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The	self-assembly	of	the	molecules	trimesic	acid	(TMA)	and	1,3,5-tris(4-carboxphenyl)	benzene	(BTB)	
on	HOPG	at	the	solid-liquid	interface	was	investigated	using	STM.	The	effect	of	the	solvent	on	bias-
induced	 conformational	 switching	 of	 supramolecular	 structures	 of	 these	 molecules	 was	 studied.	
According	to	literature,	TMA	and	BTB	dissolved	in	nonanoic	acid	(NA)	showed	bias-induced	switching	
between	supramolecular	structures.	TMA	in	the	1,2,4-trichlorobenzene	(TCB)	solvent	was	not	soluble	
enough	to	show	self-assembly.	TMA	in	the	nonpolar	n-octylbenzene	(OB)	solvent	showed	two	porous	
networks	 (the	 ‘chickenwire’	 structure	 and	 the	 ‘flower’	 structure)	 and	 BTB	 in	 OB	 also	 showed	 two	
porous	networks	(the	‘chickenwire’	structure	and	the	‘oblique’	structure),	but	both	showed	no	bias-
induced	 switching.	 It	 was	 concluded	 that	 bias-induced	 switching	 does	 depend	 on	 the	 solvent.	
Moreover,	the	coexistence	of	the	‘chickenwire’	structure	and	the	‘flower’	structure	was	observed	for	
TMA	in	OB,	which	was	not	reported	yet.			
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Introduction	
The	 quest	 to	 downsize	 the	 features	 of	 nano-	 and	 microdevices	 for	 technological	 operations	 to	 a	
smaller	 scale	 stimulates	 the	 search	 for	 alternative	 routes	 for	 fabrication	 of	 smaller	 devices.	
Production	methods	for	fabrication	at	the	small	scale	can	be	categorized	by	two	approaches:	the	top-
down	and	bottom-up	approach.		

The	 top	 down	 approach	 uses	 several	 methods	 in	 order	 to	 reduce	 the	 size	 of	 a	 bulk	 material	 by	
chemical	 and	 mechanical	 processes	 up	 until	 the	 nanoscale	 [Lindsay10],	 whilst	 the	 bottom-up	
approach	is	the	process	of	constructing	functional	devices	out	of	prefabricated	building	blocks.	The	
bottom-up	 approach	 makes	 use	 of	 self-assembly	 processes	 in	 order	 to	 make	 nano-	 and	
microstructures.	 The	 features	 of	 devices	 through	 the	 self-assembly	 of	 molecules	 offers	 potential	
applications	for	the	industry,	in	particular	nanotechnology.		

Molecular	 self-assembly	 is	 the	 process	 of	 molecular	 arrangement	 into	 ordered	 structures	 which	
occurs	 spontaneously	 without	 human	 intervention	 in	 a	 certain	 environment.	 The	 interaction	
between	the	molecule	and	the	substrate	as	well	as	 the	 intermolecular	 interactions	are	 responsible	
for	 the	 formation	 of	 supramolecular	 architectures	 through	 molecular	 self-assembly.	 At	 the	 solid-
liquid	interface,	the	effect	of	the	solvent	on	the	bonding	of	the	molecules	as	well	as	the	interaction	
between	the	liquid	in	the	substrate	also	play	a	role.		

In	 order	 to	 understand	 the	 self-assembly	 of	 molecules	 on	 surfaces,	 the	 scanning	 tunneling	
microscope	 (STM)	 can	 be	 used	 and	 has	 since	 provided	 mankind	 to	 study	 the	 surface	 features	 of	
molecules	 on	 conductive	 samples.	 It	 has	 been	 a	 remarkable	 versatile	 tool,	 as	 it	 is	 able	 to	 provide	
images	of	the	self-assembly	of	numerous	two-dimensional	(2D)	organized	structures	under	ambient	
conditions	 (at	 the	 solid-liquid	 or	 the	 dry	 interface)	 or	 under	 ultrahigh-vacuum	 (UHV)	 conditions.	
[Cyr96]			

Different	 conducting	 substrates	 can	be	used	 for	 the	 purpose	of	 STM	experiments,	 such	 as	 gold	 or	
highly	oriented	pyrolytic	graphite	(HOPG).	HOPG	is	a	type	of	bulk	graphene	crystal	and	can	be	used	as	
the	substrate	for	scanning	the	self-assembly	of	organic	molecules.	HOPG	is	a	good	substrate,	due	to	
its	easily	renewable	(exfoliating),	atomically	flat	surface	and	well-defined	structure.	[Chang90]	

At	 the	 solid-liquid	 interface,	 conformational	 switching	 of	 supramolecular	 self-assembled	 structures	
has	been	observed	by	triggers	such	as	light	[Bleger	10],	pH	of	the	solution	[Piot09],	concentration	of	
the	 solution	 [Nguyen11],	 temperature	 [Nguyen16]	 or	 electric	 field	 [Cometto15].	 In	 particular	 on	
HOPG	 surface,	 local	 conformational	 switching	 of	 the	 supramolecular	 structures	 of	 the	 molecules	
trimesic	acid	(TMA)	and	1,3,5-tris(4-carboxphenyl)	benzene	(BTB)	has	been	induced	by	changing	the	
polarity	 of	 the	 bias	 applied	 to	 the	 sample.	 [Cometto15]	 [Ubink17]	 Cometto	 et	 al.	 [Cometto15]	
showed	conformational	switching	of	BTB.	They	switched	a	close-packed	structure	(present	at	positive	
sample	 bias),	 to	 a	 less	 dense	 porous	 network	 (present	 at	 negative	 sample	 bias)	 and	 vice	 versa.	
[Cometto15]	After	 the	discovery	of	 the	bias-induced	 switching	 for	BTB,	Ubink	et	 al.	 [Ubink17]	 also	
observed	bias-induced	switching	of	supramolecular	structures	of	TMA.	They	switched	between	two	
porous	 networks	 (the	 chickenwire	 structure	 and	 the	 flower	 structure).	 The	 chickenwire	 structure	
(present	at	negative	sample	bias)	was	switched	into	the	flower	structure	(present	at	positive	sample	
bias)	and	vice	versa.	[Ubink17]	
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The	aim	of	 the	current	 research	 is	 to	determine	the	solvent	dependency	 for	 the	 local	bias-induced	
conformational	switching	behavior	of	the	self-assembly	of	TMA	and	BTB	at	the	solid-liquid	interface.	
In	 this	 research	 the	 bias-induced	 conformational	 switching	 of	 TMA	 in	 the	 solvents	 nonanoic	 acid	
(NA),	 1,2,4-trichlorobenzene	 (TCB)	 and	 n-octylbenzene	 (OB)	 and	 of	 BTB	 in	 the	 OB	 solvent	 was	
investigated.	
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I. Theoretical	background	

Scanning	tunneling	microscopy	
The	 scanning	 tunneling	 microscope	 (STM),	 invented	 by	 Binnig	 and	 Rohrer	 (1981)	 [Binnig82]	 is	 an	
instrument	which	can	achieve	atomic	resolution	and	made	imaging	in	real	space	of	the	topography	of	
a	 (semi)conductive	 sample	 surface	 possible,	 without	 damaging	 the	 surface.	 [Chen93]	 Thus,	 also	
molecules	adsorbed	on	the	sample	surface	can	be	imaged,	e.g.	self-assembly	of	organic	molecules,	or	
even	manipulation	of	 single	 atoms/molecules	 for	 applications	 in	 nanoscience	 and	 technology.	 This	
instrument	operates	by	scanning	an	atomically	sharp	conductive	tip	over	a	conductive	sample.	The	
tip	is	usually	made	of	W	or	Pt-Ir	alloy,	which	is	connected	to	a	piezoelectric	tube.	

As	the	name	suggests,	the	STM	is	based	on	the	quantum	mechanical	phenomena	on	tunneling,	which	
is	a	flow	of	an	electrical	current	through	a	potential	barrier.	This	potential	barrier	is	the	gap	between	
two	 conductors,	 the	 tip	 and	 sample.	 The	 tunneling	 current	 is	 induced	 by	 applying	 a	 bias	 voltage	
between	the	conductive	tip	and	the	conductive	sample.	In	order	for	the	tunneling	current	to	occur,	
the	two	conductors	need	to	be	very	close	of	each	other	at	a	distance	of	~1nm.	A	schematic	drawing	
of	the	setup	of	a	STM	system	can	be	seen	in	figure	I-1.		

	

Figure	I-1:	Schematics	of	a	STM.	(Figure:	Michael	Schmid,	TU	Wien)	[Schmid11]	

Tunneling	 is	 a	 quantum	 mechanical	 effect	 which	 cannot	 be	 described	 by	 classical	 mechanics.	 In	
classical	 mechanics,	 the	 insulating	 medium	 between	 the	 two	 conductors	 forms	 an	 impenetrable	
energy	barrier,	a	potential	barrier,	which	is	larger	than	the	kinetic	energy	of	the	electrons.	As	a	result,	
in	 the	 classically	 forbidden	 region	 the	 electron	 is	 not	 able	 to	 penetrate	 this	 potential	 barrier.	
However,	from	the	perspective	of	quantum	mechanics,	the	state	of	the	electron	is	given	by	a	wave	
function	 which	 satisfies	 the	 Schrödinger	 equation	 and	 which	 still	 has	 solutions	 even	 when	 the	
potential	 barrier	 is	 larger	 than	 the	 kinetic	 energy	 of	 the	 electrons.	 As	 a	 result,	 electrons	 can	 be	
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transmitted	through	a	potential	barrier,	which	is	the	gap	between	the	two	conductors.	The	tunneling	
current	 arises	 when	 the	 wave	 functions	 of	 both	 metals	 (tip,	 sample)	 overlap	 when	 the	 distance	
between	the	tip	and	sample	gets	smaller	and	reaches	a	distance	of	~1nm.		[Chen93]	

𝐼 = 𝑈𝜌% 0, 𝐸) 𝑒+,
,-.
ℏ0 		2

	

where,	I	is	the	tunneling	current,	U	is	the	applied	bias	voltage,	𝜌%(0, 𝐸))	is	the	local	density	of	states	
(LDOS)	 between	0	 and	 the	 Fermi	 level	 (𝐸))	 of	 the	 sample	 (equal	 to	 the	 applied	 voltage),	m	 is	 the	
electron	mass,	ℏ	is	the	reduced	Planck’s	constant,	d	is	the	distance	between	the	tip	and	sample	and	
𝜙	is	the	height	of	the	barrier.	[Chen93]	

Thus,	since	electrons	are	quantum	mechanical	objects	and	the	energy	barrier	is	 low,	the	electron	is	
able	to	tunnel	from	the	tip	to	the	sample	surface	and	vice	versa.	However,	the	tunneling	net	current	
occurs	only	when	a	bias	voltage	 is	applied.	The	 tunneling	current	 is	proportional	 to	 the	amount	of	
states	of	the	surface.	If	the	voltage	is	small	enough	such	that	the	density	of	electronic	states	does	not	
vary	significantly,	the	tunneling	current	can	be	related	to	the	local	density	of	states	(LDOS)	in	order	to	
image	the	topography	of	the	sample.	

The	STM	can	be	operated	in	two	manners	in	order	to	receive	a	signal	to	image	the	surface,	by	either	
keeping	the	current	or	the	height	constant.	In	the	case	of	constant-current	mode,	the	tip	is	scanning	
the	surface	whilst	the	tunneling	current	is	kept	constant	by	maintaining	a	preset	value	by	using	the	z	
piezo	 to	 continuously	adjust	 the	height	of	 the	 tip	with	 respect	 to	 the	 sample	 surface,	done	by	 the	
feedback	loop.	In	the	case	of	the	constant-height	mode,	the	z	piezo	is	not	used	to	adjust	the	height.	
In	this	case	the	tip	can	scan	the	surface	rapidly,	faster	than	in	the	constant-current	mode,	whilst	the	
tunneling	current	 is	monitored	such	that	 the	variations	 in	 the	tunneling	current	are	measured	as	a	
function	 of	 the	 tip	 position	 on	 the	 plane	 of	 the	 sample	 surface.	 [Bai92]	 This	 current	 research	
operated	the	STM	in	the	constant	current	mode.	

By	 using	 either	 one	 of	 the	 two	 modes	 presented	 the	 STM	 tip	 scans	 the	 surface,	 such	 that	 a	
topographic	STM	image	of	the	sample	surface	is	generated.	By	approximation	to	a	one-dimensional	
model,	 a	 topographic	 STM	 image	 is	 a	 constant	 Fermi-level	 LDOS	 contour	 of	 the	 surface,	 this	 has	
approximately	been	validated	by	Tersoff	and	Hamann.	[Chen93]	

In	order	to	obtain	a	STM	image	by	using	one	of	the	two	modes,	a	conductive	tip,	usually	made	of	W	
or	Pt-Ir	alloy,	 is	attached	to	a	piezoelectric	tube.	This	piezoelectric	tube	expands	or	contracts	in	the	
desired	direction	by	applying	a	voltage.	The	piezoelectric	tube	can	be	controlled	in	three	dimensions.	
Thereby,	the	tip	can	be	moved	in	close	proximity	of	the	sample	within	a	few	Ångströms,	and	with	the	
x	and	y	piezo	it	is	possible	to	precisely	control	the	scanning	of	the	surface.	[Chen93]		

Further,	the	tunneling	current	 is	amplified	by	a	current	amplifier	and	converted	 into	a	voltage.	The	
voltage	is	then	transferred	to	a	feedback	unit	for	controlling	the	z	piezo	element.	Where	a	feedback	
loop	 of	 the	 difference	 in	 voltage	 output	 and	 input	 is	 examined,	which	 are	 the	 desired	 current	 set	
point	 and	 the	measured	 current	 value,	 respectively.	 The	 feedback	 loop	 comprises	 a	 Proportional-
Integral	 controller,	 a	 PI	 controller,	 which	 calculates	 the	 error	 value,	 which	 is	 described	 by	 the	
difference	 in	 the	desired	current	 set	point	and	 the	measured	current	value	 followed	by	applying	a	
correction	based	on	the	proportional	and	integral	terms.	In	particular,	providing	a	negative	feedback,	
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in	case	the	tunneling	current	is	larger	than	the	reference	value,	the	voltage	through	the	z	piezo	will	
cause	the	tip	to	withdraw	from	the	sample	surface,	and	vice	versa.	[Chen93]	(figure	I-1)		

The	STM	tips	for	the	system	can	be	made	in	two	ways,	either	mechanically	or	electrochemically.	For	a	
Pt-Ir	wire	the	tip	can	be	mechanically	cut	by	securing	the	wire	and	using	a	wire	cutter,	to	pull	and	cut	
the	 other	 end.	 These	 kinds	 of	 tips	 are	 easily	 prepared	 and	 can	 be	 used	 in	 vacuum	 or	 at	 ambient	
conditions	 (in	 dry	 or	 liquid	 environment).	 A	 wire	 made	 of	W	 can	 be	 electrochemically	 etched	 by	
immersing	the	end	of	the	wire	in	a	NaOH	or	KOH	solution,	and	applying	a	voltage	between	the	wire	
and	 a	 Pt	 counter	 electrode	 in	 the	 solution.	 These	 tips	 are	 used	 for	 ultra-high	 vacuum	 (UHV)	
conditions.	But	in	order	to	remove	the	oxide,	the	tip	has	to	be	cleaned	in	situ	before	usage.	[Chen93]	

Atomic	resolution	
In	order	to	image	single	atoms	properly,	a	lateral	resolution	of	≤	2Å	(Ångström)	is	required.	[Chen93]	
To	explain	this	achievable	lateral	resolution	by	the	STM,	Tersoff	and	Hamann	introduced	a	s-wave-tip	
model.	The	model	 is	an	approximation	by	assuming	that	only	the	s-wave	tip	state	is	of	 importance,	
such	that	the	tunneling	current	can	be	simplified.	By	definition	of	the	LDOS	at	low	bias	voltage,	the	
tunneling	current	is	proportional	to	the	Fermi-level	LDOS	at	the	center	of	the	curvature	of	the	tip.	In	
the	 s-wave	model,	a	 constant	current	STM	 image	equals	 the	Fermi-level	 LDOS	contour	of	 the	bare	
surface,	which	means	that	the	properties	of	the	tip	do	not	play	a	role	and	only	the	properties	of	the	
sample	surface	are	the	main	factor.	However,	a	tip	with	a	spherical	s	orbital	does	not	explain	the	2Å	
resolution.	However,	a	tip	with	a	protruding	dz2	state	(existing	on	a	W	tip)	does	probe	between	the	
substrate	atoms	and	achieve	the	desired	resolution.	The	energy	of	the	dz

2	tip	state	is	typically	close	to	
the	 Fermi	 level,	 therefore	 the	 majority	 of	 the	 tunneling	 current	 is	 contributed	 by	 this	 tip	 state.	
[Chen93]	

Molecular	self-assembly	
Self-assembled	 monolayers	 (SAMs)	 are	 suggested	 to	 form	 the	 basis	 for	 molecular	 nanodevices	
[Cometto15]	and	are	possibly	the	most	effective	and	versatile	method	regarding	applications	through	
functionalizing	the	surface.	[Casalini16]		

Self-assembly	 is	 defined	 by	 Whitesides	 and	 Grzybowski	 as	 “the	 autonomous	 organization	 of	
components	into	patterns	and	structures,	without	human	intervention”	[Whitesides02],	i.e.	in	case	of	
molecular	 self-assembly,	 the	 process	 where	 molecules	 spontaneously	 and	 independently	 form	 an	
organized	structure	in	a	certain	environment.	A	factor	explaining	this	behavior	is	the	coexistence	of	
non-covalent	 interactions,	 such	 as	 van	 der	 Waals	 &	 electrostatic	 forces,	 hydrogen-bonding	 etc.	
[Lei03]	[Casilini16]	Formation	of	two-dimensional	(2D)	supramolecular	structures	are	dependent	on	
the	 balance	 between	 the	molecular	 adsorption	 on	 the	 surface	 and	 the	 intermolecular	 interaction	
leading	 to	 the	 spontaneous	 formation	 into	molecular	 ordered	 domains.	 Surface	 diffusion	 requires	
lateral	 and	 rotational	 mobility,	 in	 order	 for	 the	 molecules	 to	 position	 themselves	 in	 a	 way	 that	
molecular	 recognition	will	 result	 in	 the	 formation	of	non-covalent	bonds,	 such	as	hydrogen-bonds,	
which	 have	 a	 high	 directionality	 and	 selectivity.	 Through	 self-assembly	 the	 molecules	 are	 able	 to	
form	supramolecular	structures.	[Casalini16]		

Self-assembly	 occurs	 as	 a	 result	 of	 either	molecule-molecule	 forces	 or	molecule-surface	 forces	 or	
both.	 [Whitelam15]	 At	 the	 solid-liquid	 interface	 the	 interaction	 is	 also	 dependent	 on	 the	 solvent,	
such	that	the	outcome	of	the	molecular	pattern	formation	is	due	to	the	complex	interaction	between	
molecule-molecule,	molecule-solvent,	molecule-surface	and	solvent-surface	 interactions.	 [Feyter08]	
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The	molecules	deposited	on	the	surface,	which	dynamically	interacts	with	the	solvent,	often	arrange	
into	 multiple	 phases.	 The	 structures	 consist	 of	 either	 a	 single	 polymorph	 or	 they	 are	 formed	 in	
structural	phases	depending	on	the	levels	of	solvent	coadsorption	or	ratio	of	components.	The	type	
of	observed	structures	depends	on	the	solvent,	substrate,	concentration,	temperature	and	the	ratio	
of	the	different	components.	[Blunt13]		

Solid-liquid	interface	
The	STM	can	be	operated	at	the	solid-liquid	interface,	where	molecules	are	physisorbed	on	a	surface.	
At	the	solid-liquid	interface,	the	STM	images	are	obtained	whilst	the	tip	of	the	STM	is	immersed	in	a	
drop	of	liquid.	[Cyr96]	The	polarity	of	the	solvent	used	to	dissolve	the	molecules	of	interest	must	be	
nonpolar,	as	a	polar	solvent	will	interfere	with	the	tunneling	current.	The	dissolved	ions,	by	the	polar	
solvent,	create	a	flow,	an	 ionic	current,	which	can	be	 large	enough	to	prevent	the	detection	of	the	
tunneling	current.	[Cyr96]	The	chosen	solvent	should	have	a	low	enough	vapor	pressure,	in	order	to	
prevent	quick	evaporation	of	the	solution	during	the	operation.		

In	order	to	obtain	high-resolution	images,	the	molecules	have	to	be	immobilized	in	order	for	the	tip	
to	scan	the	structure.	If	the	STM	is	operated	at	ambient	conditions,	dynamic	motion	and	drift	will	be	
visible.	[Cyr96]	Most	molecules	with	a	low	molecular	weight	are	too	mobile	to	be	imaged	at	the	solid-
liquid	interface.	[Feyter08]	However,	the	molecules	used	for	STM	practices	are	usually	large	enough	
to	 experience	 slow	 thermal	motion	within	 the	 film	 at	 room	 temperature,	 such	 that	 the	molecules	
remain	stationary	(very	slow	movement,	slow	enough	to	be	imaged).	[Cyr96]	

Trimesic	acid	(TMA)	
The	supramolecular	self-assembly	of	a	molecule	which	can	be	observed	at	the	solid-liquid	interface	
with	 the	 STM	 is	 trimesic	 acid	 (TMA).	 Trimesic	 acid	 (TMA),	 also	 known	 by	 its	 chemical	 name	 as	
benzene-1,3,5-tricarboxyl	 acid	 (IUPAC),	 consists	 of	 a	 benzene	 ring	 to	 which	 three	 carboxyl	 acid	
groups	are	symmetrically	connected.	It	is	able	to	act	as	a	hydrogen-bond	acceptor	as	well	as	a	donor,	
as	 can	 be	 seen	 in	 figure	 I-2.	 Therefore,	 it	 is	 able	 to	 form	 stable	 supramolecular	 structures	 via	
hydrogen-bonding	with	other	TMA	molecules.	Self-assembly	of	TMA	typically	results	in	the	formation	
of	porous	networks	on	a	crystalline	substrate	from	fatty	acid	solutions.	TMA	typically	self-assembles	
into	 two	 main	 types	 of	 porous	 networks,	 the	 low-packing	 density	 “chickenwire”	 (or	 honeycomb)	
structure	 (0.8	 molecules/nm2)	 and	 the	 higher-packing	 density	 “flower”	 structure	 (1.1	
molecules/nm2).	The	chickenwire	structure	 is	 formed	exclusively	by	stable	dimeric	hydrogen-bonds	
between	 two	 carboxylic	 groups	 of	 individual	 TMA	 molecules	 (figure	 I-2(b)),	 whilst	 the	 flower	
structure	is	formed	by	stable	dimeric	hydrogen-bonds	in	addition	of	stable	cyclic	trimeric	hydrogen-
bonds,	where	hexagonal	units	 are	 connected	by	 the	 cyclic	hydrogen-bonds.	 (Figure	 I-2(c))	 The	 two	
types	of	porous	networks	have	been	found	at	solid-liquid	interface	as	well	as	in	vacuum.	[Nguyen11]	
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Figure	I-2:	(a)	Molecular	model	of	a	single	benzene-1,3,5-tricarboxyl	acid	or	trimesic	acid	(TMA).	(b)	
The	chickenwire	structure	(unit	cell	parameters	of	a=b=~1.6	nm),	formed	exclusively	by	stable	dimeric	
hydrogen-bonds	between	two	carboxyl	groups	of	 individual	TMA	molecules.	(c)	The	flower	structure	
(unit	 cell	 parameters	 of	 a=b=~2.7nm),	 formed	 by	 dimeric	 and	 cyclic	 trimeric	 hydrogen-bonds.	
Hexagonal	units	are	connected	by	cyclic	trimeric	hydrogen	bonds	between	three	TMA	molecules.	(Unit	
cell	sizes	are	based	on	average	of	own	data)	

Chemical	formula	 𝐶8𝐻:𝑂:	
Molecular	weight	 210.141	g/mol	
Table	I-1:	Chemical	properties	of	TMA.	(PubChem)	

1,3,5-Tris(4-carboxyphenyl)	benzene	(BTB)	
1,3,5-tris(4-carboxyphenyl)	benzene,	for	short	BTB	has	a	skeleton	which	consists	of	a	benzene	ring	to	
which	three	benzoid	acid	groups	are	symmetrically	connected.	(Figure	I-3)	The	carboxyl	groups	of	the	
BTB	molecule	 are	 able	 to	 form	 hydrogen-bonded-,	 like	 the	 TMA	molecule.	 BTB	 at	 the	 solid-liquid	
interface	self-assembles	 in	various	supramolecular	structures.	The	BTB	molecule	has	been	found	to	
form	 porous	 networks,	 one	 with	 low-packing	 density	 (0.23	 molecules/nm2)	 called	 chickenwire	
structure	and	one	with	higher	packing	density	called	oblique	structure	(a	porous	row	type	network),	
as	 well	 as	 close-packed	 structures.	 [Silly12]	 [Cometto15]	 The	 chickenwire	 structure	 is	 exclusively	



9	
	

formed	by	stable	dimeric	hydrogen-bonds	between	two	carboxyl	groups	of	individual	BTB	molecules	
(figure	 I-3(b)).	 The	 oblique	 structure	 is	 formed	 by	 repeating	 units	 of	 two	 BTB	 molecules,	 which	
undergo	 dimeric	 hydrogen-bonding.	 The	 repeating	 units	 arrange	 in	 a	 ladder-type	 structure.	
Neighboring	“ladders”	are	shifted	with	respect	to	on	another.	(Figure	I-3(c))	BTB	is	a	larger	analogue	
of	TMA	and	has	a	similar	symmetry	as	TMA	and	 is	also	able	 to	 form	the	same	type	of	chickenwire	
structure.	

	

Figure	 I-3:	 (a)	 Molecular	 model	 of	 a	 single	 1,3,5-tris(4-carboxyphenyl)	 benzene	 (BTB)	 (b)	 The	
chickenwire	 structure	 (unit	 cell	 parameters	 of	 a=b=~3.1nm),	 formed	 by	 dimeric	 hydrogen-bonds	
between	two	carboxyl	groups	of	individual	BTB	molecules.	(c)	Model	for	the	oblique	structure	(lattice	
parameters	of	a=~1.7nm	and	b=~2.7nm),	formed	by	repeating	units	of	two	BTB	molecules,	interacting	
by	dimeric	hydrogen-bonding.	(Unit	cells	are	based	on	average	of	own	data)	

Chemical	formula	 𝐶,<𝐻=>𝑂:	
Molecular	weight	 438.43	g/mol	
Table	I-2:	Chemical	properties	of	BTB.	(PubChem)	

Stimuli	induced	conformational	changes	–	previous	studies	
The	structural	arrangement	of	two-dimensional	molecular	self-assemblies	can	be	altered	by	external	
stimuli.	 There	are	 several	 triggers	which	 induce	 switching	of	 supramolecular	 self-assemblies	 at	 the	
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solid-liquid	 interface	 such	 as	 light	 [Bleger	 10],	 pH	 of	 the	 solution	 [Piot09],	 concentration	 of	 the	
solution	[Nguyen11],	temperature	[Nguyen16]	or	electric	field	[Cometto15].		

BTB	and	TMA,	in	particular,	have	been	observed	to	exhibit	a	bias-induced	conformational	switching.	
The	research	of	Cometto	et	al.	[Cometto15]	observed	a	local	bias-induced	conformational	switching	
of	 BTB	 in	 nonanoic	 acid	 (NA)	 in	 situ	 by	 changing	 the	 electric	 field	 between	 the	 sample	 and	 tip,	
showing	the	controlled	tailoring	of	the	organized	structures	of	BTB	by	changing	the	sample	bias	from	
negative	to	positive	and	vice	versa	by	using	the	STM	setup.	They	switched	a	close-packed	structure	
present	 at	 positive	 bias	 voltage	 to	 a	 porous	 network	 at	 negative	 bias	 voltage	 and	 vice	 versa.		
[Cometto15]	The	BTB	molecule	is	quite	similar	to	TMA,	as	it	 is	the	larger	analogue	of	TMA	with	the	
same	 functional	 groups.	 It	 is	 also	 able	 to	 form	 a	 chickenwire	 structure	 similar	 chickenwire	 to	 the	
observed	porous	network	of	TMA.	Therefore,	based	on	the	research	of	Cometto	et	al.	[Cometto15],	
an	attempt	at	 a	bias-induced	conformational	 switching	of	 TMA	 in	nonanoic	acid	 (NA)	was	 studied.	
This	was	successful	as	a	local	bias-induced	conformational	switching	was	observed	as	well.	TMA	was	
switched	from	the	chickenwire	to	the	flower	structure	and	the	reverse	switching	was	also	possible.	
[Ubink17]	
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II. Experimental	setup	and	methods	

The	general	setup	
The	 setup	 consists	 of	 a	wooden	 isolation	box	holding	 the	 STM	 stationary.	 The	 STM	 is	 a	Molecular	
Imaging	Keysight	N9700C	model.	 (Figure	 II-1)	 The	 STM	 instrument	 is	 extremely	 sensitive,	 since	 for	
obtaining	atomic	resolution	a	lateral	resolution	of	≤	2Å	and	a	vertical	resolution	on	the	sub	Å	regime	
is	necessary.	In	order	to	maximally	reduce	any	noise,	the	inside	walls	of	the	isolation	box	are	covered	
in	acoustic	foam	and	the	instrument	is	mounted	on	a	plate	which	is	levitated	by	four	string	ropes	to	
maximally	absorb	vibration.	(Figure	II-1)	The	STM	head	is	mounted	above	the	sample	plate,	with	the	
tip	mounted	vertically	scanning	on	top	of	the	sample	surface.	The	sample	plate	is	mounted	by	three	
magnetic	rods	to	the	STM	head.	The	three	rods	can	be	adjusted	in	the	z-direction	manually	and	one	
of	 the	 three	rods	can	be	adjusted	electronically	such	that	 the	 tip	can	approach	the	sample	surface	
until	 it	 reaches	the	desired	distance	of	a	 few	Ångströms	needed	to	obtain	a	tunneling	current.	The	
HOPG	sample	 is	 glued,	using	 specially	 conducting	glue,	on	 the	 sample	holder	which	 for	doing	STM	
measurements	is	clamped	onto	the	conductive	sample	plate.	(Figure	II-2)	

	 	
	 a	 b	
Figure	II-1:	(a)	Overview	picture	of	the	setup.	(b)	A	close	up	of	the	setup,	containing	the	STM.		

	 	
	 a	 b	
Figure	II-2:	(a)	HOPG	on	sample	holder.	(b)	HOPG	on	sample	holder	clamped	on	the	sample	plate.		
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Preparation	
A	platinum-iridium	(Pt-Ir)	wire	was	mechanically	prepared	to	create	a	tip	to	scan	the	surface.	The	tip	
was	 obtained	by	 holding	 the	wire	with	 a	 plier	 and	using	 a	wire	 cutter.	 Instead	of	 only	 cutting	 the	
wire,	the	pull	and	cut	technique	was	used	to	create	an	atomically	sharp	tip,	as	can	be	seen	in	Figure	
II-3.	The	wire	and	each	tool	was	cleaned	with	ethanol	beforehand	to	avoid	any	dirt.		

The	sample	used	in	this	research	was	HOPG	(Figure	II-2(a)).	Since	the	experiments	were	performed	at	
the	 solid-liquid	 interface	under	ambient	 conditions,	 the	HOPG	sample	only	needs	 to	be	exfoliated.	
Exfoliation	is	done	by	using	scotch	tape,	and	gently	applying	it	to	the	sample	surface.	This	results	in	
removal	of	several	graphene	layers	from	the	surface	such	that	a	‘clean’	surface	remains.	Exfoliation	
should	be	done	with	care,	since	exerting	too	much	pressure	results	into	removing	too	many	layers	of	
graphene,	which	would	be	a	waste.		

	

Figure	II-3:	Mechanical	preparation	of	the	tip.	[EasyScan98]	

Molecule	deposition	
TMA	was	dissolved	in	three	solvents,	which	are	nonanoic	acid	(NA),	1,2,4-	trichlorobenzene	(TCB)	and	
n-octylbenzene	(OB)	also	known	as	1-phenyloctane.	Further,	the	BTB	molecule	was	dissolved	in	the	
OB	solvent.		These	solutions	are	prepared	by	taking	a	known	amount	of	TMA,	usually	between	1-10	
mg,	 and	 dissolving	 it	 in	 a	 known	 amount	 of	 solvent.	 In	 order	 to	 obtain	 a	 slightly	 oversaturated	
solution,	the	amount	of	TMA	molecules	in	the	solvent	should	be	a	bit	more	than	the	solvent’s	TMA	
solubility.	 By	 taking	 some	 liquid	 from	 the	 top	 of	 the	 vial	 containing	 the	 oversaturated	 solution,	 a	
saturated	solution	was	obtained.	Further,	 this	 saturated	solution	was	 then	used	 to	prepare	diluted	
solutions.	However,	during	the	measurements,	TMA	in	the	solvents	TCB	and	OB	was	found	to	be	not	
very	 soluble.	 Therefore,	 these	 solutions	 were	 sonicated	 for	 a	 known	 amount	 of	 time	 such	 that	
enough	TMA	could	dissolve	in	the	solvent.	Due	to	the	usage	of	commercially	bought	TMA	molecules,	
there	occurred	formation	of	clustered	TMA	molecules	in	the	vial.	Therefore,	the	solution	in	NA	was	
sonicated	as	well	in	order	to	be	dissolved	better.	Furthermore,	a	drop	of	the	liquid	was	deposited	on	
the	sample	surface	using	Pasteur	capillary	pipettes	such	that	the	tip	is	immersed	in	a	bubble	of	liquid.	

Scanning	
After	a	drop	of	liquid	was	deposited	on	the	sample	and	the	sample	plate	was	mounted	to	the	STM,	
the	sample	was	first	manually	approached	by	eye	to	get	the	tip	as	close	as	possible.	This	is	followed	
by	 using	 the	 Picoscan	 5	 scanning	 software	 which	 is	 able	 to	 do	 an	 automatic	 approach	 until	 the	
tunneling	 current	 set	point,	which	was	 set	 at	35pA,	was	 reached.	Usually	 the	 tip	bias	was	 set	 at	 a	
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positive	or	negative	value	of	1V.	Once	the	tunneling	current	occurs,	scanning	can	be	started	using	the	
Picoscan	5	software.	The	STM	images	were	acquired	in	constant	current	mode.	

The	software	used	to	scan	the	surface	by	controlling	the	STM	and	to	obtain	the	data	from	the	STM	is	
called	 “Picoscan	 5”.	 (Figure	 II-4)	 This	 explicit	 program	has	 a	 lot	 of	menus	 and	 adjustable	 values	 in	
order	to	acquire	images	as	clear	as	possible.	In	order	to	obtain	clear	images,	some	parameters	can	be	
changed	such	as	the	P/I	value,	set	point	current,	bias	voltage	and	scanning	rate.	The	position	of	the	
tip,	controlled	by	the	piezoelectric	scanner,	can	be	easily	controlled	in	every	direction	and	the	size	of	
the	area	to	be	scanned	can	be	altered	from	hundreds	of	nanometers	down	to	nanometers.	A	good	
image	can	be	saved	and	subsequently	processed.		

	 	
	 a	 b	

Figure	II-4:	Two	monitors	that	display	the	interface	of	the	Picoscan	5	software.	

Image	processing	and	data	analysis		
The	 raw	 data	 obtained	 by	 the	 Picoscan	 5	 software	 can	 be	 analyzed	 using	 the	 WSxM	 [Horcas07]	
software.	This	program	allows	the	user	to	process	the	STM	images	for	better	visualization.	Once	the	
images	from	Picoscan	5	are	acquired,	by	carefully	subtracting	the	background	of	the	image,	adjusting	
the	palette,	the	brightness	and	contrast,	the	data	can	be	processed	into	a	remarkably	better	image.	

The	processed	data	can	then	be	loaded	into	the	CorelDRAW	software	to	find	a	model	for	each	self-
assembled	structure	formed	by	a	specific	molecule	(TMA,	BTB).	The	size	of	the	STM	images	and	the	
size	of	the	molecules	can	be	precisely	scaled.	Using	the	values	for	the	unit	cell	determined	from	the	
STM	 images,	 the	molecular	models	 for	 the	 arrangement	 of	 the	 specific	 molecules	 (TMA,	 BTB)	 on	
HOPG	 could	 be	 precisely	 determined.	 The	molecular	 structures	 for	 the	 individual	molecules	 were	
obtained	with	the	WebLab	ViewerPro	software,	which	is	useful	to	easily	create	any	molecule.	
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III. Results	and	discussion	
A	 bias-induced	 conformational	 switching	 of	 the	 self-assembly	 of	 TMA	 [Ubink17]	 and	 BTB	
[Cometto15]	in	the	NA	solvent	have	been	reported	previously.	In	order	to	understand	this	behavior,	
we	investigated	the	influence	of	the	solvent	on	the	conformational	switching	mechanism.	The	TMA	
molecule	was	 investigated	at	the	solid-liquid	 interface	between	HOPG	and	three	different	solvents:	
nonanoic	acid	(NA)	(Figure	III-1);	1,2,4-trichlorobenzene	(TCB)	(Figure	III-3)	and	n-octylbenzene	(OB)	
(Figure	 III-5).	Furthermore,	the	BTB	molecule	was	 investigated	at	the	solid-liquid	 interface	between	
HOPG	and	the	OB	solvent.	In	the	following,	the	voltage	(U)	is	given	for	the	sample	bias	with	respect	
to	a	grounded	tip.	

TMA	in	nonanoic	acid	
The	nonanoic	 acid	 (NA)	 solvent,	 a	 fatty	 acid,	 consists	of	nine	 carbon	atoms	with	one	 carbon	atom	
forming	a	carboxyl	group	at	the	end	of	the	chain.	(Figure	III-1)	

	

Figure	III-1:	Molecular	model	of	nonanoic	acid.	

As	mentioned	 before,	 there	 are	 several	 studies	 on	 tailoring	 the	 supramolecular	 self-assemblies	 of	
TMA	 molecule	 in	 NA	 by	 different	 triggers,	 e.g.	 concentration,	 temperature	 etc.	 [Nguyen11]	
[Nguyen16]	 [Lackinger05]	 In	 addition,	 Ubink	 et	 al.	 [Ubink17]	 also	 found	 a	 bias-induced	
conformational	switching	at	the	solid-liquid	interface	of	TMA	in	NA.	They	showed	a	switching	in	the	
self-assembly	of	TMA	from	the	chickenwire	structure	(Figure	I-2(b))	to	the	flower	structure	(Figure	I-
2(c)),	when	the	sample	bias	is	switched	from	-0.5V	to	0.5V	(see	Figure	III-2).	Therefore,	in	order	to	get	
familiar	with	the	process	we	started	with	reproducing	the	switching	behavior	found	by	Ubink	et	al.	
[Ubink17]	 Reproducing	 the	 chickenwire	 structure	 was	 possible.	 However,	 the	 bias-induced	
conformational	 switching	 to	 the	 flower	 structure	 could	 not	 be	 well	 reproduced,	 let	 alone	 a	 good	
image	of	the	flower	structure	could	be	obtained.	The	atmospheric	conditions,	such	as	humidity	and	
temperature	might	be	of	 influence	on	why	 it	was	quite	difficult	 to	 image	 the	 flower	 structure	and	
reproduce	the	bias-induced	conformational	switching.	
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Figure	 III-2:	 STM	 image	 (40nmx40nm,	 I=20pA)	 of	 TMA	 at	 the	NA-HOPG	 interface,	 showing	 a	 bias-
induced	conformational	switching	from	the	chickenwire	structure	into	the	flower	structure	when	the	
sample	bias	is	switched	from	-0.5V	to	0.5V.	The	image	is	taken	from	[Ubink17].	

TMA	in	1,2,4-trichlorobenzene	
The	 1,2,4-trichlorobenzene	 (TCB)	 solvent	 consists	 of	 a	 benzene	 ring,	 with	 three	 chlorine	 atoms	
substituting	three	hydrogen	atoms	at	the	1,	2	and	4-position.	(Figure	III-3)	

	

Figure	III-3:	Molecular	model	of	1,2,4-trichlorobenzene.	

TMA	was	found	to	be	not	very	soluble	 in	TCB	and	the	STM	imaging	were	not	very	successful,	even	
after	long	sonication	of	the	TMA	solution	(which	will	result	in	an	increase	of	the	TMA	concentration	
in	the	solution).	Figure	III-4	shows	STM	images	for	a	solution	of	TMA	in	TCB	where	a	self-assembled	
structure	could	be	observed.	The	unit	cell	parameters	of	 the	self-assembled	structure	𝑎𝑟𝑒	𝑎 = 𝑏 =
2.7 ± 0.2𝑛𝑚,	 𝜃 = 60	 ± 0.2°,	 which	 are	 in	 good	 agreement	 with	 the	 unit	 cell	 parameters	 of	 the	
flower	structure	(Figure	I-2c).	Therefore,	TMA	seems	to	be	able	to	form	a	self-assembled	network	in	
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TCB.	However,	 these	 images	were	 taken	while	 using	 the	 same	 tip	 previously	 used	 for	 TMA	 in	NA.	
After	changing	 the	 tip,	no	STM	 images	containing	 the	supramolecular	 self-assembly	of	TMA	 in	TCB	
was	 found.	 This	 corresponds	 to	 the	 fact	 that	 the	 self-assembly	of	 TMA	 in	 the	 TCB	 solvent	has	not	
been	reported	yet	up	to	our	knowledge.	Therefore,	the	self-assembly	found	in	Figure	III-1	might	be	
due	to	remaining	molecules	and	solvent	stuck	on	the	tip	since	it	was	immersed	in	the	previous	liquid	
(TMA	in	NA).		

	

Figure	 III-4:	 STM	 images	 of	 TMA	 at	 the	 TCB-HOPG	 interface.	 (a)	 Detailed	 STM	 image	
(38.7nmx38.7nm,	 U=1.0V,	 I=20pA).	 (b)	 STM	 image	 (50nmx50nm,	 U=1.0V,	 I=20pA).	 The	 unit	 cell	 is	
superimposed	on	both	STM	images,	marked	in	black.	

The	absence	of	supramolecular	self-assembly	of	TMA	in	TCB	might	be	due	to	the	fact	that	TCB	has	a	
rather	fast	evaporation	rate	or	it	cannot	hold	the	tension	of	the	bubble	for	a	long	period	of	time	(less	
than	half	an	hour).	If	the	tension	of	the	bubble	is	lost,	the	bubble	will	burst.	The	liquid	will	flow	past	
the	sample	edges	such	that	the	molecules	will	flow	in	the	same	direction	and	spread	on	the	surface	
and	randomly	adsorb	on	the	surface	in	different	concentrations.	Considering	there	anyhow	is	a	small	
amount	of	TMA	dissolved	in	TCB	due	to	its	low	solubility	of	TMA,	it	is	difficult	to	find	any	molecular	
self-assembly.	

TMA	in	n-octylbenzene	
The	 n-octylbenzene	 (OB)	 solvent	 consists	 of	 a	 benzene	 ring	 connected	 to	 a	 chain	 of	 eight	 carbon	
atoms.	(Figure	III-5)	
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Figure	III-5:	Molecular	model	of	n-octylbenzene	(also	known	as	1-phenyloctane).	

The	 TMA	molecule	was	 found	 to	 be	 not	 very	 soluble	 in	 the	 n-octylbenzene	 solvent.	 (Figure	 III-12)	
Since	 it	 is	 a	 very	 strong	 nonpolar	 solvent,	 having	 only	 van	 der	 Waals	 and	 no	 electrostatic	 or	 H-
bonding	interactions	with	TMA,	there	is	a	relatively	weak	interaction	between	TMA	and	OB	present.	
Therefore,	the	solubility	of	TMA	in	OB	is	very	low.	[Nguyen16]	However,	supramolecular	assemblies	
of	TMA	dissolved	in	OB	have	previously	been	found	on	HOPG:	by	extensive	sonication	a	close-packed	
zigzag	pattern	has	been	observed	[Nguyen12]	and	a	temperature	dependency	showed	the	presence	
of	the	porous	networks	(the	chickenwire	and	flower	structure).	[Nguyen16]	

In	our	case,	after	extensive	 long	sonication	of	a	 saturated	solution	of	TMA	 in	 the	OB	solvent,	both	
porous	 networks	 of	 TMA,	 the	 chickenwire	 and	 the	 flower	 structure,	 were	 observed,	 though	 the	
close-packed	zigzag	pattern	was	not	observed.	Furthermore,	the	coexistence	of	both	of	these	porous	
networks	was	observed,	which	has	not	been	reported	yet.		

Figure	III-6(a)	shows	a	detailed	STM	image	(8.1nmx8.1nm,	U=1V,	I=20pA)	for	a	saturated	solution	of	
TMA	 in	 the	OB	 solvent	where	 TMA	 self-assemble	 into	 the	 chickenwire	 structure.	 The	 chickenwire	
structure	 is	 formed	out	 of	 individual	 TMA	molecules	which	 arrange	 in	 hexagonal	 pores	 by	dimeric	
hydrogen-bonds	as	seen	 in	Figure	 III-6(b).	 (See	also	Figure	 I-2)	The	unit	cell	was	determined	by	the	
average	of	several	analyzed	STM	images.	The	unit	cell	parameters	were	found	to	be	𝑎 = 𝑏 = 1.6 ±
0.1	𝑛𝑚,	 with	 an	 angle	 of	 𝜃 = 61.1 ± 1°.	 This	 closely	 matches	 to	 previously	 reported	 values	 in	
literature.	[Nguyen16]	
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Figure	III-6:	Self-assembly	of	TMA	at	the	OB-HOPG	interface.	(a)	Detailed	STM	image	(8.1nmx8.1nm,	
U=1.0V,	 I=20pA)	 showing	 the	 chickenwire	 structure.	 The	 molecular	 model	 for	 the	 chickenwire	
structure	is	superimposed	on	the	STM	image.	The	unit	cell	is	marked	in	black.	(b)	Molecular	model	of	
the	self-assembly	of	TMA	into	the	chickenwire	structure.	

Figure	III-7(a)	shows	a	STM	image	(20nmx20nm,	U=1V,	I=20pA)	where	TMA	molecules	self-assemble	
into	 the	porous	 flower	 structure,	 for	 a	 saturated	 solution	of	 TMA	 in	 the	OB	 solvent.	 Six	molecules	
arrange	in	a	hexagonal	pore.	The	pores	are	connected	by	cyclic	trimeric	hydrogen	bonds,	as	can	be	
seen	in	the	molecular	model	 in	Figure	 III-7(b).	 (See	also	Figure	I-2)	By	taking	the	average	of	several	
analyzed	STM	images	the	unit	cell	was	determined	to	be	𝑎 = 𝑏 = 2.6 ± 0.1𝑛𝑚	with	an	angle	of	𝜃 =
61.7 ± 2°,	which	corresponds	to	previously	reported	values	in	the	literature.	[Nguyen16]	
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Figure	 III-7:	 Self-assembly	of	TMA	at	 the	OB-HOPG	 interface.	 (a)	 STM	 image	 (20nmx20nm,	U=1.0V,	
I=20pA)	showing	the	flower	structure.	The	molecular	model	for	the	flower	structure	is	superimposed	
on	the	STM	image.	(b)	Molecular	model	of	the	self-assembly	of	TMA	into	the	flower	structure.	

Figure	III-8	shows	an	overview	STM	image	(96nm	x	96nm)	of	a	saturated	solution	of	TMA	in	the	OB	
solvent,	where	 the	 coexistence	 of	 the	 porous	 networks,	 the	 chickenwire	 structure	 and	 the	 flower	
structure	can	be	seen.	The	STM	 image	shows	 large	 islands	of	 the	 flower	structure	 (marked	with	B)	
separated	 by	 domain	 boundaries	 (marked	by	 the	 black	 lines).	 In	 addition,	 three	 small	 chickenwire	
islands	 (marked	 with	 A)	 are	 also	 present.	 The	 STM	 image	 shows	 that	 some	 pores	 of	 the	 flower	
structure	are	filled,	where	an	additional	TMA	molecule	occupies	the	pore.		
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Figure	III-8:	Overview	STM	image	(96nmx96nm,	U=-1.0V,	I=20pA)	of	TMA	at	the	OB-HOPG	interface,	
showing	the	coexistence	of	the	(A)	chickenwire	and	the	(B)	flower	structure.	The	image	shows	several	
boundaries	between	the	different	domains	of	the	flower	structure	and	the	chickenwire	islands,	which	
are	indicated	by	black	lines.		

A	recent	study	also	showed	the	presence	of	the	porous	networks	(the	chickenwire	structure	and	the	
flower	 structure)	 of	 TMA	 in	 the	 OB	 solvent.	 [Nguyen16]	 However,	 these	 porous	 networks	 were	
observed	 in	 only	 20%	 of	 the	 experiments.	 They	 showed	 a	 temperature	 dependence	 of	 the	 self-
assembled	structures	of	TMA,	by	annealing	the	sample	at	temperatures	between	40°C	and	80°C.	 In	
the	 temperature	 range	 between	 40°C	 to	 60°C	 they	 observed	 the	 chickenwire	 structure,	 whilst	
between	 60°C	 and	 70°C	 they	 observed	 the	 flower	 structure.	 Furthermore,	 the	 dominant	 structure	
they	 observed	 was	 the	 close-packed	 zigzag	 pattern,	 with	 which	 either	 the	 chickenwire	 or	 flower	
structure	 occasionally	 coexisted.	 [Nguyen16]	 The	 fact	 that	 the	 flower	 structure	 was	 occasionally	
observed	 at	 temperatures	 between	60°C	 and	70°C	might	 explain,	 in	 our	 case,	 the	presence	of	 the	
flower	 structure,	 since	 the	 flower	 structure	 was	 difficult	 to	 observe.	 Because	 in	 our	 case	 the	
temperature	of	 the	 sonication	bath	 rises	during	 sonication,	 the	 temperature	of	 the	 vial	 containing	
the	 TMA	 solution	 rises	 as	 well.	 This	 temperature	 rise	 was	 not	 monitored	 carefully	 and	 since	 the	
molecules	were	deposited	quickly	after	 sonication,	 the	 temperature	could	be	 the	 influence	 for	 the	
self-assembly	of	the	flower	structure.	However,	this	does	not	explain	the	coexistence	of	both	of	the	
different	porous	networks.	

Figure	 III-9	 shows	 a	 close-up	 of	 the	 supramolecular	 self-assembly	 of	 the	 chickenwire	 structure	 of	
TMA	 in	 OB.	 This	 STM	 image	 (20nmx20nm,	 U=-0.8V,	 I=20pA)	 shows	 the	 chickenwire	 structure,	
indicated	by	the	black	circle,	and	the	arrangement	of	TMA	at	the	boundaries	(indicated	by	the	black	
dashed	 lines).	The	 figure	shows	 that	 the	boundaries	 seem	to	be	constructed	out	of	a	close-packed	
structure	of	individual	TMA	molecules,	indicated	by	the	black	square.	
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Figure	III-9:	STM	image	(20nmx20nm,	U=-0.8V,	I=20pA)	of	a	diluted	solution	(50%	from	the	saturated	
solution)	of	TMA	at	the	OB-HOPG	interface,	showing	the	chickenwire	structure	and	good	resolution	of	
the	boundaries.	The	black	circle	marks	an	area	with	a	chickenwire	 structure	while	 the	black	square	
indicates	 a	 close-packed	 structure.	 The	 molecular	 model	 for	 the	 chickenwire	 structure	 is	
superimposed	on	the	STM	image.	The	black	dashed	line	indicates	the	domain	boundaries.	

Bias-induced	conformational	switching	
A	bias-induced	conformational	switching	of	TMA	in	the	OB	solvent	was	not	observed.	This	was	tried	
with	the	 initial	presence	of	the	chickenwire	structure	as	well	as	the	flower	structure.	 (Figures	 III-10	
and	III-11,	respectively.)	

Figure	III-10(a)for	a	saturated	solution	of	TMA	in	OB	shows	a	STM	image	for	which	the	polarity	of	the	
sample	 bias	 was	 switched	 during	 scanning.	 The	 STM	 image	 shows	 a	 chickenwire	 structure,	 which	
after	switching	the	sample	bias	from	-1V	to	1V	showed	an	unclear	image	and	the	absence	of	any	self-
assembled	structure.	In	figure	III-10(b)	the	sample	bias	for	a	diluted	solution,	(20%	of	the	saturated	
solution)	was	 switched	 from	 -1V	 to	 1V.	 	 The	 chickenwire	 structure	 is	 initially	 present,	which	 after	
switching	 shows	 an	 inverse	 contrast.	 For	 a	 diluted	 solution,	which	 is	 50%	diluted	of	 the	 saturated	
solution,	 figures	 III-10(c)	 and	 III-10(d)	 show	 consecutively	 taken	 STM	 images.	 The	bias	 voltage	was	
switched	from	-1V	to	1V	to	-1V.	As	can	be	seen,	when	the	voltage	was	at	the	initial	value	of	-1V	the	
chickenwire	structure	was	self-assembled.	After	switching	the	polarity	of	the	sample	bias	to	1V,	the	
image	became	unclear,	however,	a	vaguely	visible	chickenwire	structure	was	observed	(right	side	of	
the	image).	The	reverse	switching	from	1V	to	-1V	shows	that	immediately	after	switching	the	bias	the	
clear	 chickenwire	 structure	 came	 back	 showing	 the	 same	 boundaries	 and	 domains	 as	 before.	
Therefore,	 switching	 the	 polarity	 of	 the	 sample	 bias	 with	 the	 initial	 presence	 of	 the	 chickenwire	
structure	did	not	result	into	a	structural	rearrangement.	It	also	shows	that	the	chickenwire	structure	
prefers	to	be	imaged	at	-1V,	which	corresponds	with	[Ubink17].	
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Figure	 III-10:	Attempts	of	bias-induced	conformational	switching	of	the	self-assembly	of	TMA	at	the	
OB-HOPG	 interface.	 (a)	 STM	 image	 (50nmx28nm,	 I=20pA)	 of	 a	 saturated	 solution,	 showing	 the	
chickenwire	structure	at	-1V.	A	switch	in	the	polarity	of	the	sample	bias,	from	-1V	to	1V,	resulted	in	
the	absence	of	the	porous	network.	(b)	STM	image	(40nmx26nm,	U=-1V,	I=20pA)	of	a	diluted	solution	
(20%	of	the	saturated	solution),	showing	the	chickenwire	structure	at	-1V.	After	switching	the	sample	
from	 -1V	 to	 1V,	 an	 inversed	 image	 of	 the	 chickenwire	 structure	 was	 obtained.	 (c)	 STM	 image	
(50nmx50nm,	I=20pA)	of	a	diluted	solution	(50%	of	the	saturated	solution),	showing	the	chickenwire	
structure.	After	switching	from	-1V	to	1V	a	less	visible	chickenwire	structure	can	be	seen	(right	side	of	
the	image).	(d)	The	consecutively	taken	STM	image	(50nmx50nm,	I=20pA)	after	figure	III-10(c),	shows	
a	reverse	switching	from	1V	to	-1V.	The	chickenwire	structure	is	present	after	the	reverse	switching.	
The	 black	 arrows	 indicate	 the	 scan	 direction	 and	 the	 dashed	 lines	 indicate	 the	 point	 at	 which	 the	
polarity	of	the	sample	bias	was	changed.		

Figure	III-11	shows	switching	attempt	for	a	saturated	solution	of	TMA	in	OB	with	the	initial	presence	
of	 the	 flower	 structure.	 In	 figure	 III-11(a)	 the	 bias	 was	 switched	 from	 -0.5V	 to	 0.5V	 followed	 by	
reverse	switching.	At	a	sample	bias	of	0.5V	the	flower	structure	becomes	remarkably	clearer,	while	
switching	back	to	-0.5V	causes	the	image	of	the	flower	structure	to	be	less	clear.	However,	for	both	
bias	polarities,	the	flower	structure	is	present,	as	in	both	cases	the	unit	cell	for	the	flower	structure	is	
present.	No	supramolecular	rearrangement	occurred,	since	the	image	as	a	whole	does	not	seem	to	
change	with	regards	to	the	structure.	 In	figure	III-11(b)	switching	the	sample	bias	from	1V	to	-1V	is	
shown.	As	before,	the	flower	structure	 is	observed	for	both	bias	polarities.	However,	 in	contrast	to	
figure	III-11(a)	and	III-11(c)	a	clear	image	of	the	flower	structure	is	found	at	positive	bias.	Figure	III-
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11(c)	shows	switching	the	sample	bias	from	1V	to	-1V.	As	for	the	previous	cases,	always	the	flower	
structure	is	found.	In	this	case,	a	clear	image	of	the	flower	structure	is	obtained	at	negative	bias,	like	
in	figure	III-11(a),	whilst	at	positive	bias	the	image	is	not	clear.	In	addition,	after	switching	the	sample	
bias	to	-1V,	some	parts	could	not	be	imaged.	However,	this	behavior	is	most	likely	a	tip	effect.	

	

Figure	 III-11:	Attempts	of	bias-induced	conformational	switching	of	the	self-assembly	of	TMA	at	the	
OB-HOPG	 interface.	 (a)	 STM	 image	 (100nmx65.6nm,	 I=20pA)	 of	 a	 saturated	 solution,	 showing	 the	
effect	of	switching	the	sample	bias	from	-0.5V	to	0.5V	to	-0.5V.	The	flower	structure	is	present	for	all	
three	 different	 regions,	 indicated	 by	 unit	 cells	 marked	 in	 black.	 (b)	 STM	 image	 (100nmx100nm,	
I=20pA)	for	switching	the	sample	bias	from	1V	to	-1V,	showing	the	flower	structure	in	both	domains.	
(c)	 STM	 image	 (38.2nmx38.2nm,	 I=20pA)	 for	 switching	 the	 sample	 bias	 from	 1V	 to	 -1V,	 showing	
initially	 the	 flower	 structure.	 After	 switching,	 a	 vague	 pattern	 of	 the	 flower	 structure	 is	 shown,	
indicated	by	the	unit	cell	marked	in	black.	The	black	arrows	indicate	the	scan	direction	and	the	dashed	
lines	indicate	the	point	of	switching	the	polarity	of	the	sample	bias.	
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Figure	III-12	shows	that	TMA	molecules	in	a	solution	of	OB	are	not	very	soluble.	Figure	III-12(a)	shows	
the	presence	of	a	 few	chickenwire	 islands.	Boundaries	can	be	seen	within	 the	 islands.	Figure	12(b)	
shows	an	almost	fully	covered	area	of	self-assembled	molecules.	The	STM	image	was	obtained	after	
long	sonication,	in	order	to	increase	the	concentration	of	TMA	in	OB.	This	suggests	that	TMA	in	OB	is	
not	very	soluble	since	the	coverage	of	the	molecules	on	the	sample	surface	is	below	a	full	layer,	but	
after	longer	sonication	more	islands	and	larger	covered	areas	became	visible.	

	

Figure	III-12:	Self-assembly	of	TMA	at	the	OB-HOPG	interface.	(a)	STM	image	(200nmx200nm,	U=-1V,	
I=149pA),	showing	a	few	islands	of	molecular	self-assembly.	 (b)	STM	image	(500nmx500nm,	U=-1V,	
I=20pA)	showing	an	almost	covered	area	of	self-assembled	molecules.	The	STM	image	was	obtained	
after	longer	sonication	to	increase	the	concentration	of	TMA	in	OB.	The	noise	in	the	middle	is	due	to	
pulsing.		

BTB	in	n-octylbenzene	
Since	relatively	clear	STM	images	of	TMA	molecules	forming	supramolecular	self-assembled	porous	
networks	in	OB	were	obtained,	though	bias-induced	conformational	switching	was	not	observed,	we	
tried	another	molecule	in	this	solvent.	The	molecule	1,3,5-tris(4carboxyphenyl)	benzene	(BTB),	which	
is	a	larger	analogue	of	TMA,	self-assembles	in	the	same	type	of	porous	network	as	TMA.	It	has	been	
found	to	exhibit	a	bias-induced	conformational	switching	in	nonanoic	acid.	[Cometto15]	Therefore,	it	
is	a	good	candidate	for	attempting	to	reproduce	this	bias-induced	local	conformational	switching	in	
the	OB	solvent,	as	BTB	shown	switching	in	NA	and	TMA	was	able	to	form	porous	networks	in	OB.	

Figure	III-13	shows	the	supramolecular	self-assembly	of	a	diluted	(66%	from	the	saturated	solution)	
of	BTB	 in	OB.	Figure	 III-13(a)	shows	an	overview	STM	image	of	 the	porous	network,	 the	unit	cell	 is	
marked	in	black.	Figure	III-13(b-1)	shows	a	row	type	porous	network.	 Its	tentative	molecular	model	
can	 be	 seen	 in	 Figure	 III-13(b-2).	 A	 unit	 of	 two	 individual	 BTB	 molecules,	 formed	 by	 a	 dimeric	
hydrogen	bond,	is	repeated	in	a	‘ladder’	type	way	(see	also	figure	I-3).	The	found	lattice	parameters	
for	this	unit	cell	are	𝑎 = 1.7 ± 0.1𝑛𝑚	and	𝑏 = 2.7 ± 0.1𝑛𝑚	with	an	angle	of	𝜃 = 74.9 ± 1°.	These	
values	match	closely	with	the	values	 in	 literature.	 [Silly12]	 In	Figure	 III-13(c-1),	 the	self-assembly	of	
the	chickenwire	structure	is	shown.	Its	molecular	model	can	be	seen	in	figure	III-13(c-2).	This	type	of	
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chickenwire	 structure	of	BTB	molecules	 is	 exclusively	 formed	by	dimeric	hydrogen-bonds	 (see	also	
figure	I-3).	The	unit	cell	has	a	value	of	𝑎 = 𝑏 = 3.1 ± 0.1	𝑛𝑚,	with	an	angle	of	𝜃 = 59.9 ± 1°,	which	
also	matches	the	value	found	in	literature.	[Silly12]	Either	the	tip	was	very	unstable	or	the	structural	
arrangements	 of	 BTB	 in	 OB	 are	 not	 very	 stable	 since	 it	 was	 quite	 difficult	 to	 obtain	 the	 porous	
networks	 repeatedly.	 Therefore,	we	 did	 not	 find	 bias-induced	 conformational	 switching	 for	 BTB	 in	
the	OB	solvent.		

Due	to	limited	time,	we	were	not	able	to	further	investigate	the	switching	behavior	of	BTB	in	the	OB	
solvent.	 The	 possibility	 of	 conformational	 switching	 might	 still	 exist,	 due	 to	 the	 fact	 that	 pulsing	
seems	to	change	the	surface	structure,	though	the	images	were	not	clear.		
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Figure	 III-13:	 Self-assembly	 of	 a	 diluted	 solution	 (66%	of	 the	 saturated	 solution)	 of	 BTB	 at	 the	OB-
HOPG	 interface.	 (a)	STM	 image	 (100nmx38nm,	U=0.5V,	 I=10pA)	showing	 the	chickenwire	structure.	
(b-1)	 Detailed	 STM	 image	 (50nmx29nm,	 U=0.5V,	 I=10pA)	 showing	 a	 row	 type	 porous	 network,	
indicated	by	the	unit	cell	marked	in	black.	(b-2)	Molecular	model	of	the	row	type	porous	network.	(c-
1)	Detailed	STM	 image	 (18nmx18nm,	U=0.5V,	 I=10pA)	showing	the	chickenwire	structure,	 indicated	
by	the	unit	cell	marked	in	black.	(c-2)	Molecular	model	of	the	chickenwire	structure.	

Future	research	
We	 also	 tried	 to	 investigate	 the	 influence	 of	 the	 substrate	 on	 the	 bias-induced	 conformational	
switching	of	the	self-assembly	of	TMA	by	using	a	gold	surface	instead	of	a	HOPG	surface.	However,	
due	to	limited	time	we	were	not	able	to	get	any	results	as	the	gold	surface	also	takes	more	time	and	
care	to	be	prepared	and	scanned.	For	future	research,	this	can	be	further	investigated	in	order	to	get	
more	understanding	of	the	bias-induced	conformational	switching	of	the	self-assembly	of	molecules	
at	the	solid-liquid	interface.		 	
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Conclusion	
In	this	research,	the	bias-induced	conformational	switching	of	two	molecules	by	using	the	STM	was	
investigated	 at	 the	 solid-liquid	 interface	 on	 HOPG.	 The	 TMA	 molecule	 was	 investigated	 in	 three	
solvents:	 nonanoic	 acid	 (NA);	 1,2,4-trichlorobenzene	 (TCB)	 and	 n-octylbenzene	 (OB)	 and	 the	 BTB	
molecule	was	investigated	in	the	n-octylbenzene	solvent.		

The	 switching	 behavior	 of	 TMA	 at	 the	 NA-HOPG	 interface	 was	 found	 to	 show	 bias-induced	
conformational	switching	[Ubink17],	however	this	switching	was	hard	to	reproduce	this	might	be	due	
to	environmental	conditions,	such	as	humidity	or	temperature.		

At	 the	 TCB-HOPG	 interface,	 a	 possible	 self-assembly	 of	 TMA	 into	 a	 porous	 network	 (unit	 cell	
corresponds	to	flower	structure)	has	been	observed	once.	However,	TMA	in	TCB	is	not	very	soluble,	
therefore	the	assembly	of	a	porous	network	might	be	due	to	a	dirty	tip,	since	the	tip	was	previously	
used	for	TMA	in	NA.	Since	no	other	self-assembly	was	found,	we	could	not	investigate	a	bias-induced	
conformational	switching	of	TMA	at	the	TCB-HOPG	interface.		

TMA	in	OB	is	not	very	soluble.	However,	after	long	sonication	times	TMA	molecules	at	the	OB-HOPG	
interface	 showed	 the	 self-assembly	 of	 two	 types	 of	 porous	 networks:	 the	 chickenwire	 structure	
(Figure	 I-2(b))	 and	 the	 flower	 structure	 (Figure	 I-2(c)),	 as	well	 as	 the	 coexistence	 of	 both	 types	 of	
structures.	The	chickenwire	 structure	was	easily	 imaged,	whilst	 the	 flower	 structure	was	only	 seen	
for	one	type	of	solution.	The	occurrence	of	the	flower	structure	might	be	due	to	not	monitoring	the	
temperature	of	the	solution.	Because	in	our	case,	the	temperature	of	the	sonication	bath	rises	during	
sonication	 and	 [Nguyen16]	 occasionally	 found	 the	 flower	 structure	 at	 temperatures	 between	 60°C	
and	70°C.	Therefore,	the	self-assembly	of	the	flower	structure	is	possibly	related	to	the	temperature.	
[Nguyen16]	only	observed	 the	chickenwire	or	 flower	 structure	 in	 coexistence	with	a	 ‘zigzag’	 close-
packed	 structure,	 which	 we	 did	 not	 observe.	 However,	 this	 does	 not	 explain	 our	 observed	
coexistence	 of	 the	 chickenwire	 and	 flower	 structure.	 Furthermore,	 no	 bias-induced	 local	
conformational	switching	of	TMA	at	the	OB-HOPG	interface	was	observed.	Switching	the	polarity	of	
the	 sample	 bias	 starting	 from	 initially	 a	 chickenwire	 structure	 or	 a	 flower	 structure	 showed	 no	
changes	 in	 the	 initial	 self-assembly.	 Only	 a	 change	 in	 the	 STM	 image	 quality	was	 seen,	 either	 the	
image	became	clearer	or	less	clear	depending	on	the	polarity.	

BTB	molecules	at	the	OB-HOPG	interface	showed	the	self-assembly	of	a	chickenwire	structure	and	a	
row	 type	 porous	 network	 (an	 oblique	 structure)	 which	 corresponds	 to	 [Silly12].	 However	 due	 to	
limited	time	we	could	not	further	investigate	a	bias-induced	local	conformational	switching	of	BTB	in	
the	OB	solvent.	The	possibility	of	 conformational	 switching	might	 still	 exist,	 since	pulsing	 seems	 to	
change	the	surface	structure,	though	the	images	were	not	clear.	

We	 found	 that	 the	molecules	 TMA	 and	 BTB	 showed	 bias-induced	 conformational	 switching	 in	 the	
solvent	 nonanoic	 acid.	Whereas	 for	 both	molecules	 no	bias-induced	 conformational	 switching	was	
found	in	the	nonpolar	solvent	n-octylbenzene.	Therefore,	we	suggest	that	for	these	molecules	bias-
induced	switching	does	depend	on	the	type	of	solvent.		
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