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Abstract	

Hierarchical	Assemblies	in	Supramolecular	Nanocomposite	Thin	Films:	Kinetic	

Pathway	Dependence	

By		

Katherine	Marie	Evans	

Doctor	of	Philosophy	in	Chemistry		

University	of	California,	Berkeley	

Professor	Ting	Xu,	Chair	

	 	

	

Polymer	nanocomposites	are	an	extremely	versatile	class	of	materials	due	to	
the	 variety	 of	materials	 that	 can	 be	 used	 and	 their	many	 applications.	 Structured	
nanocomposites	 are	 of	 particular	 interest	 due	 to	 the	 potential	 of	 a	
structure/function	relationship.	In	order	to	establish	such	a	relationship,	a	variety	of	
nanoscale	 structures	 with	 control	 over	 how	 to	 generate	 them.	 Block	 copolymer	
(BCP)-based	supramolecules	have	been	studied	for	the	past	two	decades	in	thin	film	
due	to	their	ability	to	self-assemble	to	form	order	on	the	nanoscale.	The	complexity	
of	supramolecules	 is	obvious:	they	are	constructed	from	noncovalently	attaching	a	
small	 molecule	 to	 a	 BCP	 block.	 As	 a	 multicomponent	 system,	 the	 self-assembly	
process	 is	governed	by	competing	 thermodynamic	and	kinetic	considerations.	The	
thermodynamics	that	lead	to	equilibrium	structures	are	well	understood.	In	order	to	
move	beyond	known	structures	and	create	 tunable	 thin	 films,	 the	kinetic	pathway	
must	studied.		

The	effect	of	several	parameters	 in	the	multicomponent	system	on	the	final	
film	 structure	 and	 long-range	 order	was	 quantified	 to	 understand	 the	 synergistic	
effects	of	the	components.	A	multi-dimension	diagram	of	the	assembly	process	was	
developed	that	accounts	for	experimental	observations	in	supramolecular	thin	films	
in	the	last	decades	from	multiple	groups.	This	diagram	was	used	to	create	a	design	
framework	that	can	be	used	to	control	the	long-range	order	in	nanocomposite	thin	
films	by	controlling	the	kinetic	pathway.		

The	 framework	 determined	 was	 applied	 to	 lithographically	 patterned	
substrates	 to	 achieve	 assemblies	 under	 incommensurate	 conditions	 that	 aligned	
with	 circular	 patterns.	 The	 resultant	 structures	 arise	 from	 the	 kinetic	 pathway	
during	assembly	rather	than	purely	thermodynamic	considerations.		

A	 different	 kinetic	 regime	 was	 explored	 by	 using	 high	 molecular	 weight-
based	supramolecules.	These	films	have	two	distinct	kinetic	regimes:	slow	diffusion	
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of	highly	entangled	polymers	and	the	relatively	faster	diffusion	of	nanoparticles.	The	
two	 regimes	 can	 be	modulated	 so	 that	 films	 with	 different	 structure	 and	 feature	
sizes	 can	 be	 achieved.	 In	 situ	 grazing-incidence	 transmission	 small	 angle	 X-ray	
scattering	studies	were	performed	to	monitor	the	kinetic	pathway	taken	during	self-
assembly	to	quantify	the	changes	to	structure	and	order	in	a	solution-based	process.	
The	information	about	the	importance	of	the	kinetic	pathway	on	a	multicomponent	
system	yielded	a	deeper	understanding	of	the	assembly	process	that	opens	the	door	
to	creating	designer	nanocomposites	with	precisely	tailorable	features.		
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1.1	Introduction	

Polymer	 nanocomposites	 are	 ubiquitous	 in	 our	 society	 due	 to	 their	 rich	

diversity	 in	both	biological	and	synthetic	systems.	From	fabrics	to	medical	devices	

to	solar	cells	and	more,	nanocomposites	have	been	adopted	in	countless	ways	into	

our	every	day	life.	The	ability	to	create	these	functional	materials	has	been	possible	

due	to	our	understanding	of	how	to	control	the	chemistry,	structure,	processing,	and	

functionality	of	the	monomer	building	blocks,	polymer	chains	overall,	and	additives.	

As	science	and	technology	progress,	there	is	a	pressing	need	to	create	new	polymer-

based	films	with	increasingly	specialized	functionality	and	for	use	in	a	wide	variety	

of	fields.		

Polymer	 nanocomposites	 can	 use	 a	 variety	 of	 building	 blocks	 including	

graphene,	 carbon	 nanotubes,	 metallic	 nanoparticles,	 and	 more1-7.	 While	 all	 these	

materials	 have	 interesting	 properties	 that	 they	 can	 impart	 to	 the	 nanocomposite,	

nanoparticles	(NPs)	are	often	used	due	to	their	diversity	of	structure	and	function.		

Nanoparticles	 (NPs),	 often	 referred	 to	 as	 artificial	 atoms,	 have	 unique	 optical,	

electrical,	 mechanical,	 and	 magnetic	 properties	 due	 to	 the	 quantum	 confinement	

effect8-11.	Much	effort	has	gone	 toward	understanding	 the	 synthesis	of	particles	of	

different	 shapes	 (rods,	 plates,	 dots,	 tetrapods,	 etc),	 sizes,	 and	 chemistry	 to	 fully	

harness	 the	potential	of	 these	 interesting	materials12-14.	By	compatibilizing	NPs	so	

that	 they	 can	be	 incorporated,	 dispersed,	 and	 arranged	 in	 a	polymer	matrix,	 their	

unique	properties	can	be	harnessed3,	15-18.	This	is	not	a	trivial	task.		

Polymer	architecture	can	be	used	to	achieve	structural	control.	Of	particular	

interest	are	block	copolymers	(BCP),	which	are	formed	from	two	or	more	chemically	



	 3	

distinct	 segments.	 Such	 structures	 will	 self-assemble	 to	 form	 specified	

nanostructure,	 although	 these	 are	 often	 limited	 to	 a	 few	 equilibrium	 structures.	

BCP-based	supramolecules,	where	a	small	molecule	is	non-covalently	bonded	to	one	

of	 the	 blocks	 of	 the	BCP,	 offer	 an	 improvement	 over	 traditional	 BCP	 systems19,	20.	

The	 small	molecule	 can	be	used	 to	easily	 introduce	 functionality	without	 complex	

synthesis,	 including	 liquid	crystals	and	organic	semiconductors21-25.	Liquid	crystal-

based	supramolecules	have	been	shown	to	introduce	photophysical	properties	and	

make	supramolecules	responsive	to	external	fields25-30.	Organic	semiconductors	can	

be	 used	 to	 implement	 optical	 and	 electronic	 properties	 into	 simple	 polymer	

systems31-33.	 The	 small	 molecule	 can	 also	 be	 used	 to	 create	 stimuli-responsive	

systems,	 such	 as	 thermal	 switchable	 photonics	 or	 thermally	 switchable	 electrical	

conductivity34-38.	The	small	molecule	will	also	guide	NP	assembly	if	the	ligand	on	the	

NP	 is	 chemically	 similar	 to	 the	 small	 molecule	 itself.	 Supramolecule	 systems	

additionally	 can	 be	 used	 to	 create	 self-assembled	 hierarchical	 structure	 with	

ordering	 on	 several	 length	 scales35.	 The	 small	 molecule	 is	 key	 for	 providing	

structure	and	 functionality,	but	 there	 is	 still	much	unknown	about	 the	pathway	of	

assembly	 and	 how	 to	 guide	 it	 to	 create	 novel	 structures	 and	 exactly	 specifiable	

feature	sizes	and	properties.		

Supramolecular	nanocomposites	have	a	minimum	of	4	 components:	 two	or	

more	blocks	 of	 the	BCP,	 the	 small	molecule,	 and	 the	NP.	 For	 thin	 films,	 solvent	 is	

often	an	additional	component.	The	multicomponent	system	offers	many	challenges	

because	 the	 final	 film	 structure	 and	 functionality	 is	 a	 result	 of	 the	 balance	 of	 the	

thermodynamic	and	kinetic	forces	of	each	component	operating	at	once.		However,	
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these	challenges	each	represent	a	handle	that	can	be	used	to	control	and	govern	the	

final	film	assembly.	In	depth	knowledge	of	the	thermodynamic	guiding	forces	have	

been	studied	for	several	decades	now,	but	there	are	still	many	questions	about	the	

kinetic	 pathway	 as	 well	 as	 the	 interplay	 among	 components.	 In	 order	 to	 create	

tunable	nanocomposites	with	arbitrary	feature	sizes,	structure,	and	morphology,	we	

must	 be	 able	 to	 go	 beyond	 existing	 knowledge	 of	 the	 self-assembly	 of	

supramolecular	 nanocomposites	 to	 understand	 the	 kinetic	 pathway	 during	

assembly.	 This	 thesis	 begins	 to	 answer	 questions	 of	 what	 is	 possible	 when	 the	

influence	 of	 each	 component	 of	 the	 multicomponent	 system	 on	 the	 final	 film	

features	can	identified,	new	pathways	can	be	accessed	during	the	assembly	process	

that	go	beyond	traditional	thermodynamic	limits,	and	the	components	are	no	longer	

limited	 by	 size	 restrictions.	 Understanding	 and	 balancing	 kinetic	 pathway	 of	 all	

components	during	self-assembly	 leads	 to	greater	structural	 control	over	polymer	

nanocomposites	and	opens	the	door	for	the	creation	of	designer	nanocomposites.		

The	 following	 sections	 review	 the	 current	 knowledge	 guiding	 our	

understanding	of	the	energy	landscape	of	self-assembly	of	polymer	nanocomposites.	

While	 supramolecules	 are	 of	 particular	 interest,	 the	 extensive	 knowledge	 gained	

from	studies	into	BCPs	alone	is	a	good	starting	place	for	building	an	understanding	

of	 a	 more	 complex,	 multicomponent	 nanocomposite	 system.	 The	 known	

thermodynamic	 and	 kinetic	 considerations	 of	 supramolecular	 thin	 film	 systems,	

both	with	 and	without	 NPs,	 will	 be	 discussed	 in	 detail.	 Solvent	 annealing	will	 be	

presented	as	key	method	for	the	processing	of	these	nanocomposites.	Self-assembly	

in	systems	under	geometric	confinement	and	in	high	molecular	weight	systems	will	



	 5	

be	 discussed	 due	 to	 their	 differing	 considerations	 and	 new	 regimes	 as	 compared	

with	traditional	BCP	self-assembly.	While	these	processes	and	conditions	are	only	a	

small	 slice	 of	 the	 rich	 variable	 space	 available	 for	 polymer-based	 nanocomposite	

self-assembly,	they	should	begin	to	create	a	compelling	overview	of	why	knowledge	

about	the	kinetic	pathway	of	assembly	is	critical	for	controlling	the	features	of	these	

systems.		

	
1.2	Supramolecules-	A	multicomponent	system	

Supramolecules	are	formed	from	a	BCP	backbone	with	a	small	molecule	non-

covalently	bonded	to	one	of	the	blocks35,	39.	The	incorporation	of	this	small	molecule	

leads	 to	 greater	 structural	 control	 as	 well	 as	 a	 way	 to	 easily	 incorporate	

functionality	 without	 the	 need	 for	 complex	 synthetic	 steps	 over	 traditional	 BCP	

systems20.	The	 small	molecule	will	 add	new	 thermodynamic	 considerations	of	 the	

self-assembly	 process.	 As	 is	 the	 case	 with	 traditional	 diblock	 copolymers,	 the	

thermodynamics	 of	 self-assembly	 are	 guided	 by	 the	 Gibb’s	 Free	 Energy.	

Enthalpically,	 the	 interaction	 between	 the	 blocks	 is	 guided	 by	 the	 Flory-Huggins	

interaction	 parameter,	 χAB40.	 In	 thin	 films,	 the	 interaction	 energies	 between	 the	

substrate	and	BCP,	as	well	as	 the	air	 interface	and	BCP	must	also	be	considered41.	

New	 enthalpic	 interactions	 are	 added	 in	 supramolecules:	 the	 small	 molecule	

interactions	with	each	BCP	block,	the	enthalpy	of	the	non-covalent	bond	that	forms	

the	 supramolecule,	 and	any	 interactions	 that	 the	 small	molecule	has	 for	 itself.	For	

example,	 some	 small	 molecules	 with	 alkyl	 chains	 can	 have	 a	 driving	 force	 to	

crystallize24.	 The	 polymer	 conformation,	 geometric	 arrangement	 of	 the	 BCP	
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microdomains,	and	the	small	molecule	 translational	entropy	due	 to	 the	number	of	

configurations	 it	 can	 assume	 make	 up	 the	 entropic	 considerations.	 The	 balance	

between	 these	 enthalpic	 and	 entropic	 considerations	 results	 in	 an	 equilibrium	

structure,	 guided	 by	 a	 phase	 diagram,	 for	 both	 traditional	 BCPs	 (Figure	 1a)	 and	

supramolecules	(Figure	1b).		

	

	

Figure	 1:	 Phase	 diagram	 of	 (a)	 a	 block	 copolymer	 as	 a	 function	 of	 the	 volume	
fraction	 of	 each	 block	 with	 illustrations	 of	 each	 morphology	 shown	 and	 (b)	 a	
supramolecule	 as	 a	 function	 of	 the	 volume	 fraction	 of	 the	 comb	 block.	 The	
descriptions	 and	 illustrations	 of	 the	 expanded	morphologies	 is	 shown	 in	 (c).	 BCP	
phase	diagram	(a)	is	reprinted	with	permission	from	Wiesner	et	al.	Chem.	Soc.	Rev.,	
2011,	 40,	 522.	 Copyright	 2011	 Royal	 Society	 of	 Chemistry.	 Supramolecule	 phase	
diagram	 and	 illustrations	 of	 morphology	 (b,c)	 are	 adapted	 with	 permission	 from	
Valkama	et	al.	Macromoleucles,	2006,	39,	9327.	Copyright	2006	American	Chemical	
Society.			
	

One	key	effect	of	the	small	molecule	in	bulk	supramolecules	is	to	expand	the	

phase	 diagram.	 The	 small	 molecule	 can	 stabilize	 semi-equilibrium	 states	 such	 as	
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hexagonally	perforated	lamellae,	generate	gyroid	structures	over	a	wider	range,	and	

generate	 non-equilibrium	 structures42-45.	 Crucially,	 the	 small	 molecule	 also	

introduces	 hierarchical	 structures,	 such	 as	 lamellae-in-lamellae	 and	 lamellae-in-

spheres,	 due	 to	 the	 shorter	 length	 scale	 packing	 of	 the	 small	molecule	within	 the	

larger	length	scale	microdomain	of	the	BCP39,	44,	46	(Figure	1c).		

The	small	molecule	loading	can	be	used	to	select	the	final	film	morphology44.	

As	discussed	earlier,	the	morphology	is	a	result	of	the	relative	volume	of	each	block.	

In	 traditional	 BCP	 systems,	 the	 composition	 of	 the	 polymer	 must	 be	 changed	 to	

change	 the	 morphology.	 In	 supramolecules,	 however,	 the	 morphology	 can	 be	

selected	by	simply	adding	more	or	less	small	molecule	to	the	system	while	keeping	

the	 BCP	 the	 same.	 Additionally,	 the	 solubility	 of	 the	 small	 molecule	 at	 different	

temperatures	can	be	taken	advantage	of	to	induce	order-order	transitions39.		

In	thin	film,	supramolecules	have	additional	thermodynamic	considerations.	

The	 enthalpy	 between	 the	 substrate/supramolecule	 and	 air	

interface/supramolecule	will	also	affect	the	assembly	process.	This	interface	can	be	

tuned	 to	 change	 the	 orientation	 of	 cylindrical	 supramolecules	 from	 parallel	 to	

perpendicular	 to	 the	 surface,	 for	 example.	 Thin	 films	 of	 supramolecule	 are	 often	

processed	 via	 solvent	 annealing,	 adding	 an	 additional	 component,	 which	 will	 be	

discussed	further	in	the	next	section.		

The	small	molecule	in	both	bulk	and	thin	film	also	introduces	a	way	to	easily	

incorporate	 NPs.	 The	 small	 molecule	 can	 be	 selected	 so	 that	 it	 has	 favorable	

enthalpic	 interactions	 with	 ligand	 on	 the	 NP.	 This	 leads	 to	 a	 way	 to	 selectively	

incorporate	 the	NP	 into	one	domain	of	 the	BCP	as	well	 as	ensuring	 the	particle	 is	
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well	 dispersed	 in	 the	 host	 matrix,	 no	 small	 feat	 in	 creating	 nanocomposites.	 The	

incorporation	 of	 NPs	 also	 affects	 the	 entropy	 during	 self-assembly,	 which	will	 be	

discussed	in	subsequent	sections.		

Supramolecules	 have	 several	 advantages	 in	 creating	 nanocomposites:	 the	

small	molecule	leads	to	inherent	tunability	in	both	structure	in	functionality	and	can	

create	hierarchical	 structures.	They	 can	also	be	used	 to	 easily	 incorporate	NPs	by	

using	 a	 small	 molecule	 that	 is	 chemically	 similar	 to	 the	 NP	 ligand.	 However,	

supramolecular	 nanocomposites	 are	 still	 often	 limited	 to	 structures	 that	 are	

achievable	by	the	phase	diagram.		

	

1.3	Structural	Control	of	Thin	Films	

1.3.1	Solvent	Vapor	Annealing	

Polymer	 thin	 films	 can	 be	 processed	 in	 a	 variety	 of	 ways:	 shearing,	 use	 of	

external	 fields,	 zone	 annealing,	 thermal	 annealing,	 solvent	 annealing,	 etc30,	 47-52.	

Solvent	vapor	annealing,	often	referred	to	simply	as	solvent	annealing,	is	a	preferred	

method	 for	 processing	 supramolecular	 thin	 films.	 This	 is	 due	 to	 the	 thermal	

volatility	 of	 many	 small	 molecules.	 Additionally,	 solvent	 annealing	 will	 introduce	

greater	free	volume	as	compared	to	thermal	annealing,	and	can	be	done	quickly	and	

at	room	temperature53.	In	solvent	vapor	annealing,	the	solvent	vapor	swells	the	film,	

increasing	mobility	at	a	 temperature	 that	 is	considerably	below	Tg.	This	change	 in	

mobility	is	due	to	a	decreasing	Tg	as	follows	the	Fox	equation	

1
𝑇!
=
𝑤!
𝑇!,!

+
𝑤!
𝑇!,!
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where	Tg,1,	Tg,2,	w1,	and	w2	are	the	glass	transition	temperature	and	weight	fractions	

of	 component	 1	 and	2,	 respectively.	 Additionally,	 solvent	 annealing	 increases	 free	

volume	 per	 chain,	 reducing	 chain	 entanglement	 and	 increasing	 diffusion	 in	 the	

polymer	 system.	 The	 addition	 of	 solvent	 will	 also	 change	 χ	 in	 the	 system	 to	 an	

effective	χ,	which	follows	𝜒!"" = 𝜒! 1− 𝑓! 	where	fs	is	the	solvent	fraction	and	χo	is	

the	Flory-Huggins	interaction	parameter	without	solvent54.	As	such,	when	solvent	is	

added,	the	driving	force	for	separation	can	decrease	in	the	BCP	or	supramolecule.		

While	 solvent	 vapor	 annealing	 has	 been	 used	 a	 processing	 technique	 for	

many	years,	 the	process	by	which	 it	 helps	 supramolecules	 form	 long	 range	order,	

how	 it	 affects	 the	 kinetics	 of	 self-assembly,	 and,	 in	 particular,	 the	 role	 it	 plays	 by	

adding	an	additional	 component	 to	a	multicomponent	 supramolecular	 system,	are	

still	largely	unexplored.		

The	use	of	 solvent	 annealing	as	 a	way	 to	 create	 long-range	order	has	been	

validated	 in	 supramolecular	 thin	 films	with	and	without	NPs.	Supramolecule	 films	

alone	 can	 form	 long-range	 ordered	 lamellae	 and	 cylinders	 with	 hierarchical	

structure,	 i.e.	 lamellae-in-lamellae	 or	 lamellae-in-cylinders.	 The	 small	 molecule	

loading	 in	 these	 systems	 could	 be	 used	 to	 tune	 the	 orientation	 of	 the	 majority	

alignment	from	perpendicular	to	parallel46.	Solvent	annealing	can	also	access	more	

complicated	structures,	such	as	lamellae-in-gyroid55.		

The	 solvent	 annealing	 condition	 itself	 can	 also	 tune	 the	 alignment	 of	 the	

hierarchical	 structure:	 by	 increasing	 the	 solvent	 fraction	 considerably,	 the	 small	

molecule	can	align	parallel	to	the	cylindrical	alignment	of	the	thin	films,	in	contrast	

to	 bulk	 systems,	 where	 the	 short	 length	 scale	 of	 the	 small	 molecule	 aligns	
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perpendicular	to	the	longer	length	scale	order	formed	by	the	polymer56.	In	a	more	

systematic	 study,	 the	 phase	 behavior	 of	 a	 supramolecule	 was	 investigated	 on	 a	

supramolecule	that	was	on	the	boundary	between	forming	lamellae	and	cylinders57.	

It	 was	 found	 that	 the	 system	 could	 switch	 between	 lamellae	 and	 cylinders	 by	

controlling	 the	solvent	vapor	pressure	of	a	slightly	selective	solvent.	Furthermore,	

the	solvent	annealing	condition	could	be	selected	so	that	a	terrace-forming	structure	

that	 contained	 both	 lamellae	 and	 cylinders	 were	 formed	 at	 the	 same	 time	 in	 the	

same	 film.	The	solvent	annealing	condition,	 coupled	with	 the	 film	 thickness,	 could	

also	 produce	 either	 parallel	 or	 perpendicular	 lamellae.	 Several	 researchers	 have	

validated	 the	 use	 of	 solvent	 as	 a	 way	 to	 change	 the	 orientation	 of	 the	

supramolecule58.	In	BCP	systems,	this	is	accomplished	via	surface	functionalization	

so	that	one	or	both	blocks	have	preferential	 interactions.	By	achieving	this	control	

via	 solvent	 alone,	processing	 is	much	 simpler,	 faster,	 and	greater	 control	over	 the	

final	film	is	possible.	Building	on	this	fundamental	work,	solvent	annealing	can	also	

be	 used	 to	 control	 order-order	 transitions	 in	 supramolecular	 thin	 films56,	 57,	 59,	 60.	

Figure	2	shows	the	order-order	transitions	possible	in	one	system.	The	selectivity	of	

the	solvent	 for	each	of	 the	blocks	and	swelling	ratio	was	 tuned	so	 that	 the	system	

switched	 from	 perpendicular	 to	 parallel	 cylinders,	 or	 cylinders	 to	 spheres.	 The	

pathway	was	key	for	controlling	the	final	film	features.		

Supramolecule	 thin	 films	 with	 nanoparticles	 can	 also	 be	 controlled	 via	

solvent	 annealing.	 One	 study	 optimized	 the	 solvent	 annealing	 condition	 for	 the	

creation	of	long-range	order.	It	was	found	that	the	fraction	of	solvent	present	in	the	

film	at	 the	end	of	 the	annealing	process,	 rather	 than	annealing	 time,	was	essential	
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for	 dictating	 the	 long-range	 order61.	 The	 kinetic	 pathway	of	 the	 assembly	process	

was	directly	related	to	the	solvent	annealing	condition:	at	low	solvent	fraction,	the	

film	 has	 high	 activation	 energy	 to	 form	 an	 ordered	 state,	 but	 at	 higher	 solvent	

fraction,	the	activation	energy	is	much	lower,	resulting	in	greater	long-range	order.		

Understanding	 the	basic	kinetic	during	solvent	annealing	has	also	been	applied	 to	

control	 the	 morphology	 in	 nanoparticle-containing	 supramolecular	 thin	 films	 to	

achieve	 a	 non-equilibrium	morphology62.	 Supramolecule	 nanocomposites	 can	 also	

undergo	order-order	transitions	via	solvent	annealing63.		

	

	

Figure	2:	(top)	AFM	images	showing	the	ability	to	create	long-range	order	with	
specific	morphology	that	can	be	switched	by	choosing	the	pathway	of	ordering	
during	solvent	annealing.	(bottom)	Different	pathways		are	possible	during	solvent	
annealing	by	controlling	the	selectivity	of	the	solvent	as	well	as	the	degree	of	
swelling,	resulting	in	order-order	transitions.	Reprinted	with	permission	from	Hur	
et	al.	ACS	Nano,	2018,		12,	9974-9981.	Copyright	2018	American	Chemical	Society	
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Non-equilibrium	 structures	 can	 be	 formed	 in	 supramolecular	 thin	 films	 by	

controlling	 the	 solvent	 annealing	 condition	 in	 conjunction	 with	 the	 pathway43.	

Hexagonal	 microdomains	 were	 formed	 in	 thin	 films	 by	 first	 annealing	 so	 that	

cylindrical	microdomains	are	formed,	using	solvent	to	selectively	remove	the	small	

molecule,	 and	 then	 reannealing	 briefly.	 The	 pathway	 of	 assembly,	 crucially	

processed	via	solvent	annealing,	is	can	be	manipulated	to	create	novel	morphologies	

in	supramolecular	systems.		

1.3.2.	Directed	Self-Assembly	of	Supramolecules	

Long-range,	orientational	order	of	supramolecular	systems	can	be	formed	by	

combining	 the	 “bottom-up”	 self-assembly	 of	 the	 polymer	 system	with	 “top-down”	

methods	 for	 directed	 self-assembly	 (DSA)64.	 In	 top-down	 assembly,	 the	 desired	

pattern	is	defined	by	lithographically	created	trenches	or	chemical	patterns	on	the	

underlying	 substrate.	 Both	 techniques—graphoepitaxy	 and	 chemical	 patterning—

have	 been	 studied	 extensively	 and	 shown	 to	 induce	 highly	 ordered	 systems	 that	

align	very	well	with	the	underlying	patterns.		

DSA	has	 successfully	been	used	 in	 supramolecular	nanocomposite	 systems.	

In	one	study,	NPs	 in	a	supramolecule	were	aligned	with	a	 linear	 trench	pattern	 to	

create	 a	 highly	 aligned	 pattern	 in	 three	 dimensions.	 The	 final	 film	 thickness	 that	

could	be	reliably	aligned	with	the	underlying	pattern	was	about	7x	the	trench	depth	

and	 in	 trenches	 of	 width	 of	 about	 11	 times	 the	 equilibrium	 periodicity	 of	 the	

supramolecule65.	In	a	later	study,	these	same	supramolecular	nanocomposites	were	

shown	to	have	unique	optical	properties.	The	difference	 in	 interparticle	spacing	of	

gold	NPs	along	the	trench	direction	versus	perpendicular	to	it	lead	to	a	wavelength-
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dependent	optical	anisotropy.	The	refractive	index	showed	birefringence	and	there	

was	also	a	wavelength	dependent	reflectivity	ratio61.		

Despite	 these	 successes,	 there	 is	 a	 fundamental	 limitation	 to	 self-assembly	

guided	 by	 DSA.	 This	 limitation	 is	 the	 need	 for	 commensurability:	 the	 confining	

feature	 (trench	 width,	 chemical	 stripe	 width)	 must	 be	 an	 integer	 multiple	 of	 the	

equilibrium	BCP	periodicity	 (Lo).	Commensurability	has	been	shown	 to	be	needed	

for	 alignment	 of	 supramolecules	 on	 a	 chemical	 pattern	 with	 and	 without	 NPs66.	

However,	commensurability	has	been	more	carefully	examined	in	BCP	thin	films.			

Commensurability	was	 first	 studied	 theoretically	 in	 lamellae	BCPs	 confined	

between	two	plates67,	68.	 It	was	shown	that	the	polymer	is	able	to	either	stretch	or	

compress	 so	 that	 the	 periodicity	 would	 be	 commensurate	 with	 the	 confinement	

width	to	 form	parallel	 lamellae,	although	this	 is	accompanied	by	a	 loss	of	polymer	

chain	entropy.	However,	 if	 the	deviation	 from	 the	equilibrium	periodicity	was	 too	

great,	 the	 lamellae	 reorient	 to	 form	 perpendicular	 lamellae	 to	 relieve	 chain	

deformation.	 As	 the	 spacing	 between	 the	 plates	 increased,	 the	 deviation	 from	 the	

bulk	 periodicity	 tended	 to	 decrease,	 since	 the	 chain	 deformation	 would	 happen	

across	more	 layers,	and	so	average	out	 to	a	small	deviation	 from	Lo.	These	results	

were	also	verified	experimentally69,	70.		

The	need	for	commensurability	has	been	studied	in	sphere	forming	systems	

confined	 to	 lithographically	 patterned	 trenches71.	 The	 number	 of	 rows	 of	 spheres	

formed	was	determined	by	the	confinement	width.	When	the	confinement	width	is	

within	(0.5±n)*Lo	of	the	periodicity,	where	n	is	an	integer	and	Lo	is	the	equilibrium	
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periodicity,	n	rows	will	form.	If	the	confinement	width	is	~(0.5±n)*Lo,	there	will	be	

regions	of	n	rows	and	regions	of	either	n+1	or	n-1	rows.	

	

	

Figure	 3:	 The	 effect	 of	 commensurability	 on	 spherical	 forming	 BCPs	 under	
confinement	 (a)	 SEM	 images	 of	 how	 the	 spheres	 align	 in	 trench	patterns	 that	 are	
different	 integer	 multiples	 of	 the	 (b)	 number	 of	 rows	 formed	 in	 trenches	 as	 a	
function	of	confinement	width.	In	wider	trenches,	coexistence	of	multiple	number	of	
rows	in	a	single	pattern	(c)	Free	energy	change	as	a	function	of	confinement	width.	
The	minimum	is	when	the	width	is	an	integer	multiple	of	the	periodicity.	Reprinted	
with	permission	 from	Cheng	et	al.	Nat.	Mater.,	2004,	 	 3,	823-828.	Copyright	2004		
Nature	Publishing	Group	
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Figure	 3	 shows	 that	 the	 system	 has	 a	 minimum	 free	 energy	 when	 the	

confinement	width	was	an	 integer	 factor	of	 the	equilibrium	BCP	periodicity,	when	

there	was	no	chain	deformation	necessary.	For	narrower	trenches,	the	free	energy	

increases	much	faster	than	for	wider	trenches	as	the	trench	width	moves	away	from	

the	 commensurate	 width,	 which	 is	 due	 to	 chain	 deformation	 being	 greater	 since	

fewer	 chains	 have	 to	 compress	 by	 more	 in	 narrow	 trenches.	 Commensurability	

guides	 assembly	 in	 both	 physically	 confined	 patterns	 as	 well	 as	 for	 chemically	

patterned	surfaces.	In	these	systems,	a	chemical	stripe	that	has	attractive	energy	for	

one	of	the	blocks	is	formed	on	a	substrate,	often	using	lithographic	methods,	to	form	

a	 heterogeneous	 structure.	 If	 the	 width	 of	 the	 stripe	 is	 commensurate	 with	 the	

width	of	the	BCP	block,	the	BCP	will	align	nicely	with	few	defects,	but	if	the	width	of	

the	guiding	stripe	deviates	by	more	than	5-10%	of	the	commensurate	condition,	the	

system	will	not	align72-75.		

DSA	 of	 geometric	 patterns	 has	 been	 explored	 new	 geometries	 have	 been	

explored	using	trench	patterns,	in	particular,	circular	patterns.	By	confining	the	BCP	

in	 a	 circular	 trench,	 concentric	 circles	 or	 spirals	 can	 be	 formed	 with	 changing	

periodicity	 and	 diameter	 of	 the	 rings,	 depending	 once	 again	 on	 the	

commensurability	of	 the	polymer	with	 the	 trench76,	77.	Chemical	patterning	can	be	

used	to	create	sharp	junctions	in	patterns.	Homopolymer	is	added	to	relieve	the	loss	

of	 conformational	 entropy	 that	 the	 BCP	 undergoes	 to	 stretch	 around	 the	 sharp	

corner,	but	the	alignment	with	the	pattern	is	still	dictated	by	commensurability	78.	

	 For	 all	 these	 systems,	 commensurability	 dictates	 whether	 the	 system	 will	

align	with	the	underlying	pattern.	It	has	shown	promise	for	creating	highly	aligned	
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systems	 with	 few	 defects	 in	 a	 variety	 of	 geometries,	 however,	 there	 is	 still	 a	

fundamental	 limitation	 as	 to	 what	 types	 of	 patterns	 and	 what	 feature	 sizes	 are	

accessible	using	DSA	for	BCP	self-assembly.	Commensurability	relies	on	the	balance	

of	 thermodynamic	 forces	 (minimization	 of	 interfacial	 energy	 by	 aligning	 and	

entropic	 loss	due	 to	deviations	 from	the	equilibrium	periodicity).	Opportunities	 to	

circumvent	 this	 requirement	 are	 possible	 in	manipulating	 the	 kinetic	 pathway	 to	

create	 non-equilibrium	 structures.	 Supramolecules	 in	 particular	 are	 a	 promising	

candidate	for	this	because	the	multicomponent	system	has	multiple	ways	to	try	and	

circumvent	 the	 limitation	 on	 feature	 sizes	 imposed	 by	 the	 commensurability	

requirement.		

	

1.4	Kinetic	Considerations	of	a	Multicomponent	System	

1.4.1	Kinetic	Control	of	Supramolecular	Nanocomposites	

Recently,	a	few	studies	have	been	conducted	into	how	the	kinetic	pathway	of	

self-assembly	of	supramolecular	nanocomposite	thin	films	can	be	tuned	for	greater	

control	over	the	final	films.	The	first	study	investigated	the	role	of	solvent	annealing	

on	the	pathway	of	assembly	and	identified	the	fraction	of	solvent	present	in	the	film	

(fs)	 as	 a	 key	 component	 for	 creating	 long-range	 order61.	 The	 kinetic	 pathway	was	

governed	 by	 the	 energetic	 costs	 arising	 from	 defects,	 the	 chain	mobility,	 and	 the	

activation	 energy	 of	 interdomain	 diffusion.	 By	 understanding	 these	 processes,	

assembly	with	long-range	order	was	found	to	be	achievable	in	under	a	minute	with	

complex	optical	properties.	This	 study	highlighted	 the	 complexity	of	manipulating	
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the	assembly	process	of	a	multicomponent	system	and	so	focused	on	optimizing	the	

solvent	annealing	conditions	and	investigating	its	effect	on	the	kinetic	pathway.			

	

	

Figure	 4:	 Final	 film	 structure	 of	 a	 supramolecular	 nanocomposite	 with	 a	 45%	
reduction	in	periodicity	as	compared	to	the	bulk	structure.	The	change	in	(a)	glass	
transition	 temperature,	 (b)	 viscositiy	 (c)	 diffusivity	 of	 the	 components,	 and	 (d)	
thermodynamic	driving	 force	 for	 separation,	given	by	χ*N	as	a	 function	of	 solvent	
fraction	 in	 the	 film.	This	 non-equilibrium	 structure	 arises	 from	 the	balance	 of	 the	
kinetics	 and	 thermodynamics	 (e).	 Reprinted	 with	 permission	 from	 Huang	 et	 al.	
Macromolecules,	2019,	52,	1803-1809.	Copyright	2019	American	Chemical	Society.	
	

Another	study	on	the	same	supramolecular	nanocomposite	system	looked	at	

the	 effect	 of	 the	 solvent	 removal	 rate	 in	 lamellae	 forming	 systems.	The	 final	 films	

had	a	reduction	from	the	equilibrium	periodicity	of	45%,	which	was	studied	using	in	

situ	 GISAXS79.	 The	 in	 situ	 studies	were	 crucial	 to	 determining	 the	 optimal	 solvent	

annealing	condition	prior	 to	rapid	solvent	removal	 that	balanced	 the	solvent	 field,	

short-range	 diffusion,	 mobility	 of	 each	 component,	 and	 thermodynamic	 driving	
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force	for	order	to	create	films	with	the	same	non-equilibrium	periodicity	for	small	

particles	 (3	 nm)	 and	 relatively	 large	 particles	 (12	 nm)	 (Figure	 4).	 By	 carefully	

examining	how	the	mobility	of	the	system,	given	by	the	glass	transition	temperature	

and	 viscosity	 of	 the	 film,	 the	 diffusivity	 of	 the	 various	 components,	 and	 the	

thermodynamic	driving	force	for	separation,	given	by	χ*N,	an	understanding	of	the	

pathway	 was	 gained.	 Crucially,	 this	 insight	 leads	 to	 the	 ability	 to	 control	 that	

pathway	to	create	highly	ordered	thin	films	with	a	non-equilibrium	periodicity.	

The	 kinetic	 pathway	 can	 also	 be	 manipulated	 in	 supramolecular	

nanocomposites	to	achieve	novel	structures62.	Large	particles,	with	a	d/L	ratio	of	up	

to	0.67,	were	incorporated	into	a	supramolecule	system.	As	discussed	earlier,	large	

particles	are	usually	expelled	from	the	polymer	matrix	when	the	d/L	ratio	is	above	

0.3.	 These	 large	 particles	 were	 able	 to	 coassemble	 with	 the	 supramolecule	 by	

modulating	 the	 diffusion	 of	 NPs	 and	 suppressing	 surface	 aggregation	 via	 solvent	

annealing.		

A	more	systematic	study	was	conducted	to	understand	the	effect	of	particle	

size	 and	 supramolecular	 morphology80.	 Again,	 given	 the	 complexity	 of	 the	

multicomponent	system,	it	is	necessary	to	investigate	multiple	components	at	once	

to	 see	 how	 each	 component	 affects	 the	 final	 film	 structure	 as	 well	 as	 each	 other	

during	the	assembly	process.	It	was	shown	that	the	matrix	morphology	affected	the	

diffusion	of	the	NPs	in	the	vertical	direction.	Cylindrical	films	had	fast	diffusion	due	

to	the	continuous	pathway,	while	parallel	lamellae	films	had	slow	diffusion	because	

of	 the	 necessary	 interdomain	 crossing.	 The	 size	 of	 the	 NP	 also	 affected	 the	 final	
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morphology,	with	 larger	particles,	 defined	by	 the	d/L	 ratio,	 forming	a	micelle-like	

structure.	The	final	film	structure	was	directly	related	to	the	diffusion	of	the	NPs.		

These	studies	on	the	whole	suggest	that	the	kinetic	pathway	is	a	crucial	step	

for	 controlling	 the	 final	 NP	 structure.	 However,	 this	 control	 is	 difficult	 in	 a	

supramolecular	nanocomposite	due	to	the	large	number	of	components.	However,	if	

the	 balance	 between	 thermodynamics	 and	 kinetics	 of	 each	 component	 can	 be	

understood	and	modulated,	designer	nanocomposites	may	be	achieved.		

1.4.2	Diffusion	of	Block	Copolymers	

Insight	into	the	diffusion	processes	of	the	BCP	is	a	necessary	component	for	

understanding	 the	 whole	 self-assembly	 process.	 For	 the	 past	 two	 decades,	

researches	 have	 attempted	 to	 understand	 how	 diffusion	 in	 BCP	 systems	 happens	

and	what	mechanisms	affect	it.	Early	work	focused	on	self-diffusion	of	BCPs,	that	is,	

how	BCPs	diffusion	in	matrices	of	 the	same	BCP	in	a	bulk	sample,	generally	under	

thermal	 annealing	 conditions.	 This	 work	 is	 highly	 relevant	 for	 understanding	 the	

mechanism	 of	microphase	 separation	 as	well	 as	 how	 long-range	 order	 is	 created.	

One	 paper	 predicted	 the	 mechanism	 of	 interdomain	 crossing	 in	 a	 strongly	

segregating	 A-B	 BCP	 system81.	 When	 the	 A	 block	 has	 to	 cross	 through	 the	

enthalpically	 unfavorable	 B	 block,	 it	will	 stretch	 out	 considerably,	 pulling	 a	 given	

number	of	monomers	 through	 the	block	 in	a	multistep	process.	By	 stretching	out,	

the	system	loses	entropic	free	energy,	but	also	minimizes	the	unfavorable	enthalpic	

interaction.	In	doing	so,	the	activation	free	energy	of	interdomain	crossing	scales	as	

F~(χN)⅔,	as	opposed	to	if	the	BCP	diffused	as	a	coil,	which	would	scale	as	F~(χN).	It	

was	 noted	 that	 this	 mechanism	 of	 diffusion	 is	 still	 slow	 and	 has	 a	 high	 energy	
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barrier.	 It	 is	 also	 important	 to	 note	 this	 mechanism	 is	 only	 true	 of	 strongly	

segregating	systems,	and	most	systems	follow	F~(χN).		

Further	 studies	 probed	 the	 mechanism	 of	 self-diffusion	 further.	 Given	 the	

inherent	anisotropy	in	 lamellar	systems,	 it	 is	expected	that	the	diffusion	processes	

will	 be	 different.	 The	 diffusion	 coefficients	 along	 the	 BCP	 domain	 (Dpar)	 and	 the	

diffusion	 coefficients	 across	 the	 BCP	 domain	 (Dperp)	 were	 studied	 to	 quantify	 the	

relative	 speeds	 to	 the	 two	 types	 of	 diffusion.	 Experiment	 validated	 theoretical	

predictions	that	Dpar	is	a	much	faster	than	Dperp	since	interdomain	diffusion	is	much	

more	 energetically	 costly	 and	 scales	 as	 Dperp~Doexp(-αχNA)	 82,	 83.	 Here,	 NA	 is	 the	

number	 of	 monomers	 in	 the	 A	 block	 and	 α	 is	 an	 experimentally	 determined	

parameter	 close	 to	 1.	 This	 model	 is	 referred	 to	 as	 “hindered	 diffusion,”	 that	 is,	

diffusion	that	is	hindered	by	the	enthalpic	penalty	of	interdomain	crossing.	The	ratio	

of	Dpar	 to	Dperp	can	be	as	high	as	40	 in	 lamellar	systems84.	For	cylinders,	 this	same	

anisotropy	exists.	In	unentangled	systems,	the	anisotropy	of	diffusion	increases	as	χ	

increases	as	Dperp	increases	and	Dpar	remains	essentially	constant.	The	ratio	of	Dpar	to	

Dperp	can	be	as	high	as	8085,	86.	The	degree	of	alignment	of	the	cylinders	and	its	effect	

on	the	diffusion	was	examined87.	It	was	found	that	Dperp	was	strongly	dependent	on	

the	 degree	 of	 alignment:	 as	 the	 degree	 of	 alignment	 increased,	 Dperp	 increased,	 in	

some	cases,	becoming	similar	to	Dpar.	This	was	attributed	to	the	presence	of	defects,	

such	as	dislocations.	If	there	is,	for	example,	a	forked	dislocation,	it	may	be	faster	for	

the	 BCP	 to	 diffuse	 through	 the	 fork,	 rather	 than	 go	 around	 it,	 increasing	 the	

apparent	 Dperp.	 Dpar	 was	 found	 to	 have	 very	 little	 dependence	 on	 the	 degree	 of	

alignment	 of	 the	 cylinders.	 In	 spherical	 systems,	 there	 is	 only	 one	 diffusion	
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coefficient,	Ds,	which	involves	interdomain	diffusion.	This	too	follows	the	scaling	law	

Dperp~Doexp(-αχNA)88-90.	 The	 hindered	 diffusion	 model	 is	 shown	 to	 be	 fairly	

universal,	with	diffusion	across	domains	to	be	much	slower	than	along	domains	or	

in	a	freely	diffusing	system.	The	diffusion	slows	with	increasing	χ	and	increases	with	

increasing	temperature.	The	diffusion	in	a	gyroid	system	has	also	been	measured86.	

As	a	continuous	network,	there	is	no	need	for	interdomain	crossing,	so	there	is	only	

one	 diffusion	 coefficient,	 but	 if	 follows	 a	 separate	 scaling	 law.	 Rather	 than	

depending	 on	 χ,	 the	 diffusion	 coefficient	 is	 similar	 to	 parallel	 diffusion	 in	 a	

cylindrical	system,	albeit	scaled	down	slightly	due	to	the	tortuosity.		

The	 previously	 described	 studies	 were	 all	 carried	 out	 on	 low	 molecular	

weight	systems,	with	no	entanglements.	The	dynamics	 in	entangled	BCPs	was	also	

investigated.	Initially,	the	diffusion	in	disordered	lamellar	systems,	with	microphase	

separation	 but	 short	 and	 multiple	 lamellae	 grains,	 was	 investigated91.	 Since	 the	

system	was	disordered,	 the	diffusion	coefficients	measured	were	a	combination	of	

Dpar	 and	 Dperp.	 It	 was	 found	 that	 for	 unentangled	 systems,	 the	 diffusion	 scales	 as	

D~M-1,	where	M	is	the	molecular	weight	of	the	sample,	which	is	expected	for	Rouse	

dynamics	of	unentangled	polymers.	The	lamellae	had	no	effect	on	the	unentangled	

system	dynamics.	However,	for	an	entangled	system,	the	diffusion	does	not	scale	as	

D~M-2	 as	 is	 expected	 for	 homopolymers	 undergoing	 reptation	 dynamics	 as	 is	

expected	for	entangled	polymers.	Instead,	the	lamellar	structure	affected	the	ability	

of	the	polymer	to	diffuse,	slowing	down	the	dynamics	of	the	system.	A	more	careful	

investigation	 into	 the	 effect	 of	 entanglements	on	Dpar	 and	Dperp	was	performed	on	

lamellar	 systems92,	93.	 In	 entangled	 systems,	 the	 primary	mechanism	 of	motion	 is	
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reptation.	 In	 reptation,	 a	 “tube”	 is	 formed	 by	 the	 entanglements	 through	which	 a	

single	polymer	chain	can	diffuse	in	one	direction.	As	the	polymer	moves,	the	chain	

end	undergoes	a	random	walk	and	finds	the	best	way	for	a	new	tube	to	be	created.	

In	 BCP	 systems,	 this	mechanism	 is	 complicated	 by	 the	 two	 (or	more)	 chemically	

distinct	 domains,	 so	 that	 there	 is	 an	 enthalpic	 penalty	 associated	 with	 crossing	

domains.	 This	 model	 is	 extended	 to	 an	 “activated	 reptation”	 model	 to	 take	 into	

account	the	changing	energetic	considerations	of	a	BCP	system.	As	compared	with	

“free”	diffusion	in	a	system	where	χ=0,	Dperp/Do	~exp(χN),	so	that	the	limitation	of	

interdomain	diffusion	 is	 enthalpic	 in	nature.	By	 contrast,	Dpar	 is	 independent	 of	 χ,	

and	 instead	 scales	 as	 Dpar/Do~exp(N/Ne)	 where	 Ne	 is	 the	 number	 of	 monomers	

between	 entanglements.	 The	 proposed	 mechanism	 to	 explain	 Dpar	 is	 entropically	

related,	the	arm-retraction	mechanism.	Here,	neither	the	A	and	B	block	do	not	cross	

into	the	opposite	block	(explaining	the	independence	from	χ),	but	instead,	to	move	

along	the	interface,	the	A	(or	B)	chain	must	retract	through	the	entangled	matrix	to	

be	 in	 the	 interfacial	 zone,	 then	 reextend	 to	 a	 new	 configuration.	 This	 process	 is	

expected	 to	 be	 very	 slow.	 In	 unentangled	 systems,	 Dpar/Do	 ~1.	 The	 addition	 of	

entanglements	significantly	slows	down	diffusion	in	both	Dpar	and	Dperp,	resulting	in	

less	of	a	difference	between	the	two	mechanisms	(smaller	anisotropy).	In	cylinders,	

the	 same	 change	 in	 dynamics	 and	 mechanism	 with	 respect	 to	 Dpar	 in	 entangled	

systems	is	seen86,	87.	

While	 there	 have	 not	 been	 any	 systematic	 studies	 that	 investigate	 the	

diffusion	 of	 supramolecules,	 the	 findings	 from	 BCP	 are	 relevant,	 as	 the	 same	

arguments	for	energy	barriers	for	parallel	versus	perpendicular	diffusion	will	apply.	
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However,	 the	 small	molecule	may	be	 able	 to	modulate	 the	 interfacial	 interactions	

and	 so	 either	 help	 or	 hinder	 diffusion	 in	 supramolecules.	 It	 has	 been	 shown	 that,	

under	solvent	annealing,	the	mobility	of	supramolecules	depends	on	the	fraction	of	

small	 molecule	 added	 to	 the	 supramolecule	 and	 that	 the	 addition	 of	 any	 small	

molecule	increases	the	mobility	of	the	system	considerably56,	57.		

1.4.3 High	Molecular	Weight-Based	Nanocomposites	

One	 of	 the	 inherent	 limitations	 of	 using	 a	 BCP-based	 supramolecule	 is	 the	

size	 range	 of	 the	 periodicity.	 Generally,	 BCP-based	 systems	 are	 limited	 to	 a	

periodicity	 between	 10-50	 nm.	 It	 is	 difficult	 to	 get	 very	 small	 or	 very	 large	

periodicities.	From	theory,	 it	has	been	determined	that	the	periodicity,	Lo,	~	χa*Nb,	

where	a	and	b	depend	on	whether	the	system	is	in	the	weak,	strong	or	super	strong	

segregation	 limit94.	 For	 the	 weak	 segregation	 limit,	 where	 χ*N~10.5,	 a=1/3	 and	

b=1/2.	For	the	strong	segregation	limit,	where	10.5<<χ*N<<100,	a=1/6	and	b=2/3.	

For	the	super	strong	segregation	limit,	where	χ*N>>100,	a=0	and	b=1.	Despite	these	

predictions,	there	are	fundamental	kinetic	limitations	that	prevent	large	periodicity	

from	being	achieved.		

Many	 of	 the	 features	 that	 control	 the	 self-assembly	 process	 are	 molecular	

weight	dependent:	diffusion	of	 the	polymer,	degree	of	entanglement,	and	viscosity	

of	the	system.	As	such,	getting	features	larger	than	around	50	nm	is	difficult	even	if	

the	driving	force	is	quite	high	(χ*N>>10.5).	In	order	to	circumvent	kinetic	limitation,	

several	strategies	have	been	examined.	Adding	a	homopolymer	to	the	BCP	can	swell	

the	domain	size,	but	the	molecular	weight	and	amount	of	homopolymer	added	must	

be	 carefully	 chosen	 so	 the	 system	 remains	 miscible95-98.	 This	 method	 was	 first	
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adopted	 to	make	 tunable	 bulk	 BCP	 photonic	 crystals.	 Tunability	 across	 the	 entire	

visible	wavelength	in	photonic	crystals	was	achieved	by	adding	between	5-50	wt%	

of	 equal	 amounts	 of	 polystyrene	 and	 polyisoprene	 to	 a	 lamellae	 forming	

polystyrene-polyisoprene	 system99,	 100.	 The	 homopolymers	 chosen	 were	 of	 a	

considerably	 smaller	molecular	weight	 than	 the	 BCP:	 each	 hompolymer	was	~13	

kg/mol	and	 the	 total	molecular	weight	of	 symmetric	BCP	was	391	kg/mol.	 In	 this	

regime,	the	homopolymer	is	able	to	“wet”	the	BCP	since	the	much	smaller	size	of	the	

homopolymer	 means	 it	 is	 uniformly	 spread	 throughout	 the	 BCP	 domain.	 Later	

studies	 have	 investigated	 the	 kinetics	 of	 such	 systems	 in	 thin	 film,	 showing	 that	

ternary	polymer	systems	in	this	regime	have	enhanced	kinetics	as	compared	to	neat	

BCP	systems	alone	due	to	the	lowering	of	energy	barriers	of	the	distributed,	small,	

homopolymer101.		

Solvent	can	also	be	used	as	a	way	to	induce	order	in	high	molecular	weight	

systems.	Initial	studies	looked	at	the	crystallization	of	solvent	as	a	way	to	produce	

long-range	 order	 in	 high	 molecular	 weight	 thin	 films102.	 The	 directional	

solidification	 of	 benzoic	 acid	 produced	 highly	 oriented	 microdomains	 in	 both	

perpendicular	lamellar	and	parallel	cylindrical	BCPs.	The	orientation	of	the	BCPs	in	

the	high	MW	regime	were	almost	90	degrees	off	from	the	orientation	of	the	BCPs	in	

the	same	system	for	the	low	MW	regime,	which	was	attributed	to	slower	diffusion,	

an	 earlier	 onset	 of	 an	 order-disorder	 transition,	 and	 decrease	 in	 solubility	 due	 to	

higher	 MW	 system.	 A	 simple	 solvent	 annealing	 method	 was	 used	 to	 create	 high	

molecular	 weight	 based	 gyroids	 for	 use	 in	 membrane	 applications103.	 A	 long	

annealing	 step	 (100-200	minutes)	 with	 a	 neutral	 solvent	 was	 used	 in	 a	 chamber	
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with	a	regulated	temperature	gap	between	the	top	and	bottom.	This	set-up	allows	

for	increased	mobility	in	the	high	MW	system,	while	still	maintaining	a	high	driving	

force	 for	 separation.	 The	 key	 for	 creating	 a	 long-range	 ordered	 system	 was	

increasing	the	mobility	of	the	system.	This	means	that	supramolecules	could	have	a	

fundamental	advantage	over	BCPs:	the	small	molecule	can	act	as	a	selective	solvent	

to	decrease	entanglement,	 lower	viscosity,	 and	 increase	 free	volume	and	mobility.	

This	has	yet	to	be	explored.		

A	more	explicit	coupling	of	solvent	and	thermal	annealing	methods	was	used	

for	long-range	order	in	DSA	of	perpendicular	lamellae	systems	with	a	periodicity	of	

up	to	200	nm104.	Here,	a	solvent	annealing	step	is	followed	by	a	thermal	annealing	

step.	 This	 process	 produces	 uniform	 thin	 films	with	 long-range	 order.	 During	 the	

solvent	 annealing	 process,	 the	 defect	 density	 decreased	 with	 increased	 solvent	

annealing	time,	while	the	thermal	annealing	process	did	not	greatly	affect	the	defect	

density.	 However,	 the	 periodicity	 of	 the	 BCP	 increased	 considerably	 during	 the	

thermal	annealing	process	from	the	periodicity	set	by	the	solvent	annealing	process.	

This	was	 attributed	 to	 a	 “re-equilibration”	 process	 of	 the	 block	 size	 by	 increasing	

short-range	 segregation.	This	process	was	 seen	 in	multiple	high	molecular	weight	

BCPs.	The	high	molecular	weight	BCPs	were	able	to	align	with	linear	trench	patterns	

using	this	method	as	well.		

Bottle-brush	 BCPs	 have	 also	 been	 adopted	 as	 a	 way	 to	 create	 large	

periodicity	structures	without	the	kinetic	limitations	of	high	molecular	weight	linear	

polymers.	These	polymers	are	constructed	from	grafting	a	polymer	side	chain	to	the	

backbone.	 The	 dense	 packing	 of	 the	 side	 chains	 and	 elongated	 nature	 of	 the	
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backbones	significantly	decrease	the	chain	entanglement,	thus	changing	the	kinetic	

regime.	 Self-assembly	 is	 very	 rapid	 in	 these	 systems.	 It	 has	 been	 shown	 that	 the	

periodicity	 scales	 with	 the	 number	 of	 monomers	 in	 the	 backbone,	 since	 the	

backbone	 is	 stretched	 out	 enough	 that	 its	 length	 is	 essentially	 equivalent	 to	 the	

contour	 length105.	 Lamellar,	 cylindrical,	 and	 spherical	 morphologies	 with	 feature	

sizes	of	greater	than	100	nm	have	been	demonstrated,	which	are	tuned	by	changing	

the	 graft	 length	 so	 that	 there	 must	 be	 curvature	 of	 the	 shorter	 length	 block	 to	

accommodate	 the	 interfacial	 area	mismatch106-108.	This	method	 is	 compatible	with	

NP	incorporation109.	The	side	chain	length	can	be	modulated	so	that	NPs	either	will	

incorporate	 throughout	 a	 domain	 or	 at	 the	 center	 of	 the	 domain,	 so	 that	 NP	

placement	can	be	controlled.		

1.4.4 Defect	Annihilation	in	the	Self-Assembly	Process	

Another	 area	 of	 kinetic	 consideration	 is	 defect	 annihilation	 in	

supramolecular	 systems.	 The	 creation	 of	 long-range	 order	 is	 only	 achievable	 via	

annihilation	of	defects	such	as	disclinations	and	dislocations.	The	pathway	of	defect	

annihilation	 in	 BCPs	 has	 been	 studied	 theoretically	 and	 experimentally.	

Unfortunately,	 no	 such	 studies	 exist	 for	 supramolecules,	 or	 nanocomposites.	

However,	 the	 pathway	 should	 be	 similar,	 albeit	 the	 exact	 thermodynamics	 will	

change	due	to	the	incorporation	of	a	small	molecule.		

Defects	 create	 a	 greater	 interfacial	 area,	 so	 they	 are	 thermodynamically	

unfavorable,	but	their	annihilation	is	a	kinetically	limited	process.	Depending	on	the	

type	of	defect,	the	pathway	of	annihilation	will	change.	In	general,	however,	defects	

are	 paired	 and	 must	 find	 each	 other	 before	 they	 will	 be	 annihilated110-112.	
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Theoretical	 studies	 have	determined	 the	 energy	pathway	of	 annihilation	 of	 defect	

pairs	 in	 BCP	 systems	 that	 have	 been	 self-assembled	 on	 chemically	 patterned	

substrates	 using	 self-consistent	 field	 theory	 and	 verified	with	 some	 experimental	

evidence113,	 114.	 	 Figure	 5	 shows	 the	 energy	 pathway	 of	 a	 very	 simple	 defect,	 a	

disclination	 dipole	 in	 a	 lamellae	 forming	 BCP	 during	 thermal	 annealing.	 In	 the	

annihilation	 of	 this	 defect,	 increased	 interface	 is	 formed,	 which	 is	 energetically	

unfavorable,	 leading	 to	 an	 energy	 barrier	 for	 the	 formation	 of	 transition	 states	

necessary	 to	 ultimately	 annihilate	 the	 defect.	 For	 defects	 that	 are	 further	 apart,	

there	 are	 more	 transition	 states,	 and	 each	 time,	 the	 system	 must	 overcome	 an	

energy	barrier	for	the	defect	to	be	annihilated.	The	transition	time	is	proportional	to	

the	energy	barrier	height,	thus	films	are	often	in	a	kinetically	trapped	state.		

	

Figure	5:	The	activation	energy	needed	at	each	step	of	defect	annihilation	for	(left)	
disclinations	 to	 move	 from	 far	 away	 to	 right	 next	 to	 each	 other	 and	 (right)	
disclinations	once	they	are	next	to	each	other.	Reprinted	with	permission	from	Hur	
et	al.	ACS	Nano,	2018,	12,	9974-9981.	Copyright	2019	American	Chemical	Society.	
	

Several	experimental	papers	have	investigated	the	pathway	of	defect	annihilation	by	

directly	tracking	defects	using	methods	such	as	atomic	force	microscopy	(AFM)	on	

flat	 substrates	 as	well	 as	 in	DSA	 systems.	Early	 studies	 focused	on	 identifying	 the	



	 28	

mechanism	 of	 defect	 annihilation	 and	 found	 that	 several	 metastable	 states	 were	

formed	on	the	pathway	to	a	defect-free	region115.	It	was	also	found	that	defects	that	

were	closer	together	were	annihilated	more	quickly116.		

The	pathway	of	defect	annihilation	depends	on	the	type	of	defect,	as	well	as	

how	far	away	to	the	defects	are	from	each	other.	Before	defects	are	annihilated,	they	

can	move	positions	in	a	thin	film,	which	often	results	in	pairs	being	brought	closer	to	

one	another.	The	mobility	of	the	defect	will	depend	on	the	type,	but	in	general,	there	

will	be	a	 flow	of	defects,	suggesting	that	defect	motion	 is	correlated	across	a	 large	

area	 (micron	 scale).	The	motion	of	defects	prior	 to	annihilation	 follows	Arrhenius	

behavior117.	That	is,	the	activation	energy	of	defect	mobility	can	be	calculated.		

	 A	more	thorough	understanding	of	the	mechanism	of	defect	annihilation	was	

determined	 by	 tracking	 defects	 in	 cylinder	 forming	 BCPs	 that	were	 confined	 in	 a	

linear	 trench	 pattern118.	 Two	 primary	 mechanisms	 were	 determined	 for	 defect	

annihilation	and	the	growth	of	long-range	order:	climb	and	glide117,	119.	Climbing	is	

defined	as	BCP	motion	parallel	 to	 the	BCP	 interface,	 and	gliding	 is	defined	as	BCP	

motion	 perpendicular	 to	 the	 BCP	 interface.	 As	 discussed	 in	 a	 prior	 section,	 the	

relative	 energy	 barriers	 between	 the	 two	 is	 expected	 to	 be	 quite	 different,	which	

was	 verified	 using	 in	 situ	 AFM	 during	 thermal	 heating.	 Climbing	 was	 found	 to	

happen	 very	 quickly,	 with	 a	 much	 higher	 diffusion	 coefficient.	 Gliding	 was	 much	

slower118.	For	single	point	defects,	one	of	 these	mechanisms	was	usually	sufficient	

to	annihilate	the	defect.		

	 Defect	 annihilation	 studies	 are	 important	 for	 understanding	 the	 kinetics	

associated	with	forming	long-range	order.	The	orientational	correlation	length	can	
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stand	 in	 as	 a	measure	 for	 the	 average	 spacing	 between	 defects.	 The	more	 defect	

there	are,	 the	shorter	 the	correlation	 length	will	be120.	By	plotting	 this	correlation	

length	 versus	 time,	 the	 rate	 at	which	 disclinations	 are	 annihilated	 can	 be	 plotted,	

which	give	a	view	of	the	energetics	required	to	form	a	perfectly	ordered	structure.	

The	 annihilation	 of	 disclinations	 will	 follow	 a	 power	 law117.	 This	 power	 law	was	

seen	in	lamellar,	cylindrical,	and	sphere	systems111,	121.	The	exact	power	law	changes	

depending	 on	 the	 morphology	 as	 well	 as	 the	 χeff122,	 123.	 The	 power	 law	 may	 be	

system	dependent,	 but	 can	 be	 used	 to	 compare	 across	BCP	 systems	 and	 compare	

how	easy	or	difficult	 it	 is	 to	annihilate	defects.	 Supramolecular	 systems	will	 likely	

follow	similar	pathways	of	defect	 annihilation,	but	 the	 rates	of	defect	 annihilation	

will	likely	be	different.		

1.4.5	Polymer	Diffusion	in	Nanocomposites		

Once	NPs	are	added	to	a	polymer,	 the	dynamics	of	 the	polymer	will	change	

considerably.	Studies	into	polymer	chain	dynamics	and	diffusion	in	nanocomposites	

has	so	far	been	limited	to	homopolymer	matrices	or	polymer	grafted	NPs.	However,	

polymer	 diffusion	 in	 homopolymer-based	 nanocomposites	 can	 still	 inform	 the	

considerations	 needed	 to	 understand	 the	 overall	 kinetic	 picture	 of	 a	

multicomponent	polymer	nanocomposite.		

Initial	 studies	 into	 polymer	 chain	 dynamics	 in	 nanocomposites	 were	

conducted	 via	 simulation.	 Using	 Monte	 Carlo	 simulation,	 it	 was	 found	 that,	 in	 a	

system	where	the	NP	was	considerably	larger	than	the	polymer	chain,	the	polymer	

chain	 forms	 a	 densely	 packed	 shell	 on	 the	 surface	 of	 the	 particle,	 and	 that	 the	

polymer	chains	often	bridged	multiple	particles124.	As	a	result,	the	particles	acted	as	
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effective	 crosslinking	agents,	 slowing	 the	diffusion	of	 the	polymer	system.	Smaller	

particles	 had	 a	 more	 pronounced	 effect	 on	 slowing	 down	 the	 dynamics	 of	 the	

polymer	system.		

The	 type	 of	 interaction	 of	 the	 particle/polymer	 also	 affects	 the	 dynamics.	

Using	a	molecular	dynamics	simulation,	it	was	found	that	diffusion	of	the	polymer	in	

a	 nanocomposite	 is	 determined	 by	 whether	 the	 interaction	 between	 the	

polymer/particle	 is	 repulsive	 or	 attractive125,	 126.	 When	 the	 polymer/particle	

interaction	is	attractive,	the	diffusivity	of	the	polymer	chain	is	decreased	relative	to	

the	polymer	bulk	value,	and	when	the	interaction	is	repulsive,	the	diffusivity	of	the	

chain	is	increased	relative	to	its	bulk	value	for	a	system	where	the	particle	size	is	on	

the	 same	 order	 as	 the	 radius	 of	 gyration	 (Rg)	 of	 the	 polymer	 with	 low	 particle	

loading	(>10v%).	However,	 this	change	 in	diffusion	 is	only	near	 the	surface	of	 the	

particle:	approximately	one	Rg	away	from	the	surface,	the	diffusion	of	the	polymer	

chain	becomes	approximately	the	same	as	the	bulk	value.		

	 The	dynamics	of	the	polymer	chain	will	change	depending	on	the	loading	of	

particles	 as	 well	 as	 their	 size.	 The	 effect	 of	 polymer	 loading	 and	 interparticle	

distance	 on	 polymer	 chain	 diffusion	 was	 studied	 experimentally	 in	 a	

polystyrene/silica	 NP	 system127.	 The	 volume	 fraction	 of	 the	 particles	 in	 a	 system	

was	 varied	 from	 1v%-50v%.	 A	 sample	 with	 a	 thin	 deuterated	 polystyrene	 (dPS)	

polymer	film	deposited	onto	a	bulk	PS	sample	was	thermally	annealed.	The	distance	

the	 dPS	 had	 traveled	 after	 the	 annealing	 step	 was	 measured,	 and	 from	 that,	 a	

diffusion	 coefficient	was	 determined.	 It	was	 found	 that	 the	 diffusion	 of	 the	 tracer	

polymer	 decreases	 as	 the	 NP	 loading	 increases,	 with	 an	 even	 more	 pronounced	
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effect	when	the	tracer	polymer	molecular	weight	 is	higher.	 It	was	determined	that	

the	confinement	of	 the	polymer	between	particles	 is	what	affects	the	ability	of	 the	

polymer	 to	 diffuse.	 This	 is	 consistent	 with	 the	 entropic	 barrier	 model:	 slower	

diffusion	in	the	presence	of	NPs	is	attributed	to	the	loss	of	entropy	that	goes	along	

with	 a	 polymer	 chain	 deforms	 to	 squeeze	 between	 two	 neighboring	 NPs.	 The	

temperature	 dependence	 of	 the	 change	 in	 diffusion	 coefficient	 as	 the	 NP	 loading	

increases	 has	 also	 been	 studied.	 At	 high	 temperatures,	 the	 diffusion	 coefficient	

decreases	more	 sharply	 with	 increasing	 particle	 loading,	 which	 is	 also	 consistent	

with	 the	 entropic	 barrier	 model128.	 The	 effect	 of	 increasing	 confinement,	 that	 is,	

decreasing	 interparticle	 distance,	 on	 decreasing	 the	 polymer	 diffusion	 coefficient	

has	also	been	described	theoretically129.		

The	size	of	the	NP	and	NP	polydispersity	also	affect	the	diffusion	of	a	polymer	

through	 the	matrix130.	 At	 a	 given	 volume	 fraction,	 smaller	 NPs	will	 lead	 to	 faster	

diffusion	 of	 the	 polymer	 because	 the	 interparticle	 distance	will	 be	 smaller,	 so	 the	

confinement	 the	 polymer	 feels	 will	 decrease.	 Polydispersity	 of	 NP	 size	 will	 also	

affect	the	interparticle	distance:	systems	with	large	polydispersity	will	have	greater	

interparticle	spacing,	and	so	the	diffusion	of	the	polymers	in	those	systems	will	be	

increase.	 Once	 again,	 the	 experimentally	 determined	 diffusion	 parameters	 can	 be	

explained	by	slower	polymer	dynamics	due	to	the	entropic	loss	of	the	confinement	

between	NPs.		
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Figure	6:	Effect	of	confinement	parameter.	The	reduced	diffusion	coefficient	(D/D0)	
of	the	polymer	of	different	molecular	weight	function	of	the	confinement	parameter	
IDeff/2Rgyields	 a	master	 curve.	 Inset	 illustrates	 how	penetration	of	 the	 tracer	 into	
the	 polymer	 brush	 decreases	 as	 the	 tracer	 size	 increases	 which	 results	 in	 closer	
effective	spacing	of	NPs	(i.e.,	IDeff	decrease). Reprinted	with	permission	from	Choi	et	
al.	ACS	Macro	Lett.,	2013	26,	485-490.	Copyright	2013	American	Chemical	Society 
	

The	degree	of	confinement	can	represent	a	universal	way	of	understanding	

polymer	 diffusion	 in	 nanocomposites131,	132	 (Figure	 6).	 By	 plotting	 the	 normalized	

diffusion	coefficients	(D/Do,	where	Do	is	diffusion	in	a	bulk	polymer	matrix)	against	

the	confinement	parameter	(ID/2Rg,	where	ID	is	the	interparticle	distance	and	Rg	is	

the	radius	of	gyration	of	the	probe	polymer),	a	master	curve	can	be	created,	showing	

that	 the	 confinement	parameter	 captures	 the	effect	of	NP	size,	polydispersity,	 and	

volume	 fraction	 of	 particle	 loading.	 In	 a	 PMMA/silica	 system,	 the	 diffusion	

coefficient	was	decreased	by	80%	relative	to	the	bulk	diffusion	when	ID<2Rg.	When	

ID>2Rg,	the	change	in	diffusion	is	more	moderate,	up	to	15%,	but	the	effects	are	felt	

as	 far	 away	 as	 when	 the	 interparticle	 distance	 is	 eight	 times	 larger	 than	 2Rg,	

suggesting	far	ranging	effects	of	including	particles.		
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The	idea	that	the	degree	of	confinement	is	key	for	determining	the	diffusion	

of	 the	 polymer	 has	 been	 confirmed	 using	 neutron	 scattering	 on	 a	 poly(2-

vinylpyradine)/silica	 sample133.	 Neutron	 scattering	 is	 able	 to	 provide	 spatial	 and	

temporal	 information	 on	 a	 small	 length	 scale	 and	 fast	 time	 scale,	 so	 additional	

insight	is	possible,	such	as	how	the	segments	diffuse,	rather	than	simply	looking	at	

average	 movement	 of	 the	 entire	 chain	 in	 time.	 The	 average	 segment	 diffusion	

coefficient	of	the	segment	was	found	to	decrease	monotonically	with	increasing	NP	

concentration,	 which	 corresponds	 to	 decreasing	 particle	 distance.	 The	 segmental	

diffusion	was	determined	 to	 follow	classical	 translational	diffusion	under	 extreme	

confinement	 conditions,	 where	 the	 interparticle	 distance	 was	 on	 the	 scale	 of	 the	

Kuhn	monomer.	The	segmental	dynamics	were	found	to	only	depend	weakly	on	the	

molecular	 weight,	 which	 was	 unexpected	 given	 the	 well-documented	 change	 in	

dynamics	in	highly	entangled	systems.	This	suggests	that	there	is	still	much	work	to	

be	done	to	understand	polymer	diffusion	in	nanocomposites.		

The	shape	of	the	particle	can	influence	polymer	chain	dynamics	as	well.	Up	to	

this	point,	all	the	particles	discussed	have	been	spheres.	However,	the	shape	of	the	

NP	 has	 been	 shown	 to	 be	 key	 in	 influencing	 polymer	 diffusion	 in	 polymer	

nanocomposites.	Nanorods	(NR)	were	dispersed	in	a	polystyrene	matrix	at	loadings	

from	0-10v%,	and	four	different	molecular	weight	tracers	were	used	to	determine	

the	effect	of	the	relative	size	of	the	tracer	and	NR	size	on	diffusion.	For	NRs	whose	

length	is	371	nm,	low	NR	loadings	lead	to	a	decrease	in	the	diffusion	rate,	regardless	

of	the	molecular	weight	of	the	tracer	polymer.	In	dilute	systems,	NRs	act	as	barriers	

that	 must	 be	 circumvented.	 For	 these	 NRs	 at	 high	 loadings,	 the	 change	 in	 the	
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diffusion	 of	 the	 tracer	 polymer	 depends	 on	 its	 molecular	 weight.	 Low	 molecular	

weight	 tracers	 continue	 to	 have	 smaller	 diffusion	 coefficients	 as	 the	 NR	 loading	

increases.	 The	 diffusion	 coefficient	 of	 high	 molecular	 weight	 tracers,	 however,	

begins	to	increase	and	reaches	the	bulk	value	of	polymer	diffusion	as	the	NR	loading	

increases.	The	high	molecular	weight	 tracers	have	an	Rg	on	 the	same	order	as	 the	

radius	 of	 the	 NR,	 so	 that	 the	 chain	 dynamics	 will	 be	 more	 expanded,	 making	

diffusion	easier.	The	onset	of	the	recovery	of	the	diffusion	coefficient	is	at	the	same	

loading	necessary	to	make	a	percolation	network.	For	shorter	NPs,	some	recovery	of	

diffusion	 is	 possible	 once	 a	 percolative	 network	 is	 formed	 as	 well	 for	 the	 lower	

molecular	weight	 tracers,	where	 the	 length	 of	 the	 rod	 is	 greater	 than	 2*Rg	 of	 the	

tracer.	The	non-monotonic	behavior	 is	attributed	 to	differences	 in	diffusion	 in	 the	

direction	 perpendicular	 to	 the	 rod	 (slow)	 and	 diffusion	 in	 the	 direction	 along	 the	

rod(fast),	as	well	as	the	relative	amount	of	monomer	friction.		

1.4.6 Diffusion	of	Nanoparticles	in	Nanocomposites	

The	 addition	 of	 NPs	 also	 affects	 the	 kinetics	 of	 self-assembly.	 NP	 diffusion	

occurs	 on	 a	 different	 timescale	 than	polymer	diffusion.	NP	dynamics	 can	be	 quite	

variable	 and	 have	 different	 effects	 on	 the	 matrix	 overall,	 depending	 on	 the	 size,	

shape,	 and	 polymer	 matrix	 characteristics.	 One	 key	 to	 understanding	 particle	

dynamics	 in	 polymers	 is	 to	 understand	 the	 effect	 of	 NPs	 on	 the	 viscosity	 of	 the	

polymer.	 As	 the	 viscosity	 decreases,	 kinetics	 will	 be	 enhanced,	 following	 time-

temperature	superposition.		

Early	work	on	this	subject	discovered	that	NP	diffusion	in	a	polymer	matrix	

deviates	 significantly	 from	 what	 is	 expected	 from	 Einstein-Stokes	 diffusion.	
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Einstein-Stokes	 diffusion,	 the	 classical	 model	 for	 describing	 diffusion	 of	 a	 hard	

sphere	 in	 a	 viscous	 medium,	 predicts	 that	 the	 viscosity	 of	 the	 system	 should	

increase	when	 particles	 are	 added.	 However,	 that	 is	 not	 always	 the	 case.	 In	 a	 PS	

polymer	 with	 NPs	 created	 from	 crosslinked	 PS,	 the	 viscosity	 of	 the	 polymer	

decreased	 upon	 addition	 of	 the	 NPs134.	 This	 system	 was	 chosen	 to	 eliminate	

enthalpic	 considerations	 as	 well	 as	 to	 maximize	 dispersion	 in	 the	 system.	 The	

viscosity	 was	 found	 to	 decrease	 by	 as	 much	 as	 four	 times,	 even	 though	 Einstein	

dynamics	predict	an	increase	in	viscosity.	It	was	also	found	that	the	Tg	decreased	as	

NPs	are	added,	despite	the	fact	that	the	NPs	had	almost	identical	Tg	to	the	polymer	

matrix.	This	 leads	 to	 the	assertion	 that	 the	viscosity	decreased	with	 the	change	 in	

free	 volume	 introduced	 by	 the	 NPs.	 The	 NPs,	 however,	 did	 not	 appear	 to	 reduce	

entanglements	of	long	polymer	chains.	

The	lowering	of	viscosity	when	particles	are	added	has	also	been	seen	with	

inorganic	particles.	Initially,	this	phenomenon	was	measured	in	PDMS	with	silicate	

particles,	 where	 the	 particles	 were	 very	 small,	 on	 the	 order	 of	 the	 size	 of	 the	

polymer	monomers135.	Thus,	this	finding	was	attributed	to	the	particles	acting	like	

small	 molecules	 rather	 than	 colloidal,	 hard	 particles.	 In	 a	 study	 that	 looked	 at	

quantum	dots	in	a	PS	matrix,	the	diffusion	coefficient	of	the	polymers	was	found	to	

be	200	times	faster	than	the	expected	Stokes-Einstein	diffusion	coefficient136.	In	this	

case,	the	cadmium	selenide	NPs	were	4.7	nm	in	diameter	in	a	high	molecular	weight,	

entangled	polystyrene	system	where	the	radius	of	gyration	is	17	nm,	larger,	but	on	

approximately	the	same	scale,	as	the	NPs.	The	tube	diameter	of	an	entangled	mesh	

of	 PS	 is	 approximately	 the	 same	 as	 the	 NP	 diameter.	 The	 explanation	 for	 the	
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decreased	viscosity	is	due	to	the	differing	length	scales	of	polymer	chain	relaxation	

and	NP	diffusion.	NPs	of	this	size	are	able	to	move	tens	of	nanometers	in	the	time	it	

takes	a	polymer	chain	to	relax.	Thus,	they	do	not	participate	in	the	dynamics	of	the	

entangled	mesh.	 Instead,	 they	provide	a	constraint	release	mechanism,	 in	addition	

to	adding	free	volume	to	the	system,	to	lower	the	viscosity.	The	explanation	for	why	

NPs	lower	viscosity	is	related	to	the	nanoscale	viscosity	and	frictional	forces	rather	

than	 the	 global	 frictional	 forces.	 Small	NPs	 only	 experience	 the	micro/nanoscopic	

viscosity	 from	 the	 local	 polymer	 environments,	 which	 is	 smaller	 than	 the	 overall	

bulk	viscosity.		

The	 previous	 studies	 looked	 at	 relatively	 small	 particles.	 The	 size	 of	 the	

particles,	particularly	in	relation	to	the	size	of	the	polymer,	will	affect	the	dynamics	

of	the	NPs.	Several	studies	have	investigated	the	onset	of	Stokes-Einstein	diffusion	

in	 polymer	 nanocomposites	 as	 function	 of	 particle	 size.	 From	 these	 studies,	 a	

relationship	 between	 the	 polymer	 radius	 of	 gyration,	 polymer	 radius,	 and	

entanglement	mesh	 size	 can	 be	 determined.	 For	 unentangled	 polymers,	when	 the	

particle	 radius	 is	 larger	 than	 the	 radius	 of	 gyration,	 NP	 diffusion	 follows	 Stokes-

Einstein	 diffusion	 and	 the	 viscosity	 of	 the	 system	 increases	 upon	 addition	 of	 the	

NPs137.	 For	 entangled	 polymers,	 if	 the	 particle	 is	 smaller	 than	 the	 entanglement	

mesh	size,	it	will	deviate	from	Stokes-Einstein	dynamics137.	The	recovery	to	Stokes-

Einstein	diffusion	 is	 slow,	and	requires	 the	particle	 size	 to	be	between	2-10	 times	

the	size	of	the	entanglement	mesh	diameter138.		 	

Overall,	 the	 diffusion	 behavior	 of	 each	 component	 in	 a	 polymer	

nanocomposite	 is	 complex,	 with	 several	 competing	 processes	 occurring	
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simultaneously	that	ultimately	drive	the	self-assembly	process.	It	is	difficult	to	know	

exactly	what	 is	 happening	 at	 each	 stage,	 highlighting	 the	 need	 for	more	 thorough	

studies.		

	

1.5 Characterization	Using	In	Situ	X-Ray	Scattering		

Despite	 its	 widespread	 use,	 the	 exact	 pathway	 taken	 during	 solvent	

annealing	 is	 still	 unknown	 in	 supramolecular	 nanocomposites.	 The	 best	 way	 to	

tackle	 this	 problem	 is	 to	 conduct	 systematic	 in	 situ	 scattering	 studies,	 where	 the	

changes	 in	 structure	 can	 be	 tracked	 and	 correlated	 with	 solvent	 content.	

Unfortunately,	there	is	still	a	large	gap	in	these	types	of	studies	in	the	supramolecule	

and	nanocomposite	community.	Some	studies	have	been	conducted	on	BCP	systems	

without	 NPs.	 While	 the	 pathway	 of	 the	 supramolecule	 is	 expected	 to	 be	 very	

different	 due	 to	 the	 small	 molecule,	 the	 results	 from	 BCP	 in	 situ	 studies	 are	 still	

instructive	and	thus	will	be	reviewed	here.		

For	polymer	nanocomposite	 thin	 films,	 grazing	 incidence	 small	 angle	X-ray	

scattering	(GISAXS)	 is	the	most	commonly	used	technique	 in	situ	 technique.	In	situ	

experiments	have	yielded	 insight	 into	 the	pathway	during	self-assembly,	revealing	

states	 that	 previously	 were	 unknown.	 The	 change	 in	 periodicity,	 structure,	 and	

underlying	polymer	chain	dynamics	can	be	revealed	by	in	situ	GISAXS.		

	 Initial	 studies	 looked	 at	 lamellar	 block	 copolymers	 during	 solvent	 vapor	

annealing139,	140.	From	these	experiments,	distinct	kinetic	regimes	at	different	points	

in	the	annealing	process	can	be	identified	that	correlate	to	molecular	motion.	During	

the	annealing	stage,	 three	different	kinetic	steps	were	 identified:	polymer	swelling	
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and	 uniaxial	 block	 stretching,	 followed	 by	 block	 relaxation,	 polymer	 chain	

rearrangement	to	a	globular	state,	and	periodicity	decrease	due	to	a	lowered	χeff.	In	

this	phase,	the	interfacial	area	between	the	two	blocks	is	quite	large	due	to	the	more	

coiled	polymer	conformation,	which	causes	instability	in	the	system.	This	instability	

leads	 to	 the	 rearrangement	 of	 the	 blocks	 and	 the	 formation	 of	 new	 layers	 of	

lamellae.	 Finally,	 the	 periodicity	 stabilizes.	 The	 pathway	 described	 here	 is	 not	

obvious	 from	 simply	 looking	 at	 the	 starting	 and	 final	 morphology	 of	 the	 system,	

highlighting	the	need	for	 in	situ	studies.	Further	studies	examined	the	relative	rate	

of	 periodicity	 change	 in	 parallel	 lamellae	 versus	 perpendicular	 lamellae.	 It	 was	

found	that	parallel	lamellae	grow	very	quickly,	due	to	smaller	periodicity	initially	set	

by	the	spin	casting	step,	although	ultimately,	one	periodicity	was	achieved.		

The	 drying	 process	 was	 also	 investigated	 in	 lamellae.	 During	 the	 drying	

process,	the	periodicity	decreases.	Initially	during	drying,	the	decrease	in	periodicity	

is	 not	 as	 large	 as	 would	 be	 expected	 from	 solvent	 leaving.	 This	 is	 due	 to	 chain	

stretching	occurring	at	 the	 interface	as	 χeff	 begins	 to	 increase	again	as	 the	 solvent	

content	 becomes	 smaller.	 In	 the	 final	 phase,	 the	 system	 is	 below	 the	 Tg	 and	 thus	

decrease	of	the	lamellae	is	due	simply	to	the	solvent	evaporation.	The	discrepancy	

in	swelling	of	the	differently	oriented	lamellae	gives	insight	into	the	mechanism	by	

which	ordering	happens	and	the	key	role	of	solvent	on	influencing	dynamics	is	clear	

in	this	work.		

In	situ	studies	were	also	performed	to	compare	solvent	annealing	to	thermal	

annealing	 and	 how	 the	 processes	 may	 differ	 for	 hexagonally	 packed	 cylindrical	

samples	during	solvent	annealing	and	drying141.	Ultimately,	it	was	determined	that	
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the	greater	mobility	given	by	solvent	annealing	lead	to	larger	grain	sizes	at	the	end	

of	 the	annealing	process.	During	 the	drying	process,	 the	periodicity	of	 the	 solvent	

annealed	 sample	 becomes	 larger	 than	 the	 periodicity	 of	 the	 thermal	 annealed	

sample.	This	 is	once	again	attributed	to	the	greater	mobility	 that	 the	solvent	gives	

the	system,	even	at	low	solvent	fractions,	so	that	the	chain	could	stretch	away	as	χeff	

increases	and	 the	 interfacial	 area	becomes	unfavorable.	These	observations	are	 in	

qualitative	agreement	with	the	ordering	processes	in	the	lamellae	system.	Here,	the	

important	 contribution	 is	 to	 note	 that	 solvent	 annealing	 enhances	 polymer	 chain	

dynamics,	which	can	lead	to	long-range	order	on	short	time	scales.		

	 As	 described	 previously,	 solvent	 annealing	 can	 change	 the	 pathway	 of	

assembly	and	produce	order-order	transitions.	By	using	a	selective	solvent	or	a	non-

selective	 solvent,	 different	 pathways	 can	 be	 accessed	 resulting	 in	 different	

morphologies	 and	 can	 be	 reversibly	 switched142.	 In	 a	 poly(methylstyrene)-b-

poly(hydroxystyrene)	 system,	 solvent	 annealing	using	 a	non-selective	 solvent	was	

able	to	induce	an	ordered	structure,	and	force	a	transition	between	perpendicular	to	

parallel	cylinders.	The	pathway	of	 this	 transition	was	 that	perpendicular	cylinders	

are	 initially	 formed,	 followed	 by	 the	 disappearance	 of	 these	 cylinders	 as	 solvent	

annealing	 continues,	 and	 then	 the	 perpendicular	 cylinders	 appear.	 In	 a	 selective	

solvent,	 the	pathway	 is	different.	The	 initial	 structure	 formed	 is	parallel	 cylinders,	

which	 transition	 to	 body-centered	 cubic	 (BCC)	 spheres,	 and	 then	 to	 face-centered	

orthorhombic	 (FCO)	 spheres	 as	 the	 solvent	 is	 taken	 up	 by	 the	 polymer	 and	 the	

volume	 fraction	 of	 the	 blocks	 shifts.	 The	 morphology	 is	 reversible	 and	 can	 be	

controlled:	 films	that	have	been	annealed	using	 the	non-selective	solvent	can	then	
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be	 annealed	 by	 the	 selective	 solvent	 and	 go	 through	 order-order	 transitions	

associated	with	that	annealing	step,	as	well	as	the	reverse.	The	starting	morphology	

of	the	film	(as	cast	or	already	highly	ordered)	does	not	ultimately	influence	the	final	

film	morphology,	 but	 rather	 the	 type	 of	 solvent	 does.	 The	morphological	 changes	

were	found	to	happen	at	specific	swelling	ratios,	not	as	a	function	of	time	annealed,	

and	 can	 result	 in	 highly	 ordered	 structures	 of	 different	 morphology.	 Polymer	

systems	that	undergo	order-order	transitions	across	all	common	BCP	morphologies	

simply	 by	 tuning	 the	 solvent	 annealing	 process	 have	 also	 been	 shown,	 providing	

insight	 into	 how	 transitions	 across	 all	 phases	 occur	 and	 the	 power	 of	 solvent	

annealing	for	use	in	morphological	control143.		

	 The	 drying	 process	 post-annealing	 also	 affects	 the	 final	 film	 features.	 The	

rate	at	which	solvent	is	removed	can	influence	the	final	film	features.	Instantaneous	

versus	slow	solvent	removal	can	result	in	a	change	in	the	periodicity	and	grain	size	

of	 the	BCP144	 (Figure	7).	 If	 the	solvent	 is	 removed	 instantaneously,	 the	periodicity	

will	 change	 little	 because	 the	 system	 is	 in	 a	 kinetically	 frozen	 state.	 Generally	

though,	 the	 periodicity	 will	 increase.	 If	 the	 solvent	 is	 removed	 quickly,	 but	 not	

instantaneously,	 the	 periodicity	 will	 increase	 by	 more.	 If	 the	 solvent	 is	 removed	

slowly,	the	periodicity	will	 increase	significantly.	As	the	solvent	content	in	the	film	

decreases,	the	χeff	will	increase.	With	slow	solvent	removal,	the	chains	have	the	time	

and	 mobility	 to	 stretch	 away	 from	 each	 other	 to	 the	 more	 thermodynamically	

favorable	conformation	and	so	the	periodicity	increases.	In	a	BCP	system	that	forms	

spheres,	the	solvent	removal	process	revealed	a	unique	pathway145.	
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Figure	7:	(left)	The	change	in	periodicity	of	a	BPC	and	sharpness	(given	by	the	full	
width	at	half	max)	of	the	scattering	peak	produced	during	in	situ	solvent	annealing.	
(right)	 The	 change	 in	 periodicity	 of	 a	 BCP	 and	 sharpness	 of	 the	 scattering	 peak	
during	 in	situ	 annealing	and	drying	as	a	 function	of	solvent	removal	 rate.	Adapted	
with	 permission	 from	 Gu	 et	 al.	 Adv.	 Mater.,	 2013,	 26,	 237-281.	 Copyright	 2013	
Wiley-VCH	Verlag	GmbH	&	Co.	KGaA,	Weinheim	
	

At	the	end	of	the	annealing	process,	the	system	forms	hexagonally	packed	spheres.	

During	 fast	 drying,	 the	 system	 transitions	 to	 a	 short-lived	 orthorhombic	 sphere	

structure	 that	 then	 transitions	 back	 to	 the	 hexagonally	 packed	 phase.	 This	

intermediate	structure	would	be	unknown	without	in	situ	studies.	Upon	slow	drying,	

the	final	film	morphology	is	a	mixture	of	hexagonal	and	orthorhombic	spheres.		

In	 situ	 studies	 are	 important	 because	 they	 can	 yield	 insight	 about	 the	

pathway,	chain	dynamics,	and	reveal	information	about	how	the	system	orders	that	

is	not	apparent	from	the	starting	and	final	film	features.	Both	solvent	annealing	and	

drying	can	be	used	as	a	handle	 to	control	 the	pathway	of	 the	 film	and	are	key	 for	

understanding	the	final	film	morphology.	
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1.6	Conclusions	and	Outlook		

Supramolecular	 nanocomposites	 have	 been	 widely	 studied	 due	 to	 their	

ability	to	form	hierarchical	structures	on	the	nanoscale	for	a	wide-ranging	variety	of	

applications.	However,	 they	 are	 complex	 systems,	with	 four	 or	more	 components.	

This	complexity	offers	opportunity	for	tuning	the	functionality	and	film	features	via	

changing	 the	 small	 molecule,	 polymer	 backbone,	 processing	 conditions,	 etc.	

However,	 this	 complexity	means	much	 is	 still	 unknown	 as	 to	 what	 is	 possible	 to	

achieve	 in	 thin	 films.	 Understanding	 the	 kinetic	 pathway	 during	 assembly	will	 be	

crucial	 to	 achieve	 control	 over	 supramolecular	 nanocomposites.	 This	 thesis	 will	

begin	to	fill	in	gaps	of	knowledge	that	exist	in	understanding	the	kinetic	pathway	of	

supramolecular	nanocomposite	self-assembly.		

The	 work	 described	 in	 this	 dissertation	 examines	 the	 kinetic	 pathway	 of	

assembly	of	supramolecular	nanocomposite	thin	films.	This	multicomponent	system	

has	complex	assembly	processes,	so	the	factors	that	can	be	used	as	handles	to	create	

tunable	films	have	been	investigated.	This	starts	in	Chapter	2	where	the	effect	of	the	

small	molecule	and	solvent	annealing	condition	on	the	final	film	morphology	on	flat	

and	patterned	 surfaces	was	 examined	 in	 systems	without	NPs.	 Chapter	 3	 extends	

the	 study	 of	 directed	 self-assembly	 on	 circle	 patterned	 substrates	 both	 with	 and	

without	NPs.	Chapter	4	 examines	a	new	kinetic	 regime	with	using	high	molecular	

weight	based	supramolecules	and	 large	 (>10	nm)	particles	 to	access	 larger	 length	

scales	 than	 is	 typical	 in	 BCP-based	 assembly.	 Finally,	 in	 Chapter	 5,	 in	 situ	 X-ray	

scattering	using	the	new	technique	grazing	incidence	transmission	small	angle	X-ray	

scattering	 (GTSAXS)	 is	 used	 to	 monitor	 the	 kinetic	 pathway	 of	 assembly	 during	
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controlled	 drying	 of	 a	 nanocomposite	 thin	 film.	 This	 dissertation	 should	 begin	 to	

create	a	roadmap	for	how	to	manipulate	the	kinetic	pathway	to	control	the	structure	

in	tunable	thin	film	nanocomposites.		
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2.1	Introduction	

Block	copolymer	(BCP)-based	supramolecules	are	advantageous	for	forming	

hierarchically	 structured	 materials	 and	 incorporating	 functionalities	 without	

synthetic	 complications1-6.	 	 They	 have	 been	 extensively	 studied	 in	 the	 past	 two	

decades	 in	bulk	and	thin	 films.	The	complexity	of	 these	supramolecular	systems	is	

obvious:	they	are	constructed	by	non-covalently	attaching	small	molecules	to	a	BCP	

block.	As	a	multi-component	system,	their	phase	behavior	depends	on	interplay	of	

different	thermodynamic	driving	forces	as	well	as	the	assembly	processes.	Much	of	

the	 research	 in	 the	 field	 of	 supramolecules	has	 focused	on	 two	key	 areas:	 how	 to	

control	 the	nanoscale	structure	and	how	to	 introduce	 functionality7-13.	For	both	of	

these	purposes,	all	results	indicate	that	the	small	molecule	is	key	in	differentiating	

supramolecules	 from	 traditional	 BCPs.	 Initial	 studies	 in	 bulk	 systems	 of	

supramolecule	 systems	 showed	 that	 incorporating	 small	 molecules	 was	 able	 to	

create	hierarchical	structures,	such	as	lamellae-in-lamellae	and	lamellae-in-spheres,	

due	 to	 the	 shorter	 length	 scale	 packing	 of	 the	 small	 molecule	 within	 the	 larger	

length	scale	microdomain	of	the	BCP2,	14,	15.	The	small	molecule	is	also	able	to	change	

the	 phase	 diagram	 by	 stabilizing	 semi-equilibrium	 states	 such	 as	 hexagonally	

perforated	 lamellae,	 generate	 gyroid	 structures	 over	 a	wider	 range,	 and	 generate	

non-equilibrium	 structures14,	 16-18.	 The	 small	 molecule	 can	 be	 used	 to	 easily	

introduce	 functionality	 without	 complex	 synthesis,	 including	 liquid	 crystals	 and	

organic	semiconductors19-23.	Liquid	crystal-based	supramolecules	have	been	shown	

to	 introduce	 photophysical	 properties	 and	 make	 supramolecules	 responsive	 to	

external	 fields23-28.	Organic	 semiconductors	 can	be	used	 to	 implement	 optical	 and	
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electronic	properties	into	simple	polymer	systems29-31.	The	small	molecule	can	also	

be	used	to	create	stimuli-responsive	systems,	such	as	thermal	switchable	photonics	

or	thermally	switchable	electrical	conductivity3,	32-35.		

Supramolecular	 thin	 films	 are	 often	 solvent	 vapor	 annealed	 due	 to	 the	

thermal	 volatility	 of	 small	 molecule.	 The	 presence	 of	 solvent	 introduces	 more	

complexity	 since	 affects	 both	 the	 thermodynamics	 and	 kinetics	 during	 the	 self-

assembly	 process.	 Solvent	 annealing	 has	 been	 used	 to	 tune	 morphology	 without	

changing	 the	 BCP	 composition	 by	 altering	 the	 volume	 fraction	 of	 one	 block	 or	

solvent	selectivity36-38.	Lithographic	patterns	and	chemical	patterns	have	also	been	

used	 in	directed	 self-assembly	of	 supramolecules	 to	 achieve	 long-range	order	 and	

finely	tune	the	nanostructure39,	40.		

While	 there	have	been	 large	body	of	 studies	 in	achieving	 structural	 and,	 to	

some	extent,	 functional	control	 in	supramolecules,	 there	is	still	a	significant	gap	in	

understanding	the	kinetic	processes	that	result	in	these	experimental	observations.	

Despite	the	complexity	and	large	parameter	space,	there	are	rather	limited	studies	

on	the	kinetic	pathway	of	assembly	and	systematic	investigation	into	what	role	each	

of	the	components	plays	during	the	assembly	process.	In	supramolecular	thin	films,	

macroscopic	 alignment	 of	microdomains	 and	 in	 some	 cases,	morphologies	 can	 be	

independently	 tailored	 regardless	 of	 interfacial	 interaction	 and	 film	 thickness	 by	

varying	 solvent	 condition36,	 38.	 By	 varying	 the	 solvent	 fraction	 during	 annealing	

process,	the	assembly	process	was	optimized	for	rapid	ordering	in	the	timescale	of	

tens	 of	 seconds	 for	 scalable	 manufacturing41.	 Manipulating	 kinetic	 pathway	 of	

different	 assembly	 processes	 has	 also	 been	 applied	 to	 control	 the	morphology	 in	
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nanoparticle-containing	 supramolecular	 thin	 films	 to	 achieve	 a	 non-equilibrium	

morphology42.	 From	 these	 studies,	 it	 is	 clear	 that	 the	 kinetic	 pathway	 affects	 the	

final	film	morphology.	There	is	a	great	need	to	systematically	investigate	the	role	of	

each	of	the	components,	and	how	those	components	interact	and	affect	the	overall	

phase	 diagram,	 various	 assembly	 processes,	 and	 ultimately,	 the	 resultant	

hierarchical	assemblies	in	supramolecular	thin	films	(Figure	1).	

Here,	it	is	shown	that	by	systematically	varying	the	small	molecule	loading	as	

well	 as	 the	 solvent	 annealing	 condition,	 the	 effects	 of	 both	 components	 on	 the	

assembly	process	can	be	decoupled	to	gain	control	over	the	characteristic	features	

on	 flat	 and	 patterned	 surfaces.	 There	 is	 a	 superposition	 effect	 between	 the	 small	

molecule	 loading	 and	 the	 solvent	 fraction	 to	 create	 ordered	 structures	with	 long-

range	 order.	 For	 all	 supramolecular	 system	 investigated,	 incommensurability	

between	the	pattern	width	and	supramolecule	periodicity	did	not	cause	the	system	

to	disorder,	which	was	attributed	to	 the	presence	of	small	molecule.	Furthermore,	

the	 kinetic	 pathway,	 rather	 than	 the	 incommensurability	 seen	 in	 BCP,	 is	 key	 to	

understand	the	feature	size	and	the	degree	of	order	in	supramolecular	thin	films	on	

patterned	substrate.		

	

2.2	Role	 of	 Small	Molecule	 Loading	 and	 Solvent	Annealing	Condition	on	Flat	

Substrates	

The	 supramolecule	 used	 here	 is	 polystyrene-block-poly(4-vinylpyridine)	

(pentadecylphenol)r	 (PS-b-P4VP(PDP)r).	 	 The	 molar	 ratio	 of	 PDP	 to	 the	 4VP	

monomer	 is	 defined	 as	 r.	 The	 kinetic	 and	 thermodynamic	 considerations	 of	 each	
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component	will	 dictate	 the	 self-assembly	 process.	 Several	 of	 the	 components	will	

affect	 the	 system	 at	 the	 same	 time	 and	 in	 a	 similar	 way,	 making	 it	 difficult	 to	

determine	how	each	component	contributes	to	the	self-assembly	process.	Figure	1	

shows	 the	 general	 considerations	 of	 each	 of	 the	 main	 components	 of	 the	

supramolecular	system,	the	BCP,	the	small	molecule,	and	the	solvent.		

	

	

Figure	 1:	 Scheme	 depicting	 supramolecular	 thin	 film	 assembly.	 The	 BCP,	 small	

molecule,	 and	 solvent	 all	 affect	 the	 thermodynamics	 and	 kinetics	 of	 the	 self-

assembly	 process,	 often	 in	 similar	 ways.	 Each	 component	 will	 interact	 with	 the	

others	to	determine	the	final	 film	structure,	making	it	difficult	to	exactly	know	the	

effect	of	each	component.		
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The	 BCP	 itself	 will	 affect	 the	 predicted	 morphology	 based	 on	 the	 relative	

volume	 fraction	 of	 the	 PS	 block	 and	 the	 P4VP(PDP)	 block	 as	 well	 as	 the	 Flory-

Huggins	 interaction	 parameter	 (χ)	 between	 the	 two	 blocks.	 The	 MW	 and	

composition	of	the	BCP	will	determine	the	glass	transition	temperature	(Tg),	which	

determines	the	mobility	and	viscosity	of	the	system.	The	small	molecule	loading	will	

affect	several	of	the	same	factors.	It	can	be	used	to	tune	the	volume	fraction	of	the	

P4VP(PDP)	 block	 and	 therefore	 morphology.	 Adding	 an	 additional	 component	

creates	more	interaction	parameters	and	can	also	change	the	effective	χ	between	PS	

and	P4VP.	Again,	the	Tg	and	viscosity	will	change,	leading	to	changes	in	the	diffusion	

rates	 and	 kinetic	 pathway	 during	 the	 assembly	 process.	 Solvent	 has	 similar	

considerations.	The	addition	of	solvent	will	 change	χ,	Tg,	 and	 the	system	viscosity.	

These	in	turn	all	affect	the	diffusion	of	the	supramolecule.	During	ordering,	there	are	

two	 important	 types	 of	 diffusion:	 parallel	 diffusion,	 which	 happens	 along	

PS/P4VP(PDP)	interface,	and	perpendicular	(interdomain)	diffusion,	which	happens	

across	 the	 PS/P4VP(PDP)	 interface43,	 44.	 Solvent	 annealing	 will	 lower	 the	 energy	

barrier	 to	 both	 types	 of	 diffusion,	 but	 is	 particularly	 important	 for	 perpendicular	

diffusion41,	 45.	 As	 such,	 the	 PDP	 loading	 and	 solvent	 annealing	 condition	 were	

systematically	 investigated.	 In	 bulk,	 the	 chosen	 supramolecules	 form	hexagonally-

packed	PS	cylinders	embedded	in	a	P4VP(PDP)	matrix	with	a	periodicity	of	~31	nm.	

Films	were	monitored	in	situ	to	precisely	control	the	solvent	fraction	(fs)	in	the	films	

during	the	annealing	process.	The	fs	reported	is	the	final	solvent	fraction	before	the	

annealing	process	is	terminated.			
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The	 PDP	 loading	 was	 varied	 between	 r=1	 to	 r=2	 to	 investigate	 how	

introducing	free	small	molecule	into	the	system	affected	the	morphology	and	long-

range	order	of	 the	 assembly	 (Figure	2).	When	 there	 a	 stoichiometric	 ratio	 of	PDP	

(r=1),	 no	 apparent	ordered	 structure	 is	 found	at	 any	 fs	(Figure	2a).	The	predicted	

morphology	 of	 a	 bulk	 system	with	 r=1	 is	 lamellae.	 In	 the	 AFM	 phase	 images,	 the	

light	regions	correspond	to	the	PS	domain	and	the	dark	regions	correspond	to	the	

P4VP(PDP)	 domain.	 All	 films	 for	 r=1	 show	 a	 light	 matrix	 with	 darker	 defects	

oriented	 randomly.	 They	 are	 disordered.	 No	 clear	 morphology	 develops	 as	 the	

amount	of	solvent	increases,	suggesting	the	system	does	not	have	sufficient	time	or	

mobility	to	form	an	ordered	structure.	This	is	the	case	for	r=1.2	as	well.			

When	 the	PDP	 loading	 is	 increased	 to	 r	=1.5,	 the	supramolecular	 thin	 films	

display	 order	 (Figure	 2b).	 Based	 on	 the	 volume	 fraction	 of	 the	 comb	 block,	 the	

predicted	morphology	 is	 on	 the	border	between	 lamellae	 and	hexagonally	packed	

cylinders.	At	fs=0.1,	the	morphology	is	not	clear,	but	when	fs=0.2,	short	PS	cylinders	

are	 formed.	Additional	 solvent	annealing	 leads	 to	 longer	PS	cylinders,	 as	expected	

due	to	 increased	mobility	as	solvent	vapor	 is	added	to	 the	system.	At	high	solvent	

fractions	 (fs≥0.4),	 however,	 the	 system	 is	 disordered.	 Solvent	 annealing	 yields	 the	

expected	 morphology,	 but	 only	 in	 a	 narrow	 window.	 When	 the	 PDP	 loading	 is	

increased	to	r=2	(Figure	2c),	 the	film	behaves	as	similarly	to	that	seen	at	r=1.5.	At	

very	 short	 solvent	 annealing	 times,	 short	 PS	 cylinders	 form.	 As	 more	 solvent	 is	

added,	the	grain	size	of	the	PS	cylinders	grows.	Free	PDP	facilitates	the	formation	of	

long-range	structures,	but	solvent	annealing	 is	necessary	 to	reach	 films	with	 large	

grain	sizes.	
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Figure	2:	(a-c)	AFM	phase	images	corresponding	points	marked	on	fs	profiles	in	(d)	

at	 fs=0.1,	 0.2,	 0.3,	 0.4,	 and	0.5	 for	 (a)	 r=1,	 (b)	 r=1.5,	 and	 (c)	 r=2.	 (d)	The	 swelling	

profile	of	 fs	versus	annealing	time	for	~60	nm	supramolecular	 thin	 films	with	r=1,	

1.5,	and	2.	(e)	Phase	diagram	of	ordered	and	disordered	structures	as	dependent	on	

fs	and	PDP	ratio.	Scale	bar	=100	nm.		
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Figure	2e	shows	a	phase	diagram	 for	ordered	versus	disordered	structures	

as	a	function	of	PDP	loading,	r,	and	solvent	fraction.	The	shape	of	the	order/disorder	

phase	boundary	shows	the	superposition	of	the	effect	of	the	solvent	fraction	and	the	

small	molecule.	At	low	PDP	loading,	the	system	will	not	form	an	ordered	structure	

under	 solvent	 annealing.	 With	 sufficient	 PDP	 loading,	 ordered	 structures	 are	

possible,	but	solvent	annealing	is	necessary.	The	long-range	order	and	window	over	

which	 there	 is	 an	 ordered	 structure	 of	 the	 system	 depends	 on	 both	 the	 solvent	

annealing	condition	as	well	as	the	small	molecule	loading.		

	 The	 superposition	 between	 the	 effect	 of	 solvent	 fraction	 and	 PDP	

stoichiometry	on	forming	ordered	structures	is	more	apparent	when	considering	a	

smaller	 range	 of	 r,	 where	 the	 films	 all	 give	 the	 same	morphology.	 Here,	 we	 pick	

r=1.7,	2,	2.2,	and	2.4,	which	all	give	hexagonally	packed	PS	cylinders	in	a	P4VP(PDP)	

matrix,	 based	 on	 analysis	 of	 the	 GISAXS	 patterns46.	 Figure	 3	 shows	 AFM	 phase	

images	 and	 GISAXS	 profiles	 for	 the	 given	 small	molecule	 loading	 as	 the	 films	 are	

annealed	 to	 fs	 between	 0	 and	 0.5.	 Both	 solvent	 annealing	 and	 small	molecule	 are	

important	to	determining	the	characteristic	features	of	the	films.		
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Figure	3:	 Supramolecular	 thin	 films	at	different	 fs	 for	 (a)	 r=2.4,	 (b)	 r=2.2,	 (c)	 r=2,	

and	 (d)	 r=1.7.	 All	 AFM	phase	 images	 are	 1	 µm	 x	 1	 µm.	 	 The	 scale	 for	 the	GISAXS	

patterns	are	from	qz=0-0.25Å-1	and	qy=-0.2-0.2	Å-1	with	tick	marks	every	0.05	Å-1	in	

both	qz	and	qy.		
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For	 all	 small	 molecule	 loading	 between	 r=1.7-2.4,	 solvent	 annealing	 to	

different	fs	produces	the	same	general	effect	on	grain	size.	The	trend	is	exemplified	

best	by	r=1.7	(Figure	3d).	As-cast,	 the	film	does	not	show	any	clear	ordering.	Once	

solvent	 is	 introduced	 to	 the	 system,	 it	 begins	 to	 form	an	ordered	 structure,	 albeit	

one	with	a	small	grain	size.	Increasing	fs	leads	to	longer	grain	sizes,	until	at	fs=0.4	the	

maximum	grain	size	is	reached.	Once	the	film	is	annealed	past	this	point,	the	grain	

size	begins	to	decrease.	Figure	4a	shows	the	exact	changes	in	grain	size	for	all	r.	The	

grain	size	was	obtained	by	using	the	Scherrer	equation	on	the	fitted	full	width	half	

maximum	of	linecuts	of	the	first	order	peak	from	the	GISAXS	data.		

	

Figure	4:	 (a)	Grain	size	of	supramolecular	 thin	 films	at	different	solvent	annealing	

conditions	 and	 different	 small	 molecule	 ratios.	 (b)	 Solvent	 fraction	 that	 gives	

maximum	grain	size	for	each	small	molecule	stoichiometry	

	

Once	again,	the	superposition	of	the	effect	of	PDP	and	the	solvent	fraction	can	

be	 seen.	 Region	 I	 highlights	 two	 separate	 films	 that	 have	 the	 same	 approximate	

grain	size,	but	were	prepared	using	different	conditions.	The	first	film	was	annealed	
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to	 a	 smaller	 solvent	 fraction	 and	 a	 greater	 PDP	 ratio	 than	 the	 second	 film.	 The	

second	 film	has	 less	 PDP	 and	 so	must	 be	 annealed	 to	 a	 higher	 solvent	 fraction	 to	

reach	 the	 same	 grain	 size.	 There	 is	 a	 tradeoff	 between	 the	 amount	 of	 solvent	

necessary	 and	 the	 PDP	 ratio	 needed	 to	 achieve	 the	 largest	 grain	 size.	 This	

observation	 is	 consistent	with	 the	phase	diagram	 in	Figure	2e.	 It	 should	be	noted	

that	 once	 the	 PDP	 loading	 is	 r>2,	 films	 need	 to	 be	 annealed	 to	 higher	 solvent	

fractions	 to	 reach	 their	maximum	grain	 sizes	 and	 that	 the	maximum	grain	 size	 is	

shorter	(Figure	4b).	The	roll	of	PDP	in	the	assembly	is	complex.	It	assists	in	mobility	

and	drives	long-range	order,	as	demonstrated	in	Figure	2.	However,	excess	free	PDP	

seems	to	hinder	long-range	order	of	the	supramolecule.	Free	PDP	may	decrease	the	

thermodynamic	 driving	 force	 for	 separation	 even	 if	 it	 aids	 in	 the	mobility	 of	 the	

system	by	lowering	Tg,	viscosity,	and	barriers	for	interdomain	diffusion,	resulting	in	

a	 need	 for	 a	 balance	 between	 the	 amount	 of	 PDP	 and	 the	 solvent	 annealing	

condition.			

Region	 II	of	Figure	4b	shows	how	modulating	 the	PDP	ratio	can	be	used	 to	

select	a	desired	feature	size.	For	a	given	solvent	fraction,	the	grain	size	can	vary	by	

as	much	 as	 150	 nm	 simply	 by	 selecting	 the	 PDP	 stoichiometry.	 Solvent	 annealing	

induces	mobility	in	the	system	by	lowering	Tg	and	χ.	But,	the	amount	of	PDP	affects	

Tg	and	χ	as	well	and	can	long-range	ordering	by	mediating	interactions	or	hurt	it	if	

the	interactions	are	lowered	enough	to	no	longer	retain	the	thermodynamic	driving	

force	for	separation.		
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Figure	 5:	 Periodicity	 of	 supramolecular	 thin	 films	 at	 different	 solvent	 annealing	

conditions	and	different	PDP	ratios.	

	

The	effect	of	 the	PDP	and	solvent	annealing	 condition	on	 the	periodicity	of	

each	 film	 is	 not	 as	 clear	 as	 the	 effect	 on	 the	 grain	 size.	 The	 periodicity	 for	 each	

condition	is	given	in	Figure	5.	The	changes	in	periodicity	are	modest	as	a	function	of	

both	 solvent	 annealing	 condition	 and	 PDP	 ratio—only	 a	 range	 of	 around	 4	 or	 5	

nm—and	do	not	display	a	clear	trend.	It	may	be	expected	that	increasing	the	amount	

of	free	PDP	should	swell	the	P4VP	domain.	Previous	work	has	shown	that	increasing	

PDP	loading	can	swell	one	domain	and	change	morphology2.	The	PDP	does	seem	to	

swell	the	P4VP	domain	for	as-cast	films:	there	is	a	difference	between	the	lower	PDP	

ratios	(r=1.7	and	2)	and	the	higher	ratios	(r=2.2	and	2.4)	of	3-4	nm.	However,	once	

the	system	is	annealed,	this	difference	in	periodicity	disappears.	The	lack	of	change	

in	periodicity	suggests	that	the	PDP	does	not	simply	swell	one	domain.	Once	solvent	

is	 introduced	 to	 the	 system,	 the	 free	 PDP	 gains	 mobility	 and	 likely	 rearranges	

throughout	the	polymer.	It	is	known	that	PDP	can	become	soluble	in	the	PS	domain	
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at	high	 temperature,	 so	at	high	solvent	 fractions,	 it	 is	 reasonable	 to	speculate	 that	

there	is	PDP	in	both	microdomains	of	the	supramolecules.	

	

2.3	Role	of	Small	Molecule	Loading	and	Solvent	Annealing	Condition	on	

Patterned	Substrates	

The	tradeoff	between	the	amount	of	PDP	and	the	solvent	annealing	condition	

for	 creating	 long	 rang	 order	 is	 apparent	 when	 these	 films	 are	 assembled	 on	

patterned	substrates.	Using	a	patterned	substrate	that	is	~180	nm	in	width	and	~50	

nm	 deep,	 the	 supramolecule	 aligns	 with	 the	 underlying	 pattern	 (Figure	 6).	 The	

degree	of	alignment	with	the	underlying	pattern,	however,	is	once	again	a	function	

of	its	condition,	i.e.	the	amount	of	solvent	and	PDP	ratio.	The	order	parameter	(OP)	

was	calculated	for	each	film	to	quantify	the	degree	of	alignment	with	the	substrate.	

A	 perfectly	 aligned	 film	 will	 have	 OP=1	 and	 an	 isotropic	 film	 will	 have	 OP=0.	

Qualitatively,	the	OP	of	films	on	a	patterned	substrate	follows	the	same	trend	as	the	

grain	size	for	films	on	flat	substrates	at	all	r.	Using	r=1.7	as	an	example	(Figure	6a-c),	

the	trend	is	as	follows:	below	fs=0.3,	the	alignment	with	the	underlying	substrate	is	

poor.	Once	at	or	above	fs=0.3,	there	is	good	alignment	with	the	pattern.	At	fs=0.4,	the	

OP	is	the	highest	and	there	are	few	defect	on	the	film.	Past	this	solvent	fraction,	the	

alignment	 with	 the	 substrate	 decreases	 and	 the	 number	 of	 defects	 increases,	

particularly	 at	 the	 trench/mesa	 interface.	 The	 fs	 at	which	 the	OP	 is	 the	 highest	 is	

dependent	on	r,	just	like	the	fs	at	which	the	grain	size	was	largest	depended	on	r	for	

assembly	on	flat	substrates.	The	exact	OP	for	all	r	and	fs	is	shown	in	Figure	7a.		
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Figure	 6:	 Supramolecule	 thin	 films	 with	 initial	 thickness	 of	 60	 nm	 on	 a	 180	 nm	

trench	pattern	with	different	PDP	loading	and	solvent	fraction.	(a)	r=1.7,	fs=0.3,	(b)	

r=1.7,	fs=0.4,	(c)	r=1.7,	fs=0.5,	(d)	r=2,	fs=0.3,	(e)	r=2,	fs=0.4,	(f)	r=2,	fs=0.5,	(g)	r=2.2,	

fs=0.3,	 (h)	 r=2.2,	 fs=0.4,	 (i)	 r=2.2,	 fs=0.5,	 (j)	 r=2.4,	 fs=0.3,	 (k)	 r=2.4,	 fs=0.4,	 (l)	 r=2.4,	

fs=0.5.	Scale	bar	=	100	nm.		

	

The	periodicity	of	 the	 supramolecule	 in	 the	 trench	does	not	depend	on	 the	

ratio	 of	 PDP	 and	 is	 smaller	 than	 the	 periodicity	 of	 the	 supramolecule	 on	 a	 flat	

substrate	 (Figure	 7b).	 The	 periodicity	 for	 all	 PDP	 ratios	 studied	 (r=1.7-2.4)	 is	 the	

same,	 ~26.5	 nm.	 This	 lack	 of	 change	 in	 periodicity	 is	 consistent	 with	 the	 lack	 of	
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change	in	periodicity	on	flat	substrates.	It	should	be	noted,	however,	that	the	trench	

periodicity	 is	smaller	by	3-4	nm	as	compared	to	 the	 flat	substrate	periodicity.	The	

presence	of	PDP	does	not	swell	the	periodicity,	but	does	affect	the	long-range	order	

and	defect	density	of	the	assembly	in	the	patterned	substrate.		

	

Figure	7:	(a)	Order	parameter	of	 films	 in	Figure	6	as	a	 function	of	solvent	 fraction	

and	 PDP	 ratio	 (b)	 Periodicity	 of	 supramolecule	 on	 lithographic	 substrate	 and	 flat	

substrate	as	a	function	of	small	molecule	ratio,	r.	Periodicity	of	the	flat	substrate	is	

given	at	the	solvent	fraction	that	matches	the	best	ordering	in	the	trench	pattern	(c)	

Number	of	rows	of	PS	cylinders	in	the	trench	as	a	function	of	small	molecule	ratio,	r.		

	

The	decrease	in	periodicity	from	the	flat	substrate	to	the	patterned	substrate	

is	about	10%.	Compression	or	expansion	of	periodicity	has	been	seen	in	traditional	
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BCP	 films	 on	 patterned	 substrates	 in	 order	 for	 periodicity	 of	 the	 polymer	 to	 be	

commensurate	with	 the	width	of	 the	 trench47,	48.	However,	 the	compression	of	 the	

polymer	chain	leads	to	an	entropy	penalty.	If	the	polymer	must	compress	too	much	

for	 the	 width	 of	 the	 trench	 to	 be	 an	 integer	 multiple	 of	 the	 periodicity	 of	 the	

confined	microdomain,	the	polymer	will	not	align	with	the	trench	pattern	due	to	the	

loss	 in	 entropy.	 The	 BCP	 will	 rearrange	 so	 the	 number	 of	 rows	 in	 the	 trench	

minimizes	this	loss	of	entropy	and	retains	as	close	to	the	equilibrium	periodicity	as	

possible.49	 Here,	 regardless	 of	 small	 molecule	 loading,	 there	 are	 7	 rows	 of	 PS	

cylinders	 in	 the	 trench	 (Figure	 7c).	 If	 the	 supramolecule	 were	 to	 retain	 the	

approximate	flat	substrate	periodicity	in	the	trench	pattern,	there	should	only	be	6	

rows	 of	 PS	 cylinders	 since	 the	 trench	 width	 is	 ~180	 nm	 and	 the	 flat	 substrate	

periodicity	is	~31	nm.	The	assembly	in	the	trench	does	not	follow	the	basic	rules	of	

commensurability	 between	 the	 trench	 width	 and	 the	 supramolecule	 periodicity,	

indicating	 that	 the	 supramolecule	 can	 rearrange.	 The	 final	 features	 are	 likely	

dependent	 on	 the	 kinetic	 pathway	 taken	 rather	 than	 energetic	 considerations	 of	

incommensurability.	 Thus,	 the	 incommensurability	 effect	 is	 quite	 small	 when	

assembling	 the	 supramolecule	 in	 the	 trench	 pattern.	 It	 can	 also	 be	 observed	 that	

there	 are	 two	 separate	periodicities,	 a	 trench	periodicity	 and	 a	much	 larger	mesa	

periodicity.	 	 It	 is	 likely	 that	 the	 small	 molecule	 self-adjusts	 during	 the	 annealing	

process	to	produce	this	pathway-dependent	phenomenon.	However,	further	study	is	

needed	to	understand	this	observation.	

Alignment	of	the	supramolecule	with	a	patterned	substrate	is	not	limited	to	

linear	 trenches.	 Rather,	 the	 supramolecule	 can	 assemble	 in	 concentric	 circle	
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patterns	 as	 well	 (Figure	 8).	 These	 patterns	 are	 fabricated	 using	 electron	 beam	

lithography.	There	are	three	rings	etched	into	the	silicon,	all	with	a	width	of	~165	

nm	but	different	radii.		

	

	

Figure	8:	~60	nm	supramolecule	thin	films	on	a	circular	trench	pattern	with	width	

~200	 nm	 with	 (a)	 r=2	 and	 (b)	 r=2.2.	 Dark	 regions	 are	 the	 trench	 patterns.	 The	

colored	 regions	 in	 (c)	 and	 (d)	 are	 close	 ups	 of	 the	 inner	 circles	 of	 (a)	 and	 (b)	

respectively.	 The	 colors	 were	 added	 to	 show	 one	 continuous	 PS	 cylinder	 in	 the	

trench	pattern.			

	
Depending	on	the	conditions	used	to	prepare	the	films,	the	supramolecule	can	align	

with	the	rings	by	forming	a	spiral	(Figure	8a)	or	a	series	of	concentric	rings	(Figure	

8b).	 Figures	 8c	 and	 d	 show	 close	 ups	 of	 the	 innermost	 ring	 of	 8a	 and	 8b,	

respectively,	 so	 that	 the	 features	 of	 the	 PS	 cylinders	 can	 be	 easily	 seen.	 The	
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periodicity	in	the	trench	pattern	has	once	again	decreased	to	~28	nm	in	the	trench.	

As	with	the	line	patterns,	the	supramolecule	will	take	a	pathway	that	is	beneficial	to	

assembly	and	adjust	the	periodicity	to	conform	to	a	pattern.	Here,	Figure	8a	is	made	

with	supramolecule	at	r=2	and	Figure	8b	is	made	with	r=2.2.	The	PDP	loading	can	

affect	 the	 resultant	pattern,	 although	more	 research	 is	needed	 to	understand	why	

exactly	 the	 pattern	 would	 result	 in	 a	 spiral	 or	 concentric	 circles.	 Thus,	 it	 is	

hypothesized	that	the	self-adjusting	nature	of	the	supramolecule	will	extend	to	any	

geometric	pattern.		

	
2.4	Discussion	

The	results	presented	above	confirmed	that	both	PDP	and	solvent	annealing	

are	 key	 factors	 for	 the	 self-assembly	 of	 supramolecular	 thin	 films.	 Together,	 they	

affect	 the	 feature	 size,	 grain	 size	 and	 degree	 of	 ordering	 on	 flat	 and	 patterned	

substrates,	and	there	is	a	superposition	relationship	between	the	two.		The	observed	

film	 features	 depend	on	 the	 kinetic	 pathway	 that	 can	 be	moderated	by	 either	 the	

solvent	 annealing	 condition	 or	 the	 small	molecule	 loading.	 On	 flat	 substrates,	 the	

PDP	and	the	solvent	annealing	condition	can	be	interchanged	to	generate	a	desired	

grain	 size.	 This	 observation	 is	 contributed	 to	 a	 balance	 of	 the	 thermodynamic	

driving	 force	 for	 separation	 and	 the	 kinetic	 pathway.	 Both	 solvent	 and	 the	 small	

molecule	can	act	as	a	placticizer	 in	 the	system14.	As	such,	with	 the	 introduction	of	

either,	the	χeff	will	begin	to	decrease,	Tg	will	change	following	the	Fox	equation,	and	

the	viscosity	of	the	system	will	lessen,	giving	the	system	sufficient	mobility	to	form	

long	 range	 order50,	 51.	 To	 create	 an	 ordered	 structure,	 two	 diffusion	 coefficients	

determine	the	mobility	of	the	system,	parallel	diffusion	(diffusion	along	the	domain	
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interface)	 and	 perpendicular	 diffusion	 (diffusion	 across	 domain	 interface)43,	 44.	

Parallel	 diffusion	has	 a	 lower	 energetic	 penalty	 associated	with	 it	 as	 compared	 to	

perpendicular	 diffusion	 due	 to	 interdomain	 crossing45.	 This	 interdomain	 crossing	

can	 be	 very	 energetically	 costly	 if	 χ	 is	 high	 and	 so	 has	 a	 high	 activation	 energy.	

Without	 interdomain	 crossing,	 though,	 the	 system	will	 lack	 long-range	 order.	 	 As	

solvent	 is	 added	 to	 the	 system,	 χeff	 decreases	 and	 thus	 perpendicular	 diffusion	

becomes	easier.	This	lowering	of	the	activation	energy	is	key	for	both	mobility	of	the	

system	and	defect	annihilation.		Adding	PDP	will	decrease	the	Tg	and	will	also	lower	

χeff.	 However,	 adding	 PDP	 alone	 is	 not	 enough	 to	 decrease	 the	 Tg	 below	 room	

temperature.	 Solvent	 is	needed	as	well	 so	 that	 the	 system	has	 enough	mobility	 to	

form	long-range	ordered	structures.	Here,	the	cooperation	between	the	two	factors	

is	 key	 for	 the	 system	 to	 order.	 Because	 they	 affect	 the	 same	 parameters	 in	 the	

system,	 it	makes	 sense	 that	 either	PDP	or	 increased	 solvent	 fraction	will	 improve	

long-range	 order.	 However,	 it	 was	 seen	 in	 both	 the	 case	 of	 PDP	 and	 solvent	 that	

there	is	a	narrow	window	over	which	increasing	them	increases	the	grain	size.	Once	

pass	 the	 threshold,	 the	 addition	 of	 more	 solvent	 or	 increasing	 the	 PDP	 loading	

begins	to	reduce	the	grain	size	and	may	even	cause	the	system.	As	the	system	gains	

mobility,	thermodynamic	driving	force	for	separation,	captured	by	χ	eff,	is	important	

in	determining	whether	the	system	will	order.		

The	 importance	of	 the	kinetic	pathway	on	 the	 final	 structure	as	well	as	 the	

cooperative	 effect	 between	 the	 PDP	 and	 solvent	 is	 apparent	 in	 examining	 the	

supramolecule	thin	film	assembly	on	a	patterned	substrate.	There	has	been	a	lot	of	

research	into	the	assembly	of	BCPs	on	patterned	substrates.	One	of	the	fundamental	



	 64	

rules	to	come	out	of	the	confinement	of	BCPs	on	patterned	substrates	is	the	rule	of	

commensurability47,	48,	52,	53.	That	is,	for	a	BCP	to	order	in	a	trench	pattern,	the	width	

of	 the	 trench	must	be	an	 integer	multiple	of	 the	BCP	periodicity.	The	polymer	can	

adjust	somewhat	from	its	equilibrium	periodicity,	Lo,	but	there	is	a	 loss	of	entropy	

associated	with	either	the	stretching	or	compression	of	the	periodicity	to	so	that	is	

commensurate	trench	width49.	If	the	polymer	must	stretch	or	compress	too	much	to	

fit	in	the	trench,	it	will	not	order.	In	this	paper,	the	width	of	the	linear	trench	is	180	

nm,	which	 is	commensurate	with	the	equilibrium	periodicity	of	 the	supramolecule	

periodicity,	 ~30	 nm,	 to	 form	 6	 rows	 of	 PS	 cylinders	 in	 the	 trench.	 While	 the	

supramolecule	 may	 have	 to	 stretch	 or	 compress	 by	 ~1	 nm	 at	 some	 solvent	

annealing	 conditions,	 this	 only	 represents	 a	 deviation	 from	 the	 equilibrium	

periodicity	 of	 ~3%.	 However,	 here,	 regardless	 of	 PDP	 loading,	 there	 are	 7	 PS	

cylinders	 in	 the	 trench	 and	 the	 periodicity	 is	 uniformly	 26.5	 nm.	 While	 this	

represents	only	a	10%	deviation	from	the	equilibrium	periodicity	on	a	flat	substrate,	

there	 is	 no	 reason	 for	 there	 to	 be	 any	 deviation.	 If	 the	 supramolecule	 were	 to	

operate	under	the	same	rules	as	BCPs,	the	fact	that	there	are	7	rows	of	compressed	

polymer	rather	than	6	rows	of	uncompressed	polymer	would	indicate	a	significant	

loss	of	entropy	and	be	energetically	unfavorable.	Thus,	the	polymer	does	not	follow	

the	thermodynamically	predicted	structure,	so	it	must	be	kinetically	determined.	At	

the	beginning	of	 the	 self-assembly	process	 (Figure	9a),	 the	 film	 is	 disordered.	We	

hypothesize	 that	as	 the	process	 continues	 (Figure	9b),	 seven	 rows	of	PS	 cylinders	

are	templated	 into	the	trench.	After	 those	cylinders	are	templated,	 those	cylinders	

grow	parallel	to	the	trench	(Figure	9c).	To	reach	the	equilibrium	periodicity	in	the	
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trench	(Figure	9d),	the	system	would	have	to	go	through	a	disordered	state,	which	

has	a	high	energetic	cost	due	to	increased	interfacial	area	and	excessive	interdomain	

crossing.	Thus,	the	final	structure	observed	here	is	a	kinetically	determined	state.	

	

Figure	9:	 Scheme	of	 the	kinetic	pathway	 resulting	 in	 smaller	periodicity	 in	 trench	

during	the	assembly	process,	going	from	(a)	a	disordered	state	to	(b)	templating	of	

the	 number	 of	 PS	 rows	 in	 the	 trench	 to	 (c)	 an	 ordered	 structure	 with	 a	 smaller	

periodicity	in	the	trench.	(d)	The	equilibrium	periodicity	is	not	accessible	due	to	the	

high	energetic	penalty	required	to	reach	it.		

	

	The	fact	that	this	same	phenomenon—shrinking	of	the	periodicity	within	the	

trench—is	observed	in	circular	patterns	as	well	suggests	how	important	the	kinetic	

pathway	is.	This	pathway	is	possible	because	of	the	presence	of	the	small	molecule.	

The	 small	molecule	 is	 able	 to	 redistribute	 throughout	 the	 film	 and	 adjust	 so	 that	

rather	 than	 simply	 forming	 a	 disordered	 state,	 as	 might	 be	 predicted	 from	 BCP	

studies,	 the	 supramolecule	 can	 self-adjust	 and	 still	 assemble	 with	 a	 smaller	

periodicity	 in	 the	 trench.	Unfortunately,	 imaging	the	small	molecule	directly	 is	not	

possible	so	it	is	hard	to	say	precisely	what	it	is	doing,	but	likely	it	is	a	combination	of	

migrating	into	the	PS	and	onto	the	mesa	portion	of	the	trench.	The	solvent	annealing	

condition	and	small	molecule	loading	determine	how	well-ordered	the	assembly	on	
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the	trench	is	and	also	set	the	kinetic	pathway	to	ordering.	Additionally,	the	fact	that	

the	periodicity	does	not	decrease	on	 flat	 substrates	as	a	 function	of	either	solvent	

annealing	condition	or	PDP	loading	indicates	that	the	confinement	itself	is	the	cause	

of	the	decreased	periodicity.		

	

2.5	Conclusions	

In	summary,	the	cooperative	nature	between	the	solvent	annealing	condition	and	

the	amount	of	 free	small	molecule	 in	producing	ordered	morphologies	and	 tuning	

the	 grain	 size	 of	 supramolecular	 thin	 films	 was	 shown.	 There	 is	 a	 superposition	

between	 the	 conditions	 to	 create	 an	 ordered	 film	 and	 its	 final	 features.	 On	 both	

linear	and	circular	patterned	substrates,	these	two	factors	also	affect	the	alignment	

and	 order	 parameter	 of	 the	 system.	 The	 assembly	 on	 patterned	 substrates	 is	 not	

driven	by	incommensurability	as	is	commonly	seen	in	BCP	thin	films,	but	rather	by	

the	 kinetic	 pathway.	 The	 solvent	 annealing	 condition	 and	 small	molecule	 loading	

affect	the	kinetic	pathway	taken	during	assembly	and	so	can	be	used	to	control	the	

features	 of	 these	 thin	 films.	 The	 understanding	 of	 this	 superposition	 and	

cooperation	opens	the	door	to	creating	supramolecular	films	with	tunable	features	

on	both	flat	and	patterned	substrates.		

 

2.5	Methods	

Materials	

BCP,	 polystyrene-block-poly(4-vinyl	 pyridine)	 (PS(19 000)-b-P4VP(5200))	 (PDI	 =	

1.09)	was	 purchased	 from	 Polymer	 Source,	 Inc.	 3-n-Pentadecylphenol	 (95%)	was	
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purchased	from	Acros.	Chloroform	was	purchased	from	Fisher.	All	chemicals	were	

used	as	received.		

Sample	Preparation	

Supramolecular	 solutions	were	prepared	by	dissolving	 the	polymer	 and	 the	 small	

molecule	in	chloroform	and	then	stirring	for	24	hours.	Thin	films	were	prepared	by	

spin-coating	 the	 mixed	 solutions	 onto	 silicon	 wafers	 at	 3000	 rpm.	 Sample	

thicknesses	 were	 measured	 using	 a	 Filmetrics	 F20	 interferometer.	 For	 solvent	

annealing,	samples	were	annealed	using	300	μL	of	CHCl3	 injected	 inside	a	250	mL	

top-capped	 jar	 at	 22.5	 °C.	 Once	 the	 film	 thickness	 of	 the	 nanocomposite	 thin	 film	

reached	desired	 thickness,	 the	 jar	was	 opened	 and	 the	 CHCl3	 vapor	 inside	 the	 jar	

was	allowed	to	 freely	evaporate.	Solvent	 fraction	 is	 the	volume	fraction	present	 in	

the	 swollen	 film	 during	 annealing,	 calculated	 as	 fs=
!!!!!
!!
	where	𝑡!	is	 the	 final	 film	

thickness	 and	𝑡!  is	 the	 initial	 film	 thickness.	 The	 solvent	 annealing	 process	 was	

stopped	at	a	certain	fs.		

Fabrication	of	Patterned	Substrates	

	The	rectangular	trenches	were	fabricated	using	interference	lithography	and	have	

average	 width	 and	 height	 around	 180	 and	 50 nm,	 respectively.	 Circular	 trenches	

were	 patterned	 using	 electron	 beam	 lithography	 and	 have	 a	 width	 and	 height	

around	165	nm	and	50	nm,	respectively.	

Atomic	Force	Microscopy	(AFM)	

AFM	 was	 performed	 on	 a	 Bruker	 Dimension	 Edge.	 The	 spring	 constant	 of	 the	

cantilever	was	5-10	N/m	with	a	resonant	frequency	in	the	range	of	90-210	kHz.	The	
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set	point	for	the	auto	tune	was	~6.0V.	The	set	point	amplitude	was	80-90%	of	the	

free	vibration	value.		

Image	Analysis	

Image	analysis	was	performed	using	 ImageJ.	AFM	phase	 images	of	 linear	 trenches	

were	first	thresholded	to	eliminate	noise.	The	images	were	then	skeletonized	so	that	

each	PS	domain	in	the	supramolecule	was	traced.	At	each	pixel	in	the	skeletonized	

image,	 a	 line	 of	 best	 fit	 was	 determined	 by	 drawing	 a	 line	 through	 the	 adjacent	

points	in	a	5-pixel	by	5-pixel	area.		The	angle	that	line	made	with	the	x-axis,	from	-

90˚	to	90˚	was	recorded	as	the	tangent	line	to	the	PS	cylinders	at	a	given	pixel.	This	

distribution	 of	 angles	 was	 then	 tabulated	 and	 used	 to	 calculate	 the	 Herman	

orientational	parameter,	S=2<cos2θ>-154,	55.	AFM	phase	images	of	circular	trenches	

were	thresholded	to	eliminate	noise	and	converted	to	binary	images.	

Grazing	Small	Angle	X-ray	Scattering	(GISAXS)		

GISAXS	 experimental	 measurements	 were	 made	 at	 beamline	 7.3.3	 at	 the	 ALS	 in	

Lawrence	Berkeley	National	Laboratory	and	at	beamline	8-ID-E	the	APS	in	Argonne	

National	Laboratory.	X-ray	wavelengths	of	1.687	and	1.240	Å	were	used	at	APS,	and	

ALS,	respectively.	The	scattering	intensity	distribution	was	captured	by	a	Pilatus	1	

M	 detector	 at	 ALS	 and	 APS	 at	 an	 incident	 angle	 of	 0.13˚.	 The	 intensities	 (I)	 are	

plotted	 with	 respect	 to	q,	 where	q	=	 (4π/λ)sin(θ/2),	 λ	 is	 the	 wavelength	 of	 the	

incident	X-ray	beam,	and	θ	is	the	scattering	angle.	
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3.1	Introduction	

Block	copolymer	(BCP)-based	supramolecules	have	shown	great	potential	to	

create	 hierarchically	 ordered	 nanostructured	 thin	 films1,	 2.	 These	 supramolecules	

are	 formed	from	a	small	molecule	non-covalently	bonded	to	one	of	 the	blocks	of	a	

BCP3,	 4.	 By	 tuning	 the	 small	 molecule,	 processing	 conditions,	 incorporation	 of	

nanoparticles,	 and	 kinetic	 pathway,	 great	 structural	 control	 has	 been	 achieved	 to	

produce	thin	films	with	tunable	periodicity,	grain	size,	and	morphology5-15.	Directed	

self-assembly	 (DSA)	 of	 BCPs	 provides	 another	 level	 of	 structural	 control16-23.	 DSA	

has	mainly	focused	on	aligning	BCPs	and	supramolecules	with	linear	patterns24-29.		

While	DSA	has	been	widely	adopted,	 it	 is	 fundamentally	constrained	by	the	

need	for	commensurability:	the	width	of	the	guiding	feature	must	be	approximately	

an	 integer	 multiple	 of	 the	 equilibrium	 periodicity	 (Lo)	 of	 the	 BCP30-34.	

Incommensurability	opens	a	new	path	toward	assemblies	beyond	the	common	BCP	

morphologies,	 but	 it	 requires	 careful	matching	 between	 the	 pattern	 and	 BCP	 and	

control	 of	 the	 preferential	 wetting	 conditions	 at	 the	 film/substrate	 interface	 to	

modulate	 incommensurability35,	36.	 These	 constraints	make	 it	 difficult	 to	 generate	

controllable	heterogeneous	features	without	compromising	the	long-range	order37,	

38.		

For	many	devices	and	applications,	such	as	use	in	microelectronics,	DSA	must	

be	coupled	with	patterns	of	arbitrary	geometry39.	Circular	patterns	are	of	particular	

interest	 due	 to	 their	 potential	 use	 in	 sensors,	memory	 storage,	 lasers,	 transistors,	

and	more40,	41.	Due	to	their	constantly	changing	radius	of	curvature,	these	patterns	

have	additional	constraints.	However,	it	has	been	shown	that	a	BCP	can	align	with	a	
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circle	of	different	 radius	of	 curvature,	 ranging	 from	12	nm	to	1000	nm	 in	a	 single	

pattern,	 by	 chemically	 patterning	 commensurate	 stripes42.	 Concentric	 rings	 with	

tunable	dimensions	can	be	 formed	from	commensurate	circular	patterns.	 In	 these,	

much	finer	rings	are	 formed	from	a	 larger,	rougher	pattern.	The	rings	can	then	be	

selectively	etched	and	transferred	to	the	pattern41.	Chiral	spiral	structures	can	also	

be	 formed	with	 controllably	 in	 ring	 patterns40.	 The	 assembly	 of	 a	 BCP	 in	 circular	

patterns	has	been	successful,	but	is	still	primarily	driven	by	commensurability.	

Here,	 concentric	 circles	 were	 used	 as	 the	 guiding	 patterns	 for	 DSA	 of	

supramolecular	thin	films.	The	assembly	on	circular	patterns	of	different	widths	was	

shown	 to	 be	 dependent	 on	 the	 pathway	 taken	 during	 assembly	 rather	 than	

determined	by	 the	 commensurability	between	 the	 supramolecular	periodicity	 and	

the	 trench	 pattern	 width.	 The	 supramolecule	 is	 able	 to	 adjust	 during	 the	 self-

assembly	process	 to	 align	with	 the	underlying	pattern	 regardless	of	 trench	width,	

degree	 of	 curvature,	 and	 molecular	 weight	 of	 the	 supramolecule.	 This	 work	

represents	 a	 significant	 departure	 from	 traditional	 DSA	 because	 the	 final	 film	

features	do	not	depend	on	commensurability,	but	rather	the	kinetic	pathway	that	is	

unique	in	a	multicomponent,	self-adjusting	system.	

	

3.2.	Directed	Self-Assembly	of	Supramolecules	Without	Nanoparticles	

The	 supramolecule	used	 is	 polystyrene-poly(4-vinlypyradine)	 (pentadecylphenol)r	

(PS-P4VP(PDP)r)	where	r	 is	the	ratio	of	small	molecule	PDP	to	4VP	monomer.	The	

supramolecule	was	assembled	on	a	concentric	ring	 lithographic	pattern	(Figure	1)	

with	the	features	of	the	rings	systematically	varied	to	understand	how	confinement	
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affects	the	assembly	process.		The	pattern	features	are	shown	in	Table	1,	where	the	

trench	width	(Wt),	mesa	width	(Wm),	and	inner	circle	diameter	(Cd)	were	varied.	

	

	

Figure	1:	Schematic	of	DSA	process.	The	supramolecule	(left)	 is	cast	 from	solution	

onto	the	trench	pattern	(middle),	solvent	annealed,	and	aligns	with	the	underlying	

pattern	(right).	Trench	pattern	shows	top	down	as	well	as	side-on	view.			

	

Table	1:	Feature	sizes	of	the	lithographic	patterns		

	 	Wt	(nm)	 Wm	(nm)	 Cd	(nm)	
P1510	 	 150	 100	 300		
P1515	 150		 150	 300		
P1520	 150	 200	 300	
P1110	 110	 100	 300	
P2015	 200	 150	 300	
P15i	 150	 150	 150	
	

	

Circle	 patterns	 of	 different	 width	 were	 used	 to	 examine	 whether	

commensurability	is	needed	to	guide	the	supramolecule	assembly.	The	equilibrium	

periodicity,	Lo,	of	the	supramolecule	used	here	is	~31	nm.	P1110,	P1515,	and	P2015	

were	used.	For	these	trench	widths,	 if	commensurability	drives	the	alignment,	 it	 is	
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expected	that	the	supramolecule	will	not	align	with	P1110	and	P2015.	However,	the	

supramolecule	aligns	well	all	three	patterns	(Figure	2).	In	order	to	see	how	well	the	

underlying	 pattern	 aligns	with	 the	 trench,	 the	 AFM	 phase	 images	were	 binarized	

and	PS	cylinders	in	the	trench	pattern	were	given	a	color.	Each	color	represents	one	

continuous	 PS	 cylinder.	 From	 these	 color	 maps,	 the	 degree	 of	 alignment	 of	 the	

supramolecule	 with	 the	 trench	 pattern	 can	 be	 more	 easily	 visualized.	 For	 P1110	

(Figure	 2a),	 the	 inner	 ring	 forms	 one	 continuous	 spiral,	 the	middle	 rings	 forms	 a	

spiral	with	a	few	rings,	and	the	outer	circle	forms	a	series	of	concentric	circle.	P1515	

(Figure	2b)	shows	near	perfect	order:	concentric	rings	with	only	a	 few	defects	are	

seen	in	all	three	circles.	P2015	does	not	as	clearly	form	either	concentric	circles	or	a	

continuous	spiral	(Figure	2c).		

To	quantify	 the	order,	 sin(θ)	was	 calculated,	where	θ	 is	 the	 angle	between	

the	tangent	line	at	each	point	on	the	pattern	and	the	circle	radius.	If	the	PS	cylinder	

is	perfectly	aligned	with	 the	underlying	 trench	pattern,	 the	angle	 formed	between	

the	tangent	and	radius	should	be	90˚,	and	sin(θ)=1.	This	was	turned	into	a	colormap	

to	visualize	alignment.	A	defect	map	was	superimposed,	showing	the	location	of	the	

terminal	points	 (red	circles)	and	 junction	points	 (black	squares)	 in	 the	PS	domain	

(Figure	2d-f).	The	average	alignment,	 <sin(θ)>,	 in	 each	 region	of	 the	pattern—the	

inner	(I),	middle	(M),	and	exterior	(E)	ring,	the	raised	mesa	(R),	and	the	exterior	of	

the	pattern	(E)—was	also	calculated	(Figure	2g-i).	As	can	be	seen	in	the	colormaps	

and	defect	maps,	the	alignment	of	the	supramolecule	with	the	rings	on	the	mesa	is	

not	as	good	as	in	the	trench.	For	P1110	(Figure	2d),	there	are	several	defects	on	the	

mesa,	even	if	the	alignment	with	the	pattern	is	still	quite	high,	with	<sin(θ)>=	0.94.			
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Figure	2:	AFM	phase	image	of	supramolecule	assembly	on	(a)	P1110,	(b)	P1515,	and	

(c)	P2015.	Color	map	with	defect	map	in	PS	phase	superimposed	showing	sin(θ)	at	

each	 point	 for	 (d)	 P1110,	 (e)	 P1515,	 and	 (f)	 P2015.	 Junction	 defects	 are	 black	

squares	and	 terminal	points	 are	 red	 circles.	Average	alignment,	<sin(θ)>,	 for	 each	

region	of	(g)	P1110,	(h)	P1515,	and	(i)	P2015.	Regions	are	inner	(I),	middle	(M),	and	

outer	(O)	rings,	raised	mesa	(R),	and	exterior	of	pattern	(E).	Scale	bar=200	nm.	

	

On	 the	 exterior	 of	 the	 pattern,	 there	 are	 many	 defects.	 The	 alignment	 with	 the	

pattern	 exists	 for	 1-2	 periodicity	 outside	 the	 pattern.	 Past	 that	 point,	 the	 pattern	

appears	to	be	mainly	isotropic.	P1515	follows	a	similar	pattern	to	P11100:	defects	
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are	 concentrated	on	 the	mesa	 rather	 than	 in	 the	 trench,	with	 the	mesas	 retaining	

good	 alignment	 with	 the	 trench	 pattern.	 The	 exterior	 of	 the	 pattern	 has	 many	

defects,	most	 of	which	 are	 terminal	 points.	 The	 alignment	once	 again	 extends	1-2	

periodicities	 onto	 the	 exterior	 of	 the	 pattern	 before	 becoming	 isotropic.	 For	 an	

isotropic	pattern,	<sin(θ)>	is	expected	to	be	~0.5.	However,	this	value	will	increase	

if	 the	 exterior	 is	 aligned	 for	 any	 distance	 away	 from	 the	 pattern,	 which	 is	 what	

happens	here.	For	P2015,	 the	alignment	 in	 the	 trench	 is	excellent,	but	 the	mesa	 is	

not	as	well	aligned,	with	<sin(θ)>=0.88.	There	are	several	defects	in	the	trench,	and	

even	more	on	the	exterior	of	the	pattern.	For	these	three	patterns,	the	trench	width	

does	not	significantly	affect	 the	order	 in	 the	 trench,	which	 is	quite	high.	The	mesa	

ordering	 is	 somewhat	 affected	 by	 the	 trench	 spacing,	 but	 still	 mainly	 follows	 the	

pattern.	The	mesa	does	contain	several	defects,	even	for	the	highly	aligned	patterns,	

and	the	exterior	of	the	pattern	itself	has	many.	The	pattern	can	guide	the	trenches,	

but	everywhere	else,	there	are	many	defects.		

The	 periodicity	 and	 number	 of	 rows	 of	 PS	 in	 each	 trench	 as	 a	 function	 of	

trench	 width	 is	 shown	 in	 Figure	 3.For	 all	 patterns,	 the	 periodicity	 is	 the	 same,	

approximately	25	nm.	This	periodicity	is	smaller	than	Lo	by	19%.	This	is	a	significant	

deviation	from	Lo,	which	is	unexpected.	Typically,	a	BCP	will	not	align	by	DSA	if	the	

periodicity	must	deviate	from	Lo	by	more	than	10%	due	to	a	significant	loss	in	chain	

conformation	entropy28.	However,	for	this	supramolecule,	it	is	hypothesized	that	the	

system	 is	 able	 to	 self-adjust.	 A	 new	 periodicity	 is	 set	 early	 during	 the	 annealing	

process,	 and	 the	 small	 molecule	 is	 expelled	 to	 the	 mesa	 and	 exterior	 to	

accommodate	 this	 new	 feature	 size.	 The	 pathway	 of	 assembly	 is	 what	 sets	 the	
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characteristic	feature	size,	not	commensurability.	Changing	the	trench	width	adjusts	

the	number	of	rows,	but	not	the	fundamental	periodicity.		

	

	

Figure	3:	Periodicity	of	the	supramolecule	and	number	of	rows	of	PS	cylinders	in	the	

trench	 pattern	 as	 a	 function	 of	 trench	 width.	 The	 periodicity	 of	 the	 same	

supramolecule	on	a	flat	substrate	is	shown	for	comparison.		

	

The	trench	width	has	a	minimal	effect	on	the	alignment	of	the	supramolecule	

in	 the	 trench.	 Next,	 the	 effect	 of	 the	 mesa	 width	 was	 examined.	 Two	 additional	

patterns	with	150	nm	trench	widths	were	examined:	P1510	and	P1520,	which	have	

mesa	widths	of	100	nm	and	200	nm,	respectively	(Figure	4	a,	b).	Once	again,	there	is	

very	good	alignment	of	the	supramolecule	in	the	trench	for	these	two	patterns.	On	

the	mesa,	as	before,	there	is	qualitatively	good	alignment	with	the	trench,	but	with	

many	defects,	as	can	be	seen	in	the	alignment	and	defect	map	(Figure	4d,	e).	P1510	

is	 an	 interesting	 case.	 It	 has	 the	 same	 mesa	 spacing	 as	 P1110,	 which	 had	 a	
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continuous	spiral.	However,	even	with	the	same	~3	periodicity	spacing	on	the	mesa,	

there	 is	 a	 clear	 separation	 between	 the	 alignment	 in	 the	 trench	 and	 the	 lesser	

alignment	on	the	mesa.	In	the	trench,	the	PS	forms	very	long	cylinders,	with	few	if	

any	 junction	 points.	 On	 the	mesa,	 however,	 there	 are	much	 shorter	 PS	 cylinders,	

with	 very	 clear	 junctions.	 The	 aspect	 ratio	 of	 the	 PS	 cylinders	 has	 decreased	

considerably	 on	 the	 mesa,	 so	 that	 even	 if	 they	 are	 still	 well	 aligned,	 with	

<sin(θ)>=0.96,	there	is	a	clear	distinction	in	how	the	supramolecule	behaves	on	the	

mesa	versus	 in	the	trench.	These	shorter	aspect	ratio	PS	cylinders	are	seen	on	the	

mesa	for	all	patterns	used,	with	the	exception	of	P1110.	The	smaller	mesa	width	is	

not	enough	to	produce	a	continuous	pattern,	but	rather,	it	seems	to	be	a	function	of	

both	mesa	width	and	trench	width.	For	the	larger	mesa	pattern,	P1520,	the	order	on	

the	 mesa	 decreases	 somewhat	 as	 compared	 with	 P1510	 and	 P1515,	 with		

<sin(θ)>=0.92.		As	the	mesa	width	increases,	the	ordering	on	the	mesa	decreases.		

The	alignment	in	the	trench	does	not	appear	to	depend	on	the	alignment	in	

the	mesa:	 for	P1510,	P1515,	and	P1520,	<sin(θ)>	 is	above	0.98	 for	all	 three	rings.	

This	suggests	that	the	mechanism	of	self-assembly	is	such	that	alignment	begins	in	

the	trench	pattern.	Changing	the	mesa	spacing	also	affects	the	radius	of	curvature.	

Even	 if	 all	 three	 patterns	 have	 a	 trench	 spacing	 of	 150	 nm,	 the	middle	 and	 outer	

rings	will	have	a	different	radius	of	curvature.	Again,	this	does	not	appear	to	affect	

the	ability	of	the	supramolecule	to	align	with	the	underlying	pattern.		

To	 test	 the	 affect	 of	 the	 radius	 of	 curvature	 on	 the	 alignment	 of	 the	

supramolecule	 further,	 a	 pattern	with	 smaller	 ring	 diameters	was	 used,	 P15i.	 For	
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this	pattern,	the	innermost	mesa,	a	circle	of	silicon,	was	decreased	from	300	nm	for	

all	previous	patterns	to	150	nm.		

	

	

	

Figure	4:	AFM	phase	image	of	supramolecule	assembly	on	(a)	P1510,	(b)	P1520,	and	

(c)	 P15i	 Color	map	with	 defect	map	 in	 PS	 phase	 superimposed	 showing	 sin(θ)	 at	

each	point	for	(d)	P1510,	(e)	P1520,	and	(f)	P15i.	Junction	defects	are	black	squares	

and	terminal	points	are	red	circles.	Average	alignment,	<sin(θ)>,	for	each	region	of	

(g)	P1510,	(h)	P1520,	and	(i)	P15i.	Regions	are	inner	(I),	middle	(M),	and	outer	(O)	

rings,	raised	mesa	(R),	and	exterior	of	pattern	(E).	Scale	bar=200	nm.	
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This	creates	a	much	tighter	radius	of	curvature	for	the	inner	ring	of	the	pattern.	The	

film	assembled	on	P15i	 is	 shown	 in	 figure	4c.	The	 supramolecule	aligns	well	with	

the	pattern,	even	with	a	much	tighter	degree	of	curvature.	Here,	the	innermost	mesa	

forms	a	series	of	concentric	circles	that	extent	to	the	first	ring,	which	was	not	seen	

in	other	patterns.	Interestingly,	rather	than	having	a	PS	dot	at	the	center,	there	is	a	

short	 PS	 line,	 forcing	 the	 circles	 to	 be	 more	 ellipsoidal.	 However,	 even	 with	 this	

change,	 the	 tight	 curvature	 radius	 still	 allows	 for	 good	alignment.	 For	 all	 patterns	

examined	 here,	with	 different	 trench	width,	mesa	width,	 and	 radius	 of	 curvature,	

there	is	excellent	alignment	of	the	supramolecule	in	the	trench	with	the	pattern.	The	

DSA	of	a	supramolecule	on	ring	patterns	occurs	successfully	regardless	of	condition,	

but	only	in	the	trench	pattern.	On	the	mesa,	it	is	still	qualitatively	aligned,	but	with	

more	 defects	 and	 a	 changing	 aspect	 ratio	 in	 the	 cylinders.	 This	 change	 in	

morphology	occurs	on	the	exterior	of	the	pattern	directly	around	the	exterior	ring.	

This	suggests	the	pattern	is	self-adjusting:	the	small	molecule	is	being	expelled	from	

the	trench	during	the	assembly	process.		

More	 careful	 analysis	 was	 done	 P1515,	 which	 had	 the	 best	 supramolecule	

alignment	with	the	pattern	(Figure	5).	Each	continuous	PS	domain	was	individually	

colored	to	examine	the	defects	(Figure	5a).	Here,	they	form	a	series	of	nearly	perfect	

concentric	 circles,	 with	 only	 a	 few	 defects	 in	 the	 actual	 PS	 cylinders.	 The	 map	

showing	defects	in	the	PS	domain	only	in	Figure	5b	confirms	this,	with	few	defects	

in	the	trenches,	and	only	some	on	the	mesa.	The	majority	of	PS	defects	occurs	on	the	

exterior,	with	a	ring	concentrated	directly	outside	the	outermost	circle.	The	defect	

map	 in	 the	 P4VP(PDP)	 domain	 follows	 the	 same	 trend:	 few	defects	 in	 the	 trench,	
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more	on	 the	mesa,	but	most	defects	 are	on	 the	exterior	of	 the	 film.	 In	both	maps,	

there	number	of	junction	and	terminal	points	is	not	the	same:	there	are	many	more	

terminal	 points	 (red	 circles)	 in	 the	 PS	 domain	 than	 junction	 points,	 with	 a	

correspondingly	greater	number	of	 junction	points	(yellow	squares)	than	terminal	

points	in	the	P4VP(PDP)	domain.		

Individual	 histograms	 of	 the	 distribution	 of	 sin(θ)	 in	 each	 region	 of	 the	

patterns	are	shown	in	figure	5d.	As	expected	from	the	high	average	in	each	trench	as	

well	 as	 on	 the	 exterior,	 there	 few	 places	 were	 sin(θ)	 deviates	 from	 1.	 The	 mesa	

portion	has	a	slight	tail	away	from	sin(θ)=1,	as	expected	from	the	greater	number	of	

defects	 located	 there.	 The	 exterior	 of	 the	 film	 has,	 as	 expected,	 the	 greatest	

distribution	 of	 sin(θ),	 with	 a	 mode	 value	 of	 1.	 This	 is	 due	 to	 the	 fact	 that	 1-2	

periodicities	 on	 the	 exterior,	 the	 supramolecule	 continues	 to	 align	with	 the	 outer	

ring	trench.		

The	periodicity	of	each	concentric	circle	within	a	trench	is	shown	to	see	how	

the	 degree	 of	 curvature	 within	 one	 and	 across	 all	 three	 rings	 affects	 the	

supramolecule	(Figure	5e).	The	changes	are	small,	but	there	is	a	general	trend:	the	

periodicity	is	smaller	toward	the	interior	of	the	trenches	versus	the	exterior	of	the	

trench	 for	each	of	 the	 trenches.	There	 is	 local	 rearrangement,	 causing	a	 change	 in	

periodicity,	even	if	 it	 is	small,	as	the	small	molecule	rearranges	across	the	pattern.	

The	diameter	of	each	concentric	PS	ring	is	shown	in	figure	5f.	It	is	plotted	as	change	

in	 diameter	 from	 the	 inner	 diameter	 of	 the	 trench	 it	 is	 in	 so	 that	 trends	 can	 be	

compared	 across	 all	 three	 trenches.	 	 The	 change	 in	 diameter	 is	 approximately	

constant	across	all	 three	 rings.	Local	 rearrangement	occurs,	but	 there	 is	a	desired	
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feature	size	 that	 is	reached,	suggesting	templating	of	 the	supramolecule	 in	each	of	

the	three	rings.		

	

	

Figure	 5:	 In	 depth	 analysis	 of	 alignment	 of	 the	 supramolecule	 with	 the	 trench	

pattern.	(a)	Colormap	showing	continuous	PS	cylinders	in	the	trench,	(b)	defect	map	

for	 PS	 domain,	 with	 terminal	 points	 in	 red	 circles	 and	 junction	 points	 in	 purple	

squares,	(c)	defect	map	for	P4VP	domain,	with	terminal	points	in	purple	circles	and	

junction	 points	 in	 yellow	 squares,	 (d)	 distribution	 of	 sin(θ)	 in	 each	 region	 of	 the	

pattern.	(e)	Periodicity	of	each	PS	concentric	ring	in	the	three	different	trenches.	(f)	

Diameter	 of	 each	 ring	 in	 the	 inner,	 middle,	 and	 outer	 trenches.	 The	 diameter	 is	

plotted	diameter	of	ring	n	minus	the	diameter	of	the	trench	it	is	in	so	that	the	change	

can	be	compared	across	the	rings.		

	

To	 further	 visualize	 the	 self-adjusting	 nature	 of	 the	 assembly	 process,	 a	

larger	 area	 image	 was	 taken	 of	 a	 supramolecule	 thin	 film	 assembled	 on	 P2015	
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(Figure	6a).	From	this	larger	image,	the	change	in	morphology	and	the	high	number	

of	 defects	 can	 be	more	 clearly	 seen.	 In	 the	 orientation	 and	 defect	map,	 there	 are	

many	defects	on	the	exterior	(Figure	6b).	

	

	

Figure	6:	(a)	AFM	phase	image	of	P2015	with	a	wider	field	of	view,	(b)	Orientation	

color	map	and	defect	map	of	image	in	(a),	(c)	Morphology	map	showing	PS	cylinders	

(yellow)	 or	 PS	 dots	 (black)	 of	 image	 in	 (a).	 (d)	 P2020	 solvent	 annealed	 to	 fs=0.2.	

Scale	bar=200	nm.		
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In	 particular,	 there	 are	 many	 PS	 termination	 points	 that	 extend	 in	 a	 ring	

around	the	pattern	 for	a	 few	hundred	nanometers.	Figure	6c	shows	a	morphology	

map	 of	 the	 same	 image	where	 PS	 cylinders	 are	 yellow,	 regardless	 of	 their	 length,	

and	PS	dots	are	in	black.	There	is	a	clear	ring	300-400	nm	away	from	the	pattern	on	

the	exterior	of	PS	dots.	Within	that	ring,	most	of	the	defects	on	the	pattern	exist	and	

there	are	many	shorter	aspect	ratio	PS	cylinders.	There	is	a	characteristic	distance	

away	from	the	pattern	that	there	is	rearrangement:	small	molecule	is	expelled	from	

the	trench	pattern	during	the	annealing	process,	and	it	diffuses	to	the	raised	area	of	

the	pattern	on	the	mesa	and	exterior	a	characteristic	distance	away.		

The	 proposed	mechanism	 during	 annealing	 is	 as	 follows:	 at	 the	 beginning,	

short	range	diffusion	templates	a	set	number	of	rows	into	the	trench	pattern.	This	is	

not	based	on	the	equilibrium	periodicity.	Support	for	this	can	be	seen	in	Figure	6d,	

which	was	taken	after	the	film	was	annealed	a	short	time,	to	fs=0.2.	The	film	is	still	

by	and	 large	disordered,	but	 there	are	 regions	where	 the	 set	number	of	 rows	has	

formed	 that	 are	 aligned	 with	 the	 pattern,	 shown	 in	 the	 circled	 region.	 After	 the	

number	 of	 rows	 has	 been	 set,	 there	 is	 growth	 along	 those	 regions	 that	 results	 in	

total	alignment	in	the	trench	pattern.	During	this	process,	small	molecule	is	expelled	

to	 the	 mesa	 and	 exterior,	 resulting	 in	 a	 higher	 defect	 density,	 since	 the	 higher	

interfacial	area	of	defects	is	stabilized	by	the	small	molecule,	as	well	as	a	change	in	

morphology	as	the	P4VP	domain	is	swollen	from	the	excess	PDP.		

	 The	effect	of	 the	 solvent	 removal	 rate	was	also	explored	 to	understand	 the	

origin	 of	 the	 non-equilibrium	 periodicity	 in	 the	 trench.	 By	 allowing	 a	 longer	
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deswelling	process	post-solvent	annealing,	it	is	possible	that	the	system	may	return	

to	an	equilibrium	periodicity	given	time	to	diffuse.	

	

	

Figure	7:	AFM	phase	images	of	P2015	with	different	solvent	annealing	conditions.	

The	film	was	annealed	with	300	µL	CHCl3	with	solvent	removal	time	of	(a)	

instantaneous	or	after	(b)	1	minute,	(c)	3	minutes,	(d)	10	minutes,	or	the	solvent	

removal	was	instantaneous	and	annealed	with	(e)	175	µL	or	(f)	600	µL	CHCl3.		

	

The	smaller	periodicity	may	simply	be	a	kinetically	trapped	state	by	instantaneous	

solvent	 removal.	 Figure	 7a-d	 shows	 P2015	 as	 a	 function	 of	 solvent	 removal	 rate.	

Even	when	the	solvent	removal	occurs	between	1-10	minutes,	which	 is	more	than	

twice	as	long	as	the	annealing	process,	the	same	smaller	trench	periodicity	persists.	
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The	drying	process	does	not	change	the	final	film:	once	it	reaches	an	ordered	state,	

it	is	locked	in.	The	film	structure	may	very	well	be	a	kinetically	trapped	state,	but	it	

cannot	escape	that	state.	The	solvent	annealing	rate	may	also	affect	the	final	trench	

periodicity.	If	the	pattern	does	in	fact	self-adjust,	a	very	fast	annealing	time	may	not	

allow	for	this	process	and	the	film	may	not	order.	A	very	long	annealing	time	may	

result	 in	 the	 equilibrium	 periodicity.	 The	 amount	 of	 solvent	 used	 determines	 the	

time	it	takes	to	reach	the	desired	fs.	The	solvent	was	varied	from	175	µL	(Figure	7e)	

to	600	µL	(Figure	7f),	as	compared	to	the	standard	300	µL	(Figure	2c),	which	took	

2.5,	 6,	 and	 4	 minutes	 to	 reach	 fs=0.35,	 respectively.	 Using	 a	 greater	 amount	 of	

solvent	 resulted	 in	 the	 film	 dewetting	 before	 getting	 to	 the	 desired	 fs.	 For	 the	

different	 annealing	 times,	 the	 supramolecule	 aligns	 nicely	 with	 the	 pattern	 and	

there	 is	no	 change	 in	 trench	periodicity.	 Interestingly,	 the	exterior	of	 the	 film	and	

mesa	both	seem	to	have	a	greater	grain	size	on	the	exterior	portion.	The	pathway	

taken	during	solvent	annealing,	not	 the	 rate	of	 swelling	or	deswelling,	determines	

the	final	film	features	in	the	trench.		

	

3.3	Directed	Self-Assembly	of	Supramolecules	With	Nanoparticles	

Similar	 experiments	 were	 carried	 using	 the	 DSA	 of	 a	 supramolecular	

nanocomposite,	where	 5	 nm	 iron	 oxide	 particles	were	 added	 to	 the	 film.	 Table	 2	

shows	the	composition	of	the	nanocomposite,	including	the	molecular	weight	of	the	

supramolecule	 and	NP	 loading.	 The	 same	 ring	 patterns	were	 used	 for	 the	DSA	 as	

before.		
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Table	2:	Composition	of	Nanocomposites		

	 PS	molecular	
weight	(kDa)	

P4VP	
molecular	
weight	(kDa)	

4VP:PDP	
ratio	(r)	

Equilibrium	
periodicity	
(nm)	

5	nm	NP	
loading		
(v%)	

NC1	 19	 5.2	 2	 31		 3	
NC2	 50	 17	 1.8	 62	 3	
	

Figure	8a	shows	the	AFM	phase	image	of	P1110	with	NC1.	The	PS	domain	is	 light,	

and	the	P4VP(PDP)+NP	domain	is	dark.	The	NPs	are	difficult	to	see	due	to	the	AFM	

resolution,	 but	 have	 previously	 shown	 to	 incorporate	 in	 prior	 work43,	 44.	 The	

nanocomposite	aligns	with	the	pattern,	creating	a	continuous	spiral	of	PS	cylinders	

from	 the	 center	 of	 the	 pattern	 to	 the	 outermost	 ring,	 albeit	 with	 defects.	 The	

changing	 degree	 of	 curvature	 as	 the	 radius	 increases	 does	 not	 inhibit	 alignment.	

Outside	the	trench,	the	nanocomposite	is	oriented	isotropically.		

The	pattern	parameters	were	varied,	with	both	 the	 trench	and	mesa	width	

increasing,	 in	P1520	(Figure	8b).	The	nanocomposite	aligns	in	the	trench,	with	the	

PS	 domain	 forming	 a	 spiral.	 On	 the	mesa,	 the	 PS	 cylinders	 have	 a	 smaller	 aspect	

ratio,	with	shorter,	discrete	lines	or	dots.	There	is	not	a	continuous	spiral	across	the	

entire	pattern.		

The	pattern	width	increases	again	in	P2015	(Figure	8c).	In	the	trench	itself,	

the	 nanocomposite	 aligns	 with	 the	 pattern,	 a	 forming	 continuous	 spiral,	 with	

defects,	in	each	individual	trench.		This	pattern	has	a	greater	trench	width	as	well	as	

extending	to	a	larger	confinement	diameter	than	P1110	or	P1520,	but	still	results	in	

good	 alignment	 in	 the	 trench	 pattern:	 the	 confinement	 diameter	 and	 degree	 of	

curvature	 can	 extend	 over	 a	 range	 of	 tens	 to	 hundreds	 of	 nm	 and	 still	 guide	 the	
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sample.		On	the	mesa,	the	PS	cylinders	are	not	continuous,	but	form	shorter	line,	as	

in	P1520.	This	occurs	even	on	a	smaller	mesa—both	absolutely	and	relative	to	the	

trench	width—than	in	P1520.	This	suggests	an	upper	threshold	on	the	mesa	width	

to	generate	a	continuous	spiral	across	the	entire	pattern.		

	

Figure	 8:	 DSA	 of	 SM1	 (a-c)	 and	 SM2	 (d-f)	with	 3v%	5	 nm	 IO	NPs	 in	 P1110	 (a,d),	

P1520		(b,	e),	and	P2015	(c,	f).		Scale	bar=200	nm.	

	 A	nanocomposite	with	 a	 larger	periodicity,	NC2,	 aligns	with	P1110,	 P1520,	

and	P2015	(Figure	8d-f).	The	nanocomposite	on	the	mesa	does	not	align	at	all	with	

the	underlying	pattern	for	any	of	the	trenches,	though	this	may	be	a	function	of	film	

thickness.	For	the	larger	feature	size	supramolecule,	the	degree	of	curvature	affects	

the	 alignment:	 the	 inner	 trench	 on	 all	 three	 patterns,	 which	 has	 the	 tightest	

curvature,	has	one	fewer	PS	ring	than	the	outermost	trench	pattern.	For	P1110,	the	

middle	trench	also	has	one	fewer	PS	ring	than	the	outermost	trench.	The	number	of	
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rings	in	the	trench	can	vary	from	1-4,	which	is	controllable	by	changing	the	trench	

width	 as	 well	 as	 degree	 of	 curvature.	 Neither	 of	 the	 nanocomposites	 is	

commensurate	with	 the	patterns	used	here.	However,	 successful	alignment	within	

the	trench	is	possible	for	a	radius	of	curvature	between	150	nm	and	1050	nm	with	

varying	confinement	width	and	nanocomposite	feature	size.		

	

Figure	9:	Colormap	of	alignment	of	NC1	with	 trench	pattern	and	defect	map	of	PS	

domain	 from	 Figure	 1	 a-c	 for	 (a)	 P1110,	 (b)	 P1520,	 and	 (c)	 P2015	 with	 SM1.	

Junction	 defects	 are	 black	 and	 terminal	 points	 are	 red.	 A	 histogram	 with	 the	

frequency	of	sin(θ)	is	shown	for	the	(i)	inner	trench	(I),	(ii)	middle	trench	(M),		(iii)	

outer	 trench	 (O),	 (iv)	 raised	 mesa	 between	 trenches	 (R),	 and	 (v)	 exterior	 of	 the	

pattern	(E)	is	shown,	as	is	(vi)	<sin(θ)>	in	each	region.	Scale	bar=200	nm.		
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To	 better	 understand	 the	 assembly	mechanism,	 the	 alignment	 of	NC1	with	

each	pattern	was	quantified	by	examining	the	angle	between	the	tangent	line	at	each	

point	in	the	nanocomposite	with	the	radius,	θ.	As	expected,	the	color	maps	indicate	

excellent	 alignment	 of	 the	 nanocomposite	 with	 the	 trenches.	 In	 P1110,	 the	

continuous	spiral	across	the	entire	pattern	has	almost	perfect	alignment	in	each	of	

the	three	rings,	as	can	be	seen	in	by	<sin(θ)>	and	the	histogram	(Figure	9a	i-iii).	The	

mesa	has	slightly	lower	average	alignment,	but	still	well	above	<sin(θ)>=0.9.	There	

are	some	defects,	located	mainly	on	the	mesa.	

The	nanocomposite	on	the	exterior	is	oriented	isotropically,	except	for	in	the	

area	directly	surrounding	the	exterior	ring,	where	it	remains	aligned	for	1-2	periods.	

However,	there	is	a	high	concentration	of	terminal	defects	in	a	ring	surrounding	the	

pattern.	 This	 is	 a	 result	 of	 a	 morphology	 change:	 rather	 than	 continuous	 PS	

cylinders	with	a	high	aspect	ratio	of	shorter	lines	with	a	smaller	aspect	ratio	and	PS	

dots.		

In	P1520,	the	color	map	shows	good	alignment	of	the	nanocomposite	in	each	

of	 the	 three	 trenches,	with	 <sin(θ)>=0.98	 (Figure	 9b).	 The	 nanocomposite	 on	 the	

mesa	 also	 aligns	 well	 with	 the	 trench,	 with	 <sin(θ)>=0.9.	 Despite	 this,	 there	 are	

many	defects	on	the	mesa,	most	of	which	are	terminal	points.	On	the	exterior	of	the	

film,	 there	 are	 similarly	many	 terminal	points.	This	once	again	 shows	a	 change	 in	

morphology	on	 the	mesa	and	exterior	of	 the	 film.	The	alignment	on	exterior	once	

again	extends	to	a	few	periodicities	outside	the	trench.	Given	the	larger	size	of	the	

pattern,	there	is	less	area	on	the	exterior,	so	<sin(θ)>	is	closer	to	1	than	perhaps	it	

should	be.		
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The	 alignment	 of	 the	 nanocomposite	 of	 P2015	 is	 similar	 to	 P1520	 (Figure	

9c).	The	nanocomposite	 is	highly	aligned	in	the	trench	(<sin(θ)>=0.98)	and	on	the	

mesa	 (<sin(θ)>=0.95).	 There	 are	 more	 defects	 in	 the	 trenches	 in	 P2015,	 likely	 a	

result	 of	 the	 larger	 confinement	 width.	 Once	 again,	 there	 are	 many	 PS	 terminal	

points	on	the	mesa	and	especially	the	exterior.	In	the	regions	on	all	three	patterns	

where	alignment	 is	 the	 lowest,	 there	 is	 a	 change	 in	morphology.	The	pattern	 self-

adjusts,	resulting	 in	small	molecule	being	expelled	to	 the	mesa	and	causing	the	PS	

cylinders	to	form	discrete	lines	and	dots.		

The	 self-adjusting	 nature	 of	 the	 assembly	 process	 on	 the	 circle	 patterns	

results	 in	a	decrease	 in	periodicity	 in	the	trench	as	compared	to	the	mesa	and	the	

equilibrium	periodicity.	Figure	10a-c	shows	the	change	in	periodicity	as	a	function	

of	 distance	 from	 the	 center	 of	 the	 pattern	 (top),	 as	 well	 as	 highlighting	 the	

periodicity	in	the	trenches	themselves	(bottom).		

For	 P1110,	 the	 periodicity	 in	 the	 trenches	 is	 smaller	 than	 the	 equilibrium	

periodicity	(Figure	10a).	The	periodicity	on	the	mesa	is	larger	than	in	the	trench.	On	

the	 outer	 ring/exterior	 interface,	 the	 periodicity	 is	 on	 the	 order	 of	 the	 mesa	

periodicity.	 Further	 onto	 the	 exterior,	 the	 periodicity	 decreases	 somewhat.	 This	

pattern	of	periodicity	changing	suggests	a	global	adjustment:	there	is	an	increase	in	

periodicity	on	 the	 raised	portions	of	 the	pattern	as	 the	 small	molecule	 is	 expelled	

from	the	trench,	which	has	a	smaller	periodicity.	
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Figure	10:	The	periodicity	as	a	distance	from	the	center	of	the	pattern	(top)	and	the	

periodicity	of	each	PS	cylinder	 in	 the	 inner,	middle,	and	outer	 trench	(bottom)	 for	

(a)	P1110,	(b)	P1520,	and	(c)	P2015.	Region	in	trench	is	marked	by	shaded	area.	(d)	

Zoomed	 out	 AFM	 phase	 image	 of	 150	 nm	 wide	 trench	 and	 (e)	 color-coded	

morphology	 (black=dots,	 yellow=cylinders)	 showing	 phase	 change.	 Scalebar	 =200	

nm.		

	 		

In	 the	 trench	 itself,	 the	 periodicity	 is	 not	 uniform	 across	 all	 PS	 rings,	 but	

rather	varies	by	~3	nm.	For	the	inner,	middle,	and	outer	trench,	the	periodicity	is	at	

its	 lowest	 in	 the	 middle	 of	 the	 trench.	 The	 inner	 and	 middle	 rings	 have	

approximately	 the	 same	periodicity	 values	 at	 each	point	 across	 the	 trench,	with	 a	

minimum	periodicity	of	~26.5	nm.	The	outer	ring	has	smaller	periodicity,	with	 its	
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minimum	reaching	24	nm.	This	 represents	 a	 change	of	22%	 from	 the	equilibrium	

periodicity.	The	changing	periodicity	within	each	trench	demonstrates	the	local	self-

adjusting	nature	of	the	supramolecular	nanocomposite.		

P1520	 and	 P2015	 have	 the	 same	 trend	 in	 the	 change	 of	 periodicity	 as	 a	

function	 of	 distance	 from	 the	 center	 of	 the	 trench	 as	 P1110	 (Figure	 10b,	 c).	 The	

trench	periodicity	is	smaller	than	equilibrium,	the	mesa	periodicity	is	~7	nm	larger,	

and	 the	 exterior	 has	 a	 similar	 periodicity	 as	 the	 mesa	 on	 the	 interface	 with	 the	

outermost	 ring	before	decreasing	slightly	 further	away	 from	the	pattern.	For	both	

patterns,	there	are	different	periodicities	within	each	trench.	For	P1520,	the	change	

in	 periodicity	 across	 the	 trench	 is	 the	 same	 for	 all	 three	 rings.	 The	 minimum	

periodicity	is	in	the	middle	of	the	trench	and	has	a	value	of	24	nm,	which	is	the	same	

as	the	outer	ring	periodicity	in	P1110.	In	P2015,	the	minimum	trench	periodicity	is	

in	the	middle	for	all	three	rings	and	is	25	nm	for	the	inner	and	outer	ring	and	24	nm	

for	the	middle	ring.	For	each	of	the	three	patterns,	the	trench	periodicity	changes	by	

~4	nm,	showing	the	local	self-adjusting	nature.		

The	global	self-adjustment	is	seen	in	a	larger	area	AFM	phase	image	of	NC1	in	

P1520	with	5v%	IO	NPs	(Figure	10d).	The	increase	in	NPs	makes	the	trend	observed	

in	Figure	2	more	obvious.	There	is	a	change	in	morphology	in	a	ring	surrounding	the	

pattern.	Figure	3e	shows	the	same	 image	as	 in	Figure	3d,	but	 the	morphology	has	

been	color-coded:	PS	cylinders	are	in	yellow,	and	PS	dots	are	in	blue.	On	the	mesa,	

and	the	exterior,	there	is	a	high	concentration	of	dots.	

Wherever	the	pattern	is	not	aligned,	there	is	a	change	in	morphology	to	short	

PS	cylinders	and	dots.	This	occurs	in	circular	patterns	with	and	without	NPs,	which	
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strongly	points	 to	the	small	molecule	rearranging,	rather	than	the	NP	rearranging,	

although	that	is	possible	as	well.	This	was	hypothesized	previously	in	the	DSA	of	a	

supramolecule	 on	 a	 linear	 pattern45.	 The	 change	 in	 periodicity	 and	 the	 change	 in	

morphology	suggest	local	and	global	self-adjustment,	rather	than	commensurability,	

drive	the	assembly	process.		

	

3.4	Discussion	

Alignment	 of	 a	 supramolecule	 with	 or	 without	 NPs	 with	 rings	 of	 various	

widths,	degrees	of	curvature,	and	molecular	weight	of	the	supramolecule	is	possible	

with	a	high	degree	of	order.	For	all	patterns	used	here,	the	periodicity	in	the	trench	

pattern	 is	 smaller	 than	 equilibrium	 periodicity.	 In	 DSA	 of	 BCPs,	 the	 trench	

periodicity	can	shrink	by	up	to	~10%	of	the	equilibrium	periodicity	and	still	align.	In	

a	system	without	NPs,	P1515	is	approximately	commensurate	with	the	periodicity	

of	the	supramolecule.	P1110	trench	is	~3.5Lo,	which	means	that	commensurability	

requirements	 dictate	 there	would	 be	 some	 regions	with	 3	 rows	 of	 a	much	 larger	

periodicity	 (~36.6	 nm)	 and	 some	 regions	 with	 4	 rows	 and	 a	 much	 smaller	

periodicity	(27.5	nm).	This	large	change	would	be	spread	among	only	a	few	polymer	

chains,	 meaning	 the	 entropic	 penalty	 per	 chain	 would	 be	 very	 large,	 so	 that	 the	

supramolecule	should	not	align	at	all.	The	significant	deviation	from	the	equilibrium	

periodicity	 is	 not	 expected	 based	 on	 commensurability.	 Table	 3	 shows	 how	 the	

actual	 trench	 periodicity	 in	 samples	 with	 NPs	 deviates	 from	 the	 commensurate	

periodicity	 without	 NPs.	 Under	 those	 conditions,	 it	 is	 expected	 the	 BCP	 will	

compress	 or	 expand	 so	 there	 are	 an	 integer	 number	 of	 rows	 in	 the	 trench.	 If	 the	
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trench	width	divided	by	Lo,	n,	is	not	an	integer,	there	will	be	either	n+1	or	n-1	rows.		

Based	 on	 the	 predicted	 number	 of	 rows,	 a	 commensurate	 periodicity,	 Lc,	 and	 the	

deviation	of	that	periodicity	from	Lo,	can	be	calculated.		

	

Table	 3:	 Predictions	 for	 trench	 periodicity	 under	 commensurability	 (Lc)	 and	 the	

actual	measured	periodicity	 in	 the	trench	(Lt)	 for	different	 trench	widths	and	how	

they	 deviate	 from	 the	 equilibrium	 periodicity	 (Lo=31	 nm)	 in	 a	 supramolecule	

without	NPs	

	 n*	 Lc	 (n-1)	

(nm)	

%	

change	

Lc	 (n+1)	

(nm)	

%	

change	

Lt	(nm)	 %	

change	

P1110		 3.54	 36.6		 18	 27.5	 11	 25	 19	

P1515	 4.8	 37.5	 21	 30	 3.3	 25	 19	

P2015	 6.45	 33.3	 7.5	 28.6	 7.8	 25		 19	

	

For	 P1110,	 P1515,	 and	 P2015,	 the	 percent	 change	 of	 Lc	 from	Lo	 is	 smaller	

than	the	percent	change	of	the	actual	trench	periodicity,	Lt	from	Lo.	For	these	three	

patterns,	there	is	a	commensurate	periodicity	that	would	result	in	~10%	change	in	

the	 periodicity	 from	 Lo.	 And	 yet,	 that	 is	 not	 the	 periodicity	 that	 is	 adopted	 in	 the	

trench	 pattern.	 The	 assembly	 process	 is	 not	 driven	 by	 commensurability,	 but	

instead,	there	is	a	new	pathway	taken	in	the	DSA	of	a	supramolecule.			

The	 new	 pathway	 relies	 on	 the	 self-adjustment	 of	 the	 supramolecule.	 This	

self-adjustment	 is	 seen	 in	 the	 smaller	 periodicity	 in	 the	 trenches,	 regardless	 of	

trench	width	or	confinement	diameter,	the	change	in	morphology	on	the	mesa	and	
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exterior	 of	 the	 pattern.	 The	 proposed	 pathway	 of	 assembly	 is	 shown	 in	 FIGURE.	

During	the	assembly	process,	a	specific	number	of	rows	is	templated	into	the	trench.	

Once	these	are	set,	the	order	grows	in	the	direction	of	the	trench.	Locally,	the	small	

molecule	 is	 expelled	 to	 nearby	 mesas	 and	 distributed	 unevenly	 in	 the	 trench.	

Globally,	the	movement	of	the	small	molecule	results	in	a	change	in	morphology	on	

the	mesa	 and	 surrounding	 the	 pattern,	 leaving	 a	 small	molecule	 poor	 trench	 and	

small	molecule	rich	exterior.	This	pathway	is	unique	to	a	multicomponent	system.			

	

3.5	Conclusion	

The	 DSA	 of	 a	 supramolecule	 was	 shown	 to	 be	 a	 successful	 to	 align	

supramolecules	with	and	without	NPs	into	a	ring	shaped	pattern.	It	was	shown	that	

commensurability	of	the	periodicity	supramolecule	with	the	trench	does	not	dictate	

the	 final	 film	 features.	 These	 highly	 versatile	 films	 are	 not	 limited	 by	 NP	 type,	

periodicity,	or	pattern	width	due	to	the	self-adjusting	nature	of	the	supramolecular	

self-assembly.	Locally,	the	pattern	can	rearrange,	resulting	in	a	smaller	and	variable	

periodicity	in	the	trench.	Globally,	there	is	cooperativity	across	the	entire	pattern	as	

seen	in	the	change	in	morphology,	periodicity,	and	long-range	order	in	the	regions	

just	outside	the	pattern.		The	mechanism	during	self-assembly	is	as	follows:	during	

the	annealing	process,	 the	(non-commensurability	dictated)	number	of	rows	 is	set	

in	 the	 trench,	 and	 from	 that	 template,	 the	 supramolecule	 follows	 it	 to	 become	

aligned	 throughout	 the	 entire	 trench,	 and	 then	 order	 on	 the	 mesa	 likely	 follows.	

During	 the	 alignment	 process,	 small	 molecule	 is	 expelled	 to	 the	 raised	 portions,	

causing	a	high	defect	density	and	change	 in	morphology	 from	long	PS	cylinders	to	
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shorter	 aspect	 ratio	 cylinders	 and	 dots.	 This	 change	 in	 morphology	 exists	 a	

characteristic	distance	away	from	the	pattern.	The	alignment	in	the	trench	does	not	

depend	 on	 the	 time	 to	 anneal	 it	 or	 the	 time	 over	 which	 solvent	 is	 removed.	 The	

pathway	that	occurs	without	regard	to	commensurability	offers	new	opportunities	

for	DSA.		

	

3.6	Methods	

Materials	

PS(19	kDa)-b-P4VP(5.2	kDa)	 (PDI	=	1.06)	and	PS(50	kDa)-b-P4VP(17	kDa)	 (PDI	=	

1.15)		were	purchased	from	Polymer	Source,	Inc.	3-n-Pentadecylphenol	(90%–95%)	

was	 purchased	 from	ACROS	Organics.	 Chloroform	 (Amylene	 as	 preservative)	was	

purchased	from	Fisher	Scientific.	5	nm	iron	oxide	NPs	dispersed	in	chloroform	were	

purchased	from	Ocean	Nanotech.	

Sample	Preparation	

Supramolecular	 solutions	were	prepared	by	dissolving	 the	polymer	 and	 the	 small	

molecule	in	chloroform	and	then	stirring	for	72	h.	Thin	films	were	prepared	by	spin-

coating	 the	mixed	 solutions	 onto	 silicon	wafers	 at	 3000	 rpm.	 Sample	 thicknesses	

were	 measured	 using	 a	 Filmetrics	 F20	 interferometer.	 For	 solvent	 annealing,	

samples	were	annealed	using	300	μL	of	CHCl3	injected	inside	a	250	mL	top-capped	

jar	 at	 24°C.	 Once	 the	 film	 thickness	 of	 the	 nanocomposite	 thin	 film	 reached	 the	

desired	 thickness,	 the	 jar	 was	 opened	 and	 the	 CHCl3	vapor	 inside	 the	 jar	 was	

allowed	 to	 freely	 evaporate.	 Solvent	 fraction	 is	 the	volume	 fraction	present	 in	 the	

swollen	 film	 during	 annealing,	 calculated	 as	fs=
!!!!!
!!

	where	tf	is	 the	 final	 film	
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thickness	 and	ti	is	 the	 initial	 film	 thickness.	 The	 solvent	 annealing	 process	 was	

stopped	at	the	desired	fs	and	the	sample	was	quenched	within	10	seconds.		

Lithographic	Pattern	Fabrication	

Circular	patterns	were	fabricated	using	electron	beam	lithography	with	dimensions	

shown	in	table	1.	All	patterns	have	a	height	of	50	nm.		

Atomic	Force	Microscopy	(AFM)	

AFM	was	performed	on	a	Bruker	Dimension	Edge.	The	spring	constant	of	the	

cantilever	was	5–10	N/m	with	a	resonant	frequency	in	the	range	90–210	kHz.	The	

set	point	for	the	auto	tune	was	∼6.0	V.	The	set	point	amplitude	was	80–90%	of	the	

free	vibration	value.	

Image	Analysis		

Image	analysis	was	performed	 in	Python	using	methods	 inspired	by	 the	ADAblock	

application46.	The	periodicity	of	the	supramolecule	determined	from	the	fast	Fourier	

transform	(FFT).	For	defect	analysis,	AFM	phase	images	were	binarized	using	a	local	

thresholding	 technique.	 NPs	 were	 deleted	 by	 filtering	 out	 small	 elements.	 The	

images	were	then	skeletonized.	Defects	were	found	by	scanning	each	pixel:	a	pixel	

with	 two	 nearest	 neighbors	 was	 considered	 defect-free,	 a	 pixel	 with	 only	 one	

nearest	 neighbor	 was	 labelled	 an	 end,	 and	 a	 skeleton	 pixel	 with	 three	 or	 more	

nearest	neighbors	was	 labelled	a	 junction.	This	 analysis	was	done	 for	both	 the	PS	

and	P4VP(PDP)	phase.		
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4.1	Introduction		

Hierarchically	 structured	nanocomposites	have	shown	promise	 for	creating	

functional	materials1-3.	These	materials	can	arrange	nanoparticles	(NPs)	into	1-,	2-,	

and	 3-dimensional	 assemblies	 to	 harness	 the	 unique	 optical,	 electronic,	magnetic,	

and	thermal	properties	of	the	NPs4.	While	several	methods	have	been	developed	to	

create	 such	 nanocomposites,	 block	 copolymer	 (BCP)-based	 supramolecules	 are	 of	

particular	 interest5-8.	 Supramolecules,	 formed	 from	 a	 BCP	 backbone	 with	 a	 small	

molecule	non-covalently	bonded	to	one	of	the	blocks,	have	been	studied	for	the	past	

20	years	due	to	their	ability	to	form	hierarchically	structured	functional	materials9-

13.	Structural	control	over	the	supramolecules	in	bulk	and	thin	film	morphology	has	

been	 achieved,	 with	 a	 variety	 of	 morphology,	 periodicity,	 and	 long-range	 order	

possible14-18.	 This	 structural	 control	 was	 first	 studied	 in	 supramolecules	 without	

NPs,	 but	has	been	 shown	 to	 extend	 to	nanocomposites	with	different	NP	 size	 and	

shape19-24.	However,	both	traditional	BCPs	and	supramolecules	are	often	limited	to	

small	feature	sizes.		

The	characteristic	periodicity	of	 a	BCP	or	 supramolecule	 is	often	 limited	 to	

10-50	 nm	 due	 to	 the	 thermodynamic	 and	 kinetic	 restraints	 of	 self-assembly.	 The	

periodicity	 of	 a	BCP	 scales	with	 its	molecular	weight	 (MW)	as	well	 as	 the	driving	

force	for	separation,	given	by	the	Flory-Huggins	interaction	parameter,	χ25,	26.	As	the	

MW	increases,	the	degree	of	entanglement	and	the	viscosity	of	the	polymer	sharply	

increase,	 generally	 following	η∝MW3.4	in	 polymer	melts,	 leading	 to	 a	 reduction	 in	

mobility27.	To	circumvent	the	limitation	imposed	by	viscosity	and	entanglement	and	

achieve	periodicities	greater	than	50	nm,	homopolymers	can	be	added	to	a	BCP	to	
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swell	 one	 or	 both	 domains,	 thereby	 increasing	 the	 periodicity28-30.	 This	 can	 be	

successful,	 but	 is	 limited	 due	 to	 the	 potential	 of	 macrophase	 separation	 of	 the	

homopolymer	and	BCP31-33.	Periodicity	as	large	as	200	nm	in	can	be	achieved	in	thin	

films	 via	 a	 combined	 thermal	 and	 solvent	 annealing	 process,	 although	 this	 takes	

several	hours	to	accomplish34.	Other	strategies	use	bottle-brush	copolymers,	which	

have	periodicities	on	the	order	of	the	contour	length	of	the	backbone35,	36.	Thermally	

switchable	supramolecules	with	large	MW	have	been	demonstrated	in	bulk37.	There,	

the	 large	 periodicity	 is	 key	 to	 tuning	 the	 photonic	 bandgap.	 Despite	 successes	 in	

generating	 functional	 composites	with	 large	periodicity,	 there	 are	 still	 limitations.	

Processing	time	is	on	the	order	of	several	hours	to	days	and	the	structures	are	often	

limited	to	equilibrium	structures	in	bulk.		

Polymer	nanocomposites	 have	 also	 been	 limited	 by	 the	 size	 of	 the	NP	 that	

can	be	incorporated.	For	traditional	BCP	systems,	the	incorporation	of	NPs	causes	a	

loss	of	entropy	due	to	chain	stretching.	When	the	ratio	diameter	of	the	NP	(d)	to	the	

size	of	 the	block	 into	which	 it	 is	 incorporating	 (L)	 is	 greater	 than	0.3,	 the	particle	

will	be	expelled	from	the	polymer	matrix	and	phase	separate38,	39.	Coupled	with	the	

limitation	on	domain	size,	 this	means	particles	 larger	 than	~10	nm	are	difficult	 to	

incorporate.	 Supramolecules	 have	 been	 shown	 to	 circumvent	 this	 limitation.	 By	

controlling	 the	 kinetic	 pathway	 during	 assembly,	 NPs	 as	 large	 as	 20	 nm	 can	 be	

incorporated	 into	a	 supramolecule	 thin	 film,	with	a	d/L	ratio	of	greater	 than	1,	 to	

generate	nonequilibrium	structures40-42.	To	create	functional	nanocomposites,	there	

must	 not	 be	 limitations	 to	 the	 feature	 sizes	 (periodicity	 or	 NP	 diameter),	 new	

morphologies	must	be	reached,	and	processing	should	take	minutes.		
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Here,	 the	 kinetic	 pathway	 of	 assembly	 of	 high	 MW-based	 supramolecular	

nanocomposites	 was	 investigated.	 	 It	 was	 determined	 that	 NPs	 facilitate	 the	

assembly	 process	 by	 modulating	 the	 polymer	 viscosity,	 allowing	 for	 long-range	

order	 as	 well	 as	 inducting	 exact	 morphologies	 for	 three	 different	 MW	

supramolecules	when	coupled	with	solvent	annealing.	NP	size,	NP	 loading,	solvent	

annealing	 condition,	 and	MW	were	 all	 found	 to	 be	 handles	 that	 could	 be	 used	 to	

create	 thin	 films	 with	 specific	 feature	 sizes,	 morphologies,	 and	 interparticle	

distances.	 This	 work	 begins	 to	 create	 a	 roadmap	 for	 making	 exactly	 tunable	

nanocomposite	 thin	 films	without	size	 limitation	via	modulation	of	 the	mobility	of	

the	components.		

	

4.2.	High	MW	Assembly	Without	and	With	Nanoparticles	

The	 supramolecule	 used	 here	 was	 polystyrene-b-poly(4-

vinylpyradine)(pentadecylphenol)r	 (PS-P4VP(PDP)r).	 Four	 different	 MW	

supramolecules	were	used	 in	 this	 study	 (Table	1).	 	The	 four	supramolecules	were	

constructed	so	that	the	volume	fraction	of	the	P4VP(PDP)	block	(fcomb)	is	~0.65.	The	

volume	 fraction	 and	 size	 of	 the	NPs	was	 systematically	 varied	 for	 SM1,	 SM2,	 and	

SM3	 to	 determine	 the	 effect	 of	NP	 incorporation	 on	 the	 assembly	 process	 of	 high	

MW	supramolecules.	SM0	has	been	extensively	studied,	and	is	included	for	the	sake	

of	comparison.	

	

	

	



	 102	

Table	1:	Molecular	weight	and	morphology	of	supramolecules	in	bulk	

Sample	 Mn,	PS	(g/mol)	 Mn,	P4VP	

(g/mol)	

r	 fcomb	 Bulk	

Morphology	

SM0	 19000	 5200	 1.7	 0.62	 Cylinder	

SM1	 47000	 10000	 2.4	 0.63	 Cylinder	

SM2	 50000	 17000	 1.8	 0.68	 Cylinder	

SM3	 104000	 30000	 2	 0.66	 Cylinder	

	

Initially,	 SM1,	 2,	 and	 3	 were	 studied	 in	 bulk	 without	 NPs	 (Figure	 1).	 The	

P4VP(PDP)	domain	was	stained	with	 iodine	and	so	appears	as	the	dark	domain	 in	

the	 transmission	 electron	microscopy	 (TEM)	 images.	 In	 bulk,	 SM1,	 SM2,	 and	 SM3	

form	a	hexagonally	packed	cylindrical	morphology.		

	

Figure	1:	TEM	images	of	bulk	samples	of		(a)	SM1,	(b)	SM2,	and	(c)	SM3.	P4VP(PDP)	

domain	has	been	stained	with	iodine.	Scale	bar=200	nm.	
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SM1	has	a	periodicity	of	~45	nm,	SM2	has	a	periodicity	of	~55	nm,	and	SM3	

has	a	periodicity	of	~90	nm.	The	long-range	order	of	these	samples	is	limited:	each	

TEM	 image	 shows	 several	 different	 orientations	 of	 the	 grains.	 Interestingly,	 the	

shortest	 grain	 size	 is	 seen	 in	 SM2	 rather	 than	 the	 higher	 MW	 SM3.	 These	 bulk	

samples	 set	 the	 thermodynamically	 expected	morphology	 and	 periodicity	 against	

which	thin	film	samples	will	be	compared	

These	 supramolecules	 were	 processed	 into	 thin	 film	 via	 solvent	 vapor	

annealing.	Solvent	annealing	has	been	shown	to	be	a	necessary	step	 for	giving	the	

samples	 sufficient	 mobility	 to	 create	 ordered	 structures,	 and	 that	 the	 solvent	

annealing	 condition	will	 determine	 the	 grain	 size	 of	 the	 film43,	44.	 The	 films	were	

annealed	to	a	desired	solvent	fraction	(fs)	and	then	quenched	within	10	seconds.		

Figure	 2	 shows	 SM0-4	 annealed	 to	 two	 different	 solvent	 fractions,	 fs=0.35	

and	 fs=0.5..	 The	 low	MW	 sample,	 SM0,	 has	 clear	microphase	 separation	 and	 long-

range	order	at	both	solvent	annealing	conditions.	For	the	high	MW	samples,	SM1-3,	

this	behavior	is	not	observed:	the	long-range	order	of	the	thin	film	is	poor	under	the	

annealing	 conditions	 used	 here.	 	 As	 the	 MW	 of	 the	 supramolecule	 increases,	 the	

long-range	order	decreases.	For	SM3	(Figure	2d),	 the	highest	MW	sample,	 there	 is	

limited	microphase	separation	present	at	all,	unlike	the	bulk	sample	and	lower	MW	

samples.	 For	 SM	 1	 and	 3,	 increasing	 the	 solvent	 fraction	 causes	 the	 system	 to	

disorder	rather	than	changing	the	grain	size.		
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Figure	2:	 	 Phase	 image	of	 supramolecular	 thin	 films	of	 four	MWs	at	 two	different	

annealing	conditions	(a)	SP4,	(b)	SP1,	(c)	SP2,	(d)	SP3.		Top:	fs=0.35.	Bottom:	fs=0.5		

Scale	 bar=	 200	 nm.	 (e)	 Profile	 of	 film	 thickness	 of	 the	 four	 samples	 during	 the	

solvent	annealing	process.		

For	 SM	2,	 increasing	 the	 solvent	 fraction	 increases	 the	 grain	 size	 slightly,	 but	 the	

maximum	grain	size	 is	on	 the	order	of	10s	of	nm.	The	higher	viscosity	of	 the	high	

MW	 samples	 limits	 long-range	 order.	 The	 swelling	 profile	 of	 the	 films	 during	 the	
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annealing	process	 is	 shown	 in	 Figure	2e.	 The	profiles	 are	 remarkably	 similar:	 the	

MW	of	 the	polymer	does	not	affect	 the	rate	at	which	the	solvent	vapor	enters	and	

swells	the	thin	film.	Rather,	the	lack	of	long-range	order	originates	from	the	limited	

mobility	of	the	larger	MW	polymer	even	as	solvent	is	added.	

	

4.3	High	MW	Assembly	with	Large	Nanoparticles	

While	 there	 is	 limited	 ordering	 in	 high	 MW	 films	 without	 NPs,	 the	

incorporation	 of	 NPs	 greatly	 changes	 the	 resulting	 films.	 NPs	 with	 diameters	

between	5-25	nm	at	a	 loading	of	3v%	were	 incorporated	 into	SM1,	SM2,	and	SM3	

(Figure	 3).	 For	 each	 thin	 film,	 the	 periodicity	 and	 d/L	 ratio	 was	 calculated.	 The	

addition	of	NPs	leads	to	clear	a	clearly	ordered	structure	for	all	sizes	of	NPs	and	all	

supramolecules	 used.	 However,	 different	morphologies	 are	 present	 depending	 on	

the	size	of	the	NP	and	the	MW	of	the	underlying	supramolecule.	For	the	highest	MW-

based	 polymer,	 SM	 3	 (Figure	 3c),	 the	 incorporation	 of	 NPs	 has	 the	most	 obvious	

effect:	there	is	clear	microphase	separation	and	structure	formed,	unlike	in	the	pure	

supramolecule	 sample.	 The	 incorporation	 of	 NPs	 increases	 the	 mobility	 of	 the	

system	sufficiently	 so	 that	 an	ordered	 structure	 can	be	 formed	within	a	matter	of	

minutes	 under	 solvent	 annealing.	 Particles	 with	 up	 to	 a	 d/L	 ratio	 of	 0.4	 were	

incorporated	into	the	supramolecule	matrix.	For	SM3,	particles	of	up	to	30	nm	were	

added	 to	 reach	a	 larger	d/L	 ratio,	0.29.	 	By	 changing	 the	MW,	a	 greater	 library	of	

structures	and	features	are	achievable.		

	



	 106	

	

Figure	3:	AFM	phase	images	of	supramolecule	thin	films	of		(a)	SM1	with	3v%	5-25	

nm	NPs,	(b)	SM2	with	3v%	5-25	nm	NPs,	and	(c)	SM3	with	3v%	5-30	nm	NPs.	The	

periodicity	of	each	film	is	shown	in	the	box	below,	as	is	the	d/L	ratio	in	parentheses.	

Insets	 are	 used	 to	 show	 NP	 packing	 the	 in	 domain	 when	 it	 cannot	 be	 directly	

visualized	from	the	larger	AFM	image.	Scale	bar=200	nm.			

	

The	 morphology	 transitions	 from	 a	 parallel	 cylindrical	 morphology	 to	 a	

honeycomb-like	structure	as	the	NP	size	increases.	For	SM1,	this	transition	occurs	at	

d/L~0.18.	 For	 SM2,	 the	 transition	 occurs	 at	 d/L~0.27.	 For	 SM	 3,	 only	 a	 partial	

honeycomb	 structure	 is	 seen	 when	 d/L=0.28.	 Previously,	 this	 same	 honeycomb	

structure	has	been	seen	in	a	lower	molecular	weight	supramolecule	nanocomposite	

thin	film40,	42.	There,	the	appearance	of	this	structure	was	attributed	to	the	diffusion	
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kinetics	of	the	NPs	in	the	supramolecule	matrix,	causing	co-assembly	of	the	NPs	and	

supramolecule,	 as	 opposed	 to	 supramolecule-guided	 assembly	 of	 the	 NPs.	 The	

appearance	 of	 this	 structure	 occurred	 at	 high	 solvent	 fraction,	 where	 the	

supramolecule	matrix	is	somewhat	because	of	the	low	driving	force	for	separation.	

This	 allows	 for	 fast	 NP	 diffusion	 through	 the	 supramolecule	 matrix	 and	 a	 low	

energetic	barrier.	Here,	the	similar	arguments	can	explain	the	honeycomb	structure	

and	the	dependence	of	MW	on	where	it	occurs.	In	a	high	MW	system,	the	diffusion	of	

the	 supramolecule	will	 be	 slow	 because	 of	 high	 viscosity	 and	 entanglements.	 The	

diffusion	 of	 the	 NP,	 however,	 will	 be	 faster,	 allowing	 for	 a	 greater	 number	 of	

particles	to	reach	the	surface	of	the	film.	Since	the	system	is	still	largely	disordered,	

there	 will	 be	 a	 direct	 pathway	 for	 the	 NPs	 to	 reach	 the	 surface	 with	 low	 energy	

barrier.		Having	several	large	particles	on	the	surface	of	the	film	is	necessary	for	the	

formation	of	 this	 structure:	 the	particles	 force	 the	curvature	of	 the	 supramolecule	

for	coassembly	of	the	supramolecule	and	the	NPs.	Larger	particles,	as	defined	by	the	

d/L	 ratio,	 are	 needed	 to	 guide	 the	 curvature	 of	 the	 supramolecule,	 but	 must	 be	

balanced	with	 the	 overall	 diffusion	 of	 each	 of	 the	 components.	 As	 the	MW	 of	 the	

supramolecule	increases,	the	mobility	will	decrease,	making	the	co-assembly	harder	

because	particles	and	supramolecule	alike	do	not	diffuse	as	much	due	to	the	highly	

viscous	matrix.	This	explains	why	the	full	honeycomb	structure	is	never	formed	for	

SM2	 and	 barely	 seen	 for	 SM3:	 the	 system	 is	 stuck	 in	 a	 kinetically	 trapped	 state.	

Additionally,	it	is	worth	nothing	that	the	smaller	d/L	ratio	needed	to	force	a	change	

from	the	cylinder	to	honeycomb	morphology	for	SM1	could	be	due	to	the	amount	of	

free	 small	molecule.	 SM1	 has	 a	 greater	 amount	 of	 free	 small	molecule	 than	 SM2,	
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which	could	facilitate	the	formation	of	the	honeycomb	structure	at	smaller	d/L.	The	

small	 molecule	 could	 help	 minimize	 any	 entropic	 penalty	 associated	 with	 the	

greater	 curvature	 of	 the	 supramolecule	wrapping	 around	 a	particle	 and	make	 the	

increased	interface	from	this	morphology	less	energetically	costly.		

	 	While	long-range	order	is	possible	with	SM1	and	SM2,	true	long-range	order	

is	never	achieved	with	SM3.	This	is	true	both	in	the	cylindrical	morphology	as	well	

as	the	honeycomb	morphology.	While	adding	NPs	is	enough	to	drive	the	formation	

of	 an	 ordered	 structure	 in	 a	 high	MW	polymer,	 the	much	 slower	 dynamics	 of	 the	

highest	MW	polymer	still	do	not	allow	for	the	formation	of	long-range	diffusion	that	

is	necessary	for	long-range	order.		

The	 periodicity	 of	 the	 supramolecule	 increases	 as	 the	MW	 of	 the	 polymer	

increases,	as	expected.	SM1	has	a	periodicity	of	~55	nm,	SM	2	has	a	periodicity	of	

~65	nm,	and	SM	3	has	a	periodicity	of	~90	nm.	The	exact	periodicity	is	a	function	of	

the	size	of	NP	incorporated	as	well	as	the	MW	of	the	supramolecule	(Figure	4a).	The	

periodicity	in	thin	film	with	small	NPs	are	approximately	the	same	as	the	values	in	

the	bulk	supramolecule	without	NPs,	suggesting	that	the	incorporation	of	small	NPs	

does	not	significantly	change	the	chain	conformation	of	the	supramolecule.		
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Figure	4:	(a)	Periodicity	and	(b)	d/l	ratio	as	a	function	of	NP	diameter,	and	(c)	defect	

density	for	SM1,	2,	and	3.	(d)	Phase	diagram	as	a	ratio	of	molecular	weight	and	d/L	

ratio.			

The	 trend	 for	 the	 periodicity	 of	 SM1	 is	 slightly	 different	 than	 for	 SM2	 and	

SM3.	 For	 SM1,	 there	 is	 little	 change	 in	 the	 periodicity	 until	 15	 nm	 particles	 are	

added,	which	begins	an	uptick	of	the	periodicity,	resulting	in	a	final	periodicity	that	

is	 18%	 larger	 than	 the	 initial	 periodicity.	The	 increase	 in	periodicity	occurs	when	

the	morphology	 transitions	 from	parallel	 cylinders	 to	 a	 honeycomb	 structure.	 For	

SM2	and	3,	 the	 increasing	 size	 of	 the	NP	 increases	 the	periodicity	 until	 the	phase	

transition	 from	 parallel	 cylinders	 to	 honeycomb.	 At	 the	 transition	 point,	 the	

periodicity	 decreases	 somewhat,	 but	 then	 starts	 to	 increase	 again.	 For	 SM	 2,	 the	
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largest	 periodicity	 is	 27%	 larger	 than	 the	 smallest	 periodicity,	 and	 for	 SM	 3,	 the	

largest	periodicity	is	25%.	These	large	changes	give	the	films	quite	a	bit	of	tunability	

within	a	single	supramolecule.		

The	d/L	ratio	increases	sharply	and	its	shape	follows	the	same	basic	trends	

as	the	periodicity,	as	expected	(Figure	4b).	The	slope	of	the	line	is	basically	constant,	

until	 the	onset	of	 the	honeycomb	structure,	where	 there	 is	a	 sharper	 slope.	When	

films	 form	 cylindrical	 structures,	 the	 d/L	 ratio	 guides	 the	 packing	 of	 NPs	 in	 the	

P4VP(PDP)	domain.	Around	d/L	of	0.2,	 there	 is	a	 transition	 from	multiple	rows	of	

particles	 in	 the	domain	 to	a	 single	 row	of	particles,	 as	 seen	 in	SM2	and	SM3.	This	

also	affects	the	interparticle	distance,	giving	the	system	another	handle	by	which	it	

can	be	tuned.			

The	defect	density	of	each	of	the	three	supramolecules	is	shown	in	Figure	4c.	

Here,	 automated	 image	 analysis	 identified	 junction	 points	 and	 terminal	 points	 in	

each	 AFM	 phase	 image	 to	 give	 a	 defect	 density.	 The	 trend	 for	 all	 three	

supramolecules	 is	 the	 same:	 as	 the	 grain	 size	 grows,	 the	 number	 of	 defects	

decreases.	 Once	 the	 honeycomb	 morphology	 starts	 to	 form,	 there	 are	 a	 greater	

number	 of	 defects.	 The	 honeycomb	 morphology	 inherently	 has	 more	 junctions,	

explaining	 this	 trend.	 SM3	 has	 the	 fewest	 defects	 per	 area,	 despite	 its	 relatively	

short	grain	size	for	all	conditions.		

From	this	analysis,	a	phase	diagram	can	be	made	as	a	function	of	the	MW	and	

the	d/L	ratio	(Figure	4d).	As	the	MW	of	the	supramolecule	increases,	the	cylindrical	

structure	 exits	 over	 a	 greater	 value	 of	 d/L.	 This	 phase	 diagram	 reflects	 the	

underlying	kinetics	 that	determine	each	 structure.	The	honeycomb	 is	 a	kinetically	



	 111	

determined	structure.	 It	 only	exists	over	an	entire	 film	when	 film	with	 the	 lowest	

MW	 supramolecule,	 SM1.	 The	 supramolecule	 must	 have	 sufficient	 mobility	 to	

achieve	 this	 structure.	 A	 partial	 honeycomb	 structure	 (PHC)	 is	 possible	 for	 all	 3	

supramolecules	used	here,	but	 the	onset	of	where	 the	honeycomb	occurs	depends	

on	the	MW	of	the	supramolecule.	For	higher	MW	supramolecules,	there	is	a	higher	

d/L	ratio	needed:	there	must	be	more	of	an	entropic	penalty	associated	with	chain	

deformation	to	force	the	switch	to	a	coassembly	regime.	This	phase	diagram	begins	

to	 map	 out	 the	 necessary	 conditions	 to	 get	 specific	 structural	 control	 without	

changing	the	supramolecule	used.	There	 is	greater	structural	control	 in	the	 lowest	

MW	supramolecule,	but	this	is	likely	due	to	the	missing	corner	of	the	phase	diagram.	

Currently,	 the	 particle	 sizes	 with	 correct	 ligand	 chemistry,	 solubility,	 and	

monodispersity	 are	 limited	 to	 about	 30	 nm	 or	 less,	 so	 higher	 d/L	 ratios	 in	 the	

highest	MW	supramolecule	are	not	possible.		

Detailed	 image	 analysis	 was	 conducted	 into	 three	 films	 that	 form	 a	

cylindrical	 morphology	 and	 one	 that	 forms	 a	 honeycomb	 morphology	 sample	 to	

visualize	the	defect.	 Junction	points,	where	the	supramolecule	domain	branches	 in	

three	or	more	directions,	 and	 terminal	points,	where	 the	 supramolecule	 ends,	 are	

shown	 for	 both	 the	 PS	 phase	 and	 the	 P4VP(PDP)	 phase.	 The	 NPs	 were	 removed	

prior	 to	 image	 analysis	 (Figure	 5).	 An	 orientational	 order	map	 for	 each	was	 also	

made	to	give	a	visual	representation	of	the	grain	size.	

For	SM	1,	the	longest	cylindrical	grain	size	was	with	5	nm	(Figure	5a)	The	PS	

domain	 (middle	 column)	 in	particular	has	many	 junction	defects,	 accompanied	by	

several	terminal	defects	in	the	P4VP(PDP)	domain	(right	column).	This	happens	as	
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the	 morphology	 shifts	 to	 the	 honeycomb	 morphology.	 Despite	 the	 high	 defect	

density,	 there	 are	 still	 fairly	 long	 grain	 sizes,	 as	 can	 be	 seen	 in	 the	 orientation	

domain	map	(left	column).		

	

	

Figure	5:	Defect	Analysis	for	(a)	SM1	with	3v%	5	nm	particles	(b)	SM2	with	3v%	15	

nm	 NPs,	 (c)	 SM3	 with	 3v%	 25	 nm	 NPs	 and	 (d)	 SM1	 with	 3v%	 25	 nm	 NPs.	 Left	

column	is	a	orientation	domain	map,	center	column	shows	terminal	point	(red)	and	

junction	 (black)	defects	 in	PS	phase,	 and	 right	 column	shows	 terminal	point	 (red)	

and	junction	(black)	defects	in	P4VP(PDP)	phase.	Each	image	is	3	µmx	3	µm.		
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The	 defects	 are	 not	 forcing	 a	 change	 in	 direction	 of	 the	 PS	 cylinders,	 but	 rather	

occurring	 as	 a	 phase	 transition	 from	 cylinders	 to	 honeycomb	 begins.	 This	 is	

contrasted	to	the	case	where	there	 is	a	 full	honeycomb	structure	across	the	entire	

film,	given	for	SM1	with	25	nm	particles	(Figure	5d).	Here,	there	is	a	very	high	defect	

density	 in	the	PS	domain,	as	the	full	honeycomb	structure	has	several	defects.	The	

orientational	order	map	appears	 to	have	no	order,	because	 the	PS	cylinders	curve	

around	the	NPs.	

SM2	with	15	nm	particles	forms	a	well-ordered	structure	with	few	defects	in	

either	 phase	 (Figure	 5b).	 The	 PS	 and	 P4VP(PDP)	 domain	 form	 continuous	 lines.	

However,	despite	the	low	defect	density,	the	grain	size	is	still	relatively	short:	there	

are	 long	PS	 cylinders,	 but	 they	 curve	 often.	 For	 SM3,	 the	 longest	 cylindrical	 grain	

occurs	for	the	film	with	25	nm.	As	with	SM2	with	15	nm,	the	low	defect	density	gives	

a	false	sense	that	there	is	a	large	grain	size.	However,	that	is	not	the	case.	The	grain	

sizes	are	still	short,	which	is	due	to	the	limited	mobility	of	high	MW	systems.		

Despite	 the	 limited	 grain	 size,	 the	 incorporation	 of	 NPs	 into	 the	

supramolecular	 thin	 films	 allows	 the	 highest	 MW	 based	 supramolecule,	 SM	 3,	 to	

form	an	ordered	structure.	However,	there	is	little	long-range	order.	Prior	work	has	

shown	 that	 changing	 the	 fraction	 of	 solvent	 present	 in	 the	 film	 during	 solvent	

annealing	 can	 increase	 the	grain	 size	 considerably.	 For	 this	 to	happen	 in	 the	 time	

scale	 of	 a	 few	 minutes,	 though,	 the	 viscosity	 of	 the	 solution	 and	 degree	 of	

entanglement	will	need	to	be	low.	Figure	6	shows	SM	2	and	SM	3	solvent	annealed	

to	different	solvent	fractions,	fs,	defined	as	the	fraction	of	solvent	present	in	the	film	

upon	quenching	the	annealing	process.		
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Figure	6:	SM2	(a-c)	and	SM	3	(d-f)	annealed	to	fs=0.2	(a,	d),	0.35	(b,	e),	and	0.5	(c,	f).	

Films	are	~180	nm	thick	with	3v%	15	nm	iron	oxide	NPs.	Scale	bar=200	nm.		

	

For	 SM2	 (Figure	 6a-c),	 the	 solvent	 annealing	 condition	 clearly	 affects	 the	

grain	 size.	 As	 the	 solvent	 fraction	 increases,	 the	 grain	 size	 grows	 from	 tens	 of	

nanometers	to	a	few	hundred	nanometers.	For	SM3,	however,	solvent	annealing	has	

a	limited	effect	on	the	grain	size.	The	grain	size	does	grow,	but	the	largest	grain	size	

possible	 is	on	the	order	of	 tens	of	nanometers.	For	the	 larger	MW	nanocomposite,	

the	mobility	 of	 the	 system	 is	 still	 low,	 despite	 the	 additional	 solvent.	 On	 the	 time	

scale	 of	 a	 few	 minutes,	 even	 with	 lowered	 viscosity	 from	 the	 addition	 of	

nanoparticles,	the	system	cannot	form	long-range	order.		
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Figure	7:	SM3	with	30	nm	particles	at	(a)	1v%,	(b)	3v%,	(c)	6v%,	(d)	9v%,	and	(e)	

12	v%.	(f)	Number	of	NPs/area	on	the	surface	of	a	supramolecular	thin	film.	Scale	

bar=200	nm.	

	

While	 solvent	 annealing	 had	 a	 limited	 effect	 on	 the	 long-range	 order	 of	 the	

structure,	 increasing	 the	 NP	 loading	 has	 a	 greater	 effect	 (Figure	 7).	 Here,	 the	

addition	of	 solvent	 is	 not	 sufficient	 to	 improve	 the	mobility	under	 the	 time	 frame	

used	 to	 anneal	 the	 sample	 (>10	 minutes).	 The	 NPs,	 however,	 can	 increase	 the	

mobility	of	the	system	by	lowering	the	viscosity	and	reducing	chain	entanglement.	

As	a	result,	the	loading	of	particles	acts	as	a	handle	to	tune	the	long-range	order	of	a	

high	 MW	 polymer.	 At	 low	 loading	 amounts,	 (1v%),	 the	 system	 lacks	 long-range	

order	due	to	slow	diffusion	of	the	supramolecule	(Figure	7a).	As	the	volume	loading	
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is	increased	up	to	12v%,	the	grain	size	grows	(Figure	7e).	This	growth	in	grain	size	

is	 attributed	 to	 greater	 mobility	 of	 the	 supramolecule	 as	 well	 as	 the	 NPs.	 The	

number	of	NPs	on	the	surface	significantly	increases	as	the	particle	loading	changes	

(Figure	 7f).	 The	 trend	 is	 not	 linear,	 which	 would	 be	 expected	 if	 the	 increased	

number	 of	 particles	 on	 the	 surface	 was	 only	 due	 to	 the	 increased	 number	 of	

particles	in	the	system	overall.	Instead,	there	is	a	significant	jump	in	particles	on	the	

surface	between	9v%	and	12v%,	which	also	corresponds	 to	a	growth	 in	 the	grain	

size.	 More	 particles	 are	 able	 to	 reach	 the	 surface	 due	 to	 a	 lower	 viscosity	 of	 the	

matrix,	which	also	allows	the	nanocomposite	to	form	longer	grain	sizes.		

	 	The	 increase	 of	 particle	 loading	 has	 a	 different	 effect	 when	 the	 starting	

morphology	is	honeycomb,	not	cylinders.	The	particle	loading	was	increased	from	3-

9v%	 in	 SM1,	 2,	 and	 3	 with	 NPs	 selected	 such	 that	 the	 d/l	 ratio	 for	 all	 three	

supramolecules	was	~0.27	(Figure	8).	This	d/l	should	yield	a	honeycomb	structure	

for	 all	 three	morphologies	 at	 3v%	 loading,	 although	 only	 a	 partial	 honeycomb	 is	

observed	 for	 SM3.	 As	 the	 particle	 loading	 increases,	 the	 honeycomb	 structure	

lessens	and	the	system	switches	back	to	a	cylindrical	structure.	The	increase	in	NPs	

gives	the	system	sufficient	mobility	to	form	the	equilibrium	cylindrical	structure	by	

lowering	 the	viscosity	of	 the	 supramolecule	matrix.	The	honeycomb	structure	 is	 a	

kinetically	determined	state,	so	once	the	mobility	of	the	supramolecule	increases,	it	

reverts	 to	 the	equilibrium	cylindrical	 structure.	This	 is	also	a	deviation	 from	what	

has	 previously	 been	 reported	 in	 supramolecule	 systems:	 large	 particles	 can	 form	

cylindrical	structures,	albeit	ones	with	relatively	short	grain	sizes.	This	is	important	

for	being	able	to	tune	the	interparticle	distance.	In	the	honeycomb	morphology,	the	
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interparticle	 distance	 is	 necessarily	 far,	 since	 each	 particle	 is	 separated	 by	 a	 PS	

domain.	 In	 the	 cylindrical	 morphology,	 there	 can	 be	 quite	 close	 interparticle	

distance,	 on	 the	 order	 of	 the	 NP	 diameter.	 It	 is	 worth	 noting	 that	 for	 all	 these	

structures,	with	d/L	of	~0.28,	the	particles	pack	in	a	single	row.		

	

	

Figure	 8:	 Increasing	 the	 volume	 loading	 of	 NPs	 for	 structures	 with	 a	 d/l	 ratio	 of	

around	0.27		(a)	SM1	with	15	nm	NPs	(b)	SM	2	with	20	nm	NPs	and	(c)	SM	3	with	30	

nm	NPs.			

	

The	 effect	 of	 particle	 loading	 was	 also	 explored	 for	 a	 purely	 cylindrical	

forming	system.	Here,	SM2	with	15	nm	particles	was	selected	(Figure	9).	The	AFM	
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phase	 images	 show	 that	 the	 system	 forms	 a	 cylindrical	 morphology	 when	 the	

particle	 loading	 is	 3v%,	6v%,	 and	9v%	 (Figure	9a-c).	 The	 long-range	order	 of	 the	

films	and	particle	packing,	however,	changes	as	the	particle	loading	increases.	When	

the	loading	is	3v%	and	6v%,	the	particle	pack	in	a	single	row.	For	9v%,	the	particles	

begin	 to	 form	 zigzags	 or	multiple	 rows.	 There	 are	more	 particles	 on	 the	 surface,	

which	forces	a	change	in	the	particle	packing.	This	is	also	shown	in	the	periodicity,	

which	increases	from	65	nm	to	69	nm	as	the	particle	loading	increases	from	3v%	to	

9v%.	The	grain	size	of	the	9v%	films	is	also	larger.		

	

	

Figure	9:	SM	2	with	15	nm	particles	at	(a)	3v%,	(b)	6v%,	and	(c)	9v%.	(d)	Horizontal	

GISAXS	linecut	profiles.		

	 		

4.4	Discussion	

Adding	 NPs	 to	 a	 high	 MW	 supramolecule	 allows	 the	 system	 to	 form	 an	

ordered	structure	on	a	short	time	scale.	This	is	done	by	lowering	the	viscosity	of	the	

polymer	 matrix,	 allowing	 for	 greater	 mobility.	 Prior	 research	 shows	 that	 adding	

nanoparticles	 to	 a	 polymer	 solution	 can	 either	 decrease	 solution’s	 viscosity	 if	 the	
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size	of	the	NP	is	small	relative	to	the	polymer45.	For	entangled	systems,	particles	are	

defined	as	small	if	they	are	less	than	approximately	ten	times	the	size	of	the	polymer	

tube	diameter.	The	particles	decrease	 the	viscosity	by	diluting	entanglements	 and	

improving	chain	mobility.		

	

Figure	10:	Plot	of	normalized	viscosity	for	a	polystyrene	polymer	with	the	addition	

of	NPs	up	to	30	nm	for	four	different	MW	showing	that	the	addition	of	NPs	lowers	

the	viscosity	of	the	polymer	for	(a)	3v%	loading	and	(b)	12v%	loading	

	

The	effect	of	NPs	on	polymer	matrix	viscosity	has	been	modeled	in	homopolymers.	

The	net	change	in	viscosity	Δη,	normalized	by	the	viscosity	without	nanoparticles	η0,	

is	written	

	

where	 the	 parameter	 β	 is	 the	 ratio	 of	 relevant	 sizes,	 Rg/R,	 for	 polymer	 radius	 of	

gyration	 Rg	 and	 nanoparticle	 radius	 R;	 φ	 is	 the	 particle	 volume	 fraction46.	 The	

parameter	 λ	 describes	 slip	 between	 the	 nanoparticle	 and	 the	 polymer.	 This	 value	

depends	 on	 the	 polymer	 and	 nanoparticle	 being	 used,	 and	 is	 difficult	 to	 estimate.	

Here,	 an	 intermediate	 value	 of	 2.5*N	 is	 used,	 where	 N	 is	 the	 number	 of	 polymer	
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segments.	The	 PS-P4VP(PDP)	 supramolecular	 system	 is	 approximated	 as	 PS	

homopolymer	 in	 a	 good	 solvent,	 and	 this	 relationship	 is	 plotted	 for	 a	 range	 of	

molecular	weights	 (Figure	10a).	 	While	 this	 is	an	approximation,	 it	 should	at	 least	

describe	 the	 behavior	 of	 the	 supramolecule	 system.	 Due	 to	 the	 coil-comb	

architecture,	 the	 PS	 component	 will	 be	 entangled,	 while	 the	 P4VP(PDP)	 block	

should	have	fewer	entanglements.	The	free	PDP	will	act	as	a	selective	solvent	for	the	

P4VP	 block	 that	 can	 additionally	 lower	 viscosity,	 so	 the	 PS	 block	 should	 be	 the	

determining	factor	in	the	mobility	of	the	system.		It	is	worth	noting	that,	because	of	

the	preferential	 interaction	of	 the	NP	 ligand	with	 the	 small	molecule,	 the	NPs	will	

mainly	 be	 located	 in	 the	 P4VP(PDP)	 domain,	which	 likely	 has	 few	 entanglements	

due	to	the	brush	structure	from	the	small	molecule.	The	PS	domain	will	have	more	

entanglements	due	to	its	higher	MW	and	coil	formation.	While	the	NPs	may	not	be	

primarily	 located	 in	 the	 PS	 domain,	 they	 still	will	 cross	 into	 it	 due	 to	 the	 needed	

interdomain	 crossing	 for	 the	 formation	 of	 an	 ordered	 structure.	 As	 such,	 it	 is	

expected	the	NPs	will	still	lower	the	viscosity.		

Figure	 10a	 shows	 the	 relative	 viscosity	 of	 four	 different	 MW	 PS	 polymers	

with	 3v%	particle	 loading	 from	 0-30	 nm.	 As	 can	 be	 seen,	 for	 20k,	 50k,	 and	 100k	

polymers,	which	correspond	to	SM	0,	SM1/2,	and	SM	3,	respectively,	NPs	at	all	sizes	

still	 lower	 the	 viscosity	 of	 the	 system.	 If	 the	polymer	used	were	 instead	1kg/mol,	

adding	 NPs	 would	 not	 significantly	 affect	 the	 viscosity.	 Small	 particles	 lower	 the	

viscosity	 by	 more	 than	 larger	 particles.	 Increasing	 the	 particle	 loading	 to	 12	 v%	

(Figure	 10b)	 shows	 that	 having	 more	 particles	 will	 decrease	 the	 viscosity	 of	 the	

polymer	 matrix	 as	 well.	 This	 is	 important	 especially	 for	 the	 highest	 MW	
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supramolecule.	 The	 balance	 created	 by	 increasing	 the	 mobility	 of	 all	 the	

components	 and	 the	 governing	 thermodynamics	 changes	 the	 energy	 landscape	

during	 self-assembly.	 The	 changing	 landscape	 is	 complex	 and	 relies	 on	 many	

parameters,	 but	 controlling	 it	 offers	 the	 opportunity	 to	 design	 thin	 films	without	

size	constraint.		

	

4.5	Conclusion	

The	 addition	 of	 NPs	 to	 high	 MW-based	 supramolecules	 allows	 for	 the	

formation	of	ordered	structures	that	are	highly	tunable	in	 less	than	10	minutes	by	

modulating	the	kinetics	of	assembly.	The	tunability	comes	form	the	ability	to	control	

the	pathway	during	assembly	by	using	the	inherent	parameters.	NP	size,	NP	loading,	

solvent	 annealing	 condition,	 and	MW	were	 all	 found	 to	 be	 handles	 that	 could	 be	

used	to	create	thin	films	with	specific	feature	sizes,	morphologies,	and	interparticle	

distances.	 Feature	 sizes	 ranging	 from	 55-105	 nm	 in	 cylindrical	 and	 a	 honeycomb	

morphology	 has	 been	 achieved.	 The	 particle	 loading	 and	 particle	 size	 can	 be	

changed	to	select	a	specific	morphology,	although	the	pathway	depends	on	the	MW.	

The	supramolecule	allows	for	a	much	greater	range	in	periodicity	and	NP	sizes	that	

can	 be	 incorporated	 than	 traditional	 BCP	 systems.	 This	 work	 begins	 to	 create	 a	

roadmap	 for	making	 exactly	 tunable	 nanocomposite	 thin	 films	 in	 feature	 size	 and	

structure	by	modulating	the	kinetics	during	assembly.		
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4.6	Methods	

Materials	

PS(47	kDa)-b-P4VP(10	kDa)	(PDI	=	1.10),	PS(50	kDa)-b-P4VP(17	kDa)	(PDI	=	1.15),	

and	PS(104	kDa)-b-P4VP(30	kDa)	(PDI	=	1.07)		were	purchased	from	Polymer	

Source,	Inc.	3-n-Pentadecylphenol	(90%–95%)	was	purchased	from	ACROS	

Organics.	Chloroform	(Amylene	as	preservative)	was	purchased	from	Fisher	

Scientific.	Iron	oxide	NPs	dispersed	in	chloroform	were	purchased	from	Ocean	

Nanotech.	All	chemicals	and	materials	were	used	as	received.	

Sample	Preparation	

Supramolecular	solutions	were	prepared	by	dissolving	the	polymer	and	the	small	

molecule	in	chloroform	and	then	stirring	for	72	h.	Thin	films	were	prepared	by	spin-

coating	the	mixed	solutions	onto	silicon	wafers	at	3000	rpm.	Sample	thicknesses	

were	measured	using	a	Filmetrics	F20	interferometer.	For	solvent	annealing,	

samples	were	annealed	using	300	μL	of	CHCl3	injected	inside	a	250	mL	top-capped	

jar	at	24°C.	Once	the	film	thickness	of	the	nanocomposite	thin	film	reached	the	

desired	thickness,	the	jar	was	opened	and	the	CHCl3	vapor	inside	the	jar	was	

allowed	to	freely	evaporate.	Solvent	fraction	is	the	volume	fraction	present	in	the	

swollen	film	during	annealing,	calculated	as	fs=
!!!!!
!!
	where	tf	is	the	final	film	

thickness	and	ti	is	the	initial	film	thickness.	The	solvent	annealing	process	was	

stopped	at	the	desired	fs	and	the	sample	was	quenched	within	10	seconds.	Bulk	

samples	were	obtained	by	evaporating	solvent	from	the	solution	mixtures	in	Teflon	

beakers	and	drying	in	a	vacuum	oven	at	room	temperature,	followed	by	thermal	

annealing	at	100	°C	for	8	h.		
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Transmission	Electron	Microscopy	(TEM)	

TEM	imaging	was	performed	on	a	FEI	Tecnai	12	TEM	at	an	accelerating	voltage	of	

120	kV.	Bulk	samples	were	embedded	in	epoxy	resin	(Araldite	502,	Electron	

Microscopy	Sciences)	and	cured	at	60	°C	overnight.	Thin	film	samples	were	floated	

off	the	Si	substrates	by	dipping	into	5%	HF	aqueous	solution.	The	floated	film	was	

picked	up	by	an	epoxy	block	and	left	at	room	temperature	overnight	to	ensure	the	

adhesion	of	the	thin	film	to	the	epoxy.	The	samples	were	then	sectioned	using	an	

RMC	MT-X	Ultramicrotome	(Boeckeler	Instruments)	with	a	section	thickness	of	60	

nm.	The	thin	sections	were	then	caught	on	a	200-mesh	carbon	film-coated	copper	

grid	for	TEM	imaging.	

	

Atomic	Force	Microscopy	(AFM)	

AFM	was	performed	on	a	Bruker	Dimension	Edge.	The	spring	constant	of	the	

cantilever	was	5–10	N/m	with	a	resonant	frequency	in	the	range	90–210	kHz.	The	

set	point	for	the	auto	tune	was	∼6.0	V.	The	set	point	amplitude	was	80–90%	of	the	

free	vibration	value.	

Image	Analysis		

Image	analysis	was	performed	 in	Python	using	methods	 inspired	by	 the	ADAblock	

application47.	The	periodicity	of	the	supramolecule	determined	from	the	fast	Fourier	

transform	(FFT).	For	defect	analysis,	AFM	phase	images	were	binarized	using	a	local	

thresholding	 technique.	 NPs	 were	 deleted	 by	 filtering	 out	 small	 elements.	 The	

images	were	then	skeletonized.	Defects	were	found	by	scanning	each	pixel:	a	pixel	

with	 two	 nearest	 neighbors	 was	 considered	 defect-free,	 a	 pixel	 with	 only	 one	
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nearest	 neighbor	 was	 labelled	 an	 end,	 and	 a	 skeleton	 pixel	 with	 three	 or	 more	

nearest	neighbors	was	 labelled	a	 junction.	This	 analysis	was	done	 for	both	 the	PS	

and	 P4VP(PDP)	 phase.	 The	 defects/µm2	 quantity	 shown	 in	 Figure	 4(c)	 was	

calculated	 as	 (PSE	 +	 PSJ)/2	 +	 (P4VPE	 +	 P4VPJ)/2,	where	 E	 and	 J	 denote	 ends	 and	

junctions,	respectively,	as	has	been	previously	reported47.		

Grazing	Small-Angle	X-Ray	Scattering	(GISAXS)	

GISAXS	experimental	measurements	were	made	at	beamline	7.3.3	at	the	ALS	in	the	

Lawrence	Berkeley	National	Laboratory	and	at	beamline	8-ID-E	the	APS	in	the	

Argonne	National	Laboratory.	X-ray	wavelengths	of	1.687	and	1.240	Å	were	used	at	

APS	and	ALS,	respectively.	The	scattering	intensity	distribution	was	captured	by	a	

Pilatus	1M	detector	at	ALS	and	APS	at	an	incident	angle	of	0.13°.	The	intensities	(I)	

are	plotted	with	respect	to	q,	where	q	=	(4π/λ)	sin(θ/2),	λ	is	the	wavelength	of	the	

incident	X-ray	beam,	and	θ	is	the	scattering	angle.	
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Chapter	5	
Probing	the	Self-Assembly	Process	of	a	Supramolecular	

Nanocomposite	Thin	Film	Using	In	Situ	Grazing-Incidence	
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5.1	Introduction	

	 Solution-based	processing	is	a	promising	method	for	creating	self-assembled	

thin	films	with	specific	structure	and	desired	functionality.	These	techniques,	which	

include	 inkjet	 printing,	 3D	 printing,	 dip-coating,	 blade-coating,	 spray-coating,	

controlled	drying,	and	more,	have	been	studied	extensively	and	applied	to	a	variety	

of	 applications1-10.	 However,	 even	 with	 widespread	 adoption	 of	 solution-based	

processing,	 there	 is	 still	 a	 lack	 of	 knowledge	 about	 the	 pathway	 taken	 during	

assembly.	While	the	system	design	and	the	final	structure	have	been	correlated,	the	

ultimate	 structure	 depends	 on	 the	 assembly	 pathway	 and	 the	 balance	 of	 several	

competing	processes.	 In	order	to	create	and	access	new	structures	and	properties,	

the	 kinetic	 pathway	 of	 assembly	 must	 be	 understood	 in	 thin	 films11,	 12.	 For	 bulk	

solution	 self-assembly,	 in	 situ	 transmission	 scattering	 using	 small	 angle	 X-ray	

scattering	 (SAXS)	 has	 been	 commonly	 used	 as	 a	 technique	 to	 understand	 the	

assembly	pathway13,	14.	The	nucleation	and	growth	of	 structure	has	been	carefully	

tracked	 to	understand	what	 forces	during	 the	assembly	process	 result	 in	 the	 final	

sample	features,	leading	to	samples	that	can	be	tailored.		

In	 thin	 films,	 scattering	 studies	 can	be	performed	 in	situ	 to	understand	 the	

pathway	 of	 block	 copolymer	 assembly	 under	 solvent	 annealing	 and	 drying15-20.		

SAXS	has	been	used	 to	probe	polymer	 thin	 films,	however,	 it	 is	 limited	due	 to	 the	

small	sample	volume21,	22.	The	most	commonly	used	technique	is	grazing-incidence	

small-angle	 X-ray	 scattering	 (GISAXS).	 GISAXS	 is	 a	 surface-sensitive	 technique,	 so	

only	 the	air-sample	 interface	can	be	carefully	studied.	The	 interior	of	 the	 film	and	

the	substrate-sample	interface	are	difficult	to	probe	with	GISAXS,	thus	the	ensemble	
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behavior	 of	 a	 thin	 film	 during	 assembly	 remains	 unknown.	 Grazing-incidence	

transmission	 small	 angle	 X-ray	 scattering	 (GTSAXS)	 is	 a	 relatively	 new	 technique	

that	 can	 be	 used	 to	 probe	 both	 interfaces	 as	 well	 as	 the	 interior	 of	 the	 film23,	24.	

GTSAXS	 has	 been	 used	 to	 probe	 a	 few	 model	 systems,	 but	 has	 yet	 to	 be	 widely	

adopted	 a	 technique.	 Here,	 GTSAXS	 is	 used	 to	 monitor	 the	 self-assembly	 of	 a	

multicomponent	system	in	situ	during	controlled	drying	of	a	thin	film.		

	 The	 system	 used	 here	 is	 a	 block	 copolymer	 (BCP)-based	 supramolecular	

nanocomposite.	This	system	has	been	extensively	studied	in	bulk	and	thin	films	with	

a	 variety	 of	 different	 types	 of	 nanoparticles	 (NP)25-27.	 In	 thin	 films,	 a	 variety	 of	

morphologies	 can	 be	 achieved	 with	 long-range	 order	 by	 tuning	 the	 NP	 size,	 NP	

loading,	 and	 NP	 type13,	25,	 28-31.	 These	 assemblies	 have	 been	 largely	 generated	 via	

solvent	 vapor	 annealing.	 The	 kinetic	 pathway	 of	 these	 assemblies	 shows	 a	 strong	

dependence	on	the	solvent	annealing	condition12,	32.	It	is	an	open	question,	however,	

if	solvent	vapor	annealing	follows	the	same	kinetic	pathway	as	a	controlled	drying	

process.	The	supramolecular	nanocomposite	is	also	advantageous	to	use	in	an	in	situ	

GTSAXS	 study	 due	 to	 the	 large	 scattering	 contrast	 between	 the	 NPs	 and	

supramolecule.	One	of	the	limitations	of	GTSAXS	is	the	need	for	a	strongly	scattering	

sample	due	to	the	pathway	of	the	beam	through	the	sample	as	well	as	the	substrate,	

which	results	in	attenuation	of	the	signal.	The	supramolecular	nanocomposite	here	

has	strong	scattering,	making	it	an	ideal	candidate	to	study	using	GTSAXS.		

Here,	 a	 supramolecular	 nanocomposite	 was	 investigated	 using	 in	 situ	

GTSAXS	 during	 controlled	 drying	 to	 understand	 the	 assembly	 pathway	 of	 a	

supramolecular	 nanocomposite.	 GTAXS	 proved	 to	 be	 an	 effective	 technique	 for	



	 128	

probing	these	films	to	understand	the	pathway	during.		It	was	found	that	there	are	

three	 stages	 during	 the	 drying	 process.	 By	 probing	 the	 system	 in	 situ,	 the	 kinetic	

pathway	of	a	solution-processed	thin	 film	is	better	understood,	creating	a	map	for	

how	highly	ordered	structures	can	be	achieved.		

	

5.2.	Comparison	of	Grazing-Incidence	Transmission	Small	Angle	X-Ray	

Scattering	and	Grazing-Incidence	Small	Angle	X-Ray	Scattering		

The	supramolecular	nanocomposite	used	here	was	polystyrene-b-poly(4-

vinylpyridine)(pentadecylphenol)	(PS-P4VP(PDP))	with	5	nm	iron	oxide	

nanoparticles.		Drop-cast	films	were	monitored	in	situ	using	GTSAXS.	At	several	

points	during	the	drying	process,	the	incident	angle	was	lowered	so	that	GISAXS	

profiles	were	taken	to	compare	with	the	higher	incident	angle	GTSAXS	profiles.		

	

	
Figure	 1:	 (a)	 GISAXS	 profile	 versus	 (b)	 GTSAXS	 profile	 during	 drying.	 Dotted	 like	

labeled	h	indicates	the	horizon,	x	is	the	beam	center.		
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Figure	 1	 shows	 scattering	 profiles	 of	 two	 during	 drying	 using	 GISAXS	 with	 an	

incident	angle	of	α=0.14˚	(Figure	1a)	and	GTSAXS	with	an	 incident	angle	of	α=0.8˚	

(Figure	1b).	Both	samples	were	taken	after	drying	for	~50	minutes	under	the	same	

conditions.	Peaks	can	be	distinguished	on	the	GISAXS	profile,	but	appear	as	vertical	

streaks,	commonly	referred	to	as	Bragg	Rods.	In	the	GTSAXS	profile,	the	Bragg	Rods	

can	 be	 resolved	 into	 individual	 peaks.	 Additionally,	 the	 horizon	 is	 at	 a	 higher	 qz	

value	 in	 the	GTSAXS	profile	due	 to	a	higher	 incident	angle	so	 it	does	not	 interfere	

with	 the	 region	of	 interest.	The	GISAXS	profile	 shows	some	 transmission	 features,	

centered	on	the	incident	beam.	However,	they	are	difficult	to	exactly	resolve	and	all	

transmission	 features	are	not	present	due	 to	 the	 limited	 range	 in	negative	qz.	The	

GTSAXS	 profile	 clearly	 displays	 these	 negative	 qz	features.	 The	 clearer	 features	 in	

GTSAXS	 makes	 it	 a	 better	 technique	 to	 investigate	 during	 in	 situ	 drying.	 More	

importantly,	 GTSAXS	 samples	 the	 entire	 film,	 not	 just	 the	 surface,	 so	 information	

about	the	interior	of	the	film	and	the	substrate-sample	interface	is	available.		

 

5.3	Stages	of	Drying	

Using	GTSAXS,	the	supramolecular	nanocomposite	thin	films	were	monitored	

every	2-3	minutes	during	the	initial	stages	of	the	drying	process.	Filmetrics	was	also	

used	to	monitor	the	samples	in	situ	to	attempt	to	quantify	the	solvent	content	in	the	

film	 at	 each	 stage.	 	 Figure	 2	 shows	 select	 GTSAXS	 profiles	 and	 Filmetrics	 during	

stage	I	of	the	drying	process,	the	initial	formation	of	an	ordered	structure.	At	early	

times,	 the	 incident	 angle	was	 set	 to	 α=0.5˚	 due	 to	 a	weak	 scattering	 signal	 as	 the	

structure	begins	to	order.	
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Figure	2:	GTSAXS	(incident	angle	α=0.5˚)	and	Filmetrics	profiles	of	a	supramolecular	

nanocomposite	 at	 the	 early	 stages	 of	 drying,	 during	 stage	 I	 of	 the	 drying	 process.	

Time	each	profile	was	taken	is	in	the	upper	left	hand	corner	of	the	GTSAXS	profile.		

	

	

Initially,	there	are	no	clear	features	in	the	GTSAXS	profiles.	At	around	12-13	

minutes	after	drying	has	started,	a	ring	appears	 in	 the	scattering	profile.	After	 the	

formation	of	 the	 ring,	 clear	peaks	 emerge	 in	 the	 scattering	profiles	quickly.	These	

peaks	 indicate	 a	 hexagonally	 packed	 structure.	 Second	order	peaks	 appear	within	

minutes	 of	 the	 appearance	 of	 defined	 peaks,	 which	 indicates	 a	 highly	 ordered	

structure.	 The	 system	goes	 from	a	 quasi-disordered	 structure	 to	 a	 highly	 ordered	

structure	in	a	matter	of	minutes.		
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The	 changes	 in	 the	 scattering	 profile	 are	 accompanied	 by	 changes	 in	 the	

Filmetrics	profile.	Initially,	the	Filmetrics	profile	shows	a	smooth	curve.	When	a	ring	

appears	in	the	GTSAXS	profile,	the	Filmetrics	profile	begins	showing	oscillations.	As	

the	 scattering	 peaks	 get	 clearer	 in	 the	 GTSAXS	 profile,	 the	 amplitude	 of	 the	

oscillations	 increases	 and	 the	 frequency	 of	 oscillations	 decreases.	 The	 Filmetrics	

measurements	are	based	on	interference	spectroscopy,	so	the	oscillations	can	be	fit	

to	 determine	 a	 film	 thickness33.	 This	 fit	 is	 based	 on	 the	 index	 of	 refraction	 of	 the	

solution	and	 the	roughness	of	 the	 film,	both	of	which	are	difficult	 to	calculate	 in	a	

multicomponent	 liquid.	 Due	 to	 the	 multiple	 components,	 the	 solution	 is	 not	

homogenous.	Thus,	the	solution	will	have	a	different	index	of	refraction	at	different	

points.	 The	multiple	 components	 constitute	multiple	 interfaces	 for	 light	 to	 reflect	

off,	creating	complex	interferences.	As	such,	a	satisfactory	fit	of	the	data	was	unable	

to	be	calculated.	A	rough	fit	was	calculated	for	the	Filmetrics	profile	at	t=18.5m	to	

approximate	 the	solvent	 fraction	when	clear	peaks	emerge	 in	 the	GTSAXS	profiles	

(SI	Figure	2).	Based	on	the	fit,	the	film	should	be	~2900	nm.	The	final	film	thickness,	

based	on	a	scratch	test,	is	~800	nm,	so	that	the	solvent	content	of	the	film,	denoted	

fs,	is	fs≈0.72.	While	this	is	a	rough	value,	it	does	indicate	that	there	is	a	high	solvent	

content	when	a	highly	ordered	structure	forms.	Figure	3c	shows	pictures	taken	on	

identical	 films	ex	situ.	These	 films	were	also	monitored	using	Filmetrics.	 It	 is	clear	

from	 these	pictures	 there	 is	 still	 high	 solvent	 content.	The	picture	on	 the	 left	was	

taken	 after	 the	 oscillations	 appeared	 in	 the	 Filmetrics	 data.	 The	 edges	 of	 the	 film	

have	dried	somewhat,	making	 them	 look	brown	and	matte,	but	 the	 interior	of	 the	

film	is	reflective	because	it	is	still	liquid-like.	The	picture	on	the	right	was	taken	after	
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the	drying	process	was	complete	and	the	Filmetrics	data	no	longer	had	oscillations.	

There	is	 little	 if	any	solvent	still	 in	the	film	and	the	whole	film	has	become	brown.	

There	is	still	high	solvent	content	when	the	film	forms	an	ordered	structure,	during	

stage	I	of	drying,	supporting	the	rough	calculation	of	fs=0.72	as	the	solvent	content	

when	peaks	appear	in	the	GTSAXS	data.		

	 Before	the	formation	of	a	ring,	the	scattering	pattern	suggests	the	system	is	

beginning	 to	 form	 an	 ordered	 structure	 (Figure	 3).	 The	 sector	 integration	 of	 the	

GTSAXS	 data	 at	 early	 times	 during	 the	 drying	 process	 shows	 the	 formation	 of	 a	

characteristic	correlation	wavelength.	As	the	drying	process	continues,	the	shape	of	

the	 integration	 cut	 changes	 from	 flat	 to	 having	 a	 clearly	 defined	 decaying	 peak,	

likely	a	result	of	the	formation	of	a	correlation	hole.	The	intensity	of	the	peaks	also	

change	during	the	drying	process	(Figure	3b),	which	could	indicate	a	characteristic	

correlation	 wavelength,	 but	 is	 could	 also	 be	 attributed	 to	 the	 attenuation	 of	 the	

beam.	 During	 drying,	 the	 film	 thickness	 will	 decrease	 as	 solvent	 evaporates,	

resulting	 in	 a	 shorter	 pathway	 of	 the	 beam	 through	 the	 sample.	 However,	 the	

distance	the	beam	travels	through	the	sample	is	on	the	order	of	tens	of	microns,	is	

much	 smaller	 than	 the	 distance	 the	 beam	 travels	 through	 the	 underlying	 silicon	

substrate,	 tens	 of	 millimeters,	 suggesting	 beam	 attenuation	 through	 the	 film	 is	

negligible	as	compared	to	attenuation	through	the	substrate.		
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Figure	 3:	 (a)	 Sector	 integration	 of	 GTSAXS	 profiles	 during	 the	 initial	 stages	 of	

assembly	 process.	 Inset	 shows	 the	 sector	 integrated.	 (b)	 Intensity	 of	 sector	

integration	from	(a)	at	q=0.07Å-1	as	a	function	of	time.	(c)	Picture	of	a	sample	during	

drying	process.	The	picture	on	the	left	was	taken	after	the	oscillations	appeared	in	

the	 Filmetrics	 data,	 and	 the	 right	 picture	was	 taken	 after	 the	 drying	 process	was	

complete.		

	

During	stage	II	of	the	drying	process,	the	system	remains	in	a	highly	ordered	

state	(Figure	4).	Once	an	ordered	structure	was	formed,	the	incident	angle	was	set	

to	α=0.8˚	 to	minimize	distortion	 of	 the	 scattering	 features.	Additionally,	 at	 α=0.8˚,	

the	direct	beam	intensity	 is	 low	enough	that	 the	beamstop	can	be	 lowered	so	that	

more	scattering	peaks	are	observed.	The	sharp	peaks	present	in	the	GTSAXS	images	

indicate	 that	 there	 is	 one	 periodicity	 throughout	 the	 sample:	 ordering	 happens	

simultaneously	throughout	the	entire	film.	Both	interfaces	drive	the	formation	of	a	

highly	 organized	 structure.	 This	 almost	 crystalline	 structure	 persists	 during	 the	
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drying	process	for	approximately	half	of	the	drying	time,	while	higher	order	peaks	

appear,	indicating	the	formation	of	long-range	order.		

	
Figure	4:	 (a-e)	GTSAXS	profile	(α=0.8˚)	and	Filmetrics	profiles	of	a	supramolecular	

nanocomposite	 during	 stage	 II	 of	 the	 drying	 process.	 The	 time	 each	 profile	 was	

taken	is	in	the	upper	right	hand	corner	of	GTSAXS	profile.	(f)	Filmetrics	data	taken	at	

corresponding	times	to	GTSAXS	profiles.	

	

During	 this	stage	drying	process,	 the	oscillation	Filmetrics	data	mirrors	 the	

peaks	 (Figure	 4f).	 The	 oscillation	 in	 this	 data	 appears	 simultaneously	 to	 the	

appearance	of	peaks	in	the	GTSAXS	data.	 	The	earliest	oscillations	in	the	Filmetrics	

data	are	offset	slightly	in	phase	from	the	oscillations	that	appear	for	most	of	stage	II.	

When	 the	 film	 is	 ordering,	 the	 oscillations	 are	 in	 a	 different	phase	 than	when	 the	

film	has	formed	a	highly	ordered	structure.	During	this	middle	part	of	stage	II,	from	

20-30	minutes	 into	 the	drying	process,	 the	peaks	 in	 the	GTSAXS	profiles	are	clear	



	 135	

and	higher	order	peaks	appear	while	the	oscillations	in	the	Filmetrics	data	are	the	

same	in	phase	and	amplitude.	Once	the	GTSAXS	peaks	begin	to	broaden	(Figure	4e),	

the	phase	of	the	oscillations	shifts	and	the	amplitude	decreases	slightly.	Even	if	the	

Filmetrics	data	cannot	be	fit	to	give	an	exact	film	thickness,	it	can	be	used	to	monitor	

where	 the	 film	 is	 during	 the	 drying	 process.	 Stage	 II	 of	 the	 drying	 process	 is	

characterized	 by	 the	 film	 adjusting	 slightly	within	 the	 initial	 templated	 structure.	

The	appearance	of	second	and	third	order	scattering	peaks	suggests	the	long-range	

order	is	growing	due	to	long-range	diffusion.		

	 In	 stage	 III	 of	 the	 drying	 process,	 the	 sharps	 peaks	 in	 the	 GTSAXS	 data	

broaden	 (Figure	 5).	 As	 the	 peaks	 broaden,	 the	 oscillations	 in	 the	 Filmetrics	 data	

begin	to	disappear.	These	oscillations	change	 in	amplitude	as	well	as	 frequency	as	

the	peaks	broaden.	Generally,	the	frequency	of	the	oscillations	is	proportional	to	the	

film	thickness,	so	as	the	frequency	decreases,	the	film	is	getting	thinner.	This	trend	

is	 to	 be	 expected	 as	 the	 solvent	 evaporates	 from	 the	 film.	 As	 the	 peaks	 broaden,	

however,	 there	 are	 still	 clear	 higher	 order	 peaks	 present	 in	 the	 GTSAXS	 data,	

indicating	 there	 is	 still	 good	 long-range	 order.	 In	 this	 stage,	 short-range	 diffusion	

guides	the	assembly.	The	overall	structure	of	the	film	is	set	in	a	template	from	stage	

I.	From	that	template,	the	system	can	only	undergo	local	rearrangement,	leading	to	

the	broadening	peaks	as	the	periodicity	changes	in	the	film.		
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Figure	5:	 (a-e)	GTSAXS	profile	(α=0.8˚)	and	Filmetrics	profiles	of	a	supramolecular	

nanocomposite	 during	 stage	 III	 of	 the	 drying	 process.	 The	 time	 each	 profile	 was	

taken	is	in	the	upper	right	hand	corner	of	GTSAXS	profile.	(f)	Filmetrics	data	taken	at	

corresponding	times	to	GTSAXS	profiles.	

	 	

Peak	position	and	full	width	at	half	maximum	(FWHM)	was	calculated	from	

the	 radial	 integration	 of	 each	 plot	 to	 quantify	 how	 the	 domain	 spacing	 and	 long-

range	order	change	during	the	drying	process	(Figure	6).	The	position	and	FWHM	

the	 second	 order	 peak	was	 used	 to	 avoid	 distortion	 of	 the	 first	 order	 peak	 from	

background	scattering.	The	radial	integration	profiles	are	shown	in	Figure	6a.	At	all	

times	after	the	formation	of	an	ordered	structure,	higher	order	peaks	are	observed,	

indicating	good	long	range	order	in	the	film.	These	profiles	also	show	a	small	change	

in	the	position	of	the	peaks	during	the	drying	process	as	well	as	a	broadening	of	the	
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peaks.	The	peak	position	 in	 as	 function	of	 time	 is	 shown	 in	Figure	6b.	During	 the	

drying	process,	the	location	of	the	peak	forms	a	u-shaped	pattern.		

	
Figure	6:	(a)	Radial	 integration	of	GTSAXS	profiles.	Second	order	peak	(b)	position	

and	(c)	full	width	at	half	maximum	as	a	function	of	drying	time.	(d)	TEM	of	~100	nm	

nanocomposite	films	at	two	magnifications.		

		

At	 short	 drying	 times	 during	 stage	 II,	 t=20-30	 minutes,	 the	 peak	 position	

increases,	 indicating	 a	 reduction	 in	 the	 periodicity	 of	 the	 film.	 From	 t=30-40	

minutes,	 the	 peak	 position	 decreases	 sharply/the	 periodicity	 increases.	 The	 peak	

position	continues	to	decrease	from	t=40-60	minutes,	during	stage	III	of	the	drying	

process,	 although	more	gradually.	After	 t=60	minutes,	 the	peak	position	 increases	

sharply	 to	 a	 larger	 value	 than	 the	 initial	 peak	 position,	 indicating	 a	 smaller	

periodicity	than	was	present	at	the	beginning	of	the	drying	process.	The	change	in	

the	peak	position	 from	 the	beginning	of	 the	drying	process	 to	 the	end	 follows	 the	
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expected	 increase	 in	 peak	 position/decrease	 in	 periodicity	 as	 solvent	 evaporates.	

Without	the	in	situ	experiment,	the	additional	information	about	the	pathway	taken	

would	be	unknown.	The	overall	change	in	peak	position	is	small,	corresponding	to	a	

range	 of	 a	 few	 nm.	 Once	 the	 periodicity	 of	 the	 film	 forms,	 there	 are	 only	 small	

changes.	This	suggests	templated	assembly:	an	ordered	structure	is	formed	quickly	

during	 the	 drying	 process.	 Once	 that	 structure	 has	 been	 formed,	 the	 system	 is	

unable	to	rearrange	significantly	and	can	only	undergo	short-range	diffusion.			

	 The	FWHM	of	the	second	order	peak	is	shown	in	Figure	6b.	Overall,	the	peaks	

get	broader	as	the	drying	process	continues.	The	FWHM	does	not	appear	to	have	the	

same	characteristic	regions	as	the	peak	position.	However,	there	are	changes	in	the	

FWHM	curve	that	occur	at	the	same	time	points	as	the	changes	in	the	peak	position.	

Initially,	 the	FWHM	 increases.	During	 the	 sharp	drop-off	 in	peak	position	at	 t=30-

40m,	the	FWHM	plateaus.	The	system	undergoes	a	slight	rearrangement	in	spacing	

without	while	maintaining	a	 similar	 grain	 size.	 From	 t=40-60	minutes,	 the	FWHM	

increases	again	as	the	peak	position	changes	more	gradually.	Here,	there	is	decrease	

in	 long-range	 order	 with	 a	 corresponding	 smaller	 change	 in	 nanocomposite	

periodicity.	 The	 FWHM	 continues	 increasing,	 although	 there	 is	 a	 slight	 decrease	

when	the	peak	position	begins	decreasing	again.	The	increase	of	the	FWHM	during	

the	 drying	 process	 points	 to	 templated	 assembly.	 Although	 the	 system	 forms	 an	

ordered	structure	quickly,	it	still	has	mobility.	But	if	there	is	an	ordered	framework,	

the	system	is	limited	to	short-range	diffusion,	so	it	can	only	rearrange	locally,	which	

leads	 to	 a	 disordering	 of	 the	 system.	 Higher	 order	 peaks	 in	 the	 GTSAXS	 patterns	
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indicate	there	is	still	good	long-range	order	in	the	system	overall,	so	the	broadening	

of	peaks	is	coming	from	local	disorder	rather	than	the	entire	system	disordering.		

	 Transmission	electron	microscopy	(TEM)	images	of	a	100	nm	nanocomposite	

film	that	was	prepared	using	the	same	conditions	are	shown	in	Figure	6d.	The	top	

image	 shows	 clearly	 that	 there	 is	 long-range	 order	 in	 the	 film	 after	 the	 drying	

process	is	finished.	This	observation	is	consistent	with	the	higher	order	peaks	in	the	

GTSAXS	data.	The	bottom	image	provides	a	possible	explanation	for	the	broadening	

of	 the	peaks.	From	the	 top	 image,	 it	 appears	 that	 the	NPs	are	 segregated	 into	one	

domain	of	 the	 supramolecule.	However,	 at	 a	 higher	magnification,	 the	TEM	 image	

shows	that	there	are	NPs	in	both	domains.	The	fact	that	NPs	are	 in	the	PS	domain	

indicates	that,	during	the	drying	process,	the	small	molecule	likely	becomes	soluble	

in	both	domains.	The	 scattering	 signal	 comes	 from	 the	NPs,	 so	having	particles	 in	

both	domains	will	broaden	the	peaks	because	there	is	a	lack	of	order	locally	even	if	

there	is	long-range	order	in	the	film	overall.		

The	distance	between	peaks	 in	both	qy	 and	qz	 gives	 additional	 information	

about	how	nanocomposite	lattice	changes	during	the	drying	process	(Figure	7).	For	

both	 Δqy	 and	 Δqz,	 the	 changes	 are	 small,	 corresponding	 to	 a	 few	 nanometers,	

suggesting	 that	 any	 rearrangement	 of	 the	 nanocomposite	 is	 limited	 by	 the	 initial	

arrangement.	 They	 follow	 the	 same	 general	 trend,	 albeit	 with	 different	 inflection	

points.	 Initially,	 there	 is	no	change	 in	spacing	 in	either	direction.	Then,	 there	 is	an	

increase	in	q	spacing,	corresponding	to	a	decrease	in	lattice	spacing,	 followed	by	a	

decrease	in	in	q	spacing.	In	the	qy	direction,	the	increase	in	peak	spacing	persists	for	

longer	whereas	the	qz	peak	spacing	begins	to	decrease	sooner.	
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Figure	7:	(a)	Distance	between	peaks	in	qy	(left	axis)	and	qz	(right	axis).	Inset	shows	

how	the	two	distances	were	measured	(b).	Azimuthal	integration	at	different	drying	

times.	The	starting	point	and	direction	of	integration	is	shown	in	the	inset	in	(a).	Fix	

(b)	

	

The	 Δqz	 has	 a	 large	 increase	 at	 t=60	 minutes,	 when	 the	 chamber	 was	 vented,	

meaning	 solvent	 was	 removed	 quickly.	 As	 the	 solvent	 is	 removed,	 the	 film	 will	

collapse	in	the	z-direction.	There	is	no	corresponding	change	in	Δqy	during	the	fast	

removal	 of	 solvent,	 which	 is	 consistent	 with	 previous	 studies,	 where	 the	 system	

does	not	have	time	to	rearrange	and	the	spacing	of	the	supramolecule	is	frozen	in.	

The	 magnitude	 Δqz	and	 Δqy	 is	 different,	 meaning	 that	 the	 lattice	 is	 not	 perfectly	

symmetric.		

	 The	azimuthal	angle	integration	of	the	GTSAXS	patterns	is	show	in	Figure	7b.	

The	definition	of	where	the	integration	starts	and	its	direction	is	shown	in	the	inset	

of	figure	7a.	The	azimuthal	integration	data	confirms	that,	once	the	system	forms	an	

ordered	 structure,	 there	 is	 little	 change	 in	 the	 lattice.	At	 short	drying	 times,	 there	

are	 clear,	 sharp	 peaks	 that	 lessen	 in	 intensity	 and	 broaden	 as	 the	 drying	 process	
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continues.	There	is	little	shift	 in	the	peak	position	as	the	drying	process	continues,	

indicating	 the	 lattice	does	not	 rearrange	orientation,	which	 is	 to	be	 expected.	The	

disappearance	of	some	of	the	peaks,	such	as	those	at	~60˚	and	~120˚,	is	due	to	the	

loss	of	higher	order	peaks	toward	the	end	of	the	drying	process.		

	

5.4	Discussion	

GTSAXS	has	been	used	to	monitor	films	during	in	situ	drying.	It	has	shown	to	

be	 effective	 for	 investigating	 the	drying	process	due	 to	 the	 strong	 scattering	 from	

the	NPs	in	the	sample.	The	long-range	order	of	the	film	occurs	simultaneously	to	the	

formation	of	order,	not	as	a	gradual	process.	Controlled	drying	of	a	supramolecular	

nanocomposite	is	a	three-step	process	(Figure	8).			

	

	

	

Figure	8:	Schematic	of	stages	of	drying	of	supramolecular	thin	film	nanocomposites		
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During	 stage	 I,	 the	 initial	 formation	 of	 order	 can	 be	 monitored	 by	 the	

scattering	 profile	 until	 the	 appearance	 of	 a	 ring	 in	 the	 GTSAXS	 pattern	 that	 is	

followed	 very	 quickly	 by	 sharp,	 almost	 crystalline.	 These	 peaks	 appear	 at	 short	

drying	 times,	 when	 the	 solvent	 content	 of	 the	 film	 is	 still	 high,	 estimated	 to	 be	

fs=0.72.	This	 observation	 seems	 counterintuitive,	 as	 a	high	 solvent	 content	 should	

lead	 to	 a	 weak	 thermodynamic	 force	 for	 separation,	 since	 the	 Flory-Huggins	

interaction	 parameter	 decreases	 with	 increasing	 solvent34.	 However,	 the	 high	

solvent	 content	 means	 the	 system	 should	 have	 high	 mobility,	 leading	 to	 the	

formation	of	an	ordered	structure	quickly.		

In	stage	II,	 the	highly	ordered	structure	persists	and	grows,	as	 indicated	by	

the	appearance	of	higher	order	peaks.	 	The	sharp	peaks	 indicate	 that	 there	 is	one	

periodicity	throughout	the	entire	film.	The	ordering	of	the	film	is	not	driven	by	the	

solvent	 gradient	 from	 the	 surface,	 but	 rather	 emanates	 from	 both	 interfaces	

throughout	the	film	almost	instantaneously.		During	this	stage	of	the	drying	process,	

a	 highly	 ordered	 structure	 is	 maintained	 with	 little	 change	 in	 lateral	 periodicity	

throughout	the	film.	Long-range	diffusion	governs	this	period	of	the	drying	process	

where	film	grain	sizes	increase	and	the	system	overall	rearranges	while	maintaining	

good	order.		In	stage	III	of	the	process,	the	GTSAXS	peaks	broaden,	but	there	are	still	

higher	order	peaks,	indicating	the	system	retains	its	long-range	order.	This	process	

is	 templated	 assembly.	 The	 framework	 for	 the	 structure	 is	 set	 early	 during	 the	

drying	 process.	 Once	 the	 framework	 is	 set,	 even	 if	 the	 system	 has	mobility,	 only	

short-range	diffusion	and	local	rearrangement	is	possible.	Templated	assembly	is	a	

result	of	the	kinetic	pathway	taken	rather	than	the	thermodynamic	driving	force	for	
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ordering.	Once	a	template	is	set,	the	energetic	cost	to	interdomain	diffusion	too	high,	

trapping	 the	 system35,	36.	 Solvent	 leaves	 in	 the	direction	perpendicular	 to	 the	 film,	

allowing	changes	to	the	lattice	in	the	z	direction,	but	only	small,	local	rearrangement	

is	possible	in	plane	to	the	thin	film.			

	

5.5	Comparison	to	Other	Scattering	Methods		

GTSAXS	is	an	effective	method	to	monitor	supramolecular	nanocomposites	in	

situ:	 clear	 transmission	 scattering	 peaks	 can	 be	 measured.	 However,	 there	 are	

several	 constraints	 as	 to	 what	 systems	 can	 be	 studied	 using	 GTSAXS	 due	 to	 the	

inherent	 constraints	 of	 the	 set-up.	 The	 parameters	 governing	 the	 set	 up	 and	 a	

schematic	of	the	geometry	are	shown	in	Figure	9.		

	

Figure	 9:	 Schematic	 of	 GTSAXS	 set	 up.	 Schematic	 is	 not	 to	 scale	 so	 that	 relevant	

lengths	and	the	beam	pathway	can	be	seen		
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The	schematic	is	not	drawn	to	scale	so	that	the	features	are	clear.	Due	to	the	

small	angle	used	(α=0.8˚),	 the	beam	passes	 through	a	considerable	distance	 in	 the	

polymer	 film	 before	 reaching	 the	 silicon.	 It	 does	 not	 pass	 through	 the	 entire	

thickness	 of	 the	 silicon	 substrate,	 but	 rather	 exits	 through	 the	 side.	 Beam	 size	 is	

determined	by	the	slit	size,	which	 in	turn	determines	the	volume	of	 the	sample	or	

substrate	the	beam	passes	through.	Here,	the	slit	size	was	50	µm	x	100	µm.	Table	1	

shows	 the	 volume	 and	 distance	 the	 beam	 travels	 through	 the	 sample,	 and	 the	

horizontal	 footprint	of	 the	beam	on	the	sample	for	the	nanocomposite	at	 its	 initial	

and	 final	 thickness.	 The	 beam	 passes	 through	 approximately	 one	 million	 cubic	

microns	 of	 the	 sample	 during	 the	 GTSAXS	 experiment.	 By	 contrast,	 if	 a	 SAXS	

experiment	 were	 to	 be	 carried	 out,	 the	 beam	 would	 only	 pass	 through	

approximately	 one	 thousand	 cubic	 microns.	 The	 volume	 of	 the	 sample	 is	 much	

higher	in	GTSAXS,	which	gives	a	larger	signal	than	in	SAXS	experiments	

	

Table	1:	Length	scale	of	beam	pathway	 through	 the	sample	at	 its	 initial	 thickness,	

the	 sample	 at	 its	 final	 thickness,	 the	 silicon	 substrate,	 and	 a	 corresponding	 SAXS	

experiment.	

	 Thickness	(t)	
(µm)	

Beam	pathway	
length	through	
sample	(µm)	

Footprint	(f)	
(µm)	

Volume	of	
sample	(V)	
(µm3)	

Thin	film	
(initial)	

2.9		 207.7	 207.7	 1.04x106	

Thin	film	
(final)	

0.8	 57.3	 57.3	 2.87x105	

Thin	film	in	
SAXS	(final)	

0.8	 0.8	 -	 4.0	x103	

Si		 500	 6000	 6000	 3.0x107	
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For	any	signal	to	be	present	in	the	final	GTSAXS	profile,	the	scattering	from	

the	 sample	 must	 be	 strong	 since	 the	 signal	 passes	 through	 the	 substrate.	 The	

scattering	length	density	(SLD)	of	all	components	in	this	nanocomposite	is	shown	in	

Table	 237.	 The	 SLD	 of	 PS,	 P4VP,	 and	 PDP	 are	 all	 small,	 with	 minimal	 contrast	

between	them.	The	SLD	of	the	 iron	oxide	NPs,	however,	 is	much	higher,	 indicating	

that	 the	scattering	peaks	come	 from	the	contrast	between	 the	NPs	and	 the	rest	of	

the	sample.		

Table	2:	Scattering	length	density	(SLD)	of	each	component	in	the	nanocomposite	

	 PS	 P4VP	 PDP	 Fe2O3	

SLD(x10-6	Å)	 1.39	 1.70	 0.19	 7.18	

	

Even	if	the	contrast	in	SLD	is	strong,	the	signal	will	still	be	attenuated	by	the	

substrate.	The	expected	 intensity	of	 a	 sample	due	 to	 loss	 from	attenuation	 can	be	

determined	 following	 the	 exponential	 attenuation	 law	 !
!!
= 𝑒!

!
! ∗! ,	where	 Io	 is	 the	

incident	 intensity,	 µ/ρ	 is	 the	 mass	 attenuation	 coefficient,	 and	 x	 is	 the	 mass	

thickness,	defined	as	 the	density,	ρ,	 times	the	sample	thickness,	 t38.	Table	3	shows	

the	 values	 used	 to	 calculate	 the	 attenuation	 of	 the	 signal	 by	 silicon	 as	well	 as	 by	

polystyrene,	which	corresponds	to	the	attenuation	by	the	substrate	and	the	sample,	

respectively.	 The	 mass	 attenuation	 coefficient	 was	 found	 from	 literature,	 and	

changes	depending	on	the	incident	X-ray	beam	energy.	For	this	experiment,	 the	X-

ray	beam	was	at	12	keV.	The	listed	values	for	mass	attenuation	coefficients	are	for	

10	keV	and	15	keV,	so	the	intensity	attenuation	was	calculated	for	both	values,	with	
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the	 assumption	 that	 the	 true	 attenuation	 value	 should	 lay	 between	 the	 two	

calculated	values.		

	

Table	3:	Values	used	to	calculate	signal	intensity	attenuation	

	 Mass	attenuation	
coefficient	
(cm2/g)	

Thickness	
(cm)	

ρ	
(g/cm3

)	

Mass	
thickness	
(g/cm2)		

I/Io		

at	10	
keV	

at	15	
keV	

at	10	
keV	

at	15	
keV	

PS	 2.21	 0.7738	 2.9x10-4	 1.06	 0.0219	 0.95	 0.98	
Silico
n	

33.8	 10.34	 0.6		 2.33	 1.398	 3x10-
21	

5x10-7	

	

The	 sample,	 approximated	 as	 polystyrene,	 barely	 attenuates	 the	 signal,	 with	

I/Io=0.95-0.98.	 The	 silicon	 substrate,	 however,	 attenuates	 the	 sample	 quite	 a	 bit,	

with	I/Io=5x10-7	3x10-21.	The	signal	must	be	extremely	strong	for	GTSAXS	to	be	an	

effective	method.	The	NPs	are	key	to	seeing	any	sort	of	signal	in	the	GTSAXS	profiles,	

limiting	 the	 use	 of	 this	 technique	 for	 polymer-only	 samples.	 However,	 using	 a	

neutron	 source	 rather	 than	 an	 X-ray	 source,	 for	 grazing-incidence	 small	 angle	

neutron	 scattering	 could	 open	 the	 door	 for	 investigating	 samples	 without	 large	

scattering	contrast,	since	the	substrate	would	not	attenuate	the	sample.	Even	with	

the	constraints	of	GTSAXS,	it	can	be	used	to	investigate	nanocomposites	both	in	situ	

and	ex	situ	to	determine	the	pathway	of	assembly	and	final	film	features	of	thin	films	

using	transmission	geometry.		

	

5.6	Conclusion	
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Here,	GTSAXS	has	been	used	 to	monitor	supramolecular	nanocomposite	 thin	 films	

during	 in	 situ	 drying.	 It	 has	 shown	 to	 be	 effective	 for	 investigating	 the	 drying	

process	 due	 to	 the	 strong	 scattering	 from	 the	 NPs	 in	 the	 sample,	 despite	 large	

attenuation	from	the	underlying	substrate.	These	experiments	have	shown	a	three-

step	drying	process	where	a	highly	ordered	structure	is	quickly	formed	throughout	

the	 entire	 film.	 GTSAXS,	 as	 a	 transmission	 technique,	 was	 able	 to	 verify	 that	 this	

structure	 is	 formed	 throughout	 the	 entire	 film.	 In	 the	 final	 stage	 of	 drying,	 short-

range	diffusion	dominates	the	pathway	so	the	film	disorders	locally,	but	maintains	

long-range	 order	 across	 the	 entire	 film.	 The	 system	 rearranges	 locally,	 following	

templated	 assembly,	 resulting	 only	 in	 small	 changes	 in	 periodicity	 and	 lattice	

ordering.	This	study	offers	insight	into	how	solution-based	assembly	can	be	used	to	

create	highly	ordered	nanocomposites.	

	

5.7	Methods		

Materials	

The	 BCP,	 polystyrene-block-poly(4-vinyl	 pyridine)	 (PS(47 000)-b-P4VP(10	 000))	

(PDI	=	1.10)	was	purchased	from	Polymer	Source,	Inc.	3-n-Pentadecylphenol	(PDP)	

(95%)	 was	 purchased	 from	 Across.	 Chloroform	 was	 purchased	 from	 Fisher.	 Iron	

oxide	 NPs	 with	 core	 size	 of	 5	 nm	 were	 purchased	 from	 Ocean	 Nanotech.	 All	

chemicals	were	used	as	received.		

Solution	Preparation	

The	 supramolecule	 was	 prepared	 by	 dissolving	 PS-P4VP	 with	 an	 appropriate	

amount	of	PDP	in	chloroform	and	stirred	for	a	week.	3v%	of	5	nm	core	iron	oxide	
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nanoparticles	were	 added	 to	 the	 supramolecular	 solution	 and	mixed	 via	 vigorous	

shaking.	 The	 solution	was	 then	 diluted	with	 chloroform	 to	 a	 concentration	 of	 0.8	

wt%.	The	final	film	thickness	of	samples	after	drying	was	800	nm.		

Grazing	Transmission	Small	Angle	X-Ray	Scattering	(GTSAXS)	

GTSAXS/GISAXS	experimental	measurements	were	made	at	beamline	8-ID-E	 the	

APS	in	Argonne	National	Laboratory	and	at	beamline	7.3.3	at	the	ALS	in	Lawrence	

Berkeley	National.	X-ray	wavelengths	of	1.687	and	1.240	Å	were	used	at	APS,	and	

ALS,	respectively.	The	scattering	intensity	distribution	was	captured	by	a	Pilatus	1	

M	 detector	 at	 ALS	 and	 APS.	 The	 intensities	 (I)	 are	 plotted	 with	 respect	 to	q,	

where	q	=	(4π/λ)sin(θ/2),	λ	 is	 the	wavelength	of	the	 incident	X-ray	beam,	and	θ	 is	

the	 scattering	 angle.	 A	 2	 cm	 x	 2	 cm	 silicon	 substrate	 was	 placed	 in	 a	 chamber	

designed	for	in	situ	measurements	and	aligned	with	the	beam.	A	500µL	chloroform	

reservoir	 was	 injected	 into	 the	 chamber	 to	 slow	 the	 drying	 process	 and	 then	

~100µL	of	sample	was	drop	cast	onto	the	substrate.	Films	were	initially	monitored	

at	 an	 incident	 angle	 of	 α=0.5˚	 until	 the	 initial	 formation	 of	 structure,	 when	

measurements	were	taken	at	α=0.8˚	and	the	beamstop	was	lowered.	GISAXS	images	

were	taken	at	α=0.14˚.		

Transmission	Electron	Microscopy	(TEM)	

TEM	imaging	was	performed	on	a	FEI	Tecnai	12	TEM	at	an	accelerating	voltage	of	

120	kV.	Thin	film	samples	for	TEM	studies	were	prepared	as	described	previously,	

except	that	the	Si	wafer	was	replaced	a	200-mesh	carbon	film-coated	copper	grid	

and	the	film	thickness	was	100	nm.	
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