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ABSTRACT	OF	THE	DISSERTATION	

	

Nanosphere	Lithography	for	Intracellular	Delivery	

	

by	

	

Natcha	Wattanatorn	

Doctor	of	Philosophy	in	Chemistry	

University	of	California,	Los	Angeles,	2019	

Professor	Paul	S.	Weiss,	Chair	

	

Nanosphere	 lithography	 (NSL)	 is	 a	 simple,	 high-throughput	 technique	 that	 can	 be	

used	to	form	large-area,	close-packed	monolayer	arrays	of	nanospheres.	These	arrays	can	be	

directly	used	as	an	etching	or	as	a	deposition	mask,	to	generate	silicon-based	nanostructures.	

Typically,	the	nanostructures	produced	are	created	by	single	etches	of	the	nanosphere	array	

resulting	 in	 limitations	 in	 fabrication	 of	 novel	 patterns/nanostructures.	 Here,	 we	 report	

multiple	patterning	nanosphere	 lithography	 for	 fabrication	of	 three-dimensional	periodic	

silicon-based	 nanostructures,	 exploiting	 their	 degradable	 nature	 during	 selected	 and	

repeated	etching	of	the	polymer	nanospheres.	As	a	result,	the	masks	can	be	shaped	in	parallel	

for	 each	 processing	 step	 enabling	 the	 fabrication	 of	 wafer-scale	 three-dimensional	 (3D)	

periodic	 silicon	nanostructures.	These	nanotubes	and	hierarchical	nanostructures	 can	be	

tuned	 precisely	 with	 independent	 control	 in	 three	 dimensions	 including	 outer/inner	

diameters,	 heights/hole-depths,	 and	 pitches.	 We	 have	 demonstrated	 our	 technique	 to	
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construct	solid/hollow	nanotubes,	multilevel	solid/hollow	nanotowers,	and	3D	concentric	

plasmonic	nanodisk/nanorings	with	tunable	optical	properties	on	a	variety	of	substrates.	

In	the	second	part	of	my	dissertation,	I	used	NSL	to	fabricate	periodic	arrays	of	conical	

nanoneedles	 for	 non-viral	 gene	 delivery	 for	 chimeric	 antigen	 receptor	 (CAR)	 T	 cell	

production.	Gene	delivery	using	non-viral	methods	has	significant	advantages	 in	 terms	of	

safe	delivery	of	cargo	and	cost.	Especially,	physical	membrane	disruption	via	nanoneedles	

has	the	capability	to	inject	and	deliver	molecules	of	interest	directly	as	well	as	the	capability	

to	create	transient	pores	in	the	cell	membrane,	enabling	biomolecule	diffusion	into	the	cells.	

However,	the	challenges	for	these	systems	include	inconsistency	of	membrane	penetration	

and	slow	processing	throughputs.	Here,	we	use	a	nanoneedle-integrated	microfluidic	system	

and	gene-encapsulated	supramolecular	nanoparticle	for	production	of	CAR-T	cells,	in	both	

model	and	primary	T	cells.	Using	NSL,	we	can	achieve	conical	shaped	silicon	nanoneedles,	

where	the	height,	base	width,	tip	sharpness,	and	pitches	are	individually	tunable,	resulting	

in	sturdy	structures	that	can	penetrate	the	cells.	With	this	platform,	we	can	efficiently	load	

CAR	plasmids	inside	nanoparticles,	which	are	tethered	to	the	substrate	for	direct	injection,	

as	 well	 as	 co-flow	 an	 excess	 of	 CAR-encapsulated	 nanoparticles,	 for	 diffusion	 through	

transient	pores	that	are	created	by	the	nanoneedles.	This	platform	enables	continuous	and	

sequential	 intracellular	 delivery,	 which	 provides	 a	 path	 for	 sustainable	 CAR-T	 cell	

production.		 	
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I.A Motivation	and	Background	

	 Periodic	 micro-	 and	 nanostructures	 are	 gaining	 increasing	 attention	 due	 to	 their	

attractive	 properties	 (i.e.,	 adhesion,	 wetting,	 anti-reflection,	 surface	 plasmon	 resonances,	

etc.),	which	are	distinct	 from	their	bulk	material	properties.1–12	Thus,	 the	development	of	

fabrication	methods	 to	produce	micro-	and	nanostructures	with	 control	 is	 advantageous.	

Current	 fabrication	 methods,	 such	 as	 photolithography,	 electron	 beam	 lithography,	 and	

focused	ion	beam	lithography,	are	capable	of	patterning	nanostructures	with	precise	control	

over	 size	 and	 shape	 spacing,	 but	 are	 low	 throughput	 and/or	 expensive	 to	 scale	 up.13–18	

Researchers	 have	 developed	 unconventional	 fabrication	 techniques,	 which	 include	

microcontact	printing,	nanoimprinting,	and	templating.19–37	However,	most	techniques	still	

require	photolithography	to	make	the	initial	master	pattern.	On	the	other	hand,	nanosphere	

lithography	(NSL)	exploits	bottom-up	self-assembly	of	polystyrene	beads	to	 form	a	mask,	

which	serves	as	a	template	for	top-down	modification	to	create	nanostructures.32,33	Although	

NSL	 has	 enabled	 fabrication	 of	 wafer-scale	 nanostructures,	 it	 is	 inadequate	 to	 produce	

complex	 structures	 as	 the	 template	 only	 can	 be	 used	 once.	 During	 my	 doctoral	 work,	 I	

developed	 a	 method	 that	 utilizes	 the	 nanospheres	 multiple	 times.	 This	 new	 fabrication	

method,	 called	 multiple	 patterning	 nanosphere	 lithography,	 enables	 the	 fabrication	 of	

three-dimensional	 (3D)	 hierarchical	 nanostructures	 with	 precise	 control	 of	 structural	

dimensions,	which	 is	detailed	 in	Chapter	 II.38	 In	Chapter	 III,	 I	optimized	a	NSL	process	to	

achieve	wafer	scale	production	of	nanoneedle	arrays	for	high-throughput	chimeric	antigen	

receptor	(CAR)	T-cell	processing.		
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I.B Nanosphere	Lithography		

	 Nanosphere	 lithography	 (NSL)	 is	 an	 inexpensive,	high-throughput	nanofabrication	

technique	that	is	capable	of	producing	periodic	arrangements	of	nanostructures	with	control	

over	 the	 sizes,	 shapes,	 and	 spacings	 of	 the	 features.32,33	 This	 method	 combines	 the	

advantages	of	both	bottom-up,	where	 small	building	blocks	assemble	 into	more	 complex	

structures,	 and	 	 top-down	 approaches,	where	 subtractive	 and	 additive	 transfer	 of	 layers	

leads	 to	 different	 structures.	 Nanosphere	 lithography	 is	 also	 referred	 to	 as	 colloidal	

lithography	or	natural	lithography	because	of	its	use	of	self-assembly.39	In	1981,	Fischer	and	

Zingsheim	pioneered	the	field	when	they	showed	that	a	small-area	of	particle	monolayers	

formed	 an	 ordered	 array	 when	 a	 suspension	 of	 colloidal	 particles	 was	 drop-cast	 on	 a	

substrate	 and	 allowed	 to	 evaporate.40	 They	 used	 the	 hexagonally	 arranged	 spheres	 as	 a	

deposition	mask	for	preparing	platinum	nanostructures.	In	1982,	Deckman	and	Dunsmuir	

developed	a	spin-coating	technique	that	could	produce	mosaic	arrays	of	particles	over	entire	

substrate;	they	also	examined	factors	affecting	monolayer	formation.39	Since	this	process	is	

not	 uniform	 and	 relies	 on	 self-assembly,	 they	 observed	 defects,	 such	 as	 point	 defects,	

dislocations,	and	grain	boundaries.	In	1995,	Van	Duyne	extended	the	work	to	double	layers,	

leading	 to	 the	 fabrication	 of	 dot	 arrays.32,41,42	 They	 also	 studied	 plasmonic	 resonance	

properties	of	those	structures	for	applications	in	optical	biosensors.	Since	then,	nanosphere	

lithography	 has	 gained	 increasing	 interest	 for	 manufacturing	 one-,	 two-,	 or	

three-dimensional	nanostructures.43–47	

	 A	typical	NSL	process	is	divided	into	two	steps:	first	monodisperse	polystyrene	(PS)	

or	silica	nanospheres	are	assembled	into	hexagonally	closed-pack	colloidal	crystal	mask	by	

deposition	 techniques	 such	 as	 spin	 coating,	 drop	 casting,	 or	 deposition	 on	 an	 air/water	
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interface.32	The	ability	to	arrange	themselves	to	seek	favorable	energy	configurations	upon	

drying	allows	the	nanospheres	to	 form	a	close-packed	mask.33	Then,	 this	mask	 is	used	to	

pattern	the	substrate	selectively,	either	as	an	etching	or	as	a	deposition	mask.	Subsequently,	

the	 colloidal	 crystal	mask	 can	 be	 removed	 by	 sonication	 in	 solvent,	 leaving	 an	 array	 of	

ordered	nanostructures	on	the	substrate	surface.	Significant	research	has	focused	on	trying	

to	 improve	or	 to	modify	 the	NSL	 to	 expand	 fabrication	 capabilities	 for	more	 variety	 and	

complexity	of	structures.48–52	For	example,	shadow	sphere	lithography	exploits	sequential	

deposition	from	multiple	angles	to	create	two-dimensional	arrays	of	multi-material	optical	

metasurfaces.53	Moiré	nanosphere	lithography	can	be	used	to	fabricate	a	variety	of	complex	

nanostructures	with	moiré	 patterns	 by	 sequential	 stacking	 the	 nanosphere.	 The	 tunable	

multiband	metasurfaces	can	be	produced	by	controlling	the	size	and	the	in-plane	rotation	

angle	between	the	two	layers	of	the	nanospheres.54,55		Stretchable	colloidal	lithography	can	

generate	elliptical	rings	overcoming	a	circular	geometry	limitation	of	conventional	colloidal	

lithography	by	harnessing	the	 stretchable	nature	of	poly(dimethylsiloxane)	molds.56	 Still,	

new	fabrication	techniques	that	can	easily	and	cost-effectively	create	control	over	2D	and	3D	

complex	structures	are	critical	to	the	field	of	nanotechnology	and	its	practical	application	in	

electronics	and	biotechnology.		  

I.B.1 Mask	Preparation	and	Modification	

	 Mask	preparation	is	a	crucial	first	step	in	NSL	as	it	determines	how	well	ordered	the	

final	product	will	be.57,58	Different	strategies	have	been	developed	to	improve	the	quality	of	

the	mask	by	performing	the	self-assembly	process	during	solvent	evaporation,	dip	coating,	

spin	coating,	or	at	air-liquid	interfaces.59–65	Self-assembly	during	solvent	evaporation	occurs	

by	capillary	forces	and	the	quality	of	the	lattice	depends	on	the	rate	of	solvent	evaporation,	
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temperature,	and	humidity,	all	of	which	can	affect	reproducibility.40,59,63	Dip	coating	involves	

withdrawing	 the	 substrate	 from	 a	 colloidal	 solution	 at	 a	 controlled	 pulling	 speed	 and	

evaporation	rate.66,67	However,	the	process	wastes	half	the	amount	of	colloidal	suspension	

since	the	arrays	also	form	on	the	back	sides	of	the	substrates.	Spin	coating	shows	potential	

for	large-scale	production,	where	the	thickness	and	quality	of	the	array	can	be	optimized	by	

fine-tuning	 the	 spin	 speed,	 colloidal	 concentration,	 wettability,	 and	 size	 of	 the	

nanospheres.68–70	 Self-assembly	 at	 the	 air-liquid	 interface	 utilizes	 deposition	 of	 the	

nanosphere	 monolayer	 on	 the	 liquid	 phase,	 which	 is	 subsequently	 transferred	 onto	 a	

substrate.71–73	The	key	to	transfer	 the	close-packed	monolayer	successfully	 is	 to	maintain	

constant	pressure	on	the	monolayer	while	withdrawing	the	substrate,	which	can	be	done	in	

either	a	Langmuir-Blodgett	setup	or	by	forming	the	monolayer	in	a	confined	space,	such	as	

a	 Petri	 dish.57,74–78	 Surface	 modification	 of	 the	 nanospheres	 with	 negatively	 charged	

functional	 groups	 is	 typically	 performed	 to	 enhance	 their	 hydrophobicity,	 promoting	

close-packed	assembly.	79–84	

I.B.2 Polystyrene	Mask	Modification	

	 Another	 important	 aspect	 in	 NSL	 is	 modification	 of	 the	 PS	 mask.	 Oxygen	 plasma	

treatment	 can	 modify	 the	 shape	 of	 polystyrene	 beads,	 allowing	 even	 more	 possible	

structures	to	be	created.85,86	For	instance,	polystyrene	spheres	can	be	shrunk	to	create	more	

space	between	neighboring	 spheres,	or	 the	residuals	 in	 the	 suspension,	resulting	 in	neck	

formation	that	can	be	intentionally	used	to	create	hexagonal	structures.83-85	Then,	the	mask	

annealing	process	is	performed	to	ensure	that	the	polystyrene	mask	stays	in	place	during	

the	subsequent	steps.57	This	annealing	can	be	done	by	simply	placing	the	substrate	with	the	



 

6	

PS	nanosphere	mask	on	a	hot	plate,	or	by	heating	with	an	air	heat	gun,	for	a	short	period	of	

time,	then	rapidly	cooling	to	prevent	too	much	annealing	and	melting	of	the	PS	beads.		

I.B.3 Nanostructure	Formation	via	Nanosphere	Lithography	and	Current	Limitations	

	 Nanostructures	 can	 be	 created	 either	 by	 depositing	 materials	 into	 the	 spacing	

between	 the	 colloidal	 crystal	mask	 to	 create	 two-dimensional	 structures	 (i.e.,	dots,	 lines,	

rings,	 triangles)	or	by	using	the	colloidal	crystal	mask	as	a	silicon	etching	mask	to	create	

three-dimensional	 structures	 (i.e.,	 pillars,	 holes,	 needles).57,75,90–93	 Despite	 the	 success	 in	

wafer-scale	fabrication	of	periodic	nanostructures,	there	remain	limitations	for	commercial	

use.	First,	achieving	fine	dimensional	control	in	the	sub-100	nm	range	relies	greatly	upon	the	

reduction	of	defects,	especially	for	smaller	colloidal	particles.	More	research	should	focus	on	

defect-free	 formation	 of	 the	 nanosphere	 layer	 quality.61,71,79	 Second,	 fabrication	 of	 novel	

patterns/nanostructures	 remains	 inadequate,	 due	 to	 intrinsic	 limitations	 in	 colloidal	

self-assembly	processes.	Novel	design	strategies	are	needed	to	advance	the	field.	In	Chapter	

II,	 I	 demonstrated	 a	 multiple-patterning	 NSL	 technique	 that	 can	 fabricate	 fully	 tunable	

three-dimensional	nanostructures.38	The	fabrication	process	exploits	reuse	of	a	nanosphere	

template	 for	 repeated	 etching,	 enabling	 the	 formation	 of	 complex	 structures,	 such	 as	

nanotubes,	 multilevel	 solid/hollow	 nanotowers,	 and	 3D	 concentric	 plasmonic	

nanodisks/nanorings.	

I.C Nanosubstrate-Mediated	Intracellular	Delivery	of	Biomolecular	Cargo	

I.C.1 Engineered	T	Cells	for	Cancer	Immunotherapy	

	 Cancer	immunotherapy	harnesses	the	cancer-specific	immune	cells	to	recognize	and	

to	eliminate	cancer	cells.94–97	Compared	to	surgery,	chemotherapy,	and	radiotherapy,	cancer	
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immunotherapy	enables	a	targeted	therapeutic	approach,	resulting	in	higher	response	rates	

and	 better	 quality	 of	 life	 for	 patients.	 Among	 the	 immune	 cells,	 T	 cells	 have	 been	

demonstrated	 to	 treat	 a	 limited	 range	 of	 cancers	 successfully,	 such	 as	 melanoma	 and	

virus-induced	 lymphoma.98	 Yet,	 the	majority	 of	 cancer	 cells	 can	 evolve	 to	 down-regulate	

immune	activity,	hindering	T	cells	recognition	of	them.99	One	approach	to	enhance	T	cells’	

ability	to	fight	cancer	is	to	overcome	these	immune	suppressive	compounds	(i.e.,	cytotoxic	

T	lymphocyte	antigen-4	(CTLA-4)	as	well	as	programmed	cell	death-1	(PD-1)	and	its	ligand	

PD-L1).100,101	 Another	 approach	 is	 to	 enable	 tumor	 specificity	 by	 genetically	 engineering	

T	cells	to	insert	surface	receptors	that	can	recognize	tumor-associated	antigens.	The	most	

well	 developed	 receptor,	 CD19-chimeric	 antigen	 receptor	 (CAR),	 has	 been	 used	 to	 treat	

patients	with	B	cell	malignancies.95,102–108	To	date,	two	autologous	CAR-T	cell	therapies	have	

been	approved	by	the	US	Food	and	Drugs	Administration	(FDA)	since	2017.		

	 Generally,	 CAR-T	 cells	 are	 generated	 by	 isolating	 T	 cells	 from	 either	 the	 patient’s	

blood,	an	autologous	treatment,	or	from	a	healthy	donor’s	blood,	an	allogenic	treatment.94	

Then,	 the	 T	 cells	 are	 expanded,	 purified,	 and	 genetically	 modified	 ex	 vivo	 to	 express	 a	

CD19-CAR.109,110	 When	 infused	 back	 into	 patients,	 the	 CAR-T	 cells	 have	 an	

antigen-recognition	domain	that	specifically	binds	to	 the	tumor	antigen	and	activates	 the	

immune	system	signaling,	 resulting	 in	 the	elimination	of	 the	 targeted	 tumor	cells.111	The	

CD19	CAR-T	cell	immunotherapy	has	achieved	success	in	hematologic	malignancies,	but	has	

not	been	as	effective	in	treating	solid	tumors,	partially	due	to	low	penetration	ability	as	well	

as	tumor	microenvironments.112	More	research	is	needed	to	understand	the	nature	of	the	

tumor	microenvironment	in	order	to	design	CAR-T	cell	immunotherapies	strategically	that	

can	achieve	maximum	potential	for	cancer	treatment.	107	
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I.C.2 Current	Gene	Delivery	Strategies	and	their	Limitations	

	 Gene	 therapy	 is	 a	 promising	 approach	 to	 treat	 a	 disease	 at	 its	 genetic	 source	 by	

deleting	or	replacing	a	defective	gene.113,114	The	first	success	in	gene	therapy	was	used	in	

1990	for	severe	combined	immunodeficiency	(SCID),	which	is	caused	by	a	single	mutation	in	

the	DNA	sequence	coding	for	adenosine	deaminase.115	To	date,	several	gene	therapies	have	

been	shown	to	be	safe	and	efficient	ways	to	treat	a	wide-range	of	genetic	diseases,	including	

primary	immunodeficiencies,	hematological	disorders,	retinal	dystrophy,	and	cancers.116–122	

Gene	therapy	can	be	done	ex	vivo,	with	haematopoietic	stem	cells	(HSCs)	or	T	lymphocytes	

(T	cells),	or	in	vivo,	with	hepatocytes	in	the	liver	or	photoreceptors	in	the	retina.98,99,107,119-121	

However,	delivering	gene-modifying	materials	to	targets	cells	in	a	high-throughput,	efficient,	

and	safe	manner	remains	a	major	challenge.	There	is	a	need	to	develop	methods	to	overcome	

cell	 barriers	 to	 deliver	 genetic	 information	 without	 disrupting	 regulatory	 mechanisms.	

Moreover,	 the	 gene-editing	 cell	 quantity	 has	 to	 be	 large	 enough	 to	 be	 able	 to	 deliver	

sustainable	 genetic	 modification	 to	 treat	 the	 disease	 effectively.126,127	 Current	 standard	

techniques	 for	 intracellular	 delivery	 include	 viral	 vectors,	 electroporation,	 and	

lipofection.124-126	

I.C.3 Viral	Vectors	

	 Viral	vectors	are	 inactivated	viruses	used	to	deliver	genetic	materials	 into	cells	by	

integrating	 their	 genetic	 sequence	 into	 the	 host.128,131–133	 Types	 of	 viral	 vectors	 include	

retrovirus,	 lentivirus,	 adenovirus,	 and	 hybrids.123–125,134–142	 Common	 challenges	 in	 using	

viral	vectors	include	immunogenicity,	high	cost	to	scale	up,	and	restricted	size	of	the	plasmid	

delivered(<5	kb	 in	 length).143	Retroviruses	can	stably	 integrate	 into	the	host	genome,	but	
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have	several	drawbacks,	including	the	need	for	cells	to	be	actively	dividing	and	insertional	

mutagenesis,	 where	 the	 vector	 inserts	 into	 nearby	 positions	 that	 results	 in	 off-target	

effects.144–146	Lentiviruses	can	integrate	into	the	genome	of	non-dividing	cells,	but	do	so	at	

random	positions,	which	 is	problematic	as	 the	 function	of	 the	cell	can	be	disturbed.147,148	

Adenoviruses	show	potential	since	they	can	be	use	with	non-dividing	cells	and	they	do	not	

permanently	 integrate	 into	the	genome.140,149,150	However,	 they	normally	become	inactive	

before	they	can	reach	the	target	cells	since	they	are	common	in	respiratory	tract	infections	

and	most	people	have	already	developed	antibodies	 to	neutralize	them.151	Although	viral	

vectors	 promise	 relatively	 high	 transfection	 efficiency,	 associated	 safety	 concerns	 hinder	

therapeutic	 applications.	 Ongoing	 research	 on	 viral	 vector	 development	 focuses	 on	

developing	either	new	or	hybrid	vectors	that	will	overcome	the	limitations	of	current	viral	

vectors	to	increase	safety	and	efficiency.116,152–155	

I.C.4 Non-Viral	Vectors	

	 Even	though	the	transfection	efficiency	of	viral	vectors	is	high,	their	use	is	limited	due	

to	 the	 high	 cost	 of	 production,	 immunogenicity,	 and	 cytotoxicity.156–158	Non-viral	 vectors	

have	shown	potential	to	overcome	these	concerns,	but	their	efficiency	is	significantly	lower.	

The	application	of	non-viral	vectors	for	gene	transfer	has	to	meet	acceptable	efficiency	and	

risk	 before	 translation	 to	 clinical	 application.157	 In	 the	 past	 decades,	many	 chemical	 and	

physical	approaches	have	been	intensely	researched	as	alternatives.	Chemical	approaches	

focus	on	developing	new	materials	to	encapsulate	biomolecules	and	modifying	their	surfaces	

not	only	to	enhance	intracellular	uptake,	but	also	to	target	specific	cells;	whereas	physical	

methods	 involve	 creating	 platforms	 that	 achieve	 intracellular	 delivery	 of	 biomolecule	 by	

mechanically	disrupting	the	cell	membranes	to	enhance	cell	permeability.159–166	
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I.C.5 Chemical	Carriers	

	 Non-viral	 chemical	 systems	 have	 been	 studied	 as	 alternatives	 to	 overcome	 the	

biosafety	 concerns	 associated	with	 viral	 systems.	 Research	 in	 this	 area	 has	 investigated	

creating	new	materials	to	mimic	the	properties	of	viral	capsids	to	encapsulate	and	to	protect	

biomolecules	 from	 degradation	 facilitating	 intracellular	 uptake.159–161,164	 A	 variety	 of	

systems	has	been	commercialized	such	as	cationic	lipid	(Lipofectamine),	cationic	polymer	

(ExpressFect),	and	hybrids	of	the	two	(Arrest-In).130,167,168	Typically,	the	chemical	carriers	

form	 complexes	 with	 the	 negatively	 charged	 phosphate	 group	 in	 the	 nucleic	 acids,	

encapsulating	the	plasmid. The	positively	charged	complexes	interact	electrostatically	with	

the	negatively	 charged	proteins	on	 the	 cell	membrane,	 facilitating	 intracellular	uptake.169	

Current	 efforts	 explore	 how	 surface	 chemistry,	 molecular	 structures,	 and	 size	 affect	 the	

formation	of	biomolecule	complexes	to	improve	delivery	efficiency.84,159,170–172	Also,	adding	

site-specific	regions	to	the	complex	can	enhance	targeted	delivery.173–175	

	 The	most	common	chemical	carrier	is	based	on	cationic	lipid,	such	as	Lipofectamine,	

which	 is	 composed	of	 cationic	 fatty	acids	 that	 self-assemble	 into	 lipid	bilayer	membrane	

structure	that	encapsulates	DNAs.130,176	The	interaction	between	the	positive	charge	of	the	

liposomes	and	negative	 charge	of	 the	 cell	membrane	aids	 the	 intracellular	delivery.177,178	

Liposomes	have	been	shown	to	be	safe	alternatives	to	deliver	genetic	materials	as	they	have	

low	immunogenicity,	are	biodegradable	and	non-toxic,	and	their	encapsulation	protects	the	

DNA	 from	 degrading.179,180	 However,	 the	 positive	 charge	 on	 their	 surface	 can	 lead	 to	

non-specific	binding	to	extracellular	matrix	(i.e.,	proteins,	enzymes,	etc.)	when	used	in	vivo,	

resulting	in	low	transfection	efficiency.	181,182	



 

11	

	 Cationic	polymer	systems	work	similarly	to	the	cationic	lipid	by	forming	complexes	

with	DNA,	but	their	surface	chemistry	is	tunable	and	they	are	more	shelf-stable	compared	to	

cationic	 lipids.183,184	 Typically,	 polymer-based	 systems	 usually	 consist	 of	 biodegradable	

polymers	 containing	 amine	 groups,	 such	 as	 polyethylenimine,	 chitosan,	 or	

poly(2-dimethylaminoethyl	 methacrylate).84,159,160,171,185,186	 The	 cationic	 polymer-DNA	

complexes	can	promote	internalization	of	the	DNA	into	the	cells	as	well	as	protect	DNA	from	

degradation,	similar	to	the	lipid-DNA	complexes.161	However,	they	tend	to	aggregate	and	to	

precipitate	 in	aqueous	solution	during	synthesis,	due	to	their	positive	charge.185,187	There	

are	 efforts	 to	 increase	 the	 solubility	 of	 the	 complexes	 and	 cellular	 uptake	 by	 adding	

site-specific	regions	for	targeting	as	well	as	understanding	the	dissociation	of	the	complex	in	

biological	environments	to	develop	these	methods	for	clinical	utility.187,188	

I.C.6 Physical	Delivery	

	 Physical	 delivery	 methods	 utilize	 physical	 membrane	 disruption	 to	 deliver	

biomolecular	cargos.158,189,190	This	strategy	is	an	attractive	option	due	to	its	potential	be	non-

toxic	 and	 high	 throughput	 that	 can	 be	 universally	 deployed	 on	 any	 cell	 type	 without	

limitation	to	plasmid/cargo	size.191	Although	applying	or	incubating	naked	DNA	directly	is	a	

safe	method,	its	transfection	efficiency	is	limited,	resulting	in	the	need	for	development	of	

delivery	 strategies.192–194	 Examples	 of	 physical	 methods	 include	 electroporation,	

hydrodynamic,	ultrasound,	magnetic	field,	or	nanostructure	penetration.195–201	

	 Electroporation	is	one	of	the	most	widely	used	approaches	to	deliver	a	wide	range	of	

impermeable	biomolecules	(i.e.,	drugs,	DNA,	nucleases,	etc.)	into	target	cells.163,195,202,203	By	

applying	 electrical	 fields	 to	 the	 target	 cells,	 a	 potential	 is	 generated	 across	 the	 cell	

membrane.129,204	 This	 potential	 increases	 membrane	 permeability	 and	 creates	 transient	
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pores	at	the	membrane,	thereby	allowing	the	molecules	of	interest	to	be	internalized	into	the	

cytoplasm	 and	 later	 expressed.157	 Electroporation	 has	 been	 shown	 to	 be	 a	 reliable	 and	

efficient	 transfection	 method	 to	 both	 adherent	 and	 suspension	 cells.207,209–211	 However,	

optimization	is	highly	critical	and	specific	for	each	cell	line	and	type	of	target	plasmids.	For	

example,	 if	 the	 parameters	 (i.e.,	 field	 strength	and	 pulse	 duration)	 are	 incorrect,	 the	 cell	

membrane	can	be	subjected	to	irreversible	changes	that	can	lead	to	no	transfection	or	to	cell	

death.202,203,212,213	

	 Hydrodynamic	 delivery	 applies	 rapid	 controlled	 hydrodynamic	 pressure	 of	 DNA	

solutions	 to	 target	 tissues	 to	 enhance	 cell	 permeability.162,196,214	 The	 efficiency	 of	 the	

hydrodynamic	 system	 relies	 on	 the	 capillary	 structure,	 the	 hydrodynamic	 force,	 and	 the	

elasticity	and	structure	of	the	tissues.156,196	It	has	been	a	common	method	to	deliver	naked	

DNA	into	tissue	in	vivo.162	However,	delivering	in	vivo	can	trigger	heart	failure	in	patients	

since	 it	 creates	 too	 much	 excess	 liquid	 circulation	 in	 the	 system.196,214	 Hydrodynamic	

delivery	has	potential	 to	be	applied	to	suspension	cells,	especially	CAR-T	cell	production,	

with	the	right	apparatus	and	optimization.		

 Another	 interesting	approach	uses	nanostructures	to	penetrate	the	cell	membrane	

and	 to	 deliver	 cargo	 to	 cells	 directly.201,215–218	 Microinjection	 pioneered	 the	 field	 using	

physical	penetration	of	glass	micropipettes	 to	deliver	biomolecules	effectively	 for	 in	vitro	

fertilization	applications.219,220	Later,	more	researchers	 in	 this	 field	adopted	this	 idea	and	

miniaturized	the	needles	for	efficient	delivery	and	minimizing	cell	damage.	Novel	platforms	

for	 delivery	 include	 using	 biomolecules	 that	 dissociate	 from	 their	 supporting	 structures	

during	 penetration,218,221	 diffusion	 through	 transient	 holes	 after	 cells	 are	 punctured	 by	

needles,222	or	 injection	of	 the	biomolecules	 through	hollow	nanostraws.216,223	Using	these	
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systems,	 siRNA,	 peptides,	 DNA,	 and	 proteins	 have	 successfully	 delivered	 biomolecular	

packages	to	hard-to-transfect	cell	types,	such	as	neurons	and	immune	cells.217,218	

I.C.7 Nanostructure-Integrated	Microfluidic	System	for	CAR-T	Cell	Production	

	 The	current	FDA-approved	CAR-T	cell	therapies	rely	on	lentiviral	vectors,	which	are	

costly	to	produce	at	large	scales.224,225	The	need	to	manufacture	CAR-T	cells	efficiently	and	

economically	is	critical	for	translation	into	clinical	applications.94	One	approach	is	to	design	

a	system	that	combines	the	advantages	from	more	than	one	intracellular	delivery	system	to	

overcome	the	drawbacks	of	each	system	and	for	better	overall	efficiency.226,227	Nanoparticles	

provide	protection	against	DNA	degradation,	exhibit	good	storage	capacity,	and	cause	low	

cytotoxicity.228,229	Nanostructures	provide	direct	injection	to	deliver	molecules	of	interest	as	

well	as	the	capability	to	create	transient	pores,	enabling	biomolecules	diffusion.218,221–223	In	

Chapter	 III,	 I	 demonstrate	 the	 use	 of	 a	 nanoneedle-integrated	 microfluidic	 system	 and	

DNA-encapsulated	supramolecular	nanoparticle	for	production	of	CAR-T	cells,	in	both	model	

and	primary	T	cells.	Using	this	platform,	we	can	efficiently	load	DNA,	which	is	tethered	to	the	

substrate,	 for	 direct	 injection,	 as	 well	 as	 co-flow	 an	 excess	 of	 DNA-encapsulated	

nanoparticles,	 for	diffusion	 through	 transient	pores	 that	 are	 created	by	 the	nanoneedles.	

This	system	enables	continuous	and	sequential	intracellular	delivery,	which	provides	a	path	

for	sustainable	CAR-T	cell	production.	

I.D Dissertation	Overview	

	 This	dissertation	is	organized	into	four	chapters	and	two	appendices,	which	highlight	

the	 work	 I	 have	 done	 to	 develop	 a	 novel	 patterning	 technique	 based	 on	 nanosphere	

lithography	and	how	we	can	use	nanosphere	lithography	for	applications	fabricating	devices	
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for	 gene-editing.	 Chapter	 I	 consists	 of	 an	 introduction	 of	 nanosphere	 lithography	 and	

background	 techniques	 used	 to	 deliver	 gene-editing	 materials.	 Chapter	 II	 introduces	 a	

scalable	 nanoscale	 patterning	 technique	 for	 fabrication	 of	 periodic	 3D	 hierarchical	

nanostructures.38	 Chapter	 III	 shows	 how	 nanostructures,	 made	 from	 nanosphere	

lithography,	can	be	utilized	 for	 intracellular	delivery	via	physical	membrane	deformation.	

We	demonstrate	robust	and	high-throughput	intracellular	cargo	delivery	to	suspension	cells,	

including	primary	cells	 for	CAR-T	cell	production.	The	 future	prospects	 for	 this	work	are	

summarized	and	discussed	in	Chapter	IV.	Prior	to	working	with	nanosphere	lithography,	my	

initial	studies	involved	utilizing	self-assembled	monolayers	as	a	tool	to	probe	interactions	at	

the	 molecular	 level.	 Appendix	 I	 elucidates	 the	 role	 of	 intermolecular	 dipole-dipole	

interactions	 of	 carboranethiol	 self-assembled	 monolayers	 on	 the	 alignment	 of	 liquid	

crystals.230	Appendix	 II	demonstrates	 the	use	of	our	 custom-built	 laser-assisted	 scanning	

tunneling	microscopy	that	enables	the	detection	of	the	photoinduced	charge	transfer	process	

within	the	molecular	p-n	junction	of	C60-donor-C60	and	its	chromophore.	231	

	

Chapter	2	has	been	reformatted	from	the	following	manuscript	with	permission:	

Xu,	X.;	Yang,	Q.;	Wattanatorn,	N.;	Zhao,	C.;	Jonas,	S.	J.;	Weiss,	P.	S.	Multiple-Patterning	

Nanosphere	 Lithography	 for	 Fabricating	 Periodic	 Three-Dimensional	 Hierarchical	

Nanostructures.	ACS	Nano.	2017,	11,	10384.	DOI:	10.1021/acsnano.7b05472	

Copyright	2017	American	Chemical	Society.	
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Chapter	3	is	based	on	a	manuscript	in	preparation:	

Wattanatorn,	N.;	Chiou,	T.T.;	Xu,	X.;	Mendoza,	A.M.;	De	Oliveira,	S.N.;	Jonas,	S.J.;	Weiss,	

P.S.	 Nanosubstrate-Mediated	 Intracellular	 Delivery	 for	 High-Throughput	 Gene	

Modification.	(in	preparation).	

Appendix	A	has	been	reformatted	from	the	following	manuscript	with	permission:	

Schwartz;	J.	J.;	Mendoza,	A.	M.;	Wattanatorn,	N.;	Zhao,	Y.;	Nguyen,	V.;	Spokoyny,	A.	

M.;	 Mirkin,	 C.	 A.;	 Baše,	 T.;	 Weiss,	 P.	 S.	 Surface	 Dipole	 Control	 of	 Liquid	 Crystal	

Alignment.	JACS.	2016,	138,	5957.	DOI:	10.1021/jacs.6b02026	

Copyright	2016	American	Chemical	Society.	

Appendix	B	has	been	reformatted	from	the	following	manuscript	with	permission:	

Wang,	S;	Wattanatorn,	N.;	Chiang,	N.;	Zhao,	Y.;	Kim,	M.;	Ma,	H.;	Jen,	A.	K.-Y.;	Weiss,	P.	

S.	 Photo-Induced	Charge	Transfer	 in	Single-Molecular	p-n	 Junctions.	 J.	 Phys.	 Chem.	

Lett.,	2019,	10,	2175.	DOI:	10.1021/acs.jpclett.9b00855		

Copyright	2019	American	Chemical	Society.	
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CHAPTER	II	

Multiple-Patterning	Nanosphere	Lithography	for	

Fabricating	Periodic	Three-Dimensional	Hierarchical	

Nanostructures	Polymer-Pen	Chemical	Lift-Off	Lithography	
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II.A. Introduction		

	 Periodic	semiconductor	nanostructures,	such	as	pyramids,	holes,	wires,	pillars,	tubes,	

and	cones	are	increasingly	applied	in	the	design	of	solar	cells,	biosensors,	biomaterials,	and	

drug	delivery	systems	due	to	their	superior	optical/electrical	properties,	biocompatibility,	

and	 mechanical	 properties.2–11	 In	 particular,	 periodic	 single-crystalline	 silicon	 (Si)	

nanotubes12	 assembled	 via	 electron-beam	 lithography	 and	 nanoimprint	 lithography	

demonstrate	better	 light	conversion	efficiency	 than	other	structures	 in	hybrid	solar	cells,	

while	their	biocompatibility13	and	tubular	structures	also	suggest	their	tantalizing	potential	

as	 tools	 to	 enable	 improved	 studies	 of	 cellular	 mechanics,14–16	 circulating	 tumor	 cell	

capture/release,17	and	intracellular	biochemical	delivery.18,19	However,	despite	this	interest	

and	their	broad	applicability,	 the	deployment	of	periodic	Si-nanotube-based	devices	with	

controlled	 dimensions	 has	 been	 limited	 by	 the	 lack	 of	 simple	 and	 scalable	 fabrication	

approaches	for	these	structures.	

	 Current	 strategies	 for	 the	 fabrication	 of	 periodic	 Si	 nanostructures,	 including	

nanopillars,	nanocones,	and	nanoholes,	involve	nanosphere	lithography,20–26		because	of	its	

low	 cost,	 simplicity,	 and	 high	 throughput	 compared	 to	 conventional	 nanolithographic	

methods	 including	electron-beam	 lithography	and	 focused	 ion-beam	milling.	Nanosphere	

lithography	 employs	 periodic	 arrays	 of	 self-assembled	 close-packed	 mono/bilayer	

nanospheres	(e.g.,	polystyrene,	SiO2,	and	others)	as	masks	to	pattern	underlying	substrate	

materials,20	 However,	 the	 fabrication	 of	 periodic	 Si	 nanotubes	 with	 precise	 dimensional	

control	over	large	areas	remains	challenging	due	primarily	to	the	nanosphere	template	being	

used	 only	 once	 during	 processing.	 This	 “one-time	 use”	 approach	 restricts	 traditional	

nanosphere	lithography	techniques	in	that	only	the	outer	diameter	of	Si	nanotubes	can	be	
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defined	 fully.	 For	 example,	 previous	 attempts	 to	 generate	 nanoring-like	 masks	 for	 Si	

nanotube	 fabrication	 lacked	 suitable	 control	 over	 dimensions	 (such	 as	 tube	 thickness),	

quality,	and	reproducibility.		

	 In	this	work,	we	propose	and	demonstrate	a	nanosphere	lithography	strategy	named	

multiple-patterning	nanosphere	lithography	(MP-NSL),	which	circumvents	the	limitations	of	

traditional	one-time	use	methods	by	adopting	a	multiple	use	template	concept.	The	MP-NSL	

method	 achieves	 wafer-scale	 fabrication	 of	 periodic	 Si	 nanotubes	 while	 enabling	

independent	control	over	all	structural	dimensions	during	fabrication	including	inner/outer	

tube	 diameters,	 heights,	 hole-depths,	 and	 pitches.	 To	 our	 knowledge,	 this	 degree	 of	

versatility	 and	 precision	 has	 not	 previously	 been	 reported	 for	 structures	 prepared	 via	

nanosphere	 lithography.	 Moreover,	 our	 MP-NSL	 technique	 represents	 a	 powerful	

three-dimensional	 (3D)	nanolithographic	 tool	 for	high-throughput	 fabrication	of	periodic	

hierarchical	 nanoarchitectures,	 enabling	 the	 assembly	 of	 multilevel	 solid/hollow	 Si	

nanotowers	and	3D	concentric	plasmonic	nanodisk/nanorings.	

II.B. Results	and	Discussion	

	 The	 process	 for	 fabricating	 periodic	 Si	 nanotubes	 by	 MP-NSL	 is	 illustrated	

schematically	in	Figure	II.1A	with	associated	scanning	electron	microscopy	(SEM)	images	

of	 the	 products	 from	 key	 steps	 shown	 in	 Figure	 II.1B-G.	 We	 fabricated	 a	 variety	 of	 Si	

nanotube	arrays	with	different	parameters:	pitches	(400	nm	to	2	μm),	outer	heights	(100	nm	

to	 6	 μm),	 inner	 heights	 (100	 nm	 to	 2	 μm),	 outer	 diameters	 (220	 nm	 to	 1.3	 μm),	 inner	

diameters	(130	to	1050	nm),	and	tube	thicknesses	(sub-50	to	500	nm).	Representative	SEM	

images	of	a	selection	of	Si	nanotubes	are	depicted	in	Figure	II.2.	In	addition,	SEM	images	of	
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large	 area,	 well-ordered	 nanosphere	 templates	 and	 Si	 nanotube	 arrays	 with	 the	

corresponding	Fourier	transform	patterns	are	shown	in	Figure	II.S1,S2.	

	 The	template	for	MP-NSL	consists	of	a	monolayer	of	polystyrene	nanospheres,	which	

is	assembled	by	slowly	distributing	an	aqueous	dispersion	of	the	nanospheres	drop	cast	onto	

a	 tilted	 glass	 slide,	 as	 reported	 elsewhere.21	 The	 monolayer	 is	 then	 transferred	 to	 a	

2	cm	×	2	cm	Si	substrate	underneath	the	water/air	interface	by	gently	removing	the	liquid.	

Note	that	the	pitch	of	the	final	Si	nanotube	arrays	is	determined	by	the	original	diameters	of	

the	 polystyrene	 nanosphere	 template,	 which	 can	 be	 tailored	 from	 several	 hundred	

nanometers	to	several	microns	depending	on	their	original	size.	Here,	we	specifically	chose	

polystyrene	nanospheres	with	diameters	of	400	nm,	600	nm,	900	nm,	1	μm,	and	2	μm	as	

examples.	The	assembly	of	 the	nanosphere	 template	 is	highly	 scalable	 such	 that	one	 can	

easily	reach	the	wafer	scale	manually	and	can	conceivably	reach	the	wafer	scale	manually	

and	can	conceivably	reach	the	square	meter	scale	using	automated	nanosphere	dispensing	

systems.27	
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Figure	II.1. Self-aligned	 multiple-patterning	 nanosphere	 lithography	 (MP-NSL)	 for	 Si	

nanotube	 arrays.	 (A)	 A	 schematic	 illustration	 of	 the	 process.	 	 Step	 1:	 A	 monolayer	 of	
close-packed	 polystyrene	 (PS)	 nanospheres	 is	 formed	 at	 a	 water/air	 interface,	 then	

transferred	onto	a	Si	wafer.	The	size	of	the	nanospheres	defines	the	ultimate	pitches	(p)	of	
the	Si	nanotubes.	Step	2:	Oxygen	plasma	RIE	reduces	the	sphere	size	and	defines	the	outer	

diameters	 (do)	 of	 Si	 nanotubes.	 Step	 3:	 Deep	 reactive	 ion	 etching	 (DRIE)	 etches	 Si	 into	

nanopillars	by	using	the	nanospheres	as	masks.	The	outer	heights	(ℎ")	of	Si	nanotubes	are	
controlled	by	the	etch	time.	Step	4:	A	second	oxygen	plasma	RIE	further	reduces	the	sizes	of	

polymer	nanoparticles	and	defines	the	 inner	diameters	(#$)	of	Si	nanotubes.	Step	5:	Ni	 is	
deposited	to	form	Ni	nanorings	on	the	Si	nanopillars,	and	it	functions	as	a	DRIE	mask.	Step	
6:	Polystyrene	nanoparticles	are	removed	by	10	min	oxygen	plasma	etching	to	expose	the	

center	part	of	the	Si	nanopillars.	Step	7:	DRIE	is	performed	again	to	etch	holes	and	to	define	
the	 hole	 depth	 (ℎ$ ).	 Step	 8:	 Ni	 is	 removed	 by	 HCl,	 and	 pristine	 Si	 nanotube	 arrays	 are	
obtained.	Scanning	electron	microscope	(SEM)	images	of	key	intermediates:	(B)	monolayer	

of	 closed-packed	 polystyrene	 nanospheres	 (diameter:	 1	 μm)	 formed	 on	 a	 Si	 wafer;		
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(C)	 polystyrene	 nanoparticles	 on	 Si	 wafer	 after	 first	 size	 reduction;	 (D)	 polystyrene	
nanoparticles	 on	 top	 of	 periodic	 Si	 nanopillar	 arrays;	 (E)	 second	 size	 reduction	 of	

polystyrene	 nanoparticles	 by	 oxygen	 plasma	 (step	 4);	 and	 (F)	 Ni	 nanorings	 on	 top	 of	 Si	
nanopillars.	The	region	displayed	as	dark	is	Si	and	the	region	displayed	as	bright	is	Ni.	(G)	

Etching	of	the	inner	regions	by	DRIE	to	form	Si	nanotubes	(step	7).	Images	(D,	E,	G)	were	

taken	at	a	tilt	of	30°.	Scale	bars:	1	μm.	
	

	

	

Figure	II.2. (A−H)	Scanning	electron	micrographs	of	representative	periodic	Si	nanotube	

arrays	with	different	parameters	in	nm:	pitch	(%),	outer	diameter	(#"),	inner	diameter	(#$),	
sidewall	thickness	(&	 = 	 (#" − #$)/2),	and	outer	height	(ℎ").	Images	were	recorded	at	a	tilt	
of	30°.	(Units:	nm).	
	

	 Next,	the	diameters	of	the	polystyrene	nanospheres	are	configured	via	oxygen	plasma	

reactive	 ion	 etching	 (RIE)	 to	 define	 the	 outer	 diameter	 (#" )	 of	 the	 Si	 nanotubes.	 By	

controlling	the	oxygen	plasma	RIE	time,	one	can	tailor	the	nanosphere	diameter	precisely,	

without	 changing	 the	 pitch.	 For	 instance,	 a	 4	min	 oxygen	 plasma	RIE	 can	 uniformly	 and	

precisely	etch	close-packed	polystyrene	spheres	of	1	μm	diameter	into	∼820	nm	diameter	

nanospheres	with	identical	spacings	of	∼180	nm,	Figure	II.1C.	As	illustrated	in	Figure	II.2D	

and	Table	II.1,	the	oxygen	plasma	RIE	time	and	the	diameters	of	polystyrene	nanospheres	

correlate	closely,	and	the	results	are	highly	reproducible.	The	diameters	of	the	nanospheres	

notably	 decrease	 faster	 with	 increasing	 oxygen	 plasma	 RIE	 time	 due	 to	 the	 polymer	

nanoparticles	becoming	flatter	with	a	more	oblate	ellipsoid	shape	(Figure	II.S4).28	
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Table	II.1. Controlling	Size	Reduction	of	Polystyrene	Nanospheres	by	Oxygen	Plasma	RIE	

	

	 Note	 that	 enhancing	 the	 adhesion	 between	 the	 polystyrene	 nanospheres	 and	 the	

underlying	 Si	 substrate	 before	 dry	 etching	helps	 to	 prevent	 random	 tilting	 of	 the	 etched	

polymer	nanoparticles,	which	could	lead	to	asymmetries	in	the	final	pillar/nanotube	arrays	

(Figure	II.S5).	The	nanospheres	were	coupled	to	the	Si	substrate	after	the	initial	oxygen	RIE	

step	by	heating	briefly	to	120	°C	for	∼30	s.	This	treatment	does	not	result	in	noticeable	lateral	

deformation,	 but	 appears	 to	 fix	 the	 etched	 polymer	 nanoparticles	 to	 prevent	moving	 or	

tilting	during	the	subsequent	processes.		

	 Methods	for	etching	Si	involve	either	wet-etching	strategies	such	as	metal-assisted	

chemical	etching29	or	dry-etching	approaches	such	as	RIE.10	Here,	we	chose	a	dry	etching	

technique,	specifically	deep	reactive	ion	etching	(DRIE),	due	to	its	capability	for	anisotropic	

etching,	high	reproducibility,	and	nontoxicity.	The	outer	heights	(ℎ")	and	inner	hole-depths	

(ℎ$)	of	 the	Si	nanotubes	are	controlled	by	the	DRIE	time.	Specifically,	DRIE	via	 the	Bosch	

process,	which	consists	of	multiple	cycles	of	passivation	and	etching,	was	applied	to	achieve	

high-aspect-ratio	nanopillars.	The	alternating	cycles	of	passivation	and	etching	in	the	Bosch	

pitch	=	1	μm	 	 pitch	=	2	μm	

etch	time	 d0	 	 etch	time	 d0	
2.5	min	 910	±	4	nm	 	 4	min	 1860	±	9	nm	

3	min	 900	±	4	nm	 	 7	min	 1630	±	8	nm	

3.5	min	 860	±	6	nm	 	10	min	 1350	±	10	nm	

4	min	 820	±	5	nm	 	13	min	 1160	±	9	nm	

5	min	 760	±	7	nm	 	15	min	 800	±	10	nm	

6	min	 610	±	7	nm	 	16	min	 740	±	8	nm	

7	min	 480	±	5	nm	 	 	 	

8	min	 330	±	6	nm	 	 	 	
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process	 protect	 the	 sidewalls	 of	 nanostructures	 from	 being	 etched	 laterally	 over	 large	

depths.	Figure	II.1D	illustrates	a	typical	array	of	high-aspect-ratio	Si	nanopillars	produced	

via	MP-NSL	with	polystyrene	nanoparticles	sitting	on	their	tops	(ℎ" 	= 	2000	nm).	The	Bosch	

process	typically	results	in	periodic	“ripples”	on	the	sidewalls	as	shown	in	Figure	II.2,	which	

is	called	the	“scalloping	effect”.	As	shown	in	the	high-resolution	SEM	image	in	Figure	II.S6,	

the	thickness	of	 the	“ripple”	 is	 typically	∼25	nm.	Note	that	 the	top	surfaces	of	 the	silicon	

nanopillars	remain	smooth,	as	they	were	protected	by	the	PS	bead	template	during	etching.	

However,	the	“scalloping	effect”	can	be	minimized	and/or	eliminated	in	MP-NSL	by	using	an	

optimized	Bosch	process30	or	cryogenic-DRIE31	to	generate	Si	nanostructures	with	smooth	

sidewalls.	 In	 the	present	study,	 low-aspect-ratio	Si	nanostructures	with	smooth	sidewalls	

were	 achieved	 straightforwardly	 via	 single-step	 DRIE,	 which	 uses	 C4F8	 and	 SF6	

simultaneously	as	the	etching	and	passivation	gases	(Figures	II.2G,H	and	II.S7).		

	 After	 the	 fabrication	of	Si	nanopillars,	a	second	oxygen	plasma	RIE	was	applied	to	

reduce	the	size	of	the	polystyrene	nanoparticles	sitting	on	top	of	the	pillars	(Figure	II.1D).	

The	 smaller	 nanospheres	 remain	 centered	 on	 the	 pillars	 and	 serve	 as	 templates	 for	

subsequent	etching	 treatments	 to	obtain	nanotubes.	Next,	 a	 thin	 layer	of	nickel	 (Ni)	was	

deposited	via	electron-beam	evaporation	along	the	exposed	Si	at	the	tops	of	the	nanopillars	

to	 avoid	 undesired	 etching.	 Nickel	 was	 selected	 as	 the	 masking	 material	 as	 it	 is	 highly	

resistant	to	Si	dry	etching	processes.	The	thin	Ni	layer,	typically	20	nm,	forms	Ni	nanorings	

at	 the	 top	 of	 the	 nanopillars	 and	 also	 covers	 the	 bottom	 surface	 of	 the	 Si	 substrate,	

Figure	II.1E.	The	polymer	nanoparticles	are	subsequently	removed	with	tape	to	expose	the	

centers	of	 the	Si	pillars	 for	etching	Figure	II.1F.	The	 inner	diameters	of	 the	Ni	nanorings	

define	the	inner	diameter	(#$)	and	sidewall	thickness	(&	 = 	#" − #$)	of	nanotubes	generated	
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after	a	second	round	of	DRIE.	The	Ni	is	then	removed	via	a	chemical	etch	treatment	(5%	HCl)	

to	obtain	the	final	Si	nanotube	arrays	(Figure	II.1G).		

	 As	illustrated	in	Figure	II.3A,	altering	the	time	of	the	second	oxygen	plasma	RIE	step	

enables	 the	 inner	diameter	#$ 	and	thus	the	sidewall	 thickness	&	of	 the	Si	nanotubes	to	be	

tuned	precisely.	As	a	proof	of	concept,	we	fabricated	a	series	of	Si	nanotubes	by	using	1	and	

2	 μm	 polystyrene	 spheres	 as	masks	 for	MP-NSL.	We	 first	 fabricated	 Si	 nanopillars	with	

diameters	of	730±7	nm	and	1340±12	nm	using	the	1	and	2	μm	polystyrene	spheres	masks,	

respectively.	Then,	we	varied	the	second	oxygen	plasma	RIE	time	to	control	the	diameter	of	

the	 polystyrene	 nanoparticles	 on	 top	 of	 the	 Si	 nanopillars	 and	 applied	 a	 second	 DRIE	

treatment	 as	 described	 above	 to	 generate	 ordered	 Si	 nanotubes	 with	 different	 sidewall	

thicknesses.	As	 shown	 in	 the	Tables	 II.1	 and	II.2:	 For	Si	nanopillars	with	#" 	= 	720	nm,	

a	second	 oxygen	 plasma	 RIE	 time	 of	 3,	 3.25,	 3.5,	 4,	 and	 4.5	 min,	 resulted	 in	 sidewall	

thicknesses	of	105	±	5,	120	±	4,	150	±	5,	200	±	5,	and	290	±	7	nm,	respectively,	while	for	1340	

±	 12	 nm	diameter	Si	 nanopillars,	 oxygen	 plasma	RIE	 times	of	 3−7	min	 resulted	 sidewall	

thicknesses	ranging	from	120	±	12	to	420	±	8	nm.	Even	smaller	sidewall	thickness,	such	as	

45±2,	80±2,	100±3nm,	can	be	achieved	by	 further	decreasing	the	RIE	time	difference,	see	

Figure	II.2F−H.	Such	high	accuracy	control	over	the	nanosphere	size	is	comparable	to	many	

electron-	or	ion-beam-based	nanolithographies.		
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Figure	II.3. (A)	Schematic	illustration	of	tuning	the	outer	and	inner	diameters	(#" 	and	#$ ,	
respectively)	of	Si	nanotubes.	(B)	Top-view	Scanning	electron	micrographs	of	Si	nanotubes	

fabricated	from	1	μm	polystyrene	nanospheres	with	#" 	=	730	±	7	nm,	and	sidewall	width	
(& = (#" − #$	)/2)	from	105	±	5	nm	to	290	±	7	nm	(scale	bar:	400	nm).	(C)	Top-view	SEM	
images	 of	 Si	 nanotubes	 fabricated	 from	 2	 μm	 polystyrene	 (PS)	 nanospheres	 with	

#" =		1340	±	12	nm,	and	w	from	120	±	12	nm	to	420	±	8	nm	(scale	bar:	400	nm).	(D)	Oxygen	
plasma	 reactive	 ion	 etching	 (RIE)	 time-dependent	 size	 reduction	 of	 polystyrene	

nanoparticles.	 (E)	 Oxygen	 plasma	 RIE	 time	 dependent	 w	 corresponding	 to	 (B,C)	 with	

#" =	1340	±	12	nm.	(F)	Schematic	illustrations	of	independent	control	of	ho	and	hi.	From	
left	 to	 right,	ℎ" > ℎ$ ,	ℎ" = ℎ$ ,	 and	 ℎ" < ℎ$ .	 Bottom:	 SEM	 images	 of	 corresponding	 Si	
nanotube	 cross	 sections	 prepared	 by	 focused	 ion-beam	milling	 with	 Pt	 (white	 part)	 as	
protection	layer	(scale	bar:	500	nm).	(G)	Plot	of	DRIE	time	dependence	of	ℎ"	and	ℎ$.	Si	etch	
rates	were	0.66	μm/min	for	ℎ"	and	0.50	μm/min	(0−3	min);	0.18	μm/min	(3−8	min)	for	ℎ$,	
respectively.	
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Table	II.2. Controlling	 Sidewall	 Thicknesses	 (&)	 of	 Si	 Nanotubes	 by	 Varying	 the	 Etch	
Time	Difference	between	Two	Oxygen	Plasma	RIE	
	

	

	

Table	II.3. Tuning	the	Outer/Inner	Heights	 (ℎ"/ℎ$)	of	 Si	Nanotubes	by	Controlling	the	
Duration	of	Deep	Reactive	Ion	Etching		
	

	

	 The	outer	height	(ℎ")	and	inner	hole-depth	(ℎ$)	of	the	Si	nanotubes	can	be	controlled	

independently	 by	 varying	 their	 respective	 DRIE	 times.	 The	 SEM	 cross-sectional	 images	

shown	in	Figure	II.3F	illustrate	three	representative	Si	nanotube	arrays	with	different	ℎ"/ℎ$		

ratios,	where	from	left	to	the	right,	ℎ" > ℎ$,	ℎ" = ℎ$ 	(center),	and	ℎ" < ℎ$ .	The	DRIE	etching	

rates	used	for	each	ℎ"	and	ℎ$	are	shown	in	Figure	II.3G	and	Table	II.3.	Specifically,	an	etch	

rate	of	0.66	μm/min	was	used	for	ℎ",	while	rates	of	0.50	μm/min	(0−3	min)	and	0.18	μm/min	

(3−8	min)	were	used	for	hi.	A	slower	etch	rate	is	observed	for	ℎ$,	which	is	known	as	“RIE	lag”,	

that	 is,	 the	etching	rate	 is	related	to	the	 feature	size,	and	the	smaller	 the	 feature	size,	 the	

lower	the	etching	rate.32	

pitch	=	1	μm	 	 pitch	=	2	μm	

etch	time	 w	 	 etch	time	 w	
3	min	 105	±	5	nm	 	 3	min	 120	±	12	nm	

3.25	min	 120	±	5	nm	 	 4	min	 180	±	7	nm	

3.5	min	 150	±	5	nm	 	 5	min	 250	±	8	nm	

4	min	 200	±	9	nm	 	 5.5	min	 300	±	8	nm	

4.5	min	 290	±	7	nm	 	 6	min	 340	±	9	nm	

	 	 	 7	min	 420	±	8	nm	

etch	time	 ho	 	 etch	time	 hi	
1	min	 o700	±	25	nm	 	 2	min	 1100	±	20	nm	

3	min	 2000	±	28	nm	 	 3	min	 1500	±	25	nm	

4	min	 2800	±	32	nm	 	 4	min	 1700	±	30	nm	

6	min	 4000	±	38	nm	 	 6	min	 2000	±	20	nm	

8	min	 5200	±	50	nm	 	 8	min	 2410	±	28	nm	
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	 The	robust	and	rapid	fabrication	of	periodic	3D	hierarchical	nanostructures	is	highly	

desirable	 for	 applications	 in	 nanophotonics,	 metamaterials,	 and	 biotechnology.33	 Direct	

writing	fabrication	strategies	based	on	two-photon,34	focused	ion-beam,	or	electron-beam35	

techniques	have	been	developed	to	assemble	3D	hierarchical	micro/nanostructures	serially,	

but	 their	 widespread	 use	 within	 these	 areas	 has	 been	 precluded	 by	 low	 fabrication	

throughputs	and	a	limited	selection	of	compatible	materials.		

	 We	 find	 that	MP-NSL	 can	 serve	 as	 a	 high-throughput	 3D	nanolithographic	 tool	 to	

fabricate	 a	 variety	 of	 periodic	 3D	hierarchical	 nanostructures.	 For	 example,	 as	 shown	 in	

Figure	II.4A,	multilevel	Si	nanopillars	or	“nanotowers”	with	two,	three,	and	four	levels	were	

fabricated	 by	 reducing	 the	 polystyrene	 nanosphere	 size	 twice,	 three,	 and	 four	 times,	

respectively,	with	Si	etching	applied	after	each	size	reduction.	A	high-resolution	SEM	image	

(Figure	II.S6)	of	multilevel	silicon	nanotowers	shows	all	the	levels	have	smooth	surfaces.	

The	smallest	diameters	at	the	apex	of	the	Si	nanotowers	achieved	so	far	are	∼100	nm	when	

using	900	nm	nanospheres	templates.	The	sidewall	thickness	(&)	and	height	(ℎ)	of	each	level	

were	controlled	individually	and	precisely	by	varying	the	oxygen	plasma	RIE	and	DRIE	times	

during	processing	(Figure	II.4A).	In	principle,	there	is	no	limitation	to	the	complexity	of	the	

nanostructures	 generated	 via	 MP-NSL.	 Potential	 applications	 for	 these	 multilevel	

nanotowers	 include	 nanobarcodes36	 and	 antireflective	 coatings.37	 It	 is	 also	 possible	 to	

fabricate	 hollow	 Si	 nanotowers	 by	 integrating	 the	 etching	 processes	 used	 to	 generate	 Si	

nanotubes	above.	Moreover,	we	have	applied	MP-	NSL	to	pattern	similar	nanotowers	with	a	

wide	range	of	materials,	including	SiO2,	and	have	used	the	nanostructures	as	a	mold	for	soft	

materials,	such	as	polydimethylsiloxane	(PDMS)	(Figure	II.4A).38–40	
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Figure	II.4. 	(A)	 By	 using	 multiple-patterning	 nanosphere	 lithography,	 a	 variety	 of	

periodic	hierarchical	nanostructures	have	been	designed	and	fabricated:	Si	nanotowers	with	

two	levels,	three	levels,	and	four	levels	with	tunable	heights	(including	negative	heights	for	
selected	 levels)	 and	 diameters	 for	 each	 level;	 configurable	 concentric	 plasmonic	 Au	

nanorings/nanodisk	 on	 Si	 substrates	 (solid/hollow	 two-level	 nanotowers),	 SiO2	

nanostructures	 (two-level	 nanotowers),	 and	 flexible	 polydimethylsiloxane	 (PDMS)	
substrates	(negatively	replicated	hollow	nanotowers).	(B)	Reflection	visible-infrared	spectra	

of	Au/Si	nanotowers	with	different	dimensions.	Solid	lines	are	the	experiment	results,	and	
dotted	lines	are	corresponding	simulation	results.	(Sample	sizes	in	nm,	sample	i:	% = 900,	
#3 = 530 ,	 ℎ3 = 300 ,	 #6 = 320 ,	 ℎ6 = 230 ,	 and	 7Au = 50 ;	 Sample	 ii:	= 900 ,	 #3 = 570 ,		
ℎ3 = 230,	#6 = 320,	ℎ6 = 230,	and	7Au = 50).	Note	that	the	spectra	(500	to	6000	nm)	were	
collected	 using	 two	 different	 spectrometers	 with	 different	 ranges	 (500−2500	 nm	 and	

2500−6000	 nm,	 respectively)	 and	 stitched	 together	 at	 2500	 nm	 for	 comparison	 to	

simulations	(see	detailed	description	in	the	Supporting	Information).	
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	 Plasmonic	 nanostructures	 have	 attracted	 broad	 interest,	 including	 for	 potential	

applications	 ranging	 from	 biosensing	 and	 surface-enhanced	 spectroscopy	 to	 optical	

trapping.41–47	 So	 far,	most	 plasmonic	 nanostructures	 fabricated	 by	 nanolithography	 have	

been	 largely	 two-dimensional.	 Our	 3D	nanostructures	 can	 further	 serve	 as	 templates	 for	

achieving	 periodic	 3D	 hierarchical	 plasmonic	 nanostructures,	 important	 for	 engineering	

nanophotonics	 in	 3D.48–50	 Simply	 by	 evaporating	 a	 layer	 of	 a	 plasmonic	metal	 (e.g.,	 gold,	

silver,	 aluminum),	 onto	 an	 array	 of	 periodic	 Si/SiO2/PDMS	 nanotowers,	 we	 obtained	

periodic	3D	plasmonic	nanostructures	(Figure	II.4A).	After	Au	evaporation,	high-resolution	

SEM	imaging	reveals	that	each	layer	of	the	nanotower	structures	is	smooth	(Figure	II.S8).	

The	 dimensions	 of	 these	Au	 nanorings	 and	Au	 nanodisks	 as	well	 as	 the	 relative	 vertical	

distances	between	them	are	fully	tunable	with	sub-20	nm-scale	resolution,	which	presents	

the	tantalizing	possibility	to	design	and	to	manipulate	the	optical	properties	of	these	periodic	

3D	 plasmonic	 nanostructures.	 For	 example,	 we	 evaporated	 50	 nm	of	 Au	 on	 two	 slightly	

different	two-level	Si	nanotowers	as	shown	in	Figure	II.4B,	and	fully	tunable	3D	ring/	disk	

plasmonic	nanocavities	were	thereby	fabricated.	As	shown	in	the	reflection	spectra	of	these	

vertically	stacked	plasmonic	nanostructures,	multiple	resonant	peaks	ranged	from	visible	to	

mid-IR	were	observed.	The	reflection	spectra	agree	well	with	finite-difference-time-domain	

(FDTD)	simulations.	The	simulation	results	indicate	that	multiple	peaks	and	dips	result	from	

multimodal	 plasmonic	 resonances	 through	 hybridization	 between	 different	 plasmonic	

multipole	modes	of	ring	and	disk	cavities	vertically	(FDTD	simulations	of	the	electric-field	

and	 charge	 distributions	 are	 provided	 in	 Figure	 II.S9).	 Slight,	 intentional	 geometry	

differences	between	the	two	plasmonic	nanostructures	(sample	i	vs	sample	ii)	result	in	shifts	
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in	the	reflection	spectra	due	to	changes	of	the	resonance	(Figure	II.4B).	Thus,	MP-NSL	is	a	

tool	to	design	and	to	fabricate	optically	tunable	3D	plasmonic	nanostructures.		

II.C. Conclusions	and	Prospects	

	 Our	results	suggest	that	MP-NSL	is	a	promising	3D	nanolithographic	tool	to	achieve	a	

variety	 of	 periodic	 3D	 hierarchical	 nanostructures	 that	 can	 be	 configured	 to	 enable	

applications	 in	 nanophotonics,	 optoelectronics,	 electronics,	 metamaterials,	 and	

biotechnology.	 This	 strategy	 is	 compatible	 with	 and	 could	 be	 integrated	 into	

micro/nanoscale	 device	 manufacturing	 to	 add	 components	 with	 functions	 enabled	 by	

rationally	 designed	 3D	 nanostructures.	 Additionally,	 by	 using	 beads	 with	 different	

physicochemical	properties	and/or	geometries,	even	greater	control	can	be	achieved.		

II.D. Materials	and	Methods	

II.D.1. Materials	

	 Prime	quality	4	 in.	 Si	 (100)	wafers	 (p-type/B-doped,	1-10	Ω×cm)	were	purchased	

from	University	Wafer	Inc.	(Boston,	MA,	USA).	All	polystyrene	spheres	(1%	solids,	400	nm	to	

2	 μm)	 were	 purchased	 from	 Thermo	 Fisher	 Scientific	 Inc.	 (Fremont,	 CA,	 USA).	 Sodium	

dodecyl	 sulfate	 (SDS,	 98%)	 was	 purchased	 from	 Sigma-Aldrich	 (St.	 Louis,	 MO,	 USA).	

Hydrochloric	acid	(36.5	to	38.0%	w/w)	was	purchased	from	Fisher	Scientific	Inc.	(Fair	Lawn,	

NJ,	 USA).	 Evaporation	 materials	 including	 gold	 (99.99%)	 and	 nickel	 (99.995%)	 were	

purchased	from	K.	J.	Lesker	Company	(Jefferson	Hills,	PA,	USA).		
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II.D.2. Morphology	Characterization	

	 The	 scanning	 electron	micro-	 graphs	were	 taken	 by	 a	 Zeiss	 Supra	 40VP	 scanning	

electron	microscope.	Focused	ion-beam	samples	were	made	and	imaged	using	the	Nova	600	

SEM/FIB	system.		

II.D.3. Polystyrene	Sphere	Monolayer	Formation	on	Si	Substrates	

	 The	 polystyrene	 nanospheres	 (1%	 solids)	 stock	 dispersion	 were	 centrifuged	 and	

redispersed	 in	 water/ethanol	 mixture	 (1:1	 ratio)	 with	 2−4%	 solids.	 A	 2	 cm	 ×	 2	 cm	 Si	

substrate	and	a	22	mm	×	22	mm	glass	coverslip	were	treated	in	an	oxygen	plasma	(Harrick	

Plasma,	Ithaca,	NY)	for	1	min	to	generate	hydrophilic	surfaces.	Next,	the	Si	substrate	was	put	

in	a	2	 in.	Petri	dish,	∼4	mL	water	was	added	to	 immerse	 the	Si	 substrate	 fully,	 and	 then	

∼50	μL	1	wt	%	SDS	was	added.	The	polystyrene	nanosphere	dispersion	 in	water/ethanol	

was	slowly	added	to	the	water/air	interface	through	a	tilted	glass	coverslip	that	was	placed	

against	 the	edge	of	 the	Petri	dish	 to	 form	close-packed	monolayers.	Then,	 the	water	was	

removed	to	transfer	the	polystyrene	nanosphere	monolayers	to	the	surface	of	Si	substrate.	

Finally,	the	Si	substrate	was	dried	in	a	vacuum	desiccator.		

II.D.4. Oxygen	Plasma	RIE	of	Polystyrene	Nanospheres	

	 An	Oxford	80	Plus	system	was	used	to	tailor	the	size	of	polystyrene	nanospheres.	A	

time-controlled	etching	process	of	the	polystyrene	nanospheres	was	carried	out	under	a	gas	

mixture	of	O2	(35	sccm)	and	Ar	(10	sccm)	at	a	pressure	of	60	mTorr	and	radio	frequency	

power	of	60	W.	The	polystyrene-nanosphere-coated	Si	substrate	was	heated	at	120	°C	for	

∼30	s	to	fix	nanospheres	on	the	Si	substrate.		
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II.D.5. Deep	Reactive	Ion	Etching	of	Silicon	

	 	(1)	 Bosch	 process:	 An	 inductively	 coupled	 plasma	 reactive	 ion	 etcher	 (ICP-RIE,	

Plasma	Therm	SLR700)	was	used.	 It	 involved	alternate	 cycles	of	passivation	and	etching	

steps.	During	the	passivation	step,	a	flow	of	24	sccm	C4F8	and	12	sccm	Ar	was	used	at	power	

of	825	W.	During	the	etching	step,	a	flow	of	30	sccm	SF6	and	12	sccm	Ar	was	used	at	a	power	

of	 825	W.	 (2)	 Single-step	 dry	 etching:	 The	 single-step	RIE	 of	 silicon	was	 completed	 in	 a	

simultaneous	flow	of	24	sccm	C4F8,	21	sccm	SF6,	and	5	sccm	Ar	at	a	pressure	of	12	mTorr	

with	ICP	power	of	650	W	and	platen	power	of	9	W	(STS	Advanced	Oxide	Etcher)	to	achieve	

silicon	pillars/tubes	with	smooth	sidewalls.	For	both	processes,	the	etching	depth	of	Si	was	

controlled	by	the	etching	time.		

II.D.6. Fabrication	of	SiO2	Hierarchical	Nanostructures	

	 SiO2/Si	(500-nm-thick	SiO2)	substrates	with	polystyrene	nanoparticles	as	the	masks	

were	etched	by	an	Oxford	80	Plus	using	a	gas	mixture	of	CHF3	(25	sccm)	and	Ar	(25	sccm)	at	

35	mTorr	to	generate	the	SiO2	hierarchical	nanostructures.		

II.D.7. Pattern	Replication	to	PDMS	Substrates	

	 	A	10:1	mass	ratio	of	Sylgard	184	elastomer	silicone	elastomer	base	and	curing	agent	

were	thoroughly	mixed	and	then	degassed	in	a	vacuum	desiccator.	This	mixture	was	poured	

onto	the	Si	mold	with	hierarchical	nanostructures	and	cured	overnight	at	65	°C.	After	curing,	

PDMS	stamps	were	carefully	removed	from	the	Si	mold.		

II.D.8. Metal	Coating	

	 Desirable	 substrates	 were	 loaded	 into	 the	 vacuum	 chamber	 of	 an	 electron-beam	

metal	evaporator	(Kurt	J.	Lesker	Company,	Jefferson	Hills,	PA)	and	held	at	a	base	pressure	of	
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1	×	10−7	Torr.	Ni	film	was	deposited	at	rate	of	∼1	As /s,	and	Au	film	was	deposited	at	rate	of	

∼0.5	As /s.		

II.E. Supporting	Information	 

II.E.1. Characterization	of	Reflection	Spectra	

	 In	 the	 characterization	 of	 the	 reflection	 spectra	 of	 the	 plasmonic	 hierarchical	

nanostructures,	 we	 set	 the	 incident	 light	 and	 reflected	 light	 to	 be	 near	 normal	 to	 the	

substrate,	 as	 illustrated	 on	 the	 left.	 Note	 that	 we	 also	 used	 these	 settings	 for	 the	

finite-difference	time-domain	(FDTD)	optical	simulations.		

 
	 In	order	to	obtain	 the	 reflection	 spectra	across	 the	wavelength	 range	 from	500	 to	

6000	 nm,	 two	 spectrophotometers	 were	 used.	 One	 spectrophotometer	 measured	 the	

reflection	spectra	from	500	to	2500	nm	and	other	measured	the	reflection	spectra	from	2500	

to	6000	nm.		

	 An	 UV-3101PC	 UV-VIS-NIR	 Spectrophotometer	 (Shimadzu	 Co.,	 Japan)	 with	 an	

integrating	sphere	attachment	(ISR-3100)	was	used	to	collect	the	reflection	spectra	of	the	

plasmonic	hierarchical	nanostructures	within	the	wavelength	range	(500	to	2500	nm).	The	

scan	rate	was	set	at	1	nm/s.		
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	 A	 customized	polarization	modulation-infrared	 reflection-adsorption	 spectroscopy	

(PM-IRRAS)	 instrument	 was	 used	 to	 collect	 the	 reflection	 spectra	 of	 the	 plasmonic	

hierarchical	nanostructures	in	the	range	of	2500	to	6000	nm.	The	scan	step	size	was	set	at	

2	nm	with	medium	scan	rate.		

	 Due	to	the	differences	in	sensitivities	of	the	two	spectrometers,	for	comparisons	to	

the	simulations,	the	two	segments	of	the	reflection	spectra	were	stitched	together	as	follows:	

Sample	i)	No	changes	were	made	to	the	reflection	spectra	from	500	to	2500	nm,	and	the	

intensity	 of	 reflection	 spectra	 from	2500	 to	 6000	nm	was	multiplied	 by	 20×	 in	 order	 to	

combine	the	spectra.	Sample	ii)	The	overall	intensity	of	the	reflection	spectra	obtained	from	

500	to	2500	nm	was	increased	by	20	(arbitrary	units),	while	the	intensity	of	the	reflection	

spectra	from	2500	to	6000	nm	was	multiplied	by	20×.	See	Figure	II.S9A		

	

 
 

Figure	II.S1. 	(A)	A	typical	scanning	electron	microscope	(SEM)	image	of	close-packed	1	μm	
polystyrene	 spheres	 in	 micro-scale.	 (B)	 A	 photograph	 of	 Si	 wafers	 fully	 covered	 by	

close-packed	 1	 μm	 polystyrene	 spheres.	 The	 reflected	 colors	 indicate	 the	 well-ordered	
configuration	 of	 the	 polystyrene	 microspheres.	 (C)	 The	 corresponding	 fast	 Fourier	

transform	(FFT)	of	the	SEM	image.	
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Figure	II.S2. 	(A)	A	typical	scanning	electron	microscope	(SEM)	image	of	a	large	area	of	the	
silicon	nanotube	arrays.	(B)	The	corresponding	fast	Fourier	transform	(FFT)	of	the	image.	

(C)	A	typical	SEM	image	of	large-area	silicon	nanotube	arrays	recorded	at	a	tilt	of	30°.	
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Figure	II.S3. A	typical	scanning	electron	microscope	(SEM)	image	of	a	large	area	of	silicon	
nanostructures	recorded	at	a	tilt	of	30°.	

	

 
 

Figure	II.S4. A	 typical	 scanning	 electron	 microscope	 image	 of	 polystyrene	 nanospheres	
with	oblate	ellipsoid	shapes	after	oxygen	plasma	reactive	ion	etching.	
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Figure	II.S5. Enhancing	 the	 adhesion	 between	 the	 polystyrene	 nanospheres	 and	 the	
underlying	silicon	substrate	before	dry	etching	helps	to	prevent	tilting	of	the	etched	polymer	

nanoparticles,	which	could	lead	to	asymmetries	in	the	final	pillar/nanotube	arrays	without	

heating.	

 
 

Figure	II.S6. 	(A)	A	high-resolution	 scanning	electron	microscope	 (SEM)	 image	of	 silicon	
nanopillars	 made	 via	 the	 Bosch	 process.	 The	 top	 surfaces	 of	 the	 silicon	 nanopillars	 are	
smooth.	 The	 average	 distance	 between	 valleys	 and	 peaks	 on	 the	 sidewall	 of	 a	 silicon	

nanopillar	 is	~25	 nm.	 (B)	 A	 high-resolution	 SEM	 image	 of	 four-level	 silicon	 nanotowers	

shows	the	smooth	surfaces	on	the	four	levels.	
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Figure	II.S7. A	scanning	electron	microscope	(SEM)	 image	of	periodic	silicon	nanopillars	
with	smooth	sidewalls	fabricated	by	single-step	deep	reactive	ion	etching.	

	

 
 

Figure	II.S8. A	 high-resolution	 scanning	 electron	microscope	 (SEM)	 image	 of	 50	 nm	 Au	
evaporated	silicon	nanostructures.	
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Figure	II.S9. 	(A)	 The	 visible-infrared	 reflectance	 spectra	 of	 sample	 ii.	 Insets:	 simulation	
results	of	the	electric-field	distribution	of	sample	ii	under	photoexcitation	(cross	section).	

(B-C)	Simulation	of	charge	distributions	on	the	Au	surfaces	on	different	layers	of	the	sample	
ii	at	the	two	major	dips	(1830	nm	and	4500	nm),	from	which	we	can	see	the	1830	nm	mode	

is	a	combination	of	different	multipole	modes	from	the	three	layers;	while	the	4500	nm	mode	

corresponds	to	the	quadrupole	modes	of	all	three	layers.	
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CHAPTER	III	

Intracellular	Delivery	via	a	Nanoneedle-Integrated	

Microfluidic	System	for	Cellular	Immunotherapies	
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III.A. Introduction		

	 Cancer	immunotherapy	has	received	interest	as	a	promising	cancer	treatment	that	

works	by	enhancing	immune	system	activity	to	target	and	to	eliminate	cancer.	In	particular,	

engineered	 chimeric	 antigen	 receptor	 T	 (CAR-T)	 cell	 treatments,	 relying	 on	 genetic	

modification	of	T	cells,	have	been	approved	by	the	Food	and	Drug	Administration	(FDA)	and	

show	 tremendous	 promise,	 as	 they	 promote	 cancer	 remissions	 in	 patients	 with	

chemotherapy-resistant	malignancies.	1–5	For	these	therapies	to	be	effective,	there	needs	to	

be	 a	 safe,	 inexpensive,	 high-throughput,	 and	 sustainable	 way	 to	 produce	 CAR-T	 cells.	

However,	state-of-the-art	techniques	used	to	genetically	modify	immune	cells	are	lacking.6-10	

Typically,	CAR-T	cells	are	manufactured	by	viral	vector-based	transduction	strategies,	which	

provide	suitable	transfection	efficiency,	but	have	significant	issues	due	to	off-target	effects	

as	the	viral	sequence	will	permanently	integrate	into	the	genome	and	can	randomly	insert	

into	active	chromatin	positions.6	Moreover,	viral	vector-based	methods	are	limited	in	the	

size	of	cargo/plasmid	that	they	can	deliver,	cannot	be	universally	deployed,	and	can	cause	

immunogenicity.11–13	 Also,	 non-viral	 commercial	 techniques,	 such	 as	 electroporation	 and	

lipofection,	 can	 circumvent	 issues	with	off-target	 effects	 but	 have	 limitations	 in	 terms	 of	

transfection	efficiency,	cytotoxicity,	and	throughput.14	

	 In	 particular,	 non-viral	 physical	 DNA	 delivery	 methods	 based	 on	 membrane	

disruption	 (e.g.,	 electroporation,	 cell	 squeezing,	 or	 sharp	 nanostructures)	 are	 attractive	

alternatives	due	to	their	simple	mechanism,	biosafety,	low	cost,	and	ability	to	deliver	larger	

molecules	and	assembles.15–20	Electroporation	is	efficient,	but	suffers	immensely	in	terms	of	

throughput	 and	 cell	 viability.21	 Mechanical	 cell-squeezing	 techniques	 using	 constricted	

channels	or	hydrodynamics	are	examples	of	strategies	that	create	transient	pores	in	the	cell	
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membrane,	enabling	delivery	via	diffusion	of	target	biomolecules.22–24	Nanoparticle	delivery	

strategies	overcome	challenges	in	DNA	degradation	and	delivering	large	DNA	payloads,	but	

are	inefficient	due	to	intracellular	trafficking	and	reliance	on	endocytosis	for	delivery.25,26	

Sharp	 nanostructure-based	 delivery	 systems	 have	 the	 ability	 both	 to	 disrupt	 the	 cell	

membrane	mechanically,	creating	transient	pores,	and	to	inject	biomolecules	directly	into	

target	cells.	However,	nanoneedle-based	platforms	reported	thus	far	are	primarily	focused	

on	delivering	biomolecules	to	adherent	cells	resting	on	nanostructures,	resulting	in	limited	

throughput,	low	viability,	and	difficulties	in	recovering	the	processed	cells,	hindering	clinical	

applications	of	these	techniques.27		

	 Herein,	we	report	intracellular	delivery	of	genetic	materials	to	suspension	cells	using	

a	nanoneedle-based	microfluidic	device	that	combines	the	advantages	of	large-cargo	loading	

from	 nanoparticle	 encapsulation,	 direct	 injection,	 and	 enhanced	 permeability	 from	 the	

nanoneedle	structures,	as	well	as	high-throughput	microfluidic	processing.	Our	platform	is	

comprised	of	arrays	of	Si	nanoneedles	with	controlled	sharpness,	size,	and	periodicity	that	

are	 integrated	 with	 microfluidics.	 The	 high	 density	 of	 ordered	 nanoneedles	 provides	 a	

“bed-of-nails”	effect,	where	the	impact	force	is	evenly	distributed	across	the	surface	of	the	

“nails”.27–31	Thus,	the	mechanical	damage	of	the	cells	is	reduced	while	facilitating	plasmid	

delivery	to	target	cells.	Using	siloxane	chemistry,	we	functionalized	the	nanoneedle	surface	

with	 DNA-encapsulated	 supramolecular	 nanoparticles	 (SMNP)	 prior	 to	 intracellular	

delivery.	We	examined	 the	 capacity	of	 these	nanoneedle-microfluidic	devices	 to	 transfect	

Jurkat	and	human	donor-derived	suspension	T	cells	 to	express	anti-CD19	CAR.	Using	this	

method,	 we	 have	 achieved	 ~25%	 transfection	 with	 a	 throughput	 of	 20	 million	 cells/h,	

improving	upon	existing	alternative	ex	vivo	gene	therapy	methods.	
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III.B. Results	and	Discussion	

	 The	Si	nanoneedle	arrays	were	fabricated	by combining	nanosphere	lithography	with	

reactive-ion	 etching	 (RIE)	 of	 Si	 based	 on	 a	 previously	 published	 procedure.32	 In	 brief,	

Figure	III.1A-C	 summarize	 the	 steps	 involved	 in	 this	 process.	 First,	 a	 hexagonal	

close-packed	 layer	of	1	µm	polystyrene	 spheres	 (PS)	was	 self-assembled	at	 an	air/water	

interface.	Upon	the	removal	of	solution,	a	large	area	of	close-packed	monolayer	of	spheres	

was	 transferred	 onto	 a	 hydrophilic	 Si	 substrate.	 The	 PS	monolayer	was	 then	 exposed	 to	

oxygen	plasma	to	reduce	the	size	of	the	spheres	to	~700	nm	and	the	resulting	layer	was	used	

as	an	etch	mask	for	subsequent	single-step	deep	RIE	of	Si.	Single-step	deep	RIE	of	Si	was	used	

as	both	the	PS	and	Si	can	be	etched	simultaneously.	By	tuning	the	silicon	etching	gas	ratio	

(SF4	and	C4F8),	we	achieve	conical	shaped	Si	nanoneedles,	where	the	height,	base	width,	tip	

sharpness,	and	pitches	are	individually	tunable.		

	 For	 intracellular	 delivery,	 the	 cone	 shape	 was	 imperative	 for	 the	 microfluidic	

platform	since	the	base	of	the	nanoneedles	needed	to	be	relatively	large	to	withstand	the	

colliding	force	of	the	cells	coming	from	the	microfluidic	flow,	but	the	tip	needed	to	be	small	

enough	 to	 penetrate	 the	 cell	membrane	 and	 deliver	 biomolecular	 cargos.33	 Shalek	 et.	 al.,	

2012	 have	 shown	 that	 cylindrical	 nanowire	 structures	 with	 >3	 µm	 height,	 <150	nm	

diameter,	 and	 a	 density	 of	 0.3-1	 per	µm2	have	minimal	 impact	 to	 the	 viability	 of	 human	

T	cells.33	Therefore,	we	decided	to	use	1µm	PS	beads	to	achieve	the	1	per	µm2	density	and	

3	µm	height.	However,	the	aspect	ratio	of	the	nanoneedles	is	extremely	critical,	since	where	

we	found	that	nanoneedles	with	diameters	<400	nm	will	result	in	broken	structures	upon	

cell	collisions	(Figure	III.S1).	Therefore,	we	used	Si	nanoneedle	arrays	with	a	1	µm	pitch,	

~450	nm	base,	~3	µm	height,	and	sub-20-nm	tip	after	removing	the	masking	spheres.		
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	 Subsequently,	 the	 Si	 nanoneedle	 substrates	 were	 chemically	 modified	 to	 present	

adamantane	 (Ad)	 groups	 at	 their	 surfaces	 to	 enable	 tethering	 of	 the	 DNA-encapsulated	

SMNP.	 Anti-CD19-expressing	 CAR	 plasmid-encapsulated	 SMNPs	 (CARÌSMNPs)	 were	

prepared	 by	 mixing	 the	 CAR	 plasmid	 with	 SMNP	 building	 blocks.	 Here,	 the	

cyclodextrin-grafted	polyethylenimine	(CD-PEI)	and	adamantane-grafted	polyamidoamine	

dendrimer	 (Ad-PAMAM)	 form	 positively	 charged	 hydrogel	 networks	 via	 the	 Ad	 and	 CD	

recognition	 that	 encapsulates	 the	 negatively	 charged	 DNA	 plasmids	 (Figure	III.S2).	 The	

Ad-polyethylene	glycol	(PEG)	acts	as	a	capping	reagent	to	stop	the	growth	of	the	hydrogel	

network,	 yielding	 a	 controllable	 size	 of	 150-200	nm	 for	 CARÌSMNPs	 (Figure	III.S3).34,35	

	

Figure	III.1. Schematic	 of	 fabrication	 process	 of	 Si	 nanoneedle	 arrays	 via	 nanosphere	
lithography.	 (A)	 Step	 1:	 Polystyrene	 spheres	 (PS)	 were	 self-assembled	 on	 Si	 substrate.	
(B)	Step	2:	The	sizes	of	PS	were	reduced	by	oxygen	plasma	etching.	(C)	Step	3:	Reactive	ion	
etching	to	achieve	Si	nanoneedles.	(D)	Si	nanoneedles	were	modified	chemically	to	tether	
supramolecular	 nanoparticles.	 (E)	 A	 typical	 scanning	 electron	 micrograph	 (SEM)	 of	 Si	
nanoneedles	functionalized	with	supramolecular	nanoparticles	(False	Color).		
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Molecular	recognition	between	the	Ad-functionalized	Si	nanoneedles	and	the	CD	moieties	on	

the	SMNP	enables	deposition	of	the	payloads	(Figure	III.1D,	E).		

	 Our	nanoneedle	substrates	were	pre-loaded	with	CARÌSMNPs	30	min	prior	 to	 the	

transfection	 experiments.	 Then,	 the	 substrates	 were	 rinsed	 thoroughly	 with	

phosphate-buffered	 saline	 (PBS)	 to	 remove	 any	 excess	 SMNPs.	 Figure	 III.2A	 illustrates	

working	principles	of	the	nanoneedle-microfluidic	device.	A	chaotic	mixing	effect	is	achieved	

by	 implementing	 the	 herringbone	 structures	on	 top	 of	 the	 polydimethylsiloxane	 (PDMS)	

microchannels.	As	a	result,	multiple	effective	cell-to-substrate	contacts	were	established	at	

an	optimized	flow	rate	of	0.5	mL/h,36	which	facilitated	intracellular	delivery	of	CARÌSMNPs.	

Once	 the	 target	 cells	 traveled	 through	 the	microfluidic	 device,	 the	 transient	pores	 in	 the	

membrane,	 caused	 by	 penetration	 of	 the	 nanoneedles,	 repairs	 within	 minutes.37–41	 The	

processed	cells	were	subsequently	collected	to	culture	in	the	incubator	(37	oC,	5%	CO2)	for	

further	characterization.		
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	 In	general,	we	recovered	more	than	70%	of	the	cells	after	transfection.	The	dense	and	

ordered	 arrays	 of	 cone-shape	 Si	 nanoneedles	 (~1	 nanoneedle/µm2)	 distributed	 the	

incidental	force	uniformly	throughout	the	membrane	surface	of	the	cells,	thus	reducing	the	

	

Figure	III.2. 	(A)	 Schematic	 of	 the	 delivery	 of	 Anti-CD19-expression	 CAR	
plasmid	encapsulated	 supramolecular	 nanoparticles	 (CARÌSMNPs)	 to	 target	 cells	 via	 the	
physical	 interaction	 between	 nanoneedles	 and	 target	 cells	 as	 they	 travel	 through	 a	
nanoneedle-microfluidic	device.	1)	Nanoparticle	pickup	by	target	cells	 through	 interaction	
with	 nanoneedles;	 2)	 Polydimethylsiloxane	 (PDMS)	 microchannels	 with	 the	 herringbone	
structures	induce	chaotic	mixing	resulting	in	multiple	interactions	with	nanoneedles	creating	
transient	porous	membrane	allowing	extra	nanoparticles	to	diffuse	in;	3)	Cell	collecting	and	
membrane	repairing;	4)	Cell	culture	 in	incubator.	Cell	 (B)	proliferation	and	(C)	viability	of	
Jurkat	cells	after	being	processed	with	the	nanoneedle-microfluidic	devices.	Cells	collected	
from	the	microfluidic	devices	maintain	their	proliferative	capacity	with	above	90%	viability	
after	transfection.	Errors	represent	standard	errors	of	the	means	with	N=10.		
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mechanical	damage	while	allowing	the	cells	 to	be	easily	released,	which	can	be	observed	

from	 the	 cell	 count	and	cell	 viability	after	 the	process.	Cell	 contact	with	 the	nanoneedles	

enabled	the	direct	delivery	of	pre-functionalized	CARÌSMNPs	into	the	cells,	which	has	been	

previous	reported.36,42–46	Since	the	SMNPs	are	electrostatically	tethered	to	the	substrate,	the	

cells	uptake	these	nanoparticles	upon	contact	with	the	nanoneedles.	Moreover,	we	co-flow	

excess	DNA-encapsulated	nanoparticles	with	the	cells,	enabling	SMNP	replenishment	and	

sustainable	 delivery.	 Since	 the	 CARÌSMNPs	 are	 formed	 via	 host-guest	 chemistry,	 the	

dynamic	 nature	 facilitates	 the	 dissociation	 of	 encapsulated	 DNA	 plasmids	 once	 they	 are	

inside	the	cells,	improving	transfection	performance.36,47,48	

	 The	delivery	of	CARÌSMNPs	 to	 Jurkat	 cells,	 a	model	T	cell	 line,	was	demonstrated	

using	this	nanoneedle-microfluidic	device.	After	delivery,	cell	viability	was	measured	by	an	

automated	cell	counter	using	trypan	blue	to	assess	 the	number	of	viable	cells	at	different	

time	points	post-transfection.	As	shown	in	Figure	III.2B,C,	the	viability	was	higher	than	90%	

after	processing	and	their	proliferation	capacity	was	maintained.	There	was	no	significant	

statistical	difference	between	the	cell	viability	of	the	transfected	cells	at	0,	24,	48,	and	72	h	

after	 transfection	 compared	 to	 the	 viability	 from	 the	 non-transfected	 control	 cells	

(Figure	III.S4).		
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Figure	III.3. Representative	flow	cytometry	on	CAR-modified	Jurkat	cells	stained	with	
anti-human	 IgG	Fc	gamma	F(ab’).	 (A)	Forward	 scatter	 (FSC)	versus	side	 scatter	 (SSC)	
density	plot;	(B)	Alexa	Fluor	647	(AF647)/SSC	density	plot.	Concentration	optimization	
for	Jurkat	cell	CAR-transfection.	(C)	Flow	cytometry	analysis	of	Jurkat	cells	24	and	48	h	
after	delivery	of	anti-CD19	targeting	chimeric	antigen	receptor	(CD19CAR)	expression	
plasmids.	 (D)	Digital	droplet	 polymerase	 chain	 reaction	 (ddPCR)	 at	 24	 and	 48	h	 after	
anti-CD19	CAR	delivery.	Errors	represent	standard	errors	of	the	means	with	N=7	for	each	
concentration.	Significance	is	determined	using	a	one-way	ANOVA	and	a	Tukey	means	
comparison	test	(***	P	<.001;	ns	is	not	significant).	Transfection	time	course.	Jurkat	cells	
were	transfected	with	500	ng/	1	x	106	cells	via	nanoneedle	platform.	Cells	were	collected	
and	 analyzed	 by	 (E)	 flow	 cytometry	 and	 (F)	 ddPCR	 at	 24,	 48,	 72,	 and	 96	 h	 after	
transfection.	Errors	represent	standard	errors	of	the	means	with	N=3.		
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	 To	optimize	transfection	efficiency,	different	concentrations	of	CAR	plasmids	were	

tested.	Post-transfection,	 the	 cells	were	 fixed	and	analyzed	by	 flow	cytometry	and	digital	

droplet	 polymerase	 chain	 reaction	 (ddPCR).	 The	 collected	 cells	were	 stained	with	 Alexa	

Flour	647-conjugated	anti-human	IgG	Fc	gamma	F(ab’)2	antibodies,	which	specifically	stain	

CAR	 positive	 cells	 upon	 successful	 transfection.	 Figure	III.3A	 shows	 a	 typical	 forward	

scatter	(FSC)	versus	side	scatter	(SSC)	density	plot	of	the	Jurkat	cells	after	the	transfection.	

The	P1	population	was	gated	to	exclude	debris	and	dead	cells	from	the	analysis.	The	gated	

population	 was	 then	 analyzed	 on	 an	 Alexa	 Fluor	 647	 (AF647)/SSC	 density	 plot	

(Figure	III.3B).	Plain	Jurkat	cells	(Mock)	were	used	as	negative	controls	and	demonstrated	

little	fluorescence,	forming	a	single	AF647-negative	population.	Stably	transduced	anti-CD19	

CAR-transduced	 Jurkat	 cells	 (positive	 control)	 exhibited	 fluorescence,	 forming	

AF647-positive	population.	Using	these	controls,	thresholds	were	set	to	distinguish	Jurkat	

cells	that	had	been	transfected	with	the	CAR	plasmid	DNA	clearly,	allowing	determination	of	

intracellular	delivery	and	expression	efficiency.		

	 Figure	III.3C	 illustrates	 the	 transfection	 efficiency	 dependence	 on	 different	 DNA	

concentrations	at	24	h	and	48	h	post-transfection	expression	of	the	anti-CD19	CAR.	From	

flow	cytometry	results,	we	observed	~20-25%	CAR	expression	when	payloads	of	300,	500,	

700,	and	1000	ng/million	cells	were	delivered	to	Jurkat	cells.	Negative	controls,	in	which	the	

cells	passed	through	the	device	without	any	DNA	(Mock)	or	with	empty	nanoparticles	(0	ng),	

had	a	~5%	background	signal	(Figure	III.3c).	When	delivering	payloads	less	 than	300	ng	

(1,	10,	and	100	ng)	per	million	 cells,	we	observed	 signals	 comparable	 to	 the	background,	

indicating	little	to	no	transfection.	Digital	droplet	PCR	(ddPCR)	was	used	as	a	secondary	test	

of	successful	plasmid	delivery	and	a	quantitative	measurement	of	the	messenger	RNA	levels.	
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At	 24	 and	 48	 h,	 less	 than	 10	 copies/µL	 of	 CAR	 were	 detected	 from	Mock	 and	 delivery	

payloads	 of	 0,	 1,	and	 10	ng/million	 cells;	 while	 payloads	 of	 300-1000	 ng/million	 cells	

exhibited	 ~4,000-6,000	copies/µL	 of	 CAR,	 complementing	 the	 flow	 cytometry	 results	

(Figure	III.3D).	 These	 ddPCR	 results	 confirmed	 successful	 delivery	 and	 suggested	 that	

different	payloads	resulted	in	similar	copy	numbers.	This	result	is	consistent	with	the	flow	

cytometry	data,	where	substantial	changes	in	the	CAR	expression	level	were	not	observed	

with	 increasing	 payloads,	 signifying	 a	 threshold	 in	 cell	 uptake	 capacity.	 Increasing	 DNA	

concentration	 from	 300	 to	 1000	 ng/million	 cells	 showed	 no	 significant	 increase	 in	

percentage	 of	 CAR	 expression	 or	 mRNA	 level.	 However,	 ddPCR	 detected	

3000-4000	copies/µL	 from	 the	 samples	 where	 100	ng/million	 cells	 of	 plasmid	 were	

delivered.	 This	 result	 suggests	 successful	 delivery	 of	 the	 plasmid	 to	 the	 cells,	 but	 the	

concentration	 is	 perhaps	 too	 low	 for	 the	 protein	 expression	 to	 be	 detected	 via	 flow	

cytometry.		

	 To	examine	 the	dynamics	of	delivered	plasmid	DNA,	 Jurkat	 cells	were	 transfected	

with	the	CAR	plasmid	at	a	concentration	of	500	ng/million	cells.	Both	flow	cytometry	and	

ddPCR	data	were	taken	at	four	time	points	during	the	96-h	incubation	period.	Figure	III.3E	

shows	that	the	CAR	expression	was	~25%	at	24	h	post-transfection,	which	was	maintained	

at	about	the	same	level	at	48	h.	By	72	h,	the	expression	decreased	to	about	8%	and	finally	

reached	 the	 background	 level	 (<~5%)	 at	 96	h.	 A	 similar	 trend	 was	 observed	 in	 the	

corresponding	 ddPCR	 results	 (Figure	III.3F).	 This	 trend	 indicates	 that	 our	

nanoneedle-microfluidic	delivery	enables	 transient	 transfection,	which	 is	 expected	as	 the	

expressed	gene	is	lost	through	cell	division	during	the	culture.49	
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	 To	validate	the	protein	expression	of	the	delivered	plasmid	to	Jurkat	cells	further,	we	

analyzed	 the	 transfected	 cells	 with	 fluorescence	 microscopy	 (Figure	III.S5).	 Cells	 were	

stained	with	the	Alexa	Flour	647-conjugated	anti-human	IgG	Fc	gamma	F(ab’)2	antibody	as	

described	above	for	flow	cytometry	analysis.	We	collected	the	cells	at	24	h	after	transfection	

and	compared	them	with	a	negative	control,	wild-type	(WT)	Jurkat	cells,	as	well	as	a	positive	

control,	anti-CD19CAR-transduced	Jurkat	cells.	The	WT	Jurkat	cells	showed	no	observable	

fluorescence	signal,	whereas	the	transfected	cells	and	the	anti-CD19CAR-induced	Jurkat	cells	

showed	fluorescence	signal	on	the	cell	membrane,	indicating	CAR	protein	expression	on	the	

surface	and	successful	intracellular	delivery.	

	 To	 extend	 our	method	 to	 hard-to-transfect	 primary	 cell	 lines,	 we	 tested	 our	 CAR	

delivery	strategy	with	human	T	cells.	Human	T	cells	were	isolated	and	enriched	from	whole	

blood	samples	collected	from	anonymous	donors	by	the	UCLA	Virology	core.	The	enriched	T	

cell	samples	were	characterized	by	automated	cell	counting	for	viability	and	by	multicolor	

flow	 cytometry	 for	 expression	of	T	 cell	markers	 (CD3,	 CD4,	 CD8,	 and	 CD45)	 prior	 to	 the	

nanoneedle-microfluidic	transfection	experiments	(Figure	III.S6).	The	enriched	T	cells	were	

transfected	with	CAR	plasmid	at	 a	 concentration	of	500	ng/million	 cells	 and	a	 rate	of	20	

million	cells	per	hour.	Then,	 the	cells	were	analyzed	at	 three	time	points	during	the	72-h	

incubation	period.	
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	 Figure	III.4A	 shows	 a	 representative	 flow	 cytometry	 histogram	 of	 CAR	 T	 cells	

processed	by	the	nanoneedle-microfluidic	device	with	approximately	21.1%	CAR	expression	

at	24	h	(in	comparison	to	5.1%	in	the	T-cell	controls),	which	decreased	by	72	h,	consistent	

with	the	results	from	Jurkat	cells.	In	Figs.	III.4B,C,	we	compared	the	transfection	efficiency	

of	our	nanoneedle-microfluidic	method	(N-CAR)	with	current	benchmark	techniques,	such	

as	electroporation	(E-CAR)	and	 lipofection	(L-CAR),	as	well	as	negative	controls	of	T	cells	

	

Figure	III.4. (A)	 Representative	 flow	 cytometry	 histograms	 of	 nanoneedle-modified	
CAR-T	cells	stained	with	anti-human	IgG	Fc	gamma	F(ab’).	(B)	Flow	cytometry	analysis	of	
T	cells,	T	cells	incubated	with	anti-CD19	CAR	expression	plasmids	(CAR),	T	cells	transfected	
with	microfluidic	nanoneedle	(N-CAR),	T	cells	transfected	with	Lipofectamine	(L-CAR),	and	
T	 cells	 transfected	 with	 electroporation	 (E-CAR).	 (C)	 Digital	 droplet	 polymerase	 chain	
reaction	(ddPCR)	of	corresponding	experiments.	Errors	represent	standard	errors	of	the	
means	 with	 N=5	 for	 N-CAR,	 N=3	 for	 T	 cell,	 CAR,	 L-CAR,	 and	 E-CAR.	 Significance	 is	
determined	using	a	one-way	ANOVA	and	a	Tukey	means	comparison	test	(*P<.05,	**	P	<.01,	
***	P	<.001,	on	top	of	bars	for	each	group	versus	T-Cell	expression;	**	P	<.01,	***	P	<.001,	on	
top	of	bracket	for	each	group	versus	N-CAR	expression;	ns	is	not	significant).			
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(T-Cell)	and	free	CAR	plasmid	incubation	(CAR).	In	Figure	III.4B,	the	flow	cytometry	results	

showed	that	E-CAR	exhibited	slightly	higher	CAR	expression	(25-30%),	while	our	method,	

N-CAR,	resulted	in	15-20%,	comparable	to	L-CAR.	Additionally,	ddPCR	showed	that	the	copy	

number	from	N-CAR	exhibited	about	4,000-4,500	copies/µL,	which	was	comparable	to	that	

of	L-CAR	and	E-CAR	(Figure	III.4C).	Overall,	our	method	showed	significantly	higher	CAR	

expression	 than	 the	 negative	 controls	 (T-Cell	 and	 CAR),	 indicating	 successful	delivery	 to	

primary	T	cells.	While	the	efficiency	of	our	method	is	comparable	to	commercial	standards,	

the	viability	of	our	method	(N-CAR)	 is	above	90%	and	the	cell	proliferation	capacity	was	

maintained	 and	 similar	 to	 the	 negative	 controls	 (T-Cell	 and	 CAR).	 This	 is	 a	 significant	

improvement	relative	to	L-CAR	and	E-CAR,	where	their	viabilities	dropped	to	~60-70%	and	

in	 the	 case	 of	 E-CAR,	 the	 proliferation	 capacity	 of	 the	 transfected	 cells	 were	 hindered	

(Figure	III.S7).	The	higher	viability	and	cell	proliferation	of	the	transfected	cells	outweighs	

the	 slight	 CAR	 expression	 advantage	 of	 electroporation,	 lowering	 the	 barrier	 to	 clinical	

translation.			

III.C. Conclusions	and	Prospects	

	 In	 summary,	 we	 have	 demonstrated	 a	 high-throughput	 intracellular	 delivery	

approach	 using	 a	 rationally	 designed	 and	 fabricated	 nanoneedle-integrated	 microfluidic	

system.	The	ordered	arrays	of	Si	nanoneedles	directly	injects	the	biomolecular	cargo	to	the	

targeted	 suspension	cells	by	 creating	 transient	pores	 that	 enable	 cargo	diffusion	 into	 the	

cells.	Molecular	recognition	between	the	substrate	and	the	nanoparticles	enable	continuous	

replenishing	 of	 the	 cargo,	 and	 thus	 sustainable	 delivery.	 Here,	 we	 showed	 this	

nanoneedle-microfluidic	 system	 to	 be	 a	 high-throughput,	 simple,	 and	 safe	 non-viral	

gene-delivery	 platform	 that	 can	 process	 >20	million	 cells/hour	while	maintaining	 above	
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90%	cell	viability	and	cell	proliferative	capacity.	We	demonstrated	transient	expression	of	

CAR	in	a	 Jurkat	model	cell	 line	with	~25%	efficiency.	We	successfully	 transfected	human	

donor-derived	 T	cells	 at	 a	 level	 compared	 to	 current	 benchmark	 techniques,	 while	

preserving	 cell	 viability.	 This	 nanoneedle-microfluidic	 platform	 has	 potential	 for	 rapid	

production	of	CAR-T	cells,	illuminating	a	path	to	overcome	the	cell-processing	requirements	

that	is	required	by	clinical	oncologic	treatment	with	CAR	T-cell	therapies.		

III.D. Materials	and	Methods	

III.D.1. Materials	

Prime	quality	4	 in.	 Si	 (100)	wafers	 (p-type/B-doped,	1-10	Ω×cm)	were	purchased	

from	University	Wafer	 Inc.	 (Boston,	MA,	USA).	Polystyrene	spheres	were	purchased	from	

Thermo	Fisher	 Scientific	 Inc.	 (Waltham,	MA).	Dimethyl	 sulfoxide,	 sodium	dodecyl	 sulfate	

(398.5%),	 (3-aminopropyl)triethoxysilane	 (99%),	 and	 1-adamantane	 isocyanate	 (97%)	

were	purchased	from	Sigma-Aldrich	(St.	Louis,	MO,	USA).	Lipofectamine®	3000	kits	were	

purchased	 from	 Thermo	 Fisher	 Scientific	 Inc.	 (Waltham,	 MA).	 Cyclodextrin-grafted	

polyethyleneimine	 (CD-PEI),	 adamantane-grafted	 polyamidoamine	 dendrimer	

(Ad-PAMAM),	 adamantane-grafted	 poly(ethylene	 glycol)	 (Ad-PEG)	 were	 prepared	 and	

purified	as	reported	previously.34,50	

III.D.2. Preparation	of	Patterned	Silicon	Nanoneedle	Substrates	

Arrays	 of	 Si	 nanoneedles	 were	 prepared	 via	 multiple	 patterning	 nanosphere	

lithography.32	 Briefly,	 a	 close-packed	monolayer	 of	 polystyrene	 spheres	was	 transferred	

onto	Si	substrates.	 Stock	dispersions	of	polystyrene	 spheres	 (1%	solids)	were	assembled	

into	close-packed	monolayers	at	an	air/water	interface	and	transferred	to	silicon	substrates.	
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Oxygen	 plasma	 (Oxford	 Plasmalab	 80	 Plus,	Oxford	 Instruments,	 Abingdon,	UK)	was	 then	

applied	to	reduce	the	size	of	the	spheres.	The	etching	conditions	were	35	sccm	of	O2	and	10	

sccm	of	Ar	at	a	radio	frequency	(RF)	power	of	60	W	and	a	pressure	of	60	mTorr.	Single-step	

deep	reactive	ion	etching	(STS	Advanced	Oxide	Etcher)	was	performed	with	21	sccm	of	C4F8,	

27	sccm	of	SF6,	and	5	sccm	of	Ar	at	inductively	coupled	plasma	power	of	650	W,	platen	power	

of	 9	 W,	 and	 pressure	 of	 12	 mTorr	 to	 achieve	 a	 conical	 structure.	 Sub-20	nm	 tips	 were	

achieved	when	the	polystyrene	was	completely	etched	and	the	height	and	base	diameters	

were	 independently	 controlled	 by	 adjusting	 the	 etch	 time.	 Patterned	 Si	 nanoneedle	

substrates	 were	 sonicated	 in	 N-methyl-2-pyrolidone	 (NMP)	 for	 1	 min	 to	 remove	 the	

photoresist	pattern,	then	were	sonicated	in	isopropanol	at	room	temperature	for	1	min	to	

remove	the	polymer	residue.	

III.D.3. Surface	Functionalization	of	Silicon	Nanoneedles		

The	substrate	was	then	soaked	in	a	piranha	solution	(3:1	(v/v)	H2SO4/H2O2)	for	1	h,	

rinsed	 with	 deionized	 water	 (DI),	 and	 dried	 under	 a	 stream	 of	 nitrogen.	 The	 silicon	

nanoneedle	 substrates	 were	 placed	 in	 a	 desiccator	 for	 vacuum	 deposition	 of	

(3-aminopropyl)triethoxysilane.	 Then,	 the	 substrates	were	 immersed	 into	 1-adamantane	

isocyanate	in	DMSO	solution	(1.0	mM)	overnight.	Afterward,	the	modified	silicon	substrates	

were	washed	three	times	with	DMSO	to	remove	excess	1-adamantane	isocyanate.	After,	the	

substrates	were	rinsed	with	ethanol	three	times	and	stored	at	4	ºC	prior	to	integration	with	

the	microfluidics	device	and	transfection	studies	with	target	cells.		
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III.D.4. Cell	Culture	and	Isolation	of	Primary	Human	Cells		

Jurkat	 cells	 (ATCC,	 Manassas,	 VA,	 USA)	 were	 cultured	 in	 Roswell	 Park	 Memorial	

Institute	 (RPMI)	 1640	 medium	 (Invitrogen,	Damstadt,	 Germany)	 containing	 10%	FBS	

(R10	medium)	and	100	IU/ml	penicillin/streptomycin	(Thermo	Fisher	Scientific,	Waltham,	

MA)	in	5%	CO2	at	37	°C.	Human	T	cells	were	isolated	from	anonymous	donor	blood	samples	

processed	 by	 the	UCLA	Center	 for	AIDS	 Research	 (CFAR)	Virology	 Core	 Laboratory.	 The	

RosetteSep	Human	T	Cell	Enrichment	Cocktail	(Stem	Cell	Technologies,	Vancouver,	BC)	was	

used	to	 isolate	T	cells	 from	the	peripheral	blood	mononuclear	cells	(PBMCs)	populations.	

The	isolated	T	cells	were	characterized	by	an	automated	cell	counter	for	viability	and	by	flow	

cytometry	for	expression	of	CD3,	CD4,	CD8,	and	CD45.		

III.D.5. Vectors	

The	 vector	 constructs	 for	 huEGFRt	combined	 with	 an	 anti-CD19	

second-generation	chimeric	antigen	receptor	(CAR)	with	the	CD28	costimulatory	molecule	

and	 CD3z chain	 was	 developed	 as	 described51,52	 and	 generously	provided	 by	 Stephen	

Forman	 (City	 of	 Hope,	 Duarte,	 CA).	The	 CD-19	 CAR	 DNA	 plasmid	 was	 isolated	 from	

Escherichia	 coli	 using	 PureLink™	 HiPure	 Plasmid	 MaxiPrep	 kits	 (Invitrogen,	 Darmstadt,	

Germany)	according	to	the	manufacture’s	guidelines.	

III.D.6. Preparation	of	Gene-Encapsulated	Supramolecular	Nanoparticles		

Gene-encapsulated	 supramolecular	 nanoparticles	 (SMNPs)	 were	 prepared	 via	 a	

host-guest	 chemistry-based	 method,	 as	 reported	 previously.34,50	 Briefly,	 the	 molecular	

building	blocks	Ad-PAMAM	(3.96	μg),	Ad-PEG	(10.56	μg),	CD-PEI	(9.0	μg),	and	DNA	plasmid	
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were	combined	under	vigorous	stirring	in	a	200	μL	PBS	solution.	The	mixture	was	kept	at	

room	temperature	for	30	min,	yielding	the	nanoparticles	with	a	size	of	~150	nm.	

III.D.7. Microfluidic	Nanostubstrate-Mediated	Gene	Delivery	

In	 a	 typical	 gene-delivery	 experiment,	 50	µL	 of	 the	 prepared	 gene-encapsulated	

supramolecular	 nanoparticle	 solution	 was	 aliquoted	 to	 incubate	 with	 the	 nanoneedle	

substrate	in	the	microfluidic	device	30	min	prior	to	cell	treatment.	A	total	of	5x106	Jurkat	

cells	 in	 300	µL	 of	 RPMI	 medium	 and	 150	µL	 of	 the	 prepared	 gene-encapsulated	

supramolecular	nanoparticle	solution	were	gently	mixed	and	then	introduced	to	the	device	

at	a	rate	of	0.5	mL/h.	The	cells	were	collected	in	a	1.5	mL	Eppendorf	tube	with	500	mL	of	

R10	medium,	which	was	redistributed	into	two	6-well	plates	(Corning,	Corning,	NY)	with	a	

cell	density	of	~2x106	cells/well	in	2	mL	of	R10	medium	to	culture	at	37	oC,	5%	CO2.	Collect	

cells	were	analyzed	with	flow	cytometry	and	Quantitative	reverse	transcription-polymerase	

chain	reaction	(RT-qPCR)	at	24	h	and	48	h	post-transfection.	

III.D.8. Substrate	Characterization		

Scanning	 electron	micrographs	were	 recorded	 using	 a	 Zeiss	Supra	 40VP	 scanning	

electron	 microscope.	 Dynamic	 light	 scattering	 measurements	 were	 performed	 using	 a	

Zetasizer	Nano	 instrument	 (Malvern	 Instruments	Ltd.,	United	Kingdom)	equipped	with	a	

10	mW	helium-neon	laser	(λ	=	632.8	nm)	and	a	thermoelectric	temperature	controller.		
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III.D.9. Electroporation	

For	 electroporation	 transfection	 controls,	 a	 cell	 pellet	 was	 re-suspended	 in	

4D-Nucleofector™	Solution	(Lonza,	Switzerland)	at	a	concentration	of	5	×	105	cells	per	20	μL.	

Then,	the	20	μL	cell	suspension	was	transferred	to	a	new	tube	and	combined	with	0.25	μg	of	

plasmid	DNA	per	 reaction,	 composing	up	 to	5%	of	 the	 reaction	mixture	volume	 (1	μL	of	

250	ng/μL	DNA	per	20	μL	cell	suspension).	The	DNA/cell	mixture	was	then	transferred	to	

the	20	μL	reaction	strip.	Electroporation	was	carried	out	using	the	Lonza	4D-Nucleofector	

X-unit	system,	and	the	cells	were	allowed	to	sit	at	room	temperature	for	10	min	following	

the	reaction.	Cells	were	resuspended	with	pre-warmed	medium	by	gently	pipetting	up	and	

down	two	to	three	times.	The	cells	were	equally	distributed	into	6-well	cell	culture	plate	with	

a	cell	density	of	2	x	106	cells/well	in	2	mL	of	media.	Cells	were	collected	for	flow	cytometry	

and	Q-RT-ddPCR	analysis	at	24	h	and	48h	post-transfection.	

III.D.10. Lipofection	

DNA-lipid	 complexes	were	 prepared	 according	 to	 the	manufacturer’s	 instructions.	

Briefly,	complexes	were	prepared	in	Opti-MEM	(Invitrogen,	Carlsbad,	CA)	by	mixing	0.5 μg	

of	 plasmid	 with	 6 μL	 of	 lipofectamine	 LTX	 and	 0.5 μL	 of	 PLUS	 reagents	 (Thermo	 Fisher	

Scientific,	Waltham,	MA)	for	each	well	in	a	6-well	plate.	Before	complexation,	the	DNA,	PLUS	

reagent,	 and	 lipofectamine	 LTX	 were	 diluted	 with	 149 μL	 and	 144 μL	 of	 Opti-MEM.	

Complexes	 were	 left	 for	 15-30 min	 at	 room	 temperature	 (RT)	 and	 then	 250	 µl	 of	 the	

DNA-lipid	 complex	 were	 added	 to	 the	 cells.	 Cells	were	 analyzed	 by	 flow	 cytometry	 and	

Q-RT-ddPCR	at	24,	48,	and	72	h	post-transfection.	
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III.D.11. Flow	Cytometry	

All	 flow	 cytometry	 measurements	 were	 made	 on	 a	 Fortessa	 cytometer	

(BD	Biosciences,	 San	 Jose,	 CA)	 and	 data	 analyses	 were	 performed	 using	 BD	 FACS	 Diva	

Software	6.1	(BD	Biosciences,	San	Jose,	CA).	The	presence	of	the	CAR	was	detected	through	

flow	 cytometry	 using	 Alexa	 Fluor®	 647-conjugated	 affiniPure	 F(ab')2	 fragment	 goat	

anti-human	IgG,	Fcg	fragment	specific	(Jackson	ImmunoResearch	Laboratories,	West	Grove,	

PA),	 which	 binds	 to	 the	 IgG1	 Fcg	 hinge	 region	 of	 the	 CAR	 construct.1,53	 The	 CD19	 CAR	

expression	 was	 assessed	 by	 staining	 with	 the	 fluorescent-labeled	 murine	 monoclonal	

antibodies	 for	20	min	 in	the	dark	at	4	°C,	 followed	by	washing	 in	PBS	with	2.5%	FBS	and	

fixation	using	BD	stabilizing	fixative	(BD	Biosciences,	San	Jose,	CA)	as	described	previously.1	

All	 experiments	 with	 determinations	 of	 geometric	 MFI	 were	 performed	 using	 the	 same	

protocol,	fluorochrome	voltages,	and	cytometer.	

III.D.12. RNA	Extraction	and	Reverse	Transcription	

Total	RNA	was	extracted	from	collecting	cells	with	spin-columns	(RNeasy	Plus	Mini	

Kit,	 QIAGEN,	 Hilden,	 Germany)	 using	 the	manufacturer’s	 protocol.	 The	 RNA	 quality	 was	

determined	using	a	nanodrop	spectrophotometer	(Thermo	Fisher	Scientific,	Waltham,	MA).	

All	of	the	RNA	samples	used	for	the	study	were	pure	(A260/A280	≥	1.9;	A260/A230	≥	2).	

Once	purified,	200	ng	RNA	was	subjected	for	reverse	transcription	in	50	μL	of	reaction	using	

M-MLV	 reverse	 transcriptase	 (Thermo	 Fisher	 Scientific,	 Waltham,	 MA)	 and	 random	

hexamers	(Thermo	Fisher	Scientific,	Waltham,	MA).	The	reactions	were	carried	on	at	37	°C	

for	50	min	and	deactivated	by	incubating	at	70	°C	for	15	min.	
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III.D.13. Droplet	Digital	PCR		

Droplet	 digital	 PCR	 was	 performed	 with	 a	 QX200	 Droplet	 Digital	 PCR	 System	

(Bio-Rad,	Hercules,	CA),	according	to	the	manufacturer's	protocol.54	Briefly,	each	of	the	20	

μL	 reactions	 contained	 1×	 EvaGreen	 ddPCR	 Supermix	 (Bio-Rad,	 Hercules,	 CA),	 250	 nM	

gene-specific	 primers,	 and	 2	 μL	 of	 the	 cDNA	 sample.	 The	 following	 primers	 for	

CD19RCD28MZ	 were	 designed	 with	 Vector	 NIT	 software:	 forward:	

5’-	CCTGGTGAAGGGCTTCTACC	-3’	and	reverse:	5’-CGGAGCAGCTAAAGACGTTG	-3’	(179	bp	

amplicon).	Each	reaction	was	mixed	with	70	μL	of	Droplet	Generation	Oil	(Bio-Rad,	Hercules,	

CA),	 partitioned	 into	 14,000-17,000	 droplets	 in	 the	 QX200	 Droplet	 Generator	 (Bio-Rad,	

Hercules,	 CA),	which	was	 transferred	 to	 96-well	 plates	 (Bio-Rad,	Hercules,	 CA)	 and	 heat	

sealed	with	foil	by	a	PXTM	PCR	Plate	Sealer	(Bio-Rad,	Hercules,	CA).	The	PCR	reactions	were	

performed	in	a	T100TM	Thermal	Cycler	(Bio-Rad,	Hercules,	CA)	with	the	following	cycling	

conditions:	1×	(95	°C	for	5	min),	40×	(95	°C	for	30	s,	60	°C	for	1	min),	1×	(4	°C	for	5	min,	90	°C	

for	5	min)	with	2	°C/s	ramp	rate,	hold	at	4	°C.	Immediately	following	end-point	amplification,	

the	 fluorescence	 intensity	 of	 individual	 droplets	 was	measured	 with	 the	 QX200	 Droplet	

Reader	(Bio-Rad,	Hercules,	CA).	After	data	acquisition,	the	data	analysis	was	performed	with	

QuantaSoft	droplet	reader	software	(Bio-Rad,	Hercules,	CA)	with	manual	thresholding.	The	

absolute	transcript	levels	reported	were	copies/μL	of	the	final	1x	ddPCR	reaction.		

III.D.14. Fluorescence	Microscopy	Imaging	

Cells	 were	 pelleted	 and	 resuspended	 in	 PBS	 with	 2.5%	 FBS	 and	 fixation	 using	

BD	stabilizing	fixative	(BD	Biosciences,	San	Jose,	CA).	The	fixed	cells	were	mixed	in	a	3:1	ratio	

with	ProLong™	Diamond	Antifade	Mountant	with	DAPI	(Invitrogen,	Darmstadt,	Germany)	
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onto	 clean	 microscope	 glass	 slides	 (VWR	 International,	 Radnor,	 PA)	 and	 sealed	 with	 a	

coverslip	(Fisher	Scientific,	Hampton,	NH,	USA).	Images	were	taken	at	20x	with	the	Zeiss	M2	

Imager	with	Apotome	2	and	Zen	Blue	software	(Zeiss,	Oberkochen,	Germany)	with	the	DAPI	

fluorescent	channel	(exposure	time	=	300	ms)	and	the	Cy5	fluorescent	channel	(exposure	

time	=	2	s).	All	post-analysis	and	image	processing	were	done	with	Fiji	(ImageJ).	

III.D.15. Statistical	Analysis	

Statistical	analyses	were	performed	using	Graph	Pad	Prism	6.01	(GraphPad	Software,	

CA,	USA).	All	data	were	expressed	as	mean	±	standard	errors	of	the	means	(SEM).	Analysis	

of	variance	(ANOVA)	was	used	for	multiple	comparison.	P	<	0.05	was	considered	statistically	

significant.	

	

	

	

Figure	III.S1. 	Scanning	electron	micrographs	of	nanoneedle	structures	after	transfection	
experiment.	Higher	aspect	ratio	results	in	broken	nanoneedles.	Images	were	recorded	at	a	
tilt	of	30°	
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Figure	III.S2. 	Scheme	 illustrating	 gene-encapsulated	 supramolecular	 nanoparticle	
(SMNP)	 formation.	 The	 molecular	 recognition	 between	 adamantane	 (Ad)	 and	
ß-cyclodextrin	(ß-CD)	motifs	present	on	the	molecular	building	blocks	cyclodextrin-grafted	
polyethyleneimine	 (CD-PEI)	 and	 adamantane-grafted	 polyamidoamine	 dendrimer	
(Ad-PAMAM)	enables	the	self-assembly	of	supramolecular	nanoparticle	(SMNP)	that	serve	
as	 carriers	 for	 biomolecular	 cargos	 (e.g.,	 nucleic	 acids,	 proteins).	 The	 CD-PEI	 and	
Ad-PAMAM	complex	form	cationic	hydrogel	networks	that	encapsulate	negatively	charged	
payloads,	 while	 the	 adamantane-grafted	 poly(ethylene	 glycol)	 (Ad-PEG)	 constrains	
nanoparticle	growth.	

	

	

	

	

Figure	III.S3. 	Representative	 Dynamic	 Light	 Scatter	 (DLS)	 measurement	 of	 the	
gene-encapsulated	supramolecular	nanoparticle	(SMNP)	
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Figure	III.S4. 	Fluorescence	microscope	 images	 of	 Jurkat	WT	 cells	 (negative	 control),	
anti-CD19	CAR-transduced	Jurkat	cells	(positive	control),	Jurkat	cells	transfected	with	the	
microfluidic	nanoneedle	platform	(N-CAR).	The	cells	were	stained	with	anti-human	IgG	
Fc	gamma	F(ab’)	and	fixed	at	24	h	after	transfection.	The	nucleuses	were	stained	with	
DAPI.	

	

	
Figure	III.S5. 	(A)	 Cell	 proliferation	 and	 (B)	 cell	 viability	 data	 of	 negative	 control	
(Jurkat	cells)	and	Jurkat	cells	transfected	with	microfluidic	nanoneedle	(N-CAR).	
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Figure	III.S6. Isolated	 T	 cell	 characterization	 by	 flow	 cytometer	 prior	 to	 the	
nanoneedle-microfluidic	 transfection	 experiments	 (A)	 Representative	 flow	 cytometry	
FSC-SSC	plot	(B)	CD45	positive	cells	(C)	CD3	positive	cells	(D)	CD4	positive	cells	(E)	CD8	
positive	cells	(F)	CD19	positive	cells	

	

Figure	III.S7. 	(A)	 Cell	proliferation	 and	 (B)	 cell	 viability	 data	 of	 T	 cells	 transfected	with	
microfluidic	 nanoneedle	 (N-CAR),	 T	 cells	 transfected	with	 Lipofectamine	 (L-CAR),	 T	 cells	
transfected	 with	 electroporation	 (E-CAR),	 and	 T	 cells	 incubated	 with	 anti-CD19	 CAR	
expression	plasmids	(CAR).	
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CHAPTER	IV	

Conclusions	and	Prospects	
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IV.A. Summary	

	 In	 this	 dissertation,	 I	 described	 how	 we	 have	 developed	 a	 novel	 and	 scalable	

nanopatterning	technique,	adapted	 from	nanosphere	 lithography	(NSL),	 for	 fabrication	of	

periodic	three-dimensional	hierarchical	nanostructures	with	tunable	optical	and	plasmonic	

properties	 (Chapter	 II).1	 In	 addition,	 I	 optimized	 NSL	 to	 fabricate	 nanostructures	 and	

integrated	them	into	microfluidic	device	 for	 intracellular	delivery	via	physical	membrane	

deformation.	 In	 this	 work,	 I	 showed	 the	 platform	 to	 be	 a	 safe	 and	 efficient	 method	 for	

sustainable	CAR-T	cell	production.	

IV.B. Multiple-Patterning	 Nanosphere	 Lithography	 for	 Fabricating	 Periodic	

Three-Dimensional	Hierarchical	Nanostructures 	

 Three-dimensional	periodic	silicon-based	nanostructures	have	proven	to	be	useful	

optical,	 electrical,	 and	mechanical	 properties;	 however,	 these	 types	 of	 structures	 remain	

difficult	to	fabricate	in	a	facile	manner.	Nanosphere	lithography	is	a	simple,	high-throughput	

technique	 that	 can	 be	 used	 to	 form	 large-area,	 close-packed	 monolayer	 arrays	 of	

nanospheres.	 These	 arrays	 can	 be	 directly	 used	 as	 etch	masks	 to	 generate	 silicon-based	

nanostructures.	Typically,	the	nanostructures	produced	are	created	by	single	etches	of	the	

nanosphere	 array	mask.	 Here,	 we	 reported	multiple	 patterning	 nanosphere	 lithography,	

which	 enables	 size	 tuning	 of	 the	 nanostructures	 in	 three	 dimensions	 utilizing	 the	

nanospheres	 for	multilayer	masking	throughout	multiple	rounds	of	etching.	By	exploiting	

the	 degradable	 nature	 of	 polystyrene	 during	 reactive	 ion	 etching,	 we	 have	 fabricated	

large-area	 three-dimensional	 periodic	 silicon	 nanostructures	 such	 as	 multilevel	

solid/hollow	nanotowers.	These	hierarchical	nanostructures	can	be	precisely	tailored	to	be	

tiered	with	independent	tunability	in	height	and	diameter	at	each	level.	By	combining	metal	
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deposition	with	subsequent	reactive	ion	etching,	we	can	fabricate	3D	concentric	plasmonic	

nanodisk/nanorings	with	tunable	optical	properties	on	a	variety	of	substrates.	These	results	

were	described	in	detail	in	Chapter	II	and	published	in	ACS	Nano.1		

IV.C. Nanosubstrate-Mediated	 Intracellular	 Delivery	 for	 High-Throughput	 Gene	

Modification.	

	 Non-viral	gene	delivery	methods	have	significant	advantages	in	terms	of	biosafety,	

cargo	size,	and	cost.2	Physical	techniques	to	produce	membrane	disruption	via	nanoneedles	

have	the	capability	to	penetrate	cell	membranes	and	to	deliver	genetic	cargos.3,4	However,	

the	challenges	for	these	systems	include	inconsistency	of	membrane	penetration	and	slow	

processing	throughputs,	which	lead	to	low	transfection	efficiency	and	poor	viability	of	cell	

products.	 Here,	 we	 used	 an	 ordered	 array	 silicon	 nanoneedles	 fabricated	 by	 combining	

nanosphere	 lithography	 with	 isotropic	 dry	 etching	 of	 silicon.	 Gene-encapsulated	

supramolecular	 nanoparticles	 were	 then	 tethered	 on	 the	 nanoneedle	 surfaces	 via	

supramolecular	recognition.5,6	By	integrating	the	nanoneedles	with	microfluidic	devices,	we	

demonstrated	the	system	to	be	a	high-throughput,	simple,	and	safe	non-viral	gene-delivery	

platform	 that	 can	 process	 >20	million	 cells	 in	 an	 hour	while	maintaining	 over	 90%	 cell	

viability	and	cell	proliferative	 capacity.	We	 also	 showed	 transient	expression	of	 chimeric	

antigen	 receptor	 plasmid	 in	 Jurkat	 model	 cell	 line	 with	 ~25%	 efficiency.	 Moreover,	 we	

successfully	transfected	patient-derived	T	cells	at	a	level	compared	to	current	benchmark	

techniques,	 while	 preserving	 cell	 viability.7	 The	 versatile	 and	 scalable	 nanostructured	

platform	proposed	here	 represents	 a	 promissing	 system	 for	 the	 genetic	 engineering	 of	 a	

variety	 of	 cell	 types	 that	 will	 empower	 research	 focused	 on	 gene	 therapies	 and	 enable	

translation	of	these	cellular	therapy	approaches.	
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Appendix	A	

Surface	Dipole	Control	of	Liquid	Crystal	Alignment	
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 Introduction	

	 Self-assembly	plays	critical	roles	 in	 the	development	of	materials	with	customized	

chemical	 and	 physical	 properties	 from	 the	 bottom	 up,	 and	 provides	 insights	 into	

molecular-scale	phenomena.2–5	Non-covalent	interactions,	including	dipolar	and	dispersion	

forces,	mediate	molecular	assembly	and	influence	the	properties	and	functions	of	pure	and	

composite	materials.6–10	 Understanding	 and	 controlling	 the	 types	 and	 strengths	 of	 these	

interactions,	particularly	at	interfaces,	enables	engineering	precisely	tailored	structures	at	

the	nanoscale.11–16	Self-assembled	monolayers	(SAMs)	not	only	exemplify	these	structures,	

but	also	serve	as	a	powerful	and	versatile	means	of	tuning	the	interactions	of	a	surface	with	

its	surroundings	and	other	molecular	adsorbates.17–20	A	great	deal	of	work	has	been	done	

using	SAMs	to	control	the	adsorption,	position,	orientation,	and	nucleation	of	crystalline	and	

molecular	assemblies.21–27	Despite	 recent	progress,	however,	predictive	understanding	of	

complex,	extended	assemblies	across	textured	surfaces	remains	challenging.28,29		

	 Liquid	crystals	(LCs)	assemble	with	long-range	orientational	order	due	to	anisotropic	

intermolecular	interactions	with	their	surroundings	and	are	particularly	sensitive	to	surface	

textures	 and	 coatings.30–32	 Industrially,	 LC	 alignment	 is	 controlled	 by	 unidirectional	

rubbing33,34	 or	 other	 techniques	 that	 break	 the	 rotational	 symmetry	 of	 the	 alignment	

surfaces.35–37	 One	 such	 alternative	 utilizes	 the	 dune-like	 surface	 texture	 of	 obliquely	

deposited,	 semi-transparent	 gold	 films38,39	 to	 direct	 LC	 alignment.35,38,40–43	 In	 this	 case,	

mesogens	 adopt	 in-plane	 orientations	with	 their	 long	 axes	 perpendicular	 to	 the	 oblique	

deposition	direction,	minimizing	elastic	strain	within	the	LC	assembly.		
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	 Abbott	 and	others	have	 shown	 that	SAMs	also	 influence	 the	alignment	of	LCs,44–49	

with	the	ability	to	control	both	azimuthal	and	polar	orientations,	which	have	found	use	in	

sensors.50	However,	a	convolution	of	steric	effects,	surface	topography,	and	intermolecular	

forces	 complicates	 our	 understanding	 of	 the	 mechanisms	 responsible	 for									

alignment.47,48,51–53	 Molecular	 adsorbates,	 in	 the	 form	 of	 either	 well-organized	 SAMs	 or	

adventitious	 surface	 contamination,	 can	 alter	LC	 arrangement	 by	 changing	 the	 preferred	

in-plane	alignment	axis	or	inducing	homeotropic	alignment,	normal	to	the	surface.44,46,54	In	

the	case	of	alignment	layers	treated	with	SAMs,	different	LC	orientations	have	been	observed	

using	polar	and	nonpolar	adsorbate	molecules.39,45,52	Additionally,	chiral	and	“odd−even”55	

effects	 have	 been	 observed,	 showing	 that	 LC	 alignment	 is	 sensitive	 to	 variations	 in	 the	

symmetry56–58	and	orientation47,48	of	the	exposed	moieties	of	the	terminal	functionality	of	

the	SAM.	Self-assembled	adsorbates	used	in	previous	studies	typically	varied	in	two	or	more	

of	these	factors	simultaneously	(e.g.,	comparing	structural	analogues	with	different	exposed	

moieties:	−CH3,	−OH,	and	−COOH).	As	such,	the	independent	effects	of	molecular	geometry,	

orientation,	and	dipole	moment	on	LC	alignment	are	difficult	to	determine.		

	 We	used	positional	isomers	of	carboranethiol	and	-dithiol	molecules59	to	deconvolve	

the	effects	of	SAM	dipole	magnitude	and	orientation	on	the	alignment	of	LCs.	The	isomers	

chemisorb	onto	gold	surfaces	through	the	formation	of	Au−S	bonds,	thereby	assembling	into	

monolayers	with	exposed	carborane	moieties.	Each	isomer	possesses	an	identical	molecular	

geometry	and	assembles	 “upright”	with	negligible	 tilt	 and	a	 characteristic	 lattice	 spacing	

(7.2	and	7.6	Å	for	monothiol	and	dithiol	species,	respectively).15,60–65	The	primary	attribute	

that	 distinguishes	 SAMs	 of	 each	 isomer	 is	 their	 different	 constituent	 dipole	 moments.	

Intermolecular	 forces	 between	 carboranethiol	 monolayers	 and	 mesogens	 resulted	 in	
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uniaxial	 planar	 alignment	 of	 LCs	 along	 one	 of	 two	 distinct	 directions	 relative	 to	 the	

underlying	anisotropic	substrate:	parallel	or	perpendicular	to	the	oblique	gold	deposition	

direction	(Au#####⃑ ).	The	effects	of	these	short-range,	nanoscale	forces15,66	were	transduced	and	

amplified	by	the	LCs	to	a	macroscopic	scale,	enabling	optical	readout	via	transmitted	light.	

Azimuthal	 anchoring	 energies	 of	 LCs	 on	 carboranethiol	 and	 -dithiol	 monolayers	 were	

measured	to	quantify	SAM-LC	coupling.	This	work	targets	and	elucidates	the	roles	of	surface	

dipoles,	 in	 the	 form	 of	 adsorbed	molecular	 dipoles,	 on	 the	 alignment	 and	 orientation	 of	

subsequent	adsorbates	(LCs),	which	has	applications	in	sensing,	catalysis,	photovoltaics,	and	

templated	growth	of	nanostructures.67–70	Self-assembled	carboranethiols	are	well	suited	to	

this	purpose	as	they	enable	direct	comparison	of	the	effects	of	different	isomers’	molecular	

dipoles,	while	holding	constant	other	factors	influencing	LC	alignment	that	have	confounded	

previous	studies.		

 Results	and	Discussion	

	 Figure	A.1	 illustrates	 the	molecules	 used	 in	 these	 studies.	 Caboranethiol	 isomers	

m-9-carboranethiol	 (M9),	 m-1-carboranethiol	 (M1),	 o-9-carboranethiol	 (O9),	

o-1-carboranethiol	 (O1),	 and	 -dithiol	 isomers	 o-9,12-carboranedithiol	 (9O12)	 and	

o-1,2-carboranedithiol	 (1O2)	 possess	 dipole	 moments	 with	 various	 strengths	 and	

orientations.71	 The	 dipole	 moments	 of	 these	 six	 carboranethiols	 were	 calculated	 using	

density	 functional	 theory.15,61,72,73	 Although	 the	 molecular	 dipoles	 will	 be	 altered	 upon	

chemisorption	to	a	gold	surface,74	we	use	these	values	to	make	qualitative	comparisons	of	

their	relative	strengths,	their	orientations,	and	the	degree	to	which	they	modify	the	surface	

energy	 of	 a	 substrate	 through	 their	 dipolar	 fields.61,73	 We	 use	 two	 LCs,	

4-cyano-4′-pentylbiphenyl	 (5CB)	 and	 N-(4-methoxybenzylidene)-4-butylaniline	 (MBBA),	
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possessing	oppositely	 signed	dielectric	 anisotropies	 (Δε),	 to	probe	 these	 fields.	Mesogens	

with	positive	Δε	(5CB)	align	parallel	 to	an	applied	electric	 field,	whereas	the	 long	axes	of	

mesogens	with	negative	Δε	(MBBA)	align	perpendicular	to	an	applied	field.	Comparison	of	

the	alignment	of	5CB	and	MBBA	on	carboranethiol	monolayers	enables	us	to	infer	the	role	of	

the	dipolar	field	on	LC	alignment.44	

	

Figure	A.1. Molecular	 structures	 of	 carboranethiol	 and	 -dithiol	 isomers:	
(A)	m-9-carboranethiol	 (M9),	 (B)	m-1-carboranethiol	 (M1),	 (C)	 o-9-carboranethiol	 (O9),	
(D)	o-1-carboranethiol	 (O1),	 (E)	o-9,12-carboranedithiol	 (9O12),	 and	
(F)	o-1,2-carboranedithiol	 (1O2).	Dipole	moment	magnitudes	and	orientations,	 calculated	
for	 isolated	 molecules,	 are	 indicated	 in	 blue.	 Positive	 (negative)	 angles	 estimate	 dipole	
orientations	above	(below)	the	plane	of	the	substrate	when	assembled	onto	gold	surfaces.	
Mesogen	 molecular	 structures	 of	 (G)	 4-cyano-4′-pentylbiphenyl	 (5CB)	 and	
(H)	N-(4-methoxybenzylidene)-4-butylaniline	 (MBBA)	 with	 corresponding	 dielectric	
anisotropy	(Δε)	signs	noted.	Hydrogen	atoms	are	omitted	from	all	structures	for	clarity.	
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	 To	monitor	SAM-regulated	mesogen	alignment,	LC	cells	were	constructed	as	shown	

in	Figure	A.2A.	The	outgoing	polarization	of	light	transmitted	through	a	cell	depends	on	the	

angle	 between	 the	 polarization	 of	 the	 incoming	 light	 and	 the	 orientation	 of	 the	 nematic	

director,	 which	 represents	 the	 average	 alignment	 direction	 of	 mesogens	 in	 a	 LC.	 If	 the	

mesogens	 align	 homeotropically,	 this	 angle	 is	 independent	 of	 cell	 rotations	 about	 axes	

normal	to	the	alignment	layers	and	the	cells	appear	“dark”	(0%	transmittance)	when	viewed	

between	crossed	polarizers.	Variations	in	the	intensity	of	transmitted	light	with	rotations	of	

the	cell,	however,	indicate	planar	alignment	of	the	nematic	director.	Figure	A.3	shows	the	

modulation	in	the	intensity	of	the	light	transmitted	through	5CB	cells	as	they	were	rotated	

between	crossed	polarizers	(Figure	A.2B);	corresponding	MBBA	data	are	provided	in	the	

Supporting	Information.	Alignment	layers	treated	with	M9,	M1,	O9,	O1,	9O12,	and	1O2	SAMs	

all	 induced	 uniaxial	 planar	 alignment	 in	 both	 5CB	 and	 MBBA	 cells,	 as	 indicated	 by	 the	

four-fold	symmetry	of	their	transmittance	spectra.	Cells	constructed	without	a	twist	in	their	

nematic	directors	vary	from	nearly	extinguishing	all	transmitted	light	to	transmitting	∼50%.	

By	contrast,	cells	that	possess	a	90°	twist	in	their	directors	have	transmittances	varying	from	

∼50%	 to	 nearly	 100%,	 due	 to	 the	 rotation	 of	 the	 transmitted	 light’s	 polarization	 as	 it	

traverses	the	cell.75	
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Figure	A.2. (A)	 Schematic	 of	 liquid	 crystal	 (LC)	 cells	 used	 in	 rotation	 and	 electrically	
modulated	optical	transmittance	measurements	(“transmittance	cells”).	Carboranethiol	and	
-dithiol	self-assembled	monolayers	(SAMs)	adsorbed	on	semitransparent,	anisotropic	gold	
films	induced	uniaxial	planar	alignment	of	a	LC	at	the	interface.	Schematics	illustrating	the	
rotation	of	LC	cells	360°	about	axes	normal	to	their	alignment	planes	(B)	and	a	Fréedericksz	
transition	 (C)	 in	 a	 LC	with	 positive	 dielectric	 anisotropy	 (Δε	>	 0)	upon	 application	of	 an	
alternating	 electric	 potential	 (VAC).	 (D)	Wedge	 cell	 geometry	 used	 to	measure	 azimuthal	
anchoring	energies,	as	viewed	from	multiple	perspectives	(“anchoring	energy	cells”).	Each	
alignment	 layer	 was	 divided	 into	 two	 distinct	 sections	 defined	 by	 SAMs	 composed	 of	
complementary	molecules.	Here,	a	carboranethiol	or	-dithiol	isomer	SAM	(green)	is	shown	
to	induce	LC	alignment	parallel	to	the	gold	deposition	direction	(Au#####⃑ ),	although	other	isomers	
may	instead	promote	planar	alignment	perpendicular	to	Au#####⃑ .	Alkanethiol	SAMs	(blue)	were	
used	 to	 induce	 planar	 LC	 alignment	 orthogonal	 to	 that	 induced	 by	 the	 carboranethiol	
or	 -dithiol	 isomer.	Once	assembled,	 the	 cell	was	 comprised	of	 three	nematic	 regions,	one	
possessing	a	∼90°	twist	in	the	azimuthal	director	orientation,	while	the	other	two	exhibited	
untwisted	LC	alignment	(90°	apart)	through	the	bulk	of	the	cell.	The	thickness	(d)	of	the	gap	
between	the	alignment	layers	varied	due	to	the	presence	of	a	spacer	(not	shown)	at	only	one	
end	of	the	cell.	

	 Applying	a	potential	difference	between	the	alignment	 layers	generates	an	electric	

field	that	can	distort	 the	planar	alignment	of	LCs	with	Δε	>	0,	 inducing	them	to	adopt	an	

orientation	parallel	to	the	field	(normal	to	the	surface),	as	illustrated	in	Figure	A.2C.76	This	

reorientation	of	the	mesogens	alters	the	transmittances	of	LC	cells	viewed	between	crossed	

polarizers,	as	shown	in	Figure	A.4.	Transmittances	of	twisted	nematic	cells	containing	5CB	
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(Δε	>	0)	decrease	to	near	0%	with	increasing	field	strengths.	By	contrast,	twisted	nematic	

cells	made	using	MBBA	do	not	exhibit	a	change	in	their	transmittance	due	to	their	Δε	<	0,	

maintaining	 planar	 alignments	 that	 are	 reinforced	 by	 the	 applied	 field	 (see	 Supporting	

Information).	 The	 applied	 potentials	 produce	 no	 lasting	 changes	 to	 the	 carboranethiol	

monolayers,	 as	evidenced	by	 the	 reproducibility	of	 the	voltage-	modulated	 transmittance	

curves	 through	 repeated	 sweeping	 of	 the	 potential’s	 amplitude	 between	 0	 and	 7	V.	 The	

observed	optical	responses	of	the	cells	to	applied	electric	fields	is	further	indication	of	the	

planar	alignment	adopted	by	both	5CB	and	MBBA	LCs	on	carboranethiol	and	-dithiol	SAMs.		

	

Figure	A.3. Optical	 transmittances	 (indicated	 by	 the	 radial	 distance	 from	 the	 origin,	 in	
arbitrary	units)	of	liquid	crystal	(LC)	cells	rotated	between	crossed	polarizers.	Alignment	
layers	 were	 prepared	 with	 matching	 self-assembled	 monolayers	 of	 m-9-carboranethiol	
(M9),	 m-1-carboranethiol	 (M1),	 o-9-carboranethiol	 (O9),	 o-1-carboranethiol	 (O1),	
o-9,12-carboranedithiol	 (9O12),	 and	 o-1,2-carboranedithiol	 (1O2),	 as	 indicated.	 At	 these	
surfaces,	uniaxial,	planar	alignment	was	manifest	in	4-cyano-4′-pentylbiphenyl	(5BC)	LCs,	as	
evidenced	 by	 the	 variations	 in	 optical	 transmittance	 possessing	 four-fold	 rotational	
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symmetry.	Cells	were	 constructed	with	angles	of	 either	0°	or	90°	between	 the	alignment	
layers’	gold	deposition	axes,	inducing	untwisted	(red)	or	twisted	(blue)	nematic	structures,	
respectively.	 Initially,	 one	 or	 both	 of	 a	 cell’s	 gold	 deposition	 axes	were	 aligned	with	 the	
polarizer	 axis,	 defined	 to	 be	 at	 0°.	 Rotation	 angles	 were	 measured	 with	 respect	 to	 this	
reference	orientation,	 incremented	 in	5°	steps.	Reported	spectra	are	averages	of	analyses	
performed	 on	n	 separate	 LC	 cells,	 each	 consisting	 of	 three	measured	 regions,	where	 the	
radial	line	widths	indicate	the	data’s	standard	deviations.	Spectra	are	scaled	such	that	their	
respective	transmittance	maxima	are	equal;	in	actuality,	the	maximum	transmittance	of	an	
untwisted	nematic	cell	nearly	equals	the	minimum	transmittance	of	a	cell	with	a	90°	twist	in	
its	director.	

	 The	 rotation-	 and	 field-induced	 variations	 in	 transmittance	 described	 above	were	

observed	 uniformly	 over	 the	 entire	 area	 (∼1	cm2)	 of	 each	 cell	 measured.	 These	 results	

indicate	uniaxial	planar	alignment	of	5CB	and	MBBA	on	anisotropic	gold	surfaces	treated	

with	each	of	the	six	carboranethiols	considered	here.	However,	these	observations,	alone,	do	

not	uniquely	determine	the	nematic	director	orientation	on	a	surface.	Transmittance	minima	

of	 untwisted	 nematics	 are	 expected	when	 the	 director	 aligns	 along	 either	 of	 the	 crossed	

polarizers’	axes,	while	maxima	are	expected	at	these	orientations	for	cells	constructed	with	

90°	twists	 in	 their	directors.	These	expectations	are	realized	 in	Figure	A.3;	 transmittance	

extrema	 coincide	 with	 cell	 rotations	 that	 align	 Au#####⃑ 	parallel	 to,	 and	 45°	 from,	 the	

polarizers’	axes.	Two	possible	in-plane	director	orientations	can	produce	this	effect:	director	

alignment	parallel	or	perpendicular	to	Au#####⃑ .�	
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Figure	A.4. Normalized	 optical	 transmittances	 of	 electrically	 modulated	 liquid	 crystal	
(LC)	 cells	 viewed	 between	 crossed	 polarizers.	 Alignment	 layers	 were	 prepared	 with	
matching	self-assembled	monolayers	of	m-9-carboranethiol	(M9),	m-1-carboranethiol	(M1),	
o-9-carboranethiol	 (O9),	 o-1-carboranethiol	 (O1),	 o-9,12-carboranedithiol	 (9O12),	 and	
o-1,2-carboranedithiol	(1O2),	as	indicated.	These	surfaces	induced	uniaxial	planar	alignment	
in	 4-cyano-4′-pentylbiphenyl	 (5CB)	 LCs.	 Cells	were	 constructed	with	 perpendicular	 gold	
deposition	 axes,	 producing	 twisted	 nematic	 structures,	 and	 were	 positioned	 between	
crossed	 polarizers	 such	 that	 their	 zero-voltage	 optical	 transmittance	 was	 maximized.	
Subsequently,	 a	 sinusoidally	varying	 (1	kHz)	voltage	was	applied	between	 the	alignment	
layers	in	order	to	distort	the	LC	director	away	from	the	surface.	Root-mean-square	voltages,	
varied	in	0.1	V	steps,	are	indicated	along	the	horizontal	axes.	Reported	spectra	are	averages	
(black	lines)	of	analyses	performed	on	n	separate	LC	cells,	where	the	vertical	widths	of	the	
surrounding	blue	outlines	indicate	the	data’s	standard	deviations.	

	 In	 order	 to	 determine,	 unambiguously,	 the	 LC	 orientation	 relative	 to	 the	 gold	

deposition	axis	(parallel	or	perpendicular),	a	wedge	cell	geometry	was	used,	as	illustrated	in	

Figure	A.5.	Illuminating	a	LC	wedge	with	monochromatic	light,	polarized	45°	from	its	optical	
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axis,	 produced	 a	 series	 of	 bright	 and	 dark	 fringes	 visible	within	 the	 cell	 when	 observed	

between	 crossed	 polarizers.	 These	 fringes	 result	 from	 changes	 in	 the	 transmitted	 light’s	

polarization	 as	 it	 traverses	 the	 birefringent	 cell.	 The	 optical	 retardation	 (Γ)	 between	

ordinary	and	extraordinary	waves	causes	transmitted	light	to	vary	continuously	between	

linear	and	elliptical	polarization	states,	dependent	on	the	wedge	thickness	(d).	In	the	two	

extremes,	light	exits	the	wedge	linearly	polarized	parallel	or	perpendicular	to	its	incoming	

polarization,	producing	transmittance	minima	and	maxima,	respectively.	The	conditions	on	

the	optical	retardation	(wedge	thickness)	required	for	a	transmittance	extreme	are	given	by		

Γ = ∆( ∙ * = +
(- +½) ∙ 1,

- ∙ 1,
		maxima
minima

						- = 0, 1, 2, 3,…	

where	 λ	 is	 the	 wavelength	 of	 light,	 Δn	 is	 the	 LC’s	 birefringence,	 and	 m	 is	 an	 integer	

enumerating	 the	 fringe	order.	Wave	plates,	 inserted	 in	 series	with	a	wedge	cell	between	

crossed	polarizers,	modify	 the	total	retardation	by	 fixed	amounts	and	cause	the	apparent	

positions	of	the	fringes	to	shift.	When	the	optical	axes	of	a	wave	plate	and	untwisted	nematic	

align,	the	total	retardation	of	the	transmitted	light	increases,	whereas	when	their	optical	axes	

are	crossed,	the	retardation	decreases.	Increased	(decreased)	optical	retardation	results	in	

shifts	in	the	fringe	position	toward	(away	from)	the	vertex	of	the	wedge,	toward	the	thinner	

(thicker)	end	of	the	cell.	In	this	way,	one	can	infer	the	orientation	of	the	nematic	director	

from	the	known	orientation	of	a	wave	plate’s	slow	axis	and	the	direction	of	the	observed	shift	

in	fringe	positions.		
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Figure	A.5. Wedge	 cell	 scheme	 used	 to	 determine	 the	 in-plane	 liquid	 crystal	 director	
orientation	 with	 respect	 to	 the	 alignment	 layers’	 gold	 deposition	 axes	 (“anchoring	
orientation	cells”).	Linearly	polarized,	monochromatic	light	(λ	=	531	nm)	traversing	the	cell	
accumulates	an	optical	retardation	(Γ)	dependent	on	the	wedge	thickness.	As	a	result,	the	
transmitted	light	varies	between	linear	and	elliptical	polarization	states,	as	indicated	along	
the	top	of	the	figure.	This	retardation	is	modified	by	placing	wave	plates	in	series	with	the	
cell.	When	the	optical	axes	of	the	cell	and	wave	plate	align,	the	overall	retardation	increases,	
whereas	when	the	optical	axis	of	the	wave	plate	is	perpendicular	to	that	of	the	nematic,	the	
total	retardation	is	reduced.	When	viewed	through	an	analyzer	(not	shown),	oriented	90°	
from	the	incoming	light’s	polarization,	a	series	of	bright	and	dark	fringes	are	visible	within	
the	cell	due	to	extinction	of	light	polarized	along	the	initial	direction.	As	shown,	the	wave	
plate	modifies	 the	optical	retardation	of	 the	transmitted	light	by	λ/2,	 thereby	causing	the	
transmittance	maxima	to	become	minima,	and	vice	versa.	All	angles	indicate	orientations	in	
the	xy-plane	with	respect	to	the	+x-axis.	
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	 As	shown	in	Figure	A.6,	the	fringes	observed	in	cells	made	using	M1,	O1,	and	1O2	

SAMs	shift	toward	the	thinner	ends	of	the	cells	with	increased	optical	retardation	along	Au#####⃑ .	

This	result	indicates	that	the	5CB	director	is	aligned	parallel	to	Au#####⃑ 	in	these	cells.	By	contrast,	

cells	prepared	with	M9,	O9,	and	9O12	SAMs	induced	planar	alignment	of	the	5CB	director	

perpendicular	to	Au#####⃑ ,	as	the	fringes	were	observed	to	move	toward	the	thicker	ends	of	the	

cells.	We	note	that	self-assembled	carboranethiol	and	-dithiol	isomers	with	dipole	moments	

directed	 toward	 the	gold	 surface	 induced	5CB	alignment	parallel	 to	Au#####⃑ ,	whereas	 isomers	

with	dipoles	directed	away	from	the	substrate	induced	planar	alignment	perpendicular	to	

Au#####⃑ .	A	similar	tendency	was	also	observed	in	the	case	of	MBBA	LCs	(see	Appendix),	with	the	

exceptions	of	M9	and	1O2	SAMs,	vide	infra.	Comparing	the	in-plane	alignment	orientations	

of	5CB	and	MBBA	directors	enables	us	to	examine	and	to	constrain	the	coupling	mechanism	

between	the	mesogens	and	carboranethiol	SAMs.	If	a	dipolar	electric	field	due	to	the	SAM	

dominates	 the	 interaction,	 then	 orthogonal	 director	 orientations	 of	 the	 two	 LCs	 (with	

oppositely	signed	values	of	Δε)	are	expected.	However,	this	behavior	is	not	observed,	which	

is	understandable	due	to	the	inversion	symmetry	of	the	nematic	director	(η	and	−η	represent	

equivalent	director	orientations).77	Therefore,	 the	molecular	dipole	moments	 in	 the	SAM	

must	influence	mesogen	alignment	by	other	means.	

	 Anchoring	 energy	 measures	 the	 work	 (per	 unit	 area)	 required	 to	 reorient	 a	 LC	

director	perpendicular	 to	 its	preferred,	 “easy	axis”	orientation	on	a	surface.	We	compare	

azimuthal	anchoring	energies	of	5CB	aligned	by	M1,	O9,	O1,	and	9O12	monolayers	as	a	means	

of	 quantifying	 SAM-LC	 interactions.	 In	 doing	 so,	 we	 test	 for	 differences	 in	 anchoring	

strengths	 between	 isomers	 that	 align	 LCs	 in	 the	 same,	 and	 perpendicular,	 directions	 on	



110	

anisotropic	 gold	 surfaces.	 A	 torque-balance	 measurement	 scheme78,79	 was	 adopted	 to	

estimate	anchoring	energies	on	patterned,	hybrid,	alignment	layers	assembled	in	a	wedge	

configuration,	as	illustrated	in	Figure	A.2D.	Twisted	and	untwisted	nematic	regions	in	a	cell	

were	 created	 using	 bifunctional	 alignment	 layers,	 pairing	 carboranethiol	 SAMs	 with	

alkanethiol	monolayers	known	to	induce	planar	LC	alignment	in	orthogonal	directions.47	The	

untwisted	nematic	regions	within	the	cells	enable	determination	of	the	easy	axes	of	both	the	

top	and	bottom	alignment	layers,	which	coincide	with	the	director	orientation.	In	the	twisted	

nematic	regions,	however,	the	director	deviates	from	the	surfaces’	easy	axes	due	to	an	elastic	

restoring	torque	acting	on	the	mesogens	as	a	result	of	the	twist	deformation	through	the	bulk	

of	the	cell.	The	angle	(φ)	by	which	the	director	deviates	from	the	easy	axes,	and	thus	partially	

untwists	itself,	is	related	to	the	azimuthal	anchoring	energy	(Waz):	

>?@ = 	
ABCCD

E FGH(AI)
	,	

where	K22	is	the	twist	elastic	constant	of	the	mesogen	and	Ψ	is	the	overall	twist	of	the	nematic	

director	through	a	cell	with	thickness	d	(Figure	A.11).	In	wedge	cells,	d	varies	continuously	

along	 their	 longitudinal	 axes	 and,	 as	 such,	 must	 be	 determined	 at	 each	 measurement	

location.	Wedge	thicknesses	may	be	inferred	from	their	apparent	(transmitted)	colors.	When	

illuminated	with	white	light	and	viewed	between	polarizers	crossed	at	±45°	from	the	optical	

axis	 of	 an	 untwisted	 nematic	with	 known	birefringence,	 the	 color	 of	 transmitted	 light	 is	

related	to	a	cell’s	 thickness	using	a	Michel−Lev́y	 interference	color	chart.80	However,	 this	

chart	provides	only	a	qualitative	measure	since	it	is	based	on	a	subjective	judgment	of	color	

and	is	prone	to	misinterpretation.	Monochromatic	transmission	fringes	visible	within	a	cell,	

like	 those	 seen	 in	 Figure	 A.6,	 provided	 a	 quantitative	 means	 of	 estimating	 the	 wedge	
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thickness	 using	 known	 values	 of	Δn	 and	λ	 in	 eq	 1.	 In	 this	way,	 we	 determined	 the	5CB	

azimuthal	anchoring	energies	summarized	in	Table	A.1.		

	

Figure	A.6. Transmission	 fringes	 observed	 in	 liquid	 crystal	 (LC)	 wedge	 cells	 viewed	
between	 crossed	 polarizers	 while	 illuminated	 with	 monochromatic	 light	 (wavelength	
λ	=	531	nm).	 Alignment	 layers	 prepared	 with	 matching	 self-assembled	 monolayers	 of	
m-1-carboranethiol	 (M1),	 m-9-carboranethiol	 (M9),	 o-1-carboranethiol	 (O1),	



112	

o-9-carboranethiol	(O9),	o-1,2-carboranedithiol	(1O2),	and	o-9,12-carboranedithiol	(9O12),	
as	 indicated,	 induced	 uniaxial	 planar	 alignment	 of	 4-cyano-4′-pentylbiphenyl	 (5CB)	 LCs.	
Wave	 plates	 inserted	 between	 the	 polarizers	 modified	 the	 optical	 retardation	 of	 light	
transmitted	through	the	cells	by	fixed	amounts	(ΓWP).	Here,	positive	(negative)	values	of	
ΓWP	signify	that	a	wave	plate’s	optically	slow	axis	was	aligned	parallel	(perpendicular)	to	a	
cell’s	gold	deposition	direction	(Au#####⃑ ).	Arrows	and	dashed	lines	track	transmittance	maxima	
of	constant	order	within	4.8	mm	×	0.5	mm	fields	of	view.	Fringes	in	cells	containing	M1,	O1,	
and	1O2	monolayers	were	observed	 to	shift	 toward	 the	 thinner	ends	of	 the	wedges	with	
increasing	ΓWP	(blue),	indicating	that	their	nematic	directors	were	oriented	parallel	to	Au#####⃑ .	
By	contrast,	 fringes	shifted	toward	the	thicker	ends	of	cells	containing	M9,	O9,	and	9O12	
monolayers	(red),	indicating	director	alignment	perpendicular	to	Au#####⃑ .		
	

Table	A.1. Anchoring	energy	(>?@)	of	5CB	liquid	crystals	in	cells	prepared	with	various	
carboranethiol	self-assembled	monolayers	(SAMs).	aCarboranethiol	or	-dithiol	isomer	used	
to	 align	 4-cyano-4′-pentylbiphenyl	 (5CB).	 bNormal	 dipole	 (p�)	 orientation	 toward	 (↓)	 or	
away	 from	 (↑)	 the	 gold	 surface.	 co-9-carboranethiol.	 do-9,12-carboranedithiol.	
em-1-carboranethiol.	fo-1-carboranethiol.		

	 If	 LC	 alignment	 is	modulated	 by	 the	monolayer’s	 constituent	 dipole	moments,	we	

expect	 to	observe	differences	 in	 the	anchoring	strengths	of	alignment	 layers	 treated	with	

different	 carboranethiol	 and	 -dithiol	 isomers.	We	 found	 a	 nearly	 bimodal	 distribution	 of	

anchoring	 energies	 from	 the	 four	 carboranethiol	 SAMs	 tested	 here,	 with	 the	 stronger	

(weaker)	anchoring	surfaces	corresponding	to	those	with	normal	dipoles	oriented	toward	

(away	from)	the	substrate.	Anisotropic	gold	surfaces	functionalized	with	either	O9	or	9O12	

aligned	5CB	with	approximately	half	the	strength,	perpendicular	to	Au#####⃑ ,	as	monolayers	of	M1	

or	O1,	which	induced	alignment	parallel	to	Au#####⃑ .	Although	each	of	these	molecules	possesses	

Anchoring	SAMa	 p�b	 JKL	(µJ∙m-2)	 Sample	Size,	n	

O9c	
↑	

7.5	±	0.1	 28	

9O12d	 6.7	±	0.1	 29	

	 	 	 	
M1e	

↓	
14.3	±	0.4	 36	

O1f	 14.3	±	0.4	 37	
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distinct	dipole	magnitudes	and	orientations,	 the	anchoring	strengths	of	M1	and	O1	 (both	

monothiol	 species)	 SAMs	 did	 not	 differ	 appreciably.	 By	 contrast,	 the	 anchoring	 energy	

measured	on	9O12	(dithiol)	SAMs	was	found	to	be	∼10%	less	than	the	value	measured	on	

O9	 (monothiol)	 SAMs.	 However,	 that	 decrease	 in	 anchoring	 energy	 coincides	 with	 a	

matching	 reduction	 in	 the	 areal	 density	 of	 9O12	 molecules	 within	 close-packed	 SAMs,	

compared	 with	 O9	 monolayers,	 due	 to	 the	 larger	 nearest-neighbor	 spacing	 of	

carboranedithiol	 adsorbates.15,61,65	These	 findings	 suggest	 that	 the	polarity	of	 the	normal	

dipole	moment,	toward	or	away	from	the	surface,	and	the	molecular	packing	density	are	the	

dominant	 factors	 affecting	 LC	 anchoring	 in	 these	 systems.	 We	 note	 that	 the	 measured	

anchoring	energies	of	5CB	LCs	on	carboranethiol	monolayers	(∼7	μJ∙m−2	and	∼14	μJ∙m−2)	

exceed	the	values	reported	for	oligo(ethylene	glycol)-containing	SAMs	(<6	μJ∙m−2),79,81	and	

are	 comparable	 to	 those	 on	 unfunctionalized	 surfaces.38,82,83	 These	 values,	 however,	 are	

almost	two	orders	of	magnitude	weaker	than	the	anchoring	strengths	of	rubbed	polyamide	

films.84,85	

	 Uncertainty	in	the	local	gold	deposition	angle	is	expected	to	be	a	major	contributor	to	

variations	in	the	measured	azimuthal	anchoring	energies.39,81,86,87	All	of	the	gold	films	used	

in	 these	 studies	were	deposited	at	 the	 same	 angle,	nominally	50°	away	 from	 the	 surface	

normal.	However,	due	to	the	finite	sizes	of	the	glass	substrates	and	their	positions	relative	to	

the	evaporating	metal	source,	departures	of	up	to	6°	from	the	intended	angle	are	possible	

(see	 Appendix).	 Variations	 in	 the	 average	 grain	 size	 and	 surface	 roughness	 affect	 the	

substrate’s	 contribution	 to	 LC	 alignment,	 resulting	 in	 stronger	 anchoring	 on	 gold	 films	

deposited	at	higher,	more	oblique	angles.86	Additionally,	uncertainty	in	the	anchoring	energy	

typically	increases	with	deposition	angle	due,	in	part,	to	its	sensitivity	to	uncertainties	in	the	
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nematic	director’s	twist	and	deviation	from	the	easy	axes.81	This	sensitivity	becomes	more	

pronounced	with	increasing	anchoring	strength	(higher	deposition	angles).	The	anchoring	

energies	 reported	 here	 reflect	 averages	 of	 measurements	 performed	 on	 multiple	 cells,	

inversely	 weighted	 by	 their	 estimated	 variances.	 Such	 averaging,	 however,	 biases	 the	

reported	values	in	favor	of	lower	anchoring	energies	that	possess	correspondingly	smaller	

uncertainties.	The	complete	data	sets,	as	well	as	a	discussion	of	the	statistical	methods	used	

in	our	analysis,	are	provided	in	the	Appendix.		

	 As	 noted	 above,	 we	 observe	 a	 trend	 in	 the	 alignment	 of	 LCs	 by	 carboranethiol	

monolayers	 prepared	 on	 anisotropic	 gold	 surfaces	 that	 follows	 the	 polarity	 of	 the	

adsorbate’s	normal	dipole	moment.	The	constituent	molecules	of	a	SAM,	in	general,	possess	

dipoles	with	 components	oriented	parallel	 and	normal	 to	 the	 functionalized	 surface.	The	

cumulative	 effects	 of	 the	 in-plane	 molecular	 dipoles	 are	 diminished	 by	 their	 varying	 or	

disordered	azimuthal	orientations	expected	at	room	temperature.15	Molecules	may	adsorb	

to	the	surface	with	random	in-plane	dipole	orientations	and,	in	the	cases	of	M9,	M1,	O9,	and	

O1,	which	possess	only	a	single	attachment	to	the	substrate,	rotate	about	their	Au−S	bonds.	

If	long-range	orientational	order	is	present,	the	formation	of	differently	polarized	domains	

(including	closure	domains)	would	compensate	for	a	net	in-plane	dipole	over	macroscopic	

scales.	 Additionally,	 image	 dipoles,	 formed	 through	 the	 redistribution	 of	 charge	 on	 the	

underlying	gold	substrate,	would	further	attenuate	the	effects	of	in-plane	molecular	dipoles.	

Normal	 dipole	 moments,	 however,	 are	 not	 subject	 to	 these	 mitigating	 factors.	 Each	

carboranethiol	 in	 a	 single-species	 SAM	 adsorbs	 to	 the	 surface	 with	 the	 same	 polar	

orientation	 and,	 as	 such,	 enhances	 the	 net	 dipole	 moment	 normal	 to	 the	 surface.	

Carboranedithiol	isomers	(9O12	and	1O2)	were	included	in	these	experiments	due	to	their	
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expected	dipole	orientations	normal	 to	the	surface	as	a	result	of	 their	bilateral	molecular	

symmetry.	Since	these	isomers	bind	to	the	substrate	via	two	Au−S	bonds,	they	are	not	free	

to	rotate	azimuthally.	In	principle,	these	isomers	could	tilt	about	the	axis	connecting	their	

two	adsorbed	thiolate	moieties,	out	of	the	plane	normal	to	the	gold	substrate,	resulting	in	a	

portion	of	their	dipole	moments	orienting	parallel	to	the	surface.	Nevertheless,	we	observe	

the	 same	 trend	 in	5CB	alignment	 induced	by	 carboranedithiol	 isomers	as	 in	 the	 cases	of	

monothiol	isomers,	dependent	upon	the	polarity	of	the	normal	dipole.	As	such,	we	conclude	

that	 the	 net	 in-plane	 dipole	of	 a	 SAM	 is	 either	 compensated	 through	one	 or	more	 of	 the	

mechanisms	mentioned	above,	or	 is	 a	 less	significant	 contributor	 than	 the	normal	dipole	

when	determining	LC	alignment.		

	 In	addition	to	the	factors	discussed	above,	other	surface	anisotropies	may	contribute	

to	 the	 existence	 of	 an	 easy	 alignment	 axis.	 One	 such	 contribution	 originates	 from	 an	

anisotropic	 electric	 susceptibility	 of	 the	 alignment	 surface.	 Obliquely	 deposited	 films	 are	

expected	to	have	an	anisotropic	response	to	electric	stimuli	(e.g.,	from	mesogen	dipoles)	due	

to	their	dune-like	or	columnar	surface	textures.88,89	Molecular	monolayers	can	modify	this	

anisotropy,	dependent	on	the	adsorbate	polarizabilities	and	orientations	on	the	surface.	To	

examine	 this	 effect,	 molecular	 polarizability	 tensors	 (α)	 were	 calculated	 using	 density	

functional	theory	for	each	of	the	six	carboranethiol	and	-dithiol	isomers	considered	here	(see	

Supporting	Information).	To	facilitate	comparison,	Cartesian	coordinate	bases	were	chosen	

for	each	molecule	such	that	the	bond(s)	connecting	the	sulfur	atom(s)	to	the	carborane	cage	

moiety	coincided	with	(or	symmetrically	straddled)	the	z-axis.	Additionally,	one	or	both	of	

the	carbon	atoms	within	the	isomers	were	designated	to	lie	along	the	x-axis,	in	the	cases	of	

M1,	O9,	O1,	9O12,	 and	1O2,	 and	 symmetrically	about	 the	x-axis	 in	 the	 case	of	M9.	These	
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coordinate	bases	 closely	 coincided	with	 the	molecules’	principal	polarizability	axes,	 such	

that	 the	 off-diagonal	 polarizability	 tensor	 elements	 (MNO, P ≠ R)	were	 negligible	 (<1%)	 by	

comparison	to	the	diagonal	elements	(αii).	Considering	upright	adsorption,	we	found	that	

the	molecular	polarizabilities	of	carboranethiols	were	nearly	symmetric	in	the	plane	of	the	

substrate	 (MSS ≈ MUU ),	 with	 variations	 of	 <2%.	 Larger	 in-plane	 variations	 in	 molecular	

polarizability	were	 found	 for	9O12	and	1O2	 (∼10%),	 in	part	due	 to	 the	 lower	 (two-fold)	

rotational	 symmetry	 of	 carboranedithiols	 compared	 that	 of	 with	 monothiol	 isomers	

(five-fold).	 Symmetric	 adsorbate	 polarizabilities	 reduce	 the	 likelihood	 of	 anisotropic	

in-plane	polarizations	of	a	SAM	inducing	LC	alignment	on	flat,	isotropic	surfaces.	On	textured	

surfaces,	however,	the	local	(microscopic)	surface	normal	generally	deviates	from	that	of	the	

average	 (macroscopic)	 plane	 of	 the	 substrate,	 effectively	 varying	 the	 orientations	 of	

molecules	within	 the	 assembly.	 As	 a	 result,	 the	 in-plane	 electric	 susceptibility	 of	 a	 SAM	

depends,	in	part,	on	the	polarizability	of	carboranethiols	along	their	z-axes	(αzz),	which	is	

∼20%	greater	 than	 their	polarizability	along	orthogonal	directions.	Therefore,	 geometric	

surface	anisotropies	present	in	obliquely	deposited	films,	generate	additional	anisotropies	

in	 a	 monolayer	 without	 requiring,	 a	 priori,	 long-range	 azimuthal	 alignment	 of	

carboranethiols.	However,	we	do	not	find	any	consistent	correlation	between	the	observed	

LC	alignment	and	all	six	of	the	carboranethiol	molecular	polarizabilities	considered	here.		

	 Comparing	the	alignments	of	mesogens	with	oppositely	signed	dielectric	anisotropies	

provides	insight	into	the	role	of	the	dipolar	field	on	LC	anchoring	by	functionalized	surfaces.	

Assuming	direct	 coupling	between	 the	mesogens	and	 the	 field,	5CB	and	MBBA	LCs	were	

expected	to	align	along	orthogonal	directions,	relative	to	each	other,	at	the	SAM-LC	interface.	

Instead,	both	mesogens	adopted	the	same	planar	orientation,	dependent	on	the	polarity	of	
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the	monolayer’s	constituent	molecular	dipoles	normal	to	the	surface,	as	detailed	previously.	

However,	 in	 the	 case	 of	MBBA	 alignment,	M9	 and	 1O2	 carboranethiol	monolayers	were	

found	 to	 be	 exceptions	 to	 this	 trend.	 Alignment	 layers	 functionalized	 with	 M9	 induced	

alignment	of	MBBA	parallel	to	Au#####⃑ ,	whereas	1O2	monolayers	resulted	in	more	heterogeneous	

and	 less	 reproducible	 anchoring	 of	MBBA	 than	 observed	 on	 surfaces	 treated	with	 other	

isomers	under	the	same	conditions.	To	understand	these	anomalies,	we	reemphasize	that	

the	monolayer’s	constituent	dipoles	are	not	the	sole	factor	affecting	LC	alignment,	despite	

being	the	focus	of	these	studies.	Other	influences,	including	surface	topography,	molecular	

geometry,	 tilt,	 and	 order,	 are	 still	 present	 (albeit	 consistent)	 in	 each	 cell,	 while	 the	

contribution	from	carboranethiol	dipoles	varies	between	isomers.	Out	of	the	three	isomers	

with	dipoles	directed	away	from	the	underlying	gold	surface	tested	here,	M9	possesses	the	

weakest	moment	and	is	the	only	one	to	induce	LC	alignment	counter	to	the	prevailing	trend	

(and	 only	 with	 MBBA).	 Previously,	 we	 noted	 that	 the	 anchoring	 strength	 of	 5CB	 on	

carborane-functionalized	surfaces	did	not	depend	on	the	magnitude	of	the	molecular	dipoles	

of	a	SAM.	This	unexpected	alignment	of	MBBA	may	indicate	a	minimum	threshold	strength	

of	molecular	dipoles	required	to	orient	LCs	along	a	particular	direction	on	these	surfaces.	

Alternatively,	we	propose	 that	 the	properties	of	MBBA	 itself	may	 instead	be	 responsible.	

Relative	 to	 5CB,	 MBBA	 has	 a	 weaker	 internal	 dipole	 moment	 and	 smaller	 dielectric	

anisotropy	(see	Appendix).	As	a	result,	the	coupling	strength	of	MBBA	to	external	electric	

fields	is	weaker	than	that	of	5CB,	with	which	no	alignment	anomalies	were	observed.	Future	

experiments	using	a	LC	with	a	more	negative	dielectric	anisotropy	could	test	this	hypothesis	

and	distinguish	whether	or	not	the	observed	alignment	is	indicative	of	the	carboranethiol	

monolayer	or	a	property	of	the	mesogen	itself.	In	the	case	of	the	heterogeneous	alignment	of	
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MBBA	on	1O2	monolayers,	we	note	the	potential	for	dithiol	isomers	to	chemisorb	to	the	gold	

surface	in	either	singly	or	doubly	bound	states.	Here,	we	used	ethanolic	solutions	of	each	of	

the	carboranedithiols	with	added	base	(sodium	hydroxide)	to	promote	dual	binding	via	both	

thiol	 moieties	 on	 each	 molecule.	 However,	 even	 under	 these	 circumstances,	 not	 every	

adsorbed	molecule	binds	to	the	gold	with	both	thiol	moieties.	We	have	observed	elsewhere65	

that	the	1O2	isomer	is	more	likely	to	adsorb	in	mixed	states	(both	singly	and	doubly	bound)	

compared	to	the	9O12	 isomer	under	alkaline	conditions,	resulting	 in	a	 less	uniform	SAM.	

This	 molecular-scale	 heterogeneity	 may,	 in	 turn,	 produce	 more	 heterogeneous	 LC	

arrangements	than	those	observed	on	alignment	layers	treated	with	other	carboranethiol	

isomers.		

 Conclusions	and	Prospects	

	 Here,	 LCs	 serve	 as	 advantageous	 probes	 of	 the	 nanoscale	 intermolecular	 forces	

between	 SAMs	 and	 their	 environment.	 These	 combinations	 of	 forces	 result	 from	 several	

factors,	 including	 surface	 topography,	 molecular	 orientation,	 and	 chemical	 functionality,	

which	modulate	 the	 properties	of	 the	 underlying	 substrate	 and	mediate	 the	 assembly	of	

adsorbates.	We	report	on	the	uniaxial,	planar	alignment	of	5CB	and	MBBA	LCs	on	obliquely	

deposited	gold	films	functionalized	with	carboranethiol	and	-dithiol	SAMs.	Carboranethiol	

monolayers	 enable	 direct	 comparisons	 of	 LC	 alignment	modulated	 by	 differences	 in	 the	

magnitudes	and	orientations	of	assembled	molecular	dipoles	on	a	surface.	Carboranethiol	

monolayers	 hold	 constant	 other	 factors	 that	 influence	 LC	 alignment,	 such	 as	 molecular	

geometry,	tilt,	and	order,	which	have	confounded	previous	studies.	Furthermore,	comparing	

LC	alignment	on	monolayers	composed	of	monothiol	isomers	(M9,	M1,	O9,	and	O1)	to	those	

composed	of	carboranedithiols	(9O12	and	1O2)	enabled	inference	of	the	roles	of	the	normal	
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and	 lateral	 surface	 dipoles.	 We	 observed	 that	 the	 in-plane,	 azimuthal	 orientation	 of	

mesogens	on	anisotropic	gold	 films	was	modulated	predominantly	by	 the	 carboranethiol	

dipole	 component	 normal	 to	 the	 surface.	Monolayers	 composed	 of	 carboranethiols	with	

dipoles	oriented	toward	(away	from)	the	underlying	gold	surface	induced	planar	alignment	

of	 5CB	 parallel	 (perpendicular)	 to	 the	 gold	 deposition	 direction.	 A	 similar	 trend	 was	

observed	in	the	case	of	alignment	of	MBBA,	which	possesses	an	oppositely	signed	dielectric	

anisotropy.	 Since	 LCs	 with	 dielectric	 anisotropies	 of	 opposite	 signs	 align	 similarly,	

dependent	on	 the	monolayer’s	normal	dipole	polarity,	we	conclude	 that	 it	 is	not	a	direct	

result	of	 dipolar	 field	 coupling	 between	 SAMs	 and	mesogens.	We	 attribute	 the	 observed	

alignment	 to	 more	 complex	 mechanisms	 involving	 intermolecular	 dispersion	 forces.	 To	

quantify	SAM-LC	interaction	strength,	we	measured	the	azimuthal	anchoring	energies	of	5CB	

on	 alignment	 layers	 treated	 with	 M1,	 O9,	 O1,	 and	 9O12	 monolayers.	 A	 nearly	 bimodal	

distribution	 of	 anchoring	 energies	 was	 measured,	 dependent	 on	 the	 polarity	 of	 the	

carboranethiol	 isomer	 dipole	 moment	 component	 normal	 to	 the	 surface.	 Monolayers	

composed	of	carboranethiol	isomers	with	dipoles	oriented	away	from	(O9	and	9O12)	and	

toward	(M1	and	O1)	the	substrate	were	measured	to	anchor	5CB	with	strengths	of	∼7	and	

∼14	μJ·m−2,	respectively.	Additionally,	comparing	the	anchoring	energies	of	pairs	of	isomers	

with	the	same	polarity	normal	to	the	surface,	we	found	no	difference	in	anchoring	strengths	

between	monothiol	species	(M1	and	O1).	However,	we	observed	that	the	anchoring	energies	

measured	 on	 surfaces	 treated	 with	 9O12	 (dithiol)	 were	 about	 10%	 lower	 than	 those	

measured	 on	 surfaces	 treated	 of	 O9	 (monothiol),	 coinciding	 with	 the	 decrease	 in	 areal	

density	of	carboranethiols	within	the	close-packed	monolayers.	This	result	indicates	that	not	

only	the	polarities	of	the	molecular	dipoles	affect	LC	anchoring,	but	also	their	densities	on	
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the	 surfaces.	 We	 also	 considered	 other	 sources	 of	 surface	 anisotropy	 arising	 from	 the	

molecular	 polarizabilities	 of	 the	 carboranethiols	 used	 in	 this	 work	 that	 may	 affect	 LC	

anchoring	direction	and	strength.	We	do	not	expect	that	long-range	molecular	alignment	of	

carboranethiol	 adsorbates	within	SAMs	at	 room	 temperature	 is	 likely.15	However,	others	

have	 previously	 observed	 azimuthal	 ordering	 of	 exposed	methyl	moieties	 in	 alkanethiol	

monolayers	prepared	on	anisotropic	gold	films.42	Complementary	techniques,	such	as	sum-

frequency	generation	spectroscopy,	may	be	used	in	future	studies	to	test	this	possibility	in	

the	 case	 of	 carboranethiol	 SAMs.90	 The	mechanism	 involved	 remain	 unresolved,	 but	 this	

work	 isolates	elements	of	 the	alignment	of	LCs	on	 functionalized,	 anisotropic	 surfaces	 in	

order	 to	 elucidate	 the	 role	 of	 molecular	 dipole	 moments	 of	 the	 monolayers	 on	 the	

subsequent	adsorption	and	assembly	of	other	molecular	species.	Extending	this	knowledge	

to	other	molecular	systems	will	enhance	the	predictive	capabilities	of	nanoscale	engineering	

and	 enable	 rational	 design	 of	 structures	 extended	 to	 macroscopic	 scales	 on	 complex	

surfaces.		

 Materials	and	Methods	

 Materials	

	 Positional	isomers	of	dicarba-closo-dodecaboranethiol	and	-dithiol	O1,	O9,	1O2,	and	

9O12	were	synthesized	using	previously	reported	methods;91–93	M1	and	M9	isomers	were	

purchased	from	Sigma-Aldrich	(St.	Louis,	MO).	Mesogens	5CB	and	MBBA,	as	well	as	sodium	

hydroxide,	and	alkanethiols	1-undecanethiol	(C11)	and	1-octadecanethiol	(C18)	were	also	

obtained	from	Sigma-	Aldrich.	Ethanol	(200	proof)	was	purchased	from	Goldshield	Chemical	

Company	(Hayward,	CA),	while	potassium	hydroxide	and	hydrogen	peroxide	(30%)	were	

acquired	 from	Fisher	Scientific	(Pittsburgh,	PA).	Sulfuric	acid	(98%)	was	purchased	from	
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EMD	Chemicals	(Gibbstown,	NJ).	All	commercial	chemicals	were	used	as	received.	Deionized	

(DI)	 water	 (18.2	 MΩ·cm)	 was	 dispensed	 from	 a	 Milli-Q	 water	 purifier	 (EMD	 Millipore,	

Billerica,	MA).		

 Polymeric	Stamp	Preparation	

	 Polymeric	stamps	were	produced	using	a	Sylgard	184	silicone	elastomer	kit	 (Dow	

Corning,	Midland,	MI)	following	a	previously	reported	procedure.94	Flat,	featureless	stamps	

were	obtained	and	cut	into	strips	approximately	8	mm	wide,	76	mm	long,	and	4	mm	thick.		

 Polarizing	Microscopy	and	Image	Analysis		

	 An	Olympus	BX51-P	polarizing	microscope	and	CCD	camera	(Center	Valley,	PA)	were	

used	throughout	this	work	to	record	the	transmittances	and	optical	textures	of	LC	cells	as	

8-bit	 grayscale	 images.	 The	 transmittance	 of	 a	 LC	 cell	 was	 computed	 using	 the	 average	

intensity	of	all	pixels	within	an	image	(1600	×	1200	pixels).	Variations	in	the	transmittance	

within	the	microscope	 field	of	view	were	quantified	using	the	standard	deviation	of	pixel	

intensities.	Reported	transmittance	values	reflect	aggregated	analyses	of	multiple	cells	and	

multiple	locations	within	each	cell.	Automated	routines	facilitated	image	processing.		

 Alignment	Layer	Preparation	

	 Eagle	XG	glass	(Corning	Display	Technologies,	Corning,	NY),	1.1	mm	thick,	was	used	

throughout	this	work.	Glass	used	in	anchoring	energy	measurements	had	lateral	dimensions	

of	 76	mm	 ×	 25	mm,	while	 pieces	 intended	 for	 transmittance	measurements	were	 cut	 to	

approximately	19	mm	×	25	mm.		

A.D.4.a. Substrate	Cleaning	

	 Glass	substrates	were	cleaned	through	sequential	rinsing	and	ultrasonication	steps	
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(>20	min)	in	ethanol,	DI	water,	and	concentrated	potassium	hydroxide	solution.	Afterward,	

the	glass	was	rinsed	in	DI	water	and	then	immersed	in	piranha	solution	(3:1	H2SO4/H2O2)	

for	∼1	h	before	a	final	rinse	in	DI	water	and	being	blown	dry	with	nitrogen	gas.		

A.D.4.b. Oblique	Metal	Deposition	

	 Cleaned	glass	substrates	were	loaded	into	the	vacuum	chamber	of	an	electron	beam	

metal	evaporator	(Kurt	J.	Lesker	Company,	Jefferson	Hills,	PA)	immediately	after	drying	and	

held	at	a	base	pressure	of	∼1	×	10−7	Torr.	The	substrates	were	mounted	with	fixed	positions	

and	orientations	within	the	chamber	such	that	their	surface	normal	was	inclined	at	an	angle	

of	50°	away	from	the	metal	source.	Semitransparent	gold	films	(10	nm)	were	deposited	on	

top	of	chromium	adhesion	layers	(2	nm)	at	rates	of	∼0.5	Å/s.	Nominal	film	thicknesses	were	

measured	 using	 a	 quartz	 crystal	microbalance	 orientated	 toward	 the	metal	 source,	 thus	

overestimating	the	amount	of	metal	adsorbed	on	the	glass	by	a	factor	of	sec	(50°)	≈	1.6.	Due	

to	the	finite	sizes	of	the	glass	substrates	and	their	positions	relative	to	the	metal	source,	a	

deviation	of	<6°	from	the	intended	deposition	angle	is	expected	for	gold	films	deposited	in	

the	same	batch.		

A.D.4.c. Self-Assembled	Monolayer	Preparation	

	 Self-assembled	monolayers	were	formed	on	obliquely	deposited	Au/glass	substrates	

from	1	mM	ethanolic	solutions	of	the	desired	adsorbate:	O1,	O9,	M1,	M9,	1O2,	9O12,	C11,	or	

C18.	 In	 the	 cases	 of	 1O2	 and	 9O12,	 1:2	carboranedithiol/NaOH	 equivalent	 solutions	 in	

ethanol	were	used	to	promote	divalent	adsorption	on	the	gold	surface.65	Immediately	prior	

to	SAM	deposition,	Au/glass	substrates	were	exposed	to	an	oxygen	plasma	(Harrick	Plasma,	

Ithaca,	NY)	for	40	s	in	order	to	remove	adventitious	organic	adsorbates.	Substrates	intended	
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for	 use	 in	 transmittance	 measurements	 were	 immersed	 in	 solutions	 of	 the	 desired	

carboranethiol	 or	 -dithiol	 isomer	 for	 12−18	h.	 Afterward,	 the	 uniformly	 functionalized	

surfaces	were	rinsed	in	copious	amounts	of	ethanol	and	then	blown	dry	with	nitrogen	gas.	

By	contrast,	soft	lithography	was	employed	to	create	two	adjacent,	spatially	separated,	SAMs	

on	substrates	used	in	anchoring	energy	measurements.	A	polymeric	stamp	was	soaked	in	a	

solution	of	either	C11	or	C18	“ink”	for	at	least	20	min,	then	rinsed	with	ethanol	and	blown	

dry	with	 nitrogen	 gas.	 The	 inked	 stamp	was	 placed	 into	 conformal	 contact	with	 a	 clean	

Au/glass	surface	for	10	min.	This	stamping	resulted	in	the	formation	of	an	alkanethiol	SAM	

over	about	one-third	of	the	alignment	surface	(conformal	contact	area).	The	surface	was	then	

immersed	into	a	solution	of	the	carboranethiol	or	-dithiol	under	investigation	for	60	min	in	

order	 to	 functionalize	 the	 remaining	 bare	 surface.	 Finally,	 the	 surface	 was	 rinsed	 with	

ethanol	and	blown	dry	with	nitrogen	gas.	Observing	the	distinct	wetting	behavior	of	ethanol	

over	 the	 two	 SAM	 regions,	 possessing	 either	 nonpolar	 (aliphatic)	 or	 polar	 (carborane)	

moieties,	confirmed	the	bifunctional	character	of	the	surface.		

 Liquid	Crystal	Cell	Assembly	

	 All	 LC	 cells	 were	 assembled	 (vide	 infra)	 immediately	 following	 alignment	 layer	

preparation	and	their	cavities	filled	with	either	5CB	or	MBBA	via	capillary	action.	To	prevent	

flow-induced	 LC	 alignment,	 the	 alignment	 layers	 and	mesogens	were	 heated	 to	 5−10	°C	

above	the	mesogen’s	clearing	temperature	during	filling.	Afterward,	the	cells	were	allowed	

to	cool	to	room	temperature	(∼20	°C)	and	permanently	sealed	using	cyanoacrylate	adhesive	

(Henkel,	Westlake,	OH).		
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A.D.5.a. Transmittance	Cells	

	 Transmittance	cells	were	assembled	using	plastic	spacers	(30	μm	thick)	to	separate	

the	matching	functionalized	gold	surfaces	of	two	alignment	layers.	Alignment	layers	were	

paired	such	that	their	gold	deposition	axes	were	either	parallel	or	crossed	at	angles	of	∼90°,	

producing	 cells	with	untwisted	or	 twisted	nematic	 structures,	 respectively.	Copper	wires	

were	affixed	to	the	outermost	edges	of	both	gold	surfaces	using	conductive	carbon	glue	(Ted	

Pella,	 Redding,	 CA),	 enabling	 manipulation	 of	 LC	 orientations	 by	 applied	 electric	 fields	

(potentials).		

A.D.5.b. Anchoring	Orientation	Cells	

	 The	 alignment	 layers	 of	 cells	 used	 to	 determine	 the	 in-plane	 LC	 anchoring	

orientations	 were	 prepared	 identically	 to	 those	 used	 in	 transmittance	 measurements.	

However,	in	contrast	to	transmittance	cells,	anchoring	orientation	cells	were	constructed	as	

wedges	with	a	spacer	separating	the	alignment	layers	at	only	one	end.	In	this	configuration,	

the	 thickness	 of	 the	 cavity	 between	 the	 alignment	 layers	 varied	 linearly	 along	 the	 cell’s	

longitudinal	axis,	independent	of	the	transverse	position.	Only	untwisted	nematic	cells,	with	

parallel	anisotropy	axes,	were	used	to	determine	anchoring	orientations.		

A.D.5.c. Anchoring	Energy	Cells	

	 Adopting	the	design	described	by	Abbott	and	co-workers,78,79	anchoring	energy	cells	

were	 constructed	with	 the	wedge	 cell	 geometry	 described	 previously	 and	 engineered	 to	

contain	three	nematic	regions.	Alignment	layers	were	arranged	with	crossed	gold	deposition	

axes,	 oriented	 along	 the	 longitudinal	 and	 transverse	 cell	 axes,	 and	 with	 matched	 and	

mismatched	overlapping	SAM	regions,	as	illustrated	in	Figure	A.2D.	As	such,	the	azimuthal	
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director	orientation	was	induced	to	twist	by	∼90°	in	the	central	region,	whereas	the	regions	

on	either	side	exhibited	untwisted,	uniaxial	LC	alignment	(90°	apart)	through	the	bulk	of	the	

cell.	To	prevent	flexing	of	the	alignment	layers	during	assembly,	custom-built	jigs	were	used	

to	 ensure	 uniform	 compression.	 Flexing	 was	 not	 observed	 to	 pose	 a	 problem	 when	

constructing	other,	comparatively	shorter,	types	of	LC	cells.		

 Transmittance	Measurements	

	 Transmittance	cells	were	examined	between	the	crossed	polarizers	of	a	polarizing	

optical	microscope	while	 illuminated	with	white	 light.	 The	 optical	 axes	 of	 the	 cells	were	

aligned	 initially	 with	 either	 of	 the	 microscope’s	 polarizing	 axes,	 thus	 minimizing	

(maximizing)	 the	relative	 intensity	of	 light	 transmitted	through	cells	constructed	with	no	

twist	(90°	twist)	in	their	nematic	directors.	The	transmittance	was	measured	at	5°	intervals	

over	 one	 complete	 rotation	 of	 a	 cell.	This	 process	was	 repeated	 three	 times,	 in	 different	

regions	(1.2	mm	×	0.9	mm	field	of	view),	for	each	cell	measured.	Afterward,	the	orientation	

of	the	cell	was	fixed	and	its	transmittance	measured	as	a	sinusoidally	varying	voltage	was	

applied	between	the	alignment	layers	(3.0	mm	×	2.2	mm	field	of	view).		

 Anchoring	Orientation	Determination	

	 Anchoring	orientation	cells	were	illuminated	with	monochromatic	light	polarized	45°	

from	their	optical	axes.	When	viewed	through	an	analyzer	crossed	90°	from	the	polarization	

of	 the	 incoming	 light,	 a	 series	of	bright	and	dark	 fringes	were	observed,	 as	 illustrated	 in	

Figure	A.5.	These	 fringes	were	a	consequence	of	differences	 in	 the	optical	retardation	of	

light	transmitted	through	the	birefringent,	LC,	wedges.	Wave	plates	(RealD,	Beverly	Hills,	CA,	

and	Edmund	Optics,	Barrington,	NJ)	were	inserted	between	the	polarizers,	in	series	with	the	

cells,	to	alter	this	retardation	by	fixed	amounts.	Changes	in	the	fringe	positions	due	to	the	
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wave	plates	were	tracked	within	viewing	areas	of	about	6.0	mm	×	4.5	mm.		

 Anchoring	Energy	Measurements	

	 Azimuthal	 anchoring	 energies	 were	 measured	 using	 a	 similar	 procedure	 to	 that	

reported	by	Abbott	and	co-workers.79	The	LC	alignment	directions	and	twist	angles	were	

determined	using	automated	routines	to	fit	the	observed	rotation−transmittance	spectra	in	

each	of	the	cells’	three	nematic	regions	(590	μm	×	440	μm	field	of	view)	to	their	expected	

trigonometric	 responses.	 Estimates	 of	 local	 wedge	 cavity	 thicknesses	 were	 made	 by	

comparing	 the	 observed	 color	 of	 cells	 illuminated	 with	 white	 light	 to	 a	 Michel−Lev́y	

interference	 color	 chart.80	 These	 estimates	 were	 refined	 using	 the	 positions	 of	 the	

transmission	 fringes	 made	 visible	 by	 illuminating	 the	 cells	 with	 monochromatic	 light.	

Transmittance	minima	and	maxima	bands	acted	as	internal	graduations	corresponding	to	

known	 cavity	 thicknesses.	 Reported	 anchoring	 energies	 represent	 an	 average	 of	 all	

measurements	weighted	 by	 their	 respective	measurement	 uncertainties	 (see	 Supporting	

Information).		

 Density	Functional	Theory	Calculations	

	 The	 six	 carboranethiol	 isomers	 used	 in	 this	 work	 were	 analyzed	 using	 density	

functional	 theory.	 Optimized	 molecular	 structures,	 dipole	 moments,	 and	 polarizabilities	

were	 computed	 at	 the	 M062X	 level	 of	 theory	 using	 the	 6-311G**	 basis	 set	 with	 the	

Gaussian	09	software	package	(Gaussian,	Wallingford,	CT).95,96	
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 Appendix	

 Physical	Properties	of	Liquid	Crystals	

	 Relevant	physical	properties	of	the	liquid	crystals	(LCs)	used	in	this	work,	5CB	and	

MBBA,	are	summarized	in	Table	A.2.		

	

	

	

	

	

Table	A.2. Physical	 properties	 of	 5CBa	 and	 MBBAb	 liquid	 crystals.	
a4-cyano-4′-pentylbiphenyl	(5CB).	bN-(4-methoxybenzylidene)-4-butylaniline	(MBBA).	cThe	
values	 of	 these	 properties	 depend	 on	 the	 specific	 measurement	 conditions	 (e.g.,	
temperature,	optical	wavelength,	and	chemical	purity).	Here,	we	report	values	applicable	to	
this	work.	dSee	Refs.	79,97–99.	eSee	Refs.	56,77,100.	fBirefringence	(Δn),	calculated	as	the	difference	
in	the	indices	of	refraction	of	light	polarized	along	the	mesogen’s	extraordinary	and	ordinary	
axes.	 gDielectric	 anisotropy	 (Δε),	 calculated	 as	 the	 difference	 in	 the	mesogen’s	 dielectric	
constant	parallel	and	perpendicular	 to	 the	director.	 hMesogen	twist	elastic	constant	(K22).	
iTransition	 temperature	 (TNI)	 between	 the	 nematic	 and	 isotropic	 phases.	 jPermanent	
molecular	 dipole	 moment	 (μ)	 of	 the	 mesogen.	 The	 dipole	 moment	 of	 5CB	 lies	 along	 its	
molecular	axis,	whereas	the	dipole	moment	of	MBBA	is	directed	primarily	perpendicular	to	
its	long	axis.	

 MBBA	Cell	Rotation–Transmittance	Spectra	

	 Figure	A.7	 shows	the	modulation	 in	the	 intensity	of	 the	 light	 transmitted	through	

MBBA	 cells	 as	 they	 were	 rotated	 between	 crossed	 polarizers	 (Figure	 A.2B).	 Alignment	

layers	 treated	with	M9,	M1,	O9,	O1,	and	9O12	SAMs	 induced	uniaxial	planar	alignment	 in	

MBBA	 cells,	 as	 indicated	 by	 the	 four-fold	 symmetry	 of	 their	 transmittance	 spectra.	 Cells	

constructed	without	a	 twist	 in	 their	nematic	directors	vary	 from	nearly	extinguishing	all	

transmitted	light	to	transmitting	~50%.	By	contrast,	cells	that	possess	a	90°	twist	in	their	

Propertyc	 Liquid	Crystals	

5CBd	 MBBAe	

Δnf	 0.1873	 0.184	

Δεg	 +11.5	 -0.5	

K22	(pN)h	 4.22	 4.0	

TNI	(°C)i	 35	 47	

µ	(D)j	 5.1	 2.2	
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directors	have	transmittances	varying	from	~50%	to	nearly	100%,	due	to	the	rotation	of	the	

polarization	of	the	transmitted	light	as	it	traverses	the	cell.	

	

Figure	A.7. Optical	 transmittances	 (indicated	 by	 the	 radial	 distance	 from	 the	 origin,	 in	
arbitrary	units)	of	liquid	crystal	(LC)	cells	rotated	between	crossed	polarizers.	Alignment	
layers	 were	 prepared	 with	 matching	 self-assembled	 monolayers	 of	 m-9-carboranethiol	
(M9),	 m-1-carboranethiol	 (M1),	 o-9-carboranethiol	 (O9),	 o-1-carboranethiol	 (O1),	 and	
o-9,12-carboranedithiol	(9O12),	as	indicated.	At	these	surfaces,	uniaxial,	planar	alignment	
was	manifest	in	N-(4-methoxybenzylidene)-4-butylaniline	(MBBA)	LCs,	as	evidenced	by	the	
variations	 in	 optical	 transmittance	 possessing	 four-fold	 rotational	 symmetry.	 Cells	 were	
constructed	with	 0°	 or	 90°	 angles	 between	 their	 alignment	 layers’	 gold	 deposition	 axes,	
producing	untwisted	(red)	or	twisted	(blue)	nematic	structures,	respectively.	Initially,	one	
or	both	of	a	cell’s	gold	deposition	axes	were	aligned	with	the	polarizer	axis,	defined	to	be	at	
0°.	Rotation	angles	were	measured	with	respect	to	this	reference	orientation,	incremented	
in	5°	steps.	Reported	spectra	are	averages	of	analyses	performed	on	separate	LC	cells,	each	
consisting	 of	 three	 measured	 regions,	 where	 the	 radial	 line	 widths	 indicate	 the	 data’s	
standard	deviation.	Spectra	are	scaled	such	that	their	respective	transmittance	maxima	are	
equal;	in	actuality,	the	maximum	transmittance	of	an	untwisted	nematic	cell	nearly	equals	
the	minimum	transmittance	of	a	cell	with	a	90°	twist	in	its	director.		
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 MBBA	Cell	Voltage–Transmittance	Spectra	

	 Applying	a	potential	difference	between	the	alignment	 layers	generates	an	electric	

field	 that	 can	 distort	 the	 LC	 alignment.	Mesogens	with	 negative	 Δε	adopt	 an	 orientation	

perpendicular	 to	 the	 applied	 field.	 In	 the	 case	 of	 MBBA,	 such	 fields	 would	 induce	 (or	

reinforce)	planar	alignment,	parallel	to	the	surface.	Any	reorientation	of	the	mesogens	upon	

the	application	of	an	electric	potential	(VAC	≤	7	V)	would	alter	the	transmittances	of	LC	cells	

viewed	between	crossed	polarizers.	As	seen	in	Figure	A.8,	transmittance	of	cells	containing	

MBBA	 remain	 constant,	 indicating	 prior	 planar	 alignment	 of	 the	 mesogens	 and	 no	

subsequent	reorientation.		

	

Figure	A.8. Normalized	 optical	 transmittances	 of	 electrically	 modulated	 liquid	 crystal	
(LC)	 cells	 viewed	 between	 crossed	 polarizers.	 Alignment	 layers	 were	 prepared	 with	
matching	self-	assembled	monolayers	of	m-1-carboranethiol	(M1),	which	induced	uniaxial	
planar	 alignment	 in	 N-(4-methoxybenzylidene)-4-butylaniline	 (MBBA)	 LCs.	 Cells	 were	
constructed	with	 0°	 or	 90°	 angles	 between	 their	 alignment	 layers’	 gold	 deposition	 axes,	
producing	 untwisted	 (red)	 or	 twisted	 (blue)	 nematic	 structures,	 respectively.	 Cells	were	
positioned	 between	 crossed	 polarizers	 such	 that	 their	 zero-voltage	 optical	 transmittance	
was	maximized	 (minimized)	 for	 twisted	 (untwisted)	 nematic	 structures.	 Subsequently,	 a	
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sinusoidally	varying	(1	kHz)	voltage	was	applied	between	the	alignment	layers.	Root-mean-
square	 voltages,	 varied	 in	 0.1	V	 steps,	 are	 indicated	 along	 the	 horizontal	 axes.	 Reported	
spectra	are	averages	(black	lines)	of	analyses	performed	on	=	3	separate	LC	cells,	of	each	
type,	where	the	vertical	widths	of	the	surrounding	blue	outlines	indicate	the	data’s	standard	
deviation.	No	changes	in	the	transmittance	spectra	were	observed	with	increasing	voltage,	
indicating	that	the	MBBA	mesogens	did	not	reorient	as	a	result	of	the	applied	electric	field.		

 MBBA	Anchoring	Orientation	Cells	

	 Anchoring	orientation	wedge	cells	were	used	to	determine	the	in-plane	orientation	

of	MBBA	LCs	relative	to	Au#####⃑ :	parallel	or	perpendicular.	As	shown	in	Figure	A.9,	the	fringes	

observed	in	cells	made	using	M1,	M9,	and	O1	shift	toward	the	thinner	ends	of	the	wedges	

with	increased	optical	retardation	along	the	gold	deposition	axis,	indicating	that	the	MBBA	

nematic	director	is	aligned	parallel	to	Au#####⃑ .	By	contrast,	cells	made	with	O9	and	9O12	exhibited	

planar	alignment	of	MBBA	perpendicular	to	Au#####⃑ ,	as	evident	from	the	observed	fringe	shifts	

toward	the	thicker	ends	of	the	wedges.	As	such,	the	orientations	of	the	MBBA	director	match	

those	of	5CB	on	alignment	layers	treated	with	M1,	O1,	O9,	and	9O12	SAMs.	However,	in	the	

case	 of	M9	 SAMs,	 5CB	 and	MBBA	 LCs	were	 observed	 to	 align	 along	 opposite	 directions,	

planar	 alignment	 perpendicular	 and	 parallel	 to	 Au#####⃑ ,	 respectively.	 We	 attribute	 this	

discrepancy	to	relatively	weak	interactions	of	the	M9	molecular	dipole	moment	with	MBBA	

mesogens,	 in	 comparison	 to	 those	 of	 other	 carboranethiol	 isomers,	 and	 other	 factors	

contributing	 to	 LC	 alignment	 that	 are	 always	 present	 in	 each	 cell,	 though	 presumed	

consistent.		
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Figure	A.9. Transmission	 fringes	 observed	 in	 liquid	 crystal	 (LC)	 wedge	 cells	 viewed	
between	 crossed	 polarizers	 while	 illuminated	 with	 monochromatic	 light	 (wavelength	
λ	=	531	nm).	 Alignment	 layers	 prepared	 with	 matching	 self-assembled	 monolayers	 of	
m-1-carboranethiol	 (M1),	 m-9-carboranethiol	 (M9),	 o-1-carboranethiol	 (O1),	
o-9-carboranethiol	(O9),	and	o-9,12-carboranedithiol	(9O12),	as	indicated,	induced	uniaxial	
planar	 alignment	 of	N-(4-methoxybenzylidene)-4-butylaniline	 (MBBA)	 LCs.	 Wave	 plates	
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inserted	between	the	polarizers	modified	the	optical	retardation	of	light	transmitted	through	
the	cells	by	fixed	amounts	(ΓWP).	Here,	positive	(negative)	values	of	ΓWP	signify	that	a	wave	
plate’s	optically	slow	axis	was	aligned	parallel	(perpendicular)	to	a	cell’s	gold	evaporation	
direction	 (Au#####⃑ ).	 Arrows	 and	 dashed	 lines	 track	 transmittance	 maxima	 of	 constant	 order	
within	4.8	mm	x	0.5	µm	field	of	view.	Fringes	in	cells	containing	M1,	M9,	and	O1	monolayers	
were	observed	to	shift	toward	the	thinner	ends	of	the	wedges	with	increasing	ΓWP	(blue),	
indicating	 that	 their	 nematic	 directors	were	 oriented	 parallel	 to	Au#####⃑ .	 By	 contrast,	 fringes	
shifted	 toward	 the	 thicker	 ends	 of	 wedges	 containing	 O9	 and	 9O12	 monolayers	 (red),	
indicating	director	alignment	perpendicular	to	Au#####⃑ .	
	

 5CB	Cell	Voltage–Transmittance	Spectra	

	 Figure	A.10	 depicts	 the	 normalized	optical	 transmittances	of	 untwisted	 5CB	 cells	

modulated	by	an	electric	field.	The	scaling	applied	to	these	spectra	exaggerates	the	apparent	

variations	in	the	measured	transmittances.	Comparing	absolute	transmittances,	the	change	

observed	in	untwisted	5CB	cells	is	only	about	10%	of	that	seen	in	5CB	cells	with	90°	twists	

in	their	directors	(Figure	A.4).	The	observed	transmittance	variations	in	these	cells	is	similar	

to	those	expected	from	untwisted	5CB	cells	using	other	LC	alignment	techniques	(e.g.,	rubbed	

polyimide).		
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Figure	A.10. Normalized	 optical	 transmittances	 of	 electrically	 modulated	 liquid	 crystal	
(LC)	 cells	 viewed	 between	 crossed	 polarizers.	 Alignment	 layers	 were	 prepared	 with	
matching	self-	assembled	monolayers	of	m-9-carboranethiol	(M9),	m-1-carboranethiol	(M1),	
o-9-carboranethiol	 (O9),	o-1-carboranethiol	 (O1),	o-9,12-carboranedithiol	 (9O12),	 and	o-
1,2-carboranedithiol	(1O2),	as	indicated.	These	surfaces	induced	uniaxial	planar	alignment	
in	4-cyano-4′-pentylbiphenyl	(5CB)	LCs.	Cells	were	constructed	with	parallel	gold	deposition	
axes,	 producing	 untwisted	 nematic	 structures,	 and	 were	 positioned	 between	 crossed	
polarizers	such	that	their	zero-voltage	optical	transmittance	was	minimized.	Subsequently,	
a	sinusoidally	varying	(1	kHz)	voltage	was	applied	between	the	alignment	layers	in	order	to	
distort	 the	LC	director	away	from	the	surface.	Root-mean-square	voltages,	varied	 in	0.1	V	
steps,	are	indicated	along	the	horizontal	axes.	Reported	spectra	are	averages	(black	lines)	of	
analyses	performed	on	n	separate	LC	cells,	where	the	vertical	widths	of	the	surrounding	red	
outlines	indicate	the	data’s	standard	deviation.	

 Azimuthal	Anchoring	Energy	

	 Azimuthal	anchoring	energies	of	5CB	aligned	by	SAMs	composed	of	M1,	O9,	O1,	and	

9O12	isomers	were	measured	using	the	torque	balanced	method	described	by	Abbott	and	

 

 

S6 

Fringes in cells containing M1, M9, and O1 monolayers were observed to shift toward the 
thinner ends of the wedges with increasing ΓWP (blue), indicating that their nematic directors 
were oriented parallel to 𝐀𝐀𝐀𝐀. By contrast, fringes shifted toward the thicker ends of wedges 
containing O9 and 9O12 monolayers (red), indicating director alignment perpendicular to 𝐀𝐀𝐀𝐀. 

5CB Cell Voltage–Transmittance Spectra. 

Figure S4 depicts the normalized optical transmittances of untwisted 5CB cells 
modulated by an electric field. The scaling applied to these spectra exaggerates the apparent 
variations in the measured transmittances. Comparing absolute transmittances, the change 
observed in untwisted 5CB cells is only about 10% of that seen in 5CB cells with 90° twists in 
their directors (Figure 4). The observed transmittance variations in these cells is similar to those 
expected from untwisted 5CB cells using other LC alignment techniques (e.g., rubbed 
polyimide). 

 
Figure S4. Normalized optical transmittances of electrically modulated liquid crystal (LC) cells 
viewed between crossed polarizers. Alignment layers were prepared with matching self-
assembled monolayers of m-9-carboranethiol (M9), m-1-carboranethiol (M1), o-9-carboranethiol 
(O9), o-1-carboranethiol (O1), o-9,12-carboranedithiol (9O12), and o-1,2-carboranedithiol 
(1O2), as indicated. These surfaces induced uniaxial planar alignment in 
4-cyano-4′-pentylbiphenyl (5CB) LCs. Cells were constructed with parallel gold deposition axes, 
producing untwisted nematic structures, and were positioned between crossed polarizers such 
that their zero-voltage optical transmittance was minimized. Subsequently, a sinusoidally varying 
(1 kHz) voltage was applied between the alignment layers in order to distort the LC director 
away from the surface. Root-mean-square voltages, varied in 0.1 V steps, are indicated along the 
horizontal axes. Reported spectra are averages (black lines) of analyses performed on 𝑛𝑛 separate 
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coworkers.79	Here,	we	summarize	the	methods	used	to	determine	the	parameters	d,	φ,	and	

Ψ	in	Eq.	2.	All	measurements	were	made	on	anchoring	energy	wedge	cells	(Figure	A.2D)	

viewed	between	crossed	polarizers.	Wedge	thicknesses	(d)	were	estimated	by	comparing	

the	observed	 (transmitted)	 color	of	 the	 cells,	 illuminated	with	white	 light	polarized	±45°	

from	their	optical	axes,	to	a	Michel-Lévy	interference	color	chart,80	and	then	refined	using	

Eq.	1	and	the	positions	of	the	transmission	fringes	made	visible	using	monochromatic	light	

(λ	=	531	nm).		

	 We	 calculated	 φ	 and	 Ψ	 using	 the	 values	 of	 δ	 and	 γ	 (Figure	 A.11),	 which	 were	

determined	 by	 monitoring	 the	 transmission	 of	 light	 through	 each	 of	 the	 three	 nematic	

regions	 within	 an	 anchoring	 energy	 cell.	 The	 easy	 alignment	 axis	 of	 the	 bottom	

carboranethiol	alignment	layer	(η0-bottom)	was	found	by	rotating	the	cell	with	respect	to	

crossed	 polarizers	 while	 examining	 an	 untwisted	 nematic	 region.	 There,	 transmission	

minima	occur	when	η0-bottom	coincides	with	either	of	the	polarizer	or	analyzer	axes.	After	

aligning	η0-bottom	with	the	polarizer,	the	easy	axis	of	the	top	carboranethiol	alignment	layer	

(η0-top)	was	identified	by	rotating	the	analyzer	with	respect	the	fixed	cell	until	the	intensity	

of	light	transmitted	through	the	second	untwisted	nematic	region	was	minimized.	In	doing	

so,	the	analyzer	was	aligned	perpendicular	to	η0-top.	The	relative	angle	formed	between	the	

polarizer	 and	 analyzer	 axes	 equaled	 δ.	 Finally,	 the	 optical	 transmittance	 in	 the	 central,	

twisted	nematic,	region	was	minimized	by,	again,	rotating	the	analyzer	while	keeping	the	cell	

orientation	 fixed.	 In	 this	 configuration,	 the	 analyzer	 was	 orthogonal	 to	 the	 equilibrium	

orientation	 of	 the	 director	 anchored	 by	 the	 top	 alignment	 layer	 (ηd-top),	 and	 the	 angle	

formed	between	the	analyzer	and	polarizer	axes	equaled	γ.		
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Figure	A.11. Schematic	 illustrating	 the	 angles	used	 to	 compute	 the	 azimuthal	 anchoring	
energy.	Orientations	of	the	polarizer	and	analyzer	are	denoted	by	P	and	A,	respectively.	Easy	
alignment	axes	are	indicated	for	the	top	(η0-top)	and	bottom	(η0-bottom)	alignment	layers,	
while	 ηd-top	 and	 ηd-bottom	 indicate	 the	 equilibrium	director	 orientations	 at	 the	 top	 and	
bottom	 alignment	 surfaces,	 respectively,	 as	 a	 result	 the	 opposing	 torques	 acting	 on	 the	
twisted	nematic.	The	angle	by	which	the	azimuthal	orientation	of	the	director	deviates	from	
the	easy	axes	is	denoted	by	φ,	whereas	Ψ	is	the	twist	in	the	LC	director	between	the	top	and	
bottom	 alignment	 surfaces.	 Figure	 adapted	with	 permission	 from	Ref.	79.	 Copyright	 2006	
American	Chemical	Society.		

	 Once	δ	and	γ	were	determined,	the	angle	(φ)	by	which	the	azimuthal	orientation	of	

the	director	departs	from	the	easy	alignment	axes	and	the	angular	twist	(Ψ)	of	the	director	

through	the	cell’s	thickness	were	found	using	the	equations:		

φ	=	δ−(γ−90°)	

Ψ=2γ−90°	−δ	

The	anchoring	energies	reported	in	Table	1	represent	a	weighted	average	of	measurements	

made	on	multiple	cells	(at	least	four	of	a	given	isomer)	σ	and	multiple	areas	within	each	cell	

(up	to	10).	We	computed	the	uncertainties	(σ)	of	d,	φ,	and	Ψ	using	the	following	equations:		
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VE =
VW
∆(
	

VI = XVY
A + VZA	

VD = XVY
A + (2VZ)A	

The	partial	derivatives	of	>?@ 	were	found	with	respect	to	φ,	Ψ,	and	d,	as	shown	below:	

[>?@
[\] = 2 ÂA

*_P((2`)] 	

[>?@
[`] = −4 ÂA\

*cd((2`)_P((2`)] 	

[>?@
[*] = −2 ÂA\

*A_P((2`)e 	

These	quantities	evaluated	using	the	parameters	of	each	measurement,	were	then	used	to	

compute	the	compute	the	uncertainty	in	>?@ 	(Vf?@):		

σhij = kl∂Wop
∂Ψ] 	x	σrs

A
+ l∂Wop

∂φ] 	x	σus
A
+ l∂Wop

∂d] 	x	σws
A
	

The	 weighted	 average	 of	>?@ 	and	Vxyz 	were	 calculated	 for	 i	 independent	 measurements	

using:		

Weighted	Average	>?@ =

∑
>?@Ç
VxyzÇ
AN

∑ 1
VxyzÇ
AN

É 	

Weighted	Average	Vxyz =
1

k∑
1

VxyzÇ
AN

Ñ
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Table	A.3. Azimuthal	anchoring	energy	(>?@)	of	4-cyano-4′-pentylbiphenyl	(5CB)	liquid	
crystals	in	cells	prepared	with	m-1-carboranethiol	(M1)	SAMs.	

M1	 Γ	(nm)a	 δ	(˚)b	 γ	(˚)c	 JKL	(µJ∙m-2)	

Sample	1	 Spot	1	 1590	 86.1	 1.6	 24	±	3	

Spot	2	 2120	 86.2	 0.8	 21	±	3	

Sample	2	

Spot	1	 800	 89.2	 1.7	 160	±	30	

Spot	2	 1060	 89.0	 1.2	 90	±	30	

Spot	3	 1330	 81.8	 5.5	 11	±	1	

Spot	4	 1590	 88.6	 1.3	 49	±	13	

Spot	5	 1860	 88.4	 1.4	 37	±	9	

Spot	6	 2120	 88.5	 0.9	 41	±	12	

Sample	3	 Spot	1	 1860	 88.0	 1.3	 35	±	8	

Spot	2	 2120	 87.7	 2.8	 19	±	3	

Sample	4	
	

Spot	1	 800	 89.1	 1.5	 110	±	30	

Spot	2	 1060	 89.4	 1.3	 110	±	40	

Spot	3	 1330	 89.6	 1.0	 120	±	60	

Spot	4	 1590	 89.8	 1.1	 110	±	60	

Spot	5	 1860	 89.8	 0.6	 150	±	140	

Spot	6	 2120	 89.7	 0.9	 85	±	51	

Spot	7	 2390	 89.9	 0.4	 180	±	270	

Sample	5	

Spot	1	 800	 86.3	 2.0	 46	±	6	

Spot	2	 1060	 85.0	 3.3	 24	±	2	

Spot	3	 1330	 86.0	 2.7	 24	±	3	

Spot	4	 1590	 85.6	 2.9	 18	±	2	

Spot	5	 1860	 85.5	 2.3	 16	±	2	

Spot	6	 2120	 85.5	 3.0	 13	±	1	

Spot	7	 2390	 86.2	 2.2	 15	±	2	

Spot	8	 2660	 85.7	 2.6	 11	±	1	

Spot	9	 2920	 85.9	 2.3	 11	±	1	

Spot	10	 3190	 86.3	 1.9	 12	±	2	
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Sample	6	

Spot	1	 1330	 88.9	 0.8	 85	±	32	

Spot	2	 1590	 88.6	 0.9	 58	±	18	

Spot	3	 1860	 88.6	 0.4	 65	±	26	

Spot	4	 2120	 88.0	 0.0	 49	±	17	

Spot	5	 2390	 88.0	 0.7	 32	±	9	

Spot	6	 2660	 88.2	 0.1	 43	±	17	

Spot	7	 2920	 88.5	 0.1	 45	±	20	

Sample	7	 Spot	1	 1330	 86.7	 2.7	 26	±	3	

Spot	2	 1590	 85.8	 3.4	 17	±	2	

Weighted	Average	(n	=	36)	 14.3	±	0.4	
	

aRetardation	 (Γ)	 between	 ordinary	 and	 extraordinary	 waves	 traversing	 the	 cell.	 All	
retardation	 values	 are	 assumed	 to	 have	 a	measurement	 uncertainty	 of	σÖ = 50	nm.	 bThe	
angle	(δ)	formed	between	the	alignment	layers’	easy	axes.	cThe	relative	angle	(γ)	between	
the	polarizer	and	analyzer.	The	measurement	uncertainty	in	the	measured	angles	(δ	and	γ)	
are	σá = σà = 0.5˚.	

Table	A.4. Azimuthal	anchoring	energy	(>?@)	of	4-cyano-4′-pentylbiphenyl	(5CB)	liquid	
crystals	in	cells	prepared	with	o-1-carboranethiol	(O1)	SAMs.	

O1	 Γ	(nm)a	 δ	(˚)b	 γ	(˚)c	 JKL	(µJ∙m-2)	

Sample	1	

Spot	1	 1060	 84.7	 3.5	 22	±	2	

Spot	2	 1330	 83.1	 4.3	 14	±	1	

Spot	3	 1590	 84.8	 2.9	 16	±	2	

Spot	4	 1860	 85.3	 2.5	 16	±	2	

Spot	5	 2120	 85.4	 2.2	 14	±	2	

Sample	2	

Spot	1	 800	 87.0	 2.1	 51	±	8	

Spot	2	 1060	 86.7	 3.4	 29	±	3	

Spot	3	 1330	 86.9	 3.2	 25	±	3	

Spot	4	 1590	 86.9	 2.5	 24	±	3	

Spot	5	 1860	 87.5	 1.6	 27	±	5	

Spot	6	 2120	 87.2	 0.1	 35	±	9	
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Sample	3	

Spot	1	 1330	 88.3	 3.5	 30	±	4	

Spot	2	 1590	 88.1	 1.1	 45	±	11	

Spot	3	 1860	 88.7	 2.4	 30	±	6	

Spot	4	 2120	 88.6	 2.7	 24	±	4	

Spot	5	 2390	 89.4	 2.3	 30	±	7	

Spot	6	 2660	 89.0	 2.0	 27	±	6	

Sample	4	

Spot	1	 2920	 88.2	 1.7	 20	±	4	

Spot	2	 3190	 88.0	 1.4	 19	±	4	

Spot	3	 3450	 87.4	 1.1	 17	±	3	

Sample	5	

Spot	1	 530	 81.9	 0.5	 46	±	6	

Spot	2	 800	 85.3	 4.8	 27	±	2	

Spot	3	 1330	 85.4	 4.3	 17	±	2	

Spot	4	 1590	 85.4	 2.3	 19	±	2	

Spot	5	 1860	 86.3	 2.5	 18	±	2	

Spot	6	 2120	 85.7	 3.7	 12	±	1	

Spot	7	 2390	 86.6	 3.0	 14	±	2	

Spot	8	 2660	 86.8	 2.6	 13	±	2	

Sample	6	

Spot	1	 1060	 85.7	 3.7	 24	±	2	

Spot	2	 1330	 86.0	 3.5	 21	±	2	

Spot	3	 1590	 86.0	 2.8	 19	±	2	

Spot	4	 1860	 86.6	 1.9	 21	±	3	

Spot	5	 2120	 86.4	 2.9	 15	±	2	

Spot	6	 2390	 86.6	 2.4	 15	±	2	

Spot	7	 2660	 86.6	 2.4	 14	±	2	

Spot	8	 2920	 87.0	 2.4	 13	±	2	

Spot	9	 3190	 87.2	 1.9	 14	±	2	

Weighted	Average	(n	=	37)	 14.3	±	0.4	
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aRetardation (Γ) between ordinary and extraordinary waves traversing the cell. All retardation 
values are assumed to have a measurement uncertainty of σÖ = 50	nm. bThe angle (δ) formed 
between the alignment layers’ easy axes. cThe relative angle (γ) between the polarizer and 
analyzer. The measurement uncertainty in the measured angles (δ and γ) are σá = σà = 0.5˚. 

Table	A.5. Azimuthal	anchoring	energy	(>?@)	of	4-cyano-4′-pentylbiphenyl	(5CB)	liquid	
crystals	in	cells	prepared	with	o-9-carboranethiol	(O9)	SAMs.	

O9	 Γ	(nm)a	 δ	(˚)b	 γ	(˚)c	 JKL	(µJ∙m-2)	

Sample	1	 Spot	1	 1060	 87.4	 2.4	 40	±	6	

Spot	2	 1590	 87.5	 2.3	 27	±	4	

Spot	3	 3190	 88.6	 0.7	 32	±	11	

Sample	2	 Spot	1	 1060	 90.3	 2.0	 110	±	50	

Spot	2	 1330	 90.0	 1.6	 96	±	41	

Spot	3	 1590	 89.9	 2.4	 54	±	16	

Spot	4	 1860	 89.4	 0.8	 83	±	43	

Sample	3	 Spot	1	 800	 85.4	 5.5	 26	±	2	

Spot	2	 1060	 83.4	 7.6	 14	±	1	

Spot	3	 1330	 84.8	 5.6	 14	±	1	

Spot	4	 1590	 84.9	 7.0	 11	±	1	

Spot	5	 1860	 85.3	 5.1	 11	±	1	

Spot	6	 2120	 84.3	 6.5	 7.9	±	0.5	

Sample	4	 Spot	1	 1060	 84.4	 4.3	 20	±	2	

Spot	2	 1330	 84.6	 3.8	 17	±	1	

Spot	3	 1590	 84.7	 4.0	 14	±	1	

Spot	4	 1860	 85.2	 3.0	 14	±	1	

Spot	5	 2120	 85.7	 3.3	 13	±	1	

Spot	6	 2390	 85.2	 3.4	 11	±	1	

Sample	5	 Spot	1	 1060	 81.5	 9.9	 11	±	1	

Spot	2	 1330	 83.4	 7.4	 11	±	1	

Spot	3	 1590	 83.1	 7.7	 8.9	±	0.5	

Spot	4	 1860	 83.5	 6.7	 8.4	±	0.5	
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Spot	5	 2120	 83.2	 7.4	 6.8	±	0.4	

Spot	6	 2390	 83.7	 6.4	 6.8	±	0.4	

Spot	7	 2660	 83.3	 7.0	 5.6	±	0.3	

Spot	8	 2920	 83.7	 6.5	 5.5	±	0.3	

Spot	9	 3190	 83.7	 6.1	 5.2	±	0.3	

Weighted	Average	(n	=	28)	 7.5	±	0.1	
aRetardation (Γ) between ordinary and extraordinary waves traversing the cell. All retardation 
values are assumed to have a measurement uncertainty of σÖ = 50	nm. bThe angle (δ) formed 
between the alignment layers’ easy axes. cThe relative angle (γ) between the polarizer and 
analyzer. The measurement uncertainty in the measured angles (δ and γ) are σá = σà = 0.5˚. 

Table	A.6. Azimuthal	anchoring	energy	(>?@)	of	4-cyano-4′-pentylbiphenyl	(5CB)	liquid	
crystals	in	cells	prepared	with	o-9,12-carboranedithiol	(9O12)	SAMs.	

9O12	 Γ	(nm)a	 δ	(˚)b	 γ	(˚)c	 JKL	(µJ∙m-2)	

Sample	1	 Spot	1	 800	 86.2	 4.6	 31	±	3	

Spot	2	 1060	 83.5	 3.1	 20	±	2	

Spot	3	 1330	 84.7	 0.3	 28	±	4	

Spot	4	 1590	 84.2	 0.7	 20	±	2	

Spot	5	 1860	 85.5	 2.0	 17	±	2	

Spot	6	 2120	 84.2	 0.6	 15	±	2	

Spot	7	 2390	 85.9	 0.8	 18	±	3	

Sample	2	 Spot	1	 1590	 89.9	 3.4	 38	±	8	

Spot	2	 1860	 89.9	 2.4	 46	±	13	

Spot	3	 2120	 88.7	 2.2	 29	±	6	

Spot	4	 2390	 89.1	 1.7	 34	±	9	

Spot	5	 2660	 89.9	 2.4	 32	±	9	

Spot	6	 2920	 88.8	 3.3	 16	±	3	

Sample	3	 Spot	1	 1330	 81.6	 7.0	 10	±	1	

Spot	2	 1590	 80.9	 7.5	 7.8	±	0.4	

Spot	3	 1860	 82.6	 5.7	 8.5	±	0.5	

Spot	4	 2120	 81.9	 6.5	 6.6	±	0.3	
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Spot	5	 2390	 82.8	 5.4	 6.8	±	0.4	

Spot	6	 2660	 81.8	 5.8	 5.6	±	0.3	

Spot	7	 2920	 83.5	 5.2	 6.0	±	0.4	

Spot	8	 3190	 81.5	 6.4	 4.3	±	0.2	

Sample	4	 Spot	1	 1330	 85.8	 5.8	 16	±	1	

Spot	2	 1590	 86.0	 5.7	 13	±	1	

Spot	3	 1860	 85.8	 3.8	 14	±	1	

Spot	4	 2120	 85.7	 4.4	 11	±	1	

Spot	5	 2390	 86.0	 2.9	 13	±	1	

Spot	6	 2660	 86.1	 2.7	 12	±	1	

Spot	7	 2920	 85.9	 2.4	 11	±	1	

Spot	8	 3190	 84.9	 3.0	 8.0	±	0.7	

Weighted	Average	(n	=	29)	 6.7	±	0.1	
aRetardation	 (Γ)	 between	 ordinary	 and	 extraordinary	 waves	 traversing	 the	 cell.	 All	
retardation	 values	 are	 assumed	 to	 have	 a	measurement	 uncertainty	 of	σÖ = 50	nm.	 bThe	
angle	(δ)	formed	between	the	alignment	layers’	easy	axes.	cThe	relative	angle	(γ)	between	
the	polarizer	and	analyzer.	The	measurement	uncertainty	in	the	measured	angles	(δ	and	γ)	
are	σá = σà = 0.5˚.	
	

 Oblique	Gold	Deposition	

	 Gold	 was	 deposited	 at	 an	 oblique	 angle	 (50°	 away	 from	 the	 normal)	 onto	 glass	

substrates,	 as	 shown	 in	Figure	 A.12.	 This	 angle	 describes	 the	 incidence	 angle	 of	 metal	

deposited	 in	 the	 center	 of	 the	 tilted	 substrate,	 located	 directly	 above	 the	 metal	 source.	

However,	for	extended	substrates,	this	angle	depends	on	the	surface’s	distance	away	from	

the	 central	 deposition	 axis.	 Here,	 this	 deviation	 is	 no	 more	 than	 6°	 from	 the	 intended	

deposition	angle.		
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Figure	A.12. Schematic	of	oblique	gold	deposition.	 (A)	 Inside	a	vacuum	chamber,	gold	 is	
heated	by	an	electron	beam	(not	shown),	causing	it	to	evaporate	from	a	source	and	deposit	
onto	a	 tiled	substrate	 located	above.	(B)	Due	to	the	non-zero	widths	and	arrangement	of	
glass,	the	deposition	angle	varies	across	the	surface	and	between	slides.	Deviations	from	the	
intended	angle	(θ	=	50°)	are	expected	to	be,	at	most,	ß1	=	ß2	=	6°	for	the	dimensions	and	
configuration	used	in	this	work.	
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 Gaussian	Calculations	

A.E.8.a. Molecular	Dipole	Moments	

	 Table	A.8	summarizes	the	molecular	dipole	moments	of	M9,	M1,	O9,	O1,	9O12,	and	

1O2	calculated	using	density	functional	theory	and	the	Gaussian	09	software	package	at	the	

M062X	 level	with	 the	 6-311G**	 basis	 set.	 Dipole	 component	 vectors	 (ã∥ 	and	ãç)	 assume	

upright	adsorption	of	the	carboranethiol	species	on	a	gold	surface.		

	

	

	

	

Table	A.7. Molecular	 dipole	 moments	 ( ã )	 of	 carboranethiol	 and	 -dithiol	 isomers.	
aIn-plane	dipole	moment,	parallel	to	the	surface.	bOut-of-plane	dipole	moment,	normal	to	the	
surface.	 cm-9-carboranethiol	 (M9).	 dm-1-carboranethiol	 (M1).	 eo-9-carboranethiol	 (O9).	
fo-1-carboranethiol	(O1).	go-9,12-carboranedithiol	(9O12).	ho-1,2-carboranedithiol	(1O2).	

A.E.8.b. Molecular	Polarizability	Tensor	

	 The	molecular	polarizability	tensor	(M)	of	all	six	carboranethiols	studied	here	were	

computed	with	the	Gaussian	09	software	package:		

M = é
MSS MSU MS@
MSU MUU MU@
MS@ MU@ M@@

è	

As	described	in	the	main	text,	Cartesian	coordinate	bases	were	chosen	for	each	isomer	based	

on	its	molecular	symmetry	and	assumed	upright	adsorption	onto	underlying	gold	substrates.	

We	found	the	polarizability	tensors	of	each	isomer	to	be	nearly	diagonalized	in	the	chosen	

coordinate	basis.	As	such,	we	consider	only	the	carboranethiol	polarizabilities	along	each	of		

Isomer	 Molecular	Dipole	Moment	(D)	
Magnitude	 ê||a	 êçb	

M9c	 3.94	 1.38	 3.70	
M1d	 2.20	 2.13	 -0.558	
O9e	 5.46	 2.18	 5.01	
O1f	 3.59	 1.90	 -3.05	
9O12g	 6.78	 0.00	 6.78	
1O2h	 3.20	 0.00	 -3.20	
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the	coordinate	axes	(αxx,	αyy,	and	αzz),	as	summarized	in	Table	A.8.		

	

	

	

	

	

Table	A.8. Molecular	 polarizabilities	 ( M )	 of	 carboranethiol	 and	 -dithiol	 isomers.	
am-9-carboranethiol	 (M9).	 bm-1-carboranethiol	 (M1).	 co-9-carboranethiol	 (O9).	
do-1-carboranethiol	(O1).	eo-9,12-carboranedithiol	(9O12).	fo-1,2-carboranedithiol	(1O2).	

A.E.8.c. Optimized	Molecular	Geometries	and	Dipoles	

	 Computed	values	of	the	molecular	dipole	vectors	and	polarizability	tensors	depend	

on	the	optimized	orientation	of	the	thiol	moiety	(S–H	bond)	in	each	carboranethiol	isomer.	

However,	the	hydrogen	on	the	molecule’s	thiol	functionality	is	lost	during	chemisoption	onto	

the	gold	surface	(becoming	-thiolate).	As	such,	the	dipoles	and	polarizabilities	computed	for	

these	structures	do	not	accurately	reflect	those	of	the	actual	adsorbed	molecule.	To	account	

for	 this	 change	 in	molecular	 structure	 upon	 chemisorption,	 we	 computed	 the	molecular	

dipoles	 and	 polarizabilities	 of	 each	 isomer	 as	 the	 average	 of	 those	 values	 from	multiple	

(nearly	 degenerate)	 conformations	 of	 each	 isomer.	 Each	 molecular	 conformation	 was	

distinguished	by	 the	 initial	 value	of	 the	 carborane–sulfur–hydrogen	dihedral	 angle	 in	 the	

unoptimized	 structure,	 reflecting	 the	 rotational	 symmetry	 of	 the	 thiol	 moieties	 in	 each	

isomer	 (five-fold	 and	 two-fold	 symmetries	 in	 the	 cases	 of	 mono-	 and	 dithiol	 species,	

respectively).	 Averaging	 effectively	 eliminates	 the	 thiol	 contributions	 to	 the	 in-plane	

molecular	 dipole	 and	 polarizability.	 Table	 A.9	 present	 the	 atomic	 coordinates	 of	 each	

Isomer	 Principal	Polarizabilities	(Å3)	
íìì	 íîî	 íLL	

M9a	 19.4	 19.2	 24.3	
M1b	 19.4	 19.6	 23.6	
O9c	 19.5	 19.8	 24.0	
O1d	 19.4	 19.7	 23.7	
9O12e	 24.0	 21.3	 26.3	
1O2f	 23.4	 21.3	 26.4	
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structure	 after	 optimization,	 labeled	 with	 the	 initial	 thiol	 dihedral	 angles.	 During	

optimization,	 atoms	 in	 each	 structure	 were	 allowed	 to	 relax	 into	 their	 lowest	 energy	

positions	with	the	exceptions	of	dihedral	angles	denoted	by	“F.”	In	these	“frozen”	structures,	

the	 value	 of	 the	 thiol	 dihedral	 angle	was	 not	optimized	 in	order	 to	maintain	 the	 desired	

molecular	 symmetry.	 These	 molecular	 conformations	 do	 not	 represent	 energetically	

optimized	structures.	If	optimized	without	restrictions,	an	unfavorable	interaction	between	

the	electron	deficient	carbon	atoms	 in	the	carborane	cage	and	the	polar	S–H	bond	would	

cause	the	thiol	dihedral	angle	to	deviate	significantly	from	its	initial	value	and	disrupt	the	

symmetry	of	 the	model.	 As	 such,	 these	 structures	were	 used	with	 only	 partial	 structural	

optimization.	 We	 reiterate,	 however,	 that	 the	 adsorbed	 molecule	 does	 not	 possess	 the	

carborane–sulfur–hydrogen	 dihedral	 angle	 left	 unoptimized	 here.	 In	 the	 cases	 of	

carboranedithiol	 isomers,	 the	 two	 conformations	 are	 distinguished	 by	 an	 “M”	 (or	 its	

absence)	 in	 the	table	heading.	These	conformations	are	mirror-symmetric	versions	of	 the	

fully	optimized	structures,	reflecting	the	bilateral	symmetry	of	the	dithiol	species.		
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Table	A.9. Optimized	 molecular	 geometries	 and	 dipoles	 of	 each	 carboranethiol	 and		
–dithiol	isomer.	

M9 (0°) Energy: -730.121306 Eh 
Atom 

Position Coordinates (Å) 
X Y Z 

B 0.112328 -0.4994 -1.422584 
B -1.393971 -1.240065 -0.862785 
B 0.131359 1.192437 -0.906861 
B 1.065263 -0.016128 -0.000362 
B 0.115184 -1.520253 0.025303 
B -1.360695 1.500783 -0.024783 
B 0.132472 1.22187 0.865364 
B 0.113277 -0.451841 1.437922 
B -1.393854 -1.210304 0.904755 
C -1.319917 0.443261 1.287942 
H 0.545346 -0.778257 -2.48149 
H 0.633748 -2.580157 0.042517 
H 0.562947 2.034117 -1.609023 
H -1.965234 2.508414 -0.040872 
H 0.54684 -0.695522 2.505253 
H 0.564102 2.086491 1.539219 
H -1.978863 -1.950561 1.609212 
H -1.979496 -2.003201 -1.541961 
B -2.308671 -0.005531 0.000636 
C -1.321212 0.400457 -1.301621 
H -1.816124 0.69738 -2.21541 
H -3.478525 0.103897 -0.00055 
H -1.813884 0.770472 2.191888 
S 2.927707 -0.084822 -0.000618 
H 3.119158 1.243927 0.010164 
    

M9 (72°, F) Energy: -730.121033 Eh 
Atom 

Position Coordinates (Å) 
X Y Z 

B -0.107117 1.489342 -0.232513 
B 1.407478 1.341038 0.681516 
B -0.124049 0.23107 -1.485054 
B -1.064653 0.023934 0.015641 
B -0.099851 0.71243 1.358978 
B 1.361379 -0.70142 -1.331054 
B -0.144687 -1.331282 -0.667711 
B -0.12732 -1.032239 1.085953 
B 1.396634 -0.222552 1.496113 
C 1.298797 -1.351164 0.224497 
H -0.52408 2.559672 -0.494616 
H -0.619224 1.205486 2.295336 
H -0.556541 0.456686 -2.556171 
H 1.961981 -1.17588 -2.222646 
H -0.567869 -1.855249 1.805434 
H -0.587619 -2.333491 -1.100653 
H 1.982563 -0.502995 2.478173 
H 2.004867 2.297188 1.021268 
B 2.308309 -0.015211 0.004933 
C 1.326391 0.944199 -0.974342 
H 1.825069 1.607339 -1.666786 
H 3.477842 -0.077383 -0.089676 
H 1.778651 -2.3084 0.37096 
S -2.928377 0.083104 -0.008285 
H -3.103354 -1.236404 0.156996 

M9 (144°) Energy: -730.121494 Eh 
Atom Position Coordinates (Å) 

X Y Z 
B 0.115038 -0.247782 1.486599 
B -1.389949 0.678357 1.355552 
B 0.123054 -1.48438 0.211914 
B 1.064465 0.002157 0.005351 
B 0.124923 1.340214 0.714753 
B -1.376141 -1.318956 -0.701775 
B 0.11839 -0.660627 -1.352864 
B 0.124748 1.079833 -1.040262 
B -1.378709 1.50418 -0.204677 
C -1.321241 0.238252 -1.340791 
H 0.547625 -0.521716 2.54693 
H 0.654528 2.273163 1.206619 
H 0.543676 -2.564026 0.422844 
H -1.989435 -2.205945 -1.168597 
H 0.560845 1.805697 -1.859864 
H 0.546522 -1.092243 -2.360608 
H -1.95537 2.496756 -0.466906 
H -1.972793 1.023154 2.318847 
B -2.308361 0.019761 0.005842 
C -1.322341 -0.970733 0.950342 
H -1.818246 -1.668702 1.609747 
H -3.479332 -0.064677 -0.041078 
H -1.815604 0.39646 -2.288699 
S 2.927231 -0.080245 0.011026 
H 3.116097 1.237102 -0.155119 

M9 (216°) Energy: -730.121477 Eh 
Atom 

Position Coordinates (Å) 
X Y Z 

B -0.124597 1.086609 -1.033387 
B 1.379 1.505224 -0.195074 
B -0.118495 -0.651983 -1.35705 
B -1.06448 0.002546 0.005272 
B -0.124588 1.335919 0.723338 
B 1.37587 -1.314633 -0.71017 
B -0.123365 -1.485513 0.202565 
B -0.115139 -0.256927 1.48488 
B 1.390147 0.669584 1.359842 
C 1.322024 -0.976836 0.944141 
H -0.560253 1.817911 -1.848367 
H -0.653903 2.265837 1.221148 
H -0.546574 -1.077265 -2.367499 
H 1.988938 -2.198763 -1.182581 
H -0.548029 -0.537573 2.543311 
H -0.544392 -2.566275 0.40671 
H 1.973231 1.007945 2.325235 
H 1.955856 2.499308 -0.451081 
B 2.308375 0.019311 0.005949 
C 1.321141 0.246531 -1.339235 
H 1.815492 0.410709 -2.286122 
H 3.479296 -0.064984 -0.041786 
H 1.817685 -1.679032 1.599219 
S -2.927112 -0.080227 0.011179 
H -3.116187 1.236947 -0.157323 
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M9 (288°, F) Energy: -730.121018 Eh 
Atom Position Coordinates (Å) 

X Y Z 
B 0.127109 -1.028763 1.089338 
B -1.396597 -0.217475 1.496728 
B 0.144485 -1.33351 -0.663294 
B 1.064659 0.023668 0.015675 
B 0.099985 0.716784 1.356662 
B -1.361459 -0.705701 -1.328731 
B 0.124055 0.226207 -1.485686 
B 0.10728 1.488266 -0.237305 
B -1.407242 1.34333 0.677033 
C -1.326282 0.941081 -0.977404 
H 0.567346 -1.849514 1.81159 
H 0.619366 1.212841 2.291423 
H 0.587356 -2.337148 -1.092998 
H -1.961899 -1.18308 -2.21888 
H 0.524468 2.557678 -0.502845 
H 0.556726 0.44801 -2.557526 
H -2.004556 2.300618 1.013718 
H -1.982526 -0.494497 2.479764 
B -2.308381 -0.014963 0.00492 
C -1.298953 -1.350281 0.228872 
H -1.778958 -2.306977 0.378352 
H -3.477942 -0.077368 -0.089287 
H -1.824922 1.602042 -1.671963 
S 2.928368 0.083084 -0.008571 
H 3.103583 -1.235965 0.160289 
    

M1 (0°) Energy: -730.087128 Eh 
Atom Position Coordinates (Å) 

X Y Z 
B -0.006375 -2.29319 0 
B -0.459726 -1.363726 1.437534 
B -0.459726 -1.363726 -1.437534 
B 1.223728 -1.384639 -0.891013 
B 1.223728 -1.384639 0.891013 
B -1.182181 0.149111 -0.892629 
B 0.48693 0.123759 -1.444556 
B 1.518888 0.119307 0 
B 0.48693 0.123759 1.444556 
B 0.024159 0.931496 0 
S 0.083814 2.73539 0 
H -0.167801 -3.459906 0 
H 2.067258 -1.914586 1.522554 
H 2.067258 -1.914586 -1.522554 
H -0.921438 -1.89197 -2.383428 
H -2.065369 0.721566 -1.41736 
H -1.248119 2.907203 0 
H 2.505108 0.764927 0 
H 0.772391 0.773359 -2.38313 
H 0.772391 0.773359 2.38313 
H -0.921438 -1.89197 2.383428 
B -1.182181 0.149111 0.892629 
C -1.363978 -1.267222 0 
H -2.347043 -1.716478 0 
H -2.065369 0.721566 1.41736 

M1 (72°) Energy: -730.086719 Eh 
Atom Position Coordinates (Å) 

X Y Z 
B -2.292922 0.008104 0.001202 
B -1.351529 1.477475 -0.319174 
B -1.366046 -1.382705 -0.59101 
B -1.384156 -0.997583 1.139364 
B -1.379755 0.774135 1.307899 
B 0.135976 -0.774191 -1.272138 
B 0.130363 -1.474634 0.347126 
B 0.113794 -0.145286 1.521828 
B 0.140591 1.378588 0.620809 
C 0.931724 -0.00727 0.019786 
S 2.734587 -0.082457 0.004335 
H -3.460917 0.028378 -0.149555 
H -1.904398 1.332514 2.204708 
H -1.913163 -1.710976 1.915695 
H -1.899745 -2.282461 -1.131451 
H 0.704107 -1.213897 -2.20145 
H 2.914123 1.246972 -0.047249 
H 0.765394 -0.243144 2.497542 
H 0.774677 -2.442482 0.538475 
H 0.790995 2.289757 0.99037 
H -1.872732 2.469755 -0.681038 
B 0.147192 0.989834 -1.103327 
C -1.281687 0.132558 -1.354182 
H -1.738415 0.228793 -2.329122 
H 0.71892 1.595678 -1.932806 
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M1 (144°) Energy: -730.087017 Eh 
Atom Position Coordinates (Å) 

X Y Z 
B -2.293109 0.017216 0.001486 
B -1.360217 0.669061 -1.354707 
B -1.373176 -1.313809 0.72623 
B -1.380499 0.282112 1.492663 
B -1.361946 1.51154 0.203894 
B 0.134621 -1.474987 -0.174985 
B 0.12058 -0.64859 1.381965 
B 0.132345 1.09069 1.051876 
B 0.143705 1.333847 -0.710188 
C 0.932064 0.001243 0.013466 
S 2.734744 -0.080646 -0.013276 
H -3.462148 -0.082814 -0.103683 
H -1.873994 2.567262 0.326204 
H -1.906431 0.46288 2.532934 
H -1.911767 -2.294378 1.094128 
H 0.69376 -2.483458 -0.404766 
H 2.912093 1.23049 0.212904 
H 0.787364 1.799228 1.729461 
H 0.766035 -1.098792 2.256971 
H 0.799147 2.184055 -1.196109 
H -1.887121 0.999917 -2.354646 
B 0.135456 -0.251719 -1.468886 
C -1.285171 -0.976151 -0.939641 
H -1.745808 -1.684442 -1.613714 
H 0.7028 -0.536976 -2.456955 

M1 (216°) Energy: -730.087017 Eh 
Atom Position Coordinates (Å) 

X Y Z 
B 2.293109 0.017216 0.001486 
B 1.373176 -1.313809 0.72623 
B 1.360217 0.669061 -1.354707 
B 1.361946 1.51154 0.203894 
B 1.380499 0.282112 1.492663 
B -0.135456 -0.251719 -1.468886 
B -0.143705 1.333847 -0.710188 
B -0.132345 1.09069 1.051876 
B -0.12058 -0.64859 1.381965 
C -0.932064 0.001243 0.013466 
S -2.734744 -0.080646 -0.013276 
H 3.462148 -0.082814 -0.103683 
H 1.906431 0.46288 2.532934 
H 1.873994 2.567262 0.326204 
H 1.887121 0.999917 -2.354646 
H -0.7028 -0.536976 -2.456955 
H -2.912093 1.23049 0.212904 
H -0.787364 1.799228 1.729461 
H -0.799147 2.184055 -1.196109 
H -0.766035 -1.098792 2.256971 
H 1.911767 -2.294378 1.094128 
B -0.134621 -1.474987 -0.174985 
C 1.285171 -0.976151 -0.939641 
H 1.745808 -1.684442 -1.613714 
H -0.69376 -2.483458 -0.404766 

  
M1 (288°) Energy: -730.086719 Eh 

Atom Position Coordinates (Å) 
X Y Z 

B 2.292922 0.008104 0.001202 
B 1.366046 -1.382705 -0.59101 
B 1.351529 1.477475 -0.319174 
B 1.379755 0.774135 1.307899 
B 1.384156 -0.997583 1.139364 
B -0.147192 0.989834 -1.103327 
B -0.140591 1.378588 0.620809 
B -0.113794 -0.145286 1.521828 
B -0.130363 -1.474634 0.347126 
C -0.931724 -0.00727 0.019786 
S -2.734587 -0.082457 0.004335 
H 3.460917 0.028378 -0.149555 
H 1.913163 -1.710976 1.915695 
H 1.904398 1.332514 2.204708 
H 1.872732 2.469755 -0.681038 
H -0.71892 1.595678 -1.932806 
H -2.914123 1.246972 -0.047249 
H -0.765394 -0.243144 2.497542 
H -0.790995 2.289757 0.99037 
H -0.774677 -2.442482 0.538475 
H 1.899745 -2.282461 -1.131451 
B -0.135976 -0.774191 -1.272138 
C 1.281687 0.132558 -1.354182 
H 1.738415 0.228793 -2.329123 
H -0.704107 -1.213897 -2.20145 
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O9 (0°) Energy: -730.094599 Eh 
Atom Position Coordinates (Å) 

X Y Z 
B 0.542841 0.916284 0 
B 1.083677 -0.516861 0.891108 
B 1.083677 -0.516861 -0.891108 
B -0.350068 0.357946 -1.448694 
B -1.227917 0.912141 0 
B -0.350068 0.357946 1.448694 
B -0.350068 -1.400445 -1.44712 
B -1.778961 -0.51853 -0.88931 
B -1.778961 -0.51853 0.88931 
B -0.350068 -1.400445 1.44712 
C 0.464261 -1.805781 0 
C -1.152496 -1.811643 0 
H -0.338989 0.957717 2.463669 
H -1.861642 1.90792 0 
H -0.338989 0.957717 -2.463669 
H 2.096703 -0.672771 -1.472741 
H -0.344929 -2.189553 -2.319443 
H -2.788995 -0.685343 1.471825 
H -2.788995 -0.685343 -1.471825 
H -0.344929 -2.189553 2.319443 
H 2.096703 -0.672771 1.472741 
H 0.945015 -2.77296 0 
H -1.627003 -2.78164 0 
S 1.505326 2.513933 0 
H 2.719823 1.944986 0 
    

O9 (72°) Energy: -730.0948 Eh 
Atom Position Coordinates (Å) 

X Y Z 
B 1.064565 -0.007598 0.027938 
B 0.134338 -0.810727 -1.258873 
B 0.143316 0.956589 -1.144262 
B 0.12899 1.404468 0.576582 
B 0.107352 -0.099379 1.526885 
B 0.118428 -1.470079 0.38939 
B -1.357907 1.47662 -0.363681 
B -1.387357 0.81101 1.280286 
B -1.393438 -0.959102 1.166661 
B -1.371079 -1.41017 -0.549248 
C -1.287983 0.089642 -1.355432 
C -2.1468 0.007 0.006049 
H 0.620355 -2.509586 0.634328 
H 0.616099 -0.1701 2.588755 
H 0.640394 2.4016 0.948246 
H 0.552876 1.598589 -2.043203 
H -2.01611 2.381335 -0.726398 
H -2.075255 -1.594078 1.887139 
H -2.064889 1.354372 2.07603 
H -2.038895 -2.255197 -1.021612 
H 0.540415 -1.333767 -2.232292 
H -1.853578 0.151736 -2.27357 
H -3.220411 0.019033 -0.108353 
S 2.928301 -0.082815 0.011069 
H 3.11884 1.243098 -0.068264 

O9 (144°) Energy: -730.094923 Eh 
Atom Position Coordinates (Å) 

X Y Z 
B 1.065074 0.002122 0.023183 
B 0.131243 -1.41369 -0.487481 
B 0.136771 0.050894 -1.495056 
B 0.133297 1.456604 -0.419792 
B 0.121093 0.852553 1.261458 
B 0.109025 -0.925264 1.219941 
B -1.363324 0.942262 -1.193502 
B -1.374003 1.431907 0.509057 
B -1.393051 -0.034717 1.511838 
B -1.37787 -1.444914 0.443129 
C -1.288402 -0.758845 -1.122134 
C -2.145982 0.016273 0.004706 
H 0.614246 -1.594332 2.048968 
H 0.631342 1.453155 2.140577 
H 0.649726 2.46875 -0.739337 
H 0.546208 -0.002402 -2.597481 
H -2.024455 1.432524 -2.033672 
H -2.075201 -0.078673 2.471003 
H -2.04357 2.353589 0.807858 
H -2.050969 -2.399175 0.583474 
H 0.529885 -2.428919 -0.932385 
H -1.855808 -1.278364 -1.880146 
H -3.220111 -0.040784 -0.090707 
S 2.927638 -0.075125 -0.021175 
H 3.121548 1.183284 0.401344 

O9 (216°) Energy: -730.094923 Eh 
Atom Position Coordinates (Å) 

X Y Z 
B -1.065074 0.002122 0.023183 
B -0.136771 0.050906 -1.495056 
B -0.131243 -1.413686 -0.487492 
B -0.109025 -0.925274 1.219934 
B -0.121093 0.852544 1.261465 
B -0.133297 1.456607 -0.41978 
B 1.37787 -1.444918 0.443117 
B 1.393051 -0.034729 1.511837 
B 1.374003 1.431903 0.509069 
B 1.363324 0.942272 -1.193494 
C 1.288402 -0.758837 -1.12214 
C 2.145982 0.016273 0.004706 
H -0.649726 2.468756 -0.739317 
H -0.631342 1.453138 2.140589 
H -0.614246 -1.594348 2.048955 
H -0.529884 -2.428912 -0.932404 
H 2.050969 -2.39918 0.583455 
H 2.04357 2.353583 0.807876 
H 2.075201 -0.078692 2.471003 
H 2.024455 1.43254 -2.033661 
H -0.546207 -0.002381 -2.597482 
H 1.855808 -1.278349 -1.880156 
H 3.220111 -0.040784 -0.090707 
S -2.927638 -0.075125 -0.021175 
H -3.121547 1.183287 0.401335 
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O9 (288°) Energy: -730.094802 Eh 
Atom Position Coordinates (Å) 

X Y Z 
B -1.064536 -0.007643 0.027622 
B -0.143157 0.954654 -1.145996 
B -0.134092 -0.812797 -1.257729 
B -0.11843 -1.469495 0.391623 
B -0.107604 -0.096901 1.526948 
B -0.129094 1.405411 0.574124 
B 1.3712 -1.410938 -0.546798 
B 1.393238 -0.957141 1.168435 
B 1.387126 0.813125 1.279144 
B 1.357892 1.475956 -0.36596 
C 1.288246 0.087446 -1.355482 
C 2.146739 0.007061 0.006297 
H -0.640899 2.402939 0.944164 
H -0.616934 -0.165838 2.588657 
H -0.620565 -2.508485 0.63831 
H -0.539891 -1.337663 -2.230285 
H 2.039156 -2.25677 -1.017509 
H 2.064568 1.358071 2.07388 
H 2.075001 -1.591204 1.889772 
H 2.016151 2.380114 -0.729966 
H -0.552612 1.595351 -2.045913 
H 1.85402 0.148077 -2.273603 
H 3.220378 0.018915 -0.107836 
S -2.928263 -0.082801 0.01103 
H -3.118797 1.243109 -0.068106 
    

O1 (36°, F) Energy: -730.060377 Eh 
Atom Position Coordinates (Å) 

X Y Z 
B -2.30685 0.033849 -0.027383 
B -1.328504 1.451868 -0.443923 
B -1.348304 0.036824 -1.512923 
B -1.395652 -1.419808 -0.50585 
B -1.421482 -0.895385 1.195554 
B -1.385301 0.882307 1.234811 
B 0.121861 -0.902669 -1.218768 
B 0.092666 -1.464022 0.464238 
B 0.088928 -0.049452 1.542483 
B 0.14777 1.401038 0.53479 
C 0.094886 0.79469 -1.064737 
C 0.919258 -0.049581 0.053283 
S 2.718972 -0.073822 0.019126 
H -3.485049 0.078135 -0.074749 
H -1.884132 1.531127 2.084568 
H -1.955341 -1.531757 2.03398 
H -1.904568 -2.414726 -0.884153 
H -1.701203 0.148253 -2.631379 
H 0.80432 -1.367142 -2.054957 
H 2.852449 1.198599 -0.389503 
H 0.749676 -0.06051 2.516726 
H 0.743071 -2.408403 0.737016 
H 0.836606 2.332059 0.745296 
H -1.669078 2.503683 -0.850972 
H 0.699184 1.32844 -1.784302 

O1 (108°) Energy: -730.064318 Eh 
Atom Position Coordinates (Å) 

X Y Z 
B -2.306267 0.00202 -0.040636 
B -1.339281 0.75951 -1.314289 
B -1.341434 -1.003303 -1.132273 
B -1.38994 -1.384791 0.599931 
B -1.423673 0.156642 1.487431 
B -1.3781 1.484951 0.304025 
B 0.139879 -1.475167 -0.273575 
B 0.084712 -0.75728 1.347705 
B 0.097254 1.006965 1.163099 
B 0.143612 1.386444 -0.572655 
C 0.086061 -0.135484 -1.328059 
C 0.921732 0.001967 0.076731 
S 2.710186 -0.082665 -0.015151 
H -3.48456 0.000161 -0.102136 
H -1.873222 2.53962 0.490543 
H -1.958579 0.268377 2.533586 
H -1.896601 -2.376141 0.990377 
H -1.693514 -1.691212 -2.021323 
H 0.821799 -2.385723 -0.575103 
H 2.902823 1.240347 0.102007 
H 0.752809 1.668739 1.885281 
H 0.738169 -1.2607 2.187737 
H 0.829823 2.215287 -1.049843 
H -1.687246 1.253901 -2.325501 
H 0.704755 -0.228859 -2.20906 



152	

	

	

O1 (180°) Energy: -730.060695 Eh 
Atom Position Coordinates (Å) 

X Y Z 
B -0.027166 -2.3076 0 
B -1.220813 -1.348573 0.888096 
B -1.220813 -1.348573 -0.888096 
B 0.460222 -1.389453 -1.442525 
B 1.500646 -1.406745 0 
B 0.460222 -1.389453 1.442525 
B -0.427438 0.12721 -1.45233 
B 1.249234 0.101204 -0.890081 
B 1.249234 0.101204 0.890081 
B -0.427438 0.12721 1.45233 
C -1.329101 0.090015 0 
C 0.059761 0.918474 0 
S -0.089639 2.717101 0 
H -0.081066 -3.486251 0 
H 0.759699 -1.890494 2.467891 
H 2.560175 -1.927466 0 
H 0.759699 -1.890494 -2.467891 
H -2.178727 -1.703393 -1.474799 
H -0.821022 0.810995 -2.323021 
H 1.238015 2.913728 0 
H 2.03239 0.761416 1.473893 
H 2.03239 0.761416 -1.473893 
H -0.821022 0.810995 2.323021 
H -2.178727 -1.703393 1.474799 
H -2.230976 0.686226 0 
    

O1 (252°) Energy: -730.064318 Eh 
Atom Position Coordinates (Å) 

X Y Z 
B 2.306267 0.00202 -0.040636 
B 1.341434 -1.003303 -1.132273 
B 1.339281 0.75951 -1.314289 
B 1.3781 1.484951 0.304025 
B 1.423673 0.156642 1.487431 
B 1.38994 -1.384791 0.599931 
B -0.143612 1.386444 -0.572655 
B -0.097254 1.006965 1.163099 
B -0.084712 -0.75728 1.347705 
B -0.139879 -1.475167 -0.273575 
C -0.086061 -0.135484 -1.328059 
C -0.921732 0.001967 0.076731 
S -2.710186 -0.082665 -0.015151 
H 3.48456 0.000161 -0.102136 
H 1.896601 -2.376141 0.990377 
H 1.958579 0.268377 2.533586 
H 1.873222 2.53962 0.490543 
H 1.687246 1.253901 -2.325501 
H -0.829823 2.215287 -1.049843 
H -2.902823 1.240347 0.102007 
H -0.738169 -1.2607 2.187737 
H -0.752809 1.668739 1.885281 
H -0.821799 -2.385723 -0.575103 
H 1.693514 -1.691212 -2.021323 
H -0.704755 -0.228859 -2.20906 

O1 (324°, F) Energy: -730.060377 Eh 
Atom Position Coordinates (Å) 

X Y Z 
B 2.30685 0.033849 -0.027383 
B 1.348304 0.036824 -1.512923 
B 1.328504 1.451868 -0.443923 
B 1.385301 0.882307 1.234811 
B 1.421482 -0.895385 1.195553 
B 1.395652 -1.419808 -0.505851 
B -0.14777 1.401038 0.53479 
B -0.088928 -0.049452 1.542483 
B -0.092666 -1.464022 0.464238 
B -0.121862 -0.902669 -1.218768 
C -0.094886 0.79469 -1.064737 
C -0.919258 -0.049581 0.053283 
S -2.718972 -0.073822 0.019126 
H 3.485049 0.078135 -0.074749 
H 1.904568 -2.414726 -0.884153 
H 1.955341 -1.531757 2.03398 
H 1.884132 1.531127 2.084568 
H 1.669078 2.503683 -0.850972 
H -0.836606 2.332059 0.745296 
H -2.852449 1.198599 -0.389503 
H -0.743071 -2.408403 0.737016 
H -0.749675 -0.060511 2.516726 
H -0.80432 -1.367142 -2.054957 
H 1.701203 0.148253 -2.631379 
H -0.699184 1.32844 -1.784302 
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9O12 (±45°) Energy: -1128.303216 Eh 
Atom Position Coordinates (Å) 

X Y Z 
B 0.535882 0.897152 0.003172 
B -0.902604 1.433649 -0.889713 
B -0.902743 1.435681 0.882307 
B -0.015434 0.000035 1.441041 
B 0.535975 -0.897034 0.003185 
B -0.014025 0.000031 -1.437214 
B -1.77226 -0.000068 1.446071 
B -0.902593 -1.435704 0.882248 
B -0.90249 -1.433668 -0.889672 
B -1.779833 -0.000048 -1.445936 
C -2.193546 0.806423 -0.003676 
C -2.193468 -0.806438 -0.003681 
H 0.590193 0.000054 -2.450789 
H 0.586889 0.000075 2.456094 
H -1.059389 2.445061 1.469722 
H -2.555257 -0.000124 2.323534 
H -1.054603 -2.441755 -1.477865 
H -1.059401 -2.444977 1.469814 
H -2.558908 -0.000119 -2.326608 
H -1.054576 2.441888 -1.477674 
H -3.16217 1.284042 0.000373 
H -3.161933 -1.284378 0.000376 
S 2.111133 -1.884974 -0.066359 
S 2.111078 1.885012 -0.066373 
H 1.928085 -2.521092 1.101578 
H 1.928399 2.520681 1.101867 
    

9O12 (±45°, M) Energy: -1128.303216 Eh 
Atom Position Coordinates (Å) 

X Y Z 
B -0.535882 0.897152 0.003172 
B 0.902743 1.435681 0.882307 
B 0.902604 1.433649 -0.889713 
B 0.014025 0.000031 -1.437214 
B -0.535975 -0.897034 0.003185 
B 0.015434 0.000035 1.441041 
B 1.779833 -0.000048 -1.445936 
B 0.90249 -1.433668 -0.889672 
B 0.902593 -1.435704 0.882248 
B 1.77226 -0.000068 1.446071 
C 2.193546 0.806423 -0.003676 
C 2.193468 -0.806438 -0.003682 
H -0.586889 0.000075 2.456094 
H -0.590193 0.000054 -2.450789 
H 1.054576 2.441888 -1.477674 
H 2.558908 -0.000119 -2.326608 
H 1.059401 -2.444977 1.469814 
H 1.054603 -2.441755 -1.477865 
H 2.555257 -0.000124 2.323534 
H 1.059389 2.445061 1.469722 
H 3.16217 1.284042 0.000373 
H 3.161933 -1.284378 0.000376 
S -2.111133 -1.884974 -0.066359 
S -2.111078 1.885012 -0.066373 
H -1.928085 -2.521092 1.101578 
H -1.928399 2.520681 1.101867 

1O2 (±45°) Energy: -1128.239475 Eh 
Atom Position Coordinates (Å) 

X Y Z 
B 2.335055 0.883042 0.006139 
B 0.913764 1.438384 -0.885606 
B 0.904109 1.440401 0.884974 
B 1.765084 -0.000011 1.443479 
B 2.335052 -0.883037 0.006125 
B 1.77926 0.000017 -1.434374 
B 0.000667 0.000003 1.415744 
B 0.904088 -1.440395 0.884941 
B 0.91377 -1.438375 -0.885644 
B 0.006779 0.00001 -1.418041 
C -0.409429 0.860743 -0.002616 
C -0.409434 -0.860747 -0.00264 
H 2.354583 0.000047 -2.464216 
H 2.330562 -0.000056 2.479187 
H 0.734061 2.43911 1.487298 
H -0.78023 -0.000066 2.298465 
H 0.746364 -2.436059 -1.487646 
H 0.7341 -2.439103 1.487277 
H -0.771712 0.000081 -2.302012 
H 0.746422 2.436074 -1.487613 
H 3.322752 1.528521 0.012549 
H 3.322727 -1.528551 0.012538 
S -1.969506 1.717671 -0.080274 
S -1.969479 -1.717719 -0.080256 
H -2.045457 -1.962396 1.23783 
H -2.045378 1.962987 1.237691 

1O2 (±45°, M) Energy: -1128.239475 Eh 
Atom Position Coordinates (Å) 

X Y Z 
B -2.335055 0.883042 0.006139 
B -0.904109 1.440401 0.884974 
B -0.913764 1.438384 -0.885606 
B -1.77926 0.000017 -1.434374 
B -2.335052 -0.883037 0.006125 
B -1.765084 -0.000011 1.443479 
B -0.006779 0.00001 -1.418041 
B -0.91377 -1.438375 -0.885644 
B -0.904088 -1.440395 0.884941 
B -0.000667 0.000003 1.415744 
C 0.409429 0.860743 -0.002616 
C 0.409434 -0.860747 -0.00264 
H -2.330562 -0.000056 2.479187 
H -2.354583 0.000047 -2.464216 
H -0.746422 2.436074 -1.487613 
H 0.771712 0.000081 -2.302012 
H -0.7341 -2.439103 1.487277 
H -0.746364 -2.436059 -1.487646 
H 0.78023 -0.000066 2.298465 
H -0.734061 2.43911 1.487298 
H -3.322752 1.528521 0.012549 
H -3.322727 -1.528551 0.012538 
S 1.969506 1.717672 -0.080274 
S 1.969479 -1.717719 -0.080256 
H 2.045457 -1.962396 1.23783 
H 2.045377 1.962988 1.237691 
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Appendix	B	

Photoinduced	Charge	Transfer	in		

Single-Molecule	p−n	Junctions		
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 Introduction	

The	photoconversion	of	sunlight	to	electricity	is	a	key	ingredient	in	meeting	future	

energy	needs.2–4	Organic	photovoltaic	devices	consisting	of	small-molecule	donor–acceptor	

heterojunctions	show	great	promise	for	photoconversion	due	to	their	ease	of	manufacture,	

their	synthetic	variability,	and	their	cost	effectiveness.5–7	Understanding	electron	transfer	at	

the	 molecular	 level	 is	 critical	 for	 the	 rational	 design	 and	 optimization	 of	 organic	

optoelectronics	and	photovoltaics.8	Considerable	effort	has	been	directed	toward	the	study	

of	 electron	 transport	 at	 the	 single-molecule/assembly	 scale.	 A	 variety	 of	 experimental	

techniques	 have	 been	 developed	 to	 study	 charge	 transport	 in	 single-molecule	 junctions	

including	 tip-enhanced	 Raman	 spectroscopy,9–14	break-junction	 measurements,15-18		

inelastic	electron	tunneling	spectroscopy,19	ultrafast	optical	excitation,20–22	photon	emission	

from	local	excitation,23,24	and	microwave	polarizability	mapping.25,26	However,	most	of	the	

available	approaches	require	ultrahigh	vacuum	and/or	low	temperature,	which	make	these	

techniques	time-consuming,	complicated,	and	of	limited	relevance	to	real	systems.	

Fullerenes	and	their	derivatives	are	promising	components	of	photovoltaics	due	to	

their	high	degree	of	π-electron	delocalization.27–29 A	number	of	molecular	dyads,	triads,	and	

tetrads	 of	 fullerenes	 covalently	 linked	 to	 electron	 donors,	 such	 as	 porphyrins,	

phthalocyanines,	tetrathiafulvalenes,	ferrocenes,	and	other	moieties,	have	been	synthesized	

and	 intensively	 studied.30–33	 These	 fullerene	 donor-linked	 compounds	 exhibit	 excellent	

photovoltaic	 efficiencies	 upon	 illumination.34–36 Furthermore,	 enhancements	 of	 nonlinear	

optical	 responses	 were	 observed	 for	 fullerene	 dyads	 compared	 to	 those	 of	 pristine	

fullerenes.32,33 A	 C60-tethered	 2,5-dithienylpyrrole	 triad	 (C60triad,	 Figure	 B.1A)	 has	
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C60 groups	 attached	 to	 both	 ends	of	 an	 electron-rich	 chromophore,	 and	 a	 rigid	 backbone	

provides	a	stable	and	conducting	tether.35	This	donor–acceptor	triad	structure	makes	light	

harvesting	 more	 efficient,	 resulting	 in	 large	 photocurrents,	 as	 observed	 in	

photoelectrochemical	cells.	

	

Figure	B.1. 	Chemical	structure	of	(A)	C60-tethered	2,5-dithienylpyrrole	triad	and	(B)	the	
control	that	has	no	C60	attached	(DTP).	

 Results	and	Discussion	

Scanning	 tunneling	 microscopy	 (STM)	 and	 associated	 spectroscopic	 imaging	

methods,	 with	 atomic	 resolution,	 have	 been	widely	 used	 to	 investigate	 electron	 transfer	

through	 single	 molecules	 and	 assemblies	 in	 metal–molecule–metal	

junctions.9,25,37-43 Incorporating	laser	irradiation	into	the	tunneling	junction	further	extends	

the	 ability	 of	 STM	 and	 enables	 us	 to	 probe	 photoinduced	 carrier	 dynamics	 at	 the	

nanoscale.22,44–60 Here,	 we	 used	 our	 custom-built	 laser-assisted	 STM	 (photon	 STM)55 to	

measure	photoinduced	charge	generation	and	separation	 in	 single-molecule	 triads	under	

ambient	 conditions.	 A	 laser	 (wavelength	 405	±	 5	 nm)	modulated	 by	 a	 chopper	wheel	 at	
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4.8	kHz	 was	 introduced	 into	 the	 tunneling	 junction	 via	 total	 internal	 reflection.50 The	

chopper	 wheel	 creates	 a	 reference	 frequency	 input	 to	 a	 lock-in	 amplifier	 (LIA)	 for	

phase-sensitive	detection,	 so	 that	 light-triggered	changes	 in	 the	 tunneling	 current	 can	be	

recorded.	 The	 expected	 laser-induced	 tunneling	 current	 changes	 reflect	 the	 fast	 surface	

dynamics	and	are	only	a	small	contribution	to	the	total	tunneling	current.	Rapid	amplitude	

modulation	of	 the	 illumination	with	a	mechanical	chopper,	combined	with	photosensitive	

detection,	 enables	 photoresponse	 spatial	 registration	 in	 simultaneously	 acquired	

multimodal	images.	Likewise,	built-in	control	experiments	test	that	the	observed	signals	are	

due	to	photoconductance.	These	controls	 include	measuring	the	photoconductance	of	 the	

(nonabsorbing)	 matrix	 and	 “dummy”	 inserted	 chromophores	 with	 similar	 chemical	

structures	but	no	significant	absorption	spectra	at	the	excitation	wavelength.	In	this	way,	we	

consistently	test	for	the	effects	of	sample	and	STM	tip	heating	(without	changing	samples55),	

either	or	both	of	which	could	affect	the	tunneling	current	and	spectra.	

The	 incident	 light	 illuminates	 the	 back	 of	 the	 sample,	 undergoing	 total	 internal	

reflection	 at	 the	 half-cylindrical	 sapphire	 prism	 surface,	 and	 evanescently	 propagates	

through	 the	 gold	 film	 and	 gold-supported	 organic	 monolayer,	 exciting	 the	 adsorbed	

chromophores	 without	 significant	 probe	 tip	 absorption.55 The	 metal	 thickness	 and	

illumination	 geometry	 are	 optimized	 to	 couple	 light	 evanescently	 to	 adsorbates	 and	 to	

minimize	 transmission	 that	 could	 illuminate	 the	probe	 tip	 (which	would	 lead	 to	heating,	

expansion,	and	thus	image	artifacts–we	test	explicitly	for	such	signals).	The	STM	probe	tip	is	

positioned	over	 the	 illumination	 spot	and	 is	used	 to	 image	 the	 local	 environment,	 and	 to	

probe	 the	 optical	 response	 of	 photoactive	 molecules	 (and	 the	 nonabsorbing	 control	

molecules	and	matrix).	With	the	submolecular	resolution	of	STM,	we	can	detect	local	spectral	
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changes	rather	than	integrating	over	large	areas.	Thus,	we	are	able	to	elucidate	the	effects	of	

the	 local	 environment	 and	 ultimately	 target	 optimized	 supramolecular	 assemblies	 that	

maximize	photon	absorption	and	energy	conversion	efficiency.	

We	 used	 vapor-deposited n-dodecanethiolate	 (C12)	 self-assembled	 monolayers	

(SAMs)	on	sapphire-prism-supported	Au{111}	as	the	two-dimensional	matrix,	and	inserted	

photoactive	molecules	into	the	defects	in	C12	SAMs	so	that	they	can	be	studied	at	the	single	

molecular	 level.61,62	 The	 C60-tethered	 2,5-dithienylpyrrole	 triads	 (C60 triads,	Figure	B.1A)	

and	 the	 control	molecules	without	 the	C60 moieties	 (DTP,	Figure	B.1B)	were	 synthesized	

following	previously	reported	procedures35 and	were	inserted	into	the	defects	in	C12	SAMs	

through	solution	deposition.63,64	

Consecutively	obtained	topographic	images	of	the	same	region	and	simultaneously	

acquired	spectroscopic	images	are	shown	in	Figure	B.2.	The	chopper	wheel	was	turned	on	

throughout	 the	 data	 collection	 process	 to	 ensure	 that	 all	 phase-sensitive	 signals	 were	

acquired	with	the	same	reference	frequency	of	4.8	kHz.	The	laser	illumination	was	blocked	

for	Figure	B.2A,B	and	was	on	for	Figure	B.2C-F.	The	lattice	structures	in	Figure	B.2A,C,E	

reflect	 the	 C12	matrix	molecules,	 and	 the	 protrusions	 represent	 C60 moieties	 in	 C60 triad	

molecules.	 Each	 C60 triad	 molecule	 has	 two	 C60 groups,	 but	 they	 are	 not	 symmetrically	

arranged	 because	 of	 the	 conformations	 of	 the	 molecules	 (even	 though	 the	 molecules	

are topologically symmetric),	 so	 that,	 in	 each	 molecule,	 one	 C60 feature	 appears	 less	

protruding	or	does	not	even	appear	in	the	topographic	images.	This	difference	is	the	result	

of	STM	images	being	convolutions	of	geometric	and	electronic	structure.38,57,65,66	
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Figure	B.2. Consecutively	 collected	 scanning	 tunneling	 microscopy	 images	 showing	
C60	triad	 molecules	 inserted	 in	 dodecanethiolate	 monolayer	 matrix	 on	 Au{111}.		
(A)	 Topographic	 and	 (B)	 spectroscopic	 (see	 text)	 images	 were	 simultaneously	 obtained	
when	 the	 laser	was	 not	 illuminating	 the	 sample.	 (C)	 Topographic	 and	 (D)	 spectroscopic	
images	were	simultaneously	obtained	when	the	laser	illuminated	the	sample	evanescently.	
(E)	Topographic	and	(F)	spectroscopic	images	were	simultaneously	obtained	immediately	
after	 (C)	 and	 (D).	 All	 images	were	 collected	 at	 a	 sample	 bias	 of	 −1.00	V	 and	 a	 tunneling	
current	 of	 12.0	 pA.	 All	 spectroscopic	 images	 were	 collected	 phase	 sensitively	 with	 a	
reference	frequency	of	4.8	kHz	created	by	a	chopper	wheel	that	was	used	to	modulate	the	
evanescent	sample	illumination.	

For	 example,	 in	 the	 area	 shown	 in	 Figure	 B.2A,C,E,	 we	 observe	 five	 C60 triad	

molecules,	as	labeled	in	Figure	B.2C.	The	lattice	structures	of	C12	SAMs	in	Figure	B.2A,C,E	

are	 not	 observed	 in	 the	 spectroscopic	 images	 under	 these	 conditions.	 This	 result	 is	
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consistent	with	C12	not	absorbing	incident	photons	at	this	energy,	leading	to	no	detectable	

photocurrent	corresponding	to	the	excitation.	By	comparing	Figure	B.2B,D,F,	we	can	see	

that	 there	 are	 large	 positive	 and	 negative	 signals	 in	 the	 lower	 regions	 of	 Figure	 B.2D,F	

(illuminated)	that	were not observed	 in	Figure	B.2B	 (no	 illumination).	Such	positive	and	

negative	signals	are	much	larger	than	the	background	and only present	under	illumination.	

Schemes	 showing	 the	 experimental	 setup	 are	 shown	 in	 Figure	 B.3A,B.	 We	 use	 phase-

sensitive	 detection	 with	 mechanical	 chopping	 of	 the	 laser	 illumination	 to	 record	 the	

photoinduced	tunneling	current	change	(Figure	B.2B,D,F	and	B3C).	In	Figure	B.3C,	while	

under	illumination,	the	average	values	of	the	in-phase	signals	calculated	from	Figure	B.2D,F	

(and	other	consecutively	collected	spectroscopic	images	not	shown	here)	are	more	negative	

than	 those	without	 illumination.	The	number n in	Figure	B.3C	 represents	 the	number	of	

spectroscopic	 images	 we	 used	 to	 calculate	 the	 average	 values.	 The	 average	 values	 of	

Figure	B.2D,F	and	other	spectroscopic	images	collected	under	illumination	were	calculated	

from	 the	 regions	 corresponding	 to	 dodecanethiol	 molecules	 only	 (highlighted	 in	

Figure	B.S2).	The	error	bars	represent	 the	deviation	of	average	values	between	different	

images.	 When	 we	 change	 the	 sample	 bias	 from	 −1	 V	 to	 +1	 V,	 we	 observe	 that,	 under	

illumination,	 the	average	 in-phase	 signal	 is	more	positive	 than	 that	without	 illumination.	

That	 is,	 the	 phase	 shift	 for	 the	 photoinduced	 signal	 changes	 180°	 when	 we	 change	 the	

polarity	 of	 the	 bias.	We	 attribute	 the	 negative	 shift	 of	 the average in-phase	 signal	 under	

illumination	in	Figure	B.3C	to	tunneling	of	photoinduced	hot	electrons	from	the	surface	to	

the	tip.	Since	photoinduced	electrons	generated	in	C60 triad	molecules	should	have	the	same	

phase	 shift	 as	hot	electrons,	 in	Figure	B.2,	we	 conclude	 that	 local	positive	 signals	 in	 the	

spectroscopic	images	indicate	that	the	position	has	higher	densities	of	photoinduced	holes	
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and	 negative	 signals	 in	 the	 spectroscopic	 images	 indicate	 that	 the	 position	 has	 higher	

densities	 of	 photogenerated	 electrons.53,58–60 Our	 results	 in	 Figure	 B.2	 and	 related	 data	

enable	 us	 to	 characterize	 the	 distribution	 of	 photoinduced	 charges within C60 triad	

molecules.	

	

Figure	B.3. (A)	 Schematic	 illustration	 of	 the	 experimental	 setup	 for	 laser-assisted	
scanning	tunneling	microscopy.	(B)	Scheme	of	evanescent	illumination	and	photogeneration	
of	 charge	 separation,	 measured	 in	 submolecular	 resolution	 spectroscopic	 images.		
(C)	Average	of	the	in-phase	signals	calculated	from	spectroscopic	images	in	Figure	B.2	and	
consecutively	collected	data.	
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Photoinduced	 signals	 in	Figure	B.2D,F	 		were	 further	 extracted	 from	background	

through	 a	 simple	 height	 thresholding	method	 (see	Supporting	 Information).	Data	 for	 the	

matrix	molecules	in	the	upper	areas	in	Figure	B.2D,F	were	used	as	background,	and	their	

intensity	ranges	were	used	as	threshold	references.	Only	data	points	with	higher	absolute	

intensity	 than	 background	 were	 used	 to	 determine	 the	 photoinduced	 signals.	 Extracted	

photoinduced	 signals	 from	 Figure	 B.2D,F	are	 shown	 in	 Figure	 B.4B,E	 separately,	 and	

corresponding	topographic	images	Figure	B.2C,E	are	shown	as	Figure	B.4A,D	for	analysis.	

In	 the	data	 in	Figure	B.4B,	we	 find	that	 the	three	regions	of	signals	highlighted	by	black,	

green,	and	red	boxes	correspond	to	the	C60	triad	molecules	labeled	2,	3,	and	5,	respectively,	

in	Figure	B.4A.	While	in	Figure	B.4E,	the	two	regions	of	signals	highlighted	by	green	and	

red	 boxes	 correspond	 to	 the	 C60	triad	 molecules	 labeled	 3,	 4,	 and	 5,	 respectively,	 in	

Figure	B.4D.	 The	 relative	 intensities	 of	 the	 photoinduced	 signals	 can	 also	 be	 seen	 in	

Figure	B.4C,F,	 which	 are	 displays	 of	 Figure	 B.4B,E	 in	 the	yz	plane.	 The	 signals	

corresponding	 to	 the	 molecule	 labeled	 2	 (black	 box)	 in	 Figure	 B.4C	 disappear	 in	

Figure	B.4F,	 and	 the	 signal	 corresponding	 to	 the	 molecule	 labeled	 3	 (green	 box)	 in	

Figure	B.4C	 only	 has	 positive	 signal	 left	 in	 Figure	 B.4F	 and	 the	 intensity	 has	 greatly	

decreased.	 However,	 the	 signal	 corresponding	 to	 the	 molecule	 labeled	 5	 (red	 box)	 in	

Figure	B.4C	greatly	increased	in	Figure	B.4F.	We	tentatively	attribute	the	differences	in	the	

intensities	of	photoinduced	signals	and	the	observations	that	photoinduced	signals	were	not	

observed	for	all	C60	triad	molecules	as	likely	due	to	(dynamic)	differences	in	conformations	

of	C60	triad	molecules.	
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Figure	B.4. Consecutively	 collected	 scanning	 tunneling	 microscopy	 images	 under	
evanescent	 laser	 illumination,	showing	C60	triad	molecules	 inserted	 in	a	dodecanethiolate	
monolayer	 matrix	 on	 Au{111}.	 (A)	 Topographic	 image	 reproduced	 from	 Figure	 B.2C.		
(B)	Photoinduced	charge	separation	extracted	from	Figure	B.2D.	(C)	Projection	of	image	(B)	
on	 the	yz	plane.	 (D)	 Topographic	 image	 reproduced	 from	 Figure	 B.2E.	 (E)	 Photoinduced	
charge	separation	extracted	from	Figure	B.2F.	(F)	Projection	of	image	(E)	in	the	yz	plane.	All	
images	were	collected	at	a	sample	bias	of	−1.00	V	and	a	 tunneling	current	of	12.0	pA.	All	
spectroscopic	images	were	collected	phase	sensitively	with	a	reference	frequency	of	4.8	kHz	
created	by	a	chopper	wheel	that	was	used	to	modulate	the	sample	illumination.	

In	 order	 to	 test	 whether	 we	 have	 detected	 photoinduced	 charge	 separation	 in	

C60 triad	molecules	using	scanning	tunneling	microscopy,	we	performed	control	experiments	

in	which	molecules without C60 groups	(DTP,	Figure	B.1B)	were	inserted	into	the	defects	in	

C12	SAMs	and	 the	 surface	was	 characterized	by	 laser-assisted	STM.	 Figure	B.5A,B	 show	

simultaneously	 obtained	 topographic	 and	 spectroscopic	 images	 without	 illumination.	

Figure	B.5C,D	show	simultaneously	obtained	topographic	and	spectroscopic	 images	with	

evanescent	laser	illumination.	We	attribute	the	protrusions	in	Figure	B.5A,C	highlighted	by	

the	 circles	 as	 DTP	 molecules.	 The	 DTP	 molecules	 cannot	 be	 characterized	 as	 clearly	 as	

C60 triad	molecules	 even	 though	 the	 lattice	 of	C12	matrix	molecules	 is	 still	 observed.	We	
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attribute	 this	 difference	 to	 DTP	 molecules	 being	 substantially	 smaller	 than	 C60 triad	

molecules,	 which	 makes	 them	 more	 mobile	 under	 ambient	 conditions	 and	 room	

temperature.(66)When	 the	 laser	was	blocked	to	 stop	 illumination,	 some	signals	near	 the	

background	level	were	observed	in	Figure	B.5B	at	the	same	position	as	the	DTP	molecule	in	

Figure	B.5A.	After	illumination,	the	signal	corresponding	to	the	DTP	molecule	(highlighted	

by	the	circle)	in	the	spectroscopic	image	Figure	B.5D	did not increase	significantly	beyond	

the	 background	 (matrix)	 level.	 These	 and	 similar	 results	 on	 DTP	 and	 other	 molecules	

indicate	 that	 the	 charge	 separation	 observed	 in	 Figure	 B.2D,F	 is	 only	 observed	 in	

molecular p–n junctions	when	both	electron	donors	and	electron	acceptors	are	present. 

	
	

Figure	B.5. Scanning	tunneling	microscopy	images	showing	2,5-dithienylpyrrole	control	
molecules	 inserted	 in	 a	 dodecanethiolate	 self-assembled	 monolayer	 matrix	 on	 Au{111}.	
(A,B)	Simultaneously	obtained	topographic	and	spectroscopic	images	without	illumination.	
(C,D)	 Simultaneously	 obtained	 topographic	 and	 spectroscopic	 images	 with	 evanescent	
illumination.	All	images	were	collected	at	a	sample	bias	of	−1.00	V	and	a	tunneling	current	of	
12.0	 pA.	 All	 spectroscopic	 images	 were	 collected	 phase	 sensitively	 with	 a	 reference	
frequency	of	4.8	kHz	created	by	a	chopper	wheel	that	was	used	to	modulate	the	evanescent	
sample	illumination. 
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 Conclusions	and	Prospects	

In	summary,	we	have	successfully	detected	photoinduced	charge	separation	in	single	

molecular	p–n	junctions	with	laser-assisted	STM.	This	method	can	serve	as	a	diagnostic	tool	

to	measure	the	intrinsic	photovoltaic	efficiency	of	single	molecules	and	assemblies	for	solar	

cell	applications.	By	 investigating	candidate	molecules	and	assemblies	with	 laser-assisted	

STM,	our	method	has	the	potential	to	compare	the	photovoltaic	efficiency	quantitatively	with	

submolecular	resolution	and	to	provide	direct	figures	of	merit	for	energy	conversion.	We	can	

use	these	measurements	to	optimize	photoabsorption,	charge	separation,	and	connections	

of	 the	molecules	or	assemblies	 to	 the	 contact.	The	 critical	details	of	 the	orientations	and	

contacts	can	be	extracted	in	a	way	inaccessible	to	ensemble	measurements	of	photovoltaics.	

We	anticipate	that	this	approach	will	elucidate	important	design	principles	and	feedback	for	

synthetic	 chemists,	 materials	 scientists,	 and	 engineers	 and	 will	 help	 to	 determine	 key	

molecular	 and	 materials	 components	 and	 conformations	 for	 efficient	 light	 conversion.	

Further	experiments	will	focus	on	extending	our	method	to	other	photoactive	molecules	and	

assemblies	with	different	functionality	and	electron	donors	and	acceptors.	

 Materials	and	Methods	

 	Preparation	of	Au{111}	Substrates. 	

Thin	(45	nm),	 flat	(roughness	0.3-1	nm)	epitaxial	Au	{111}	 films	are	deposited	on	

c-cut	 sapphire	 cylindrical	 prisms.	 Half-cylindrical	 sapphire	 prisms	 (1	 cm	 ×	 1	 cm,	 1	 cm	

diameter)	with	epi-polished	c-cut	planes,	Al2O3	(0001)	were	purchased	from	Meller	Optics	

(Providence,	RI).	These	substrates	were	annealed	in	air	at	1100	oC	and	1400	oC	for	24	h	and	

18	 h,	 respectively,	 in	 consecutive	 cycles.	 Thin	 Au{111}	 films	were	 grown	on	 c-cut	 plane	
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sapphire	prisms	with	a	Nb	seed	layer.67	The	annealed	sapphire	substrates	were	introduced	

to	the	ultrahigh	vacuum	evaporator	chamber	with	a	base	pressure	in	the	10-10	mbar	range,	

and	were	outgassed	for	1	h	at	150	°C	to	remove	adsorbed	water.	A	2-nm-thick	Nb	seed	layer	

was	 evaporated	 at	 a	 rate	 of	 0.15	 Ao /s	 at	 room	 temperature.68	 The	 pressure	 increased	 to	

~5	×	10-9	 mbar	 during	 evaporation.	 Room	 temperature	 deposition	 favors	 the	 Nb{110}	

orientation	over	Nb{111},	while	elevated	temperatures	(over	800	°C)	yield	Nb{111}.69	The	

orientation	of	Au	{111}	is	parallel	to	Nb{110}	with	the	epitaxial	relationship	as	follows:68,70,71	

A!(111)[011]‖"#{111}[001]‖$%2&3/0001/[1010].	 Thin	 Au	 films	 (45	 nm)	 were	 then	

deposited	at	 a	 substrate	 temperature	of	300	 oC	and	an	evaporation	 rate	of	0.50	Ao /s.	The	

surface	 temperature	 should	 not	 exceed	 300	 oC,	 to	 avoid	 inter-diffusion	 and	 intermetallic	

compounds	(primarily	AuNb3	and	Au2Nb3)	that	occur	above	325	oC.72		

 Preparation	of	n-Dodecanethiolate	Self-Assembled	Monolayer	Matrices.		

Freshly	flame-	annealed	Au{111}/Al2O3(0001)	substrates	were	placed	in	the	airspace	

in	a	vial	over	gravimetrically	prepared	1	mM	n-dodecanethiol	(Sigma	Aldrich,	St.	Louis,	MO)	

ethanolic	solution	for	3	h	at	78	°C.	Substrates	were	then	rinsed	thoroughly	with	ethanol	and	

were	blown	dry	using	nitrogen.		
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 Insertion	 of	 C60-Tethered	 2,5-Dithienylpxyrrole	 Triads	 (C60	 Triads)	 and	 the	

Control	 Molecules	 without	 C60	 (DTP)	 into	 n-Dodecanethiolate	 Self-Assembled	

Monolayer	Matrices.		

With	ultrasonication	to	speed	up	the	dissolution,	the	solution	of	2,5-dithienylpyrrole	

with	conjugated	tether	(DTP,	0.05	mM,	10	mL)	in	toluene	(HPLC	purity)	was	prepared	and	

purged	with	dry	nitrogen.	Ammonium	hydroxide	(28.0-30.0%	NH3,	5	μL)	was	added	to	1	mL	

of	 the	 solution.	 The	 aqueous	 ammonia	 hydrolyzed	 the	 thioacetyl	 protecting	 group,	

generating	the	thiolate	in	situ.	After	2	min	ultrasonication	to	mix	ammonium	hydroxide	with	

toluene	 solution,	 the	 mixture	 was	 let	 stand	 for	 30	 min	 for	 deprotection	 before	 use.	

Monolayers	with	DTP	inserted	were	prepared	by	submerging	the	gold	substrate	with	vapor-

deposited	dodecanethiol	SAM	matrix	into	solution	of	deprotected	DTP	molecules	overnight	

at	room	temperature.	The	solution	of	C60 triad	(0.05	mM,	10	mL)	in	toluene	(HPLC	purity)	

was	 ultrasonicated	 and	 bubbled	 with	 dry	 nitrogen.	 The	 partial	 solution	 (2	 mL)	 were	

transferred	 into	 a	 vial	 and	 diluted	 with	 0.25	 mL	 of	 ethanol	 to	 ease	 the	 dissolution	 of	

ammonium	hydroxide.	Two	doses	of	ammonium	hydroxide	(28.0-30.0%	NH3,	25	μL)	were	

added	with	3	min	 sonication	 in	between.	After	 the	 solution	was	 stirred	 for	0.5	h,	 the	Au	

substrates	were	immersed	into	the	solution	for	24	h,	followed	by	rinsing	with	toluene	and	

ethanol,	and	drying	with	a	nitrogen	stream.	The	color	of	the	solution	turning	to	light	brown	

indicates	that	the	acetate	protecting	group	has	been	removed.	 

 Scanning	Tunneling	Microscopy.		

All	 scanning	 tunneling	 microscopy	 (STM)	measurements	 were	 conducted	 using	 a	

custom-built	laser-assisted	STM.50	All	topographic	images	were	collected	in	atmospheric	air	
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and	at	room	temperature	with	constant	tunneling	current	mode.	The	Pt/Ir	80:20	tip	wire	

was	supplied	by	Alfa	Aesar	(Ward	Hill,	MA)	and	were	freshly	cut	before	use.	The	gain	of	the	

piezoelectric	 scanners	 was	 calibrated	 by	 comparison	 of	 a	 dodecanethiol	 monolayer	 on	

Au{111}	 to	 its	 known	 lattice	 constant	 of	 4.99	Ao 	 and	Au{111}	monoatomic	 step	height	of	

2.34	Ao .	All	STM	images	were	collected	at	a	resolution	of	256	pixels	times	256	pixels	and	the	

scanning	 rate	 for	 all	 images	 was	 set	 as	 1	 ms	 per	 pixel.	 The	 laser	 beam	 (p-polarized,	

405	±	5	nm,	 Coherent	 Inc.	 CUBE	diode	 laser)	 is	modulated	 by	 a	 chopper	wheel	 to	 create	

reference	frequency	input	to	the	lock-in	amplifier	(Stanford	Research	Systems	Inc.,	Model	

SR850),	 so	 that	 light-triggered	 change	 in	 the	 tunneling	 current	 can	 be	 recorded	 phase	

sensitively.	 The	 tunneling	 current	was	 amplified	 through	 a	 gain	 of	 1010	mV/pA	 and	 the	

sensitivity	of	lock-in	amplifier	was	set	to	50	mV,	which	correspond	to	5	pA.	The	time	constant	

of	the	lock-in	amplifier	was	set	to	3	ms	for	all	measurements.	The	incident	field	is	transmitted	

through	a	broadband	window	on	the	wall	of	 the	acoustic	enclosure	and	focused	onto	the	

Au/air	interface	by	a	converging	lens	(focal	length	=	75	mm).	The	alignment	of	the	focusing	

lens	 is	 accomplished	 by	 stepper	motor	 actuator	 (Newport	 Corporation,	 TRA25PPD).	We	

have	installed	a	motorized	continuous	rotation	stage	(Thorlabs,	Inc.,	CR1Z7)	to	align	the	lens	

focal	 plane	 perpendicular	 to	 the	 propagation	 direction	 of	 the	 incident	 beam.	 The	 light	

incident	angle	at	Au/sapphire	interface	can	be	varied	by	revolving	the	scanner	and	prism	

holder	with	the	rotating	stage	(Newport	Corporation,	RV160PE-F)	underneath.	We	analyze	

the	light	reflected	off	the	interface	at	discrete	incident	angles	via	a	CCD	camera	beam	profiler	

(Thorlabs	Inc.,	BC106-VIS)	that	orbits	above	the	tip/sample	junction.	Phase	sensitive	images	

were	collected	as	the	laser	beam	illuminated	the	tunneling	junction	from	the	rear	sapphire	

at	 an	 incident	 angle	 of	 37°.	 The	 electric	 field	 intensity	 distributions	 at	 sapphire/Au/Air	
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interfaces	 were	 simulated	 with	 the	 finite-difference	 time-domain	 method	 for	 different	

incident	angles	and	are	shown	in	Figure	B.S1A.	At	an	incident	angle	of	37°	relative	to	the	

surface	 normal,	 the	 electric	 field	 intensity	 is	 plotted	 as	 a	 function	 of	 position	 x	 in	

Figure	B.S1B.	The	depth	of	penetration,	defined	by	the	1/e	attenuation,	 is	approximately	

160	 nm.	 At	 this	 wavelength,	 the	 incident	 electromagnetic	 field	 excites	 an	 interband	

transition	in	the	gold,	instead	of	surface	plasmons.73	The	frequency	of	the	chopper	wheel	was	

maintained	 at	 4.8	 kHz	 and	was	 used	 as	 the	 reference	 frequency	 of	 the	 lock-in	 amplifier.	

Hence,	the	laser	on/off	switching	rate	is	faster	than	the	response	time	(approximately	1	ms)	

of	the	tip	height	control	loop.		

	

Figure	B.S1. (A)	 Electric	 field	 intensity	 distribution	 at	 sapphire/Au/Air	 interface	 for	
different	incident	angles.	(B)	Electric	field	intensity	distribution	above	sapphire	surface	at	
37°	incident	angle	relative	to	the	surface	normal.		
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 Image	Processing.		

All	STM	images	were	processed	by	Gwyddion.S9 Photoinduced	signals	in	the	phase-

sensitive	 spectroscopic	 images	 in	 Figure	 B.2D,F	 were	 extracted	 from	 the	 background	

through	a	height	thresholding	method.	Height	thresholds	were	determined	based	on	the	data	

intensity	 range	 of	 the	 area	 corresponding	 to	 n-dodecanethiol	 matrix	 molecules	 in	

phase-sensitive	 spectroscopic	 images,	 as	 highlighted	 in	 Figure	 B.S2.	 Figure	 B.S2A,B	 is	

reproduced	 from	 Figure	 B.2D,F.	 For	 Figure	 B.2D,	 data	 points	 with	 value	 smaller	

than	-1.286	pA	and	larger	than	0.941	pA	and	their	adjacent	areas	with	slope	larger	than	20%	

of	the	whole	image	and	curvature	larger	than	60%	of	the	whole	image	were	conserved.	The	

rest	of	the	data	points	in	Figure	B.2D	were	replaced	by	the	mean	value	of	the	whole	image.	

The	processed	image	is	shown	as	Figure	B.4B	in	the	paper.	For	Figure	B.2F,	data	points	with	

values	smaller	than	-0.933	pA	and	larger	than	0.848	pA	and	their	adjacent	areas	with	slope	

larger	than	20%	of	the	whole	image	and	curvature	larger	than	60%	of	the	whole	image	were	

conserved.	The	rest	of	the	data	points	in	Figure	B.2Fwere	replaced	by	the	mean	value	of	the	

entire	image.	The	processed	image	is	shown	as	Figure	B.4E	in	the	main	text.		
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Figure	B.S2. (A)	 Phase-sensitive	 spectroscopic	 image	 reproduced	 from	 Figure	 B.2D.	
(B)	Phase-sensitive	spectroscopic	image	reproduced	from	Figure	B.2F.	 

 Supplemental	Data.		

We	observed	that	in	Figures	B.2,4,	the	regions	with	large	phase-sensitive	signals	in	

the	 spectroscopic	 images	 correspond	 to	 the	 regions	 with	 strips	 with	 significant	 signal	

fluctuations	in	the	topographic	images.	The	strips	in	the	topographic	images	were	caused	by	

the	conformational	changes	and	motion	of	C60	triad	molecules	during	scanning.	In	order	to	

test	 whether	 the	 phase	 sensitive	 signals	 we	 observed	 were	 related	 to	 motion	 of	 the	

molecules,	we	collected	another	set	of	images	of	the	same	region	when	the	surface	was	not	

under	illumination,	shown	in	Figures	B.S3.	In	Figures	B.S3A,	we	observe	signal	fluctuations	

near	 one	 of	 the	 C60	 triad	 molecules,	 which	 we	 interpret	 as	 conformational	 changes	 and	

motion	 of	 the	 C60	 triad	molecules	 not	 being	 caused	 (exclusively)	 by	 illumination.	 In	 the	

corresponding	 spectroscopic	 image,	 Figures	 B.S3B,	 we	 do	 not	 observe	 significant	

phase-sensitive	signals	in	the	region	corresponding	to	the	fluctuations,	indicating	that	the	

movement	 of	 the	 C60	 triad	 molecules	 will	 not	 generate	 “mechanical”	 noise	 in	 the	

spectroscopic	images	as	recorded	(which	would	have	to	be	phase	sensitive	to	be	observed).	
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Such	 results	suggest	 that	 the	phase-sensitive	 signals	we	observed	 in	Figures	B.2,4	were	

caused	by	the	photo-induced	charges.		

	

Figure	B.S3. (A)	Topographic	and	 (B)	 spectroscopic	 images	 showing	C60	 triad	molecules	
inserted	in	dodecanethiolate	monolayer	matrix	on	Au{111}.	Images	were	collected	without	
any	 illumination	of	 the	surface.	All	 images	were	collected	at	a	sample	bias	of	 -1.00	V	and	
a	tunneling	current	of	12.0	pA.		

In	order	to	test	whether	we	can	detect	the	distribution	of	photo-induced	charges	on	

different	C60 triad	molecules,	we	also	 collected	 topographic	and	 spectroscopic	 images	 for	

different	regions	on	different	samples.	Two	typical	sets	of	data	are	shown	in	Figures	B.S4,5.	

Figures	B.S4A,B	was	collected	without	any	illumination	and	Figures	B.S4C,D	was	collected	

when	the	surface	was	illuminated	by	a	405	nm	laser.	In	Figures	B.S4D,	we	observe	positive	

and	negative	in-phase	signals	(highlighted	by	the	black	box)	corresponding	to	the	position	

of	a	C60 triad	molecule	in	Figures	B.S4C.	Such	signals	were	not observed	in	Figure	B.S4B.	All	

images	in	Figures	B.5	were	collected	with	a	+1.00	V	sample	bias,	which	is	different	from	all	

the	 other	 STM	 images	 shown	 in	 the	 main	 text	 and	 the	 supporting	 information.	

Figures	B.S5A,B	was	collected	without	any	illumination	and	Figures	B.S5C,D	was	collected	

when	the	surface	was	illuminated	by	a	405	nm	laser.	Photo-induced	signals	were	observed	
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in	Figure	B.S5D	(highlighted	by	the	black	box)	and	their	positions	correlate	to	the	positions	

of	C60 triad	molecules	in	Figure	B.S5C.		

	

Figure	B.S4. Scanning	tunneling	microscopy	images	showing	C60 triad	molecules	inserted	
in	a	dodecanethiolate	monolayer	matrix	on	Au{111}.	(A)	Topographic	and	(B)	spectroscopic	
images	 were	 simultaneously	 obtained	 when	 the	 laser	 was	 not	 illuminating	 the	 sample.	
(C)	Topographic	and	(D)	spectroscopic	images	were	simultaneously	obtained	when	the	laser	
(405	nm)	illuminated	the	sample	evanescently.	All	images	were	collected	at	a	sample	bias	of	
-1.00	V	and	a	tunneling	current	of	12.0	pA.	All	spectroscopic	images	were	collected	phase	
sensitively	with	a	reference	frequency	of	4.8	kHz	created	by	a	chopper	wheel	that	was	used	
to	modulate	the	evanescent	sample	illumination.	 
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Figure	B.S5. Scanning	tunneling	microscopy	images	showing	C60 triad	molecules	inserted	
in	a	dodecanethiolate	monolayer	matrix	on	Au{111}.	(A)	Topographic	and	(B)	spectroscopic	
images	 were	 simultaneously	 obtained	 when	 the	 laser	 was	 not	 illuminating	 the	 sample.	
(C)	Topographic	and	(D)	spectroscopic	images	were	simultaneously	obtained	when	the	laser	
(405	nm)	illuminated	the	sample	evanescently.	All	images	were	collected	at	a	sample	bias	of	
+1.00	V	and	a	tunneling	current	of	12.0	pA.	All	spectroscopic	images	were	collected	phase	
sensitively	with	a	reference	frequency	of	4.8	kHz	created	by	a	chopper	wheel	that	was	used	
to	modulate	the	evanescent	sample	illumination.	 

We	 also	 collected	 the	 90°	 phase	 offset	 images	 for	 Figure	 B.2C,E,	 shown	 as	

Figure	B.S6C,F,	separately.	Figure	B.2C-F	is	reproduced	as	Figure	B.S6A-E	for	comparison.	

In	Figure	B.S6C,F,	we	 observe	 positive	 and	 negative	 phase-sensitive	 signals	 at	 the	 same	

positions	as	Figure	B.S6B,E.	The	phase	shift	of	the	phase-sensitive	signal	only	depends	on	

the	electronic	delays	of	 the	system	and	 is	constant	as	 long	as	 the	settings	of	 the	chopper	

encoder	 and	 lock-in	 amplifier	 are	 kept	 the	 same.	 It	 can	 vary	 within	 a	 small	 range	 due	
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electronic	noise	and	small	uncertainties	of	the	instruments	(vibrations	etc.)	resulting	in	small	

signals	in	the	90°	phase	offset	images.	The	purpose	of	this	work	is	to	test	if	we	can	map	the	

distributions	of	photo-induced	charges	at	the	sub-molecular	level.	We	have	the	potential	to	

obtain	 more	 valuable	 information	 after	 further	 engineering	 of	 the	 instrument	 and	 the	

systems.	 

	

Figure	B.S6. Consecutively	 collected	 scanning	 tunneling	 microscopy	 images	 under	
evanescent	 laser	 illumination,	showing	C60 triad	molecules	 inserted	 in	a	dodecanethiolate	
monolayer	 matrix	 on	 Au{111}.	 (A)	 Topographic	 image	 reproduced	 from	 Figure	 B.2C.		
(B)	Spectroscopic	 image	reproduced	from	Figure	2d.	(C)	90°	phase	offset	 image	collected	
simultaneously	 with	 (A)	 and	 (B).	 (D)	 Topographic	 image	 reproduced	 from	 Figure	 B.2E.		
(E)	Spectroscopic	 image	 reproduced	 from	Figure	2f.	 (F)	90°	phase	offset	 image	collected	
simultaneously	with	(D)	and	(E).	All	images	were	collected	at	a	sample	bias	of	-1.00	V	and	a	
tunneling	current	of	12.0	pA.	All	spectroscopic	images	were	collected	phase	sensitively	with	
a	reference	frequency	of	4.8	kHz	created	by	a	chopper	wheel	that	was	used	to	modulate	the	
sample	illumination.	 
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The	projection	of	Figure	B.5B,D	is	shown	in	Figure	B.S7	for	comparison.	The	vertical	

scale	of	Figure	B.S7	has	been	adjusted	to	be	the	same	as	Figure	B.4C,F	so	that	the	relative	

magnitude	of	the	signals	can	be	compared.	When	the	laser	was	blocked	to	stop	illumination,	

some	signals	near	the	background	level	were	observed	in	Figure	B.S7A.	After	illumination,	

the	signal	corresponding	to	the	DTP	molecule	in	the	spectroscopic	image	Figure	B.5D	did	

not increase	 significantly	beyond	 the	background	 (matrix)	 level	 and	the	 signal	 is	 close	 to	

noise,	compared	to	Figure	B.4C,F.	 

	

Figure	B.S7. (A)	Projection	of	Figure	B.5B	in	the	yz	plane.	(B)	Projection	of	Figure	B.5D	in	
the	yz	plane.	 

We	 have	 extracted	 five	 line	 profiles	 across	 the	 signals	 in	 Figure	 B.2D,F	 and	

reproduced	 as	 Figure	 B.S8A,B	 and	 the	 five	 lines	 are	 shown	 and	 numbered.	 The	

corresponding	line	profiles	are	shown	in	Figure	B.S9.  
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Figure	B.S8. (A)	 Spectroscopic	 image	 reproduced	 from	 Figure	 B.2D.	 (B)	 Spectroscopic	
image	reproduced	from	Figure	B.2F.	 

	

Figure	B.S9. (A)	Line	profiles	corresponding	to	the	lines	in	Figure	B.S8A.	(B)	Line	profiles	
corresponding	to	the	lines	in	Figure	B.S8B.	 
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