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Cellulose	Nanocrystal	Interactions	Probed	by	Thin	Film	Swelling	to	
Predict	Dispersibility		
Michael	S.	Reida,	Marco	Villalobosb	and	Emily	D.	Cranstona,†	
	

The	production	of	well-dispersed	reinforced	polymer	nanocomposites	has	been	limited	due	to	poor	understanding	of	the	

interactions	 between	 components.	 Measuring	 the	 cohesive	 particle-particle	 interactions	 and	 the	 adhesive	 particle-

polymer	 interactions	 is	 challenging	 due	 to	 nanoscale	 dimensions	 and	 poor	 colloidal	 stability	 of	 nanoparticles	 in	 many	

solvents.	 We	 demonstrate	 a	 new	 cohesive	 interaction	 measurement	 method	 using	 cellulose	 nanocrystals	 (CNCs)	 as	 a	

model	system;	CNCs	have	recently	gained	attention	 in	the	composites	community	due	to	their	mechanical	strength	and	

renewable	nature.	Multi-wavelength	surface	plasmon	resonance	spectroscopy	(SPR)	was	used	to	monitor	the	swelling	of	

CNC	thin	 films	to	elucidate	the	primary	 forces	between	CNCs.	This	was	achieved	by	measuring	swelling	 in	situ	 in	water,	
acetone,	methanol,	acetonitrile,	isopropanol,	and	ethanol	and	relating	the	degree	of	swelling	to	solvent	properties.	Films	

swelled	 the	most	 in	 water	 where	 we	 estimate	 1.2-1.6	 nm	 spacings	 between	 CNCs	 (or	 4-6	molecular	 layers	 of	 water).	

Furthermore,	 a	 correlation	 was	 found	 between	 film	 swelling	 and	 the	 solvent’s	 Hildebrand	 solubility	 parameter	

(R2=0.9068).	The	hydrogen	bonding	component	of	the	solubility	parameters	was	more	closely	linked	to	swelling	than	the	

polar	or	dispersive	components.	The	films	remained	intact	in	all	solvents,	and	using	DLVO	theory	we	have	identified	van	

der	 Waals	 forces	 as	 the	 main	 cohesive	 interaction	 between	 CNCs.	 The	 trends	 observed	 suggest	 that	 solvents	 (and	

polymers)	 alone	 are	 not	 sufficient	 to	 overcome	 CNC-CNC	 cohesion	 and	 that	 external	 energy	 is	 required	 to	 break	 CNC	

agglomerates.	 This	 work	 not	 only	 demonstrates	 that	 SPR	 can	 be	 used	 as	 a	 tool	 to	 measure	 cohesive	 particle-particle	

interactions	 but	 additionally	 advances	 our	 fundamental	 understanding	 of	 CNC	 interactions	 which	 is	 necessary	 for	 the	

design	of	cellulose	nanocomposites.	

	

Introduction	
	

Despite	 recent	 advances,	 reinforced	 polymeric	 nano-
composites	 (apart	 from	elastomeric	 systems)	 are	 still	 in	 their	
infancy.	 Cost,	 poor	 particle	 dispersibility	 and	 limited	 load	
transfer	 between	 the	 phases	 have	 been	 major	 stumbling	
blocks	 within	 the	 field.	 The	 variety	 of	 matrices	 and	 particles	
available	 requires	 specific	 application	 design,	 however,	
ultimately	 both	 the	 mechanical	 and	 thermal	 properties	 of	
nanocomposites	 are	 governed	 by	 the	 balance	 between	
cohesive	 particle-particle	 and	 adhesive	 particle-polymer	
interactions.1	 Indeed	 Akcora	 et	 al.	 were	 able	 to	 predict	 and	
control	 nanoparticle	 assembly	 in	 polystyrene	 matrices	 by	
altering	 the	 cohesive	 and	 adhesive	 interactions	 within	 the	
composite.2	 Grafting	 increasingly	 dense	 polymer	 chains	 onto	

the	 nanoparticles	 reduced	 particle-particle	 interactions	 and	
assembly	shifted	from	spherical	aggregates	to	sheets	to	strings	
and	 finally	 individually	 dispersed	 nanoparticles.	 (Herein	 we	
define	 cohesion	 as	 the	 interaction	 between	 nanoparticles	 of	
the	 same	material	 in	 contrast	 to	 the	 traditional	 definition	 of	
cohesion	 being	 within	 a	 material;	 this	 is	 also	 used	 in	 the	
powder	and	composites	materials	community.3)	Advancing	the	
field	 of	 reinforced	 nanocomposites	 requires	 methods	 to	
extract	and	predict	these	interactions	in	a	variety	of	systems.		
	 Cellulose	 nanocrystals	 (CNCs)	 are	 an	 abundant	 and	
sustainable	 rod-shaped	 nanomaterial	 that	 has	 recently	 been	
used	 in	 biomedical	 devices,4–6	 as	 rheological	 modifiers,7,8	
emulsion	 stabilizers9–12	 and	 many	 other	 composite	
applications.13–17	 Depending	 on	 the	 cellulose	 source	 (e.g.,	
wood,	 cotton,	 bacteria,	 algae	 or	 tunicate)	 CNCs	 range	 from	
100–1000	nm	in	 length	and	5–20	nm	in	cross-section	and	are	
commonly	 extracted	 through	 sulfuric	 acid	 hydrolysis.16,18,19	
Although,	 applications	 span	 several	 fields,	 the	 potential	 for	
CNCs	to	act	as	reinforcing	agents	in	polymer	matrices	is	widely	
discussed.15	 Analytical	 models	 and	 experimental	
measurements	 report	 a	 longitudinal	 Young’s	 modulus	 that	
ranges	from	56–220	GPa	and	a	density	of	1.5–1.6	g/cm3.15		

Currently,	 the	 major	 hurdle	 limiting	 CNC	 reinforced	
nanocomposites	is	the	hydrophilic	nature	of	the	particles.	High	
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density	of	surface	hydroxyl	groups	limits	the	compatibility	with	
hydrophobic	polymers	leading	to	CNC	aggregation	and	limited	
mechanical	 improvement.	 Furthermore,	 in	 the	 dried	 form	
(spray	 dried	 or	 freeze	 dried),	 CNCs	 can	 form	 strong	
agglomerates	 (sometimes	 attributed	 to	 hydrogen	 bonding)20	
which	 are	 not	 easily	 overcome	 when	 CNCs	 are	 added	 to	
molten	polymers	or	compounded	using	organic	solvents.21–23	A	
significant	 amount	 of	 work	 has	 aimed	 to	 improve	 particle-
polymer	 adhesion	 by	 esterification,	 silylation,	 urethanization,	
amidation,	 as	well	 as	 grafting	 polymers	 to	 and	 from	 the	CNC	
surface.24	Regardless	of	the	CNC	surface	chemistry,	the	ability	
to	 extract	 and	 predict	 particle-particle	 and	 particle-polymer	
interactions	 in	 composites	 remains	 challenging	 due	 to	
nanoscale	 dimensions	 and	 poor	 colloidal	 stability	 in	 non-
aqueous	environments.	
	 The	 objective	 of	 this	 work	 is	 to	 probe	 cohesive	 particle-
particle	 interactions	 of	 sodium-form	 sulfuric	 acid-hydrolyzed	
CNCs,	 which	 are	 currently	 the	 type	 of	 CNCs	 most	 widely	
available	commercially25	and	as	such,	are	the	most	industrially	
relevant	 for	 future	 CNC	 nanocomposite	 production.	 To	 this	
end,	supported	CNC	thin	 films	were	swollen	 in	various	 liquids	
to	probe	solvent	uptake	and	particle-particle	spacing.	We	find	
that	 the	 films	 swell	 in	 all	 solvents	 tested,	 the	most	 in	 water	
and	the	least	in	acetone	(with	intermediate	swelling	observed	
for	 alcohols	 and	 acetonitrile),	 and	 in	 all	 cases	 films	 are	 held	
together	 by	 van	 der	 Waals	 forces.	 While	 qualitatively	 this	 is	
expected	based	on	past	fibre/cellulose	studies,	we	believe	that	
this	 is	 the	first	direct	and	quantitative	report	of	probing	CNC-
CNC	 interactions	 and	 comparing	 water	 and	 non-aqueous	
solvents.	

Cellulose	thin	films	have	been	commonly	used	to	examine	
adhesion,	 adsorption	 and	 swelling	 of	 regenerated	 cellulose,	
cellulose	 nanofibrils	 and	 CNCs	 in	 water.26–33	 With	 respect	 to	
pure	 CNC	 films,	 Kittle	 et	 al.32	 observed	 that	 swollen	 films	
contain	 75%	water	 by	mass,	 nearly	 three	 times	 greater	 than	
earlier	 measurements	 by	 Aulin	 et	 al.30	 Rationalizing	 the	
disparity	 between	 these	 measurements	 is	 challenging	 but	 is	
suggested	 to	 be	 due	 to	 the	 initial	 state	 of	 hydration	 in	 the	
film.32	 In	 the	 most	 recent	 study,	 Niinivaara	 et	 al.	monitored	
CNC	 film	 swelling	 in	 humid	 environments	 by	 quartz	 crystal	
microbalance	 with	 dissipation	 (QCM-D)	 and	 spectroscopic	
ellipsometry.33	 They	 deduced	 that	 hydrated	 CNCs	 retain	 a	 2	
nm	water	 layer	around	each	CNC	particle.	While	 these	works	
provide	 critical	 insight	 into	 CNC	 film	 swelling	 in	 aqueous	
environments,	 there	 remains	 poor	 agreement	 across	 studies	
and	 a	 lack	 of	 understanding	 of	 these	 interactions	 in	 non-
aqueous	liquid	media.	
	 Our	 work	 uses	 surface	 plasmon	 resonance	 spectroscopy	
(SPR)	which	is	less	common	than	ellipsometry	and	QCM-D,	and	
is	 an	 optical	 technique	 that	monitors	 the	 intensity	 of	 a	 laser	
beam	 reflected	 off	 a	 plasmonic	 surface	 (gold	 or	 silver);	 we	
show	 here	 that	 it	 offers	 quantitative	 insight	 into	 the	
interactions	between	nanoparticles,	 in	a	 straightforward	way.	
Unlike	most	other	techniques,	SPR	is	capable	of	tracking	in	situ	
the	 transition	 from	 the	dry	 to	 the	 liquid	 swollen	 state.	 SPR	 is	
regularly	 used	 as	 a	 biosensor	 to	 measure	 adsorption	 or	
desorption	 (and	 binding	 kinetics)	 and	 although	 it	 has	 been	

used	 to	 probe	 various	 cellulose	 surfaces	 in	 aqueous	
environments34–44	some	SPR	instrumentation	is	more	suited	to	
materials	 science	 investigations,	 such	 as	 the	 equipment	 used	
here,	 where	 film	 thickness	 and	 density	 are	 obtained	 from	
optical	 fitting	 of	 SPR	 reflectivity	 over	 a	 large	 angular	 range.	
This	 is	 in	 contrast	 to	 instruments	 that	only	work	over	a	 small	
angular	range	and,	for	example,	cannot	be	used	in	media	with	
different	 refractive	 indices	 (n)	 from	 water.	 Despite	 the	 fact	
that	 full	 angle	 SPR	 can	 operate	 in	 a	 number	 of	 solvents,	 the	
operational	range	for	our	films	is	generally	limited	to	solvents	
with	 refractive	 indices	 below	 n	 =	 1.4,	 excluding	 typical	
wettability	test	solvents,	such	as	methylene	iodide	(n	=	1.530).		

In	 a	 recent	 study	 also	 based	 on	 SPR,	 Kontturi	 et	 al.	
monitored	water	content	of	highly	porous	cellulose	nanofibril	
films,	which	when	swollen	contained	over	50%	water,	agreeing	
with	 parallel	 QCM-D	 measurements.29	 Importantly,	 the	
authors	 note	 that	 sample	 heterogeneity	 within	 the	 cellulose	
nanofibril	 film	made	SPR	measurements	 and	data	 fitting	 very	
challenging.	Here	we	 test	 smooth	and	uniform	CNC	 films	 in	a	
variety	 of	 suitable	 SPR	 solvents:	 water,	 acetone,	 methanol,	
acetonitrile,	 isopropanol,	 and	 ethanol,	 and	 although	 they	 do	
not	represent	common	hydrophobic	polymers	in	terms	of	their	
solubility	 parameters	 (i.e.,	 polyethylene	 or	 polystyrene),	 they	
do	mimic	polymers	aimed	 towards	biodegradable	 composites	
and	 biomedical	 applications	 such	 as	 poly(vinyl	 alcohol),	
poly(lactic	acid)	and	poly(vinyl	pyrrolidone).		 	

This	 paper	 presents	 SPR	 (with	 supporting	 results	 from	
atomic	 force	 microscopy,	 AFM)	 as	 a	 novel	 method	 to	 probe	
cohesive	 particle-particle	 interactions	 through	 film	 swelling	
and	 relate	 nanoparticle	 dispersibility	 to	 Hildebrand	 and	
Hansen	 solubility	 parameters.	We	 believe	 this	 technique	 and	
our	approach	 is	applicable	 to	other	nanoparticle	 systems	and	
can	 offer	 significant	 insight	 for	 nanoparticle	 dispersion	 and	
nanocomposite	 design.	 The	 study	 of	 CNC	 films	 specifically,	
differs	 from	 studying	 the	properties	of	 individualized	CNCs	 in	
aqueous	 suspension18,45	 or	 in	 polar-organic	 solvents46	 as	 CNC	
interactions	 within	 the	 film	 are	 expected	 to	 represent	
aggregated	 dried	 CNCs	 which	 is	 the	 commercially	 available	
format.	 Overall,	 we	 demonstrate	 that	 CNC	 particle-particle	
interactions	 are	 strong	 and	 are	 dominated	 by	 hydrogen	
bonding	and	attractive	van	der	Waals	forces.	
	
Experimental	
	
Materials	
	
Whatman	 cotton	 ashless	 filter	 aid	 was	 purchased	 from	 GE	
Healthcare	 Canada.	 Sulfuric	 acid,	 methanol,	 acetone,	
acetonitrile	 and	 isopropanol	 were	 all	 obtained	 from	 Caledon	
Laboratory	 Chemicals	 (Georgetown,	 ON,	 Canada).	 Anhydrous	
ethanol	was	purchased	from	Commercial	Alcohols	(Brampton,	
ON,	 Canada).	 Hydrogen	 peroxide	 was	 purchased	 from	 Sigma	
Aldrich	 (Oakville,	 ON,	 Canada).	 All	 chemicals	 were	 used	 as	
received.	 Water	 used	 was	 purified	 Type	 I	 water	 with	 a	
resistivity	 of	 18.2	 MΩ·cm	 (Barnstead	 NANOpure	 DIamond	
system,	ThermoScientific,	Asheville,	NC).	
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Sulfuric	Acid	Hydrolysis	of	CNCs		
	
CNCs	were	prepared	by	 sulfuric	 acid	hydrolysis,	 as	 previously	
described.47	Briefly,	40	g	of	cotton	Whatman	ashless	filter	aid	
was	digested	in	700	mL	of	64	wt.%	sulfuric	acid	at	45˚C	for	45	
min	 under	 continuous	 mechanical	 stirring.	 Immediately	
following	hydrolysis,	 the	mixture	was	diluted	10-fold	with	4˚C	
water	to	quench	the	reaction.	The	suspension	was	centrifuged	
at	6000	rpm	for	10	min	four	times	to	remove	excess	acid.	The	
precipitate	was	 then	 diluted	 and	 dialysed	 against	water	 until	
the	 pH	 stabilized	 (~2	 weeks).	 The	 suspension	 was	 sonicated	
(Sonifier	 450,	 Branson	Ultrasonics,	Danbury,	 CT)	 continuously	
in	an	ice	bath	for	15	min	three	times	at	60%	output.	The	CNC	
suspensions	 were	 neutralized	 (converted	 to	 the	 sodium	 salt	
form)	 by	 the	 addition	 of	 an	 appropriate	 amount	 of	 1	 mM	
NaOH	 and	 then	 lyophilized	 for	 storage.	 	 Although	 work	 has	
shown	 that	 CNCs	 can	 adsorb	 organic	 material	 during	
production	 and	 from	 the	 environment48	 we	 observed	 an	
insignificant	reduction	 in	the	aliphatic	carbon	composition	for	
spin	coated	CNC	films	before	and	after	soxhlet	extraction	(ESI	
Table	 S1).	 We	 believe	 that	 environmental	 contamination	
during	sample	preparation	cannot	be	avoided	and	as	a	result,	
CNCs	 used	 in	 this	 study	 were	 not	 purified	 further	 following	
dialysis.	 The	 CNC	 dimensions	 were	 4–15	 nm	 by	 50–306	 nm,	
measured	 by	 AFM	 of	 100	 particles	 with	 an	 average	 cross	
section	 and	 length	 of	 8	 nm	 and	 122	 nm	 respectively.	 The	
surface	 sulfate	 half	 ester	 content	 was	 0.7	 %	 sulfur	 by	 mass	
corresponding	to	approximately	0.41	charge	groups	per	nm2	of	
CNC	 surface	 area	 as	 determined	 by	 conductometric	 titration	
with	NaOH.49		
	
Film	Preparation	
	
CNC	 films	 were	 prepared	 on	 polished	 Si	 wafers	 (MEMC	
Electronic	Materials	 Sdn	Bhd,	Petaling	 Jaya,	Malaysia)	or	 SiO2	
coated	SPR	sensors	(BioNavis,	Ylöjärvi,	Finland)	by	spin	coating	
under	 N2	 gas	 (G3P	 Spincoat,	 Specialty	 Coating	 Systems	 Inc.	
Indianapolis,	USA)	at	4000	rpm	for	30	s	with	a	7	s	ramp.	Prior	
to	deposition,	 all	 surfaces	were	 cleaned	 in	 a	piranha	 solution	
(3:1	 concentrated	 sulfuric	 acid	 to	 hydrogen	 peroxide)	 for	 30	
min,	 followed	 by	 continuous	 rinsing	 with	 purified	 water	 and	
drying	 by	 a	 stream	of	N2	 gas.	 Suspensions	were	 prepared	 by	
dispersing	 freeze	 dried	 CNCs	 in	 water	 and	 sonicating	 at	 60%	
amplitude	for	30	s.	Film	thicknesses	were	controlled	by	varying	
the	 CNC	 suspension	 concentration	 between	 1	 and	 3	 wt.%.	
Following	 spin	 coating,	 films	were	 heat	 treated	 at	 80˚C	 for	 8	
hours	 (overnight)	 to	 remove	water	 from	 the	 film.	 Films	were	
then	gently	rinsed	with	purified	water	and	heat	treated	again	
for	 8	 hours.	We	 believe	 that	 this	 procedure	 removes	 loosely	
bound	 CNCs	 from	 the	 surface	 and	 improves	 the	 overall	
stability	of	the	film	by	removing	excess	water,	which	increases	
particle-particle	 interaction	 by	 replacing	water-CNC	 hydrogen	
bonds	with	CNC-CNC	hydrogen	bonds	as	discussed	by	Beck	et	
al.21	Additionally	we	propose	this	procedure	helps	to	eliminate	
radial	 ordering	 of	 CNCs	which	may	 occur	 during	 spin	 coating	
(as	evidenced	by	AFM	imaging).	
	

Atomic	Force	Microscopy	
	
AFM	 images	were	 collected	 in	 alternating	 current	 (AC)	mode	
using	 an	 Asylum	 MFP-3D	 instrument	 (Asylum	 Research	 an	
Oxford	 Instrument	 Company,	 Santa	 Barbara,	 CA).	 Images	 of	
dry	 films	 were	 collected	 in	 air	 under	 ambient	 conditions.	
Rectangular	 FMR	cantilevers	 (NanoWorld)	with	normal	 spring	
constants	of	 1.2–5.5	N/m	and	 resonant	 frequencies	of	 60–90	
kHz	 were	 used	 for	 all	 morphological	 and	 scratch	 height	
measurements.	 Root-mean-squared	 (rms)	 roughness	 was	
calculated	by	averaging	25	1	µm	×	1	µm	areas	over	a	5	µm	×	5	
µm	image.	The	thickness	of	dry	CNC	films	was	determined	by	
in	situ	AFM	scratch	height	analysis.	Scratching	was	performed	
using	the	AFM	tip	in	contact	mode	(with	a	set	point	of	ca.	1	V	
or	200	nN)	 to	gently	 remove	CNCs	 from	 the	 surface	over	a	1	
µm	×	1	µm	area.	The	force	used	was	sufficient	to	displace	CNCs	
but	 leave	 the	 underlying	 SiO2	 substrate	 undamaged.	 The	
scratched	area	was	reimaged	(5	µm	×	5	µm)	in	AC	mode,	using	
the	 same	 tip	 used	 to	 scratch,	 to	 obtain	 the	 cross	 sectional	
profile.	Images	were	processed	in	Igor	Pro	6.0	running	Asylum	
Research	AFM	 software	 (version	 13.17)	 using	 a	 second	 order	
flatten	 routine,	 excluding	 the	 scratched	 region.	 Thicknesses	
were	measured	by	 taking	 the	 average	height	difference	 from	
the	top	of	the	CNC	film	and	the	underlying	substrate.		
	 Swollen	 films	 were	 measured	 in	 purified	 water	 using	 an	
open	 fluid	 cell.	 Prior	 to	 swelling,	 dry	 films	were	 scratched	 as	
described	 above	 and	 the	 cross	 section	was	measured.	Water	
was	 then	 introduced	 and	 the	 system	 was	 allowed	 to	
equilibrate	 (~30	 min).	 The	 previously	 scratched	 areas	 were	
then	 reimaged	 (5	µm	×	5	µm)	and	 the	height	of	 the	 film	was	
determined.	 Film	 thickness	 values	 reported	 are	 from	 three	
separate	films	and	images	were	processed	in	the	same	fashion	
as	 dry	 films	 and	 the	 data	 error	 bars	 represent	 the	 standard	
deviation	of	the	initial	film	thickness.		
	
Surface	Plasmon	Resonance		
	
Full	 angle	 (40˚	 –	 77˚)	 SPR	 curves	 were	 collected	 using	 a	 SPR	
Navi™	 200	 (BioNavis,	 Ylöjärvi,	 Finland).	 Laser	 wavelengths	 of	
785	nm	and	670	nm	with	a	spot	size	of	500	µm	×	500	µm	were	
simultaneously	used	to	continuously	monitor	dry	and	swollen	
CNC	 films.	 Films	 were	 swollen	 under	 constant	 solvent	 flow	
rates	of	100	µL/min	at	25˚C	and	allowed	to	equilibrate	for	30	
min.	Within	the	flow	cell	an	O-ring	confines	the	film	in	the	xy	
(lateral)	plane	and	thus	films	are	assumed	to	only	swell	in	the	
z-direction	 (vertical	 to	 the	 sensor	 surface).	 Experimental	 SPR	
curves	 were	 fit	 by	 the	 Fresnel	 equations	 using	 recursion	
formalism	 and	 assuming	 parallel	 slab	 geometry	with	 the	 free	
software	 Winspall	 3.01	 (Max-Planck	 Institute	 for	 Polymer	
Research,	 Mainz,	 Germany).	 We	 note	 that	 the	 SPR	 signal	 is	
averaged	 over	 the	 laser	 spot	 and	 that	 film	 roughness	 and	
thickness	will	vary	over	the	sensor	surface	(surface	roughness	
by	AFM	is	5.7	nm	over	1	um2).	While	the	precision	in	the	SPR	
curve	fitting	and	the	relative	changes	in	thickness	are	indeed	at	
the	Angstrom	level,	the	overall	accuracy	in	thickness	is	likely	in	
the	nanometer	range.		
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The	 refractive	 index	 (n)	 and	 the	 thickness	 (d)	 of	 dry	 CNC	
films	 were	 independently	 determined	 following	 the	 multi-
wavelength	SPR	approach	as	described	by	Granqvist	et	al.50	 It	
is	well	known	that	when	optically	fitting	 layer	parameters	the	
n	and	d	 correlate	to	each	other	and	form	a	n-d	 continuum	of	
possible	solutions,	but	by	employing	both	670	nm	and	785	nm	
wavelengths	 simultaneously,	 two	 sets	 of	 n-d	 continua	 are	
established	 from	which	 a	 unique	 solution	 for	n	 and	d	 can	be	
obtained.	 Bare	 SiO2	 sensors	 were	 initially	 modeled	 to	
determine	 background	 layer	 parameters	 and	 n-d	 continua	
were	calculated	by	modeling	CNC	film	thickness	 for	refractive	
indices	 between	 1.30	 and	 1.55	 with	 0.005	 intervals.	 Plotting	
the	two	continua	on	the	same	axis	determined	the	intersection	
point	and	solutions	for	n	and	d.		Assuming	CNC	films	behave	as	
Cauchy	 materials,	 when	 used,	 the	 chromatic	 dispersion	
relation	(dn/dλ)	of	pure	cellulose	was	taken	to	be	0.0271	µm-1	
and	used	to	shift	the	670	nm	continuum.29,51	Notably	dn/dλ	for	
air	 was	 considered	 negligible.	 Both	 shifted	 and	 non-shifted	
continua	 displayed	 intersection	 points	 and	 the	 difference	
between	the	two	is	taken	as	the	uncertainty	in	the	fitting	and	
is	 discussed	 below.	 Within	 this	 study,	 the	 multi-wavelength	
approach	 was	 only	 applied	 to	 dry	 CNC	 films.	 The	 refractive	
index	of	CNCs	is	reported	to	range	from	1.5132	to	1.6247	and	is	
taken	as	nCNC	=	1.55	within	this	work.	
	
Optical	Theory	and	Thin	Film	Analysis	
	
In	 situ	 film	 swelling	 has	 been	 extensively	 studied	 by	 optical	
techniques,	 in	 particular	 via	 ellipsometry.33,52	 However,	 extracting	
parameters	such	as	thickness,	refractive	index	and	volume	fraction	
of	 swollen	 films	 remains	 challenging	 and	 can	 contain	 a	 significant	
degree	of	error.	 For	example,	 failure	 to	account	 for	 the	 change	 in	
free	 volume	 within	 polymer	 films	 can	 lead	 to	 thickness	 errors	 in	
excess	 of	 100%	when	using	 an	 effective	medium	approximation.53	
Additionally,	 depending	 on	 the	 penetrant,	 swelling	 can	 occur	
following	 either	 constant	 or	 volume	 additive	 regimes	 convoluting	
which	 optical	 models	 are	 appropriate.54	 Considering	 the	 volume	
additive	 regime:	 as	 the	 film	 swells	 the	 volume	 fraction	 of	 the	
swollen	material	decreases,	 reducing	 the	effective	 refractive	 index	
of	the	system.	As	a	result,	an	inverse	relationship	develops	between	
film	thickness	and	refractive	index.	This	was	successfully	employed	
by	Erdoğan	et	al.	who	measured	polymer	 film	 swelling	 via	 solvent	
vapour	sorption	using	fixed	angle	SPR.55–57	In	their	study,	the	ratios	
of	 the	 volume	 (!)	 and	 optical	 intensity	 (!)	 from	 the	 initial	 to	 the	
equilibrium	swollen	state	were	 inversely	proportional	according	 to	
Equation	1:		
	

!!"
!!
= !!

!!"
	 	 	 	 	 	 	 [1]	

	
where	subscripts,	!	and	!"	refer	to	the	film	at	time,	!,	and	at	

equilibrium,	respectively.	It	is	important	to	note	that	because	the	
refractive	index	of	solvent	vapour	does	not	differ	significantly	from	
air	the	bulk	refractive	index	of	the	system	remains	constant.	As	a	
result,	angular	shifts	in	the	SPR	peak	are	relatively	small	(<	1˚)	and	
fixed	angle	SPR	is	applicable.55	When	liquid	swelling	agents	are	used	

the	bulk	refractive	index	of	the	system	radically	changes,	
significantly	shifting	the	SPR	peak	position	(>	25˚).	Full	angle	SPR	

measurements	are	capable	of	accounting	for	large	angular	changes	

	
	
and	 thus	 swelling	 information	 can	 be	 extracted.	 In	 the	 present	
study,	 the	significant	 increase	 in	angular	position	often	shifted	the	
670	 nm	 SPR	 peak	 outside	 the	 measurable	 range,	 eliminating	 the	
possibility	 for	 a	multi-wavelength	approach.	As	a	 result,	CNC	 films	
were	characterized	by	the	difference	in	angular	position	of	the	785	
nm	SPR	peak	and	total	internal	reflectance	peak	(TIR)	in	an	adapted	
form	of	Equation	1:	
	

!!"
!!
= ∆!!

∆!!"
	 	 	 	 	 	 [2]	

	
where	∆θ!	and	∆θ!"	are	the	difference	between	the	SPR	peak	and	
TIR	 angles	 for	 the	 initial	 dry	 and	 swollen	 films,	 respectively.	
Critically,	 ∆θ!"	 must	 be	 corrected	 to	 account	 for	 the	 solvent	
refractive	 index	 to	 isolate	 angular	 shifts	 due	 to	 CNC	 film	 swelling	
alone;	contrary	to	the	common	description	of	SPR	it	 is	not	just	the	
TIR	that	shifts	when	the	media	refractive	index	changes	but	the	SPR	
peak	 as	 well.	 Figure	 1	 presents	 modeled	 (dashed	 line)	 and	
experimentally	measured	∆θ!"	 values	 for	 a	 bare	 SiO2	 coated	 SPR	
sensor	 in	 various	 solvents.	 Within	 the	 range	 explored,	 there	 is	 a	
linear	 increase	 of	 ∆θ!"	 with	 solvent	 refractive	 index.	 This	
phenomenon	is	rarely	discussed	in	literature	and	to	our	knowledge	
Figure	1	 is	 the	 first	 explicit	presentation	of	 this	effect.58	 Failure	 to	
subtract	 solvent	 effects	 from	 ∆θ!"	 would	 artificially	 increase	 the	
perceived	swelling	in	thin	films.	
		

Results	
	
CNC	Films	in	Air		
	
The	 thickness	 and	 morphology	 of	 CNC	 thin	 films	 in	 air	 were	
measured	 by	 AFM	 and	 SPR	 (Figure	 2)	 to	 compare	 the	 results	 of	
physical	 versus	 optical	 methods.	 AFM	 images	 showed	 that	
complete,	uniform	films	were	produced	with	an	average	roughness	
of	5.7	±	0.4	nm	 (Figure	2a).	Additionally,	Figure	2a	shows	 that	 the	
CNC	films	are	isotropic	in	the	xy	plane,	indicating	that	the	alignment	
often	observed	in	spin	coated	CNC	films	has	been	eliminated	due	to	
the	 “heat	 treat-rinse-heat	 treat”	 protocol.47,59,60	 Figure	 2b	 and	
Figure	2c	present	 the	scratched	AFM	 image	and	 the	average	cross	
sectional	 analysis	 of	 the	 film,	 respectively.	 The	 scratched	 image	

Figure	1:	Experimental	(circles)	and	modeled	(dashed	line)	shift	

in	SPR	angle	with	solvent	refractive	index.	
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shows	 that	CNCs	have	been	 removed	 from	 the	 substrate	and	 that	
the	 displaced	 CNCs	 have	 built-up	 in	 the	 region	 immediately	
surrounding	 the	 scratched	 area.	 Amplitude	 and	 phase	 images	
indicate	that	no	CNCs	remain	in	the	scratched	region	(ESI	Figure	S1)	
and	an	average	 film	 thickness	of	40	±	5	nm,	corresponding	 to	4–5	
CNC	 layers,	 was	 calculated	 as	 the	 height	 difference	 between	 the	
bare	substrate	and	the	unaffected	CNC	film	region.	
Similarly,	CNC	films	were	characterized	by	multi-wavelength	SPR,50	
(Figures	 2d	 and	 2e)	 and	 data	 were	 fit	 following	 the	 Fresnel	
equations	 by	 adjusting	 the	 thickness	 (d),	 refractive	 index	 (n)	 and	
extinction	coefficient	(k)	of	each	layer	using	Winspall	software	(see	
ESI	Figure	S2	and	Figure	S3	for	 layer	model	parameters).	Figure	2d	
displays	characteristic	features	of	a	typical	full	angle	SPR	curve	for	a	
clean	sensor,	which	includes	an	increase	in	reflected	light	 intensity	
at	41˚	due	to	the	TIR	and	a	significant	reduction	in	 intensity	at	the	
SPR	angle.	 Figure	2e	displays	 the	 same	 features	however,	 the	SPR	
peak	 has	 shifted	 to	 higher	 angles	 due	 to	 the	 presence	 of	 CNCs	 at	
the	 sensor	 surface.29	 In	 addition,	 the	 breadth	 of	 the	 SPR	 peak	
increases	following	CNC	deposition	indicating	that	the	roughness	at	
the	 air	 interfaces	 has	 increased,	 correlating	 with	 AFM	 roughness	
measurements.34		

Figure	2f	presents	the	n-d	continuum	from	which	d	and	n	of	the	
film	were	determined.	Assuming	the	chromatic	dispersion	(dn/dλ)	is	
negligible,	an	intersection	point	is	observed	at	d	=	39.7	nm	and	n	=	

1.458	correlating	well	with	AFM	thickness	measurements.	Applying	
the	 average	dn/dλ	 value	 of	 0.0271	 µm-1	 used	 by	 Kontturi	 et	 al.29,	
the	 layer	 parameters	 shifted	 to	 d	 =	 39.1	 nm	 and	 n	 =	 1.466.	 It	 is	
important	 to	 note	 that	 the	 dn/dλ	 value	 was	 determined	 for	 pure	
cellulose,	 the	 structure	of	which	was	not	 specified	and	potentially	
contains	 both	 amorphous	 and	 crystalline	 material,51	 thus	 it	 is	
unclear	 if	 this	 value	 can	 be	 directly	 applied	 to	 CNCs	 which	 are	
composed	 of	 crystalline	 cellulose	 I.59	 Additionally,	 the	 porous	
nature	of	the	films	suggests	the	dn/dλ	cannot	be	modeled	simply	as	
a	single	phase	but	as	a	weighted	average	between	air	and	cellulose.	
As	 such,	 the	 difference	 between	 the	 values	with	 and	without	 the	
dn/dλ	factor	is	taken	to	be	the	uncertainty	in	the	film	thickness	and	
effective	refractive	index,	yielding	parameters	of	d	=	39.7	±	0.6	nm	
and	n	=	1.458	±	0.008.	

Because	the	CNC	films	are	not	free	standing	and	are	very	thin,	
calculating	 the	 density	 is	 challenging.	 However,	 the	 effective	
refractive	 index	 of	 1.458	 indicates	 that	 the	 films	 contain	 a	 high	
density	of	CNCs	 (nCNC	=	1.55)	and	Braun	and	Pilon	showed	volume	
averaging	theory	(VAT)	can	be	used	to	calculate	the	porosity	(!)	for	
non-adsorbing	nanoporous	thin	films	according	to	Equation	3:61	
	 	 	

!!"#$ = 1 − ! !!! + !"!! 		 	 	 	 [3]	
	
where	 !!"#$,	 !! ,	 and	 !!	 are	 the	 refractive	 indices	 of	 the	 film,	
continuous	phase	and	discontinuous	phase,	respectively.	In	the	dry	
state,	 CNCs	 are	 in	 physical	 contact	 and	 are	 assumed	 to	 be	 the	
continuous	 phase	 thus	 nC	 =	 nCNC.	 Rearranging	 Equation	 3,	 the	
composition	of	the	spin	coated	CNC	film	was	calculated	to	be	20	±	
2%	air	and	80	±	2%	CNC	by	volume.	This	 is	 in	excellent	agreement	
with	similarly	prepared	CNC	films	by	Niinivaara	et	al.	33	
	
CNC	Film	Swelling		
	
CNC	 films	 were	 swollen	 in	 situ	 in	 the	 SPR	 by	 introducing	 various	
solvents	under	constant	flow;	the	films	remained	stable	throughout	
all	measurements	and	no	material	was	lost	as	evidenced	by	rinsing	
and	drying	at	the	end	of	each	experiment	to	ensure	the	same	SPR	
profile	 in	 air	 (i.e.,	 Figure	 2e)	 was	 obtained.	 While	 adsorbed	
atmospheric	 water	 may	 be	 present	 in	 the	 CNC	 films,	 all	
measurements	were	performed	under	the	same	conditions	and	all	
solvents	tested	are	miscible	with	water	thus	we	expect	the	surface	
of	the	particles	to	participate	in	a	solvent	exchange	over	the	30	min	
swelling	 period.	 Figure	 3	 presents	 the	 volume	 fraction	 of	 air	 or	
solvent	in	dry	and	swollen	films,	respectively,	as	measured	by	SPR.	
Intuitively,	 water	 exhibits	 the	 highest	 volume	 fraction	 of	 solvent	
within	 swollen	 films	 due	 to	 the	 hydrophilic	 nature	 of	 CNCs.	 Less	
space	within	 the	 CNC	 films	 is	 created	 by	 swelling	 in	 non-aqueous	
solvents	 with	 the	 volume	 fraction	 increasing	 in	 the	 order	 of	
acetone,	 methanol,	 acetonitrile,	 isopropanol,	 and	 ethanol.	 A	
Student’s	 t-test	 indicates	 that	 swelling	 in	 methanol,	 acetonitrile,	
isopropanol	 and	 ethanol	 is	 statistically	 equivalent.	 All	 swelling	
values	differ	 from	acetone	 (p>0.2)	 and	water	 (p>0.05).	 The	extent	
of	 swelling	 and	 the	 trends	 with	 respect	 to	 common	 physical	
parameters/constants	are	discussed	further	below.		 	

To	 support	 SPR	 swelling	 measurements,	 AFM	 scratch	 height	
analysis	was	used	to	physically	measure	CNC	film	thickness,	first	 in	
air	 (similar	 to	Figure	2)	and	 then	 in	water	using	an	open	 fluid	cell,	
allowing	the	films	to	swell	until	equilibrium	(ESI	Figures	S4	and	S5).	
SPR	 swollen	 film	 thicknesses	 were	 calculated	 by	 assuming	 the	
volume	 increases	only	 in	 the	vertical	direction.	The	SPR	data	error	
bars	are	calculated	from	the	uncertainty	 in	the	volume	percentage	
determined	from	the	multi-wavelength	SPR	approach	and	 leads	 to	

Figure	2:	AFM	height	image	of	(a)	a	dry	CNC	film	after	the	“heat	
treat-rinse-heat	 treat”	 procedure,	 (b)	 scratched	 CNC	 film,	 and	
(c)	 cross	 section	 height	 analysis	 of	 scratched	 image	 used	 to	
determine	 film	 thickness. SPR	 spectrum	 of	 (d)	 bare	 SiO2	
substrate	 and	 (e)	 dry	 CNC	 film.	 Wavelength	 crossover	 (f)	
displays	an	index	of	refraction	of	1.4578	and	a	thickness	of	39.7	
nm.	
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larger	uncertainty	 in	 thicker	 films.	Figure	4	presents	 the	change	 in	
film	thickness	(from	dry	to	liquid	environments)	for	CNC	films	with	
different	starting	thicknesses	as	measured	by	SPR	and	AFM.	Plotting	
the	percentage	change	in	film	thickness	indicates	that	film	swelling	
is	statistically	independent	of	starting	film	thickness	(ESI	S5).		Over	a	
range	of	 dry	 film	 thicknesses	 (25-70	nm)	 the	 volume	 increased	by	
an	average	of	13.5	±	0.4%	measured	by	AFM	and	14	±	2%	by	SPR.	
This	highlights	 that	 the	 two	methods	 correspond	 closely,	 and	 that	
swelling	 needs	 to	 be	 normalized	 by	 dry	 film	 thickness	 (which	 is	
already	done	for	data	presented	in	Figure	3).	We	also	note	that	as	
indicated	by	Fält	et	al.62	it	is	difficult	to	avoid	tip	penetration	during	
wet	AFM	imaging,	but	the	agreement	supports	the	interpretation	of	
both	 techniques	and	 that	 the	volume	 fraction	of	CNC	 films	can	be	
measured	 by	 SPR	 using	 an	 inverse	 relationship	 with	 ∆!.	 	  These	
results	imply	that	this	data	processing	approach	can	be	extended	to	
other	solvents.	

As	a	final	test,	water-swollen	CNC	films	were	monitored	by	SPR	
under	 increasing	 flow	 rates.	 The	 SPR	 peak	 angle	 exhibited	 no	
change	 for	 flow	 rates	 of	 100	 –	 500	 µL/min,	 equivalent	 to	 shear	
stress	of	0.3	–	1.4	dyne/cm2	(data	not	shown).63	This	indicates	that	
despite	the	large	swelling	of	CNC	films	in	water,	it	is	not	possible	to	
partially	 or	 fully	 remove	 the	 CNCs	 from	 the	 substrate	 using	 the	
magnitude	 of	 shear	 available	 within	 the	 SPR	 instrument.	
Additionally,	 this	measurement	was	 conducted	 over	 a	 period	 of	 2	
hours	from	which	negligible	change	in	film	thickness	was	observed	
after	30	min.	
	

Discussion	
	
Particle	 dispersibility	 ultimately	 depends	 on	 the	 balance	 between	
adhesive	particle-solvent	or	particle-polymer	and	cohesive	particle-
particle	 interactions.	 Here	 we	 present	 a	method	 to	measure	 CNC	
cohesion	 by	 looking	 at	 nanoparticle	 separation	 in	 a	 variety	 of	
solvents	in	which	the	particles	are	not	colloidally	stable.	The	results	
presented	 above	 indicate	 that	 CNC-CNC	 cohesive	 interactions	
remain	 strong	 in	 all	 of	 the	 solvents	 tested,	 as	 none	 of	 the	 films	
delaminated	 upon	 exposure	 to	 liquid.	 However,	 the	 interactions	
between	 particles	 can	 be	 partially	 screened	 which	 leads	 to	 film	
swelling.	 We	 believe	 that	 the	 CNC	 films	 studied	 here	 are	 a	
reasonable	 model	 for	 CNC	 agglomerates	 which	 may	 be	 present	

during	 nanocomposite	 compounding	 and	 measurement	 of	 the	
cohesive	 interactions	 will	 prove	 useful	 for	 future	 formulation	
development.	 	 We	 emphasize	 that	 CNCs	 are	 insoluble	 in	 the	
solvents	 used	 here,	 however	 the	 interpretation	 of	 solubility	
parameters	 as	 “dispersibility	 parameters”	 for	 insoluble	
nanoparticles	 combined	 with	 SPR	 swelling	 will	 allow	 us	 to	
rationalize	 and	 predict	 CNC-CNC	 cohesive	 interactions	 in	 aqueous	
and	non-aqueous	environments.		
	
Film	Swelling	and	Solubility	Parameters		
	
Due	 to	 the	 hydrophilic	 nature	 of	 cellulose,	 swelling	 in	water	 is	 of	
great	 interest26	 and	 as	 expected,	 water	 was	 found	 to	 swell	 CNC	
films	 the	 most	 (followed	 by	 alcohols,	 acetonitrile,	 and	 acetone).	
Although	 cellulose	 fibers	 are	 known	 to	 swell	 in	 water,	
experimental64	 and	 theoretical65	 work	 has	 demonstrated	 that	
solvent	does	not	penetrate	the	cellulose	I	crystal	structure	of	CNCs.	
As	such,	we	assume	that	CNC	films	swell	by	increasing	inter-particle	
spacing	 and	 not	 by	 increasing	 the	 size	 of	 individual	 particles.	We	
predict	 that	 CNC	 film	 swelling	 follows	 two	 distinct	 steps:	 firstly,	
solvent	 rapidly	 penetrates	 the	 film	 through	 the	 porous	 structure	
(capillary	 action),	 filling	 the	 voids.	 Subsequent	 swelling	 occurs	 as	
solvent	 enthalpically	 wets	 CNC	 surfaces	 and	 continues	 to	 fill,	 and	
create	 new	 space	 between	 CNC	 particles.	 The	 new	 space	 created	
increases	 the	 thickness	 and	 total	 volume	 of	 the	 film	 by	 reducing	
cohesive	 particle-particle	 interactions.	 For	 solvents	 with	 hydrogen	
bonding	capabilities,	 this	wetting	 replaces	 the	majority	of	particle-
particle	hydrogen	bonds	with	particle-solvent	hydrogen	bonds.66		

Water-swollen	 CNC	 films	 were	 determined	 to	 have	 a	 total	
thickness	 increase	 of	 14	 ±	 2%	 compared	 to	 the	 dry	 state.	 In	
contrast,	 films	 in	 non-aqueous	 solvents	 all	 showed	 a	 minimal	
change	 in	 volume;	 acetone	 increased	 the	 film	 volume	 by	 only	 4%	
and	methanol,	 acetonitrile,	 isopropanol	and	ethanol	 increased	 the	
volume	by	6–8%.	There	is	no	apparent	correlation	with	the	solvent	
dielectric	 constants	which	 are	 20.7,	 32.7,	 37.5,	 17.9,	 and	 24.5	 for	
acetone,	 methanol,	 acetonitrile,	 isopropanol,	 and	 ethanol,	
respectively.	 This	 is	 similarly	 reflected	 in	 the	 lack	 of	 trend	 with	
cellulose-solvent	 Hamaker	 constants	 (approximated	 using	 Lifshitz	
theory,	ESI	Figure	S6a),	suggesting	that	swelling	is	not	dependent	on	
solvent	 shielding	 of	 van	 der	 Waals	 forces.	 	 Moreover,	 no	 trend	

Figure	3:	Percent	volume	of	solvent	in	swollen	CNC	films.	 Figure	 4:	Change	 in	 CNC	 film	 thickness	 in	water	measured	 by	
SPR	and	AFM.	Solid	line	is	included	as	a	guide	for	the	eye.	
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corresponding	 to	 solvent	molecular	 size	was	observed,	eliminating	
any	 explanation	 based	 on	 sterics/solvation	 forces,	 and	 suggesting	
that	 the	 chemical	 nature	 of	 the	 solvent	 is	 responsible	 for	
interrupting	particle-particle	interactions	and	overall	film	swelling.		

Swollen	 films	 contain	 25	 ±	 2	 wt.%	 water,	 in	 good	 agreement	
with	QCM-D	measurements	of	similar	swollen	CNC	films	studied	by	
Aulin	et	al.30	and	Niinivaara	et	al.33	(assuming	a	CNCs	density	of	1.55	
g/cm3).15	In	contrast,	Kittle	et	al.	determined	water	content	of	CNC	
films	to	be	nearly	 triple	this	value	at	74	wt.%	via	QCM-D.32	Similar	
results	 were	 observed	 in	 low-density	 cellulose	 nanofibril	 films	
studied	 by	 Kontturi	 et	 al..29	 Currently	 it	 is	 unclear	 as	 to	 why	 this	
discrepancy	in	the	literature	exists	but	highlights	that	film	structure	
and	 the	 initial	 state	 of	 hydration	 can	 significantly	 alter	 swelling	
behaviour	of	 nanocellulose	 films.	 The	agreement	of	 this	work	 and	
similarly	 prepared	 CNC	 films	 by	 Aulin	 et	 al.	 and	 Niinivaara	 et	 al.	
supports	our	interpretation	of	SPR	data	and	additionally	the	validity	
of	 SPR	 as	 useful	 tool	 in	 film	 swelling	 studies	 of	 nanoparticle	
systems.	

To	understand	the	dominant	chemical	properties	that	influence	
film	 swelling	 we	 turned	 to	 solubility	 parameters;	 the	 Hildebrand	
solubility	 parameter	 has	 long	 been	 used	 to	 predict	 solvation	 and	
polymer-solvent	 interactions	 based	 on	 cohesive	 energy	 density,67	
and	 it	may	offer	 insight	 into	 insoluble	particle-solvent	 interactions	
as	well.	 Figure	 5	 indicates	 that	 there	 is	 a	 correlation	 (R2=	 0.9068)	
between	 solvent	 volume	 fraction	 taken	 up	 by	 the	 film	 and	 the	
Hildebrand	solubility	parameter;	essentially,	the	larger	the	solubility	
parameter,	 the	 greater	 the	 particle-particle	 spacing	 (i.e.,	 more	
swelling).	 This	 correlation	 is	 stronger	 than	 that	 between	 film	
swelling	and	solvent	surface	tension	(see	ESI	Figure	S6b)	as	well	as	
Hamaker	 constants	 and	 dielectric	 constants,	 described	 above.	
Hildebrand	 solubility	 parameters,	 however,	 do	 not	 provide	
information	about	which	solvent	characteristics	are	responsible	for	
interrupting	 cohesive	 CNC-CNC	 interactions.68	 For	 example,	 the	
cohesive	energy	density	does	not	 suggest	why	acetonitrile,	 a	non-
hydrogen	 bonding	 solvent,	 equally	 swells	 CNC	 films	 as	 ethanol,	 a	
hydrogen	 bonding	 solvent.	 To	 this	 end	 we	 used	 the	 Hansen	
solubility	 parameters,	 which	 separate	 the	 Hildebrand	 solubility	
parameter	 into	 its	 respective	 dispersive,	 polar,	 and	 hydrogen	
bonding	components,	as	a	measure	of	effective	solvent	properties.	
Although	 swelling	 observed	 in	methanol,	 acetonitrile,	 isopropanol	
and	ethanol	are	statistically	within	the	same	range,	plotting		

	

	

individual	 volume	 percentages	 against	 the	 Hansen	 solubility	
parameters	 helps’	 establish	 general	 trends	 in	 solvent	 parameters	
(see	 ESI	 Table	 S2	 for	 theoretical	 Hildebrand	 and	Hansen	 solubility	
parameters).	 Figure	 6	 presents	 the	 relationship	 between	 the	
solvent	volume	fraction	in	swollen	CNC	films	and	the	components		
	

	

Figure	5:	Percent	volume	of	solvent	in	swollen	CNC	film	versus	
Hildebrand	 solubility	 parameters.	 Line	 represents	 linear	
regression	best	fit	with	correlation	coefficient,	R2	=	0.9068.		

	

Figure	6:	Percent	volume	of	solvent	in	swollen	CNC	films	for	(a)	
dispersive,	(b)	polar	and	(c)	hydrogen	bonding	Hansen	solubility	
parameters.	 Lines	 represent	 linear	 regression	 best	 fits	 with	
correlation	 coefficient,	 R2.	 The	 legend	 in	 (c)	 applies	 to	 all	
figures,	(a)-(c).	
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of	 the	 Hansen	 solubility	 parameters.	 Film	 swelling	 has	 a	 weak	
correlation	to	the	dispersive	and	polar	components	 (Figure	6a	and	
6b)	 however	 swelling	 does	 increase	 with	 an	 increase	 in	 the	
hydrogen	 bonding	 component	 (R2=0.8154,	 Figure	 6c).	 This	 is	
attributed	to	the	abundance	of	hydrogen	bonding	sites	at	the	CNC	
surface	and	that	in	liquid	CNC-CNC	hydrogen	bonds	are	understood	
to	 be	 replaced	 with	 CNC-solvent	 hydrogen	 bonds.	 	 Despite	 this	
trend,	this	does	not	demonstrate	why	acetonitrile	is	as	effective	as	
ethanol.	 Although	 there	 is	 a	 lack	 of	 agreement	 overall	 with	 polar	
component	of	 the	Hansen	solubility	parameters,	 the	 large	polarity	
(and	 dielectric	 constant)	 of	 acetonitrile	 indicates	 that	 it	 can	
interrupt	 cohesive	 particle-particle	 interaction	 without	 hydrogen	
bonding.	Additionally,	we	observe	that	acetone	with	poor	hydrogen	
bonding	 capabilities	 and	 low	polarity	does	not	effectively	 increase	
the	 volume	 of	 the	 films	 contrasting	 water	 with	 high	 polarity	 and	
hydrogen	 bonding.	 Extending	 this	 to	 nanocomposites,	 we	 suggest	
that	 agglomerates	 will	 persist	 in	 non-polar	 polymer	 matrices	
incapable	 of	 hydrogen	 bonding,	 such	 as	 polyethylene,	 even	 under	
high	 shear	 possibly	 because	 of	 the	 inability	 for	 the	 polymer	 to	
effectively	 interrupt	 cohesive	 particle-particle	 interactions.22	 Melt	
processed	 CNC/polyvinyl	 alcohol	 composites	 have	 been	 reported	
with	 improved	 CNC	 dispersibility	 and	 mechanical	 performance	
suggesting	 that	 the	 polymer’s	 ability	 to	 form	 hydrogen	 bonds	 is	
critical.69	
	
Film	Stability	and	Particle-Particle	Spacing	
	
Strong,	 attractive	 van	 der	Waals	 forces	 between	high	 aspect	 ratio	
nanoparticles	at	nanometer	separations	are	well	documented	to	be	
responsible	 for	 aggregates	 and	 agglomerates	 in	 nano-
composites,70,71	 and	 we	 believe	 we	 have	 explicitly	 demonstrated	
that	this	is	also	the	case	for	CNCs,	as	discussed	below.	Because	CNC	
films	 remain	 stable	 throughout	 the	 swelling	 measurements	 even	
after	 CNC-CNC	 hydrogen	 bonds	 have	 been	 replaced	 with	 CNC-
solvent	hydrogen	bonds	we	recognize	that	other	short	range	forces	
are	 responsible	 for	 the	 strong	 particle-particle	 cohesion.	 Within	
swollen	CNC	 films,	 the	 largest	volume	 increase	observed	was	14	±	
2%	or	a	5.6	±	0.6	nm	thickness	increase	(assuming	that	all	swelling	
occurs	in	the	vertical	direction	due	to	the	O-ring	clamp	used	in	the	
experimental	 setup	 which	 restricts	 lateral	 swelling)	 for	 a	 40	 nm	
thick	CNC	film	in	water.	Assuming	CNCs	lay	flat	in	distinct	layers	and	
have	 a	 square	 prism	 geometry	with	 an	 average	 cross	 section	 of	 8	
nm,	the	volume	increase	in	swollen	films	can	be	equated	to	a	1.2–
1.6	 nm	 vertical	 spacing	 between	 each	 CNC	 (when	 distributed	
evenly)	which	 is	 in	 excellent	 agreement	with	CNC	 films	 swollen	 in	
humid	environments.33	This	spacing	is	significantly	greater	than	any	
hydrogen	 bonding	 length	 and	 is	 large	 enough	 to	 contain	 4-6	
molecular	layers	of	water.		

We	suggest	 that	wetting	of	 the	CNC	surface	 induces	hydration	
forces,	which	are	sufficient	to	overcome	van	der	Waals	forces	over	
this	narrow	spacing.	Forces	at	these	separations	(<2	nm)	have	been	
measured	 by	 Pashley	 and	 Israelachvili	 to	 extend	 ca.	 1.7	 nm	 from	
mica	surfaces	or	6–7	molecular	 layers	 in	good	agreement	with	the	
work	presented	here.72	Since	we	expect	no	physical	entanglements	
between	 rigid	 rod-like	 particles,	 beyond	 a	 spacing	 of	 1.6	 nm	
hydration	 effects	 at	 the	 CNC	 surface	 cannot	 overcome	 attractive	
forces	 and	 thus	 indicate	 that	 van	 der	 Waals	 forces	 are	 likely	
responsible	 for	holding	 the	 films	 intact.	Exploring	 this,	 the	crossed	
and	 parallel	 configuration	 geometries	 of	 CNCs	 (approximated	 as	
cylinders)	were	averaged	and	Figure	7	presents	 simulated	van	der	
Waals	attraction,	electrostatic	double	layer	repulsion,	and	the	total	
combined	 contributions	 (i.e.,	 DLVO)	 interaction	 potential	 profiles	

	
	
	(Details	 in	 ESI.).	 The	 van	 der	 Waals	 contribution	 was	 calculated	
using	a	Hamaker	constant	of	8	×	10-21	J	as	measured	by	Bergström	
et	 al.	 for	 cellulose	 in	 water.73	 Electrostatic	 double	 layer	 repulsion	
between	 CNCs	 was	 calculated	 following	 Buining	 et	 al.74	 assuming	
constant	surface	potential	and	using	a	surface	potential	for	CNCs	of	
-18	mV	as	measured	by	Stiernstedt	et	al.75	We	note	that	the	surface	
potential	 has	 a	 significant	 impact	 on	 the	 calculated	 interaction	
energy	 and	 is	 detailed	 further	 in	 the	 ESI.	 Importantly,	 the	 ionic	
strength	 due	 to	Na+	 counterions	within	 the	 swollen	 CNC	 film	was	
calculated	to	be	0.35	M	based	on	the	sulfate	half	ester	content	of	
the	CNCs	and	water	occupying	34%	of	the	film	volume	(divided	by	2	
because	only	 the	 counterions	are	mobile).	At	high	 ionic	 strengths,	
as	 is	 the	 case	 within	 the	 CNC	 film,	 the	 onset	 of	 electrostatic	
repulsion	occurs	at	small	separations	(<3	nm)	where	attractive	van	
der	Waals	forces	are	larger	in	magnitude	and	thus	dominate.	In	fact,	
at	 no	 point	 does	 the	 combined	 DLVO	 interaction	 reach	 repulsive	
energies	 since	 the	 ionic	 strength	at	 the	 initial	 stages	of	 swelling	 is	
even	 larger	than	the	completely	swollen	CNC	films.	 (See	ESI	Figure	
S7	 for	 visualization	of	 the	 effect	 of	 ionic	 strength	 in	 this	 range	on	
DLVO	interaction	energy.)		

The	 largest	 CNC	 particle-particle	 spacing	 we	 observe	
experimentally	 due	 to	 swelling	 is	 1.6	 nm	which	 is	 well	 within	 the	
attractive	DLVO	regime	according	to	Figure	7.	 	At	the	average	CNC	
spacing	of	 1.4	nm	 (dotted	 line,	 Figure	7),	DLVO	 forces	 are	 greater	
than	the	average	kinetic	energy	of	3kT/2	(where	k	is	the	Boltzmann	
constant	and	T	is	temperature	in	Kelvin).	This	implies	that	CNCs	do	
not	 have	 sufficient	 thermal	 energy	 to	 overcome	 the	 attractive	
forces	 holding	 them	 together	 which	 demonstrates	 why	 external	
energy,	such	as	sonication,	 is	needed	to	fully	disperse	freeze	dried	
or	 spray	 dried	 CNCs	 in	 water.21	 As	 the	 electrostatic	 double	 layer	
forces	 play	 a	minor	 role	 at	 these	 particle-particle	 separations	 and	
ionic	strengths,	we	attribute	CNC	particle	cohesion	in	the	wet	state	
primarily	to	van	der	Waals	forces.	

Figure	 7:	 Simulated	 average	 attractive	 van	 der	 Waals	 energy	
between	crossed	and	parallel	CNCs	in	0.35	M	aqueous	medium,	
the	 electrostatic	 double	 layer	 repulsion,	 and	 the	 total	 (DLVO)	
interaction	energy	as	a	function	of	nanoparticle	separation.	The	
vertical	 dashed	 line	 shows	 the	 average	 particle	 separation	
observed	from	the	CNC	swelling	experiments.		
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	 We	 can	 furthermore	 extend	 the	 trend	 in	 Figure	 5	 to	 predict	 a	
Hildebrand	 “dispersibility”	 parameter	 for	 CNCs	 based	 on	 DLVO	
theory:	if	CNCs	must	be	separated	by	more	than	5	nm	to	overcome	
the	attractive	 regime	 (>-3kT/2)	 this	 implies	a	 swelling	of	over	50%	
solvent	volume	 in	the	film.	This	would	correspond	to	a	Hildebrand	
parameter	of	150	MPa1/2	for	CNCs	which	is	significantly	greater	than	
water	 (47.8	MPa1/2),	 and	much	 larger	 than	 common	 hydrophobic	
polymers	(ESI	Table	S2).	While	this	result	exemplifies	the	difficulties	
associated	 with	 dispersing	 particles	 in	 nanocomposites	 these	 SPR	
swelling	 measurements	 can	 be	 easily	 extended	 to	 predict	 the	
dispersibility	 of	 surface	 modified	 CNCs	 as	 well	 as	 other	 types	 of	
nanoparticles.		

	

Conclusion	
	
In	 summary,	 this	 work	 demonstrates	 that	 SPR	 as	 a	 technique	 is	
capable	 of	 probing	 particle-particle	 cohesion	 at	 the	 nanometer	
scale	 in	 a	 variety	 of	 solvents.	 Specifically	 CNC-CNC	 particle	
interactions	 were	 explored	 via	 film	 swelling	 in	 aqueous	 and	 non-
aqueous	solvents.	The	hydrogen	bonding	ability	of	the	solvent	was	
observed	 to	 be	 the	 most	 correlated	 factor	 (albeit	 a	 weak	
correlation)	 in	 film	 swelling	however,	 highly	polar	 acetonitrile	was	
equally	effective	as	alcohols	at	screening	 interparticle	 interactions.	
Film	 swelling	 is	 proposed	 to	 occur	 as	 the	 solvent	 fills	 the	 porous	
structure	 of	 the	 film	 followed	 by	 enthalpic	 wetting	 of	 individual	
CNCs.	 This	 wetting	 replaces	 CNC-CNC	 hydrogen	 bonds	 with	 CNC-
solvent	 hydrogen	 bonds	 and	 interrupts	 cohesive	 particle-particle	
interactions.	In	all	solvents,	the	van	der	Waals	forces	between	CNC	
particles	maintained	 the	 particle-particle	 cohesion	 and	 the	 overall	
stability	of	the	CNC	films.	The	largest	spacing	observed	suggests	4-6	
molecular	 layers	 of	 water	 are	 present	 between	 each	 CNC,	 in	
excellent	agreement	with	QCM-D	measurements	of	CNCs	in	humid	
environments.33	 From	 this	 work	 we	 predict	 that	 to	 produce	 well-
dispersed	 CNC	 nanocomposites	 (with	 unmodified	 CNCs),	 polymers	
likely	 require	 hydrogen	 bonding	 or	 polar	 components	 that	 can	
interrupt	CNC-CNC	bonding	and	 the	 input	of	external	energy	must	
be	sufficient	to	overcome	van	der	Waals	forces.	
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