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Summary: The objective of the present work is to analyze the different mesophases

observed in a gel synthesized from hydroxypropyl cellulose (HPC) and polyacrylamide

(PAAm) and its phase behavior in water. Hydroxypropyl cellulose is a material derived

from cellulose it is non toxic and degradable. HPC is widely used in pharmaceutics,

food additives, stabilizer, thickener, etc., HPC is approved by the FDA for use in the

food industry. HPC has the characteristic that it forms liquid crystals, depending on

the solvent and on the concentration of the polymer. In this work a lower critical

solution temperature (LCST) and an upper critical solution temperature (UCST) were

observed, the resulting gel showed anisotropic, nematic and cholesteric phases in

water, the phase formed depended on the concentration of the polymer.
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Introduction

Hydroxypropyl cellulose (HPC) is a mate-

rial derived from cellulose which has

interesting properties.[1] In concentrated

solutions it forms liquid crystals which

exhibit different mesophases.[2] Among

the phases found in HPC solutions are

nematic, cholesteric, anisotropic[3], the

phase type depends on the solvent and on

the concentration of the polymer; the

cholesteric mesophase is found at about

60% wt of the polymer and shows birefrin-

gence. Polymers with the ability of forming

liquid crystals have achieved many applica-

tions nowadays. HPC possesses phase

transitions in solvents. The lower critical
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solution temperature (LCST) in water is

observed at 458C and decreases with

increasing concentration of HPC and/or

decreasing molar substitution (MS) degree.

This property is interesting because it

makes HPC an intelligent gel that releases

a drug when the LCST is reached. This

property is being used in some gels.[4] HPC

is also an interesting material because it is

non-toxic and is allowed for use in phar-

maceutical products and food derivatives.[5]

HPC can also form mesophases when

subjected to a mechanical shear stress.[6]

Polyacrylamide is a polymer that has good

solvent-absorbing properties[4] and is non-

toxic. Polyacrylamide is widely used as a

matrix for controlled drug delivery.[7] It has

been shown that polyacrylamide-based

polymers provide an alternative for mod-

ifying the hydrophobicity of drugs.[8,9,10]

Methodology

2 g of HPC (Aldrich Mn¼ 10000 g mol�1,

MS¼ 3.6) were dissolved in 20 mL of

distilled and deionized water (DI) for

15 hours. 2 g of acrylamide (AAm, Aldrich,

97%) were added and the solution was

stirred until complete dissolution. At the

beginning of the reaction 8 mL of water
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containing 2 mg of methylene bisacryla-

mide (MBAm, Aldrich, 99%) and 40 mg

of ammonium persulfate (APS, Sigma-

Aldrich, 98%) were added followed by

40 mg of tetramethyl ethylenediamine

(TEMED, Sigma-Aldrich, 99%) dissolved

in 8 mL of water and 0.36 g of vinyl sulfone

(DVS, Aldrich, 97%) are injected and the

mixture was allowed to react for 3 hours at

408C in an inert atmosphere with constant

stirring. After the desired reaction time the

solution was poured in a badge of silicon

and was allowed to dry at 408C under

vacuum, rinsed with DI water and let to

dry again[11] under vacuum. The sample

was named BE111.

The amount of absorbed water was

measured with the gravimetrical method,

a sample of the gel was cut, it measured

1.0 cm� 1.3 cm, it was weighed continuously

and water was added until total saturation

was achieved, the swelling percentage was

quantified with the following equation 1 [4]:

W ¼ ms �md

md
� 100% (1)

W¼ swelling percentage,

s¼weight when wet

d¼weight when dry.

The sample was characterized with Fourier

Transform Infrared Spectroscopy (FTIR)
Figure 1.

IR spectrum of the sample BE111.
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with a Spectrum One spectrophotometer

(Perkin-Elmer) equipped with an ATR

accessory in the range of 4000 to 500 cm�1

with 32 scans and a spectral resolution of

2 cm�1. The phase behavior was evaluated by

means of turbidity measurements using a

temperature controlled turbidimeter TP1 (E.

Tepper) operating at a wavelength of 670 nm

with heating and cooling rates of 18C/min in a

temperature range from 58C to 958C. The

sample was cut in small pieces, dissolved in DI

water and filtered. Microscopic studies of the

gel were carried out at room temperature

with a Carl Zeiss optical microscope with

crossed polarizers (magnification of 2.5x, 10x,

and 40x), the sample was cut, weighed, dried

and let to absorb the desired amount of water.

Atomic force microscope (AFM) was carried

out in a VEECO di CPII operated with the

software WSXM[12] in the tapping mode.
Results and Discussion

FTIR Characterization

Sample BE111 was able to absorb up to

312% wt of water. Figure 1 shows the FTIR

spectrum of BE111.

The characteristic stretching absorption

of the NH group of acrylamide appears at

3348 cm�1, while at 3196 cm�1 the stretch-

ing vibration of the OH group of HPC is
, Weinheim www.ms-journal.de
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observed. Further bands corresponding to

CH vibrations are detected at 2970 cm�1

(asymmetric stretching of the CH3 groups

of the HP), as well as at 2921 cm�1 and

2876 cm�1 (asymmetric and symmetric

vibrations of the C-H of the methylene

groups of the cellulose chair). The absorp-

tion of the symmetric stretching vibration

of the C¼O bond appears at 1657 cm�1

(symmetric stretching), while the bending

of the NH group leads to a signal at

1608 cm�1. Absorption bands are observed

at 1451 cm�1 (CH2 deformation of the

PAAm and the HPC) and at 1421 cm�1

(CH2 wagging vibration of PAAm and

HPC). The absorption band of the CN

stretching is present at 1278 cm�1. At

1076 cm�1 there is a strong band corre-

sponding to the asymmetric stretching of

the C–O–C bond of the HPC and the

networks formed during crosslinking. The

CH2 rocking band is observed at 776 cm�1.

Turbidity Measurements

The temperature dependent turbidity mea-

surements in water showed the presence of

a LCST in all the solutions prepared, an

upper critical solution temperature (UCST)

arose when the concentration of BE111

exceeded 3% wt in the solvent (Figure 2).

HPC is known to have a LCST.[3] The

LCST of the HPC/PAAm gel decreases as

the polymer content increases (Figure 2).

Thus, a higher polymer weight fraction will

lead to a higher content of HPC and the
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Phase transition temperatures of the gel BE111 at differ
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LCST will be lowered in this way because

there is more polymer content that will

become hydrophobic when temperature is

raised. Above 3% wt an UCST occurs when

the temperature is increased. This phenom-

enon is very common in other polymers[13],

but it has neither been observed in pure

HPC, nor in pure PAAm, however, an

UCST arises by combining PAAm with

other OH-containing polymers.[14] The

presence of this phenomenon may be due

to the PAAm in the network, which works

as a precipitant in high concentrations. In

this case the interaction of the PAAm- and

HPC networks causes a positive heat of

mixing and then an UCST occurs.

Optical Microscopy

The gel was observed with an optical

microscope with crossed polarizers, many

dilutions were done of the gel in DI water

were done. At 10% wt the sample is no

longer transparent and becomes whitish,

which indicates the presence of an aniso-

tropic phase. At 50% wt the water-

solubility of the polymer disappears and

it formed a white swollen gel instead.

Figures 3 and 4 show the optical micro-

graphs of the gel at 30% wt and 80% wt in

water. In Figure 3 birefringence is visible.

This is caused by the presence of the HPC

in the network. The birefringence is due to

a liquid crystalline phase in the gel, which is

a nematic one. Figure 4 shows the optical

micrograph of the gel at 80% wt in water.
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Figure 3.

Optical micrograph of the gel BE111 at 30% wt in

water, magnification 10x.

Figure 5.

Optical micrograph of the gel BE111 at 90% wt in

water, magnification 10x.
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Birefringence is still visible and some lines

are clearly seen in the micrograph. The

lines arose at 348 of the crossed polarizers.

Those lines are characteristic in the cho-

lesteric mesophase, which are a result of the

presence chain of asymmetric carbons in

the anhydroglucose that are imparting

optical activity to cellulose and cellulose

derivatives.

Figures 5 and 6 show the gel BE111 in

90% wt in water with different augments.

Both images show iridescent colors in the

sample, this phenomenon is again due to

the presence of the cellulose derivative.

Fringed patterns are visible in Figure 5,
Figure 4.

Optical micrograph of the gel BE111 at 80% wt in

water, magnification 10x.
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but they are not very clear. This pattern

arose at every 68 of the polarizers, the

fringed patterns are characteristic of

cholesteric phases. Figure 6 shows the

optical micrograph of the same gel, but

with a lesser augment. The sample shows

iridescent colors when observed with

crossed polarizers.

The sample showed the presence of a

violet region that was visible to the naked

eye in the formulations of 0.8 and 0.9

polymer weight fraction. This was formed

by the cholesteric phase of the liquid

crystal. The violet region was localized in
Figure 6.

Optical micrograph of the gel BE111 at 90% wt in

water, magnification 2.5x.
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Table 1.
Mesophases found on the sample HPC/PAAm 50/50 with 0.18 gDVS/ gHPC.

Polymer weight
fraction

Mesophase Polymer weight
fraction

Mesophase

0.01–0.1 Isotropic 0.5 Nematic
0.1 Anisotropic 0.6 Nematic
0.2 Anisotropic 0.7 Nematic, cholesteric,
0.3 Anisotropic, nematic 0.8 Cholesteric
0.4 Nematic 0.9 Cholesteric

Figure 7.

AFM micrograph of the gel BE111.
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half of the sample, indicating that the

distribution of the HPC is inhomogeneous

inside the gel. The Table 1 summarizes the

mesophases found on the diluted sample.

Atomic Force Microscopy (AFM)

The AFM showed the presence of lamellae

in the surface of the gel, Figure 7 shows a

region of the gel.

The gel in Figure 7 is smooth and

homogenous, showing a single phase, the

surface is not smooth, but uneven and

irregular. Lamellae are seen on the surface.

These lamellae are formed during drying of

the sample and suggest a liquid crystal

during the reaction and during the process

of drying when the solvent was being

evaporated. Some authors have observed

similar features.[15,16]
Conclusion

A gel which can form liquid crystals was

synthesized. It showed both LCST and
Copyright � 2010 WILEY-VCH Verlag GmbH & Co. KGaA
UCST, the first one is owed to the HPC and

decreases as the polymer content in water

increases. The UCST is due to the structure

of the HPC/PAAm network and the

presence of secondary hydrogen-bonding

complexes that develop between the two

networks. At lower temperatures hydrogen

bonding forces dominate and maintain the

particles in a collapsed state. However, as

temperature is increased these bonds are

weakened and a hydrophilic front is

established within the polymer. Those

two effects work together to rapidly swell

the gel forming an UCST.[13,17] The FTIR

showed the presence of the main functional

groups of the precursors. The orientation of

these groups and their interaction leads to a

LCST/UCST behavior. The FTIR con-

firmed the presence of the groups of HPC

and the ‘‘cellulose chair’’ that acts as a

mesogenic group. The optical microscopy

showed the presence of anisotropic,

nematic, and cholesteric phases, caused

by the mesogenic group and starting from

10% wt (anisotropic) and 30% (nematic).

This behavior is due to the stiffness added

by the substituents of PAAm. AFM showed

lamellae in the surface and it depicts

structural features of the cholesteric liquid

crystals.
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