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ABSTRACT:	Molecular	switch	is	one	of	the	essential	functional	units	of	molecular	electronics.	Here,	we	report	development	
of	 new	 molecular	 switches	 based	 on	 the	 electron-rich	 diruthenium	 complexes	 with	 the	 (2,5-di-R-substituted	 1,4-
diethynylbenzene)diyl	 linkers.	 The	 dinuclear	 molecular	 switches,	 {μ-p-C≡C-(2,5-R2-C6H2)-C≡C}{Ru(dppe)2(C≡C-C6H4-p-
SMe)}2	1R	(R=	OMe,	H,	CF3),	with	various	substituents	(R)	on	the	bridging	phenylene	rings	showed	two	successive	reversible	
1e-oxidation	waves,	indicating	stability	of	1e-oxidized	mixed-valence	species.	The	solid-state	structure	of	[1H]+	showed	the	
charge-localized	Robin-Day	class	II	nature,	while	that	of	[1OMe]+	revealed	the	fully	charge-delocalized	class	III	nature.	These	
characters	were	also	evident	from	the	spectroscopic	data	in	solutions.	Single-molecule	conductance	measurements	by	the	
scanning	tunneling	microscope	break	junction	method	revealed	a	significant	dependence	of	the	conductance	on	R,	i.e.	1OMe	
turned	out	to	be	>100-times	more	conductive	than	1H	and	1CF3,	whereas	the	substituent	effect	of	the	monocationic	complex-
es	was	within	a	fold-change	of	2.	As	a	result,	the	ON/OFF	ratios	(the	ratios	of	the	conductance	of	the	cationic	species	[1R]+	to	
that	of	the	neutral	species	1R)	were	critically	dependent	on	R	(as	large	as	191	when	R	=	CF3)	and	even	reversed	(0.4	when	R	
=	OMe).	Furthermore,	the	neutral	and	monocationic	complexes	1H	and	[1H]+	fabricated	into	the	nanogap	devices	showed	in	
situ	ON/OFF	switching	behavior.	The	present	 study	demonstrates	not	only	 the	 rare	examples	of	 the	mixed-valence	com-
plexes	 which	 were	 subjected	 to	 the	 break	 junction	 measurements	 but	 also	 the	 first	 examples	 of	 molecular	 switch,	 the	
ON/OFF	ratio	of	which	was	controlled	by	tuning	the	organic	linker	parts.	

INTRODUCTION  
Molecular	switch,	which	can	control	a	 specific	 function	of	
itself	 by	 an	 external	 stimulus	 reversibly,	 is	 an	 essential	
part	in	molecule-based	electronics.	So	far,	there	have	been	
reports	 on	 various	 molecular	 switches	 incorporated	 into	
metal-molecule-metal	 junctions,	 which	 are	 responsive	 to	
mechanical,1–3	 acid-base,4,5	photo-irradiation6–8,	 and	redox	
stimuli9,10.	Redox	stimulus	is	superior	to	other	stimuli	due	
to	 the	 easy	 fabrication	 of	 the	 trigger	 by	 installation	 of	 a	
third	electrode	into	nano-devices,	in	addition	to	drain	and	
source	electrodes.11	Some	redox-triggered	organic	molecu-
lar	switches	have	been	known.	Neaton,	Venkataraman,	and	
Campos	 reported	 an	 aromatic	 bifluorenylidene-based	 re-
dox	switch,	which	was	converted	to	the	anti-aromatic	dica-
tionic	 states	 upon	 2e-oxidation	 (Figure	 1a).10	 A	 large	
ON/OFF	ratio	(the	ratio	of	the	conductance	of	the	ON	and	
OFF	 states)	 with	 a	 factor	 of	 70	 was	 reported.	 Multiple	
switching	 behavior	 was	 reported	 for	 the	 naphtha-
lenediimide	derivative	(Figure	1b).9	Stepwise	1e-reduction	

led	to	the	mono-	and	di-anionic	states	and	the	monoanion-
ic	state	showed	conductance	10	 times	higher	 than	 that	of	
the	neutral	state.	For	the	redox	switch,	however,	there	re-
main	two	key	issues	to	be	solved.	One	is	the	 instability	of	
the	oxidized	or	reduced	radical	species	formed	upon	appli-
cation	of	redox	stimuli.	The	other	is	lack	of	rational	molec-
ular	design	to	modulate/control	the	ON/OFF	ratio	without	
interfering	the	original	switching	function.12	



 

 Figure	 1.	 Organic	 Molecular	 switches	 based	 on	 (a)	 bifluo-
renyllidene	 and	 (b)	 naphthalene	 diimide.	 (c)	 Concept	 of	 the	
present	 redox-responsive	 dinuclear	 molecular	 switches	 1R-
[1R]+	(R	=	OMe,	H,	CF3).	

Of	 mixed-valence	 (MV)	 species,	 dinuclear	 systems	 are	
composed	 of	 two	 metal	 centers	 with	 different	 oxidation	
states	(M/M•+),	in	many	cases,	bridged	by	an	organic	ligand	
(BL),13	 i.e.	 M-BL-M•+,	 and	 are	 considered	 to	 be	 excellent	
model	systems	to	examine	the	Marcus-type	charge	transfer	
phenomena	in	solution.	A	charge	carrier	can	be	transferred	
from	 one	 metal	 center	 to	 the	 other	 metal	 center	 with	 a	
different	oxidation	state	through	the	BL.	1e-Redox	process	
of	a	closed-shell	precursor	(M-BL-M)	leads	to	an	open-shell	
MV	complex,	which	may	be	stabilized	by	charge	delocaliza-
tion	over	the	[M-BL-M]•+/–	backbone.	This	redox	 intercon-
version	between	the	neutral	and	MV	states	could	be	used	
as	 a	 guiding	 principle	 for	 molecular	 switch	 not	 only	 be-
cause	the	two	electronic	states	are	drastically	different	but	
also	because	the	charge	transfer	phenomena	can	be	finely	
controlled	 by	 appropriate	 combination	 of	 the	metal	 frag-
ments	 and	 the	 bridging	 ligand,	 which	 should	 affect	 the	
conductance	through	the	molecular	 junction	based	on	the	
MV	systems.	Furthermore,	the	effect	of	charge-localization	
of	 MV	 complexes	 on	 the	 single-molecule	 conductance	
study	remains	elusive.	
Transition-metal	acetylides	are	a	class	of	promising	can-

didates	 for	 components	 of	 molecular	 electronics	 as	 they	
show	 highly	 conducting	 nature	 due	 to	 the	 high-lying	
HOMO	 energy	 levels	 caused	 by	 the	 electron-rich	 metal	
fragments	with	nd	electrons.14–17	In	addition,	many	of	them	
are	redox-active	and,	 therefore,	can	be	the	switching	trig-
gers.	Thus	far,	the	redox-switching	behavior	of	organome-
tallic	 mononuclear	 acetylide	 complexes	 in	 nanogaps	 has	
been	 investigated	only	 for	 in-situ	 charging/discharging	 at	
low	 temperature.18–20	 However,	 no	 example	 operated	 at	
room	 temperature	 has	 been	 reported	 mainly	 because	 of	
the	intrinsic	instability	of	the	oxidized/reduced	open-shell	
radical	 species	 of	 mononuclear	 organometallic	 complex-
es.21,22	 Herein	 we	 report	 new	 redox-switchable	 dinuclear	
organometallic	 complexes	 based	 on	 the	 electron-rich	
trans-Ru(dppe)2	 fragments	 1R	 (dppe:	 1,2-
bis(diphenylphosphino)ethane,	 Figure	 1c).	 The	 following	
two	 advantages	 are	 noted	 for	 the	 (diethynylbenzene)diyl	

diruthenium	 complexes	 with	 the	 Ru-C≡C-p-C6H4-C≡C-Ru	
core	 skeletons:	 (1)	 the	 1e-oxidized	 monocationic	 species	
can	be	stabilized	by	the	diruthenium	structures	due	to	the	
formation	of	stable	MV	states	and	(2)	the	electronic	prop-
erties	of	the	neutral	and	monocationic	species	can	be	finely	
modulated	by	substituents	on	the	central	phenylene	moie-
ty.23	

RESULTS AND DISCUSSION 
Synthesis	 and	 Characterization	 of	 Neutral	 Complexes	
1R.	We	 have	 synthesized	 the	 diruthenium	 acetylide	 com-
plexes	1R	(R	=	OMe,	H,	CF3)	through	coupling	between	the	
mononuclear	 chloro	 precursor	 with	 the	 SMe-terminated	
acetylide	 ligand	 and	 appropriate	 2,5-disubstituted	 1,4-
diethynylbenzenes	 in	30-72	%	yields	 in	a	manner	 similar	
to	the	method	reported	previously.24–26	The	obtained	diru-
thenium	 complexes	 1R	 were	 fully	 characterized	 through	
conventional	 spectroscopic	 methods	 including	 nuclear	
magnetic	 resonance	 (NMR),	 infrared	 and	 high-resolution	
mass	 spectroscopy,	 and	elemental	 analyses.	 Single	 sets	of	
1H	(Figure	2b)	and	31P{1H}	NMR	signals	(δp	~54	ppm,	See	
SI)	indicate	highly	symmetric	structures.	ν(C≡C)	vibration	
frequencies	observed	around	2060	cm–1	are	comparable	to	
those	 of	 the	 relevant	 ruthenium	 acetylides.24,25	 The	 X-ray	
structure	of	1H	shown	in	Figure	2c	reveals	a	rigid	rod-like	
structure,	 and	 the	 Ru-Ru	 and	 S-S	 distances	 were	 12.190	
and	 30.819	 Å,	 respectively.	 The	 Ru-C	 (2.040	 Å)	 and	 C≡C	
(1.219	Å)	bond	 lengths	are	within	 the	ranges	of	 those	re-
ported	previously.25	

	

Figure	2.	(a)	Synthesis	of	1R	(R	=	OMe,	H,	CF3).	(b)	A	1H	NMR	
spectrum	of	1H	observed	at	500MHz	in	CDCl3	at	r.t.	(c)	The	X-
ray	structure	of	1H	with	a	thermal	ellipsoid	plot	of	50%	prob-
ability.	Phenyl	rings	in	the	dppe	ligands	are	drawn	with	a	wire	
model.	

Preparation	 and	 Characterization	 of	 Monocationic	
Species	[1R][BARF].	
To	 investigate	 the	 electrochemical	 properties	 of	 1R	 (R	 =	
OMe,	 H,	 CF3),	 cyclic	 voltammetry	 was	 performed.	 All	 the	
three	 complexes	 1R	 exhibited	 two	 reversible	 well-
separated	oxidation	waves	in	the	range	from	0	to	–500	mV	
(vs.	FeCp2/FeCp2+	redox	couple,	Figure	3a).	On	the	basis	of	
the	 separation	of	 the	 two	 redox	waves	 (ΔE),	 the	 compro-
portionation	 constants	 (KC)	 were	 determined	 to	 be	 7.8	 x	
103	(1CF3),	1.4	x	105	(1H),	and	1.8	x	106	(1OMe).	The	large	KC	
values	and	 the	reversible	 redox	waves	 indicate	 formation	
of	 the	monocationic	 species	 [1R]+	 thermodynamically	 sta-
ble	in	solutions.	
Monocationic	species	[1R][BARF]	(R	=	H	and	OMe;	BARF–	

=	B–(3,5-(CF3)2C6H3)4)	were	synthesized	by	treatment	of	1R	
dissolved	in	CH2Cl2	with	1	eq.	of	[FeCp2][BARF],	and	were		
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Figure	3.	Physicochemical	data	for	1R.	(a)	Cyclic	voltammograms:	1H	and	1OMe:	1.0	mM	in	CH2Cl2;	1CF3:	0.1	mM	in	CH2Cl2	(0.1	mM	
[n-Bu4N][PF6],	W.E	and	C.E	:	Pt,	R.E	:	Ag/Ag+,	r.t.).	(b)	ESR	spectra	(113	K	in	CH2Cl2	glasses).	(c)	Vis-NIR	spectra	of	[1R]+	(0.1	mM	in	
CH2Cl2).	 (d)	Spin	density	plots	obtained	by	the	DFT	calculations	(BLYP35-D3/Def2SVP,PCM(CH2Cl2)).	 (e)	X-ray	structures	of	 the	
cationic	parts	of	 [1OMe]+	and	[1H]+.	Hydrogen	atoms	and	solvents’	molecules	were	omitted.	Phenyl	rings	 in	 the	dppe	 ligands	are	
depicted	as	the	wire	models.	

isolated	 in	 64	 ([1H][BARF])	 and	 95%	 isolated	 yields	
([1OMe][BARF]).	 Although	 our	 attempts	 to	 isolate	
[1CF3][BARF]	have	not	been	successful	yet	probably	due	to	
its	 smaller	 KC	 value,	 the	 monocationic	 species	 [1CF3]+	
turned	 out	 to	 be	 stable	 in	 solution	 under	 ambient	 condi-
tions	(vide	supra)	and	thus	in	the	following	measurements,	
[1CF3]+	was	generated	in	situ	by	the	treatment	of	1CF3	with	1	
eq.	of	[FeCp2][BARF].	
The	monocationic	species	[1R][BARF]	were	readily	char-

acterized	by	electron	spin	resonance	(ESR)	and	near	infra-
red	(NIR)	absorption	spectroscopy	(Figure	3b).	ESR	spec-
tra	of	 [1R][BARF]	observed	at	113	K	as	CH2Cl2	 glasses	re-
vealed	rhombic	signals	typical	of	the	Ru(dppe)2	complexes	
with	an	unpaired	spin.	The	isotropic	parameters	(giso	=	(g1	
+	g2	+	g3)/3;	 [1OMe]+	 2.051;	 [1H]+	 2.071;	 [1CF3]+	 2.139)	 are	
close	 to	 that	 for	 the	 free	 organic	 radical	 (gfree	 =	 2.0023),	
and	the	split	parameters	(Δg)	decrease	with	the	electron-
donating	 substituents	 ([1OMe]+	 2.051;	 [1H]+	 2.071;	 [1CF3]+	
2.139),	 suggesting	 that	 the	 1e-oxidized	 cationic	 radical	
[1OMe]+	 bears	 more	 contribution	 of	 the	 organic	 parts.	 In-

tense	 NIR	 absorptions	 observed	 for	 [1R][BARF]	 (λmax	 =	
1656	 ([1OMe]+),	 1825	 ([1H]+),	 1903	 nm	 ([1CF3]+))	 should	
stem	 from	 the	 intramolecular	 Ru-Ru	 interaction	 in	 [1R]+	
(Figure	 3c).	 The	 absorptions	 disappear	 upon	 addition	 of	
excess	amounts	of	 [FeCp2][BARF]	due	 to	 formation	of	 the	
corresponding	dicationic	species	[1R]2+	(Figure	S10).	
The	spin	density	distributions	estimated	by	the	DFT	study	
reveal	 even	 distribution	 on	 the	 two	Ru	 atoms	 for	 [1OMe]+	
(0.15	:	0.15)	and	uneven	distribution	for	[1H]+	(0.47	:	0.05)	
and	[1CF3]+	 (0.42	 :	0.06,	Figure	3d).	Thus,	complexes	[1H]+	
and	[1CF3]+	are	classified	into	charge-localized	class	II	com-
pounds,	 while	 the	 OMe	 derivative	 [1OMe]+	 is	 a	 charge-
delocalized	class	III	compound.	
Solid-state	 structures	 of	 [1H][BARF]	 and	 [1OMe][BARF]	

were	characterized	by	X-ray	diffraction	study	(Figure	3e).	
The	diethynylbenzene	moieties	slightly	distorted	from	the	
planarity	 (∠CAr-C≡C	 =	 168.5º).	 Compared	 to	 the	 neutral	
compound	1H,	the	bonding	features	change	from	the	acety-
lene	 structure	 Ru-C≡C-CAr	 to	 the	 cumulenic	 structure	
Ru=C=C=CAr	 as	 indicated	 by	 the	 shortening	 of	 the	 Ru-C	
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(2.033	 Å)	 and	 ≡C-CAr	 bonds	 (1.425	 Å)	 as	 well	 as	 the	
lengthening	of	the	C≡C	bonds	(dC≡Cav	=	1.217	Å)	(cf.	1H:	dRu-
Cav	(2.050	Å	),	d≡C-CArav	(1.446	Å),	dC≡Cav	(1.223	Å)).	In	accord	
with	the	Robin-Day	classification	discussed	above,	the	un-
symmetrical	 bonding	 feature	 of	 the	 Ru-C≡C-Ar-C≡C-Ru	
moiety	 in	 [1H]+	 is	 in	 contrast	 to	 the	virtually	 symmetrical	
feature	in	[1OMe]+	(Tables	S2,	3).	This	is	also	supported	by	
the	DFT	study.	
	

	
Figure	4.	(a)	Time-course	plots	of	the	Vis-NIR	absorptions	of	
[1R][BARF]	(R	=	OMe,	H,	CF3)	in	CH2Cl2	([complex]	=	0.1	mM).	
The	experiments	were	performed	under	nitrogen	atmosphere	
(from	0	 to	120	min)	and	 then	 the	solutions	were	exposed	 to	
air.	(b)	TG	thermograms	of	1H	and	[1H][BARF].	The	amount	of	
the	lost	CH2Cl2	solvent	for	1H	was	in	good	agreement	with	the	
E.A	data.	
Stability	and	Reversibility	of	Switching	Behavior.	
High	thermal	stability	of	[1R]+	under	ambient	conditions	is	
highlighted	by	the	time-course	analysis	of	 the	Vis-NIR	ab-
sorptions	of	[1R][BARF]	dissolved	in	CH2Cl2.	The	dinuclear	
complexes	[1R][BARF]	turned	out	to	be	stable	for	2	h	both	
under	nitrogen	atmosphere	and	in	air	as	can	be	seen	from	
the	 retention	 of	 the	 Vis-NIR	 absorptions	 (1OMe	 100%;	1H	
98%;	 1CF3	 79%),	 whereas	 the	 mononuclear	 analogue	 2	
rapidly	 and	 almost	 completely	 decomposed	 under	 the	
same	conditions	(Figure	4a).	These	results	proved	that	the	
dinuclear	skeleton	 is	one	of	effective	methods	 to	stabilize	
monocationic	 radical	 species	 containing	 the	 Ru(dppe)2	
fragment.	 Because	 the	 sequential	 treatment	 of	 1H	 with	
[FeCp2][BARF]	and	FeCp*2	to	1H	caused	reversible	Vis-NIR	
spectral	 changes	 (Figure	 S11),	 the	 redox	 process	 can	 be	
repeated	at	least	6	times	in	solution.	
Furthermore,	thermogravimetric	analysis	of	the	neutral	

1H	 and	 cationic	 [1H][BARF]	 complexes	 revealed	 that	 they	
were	 stable	 up	 to	 around	 300	 ºC	 (Figure	 4b).	 This	 high	
thermal	 stability	 in	 the	 solid-state	 should	 benefit	 device	
fabrication	and	switching	operation	in	the	nanogap.	
STM-BJ	 Study.	 Using	 the	 STM-break	 junction	 (BJ)	 tech-
nique,27	 we	 measured	 single-molecule	 conductance	 of	 1R	
and	[1R][BARF]	in	mesitylene	(Figure	5a-c).	The	1D	histo-
grams	of	both	of	the	neutral	and	monocationic	species	re-
veal	the	conductance	features	in	the	range	of	10–2-10–6	G0.	
The	 statistical	 analyses	 give	 the	 single-molecule	 conduct-
ance	 of	 the	 neutral	 and	monocationic	 species	 as	 summa-
rized	 in	 Table	 1,	 and	 the	 conductance	 plot	 against	 the	
Hammett	 parameter	 σ28	 is	 shown	 in	 Figure	 5d.	 The	 fea-

tures	of	the	2D	histograms	extended	over	2.5	nm	are	con-
sistent	 with	 the	 connection	 of	 [1R]n+	 at	 the	 terminal	 thi-
omethyl	anchor	groups	(dS···S	~3.0	nm)	when	the	snapback	
distance	 (~0.5	 nm)	 are	 taken	 into	 account	 (Figures	 5e,f,	
and	S17a).	The	conductance	of	the	neutral	species	increas-
es	 by	 introduction	 of	 the	 electron-donating	 substituents	
(225-fold	 from	 1CF3	 to	 1OMe).	 Compared	 with	 molecular	
junctions	 composed	 of	 simple	 organic	 molecules	 such	 as	
phenylenediamine29	 and	carbazole	derivatives,30	 the	 large	
conductance	 change	 of	1R	 induced	 by	 the	 substituents	 is	
remarkable.	On	the	other	hand,	conductance	of	the	mono-
cationic	 species	 follows	 the	 opposite	 trend,	 i.e.	 conduct-
ance	decrease	from	[1CF3]+	to	[1OMe]+	by	0.4-fold.	As	a	result,	
the	ON/OFF	switching	 ratio,	which	 is	 relative	 ratio	of	 the	
conductance	of	the	monocationic	species	in	relation	to	the	
neutral	 ones,	 drastically	 changes	 from	 191	 (for	 the	 CF3	
derivatives)	 to	 48	 (for	 the	H	derivatives)	 and	 then	 to	0.4	
(for	 the	 OMe	 derivatives).	 This	 result	 shows	 that	 the	 or-
ganometallic	molecular	switch	1R-[1R]+	can	be	facilely	and	
effectively	 modulated	 by	 the	 substituents	 on	 the	 central	
aromatic	rings.		
We	also	 carried	out	 in	situ	 switching	 experiments	 (Fig-

ure	 5g).	 Addition	 of	 an	 equimolar	 amount	 of	
[FeCp2][BARF]	to	a	mesitylene	solution	of	1H	caused	a	shift	
of	the	conductance	peak	to	10–3	G0	suggestive	of	generation	
of	 [1H]+.	 Inversely,	 in-situ	reduction	 of	 a	mesitylene	 solu-
tion	 of	 [1H][BARF]	 by	 FeCp*2	 (Cp*;	 1,2,3,4,5-
pentamethylcyclopentadienyl)	 led	 to	 replacement	 of	 the	
conductance	peak	of	[1H][BARF]	with	that	around	10–5	G0,	
which	was	superimposable	on	that	of	.1H.	Thus,	the	switch-
ing	behavior	could	be	reproduced	reversibly	in	solution.	
DFT-NEGF	study.	To	gain	insight	into	the	tunable	ON/OFF	
ratios,	we	carried	out	DFT-NEGF	calculations	on	molecular	
junction	 models	 of	 [1R’]n+	 (n	 =	 0,	 1)	 with	 truncated	
bis(dimethylphosphino)methane	ligands	with	the	Au	clus-
ters	attached	to	the	terminal	thiomethyl	groups	(Figure	5h,	
i).31–33	 The	HOMO	 transmission	 peaks	 of	 the	 neutral	 spe-
cies	are	located	close	to	the	Fermi	energy	level	(EF)	and	are	
sensitive	 to	 the	 substituents.	 The	 HOMO	 transmission	
peaks	 approach	 to	 EF,	 as	 the	 substituents	 become	 more	
electron-donating	(CF3	(–0.23	eV)	à	H	(–0.10	eV)	à	OMe	
(–0.03	eV);	highlighted	as	 the	square	marks	 in	Figure	4h)	
as	is	also	supported	by	the	HOMO	energies	estimated	from	
the	cyclic	voltammograms	(CF3	 (-4.93	eV)	à	H	(-4.76	eV)	
à	OMe	(-4.61	eV)).	Theoretically	estimated	conductance	of	
1OMe’	 significantly	 increases	compared	 to	 those	of	1H’	 and	
1CF3’	because	the	HOMO	transmission	peak	of	1OMe’	is	clos-
er	 to	 the	 Fermi	 level.	 Because	 slope	 of	 the	 transmission	
spectrum	 at	EF	 is	 steep,	 a	 small	 shift	 of	 the	 transmission	
peak	energy	 leads	to	a	 large	conductance	change.	By	con-
trast,	 the	 HOMO-LUMO	 gaps	 of	 simple	 organic	molecules	
are,	 in	general,	 so	 large	 that	 the	conduction	peaks	are	 lo-
cated	 far	apart	 from	 the	Fermi	 level.	As	a	 result,	 the	con-
ductance	around	EF	becomes	small	 to	make	 the	 transmis-
sion	curve	around	EF	flat	and	lead	to	the	less	sensitivity	of	
the	conduction	to	the	substituents.	
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Figure	5.	1D	histograms	obtained	by	the	STM-BJ	study	of	(a)	[1OMe]n+,	(b)	[1H]n+	and	(c)	[1CF3]n+	(n	=	0,1).	(d)	Plots	of	conductance	
versus	Hammett	parameter.	(e,f)	2D	histograms	of	1H	and	[1H][BARF].	(g)	In	situ	oxidation	of	1H	with	[FeCp2][BARF]	and	reduction	
of	 [1H][BARF]	with	 FeCp*2.	 Transmission	 spectra	 for	 (h)	 the	Au-1R’-Au	 and	 (i)	Au-[1R’]+-Au	 junctions	 (Au;	 Au	 cluster).	 Square	
marks	indicate	the	dominant	transmission	peaks.	(j)	Dominant	transmission	eigenchannels	at	the	Fermi	level	for	the	Au-[1R’]+-Au	
junctions.	
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Table 1. Experimental and theoretical conductance of 1R and [1R]+. 

 Experiment  DFT-NEGF 

 conductance / × 10-5 G0 ON/OFF ratio conductance / × 10-5 G0 

R in 1R 

and [1R]+  neutral (1R) monocation 
([1R][BARF]) 

 neutral (1R’) monocation ([1R’]+) 

OMe 200 (± 80) 71 (± 44) 0.35 57 2050 

H 1.8 (± 1.1) 87 (± 11) 48 2.2 10700 

CF3 0.89 (± 0.28)  170 (± 20) 191 0.96 4500 

	
On	the	other	hand,	the	energy	levels	of	the	transmission	

peaks	 of	 the	 monocationic	 species	 [1R’]+	 are	 in	 the	 very	
narrow	range	irrespective	of	R	(Figure	5i).	This	phenome-
non	 can	 be	 interpreted	 in	 terms	 of	 the	pinning	effect,	 i.e.	
the	singly	occupied	orbital	of	open-shell	 species	 is	placed	
at	 the	energy	 level	 close	 to	 the	Fermi	energy.	As	a	 result,	
molecular	 junctions	 reveal	 conductance	 almost	 identical	
regardless	 of	 the	 molecular	 backbone.34	 However,	 the	 BJ	
study	of	the	monocationic	species	revealed	slight	decrease	
of	 conductance	 by	 introduction	 of	 the	 OMe	 substituents	
(0.4-fold	from	[1CF3]+	to	[1OMe]+).	The	trend	is	also	suggest-
ed	by	the	calculations;	 the	conductance	peak	of	[1OMe’]+	 is	
weaker	 than	 those	 of	 [1H’]+	 and	 [1CF3’]+.	 According	 to	 the	
transmission	eigenchannels	(Figure	5j),	the	contribution	of	
one	of	the	two	terminal	anchor	groups	of	[1OMe’]+	(indicat-
ed	 with	 the	 arrow)	 is	 smaller	 than	 those	 of	 [1H’]+	 and	
[1CF3’]+,	 suggesting	 that	 the	 weak	 electronic	 coupling	 be-
tween	the	molecule	and	the	electrode.		
Considering	 the	 Marcus-Hush	 regime,	 the	 fact	 that	 the	

MV	complexes	 shows	 similar	 conductance	 regardless	of	 the	
charge-delocalized	 states	 is	 against	 our	 expectation.35–37	
Highly	charge-delocalized	class	III	systems	are	expected	to	
show	high	 carrier	mobility,	while	 class	 II	 systems	 should	
show	lower	carrier	mobility	in	solution	and	bulk	solid	state	
as	 well.	 However,	 our	 results	 suggest	 that,	 in	 the	 single-
molecule	 conductance,	 there	 is	 no	 apparent	 relationship	
between	 charge-delocalization	 and	 conductance,	 and	 even	
the	 trend	 is	 inversed	 i.e.	 the	 class	 II	 systems	 ([1H]+	 and	
[1CF3]+)	exhibit	conductance	higher	than	the	Class	III	system	
([1OMe]+).	This	discrepancy	can	be	interpreted	as	follows:	in	
the	 coherent	 tunneling	 process,	 interaction	 between	 the	
metal	electrodes	and	the	molecule	dominates	the	conduct-
ance	(pinning	effect)	rather	than	the	intramolecular	inter-
action.	By	contrast,	 the	Marcus-Hush-type	charge	transfer	
phenomena	 deal	 with	 thermal	 activation	 processes	 ac-
companying	 solvent	 reorganization.	 Thus,	 significant	 MV	
character	in	molecular	junction	may	appear	when	the	con-
ductance	mechanism	 is	dominated	by	 thermally	activated	
hopping	process.38	
Switching	behavior	in	Nano-gap.	
The	switching	function	of	the	1R/[1R]+	system	was	further	
studied	 by	 the	 nanogap	 technique.	 The	 conductance	 ob-
tained	by	the	STM-BJ	technique	is	not	 for	a	specific	mole-
cule	 because	 after	 the	 break	 junction	 step	 another	mole-
cule	comes	into	the	electrodes	and	the	process	is	repeated	

many	 times.	 So	 we	 can	 just	 obtain	 averaged	 features	 of	
molecules	in	the	sample	solution.	In	contrast	to	the	dynam-
ic	 STM-BJ	 technique,	 the	 static	 nanogap	 technique	 de-
scribed	 below	 does	 not	 involve	 such	 BJ	 steps	 and	 mole-
cules	sandwiched	between	the	nanogap	stay	 there	during	
the	measurement	so	that	we	can	observe	changes	of	a	par-
ticular	molecules	fixed	between	the	electrodes.	Therefore,	
we	have	chances	to	observe	the	switching	process	of	fixed	
molecules	induced	by	in-situ	redox	processes.	
The	 1	 nm-sized	 nanogap	NG0	 was	 prepared	 following	

the	procedure	reported	previously.39	The	I-V	characteristic	
of	NGs	obtained	after	immersion	in	1H	(NG1H)	or	[1H][PF6]	
solution	 (NG[1H]+)	 revealed	 resistance	of	7.96	GΩ	(NG1H)	
and	 1.61	 GΩ	 (NG[1H]+)	 at	 0.1V,	 which	 were	 significantly	
smaller	than	the	value	obtained	with	a	bare	nanogap	NG0	
(546	GΩ).40	Furthermore,	we	performed	surface	enhanced	
Raman	scattering	(SERS)	experiments	of	NG1H	 to	confirm	
molecular	 finger	 print	 in	 the	 nanogap.41–44	 The	 Raman	
spectrum	 obtained	 from	NG1H	 showed	 characteristic	 sig-
nals	at	520,	1000,	1070,	and	1175	cm–1,	which	correspond	
to	those	observed	for	the	bulk	sample	of	1H	as	compared	in	
Figure	6b.	The	Raman	mapping	 images	provided	high	Ra-
man	intensity	points	at	the	nanogap	(Figure	6b	inset),	sup-
porting	the	molecular	junction	formation.	
In	 situ	 ON/OFF	 experiment	 was	 performed	 for	 the	

nanogap	 containing	 1R	 described	 above	 (NG1H).	 Immer-
sion	 of	NG1H	 in	 a	 CH2Cl2	 solution	 of	 [FeCp2][BARF]	 gave	
NG[1H]+,	 which	 showed	 the	 conductance	 increased	 by	 a	
factor	of	42	(at	1V).	This	change	should	correspond	to	the	
formation	of	the	nanogap	containing	[1H]+-bridges.	Recov-
ery	of	the	conductance	was	achieved	by	further	treatment	
of	NG[1H]+	with	a	mesitylene	solution	of	FeCp*2.	Thus,	this	
study	demonstrated	the	ON/OFF	switching	behavior	of	the	
dinuclear	molecular	switch	and	its	potential	application	for	
molecular	devices.		



 

Figure	 6.	 (a)	 Schematic	 images	 of	 preparation	 of	 nanogap	
junctions	NG1H	and	NG[1H]+,	and	in	situ	oxidation	and	reduc-
tion	of	NG1H	and	NG[1H]+.	(b)	SERS	spectra	of	NG1H	and	bulk	
samples	 of	1H.	 The	 inset	 shows	 a	 Raman	mapping	 image	 of	
NG1H.	The	high	Raman	intensity	point	(highlighted	by	a	circle)	
was	observed	in	the	nanogap.	45	The	white	scale	bar	indicates	
10	µm.	 (c)	 I-V	 curves	of	NG0,	NG1H	and	NG[1H]+.	 (d)	 In	 situ	
ON/OFF	switching	experiments	of	NG1H	with	sequential	addi-
tion	of	[FeCp2][PF6]	and	FeCp*2.		

	

CONCLUSION 
In	 summary,	we	have	developed	new	organometallic	mo-
lecular	switches	1R-[1R]+	responding	to	redox	stimuli.	Both	
of	 the	neutral	and	monocationic	MV	complexes	are	stable	
under	ambient	conditions	 (at	 r.t.	 in	air).	 It	 is	notable	 that	
the	 monocationic	 species,	 otherwise	 usually	 unstable	 (in	
particular,	mononuclear	systems),	are	stabilized	by	the	dπ-
systems	 delocalized	 widely	 over	 the	 Ru-C≡C-Ar-C≡C-Ru	
linkages	 to	 lead	 to	 the	 stable	 MV	 states.	 Single-molecule	
conductance	study	reveals	that	the	molecules	show	switch-
ing	behavior.	Interestingly,	the	ON/OFF	switching	ratio	can	
be	 facilely	 controlled	 by	 the	 substituents	 embedded	 into	
the	bridging	linkers	up	to	a	factor	of	ca.	200,	mainly	due	to	
a	 drastic	 conductance	 change	 of	 the	 neutral	 species.	 This	
change	 is	 responsible	 for	 the	 high-lying	 HOMO	 orbitals	
caused	by	the	electron-rich	ruthenium	fragments.	We	have	
also	demonstrated	the	switching	behavior	in	the	nanogap,	
which	 shows	 potential	 application	 to	 device	 fabrication.	
Notably,	 this	 study	 presents	 a	 rare	 example	 of	 a	 single-
molecule	conductance	study	of	the	MV	complexes,46,47	and	
achievement	 of	 tunable	 ON/OFF	 ratio.	 Thus,	we	 have	 re-
vealed	 that	 the	 dinuclear	 organometallic	 system	 offers	 a	
new	platform	for	a	modulable	molecular	switch,	which	will	
open	new	molecular	electronic	fields.	
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