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SUMMARY

Poly (2-hydroxy ethyl methacrylate) (PHEMA) and a series of

copolymers of PHEMA with various oligo (ethylene glycol) dimethacrylates,

with the number of ethylene glycol units varying between one and nine,

were prepared. The effect of sorbed water and the degree of crosslinking on

the dynamic mechanical properties of these polymers, and the nature and

state of water in the polymer was investigated using a variety of techniques.

Polymer samples of varying hydration were prepared by conditioning at

different relative humidities. The kinetics of sorption and desorption were

also studied.

The amounts of freezing and non-freezing water in the polymer

samples were determined using differential scanning calorimetry. Some fine

structure to the melting endotherm was observed. The size and structure of

the endotherm was found to be dependent on a number of factors including

the time frozen, the temperaure at which the sample was frozen and the

immediate past history of the sample. Crosslinking led to a large decrease

in the relative amount of freezing water. 1H solution NMR was also used to

measure the relative amounts of mobile and bound water at differing

temperatures. The decrease in mobile water at 258 K was measured with

time and found to decrease in an exponential manner.

Proton enhanced magic angle spinning 13C NMR was used to

measure both the l3C relaxation in the rotating frame, Trp(C), and the spin

lock cross polarisation time, Tsl. Tlp(C) values decreased with increasing

amounts of sorbed water,especially when the sample Tg fell below the

measuring temperature. This was most noticeable for the carbonyl and

quaternary carbons. The carbonyl T5¡ also showed a decrease as sorbed

water increased.

Mechanical properties were measured using a free oscillation torsion

pendulum. The greatest effect noted being a decrease in the glass transition

v



temperature,Tg, with increasing water sorption. Þ,T and water induced

transitions were also noted and found to vary with copolymer type and water

content. A number of equations were used in order to try and predict the

change in Tg due to sorbed water and crosslinking. These met with varying

succes s.
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CHAPTER ONE

INTRODUCTION

The preparation and possible biological uses of poly(2-hydroxy erhyl

methacrylate) (PHEMA) were first described by Wichterle and Lim (7,2) in

the early 1960s. HEMA monomer has the formula;

H2C=C( CH3 ) COOCH2CH2OH

The polar hydroxy group enables PHEMA to absorb large amounts of

water, up to 40-457o in some cases, of the total weight of the hydrogel (3-

6). This also has the effect of substantially lowering the glass transition

temperature (Tg) (7-8) of the polymer making it rubbery at room

temperature. Polymers of this type are usually classified as hydrogels.

The term gel can cover a variety of soft coherent substances ranging

from lamellar mesophases, clays, amorphous vanadium pentoxide,

phospholipids and also three dimensional or network polymers (9).

Polymeric gels are capable of absorbing large amounts of water or other

liquids while still still retaining such essential properties of solids as finite

shear and compression moduli. For the purpose of this thesis the most

useful definition of polymeric hydrogels is that of Aharoni and Edwards (9):

a system consisting of a polymer network swollen with solvent, in this case

water, where polymer network refers to the three dimensional polymeric

structure excluding the occluded solvent.

The nature of synthetic hydrogels makes them suitable for such

potential medical applications as soft contact lenses (10), reverse osmosis

membranes (11-13), kidney dialysis membranes (14-16) and drug delivery

systems (17-23). For many of these possible applications it is desirable to

be able to manipulate the physical properties of the hydrogel in order to

affect the transport or release of drugs or other chemicals through the

hydrogel. PHEMA hydrogels are particularly useful for biomedical
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applications as they exhibit a high degree of chemical stability and

mechanical integrity. They have also been shown to be resistant to acid

hydrolysis and reactions with amines (24), and incur alkaline hydrolysis

only at high temperature and pH (25).

A number of techniques, such as differential scanning calorimetry

(DS c) and nuclear magnetic resonance (NMR), are available for

investigating the behaviour of water in polymers. This has led to a

proliferation of terms used to describe the state of the water in the polymer

(26-42) including terms such as primary and secondary, bound, interfacial,

bulk, free and freezing and non-freezing. The techniques used and

hysteresis effects can also change the types and amounts of water found.

The concept of hydration shells (43) has been used to describe the

nature of the water binding process in hydrogels with non-freezing water

molecules hydrogen bonded directly to the hydrophilic groups on the

polymer with successive hydration shells of freezing water molecules

surrounding the inner hydration shell. It has been proposed (44), in the

case of PHEMA, that less than 20 wt 7o of water is strongly bound to the

polymer, corresponding to two water molecules per polymer repeat unit.

The so-called interfacial water accounts for a further 15Vo. It is believed to

be bound by dipole-dipole interactions with hydroxy groups or hydrophobic

interactions. The remaining water is freely diffusable.

It has been observed (45-46) that the v/ater uptake of PHEMA is

relatively insensitive to low degrees of crosslinking. This has been taken as

an indication of a secondary, non-covalent network existing along with the

primary, covalently bonded crosslink network. This secondary structure has

been proposed to be due to hydrophobic interactions between either cx,-

methyl groups or chain backbones (a7) or hydrogen bonded hydroxy groups

probably stabilised by the exclusion of water from the regions containing

the bonds (48). Other studies indicate the possibility of interactions

involving both hydroxy and carboxyl groups (49). This secondary structure
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effectively crosslinks the polymer, controlling the swelling behaviour of the

hydrogel. While low degrees of crosslinking have little effect on rhe water

uptake this is not true for higher degrees of crosslinking which lead to a

reduced water content (43).

Previous swelling work (37-41) has indicated that the maximum

water content in homogeneous PHEMA hydrogels is approximately 40 wt%o.

This is the limiting water content for a transparent hydrogel. Above this the

gels are heterogeneous and cloudy. A high water content for hydrogels in

general has been found to be beneficial with respects to better transport and

interfacial properties but unfortunately at the same time it tends to have an

adverse effect on the mechanical properties (50-51). Alternatively the

absence of "free water" has been reported as desirable for high salt rejection

in the case of membranes used for desalination by reverse osmosis (52).

Much of the work here involves investigating the effect of

crosslinking on the PHEMA hydrogel. PHEMA generally contains a small

amount of crosslinking in its original form as a result of impurities in the

HEMA left over from the production process. This impurity usually

consists of ethylene glycol dimethacrylate (EGDMA). Even a small amount

of EGDMA in the HEMA monomer has the effect of creating a network

polymer which is insoluble in water.

EGDMA, however, is only the first in a series of oligo (ethylene

glycol) dimethacrylates (OED) which have the general formula :

H2C=C(CH¡ )COO( C}l2CIf2O)nCOC(CH: ) =CHz

where the value of n regulates the length and flexibility of the oxyethylene

(OE) backbone, both increasing as n increases.

OEDs with values of n ranging from one to nine were used in the

preparation of crosslinked copolymers of PHEMA. The naming of the

OEDS generally follows that of the n value initially so that OEDs with

n=1,2,and 4 are called EGDMA, di-(ethylene glycol) dimethacrylate

(DiEGDMA) and tetra-(ethylene glycol) dimethacrylate (TEGDMA)
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respectively. When n>4, the name is based on the average molecular weight

of the OE chain between methacrylate groups, so for (poly 400 ethylene

glycol) dimethacrylate (P400) the mean value of n is approximately nine.

Varying the type and amount of OED used as as a crosslinking agent

enables a number of different parameters to be va¡ied. The EGDMA

homopolymer is an extremely brittle glassy polymer with a very high Tg

(53). As the OE length increases, however, the Tg of the respective OED

homopolymers falls, with P400 having a T, of 268 K(53). This property of

the OEDs enables copolymers with HEMA to be formed that have a wide

range of glass transition temperatures. It has also been noted (53) that the

increase in polarity of the OEDs as n increases, due to the increasing

number of ether groups, cause differences in water sorption properties with

P400 absorbing much larger amounts of water than EGDMA . The choice of

crosslinking agent used therefore presents the possibility of being able to

control both the hydrophilicity of the crosslinked HEMA copolymer and

therefore its water absorption properties, and also some of the bulk

mechanical properties, such as its Tr.

Although the kinetics of water sorption into PHEMA has been

previously studied (54-57) much of this was concerned with the effect that

the amount of water in the initial polymerisation mixture had on the

diffusion constant. Similarly little work has been done on the diffusion rate

of water into crosslinked PHEMA copolymers. From the work that has been

carried out it is apparent that the uptake of water into PHEMA can be

described as a square root function of time and could therefore be modelled

using Fickian kinetics (58-60). However the existence of separate water

sorption fronts has been taken as an indication that it is not true Fickian

sorption (58). Copolymerising HEMA with a crosslinking agent also

changes the sorption kinetics and the hope has been expressed (60) that with

the judicious use and selection of crosslinking agents it might be possible to
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advantageously modify the rate of diffusion of water into the polymer. This

possibility has been further explored in this thesis.

The desorption of water from these systems appears to have been

neglected, despite its possible relevance to rates of drug release, so the

desorption of water from the various copolymers has also been investigated.

Previous dynamic mechanical measurements of PHEMA hydrogels

have indicated the existence of three relaxations in the dry polymer (7). The

lowest temperature relaxation (140K) is presumed (7) due to internal

rotations of the hydroxy side chain. A further relaxation observed at 300K

has been ascribed to partial rotation of the COOCHzCHzOH group while the

high temperature relaxation (376K) (7) is due to large scale main chain

motion occurring as the polymer changes from glassy to rubbery.

The addition of small molecules, including wate5 has been found to

have an effect on all three of these transitions, with perhaps the greatest

noted being its plasticising effect. Vy'ater and other solvents are also

responsible for the appearance of a peak occurring at approximately l70K

which has been presumed due to water interfering with polymer-polymer

interactions and replacing them with polymer-solvent interactions (l).

Dynamic mechanical testing has been carried out on various crosslinked

PHEMA copolymers in order to determine the effect the degree of hydration

and crosslinking has on the dynamic mechanical properties of these

copolymers.

The origins of the bulk mechanical properties of polymers must lie in

the molecular dynamics of the macromolecules and the segments of the

macromolecules (61). It was thought that with the use of solid state NMR

techniques, that are able to provide direct information on the molecular

motions and relaxations of the carbons that make up the repeat units in the

polymer, it might be possible to find a correlation between changes in the

bulk mechanical properties, such as those measured by a torsion pendulum,

and the changes observed by NMR methods as both the degree of hydration
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of the polymer changes and as HEMA is copolymerised with orher

monomers. NMR pulse sequences were used that are capable of detecting

changes in both near static motion and motion in the mid kHz range of the

polymer carbons.

lg NMR has also been used to study the behaviou¡ of water in

hydrogels. Smyth et al. used lH NMR to investigate water in a number of

partially hydrated PHEMA samples over a wide temperature range measuring

a variety of different relaxation parameters (44). They found that, for a 53

wt%o waterlPHEMA sample, the bulk of the water present is bound water

which is rendered mobile at =180K and has the characteristics of a glass.

l0 Vo of this low temperature mobile water eventually froze i.e.formed a

crystalline phase.

lFI NVtR work here was carried out primarily to study the effect that

crosslinking has on the water in fully saturated hydrogels and how the

different types of water observed in the hydrogel change as rhe sample is

frozen. HEMA was also copolymerised with MMA to see what effect a

hydrophobic non-crosslinking copolymer would have.

DSC studies were carried out in conjunction with the lH NMR work

to see what effect copolymerisation had on the relative proportions of

freezing and non freeing water.

It was hoped that by making use of a variety of experimental

techniques a fuller understanding could be obtained both of the effect water

and crosslinking have on the dynamic mechanical properties of hydrogels

and the environments in which water exists in the hydrogel.
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CHAPTER TWO

EX PERIMENTAL TECHNIQUES

2.1 Sample Sources

HEMA was obtained f¡om Mitsubishi Chemicals, courtesy of SOLA

optical, and contained 50 ppm hydroquinone monomethyl ether as

inhibitor. EGDMA, DiEGDMA, TEGDMA and P400 from Fluka and pMMA

from Polyscience. The peroxide initiator used was t-butyl per-2-ethyl

hexanoate (TBO), (Interox,Australia) with the structural formula

H ¡ CC (CH ¡ )zOOCOCH (CzH s )CHzCHzCHzCHg

2.2 Sample Preparation
All monomers were dried over anhydrous magnesium sulphate and

then stored over activated 3.Ä. molecular sieves at -15oC until required. The

initiator was used as supplied and at the concentration in monomer of 0.2Vo

v/v. To prevent inhibition of the polymerisarion by oxygen high purity dry

nitrogen was bubbled through the monomer for 15-20 minutes immediately

prior to casting. Monomers were cast between t\¡/o glass sheets using

silastic tubing (Dow Corning) as a gasket in the manner described by

Cowperthwaite(1). The resultant casts were between 0.5 and 2 mm thick

depending on the thickness of the gasket used.

Due to the strong adhesion of PHEMA to glass it was necessary to

treat the surface of the glass sheets with trimethylchlorosilane (TMCS)

prior to casting any monomer mixtures containing HEMA. The TMCS reacts

with the silanol groups on the glass surface preventing the hydroxy group

of HEMA bonding to the surface. This facilitated the easy removal of the

polymer from the mould. Some PHEMA samples were also prepared by

polymerising between two teflon sheets. HEMA was cured at 60oC until

gelation occurred after approximately 2 hours, after which the temperature
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was raised in 10oC steps every hour up to 110oC and kept aT that

temperature for 12 hours. The temperature was then slowly reduced over a

period of 4-5 hours to ambient temperature. Simila¡ cure profiles were

used for copolymers of HEMA with the oligo-(ethyrene glycol)

dimethacrylates and MMA, although for high concentrations of EGDMA and

DiEGDMA a further post cure was required aT 720oC for one hour in order

to ensure that the full possible cure could be ¡eached. The resulting casts

were all clear and transparent. Curing for any length of time above these

temperatures led to some degradation of the cast indicated by a brown

discolouration appearing. Copolymer composition is generally specified in

terms of mole Vo of the OED used.

The extent of cure of all samples was checked by differential

scanning calorimetry (DSC) using a Perkin Elmer DSC 2. Full cure was

assumed to occur when no exotherm, due to monomer polymerising, was

noticeable on the DSC thermogram. It must be noted however, that

previous work(2-6) has shown that polymers of EGDMA, DiEGDMA and

TEGDMA have some remaining unsaturation, even at full attainable cure,

that cannot be measured by DSC. This unsaturation occurs in the form of

trapped monomer and unreacted pendant double bonds. This should have

little effect on copolymers containing only small amounts of these

monomers but at high concentrations there may be some effect on the

properties of the copolymer. Copolymers containing greater than 60 moIVo

EGDMA tended to crack and craze extensively and samples larger than

approximately one c-2 could not be produced.

NMR measurements (7) indicated the presence of 0.3 molVo EGDMA

in the HEMA monomer. This results in a three dimensional network

polymer which is insoluble in water. The monomers were not deinhibited.

It has been found that deinhibiting TEGDMA by passing through an

activated alumina column had little or no effect on the properties of the

polymer (8)
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PMMA sheers weré formed either by polymerisation of MMA or by

compression moulding of PMMA beads. The beads \¡/ere molded at 180oC

for one hour and then allowed to cool slowly over a period of 7-8 hours, to

ambient temperature.

2.3 Sample Hydration
All DSC, NMR, absorption and mechanical tests were carried out on

samples prepared from casts produced as described above. Samples were

initially dried to a constant weight in a vacuum oven at 50oC which took

approximately one week to achieve. Appropriately sized samples were then

fashioned from the dried casts. In the case of torsion pendulum samples

care was taken to ensure that the sides were smooth and parallel. To

achieve partially hydrated samples the polymers were either placed in

deionised water or stored at different relative humidities obtained using

saturated salt solutions in sealed containers at a constant temperature

(9, 10). The salt solutions used along with their respective relative

humidities are shown in Table 2.1. Constant temperature water baths were

used which maintained the desired temperature to + 1oC. previous

measurements (11) have shown that humidities obtained in this way are

within +3Vo of the published values.

Tabl e 2.1
List of salts used to obtain different relative humidities at the temperarures
lis ted.

S alt Temp (oC) VoR.H

NaOH 25 6

MgCl 25 33

NH¿CL 25 79

KBr 20 84

NA zSO¿ 20 93

PbNOr 25 98
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2.4 Differential Scanning Calorimetry
A Perkin Elmer DSC II was used for all DSC measurements.

Measurements above ambient temperature \ryere carried out using high purity

dry nitrogen as the purge gas and the instrument was calibrated with Indium

(m.p. 429.7 8 K, ÂH¡=6.8 callg) and Lead (m.p. 600.65K, ÂH¡=J.5 callg).

Below ambient temperature, water and n-octane (m.p.216.4 K) were used

as calibration standards. Melting point temperatures were measured using

the method shown in Figure 2.1(a). Liquid nitrogen was used as the

coolant which enabled temperatures down to 100 K to be reached. At

temperatures below 258 K helium was used as the purge gas. It was

necessary to enclose the head of the DSC in a dry box to prevent

condensation on the samples or sample holders whenever temperatures

below ambient were required.

All calibrations were carried out at the same heating rate as that at

which the sample was scanned.This was usually either 20 K/min or 10

K/min.

2 " 4 (a) Meas urement of Freezi ng Water

Hydrated polymer samples were enclosed in volatile-sample pans,

(P.E. No219-0062), to minimise water loss during measurement, after first

removing any surface water with absorbent paper. The amount of freezing

water was calculated by measuring the area under the peak produced on the

DSC thermogram when the water in the sample melted to the area produced

by the melting of a known weight of water.

2.4(b) Glass Transition Temperature

Several methods can be used to obtain the glass transition

temperature T, from a DSC thermogram (12). In this work the midpoint

method, shown in Figure 2.Ib, was used.

All samples were enclosed in volatile sample pans. Samples were

weighed before and after the run to determine any water loss.
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2.5 Dynamic Mechanical Measurements

Dynamic mechanical measurements of the relaxation properties of

polymers with varying water content were made using a free oscillation

torsion pendulum (TP). The sample was counterbalanced to ensure that

there was no strain on the sample and mounted on a fixed base with an

inertial arm connected to the sample which was able to be pulsed by an

electromagnet. The resultant sinusoidal decay was monitored by a mirror,

light and photoresistor and the resulting output recorded on a chart

recorder.

From this the log decrement, A, can be calculated using Equation

2.7;

Equation 2. 1

where A(n) is the reference peak amplitude and A(n+1) is the amplitude one

cycle later. P, the period of oscillation, can also be calculated. These two

parameters can then be used to calculate the in-phase shear or storage

modulus,G', and the out-of-phase shear or loss modulus, G", using the

appropriate equations (13). G' is a measure of the energy stored in the

specimen due to the applied strain while G" is a measure of the energy loss

from the specimen. The ratio of G' to G", defined as the loss tangent, tan

õ, can be used to characterise the energy dissipation, where

A=ln A(n)
A(n+l)

Equation 2.2

G', G" and tan ô can give information on transitions occurring in

the sample, eg. from glassy to rubbery.

- G'' A
tan Ò =7.1-= -u if,
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Previous experiments on this instrument (8,14) indicate errors in Tg

of +3 K, for À of 4.'77o,and for G' of 4.73Vo which are comparable to other

torsion pendulum systems (15).

Measurements were made on samples approximately 10x1.0x30 mm.

Subambient temperatures v/ere attained by cooling the sample chamber with

liquid nitrogen and then raising the temperature using a heating tape which

gave a heating rate of approximately 2 K/min. Superambient temperatures

required a thermostatted air circulation heater. Combining these two

methods gave a temperature range between 123 K to 473 K. All

measurements were made with the sample enclosed in a high purity nitrogen

atmosphere. The temperature was measured to + 1K using previously

calibrated copper-constantan thermocouples placed at each end of the

sample. At extremely low temperatures (< 100 K) there was a slight

variation of approximately 2 K along the length of the sample; when this

occurred the average temperature of the two thermocouples was used.

2.6 Nuclear Magnetic Resonance

2.6(a) Solution NMR

A Brüker WP80 Fourier Transform NMR spectrometer with a

variable temperature (VT) accessory was used to obtain the 1H spectra of

water in PHEMA and PHEMA copolymers. A fully saturated polymer

sample was cut into small pieces of approximately one mm3 and packed

firmly into a 5mm diameter NMR tube (Wilmad 507-PP) which contained a

sealed 2.5 mm diameter capillary tube (Wilmad WG-1364-2.54) filled with

deuterated acetone, (m.p.-95.4 C), which acted as an external lock. The

NMR tube was sealed securely to minimise water loss.

Spectra were collected at various temperatures and under identical

conditions, (eg. the same number of scans collected ). This enabled the

change in the amount of mobile \¡/ater to be monitored as a function of time

and/or temperature. The linewidth at half peak height,Wt/2, which is
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related to T2 by Equatlon 2.3, also gives some information on molecular

mobility

I
'2 = 

llw tlz Equation 2' 3

The temperature \ryas measured using a copper-constantan

thermocouple. The accuracy of the temperature displayed on the VT

accessory was verified using the Van Geet equation, Equation 2.4(16);

racr= 403 - ?lf oul - ?14\ tu)z Equation 2.4

where M=frequency of the spectrometer, Tacr is the actual

temperature and Âv is the difference in frequency between the hydroxy and

methyl protn resonances of methanol. The temperature indicated was found

to be correct to *loC

The spectrometer operated at 80 MHz for l¡¡ nuclei. Standard

techniques were used for measurement; (lH pulse-1.Z¡.t"s/45"C), 16K data

table, phase alternating pulse sequence (PAPS ) and quadrature signal

detection.

2.6(b) Solid State NMR

The use of high resolution NMR for studying solid polymers can

provide detailed information on various types of molecular motions. It can

be sensitive to a wide range of motional frequencies from 0.01 -1010 Hz.

Two frequency ranges chosen here are characterised by Ttp(C), the 13C

relaxation time in the rotating frame, sensitive to motions in the kilohertz

range and T5¡, the spin-lock cross polarisation time, sensitive to near static

motions. In the process of calculating Tg¡ Trp(H), the lH relaxation in the

rotating frame , can also obtained.

To achieve a high resolution l3C spectrum it is necessary to remove

line broadening which occurs due to dipolar interactions between l3C and
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proton nuclei and chemical shift anisotropy (CSA), due to the asymmetry of

the electron cloud shielding the carbon nucleus. Dipolar b¡oadening can be

reduced by using a high powered decoupling field, analogous to proton

decoupling used in 13C NMR of liquids to remove carbon-proton spin -spin

coupling, but normally some ten times larger. CSA can be removed by

spinning at the magic angle (54.7\ as the degree of shielding that a nucleus

experiences is dependant on the orientation of the molecule to Bo, the

magnetic field. This has a 3cos2Þ-l dependance, where p is the angle

between the bond axis and the Bs field. At the magic angle this torm

becomes zero. Sample spinning rates must be of the order of the CSA

linewidth, (1-5 kHz), to remove CSA.

In addition to these two methods cross polarisation (CP) or proton

enhancement was used. This process helps eliminate two problems

associated with t3C Ntr¿R. Firstly, the low natural abundance of 13C

nuclei, (1.l1Vo compared to 99.9Vo for lH nuclei), and secondly the long T1

values of l3C nuclei in solids as it is necessary to use data acquisition times

similar to T1 in order to prevent signal saturation.

Cross polarisation occurs when the smaller "hotter" 13C reservoir is

brought into contact with the larger "cooler" lH reservoir and magnetisation

is t¡ansferred from the proton reservoir to the 13C nuclei. This occurs

when the Hartmann-Hahn condition is satisfied:

rçnf =rsnf, Equation 2.5

the magnitudes of the carbon and proton field respectively. With this

condition met proton and carbon levels are brought to lower matching

levels and energy conserving spin flips can now occur between carbon and

proton spins. This has the effect of reducing the T1 values and, under ideal

where Yg and Ts are the 13C and lH gyromagnetic ratios and Bf and Bf, are
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conditions, enhancing the 13C signal approximately four times. The time

constant describing the rate of magnetisation transfer is T5¡ or Tgg and it

is possible to measure this using the following pulse sequence (17). Firstly

the proton spins are polarised in a field Bo followed by placing them in a

rotating field by a 90o pulse followed by a 90o phase shift and continued

irradiation by a strong H field. The 13C spins are then placed in the

rotating frame such that the Hartmann-Hahn condition is obeyed and contact

established with the proton nuclei for a variable time. As cross polarisation

occurs through static dipolar coupling of the carbon and proton nuclei this

provides information on near static components of motion. The pulse

sequence is shown in Figure 2.2.

T5¡ values can then be calculated from the varying intensities of the

13C nuclei with varying contact times, t. An equation has been developed

(18) relating intensity to t

I=Iol.- 1 [ r - r.p(#, J] exp( rr p(H)
I

where

] Bquation 2.6a

Equation 2.6b
Tsr

Tr p(H)

and I = peak intensity after cross polarisation contact time t and TSL,

Trp(c) and r1p(H) are as defined previously. since Trp(c) is usually much

greater than TSI the ratio Trp(C)/fslcan be assumed to be zeÍo and

equation 2.6a simplifies to

r=ftte*e(r,l-r*/ - ".ott*-arJr(+ ,,r*L Equation 2.7

The data obtained was then fitted to this equation using a non linear

least squares regression method via a program DATAFT (19) and T5¡ and

Trp(H) values obtained.
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Trp(c) values were also measured, again using a pulse sequence

described by Schaefer (17). Spin contact is established for a variable rime,

t, which is then terminated by switching off the proton rotating field. The

carbon spins are then held in their rotating field for a variable time and data

is then collected with dipolar decoupling on. This sequence is illusrrared in

Figure 2.3.

All magic angle spectra were acquired on a Brüker cxp-300

spectrometer with a frequency of 75.47 MHz, a proton decoupling field of

61 k}lz (1.36G), and a carbon spin-lock field of 60 kHz (53G). The

recycle time was five seconds and the n/2 carbon pulse size approximately

4.2 ps. All cross polarisation experiments were conducted with spin

temperature alternation and received phase cycling (CYCLOPS) to remove

quad images. The probe temperature was 298+3 K. For Tg¡ measurements

r times were in the range 0.05-7ms and for Trp(c) delay times ,r, berween

0.2-l8ms before acquisition were used.

PHEMA and PHEMA copolymers were crushed to a granular

powder, dried in a vacuum oven at 50o C and then allowed to rehydrate at

different relative humidities. The rotor used was a zirconia double bearing

rotor which allowed spinning speeds of approximately 3.6 k}lz. A hole in

the end cap of the rotor was sealed using silicon sealant in order to prevent

excessive water loss during the experiment. PMMA samples were cut into

disks, dried and rehydrated as above. These were run in an Andrews -

Beams type rotor, made of boron nitride, at a spinning speed of 2-3kHz.

After completion of the experiment the samples were removed from the

rotor, weighed and then d¡ied to determine any water loss.

2.7 Dif f usi on Measurements

Diffusion of water into the samples was measured either by placing

the dry sample in deionised water at 25+l"C or in different relative

humidities and weighing at appropriate intervals after first removing any
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Figure 2.2 Schematic of the pulse sequence used to obtain T5¡ rimes.
13C magnetisation builds up during contact. The l3C signal is then aquired
after turning off the matching radiofrequency field, but with high power
proton decoupling. See text for details.
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Figure 2.3 Schematic of the pulse sequence.used to obtain Tro(C) times'

Main fearures ur"",täï"itiàr éitä¡ìïh;äi of the Hartmann-Hahn condition.

The carbons afe rr"r¿ in their rotating frames with no cP contact for various

lengths of time. itr" t3C signal is then acquired with dipolar decoupling of

the protons.
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surface water. The amount of water absorbed into the polymer can be

defined in a number of different ways. The two methods most commonly

used are to either express the water content as a percentage of its dry

weight using Equation 2.8;

TrHzo=W-ì{D*o * toovo Equation 2.8

where Wy¡ is the weight of the wet polymer and tñ/¡ is the weight

of the dry polymer, or to express it as a function of its wet weight, most

commonly termed the Equilibrium lüy'ater Content (EWC) or in some cases

the Equilibrium Swelling Content (ESC), using Equation 2.9;

Ewc=wË-JD* toovo Equation 2.9

In this work the latter method is used unless otherwise specified.

Desorption measurements were carried out by placing the wet

samples in dry atmospheres achieved using silica gel.

The size of voids in the samples was determined by the method

described by Turner (20). The sample was suspended by a silk thread from

a balance into a beaker of water. Corrections were made for the mass and

sorption properties of the thread.

In all cases a Mettler 4E166 digital electronic balance accurate to

+0.1 mg was used.
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CHAPTER THREE

WATER SORPTION AND DESORPTION

3.1 Intro ducti on

In this chapter the sorption and desorption of water in PHEMA and

PHEMA crosslinked with varying amounts of EGDMA, DiEGDMA,

TEGDMA and P400 has been studied at three different relative humidities

(33Vo,J9Vo and l00Vo) and in water, all at 25oC. Once the samples had

¡eached equilibrium in their respective environments (i.e. no weight change

over approximately a week), they were placed in a dry atmosphere and

desorption allowed to take place, with subsequent measurements being

made.

The term sorption (l-2) used here, is a generalised term and is used

to describe the penetration and dispersal of molecules of a gas, vapour or

liquid onto and throughout a polymeric solid to form a mixture. It includes

adsorption onto external and internal molecular surfaces such as those of

capillary pore systems and absorption of the sorbate into the bulk structure

of the polymer.

The inclusion of the different oligo(ethylene glycol) dimethacrylates

(OEDs) meant that three possible situations could occur. The copolymers

could start off glassy and remain glassy at maximum EV/C, as with

PoIy(HEMA/EGDMA) copolymers where the EGDMA content was above 14

mole%o,they could be initially glassy and become rubbery, as with straight

PHEMA, or they could be rubbery initially and become increasingly more

so, as with copolymers containing large amounts of P400.

3.2 The Kinetics of Diffusion

The mathematical concept of "holes" in polymers where solvent

molecules can reside has been used to interpret the diffusion of solvents
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into polymers. A solvent molecule has a greater chance of diffusing

between holes in regions of low solvent concentration since there are a

grea,ter number of unoccupied holes and therefore the concentration gradient

can be viewed as the driving force behind diffusion.

Diffusion of water or solvents into polymers is generally found to

occur between two limiting cases, the first being Fickian diffusion and the

second, termed Case II diffusion.

Fickian diffusion is that which occurs according to Fick's Law

J = -D99-u* Equation 3.1

where J is the diffusion flux (mass per cross-sectional area per unit

time), D is the diffusion coefficient (cm2sec-1¡ and dcldx is the

concentration gradient. A solution to Fick's Law for thin sheets in which

diffusion through the sheet edge is assumed to be negligible is given by

Equation 3.2 (3),

oo

Mt -,-qS 1 ^--
M." = I -;Len¡¡fx

n=0

Mt 
= 2(211r/zMoo Vl, )

-(2n+ l)znzPt
p

412
Equation 3.2

Equation 3.3

where 2l is the sample thickness, Mt is the mass uptake (in this case

of water ) at time t (secs), Moo is the mass uptake at infinite time and D is

the diffusion coefficient. In the case of desorption measurements Mt is the

weight loss at time t, and Moo is the total weight loss. For Mt/Moo < 0.5

then Stefan's approximation (4), Equation 3.3, is often used to calculate D.

At higher sorption levels a further approximation, Equation 3.4, can

be used(16).

I-nrt--l4r i = Ln(Å )- "1?'' Moo' - Ln\Tt2,- -lF Equation 3'4
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Both of these equations have been used here to calculate D for

individual points and in some cases to find the initial diffusion coefficient.

The data was also fitted to the first eleven terms of Equation 3.2 (i.e n = 0

to 10) using the DATAFT program (Chapter Two). A common

representation of data from diffusion experiments is to plot Mt/Moo

against ¡ll2 v¡þs¡e I and t are as before. This is referred to as the reduced

sorption curve.

Diffusion is said to be Fickian (5) if the following three criteria are

obeyed,

(1) Mt/Moo v5 ¡1/2 gives linear sorption and desorption curves to

Mt/M"o =60Vo or greater.

(2) Above the linear region sorption and desorption curves are

concave to the x axis.

(3) The reduced sorption curve lies above the reduced desorption

curve.

The other case mentioned is that of Case II diffusion. For Case II
diffusion the basic parameter is the constant velocity of the advancing front

which marks the boundary between the swollen gel and the glassy core of

the polymer. It is also characterised by a weight gain which is linear with

sorption time. Frisch proposed (6) that the equation, Equation 3.5,

Mt =ktn
Moo

Equation 3.5

where k is a constant characteristic of the system and n is an exponent

characteristic of the type of diffusion, could be used as a simple way of

analysing solvent transport. It can be seen that if n = 1/2 then Equation 3.5

is equivalent to Equation 3.3 and the diffusion follows a Fickian

mechanism, while if n = 1 Case II diffusion is indicated. The value of n

was derived from a log - log plot of Mt/Moo against t. Correlation factors r

calculated from the fit of the data to the Equation 3.5 were usually greater

than 0.99 for all the systems studied.
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Vrentas and Duda (7-8) have also made use of the diffusional Deborah

number, De, as an indication of Fickian or non-Fickian diffusion. De is

defined as the ratio of the characteristic relaxation time to the characteristic

diffusion time. If De =1 then relaxation controls the transport process and

it is non-Fickian. If De<<l or De>>l then diffusion becomes Fickian.

Previous experiments on PHEMA (9-ll) have found that the kinetics

of linear swelling do not follow the same functional form as the kinetics of

water uptake (12) and the hypothesis of voids has been used to explain these

results. It has been suggested that these voids fill with water first before

any linear expansion takes place. A similar concept has been used to

describe the sorption of gases by glassy polymers like polyethylene

terepthalate ( 13) and polystyrene ( 14).

Turner (15) has used this concept of voids to explain the behaviour

of water sorption into PMMA. Turner used a conclusion reached by Bueche

(16) that recognized that sorption into voids, or zeÍo density regions,

should cause an increase in density whereas sorption that causes swelling

should not change the density. Turner then determined the amount of water

in the voids by weighing the samples in water and air and using Equation

3.6,

7o in Voids =
(V/*.t-V/*.n)
(Wu,t-Vy'u,o) ^ 100 Equation 3.6

where Vy'w,r is the weight in water at time t and W¿,1 is the weight in air at

time t.

Turner proposed that as water initially enters the surface zone of the

polymer both swelling takes place and voids are filled, with the former

process continuing to contribute to water uptake even after the wetting

front, as determined by water moving into voids, has moved on. This

causes an increase in D which continues until the swelling in the surface

zone has reached equilibrium. After this the swelling zone and the wetting

front keep pace and a constant D is achieved once the voids are full. Turner
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assumed that this described the non - Fickian water sorption he found in

PMMA as a case of Fickian sorption with a small contribution from Case II

sorption. Similar systems having both a Fickian and non-Fickian

contribution have been observed in a number of other crosslinked polymer

systems. (17-19)

Other evidence for the existence of voids ðomes from the fact that

the properties of some polymers are found not to change greatly with the

sorption of small amounts of diluents leading to the conclusion that they

have been absorbed into voids (20-21).

It is important not to confuse the concept of voids with the

mathematical "hole" theory which was mentioned earlier with respect to

modelling diffusion through polymers. The voids referred to here are

presumed to be due to the inhomogeneous packing of polymer chains, frozen

in below Ts (15,21-23)

3.3 Results

3.3.1 Sorption at 33Vo Relative Humidity

Table 3. I shows the E'WC, sorption and desorption coefficients D,

and D¿ and ns and n¿ - the exponents calculated from Equation 3.5. The

subscripts s and d refer to sorption and desorption respectively. The

reduced sorption and desorption curves for the copolymers are shown in

Figures 3.1a-h. The reduced sorption and desorption curves for PHEMA

are shown in Figure 3.2. The correlation factor r calculated from the linear

log-log plot used to calculate n from Equation 3.5 was generally greater

than 0.99 for these and subsequent n values.

It is apparent from the observed ns values, which are all close to 0.5

for the majority of the copolymers, that sorption at 33Vo relative humidity

can be described by a Fickian mechanism, although there is some slight

increase for HEMA copolymerised with between 3 and 1,4 molvo oED

followed by a decrease as the OED content increases. The Fickian sorption
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behaviour is further reflected in the reduced sorption curves which show

linearity for all samples up to at least Mt/M"o = 0.8. It was also evident in

the close fit obtained when calculating Ds from Equation 3.2, up to

Mt/M"" -1 in most cases , an example of which can be seen in Figure 3.3.

TABLE 3.1
Sorption and desorption results for PHEMA and PHEMA copolymers
initially equilibrated at 337o Relative Humidity. E, Di and T represent
EGDMA, DiEGDMA and TEGDMA respectively. The number in brackets in
the D5 and D6 columns represents the standard error given by the DATAFT
program.

MoleVo
OED EWC

Calculated
EWC

D5x10E

crn2sec-l
D¿x108

cm2sec-l ns nd

0 4.4 4.45 u. l5 tJ.22 u.53 0.55

3E 4.2 0.22(0.0D 0.20(0.01) 0.51 0.49
6E 3.7 0.27(0.03) 0.19(0.01) 0.54 o.52
L4E 3.8 0.28(0.03) 0.19(0.01) 0.53 u.53
30E 2.6 0.40(o.ol) 0.28(o.ol) o.5z 0.50
50E 1.9 0.óó(0.02) 0.39(0.06) u.48 0.52

3Di 4.t 4.O 0.27(0.01) 0.I9(0.01) 0.54 0.52
fl)i 'J.7 3.ö u.34(0.01) 0.21(0.01) 0.54 u.ó5
l4Di 3.4 3.5 0.28(0.01) 0.20(0.01) 0.59 0.55
3ODi 2.9 2.9 u.3u(0.01) 0.2u(0.01) u.57 0.54
50Di 2.2 2.2 0.37(0.01) o.22(0.01) o.49 o.57
lODí L.l t.ó u.4E(0.03) tJ.79(0.20',) u.55 0.43
l00Di 0.9 0.9 0.99(0.05) 0.58(0.02) o.52 o.54

3T 4.L 4.rJ 0.33(0.06) 0.21(0.06) 0.55 0.48
6T 3.4 3.E 0.ól(0.05) u.l7(0.05) u.57 0.53
t4L' '3.2 3.2 0.39(0.07) 0.24(0.06) 0.48 u.54
307 3.r 2.9 0.37(0.07) 0.26(0.08) 0.50 0.56
507 2.4 2.3 u.ó9(0.03) u.37(0.01) u.53 0.54
707 1.8 1.6 0.73(0.04) 0.50(0.02) 0.49 0.48
1007 1.0 1.0 t.ó3(0.01) 0.81(0.04) 0.50 0.51

3P4OU 4.tJ 'J.9 0.4'3(0.02) 0.23(0.01) 0.58 0.59
6P400 3.7 3.7 0.43(0.01) 0.29(0.01) 0.55 0.55
14P4|..y.] 3.3 3.2 0.74(0.0s) 0.41(0.03) o.57 o.54
30P400 3.2 2.1 r. ró(0.01) 0.ól(0.03) u.49 0.53
50P400 2.6 2.2 2.54(0.03) l.l l(0.07) 0.50 0.38
70P4íJO 2.1) t.9 4.0ó(0.05) r.ó(0.2) 0.4ó 0.30
1U0P400 t.7 t.7 5.18(0.07) 1.8(0.1) 0.48 U.4'J

From Table 3. 1 it can be seen that the initial effect of

copolymerising HEMA with the crosslinking OEDs is to reduce the totai
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uptake of water. The addition of 50 mol%o EGDMA more than halves the

EV/C and similar results are obtained for the other dimethacrylates. Water

uptake in the dimethacrylates themselves seems to be very dependent on the

number of the ethylene glycol units in the homopolymer with P400 having

the largest EWC and DiEGDMA the smallest.

The EV/C of EGDMA was not able to be measu¡ed due to the

inability to cast regular, planar sheets which had not cracked or crazed at

high degrees of polymerisation. This increase in water uptake with

increasing oxyethylene chain length can no doubt be attributed, in part, to

the increasing number of polar units in the polymer.

The theoretical EV/C for the copolymers was calculated by assuming

that the EWC of the polymer did not change on copolymerisation and was

simply additive. No EV/Cs could be calculated for EGDMA copolymers.

The calculated EWCs for the DiEGDMA copolymers are slightly greater than

the experimental values except for the 70 mol Vo DiEGDMA copolymer. For

the TEGDMA samples the predicted values are reasonably close up to 14

mo\Vo but then decrease below experimental values. All the calculated

values for P400 copolymers are less than actual values.

The Ds values for the copolymers show an increase from the PHEMA

value and in most cases the increase continues with increasing crosslinking,

in fact the D5 values for the OED homopolymers are all higher than those of

PHEMA and increase with increasing OE chain length.

D¿ values for the copolymers are generally less than the Ds values

except for PHEMA which has a slightly greater D¿ value. n6 values follow a

similar trend to that observed for sorption.

3.3.2 Sorption at 797o Relative Humidity

Table 3.2 shows the EV/Cs, sorption and desorption coefficients and

n5 and n¿ values for PHEMA copolymers. The reduced sorption curves are

shown in Figures 3.4a-d. PHEMA sorption and desorption curves are
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shown in Figure 3.5. The reduced desorption curves were similar to those

obtained previously.

The calculated ns value for PHEMA is again approximately 0.5

indicating possible Fickian diffusion but with the addition 3 molVo OED

there is an immediate increase in os. The rìs values increase for all

copolymers systems up to the addition of l4-3O molVo crosslinker and then

decrease as OED content increases.

Despite the increase in the ns values reasonable fits to Equation 3.2

could still be made up to tìs = 0.85, above this they deteriorated, as would

be expected, with the worst fit being obtained with a HEMA copolymer

containing 6 molVo DiEGDMA, with trs = 0.8, shown in Figure 3.10, which

had the highest ns value. For this copolymer experimental points begin to

deviate from the calculated Fickian diffusion curve at Mt/Moo=0.39 and

increase above the theoretical curve. The n6 values show a different trend

with the majority of the values varying being between 0.4 and 0.5.

When the data was fitted to Equation 3.2 a similar trend was

observed for most of the other copolymers. The copolymers with low

amounts of crosslinker tended to diverge from the theoretical uptake aT

MI/M""=O.90. As the amount of crosslinker increased the fit to the data

improved with good fits being obtained for all copolymer systems which had

greater than 50 molVo crosslinker. There appears to be no discernible trend

for the Dr values for either the EGDMA or DiEGDMA systems. The Dg

values for the TEGDMA system appear constant with a sharp increase for

the straight TEGDMA sample. The P400/HEMA copolymer values increase

up to 50 mol%o P400 from 0.49x19-8ç-2t"t-1 to 1.36x10-8 cm2sec-l and

then decrease to 1. 02x 10-8 cm2sec-l for 7007o P400. The desorption

coefficients for the EGDMA and DiEGDMA systems again appear to follow

no discernible trend, while for the TEGDMA copolymers D¿ follows a

similar trend to that of the sorption coefficients. The P400 values increase
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monotonically from 0.45x10-8 cm2sec-1 at 3 mol%o to 2.55x10-8 cm2sec-l

for straight P400

TAB LE 3 .2
Sorption and desorption results for PHEMA and PHEMA copolymers
initially equilibrated at 79Vo Relative Humidity. E, Di and T represent
EGDMA, DiEGDMA and TEGDMA respectively. The number in brackets in
the Ds and D¿ columns represents the standard error given by the DATAFT
program.

MoleVo
OED EV/C

Calculaæd
EWC

Ds,x108

cm2sec-l
D¿xld

cm2sec-l ns nd

0 I 1.9 11.88 l.3l(0.08) u.43(0.03) u.52 0.41

3E to.7 0.óE(0.05) 0.47(0.03) 0.6ó 0.40
6E I 1.5 0.59(0.1) u.70 0.45
t4E E.5 0.33(o.os) 0.35(o.ol) 0.77 0.56
3Uf1 7.r 0.52(0.03) 0.4r(0.02) 0.ó5 0.49
508 4.1 0.ó0(0.03) o.M(0.02 o.62 0.51

3Dl 12.2 I1.4 0.48(0.06) 0.47(0.03) 0.66 tJ.4Z

óDi I I.ó I I.U u.ó3(0.06) 0.80 0.43
T4DI 10.ó to.2 0.5ó(0.04) 0.45(0.03) 0.71 0.40
J()Dr E.ó 8.4 0.44(0.02\ rJ.67 0.44
5ODi 6.0 6.6 0.37(0.02) u.37(0.1) ÍJ.62 o.47
70Dt 4.5 4.7 0.42(0.02) 0.39(0.02) 0.63 U.5U
l00Dr 2.7 2.7 u.ó2(0.03) 0.59(0.02) 0.ó0 0.50

3r' t 1.5 I1.5 0.ó5(0.04) 0.59 0.43
6T tr.2 1l.l 0.62(0.03) 0.46(0.03) u.ó3 rJ.44

147 9.9 9.5 0.59(0.04) 0.48(0.02) 0.65 0.43
307 9.4 8.6 0.55(0.04) u.72 0.4ó
5U'I' ð.1 ó.9 u.5ó(0.03) 0.70 o.47
707 5.8 5.1 0.5ó(0.03) 0.64 tJ.49
lOul' '3.',3 '3.'3 0.E3(0.05) 0.6ó 0.45

3P400 L2.7 11.ó 0.49(0.06) 0.72 0.42
óP400 t2.5 I 1.3 0.74(0.07) 0.54(0.02 0.79 o.46
l4P40U t2.3 r0.8 u.7 Ì(0.09) o.tl 0.42
30P400 t2.3 ro.2 0.9(0.08) 1.17(0.0s) 0.72 0.40
50P400 10.8 9.ó 1.3(0.06) l.7l (0.06) 0.72 u.45
TUP4tJt) 10.3 9.3 1.3(0.06) 0.ó0 0.45
100P400 9.0 9.0 1.0(0.05) 2.55(0.0e I u.óó 0.41

Again the EWC decreased with the addition of crosslinker and the

EV/C increased with increasing molecular weight of OED monomer. The

predicted EV/Cs for the DiEGDMA system are reasonably close but the



i fu;ffi-ooo"'

*¡
+

++
+

EPq
+d

+
+

g

+

o€ **l+

EEI

"¡E

EO

34

1.2

1.0

0.6 tr 3 mol%o

+ 74 mol%o

o 3jmolVo

o 50mol7o

o.4

0.0

0 2000 4000 6000 8000 10000 12000

l¡tzt (cm-t so'5)

Figure 3.4a Reduced sorption curves for copolymers of HEMA containing
EGDMA in the proportions given above. Samples equilibrated at 79Vo RH
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predicted values for the TEGDMA and P400 systems are all less than the

actual EV/C.

In general the D¿ values are less than the Ds values for the EGDMA,

DiEGDMA and TEGDMA systems and markedly less for PHEMA alone. For

the P400 system, however, the D6 values exceed D, for all copolymers

except the 3 and 6 mol Vo P400 samples.

3.3.3 Sorption at l00Vo Relative Humidity

Reduced sorption curves for the four copolymer systems are shown

in Figues 3.7 a-d. Table 3.$ gives the values obtained for the EWC, D, and

D¿ values, and ns and n¿ values Figure 3.8 shows the reduced sorption

and desorption curve for straight PHEMA. The reduced sorption curves

were similar to those observed previously

It was not possible to measure desorption values for all copolymers,

as copolymers containing more than l4 mol%o EGDMA, 3O mol%o DiEGDMA

and 6 mol%o P400 began cracking and breaking up soon after desorption

s tarted.

The reduced sorption curves for the EGDMA and DiEGDMA systems

show reasonable linearity up to Mt/Moo=0.5. The TEGDMA and P400

copolymers, however, show a different pattern with the slope increasing

from Mt/M"o=O to Mt/Moo=O. I and then remaining constant up to

Mt/Moo=0.75.

All copolymers exhibited a water sorption curve that iicreased above

Moo before decreasing to their eventual equilibrium value. This "overshoot"

tended to decrease with increasing OED content but for some copolymers

reached as high as Mt/Moo=I.2

The nr value for PHEMA is 1.0 indicating the possibility of Case II
diffusion according to the criteria proposed by Frisch (7). Figure 3.9

shows the fit obtained between experimental and calculated values for

PHEMA For the copolymers these values vary. The EGDMA copolymers
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have ns values of approximately 0.6. The DiEGDMA system shows a

decrease from a 3 molVo value, Ds=0.92, to that of straight DiEGDMA with

ns = 0.64. The TEGDMA values vary from 0.64 for TEGDMA to 0.84 for 6

mol Vo TEGDMA and then decrease as the TEGDMA copolymer content

increases. The P400 system has values of around 0.8.

TAB LE 3. 3
Sorption and desorption ¡esults for PHEMA and PHEMA copolymers
initially equilibrated at l00Vo Relative Humidity. E, Di and T represenr
EGDMA, DiEGDMA and TEGDMA respectively. The number in brackets in
the Ds and D¿ columns represents the standard error given by the DATAFT
p¡ogram..

IV{.oleVo
OED EWC

Calculated
EWC

Dsx1Q8

cm2sec-l
Ddxl08

cm2sec-l ns nd

0 3t;t I.85(0.07) 4.0r(0.05) 1.01 0.36

'3B 22.8 1.97(0.0e) 1.8(0.02) 0.63 0.39
6E 19.2 r.7z(o.s\ 1.07(0.08) 0.ó1 0.39
t4E 12.4 l. I (0.1) u.99(0.08) u.63 0.3ó
30E 8.8 0.7(0.1) 0.62
50E 6.5 u.6I(0.06) 0.59

3Di 26.1 30.7 u.7u(0.08) 'J.Z(0.4) 0.92 0.3ó
óI)i 23.5 29.7 1.04(0.06) 1.9(o.l) 0.75 U.3E
14Di 19.8 27.6 0.Ø(0.08) 1.53(0.07) 0.7E 0.35
30Di t'3.4 22.8 0.70(0.02) r. t6(0.04) o.74 0.39
50Di 9.3 t7.4 0.60(0.06) u.ó9
l0Di 6.4 TT.2 0.53(0.M) o.t1
t00Di 4.O 4.0 0.56(0.02) 0.64

3T 29.5 30.8 u.37(0.03) 3.4(0.s) 0.78 0.28
6T 24.O 29.9 0.8(0.2) 2.ó(0.3) U.E4 o.29
wr 17.3 25.9 1. 1(0.3) 1.60(0.2) 0.80 0.3ó
3Ul' tE.2 2'3.6 0.77(0.08) 1.25(0.0e) 0.83 0.45
507 14.9 19.0 0.58(0.07) l. r7(0.06) o.77 0.4r
7IJ'T LL.7 13.7 0.58(0.05) 0.88(0.03) 0.75 u.4t
1007 7.6 7.6 0.55(0.05) 1.10(0.02) o.67 0.41

3P4OU 31.1 '31.2 1.04(0.0e) 2.7(0.3) o.75 0.37
óP400 25.9 30.7 1.27 (0.06) 3.8(0.5) 0.84 tJ.37
I4P4UU 25.O 29.6 r.13(0.04) o.76
30P400 22.7 27.4 1.69(0.07) U.E3
5UP400 2L.U 25.1) r.5r(0.05) o.79
70P400 20.3 22.5 r.óE(0.07) 0.79
100P400 19.8 19.8 1.22(0.u) 0.81

Despite the relatively high ns values most systems gave a good fit to

Equation 3.2 tp to Mt/M"o = 0.8, although the standard error calculated was
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greater than for previous results at 337o and 79 Vo RIJ. This could in part,

however, be due to the water overshoot above the final EV/C. Better fits

were obtained from the desorption curves as evidenced by a lower

percentage standard error.

The nd values are all significantly lower with PHEMA having

Ds=0.36 and the copolymers having values ranging between 0.35 to 0.4 in

most cases.

The diffusion coefficient, Ds, for PHEMA is 1.85x10-8 cm2sec-l,

higher, as would be expected, than the previous values obtained at 33Vo and

79Vo R}l. For the EGDMA system Dr shows a decrease with the addition of

crosslinker from 1.97x10-8 cm2sec-l to 0.6lxl0-8 cm2sec-1. The other

copolymer systems tend to show a larger D5 for intermediate copolymer

ratios decreasing for low and high molTo of OED. This is most obvious

with the P400 system, starting initially at 1.04x10-8 cm2sec-l for 3 molVo

P400, rising to 1.69x10-8 cm2sec-l for 30 mo|Vo P400 and then decreasing

to 1.22x10-8 cm2sec-l for straight P400.

The D¿ value for PHEMA is considerably larger than the Ds value, at

4.0x10-8 cm2sec-l being more than two times greater. The other

copolymers, apart from the EGDMA system, all have D¿ much greater than

Ds. These values tend to decrease as crosslinking increases.

It is also apparent that the calculated EWCs are greater than the

experimental EV/Cs unlike the results found for the samples equilibrated at

33Vo and 79 7o RH

3.3.4 Sorption in Water

The reduced sorption curves for the copolymer systems are shown in

Figure 3.10 a-d. Table 3.$. gives the E'WCs, Dr, Dd, ns and n¿ values

obtained from the appropriate equations. There was again a problem with

samples breaking up on desorption and it was not possible to obtain values

for desorption for samples containing grearer than 14 mo|To EGDMA, 30
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mol%o DiEGDMA and 3 mol%o P400. Figure 3. 11 shows the reduced

sorption and desorption curves for PHEMA.

TABLE 3.4
Sorption and desorption results for PHEMA and PHEMA copolymers
initially equilibrated in water. E, Di and T represent EGDMA,DiEGDMA
and TEGDMA respectively. The number in brackets in the Ds and D¿
columns represents the standard error given by the DATAFT program.

MoleVo
OED EWC

Calculaæd
EWC

Dsxld
cm2sec-l

D¿x1N
cm2sec-l ns nd

U
'J9.2 4.I2(0.4) 0.51 0.48

3E 2E.t) 5.1(0.2) o.52 0.41
6E 23.7 4.31(0.5 5.4(0.9) u.55 o.44
t4E 18.5 z.rr(0.2) 2.3Q.3\ 0.58 0.40
30E ll.l 0.57(0.05) 0.63
50E 7.49 I 0.55

3D1 'J'3.1)
3E. I 5.8(0.7) 0.51 0.39

6Di 27.9 36.9 4.3(0.s) 0.53 0.37
14Di 2t.4 34.4 3.3(0.s) u.5l 0.41
30Di t4.9 28.8 1.00(0.07 1.4(0.1) 0.57 0.4I
50Di 9.7 22.1 rJ.62

TTJD| 1.3 18.4 0.60(0.01) 0.57
100Di 4.2 4.2 u.44

3'î 33.7 38.1 8.8(0.3) 6.6(0.7) u.52 tJ.49

6I' 29.9 .J7.L
5.2(0.6) 0.52 o.52

T4T 2I.9 32.2 4.5(0.2) 2.5(0.3) u.5ó tJ.37
30'l' I8.4 29.6 I 1.8(0.2) 0.56 0.38
507 15.4 23.6 1.6(0.1) U.5E 0.3ó
7tJ'L' t2.0 16.5 .04) 1.25(0.06) 0.57 0.44
l00T 7.9 7.9 r.44(0.02) 0.51 0.48

3P400 34.5 38.6 5.0(0.6) 0.5r 0.52
ÓP4UU 3r.6 '37.9 0.52
t4P400 29.7 36.7 6.1(0.3) u.57
30P400 27.4 33.9 0.5ó
50P400 25.8 30.9 0.55
7UP4UO 24.'3 27.7 0.57
100P400 24.1 24.1 l I u.57

It can be observed from the reduced sorption curves that these are

noticeably different from those obtained from the samples conditioned at

100 7o RH. These curves tend to be linear up to Mt/M"o = 0.9 without the

inflexion noticeable in the earlier sorption work. They also tend to reach

their equilibrium EWC much more rapidly than the previous examples.

Again, a water overshoot is evident, as with the samples equilibrated at 100
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Vo RH, but it does not appear to occur to the same extent as found for those

samples.

The ns values calculated here are much less than at 1007o RH, with

PHEMA having ns=0.51. The copolymers also exhibit values generally

between 0.5 and 0.6, with a tendency to increase slightly as the crosslinking

concentration increases. The n¿ values for the EGDMA and DiEGDMA

systems, however, tend to be similar to those obtained for similar

copolymers that were equilibrated at 100 Vo RH. TEGDMA copolymer

values lie between 0.36 and 0.52, slightly higher than those in the previous

section.

Good fits were obtained to Equation 3.2 for both the sorption and

desorption curves, an example of which can be seen in Figure3.12. The Dg

value for PHEMA is much greater than those calculated previously, at

8.6x10-8 cm2sec-1. As crosslinking increases Ds decreases below that

found for PHEMA with less of a decrease noted as the size of the OED

copolymer used increases. D¿ for PHEMA is less than Ds, with the D¿

values of the copolymers following a similar trend to that of the D, values.

n¿ values showed no obvious trend and varied between 0.37 and O.52.

As with the samples equilibrated at l00Vo RH the calculated EWC is

again greater than the experimental EWC.

3.3.5 Variation of Diffusion Coefficients with Sorption Time

Individual D5 and D¿ values were calculated for PHEMA samples

using Equations 3.3 and 3.4. and plotted as a function of Mt/M"o. (Figures

3.13a-b). Dr for the 33 7o RH conditioned sample shows a steady increase

up to Mt/Moo =0.5 at which stage it levels off and remains constant. At 79

Vo RH Ds again shows an increase, levelling off at Mt/Moo= 0.3 but

decreases slightly at Mt/M"o=0.5 and then decreases again, sharply, at

Mt/M". = 0.95. There is an almost linear increase in Ds at 100 Vo RH up to

Mt/M"o =0.8 after which there is some scatter in the points. For samples
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sorbed in water Ds show a slight increase up to Mt/M"" = 0.2, levels off to

Mt/Moo =0.75 after which it again increases

The D¿ values for samples conditioned ar.33 Vo RH are similar to the

Ds values for the same RH. The desorption coefficient for samples

conditioned at 79Vo, however, shows a different trend,starting off at a high

value before decreasing. Similarly D5 for 700Vo conditioned samples shows

an almost linear decrease. Ds values for saturated PHEMA shows an

increase up to Mt/M"" =0.5 after which it decreases to nearly its starting

value.

3.3.6 Water in Voids

Turner's method (15) has been used here to determine the amount of

water residing in voids in PHEMA and the copolymers formed with the

OEDs. The results are given in Table 3.5 The sample used was of a similar

thickness to that used in the sorption work mentioned earlier. The amount

of water entering voids initially shows a sharp rise (Figure 3.14) which

peaks at 7.2Vo after thirty minutes and an EWC of 14 Vo. As sorption

continues the percentage of water in voids decreases to a value, at the final

equilibrium E'WC, of approximately 3 Vo. Therefore the final percentage of

water residing in zero density voids as a percentage of the hydrogel weight

is approximately 1.2 Vo. From Table 3.5 it can be seen that the primary

effect of copolymerising HEMA with OEDs is to increase the water present

in voids. Surprisingly though, while the addition of 3 molVo OED, in

general, causes only a small increase in void size from 3 Vo to 57o at fúl
hydration, it is apparent from Figure 3.15 that there is a much greater

difference in the sorption process. This shows the sorption of water into

voids for HEMA copolymerised with 6 mol%o of three different OEDs

The maximum amount of water found in voids again peaks at low

EWC but is much greater than that found for PHEMA. For the 6 molVo

EGDMA/HEMA copolymer the amount of water residing in voids peaks at an



50

EV/C of just over 1Vo with 557o of the water in voids before this decreases

to 5 7o at full saturation. Similar results were obtained for HEMA

copolymerised with 6 mol%o TEGDMA and 6 mol7oP400, with the amount of

water found in voids peaking at approximately 3Vo EWC and reaching

maximum values of 44 7o and 28 Vo respectively.

Similar behaviour was observed for other copolymers with higher

concentrations of OEDs, although the maximum amount of water found in

voids did not exceed 7ïVo. As the concentration of crosslinking increased

the percentage of water found in voids also tended to increase. There is

also a noticeable trend as the molecular weight of the OED increases. The

EGDMA copolymers generally had a larger percentage of voids for similar

mole ratio copolymers and this void percentage tended to decrease as the

number of ethylene glycol units in the OED increased.

Simon (24) examined voids in TEGDMA and found that initially 60

Vo of the water entered voids, again peaking at low EWC, before decreasing

to 30 Vo at full EWC. This was equivalent to 1.7 mass Vo of the water

existing in voids and this was attributed to inhomogeneities in the polymer

that arose due to an inhomogeneous, diffusion controlled crosslinking

reaction. Similar results were obtained here for TEGDMA but the value at

full EV/C was slightly lower at 26 Vo

The amount of \¡/ater residing in voids was also measured for

PHEMA that had been conditioned at different relative humidities. For these

samples it was necessary to rapidly weigh the sample in water before any

significant diffusion of water into the sample could occur For PHEMA

conditioned at 33 7o RH it was found that 35 Vo of the sorbed water existed

in voids. This corresponds to some 1.6 wt Vo of the hydrogel. This is

slightly more than that found for satu¡ated PHEMA and seems to imply that

initially the majority of the water is absorbed into voids before swelling

takes place. For the samples conditioned at 79Vo and I00Vo RH the amounts

found in voids were 72.2 7o and 4.3 Vo respectively. This corresponds to
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1.5 wt%o and 1.4 wt%o of the hydrogel respectively, which again seems to

indicate that the voids tend to be filled first and then remain at a constant

level.

TAB LE 3. 5
Percentage of water found to reside in the voids of PHEMA copolymers

Void size for copolymers of HEMA with

Nfole 7o EGDMA DiEGDMA TEGDMA P400

3 5.0 A) 9.3 6.6

6 8 I 4.3 7.3 4.7

t4 l 1.8 7.9 1s.8 5.3

30 20.4 14.5 9.7 6.5

50 3s.6 24.7 16. l 7.6

70 29.5 15. 5 8.6

100 37.4 25.6 12.3

3.3.7 Dens ity Meas urements.

The density of the polymers used could be calculated by making use

of Archimede's pringtple and by knowing the weights of the polymers in air

and in water which have been previously.measured in order to calculate the

amount of water present in voids. The density of PHEMA was found to be

1.28+0.01 glcm3 which is comparable to that found by Wichterle and

Chromecek of 1.274 glcm3 ØO. The density of the copolymers is given in

Table 3.6.

From the data presented in Table 3.6 it is apparent that in general the

density of the copolymers decreases as the degree of crosslinking increases

indicating perhaps that chain packing is more ordered and uniform in

PHEMA.
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TAB LE 3. 6
Density of copolymers of HEMA with EGDMA, DiEGDMA,TEGDMA and
P400 given in g/cm3.

MolVo OF,D 3 6 L4 30 50 70 100

EGDMA t.28 r.28 r.27 1.27 r.26

DiEGDMA r.28 1.28 1.27 1.26 7.25 1.24 r.23

TEGDMA 1.26 7.26 r.23 1.26 r.26 t.24 7.24

P400 1.24 t.27 r.26 1.24 t.22 1.22 7.22

3.4 Discussion

It is obvious from the data presented that the type of diffusion that

occurs in the polymers studied is strongly dependent on a number of

factors, including the type and degree of crosslinking and the conditions

under which sorption was allowed to take place. It is also apparent from the

reduced sorption and desorption curves for PHEMA (Figures 3.2,3.5 and

3.8) at 33 Vo ,79 Vo and 100 Vo RH that one of the criterion mentioned earlier

for Fickian diffusion is not obeyed and therefore sorption in these cases can

not be said to be truly Fickian. The PHEMA sample sorbed in wate\

however, does seem to follow these three criteria.

The tendency for the polymer samples to absorb water above the

final equilibrium value has been previously observed in a number of other

systems (25,39) and has been analysed by Vrentas et al (26) and Smith and

Peppas (27).

Kambour et al (28), Titow et al (29) and Overbergh et al (30)

attributed this type of overshoot to crystallisation caused by the penetrant

and assumed that ordered regions formed during sorption reject penetrant

sorbed before these ordered regions had formed. Peppas and Urdahl (31),

however, offer an alternative view for this phenomena. They studied

penetrant overshoot occurring in crosslinked polystyrene/cyclohexane

systems with varying crosslinking ratios. As crosslinked polystyrene does
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not exhibit any substantial degree of crystallinity the above explanation

could not suffice to explain the penetrant overshoot. They found that it was

dependent on sample thickness, the degree of crosslinking and, to some

extent, the temperature at which the experiment was carried out. It was

observed that as the crosslinking density decreased the magnitude of the

overshoot increased. Peppas and Urdahl (31) suggest that the greater

mobility of the macromolecular chains, due to less crosslinking, tends to

enhance the transport process since the mobility of the penetrant molecules

in the swollen region increases. The change in solubility then arises from a

slower reordering of the macromolecular chains and chain segments, which

occurs on a longer timescale than the sorption process and subsequently

leads to the rejection of some of the already sorbed penetrant

The overshoot here is much more evident for the samples

conditioned at 100 Vo RH and appears only minimally for those samples

sorbed in water, (i.e a maximum overshoot for copolymers sorbed in water

of Mt/M"" : 1.02 compared to 1.43 for the 3 molvo EGDMA sample

conditioned at l00%o RH ). The overshoot is shown graphically in Figure

3.16 for the lOO Vo RH conditioned copolymers. It can be seen that for all

copolymers, and particularly for the EGDMA copolymers, that the overshoot

tends to increase with decreasing crosslinking, tending to agree with the

conclusions reached by Peppas and Urdahl about the reasons for the uptake

of solvent above its final equilibrium value. It may also be possible that rhe

tendency for the 1007o RH conditioned samples to exhibit a larger overshoot

is due to a much slower reordering of the macromolecular chains than that

occurring in the samples sorbed in \¡/ater due to less \¡/ater sorption and

therefore a smaller plasticising effect.

Some water sorption studies on Poly (HEMA/MMA) and poly

(HEMA/NVP) copolymers, in some cases crosslinked with 0. g wr vo

EGDMA (32), and recently on copolymers of EGDMA, DiEGDMA , Tri

EGDMA and TEGDMA copolymerised with 0, 30 and 50 molvo HEMA have
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been conducted (25), with sorption taking place in water. Franson and

Peppas (32) found ns values for HEMA/MMA copolymers of 0.50 with the

MMA content varying between 0 and 5O molVo. They also studied the

motion of the penetrant front by taking a series of photomicrographs of

cylindrical samples and, by utilizing polarizing filters, it was possible to see

the stresses resulting from the transition from glassy to rubbery.

They found that for PHEMA homopolymers and copolymers with

MMA there were three distinct zones. There was a penetrant front

separating the rubbery and glassy polymer. Behind this there was a zone of

varying thickness, depending on time of sorption and the hydrophilicity of

the polymer, of significantly different refractive index where

macromolecular relaxations are still prominent. From the back of this

region and to the edge of the polymer was a swollen and rubbery gel,

effectively at mechanical equilibrium (Figure 3.17). They found that it was

not possible to fit the position of the two fronts to either a linear or square

root function of diffusion time and concluded that water transport could not

be strictly Fickian despite the n5 values found

Mardel (33) measured the diffusion rates of \¡/ater into copolymers of

HEMA with 5, 10, 15 and 20 wtVo MMA in water and found both the EWC

and D5 decreased as the percentage of MMA increased. The value of

9.36x16-8"-25sç-1 for 5 wtVo MMA copolymer is comparable to values

found here for PHEMA and slightly crosslinked PHEMA. Previous values

found for PHEMA (34-37) vary between 5x10-8cm2sec-1up to 3080x10-8cm2

sec-1, although the last value measured by Refojo (37) was calculated from

permeability measurements which could explain its large value. The other

previous measurements were made on PHEMA samples that had been

polymerised with water in situ and this has been found to effect the

diffusion coefficient (34,36). Diffusion was found to conform to Ficks law

in that it gave linearity when plotted according to Equation 3.3.
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Robert, Buri and Peppas (38) have studied the diffusion of water into

PHEMA microparticles, with diameters varying between 105 and 601 pm,

crosslinked with up to 0.124 molVo EGDMA. They found a large departure

from Fickian transport with nr values increasing up to 0.85 for the highest

crosslinked sample- They attributed this to two factors: (1) The effect of

crosslinking on the relaxation time caused the diffusional Deborah number,

De, to approach one, and (2) Diffusion of the penetrant decreasing more

rapidly than the relaxation time as a function of the degree of crosslinking.

Walker and Peppas (25) studied the OED/HEMA system mentioned

above. They gave nr values only for the DiEGDMA and TTiEGDMA (not

studied here) copolymer systems and there is reasonably good agreemenr

between their values and the values given in Table 3.4.(i.e n, values of

0.41.0.59 and 0.59 for 100,70 and 50 molvo DiEGDMA/HEMA compared to

o.44, 0.59 and 0.62 found here). They concluded that non-Fickian

transport is observed as the percentage of HEMA in the copolymer is

increased, due mainly to reduced crosslinking leading to greater relaxations.

While their initial findings agree with the results here it must be noted that

the ns values tend to decrease as the percentage of OED fell below 50 molVo

and diffusion seemed to conform more to a Fickian mechanism which is also

in accord with the results found by Robert et al.(38) above.

From Tables 3.1-4 it has been observed that the n. values often peak

at intermediate crosslinking concentrations. This could be explained, by

means of the De number, as competition between the change in characteristic

relaxation with increasing crosslinking and a change in the characteristic

diffusion time as the percentage of hydrophilic HEMA is decreased and the

network becomes more crosslinked. This could cause De to approach a

value of one at intermediate crosslinking concentrations and therefore for

sorption to become less Fickian. This process would also be dependent on

the hydrophilicity of the crosslinking agent as well as the flexibility of the

crosslinker used. A similar approach could also be used to explain the
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variation in Ds values as w ater vapour concentration increases . The

characteristic diffusion time would tend to increase with increasing relative

humidity, i.e. the samples reach full EWC quicker, and at l0O Vo RH, De =1

and sorption approaches Case II diffusion. Sorption in water occurs more

rapidly and therefore De no longer has a value near one and sorption again

becomes Fickian.

Some doubt, however,must be cast on the curing procedure used by

Walker and Peppas (25). As has been mentioned previously, it has been

found extremely difficult, if not impossible, to cure EGDMA to within its

full possible cure without the sample breaking up, and extensive cracking

and crazing occurring, and even at full attainable cure there still remains

appreciable amounts of monomer, possibly up to l5Vo remaining unreacted

(39-43,24) . As V/alker and Peppas sliced uniform 0.3mm discs of EGDMA

homopolymer without it cracking it seems unlikely the polymer had achieved

its full attainable cure and it seems reasonable to assume that there were

large amounts of unreacted monomer still residing in the polymer causing

plasticisation. This residual monomer could also have an effect on the rates

of diffusion, although a comparison of ns values' is not possible since

Walker and Peppas (25) did not include these for the EGDMA/HEMA and

TEGDMA/HEMA copolymers. This could also explain the relatively larger

overshoot they found for the copolymers compared to that found here (up to

Mt/M"o = 1.6 in some cases) as it could have been due to monomer leaching

out of the polymer as it became increasingly rubbery. They also found

unusually high Tgs (eg a dry 30 mol%o TEGDMA/HEMA copolymer Tg of

280 oC while results here and elsewhere (44,24) give Tgs for PHEMA and

TEGDMA of l00oC and 125oC respectively) The reason for this discrepancy

seems hard to explain despite the different methods used to calculate the Tg.

It is also apparent that the diffusion coefficient does not remain

constant during sorption (Figure 3.IZa-b). The increase in Ds found

initially could be explained by invoking the description Turner used (15) to
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describe \¡/ater sorption into PMMA. Water fills the voids in the polymer

first and the wetting front moves on while swelling is continuing to take

place behind it.. Ds therefore increases until the swelling in the su¡face

zone has reached equilibrium. The differing rates and extents at which these

procesrf6""u, under the different sorption conditions used could explain the^t
changes found in Ds . The subsequent decrease found, in some cases, for

Dr at high EWC could also be due to the rejection of some of the already

sorbed water i.e. the overshoot phenomena.

The increasing percentage of voids as the crosslinking increases and

as the molecular weight of the OEDs decreases possibly arises from greater

inhomogeneity occurring during polymerisation. The relatively stiffer

EGDMA prevents smooth packing of the polymer chains and therefore leads

to larger inhomogeneities in the copolymer and hence a greater percentage

void size, while the more flexible P400 copolymers allow more scope for

rearrangement of the polymer chains and therefore fewer voids. This

change in void composition with crosslinking will also presumably affect

the rate of diffusion and could explain why PHEMA has a lower diffusion

coefficient of sorption at 33 Vo RH than the crosslinked copolymers due to

water filling voids first, with the copolymers having larger void sizes. The

larger void size found as crosslinking increases may also explain why the 14

molvo EGDMA copolymer has a higher EwC than the 6 molvo EGDMA

copolymer when equilibrated at 33 Vo RH. For samples equilibrated at

higher RHs and in water the decrease in D. with increasing OED content is

probably due to the increase in crosslinking and a decrease in hydrophilicity

of the hydrogel.

These results also show that desorption is not as greatly affected by

crosslinking and the initial amount of water in the polymer. The reduced

desorption curves were all similar to those found for desorption from 33Vo

RH (Figure 3. le-h) and all gave good fits to Equation 3.2 and linearity up

to Mt/M"" =0.85 with Equation 3.3.
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3.5 Summmary

It was found that both changes in the relative humidity and changes

in the type and degree of crosslinking affect the water sorption kinetics with

sorption varying from Fickian sorption to, in the extreme case, Case II
sorption for PHEMA equilibrated at L00Vo RH. The incorporation of a

crosslinking agent into PHEMA in the form of the OEDs generally led to a

reduced EV/C, the reduction in Ev/C being greatest for the EGDMA

copolymers and decreasing as the molecular weight of the OED used

increased, for similar mole ratio copolymers. This is probably due both to

the increase in hydrophilicity of the OED and an in increase in its flexibility

leading to less tightly crosslinked networks as the OE chain lenghtens.

The change in hydrophilicity and flexibility of the copolymers also

causes the change in sorption kinetics due to changes caused in the

characteristic relaxation and diffusion times of the polymers, although

desorption kinetics seemed to vary little.

The size of low or zero density voids in the copolymers also varied

with copolymer composition and this would have an effect on wateruo.pfn

due to the tendency for the voids to fill first.
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CHAPTER FOUR

DYNAMIC MECHANICAL TESTING

4.1 Introduction
The effect on the mechanical properties of copolymerising HEMA

with up to 14 mole percent of 3 different OEDs; EGDMA, TEGDMA and

P400, was investigated for copolymers of varying hydration, using a free

oscillation torsion pendulum (TP). The various EWCs of the samples were

achieved by equilibrating the samples at the different relative humidities

given in Chapter Two. Changes in G', G" and tan õ can be used to

characterise the relaxation properties of a polymer and can give information

on various transitions occurring due to changes in molecular motions

(Section 2.5).

4.2 Results and Discussion

The results of the TP scans on samples of wet and dry PHEMA are

given in Figures 4. 1a-c. These show the change in tan ô, the loss modulus,

log G" and the storage modulus, log G', as a function of temperature.

From the tan ô temperature plot of the dry PHEMA sample it is possible to

observe three distinct relaxations evidenced by peaks in the tan ô trace

occurring at approximately -I25oC, 30oC and 125"C. These three peaks are

generally referred to as the y, B and cr relaxations in order of increasing

temperature (1). The a peak is also usually taken to be an indication of the

glass transition temperature, Tg.

4.2.1 The Glass Trans ition Region

4.2.1(a) PHEMA

A number of different parameters can be obtained from the TP data

that can be used to characterise the glass transition region. These are the
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height of the tan õ peak at the glass transition temperature, tan õ(Tg), and

the half height peak width of the tan ô glass transition peak. The storage

modulus at room temperature, Log G'(25"c), also provides some

information on the stiffness of the polymer at room temperature, with a

higher storage modulus generally indicating a stiffer polymer. The three

peaks observed in the tan õ plot (Figure 4.la) can also be seen in the log

G"-temperature plot (Figure 4. 1b) and and are usually given the same

designations (i.e. o, B and y). In some cases the high temperature log G"

peak also has been used as a measure of the Tt and this temperature has also

been noted and has been designated To. This data is presented in Table 4.1.

It is doubtful, however if Ta is a true indication of T, as it seems to give

much lower glass transition temperatures, for some of the copolymers,

compared to Tgs calculated from the tan ô plot, indicating in some cases that

they would be above Tg at room temperature while they are still relatively

stiff and glassy (eg for a fully hydrated 14 mol%o EGDMA/HEMA copolymer

the loss modulus peaked at 4"C but the sample was not rubbery at room

temperature).

TABLE 4.I
D_ynamic ying stages of hydration. The
glass tra en from the tan ô plot. TG
refers to og G" trace.Peak hèight anã
width at sition peak

EV/C Ts ("C)
Log G'
(25.C)
G'in N7r¡2

Peak
Height

width at
1/2Height
fc)

Tcl ('C)

0 125 9.t2 2.35 2t.r 1t2
4.4 707 9.04 1.1 30.2 70

11 8 50 8.77 0.48 38.6 20

13.5 4T 7.83 0.52 25.4 t3
22.8 20 6.83 r.24 25.2 -5

31.7 5 6.40 1.35 19.7 -12

39.2 0 5.43 r.45 r4.03 -16
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It can be seen from Table 4. I that there is an initial drop in the tan ô

(Tg) height as the EV/C increases from 0 to l3.5Vo, after which it inoreases

again to a value approximately 60 Vo of the original dry value. The half

height peak width also increases initially, doubling up to l3.5vo F'WC, but

then decreasing to a give a final half height peak width narrower than that of

the dry sample. The log G'(25'C) values decrease uniformly with the

addition of water. The water also has a very considerable plasticising effect

with the Tg dropping by 125"c from the dry to fully hydrated polymer.

Water loss from the TP samples during testing was normally about

0.5 Vo to 2 Vo for samples of between 4 and 13.57o EWC respectively. For

higher water content however, greater than 20 VoEWC, water loss occurred

much more rapidly above 25" C and so the runs were usually terminated as

soon as it was obvious that the T* had been exceeded.

From the l3.5Vo EWC samples it can be seen that the tan ô plot

reveals the existence of two peaks with the low temperature peak occurring

in approximately the area where it might be assumed that the glass transition

temperature would lie. The two peaks occur at 43 oC and 103'C for the

1'3.SVo EV/C sample. The temperature of 103'C is approximately that found

for the Tt of the 4.4Vo EWC sample. This could possibly be a result of

water loss from the surface of the sample and the subsequent formation of a

dry "skin" on the polymer surface resulting in a further T, occurring at a

higher temperature. To test this a polymer sample approximately 1.5 times

thicker was run at the same heating rate. As the sample was thicker the

water loss was slightly less at around l.5Vo A comparison between the two

scans are given in Figure 4.2. It can be seen that there is little difference in

the two tan õ curves around the low temperature peak, but the second,

higher temperature peak is slightly smaller for the thicker sample.

Additionally some runs were repeated on samples that had just been

scanned. The tan ô temperature plots for an initially 13.5Vo EWC sample are

given in Figure 4.3. At the end of the first scan the sample had lost
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approximately 2 VoEWC, it was then cooled and a repeat run was carried out

immediately. The second plot shows that the low temperature peak had

decreased in size and there was a concomitant increase in the higher

temperature peak. This seems to imply that the appearance of the second

peak is due to water loss from the sample. However it could be possible

that the two peaks are due to some inhomogeneity in the sample or that there

is some change in the organisational structure of the water in the polymer as

the temperature increases, leading to the second higher temperature peak.

Measurements of water loss after the 13.5Vo EIVC sample had

reached 60 oC showed only a l-2%o EV/C decrease with most of the water

loss occurring after this temperature To test the effect of water loss on the

height and width of the low temperature peak some runs were stopped after

the sample had reached about 60oC, or after the lower temperature tan ô peak

had just passed its maximum, and then immediately rescanned. The result is

shown in Figure 4.4 and it is apparent that the loss of water has had little

effect on this peak. It therefore seems reasonable to assume that the height

of this peak, its temperature and peak width have not been altered to any

great extent by water loss that has occurred up to 60"C. In the data

presented the low temperature peak was generally taken as the glass

transition peak. This was also confirmed by rapidly heating a partially

hydrated sample to approximately 70 oC at which temperature it was

obviously rubbery.

4.2.t(a) HEMA/EGDMA Copotymers

The tan ô-temperature scans for copolymers of HEMA with 3, 6 and

14 mol vo EGD]N4A between -50oC and 175"C are shown in Figures 4.5a-c.

The subambient tan ò plots will be considered later. Table 4.2 gives the

values of the various parameters determined in the same way as those

desrcibed previously for the PHEMA samples. The tan ô (Tg) of the dry

copolymers decreases with increasing EGDMA content; the l4 mol%o sample
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having a value approximately half that of PHEMA. The half height peak

width increases monotonically with the addition of EGDMA along with a

uniform increase in Log G' (25"C). Because of the high Trs found for some

of the copolymers it was not possible to measure them accurately due to

considerable water loss from the sample at temperatures above 100oC. This

can be observed in the tan õ-temperature plots as a large broadening of the

Tg peak, especially for the 14 mole Vo EGDÀ{A samples of intermediate

water concentration. For high water content samples it was usually possible

to measure the Tg as it occurred below 100oC and the run could be

completed before there was appreciable water loss from the sample. Again

there is evidence of dual peaks in some of the tan õ scans for copolymers of

intermediate w ater content.

TAB LE 4.2
Dynamic^ mechani rs at varying
stages of hydratio as been tákeñ
from the tan õ. plo in the log G"
trace. Peak height lass transltion
peak

]V4ole Vo

EGDMA EWC Ts ("C)
Log G'
(25qc)

G'inN/m2

Peak
Height

V/idth
U2}teight
('c)

To ("C)

3Vo

0 136.7 9.01 2.1 23.3 111

4.2 123.3 9.02 1.1 50 77

19.2 55.8 8.28 1.24 60.4 J

28.0 13.9 6. 18 0.79 18.6 -11

6Vo

0 143 9. 16 1 34 17.o 122

3.7 134 9.1 0.8 r 4r.0 95

1 1.5 t0l 8. 87 0.43 T11.4 65

15.6 72 8.62 0.38 134.7 74

23.7 25 7.77 0.57 7 t.9 -6

I4Vo

0 158 9.20 0.55 35.5 t24
3.8 150 9.15 0.55 57 81

18.5 83 8.58 0.28 190 4
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a.2.2(c) HEMA/TEGDMA Copolymers

Tan ô-temperature curves are given for copolymers of HEMA with

3, 6 and 14molVo TEGDMA in Figures 4.6a-c and Table 4.3 gives the data

calculated from the respective loss modulus, storage modulus and tan ô

plots (including data from some copolymers of HEMA with 9 molvo

TEGDMA).

TAB LE 4.3
Dynamic^ mechanical resul at varying
stages of hydration. The been tãke;
from the tan õ. p-lot. Ts re the log G"
trace. Peak height and widt s trans'ition
peak.

lÙ{ole Vo

TEGDT\4A EV/C Ts ('C)
Log G'
p5qc)
G'inN/m2

Peak
Height

V/idtlì
U2Height
ec)

Ta ("C)

3Vo

0 r27 9.t3 1 I 20.s 118

4.1 1t7 9.02 1 3 27.7 83

11.5 53 8.79 0.4s 53.6
18.4 44 8.01 0.77 66.5 0

33.7 4 6.1 1.6 11.1 -16

67o

0 r29 9.10 1.6 15.9 115

3.4 1 2 I 9.08 t.2 33.1 83

r1.2 55 8.60 o.43 70.0
t6.7 26 8.03 0.7 5 56.9 1

29.9 ) 6.42 1.25 17.2 -t2

97o

0 t79 9.08 1. 08 23.5 l1l
3.3 111 9.04 0.88 31.9 98

16.4 40 8.23 0.48 80.6 2

24.4 T9 7.t4 0.70 62.2 -15

l4Vo

0 724 9.12 0.84 23.s
3.2 106 9.O3 0.52 51.2

9.9 63 8.62 0.36 7 5.0
17.3 3t 7.92 0.s4 7 5.6
2t.9 20 7.77 0. s4 70.5
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Addition of TEGDMA also causes a decrease in tan õ (Tg) with

increasing TEGDMA content but not to the same extent as found with the

EGDMA copolymers. The half height peak width of the glass transition peak

and log G'(25oC) stay approximately the same with the addition of

TEGDMA.

Vy'ater loss from the TEGDMAÆtgtttA copolymers was of rhe same

order as that found for the wet PHEMA samples and it was therefore usually

possible to observe the Tg reasonably accurately. Double peaks were again

observed for samples of intermediate water content.

4.2.2(d) HEMAiP400 Copolymers

Tan ô scans for 3, 6 and 14mo|Vo P400ÆIEMA copolymers are given

in Figures 4.7a-c. The results of the dynamic mechanical tests are presented

in Table 4.4.

The copolymerisation of P400 with HEMA causes a decrease in the

tan ô(Tg) value for the dry copolymers from 3 to l4Vo P400. The half peak

width stays approximately the same but there is a decrease in the Log G'(25)

value with increasing content of P400 for the dry samples.

The Tgs found for the P400 copolymers were lower than that of

PHEMA and it was therefore possible to terminate the scan at a lower

temperature so that the water loss from the samples was less. Again dual

peaks are observable for the 3 and 6 mol Vo P40O copolymers of intermediate

water content.

It can be observed from the log G'-temperature plot (Figure 4. lc)

for PHEMA that the storage modulus drops steeply at about OoC for the

saturated sample and that the Tg indicated by the tan ô plot is also at OoC.

This was also found to be the case for copolymers of HEMA with TEGDMA

and EGDMA at high EwC, with Tts never falling below 0'C. Kolarik and

Janacek (2) found similar results for log G' values of PHEMA and reasoned

that on cooling only a fraction of the water in the system remains bonded to

the PHEMA with the surplus water forming a crystalline phase on cooling
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and melting at OoC causing the sharp decline in the log G' value. The high

Ewc copolymers containing 1,4 molvo p400 however show a storage

modulus (Figure 4.8) that decreases sharply before 0oC and a Tg below 0oC

indicating possibly that there is not enough surplus water ro form a

crystalline phase (i.e freeze) and thereby influence the glass transition

temperature of the copolymer by melting at OoC.

TABLE 4.4
Dynamic mechanical results for HE
of hydration. The glass transition te
tan õ plot. Ts refers to the high temp
height and width at 1/2 height refer ro

l|ydole Vo

P400 EWC Ts ("C)
Log G'
(25"C)

G'inN7¡¡2

Peak
Height

Widt¡t
12Height
ec)

To (oC)

37o

0 111 9.r2 1.19 23.4 96

4.0 104 9.01 1.02 34.r 76

12.7 43 8.40 0.54 43.3 16

24.r 22.5 7.03 0.97 37.7 -18

34.5 5.7 6.8s I 3 1 27.3 -24

6Vo

0 109 9.04 1.02 t9.4 93

3.7 84 8.80 1.56 20.7 57

12.5 50.8 8.32 0.89 52.6 4

23.2 3.9 6.7 1.18 23.2 -24

3t.6 -2 6.59 0.92 29.5 -28

I4Vo

0 84.1 8.88 0.88 21.3 64

3.3 62.9 8.73 0.81 32.0 16

12.3 27.4 7.s8 0.79 34.s 5

25.0 -2.5 6.92 0.55 34.5 -31

29.7 -6.1 6.8 0.56 32.8 -32

The effect of the inclusion of small molecules, including water, on

PHEMA has been previously studied by Janacek and Kolarik (2,3).

However, they carried out measurements on samples that had been

polymerised with water in situ (4), and, has been previously noted,
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(Chapter 3), the initial amount of water included in the polymerisation can

have an effect on bulk properties, such as the diffusion coefficient, and

could, therefore, conceivably effect the mechanical properties. Khozin et

al. (59) found that varying the amount of solvent added to an epoxy

prepolymer varied the size of inhomogeneities occurring in the cured

polymer. It has also been noted that solvents can affect polymer structure

by chain transfer (60). Both of the above effects might result in changes in

the dynamic mechanical properties of the polymer. Janacek and Kolarik also

did not give tan õ measurements for PHEMA although this can give useful

information on the number and state of the molecules participating in

particular molecular relaxations. It has been proposed (5) that rhe height of

the glass transition peak in the tan õ-temperature plot is due to the number

of kinetic units mobile enough to contribute to the transition with the

breadth depending on the distribution of environments in which these units

are located.

Allen et al. (6) found that the tan õ(Tg) peak height increased with

increasing oxyethylene chain length for poly (oligo - ethylene glycol

dimethacrylates) from tri-EGDMA up to P600EGDMA, with a corresponding

increase in flexibility of the polymers. In turn the l/2 height peak width of

the glass transition peak decreased. Similarly, Andrady and Sefcik (7)

found that the tan õ(Tg) peak height in crosslinked poly (propylene glycol)

increased with increasing mean chain molecular weight between crosslinks

which supports the proposed theory.

It can be seen from Tables 4.1-4 that, with the sorption of \À/ater into

the copolymers, there is a general trend followed by most of the systems

studied. Initially the tan õ(Tg) peak height decreases to a minimum at

intermediate EWC and then subsequently increases at full hydration.

Concomitantly there is an increase in l/2 height peak width of the glass

transition peak to a maximum folowed by a decrease at full EWC. This
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implies that at an intermediate water content the mobile kinetic units which

contribute to the tan õ peak height exist in a range of environments greater

than that found in either the dry or saturated samples and that there could be

some inhomogeneity in the partially hydrated polymers.

It is also apparent form the data presented in Tables 4.1-4 that there

is a noticeable temperature difference between the maximum of the loss

modulus, log G", and the tan õ maximum for the glass transition region with

the loss modulus maximum occurring at the lower temperature. Figures

4.9a-c shows this difference as a function of the EV/C. For PHEMA

samples this difference is, initially for the dry samples, about l3'C. With

increasing EV/C this increases to 3l "C a,t 4.4 VoEWC and then decreases to

16oC at full hydration.

The copolymerisation of HEMA with EGDMA cause this difference

to be greater, with an initial difference of some 20 - 30 oC for the dry

copolymers which increases to around 50oC at intermediate hydration. The

TEGDMA and P400 copolymers show much the same trend as found for

PHEMA. There is a similarity between the behaviour found here and that

observed for the l/2 peak width of the tan õ glass transition peak.

A similar effect has been noted by Felisberti et al. (8) in a study on

copolymers of polystyrene (PS) and polyvinylmethylerher (PVME). They

found that for samples with low amounts of PS or PVME the difference

between the loss modulus maximum and the tan ô maximum was less than

10" c. For intermediate compositions, however, (40 - 70 voPS) the two

maxima were separated by 30 - 35 oC. They concluded that the varying

distance between the two peaks was an indication that the relaxations related

to the glass transition are more complex than in a single component system

and that the system studied exhibited thermorheologically complex

behaviour. This was further confirmed by measurements made at four

different frequencies between 0.1 and 100 radls, with the loss modulus peak

shifting by about 10'C while the tan ô peak changed by 25 - 30oC. This was
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taken as an indication of the occurrence of molecular relaxations with

differing rate constants that have different temperature dependencies and

therefore indicating that the relaxation behaviour in the glass transition

region is thermorheologically complex.

The similarity between their results and the results found here

indicate that the polymer water systems studied here may also be exhibiting

complex thermorheological behaviour in the glass transition region, which

in turn could be due in part to the wide range of environments existing in

the partially hydrated polymer, as indicated by the changes in the tan ô peak

with different levels of hydration.

The changes in Tg with the addition of EGDMA, TEGDMA, and

P400 are given in Tables 4.I-4. The addition of EGDMA causes a

substantial increase in Tg, while the addition of P400 causes a similarly

noticeable decrease in Tg. This behaviour is understandable given the

relative Tgs of the respective crosslinking agents. The behaviour of the

P(HEMA/TEGDMA) copolymers, however, is a little more complex. There

is a slight initial increase in the Tg up to 6 mole Vo TEGD}ií.A after which the

Tg decreases. Work by Martin et al. (9) on a similar MMA/TEGDMA sysrem

found that the Tg was invariant up to the addition of 12.5 mole 7o TEGDMA.

Simon (10), however, also investigated the TEGDMA/MMA sysrem and

found that there was an increase in the Tg up to the addition of 11 mole Vo

TEGDMA followed by a subsequent decline in Tg upon the addition of

further TEGDMA. It was postulated that this could be due to competition

between two competing effects - the crosslinking effect and the copolymer

effect. The crosslinking effect meaning that main chain mobility is

constricted by the interconnection of the polymethacrylate chains by

dimethacrylate units thereby increasing the Tg and the copolymer effect

implying that a long oligo - ethylene glycol chain (as in TEGDMA) may be

sufficiently flexible to allow local main chain motion to be influenced by the
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presence of mobile TEGDMA units. A similar effect may be responsible for

the initial increase shown here for P(HEMA/TEGDMA) copolymers.

Attempts to predict changes in the glass transition temperature due to

copolymerisation has led to the development of a number of equations which

have met with varying success. These are generally developed around either

a free volume hypothesis (11-14) or use a statistical mechanical

interpretation of composition effects, as with the DiMarzio - Gibbs theory

(15-16). Many of these models, however, require the knowledge of a

number of other polymer parameters which are often difficult to calculate

and are known for only a few systems.

One of the simplest equations developed is the Fox equarion (12)

(Equation4.7), where it is only necessary to know the respective weight

fractions and Tgs of the homopolymers.i.e

1
+

W1

Tgt
w2
Tot

èL

Equation 4. 1T Uò

where w1 and w2 represent the weight fractions of homopolymers I and 2

and Tgt and Tgz the respective glass transitions of homopolymers I and2.

Pochan et al. (17) found that Equation 4.2 gave good results for a

variety of polymer - polymer, polymer - small molecule and small molecule -

small molecule systems. This equation also has the advantage associated

with the Fox equation in that it is only necessary to know the weight

fractions and Trs of the homopolymers.

LnTg-w1lnTg1+w2LnTg2 Equation 4.2

It has been shown, however, that this equation, and the Fox equation

are special cases of an equation developed by Couchman (18-19) to predict

the Tgs of compatible polyblends assuming the continuity of extensive

thermodynamic properties such as entropy and volume at Tg.

w lACplLnTsl + w2A,Cp2LnTs.tLnTt=
w1ACp1 + w2L,Cp2

Equation 4.3
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where the Cpi are the heat capacities and Â denotes transition increments.

In this case ÂCp represents the change in heat capacity between the glassy

polymer and the rubbery polymer. If ÂCp * Tg = constant then the Fox

equation results and if ÀCpt = LCpZ then Equation 4.2 results. This

equation is valid as long as the Tgs of the two components are not too

different in temperature. However, with systems where the Trs have well

separated temperatures it is not possible to assume that the ÂCpi are

independent of temperature. Instead Ellis and Karasz (20) assumed that the

ÂCpi are inversely proportional to temperature and used this assumption on

an epoxy/water system and found this gave reasonable results. Equation 4.3

then becomes,

Equation 4.4

ÀCp values can be obtained from DSC thermograms from the change

in specific heat measured befo¡e and after the glass t¡ansition (Chapter

Five). Unfortunately it was not possible to measure the Tg of EGDMA by

DSC as it is very high and there is a tendency for the polymer to decompose

before T, is reached and TEGDMA also does not show a Tg with DSC

measurements (10). Therefore it was only possible to use Equation 4.4

(this equation was used in preference to equation 4.3 as PHEMA and P400

have well separated Tgs) with the P(HEMA/P4O0) system. Values for ÀCp

of 0. 14+0.01 Jg-lf-l and 0.80+0.01 Jg-tç-l were used for PHEMA and

P400 respectively The Tg of EGDMA was taken as the value given by

Martin et al. (9) of 460"C, which was calculated from copolymer work with

MMA. The Tgs of TEGDMA and P400 were taken from work by Simon

(10), who also used a torsion pendulum, to be 388K and 268 K

respectively.

.r _wrACprT*l + wzÂCpzTsz
lo = 

-_

o wlACp ¡w2L,Cp2
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The experimental and theoretical rgs for the copolymers are given in

Table 4.5a

TABLE 4.5a

Comp-arison- of Tgs predicted by the Fox Equation and Equation 4.2 with
experimental valuts obtained from orsion- Pendulum mèasurements for
c.opolymers of HEMA with EGDMA, TEGDMA and P400. Also given are
the calculated values for the P(HEMAÆ400) system using Equation-4.4.

OED EGDMA TEGDMA
7o CrOSS
linker 3Vo 6Vo l4Vo 3Vo 6Vo 9Vo l4Vo

Expt
To 137 143 158 t2l r29 119 124

Fox
Eqn 134 744 164 t25 t24 r23 122

Eqn
4.2 137 150 r76 125 t24 123 r22

OED P400
Vo CroSS
linker 3Vo 6Vo l4Vo

.Expt
Ts 111 109 84

Fox
Eqn 106 89 t2
Eqn
4 2 109 89 66

Eqn
4.4 74 48 22

The success of the Fox equatiirn in predicting the Tg of the

EGDMAÆIEMA copolymers, compared to the results obtained for the other

copolymers is probably due to the fact that the Tg of the homopolymer of

EGDMA was one that had been calculated by extrapolation from copolymer

work and therefore the crosslinking effect would have been largely taken

into account. For the other copolymers both equations predict substantially

lower Tgs than obtained experimentally with Equation 4.2 giving better

results for the P400 system than the Fox Equation. V/hen Equation 4.4 is

used, however, as with the P400/HEMA copolymers, substantially different
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Tgs are predicted which must clearly set limits on the validity of this

treatment even if crosslinking effects are taken into account.

The effect of a plasticiser on the Tt of a polymer has been modelled

by a number of people using a variety of methods, including isofree volume

(27), isoviscous flow (22), viscous flow (23) and active groups trearments

(24). Many of these attempts have resulted in Equation 4.5;

Tg=Tgp-Bm2 Equation 4.5

where B is a constant, Tto is the polymer T, and m2 is the weight fraction

of plasticiser. Unfortunately this has been found to apply over only a low

range of plasticiser concentration (25). Numerous other equations have also

been developed, but again as with the case for copolymers, it is difficult to

determine some of the parameters required. The Fox equation has also been

used and, as remarked before, Pochan et al. (I7) obtained soms success

with Equation 4.2 for small molecule - plasticiser systems.

Again a comparison has been made of the experimentally obtained

Tgs with those predicted by the above equations. The Tg of water has been

calculated by a number of people (26-29) using a variety of merhods

including calorimetry and dielect¡ic measurements. The values obtained are

in good agreement with each other, giving a Tg of 134-135 K. The value

used here was 134K. Equation 4.4 was also applied using ACp = 1.94

Jg-1ç-t (25,38).

The results of both equations are presented in Table 4.5b. Generally

it is appa¡ent that neither of the equations used are able to adequately predict

the change in the glass transition temperature over the whole range of EV/Cs

for any of the polymers. It appears however that the Fox equation is more

accurate at intermediate E'WCs, while at high EWC it predicts a lower Tg

than that usually found, although this could be due to some water loss from

the samples, and at low EWCs it tends to overestimate the depression of the
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95
63
25
-6

94
62
27
1.3

l'3
43
6

-6

Fox
Eqn

84
37
-7
-39

E5

37
-ó
-31

65
23
-21
-34

Expt
Ts

I04
4'J

23
ó

84
5 I
4
-2

63
27
-3
-6

EWC

4.0
12.7
24.t
34.5

3.7
12.5
23.2
3 t.ó

3.3
t2.3
25.0
29.7

MoLeVo
OED

3Vo P400

6ToP40O

I4Vo

Eqn
4.2

l0E
80
54
4

116
83
62
23

lo4
57
32

110
83
5ó
4t)

Fox
Eqn

108
53
20
-33

r06
55
28
-15

94
2l
-2

101

59
23
5

Expt
Te

95
53
4
4

lzI
55
26
2

111
40
t9

r0ó
63
-J 1

20

EV/C

4.1
I 1.5
18.4
'J'J.l

3.4
lt.2
t6.7
29.9

3.6
r5.9
23.3

3.2
9.9
17.3
2t.9

MoleVo
OED

3 Vo^l

6VoT

9 VoT

I47oT

Eqn
4.4
22
-47
-5ó
-81
-r04
-tt2

Eqn
4.2
r0ó
1l
1t)
38
9
-13

IIE
58
2l

t26
9l
76
3E

r39
tn
E9

74

Fox
Eqn
9'J

50
4L
2
-zE
-48

r04
2l
-t2

ll3
62
4t)
-J

r24
E9
50
33

Expt
Te

50
4l
20
5

0

I4

134
t07
72
25

150

83

EV/C

4.4
11.9
13.5
22.8
31.7
39.2

4.2
t9.2
2E.O

3.7
I1.5
15.6
25.8

3.8
8.5
l5
t E.5

MoleVo
OED

0 eHEMA)

3 VoE

6VoE

74VoE

TABLE 4.5b Ç9-pu-ttjon^between.experime .tal and theoretical Tns 1or PHEMA and copolymers of HEMA with
EGDMA, TEGDMA and P400 at varying stages of hydration. E, anð T represent EGDMA^aná T¡GDMA respectively.

oo
\¡



88

glass transition temperature. This particularly apparent for the

PHEMA/water system where the Fox equation is reasonably accurate at

intermediate water concentrations. A comparison of the Equations 4. I and

4.2 for this system is given graphically in Figure 4. 10. Equation 4.2 tends

to be more accurate at both high and low water concentrations, but not at

intermediate EWCs.

It is again obvious that the application of Equation 4.4 does not

provide a reasonable estimate of the Tt depression due to water. It predicts

Tgs in some cases of nearly 100oC less than those actually found. As

mentioned previously Ellis and Karasz (20) found that it gave good results

for epoxy/water systems, however, this could be due to the substantially

greater depression of the glass transition temperatu¡e found in these systems

with a drop typically of some 20 oC/wt%o of warer. The drop in T, for the

PHEMA/water system here was, at most, 6'C/wt vo of water for an

17.9VoEWC sample, and was generally less than this.

4.2.2. Theoretical Calculation of G'

It has been found by Katz (30), using EGDMA, tri-EGDMA and

TEGDMA, and others (31) that for dimethacrylate/MMA copolymers the

laws of ideal rubber elasticity are largely obeyed. It should therefore be

possible to predict the modulus of the rubbery plateau occurring in the log

G' curve after Tg for the crosslinked PHEMA copolymers using the equation

of state for rubbery polymers (32), Equation,4.6

^ PRTC=i. Equation 4.6

where G is the shear modulus (N/m2) at temperature T(K), M" is the

molecular weight between crosslinks, R is the gas constant and p is the

density of the copolymer. Ms in similar systems has been calculated by

Flory (33) and Lee et al. (34) to be described by Equation 4.7;
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M.=]L Equation 4.7- zew

where w is the weight fraction of crosslinker, M is the molecular

weight of the crosslinker and e is the efficiency of the crosslinker. This

relation was used by Martin and Shen (35) when examining the

MMA/EGDMA system. The crosslinking efficiency has been defined by

Schultz (36) as the fraction of divinyl monomers reacted at both ends This

has been determined as being 0.45 for EGDMA (36-38) and 0.72 for

TEGDMA (31). The density was calculated from previous work on voids

(Chapter 3). References 31 and 37 report the crosslinking efficiencies using

the definition of Schultz (36) who measured polymer density changes as a

function of cure and calculated the number of unreacted groups by assuming

that the reaction of a single group caused a molar contraction of 22.5 cm3.

The method used by Martin and Moran (38) to calculate the crosslinking

efficiency used infrared/Raman spectroscopy techniques on EGDMA and

obtained a value of 0.45 which is similar to the value obtained by Schultz

(3 6).

The results obtained are shown in Table 4.6 using a temperature of

Tt + 40"C to calculate the theoretical results.

TAB LE 4.6
Comparison between experimentally obtained values for log G'(Tn+40"C)
and those calculated using Equation 4.''1, for copolymers of HEMA with
EGDMA and TEGDMA. E and T represent EGDMA and TEGDMA
respectively.

VoOED
log G'

(Tn+40oC)
(ca[cu lated)

3 Vo EGDMA 6.048 6.10

6 7o EGDMA 6.352 6.6s

14 Vo EGDMA 6.6s2 7.20

3 ToTEGD}y4'A 6.037 6.38

67o'îEGDÀ4A 6.338 6.42

9Vo TEGDMA 6.635 6.s3

T VoTEGDM'A 6.808 6.93
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It is apparent from the table that the theoretical values are slightly

less than those found experimentally, however the rate of increase with

additional crosslinker is similar. It may be that polar forces between

molecula¡ chains cause an increase in the storage modulus which is not

taken into account in the equations used above. However, there appears

reasonable agreement between the two experimental and calculated values

and it seems that the laws of rubber elasticity may be applied to some

extent in estimating the storage modulus.

4.2.3 The B Relaxation

A further relaxation can be observed at approximately 30 "c

appearing as a shoulder in some cases on the larger Tg peak. This relaxation

has been termed the p relaxation. A P peak has been observed in pùve at

280 K (1) (measured mechanically at I hertz). There is varying opinion on

the cause of the p peak with two possible explanations put forth. The first

that it originates from specific intramolecular motions (I,40-41) while the

second is that it could be due to intermolecular interactions (42-45).

McCrum et al. (l)believed it was due to the hindered roration of the -

COOCH3 group about the C-C bond linking it to the main chain. Theoretical

calculations by Cowie and Ferguson (46) on poly(alkyl methacrylates),

poly(alkyl acrylates) and poly(alkyl itaconates) suggest that it could be

explained by rotation of the oxycarbonyl unit driven through the quaternary

to carbonyl carbon bond although Heijboer et al. (47), also using theoretical

calculations, tend to believe, that for PMMA, it is due to the rotation of the

alkoxy carbonyl groups. It has been suggested (3) that partial rotarion of

side - chains COOR groups, sets in at about 280 K if R=CH3, C2H5, C3Hz

and C4H9 (measured mechanically). The higher temperature of the PHEMA

Tp has been attributed (48) to its higher polarity and therefore stronger

interactions of the side - chains.
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P peaks for dimethacrylates have been found to occur (10) at a

similar temperature to that of PHEMA at berween 20 oC and 30o C. The Þ

peak in dimethacrylates has been assigned to the localised motion of the

oligo - ethylene glycol groups closest to the main chain poly(methacrylate)

(10) and has also been thought by Chernova et al. (49) to refer to the

commencement of vitrification in the polymer which implies that the p peak

is associated with localised OE motions coupled with a main chain motion

which is a precursor to large scale motion characteristic of the glass

tran s ition.

The B peak for a variety of linear polymers has been found (50) to

increase with the addition of water. In some polymers the p peak is

unaffected by water, however, as is the case with PMMA with water uptakes

of lvo and 2.3vo (57). As the p peak for PMMA is presumed to be due to

some type of motion of the side chain around the main chain it is surprising

that no change was found as there is evidence that water is attached to the

carbonyl (52). However other work by Allen et al. investigating the effect

of sorbed water on the solid state l3C NtrrtR spectrum of deuterated PMMA

(58) suggests that in the early stages of sorption water is in contact with the

backbone CD2 and quaternary carbons and that a more uniform distribution,

with water in contact with the other carbons, only occurs later, due possibly

to a redistribution of the water or a second slower sorption process. It could

be though, that for PMMA the addition of water only effects very localised

motions of the side group i.e. those responsible for the y transition.

The B peak for PHEMA occurs at 37 oC on the tan õ - temperature

plot. There is no discernible change in either the height or position of this

peak on copolymerisation with either EGDMA or TEGDMA for the dry

samples probably due to the similar temperatures at which this transition

occurs in the various homopolymers. Copolymerisation with P400 did seem

to increase the height of the peak although due to the tendency of the p peak

to appear as a shoulder to the glass transition peak this could have been due
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to the decrease in the temperature of the glass transition peak for

copolymers containing appreciable amounts of P400.

The addition of water generally caused an increase in the peak height

and a decrease of some 10-15o C for samples of approximately 70 Vo EWC

regardless of copolymer composition. For samples of higher water content

the p peak tended to be overlaid by the glass transition peak although a

slight shoulder was sometimes evident on the this peak. Bair et al. (50) has

determined that it was the change in the amount of unclustered water that

correlated with an increase in the height of the p peak, clustered water being

bulk like free water capable of freezing. They used DSC and dielectric

methods and found that unclustered water moves in association with the

chain causing the resultant change in the P peak. The shift to a lower

temperature implies that less energy is required for the motion that causes

the p transition and that the B transition could be a prelude to the large scale

motion occurring at the gl4ss transition.

4.2.4 S ubambient Transitions

The low temperature peak observed in the tan õ - temperature plots

of the dry polymers has been referred to as the y transition, characterised by

the temperature Ty. Low temperature relaxations have been noticed between

approximately -l05oC and -130oC for a variety of dimethacrylates and linear

methacrylates(48,53-54). Previous work on PHEMA (48) has given a T.y of

-130 oC and this has been found not to alter as the length of the side chains

have been increased, indicating the localised nature of the motion.

Gulyatsev et al. (55-56) observed no y relaxation in ethylene glycol

diacrylates and inferred that the y relaxation was due to methyl rotation.

However other studies on PHEA , the acrylate analogue of PHEMA, did

observe a Ty (48).

Kolarik (48) concludes that the T process is a small scale internal

motion of the side chain in linear methacrylates and proposes that the



93

contributing mechanisms to the T activation energy in linear methacrylates

were internal and other motions within monomer units, the hindrance

between side groups due to the bulk and polarity of neighbouring chains and

intermolecular attraction of adjacent units. Using model systems to

calculate the magnitude of these various contributions led to the conclusion

that local internal motions of the side chains are the dominant process

resulting in the 7 relaxation.

In addition to the low temperature y relaxation, when a solvent is

added to linear methacrylate systems a further low temperature relaxation is

found which has been labelled T¿il. Using dynamic mechanical methods ar 1

IJz, Gall and McCrum (57) observed such a peak at -82"C for PMMA

equilibrated at 50 Vo relative humidity, and a peak at -104oC for a sample

equilibrated in water. Both samples were equilibrated at 23 oC. Ma¡tin et

al. (9) also found a peak at -100oC for a PMMA/warer sysrem.

The growth of Tdil peaks in linear methacrylates has been ascribed to

low molecular weight solvents interacting with ester side groups and thereby

disrupting the ester groups polymer - polymer bonds. It has been proposed

(64) that the solvents on sorption into the methacrylate network disrupt the

polar polymer - polymer interactions between chains and replace them with

polymer - solvent interactions which allow greater side chain mobility. This

explains the slight dec¡ease in Tdil with addition of solvent. They conclude

that the greater the diluent volume the more hydrogen bonds disrupted and

the lower the temperature required to activate the relaxation. Therefore, as

the water or solvent concentration increases there aÍe a. greater number of

side chains taking part in the motion and consequently there is an increase in

the size of the diluent peak.

Janacek and Kolarik further (4) investigated the Toit peak using a

variety of solvents of differing size and polarity. At low concentrations it

was found that the type of diluent used had little effect on the size and

position of the Tait peak. At higher concentrations, however, the smaller
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polar molecules resulted in a greater conversion of the local T7 motion into

larger scale Tdil motion. This was thought to be due to the smaller

molecules being more able to disrupt the polymer - polymer hydrogen bonds

than the larger molecules.

The T'y and Tait peak temperatures for PHEMA and the various

copolymers, obtained f¡om the tan ô - temperature plot , are given in Table

4.7, The respective tan ô - temperature plot are shown in Figures 4. I 7-L4a-

c.The variation in peak height of the Tcit peak are shown in Figures 4. 15a-c

as a function of EV/C.

The Ty peak for dry PHEMA has a maximum ar -ll8"C. This is

lower than that observed by Kolarik (48) but that value was calculated from

the loss modulus, G"- temperature plot. The logG" plot for PHEMA here

gives a value for T.y of -126"C which is in good agreement with previous

values obtained but also indicates that there is again a discrepancy between

the tan õ and log G" values, as occurred in the glass transition region.

Upon copolymerisation with EGDMA there is a decrease in T.y to -726oC for

the 14 mol%o sample. For the TEGDMA and P400 copolymers T.y decreases

to -72loc and -120"C respectively with the incorporation of 14 molVo

crosslinker. The peak height did not change to any great exrenr for the

EGDMA copolymers but did increase slightly from 0.038 up to 0.045 for

both the 14 mol%o TEGDMA and P400 systems

simon (10) found that rhe T"ys of TEGDMA and p400 appear ar -

132"C and -130oC respectively. Berlin et al. (53-54) proposed that Ty for

dimethacrylate systems was associated with conformational internal motion

of the pendant oxyethylene chains decoupled from the main chain motion. It

appears that a combination of the T.y processes found in both PHEMA and

the OED can cause T.y for the copolymers to be shifted to some intermediate

value.
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mo|Vo P400 with EV/Cs as listed above.
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TAB LE 4.7

Subambient results of the dynamic mechanical testing of PHEMA and its
copolymers giving the Ty and Tdil temperatures (oC). The temperature given
for the dry samples is T.y. For the l.7voEWC PHEMA sample the lower
temperature is T,y while the higher one is T¿il

PHEMA 3ToF:GDMA

EWC 0 1.7 4.4 I 1.8 22.8 39.2 0 3.27 l8

Tdil -l 18
- 108
-65 -95 -10 l - l0l -t02 -l l9 -89 -97 - l0l

OED 6Vo EGDIN{A Pl4 7o EGDMA

EWC 0 2.84 8.9 16 25.8 0 3.4 10.3 l5 l 8.5

Tdil -t2l -71 -93 -99 - 101 -r26 -91 -99 -r02 - 101

OED 3VoTE.GDMA 67o TEGDMA L4VoTEGDMA

EV/C 0 4.4 18.4 33.s 0 3.I 16.7 29.9 0 3.2 t9.7 21.9

Tdil -l 19 -80 -99 -98 -t20 -81 -96 -99 -r2l -75 -89 -93

OED 3Vo P400 6VoP40O l4Vo P400

EWC 0 4.0 24 34.5 0 3_7 ll.l 23.2 31.6 0 2.9 28.0 30

Tdil -r20 -73 -98 -r00 -t20 -72 -83 -90 -96 -t2l -75 -89 -93

The addition of even small amounts of water caused the Tdil peak to

appear. For a PHEMA sample containing less than lVo water this appeared

at -65oC with a slight decrease in Ty occurring at the same time. At higher

EWCs the T.y peak disappears altogether while the Tdil peak increases in

size and gradually shifts to a lower temperature. It can be seen (Figures

4. l5a-c) that the increase in height of the Tdil peak is obviously highly

dependent on the amount of water present in the polymer.

The copolymerisation of HEMA with P400 caused a shift in T¿it at

full saturation with an increase in the peak temperature from that of the

PHEMA homopolymer of 8'C for the 14 molVo P400 copolymer. It has been

noted (10) that T¿it for the OEDs was dependent on the length of the oligo-

ethylene glycol unit, increasing from DiEGDMA to P400 with the TEGDMA

and P400 polymers having values of -103'C and - 91oC respectively.
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It is difficult to tell from the tan ô plots whether the Tdil peaks

observed, especially in the case of the P400ÆIEMA copolymers, are the

result of two overlapping peaks resulting from different processes occurring

in each of the polymers making up the copolymer oÍ are due to cooperative

motions resulting in one distinct Tdil or Ty peak, as appears to be the case

with the Tt transition.

4.3 Summary

The type and degree of OED used in crosslinking the PHEMA

hydrogels was found to have a significant effect on the Tg of the resultant

copolymer and provides a way in which some measure of control can be

achieved over rhis property. Copolymerisation of HEMA with EGDMA

enabled a copolymer to be produced that had a Tg above room temperature

but still had a substantial EwC ar full hydration. Conversely,

copolymerisation with P400 enabled the formation of a copolymer with a Tg

below OoC which was not possible for straight PHEMA.

Unfortunately using the equations described here it is not possible to

accurately predict the change in Tg on the copolymerisation of HEMA with

the OEDs or the effect of water on the Tgs of the polymers studied.

Changes in the height and width at half peak height of the tan ð T,

peak suggest that the mobile kinetic units.that contribute to this peak exist in

a greater spread of environments at intermediate water contents than for

either the dry oa-fully hydrated polymers.

Sorption of water into any of the copolymers caused the appearance

of a low temperature peak that increased with increased EWC. This has

been ascribed to water interfering with polymer-polymer interactions and

replacing them with water-polymer interactions. Copolymerisation and

water sorption appeared to have no great effect on the p peak.
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CHAPTER FIVE

DIFFERENTIAL S CANNING CALORIMETRY

5.1 Introduction
The work described in this chapter is an attempt to better elucidate

the freezing water behaviour of water in PHEMA hydrogels by examining it

under a number of different conditions. Previous measurements (1-2) on

the behaviour of freezing water in hydrogels have given differing results in

the amounts of freezing v/ater found with, for example, Mardel (2) finding

no freezing water present in a copolymer of HEMA containin g 40 wt%o

MMA, while Corkhill et al (1) found between I and 2 Vofor a similar

copolymer. Hysteresis effects (1,8) have been noticed in similar studies on

hydrogels and the DSC endotherms of freezing water can change depending

on the previous history of the sample.

V/ith these results in mind a number of different conditions were

employed to investigate the behaviour of water as it freezes in the polymer.

In one set of experiments the temperature at which the samples were frozen

was varied, keeping the time of freezing constant. In a second set the

freezing time of the samples was varied with the temperature kept constant

and thirdly the type and amount of crosslinking agent was varied.

It has been assumed here that the enthalpy of melting of the frozen

water absorbed into the polymer has not been altered by its incorporation

into the polymer structure. While some doubt has been expressed about

the validity of this assumption (3-4) it has been shown that the heat of

fusion of water swollen in polymers is virtually identical to the heat of

fusion of pure water (5-6) and the method used here (Chapter Two) to

determine the amount of freezing water is consistent with that employed by

others (7-9) and, therefore, enables a comparison to be made between

different sets of results, particularly with respect to the copolymer work. It
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also seems reasonable to assume that the enthalpy of fusion of water in

saturated PHEMA will not be changed, to any great extent, if different

freezing cycles are used and so any measured differences will be due to

differences in the actual amount of freezing water present.

It should also be noted that water will not be observed in DSC

experiments if either the change in heat capacity or the actual amount of

water present are too small and fall below the sensitivity of the instrument

to detect it.

5.2 Results and Discussion

5.2.1 Variation of Freezing Water With Temperature

One of the first effects that must be taken into account when

calculating the percentage of freezing water in the polymer is the differing

effects of heating and cooling rates and the immediate history of the sample

being scanned. If the sample was allowed to re-equilibrate for 1-2 days

under the same conditions (i.e. temperature and relative humidity) it was in

before it was run in the DSC, then it was found to give a similar DSC

thermogram as its initial scan, indicating that the effects of the scanning

procedure on the hydrated sample were reversible. However, to remove

any possibility of previous measurements affecting the DSC thermogram

fresh samples were used each time and then discarded after use, after first

being weighed to detect any possible water loss.

The effect of differing rates of heating can be seeD in Figure 5.1a-b.

This shows two water melt endotherms, the first (a) from a saturated

PHEMA sample that had been cooled rapidly down to - L20"C ( at 320

oC/min - the fastest possible cooling rate) , held there for 15 minutes and

then scanned while heating at 2OoClmin. The resulting thermogram shows a

water melt endotherm having two peaks separated by approximately 3oC.

The second thermogram (b) is also that of saturated PHEMA which was

rapidly cooled to -120'C and held at that temperature for 15 minutes. This
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sample, however, was then rapidly heated at 320 oC/min to -20"C and then

subsequently scanned. This thermogram shows only a single endothermic

water melting peak. It should also be noted that both of these water melt

endotherms are much broader than those obtained from water only.

No discernible transitions were observed on the DSC thermogram

trace below the water melt endotherms. This differs from the results found

with the dynamic mechanical testing in that the low temperature transition,

found at approximately -10OoC, is not observed here indicating that the DSC

is less sensitive to this type of transition. This is confirmed by previous

measurements (10) which have shown that DSC appears to be insensitive to

events below -40 oC for hydrogels.

The percentage of freezíng \'/ater found in run 5. 1(a) was also

greater than that observed for run 5.1(b). This seems to indicate that there

is a reordering of the possible environments in which water exists as the

sample is heated at the slower rate and also a possible diffusion of water

through the sample to areas where more can crystallize.

In order to gain a better unde¡standing of this behaviour the amount

of freezing water was measured as a function of temperature with the

samples being rapidly cooled to the appropriate temperature, held at that

temperature for 15 minutes and then heated at 320oC/min, where necessary,

to -20oC and the thermogram recorded at 20 oC/min A number of different

samples were used at each temperature and an average of these taken. The

standard deviation found in these and other measurements was usually less

fhan *5Vo. The thermogram recording was started at -20oC in order to

eliminate problems that occurred with the starting transient when a scan was

commenced.

The results are presented in two ways. One gives the amount of

freezing water as a percentage of the weight of the total hydrogel while the

other gives it as a percentage of the weight of the water in the hydrogel, as

given in Figure 5.2.
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From Figure 5.2 it can be seen that the percentage of available water

that freezes increases as the temperature is decreased from -25oC to -5OoC

from approximately LlVo to 37Vo, as would be expected. After this,

however, there is a decrease in the amount freezing as the temperature is

decreased further, until a constant value is achieved after the temperature

has fallen below approximately -70'C. At some temperatures additional

measurements were made on samples that had been frozen for 60 minutes.

Once the temperature had decreased below -5OoC, however, the amount of

frozen water remained constant, independent of freezing times longer than

15 minutes; between OoC and -50oC, however, the amount of frozen \ryater

measured increased until it had reached a maximum value of 3J7o, which

was the value obtained at -50oC after 15 minutes. In terms of weight

percent of the hydrogel this corresponds ro approximately 13 Vo EWC.

Typical thermograms obtained for saturated PHEMA samples ate

shown in Figure 5.3. From these a number of observations can be made.

As the temperature of pre-equilibration of the samples is decreased the

water melt endotherm broadens up to about -55oC and it is possible to

notice at least two vertices to the endotherm peak. As the pre-equilibration

tempe¡ature decreases further, however, the peak again becomes more

uniform and tends to decrease again in width. This is similar to the effect

of temperature cycling noted by Pedley and Tighe (8) in which a second

peak in a hydrogel becomes more prominent as the sample is taken through

a series of temperature cycles. Pedley and Tighe suggested that there was a

continuum of water states existing between those water molecules that were

hydrogen bonded to the polymer and water that is unaffected by its
polymeric ênvironment and that the change in area under the respective

peaks was due to a shift to better crystallization behaviour. If this is true

then it seems that this shift can occur while the sample is being heated at

20Klmin but that there is insufficient time for a noticeable change to occur

when the sample is heated rapidly up to the measuring temperature. The
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Figure 5.3. Typical melting water endotherms obtained fromsaturated
PHEMA samples frozen for 15 minutes at the temperatures given above.
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fact that the peaks observed with the rapid heating cycle from -l20oc seem

to be independent of the time frozen also suggest that this phemomena is

strongly temperature dependent.

From the dynamic mechanical results obtained for saturated PHEMA

(Chapter Four, Figure 4. 1) it can be observed that for the glass transition

peak tan ô values begin to inc¡ease somewhere between -70o and -60oC,

indicating the beginning of main chain motion. This could explain the

decrease in freezing watet found as the temperature is decreased below

-50oC due to the increasing difficulty of water in diffusing through the

polymer as main chain motion decreases.

The temperature at which the water begins to melt (taken as the first

deviation from the baseline on the DSC thermogram (as in Figure 2.la))

also varies. The samples frozen above -35oC having a freezing point

depression of about loC which tends to decrease further to -4"C to -5oC at -

70oC and then remain constant below that temperature.

5.2.2 Variation of Freezing Water W¡th Time.

Isothermal measurements of the amount of freezing water were also

made for PHEMA samples at varying freezing times. The first set were

carried out at -35oC because the previous measurements showed that at this

temperature approximately half the the water had frozen after 15 minutes

and, therefore, all the water in the sample that could freeze should have

done so after one to two hours. In order for a correlation to be made with

the solution NMR work, discussed in the next chapter, the second set of

isothermal measurements were made at -15oC. The samples were again

cooled as rapidly as possible, and held at their respective temperatures for

the appropriate time and the thermograms recorded, with the samples that

were frozen at -35oC first being heated rapidly to -20oC . Different samples

were used for each measurement to ensure that any possible hysteresis

effects would not effect the measurement.
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Typical DSC thermograms obtained using the above procedure for

the samples frozen at -35oC are shown in Figure 5.4. Similar thermograms

were also obtained for those samples frozen at -l5oC. It can be seen that

there is a distinct change in the appearance of the water melt endotherm as

the freezing time increases. After only two minutes the endotherm obtained

is a single nearly uniform peak. After 5 minutes the peak has broadened

slightly and a shoulder to the main peak can be observed at a lower

temperature. From 10 minutes onward it is obvious that two peaks exist,

their vertices separated by 2 to 3 oC. There is also the possibility of an

additional peak underlying these two, evidenced by the appearance of a

further shoulder in the endotherm although this could be an artefact due to

the superposition of the other two peaks. This suggests that the change in

crystallisation behaviour is also time dependent.

In general there was a depression of the temperature at which

freezing commenced of approximately loC from that of pure water.

The decrease in the amount of non-frozen water (i.e the increase in

freezing water) is shown in Figure 5.5. This could be fitted to a single

exponential decay equation of the form

Wf = Aexp(!) Equation 5.1

where W¡ represents the relative amount of freezing water, A is a

constant and I is a time constant which is characteristic of the temperature

used. The two values found for f are 14+0.5 minutes and 25+0.5 minutes

for samples frozen at -35oC and -15oC respectively, indicating, as would be

expected, that the freezing process occurs more rapidly at lower

temperatures.

5.2.3 Variation of Freezing Water With Copolymer Composition

Table 5.1 gives the percentages of freezing water found in PHEMA

and the copolymers formed with the OED series, for both saturated samples
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and samples conditioned at l00Vo relative humidity. Samples conditioned at

lower relative humidities did not show any water melting endotherm.. The

samples were cooled rapidly to -120'C, allowed to equilibrate for 15

minutes (the previous work on PHEMA showed no change in the amount of

freezing water with time after 15 minutes and preliminary experiments on

some of the copolymers indicated that this was also the case here ), then

heated rapidly to -20oC and a thermogram recorded. In some cases a slight

freezing water peak was observed but it was not possible to accurately

determine the amount of water melting with any great precision and within

the experimental error of the method being used. In these cases the amount

of freezing water must have been between 0 and 0.1 7o.

It can be observed from Table 5. 1 that the amount of water freezing

in the hydrogels, as a percentage of the total hydrogel weight (column A),

decreases with increasing crosslinking concentration, as would be expected

as the total water uptake also decreases. The percentage of the water in the

polymer that freezes is also indicated (column B). The greatest amount was

found for saturated PHEMA at around 33Vo. The addition of crosslinking

agents, however, causes a large decrease and it appears that proportionately

much less water in the copolymers is capable of freezing. This decrease is

also dependent on the type of crosslinking agent used with the P400

copolymers, in general, showing a much greater proportion of freezing

water than the TEGDMA copolymers, a trend that is followed as the

molecular weight of the OED decreases.

As has already been noted, no freezing water was observed for

samples conditioned below 100Vo relative humidity. For some samples

equilibrated at l00Vo RH slight water melt peaks for PHEMA and some

PHEMA copolymers were observed. These, however, were much smaller

than found for fully saturated polymer samples and this seems to indicate

that the polymer is hydrated in stages with, in the case of PHEMA, any
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additional water absorbed above approximately 3O Vo EWC becoming free

water capable of freezing.

TAB LE 5. 1
Freezing 'Water Determination for Copolymers of HEMA with Oligo-
(ethylene glycol) Dimethacrylates. The results are given both as a
percentage of the total hydrogel weight (A) and as a percenrage of the
weight of water in the hydrogel (B).

Polymer equilibrated in
water.

Polymer equilibrated at
l00%o Relative Humidity.

Mole Vo OE,D A B A B

O æHEMA) 13.0 33.2 0.7 2.t

3 ToF:GDMA 1.9 6.8 0.2 0.8

6VoEGDMA 0.3 1.5 <0.1 <0.1

3 7o DiEGDMA 2.2 6.8 0.2 0.9

6 7o DiEGDMA 2.0 7.0 <0.1 <0.1

I4ToDEGDMA 2.0 9.2 <0.1 <0.1

30ToDiEGDMA 0.1 5.4 0 0

3 VoTEGDI0/,A 3.1 9.3 0.3 0.9

6VoTEGDMA 1.0 3.4 0.2 0.5

9 ToTEGDMA 0.6 2.6 <0. I <0. I
14ToTE:GDMA 0.4 1.9 <0.1 <0.1

30 7o TEGDMA 0.2 t.2 0 0

50 7o TEGDMA <0.1 <0. I 0 0

3 VoP jO 6.2 18.0 o.4 1.1

6 VoP4OO 2.3 1.3 0.2 0.9

14 VoP4ÙO 7.4 4.8 <0.1 <0.1

30 7oP400 0.8 2.8 <0.1 <0.1

50 7oP400 0.4 t.4 0 0

5.2.4 Anomalous Water Freezing.

In general, as PHEMA samples were cooled only a broad exothermic

trough was found on the thermogram as the water cooled. Similar
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thermograms were also found by Smyrh et al.(10) on cooling PHEMA. For

some hydrogels with higher EWCs sharp exothermic peaks are ofren noticed

(9,14-15) as the water freezes. Quinn et al. (14) found this type of warer

freezing exotherm for a range of Poly(n-vinyl pyrollidine co MMA)

copolymers and similar freezing behaviour has been observed in Sephadex

gels (9,15). Pure water cooled in the DSC tended to supercool before

eventually freezing and gave a single sharp exothermic peak with all the

water freezing at the same time. Supercooling is a common phenomenon

and has been noted for water in capillaries, silica and other inorganic

materials (11-13) and presumably also occurs in hydrogels.

In addition to this Murase et al. (9) has observed a sharp exotherm

appearing, due to water freezing, as some Sephadex gels were heated from

subambient temperatures even though exotherms had been noticed as the

sample was cooled. This behaviour was found to be dependent on pore

size, crosslinking and the cooling rates used. Mardel (2) observed a similar

process occurring as a fully hydrated lO wtVoMMAlgOwtVo}lEMrA copolymer

was heated. This was found to occur only with this particular copolymer

ratlo.

Figure 5.6 shows two thermograms obtained as samples of saturated

PHEMA were cooled. Both thermograms were recorded as the sample was

cooled at 20Klmin. The first, Figure 5.6(a), shows the cooling thermogram

for a previously unfrozen sample showing the broad water freeing exotherm

normally noticed. Figure 5.6b, however, shows a cooling thermogram for

a PHEMA sample that had already gone through a number of cooling and

heating cycles and a number of sharp exothermic peaks can be observed.

This behaviour was found only in samples that had been'through repeated

cycles of cooling and heating (i.e cooled at 2OKlmin to -100oC and then

heated at2DK/min to 20"C with this process repeated at least five times.)

and appears to be evidence that the water in the polymer has been

restructured in such a way that allows sizable amounts of water to freeze at
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the same time. There appeared to be no correlation between the amount of

water found in these exotherms and the conditions which it had undergone.

5.2.5 Glass Transition Temperatures

Differential scanning calorimetry can be used to measure the glass

transition of polymers as a change in the specific heat generally occurs as

the polymer changes from a glassy to a rubbery state. This change is

detected by the DSC and from the this the Tg can be calculated (Chapter

Two). The ÀCp can also then be calculated for the polymer.

Tts, however, were often difficult to observe using DSC methods

for some of the copolymers both dry and saturated. This can be ascribed to

a number of reasons. Firstly, as was seen in the dynamic mechanical work,

there is a tendency for the glass transition region to be broadened by the

addition of either a crosslinking agent or by the addition of water. This had

the effect of causing the DSC thermogram to show an ill defined change in

Cp (Figure 6.2) from which it was not possible to measure the Tg. This

phenomena usually occurred at intermediate water concentrations ( between

10 and 25Vo EWC), when the mole Vo crosslinker was between 20Vo-70Vo

and when both conditions applied. Secondly, some of the copolymers had

very high T*s and tended to decompose before a Tg could be ascertained,

particularly those containing a large proportion of EGDMA. Thirdly, the T,

could be difficult to observe if there was not a sufficient change in the

specific heat; which seems to be the case for TEGDMA as the DSC trace

showed no glass transition, an observation also made by simon (16).

For these reasons only the Tgs for PHEMA and some of the

P(HEMA/P40O) copolymers could be measured ro any great degree of

accuracy and repeatability. The values for these polymers at varying stages

of hydration are given in Table 5.2. It should also be noted that the DSC

thermograms for the 1jVo and lSVo EWC PHEMA samples show only one

glass transition which is strongly supportive of the earlier claim that the
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secondary peak observed at high temperature in the torsion pendulum scans

was due to water loss, as water loss from the DSC samples 'was minimal

due to the types of pans used and the higher scan rate (20KlMin compared

to 2Klmin). As before (Chapter Four ) both the Fox equation and Equation

4.2 have been applied in order to see if there is reasonable agreement

between experimental and calculated values. The difference in the Tgs

measured by DSC and those by dynamic mechanical methods can be

ascribed to the differing frequencies of testing, which is known to affect

the glass transition temperature (17), with the DSC being a static method

while the torsion pendulum operated at approximately I }Jz. '

TABLE 5.2

Comparison of theoretical and experimental Tgs calculated using the Fox
equation (Equation 4. l) and Equation 4.2.for-the P400/HEMA copolymer
system.

Again it is apparent that neither of the equations used here can

predict with any great accuracy the change in Tg due to either

copolymerisation of HEMA with P400 or the effect of water plasticising the

polymer.

Mole
%oP4OO

EWC Expt
Ts

Fox
Eqn

Bqn
4.2

EWC Expt
Ts

Fox
Eqn

Eqn
4.2

EV/C Expt
Ts

.Fox
Eqn

-Eqn
L)

0 0 100 100 100 4.5 65 72 83 1 1.9 47 35 57

3 0 99 84 87 4.0 73 74 84 12.7 46 31 54

6 0 89 70 74 3.7 4 57 68 76 72.5 33 26 47

T4 0 68 45 50 3.3 52 5l 58 t2.3 2l t4 3T

30 0 45 23 27

50 0 23 4 7

70 0 l3 -4 -3

100 0 -12 -72 -t2
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5.2.6 Specific Heat Measurements.

To calculate the change in specific heat before and after the glass

transition the DSC was first calibrated with a sapphire standard ar the

temperature at which the Tg occurred and using the same heating rate and

sensitivity as that used when scanning the sample. Values of ACp of 0. 14

+0.02 J g-1 I(-t and 0.80+0. 02 I g-t K-l were obtained for

PHEMA and P400 respectively. The low value for PHEMA explains why

its is more difficult to obtain well defined Tgs for this polymer (The ÂCp

of PMMA has been calculated to be 0.318 J g-l ¡ç-t (18) and this gives

much more clearly defined Tgs). The higher value obtained for P400 also

explains why it was generally possible to obtain good Tgs at all copolymer

concentrations with HEMA.

5.3 Summary

The DSC results indicate that copolymerisation of HEMA with any

of the OEDs results in a decrease in the bulk or free water that is capable of

freezing. They also indicated the necessity of clearly defining the cooling

and heatimg procedures used in obtaining wate¡ melt endotherms as to some

extent the type of endotherm found and the amount of water frozen will

vary depending on the method used. The state of the water in the

copolymer will also change as a consequence of cooling and heating the

sample and in some cases this led to the detection of sharp \¡/ater freezing

exotherms as the sample was cooled.

Attempts to predict changes in Tg in the HEMA/P400 copolymers

using Equations 4. I and 4.2 also met with little success.
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CHAPTER SIX

SOLUTION NMR

6.I Introduction
The use of lH NMR techniques make it possible to monitor the

behaviou¡ of water in the hydrated polymer. It must be noted, however,

that these techniques can only observe water that has some degree of

mobility. Water that is constrained from isotropic tumbling, which

averages out dipolar interactions, will not be seen as its linewidth will

broaden into the baseline. This implies that frozen water or water that is

tightly constrained, either by steric hindrance or srrong hydrogen bonding

to the polymer chain, will not be observed. l¡¡ NMR, however, has been

shown (1-5) to be a useful tool for studying the state of warer in solids,

which can in turn give information on the overall structure of the hydrogel

system.

It was found (6) that the best temperature at which to collect data

about the freezing of water in PHEMA was -15oC. At this temperarure

there was adequate time to collect the initial spectra in the first minutes as

the sample reached the required temperature and to follow the first stages

of freezing. At temperatures below this the water froze too quickly to be

able to collect spectra of the initial freezing process as the lH water line

broadened into the baseline and adequate spectra could not be resolved in

the necessarily short time span required. At -l5oC the disappearance of

mobile water stopped after four to five hours. In general it was found that

the variable temperature probe reached the desired temperature after

approximately 30 seconds if the change made was less than 2ooc.

The experiments were conducted in a variety of ways on pHEMA

and its copolymers with EGDMA, TEGDMA and MMA. In most cases it

was desired to see how the water peak area decreased with time at a
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constant temperature so the sample was rapidly cooled to -15t and spectra

were collected almost immediately, within 1-2 minutes.

6.2 Results and Discussion

6 .2 .l(a) PH EMA

The spectra of water in saturated PHEMA are shown in Figure 6. 1.

This shows some of the spectra collected as the polymer was cooled from

25"C to 5oC in 1OoC increments with the samples held at each temperature

for 10 minutes. The sample was then cooled rapidly to -15oC and spectra

collected at various time intervals, usually starting within 30 seconds of

reaching that temperature. Free water has a line width of only a few Hz at

room temperature (7 ) but this increases considerably once it is absorbed

into the polymer to a few hundred Hz. As no sharp water peak is observed

this indicates that either there is no free and totally unconstrained water in

the polymer matrix or what there is is covered by the broad \¡/ater peak.

The spectrum at 25"C shows an almost uniform single peak but a

slight shoulder is noticeable on this peak slightly downfield of it. This

becomes more noticeable as the sample is cooled furthe¡. There is also an

increase in the amount of mobile water indicated by an increase in peak

area and the maximum amount of mobile water seems to occur between OoC

and -15oC depending on the cooling cycle used. This could be attributed to

the polymer contracting as the temperature decreases forcing water that had

previously been constrained in small voids into larger ones and thereby

becoming less constrained. Alternatively, it has also been noticed (8) that

that the EV/C of PHEMA increases as PHEMA is cooled from 25oC to 5oC

and the increase in mobile water observed here could be due, in part, to

this increase in the ability of the polymer to absorb water with the water

present in the polymer being sorbed into different areas giving the

molecules greater mobility. At -l5oC there is an initial rapid decrease in

water over the first 50 minutes but this process then slows. Figure



t22

Temperarure ('C)

25(10)

1s(10)

-1s(1s)

-ls(40)

-1s(150)

15(r80)

10)

1(10)

(10)

Elapsed
Time (min)

10

20

45

70

1

270

300'

330

r0 5

ppm

Figure 6.1. ltt NtvtR spectra of water in PHEMA. The left hand column
gives the elapsed time f¡om the start of the experiment while the right hand
column represents the temperature at which the spectra were collected with
the number in brackets being the time, in minutes, the sample was held at
that temperature.
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6.2shows the decrease in mobile water at -15oC after normalisation (i.e the

amount of mobile water measured aJ 25oC as the area under the NMR peak,

is taken to be one).

Recently Yamada-Nosaka et al. (9) have used proton NMR to study

PMMA and PHEMA membranes swollen with water. They observed that

when the sheets of polymer were placed in the NMR sample tube rolled into

cylinders that the water in both of the polymers showed a splitting of the

proton signal with the PHEMA sample giving two peaks, slightly

overlapping, of approximately the same intensity, while the water proton

signal in the PMMA sample gave three peaks. However, when the polymer

sheets were placed in the NMR tube parallel to the external magnetic field

each sample gave a sharp signal with the PHEMA sample giving a peak

similar to that found here at -15oc after fifteen minures (Figure 6. l).
Similar results have been reported for cellulose films (10-ll).

Matsumura et al. ( I I ) reported, from measurements of the angular

dependance of the dipolar splitting of water in cellulose acetare films, that

splitting was maximal when the surface of the film was perpendicular to the

magnetic field. From this they conclude that it is due to the proton-proton

dipolar axis of the water tending to be oriented perpendicular to the surface

of the film. The NMR tubes here, however, were packed in a random

fashion (Chapter Two) and there should have been no preferred orientation.

It is also apparent that the secondary peak develops as the temperature is

lowered. This apparent splitting of the water proton signal could be due to

chemical exchange of protons occurring between the water and the hydroxy

group of PHEMA in some domains as the sample cools, causing a shift in

the proton resonance. Another possibility is that some of the water in the

sample may be sufficiently mobile to still contribute ro rhe overall signal

but, as the temperature decreases, it may become slightly oriented either

with the magnetic field or internal or external surfaces present in the

polymer, sufficiently enough for splitting to occur and produce the
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additional peak. As the water cools further it eventually becomes

constrained and no longer contributes to the spectrum. On heating

however, it again shows as a shoulder on the main peak which does not

disappear, indicating that either its orientation has remained or as it has

again become partially mobile it has regained its orientation. As this peak

appears before the sample has been heated above the melting point of water

it is also apparent that it cannot be due to freezing water.

The increase in mobile water from 25oC to 5oC is of the order of

lïvo. From -15c approximately 55vo of the water measured at z5"c

becomes constrained over a period of approximately four hours until little
further change occurs.The decrease in unconstrained water (Figure 6.2) at

-15oC over time was modelled using a two exponent equation, Equation

6. l;

vy'r=nexp({)+Bexp(t') Equation 6. I

where W¡ is the amount of water at time t, A and B are constants

and T5 and T¡ are time constants describing the rate of disappearance of

unconstrained water over time.

This gave a good fit to the data and seems to imply that initially

there are t\¡/o types of water being detected by the NMR in the saturated

polymer. It is possible to estimate, from the constants A and B, the

amount of water in each phase by assuming that A+B represents the total

amount of water being measured. From these results approximately 43 Vo

of water is in a phase characterised by the shorter time constant, T5 with a

value of 21.5 minutes while the other 57Vo is in a phase with a time

constant, T¡, of approximately 762 minutes. This indicates that the first

type is disappearing much more rapidly than the majority and accounts for

the initial steep decrease of water indicated in Figure 6.2.
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In order to see which type, if any, belonged to water that was

freezing the temperature was raised to -8'C (Due to a tendency of the

variable temperature probe to initially overshoot the desired temperature by

I or 2 oC and possible freezing point depressions noticed in the DSC work

this was taken to be the closest possible temperature attainable without the

possibility of some of the frozen water melting) and the sample left to

equilibrate for 10 minutes. From Figure 6.2 it can be seen that the amount

of water measured increased to just under 60Vo of the initial value. This

seems to imply that the remaining 40Vo was water that had frozen. This

corresponds well with the amount found in the phase characterised by T5

and seems to indicate that the short time constant T5 water is water that is

freezing. When the temperature was raised to loC all the water reappeared

(Figure 6.2). Similar results were also found on heating the copolymers.

The disappearance of water characterised by Tl could be due to

water either diffusing into regions where it becomes trapped and unable to

tumble freely or becoming increasingly constrained due to shrinkage of the

polymer or regions of the polymer, which could in turn be driven by the

expansion of water that is freezing in other areas of the polymer.

The fractions of water in the slow and fast phases along with their

respective time constants are tabulated in Table 6. 1 as well as the results

obtained from the other copolymer systems described in further detail

below.

The linewidth, given here in hertz, at half peak height of rhe warer

rotn resonance gives some idea of the molecular mobility of the water

molecules although there is some slight temperature dependence with the

line width decreasing with temperature, but this would not account for the

large scale changes observed here. The linewidth decreases (Figure 6.3)

from 25"C to 5oC by about 20 Vo which seems to indicate that water is

becoming more mobile as the temperature drops. From -15oC the line

width increases with time in an almost linear fashion until it reaches a
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plateau after about four hours. Again, however, as the temperature is

raised to -8oC there is a large decrease in the line width indicating a freeing

up of the water molecules. This is in agreement with the observation that

the amount of constrained water is strongly dependent on the temperature at

which the measurement takes place.

Sung er al. (r2) used pulse NMR to study PHEMA and

Poly(HEMA/TEGDMA) copolymers of varying water content, varying from

I0 wt%o to 50 wt%o, and measured both their spin lattice relaxation T1 and

their T2 values at 34 oC calculating the T2 value from the linewidth at half

maximum absorption as was done here. As would be expected they found

that the T2 values increased as the amount of water increased, indicating

the \¡/ater was in a more mobile environment, the values they obtained,

however, are much larger than those observed for saturated PHEMA here.

They found values ranging from 5 ms for the l0 wtvo sample up ro 35 ms

for the 50 wtTo samples. For comparable PHEMA/water samples here the

T2 value (using Equation 2.3) was only of the order of 1.6 ms at 25 "C.

The difference is probably due mostly to the higher operating temperarure

at which their measurements were made. They also reported no signs of

dipolar splitting of the water signal which is also probably due ro the

higher temperature at which spectra were collected.

6.2.f (b) HEMAiEGDMA Copotymers.

Similar experiments to those described above were performed on

copolymers of HEMA with 3 and 6 molVo EGDMA

The spectra obtained for these two coporymers are shown in
Figures 6.4a and 6.4b. For the 3 molVo EGDMA copolymer it can be seen

that again there is a shoulder evident on the main water peak similar to that

of the pure PHEMA sample. This peak, however, disappears more rapidly

than that of the homopolymer and is no longer discernible after 35 minutes.

The 6 molTo EGDMA sample shows no trace of a shoulder and gives only a
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single uniform peak. This, however, might not imply that water exists in

only one environment but that only one type is visible as there could be

other peaks indiscernible beneath the main peak.

The decrease in mobile water is shown in Figure 6.2 for both

copolymers and is compared to the result obtained for the PHEMA

homopolymer. It can be seen from this that the 3 molVo EGDMA copolymer

shows a similar biexponential disappearance of water but that less of the

water that was measured initially eventually becomes constrained. For the

3 mol%o EGDMA copolymer this decrease is to 59 Vo of the 25"C value

while the 6 molVo EGDMA sample decreases to 95 Vo of its 25"C value.

The proportion of water found in the T5 phase is 39 Va whlle 6l Vo resides

in the long T¡ phase with values of Ts and r¡ of 22.4 and, 1040 minures

respectively. The data from the 6 mol%o EGDMA sample could only be

fitted to a single exponential indicating that the majority of the water

resides in the long T¡ water phase with a time constant of 1530 minutes -

twice as long as that of the PHEMA /water system and half as long again as

that of the 3 molVo EGDMA copolymer, indicating little or no freezing

water present in the sample.

The linewidths calculated for the 3 mol%o and 6 molVo EGDMA

samples are shown in Figure.6.3. From this it can be observed that while

initially the linewidth for PHEMA and its copolymers with EGDMA are

similar there is a much sharper decrease in linewidth for the 3 molVo

EGDMA sample. The linewidth of this copolymer, while increasing

initially at the same rate as the homopolymer levels off earlier and in fact

does not increase to the same extent as the linewidth of the water in the

homopolymer. The 6 molVo EGDMA sample shows only a slight initial

decrease in linewidth and then remains fairly constant, increasing only

slightly with time compared to the other systems. While the linewidth of

the 6 mol%o EGDMA copolymer is initially greater than rhe water/pHEMA

sample the linewidth of the latter actually becomes greater than that of the
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the 6 mo|To EGDMA copolymer at long freezing times. when the

temperature is increased there is a corresponding decrease in the linewidths

of all samples.

6.2.1(c) TEGDMA/HEMA Copolymers

The spectra obtained from HEMA copolymerised.with 3 molVo and 6

molVo TEGDMA are shown in Figures 6.5a and 6.5b.

The decrease in mobile water over time for both copolymers is

shown in Figure 6.6. unlike the previous 6 moIToEGDMAÆIEMA

copolymer both of these show a biexponential decay in the amount of water

detected with the 3 mol%o TEGDMA sample decreasing to 60 Vo of its

original 25"C value while water in the 6 morvo TEGDMA copolymer

decreases to approximately 69 Vo of its 25"C value. The 3 mol%o TEGDMA

sample had percentages of water in each of the two phases of 36Vo and 64Vo

for the phases characterised by T5 and T¡ respectively with time constants

for T5 of 30.4 minutes and T¡ of 930 minutes. For the 6 mo|Vo TEGDMA

sample the respective proportions of water in the fast and slow

disappearing phases were 23.27o and 76.8 Vo with T5 and T¡ being 28 and

844 minutes respectively.

The change in linewidth with time and temperature is shown in

Figure 6.7. It can be seen that the 3 molvo TEGDMA sample shows a

considerably narrower linewidth at all times than that of water in the

homopolymer. The linewidth increases monotonically until a plateau is

reached after approximately 180 minutes. The 6 mol%o TEGDMA sample

has a linewidth that shows a similar pattern to that of the homopolymer but

again it is slightly narrower at all stages. Increasing the temperature after

over 250 minutes at -15oC also produces a similar reversal in the linewidth

but it does not increase to its initial value. It can be noted that for the 3

mol%o TEGDMA copolymer that even after 3 hours at -15'C the linewidth

was still less than the value initially obtained a¡.25oC.
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6.2.1(d) MMA/HEMA Copolymers

The spectra obtained from the 10 and 20 wt%o MMA copolymers are

shown in Figures 6.8a and 6.8b.

The decrease in mobile wate¡ is shown in Figure 6.9. Both the

copolymers show a biexponential decay in the water as the sample is frozen

at -l5oC. The decrease after approximately four hours, after which time it

had levelled off, was to 60Vo and 85 Vo of the 25 "C level for the l0 and 20

wtvo Ìlv4jN4A copolymers respectively. The 10 wtvo MMA sample showed a

similar distribution to the 3 molVo EGDMA copolymer with 40.4Vo and

59.6Vo in the slow and fast phases with time constants T5 and T¡ of 24.1

and ll93 minutes respectively. For the 20 wtVo MMA sample the

respective proportions in the slow and fast phases were 13.7 Vo and,86.9Vo

with T5 and T¡ being 2I.9 and 1228 minutes respectively.

The changes in linewidth with time and temperature is shown in

Figure 6. 10. From this it is apparent that the 20 wt%o MIM'A sample shows

a similar line broadening behaviour to that of the homopolymer. The 10

wtVo ÌV4M1^ copolymer gives a linewidth that is much narrower at all stages

in the freezing process. Again there is a sharp decrease in linewidth for

both samples when the temperature is increased to -8oC.

Table 6. I indicates that the proportion of water found in the two

phases is dependant not only on the EV/C of the fully saturated polymer,

but also the type of copolymer used and the amount of crosslinking.

The fact that water in some of the copolymers exhibit linewidths

narrower than that of water in PHEMA under comparable conditions seems

to indicate that while PHEMA has a much higher EV/C and a greater

proportion of freezable water (from the DSC measurements) the water

being measured in PHEMA appears to be more constrained. This may be

indicative of a smaller pore or void size in PHEMA compared to the

copolymers due to the slightly higher density found for PHEMA than for
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the copolymers,(Chapter Three) indicating closer packing of molecular

chains.

, TABLE 6.1

Percentages of water found in the two phases, A and B, characterised by
Tq lnd_ !l1es¡tggtiuqly accordjng to Equation 6. 1 for copolymers of HEMÁwith MMA,EGDMA and TEGDMA. Also given aie standard errors
calculated by the data fitting program.

Vo Copolymer EWC A B T5.(min) Tr. (min)

0(PHEMA) 39.2 42.7+0.5 57. 3+0. 8 22+l 7 62+7

l0Vo]|{}l4.A 32.1 40.4+0.6 59.6+0.8 24.1+0. I 1 190+ 10

207oMMA 24.5 13. 1+0. 4 87+2 22+l 1230+10

3ToTEGDMA 33.7 35.7+0.6 64+r 30+2 929+8

6VoTE:GDN4A 29.9 23.t+0.4 77+t 28+t 844+9

3Vo EGDM.A 38.9+0.7 61+ 1 22.4+O.7 1039+9

67o EGDll4A 23.7 100 1530+12

6.3 Correlation With DSC Results

From the DSC results given previously (chapter Five) it was

possible to calculate the amount of freezing water in the polymer. It is

therefore possible using the values obtained for the relative proportions of

freezing water in the polymer to calculate, in conjunction with the 1¡1

NMR, the proportions of mobile and constrained water in the polymers if it
is assumed that the water in the phase represented by the short time

constant T5 is freezing water. This is supported by the DSC measurements

made at constant temperatures, in particular those made at -15oC which

were fitted to a single exponential decay and gave a time constant of 25

minutes - similar to the T5 value found here (Section 5.2.2). The results

are given in Table 6.2. No results are given for the poly (6 molvo

EGDMA/FIEMA) copolymer as it was not possible to fit the NMR data to
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Equation 4.1. This is probably due to the relatively small amount of

freezing water present in the polymer as also indicated by the DSC

measurements.The EV/Cs and freezing water contents of the copolymers of

HEMA with 10 and 20 wt%o MMA were obtained from resulrs obtained by

Mardel (13).

TABLE 6.2

Correlation of DSC and lH NVtR resu_lts showing the percentage of water
found in the different environments. Constrained wateirefers tõ water that
is not detected ¡y -tH NMR. Mobile water refers to water that is initially
unconstrained but does not freeze-

From the results given above it is apparent that PHEMA contains

both the greatest percentage of freezing water and the least percentage of

water that is constrained. The calculated percentages of the three different

types of water correspond to 0.6 molecules of water per HEMA repeat unit

of constrained water, 2.3 molecules of water /HEMA molecules of mobile

water and I.7 molecules per HEMA molecule of freezing water. The

addition of a crosslinking agent had the effect of both decreasing the

relative amounts of freezing water but also caused a large increase in the

amounts of constrained water thereby resulting in less mobile water. The

addition of a linear copolymer in the form of MMA did not have as great as

an effect on eithe¡ the amounts of frozen water (13) or the amounts of

Mole Vo OED Type of V/ater

Frozen Mobile Constrained

PHEMA 37 7o 50Vo 137o

3Vo EGD}i4^A 7Vo l77o 827o

3Vo TEGDMA 9Vo I7 Vo 7 4Vo

67o TEGDMA 3.4Vo 7l.3Vo 85.3Vo

IjVo lv{ll4^A 20.3Vo 29.9Vo 49.\Vo

20VoMMA 3.9Vo 25.9Vo 70.27o
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constrained water even though the 2O wt Vo Mr}r/^A/H.EMA copolymer had a

lower EV/C than any of the crosslinked copolymers (apart from the 6

molVo EGDMA copolymer).

This compares well with the results found by Corkhill et al.(14),

also using DSC techniques, for PHEMA of 2.8 molecules of non-freezing

water per repeat unit compared to the 2.9 molecules of water found above

(0.6 + 2.3). The much smaller percentage of constrained water found in

PHEMA compared to the copolymers could be due to its grearer EV/C. The

fact that less than one water molecule per polymer repeat unit is found to

be constrained may imply that even water molecules that are hydrogen

bonded to the polymer may be sufficiently mobile to be detected by lg

NMR - in part assisted by the mobility of the polymer chains themselves,

which could also explain the rapid increase in constrained water found

upon copolymerisation as being due to an increase in Tg as well as there

existing a more sterically confined environment. In addition the wider

linewidths found for the PHEMA/water system compared to the other

copolymers could be due to a greater proportion of the water being

measured in this system, some of which may be only slightly mobile

enough to be detected while for the other copolymers water molecules in

similar environments are totally constrained.

6.4 Summary

The reduction in the amount of unconstrained water over time

measured at -15oC by lH NMR indicated the prescence of at least two rypes

of water in the polymer. One being water that freezes and the other

unconstrained water that does not freeze but some of which does become

constrained over time as the sample is frozen. These two types of water

could be characterised by two time constants, Ts and TL, with T5

representing the freezing water and being between 20 and 30 minutes and

T¡ being between 700 and 1500 minutes and characterising the time taken
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for the unconstrained water to become constrained. The freezing water was

also found to decrease on copolymerisation of HEMA with the OEDs and

MMA.

In conjunction with the DSC results it was possible to assign water

to three disinct regions- freezing water, \¡/ater that does not freeze but is

unconstrained and constrained water. Copolymerisation of HEMA with any

of the OEDs was found to cause a large increase in the amount of

constrained water but this increase was not as great when HEMA was

copolymerised with linear MMA suggesting that the increase in constrained

water is primarily due to crosslinking.
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CHAPTER SEVEN

SOLID STATE NMR

7 .l Introducti on

PEMAS NMR techniques, as described in chapter Two, were used

to measure the Trp(C) relaxation times of PHEMA, both dry and hydrated to

different EWCs, and a range of dry and hydrated copolymers of pHEMA

with EGDMA and MMA. T5¡ and Trp(H) measuremenrs were also made on

a number of these polymers.

7.2 Results and Discussion

The PEMAS 13c NIr,tR specrrum of dry PHEMA is shown in Figure

7.1. The peak assignments are given based on previous assignments from

PEMAS spectra of PMMA, PEGDMA and pTEGDMA (r-4) and the liquid

spectra of HEMA (5).

The effect of absorbed water on the spectrum of PHEMA can be

seen in Figure 7.2. This shows the spectrum of PHEMA with an EV/C of

39Vo The number of scans used in acquiring this spectrum is approximately

ten times that required for the dry sample but it can be seen that the

spectrum shows considerably less resolution with a poor signal to noise

ratio. As the EV/C increases the acrylate CH2 peak becomes less prominent

and in some cases, at extremely high water contsnt, becomes

indistinguishable from the background noise and it is not possible to obtain

T5¡ or Trp(C) times for that carbon. Standard deviations, as determined

from the DATAFT program (6), also increased significantly due to the

decrease in resolution. As the PHEMA and pHEMA copolymer samples

were run as powders and the spinning rate of the rotor was of the order of

3000 Hz there was also a problem due to water being desorbed from the

more highly saturated samples if measurements were made over a lengthy
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period of time (three to four hours) and so it was necessary to achieve a

balance between increasing the resolution and minimising water loss.

Therefore the acquisition of data was limited to approximately three hours.

This was sufficient time to achieve good resolution on all peaks, except the

acrylate CH2, and to minimise water loss in even the most saturated

samples to less than 5Vo of the total water present. The EWCs referred to

later are the initial EWCs of the samples.

The decrease in resolution due to absorbed water is probably due to

the increased chain mobility of the polymer due to the plasticising effect of
the water which will reduce the static dipolar interactions necessary for
efficient cross polarisation. There is also a decrease in the actual amount of
PHEMA in the rotor due to the presence of absorbed water.

7.2.1 Trp(C) Dispersions

A plot of the intensity vs time for the quaternary carbon of dry

PHEMA is shown in Figure 7.3. The experimental data was fitted to

Equation 7. I using the DATAFT program. (6)

n

Equation 7.1

where Igg5 is the observed intensity, r the delay time, I¡ are pre

exponential factors and Trp(C)i various relaxation times. Figure 7.3 shows

the results obtained for the quaternary carbon of dry PHEMA and the

attempted fit of Equation 7.1 to the data with n=2. It was generally found

that the best fit was to a double exponential (n = 2) equation in most cases.

Attempts to fit the data with n > 2 resulted in increased standard deviations

and increasing difficulty in achieving a fit as the number of experimental

'orr=àt,,.0(r-"r--J

parameters rose
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The fit of the data to a multi-exponent equation indicates the

possibility of a multiplicity of relaxation times (7). This has been noted in

Trp(c) measurements made on a number of different polymers (g-10).

Dickinson (8) et al. found biphasic decay of carbon intensities with ø,ol

dihydroxypoly(propylene oxide) (ppo) cros s-linked with tris (4-

isocyanatophenyl) thiophosphate, (TIPTP) although they found only single

exponential decay for linear poly urethanes. Other work on glass filled
poly amide 6 composites(9) and model urethane elastomers (10) also found

biphasic decay which was attributed to soft and hard phases or segments in

the polymers. Schaefer et al. (12), however, has noticed that a dispersion

of Trp(c) relaxation times exists in some glassy polymers that are

nominally homogeneous, single phase systems as well âs, as might be

expected, for mixed phase systems in which the different component phases

have significantly different motional properties described by significantly

different relaxation times. This is ascribed to the inherent dynamic

heterogeneity of the polymer glass. Schaefer (12) proposes that the local

flexibility of a main chain ca¡bon is not only dependent on the

configuration of the repeating units nearest to it in the chain but also on

more distant units in the chain by connected pair-wise interactions. This

produces a pronounced heterogeneity in dynamic environments in which a

given carbon may be in any of a multiplicity of different states which leads

to a range of relaxation times.

These interactions are presumed to be primarily intrachain in nature

but there is some evidence (12) of interchain steric interactions as well and

Schaefer et al. propose that some of the short relaxation time components of
the T1o(C) dislersion can be assigned to more disordered regions of the

glass. As PHEMA is an amorphous glassy polymer at room temperature it
can be assumed that the short Trp(C) times can be assigned to the dynamic

heterogeneity in the polymer rather than the existence of two distinctly

different phases. unfortunately it was not possible here to place any
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significance on the short relaxation times as the standard deviations

calculated were often of the order of the relaxation time itself and as the

polymer became more rubbery the frozen configurations and conformations,

which give rise to the Trp(C) dispersion can more rapidly interconvert

which, at high water content meant that, in some cases, only a single

exponential fit was required and no short Trp(C) observed. It is also not

possible to place any relevance on the relevant intensities observed as both

the magnitude and intensity of the T1o(C) decay may be affected by spin

diffusion and therefore the component intensities of such systems bear no

direct relationship on the number of resonant nuclei contributing to the

individual decay terms (9).

7.2.2(a) T1p(C) Times For PHEMA at Varying EWCs.

The T1p(c) relaxation times for wet and dry PHEMA are given in

Table 7.1 along with their standard deviations. All errors cited are standard

deviations estimated from the r.m.s. deviation of fit. In some cases,

particularly at high EWC it was not possible to obtain a reasonable fit of the

data to either a single or double exponent equation.

Repeat runs on samples with the same EV/C showed a difference

between measurements of less than 107o. When more than one measurement

was made the average value was used.

It can be seen from Table 7.2 and Figure 7.4 that the quaternary and

carbonyl carbons show the greatest change in T1p(C) times with increasing

hydration. From dry to fully hydrated the carbonyl value decreases to

approximately one-seventh of its original, with a twelve fold decrease in

the quaternary.The acrylate CH2 decreases by a factor of two up to lg vo

EWC, which is a slightly greater decrease than the carbonyl or quaternary

carbons but at EWCs higher than this it was not possible to resolve this

carbon adequately enough to be able to measure its Trp(C). The two

hydroxy ethyl carbons have nearly identical relaxation times and
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decrease at similar rates. The Trp(C) of the a-methyl remains nearly

unaffected by the increasing water content up to lSVo EWC but then

decreases to approximately a quarter of its original value at full hydration.

TABLE 7.I
Trp(C) times for PHEMA with varying EV/C. C1-C6 refer to the carbonyl,
B-hydroxy ethyl, g-hydroxy erhyl, acrylate clHz, quaternary and cr-methyl
carbons respectively as indicated in Figure 7.1.

TrptC) (ms)

EWC C1 C2 C3 C4 C5 C6

0 70.9
+5.2

10.7
+0.9

10.54
+0.5

t9.37
+1.3

62.91
+5.0

18.24
+1.1

4.4 62.3
+7.6

tt.7
+0.7

11.18
+0.6

t7 .7
+1.1

46.85
+5.4

17.75
+0.9

11.9 59.7
+3.4

10.43
+0.5

10.3
+0.5

13.2
+r.4

67.98
+4.5

18.49
+0.8

18.4 45.5
+8.1

6.99
+0.9

6.89
+0.7

9.81
+7.4

44.3
+3.7

16.65
+1.6

3r.7 24.2
+5.3

4.83
+4.0

5 2
.0+ I {<

27.8
+3.6

1,3.4
+ 1.3

39.2 9.1
+3.3

* r. 18 t 5.34
+ 1.3

4.83
+7.4

r-not possible to fit the data to the relevant equation.

One factor that must be taken into account when evaluating Trp(C)

measurements is that both spin-spin and spin-lattice processes can

contribute to the relaxation mechanism (I2,13,15-I7). The spin-lattice

relaxation is related to the molecular dynamics of the polymer system, the

spin-spin process, however, is caused by fluctuations in dipole fields

generated by changes in the spin state of protons close to carbons and is

therefore not influenced by molecular dynamics. The possibility of spin-

spin processes influencing the T1p(C) times occurs due to the necessity of

the carbon field being close to the local dipolar fields in order ro be

sensitive to mid kHz motions. Flemming et al. (17-18) measured the T1
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and Trp(C) times at a numbe¡ of relaxation frame to frequencies and

temperatures and found for polypropylene and pMMA systems at

subambient temperatures that spin-spin interactions dominate the relaxation

process. Schaefer and others, however, conclude (12-15) that for

amorphous polymers, such as polystyrene, PMMA, poly(phenylene oxide),

poly(ethylene terephthalate) and polycarbonate, that, at room temperature,

the T1p(C) is dominated by spin-lattice like processes and can therefore be

taken as an indication of the molecular mobility of the carbon atoms in the

polymer. This conclusion seems to be supported in this case as the T1O(C)

times decrease as the sample becomes increasingly rubbery with a

concomitant increase in mid kHz motions which enables a more efficient

relaxation of the 13C magnetisation and therefore a shorter relaxation time.

It has also been observed that the cr-methyl group may dominate the

relaxation of other functional groups (12-18). Flemming et al. found a

minima in T1 and T1p(C) times due to cr,-methyl rotation and reorientation

which suggests that the methyl group dominates the relaxation of other

functional groups in the polymer. This hypothesis does not seem to be

supported by these results. There is a significant decrease in the quaternary

and carbonyl values by nearly a factor of ten while the methyl group

remains largely unaffected. Other work by Allen et al. (20) also fails to
notice the methyl group dominating the relaxation. They found that as

TEGDMA cures Trp(c) lengthened by seven fold ær the quaternary, four

fold at the methyl, 3 fold at cH2o and doubled at the inner CH2o and

conclude that the drastic effects observed with T1O(C) relaxation of other

groups is not a manifestation of changes in cr-methyl motion, which could

be due to cr-methyl rotation being not greatly affected by changes in

network mobility in the frequency range (60 kHz) and therefore cannot be

responsible for changes in the other groups.

Measuremenrs made by Belfiore (19) have found rhar added

plasticiser acts by releasing mid kHz components of group mobility of
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polycarbonate while the addition of antiplasticisers such as diphenyl

phthalate caused little change in Tg. The addition of diluents such as

dibutyl phthalate caused the Tt to decrease with a concomitant decrease in

Trp(C) in the 50-60 kHz range. V/hile Trp(C) did decrease with increasing

EwC, and therefore decreasing Tr, no large scale effect was noted here

until the Tg of the hydrated polymer fell below the operating temperature of

the NMR probe (298 K). This is in agreement with the measurements made

by Dickinson et al. (8) on cross-linked PPO and poly urethanes and seems

to indicate that the sensitivity of NMR to local and small motions makes the

Tg measured by NMR difficult to compare with a Tg measured by more

mechanical means.

It musr be noted, however, that when looking at Tlp(c) it is not

possible from looking at the magnitude of Trp(C) alone to distinguish

between small amplitude motions in tune with the frequency of the

observational window or large amplitude motions somewhat out of tune.

This implies that if qualitative comparisons are to be made between results

the measurements must be made at similar spin lock frequencies.

7.2.2(b) Trp(C) Times for HEMA/EGDMA Copotymers

A series of copolymers of HEMA with EGDMA were prepared as

described previously (Chapter Two). The 13C pgMAS spectrum of PHEMA

with 14 mol%o EGDMA is shown in Figure 7.5. A comparison of this with

the spectrum of PHEMA (Figure 7.1) shows no discernible difference

between the two spectra due to the coincidence of the EGDMA peaks with

those of PHEMA. The only group in EGDMA which does not occur in

PHEMA is the oxyethylene group whose resonance is overlaid by that of the

a-hydroxy ethyl carbon.

The T1p(c) times are given in Table 7.2. From this and Figure 7.6

it can be seen that there is a general increase in T1p(C) for all moeities with

an increasing amount of crosslinking. The carbonyl and quaternary carbons
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show an increase with the addition of 74 molVo EGDMA of approximately

35 Vo and 40 Vo respectively from the homopolymer values. There is also a

large increase in the acrylate CH2 value which, when taken into account

with the increase in the quaternary carbon seems a strong indication of a

considerably stiffer, less mobile polymer backbone. The hydroxy ethyl and

a-methyl carbons all increase slightly. Attempts to fit the data to a three

exponent equation to investigate the possibility of distinct hard and soft

phases developing due to the addition of EGDMA did not succeed (i.e In

general a fit to the data could not be found,but if one was found the

standard errors were generally a number of orders of magnitude greater then

the calculated relaxation times ). This could be taken as an indication that

the copolymers are homogeneous.

TABLE 7.2
Tlp(c) times for PHEMA crosslinked with EGDMA. cl-c6 as before.

TrptC) (ms)

EGDMA C1 C2 C3 C4 C5 C6

0 70.9
+5.2

10.7
+0.8

10. 5
+0.5

13. 1

+ 1.3
62.9
+5.0

18.2
+1. 1

3 75.8
+4.3

9.9
+0.6

9.7
+0.7

12.0
+1.0

64.0
+4.8

18.6
+2.2

6 78.r
+10.6

10.8
+0.5

9.2
+0.4

12.r
+0.9

63.7
+6.7

t9.2
+2.9

74 91.9
+70.2

12.9
+1.2

11.1
+0.4

27.1
+4.4

81.7
+5.6

23.r
+ 1.3

20 95.0
+tt.2

13.3
+ 1.0

12.2
+0.7

20.1
+2.1

88.2
++10.9

22.8
+3.4

These increases in the relaxation times, particularly in the main

chain carbons, seem to point to a damping of molecular motion in the

frequency range observed which is consistent with the observed increase in

Tt with the addition of EGDMA. Extrapolation of these results ro l007o
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EGDMA gives an approximate Trp(C) for the carbonyl of 140 ms. This is

considerably greater than that observed by Simon (2) of 68 ms also at 60

k}fz. It has been suggested, however, rhar the Trp(C) of EGDMA is

retarded by the presence of residual trapped monomer, which could be

between 70-75Vo. This is supported by the fact that PoIy(TEGDMA) while

being more flexible (20), has little or no residual unsaturation and has a

carbonyl Trp(C) of 140 ms

7.2.2(c) Trp(C) T¡mes for HEMA /EGDMA Copotymers of
Varying EWCs

The T1p(C) relaxation times were measured for a series of partially

hydrated copolymers of HEMA with 6 molvo and 14 mol%o EGDMA. The

resulting values are given in Tables 7.4 and 7.5 and graphically in Figures

7.7 and 7.8.

For the 6 molVo EGDMA sample the carbonyl and quaternary again

show the most significant effect with a five fold decrease of the carbonyl

and a halving of the quaternary Tlp(C) from dry to full saturation with a

sharp initial decrease from dry to 5Vo EWC. The hydroxy ethyl carbons also

show a decrease to approximately one third of the original value and there

is a slight decrease in the cr-methyl group. The acrylate C}J2 only decreases

noticeably after the EV/C increases past 10 Vo but, again, the lack of

resolution possible with this peak could make this value doubtful.

The 14 moIVoTo EGDlldA sample again shows a sharp initial decrease

in the Trp(C) times from dry to 6 Vo F.WC. After this decrease there was

little change in the carbonyl, quaternary, ø-methyl and hydroxy ethyl

carbons with only small furthe¡ decreases occurring. The largest change

noticed was in the acrylate CH2 which decreased to approximately a third of

the initial dry value.

Again it can be seen that, apart from the initial decrease, there is

little change in the relaxation times until the T, of the sample drops below

the temperature at which the measurement is taking place (25 "C). The 6
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mol 7o EGDMA sample also has a Tg of 25"C (measured by the Torsion

Pendulum, Chapter Four) at full saturation and therefore is noticeably

rubbery at the probe temperature and this is reflected in the decrease in the

Trp(C) times while the l4 molVo EGDMA sample has a T, that is well above

the probe temperature (83"C) and shows little decline in the measured

T1p(C)s

TABLE 7.3
Trp(C) times for HEMA copolymerised with 6 molVo EGDMA at differing
BWCs. C1-C6 as before.

Trp(C) (ms)

EV/C C1 C2 C3 C4 C5 C6

0 78.1
+10.6

10.8
r0.5

9.
+0

2
,4

t2.7
+0.9

63.7
+6.7

19.2
+2.9

3.7 44.4
+3.2

8.2
+0.3

8.4
+0.5

9.4
+1.1

3s.6
+3.0

16.0
+0.8

11.5 46.6
+7.6

7.7
+0.9

8.7
+0.9

t2.0
+ 1.9

37.6
+2.9

t6.6
+1.7

23.7 15.9
+2.4

3.4
+0.8

3.6
+0.9

2.6
+1.9

32.7
+r.4

r5.I
+1.7

TAB LE 7 .4
Trp(c) times for HEMA copolymerised with 14 molvo EGDMA and ar
different EV/Cs. C1-C6 as before.

TrptC) (ms)

EV/C CI C2 C3 C4 C5 C6

0 91. 8
+70.2

12.9
+r.2

11.1
+0.4

27.0
+4.4

81. 6
+5.6

23.1
+1.3

3.8 58.2
+5.5

10.8
+0.6

9.2
+0.6

20.9
+7.7

s6.3
+5.8

18.6
+1.6

8.5 t( 8.9
+0.5

9.2
+0.5

9 8
.0+ I

58.2
+4.3

19.6
+0.9

12.4 42.7
+7.7

7.
+0

J
.5

8.3
+0.8

8.2
+0.8

44.7
+3.7

20.6
+1. 1

18.5 45.6
+7 .4

8.2
+0.5

9.0
+o.4

9 I
.0+ I

48.5
+3.1

16.8
+2.0

*-not possible to fit data to equation
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A comparison of the T1o(C)s for the different functional groups of

PHEMA and HEMA copolymerised with 6 and 14 molvo EGDMA can be

seen in Figures 7.9a-f . From these it is apparent that the major differences

occur in the initial dry T1p(C)s while the partially hydrated polymers show

similar T1o(C)s with larger differences occurring only when the PHEMA

and 6 mol%o EGDMA/HEMA samples become fully saturated. The drop in
Trp(C) noticed initially could be due to water plasticising local regions of

the polymer chain while not having as great an effect on the bulk

properties, such as Tr, until much greater quantities have been absorbed

which emphasises the localised nature of the motions that the pEMAS l3C

NMR relaxation techniques detect (8).

7.2.2(d) Trp(C) T¡mes for HEMA/MMA Copotymers of
Varying EWCs

Trp(c) measurements were made on copolymer of PHEMA

containing 14 molVo }úll4.A in order to see what effect a hydrophobic non

crosslinking copolymer might have. The spectrum of the dry copolymer can

be seen in Figure 7.r0. As with the previous spectrum of EGDMA/HEMA

it can be seen that there is no difference in the observed spectrum.as the

carbons of PMMA peaks are identical to those of the acrylate part of

PHEMA. The results obtained a¡e shown in Table 7.5.

The results given are similar to those obtained for PHEMA apart

from the acrylate CHz. The carbonyl and quaternary carbons again show a

significant decrease from dry to full saturation. The hydroxy ethyl and ü-
methyl carbons show no great change. The acrylate CH2, however, is

about three times greater than in PHEMA and a third as large again than the

copolymer with 14 mol%o EGDMA and decreases to 25 Vo of its dry value at

full saturation- Again the decrease in Trp(C) occurs largely upon the

sample Tt dropping below or nearing the measuring temperature (the T, of

25 Vo EV/C 20 Vo MMA/HEMA copolymer is 25oC (11)).
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TAB LE 7 .5
Trp(C) times for HEMA copolymerised with 20 wtVo MMA
before.

C1-C6 as

TrptC) (ms)

EV/C C1 C2 C3 C4 C5 C6

0 48.4
+5.2

9.3
+1.3

8.07
+0.5

39.3
+4.9

64. L

+5.3
19.15
+ 1.05

4.3 89.2
+5.8

8.8
+0.7

8.2
+0.6

51.5
+77.4

63.9
+4.2

19.9
+1.0

70.2 46.8
+5. I

9.6
+1.0

9.0
+0.5

28.3
+4.r

s3.9
+5.1

17.8
+2.2

25.0 3.6
+5.7

11.6
+7.6

r4.3
+5.9

8.5
+6.6

59.9
+5.7

7.2.5(a) T51 Times for PHEMA at Varying EWCs

The T5¡ times for wet and dry PHEMA, calculated using Equation

2.3, are shown in Table 7.6 and Figure 7.I1. The fit between experimental

results for the quaternary carbon of dry pHEMA and this equation is
shown in Figure 7.72. This equation was found to provide a good fit to the

experimental data.

The major factors affecting cross polarisation are:

1. The number of directly bonded protons. The greater the number of

protons the more efficient the cross polarisation indicated by a shorter T5¡

2. The motion of the carbon groups which will disturb the dipolar

interactions and reduce cross polarisation, thereby lengthening T5¡, which

in turn implies that T5¡ is a measure of static motion.

In general it is proposed that T5¡ times decrease roughly in the

order (22);

non-protonated carbons>methyl carbons>protonated aromatic methine

carbons>methylene carbons>methyl carbons (static).
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TAB LE 7 .6
T5L times obtained from PHEMA samples of different EV/Cs. C1-C6 as
before.

T5 ¡ (ms)

EWC C1 C2 C3 C4 C5 C6

0 0.30
+0.04

0.017
+0.004

0.028
+0.003

0.020
+0.004

0.139
+0.009

0.060
+0.005

4.4 0.41
+0.08

0.014
+0.006

0.028
+0.004

0.015
+0.008

0. r35
+0.009

0.063
+0.003

11 9 0.34
+0.05

0. 019
+0.003

0.037
+0.002

0.023
+0.003

0.17
+0.0 I

0.069
+0.005

18.4 0.2r
+0.02

0.023
+0.002

0.040
+0.003

0.028
+0.002

0. r5
+0.01

0.066
+0.009

39.2 :1. 0.038
+0.008

0.049
+0.006

* 0.t2
+0.03

0.089
+0.007

{.- not possible to fit data to the relevant equation

From the values presented in Table 7.6 it is seen that this is true for

the PHEMA carbon T5¡ times. The carbonyl T5¡ is approximately two to

three times that of the quaternary initially, which could be due ro cross

polarisation of the quaternary by the cr-methyl group as it has been noted

that the cross polarisation of the quaternary is dependent on the protons of
other groups (12,21-22). The B-hydroxy ethyl CH2 and acrylate CH2 have

similar values while the a-hydroxy ethyl cH2 is approximately 1.5 times

greater, which could be due to greater mobility. The rotation and

reorientation of the cr-methyl group gives it its relatively high value

compared to the other protonated carbons.

The addition of water has the largest effect on the carbonyl with an

almost 50vo decrease in TsL from dry to full hydration. since the polymer

is becoming more rubbery and molecular motion is increasing this is the

reverse of the trend expected. Therefore it seems this decrease must

presumably be due to an increase in neighbouring protons even though the

interaction falls off in the inverse sixth power of the interatomic separation
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(22). This seems to indicate that water must become closely bound ro the

carbonyl group. It is also apparent that there is an initial increase in T5¡.

This is presumably due to an increase in mobility and indicates that water

cannot be bound initially to the carbonyl.

The water seems to have little or no effect on the quaternary within

the given standard deviations The cr-hydroxy ethyl carbon nearly doubles

at full saturation and the p-hydroxy ethyl more than doubles from its dry

value along with marked increases in the acrylate CHz. The CH3 undergoes

only a slight increase. These increases are to be expected as molecular

motion increases with increasing plasticisation with a resultant decrease in

cross polarisation efficiency.

7.2.5(b) T5¡ Times for Crosstinked pHEMA

Tg¡ measurements were made on copolymers of pHEMA with 14

molvo EGDMA. The results are shown in Table 7.5 and Figure 7.13.

TAB LE 7 .7
T5¡ times for HEMA copolymerised with 14 molvo EGDMA. c1-c6 as
before.

Tsr, (ms)

EWC C1 C2 C3 C4 C5 C6

0 0.49
+0.04

0.023
+0.002

0.033
+0.002

0.027
+0.003

0.156
+0.007

0.0s8
+0.004

3.8 0.28
+0.02

0.020
+0.003

o.027
+0.003

0.034
+0.004

0. 118
+0.007

0.042
+0.006

8.5 0.27
+0.02

0.021
+0.003

0.033
+0.002

0.030
+0.002

0.126
+0.005

0.052
r0.008

12.4 0.24
+0.03

0.02t
+0.003

0.03 1

+0.003
0.032

+0.004
0. r20

+0.007
0.05 1

+0.005

18.5 0.20
+0.03

0.022
+0.004

0.028
+0.004

0.035
+0.003

0.112
+0.006

0.05 1

+0.007

A comparison of the results for the dry 14 molVo EGDMA copolymer

and of those for dry PHEMA show that there is little difference between the
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two sets of values. Again the absorption of water has the most significant

effect on the carbonyl which decreases by over 50 Vo at full hydration: The

hydroxy ethyl carbons and c¿-methyl carbon values do not vary greatly.

The acrylate CH2 increases slightly from dry to fully hydrated and there is a

slight decrease in the quaternary carbon value

A.A Parker et al. (23) have measured the Tg¡ times of plasticised

and neat Poly(vinyl butyral-co-vinyl alcohol) PVB and a number of other

systems and found that it was possible to measure to T5¡ for each of the

carbons indicating the existence of biphasic behaviour in these polymers.

Although they made use of a different pulse sequence to measure the T5¡

times, work on cR-39 (24) and poly urethanes(25) using the same pulse

sequence used in this study has indicated the possibility of two phases.

Attempts made here to fit the data to a two T5¡ equation and assuming that

there was only one T1p(H) however were not successful and this may be

taken as some evidence that the systems studied were mainly single phase

s ys tems.

7.2.5 (c) Trp(H) Times for PHEMA and P(HEMA/EGDMA)

Trp(H) times are obtained in the process of calculating Tg¡ from

Equation 2.2. The measured T1p(H)s obtained from each carbon are

generally averaged by spin diffusion with other protons and are therefore

not indicative of proton ¡elaxation at that particular carbon but are more

representative of the relaxation of the whole proton "pool".It was

noticeable, however, that the T1p(H) value of the carbonyl was usually 50

to 100 percent greater than the other Trp(H) times. A similar difference in

values was observed by Hjertberg et al. (26) in Trp(H) measurements on

TRIM. This slower decay of the magnetisation of the carbonyl carbons

indicates that these are in fact less influenced by proton spin - spin

processes and that, therefore, the carbon relaxation in the rotating frame

should be equally well dominated by spin lattice relaxation and is thus a
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good indication of the molecular dynamics of the carbonyl group. The

values shown in Tables 7.8 and 7.9 for hydrated PHEMA and HEMA

copolymerised with 14 molVo EGDMA respectively are the average values

obtained from all moeities, except the carbonyl which is given separately, at

a particular EV/C.

TAB LE 7.8
Tlp(H) _times for PHEMA. Given separately are the Tlo(H) for the
carbonyl and the average of the T1p(H)s obtainedar rhe other õãi¡óns

EV/C 0 4.4 1 1.9 18.4 39.2
T1p(H)(c=o) l.ó

+0.2
2.3

+0.3
L.4

+0.2
1.6

to.2 *

Tr p(H) t.43
+0.09

1.78
+0. 14

0.83
+0.07

0.66
+0.06

0.90
+0.09

* not possible to fit the data to the relevant equation.

The results for 14 molVo EGDMA/HEMA copolymer are shown in Table 7.9

TABLE 7.9
Tlp(H) times for HEMA copolymerised with 14 morvo EGDMA. Given
separate-ly are the ItqFJ for the carbonyl and the average of the T1p(H)s
obtained at the other barbons

EV/C 0 3.8 8.5 72.4 18.5
T1p(H)1c=o¡ 2.5

+0.3
2.9
+0.3

2.3
+o.2

2.4
+0.2

2.
+0

8
^.J

T1p(H)av 1.2
+0.1

r.3
+0.1

0.98
+0.08

1.00
+0.07

1. 03
+0.09

It can be seen that there is little variation in T1p(H){c=o) within the

given error parameters with only a slight decrease in both the PHEMA and

crosslinked PHEMA values as the EV/C increases. The average T1p(H) of

the remaining carbons for the PHEMA sample, however, shows a noticeable

decrease with increasing EwC with a drop of approximately 50 Vo. This

seems to indicate that an increase in mid kilohertz motions has occurred

which is again consistent with the observed fall in the T* with increasing

EwC. For the 14 molvo EGDMA copolymer it appears that there is a

decrease but it is within the bounds of the errors given so it is difficult to

say whether it is due to increases in molecular motion or not.
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7 .2.6 T51 and Trp(H) FOR PMMA

T5¡ Experiments were carried out on a range of partially hydrated

PMMA samples. The results obtained are given in Table 7.10. It can be

seen that the values obtained are of the same order of those for PHEMA and

the PHEMA copolymers but direct comparisons cannot be made as these

results were produced under slightly different conditions with a different

spin lock frequency (69 kIlz compared ro 60 kHz used before ) and a

slower sample spinning speed (2.8 k}Jz compared to 3.5 kHz).

TABLE 7.IO
T5¡ times for PMMA at different EWCs. Cl-C4 refer to rhe carbonyl,
acrylate CH2, quaternary and c-methyl ca¡bons respectively.

Tsr (ms)

EV/C C1 C2 C3 C4

0 0.55
+0.33

0.16
+0.07

0. 19
+0.09

0.
+0

1 7
0 8

0.2s 0.52
+o.29

0.079
+0.006

0.20
+0.02

0. 11
+0.01

0.43 0.44
+0. 18

0.056
+0.003

0.23
+0.03

0.09
+0.01

0.61 0.37
+0.11

0.060
+0.004

0. 19
+0.02

0.097
+0.009

1.08 0.30
+0.07

0.055
+0.002

0.217
+0.009

0.098
+0.008

1. 56 0.87
+0.7 1

0.076
+0.006

0.21
+0.03

0.122
+0.007

1.88 0.28
+0.08

0.062
+0.004

0.22
+0.03

0.090
+0.007

PMMA absorbs considerably less water than any of the polymer

systems previously studied and, therefore, any effect water has on the T5¡

times should have been much less. From the times in Table 7.10 and

Figure 7.L4 it can be seen, however, that the carbonyl shows a noticeable
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decrease from dry to fully hydrated. There is little or no effect on the other

carbon groups. The decrease in the carbonyl T5¡ value is opposite to any

expected effect due to an increase in molecular motion resulting from the

plasticising effect of water. As Tg of the fully saturated sample decreases

by only 20K from the dry value of 373K (27-28) and the polymer is still

glassy at the probe temperature it seems that the major effect of the water is

to provide protons which enable the carbonyl to cross polarise more rapidly

which seems to indicate that the carbonyl groups must have water closely

hydrogen bonding to it which is in agreement with other predictions (29)

The T1p(H) proton resulrs calculated for wet and dry pMMA are

shown in Table 7.11. As with the PHEMA results the given times are the

average obtained for all moieties, except the carbonyl which is given

separately, at a' particular EV/C. The carbonyl again was greater than the

other Trp(H) calculated at other carbons and there was also a drop in the

averaged Trp(H) of the other carbons which leads to similar conclusions

reached for the previous measurements made with the PHEMA samples.

Tabl e 7.ll
Tre(H) -times for PHEMA. Given separately are the Tro(H) for
carbonyl and the average of the T1p(H)s obtainld at the orher cãrbons

the

EWC 0 0.25 0.43 0.61 1.08 1.56 1.88
T1p(H)(C=o) 2.6

+0.8
I I

.6+0
I 7

.4+0
2.0

+0.4
2.7

+0.5
l.ó

+0.5
2.9

+0.6
T1p(H)av 1.8

+0.6
1.55

+0.09
1.35

+0.09
1.5

+0.1
1.58

+0.05
1 4

.1+0
1.s9

+0.09

7.3 Summary

The Trp(C) times measured for the various copolymers indicated

that water seemed to have the most noticeable effect on the carbonyl and

quaternary carbons with the greatest decrease in T1p(C) being noticed when

the sample Tg was near to or below that of the measuring temperature of the

NMR probe. The T1p(c) times for dry copolymers of HEMA with EGDMA
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also varied with EGDMA contant, increasing with the increasing Tg of the

copolymer.

The T5¡ times for the PHEMA samples of different EWC seemed ro

indicate that there was some association of water with the carbonyl group

early in the hydration stage as evidenced by a decrease in the T5¡ times for
the carbonyl as the EWC increased from 4.4 Vo to full hydration. Similar

decreases were also noted in the Tg¡ times for the carbonyls of HEMA

crosslinked with 14 molVo EGDMA and for PMMA.
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CHAPTER EIGHT

CONCLUSION

The physical and mechanical properties of the hydrogels studied here

\ryere all significantly affected by the frequency of crosslinks and also to

some extent by the size of the crosslinking agent used.

It was found that the sorption kinetics were appreciably dependent

on the sorption conditions (i. e samples equilabrated at certain relative

humidities or in water) and the amount and types of crosslinking used.

Samples equilibrated at 33Vo RH and in water had sorption kinetics that

could be described by Ficks law (Secrion 3.3.1 and 3.3.2). At 79vo and,

7O0Vo RH, however, there was some deviation from Ficks laws. At 79Vo

RH this deviation was greatest for copolymers of HEMA containing between

14 and 70 mol%o OED(Section 3.3.3). At l00Vo RH the sorprion behaviour

is more complicated and no particular trend was observable for any of the

HEMA/OED copolymer sysrems. It appeared, however, that for PHEMA,

sorption seemed to follow Case II diffusion with water uptake being linear

with time (Section 3.3.4). It was still possible, however, to obtain good

fits to Equation 3.2 up to Mt/Mo"=0.85.

The change in sorption kinetics, as indicated by the change in 115

values calculated from Equation 3.5, could be explained using the

diffusional Deborah number, De, with changes in the ratio of the

characteristic relaxation time to the characteristic diffusion time causing

changes in the sorption kinetics. The changes in the.relaxation time would

be dependenr on the flexibility of the oED used and the degree of

crosslinking, while the change in characteristic diffusion time could be

dependent on the hydrophilicity of the OED which, for the OEDs used here,

are both dependent on the length of the oxyethlyne chain.
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It would appear, in general, that any advantage gained as sorption

approaches Case II diffusion (i.e. a more rapid uptake of warer as the

sorption kinetics change from a square root function of time to a linear

function of time) is negated by the decrease found in sorption coefficient Ds

as the percentage of OED in the copolymer increases. While this is not the

case with P400/HEMA copolymers a further problem arises with the use of

this particular OED due to the tendency of the copolymers to break up on

drying.

Desorption tended to occur in a similar manner for all copolymer

samples regardless of their initial water content, and a good fit could

generally be obtained to Equation 3.2 in all cases.

Dynamic mechanical measurements indicated the plasticising effect

of water on PHEMA and its copolymers with a drop in Tg for the pHEMA

homopolymer of 125"C from dry to wet. From changes in the height and

width of the tan õ peak at Tg it seems that at intermediate water contents the

mobile kinetic units which contribute to the peak height and width aÍe

arranged in a spread of environments (Section 4.2.2) suggesting some

inhomogeneity in the polymer/water system at intermediate EV/Cs. As the

amount of water increases, however, uniformity is again approached as

evidenced by the increase in height and decrease in width of the tan õ peak

at Tg.

It was found to be possible, to some extent, to be able to control the

Tgs of the hydrogels by choosing the type and amount of oED used as a

copolymer. Attempts to predict changes in Tg by using the various

equations mentioned in Chapter Four met with varied success. The Fox

equation was found to give reasonable results for the pHEMA/water sysrem

up to approximately L8 Vo EV/C (Figure 4. 10) after which it overestimated

the decrease in Tg as the EV/C increased; a fault that also occurred with the

other equations used and the other copolymer systems studied. This could

be due to the beginning of the fo¡mation of a bulk water phase.
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The addition of water was also found to initially cause an increase in

the temperature difference found between the high temperature tan ô and log

G" peaks which decreased as the polymers became fully hydrated (Section

4.2.2). This was ascribed to thermorheologically complex behaviour of

these systems and could possibly originate in inhomogeneity in the hydrogel

at intermediate EWCs.

Copolymerisation of HEMA with OEDs seemed to have only a small

effect on the low temperature Ty and r¿¡¡ peaks and on the Tp peak.

The changes in the molecular relaxation parameter, Ttp(c), for

PHEMA indicated that initially, as the EV/C rose from 0 to l8Vo, only the

carbonyl and, to some extent, the quaternary carbons showed any noticeable

decrease as the Tt of the polymer decreased. Above this, however, there

was a noticeable decrease in all the T1p(C) times of all carbons measured.

This seems to correspond to the EV/C at which the sample Tg would have

been near to that of the measuring temperature indicating that large scale

main chain motion was mainly responsible for the drop in rhe T1p(C) times

of the carbons. A similar response was also noted from the HEMA

copolymers with EGDMA, with a decrease occurring initially at only the

quaternary and carbonyl moeities, with decreases in the remaining carbons

only after the Tg of the sample reached or neared the measuring

temperature. For the dry EGDMA/HEMA copolymers the Trp(C) times

seemed to be sensitive to the increase in Tg caused by an increase in

EGDMA content of the copolymer.

The effect of water on the Tsr values of PHEMA and HEMA

copolymerised with 14 molVo EGDMA was generally most noticeable at the

carbonyl. For PHEMA there was an initial increase in the carbonyl T5¡

value as the EV/C increased from 0 to 4.4vo, which can probably be

ascribed to greater molecular motion making cross polarisation more

difficult (Section 7.2.5). As the EWC increases, however, rhe T5¡ time of

the carbonyl starts to decrease which could indicate that there are an
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increasing number of protons in close proximity to the carbonyl group

making cross polarisation of that group more efficient. An EV/C of ll.9Vo

corresponds to approximately one molecule of water per repeat unit of the

polymer. As the carbonyl TSL starts to decrease from 4.4Vo EWC it would

seem that, while the hydroxy group is presumably the preferential point of

contact for water molecules, there is some early close association of water

with the carbonyl groups.

The T5¡ times for the carbonyls of the EGDMA/HEMA copolymer

and for PMMA showed no initial increase and decreased immediately on

sorption of water. While this would be expected for PMMA with the

carbonyl group being the most polar in the polymer, it suggesrs rhat for the

14 mol%o EGDMA/HEMA copolymer water almost immediately comes inÉo

close contact with the carbonyl group, possibly due to steric reasons caused

by the crosslinking.

DSC measurements indicated that approximately 33-37Vo of the water

present in saturated PHEMA was capable of freezing, depending on the

method used. The addition of as little as 3 molVo OED had the effect of
drastically reducing the amount of water that was found to freeze although a

large proportion of this reduction could be ascribed to the lower EV/C found

on copolymerisation. It appears for the copolymers in general that water in

excess of -3o7o Ewc was bulk-like water capable of freezing.

The lH NMR results indicated that as the water was frozen at -l5oC

at least two types of environment were involved. One part that eventually

froze and another that remained unconstrained and unfrozen. Using the

results obtained from both the DSC and ltt NMR measurements it was

possible to estimate the relative proportions of water existing in different

environments within the polymer (Section 6.3). For saturated PHEMA only

a relatively small amount (=l3%o) of water appears to be constrained and not

observable by lH NMR. However, it was found that even with the addition

of small amounts of EGDMA or TEGDMA there was a large increase in the
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amount of constrained water found, probably due to the network structure

formed on copolymerisation. This is supported by the fact that

copolymerisation with MMA did not result in such a large increase in

constrained water.

The DSC and ltt NMR results in conjunction point to ar least three

types of environments in which water exists in PHEMA and its copolymers.

(1) closely bound, constrained water which is not detected by lH NMR

measurements, (2) unconstrained water that eventually freezes and (3)

unconstrained water that does not freeze. The last category could possibly

be split further as some unconstrained water appears to become constrained

over time. The first type of water is presumably water that is strongly

hydrogen bonded to the polymer, mosr probably to the hydroxy group

initially and then to the carbonyl, or water that has become physically

constrained in the polymer, while the second forms a secondary hydration

shell around the hydrogen bonded water. The third type is freely diffusable

bulk like water that is capable of freezing.

While copolymerisation of HEMA with crosslinking OEDs modifies

the sorption properties of the network, the glass transition and properties

dependent upon Tg, any improvement in these properties tends to be offset

by a decrease in the EWC of the hydrogel and free water present, or by a

tendency for some of the HEMA/OED copolymers to break up on drying,

which is especially the case for the P400 copolymers.
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