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synthesis procedure. Selective removal of the space-filling resin 
from a urea-formaldehyde/CNC composite resulted in porous  
photonic membranes comprised entirely of CNCs.[19]

The optical response of structures comprising a nanoscale 
internal arrangement depends on the properties of the 
nanoscale building blocks and on the parameters that deter-
mine their assembly into a macroscopic structure,[20–22] 
including temperature,[23] the substrate material,[24] and the 
surface chemistry of the nanocrystals.[25,26] While the colloidal 
assembly of cellulose is robust and can be coupled with a 
range of chemical processes to form, for instance, composite 
materials with interesting optical properties,[15–19] the high 
mechanical performance of CNCs can be a drawback in some 
applications. Specifically, structurally colored films obtained via 
evaporation-induced self-assembly (EISA) are brittle, and thus 
unsuitable for applications requiring structural integrity and 
coherence in films or coatings. Attempts have been made to 
mix CNCs with water-soluble polymers to produce flexible and 
birefringent composites, for instance, sodium polyacrylate and 
poly(ethylene glycol),[27] poly(vinyl alcohol) and styrene-buta-
deine[28] or cellulose nanofibrils.[29] However, the incorporation 
of hydrophilic polymers, and cellulose nanocrystals, can limit 
the range and scope of iridescence, and can restrict their chiral 
nematic organization within the hydrophilic polymer matrix, or 
fibrous network.

Here we propose a novel, facile and scalable approach based 
on the co-assembly of zwitterionic (Zw) surfactants with CNCs 
resulting, upon evaporation, in flexible, iridescent films with 
tunable and controllable chiral nematic order. The zwitteri-
onic surfactants electrostatically interact with the CNCs surface 
charge and act as springs connecting neighboring CNCs, thus 
creating a flexible net over which the CNCs can self-assemble 
and exhibit (unhindered) structural color. The photonic proper-
ties of the films have been carefully and extensively analyzed, 
and details of the results will be presented in this paper.

Samples with various mass ratio of CNC:dimethy-
lmyristylammonio)propanesulfonate (DMAPS) and counte-
rion were prepared: three samples with Na+ as counter ions 
(NaCNC01, NaCNC041, and NaCNC1) and increasing sur-
factant content, as well as one with H+ (HCNC041) as the 
counter ion, with a similar CNC:DMAPS mass ratio. The 
amount of Zw surfactant (DMAPS) was determined by gravim-
etry on the final dry films and confirmed by elemental anal-
ysis of the nitrogen and sulfur contents, Table 1. For samples 
NaCNC041 and HCNC041, both of same CNC:DMAPS mass 
ratio of 1:0.41, the nitrogen content was measured as 0.58% 
and 0.61%, respectively, which is identical within the margin 
of error associated with elemental measurements. When the 
CNC:DMAPS ratio was increased to 1:1, (sample NaCNC1) 
the nitrogen content was found to be 1.51%. The typical CNC 
nitrogen content in the control sample, NaCNC0, is less than 
0.3% and undetectable via elemental analysis. The sulfur 

Cellulose is an abundant and sustainable biopolymer that has 
gained renewed interest in materials science.[1] It is produced 
in the cell wall of many plants via condensation polymeriza-
tion of glucose and provides structural integrity and protec-
tion.[2] Functional materials synthesized from nanocellulose 
(nanofibers and nanocrystals) show promise in many potential 
applications such as sensing,[3] catalyst supports,[4] nanofiltra-
tion,[5] tissue engineering,[6] electronics,[7] and solar energy 
harvesting.[8]

The supramolecular structure of cellulose includes crystal-
line and amorphous domains.[10a] Among the various forms of 
cellulosic building blocks, cellulose nanocrystals (CNCs) are of 
particular interest for materials development.[9] CNCs can be 
obtained by controlled acid hydrolysis of cellulosic biomass, 
yielding spindle-shaped nanocrystals on the order of 5–20 nm 
in diameter and a few hundred nanometers in length.[11,12] The 
Young’s modulus of a single crystal has been experimentally 
determined, using Raman microscopy, to be over 140 GPa.[13] 
Hydrolysis using sulfuric (or phosphoric) acid generates sul-
fate (or phosphate) ester groups on the CNC surface that are 
crucial for the stabilization of aqueous colloidal suspensions 
of CNCs.[10b,11,12] Significantly, sulfate-functionalized CNCs 
organize into a chiral nematic lyotropic liquid crystalline (LLC) 
phase,[11] and upon slow evaporation of water, the organi-
zation of CNCs present in the LLC phase can be retained in 
solid films endowing the resulting materials with a helicoidal 
structure and brilliant iridescent (structural) colors.[14] This 
property has been utilized to embed chiral nematic structures 
into silica,[15] organosilica,[16] hydrogels,[17] thermoset phenol-
formaldehyde (PF)[18a] and amino-formaldehyde resins.[18b] In 
some cases, the selective removal of CNCs as sacrificial tem-
plates resulted in mesoporous silica,[15] organosilica,[16] and PF 
resins[18]—materials with high surface areas and well-ordered 
helicoidal pores. Moreover, it has recently been demonstrated 
that a co-templating approach can be used to construct porous 
cellulosic materials with photonic properties in a multi-step 
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content measurement in Table 1 further supports the successful 
ionic adsorption of DMAPS onto the CNC surface. For samples 
NaCNC041, NaCNC1, and HCNC041, the sulfur content was 
1.69%, 3.63%, and 1.44%, respectively. A sulfur content[10b,12] 
of 0.68% for the control sample (NaCNC0) is typical for CNC 
extracted using sulfuric acid hydrolysis. The results suggest 
that any anionic form of sulfated CNCs can be reacted with the 
Zw surfactant to generate flexible, iridescent CNC films.

Figure 1a illustrates the mechanism of interaction between 
CNC suspensions with a zwitterionic surfactant, DMAPS. After 
the acid hydrolysis treatment with H2SO4, used to isolate the 

crystalline parts, some of the primary OH groups of the native 
cellulose are substituted with (negative) sulfate groups on the 
surface (SO3

−), allowing the CNC to be well suspended in 
water. As DMAPS contains both negative (SO3

−) and positive 
(N+) centers, we expect that the N+ from DMAPS is ionically 
adsorbed to the SO3

− on the CNC surface, resulting in a net 
negative charge onto the CNC-DMAPS complex. Fourier 
transform infrared (FT-IR) spectra (Figure 1b,c) and 1H NMR 
(Figure S1, Supporting Information, ESI) confirm the presence 
of DMAPS within the CNC-DMAPS complexes. As expected, 
the addition of DMAPS does not change the CNC structure, 
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Table 1. Elemental analysis and conductivity data for CNC films prepared at different zwitterionic surfactant ratios.

Sample CNC:DMAPS mass ratio pH Conductivity [μS cm−1] DMAPS [wt%] C [%] H [%] N [%] S [%]

NaCNC01 1:0.1 4.03 103 ≤5 37.9 5.65 <0.3 0.64

NaCNC041 1:0.41 4.17 79 22 43.5 6.70 0.58 1.69

NaCNC1 1:1 4.23 75 53 46.7 7.74 1.51 3.63

HCNC041 1:0.41 3.04 319 19 43.1 6.66 0.61 1.44

NaCNC0 1:0 6.9 377 0 40.2 5.99 <0.3 0.68

Figure 1. a) Binding mechanism of the DMAPS surfactant onto the CNC surface, not drawn to scale, (left) with corresponding chemical structure 
(right). b) FTIR spectra of pure CNC and zwitterionic surfactant-CNC films prepared at 1:0.1, 1:0.41, and 1:1 CNC:DMAPS mass ratios. Increasing 
DMAPS dosage is qualitatively reflected with increasing intensity at ≈2900 cm−1, which is responsible for CH stretching from alkyl groups. This, along 
with the NMR results presented in Figure S1 in the Supporting Information, give reasonable and systematic confirmation of DMAPS adsorption to the 
CNC surfaces at evaluated mass ratios. Assignments of relevant bands [a]–[g] are shown in accompanying Table (c).
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as evidenced by powder X-ray diffractometry (Figure S2, Sup-
porting Information, ESI).

CNCs suspensions treated with Zw surfactants remains 
essentially hydrophilic. They are therefore dispersible in polar 
protic solvents, like water, and some polar aprotic solvents, 
like N,N-dimethylformamide, but not in non-polar solvents, 

like toluene or chloroform (Figure S3, Sup-
porting Information, ESI). The physical sizes 
of the CNC nanoparticles used in this work 
were measured using atomic force micros-
copy (AFM), and are about 100 nm in length 
and 3.8 nm in height, standard deviation 70 
and 2 nm (Figure S4, Supporting Informa-
tion, ESI). However, the apparent nanopar-
ticle diameter, as measured using dynamic 
light scattering,[30] is 50.5 ± 0.4 nm for pure 
CNC relative to the CNC-DMAPS complexes 
which measured 51.8 ± 1.3 nm for the 1:0.41 
ratio (NaCNC041) and 53.2 ± 1.7 nm for the 
1:1 ratio (NaCNC1). This indicates there is 
no significant change in particle size upon 
reacting with the Zw surfactant. Moreover, 
the presence of the surfactant does not pre-
vent the assembly of the CNCs into a chiral 
nematic structure, as presented in the SEM 
images of Figure 2 that clearly illustrate the 
Bouligand pattern typical of the helicoidal 
arrangement of CNCs.

The chiral nematic architecture of the film is also confirmed 
by polarized optical micro scopy (Figure 3). For all the investi-
gated samples we observe reflection of only left-circularly polar-
ized light. The optical micrographs and the spectra presented in 
Figure 3 further confirm the shift towards higher wavelengths 
as the Zw surfactant ratios were increased relative to pure CNC. 
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Figure 2. SEM images depicting chiral nematic organization of a) pure CNC and DMAPS:CNC 
films prepared at b) 1:0.1, c) 1:0.41, and d) 1:1 CNC:DMAPS mass ratios. Scale bars are 200 nm.

Figure 3. a) LCP (top line) and RCP (bottom line) bright field optical microscopy images and b) corresponding spectra of the pure CNC and zwitterionic 
surfactant CNC films prepared at 1:0, 1:0.1, 1:0.41, and 1:1 CNC:DMAPS mass ratios. Normalization is with respect to the left circular polarization 
channel and scale bars are 100 μm.
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This indicates the possibility to tune the optical response of 
CNC films by controlling the amount of DMAPS surfactant 
adsorbed onto the CNC surface.

As with the optical response, the tensile strength, stiffness, 
and flexibility of the CNC films can be controlled via the use 
of DMAPS (Figure 4a). The zwitterionics in the films act as 
small springs that interact with the CNC surfaces via ionic link-
ages, allowing for controlled elastic-plastic deformation of the 
films. For the control sample (NaCNC0) it was not possible to 
perform a reliable and reproducible tensile stress versus strain 
measurement, due to the intrinsic brittleness of the films. 
However, for sample NaCNC01, the CNC film has an ultimate 
tensile strength of 63 MPa and maximum strain just below 
1%. We are able to reach an ultimate tensile strength value 
of 13 MPa and maximum strain average of 1.2%, for sample 
NaCNC1. As the Zw surfactant-to-CNC ratio is increased to 
1, sample NaCNC1, the response of the CNC film becomes 
characteristically viscoelastic, and the film is highly flexible 
(Figure 4a). It is worthwhile pointing out that these films are 
significantly stronger and more flexible than those obtained 
with, for instance, graphene/polyaniline composite paper or 
graphene paper[31a] where also the chiral nematic architecture 
is not always retained.[31] For graphene/polyaniline composite 
paper and graphene paper, it has been reported that the tensile 
strength was 12.6 and 8.8 MPa, and maximum strain, 0.11% 
and 0.08%, respectively.[31a]

Furthermore, the pH of the CNC:DMAPS suspension affects 
the resulting mechanical response of EISA CNC-DMAPS films. 
Samples NaCNC041 and HCNC041 have similar CNC:DMAPS 
ratios, but different pH: 4.17 and 3.04, respectively. The ten-
sile strength and strain of the more acidic film HCNC041 
were significantly lower relative to the less acidic NaCNC041 
(Figure 4b). Notably, the incorporation of the Zw surfactant 
in the preparation of CNC films can also modulate the hard-
ness of resulting films. Sample NaCNC01 measured a hard-
ness similar to that to pure CNC films, and sample NaCNC041 
measured 0.19 GPa, whereas sample NaCNC1 was too soft to 
record a measurement. It is evident that, in addition to the ten-
sile strength and toughness properties, the hardness of CNC 
films can be tailored using suitable amounts of Zw surfactants 
to meet the needs of specific applications as in, for instance, 

coatings of tunable color and suitably anti-corrosive properties 
for automotive, high-speed trains, and aircraft.

The CNC self-assembly process strongly relies on their elec-
trostatic interaction and therefore on their superficial charge. 
The addition of any other molecule in suspension will inevi-
tably affect this interaction. This has been demonstrated in 
the case of small ions,[26] and also with the addition of larger 
molecules.[27,32] Critically, one would need to add in the suspen-
sion suitable surfactants, namely Zwitterion surfactants, that 
can strongly interact with the CNCs without changing the net 
charge surrounding them, allowing the self-assembly of CNCs 
into chiral nematic structures. The DMAPS maintains the 
same functional groups of the H2SO4-hydrolyzed CNCs, which 
are necessary for the self-assembly process. However, cationic 
surfactants, such as hexadecyltrimethylammonium bromide 
or alkyltrimethylammonium bromides (CnTAB),[33] prevent the 
organization of the CNC spindles into a chiral nematic struc-
ture as they turn the net surface charge of the CNC from nega-
tive to positive.

The optical properties of the films, as evidenced by the 
detailed SEM, are not affected by the presence of the DMAPS, 
in terms of alignment of the chiral nematic director and uni-
formity of the pitch dimension across their volume. Dark-field 
measurements on the control and the CNC-DMAPS compos-
ites do not reveal significant differences in the chiral domain 
ordering (Figures S5 and S6, Supporting Information, ESI) 
but an increase in scattering for CNC-DMAPS ratio equal to 
1. For CNC-DMAPS ratios larger than 0.41 (i.e., above micelle 
concentration), the intrinsic brittle behavior of pure CNC films 
remarkably change to viscoelastic. The most flexible films 
were obtained with CNC-DMAPS complexes having 1:1 ratio, 
thereby confirming that for each CNC we have at least one 
DMAPS mediating the interaction with neighboring ones.

In conclusion, we demonstrate the fabrication of a flexible, 
iridescent self-assembled CNC films using a facile, green 
approach. A zwitterionic surfactant, DMAPS, is adsorbed 
onto sulfated CNC surfaces via ionic linkages to yield 
nanometric CNC-DMAPS complexes. The micelles of the 
surfactant act as small springs that interact with the CNC sur-
faces. However, the cellulose nanocrystals are unperturbed, 
and as such retain their chiral nematic organization upon 
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Figure 4. Stress versus strain behavior of EISA CNC-DMAPS films is dependent on a) DMAPS dosage and b) pH. Films at CNC:DMAPS = 1:1 (sample 
NaCNC1) and 1:0.41 (NaCNC041) show higher flexibility compared to a CNC only film and to a HCNC film with comparable amount of surfactant, 
respectively.
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evaporation-induced self-assembly. Aqueous suspensions 
of these nano-complexes can also be effectively sprayed, or 
coated, onto essentially any surface to form cohesive, tough 
films. These CNC films evidently show tunable photonic 
and mechanical properties, whereby both properties can be 
tailored on the basis of zwitterionic surfactant amount and 
pH of the CNC suspension. The combination of tunable flex-
ibility and iridescence can dramatically expand CNC coating 
and barrier film capabilities for paints and coatings applica-
tions, sustainable consumer packaging products, as well as 
effective templates for photonic and optelectronic materials 
and structures.

Experimental Section
Reagents: The zwitterionic surfactant, 3-(N,N-DMAPS ≥ 98.0% 

(T), sulfuric acid ACS reagent 37%, and Deuterium oxide 99.9 at% D 
were purchased from Sigma Aldrich. Alcohol, ACS Reagent Grade was 
purchased from Fisher Scientific. All chemicals were used as they are 
without further purification.

Preparation of CNC Suspensions: For the preparation of CNC, 
fully bleached, commercial kraft softwood pulp was first milled 
to pass through a 0.5 mm screen in a Wiley mill to ensure particle 
size uniformity and increase in the surface area. The milled pulp 
was hydrolyzed in sulfuric acid (8.75 mL of a sulfuric acid solution 
per gram pulp) at a concentration of 64 wt% and a temperature of 
45 °C with vigorous stirring for 25 min. The cellulose suspension was 
then diluted with cold deionized (DI) water (≈tenfold the volume of 
the acid solution used) to stop the hydrolysis, and allowed to settle 
overnight. The clear top layer was decanted and the remaining 
cloudy layer was centrifuged. The supernatant was decanted and 
the resulting thick white suspension was washed three times with 
DI water to remove all soluble cellulose materials. The thick white 
suspension obtained after the last centrifugation step was placed 
inside dialysis membrane tubes (12 000–14 000 molecular weight 
cut-off ) and dialyzed against slow running DI water, for 1–4 d. The 
procedure was continued until, when the membrane tubes containing 
the extracted cellulose materials were placed periodically in DI H2O, 
the pH of the water became constant over a period of one hour. The 
suspension from the membrane tubes was dispersed by subjecting 
it to ultrasound treatment in a Fisher Sonic Dismembrator (Fisher 
Scientific) for 10 min at 60% power and then diluted to the desired 
concentration.

Preparation of CNC-Surfactant Films: 40 g of aqueous CNC 
suspension was mixed with 110 g of DI water and sonicated for 10 min 
at 60% max power in a Fisher Sonic Dismembrator (Fisher Scientific). 
The CNC solids content in the final suspension was 1 wt%. The CNC 
suspension was heated to 80 °C, and the zwitterionic surfactant, 
3-(N,N-DMAPS dissolved in 50 g of DI water was added with vigorous 
stirring to produce suspensions with the following CNC:DMAPS mass 
ratios: 1:0.1, 1:0.41, and 1:1. The mixture was continuously stirred for 
2 h at 80 °C until homogeneous. The clear suspension was mixed with 
a disintegrator for 1 min and dialyzed against DI water for 6 d until 
reaching a stable conductivity value. The dialyzed clear CNC-DMAPS 
suspensions were further sonicated for 10 min at 60% max. power using 
a Fisher Sonic Dismembrator, and the resulting CNC-DMAPS complex 
has H+ as counter ions in suspension. The different CNC-DMAPS films 
used for this study were prepared by EISA. Aliquots (40 g) of the CNC-
DMAPS suspensions were placed in Teflon Petri dishes (80 mm internal 
diameter), and allowed to evaporate at ambient conditions, under 
controlled air flow, on a well levelled surface. A similar protocol was 
used for pure CNC films.

Characterization—Elemental Analysis: Carbon, hydrogen, and nitrogen 
analyses were carried out in a gas chromatograph (Carlo Erba 1106), in 
which the sample was burned and the amount of the resulting carbon 

dioxide, water, and nitrogen were measured by thermal conductivity and 
compared directly with known standards (most commonly acetanilide 
and nitroaniline). Sulfur was determined by titration: after combustion, 
absorption, and pH adjustment, the resulting solution was titrated 
with standardized barium perchlorate by a volumetric method, using 
thorin as indicator. Elemental analyses were carried out by Canadian 
Microanalytical Service Ltd.

Characterization—Particle Size: An Agilent 5500 (Agilent 
Technologies) AFM was used in tapping mode (OTESPA-R3 tip) at 
room temperature to measure the CNC size distribution. The samples 
were prepared by drop casting 10 μL of diluted CNC suspensions on 
poly-l-lysine functionalized mica. After deposition the samples were 
rinsed with double deionized water and dried under nitrogen flow.[34] 
The analyzed sample area was typically 15μm × 15μm. Particle size was 
confirmed also by photon correlation spectroscopy (Zetasizer 3000, 
Malvern Instruments, UK using CNC suspensions in 1 × 10−3 m NaCl 
solution with 0.05% (w/w) as final CNC concentration. All runs were 
at least duplicated, with the reported values being the mean particle 
diameter for each material.

Characterization—Spectroscopy: FT-IR spectra were recorded on EISA 
CNC-DMAPS films using a Nicolet 6700 FT-IR spectrometer. Nuclear 
Magnetic Resonance (1H NMR) was carried out using water suppression 
pulse sequence method on AV400dir spectrometer with the following 
settings: frequency on proton 400.13 MHz; pulse program: zggpw5; 
relaxation delay = 2 s; acquisition time = 2.29 s; ds = 4; number of scans 
was between 32 and 384 scans depending on the sample tested. 1H 
NMR spectra were acquired directly on CNC-DMAPS suspensions.

Characterization—Polarized Light Microscopy: The films were analyzed 
in reflection on a customized Zeiss Axio Microscope using a Halogen 
lamp (Zeiss HAL100) as a light source with Koehler illumination. The 
light reflected off the samples passes through a quarter wave plate and 
a polarizing filter, specifically oriented to let only left-circularly-polarized 
or right-circularly-polarized light pass before being split between a CCD 
camera (Thorlabs DCC3240C) and an optical fibre mounted in confocal 
configuration and connected to a spectrometer (AvaSpec-HS2048, 
Avantes). This set-up allowed for the spectral acquisition from specific 
areas in the sample; all the spectra were normalized to the reflection of a 
silver mirror in one polarization channel, thus allowing for a theoretical 
100% reflectivity for a perfectly chiral nematic sample in that specific 
channel. Dark-field images were acquired illuminating the samples from 
angles that are larger than the numerical aperture of the objective so 
that only scattered light can be collected.

Characterization—SEM Imaging: The morphological properties of 
the films were observed using a Leo Gemini 1530VP, Zeiss, scanning 
electron microscope, operated in high vacuum mode at 4 kV accelerating 
voltage and working distance 3–4 mm. To examine the internal structure 
of the EISA CNC-DMAPS films, samples were mounted on aluminum 
stubs, exposing the cross-section, using conductive carbon tabs, and 
were then sputter-coated with Au/Pd to minimize the charging effect 
(Emitech K550).

Characterization—Micro-Tensile Testing: Tensile mechanical 
measurements were performed on CNC-DMAPS films cut into 
rectangular strips approximately 7 mm × 25 mm, and the thickness 
was measured on the vertically mounted strips using a field-emission 
scanning electron microscope. Samples were imaged, uncoated, in low-
vacuum mode. Images of the films, collected in Scandium imaging and 
image analysis software, were collected so that the entire film thickness 
is visible and the top and bottom edges of the film are discernible. 
Tensile testing was carried out using a Deben micro-tensile testing rig 
equipped with a 200 N load cell. All tensile tests were carried out at 
controlled conditions (23 ± 1 °C; 50 ± 2% RH). The gauge length was 
10 mm and special PTFE-coated grips with textured surface were used to 
clamp the strip’s extremities.

Characterization—Hardness Measurement: Vickers hardness 
measurement was carried out using a Buehler Micromet Hardness 
tester, Model 1600–6100. The Vickers test was performed by pressing 
an indenter of specified geometry into the CNC film surface. The test 
applies only a single test force. The resultant impression area is then 
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measured using a high-powered microscope. The applied force range 
was: 10–1000 gf. For instance, we applied 25 gf for 15 s. The CNC 
film to be tested was placed on a stainless steel polished surface and 
placed into the instrument such that it was normal to both the loading 
and optical axes. After the indentation test, Vickers hardness numbers 
were determined by measuring diagonals of the indentation using the 
microscope at room temperature.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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