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Abstract

A series of aliphatic acid esters of (2-hydroxypropyl) cellulose (CnPC) were synthesized via the esterification of aliphatic acid chloride and
(2-hydroxypropyl) cellulose (HPC). The liquid crystalline (LC) phases and transitions were investigated using differential scanning calorimetry,
wide-angle X-ray diffraction (WAXD), and polarized light microscope (PLM) techniques. This series of CnPC polymers exhibited characteristic
features of cholesteric LC phases between their glass transition and isotropization temperatures. The cholesteric LC characteristics were studied
utilizing an ultraviolet/visible/near infrared spectrometer in a reflection mode. It was confirmed that, with an increase in the number of
methylene units in the side chains of this series of CnPC polymers, there was an increase, on the scale of nanometers, in the layer spacing values
for the cholesteric LC phases measured by WAXD. This periodic layer spacing represents the thickness of the neighboring twisted layers in
a helical structure. Based on a unique significant red shift of the maximum reflection peak for the LC phases in this series of CnPCs, it is evident
that the pitch distance in the helical structure also increases with an increase in the length of methylene units in the side chains.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Cholesteric liquid crystals (ChLCs) are of great scientific
and technological interest due to their unique selective reflec-
tion of light at characteristic wavelengths with a specific pitch
distance. Important applications of ChLCs have been identi-
fied, including rigid or flexible reflective liquid crystal displays
and reflective polarization films for use in flat panel displays to
improve brightness [1e4]. The selective reflection (l¼
nPocos q) is caused by the molecular helical structure with
a pitch distance (Po) in cholesteric liquid crystalline (ChLC)
phases where the average refractive index (n) is equal to [(nk

2þ
2nt

2 )/3]0.5 and the incident angle is q [1]. Interestingly, most
of the cellulose derivatives form cholesteric LC phases in
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solutions within certain concentration regions (lyotropic) or
in the bulk within certain temperature regions (thermotropic)
[5e18]. Generally speaking, it is understood that physical
packing (chiral arrangement) schemes of stiff cellulose chains
could be considered playing important roles in inducing the
formation of cholesteric LC phases. In particular, when the
flexible side chains are connected onto the cellulose back-
bones, the resulting hairy-rod cellulose polymers start forming
these cholesteric LC phases. It is believed that the attachment
of flexible side chains onto the rigid cellulose molecules can
facilitate the orientational order of the semi-rigid hairy-rod
backbones with side chains with increasing the chain mobility
and enhancing the solubility. Among the cellulose derivatives,
(2-hydroxypropyl) cellulose (HPC) derivatives are of specific
interest because they can form either cholesteric lyotropic or
thermotropic LC phases [18e24]. A particularly interesting
property of the cellulose derivatives is that, based on different
chemical structures, the materials can reflect light at a specific
light wavelength and in a specific temperature region. For
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example, (2-ethoxypropyl) cellulose (EPC) [15] reflects visi-
ble light at 130e160 �C, while (2-acetoxy-propyl) cellulose
(C2PC) [18], [(2-propionyloxy)-propyl] cellulose (C3PC) [19]
and [(2-butyrionyloxy)propyl] cellulose (C4PC) [24] display
iridescent color at ambient temperature due to the selective
reflections of light from the cholesteric LC phases.

One of the most important approaches towards obtaining
cellulose derivatives exhibiting cholesteric LC phase transi-
tions is via the esterification of HPC [19,24]. These cellulose
derivatives can possess different side chain lengths based on
different numbers of methylene units. The motivation of this
work is to design a series of HPC derivatives (CnPC, n¼ 5,
6, 7 and 10) to further improve the systematic understanding
of the side chain effect on the formation of thermotropic cho-
lesteric LC phases and phase transitions as well as their unique
selectivity for color reflections and the pitch distance in the
cholesteric LC phases.

2. Experimental part

2.1. Materials

2-Hydroxylpropyl cellulose (HPC) (Aldrich, weight aver-
age molecular weight, Mw¼ 100,000 g/mol) was dried at
50 �C (30 mbar) prior to use. Aliphatic acid chloride
(CH3(CH2)n�2COCl, n¼ 2, 3, 4, 5, 6, 7, 10, purchased from
Aldrich) was used as received. Acetone (Aldrich) was dried
over CaCl2 for 2 days and was distilled in an N2 atmosphere
before use.

The synthetic procedure of CnPC is described here using
C5PC as an example. HPC of 5.0 g (corresponding to
41.71 mmol of hydroxyl groups) was added to 30 mL acetone
under a dry nitrogen atmosphere and was dissolved by heating
the solution. Then 15.1 mL (125.13 mmol) valeric acid
chloride was swiftly added to the solution of HPC by using
a syringe. After 2 h of reflux, the reaction mixture was poured
into 200 mL distilled water. After removing the liquid phase,
a cream-colored, sticky material was obtained and then dis-
solved in 80 mL acetone and precipitated by adding 5 mL of
water to the solution. The pasty product was liberated from
the acetone/water by decantation. The second solution precip-
itation was repeated for 5 times. Finally, the product was dried
at 60 �C (30 mbar, 48 h). The amount of 6.57 g of the final
polymer material was obtained with a yield of 76.8%.

Gel permeation chromatographic (GPC) results showed that
Mw¼ 6.83� 104. The degree of substitution (DS) [23] was de-
termined as 2.67 by 1H nuclear magnetic resonance (NMR) and
as 2.79 by saponification. Infrared (IR) spectroscopic results
showed absorption at 3300e3600 cm�1 for eOH stretching,
2850e3000 cm�1 for the CeH stretching, and 1731.2 cm�1

for the C]O stretching. The results obtained in 1H NMR (in
CDCl3) analysis are 2.8e4.5 ppm for the protons of the anhydro-
glucose ring; 4.95 ppm for @-OCH2CH(CH3)[OCH2CH(CH3)-
(OOC(CH2)3CH3)]; 3.48 ppm for @-OCH2CH(CH3)[OCH2CH-
(CH3)(OOC(CH2)3CH3)]; 1.08 ppm for @-OCH2CH(CH3)-
[OCH2CH(CH3)(OOC(CH2)3CH3)]; 2.23 ppm for @-OCH2CH-
(CH3)[OCH2CH(CH3)(OOCCH2CH2CH2CH3)]; 1.63 ppm for
@-OCH2CH(CH3)[OCH2CH(CH3)(OOCCH2CH2CH2CH3)];
1.29 ppm for @-OCH2CH(CH3)[OCH2CH(CH3)(OOCCH2CH2-
CH2CH3)]; 0.92 ppm for @-OCH2CH(CH3)[OCH2CH(CH3)-
(OOCCH2CH2CH2CH3)]; 1.17 ppm for @-OCH2CH(CH3)-
[OCH2CH(CH3)(OOCCH2CH2CH2CH3)] (@ stands for the
structure of cellulosic chain).

The rest of the CnPC polymers with different lengths in the
side chains were synthesized using the same procedure as
described for C5PC, similar to Refs. [18,24]. Molecular weight
values and yields are given in Table 1.

2.2. Equipments and experiments

Infrared (IR) spectroscopy was performed using a Perkin
Elmer FT-IR 1600 in a transmission mode. The samples
were dissolved in CHCl3 at the concentration of 5% and
then solution cast onto KBr plates. The IR spectra were
recorded after the solvent was evaporated completely. Solution
1H NMR spectra (400 MHz) were recorded on a Bruker AC
400 while the samples were dissolved in CDCl3 at room tem-
perature. Differential scanning calorimetric (DSC) measure-
ments were conducted on pasty samples using A Mettler-30
DSC in standard aluminum pans with a cooling rate of
15 �C/min from the isotropic melt. Polarizing light micros-
copy (PLM) was performed using a Leitz Orthoplan micro-
scope equipped with a Mettler FP hot stage. The PLM
samples were prepared in the form of film with about 1 mm
thickness by, respectively, putting 0.5 g of each CnPC pasty
product on a clean glass slide and keeping the slides with
CnPC samples in a baking oven at 60 �C overnight for making
the sample thickness more uniform and for developing LC
phases. Gel permeation chromatography (GPC) was carried
out using a Viscotek detector and a set of 5 mm mixed bead
columns. The calibration was done with a series of standard
polystyrenes with known molecular weight. The samples
were dissolved in tetrahydrofuran (THF) at ambient tempera-
ture and filtrated with a 0.4 mm PTFE membrane filter. Wide-
angle X-ray diffraction (WAXD) experiments were conducted
using a Siemens D5000 (Cu Ka). The pasty samples were used
in WAXD experiments in a reflection mode. The samples were
prepared in the way of preparing PLM samples. The UV/vis/

Table 1

Reaction conditions, yield, degree of substitution, and molecular weight for

CnPCs

Time

(h)

Cn�1COCl

(mL)

Yielda

(%)

DSb DSc Mw (�104) Mw/Mn

C2PC 2 9.1 70.7 2.70 2.82 9.62 2.63

C3PC 2 11.5 72.0 2.69 2.83 7.80 1.27

C4PC 2 13.3 77.5 2.67 2.80 8.65 1.43

C5PC 2 15.2 76.8 2.64 2.79 6.83 1.24

C6PC 2 17.7 79.0 2.59 2.78 6.38 1.47

C7PC 2 19.6 78.5 2.64 2.76 6.38 1.37

C10PC 2 26.5 80.6 2.65 2.81 7.06 1.56

a Yield was calculated on the basis of 100% esterification of HPC with DE

of 3.4.
b Degree of substitution (DS) was determined by NMR [23].
c Determined by saponification [23].
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NIR optical spectra were recorded on a Perkin Elmer Lambda
19 UV/vis/NIR photospectrometer with an integrating sphere
detector in a reflection mode where the film samples were pre-
pared like the PLM samples by using about 0.1 g CnPC prod-
uct for each sample but for C6PC using 0.5 g. The refractive
index of the polymer films was measured with a Metricon
2010 optical prism coupler at a wavelength of 632.8 nm.
The polymer films (at the thickness of 2e5 mm) were formed
by a squeeze of quartz prism on the CnPC pasty mass on clean
Si wafer substrates while the measurement was being
conducted.

3. Results and discussion

3.1. Molecular structure and chain packing

Theoretically, the esterification of HPC is of molecular
weight accretion. However, the data of molecular weights
shown in Table 1 indicate that the Mw values of CnPC
measured in THF using GPC are lower than that of HPC
(100,000 g/mol) before the esterification reactions. This
deviation could come from the difference in solubility and
hydrodynamic volumes of more rigid HPC and less rigid
CnPC molecules. This could also imply that the backbones
of the cellulose derivatives may suffer from chain scissions
during the esterification in acetone. For a CnPC molecular
structure, the eOH groups of HPC have been substituted by
the aliphatyloxy groups (RCOOe) after the esterification reac-
tion. The molecular structure of HPC has been described in
previous publications [18,19,24]. Gray et al. [18] illustrated
the molecular structure of CnPC on the basis of the idealized
molecular structure, as shown in Fig. 1. In this idealized
structure, every anhydroglucose unit contains three flexible
aliphatic ester side chains. The long backbone consists of
cyclic rings with three flexible, pendent side chains. The over-
all chain structure becomes semi-rigid; therefore, thermotropic
or lyotropic cholesteric LC phases may be developed in bulk
or in high CnPC concentration solutions.

The chain packing scheme of the thermotropic LC phase in
CnPCs can be deduced based on structural characterization
methods such as the WAXD technique. Fig. 2 shows a set of
one-dimensional WAXD patterns detected at room tem-
perature for this series of CnPCs with different numbers of
methylene units in the side chains. An intense diffraction
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Fig. 1. An idealized chemical structure of CnPC with three substituents [18].
peak was observed in the low 2q angle region between 3�

and 8� in each WAXD sample. Furthermore, with increasing
the number of methylene units, the d-spacing of the diffraction
peak increases from 1.20 nm in C2PC to 1.37 nm in C5PC to
1.86 nm in C10PC, as listed in Table 2. These diffraction peaks
represent the existence of short range or quasi-long-range po-
sitional order. The physical origin of these diffraction peaks is
associated with the smectic layered structure in LC phases
although we do not know whether it belongs to smectic A
(a layer normal along the fiber direction in the oriented fiber
pattern) or smectic C (a layer normal tilt to the fiber direction).
It is very interesting to determine the packing structure in the
real space in three dimensions in our future work. Besides, the
scattering halos at around 2q¼ 20� (d-spacing of 0.444 nm)
are related to the average lateral distance between the neigh-
boring chains. With increasing the length of methylene units,
the birefringence (Dn) of CnPC starts to decrease gradually,
in which the birefringence (Dn¼ n(TM)� n(TE)) is measured
at 633 nm from the difference between the TM (out-of-plane)
and TE (in-plane) modes. The average refractive index of
C2PC is 1.4682 slightly higher than the others while the rest

C3PC

5 10 15 20 25 30
2

C2PC

C4PC

C5PC

C6PC

C7PC

C10PC

Fig. 2. 1D WAXD powder diagram: CnPC bulk at room temperature on a glass

slide in a reflection mode.

Table 2

Physical properties of CnPCs

CnPC n Birefringence

Dn� 103
lmax

(nm)

Po

(nm)

d-Spacing

(nm)

C2PC 1.4682 4.5 1.197

C3PC 1.4647 4.2 284 193.9 1.281

C4PC 1.4639 3.3 405 276.7 1.323

C5PC 1.4653 3.1 673 459.3 1.374

C6PC 1.4647 2.2 1440 983.1 1.480

C7PC 1.4637 2.0 1861 1271.4 1.550

1827 1248a

C10PC 1.4643 1.0 2574 1758a 1.860

a Calculated on the basis of the layer line interval distance of fingerprint

texture and magnification.
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of them are more or less constant. Both of the reflection peak
wavelengths (lmax) at the maximum height and the pitch dis-
tance (Po¼ l/n) increase with the increase in the length of
methylene units, which will be further discussed later.

3.2. Thermal transition properties

Fig. 3 shows a set of DSC cooling diagrams for this series
of CnPCs. It is evident that by increasing the length of the side
chains, both the DHi and Ti decrease. The transition enthalpy
changes (LC phase to the isotropic melt, DHi) and the LC
phase to the isotropic melt transition temperatures (Ti) of
this series of CnPC are listed in Table 3. These important
experimental results indicate that not only the backbones but
also the side chains are involved in these transitions; the
transitions are dependent on the length of the side chains
significantly. Further cooling leads to a vitrification of the
materials (as shown in Fig. 3). The glass transition temperature
(Tg) of CnPC also decreases as the number of methylene units
in the side chains increases. All these observations of the
thermal properties in this series of CnPCs indicate that the
methylene units in the side chains not only serve as ‘‘diluents’’
but also involve in these phase transitions by providing con-
tributions to the enthalpy of the isotropic melt to LC phase

Temperature (°C)

C2

C3

C4

C5

C6

C7

C10

150 100 50 0 -50 -100

Fig. 3. DSC cooling curves of CnPC recorded at 15 K/min and normalized per

gram of material.

Table 3

Thermal properties of CnPCs

CnPC Tg
a (�C) DHi

a (J/g) Ti
a (�C) Ti

b (�C)

C2PC �10.2 3.5 162.0 158e165

C3PC �25.8 2.8 153.5 150e158

C4PC �34.0 2.3 143.0 139e147

C5PC �44.7 1.9 130.0 126e134

C6PC �48.7 1.8 124.0 119e128

C7PC �59.3 1.7 115.0 111e120

C10PC �63.3 1.4 89.0 86e95

a Determined by DSC.
b Determined by polarized microscope with a Mettler FP hot stage.
transitions. Besides, these methylene units of CnPC affect
the Tg while the Tg drops with the increase in the length of
the methylene units. Furthermore, the temperature range
between the Ti and the Tg of the LC phase becomes narrower
with an increase in the side chain length. Based on all of the
side-chain dependent thermal behaviors (Tg, Ti, and Ti� Tg),
it is clearly predicted that not only the backbones but also
the side chains are involved in the formation of the LC phases
and phase transitions. It is important to know from 13C solid-
state NMR experiments whether the molecular motion of the
side chain involvement is cooperative with the backbone in
the future work.

3.3. Cholesteric LC characteristics

In order to determine the phase structures of the LC phase
in this series of CnPCs, combined characterization methods
will be utilized. In addition to WAXD experiments, we choose
the optical PLM methods to characterize the related phase
morphology. By outward appearance, C2PC [18] and C3PC
[19] are colorless; while C4PC [24] and C5PC present bright
blue-purple and red prevailing color, respectively. The rest
of CnPCs (with n¼ 6, 7, and 10) are colorless sticky fluids
with high viscosities at room temperature. Under PLM, all
these CnPC samples displayed the birefringence and typical
LC textures from anisotropic LC materials when the samples
were assembled between two glass slides. The data in Table
3 show that the birefringence in the cholesteric LC phases
measured at the wavelength of 632.8 nm decreases with
increasing the number of methylene unit in the side chains.

The polymers C3PC, C4PC, C5PC, and C6PC show typical
4-brush and/or 2-brush Schlieren textures at room temperature,
as shown in Fig. 4a and 4b, representing the formation of the
low-ordered liquid crystal phases. The C7PC exhibits fine
fingerprint textures superimposed with a Schlieren texture
with 2-brush defects (Fig. 4c); while C10PC shows a fingerprint
textures superimposed with a Schlieren texture with 4-brush
and 2-brush defects as shown in Fig. 4d. Under a mechanical
shear force at elevated temperature, all of the CnPCs present
typical banded textures in which the alternating bands at scale
of about 5e10 mm are perpendicular to the shear direction.
This is a typical feature of the low-ordered LC phases
(Fig. 4e for C6PC). At 150 �C, a Schlieren texture of C2PC
retains before the isotropic melt (shown in Fig. 4f).

We previously reported on the formation of the cholesteric
LC phase in C4PC with a maximum reflection peak wavelength
[24]. Here, we find that C3PC, C4PC, and C5PC (with approxi-
mately equal DS) also displayed cholesteric selective reflections
from the UV region to the visible region at room temperature.
The maximum reflection peak wavelength increases when
the number of methylene units in the side chains increases
(Fig. 5). The C2PC shows a cholesteric reflection at higher tem-
perature as described previously [18]. Cholesteric reflection
peaks for C3PC, C4PC, C5PC and C6PC film samples were
measured using UV/vis/NIR photospectrometer in a reflection
mode at room temperature with 0.2-mm thick (C3PC, C4PC,
C5PC) and 1-mm thick (C6PC) samples on glass substrates.
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(a) (b)

(e) (f)

(c)

(d)

Fig. 4. Polarized light microscopic graphs of CnPC texture (at 25 �C): (a) C3PC 150�; (b) C6PC 750�; (c) C7PC 750�; (d) C10PC 375�; (e) C6PC 375�, arrow

directs shear force direction; (f) C2PC annealed at 150 �C for 20 min, 150�.
The cholesteric reflection peaks for C3PC, C4PC and C5PC are
284 nm, 405 nm, and 673 nm, respectively. The insets in
Fig. 5 are the blue and red optical images of samples with
reflection peaks at 405 nm (for C4PC) and 673 nm (for C5PC),
respectively. (For interpretation of the references to color in
this figure, the reader is referred to the web version of this
article.) The cholesteric reflections from C6PC and C7PC are
located in the near infrared region. For example, C6PC has a
reflection peak at 1440 nm as shown in Fig. 5. In addition, the
cholesteric reflection wavelength of C10PC is estimated at
around 2574 nm directly from the d-spacing of the uniform
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Fig. 5. Cholesteric reflection peaks for C3PC, C4PC, C5PC and C6PC at room

temperature, measured using UV/vis/NIR photospectrometer in a reflection

mode through 0.2-mm thick (C3PC, C4PC, C5PC) and 1-mm thick (C6PC)

samples on glass substrates. The insets are the optical images of samples

with reflections at 405 nm (for C4PC) and 673 nm (for C5PC), respectively.
optical textures. The maximum reflection peak wavelength
and the pitch distance of CnPCs are listed in Table 2.

The theory [1,25] emphasized that a maximum reflection
peak wavelength was related to a pitch distance (Pocos q¼
l/n, Po stands for the pitch distance; n for average refractive
index; l for maximum reflection peak wavelength and
cos q¼ 1 when q is the incident light along the normal direc-
tion). We find that the maximum reflection peak wavelength
(l) in this series of CnPCs increases as the number of methyl-
ene units in the side chains increases as shown in Fig. 6b.
Furthermore, the layer spacing is also a function of the number
of methylene units in the side chains (see Fig. 6a). A twisting
angle (4) is defined as 4¼ 360� d/Po where d is the layer
spacing which represents the distance of two adjacent layers
in a helical structure of cholesteric liquid crystals. 4 is calcu-
lated as a function of the length of side chains, as shown in
Fig. 6c. The 4 decreases with increasing numbers of methyl-
ene units. Furthermore, the number of layers in a periodic
helical structure of the CnPC cholesteric liquid crystals
increases with the increase in the length of methylene units
in the side chains of this series of CnPCs (Fig. 6d). Therefore,
it is concluded that the layer spacing, the pitch distance and
the maximum reflection wavelength are associated with the
length of methylene units in the cholesteric liquid crystal
phase of CnPCs.

4. Conclusion

A series of cholesteric LC polymers (CnPC, n¼ 5, 6, 7 and
10) has been synthesized based upon the esterification of
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Fig. 6. (a) d-Spacing; (b) the maximum reflection peak wavelength; (c) the twisting angle between two adjacent layers; (d) number of layers in a periodical helical

structure versus number of the increased carbon atoms on side-chain (substituted group).
cellulose molecules (HPCs) with aliphatic acid chloride. The
number of methylene units (i.e., the side chain length) of
the substituted aliphatyloxy groups possesses a significant
influence on the selective reflection characteristics of the
cholesteric liquid crystals in this series of CnPC polymers.
Increasing the number of methylene units in the side chains
narrows the thermotropic phase transition window (between
Tg and Ti) of CnPC cholesteric liquid crystals. It is detected
that the layer spacing of the cholesteric liquid crystals in
this series of CnPC polymers increases linearly with an in-
crease in the methylene units in the side chains. It is observed
that the maximum selective reflection peak wavelength and the
corresponding pitch distance of the cholesteric LC phases
(CnPC) are strongly dependent on the number of methylene
units in the side chains. Besides, the twisting angle 4 and
the layer number in the helical structure are also associated
with the length of methylene units in the side chains of this
series of CnPC polymers.
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