
 

 

Quantum interference-controlled conductance enhancement in stacked 
graphene-like dimers 
Peihui	Li1, §,	Songjun	Hou2, §,	Bader	Alharbi2,3, §,	Qingqing	Wu2,	Yijian	Chen1,	Li	Zhou1,	Tengyang	Gao4,	
Ruihao	Li4,	Lan	Yang1,	Xinyue	Chang1,	Gang	Dong4,	Xunshan	Liu5,6,	Silvio	Decurtins5,	Shi-Xia	Liu*5,	
Wenjing	Hong*4,	Colin	J.	Lambert*2,	Chuancheng	Jia*1,7	and	Xuefeng	Guo*1,	7	
1Center	 of	 Single-Molecule	 Sciences,	 Institute	 of	Modern	Optics,	 Frontiers	 Science	 Center	 for	 New	Organic	Matter,	
Tianjin	Key	Laboratory	of	Micro-scale	Optical	Information	Science	and	Technology,	College	of	Electronic	Information	
and	Optical	Engineering,	Nankai	University,	38	Tongyan	Road,	Jinnan	District,	Tianjin	300350,	P.	R.	China.	
2Department	of	Physics,	Lancaster	University,	Lancaster,	LA1	4YB,	UK.	 	
3Department	of	Physics,	Prince	Sattam	Bin	Abdulaziz	University,	Alkharj	16278,	Saudi	Arabia.	
4State	Key	Laboratory	of	Physical	Chemistry	of	Solid	Surfaces,	College	of	Chemistry	and	Chemical	Engineering,	Xiamen	
University,	Xiamen	361005,	P.	R.	China.	
5Department	of	Chemistry,	Biochemistry	 and	Pharmaceutical	 Sciences,	University	 of	Bern,	 Freiestrasse	3,	 CH-3012	
Bern,	Switzerland.	
6Department	of	Chemistry,	Zhejiang	Sci-Tech	University,	Hangzhou	310018,	P.	R.	China.	
7Beijing	National	Laboratory	 for	Molecular	Sciences,	National	Biomedical	 Imaging	Center,	College	of	Chemistry	and	
Molecular	Engineering,	Peking	University,	292	Chengfu	Road,	Haidian	District,	Beijing	100871,	P.	R.	China.	 	

 

ABSTRACT:	 Stacking	 interactions	 are	 of	 significant	 importance	 in	 the	 fields	 of	 chemistry,	 biology,	 and	 material	
optoelectronics	 because	 they	 determine	 the	 efficiency	 of	 charge	 transfer	 between	molecules	 and	 their	 quantum	 states.	
Previous	studies	have	proven	that	when	two	monomers	are	π-stacked	in	series	to	form	a	dimer,	the	electrical	conductance	of	
the	 dimer	 is	 significantly	 lower	 than	 that	 of	 the	 monomer.	 Here,	 we	 present	 a	 strong	 opposite	 case	 that	 when	 two	
anthanthrene	monomers	are	π-stacked	to	form	a	dimer	in	a	scanning	tunneling	microscopic	break	junction,	the	conductance	
increases	by	as	much	as	25	in	comparison	with	a	monomer,	which	originates	from	a	room-temperature	quantum	interference.	
Remarkably,	both	theory	and	experiment	consistently	reveal	that	this	effect	can	be	reversed	by	changing	the	connectivity	of	
external	electrodes	to	the	monomer	core.	These	results	demonstrate	that	synthetic	control	of	connectivity	to	molecular	cores	
can	 be	 combined	 with	 stacking	 interactions	 between	 their	 π	 systems	 to	 modify	 and	 optimize	 charge	 transfer	 between	
molecules,	opening	up	a	wide	variety	of	potential	applications	ranging	 from	organic	optoelectronics	and	photovoltaics	 to	
nanoelectronics	and	single-molecule	electronics.
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INTRODUCTION 

Non-covalent	 stacking	 interactions,	 in	 particular	 π	

stacking,	 are	 of	 great	 significance	 in	 the	 fields	 of	

chemistry,	biology,	and	organic	optoelectronics1-3	.	They	

can	control	charge	transfer	between	molecules,	leading	

to	improved	efficiency	of	organic	optoelectronic	devices,	

including	light-emitting	diodes4-5,	photovoltaic	devices6-

7	 and	 field-effect	 devices8-9.	 Stacking	 interactions	 are	

also	 important	 in	 vertically	 stacked	 two-dimensional	

(2D)	van	der	Waals	(vdW)	heterostructures10-14,	where	

different	 stacking	 configurations,	 such	 as	 AA,	 AB	 or	

twisted-angle	 stacking	 of	 graphene,	 can	 induce	

unexpected	phenomena,	including	superconductivity15,	

phase	 transitions16,	 Chern	 insulators17	 and	

Pomeranchuk	effect18.	Graphene-like	molecules,	such	as	

anthanthrene	 and	 pyrene,	 contain	 conjugated	 central	

units,	 which	 were	 used	 as	 models	 to	 study	

intermolecular	 charge	 transport	 and	 quantum	 state	

regulation19-20.	 They	 have	 the	 added	 advantage	 that	

their	 connections	 to	 external	 electrodes	 can	 be	

engineered	with	atomic	accuracy	via	chemical	synthesis.	

By	 varying	 this	 connectivity,	 intramolecular	 quantum	

interference	 (QI)	 effects	 can	 be	 switched	 between	

constructive	 QI	 (CQI)	 and	 destructive	 QI	 (DQI)20-22.	

Single-molecule	junctions	provide	an	effective	platform	

for	studying	QI	effects	in	single	molecules	and	dimers23-

24.	 In	 the	 past	 two	 decades,	 single-molecule	

experimental	 measurements25	 and	 theories26-27	 have	

revealed	 a	 wealth	 of	 fundamental	 knowledge	 about	

dimers	 composed	 of	 aromatic	 or	 poly-aromatic	

molecules,	 including	 the	 effects	 of	 the	 electron-

transport	 distance28,	 stacking	 mode29,	 and	 stretching	

process30	on	charge	transport.	Especially,	how	to	use	QI	

to	 control	 the	 charge	 and	 energy	 flow	 through	 such	

structures31	 and	 further	 construct	 the	 circuits	 has	

attracted	 extensive	 attention32-33.	 Recently,	 it	 was	

demonstrated	 that	 these	 quantum	 effects	 can	 be	

translated	into	self-assembled	molecular	layers	(SAMs),	

thereby	 opening	 routes	 to	 the	 design	 of	 2D	 organic	

materials,	 whose	 room-temperature	 transport	

properties	 are	 controlled	 by	 quantum	 interference.	 A	

key	feature	of	SAMs,	which	is	not	manifested	in	single-

molecule	 junctions,	 is	 the	 presence	 of	 intermolecular	

interactions.	 Therefore,	 to	 realize	 the	 goal	 of	 utilizing	

quantum-enhanced	SAMs	in	real	devices,	the	interplay	

between	QI	and	stacking	interactions	must	be	clarified.	

Here,	we	demonstrate	that	this	interplay	could	lead	to	a	

significant	 and	 highly	 non-classical	 behavior,	 even	 at	

room	temperature.	 	

EXPERIMENTAL METHODS 

Experimental procedures. Gold	wire	(99.99%,	0.25	mm	
diameter)	 was	 purchased	 from	 ZhongNuo	 Advanced	

Material	 (Beijing)	 Technology	 Co.,	 Ltd.	 for	 the	

fabrication	of	 the	STM	tip.	The	gold	tip	 is	obtained	by	

electrochemical	corrosion.	Substrates	were	prepared	by	

depositing	a	10	nm	thick	chromium	film	and	a	200	nm	

thick	gold	film	on	the	N	monocrystalline	face	of	a	silicon	

wafer.	 The	 target	 molecules	 were	 mixed	 with	 1,2,4-

trichlorobenzene	(TCB).	

In	 the	 STM-BJ	 measurement,	 the	 distance	 between	

the	gold	tip	and	the	substrate	is	controlled	by	a	stepper	

motor	 and	 a	 piezo	 stack.	 The	 bias	 voltage	 is	 applied	

between	 the	 tip	 and	 the	 substrate,	 and	 the	 current	 is	

used	 as	 the	 feedback	 to	 control	 the	movement	 of	 the	

gold	tip.	During	the	repeating	opening	(tip	retracting)	

and	 closing	 (tip	 approaching)	 cycles,	 the	 conductance	

versus	displacement	traces	is	collected,	and	the	traces	

of	the	opening	cycles	were	used	for	further	analysis.	All	

measurements	were	carried	out	at	room	temperature.	

Single-molecule	 conductance	 measurements	 are	

carried	 out	 using	 a	 Xtech	 STMBJ	 and	 the	 data	 are	

analyzed	 by	 XMe	 open-source	 code	

(https://github.com/Pilab-XMU/XMe_DataAnalysis).	 	

Theoretical methods.	 Geometrical	 optimizations	 have	
been	performed	by	using	the	DFT	code	SIESTA34,	with	a	

generalized	 gradient	 approximation	GGA	 functional,	 a	
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double-ζ	 polarized	 basis	 for	 other	 elements,	 a	 cutoff	

energy	 of	 200	Ry	 and	 a	 0.02	 eV/Ad 	 force	 tolerance.	 In	

order	 to	 compute	 their	 electrical	 conductance,	 the	

molecules	were	each	placed	between	Au	electrodes.	For	

each	 structure,	 the	 transmission	 coefficient	 T(E)	

describing	the	propagation	of	electrons	of	the	energy	E	

from	the	left	to	the	right	electrodes	was	calculated	using	

Gollum	 code35,	 which	 combines	 the	 mean-field	

Hamiltonian	 and	 overlap	 matrices	 of	 the	 DFT	 code	

SIESTA	with	Landauer-based	quantum	transport	theory	

using	the	expression:	

𝑇(𝐸) = 𝑇r'𝛤!(𝐸)𝐺"(𝐸)𝛤#(𝐸)𝐺"
$(𝐸)*	

where	 𝛤%,#(𝐸) = 𝑖(Σ%,#(𝐸) − Σ%,#$(𝐸))/2 ;	 𝐺"(𝐸) =
(𝑔'( − Σ% − Σ#)'( ;	 𝑔	 is	 the	 Green’s	 function	 of	 the	
isolated	 molecule;	 𝛤%,#	 determines	 the	 widths	 of	

transmission	resonances;	 Σ%,#(𝐸)	 are	the	self-energies	

describing	the	contact	between	the	molecule	and	left	(L)	

and	 right	 (R)	 electrodes;	 𝐺"	 is	 the	 retarded	 Green’s	

function	 of	 the	 molecule	 in	 the	 presence	 of	 the	

electrodes.	 The	 room	 temperature	 conductance	 was	

extracted	 from	 the	 transmission	 spectrum	 and	

evaluated	by	the	following	formulae:	

𝐺 = 𝐺)2𝑑𝐸𝑇(𝐸) (−
𝑑𝑓(𝐸)
𝑑𝐸 )	

where	 𝐺) = 2𝑒*/ℎ	 is	 the	 conductance	 quantum;	 h	 is	

the	Planck’s	constant;	e	is	the	charge	of	a	proton;	 𝑓(𝐸)	

is	the	Fermi	function.	

RESULTS AND DISCUSSION 

Charge transport through graphene-liked molecules. 
Figure	 1a	 (lower)	 and	 Figure	 1b	 (right)	 show	 the	

strategies	of	how	electrical	 current	 flows	 sequentially	

from	 one	 monomer	 to	 the	 dimer	 via	 π-π	 stacking.	

Classically,	 the	 electrical	 conductance	of	 two	 identical	

conductors	 in	 series	 is	 lower	 than	 that	 of	 a	 single	

conductor	 (Figure	 1a).	 Correspondingly,	 previous	

studies	 revealed	 that	 the	 conductance	 of	 a	 dimer	 is	

generally	 lower	 than	 that	 of	 the	 corresponding	

monomer,	even	in	the	presence	of	quantum	effects3,30,36-

37.	 For	 example,	 for	 an	 oligo-phenylene-ethynylene	

(OPE3)	 π-conjugated	 molecule	 system,	 periodic	

reductions	 in	 dimer	 conductance	 induced	 by	

mechanically	 controlled	 quantum	 interference	 have	

been	 observed36.	 It	 is	 worth	 noting	 that	 the	 charge	

transport	mechanism	of	the	dimer	and	the	conductance	

mechanism	 of	 classical	 electrical	 circuits	 are	 quite	

different.	In	this	study,	we	investigate	charge	transport	

through	 a	 graphene-like	 dimer	 (Figure	 1b)	 using	 a	

combination	 of	 the	 scanning	 tunnelling	 microscope	

break	 junction	 (STM-BJ)	 technique38-40	 and	 density	

functional	 theory	 (DFT)35,	 and	 demonstrate	 that	

depending	 on	 the	 specific	 QI	 pattern	 and	 stacking	

configuration,	the	conductance	of	the	dimer	can	be	~25	

times	higher	than	that	of	the	monomer.	This	abnormal	

conductance	 increase	 in	 our	 system	 is	 different	 from	

conductance	 superposition	 in	 single-molecule	 circuits	

with	parallel	paths41.	

The	chosen	monomer	(Figure	1b	 left)	 is	denoted	as	

CQI-L	(a	constructive	QI	molecule	with	a	relatively	low	

conductance)	and	is	shown	in	the	insert	of	Figure	1f	and	

Figure	 S1-1a.	 It	 is	 composed	 of	 a	 graphene-like	

anthanthrene	 core	with	 acetylthiol	 terminal	 groups19,	

which	bind	the	molecule	to	external	electrodes.	When	

current	 is	 injected	 and	 collected	 via	 the	 triple	 bonds	

connected	 to	 the	 anthanthrene	 core,	 as	 depicted	 in	

Figure	1f,	this	CQI-L	monomer	exhibits	CQI	as	shown	in	

a	 previous	 study20,	 but	 with	 a	 relatively	 low	 (L)	

conductance.	 Using	 the	 STM-BJ	 technique,	 the	

conductance	 of	 a	 molecular	 junction	 is	 repeatedly	

measured	as	a	function	of	tip-substrate	displacement	to	

generate	 conductance	 versus	 displacement	 traces.	

Specifically,	 the	 molecular	 junctions	 are	 formed	 and	

broken	in	a	TCB	solution.	This	allows	the	possibility	of	

either	a	single	monomer	bridging	the	gap	between	both	

tips,	or	two	different	monomers	binding	to	different	tips,	

so	that	current	flows	from	one	electrode	to	the	other	via	

π-π	 stacking.	 To	 improve	 the	 junction	 formation	
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probability,	the	acetyl	protecting	groups	of	the	molecule	

are	deprotected	by	1,8-diazabicyclo	[5.4.0]	undec-7-ene	

(DBU)	to	form	covalent	Au-S	bonds,	with	pre-assembly	

for	24	hours.	The	results	of	both	X-Ray	photoelectron	

spectroscopy	 (XPS)	 (Figure	 S2)	 and	 comparative	 STM	

experiments	without	pre-assembly	(Figure	S3)	confirm	

that	a	SAM	of	CQI-L	 is	successfully	assembled	on	gold	

films	with	pre-assembly.	

	

Figure	1.	Charge	transport	through	monomer	and	dimer	graphene-liked	molecules.	(a)	Schematic	representation	of	

circuits	with	monomer	(top)	and	dimer	(bottom).	(b)	Au-CQI-L-Au	junctions	measured	experimentally	using	an	STM.	The	

left	panel	shows	a	single	molecule	bridging	the	gap	between	two	gold	tips;	the	right	panel	shows	the	junction	bridged	by	a	

dimer,	 such	 that	 one	 end	 group	 of	 each	 monomer	 is	 connected	 to	 different	 electrodes	 through	 Au-S	 bonds.	 (c)	 2D	

conductance-displacement	histograms	for	the	junctions	constructed	from	~4500	individual	traces	at	a	bias	of	0.1	V.	The	

conductance	histograms	of	the	high	conductance	(green)	and	the	low	conductance	(yellow)	are	separated	and	then	plotted	

in	 one	 figure.	 Inset:	 typical	 conductance-displacement	 traces	 of	 background	 (pink),	 high	 conductance	 (green)	 and	 low	

conductance	(yellow).	The	color	scale	shows	the	number	of	counts	normalized	to	the	number	of	curves	included	in	the	

histograms.	(d)	2D	histogram	of	the	normalized	noise	power	versus	average	conductance	for	the	high	conductance	state	of	

CQI-L,	calculated	for	5000	measured	traces.	(e)	One-dimensional	(1D)	conductance	histograms	at	different	potentials	of	

0.100	V,	0.125	V,	0.150	V	and	0.175	V.	Inset:	schematic	diagram	of	electrostatic	 interaction	within	the	dimer	under	bias	

voltages.	(f)	Theoretical	predictions	for	the	conductance	of	the	monomer	(yellow)	and	the	dimer	(green)	of	CQI-L	molecules	

as	a	function	of	the	Fermi	energy	 𝐸+,	with	experimentally	relevant	values	of	 𝐸+	 corresponding	to	the	shaded	region.	The	

dimer	 conductance	 is	 evaluated	 by	 the	 averaging	 three	 archetypal	 stacking	 patterns,	 weighted	 by	 Boltzmann	 factors	

determined	by	their	stacking	energies.	

Typical	individual	traces	for	the	junctions	under	0.1	V	

bias	are	presented	in	Figure	1c,	insert.	The	conductance	

features	at	integer	multiples	of	G0	(G0	=	2	e2/h)	can	be	

observed,	 as	well	 as	 the	 features	 below	G0	 at	 specific	
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molecular	values.	The	pink	traces	show	the	tunnelling	

decay	after	the	rupture	of	an	Au	atomic	contact	in	the	

pure	 solvent,	 while	 the	 conductance	 plateaus	

corresponding	to	the	molecular	conductance	are	found	

in	 solution	 with	 target	 molecules.	 Hundreds	 to	

thousands	 of	 such	 conductance	 traces	 are	 used	 to	

construct	 the	 conductance	 histograms.	 Figure	 1c	

presents	 two-dimensional	 (2D)	 conductance-

displacement	 histograms	 of	 a	molecule	 CQI-L	 (Figure	

S4).	A	low	conductance	peak	at	~2.0×10-6	G0	(≈0.16	nS)	

corresponding	 to	 the	 Lorentzian	 fitting	 peak	 can	 be	

observed.	 This	 corresponds	 to	 the	 most-probable	

conductance	of	a	single	CQI-L	molecule	as	reported	in	

previous	 studies19.	 In	 addition	 to	 this	 monomer	

conductance	 peak,	 a	 second	 conductance	 peak	 at	

~5.0×10-5	 G0	 (≈3.9	 nS)	 (Figure	 1c)	 can	 be	 observed,	

which	 is	 more	 than	 25	 times	 higher	 than	 the	

conductance	 of	 the	 monomer.	 This	 enhancement	 is	

consistent	with	our	theoretical	prediction	as	shown	in	

Figure	1f.	

To	 further	 determine	 the	 cause	 of	 the	 high	

conductance	 state,	 the	 flicker	 noise	 analysis	 is	

performed	 to	 evaluate	 the	 transmission	 coupling.	 All	

flicker	noise	analysis	focusses	on	the	high	conductance	

state	of	the	molecular	junctions.	In	the	light	of	previous	

reports39,42-43,	 the	 noise	 power	 scaling	 as	 G2.0	 is	

indicative	 of	 through-space	 coupling,	 while	 G1.0	

indicates	through-bond	coupling.	Figure	1d	shows	a	2D	

histogram	 of	 the	 noise	 power	 spectral	 density	 (PSD)	

attributed	to	the	high	conductance	state	of	the	molecule	

CQI-L	 (see	 the	 Supplementary	 Information	 for	 more	

details,	Figure	S6-1	and	Figure	S6-2).	The	noise	power	

scales	as	about	G2.0,	which	means	that	charge	transport	

resulting	 in	 the	 high	 conductance	 is	 dominated	 by	

through-space	 coupling	 transmission.	 Thus,	 this	 high	

conductance	 state	 of	 the	 molecule	 CQI-L	 can	 be	

attributed	 to	 π-stacked	 dimers	 (Figure	 1b	 right),	 in	

agreement	 with	 theoretical	 simulations	 presented	 in	

Figure	 1f,	 which	 shows	 the	 conductance	 versus	 the	

Fermi	energy	 𝐸+	 (relative	to	the	DFT-predicted	Fermi	

energy	 𝐸+,+- )	 for	 the	 monomer	 (yellow	 curve)	 and	

dimer	 (green	 curve).	 Previous	 studies19	 have	 shown	

that	 experimentally	 relevant	 values	 of	 𝐸+ − 𝐸+,+-	

correspond	to	the	values	near	the	middle	of	the	HOMO-

LUMO	gap,	 indicated	by	 the	shaded	region,	where	 the	

dimer	 to	 monomer	 conductance	 ratio	 varies	 from	

approximately	13	to	70.	The	high	conductance	state	of	

π-stacked	 dimers	 is	 further	 confirmed	 by	 using	 bias-

voltage-dependent	 experiments.	 Specifically,	 previous	

studies	 have	 shown	 that	 since	 the	 electric	 field	 can	

increase	 the	 intermolecular	 attraction,	 promoting	

dimer	 formation	 in	 general,	 the	 intensity	 of	 the	

conductance	peak	associated	with	dimer	formation	will	

increase	with	bias44.	Figure	1e	shows	one-dimensional	

(1D)	 conductance	 histograms	 of	 the	 molecule	 CQI-L	

measured	 at	 different	 potentials	 of	 0.100	 V,	 0.125	 V,	

0.150	V	and	0.175	V.	It	can	be	observed	that	the	relative	

ratio	 of	 the	 high	 conductance	 state	 to	 the	 low	

conductance	 state	 increases	 with	 increasing	 the	 bias	

voltage,	as	expected	 for	a	high	conductance	state	 that	

originates	 from	bimolecular	 interactions44.	 It	 is	worth	

noting	 that	 although	 the	 relative	 ratio	 of	 the	 high	

conductance	 state	 to	 the	 low	 conductance	 state	

increases,	 the	 low	 conductance	 feature	 is	 statistically	

much	 more	 prevalent	 than	 the	 high	 conductance	

feature.	This	is	because	the	low	conductance	feature	is	

assigned	to	the	monomer	with	intrinsic	characteristics,	

while	the	high	conductance	originates	from	the	dimer	

with	a	specific	stacking	mode.	Next,	we	 focus	another	

key	factor:	plateau	length.	As	showed	in	a	previous	work,	

the	plateau	length	of	the	conductance	state	is	correlated	

with	the	molecular	length45.	Here,	the	plateau	length	is	

defined	from	~10-0.3	G0	down	to	~10-0.2	G0,	lower	than	

the	specific	conductance	peak,	as	shown	in	Figure	S5-2.	

The	high-conductance	and	low-conductance	lengths	are	

consistent	with	the	presence	of	dimers	and	monomers,	

respectively	(Figure	S5-2).	This	is	also	consistent	with	
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the	theoretical	prediction	that	the	most	stable	structure	

of	 the	dimer	state	corresponds	to	AB	stacking	(Figure	

S7).	

Theoretical analysis of the enhanced conductance in 
dimers. This	 highly	 non-classical	 behavior	 is	 a	
consequence	 of	 room-temperature	 QI	 between	 the	 π	

systems	 of	 the	 stacked	 monomers.	 QI	 effects	 in	 the	

monomers	 are	 primarily	 driven	 by	 the	 bipartite	

character	of	the	anthanthrene	core.	As	shown	in	the	left	

panel	of	Figure	2a,	in	a	simple	Hückel	(i.e.	tight-binding)	

description	of	charge	 transport	 through	the	π	system,	

carbon	atoms	can	be	regarded	as	‘green’	or	‘yellow’	sites,	

with	 ‘green’	 sites	 connected	 to	 ‘yellow’	 sites	 only	 and	

vice	 versa.	 As	 discussed	 in	 Refs.20,37,46-49,	 when	 an	

electron	is	injected	through	a	‘green’	site	(such	as	site	a)	

and	collected	via	a	‘yellow’	site	(such	as	site	b),	or	vice	

versa,	this	can	lead	to	CQI.	In	contrast,	DQI	is	 induced	

when	an	electron	is	injected	through	a	‘green’	site	and	

collected	via	a	‘green’	site	(or	injected	through	a	‘yellow’	

site	and	collected	via	a	‘yellow’	site)	(For	more	details,	

see	the	discussion	of	a	benzene	dimer	and	magic	ratio	

theory	 in	 the	 Supplementary	 Information,	 Figures	

S8-S9	and	Tables	S1-S2).	Therefore,	the	path	from	site	

a	to	site	b	indicated	by	green	arrows	corresponds	to	CQI.	

To	 highlight	 the	 interplay	 between	 QI	 and	 stacking	

interactions,	we	consider	a	simple	tight	binding	model,	

in	which	only	nearest-neighbor	couplings	are	present.	

In	 this	 case,	 the	 AA	 stacked	 dimer	 is	 still	 a	 bipartite	

lattice	as	indicated	by	the	‘yellow’	and	‘green’	sites	in	the	

right	panel	of	Figure	2a.	However,	the	path	indicated	by	

the	red	arrows	from	site	a	of	the	lower	monomer	to	site	

b	of	the	upper	monomer	now	corresponds	to	DQI,	since	

the	 collecting	 and	 injecting	 sites	 are	 both	 ‘green’.	

Consequently,	 for	AA	stacking,	 the	conductance	of	 the	

dimer	is	expected	to	be	lower	than	that	of	the	monomer,	

as	 has	 been	 reported	 in	 the	 literature36-37.	 In	 a	 real	

experiment,	many	stacking	configurations	are	possible	

and	 AA	 stacking	 is	 not	 the	 most	 favored.	 Therefore,	

although	 this	 simple	 example	 is	 useful	 for	 illustrating	

the	interplay	between	QI	and	stacking	interactions,	it	is	

not	representative	of	our	experimental	measurements	

and	DFT	modelling,	which	reveal	the	fact	that	the	most-

probable	 conductance	 of	 the	 anthanthrene	dimer	 is	 a	

factor	of	25	higher	than	that	of	the	monomer.	

To	 elucidate	 the	 origin	 of	 this	 highly	 non-classical	

conductance	 increase,	we	 calculated	 the	 transmission	

coefficient	 T(E)	 describing	 electrons	 of	 the	 energy	 E	

passing	 through	 the	 molecular	 junctions	 shown	 in	

Figure	1b,	using	DFT	in	combination	with	the	quantum	

transport	code	Gollum35.	To	describe	the	transmission	

through	 the	dimer,	 three	 archetypal	 stacking	patterns	

were	considered,	denoted	as	AA,	AB1	and	AB2	(Figure	

S7).	As	shown	in	Figure	2b,	the	resulting	transmission	

coefficients	near	the	middle	of	the	HOMO-LUMO	gap	are	

sensitive	 to	 the	nature	of	 the	 stacking	mode.	For	AB2	

stacking,	 the	 mid-gap	 transmission	 coefficient	 of	 the	

dimer	(green	curve)	is	significantly	higher	than	that	of	

the	 monomer	 (yellow	 curve).	 For	 AB1	 stacking,	 it	 is	

almost	identical	with	that	of	the	monomer,	whereas	for	

AA	stacking,	it	may	be	higher	or	lower,	depending	on	the	

energy	E.	The	ground	state	energy	of	fully	relaxed	AB1	

and	AB2	stacking	are	lower	than	AA	stacking	by	~0.48	

eV	and	~0.52	eV,	respectively	(Figure	S7),	meaning	that	

AA	 is	 extremely	 rare	 at	 room	 temperature	 and	 the	

Boltzmann	 distribution	 weighted	 conductance	 is	

dominated	by	the	conductance	of	AB2	stacked	dimers	

(Figure	1f).	

To	 understand	 the	 shapes	 of	 these	 curves,	 we	 first	

consider	the	monomer.	According	to	an	orbital	product	

rule50-51,	the	contribution	from	each	molecular	orbital	to	

charge	transport	depends	on	the	colors	of	the	orbitals	

on	 sites	 a	 and	 b,	 which	 are	 connected	 with	 the	

electrodes.	 For	 the	monomer	 shown	 in	 Figure	 2c,	 the	

highest	occupied	molecular	orbit	(HOMO)	 is	 the	same	

color	denoted	by	(S)	at	the	two	ends	(a	and	b),	while	the	

lowest	 unoccupied	 molecular	 orbit	 (LUMO)	 has	
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different	 signs	 (A)	 at	 the	 two	 ends,	 leading	 to	 CQI	

revealed	by	the	flat	mid-gap	transmission	curve	(yellow	

in	Figure.	2b).	However,	since	LUMO+1	and	LUMO	have	

different	symmetries	(i.e.	colors	at	the	two	ends),	they	

interfere	destructively	at	energies	in	the	HOMO-LUMO	

gap	just	below	the	LUMO,	leading	to	an	anti-resonance	

in	 the	 yellow	 curve.	 Similarly,	 an	 anti-resonance	

appears	 just	 above	 the	 HOMO	 due	 to	 the	 different	

symmetries	of	HOMO-1	and	HOMO.	 	

 	

Figure	2.	Mechanism	of	the	enhanced	conductance	in	a	stacked	dimer.	(a)	Transport	properties	of	monomer	and	dimer	

anthanthrenes.	Left	panel:	a	lattice	representing	the	CQI-L	monomer	(CQI,	green	arrows)	and	the	corresponding	AA-stacked	

dimer	(DQI,	red	arrows).	The	character	of	the	bipartite	property	of	benzene	is	denoted	by	the	‘yellow’	and	‘green’	points;	
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that	is,	the	‘yellow’	site	is	only	connected	to	the	‘green’	site	and	vice	versa.	(b)	Transmission	coefficients	as	a	function	of	

electron	energy	for	the	CQI-L	monomer	and	dimers	with	AA,	AB1	and	AB2	stacking.	(c)	Frontier	molecular	orbitals	of	the	

CQI-L	monomer:	HOMO-1,	HOMO,	LUMO	and	LUMO+1.	‘S’	(i.e.	symmetric)	denotes	the	same	color	for	the	two	opposite	ends	

of	each	orbital	and	‘A’	(i.e.	anti-symmetric)	indicates	different	colors	at	opposite	ends.	(d)	HOMO	and	LUMO	splitting	to	form	

bonding	and	anti-bonding	pairs	induced	by	dimerization.	The	new	LUMO	possesses	the	same	color	(‘S’)	at	the	injecting	and	

collecting	ends	(guided	by	blue	circles)	opposite	to	the	case	in	the	LUMO	of	the	monomer.	The	new	HOMO	displays	the	same	

color	at	the	two	ends,	as	in	the	case	in	the	monomer	HOMO.	(e-g)	Evolution	of	energy	levels	from	HOMO-2	to	LUMO+2	as	

a	function	of	distance	between	the	two	monomers	in	the	vertical	direction	for	AA,	AB1	and	AB2	stacking.	‘Vertical’	means	

the	direction	perpendicular	to	the	paper,	that	is,	the	distance	between	the	graphene-like	planes.	The	expected	distance	in	

experiments	is	guided	by	the	grey	windows.	

To	understand	the	shapes	of	the	dimer	transmission	

curves,	 we	 first	 consider	 the	 case	 of	 AA	 stacking,	 for	

which	CQI	in	a	monomer	switches	to	DQI	in	the	dimer	

(as	 demonstrated	 in	 the	 illustrative	 case	 of	 stacked	

benzenes	discussed	in	the	Supplementary	Information,	

Figures	 S8-S9	 and	 Tables	 S1-S2),	 leading	 to	 a	

transmission	 dip	 at	 𝐸 − 𝐸+,+- = 0.3	𝑒𝑉	 in	 the	 purple	

curve	 in	 Figure	 2b.	 This	 mechanism	 can	 also	 be	

understood	by	examining	the	molecular	orbitals	of	the	

dimer.	When	two	monomers	approach	each	other	and	

the	distance	between	the	two	monomers	decreases,	the	

π-π	 interaction	 causes	 the	monomer	 orbitals	 to	 form	

pairs	of	bonding	and	anti-bonding	orbitals	of	the	dimer.	

As	 shown	 in	 Figure	 2d,	 the	 new	 LUMO	 and	 the	 new	

HOMO	of	the	dimer	both	possess	the	same	color	(S)	at	

the	 injecting	 and	 collecting	 ends	 (indicated	 by	 blue	

circles),	which	leads	to	a	DQI	in	the	dimer.	

For	each	of	the	three	archetypal	stacking	patterns,	the	

evolution	of	the	energy	levels	of	the	dimer,	as	a	function	

of	 the	 vertical	 distance	 between	 the	 monomers,	 is	

shown	in	Figures	2e-2g.	This	shows	that	as	the	distance	

decreases	from	5	Ad 	towards	3	Ad ,	the	pairs	of	degenerate	

energy	 levels	 (one	 from	each	monomer)	 split.	 For	AA	

stacking,	the	inter-monomer	coupling	matrix	is	almost	

equal	 to	 the	 unit	 matrix.	 Therefore,	 since	 monomer	

orbitals	are	orthogonal,	there	is	non-zero	coupling	only	

between	each	orbital	on	one	monomer	and	its	partner	

orbital	on	the	other	monomer.	Consequently,	monomer	

levels	evolve	into	pairs	of	dimer	levels	and	the	spectrum	

of	 the	 AA-stacked	 dimer	 exhibits	 only	 a	 slight	 level	

repulsion.	For	example,	the	LUMO+1,	LUMO+2,	LUMO+3,	

and	 LUMO+4	 are	 at	 a	 distance	 around	 3.6	 Ad .	 For	 AA	

stacking,	 the	 DQI	 feature	 in	 the	 HOMO-LUMO	 gap	 of	

Figure	2b	lowers	the	conductance	in	spite	of	the	strong	

couplings	between	each	pair	 of	 the	 energy	 levels.	 For	

the	AB1-stacked	dimer,	Figure	2f	shows	that	the	HOMO	

and	LUMO	are	almost	degenerate	indicating	a	very	weak	

coupling	between	 the	 two	HOMOs	and	 two	LUMOs	 in	

the	 dimer	 even	 at	 the	 optimal	 distance	 around	3.5	Ad .	

Consequently,	 the	 DQI	 features	 just	 below	 the	 LUMO	

and	just	above	the	HOMO	(in	the	yellow	curve)	are	no	

longer	present	in	the	blue	transmission	curve	of	Figure	

2b.	 In	 contrast,	 for	 the	 AB2-stacked	 dimer,	 Figure	 2g	

shows	that	the	HOMOs	are	weakly	coupled	and	LUMOs	

are	strongly	coupled	(Figure	2g).	Consequently,	the	DQI	

dip	is	removed	since	the	weakly	coupled	HOMOs	make	

almost	no	 contribution	 to	 the	 transport.	On	 the	other	

hand,	the	stronger	coupling	between	the	LUMOs	leads	

to	 a	 higher	 value	 for	 the	 green	 transmission	 curve	 in	

Figure	2b.	 	

One	might	propose	another	explanation,	in	which	the	

dimer	anthanthrene	are	bound	to	two	electrodes	with	

two	thiol	groups	connected	to	the	electrode	on	each	side,	

such	 as	 the	 example	 shown	 in	 the	 bottom	 panel	 of	

Figure	 S10a.	However,	 even	 though	 the	 superposition	

effect	 is	 considered,	 the	 significant	 change	 of	 the	
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stacking	pattern	during	the	relaxation	process	results	in	

an	 enhancement	 of	 about	 3.1	 times,	 which	 is	 much	

smaller.	

It	 is	 interesting	 to	 note	 that	 the	 high	 conductance	

state	 is	 not	 simply	 confined	 to	AB2	 stacking.	 Starting	

from	 the	 AB2	 dimer	 and	 shifting	 or	 rotating	 the	 top	

monomer,	 Figure	 S11	 shows	 that	 the	 higher	

conductance	 of	 the	 dimer	 persists	 when	 the	 shifting	

distance	is	in	the	range	of	2.0	Ad 	or	the	degree	of	rotation	

is	in	the	range	of	15.0°.	This	broadening	characteristic	

of	 the	high	conductance	state	can	also	be	observed	 in	

the	experimental	results	(Figure	S12),	which	reveal	that	

the	 full	 width	 at	 half	 maxima	 (FWHM)	 obtained	 by	

Gaussian	 fitting	 for	 the	high	conductance	state	 is	also	

wider	than	that	of	the	low	conductance	state	(Figure	S5).	

It	is	worthwhile	to	explore	the	universality	of	the	non-

classical	 enhancement,	 especially	 the	 impact	 of	 the	

central	size	of	graphene-like	fragments.	Since	there	are	

a	 lot	 of	 variations	 in	 the	 connectivity	 and	 topology,	

extensive	studies	need	to	be	done	to	clarify	this	point.	

Here,	in	Section	13	of	the	Supplementary	Information,	

we	 only	 discuss	 some	 classical	 cases	 that	 graphene	

fragment	models	 consist	 of	 1,	 2,	 4,	 6,	 and	 8	 benzene	

rings	 as	 central	 cores	 (Figure	 S13).	 The	 results	 show	

that	for	all	molecules	1,	2,	4,	6,	and	8,	such	non-classical	

enhancement	exists,	and	ratios	of	about	5,	12,	180,	20,	

and	15	are	obtained,	respectively.	 	

Charge transport of the comparative system. The	above-
enhanced	conductance	of	the	dimer	in	comparison	with	

the	 monomer	 can	 be	 controlled	 by	 varying	 the	

connectivity	of	the	anthanthrene	core	to	the	electrodes.	

To	illustrate	this	feature,	consider	the	monomer	shown	

in	Figure	3a	(left),	in	which	the	triple	bonds	connect	to	

the	sites	labelled	as	c	and	d.	This	monomer	(denoted	as	

CQI-H,	a	constructive	QI	molecule	with	a	relatively	high	

conductance)	 as	 shown	 in	 Ref.	 20,	 Figure	 S1-1b),	
exhibits	 CQI	 and	 possesses	 a	 higher	 (H)	 conductance	

than	the	CQI-L	monomer	of	Figure	1b	(left).	This	higher	

conductance	 is	 also	 evident	 in	 the	 experimental	

conductance	 peak	 near	 10-4	G0	 shown	 in	 Figure	 S14,	

which	 is	 consistent	 with	 the	 theoretical	 transmission	

coefficient	of	Figure	3f	and	previous	studies20.	Similarly,	

the	 PSD	measurement	 result	 of	 this	 high	 state	 of	 the	

molecule	 CQI-H	 is	 presented	 in	 Figure	 3e.	 The	 noise	

power	 scales	 as	 about	 G1.3,	 indicating	 that	 the	

conductance	 near	 10-4	 G0	 of	 the	 molecule	 CQI-H	 is	

attributed	 to	 through-bond	 transport39,42-43,	 which	

corresponds	 to	 the	 monomer.	 In	 contrast	 to	 the	

molecule	 CQI-L,	 an	 additional	 conductance	 peak	

appears	at	~2.5×10-6	G0	(≈	0.20	nS),	which	is	nearly	40	

times	 lower	 than	 that	 of	 the	 monomer	 conductance	

(Figure	3c).	In	comparison	with	the	mid-gap	theoretical	

transmission	curve	of	the	dimer	(green	curve	in	Figure	

3f)	 shows	 that	 in	 this	 case,	 the	 dimer	 conductance	 is	

expected	to	be	 lower	than	the	monomer	conductance.	

Again,	the	ratio	of	the	low	conductance	increases	with	

increasing	the	bias	voltage	(Figure	S14),	which	supports	

the	interpretation	that	the	high	conductance	originates	

from	 the	 monomer	 state.	 Furthermore,	 the	 plateau	

length	of	the	low	conductance	state	is	greater	than	that	

of	the	high	conductance	state	(Figure	3d,	insert),	which	

is	different	from	the	molecule	CQI-L	with	similar	length	

(Figure	 S5).	 From	 the	 typical	 individual	 conductance-

displacement	traces	of	the	molecule	CQI-H,	traces	from	

the	high	conductance	to	the	low	conductance	can	also	

be	 observed	 (Figure	 3b),	 which	 corresponds	 to	 the	

stretching	process	from	a	single	molecule	to	a	π-stacked	

dimer.	This	is	further	evidence	that	the	low	conductance	

of	the	molecule	CQI-H	is	associated	with	the	dimer,	and	

is	 consistent	 with	 the	 theoretical	 model	 in	 Figure	 3f,	

where	 the	molecular	 length	of	 the	 lower	conductance	

dimer	 is	 greater	 than	 that	 of	 a	 single	 molecule.	 The	

lower	conductance	of	the	dimer	is	a	general	feature	of	

the	 theoretical	 calculations	 presented	 in	 Figure	 S15,	

which	show	that	the	dimers	of	the	molecule	CQI-H	with	

different	 stacking	 modes	 do	 not	 exhibit	 the	 higher	

conductance	than	the	monomer.	
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Figure	3.	Charge	transport	of	a	comparative	molecule	CQI-H.	(a)	Schematic	illustration	of	single-molecule	and	dimer	

junctions	with	the	molecule	CQI-H.	(b)	Typical	conductance-displacement	traces	of	background	(pink),	high	state	(yellow),	

low	state	(green)	and	high	to	low	state	(purple).	(c)	2D	conductance-displacement	histograms	for	the	molecule	CQI-H	at	a	

bias	of	0.1	V.	The	color	scale	shows	the	number	of	counts	normalized	to	the	number	of	curves	included	in	the	histograms.	

(d)	1D	conductance	histograms	of	the	junctions	in	the	high	conductance	state	(yellow)	and	the	low	state	(green).	Insert:	

corresponding	plateau	length	of	separated	high	and	low	states.	(e)	2D	histogram	of	the	normalized	noise	power	versus	

average	 conductance	 for	 the	 high	 conductance	 state	 of	 CQI-H,	 calculated	 for	 4000	 measured	 traces.	 (f)	 Theoretical	

transmission	spectra	of	a	single	molecule	and	a	dimer.	

CONCLUSIONS 

In	 summary,	 we	 have	 presented	 a	 combined	

experimental	and	theoretical	study	of	charge	transport	

in	stacked	graphene-like	dimers	and	demonstrated	that	

their	 highly	 non-classical	 electrical	 conductance	 is	

controlled	by	an	interplay	between	room-temperature	

quantum	 interference	 and	 π-π	 stacking.	 For	 the	

molecule	CQI-L,	the	most	energetically	favored	stacking	

interactions	can	increase	the	electrical	conductance	of	

the	dimer,	by	a	factor	of	~25	in	comparison	with	that	of	

the	monomer.	 In	contrast,	 for	 the	molecule	CQI-H,	 the	

conductance	of	the	dimer	is	a	factor	of	~40	lower	than	

that	 of	 the	 monomer.	 This	 clearly	 demonstrates	 that	

rational	 control	 of	 connectivity	 to	molecular	 cores	 in	

combination	with	stacking	interactions	between	their	π	

systems	offers	a	general	route	to	modify	and	optimize	

charge	 transfer	 between	 molecules,	 which	 will	 invite	

intense	research	at	both	macroscopic	and	microscopic	

levels.	
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