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ABSTRACT

Hypothesis: The optical properties and humidity response of iridescent films made of cellulose nanocrys-
tal (CNC) and polyethylene glycol (PEG) can be tailored by the incorporation of electrolytes chosen based
on specific ion effects (SIE).
Experiments: A series of inorganic salts comprising five different cations and five anions based on the
Hofmeister series were mixed with CNC/PEG suspensions, followed by an air-dried process into iridescent
solid films. These films were tested in changing relative humidity (RH) environments from 30% to 90%
and their photonic properties and mass change monitored. The underlying structures and the mechanism
of their formation were quantified in terms of interparticle distance derived from small angle X-ray scat-
tering experiment and pitch size quantified by scanning electron microscope (SEM).
Findings: The specific color and color range of CNC/PEG based films are controlled by a specific anion
effect achieved by selection of the salt while the specific cation effect is negligible. The salting-in type
anions with the same valency result in a red-shift color when films are in the dried state. The salting-
in type leads to a greater color changing range during RH changes than the salting-out type. The resultant
mass gain/loss trend is consistent with the color change. In contrast, cations do not show any relation-
ships between salting-in effect and the measured properties as observed for anions. The observed SIE
can be used to engineer CNC/polymer-based humidity and bio-diagnostic colorimetric indicator devices.
© 2022 Elsevier Inc. All rights reserved.
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1. Introduction

Cellulose nanocrystals (CNC) are extracted and refined from lig-
nocelluloses plants, tunicate and bacteria. Their inherent renewa-
bility and biodegradability have attracted much interest and
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Abbreviations and Nomenclatures
CCC critical coagulation concentrations
CNC Cellulose NanoCrystal

CN* Chiral Nematic

Da Dalton

KW kilowatts

PEG PolyEthylene Glycol

MW Molecular Weight

MQ-cm million-ohm times centimeter
RH Relative Humidity

SAXS Small Angle X-ray Scattering
SD Standard deviation

SEM Scanning Electron Microscope
SIE Specific lon Effects

UV-NIR Ultraviolet-Near Infrared

d Interparticle distance

P Pitch

Jmax Maximum wavelength (peak)
Am Mass changes

om(%)

o Mass responsive rate
C

device development in recent years [1-3]. Among such CNC appli-
cations are photonic crystals which demonstrate structural color
[3]. Aqueous suspensions of acid-hydrolyzed CNC form a periodic
arrangement as their concentration increases due to their high sur-
face charge and is retained as the film is dried. During the film for-
mation upon the suspension drying, the CNC particles pass from an
isotropic phase with random orientation, into a liquid crystalline
structures in the nematic state with parallel alignment, and subse-
quently into a chiral nematic phase (denoted as CN*) where the
CNC rods form helical structures at a mesoscopic level in the final
liquid state prior to final solidification. When the tactoids are fully
dried, the CN* structure is retained and becomes iridescent when
illuminated by ambient light. This is because each CNC possesses
a slightly rotated position relative to its neighbor through the
depth direction of the film. The length over a complete 360-
degree rotation of local director is defined as the pitch (P). The chi-
ral behavior of CNC assembly has a strong relevance to the surface
charge, aspect ratio, stiffness of crystal and solvent condition [3].
The phase transformation of CNC suspensions occurs sponta-
neously by evaporation-induced self-assembly (EISA). The wave-
length of peak reflected light, An., depends strongly on the
average refractive index of the local helical structure (n,,), pitch
(P) and the angle ¢ of incident light with respect to the helical axis
[4]. The relationship between these factors can be expressed as:

(1)

where n,, is governed by the CNC specific characteristics
including crystallinity, transparency and purity. The pitch P is dri-
ven by the suspension interactions and is therefore correlated to
the composition of the suspension (the ionic strength of any pres-
ence of electrolytes), additives (polymers, surfactants), the surface
chemistry of the CNC as well as the drying conditions [5]. The
structural color of the dried film can be manipulated to reflect light
from the near infrared to the ultraviolet wavelength region.

The structural color created by the CN* phase of CNC has the
advantages of good brightness, high saturation, low thermal degra-
dation, and long lifetimes. Such CNC films can also absorb water
vapor and swell the CN* structure leading to “red-shift” in the
structural color by affecting P dimension [6]. Humidity sensing
was identified as a promising application for CNCs [7]. However,
it remains difficult to use CNCs alone to produce reliable humidity
sensors [8], when compared to other known colorimetric indicator
device applied in pesticide control which are based on chemilumi-
nescence assay or phosphorescence [9,10]. One of the major chal-
lenges is that CNCs intrinsically possess a low water-adsorption
capability, even though they are hydrophilic [11]. The swelling
ratio of the CN* structure itself is limited because of the low
amount of water entering the structure, which largely resides on
the outer surface [12]. Another challenge is highly brittleness of
pristine CNC films which is problematic for many practical applica-

Amax = Nay - P - CcOSQ
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tions. Researchers have incorporated hygroscopic solvents such as
glycerol [13], N-Methylmorpholine N-Oxide [11] and polymer such
as polyethylene glycol (PEG) [14], poly-(3,3’-benzophenone-4,4'-d
icarboxylic acid dicarboxylate polyethylene glycol) ester [15],
waterborne polyurethane [16] to overcome these problems. Homo-
geneously distributing these materials into the CN* structure can
mediate the internal stress, prevent crack formation [17], and
increase film flexibility [18]. The hygroscopicity of these materials
enhance the water uptake and encourage larger color shifts.

Specific ion effects (SIE), which encompasses the Hofmeister
series named after Franz Hofmeister, are grouped into salting-in
and salting-out based on the ions’ impact on the precipitation of
protein and polymer [19,20]. Salting-in effects solubilize polymer
while salting-out effects precipitate polymer. The ions summarized
in the Hofmeister series are found to modify the configurations of
polymer which generally contain polar and non-polar sections of
the polymer chains [19]. Salting-out type ions can increase the
polymer structural order and render the macromolecular chains
more hydrophobic, so the polymer chains collapse into a dehy-
drated coil which can precipitate out [21-27]. Salting-in type ions
tend to unfold and disorder the chains [24,28] and are usually
weakly hydrated and reside toward the center of macromolecular
chains [29]. As chains are more hydrophilic, they become more
hydrated and swollen [30,31]. SIE have been shown to effectively
impact the cloud point of PEG where salting-out type ions reduce
the cloud-point temperature [32-35]. In other words, the salting-
out type ions change the conformation of PEG chains. This type
of ions is usually strongly hydrated and fully shed hydration shells
which exclude the hydrophobic section on the polymer chains [36-
38]. This action causes the hydrophobic assembly of chains, similar
to “aggregation” and creates a secondary phase in aqueous solution
with decreasing temperature. Since PEG is commonly intercalated
into CN* structure to change the color of dried film [14,39-41], dis-
tribution and structure of the polymer within CNC arrangements
will determine the brightness and homogeneity of color. Based
on our previous study [42], 900,000 Dalton (Da) PEG was selected
for better color distribution than lower molecular weight (MW)
PEG samples. For lower MW (i.e.20,000 Da PEG), the color from
center to edge of a flat dried film is relatively inhomogeneous.
The other advantage of choosing this higher MW is to avoid any
potential phase separation which may interfere with determining
the impact of salts.

In this study, several inorganic salts are selected to have an
impact on PEG configuration. Ten ions were chosen based on the
order of salting-out and salting-in as illustrated in Fig. 1 and were
incorporated into the CNC/PEG composites. To further determine
the SIE, the CNC/PEG/Salt suspensions were dried into solid films
and then exposed to various levels of relative humidity (RH). The
interaction in these ternary systems when they were in suspen-
sions and dried films were characterized. The reflected wavelength
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Fig. 1. lons from conventional Hofmeister series used in this study. lons on the right side produce a salting-in effect (increasing cloud point and solubility) on the polymer
whereas the ions on the left side to a salting out effect.

and the mass of the film were separately monitored in a RH cycle. Scattering (SAXS). The mixture is described by the following
In the structural analysis, we hypothesized that salt, which nomenclature: CNC/PEG/Salt. For example, a CNC and PEG mixture
changes PEG and CNC conformation during the drying process NaCl incorporated is labelled as CNC/PEG/NaCl.

could alter optical properties. Salts changed the initial color of

the solid dried film, as well as the amount of absorbed water, lead- 2.3. Characterizations of mixture

ing to different wavelengths of reflection from 30% RH to 90% RH

environment. We found that the performance of color change in 2.3.1. Liquid samples

response to a changing environment is nearly constant after a Small angle X-ray scattering (SAXS) characterization was car-

month of RH% loop cycling (30%-90%-30%) where the RH was ried out to obtain mesoscopic configuration information in suspen-

altered daily. We also propose that the ternary system CNC/PEG/ sion and after water evaporation. Suspension samples were

salt composite system is promising for colorimetric humidity sens- measured at the SAXS/WAXS beamline of the Australian Syn-

ing based on changeable color range and long-term performance. chrotron. The suspensions were filled into 1.5 mm thick quartz

capillaries and measured in transmission mode at an X-ray energy

2. Methods of 12 KeV. A Pilatus detector with the pixel size of 70 pm x 70 um

was used to collect the scattered X-rays. Glassy carbon and silver

2.1. Material behenate were used to calibrate the scattering curves to the abso-

lute units and scaling the q values. The data reduction and averag-

CNC samples were purchased from the Maine University Pro- ~ ing of the scattering images was performed using the in-house
cess Development Centre (University of Maine, USA) and had been ~ software Scatterbrain.

extracted from wood pulp using sulfuric acid hydrolysis. The orig-

inal CNC suspension was 10.3 wt% CNC containing 1.1 wt% sulfur ~ 2.3.2. Solid samples

with sodium (Na*) counterions. A commercial PEG was used Solid dried films were peeled from the base of the petri dish.
(Dow Chemicals) with a molecular weight (MW) average of The cross-sectional images of the thin films were prepared via
900,000 Da MW, as defined by the company. The molar mass  cryo-fracturing and imaged by a FEI Magellan 400 FEGSEM. The
was also verified by size exclusion chromatography and has been ~ Photonic properties of the film were characterized by a Reflectance
included in the Supporting Information (SI) (Table S1). The inor- Spectrometer using an Ocean Optics HDX spectrometer with a DH-
ganic salts in 99.99% trace metals basis, NaCl, KCl, NH4Cl, MgCl,, 2000-L light source (200 nm — 1000 nm) and a UV-NIR reflection
Caclz' Nal, NaNOs;, Na,HPO4 and Na,SO, were obtained from probe (SiX 1llum1natmg fibers and one d = 400 Hm read ﬁber), with

Sigma-Aldrich and used as received. every sample measured five times across its surface. The informa-
tion of particle alignment was achieved using lab-based Bruker N8

2.2. Preparation of CNC composite suspensions and solid films Horizons SAXS system equipped with a Cu-anode (wavelength = 1.
5406 A) radiation source, Vantec-500 2D detector and Montel mul-

Aqueous solutions of PEG were prepared by dissolving the rele- tilayer optics. The operating power for the measurement in the
vant amount of the PEG powder in deionized water. The purchased transmission mode was 1 kW (KW). The measurement was carried

CNC suspension was diluted by the addition of Milli-Q water and out under vacuum at room temperature. The data processing and
stirred for 24 h. Milli-Q water with a resistivity of 18.2 MQ-cm analyses were performed using a Bruker DIFFRAC.SAXS program.
was used. The CNC suspension and PEG aqueous solution were sep- (Scheme 1).

arately poured into Fisherbrand® dialysis tubing with a 12,000 Da

molecular weight cut off (MWCO) and dialyzed with Milli-Q water ~ 2.4. Humidity response of CNC based composite films

to remove remnant ions. The water for dialysis was changed every

24 h and the dialysis lasted one month. To prevent potential aggre- The water uptake experiment was carried out in the humidity
gation of the CNCs after adding electrolyte, the purified CNC sus- ~ chamber of Cisorp Water Sorption analyzer (ClI Electronics) under
pension and PEG solution were premixed at a specific ratio  different control relative humidity (RH) points, 30%, 50%, 70%,
(Menc:Mpgg = 7:3) and vigorously stirred 48 h at room tempera- 90% where the films were cut into an appropriate size and
ture. Both the ratio and the molecular weight of PEG are the out-  Weighed. The film measurement was completed for every RH point

come of our previous optimization [42]. This combination of ~ When the amount of water was equilibrated with time. The pho-
selected ratio and MW was chosen to minimize the depletion tonic properties of film were measured by the same Reflectance
interaction of PEG solute between CNC particles and maximize Spectrometer as described above immediately after the extraction

the PEG concentration, in order to increase humidity response. fr_orp thg humidity chamber and the optical images captured by a
The inorganic salts chosen were dissolved in Milli-Q water to form  digital single lens reflex (DSLR) camera (Sony a6500). At least 5
electrolyte solutions of 5 mM concentrations. 1 mL of electrolyte slices from each film were tested and results are reported as a

was added into 10 mL CNC/PEG premixture and incubated in an ~ mean value with standard deviation.
Infors HT Ecotron incubator (25 °C, 150 rpm) for 24 h. 5 mL volume

of each mixture were then cast in petri dishes (d = 35 mm), and the 3. Results
solvent evaporated in a controlled environment (25 °C, 30% RH). In
the final dried films, the salt concentration was 50 ptmol/gqyc. The A key aim of this research is to elucidate the effect of the type of

remaining suspensions were characterized by Small-Angle X-ray salt added to the system, whilst the CNC and PEG concentrations
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Scheme 1. The process of film production, from pretreating base materials to stirring and incubating before characterizations by SAXS, SEM, UV-NIR measurement, and water

analyzer.

were kept constant. The interactions in the ternary system of CNC,
PEG and inorganic salts, were investigated using SAXS, SEM and
UV-NIR spectroscopy techniques as shown in Scheme.1. The dried
films were exposed to water vapor at different relative humidity
(RH) in terms of equilibrium and cyclic RH. The weight gain/loss
and the color change of films were monitored to examine the
impact of the ions on these properties.

3.1. Structure of CNC-based suspensions and their dried films

The structural properties of CNC based suspensions (mcnc(%) = 4-
wt%) were characterized by SAXS. The intensity vs q (A~!) SAXS
and its Kratky plot are shown in Fig. 2(a-b); the latter is necessary
to improve data visualization and analysis. In the original plot, fit-
ting the data was difficult because of the volume polydispersity
(PD) of the CNC tactoids. The PD of PEG chain length further com-
plicate data fitting. In previous studies [43,44], the peak in the
Kratky plot was used to represent the interparticle distance
(axis-to-axis), d. A Gaussian model was applied to the Kratky trans-
formations, with the peaks of ten different samples and the out-
comes summarized in Fig. 2(c). The structure of the suspensions
was analyzed in terms of ion specificity for the salts added. For
cations, only the addition of Mg?" reduced the d of CNC/PEG from
43.7 +0.2 nm to 42.1 + 0.1 nm. The rest of the cations increased the
distance between the CNCs, which indicates swelling of the PEG
coils. The behavior of the divalent cations is shown in Fig. 2(c), with
the stronger salting-in type ions leading to greater values of d. This
contrasts with monovalent cations where salting-out ions cause
greater values of d. In terms of anions, only the sample with SO3
possessed a smaller d of 42.4 + 0.3 nm as compared with CNC/
PEG sample. In terms of anions, both monovalent and divalent
anions show that the use of the salting-in effect leads to a higher
value of d.

The cross-sectional morphology of CNC-based composite films
was investigated using SEM. A bar chart presenting all the pitch
values of CNC/PEG/salt samples is shown in Fig. 2(f). Other than
the CNC/PEG/Nal system, all composite films with salts have a
smaller pitch size than the control group. Furthermore, the stan-
dard deviations (SD) of the composites which contain a salt are
smaller than those without. For example, the SD of CNC/PEG/KCl
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value of d is 20.9 nm, while the SD without ions is 73.7 nm., The
smallest pitch size of all CNC composites and cation types is shown
in Fig. 2(f) and is 192.7 nm for films with Mg?. The comparison
between Mg?* and Ca?' indicates an underlying relationship
between the salting-in type ions and the magnitude of the pitch.

For CNC composites containing monovalent cations, there is no
clear pattern of pitch dimensions related to their salting-in or
salting-out nature. In comparison, the pitch sizes of both monova-
lent and divalent anions follow the relationship in which the stron-
ger salting-in effect demonstrate a larger pitch size, in accordance
with the values of d found by SAXS measurement of suspension.
The largest pitch size is found in the CNC/PEG/Nal film (Fig. 2(e)).
The addition of salt increases the definition of each layer (sharper
peak), which allows for a better determination of pitch size, and
also contributing to a reduced value of SD, as determined from
the SEM images in Fig. 2(d-e) and Fig. S1 in SL

3.2. Humidity response of CNC based films

3.2.1. Color changes as increases RH

The change in iridescence of the colorful films by addition of
different ions is shown in Fig. 3. Each film was exposed to four
levels of RH (30%, 50%, 70% and 90%) to measure changes in term
of the dominant wavelength polarized (/m.x) and moisture content.
The “red cross” symbols in Fig. 3 indicate there was no measurable
Jmax» @5 the maximum measurable wavelength that can be mea-
sured by our instrument is 1100 nm. Examples of such spectra
are presented in Fig. S2. The increments of wavelength (A1) in
Fig. 3(b, e) are calculated from the difference between two neigh-
boring Amqx based on Fig. 3(a, d), such as A4(30%-50%) = Amax (50%) -
Jmax (30%). As all films were equilibrated in a high humid environ-
ment, /mq Values are beyond the human visible spectrum. For films
containing salts, A/ is larger at higher relative humidity compared
to the control group.

Examining the cations reveals the upward trend lines of Angy
changed similarly for all systems as the RH was increased from
30% to 90%. At 30% RH, the highest recorded wavelength was when
Na* was included and resulted in a red film with a value of 720.2

+ 4.8 nm. Conversely, the minimum recorded wavelength was
achieved with the addition of Ca®* which led to a yellow green film
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Fig. 2. The outcome of structural characterizations for producing CNC based humidity sensitive film. The original plot (a) in Log,o scale and Kratky plot (b) in linear scale of
SAXS measurements of liquid CNC/PEG/Salt composites, where CNC is 4.0 wt%, PEG is 1.7 wt% and salt concentration is 50 pumol/ggyc. (c) is the summary of axis-to-axis
interparticle distance, d, of composite systems for 9 different types of salt plus a control group (CNC/PEG). (d-e) are the SEM images of CNC/PEG/MgCl, and CNC/PEG/Nal
showing the significant difference in pitch size with the 500 nm scale bar. (f) is the summary of measured half-pitch (P/2) size by Image] software.

with a wavelength of 585.2 £ 5.4 nm. With increasing RH, the trend
was maintained with the A/ of the Na* film being the largest, and
A/ of the Ca?* film being the smallest. The trend for A/ as a func-
tion of salting-in effect was not found to be consistent with ion
valency. Divalent cations behave differently from monovalent spe-
cies. For example, Ca®* has stronger salting-in effect than Mg?* but
A/ s for Ca®" film and Mg?* film are close, especially considering
the SD. In contrast, for monovalent systems, salting-in type cations
such as NHj have a larger A4 with RH change. Thus, the impact of
cations on CNC films optical and water-vapor-adsorption proper-
ties is not only affected by their salting-in properties, but also by
their valences.

The values of A4 for CNC films with all types of anions show
increase over the full RH range (30% —90%), as shown in Fig. 3(d,
e). At 30% RH, CNC films with lower ionic strength exhibit a larger
Amax as the films undergo a red shift. Films containing, I and SO%
ions demonstrate the largest and the lowest A4, respectively
(Fig. 3(f)). Focusing on the salting-in variation of the ions, the
HPO3 film is redder than the SO film over the whole RH range
measured. I films exhibit the deepest red or the highest wave-
length among the monovalent anions systems (CI°, NO3, I") from
30% to 70%. Furthermore, the trend of A/ as a function of salting-
in effect is consistent with the valences. For example, Alzoy_g0%
of the NOs film is larger than that for the films with CI” ions. Mean-
while, the HPOZ™ film shows a greater A/soy_soy than the SO3” films.
In summary, salting-in type anions play an important role in con-
trolling color changes in these CNC/PEG/lon ternary composite
films (Fig. 3(d-f)).
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3.2.2. Mass changes (Am (%)) as function of RH

The effect of relative humidity on the CNC films water absorp-
tion and its effect on color change was quantified. The original
curves recording the mass during a RH cycle are normalized and
presented in Fig. 4(a-b). In addition to change in mass, we define
a mass response rate of a film (9’”%) to describe how sensitive
the color/wavelength is to the uptake of water. The outcomes of
these calculations are summarized in Fig. 4(c-e).

Changes in water uptake in the highest RH range (70%-90%) lead
to the strongest changes. When RH increased from 30% — 50 or
decreased from 50% — 30%, the changes are lower. Comparing
the upper and lower part of Fig. 4(a-b) reveals no measurable dif-
ference in mass change of the same RH range during humidifica-
tion and dehumidification. This phenomenon shows good
reversibility, as there is little hysteresis of these CNC-based humid-
ity sensors. All CNC/PEG/salt films demonstrate a larger mass
change than the control system (CNC/PEG, no salt). Inconsistent
trends of mass change as a function of RH are found between
monovalent and divalent cations. For example, the weight of Ca®*
film increased to 31.4% while Mg?* film only icreased by 27.7%
weight (Fig. 4(a)). salting-in type divalent cations could be
expected to have higher water adsorption. However, Na* ions,
the most salting-in type of monovalent cations in the present
study, demonstrates the least mass gain, only increasing up to
27.75%. In contrast, the trends of monovalent anions agree with
those of divalent anions, although the differences are small for
both valences. For example, the difference between NO3 and I is
only 0.20 %.
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Fig. 4. The impact of (a,c) cations and (b,d) anions on water adsorption/desorption properties of CNC/PEG/Salt films. (a,b) the mass changes in a cycle of RH increase followed

by decrease. (c-e) summarize the peak values of first derivative of a function of mass change related to time (

Fig. S4 in SI

The peaks value (derived from the highlighted grey area in
Fig. S4) of mass responsive rate in each RH range are summarized
in Fig. 4(c-e). In Fig. 4(c), for both divalent and monovalent cations,
the sequence of mass response rate follow the anti-Hofmeister ser-
ies (Mg?* > Ca®*, NH} > K* > Na*). In the RH region of 50% — 70% and
70% — 90%, the sequence regarding to peak value remain similar
except the one for K* film surpassing that for NH; film. For the
group of anions, all peak heights at each specific RH region are
lower than that of cations. For the group of anions, there is a
strongly indicated sequence regarding to peak value (S0% =~
HPO; ~ NO3 > CI" > I > Control) from all RH range. These
sequences for cations and anions neither match their order in the
Hofmeister series nor the values of AM. If AM is closely related
to the salting-in and salting-out impacts on CNC/PEG arrangement,
mass response rate may further involve the outer surface topology
of films such as porosity.

3.2.3. Performance after multiple humidity cycles

The long-term performance of the CNC-based films was studied
to understand if the structural integrity and functionality remain
after 30 cycles of water adsorption - desorption. The color and
mass of the films were constantly measured in RH cycles, 30%-
90%-30%-90%. In Fig. 5, the CNC/PEG/MgCl, system is used as an
example to represent changes in weight and wavelength after
varying humidity. A complete set of data is presented in
Table S1. From Fig. 5(a), Amex at 30% deviated by less than 4 nm,
while the change increased to 14-30 nm after cycling at 90%. From
Table S1, only CNC/PEG/Na;SO4; and CNC/PEG/NH4Cl are both
stable at two RH points (30% and 90%). Other films such as CNC/
PEG/CaCl,, CNC/PEG/KCI and CNC/PEG/NaCl have a blue-shift color
at 90% compared to the first loop, while the CNC/PEG/Na,HPO,4 and

700

am(%)
ot

) in three RH range, 30%-50%, 50%-70% and 70%-90% from

CNC/PEG/Nal show a red-shift color at 30%. The mass of the films is
relatively stable, and the difference between maxima and minima
in the scan cycle is less than 1%, even after 30 cycles.

4. Discussion

From the measurement of structure to the quantification of per-
formance, the difference of the color, color range and mass incre-
ment do not follow the order of salting-in type cations but follow
the order of salting-in type anions. Stronger salting-in effect can
offer larger color range, accompanied with larger mass increment
as RH increases. Such a correlation is not present in cations group.
Furthermore, trends of salting-in type cations are not dependent
on valences, whilst the trends of the anions are. In terms of
Hofmeister effect on controlling the pitch size, the effect of anions
is more significant than that of the cations. However, before com-
paring the cationic and anionic influence on the performance of
dried films regarding to RH the nature of two interactions: the
one between salt and CNC, and the second between salt and PEG
need to be analyzed.

4.1. Specific ion effect is present in CNC systems

To determine if SIE is occurring and governing behavior in CNC
based systems, a comparison between previous studies on CNC
systems and our work is necessary. Cao et al. [45] and Xu et al.
[43] concluded that ions affecting the colloidal stability of sulfated
CNC follow the similar sequence as those summarized in Hofmeis-
ter series. In Cao et als work [45], monovalent cations, those which
were more salting-in, led to higher critical coagulation concentra-
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Fig. 5. The long-term performance of CNC based films in two separate cyclic measurements - (a) Amqe and (b) m (%) during 30 cycles.

tions (CCC); the trend was opposite for divalent cations. However,
Metzger et al [46] found the cations do not follow the Hofmeister
series in critical aggregation concentration, especially for the
monovalent cations. While Cao et al. [45] considered the ion
adsorption efficiency on the surface of CNC particles, Metzger
et al. theorized that the stability can be attributed to electrostatic
charge screening, CNC cluster formation and the affinity between
sulfate groups and ions. In other cellulose system, Barajas-
Ledesma and co-workers [47] found that the swelling ratio of
TEMPO-oxidized cellulose nanofiber gel was connected to SIE,
where it was found that salting-in cations resulted in less water
adsorption for fiber network. It was claimed that SIE of cations
was not only related to the electrostatic interaction between the
functional groups on cellulose surface and cations, but also the
hydrophilicity of cellulose, or maybe even the inner structure of
cellulose [47]. Comparing these three previous studies confirms
that the relationship between salting-in type cations and CNC
has not been satisfactory defined yet. Anions, on the other hand,
have been less studied in CNC systems. Xu et al [43] concluded that
NaSCN has a higher critical coagulation concentration than NaCl
which has less potential to destabilize colloidal stability of CNC.
The observation is in agreement with theory, as SCN™ is a larger
anion.

In our system, an additional set which only include dialyzed
CNC and salts is investigated and utilized as a baseline for CNC/
PEG/Salt system. Interparticle distance indirectly show the interac-
tion between electrolytes and CNC particles. The difference of
interparticle distance between salt containing systems and control
groups are expressed as Adenc/peg/sar in Fig. 6(a) and Adenc/sqr in
Fig. 6(b) to better illustrate salt impact. Adayc/pec/sar and Adene s
can be calculated by.

(2)

Ad e pecsaic = deneypecsale — denepec

3)

where denc/pec/saie, deneypec, deneysar and dene are the interparticle
distances of CNC/PEG/Salt, CNC/PEG, CNC/Salt and pristine CNC
suspension from SAXS measurement. There are two major factors
controlling the scale of d: the conformation of PEG and the Debye
length of CNC. The Debye length decreases as an electrolyte is
added due to charge screening. Given the same concentration for
all salts, different eventual ionic strengths for monovalent and
divalent ions due to stoichiometry makes these two types incom-

Adeneysaie = enesar — dene
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parable for any potential SIE. For non-PEG system in Fig. 6(b),
shorter Adeye/sq: indicates more aggressive interaction. SIE exists
in CNC aqueous suspension and demonstrates itself by the differ-
ent magnitude of electrostatic interaction. In CNC/PEG/Salt ternary
system, in addition to the two standalone interactions (i.e., CNC-
ions and PEG-ion), there is a competition between CNC and PEG
that either of them tries to bind more ions than the other. Based
on studies from Ataman [32,33], the salting-in and salting-out
effect based on Hofmeister series have been observed in aqueous
PEG solutions. The salting-in effect increases PEG solubility in
water and its cloud point as temperature increases, whilst the
salting-out effect ends up with a phase separation between PEG
and water and a decrease in its cloud point. Due to the sequence
of mixing, PEG was firstly intercalated between CNC particles. In
Fig. 6(a), the addition of PEG before salt was added also reduced
the ability of the electrolytes to screen the charges of CNCs. Neither
MgCl, nor Na,SO4 decreases dencpec as they do in CNC/Salt system.
The addition of rest of salts in our system even expands dcyc/pec.
Supposedly, the added salting-in type ions can penetrate PEG coils
and have more contact with the inner PEG chain sequences, instead
of the surface of CNC particles where such schematic is shown in
Fig. 6(c). PEG coils then swell to a greater volume with increasing
humidity. However, for the monovalent cations, ions with less
salting-in effect cause larger Adecpec/sar than those with a stron-
ger salting-in effect. Such a phenomenon is likely induced by more
numbers of Na* ions preferably binding with CNC than NH} and K*
ions.

When these suspensions were dried to a solid film, their inter-
particle distance (Fig.S5) and pitch size (Fig. 2(f)) remain smaller
than in a CNC/PEG film. During the loss of water, contacts between
CNC particles and salts occur more frequently, and the ionic
strength of solvent increases. Arguably, as ion concentration
[48,49] changes within aqueous electrolytes, the SIE can deviate
from the order of ions in a conventional Hofmeister series. How-
ever, within our experimental errors, the sequence of SIE in dried
films remains similar to that in suspension based on the compar-
ison of Fig. 2(c) and (f).

4.2. The manipulation of water adsorption

Understanding how water molecules interact with the nanos-
tructures of iridescent film is crucial to manipulate water-uptake
capability and tailor the humidity response of colorimetric humid-
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ity sensors. By comparing Fig. 3(b, e) and Fig. S6(c-d), the addition
of PEG is essential to increase the rate in wavelength change as a
function of changing humidity. PEG acts as a spacer between
CNC particles and becomes swollen after attracting water mole-
cules because of its hydrophilic characteristics. The conformation
of intercalation was retained after drying. From our results,
salting-in type anions cause larger pitch size, /mq, A4 and mass
change. Since both hydroxyl groups at the end of PEG chain and
ether oxygen [50] at the middle of PEG chains dictate water affinity
of the chains, when the dried films were in contact with water
vapor, the open PEG chains have more moieties exposed to humid
air. If the anions demonstrate an increased salting-out effect, PEG
chains are packed more densely during the film making process.
Only the outer part of packed coils can interact with water mole-
cules, leading to a smaller increase in volume. Due to the correla-
tion between pitch size and A4, the salting-out effect eventually
results in a reduced A.

The long-term performance of these materials measured by
cyclic RH variation is consistent for all the cationic and anionic sys-
tems. CNC/PEG films show a stable long-term performance, show-
ing that the volume of PEG coils can be reversibly changed. The
addition of salts in this work does not compromise this property.
The reason for seeing a minor blue or red shift of color after a
few cycles may be due to the rearrangement of PEG coils when
films absorb enough water. At a high humidity, such a packed
structure of CNC and PEG may be loosened. Fig. 5(b), where mass
values at 30% RH and 90% RH are almost constant, indicating that
the PEG conformation did not change during the humidity cycling
tests.
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5. Conclusion

The optical (color) and water absorption properties of CNC/PEG
films were manipulated by the addition five types of inorganic
anions mirroring the order of Hofmeister series. By combining
SAXS and SEM analysis of these mixtures based on the previously
reported preparative approaches [5,14,42,45], the structure of the
aqueous CNC suspensions and their subsequent solid dried films
showed that the addition of anions impacts the PEG spacer that sits
between CNCs and modifies the electrostatic interactions due to
the surface charge of the CNC particles. However, it is found that
series of anions and cations affect the system differently. No clear
and consistent relationship related the properties of the cellulosic
films as a function of the cation type mirroring the order of
Hofmeister series; this differs from some previous studies
[43,45,46]. Anions affect the color and absorption behaviors of
CNC/PEG/salt films. The order of salting-in anions in this study
matches with previous studies which focused on the impact on
critical coagulation concentration [32,33,43]. The trend for the
anions on the CNC film properties was the same for both monova-
lent (CI < NO3 < I") and divalent (SO% < HPOZ") ions. Salting-in type
ions resulted in a greater spacer between CNC particles by virtue of
their increasing the volume of PEG and weakening electrostatic
interactions between particles. These behaviors are consistent with
the Hofmeister effect on the colloidal stability of nanocellulose, as
previously reported [43]. The addition of I and HPO3  ions induced
the highest A;qx, the largest A/ and the maximum water absorp-
tion. The mass response rates (water uptake rates) of all CNC films
are similar and their long-term performance over a month was
broadly stable. The variation of the PEG chain conformation is
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believed to be the cause of anion specificity effect based on the
Hofmeister series. More salting-in effects result in PEG chains
being more extended, rather than being coagulated during film
drying. Hydrophilic groups on the chains have a greater chance
to bind water molecules from humid air and such an increased
water adsorption helps to increase the range of colors accessible.
This mechanism allows CNC/PEG/anions films to be used as tai-
lorable, humidity sensors by manipulating the incorporated
anions.
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