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Abstract

The thesis characterises the behaviour of water in gels of cellulose ether polymers that
are commonly used in hydrophilic matrix systems. Detailed studies on the hydrated
polymer which forms a gel and more specifically on the types of water which exist
within this gel are fundamental in the optimisation of cellulose ethers for their
applications in sustained release formulations.

Characteristic thermal events were apparent in the DSC scans of HPMC K 15M gels,
which were dependent on gel hydration time, polymer concentration and the cooling
and heating rates utilised during scanning. These events were related to the presence of
different types of water in HPMC K 15M gels; free water, the main endothermic peak
at around 0°C, bound water and loosely bound water, giving rise to smaller peaks prior
to the main peak at temperatures from -15 to 0°C. These pre-endothermic events were
unaffected when gel samples were cooled to -50°C, heated to -9°C and subsequently
recooled and reheated to +35°C. Upon cooling to -50°C, heating to -9°C and holding
for 10mins, and then recooling and reheating again, their occurrence and the
temperature at which they appeared remained unaffected. Therefore it was concluded
that these pre-endothermic events were real and they were reproducible. TGA and
dielectric spectroscopy studies also provided evidence for the existence of more than
one type of water within HPMC K15M gels. Water evaporating in more than one
event was visible from the first derivative of the TGA weight loss curve, which was
dependent on polymer concentration and scanning rates. The behaviour of water in
HPMC K15M gels was characterised using low frequency dielectric spectroscopy
from -30 to +22°C. The shape of the dielectric response curves showed that in addition
to the melting of free water, a number of other processes were occurring indicating
that the melting of different types of water prior to the melting of free water. These
processes were dependent on polymer concentration and the results were in agreement
with the DSC findings, confirming the presence of different types of water in these gel
systems.

The amount of water bound per PRU in HPMC K 15M gels were calculated using DSC
results based on methods previously reported. The characteristic events visible in both
DSC and LFDS studies were dependent on polymer molecular weight, substitution
type and hydration time. The BW per PRU for cellulose ethers after 96h hydration
were; HPMCs KlOOLV (4.4), K4M (4.5), K15M (6.5), K 100M (6.6), E4M (5.6), F4M
(5.4), MC A4M (3.8) and HPC (6.1). The distinctive events visible in both DSC and
LFDS studies and the separation of evaporation events in TGA were influenced by the
addition of a drug. Propranolol hydrochloride (water-soluble) reduced the amount of
water bound to the majority of polymers, the so called 'salting-in' effect. However,
more water was required to fully hydrate the majority of polymers in the presence of
diclofenac sodium (poorly water-soluble) in comparison with the effects seen in the
presence of propranolol hydrochloride, the so called 'salting-out' effect.

Polymer molecular weight had little effect on their moisture sorption/ desorption
characteristics in comparison to polymer substitution type which appeared to have an
effect on these properties. HPMC K4M sorbed more moisture at all RH values and had
a larger hysteresis area compared to that for HPMCs E4M, F4M and MC A4M.
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Glossary of abbreviations

BDC	 Broadband dielectric converter

BET	 Brunauer-Emmett-Teller

BW	 Bound water

CMC	 Carboxymethylcellulose

CPT	 Cloud point temperature

DIC Na	 Diclofenac sodium

DMA	 Dynamic mechanical analysis

DMAA	 Dimethylacetamide

DMSG	 Dynamic moisture sorption gravimetry

DS	 Degree of substitution

DSC	 Differential scanning calorimetry

DTA	 Differential temperature analysis

dTGA	 Derivative of the TGA weight loss curve

DVS	 Dynamic vapour sorption

Ea	 Energy of activation

GAB	 Guggenheim, Anderson, and DeBoer

GLM	 General linear model

HM	 Hydrophilic matrix

HPC	 Hydroxypropylcellulose

HPMC	 Hydroxypropylmethylcellulose

IPT	 Incipient precipitation temperature

LFDS	 Low frequency dielectric spectroscopy

MC	 Methylcellulose
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MCC	 Microcrystalline cellulose

MS	 Molar substitution

NaC1	 Sodium chloride

NaCMC	 Sodium carboxymethylcellulose

NMR	 Nuclear magnetic resonance

p(HEMA)	 poly(hydroxyethylmethacrylate)

P.H.	 Propranolol hydrochloride

PEG	 Polyethylene glycol

PRU	 Polymer repeating unit

RH	 Relative humidity

SD	 Standard deviation

SDC	 Self-diffusion coefficient

SEM	 Scanning electron microscopy

SSA	 Specific surface area

Tg	 Glass transition temperature

TGA	 Thermogravimetric analysis

TGP	 Thermal gelation point

TMA	 Thermomechanical analysis

TSDC	 Thermally stimulated depolarisation current
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Introduction	 Chapter 1

Chapter 1 Introduction

1.1 Cellulose Ethers

1.1.1 Structure

A general structure of cellulose ethers is shown in figure 1.1, where the R-group can

be a single entity or a combination of substituents. Properties such as solubility,

surface activity, thermoplasticity, film characteristics, thermal gelation and

biodegradation are dependent on the chemical nature, quantity and distribution of the

substituent groups. These properties make cellulose ethers suitable for use in a wide

spectrum of industries such as the adhesive, pharmaceutical, agriculture, ceramic,

construction, cosmetic, food, paper, paint, leather, printing ink and resin (DOW

Chemical Company, 1983).

In methylcellulose (MC) the hydrogen atoms of some of the hydroxyl groups of the

cellulose backbone are substituted by methyl groups (Figure 1.1). In the case of

hydroxypropylmethylcellulose (HPMC) the cellulose backbone is substituted by

methoxyl and hydroxypropoxyl groups (-CH2CH(OH)CH3).

1.1.2 Source

Cellulose is a predominantly crystalline material, consisting either of ordered

crystalline regions or crystalline regions connected by disordered or amorphous

regions. Chemically, cellulose consists of an anhydroglucose backbone with 1-4

glycosidic linkages (section 1.1.1). Cellulose molecules may consist of several

thousand linked units running through crystalline and amorphous regions (Savage,

1965). Cellulose is abundant in nature and is available from a host of sources such as

cotton seed fiber, wood fibers (hardwoods and softwoods), bast fibers (flax, hemp,

jute and ramie), grasses, algae and bacteria. Cotton seed fiber and wood fiber are the

principal sources used to manufacture cellulose ethers (Just and Majewicz, 1985),

with economics favouring the use of wood pulp (Greminger, 1979).

1
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Introduction	 Chapter I

At source, wood and cotton cellulose have similar high molecular weights with an

estimated degree of polymerisation of 10, 000 (Goring and Time11, 1962). The native

cellulose is not easily converted to cellulose ethers due to impurities. Therefore,

isolation and purification processes are required prior to etherification. These

processes are severe and result in a lower molecular weight substrate, especially in

the case of wood cellulose, compared to that derived from cotton cellulose. This drop

in molecular weight is due to chain cleavage and, as a result, the degree of

polymerisation ranges from 1, 000 to 7, 000 for purified cotton cellulose and from

500 to 2, 000 for purified wood pulp cellulose (Just and Majewicz, 1985). The

molecular weight differences between the two purified forms of cellulose provide a

method to control solution viscosity, with low viscosity grades being made from

wood cellulose and high viscosity grades coming from cotton cellulose. Intermediate

grades may be made from either substrate or from a mixture of both. The isolation

and purification processes are also responsible for differing crystallinity and

molecular weight distributions which in turn can influence reactivity and the product

properties (Just and Majewicz, 1985).

The alpha (a)-cellulose content of cotton and wood cellulose reflect the differences

in their purity. Alpha-cellulose is the part of high molecular-weight cellulose that is

insoluble in sodium hydroxide (NaOH) solution. The remainder consists of alkali-

soluble hemicelluloses i.e. low molecular weight polysaccharides and lignin, which

is a polymeric phenolic substance having structural adhesive properties. A low cc -

cellulose content indicates the presence of hemicellulose and lignin impurities, which

may affect the yield of high purity cellulose. Wood cellulose has a low a-cellulose

content (87-97%) compared to cotton cellulose (99%) and this is indicative of the

lower purity of wood cellulose (Just and Majewicz, 1985).

1.1.3 Preparation

Cellulose ether preparation has evolved from the first reports in 1912 (Lilienfeld,

1913), and these developments have been described by a number of authors (Savage

et al, 1954; Savage, 1954; Savage, 1965; Greminger, 1979; Just and Majewicz,

1985). The building blocks of cellulose are anhydroglucose units bound through

3



Introduction	 Chapter I

acetal (1-4 glycosidic) linkages. There are three hydroxyl groups on the

anhydroglucose ring, a primary at C-6 and two secondary at the C-2 and C-3

positions. The crystalline nature of the cellulose structure has left it largely

impenetrable to chemical reagents. Therefore, the hydroxyl groups in the crystalline

regions can be gradually made accessible by swelling in sodium hydroxide solution

(35-60%) (Ranby, 1963) in a process called mercerisation (Dahlgren, 1987). The

initial stages in substitution reactions thus involve disrupting the crystalline regions,

spreading apart the cellulose, and leaving the molecules accessible to chemical

attacks by substitution reagents. Non-uniformity of NaOH distribution within the

cellulose can dramatically affect product quality (Greminger, 1979).

There are two types of etherification reactions that are used, the Michael reaction and

nucleophilic substitution (Touzinsky, 1965). The Michael reaction involves the

reversible addition of an alkali-catalysed activated vinyl group to cellulose. An

example of this reaction type is cyanoethylation (Nicholson and Merritt, 1985) e.g.

cyanoethylcellulose (where RcellOH is the cellulose molecule) as given in equations

1.1 - 1.3:

Equation 1.1	 Rcell OH + NaOH --> Rcell OH . NaOH (complex)

Equation 1.2	 R cell OH .NaOH <=> Rcell ONa+ H 20

Equation 1.3	 R cell ONa+ CH2 = CHCN ---> R cell ° CH 2 CH 2CN

However, the more common etherification reaction used is irreversible nucleophilic

substitution (Ingold, 1969). For example, methylation of alkali cellulose with methyl

halide produces methylcellulose as shown in equations 1.4 and 1.5:

Equation 1.4

Equation 1.5

R cell — OH + NaOH <=> ken — O++ Na + +H20

Ree11 0- + Na + + CH3 C1---> Rcell 0CH3 + NaCl

4



Introduction	 Chapter 1

where 1?„11 — OH is the cellulose molecule, kelt — 0- + Na+ is the alkali cellulose,

and 1?„11 0CH3 is methylcellulose.

Hydroxypropylmethylcellulose (HPMC), a mixed cellulose ether, is prepared by the

reaction of mixtures of methyl chloride and propylene oxide with alkali cellulose as

shown, in equation 1.6:

Equation 1.6

1?„11 0- +Na + + CH2 CHOCH3 1?„11 —0—  CH2 CH(OH)CH3 + NaOH

where I?„ll — 0- is methylcellulose, CH 2 CHOCH3 is propylene oxide and

ke11 OCH2 CH(OH)CH3 is HPMC.

The relative amounts of methoxyl and hydroxypropoxyl substitutions are controlled

by the weight ratio and concentration of NaOH and the weight ratios of methyl

chloride and propylene oxide per unit weight of cellulose (Greminger and Krumel,

1980). These etherification or alkylation processes are either homogeneous or

heterogeneous (Just and Majewicz, 1985). Heterogeneous processes are used

industrially where the cellulose and the cellulose ether remain in a fibrous or

particulate state throughout the reaction. They may be further divided into organic

diluent-mediated or diluent-free processes. In homogeneous processes, solvent

systems are used, and the cellulose and the cellulose ether remain in solution

throughout the procedure. They are less economical and are seldom used. Recent

advances in production methods of methylcellulose derivatives are reviewed by

Grover (Grover, 1993).

These reactions have important commercial value to the manufacturers who produce

thousands of tons of cellulose ethers annually. Commercially available cellulose

ethers include: methylcellulose (MC), ethylcellulose (EC), hydroxyethylcellulose

(HEC), hydroxypropylcellulose (HPC), carboxymethylcellulose (CMC),

hydroxypropylmethylcellulose (HPMC) and hydroxyethylmethylcellulose (HEMC).

These cellulose ethers are supplied by various manufacturers which have different

trade names for the various viscosity grades and substitution levels. For example,

5



Introduction	 Chapter 1

DOW Chemical Co., USA supply cellulose ethers as Methocel®, while Shin Etsu

Chemical Products Ltd., Japan supply cellulose ethers as Metolose®.

1.1.4 Degree of substitution

Substitution involves the splitting of the cellulose chains by breaking the bonds

between neighbouring hydroxyl groups (Lorand, 1938). Thus the bigger the

hydrophobic group available to open up the cellulose chains and allow water in, the

fewer of these groups are required (Morss and Ogg, 1966). The solubility may not

simply be assumed to arise due to the hydrophilic nature of the groups introduced as

the overall hydrophilic nature of the polymer does not change significantly on

substitution. Introducing small degrees of substitution into a cellulose molecule

which has its crystalline structure largely non-disrupted, results in surface

modification only (Savage, 1965).

Each anhydroglucose ring of the cellulose contains three hydroxyl groups available

for substitution. The relative availabilities of each of the hydroxyl groups are not

identical (Spurlin, 1939; SOnnerskog, 1948; Rowland et al, 1971; Rowland and

Wade, 1980). Rowland et al (1969) found that in cotton cellulose, for every hydroxyl

group at C-2 that was accessible for reaction in 1M and 2M NaOH, only 0.75

hydroxyl group at C-6 and 0.30 hydroxyl group at C-3 were accessible. This

decreased accessibility is related to a higher state of order of the hydroxyl groups due

to strong H-bonding between reactive groups of the three available hydroxyl ring

sites. Not all will take part in the etherification reactions and therefore, the degree of

substitution (DS) is defined as the number of hydroxyl groups per monosaccharide

unit that have been etherified (Klug, 1971; Greminger, 1979; Greminger and Krumel,

1980; Grover, 1993). The maximum value of DS is 3. In some cases, side-chain

formation is possible due to the introduction of further reactive groups and hence the

term molar substitution (MS) is used, which is the average number of moles of

substituent added per sugar unit. The value of MS may exceed three and the average

side-chain length may be obtained by dividing MS by DS. Methylcellulose products

have DS ranges from 1.5 to 2.0 while for HPMC products the degree of substitution

of methyl group ranges from 0.9 to 1.8 (Greminger and Krumel, 1980). The quantity

6



Introduction	 Chapter 1

and type of substituent groups on the ring determine the properties of cellulose ether

products.

Methocel A products contain approximately 30% methoxyl (D.S. 1.64 - 1.92) which

gives maximum water solubility. A lower DS gives products with lower water

solubility and a higher DS gives products which are soluble only in organic solvents.

Methocel products are available with varying substituents and degrees of

substitution. Methylcellulose is the Methocel A brand products and

hydroxypropylmethylcellulose is the Methocel E, F and K brand products (Table

1.1). The United States Pharmacopoeia (USP) describes Methocel products

differently and Methocel A4M, E4M, F4M and K4M are known as methylcellulose,

hydroxypropylmethylcellulose (HPMC) 2910, HPMC 2906 and HPMC 2208

respectively.

Properties such as surface activity, water solubility, cross-linking and stability in the

presence of salts and other ionic entities depend mainly on the amount and chemical

nature of the substituents, which will also influence the type and range of uses of a

particular cellulose ether.

1.1.5 Viscosity grades

The intrinsic or limiting viscosity of a particular polymer is a measure of its chain

length or molecular weight. This relationship between the molecular weight of a

polymer and its intrinsic viscosity has been shown by the Mark-Houwink equation as

equation 1.7:

Equation 1.7	 [q] = KM a

where [id is intrinsic viscosity, K and a are empirically derived constants for a given

polymer, and M is the molecular weight of the polymer (Just and Majewicz, 1985).

The molecular weight distributions of cellulose ethers are regulated by controlling

the cleavage of the glycosidic linkages during the treatment of cellulosic substrate

7



Equation 1.8 11 = (1+ [Id c)8
170	 8

Introduction	 Chapter I

itself or during etherification (Just and Majewicz, 1985). When etherified, water

soluble cellulose ethers are graded based on the viscosity (centipoise, cP) of their 2%

w/v aqueous solution at 20°C (Greminger and Savage, 1959). Different viscosity

grades of cellulose ethers are available commercially, for example, the DOW

Chemical Company produces Methocel products of different viscosity grades

include: Methocel KlOOLV (80 - 120cP), K4M (3, 500 - 5, 600cP), K 15M (12, 000 -

18, 000cP), and K 100M (80, 000 - 120, 000cP) (DOW Chemical Company, 1983).

Dilute solutions of low viscosity cellulose ethers exhibit Newtonian flow. However,

increasing the concentration to over 5% w/v will produce some thixotropy due to

weak interactions between polymer chains. In addition, it has been reported that in

dilute solutions, methylcellulose (MC) molecules are relatively compact coils and

that an increase in polymer molecular weight was accompanied by an increase not

only in molecular size but also in the intermolecular interaction in solution (Tomioka

and Matsumura, 1987). As the molecular weight increases, pseudoplastic flow is

exhibited and this is the classical behaviour of MC and HPMC solutions at 20°C. In

summary, the solutions are generally nonthixotropic, exhibiting no hysteresis loop,

but showing characteristic shear-thinning behaviour (Greminger and Savage, 1959;

Savage, 1965; Morss and Ogg, 1966; Greminger, 1979; Greminger and Krumel,

1980; Just and Majewicz, 1985; Grover, 1993).

The relationship between viscosity and concentration is exponential and may be

summarised by Philippoffs equation (Philippoff, 1936), equation 1.8:

where	 77 is apparent viscosity

no is solvent viscosity

[ii] is intrinsic viscosity, dL/g

c is concentration, g/dL

If measurements are made at 20°C in water where 7 7o 1.0 and K = —[q] the equation
8
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simplifies into equation 1.9:

Equation 1.9	 711/8 = 1+ Kc

The viscosities of MC and HPMC aqueous solutions decrease with increasing

temperature until the thermal gelation point (DOW Chemical Company, 1983)

(section 1.1.7). The apparent viscosities of some cellulose ethers are further affected

by temperature and the presence of additives (section 1.1.7).

1.1.6 Glass Transition temperature

Amorphous solids are supercooled liquids in which the molecules are arranged in a

somewhat random manner as in the liquid state (Martin et al, 1983). They do not

have definite melting points and tend to flow when subjected to sufficient pressure

over a period of time. Many pharmaceutical solids possess a certain degree of

amorphous character which is the case for polymers. This may be due to their large

molecular size or to the processing conditions they undergo. When a liquid

carbohydrate is cooled below its melting temperature, in the absence of

crystallization, the viscosity of the liquid increases until at the glass transition, the

amorphous material show characteristics typical of a solid (Parker and Ring, 1995).

The temperature at which a glassy polymer becomes rubbery on heating and a

rubbery polymer reverts to a glassy one on cooling is called the glass transition

temperature (Tg) (Martin et al, 1983). The Tg of an amorphous solid determines its

chemical and physical stability and its viscoelastic properties. The T g becomes

critical when it is approached or exceeded by the temperature encountered during

experimental or product processing conditions (Hancock and Zografi, 1994).

A number of methods have been employed to measure the Tg in amorphous

materials. These have included differential scanning calorimetry (DSC) (Entwistle

and Rowe, 1979; Porter and Ridgeway, 1983; Okhamafe and York, 1985;

Sakellariou et al, 1985; Hatakeyama et al, 1989; Oksanen and Zografi, 1990; Roos

and Karel, 1991; Omelczuk and McGinity, 1993; Hancock and Zografi, 1994; Parker

and Ring, 1995); the torsional braid pendulum (Rowe et al, 1984); thermomechanical

9
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analysis (TMA) (Huang et al, 1996); dielectric spectroscopy (Huang et al, 1996;

Noel et al, 1996); and dynamic mechanical analysis (DMA) (Kararli et al, 1990;

Appelqvist et al, 1993; Dave et al, 1995).

Components that lower the Tg of a substance are said to have a plasticizing effect. On

the other hand, when Tg is raised, there is an anti-plasticizing effect. Water is well

known for its plasticizing properties and thus when an amorphous material such as

HPMC absorbs water, it is possible that an increase in free volume followed by a

lowering of the Tg may occur (Levine and Slade, 1988). Material properties are

markedly different either side of the Tg and as a result a knowledge and

understanding of the Tg has very important implications for storage stability and

processing both in the pharmaceutical and food industries (Slade and Levine, 1993;

Schenz, 1995). Hancock and Zografi (1994) have attempted to address the issue by

establishing a predictive relationship between Tg and water content which would

provide information on how much a given water content would reduce the T g of a

material. It would then be possible to predict any resultant physicomechanical

problems.

Glass transition temperature has special implications for cellulose ether polymers in

terms of their hydration and their applications.

1.1.7 Properties of MC and HPMC solutions

1.1.7.1 Hydration and thermal gelation

Soluble cellulose ethers dissolve in water by a swelling mechanism followed by

successive hydration of the structural layers. The concentration required of a

particular cellulose ether is very much dependent on the desired viscosity and type of

product ultimately being used. Some cellulose ethers are insoluble at higher

temperatures while being soluble at lower temperatures. Solutions of these polymers

undergo sol-gel transformation when heated (Figure 1.2) which is reversible within a

narrow temperature range indicating that the cross-linked structure may be attributed

to the action of secondary valence forces as opposed to any disruption of covalent

bonds.
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Figure 1.2 : Typical `sol-gel' transformation of MC and HPMC aqueous solutions

(taken from Sarkar and Walker, 1995)

The temperature at which sol-gel transformation occurs is commonly known as the

thermal gelation point. The type and quantity of substituent groups on a cellulose

ether polymer will govern the thermal gelation temperature. Prior to gel formation,

polymer molecules undergo precipitation which may be observed via light

transmission measurements (Klug, 1971; Sarkar, 1979). The temperatures at which

light transmission reaches 97.5% and 50% have been defined as the incipient

precipitation temperature (IPT) and cloud point temperature (CPT) respectively

(Sarkar, 1979).

1.1.7.2 Mechanism of thermal gelation

The thermally reversible sol-gel transformation of MC was initially reported by

Heymann (1935) and the theory that gel formation was primarily due to dehydration

when the temperature was raised, was discussed.

Partial
Dehydration

A degree of controversy exists regarding the actual mechanism of thermal gelation of

cellulose ethers. Kuhn et al (1961) suggested that the aggregation of MC molecules,

11
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held together by dipole forces, leads to gelation. It has also been proposed that gel

formation involves association of chain fragments resulting in a three-dimensional

framework containing solvent in the interstices (Rees, 1969). These associated

regions have been termed junction zones and have been described in terms of a

micelle model (Rees, 1972). Methylcellulose gels have a structuring effect on

surrounding water molecules which are disrupted upon heating. Phase separation

occurs and the aggregates resemble detergent micelles which are liquid-like in the

interior. As a result, cellulose ether gels show their characteristic property of setting

upon heating and liquefying upon cooling. Replacement by substitution of some

methoxyl groups with more hydrophilic groupings such as hydroxyl or

hydroxypropyl, will not interfere greatly with the primary micellar structure,

however the thermal gelation temperature and gel texture may be affected. Savage

(1957) previously indicated that the tendency to gel is increased with an increase in

proportion of di- and tri-O-methyl-D-glucose residues, suggesting that highly

substituted regions of MC chains form the junction zones. The sparsely substituted

regions thus confer solubility in water. Sarkar (1979) and Vigouret (1996) have

attributed this theory of gel formation to interaction between hydrophobic methoxyl

groups causing gel formation. From x-ray diffraction studies, Kato et al (1978)

concluded that these junction zones in MC gels are in fact crystallites of trimethyl

glucose sequences and are between 4 and 8 units long. It was further argued that the

micellar model, which is assumed to be a liquid-liquid phase transition, cannot be

conclusively accepted as there is insufficient evidence to assume that the onset of

gelation is in fact a liquid-liquid transition as opposed to a crystal-liquid transition

(Kato et al, 1978).

The marked change in the structure of methylcellulose\water systems, when they

pass through the thermal gelation point, would lead us to believe that the mobility of

water in the polymer may be affected. However, a nuclear magnetic resonance

(NMR) study covering the sol-gel transition point of an aqueous methylcellulose

solution employing the pulsed field gradient spin-echo technique on a standard

Fourier transform NMR spectrometer, produced a series of self-diffusion

measurements indicating that the diffusion rate of the water molecules is unaffected

by passing through the sol-gel transition point (Roots et al, 1980).

12
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Hague and Morris (1993) and Hague et al (1993) described the thermal gelation of

MC as a two stage process. Their work involved oscillatory measurements of steady-

shear viscosity as a method for determining liquid-like (viscous) and solid-like

(elastic) response to imposed deformation. They characterised solid and liquid

responses in terms of storage (G') and loss (G") moduli respectively. When the

temperature is increased two distinct waves of increase in storage modulus (G')

occur. The first is due to the sheath of water molecules being removed from highly

aggregated cellulosic bundles, causing the ends of the cellulosic bundles to come

apart, resulting in a large increase in hydrodynamic volume. Heymann (1936)

attributed this change in volume to a decrease in hydration of the colloid particles,

since the water bound by secondary forces to the bundles has a smaller specific

volume than the free water. The second wave increase in storage modulus occurs at

higher temperatures when the methyl substituents shed structured water to form a

cross-linked network via hydrophobic interaction. Similarly, Sarkar (1995), has

reported gelation to be a two stage process using an oscillating rheometry technique.

Sarkar and Walker (1995) have identified dehydration of cellulose ethers in aqueous
_

solution using high sensitivity differential scanning microcalorimetry. They found

that dehydration of MC was a single precipitation process, whereas dehydration of

HPMC samples occurred with characteristic broad endotherms suggesting phase

separation according to molecular weight distribution, with overlapping peaks.

Further characterisation of the thermal gelation process in MC systems has been

carried out using rheological studies (Bochek and Petropavlovsky, 1995), and by

means of a polarised light scattering technique (Bochek et al, 1996). In both these

cases, differences between the behaviour of MC solutions in water and

dimethylacetamide (DMAA), approaching the thermal gelation point were

highlighted. They found that in water, MC behaved like a semi-rigid chain polymer

and showed a larger increase in viscosity approaching the thermal gelation point than

MC in DMAA which showed the characteristics of a flexible chain polymer.

The non-ionic nature of MC and HPMC results in stability over a wide pH range of 2

- 12. However, gradual decrease in viscosity is apparent over a period of time at

extremes of pH (Dow Chemical Company, 1983).

13
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1.1.7.3 Viscosity-Temperature behaviour of methylcellulose

Heymann (1935) described that an aqueous solution of MC at 44.1°C showed a

reversible decrease in viscosity with ageing. The decrease in viscosity was

accompanied by an increase in intensity of the Tyndall light indicating that

dehydration rather than depolymerisation (which would not be reversible) of the MC

was occurring. Similar phenomena had been reported to occur with HPMC solutions

(Lapidus and Lordi, 1968 and Sarkar, 1979).

The viscosity-temperature relationship for a MC solution is depicted in figure 1.3. As

the temperature of the solution is increased, there is an initial viscosity decrease

indicating the first and second stages of dehydration. Just before the thermal gelation

point, there is a sharp increase in viscosity. Neely (1963) described this sharp

increase in viscosity as being due to the increased molecular weight of the polymer

as it associates via hydrophobic interaction. On cooling, the viscosity increases,

reaches a maximum, then decreases until it merges with the original heating curve

returning to the original viscosity (Sarkar, 1979). A hysteresis loop is apparent due to

the breaking of the gel structure upon shear and also because the rehydration of the

precipitants does not occur completely in a short time (Heymann, 1935; Hague and

Morris, 1993; Hague et al, 1994).

1.1.7.4 Factors influencing thermal gelation

(i) Substituents and degree of substitution (DS)

Substituent type is critical to the ability of cellulose ethers to thermally gel as

exemplified by HPC which does not undergo thermal gelation but instead, when

heated, precipitates out of solution (Klug, 1971). The degree of substitution is

equally as important in the thermal gelation properties of MC and HPMC (Table

1.1). Vacher (1940) attributed gelation to the presence of trisubstituted units in the

molecule and observed that the gelation temperature was lower for polymers which

14
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Figure 1.3 : Viscosity versus temperature for an aqueous solution of MC (2% w/v)

heated at 0.25°Cmiri l (adapted from Grover, 1993)
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were more highly substituted. This is due to increased hydrophobic interaction

between methoxyl substituents (Sarkar, 1979). Gel texture is also influenced by

degree of substitution (Table 1.1).

Thermal gelation temperatures of HPMC solutions are higher than those for MC

solutions. Klug (1971) and Morss & Ogg (1966) attributed this to an increase in

hydrophilicity of HPMC due to the addition of hydroxypropoxyl substituent groups.

However, Sarkar (1979) indicated that because both methoxyl and hydroxypropoxyl

substitutions render the cellulose hydrophobic, the higher gelation temperature of

HPMC may be attributed to steric influence of the larger hydroxypropoxyl

substituent. Hague et al, (1993) combined both lines of thinking and detailed that

inhibition of thermal gelation until higher temperatures in HPMC gels, was partly

due to the increase in hydrophilic character caused by the introduction of the

hydroxypropoxyl group and partly due to steric reasons.

(ii) Additives

Heymann (1935) and Levy & Schwarz (1958) have reported that some additives

depress the gelation point of MC. Heymann (Heymann, 1935; Heymann et al, 1938)

suggested that most electrolytes depress the thermal gelation point (TGP) by

dehydration of the polymer. Generally, as the concentration of ions in a polymer

solution increases, there is a resultant decrease in polymer solubility. This is because

water is required to maintain the ions in solution and less water is available to

hydrate the polymer (Johnson et al, 1993). The ability of an electrolyte to 'salt out' a

polymer from its solution generally follows its position in the lyotropic series. Some

salts can carry water and adsorb to the polymer causing an increase in hydration and

solubility and therefore increasing the TGP. For example, I - and CNS - (10-1 M) in

a MC -water (MC was Tylose MH; methylcellulose which has undergone a minor

ethoxylation process) system increased the TGP from 74°C to 77°C (Touitou and

Donbrow, 1982). An adsorption theory was proposed by Katz and Muschter (1933)

in which weakly hydrated ions e.g. CNS - and I - , increase the hydration because

they are strongly adsorbed onto the polymer molecules. Ions such as SO42-

17
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although strongly hydrated, do not cause an increase in polymer hydration because

their adsorption is weak.

A number of studies have described ionic effects on the hydration of cellulose ether

polymers. Fagan et al (1989) and Johnson et al (1993) examined the effect of ionic

strength on the hydration of hydroxyalkylcelluloses including

hydroxypropylcellulose (HPC). Mitchell et al (1990a; 1993c) examined the influence

of electrolytes on HPMC gels and the influence of drugs on the properties and

swelling characteristics of MC and HPMC gels. They found that both propranolol

hydrochloride and tetracycline hydrochloride caused an increase in cloud-point in

HPMC K15M gels. This was thought to be due to 'salting in' of the polymer by the

drugs. Rajabi-Siahboomi et al (1994) have shown that diclofenac sodium depresses

the cloud-point of HPMC E4M, K4M and F4M, a so called 'salting out' effect.

Further investigations using component parts of the drug molecule have identified

the effect as being attributable to the 2,6-dichloroaniline structure within diclofenac.

-

(iii) Molecular weight

It has been reported that the molecular weight of cellulose ether polymers has very

little effect on their thermal gelation point and cloud point (Sarkar, 1979). This was

related to samples possessing a very wide molecular weight distribution (Kato et al,

1982; Rowe, 1980; 1982a; 1982b), which is just as important as the average

molecular weight. All samples contain some high molecular weight fractions, which

separate out first in the gelation process, thus different samples exhibit similar TGPs.

Some properties of cellulose ethers, including tensile strength, are dependent on the

smaller molecules, while other properties such as solution viscosity are dependent on

intermediate to large size molecules. Yet other properties, such as melt elasticity are

dependent on the amounts of large chain molecules that are present (Van Krevelen,

1972).

Sarkar (1979) has shown that at low concentrations (0.25% w/v), low molecular

weight MC exhibited a lower cloud point temperature (CPT) than higher molecular

weight MC samples. This was attributed to the presence of polymer aggregates in

solution. Low molecular weight MC can aggregate more via parallel alignment than

18
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the high molecular weight samples (Kuhn et al, 1961). Sarkar (1979) reported that

gel strength increases with molecular weight up until an average molecular weight of

140,000 (Methocel A4C), at which point the effect levels off. HPMC solutions

undergo gelation at higher temperatures than MC (Table 1.1).

(iv) Polymer concentration

Increase in concentration of Methocel cellulose ethers results in a lowering of the

thermal gelation temperature for Methocel F50 up until a critical concentration of

between 2 - 3% (w/v) is reached. Thereafter, the effect of concentration becomes

negligible (Sarkar, 1979).

CPT decreases initially as the concentration of the polymer is increased up to a

certain point, thereafter, the effect of concentration is negligible. In low

concentrations of HPMC (< 6.5% w/v), the solutions become turbid upon heating

before gelation occurs. However above this concentration, a gel is produced before
-

turbidity is apparent (Sarkar, 1979).

1.1.7.5 Surface activity

In solution, HPMC and MC exhibit surfactant or surface active properties. They

exhibit moderate surface tension and interfacial tension values which results in their

effectiveness as stabilizers and protective colloids. The surface activity increases

with an increase in solution temperature up until polymer dehydration begins to

occur resulting in a decrease in surface activity (Dow Chemical Company, 1983;

Grover, 1993).

1.1.8 Applications

Methylcellulose derivatives are used in a wide spectrum of applications in industries

such as the paper, cosmetic, construction, ceramic, agricultural, adhesive, paint,

leather, foods and the pharmaceutical industry (Dow Chemical Company, 1983). A

number of these applications will be described in more detail outlining the specific

properties of the cellulose ether derivatives.
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1.1.8.1 Non-pharmaceutical applications

Methylcellulose derivatives are used as protective films, spray adherents, fungicide

stickers and dispersing agents. Methylcellulose (15cP) may be used as a protective

coating preventing dehydration of bulbs and roots during transplantation (Greminger

and Savage, 1959).

They are used in hypoallergenic preparations to provide viscosity control and

stabilisation as well as feel, clarity, and surfactant compatibility in face/hand creams,

shampoos and deodorants (Greminger and Krumel, 1980).

Methylcellulose derivatives including HPMC but not other hydroxyalkyl-

methylcellulose derivatives are used in food products such as in bakery products,

fried foods, milkshake drinks and fruit pie fillings (Grover, 1993) in order to obtain

greater customer palatability. Properties utilised include binding, thickening,

stabilising, emulsifying, suspending and thermal gelation (in fried products). The

greater awareness of healthy eating has led to the use of MC and HPMC in low

calorie foods, diabetic foods, nonallergenic foods and foods suitable for use in a salt

free diet (Glicksman, 1969). The non-ionic, non-toxic, nonallergenic properties allied

to the fact that cellulose ethers have no calorific value, make them excellent for use

in this regard. They are also used in frozen foods where the properties of stability at

low temperatures and lack of syneresis at sub-zero temperatures are utilised.

The combination of the water and organic solubility of HPMCs is exploited in their

use as a thickener in paint removers (Greminger and Krumel, 1980). Methylcellulose

is employed in water based paints of both the emulsion and dry types as a protective

colloid, viscosity stabilizer and pigment dispersant (Dow Chemical Company, 1983).

Cellulose ether products are used in `dryset i ceramic adhesive and grouting systems,

cement based paints, stuccos and formulations for sound insulating systems. They are

employed for their workability and water-retention aids (Greminger and Krumel,

1980).

The inherent adhesive properties of cellulose ethers are utilised in plywood
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adhesives, latex adhesives and pastes. The thermal gelation point provides setting

instead of thinning upon heating.

1.1.8.2 Pharmaceutical applications

Methylcellulose and its derivatives are used extensively in the pharmaceutical

industry for a variety of purposes.

(i) Tablet film coatings

Methylcellulose derivatives exhibit excellent film-forming characteristics and are

widely used for coating solid dosage forms (Banker et al, 1981; Porter, 1989,

Haluska et al, 1992). The fact that methylcelluloses are water soluble and have some

degree of organic solubility results in their use as aqueous-based film coatings, as

solvent based film coatings and for coating from solvent-water mixtures. Lower

molecular weight grades with low viscosities tend to be employed for coating tablets
_

and granules. Film properties have been shown to be affected by the molecular

weight of the polymer with higher molecular weight polymers producing harder, less

elastic films (Rowe, 1976; Entwistle and Rowe, 1979).

(ii) Ophthalmological applications

Methylcellulose and carboxymethylcellulose (CMC) are used as stabilizers and

thickeners for ophthalmic solutions and ointments. These include over-the-counter

eye drops and contact lens solutions (Udupa et al, 1976). The methylcelluloses

reduce surface tension and improve wetting and spreading of the solution over the

surface of the eye.

(iii) Tablet binding

The strong binding properties exhibited by cellulose ethers enable their utilization in

granule preparation in moist and dry granulation formulations, to produce an increase

in tablet hardness upon compression (Doelker, 1987).
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(iv) Suspending agents

Cellulose ether derivatives may be used as suspending agents due to their viscosity

enhancing properties (Davies and Rowson, 1957; 1958). Choice of the optimum

concentration and viscosity grade is vital, as too high a polymer concentration can

cause gelling and failure of the sedimented particles to redisperse.

(v) Emulsifying agents

Cellulose ethers act to stabilize an emulsion by forming a multimolecular film round

the dispersed globules at the oil/water interface. They can also increase the viscosity

of the continuous phase of an o/w emulsion. Davies and Rowson (1960) found that

low viscosity cellulose ether grades were better emulsifying agents than high

viscosity grades.

(vi) Miscellaneous pharmaceutical uses
_

Other pharmaceutical applications of cellulose ethers include use as a bulk laxative

and as an alternative to gelatin in the manufacture of hard-shell medicinal capsules

(Sarkar, 1979). Methylcellulose may also have contraceptive uses (Loewit, 1977) due

to its ability to permanently immobilize human sperm in-vitro. HPMC is used in

hydrophilic matrix (HM) controlled release systems which will be outlined next.
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1.2 Cellulose ethers and sustained release formulations

1.2.1 Sustained release formulation

In the treatment of disease, it is necessary for the drug to quickly reach its therapeutic

concentration at the site of action in the body and maintain this concentration for the

specified treatment time. Most traditional oral dosage forms require frequent and

repeated doses to achieve these criteria. This, however, is far from ideal for reasons

such as:

(a) fluctuation of plasma drug concentration over successive dosing time intervals

may lead to overdosing or underdosing of the patient.

(b) drugs with short biological half-lives require frequent doses to maintain

therapeutic concentrations.

(c) lack of compliance due to a forgotten dose or the overnight no dose period

(Proudfoot, 1988). -

Due to these problems, 'sustained release' approaches have become popular and

applications for incorporating drugs into solid polymers have been developed. By

employing polymers as carriers, drugs may be continuously released over long

periods of time improving patient compliance and decreasing patient to patient

variations in drug administration patterns. Other potential advantages include:

(a) reduction in possible side-effects related to high peak plasma drug levels.

(b) reduction in the total amount of drug administered, reducing the side-effects.

(c) improved patient compliance due to fewer doses.

(d) decrease in localised gastrointestinal side-effects due to dumping of high

concentrations of irritant drugs from traditional oral dosage forms.

Controlled release polymeric systems may be suitably classified based on the

mechanism by which drug is released. Zero order release is when drug release is

independent of time and it is the ideal drug release profile. Types of controlled

release polymeric systems include diffusion controlled devices, chemically
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controlled devices, solvent-activated systems and magnetically controlled devices

(Peppas, 1984). In this section, solvent activated systems incorporating cellulose

ether polymers are considered.

1.2.2 Hydrophilic matrix (HM) controlled release systems

A hydrophilic matrix (HM) consists of a mixture of ingredients including a

hydrophilic, water-soluble, viscous polymer and the active ingredient, compressed

into the tablet form (or as a hard-shell capsule). When the device comes into contact

with an aqueous medium, the polymer hydrates and a gel-layer forms at the tablet

surface which provides a method of controlling drug release (Figure 1.4). Within the

gel layer the tablet core remains intact, with a store of drug and polymer (Alderman,

1984; Melia, 1991). Many hydrophilic polymers have been used as the rate-

controlling polymer in HM devices (Bun and Doelker, 1980). The first report on the

use of HPMC in HMs was in 1962 (Christensen and Dale, 1962). Since then its role

has been extensively characterised and a number of reviews have been published

(Alderman, 1984; Doelker, 1987; Hogan, 1989). It is important to distinguish

between hydrogels and hydrophilic matrices. Swellable polymers that are water-

insoluble are known as hydrogels, whereas, swellable polymers which are water

soluble are called hydrophilic matrices (Ranga Rao and Padmalatha Devi, 1988).

It is possible to include more than one hydrophilic polymer within a HM system to

obtain the required drug release profile. Zero-order release profiles have been

reported using combinations of pectin and HPMC (Kim and Fassihi, 1997), and

NaCMC and HPMC (Vazquez et al, 1995) in HM systems. Some authors have used

innovative HM systems to achieve the required drug release profile with the

Geomatrix® multi-layer matrix system (Conte et a, 1993; Conte and Maggi, 1996)

and the development of a polymeric matrix system providing bimodal drug release

(Munday, 1996). Both of these systems have incorporated HPMC as the rate

controlling polymer.
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Figure 1.4: Drug release from a matrix tablet containing a hydrophilic polymer
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1.2.3 Mechanism of drug release from HM systems

The mechanism of drug release from HM systems has been the subject of many

articles and reviews. Huber et al (1966) proposed the existence of a diffusion

mechanism in combination with attrition of a dynamic gel barrier around the external

areas of the tablet. Based on the Higuchi model (Higuchi, 1963) for the diffusion of

drugs from non-porous solid matrices, the fundamental mathematical principles

describing drug release from HM matrices were proposed by Lapidus and Lordi

(1966, 1968) (equation 1.10):

Equation 1.10	 Q = [Dt (2A — Cs ) C51°5

where Q is the amount of drug released per unit area after time t, D is the diffusivity

of the drug in the matrix, A is the amount of drug in the matrix per unit volume and

Cs is the solubility of the drug in the hydrated polymer.

The mechanisms of drug release from both swellable and erodible hydrophilic

matrices have been widely examined (Bamba et al, 1979; Lee, 1985; Peppas, 1985;

Ritger and Peppas, 1987a, 1987b; Ranga-Rao and Padmalatha Devi, 1988; Peppas

and Sahlin, 1989; Ranga-Rao et al, 1990; Skoug et al, 1993; Pham and Lee, 1994;

Tahara et al, 1995; Tahara et al, 1996; Talukdar and Kinget, 1997). When a matrix

contacts a liquid medium, the polymer relaxes and on hydration, the penetration and

the dissolution fronts form around the matrix. Essentially, the polymer is in its glassy

(or dry) form initially and when water enters the matrix dosage form, the glass

transition temperature of the polymer is lowered to that of the experimental

temperature. Polymer relaxation occurs with water interacting with the polymer

forming a barrier gel layer (Ranga Rao and Padmalatha Devi, 1988). The penetration

(or diffusing front) is the interface between solid drug, dry polymer and the gel. The

dissolution (or eroding) front is the interface between the gel and the liquid medium.

In swellable soluble matrices, a glassy - rubbery transition boundary has also been

considered (Colombo et al, 1987). Hydration and swelling of polymer particles occur

at the penetration front whereas matrix dissolution occurs at the dissolution front. Gel
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layer thickness is equivalent to the distance between penetration and dissolution

fronts (Lee and Peppas, 1987; Skoug et al, 1993; Pham and Lee, 1994; Gao et al,

1995a, 1995b). Thus, drug release from swellable and erodible HM matrices is due to

either polymer dissolution (erosion) or drug diffusion through the gel layer

(diffusion) or a combination of both. Alderman (1984) suggested that soluble drugs

are released mainly by diffusion whereas drugs of poorer solubility are released

mainly by erosion. The release mechanisms for many drugs have been determined by

fitting data to the Higuchi model (equation 1.10).

This approach, however, is not suitable for eroding HM systems in that the effect of

matrix erosion on drug release is not accounted for. Other models have been

subsequently developed describing diffusional drug release from non-swellable

polymeric devices to include that proposed by Peppas (1985) (equation 1.11):

Equation 1.11	 MA = K tn
ivi ..

where K is a constant incorporating characteristics of the drug, and n is the

diffusional exponent indicating the transport mechanism which is affected by the

geometry of the system employed (Ritger and Peppas, 1987a). When n = 0.5, Fickian

diffusion predominates, while non-Fickian diffusion is defined by n greater or less

than 0.5. Zero-order release is indicated when n = 1.

Peppas and Sahlin (1989) have addressed the issue of drug release from swellable

matrices incorporating a term for relaxational or erosion release which is known as

Case II transport (equation 1.12):

Equation 1.12
MX

= K
1 t

n + K2 t2"M.. 

where Ki t" is the Fickian diffusion contribution to drug release and K 2 t 2" is the

Case II relaxation contribution.

Sung et a (1996) assessed the contribution of matrix erosion by measuring the
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amount of polymer released into the dissolution medium. They concluded that for the

soluble drug studied (adinazolam mesylate), diffusion of the drug was the

predominant drug release mechanism using this technique. Tahara et al (1996) have

studied the effect of drug solubility, using seven model drugs, on release rate from

HPMC matrices. For poorly soluble drugs it was apparent that the limiting factor for

dissolution is erosion of the matrix tablet.

1.2.4 Factors affecting drug release from HPMC matrix systems

1.2.4.1 Active ingredient

The active ingredient, i.e. drug, has been shown to influence its release from HPMC

matrix systems. Ford et al (1985a, 1985b, 1985c) studied the release of both water-

soluble (promethazine hydrochloride, aminophylline and propranolol hydrochloride)

and poorly soluble (indomethacin) drugs from HPMC matrix systems. For

indomethacin, both the viscosity grade of HPMC and the particle size of the drug

were reported to contribute more to controlling the drug release than was the case for

water soluble drugs. This was primarily due to the erosion mechanism of drug release

which predominates in the case of poorly soluble drugs. High concentrations of

insoluble drugs and excipients, may cause non-uniform swelling of the HM system

and ultimately failure of the system by decreasing the area available for wetting.

However, careful tailoring of the concentrations of insoluble drug and polymer in a

system can be used to slow the dissolution rate of the insoluble drug (Ford et al,

1987).

The presence of a drug in a matrix tablet has been found to influence the way water is

bound to, or taken up by the cellulose ether (Mitchell et al, 1989). Differential

Thermal Analysis (DTA) data on HPMC gels containing propranolol hydrochloride

showed that propranolol affects the hydration of HPMC in gels of low water content,

typical of conditions occurring during water penetration into HPMC matrices. The

effect of various drugs on polymer cloud-point temperature has been reported and the

effects of various drugs on modulating such properties lead to the assumption that the

properties of drugs play an important role in their release rate from matrix systems.
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(Mitchell et al, 1990a). Propranolol hydrochloride (water-soluble drug) has been

reported to increase the thermal gelation point of HPMC solutions, thus increasing

apparent solubility of the HPMC, the so called 'salting-in' effect (Mitchell, 1992).

Propranolol will therefore help maintain gel structure and provide sustained release

of drug in a HM system. This effect was attributed to an increase in concentration of

propranolol hydrochloride in HPMC matrices causing a slowing in the release rate of

the drug (Mitchell et al, 1993b).

The effect of diclofenac sodium (sparingly soluble drug) on polymer hydration

within hydrophilic polymer matrices has been studied using cryogenic scanning

electron microscopy (SEM) and has revealed that internal gel structure is modified

by drug addition (Binns et al, 1990; Melia et al, 1990). The mechanism of diclofenac

sodium release from hydrophilic matrix systems has been widely characterised (Vyas

et al, 1989; Lee and Kim, 1991; Sheu et al, 1992; Liu et al, 1993; Liu et al, 1995).

1.2.4.2 Polymer factors

1.2.4.2.1 Polymer viscosity grade

Polymer viscosity depends primarily on the molecular weight of the polymer (section

1.1.4.2). Salomon et al (1979) indicated that HPMC viscosity grade only affected the

lag time for potassium chloride diffusion to become quasi-stationary but did not

affect the rate of release. Nakano et al (1983) have reported that the rate of

theophylline release from hydroxypropylcellulose (HPC) matrices decreased with

increase in polymer viscosity grade. Daly et al (1984) similarly reported a decrease in

drug release rate with increase in polymer viscosity. Ford et al (1985a; 1985b) found

that for aminophylline, promethazine (high water solubility) and propranolol

(moderate solubility), while drug release was affected by polymer concentration,

there was no dependence on HPMC viscosity grade above 4,000cP. In contrast, for

poorly soluble drugs such as indomethacin, viscosity grade appeared to play a major

role in drug release rates indicating that indomethacin is released predominantly by

gel erosion (Ford et al, 1985c). Vasquez et al (1991) have shown that drug release is

only initially influenced by HPMC viscosity grade when using HPMCs with
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viscosity grades of 4, 000cP and above, especially when the polymer content is low.

Liu et al (1995) have reported that the release rate of diclofenac sodium is mainly

controlled by HPMC viscosity grade, however the maximum polymer viscosity

studied was 4, 000cP. Further studies have shown that drug release rates decreased to

a limiting value with increasing HPMC molecular weight (Hogan, 1989, Gao et al,

1996). Ju et al (1995a, 1995b) described a new mathematical model based on the

polymer disentanglement concentration and the diffusion layer. The polymer

disentanglement concentration is defined as the polymer concentration at the gelled

tablet-diffusion layer interface and the diffusion layer is the transitional phase from a

gelled matrix to the bulk solution. Predictions from their model of the effect of

molecular weight on drug release from HPMC containing matrices agree well with

the experimental data in the literature.

The effect of HPMC viscosity grade on water uptake has previously been

characterised. Wan et al (1991) reported that with increase in polymer molecular

weight, liquid uptake rates decreased. This was explained as being due to an increase

in viscous drag which is dependent on molecular weight. Higher molecular weight

HPMCs tend to swell faster causing the pores within the gel to be blocked up very

quickly, thus preventing further liquid entry (Wan et al, 1991).

1.2.4.2.2 Polymer substitution type

Different polymer properties have been reported to be responsible for the rate of

polymer hydration including substitution type. It was initially proposed (Alderman,

1984) that cellulose ethers of different substitution levels hydrate at different rates

and this factor may be used to optimise the formulation of sustained release matrices.

However, Mitchell et al (1993a), using a combination of differential scanning

calorimetry (DSC) and dissolution studies, have shown that the differences in release

rates for HPMCs with different substitution levels are not due to differences in

hydration rate. Further studies using thermomechanical analysis (Mitchell et al,

1993a) have shown that gel layer thickness (which will affect the diffusional path

length) is similar in HPMCs of different substitution type. Using NMR imaging,

Rajabi-Siahboomi et al (1994) have shown that gel layer development in HPMC

tablets occurred to the same extent in both axial and radial directions and was similar
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in all HPMC types. They have shown that the predominantly axial swelling reported

for all HPMC types resulted almost equally from growth of the hydrating gel layer

and expansion of the ungelled tablet core. They also reported that the smaller axial

expansion in HPMC MM tablets was due to a smaller expansion of the core.

Differences between the three HPMC substitution types (Methocels K, E and F) have

been found when low polymer contents of coarse sieve fractions were examined

(Mitchell et al, 1993d). Bonferoni et al (1996) reported differences in drug release

profiles between MM and the other two substitution types (Methocel K4M and

F4M) at low polymer concentrations which cannot be explained by differences in

their hydrophilic character. Rajabi-Siahboomi et al (1996) used NMR imaging to

show that water mobility within the gel layer of different HPMCs varies with degree

of substitution of the polymer. The lowest value for water mobility was obtained for

HPMC K4M. The distribution and mobility of water within the gel layer would be

expected to influence polymer hydration and ultimately drug dissolution and release.

1.2.4.2.3 Particle size and concentration effects

Polymer particle size has an important part in polymer hydration through surface area

contact with water. Therefore fine particles have been used to ensure more rapid

hydration and gel formation for slow hydrating HPMC polymers such as HPMC

E4M. However, particle size and its effects are modulated by matrix composition and

polymer concentration (Alderman, 1984). Mitchell et al (1993d) found that at high

polymer concentrations, coarse and fine sieve fractions show similar drug release

behaviour and even at low concentrations, no differences were visible between

different sieve fractions of fine particles (< 210uiri). Particle size is known to

influence compressional behaviour and packing of the powder (Malamataris et al,

1994a, 1994b).

Cellulose ether concentration in HM systems is a major factor in controlling drug

release rate. In the majority of cases, an increase in HPMC polymer concentration

(HPMC : drug ratio) results in a decrease in drug release rate (Lapidus and Lordi,

1966, 1968; Ford et al, 1985a).
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1.3 Interactions between water and cellulose ethers

Many polymers exist in thermodynamically stable forms, however they may also

contain metastable regions of amorphous material due to processing conditions. Such

polymers can retain large quantities of water in their amorphous portions when

exposed to water vapour at various relative humidities (Zografi, 1988). This absorbed

water can dramatically influence the physicochemical properties of the polymer and

ultimately the resultant pharmaceutical product. Thus, it is important to understand

the mechanisms involved in the water-polymer interaction. Such an interaction has a

key role to play in the use of cellulose ethers in sustained release formulations as

well as in the effect of moisture on the stability of solid state pharmaceuticals

(Carstensen, 1977; Carstensen and Li Wan Po, 1992). The rate at which water

diffuses into HM devices, reacts with the hydrophilic polymer and forms the gel

layer (Bamba et al, 1979) is a major factor in determining the drug release rate from

such devices. Detailed study on the gel layer and more specifically on the types of

water which exist clearly is fundamental in the optimisation of cellulose ether use in

sustained release formulations.

Studies in the literature have identified physicochemical properties of water which

are different between those in pure water and those in water associated with a solid.

These studies have concluded, generally, that a certain portion of water molecules is

tightly bound to the solid while the remainder of the water may be considered as

having properties approaching that of pure water (Oksanen and Zografi, 1990). It is

thought that a better understanding of the types of water existing within cellulose

ether polymers will enable more accurate prediction of the behaviour of such

materials when employed in pharmaceutical systems.

1.3.1 Mechanism of the water-polymer interaction

Two possible types of hydration have been proposed by Heymann (1935). These are

adsorption-hydration and immobilisation, the former being most prominent in the

MC - water system. The mechanism of the interaction between water and MC is

assumed to be based on hydrogen bonding of the adsorbed water to the oxygen atoms
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in the polymer (Klug, 1971). The hydroxyl groups on the polymer would be expected

to have a greater affinity for water than the oxygen atoms but in practice a lot of

these sites for fixing water are not available due to intramolecular hydrogen-bonding.

The latter, and possibly less important mechanism, immobilization, may occur when

the polymer is very long or has a complicated structure. In this case although no

actual forces may exist between the solvent and the polymer, the molecules of the

solvent may still be influenced by the polymer. Water molecules exhibit a high

polarizability and a large permanent dipole moment and thus they tend to interact

with polar sites at the surface of macromolecules (Ling, 1972). When the polymer

surface carries one type of electric charge, the interaction layer is usually only one

molecule in depth. When alternating negative and positive charges are present, the

depth of this interaction layer increases. The order of the interaction between water

and carbohydrates increases with molecular weight, so that neutral polysaccharides

tend to bind large quantities of water (Biswas et al, 1975). The presence of ionized

groups will undoubtedly affect the hydration of polysaccharides. Kumsah et al

(1976) found that large amounts of water are found associated with sodium

carboxymethylcellulose (NaCMC) samples indicating a possible multilayer

formation of water molecules around the solute.

Water has been proposed to bind to celluloses by a three stage process (Khan and

Pilpel, 1987) (Figure 1.5). Initially, water binds tightly to anhydroglucose units and

also to linking units, resulting in two hydrogen bonds per water molecule. Some of

these initial bonds between water and cellulose break and extra water molecules now

bind at vacant anhydroglucose sites resulting in one hydrogen bond per water

molecule, but more water molecules are involved. Finally, a more loosely bound

region of sorbed water is formed as hydrogen bonds form between water molecules.

Yasuda et al (1972), in a study on poly-glycerol monomethacrylate (poly-GMA)

hydrogels, found that the water transport properties through the gel are dependent on

the degree of hydration of the polymer. At a low hydration state, movement is by

activated diffusion indicating the existence of water in a molecularly dispersed form.

In contrast, in highly hydrated states, viscous flow under pressure may be observed

indicating the presence of bulk water. Thus movement of water that is strongly

associated with the hydrophilic group of a polymer, will be different from that of
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pure water. Such a water molecule is attached directly via H-bonding to a polymer

hydroxyl group and does not exhibit any phase transition e.g. melting or

crystallization and is therefore known as non-freezing water (Hatakeyama et al,

1987). For insoluble hydrophilic polymers, the amount of non-freezing water is

generally about one molecule to each hydroxyl group in the monomer unit. This is

dependent on the molecular conformation. For water-soluble hydrophilic polymers

the amount of non-freezing water increases by ionic hydration. This non-freezing

water is also known as bound water. Nakamura et al (1983b) have defined free water

as unbound water in polymers whose transition temperature enthalpy and shape of

peak in differential scanning calorimetry (DSC) curves are equal to those of pure

(bulk) water.

The majority of workers have classified three different types of water in hydrophilic

polymer gels with three types of water being reported experimentally in hyaluronic

acid and its esters (Joshi and Topp, 1992); poly(vinyl alcohol) (Hatakeyama et al,

1984); agarose gel (Aizawa et al, 1972); poly(2-hydroxyethyl Methacrylate) (Lee et

al, 1975; Sung et al, 1981); cellulose (Nakamura et al, 1981) and in various other

systems by Hatakeyama et al, (1979; 1988), Sung (1986), Kim et al (1983), Zhang,

(1989) and Joshi and Wilson (1992).

As well as the free water and bound water already mentioned, Taniguchi and

Horigome (1975) reported the existence of another type of water, known as freezing

bound water. It is characterised as having a phase transition temperature lower than

that of bulk water due to a weak interaction of the water with the polymer chain.

In a study of the states of water in cellulose acetate membranes, Taniguchi and

Horigome (1975), suggested that four types of water actually exist. These were:

(a) completely free water

(b) free water very weakly interacting with polymer

(c) bound water which can contain salts, and

(d) bound water which rejects salts.
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They also reported that the semi-permeability of membranes is dependent on the

ratio of the four types of water in the membranes with semipermeability increasing

with an increasing ratio of completely bound water.

In contrast to the popular models mentioned already, Roorda et al (1988a, 1988b,

1994) have cast doubts on the existence of three (or more) thermodynamically

different classes of water. In studies on poly(hydroxyethylmethacrylate) (p(HEMA))

gels they have demonstrated that the abnormal behaviour of water is caused by

extremely slow crystallization upon cooling leading to the formation of a metastable

non-equilibrium state and not by thermodynamic binding of water to the polymer.

The water in pHEMA may be regarded as a single class of water, the average

mobility of which is significantly reduced in the presence of a polymer. More

recently, Bouwstra et al (1995), extended this work to polymethacrylic acid and

copolymers of methacrylic acid and hydroxyethylmethacrylate and concluded that

the amount of non-freezable water cannot be explained by different types of water. It

was found by glass transition temperature determination that the amount of water_
required to decrease the Tg to 0°C was approximately equal to the amount of non-

freezable (or bound) water in the hydrogels. From this it was concluded that it is not

correct to consider the amount of bound water as a thermodynamically distinct class

of water. It is due to either a restriction of the diffusion of water in hydrogels or a

restriction of a further growth of ice crystals after the polymer has changed from its

rubbery to glassy state. A similar hypothesis has been suggested by Levine and Slade

(1988) in which water that previously has been known as 'tightly bound' may arise

due to the immobility created by the glassy state. Likewise, the free water at higher

water contents may be due to the rubbery state of the polymer above the T g. Slade

and Levine (1991) go as far as to refer to 'the mythology of bound water.' They

report that if binding does occur, it must be specified in terms of either position,

energy, or lifetime and that the binding must be of an equilibrium type. They say that

so-called bound water is not energetically bound in any equilibrium thermodynamic

sense but it is kinetically retarded due to high local viscosity below the Tg.

Zografi (1988) also considered the absorption of water into amorphous solids and the

resultant plasticization which causes a reduction in the Tg. As a result, the

measurement of the thermodynamic activity of water in such systems cannot be
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interpreted without considering the contribution of the solid to what is being

examined. For example, if the water within a polymer system is being analysed by

dielectric methods, the property being measured reflects the kinetic effects of the

solid on the water in addition to any thermodynamic effects. Thus, techniques used to

detect bound water may not reflect bound water, but in fact may reflect that at certain

levels of moisture the solid is in its glassy state.

Pre-endothermic events have also been attributed to overlapping ice melting (first

order) and glass transition (second order) phase transitions (see section 1.3.1). Roos

and Karel (1991) have reported that the temperature difference between the glass

transition and onset of ice melting in maltose and maltodextrins decreased with

increasing molecular weight. For high molecular weight compounds, the glass

transition temperature and the onset of ice melting were found to be equal and as

such the glass transition was observed as a step change followed by the main melting

endotherm.

-
Murase (1993) referred to the small endotherm visible in DSC traces for polymer

gels below 0°C as different from that due to ice melting of bulk water. In cross-

linked dextrans, variation in cooling and heating rates during differential scanning

calorimetry (DSC) analysis have suggested that this small endotherm beginning at

about -19°C, is not due to a relaxation process e.g. a glass transition. The small

endothermic change depends on the preceding cooling treatment and it is thought

that as the cooling treatment will affect the size of the crystals produced during

freezing, the ice crystallization evident during rewarming may be due to water

compartmentalised by the polymer network. Ratto et al (1995) have observed more

than one endothermic peak for water in water/chitosan systems which was attributed

to cold crystallization. This occurs over a narrow water content range in such

systems where only non-freezing and freezing bound water are present. Upon

heating, a portion of the non-freezing water becomes mobile and comes into contact

with the solidified freezing bound water forming ice, with a subsequent exotherm

being visible.

Liu and Lelievre (1991) have identified two endothermic melting peaks around 0°C

for 50% (w/w) starch systems analysed using DSC. They suggested that such peaks
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are not due to melting, followed by recrystallization and final melting but are due to

changes in machine resolution. In further studies, Liu and Lelievre (1992) have

identified a minor baseline shift at the leading edge of the main endothermic peak for

the melting of free water in 30 % starch-water systems analysed by DSC. This shift

was entirely reversible and was attributed to a glass transition in agreement with the

findings of Slade and Levine (1988). However, in samples containing 45% starch,

two major endothermic peaks were visible around 0°C which were reversible. These

were attributed to the division of moisture between water in the starch sample and

water evaporating from the starch in the DSC pan and condensing on the pan lid.

1.3.2 Techniques employed in the differentiation and measurement of different

types of water in hydrophilic polymers

A wide range of studies have been completed on hydrophilic polymer gels to explore

the state of water within such systems. Various techniques have been employed in

these studies.
-

1.3.2.1 Nuclear Magnetic Resonance (NMR)

Nuclei, such as hydrogen, with an odd number of protons or neutrons, possess a net

spin or angular momentum and an electric charge. This in turn leads to the

production of a net magnetic moment pointing along the axis of rotation of the

nucleus. If an external magnetic field is applied, the spins align themselves along the

applied field adopting parallel or antiparallel orientations. For the majority of nuclei,

including that of hydrogen, the spin quantum number is 0.5 and the spins may exist

in low (aligned with the field) or high (opposed to the field) energy states. If the

spinning nuclei are subject to a radio frequency, the spins release or absorb energy

and reach different energy levels. As a result, the mobility of protons may be

detected in various energy states. This enables the spin-spin relaxation time (T2) to

be measured and the motional state of water may be estimated with the hydrogen

atoms in bound water being at different energy states compared to those in free

water. Pulsed-gradient spin-echo NMR has been used to measure the self-diffusion

coefficient (SDC) of water. NMR imaging has been used to examine the water

mobility within HPMC tablets (Rajabi-Siahboomi et al, 1994; 1996) and by Ashraf et
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al (1994) to measure water front penetration in HM capsule plugs. Water states have

been further explored using NMR methods in agarose gels (Aizawa et al, 1972); poly

(vinyl alcohol) (Hatakeyama et al, 1984); methacrylate polymer networks (Sung et

al, 1981); MC and HPMC gels (Ibbett et al, 1992; Gao and Fagerness, 1995a).

1.3.2.2 Differential Scanning Calorimetry (DSC)

Probably the most commonly used technique to examine different types of water is

differential scanning calorimetry (DSC). When a hydrophilic polymer sample is

cooled below 0°C, free water within the system will freeze while closely associated

water will remain non-frozen. Upon heating, in many, but not in all systems, it is

possible to identify both free and freezing bound water from DSC traces. However,

identification of water tightly bound to the polymer becomes more complex because

this water does not freeze and hence is not visible on the DSC trace. The DSC

method has been previously used to examine the water distribution within HPMC

(Ford and Mitchell, 1995; Nokhodchi et al, 1997) and hydrophilic methacrylate

polymer gels (Sung, 1978).

1.3.2.3 Thermogravimetric analysis (TGA)

Different types of water are identifiable from thermogravimetric studies, as they

evaporate at different temperatures on the heating cycle (Donescu et al, 1993). These

events may be quantifiable from the derivative of the TGA weight loss curve (dTGA)

provided that there is no overlap between the temperatures at which the different

types of water evaporate. The derivative of the weight loss curve gives an indication

of the rate of weight loss with time.

In many cases, TGA studies are used to complement DSC/DTA (differential

temperature analysis; an older version of DSC formerly employed in high

temperature work) studies as shown in work carried out on theophylline

monohydrate (Duddu et al, 1995); polyaniline (Matveeva et al, 1995) and in peat

(McBrierty et al, 1996). TGA measurements have been used to calculate total water

content (Wt) of certain systems thus enabling the bound water content of the system

to be determined by subtraction of the free water content (W f) which is determined
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using DSC. Examples of calculation of total water content by TGA for measurement

of bound water in this way include characterization of actin (Kakar and Bettelheim,

1991); various ligno-cellulosic materials (Berthold et al, 1996); and poly (vinyl

alcohol) films (Hodge et al, 1996).

1.3.2.4 Thermomechanical Analysis (TMA) or Dilatometry

Thermomechanical analysis (or its predecessor dilatometry) determines the

dimensional changes of materials when they are subjected to a controlled

temperature programme. In this application, TMA may be used to measure the

swelling of HM systems in water and the rate of gel layer formation. Such studies

have been carried out on agarose gels and cross-linked dextrans (Aizawa and Suzuki,

1971); p(HEMA) gels (Lee et al, 1975); copolymer hydrogels (Kim et al, 1983) and

on HPMC gels (Mitchell et al, 1993a).

1.3.2.5 Dielectric spectroscopy -

The behaviour of water in polymeric systems has been previously characterised by

analysis of the dielectric response. The relaxation and crystallization of water in a

terpolymer hydrogel has been characterised in terms of its dielectric response

(Pathmanathan and Johari, 1994). It was found that on cooling, a fraction of the total

amount of water crystallized to ice and this is detectable by the appearance of a

relaxation peak. Water and ice co-existed at temperatures up to 270°C which may

indicate the existence of freezing and non-freezing water in the polymer.

The dielectric response of polymer-water interactions in poly (hydroxyethylacrylate)

hydrogels were studied and compared to similar systems studied using DSC and

sorption isotherm measurements (Kyritis et al, 1995).

1.3.2.6 Vapour Sorption

The dynamic measurement of water uptake and release by solids has been achieved

by employing gravimetric methods in association with electronic microbalances.

Water sorption to cellulose and starch based excipients has been studied, with at least

three thermodynamic states being identified (Zografi and Kontny, 1986). These
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include water which is tightly bound to anhydroglucose units on the cellulose

backbone, unrestricted water which has properties similar to bulk water, and water

having properties intermediate between the two extremes. Blair et al (1990) studied

the water sorption characteristics of starch and microcrystalline celluloses (MCC).

They found that starch freely adsorbs water at all relative humidities studied while

MCC does so only at raised relative humidities. This was explained as being due to

the fact that starch has more free cellulose hydroxyl groups to which water can bind.

1.4 Thesis Aims and Objectives

The aims of this work were to achieve a better understanding of the interactions

between water and cellulose ether polymers as summarised below:

(1) Characterization of water distribution within HPMC K15M gels both

qualitatively and quantitatively using the complementary thermal methods of DSC

and TGA.

(2) The influence of polymer molecular weight and substitution levels on water

distribution within HPMC gels.

(3) The influence of drugs on the distribution of water within a range of cellulose

ether polymers.

(4) Characterization of the interaction between water and cellulose ether polymers

using dielectric spectroscopy and dynamic vapour sorption.
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Chapter 2 Materials, Methods and Characterisation

2.1 Materials

2.1.1 Cellulose ethers

Cellulose ether polymers, `Methocel Tm ', of different viscosity grades and substitution

levels were obtained from DOW Chemical Co., USA and are listed in Table 2.1 along

with certain details from their certificates of analysis including % substitution, apparent

viscosity and impurity levels.

Klucel Hydroxypropylcellulose (HPC) MF EP (LOT 12187) with a viscosity of 5950cP

and molar substitution 4.2 was obtained from Hercules Limited, Aqualon Division,

Salford, U.K.

-
2.1.2 Propranolol Hydrochloride

Propranolol Hydrochloride, (±)-1-Isopropylamino-3-(1-naphthyloxy)propan-2-ol,

(C 16H2I NO2) (BN 12895034) was obtained from Becpharm, Harlow, Essex, England. It

has a molecular weight of 259.3 and its structural formula is shown in Figure 2.1.

Propranolol hydrochloride is a Beta-adrenoceptor blocking agent with a wide variety of

indications including hypertension, angina, arrhythmias and anxiety (British National

Formulary, Sept. 1997). It is soluble in water (Martindale: The Extra Pharmacopoeia,

1996).

OH

Figure 2.1 : Structural formula of propranolol hydrochloride
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2.1.3 Diclofenac Sodium

Diclofenac Sodium, sodium 2-[(2,6-dichlorophenypamino]phenylacetate

(C 14H 10C12NNa02) (BN 0710) was obtained from Profarmaco, Milan, Italy. It has a

molecular weight of 318.1 and its structural formula is shown in Figure 2.2. Diclofenac

sodium is classified as a non-steroidal anti-inflammatory drug (NSAID) and is indicated

for treatment of pain and inflammation in rheumatic disease (including juvenile

arthritis), other musculoskeletal disorders and acute gout (British National Formulary,

Sept. 1997). It is sparingly soluble in water (Martindale: The Extra Pharmacopoeia,

1996).

Figure 2.2: Structural formula of diclofenac sodium

2.2 Experimental Methods

2.2.1 Preparation of cellulose ether gels

Samples of cellulose ether gels (5-25% w/w) (sample size 20g) were prepared by heating

the full quantity of distilled water to —80°C and adding in two aliquots to the previously

weighed cellulose ether powder in a mortar and pestle. The mixture was triturated

vigorously to ensure thorough wetting. Gels were transferred to pyrex storage vessels

which were sealed and stored at 4-6°C for 2, 24 or 96h before use. Water losses during

both preparation and storage were taken into account when determining the final

polymer concentrations in the gels.
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Gels containing propranolol hydrochloride (0, 1.479 (50mM), 10, 20 and 30% w/v) or

diclofenac sodium (50mM) were also prepared. This was accomplished by dissolving the

drugs in distilled water by mixing with the aid of gentle heat on a hot plate stirrer

(Griffin & George, England), prior to gel preparation. Both drugs were fully soluble in

warm water at concentrations of 50mM.

Propranolol hydrochloride solutions (1, 3, 5 & 10% w/v) were prepared in the presence

and absence of heat as a control to identify whether propranolol hydrochloride was

thermolabile under the gel preparation conditions. A student t-test when applied to the

melting enthalpy (J/g; n = 3) data gave a critical value oft = 2.447 (p <0.05) from which

it was concluded that no significant difference was apparent in solutions prepared either

in the absence or presence of heat.

Gel samples (>25% w/w) were prepared by preparing gels initially as detailed above in

the 10 - 20% w/w range and storing at 4-6°C for 24h: A series of samples (10-16mg) of

the gels were weighed into DSC sample pans (40111, Perkin Elmer) and held at 55°C in

an oven. The samples were removed after defined time periods to obtain a measurable %

weight loss from which the exact polymer : water ratios could be calculated. The sealed

DSC pans were stored for 24 or 96h at ambient temperatures to allow equilibration and

uniform water distribution in the gels before analysis. Controls were completed in which

a series of sealed DSC pans incorporating HPMC K15M (20% w/w) gel samples were

stored at ambient temperatures for 24, 96 or 168h and the moisture loss from the pans

was monitored by weight measurement. The average percentage weight loss (±SD; n =

8) from the pans were 0.33 ±0.34; 1.39±1.16 and 0.97±0.83% respectively. Such weight

losses during storage were quite small and should not affect the calculated polymer

concentration value.
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2.2.2 Thermal methods

2.2.2.1 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) is a technique which measures heat flow into,

or out of, a sample that is heated as it is held in a controlled environment. Two types of

instrumentations are available: the heat-flux DSC, characteristic of TA Instruments,

Setaram and Mettler systems, and the power-compensated DSC, typical of Perkin-Elmer

systems. Only the theory behind power compensated systems is detailed here.

The Perkin-Elmer DSC7 system works on the principle that energy absorbed or evolved

by the sample is compensated by adding or subtracting an equivalent amount of

electrical energy to a heater located in the sample holder (Perkin-Elmer DSC7 Operator's

Manual, 1986). Platinum resistance heaters and thermometers provide means of

measuring the energy and temperature measurements-(Figure 2.3). A varying electrical

signal related to the changing thermal behaviour of the sample is provided by the

adjustment of the heater power (energy per unit time) needed to keep the temperature of

both the sample and reference holders identical. The output signal is in milliwatts (mW)

providing a direct electrical energy measurement of peak areas. The Perkin-Elmer DSC7

instrument with attached liquid nitrogen cooling accessory is capable of scanning in the

temperature range of -170°C to +730°C at heating and cooling rates from 0.1°Cmin -1 to

2000Cmin-1 with a calorimetric precision of better than ±0.1% (Perkin-Elmer DSC7

Operator's Manual, 1986).

A Perkin-Elmer DSC7 (Beaconsfield, UK) with an attached liquid nitrogen based

cooling accessory controlled by a Perkin-Elmer TAC-7 was employed in the majority of

DSC analysis work. Calibrations with indium (m.p. onset 156.60°C) and zinc (m.p. onset

419.47°C) were carried out each time the heating rate was changed. Nitrogen was used

as the purge gas with a flow rate of between 0.04 lmin -1 to 0.05 lmin-1 . Gel samples
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(5-15mg) were analysed in aluminium sample pans (40111, Perkin-Elmer, Beaconsfield,

UK) while powdered samples were analysed in flat aluminium sample pans (Perkin-

Elmer, Beaconsfield, UK). Cooling rates were varied from rapid cooling to -1°Cmin -1 . In

the case of rapid cooling, the DSC head was cooled to -30°C and the sample pan placed

on the DSC head providing rapid cooling of the sample. Heating rates varied from +1°C

min-I to +100°Cmin-1 . The specific heating and cooling rates employed are further

documented in the relevant experimental section. In the literature, some workers have

autoclaved aluminium sample pans before use to eliminate any reaction between the

aluminium surface and water (Nakamura et al, 1983b). A control experiment was

completed in which the effect of autoclaving aluminium sample pans was examined.

Subsequent statistical analysis of the melting enthalpy values for a series of HPMC

K15M gel samples (n = 12) analysed in treated and untreated aluminium sample pans

gave a value for student t-test of t= 0.09 (p<0.05). It was concluded that there were not

significant differences between data obtained from treated and untreated pans and

therefore it was not necessary to pretreat aluminium sample pans.

A Perkin-Elmer Pyris 1 DSC system with attached intercooler was employed to

characterise the glass transition temperature of a series of cellulose ether polymers.

Calibrations with indium and zinc were carried out with changes in heating rate as

described for the DSC7 system. Powdered samples (18-30mg) were scanned at 10°C

min-1 in the temperature range of 0°C to 230°C in stainless steel pans (500, Perkin-

Elmer, Beaconsfield, UK).

2.2.2.2 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a technique in which a change in sample mass is

determined as a function of temperature and/or time. This may involve heating at a

sustained fixed temperature or alternatively heating or cooling at a linear rate

(Wendlandt, 1986). A thermobalance is commonly used to continuously weigh the

sample as a function of temperature or time. In the Perkin-Elmer TGA 7 (Figure 2.4), a
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Platinum Furnace Shield
(0319-1628)

Furnace
(N519-0264)

Thermocouple Slot

Thermocouple
(0319-0253)

Thermocouple
Connector Plug

Furnace Locating Pin

Furnace Tube

(N519-0203)

Exhaust

0-Ring
(0990-2031)

-,,..Knurled Lock Nut --

Furnace Mount
Lock Nut

Locating Pin

Thumb Screw (3)
(Horizontal Adjustment)

Furnace Adjusting Knob
(Vertical Adjustment)

Furnace

Power Cord

Figure 2.4: Schematic diagram of the Perkin-Elmer TGA 7 (adapted from Perkin-
Elmer TGA 7 Operator's manual 1986)
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sensitive ultramicrobalance (detection ±0.1gg; maximum 130mg) is used along with a

furnace element. The microbalance used is a null-type instrument in which the amount of

current necessary to maintain the system in the null state is directly proportional to

sample weight change (Perkin-Elmer TGA 7 Operator's Manual, 1986). The TGA 7

furnace allows analysis in the temperature range from ambient to 1000°C, at heating

rates ranging from 0.1°Cmin -1 to 200°Cmin-1 in 0.1°Cmin-1 increments. The TGA 7

requires the use of two purge gas lines which are separately connected to the balance

chamber and the sample/furnace area. Nitrogen gas is commonly used to provide a

suitable inert atmosphere with flow rates to the balance of 0.04-0.06 lmin-1 and to the

furnace area of 0.02-0.035 lmin -1 . The TGA 7 further uses compressed air to operate the

furnace removal and cooling features of the analyser.

All analyses were carried out on a Perkin-Elmer TGA 7 system. The machine was

calibrated using each of the following three calibration routines:

(i)furnace calibration - temperature calibration which involves heating the TGA

between 100°C and 900°C, which linearizes the furnace by matching thermocouple

temperature to furnace temperature.

(ii) standard calibration - temperature calibration performed by running Nickel (m.p.

354°C) and iron (m.p. 780°C) standards. Involves entering theoretical and measured

values for onset temperatures which are used for calibration.

(iii) weight calibration - calibration using a 100mg calibration standard which allows

automatic calibration of the ordinate (weight) axis of the TGA 7.

Powder samples of cellulose ether (about 10mg) were heated from ambient to 200°C at a

heating rate of +10°Cmin-1 . Cellulose ether gels (5-25% w/w) were prepared as in 2.2.1,

in the absence and presence of a drug, and samples of about 10mg were scanned at five

scanning rates (+2, +5, +10, +15 and +20°Cmin -1 ) in an open sample pan. A number of

gel samples were analysed in vented aluminium sample pans (20g1, Perkin-Elmer) in an

attempt to provide a controlled moisture loss from the gel samples. Kinetic analysis of
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moisture loss studies was carried out using a TGA 7 PC Series Decomposition kinetics

software programme (Perkin-Elmer, Beaconsfield, U.K.) (see section 4.4.1.3).

2.2.3 Powder Characterisation

2.2.3.1 X-ray Powder Diffraction

An x-ray generator model Phillips, PW 1729 fixed 0/20 Goniometer with PW1710

diffractometer (Phillips, Almelo, Netherland) was used to record x-ray diffraction

spectra. The sample powders, HPMC K4M, E4M, F4M and MC A4M were transferred

to the sample holder and scanned at a rate of 0.04°.29/sec over the range of 5 to 75°.20.

Typical x-ray diffraction spectra are shown in Figure 2.5. The traces show that all

materials examined show non-crystalline or amorphous behaviour. In an amorphous

material, beams are scattered by the atoms within the structure in all directions and

minimal constructive interference of the beams occurs.

2.2.3.2 Surface Area Determination

A NOVA-2000 Gas Sorption Analyzer (version 1.20; Quantachrome Corporation,

Camberley, Surrey, U.K.) was employed to measure the surface area of a range of

cellulose ether powder samples. All samples were dried in a hot air oven (Memmert,

GmbH, Schwabach, Germany) at 70°C before transfer to a sample cell (12mm, bulb

diameter; 1.5-3g, sample weight). The sample cell was transferred to the NOVA

outgasser and the sample was prepared by flow outgassing (or degassing) with Helium.

The gas pressure was set to give an output of 10 PSI with a flow rate of 1-2 bubbles per

second. Outgassing was carried out for either 4 or 12h while heating at 50°C. Samples

were analysed using nitrogen gas (output; 10 PSI) with a 7-point BET
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(Brunauer-Emmett-Teller) set-up in which the total volume of nitrogen gas (cm3 /g)

adsorbed by the sample was measured at each of the seven target relative pressures

(0.025, 0.050, 0.100, 0.150, 0.200, 0.250 and 0.300 mmHg) while the sample cell was

immersed in liquid nitrogen. Four particle sizes of HPMC K4M were analysed; <75pm,

75-90pm, 90-125pm and 125-180pm. In addition, the surface areas of HPMC E4M,

HPMC F4M and MC A4M (all 90-125pm) were characterised. The following

parameters are variable on the NOVA analyser and were adjusted according to the

material analysed within certain limits as indicated.

(a) Pressure tolerance: chosen range within which the pressure in the cell must remain

for the defined equilibration time at each particular target relative pressure:

0.05 or 0.1 (mm Hg) were used.

(b) Equilibration time: chosen time during which the pressure in the cell must not

change by more than the defined pressure tolerance at each particular target relative

pressure:

120 or 60 (sec) were used.

(c) Dwell time: time limit which is invoked if the pressure tolerance is not met and if the

pressure does not fall below the lower pressure limit:

600 or 240 (sec) were used.

The analysis takes from 33 to 50 min according to the parameters employed. This

method of surface area determination is based on the theory of Brunauer-Emmett-Teller

(1938), commonly known as the 'BET' theory:

Equation 2.1
1 	 1 	 C — 1 P

. 	+
W ((Po I P) — 1)	 W ,,,C	 W ,„C 

( 
P0

)
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where W is the weight of gas adsorbed at a relative pressure P/Po, where P is the pressure

of water vapour in the environment, and Po is the vapour pressure of liquid water at a

particular temperature. Wm is the weight of adsorbate constituting a monolayer of surface

coverage. The BET constant C, is related to the energy of adsorption in the first adsorbed

layer and indicates the magnitude of the adsorbent/adsorbate interactions. The BET

1 	 P
equation requires a linear plot of 	  against {—} which is

W (( Po I P) – 1)	 Po

found mainly in the P/Po range of 0.05 to 0.35. The weight of a monolayer of adsorbate

Wm may be obtained from the slope s and intercept i of the BET plot.

Wm, the weight of a monolayer, may be obtained by combining equations 2.2 & 2.3,

giving equation 2.4:

Equation 2.4	 W. =

The total surface area of the sample S t may be calculated from equation 2.5:

where N is Avogadro's number (6.023x1023 molecules/mol) and M is the molecular

weight of the adsorbate (nitrogen). The cross-sectional area Acs for nitrogen is

0
16.2A 2 or 16.2x 10'°m2.
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The specific surface area S of the solid can be calculated from equation 2.6:

Equation 2.6	 S=S, /w

All surface area calculations completed were based on a 5-point BET analysis with

the data received at relative pressures 0.025 and 0.050 being omitted so that

calculations were completed on the most linear region of the BET plot. The linearity

of each BET plot was defined by a regression coefficient (R 2). The five point BET

plot for HPMC K4M (125 - 180m) is shown in Figure 2.6.

The results of the surface area analysis are shown in Table 2.2. Characterisation of

surface area using this method proved very difficult. The samples could not be heated

aggressively in the outgassing procedure and indeed adequate outgassing proved

particularly difficult to achieve, particularly in the case of HPMC F4M. Furthermore,

the high degree of amorphous content in the powders resulted in low surface areas

and adsorption potentials. Large sample sizes and long outgassing times were

employed with such factors in mind. Despite this, the technique failed to distinguish

between HPMC K4M powders of different particle size fractions. HPMC K4M (125-

180pm) particles had a larger specific surface area (0.544 ± 0.030 m2g-1 ) than HPMC

K4M (90-125pm) (0.284 ± 0.163 m2g-/ ) particles. This is probably an ambiguous

result. In light of this, few conclusions can be drawn from the surface area data from

the other polymers studied apart from the consistently low specific surface area for

all samples.

2.2.3.3 Glass Transition Determination

The glass transition temperatures (section 1.1.6) of a series of cellulose ethers were

characterised using powdered samples (18-30mg) scanned in stainless steel pans on a

Perkin-Elmer Pyris 1 DSC system as described in section 2.2.2.1. HPMC K 15M
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Table 2.2 : Surface area determination of HPMC and MC A4M powders showing drying

and flow outgas conditions in addition to the specific surface area and regression

coefficients

Polymer	 Powder drying	 Flow outgas *Specific surface Regression

time at 70°C (h)	 time (h) area (m2 g1) coefficient (R2)

HPMC K4M	 12	 12 0.697 0.997

(<75pm) 0.596 0.997

HPMC K4M	 12	 12 0.527 0.995

(75-90pm) 0.579 0.997

HPMC K4M	 12	 4 0.399 0.983

(90-125pm) 0.168 0.991

HPMC K4M	 12	 12 0.565 0.997

(125-180pm) 0.522 0.992

MC A4M	 12	 4 0.344 0.978

(90-125pm) 0.375 0.981

HPMC E4M	 12	 4 0.244 0.993

(90-1251.lm) 0.248 0.991

HPMC F4M	 24	 12 0.526 0.988

(90-1251.tm) 0.331 0.977

HPMC K4M	 12	 4 0.399 0.997

(90-125pm) 0.168 0.997

*n = 2 measured at each condition
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powders were initially scanned in standard flat aluminium pans. However, poor

encapsulation led to baseline drift and the presence of a lot of noise. Using stainless steel

pans, a larger sample size was possible along with better encapsulation. Initially, samples

were heated from 0°C to +230°C at +10°Cmin-1 . The moisture contents in the samples

were measured by TGA analysis of powdered samples (10mg approx.), heated from

ambient temperatures to 200°C at +10 0Cmin-1 and are shown in Table 2.3. Endotherms

were visible in the 60-65°C temperature range indicating removal of water from the

powders (Figure 2.7). Subsequently, samples were rapidly cooled to 25°C and reheated

to 230°C at +10 0Cmin4 . No endotherms due to moisture loss were visible in the

reheated traces and a decrease in glass transition temperature occurred (Figure 2.8 and

Table 2.3). Removal of moisture from the powders during heating should theoretically

cause an increase in glass transition temperature because water acts as a plasticizer and

causes a reduction in glass transition temperature (Hancock and Zografi, 1994).

However, this does not occur and may possibly be due to degradation of the sample

during the initial heating run. To investigate this hypothesis, a HPMC K 15M powder

sample was held at 100°C for three minutes followed by cooling to 25°C and then

heating to 230°C. This resulted in an elimination of the water endotherm and an increase

in the glass transition temperature to 183.7°C.

Glass transition temperatures of HPMC polymers by DSC have previously been reported

in the literature. Entwistle and Rowe (1979) reported a value of 177°C for HPMC

Pharmacoat 606 prepared from cast films. Okhamafe and York (1985) reported a value

of 155°C while Sakellariou et al (1985) reported a value of 180°C for HPMC powdered

samples and a value of 157°C was found from solvent cast films. Kararli et al (1990)

reported values of 160 to 175°C using dynamic mechanical analysis (DMA).
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2.2.4 Other Methods

Other methods employed in the characterisation of the interactions between water and

cellulose ethers including low frequency dielectric spectroscopy (LFDS) and dynamic

vapour sorption (DVS) are outlined in their relevant chapters.

-
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Chapter 3 Characterisation of water distribution within HPMC K15M
gels using differential scanning calorimetry

3.1 Introduction

The majority of polymers which are used for their pharmaceutical applications and in

particular those used in controlled drug release matrices are employed in aqueous

environments. Such polymers form gels in solution and different types of water are

known to exist within such gel systems. Detailed studies on the types of water that exist

within these gel systems are fundamental to the optimisation and prediction of drug

release from their matrices.

The states of water within polymer gel systems have been studied widely using a variety

of techniques (section 1.3) including differential scanning calorimetry (DSC) and

thermogravimetric analysis (TGA). The majority of workers have identified three classes

of water within hydrophilic polymer gels (section 1.3) which may be defined in terms of

their thermal analysis as :

(a) free water i.e. unbound water in polymers whose transition temperature enthalpy and

peak shape in DSC curves are equal to those of pure (bulk) water (Nakamura et al,

1983b).

(b) non-freezing i.e. bound water which is attached directly to polymer hydrophilic

groups and does not undergo a phase transition (Hatakeyama et al, 1987).

(c) freezing bound water which is characterised as having a phase transition temperature

lower than that of bulk water due to a weak interaction with the polymer chain

(Taniguchi and Horigome, 1975).

DSC has been widely employed as a tool both to identify and quantify the different types

of water occurring within polymers and other systems. In many, but not in all systems, it

is possible to identify both free and freezing bound water from DSC traces. However,
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identification of water tightly bound to the polymer becomes more complex because this

water does not freeze and hence is not visible on the DSC trace. Such water must be

measured indirectly. In the literature, two lines of thinking have been followed in order

to quantify bound water content in various systems.

In the first technique, bound water is found by calculations based on equation 3.1

(Nakamura et al, 1981):

Equation 3.1 Wnf = Wt - Wm

where Wnf --= non-freezing (or bound water)

Wt = total water content

Wm = freezing water
-

By calculating the freezing water content from the DSC endothermic melting peak(s) and

subtracting this from the total water content, the difference may be approximated to that

water which does not freeze and is tightly bound to the polymer. In some cases, the total

amount of freezing water was calculated using the exothermic peaks of crystallization on

the DSC cooling curves (Nakamura et al, 1983b; Danjo et al, 1995) due to overlapping

melting endotherms for frozen bound water and free water on the DSC heating curves.

This hypothesis (equation 3.1) has been applied to quantify the bound water in various

cellulose systems (Taniguchi and Horigome, 1975; Deodhar and Luner, 1980; Nakamura

et al, 1981, 1983a, 1983b; Hatakeyama et al, 1987; Aoki et al, 1995; Berthold et al,

1996), and in various other diverse systems such as poly (vinyl alcohol) membranes

(Zhang et al, 1989); hyaluronic acid and its esters (Joshi and Topp, 1992); actin (Kakar

and Bettelheim, 1991); soy proteins (Muffet and Snyder, 1980); bovine corneas (DeMali

and Williams, 1994); poly (vinyl alcohol) films (Hodge et al, 1996); and a range of

polymer systems (Hatakeyama et al, 1979, 1984, 1985, 1988, 1995).

65



MIII

Characterisation of water distribution within HPMC K15M gels using DSC	 Chapter 3

Alternatively, it is possible to calculate bound water content by plotting enthalpy change

( A H, Jg-1 ) (calculated from the DSC endothermic melting peak) against water content

and extrapolating through the line of best fit to the intercept on the water content axis

which, in theory, should give a value for non-freezing (or bound) water. This method has

been employed to examine bound water content in cellulosic materials (Nelson, 1977);

co-polymer hydrogels (Kim et al, 1983); various polymers including poly (ethylene

oxide) (Ohno et al, 1983); biomedical hydrogels (Sung, 1986); HPMC gels (Ford and

Mitchell, 1995); water/chitosan systems (Ratto et al, 1995) and in peat (McBrierty et al,

1996).

Biswas et al (1975) and Kumsah et al (1976) assumed that the amount of non-freezing

water may be related to an observed decrease in the enthalpy of fusion values obtained

when water within polymer systems melts during DSC analysis, when compared to the

enthalpy of fusion values of pure water. The quantity of non-freezing water may be

calculated from equation 3.2 (Kumsah et al, 1976):

Equation 3.2

Afilf — A Fif

X total weight of water in solution = non-freezing water

where Al-Pf is the heat of fusion of pure water

_
A I/1 is the average molar enthalpy of fusion

Khankari et al (1992) used DSC to determine the water content in a number of

pharmaceutical hydrates. The calculations were based on a comparison between the

literature value of the enthalpy of fusion of pure water and the enthalpy of fusion values

associated with desolvation endotherms. This method of determining water content is
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based on the assumption that the enthalpy of binding of n moles of water in the hydrate

is the same as that of n moles of water molecules in liquid water.

3.1.1 Objectives

The objectives of the work presented in this chapter are to identify and quantify the

water distribution within HPMC K15M gels using DSC. The influences of HPMC

K15M concentration, gel storage time, heating and cooling rates during DSC analysis,

gel preparation method and the influence of batch to batch variation are studied.

3.2 Materials

Methocel HPMC K15M cellulose ethers were obtained from the DOW Chemical
-

Company (section 2.1.1; Table 2.1). The batches of HPMC Kl5M characterised were

BN MM93042103K and BN MM94112811K respectively.

3.3 Methods

3.3.1 Gel Preparation

HPMC K15M gels (5-25% w/w) were prepared as outlined in section 2.2.1. All gels

were stored at 4-6°C from 2 to 96h and water losses during both preparation and storage

were taken into account when determining final polymer concentration in the gels.

HPMC K15M gels (>25% w/w) were prepared from gels (15-20% w/w) as outlined in

section 2.2.1 and were stored for 24 to 96h at ambient temperatures to allow

equilibration and uniform water distribution in the gels before analysis. Two batches of

HPMC K15M (section 2.1) were examined in this chapter, and the batch numbers are

quoted in the text.
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3.3.2 Thermal Analysis

A Perkin-Elmer DSC7 (Beaconsfield, UK) with an attached liquid nitrogen based

cooling accessory controlled by a Perkin-Elmer TAC-7 was employed as described in

section 2.2.2.1. Gel samples were cooled and heated at different scanning rates (section

2.2.2.1) in the temperature range of -30°C to +35°C.

3.4 Results and Discussion

3.4.1 Differential Scanning Calorimetry studies

3.4.1.1 The influence of HPMC K15M on DSC spectra of water

In this study, the crystallization and melting of pure water were examined and

subsequently the effect of HPMC Kl5M on the phase transitions of water was

characterised. Gels containing 10 and 20% (w/w) HPMC K15M (BN MM93042103K)

were used initially to characterise the effects of polymer concentration on the DSC scans

of HPMC gels.

Figure 3.1 shows a typical DSC endothermic scan for the melting of double distilled

water which was cooled from +35°C to -30°C at -10°Cmin -1 and heated to +35°C at

+5°Cmin-I . A single sharp peak is produced. Typically, the temperature at which water

freezes on the cooling run (-18.90 ± 3.13°C; n = 3) was lower than the temperature at

which ice melts on the heating run (+0.31 ± 0.20°C; n = 3). Similarly, the value obtained

for the enthalpy of freezing of water (231.52 ± 5.124-1 ; n = 3) was lower than the

enthalpy of melting of ice (312.28 ± 9.904 4 ; n = 3). This anomaly has been explained

by the phenomenon of supercooling which occurs in liquid water. Essentially,

supercooling may be defined as the cooling of a liquid below its freezing point without
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separation of the solid phase (Harrison, 1976). A characteristic property of supercooled

liquids is a high viscosity in the vicinity of the freezing point which has been discussed

in the case of water by a number of authors (Bassez et al, 1987; Vedamuthu et al, 1994

and Bartell & Huang, 1994). It is reported (Rasmussen et al, 1973; Angell et a1, 1982),

that the heat capacity of water increases very rapidly on cooling below -15°C, as

expressed by equation 3.3 (Angell et al, 1982):

Equation 3.3
273

Ali (T) = EH (273)— i A CpdT
T

in which the crystallization enthalpy, AH(T), is lower than that of bulk water at 273 K,

where ACp is the difference in heat capacities of ice and supercooled water. This

equation has been employed to correct the enthalpy of fusion of supercooled water for

onset temperatures less than 0°C (Higuchi and Iijima, 1985; Zhang et al, 1989; Joshi and
-

Topp, 1992).

Figure 3.2 shows DSC scans typical of HPMC K15M gels that were stored at 4-6°C for

24 or 96h and then cooled from +35°C to -30°C at a variety of cooling rates (rapid

cooling to -5°Crnin-1 ) (section 2.2.2.1) and heated to +35°C at a constant +10°Cmin-1

heating rate. Figure 3.2b is an expansion of the area to the left of the main endotherm for

the melting of free water in Figure 3.2a. Pre-endothermic event(s) were visible at all

cooling rates in the case of gels containing 20% w/w HPMC K15M. No such event(s)

were apparent for gels containing 10% w/w HPMC K15M. It has been reported that the

pre-endothermic events may be related to the presence of different types of water. Pre-

endothermic events, typical of those seen in this work have previously been reported in

HPMC K4M : carbopol mixtures and identified as different water types being present in

the melting process (Perez-Marcos et al, 1994). These pre-endothermic events have also

been attributed to overlapping ice melting (first order) and glass transition (second order)

phase transitions (see section 1.3.1). Roos and Karel (1991) have reported that the
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Figure 3.2 : DSC scan of HPMC K15M 20% w/w gel stored for 24h at a heating rate

of +100Cmin-I (top). DSC scans of HPMC K15M 10% w/w and HPMC K15M 20%

w/w gels, after 96h storage, scanned at a heating rate of +10 0Cmin4 , indicating the

appearance of a pre-endothermic event at the higher concentration (bottom scans)

(a) from -25 to +35°C	 (b) from -12.5 to +2°C
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temperature difference between the glass transition and onset of ice melting in maltose

and maltodextrins decreased with increasing molecular weight. For high molecular

weight compounds, the glass transition temperature and the onset of ice melting were

found to be equal. Ratto et al (1995) (section 1.3.1) have attributed pre-endothermic

events present in water/chitosan systems as being due to cold crystallization. This occurs

in systems where only non-freezing and freezing bound water are present. Upon heating,

some of the non-freezing water becomes mobile, comes into contact with solid freezing

bound water and forms ice. A crystallization exotherm is subsequently visible.

Further gel concentrations were characterised to establish the concentration at which pre-

endothermic events first appeared. HPMC K15M gel samples (10-28% w/w) (BN

MM93042103K) were prepared as described in section 2.2.1 and stored at ambient

temperature overnight. They were scanned from +35°C to -30°C at -10°Cmin -1 and then

heated from -30°C to +35°C at +100Cmin-1.

Pre-endothermic events occurring on the leading edge of the main endotherm first

appeared at 16% (w/w) HPMC K15M. Below this concentration, e.g. 15% (w/w), no

such events were visible. As the gel concentration was increased to 28% (w/w), the pre-

endothermic events became more exaggerated, possibly indicating increasing amounts of

water loosely bound to the polymer.

3.4.1.2 Effect of gel storage time on water distribution

To further characterise the pre-endothermic peaks visible in HPMC K15M gels at 20%

(w/w) concentration, the influence of hydration time on the occurrence of these events

was studied.

HPMC K15M (20% w/w) (BNMM93042103K) gels were prepared as described in
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Table 3.1 : Effect of cooling rate (°Cmin -1 ) and gel storage time (h) on the melting

enthalpy of HPMC K15M 20% w/w gels (n = 3)

Cooling rate	 Melting Enthalpy in 4-1

(°Cmin-1 )	 2 h old samples	 24 h old samples

Rapid	 251 ± 7	 206 ± 9

- 100	 271 ± 28	 232 ± 8

-10	 253 ± 13	 205 ± 15

-5	 261 ± 42	 197 ± 1

section 2.2.1 and stored at 4-6°C for 2 and 24h. Samples were cooled using a variety of

-1cooling rates (rapid cooling to -5°Cmin ) and then heated at a constant heating rate

of-1-10°Cmin-1 . No pre-endothermic events were visible at any cooling rate for gels stored

for 2h. However, a number of pre-endothermic events were visible in the case of 20%

w/w HPMC K15M gels stored for 24h (Figure 3.2).

Table 3.1 shows the melting enthalpies of HPMC K15M (20% w/w) gels stored for 2

and 24h at a variety of cooling rates from rapid cooling to -5°Cmin -1 . It is evident from

the standard deviation in Table 3.1, that the enthalpies of melting for gels stored for 2h

showed a much wider spread than the data obtained for 24h samples. The 2h gels may

have not been homogeneous because such gels take some time to fully hydrate and

insufficient time was given for this hydration process to occur. It may be assumed that

the DSC peaks in these samples represent the bulk water with little or no influence from

the polymer. These results are in contrast to those reported by Ford and Mitchell (1995),

where the melting enthalpies increased as the storage time of HPMC K15M gels
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increased over a similar time period. Batch to batch variation and, indeed, an exact

method of gel preparation may be contributing factors towards this apparent anomaly.

3.4.1.3 Further moisture characterization of HPMC K15M gels

It has been established that the concentration of HPMC K15M (section 3.4.1.1) and

hydration time (section 3.4.1.2) are contributing factors to the type and number of

endothermic peaks appearing in DSC scans. In this section, the influence of HPMC

K 15M concentrations from 10 - 55 (%w/w) were explored. The HPMC K15M (10 - 55%

w/w) (BN MM93042103K) gel samples were prepared and stored for either 24 or 96h

before analysis. Typical DSC scans for 96h-old HPMC K15M gels of different

concentrations are shown in Figure 3.3. More than one event is clearly apparent on the

endotherms of gels containing more than 10% (w/w) polymer. These events were more

exaggerated at the higher polymer concentrations. Similar events were present in the

DSC spectra of 24h-old samples. The data from 24 and 96h samples were statistically

analysed to determine whether there was a significant difference between the two sets of

data. A computer statistical software programme (Minitab V. 10) was employed to

carryout analysis of variance using the general linear model (GLM) in the covariate

mode. The results (Table 3.2) show that for cl*c3, where cl = polymer : water ratio; c2

= enthalpy (4-1 ) and c3 = number of variables in each subset i.e. 24 or 96h;

p = 0.040, therefore, p>0.01 which indicates that a significant difference exists between

the data for 24 and 96h samples. It would seem that the interaction of water with HPMC

K15M polymer is dependent on gel hydration time and this was quantified by calculating

the distribution of bound water in HPMC K15M gels after 24 and 96 hours in the

following section.
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Table 3.2: Statistical analysis of the water distribution within HPMC K15M (BN

MM93042103K) gels after storage for 24 or 96h using GLM (general linear model) in

Minitab statistical analysis program

Source	 DF	 Seq SS	 Adj SS	 Adj MS	 F	 P

cl	 1	 42960	 57872	 57872	 43.71	 0.000

c3	 1	 10365	 8038	 8038	 6.07	 0.021

c3*cl	 1	 6223	 6223	 6223	 4.70	 0.040

error	 24	 31774	 31774	 1324

total	 27	 91322

Term
	

Coefficient	 S. D.	 t-value	 P

constant	 -260.27	 66.06	 -3.94	 0.001

cl	 6.1208	 0.9258	 6.61	 0.000

cl*c3	 2.0071	 0.9258	 2.17	 0.040

Key

Seq SS	 sequential sums of squares

Adj SS	 adjusted sums of squares

Adj MS	 adjusted mean of squares

75



Characterisation of water distribution within I-IPMC Kl 5M gels using DSC	 Chapter 3

110
K15M - 10 % (w/W)

— — 1C15M - 20 % (w/w)
— K15M - 27.36 % (w/w)

K1514/I - 35.48 % (w/w)

82.6 -

	

-	 /	 1

i	 1/111

	

55-	 I/

O

	

-	
1\

I	 I\

	

27.0 -	 z,

- 0.00	 0.00 lo.00	 do.00

Date: May 22. 1995 1: 49pm
Scanning Rate: 10.0 C/min
Sample Wt: 6.140 mg Path: b: \
Pile i P55XI103 CO/VOR

Temperature (C)

PERI<ZN—EL HER L7SC7

45

30

U.

.4C

15

o

60	 	

•

-

(a)

-

/

15.00

K15M -	 10% (w/w)
K15M -	 20 % (w/w)

—	 K16M - 27.36 % (w/w)
Kl5M -	 35.48 % (w/w)

-

-k0.00	 -5.00 -10.00 Loo
Date: May 22. 1995 1: 49pm
Scanning Rate: 10.0 C/min
Sample Wt: 5.140 mg Path: b:
File J.• 5N.f 03 CONOR

Temperature (C)

PE/WIN—ELMER O5C7

(b)

Figure 3.3 : DSC scans of HPMC K15M gels stored for 96h, showing the effect of
concentration on endothermic events at a +10 0Cmini4 heating rate
(a) from -25 to +25°C	 (b) from -20 to +2°C
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3.4.1.3.1 Quantitative analysis of water distribution within HPMC K15M gels

The number of moles of non-freezing water per polymer repeating unit (PRU) was

determined according to the procedure reported by Ford and Mitchell (1995). Enthalpy

change (4-1 ) for HPMC K15M gels cooled to -30°C at -100 0Cmin-1 and heated to

+35°C at +100Cmin4 after 24 and 96h storage was plotted against % water content

(Figure 3.4). The plots were extrapolated to zero enthalpy, through the lines of best fit,

where the concentration is the minimum water content required for complete hydration

of HPMC K 15M. All water present at this point was taken as bound water. It is assumed

that a linear relationship exists between melting enthalpy and % water content over the

full range of polymer concentrations used in this work. However, this assumption may

not apply at higher polymer concentrations. The % ratio of HPMC K15M : water at zero

enthalpy were found to be 58 : 42 after 24h (R 2 = 0.588; n = 14; p <0.05 indicating the

significance of fit of a straight line) and 74 : 26 after 96h storage (R 2 = 0.961; n = 13).

The number of moles of non-freezing water (bound water) per polymer repeating unit

(PRU) were calculated using these data and the previously quoted PRU value of 192 for

HPMC K 15M (Ford and Mitchell, 1995). These values were —8 and —3.8 mol for 24 and

96h storage times, respectively.

These results show that less bound water (and hence more free water) is present after 96-

compared to 24h-old samples. This may suggest that the hydrating water is released from

the polymer during storage between 24 and 96h due to gel syneresis (Mattha, 1977). This

is in contrast to data obtained for HPMC K 15M 20% (w/w) gels stored for 2 and 24h

(Table 3.1). The decrease in free water which occurs from 2 to 24h shown in Table 3.1

may be due to the slow hydration of the polymer and thus attributed to initial

equilibration within the gel as some free water becomes more tightly bound to the

polymer.
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3.4.1.4 Effect of cooling and heating rates during DSC analysis on the nature of the

thermal events

The occurrence of anomalies around the endotherm produced by the melting of water

around 0°C has previously been reported by Nakamura et al (1981) who showed that on

DSC heating runs of various cellulose samples, a shoulder existed 'in some cases' on the

leading edge of the endotherm. Sung (1986) has also reported the presence of a double

endotherm at 0°C in poly(2-hydroxyethylmethacrylate) (pHEMA) hydrogels, whose

shape was dependent on the freezing conditions. This was attributed to the presence of

different types of water in the pHEMA hydrogels.

After investigation of the effect of polymer concentration and storage time, it would

seem logical that if the visible pre-endothermic events were indeed related to different

types of water, heating and cooling rates during DSC analysis may influence the

occurrence of such events.

The enthalpies of fusion and crystallization temperatures for samples stored for 24 and

96h were unaffected by cooling rate variations (rapid cooling to -1°Cmin -1 ). In the

cooling runs, some secondary events were visible (Figure 3.5) (peak from -22.90° to -

26.65°C). Although these data were not reproducible, more than one peak on the cooling

run may indicate different types of water crystallizing at slightly different temperatures

(Nakamura et al, 1983b; Danjo et al, 1995). In the heating runs (+10°Cmin 1 ), it was

found that the secondary events were cooling rate dependent. At low cooling rates, e.g.

-5°Cmin-1 , a small endotherm appearing to the left of the main peak was exaggerated

(Figure 3.6) (initial peak from -6.84° to +3.74°C). Other events were also visible on the

leading edge of the main endotherm. As the cooling rate increased (e.g.

-50°Cmin-1 ), the initial small endotherms were not as exaggerated. However, the other

events on the main endotherm remained visible.
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Figure 3.6 : DSC scans of HPMC K15M gels after 96h storage following cooling at
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When a sample of HPMC K15M (20% w/w) (BN MM93042103K) gel was cooled to

-50°C, then heated to the point at which secondary events first appeared (— -9°C) and

subsequently recooled and reheated to +35°C, the secondary events remained visible

(heating/cooling rates +/- 10°Cmin -1 ) (Figure 3.7). Upon cooling to -50°C and heating to

-9°C and holding for 10mins, and then recooling and reheating again indicated that the

presence of the secondary events remained unaffected. This would indicate that such

events are indeed quite 'real' and may be linked to the presence of different water types

that exist in HPMC K15M gels or may indicate the existence of a glass transition around

the melting temperature of free water.

The enthalpies of fusion and crystallization for samples stored for both 24 and 96h were

unaffected by heating rate variations. In the cooling runs (-10°Cmin -1 ), some secondary

events were found to be visible but were not reproducible. This is because

recrystallization occurs by nucleation and, as such, is an uncontrolled phenomenon. At a
_

heating rate of +50°Cmin -1 , an initial small endotherm is clearly seen (Figure 3.8). As

the heating rate was decreased to +1°Cmin -1 , this initial endotherm was not as

exaggerated and other inflections became more evident on the main endotherm (Figure

3.9).

At the molecular level, a very low cooling rate would allow the associated water to

freeze slowly and combine more tightly with the polymer. In a constantly changing

dynamic situation, the amount of bound water will thus tend to increase and will appear

as a more pronounced peak to the left of the main endotherm (Figure 3.6). The cooling

rate did not affect the other smaller undefined peaks on the edge of the main peak but

affected the pre-endothermic peak which may be related to closely associated or 'bound'

water. If this pronounced endotherm indicates the presence of a type of 'bound' water,

then the other small events visible on the leading edge of the main endotherm may be

considered as other, as yet undefined, types of water, or possibly the presence of a glass

transition occurring. On the other hand, at high heating rates (+50°Cmin -1 ), this closely

associated water, tends to come off as a single small endotherm towards the lower

82



4

0
0

•

I

§	 P.	 a

(MW)	 14014 1if3H

83

§ 0

4-i
o

.E

5
4.,

71.—......
E.—.
4.)
.4

-0
4
4
o

-0
a.)

rri
a)
.4
a)
1..

=
az

-0
a)
0
0
C-)
a.)
1-.
a)

ta.

E
cd
v,

7.3
bo

3

3e
csi0\

ci
c.1

(..)

a..
Z
cs

,....
0)

u, =
g 73.—

c`-h)

U -0
C4 4)
CI "5

0
0en 0

CY',..,
i.t 0
= CU
00a; .5,

Characterisation of water distribution within HPMC K15M gels using DSC 	 Chapter 3



0

0

Characterisation of water distribution within HPMC K15M gels using DSC 	 Chapter 3

I

0	
ic

M01.4 ivaH

84



g
a

1
z

Characterisation of water distribution within HPMC K15M gels using DSC 	 Chapter 3

—	 to=..
3o

1n1

0
4-4

Mg

a)
bi)

oo	 VI

.C4I1

0	 g ...,
c..) 0,	 . •

0 101
ri, u
r) (1,
• • il

41
Nr	 o...•	 ..4 F..	 2

000	 MOld 1V3H

OS ,..,1

o	 rfi cl
o

6i E
1	

g 775
. .4 8

0

85



Characterisation of water distribution within HPMC K15M gels using DSC 	 Chapter 3

temperature side of the main peak (Figure 3.8). When the heating rate is lower

(+1°Cmin-I), this water comes off as a number of separate events, possibly, indicating

the presence of more than one type of closely associated water (Figure 3.9). It appears

(from Figure 3.8) that either some recrystallization may be occurring between the two

melting events, or alternatively a glass transition is present. This phenomenon of the

appearance of a recrystallization exotherm on the DSC heating trace has been previously

reported by Murase (1993) in cross-linked dextrans and cross-linked polyacrylamide

gels. Similar events have been reported by Ratto et al (1995) using water/chitosan

systems. This occurs during the DSC heating run when a portion of the non-freezing

water becomes mobile and comes into contact with solid freezing bound water. The

mobile water recrystallizes and hence an exotherm is observed during the heating cycle.

This exotherm may provide further evidence of the existence of different types of water

melting at different temperatures within HPMC Kl5M gels.

3.4.1.5 Study of batch to batch variation on the water distribution within HPMC

Kl5M gels

The majority of work completed on HPMC K 15M gels in this chapter up to this point,

was carried out on one particular batch of HPMC K 15M (BN MM93042103K). Batch to

batch variation may affect the distribution of water within these polymers (see Table 2.1

for comparison of certificates of analysis).

The work completed in section 3.4.1.3 was repeated on a different batch of HPMC

K15M (BN MM94112811K) using two gel preparation methods (section 2.2.1). HPMC

K15M gels in the 5 - 25% (w/w) concentration range were prepared by mortar and

pestle, whereas gels >25% (w/w) were prepared by moisture extraction from gels of

lower concentration. Work on gels in the 5 - 25% (w/w) concentration range was

repeated twice, and in the second study the storage times examined included both 48, 72

and 120h storage in addition to 24 and 96h storage. The water distribution within the

gels after storage was calculated as previously described (section 3.4.1.3.1). Table 3.3
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shows that the amount of water bound to the polymer varied both between different

batches of HPMC K15M (>25% w/w concentration range; gels prepared by moisture

extraction), and between repeats of the same batch (BN MM94112811K) (5 - 25% w/w

concentration range; gels prepared by mortar and pestle) after both 24 and 96h. The

release of bound water with time described previously for HPMC K15M (BN

MM93042103K) gels prepared by moisture extraction, does not occur in HPMC K15M

(BN MM94112811K) gels prepared using either preparation method. Table 3.4 shows

that the amount of water bound to HPMC Kl5M (BN MM94112811K) gels increased

with storage time from 24 to 120h. This apparent anomaly may be due either to batch to

batch variation or indeed may be due to faults within the gel preparation methods.

Figure 3.10 shows a typical DSC scan for high concentration HPMC K15M (BN

MM93042103K) gels stored for either 24 or 96h. Evidence of more than one melting

event can be seen to the left of the main melting endotherm for the melting of free water.

No events are visible to the right of the main melting endotherm. In high concentration

HPMC K15M (BN MM MM94112811K) gels stored for 24h, a double melting peak was

present, initially seen in gels of 45.79% (w/w) concentration (Figure 3.11). The second

smaller peak to the right of the main melting endotherm, became more accentuated at

higher polymer concentrations (Figure 3.12). Similar peaks were visible in HPMC

K15M (BN MM MM94112811K) gels stored for 96h, which again were exaggerated

with increase in polymer concentration (Figure 3.13).

Clearly, there are differences in water distribution between different batches of HPMC

K15M and furthermore, variations exist according to the exact method of gel

preparation. Table 3.3 shows that after 24h storage, HPMC K15M (BN MM94112811K)

gels (>25% w/w) prepared by moisture extraction, contain more bound water than

HPMC K15M (BN MM94112811K) (5 - 25% w/w) gels prepared by the mortar and

pestle method. This may be explained by considering the gel preparation method.
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Figure 3.10 : DSC scan of HPMC K15M (BN MM93042103K) 40.9% (w/w) gel
cooled at -1000Cmiri4 and heated at +10 0Cmirl4 after 96h storage
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10-

Figure 3.11 : DSC scan of HPMC K15M (BN MM94112811K) 45.8% (w/w) gel
cooled at -100°CminT 1 and heated at +10°Cmidi after 24h storage
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Figure 3.12: DSC scan of HPMC K15M (BN MM94112811K) 69.8% (w/w) gel
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Figure 3.13 : DSC scan of HPMC K15M (BN MM94112811K) 66.6% (w/w) gel
cooled at -1000Cmin-1 and heated at +100Cmin4 after 96h storage
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Table 3.3 : Effect of batch to batch variation on the water distribution within HPMC
K15M gels prepared by mortar and pestle and moisture extraction methods

Preparation method
(24h)

Batch number

HPMC
(% w/w)

H20
(% w/w)

DSC cooling	 DSC heating
rate (°Cmin-1 )	 rate (°Cmin-1)

moisture extraction 58 42 -100	 +10
BN MM93042103K
moisture extraction 60 40 -100	 +10
BNMM94112811K

mortar and pestle 66 34 -10	 +10
BN MM94112811K

mortar and pestle 70 30 -10	 +10
BN MM94112811K

Preparation method HPMC H20 DSC cooling	 DSC heating
(96h) (% w/w) (% w/w) rate (°Cmin-1 )	 rate (°Cmin-1)

Batch number
moisture extraction 74 26 -100	 +10
BN MM93042103K
moisture extraction 59 41 -100	 +10
BNMM94112811K

mortar and pestle 56 44 -10	 +10
BN MM94112811K

mortar and pestle 62 38 -10	 +10
BN MM94112811K
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Table 3.4 : Effect of gel storage time on the water distribution of HPMC K15M (BN

MM94112811K) gels prepared using the mortar and pestle method and scanned by DSC

at cooling/ heating rates of 4+ 100Cmin4

Gel storage
time (h)

HPMC K15M
(% w/w)

Mean enthalpy
(Jg-I)

(± SD; n = 3)

HPMC
(% w/w)

H20
(% w/w)

Number of
moles bound

water per PRU

24 4.74 335 ± 8 70.24 29.76 4.5
9.32 290 ± 11
14.10 289± 14
18.83 264± 16
23.82 228± 15

48 4.75 323 ± 6 68.20 31.80 5.0
9.35 292 ±9
14.12 282 ± 5
18.85 258± 18
23.84 219± 11

72 4.76 332 ± 8 64.05 35.95 6.0
9.37 306± 3
14.14 272± 11
18.86 260± 17
23.88 233± 11

96 4.83 347± 10 61.89 38.11 6.5
9.38 304± 14
14.16 282± 15
18.89 246± 11
23.92 231 ± 7

120 4.89 288 ± 8 61.62 38.38 6.6
9.65 265 ±0
14.03 262 ± 9
19.68 228 ± 9
24.32 185 ± 7
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In preparing gels using the moisture extraction method, the original gel was, in effect,

prepared 24h prior to preparation of higher gel concentrations by removal of moisture.

Therefore, DSC analysis after 24h of such samples may be considered as DSC analysis

after 48h, thereby allowing more time for polymer hydration. In this chapter and in the

remainder of the thesis, determination of bound water contents in cellulose ether gels

were completed by examining gels in the 5 - 25% w/w concentration range prepared by

the mortar and pestle method. Use of the moisture extraction method of gel preparation

was employed only in some specific cases when specific melting events were examined

in high concentration gels.

Due to batch availability, all future work on HPMC K15M reported in both this section

and in the remainder of the thesis was carried out on HPMC K15M batch BN

MM94112811K.

3.4.1.6 Influence of water temperature during gel preparation on water distribution

within HPMC K15M gels

The temperature of water added to the polymer powder to prepare gels may be an

important factor in the water distribution in HPMC gels.

The water added to the polymer in gel preparation was preheated to 50, 60, 70 or 80°C

(section 2.2.1) in a water bath before addition to HPMC K15M (BN MM94112811K) in

two aliquots. All gels were sealed and stored overnight (4-6°C) prior to DSC analysis

(section 2.2.2.1). Gel samples were cooled from +20°C to -35°C at -10 0Cmin4 and

heated from -35°C to +20°C at +10 0Cmin1 .

Gel preparation temperature influenced the appearance of the pre-endothermic events

occurring on the leading edge of the main endotherm in HPMC K15M gels. Such events

were visible in all 20 & 25% (w/w) gels but were not as exaggerated in gels prepared
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Figure 3.14 : DSC scans of HPMC K15M gels prepared with distilled water heated
to +50°C and stored for 24h at a heating rate of +10 0Cmin-1 following cooling at
-10°Cmin-1
(a) from -22.5 to +20°C	 (b) from -15 to +2.5°C
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with water at 80°C (Figure 3.15) compared to such events visible in gels prepared with

water at 50 (Figure 3.14), 60 or 70°C (not shown).

The number of moles of BW per PRU of the gel samples prepared at each particular

temperature were calculated according to the method described in section 3.4.1.3. (Table

3.5). The regression (R2) value quoted in table 3.5 gives an indication of the goodness of

fit for a straight line through the data points on the plot of enthalpy (J/g) against polymer

concentration (% w/w). The p-value indicates the level of significance of the fit of a

straight line through the data points. Table 3.5 shows that water distribution within

HPMC K 15M gels was similar when the temperature of added water was at 50, 60 or

70°C. However, at 80°C, the number of moles of water bound to the polymer backbone

was reduced.

This finding has implications for the gel preparation techniques employed in this study

(as recommended by the product manufacturers; DOW Chemical Company, 1983).

DOW recommend that Methocel cellulose ether powders are dispersed by mixing

thoroughly with 1/5 to 1/3 of the required total volume of water as hot water, heated to

80-90°C. The remainder of the water should then be added as cold water to aid complete

solubilisation. The rational for initial dispersion in hot water above 80°C is that better

wetting of the particles are ensured. If cold water is mixed directly with the powder, it

creates a gelatinous membrane on the particles which causes lumping and acts as a

barrier to full hydration of the polymer. It would seem that the temperature of water

initially added to the HPMC to aid wetting of the powder is important in the subsequent

water distribution within the gels.
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Table 3.5 : Influence of temperature of water used to prepare polymer gels on the

number of moles of bound water (BW) per polymer repeating (PRU) of HPMC K15M

Water HPMC K15M Mean enthalpy Number of Regression Level of
temperature (% w/w) (Jg-1) moles bound coefficient significance

(°C) (± SD; n = 3) water per PRU (R2)

50 4.65 329 ± 14 4.8 0.987 p <0.1
9.33 295 ±4
13.90 280 ± 5
18.24 247 ± 4
23.62 234± 12

60 4.54 339 ± 13 4.2 0.981 p >0.1
9.28 298 ±2
13.75 279 ± 4
18.71 258 ± 6
23.38 239 ± 11

70 4.66 331 ±7 4.3 0.875 p > 0.1
9.26 284 ± 6
13.93 286 ± 2
18.67 246 ± 7
22.83 243 ±7

80 4.69 319 ± 7 2.1 0.932 p > 0.1
9.54 279± 6
13.81 276 ± 5
18.69 258 ± 5
23.69 238 ±2
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3.5 Conclusions

The existence of different types of water within HPMC K15M gels was shown using

Differential Scanning Calorimetry (DSC) studies. One or more endothermic events

existed on the low temperature side of the endotherm corresponding to the melting of

different types of water. These endothermic events were dependent on HPMC K15M

concentration in gels, first appearing at 16% (w/w) HPMC K15M. Below this

concentration, such events were not visible. As the gel concentration further increased,

these events became more exaggerated. Such pre-endothermic events were linked to the

presence of different types of water bound to varying degrees to the hydrophilic HPMC

polymer. These pre-endothermic events may also be due to the presence of a glass

transition temperature occurring close to the temperature of melting of free water.

Polymer hydration time influenced the nature of pre-endothermic events. No pre-

endothermic events were visible for gels stored for 2h. It is assumed that the DSC peaks

in these samples represent the bulk water with little or no influence from the polymer.

Insufficient time had elapsed to allow gel equilibration to occur. Pre-endothermic events

were visible for both 24 and 96h storage.

The nature of pre-endothermic events were influenced by variation in both heating and

cooling rate during DSC studies. At low cooling rates, pre-endothermic events were

exaggerated in nature. Similarly, at low heating rates, water closely associated with the

polymer as represented by the pre-endothermic events, was visible as a number of

separate melting events. At higher heating rates, fewer melting events were visible to the

left of the main endotherm for the melting of bulk water.

Gel preparation method and batch to batch variation influenced the behaviour of HPMC

K15M gels, as identified qualitatively by the nature of the melting events visible on DSC

traces and quantitatively by analysis of the number of moles of BW per PRU. The nature

of such gel systems may lead to problems in accurately characterising water distribution
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and thus quantitative work may only provide useful comparative guidelines and may not

be regarded as absolute.

DSC analysis inferred that water closely associated with the polymer is visible in DSC

traces on the low temperature side of the main melting endotherm i.e. melts at lower

temperatures than the bulk or free water. This may be explained by considering the

cooling process during DSC analysis. During cooling, water in the polymer system will

crystallise (visible as an exothermic event on the DSC cooling curve). Most of the water

present in the system will be free water which will form larger crystals than those formed

by water which is loosely bound to the polymer. Tightly bound water will not freeze.

Upon heating, the smaller crystals will melt first, followed by the larger crystals formed

by free water. Thus, the melting of the smaller crystals may be visible as small events to

the left of the main melting endotherm.

-
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Chapter 4 Characterisation of water distribution within HPMC
K15M gels using thermogravimetric analysis

4.1 Introduction

Thermogravimetric analysis (TGA) is a thermal analysis technique often used in

conjunction or simultaneously with differential scanning calorimetry (DSC).

Different types of water are identifiable from thermogravimetric studies, as they

evaporate at different temperatures on the heating cycle. These events may be

quantifiable from the derivative of the TGA weight loss curve (dTGA) provided that

there is no overlap between the temperatures at which the different types of water

evaporate. The derivative of the weight loss curve gives an indication of the rate of

weight loss with time. Donescu et al (1993) identified water loss occurring in two

stages in poly (vinylacetate) (PVAc) emulsions. Initial water loss in the range of 50-

66°C was attributed to the evaporation of free water from the polymer as the majority

of the total water content of the sample. This step was followed by a further water

loss event in the range of 94-102°C. This event was attributed to the bound water in

the polymer which leaves the sample at a higher temperature. Interestingly, the

amount of bound water decreased as the polymer content increased. This was linked

to an increase in the degree of cross-linking and a decrease in the ratio of PVA/PVAc

(PVA = poly (vinyl alcohol)) or hydroxyl/acetate groups. Liron et al (1994) employed

TGA in isothermal mode and monitored change of weight and of temperature with

time in samples of porcine stratum corneum. From the dTGA curves, three distinct

regions of desorption were identified. Initial water desorption was identified as being

due to loss of free water. This was followed by loss of bulk water and finally by loss

of bound water.

In many cases, TGA studies are used to complement DSC/DTA (differential

temperature analysis). Examples include work carried out on poly (hydroxystyrene)

and its derivatives (Hatakeyama et al, 1988); theophylline monohydrate (Duddu et al,

1995); polyaniline (Matveeva et al, 1995) and in peat (McBrierty et al, 1996). Zhu et

al (1997) undertook TGA studies on nedocromil salt hydrates in open sample pans
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and in crimped aluminium pans to simulate the experimental conditions in crimped

pan DSC. Various dehydration steps attributed to the presence of loosely bound water

in nedocromil salt hydrates were identified from the dTGA curves in open pan TGA.

Open pan TGA identified differences in the dehydration behaviour of modifications

A and B of the pentahydrate below 100°C, possibly indicating differences in

distribution of loosely bound water. These differences, however, disappeared in

crimped pans in which the dehydration was shifted to higher temperatures.

TGA has proved a useful analytical technique in the physical characterization of

various pharmaceutical and other systems. Sonaglio et al (1995) used TGA as an aid

to physical characterization of two types of microcrystalline cellulose. TGA

measurements were used to calculate W t (total water content) of certain systems, thus

enabling the bound water content of the system to be determined according to

equation 3.1 as outlined in section 3.1. Examples of the calculation of total water

content by TGA for measurement of bound water in this way include characterization

of actin (Kakar and Bettelheim, 1991); bovine corneas (DeMali and Williams, 1994);

various ligno-cellulosic materials (Berthold et al, 1996); and poly (vinyl alcohol)

films (Hodge et al, 1996).

The activation energy (Ea) of a thermal event may be directly determined from a

number of thermogravimetric runs performed at different scan rates by applying the

principles of the Arrhenius equation. The Arrhenius equation predicts the effect of

temperature on reaction rate (Martin et al, 1983):

where k is the specific reaction rate, A is a constant known as the frequency factor,

Ea is the energy of activation, R is the gas constant and T is the absolute temperature.

By determining k at several temperatures and plotting log k against 1/T, the slope of

the line obtained (equation 4.2) is -Ea I 2.303R, and the intercept on the y-axis is log

A, from which Ea and A may be obtained. The activation energy Ea is commonly
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described as the energy barrier or threshold that must be overcome to enable the bond

distribution steps required to convert products into reactants. The pre-exponential

term, or frequency factor A, provides an estimate of the frequency with which the

reaction situation occurs (Galwey and Brown, 1995). The Arrhenius equation has

been widely applied to rate processes including both homogeneous and

heterogeneous reactions. Some discussion has taken place regarding the suitability of

such an equation to be applied to solid state reaction processes including thermal

dehydration processes (Galwey, 1994a, 1994b; Tanaka et al, 1995).

Flynn and Wall (1966) noted that the Ea of a thermal event can be directly

determined from a series of TGA runs performed at different scan rates. If a series of

TGA runs are made at different heating rates, each TGA weight loss curve is shifted

upward on the temperature scale with an increasing scanning rate. Based on the

Arrhenius assumptions, a plot of the log of the heating rate against the inverse of the

absolute temperature (at the same conversion or weight loss %) is linear, with a slope

directly proportional to the activation energy and known constants. Such theory has

been applied in the TGA 7 Decomposition Kinetics software program (section

2.2.2.3). Figure 4.1 shows the Arrhenius plots of scan rate (°Cmin -1 ) against 1/T (K)

for HPMC K 15M gels of 5 - 25% (w/w) concentration scanned at heating rates of +2,

+5, +10, +15 and +20°Cmin -1 at weight loss percentages of 2 and 5%. In addition to

Ea computations, other factors may be determined from this program where it is

assumed that the reaction proceeds according to first order kinetics when the

conversion or weight loss % is low (Perkin Elmer TGA 7 Decomposition Kinetics

Software Kit, 1989). These include determination of rate constant and half-life

profiles. The current study is concerned only with activation energy (Ea)

determination.
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4.1.1 Objectives

The effect of polymer concentration and heating rate during TGA analysis on the

nature of water loss from HPMC K 15M gels was investigated. The influence of type

of sample pan used during TGA analysis on water evaporation from the gel samples

was characterised.

4.2 Materials

Methocel HPMC K! 5M (BN MM94112811K) cellulose ether was obtained from the

DOW Chemical Company (section 2.1.1; Table 2.1).

4.3 Methods
-

4.3.1 Gel Preparation

HPMC K 15M gels (5-25% w/w) were prepared as outlined in section 2.2.1. All gels

were stored at 4-6°C for 24h and water losses during both preparation and storage

were taken into account when determining final polymer concentration in the gels.

4.3.2 Thermal Analysis

Thermogravimetric studies were carried out on HPMC K15M gel samples (5-25%

w/w; about 10mg) in both open and vented sample pans on a Perkin Elmer TGA 7 as

described in section 2.2.2.2. Vented or pierced aluminium sample pans are sample

pans having a hole pierced in their lid providing a controlled release of moisture from

the pan.

Kinetic analysis was completed on the data obtained from moisture loss studies using

a TGA7 PC Series Decomposition kinetics software programme (Perkin-Elmer,

Beaconsfield, U.K.).
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4.4 Results and Discussion

4.4.1 Thermogravimetric analysis studies

DSC studies (section 3.4) indicated that there are different types of water present

within HPMC polymer gels. These different types of water may be further

characterised by thermogravimetric analysis (TGA). It may be hypothesised, that

depending on their interaction with HPMC polymer, different types of water

evaporate at different temperatures.

4.4.1.1 Thermogravimetric analysis of HPMC K15M gels of different

concentrations

Figure 4.2 shows a typical TGA weight loss trace showing weight loss against

temperature for the evaporation of distilled water scanned at a heating rate of

+5°Cmin-I . The first derivative curve is also shown indicating the rate (%/min) at

which water was lost from the gel. Water continually evaporates from the sample pan

with increasing temperature and is completely removed by approximately 140°C.

HPMC K 15M gels of concentration 5-25% w/w were prepared as detailed in section

2.2.1 and stored overnight at low temperatures (4-6°C). They were then scanned from

ambient to 200°C in open sample pans at a heating rate of +5°Cmin-1.

Figure 4.3 shows both the weight loss and the first derivative curves of HPMC K 15M

(4.73 and 23.68% w/w) gels scanned at +5°Cmin -1 . The curves show that HPMC

K15M concentration affected evaporation of water from their gels. Figure 4.4 shows

the first derivative curves of a range of conentrations of HPMC K15M (4.73 -

23.68% w/w). At higher polymer concentrations it is apparent that a second

evaporation event visible on the first derivative curve became more pronounced. It

may be hypothesised that the distribution of water within the gels changes with

polymer concentration with loosely bound water evaporating at higher temperatures
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Figure 4.2 : TGA weight loss and first derivative curves for distilled water scanned
at a heating rate of +5°Cmiri l in an open sample pan
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Figure 4.3: TGA weight loss and first derivative curves of 1-113MC KI5M (4.73 and
23.68% w/w) gels scanned at a heating rate of +5°Cmin-I in open sample pans
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Figure 4.4: TGA derivative curves of HPMC K 5M (4.73 - 23.68% w/w) gels
scanned at a heating rate of +5°Cmiri l in open sample pans
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Table 4.1 : Thermogravimetric analysis data showing the temperature range over

which moisture loss occurs and the mean percentage weight loss in a series of HPMC

K15M gels scanned at +5°Cmin-1

HPMC K15M

(% w/w)

Mean peak width (°C)

(n =3) (±SD)

Mean weight loss(%)

(n = 3) (±SD)

4.73 109.9± 11.2 93.4 ± 0.1

9.35 120.3 ± 1.9 90.5 ± 1.9

13.89 121.0 ± 17.0 86.0 ± 1.5

18.51 119.0 ± 4.6 83.7 ± 0.5

23.68 135.1 ± 12.3 79.4 ± 0.5

than free water. Table 4.1 shows the influence of polymer concentration on weight

loss from their gels. The mean peak width is also shown which represents the

temperature range over which evaporation of water from the gels occurred. As the

polymer concentration increased, higher temperatures were required to remove all of

the water from the gels. It may be hypothesised that with an increase in gel

concentration there is an increased amount of closely associated or loosely bound

water. It is assumed that loosely bound water evaporates at higher temperatures than

free water because more energy is required to remove this type of water due to its

association with the polymer and tightly bound water evaporates at even higher

temperatures.

4.4.1.2 Effect of heating rate on moisture loss from HPMC K15M gels

The effect of heating rate on the nature of moisture loss from — 15% (w/w) HPMC

K15M gels (10 mg approx.) in open sample pans was explored using a variety of
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heating rates (+2, +5, +10, +15, +20 0Cmin4 ). Two separate lots of HPMC K15M

gels from the same batch were analysed. A further study was also carried out on

HPMC K15M (— 15% w/w) gels in which the gel samples were scanned in vented

aluminium pans. These vented pans provided a controlled release of moisture from

the gel samples and were employed to further explore the possible evaporation of

different types of water.

Table 4.2 shows that as the heating rate was increased, the moisture was removed

over a wider temperature range from gel samples in open sample pans. At heating

rates of +10°Cmin-1 and above, more than one evaporation event was visible on the

derivative TGA curve (Figure 4.5). The appearance of such events only at the higher

scanning rates, may indicate that bubbling of the gel occurred during heating at faster

rates, providing a mechanism for release of loosely bound water from the gel. At

lower heating rates, loosely bound water may be removed from the gels at lower

temperatures and is not visible as a separate evaporation event on the first derivative

curve.

When gels were scanned in vented aluminium pans, the water evaporated at higher

temperatures (Figure 4.6) in comparison to open pans. At heating rates of 10°Cmin-1

and above, more than one evaporation event was visible on the dTGA curve.

Excellent separation of these evaporation events occurred. In vented aluminium pans,

water vapour builds up inside the pan reaching equilibrium thus slowing down

evaporation of water at lower temperatures from the gel. This explains why water

evaporates at higher temperatures in vented pans in comparison to the temperature of

water evaporation in open pans. Table 4.3 confirms that water evaporated over a

much broader temperature range from gels analysed by vented pans when compared

to gels analysed using open pans (Table 4.2).
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Table 4.2 : Thermogravimetric analysis data showing the mean percentage weight

loss and the temperature range over which moisture loss occurs in two HPMC Kl5M

(15% w/w) gel samples scanned at a variety of heating rates in open sample pans

HPMC K15M

(% w/w)

Heating rate

(°Cmin-1)

Mean weight loss (%)

(n = 2) (±SD)

Mean peak width

(°C)

(n =2) (±SD)

14.10 +2 84.4± 1.8 45.2 ± 5.3

14.10 +5 85.3 ± 0.3 76.6 ± 2.4

14.10 +10 86.0 ± 0.04 96.2± 1.2

14.10 +15 86.2 ± 0.4 110.8 ± 5.9

14.10 +20 86.7 ± 0.03 128.1 ± 1.5

14.07 +2 81.3 ± 2.6 48.5 ± 7.9

14.07 +5 82.6 ± 0.3 80.8 ± 3.4

14.07 +10 84.4 ± 0.1 84.7 ± 2.2

14.07 +15 84.6± 1.3 114.0± 1.9

14.07 +20 84.7 ±0.1 131.2± 1.9
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Figure 4.5: TGA derivative curves of HPMC K15M (14.10% w/w) gels scanned at
heating rates of +2, +5, +10, +15 and +20 0Cmin-1 in open sample pans
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Figure 4.6 : TGA derivative curves of HPMC Kl5M (14.16% w/w) gels scanned at
heating rates of +2, +5, +10, +15 and +200Cmid i in vented sample pans
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Table 4.3 : Thermogravimetric analysis data indicating the mean percentage weight

loss and the temperature range over which moisture loss occurs in HPMC Kl5M

(14.16% w/w) gel samples scanned at a variety of heating rates in vented aluminium

pans

HPMC K15M Heating rate Mean weight loss Mean peak width

(% w/w) (°Cmin-1) (%) (°C)

14.16 +2 86.6 80.6

14.16 +5 86.6 83.8

14.16 +10 86.8 109.6

14.16 +15 86.8 133.0

14.16 +20 85.3 143.3

-

4.4.1.3 Kinetic analysis of water loss from HPMC K15M gels

The velocity of the reaction in which HPMC K15M gel samples lose water is

dependent on temperature. It has been previously detailed (section 4.1) how the

activation energy (Ea) of a thermal event can be determined by applying the

Arrhenius equation to a series of TGA runs made at different scanning rates. This

was completed using the Perkin Elmer TGA 7 Decomposition Kinetics software

program.

The data in section 4.4.1.2 (Table 4.2) was analysed using the Perkin Elmer TGA 7

Decomposition Kinetics software program. Five conversion (or weight loss %)

values were chosen (2, 5, 10, 15 & 20), and the Ea values were calculated at each

conversion and are shown in Table 4.4.
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The highest Ea value was for the lowest conversion value, the point at which the

reaction is in its early stages, i.e. the initial stages of moisture loss from the gel

sample. At low conversion values, gels contain large quantities of bulk-like or free

water and a lot of energy is required to remove this water. When a lot of free water is

present in the gel system, the system is at its most dynamic and equilibrium has not

been achieved. Hence, the standard deviation (SD) shows greatest spread in this

region and reproducibility is at its poorest. As the reaction proceeds, less water is

present in the gel, less energy is required to remove it, and as a result the activation

energy shows a corresponding decrease. The SD spread and reproducibility are found

to improve at higher conversion values. Unfortunately, such kinetic calculations may

only be performed when the % conversion is relatively low i.e. 20% and below, as

first order kinetics are assumed in the calculations (Perkin Elmer TGA 7

Decomposition Kinetics software program manual). Hence it is impossible to

measure Ea in the later stages of dehydration when water which is more closely

associated with the polymer is being removed.

_

The kinetic data from HPMC K15M gels scanned in vented aluminium pans is

shown in Table 4.5. Clearly the Ea values are much lower than the values previously

obtained from gels scanned in open sample pans (Table 4.4). It was shown in section

4.4.1.2 that water evaporated from gels at higher temperatures in vented pans in

comparison to evaporation from open pans. This was due to build of water vapour

pressure inside the pan inhibiting evaporation of water from the gel. This build up of

water vapour pressure clearly causes a reduction in the energy required to cause

removal of water from the gels. It is assumed that gels in vented pans reach

equilibrium much faster than similar gels in open pans. As a result, more of the water

in the gel is closely associated with the polymer and does not evaporate until higher

temperatures are reached.
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Table 4.4 : Activation energy (Ea) for two samples of HPMC K15M gel (n = 2;

±SD) calculated at a number of different conversion values using the TGA 7

Decomposition Kinetics software program

HPMC K15M (% w/w) conversion value (%) Ea (KJ/mole)

(n = 2; ±SD)

14.10 2 138.55 ± 14.64

14.10 5 70.9 ± 9.05

14.10 10 51.15 ± 3.61

14.10 15 44.15 ± 2.19

14.10 20 40.2± 1.84

14.07 2 121.4± 18.81

14.07 5 68.1 ± 6.22

14.07 10 50.25 ± 2.62

14.07 15 43.5± 1.70

14.07 20 39.8± 1.27

Table 4.5 : Activation energy (Ea) of HPMC K15M gel samples scanned in vented
aluminium pans calculated at a number of different conversion values using the TGA
7 Decomposition Kinetics software program

HPMC K15M (% w/w) conversion value (%) Ea (KJ/mole)

14.16 2 35.4

14.16 5 30.0

14.16 10 28.9

14.16 15 29.1

14.16 20 30.2
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4.5 Conclusions

The existence of more than one type of water occurring within HPMC K15M

polymer gels has previously been characterised using DSC (chapter 3). In this study,

Thermogravimetric analysis (TGA) studies confirmed the findings of chapter 3 and

provided evidence of the existence of more than one type of water within HPMC

K15M polymer gels.

The evaporation of water from polymer gels has been shown to be affected by

polymer concentration. The first derivative TGA curve which showed the rate of

weight loss from gels, provided evidence of water evaporating at more than one

temperature. At higher polymer concentrations the second evaporation event visible

on the first derivative curve becomes gradually more pronounced. It may be

hypothesised that the distribution of water within the gels and therefore the

interaction of water with polymer changes with polymer concentration, with loosely

bound water evaporating at higher temperatures than free water.
-

The evaporation of water from HPMC K15M gels was influenced by heating rate. As

the heating rate was increased, moisture was removed over a wider temperature

range. At heating rates of +100Cmin4 and above, more than one evaporation event

was visible on the derivative TGA curve. It was hypothesised that at lower heating

rates, loosely bound water is removed from the gels at lower temperatures, and was

not visible as separate events on the first derivative curve.

When gels were scanned in vented aluminium pans, the water evaporated at higher

temperatures in comparison to gels scanned in open pans. This was related to the

build up of water vapour pressure within the vented aluminium pans inhibiting

evaporation of water from the gel.

Kinetic studies were completed on the water evaporation process. The activation

energy Ea of gels scanned in both open and vented pans was influenced by the

conversion (or weight loss %) chosen. The activation energy Ea was further

influenced by the build-up of water vapour pressure in gels scanned in vented pans.
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Chapter 5 Effect of molecular weight and substitution type on water

distribution within cellulose ether polymers

5.1 Introduction

Different types of water were shown to exist in HPMC K15M gels by both differential

scanning calorimetry (DSC) (Chapter 3) and thermogravimetric analysis (TGA) (Chapter

4). DSC studies, in this chapter, are extended to other cellulose ether polymers to

examine the effects of molecular weight and substitution type on the different types of

water, previously seen in studies on HPMC K 15M gels.

Polymer viscosity grade depends primarily on the molecular weight of the polymer (Just

and Majewicz, 1985). There have been many studies comparing the drug release from

HPMCs of different molecular weights (and thus viscosity grades) with some debate

existing within the literature regarding the influence of HPMC viscosity grade on drug

release (Salomen et al, 1979; Nakano et al, 1983; Ford et al, 1985a, 1985b, 1985c; Liu et

al, 1995). Similarly, many studies have been carried out on the influence of polymer

substitution type on drug release (for example, Mitchell et al, 1993d; Bonferoni et al,

1996).

Nokhodchi et al (1997) characterised the water distribution in different viscosity grades

of the HPMC K-series using DSC and concluded that viscosity grade had no significant

effect on the amount of water bound to HPMC. The relationship between bound water

content and HPMC substitution type has not previously been characterised.
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5.1.1 Objectives

The objectives of the work in this chapter were to characterise the water distribution

within HPMC K-series polymers of different molecular weights. In addition the water

distribution in a range of HPMCs with different substitution types with similar molecular

weights were characterised.

5.2 Materials

Methocel cellulose ethers were obtained from the DOW Chemical Company (section

2.1.1; Table 2.1). The batches of HPMC KlOOLV and HPMC Kl5M used were batches

BN MM94051022K and BN MM94112811K respectively. HPMCs K4M, KlOOM,

E4M, F4M and MC A4M are as described in Table 2.1. Hydroxypropylcellulose (HPC)

MF EP (LOT 12187) was obtained from Hercules Limited, Aqualon Division, Salford,

U.K. (section 2.1.1).

5.3 Methods

5.3.1 Gel preparation

Gels containing 5 - 25% (w/w) polymer were prepared as outlined in section 2.2.1. All

gels were stored at 4-6°C for either 24 or 96h and water losses during both preparation

and storage were taken into account when determining final polymer concentrations in

the gels. Higher polymer concentrations of Methocel (HPMC) F4M gels (>25% w/w)

and Klucel HPC gels (>25% w/w) were prepared from gels (15% w/w) by moisture

extraction as outlined in section 2.2.1 and were stored for 24 to 96h at ambient

temperatures to allow equilibration and uniform water distribution in the gels before

analysis.
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5.3.2 Thermal Analysis

A Perkin-Elmer DSC7 (Beaconsfield, UK) was employed as described in section 2.2.2.1.

Gel samples were cooled from +20°C to -35°C at a cooling rate of -10°Cmiri l and

heated from -35°C to +20°C at a heating rate of +10 0Cmin1 .

5.4 Results and Discussion

5.4.1 Effect of polymer molecular weight on the water distribution within cellulose

ether polymers

Methocel (HPMC) K-series cellulose ether gels (5-25% w/w) i.e. HPMC KlOOLV,

HPMC K4M, HPMC K15M and HPMC KlOOM were prepared and their DSC scans

were recorded. Increasing the concentration of HPMC K15M (Table 5.1) resulted in a

decrease in both exothermic and endothermic enthalpy (J/g) after gel storage for both 24

or 96h. The exothermic enthalpy is the energy released when water within the gels

freezes and the endothermic enthalpy is the energy which is required for melting of

frozen water within the gels to occur. Assuming that both exothermic (cooling) and

endothermic (heating) peaks are attributable, in the main, to the crystallization and

melting of free water respectively, it is apparent that there is a decrease in the amount of

free water present with increase in HPMC concentration. As the concentration of the

polymer increases, the amount of water required to hydrate the polymer increases and

thus less free water is available. Increasing HPMC K15M concentration from 5 to 25%

(w/w) caused a depression of both the endothermic melting peak and the endothermic

melting peak onset. For example, Table 5.1 and Figure 5.1 show a depression of
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endothermic melting peak (8.9 ± 0.35°C to 6.17 ± 0.53°C; 5 & 25% w/w gels

respectively) and a depression in endothermic melting peak onset (3.43 ± 0.16 to 1.82 ±

0.48°C; 5 & 25% w/w gels respectively) after a hydration time of 24h. The endothermic

melting peak onset is defined as the temperature when the transition just leaves the

baseline. The endothermic melting peak is the temperature at the apex of the melting

peak (Ford and Timmins, 1989).

This temperature depression may be related to an increase in the quantity of loosely

bound water which melts at a lower temperature than free water due to a stronger

interaction with the polymer (Joshi and Wilson, 1993). This phenomena has previously

been reported for HPMC K4M gels (Nokhodchi et al, 1997). Increasing HPMC K15M

concentration has no quantifiable effect on the position of either the exothermic peak

onset or the exothermic peak (Table 5.1). This may be because crystallization occurs via

nucleation which is an uncontrolled phenomena. The process of crystallization occurs in

three main stages i.e. production of a supersaturated solution, formation of crystal nuclei

and finally by growth of the crystals. Prior to crystallization in a system, as well as the

presence of a supersaturated solution, a number of nuclei or seeds that can act as the

centre of crystallization must exist. Nucleation is defined as the production of the

smallest possible particles or nuclei in a supersaturated solution of the crystallizing

substance. Further agglomeration of the solute molecules or ions may then take place at

these nuclei. This process may occur spontaneously (homogeneous nucleation) or

alternatively may be induced by the presence of foreign particles (heterogeneous

nucleation) (Mullin, 1993; Tanaka et al, 1995).

This lack of control during crystallisation was also apparent in HPMC K100, K4M and

KlOOM gels (DSC scans not shown), where increase in polymer concentration had no

effect on the position of either the exothermic peak onset or the exothermic peak.

Depression of melting point with increasing concentration of polymer is evident with

variation in polymer molecular weight. HPMC K100, HPMC K4M and HPMC K 100M
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(Tables 5.2a and b, 5.3a and b , 5.4a and b) all display this depression in melting point.

However, there is no apparent trend between polymer molecular weight and extent of

melting point depression with increase in polymer concentration.

The existence of events present on the left of the main endotherm for the melting of free

water in DSC scans for HPMC K15M was discussed in section 3.4. Such pre-

endothermic events (visible in 20 and 25% w/w gels in Figure 5.1 and Figure 5.2) were

dependent on HPMC K15M concentration, storage time and scanning rates during DSC

analysis. Similar events were also visible prior to the main DSC melting endotherm in

gels containing HPMC K100, HPMC K4M or HPMC KlOOM. Their appearance was

dependent on both polymer molecular weight and gel storage time. In HPMC KlOOLV

and HPMC K15M, pre-endothermic events were only visible in 20% (w/w) and 25%

(w/w) gels after storage for 24 and 96h (Figure 5.1 and Figure 5.2). In the case of HPMC

Kl5M, pre-endothermic events were more pronounced after 96h storage.

Gels of HPMC K4M or HPMC KlOOM showed pre-endothermic events at 15, 20 or 25

% polymer content after storage for both 24 and 96h (Figure 5.4 and Figure 5.5). In both

these cases, the appearance of such events were unaffected by storage time.

It appears that the appearance of endothermic events varied between HPMCs of different

molecular weights.
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Figure 5.1 : DSC scans of HPMC K15M (5 -25% w/w) gels cooled at

-10°Cmin4 and heated at +10°Cmin4 after 24h storage

(a) from -22.5 to +20°C	 (b) from -15 to 0°C
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Figure 5.2 : DSC scans of HPMC K15M (5 - 25% w/w) gels cooled at

-100Cmin-1 and heated at +100Cmin-1 after 96h storage

(a) from -22 to +17°C	 (b) from -10 to 0°C
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Figure 5.3 : DSC scans of HPMC KlOOLV (5 - 25% w/w) gels cooled at

-10°Cmin-I and heated at +10°Cmin -1 after 96h storage

(a) from -26 to +16°C	 (b) from -15 to -1°C
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(a) from -25 to +16°C	 (b) from -15 to 0°C
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5.4.2 Effect of polymer substituent type on the nature of water distribution within

cellulose ether polymers

HPMC E4M and HPMC F4M both have a higher percentage of hydrophobic methoxyl

substituents (about 29%) compared to HPMC K4M (22.2%). HPMC E4M has a similar

percentage of hydrophilic hydroxypropoxyl substituents to HPMC K4M (about 8%),

unlike HPMC F4M which has a lower hydroxypropoxyl percentage content (6.1%)

(Table 2.1). Methylcellulose (MC A4M) possesses no hydrophilic hydroxypropoxyl

substituents whereas hydroxypropylcellulose (HPC) possesses no methoxyl substituents.

Therefore, cellulose ether polymers of different substitution types and levels were used.

Tables 5.5a and b, 5.6a and b, 5.7a and b and 5.8a and b show the DSC data for HPMC

E4M, HPMC F4M, MC A4M and HPC. In all cases, increasing the concentration of the

polymer from 5-25% (w/w) resulted in a decrease in both the endothermic peak onset

temperature and the endothermic peak. A decrease in the endothermic melting enthalpy

with increasing polymer concentration was also observed. These trends are similar to

those observed for the HPMC K-series (section 5.4.1).

There was no specific trend between polymer substitution type and extent of melting

peak depression with increase in polymer concentration.

The presence of thermal events occurring to the left of the main endotherm for the

melting of free water were found to be dependent on polymer substitution type. In

HPMC F4M gels, such events were barely visible after 24h storage, but became more

pronounced in 20 and 25 % w/w gels after 96h storage. In HPMC E4IVI, pre-endothermic

events were visible in both 20 and 25 % w/w gels after 24 and 96h storage. In the case of

methylcellulose, these events were visible in both 20 and 25 % w/w gels after 24h

storage, however, they were only visible in 25 % w/w gels after 96h storage. Finally, in

all HPC gels, there were no pre-endothermic events visible after either 24 or
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96h (Figure 5.6). These results indicate that the nature of water distribution within

polymer gels is dependent on substitution type and substitution level. The DSC scans of

HPMC F4M in which no pre-endothermic events are visible after 24h and HPC gels in

which no pre-endothermic events are visible after either 24 or 96h storage are

investigated further.

Previously, the pre-endothermic events in HPMC K15M gels were found to be

exaggerated by an increase in polymer concentration (section 3.4.1.1). Therefore, the

presence of pre-endothermic events was examined for gels of HPC and HPMC F4M of

higher concentration.

A series of HPMC F4M (19.10- 37.8% w/w) and HPC (27.3 - 48.2% w/w) gels were

prepared according to the method outlined in section 2.2.1 for gels (>25% w/w) and

were subjected to DSC after 24h storage.

-

Pre-endothermic events were visible in HPMC F4M at the higher concentrations studied

(Figure 5.7). Events were visible at concentrations <25(% w/w), unlike previous

analysis, after 24h storage. This may be explained by considering the gel preparation

method used in this analysis, where gel samples were analysed effectively 48h after the

initial gel had been made up. Appearance of pre-endothermic events may be due to the

additional 24h equilibration time, which allowed more time for water to become bound

to the polymer making it visible as pre-endothermic events on the DSC trace. In contrast,

in HPC gels, only a small secondary event became visible at concentrations > 30 %

(w/w) (Figure 5.8).

Hydroxypropylcellulose gels clearly behaved differently in comparison to the

HPMC/MC gels studied. HPC contains a high percentage of hydrophilic hydroypropoxyl

groups and therefore may be expected to have a lot of bound water due to binding site

availability. If water is binding to these groups, it is not visible as pre-endothermic

events on DSC scans. It is possible that water attached to the polymer, in this case,
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Figure 5.6 : DSC scans of HPC (5 - 25% w/w) gels cooled at

-10°Cmin-1 and heated at +10°Cmin4 after 96h storage

(a) from -25 to +17.5°C	 (b) from -15 to -2°C
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Figure 5.7 : DSC scans of HPMC F4M (19.10 - 37.8% w/w) gels cooled at

-10°Cmin4 and heated at +10°Cmid4 after 24h storage

(a) from -22 to +20°C	 (b) from -15 to +2.5°C
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binds so tightly that it does not freeze upon cooling. This would explain the non-

appearance of pre-endothermic events which have been attributed to water loosely

attached to the polymer and is capable of freezing. If this theory is indeed correct, the

amount of non-freezing bound water in HPC gels, should be quite high as shown in

Table 5.9. This idea is explored further in section 5.4.3.2.

5.4.3 Quantitative analysis of the effect of molecular weight and substitution type

on water distribution within cellulose ether polymers

5.4.3.1 Water distribution within cellulose ether polymers as calculated by the

method proposed by Ford and Mitchell

The number of moles of bound (non-freezing) water per polymer repeating unit (PRU)

was calculated for HPMC KlOOLV, HPMC K4M, HPMC K15M, HPMC K 1 00M,

HPMC E4M, HPMC F4M, MC A4M and HPC from the data in Tables 5.1 - 5.8,

according to the method outlined by Ford and Mitchell (1995) (section 3.4.1.3.1) and are

listed in Table 5.9. The bound water content was calculated using values for the PRU as

indicated in Table 5.9. The values for PRU were calculated according to the % methoxyl

and % hydroxypropoxyl substitution on the cellulose ether backbone (Table 2.1).

HPMC K4M, HPMC E4M and MC A4M all showed a decrease in their bound water

content from 24 to 96h storage, whereas all other polymers showed an increase in their

bound water content during this equilibration period (Table 5.9). The largest change in

bound water content occurs in HPMC KlOOLV (the lowest viscosity polymer within the

K-series), which shows a 58% increase in the bound water content from 24 to 96h.

Allowing 96h equilibration, which should be ample time for uniform equilibration in all

gel samples, an increase in the bound water content is apparent with an increase in

polymer viscosity within the K-series.
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Considering the bound water content after 96h to be a more accurate reflection of the

water distribution within gel systems, MC A4M has the lowest bound water content of

all other substitution types. This may be explained by considering the structure of MC

A4M, which has a high hydrophobic methoxyl content (29.9%) (Table 2.1) with no

hydrophilic hydroxypropoxyl substitution.

A high methoxyl substituent content will not favour large amounts of water binding to

the polymer. Previous studies have shown that methoxyl substituent levels are the major

factor in causing an apparent decrease in cellulose ether solubility and causing

precipitation of polymers in cloud-point studies (Mitchell et al, 1993a). Reduced

cellulose ether solubility will result in lower amounts of water binding to the polymer.

After 96h equilibration time, HPC has a high bound water content. HPC contains no

methoxyl substitution and only hydroxypropoxyl substituents and a large value for

bound water content after equilibration would be expected. This was considered to

explain the non-appearance of pre-endothermic events in the DSC scans of HPC gels

(section 5.4.2), indicating that only tightly bound water was present.

It is reported that HPMC K4M, having a similar hydroxypropoxyl constituent to HPMC

E4M, but with smaller methoxyl substituent levels than either HPMC E4M, HPMC F4M

or MC A4M, is more water soluble and undergoes precipitation at higher temperatures

than polymers of other substitution types (Mitchell et al, 1993a). This may explain the

high value for bound water content (7.1 moles BW per PRU) after 24h in the case of

HPMC K4M. However, this high bound water content is not reflected after 96h. HPMC

E4M and HPMC F4M have similar bound water contents after 96h which may be a

reflection of similar percentages of methoxyl substituents.
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5.4.3.2 Comparison of two methods used to estimate bound water content of

hydrophilic polymers using DSC

Characterisation of bound water content, within HPMC polymers, using DSC data has

been described by two methods. In section 3.4.1.3.1 and section 5.4.3.1, the number of

moles of non-freezing water per PRU was determined according to the procedure

reported by Ford and Mitchell (1995). They have reported that a linear relationship exists

between the melting enthalpy (J/g, of gel) and the percentage water or polymer content in

a HPMC gel. By extrapolating such plots to zero enthalpy through the lines of best fit,

the concentration of the minimum water required to occupy the binding sites of the

polymer, giving complete hydration is calculated. All water present at this point is

regarded as bound water. Alternatively, Sung (1978) has described a linear relationship

between enthalpy calculated as J/g dry polymer and the water : polymer ratio calculated

as gram of water per gram of polymer. In this case, extrapolation to zero enthalpy gives

the total amount of water which may be bound to a polymer. Examples of both methods

are depicted in Figure 5.9 and Figure 5.10 for MC A4M gels stored for 24h.

For comparison purposes, the calculation method proposed by Sung (1986) was applied

to the enthalpy data for all polymers after both 24 and 96h storage and the quantity of

bound water was calculated as the number of moles of BW per PRU using the PRU

values listed in Table 5.9. Table 5.10 shows the calculated data and the associated

regression coefficients (R2).

The number of moles of BW per PRU varied according to the calculation method. In

general, the amount of BW calculated using the Sung method was greater after both 24

and 96h than that calculated using the Ford and Mitchell method. The regression

coefficient values also indicate that the fit of a straight line through the data is much

better when employing the Sung method of calculation.
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A much closer comparison of BW values, calculated using both methods, has previously

been described for the HPMC K-series (not for methylcellulose) (Nokhodchi et al,

1997). The values reported varied between 6 and 7 (method of Sung) or 5 and 6 (method

of Ford and Mitchell) for gels stored for 4 days. A value of 6.6 moles per PRU was also

reported by Ford and Mitchell (1995) for HPMC K 15M gels. The high BW values

obtained using the method of Sung in this work may be explained by considering the

sample preparation method employed. Nokhodchi et al (1997) added different weights of

distilled water to DSC pans containing HPMC powders compressed as wafers enabling

direct calculation of the water : polymer ratio (g water / g HPMC). All samples were

held at room temperature for 4 days before DSC analysis. Preparation of samples in this

way, enables a much broader range of water : polymer ratios to be prepared and

analysed. However these are not gel samples and uniform and full hydration may not

occur. On the other hand, sample preparation by initial extemporaneous gel preparation,

enables only a limited range of gel concentrations (low polymer concentrations) to be

prepared and analysed, but uniform and full hydration of the polymer is ensured.

Extrapolation through these points, as in the Ford and Mitchell method (Figure 5.9),

involves a long extrapolation to the intercept on the x- axis. The relationship between

melting enthalpy and percentage polymer may not be a straight line and construction of a

line of best fit through these points introduces a possible source of error in this method

which is magnified due to extended extrapolation to the x- axis.
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5.5 Conclusions

The water distribution within cellulose ether polymer gels was found to be dependent on

polymer molecular weight and gel equilibration (or storage) time. The presence of

loosely bound water was characterised as pre-endothermic events occurring to the left of

the main melting endotherm of free water. The occurrence and magnitude of these pre-

endothermic events were affected by polymer molecular weight, substitution type and

substitution levels. As the concentration of polymer increased, the amount of water

required to hydrate the polymer also increased resulting in less free water being

available. This was reflected in a decrease in both exothermic and endothermic

enthalpies with increase in polymer concentration, irrespective of molecular weight or

substitution type.

The amount of water tightly bound to the polymer, as calculated by the method proposed

by Ford and Mitchell (1995), was dependent on polymer molecular weight, substituent

type and substitution level. It was thought that the amount of bound water present in gel

systems after 96h gave a truer reflection of the water distribution within gels due to an

increased equilibration time. A number of conclusions were drawn regarding the amount

of bound water within selected polymers based on the degree of substitution of

hydrophilic and hydrophobic substituents on the polymer backbone. Calculation of the

bound water content of the gels using an alternative method (Sung, 1978) has identified

possible problems in the assumptions made when analysing bound water content by the

Ford and Mitchell method, using gels of only low polymer concentration.

HPC gels did not exhibit any pre-endothermic events at gel concentrations of 5-30%

w/w and after 96h storage, HPC had a relatively high bound water content. It was

thought, because HPC contains no methoxyl substitution and only hydroxypropoxyl

substituents, that a lot of bound water would be present in such systems. It is possible

that water attached to the polymer in this case binds so tightly that it does not freeze
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upon cooling, thus explaining the non-appearance of pre-endothermic events which have

been attributed to water loosely attached to the polymer and is capable of freezing.

Methylcellulose (MC A4M) gels were found to contain the lowest amount of bound

water of all the polymers studied after 96h storage time. This may be explained by

consideration of the structure of methylcellulose which has a high hydrophobic

methoxyl content with no hydrophilic hydroxypropoxyl substitution. A high methoxyl

substituent content will not favour large amounts of water binding to the polymer.

-
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Chapter 6 Dynamic water vapour sorption/desorption studies on
cellulose ether polymers

6.1 Introduction

Polymers in the solid state containing residual moisture, experience significant

changes in their physico-chemical properties. For example, their crystal structure,

powder flow, chemical stability, compaction, lubricity, polymer film permeability,

dissolution rate and glass transition temperature (Tg) are influenced (Zografi, 1988).

Such water may be present due to storage conditions or alternatively may be due to

processing conditions which involve the use of water.

Water sorption to cellulose and starch based excipients has been studied, and at least

three thermodynamic states of water have been identified (Zografi and Kontny,

1986). These include water which is tightly bound to anhydroglucose units on the

cellulose backbone, unrestricted water which has properties similar to bulk water,

and water having properties intermediate between the two extremes.

Moisture sorption isotherms are constructed by measuring the mass of moisture taken

up per unit mass of dry solid as a function of the relative humidity at constant

temperature. It is possible to apply a number of mathematical formulae to such

isotherms in an attempt to characterise the process of vapour uptake. Brunauer,

Emmett and Teller (1938) suggested that water only exists in two states according to

their BET equation (section 2.2.3.2; equation 2.6). It is assumed that the influence of

the solid on the adsorbed species extends only to the first layer and the remainder of

the molecules making up the multilayered portion have similar properties to those

within the bulk phase. This equation, however, generally fails to provide a good data

fit with relative humidities of 35% and above, which may suggest that more than two

thermodynamic states are present. Particle surface area has been calculated from this

equation (Hollenbeck et al, 1978; Zografi et al, 1984; Faroongsarng and Peck, 1994b;

Matsumoto et al, 1994).
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The BET equation was subsequently modified (Anderson, 1946; Pickett, 1958) to be

applicable over a wider range of relative humidities. Svetlik and Pouchly (1976) have

applied the Anderson equation to copolymers of hydroxyethyl methacrylate and

hydroxyethoxyethyl methacrylate. Independently, the GAB (Guggenheim, Anderson,

and DeBoer) equation (DeBoer, 1968) was developed (equation 6.1):

Equation 6.1	 W =
CG . K.Wm 17po

(1—KX
) (1—Kr +C Kr

Po	 po	 G	 po

where W is the weight of water absorbed, CG and K are parameters related to the heat

of sorption, Wm is the weight of water in the form of a monolayer and p/po is the

relative humidity. This equation is essentially an extension of the BET equation

assuming three thermodynamic states for the adsorbed species by introduction of a

state with properties intermediate to those assumed in the original BET model

represented by the parameter K. This GAB theory has been successfully applied to

water sorption of celluloses (Sadeghnejad et al, 1986; Faroongsarng and Peck,

1994a) and to wheat gluten samples (De Jong et al, 1996). The BET model assumes

adsorption onto the surfaces of a crystalline solid, however, water interactions with

amorphous solids e.g. celluloses are different due to water absorption. Young and

Nelson (1967a, 1967b) have hypothesised that condensed moisture on top of the

monomolecular layer may develop a concentration gradient driving moisture into the

sorbent bulk. They proposed the Young-Nelson equations which were later applied to

maize starch and its mixtures with various drugs (York, 1981); selected disintegrants

(Faroongsarng and Peck, 1994a) and hydroxypropylmethylcelluloses (Nokhodchi et

al, 1997).

The construction of moisture sorption/desorption isotherms has traditionally been

achieved employing desiccators and saturated solutions to produce the required

relative humidity in combination with gravimetric techniques to measure mass

change (Khan and Pilpel, 1986, 1987; Ahlneck and Alderborn, 1989). Sadek and

Olsen (1981) employed an oscillating quartz crystal which functions as a highly

sensitive rnicrobalance to construct sorption/ desorption isotherms. The resonating
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quartz crystal was coated with a range of polymers, including cellulose derivatives,

which change the resonating frequency of the crystal. The resonating frequency,

which is a function of mass deposited on the crystal surface, was monitored before

and after exposure to water vapour. A twin heat conduction microcalorimeter, made

up of a sample and reference calorimeters each consisting of two calorimetric

vessels, has been employed (Wadso and Wadso, 1996). The calorimetric vessels

include a vaporisation chamber from which vaporized liquid diffuses into a sorption

chamber during measurements. A new method for the measurement of water sorption

by biological materials known as single particle levitation (SPL) was applied to the

measurement of water vapour sorption by bacterial spores (Rubel, 1997). This

method had been previously used to measure water adsorption by microparticles of

carbon (Rubel, 1992).

The dynamic measurement of water uptake by solids has been achieved by employing

gravimetric methods with electronic microbalances. Such on-line gravimetric

methods have traditionally used vacuum systems to achieve the required relative

humidity (Rasmussen and Akinc, 1983; Asti11 et al, 1987). Alternatives to vacuum

based measurements include systems where moisture uptake can be measured

dynamically in atmospheres of controlled composition. Such systems rely on an inert

carrier gas to transport moisture to the sample (Bergren, 1994). Such a system was

employed to examine the solid phases of delavirdine mesylate and the technique has

been called dynamic moisture sorption gravimetry (DMSG) (Bergren et al, 1996). A

similar technique, employing a temperature and humidity controlled microbalance

system, is that of Dynamic Vapour Sorption (DVS). Again, this is a relatively new

technique, in which relative humidities are achieved by dry nitrogen gas flow through

switching valves which in turn determine the amount of total flow to pass through a

humidification stage (Figure 6.1). Such an apparatus was used in studies by Buckton

and Darcy (1995, 1996).
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Constant Temperature Incubator

Figure 6.1 : Schematic layout of DVS-1 apparatus (adapted from, DVS Automated

Water Sorption Analyser, Operations Manual)
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6.1.1 Objectives

In this study, the influence of molecular weight and substitution levels of cellulose

ethers on their vapour sorption/desorption characteristics was investigated using

'dynamic vapour sorption.' Subsequently, Young & Nelson (Young and Nelson,

1967a, 1967b) and BET (Brunauer, Emmett and Teller, 1938) theories were applied

to the moisture sorption/ desorption data to obtain information on the moisture

distribution and specific surface area of HPMC polymers, respectively.

6.2 Materials

Methocel cellulose ethers were obtained from the DOW Chemical Company (section

2.1.1; Table 2.1). The batches of HPMC KlOOLV and HPMC K15M used were

batches BN MM94051022K and BN MM94112811K respectively. HPMCs K4M,

K1 00M, E4M, F4M and MC A4M are as described in Table 2.1.

6.3 Methods

6.3.1 Sample preparation

Size fractions of 90 - 125gm for all samples were obtained by sieving 30g aliquots of

each sample through test sieves (Endecotts Ltd., London, UK) on a Pascal sieve

shaker (Pascal Ltd., Sussex, UK) for a period of 45 min.

6.3.2 Dynamic Vapour Sorption

The water sorption/desorption properties of the powder samples (20.83 ± 1.73mg),

were studied gravimetrically in a temperature and humidity controlled microbalance

system [Dynamic Vapour Sorption (DVS) apparatus, Surface Measurement Systems,

U.K.]. The Relative Humidity (RH) was raised from 0% to 90% during the sorption
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cycle and lowered from 90% to 0% during the desorption cycle, at a temperature of

25°C. Each sample remained at the same RH until either six hours had passed or

equilibrium had been reached (± 0.002 mg).

6.4 Results and Discussion

6.4.1 Water sorption characteristics of HPMC's with different molecular

weights

The vapour sorption/ desorption properties of HPMC KlOOLV, HPMC K4M, HPMC

Kl5M & HPMC KlOOM with similar substitution levels but increasing molecular

weight were examined by dynamic vapour sorption. A typical sorption/ desorption

cycle is illustrated in Figure 6.2 which shows the step by step change in the RH and

the corresponding mass change as a function of time (min) for HPMC K4M. Initially,

there is a rapid gain (or loss) of moisture with change in RH. This is followed by a

very slow change in sample weight as a steady-state value is approached and the RH

changes. This two-stage behaviour of the moisture sorption was reported previously

by Chatterjee et al (1997) in their studies on the hysteresis region in cellulose based

paperboard. Wadso (1994) reported similar sorption/ desorption patterns during

measurements of moisture adsorption in wood and attributed the first stage to fast

Fickian diffusion and the second stage to non-Fickian diffusion into the cell wall.

Moisture sorption isotherms were constructed by plotting the mass of moisture taken

up per unit mass of dry powder against the relative humidity at 25°C. A typical

moisture sorption/ desorption isotherm for HPMC K4M is illustrated in Figure 6.3. A

hysteresis loop is present between the sorption and desorption cycles. This

phenomena and its implications are discussed later in section 6.4.1.2.
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Brunauer (Shaw, 1992) classified adsorption isotherms into five characteristic types

(Figure 6.4). Type 1 isotherms are referred to as Langmuir-type isotherms and are

obtained when adsorption is restricted to a monolayer. Type II isotherms, typical of

those shown here, represent multilayer physical adsorption on non-porous solids and

are referred to as sigmoid isotherms. Point B represents the formation of an adsorbed

monolayer in this case. Adsorption on microporous solids may also result in Type II

isotherms and, in this case, point B is equivalent to condensation in the fine pores as

well as monolayer adsorption on the surface. Type IV isotherms level off near the

saturation vapour pressure and reflect capillary condensation in porous solids. Types

Ill and V show no rapid initial uptake of gas and occur when the forces of adsorption

in the first monolayer are small. The shape of the moisture sorption/ desorption

isotherms for all the polymer samples analysed here were similar to that illustrated

for HPMC K4M. All samples showed Type II isotherms irrespective of molecular

weight and substitution levels.

Figure 6.5 and Figure 6.6 show the moisture sorption and desorption behaviour of the

HPMC K-series respectively. Polymer molecular weight had no effect on the

moisture sorption behaviour. However, it appears that HPMC KlOOLV and HPMC

K4M retain slightly more water vapour during the desorption cycle than HPMC

K15M and HPMC KlOOM. This may be due to the phenomenon of hysteresis

(section 6.4.1.1) which according to one theory is due to water being transferred into

the polymer and being retained (York, 1981). Polymers within the HPMC K-series

are thought to be similar in terms of surface and particulate morphology. In addition

these polymers have similar methoxyl and hydroxypropoxyl substitution levels.

Therefore, no major differences in the moisture sorption and desorption properties of

these polymers were expected.

6.4.1.1 The influence of polymer molecular weight on hysteresis area

The area between the sorption and the desorption isotherm curves is known as the

hysteresis area. 'Sorption hysteresis' commonly occurs in amorphous solids but is

less prevalent in crystalline materials which often show reversible sorption/

desorption isotherms because the absorbate is adsorbed onto the solid surfaces and
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fails to penetrate the material (Kontny et al, 1987). The sorption hysteresis shown

here for hydroxypropylmethylcelluloses (HPMCs) is typical of that seen for

celluloses (Morrison and Dzieciuch, 1959). Hysteresis has been widely discussed and

a number of different explanations have been put forward to explain this

phenomenon. The phenomenon was originally thought to represent an artefact caused

by a very slow rate of equilibrium attainment during desorption (Gregg, 1951).

Thermodynamic evidence has indicated that hysteresis may be real, and represents

differences in free energies of the two systems at the same relative humidity

(Hollenbeck et al, 1978). Thus, from this, hysteresis may be due to a difference in

specific surface area (irreversible swelling), solid-liquid bonding strengths (enthalpy

effect), molecular ordering (entropy) or a combination of these effects (Hollenbeck et

al, 1978).

Multilayer adsorption followed by capillary condensation in cylindrical pores which

are at pressures lower than the normal saturation vapour pressure have been

considered by Shaw (1989) as a suitable explanation for hysteresis. Factors such as

differences in the contact angle, which is usually greater on adsorption than on

desorption and contributions due to differing pore shape and volume, have been

discussed (Shaw, 1989). It has been hypothesised that two types of pores may be

present. The first type is V-shaped and fills and empties reversibly. The second type,

having a wide interior and a narrow neck which fills but falls to release its contents

until the partial pressure is reduced to a value corresponding to the width of the

narrow pore neck.

York (1981) has explained moisture hysteresis according to the Young and Nelson

theory (Young and Nelson, 1967a, 1967b), as when a dry material exposed to

moisture, adsorbs water as a monomolecular layer. This layer is subjected to both

surface binding and diffusional forces. When the diffusional forces exceed the

binding forces as more water binds to the surfaces, water is transferred into the

material. If the moisture vapour pressure is reduced on the desorption cycle, water

molecules at the surface must be removed before diffusional forces pull moisture out

of the interior of the material (Young and Nelson, 1967a, 1967b).
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It may be hypothesised that if the hysteresis area is due to water being transferred into

the polymer, this area may be related to the capability of a particular polymer to

absorb water. The area of the hysteresis curves were calculated by calculating the

area under the desorption and sorption curves respectively and subtracting one from

the other. Table 6.1 shows the hysteresis areas for the HPMC K-series. HPMC

KlOOLV and HPMC K4M have slightly larger hysteresis areas than HPMC K15M

and HPMC KlOOM indicating that more water is transferred into these polymers and

remained there. This was expected according to the trend seen in Figure 6.6 which

indicated that HPMC KlOOLV and HPMC K4M retain slightly more moisture during

desorption than HPMC K 15M and HPMC KlOOM.

6.4.2 Water sorption characteristics of HPMC's with different substitution

levels

The vapour sorption/ desorption properties of HPMC E4M, HPMC F4M, HPMC

K4M and MC A4M with similar molecular weight but different substitution levels

were examined by dynamic vapour sorption. Figure 6.7 and Figure 6.8 show the

moisture sorption and desorption behaviour of cellulose ether polymers with different

substitution levels respectively. HPMC K4M sorbed more moisture at all RH values

than the other polymers studied here. This may be related to the low percentage

methoxyl substitution level (22.2%) of this polymer in combination with a high

percentage hydroxypropoxyl level (8.4%).

6.4.2.1 The influence of polymer substitution level on hysteresis area

Table 6.2 shows the hysteresis areas for HPMC E4M, HPMC F4M, HPMC K4M and

MC A4M. The hysteresis area is quite similar for HPMC K4M, HPMC F4M and

methylcellulose (MC) A4M. However, that for HPMC E4M is larger than the others.

The water sorption/ desorption characteristics of HPMC K4M in the current study

may be related to its particle surface morphology and also its low hydrophobic

methoxyl substituent level. HPMC K4M has the lowest methoxyl substitution level
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Table 6.1 : Hysteresis area calculated from moisture sorption/ desorption profiles of

the HPMC K-series of polymers

Polymer	 Hysteresis Area

HPMC KlOOLV	 120.01

HPMC K4M	 115.04

HPMC Kl5M	 103.20

HPMC KlOOM	 109.44

Table 6.2 : Hysteresis area calculated from moisture sorption/ desorption profiles for

cellulose ethers with different substitution levels

Polymer	 Hysteresis Area

HPMC K4M	 115.04

MC A4M	 111.81

HPMC E4M	 153.44

HPMC F4M	 118.46
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(22.2%) compared to HPMC E4M (29.1%) and HPMC F4M (28.9%). Differences in

substitution levels have been reported to result in different drug release

characteristics which had previously been thought to be due to differing rates of

polymer hydration (Alderman, 1984). This has been since found not to be the case

(Ford and Mitchell, 1995) with no differences existing in the rates at which these

polymers take up water. Rajabi-Siahboomi et al (1996) have shown that the water

mobility in the `gel layer' of HPMC K4M is reduced in comparison with that in other

HPMCs. This has been proposed to explain slower drug release from HPMC K4M

matrices. The results in this study also show that the total amount of moisture taken

up and retained by HPMC K4M remained higher than other HPMCs at all RH values

during sorption/desorption cycles.

6.4.3 Application of the Young-Nelson Theory to moisture sorption/ desorption

of cellulose ether polymers

Young and Nelson (1967a, 1967b) hypothesised three mechanisms by which water

can associate to biological materials. A dry material, when exposed to moisture,

adsorbs water as a monomolecular layer. Secondly, multimolecular layers of water

molecules can form on top of the first layer. These layers are subjected to both

surface binding and diffusional forces. When the diffusional forces exceed the

binding forces as more water binds to the surfaces, water is transferred into the

material. This moisture is known as absorbed moisture and is clearly different to the

monomolecular and multimolecular water which may be considered as adsorbed

moisture. If the moisture vapour pressure is reduced, water molecules at the surface

must be removed before diffusional forces pull moisture out of the interior of the

material (Young and Nelson, 1967a, 1967b). The relevant equations of Young &

Nelson, from the kinetic theory of gases are as follows:

RI!
Equation 6.2
	

0= 
RH + (1— RH)E
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where 0 is the fraction of the surface of the powder covered by a monomolecular

layer, RH is the relative humidity (expressed as a fraction and not as a percentage),

and E is a variable, unique to each material. E may be represented by equation 6.3:

Equation 6.3	 E = exp [—(q, — qi, )1 kBTe]

where q, (J mot') is the heat of adsorption of water, q mo1 -1 ) is the normal heat of

condensation of water molecules, kB is Boltzmann's constant (1.381 x 10 -2' J K I ), and

I', (K) is the temperature of the experimental conditions.

Equation 6.4	 iv = RH. A

where lif is the fraction of surface covered by at least one or more layers of water.

Equation 6.5 may be used to determine the fractional amount of externally adsorbed

moisture:

Equation 6.5:

E. RH	 E2	 E — (E — 1). RH 
+	

E1—E 	
log e	 (E + 1).log e (1— RH)

E — (E — 1). RH 

where 16 is the fraction of total amount of adsorbed moisture in a multilayer.

Using calculated values of 0, Ni and f3, the pattern of moisture distribution may be

determined. The total amount of moisture held by a material may be obtained by

adding together the internally absorbed and the externally adsorbed moisture:

Equation 6.6	 M s = A. (0 + 0) + B.lif

Equation 6.7	 M c, = A. (0 + 0) + B. 0. RHm

where ms and M„ are the total moisture contents (% w/w) held by the material during
sorption and desorption respectively, and RH and RHm. are the relative humidity and
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the maximum relative humidity used in the particular study in question. In equations

6.6 and 6.7, A = (PH' lim ) and B= Pw Va , where V.(cm3) and V. (cm') are the

volumes of the adsorbed and absorbed moisture, p v, (g/cd) is the density of water

and W. (g) is the mass of dry material. The distribution of water may be further

calculated as, A.0 which is the amount of water present as a monolayer, A.(0+13) is

the externally adsorbed moisture, and P.111 is the amount of the internally absorbed

moisture during the sorption cycle.

Due to the fact that q„ V. and V. are not known, a combination of iteration and

multiple regression techniques were used to fit the experimental data to these

equations. This involved the following operations. A value of E was assumed, and

was used to calculate 0, tv and 13, from equations 6.2, 6.4 and 6.5. Using the

experimental values of ms and Md, and a multiple regression technique, the values of

0, 11/ and 13 at various RHs were substituted into equations 6.6 and 6.7 to obtain the

values of M. and Md.

Multiple regression took place between ms, (0+13) and v. The correlation coefficients

were calculated (equation 6.8) for the computed against the observed values of

equilibrium moisture content using the best values of A, B and E, and excellent

correlations were found (Table 6.3 and Table 6.4). The experimental and theoretical

values of ms and M, were subjected to an error analysis in which the sums of squares

of deviation between them were estimated. Using other values of E, the calculations

were repeated, and again the sums of squares of deviation between ms and Mc, were

estimated. Values of E which gave the highest correlation coefficient were chosen as

the optimum values.

ESS  
)

112Equation 6.8	 r = (1
EMS

where r is the correlation coefficient, ESS is the sums of squares of deviation of the

theoretical values from experimental values and EMS is the sums of squares of

deviation of the experimental values from their mean.
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All calculations were carried out using a Minitab (version 10) programme specially

written for this work. The results of this work show that if values for E, A and B are

correctly estimated, the calculated values give a good fit for the experimental values.

Table 6.5 lists the calculated and experimental water uptake data for HPMC K15M

during both the sorption and desorption cycles for an assumed E value of 0.64.

Values of 0, NI and 0 are also shown. Such calculated water uptake data may be

plotted against the experimental data to indicate graphically how good a fit the

calculated data is to the experimental data. Such plots are illustrated in Figures 6.9

(a-d) and Figures 6.10 (a-c) for each of the polymers studied. The calculated data fit

closely to the experimental data as expected from the correlation values listed in

Table 6.4. This indicates that the Young-Nelson theory which assumes a three state

approach to the attachment of water to a biological material may be correctly applied

to investigate the water sorption/desorption characteristics of the polymers studied

here.

6.4.3.1 Influence of polymer molecular weight and substitution levels on the

water distribution within cellulose ether polymers

The distribution of water within cellulose ether polymers may be calculated as:

A.0 is the amount of water present as a monolayer, A.(0+13) is the externally

adsorbed moisture, and 13.Nr is the amount of the internally absorbed moisture during

the sorption cycle. Table 6.6 shows the influence of polymer molecular weight and

substitution level on the distribution of water within cellulose ether polymers at

representative relative humidities of 50 and 90%. The percentage values are

considered as the moisture in each location which is expressed as a percentage of the

total moisture content at that relative humidity. Within the HPMC K-series, the

internally absorbed moisture was highest for HPMC KlOOLV (24.8 & 21.0% at 50

and 90% RH) and lowest for HPMC K4M (13.9 & 11.4% at 50 and 90% RH)

respectively. The amount of externally adsorbed moisture, reflecting monolayer and

multilayer contributions, was highest for HPMC K4M (86.1 & 88.6% at 50 and 90%

RH) and was lowest for HPMC KlOOLV (75.2 & 79.0% at 50 and 90% RH)
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respectively. Figure 6.11 shows that HPMC KlOOLV clearly has the highest amount

of internally absorbed moisture and HPMC K4M the lowest. However, if values are

taken as absolute instead of % of the total moisture content, then Figure 6.11 shows

that HPMC K 1 OOLV has the greatest and HPMC K4M has the least amount of

externally adsorbed moisture. Values in the graph represent absolute values of water

distribution in each location and they do not show the water distribution as a

percentage of the total moisture content at that relative humidity. Differences

between the amounts of monomolecular adsorbed moisture were slight for polymers

of different molecular weight.

Table 6.6 also shows the variation in moisture distribution with changes in polymer

substituents. Considering the percentage values, HPMC E4M has the highest amount

of internally absorbed moisture (27.6 & 22.7% at 50 and 90% RH) while HPMC

K4M has the lowest (13.9 & 11.4% at 50 and 90% RH). This is reflected in Figure

6.12, where the effect of polymer substitution level on the distribution of water is

shown. Again, considering the percentage values in Table 6.6, HPMC K4M has the

highest amount of externally adsorbed moisture (86.1 & 88.6% at 50 and 90% RH),

while HPMC E4M has the lowest amount (72.4 & 77.3% at 50 and 90% RH),

respectively. This is not reflected in Figure 6.12 where HPMC E4M clearly has the

highest absolute value of externally adsorbed moisture while MC A4M has the

lowest. Very small differences in monomolecular adsorbed moisture occurred in

polymers of different substitution levels.

The methoxyl/ hydroxypropoxyl substitution ratio in cellulose ether polymers has

previously been related to the distribution of water as calculated using the Young-

Nelson theory (Malamataris et al, 1994 and Malamataris and Karidas, 1994).

Malamataris et al (1994) have indicated that values of monomolecular adsorbed

moisture and externally adsorbed moisture decrease with an increase in the methoxyl/

hydropropoxyl substitution ratio. However, the ratio had very little influence on the

internally absorbed moisture. Table 6.6 indicates that a similar trend occurs in the

current study with the absolute values of external moisture (A.0, A.(0+13)) decreasing

as the methoxyl/ hydroxypropoxyl substitution ratio increases from HPMC K4M

(ratio = 2.6) to HPMC E4M (ratio = 3.6) and HPMC F4M (ratio = 4.7).
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The E values previously reported for the HPMC K-series by Malamataris et al(1994)

are less than 0.472, while Nokhodchi et al (1997) reported values greater than 0.64.

In the current study, the E values for the HPMC K-series of polymers are above 0.64.

The different values reported by Malamataris et al (1994) may be due to batch to

batch variation in the methoxyl/ hydroxypropoxyl substitution ratio.

6.4.4 BET analysis of dynamic vapour sorption data for cellulose ether polymers

The Brunauer, Emmett and Teller (BET) (1938) equation (equation 2.6) has been

applied to sorption isotherm data. The equation (and related equations) are shown in

section 2.2.3.2 together with an explanation of how the equation may be used to

obtain the weight of a monolayer of adsorbate Wm and the BET constant C. The

latter is related to the energy of adsorption in the first adsorbed layer and indicates

the magnitude of the adsorbent/adsorbate interactions. Surface area and specific

surface area of the absorbate may also be subsequently calculated. Although use of

the BET equation has no theoretical basis for water absorption into amorphous solids

(Oksanen and Zografi, 1993), some physical significance has been attributed to the

Wm value. Direct compression properties of microcrystalline cellulose are lost below

the Wm value and it has been suggested that below Wm, water molecules are not

available to aid compression because they are tightly bound to the polymer (Zografi

and Kontny, 1986).

The specific surface areas of cellulose ether powders (90 - 125p,m) were found

previously using a NOVA-2000 Gas Sorption Analyzer (section 2.2.3.2). This

apparatus calculates specific surface area by applying the BET principle based on

nitrogen gas sorption by the adsorbent. The BET equation was applied to the sorption

of water vapour onto cellulose ether polymers in an attempt to compare the specific

surface area of a range of cellulose ether polymers as calculated by water sorption as

opposed to the values obtained when nitrogen gas is employed as the sorption gas.

The calculations were carried out using a DVS BET Analysis software programme as

supplied by Surface Measurement Systems Ltd., U.K. in which the molecular weight

of water was taken as 18 g/mol and the effective molecular area of a water molecule
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was taken as 12.5 A 2. Calculations were carried out on the sorption data only and

the results are shown in Table 6.7.

The values for specific surface area (SSA) obtained when water vapour was used as

the adsorbate gas, are much larger than those obtained when nitrogen gas was

employed, for example, for MC A4M, SSA (nitrogen) = 0.344 m2/g ; SSA (water) =

183.77 m2/g.

Such differences have been reported previously in the measurement of specific

surface area of microcrystalline cellulose (MCC). Hollenbeck et al (1978) have

explained such differences by assuming that residual water in the polymer freezes

when liquid nitrogen is used during nitrogen sorption analysis which blocks access to

the porous polymer structure and as a result less nitrogen is adsorbed. This theory has

since been refuted by Zografi et al (1984) who have considered that water interacts

with the anhydroglucose molecule in the cellulose polymer chain. If this is indeed the
-

case, the surface area obtained by water sorption is not indicative of a true surface

area due to the effects of sorption into cavities within the particles. Using nitrogen as

the adsorbent gas, the accessible internal and external surfaces are measured by

physical adsorption and a truer estimate of specific surface area may be obtained

(Sadeghnejad et al, 1986). No trends were visible between the SSA data for each

individual polymer, calculated from water and nitrogen sorption data. This may be

due to the highly amorphous nature of these polymers and indeed it may be due to the

inconsistencies that may arise when water is used as the sorption gas.
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6.5 Conclusions

The influence of molecular weight and substitution levels on the vapour

sorption/desorption characteristics of HPMC polymers were investigated using

'dynamic vapour sorption.'

All samples analysed showed Type II isotherms irrespective of molecular weight and

substitution levels. Polymer molecular weight had no effect on moisture sorption

behaviour, however HPMC KlOOLV and HPMC K4M retained slightly more water

during desorption than other members of the HPMC K-series. HPMC K4M sorbed

more moisture at all RH values than the polymers of other substitution levels studied.

This may be related to the low percentage methoxyl substitution level (22.2%) of this

polymer in combination with a high percentage hydroxypropoxyl level (8.4%).

The phenomenon of sorption hysteresis was studied and the hysteresis area for each

of the polymers was calculated. HPMC KlOOLV and HPMC K4M had slightly larger

hysteresis areas than HPMC K15M and HPMC KlOOM indicating that more water

was taken up and retained by these polymers. HPMC E4M was found to have the

largest hysteresis area in comparison with polymers of all other substitution levels

studied.

The Young and Nelson theory which hypothesises three mechanisms by which water

can associate to biological materials was applied to the water vapour sorption data.

The calculated data fitted closely to the experimental data indicating that the Young-

Nelson theory may be correctly applied to investigate the water sorption/desorption

characteristics of HPMC polymers. The distribution of water as calculated using the

Young-Nelson theory was related to the methoxyl/ hydroxypropoxyl substitution

ratio in cellulose ether polymers.

The BET equation, for calculation of surface area, was applied to the sorption of

water vapour onto cellulose ether polymers in an attempt to compare the specific

surface area of a range of cellulose ether polymers as calculated by water sorption as

opposed to the values obtained when nitrogen gas is employed as the sorption gas.
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The values for SSA obtained when water vapour was used as the adsorbate gas, were

much larger than those obtained when nitrogen gas was employed. These results were

explained as being due to the effects of sorption of water vapour into the polymer.

Dynamic vapour sorption has proven a useful technique in examining the sorption

and desorption characteristics of HPMC polymers at both high and low relative

humidities and it has provided information on the distribution of water within these

polymers.
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Chapter 7 Dielectric properties of cellulose ether gels

7.1 Introduction

Dielectric spectroscopy has been used to study a wide variety of pharmaceutical

systems over a large range of frequencies. Low frequency dielectric spectroscopy

(LFDS) involves measurement of dielectric behaviour over the frequency range of

104 to 107Hz and in simple terms it measures the electrical properties of a material

from which information related to the structure and behaviour of the material may be

elucidated (Craig, 1992). A dielectric material is a material which contains dipoles

and the majority of pharmaceutical systems may thus be classified as dielectrics.

When an alternating field is applied to such a material the dipoles will try to

reorientate themselves in the direction of the field in an attempt to maintain overall

neutrality. At low field strengths, the polarisation (P) is given by:

-

Equation 7.1	 P = 2, 0 E = e o (s — 1)E

where E is the field strength, z o is the static susceptibility, Eo is the permittivity of

free space and E is the relative permittivity of the sample. On application of an

alternating field, a phase lag develops between the field and the polarisation as the

dipoles attempt to relax at the same rate as the changes in field direction. Thus the

response of the sample may be described by two parameters; the magnitude of the

response and the phase relationship between the stimulus (field) and the response.

The susceptibility becomes vectorial (f)) and is hence more conveniently described

as:

Equation 7.2	 Z* = Z`—

where z` and z" are the real (energy storage) and imaginary (energy loss)

components of the susceptibility respectively and i is -,rff . These components may

be measured in terms of real and imaginary permittivities (permittivity is a measure
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of the ease with which a sample polarises and is an intrinsic property of a particular

sample). In practice, the response is measured in terms of the capacitance (C) and

dielectric loss (G/ co ) where G is the conductance and co is the frequency.

Capacitance is considered to be the real component and dielectric loss as the

imaginary component of the response. These may be related to the real and imaginary

permittivities by:

Equation 7.3

Equation 7.4

E0A
Clco) =—

d
(XV0)+ Cc)

G(co) E0A2"(co)
_

co	 d

where A and d are the area and separation distance of the electrodes respectively and

£ 9, is the permittivity at infinite frequencies. In some systems, free charges exist

which may generate a direct current by moving from one electrode to the other. This

may be accounted for by rewriting equation 7.4 to include a direct current

conductivity (Gdc) term.

Equation 7.5
G(co) _ Ecl itz"(co)  +Gdc

(1) —	 d	 co

The values of capacitance and dielectric loss are measured over a range of

frequencies and examination of both their absolute magnitudes and also the

relationship between the two parameters may lead to information regarding the

structure of the sample under study. More detail about the theory of dielectric

spectroscopy may be found in the texts of Hill & Jonscher (1983) and Craig (1995).

LFDS has been used to characterise many pharmaceutical systems. The dielectric

response of polyethylene glycols (PEGs) in both the molten and solid state (Craig and

Newton, 1993) and the structure of drug dispersions within PEGs have been

characterised (Craig et al, 1993b). It was found that the low frequency response of

molten PEGs consists of a conduction process in series with a barrier layer of PEG
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molecules which are adsorbed onto the electrodes. In the solid state, the low

frequency response, which is considered to correspond to a d.c. conductivity process,

showed a decrease in conductivity with increasing PEG chain length. Upon addition

of nortriptyline HC1, it was found that in the molten state, the barrier layer of PEG

molecules located at the electrodes was disrupted by the drug. In the solid state, the

low frequency response is associated with the amorphous fraction of the PEG. Multi-

component solid systems have been studied by LFDS using p-Cyclodextrin/

acetotoluide (ACT) systems where evidence for the existence of an inclusion

complex between para (p) - ACT and 13-Cyclodextrin was found (Craig et al, 1992a).

A theory regarding barrier effects in dispersive media on the measurement of

dielectric properties has been proposed by Hill and Pickup (1985). This theory

suggests that for many aqueous dispersed systems, the conducting bulk (aqueous)

phase of the sample is seen at high frequencies (102 - 104Hz) in series with a thin

barrier layer located at the electrodes and seen at low frequencies. This theory has

been applied to studies on liposome suspensions containing dipalmitoylphosphatidyl-

choline (DPPC). It was found that the low frequency response was associated with a

layer of liposomes absorbed onto the electrode surface thus providing a potential

method of characterising liposomal suspensions (Barker et al, 1994).

The dielectric properties of gels such as sodium alginate gels have been characterised

(Binns et al, 1992) and the treatment proposed by Hill and Pickup (1985) has been

successfully applied. The high frequency capacitance and dielectric loss showed

linear and logarithmic relationships with alginate concentration and the effects of

calcium sulfate and diclofenac sodium addition were characterised in association

with gel viscosity measurements. Craig et al (1992b, 1994) studied the effects of a

number of variables on the dielectric and rheological behaviour of Carbopol 934 gels

using LFDS and oscillatory rheometry. They found that both methods in conjunction

were capable of characterising the effect of additives such as propylene glycol and

chlorhexidine gluconate on the gel structure. The study was extended to other

associated poly (acrylic acid) gel systems in which the mucoadhesive properties of

the gel systems were also assessed by means of a force detachment test (Tamburic &

Craig, 1995). The three techniques were found to provide information on the effect of
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ageing on the gel structure in which it was found that significant changes in structure

occurred upon storage (Tamburic & Craig, 1996).

The behaviour of water in polymeric systems has been previously characterised by

analysis of the dielectric response. The relaxation and crystallization of water in a

terpolymer hydrogel have been characterised in terms of their dielectric response

(Pathmanathan and Johari, 1994). It was found that on cooling, a fraction of the total

amount of water crystallizes to ice and this is detectable by the appearance of a

relaxation peak. Water and ice were found to coexist at temperatures up to 270°C

which may indicate the existence of crystallizable and non-crystallizable water in the

polymer. Non-crystallizable water is thought to be that water stored in the cavities of

hydrogels which may be considered as bound and is not readily evaporated on

heating.

The dielectric response of polymer-water interactions in poly (hydroxyethyl acrylate)

hydrogels have been studied and compared to studies carried out using DSC and

sorption isotherm measurements on similar hydrogels (Kyritis et al, 1995). In this

case, low frequency dielectric measurements were carried out using thermally

stimulated depolarisation current (TSDC) techniques. The TSDC method consists of

recording the thermally activated release of frozen-in polarisation and is equivalent

to measuring dielectric losses against temperature. The sample is polarised by a d.c.

electric field for a certain time t and this polarisation is stopped by cooling to low

temperatures. When the sample is warmed, the polarisation decays, and for each

relaxation mechanism a current peak is recorded which provides information on

polymer-water structure. While sorption/ desorption isotherm measurements suggest

that no water is tightly bound to the polymer, dielectric relaxation and DSC studies

have indicated that certain water contents exist in the systems studied, above which

more than one type of water may be identified.

In this chapter, the dielectric properties of cellulose ether gels were investigated using

LFDS. The dielectric response of the gels over a range of frequencies (10-2 to

leHz) at constant temperature and also a range of temperatures (-30°C to +20°C) at

frequencies of 1 and 100Hz were measured.
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7.1.1 Objectives

The objectives of this work were to characterise the dielectric response of cellulose

ether gels over a temperature range of -30°C to +22°C. Cellulose ether gels have

been previously characterised in a similar temperature range using DSC (Chapter 3

and Chapter 5). The influences of polymer concentration, molecular weight and

substitution levels on their dielectric responses were investigated.

7.2 Materials

Methocel cellulose ethers were obtained from the DOW Chemical Company (section

2.1.1; Table 2.1). HPMC K 1 OOLV (BN MM94051022K) and HPMC K15M (BN

MM94112811K) were used. HPMCs K4M, KlOOM, E4M, F4M and MC A4M were

as described in Table 2.1.

Hydroxypropylcellulose (HPC) MF EP (LOT 12187) was obtained from Hercules

Limited, Aqualon Division, Salford, U.K. (section 2.1.1).

Propranolol hydrochloride and diclofenac sodium were as outlined in section 2.1.2.

7.3 Methods

7.3.1 Gel preparation

Polymer gels containing 2 - 25% (w/w) polymer were prepared in the absence and

presence of 50mM of diclofenac sodium or propranolol hydrochloride with deionised

water (Elgastat), and stored at 4-6°C as outlined in section 2.2.1.
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7.3.2 Dielectric Spectroscopy Analysis

A Novocontrol Broadband Dielectric Converter BDC (Hundsangen, Germany) with

an attached QUATRO temperature controller was employed. This apparatus has the

capability of carrying out dielectric analysis in the frequency range of 10-10 +7 Hz at

temperatures between -150°C to +400°C.

Gel samples were transferred to a round plate electrode dielectric cell (diameter (d) =

20mm; thickness = 0.5mm). The Novocontrol BDC was used to apply an alternating

voltage of 0.5V across the sample. Dielectric spectra for HPMC K15M gels were

obtained over frequency sweeps from 10 -2 to 107Hz at a constant temperature of

22°C. From this work, two frequencies (1 and 100Hz) were chosen and gels were

subjected to temperature sweeps from -30°C to +20°C at a scanning rate of +1°C

min-1 ,and their dielectric responses were recorded. In addition, their dielectric

response at constant temperatures of -30, 0 or +22°C were recorded over a frequency

range of 10-2 to 107Hz. Each dielectric response at a particular temperature or

frequency represents an average of at least two measurements with each set of

measurements being repeated at least twice.

7.4 Results and Discussion

7.4.1 Dielectric response of HPMC K15M gels

7.4.1.1 Effect of temperature on the nature of the dielectric response

Figure 7.1 shows the dielectric response of HPMC K15M (25% w/w) gels and

deionised water over a frequency range of 10 -2 to 10+7 Hz at a constant temperature

of 22°C. The overall dielectric response of the HPMC K15M gels follows the same

pattern as that of the deionised water. However, an increase in magnitude of both the

capacitance (Log Cp') and dielectric loss (Log Cp") values occurs in the presence of

HPMC K15M. This may be due to the presence of the polymer or indeed due to the
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effect of contaminants in HPMC Kl5M, which includes ionic species such as Nal"

and CI" (see Table 2.1).

Figure 7.2 and Figure 7.3 illustrate the dielectric response of 25% (w/w) HPMC

K 15M gels and deionised water over the same frequency range at temperatures of 0

and -30°C respectively. At 0°C, the dielectric response shows a quite similar pattern

to that observed at 22°C. However, deionised water and gel samples scanned at

-30°C show very different dielectric behaviour compared to the response at higher

temperatures. The capacitance of deionised water decreased from -3.5 (Log F) at

22°C to -8.75 (Log F) at -30°C. Similarly, the capacitance of 25% (w/w) HPMC

K 15M gels decreased from -3.5 (Log F) at 22°C to -6 (Log F) at -30°C

approximately. The decrease in magnitude of the dielectric response, which occurs

with a decrease in temperature, is related to the reduction in mobility of dipoles in the

system as the sample freezes. At 22°C, the system is liquid and water and other ionic

species possess kinetic energy and are mobile. Dipoles within the system can easily

respond to an alternating current and the dielectric response is therefore large in

magnitude. With a reduction in temperature, the kinetic energy of the dipoles is

correspondingly reduced until freezing occurs and thus a dielectric response typical

of a solid is apparent. In essence, at -30°C, water is frozen and the response of the

dipoles are typical of those recorded for solids (Craig et al, 1993a).

The dielectric response of 25% (w/w) HPMC K15M gel samples and that of

deionised water were recorded as the temperature of the samples was varied from

-30°C to +20°C at frequencies of 1 and 100Hz. The capacitance and dielectric loss of

the samples are shown in Figures 7.4 & 7.5 respectively. The dielectric response of

the deionised water is characterised by a sharp increase in both the capacitance and

dielectric loss at the melting point of ice (0°C). Figure 7.4 shows that deionised water

showed no change in capacitance over a temperature range of -30°C to 0°C.

However, at about 0°C, a sudden increase in capacitance from -9 to -6.5 at 100Hz, an

increase in capacitance in the order of 1.5, was observed. In the presence of 25%

(w/w) HPMC Kl5M, the dielectric response of the system is different to that

observed for deionised water. Figure 7.4 shows that at 100Hz, the value of Log Cp'
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increases from -9.5 to -6 (Log F), which is quite similar in magnitude to the increase

for deionised water. However, the increase in capacitance begins at about -12°C and

continues to + 4°C. This may be related to a depression in the melting point of ice

which appears to occur at about -22°C and -12°C in the presence of HPMC K15M at

frequencies of 1 and 100Hz respectively. Similar trends are observed from the Log

Cp" data (Figure 7.5). As well as the melting of free water, a number of other

processes seem to be occurring as indicated by the shape of the dielectric response

curves. These data are in agreement with the findings by DSC (section 3.4.1) which

have identified more than one event occurring during the melting of ice in HPMC

K15M gels of a similar concentration. It is hypothesised that these events may be

indicative of the presence of more than one type of water in HPMC K 15M gels.

Alternatively, these events may be due to the occurrance of a glass transition in this

region or due to cold crystallization occurring (section 3.4.1.1). TGA analysis of

similar gel samples (section 4.4.1) has shown that on heating, more than one event is

visible on the TGA derivative curves, indicating the existence of a type (types) of

loosely bound water which evaporates at higher temperatures than free water.

7.4.1.2 Effect of HPMC K15M concentration on the dielectric response

The effect of HPMC Kl5M concentration on the behaviour of water in gel systems

has previously been characterised using thermal methods (section 3.4.1.1) which

showed that events occurring on the leading edge of the main endotherm for the

melting of free water in HPMC Kl5M gel systems are polymer concentration

dependent. Such events, attributed to the presence of loosely bound water, are present

in 20% (w/w) gels but are absent in 10% (w/w) gels. Further studies using TGA

(section 4.4.1.1) showed that, at higher polymer concentrations, the secondary

evaporation event visible on the first derivative curve becomes gradually more

pronounced. It was hypothesised that the distribution of water within the gels changes

with polymer concentration with loosely bound water evaporating at higher

temperatures than free water.
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Figures 7.6-7.9 show the dielectric response of deionised water and HPMC K15M

(2-25% w/w) gels scanned at 1 and 100Hz respectively. The dielectric response of

the gels clearly changes with increase in polymer concentration. Figure 7.6 shows

that a transition beginning at approximately -8.5°C becomes more pronounced with

increase in polymer concentration. Such a response is also visible in the dielectric

loss response at 1Hz (Figure 7.7) and in the capacitance and dielectric loss responses

at 100Hz (Figure 7.8 and Figure 7.9). Such transitions may be related to events seen

on the leading edge of the main endotherm in DSC data in HPMC K15M gels of

greater than 15% (w/w) concentration. These are in agreement with DSC and TGA

studies in showing that more than one type of water exists in HPMC K15M polymer

gels. A linear relationship exists between Log Cp" and polymer concentration (Fig

7.10). This may suggest that the increase in dielectric response (Log Cp") may be

due to the ionic species in the gel samples.

-
7.4.1.3 Effect of polymer molecular weight on the dielectric response of cellulose

ether gels

The dielectric spectra of HPMC K-series polymers of similar substitution levels but

with increasing molecular weight at frequencies of 1 and 100Hz are shown in Figures

7.11-7.14. Both the capacitance and dielectric loss of the gel samples studied indicate

that, in addition to the melting of free water, other processes seem to be occurring.

This is similar to those previously seen in HPMC K15M gels which may indicate the

presence of different types of water. The dielectric response of the gels at these

frequencies over a temperature range of -30°C to +20°C seems to vary with polymer

molecular weight. The temperature at which melting of frozen water appears to begin

in the gels varies with polymer molecular weight. Additionally, the pattern of melting

as observed by the dielectric response, is somewhat different for HPMC KlOOLV in

comparison to the three other K-series polymers studied. Similarly, in DSC studies,

the appearance of endothermic events varied between HPMCs of different molecular

weights, however no specific trend was apparent.
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HPMC K 1 OOLV gels show a series of transitions during the melting process which

are quite exaggerated in comparison with such transitions in other gels. The

magnitude of the dielectric response in the gels studied vary to a large extent, but

these may be related to the presence of different concentrations of ionic

contaminants. For example, the increased magnitude of the responses for HPMC

KlOOLV may be explained by the higher percentage of NaC1 contamination (0.49%)

than HPMC K4M (0.36%), HPMC K 15M (0.16%) or HPMC K 100M (0.28%)

respectively (Table 2.1).

7.4.1.4 The influence of polymer substitution level on the dielectric response of

cellulose ether gels

Figures 7.15-7.18 show the dielectric spectra of a series of polymers of similar

molecular weight but with different substitution types and levels at frequencies of 1

and 100Hz. Their dielectric response over a temperature range of -30°C to +20°C

clearly varies with polymer substitution level. The magnitude of both the capacitance

and dielectric loss responses vary in a similar pattern within the polymer range

studied at both frequencies. This may be related to the level of ionic contaminants in

the polymers. Methylcellulose (MC) A4M has the highest level of NaC1

contamination (0.75%), while HPC has no reported NaC1 contamination. The

magnitude of the dielectric response follows the level of NaC1 contamination for

each of the polymers sequentially (Table 2.1).

DSC studies on 25% (w/w) HPC gels showed that the melting of ice occurs as a

single event with no evidence of any loosely bound water (section 5.4.2). The

dielectric response in the region where ice melts in HPC gels shows a gradual

transition in comparison with the other polymers analysed which show a two stage

transition. This is well illustrated in the capacitance response at 100Hz (Figure 7.17).

This may indicate, similar to DSC studies, that the distribution of water in 25%

(w/w) HPC gels is different in comparison to the water distribution in gels of other

substitution types studied.
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The temperature of the sodium chloride : water eutectic is -21.2°C (Partington,

1954). It is possible that one or more of the transitions occurring below 0°C in

cellulose ether gels may be due to this eutectic temperature. This is a possible

explanation for the gradual dielectric response visible in the region of ice melting for

HPC gels which have no reported NaC1 contamination.

7.4.1.5 Effect of drug addition on the nature of the dielectric response in HPMC

Kl5M gels

DSC studies (section 8.4.1) have shown that addition of both propranolol

hydrochloride and diclofenac sodium affects the distribution of bound water within

HPMC K 15M gels. Addition of these drugs affected the nature of the transitions

visible on the leading edge of the main endotherm for the melting of free water.

Figures 7.19-7.22 show the dielectric response of deionised water and HPMC K15M

gels in the absence or presence of propranolol hydrochloride (P.H.) and diclofenac

sodium (DIC Na) at frequencies of 1 and 100Hz over a temperature range of -30°C to

+20°C. Drug addition clearly has an effect on the transitions occurring during the

melting of ice in the gels. The magnitude of the dielectric response is increased in

gels containing propranolol hydrochloride in comparison to the response seen in gels

containing diclofenac sodium in both the capacitance and dielectric loss spectra at

both frequencies studied. It is possible that the molar ratio of ionic species released

upon dissociation of each drug may differ with diclofenac sodium releasing less ionic

species and showing a reduced dielectric response. Figure 7.23 shows the effect of

drug addition on the capacitance and dielectric loss of 25% (w/w) HPMC K 15M gels

in the frequency range of 10-2 to 10+7Hz at 22°C. The nature of the dielectric

response in HPMC K15M gels, which include either propranolol hydrochloride or

diclofenac sodium is different, when compared to the dielectric response of deionised

water or HPMC Kl5M gels in the absence of drug. An increase in magnitude of both

the capacitance (Log Cp') and dielectric loss (Log Cp") values occurs in the

presence of added drugs. This increase in magnitude is greater in HPMC K 15M gels
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containing propranolol hydrochloride which is consistent with the response

previously seen in temperature scans at constant frequencies. A similar pattern is

seen in Figure 7.24 which shows the effect of drug addition on the dielectric response

of 25% (w/w) HPMC K15M gels in the frequency range of 10-2 to 10+7Hz at 0°C.

However, when such gel systems are analysed at -30°C as shown in Figure 7.25, the

magnitude and nature of the dielectric response both changed. The magnitude of the

dielectric response is reduced which is consistent with a reduction in the mobility of

dipoles in the system with reduction in temperature. A peak is present at 10 3Hz in

the capacitance response of HPMC K 15M gels in the presence of propranolol

hydrochloride at -30°C.

Considerable potential has been highlighted in these preliminary studies on the effect

of drug addition on the dielectric response of HPMC polymers and further work is

required in order to comment on the patterns and transitions that occur.

_
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7.5 Conclusions

The dielectric response of deionised water was found to be characterised by a sharp

increase in both capacitance and dielectric loss at the melting point of ice (0°C) in

temperature scans from -30°C to +20°C at frequencies of 1 and 100Hz. In

comparison, in the presence of 25% (w/w) HPMC K15M, the dielectric response of

the system was quite different. A depression in the melting point of ice seemed to

occur in the presence of polymer which was reduced to -22°C and -12°C as seen in

Figure 7.2 which shows the capacitance data for 25% (w/w) HPMC K15M gels at 1

and 100Hz respectively. Similar trends were observed in dielectric loss data. In DSC

studies on 25% (w/w) HPMC K15M gels, water was observed to commence melting

at approximately -12.5°C (Figure 5.1) for gels after 24h storage.

As well as the melting of free water, a number of other processes seemed to be

occurring as indicated by the shape of the dielectric response curves. These data were

found to be in agreement with findings by DSC which have identified more than one

event occurring during the melting of ice in HPMC K 15M gels of a similar

concentration. TGA analysis of similar gel samples has shown that on heating, more

than one event is visible on the TGA derivative curves. The results from all three

techniques indicate the presence of more than one type of water in HPMC K15M

gels.

Frequency scans from 10 -2 to 10+7Hz at temperatures of +22, 0 and -30°C showed

that deionised water and gel samples scanned at -30°C gave very different dielectric

behaviour compared to the response at higher temperatures. The decrease in

magnitude of the dielectric response which occurs at -30°C was related to the

reduction in mobility of dipoles in the system as the sample freezes.

The dielectric response of HPMC Kl5M gels with variation in polymer concentration

was studied. A transition beginning at approximately -8.5°C became more

pronounced with increase in polymer concentration. Such transitions may be related

to events seen on the leading edge of the main endotherm in DSC data only in higher
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concentrations of HPMC K 15M gels and to events seen in TGA studies which

become more pronounced with increase in polymer concentration.

The dielectric response of HPMC K-series of similar substitution levels but with

increasing molecular weight at frequencies of 1 and 100Hz was studied. Both the

capacitance and dielectric loss of the gel samples studied indicated that in addition to

the melting of free water, other processes occurred, predicting the presence of

different types of water. The dielectric response of the gels at the temperature range

studied, varied with polymer molecular weight in terms of both the temperature at

which melting begins in the gels and the pattern of melting. As in DSC studies where

the appearance of endothermic events varied between HPMCs of different molecular

weights, no specific trend was evident.

The dielectric responses of a series of polymers of similar molecular weights (4, 000-

6,000 cP) but with different substitution types and levels were also found to vary.

The magnitude of the dielectric response varied according to the levels of NaC1

contamination in polymers of different molecular weights and substitution levels.

Drug addition clearly has an effect on the melting of water within HPMC K15M gels

as seen by the nature of the dielectric response over the low temperature range where

ice melts within the gels.

Low Frequency Dielectric Spectroscopy (LFDS) studies on cellulose ether gels have

provided some interesting evidence for the existence of more than one type of water

within such gel systems. The results are in good agreement with thermal analysis

findings on similar gel systems.
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Chapter 8 Influence of drugs on water distribution within cellulose

ether polymer gels

8.1 Introduction

The simplest form of a hydrophilic matrix (HM) tablet is made up of polymer and drug.

In previous chapters, the interaction of water with cellulose ethers was studied. In this

chapter, the influence of added drug on the interaction of water and cellulose ethers of

different viscosity grades and substitution levels is investigated using thermal methods.

The presence of a drug in a matrix tablet may influence the way water is bound to, or

taken up by the cellulose ether. The influence of drugs such as propranolol hydrochloride

(a water soluble drug) on the interaction of water with polymer has been studied by DSC

(Mitchell et al, 1989) and in thermal gelation or cloud-point studies (Mitchell et al,

1990a). The availability of water within the barrier gel layer plays an important part in

drug movement across this barrier. Increased availability of free water (i.e. not bound to

the polymer) may lead to increased drug diffusion across the gel layer.

The effect of diclofenac sodium (a sparingly water soluble drug) on polymer hydration

within hydrophilic polymer matrices has been studied using cryogenic scanning electron

microscopy (SEM) and has revealed that internal gel structure is modified by drug

addition (Binns et al, 1990; Melia et al, 1990). In addition, it has been reported that

diclofenac sodium decreases the hydration of HPMC polymers, causing the polymers to

precipitate at elevated temperatures (Rajabi-Siahboomi et al, 1994).
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8.1.1 Objectives

In the present study the effects of drug addition on the water distribution within a series

of cellulose ethers are characterised. Initially, the nature of the interaction between

propranolol hydrochloride and HPMC K15M gels was studied using a range of drug

concentrations by differential scanning calorimetry (DSC). The influence of a single

concentration of propranolol hydrochloride on water distribution in a series of cellulose

ether polymers was similarly studied. This study was then repeated with diclofenac

sodium.

Thermogravimetric analysis (TGA) was employed as a complementary thermal analysis

technique to further explore the effect of both propranolol hydrochloride and diclofenac

sodium on the water distribution within HPMC K15M gels.

-

8.2 Materials

Methocel cellulose ethers were obtained from DOW Chemical Company (see section

2.2.1; Table 2.1). The batches of HPMC KlOOLV (BN MM94051022K) and HPMC

Kl5M (BN MM94112811K) were characterised. Klucel Hydroxypropylcellulose (HPC)

was obtained from Hercules Limited, Aqualon Division (see section 2.1.1).

Propranolol hydrochloride and diclofenac sodium used, were as outlined in section 2.1.2.
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8.3 Methods

8.3.1 Gel and solution preparation

Polymer gels containing 5-25% (w/w) polymer were prepared as outlined in section 2.2.1

to contain propranolol hydrochloride (0, 1.479 (50mM), 10, 20 and 30% w/v) or

diclofenac sodium (1.59% w/v (50mM)). All gels were stored at 4-6°C for either 24 or

96h and water losses during both preparation and storage were taken into account when

determining final polymer concentrations in the gels.

HPMC K15M (26.7 - 34.6% w/w) gels without any drug, HPMC K15M (29.0 - 54.0%

w/w) gels containing 50mM propranolol hydrochloride and HPMC K15M (22.0 - 46.2%

w/w) gels containing 50mM diclofenac sodium were prepared as outlined in section

2.2.1. HPC (21.2 - 46.5% w/w) gels containing 50mM propranolol hydrochloride and

HPC (23.1 - 38.4% w/w) gels containing 50mM diclofenac sodium were prepared in a

similar manner. The gels were stored overnight in sealed DSC sample pans at ambient

temperatures, prior to DSC analysis.

Propranolol hydrochloride control solutions (10-30 % w/v) were prepared with gentle

heat to aid dissolution. It was shown that propranolol hydrochloride was not

thermolabile under such heating conditions (section 2.2.1). The solutions were stored in

volumetric flasks at ambient temperatures for either 24 or 96h. After 96h, some evidence

of propranolol hydrochloride recrystallization was apparent in 20 & 30% (w/v) solutions

which were gently warmed to resolubilise before use. DSC analysis was carried out on

these solutions (section 8.3.2).
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8.3.2 Thermal Analysis

A Perkin-Elmer DSC7 (Beaconsfield, UK) with an attached liquid nitrogen based

cooling accessory, controlled by a Perkin-Elmer TAC-7 was employed as described in

section 2.2.2.2. Gel samples were cooled from +20°C to -60°C at a cooling rate of

-100Cmin4 and heated from -60°C to +20°C at a heating rate of +10 0Cmin-1 and their

DSC scans were recorded.

Thermogravimetric studies were carried out on HPMC K15M gel samples (5-25% w/w;

10mg approx.) in the absence and presence of drugs on a Perkin Elmer TGA 7 as

described in section 2.2.2.3. Samples were scanned at five scanning rates (+2, +5, +10,

+15 & +20°Cmin-1 ) using an open sample pan. In addition, some of the samples were

analysed in vented aluminium sample pans (20111, Perkin-Elmer). These vented pans

provided a controlled release of moisture from the gel samples and were employed to

further explore the evaporation of different types of water.

8.4 Results and Discussion

8.4.1 Determination of the eutectic point for the propranolol hydrochloride : water

system

Figure 8.1 shows typical DSC scans of propranolol hydrochloride (P.H.) solutions and

distilled water and the resultant enthalpies are listed in Table 8.1a and Table 8.1b.

Propranolol hydrochloride addition depressed the onset of the melting point of free water

from -3.2 ± 0.26°C (no P.H.) to -4.35 ± 0.38°C (10% w/v), -5.02 ± 0.22°C (20% w/v)

and -5.09 ± 0.31°C (30% w/v) (n = 3; ± SD) after 24h storage. The reduced depression

of melting point observed between 20 and 30% (w/v) propranolol hydrochloride

solutions may be because solution saturation levels were approached.
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Tables 8.1a and 8.1b show that as the concentration of propranolol hydrochloride was

increased, the enthalpy of melting of free water decreased after both 24 and 96h

equilibration. It appears that propranolol hydrochloride addition resulted in a disruption

of water distribution within the system.

An estimation of the composition of the eutectic of the propranolol hydrochloride : water

system is achieved by plotting melting enthalpy (J/g) against propranolol hydrochloride

concentration (% w/w) and extrapolating to zero enthalpy. In this case, the eutectic point

is the lowest temperature at which a liquid phase can exist in the system; below this

point, no liquid phase exists and hence zero enthalpy is achieved. By extrapolation

(Figure 8.2):

t = 24h, eutectic point = 89.6% propranolol hydrochloride : 10.4% water

t = 96h, eutectic point = 60.5% propranolol hydrochloride : 39.5% water

The position of the eutectic changes between 24 and 96h storage indicating a change in

equilibrium of the system during this period. Between 24h and 96h, the solutions

containing higher concentrations of P.H. visibly show signs of precipitation of the drug

from the solution. This undoubtedly will affect the eutectic point of the system. The

propranolol hydrochloride : water system acts as a control for the propranolol

hydrochloride : HPMC K 15M system studied in section 8.4.2.

Ford and Mitchell (1995) have reported a value of 61.9% propranolol hydrochloride :

38.1% water for 2h old solutions and Dabbagh (1995) has reported a value of 57.8 ±

3.1% propranolol hydrochloride : 42.2% water for 24h old solutions.
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(% w/w)

Melting

P.H. (0% w/v) P.H. (10% w/v)

(n =

P.H. (20% w/v) P.H. (30% w/v)

0 333 ± 18 261 ±22 236 ± 4 160 ± 34

5 295 ± 7 255 ± 7 237 ± 13 236 ± 22

10 278 ± 5 248 ± 13 209 ± 26 198 ± 6

15 241 ± 14 220 ± 3 192 ± 18 170 ± 20

20 199 ± 16 201 ± 17 182 ± 10 157 ± 10

25 204 ± 7 160 ± 3 145 ± 25 127 ± 25

HPMC Kl5M Enthalpy (J/g) 3 ± SD)

Influence of drugs on water distribution within cellulose ether polymer gels	 Chapter 8

Table 8.1a : Endothermic melting enthalpies (Jig) (n = 3; ± SD) of polymer gels

containing 0 - 30% w/w propranolol hydrochloride (P.H.) and 0 - 25% w/w HPMC

K 15M after storage for 24h

(% w/w)

Melting

P. H. b (0% W/V)

Enthalpy (J/g)

P. H. (10% w/v)

(n

P. H. (20% w/v) P.H. (30% w/v)

0 333 ± 18 275 ±25 246 ± 1 222 ± 32

5 297 ± 28 267 ± 12 233 ± 6 181±3

10 259 ±5 253 ± 5 215 ± 13 168 ±5

15 254 ± 8 223 ± 6 215 ±4 162 ± 9

20 226 ± 13 210 ± 18 193 ± 37 139 ± 4

25 219 ± 21 206 ± 2 170 ± 11 136 ± 1

a SD = standard deviation
	 -

b P.H. = propranolol hydrochloride

Table 8.1b : Endothermic melting enthalpies (Jig) (n = 3; ± SD) of polymer gels

containing 0 - 30% w/w propranolol hydrochloride (P.H.) and 0- 25% w/w HPMC

K15M after storage for 96h

HPMC Kl5M =3 SD')±
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8.4.2 The influence of propranolol hydrochloride concentration on the water

distribution in HPMC K15M gels

The existence of certain pre-endothermic events in HPMC K15M gels was shown in

section 3.4.1. Their presence was dependent on gel concentration, gel storage time and

heating and cooling rates during DSC analysis. Such events were probably related to the

existence of a type of loosely bound water within HPMC K15M gels. If propranolol

hydrochloride affects the water distribution within HPMC gels, it is possible that this

effect may be reflected in the appearance of these pre-endothermic events.

The pre-endothermic events appeared initially in HPMC K15M gels somewhere between

gel concentrations of 15 and 16.73% (w/w) polymer (section 3.4.1). Figure 8.3 shows

that in HPMC K15M gels with no drug present, pre-endothermic events are not visible in

15% (w/w) gels but are visible in 20 and 25% (w/w) gels with the effect being more

exaggerated after 96h storage. This may be due to increasing amounts of water binding_
to the polymer over an increased equilibration period. Previously (see section 3.4.1.5;

table 3.4), the number of moles of bound water (BW) per polymer repeating unit (PRU)

for HPMC K 15M gels increased on storage from 24h (4.5) to 96h (6.5). With the

addition of propranolol hydrochloride, such events are equally likely to appear after both

24 or 96h equilibration (Figures 8.4a and 8.4b) and indeed became apparent in gels

containing �15% (w/w) HPMC K15M and various concentrations of propranolol

hydrochloride (20% propranolol hydrochloride only shown). Figure 8.5 shows much

broader pre-endothermic events appearing after propranolol hydrochloride was added to

HPMC K 15M (25% w/w) gels. Increase in propranolol hydrochloride concentration

from 10 to 30% (w/w) caused a shift of the broad pre-endothermic peak to higher

temperatures.
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Figure 8.3 : DSC scans of 15 -25% (w/w) HPMC K15M gels cooled at
-100Cmirl4 and heated at +10 0Cmin4 after either 24 or 96h storage
(a) from –32.5 to +20°C	 (b) from –20 to –2.5°C
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Figure 8.4 : DSC scans of 5 - 25% (w/w) HPMC K15M gels containing 20% (w/w)
propranolol hydrochloride cooled at -100Cmin4 and heated at +10°C
min1 after 96h storage
(a) from —32.5 to +20°C	 (b) from —20 to -2°C
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8.4.3 Quantitative analysis on the effect of propranolol hydrochloride

concentration on water distribution within HPMC K15M gels

Melting enthalpies (J/g) (Table 8.1a and Table 8.1b) were plotted against concentration

of HPMC Kl5M as previously described in section 3.4.1.3.1. Extrapolation to zero

enthalpy enabled estimation of the minimum water content required to form fully

hydrated gels in the presence of different concentrations of propranolol hydrochloride.

The number of moles of non-freezing water per PRU were calculated using these data

and the previously calculated PRU value of 189 for HPMC K15M (section 5.4.3.1; Table

5.9). Table 8.2 shows the water and polymer concentrations at zero enthalpy and the

number of moles of bound water per PRU. No corrections were made for the effect of

propranolol hydrochloride on the ratio of water within the gels.

Figures 8.6 and 8.7 show the effect of propranolol hydrochloride addition on the melting

enthalpies of HPMC K! 5M gels after either 24 or 96h equilibration. As concentration of

propranolol hydrochloride increases, the melting enthalpy (J/g) i.e. the amount of free

water, tends to decrease. A straight line relationship is assumed between propranolol

hydrochloride concentration and melting enthalpy at all concentrations. However, this is

clearly not the case for 30% (w/v) propranolol hydrochloride solution after 96h storage.

For propranolol hydrochloride solution (30% w/v, 96h), the amount of free water was

reduced (Table 8.1b). This may have been linked to the previously mentioned

precipitation of the drug at this concentration after 96h storage. This point was omitted

from Figure 8.7 with extrapolation to zero enthalpy taking place through the linear

portion. At other concentrations of propranolol hydrochloride studied, acceptable linear

relationships were observed between melting enthalpy (J/g) and % HPMC K15M (R 2 >

0.9). Ford and Mitchell (1995) have previously observed a similar low enthalpy value for

30% (w/v) propranolol hydrochloride solution. Table 8.2 shows that less water is

required to fully hydrate gels containing 10 and 20% w/w propranolol hydrochloride

when compared with gels containing 0 or 30% w/w drug. The ability of propranolol
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Table 8.2 : The effect of propranolol hydrochloride (P.H.) (0- 30% w/w) on the

distribution of water within HPMC K15M gels after 24 or 96h equilibration time

P.H. (% w/w)

t = 24h

Water

(% w/w)

HPMC Kl5M

(% w/w)

Moles of bound

water per PRU

0 33.6 66.4 5.3

10 13.3 86.7 1.6

20 16.0 84.0 2.0

30 38.7 61.3 6.6

P.H. (% w/w)

t = 96h

Water

(% w/w)

HPMC K15M

(% w/w)

Moles of bound

water per PRU

0 43.8 56.2 8.2

10 29.2 70.8 4.3

20 33.9 66.1 5.4

30 52.7 47.3 11.7
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hydrochloride to reduce the amount of water required to fully hydrate HPMC K15M gels

has been previously reported (Mitchell et al, 1989). It has been suggested that

propranolol hydrochloride 'salts in' the polymer i.e. makes it more soluble and therefore,

the polymer requires less water to fully hydrate (Mitchell et al, 1993c).

8.4.4 Effect of propranolol hydrochloride (50mM) and diclofenac sodium (50mM)

on water distribution in cellulose ether polymer gels

The effects of polymer molecular weight and substitution type on the nature of the

thermal events occurring on the leading edge of the main endotherm for the melting of

free water were described in sections 5.4.1 and 5.4.2. The effect of propranolol

hydrochloride (10 - 30% w/w) on such events was described for HPMC K15M gels in

section 8.4.2. The effect of 50mM of propranolol hydrochloride and diclofenac sodium

on pre-endothermic events in a range of polymers of varying molecular weight (HPMC

K-series) and a range of polymers with similar viscosity's (3,500 - 6,000 cP) but

different substitution types (HPMC E4M, F4M, MC A4M and HPC), is examined in this

section.

A single concentration of propranolol hydrochloride (50mM) was incorporated into

cellulose ether gels as outlined in section 8.3.1. This concentration is equivalent to 1.479

(% w/w) drug and was chosen so that an equimolar amount of a poorly water soluble

drug, diclofenac sodium, could be incorporated within polymer gels for comparison

purposes. Diclofenac sodium (50mM) reaches its saturation solubility above SOmM

concentration (1.59% w/w).

Thermal analysis was carried out after 24h equilibration time as described in section

8.3.2.
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8.4.4.1 Influence of propranolol hydrochloride and diclofenac sodium on the

thermal events occurring within a series of cellulose ether polymers of varying

molecular weight

In the absence of drug, pre-endothermic events were present in HPMC K4M and HPMC

KlOOM gels (15, 20 and 25% w/w) after 24h storage (section 5.4.1). Incorporation of

50mM of propranolol hydrochloride did not affect the appearance of such events in

HPMC K4M gels. However, in HPMC KlOOM gels, pre-endothermic events were

visible only in 20 and 25% w/w gels after 24h.

In the absence of drug, pre-endothermic events were present in 20 and 25% (w/w)

HPMC KlOOLV and HPMC K 15M gels after 24h storage (section 5.4.1). The addition

of propranolol hydrochloride did not affect the appearance of such events in either

HPMC KlOOLV and HPMC K15M gels after 24h, with pre-endothermic events

remaining visible in both 20 and 25% (w/w) gels; for each polymer.

Propranolol hydrochloride concentration influenced the thermal events in HPMC K15M

gels (section 8.4.1) where pre-endothermic events were visible in 15% (w/w) gels, as

well as 20 and 25% (w/w) gels after 24h storage when 10, 20 or 30 % (w/w) propranolol

hydrochloride was added to the gels. However, no pre-endothermic events were seen in

15% (w/w) gels after addition of 50mM of propranolol hydrochloride. This may have

been related to the low concentration of the drug.

Figure 8.8 shows the influence of diclofenac sodium on the appearance of pre-

endothermic events in 5 - 25% (w/w) HPMC K4M gels which is representative of other

polymers studied. After 24h equilibration, pre-endothermic events were visible in all

HPMC K-series studied here, at each concentration. It is hypothesised that diclofenac

sodium causes the polymer to 'salt out,' making it less soluble and requiring more water

to bind to the polymer to keep it in solution. Therefore there is more loosely bound water
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Figure 8.8 : DSC scans of 5
diclofenac sodium cooled at
(a) from —32.5 to + 22.5°C

- 25% (w/w) HPMC K4M gels containing 50mM of

-10°Cmin4 and heated at +10°Cmiri l after 24h storage

(b) from —15 to -2°C
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in the system. It is possible that this loosely bound water appears in DSC scans and may

explain the appearance of these pre-endothermic events.

8.4.4.2 Influence of propranolol hydrochloride and diclofenac sodium on the

thermal events occurring within a series of cellulose ether polymers of different

substitution types

In the absence of drug, pre-endothermic events were very slight or not visible in 5 - 25%

(w/w) HPMC F4M and HPC gels after 24h equilibration (section 5.4.2). Figure 8.9

shows that incorporation of propranolol hydrochloride (50mM) resulted in the

appearance of such events in HPMC F4M gels at concentrations of 15, 20 and 25%

(w/w). However, no pre-endothermic events were visible in 5 - 25% (w/w) HPC gels

after incorporation of propranolol hydrochloride (50mM) (not shown).

_

Propranolol hydrochloride addition had no effect on pre-endothermic events in HPMC

E4M and MC A4M gels after 24h equilibration with such events being visible in 20 and

25% (w/w) gels both in the absence or presence of the drug.

Figure 8.10 illustrates how incorporation of diclofenac sodium into gels resulted in the

appearance of pre-endothermic events in 5 - 25% (w/w) MC A4M gels. Pre-endothermic

events were visible in 5 - 25% (w/w) HPMC E4M and HPMC F4M gels at all

concentrations studied (not shown). In HPC gels, however, no pre-endothermic events

were visible after addition of diclofenac sodium at any gel concentration (5 - 25% w/w)

(not shown).

Pre-endothermic events in HPMC K15M gels were previously found to be exaggerated

in the 25 - 35% (w/w) concentration range in comparison to the events observed with 20

and 25% w/w HPMC K 15M gels (section 3.4.1). In addition, 5 - 25% (w/w) HPC gels

failed to show the appearance of any pre-endothermic events either in the absence or
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Figure 8.9 : DSC scans of 5 - 25% (w/w) HPMC F4M gels containing 50mM of
propranolol hydrochloride cooled at -10 0Cmin4 and heated at +10°Cmin4 after 24h
storage
(a) from -30 to +20°C	 (b) from -20 to -2.5°C
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Figure 8.10 : DSC scans of 5 - 25% (w/w) MC A4M gels containing 50mM of
diclofenac sodium cooled at -100Cmin4 and heated at +10°Cmin4 after 24h storage
(a) from -32 to +22.5°C	 (b) from -17.5 to -0.5°C
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presence of drug. The influence of each drug on the DSC scans of gels containing 25 -

35% (w/w) HPMC K 15M and 21 - 38% (w/w) HPC were examined.

Following the inclusion of 50mM of propranolol hydrochloride into HPMC K 15M gels,

pre-endothermic events were visible at 29.0% (w/w) but were not present at the

higher concentrations studied of 30.7 - 40.1% (w/w). The pre-endothermic events

became quite pronounced at the HPMC K 15M gels 25 - 35% (w/w) concentration range

when diclofenac sodium (50mM) was added. However, they were not apparent in HPMC

K15M gels at concentrations >35% (w/w). Figure 8.11 shows that in the HPMC K15M

gels 25 - 33% (w/w) concentration range, secondary events were clearly visible in

HPMC K15M gels both in the presence and absence of diclofenac sodium.

DSC analysis of 27.3 - 48.2% (w/w) HPC gels revealed that, even at high concentrations,

only a small secondary event was visible at concentrations > 30% w/w (section 5.4.2). In

HPC gels greater than 25% (w/w), containing 50mM of propranolol hydrochloride, pre-

endothermic events were barely visible and were similar to the events observed in HPC

gels in the absence of drug over a similar concentration range. Figures 8.12a and 8.12b

show that, in contrast, pre-endothermic events are clearly visible in HPC gels containing

diclofenac sodium in the 25 - 35% (w/w) concentration range.

HPC gels clearly behaved differently in comparison to the HPMC and MC gels studied.

HPC contains a high percentage of hydrophilic hydroxypropoxyl groups and therefore

may be expected to have a lot of bound water due to binding site availability. If water is

binding to these groups, it is not visible as pre-endothermic events on DSC scans. It is

possible that water attached to the polymer in this case binds so tightly that it does not

freeze upon cooling. This would explain the non-appearance of pre-endothermic events

which have been attributed to water loosely attached to the polymer and is capable of

freezing. With addition of diclofenac sodium however, pre-endothermic events are

visible in 25 - 35% (w/w) HPC gels. It is hypothesised that these pre-endothermic events

may be related to the presence of loosely bound water as a result of the 'salting-out'
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Figure 8.11 : DSC scans of 26.7 - 32.4% (w/w) HPMC K15M gels in the absence
and presence of 50mM of diclofenac sodium cooled at -100Cmin4 and heated at
+100Cmin-1 after 24h storage
(a) from -32 to +20°C	 (b) from -20 to -2.5°C
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effect of diclofenac sodium. This may explain the appearance of pre-endothermic events

in gels of all concentrations, molecular weights and substitution types when diclofenac

sodium is added.

8.4.5 Effect of drug addition on the melting point of free water in HPMC K15M

gels

Increasing HPMC K15M concentration from 5 to 25% (w/w) caused a depression of

both the endothermic melting peak and the endothermic melting peak onset (section

5.4.1). With the addition of a drug, this depression of melting point may be expected

regardless of polymer molecular weight or substitution type. For HPMC K15M gels,

increasing polymer concentration from 5 to 25% (w/w) in the presence of propranolol

hydrochloride (50mM) caused a depression of both the endothermic melting peak (9.82

± 0.8°C to 6.62 ± 0.3°C) and the endothermic rhelting peak onset (3.22 ± 0.7°C to 0.81 ±

0.2°C). Similarly, increasing polymer concentration in HPMC K15M gels from 5 to 25%

(w/w) in the presence of diclofenac sodium (50mM) caused a depression of both the

endothermic melting peak (10.41 ± 1.5°C to 8.33 ± 0.3°C) and the endothermic melting

peak onset (2.90 ± 0.5°C to 1.26 ± 0.2°C). In the absence of any drugs, increasing the

concentration of HPMC K 15M from 5 to 25% (w/w) caused a decrease of the

endothermic melting peak (8.9 ± 0.35°C to 6.17 ± 0.53°C) and the endothermic melting

peak onset (3.43 ± 0.16 to 1.82 ± 0.48°C) after similar gel hydration periods.

8.4.6 Quantitative analysis of the effect of propranolol hydrochloride (50mM) and

diclofenac sodium (50mM) on the bound water content of cellulose ether gels

The number of moles of bound water per PRU were calculated as previously described

using the Ford and Mitchell (1995) method (section 5.4.3.1) and values chosen for the

PRU were as listed in Table 5.9. In the majority of polymers studied here, propranolol
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hydrochloride reduced the amount of water bound to the polymer (Table 8.3), i.e. less

water required to fully hydrate the polymer, most likely due to its 'salting in' effect

(section 8.4.3). No particular trend was apparent in the extent to which the amount of

bound water was reduced by propranolol hydrochloride among the polymers studied.

Addition of propranolol hydrochloride to HPMC KlOOLV gels did not reduce the

amount of bound water. The bound water content initially was very low in these gels.

When diclofenac sodium was added to cellulose ether gels, with the exception of HPMC

F4M and HPMC KlOOLV, the amount of water bound to the polymer was reduced in

comparison with that bound in the absence of drug. More water was required to fully

hydrate the polymer compared to when propranolol hydrochloride was added. Diclofenac

sodium 'salts out' cellulose ether polymers making them less soluble. Therefore more

water will be required to hydrate the polymer and thus the bound water content should

increase. This effect was not seen in HPMC K MOLY or HPMC F4M gels. For HPMC

KlOOLV, addition of propranolol hydrochloride did not change the bound water content,

while addition of diclofenac sodium caused an increase in the amount of water binding

to the polymer. Addition of diclofenac sodium would certainly seem to make the

polymer less soluble, causing an increase in water required to hydrate the polymer, as

reflected in an increase in bound water. In the case of propranolol hydrochloride, the

expected reduction in bound water content due to the 'salting in' effect of the drug did

not occur. It may be that a certain minimum level of water is required to maintain the gel

structure and remains tightly bound to the polymer. This amount of tightly bound water

cannot be removed even with the addition of a drug like propranolol hydrochloride.

Differences in the bound water content of polymer gels of different molecular weights

and substitution types were explained by the degree of substitution of hydrophilic and

hydrophobic substituents on the polymer backbone in section 5.4.3. The bound water

content of HPMC F4M in the absence or presence of drug did not follow the pattern

shown by other polymer gels studied. HPMC F4M would be expected to have a fairly

low bound water content on the basis that it has a high methoxyl substitution level
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Table 8.3 : The effect of addition of 50mM of propranolol hydrochloride or diclofenac

sodium on the water distribution within a range of cellulose ether gels after 24h

equilibration

Polymer Viscosity Polymer Water Regression Moles bound
grade (cP) (% w/w) (% w/w) coefficient (R2) water per PRU

HPMC KlOOLV 93 81.2 18.8 0.994 2.4
+ propranolol 80.3 18.3 0.976 2.4
+ diclofenac 70.0 28.5 0.986 4.3

HPMC K4M 4,196 59.6 40.4 0.996 7.1
+ propranolol 79.4 19.2 0.997 2.5
+ diclofenac 65.4 33.1 0.987 5.3

HPMC K15M 15,825 70.2 29.8 0.978 4.5
+ propranolol 76.6 21.9 0.975 3.0
+ diclofenac 71.8 26.8 0.992 3.9

HPMC K 100M 119,768 64.1 35.9 0.970 6.0
+ propranolol 81.4 17.2 0.982 2.3
+ diclofenac 65.1 33.4 0.981 5.5

HPMC F4M 5,218 76.4 23.6 0.968 3.2
+ propranolol 76.3 22.2 0.986 3.0
+ diclofenac 83.3 15.3 0.992 1.9

HPMC E4M 3,970 63.1 36.9 0.974 6.2
+ propranolol 71.3 27.2 0.951 4.0
+ diclofenac 67.9 30.6 0.958 4.8

MC A4M 3,811 65.1 34.9 0.999 5.3
+ propranolol 77.4 21.2 0.995 2.7
+ diclofenac 71.8 26.8 0.998 3.7

HPC 5,950 61.6 38.4 0.983 5.5
+ propranolol 67.4 31.1 0.981 4.4
+ diclofenac 63.4 35.2 0.984 5.3
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(28.9%) combined with a low hydroxypropoxyl substitution level (6.1%). This is found

to be the case, however, while propranolol hydrochloride exhibits its 'salting in' effect,

diclofenac sodium does not show its 'salting out' properties as in other polymers. A

different mechanism may be operating in this case which requires further exploration.

8.4.7 Thermogravimetric analysis studies

8.4.7.1 Effect of propranolol hydrochloride and diclofenac sodium on thermal

events in HPMC K15M gels

The effect of scanning rate on the nature of moisture loss from 15% (w/w) HPMC K15M

gel samples was explored by thermogravimetric analysis (TGA) (section 4.4.1.2). More

than one evaporation event became visible on the TGA derivative curve at scanning rates

of +100Cmin-1 and above. The appearance of such events were related to the presence of

more than one type of water in HPMC polymer gels. This work was extended to identify

whether the evaporation events were affected in the presence of drugs.

Tables 8.4 and 8.5 and Figure 8.13 show that few differences were apparent in the nature

of moisture loss from — 15% (w/w) HPMC K15M gels in the absence or presence of

propranolol hydrochloride. The differences in the derivative peak(s) shape(s) were not

reproducible. Moisture was removed over a wider temperature range with increase in

scanning rate and more than one evaporation event was visible at scanning temperatures

of >1-100Cmiri4 as was seen in gels scanned in the absence of drug.

With addition of diclofenac sodium, separation of more than one evaporation event was

poorly visible, even at the higher scanning rates studied (Figure 8.13).

When gels containing drugs were scanned in vented aluminium pans, water evaporated

at higher temperatures in comparison to open pan TGA. A much more controlled release

255



Influence of drugs on water distribution within cellulose ether polymer gels 	 Chapter 8

Table 8.4 : Thermogravimetric analysis data showing the mean percentage weight loss

and the temperature range over which moisture loss occurs in 14.2% (w/w) HPMC

K 15M gel samples containing 50mM of propranolol hydrochloride scanned at a variety

of heating rates (n = 2)

HPMC K 15M +	 Mean peak width (°C)

50mM propranolol

HC1 (% w/w)

Mean % weight loss Scanning rate

(°rmin-1)

14.2 36.40 82.77 +2

46.39 78.96

14.2 84.78 79.79 +5

84.36 82.11

14.2 119.17 80.79 +10

96.13 81.84

14.2 124.66 84.83 +15

117.81 81.60

14.2 119.18 82.15 +20

116.31 81.57
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Table 8.5 : Thermogravimetric analysis data showing the mean percentage weight loss

and the temperature range over which moisture loss occurs in 13.93% (w/w) HPMC

K15M gel samples containing 50mM of diclofenac sodium scanned at a variety of

heating rates (n = 2)

HPMC K15M +

50mM diclofenac

sodium (% w/w)

Mean peak width (°C) Mean % weight loss Scanning rate

(°Cmin-1)

13.93 52.73 84.07 +2

51.36 83.91

13.93 81.34 83.34 +5

93.61 83.49

13.93 99.92 83.77 +10

97.57 83.77

13.93 120.09 84.73 +15

115.4 82.65

13.93 119.64 84.15 +20

125.45 84.72
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Figure 8.13 : TGA derivative curves of —15% (w/w)I-IPMC K15M gels in the
absence and presence of 50mM of propranolol hydrochloride or diclofenac sodium
scanned at a heating rate of +20°Cmiri4 in open sample pans
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Figure 8.14: TGA derivative curves of —15% (w/w) HPMC Kl5M gels containing
50mM of propranolol hydrochloride scanned at heating rates of +2, +5, +10, +15 and
+20°Cmiri l in vented sample pans
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Figure 8.15: TGA derivative curves of —15% (w/w) FIPMC K15M gels containing
50mM of diclofenac sodium scanned at heating rates of +2, +5, +10, +15 and
+200Cmin-I in vented sample pans
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of water occurred. Figure 8.14 shows a clear separation of more than one evaporation

event that occurred in HPMC K15M gels containing propranolol hydrochloride

scanned in vented pans at high scanning rates. In comparison, Figure 8.15 shows a

poorer separation of evaporation event(s) in HPMC K15M gels containing diclofenac

sodium scanned under similar conditions.

8.4.7.2 Kinetic studies on the effect of drug addition on water loss from HPMC

Kl5M gels

The data in section 8.4.2.1 (Table 8.4 and Table 8.5) were analysed using the Perkin-

Elmer Decomposition Kinetics program (see section 4.4.1.3).

Statistical analysis of data in Tables 4.4, 8.6 and 8.7 indicate that no significant

differences were observed in the values for Ea in HPMC K15M gels in the absence or

presence of drugs. Table 8.6 and Table 8.7 also show that the highest Ea exists at the

lowest conversion value, the point at which the reaction is in its early stages i.e the initial

stages of moisture loss from the gel sample. This was also seen with HPMC K15M gels

in the absence of drug (Table 4.4) and it was explained in section 4.4.1.3.

Gel samples containing diclofenac sodium showed very little spread in the Ea values

obtained at any of the conversion values even at low conversion values. At low

conversion values such gel systems are not at equilibrium, contain large quantities of

free water and are at their most dynamic in nature, therefore the spread of Ea values

were expected to be wider (as seen in the case of gels containing propranolol

hydrochloride).
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Table 8.6 : Activation energy (Ea) of gel samples of 14.2% (w/w) HPMC K15M

containing 50mM of propranolol hydrochloride calculated at a number of different

conversion values

HPMC K 15M + 50mM

propranolol HC1 (% w/w)

conversion value (%)	 Ea (ICJ/mole)

	

14.20	 2	 123.1

142.0

	

14.20	 5	 66.9

86.4

	

14.20	 10	 49.1

57.4

	

14.20	 15	 42.4

48.0

	

14.20	 20	 38.7

43.1
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Table 8.7 : Activation energy (Ea) of gel samples of 14.2% (w/w) HPMC K15M

containing 50mM of diclofenac sodium calculated at a number of different conversion

values

HPMC K15M + 50mM	 conversion value (%) 	 Ea (KJ/mole)

diclofenac sodium (% w/w)

	

13.93	 2	 141.5

140.6

	

13.93	 5	 70.8

70.2

	

13.93	 10	 50.8

50.1

	

13.93	 15	 43.9

43.3

	

13.93	 20	 40.1

39.7
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8.5 Conclusions

The water distribution within cellulose ether polymer gels was affected by the presence

of a drug. Pre-endothermic events indicative of loosely bound water were visible in

HPMC K 15M gels (15, 20 or 25% w/w) following the addition of 10, 20 or 30% (w/w)

propranolol hydrochloride. These events were visible only in 20 and 25% (w/w) gels

when 50mM of propranolol hydrochloride was incorporated. The events were

exaggerated after 96h equilibration and the shape of the pre-endothermic events changed

in the presence of 10 - 30% (w/w) propranolol hydrochloride. Generally, propranolol

hydrochloride (50mIVI) had a negligible effect on the shape of pre-endothermic events in

polymers of varying molecular weights or substitution types. In the case of HPMC F4M,

which showed very little evidence of pre-endothermic events in the absence of drugs,

some evidence of loosely bound water appeared in higher concentration gels, after

addition of propranolol hydrochloride.

Diclofenac sodium had a marked effect on the appearance of pre-endothermic events in

cellulose ether polymers. It appeared that after 24h equilibration, pre-endothermic events

were visible in all HPMC K-series 5 to 25% (w/w) gels incorporating diclofenac sodium.

Addition of diclofenac sodium resulted in the appearance of pre-endothermic events in

HPMC E4M, HPMC F4M or MC A4M gels containing 5 - 25% (w/w) polymer. In HPC

gels, however, no pre-endothermic events were visible after addition of 50mM of

diclofenac sodium in gels of concentration 5 - 25% (w/w). However, pre-endothermic

events appeared in HPC gels containing diclofenac sodium in the 25 - 35% (w/w)

concentration range.

Quantitative studies have indicated that propranolol hydrochloride acts to 'salt in' the

polymer, hence increasing its solubility. Less water is required to fully hydrate the

polymer. This was shown in the reduced amount of water bound to the majority of

polymers studied after propranolol hydrochloride addition when compared with the

amount of water bound in the absence of drug. In contrast, when diclofenac sodium was
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added to cellulose ethers gels, with the exception of HPMC F4M, more water was

required to fully hydrate the polymer compared to when propranolol hydrochloride was

added. Diclofenac sodium 'salts out' cellulose ether polymers making them less soluble.

Therefore more water was required to hydrate the polymer and thus the bound water

content was increased.

Thermogravimetric studies identified that HPMC K15M gels containing propranolol

hydrochloride showed evidence of more than one evaporation event occurring at high

scanning rates, similar to events seen in HPMC K 15M gels in the absence of drugs.

Separation of more than one evaporation event indicated the presence of more than one

type of water in the gels. Thermogravimetric studies of HPMC K15M gels containing

diclofenac sodium showed poor separation of evaporation events, even at the higher

scanning rates studied. Kinetic analysis failed to distinguish any effects caused by

addition of either propranolol hydrochloride or diclofenac sodium to the Ea of HPMC

Kl5M gels.
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Chapter 9 General Discussion

9.1 Introduction

The aims of this work were to characterise the fundamental interactions between

water and cellulose ether polymers. A series of polymers were studied including a

range of Methocels of similar substitution type and varying molecular weight; HPMC

KlOOLV, HPMC K4M, HPMC K 15M and HPMC KlOOM. Polymers were also

studied which were of similar molecular weight but with varying substitution type;

HPMC K4M, HPMC F4M, HPMC E4M, methylcellulose MC A4M and

hydroxypropylcellulose (HPC). The behaviour of water within these gel systems was

studied both in the presence and absence of drugs. A number of techniques were

employed including the closely associated thermal techniques of differential scanning

calorimetry (DSC) and thermogravimetric analysis (TGA). In addition, studies were

carried out using dynamic vapour sorption (DVS) and low frequency dielectric

spectroscopy (LFDS).

9.2 Characterisation of the interaction between water and HPMC

K15M polymer gels

HPMC K 15M was chosen as representative of other cellulose ethers commonly used

as the rate controlling polymer in hydrophilic matrix systems. DSC studies showed

the presence of one or more events appearing prior to the leading edge of the main

endotherm for the melting of free water within HPMC Kl5M gels. These pre-

endothermic events were thought to be related to the presence of different types of

water within the gels, melting at different temperatures. Different types of water

thought to be present in these systems include free (unbound) water, non-freezing

water which is tightly bound to the polymer and freezing bound water (Nakamura et

al, 1983b). The appearance of more than one endothermic peak around 0°C for the

melting of frozen water has previously been reported in DSC traces. Murase (1993)

has considered similar peaks in cross-linked dextrans as being related to the presence

of water, different to bulk water. Hatakeyama and Hatakeyama (1998) have reported
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that more than one endotherm, corresponding to the melting of different types of

water, is present in various cellulose samples. They also reported that in some cases,

a shoulder was found on the lower temperature side of an endothermic peak, similar

to what was observed in HPMC K 15M gels in the current study. Ratto et al (1995),

have observed more than one endothermic peak for water in water/chitosan systems

and have attributed this to cold crystallization. This occurs in systems where non-

freezing and freezing bound water are present. Upon heating, some of the non-

freezing water becomes mobile, comes into contact with solid freezing bound water

and forms ice. A crystallization exotherm is subsequently visible. Liu and Lelievre

(1991, 1992) have identified more than one endothermic peak around 0°C in starch

systems and have explained these as being due to either changes in machine

resolution, the presence of a glass transition or due to division of moisture between

water in the starch sample and water evaporating from the starch in the DSC pan and

condensing on the pan lid. A number of authors have cast doubts on the existence of

more than one type of water occurring within polymer systems (Levine and Slade,

1988; Roorda et al, 1988a, 1988b, 1994; Zografi, 1988; Bouwstra et al, 1995). They

suggest that only a single class of water is present which is reduced in mobility due to

the transition of the polymer from its rubbery to glassy state. Roos and Karel (1991)

have attributed pre-endothermic events in DSC traces of ice melting in maltose and

maltodextrins as being due to overlapping ice melting (first order) and glass

transition (second order) phase transitions. Sodium chloride is present as an ionic

contaminant in many cellulose ethers. The temperature of the sodium chloride : water

eutectic is -21.2°C (Partington, 1954). It is possible that one or more of the

transitions occurring below 0°C in cellulose ether gels may be due to this eutectic

temperature.

TGA has previously been employed to differentiate between different types of water

in various systems. Donescu et al (1993) have identified two types of water

evaporating at different temperatures in polyvinylacetate (PVAc) emulsions. Three

types of water have been observed evaporating from porcine stratum comeum (Liron

et al, 1994). Hatakeyama and Hatakeyama (1998) have described water loss from

hydrophilic polymers, using TGA, occurring in two or more stages. Further evidence
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for the existence of more than one type of water within HPMC K15M gels has been

provided by TGA. The first derivative of the TGA weight loss curve, showing the

rate of water loss from gels, provides evidence of water evaporating in more than one

event. It is hypothesised that free water evaporates at temperatures lower than water

which is associated with the polymer which evaporates at higher temperatures.

Low Frequency Dielectric Spectroscopy (LFDS) has shown that the dielectric

response of deionised water scanned from -30°C to +20°C at frequencies of land

100 Hz is characterised by a sharp increase in both capacitance and dielectric loss at

the melting point of ice (0°C). The presence of 25% (w/w) HPMC K15M gels

resulted in a quite different dielectric response with the melting point of ice being

depressed in both the capacitance and dielectric loss responses. In addition to the

melting of free water, a number of other processes were visible as indicated by the

shape of the dielectric response curves. These data are in agreement with the findings

of DSC and TGA studies which showed the presence of more than one melting event

in cellulose ether gels indicating the presence of more than one type of water melting

at different temperatures. Dielectric analysis has- previously been employed to

characterise the behaviour of water within polymeric systems. Pathmanathan and

Johari (1994) have found evidence of freezing and non-freezing water in a

terpolymer hydrogel while Kyritis et al (1995) have identified more than one type of

water in poly (hydroxyethyl acrylate) hydrogels. Identification of different types of

water in cellulose derivatives has not previously been carried out using dielectric

analysis.

Both DSC and LFDS studies have shown that water associated with the polymer

melts at lower temperatures than free or unbound water. This is explained by

consideration of the cooling process which the gels are subjected to during both DSC

and LFDS analysis. It is hypothesised that upon cooling, free water in the gel system

forms larger crystals than those formed by water which is loosely bound to the

polymer. Upon heating, the smaller crystals will melt first followed by the larger

crystals formed by free water and thus different types of water melting at different

temperatures are visible.
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The pre-endothermic events in HPMC K15M gels were dependent on polymer

concentration. In DSC studies, pre-endothermic events initially appeared at 16%

(w/w) HPMC K15M gels and became more exaggerated as the concentration was

further increased. Increase in HPMC K15M concentration resulted in a decrease in

both DSC exothermic (cooling/ crystallization) and endothermic (heating/ melting)

enthalpies (J/g) after gel storage for both 24 or 96h. Assuming that both these

enthalpies relate, in the main, to the crystallization and melting of free water

respectively, it is evident that there is a decrease in the amount of free water present

with increase in HPMC concentration. It is thought that as polymer concentration

increases, the amount of water required to hydrate the polymer increases and thus less

free water is available. Increase in HPMC K15M concentration also resulted in a

decrease of temperature of both the endothermic melting peak and the endothermic

melting peak onset. This temperature decrease may be related to an increase in the

quantity of loosely bound water, which melts at a lower temperature than free water.

Hatakeyama and Hatakeyama (1998) have described how endothermic peak shape

varies according to polymer water content in various cellulose samples.

Both TGA and dielectric studies reflected changes in water distribution occurring in

HPMC K 15M gels with increase in polymer concentration. The appearance of the

TGA first derivative curve varied with HPMC K15M concentration (5 - 25% w/w)

and this was thought to reflect the altered distribution of water within the gels.

Higher temperatures were required to remove all of the water from gels with an

increase in polymer concentration. It is thought that there is an increased amount of

closely associated or loosely bound water with an increase in gel concentration.

Dielectric response of HPMC K 15M gels showed that with increase in polymer

concentration from 5 to 25% (w/w), a transition beginning at -8.5°C became more

pronounced. It is thought that such transitions may be similar to events seen on the

lower temperature side of the main endotherm for the melting of free water only in

higher concentration HPMC K 15M gels using DSC.

The melting events visible in HPMC K15M gels were found to be dependent on

polymer hydration time and on heating and cooling rates during DSC analysis. Pre-
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endothermic events were visible in gels hydrated for 24 or 96h in DSC traces but

were not visible in gels hydrated only for 2h. It is thought that 2h is insufficient time

for gel equilibration to occur.

Pre-endothermic events were exaggerated at both low cooling and low heating rates

during DSC analysis. Low cooling rates may allow water associated with the polymer

to freeze slowly and combine more tightly with the polymer. This may lead to an

increase in the amount of bound water which appears as a more pronounced peak to

the left of the main endotherm for the melting of free water. When the heating rate is

low, the resolution of the DSC increases and water melts as a number of separate

events, possibly, indicating the presence of more than one type of closely associated

water. Murase (1993) has previously identified how the shape of a small endotherm

occurring to the left of the main peak for the melting of free water within cross-

linked dextran gels, is dependent on the preceding cooling treatment. This has been

suggested as evidence that such pre-endothermic events are not due to the glass

transitions which should theoretically be independent of cooling and heating rates

during DSC analysis. When a sample of HPMC K 15M (20% w/w) gel was cooled to

-50°C, then heated to the point at which secondary events first appeared (— -9°C) and

subsequently recooled and reheated to +35°C, the secondary events remained visible.

Further recooling to -50°C, heating to -9°C and holding for 10mins, and then

recooling and reheating again indicated that the presence of the secondary events

remained unaffected. These results indicated that such events are indeed quite 'real'

and may be linked to the presence of different water types that exist in HPMC K15M

gels.

Similarly, TGA heating rate influenced the evaporation of water from 25% (w/w)

HPMC K15M gels. At heating rates of +10°Cmin-1 and above, more than one

evaporation event was visible on the derivative TGA curve. It has been suggested

that the appearance of such events at higher scanning rates only, may indicate that

bubbling of the gel had occurred during heating at faster rates, providing a

mechanism for release of loosely bound water from the gel. However, the fact that

these events were reproducible may suggest that bubbling of the gel may not be
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water may evaporate from gels at lower temperatures and is not visible as a separate

evaporation event on the first derivative curve. Water evaporated at higher

temperatures from HPMC K 15M gels scanned in vented aluminium pans in

comparison to open pans. Excellent separation of more than one evaporation event

was visible on the dTGA curve at heating rates of 10 0Cmin4 and above in gels

scanned in vented pans. In vented aluminium pans, water vapour builds up inside the

pan reaching equilibrium thus slowing down evaporation of water at lower

temperatures from the gel.

The behaviour of HPMC K 15M gel systems, as studied using DSC, was influenced

both by gel preparation method and by batch to batch variation. Differences were

identified qualitatively by the nature of the melting events visible on DSC traces and

quantitatively by analysis of the number of moles of bound water (BW) per polymer

repeating unit (PRU).

9.3 Characterisation of the interaction between water and a range of

polymers of varying molecular weight and substitution type

DSC analysis was extended to the remaining HPMC K-series. Events occurring to

the lower temperature side of the main endotherm for the melting of free water were

again visible in these gels with their appearance being dependent on both polymer

molecular weight and gel storage time. Decrease in the endothermic (melting)

enthalpy and a decrease of melting point with increasing concentration of polymer

occurred in all the polymers studied. DSC analysis of polymers with similar

molecular weight but varying substitution type was completed. All polymers studied

showed similar trends to those within the HPMC-K series with respect to decrease in

the endothermic (melting) enthalpy and a decrease of melting point with increasing

concentration of polymer. The presence of thermal events occurring to the left of the

main endotherm for the melting of free water varied with polymer substitution type.

No pre-endothermic events were visible in 5 - 30 % (w/w) HPC gels after either 24 or

96h storage. The dielectric response of the HPMC K-series varied with polymer

molecular weight in terms of both the pattern of melting and the temperature at
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molecular weight in terms of both the pattern of melting and the temperature at

which melting begins. The dielectric response of polymers of similar molecular

weight but different substitution types varied in a similar way. In all polymers studied

the magnitude of the dielectric response varied from polymer to polymer and this was

linked to the levels of ionic contaminants within the polymers.

Dynamic vapour sorption (DVS) studies provided information on the vapour

sorption/ desorption properties of HPMC polymers. All polymers analysed, of

varying molecular weights and substitution types, showed Type 1:1 isotherms. Type II

isotherms are characteristic of either multilayer physical adsorption on non-porous

solids with the formation of an adsorbed monolayer visible on the isotherm, or

alternatively, typical of adsorption on microporous solids with condensation

occurring in pores as well as monolayer adsorption on the surface (Shaw, 1992).

Moisture sorption isotherms, constructed by plotting the mass of moisture taken up

per unit mass of dry powder against the relative humidity, showed the existence of an

hysteresis loop between the sorption and desorption cycles in all polymers studied.

Polymers in the HPMC K-series have similar methoxyl and hydroxypropoxyl

substitution levels and as a result one may expect them to be similar in terms of

surface and particulate morphology. As a result, few differences in the moisture

sorption and desorption properties of these polymers were expected. The moisture

sorption isotherms showed that, as expected, polymer molecular weight had no effect

on moisture sorption behaviour, however HPMC KlOOLV and HPMC K4M retained

slightly more water during desorption than other members of the HPMC K-series. On

the other hand, the DVS of cellulose ether polymers with different substitution types

and levels showed that HPMC K4M sorbed more moisture at all RH values than the

polymers of other substitution types studied. This was explained by the low

percentage methoxyl substitution level (22.2%) of HPMC K4M in tandem with a

high percentage hydroxypropoxyl level (8.4%). Three thermodynamic states of water

have been previously identified in cellulose and starch based excipients (Zografi and

Kontny, 1986) in similar water sorption studies.

It is hypothesised that the hysteresis area, the area between the moisture sorption/
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desorption curves on the moisture sorption isotherm, is related to water being

retained within the polymer. If this is indeed correct, this area may be related to the

capability of a particular polymer to absorb water. HPMC KlOOLV and HPMC K4M

have slightly larger hysteresis areas than HPMC K15M and HPMC KlOOM

indicating that more water is transferred into these polymers and remains there. This

follows the trend seen previously when HPMC KlOOLV and HPMC K4M retained

slightly more moisture during desorption than HPMC K15M and HPMC KlOOM.

The hysteresis area of HPMC K4M was larger than polymers of all other substitution

levels studied. Previously, it has been shown that HPMC K4M tablets have a reduced

water mobility within their gel layer (Rajabi-Siahboomi et al, 1996) and this has been

proposed to explain slower drug release from HPMC K4M matrices. Here, it was

also found that HPMC K4M retained more moisture within its structure than the

other HPMCs studied.

The theory proposed by Young and Nelson (1967a, 1967b) assumes that three

mechanisms exist by which water can associate with biological materials. These

include adsorption of water onto the material surface to form initially a

monomolecular layer followed by formation of multimolecular layers of water

molecules. A certain amount of water is also transferred into the material and is

known as absorbed moisture. The Young and Nelson theory (1967a, 1967b) was

applied to the water vapour sorption data for all the HPMCs studied. The calculated

data fitted closely with the experimental data indicating that the Young-Nelson

theory may be accurately applied to characterise the interaction of water vapour with

HPMC polymers. Polymer methoxyl/ hydroxypropoxyl substitution ratio was related

to the water distribution as calculated using the Young-Nelson theory. The HPMC K-

series have shown a good fit with the Young-Nelson model in agreement with

previous work (Nokhodchi, 1996; Nokhodchi et al, 1997).

The amount of water tightly bound to the polymer was calculated using the method

proposed by Ford and Mitchell (1995). The number of moles of BW per PRU was

dependent on polymer molecular weight and substitution type as well as gel storage

time. It was assumed that the amount of bound water present in the gels after 96h
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gives a more accurate reflection of the water distribution within the gels due to an

increased equilibration time. A number of conclusions were drawn regarding the

amount of water bound to selected polymers based on the degree of substitution of

hydrophilic and hydrophobic substituents on the polymer backbone. MC A4M gels

contained the lowest amount of bound water of all the polymers studied after 96h

storage. This may be linked to the structure of methylcellulose which has a high

hydrophobic methoxyl content with no hydrophilic hydroxypropoxyl substitution.

Such a structure will not favour large amounts of water binding to the polymer. In

contrast, HPC contains no hydrophobic methoxyl substituents and only hydrophilic

hydroxypropoxyl substituents and it was found that HPC gel systems contained large

quantities of bound water. No loosely bound water is visible in 5 - 30 % (w/w) HPC

gels and it is hypothesised that water attached to the polymer in this case is of the

non-freezing bound type only. HPMC E4M and HPMC F4M gels have similar bound

water contents after 96h. This may be a reflection of similar percentages of methoxyl

substituents. The majority of polymers studied showed an increase in their bound

water content from 24 to 96h storage. In contrast, HPMC K4M, HPMC E4M and MC

A4M all showed a decrease in their bound water content during this equilibration

period. For gels stored for 96h, an increase in the bound water content is visible with

an increase in polymer molecular weight within the HPMC K-series. It is possible

that as molecular weight increases, changes occur in the 3-D structure of the polymer

due to folding of the polymer chains or changes in substitution along the cellulose

backbone. The bound water content of the HPMC K-series of polymers has

previously been characterised using the calculation methods proposed by Ford and

Mitchell (1995) and Sung (1978) (Nokhodchi et al, 1997). The values reported varied

between 6 and 7 (method of Sung) or 5 and 6 (method of Ford and Mitchell) for gels

stored for 4 days. A value of 6.6 moles per PRU was also reported by Ford and

Mitchell (1995) for HPMC K15M gels. However in this study it was found that

differences between the BW values obtained using the method of Sung in the current

work and those quoted by Nokhodchi et al (1997) were explained by considering the

sample preparation method employed. Nokhodchi et al (1997) concluded that neither

particle size nor viscosity grade of the HPMC K-series of polymers had any

significant effect on the amount of BW per PRU.
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The Brunauer, Emmett and Teller (BET) (1938) equation, for calculation of surface

area, was applied to water vapour sorption isotherm data to compare with the results

of BET analysis which was carried out on cellulose ether powders using nitrogen as

the adsorbate gas. The values for specific surface area (SSA) obtained when water

vapour was employed as the adsorbate gas, were much larger in comparison to the

corresponding SSA achieved when nitrogen gas was employed. It is thought that

nitrogen provides a truer estimate of the SSA because physical adsorption onto

accessible internal and external surfaces are measured. When water vapour is

employed, water is thought to interact with the anhydroglucose molecules within the

cellulose polymer chain (Zografi et al, 1984) thus providing a much larger SSA.

9.4 Influence of drugs on the water distribution within cellulose

ether polymer gels

The presence of a drug in a matrix tablet will affect the water distribution within

cellulose ether polymer gels by affecting the way in which water is bound to, or taken_
up by, the cellulose ether. The effect of both propranolol hydrochloride (a water

soluble drug) and diclofenac sodium (a poorly water soluble drug) on the distribution

of water within HPMC K 15M polymers was studied using DSC, dielectric

spectroscopy and TGA.

The influence of drugs on cellulose ether polymers of varying molecular weight and

substitution type was characterised using DSC analysis. The shape and appearance of

pre-endothermic events in DSC scans of 5 - 25% (w/w) HPMC K15M gels were

influenced by the concentration of added propranolol hydrochloride. Addition of

50mM (1.479% w/w) propranolol hydrochloride influenced the appearance of pre-

endothermic events in 5 - 25% (w/w) HPMC KlOOM gels after 24h hydration but did

not influence the appearance of these events in 5 - 25% (w/w) HPMC KlOOLV,

HPMC K4M or HPMC K15M gels. Similar concentrations of propranolol

hydrochloride influenced the appearance of pre-endothermic events in 5 - 25% (w/w)

HPMC F4M gels, but did not influence their appearance in 5 - 25% (w/w) HPC,

HPMC E4M or MC A4M gels. Diclofenac sodium (50mM) has a major influence on
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the appearance of pre-endothermic events in cellulose ether polymer gels.

Incorporation of diclofenac sodium results in the appearance of pre-endothermic

events in all HPMC K-series and in HPMC E4M, HPMC F4M and in MC A4M gels

at all concentrations studied (5 - 25% w/w). However, in 5 - 25% (w/w) HPC gels no

pre-endothermic events were visible after diclofenac sodium addition. Pre-

endothermic events were visible in 25 - 35% (w/w) HPC gels containing diclofenac

sodium. The effect of drug addition on the bound water content of cellulose ether

polymers after 24h storage was examined. In the majority of polymers studied,

propranolol hydrochloride reduced the number of moles of bound water per PRU.

This is in agreement with previous work in which the influence of propranolol

hydrochloride on the interaction of water and polymer was examined by DSC

Mitchell et al (1989) and in cloud-point studies (Mitchell et al, 1990a). This may be

due to propranolol hydrochloride 'salting in' the polymer i.e. making it more soluble.

By increasing the solubility of the polymer, less water is required to fully hydrate it

(Mitchell et al, 1993c), and as a result less water is bound. In the majority of

polymers studied, addition of diclofenac sodium reduced the amount of water binding

to the polymer in comparison to that bound in the absence of drug. However, more

water was required to fully hydrate the polymer in the presence of diclofenac sodium

in comparison with the effects seen upon addition of propranolol hydrochloride.

Diclofenac sodium 'salts out' cellulose ether polymers making them less soluble.

This is in agreement with previous work which reported that diclofenac sodium

decreased the hydration of HPMC polymers (Rajabi-Siahboomi et al, 1994) and

modified the internal gel structure of HPMC matrices (Binns et al, 1990; Melia et al,

1990).

If different types of water are present in HPMC Kl5M gels which evaporate at

different temperatures, then the presence of added drug, which interferes with the

water distribution within the gel, should affect the appearance of these different water

types in dTGA scans. The effect of drug addition on the interaction between water

and HPMC K15M gels was analysed using TGA. The appearance of the evaporation

events visible when propranolol hydrochloride (50mM) was added to HPMC K15M

gels were similar to those seen in the absence of drug. In contrast, HPMC K15M gels
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containing diclofenac sodium (50mM) showed poor separation of evaporation events

at all scanning rates studied. Similar results occurred when gels containing drugs

were scanned in vented sample pans. DSC studies have previously shown that

diclofenac sodium caused an increase in polymer BW content in the majority of

polymers studied. This increase in BW content may interfere with the melting events

in these gel systems as detected by TGA. TGA kinetic studies were completed on the

water evaporation process from HPMC Kl5M gels in the absence and presence of

drugs. The activation energy (Ea) of dehydration of HPMC K15M gels scanned in

both open and vented sample pans was influenced by the conversion (or % weight

loss) chosen. The activation energy is described as the energy barrier or threshold that

must be overcome to enable water to evaporate from the gels. The activation energy

was also influenced by the build up of water vapour pressure in gels scanned in

vented sample pans. Kinetic analysis failed to differentiate any effects resulting from

addition of either propranolol hydrochloride or diclofenac sodium to HPMC K15M

gels.

_

The melting of ice within HPMC K15M gels studied by dielectric spectroscopy was

found to be affected by the addition of both propranolol hydrochloride and diclofenac

sodium. The magnitude of the dielectric response over a temperature range of -30PC

to +20°C at frequencies of 1 and 100Hz, was increased in gels containing propranolol

hydrochloride in comparison with gels containing diclofenac sodium. It was

hypothesised that different molar ratios of ionic species are released on drug

dissociation with diclofenac sodium releasing less ionic species and showing a

reduced dielectric response. In frequency sweeps at constant temperature, the nature

of the dielectric response for HPMC K 15M gels, which include either propranolol

hydrochloride or diclofenac sodium is different when compared to the dielectric

response of deionised water or HPMC K15M gels in the absence of drug. An

increase in magnitude of both the capacitance and dielectric loss values occurs in the

presence of added drug. This increase in magnitude is greater in HPMC K15M gels

containing propranolol hydrochloride than those containing diclofenac sodium,

which is consistent with the response previously seen in temperature scans at

constant frequencies.
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Chapter 10 Conclusions and Recommendations for Future Work

10.1 Conclusions

The aims of this thesis were to characterise the interactions between water and

cellulose ether polymers employed in hydrophilic matrices. Detailed analysis on the

types of water existing within the gel layer are fundamental to the understanding of

the mechanism of drug release and the factors that may affect it.

Distinctive thermal events appearing on the lower temperature side of the main

endotherm for the melting of free water, were apparent in the DSC scans of HPMC

Kl5M gels. These events were related to the presence of different types of water,

melting at different temperatures, existing within the gels. Different types of water

considered to be present within these systems include free water, freezing bound

water and non-freezing bound water. Alternative explanations for the characteristic

thermal events have been considered including the phenomenon of cold

crystallization and overlapping ice melting and glass transition phase transitions.

Additional evidence for the existence of more than one type of water within HPMC

K15M gels has been provided by both TGA and dielectric spectroscopy. Evidence of

water evaporating in more than one event was visible from the first derivative of the

TGA weight loss curve, which showed the rate of water loss from gels. Water which

was associated with the polymer evaporated at higher temperatures than free water

which evaporated at lower temperatures. LFDS has shown that deionised water

scanned through 0°C at frequencies of 1 and 100 Hz exhibits a sharp increase in its

dielectric response at the melting point of ice (0°C). In contrast, the melting point of

ice was depressed in 25% (w/w) HPMC K 15M gels in both the capacitance and

dielectric loss responses. The shape of the dielectric response curves also indicated

that in addition to the melting of free water, a number of other processes were

occurring. These dielectric data are in agreement with the results of DSC and TGA

studies which indicated that more than one type of water is present in HPMC K 15M

gels. The characteristic events occurring in HPMC K15M gels were found to be
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dependent on polymer concentration (as seen in DSC, TGA and LFDS studies),

polymer hydration time (DSC studies) and heating (DSC and TGA studies) and

cooling (DSC studies) rates utilised during scanning.

Characteristic pre-endothermic events were present in the DSC scans of all polymer

gels (5 — 25% w/w) studied which were dependent on polymer molecular weight and

substitution type. Small pre-endothermic events were visible in HPC gels only at

concentrations > 30 % (w/w). The amount of water bound per polymer repeating unit

was dependent on hydration time and polymer molecular weight and substitution type

and was related to the level of hydrophobic methoxyl and hydrophilic

hydroxypropoxyl substitution. The dielectric response of polymer gels varied with

both polymer molecular weight and substitution type in terms of both the pattern of

melting and the temperature at which melting began.

Both propranolol hydrochloride (a water-soluble drug) and diclofenac sodium (a

poorly water soluble drug) affected the distribution of water within cellulose ether

polymer gels. Addition of propranolol hydrochloride influenced the appearance of

pre-endothermic events in DSC scans of HPMC KlOOM and HPMC F4M gels only.

Incorporation of diclofenac sodium resulted in appearance of pre-endothermic events

in all polymers at all concentrations studied (5 — 25% w/w) except in 5 — 25% (w/w)

HPC gels. In the majority of polymers studied, propranolol hydrochloride reduced the

amount of water binding to the polymer. Diclofenac sodium reduced the amount of

water binding to the polymer in comparison to that bound in the absence of drug.

However, more water was required to fully hydrate the polymer in the presence of

diclofenac sodium in comparison to the effects seen upon addition of propranolol

hydrochloride. TGA studies identified differences in the separation of evaporation

events in the absence and presence of drugs only when diclofenac sodium was added

to HPMC K 15M gels. Poor separation of evaporation events occurred after addition

of diclofenac sodium to these gels at all scanning rates in both open and vented TGA

pans. TGA kinetic analysis failed to differentiate any effects resulting from addition

of either propranolol hydochloride or diclofenac sodium to HPMC K 15M gels. LFDS

studies showed that drug addition affected the transitions occurring during the
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melting of ice in HPMC K 15M gels. The magnitude of the dielectric response was

increased in gels containing propranolol hydrochloride in comparison to the response

seen in gels containing diclofenac sodium.

The water vapour sorption/ desorption properties of cellulose ethers were

investigated by dynamic vapour sorption. All polymers showed Type 11 isotherms

irrespective of molecular weight and substitution type. Polymer molecular weight had

little effect on their moisture sorption/ desorption behaviour. On the other hand,

substitution level appeared to affect polymer water sorption/ desorption

characteristics. HPMC K4M sorbed more water at all RH values compared to the

other three substitution types. In addition, the hysteresis area of HPMC K4M was

larger than HPMC E4M, HPMC F4M and MC A4M. Polymer methoxyl/

hydroxypropoxyl substitution ratio was related to water distribution as calculated

using the Young-Nelson theory. The Young-Nelson theory fitted closely to the

experimental water sorption/ desorption data indicating that this theory may be

correctly applied to characterise the interaction of water vapour with HPMC

polymers.

10.2 Recommendations for future work

(1) In this study, the interaction of water with individual polymers of varying

molecular weight and substitution type were studied using DSC. Investigation of the

interaction of water with polymer : polymer combinations (ionic and non-ionic

polymers) using DSC may be useful to complete the study.

(2) In this thesis, DSC and TGA studies were carried out independently of each other.

By using simultaneous DSC and TGA, bound (non-freezing) water may be directly

determined by subtraction of bound (freezing) and free water (determined from DSC

measurements) from total water (determined from TGA measurements).

(3) Further investigation is needed into the behaviour of HPMC F4M gels containing

diclofenac sodium, as seen using DSC, in which the 'salting-out' effect of the drug

on the polymer is not seen.
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(4) The TGA work completed in this study provided information only on the

evaporation of water from HPMC Kl5M gels. It may be interesting to investigate the

evaporation of water from other cellulose ether polymers of varying molecular

weights and substitution types, both in the absence and presence of drugs. Further

investigations may be completed using vented sample pans in addition to open

sample pans.

(5) Low Frequency Dielectric Spectroscopy studies in this thesis have highlighted the

considerable potential of this technique to examine phase transitions occurring within

cellulose ether gels. This work may be expanded to examine the effect of drugs,

including non-ionizable drugs, on a range of other cellulose ether polymer gels.

(6) The effect of drug addition on the water vapour sorption/ desorption properties of

cellulose ether polymers using DVS has yet to be studied and would expand the field

in this particular area.

(7) There is considerable potential for examination of cellulose ether polymer

systems using the relatively new technique of modulated DSC. This technique has

the capacity to separate first and second order phase transitions. It has been suggested

in some quarters that pre-endothermic events in various systems may be due to

simultaneous melting (first order) and glass transitions (second order) occurring. If

this is the case, modulated DSC may have the capacity to separate these events if

indeed they are overlapping.

(8) The glass transition temperature of cellulose ether polymer films and the

influence of moisture and drugs on this transition may be studied using modulated

DSC.
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