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Abstract: Optical properties of hydroxypropyl cellulose (HPC) derivatives have been widely inves-
tigated for their ability to exhibit cholesteric liquid crystal (CLC) phase. However, there are only a
limited number of studies on their rheological properties even though they are quite important for the
applications of such HPC derivatives to the versatile CLC photonic devices. In this article, we report
on the optical and rheological properties of an HPC derivative possessing pentyl ether groups in the
side-chains. The etherified HPC derivative exhibited thermotropic CLC phase with light reflection
in the temperature range between 25 °C and 120 °C. After the HPC derivative was heated once at
isotropic phase, followed by being cooled to the CLC phase, the reflection peak could not be observed,
even at the CLC phase. At this stage, the HPC derivative exhibited solid-like rheological responses
compared to that of sheared at a constant shear rate of 1.0 s~1. Such differences in the optical and
rheological properties of the HPC derivative can be ascribed to the difference in CLC orientation state.
From the rheological results, the etherified HPC derivative showed liquid-like behavior rather than
the esterified HPC derivatives. This evidence provides a promising clue for fabricating high-quality
CLC devices by the facile CLC orientation.
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1. Introduction

Cellulose is the most abundant natural polymer on the Earth. Cellulose derivatives
are attractive because of their safety and biocompatibility. Hydroxypropyl cellulose (HPC),
as depicted in Figure 1, is a cellulose derivative that can be obtained by reacting natural
cellulose with propylene oxide. Owing to its safety, HPC has been utilized not only as food
and pharmaceutical additives, but also as thickeners and coating agents in interdisciplinary
industrial fields [1-4].

Another interesting property of HPC is its ability to exhibit cholesteric liquid crystal
(CLC) phase with light reflection [5]. Gray and Werbowyj succeeded for the first time in
the preparation of CLCs using pristine HPC. When powdery HPC is dissolved in water at
high concentration, the viscous solutions show lyotropic CLC phase with visible reflection
characteristics depending on the concentration [6,7]. Following their archetypal demon-
strations, numerous studies have shown that HPC derivatives also exhibit thermotropic
CLC phase with visible reflection after the hydroxy groups in side-chains of HPC are
chemically substituted with alkyl chains through ester [8,9] or ether bonds [10-12], that is,
esterified or etherified HPC derivatives, respectively. At CLC mesophase, the rod-shaped
molecules spontaneously form the periodic helicoidal structure owing to their chirality,
thereby enabling the emergence of unique light reflection at a specific wavelength. Such
a light-reflection phenomenon can be recognized as a kind of Bragg reflection [13,14].
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The maximum reflection wavelength (1) can be numerically expressed according to the
following equation proposed by De Vries [15]:

A=np 1)

where 7 stands for the average refractive index and p is the helical pitch length of CLC.
In the case of thermotropic CLCs, the p value readily fluctuates with temperature. As a
result, the reflection colors of CLCs are significantly dependent on the temperature, leading
to their wide range of potential applications as temperature indicators, reflective color
displays, full-color recording media, tunable lasers, and so forth [16].
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Figure 1. Chemical structures of pristine hydroxypropyl cellulose (HPC) and its etherified derivative
possessing pentyl side-chains (HPC-PeEt). To compare the rheological results of HPC-PeEt in Figure
5, the previous results of an esterified HPC derivative possessing propionyl side-chains (HPC-PrEs)
will be discussed in Section 3.4.

In this context, the rheological properties of CLCs have been attracting interest for
decades [17,18]. To understand their rheological properties, which are distinct from those
of other polymer solutions, aqueous solutions of cellulose derivatives have been one of
the most frequently investigated motifs. This is because the cellulose derivatives generally
form the rigid helical conformation in solution [19]. Based on this background, a few
precedents have been made on the rheological behavior of lyotropic CLCs from mixtures of
cellulose derivatives such as HPC or sulfonated cellulose nanocrystal with water [20,21].

In the case of thermotropic CLCs, it is quite interesting that sticky products can be
obtained by the simple substitution of alkyl chains to the hydroxy groups of pristine HPC.
This phenomenon can be observed when HPC is either esterified [22] or etherified [14].
In addition, it is of prime importance to understand the rheological behavior of CLCs
from HPC derivatives because they are potentially applicable to CLC photonic devices
with eco-friendliness for the next-generation sustainable society. To date, several previous
studies have dealt with the CLCs of esterified HPC derivatives possessing alkanoyl side-
chains. For instance, our previous report has shown that the rheological properties of
esterified HPC derivatives are greatly affected by the CLC orientation [23,24]. On the
other hand, we have recently established a promising methodology to synthesize etherified
HPC derivatives possessing alkoxy side-chains [11]. Such etherified HPC derivatives also
exhibit thermotropic CLC phase in a manner similar to that of esterified HPC derivatives.
Furthermore, it is predictable that the completely etherified HPC derivatives exhibit stable
reflection colors under highly humid conditions because of the chemical stability of the
ether linkage rather than the ester [11]. Such stability of the etherified HPC derivatives
is highly attractive for the technological developments of CLC photonic devices when
compared to the esterified HPC derivatives whose optical and rheological properties have
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been extensively studied. However, there has been no report to explore the rheological
behavior of etherified HPC derivatives.

In this research, we investigated the optical and rheological properties of an HPC
derivative possessing pentyl side-chains through ether bonds (HPC-PeEt), as shown in
Figure 1. The transmission spectral measurements revealed that a reflection peak of HPC-
PeEt is reversibly shifted in the full visible-wavelength range by changing the temperature
between 25 °C and 120 °C, arising from the thermotropic CLC feature. The rheological
behavior of HPC-PeEt was greatly dependent on the CLC orientation state, similar to the
case of esterified HPC derivatives. This report will contribute to the detailed comprehension
of the correlation between CLC and rheological properties for various cellulose materials.

2. Experimental Section

HPC (viscosity of 2.0 wt% aqueous solution: 2.0-2.9 mPa-s) as the starting material was
purchased from FUJIFILM Wako Pure Chemical Co (Osaka, Japan). The number average
molecular weight (My,) and weight average molecular weight (My) were 2.68 x 10* and
6.37 x 10%, respectively, as determined by measurement of size exclusion chromatography
(SEC) equipped with a refractive index detector (RI-4030 and PU-4180, JASCO, Tokyo,
Japan) calibrated using the polystyrene standards. In the SEC measurements, tetrahy-
drofuran (THF) was used as the eluent. HPC was dried in vacuo overnight before use.
When the 'H-NMR spectrum of this pristine HPC was measured in CDCl3, the molar
amount of chemically combined propylene oxide per anhydroglucose unit, that is, the mo-
lar substitution (MS), was found to be 3.98. Therefore, the average molecular weight per
anhydroglucose monomer unit could be calculated to be 394. Subsequently, the changes in
'H-NMR spectrum of pristine HPC were evaluated during titration with trichloroacetyl
isocyanate. From the 'H-NMR spectral changes, the number of hydroxy groups substituted
per anhydroglucose unit, that is, the degree of substitution (DS) was estimated to be 2.40,
according to the previous report [25]. Dehydrated N-methyl-2-pyrrolidone (NMP) was
obtained from Kanto Chemical Co., Inc. (Tokyo, Japan). 1-Bromopentane (PeBr) was pur-
chased from Tokyo Chemical Industry (Tokyo, Japan). Sodium hydroxide and potassium
iodide were acquired from FUJIFILM Wako Pure Chemical Co. These reagents were used
as received.

HPC-PeEt was synthesized by Williamson ether synthesis as reported in our previous
study [11]. First, 5.00 g of HPC was completely dissolved in 80.0 mL of dehydrated NMP,
and was subsequently added by 23.6 mL of PeBr (5.00 eq. to hydroxy groups of HPC). After
stirring for 30 min at 65 °C, 7.60 g of powdered sodium hydroxide (5.00 eq. to hydroxy
groups of HPC) and 1.58 g of potassium iodide (5.00 mol% to PeBr) were added into the
reaction solution. After that, this reaction mixture was stirred at 65 °C for 48 h. Then,
the reaction mixture was purified by two rounds of centrifugation at 1.0 x 10* rpm for
5 min to remove any sediment such as sodium bromide. PeBr was evaporated from the
supernatant by heating at 60 °C in vacuo for 30 min. The residue was dialyzed against an
equivolume mixture of methanol and water for 3 h, and the dialysis was continued for
additional 48 h in an equivolume mixture of THF and methanol. The product was obtained
by reprecipitation to a mixture of water and methanol at the volume ratio of 9:1, respectively,
and was finally freeze-dried to afford the purified HPC-PeEt. The characterization of HPC-
PeEt was carried out by FI-IR spectroscopy using an attenuated total-reflection module
(FT-IR4700 and ATR PRO ONE, JASCO) and 'H-NMR spectroscopy (JNM-ECZ400S, JEOL,
Tokyo, Japan) for the molecular structure as well as SEC analysis for the M, and M,, values.

In order to measure the optical properties, a CLC cell was fabricated by sandwiching
HPC-PeEt between a pair of glass substrates. The cell gap was adjusted by polytetrafluo-
roethylene film spacers to a thickness of ~200 um. Transmission spectra of the CLC cell were
taken on a compact charge-coupled device (CCD) spectrometer (USB2000+, Ocean Optics,
FL, USA) equipped with an optical fiber. The CLC cell was illuminated with white light
from a tungsten halogen light source (Ocean Optics, HL2000). The collinearly transmitted
light from the CLC cell was focused through two pieces of achromatic doublet lenses and
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collected into the entrance of optical fiber connected with the CCD spectrometer. The tem-
perature of the CLC cell was precisely controlled using a hot-stage system (HS82 and HS1,
Mettler Toledo, OH, USA).

The viscosity measurements were conducted using a stress-controlled rheometer
(MCR102, Anton Paar, Graz, Austria) equipped with a stainless-steel parallel plate with
a diameter of 25 mm and a forced convection oven (Anton Paar, CTD450) for controlling
the temperature. In the measurements, HPC-PeEt was sandwiched at a gap of ~500 pm.
Angular frequency (w) dependence of HPC-PeEt was analyzed using the above-mentioned
rheometer. Both the storage modulus (G') and loss modulus (G”) were measured at
the range of w between 0.1 rad/s and 100 rad/s at 25 °C. The strain amplitude was
adjusted in the range between 0.2% and 1.2%, which is small enough to measure the linear
viscoelasticity. Prior to this measurement, HPC-PeEt was either pre-heated or pre-sheared
in order to erase any orientational history of CLC structures. As the pre-heat treatment,
HPC-PeEt was heated at 155 °C for 10 min in the rheometer. This temperature was higher
than the isotropic phase transition temperature of HPC-PeEt, corresponding to 150 °C,
to retain the random orientation of cholesteric texture as confirmed by the polarized optical
microscopic observation. On the other hand, the pre-shear treatment was conducted by
shearing HPC-PeEt at a constant shear rate of 1.0 s~ ! for 5 min at 25 °C, followed by leaving
it to stand for 7 min at the same temperature after stopping the shearing force.

3. Results and Discussion
3.1. Characterization of HPC-PeEt

First, we measured FT-IR and 'H-NMR spectra to confirm that all hydroxy groups of
pristine HPC are substituted with pentyl ether side-chains after etherification. Figure 2A,B
show the FT-IR spectra of pristine HPC and HPC-PeEt and 'H-NMR spectrum of HPC-
PeEt, respectively.
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Figure 2. (A) FI-IR spectra of pristine HPC (gray line) and HPC-PeEt (black line). (B) IH-NMR
spectrum of HPC-PeEt in CDCl3. The peak a is assigned to terminal methyl groups in the pentyl
ether side-chains of HPC-PeEt.

The FT-IR spectral results are shown in Figure 2A. The pristine HPC exhibited a broad
peak in the wavenumber range from 3000 cm~! to 3600 cm ™!, which is assigned to the
stretching vibration of hydroxy groups. In contrast, this peak disappeared in the FT-IR
spectrum of HPC-PeEt, suggesting that the hydroxy groups of pristine HPC are almost
substituted with pentyl ether groups [11]. The etherification of HPC was also confirmed
from the 'H-NMR spectral results of HPC-PeEt [11]. Figure 2B represents the 'H-NMR
spectrum of HPC-PeEt in CDCl; [25]. A sharp peak at 0.99 ppm can be assigned to the
terminal methyl groups in the pentyl ether groups of HPC-PeEt. As the quantitative
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analysis, the etherification degree (DSp,) in a monomer unit of HPC was calculated by the
following equation:

A(7+ 6MS) 2)

3W —-11A (

where A is the integrated value of the peak a in Figure 2B and W is the sum of the integrated
values of all protons in HPC-PeEt. The mathematical derivation of Equation (2) is available
in the Appendix A, as described below. As mentioned in the Experimental Section, MS
was determined to be 3.98. It should be noted that the maximal DSp, value is 3.00 since the
monomer unit of HPC has three hydroxy groups, as depicted in Figure 1. By applying the
experimental results to Equation (2), the DSp, value of HPC-PeEt was estimated to be 3.00.
This result indicated that all hydroxy groups of pristine HPC are completely substituted
with pentyl side-chains through the ether bonds. Moreover, the values of My and M,, of
pristine HPC and HPC-PeEt were evaluated by the SEC analysis. As compiled in Table 1,
both M, and M, of HPC-PeEt were in the same order of magnitude as those of pristine
HPC, implying that no depolymerization in the main-chain of HPC might occur in the
etherification process.

DSpe =

Table 1. SEC results of pristine HPC and HPC-PeEt.

Sample My, (x 10%) M,y (x 10%) M, /My
Pristine HPC 2.68 6.37 2.38
HPC-PeEt 1.65 4.89 2.97

Previously, Greiner and colleagues have revealed that the reflection peak wavelength
of CLC from the esterified HPC derivatives is greatly affected by the esterification degree,
that is, the amount of remaining hydroxy groups of the HPC backbone [26]. In our prelimi-
nary experiment, such tendency of reflection property was also observed for the etherified
HPC derivatives. In addition, the rheological properties of HPC derivatives might be
vulnerable to the remaining hydroxy groups of the HPC backbone due to the formation
of hydrogen bonds. Therefore, we anticipated that HPC-PeEt synthesized in this study is
suitable for investigating the optical and rheological properties for the CLCs of completely
etherified HPC derivatives.

3.2. Optical Properties of HPC-PeEt

HPC-PeEt exhibited thermotropic CLC phase with visible reflection characteristic.
Figure 3 shows changes in the transmission spectrum of a CLC cell comprising HPC-PeEt
upon heating process. When the temperature of the CLC cell was adjusted to 25 °C,
a reflection peak appeared at 400 nm, corresponding to the blue reflection color. Subse-
quently, when the temperature was gradually elevated from 30 °C to 120 °C at the intervals
of 10 °C, the reflection peak was continuously red-shifted to the near-infrared region of
780 nm. This can be attributed to the increase in p value of CLC as the temperature rises [27].
Successively, the reflection peak was blue-shifted from 780 nm to 400 nm upon cooling
from 120 °C to 25 °C. Such a reversible change in reflection peak by temperature is the
typical characteristic of thermotropic CLC phase.

These spectral results were good agreement with our previous report on the ther-
motropic CLC from an HPC derivative completely substituted with pentyl ether groups [11].
In addition, such a wide wavelength shift in reflection peak of CLC, which fully covers the
visible wavelength region as well as near infrared region, is in high demand for the techno-
logical applications of CLC photonic devices. Considering that the rheological behavior of
CLC is greatly affected by the difference of CLC helical structure, it is necessary to choose
an etherified HPC derivative with a similar reflection property to that of esterified HPC
derivatives for fair comparison of their rheological properties. As another advantage, HPC-
PeEt exhibited thermal stability in its reflection properties because there was no distinct
wavelength shift in the reflection peak even after heating at 120 °C for 5 h, indicating no
thermally-induced decomposition of HPC-PeEt. For these reasons, we concluded that HPC-
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PeEt is suitable for investigating the rheological properties of cellulose-based thermotropic
CLCs similar to the esterified HPC derivatives reported in our previous studies [23,24].
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Figure 3. Changes in the transmission spectrum of the CLC cell of HPC-PeEt upon heating process
from 25 °C to 120 °C.

3.3. Pre-Treatments of HPC-PeEt before Rheological Measurements

For fair evaluation of the rheological properties of CLCs, it is essential to control the
molecular orientation states at the CLC phase. This is because the rheological properties
are greatly affected by the internal molecular structures [23,24]. To overcome this problem,
the pre-heat and pre-shear treatment defined in the Experimental Section might be useful
for the rheological measurements, to ensure the disordered and aligned states, respectively,
of molecular structure at the CLC phase.

The pre-heat treatment was conducted by heating HPC-PeEt at 155 °C for 10 min in
advance. This condition was determined from both transmission spectral measurements
and polarized optical microscopic observation of the CLC cell as follows: Figure 4A shows
the transmission spectra of the CLC cell of HPC-PeEt measured at 25 °C before and after the
pre-heat treatment. As mentioned in Section 3.2, the CLC cell showed a reflection peak at
400 nm as blue color before the pre-heat treatment (Figure 4A, gray line). When this CLC cell
was observed by a polarized optical microscope under crossed Nicols while heating process,
no transmission light was observed at 150 °C. This result indicated that the birefringence
of HPC-PeEt completely disappears due to the thermally-induced phase transition from
CLC to isotropic. Thus, the CLC structure is assumed to be the disordered state at this
temperature. After the temperature was gradually lowered to 25 °C, the reflection peak
could not be revived even though the CLC cell reflected blue light of 400 nm at the same
temperature before heating (Figure 4A, black line). At this stage, the birefringence observed
by the polarized optical microscope was weaker than before the heating treatment at 155 °C.
These results inferred that the disordered CLC structure can be partially preserved even at
CLC phase of 25 °C after the pre-heat treatment. This phenomenon can also be supported
by the experimental results that the baselines in the transmission spectra decline from ~85%
to ~60% after the pre-heat treatment, which can be ascribed to the light scattering caused
by disordered CLC structure (Figure 4A).
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Figure 4. (A) Transmission spectra of the cell of HPC-PeEt before (gray line) and after (black line)
the pre-heat treatment. (B) Changes in viscosity of HPC-PeEt as a function of shearing time. This
measurement was performed at the constant shear rate of 1.0 s~ and at 25 °C.

The pre-shear treatment was conducted by shearing HPC-PeEt at a constant shear rate
of 1.0 s~! for 5 min at 25 °C. Figure 4B shows the changes in viscosity of HPC-PeFt as a
function of shearing time. As evident from this experimental profile, the viscosity gradually
decreased upon shearing, and became constant after 80 s reaching its steady state. Such
decrease in viscosity can be ascribed to the molecular orientation of CLC by shear-flowing.
This suggests that the shearing time needed for the stationary state of CLC orientation of
HPC-PeEt is 80 s. Therefore, we determined that the pre-shearing for 5 min is long enough
to orient the CLC structure of HPC-PeEt.

3.4. Rheological Properties of HPC-PeEt

The rheological properties of HPC-PeEt were affected by the difference in the pretreat-
ments of HPC-PeEt. Figure 5A,B show the angular frequency (w) dependence of storage
modulus (G’) and loss modulus (G”) of HPC-PeEt treated by pre-heating and pre-shearing,
respectively. The measurements were performed at 25 °C. Although the rheological mea-
surements of HPC-PeEt were repeated at least three times, we found that the reproducibility
is sufficient.
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Figure 5. Angular frequency dependence of the storage modulus (G'; closed squares) and loss modu-
lus (G”; open triangles) values of HPC-PeEt measured at 25 °C. Before the rheological measurements,
HPC-PeEt was either pre-heated (A) or pre-sheared (B).

In the case of pre-heated HPC-PeEt, the curves of G’ and G” can be divided into two
regions depending on the G’ and G” values. In the w range above 1.0 rad/s, G” clearly ex-
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ceeded G/, pronouncing that HPC-PeEt exhibits liquid-like behavior (Figure 5A). However,
G’ and G” were almost equal in the w range below 1.0 rad/s, indicative of the solid-like
behavior of HPC-PeEt in this w range. In contrast to the pre-heat treatment, the curves of G’
and G” for pre-sheared HPC-PeEt were distinct from those of pre-heated HPC-PeEt because
G” was constantly larger than G’ in the entire w range between 10~! rad /s and 10 rad /s
(Figure 5B). This difference in the relationship of G’ and G” in the lower w region, that is,
the solid-like behavior of pre-heated HPC-PeEt, can be ascribed to the disordered state of
CLC structure. This is also supported by both transmission spectral measurements and
polarized optical microscopic observations, as noted in Section 3.3. Interestingly, HPC-PeEt
treated by pre-heating and pre-shearing showed a similar w dependence at the higher w
region. The slopes of G’ and G” were estimated to be approximately 1.0 and 0.6, respectively.
These values were much smaller than those of the ideal Newtonian fluid, which would
be 2.0 and 1.0, respectively. Such smaller w dependences of G’ and G” can be attributed
to the disturbed flow behavior of pre-heated and pre-sheared HPC-PeEt caused by the
CLC structure.

Our previous studies have shown the rheological properties for the thermotropic
CLC of an esterified HPC derivative possessing propionyl side-chains (HPC-PrEs) [23,24],
as depicted in Figure 1. The rheological properties of both HPC-PeEt and HPC-PrEs can be
characterized by the following two aspects. First, the w dependence of G’ and G” in the
higher w region was almost same since the G’ and G” of HPC-PrEs became proportional to
the w!? and w8, respectively. Second, the relationship between G’ and G” in the lower w
region was dominated by the CLC molecular orientation state because it was dependent
on the difference of the pre-treatment before the rheological measurements. This tendency
was commonly observed for both HPC-PeEt and HPC-PrEs. However, the relationship of
G’ and G” in the lower w region was slightly different, especially when measured after the
pre-heat treatment. In the case of HPC-PrEs, G’ became larger than G” in the lower w region,
while G’ and G” were almost equal in the case of HPC-PeEt. Considering the fact that
the birefringence of pre-heated HPC-PeEt is preserved after the pre-heat treatment, unlike
HPC-PrEs, it can be assumed that the CLC of HPC-PeEt is more likely to be oriented than
that of HPC-PrEs even after it was heated above its isotropic phase transition temperature.
Such a quick orientation of CLC of HPC-PeEt is very attractive from the viewpoint of
fabricating highly-ordered CLCs of HPC derivatives which are desired for the photonic
devices with high performances.

4. Conclusions

In this report, we investigated the optical and rheological behavior of a thermotropic
CLC of HPC-PeEt, that is, an HPC derivative tethering pentyl ether side-chains. HPC-PeEt
exhibited thermotropic CLC phase with visible reflection property in the temperature range
between 25 °C and 120 °C. The reflection peak wavelength could be reversibly shifted in the
full visible-wavelength range from 400 nm to 780 nm upon heating and cooling processes.
Moreover, the rheological properties of HPC-PeEt were found to be dependent on the
molecular orientation states at the CLC phase. HPC-PeEt showed solid-like responses
when heated above its isotropic phase-transition temperature, followed by cooling to 25 °C,
even though it showed liquid-like behavior after shearing at a constant shear rate of 1.0s~ 1.
This is because the disordered CLC structures of HPC-PeEt prevent the flow behavior. These
experimental results would be useful not only for understanding he fundamental physical
properties of cellulose-based CLCs, but also for fabricating the environment-friendly CLC
devices by utilizing cellulose derivatives for a sustainable society.
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Appendix A Mathematical Derivation of Equation (2)

As addressed in Section 3.1, Equation (2) enables estimation of the DSp, value—the
average number of the pentyl ether groups in a monomer unit of HPC-PeEt. We derived
Equation (2) according to our previously reported procedure [28]. A peak of terminal
methyl protons in the pentyl ether groups appeared around 0.99 ppm in the 'H-NMR
spectrum of HPC-PeEt. Then, we defined the integrated value of this peak as A and
the sum of intergrated values of the peaks derived from all protons of HPC-PeEt as W.
Therefore, the W value obeyed Equation (A1) as follows:

W =7 + 6MS + 11DSp, (A1)

Because the DSp, value was calculated from the ratio of A/3 and W, the relation was
expressed as Equation (A2).

DSPe - i
7+6MS+11DSp.  3W

(A2)

Lastly, Equation (A2) was rearranged so as to be Equation (2) relating to the DSp,
value, as stated in Section 3.1.
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