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Abstract We investigate the effect of shear flow

applied during the drying of aqueous suspension of

cellulose nanocrystals on optical reflective properties

and structural characteristics of the resulting solidified

films. Shear flow can significantly improve internal

structural homogeneity of the films, while its effect on

optical reflective properties is relatively minor.

The measured width of the selective reflection peak

is an order of magnitude larger than expected for an

ideal helically modulated structure, which reflects a

distribution of pitch values and possibly also of

regimes of distorted helical modulation. We attribute

these imperfections to the broad size distribution of

the cellulose nanocrystals.

Keywords Cellulose nanocrystals � Chiral nematic

liquid crystal � Iridescent films � Shear stress � Optical
reflectance spectroscopy � Scanning electron

microscopy

Introduction

Chirality is an inherent property of many natural

molecules and systems, among them also cellulose

fibres and crystallites (Conley et al. 2016). Due to the

chirality of cellulose, concentrated aqueous suspen-

sions of cellulose nanocrystals (CNC) exhibit the

formation of a chiral nematic (cholesteric) liquid-

crystalline phase (Revol et al. 1992). In this phase,

rod-shaped CNC crystallites are orientationally

aligned along a preferred local direction which twists

in space in a left-handed helicoidal manner (Chan-

drasekhar 1992). When a droplet of such a suspension

is deposited on a flat substrate and water is evaporated,

a translucent solidified film with intriguing iridescent-

colored appearance, similar to the glare of opals or

nacre, is obtained (Revol et al. 1998). The iridescence

is a consequence of selective optical reflection from

the helical structure with periodicity in the range of

wavelengths of visible light (John et al. 1995). This

structure is a remnant of the cholesteric phase that is

‘‘locked-in’’ by vitrification during the drying process
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(Lagerwall et al. 2014; Wang et al. 2016). Despite

many efforts to control formation and structure of

drop-cast CNC films, a correlation between their

structural details and optical reflective properties is

still far from being satisfactorily resolved (Holt et al.

2010; Pan et al. 2010; Habibi et al. 2010; Beck et al.

2011, 2013; Salas et al. 2013; Dumanli et al. 2014a, b;

Liu et al. 2014; Gray andMu 2015;Wang andWalther

2015; Mu and Gray 2015).

Application of shear stress is an efficient method for

manipulation of macro-scale orientation of the CNCs

during the drying process (Orts et al. 1998; Ebeling

et al. 1999; Cranston and Gray 2008; Hoeger et al.

2011; Diaz et al. 2013; Tatsumi et al. 2015). This

method normally yields homogeneous films with

CNCs aligned parallel to the shear flow direction.

Consequently, it also inhibits formation of the helical

modulation. However, our recent investigation

revealed that a suitably weak circular shear flow

generated during drying can lead to macroscopically

uniform films that preserve helical modulation and

display improved homogeneity of the iridescent colors

(Park et al. 2014). This paper presents a comparative

study of structural and optical properties of solution-

cast CNC films prepared under the same drying

conditions with or without the presence of a weak

circular shear flow. Structural analysis by scanning

electron microscopy (SEM) reveals that films exposed

to shear flow exhibit superior homogeneity of their

cross-sectional profile with respect to the films dried

without shear flow. Rather surprisingly, however,

optical reflective properties of both types of films are

quite similar.

Experimental

Cellulose nanocrystals were prepared by sulfuric acid

hydrolysis following (Gebauer et al. 2011). In detail,

20 g of dried ‘‘Domsjö wood’’ (sulfite softwood

Domsjö Dissolving plus; Domsjö Fabriker AB,

Domsjö, Sweden obtained from 60 % Norwegian

spruce and 40 % Scots pine, with a hemicellulose

content of 4.5 % and a lignin content of 0.6 %.) was

hydrolysed in 64 % H2SO4 (175 ml) for 60 min at

45 �C. The suspension was diluted 10 times with

deionized (DI) water. The precipitate was repeatedly

rinsed with DI water by centrifugation (20 min at

4754 g), and dialyzed against DI water for 5–7 days.

The suspension was sonicated for about 10 min at

70 % energy output using a Sonics Vibracell VC-750,

USA) with a 13 mm wide titanium probe. The

suspension was centrifuged in order to remove the

introduced titanium particles and remaining aggre-

gates and the resulting suspension was upconcentrated

via slow evaporation. The colloidal stability results

from sulfate half-ester groups, which provide a total

charge of 0.3 mmol/g as determined by conductomet-

ric titration. These groups emanate from the sulfuric

acid hydrolysis process. The CNCs have dimensions

of 100–300 nm in length and 3–10 nm in width.

Two types of films were investigated in this study,

both prepared from aqueous suspensions with concen-

tration of 4.8 wt% and deposited on glass substrates

with diameter of 25 mm. In one case, the film was left

to dry on a still substrate. In the second, left-handed

circular shear flow was induced during drying by

placing the sample on an orbital mixer (Fine PCR

SH30) with rotation speed of 44 rpm. This rotation

speed was chosen because our previous investigation

demonstrated good optical properties of the films

obtained at this shear rate (Park et al. 2014). The drying

process took place in a flow box at room temperature

and lasted for about 12 h. A typical example of a dried

film is shown in the inset of Fig. 1. A large central area

of the film reflects blue-colored light. It is surrounded

by several mm-wide rainbow-colored band, while the

peripheral zone of the film has a dark red appearance,

gradually turning into dark gray.

Fig. 1 Diffuse reflectance spectra measured at blue-colored

central region of the two CNC films. Black solid lines are best

fits of the Lorentzian line-shape. The inset shows a photo of the

fractured sample S with the labels indicating areas with different

optical properties
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Diffuse reflectance spectra of both films were

measured using an integrating sphere with an

internal broad-band light source, fiber-coupled to a

compact spectrometer sensitive in the 350–1050 nm

spectral range (ISP-REF and USB4000, by Ocean

Optics) (Vidovič and Majaron 2014). The samples

were mounted onto a black-colored solid support

and positioned at the integrating sphere’s sample

opening. Light reflected from the samples was

collected at the signal port, positioned at an angle

of 8� with respect to the sample normal. In order to

obtain absolute reflectance values, the setup was

calibrated using a commercial white standard with

Lambertian reflectance Rwh C 99 % (Spectralon�,

Labsphere). Reflectance spectra at different loca-

tions within each film were assessed by moving the

samples laterally in steps of 0.50 or 0.25 mm using

a linear translation stage. The effective diameter of

the sensed surface area in each measurement was

around 1.5 mm.

In addition, specular reflection of the films was

measured using a linearly polarized collimated laser

beam at 532 nm. The beam was incident on the film at

an angle of 8�with respect to the sample normal. Light

reflected from the film within the solid angle of

*5 9 10-3 sr along the direction of specular reflec-

tion was detected by a photodiode. The effective

diameter of the laser beam on the sample was*1 mm.

Just like described above, the spatial dependence of

the reflectivity was obtained by translating the sample

in the lateral direction.

For SEM imaging of the cross-sectional structure,

the samples were fractured by scribing a line on the

glass substrate and then cracking the glass together

with the films. After cracking, the film that was dried

without shear flow has detached from the glass

substrate and broke into several smaller pieces. The

opposite effect was observed for the film prepared

with shear flow: This film remained firmly attached to

the glass substrate. Observed differences indicate that

a detailed mechanical properties study is well moti-

vated as a follow-up work of the investigations

reported in this paper. Fractured pieces of the films

were attached on a solid support using a carbon tape so

that the fractured surface was oriented in the direction

of imaging. The surface was coated with a thin Pt/Au

layer. SEM images of the fractured surface were

attained with a JEOL JSM-7600F electron microscope

at operating voltage of 3 kV.

For Fourier analysis of the SEM images, the image

was rotated so that the edge of the sample was parallel

to the edge of the image. Fast Fourier transformation

(FFT) of a selected region was performed line-by-line

(in direction perpendicular to the structural layers) in

Mathematica (Wolfram, v. 10.4) and the results were

averaged over all lines. Before each transformation,

the mean value of grayscale intensity of each line was

subtracted from the data and a Hann window function

was applied.

Results

Optical reflectance properties

In Fig. 1, we compare the diffuse reflectance spectra

Rd(k) as measured in the central, blue-colored region

of both samples (marked ‘‘c’’ in the inset). It is evident

that the two spectra are very similar. Fitting of the

reflectance peak with a Lorentzian line-shape yields a

peak wavelength of kd,max = 453± 1 nm and spectral

width DkFWHM = 174 ± 2 nm for the film which was

dried on still substrate (denoted in the following as

filmD). For the film that was dried in presence of shear

flow (denoted in the following as film S), the results

are kd,max = 461 ± 1 nm and DkFWHM = 184 ± 2

nm, respectively.

Figure 2 shows diffuse reflectance spectra Rd(k) of
the film D as measured at various distances x from its

peripheral edge (for definition of x see the inset in

Fig. 1). In the peripheral region (‘‘a’’; x = 0–2.5 mm),

the reflectivity peaks appear at wavelengths between

600 and 700 nm, and the corresponding reflectance

values Rd,max increase with the distance from the

sample edge (Fig. 2a). In the rainbow-colored region

(‘‘b’’; x = 2.5–7 mm), in contrast, the reflectance

peaks are shifting gradually from kd,max = 650 nm

towards 450 nm, while the values of Rd,max remain

around 30 % (Fig. 2b). An increase of reflectance for

k\ 420 nm that appears in all spectra is attributed to

reflection from the non-perfect black tape that was

used as an absorptive support for the samples. The

spectra obtained for the film S were qualitatively

similar and are therefore not presented.

The values of kd,max, Rd,max and DkFWHM obtained

from different locations in both types of CNC films are

collected in Fig. 3. For film S, the values of kd,max are
decreasing with increasing x monotonically and more
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rapidly as compared to film D (Fig. 3a). The depen-

dencies of Rd,max(x) of both films are quite similar: For

small values of x, the values increase linearly with

increasing x, but retain an approximately constant

value after reaching Rd,max * 30 % (Fig. 3b). The

initial increase of Rd,max is associated with increasing

thickness of the CNC film in the peripheral region (Mu

and Gray 2015). The dependencies of DkFWHM(x) for

the two types of films differ more: At x * 1.5 mm,

the film D exhibits a maximum, while the film S

exhibits a minimum of DkFWHM. The average values

are\DkFWHM(x)[= 218 ± 12 nm for sample D and

\DkFWHM(x)[= 261 ± 12 nm for sample S. This is

approximately 50 nm more than the values observed

in the central regions of the same samples.

The spatial dependence of the specular reflectance

Rs(x) as measured at 532 nm is shown in Fig. 4. This

wavelength corresponds to selective reflection in a

section within the rainbow-colored region of the films.

In accordance with data shown in Fig. 3a, a maximum

of Rs appears at a lower value of x for the film S (filled

circles) than for the film D (empty squares). However,

Fig. 2 Diffuse reflectance spectra of sample D measured at different positions from the outer edge of the CNC film: a dark red-colored
peripheral region, x = 0–2.5 mm; b rainbow-colored transition region, x = 2.5–7 mm

Fig. 3 Characteristic properties of diffuse reflectance spectra measured at different positions in CNC films dried with and without

shear flow: a wavelength of the reflection peak, kd,max, b peak reflectance value, Rd,max, and c peak reflectance width (DkFWHM)

Fig. 4 Specular reflectance of the laser beam (k = 532 nm)

measured at different positions in both CNC film samples
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the highest detected specular reflectance for both films

is Rs,max * 15 %, which is around two times lower

than observed in diffuse reflectance measurements

(see Fig. 3b).

Structural properties

Figure 5 shows cross-sectional SEM images of two

different lateral regions of the sample D. Parts of the

film that were in contact with the glass substrate during

the drying process (bottom-right area of the images)

display a notable periodic structure, while the opposite

parts, which were in contact with air (upper-left area of

the images) show an irregular arrangement with no

notable periodicity. Figure 5c shows a marked area in

Fig. 5b imaged at larger magnification. A line corre-

sponding to 10 structural periods (associated with

5-times helical periodicity ph) is shown, which gives

ph * 300 nm.

The cross-sectional SEM images of the sample S

reveal significantly different properties (Fig. 6). The

entire cross-sectional areas exhibit a profound peri-

odic assembly with the layers oriented parallel to the

glass substrate. The periodicity is most evidently

observable in Fig. 6b at the upper broken edge of the

film, where bundles of CNC periodically protrude

from the structure.

The variation of helical periodicity ph with lateral

distance x from the sample peripheral border is

associated with presence of dislocations in the helical

structure. An example of an area with several dislo-

cations is shown in Fig. 7a. Besides this, the period-

icity varies also with sample depth. This is illustrated

in Fig. 7b, which shows the results of the FFT analysis

Fig. 5 Cross-sectional SEM images of the film that was dried

without application of shear flow (film D) captured at different

positions from the sample peripheral border: a red-colored edge
region x = 0–2.5 mm, b blue-colored central region x[ 7 mm.

Upper-left regions of the images correspond to air–CNC film

interface and bottom-right regions to the CNC film–glass

interface. c Marked area in (b) imaged at larger magnification.

During the fracture process the film fully detached from the

glass substrate and broke into smaller pieces

Fig. 6 Cross-sectional SEM images of the film that was dried

with application of shear flow (film S) captured at different

positions from the sample peripheral border: a red-colored edge
region x = 0–2.5 mm, b rainbow-colored transition region

x = 2.5–7 mm.Up-left regions of the images correspond to air–

CNC film interface and down-right regions to the CNC film–

glass interface. During the fracture process the film remained

attached to the glass substrate
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performed for three different areas of the SEM image

given in the inset. The upper (green) FFT spectrum,

corresponding to the largest analyzed area, displays

four different structural periodicities denoted in the

image as p1, p2, p3 and p4. In contrast, the area

corresponding to the smaller region near the glass

substrate (blue curve) predominantly displays only the

periodicity p4.

Discussion

The peak wavelength k0 of the photonic-band gap

associated with the Bragg reflection from an infinitely

thick helical structure with helical pitch ph is given as

(John et al. 1995):

k0 ¼ �n � ph � cosh ð1Þ

and the spectral width of the peak Dkbg is described by

Dkbg ¼ Dn � ph; ð2Þ

where �n is the average refractive index, h is the angle

between the incident beam and the helical axis, and Dn
is birefringence. Within the band-gap region, circu-

larly polarized light matching the helical structure of

the medium theoretically exhibits 100 % reflectivity,

while reflectivity for the orthogonal circular polariza-

tion is close to zero (Belyakov 1992). Consequently,

the reflectivity for unpolarized and for linearly

polarized light, which were used in our investigations,

is expected to be B50 %. The reported average

refractive index and birefringence of the CNC films

are �n * 1.55 and Dn * 0.06 (Dumanli et al. 2014a;

Wang and Walther 2015; Cranston and Gray 2008;

Frka-Petesic et al. 2015), respectively. These values

give Dkbg � 0:040=cosh, which for h = 8� and

410 nm\ k0 \ 700 nm, as relevant for our diffuse

reflectance measurements, results in 16 nm\
Dkbg\ 28 nm. As evident from Fig. 3c, the values

of DkFWHM observed in our experiments are by an

order of magnitude larger.

A common reason for broadening of the Bragg

reflection peak is finite thickness of the helical

structure (Chandrasekhar 1992; John et al. 1995;

Belyakov 1992). For Dn * 0.06, the spectral width of

the peak is expected to be notably larger from the

value given by Eq. (2), if the thickness of the film is in

the range d\ 20ph (John et al. 1995), which corre-

sponds to d\ 5 lm for the blue-reflecting and to

d\ 10 lm for the red-reflecting region, respectively.

According to Figs. 5, 6 and 7, the thickness of periodic

regions in our samples is evidently larger than these

values, so finite thickness of the structure cannot

explain the observed broadening of the reflectance

peaks. Therefore, the broadening should originate

from the structural imperfections.

The imperfections are associated with spatial

variation of the helical pitch and with variations in

Fig. 7 a Cross-sectional SEM image of an area exhibiting

several dislocations in the helical structure (film S, blue-colored

region x[ 7 mm). b 1D FFT spectra of different regions of the

image demonstrating variations of the structural periodicity with

sample depth. The inset shows the corresponding SEM image

together with three different analyzed regions (film S, rainbow-

colored transition region x = 2.5–7 mm)
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the orientation of helical axis with respect to the

substrate. The latter affects the angle h in Eq. (1) and

the presence of these variations explains why specular

reflectance measurements with laser light at 532 nm

(Fig. 4) give lower values than diffuse reflectance

measurements corresponding to the reflection peak at

this wavelength (Fig. 3). This signifies that also

variations of the orientation of helical axis have to

be taken into account.

The main contribution to spectral broadening is

attributed to variations of the helical pitch ph. In the border

regions of the samples (regions ‘‘a’’ and ‘‘b’’ in the inset of

Fig. 1), lateral modifications most probably prevail, while

in the central region (region ‘‘c’’ in the inset of Fig. 1)

variations of ph with sample depth are possibly predom-

inant. By taking cos h = 1 in Eq. (1) one can obtain a

rough estimation for pitch variance:

Dph=phð Þ ¼ ðDk0=k0Þ� DkFWHM=kd;max
� �

; ð3Þ

which, considering the data for the central blue-

colored sample regions shown in Fig. 1, gives Dph/
ph = 38 ± 1 % for the film D and Dph/
ph = 40 ± 1 % for the film S, respectively. For the

green-colored region (kd,max = 550 nm) the results

shown in Fig. 3 give Dph/ph * 50 % corresponding

to Dph * 180 nm. This value obtained from the

spectroscopic analysis is in very good agreement with

the results of the FFT analysis of the SEM images

shown in Fig. 7b, which give Dph * (p1 - p2 ? 2-

p3 - 2p4)/2 = 174.5 ± 21 nm. In this calculation we

presumed that p3 and p4 represent the second harmon-

ics of p1 and p2, i.e. that they correspond to ph/2

(Majoinen et al. 2012).

A spectral width DkFWHM in the range of

100–200 nm, as detected in the central region of our

samples, was observed also in many other studies

investigating dried CNC films prepared from various

sources (Pan et al. 2010; Beck et al. 2011, 2013;

Dumanli et al. 2014a; Liu et al. 2014). Therefore, it

seems to be associated with an intrinsic irregularity of

the helical periodicity of the CNC films. It very

probably originates from distribution of lengths and

diameters of the nano-crystallites. During the drying

process crystallites of various sizes phase-separate

into domains with different periodicities that con-

tribute to different reflection colors (Dumanli et al.

2014a, b).

As a hypothesis for the different vertical structures,

we propose that, in the case of a droplet at rest, kinetic

arrest of the top layer, where water evaporation is the

fastest, takes place at an early stage during drying

(Lagerwall et al. 2014; Bodiguel and Leng 2010),

locking a largely disordered arrangement into place. In

the final film this disordered regime ends up covering

the much better ordered bottom section, which due to

the slower evaporation of water inside could remain in

the equilibrium cholesteric state long enough for the

helix to align vertically, as influenced by the bottom

substrate (Wang et al. 2016). In contrast, if the droplet

is exposed to rotational shear stress, the constant

mixing of the surface layer prevents localized increase

in CNC concentration, cancelling out gradients and

extending the time of equilibrium liquid crystalline

state throughout the sample. In this way the helix can

form vertically throughout the whole film.

The most intriguing puzzle of our study is the

question, how films with evidently very different

structural perfection can result in so similar optical

reflective properties. The explanation is that reflection

originates predominantly from the periodic regions of

the films, and these are very similar for both types of

the films. Films dried in the presence of shear flow

exhibit only a periodic structure with thickness in the

range 10–20 lm, while films dried without shear flow

exhibit a periodic structure with about the same

thickness (see Figs. 5b, 6b) that is covered with a top

layer without periodic characteristics. This top layer is

very probably in the unwound cholesteric phase

(nematic). If the refractive index in this top layer

varies smoothly on the scale of optical wavelengths, it

does not cause much reflection or scattering, so it does

not significantly contribute to the reflectance spec-

trum. On the other hand, due to its birefringence, the

non-periodic layer can significantly modify the polar-

ization state of optical radiation. Therefore it domi-

nantly affects the appearance of samples in

polarization optical microscopy (POM) (Park et al.

2014). Hence, one can conclude that POM resolves

primarily the aperiodic parts of the solidified CNC

structure, while reflectance and transmittance spectra

resolve mainly the periodic regions.

Conclusions

Our results demonstrate that application of a weak

circular shear flow during the drying process of

solution cast CNC films can produce solidified films
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with superior structural periodicity established

through the entire film depth. We propose that this is

due to the cancellation of concentration gradients due

to the rotational shear flow, and the consequent

delayed kinetic arrest at the surface layer, allowing a

uniform equilibrium cholesteric arrangement with

vertical helix to form throughout the sample. In-situ

optical experiments performed during the drying

process are needed to resolve further details of the

film formation process. Nevertheless, the much

improved surface adhesion and structural uniformity

obtained by drying with rotational shear flow can be

very interesting in attempts to utilize the self-orga-

nized helical CNC structures for realizing optical

coatings with enhanced mechanical properties.
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