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Abstract  

It	remains	a	major	challenge	to	identify	and	exploit	room-temperature	quantum	

interference	 (QI)	 effects	 in	 charge	 transport	 through	molecular	 systems	 at	 the	

angstrom	scale,	although	extensive	and	intensive	research	has	been	carried	out	by	

experimentalists	and	 theoreticians.	 In	 this	 thesis,	 I	 investigate	charge	 transport	

properties,	 thermoelectricity	 and	 solvent	 influences	 at	 the	 molecular	 scale	 by	

means	of	density	functional	theory	(DFT)	and	equilibrium	Green’s	function	theory.	

The	charge	transport	properties	of	halide	perovskite	quantum	dots	(QDs)	are	first	

investigated.	 It	 is	 demonstrated	 that	 room-temperature	 quantum	 interference	

(QI)	is	observed	based	on	the	fact	that	the	conductance	decays	exponentially	with	

the	increasing	distance	between	the	two	gold-gold	tips	and	also	there	is	a	distinct	

conductance	“jump”	at	the	end	of	the	sliding	process.	These	findings	open	the	way	

to	new	conceptual	designs	for	perovskite-based	molecular	devices	by	exploiting	

QI	effects.	As	for	the	property	of	exponentially	attenuating	electrical	conductance	

with	 the	 length,	 molecular	 wires	 with	 low	 decaying	 factor	𝛽 	(𝐺~𝑒]^_ )	 are	 of	

significance	to	realize	the	molecular	electronics.	Here	we	measured	and	calculated	

the	 single-molecule	 conductances	 of	 a	 series	 of	 cumulenes	 and	 cumulene	

analogues,	where	the	number	of	consecutive	C=C	bonds	in	the	core	is	n	=	1,	2,	3	

and	5.	The	[n]cumulenes	with	n	=	3	and	5	have	almost	the	same	conductance,	and	

they	 are	 both	 more	 conductive	 than	 the	 alkene	 (n	 =	 1).	 The	 lack	 of	 length-

dependence	in	the	conductance	of	[3]cumulene	and	[5]cumulene	is	attributed	to	

the	strong	decrease	in	HOMO-LUMO	gap	with	increasing	length.	The	conductance	

of	 the	 allene	 (n	=	 2)	 is	much	 lower,	 due	 to	 its	 twisted	 geometry.	 Therefore,	 I	



 

   ii 

suggest	the	cumulene	series	as	a	good	candidate	for	high	conductance	molecular	

wires.	Additionally,	and	also	significantly,	seeking	materials	for	harvesting	energy	

is	an	urgent	task	facing	the	serious	global	energy	shortage.			Herein,	I	investigated	

the	electrical	and	thermoelectrical	properties	of	glycine	chains	with	and	without	

cysteine	 terminal	 groups.	 The	 electrical	 conductance	 of	 (Gly)g ,	 (Gly)gCys 	and	

Cys(Gly)gCys	molecules	(where	Gly,	Cys	represent	glycine	and	cysteine	and	n=1-

3)	 was	 found	 to	 decay	 exponentially	 with	 length	 𝑙 		 as	 𝑒]^_	(β~1.0	Å]k) .	

Furthermore,	 it	 is	 shown	 the	 (Gly)kC𝑦𝑠 	and	Cys(Gly)kCys 	systems	 show	 good	

thermoelectrical	performance	(	high	Seebeck	coefficients	~	0.2	mV/K).	With	the	

contributions	 of	 both	 electrons	 and	 phonons	 taken	 into	 consideration,	 a	 high	

figure	of	merit	ZT=0.8	is	obtained	for	(Gly)kCys	at	room	temperature,	suggesting	

that	 peptide-based	 SAM	 junctions	 are	 promising	 candidates	 for	 thermoelectric	

energy	harvesting.	In	the	investigations	of	charge	transports	above,	it	is	realized	

that	the	functionalities,	reproducibility,	stability	of	molecular	 junctions	not	only	

depend	 on	 the	 functional-molecular	 cores,	 but	 also	 on	 other	 effects	 such	 as	

connecting	anchors	and	solvents.	Therefore	the	conductances	of	single-molecule	

junctions	with	different	anchoring	groups	in	a	variety	of	solvent	environments	are	

studied.	 It	 is	 found	 that	 the	 conductance	 of	 single-molecule	 junctions	 can	 be	

manipulated	 by	 nearly	 an	 order	 of	 magnitude	 by	 varying	 the	 solvent,	 and	 the	

solvent	gating	effect	depends	significantly	on	the	choice	of	anchor	group.	My	work	

suggests	 that	 the	 solvent-molecule	 interaction	 can	 provide	 significant	 solvent	

gating	effect	for	the	weakly	coupled	(-SMe	anchor)	single-molecule	junctions.
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1 Introduction  

	

The	transistor	is	the	essential		building	block	of	modern	electronic	devices.	Since	

smaller	 transistors	are	more	efficient,	 companies	have	been	 trying	 to	make	 the	

transistor	smaller	and	smaller.	Forty	years	ago,	the	size	of	a	transistor	is	about	10	

𝜇𝑚,	while	the	current	transistors	have	reached	the	dimensions	of	less	than	5	𝑛𝑚	

in	research	devices.[1][2]	However,	further	miniaturization	of	electronic	devices	

based	on	conventional	top-down	lithography	remains	challenging	not	only	from	

the	perspective	of	technique	limitations,	but	also	due	to	the	lack	of	fundamental	

understanding	 of	 transport	 mechanisms.[3]	 Consequently	 silicon	 technology	 is	

unlikely	to	be	reduced	to	molecular	level	(on	the	order	of	1	𝑛𝑚).[4]	In	this	sense,	

the	bottom-up	fabricated	molecular-scale	electronics	has	 the	potential	 to	partly	

replace	the	silicon	transistor	in	the	future,	since	they	can	accomplish	a	variety	of	

electronic	 functionalities	 including	 rectification,[5][6]	 memory	 and	

switching.[7][8]	Additionally,	molecular-level	devices	provide	potential	ways	 to	
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extend	Moore’s	Law,	which	predicts	the	limits	of	conventional	silicon	integrated	

circuits	due	to	the	prospect	of	size	reduction.[9]		

Molecular	 electronics	 treats	 single	 molecules	 or	 self-assembled	 monolayers	

(SAMs)	as	 functional	cores	 in	circuits,	which	brings	 the	scale	down	to	a	regime	

where	quantum	mechanics	effects	 could	be	observed	and	are	 important.	 In	 the	

early	 1970s,	 the	 concept	 for	 using	 the	 intrinsic	 functionality	 of	 molecules	 for	

electronic	devices	was	first	proposed	by	Arieh	Aviram	and	Mark	Ratner.[10]	They	

theoretically	demonstrated	a	molecule	 could	 show	rectifier	property	when	 this	

molecule	consists	of	a	donor	𝜋	systems	and	an	acceptor	𝜋	system,	separated	by	a	

sigma-bonded	(methylene)	tunnelling	bridge.	On	the	other	hand,	the	pioneering	

experiments	were	carried	out	by	Hans	Kuhn	and	Dietmar	Möbius,	where	the	single	

layers	of	molecules	were	used	to	form	functional	units.[11]	It	took	the	researchers		

about	20	years	to	set	up	the	first	junction	to	measure	the	transport	through	a	single	

molecule.[12]	 In	 this	measurement,	 scanning	 tunnelling	microscopy	(STM)	was	

used,	as	shown	in	Figure	1-1a.	Through	controlling	the	tip	up	and	down,	a	single	

molecule	could	be	embedded	between	the	gold	tip	and	the	gold	substrate.	Another	

widely	used	measurement	method	is	the	mechanically	controlled	break	junction	

(MCBJ),	as	shown	in	Figure	1-1b,	which	was	first	introduced	by	Moreland	et	al.	and	

Muller	et	al.	[13],	[14]	First	a	notched	metal	wire	is	glued	onto	a	substrate,	which	

could	 be	 bent	 by	 a	 piezo-controlled	 pushing	 rod.	 When	 the	 substrate	 is	 bent	

gradually,	 this	 wire	 is	 elongated	 and	 finally	 fractured,	 forming	 two	 sharp	

electrodes	and	a	nanogap.	Then	the	nearby	molecule	with	two	terminal	anchoring	

groups	come	and	connect	the	two	electrodes.	[15]	Recently,	a	new	type	of	MCBJ	

based	 on	𝜋 − 𝜋	stacking	 was	 developed	 shown	 in	 Figure	 1-3,	 where	 graphene	
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coated	coper	wires	are	utilized	as	electrodes	and	series	of	 fullerenes	have	been	

sandwiched	to	form	all-carbon	electronic	device.		

 

Figure	1-1	Schematic	illustration	of	(a)	scanning	tunnelling	microscopy	(STM)[16]	

and	(b)	mechanically	controlled	break	junction	(MCBJ).[17]	

 

Figure	1-2	Utilizing	conductance	histograms	to	identify	single-molecule	electrical	

conductance.	(A)	The	conductance	of	a	gold	contact	formed	between	the	STM	tip	

and	the	substrate	decreases	in	quantized	units	of	𝑮𝟎 =
𝟐𝒆𝟐

𝒉
	as	the	tip	is	pulled	away.	

(B)	Corresponding	conductance	histogram	shows	well-defined	peaks	near	1	𝑮𝟎,	2	

𝑮𝟎,	3	𝑮𝟎	due	to	conductance	quantization.	(C)	The	tip-substrate	contact	is	broken,	

new	 conductance	 steps	 appear	 if	 molecules	 are	 present	 in	 the	 solution.	 These	

conductance	steps	arise	from	the	formation	of	a	molecular	junction	between	the	
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tip	 and	 the	 substrate	 electrodes.	 (D)	 Conductance	 histogram	 of	 the	 molecular	

junction	 depicted	 in	 (C)	 shows	 peaks	 near	 0.01	𝑮𝟎 ,	 0.02	𝑮𝟎 ,	 0.03	𝑮𝟎 	that	 are	

ascribed	 to	 one,	 two	 and	 three	molecules,	 respectively.	 (E	 and	 F)	 As	 a	 control	

experiment,	no	such	steps	or	peaks	are	observed	in	the	absence	of	molecules.[18]		

 

Figure	 1-3	 2d	 conductance	 measurement	 of	 C60,	 C70,	 C76	 and	 C90	 in	 graphene	

vertical	 junction	 (a)	 Schematic	 of	 the	MCBJ	 graphene	 vertical	 junction	 and	 the	

chemical	 structures	 of	 these	 molecules.	 (b)	 Typical	 individual	 conductance-

displacement	curves.	(c)	Two-dimensional	conductance	histogram.[19]		

Although	 the	 molecules	 could	 be	 wired	 into	 junctions	 using	 an	 STM	 or	 MCBJ,	

unequivocally	identifying	the	conductance	of	a	single	molecule	between	metallic	

electrodes	 is	 still	 challenging,	 since	 the	measured	 conductance	 depends	 on	 the	

metal-molecule	 contact	 geometry.	 It	 is	 natural	 to	 use	 a	 statistical	 method	 to	
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quantify	 the	 conductance	 of	 a	 molecular	 junction.	 This	 so-called	 conductance	

histogram	method	was	first	used	by	Xu	and	Tao[18]	to	identify	the	conductance	of	

a	molecular	junction	with	1000	conductance	curves,	as	shown	in	Figure	1-2,	where		

thousands	of	conductance	curves	are	generated	by	repeatedly	moving	two	metallic	

electrodes	 into	 and	 out	 of	 contact,	 and	 then	 the	most	 probable	 conductance	 is	

identified.	Furthermore,	the	conductance	curves	could	be	shown	in	2-dimensional	

mode,	 as	 shown	 in	 Figure	 1-3c,	 which	 shows	 in	 the	 pulling	 process,	 a	 plateau	

appears	indicating	the	formation	of	a	junction.	The	length	of	the	plateau	means	the	

amount	of	elongation	a	junction	can	sustain	before	breaking.		

The	 modern	 transport	 theory	 used	 to	 describe	 such	 experiments	 is	 based	 on	

scattering	theory	and	Landauer	formula,	which	are	described	in	the	next	chapter.		
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2 Transport theory 

As	discussed	in	the	Introduction,	there	has	been	impressive	progress	in	the	field	

of	molecular	 electronics	 from	 the	 experimental	point	 of	 view.	 In	 this	 chapter,	 I	

would	 like	 to	discuss	 the	 transport	 theory,	 specifically,	 the	 equilibrium	Green’s	

Function	approach	combined	with	density	functional	theory.	First	I	shall	introduce	

the	Landauer	formula,	since	it	correlates	current	(conductance)	with	transmission	

function	and	then	as	an	example,	derive	the	transmission	formula	from	a	simple	

tight	 binding	model.	 Finally,	 a	 brief	 description	 of	 density	 functional	 theory	 is	

given.				

2.1 Bond currents and the Landauer formula  
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Figure	2-1	Schematic	of	bond	current	through	site	j	connected	with	two	sites	(a)		

and	N	sites	(b).	

For	a	N-site	system,	the	magnitude	of	current	going	from	one	site	to	another	could	

be	derived	by	considering	the	time	dependant	Schrödinger	equation,	which	could	

be	written	as	

	
𝒊ℏ
𝒅𝝓𝒋(𝒕)
𝒅𝒕 =�𝑯𝒋,𝒍𝝓𝒍(𝒕)

𝑵

𝒍�𝟏

	
(	2.1)	

Here	j,	l	label	the	sites	and	H	is	the	Hamiltonian.	As	shown	in	Figure	1-1(a),	we	can	

then	write	current	as	

	 𝒅𝑷𝒋(𝒕)
𝒅𝒕 = 𝑰𝒋]𝟏,𝒋 − 𝑰𝒋,𝒋�𝟏	

(	2.2)	

Where	 𝑃�(𝑡) = �𝜙�(𝑡)�
� = 𝜙�∗(𝑡)𝜙�(𝑡) .	 To	 obtain	 expressions	 for	 the	 currents,	

substitute	Eq.	(2.1)	into	(2.2),	to	yield	

	 𝒅𝑷𝒋(𝒕)
𝒅𝒕 =

𝟏
𝒊ℏ � �𝝓𝒋

∗(𝒕)𝑯𝒋𝒍𝝓𝒍(𝒕)
𝑵

𝒍�𝟏,𝒍 𝒋

− 𝝓𝒋(𝒕)𝑯𝒋𝒍
∗ 𝝓𝒍

∗(𝒕)¡	

(	2.3)	

Here,	the	contributions	coming	from	site	1	to	site	N	are	considered,	as	shown	in	

Figure	2-1(b).	Since	the	two	items	on	the	right	of	Eq.	(2.3)	are	conjugated,	¢£¤(¥)
¢¥

=

�
ℏ
𝐼𝑚(ϕ¨∗(t)H¨©ϕ©(t)).	 Therefore,	 if	 we	 consider	 a	 one	 dimensional	 infinite	 chain	

with	a	hopping	element	𝛾,	whose	eigenstate	is	a	plane	wave	𝜙� = 𝐴𝑒¬�	carrying	
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bond	current	𝐼 = 𝑉|𝐴|�	at	each	site	for	each	direction,	where	𝑉 = k
ℏ
°±
°
= �²

ℏ
𝑠𝑖𝑛𝑘	is	

the	 group	 velocity,	 while	 the	 total	 bond	 current	 through	 each	 site	 is	 0.	 For	

simplicity	therefore,	in	following	discussions	we	use	the	plane	wave	carrying	unit	

current	𝜙� =
k
√¶
𝑒¬�.		

 

Figure	2-2	N	sites	ring	model.	It	could	be	used	to	derive	Landauer	formula	because	

its	eigenstates	include	imaginary	parts.	

To	derive	the	Landauer	formula	consider	the		N	site	ring	model	shown	in	Figure	

2-2.	 For	 this	 model,	 the	 eigenstates	 are	 𝜙�· =
¸¹º»

√¼
,	 where	 𝑘 = �·½

¼
.	 𝑛 =

¼
�½
	𝑡ℎ𝑒𝑛	∆𝑛 = ¼

�½
∆
∆±
∆𝐸 = ¼

�½
k
ℏ¶
∆𝐸.	Meanwhile	¶

¼
	is	the	current	carried	by	each	state.	

Therefore	the	total	current	carried	by	∆𝑛	states	is	∆𝐼 = ∆𝑛 × ¶
¼
	=k

Â
∆𝐸,	meaning	the	

current	carried	by	the	the	states	in	the	energy	interval	∆𝐸	is	k
Â
∆𝐸.	If	spin	is	taken	

into	consideration,	this	doubles	to	yield	

	 ∆𝑰 =
𝟐
𝒉∆𝑬	

(	2.4)	

To	study	a	real	device,	we	consider	two	ideal	reservoirs	with	different	temperature.	
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Figure	2-3	Two	ideal	reservoirs	with	a	scattering	region	in	between.	The	two	black	

lines	mean	two	energy	levels	and	the	transmission	function	is	described	by	T(E).	

The	number	of	electrons	sent	from	the	left	and	right	reservoirs	are	𝟐
𝒉
∆𝑬𝒇𝑳(𝑬)	and	

𝟐
𝒉
∆𝑬𝒇𝑹(𝑬)	separately,	where	𝒇𝑳,𝑹(𝑬)	is	Fermi-Dirac	distribution.	On	the	right	side	

of	scattering	region,	the	currents	coming	from	these	two	electrodes	are	presented.	

The	potential	difference	eV	between	two	leads	is	due	to	the	voltage	applied.	

As	shown	in	Figure	2-3,	the	current	transported	through	the	scattering	region	is	

∆𝐼 = ∆𝐼¬·Ç + 𝑅(𝐸)∆𝐼¬·Ê − ∆𝐼¬·Ê = 𝟐
Â
∆𝐸[𝑇(𝐸)𝑓Ç(𝐸) + (𝑅(𝐸) − 1)𝑓Ê(𝐸)] =

𝟐
Â
∆𝐸𝑇(𝐸)[𝑓Ç(𝐸) − 𝑓Ê(𝐸)],	where	R(E)	is	the	reflection	coefficient,	𝑅(𝐸) + 𝑇(𝐸) =

1 ,	 ∆𝐼¬·Ç , ∆𝐼¬·Ê 	are	 the	 currents	 coming	 from	 left,	 right	 leads	 respectively,	 𝑓Ç,Ê =

1/(𝑒
ÍÎÍÏ

Ð,Ñ

ºÒÓÐ,Ñ + 1)	is	the	Fermi-Dirac	distribution	of	the	left	and	right	reservoir,	𝑘Ô	is	

Boltzmann’s	constant.	After	integrating	over	all	energies,	we	obtain	the	Landauer	

formula	

	
𝑰 =

𝟐
𝒉Õ 𝒅𝑬𝑻(𝑬)(𝒇𝑳(𝑬) − 𝒇𝑹(𝑬))

�×

]×
	

(	2.5)	
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If	we	consider	one	electron	per	state,	𝑞 = −|𝑒|,		|𝑒|	is	the	charge	of	a	proton		

	
𝑰𝒒 =

𝟐𝒒
𝒉 Õ 𝒅𝑬𝑻(𝑬)(𝒇𝑳(𝑬) − 𝒇𝑹(𝑬))

�×

]×
	

(	2.6)	

If	we	set	the	voltage	difference	between	the	left	and	right	reservoirs	to	be	𝑉,	then	

𝐸Ú
_¸ÛÜ = 𝐸Ú −

Ý¶
�
	and	 𝐸Ú

Þ¬ßÂÜ = 𝐸Ú +
Ý¶
�
.	 Therefore,	 the	 approximation	 at	 zero	

temperature	is	

	
𝑰𝒒 =

𝟐𝒒
𝒉 Õ 𝒅𝑬𝑻(𝑬)

𝑬𝑭]
𝒒𝑽
𝟐

𝑬𝑭�
𝒒𝑽
𝟐

	
(	2.7)	

For	Eq.	(2.6),	we	can	do	Taylor	expansion	for	𝑓Ç(𝐸)	and	𝑓Ê(𝐸)	and	ignore	the	items	

higher	than	1st	order,	we	get		

	
𝑰 =

𝟐
𝒉Õ 𝒅𝑬â−

𝝏𝒇
𝝏𝑬ä𝑻

(𝑬)[
𝑬 − 𝑬𝑭
𝑻 ∆𝑻

�×

]×

+ 𝒒∆𝑽]	

(	2.8)	

,	 where	 ∆𝑇 = Tå − 𝑇Ê, ∆𝑉 = Vå − 𝑉Ê ,	 TL,R	 and	 VL,R	 mean	 the	 temperature	 and	

voltage	of	left	lead	and	right	lead	respectively.	Then,	if	we	consider	the	charge	or	

heat	carried	by	this	transmitted	electron.	We	get	

	
â
𝑰𝒒

�̇�ä =
𝟐
𝒉è

𝒒𝟐𝑳𝟎
𝒒𝑳𝟏
𝑻

𝒒𝑳𝟏
𝑳𝟐
𝑻

éâ
∆𝑽
∆𝑻ä	

(	2.9)	
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In	 which,	 𝐿· = ∫ 𝑑𝐸 í− î𝒇
î𝑬
ï 𝑇(𝐸)(𝐸 − 𝐸Ú)·

�×
]× 	and	 𝑞 = −|𝑒| 	is	 the	 electronic	

charge.	At	finite	temperature,	if	∆𝑇 = 0,	𝐼Ý = �
Â
𝑞�𝐿ð∆𝑉 = 𝐺∆𝑉.	So		

	
𝑮 =

𝟐𝒒𝟐

𝒉 𝑳𝟎 =
𝟐𝒒𝟐

𝒉 Õ𝒅𝑬â−
𝝏𝒇
𝝏𝑬ä𝑻

(𝑬)	
(	2.10)	

In	 the	 low	 temperature	 limit,	− î𝒇
î𝑬
≈ 𝛿(𝐸 − 𝐸Ú),	 and	 using	∫ 𝑑𝑥𝑓(𝑥)𝛿(𝑥 − 𝑎) =

𝑓(𝑎),	then	we	obtain	

	
𝑮 =

𝟐𝒒𝟐

𝒉 𝑻(𝑬𝑭) = 𝑮𝟎𝑻(𝑬𝑭)	
(	2.11)	

,	where	𝐺ð =
�Ýõ

Â
≈ 7.7 × 10]ö	𝑆,	is	the	quantum	of	conductance.	If	we	set	𝐼Ý = 0,	

Eq.	2.9	becomes		

	 ∆𝑽
∆𝑻 = −

𝑳𝟏
𝒒𝑳𝟎𝑻

= −𝑺	 (	2.12)	

,	where	S	is	Seebeck	coefficient	describing	the	induced	thermoelectric	voltage	in	

response	 to	 a	unit	 temperature	difference	across	 the	material.	 Eq.	 (2.9)	 can	be	

rewritten	as			

	 â
∆𝑽
�̇� ä = â𝟏/𝑮 𝑺

𝜫 𝜿𝒆
ä â
𝑰𝒒

∆𝑻ä	
(	2.13)	

,	 where	 Π = ]Çü
ÝÇý

	is	 Peltier	 coefficient,	 𝜅¸ =
�
Âÿ
(𝐿� −

Çüõ

Çý
) 	is	 the	 electronic	

contribution	to	the	thermal	conductance.	For	energy	E	close	to	Fermi	energy	EF,	if	

transmission	function	T(E)	varies	approximately	linearly	with	E	on	the	scale	of	kBT,	
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then	 we	 get	 𝐿ð ≈ 𝑇(𝐸Ú) ,	 𝐿k ≈ (𝑞𝑇)�𝛼 í°ÿ(±)
°±

ï
±�±Ï

and	 𝐿� ≈ (𝑞𝑇)�𝛼𝑇(𝐸Ú) 	where	

𝛼 = í k
Ýÿ
ï
�
∫ 𝑑𝐸 í− îÛ

î±
ï (𝐸 − 𝐸Ú)�

�×
]× = í"Ò

Ý
ï
� ½õ

#
	=	 2.44x10-8	 WΩK-2	 is	 the	 Lorenz	

number.	Hence	in	this	limit,	we	get		

	
𝑺 ≈ −𝜶|𝒆|𝑻&

𝒅𝒍𝒏𝑻(𝑬)
𝒅𝑬 (

𝑬�𝑬𝑭

	
(	2.14)	

	 𝜿𝒆 ≈ 𝜶𝑻𝑮	 (	2.15)	

.	 Eq.	 (2.14)	 means	 the	 Seebeck	 coefficient	 is	 proportional	 to	 the	 slope	 of	 the	

transmission	function	on	a	logarithmic	scale	at	Fermi	energy.	Eq.	(2.15)	is	called	

the	Wiedemann-Franz	Law	tells	us	that	the	thermal	conductance	due	to	electrons	

is	linearly	correlated	with	the	electrical	conductance.	

The	thermoelectric	efficiency	is	characterized	by	a	dimensionless	thermoelectric	

figure	of	merit		

	
𝒁𝑻 =

𝑮𝑺𝟐𝑻
𝜿𝒆 + 𝜿𝒑

	
(	2.16)	

,	where	𝑇	is	 the	 reference	 temperature,	κ,, κ- 	are	 thermal	 conductances	 due	 to	

electrons	 and	 phonons	 separately.	 If	 we	 ignore	 the	 contribution	 coming	 from	

phonons,	 the	 electronic	 figure	 of	 merit	 𝑍T, =
/0õ1
23

= (Çü)õ

ÇýÇõ](Çü)õ
,	 recalling	

Wiedemann-Franz	Law,	𝑍T, =
/0õ1
23

≈ /0õ1
41/

= 0õ

4
.	Then	if	we	want	𝑍T, > 1,	then	S >

150	µV/K	is	required.	
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In	 practice,	 to	 calculate	 the	 thermal	 conductance	 due	 to	 phonons,	 the	 force	

constant	matrix,	K,	is	obtained	by	finite	differences	

	
𝑲𝒊𝜶,𝒋𝜷 =

𝝏𝟐𝑬
𝝏𝒓𝒊𝜶𝝏𝒓𝒋𝜷

= −
𝑭𝒋𝜷(𝑸𝒊𝜶) − 𝑭𝒋𝜷(−𝑸𝒊𝜶)

𝟐𝑸𝒊𝜶
	
(	2.17)	

,	where	E	 is	 the	 total	energy	and	𝑟¬;(𝑟¬^)	is	 the	displacement	of	atom	𝑖(𝑗)	in	 the	

coordinate	direction	𝛼(𝛽).		In	my	calculations	below,	the	geometry	is	relaxed	using	

SIESTA	[20]	until	the	force	of	each	atom	is	smaller	than	0.02	𝑒𝑉/Å.	By	shifting	each	

atom	(𝑖)	by	𝑄¬; = ±0.01	Å	in	 the	 direction	𝛼 = 𝑥, 𝑦, 𝑧 ,	 the	 forces	 on	 atom	 along	

𝛽 = 𝑥, 𝑦, 𝑧	direction, 	 𝐹�^(𝑄¬;) 	is	 calculated.	 The	 dynamical	 matrix	 D	 can	 be	

obtained	by	𝐷¬;,�^ = 𝐾¬;,�^/D𝑚¬𝑚�	,	where	𝑚¬	(𝑚�)	is	the	mass	of	atom	𝑖(𝑗).	Then	

the	dynamical	matrix	is	used	to	compute	the	transmission	probability	of	phonons.	

The	corresponding	phononic	thermal	conductance	is	given	by	

	
𝜿𝒑(𝑻) = Õ

ℏ𝝎
𝟐𝝅 𝑻𝒑

(𝝎)
𝝏𝒇𝑩𝑬(𝝎, 𝑻)

𝝏𝑻 𝒅𝝎
×

𝟎
	

(	2.18)	

,	 where	𝑓Ô±(𝜔, 𝑇) = 1/[𝑒â
ℏI
ºÒÓ

ä − 1]is	 the	 function	 of	 Bose-Einstein	 distribution,	

T-(ω)	is	the	phonon	transmission	function		.	Then,	the	full	figure	of	merit	can	be	

given	by	Eq.	(2.16).	

Therefore,	to	obtain	charge	and	heat	currents	due	to	electrons	or	phonons,	their	

transmission	 functions	 are	 needed.	 In	 section	 2.2,	 I	 shall	 discuss	 how	 to	 use	 a	

simple	model	 to	 derive	 the	 transmission	 formula	 based	on	quantum	 scattering	

theory,	whose	general	form	is	implemented	in	the	transport	code	Gollum.[21]		
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2.2 Transmission function 

 

Figure	2-4	A	scattering	region	connected	with	two	semi-infinite	one-dimensional	

leads.	The	left		and	right	leads	are	two	semi	infinite	one-dimensional	chains	with	

on-site	energy	𝜺𝒍,𝒓	and	hopping	integral	−𝜸𝒍,𝒓.	The	sites	are	labeled	as	…	-2,	-1,	0,	…,	

1,	…,	N,	…,	N+1,	N+2,	N+3,	…	

As	 an	 example	 of	 the	 transmission	 and	 reflection	 coefficients	 of	 electrons	with	

energy	E	passing	through	a	scattering	region,	I	consider	the	simple	tight	binding	

model	s	shown	in	Figure	2-4,	in	which		a	scattering	region	with	N	sites	is	connected	

to	 two	 semi-infinite	 one-dimensional	 leads	 through	 sites	 1	 and	 N.	 Then	 the	

wavefunctions	in	the	left	lead	and	right	lead	are:	𝜙� =
¸¹ºÐ»�Þ¸Î¹ºÐ»	

D¶Ð
	and	𝜓� =

Ü¸Î¹ºÑ»	
D¶Ñ

	

respectively,	where	r	and	t	are	reflection	and	transmission	amplitudes	while	the	

vL	and	vR	are	the	group	velocities.	The	wave	function	in	the	scattering	region	will	

be	 denoted	 𝑓� 	(j=1-N).	 The	 Schrodinger	 equation	 for	 the	 wavefunctions	 in	

different	parts	of	the	system	is:		

𝑗 ≤ −1	 𝜺𝑳𝝓𝒋 − 𝜸𝑳𝝓𝒋]𝟏 − 𝜸𝑳𝝓𝒋�𝟏 = 𝑬𝝓𝒋	 (	2.19)	

𝑗 = 0	 𝜺𝑳𝝓𝟎 − 𝜸𝑳𝝓]𝟏 − 𝜶𝒇𝟏 = 𝑬𝝓𝟎	 (	2.20)	

𝑗 = 1	
�𝑯𝟏𝒊𝒇𝒊
𝑵

𝒊�𝟏

− 𝜶𝝓𝟎 = 𝑬𝒇𝟏	
(	2.21)	
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2 ≤ 𝑗 ≤ 𝑁 − 1	
�𝑯𝒋𝒊𝒇𝒊
𝑵

𝒊�𝟏

= 𝑬𝒇𝒋	
(	2.22)	

𝑗 = 𝑁	
�𝑯𝑵𝒊𝒇𝒊
𝑵

𝒊�𝟏

− 𝜷𝝍𝑵�𝟏 = 𝑬𝒇𝑵	
(	2.23)	

𝑗 = 𝑁 + 1	 𝜺𝑹𝝍𝑵�𝟏 − 𝜷𝒇𝑵 − 𝜸𝑹𝝍𝑵�𝟐 = 𝑬𝝍𝑵�𝟏	 (	2.24)	

𝑗 ≥ 𝑁 + 2	 𝜺𝑹𝝍𝒋 − 𝜸𝑹𝝍𝒋]𝟏 − 𝜸𝑹𝝍𝒋�𝟏 = 𝑬𝝍𝒋	 (	2.25)	

At	j=0	and	N+1,	using	continuity,	we	could	get	

	 𝜶𝒇𝟏 = 𝜸𝑳𝝓𝟏	 (	2.26)	

	 𝜷𝒇𝑵 = 𝜸𝑹𝝍𝑵	 (	2.27)	

.	Based	on	Eq.	(2.21),	(2.22)	and	(2.23),	we	also	get		

	
(𝑬 − 𝑯)T

𝒇𝟏
⋮
𝒇𝑵
V = T

−𝜶𝝓𝟎
⋮

−𝜷𝝍𝑵�𝟏

V	
(	2.28)	

.	If	we	set	𝑔 = k
±]X

= T
𝑔kk … 𝑔k¼
⋮ ⋱ ⋮
𝑔¼k … 𝑔¼¼

V,	𝑔Z = (
𝑔kk 𝑔k¼
𝑔¼k 𝑔¼¼)	then	

	 â −𝜶𝝓𝟎
−𝜷𝝍𝑵�𝟏

ä = 𝒈\]𝟏 â𝒇𝟏𝒇𝑵
ä	 (	2.29)	

.	Solving	Eq.	(2.26),	(2.27)	and	(2.29),	we	can	obtain	the	transmission	coefficient		

	 𝑻 = |𝒕|𝟐 = 𝟒𝜞𝑳𝜞𝑹|𝑮𝑵𝟏|𝟐	 (	2.30)	
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,	 where	 ΓÇ,Ê = 𝐼𝑚(ΣÇ,Ê) ,	 ΣÇ =
];õ¸¹ºÐ

²Ð
= 𝜎Ç − 𝑖ΓÇ ,	 ΣÊ =

]^õ¸¹ºÑ

²Ñ
= 𝜎Ê − 𝑖ΓÊ ,	 then	

ΓÇ =
;õb¬·Ð

²Ð
, ΓÊ =

^õb¬·Ñ
²Ñ

,	 𝐺¼k =
ßcü
∆
,	 ∆= 1 − 𝑔kkΣÇ − 𝑔¼¼ΣÊ + ΣÇΣd(𝑔kk𝑔¼¼ −

𝑔k¼𝑔¼k).	

The	 above	 expression	 is	 valid	 for	 any	 phase	 coherent	 tight-binding	 scatterer	

connected	to	one	dimensional	leads.	In	the	following,	I	shall	discuss	two	examples,	

which	illustrate	generic	behaviours	which	occur	when	the	energy	of	an	electron,	

one	is	either	to	an	energy	level	of	the	scatterer	(resonant	transport),	or	between	

two	levels	(off-resonance	transport).	

2.2.1 Breit-Wigner formula 

The	 Green’s	 function	 of	 a	 closed	 system	 can	 be	 written	 as	 𝑔 = k
±]X

=

∑ |fghifg|
±]X

¼
¬�k = ∑ |fghifg|

±]fg
¼
¬�k ,	where	𝜆·	, |𝜆· > (𝑛 = 1…𝑁)	are	the	eigenvalues	and	

eigenstates	of	a	system	with	a	NxN	Hamiltonian	H.	For	simplicity,	we	assume	there	

are	 no	 degeneracies.	 In	 principle,	 all	 the	 eigenstates	 contribute	 to	 the	 Green’s	

function.	However,	when	the	energy	of	electron	is	close	to	one	level,	the	Green’s	

function	is	dominated	by	the	eigenstate	corresponding	to	that	level.	For	example,	

when	𝐸 ≈ 𝜆·	

	 𝒈 ≈
|𝝀𝒏 >< 𝝀𝒏|
𝑬 − 𝝀𝒏

	 (	2.31)	
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Then	𝑔¬� =
m¹
gm»

g

n]op
,	 where	𝜑¬· 	is	 the	 amplitude	 of	 eigenstate	|λg > 	on	 site	 i.	 	 This	

yields	𝑔kk =
(müg)õ

n]op
	，𝑔¼¼ =

smc
gtõ

n]op
,	𝑔k¼ = 𝑔¼k =

mügmc
g

n]op
,	 and	after	 substituting	 these	

parameters	into	Eq.	(2.30),	we	get	the	Breit-Wigner	formula	

	
𝑻 =

𝟒𝜞u𝑳𝜞u𝑹
s𝑬 − 𝝀v𝒏t

𝟐 + s𝜞u𝑳 + 𝜞u𝑹t
𝟐	

(	2.32)	

Where	 𝛤vå = Γå(𝜑k·)� =
;õb¬·Ð

²Ð
(𝜑k·)�,𝛤vd = Γd(𝜑¼·)� =

^õb¬·Ñ
²Ñ

(𝜑¼·)� ,	 𝜆xg = 𝜆· +

𝜎yå + 𝜎yd ,	 𝜎yå = σå(𝜑k·)� =
];õ{|bÐ

²Ð
(𝜑k·)�,𝜎yd = σd(𝜑k·)� =

]^õ{|bÑ
²Ñ

(𝜑¼·)� .	 For	 a	

non-degenerate	closed	system,	when	its	energy	level	spacing	is	much	larger	than	

the	coupling	s𝛤vå + 𝛤vdt,	each	of	the	resonances	could	be	well	described	by	such	a	

Breit-Wigner	formula.	An	example	of	a	three	level	system	is	shown	in	Figure	2-5.	

   

Figure	 2-5	 The	 transmission	 coefficients	 T(E)	 of	 three	 levels	 system.	 Any	

individual	peak	could	be	described	by	Breit-Wigner	foumula.	Some	features	are	

shown	in	the	middle	peak.	When	𝑬 = 𝝀v ,	The	maximum	of	T(E),	𝑻𝒎𝒂𝒙 =
𝟒𝜞u𝐋𝜞u𝐑

s𝜞u𝐋�𝜞u𝐑t
𝟐	.		

When	𝐄 = 𝝀v𝐧 + 𝜞u𝐋 + 𝜞u𝐑,	𝑻 =
𝟏
𝟐
𝑻𝒎𝒂𝒙.	Therefore,	𝜞u𝐋 + 𝜞u𝐑	is	usually	named	as	half	

width	of	resonance.	For	symmetrical	system,	𝜞u𝐋 = 𝜞u𝐑,	Tmax=1.	
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2.2.2 Fano resonance 

Normally,	 electron	 transport	 through	 a	 molecule	 is	 dominated	 by	 conduction	

through	 broadened	 highest	 occupied	 molecular	 orbital	 (HOMO)	 or	 lowest	

unoccupied	 molecular	 orbital	 (LUMO)	 ,	 resulting	 in	 Breit-Wigner	 resonances.	

However,	in	some	cases,	a	localized	state	coupling	to	a	continuum	state	is	present,	

which	leads	to	Fano	resonance.[22]	For	simplicity,	Eq.	(2.32)	could	be	rewritten	

as	 𝑇(𝐸) = ��Ð�Ñ
(±]fg)õ�(�Ð��Ñ)õ

,	 where	 𝜆· 	is	 the	 nth	 eigenvalue,	 then	 if	 a	 ‘pendant’	

orbital	𝜆�	is	coupled	to	𝜆·	through	a	hopping	element	𝛼,	Eq.	(2.32)	is	replaced	by		

	 𝑻(𝑬) =
𝟒𝜞𝑳𝜞𝑹

(𝑬 − 𝝀)𝟐 + (𝜞𝑳 + 𝜞𝑹)𝟐
	 (	2.33)	

Where	𝜆 = 𝜆· +
;õ

±]f�
	(obtained	 from	 the	 decimation	 method).	 When	𝐸 = 𝜆� ,	𝜆	

diverges	 and	 leads	 to	 an	 anti-resonance.	 On	 the	 other	 hand,	 when	 𝐸 − 𝜆 =

0, (𝐸 − 𝜆·)s𝐸 − 𝜆�t− 𝛼� = 0,	two	resonances	are	expected	at	two	solutions	close	

to	𝜆·	and	𝜆�	separately.	The	former	is	the	normal	Breit-Wigner	resonance,	while	

the	latter	and	the	anti-resonance	at	𝜆�	forming	Fano	resonance.		

 

Figure	2-6	Explanation	of	Fano	resonance.	(a)	The	schematic	of	one	site	𝜺𝟎 = 𝟎	

with	‘pendant’	𝜺𝒑	attaching	to	two	leads	(b)	𝜺𝒑 = 𝟏.𝟓	𝒐𝒓− 𝟏.𝟓	demonstrating	the	
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position	of	anti-resonance	is	determined	by	𝜺𝒑	(c)	𝜺𝒑 = 𝟏.𝟓	while	𝜶 = 𝟎. 𝟏, 𝟎.𝟓, 𝟏	

respectively,	demonstrating	that	the	positions	of	the	two	resonance	determined	

by	𝜶,	when	𝜶	is	small	enough,	a	typical	Fano-resonance	is	expected	as	indicated	in	

equation	(𝑬 − 𝝀𝒏)s𝑬 − 𝝀𝒑t − 𝜶𝟐 = 𝟎.	

2.2.3 Product rule and Mid-gap theory 

Instead	of	considering	the	energy	of	electrons	flowing	through	the	molecule	close	

to	one	of	the	eigenvalues	of	the	system,	now	we	now	consider	the	case	where	the	

energy	of	electrons	is	located	in	the	HOMO-LUMO	gap;	in	other	words,	the	electron	

transport	 is	 off	 resonance.	 In	 this	 case,	 according	 to	 the	 expression	 of	 Green’s	

function	 of	 a	 molecule,	𝑔 = ∑ |fghifg|
±]fg

¼
¬�k ,	 where	𝜆·	, |𝜆· > (𝑛 = 1…𝑁) 	are	 the	

eigenvalue	and	eigenstate,	the	contribution	coming	from	all	the	eigenstates	should	

be	 taken	 into	 consideration.	 As	 an	 example,	 consider	 a	 fictitious	 molecule	

possessing	 only	 two	 orbitals,	 (a	 HOMO	 and	 LUMO),	 then	 Green’s	 function	 is	

replaced	by	

	 𝒈𝒊𝒋 = 𝑪𝑯𝝓𝒊
𝑯𝝓𝒋

𝑯 + 𝑪𝑳𝝓𝒊
𝑳𝝓𝒋

𝑳	 (	2.34)	

In	this	expression,	𝐶X =
k

±Ï]±�
,𝐶Ç =

k
±Ï]±Ð

,	𝜙¬
X,Ç	and	𝜙�

X,Ç	are	the	amplitudes	of	

HOMO	(LUMO)	at	input	position	i	and	output	position	j	separately.	The	physics	of	

the	electrode	and	the	chemistry	of	the	molecule	are	contained	in	𝐸Ú	and	

molecular	orbitals	respectively.	Specially,	if	we	choose	𝐸Ú =

±��±Ð
�
，meaning	E�	is	located	in	the	middle	of	HOMO − LUMO	gap,	then	𝐶Ç =
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−𝐶X =
k
�
,	where	𝛿	is	half	the	HOMO-LUMO	gap	given	by	𝛿 = ±Ð]±�

�
,	Eq.	(2.34)		is	

replaced	by	mid-gap	Green’s	function	

	 𝒈𝒊𝒋 =
𝟏
𝜹 (𝝓𝒊

𝑯𝝓𝒋
𝑯 − 𝝓𝒊

𝑳𝝓𝒋
𝑳)	 (	2.35)	

.	For	simplicity,	we	denote	𝑎X = 𝜙¬X𝜙�X 	and	𝑎Ç = 𝜙¬Ç𝜙�Ç.	The	MOs	can	be	positive	or	

negative	at	different	positions,	so	𝑎X 	and	𝑎Ç	could	have	opposite	signs	or	the	same	

sign,	corresponding	to	destructive	quantum	interference	(QI)	or	constructive	QI	

respectively.	 Although	 in	 real	 molecules,	 all	 molecular	 orbitals	 need	 to	 be	

considered,	 in	many	cases,	 for	eigenstates	other	than	the	HOMO	and	LUMO,	the	

larger	 energetic	 distance	𝐸·	to	𝐸Ú 	leads	 to	 a	 larger	 denominators.	 Therefore,	 in	

these	cases,	we	could	get	quantitative	results	even	just	considering	the	HOMO	and	

LUMO.						
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2.3 Scattering theory in practice 

Sometimes,	it	is	convenient	to	use	a	simple	tight	binding	model	to	capture	the	main	

features	of	a	system.	However,	in	most	cases,	it	is	essential	to	simulate	the	system	

at	an	ab	initio	level.	In	this	thesis,	all	the	Hamiltonians	including	electrodes	and	

scattering	region	are	extracted	from	the	DFT	(density	functional	theory)	software	

SIESTA	 (Spanish	 Initiative	 for	 Electronic	 Simulations	 with	 Thousand	 of	

Atoms),[20]	which	uses	strictly	localized	atomic	basis.	In	the	following	section,	I	

shall	introduce	DFT	briefly.	

In	the	many-body	Schrödinger	equation,	it	is	reasonable	to	ignore	the	movement	

of	 the	 much	 heavier	 nuclei,	 which	 is	 the	 so	 called	 Born-Oppenheimer	

approximation.	Then	we	can	get	the	Schrödinger	equation	for	many-electron		

	
�−

ℏ𝟐

𝟐𝒎�𝜵𝒋𝟐
𝒋

−�
𝒁𝒍𝒆𝟐

�𝒓𝒋 − 𝑹𝒍�
+
𝟏
𝟐

𝒋,𝒍

�
𝒆𝟐

�𝒓𝒋 − 𝒓𝒋��𝒋 𝒋�
�𝜳

= 𝑬𝜳	

(	2.36)	

,	where	𝑟�	are	the	positions	of	the	electrons	and	𝑅_,𝑍_	are	the	positions	and	atomic	

numbers	of	 the	nuclei,	Ψ,	E	are	 the	wave	 function	and	energy.	Then	 the	 solved	

wave	function	Ψ	depends	on	the	positions	(ignoring	spin	for	simplicity)	

	 𝜳 = 𝜳(𝒓𝟏, 𝒓𝟐,…𝒓𝑵)	 (	2.37)	

.	Then	if	we	want	to	get	the	solution,	the	number	of	degrees	of	freedom	in	Eq.	(2.33)	

increases	 exponentially	 making	 this	 problem	 computationally	 intractable.	 For	



Chapter 2: Transport theory 

   27 

example,	 if	 we	 choose	 the	 space	 with	 𝑚 ×𝑚 ×𝑚 	discretized	 grid,	 then	 the	

dimension	of	Ψ	is	𝑚#¼.	For	𝑚 = 10,𝑁 = 10,	the	dimension	is	as	large	as	10#ð	even	

for	 this	 very	 small	 system	 (10	 electrons).	 This	 difficulty	 is	 usually	 called	

‘exponential	wall’.	 [23]	 It	 is	 impossible	 to	 solve	 this	Schrödinger	equation	even	

using	the	most	powerful	computers	available	today.		

One	way	to	overcome	this	barrier	is	DFT.	The	prototype	Thomas-Fermi	theory	(TF)	

appeared	 in	 the	 1920s,	 however,	 it	 was	 not	 clear	 how	 to	 establish	 a	 strict	

connection	between	the	electron	density	used	in	TF	theory	and	the	wave	function	

used	in	many-electron	Schrodinger	equation,	until	the	two	Kohn-Hohenberg	(H-K)	

theorems	 were	 proposed.[23]	 The	 first	 H-K	 theorem	 demonstrates	 that	 the	

ground	state	properties	of	a	many-electron	interacting	system	are	determined	by	

an	electron	density	that	depends	on	only	three	spatial	coordinates.	The	second	H-

K	theorem	also	called	H-K	variational	principle,	which	proves	the	energy	of	ground	

state	E	could	be	obtained	by	minimizing	an	energy	functional,	which	is	a	function	

of	the	electron	density.	However,	this	theory	did	not	become	useful	at	that	time	

because	these	two	theorems	do	not	specify	the	form	of	this	functional.	Later	the	

Kohn-Sham	 equation,	 where	 the	 system	 is	 presented	 by	 many	 independent	

particles	moving	in	external	potential	was	proposed	to	solve	the	problem:	

	
�−

ℏ𝟐

𝟐𝒎𝜵𝟐 + 𝑽𝒆𝒇𝒇(𝒓)�𝜳(𝒓) = 𝑬𝑲𝑺𝜳(𝒓)	
(	2.38)	

,	the	first	term	is	the	kinetic	energy	and	the	effective	potential	is:	
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	 𝑽𝒆𝒇𝒇(𝒓) = 𝑽(𝒓) + Õ
𝒏(𝒓)
|𝒓− 𝒓�| 𝒅𝒓

� + 𝑽𝒙𝒄(𝒓)	
(	2.39)	

Here	 the	 first	 term	 is	 the	 external	 potential,	 the	 second	 term	 is	 the	 Hartree	

potential,	which	represents	the	electron	repulsion	and	the	third	term	is	exchange-

correlation	 potential.	 As	 the	 analytical	 form	 of	 𝑉�{ 	is	 unknown,	 several	

approximations	 have	 been	derived	 semi-empirically,	 in	which	 the	 local	 density	

approximation	 (LDA)	 and	 the	 generalized	 gradient	 approximation	 (GGA)	 have	

been	 using	 widely.	 Since	 V(r)	 is	 induced	 by	 the	 nuclei,	 the	 electrons	 could	 be	

divided	into	two	groups:	valence	electrons	and	inner	core	electrons.	The	inner	core	

electrons	don’t	affect	the	chemical	properties	of	atoms,	and	also	it	is	expensive	to	

include	 them	 in	 simulations.	 Therefore,	 it	 is	 feasible	 to	 use	 a	 fake	 potential	 to	

describe	 the	potential	 felt	by	 the	valence	electrons,	namely	a	 ‘Pseudopotential’.	

Then,	 the	 Kohn-Sham	 equation	 could	 be	 solved	 self-consistently,	 as	 shown	 in	

Figure	2-7.	The	resulting	mean-field	Hamiltonian	and	overlap	matrices	were	then	

extracted	to	be	used	for	computing	the	electrical	properties	of	 the	devices	with	

transport	code	Gollum.[21]		
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Figure	2-7	The	self	consistent	process	of	solving	Kohn-Sham	equation.
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3 Room-temperature Quantum 

Interference in Perovskite 

Quantum Dot Junctions 

Identification	 and	exploitation	of	 room-temperature	quantum	 interference	 (QI)	

effects	in	electron	transport	through	molecular	systems	at	the	Ångstrom	scale	is	a	

major	theoretical	and	experimental	challenge.	In	this	work,	the	experimentalists	

(Wenjing	Hong’s	group	 in	Xiamen	University)	report	 the	 first	observation	of	QI	

effects	in	halide	perovskite	quantum	dots	(QDs)	using	a	mechanically	controllable	

break	 junction	 (MCBJ)	 technique.	 Single-QD	 conductance	measurements	 reveal	

that	there	are	multiple	distinguishable	conductance	peaks	for	the	MAPbBr3	and	

MAPbBr3-xClx	 perovskite	 QDs,	 whose	 displacement	 distributions	 match	 the	

lattice	constant	of	QDs,	suggesting	that	during	each	MCBJ	cycle,	the	gold	electrode	

slides	 through	 different	 lattice	 sites	 of	 the	 QD,	 and	 interacts	 via	 Au-halogen	

coupling.	There	is	a	distinct	conductance	“jump”	at	the	end	of	the	sliding	process,	
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just	before	the	contact	breaks,	which	is	further	evidence	that	QI	effects	dominated	

charge	transport	in	these	single-QD	junctions.	This	conductance	jump	is	confirmed	

by	our	theoretical	calculations	utilizing	density	functional	theory	(DFT)	combined	

with	quantum	transport	theory.	These	findings	open	the	way	to	new	conceptual	

designs	for	perovskite-based	molecular	devices,	based	on	exploiting	QI	effects.	

3.1 Introduction 

Quantum	interference	(QI)	effects	have	attracted	great	interest	in	investigations	

of	 charge	 transport	 through	 a	 diversity	 of	 single-molecule	 devices,	 including	

molecular	 switches,[24]	 thermoelectric	 devices[25]	 and	 molecule	 field-effect	

transistors.[26]	 QI	 originates	 from	 de	 Broglie	 waves	 of	 electrons	 traversing	

different	pathways	through	single-molecule	junctions,	making	it	possible	to	tune	

their	molecular	conductance	over	orders	of	magnitude	by	modifying	substituent	

groups	 [27][28]	 and	 molecular	 topologies.	 Experimental	 and	 theoretical	

investigations	 of	 room-temperature	 QI	 effects	 have	 focused	mainly	 on	 organic	

molecular	 wires,	 including	 linearly	 conjugated	 systems,[24]	 heterocyclic	

aromatics[29]	and	even	σ-conducting	wires,[30]	and	therefore	there	is	an	urgent	

need	to	investigate	QI-controlled	transport	in	inorganic	molecular-scale	systems.	

Here	 the	 experimentalist	 and	 I	 identify	 signatures	 of	 room-temperature	 QI	 in	

perovskite-based	 electronic	materials,	 attracted	 by	 their	 unique	 quantum	 yield	

and	 high	 carrier	mobility	 and	 by	 a	 need	 to	 understand	 how	 their	macroscopic	

charge	transport	properties	lead	to	quantum	effects	at	the	nanoscale.	
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Perovskite	materials	are	attracting	extraordinary	attention	in	applications	such	as	

light-emitting	 diodes	 (LED),[31]	 electroluminescence	 (EL)	 devices,[32]	

photodetector[33][34]	 and	 solar	 cells.[35][36]	 Although	 there	 are	 many	

experimental	 investigations	 of	 charge	 transport	 through	 bulk	 perovskites	

materials,	including	thin	films,[37]	nanocrystals[38]	and	even	single	crystals,[39]	

investigations	 at	 the	 nanoscale,	 to	 reveal	 QI	 effects	 in	 their	 room-temperature	

transport	properties	remains	a	major	experimental	challenge.	Recent	extensions	

of	 single-molecule	 charge	 transport	 measurements	 of	 conjugated	 molecular	

families[40]	 to	 molecular	 assemblies,[41][42][43]	 nanoparticles[44]	 and	

clusters,[45]	 offer	 an	 opportunity	 to	 gain	 insight	 into	 macroscopic	 charge	

transport	 through	 Ångstrom-scale	 perovksite	 materials.	 In	 addition,	 recently	

developed	 Au-halogen	 interfacial	 engineering	 allows	 the	 measurement	 of	

transport	 through	 perovskite	 single-QD	 devices.[46][47][48]	 Here	 the	

experimentalists	 report	 the	 first	 observation	of	 room-temperature	QI	 effects	 in	

halide	perovskite	quantum	dots	(QDs)	at	the	Ångstrom	scale,	using	a	mechanically	

controllable	 break	 junction	 technique	 (MCBJ).	 The	 measurements	 and	 my	

underpinning	 theory	 provide	 new	 insight	 into	 charge	 transport	 through	

perovskite	materials	at	the	Ångstrom	scale	and	create	a	new	pathway	to	exploit	QI	

effects	in	quantum-controlled	perovskite	materials.	
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Figure	3-1	The	orthogonality	of	molecular	orbitals	and	quantum	interference	(QI)	

of	1Pb	cluster.	a,	Schematic	of	tight	binding	model	comprising	a	8-site	diatomic	

chain	as	the	scattering	region,	where	site	1	is	connected	to	left	lead	L	and	sites	2-

8	are	connected	sequentially	to	right	lead	R.	In	this	model,	all	site	energies	are	set	

to	 zero.	 To	 induce	 a	HOMO-LUMO	 gap,	 nearest	 neighbor	 hopping	 integrals	 are	

chosen	to	alternate	between		𝜸𝟏 = 𝟏,𝜸𝟐 = 𝟎.𝟓.	b,	The	corresponding	transmission	

functions	when	lead	R	is	attached	different	sites	from	2	to	8	in	a.	The	Fermi	energy	

is	 chosen	 at	 𝑬𝑭 =0.3	 and	 indicated	 by	 the	 red	 line.	 c,	 Schematic	 of	 coherent	

tunneling	 across	 a	 molecule,	 where	 the	 highest	 occupied	 molecular	 orbital	

(HOMO)	 and	 the	 lowest	 unoccupied	 molecular	 orbital	 (LUMO)	 of	 a	 one-

dimensional	chain	of	8	sites	are	plotted.	The	red	and	blue	colours	denote	regions	

of	positive	and	negative	molecular-orbital	amplitude.	The	black	dots	represent	site	

1-8	 sites	 in	 figure	 a.	 d,	 Transmission	 function	𝑻(𝑬𝑭) 	at	 the	 Fermi	 energy	 for	

different	 site	 connections	 to	 the	 right	 lead.	 Decaying	 oscillations	 and	 a	 jump	

(indicated	by	the	red	arrow)	in	the	last	connection	are	observed,	which	originate	

from	QI.	e,	Left	panel:	The	HOMO	and	LUMO	of	a	relaxed	1Pb	MAPbBr3	cluster.	

Note	that	the	number	of	nodes	is	4	and	5	respectively	in	the	direction	indicated	by	

the	black	dashed	lines.	Right	panel:	A	relaxed	1Pb	MAPbBr3	cluster	is	embedded	

between	two	gold	electrodes,	with	two	different	connections,	denoted	‘Short’	and	
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‘Long’	 separately.	 Pb,	 Br,	 N,	 C,	 H	 and	 Au	 atoms	 are	 represented	 by	 large	 gray,	

purple,	blue,	small	gray,	white	and	yellow	balls.	f,	Transmission	spectra	for	the	two	

connections	in	figure	1e,	showing	that	the	longer	path	is	more	conductive	than	the	

shorter	one.	

“On-resonance”	 transport	 through	 quantum	 dots	 or	 molecules	 is	 mediated	 by	

electrons	whose	energy	coincides	with	a	single	molecular	orbital	(MO),	but	only	

occurs	when	electrostatic	or	electrochemical	gating	is	used	to	move	the	MO	energy	

towards	the	Fermi	energy	of	the	electrodes.	In	contrast,	transport	through	non-

gated	 molecules	 is	 usually	 “off-resonance”	 and	 mediated	 by	 electrons	 whose	

energy	lies	within	the	energy	gap	between	the	HOMO	and	LUMO.	Consequently	if	

a	succession	of	measurements	is	made,	with	a	series	of	electrode	spacings	𝐿,	then	

the	electrical	conductance	𝐺	decays	exponentially	as		

𝐺~𝑒]^Ç,		 	 	 	 	 	 	 (1)	

where	the	attenuation	factor	𝛽	is	an	increasing	function	of	the	energy	gap	between	

the	 HOMO	 and	 LUMO.	 As	 described	 in	 [49][50],	 in	 this	 “co-tunneling”	 regime,	

transport	 is	 also	 controlled	 by	 inter-orbital	 QI	 between	 the	 HOMO	 and	 LUMO,	

which	can	create	additional	signatures	superposed	on	this	exponential	trend,	and	

can	be	understood	qualitatively	by	inspecting	the	signs	of	the	HOMO	and	LUMO	at	

the	points	of	contact	between	the	molecule	and	electrode.	As	an	example	of	this	

sign	dependence,	if	the	electrodes	make	contact	with	the	left	and	right	ends	of	the	

molecule	in	Figure	3-1e,	then	QI	is	controlled	by	the	signs	of	the	HOMO	and	LUMO	

at	each	end	of	the	molecule.	The	LUMO	in	Figure	3-1e	has	a	positive	amplitude	on	

the	left	(corresponding	to	the	colour	yellow)	and	a	negative	amplitude	on	the	right	

(corresponding	 to	 the	 colour	 blue).	 Hence	 the	 product	 of	 the	 left	 and	 right	
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amplitudes	(which	I	denote	𝑎Ç)	is	negative.	On	the	other	hand,	the	HOMO	in	Figure	

3-1e	has	a	positive	amplitude	on	the	left	(corresponding	to	the	colour	yellow)	and	

a	 positive	 amplitude	 on	 the	 right.	 Hence	 the	 product	 of	 the	 left	 and	 right	

amplitudes	(which	I	denote	𝑎X)	is	positive.	As	discussed	in	[49][50],	if	the	orbital	

products	𝑎Ç	and	𝑎X 	have	the	opposite	signs	(as	in	Figure	3-1e),	then	they	interfere	

constructively	and	when	 they	have	 the	same	signs,	 they	 interfere	destructively.	

Constructive	 quantum	 interference	 (CQI)	 leads	 to	 relatively	 high	 electrical	

conductance,	whereas	destructive	quantum	interference	(DQI)	leads	to	relatively	

low	electrical	conductance.	Hence	when	electrodes	are	attached	to	the	ends	of	the	

molecule	in	Figure	3-1e,	one	anticipates	a	relatively	high	electrical	conductance.	

The	fact	that	LUMO	and	HOMO	orbital	products	corresponding	to	contacts	at	the	

ends	 of	 such	molecules	 are	 of	 opposite	 sign	 is	 a	 consequence	 of	 orthogonality,	

because	if	the	nodal	structure	of	the	LUMO	and	HOMO	are	the	same	in	the	direction	

transverse	to	their	long	axis,	then	orthogonality	requires	that	the	number	of	sign	

changes	encountered	along	their	long	axis	must	differ	by	unity.	Therefore	CQI	is	

expected	to	be	a	common	feature	of	end-contacted	molecules.	A	counterintuitive	

consequence	of	this	QI	feature	is	that	if	one	electrode	is	placed	at	the	left	end	of	a	

molecule	and	the	other	electrode	makes	successive	contacts	along	the	length	of	a	

molecule,	then	as	the	spacing	𝐿	between	the	electrodes	increases,	the	conductance	

measured	at	the	largest	value	of	𝐿	should	lie	above	the	trend	defined	by	equation	

(1).	This	feature	is	illustrated	by	the	simple	Huckel	model	shown	in	Figure	3-1a,	

whose	HOMO	and	LUMO	are	shown	in	Figure	3-1c.	If	the	left	electrode	is	fixed	at	

site	1	and	the	right	electrode	is	placed	on	successive	sites,	L	=	2,	3,	……8,	then	as	

shown	in	Figure	3-1d,	the	electoral	conductance	𝐺�	at	the	largest	value	of	𝐿 = 8,	is	
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higher	than	the	conductance	𝐺�	corresponding	to	the	shorter	length	𝐿 = 7.	Figure	

3-1b	shows	the	transmission	function	for	this	simple	model.	Clearly,	if	contact	is	

made	with	successive	sites,	then	quantum	oscillations	can	occur	over	a	wide	range	

of	 electron	 energies	 𝐸 	within	 the	 HOMO-LUMO	 gap.	 On	 the	 other	 hand,	 as	

indicated	 in	 Figure	 3-6c,	 a	 more	 appropriate	 model	 for	 contacting	 perovskite	

clusters	involves	successive	contacts	with	odd	numbered	sites	(sites	R1,	R2	and	

R3	in	Figure	3-6c,	and	following	the	black	arrows	in	Figure	3-1d)	,	followed	by	a	

conductance	jump	at	the	final	contact	(site	R4	in	Figure	3-6c;	red	arrow	in	Figure	

3-1d).	In	other	words,	quantum	oscillations	are	likely	to	be	absent,	but	QI	would	

be	signaled	by	a	conductance	jump	at	largest	contact	separation.	For	comparison,	

Figure	 3-1f	 shows	 the	 transmission	 functions	 obtained	 from	density	 functional	

theory	for	the	short	and	long	perovskite	junctions	of	Figure	3-1e	and	again	reveals	

counterintuitively	 that	 the	 conductance	 of	 the	 latter	 is	 higher	 than	 that	 of	 the	

former	over	a	wide	energy	range.	
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Figure	3-2	The	tight	binding	model.	a,	The	schematic	of	the	uniform	left	and	right	

lead	parameter	used	 in	our	simulations.	b,	The	schematic	of	model	with	4	sites	

diatomic	chain.	Site	1	 is	connected	to	Lead	L,	sites	2-4	are	connected	to	Lead	R	

sequentially.	On	 the	right	 side,	 the	corresponding	 transmission	spectra	and	 the	

T(EF)	are	plotted.	The	Fermi	energy	chosen	is	indicated	by	the	dashed	line.	c,	the	

schematic	of	model	with	6	sites	diatomic	chain.	Site	1	is	connected	to	Lead	L,	sites	

2-6	 are	 connected	 to	 Lead	R	 sequentially.	On	 the	 right	 side,	 the	 corresponding	

transmission	 spectra	 and	 the	 T(EF)	 are	 plotted.	 The	 Fermi	 energy	 chosen	 is	

indicated	by	the	dashed	line.	d,	the	schematic	of	model	with	8	sites	diatomic	chain.	

Site	1	is	connected	to	Lead	L,	sites	2-8	are	connected	to	Lead	R	sequentially.	On	the	

right	side,	the	corresponding	transmission	spectra	and	the	T(EF)	are	plotted.	The	

Fermi	 energy	 chosen	 is	 indicated	 by	 the	 dashed	 line.	 Different	 from	 the	 case	 I	
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discussed	in	Figure	3-1,	where	the	𝜺	is	same	while	the	𝜸	is	different,	two	cases	are	

discussed	 here,	 1-	 both	 the	𝜺 	and	𝜸 	are	 same.	 2-	 the	𝜸 	is	 same	 while	 the	𝜺 	is	

different.	With	 all	 the	 cases	here,	 I	 demonstrate	 the	 jump	behavior	 in	 the	 final	

point	is	generic.	

 

Figure	 3-3	 The	 relaxed	 conformations	 for	 neutral	 1Pb,	 8Pb,	 12Pb	 and	 16Pb	

MAPbBr3	 clusters.	 For	 1Pb	 (MA4PbBr6),	 8Pb	 (MA20Pb8Br36)	 and	 12Pb	

(MA28Pb12Br52),	I	use	the	lowest	energy	coordinates	in	the	literature[51]	and	then	

relaxed	 these	 structures	 using	 SIESTA.	 I	 constructed	 16Pb	 (MA36Pb16Br68)	 by	

adding	another	four	octahedron	units	based	on	the	12Pb,	and	then	relaxed.			

The	 above	 analysis	 suggests	 that	perovskite	quantum	clusters	provide	 an	 ideal	

playground	 for	 identifying	 room-temperature	 QI	 transport	 features	 at	 the	

Ångstrom	scale	(also	see	Figure	3-2	 for	4	and	6	sites	models).	Therefore	 I	now	

provide	an	 investigation	of	 transport	 through	perovskite	clusters	by	combining	

using	MCBJ	experiments	with	DFT	calculations.	The	experiments	were	carried	out	

by	our	collaborators	in	Xiamen	University.	
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3.2 Results and discussions 

	

 

Figure	 3-4	 MCBJ	 single-molecule	 experimental	 results	 of	 MAPbBr3	 QDs.	 a,	

Schematic	of	MCBJ	experimental	principle	in	MAPbX3	QDs.	(MA=	CH3NH3+,	X=I-,	

Br-,	Cl-,	mixture	of	Br-	and	Cl-.)	The	yellow	arrows	indicate	the	sliding	process	of	

the	 gold	 electrodes	 during	 the	 MCBJ	 measurements.	 b,	 Typical	 individual	

conductance-distance	traces	of	pure	solvent	(green)	and	MAPbBr3	QDs	(blue).	c,	

1D	Conductance	histograms	of	MAPbBr3	QDs	constructed	without	data	selection	

(over	3500	traces).	d,	All-data-point	2D	conductance	versus	relative	distance	(∆z)	

histogram	 of	 MAPbBr3	 QDs.	 e,	 2D	 relative	 conductance	 (∆G)	 verse	 relative	

displacement	(∆z)	histogram	of	the	“jump	curves”	(over	2900	traces).	f,	The	I-V	

characteristic	curves	of	MAPbBr3	QDs	determined	from	conductance	histograms	

at	bias	voltages	ranges	from	50mV	to	250mV.	

The	 experimental	 team	 investigated	 electron	 transport	 through	 single-QD	

junctions	bonded	to	two	gold	electrodes	through	Au-halogen	bonds.	Four	types	of	

organic-inorganic	halide	perovskite	perovskite	QDs	MAPbX3	(MA=	CH3NH3+,	X=I-

,	Br-,	Cl-,	mixture	of	Br-	and	Cl-)	were	synthesized	with	oleic	acid	and	octylamine	as	
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ligands	to	enhance	colloidal	stability	and	suppress	QD	aggregation	effects.[52]	As	

shown	in	Figure	3-4a,	the	typical	ABX3	perovskite-type	structure	was	composed	of	

the	framework	of	[PbI6]-	octahedra	occupied	by	methylammonium	cation	(MA+)	

in	the	four	octahedra	central	positions.	Single-QD	conductance	measurements	of	

MAPbBr3	were	carried	out	using	the	MCBJ	technique	in	a	solution	containing	0.365	

mg/mL	QDs	in	a	solvent	of	1,	3,	5-trimethylbenzene	(TMB)	[53][54].	As	shown	in	

Figure	 3-4b,	 the	 individual	 conductance-distance	 traces	 of	 pure	 solvent	 (green	

curves)	without	QDs	showed	a	monotonic	exponential	decay	after	the	rupture	of	

gold-gold	atomic	contact	at	conductance	quantum	G0	(where	G0	is	the	conductance	

quantum,	which	 equals	2e2/h),	while	 three	distinguished	 conductance	plateaus	

appeared	 in	 the	 traces	 of	 MAPbBr3	 (blue	 curves).	 The	 corresponding	 1D	

conductance	 histogram	 of	 MAPbBr3	 (Figure	 3-4c)	 shows	 that	 pronounced	

conductance	 peaks	 are	 located	 at	 10-1.50	 (P1),	 10-2.69	 (P2)	 and	 10-4.09	 (P3)	 G0,	

respectively.	 The	 2D	 conductance-displacement	 histogram	 is	 plotted	 in	 Figure	

3-4d,	and	shows	multiple	distinct	conductance	clouds,	indicating	a	high	molecular	

junction	 formation	probability	and	uniform	charge	transport	properties	of	each	

configurations.	

They	 also	 characterized	 the	 bias-voltage	 dependence	 of	 single-QD	 conductance	

over	the		range	50	mV	to	250	mV.	It	was	found	that	the	current	gradually	increased	

and	the	current-voltage	exhibited	a	linear	relation,	which	corresponded	well	with	

the	 Simmons	 model	 of	 I-V	 characteristics	 at	 low	 bias	 voltage,	 suggesting	 that	

charge	transport	is	mediated	by	an	off-resonant	coherent	tunneling	mechanism.	

While	the	bias	voltage	increased	beyond	300	mV,	the	single-QD	junctions,	however,	
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became	quite	unstable	and	the	conductance	values	were	difficult	to	identify,	which	

may	be	due	to	the	destruction	of	the	perovskite	clusters	at	such	high	electric	fields.	

Interestingly,	 they	 observed	 a	 clear	 conductance	 jump	 at	 the	 end	 of	 the	 third	

plateau	in	~70%	of	the	individual	conductance-distance	traces	of	MAPbBr3	QDs.	

To	express	the	jump	in	conductance	more	clearly,	they	refer	to	the	treatment	of	2D	

relative	force	vs	relative	displacement	histograms	using	conductive	atomic	force	

microscope	 (AFM)	 technique.[55]	 As	 shown	 in	 Figure	 3-4e,	 the	 2D	 relative	

conductance	(∆G)	versus	relative	displacement	(∆z)	histogram	was	constructed	

from	the	digitized	conductance	data	after	the	third	conductance	plateau.	Each	data	

point	was	set	at	a	new	zero-relative	conductance	position	along	the	conductance	

coordinate	 (y-axis)	 and	 generated	 to	 2D	 histogram	without	 further	 analysis.	 A	

clear	 jump	 in	 conductance	 could	 be	 observed	 at	 the	 relative	 displacement	 of	

~0.04nm,	confirming	that	the	single-QD	junction	exhibited	higher	conductive	state	

at	the	end	of	the	sliding	process	of	the	two	gold	electrodes	on	the	QDs.	

To	further	reveal	the	possible	binding	geometries	of	the	single	QD	junctions,	they	

measured	the	single-molecule	conductance	of	all	ligands	used	in	the	synthesis	of	

the	QDs	including	oleic	acid,	octylamine,	PbBr2,	PbCl2,	MACl	and	MABr.	However,	

no	 conductance	 plateaus	 were	 observed,	 suggesting	 that	 the	 ligands	 did	 not	

provide	the	binding	sites.	Previous	studies	revealed	that	hydrogen	bonding	[Br...H-

N+]	bridged	the	lattice	and	ligand	on	the	surface	of	perovskite	QDs,	indicating	that	

only	 halogen	 was	 exposed	 to	 the	 outside	 of	 the	 quantum	 dots	 and	 had	 an	

opportunity	 to	 interact	 with	 the	 gold	 electrode.[56][57]	 Charge	 transport	

investigation	of	halogen-terminated	single-molecule	oligothiophene	junctions	also	
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suggested	that	Au-halogen	interaction	could	act	as	a	robust	anchoring	group	for	

binding	the	molecule	to	the	gold	electrodes.[46]	As	for	other	atoms,	the	MA+	were	

located	at	the	center	of	the	regular	octahedron,	which	were	impossible	to	connect	

to	 the	 gold	 electrodes,	 and	 the	 adjacent	 distance	 of	 the	 MA+	 was	 also	 not	 in	

accordance	with	the	displacement	distributions.	The	electronegativity	of	the	Pb2+	

was	low,	and	the	Pb2+	were	hidden	within	the	Br	networks,	so	that	they	could	not	

have	provided	a	reliable	interaction	with	the	gold	electrodes.	Therefore,	the	gold	

electrodes	 could	 only	 interact	 with	 halogen,	 though	 Au-Br	 coordination	 by	

replacing	the	ligands,	to	form	stable	Au-QD-Au	junctions.	

 

Figure	3-5	MCBJ	conductance	experimental	results	of	MAPbBr3-xClx,	MAPbCl3	and	

MAPbI3	 QDs.	 a,	 Typical	 individual	 conductance-distance	 traces	 of	 pure	 solvent,	

MAPbBr3-xClx,	 MAPbCl3	 and	MAPbI3.	 b,	 1D	 Conductance	 histogram	 constructed	

without	 data	 selection	 for	MAPbBr3-xClx.	 The	 conductance-distance	 traces	were	

recorded	 over	 3500	 traces.	 c,	 All-data-point	 2D	 conductance	 versus	 relative	

distance	 (∆z)	 histogram	 for	MAPbBr3-xClx.	 d,	 The	 displacement	 distributions	 of	

three	plateaus	for	MAPbBr3.	e,	The	displacement	distributions	of	three	plateaus	

for	MAPbBr3-xClx.	f,	Raman	spectra	of	Au-Br	interaction	on	the	gold	substrate	with	

SHINERS	nanoparticles.	
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To	 further	 validate	 the	 binding	 hypothesis,	 they	 carried	 out	 the	 single-QD	

conductance	 measurements	 of	 MAPbBr3-xClx,	 MAPbCl3	 and	MAPbI3	 QDs.	 Figure	

3-5a	showed	typical	 individual	conductance-distance	traces	of	pure	solvent	and	

these	 three	 QDs.	 For	 MAPbBr3-xClx,	 multiple	 conductance	 features	 were	 also	

observed,	which	were	similar	to	those	of	MAPbBr3.	The	1D	and	2D	conductance	

histograms	of	MAPbBr3-xClx	also	showed	three	conductance	features	located	at	10-

1.48,	10-2.79	and	10-4.19G0,	respectively,	and	the	trend	of	I-V	characteristic	curves	was	

also	 similar	with	 that	 of	MAPbBr3,	 suggesting	 the	 binding	 of	MAPbBr3-xClx	 also	

came	 from	 the	 Au-Br	 coordination.	 they	 also	 constructed	 the	 conductance	

histogram	 for	 MAPbCl3	 and	 MAPbI3	 from	 ~3000	 individual	 traces,	 and	 no	

conductance	peaks	was	observed,	while	the	peak	of	gold-gold	atomic	junction	at	

G0	for	MAPbI3	became	less	clear	than	others.	Furthermore,	we	calculated	the	Au-

halogen	 binding	 energy	 by	 using	 DFT	 and	 found	 that	 the	 Au-halogen	 binding	

energy	was	in	accordance	with	the	order	of	Au-I	>	Au-Br	>	Au-Cl.	The	comparison	

of	different	QDs	suggested	that	for	MAPbCl3	QDs,	the	bond	energy	of	Au-Cl	bond	

was	too	weak	to	form	stable	Au-QD-Au	junctions.	In	contrast,	the	strong	Au-I	bond	

may	break	the	crystal	structure	of	MAPbI3	with	the	stretching	of	the	electrode.	

To	reveal	 the	binding	configurations	of	 the	multiple	conductance	 features,	 they	

analyzed	the	relative	displacement	distribution	of	MAPbBr3	and	MAPbBr3-xClx	QDs.	

As	shown	in	Figure	3-5d	and	e,	for	MAPbBr3	QDs,	the	most	probable	displacements	

of	each	conductance	features	were	0.18±0.16	nm,	0.64±0.21	nm	and	1.17±0.28	

nm,	 respectively,	 while	 the	 most	 probable	 displacements	 were	 0.18±0.23	 nm,	

0.64±0.23	nm	and	1.19±0.27	nm	for	MAPbBr3-xClx	QDs.	The	average	displacement	

differences	 were	 determined	 to	 be	 ~0.5	 nm	 from	 the	 difference	 of	 the	 above	
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values,	which	were	quite	similar	for	both	QDs.	The	difference	of	adjacent	statistical	

lengths	 was	 approximately	 consistent	 with	 the	 adjacent	 lattice	 distance	 of	 Br,	

confirming	that	it	was	the	Au-Br	coordination	provided	the	binding	sites	for	Au-	

QD-Au	junctions,	during	the	sliding	of	gold	electrode	across	the	QD‘s	surface.	To	

provide	 direct	 evidence	 of	 the	 Au-Br	 bond,	 they	 further	 performed	 the	 shell-

isolated	 nanoparticle-enhanced	 Raman	 spectroscopy	 (SHINERS)	 that	 3.65	 mM	

perovskite	 QDs	 were	 dropped	 on	 the	 evaporated	 gold	 films	 and	 then	 the	 as-

prepared	shell-isolated	gold	nanoparticles	were	added	for	Raman	enhancement.	

As	shown	in	Figure	3-5,	two	distinct	Raman	peaks	could	be	observed	at	~180	cm-

1	 in	MAPbBr3	and	MAPbBr3-xClx,	which	confirmed	 the	 formation	of	Au-Br	bond.	

[58],	[59]	
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Figure	 3-6	 The	 charge	 transport	 property	 of	 12Pb	 MAPbBr3	 with	 different	

connectivities.	a,	HOMO-LUMO	gaps	with	respect	to	the	size	of	MAPbBr3	clusters.	

b,	The	transmission	spectra	of	different	connectivities	as	the	function	of	𝑬 − 𝑬𝑭𝑫𝑭𝑻.	

c,	 Relaxed	 conformation	 for	 a	 12Pb	 MAPbBr3	 cluster	 attached	 to	 two	 gold	

electrodes,	where	Pb,	Br,	N,	C,	H	and	Au	atoms	are	depicted	in	large	gray,	purple,	

blue,	small	gray,	white	and	yellow	balls,	respectively.	The	Br	atoms	connected	to	

gold	electrode	are	indicated	by	the	orange	arrows.	The	Br	atom	connected	to	left	

lead	is	labelled	as	‘L’,	while	the	Br	atoms	attached	to	right	lead	are	labelled	‘R1’,	

‘R2’,	 ‘R3’	 and	 ‘R4’.	 d,	 The	 corresponding	 conductance	 evolution	 versus	 the	

increasing	 separation	 between	 the	 two	 electrodes.	 The	 blue	 dots	 stand	 for	 the	

room	temperature	conductance	derived	from	the	transmission	spectra	in	(b)	at	-

1	eV	while	the	corresponding	dashed	lines	show	the	corresponding	 linear	fit	 to	

𝐥𝐧𝑮 = −𝜷𝑳 + 𝒄𝒐𝒏𝒔𝒕𝒂𝒏𝒕	where	𝑳	is	 the	 separation	 between	 two	 Br	 atoms.	 For	

comparison,	 the	experimental	results	are	plotted	as	black	dots	 fitted	by	a	black	
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dash	line.	The	conductance	of	 ‘L-R4’	is	shown	by	the	blue	diamond.	e,	The	LDOS	

with	yellow	color	in	the	energy	window	from	–1.5	eV	to	-0.5	eV	for	‘L-R2’	 ‘L-R3’	

and	‘L-R4’	separately	at	the	isosurface	0.00008.	

 

Figure	 3-7	 The	 DFT	 theoretical	 calculation	 of	 8Pb	 MAPbBr3	 cluster.	 a,	 The	

conformations	for	8Pb	MAPbBr3	cluster	embedded	in	two	gold	electrodes	with	3	

different	 connectivity	 L-R1,	 L-R2	 and	 L-R3.	 b,	 The	 corresponding	 transmission	

spectra.	c,	The	room	temperature	conductance	with	the	EF=-1	eV	as	indicated	by	

the	black	dashed	line	in	b.	
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Figure	 3-8	 The	 DFT	 theoretical	 calculation	 of	 16Pb	 MAPbBr3	 cluster.	 a,	 The	

conformations	for	16Pb	MAPbBr3	cluster	embedded	in	junctions	with	5	different	

connectivity	L-R1,	L-R2,	L-R3,	L-R4	and	L-R5.	b,	The	corresponding	transmission	

spectra.	 c,	 The	 room	 temperature	 conductance	 versus	 their	 distances	with	 the	

EF=-1	eV	as	indicated	by	the	black	dashed	line	in	b,	the	experimental	results	also	

put	 here	 for	 comparison.	 The	 jump	 conformation	 L-R5	 is	 indicated	 by	 the	 red	

diamond.	d,	The	LDOS	with	yellow	color	in	the	energy	window	from	–1.5	eV	to	-

0.5	eV	for	‘L-R3’	‘L-R4’	and	‘L-R5’	separately	at	the	isosurface	0.00004.	

	

In	order	to	gain	further	insight	into	the	conductance	trends	observed	in	the	MCBJ	

measurements,	transmission	spectra	T(E)	were	calculated	by	combining	the	DFT	

package	 SIESTA[60]	 with	 the	 quantum	 transport	 code	 Gollum[61].	 Initially	 I	

modelled	the	minimal	unit	of	a	single	octahedron.	Since	the	fringe	halide	ions	in	a	
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perovskite	lattice	are	known	to	be	coordinated	by	the	ligands	of	oleate	acid	and	n-

octylamine,	 the	 MAPbBr3	 neutral	 charge	 clusters	 (1Pb	 (MA4PbBr6),	 8Pb	

(MA20Pb8Br36),	12Pb	(MA28Pb12Br52),	16Pb	(MA36Pb16Br68))	were	built	with	the	

same	 method	 as	 the	 literature.[51]	 as	 shown	 in	 Figure	 3-3.	 	 For	 the	 crystal	

MAPbBr3,	our	calculated	band	gap	of	2.31	eV	agrees	well	with	the	experimental	

value	2.24	eV,[62]	which	 is	plotted	 in	Figure	3-6a,	along	with	 the	HOMO-LUMO	

gaps	of	MAPbBr3	clusters	of	different	sizes.	As	the	size	of	the	clusters	decreases,	

their	HOMO-LUMO	gaps	increase	to	2.5	eV	(for	16Pb)	and	further	to	3.91	eV	(for	

1Pb)	due	 to	 the	stronger	quantum	confinement	effect.	 In	 the	current	study,	 the	

fully	relaxed	12Pb	MAPbBr3	cluster	was	connected	to	two	gold	electrodes	through	

two	 Br	 atoms	 as	 shown	 in	 Figure	 3-6c,	 where	 the	 Br	 atom	 labeled	 by	 ‘L’	 was	

attached	to	left	gold	electrode,	the	right	gold	electrode	was	attached	successively	

to	 Br	 atoms	 labeled	 by	 ‘R1’,	 ‘R2’,	 ‘R3’	 and	 ‘R4’	 to	model	 a	 pulling	 process.	 The	

corresponding	 transmission	 spectra	 are	 plotted	 in	 Figure	 3-6b,	 as	 Br	 atom	

contacting	the	right	gold	electrode	is	changed	from	 ‘R1’	to	 ‘R4’,	the	conductance	

decreases	due	to	the	increasing	length	𝐿	between	the	two	electrodes.	As	expected,	

when	 the	Fermi	energy	 is	 located	within	 the	HOMO-LUMO	gap,	 charge	 transfer	

takes	place	via	off-resonant	tunneling	and	the	conductance	decays	exponentially	

with	𝐿.	After	fitting	the	natural	logarithm	of	the	room-temperature	conductance	

(EF	=-1.0	eV)	to	a	linear	function,	an	attenuation	factor	of	𝛽 =	0.54/Å	was	obtained,	

which	is	consistent	with	our	measured	value	of	0.57/Å,	as	shown	in	Figure	3-6d.	

The	 β	 value	 of	 perovskite	 QDs	 junctions	 is	 higher	 than	 oligothiophenes,[63]	

oligo(p-phenylene	 ethynylene)s[64]	 and	 diketopyrrolopyrrole	 oligomers.[65]	

More	interestingly,	in	agreement	with	our	experiments	and	the	discussion	above	
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Figure	3-4,	when	the	right	electrode	is	moved	from	 ‘R3’	to	the	furthest	distance	

‘R4’,	I	obtain	a	much	higher	conductance	compared	with	the	shorter	path	‘R3’	as	

shown	in	Figure	3-6b	(the	green	curve)	and	red	(the	last	red	diamond	point).	This	

increase	is	also	reflected	in	the	qualitative	behaviour	of	the	local	density	of	states	

(LDOS)	for	‘L-R2’,	‘L-R3’and	‘L-R4’	as	shown	by	yellow	surfaces	in	Figure	3-6e.	In	

contrast	with	R3,	the	weights	of	LDOS	extend	almost	continuously	between	the	left	

electrode	and	R4.	This	 increase	at	 the	most	distant	electrode	separation	 is	also	

found	in	1Pb,	8Pb	and	16Pb	MAPbBr3	clusters	as	shown	in	Figure	3-1,	Figure	3-7,	

Figure	 3-8.	 Other	 possible	 connectivities	 for	 16Pb	 MaPbBr3	 cluster	 were	 also	

explored,	 I	 find	 this	 jump	 behavior	 is	 generic	 although	 different	𝛽 	factors	 are	

observed	(0.72/Å	and	1.2/Å	seperately),	as	shown	in	Figure	3-9	and	Figure	3-10,	

the	latter	is	larger	due	to	the	higher	energy	barrier	which	makes	it	less	likely	to	

appear	in	experiment.	



Chapter 3: Room-temperature Quantum Interference in Perovskite Quantum Dot Junctions 

   50 

 

Figure	3-9	The	DFT	theoretical	calculation	of	16Pb	MAPbBr3	cluster	with	left	lead	

connecting	to	another	Br	atom.	a,	The	conformations	for	16Pb	MAPbBr3	cluster	

embedded	in	junctions	with	4	different	connectivity	L-R1,	L-R2,	L-R3,	L-R4.	b,	The	

corresponding	transmission	spectra.	c,	The	room	temperature	conductance	versus	

their	distances	with	the	EF=-1	eV	as	indicated	by	the	black	dashed	line	in	b.	The	

jump	conformation	L-R4	is	indicated	by	the	red	diamond.	
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Figure	3-10	The	DFT	theoretical	calculation	of	16Pb	MAPbBr3	cluster	with	left	lead	

connecting	to	another	Br	atom	with	a	cross	plane	manner.	a,	The	conformations	

for	16Pb	MAPbBr3	cluster	embedded	in	junctions	with	3	different	connectivity	L-

R1,	L-R2,	L-R3	and	L-R4.	b,	The	corresponding	transmission	spectra.	c,	The	room	

temperature	conductance	versus	their	distances	with	the	EF=-1	eV	as	indicated	by	

the	black	dashed	line	in	b.	A	larger	𝜷	factor	is	obtained	due	to	the	higher	energy	

barrier	and	the	jump	conformation	L-R4	is	indicated	by	the	red	diamond.			

3.3 Conclusion 

In	summary,	I	have	presented	the	theoretical	investigation	into	some	interesting	

experimental	results	of	room-temperature	QI	effects	in	the	electrical	conductance	

of	 single	 perovskite	 QD	 junctions.	 Three	 distinct	 conductance	 features	 are	
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observed	from	the	conductance	measurement	of	perovskite	QDs	with	Br,	while	the	

QDs	with	I	and	Cl	show	no	significant	features.	The	analysis	of	conductance	trends	

with	displacement	reveals	that	the	multiple	conductance	features	are	derived	from	

the	sliding	of	gold	electrodes	between	the	adjacent	Br	atoms	in	different	unit	cells.	

Counterintuitively,	There	is	a	distinct	conductance	jump	at	the	end	of	individual	

conductance	traces,	which	is	direct	evidence	of	a	room-temperature	QI	effect.	This	

work	offers	new	insight	into	QI	effects	in	perovskite	materials	at	the	single-unit-

cell	 level,	 and	 offers	 an	 opportunity	 to	 explore	 new	 strategies	 for	 optimising	

electron	transport	in	perovskite	QDs	electronic	and	photoelectric	devices.
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4 Unusual Length-Dependence of 

Conductance in Cumulene 

Molecular Wires 

In	 this	 chapter,	 charge	 transport	 properties	 of	 cumulene	 wires	 are	 explored	

experimentally	and	theoretically.	The	experiments	were	carried	out	by	colleagues	

in	Oxford,	Madrid	and	Liverpool	Universities.	Cumulenes	are	sometimes	described	

as	‘metallic’	because	an	infinitely	long	cumulene	would	have	the	band	structure	of	

a	metal.	Here	I	report	the	single-molecule	conductances	of	a	series	of	cumulenes	

and	cumulene	analogues,	where	the	number	of	consecutive	C=C	bonds	in	the	core	

is	n	=	1,	2,	3	and	5.	The	[n]cumulenes	with	n	=	3	and	n	=	5	have	almost	the	same	

conductance,	and	they	are	both	more	conductive	than	the	alkene	(n	=	1).	This	is	

remarkable	 because	 molecular	 conductance	 normally	 falls	 exponentially	 with	

length.	The	conductance	of	the	allene	(n	=	2)	is	much	lower,	as	expected	from	its	
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twisted	 structure.	 Computational	 simulations	 predict	 a	 similar	 trend	 to	 the	

experimental	 results	 and	 indicate	 that	 the	 low	 conductance	 of	 the	 allene	 is	 a	

general	feature	of	[n]cumulenes	where	n	is	even.	The	lack	of	length-dependence	in	

the	conductances	of	[n]cumulenes	where	n	is	odd	results	from	the	strong	decrease	

in	HOMO-LUMO	gap	with	increasing	length.	

4.1 Introduction 

Long	molecules	generally	conduct	electricity	less	well	than	short	ones,	and	this	can	

be	 a	 problem	 when	 designing	 molecular	 wires	 for	 mediating	 efficient	 charge-

transport	 over	 distances	 of	 several	 nanometers.	When	 a	 homologous	 series	 of	

oligomers	are	connected	between	metal	electrodes,	and	the	transport	mechanism	

is	 coherent	 tunneling,	 the	 conductance	 G	 of	 each	 oligomer	 typically	 decreases	

exponentially	with	its	molecular	length	L	according	to	equation	(1),[66]	

	 𝐺 ∝ 𝑒–^Ç	 (1)	

where	𝛽	is	the	exponential	attenuation	factor,	which	is	normally	in	the	range	0.2–

0.5	Å–1	 for	 a	 conjugated	organic	π-system.	 [67]–[70]	 It	has	been	predicted	 that	

molecules	with	low	bond	length	alternation	will	give	unusual	attenuation	factors,	

such	 a	 𝛽 ≈ 0 	(i.e.	 conductance	 independent	 of	 length)	 or	 even	 𝛽 	<	 0	 (i.e.	

conductance	increasing	with	length).	[71],	[72]	Cumulenes	are	the	simplest	type	

of	neutral	π-system	not	to	exhibit	substantial	bond	length	alternation.	[73]–[75]	

Here	 the	 experimentalist	 and	 I	 report	 an	 experimental	 and	 computational	

investigation	of	the	length-dependence	of	charge	transport	through	these	linear	
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carbon	chains.	Recently,	length-independent	conductances	were	reported	for	a	set	

of	cyanine	dyes,	which	constitute	a	class	of	charged	π-system	without	bond	length	

alternation.	[76]	The	positive	charge	on	these	cyanine	makes	it	more	difficult	to	

compute	their	electronic	structures,	compared	with	the	neutral	cumulenes.	

 

 

Figure	4-1	Cumulenes	and	polyynes:	two	types	of	linear	sp	carbon	chains.	

Cumulenes	and	polyynes	are	the	two	types	of	linear	chains	of	sp-hybridized	carbon	

atoms:	 in	cumulenes,	 the	carbon	atoms	are	 linked	by	double	bonds,	whereas	 in	

polyynes	 there	 are	 alternating	 single	 and	 triple	 bonds	 (Figure	 4-1).[73],	 [74]	

Cumulenes	and	polyynes	have	fascinated	chemists	for	many	years	as	models	for	

carbyne,	the	infinite	1D	form	of	carbon.[74]	Cumulenes	are	said	to	have	a	‘metallic’	

electronic	 structure,	 [72]–[75],	 [77]	because	 an	 infinitely	 long	 cumulene	would	

have	 a	 band	 structure	 characteristic	 of	 a	metal,	with	 a	 partially	 occupied	 band	

derived	from	the	π	and	π*	molecular	orbitals.	In	contrast	polyynes	have	a	π-π*	gap	

that	 persists	 even	 in	 long	 chains,	 and	 an	 infinite	 polyyne	 is	 expected	 to	 be	 a	

semiconductor.	This	difference	in	electronic	structure	is	a	direct	consequence	of	

the	 difference	 in	 bond	 length	 alternation.	 Although	 there	 is	 some	 bond	 length	

alternation	in	cumulenes,[75]	the	difference	between	the	lengths	of	the	C=C	bonds	

in	cumulene	is	much	more	subtle	than	the	alternation	between	short	CºC	and	long	

C-C	bonds	in	polyynes.	

R R

n
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R

RR

R x

polyyne[n]cumulene (n = 2x + 1)



Chapter 4: Unusual Length-Dependence of Conductance in Cumulene Molecular Wires 

   56 

Here,	I	report	a	theoretical	and	experimental	investigation	of	the	conductances	of	

the	 family	of	 cumulenes	1,	2,	 3	 and	5	 shown	 in	Figure	4-2.	 I	 have	 included	 the	

[4]cumulene	4	in	our	theoretical	investigation,	but	the	experimentalistshave	not	

yet	 tested	 it	 experimentally.	 All	 these	 molecules	 have	 terminal	 4-thioanisole	

substituents	 for	binding	 to	 gold	 electrodes.	 Single-molecule	 conductances	were	

measured	 using	 the	 scanning	 tunneling	 microscopy	 break-junction	 (STM-BJ)	

method,	 using	 a	 gold	 tip	 and	 a	 gold	 surface,	 [15]	 as	 described	 in	 detail	

previously.[70]	

 

 

Figure	4-2	Structures	of	compounds	1–5.	(Note	that	only	1,	2,	3	and	5	have	been	

tested	experimentally.)	

Compounds	1,	 2,	 3	 and	5	were	 synthesized	as	described	 in	 literature.	 [78]	The	

alkene	 1	 was	 recrystallized	 to	 give	 a	 single	 isomer,	 which	 is	 probably	 E	

configuration,	 although	 this	 has	 yet	 to	 be	 confirmed,	 and	 the	 experimentalists	

expect	the	E	and	Z	isomers	to	have	very	similar	molecular	conductances.	Allene	2	
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is	racemic	meaning	it	has	equal	amounts	of	 left-	and	right-handed	enantiomers.	

Cumulenes	3	and	5	are	mixtures	of	E	and	Z	 isomers	(as	confirmed	by	1H	NMR	

spectroscopy);	we	were	unable	 to	 separate	 these	 stereoisomers	 and	we	expect	

them	to	convert	readily	under	ambient	conditions.[79]	

4.2 Results and discussions 

The	experimental	conductance	results	for	compounds	1–3	and	5	are	summarized	

in	 Figure	 4-3	 and	 Table	 1.	 The	 2D	 histograms	 (Figure	 4-3a-d)	 show	 how	 the	

conductance	(G/G0,	where	G0	=	2e2/h)	of	each	junction	varies	as	the	STM	tip	is	

retracted	from	the	surface	(increasing	distance,	z)	for	a	large	number	of	traces.	All	

the	compounds	give	well-defined	plateaus,	which	become	longer	as	the	length	of	

the	molecule	increases,	indicating	that	the	SMe	groups	connect	across	the	Au-Au	

junction	(see	Table	1	for	experimental	and	calculated	molecular	lengths,	Lexp	and	

Lcalc).	 The	 percentage	 of	 junctions	 that	 give	 a	 molecular	 plateau	 for	 each	

compound	 is	 given	 in	 the	 caption	 to	 Figure	 4-3.	 Due	 to	 the	 fact	 that	 the	

conductance	varies	slightly	with	distance	for	the	alkene	and	allene,	the	molecular	

conductances	plotted	in	Figure	4-3g	(and	listed	in	Table	1)	are	quoted	from	the	

histograms	in	Figure	4-3f	where	we	have	considered	only	points	from	the	end	of	

the	distribution,	greater	than	the	median	length	determined	from	a	Gaussian	fit.	

We	demonstrated	the	value	of	this	method	previously	for	a	family	of	porphyrins.	

[80]	 This	 analysis	 procedure	 ensures	 that	 the	 conductance	 values	 can	 be	

attributed	to	fully-stretched	single-molecule	junctions,	and	it	also	results	in	good	

overlap	 between	 histograms	 (of	 the	 same	 compound)	 from	 periods	 of	
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measurement	 with	 different	 percentages	 of	 molecular	 junctions.	 Often,	 we	

observe	that	when	the	percentage	of	molecular	junctions	is	high,	the	conductance	

peak	 is	 higher	 (or	 weighted	 to	 higher	 values),	 normally	 when	 the	 percentage	

exceeds	 about	 40%.[81]	 This	 phenomenon	 is	 attributed	 to	 the	 occurrence	 of	

junctions	containing	several	molecules	in	parallel.	However,	if	only	the	data	points	

at	 longer	 plateau	 lengths	 are	 consider,	 the	 resulting	 histograms	 are	 more	

reproducible.	 This	 indicates	 that	 the	 probability	 of	multiple-molecule	 junctions	

diminishes	as	the	junctions	are	stretched.	

The	[3]	and	[5]cumulenes	have	essentially	the	same	conductance,	which	is	slightly	

larger	than	that	of	the	alkene.	The	allene	has	a	conductance	that	is	about	50	times	

smaller	than	those	of	the	[3]	and	[5]cumulenes,	reflecting	its	twisted	geometry.	We	

have	also	investigated	the	voltage	dependence	of	the	conductance.	All	compounds	

tested	 showed	 a	weak	G(V)	 dependence.	 Junctions	 of	 [5]cumulene	were	 stable	

generally	to	±	1.2	V,	whereas	the	shorter	[2]cumulene	was	stable	only	to	±	0.5	V.	

These	 results	 suggest	 that	 the	 Fermi	 level	 lies	 far	 from	 any	 molecular	 levels,	

consistent	with	 the	 Fermi	 level	 sitting	 towards	 the	 center	 of	 the	HOMO-LUMO	

gaps.	At	1.2	V,	the	maximum	current	through	a	[5]cumulene	molecule	approaches	

microamperes.		
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Table	 1.	 Single-molecule	 conductances,	 lengths	 and	 HOMO-LUMO	 gaps	 for	

compounds	1–3	and	5.	

compound	 log(G/G0)[a]	 Lexp	
(nm)[b]	

Lcalc	
(nm)[c]	

Eg(UV)	
(eV)[d]	

Eg(DFT)	
(eV)[e]	

1	(n	=	1)	 −4.09	 0.94	

(1.32)	

1.45	 3.7	 2.21	

2	(n	=	2)	 –5.25	 1.01	

(1.34)	

1.47	 4.2	 2.74	

3	(n	=	3)	 −3.74	 1.07	

(1.46)	

1.63	 2.7	 1.54	

5	(n	=	5)	 −3.64	 1.09	

(1.64)	

1.80	 2.4	 1.24	

[a]	Experimental	conductance	peak	positions	from	data	in	Figure	4-3f;	Run	to	run	variation	in	peak	

position	 is	 about	 0.02.	 [b]	 Lengths	 are	 calibrated	 by	 adding	 0.4	 nm	 to	 the	 peak	 position	 of	 a	

Gaussian	fit	to	the	total	distribution	of	plateau	lengths.	Values	in	brackets	are	derived	from	the	95th	

percentile.	[c]	Calculated	using	the	Spartan	quantum	chemical	package	at	the	semi-empirical	level.	

We	 bind	 a	 gold	 atom	 to	 each	 sulfur	 and	 measure	 the	 Au-Au	 distance.	 [d]	 HOMO-LUMO	 gap	

calculated	 from	 the	 peak	wavelength	 of	 the	 lowest-energy	 absorption	 band	 in	 chloroform.	 [e]	

Calculated	Kohn-Sham	HOMO-LUMO	gaps	from	DFT	for	isolated	molecules	in	vacuum.	
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Figure	4-3	STM-BJ	results	on	molecules	1–3	and	5	measured	with	a	bias	of	0.2	V.	

(a–d)	2D	conductance	histograms	for	the	plateau-containing	traces.	The	number	

of	traces	in	each	(and	percentage	of	the	total)	are	as	follows:	n	=	1:	1309	(56%),	n	

=	2:	2988	(58%),	n	=	3:	1139	(47%),	n	=	5:	3402	(34%).	 (e)	1D	conductance	

histograms	using	all	data	points.	(f)	1D	conductance	histogram	using	only	points	

from	 the	 end	 of	 the	 plateau	 distribution	 (g)	 Molecular	 conductances	 from	

Gaussian	fits	to	the	data	in	(f).	The	errors	in	the	fits	are	smaller	than	the	size	of	the	

square	symbols.	

In	 order	 to	 gain	 further	 insight	 into	 the	 conductance	 trends	 in	 the	 family	 of	

cumulene	 molecular	 wires,	 and	 how	 their	 conductances	 change	 with	 length,	

transmission	spectra	T(E)	were	calculated	by	combining	the	DFT	package	SIESTA	

[82]	and	with	the	quantum	transport	code	Gollum.[61]	Since	the	cumulene	wires	

have	four	phenyl	rings,	they	are	likely	to	be	trapped	in	local	energy	minima	during	

DFT	relaxing	process.	Therefore,	 for	alkene,	 [3]cumulene	and	[5]cumulene,	 two	

types	of	initial	structures	were	used	in	which	the	two	terminal	thioanisole	rings	

are	 initially	 planar	 or	 non-planar.	 The	 relaxed	 conformations	 as	 well	 as	 the	
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corresponding	energies	are	shown	 in	Figure	4-4(a)	and	(b)	respectively,	which	

indicating	 that	 those	 in	 panel	 b	 are	 the	 more	 energy	 favorable	 conformations	

(indicated	by	 red	square	 in	Figure	4-4	 (b)).	For	 [2]cumulene	and	 [4]cumulene,	

whether	or	not	we	choose	the	two	terminal	thioanisole	rings	to	be	planar	or	non-

planar,	after	relaxation,	I	obtain	molecules	with	the	two	terminal	thioanisole	rings	

perpendicular	to	each	other	due	to	the	odd	number	of	carbon	atoms	with	two	𝜋	

electrons	(e.g.	The	middle	carbon	atom	for	allene,	the	middle	three	carbon	atoms	

for	[4]cumulene).	

Therefore,	 the	 structures	 in	 Figure	 4-4(b)	 for	 alkene,	 [3]cumulene	 and	

[5]cumulene	 are	 used	 to	 understand	 the	 experimental	 results,	 since	 they	 are	

energy	preferred	conformations	with	two	non	planer	terminal	thioanisole	rings	as	

shown	 in	Figure	4-4b	(this	 is	consistent	with	 the	experimental	crystallographic	

results	in	literature)[83].		
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Figure	4-4	For	alkene,	 [3]cumulene	and	 [5]cumulene,	 the	 relaxed	 structures	 as	

well	 as	 the	 corresponding	 energy	 of	 two	 type	 of	 initial	 structures	 (a)	 the	 two	

terminal	thioanisole	rings	are	planar	(b)	the	two	terminal	thioanisole	rings	are	not	

planar.	The	conformations	we	chose	for	calculation	in	manuscript	are	indicated	by	

red	square.	

The	conformations	of	relaxed	molecules	embedded	in	Au-Au	junctions	are	shown	

in	Figure	4-6a.	The	frontier	molecular	orbitals	(Figure	4-5)	show	that	the	HOMO	

of	alkene,	the	HOMO	and	LUMO	of	[3]cumulene	and	[5]cumulene	form	extended	

π-conjugated	 transport	 paths	 through	 the	 whole	 molecule.	 In	 contrast,	 the	

molecular	 orbitals	 of	 the	 allene	 and	 [4]cumulene	 are	 formed	 from	 pz	 and	 px	

orbitals	 and	 follow	 chiral	 paths	 through	 the	 molecules,	 leading	 to	 terminal	

thioanisole	 rings	 which	 are	 orthogonal	 to	 each	 other,	 and	 the	 absence	 of	 an	

extended	 π-system	 in	 the	 HOMO	 and	 LUMO.	 As	 shown	 in	 Figure	 4-6b,	 these	

differences	between	the	even	and	odd-numbered	cumulenes	are	reflected	in	their	

transmission	functions.	Over	a	range	of	EF	within	the	HOMO-LUMO	gap,	(indicated	

by	 the	 shaded	 region	 in	 Figure	 4-6b),	 the	 conductances	 of	 allene	 and	 the	

[4]cumulene	are	expected	 to	be	 lower	 than	 those	of	 the	other	 three	molecules.	

More	interestingly,	the	conductances	of	the	[3]cumulene	and	the	[5]cumulene	are	

predicted	 to	 be	 about	 the	 same,	 despite	 the	 substantial	 change	 in	 length.	 The	

alkene	has	a	slightly	lower	conductance	than	both	[3]cumulene	and	[5]cumulene,	

due	to	 the	 larger	angle	between	 its	 two	terminal	 thioanisole	rings,	which	 is	 the	

result	of	steric	interactions	between	the	thioanisole	and	phenyl	substituents.	This	

prediction	is	consistent	with	previous	computational	studies	of	charge	transport	

through	cumulene	molecular	wires.	The	local	density	of	states	(LDOS)	of	alkene	
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and	allene	(Figure	4-6c)	reveals	a	clear	transport	path	for	the	alkene,	while	there	

is	nearly	no	weight	(magenta	surface)	on	the	allene	molecule.	

 

Figure	4-5	The	frontier	molecular	orbitals	HOMO-1,	HOMO,	LUMO	and	LUMO+1	

of	 isolated	molecules	of	alkene,	allene,	[3]cumulene	and	[5]cumulene	as	well	as	

the	corresponding	energy	eigenvalues	(in	eV).	
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Figure	 4-6	 (a)	 Calculated	 conformations	 for	 alkene,	 allene,	 [3]cumulene,	

[5]cumulene	attached	to	 two	gold	 leads,	where	 the	grey,	white	and	pale	yellow	

balls	represent	carbon,	hydrogen	and	sulfur	respectively.	The	yellow	balls	at	both	

ends	represent	gold	leads.	(b)	Transmission	spectra.	The	shaded	region	indicates	

the	range	of	Fermi	energies	within	the	HOMO-LUMO	gap	that	contribute	towards	

conduction	at	room	temperature.	(c)	the	LDOS	with	magenta	color	in	the	energy	

window	from	-0.5	eV	to	0	eV	for	alkene	and	allene	incorporated	in	two	gold	leads	

separately	at	the	isosurface	0.00002.	

The	experimental	conductances	of	molecules	1,	2,	3	and	5	correlate	well	with	their	

HOMO-LUMO	gaps,	as	illustrated	by	the	optical	gaps,	Eg(UV)	calculated	from	the	

wavelength	 of	 the	 lowest-energy	 UV-vis	 absorption	 band,	 and	 the	 Kohn-Sham	
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gaps,	Eg(DFT)	in	Table	1.	[84]	The	lack	of	attenuation	in	the	conductance	(𝛽 ≈ 0)	

for	 the	 series	 of	 compounds	 alkene,	 [3]cumulene	 and	 [5]cumulene	 can	 be	

attributed	 to	 the	 decreasing	 HOMO-LUMO	 gaps	 of	 these	 molecules,	 which	

compensate	 for	 their	 increasing	 length.	 [15],[85]	 The	 lower	 molecular	

conductance	 of	 the	 allene	 is	 consistent	with	 the	 large	HOMO-LUMO	 gap	which	

leads	to	a	higher	energy	barrier	for	electron	transport.	Conductance	oscillations	

have	also	been	observed	for	various	chains	of	single	metal	atoms	(e.g.	Au,	Pt	and	

Ir)	as	a	 function	of	 the	number	of	atoms	 in	 the	chain.[86],	 [87]	For	chains	with	

single	conductance	channels	(Au	and	Na)	this	‘odd-even’	effect	has	been	suggested	

to	 originate	 from	 quantum	 interference,	 where	 odd-numbered	 chains	 conduct	

with	 G	 =	 G0,	 while	 even-numbered	 chains	 have	 a	 conductance	 less	 than	 G0.	

[88],[89]	As	Pt	and	Ir	have	more	than	one	contributing	conductance	channel,	this	

behavior	is	expected	to	be	a	universal	feature	of	monoatomic	chains.	Cumulenes,	

as	 monoatomic	 chains	 of	 carbon	 atoms,	 appear	 to	 behave	 similarly.	 Notable	

differences,	however,	between	our	measurements	and	those	of	metal	chains	are	

that	the	chain	and	electrode	atoms	differ,	producing	an	energy	offset	between	the	

molecular	bridge	and	 the	electrodes	and	 there	are	4-thioanisole	anchor	groups	

separating	 the	 chains	 and	 leads,	 which	 are	 only	 π-conjugated	 in	 the	 odd	

[n]cumulenes	(i.e.	even	number	of	carbon	atoms).		

In	 the	 following	 part,	 for	 alkene,	 [3]cumulene,	 [5]cumulene,	 the	 conformations	

with	terminal	anisole	rings	coplanar	as	shown	in	Figure	4-7a	are	used	to	explore	

the	conductance	dependent	only	on	the	increasing	length	since	the	angles	are	same	

between	 the	 two	 terminal	 thioanisoles.	 The	 results	 as	 shown	 in	 Figure	 4-7	

demenstrating	 that	 removing	 this	 steric	 effect	would	 be	 expected	 to	make	 the	
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difference	 in	 conductance	 between	 the	 alkene,	 the	 [3]cumulene	 and	 the	

[5]cumulene	even	smaller	compared	with	the	results	in	Figure	4-6.	This	reinforces	

our	main	point:	that	the	conductances	of	these	three	compounds	are	almost	the	

same.	

 

Figure	 4-7	 (a)	 Calculated	 conformations	 for	 alkene,	 allene,	 [3]cumulene,	

[5]cumulene	attached	to	two	gold	leads	with	the	thioanisole	rings	coplanar	(grey,	

white	and	pale	yellow	balls	represent	carbon,	hydrogen	and	sulfur,	respectively).	

The	yellow	balls	at	both	ends	represent	gold	leads.	(b)	Transmission	spectra.	The	

shaded	region	indicates	the	range	of	Fermi	energies	within	the	HOMO-LUMO	gap	

that	contribute	towards	conduction	at	room	temperature.	For	alkene,	[3]cumulene	

and	[5]cumulene,	the	conformations	in	(a)	are	used.	
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Figure	4-8	Transmission	function	versus	the	orientation	of	one	of	the	two	terminal	

phenyl	rings	relative	to	the	other	terminated	phenyl	ring	for	alkene,	[3]cumulene	

and	[5]cumulene.	The	red	arrow	indicates	the	phenyl	ring	which	is	rotated	by	20°,	

40°	and	60°.	

 

Figure	4-9	Transmission	 function	versus	 the	orientation	of	 the	 two	side	phenyl	

ring	relative	 to	 the	plane	of	 the	 two	 terminated	phenyl	 rings	connected	 to	SMe	

anchor	group	for	[5]cumulene.	
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Figure	4-10	Transmission	functions	of	two	stereoisomers	(E/trans	and	Z/cis)	of	

the	[3]cumulene.	

We	also	explored	the	change	in	the	transmission	coefficient	due	to	rotation	of	one	

phenyl	ring	in	one	terminal	thioanisole	group	(indicated	by	the	red	arrow	on	the	

top	of	Figure	4-8)	by	20°,	40°	and	60°.	The	corresponding	transmission	functions	

indicate	that	the	above	trend	(the	conductance	of	[3]cumulene	and	[5]cumulene	

are	 similar,	 and	 both	 are	 slightly	 higher	 than	 that	 of	 alkene)	 does	 not	 change.	

Meanwhile,	to	clarify	the	effect	of	the	two	internal,	pendant	phenyl	rings,	taking	

[5]cumulene	as	an	example,	Figure	4-9	shows	the	effect	of	artificially	rotating	the	

rings	by	25°,	50°,	75°,	which	indicate	the	conformation	of	these	rings	has	only	a	

small	effect	on	the	transmission	coefficient	within	the	gap.	Furthermore,	because	

the	 [3]	 and	 [5]cumulenes	 are	 synthesized	 as	 inseparable	 mixtures	 of	 E	 and	 Z	

isomers.	 Therefore,	 we	 tested	 whether	 the	 E/Z	 stereochemistry	 would	 be	

expected	 to	have	a	strong	effect	on	 the	conductance.	Taking	 [3]cumulene	as	an	

example,	Figure	4-10	shows	a	comparison	between	the	transmission	coefficients	

of	the	E	and	Z	isomers	and	reveals	that	the	difference	between	them	is	negligible.	
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4.3 Conclusion 

In	 conclusion,	 this	 study	 reveals	 that	 the	 conductance	of	 a	 series	 of	 cumulenes	

shows	remarkably	little	dependence	on	the	molecular	length.	This	behavior	is	a	

consequence	of	 the	 lack	of	 strong	bond	 length	alternation	 in	 these	compounds,	

which	results	in	a	steep	reduction	in	the	HOMO-LUMO	gap	with	increasing	length.	

[73]–[75]	The	[5]cumulene	exhibits	a	high	conductance	of	 log(G/G0)	=	−3.7	(±	

0.5)	and	junctions	containing	this	molecule	are	stable	up	to	a	potential	difference	

of	 1.2	 V.	 This	 corresponds	 to	maximal	 currents	 approaching	microamperes.	 In	

contrast,	 with	 the	 shorter	 and	 more	 resistive	 allene	 ([2]cumulene),	 junctions	

became	unstable	at	potentials	greater	than	0.5	V.	The	discovery	that	cumulenes	

exhibit	 length-independent	 conductance	 suggests	 that	 they	 might	 be	 used	 to	

construct	longer	highly-conductive	molecular	wires,	however,	this	would	require	

the	 development	 of	 effective	 strategies	 for	 controlling	 the	 reactivity	 of	 long	

cumulenes.[90],	[91]	
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5 Thermoelectric Properties of 

Oligoglycine Molecular Wires  

In	 this	 chapter,	 I	 investigate	 the	 electrical	 and	 thermoelectrical	 properties	 of	

glycine	 chains	 with	 and	 without	 cysteine	 terminal	 groups.	 The	 electrical	

conductance	 of	 (Gly)g ,	 (Gly)gCys 	and	Cys(Gly)gCys 	molecules	 (where	Gly ,	 Cys	

represent	glycine	and	cysteine	and	n=1-3)	was	found	to	decay	exponentially	with	

length	𝑙	as	𝑒]^_.	My	results	show	that	connecting	the	molecules	to	gold	electrodes	

via	the	sulphur	atom	of	the	cysteine	moiety	leads	to	higher	𝛽	factors	of	1.57/Å	and	

1.22/Å	for	(Gly)gCys	and	Cys(Gly)gCys	respectively,	while	𝛽	=0.92/Å	for	(Gly)g.	I	

also	find	that	replacing	the	peptide	bond	with	a	methylene	group	(-CH�-)	increases	

the	conductance	of	(Gly)#Cys.	Furthermore,	I	find	the	(Gly)kC𝑦𝑠	and	Cys(Gly)kCys	

systems	show	good	thermoelectrical	performance,	because	of	their	high	Seebeck	

coefficients	 (~	 0.2	mV/K)	 induced	 by	 the	 sulphur	 of	 the	 cysteine(s).	With	 the	

contributions	 of	 both	 electrons	 and	 phonons	 taken	 into	 consideration,	 a	 high	

figure	 of	 merit	 ZT=0.8	 is	 obtained	 for	 (Gly)kCys 	at	 room	 temperature,	 which	
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increases	further	with	the	rise	of	temperature,	suggesting	that	peptide-based	SAM	

junctions	are	promising	candidates	for	thermoelectric	energy	harvesting.	

5.1 Introduction 

Understanding	 electron	 transport	 through	 biomolecules	 is	 important,	 because	

they	 play	 central	 roles	 in	 cellular	 respiration,	 photosynthesis	 and	 enzymatic	

reactions	 [92]–[98].	 Although	 much	 effort	 has	 been	 devoted	 to	 transport	 in	

peptides[99][100],	the	exact	mechanism	of	charge	transport	through	peptides	and	

proteins	 is	 still	 under	debate.	Generally,	 it	 is	 accepted	 that	quantum	 tunnelling	

through	 molecular	 orbitals	 is	 the	 dominant	 mechanism	 for	 short	 peptide	

chains[101][102]	 and	 consequently	 their	 electrical	 conductance	 𝐺 	decays	

exponentially	 with	 length	 as	𝐺 = 𝐴𝑒]^_ [103][104],	 where	 the	 prefactor	 A	 is	 a	

constant	 reflecting	 the	molecule-electrode	coupling	 strength,	𝑙	is	 the	 separation	

between	two	electrodes	and	𝛽	is	an	attenuation	constant.	In	an	early	work,	it	was	

reported	 that	 the	 attenuation	 factor 	𝛽 	of	 cysteamine-(glycine)n-cysteine	 𝛽	

(1.1±0.1/atom	 or	 0.87±0.7/	 Å)	 is	 nearly	 the	 same	 with	 that	 of	 alkanedithiol	

(1.0±0.01/atom)		in	a	single-molecule	measurement[105].	On	the	other	hand,	in	

self-assembly	monolayers	(SAMs)	of	cysteine-(glycine)n	it	was	demonstrated	that	

oligoglycines	have	a	smaller	𝛽	factor	(0.50±0.02/atom)	and	are	more	conductive	

than	 alkanedithiols	 (0.94±0.02/atom)	 [101].	 After	 excluding	 the	 effect	 of	 the	

interactions	between	different	peptide	chains	(eg	hydrogen	bonds)	in	the	SAM,	it	

was	concluded	that	the	interaction	between	the	highest	occupied	amide	orbitals	

in	 the	 single	 strand	 is	 the	 origin	 of	 the	 lower	𝛽 	factor.	 In	 contrast,	 scanning	
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tunnelling	 microscope-based	 break-junction	 (STM-BJ)	 measurements[106]	

revealed	that	the	peptides	of	(alanine)n	and	(glycine)n	without	external	anchors	

have	greater	𝛽	factors	(0.93	±	0.04/Å	and	0.97	±	0.01/Å)		and	are	less	conductive	

than	 the	 corresponding	 alkane	 chain	 (0.75	±	 0.02/	Å)	 ,	 due	 to	 the	presence	of	

tightly	 bound	 electronic	 states	 located	 at	 the	 peptide	 bond,	 which	 reduce	 the	

energy	of	orbitals	relative	to	Fermi	energy	and	the	coupling	to	leads.	

In	the	above	measurements,	although	the	main	constituent	is	(glycine)n,	different	

moieties	 (cysteamine	 (HS(CH2)2NH2),	 cysteine	 (HS(CH2)2(COOH)NH2),	 amine	

group	(-NH2),	carboxylate	group	(-COO-))	are	adopted	as	anchors,	with	the	thiol	

group	 in	 cysteamine	 and	 cysteine	 used	 to	 connect	 the	 backbone	 to	 electrode.	

Anchors	 are	 expected	 have	 significant	 influence	 on	 the	 charge	 transport	

properties	 in	 molecular	 device[107][108][109][110],	 because	 the	 couplings	

between	the	molecule	and	the	electrodes	and	alignment	of	molecular	energy	levels	

and		the	Fermi	level	of	electrodes	will	change	as	anchors	are	modified.	For	example	

conducting	 atomic	 force	 microscope	 (AFM)	 measurements	 of	 anchor-(CH2)n-

anchor	chains	[110]	demonstrate	that	the	anchor	groups	have	weak	influence	on	

the	 decay	 constant	𝛽 .	 However,	 in	 oligoacene	 conducting	 probe	 atomic	 force	

microscopy	(CP-AFM)	measurements,	the	𝛽	factor	of	oligoacenedithiol	(0.2/Å)	is	

half	that	of	oligoacenemonothiol	(0.5/Å)	[109].	Recently,	it	was	demonstrated	that	

additional	electronic	states	due	to	thiol	anchor	groups	can	significantly	decrease	

the	value	of	β	in	alkane-phenyl	molecular	junctions[111].	Consequently,	the	effect	

of	 anchors	 on	 conductance	 and	 tunnelling	 attenuation	 factor	 𝛽 	for	 different	

molecule	systems	should	be	investigated.		
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In	this	chapter,	to	understand	the	origin	of	the	high	attenuation	factor	measured	

in	[14],	I	report	the	effect	of	anchor	groups	on	the	transport	properties	of	single-

molecule	oligoglycine	junctions.				Furthermore,	since	high-𝛽-factor	molecules	are	

likely	 to	 have	 high	 Seebeck	 coefficients,	 the	 thermoelectric	 properties	 of	

oligoglycine	are	investigated,	to	assess	their	potential	to	harness	waste	energy	and	

generate	 electricity	 via	 the	 Seebeck	 effect.	 	 Inorganic	 thermoelectric	 materials	

such	as	Pb,	Bi,	Co,	Sb	are	toxic	and	expensive	due	to	limited	global	sources,	which	

make	them	unattractive	for	a	wide	use	[112].	Therefore,	in	recent	years,	different	

strategies	 have	 been	 proposed	 to	 exploit	 the	 thermoelectric	 properties	 of	

nanostructured	 organic	 materials	 or	 organic	 molecules[113][114][115][116].	

Single-molecule	devices	provide	a	possible	building	block	for	constructing	high-

efficiency	 thermoelectric	 power	 generators[117].	 However,	 to	 our	 knowledge,	

there	 are	 few	 reports	 about	 the	 thermoelectric	 properties	 of	 peptides.	 In	 the	

present	work,	I	find	that	connecting	to	electrodes	via	sulphur	anchor	groups	leads	

to	higher	𝛽	factors	of	1.57/Å,	1.22/Å	and	0.92/Å	for	(Gly)gCys,	C𝑦𝑠(Gly)gCys	and	

(Gly)g respectively.	 It	 is	 also	 found	 that	 replacing	 the	 peptide	 bond	 with	 a	

methylene	 group	 could	 increase	 the	 conductance	 of	 single- (G)#C 	molecular	

junctions.	 In	addition,	 I	 find	 the	(Gly)gCys	and	Cys(Gly)gCys	systems	show	good	

thermoelectrical	properties	with	high	Seebeck	coefficients	(~0.2	mV/K)	induced	

by	the	sulphur	in	cysteine.	Furthermore,	after	considering	both	the	phonon	and	

electron	 contributions,	 for	 (Gly)kCys 	a	 high	 figure	 of	 merit	𝑍𝑇 ≈ 0.8 	could	 be	

obtained	 at	 room	 temperature,	 which	 increases	 further	 as	 the	 temperature	

increases.			
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5.2 Results and discussions 

 

Figure	5-1	Au-molecule-Au	junctions	of	oligoglycine	system	with	three	different	

anchors.	 Gly	 and	 Cys	 stand	 for	 glycine	 and	 cysteine	 separately	 and	 n=1-3.	 (a)	

Oligoglycine	connected	to	gold	electrodes	directly.	(b)	Oligoglycine	connected	to	

gold	electrodes	by	cysteine-peptide	molecule	where	sulphur	is	the	anchor	atom.		

(c)	Oligoglycine	with	two	ends	of	cysteine	connected	to	gold	electrodes.	For	each	

series,	the	molecular	structures	(n=1-3)	are	shown	below.		

 

Figure	 5-2	Au-molecule-Au	 junctions	 of	 oligolycine	 system	with	 three	 different	

anchors.	The	red,	grey,	white,	blue	and	pale	yellow	balls	represent	oxygen,	carbon,	

hydrogen	 nitrogen	 and	 sulphur	 respectively.	 Four	 yellow	 balls	 at	 both	 ends	

represent	gold	leads.	

Usually,	three	ways	are	used	to	bind	peptide	molecules	to	gold	electrode:	through	

alkyl	 thiols[118][119],	 through	 thiol-contained	 amino	 acids	 (cysteines)	
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[101][105][120]	 or	 through	 the	 “N-terminal”	 and	 “C-terminal”	 residues[106].	

Here,	 I	 adopt	 the	 latter	 two	methods,	 since	 they	 allow	 investigation	 of	 charge	

transport	properties	without	 introducing	external	groups.	Figure	5-1	shows	the	

junction	conformations	investigated	below.		In	Figure	5-1(a),	oligoglycine	(Gly)n	

(n=1-3)	is	connected	to	gold	electrodes	directly,	where	one	end	is	-COO]	,	which	

could	be	achieved	when	the	solution	pH	is	7	or	higher[121],	and	the	other	is	-NH�.	

Based	on	 the	molecules	 in	Figure	5-1(a),	 in	Figure	5-1(b)	oligoglycine	(Gly)n	 is	

connected	 to	 gold	 electrodes	 through	 the	 thiol	 group	 incorporated	 in	 cysteine-

peptide	residues.	For	Figure	5-1(c),	two	cysteines	are	attached	to	the	oligoglycine	

(Gly)n	system	at	both	ends,	where	the	thiol	groups	serve	as	anchors.	See	Figure	5-2	

for	more	detailed	configurations.	

 

Figure	5-3	Transport	properties	for	the	three	series	of	single	oligoglycine	devices.		

(a)	shows	the	spacial	local	density	of	states	(LDOS)	of	the	peak	around	-0.2eV	for	
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(𝐆𝐥𝐲)𝟑𝐂𝐲𝐬 .	 The	 red,	 grey,	 white,	 blue	 and	 pale	 yellow	 balls	 represent	 oxygen,	

carbon,	hydrogen	nitrogen	and	 sulphur	 	 respectively.	Four	yellow	balls	 at	both	

ends	 represent	 gold	 leads.	 (b-d)	 The	 transmission	 spectra	 of	 (b)	 (𝐆𝐥𝐲)𝐧 ,	 (c)	

(𝐆𝐥𝐲)𝐧𝐂𝐲𝐬 ,	 and	 (d)	𝐂𝐲𝐬(𝐆𝐥𝐲)𝐧𝐂𝐲𝐬 		 as	 the	 function	 of	𝑬 − 𝑬𝑭𝑫𝑭𝑻 ,	 where	 E	 is	 the	

energy	 of	 electron,	 𝑬𝑭𝑫𝑭𝑻 	is	 the	 Fermi	 energy	 predicted	 by	 DFT.	 (e)	 The	

corresponding	conductance	evolution	versus	the	increasing	separation	between	

the	two	electrodes.	The	blue,	magenta	and	black	dots	stand	for	the	conductance	

derived	from	the	transmission	spectra	in	(b-d)	while	the	corresponding	dashed	

lines	 show	 the	 corresponding	 linear	 fit	with	𝒚 = 𝜷𝒙+ 𝒃	where	𝒚	is	 the	 natural	

logarithm	 of	 conductance	𝑮/𝑮𝑶 	and	𝒙 	is	 the	 separation	 between	 two	 apex-Au	

atoms	of	the	pyramids	in	the	gold	electrodes.	

After	computing	the	electron	transmission	functions	𝑇(𝐸)	of	these	junctions	(see	

methods),	the	low	temperature	electrical	conductance	𝐺	is	given	by	𝐺 = 𝐺ð𝑇(𝐸Ú),	

where	 𝐺ð	 is	 the	 conductance	 quantum	 and	 𝐸Ú	 is	 the	 Fermi	 energy	 of	 the	

electrodes.	 (see	 methods	 for	 the	 room-temperature	 formula)	 The	 computed	

transmission	curves	𝑇(𝐸)	of	 the	 junctions	 in	Figure	5-1	are	presented	 in	Figure	

5-3.	The	DFT-predicted	Fermi	energy	𝐸Ú°Úÿof	(Gly)g	is	close	to	middle	of	the	gap	

between	 the	 highest	 occupied	 molecular	 orbital	 (HOMO)	 and	 the	 lowest	

unoccupied	molecular	orbital	(LUMO),	while	the	Fermi	energies	of	(Gly)gCys	and	

Cys(Gly)gCys	systems	are	located	close	to	HOMO,	because	of	the	influence	of	the	

sulphur	[122].	Since	the	Fermi	energy	of	glycine-peptide-based	junctions	lies	close	

to	the	HOMO,	this	means	that	charge	transport	in	glycine-peptide-based	junctions	

is	hole-mediated,	in	agreement	with	the	literature	[106][123][118].	

This	phenomenon	is	demonstrated	by	the	local	density	of	states	(LDOS)	near	the	

resonance	of	between	-0.5eV	and	0	shown	in	Figure	5-3a	for	molecule	(Gly)#Cys.	

The	magenta	surface	shows	that	the	weight	of	the	LDOS	corresponding	to	the	peak	
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indicated	 by	 the	 arrow	 in	 Figure	 5-3c	 is	 mainly	 located	 on	 the	 sulphur	 atom.	

Similar	 features	 are	 observed	 in	 Figure	 5-3d,	 where	 sulphur	 atoms	 are	 also	

present.	

 

Figure	5-4	Based	on	the	structures	in	Figure	5-2,	I	replace	the	peptide	bonds	in	the	

middle	of	the	molecules	without	changing	the	anchors	to	obtain	the	β	factor.	

	

 

Figure	 5-5	 Comparison	 between	 β	 factors	 of	 oligoglycine	 before	 and	 after	

substituting	 peptide	 bond	 with	 -CH2-	 corresponding	 the	 structures	 shown	 in	

Figure	5-2	and	Figure	5-4	(a)	(𝐆𝐥𝐲)𝐧,	(b)	(𝐆𝐥𝐲)𝐧𝐂𝐲𝐬		and	(c)	𝐂𝐲𝐬(𝐆𝐥𝐲)𝐧𝐂𝐲𝐬.	Which	
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shows	after	substituting	with	-CH2-	group,	the	β	factor	becomes	lower	for	each	

series	comparing	with	peptide	chain.	

As	the	number	of	glycines	increases	from	one	to	three	for	the	three	short	peptide	

series	with	different	anchor	groups	shown	in	Figure	5-1,	the	distance	between	the	

two	gold-apex	atoms	in	the	pyramids	of	electrodes	increases	and	the	conductance	

of	 the	 junctions	decreases.	Since	 the	Fermi	energy	 is	 located	within	 the	HOMO-

LUMO	gap,	 charge	 transfer	 takes	place	via	off	 resonant	 tunnelling	 [124]	and	as	

shown	 in	 Figure	 5-3e,	 the	 conductance	 decays	 exponentially	 with	 distance	 is	

expected.	After	 fitting	 the	 logarithm	of	 the	 room-temperature	conductance	 to	a	

linear	 function	 and	 extracting	 the	 𝛽 	factor	 for	 each	 series,	 I	 find	 that	 the	 β	

parameter	for	(Gly)g	system	is	the	smallest	at	0.92/Å,	which	agrees	quite	well	with	

the	result	reported	in	literature[106],	while	the	(Gly)gCys	system	has	β	=	1.57/Å	

and	the	Cys(Gly)gCys	has	β	=	1.22/Å,	both	of	which	are	higher	than	the	β	factor	of	

(Gly)g	system.	This	difference	between	the	𝛽	factors	of	junctions	with		thiol	and	

dithiol	anchor	groups	has	been	reported	in	oligoacene	systems[109].	I	also	note	

that	 the	 three	 calculated	 β	 factors	 are	 all	 greater	 than	 that	 of	 the	 oligoglycine-

based	SAM	conductance	measurements	of	Mostafa	et.	al	[101].	For	each	series,	I	

obtain	 lower	𝛽 	factors	 after	 replacing	 the	 peptide	 bond	 in	 the	 middle	 of	 the	

molecules	with	-CH2-	group,	indicating	the	peptide	chain	is	less	conductive	than	

the	saturated	alkane	chain	as	shown	in	Figure	5-5.		

In	order	to	obtain	further	insight	into	the	mechanism	of	charge	transport	through	

peptide	backbones,	I	investigated	the	effect	of	substituting	the	peptide	bonds	with	

methylene	 groups,	 as	 shown	 on	 the	 left	 of	 Figure	 5-6.	 These	 molecules	 were	

investigated	 experimentally	 in	 ref	 [101].	 In	 Figure	 5-6a-c,	 the	 molecules	
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sandwiched	in	junctions	are:	(Gly)#Cys,		(Gly)#Cys		with	one	peptide	substituted	

by	 two	 -CH2-	 groups	 (denoted	 (Gly)#Cys -A)	 and	 (Gly)#Cys 	with	 two	 peptides	

substituted	 by	 four	 -CH2-	 groups	 (denoted	 (Gly)#Cys -B).	 Their	 corresponding	

transmissions	 are	 plotted	 in	 Figure	 5-6d.	 I	 find	 that	 the	 transmission	 does	 not	

change	 significantly	 when	 replacing	 one	 peptide	 with	 two	 methylene	 groups,	

while	the	transmission	increases	rapidly	when	two	peptide	bonds	are	substituted.	

This	 shows	 that	 the	 lone	 pairs	 of	 electrons	 in	 oxygen	 and	 nitrogen	 atoms	 in	

oligopeptides	 do	 not	 enhance	 the	 single-molecule	 conductance	 compared	with	

fully	 saturated	 alkane	 chains,	 which	 is	 consistent	 with	 literature	 results	 for	

oligoglycines	without	external	sulphur	anchors	[106].	The	similar	phenomena	of	

heteroatom	 substitution	 is	 found	 in	 oligoethers,	 where	 the	 conductance	 of	

alkanedithiols	 decreases	 after	 substituting	 every	 third	 -CH2-	 group	with	O	 or	 S	

[125][126].	This	feature	can	be	understood	by	examining	the	LDOS	as	shown	in	

Table	 3.1,	where	 an	 energy	window	 from	 -0.5	 to	 0	 eV	 has	 been	 chosen,	which	

includes	 the	 peak	 dominating	 the	 transport	 (as	 shown	 in	 Figure	 5-6).	 For	

(Gly)3Cys	and	(Gly)3Cys-A,	the	weights	of	states	in	the	centers	of	the	molecules	is	

small,	while	the	states	are	extended	across	several	carbon	atoms	in	the	middle	of	

(Gly)3Cys-B	 chain,	 indicating	 a	 better	 ability	 to	 transport	 electrons.	 These	

differences	 in	 LDOS	 originate	 from	 quantum	 interference	 among	 the	 different	

molecular	paths[115][127]	and	variations	in	the	coupling	between	the	molecules	

and	electrodes[128].	
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Figure	5-6	Transmission	spectra	of	the	junctions	with	the	peptide	bond	replaced	

by	methylene	groups	for	(Gly)3Cys	gradually.	On	the	left,	from	top	to	bottom	(a-c),	

the	 molecules	 sandwiched	 in	 junctions	 are:	 (𝐆𝐥𝐲)𝟑𝐂𝐲𝐬 ,	 	 (𝐆𝐥𝐲)𝟑𝐂𝐲𝐬 		 with	 one	

peptide	 substituted	 by	 two	 CH2	 groups	 ((𝐆𝐥𝐲)𝟑𝐂𝐲𝐬 -A)	 	 and	 (𝐆)𝟑𝐂 	with	 two	

peptides	substituted	by	four	CH2	groups	((𝐆𝐥𝐲)𝟑𝐂𝐲𝐬-B).	

isosurface	 (𝐆𝐥𝐲)𝟑𝐂𝐲𝐬	 (𝐆𝐥𝐲)𝟑𝐂𝐲𝐬-A	 (𝐆𝐥𝐲)𝟑𝐂𝐲𝐬-B	

0.01	
	 	 	

0.001	
	 	 	

0.0001	
	 	 	

0.00006	

	 	 	

Table	3.1	The	LDOS	with	magenta	color	in	the	energy	window	from	-0.5	to	0	for	

(Gly)3Cys,	(Gly)3Cys-A	and	(Gly)3Cys-B	incorporated	in	two	gold	leads	separately	

with	the	decreasing	isosurface	from	0.01	to	0.00006.	
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Figure	5-7	Thermoelectric	properties	as	 the	 function	of	energy	relative	 to	DFT-

estimated	 Fermi	 energy	𝑬𝑭 − 𝑬𝑭𝑫𝑭𝑻 	at	 room	 temperature	 300	 K.	 (a)	 Electrical	

conductance	(𝐆),	(b)	Seebeck	coefficients	(𝐒),	(c)-(d)	Electronic	contribution	to	

thermal	 conductance	 (𝛋𝐞 )	 and	 figure	 of	 merit	𝐙𝐓𝐞 	.	 The	 blue,	 red	 and	 orange	

curves	represent	the	(Gly)1,	(Gly)1Cys	and	Cys(Gly)1Cys	junctions	respectively.	

Studies	 of	 transport	 through	 peptides	 have	 mainly	 focused	 the	 effect	 of	 side	

groups[118],	 the	 effect	 of	 the	 PH	 value	 of	 the	 solution[105]	 and	 the	 effect	 of	

secondary	structure[99].	However,	their	thermoelectric	properties	have	not	been	

investigated	extensively.	Since	many	varieties	of	biomolecules	can	be	assembled	

on	 metal	 surfaces	 to	 form	 SAM-based	 junctions[101][118],	 peptide-based	

thermoelectric	materials	 could	 be	 a	 promising	 future	 target,	 provided	 that	 the	

thermoelectric	properties	of	single	molecules	are	sufficiently	attractive.	When	the	

Fermi	energy	is	located	close	to	a	HOMO	resonance,	a	large	Seebeck	coefficient	𝑺	is	

expected,	because	according	to	the	Mott	formula,	𝑺	is	proportional	to	the	slope	of	

the	transmission	coefficient	T(E)	at	the	Fermi	energy	[129][130][131].	
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In	our	case,	the	high	slopes	of	the	transmission	curves	around	Fermi	energy	for	

(Gly)gCys 	and	 Cys(Gly)gCys 	systems	 indicate	 that	 oligoglycines	 might	 be	

promising	candidates	for	thermoelectric	energy-harvesting	materials.	Figure	5-7	

shows	 the	 thermoelectric	 properties	 of	 Gly,	 GlyCys	 and	 Cys(Gly)Cys	molecules	

containing	a	single	glycine	group.	 	 In	a	 large	energy	window	within	the	HOMO-

LUMO	 gap,	 the	 conductance	 decreases	 due	 to	 the	 increase	 of	molecular	 length	

when	 one	 or	 two	 cysteines	 are	 added.	 However,	 near	 the	 Fermi	 energy,	 the	

electrical	conductance	of	glycine	with	one	cysteine	is	comparable	or	even	higher	

than	the	one	without	cysteine,	due	to	the	peak	caused	by	the	sulphur	anchor.	For	

Cys(Gly)kC𝑦𝑠 ,	 the	 electrical	 conductance	 is	 approximately	 three	 orders	 of	

magnitude	 lower	 than	 the	 (Gly)kCys 	and	 Gly 	devices.	 Similarly,	 the	 thermal	

conductance	due	to	electrons	of	Cys(Gly)kCys	is	much	lower	than	those	of	other	

two	structures.	For	glycine	with	cysteine(s),	the	Seebeck	coefficients	both	reach	to	

0.2	mV/K	at	the	vicinity	of	Fermi	energy.	Consequently	a	higher	ZTe	value	~1.5	

could	be	obtained	when	oligoglycine	is	terminated	by	cysteines,	as	shown	in	Figure	

5-7d	 around	 -0.05eV.	 In	 addition,	 the	 Seebeck	 coefficients	 and	 thermoelectric	

figures	of	merit	are	quite	similar	for	the	two	molecules	with	cysteines.	Figure	5-8	

shows	the	effect	of	temperature	on	the	thermoelectric	performance	and	reveals	

that	the	electronic	thermoelectric	figure	of	merit	ZTe	could	increase	further	with	

increasing	temperature.	
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Figure	5-8	Thermoelectric	properties	as	the	function	of	temperature	T	at	the	DFT-

estimated	Fermi	energy.	(a)	Electrical	conductance	(𝐆),	(b)	Seebeck	coefficients	

(𝐒),	 (c)-(d)	 Electronic	 contribution	 to	 thermal	 conductance	 (𝛋𝐞)	 and	 figure	 of	

merit	𝐙𝐓𝐞 .	 The	 blue,	 red	 and	 black	 curves	 represent	 the	 (Gly)1,	 (Gly)1Cys	 and	

Cys(Gly)1Cys		junctions	separately.	

It	should	be	noted	that	the	presented	figure	of	merit	ZTe	in	Figure	5-7	and	Figure	

5-8	excludes	the	contribution	of	phonons.	When	phonons	are	included,	the	full	ZT	

will	certainly	be	lower	than	ZTe,	as	discussed	in	literatures[112],	[132].	Therefore,	

the	phonon	contribution	to	thermal	conductance	is	also	investigated.	The	phonon	

transmission	and	the	corresponding	phononic	thermal	conductance	are	shown	in	

Figure	5-9a	 and	b.	The	 room-temperature	 thermal	 conductance	due	 to	phonon	

decreases	 from	 14.6	 pW/K	 to	 10.8	 pW/K,	 and	 then	 to	 9.7	 pW/K	 because	 the	

molecular	lengths	increase	for	(Gly)1,	(Gly)1Cys	and	Cys(Gly)1Cys	junctions.	The	

figure	of	merit	ZT	at	room	temperature	versus	Fermi	energy	are	plotted	in	Figure	

5-9c.	Different	 from	 the	 evolution	 of	 ZTe,	 the	 ZT	 of	 Cys(Gly)1Cys	 is	 reduced	 to	
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nearly	0	since	its	phononic	thermal	conductance	(~9.7	pW/K)	plays	a	dominant	

role	compared	to	the	electronic	part	(~0.01	pW/K)	as	shown	in	Figure	5-7	and	

Figure	5-8.	While	 for	 (Gly)1Cys,	 since	 its	phononic	 thermal	 conductance	 (about	

10.8	pW/K)	is	comparable	to	 its	electronic	counterpart	(about	15	pW/K),	ZT	is	

approximately	reduced	by	half	compared	with	ZTe.	Consequently,	for	(Gly)1Cys,	a	

high	ZT	=	0.8	 is	obtained	around	-0.05eV,	as	shown	in	Figure	5-9c.	Figure	5-9d	

demonstrates	the	evolution	of	ZT	at	DFT-estimated	Fermi	energy	as	the	function	

of	 temperature	where	 ZT	 of	 (Gly)1Cys	 increases	 to	 0.7	when	 the	 temperature	

reaches	350K	and	the	other	two	series	show	ZT≈0.		

 

Figure	5-9	(a)	Phonon	transmission	functions,	(b)	Phononic	contribution	to	the	

thermal	conductance,	(c)	Room-temperature	ZT	versus	Fermi	energy,	(d)	ZT	at	

the	DFT-estimated	Fermi	energy	as	the	function	of	temperature.	The	blue,	red	and	

orange	 curves	 represent	 the	 (Gly)1,	 (Gly)1Cys	 and	 Cys(Gly)1Cys	 junctions	

separately.	
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5.3 Conclusion 

Combining	density	functional	theory	and	Green’s	function	scattering	techniques,	I	

have	 calculated	 the	 electrical	 conductance	 as	 a	 function	 of	 energy	 for	(Gly)g 	,	

(Gly)gC 	and	 Cys(Gly)gCys 	systems.	 Our	 results	 show	 that	 anchors	 containing	

sulphur	have	significant	influence	on	their	transport	properties	and	lead	to	higher	

𝛽	factors.	 In	particular,	 I	 find	𝛽	factors	of	1.57	/Å	and	1.22	/Å	for	(Gly)gCys	and	

Cys(Gys)gCys	respectively	while	𝛽	=	0.92	 /Å	 for	(Gly)g.	 Furthermore,	 it	 is	 also	

found	 that	 replacing	 the	 peptide	 bond	 with	 a	 methylene	 group	 increases	 the	

conductance	of	single-(Gly)#Cys	molecular	junctions.	This	demonstrates	that	the	

lone	 pairs	 of	 electrons	 in	 oxygen	 and	 nitrogen	 atoms	 in	 oligopeptide	 do	 not	

enhance	 the	 single-molecule	 conductance	 in	 comparison	 with	 fully	 saturated	

alkane	 chains.	 I	 find	 the	 (Gly)gCys 	and	 Cys(Gly)gCys 	systems	 show	 good	

thermoelectrical	properties	with	high	Seebeck	coefficients	(~0.2	mV/K)	induced	

by	the	sulphur	in	cysteine.	After	taking	both	phonons	and	electrons	contributions	

into	account,	I	find	the	(Gly)kCys	shows	good	thermoelectrical	properties	where	a	

high	figure	of	merit	ZT=0.8	could	be	achieved	at	room	temperature	and	the	ZT	

shows	an	increasing	trend	with	the	rise	of	temperature.	This	high	ZT		implies	that	

peptide-based	SAM	junctions	are	promising	candidates	for	thermoelectric	energy	

harvesting.	
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6 Solvent Gating of the Single 

Molecular Junction Charge 

Transport Properties 

To	further	understand	the	mechanism	of	how	environment	affect	the	nanoscale	

charge	 transport	 properties,	 the	 conductance	 of	 single	 molecular	 junctions	 in	

contrasting	 solvent	 environments	 were	 measured	 by	 colleagues	 in	 Xiamen	

University	using	mechanically	controllable	break	junction	technique.	They	found	

that	 the	 conductance	 of	 single	 molecular	 junctions	 can	 be	 manipulated	 by	

controlling	the	solvent	environment	in	the	range	of	nearly	an	order	of	magnitude.	

My	theoretical	calculations	presented	below	suggest	that	the	polar	solvent	shifts	

molecular	orbitals	energy	depending	on	the	coupling	strength	related	to	anchoring	

groups.	The	polar	solvent	reduces	the	energy	gap	between	molecular	orbitals	and	

Fermi	level	of	the	electrode	in	the	case	of	weak	coupling	while	the	broadening	of	

molecular	orbitals,	 caused	by	 strong	coupling,	 closes	 the	energy	gap.	The	work	

revealed	 that	 the	 effects	 of	 solvent	 should	 be	 taken	 into	 account	 while	 the	

anchoring	 groups	 in	 single	molecular	 junctions	 are	 less	 robust.	 The	 control	 of	

conductance	can	be	used	to	develop	future	functional	nanoscale	electronic	devices.	
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6.1 Introduction 

Charge	 transport	properties	of	various	molecules	have	been	reported	since	 the	

Mechanically	controllable	break	junction	(MCBJ)	technique	was	confirmed	as	one	

of	the	most	productive	approaches	to	experimentally	investigate	electrical	signal	

of	single	molecular	junctions.[133],	[134]	The	liquid	environment	is	necessary	to	

guarantee	 the	 stability	 of	 forming	 single	 molecular	 junctions	 in	 MCBJ	

measurements.	Researchers	were	conscious	of	the	solvent	effects	long	before,	but	

to	date,	only	a	small	number	of	solvent	effects	have	been	investigated	and	only	for	

a	limited	number	of	particular	molecular	systems.	Depending	on	the	system,	these	

studies	show	that	the	mechanisms	of	solvent	effects	could	be	very	different,	which	

can	be	interpreted	as	being	due	to	the	solvent	binding	to	the	functional	groups	in	

molecular	 frameworks	 [135],	 electrostatic	 interactions	 between	 solvent	 and	

molecular	backbone	[136],	protonation	tuning	of	specific	molecules	with	quantum	

interference	effects	[137]	or	solvent	binding	to	gold	electrode	couple.	[138],	[139]	

Exploring	the	interaction	between	solvents	and	single	molecular	junctions	should	

provide	us	with	effective	approaches	 to	manipulate	molecular	charge	 transport	

properties	and	design	nanoscale	electronic	devices	further.	

In	this	chapter,	I	demonstrate	and	explain	a	significant	solvent	gating	effect	on	the	

conductance	 of	 single	 molecular	 junctions,	 revealed	 in	 a	 collaboration	 with	

experimental	 colleagues	 from	 Xiamen	 University.	 Oligophenylethynylene-

Sulfurmethyl	(OPE-SMe)	is	used	as	conducting	molecule	to	form	single	molecular	

junctions,	whose	highly	aromaticity	and	rigidity	makes	them	an	ideal	candidate	for	

elementary	building	blocks	 in	 constructing	molecular	wires.	 The	mixture	 of	 20	
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vol%	tetrahydrofuran	(THF)	and	80	vol%	1,3,5-trimethylbenzene	(TMB)	used	to	

be	 the	 standard	solvent	 in	 single	molecule	 conductance	measurement	 (THF	 for	

solubility,	TMB	 for	 stability	 and	 low	permittivity)	 [140].	However,	 the	 solvents	

could	also	control	the	charge	transport	properties	of	single	molecular	junctions.	

To	 investigate	 this	 possibility,	 the	 conductance	 measurements	 of	 OPE-SMe	 in	

different	solvents	were	carried	out	using	MCBJ	technique	(as	shown	in	Figure	6-1).	

It	is	found	that	the	conductance	of	OPE-SMe	can	be	improved	by	up	to	about	one	

order	 of	 magnitude	 higher	 by	 adjusting	 the	 solvent	 environment,	 and	 we	 can	

manipulate	the	conductance	to	specific	value	within	a	certain	range.	

 

Figure	6-1	Schematic	of	MCBJ	configuration.	
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6.2 Results and discussion 

 

Figure	6-2	(a)	Typical	individual	conductance-distance	traces	of	pure	TMB	(black)	

and	OPE-SMe	junctions	in	different	solvents	(TMB	in	blue	and	THF	in	green).	(b)	

Conductance	histograms	of	pure	TMB	and	OPE-SMe	junctions	in	different	solvents	

from	 ~1000	 traces	 without	 data	 selection.	 (c)	 2D	 conductance-displacement	

histograms	constructed	from	~1000	traces	for	OPE-SMe	in	THF	or	(d)	TMB.	Inset:	

The	 relative	 displacement	 distribution	 histograms.	 (e)	 Most	 probable	

conductance	values	of	OPE-SMe	in	corresponding	mixed	solvents	(THF	and	TMB	

v:v	=	0:1	(blue),	1:4	(LT	blue),	2:3	(wine),	3:2	(olive),	4:1	(orange),	and	1:0	(red)).	

(f)	 Most	 probable	 conductance	 values	 of	 OPE-SMe	 in	 corresponding	 mixed	

solvents	(ACN	and	TMB	v:v	=	0:1	(blue),	1:4	(LT	blue),	2:3	(wine),	3:2	(olive),	4:1	

(orange),	and	1:0	(red)).	

Using	pure	THF	and	TMB	to	prepare	0.01	mM/L	solution	of	OPE-SMe	respectively.	

For	each	condition,	conductance-distance	traces	(as	shown	in	Figure	6-2a)	were	
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recorded	 in	 a	 continuous	 period.	 The	 individual	 traces	 show	 the	 variation	 of	

conductance	 as	 a	 function	 of	 distance	 while	 the	 process	 of	 breaking	 single	

molecular	junction.	It	is	found	that	the	conductance	rapidly	drops	to	the	plateau	of	

molecular	 signal	 after	 a	 short	 stay	 at	 the	 quantum	 of	 conductance	 (G0),	which	

marks	 the	 rupture	 of	 Au-Au	 atomic	 contact	 followed	 by	 the	 formation	 of	 Au-

molecule-Au	 junction,	 and	 then	 goes	 to	 the	 tunneling	 background.	 The	 one-

dimensional	conductance	histograms	in	Figure	6-2b,	constructed	from	thousands	

of	 corresponding	 traces,	 show	 the	 conductance	 peaks	 that	 indicate	 the	 most	

probable	 junction	conductance.	The	conductance	of	OPE-SMe,	determined	 from	

Gaussian	fit	to	histograms,	shows	highly	solvent-dependence,	and	peaks	at	10-2.1	

and	10-3.0	G0	 in	THF	and	TMB,	 respectively.	The	 two-dimensional	 conductance-

displacement	histograms	were	constructed,	as	shown	in	Figure	6-2c,	d,	to	explore	

if	solvents	alter	the	configuration	of	molecular	backbone.	Insets	of	Figure	6-2c,	d	

show	the	displacement	distribution	analysis	of	molecular	plateaus,	suggesting	the	

configuration	of	OPE-SMe	junctions	are	fully	elongated	in	solvents.	

The	conductance	of	OPE-SMe	were	measured	in	various	volume	ratios	of	THF	and	

TMB.	 As	 the	 molecular	 dipole	 moment,	 permittivity	 and	 the	 ability	 of	 attract	

electron	are	totally	different	comparing	THF	with	TMB,	mixing	them	with	certain	

volume	ratio	would	provide	the	gradient	variation	of	solvent	environment.	Figure	

6-2e	shows	statistical	conductance	of	OPE-SMe	junctions	in	different	mixtures	of	

THF	and	TMB.	The	single	molecular	conductance	of	OPE-SMe	is	found	to	correlate	

with	the	volume	ratio	of	THF	in	mixed	solvent.	This	solvent	dependence	also	can	

be	found	in	another	common	polar	solvent	(acetonitrile/ACN),	as	shown	in	Figure	

6-2f.		
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To	explore	the	solvent	gating	effect	on	charge	transport	through	some	common	

molecular	 wires,	 a	 control	 experiment	 was	 carried	 out	 with	

Oligoaryleneethynylene	 (OAE),	 1,8-octanedithiol	 (ODT)	 and	

Oligophenylethynylene-Sulfuracetyl	 (OPE-SAc).	 Results	 of	 conductance	

measurements	 for	 OAE,	 ODT	 and	 OPE-SAc	 in	 different	 solvents	 are	 shown	 in	

Figure	6-3a,	b,	c.	Comparing	with	literature	data	(GOAE=10-3.3	G0,	Hong	et	al.	[141]	

and	GODT=10-3.6	G0,	Li	et	al.),[142]	the	single	molecular	junctions	conductance	of	

OAE,	ODT	and	OPE-SAc	do	not	show	that	one	order	of	magnitude	solvent	induced	

shift	in	single	molecular	conductance	measurement.	Therefore	it	is	suggested	that	

the	 solvents	 may	 take	 effect	 on	 molecular	 junctions	 with	 specific	 anchoring	

groups.	As	the	THF	has	a	low	boiling	point,	it	evaporates	very	quickly	during	the	

conductance	measurement.	Measuring	the	different	concentration	of	OPE-SMe	in	

THF,	the	conductance	shows	stability	with	change	of	concentration.	

 

Figure	6-3	(a)	Conductance	histograms	of	OAE	in	different	solvents	(TMB	in	black,	

THF	in	orange,	and	ACN	in	green)	from	~1000	individual	traces.	(b)	Conductance	
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histograms	of	ODT	in	different	solvents	(TMB	in	black,	THF	in	orange,	and	ACN	in	

green)	from	~1000	individual	traces.	(c)	Conductance	histograms	of	OPE2-SAc	in	

different	solvents	(TMB	in	black,	THF	in	orange,	and	ACN	in	green)	from	~1000	

individual	traces.	(d)	Conductance	histograms	of	OPE2-SMe	in	THF	with	different	

concentration	(1	mM	in	red,	0.1	mM	in	blue,	and	0.01	mM	in	black).	

However,	there	is	no	functional	groups	on	OPE-SMe	backbone	for	THF	or	TMB	to	

form	chemical	bond,	and	the	interaction	between	solvents	and	gold	atoms	is	too	

weak	 to	 affect	 the	 contact	 work	 function.	 Thus,	 electrostatic	 interactions	 are	

predicted	 to	 play	 a	 predominant	 role	 in	 gating	 the	 conductance	 of	 molecular	

junctions	by	shifting	the	energy	of	molecular	frontier	orbitals.	
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Figure	6-4	(a)	The	conformation	for	OPE-SMe	with	two	THF	molecules	pointing	

outside	 named	 as	 ‘THF-up’.	 (b)	 The	 conformation	 for	 OPE-SMe	 with	 two	 THF	

molecules	pointing	inside	named	as	‘THF-dn’.	The	transmission	coefficient	T(E)	vs	

electron	 energy	 for	 (c)	 OPE-SMe,	 (d)	 OAE,	 (e)	 ODT	 and	 (f)	 OPE-SAc	 with	 or	

without	two	THF	molecules.	For	the	case	with	THF	molecules,	the	conformation	is	

similar	with	 (a)	and	 (b).	 (g)	The	LDOS	(left)	with	magenta	 color	 in	 the	energy	

window	0.1	eV	around	LUMO	resonance	peak	and	the	isolated	OPE-SMe	molecule	

as	well	as	the	corresponding	LUMO	(right),	and	for	the	case	of	(h)	OPE-SAc	and	(i)	

OAE.	

In	order	to	gain	further	insight	into	how	the	conductances	responds	with	different	

solvent	molecules,	 transmission	spectra	T(E)	were	calculated	by	combining	 the	

DFT	package	SIESTA	with	the	quantum	transport	code	Gollum.	Different	molecules	

OPE,	 OAE,	 ODT	 measured	 in	 experiment	 are	 attached	 to	 gold	 electrodes	 in	

simulations	 and	 different	 solvents	 THF,	 ACN,	 TMB	 are	 considered.	 For	 solvent	

molecules	 with	 an	 electric	 dipole	 moment	 (e.g.	 THF	 and	 ACN),	 only	 the	

conformations	with	the	dipole	moment	pointing	inside	or	outside	the	backbone	

molecule	are	shown	in	Figure	6-4a.	For	solvent	molecule	without	electric	dipole	

moment	 (e.g.	 TMB),	 two	 configurations	 are	 chosen:	 the	 TMB	parallel	 and	TMB	

perpendicular	to	the	backbone,	as	shown	in	Figure	6-5b.		
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Figure	6-5	The	conformation	for	OPE	anchored	by	SMe	group	to	two	gold	leads	

with	 two	 solvent	 molecules	 pointing	 different	 sides	 (a)	 ACN	 (b)	 TMB.	 The	

transmission	spectra	of	OPE	anchored	by	SMe	group	to	two	gold	leads	with	and	

without	solvent	molecules	(c)	ACN	(d)	TMB. 

The	role	of	anchors	in	the	conductance	measurement	in	the	presence	of	polarized	

solvent	 molecule	 was	 firstly	 considered.	 To	 simplify	 the	 problem,	 backbone	

molecules	 were	 fixed	 during	 the	 optimization	 process,	 while	 only	 the	 solvent	

molecules	were	allowed	to	relax.	The	results	for	THF	are	shown	in	Figure	6-4.	For	

OPE-SMe,	when	the	oxygen-side	of	THF	solvent	molecule	is	close	to	the	backbone,	

the	 transmission	 curve	 shifts	 to	 higher	 energy	 (black	 curve	 in	 Figure	 6-4);	 In	

contrast,	 when	 the	 other	 end	 of	 solvent	 molecule	 moves	 close	 to	 it,	 the	

transmission	curve	shifts	to	lower	energy	(orange	curve	in	Figure	6-4).	The	two	

opposite	shifting	of	transmission	function	is	attributed	to	different	gating	effects	

due	to	the	orientation	of	solvent	around	where	the	dipole	moment	points	from	the	

positive	side	to	negative	oxygen-side.	However,	for	backbone	molecules	OAE,	ODT	
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and	 OPE-S	 with	 solvent	 molecule,	 their	 transmission	 functions	 nearly	 doesn’t	

change	in	a	large	range	near	DFT-predicted	Fermi	energy	comparing	to	the	bare	

OAE	,	ODT	and	OPE-S,	indicating	their	conductance	are	less	likely	influenced	by	the	

solvent	 shown	 in	 Figure	 6-4d,	 e	 and	 f.	 Similar	 shifting	 trends	 in	 transmission	

function	of	the	three	backbone	molecule	are	observed	in	solvent	ACN	as	shown	in	

Figure	6-5,	Figure	6-6,	Figure	6-7	and	Figure	6-8.	

 

Figure	 6-6	 The	 conformation	 for	 OAE	 with	 two	 solvent	 molecules	 pointing	

different	sides	(a)	THF	(b)	ACN	(c)	TMB.	The	transmission	spectra	of	OAE	attached	

to	two	gold	leads	with	and	without	solvent	molecules	(d)	ACN	(e)	TMB.	
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Figure	 6-7	 The	 conformation	 for	 ODT	 with	 two	 solvent	 molecules	 pointing	

different	 sides	 (a)	 THF	 (b)	 ACN	 (c)	 TMB.	 The	 transmission	 spectra	 of	 ODT	

attached	to	two	gold	leads	with	and	without	solvent	molecules	(d)	ACN	(e)	TMB.	

 

Figure	6-8	The	conformation	for	OPE	anchored	by	SAc	to	two	gold	leads	with	two	

solvent	 molecules	 pointing	 different	 sides	 (a)	 THF	 (b)	 ACN.	 The	 transmission	

spectra	 of	 OPE	 anchored	 by	 SAc	 to	 two	 gold	 leads	 with	 and	 without	 solvent	

molecules	(c)	ACN.	
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Figure	 6-9	 The	 frontier	 molecular	 orbitals	 HOMO-2,	 HOMO-1,	 HOMO,	 LUMO,	

LUMO+1,	LUMO+2	and	LUMO+3	of	isolated	molecules	of	OPE-SMe,	OPE-SH	and	

OAE	as	well	as	the	corresponding	energy	eigenvalues	(in	eV).	

 

Figure	6-10	The	frontier	molecular	orbitals		close	to	LUMO,	HOMO	and	LUMO	for		

OPE-SMe,	 OPE-SH	 and	 OAE	 separately	 as	 well	 as	 the	 corresponding	 energy	

eigenvalues	(in	eV).	
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Figure	6-11	The	initial	conformation	of	OPE	with	one	THF	molecule.	

 

Figure	6-12	The	initial	conformation	of	OPE	with	one	ACN	molecule.	

The	only	difference	between	OPE-SMe	and	OPE-S	is	the	anchors,	which	indicates	

that	the	anchors	play	a	predominant	role	in	the	fact	whether	a	backbone	molecule	

would	be	influenced	by	the	gating	effect	of	solvent	or	not.	To	gain	a	further	insight	

into	 the	 origin	 of	 these	 gating	 effects,	 the	 local	 density	 states	 (LDOS)	 around	

LUMO,	HOMO	and	LUMO	resonances	for	OPE	with	anchors	-SMe,	-S	and	OAE	with	

pyridyl	anchor	embedded	in	 junction	are	shown	in	Figure	6-4e-g.	For	anchors	-

SMe,	 its	 LDOS	mainly	 sit	 on	 the	OPE	 backbone	molecule,	 indicating	 a	 localized	

feature,	 while	 either	 the	 HOMO	 for	 anchor	 -S	 or	 the	 LUMO	 for	 pyridyl	 anchor	

distributes	almost	equally	on	the	gold	electrodes	as	well	as	the	backbone	molecule.	

(These	features	also	could	be	observed	from	wavefunctions	in	Figure	6-10)	In	this	

case,	 the	gold	and	molecule	 form	a	united	electron	system	distributing	on	both	

molecule	and	gold	atom.	So	they	are	less	likely	to	be	influenced	by	the	gating	effect	

of	solvent.	This	effect	could	be	explained	by	perturbation	theory,	because	for	an	
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extended	eigenstate	 spread	over	𝑁	site,	 a	 local	perturbation	acting	over	𝑀	sites	

will	shift	the	orbital	energy	by	an	amount	Δ𝐸,	proportional	to	𝑀/𝑁,	so	if	𝑁	is	large,	

Δ𝐸	would	be	relatively	small.	

 

Figure	6-13	The	transmission	curves	of	112	configurations	(details	see	SI)	for	OPE	

with	one	solvent	molecule	(THF	(a),	ACN	(b)	),	the	magenta	and	grey	curves	stand	

for	bare	OPE	and	OPE	in	solvent	separately.	With	the	transmission	coefficient	in	at	

DFT-predicted	Fermi	energy,	 the	 statistical	 results	are	 shown	 in	 (c),	where	 the	

magenta	hexagonal	stars,	black	diamonds	and	red	squares	present	bare	OPE,	OPE	

with	one	THF	(c1)	and	OPE	with	one	ACN	(c3)	separately.	The	plus	and	minus	

signs	mean	conductance	increase	and	decrease	separately.	

After	 discussing	 the	 importance	 of	 anchors	 on	 solvent	 gating	 effect,	 now	 the	

influence	of	different	solvent	on	backbone	is	explored.	Herein,	OPE	is	taken	as	an	

example.	For	TMB,	there	is	no	influence	on	OPE	in	parallel	case	while	a	little	shift	

appears	for	standing	case	due	to	the	slightly	positively	charged	H	in	methyl	group.	

Therefore	 the	 influence	 of	 THF	 and	ACN	 is	 considered	 in	 this	 part.	 In	 order	 to	

simulate	what	happens	in	real	experiment,	the	initial	configurations	of	OPE	with	
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one	THF	or	ACN	molecule	are	chose	as	shown	in	Figure	6-11	and	Figure	6-12,	then	

112	configurations	are	obtained	by	rotating	THF(ACN)	around	x	axis	10°	each	time	

until	360°	 and	shifting	THF(ACN)	along	 the	z	axis	0.2	Å	each	 time.	The	solvent	

molecule	 is	relaxed	using	LDA	with	the	backbone	molecule	fixed.	Then	they	are	

attached	to	gold	electrodes	to	get	the	transmission	spectra.	

These	 curves	 are	 shown	 in	 Figure	 6-13a,b.	 Although	 shifting	 upwards	 and	

downwards	 of	 the	 transmission	 curves	 both	 possibly	 happen,	 there	 are	 more	

curves	 prefer	 shifting	 to	 left,	 indicating	 an	 increasing	 trend	when	 put	 the	 OPE	

molecule	 in	 polarized	 solvent.	 This	 is	 attributed	 the	 negatively	 charged	 carbon	

atoms	 in	 the	 two	phenyl	 rings	of	OPE,	which	would	attract	 the	positive	part	of	

solvent	molecule.	These	results	are	clearly	shown	 in	Figure	6-13	(c2)	and	(c4),	

more	 than	 70%	 of	 the	 total	 configurations	 show	 increasing	 trend,	 which	 are	

consistent	with	experimental	results.	For	ACN,	the	larger	conductance	range	are	

shown	 in	 Figure	 6-13c	 and	 additionally,	 the	 conductance	 variations	 are	 more	

sensitive	to	the	orientation	and	movement	of	ACN	which	are	all	attributed	to	the	

greater	electric	dipole	momentum	than	THF.	

6.3 Conclusion 

A	method	to	tune	the	single	molecular	conductance	through	control	of	the	solvent	

environment	 has	 been	 investigated	 both	 experimentally	 and	 theoretically.	 The	

conductance	of	molecular	wires	 can	be	manipulated	 to	 specific	 values	within	 a	

certain	range	by	adjusting	 the	polarity	of	environment.	Theoretical	calculations	
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show	that	solvents	can	influence	the	molecular	orbital	energy	in	all	cases,	but	the	

robustness	of	anchor	groups	decide	whether	the	shift	of	conductance	happens	or	

not.	 This	 study	 shows	 a	 simple	 and	 widely	 applicable	 way	 to	 control	 single	

molecular	charge	transport.
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7 Conclusion 

In	this	thesis,	I	employed	a	combination	of	DFT	and	equilibrium	Green’s	functions	

to	obtain	insight	into	the	electron	and	phonon	transport	of	several	systems	at	a	

molecular	scale.	These	methods	are	discussed	in	chapter	2	at	length.	

In	 chapter	 3	 I	 presented	 the	 first	 experimental	 and	 theoretical	 investigation	 of	

room-temperature	QI	effects	in	the	electrical	conductance	of	single	perovskite	QD	

junctions,	 using	 a	 combination	 of	 DFT	 and	 the	MCBJ	 technique.	 Three	 distinct	

conductance	 features	 are	 observed	 from	 the	 conductance	 measurement	 of	

perovskite	QDs	with	Br.	 The	 analysis	 of	 conductance	 trends	with	displacement	

reveals	that	the	multiple	conductance	features	are	derived	from	the	sliding	of	gold	

electrodes	 between	 the	 adjacent	 Br	 atoms	 in	 different	 unit	 cells.	

Counterintuitively,	 we	 also	 observe	 a	 distinct	 conductance	 jump	 at	 the	 end	 of	

individual	conductance	traces,	which	is	direct	evidence	of	a	room-temperature	QI	

effect.	This	work	offers	new	insight	into	QI	effects	in	perovskite	materials	at	the	

single-unit-cell	 level,	 and	 offers	 an	 opportunity	 to	 explore	 new	 strategies	 for	
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optimising	 electron	 transport	 in	 perovskite	 QDs	 electronic	 and	 photoelectric	

devices.	

In	 chapter	4	my	 theory,	when	compared	with	meaurements	 from	experimental	

colleagues,	 reveals	 that	 the	 conductance	 of	 a	 series	 of	 cumulenes	 shows	

remarkably	 little	 dependence	 on	 the	 molecular	 length	 (n).	 This	 behavior	 is	 a	

consequence	 of	 the	 lack	 of	 strong	 bond	 length	 alternation	 (BLA)	 in	 these	

compounds,	 which	 results	 in	 a	 steep	 reduction	 in	 the	 HOMO-LUMO	 gap	 with	

increasing	 length.	 In	 contrast,	 polyynes	 show	 strong	 BLA	 resulting	 in	 an	

exponential	attenuation	of	conductance	with	 length	(𝛽≈	0.2–0.3	Å–1	at	 low	bias	

voltage).	The	[5]cumulene	exhibits	a	high	conductance	of	log(G/G0)	=	−3.7	(±	0.5)	

and	shows	stable	 junctions	up	 to	a	bias	of	1.2	V.	The	discovery	 that	cumulenes	

exhibit	 length-independent	 conductance	 suggests	 that	 they	 might	 be	 used	 to	

construct	longer	highly-conductive	molecular	wires.	This	work	could	be	expanded	

with	investigating	the	thermoelectrical	property	of	cumulene	wires	since	the	steep	

reduction	in	the	HOMO-LUMO	gap	could	lead	to	higher	Seebeck	coefficients.		

In	 chapter	 5	 I	 calculated	 the	 electrical	 conductance	 as	 a	 function	 of	 energy	 for	

(Gly)g 	,	 (Gly)gC 	and	 Cys(Gly)gCys 	systems.	 My	 results	 show	 that	 anchors	

containing	 sulphur	have	 significant	 influence	on	 their	 transport	properties	 and	

lead	to	higher	𝛽	factors.	Furthermore,	 it	 is	also	found	that	replacing	the	peptide	

bond	 with	 a	 methylene	 group	 increases	 the	 conductance	 of	 single- (Gly)#Cys	

molecular	 junctions.	 I	 also	 find	 the	(Gly)gCys 	and	Cys(Gly)gCys 	systems	 show	

good	 thermoelectrical	 properties	 with	 high	 Seebeck	 coefficients	 (~0.2	 mV/K)	

induced	 by	 the	 sulphur	 in	 cysteine.	 After	 taking	 both	 phonons	 and	 electrons	
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contributions	 into	 account,	 I	 find	 the	 (Gly)kCys 	shows	 good	 thermoelectrical	

properties	 where	 a	 high	 figure	 of	 merit	 ZT=0.8	 could	 be	 achieved	 at	 room	

temperature.	 This	 high	 ZT	 	 implies	 that	 peptide-based	 SAM	 junctions	 are	

promising	candidates	for	thermoelectric	energy	harvesting.	In	addition,	due	to	the	

hydrogen	 bonding	 interactions	 between	 different	 oligopeptide	 wires,	 it	 is	

interesting	 to	 explore	 the	 difference	 behaviors	 (e.g.	 𝛽 	factor)	 between	

oligopeptide	and	the	saturated	alkane	wires	in	SAM.				

In	 chapter	 6	 I	 investigated	 the	 effect	 of	 solvents	 and	 anchors	 on	 electric	

conductance,	and	proposed	a	method	of	tuning	single-molecule	conductances	by	

controlling	the	solvent	environment.	Measurements	from	Xiamen	University	show	

that	the	conductance	of	molecular	wires	can	be	varied	by	one	order	of	magnitude	

by	adjusting	the	polarity	of	the	environment.	My	theoretical	calculations	show	that	

solvents	can	influence	the	molecular	orbital	energies,	but	the	coupling	strength	of	

anchoring	 groups	 groups	 controls	 the	 magnitude	 of	 the	 shift.	 This	 study	

demonstrates	 that	 solvent-molecule	 interactions	 could	 provide	 a	 simple	 and	

widely	applicable	way	to	control	the	charge	transport	in	single-molecule	devices.	

For	the	future,	apart	from	the	studies	in	this	thesis,	there	are	many	other	aspects	

that	deserve	our	attention.	Since	the	electric	properties	of	single	molecule	devices	

are	sensitive	to	the	molecule-electrode	contact	geometry,	it	is	challenging	to	obtain	

reproducible	results.	 It	seems	that	SAMs	are	more	likely	to	be	utilized	in	future	

applications	to	obtain	reproducibility.	It	is	therefore	of	interest	to	investigate	the	

differences	 between	 charge	 (and	phonon)	 transport	 in	 single	molecule	 devices	

and	SAMs.	Moreover,	more	strategies	are	needed	to	enhance	the	thermoelectric	
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property	of	molecular	devices.	For	example	it	may	be	possible	to	suppress	phonon	

transport	 using	 supra-molecular	 interactions	 including	 𝜋 − 𝜋 	stacking	 and	

hydrogen	bonding.	These	are	just	a	small	number	of	the	many	challenges	which	

remain	to	be	addressed	in	this	rapidly	expanding	field	of	research.	
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