)
C25 C26 C27 C20 178.7(4) C3 C4 C5 N1 9(3)
C27 C20 C21 C19 179.6(4) C4 C3 C6 C7 6(2)
C27 C20 C21 C22 -0.3(6) C5 N1 C1 C2 11(3)
C7 C8 C9 C10 -179.6(4) C6 C7 C8 C9 18.3(10)
C7 C8 C17 C12 179.8(4) C6 C7 C8 C17 -160.2(8)
C7 C8 C17 C16 -1.0(7) C6 C3 C4 C5 174.4(14)
C8 C7 C6 C3 -179.4(9) N1A C1A C2A C3A -9(4)
C8 C7 C6A C3A -177.4(13) C1A N1A C5A C4A 18(3)
C8 C9 C10 C11 -0.2(6) C1A C2A C3A C4A 15(4)
C9 C8 C17 C12 1.2(6) C1A C2A C3A C6A -173(2)
C9 C8 C17 C16 -179.6(4) C2A C3A C4A C5A -1(4)
C9 C10 C11 C12 1.0(6) C2A C3A C6A C7 175(2)
C10 C11 C12 C13 179.6(4) C3A C4A C5A N1A -14(3)
C10 C11 C12 C17 -0.8(6) C4A C3A C6A C7 -13(3)
C11 C12 C13 C14 179.8(4) C5A N1A C1A C2A -7(3)
C11 C12 C17 C8 -0.4(6) C6A C7 C8 C9 -17.9(12)
C11 C12 C17 C16 -179.6(4) C6A C7 C8 C17 163.5(10)
C12 C13 C14 C15 -0.2(6) C6A C3A C4A C5A -173(2)
C13 C12 C17 C8 179.3(4)
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Table S19: Crystal data and structure refinement for CY_B8b (2Npe:3TCNQ).

Identification code CY_B8b

Empirical formula C35H19N6
Formula weight 537.57
Temperature/K 102(3)
Crystal system triclinic
Space group P-1
a/Å 9.8862(4)
b/Å 11.8127(5)
c/Å 12.3102(5)
a/� 93.827(3)
b /� 93.940(3)
g/� 111.868(4)
Volume/Å3 1324.40(9)
Z 2
rcalcg/cm3 1.348
µ/mm-1 0.660
F(000) 556.0
Crystal size/mm3 0.421 × 0.186 × 0.044
Radiation Cu Ka (l = 1.54184)
2q range for data collection/Å 7.234 to 146
Index ranges �9  h  12,�14  k  14,�15  l  15
Reflections collected 14402
Independent reflections 5154 [Rint = 0.0235, Rsigma = 0.0209]
Data/restraints/parameters 5154/0/379
Goodness-of-fit on F2 1.031
Final R indexes [I>=2s (I)] R1 = 0.0372, wR2 = 0.1021
Final R indexes [all data] R1 = 0.0431, wR2 = 0.1073
Largest diff. peak/hole / eÅ�3 0.27/-0.20

S-47

https://doi.org/10.26434/chemrxiv-2023-vdtk0 ORCID: https://orcid.org/0000-0002-6705-8755 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-vdtk0
https://orcid.org/0000-0002-6705-8755
https://creativecommons.org/licenses/by/4.0/


Table S20: Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters
(Å2×103) for CY_B8b. Ueq is defined as 1/3 of the trace of the orthogonalised UIJ tensor.

Atom x y z U(eq)

N1 1754.8(11) 2813.2(9) 5140.8(8) 24.2(2)
C1 1194.4(13) 3679.2(11) 5065.0(10) 25.7(3)
C2 1780.3(13) 4703.0(11) 4502.8(10) 24.8(2)
C3 3050.3(12) 4888.3(10) 3985.9(9) 21.4(2)
C4 3636.5(12) 3981.6(10) 4055.1(9) 23.3(2)
C5 2962.3(12) 2987.9(10) 4627.5(9) 23.0(2)
C6 3680.7(12) 5984.6(10) 3414.4(9) 23.3(2)
C7 4986.0(12) 6354.3(10) 3015.3(9) 20.9(2)
C8 5605.1(12) 7426.0(10) 2399.7(9) 20.1(2)
C9 4924.5(13) 8255.1(10) 2302.6(9) 23.5(2)
C10 5399.9(13) 9208.0(10) 1622.9(10) 24.9(2)
C11 6557.8(13) 9338.1(10) 1026.7(9) 23.8(2)
C12 7325.6(12) 8546.7(10) 1121.9(9) 20.7(2)
C13 8543.0(13) 8690.5(10) 522.8(9) 24.5(2)
C14 9327.7(13) 7955.6(11) 630.6(10) 26.5(3)
C15 8917.3(13) 7039.1(10) 1358.3(9) 24.1(2)
C16 7728.9(12) 6856.3(10) 1935.0(9) 21.3(2)
C17 6877.6(12) 7591.7(9) 1833.5(9) 19.1(2)
N2 3622.3(12) 1340.6(10) 1897.2(9) 30.2(2)
N3 1605.0(11) -1815.1(9) 3678.5(8) 26.7(2)
N4 -5149.5(12) 1092.3(10) 4599.2(9) 33.0(3)
N5 -2828.5(12) 4011.3(9) 2777.1(9) 30.5(2)
C18 2644.7(13) 781.7(11) 2346.1(9) 22.6(2)
C19 1483.1(12) -967.5(10) 3351.9(9) 21.2(2)
C20 1417.4(12) 110.7(10) 2917.2(9) 20.0(2)
C21 300.0(12) 524.4(10) 3037.1(8) 19.0(2)
C22 -920.0(12) -97.3(10) 3649.2(9) 18.9(2)
C23 -1954.6(12) 371.2(10) 3802.3(8) 19.0(2)
C24 -1880.4(12) 1493.5(10) 3351.5(8) 18.6(2)
C25 -691.2(12) 2083.7(10) 2705.4(9) 20.0(2)
C26 336.5(12) 1618.9(10) 2554.8(9) 20.3(2)
C27 -2902.5(12) 2000.7(10) 3524.0(9) 20.0(2)
C28 -4128.5(13) 1468.2(10) 4135.1(9) 23.2(2)
C29 -2839.5(12) 3119.6(10) 3092.3(9) 22.3(2)
N6 621.3(11) 4687.9(10) 1454.5(9) 31.0(2)
N7 2584.4(12) 7746.7(9) -449.0(9) 30.1(2)
C30 1571.4(13) 5193.4(10) 960.2(9) 23.0(2)
C31 2662.4(12) 6888.3(10) -115.6(9) 21.8(2)
C32 2743.4(12) 5821.9(10) 329.2(9) 20.1(2)
C33 3863.1(12) 5422.4(9) 170.7(8) 18.6(2)
C34 5001.9(12) 6044.2(10) -506.9(9) 19.9(2)
C35 3924.9(12) 4367.0(9) 671.2(9) 19.8(2)
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Table S21: Anisotropic Displacement Parameters (Å2×103) for CY_B8b. The anisotropic displacement
factor exponent takes the form: -2p2[h2a*2U11+2hka*b*U12+. . . ].]

Atom U11 U22 U33 U23 U13 U12
N1 24.8(5) 24.2(5) 24.2(5) 4.3(4) 1.9(4) 9.9(4)
C1 24.8(6) 26.7(6) 27.9(6) 4.9(5) 7.3(5) 11.4(5)
C2 24.5(6) 24.2(6) 29.6(6) 4.8(5) 6.1(5) 12.6(5)
C3 19.6(5) 22.5(5) 21.8(5) 1.7(4) 0.6(4) 7.9(4)
C4 20.3(6) 23.7(6) 26.6(6) 2.4(4) 2.7(4) 9.2(5)
C5 22.1(6) 22.0(6) 26.1(5) 2.2(4) 0.1(4) 10.0(5)
C6 23.5(6) 22.9(6) 25.3(5) 3.8(4) 2.3(4) 10.7(5)
C7 22.0(6) 20.0(5) 21.4(5) 1.8(4) 0.8(4) 9.0(4)
C8 20.6(5) 17.8(5) 21.5(5) 0.2(4) -0.7(4) 7.5(4)
C9 21.7(6) 21.1(5) 28.2(6) 1.0(4) 2.0(4) 9.1(4)
C10 26.5(6) 19.1(5) 31.7(6) 1.0(4) -1.7(5) 12.7(5)
C11 27.8(6) 16.9(5) 25.6(5) 3.5(4) -1.8(4) 7.8(4)
C12 21.5(5) 16.6(5) 21.9(5) 0.9(4) -1.1(4) 5.4(4)
C13 24.2(6) 21.4(5) 24.6(5) 3.6(4) 1.8(4) 4.6(4)
C14 21.9(6) 28.0(6) 28.0(6) -0.4(5) 4.4(5) 7.8(5)
C15 23.2(6) 23.4(6) 27.5(6) -0.2(4) 0.3(4) 11.6(5)
C16 22.8(6) 18.3(5) 23.1(5) 1.6(4) -0.4(4) 8.7(4)
C17 20.4(5) 15.8(5) 19.7(5) 0.5(4) -0.5(4) 5.8(4)
N2 27.9(5) 34.9(6) 34.3(6) 12.1(4) 10.4(4) 16.8(5)
N3 23.7(5) 27.0(5) 34.0(5) 7.8(4) 6.1(4) 13.5(4)
N4 30.8(6) 35.3(6) 44.7(6) 19.4(5) 16.1(5) 21.4(5)
N5 36.0(6) 25.3(5) 35.4(6) 8.2(4) 5.2(5) 16.6(4)
C18 23.1(6) 26.7(6) 22.9(5) 4.8(4) 3.3(4) 14.4(5)
C19 16.6(5) 26.1(6) 22.8(5) 2.1(4) 4.0(4) 9.9(4)
C20 19.6(5) 21.5(5) 19.8(5) 2.2(4) 1.3(4) 8.9(4)
C21 18.5(5) 20.2(5) 17.6(5) 0.9(4) 0.0(4) 7.1(4)
C22 19.6(5) 17.4(5) 19.8(5) 3.7(4) 0.7(4) 7.2(4)
C23 18.7(5) 19.1(5) 18.8(5) 3.6(4) 1.9(4) 6.6(4)
C24 18.6(5) 19.4(5) 17.8(5) 1.8(4) -0.8(4) 7.8(4)
C25 20.0(5) 20.1(5) 20.6(5) 5.3(4) 2.2(4) 7.7(4)
C26 18.9(5) 21.3(5) 21.0(5) 6.0(4) 3.7(4) 7.2(4)
C27 20.2(5) 20.7(5) 20.7(5) 4.2(4) 2.7(4) 9.1(4)
C28 24.7(6) 23.9(6) 27.9(6) 8.3(5) 4.6(5) 15.7(5)
C29 21.4(6) 23.6(6) 24.8(5) 3.3(4) 3.8(4) 11.6(5)
N6 26.3(5) 31.5(6) 39.5(6) 12.3(5) 8.2(5) 13.4(5)
N7 30.0(5) 24.2(5) 39.2(6) 6.8(4) -0.2(4) 13.9(4)
C30 21.9(6) 21.8(5) 27.8(6) 4.0(4) 0.1(5) 11.2(5)
C31 18.3(5) 21.5(6) 26.2(5) 2.0(4) 0.0(4) 8.7(4)
C32 20.2(5) 17.7(5) 22.6(5) 2.5(4) 0.0(4) 7.8(4)
C33 19.2(5) 16.1(5) 19.6(5) 0.6(4) -1.6(4) 6.3(4)
C34 21.5(6) 16.5(5) 21.0(5) 3.7(4) -0.3(4) 6.7(4)
C35 19.7(5) 17.5(5) 21.2(5) 3.8(4) 0.9(4) 6.0(4)
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Table S22: Bond Lengths for CY_B8b.

Atom Atom Length/Å Atom Atom Length/Å

N1 C1 1.3380(15) N4 C28 1.1496(15)
N1 C5 1.3433(15) N5 C29 1.1431(15)
C1 C2 1.3865(16) C18 C20 1.4388(15)
C2 C3 1.3974(15) C19 C20 1.4354(15)
C3 C4 1.3994(15) C20 C21 1.3769(15)
C3 C6 1.4632(16) C21 C22 1.4494(15)
C4 C5 1.3823(16) C21 C26 1.4477(14)
C6 C7 1.3391(16) C22 C23 1.3499(15)
C7 C8 1.4719(15) C23 C24 1.4499(14)
C8 C9 1.3862(15) C24 C25 1.4467(14)
C8 C17 1.4360(15) C24 C27 1.3743(15)
C9 C10 1.4049(16) C25 C26 1.3402(15)
C10 C11 1.3683(16) C27 C28 1.4322(15)
C11 C12 1.4123(15) C27 C29 1.4389(15)
C12 C13 1.4170(16) N6 C30 1.1482(16)
C12 C17 1.4315(15) N7 C31 1.1454(15)
C13 C14 1.3697(17) C30 C32 1.4342(15)
C14 C15 1.4111(17) C31 C32 1.4333(15)
C15 C16 1.3701(16) C32 C33 1.3758(15)
C16 C17 1.4224(15) C33 C34 1.4483(15)
N2 C18 1.1498(16) C33 C35 1.4463(14)
N3 C19 1.1470(15) C34 C351 1.3428(15)
1 1-X,1-Y,-Z.
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Table S23: Bond Angles for CY_B8b.

Atom Atom Atom Angle/Å Atom Atom Atom Angle/Å

C1 N1 C5 115.57(10) C19 C20 C18 115.22(9)
N1 C1 C2 124.17(11) C21 C20 C18 120.38(10)
C1 C2 C3 119.91(11) C21 C20 C19 124.38(10)
C2 C3 C4 116.21(10) C20 C21 C22 121.88(10)
C2 C3 C6 119.62(10) C20 C21 C26 119.81(10)
C4 C3 C6 124.17(10) C26 C21 C22 118.30(9)
C5 C4 C3 119.46(10) C23 C22 C21 120.33(10)
N1 C5 C4 124.66(10) C22 C23 C24 120.99(10)
C7 C6 C3 125.51(10) C25 C24 C23 118.39(9)
C6 C7 C8 125.99(10) C27 C24 C23 121.76(10)
C9 C8 C7 120.72(10) C27 C24 C25 119.85(9)
C9 C8 C17 118.71(10) C26 C25 C24 120.56(10)
C17 C8 C7 120.47(9) C25 C26 C21 121.33(10)
C8 C9 C10 121.78(10) C24 C27 C28 123.63(10)
C11 C10 C9 120.35(10) C24 C27 C29 122.57(10)
C10 C11 C12 120.35(10) C28 C27 C29 113.80(9)
C11 C12 C13 120.67(10) N4 C28 C27 175.58(11)
C11 C12 C17 119.88(11) N5 C29 C27 177.29(12)
C13 C12 C17 119.45(10) N6 C30 C32 179.17(12)
C14 C13 C12 121.45(11) N7 C31 C32 178.37(12)
C13 C14 C15 119.20(11) C31 C32 C30 115.29(9)
C16 C15 C14 121.02(11) C33 C32 C30 121.85(10)
C15 C16 C17 121.32(10) C33 C32 C31 122.86(10)
C12 C17 C8 118.74(10) C32 C33 C34 120.77(10)
C16 C17 C8 123.75(10) C32 C33 C35 120.76(10)
C16 C17 C12 117.51(10) C35 C33 C34 118.47(10)
N2 C18 C20 178.55(12) C351 C34 C33 120.24(10)
N3 C19 C20 176.44(11) C341 C35 C33 121.29(10)
1 1-X,1-Y,-Z.
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Table S24: Torsion angles for CY_B8b.

A B C D Angle/Å A B C D Angle/Å

N1 C1 C2 C3 -1.12(19) C15 C16 C17 C8 178.69(10)
C1 N1 C5 C4 0.54(17) C15 C16 C17 C12 -1.19(16)
C1 C2 C3 C4 1.48(17) C17 C8 C9 C10 3.39(16)
C1 C2 C3 C6 -178.66(11) C17 C12 C13 C14 -1.76(17)
C2 C3 C4 C5 -0.91(16) C18 C20 C21 C22 -177.19(10)
C2 C3 C6 C7 170.55(11) C18 C20 C21 C26 2.03(16)
C3 C4 C5 N1 -0.10(18) C19 C20 C21 C22 1.39(17)
C3 C6 C7 C8 177.30(10) C19 C20 C21 C26 -179.39(10)
C4 C3 C6 C7 -9.60(19) C20 C21 C22 C23 176.29(10)
C5 N1 C1 C2 0.08(17) C20 C21 C26 C25 -176.35(10)
C6 C3 C4 C5 179.23(11) C21 C22 C23 C24 0.66(16)
C6 C7 C8 C9 8.48(18) C22 C21 C26 C25 2.89(16)
C6 C7 C8 C17 -167.77(11) C22 C23 C24 C25 1.73(15)
C7 C8 C9 C10 -172.92(10) C22 C23 C24 C27 -178.23(10)
C7 C8 C17 C12 171.41(10) C23 C24 C25 C26 -1.80(15)
C7 C8 C17 C16 -8.47(16) C23 C24 C27 C28 -1.21(17)
C8 C9 C10 C11 0.39(18) C23 C24 C27 C29 179.40(10)
C9 C8 C17 C12 -4.92(15) C24 C25 C26 C21 -0.53(16)
C9 C8 C17 C16 175.21(10) C25 C24 C27 C28 178.83(10)
C9 C10 C11 C12 -2.59(17) C25 C24 C27 C29 -0.57(17)
C10 C11 C12 C13 -178.80(11) C26 C21 C22 C23 -2.94(15)
C10 C11 C12 C17 0.92(17) C27 C24 C25 C26 178.17(11)
C11 C12 C13 C14 177.97(11) C30 C32 C33 C34 177.46(10)
C11 C12 C17 C8 2.84(16) C30 C32 C33 C35 -2.14(16)
C11 C12 C17 C16 -177.28(10) C31 C32 C33 C34 -2.74(17)
C12 C13 C14 C15 -0.28(17) C31 C32 C33 C35 177.65(10)
C13 C12 C17 C8 -177.44(9) C32 C33 C34 C351 -178.83(10)
C13 C12 C17 C16 2.45(16) C32 C33 C35 C341 178.82(10)
C13 C14 C15 C16 1.61(17) C34 C33 C35 C341 -0.79(17)
C14 C15 C16 C17 -0.84(17) C35 C33 C34 C351 0.78(17)
1 1-X,1-Y,-Z.
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