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ABSTRACT:	Computational	chemistry	calculations	are	broadly	useful	for	guiding	the	atom-scale	design	of	hard-soft	material	
interfaces,	 including	 how	molecular	 interactions	 of	 single-component	 liquid	 crystals	 (LCs)	 at	 inorganic	 surfaces	 lead	 to	
preferred	orientations	of	the	LC	far	from	the	surface.	The	majority	of	LCs,	however,	are	not	single-component	phases	but	
comprise	 mixtures,	 such	 as	 mixture	 of	 mesogens,	 added	 to	 provide	 additional	 functions	 such	 as	 responsiveness	 to	 the	
presence	of	 targeted	organic	compounds	(for	chemical	sensing).	 In	such	LC	mixtures,	 little	 is	understood	about	the	near-
surface	composition	and	organization	of	molecules,	and	how	that	organization	propagates	into	the	far-field	LC	orientation.	
Here,	we	address	this	broad	question	by	using	a	multi-scale	computational	approach	that	combines	density	functional	theory	
(DFT)-based	 calculations	 and	 classical	 molecular	 dynamics	 (MD)	 simulations	 to	 predict	 the	 interfacial	 composition	 and	
organization	of	a	binary	LC	mixture	of	4’-cyano-4-biphenylcarbolxylic	acid	(CBCA)	and	4’-n-pentyl-4-biphenylcarbonitrile	
(5CB)	 supported	on	 anatase(101)	 titania	 surfaces.	DFT	 calculations	determine	 the	 surface	 composition	 and	 atomic-scale	
organization	of	CBCA	and	5CB	at	the	titania	surface,	and	classical	MD	simulations	build	upon	the	DFT	description	to	describe	
the	evolution	of	 the	near-surface	order	 into	 the	bulk	LC.	A	 surprising	 finding	 is	 that	 the	5CB	and	CBCA	molecules	adopt	
orthogonal	orientations	at	the	anatase	surface,	and	that	above	a	threshold	concentration	of	CBCA,	this	mixture	of	orientations	
evolves	 away	 from	 the	 surface	 to	 define	 a	 uniform	 far-field	 homeotropic	 orientation.	 These	 results	 demonstrate	 that	
molecular-level	 knowledge	 achieved	 through	 a	 combination	 of	 computational	 techniques	 permits	 the	 design	 and	
understanding	of	functional	LC	mixtures	at	interfaces.			

	

	

The	capability	to	design	liquid	crystal	(LC)	interfaces	with	desired	properties	is	enabling	development	of	functional	materials	
for	use	 in	applications	such	as	gas	sensors1,	 actuators2,	 liquid	crystal	displays3,	or	assays	 for	 targeted	biological	species4.	
Because		LCs	are	mesophases	that	contain	fluid-like	mobility	and	long-range	orientational	order,5	the	preferred	orientation	
of	a	LC	(the	director)	within	a	micrometer-thick	film	can	be	controlled	by	molecular-level	interactions	at	its	interfaces6–17.	The	
importance	of	 	 interfacial	interactions	of	LCs	has	inspired	numerous	computational	and	experimental	studies	to	elucidate	
how	molecular	order	propagates	from	the	interface	into	the	far-field	LC	orientation	(referred	to	as	anchoring)18.	Common	
approaches	 to	 study	LC	anchoring	utilize	 coarse-grained	 simulations19–22	 or	 continuum-scale	numerical	 calculations	 (e.g.,	
within	the	Landau-de	Gennes	theoretical	framework)	in	which	an	anchoring	energy	is	imposed	to	orient	the	LC	director	at	
the	 surface23–26.	 Such	 simulations	 do	 not	 resolve	 the	 relationship	 between	 LC-surface	 interactions,	 near-surface	 LC	
organization,	 and	 the	 resulting	 far-field	 LC	 orientation.	 	 To	 address	 this	 challenge,	 more	 recently,	 atomistic	 molecular	
dynamics	(MD)	simulations	of	single-component	LCs	have	been	performed	to	model	LC	ordering	as	a	function	of	the	distance	
from	various	surfaces	and	to	predict	corresponding	anchoring	energies27–33.	In	addition	to	focusing	on	single-component	LCs,	
however,	most	 of	 the	 above-described	molecular	 simulations	 of	 LCs	 have	 calculated	 anchoring	 energies	 that	 differ	 from	
experimental	values	by	orders-of-magnitude27,28,34.	Some	prior	studies	have	focused	more	broadly	on	LC	mixtures	including	
calculations	of	structure	and	transport	properties	from	molecular-scale	simulations35–38.	However,	how	LC	mixtures	organize	
at	interfaces,	and	how	the	interfacial	organization	of	the	mixture	propagates	into	the	far-field,	is	not	well-understood	and	to	
the	best	of	our	knowledge	has	not	been	studied	using	modern	computational	methods.			

	

One	applied	context	in	which	the	interfacial	composition	and	structure	of	LC	mixtures	deposited	at	substrates	is	important	is	
the	 design	 of	 chemically-responsive	 LC	 materials	 (termed	 chemoresponsive	 LCs	 in	 the	 remainder	 of	 this	 manuscript).		
Chemoresponsive	LCs	amplify	nanoscale	changes	in	LC	interfacial	organization39	triggered	by	analytes,	with	the	far-field	LC	
organization	 being	 transduced	 optically1.	 For	 example,	 chemoresponsive	 LCs	 have	 been	 developed	 for	 the	 detection	 of	
gaseous	organophosphorus	compounds	(e.g.,	dimethyl	methylphosphonate,	DMMP)7–9,34.	These	systems	utilize	the	nematic	
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LC	4’-n-pentyl-4-biphenylcarbonitrile	(5CB;	structure	in	Figure	1a),	which	contains	a	nitrile	group	that	coordinates	strongly	
to	certain	metal-salt	surfaces	and	thereby	induces	5CB	molecules	to	orient	perpendicular	to	the	surface.	The	near-surface	
orientation	of	5CB	propagates	from	the	surface	into	a	far-field	homeotropic	(i.e.,	perpendicular	to	the	surface)	orientation	of	
the	LC	film.	If	a	targeted	analyte	such	as	DMMP	binds	more	strongly	to	the	metal	salt	than	5CB,	then	the	analyte	molecules	
can	displace	bound	5CB	mesogens	from	the	surface.	The	displacement	of	5CB	drives	a	local	reorientation	of	the	mesogens	
that	propagates	into	a	change	in	the	far-field	orientation	of	the	LC	film	(from	homeotropic	to	parallel	orientations)7,9,34.	For	
such	systems,	we	have	shown	that	electronic	structure	calculations	using	density	functional	theory	(DFT)	can	be	used	to	relate	
surface	binding	energies	of	mesogens	and	DMMP	to	LC	anchoring	behaviors	and	LC	orientational	transitions7,9,34.	Building	
from	 this	 capability,	 DFT-based	 models	 of	 single-component	 LC-surface	 interactions	 have	 been	 used	 to	 design	
chemoresponsive	LCs	that	exhibit	high	water	tolerance7,	responses	that	can	be	tailored	through	the	choice	of	anions	in	the	
metal	salt34,	responses	to	oxidizing	gases6,40	and	other	analytes	that	dissociate	on	metal	surfaces39.		

	

In	the	computational	studies	described	above	pertaining	to	behaviors	of	LC	mixtures,	 the	LCs	were	modeled	with	DFT	as	
single-component	systems	by	focusing	only	on	the	component	of	the	LC	mixture	most	abundant	at	the	surface.	This	simplified	
view,	while	insightful,	does	not	consider	how	the	composition	of	the	near-surface	region	of	the	LC	will	depend	on	interfacial	
interactions,	nor	how	composition	and	ordering	of	the	mixture	of	molecules	within	the	LC	will	evolve	away	from	the	surface	
to	 define	 the	 far-field	 orientation	 of	 the	 LC.	 	 These	 considerations	 are	 particularly	 relevant	 to	 LC	 systems	 composed	 of	
mixtures	of	mesogens	and	dopants,	as	the	use	of	dopants	permits	tuning	of	the	interactions	of	the	LC	at	the	surface	while	
maintaining	mesophase	properties	using	the	mesogens6–8,39,41.	For	example,	we	have	recently	shown	that	a	LC	mixture	of	5CB	
and	4’-cyano-4-biphenylcarboxylic	acid	(CBCA;	structure	shown	in	Figure	1a)	deposited	on	the	anatase(101)	titania	(TiO2)	
surface	can	be	used	to	create	chemoresponsive	LCs	that	respond	selectively	to	SO241.		Whereas	5CB	adopts	a	planar	orientation	
on	anatase(101),	as	shown	in	Figure	1b,	adding	CBCA	as	a	dopant	was	found	to	induce	the	homeotropic	anchoring	of	5CB.		We	
determined	that	the	benzoic	acid	group	of	CBCA	binds	strongly	to	the	anatase(101)	surface	to	induce	the	homeotropic	LC	
orientation.	Subsequent	exposure	of	the	supported	film	of	LC	to	humid	SO2	gas	resulted	in	a	surface	reaction	that	displaced	
the	bound	CBCA	molecules	from	the	surface.	This	displacement	triggered	a	change	in	the	far-field	LC	orientation	and	optical	
detection	of	SO2.		

	

As	noted	above,	the	use	of	a	binary	LC	mixture	comprising	5CB	and	a	dopant	as	a	chemoresponsive	LC	raises	fundamental	
questions	 relating	 to	 surface	 composition	 and	 organization	 to	 LC	 anchoring.	 From	 the	 standpoint	 of	 sensor	 design,	
understanding	the	relationship	between	near-surface	LC	organization,	far-field	orientation,	and	dopant	concentration	could	
help	design	LC	mixtures	with	 improved	properties.	 In	 this	work,	we	 investigate	 these	relationships	by	using	a	multiscale	
computational	approach	that	combines	first-principles	DFT	calculations	with	classical	MD	simulations	to	study	the	adsorption	
of	5CB	and	CBCA	mixtures	at	the	anatase(101)	surface.	We	utilize	DFT	calculations	to	answer	questions	regarding	the	near-
surface	composition	and	structure	of	co-adsorbed	molecules	related	to	bulk	concentrations.	MD	simulations,	 informed	by	
DFT,	are	used	to	resolve	how	the	surface	adsorbate	composition	influences	anchoring	energies	in	the	binary	LC	mixture.	In	
addition,	MD	simulations	show	how	near-surface	5CB	orientations	propagate	to	the	bulk	LC.	Together,	this	computational	
approach	 permits	 us	 to	 answer	 how	 dopant	 concentration	 affects	 LC	 anchoring,	 enabling	 comparisons	 to	 experimental	
observations.	These	findings	provide	fundamental	physical	insight	into	the	near-surface	structures	of	co-adsorbed	molecules	
in	a	binary	LC	mixture,	and	showcase	an	integrated	DFT/MD	approach	to	predict	anchoring	behavior	that	can	guide	the	design	
of	chemoresponsive	LC	systems.		
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Figure	 1.	 (a)	 Molecular	 structures	 of	 4’-n-pentyl-4-biphenylcarbonitrile	 (5CB),	 4-biphenylcarbonitrile	 (PhPhCN;	 5CB	
surrogate),	4’-cyano-4-biphenylcarbolxylic	acid	(CBCA).	(b)	and	(c)	Schematic	illustrations	of	the	director	profile	(left)	and	
optical	images	(crossed	polarizers)	of	LC	hosted	in	18	μm-thick	copper	TEM	grids	(lateral	size	of	grid	square	is	285	µm	with	
white	 crossed	 double-headed	 arrows	 showing	 the	 orientations	 of	 the	 polarizers).	 Images	 in	 (b)	 show	 planar	 anchoring	
whereas	 images	 in	(c)	show	homeotropic	anchoring.	The	short	 line	segments	 in	the	schematic	 illustrations	 in	(b)	and	(c)	
represent	 mesogens.	 The	 black-colored	 line	 segments	 indicate	 bulk	 mesogens	 (mostly	 5CB)	 and	 the	 violet-colored	 line	
segments	indicate	surface-adsorbed	CBCA.	The	wave-shaped	horizontal	red-colored	lines	indicate	that	the	TEM	grids	contain	
many	more	mesogens	between	the	air	and	anatase	interfaces	than	are	shown	in	the	schematic	illustrations.	

RESULTS AND DISCUSSION 
	
The	primary	objective	of	our	work	 is	 to	develop	a	multi-scale	modeling	 framework	 that	enables	an	 improved	nano-scale	
understanding	of	how	the	organization	of	LCs	comprised	of	mixtures	of	mesogens	adsorbed	at	a	solid	surface	evolve	away	
from	the	surface	to	define	a	uniform	far-field	LC	orientation.	Such	an	advance	in	fundamental	understanding	has	the	potential	
to	enable	 the	development	of	 liquid	crystalline-based	systems	with	broad	potential	utility,	 including	as	chemoresponsive	
systems.	Our	approach	is	to	first	calculate	the	preferred	orientations	of	mixtures	of	CBCA	and	5CB	mesogens	adsorbed	at	TiO2	
surfaces	at	coverages	of	up	to	one	monolayer	using	DFT.	The	DFT-calculated	energetically	preferred	structures	are	then	used	
to	develop	MD	simulations	 for	understanding	how	a	surface	with	mixed	orientations	of	CBCA	and	5CB	 influences	 the	LC	
ordering	as	a	function	of	distance	away	from	the	surface.	When	combined	with	a	DFT	calculated	phase	diagram,	these	MD	
simulations	allow	us	to	predict	how	the	concentration	of	CBCA	(the	strong	binding	agent)	leads	to	homeotropic	or	planar	
anchoring	of	the	LC	in	the	far-field,	a	prediction	that	was	subsequently	confirmed	with	experimental	evaluation.	Overall,	this	
work	 demonstrates	 how	 a	 combined	 DFT	 and	 MD	multi-scale	 model,	 starting	 from	 nanoscale	 calculations,	 can	 explain	
behaviors	of	soft	materials	in	the	macroscale.	

	

Coadsorption	of	CBCA	with	5CB	on	anatase(101)	surfaces	as	a	function	of	coverage		
We	first	report	DFT	calculations	that	build	upon	our	methods	used	previously	for	extended	surfaces39.	Here,	we	consider	the	
effect	 of	 surface	 coverage	 on	 the	 energetically	 preferred	 states	 of	 5CB	 mesogens	 or	 CBCA	 dopants	 coadsorbed	 on	
anatase(101).	 In	 these	 initial	 calculations,	we	 evaluate	 possible	 stable	 surface	 structures	 for	 5CB	 and	CBCA	 adsorbed	 in	
perpendicular	(⊥)	orientations.	Below,	we	relax	this	assumption	and	allow	5CB	and	CBCA	to	adopt	a	variety	of	orientations	
at	the	anatase	surface	(we	determine	the	thermodynamically	most	favorable	mixed	orientational	states	of	the	mixture	using	
DFT).	 We	 initially	 chose	 to	 investigate	 perpendicular	 orientations	 because	 perpendicular	 orientations	 are	 expected	 to	
promote	 homeotropic	 LC	 anchoring	 (bulk	 LC	 is	 perpendicular	 to	 the	 surface)	while	 parallel	 adsorbates	 are	 expected	 to	
promote	planar	anchoring	(bulk	LC	is	parallel	to	the	surface)	6,39–41.	We	study	all	possible	combinations	of	co-adsorbed	CBCA	
and	PhPhCN	(5CB	surrogate	in	Figure	1a)	on	a	(2x2)	anatase(101)	unit	cell.	We	show	the	most	energetically	preferred	states	
in	Figure	2a	for	CBCA	and	PhPhCN	co-adsorbed	where	each	slab	contains	0.25	ML,	0.50	ML,	0.75	ML,	or	1	ML	CBCA	balanced	
with	PhPhCN	to	ensure	the	total	coverage	of	the	slab	is	fixed	to	1	ML	(5.11	molecules/nm2).	The	energetics	characterizing	
these	structures	are	shown	in	Figure	2b	as	differential	binding	energies	(BEdiff)	of	CBCA.		As	noted	in	the	Introduction,	CBCA	
binds	to	the	anatase	surface	via	its	carboxylic	acid	group.	We	observed	that	the	BEdiff	of	CBCA	monotonically	decreases	in	
magnitude	with	increasing	coverage	of	CBCA.	For	example,	the	BEdiff	is	-2.85	eV	for	0.25	ML	⊥	CBCA	and	0.75	ML	PhPhCN,	



4	

	

while	the	BEdiff	is	only	-1.95	eV	for	1	ML	⊥	CBCA.	This	decrease	in	the	magnitude	of	the	differential	BE	with	coverage	is	due	to	
destabilizing	 interactions	 from	 electronic	 effects	 (as	 described	 in	 the	 Supporting	 Information-SI).	 In	 addition,	 these	
destabilizing	interactions	between	CBCA	molecules	can	be	observed	from	the	structure	of	adsorbed	CBCA	in	Figure	2a	where	
CBCA	molecules	prefer	 to	adsorb	as	 far	 as	possible	 from	each	other	 for	0.5	ML	⊥	 CBCA	0.5	ML	⊥	 PhPhCN	case.	For	 this	
structure,	there	is	a	0.05	eV	energy	cost	to	place	two	CBCA	molecules	next	to	each	other	compared	to	the	preferred	state,	
which	is	significant	because	0.06	eV	corresponds	to	one	order	of	magnitude	in	surface	coverages	at	room	temperature.	In	
addition,	 this	 effect	 can	 be	more	 significant	 for	 larger	 distances	 between	 CBCA	molecules.	 For	 example,	 if	 we	 consider	
Equation	(1)	corresponding	to	separating	CBCA	molecules	from	the	0.50	ML	CBCA	structure	to	the	0.25	ML	CBCA	structure,	
there	 is	 a	 change	 in	 energy	 of	 -0.62	 eV.	 Therefore,	 CBCA	molecules	 strongly	 prefer	 to	 separate	 from	 each	 other	 on	 the	
anatase(101)	surface.		

	
(⊥ 	0.50	()	*+*,	 ⊥ 	0.50	()	-ℎ-ℎ*/) +	(⊥ 	1()	-ℎ-ℎ*/)à		2(⊥ 	0.25	()	*+*,	+	⊥ 	0.75	()	-ℎ-ℎ*/) (1)	

		

	

	

Figure	2.	 (a)	Top	view	of	energetically	preferred	structure	of	CBCA	and	PhPhCN	co-adsorbed	on	anatase(101)	 in	perpendicular	
orientations.	White,	dark	gray,	blue,	red,	and	light	gray	colors	indicate	H,	C,	N,	O,	and	Ti	atoms,	respectively.	(b)	Calculated	BEdiff	for	
one	CBCA	molecule	on	anatase(101)	when	the	surface	has	adsorbed	0.25	ML,	0.50	ML,	0.75	ML,	and	1	ML	CBCA	co-adsorbed	with	
0.75	ML,	0.50	ML,	0.25	ML,	and	0	ML	PhPhCN,	respectively,	all	in	perpendicular	orientations.	

	

The	strong	BEdiff	at	low	coverages	(BEdiff	=	-2.85	eV;	0.25	ML	⊥	CBCA	and	0.75	ML	⊥	PhPhCN)	and	also	at	high	coverages	(BEdiff	
=	 -1.95	eV;	1	ML	⊥	CBCA)	suggest	 that	CBCA	may	completely	partition	 to	 the	 surface.	An	 important	 consideration	 is	 the	
destabilization	that	occurs	at	higher	coverages	of	CBCA	(Figure	2b	shown	by	the	decrease	in	BEdiff	with	coverage),	which	may	
make	it	unfavorable	for	CBCA	to	bind	as	CBCA	coverage	increases	towards	one	ML	CBCA.	It	is	possible	that	lower	coverages	
than	those	shown	in	Figure	2b	may	also	be	favorable,	but	lower	coverages	cannot	be	resolved	in	the	(2x2)	anatase(101)	unit	
cell.	Therefore,	we	turn	to	classical	MD	simulations	to	further	examine	the	structure	of	5CB	and	CBCA	molecules	at	low	CBCA	
coverages.			

	
Ordering	of	5CB	near	CBCA-adsorbed	anatase(101)	surfaces	using	MD	simulations	
We	performed	MD	simulations	to	study	the	structure	of	5CB	near	the	anatase(101)	surface	for	CBCA	coverages	between	0	
and	0.24	ML,	and	we	determined	if	such	coverages	promote	homeotropic	anchoring.	This	coverage	range	corresponds	to	the	
low	coverages	(≤	0.25	ML)	expected	to	be	more	favorable	based	on	the	DFT	calculations.	Simulations	were	performed	using	
an	anatase-anatase	system	in	which	two	anatase	surfaces	were	modeled,	each	covered	with	the	same	number	of	adsorbed	
CBCA	molecules	and	with	5CB	molecules	occupying	the	space	between	the	two	surfaces	(Figure	3a).	This	geometry	models	
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the	sandwich	cell	setup	utilized	in	our	experiments,	whereas	a	system	with	one	anatase	surface	and	one	free	(i.e.,	LC-air)	
interface	would	instead	model	the	TEM	grid-based	experiments,	also	used	in	separate	experiments.	Simulating	the	anatase-
anatase	 sandwich	 cell	 system	eliminates	 any	 stored	 elastic	 energy	 that	 results	 from	differences	 in	 the	 anchoring	 of	 5CB	
molecules	 near	 the	 anatase	 surface	 and	 a	 free	 interface.	 A	 challenge	 in	modeling	 the	 binary	 LC	mixture	 is	 that	 the	 bulk	
concentration	of	CBCA	at	 experimentally	 relevant	 concentrations	 is	 very	 low	 (<0.1	mol	%	CBCA;	vide	 infra),	 so	 that	 it	 is	
computationally	 infeasible	 to	model	 the	 equilibrium	 exchange	 of	 CBCA	molecules	 between	 the	 surface	 and	 bulk	 LC.	 As	
discussed	below,	however,	both	DFT	and	experiments	reveal	that	almost	all	CBCA	molecules	in	the	mixtures	of	CBCA	and	5CB	
used	in	experiment	bind	to	the	anatase,	leaving	very	low	concentrations	on	CBCA	in	the	LC	phase.	Accordingly,	we	specified	
the	surface	coverage	of	CBCA	molecules	in	each	MD	simulation	a	priori	and	treated	the	bulk	LC	as	pure	5CB.		To	maintain	the	
desired	coverage,	CBCA	molecules	were	restrained	 to	 the	surface	 to	prevent	any	diffusion	 into	 the	bulk.	Restraints	were	
informed	by	the	DFT	calculations	in	two	ways.	First,	a	restraint	was	placed	to	maintain	the	position	of	each	adsorbed	CBCA	
molecule	relative	to	atoms	at	the	anatase(101)	surface	based	on	the	energy-minimizing	positions	obtained	from	DFT	(Figure	
2).	In	the	absence	of	this	restraint,	the	MD	simulations	show	that	CBCA	molecules	remain	adsorbed	to	the	surface	in	agreement	
with	DFT	and	experiments.	However,	this	restraint	is	necessary	to	prevent	the	lateral	diffusion	of	CBCA	molecules	on	the	
surface	away	from	the	DFT-identified	positions	(further	discussed	in	the	SI).	Second,	an	angular	potential	function	was	applied	
to	the	CBCA	molecules	that	was	parameterized	based	on	DFT	binding	energies	as	a	function	of	the	angle	between	the	C-C	bond	
that	connects	the	two	phenyl	rings	of	the	CBCA	molecule	and	the	surface	in	the	absence	of	5CB	solvation41.	This	potential	
reaches	a	minimum	for	a	perpendicular	CBCA	orientation	for	0.25	ML	CBCA	in	vacuum	(additional	details	are	included	in	the	
SI).	Together,	these	two	potentials	ensured	a	near-surface	CBCA	structure	that	models	findings	from	DFT;	further	analysis	of	
simulations	 without	 restraints	 is	 included	 in	 the	 SI.	 	 5CB	molecules	 were	 not	 restrained	 to	 permit	 exchange	 with	 5CB	
molecules	in	the	bulk	LC	and	their	preferred	orientations	were	determined	from	the	simulations.	This	approach	is	informed	
by	the	known	weak	interaction	of	5CB	with	the	anatase(101)	surface41.	

	

Following	prior	MD	studies	of	5CB	structure	near	interfaces27,31,32,	we	analyze	LC	structure	by	computing	an	order	parameter,	
-!,	that	quantifies	the	average	orientation	of	5CB	molecules	relative	to	the	surface	normal	as	a	function	of	the	distance	from	
a	single	anatase	surface	projected	onto	the	z-axis	(z),	as	defined	by	Equation	2:	
	

-!(5) = 	 〈
3
2
9:;! < −

1
2
〉" (2)	

In	this	equation,	<	is	the	angle	of	the	molecular	axis	of	a	5CB	mesogen	with	respect	to	the	z-axis	and	is	calculated	for	each	
mesogen	separately,	then	-!(5)	is	computed	by	histogramming	z	in	increments	of	0.1	nm	and	averaging	over	all	mesogens	
within	each	bin	and	all	frames	of	the	trajectory.	We	emphasize	that	-!	is	not	the	scalar	order	parameter	commonly	used	to	
assess	the	alignment	of	mesogens	relative	to	the	local	director,	since	<	is	defined	relative	to	the	surface	normal	and	not	the	
local	director.	Instead,	-! = 1	indicates	that	5CB	molecules	are	oriented	perpendicular	to	the	surface	on	average	and	-! =
−0.5		indicates	that	5CB	molecules	are	oriented	parallel	to	the	surface.	Figure	3b	shows	-!(5)	for	coverages	of	CBCA	between	
0	and	0.24.	For	0	ML	coverage	of	CBCA,	-!	is	negative	for	all	values	of	z,	indicating	that	the	MD	simulations	predict	parallel	
orientations	of	5CB	molecules	near	the	surface,	in	agreement	with	DFT	calculations	(Figure	S3),	and	in	the	bulk	LC	(defined	
as	 the	 region	 several	 nanometers	 from	 the	 surface	 where	 -!	 plateaus).	 This	 result	 is	 consistent	 with	 experimental	
observations	of	planar	anchoring	of	5CB	on	anatase(101)	 in	 the	absence	of	CBCA	 (Figure	1b).	For	0.06	ML	and	0.12	ML	
coverages	of	CBCA,	there	is	a	small	increase	in	-!	near	each	surface	but	-!	remains	negative	for	all	values	of	z.	For	0.18	ML	
and	 0.24	ML	 coverages	 of	 CBCA,	-!	 is	 negative	 close	 to	 the	 surface	 before	 increasing	 to	 positive	 values	 near	 z	 =	 2	 nm.	
-!	maintains	a	positive	value	with	only	small	oscillations	(also	observed	in	previous	simulations	of	the	LC-air	interface32)	for	
all	z	values	more	than	2	nm	away	from	either	anatase	surface.	The	positive	values	indicate	that	there	is	a	threshold	CBCA	
coverage	above	which	homeotropic	LC	anchoring	is	achieved.		
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Figure	3.	(a)	Snapshots	from	MD	simulations	of	sandwich	cells	comprised	on	two	anatase	surfaces	covered	with	0.24	ML	
CBCA.	The	two	surfaces	are	separated	by	24.8	nm	and	images	at	left	illustrate	the	color	scheme.	The	image	at	right	further	
elucidates	the	near-surface	organization	of	the	LC	mixture,	showing	both	parallel	and	perpendicular	orientations	adopted	by	
5CB	molecules	but	homeotropic	anchoring	at	farther	distances	from	the	surface.	In	this	image,	the	two	molecules	are	shown	
as	“rods”	as	 illustrated	at	 left	 to	visualize	 their	molecular	orientations	more	clearly.	 (b)	Order	parameter	quantifying	 the	
average	orientation	of	5CB	molecules	relative	to	the	surface	normal	as	a	function	of	the	distance	from	one	anatase	substrate	
(z	as	indicated	in	part	a)	in	an	anatase-anatase	sandwich	cell	system.	Each	line	corresponds	to	a	different	monolayer	coverage	
of	CBCA.	Lines	and	shaded	regions	report	averages	and	standard	deviations	computed	from	three	independent	simulation	
replicas.	 Positive	 values	 indicate	 perpendicular	 orientations	 relative	 to	 the	 surface,	 negative	 values	 indicate	 parallel	
orientations	relative	to	the	surface.		

	

For	all	coverages	of	CBCA,	-!	is	negative	at	distances	less	than	1	nm	from	the	surface,	indicating	that	5CB	molecules	prefer	
parallel	orientations.	Conversely,	calculations	of	the	-!	order	parameter	for	CBCA	molecules	indicate	that	they	exhibit	largely	
perpendicular	 orientations	 (-! ≈	 0.8-0.9)	 for	 all	 ML	 coverages	 (see	 SI,	 Figure	 S12);	 we	 note	 that	 the	 angle	 potential	
(parameterized	 from	DFT)	permits	 parallel	 orientations	 of	 CBCA	 in	 the	 presence	 of	 5CB,	 but	 such	 orientations	 are	 rare.	
Together,	these	analyses	indicate	that	5CB	molecules	adopt	parallel	orientations	even	when	co-adsorbed	CBCA	molecules	
exhibit	 perpendicular	 orientations.	 Above	 the	 threshold	 CBCA	 coverage,	 these	mixed	 orientations	 promote	 homeotropic	
anchoring	in	the	bulk	LC.	This	behavior	is	observable	in	the	simulation	snapshots	shown	in	Figure	3a;	some	5CB	molecules	
near	the	surface	assume	parallel	orientations	between	adsorbed	CBCA	molecules,	but	5CB	molecules	farther	from	the	surface	
are	perpendicular	on	average	(snapshots	for	each	ML	coverage	are	shown	in	SI	Figure	S14).	Our	hypothesis	is	that,	near	the	
surface,	5CB	adopts	parallel	orientations	due	to	weak	binding	of	the	nitrile	group	to	the	anatase	surface,	which	is	mostly	from	
electrostatic	interactions.	Farther	from	the	surface,	5CB	is	oriented	by	the	tail	nitrile	group	of	the	CBCA	molecule	to	exhibit	
homeotropic	ordering.	An	analogous,	but	opposite	phenomenon,	has	been	observed	in	prior	MD	simulations	of	5CB	ordering	
near	alkane	self-assembled	monolayers	in	which	5CB	molecules	exhibited	perpendicular	orientations	near	the	surface	due	to	
interdigitation	within	the	monolayer	but	planar	ordering	far	from	the	surface31.	These	results	emphasize	that	the	orientations	
of	mesogens	near	a	surface	are	not	necessarily	equivalent	to	their	orientations	in	the	bulk	LC,	leading	to	mixed	orientations	
in	co-adsorbed	5CB	and	CBCA	molecules	that	are	difficult	to	predict.	The	MD	simulations	further	indicate	that,	at	low	CBCA	
coverages,	 co-adsorbed	 molecules	 in	 mixed	 orientations	 can	 still	 anchor	 the	 bulk	 LC	 in	 a	 homeotropic	 configuration	 if	
sufficient	CBCA	is	adsorbed	to	the	substrate,	indicating	that	the	destabilizing	interactions	that	favor	low	CBCA	coverages	do	
not	inhibit	homeotropic	anchoring.		

	

Predicting	the	most	favorable	surface	structures	as	a	function	of	CBCA	concentration	
Due	 to	 the	 low	 dopant	 concentrations	 present	 in	 the	 experimental	 system,	 the	 MD	 simulations	 described	 above	 were	
performed	by	specifying	the	surface	coverage	of	adsorbed	CBCA	molecules	a	priori.	Thus,	the	MD	simulations	do	not	directly	
provide	 information	on	 the	equilibrium	CBCA	coverage	as	a	 function	of	bulk	CBCA	concentration.	The	equilibrium	CBCA	
coverage	can	instead	be	determined	by	the	calculation	of	surface	free	energies,	referenced	to	the	vapor	pressure	of	CBCA,	at	
relevant	CBCA	coverages	and	concentrations	via	additional	DFT	calculations.	To	elucidate	this	effect,	we	compare	the	surface	
free	energy	of	co-adsorbed	molecules	in	perpendicular,	parallel,	and	mixed	orientations	as	a	function	of	CBCA	concentration	
in	mixtures	of	CBCA	and	5CB	as	shown	in	Figure	4a.	In	addition	to	the	structures	included	in	Figure	2a,	we	also	find	the	parallel	
PhPhCN	structure	(||	0.25	ML	PhPhCN)	to	be	favored	at	certain	conditions.	We	find	some	of	the	structures	probed	are	never	
favored	(e.g.	||	0.25	ML	CBCA)	so	we	only	show	the	most	stable	structures	in	Figure	4a,	but	all	structures	evaluated	are	shown	
in	Figure	S3.	We	also	include	some	mixed	orientation	structures,	defined	as	⊥	CBCA	and	||	PhPhCN	on	the	same	surface,	based	
on	the	MD	simulation	findings.	We,	therefore,	include	the	surface	free	energies	of	mixed	orientation	structures	of	⊥	0.50	ML	
CBCA	||	0.33	ML	PhPhCN	(structure	in	Figure	4a)	or	⊥	0.25	ML	CBCA	||	0.50	ML	PhPhCN	(structure	in	Figure	S10)	as	shown	
in	 the	surface	 free	energy	calculations	 in	Figure	4a.	For	 these	mixed	⊥	CBCA	and	 ||	PhPhCN	structures,	we	add	a	second	
solvent-like	layer	of	PhPhCN	to	fill	the	cavitation	that	forms	between	CBCA	molecules.	For	example,	the	structure	⊥	0.50	ML	
CBCA	||	0.33	ML	PhPhCN	(Figure	4a)	contains	⊥	0.50	ML	CBCA	||	0.165	ML	PhPhCN	at	the	surface	with	a	second	layer	of	||	
0.165	ML	PhPhCN	to	fill	the	cavity	(see	SI	for	more	details).	

	

We	partition	Figure	4a	into	four	regions	by	vertical	lines	based	on	the	structure	that	is	most	thermodynamically	stable	(more	
negative	surface	free	energy	is	more	thermodynamically	stable).	At	higher	concentrations	of	CBCA	(above	2	mol%,	referring	
to	the	concentration	added	as	a	dopant	to	the	bulk	LC),	we	find	that	⊥	1	ML	CBCA	is	preferred.	However,	this	concentration	is	
above	 the	 solubility	 limit	 of	 CBCA	 in	 5CB	 that	 we	 find	 from	 experiments,	 so	 this	 structure	 is	 not	 relevant	 under	 our	
experimental	conditions	(we	find	the	maximum	solubility	is	around	0.05	–	0.1	mol%	CBCA	in	5CB).	As	we	further	decrease	
the	concentration	of	CBCA,	we	find	that	between	0.1	mol%	and	1.5	mol%	the	mixed	perpendicular	state	⊥	0.75	ML	CBCA	⊥	
0.25	ML	PhPhCN	is	preferred.	This	concentration	is	closer	to	experimentally	relevant	concentrations	but	still	slightly	above	
the	solubility	limit.	As	we	further	decrease	the	concentration	of	CBCA	in	5CB	to	the	range	of	0.0025	mol%	to	0.1	mol%,	we	
find	that	the	mixed	orientation	⊥	0.5	ML	CBCA	||	0.33	ML	PhPhCN	is	most	favored.	These	concentrations	are	more	relevant	
based	on	CBCA	solubility	limits	in	5CB.	As	we	further	decrease	the	concentration	of	CBCA	to	below	0.0025	mol%,	we	find	that	
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eventually	the	surface	with	no	CBCA	(||	0.25	ML	PhPhCN)	is	preferred.	These	results	indicate	that	the	⊥	1	ML	CBCA	structure	
is	never	favored	under	experimentally	relevant	concentrations	of	CBCA.		

	

Typically,	when	using	DFT,	phase	diagrams	are	formulated	by	just	showing	the	lowest	surface	free	energy	state,	but	this	can	
be	misleading42	including	the	example	here.	To	demonstrate	this	problem,	we	calculate	at	low	concentrations	of	CBCA	from	
0.0025	mol%	to	0.005	mol%	that	the	⊥	0.50	ML	CBCA	||	0.33	ML	PhPhCN	structure	is	most	favored.	However,	under	this	
concentration	range	in	experiments	with	18	μm-thick	CBCA-5CB	mixtures	supported	on	one	anatase(101)	surface	(TEM	grid	
setup),	there	are	insufficient	CBCA	molecules	in	solution	to	adsorb	at	a	coverage	of	0.50	ML	of	CBCA.	This	implies	that	the	
equilibrated	concentration	of	CBCA	is	very	different	from	the	concentration	of	CBCA	present	in	each	CBCA	and	5CB	mixture	
prepared	initially	for	experiments.	This	means	a	large	fraction	of	CBCA	molecules	in	the	mixture	adsorb	to	the	surface	due	to	
the	small	reservoir	of	CBCA	molecules.	We	resolve	this	issue	by	iterating	over	CBCA	concentration	(procedure	described	in	
the	 SI)	 to	 determine	 the	 equilibrated	 CBCA	 concentrations,	 but	 the	 reported	 concentrations	 in	 Figure	 4a	 are	 the	 initial	
concentration	of	CBCA	used	in	experiments	for	LCs	confined	in	an	18	µm-deep	well.	During	this	iterative	process,	we	calculate	
occupancy	probabilities	as	reported	in	Figure	4b.	As	we	decrease	CBCA	coverage	below	0.5	ML,	we	find	an	increase	in	the	
surface	fraction	covered	by	parallel	PhPhCN	with	only	two	structures	dominating:		no	CBCA	(||	0.25	ML	PhPhCN)	and	0.50	
ML	CBCA	(⊥	0.5	ML	CBCA	||	0.33	ML	PhPhCN)	structures.	These	findings	are	in	good	agreement	with	the	MD	simulations	
which	 predicted	 parallel	 5CB	 orientations	 near	 the	 anatase	 surface	 for	 low	 CBCA	 coverages,	which	 is	 consistent	with	 a	
combination	of	parallel	PhPhCN	orientations	and	mixed-orientation	structures.	We	also	observed	a	similar	effect	at	higher	
concentrations	where	the	monolayers	of	CBCA	can	be	essentially	calculated	as	an	interpolation	between	the	two	structures	
⊥	1	ML	CBCA	and	⊥	0.75	ML	CBCA	⊥	0.25	PhPhCN.		

	

To	summarize,	the	first	goal	of	this	combined	DFT	and	MD	coverage	study	was	to	determine	how	the	near	surface	ordering	of	
5CB	and	CBCA	propagates	into	the	far-field	orientation	of	the	LC.		A	key	finding	of	our	calculations	is	that	the	preference	for	
mixed	orientation	structures	in	most	experimentally	relevant	concentrations	cannot	be	easily	related	to	bulk	LC	anchoring.	
For	example,	at	0.50	ML	CBCA,	we	find	the	mixed	orientation	structure	is	calculated	to	be	preferred	(⊥	0.50	ML	CBCA	||	0.33	
ML	PhPhCN),	and	at	lower	concentrations	the	surface	will	contain	increasingly	less	perpendicular	CBCA	until	there	are	no	
perpendicular	CBCA	molecules	at	the	surface	as	shown	by	the	occupancy	probability	plot	in	Figure	4b.	While	the	initial	MD	
simulations	reveal	that	these	mixed	orientations	can	promote	homeotropic	ordering,	further	quantitative	analysis	is	required	
to	compare	simulation	findings	to	experimental	results.	Therefore,	we	use	MD	simulations	to	further	determine	how	these	
mixed	perpendicular	and	parallel	surface	structures	relate	to	anchoring	of	LCs	observed	in	experiments	for	both	the	anatase-
anatase	sandwich	cell	and	anatase-free	TEM	grid	setups.	

	

	

	

Figure	4.	(a)	Calculated	surface	free	energies	of	CBCA	and	PhPhCN	co-adsorbed	on	anatase(101)	as	a	function	of	CBCA	concentration	
in	5CB.	The	calculations	were	performed	for	18	μm-thick	films	of	the	LC	mixtures	supported	on	a	single	anatase(101)	surface	(TEM	
grid	setup).	Concentration	on	the	x-axis	refers	to	the	initial	concentration	of	CBCA	(rather	than	equilibrated	concentration)	in	5CB,	
which	means	this	figure	depends	on	the	total	moles	of	CBCA	in	the	bulk	mixture	and,	thus,	thickness	of	the	LC	film.	The	preferred	
structure	 is	 shown	 for	 ||	 	 0.25	ML	PhPhCN	 (purple)	 and	 the	mixed	orientation	⊥	 0.5	ML	CBCA	 ||	 	 0.33	ML	PhPhCN	 (black)	 (b)	
Occupational	 probability	 as	 a	 function	 of	 monolayer	 coverage	 of	 CBCA	 on	 anatase(101)	 for	 mixtures	 of	 CBCA	 and	 PhPhCN.	
Methodology	for	calculating	these	figures	is	described	in	the	SI	(Figure	S2).	The	colors	for	both	figures	are	defined	by	the	key	in	(a)	
where:	blue	=	0.25	ML	⊥	CBCA	0.75	ML	⊥	PhPhCN,	red	=	0.5	ML	⊥	CBCA	0.5	ML	⊥	PhPhCN,	green	=	0.75	ML	⊥	CBCA	0.25	ML	⊥	
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PhPhCN,	orange	=	1	ML	⊥	CBCA,	purple	=	0.25	ML	∥	PhPhCN,	black	=	0.5	ML	⊥	CBCA	0.33	ML	∥	PhPhCN,	and	pink	=	0.25	ML	⊥	CBCA	
0.50	ML	∥	PhPhCN.	
	
Predicting	anchoring	of	mixtures	of	CBCA	and5CB	as	a	function	of	CBCA	concentration	
To	compare	computational	results	to	experimental	measurements	of	the	anchoring	of	mixtures	of	CBCA	and	5CB	on	anatase,	
we	sought	to	determine	conditions	necessary	for	homeotropic	vs.	planar	anchoring	by	computing	anchoring	energies	from	
MD	simulations.	The	magnitude	of	the	anchoring	energy	quantifies	the	free	energy	per	unit	area	required	to	change	mesogen	
orientations	away	 from	a	preferred	orientation28,31,43.	Here,	we	adopt	 a	 sign	 convention	 in	which	an	anchoring	energy	 is	
defined	as	positive	if	it	promotes	homeotropic	anchoring	at	a	surface	(corresponding	to	a	preferred	orientation	of	0°	relative	
to	the	surface	normal)	and	negative	if	it	promotes	planar	anchoring	(corresponding	to	a	preferred	orientation	of	90° relative	
to	 the	surface	normal).	We	considered	both	 the	sandwich	cell	 system	with	 two	anatase	surfaces	and	 the	TEM	grid	setup	
supported	on	a	single	anatase	surface	(with	the	second	surface	of	the	LC	film	being	a	free	surface).	The	latter	geometry,	in	
which	the	two	interfaces	are	chemically	distinct	and	therefore	exhibit	different	anchoring	energies,	is	representative	of	typical	
chemoresponsive	LC	sensors39,44.	Nayani	et	al.	previously	analyzed	the	LC	orientation	and	stored	elastic	energies	when	a	LC	
is	confined	between	two	distinct	interfaces,	one	which	promotes	homeotropic	anchoring	(e.g.,	a	free	surface)	and	the	other	
which	promotes	planar	anchoring.43	 	 They	 showed	 that	 the	 film	will	 adopt	 a	uniform	homeotropic	orientation	when	 the	
inequality	in	Equation	3	is	true:	

	

−
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−
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where	WF	 is	 the	 anchoring	 energy	 at	 the	 free	 surface	 (with	 homeotropic	 anchoring),	WS	 is	 the	 anchoring	 energy	 at	 the	
anatase(101)	surface,	K	is	the	elastic	constant	of	the	LC,	and	h	is	the	thickness	of	the	LC.	Equation	3	is	only	valid	for	WS	<	0	
(planar	anchoring	favored	at	the	anatase(101)	surface)	because	this	condition	causes	elastic	energy	to	be	stored	in	the	LC	due	
to	a	difference	 in	the	preferred	director	vectors	between	the	anatase	surface	and	the	 free	 interface	(WF	>	0).	The	LC	will	
assume	a	planar	configuration	if	the	surface	strongly	directs	the	5CB	to	the	planar	configuration	(WS	<<	0),	overcoming	the	
elastic	energy	and	anchoring	energy	at	the	free	interface.	However,	if	WS	is	only	slightly	negative	then	the	system	assumes	a	
homeotropic	configuration.		

	

Applying	Equation	3	directly	by	computing	anchoring	energies	from	MD	simulations	is	challenging	because	MD	simulations	
systematically	 overpredict	 the	 anchoring	 energy,	 potentially	by	 several	 orders	of	magnitude	 compared	 to	 electro-optical	
measurements.	 For	 example,	previous	MD	calculations	have	 reported	WF	 =	0.15	 J/m2	 and	 -WS	 =	10-1-10-2	J/m2	 at	 a	 silica	
surface,	but	these	values	are	much	higher	than	experimental	estimates	(WF	=	10-6	−10-4	J/m2	,	-WS	=	10-5	−10-3	J/m2	at	a	silica	
surface27,45).	 We	 obtained	 similar	 values	 for	WF	 in	 a	 previous	 study28	 (following	 the	 approach	 discussed	 below).	 This	
overprediction	 is	 likely	because	anchoring	energies	are	calculated	 in	MD	simulations	using	nm-thick	LC	 films	whereas	 in	
experiments	that	LC	films	are	micrometers	in	thickness.	Similar	conclusions	have	been	reported	for	experiments	using	5CB	
confined	to	<	16	nm	silica	pores	where	5CB	has	a	stronger	nematic	ordering	near	the	interface	when	compared	to	bulk	5CB46.	
This	pore	size	is	commensurate	with	the	length	scale	of	our	MD	simulations	(24.8	nm	separation	between	slabs),	suggesting	
that	the	simulations	are	also	influenced	by	the	much	smaller	length	scale	modeled	compared	to	the	18	µm	LC	films	studied	
experimentally.	 Likewise,	 past	 experimental	 studies	 have	 shown	 that	 anchoring	 energies	 scale	 inversely	 with	 LC	 film	
thickness,	indicating	that	the	anchoring	energy	should	be	substantially	higher	for	the	systems	explored	by	MD47.		

	

To	account	for	this	systematic	error,	we	calculated	the	ratio	of	the	anchoring	energy	on	the	anatase(101)	surface	and	the	free	
interface	(WS/WF),	which	we	denote	as	the	relative	anchoring	energy.	We	hypothesize	that	calculating	the	relative	anchoring	
energy	will	lead	to	cancellation	of	errors	associated	with	the	length	scale	of	the	MD	simulations	by	estimating	values	of	Ws	
and	WF	using	 systems	of	 comparable	 size	 while	 preserving	 differences	 between	Ws	due	 to	 variations	 in	 CBCA	 coverage.	
Equation	4	then	defines	the	threshold	relative	anchoring	energy	required	for	homeotropic	anchoring,	(WS/WF)threshold,	as	the	
relative	anchoring	energy	required	for	Equation	6	to	be	an	equality	assuming	that	Ws	<	0:	
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	 (4)	

Based	on	experimental	values	for	the	ratio	K/h	(10-5	J/m2	for	an	18	µm	thick	5CB	film)	and	W'	(5×10-6−2×10-4J/m2),	43,45	the	
threshold	relative	anchoring	energy	is	between	-2/3	and	-1/2.	If	Ws	>	0,	there	is	no	elastic	energy	stored	within	the	LC	and	
we	predict	the	system	to	be	homeotropic.	Therefore,	for	the	TEM	grid	setup,	planar	anchoring	is	predicted	when	the	relative	
anchoring	energy	is	less	than	-2/3	(using	the	more	conservative	value)	and	homeotropic	anchoring	is	predicted	when	the	
relative	anchoring	energy	is	greater	than	-2/3.	We	can	similarly	apply	this	analysis	to	predict	anchoring	in	the	anatase-anatase	
sandwich	 cell	 system.	 For	 this	 case,	 there	 is	 no	 elastic	 energy	 stored	 in	 the	 LC	 for	 any	 given	 anchoring	 energy	 because	
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anchoring	 at	 both	 interfaces	 can	 be	 the	 same.	 Therefore,	 homeotropic	 anchoring	 is	 predicted	 when	Ws	>	 0	 and	 planar	
anchoring	is	predicted	when	Ws	<	0,	as	the	system	will	align	to	the	direction	imposed	by	the	surface.		

	

	

Figure	5.	MD-predicted	relative	anchoring	energies	(Ws	/WF)	as	a	function	of	CBCA	coverage.	Black	solid	points	and	dashed	lines	
report	 averages	 and	 standard	 deviations,	 respectively,	 computed	 by	 treating	 each	 surface	 in	 the	 anatase-anatase	 system	
independently	in	three	MD	simulations,	which	amounts	to	six	total	data	points.	The	blue	horizontal	line	shows	the	threshold	relative	
anchoring	energy	for	a	LC	film	supported	on	a	single	anatase	surface	(TEM	grid	system;	see	Eq.	4),	whereas	the	horizontal	red	line	
shows	the	threshold	relative	anchoring	energy	for	the	sandwich	cell	system	comprised	of	two	anatase	surfaces.	The	vertical	blue	bar	
shows	the	range	of	experimentally	measured	threshold	coverages	of	CBCA	for	the	TEM	grid	system	and	the	vertical	red	bar	shows	
the	range	of	experimentally	measured	threshold	coverages	of	CBCA	for	the	sandwich-cell	system.	

	

To	apply	Equation	4,	we	use	MD	simulations	to	estimate	Ws	and	WF.	Following	the	procedure	of	Roscioni	et	al,	the	anchoring	
energy	was	quantified	by	fitting	the	probability	distribution	of	<	(as	defined	for	Equation	2)	to	Equation	531:	

	

	L[/0(5, 9:; <) = ]1(5) −
1
2
L(5);^_!`< − <23(5)a (5)	

where	z	 is	 the	distance	from	the	surface	(anatase	or	 free	 interface)	projected	onto	the	z-axis,	W[/0	 is	 the	effective	Rapini-
Papoular	potential	computed	from	Boltzmann	inversion	of	the	probability	density	at	a	given	z	and	<,	<23(5)	is	the	local	director	
for	a	particular	value	of	z,	and	the	coefficients,	W(z)	and	]1(5),	are	 fit	based	on	the	distribution	of	<	as	a	 function	of	 the	
distance	from	the	surface	(discussed	in	the	SI).	We	define	Ws	as	the	average	value	of	W(z)	between	z	=	0	and	z	=	3	nm	for	the	
anatase-anatase	sandwich	cell	system.	Likewise,	we	compute	WF	as	the	average	value	of	W(z)	between	z	=	0	and	z	=	3	nm	for	
a	two-sided	free	interface	(free-free)	system.	Figure	S13	in	the	SI	reports	values	of	WS/WF	for	different	ranges	of	z	to	show	
the	sensitivity	of	these	calculations	to	the	range	of	z-values	used	in	the	calculation.	
	

Figure	 5	 shows	 the	 relative	 anchoring	 energy	 calculated	 from	 the	 MD	 simulations	 for	 low	 CBCA	 coverages	 (which	 are	
thermodynamically	preferred	according	 to	DFT	analysis).	For	0	ML	coverage	of	CBCA,	WS/WF	<	 -1,	 indicating	 that	planar	
anchoring	is	strongly	favored.	For	0.06	ML	CBCA,	WS/WF	=	-1.2	±	0.14,	which	is	below	the	-2/3	threshold,	 indicating	that	
planar	anchoring	still	occurs	for	very	low	CBCA	coverages.	The	relative	anchoring	energy	increases	with	CBCA	coverage	and	
reaches	values	greater	than	zero	for	0.18	ML	(0.73	± 0.17)	and	0.24	ML	(0.86	±	0.25).	We	thus	predict	that	coverages	above	
0.18	ML	will	strongly	favor	homeotropic	anchoring,	even	in	the	absence	of	an	air	interface.	Based	on	these	MD	calculations,	
we	predict	that	the	transition	from	planar	to	homeotropic	anchoring	for	the	CBCA-5CB	mixture	hosted	in	an	18	µm-thick	TEM	
grid	occurs	when	the	coverage	of	CBCA	is	between	0.06	ML	and	0.12	ML,	coverages	for	which	the	relative	anchoring	energy	
is	close	to	the	-2/3	threshold	value.	We	predict	that	the	transition	from	planar	to	homeotropic	anchoring	for	18	µm-thick	
sandwich	cell	system	occurs	when	the	coverage	of	CBCA	is	between	0.12	ML	and	0.18	ML,	for	which	the	relative	anchoring	
energy	crosses	the	threshold	value	of	0.	These	predictions	can	be	compared	to	experimental	observations	by	using	input	from	
DFT	 to	 relate	bulk	CBCA	concentrations	 to	 equilibrium	surface	 coverages	 to	determine	 the	 threshold	CBCA	coverage	 for	
homeotropic	anchoring,	as	discussed	in	the	next	section.	

	
Determination	of	coverage	of	CBCA	needed	for	homeotropic	anchoring	from	experiments	and	DFT	
To	 experimentally	 determine	 the	 threshold	 coverage	 of	 CBCA	 (θ()*+&))	 on	 the	 anatase	 surface	 needed	 for	 homeotropic	
anchoring,	we	confined	CBCA-5CB	mixtures	between	two	anatase	surfaces	(anatase-anatase	sandwich	cell	geometry,	Figure	
6b).	We	manipulated	both	the	concentration	of	CBCA	(CCBCA)	and	the	distance	between	the	two	anatase	surfaces	(d)	to	change	
the	 total	 number	 of	 CBCA	 molecules	 per	 unit	 area	 defined	 as	 C2D,CBCA	 (C2D,CBCA	 =	 CCBCA	 ×	 d)	 in	 CBCA-5CB	 mixtures.	
Experimentally	 determined	 values	 of	 C2D,CBCA	 can	 then	 be	 compared	 to	 the	 CBCA	 coverages	 (θ4546)	 predicted	 from	MD	
simulations	by	using	DFT-calculated	surface	free	energies	as	shown	by	the	plot	in	red	in	Figure	6a	for	an	18 µm-thick TEM 
grid.	For	convenience,	we	describe	C2D,CBCA	 in	unit	of	molecules	in	solution	per	Ti	site	(or	units	of	monolayers).	If	all	CBCA	
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molecules	in	solution	adsorb	to	the	surface,	then	C2D,CBCA	=	θCBCA (the black dashed line in Figure 6a).	We predict from DFT that 
for C2D,CBCA less than 0.5 ML, essentially all molecules in solution adsorb. For C2D,CBCA greater than 0.5 ML, it becomes much more 
difficult to add CBCA molecules to the surface due to destabilizing interactions and C2D,CBCA no longer equals θCBCA.  

	

We	 can	 further	 compare	 DFT-calculated	 coverage	 (θCBCA,	 Figure	 6a)	 to	 experiments	 (Figure	 6c)	 to	 determine	θ()*+&)	 by	
directly	determining	the	threshold	C2D,CBCA	needed	for	homeotropic	anchoring	 	(C2D,thresh;	where	C2D,thresh	=	Cthresh	×	d)	from	
experiments.	 If	 essentially	 all	 the	 CBCA	molecules	 in	 CBCA-5CB	 adsorb	 on	 the	 anatase	 surface,	 C2D,thresh	will	 equal	 θthresh.	
Additionally,	we	assume	that	θthresh	is	not	LC-thickness-dependent.	This	means	that	if,	and	only	if,	all	CBCA	molecules	adsorb	
to	the	surface,	then	Equation	6	holds.	

C!7,()*+&) 		= 	 θ()*+&) 	= 	constant	 = 	C()*+&) 	× 	d	 (6)	

	

where	Cthresh	would	be	inversely	related	to	distance	d	between	the	two	surfaces	of	the	sandwich	cell	if	all	CBCA	molecules	
adsorb	to	the	surface.	Inspection	of	Figure	6c	reveals	that	Cthresh	was	0.007±0.001,	0.010±0.001,	or	0.022±0.002	mol%	for	d	=	
18	μm, 10 μm, or 4 μm, respectively. This inverse relationship between Cthresh and LC thickness (C2D,thresh	values are comparable as 
shown in Figure 6c) indicates that most	of	the	CBCA	molecules	in	the	CBCA-5CB	adsorb	on	the	anatase	surface.	

	

	

Figure	6.	(a)	The	red	line	is	the	DFT-calculated	monolayer	coverage	of	CBCA	(θCBCA)	as	a	function	of	CBCA	molecules	in	the	CBCA-
5CB	mixture	per	Ti	site	(C2D,CBCA)	for	an	18	µm-thick	film	of	LC	supported	on	a	single	anatase	surface	(TEM	grid	system;	all	other	
configurations	overlap	for	C2D,CBCA	<	0.5	as	described	in	the	SI).	We	plot	the	unity	line	(dashed	line),	which	represents	the	case	if	all	
molecules	 in	 the	 bulk	 CBCA-5CB	mixture	were	 adsorbed	 on	 the	 anatase	 surface.	We	 also	 plot	 experimental	 data	 points	 (filled	
diamonds)	 for	 an	 anatase-anatase	 sandwich	 cell,	 open	 triangle	 for	 an	 anatase-dimethyloctadecyl[3-
(trimethoxysilyl)propyl]ammonium	chloride	(DMOAP)	sandwich	cell,	and	filled	circle	for	a	TEM	grid	sample.	The	color	of	the	filled	
diamond,	 open	 triangle,	 or	 filled	 circle	 are	 either	 yellow	 for	 planar	 anchoring	 or	 black	 for	 homeotropic	 anchoring	 observed	 in	
experiments.	We	note	there	are	two	points	that	overlap	at	0.085	ML	(filled	black	circle	and	open	black	triangle).	We	provide	an	inset	
to	enlarge	 the	0	 to	0.1	ML	 region	 in	 the	upper	 left	 corner.	The	horizontal	dark	grey,	 light	grey,	 and	blue	 regions	 represent	 the	
threshold	coverage	of	CBCA	needed	for	homeotropic	anchoring	(θthresh)	for	anatase-anatase	sandwich	cell,	TEM	grid	(anatase-air),	
and	anatase-DMOAP	sandwich	cell,	respectively.	(b)	Schematic	illustrations	of	the	director	profile	of	LCs	in	sandwich	cells	which	
have	two	anatase	surfaces	for	planar	(left)	and	homeotropic	(right)	LC	anchoring.	(c)	Optical	micrographs	(crossed	polarizers)	of	
CBCA-5CB	mixtures	with	varying	CCBCA	(black	top	row)	confined	in	sandwich	cells	(two	anatase	surfaces)	with	LC	film	thickness	of	
d.	C2D,CBCA	is	overlaid	in	white	on	each	image,	and	the	scale	bar	is	500	μm.	

	

In	 Figure	 6a,	 we	 compare	 the	 experimentally	measured	 C2D,thresh	 values	 for	 the	 anatase-anatase	 sandwich	 cell	 geometry	
(diamonds)	to	estimate	θthresh	calculated	from	DFT.	We	found	that	the	average	value	of	θthresh	is	~0.2	ML	(the	dark	grey	region).	
We	find,	 in	agreement	with	the	 inverse	relationship	between	Cthresh	and	d,	 that	DFT	predicts	all	of	 the	CBCA	molecules	 to	
adsorb	to	the	surface	at	Cthresh.	For	the	18	μm-thick	TEM	grid	setup,	Cthresh	is	only	0.001	mol%	and	θthresh	is	~0.06	ML	(the	light	
grey	region	Figure	5a).	This	TEM	grid	threshold	is	smaller	than	the	threshold	for	the	sandwich	cell	of	~0.2	ML.		Unlike	the	
sandwich	cell	geometry,	the	TEM	grid	setup	allows	the	LC	to	have	one	free	interface	with	air.	The	decrease	in	θthresh	found	for	
the	TEM	grid	setup	compared	to	the	sandwich	cell	setup	may	result	from	a	stronger	anchoring	energy	on	the	LC-air	interface	
than	that	on	the	LC-anatase	interface	at	this	coverage	of	CBCA,	which	was	hypothesized	in	the	MD	calculations	above.	To	
evaluate	this	hypothesis	for	the	effect	of	anchoring	energy	at	interfaces	on	θthresh,	we	evaluated	the	anchoring	of	CBCA-5CB	
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mixtures	 in	 sandwich	 cells	 consisting	 of	 one	 anatase	 surface	 and	 one	 dimethyloctadecyl[3-
(trimethoxysilyl)propyl]ammonium	chloride	(DMOAP)	adsorbed	surface	(Figure	S11	for	anatase-DMOAP	sandwich	cell).	The	
DMOAP	adsorbed	surface	can	provide	a	strong	homeotropic	anchoring	for	5CB.48	We	found	that	the	average	value	of	θthresh	for	
DMOAP-anatase	cells	is	~0.06	ML	(Figure	6a	in	blue),	which	is	similar	to	θthresh	for	the	18	μm-thick	TEM	grid	setup.	This	is	
likely	due	to	the	anchoring	energy	of	DMOAP	being	of	the	same	order	of	magnitude	as	that	of	the	free	interface,	thus	storing	
a	comparable	amount	of	elastic	energy.	Therefore,	sandwich	cells	with	anatase	and	a	surface	with	a	stronger	anchoring	energy	
would	decrease	θthresh	needed	on	the	anatase.		

	

These	results	compare	well	 to	MD	determined	θthresh	derived	 from	DFT	structures.	For	 the	anatase-anatase	sandwich	cell	
system,	the	experimental	θthresh	is	~0.2	ML,	which	is	similar	to	the	MD	calculated	value	of	0.12	-	0.18	ML	(Figure	5).	For	the	
anatase-free	TEM	grid	setup,	the	experimental	θthresh	is	lower	with	a	value	of	~0.06	ML	due	to	the	anchoring	energy	of	the	free	
interface.	This	agrees	very	well	with	the	MD	calculated	value	of	0.06	ML	–	0.12	ML,	demonstrating	that	accurate	modeling	of	
LC	interfaces	can	be	used	to	directly	determine	LC	anchoring	for	co-adsorbed	mixtures	of	mesogens	and	dopants	from	first	
principles.	

 

CONCLUSION 
We	report	a	combined	computational	chemistry	(DFT),	molecular	dynamics	(MD),	and	experimental	approach	that	develops	
a	detailed	nano-scale	understanding	of	a	chemoresponsive	LC	system	containing	mixtures	of	mesogens.	We	detail	the	surface	
composition	and	molecular-scale	ordering	of	CBCA-5CB	adsorbed	on	anatase(101)	TiO2	where	we	find	a	complex	pattern	of		
perpendicular	 CBCA	 and	parallel	 5CB	molecules	 is	 favored.	DFT	 alone	 can	make	 accurate	 predictions	 of	 the	 ordering	 of	
mesogens	adsorbed	on	solid	surfaces6,7,39,40.	However,	our	example	shows	how	MD	simulations	can	be	used	to	describe	how	
the	 nano-scale	 orientational	 patterning	 of	 co-adsorbed	molecules	 propagates	 to	 optical-scale	 anchoring	 observations	 in	
experiments	 by	 elucidating	 the	 relationship	 between	 surface	 free	 energy	 and	 anchoring	 energy.	 In	 agreement	 with	
experiments,	we	find	that,	depending	on	the	elastic	energy	imposed	on	the	system,	only	about	0.06-0.20	ML	CBCA	in	5CB	
deposited	 on	 anatase(101)	 is	 needed	 for	 homeotropic	 anchoring.	 These	 results	 suggest	 that	 other	 LC	 systems	may	 also	
contain	mixed	surface	orientations,	especially	when	homeotropic	anchoring	is	achieved	with	low	coverages	of	strongly	bound	
species.	Examples	of	such	systems	include:	(1)	CBCA-5CB	on	Au	(>0.06	mole	CBCA	per	mole	Au)39	or	(2)	5CB	on	Pd-Au	alloys	
(>	0.07	ML	of	Pd	on	Au)49.	When	combined,	these	computational	findings	provide	physical	insight	into	the	structure	of	co-
adsorbed	mixtures	of	mesogens	and	dopants	and	how	near-surface	structure	dictates	LC	ordering	observed	in	experiments.	
The	results	also	indicate	that	decreasing	the	ratio	between	θ4546	and	the	threshold	coverage	of	CBCA	needed	for	homeotropic	
anchoring	(θ()*+&))	can	permit	the	design	of	chemoresponsive	LCs	that	respond	to	lower	concentrations	of	analytes.	Finally,	
the	ability	of	 the	combined	DFT/MD	computational	approach	 to	predict	experimental	anchoring	conditions	 indicates	 the	
possibility	of	utilizing	computational	modeling	to	identify	LC	mixture	compositions	for	alternative	sensing	applications.		

	

METHODS 

 
DFT	Methods	
Bulk,	surface,	and	cluster	calculations	were	performed	using	Density	Functional	Theory	(DFT)	as	implemented	in	the	Vienna	
Ab	 Initio	 Simulation	 Package	 (VASP).50,51	 Projected	 augmented	 wave	 potentials	 were	 used	 to	 describe	 the	 electron-ion	
interactions.52,53	The	exchange-correlation	functional	was	described	by	the	generalized	gradient	approximation	(GGA-PBE).54	
All	calculations	employed	Grimme’s	D3	empirical	dispersion	correction	scheme	with	zero	damping.55	Spin	polarization	had	
no	influence	on	the	total	energies	for	the	calculations	presented	here.	The	electron	wave	function	was	expanded	using	plane	
waves	with	an	energy	cutoff	of	400	eV.	The	Brillouin	zone	(BZ)	was	sampled	using	Γ-centered	Monkhorst−Pack	k-point	mesh56	
with	a	k-point	density	greater	than	11x11	k-points	per	1/Å.	For	example,	on	(2x2)	unit	cell	of	anatase(101)	with	dimensions	
of	11.0	Å	x	7.6	Å,	we	used	a	k-point	mesh	of	1	x	2	x	1	per	unit	cell.	Gaussian	smearing	of	0.1	eV	was	used	in	all	calculations.	
Structures	 were	 relaxed	 until	 the	 Hellmann−Feynman	 forces	 acting	 on	 each	 atom	 were	 less	 than	 0.02	 eV	 Å−1.	 Dipole	
corrections	were	applied	in	the	direction	normal	to	the	surface.57		

	

Surface	models	of	the	anatase	TiO2	surface	were	constructed	using	the	most	stable	facet	(101).	All	surface	calculations	used	
at	least	10	Å	of	vacuum	separating	images	of	each	slab	in	the	z-direction.	We	used	a	(4x2)	and	(2x2)	unit	cell	to	model	all	
systems	in	this	work.	Each	slab	contained	four	TiO2	tri-layers,	as	used	by	others	in	the	field58–60,	with	the	bottom	two	TiO2	
layers	fixed	to	the	calculated	bulk	constant	of	anatase(101)	TiO2.	The	calculated	lattice	constants	for	anatase	(a	=	3.80	Å,	b	=	
9.56	Å)	were	in	good	agreement	with	the	experimental	values	(a	=	3.78	Å,	b	=	9.51	Å).61	

	

Differential	binding	energies	(BE.9::)	were	calculated	using	Equation	7.	
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+i;<== = i>?>@A − i>?>@A	C	DEDF − iDEDF	(H@$)	 (7)	
where	E(,(J-	is	the	total	energy	of	the	slab	including	all	adsorbates,	E(,(J-	C	4546	is	the	total	energy	of	the	slab	optimized	with	
one	less	CBCA	molecule,	and	E4546	(KJ&)	is	the	energy	of	a	CBCA	molecule	in	the	gas	phase.	By	this	definition,	stronger	binding	
is	reflected	in	a	more	negative	value	of	BEdiff.		

	

To	determine	the	preferred	surface	composition	and	orientation	of	mixtures	of	CBCA	and	5CB	on	the	surface	of	anatase,	we	
calculated	the	surface	free	energies	(γ)	as	a	function	of	concentration	of	CBCA	in	bulk	5CB	using	Equation	8.	In	order	to	model	
the	effect	of	5CB	co-adsorbed	CBCA	at	the	surface,	we	used	the	surrogate	PhPhCN	(Figure	1a)	for	5CB	in	all	calculations.	

γ =
G(,(J- − nL)L)4MµL)L)4M − n4546µ4546 − EJNJ(J&+

A
	 (8)	

mO = nO	(H@$)
1	 + on$?AP,O +MEpq_(rO)	 (9)	

where	G(,(J-	is	the	total	free	energy	of	the	slab	including	all	adsorbates,	nQ	is	the	number	of	organic	adsorbates	(where	O	=	
PhPhCN	or	CBCA)	per	slab,	EJNJ(J&+	is	the	total	energy	of	the	adsorbate-free	anatase(101)	slab,	and	A	is	the	area	of	the	slab’s	
surface.	The	chemical	potential	of	each	organic	molecule,	O,	in	the	gas	phase	(µQ)	is	defined	in	Equation	9	in	relation	to	the	
free	energy	of	the	organic	molecules	in	the	gas	phase	at	1	atm	(GQ	(KJ&)

1 ),	the	solvation	energy	of	O	in	5CB	(ΔG&,-R,Q),	Boltzmann	
constant	(K5),	temperature	(T),	and	mole	fraction	of	O	in	5CB	(XQ).	We	also	include	the	constraint	that	X4546 = 1 − XS45.	
These	equations	assume	Raoult’s	and	Henry’s	Law	to	relate	gas	phase	energies	from	DFT	to	dilute	concentrations	of	CBCA	in	
5CB.	Details	about	how	solvation	energies	in	5CB	were	determined	are	described	in	the	SI.	

	

Gibbs	 free	 energies	 were	 calculated	 using	 the	 harmonic	 approximation.	 The	 mass-weighted	 Hessian	 was	 built	 up	 via	
numerical	differentiation	of	the	energy	using	a	second-order	finite	difference	approach	with	a	step	size	of	0.008	Å.	Vibrational	
analysis	was	used	to	calculate	entropies	and	enthalpies	at	300	K.	

	

MD	Methods	
Classical	MD	simulations	were	performed	using	Gromacs	201662	to	model	the	anchoring	behavior	of	mixtures	of	5CB	and	
CBCA.	5CB	and	CBCA	molecules	were	modeled	using	an	all-atom	force	field,	parameterized	from	previous	DFT	calculations,	
which	reproduces	experimental	properties	of	5CB	near	room	temperature36.	The	TiO2	surface	was	modeled	as	a	slab	using	
previously	determined	parameters	from	ab	initio	simulations	of	TiO2-water	interfaces63.	We	modeled	CBCA	as	adsorbed	to	
TiO2	based	on	preferred	surface	compositions	and	structures	obtained	from	DFT	calculations	with	mixtures	of	CBCA	and	5CB	
(see	 section	 above).	 Angle	 potentials	 to	 capture	 the	 fluctuations	 in	 orientation	 of	 adsorbed	 CBCA	 molecules	 were	
parameterized	using	DFT	calculations	as	described	in	the	SI	and	previous	work41.	Force	field	parameters	are	included	in	the	
Supporting	Information.	We	specified	the	CBCA	surface	coverage	in	MD	simulations	by	first	replicating	DFT	unit	cells	to	create	
a	5	×	4	grid	of	unit	cells	in	the	x-y	plane,	leading	to	160	CBCA	molecules	at	full	monolayer	(ML)	coverage.	We	then	removed	
CBCA	molecules	from	these	copied	unit	cells	to	obtain	the	preferred	coverage	predicted	by	DFT	(for	a	given	bulk	concentration	
of	 CBCA	 in	 5CB).	 Both	 DFT	 predictions	 and	 experimental	 results	 (described	 further	 below)	 revealed	 that	 under	 the	
experimentally	accessible	conditions,	all	CBCA	present	in	the	bulk	CBCA	and	5CB	mixture	adsorbs	to	the	surface	of	the	anatase.		
Accordingly,	in	our	MD	simulations,	no	CBCA	molecules	are	present	in	the	5CB	phase.		

	

The	 systems	 of	 5CB	 sandwiched	 between	 two	 CBCA-adsorbed	 anatase(101)	 surfaces	 (anatase-anatase	 system)	 were	
initialized	by	copying	four	5CB	systems	from	previous	work,36	each	with	dimensions	of	(6.2	x	6.2	x	6.2)	nm3	and	containing	
500	 5CB	molecules,	 that	 were	 initially	 equilibrated	 at	 27	°C	 to	 obtain	 a	 nematic	 phase.	 The	 resulting	 combined	 system	
contained	 2000	 5CB	molecules	 and	 a	 length	 in	 the	 z-dimension	 of	 24.8	 nm.	We	 extended	 this	 simulation	 box	 in	 the	 z-
dimension	by	3.2	nm	when	introducing	the	TiO2	slab	and	an	additional	1.7	nm	when	adsorbing	CBCA	molecules	to	the	slab.	A	
second	slab	was	then	added	to	the	system	by	mirroring	the	first	TiO2	slab	and	placing	it	such	that	the	top	of	the	CBCA	layer	
was	0.1	nm	away	from	the	bottom	of	the	2000-molecule	5CB	system.	The	system	was	equilibrated	with	a	simulated	annealing	
protocol	in	which	the	system	was	simulated	at	227	°C	for	5	ns	and	the	temperature	was	then	decreased	by	0.66	°C/ns	for	300	
ns.	The	system	was	 finally	equilibrated	at	27	°C	 for	a	 further	50	ns.	The	pressure	was	maintained	at	1	bar	using	a	semi-
isotropic	 Parrinello-Rahman	 barostat	 with	 a	 time	 constant	 of	 2	 ps	 and	 a	 compressibility	 of	 3 × 10CS	 bar-1.	 To	 improve	
numerical	stability,	bonds	between	the	adsorbed	CBCA	molecules	and	the	TiO2	slab	were	modeled	using	the	pull	code	feature	
in	Gromacs	by	replacing	the	z-position	restraint	with	center-of-mass	distance	restraint	with	respect	to	the	nearest	TiO2	slab.	
All	simulations	used	a	2	fs	timestep.		

	

Experimental	Methods		
Supported	 micrometer-thick	 films	 of	 LC	 mixtures	 with	 free	 surfaces	 were	 prepared	 by	 placing	 18	 μm-thick	 copper	
transmission	electron	microscopy	(TEM)	grids	(Electron	Microscopy	Sciences,	Hatfield,	PA)	onto	anatase(101)	surfaces.		The	
preparation	of	the	anatase(101)	surface	and	mixtures	of	CBCA	and	5CB		is	described	in	a	previous	publication41.		The	TEM	
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grids	possessed	square	slots	with	lateral	dimensions	of	285	μm.	0.2	μL	of	a	CBCA-5CB	mixture	was	deposited	into	each	TEM	
grid	using	a	glass	capillary.	The	excess	LC	was	removed	from	the	grid	by	wicking	the	LC	into	an	empty	capillary	tube.		

	

Micrometer-thick	films	of	LCs	in	sandwich	cells	were	prepared	by	dispersing	fiber	spacers	with	diameters	of	either	18,	10,	or	
4	μm	into	Norland	Optical	Adhesive	65	(Norland	Products,	Inc.,	Cranbury,	NJ).	The	perimeters	of	two	anatase	(101)	surfaces	
were	coated	with	the	adhesive	and	the	surfaces	were	adhered	together	by	UV	exposure	for	30	minutes.	A	drop	of	CBCA-5CB,	
heated	into	its	isotropic	phase	(35.5	oC	<	T	<	40	oC),	was	then	drawn	by	capillarity	into	the	cavity	between	the	two	surfaces	
of	the	sandwich	cell.	The	cell	was	subsequently	cooled	to	room	temperature.	
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