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Abstract: In this study, we investigate the liquid crystal (LC) alignment of LC cells created from plant-based polysac-

charide derivatives, such as guar gum. Guar gum films exhibit satisfactorily high optical transparency in the visible light

region (400-750 nm). For example, the transmittance of polyimide films, which are the most typically used LC alignment

layers, is 87%, whereas that of guar gum films deposited onto a glass substrate at a wavelength of 550 nm is approximately

99%. The observed LC alignment depends on the rubbing depth. For example, an LC cell comprising a guar gum film fab-

ricated via rubbing at rubbing depths of 0.1, 0.2, 0.3, and 0.4 mm exhibits a planar LC alignment, whereas it exhibits a ver-

tical LC alignment at a rubbing depth of 0.5 mm. Additionally, the LC alignment is shown to be correlated with the total

surface energy of the guar gum films. When the total surface energy of a rubbed guar gum film exceeds 58.10 mJ/m2, an

LC cell comprising the guar gum film exhibits a stable and vertical LC alignment. Therefore, guar gum can be used to real-

ize the vertical alignment system of LC via a simple adjustment of the rubbing depth.
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Introduction

Liquid crystal (LC) molecules have been extensively

investigated because they exhibit a unique property which is

the existence of an intermediate phase between the solid and

liquid phases. 1 LC molecules have been known to exhibit

anisotropic physico-chemical characteristics such as optical

anisotropy and dielectric anisotropy induced by external

stimuli because of their unique chemical structures.2 Owing

to the discovery of LC molecules, remarkable progress has

been achieved in diverse fields such as information tech-

nology,3-5 nanotechnology,6 biotechnology,7 energy and envi-

ronment technology8,9 using interesting physico-chemical

characteristics. Moreover, LC alignment technologies have

been recognized as an interesting topic both academically

and technologically for a long time. Techniques for aligning

LCs in one direction are considerably important in LC appli-

cations.10 For example, LC alignment technologies have been

extensively used in the display industry in transmissive

modes using nematic LCs and in reflective modes using cho-

lesteric LCs.10 Because LCs can change their optical char-

acteristics in response to electrical signals to create text and

images, they are an important component of displays.11 Apart

from display industry, more specifically, there are the various

the application field of LC molecules, including electronics

and photonics fields such as lenses,12-15 energy fields such as

secondary battery short circuit16,17 and photovoltaics,18-21 and

biomedical fields such as drug delivery systems22-26 and bio-

chemical sensor.27-30

Mechanical rubbing of polymeric surfaces is the most

widely used technique to achieve a uniform alignment of the

LC molecules in the manufacture of liquid crystal displays

(LCDs).31-36 For the experiment, mechanical rubbing on poly-

meric substrates was achieved to fabricate a LCD panel.

Microgrooves and/or scratches on polymeric surfaces were

created by mechanical rubbing, which can align the LC mol-

ecules along the grooves and/or scratches to minimize the

energy of elastic distortion.37 Furthermore, it has been sug-

gested that polymer chains are reoriented on the substrate,

whereupon the LC molecules are aligned due to the inter-

molecular interactions between the polymer chains and LC

molecules.38 In particular, the mechanical rubbing method is

strongly favored due to its advantages of mass productivity
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and large area treatment of polymeric films.39 Properties of

LC alignment on polyimide surfaces have been reported pre-

viously.40-46 Polyimide derivatives have been most generally

used as LC alignment layers through mechanical rubbing,

because they provide significantly stable LC alignments.10,47-55

Polyimide derivatives exhibiting long alkyl or alkyloxy

groups, such as semi-flexible copolyimides containing n-oct-

adecyl side groups and polyimides containing (n-decy-

loxy)biphenyloxy side groups, exhibit vertical LC alignment

behaviors.56,57 Polystyrene (PS) derivatives exhibiting long

alkyl chains can also produce vertical LC alignment layers.

For example, LC cells fabricated using a nematic LC and

rubbed polymer films created from n-alkylsulfonylmethyl-

and n-alkylthiomethyl-substituted polystyrenes exhibiting

more than 8 carbons (number of alkylcarbon > 8) display

vertical LC alignment behaviors.58 The LC cells created from

the 4-alkylphenoxymethyl-substituted polystyrenes exhibit

vertical LC alignment behaviors even at a very high rubbing

density.61

However, synthetic polymers, such as polyimide, exhibit-

ing stable LC alignments, can be regarded as a cause of envi-

ronmental pollution due to their low degradability.62

Especially, there are critical issues for use of polyimide as

LC aligning materials. The hard baking process is essential

in producing polyimide orientation layers. In general, it is

thermally processed at temperatures above 200 °C, which is

a high temperature for the practical manufacture of flexible

plastic products.63,64 Recently, the importance of eco-friendly

materials has been recognized, thus, natural polymers are

considered as alternatives to replace synthetic polymers for

various applications due to their low cost, high availability,

and low toxicity as well as their renewability/sustainability,

biodegradability, biocompatibility, and thermostability.65-68

The LC alignment behavior of the LC cells, created from

rubbed cellulose films, which exhibit a homogeneous planar

LC alignment for display applications has been investi-

gated.69,70 To the best of our knowledge, there are presently

no reports on vertical LC alignments on thin films of cel-

lulose and its derivatives. 

Guar gum, which is an easily available galactomannan,

exists as a natural polysaccharide extracted from Cyamopsis

tetragonoloba seeds.71 Guar gum is composed of a chemical

structure of polysaccharides consisting of a mannose back-

bone with galactose side groups.72 The backbone is a linear

chain of β-1,4-linked D-mannose units to which galactose

units are α-1,6-linked at every second mannose, thus forming

bulky side branches.73

In this study, the LC alignment behavior of the LC cells

produced using a plant-based guar gum film as an alignment

layer is studied. The vertical LC alignment layers are pro-

duced from a LC cell fabricated with a guar gum film using

the rubbing process. The optical and surface properties of the

carefully treated guar gum films and the optical character-

istics of the LC cells fabricated with the guar gum films are

also studied. To the best of our knowledge, this is a pioneer

study of the LC alignment behavior using guar gum films for

eco-friendly LC display applications.

Experimental

1. Materials and instrumentation

Guar gum, which is a polysaccharide derivative, was pur-

chased from Tokyo Chemical Industry Co., Ltd. Lithium

chloride (LiCl) was obtained from Sigma Aldrich Co. Nem-

atic liquid crystals, MLC-2086 (ne = 1.5958, no = 1.4899, and

ε = 11.8) and MLC-6608 (ne = 1.5586, no = 1.4756, and ε

= -4.2) was kindly donated and 4-n-pentyl-4’-cyanobiphenyl

(5CB) (ne = 1.7360, no = 1.5442, and ε = 14.5) was pur-

chased from Merck & Co., where ne, no, and ε represent the

extraordinary refractive index, ordinary refractive index, and

dielectric anisotropy, respectively. Ethanol (Dae-Jung Chem-

icals & Metals Co., Ltd.) was dried over molecular sieves

(4 Å).

The optical transmittance of the polymer films onto glass

substrates was obtained using ultraviolet-visible (UV-Vis)

spectroscopy (MECASYS Co. Ltd., OPTIZEN POP). The

contact angles of distilled water and diiodomethane with

respect to the polymer films were determined with a contact

angle measuring system (Krüss GmbH, FM40 EasyDrop)

equipped with a drop shape analysis software. The surface

energy value was calculated using the Owens-Wendt’s equa-

tion based on the contact angle measurements of two stan-

dard liquids in contact with a solid surface as given below, 

where γl is the surface energy of the liquid, γs
l is the inter-

facial energy of the solid/liquid interface, γs is the surface

energy of the solid, γl
d and γl

p are known for the test liquids,

and γs
d and γs

p can be calculated from the measured static

contact angles.74 The polarized optical microscopy (POM)

images of the LC cell were obtained using an optical micro-

2/12/1 )(2)(2
p

l

p

s

d

l

d

slssl  



Vertical Alignment of Liquid Crystal on Film of Plant-based Polysaccharide Derivatives 3

scope (Olympus, BX51) equipped with a polarizer and dig-

ital camera (Tucsen Photonics, ISH300). The voltage

holding ratio (VHR) was measured using a VHR measure-

ment system (autronic-MELCHERS, VHRM 105). The

pulse width, frame frequency, and data voltages were 64 μs,

60 Hz, and 1.0 V, respectively. The measurement tempera-

tures were 25 °C and 60 °C. The residual DC voltage (R-

DC) value was evaluated using the capacitance-voltage (C-

V) hysteresis method, which is used by Nissan Chemical

Industries Ltd.

2. Preparation of films and LC cell assembly

Guar gum, which is a polysaccharide derivative, was used

as a polymer film (Figure 1). We prepared a guar gum solu-

tion in ethanol/LiCl solution at 50 °C for 24 h. This solution

was filtered using a polytetrafluoroethylene (PTFE) mem-

brane with a pore size of approximately 0.45 μm. Thin films

of guar gum were prepared by spin-coating (2000 rpm, 60

s) the gum onto glass substrates. Polyimide (PI, Nissan

Chemical SE-7492K) alignment agents were spin coated

(3000 rpm, 40 s) onto glass substrates. The PI films were pre-

baked at 80 oC for 15 min and then were fully baked at 220
oC for 45 min. These polymer films were rubbed using a rub-

bing machine (RU-AS01, SHINDO Eng.); number of rub-

bing was 1 and rubbing depth was 0.1, 0.2, 0.3, 0.4 and 0.5

mm, respectively. The LC cells were fabricated using the

polymer film onto both glass slides. The LC cells were con-

structed by assembling the films together using spacers with

a thickness of 4.25 μm. The cells were filled with various

nematic LCs consisting of a positive Δε LC mixture (MLC-

2086), negative Δε LC mixture (MLC-6608), and positive Δε

pure LC molecules (5CB), in the isotropic state to avoid cre-

ating a flow alignment due to capillary action. The LC cells

manufactured using the guar gum were sealed with epoxy

glue.

Results and Discussion

1. Transmittance of guar gum films

Quantitative analysis of the transmittance of the plant-

based guar gum films was performed using ultraviolet-visible

(UV-Vis) spectroscopy to investigate the possibilities of sur-

face coating applications (Figure 2). The traditional polyim-

ide that is widely used as an alignment layer exhibits an

electron conjugation structure, which results in an intrinsi-

cally yellowish coloration since a strong electron conjugation

induces a high absorption of the red-light ranges of wave-

length.75,76 Therefore, conventional polyimides were not suit-

able for use in the experiment due to their transmittance

characteristics. However, guar gum films are structurally free

of electron conjugation and are thus, colorless and transpar-

ent. For example, the transmittance of a guar gum film is

approximately 99% at a wavelength of 550 nm, which is sig-

nificantly better than that (approximately 87%) of a poly-

imide film at the same wavelength, as previously reported by

other research groups.77,78 Conclusively, the optical transpar-

ency of a guar gum film in the visible light region is sat-

isfactory for their use as electro-optical materials.

2. Liquid crystals (5CB, MLC-2086, and MLC-6608)

alignment behaviors of the LC cells fabricated with guar

gum films at same rubbing depth

The LCs alignment behaviors were determined by exam-

ining the photographic and conoscopic/orthoscopic polarized

optical microscope (POM) images of the LC cells fabricated

with the guar gum films, after the rubbing process using a

Figure 1. Chemical structure of plant-based guar gum.

Figure 2. Ultraviolet-visible (UV-Vis) transmittance spectra of guar

gum and polyimide alignment layers onto glass substrates.
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depth of 0.5 mm according to the type of LC, by injection

of various nematic LCs such as a positive Δε LC mixture

(MLC-2086), negative Δε LC mixture (MLC-6608), and pos-

itive Δε pure LC molecules (4-n-pentyl-4’-cyanobiphenyl

(5CB)) (Figure 3). At first, the photographic and conoscopic/

orthoscopic POM images of the LC cell injected with MLC-

2086 were partially displayed as vertical LC textures with a

Maltese cross pattern and as random planar LC textures with

birefringence, indicating that the LC cell injected with MLC-

2086 exhibited a partial vertical LC alignment behavior.

However, the Maltese cross pattern of the LC cell injected

with MLC-6608 and 5CB was observed in the entire area of

the conoscopic POM images, which indicates a satisfactory

vertical LC alignment behavior. When we compare the ver-

tical LC aligning abilities of the LC cells injected with MLC-

6608 and those injected with 5CB, the vertical LC aligning

ability of the LC cell injected with 5CB is better than that

of the LC cell injected with MLC-6608, as observed from the

photographic and conoscopic/orthoscopic POM images of

the LC cell. 

3. Liquid crystal (5CB) alignment behavior of the LC cells

fabricated with guar gum films according to rubbing depths

To closely investigate the LC alignment behavior depen-

dent on the rubbing depth of the guar gum films, we also

examined the photographic images of the LC cells created

from the guar gum films using 5CB and the rubbing depths

of 0, 0.1, 0.2, 0.3, 0.4, and 0.5 mm (Figure 4). The LC cells

created from the guar gum films at the rubbing depths of 0,

0.1, 0.2, 0.3, and 0.4 mm demonstrate random planar LC tex-

tures with birefringence. However, a satisfactory uniformity

of the vertical LC alignment behavior of the LC cells fab-

ricated with the guar gum films with a rubbing depth of 0.5

mm was observed in the entire area of the photographic

images of the LC cells. All of the LC cells fabricated with

Figure 3. Photograph images of the LC cells fabricated with

rubbed guar gum film by injection of various liquid crystals (MLC-

2086, MLC-6608, and 4-n-pentyl-4’-cyanobiphenyl (5CB)) at a

rubbing depth of 0.5 mm.

Figure 4. Photograph images of the LC cells fabricated with guar gum films according to the rubbing depth.

Figure 5. Polarized optical microscopy (POM) images of the LC cells made from guar gum films according to the rubbing depth; (a)

Conoscopic POM images and (b) Orthoscopic POM images.
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the guar gum films with the rubbing depth of 0.5 mm were

able to produce stable and uniform vertical LC alignment

layers and the vertical LC alignment was maintained for at

least more than several months since we first created the LC

cells from the guar gum films. 

The LC alignment behaviors of the LC cells fabricated

with the guar gum films and 5CB were investigated by

observing the POM images (Figure 5). When the rubbing

depth was less than 0.5 mm, the LC cells fabricated with the

guar gum films exhibited random planar LC alignments with

birefringence in the POM images. However, a homogeneous

image with no birefringence in the orthoscopic image and a

Maltese cross pattern in the conoscopic image of the LC cells

fabricated using the guar gum films with the rubbing depth

of 0.5 mm were observed, which indicate a vertical LC align-

ment. When the rubbing depth was larger than 0.5 mm, the

LC cells fabricated with the guar gum films did not showed

satisfactory vertical LC alignments due to the birefringence

in the POM images (data not shown). Therefore, it was also

found that the guar gum films were able to produce stable

and uniform vertical LC alignment layers at the rubbing

depth of 0.5 mm. 

4. Surface properties of guar gum films according to

rubbing depths

In order to investigate the correlation between the guar

gum films and the LC molecules according to the rubbing

depth, we calculated the surface energy values of the guar

gum films according to the rubbing depths of 0, 0.1, 0.2, 0.3,

0.4, and 0.5 mm based on the static contact angles of water

and diiodomethane (Table 1 and Figure 6). The total surface

energy value, that is a summation of the polar and dispersion

contributions, was calculated using the Owens-Wendt’s equa-

tion based on the contact angle of two standard liquids, water

and diiodomethane. We also found that there were critical

surface energy values of the polymers exhibiting a vertical

LC alignment behavior. As shown in Table 1, the dispersion

and polar surface energy of the guar gum films according to

the rubbing depths of 0, 0.1, 0.2, 0.3, 0.4, and 0.5 mm were

measured in the ranges of 27.29-28.54 and 21.04-29.56 mJ/

m2, respectively. The total surface energy values of the guar

gum films increased to 48.33, 52.23, 53.65, 54.98, 56.62, and

58.10 mJ/m2 according to the rubbing depths. The dispersion

surface energy values slightly increased to 27.29, 26.79,

27.92, 28.42, 28.68, and 28.54 mJ/m2 according to the rub-

bing depths. The polar surface energy values of the guar gum

films increased to 21.04, 25.44, 25.74, 26.56, 27.94, and

29.56 mJ/m2 according to the rubbing depths. A vertical

alignment behavior was observed in the LC cell fabricated

with the guar gum films at the rubbing depth of 0.5 mm and

the critical total surface energy of the guar gum films was

58.10 mJ/m2. A vertical LC alignment is possible due to the

total surface energy of the guar gum films, which indicates

the presence of bulky galactose side chains on the surface of

the guar gum films at the rubbing depth of 0.5 mm. We

believe that the correlation of the polar surface energy to the

liquid crystal alignment behavior is higher than its correlation

to the dispersion surface energy, thus indicating that the polar

surface energy is more critical to the vertical LC alignment

as compared to the dispersion surface energy, as reported pre-

viously.79-81 Conclusively, vertical LC alignment has been

ascribed to the incorporation of a unique chemical structure

of bulky galactose moieties into the side chains of the guar

gum and the critical total surface energy originating from the

discovery of unique saccharide groups at a specific rubbing

Table 1. Surface Energy Values and LC Alignment Properties of the Polymers

Rubbing depth

(mm)

Contact angle (o)a Surface energy (mJ/m2)b

LC aligning abilityc

Water Diiodo methane Polar Dispersion Total

0 56.4 49.2 21.04 27.29 48.33 X

0.1 50.2 48.7 25.44 26.79 52.23 X

0.2 48.7 46.3 25.74 27.92 53.65 X

0.3 47.0 44.9 26.56 28.42 54.98 X

0.4 44.7 43.9 27.94 28.68 56.62 X

0.5 42.3 43.6 29.56 28.54 58.10 O

aMeasured from static contact angles.
bCalculated from Owens-Wendt's equation.
cMarks of circle (O) and cross (X) indicate polymer film have uniform vertical and partial vertical, planar LC aligning ability, respectively.
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strength.

5. Reliability and electro-optical performance of the LC

cells fabricated with guar gum films 

The reliability of the LC cells created from the polymer

films was investigated by a stability test conducted to

observe the LC alignment under severe environments such as

ultraviolet (UV) irradiation and high temperature. At first, the

UV stability of the LC cell created from the guar gum films

with a rubbing depth of 0.5 mm was estimated from the POM

image observed after the LC cells’ exposure using UV irra-

diator (Artisan Technology Group, Spectronics XL-1500A)

for 10 min, at 10, 20, 30, and 40 J/cm2. As shown in Figure

7, the differences in the guar gum films exhibiting a vertical

LC aligning ability cannot be observed from the Maltese

cross pattern in the conoscopic POM images in the range of

0-40 J/cm2, thus indicating that the vertical LC aligning abil-

ity of the guar gum LC cell is maintained at 40 J/cm2. The

thermal stability of the LC cells created from the guar gum

films using the rubbing depth of 0.5 mm was estimated from

the POM image observed at room temperature after heating

the LC cells using hot plate for 10 min, at 100, 150, 200, and

250 °C. The differences in the guar gum films exhibiting a

Figure 6. (a) Water, (b) diiodomethane contact angle, and (c) surface energy values of rubbed guar gum films.

Figure 7. Conoscopic POM images of the LC cells made from guar gum films at rubbing depth of 0.5 mm; after UV irradiation treatment

at 0, 10, 20, 30, and 40 J/cm2 for 10 min and after thermal treatment at 100, 150, 200, and 250 oC for 10 min, respectively.
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vertical LC aligning ability cannot be observed from the Mal-

tese cross pattern in the conoscopic POM images in the range

of 100-200 °C, thus indicating that the vertical LC aligning

ability of the guar gum LC cells is maintained even at 200

°C. The obtained total surface energy values of the guar gum

films based on the static contact angles of water and

diiodomethane were also measured after heating. When the

temperature increases to 200 °C, the total surface energy

value of the rubbed guar gum films is maintained at about

58 mJ/m2. However, since the Maltese cross pattern of the

conoscopic POM image disintegrates at 250 °C, the vertical

LC alignment of the LC cells created from the guar gum

films also disintegrates at 250 °C. 

To analyze the thermal properties of guar gum, its pyrol-

ysis behavior was measured up to 800 °C at a heating rate

of 10 °C/min under an argon atmosphere. The thermograv-

imetric analysis (TGA) curve is shown in Figure 8. The first

weight loss up to approximately 160 °C is due to the loss of

the water absorbed by the guar gum. According to the ther-

mogram, the total water content of the polymer is approx-

imately 12 wt.%, and the thermal decomposition of the guar

gum does not occur in the temperature range of 0-160 °C.

The degradation process within the range of 230-300 °C,

characterized by a weight loss of approximately 47 wt.%, is

observed. This result may be ascribed to the loss of the deg-

radation of the polymeric chain containing the primary

hydroxy group in the guar gum.82-84 The decomposed resi-

dues were fragmented to 800 °C, and finally exist as char at

approximately 3 wt.%. The pyrolysis behavior of the guar

gum can explain why the LC alignment layers created from

the guar gum films do not maintain their vertical LC align-

ment behavior at 250 °C, as described in the previous para-

graph.

The electro-optical (E-O) performance of the LC cell fab-

ricated with the guar gum films was measured for possible

practical LC device applications. The LC cell exhibited a

voltage holding ratio (VHR) of above 99% at 25 °C and this

value was maintained at 60 °C. It is sufficiently high for

practical applications as the LC alignment layer in thin film

transistors (TFTs) addressed LC devices. The residual DC

voltage (R-DC) of the LC cell measured using the capaci-

tance-voltage (C-V) hysteresis method was found to be very

low at less than 15 mV, which is even smaller than that of

commercial polyimides. This can provide a basic idea for the

design of LC alignment layers based on renewable cellulose

resources containing polymer films.

Conclusions

The liquid crystal (LC) alignment behaviors of LC cells

fabricated with a polysaccharide such as guar gum were

investigated. The guar gum films exhibited a satisfactory

optical transparency in the visible light region (400-750 nm).

For example, the transmittance value (99%) of the guar gum

films onto a glass substrate at a wavelength of 550 nm is bet-

ter than that (87%) of conventional polyimide films, which

are the most commonly used LC alignment layers. The LC

cells fabricated with the guar gum films exhibited different

LC alignment behaviors according to various LC types. In

addition, the LC cells created from the rubbed guar gum, that

is a polysaccharide, exhibited a uniform vertical LC align-

ment after the alignment process with a rubbing depth of 0.5

mm. However, the LC cells created from the rubbed guar

gum films with a rubbing depth of less than 0.4 mm exhib-

ited a random planar LC alignment behavior. The uniform

vertical alignment behavior exhibited a high correlation to

the total surface energy values of the guar gum films having

about 58.10 mJ/m2. This study provides the fundamental

information required for the design of LC alignment layers

based on renewable and nature-based resources for electro-

optical devices.
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