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Effect	of	temperature	on	the	viscoelastic	properties	of	nano-
confined	liquid	mixtures		
Kislon	Voïtchovskya	

The behaviour of fluids confined in nanoscale gaps plays a central role in molecular science and nanofluidics, with 
applications ranging from biological function to multiscale printing, osmosis and filtration, lab-on-chip technology and 
friction reduction. Here atomic force microscopy is used to shear five different mixtures of hexadecane and squalane 
confined between the tip apex and atomically flat graphite. The shearing amplitudes are typically < 2 nm, hence reflecting 
highly localised information at the interface. The evolution of each mixture’s viscoelastic properties is studied as a function 
of temperature, between 20 °C and 100 °C. The results, complemented by sub-nanometre resolution images of the interface, 
show that spatial organisation of the liquid molecules at the surface of graphite largely dominates the measurements. 
Squalane presents a higher affinity for the surface and forms a robust self-assembled layer in all mixtures. This results in a 
step-like change of the viscous and elastic response of the confined liquid as the confining pressure increases. In contrast, 
measurements in pure hexadecane show a continuous and linear increase in the apparent viscosity with pressure at all 
temperatures. This is interpreted as a more fragile interfacial layer and images show that it can be completely removed at 
high temperatures. Depending on the mixture composition, measurements can be strongly location-dependent which 
suggests molecular clustering and nanoscale phase separation at the interface. 

Introduction	
Nano-confined	 liquids	 play	 an	 important	 role	 in	 countless	
systems,	 ranging	 from	 transport	 in	 protein	 channels	 and	
pores1,2	 to	 nanofluidics-based	 technologies3,4	 such	 as	 3D	
printing5,6	water	purification7,	single	molecule	detectors8,9,	lab-
on-chip	 technology10	 and	 the	 control	 of	 dynamical	 contacts	
between	 macroscopic	 solids	 in	 motion11-14.	 In	 most	 real-life	
systems,	 the	 confined	 liquid	 is	 not	 pure,	 but	 composed	 of	 a	
mixture	 of	 molecules15.	 The	 liquid	 is	 typically	 sheared	 with	
respect	 to	 a	 solid	 wall,	 either	 by	 force	 flow	 in	 nano-
channels2,8,10,16	or	by	confinement	between	moving	solids11,17.	
The	behaviour	of	the	sheared	liquid	has	a	large	impact	on	the	
efficiency	 of	 the	 process	 considered.	 This	 behaviour	 can	
generally	 not	 be	 inferred	 from	 measurements	 on	 the	 bulk	
liquid.	 Given	 the	 small	 scale	 of	 a	 nano-confined	 system,	 the	
specific	molecular	 details,	 the	 geometry	 and	 structure	 of	 the	
confining	 solids,	 the	 presence	 of	 impurities	 as	 well	 as	 the	
measurement	 itself	 can	 all	 considerably	 influence	 the	
results12,18-20.		
Several	 studies	 have	 reported	 confinement-induced	 phase	
transitions21,22	 and	 increases	 of	 several	 orders	 of	magnitudes	
in	 the	 ‘effective’	 viscosity	 of	 the	 liquids	 under	 shear23-27.	
Despite	ongoing	debates	 regarding	 the	behaviour	of	confined	

water18,24-26,28,	 it	 is	 generally	 accepted	 that	 nano-confined	
liquids	 tend	 to	 exhibit	 structural	 and	 viscoelastic	 properties	
dramatically	 different	 from	 those	 of	 their	 bulk	 counterpart29.	
The	 interface	 between	 the	 liquid	 and	 the	 confining	 surfaces	
often	 dominate	 the	 nano-confined	 liquid’s	 behaviour11,	 in	
particular	 for	 systems	where	 the	 liquid	 exhibits	 some	 affinity	
for	 the	 surface27.	 At	 the	 macroscopic	 scale,	 when	 a	 liquid	
meets	a	solid,	the	resulting	interface	can	be	quantified	through	
so-called	contact-angle	measurements30,31	 that	determine	the	
wetting	 properties	 of	 the	 liquid	 –	 that	 is,	 its	 affinity	 for	 the	
surface.	 At	 the	 molecular	 level,	 a	 wetting	 liquid	 indicates	
strong	 interactions	 between	 the	 liquids	 molecules	 and	 the	
solid32,33.	These	interactions	as	well	as	reduced	configurational	
entropy	result	 in	the	 interfacial	 liquid	molecules	being	usually	
more	 ordered	 and	 less	 mobile	 than	 in	 bulk	 liquid34,35.	 A	
‘wetting’	 interfacial	 liquid	 often	 exhibit	 molecular	 layering	
parallel	to	the	solid’s	surface,	but	this	structure	decays	rapidly	
into	 the	 bulk	 liquid,	 usually	 over	 a	 few	 molecular	
diameters19,36.	 In	the	case	of	nano-confined	liquids,	two	solid-
liquid	 interfaces	 are	 brought	 in	 close	 proximity	 and	 the	
thickness	 of	 the	 resulting	 liquid	 film	 becomes	 comparable	 to	
that	of	the	interfaces.	As	a	result,	both	confined	interfaces	may	
significantly	 influence	 the	 behaviour	 of	 the	 confined	 liquid	
molecules	which	 tend	 to	become	globally	more	ordered	 than	
bulk	liquid,	often	forming	layers27,37-43.	Intuitively,	this	is	can	be	
understood	 by	 combining	 the	 properties	 of	 both	 interfaces	
with	 a	 further	 loss	 of	 entropy	 for	 the	 liquid	 molecules.	 This	
confers	 the	 confined	 properties	 close	 to	 that	 of	 a	 solid	 or	 a	
glass,	 reflected	 by	 an	 important	 increase	 in	 the	 apparent	

Page 1 of 11 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
8 

Se
pt

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 D
ur

ha
m

 U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
28

/0
9/

20
16

 1
1:

55
:5

5.
 

View Article Online
DOI: 10.1039/C6NR05879E

http://dx.doi.org/10.1039/C6NR05879E


ARTICLE	 Nanoscale	

2 	|	J.	Name.,	2012,	00,	1-3	 This	journal	is	©	The	Royal	Society	of	Chemistry	20xx	

Please	do	not	adjust	margins	

Please	do	not	adjust	margins	

viscosity	 and	 elasticity24,26,27,39,44.	 Although	 intuitive,	 this	
understanding	is	far	from	absolute	since	molecular	details	such	
as	orientation,	 structural	arrangement	or	ability	 to	 slip	at	 the	
surface	of	the	solid	can	play	a	significant	role12,20,45.	Computer	
simulations	can	provide	invaluable	insights	into	such	details,	in	
particular	for	dynamic	systems29,46.		
Experimentally,	 nano-confined	 liquids	 are	 typically	 studied	
with	the	surface	force	apparatus11,21,22,28,39,43,47-52	(SFA)	or	with	
atomic	 force	microscopy	 (AFM)25-27,40,42,53-66.	 The	 SFA	 offers	 a	
close	 to	 perfect	 confinement	 geometry	 between	 atomically	
flat	 surfaces,	 an	 absolute	 measurement	 of	 the	 distances	
between	the	surfaces	down	to	sub-angstrom	resolution	and	it	
can	 apply	 shear	 forces	 to	 the	 system.	 In	 contrast,	 the	 AFM	
confines	 liquids	 between	 a	 poorly	 controlled	 nanoscale	 tip	
(typically	 5-10	nm	 radius)	 and	a	 flat	 surface,	 but	 it	 allows	 for	
considerably	higher	applied	pressures,	imaging	of	the	interface	
with	 sub-nanometre	 spatial	 resolution32,33,58,67,	 and	 a	 high	
flexibility	with	the	choice	of	confining	materials.	
Here	 AFM	 is	 used	 to	 compare	 five	 different	 mixtures	 of	
hexadecane	and	squalane	sheared	between	a	silicon	oxide	tip	
and	an	atomically	flat	highly	ordered	pyrolytic	graphite	(HOPG)	
surface	as	a	function	of	temperature	and	confining	force.	The	
setup	used	for	the	experiment	is	inspired	by	that	developed	in	
the	 lab	 of	 E.	 Riedo26,68,	 and	 allows	 for	measurement	 of	 both	
the	 viscous	 and	 elastic	 response	 of	 the	 confined	 liquid	 as	 a	
function	 of	 the	 tip-sample	 distance.	 Significantly,	 the	 shear	
amplitude	 is	 relatively	 small	 (<	2	nm)	which	allows	 for	a	high	
spatial	resolution	of	the	shear	measurement.	This	is	important	
in	 liquid	mixtures	or	on	uneven	surfaces	where	differences	 in	
liquid	 behaviour	 can	 occur	 between	 different	 locations.	 The	
results	confirm	that	the	organisation	of	the	liquid	molecules	at	
the	 surface	of	 graphite	 largely	dominates	 the	measurements.	
When	present	in	the	liquid,	squalane	molecules	form	a	robust	
interfacial	monolayer	with	 the	molecules	oriented	upright	on	
the	 surface.	 The	 layer,	 which	 remains	 intact	 even	 at	 100	 °C,	
induces	a	step-like	increase	of	the	viscous	and	elastic	response	
of	 the	 confined	 liquid	 as	 the	 confining	 pressure	 increases.	 In	
contrast,	 measurements	 in	 pure	 hexadecane	 show	 a	
continuous	 and	 linear	 increase	 in	 the	 apparent	 viscosity	with	
pressure	 at	 all	 temperatures,	 with	 little	 elastic	 response.	
Depending	 on	 the	 liquid	 mixture,	 measurements	 can	 be	
strongly	 location-dependent	 which	 suggests	 molecular	
clustering	 and	 nanoscale	 phase	 separation	 at	 the	 interface	
with	HOPG.	
The	 results	 illustrate	 the	 importance	 of	molecular	 details	 for	
determining	 the	 viscoelastic	 properties	 of	 confined	 liquids.	
This	 is	 particularly	 true	 for	 liquid	 mixtures	 where	 a	 single	
component	can	completely	dominate	the	observed	behaviour,	
or	nanoscale	phase	separation	can	induce	strong	local	effects.	

Experimental	
Sample	preparation	and	experimental	conditions	

Hexadecane	 (Hd)	 and	 squalane	 (Sq)	 were	 purchased	 from	
Sigma-Aldrich	 (Dorset,	 UK).	 The	 stated	 purity	 of	 both	 liquids	
was	 >99%	 and	 they	 were	 used	 without	 further	 purification.	

The	 fusion	and	 vaporisation	 temperatures	of	 the	pure	 liquids	
(Tf	 and	Tv	 respectively)	are	Tf	 =	18	 °C	and	Tv	 =	287	 °C	 for	Hd,	
and	 are	 Tf	 =	 -38	 °C	 and	 Tv	 =	 176	 °C	 for	 Sq.	 Five	 different	
solutions	were	prepared	from	binary	Hd:Sq	mixtures:	1:0	(pure	
Hd),	3:1,	1:1,	1:3,	and	0:1	(pure	Sq).	All	the	mixtures	appeared	
completely	soluble	in	bulk	at	all	temperatures.	Measurements	
in	 the	 pure	 liquids	 served	 as	 reference.	 Each	 mixture	 was	
sonicated	 at	 30	 °C	 until	 optically	 homogenous	 and	 kept	 at	
room	temperature.	
The	 substrate,	 highly	 ordered	 pyrolytic	 graphite	 (HOPG)	 (SPI	
supplies,	 West	 Chester,	 PA)	 was	 glued	 to	 a	 steal	 disc	 with	
epoxy	 resin	 (Araldite,	 Basel,	 Switzerland),	 ensuring	 direct	
contact	between	the	graphite	and	the	metal.	This	is	necessary	
to	achieve	good	thermal	conduction	throughout	the	substrate	
and	 favour	 accurate	 temperature	 settings	 during	 the	
measurement.	The	HOPG	was	freshly	cleaved	before	each	set	
of	measurement	using	adhesive	tape	and	immediately	covered	
with	the	solution	studied.	For	each	of	the	5	liquids	probed	(Hd,	
Hd3:1Sq,	Hd1:1Sq,	Hd1:3Sq,	and	Sq),	the	study	was	conducted	
at	20	°C,	30	°C,	40	°C,	50	°C,	60	°C,	70	°C,	80	°C,	90	°C,	100	°C	
(always	±0.1°C),	and	repeated	at	least	3	times	with	a	new	tip.	
Temperature	 control.	 In	 order	 to	 allow	 precise	 and	
reproducible	 temperature-controlled	 measurement,	 a	
heating/cooling	system	with	precision	better	 than	±0.1°C	was	
used.	 The	 system	 is	 integrated	 in	 the	 AFM	 and	 accessible	
through	 the	 AFM	 control	 software.	 The	 temperature	 is	
measured	 in	 the	 metallic	 sample	 support.	 The	 use	 of	 a	
conducting	HOPG	substrate	glued	to	a	metal	disc	enables	good	
thermal	conductivity	through	the	sample.	After	any	change	 in	
temperature,	the	system	was	allowed	to	settle	so	as	to	ensure	
minimal	 drift	 and	 thermal	 equilibrium	 before	 measurements	
were	 conducted.	 The	 heating/cooling	 rates	 imposed	 by	 the	
temperature	regulation	loop	were	monitored	against	time,	and	
it	was	estimated	 that	 thermal	 equilibrium	was	 reached	when	
the	 rates	 became	 constant	within	 ±1%.	 This	 strategy	 allowed	
sub-nanometre	resolution	imaging	at	all	temperatures.	
	

AFM	measurements	

All	 the	 measurements	 were	 carried	 out	 on	 a	 commercial	
Cypher	 ES	 AFM	 system	 (Oxford	 Instruments,	 Santa	 Barbara,	
CA)	 equipped	 with	 temperature	 control.	 Two	 types	 of	
measurements	 were	 conducted	 complementarily:	 shearing	
and	 imaging.	 All	 measurements	 were	 conducted	 with	
ArrowUHF-AuD	 cantilevers	 (Nanoworld,	 Neuchâtel,	
Switzerland,	 nominal	 vertical	 spring	 constant	 of	𝑘! ~ 2	N/m).	
Each	 cantilever	 was	 calibrated	 (𝑘!)	 using	 its	 thermal	
spectrum69.	 Torsional	 calibration	 of	 the	 cantilever’s	 inverse	
optical	 lever	 sensitivity	 and	 spring	 constant	 𝑘!	 are	 more	
demanding.	Given	the	triangular	shape	of	the	cantilever,	there	
is	 currently	 no	 simple	 calibration	 method	 available.	 The	
calibration	was	therefore	conducted	only	on	a	few	cantilevers	
so	as	to	determine	an	order	of	magnitude.	The	procedure	used	
was	adapted	from	established	techniques70,71	and	is	described	
in	detail	 in	supplementary	information	(see	Fig.	S1).	 It	yielded	
a	 value	 of	 ~200	 N/m	 for	 𝑘!.	 This	 is	 however	 an	 estimate	
resting	 on	 important	 simplifications	 (see	 Supplementary	
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Methods)	 and	 the	 results	 hence	 display	 only	 the	 shear	
amplitude,	not	force.	The	measurements	were	conducted	with	
both	 the	 cantilever	 and	 the	 HOPG	 substrate	 fully	 immersed	
into	 the	 liquid	 (Fig.	 1a).	 Each	 set	 of	 measurement	 was	
repeated	at	 three	 times	with	a	different	 cantilever/tip	and	 in	
no	particular	order	so	as	to	ensure	statistical	 reliability	of	 the	
results.	

	

Fig.	1		Cartoon	representation	of	the	AFM	tip	and	cantilever	at	the	surface	of	HOPG	in	
liquid	(a).	When	used	for	imaging	(b),	the	cantilever	is	externally	driven	at	its	resonance	
frequency	(blue	arrow)	resulting	in	a	net	vertical	oscillation	of	the	tip	(red	arrow).	The	
tip	 oscillation	 is	 damped	 as	 the	 tip	 interacts	 with	 the	 interfacial	 liquid	 near	 the	
substrate.	In	shear	experiment	(c),	the	substrate	is	oscillated	laterally	(blue	arrow).	As	
the	 tip	 approaches	 the	 interface,	 liquid-mediated	 tip-substrate	 coupling	 can	 induce	
torsion	of	the	cantilever	(red	arrow).	

High-resolution	imaging.	When	used	for	imaging,	the	AFM	was	
operated	 in	 amplitude	 modulation	 (AM-AFM).	 In	 AM	 the	
cantilever	 is	 oscillated	 vertically	 at	 a	 frequency	 close	 to	 its	
natural	 resonance.	A	detection	 system	 records	 the	oscillation	
amplitude	 𝐴	 and	 phase	 𝜑	 of	 tip	 in	 the	 liquid.	 Given	 the	
relatively	 high	 viscosity	 and	 poor	 thermal	 conductivity	 of	 the	
fluid,	 the	 cantilever	 oscillation	 was	 driven	 acoustically.	 Away	
from	the	 substrate,	 the	 tip	oscillates	 in	 the	bulk	 liquid	with	a	
constant	amplitude	𝐴!	 (free	amplitude).	The	phase	𝜑! =±90°	
due	to	viscous	damping	of	the	cantilever	motion	in	the	liquid.	
As	 the	 tip	 is	 brought	 closer	 to	 the	 sample,	 the	 oscillation	
amplitude	 decreases	 due	 to	 tip-interface	 interactions	 so	 that	
𝐴 < 𝐴!	 (Fig.	 1b).	 Imaging	 is	 achieved	 by	 raster	 scanning	 the	
surface	 while	 maintaining	 the	 amplitude	 to	 a	 set	 value	 𝐴!	
(setpoint	 amplitude)	 using	 a	 feedback	 loop	 that	 constantly	
readjust	 the	 average	 tip-sample	 distance.	 The	 phase	 lag	 𝜑!	
between	the	driving	signal	and	tip	oscillation	is	allowed	to	vary	
freely	 and	 changes	 depending	 on	 the	 local	 tip-sample	
interactions.	 Topographic	 images	 are	 obtained	 from	 the	
vertical	 corrections	 applied	 to	 average	 tip-sample	 distance	
when	 keeping	 the	 setpoint	 amplitude	 constant.	 In	 this	 study,	
the	 typical	 setpoint	 amplitudes	 were	 𝐴! <	 1	 nm	 and	
setpoint/free	 amplitude	 ratio	 were	 kept	 relatively	 high	
(𝐴!/𝐴! ~ 0.7-0.9)	so	as	to	ensure	imaging	conditions	preserving	
the	sample.	Under	these	conditions,	the	 images	are	mainly	of	
the	 liquid	 structured	 at	 the	 interface	 rather	 than	 the	 solid	
substrate	 underneath32,33,67,72.	 The	 phase,	 recorded	 for	 each	
position	 scanned,	 carries	 information	 about	 local	 changes	 in	
the	 viscoelastic	 properties	 of	 the	 interfacial	 liquid	 layers	
imaged	 and	 is	 hence	 sensitive	 to	 variations	 in	 the	 structural	
arrangement	 of	 the	 molecules	 images,	 often	 with	 sub-
nanometre	resolution32,67,73-75.	
Shear-force	 spectroscopy.	 The	 shearing	 measurements	 were	
conducted	 using	 custom-made	 adaptations	 of	 the	 AFM	
software	 that	 re-assigned	 a	 lock-in	 amplifier	 to	 the	 torsional	

signal	 of	 the	 cantilever.	 During	 a	 typical	 measurement,	 the	
immersed	 HOPG	 substrate	 was	 oscillated	 laterally	 at	 a	
frequency	of	1.1	kHz	and	an	amplitude	of	about	2	nm	using	the	
AFM	 scanner	 (Fig.	 1c).	 This	 frequency	was	 below	 the	 natural	
resonance	 of	 the	 scanner	 (around	 2	 kHz).	 Standard	 force-
distance	 curves	 were	 then	 acquired	 while	 simultaneously	
recording	the	tip	vertical	deflection	and	 lateral	torsion	due	to	
liquid-mediated	coupling	with	the	substrate.	The	amplitude	𝐴!	
and	phase	φt	of	the	torsion	signal	were	extracted	using	one	of	
the	 lock-in	 amplifiers	 of	 the	 AFM.	 The	 magnitude	 of	 the	
shearing	 force	 𝐹!	 is	 directly	 proportional	 to	 𝐴!.	 For	 small	
torsion	amplitudes	(as	 is	here)	we	can	write	𝐹! = 𝑘!𝐴!	with	𝑘!	
the	 torsional	 spring	 constant	of	 the	 cantilever.	 The	phase	 lag	
𝜑!	between	the	lateral	oscillation	of	the	sample	and	that	of	the	
cantilever	 torsion	 caries	 information	 about	 the	 nature	 of	 the	
tip-substrate	coupling	through	the	sheared	 liquid:	 if	𝜑! = 90°,	
the	coupling	is	purely	viscous	while	for	𝜑! = 0°	the	cantilever	is	
perfectly	 coupled	 to	 the	 substrate	 and	 the	 sheared	 liquid	
behaves	purely	elastically	(Fig.	1c).	Shearing	measurements	are	
‘blind’	 in	 the	 sense	 that	 they	 are	 done	 over	 a	 particular	
location	 of	 the	 sample	 without	 knowledge	 of	 the	 local	
topography.	 Complementary	 high-resolution	 imaging	
conducted	at	the	location	immediately	before	or	after	shearing	
measurements	 allows	 this	 problem	 to	 be	 overcome.	 It	 also	
ensures	 that	 a	 suitable	 location	 is	 selected	 for	 the	
measurement,	 for	 example	 away	 from	 surface	 defects	 and	
singularities	 which	 might	 artificially	 affect	 the	 results.	 More	
than	 100	 shear	 curves	 were	 acquired	 over	 five	 randomly	
selected	locations	for	each	liquid,	at	each	temperature	probed.		
The	results	were	analysed	using	 routines	programmed	 in	 Igor	
Pro	(Wavemetrics,	Lake	Oswego,	OR).	The	curves	were	aligned	
and	averaged	for	pure	 liquids.	 In	mixtures,	 it	was	common	to	
observe	 different	 behaviour	 depending	 on	 the	 measuring	
location.	In	such	case,	the	curves	were	sorted	in	sub-groups	of	
similar	behaviour.	
It	 is	 worth	 noting	 that	 the	 experimental	 approach	 used	 here	
allows	 for	 rapid	 switching	 between	 imaging	 and	 shearing	
measurements	 without	 requiring	 making	 any	 change	 or	
adjustment	to	the	system,	therefore	ensuring	that	both	modes	
probe	the	same	region	of	the	sample.	

Results	and	discussion	
Results	 are	 presented	 sequentially	 for	 each	 liquid,	 starting	
from	 the	 pure	 liquids	 which	 serve	 as	 references	 for	
interpreting	results	in	the	mixtures.		
	
Pure	squalane	

An	example	of	a	single	shear	curve	acquired	in	Sq	is	presented	
in	 Fig.	 2.	 The	 vertical	 deflection	 of	 the	 cantilever	 is	 recorded	
simultaneously	 to	 the	 shear	 amplitude	 and	 phase,	 and	
provides	a	direct	measurement	of	 the	confining	 force	applied	
by	 the	 tip.	 The	 shear	 amplitude,	 initially	 close	 to	 zero,	
increases	 in	 a	 step-like	 fashion	 as	 the	 tip	 approaches	 the	
surface.	This	 indicates	 that	 the	confined	 liquid	 is	organised	 in	
cohesive	layers	at	the	interface	with	HOPG.	These	steps	do	not	
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follow	 a	 progressive	 behaviour,	 suggesting	 that	 the	 layering	
exists	 even	 in	 the	 absence	 of	 the	 confining	 tip.	 Past	 these	
initial	 steps,	 the	 shear	 amplitude	 tends	 to	 increase	 more	
regularly	with	the	applied	force.	The	shear	phase	is	often	more	
sensitive	than	the	amplitude,	as	visible	in	Fig.	2.	The	shearing,	
initially	 only	 viscous	 in	 bulk	 liquid	 (𝜑! = 90°)	 becomes	
viscoelastic	 when	 the	 liquid	 is	 confined.	 The	 phase	 is	 not	
defined	 if	 the	 shear	 amplitude	 is	 zero,	 far	 away	 from	 the	
surface.	This	 is	visible	here	 is	 the	 large	 fluctuations	visible	 for	
𝑧 > 10 	 nm.	 Interestingly,	 after	 an	 initial	 step	 increase,	 the	
phase	 remains	 constant	 with	 increasing	 confining	 force,	
indicating	a	steady	shearing	regime.	

	

Fig	2			Example	set	of	curves	acquired	during	a	single	shear	measurement	in	Sq	at	40	°C.	
The	vertical	deflection	(a),	the	shear	amplitude	(b)	and	the	shear	phase	(c)	are	recorded	
simultaneously	 as	 the	 tip	 approaches	 the	 substrate.	 The	horizontal	 axis	 indicates	 the	
extension	 of	 the	 base	 of	 the	 cantilever	 towards	 the	 surface.	 Several	 events	 can	 be	
distinguished	as	the	tip	nears	 the	surface	 (from	the	right).	Around	8	nm	(i),	a	sudden	
jump	 in	 phase	 suggests	 that	 the	 tip	 starts	 interacting	 with	 the	 surface,	 but	 without	
significant	 change	 in	 amplitude.	 Around	 6nm	 (ii),	 the	 cantilever	 starts	 deflecting	
vertically.	This	is	however	‘soft’	with	the	deflection	reaching	a	plateau	and	changes	in	
amplitude	and	phase	only	starting	from	around	2.5	nm.	At	0	nm	(iii),	a	hard	contact	is	
established	 (deflection),	 defining	 arbitrarily	 the	 zero	 on	 the	 horizontal	 axis.	 This	
coincides	 with	 a	 jump	 in	 both	 phase	 and	 amplitude.	 As	 the	 tip-applied	 pressure	
increases	(iv),	a	sudden	jump	in	all	channels	indicates	the	rupture	of	a	molecular	layer	
confined	between	the	tip	and	the	sample.		

	

	

Fig	 3	 	 	Representation	 of	 the	 shear	 amplitude	 and	 phase	 in	 Sq	 as	 a	 function	 of	 the	
confining	force	for	different	temperatures.	The	curves	in	red	are	the	same	as	presented	
in	Fig.	2.	The	main	step	in	amplitude	(labelled	iv	in	Fig.	2)	is	highlighted	with	an	arrow.	
The	shear	amplitude	is	still	sizeable	at	80	°C	with	in	all	cases	an	initial	rapid	amplitude	
increase	 in	steps	followed	by	a	more	progressive	 increase	with	the	applied	force.	The	
phase	 also	 exhibits	 a	 characteristic	 step-decrease	 at	 contact	 (0	 nN)	 followed	 by	 a	
plateau.	The	value	of	the	plateau	evolves	with	temperature	from	viscoelastic	at	20	°C	to	
purely	 viscous	 at	 80	 °C.	 (A	 purely	 elastic	 response	would	 yield	𝜑! = 0°	 and	 a	 purely	
viscous	behaviour	𝜑! = 0°).	The	evolution	of	amplitude	and	phase	with	temperature	is	
monotonic	in	Sq	(see	supplementary	Fig.	S2).		

The	 data	 presented	 in	 Fig.	 2	 can	be	 combined	 so	 as	 to	 place	
the	emphasis	on	the	region	where	the	tip	 is	coupled	with	the	
sample.	This	is	done	by	plotting	the	shear	amplitude	and	phase	
as	 a	 function	 of	 the	 cantilever	 vertical	 deflection,	 with	 the	
latter	converted	in	the	confining	force	(Fig.	3).		
This	 presentation	 of	 the	 data	 has	 two	 advantages:	 first	 it	
allows	 for	an	estimate	of	 the	confining	pressure	between	the	
tip	 and	 the	HOPG	 surface.	 Considering	 a	 typical	 tip	 radius	 of	
10-20	 nm,	 the	 confinement	 area	 varies	 is	 about	 10-100	 nm2,	
yielding	in	increase	in	pressure	in	the	order	of	10-100	MPa	per	
nanoNewton	 applied.	 Second,	 it	 condenses	 the	 entire	 region	
of	the	curve	with	no	force	applied	to	a	single	point,	therefore	
placing	 the	 emphasis	 on	 the	 relevant	 part	 of	 the	 data.	 Fig.	 3	
also	shows	representative	shear	amplitude	and	phases	at	20	°C	
and	 80	 °C	 for	 comparison.	 The	 average	 behaviour	 of	 shear	
curves	 for	 every	 temperature	 probed	 is	 available	 in	
supplementary	information	(Fig.	S2)	
In	Fig.	3,	a	coherent	and	continuous	evolution	can	be	seen	 in	
both	amplitude	and	phase	as	 the	 temperature	 increases.	 The	
data	 shows	 more	 variability	 past	 60	 °C.	 As	 the	 temperature	
increases,	 the	 shearing	 amplitude	 (and	 hence	 shear	 force)	
progressively	decreases.	The	evolution	of	the	shear	phase	with	
temperature	indicates	that	the	sheared	Sq	layer	changes	from	
viscoelastic	at	20	°C	to	mostly	viscous	beyond	80°C.	However,	
sizeable	 shear	 amplitudes	 are	 observed	 at	 all	 temperatures,	
indicating	the	existence	of	a	stable	and	cohesive	Sq	molecular	
layer	 on	 the	 surface	 of	 HOPG.	 This	 is	 also	 consistent	 with	
previous	 results	 probing	OMCTS/Sq	mixtures	 at	 the	 interface	
with	HOPG	and	reporting	a	substantial	layering	of	the	liquid37.	
The	 effect	 of	 temperature	 on	 the	 Sq-HOPG	 interface	 can	 be	
visualized	 directly	 in	 high-resolution	 images	 of	 the	 interfaces	
(Fig.	4).	 Initially,	a	 thick	 layer	 is	covering	the	surface	of	HOPG	
(20°C)	with	occasional	defect	following	regular	lines,	indicative	
of	 a	 crystalline	molecular	 packing	 of	 Sq.	 As	 the	 temperature	
increases,	 the	 thick	 layer	 leaves	behind	a	disordered	mesh	of	
gel-like	 filaments,	 suggesting	a	superficial	 ‘melting’	of	 the	top	
Sq	 layer	 exposed	 to	 the	 bulk	 liquid.	 Further	 temperature	
increase	 to	 40°C	 makes	 the	 superficial	 Sq	 layer	 completely	
disappear,	 revealing	 an	 ordered	 row	 structure	 underneath.	
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The	 spacing	between	adjacent	 rows	 is	~4.5nm,	probably	due	
to	 Sq	molecules	 lying	 flat	on	 the	 surface.	Occasional	holes	or	
cracks	 in	the	structure	(not	shown)	indicate	that	the	rows	are	
formed	 on	 top	 of	 a	 thicker	 Sq	 layer	 and	 not	 directly	 on	 the	
HOPG	 substrate.	 At	 70	 °C	 the	 row	 structure	 disappears,	
revealing	 a	 hexagonal	 lattice	 with	 ~8.3	 nm	 periodicity	
underneath.	 The	 presence	 of	 the	 hexagonal	 lattice	 suggests	
that	the	Sq	molecules	are	not	arranged	parallel	to	the	surface,	
but	 rather	 perpendicularly	 in	 a	 self-assembled	monolayer.	 In	
this	 interpretation,	 the	 apparent	 periodicity	 results	 from	 a	
mismatch	 between	 the	 HOPG	 lattice	 and	 that	 of	 the	
hexagonally	packed	Sq	monolayer,	hence	creating	a	hexagonal	
Moiré	 pattern.	 The	 phenomenon	 has	 previously	 been	
observed	 in	 similar	 systems76,77,	 but	 usually	 with	 the	 self-
assembled	 molecules	 lying	 flat	 on	 the	 HOPG	 surface.	 Here,	
given	 the	 periodicity	 of	 the	 HOPG	 lattice	 (2.46	 Å),	 the	
intermolecular	 spacing	 of	 the	 Sq	 layer	 must	 be	 ~3.5	 Å	 to	
explain	the	observed	Moiré.	
	

	

Fig	4			AFM	images	of	Sq	at	the	interface	with	HOPG	at	different	temperatures.	At	20	°C	
a	 thick	 layer	 (cyan	 arrow)	 is	 present	 and	 progressively	 ‘melts’	 as	 the	 temperature	
increases	 (white	 arrow).	 At	 40	 °C,	 a	 relatively	 fragile	 row	 structure	 appears	 (aligned	
with	the	white	arrow)	underneath	the	‘melted’	top	layer.	The	row	spacing	is	about	4.5	
nm.	At	70	°C,	a	hexagonal	lattice	(about	8.3nm	periodicity)	appears	beneath	the	rows.	
The	lattice	can	be	explained	by	a	monolayer	of	Sq	self-assembled	directly	on	the	HOPG	
surface.	 The	 hexagonal	 pattern	 is	 a	 Moiré	 induced	 by	 a	 mismatch	 between	 the	
periodicities	of	the	HOPG	lattice	(2.46	Å)	and	that	of	the	self-assembled	Sq	layer	(~3.5	
Å).	The	layer	remains	stable	up	to	90	°C	where	different	types	of	molecular	assemblies	
coexist	 in	 domains:	 the	 cyan	 arrow	 point	 to	 a	 lattice	 region	 and	 the	white	 arrow	 to	
another	 less	ordered	region.	The	 imaging	phase	over	 the	same	area	 (inset)	exhibits	a	
clear	contrast,	indicating	that	the	two	regions	have	different	molecular	assemblies.	All	
topographic	 images	are	 shown	 in	 the	black-purple-yellow	colour	 scale	 and	 the	phase	
image	is	shown	in	blue	scale.	The	scale	bars	are	60	nm	(20	°C),	40	nm	(40	°C),	40	nm	(70	
°C),	and	40	nm	(90	°C).	The	colour	scales	represent	a	total	height	variation	of	7	nm	(20	
°C),	2	nm	(40	°C),	0.1	nm	(70	°C),	and	2	nm	(90	°C),	and	a	phase	variation	of	4°	(90	°C).	

This	suggests	strong	layer	cohesion	due	to	inter-molecular	van	
der	 Waals	 interactions,	 possibly	 strengthened	 by	 lateral	
interlocking	of	the	Sq	side-chains.	Even	past	90	°C,	the	lattice	is	
still	 present	 with	 different	 types	 of	 domains	 that	 can	 be	
distinguished	 from	 local	 variations	 in	 the	 imaging	 phase	 𝜑!	
(Fig.	4).		
Throughout	 all	 experiments	 conducted	 in	 liquids	 that	
contained	 Sq,	 the	 tip	 was	 never	 able	 to	 reach	 the	 HOPG	
surface.	The	fact	that	a	viscous	behaviour	was	observed	at	90	
°C	despite	the	tip	not	reaching	the	HOPG	surface	indicates	that	
the	 behaviour	 of	 the	 last	 Sq	 layer	 was	 never	 probed;	 the	
shearing	 tip	 was	 probably	 sliding	 over	 it.	 This	 is	 in	 stark	
contrast	with	results	obtained	in	pure	Hd.	
	
Pure	hexadecane	

The	 shear	 experiments	 conducted	 in	 pure	 Hd	 indicate	 a	
consistent	 and	 gradual	 decrease	 of	 the	 effective	 viscosity	 of	
the	 confined	 liquid	 with	 temperature.	 Figure	 5	 presents	
amplitude	 and	 phase	 curves	 as	 a	 function	 of	 the	 applied	 tip	
force	 taken	 at	 20	 °C,	 40	 °C	 and	 80	 °C.	 The	 complete	 set	 of	
average	evolution	for	each	temperature	probed	is	available	in	
supplementary	information	(Fig.	S3).	Increases	in	the	confining	
pressure	 result	 in	 an	 almost	 linear	 increase	 of	 the	 shear	
amplitude,	except	at	20	°C	where	an	initial	step	around	4nN,	is	
visible.	 It	 can	 be	 explained	 by	 the	 tip	 interacting	 with	 the	
multiple	layers	formed	by	Hd	on	HOPG	at	room	temperature78-
80.	 The	measured	 shear	 amplitudes	 become	 vanishingly	 small	
at	 higher	 temperatures	 rendering	 the	 phase	 considerably	
noisier.	The	phase	shows	little	dependence	on	temperature,	a	
trend	confirmed	 for	all	 temperatures	 (see	 supplementary	Fig.	
S3).	 This	 is	 characteristic	 of	 Hd	 and	 reflects	 a	 largely	 viscous	
behaviour	 of	 the	 confined	 liquid,	 with	 little	 evolution	 as	 a	
function	of	the	applied	pressure	or	temperature.	
The	 evolution	 of	 the	 Hd	 shear	 curves	 with	 increasing	
temperature	 is	 progressive,	 with	 a	 steady	 decrease	 of	 the	
shearing	amplitude	and	no	significant	change	in	the	phase	(see	
Fig.	 S3).	 Unlike	 for	 Sq,	 the	 average	 behaviour	 of	 Hd	 is	
homogenous	 across	 the	 whole	 interface.	 Occasionally,	
substantial	 variations	 from	 the	 average	 behaviour	were	 seen	
for	 individual	 curves	 at	 lower	 temperatures,	 suggesting	 some	
molecular	 organisation	 of	 the	 sheared	 liquid.	 These	 events	
were	not	 common	and	disappeared	 almost	 entirely	 at	 higher	
temperatures.	

	

Fig	 5	 	Representative	 shear	 amplitude	 and	 phase	 curves	 acquired	 in	 pure	 Hd	 at	 the	
surface	of	HOPG	at	20	 °C	 (green),	40	 °C	 (red)	and	80	 °C	 (blue).	Past	40	 °C,	 the	 shear	
amplitude	 become	 so	 small	 that	 the	 phase	 is	 hardly	 detectable,	 resulting	 in	 noisy	
readings.	The	phase	is	however	consistently	centred	around	𝜑! = 90°	(except	at	20	°C)	
indicating	a	purely	viscous	behaviour	(see	also	Fig.	S3).	
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High-resolution	 images	 (Fig.	 6)	 indicate	 a	 relatively	 high	
mobility	of	 the	Hd	molecules	 at	 the	 interface	 consistent	with	
the	shear	observations.	At	20	°C,	Hd	molecules	form	a	regular	
array	 of	 epitaxially-induced	 rows	 on	 the	 surface,	 often	
spanning	 several	 layers	 on	 top	 of	 each	 other.	 The	 distance	
between	adjacent	rows	is	~2.4	nm	but	occasionally	wider	row	
structures	 are	 visible	 near	 surface	 singularities	 (atomic	 steps,	
layer	edges).	The	Hd	layering	at	room	temperature	and	lateral	
organisation	 in	 rows	 when	 in	 contact	 with	 HOPG	 is	 a	 well-
documented	 phenomenon78,79	 further	 confirmed	 here.	 At	 50	
°C,	most	of	the	row	structure	has	‘melted’	in	the	sense	that	it	
is	 less	 clear	 and	 more	 disordered	 with	 only	 a	 single	 layer	
partially	visible.	
At	70	°C	no	more	structure	is	visible;	only	a	uniform	disordered	
interfacial	 layer	 with	 hints	 of	 temporary	 epitaxial	 effects.	
Finally,	past	90	°C,	the	scanning	AFM	tip	can	fully	remove	the	
Hd	molecules	from	the	surface,	revealing	the	underlying	HOPG	
lattice.	This	occurs	despite	the	very	gentle	 imaging	conditions	
(compared	to	shearing	experiments)	indicating	a	high	mobility	
of	the	interfacial	Hd	molecules.	

	

Fig	6			The	interface	between	HOPG	and	Hd	imaged	at	different	temperatures.	At	
20	°C	clear	rows	are	visible	on	the	surface,	building	up	on	several	levels.	The	blue	
arrow	 indicates	 the	direction	of	~2.4	nm	spaced	 rows.	The	white	arrow	shows	
wider	rows	occasionally	observed	on	small	regions	of	the	surface.	The	inset	is	a	
magnification	over	a	part	of	the	 image	highlighted	by	the	blue	arrow.	At	50	°C,	
the	rows	are	visible	mostly	on	a	single	level	(directly	on	the	HOPG)	and	are	easily	
disrupted	 by	 the	 scanning	 AFM	 tip.	 At	 70	 °C,	 a	 homogenous	 and	 disordered	
molecular	 layer	 is	 visible,	 but	 there	 are	 hints	 of	 epitaxial	 effects.	 At	 90°C	 the	
underlying	 HOPG	 lattice	 is	 occasionally	 visible	 as	 lines	 with	~0.25	 nm	 spacing	
(along	the	white	arrows)	 indicating	that	all	 the	Hd	can	be	fully	removed	by	the	
scanning	tip.	The	 image	 is	however	noisy	due	to	the	Hd	molecules	occasionally	
left	 under	 the	 tip.	 The	 inset	 is	 a	magnification	over	 a	 region	of	 the	 image	 and	
some	HOPG	atomic	rows	are	highlighted.	The	colour	scale	is	as	in	Fig.	4.	The	scale	
bars	are	40	nm	(20	°C),	20	nm	(20	°C	inset),	10	nm	(50	°C),	10	nm	(70	°C),	and	2	nm	(90	
°C	and	inset).	The	colour	scales	represent	a	total	height	variation	of	0.8	nm	(20	°C),	0.6	
nm	(50	°C),	0.1	nm	(70	°C),	and	0.8	nm	(90	°C).	

	

Squalane:Hexadecane	3:1	mixture	

Results	acquired	 in	the	 liquid	mixtures	present	a	much	higher	
variability	 than	 in	 pure	 liquids,	 likely	 due	 to	 occasional	
nanoscale	 phase	 separation	 at	 the	 interface	 and	 molecular	
clustering	 within	 the	 sheared	 liquid.	 This	 is	 not	 so	 surprising	
given	 the	 strikingly	 different	 behaviour	 of	 Hd	 and	 Sq	 both	 in	
bulk	and	under	shear81,	but	it	makes	it	difficult	to	present	and	
meaningful	 average	 picture.	 This	 ‘molecular	 segregation’,	
confirmed	 by	 high-resolution	 imaging,	 often	 allows	
interpretation	 of	 the	 results	 as	 combination	 of	 Hd	 and	 Sq	
results.	Shear	force	curves	were	more	reproducible	in	Sq3:1Hd	
than	 in	other	mixtures,	 in	particular	below	60	 °C	where	most	
of	the	variability	between	probed	locations	is	usually	observed	
(See	 Fig.	 S4	 and	 S5).	 As	 the	 confining	 pressure	 increases,	 an	
initial	 sharp	 step	 in	 shear	 amplitude	 is	 followed	by	 a	 plateau	
showing	 little	 change.	 Past	 60	 °C	 two	 main	 types	 of	 curves	
were	 observed	 depending	 on	 the	 location	 probed	 (Fig.	 S4),	
eventually	converging	to	a	single	type	of	curves	past	80	°C	–	90	
°C	(Fig.	7).	
Images	 in	 acquired	 in	 Sq3:1Hd	 did	 not	 reveal	 any	 particular	
structure	such	as	 rows	or	 lattice.	A	cohesive	 layer	 is	however	
present	at	all	 times	on	the	surface.	Different	types	of	domain	
similar	to	those	observed	in	pure	Sq	are	already	visible	at	20°C	
with	a	clear	contrast	in	the	phase	image	(Fig.	8).	
The	 behaviour	 of	 the	 shear	 force	 curves	 in	 Sq3:1Hd	 is	 more	
reproducible	than	in	other	mixtures	and	close	to	that	observed	
in	pure	Sq	suggesting	that	the	Hd	can	be	seen	mainly	as	a	small	
perturbation	 in	 the	 Sq-dominated	 interface.	 Interestingly,	 no	
ordered	structure	could	be	 imaged	but	a	molecular	 layer	was	
present	for	all	temperatures	at	the	interface.	
	

	

Fig	 7	 	 	 Selected	 curves	 representing	 shear	 amplitude	 and	 phase	 as	 a	 function	 of	 the	
applied	tip	force	at	20	°C	and	80	°C	in	Sq3:1Hd.	The	shear	amplitude	exhibits	a	step-like	
increase	 at	 all	 temperature,	 but	 with	 a	 markedly	 lower	 magnitude	 at	 higher	
temperature.	 The	 phase	 curves	 also	 exhibit	 the	 step-decrease	 at	 contact	 (0nN),	
characteristic	of	measurements	 in	pure	Sq	(see	Figs.	5	and	S2).	The	two	phase	curves	
present	 a	~90°	 offset	 at	 0nN,	 but	 they	 tend	 to	 converge	 towards	 a	 same	 value	 of	
𝜑! = 90°	with	 increasing	force.	This	behaviour	 is	qualitatively	reminiscent	of	pure	Sq,	
but	with	convergence	towards	a	completely	viscous	shearing.	
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Fig	8	 	 	AFM	images	of	HOPG	 in	Sq3:1Hd	at	different	 temperatures.	At	20°C	a	smooth	
layer	is	visible	in	topography	(main	frame)	with	occasional	holes	(upper	left).	Different	
molecular	 organisations	 coexist	 in	 organised	 domains	 within	 the	 layer	 as	 in	 pure	 Sq	
(blue	and	white	arrow),	 confirmed	 in	 the	phase	 image	 (inset).	 Little	evolution	 is	 seen	
with	temperature,	with	molecular	islands	(white	arrow)	or	grooves	(blue	arrow)	visible	
at	30°C	and	similarly	at	100°C.	The	colour	scale	is	as	in	Fig.	4.	The	scale	bars	are	40	
nm	 (20	 °C),	 10	 nm	 (30	 °C),	 and	 10	 nm	 (100	 °C).	 The	 colour	 scales	 represent	 a	 total	
height	variation	of	0.5	nm	(20	°C),	0.16	nm	(30	°C),	and	0.2	nm	(100	°C),	and	a	phase	
variation	of	4°	(20	°C).	

	
Squalane:Hexadecane	1:1	mixture	

The	 shear	 forces	 curves	 in	 Sq1:1Hd	 show	 more	 variability	
between	different	locations	than	all	other	liquids	and	mixtures	
studied	 (see	 also	 supplementary	 Fig.	 S5).	 At	 20°C	 a	 typical	
amplitude	 curve	 shows	 an	 initial	 step	 followed	 by	 a	 regular	
increase	 in	 amplitude	 (Fig.	 9)	 reminiscent	 of	 observations	 in	
pure	 Sq	 (Fig.	 4).	 As	 the	 temperature	 increase,	 the	 pressure	
applied	 by	 the	 tip	 affects	 mostly	 the	 shear	 phase	 with	 little	
changes	 in	 amplitude,	 apart	 for	 an	 initial	 step	 around	 0	 nN	
(seen	at	80	 °C	 in	Fig.	9).	The	strong	dependence	of	 the	shear	
curves	on	location	was	observed	in	each	set	of	data	(with	new	
cantilevers)	 suggesting	 a	 wide	 range	 of	 different	 molecular	
organisations	at	the	interface	rather	than	experimental	errors.	
This	 is	 confirmed	 by	 the	 fact	 that	 the	 shear	 curves	 were	
reproducible	 with	 different	 cantilevers	 in	 pure	 liquids.	 The	
phase	showed	and	inversion	of	its	evolution	with	applied	force	
between	low	and	higher	temperatures	(Fig.	9).	This	behaviour	
was	also	reproduced.	
	

	

Fig	9	 	 	Selected	 curves	 representing	 shear	 amplitude	and	phase	as	 a	 function	of	 the	
applied	 tip	 force	 at	 20	 °C	 and	 80	 °C	 in	 Sq1:1Hd.	 The	 shear	 amplitude	 exhibits	 an	
evolution	similar	to	in	pure	Sq	at	20	°C	but	only	a	step-like	increase	at	80°C	with	
limited	 reproducibility.	 The	 phase	 curves	 always	 exhibit	 the	 step-change	 at	
contact	 (0	nN),	characteristic	of	measurements	 in	pure	Sq	 (Figs.	3	and	S2).	The	
shape	of	the	phase	curves	at	20	°C	and	80	°C	are	inverted	from	each	other,	with	
no	 obvious	 explanation.	 The	 inversion	 occurs	 progressively	 with	 temperature,	
confirming	 it	 results	 from	temperature-induced	change	of	molecular	behaviour	
at	the	interface.	If	we	accept	that	the	behaviour	of	the	sheared	liquid	at	20	°C	is	
mostly	elastic,	then	the	evolution	with	temperature	is	consistent	with	the	liquid	
becoming	almost	completely	viscous	past	80	°C.		

	

Fig	 10	 	 	 High-resolution	 AFM	 images	 of	 HOPG	 in	 Hd1:1Sq	 at	 different	
temperatures.	At	20	°C	rows	with	various	spacing	and	orientations	appear	with	
occasional	 aggregates	 (white	 protrusion	 at	 the	 top).	 Hd-like	 rows	 exhibit	 a	
spacing	of	~2.2	nm	(white	arrow)	while	wider	rows	present	a	~11.5	nm	spacing	
(blue	arrow).	The	rows	are	relatively	stable	up	to	40°C.	At	60°C	molecular	islands	
(white	arrow)	and	grooves	(cyan	arrows)	are	visible	with	hints	of	epitaxial	effects	
(parallel	 to	 the	 arrows).	 At	 80	 °C	 large	 aggregates	 are	 visible	 (blue	 arrow)	
surrounded	 by	 stable	 rows/longitudinal	 grooves	 in	 the	 molecular	 layer	 (white	
arrow).	The	colour	scale	is	as	in	Fig.	4.	The	scale	bars	are	100	nm	(20	°C,	left),	10	nm	
(20	°C,	right),	4	nm	(60	°C),	and	10	nm	(80	°C).	The	colour	scales	represent	a	total	height	
variation	of	0.8	nm	(20	°C,	 left),	0.15	nm	(20°C,	right),	0.1	nm	(60	°C),	and	0.5	nm	(80	
°C).	

High-resolution	 imaging	 confirmed	 the	 broad	 range	 of	
interfacial	assemblies,	especially	at	temperatures	above	50	°C.	
Representative	 images	 of	 the	 HOPG	 surface	 in	 Sq1:1Hd	 are	
shown	 in	 figure	 10.	 At	 20	 °C	 the	 surface	 is	 relatively	
homogenous	 despite	 several	 aggregates	 present	 on	 the	
surface.	 Several	 row	 structures	 coexist	 with	 an	 inter-row	
spacing	 ranging	 between	 about	 2.2	 nm	 and	 11.5	 nm.	
Comparison	with	results	in	pure	liquids	(Fig.	4	and	6)	suggests	
that	both	species	are	involved	in	the	assembly.	The	structures	
are	 stable	 up	 to	 40	 °C,	 beyond	 which	 they	 tend	 to	 ‘melt’	
leaving	 instead	 loosely	 epitaxial	 molecular	 structures	 with	
islands	 and	grooves.	Near	 surface	 features	 such	of	 the	HOPG	
such	 as	 atomic	 steps,	 the	 liquid	 appears	 to	 form	 large	
aggregates	 that	 can	 resist	 temperature	 beyond	 80	 °C.	 These	
aggregates	 act	 as	 anchoring	 points	 for	 the	 interfacial	
assemblies	 with	 rows	 and	 stable	 linear	 grooves	 appearing	 in	
their	 vicinity.	 No	 obvious	 molecular	 structure	 could	 be	
identified	past	80	°C.	In	all	cases	and	up	to	100	°C,	at	least	one	
layer	 remained	 on	 the	 HOPG	 surface	 which	 could	 not	 be	
imaged.	
	
Squalane:Hexadecane	1:3	mixture	

Shear	 force	 curves	 acquired	 in	 Sq1:3Hd	 exhibit	 a	 behaviour	
that	 combines	 features	 of	 Hd	 and	 Sq	 in	 their	 evolution	 with	
temperature	 and	 pressure	 (Fig.	 11).	 The	 shear	 amplitude	 is	
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consistent	 with	 the	 evolution	 observed	 for	 Hd,	 showing	 an	
almost	linear	increase	with	tip	force,	relatively	low	values	even	
at	20°C,	and	steady	decrease	with	temperature.	The	phase,	in	
contrast,	exhibits	the	initial	step	at	0	nN	followed	by	a	plateau,	
consistent	with	results	in	Sq.	The	shear	curves	are	remarkably	
reproducible	 between	 different	 locations	 of	 the	 sample,	
almost	as	in	pure	solvents.	However,	some	variability	could	be	
seen	 between	 different	 cantilevers.	 Overall,	 these	 results	
suggest	 that	at	 the	 interface	with	HOPG,	Sq1:3Hd	behaves	as	
pure	 Hd	 in	 contact	 with	 an	 ordered	 Sq	 surface.	 The	 good	
stability	 of	 Sq	 at	 the	 surface	 of	 HOPG	 seems	 to	 induce	
preferential	Sq	adsorption	although	these	results	alone	cannot	
exclude	 that	 this	 cohesive	 Sq-based	 layer	 also	 includes	 Hd	
molecules.	 Interestingly,	 the	 shear	 curves	 are	 relatively	
homogenous	 over	 the	 surface	 suggesting	 a	 reproducible	
molecular	 organisation	 at	 the	 interface.	 The	 shear	 phase	
exhibits	a	substantial	elastic	component	comparable	to	that	of	
pure	Sq	at	20	°C,	but	as	the	temperature	increases	the	elastic	
behaviour	 is	 counter-intuitively	 reinforced.	 This	 could	 be	
explained	by	pinning	of	the	tip	in	the	Sq-based	layer,	the	latter	
being	 weakened	 by	 the	 presence	 of	 Hd.	 This	 explanation	 is	
however	 speculative	 and	 experiments	 conducted	 with	
different	tips	showed	some	variations,	although	always	with	a	
significant	elastic	behaviour.	
Overall,	 the	 shear	 results	 are	 supported	 by	 high-resolution	
imaging	of	the	interface	(Fig	12).	At	20	°C	a	clear	row	structure	
is	 present	 in	 some	 area	 of	 the	 surface	 (2.1	 nm	 spacing)	
suggesting	 that	 it	 is	 formed	 by	 Hd.	 The	 row	 structure	 is	
however	 not	 formed	 directly	 on	 the	 HOPG	 surface,	 but	
probably	 on	 a	 cohesive	 Sq	 layer,	 as	 confirmed	 by	 results	 at	
higher	 temperature.	 The	 rows	 are	 also	 fragile,	 unlike	 in	 pure	
Hd,	further	indication	that	they	are	on	top	of	other	molecular	
layer(s)	 assembled	 at	 the	 interface.	 Longitudinal	 islands	 are	
still	 visible	 at	 30	 °C	with	 but	 tend	 to	 vanish	 past	 40	 °C	 often	
with	 disordered	 regions	 suggesting	 partial	melting	 of	 the	 top	
layer.	 At	 50	 °C,	 different	 phase	 contrasts	 are	 visible	 across	
different	regions	of	the	surface	(not	shown),	exactly	as	in	pure	
Sq	 at	 90°C	 (Fig.	 4),	 indicating	 the	 existence	 of	 well-defined	
molecular	 layers	 on	 the	 HOPG	 surface,	 and	 with	 different	
molecular	arrangements.	
	

	

Fig	 11	 	 	 Representative	 curves	 of	 shear	 amplitude	 and	 corresponding	 phase	 as	 a	
function	of	 the	applied	 tip	 force	at	20	 °C	and	80	 °C.	The	 shear	amplitude	exhibits	an	
evolution	similar	to	that	in	pure	Hd	(compare	with	Fig.	5	and	S3),	but	the	phase	exhibits	
a	step-increase	at	contact	(0	nN),	characteristic	of	measurements	in	pure	Sq	(Figs.	4	
and	S2).	However,	 the	phase	values	 indicate	a	 strong	elastic	 component	 in	 the	
shear,	amplified	at	80	°C	(taking	into	account	a	180°	offset	compared	to	Fig.	3).		

	

Fig	 12	 	 	 Selected	high-resolution	AFM	 images	of	HOPG	 in	 Sq1:3Hd	at	 different	
temperatures.	At	20	°C	rows	(spacing	~2.1	nm)	are	visible	on	the	surface	(arrow).	
The	rows	are	fragile	and	easily	removed	by	the	tip	already	at	30	°C	where	they	
are	 hardly	 visible	 (arrow).	 At	 70	 °C,	molecular	 islands	 are	 seen	 on	 the	 surface	
with	 hints	 of	 epitaxial	 effects	 suggesting	 an	 underlying	 hexagonal	 lattice	
(direction	of	the	arrows).	At	80	°C	and	higher,	an	unstructured	layer	remains	on	
the	surface,	demonstrated	by	the	presence	of	molecular	point	defects	(arrows).	

At	higher	temperatures,	aggregates	form	near	atomic	steps	of	
the	 HOPG	 (not	 shown)	 and	 epitaxial	 ‘molecular	 islands’	 are	
visible	on	the	surface.	A	stable	 layer	 is	always	present	on	the	
HOPG	surface,	suggesting	it	to	be	dominated	by	Sq.	
 
General	discussion	

Pure	 liquids	 exhibit	 a	 continuous	 evolution	with	 temperature	
when	 under	 confinement,	 but	 their	 behaviour	 completely	
depends	 on	 their	 molecular	 structure.	 Sq	 and	 Hd	 are	 both	
hydrophobic	 liquids	 that	 are	 composed	 of	 linear	 chains	 of	
carbon,	 and	 both	 show	 a	 strong	 affinity	 for	 HOPG	 with	 Hd	
achieving	 complete	wetting82.	 The	main	 difference	 resides	 in	
the	side	branching	of	Sq,	which	completely	alters	Sq	interfacial	
behaviour	under	confinement.	Previous	work81	has	highlighted	
important	 differences	 between	 the	 two	 pure	 liquids	 under	
shear	 even	 without	 confinement.	 Not	 only	 the	 shape	 of	 the	
interface,	but	the	molecular	details	of	the	liquids	were	shown	
to	play	a	key	role	 in	the	observed	behaviour.	Here,	nanoscale	
imaging	 shows	 that	 Sq	molecules	 create	 robust	 layers	 at	 the	
surface	of	HOPG	 that	 can	 resist	 temperatures	beyond	100	 °C	
under	harsh	shearing	conditions	(pressures	in	the	order	of	0.1	
GPa).	 Studies	 of	 flat	 lying	 Sq	 monolayers	 on	 graphite	 have	
shown	a	melting	temperature	 increased	by	>	90	°C	compared	
to	bulk	Sq83.	Present	results	show	that	contact	of	the	interface	
with	 liquid	 Sq	 allows	 for	 more	 molecules	 to	 pack	 upright,	
hence	creating	strong	inter-molecular	interactions	presumably	
due	 interlocking	 of	 the	 Sq	 side	 branches.	 This	 hinders	
molecular	mobility	and	confer	the	adsorbed	layers	a	solid-like	
behaviour.	 Shearing	 experiments	 support	 this	 view,	 with	 an	
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important	 elastic	 response	 of	 the	 confined	 layer	 that	
progressively	decreases	with	increasing	temperature	but	never	
completely	 disappears.	 Comparison	 with	 results	 in	 Hd3:1Sq	
suggests	 that	 the	 cohesive	 Sq	 monolayer	 effectively	 become	
the	 confining	 surface	 with	 limited	 contribution	 to	 the	
viscoelastic	behaviour	observed.	
In	contrast,	Hd	molecules	are	more	mobile	and	the	formation	
of	 self-assembled	 structures	 at	 the	 surface	 of	 HOPG	 can	 be	
easily	 undone	 by	 the	 scanning	 AFM	 tip,	 even	 using	 gentle	
imaging	conditions.	Above	90	°C,	 it	was	not	possible	to	 image	
the	 interface	 without	 completely	 displacing	 the	 molecules	
between	 the	 tip	 and	 the	 HOPG,	 occasionally	 revealing	 the	
atomic	 details	 of	 the	 HOPG	 surface.	 The	 shearing	 results	 in	
pure	Hd	suggest	a	largely	viscous	behaviour	of	the	liquid	at	all	
temperatures,	 with	 the	 shear	 force	 decreasing	 as	 the	
temperature	 increases.	 The	 AFM	 results	 do	 not	 necessarily	
indicate	that	the	interaction	between	HOPG	and	Hd	molecules	
is	 weaker	 than	 between	 HOPG	 and	 Sq	 molecules.	 The	 more	
viscous	 behaviour	 of	 Hd	 comes	 from	 the	 absence	 of	 specific	
interactions	between	adjacent	molecules,	thus	preventing	the	
formation	 of	 a	 robust	 monolayer	 at	 all	 temperatures.	 The	
apparent	 strong	 affinity	 of	 the	 Sq	 monolayer	 for	 the	 HOPG	
surface	can	be	explained	by	a	group	effect	where	a	cohesive	Sq	
patch	binds	to	the	HOPG.	
Results	 obtained	 in	 liquid	 mixtures	 exhibit	 a	 rich	 variety	 of	
behaviours	 that	 can	 rarely	 be	 explained	 by	 a	 composition-
weighted	 combination	 of	 the	 Sq	 and	 Hd	 behaviours.	 In	 the	
bulk,	Hd	and	Sq	appeared	fully	soluble	at	all	the	concentrations	
probed.	 However,	 when	 Sq	 molecules	 are	 present	 in	 the	
solution,	 they	 appear	 to	 dominate	 the	 behaviour	 of	 the	
confined	 liquid	 and	 replace	 Hd	 molecules	 at	 the	 surface	 of	
HOPG.	This	 is	hardly	surprising	given	the	robustness	of	the	Sq	
layers	under	shear,	compared	to	Hd.	In	Sq3:1Hd	and	Sq1:1Hd,	
the	 behaviour	 of	 the	 liquid	 under	 shear	 displays	 similar	
characteristics	 to	 pure	 Sq	 with	 an	 initial	 step	 change	 in	
amplitude	and	phase	as	the	confining	pressure	 increases.	The	
final	 shear	 phase	 is	 however	 different,	 suggesting	 that	 the	
cohesive	Sq	layer	can	be	altered	by	the	presence	of	Hd,	at	least	
partially.	In	Sq1:3Hd,	the	behaviour	is	closer	to	that	of	pure	Hd,	
but	a	stable	molecular	layer	attributed	to	Sq	is	still	present	on	
the	 surface	 at	 all	 temperatures.	 This	 is	 not	 simply	 a	 case	 of	
higher	affinity	of	Sq	for	the	HOPG	surface	than	Hd,	but	relates	
to	 more	 complex	 intermolecular	 interactions:	 despite	 HOPG	
being	atomically	 flat,	 the	shearing	amplitudes	and	phases	are	
found	 to	 often	 depend	 strongly	 on	 the	 location	 probed,	
suggesting	 the	 presence	 of	 different	molecular	 arrangements	
at	 the	 interface,	 including	 possible	 clustering	 and	 nanoscale	
de-mixing	 of	 the	 solution.	 This	 variability	 is	 less	 marked	 for	
higher	 temperatures	 where	 viscous	 behaviour	 usually	
dominates	both	in	Sq	and	Hd.	
The	dynamics	of	the	liquid	molecules	in	the	layer	immediately	
adjacent	 to	 the	 HOPG	 substrate	 depends	 on	 both	 liquid	
composition	 and	 temperature.	 High-resolution	 imaging	 and	
shear	 measurements	 indicate	 that	 the	 layer	 is	 solid-like	 at	
lower	temperatures	but	can	‘melt’	at	higher	temperatures,	as	
exemplified	in	Hd.	A	frozen	layer	typically	allows	reproducible	
imaging	of	molecular	structures	while	the	images	become	less	

clear	upon	partial	or	complete	melting	of	the	layer.	This	is	due	
to	 the	 diffusion	 timescale	 of	 individual	 molecules	 becoming	
comparable	 to	 that	 of	 the	 AFM	measurement.	 However,	 the	
fact	 that	 shear	 measurements	 always	 detect	 changes	 in	
amplitude	 and	 phase	 upon	 confinement	 indicate	 that	 the	
effective	viscosity	of	this	layer	is	higher	than	that	of	bulk	liquid.	
It	 is	well	known	that	liquid	molecules	are	often	more	ordered	
and	 less	 mobile	 at	 the	 interface	 with	 solids	 than	 in	 the	
bulk34,35,	 in	particular	 if	 they	have	 some	affinity	 for	 the	 solid.	
This	 interfacial	 effect	 dramatically	 influences	 the	 liquid’s	
behaviour	 under	 confinement27.	 The	 results	 of	 this	 study	
highlight	the	fact	that	not	only	solid-liquid	but	also	liquid-liquid	
molecular	interactions	determine	the	viscoelastic	behaviour	of	
the	 confined	 solution.	 Details	 of	 the	 shape,	 properties	 and	
organisation	of	 the	molecules	at	 the	 interface	are	also	crucial	
in	understanding	 the	shearing	behaviour.	Working	with	 liquid	
mixtures	 adds	 considerable	 complexity	 to	 the	 system,	
especially	 if	 the	 interface	 can	 drive	 local	 de-mixing	 or	
clustering.	The	effect	can	become	even	more	pronounced	 for	
interfaces	 where	 the	 confining	 solids	 present	 chemical	 and	
topological	singularities	such	as	roughness.	
It	should	be	noted	that	the	experiment	itself,	in	particular	the	
nanoscale	 structure84	 and	 chemistry85,86	 of	 the	 tip,	 and	 the	
shearing	 speeds11	 are	 likely	 to	 play	 a	 role	 in	 the	 shearing	
observations	 but	 these	 aspects	 are	 not	 explored	 here,	 partly	
due	 to	 experimental	 constraints.	 Given	 the	 higher	 affinity	 of	
the	 liquids	 for	 the	HOPG	surface	 than	the	silicon	oxide	of	 the	
tip	 and	 the	 high	 curvature	 of	 the	 latter87,	 it	 is	 reasonable	 to	
assume	 that	 the	 measurements	 are	 dominated	 by	 the	
interactions	between	the	liquids	and	the	HOPG	surface.	It	was	
not	 possible	 to	 calculate	 the	 storage	 and	 loss	 moduli	 of	 the	
sheared	 liquid	 since	 the	 slip	 boundary	 conditions26	 are	 not	
known	 for	 each	 liquid	 nor	 their	 evolution	 with	 temperature.	
The	shear	amplitude	and	phase	nonetheless	provides	a	reliable	
and	 quantitative	 point	 of	 comparison	 between	 the	 different	
liquids	studied.	

Conclusions	
This	study	examined	the	molecular	organisation	and	behaviour	
of	 a	 dual	 paraffinic	 system	 under	 nano-confinement	 and	 at	
different	 temperatures	 using	 AFM.	 Shear	 experiments	 and	
high-resolution	 imaging	 of	 mixtures	 of	 Sq	 and	 Hd	 at	 the	
interface	with	 atomically	 flat	HOPG	 revealed	a	 rich	 variety	of	
behaviour	 that	 strongly	 depends	 on	 the	 local	 molecular	
organisation	 of	 the	 liquid.	 Pure	 Sq	 is	 viscoelastic	 under	
confinement	 at	 lower	 temperatures	 due	 to	 inter-molecular	
bonds	that	create	cohesive	interfacial	layers.	In	contrast,	pure	
Hd	 is	 largely	 viscous	 at	 all	 temperatures.	 Generally,	 the	
behaviour	 of	 mixtures	 is	 dominated	 by	 Sq,	 but	 it	 cannot	 be	
simply	 inferred	 from	 that	 of	 the	 pure	 components	 due	 to	
important	local	variations	in	the	molecular	arrangement	at	the	
nanoscale.	As	a	result,	measurements	depend	on	the	location	
probed	despite	the	confining	surfaces	remaining	identical.	This	
variability	 diminishes	 at	 higher	 temperatures	 where	 Sq	
becomes	more	viscous.		
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Liquid	mixtures	often	exhibit	some	nanostructure	at	interfaces	
due	 to	 differences	 in	 affinity	 between	 the	 surface	 and	 its	
component.	Examples	included	monolayer,	clusters	or	sponge-
like	 molecular	 arrangements.	 This	 study	 highlights	 the	
importance	of	such	structures	in	determining	the	behaviour	of	
nano-confined	 liquids	 where	 molecular	 details	 take	
precedence	over	bulk	properties.		
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