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ABSTRACT: The interaction of sodium chloride with
Fluoroperm92 contact lens has been investigated using
several techniques. Results indicate adhesion of sodium
chloride to the methacrylate and fluorine sites of the lens
resulting to zones of excess salt concentration. Naþ and
Cl� ions appear to be pushed toward the polymer by
water molecules, which favor the bulk water structures.
Further inference is that lens with more free water leads

to localized spots of drying resulting to sites for lipid dep-
osition and lens spoilage. The changes in refractive index
of the lens due to salt adhesion correlate well with the free
volume. VVC 2008 Wiley Periodicals, Inc. J Appl Polym Sci 112:
372–380, 2009
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INTRODUCTION

The use of biomaterials within the body as replace-
ment prostheses has seen a rapid rise over the recent
years. The biocompatibility of the given material
depends on many factors, related to both the host
and implanted material. To date, the biomaterial to
receive the greatest clinical exposure is the contact
lens material. Although soft contact lenses are very
common now-a-days, rigid gas permeable (RGP)
lenses still continue to be a valuable lens wear
option for a large number of patients. One of the
greatest benefits of RGPs is their stellar optical qual-
ity. RGPs are the lens of choice for irregular corneas,
keratoconus, and many postsurgical cases. Even
though the availability and stability of soft toric
lenses have grown dramatically, RGPs are still pre-
ferred lenses for correcting astigmatism.

One of the major problems of the contact lenses is
that they are susceptible to spoilage from constitu-
ents of the tear film, which include a wide variety of
proteins, lipids, glucose, mucins, and mineral salts.1,2

At extreme levels of build-up, these deposits are
associated with diminished visual acuity3 and a feel-
ing of dryness and discomfort.4 Deposits can ulti-
mately lead to more serious clinical conditions such
as hypersensitivity reactions and giant papillary con-

junctivitis.5 Moreover, these deposits potentially
increase the risk of bacterial attachment through
wide range of interactions and competitive proc-
esses. The adsorption of tear derived substances at
the contact lens surface is the overall result of vari-
ous types of interactions between different compo-
nents present, that is, the chemical composition,
surface charge, nature of the medium (tears), spe-
cially sodium chloride, and many other solutes pres-
ent in tears.6 However, the relative importance of
the different components of deposited films to these
clinical effects remains largely unknown.
Spoliation of contact lenses, being one of the major

clinical problems, has been extensively investigated
over the past 3 decades. Bontempo and Rapp7 exam-
ined rigid gas permeable (RGP) lenses and found
that these materials generally deposit more lipid
than many soft lens materials. When RGP lenses
were further examined for lipid and protein interac-
tions on the lens surface, different interactions were
found.7 There is an interesting study by Cowell
et al.8 who observed an increase in adhesion of salt
with increase in sodium chloride concentration.
Although it is generally agreed that the spoliation of
contact lenses must be a result of interaction
between polymers and primary tear components, the
involvement of the these inorganic ions of tear, in
the initial stages of the deposit formation has never
been satisfactorily explained. In this study, with an
interest to understand the interaction of sodium
chloride, which contributes to salinity of tears, with
that of an RGP lens, has been undertaken through
sorption study of sodium chloride in Fluoroperm92
(FP92), an RGP contact lens material. FP is an
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important semisoft contact lens material, whose
chemical name is Fluorosilicone acrylate. It has sili-
cone methacrylate as well as fluorinated acrylate
monomer. It is known that sodium chloride or other
deposits like lipids, protein are associated with the
loss of optical transparency of these lens materials.
The particular optical property of interest of lenses
is the refractive index, which is related to the polar-
izability of the lens material. Therefore, under-
standing the interaction of sodium chloride tear
component at the molecular level with regard to
how it influences this optical property becomes fore-
most important in the design and application of con-
tact lens materials. The important aspect of this
study is that an attempt has been made to connect
the interaction described above in terms of the nano-
sized free volume holes present in the lens material
to loss of optical transparency. The free volume
holes are open spaces evolved because of molecular
architecture and chain arrangement and are charac-
terized as low electron density regions, existing
mainly in the amorphous domains of the polymer
system.9 The free volume as a material parameter
has been successfully used in explaining several of
the polymer properties.9,10 To enunciate the versatil-
ity of this method, we mention only a few of the
interesting studies carried out using this technique:
structural relaxation of polyethylene teraphthalate
and polycarbonate,11–13 permeability of gases, water
and solute in polymers,14–17 polymers containing sil-
ver nanoparticles,18 ageing studies on polymers10

etc. For the transport of small molecules, the free
volume holes serve as pathways for diffusion. One
of the most versatile experimental methods used by
many researchers to measure this nanometer sized
free volume cavities and their content in a polymer
is undoubtedly positron lifetime spectroscopy (PLS).
We have used this novel technique to explore the
possible interaction of sodium chloride solute with
FP92 contact lens biopolymer, by monitoring the
changes in its free volume size and number density
as NaCl being diffused into the system. Further, to
know how the sodium chloride influences the nature
of water in the lens material, we havemade a compara-
tive study of water sorption in the same sample. Sorp-
tion kinetics of water and sodium chloride was carried
out by the standard gravimetric method. To supple-
ment positron results, energy dispersive X-ray spec-
troscopy (EDS) for elemental analysis was carried out.

The orientation of molecules or groups of atoms
within the molecule influences the polarizability of
the molecule and a change in molecular orientation
in turn influences the o-Ps lifetime. Story19 suggested
that the o-Ps lifetimes in a number of plastic materi-
als may be correlated with their dielectric constants.
Later, Gray et al.20 succeeded in theoretically corre-
lating the quenching cross section of ortho positro-

nium (o-Ps) in n-alkanes with electron polarizability
of the molecule. There are studies directly correlat-
ing polarizability with density and other such physi-
cal parameters through Lorenz-Lorentz equation,21

but no attempt was made to correlate free volume
and polarizability of the medium, particularly in
case of contact lens polymers. For this, we have
made use of long arm spectrometer of Brewster’s
angle method to measure the changes in refractive
index in the lens material on sodium chloride sorp-
tion. The molar refraction was calculated from re-
fractive index using Lorenz-Lorentz equation to
correlate the o-Ps quenching cross section, deduced
from experimentally measured o-Ps lifetime. This
would provide some insight into the influence of
free volume on refractive index of the lens material
especially for the sodium chloride sorbed one.

MATERIALS AND METHODS

Sample details

Fluoroperm92 contact lens samples manufactured
from Paragon Vision Sciences were procured com-
mercially for this work. FP92 has a specific gravity
of 1.1, refractive index of 1.453, glass transition tem-
perature Tg of 110�C, and light transmittance of
� 95%. ‘‘92’’ refers to its oxygen permeability or Dk.
For sorption and positron lifetime measurements,
samples of size 1.1-mm thick and 15-mm diameter
circular discs with smooth surface were used.

Sorption measurements

Prior to each sorption measurement, the samples
were dried for several hours in a vacuum oven at
90�C. The dry weight of the sample was recorded on
a Sartorius Basic BA110 S digital balance, (German
make), with a precision of � 0.1 mg. The samples
were then soaked in sodium chloride solution of
0.5M for a known interval of sorption time. After
this, they were removed from the solution, blotted
to remove excess moisture and salt from the surface,
and weighed again. The samples were then used in the
positron lifetime measurements. The sorption experi-
ment was continued until the weight gain reached a
constant value, which was taken as the equilibrium
mass uptake. A similar procedure was followed for
sorption of distilled water in the same sample.17

Positron lifetime measurements

Positron lifetime measurements were carried out
using a standard fast–fast coincidence system with
conically shaped BaF2 scintillators, coupled to photo-
multiplier tubes of type XP2020/Q with quartz
window as detectors. The coincidence lifetime
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spectrometer has a time resolution of 220 ps. All
measurements were made at room temperature. The
source-sample geometry was used for positron life-
time measurements. Typical spectrum accumulation
time was 2 h with a 17 lCi Na22 positron source,
which provided good counting statistics with more
than 106 counts under each spectrum. The instrumen-
tal time resolution and source correction terms were
obtained from the lifetime spectrum of well-annealed
aluminum, using the program RESOLUTION.22 The
lifetime spectra so acquired were analyzed into three
lifetime components using PATFIT-88 computer pro-
gram,22 resulting in better v2 values and standard
deviations.

Energy dispersive X-ray spectroscopic
measurements

To identify the elemental composition, the lens sam-
ple soaked in sodium chloride solution for more
than 2 days was air dried before subjected to EDS
measurements. Virgin sample was also subjected to
EDS study in the same way. The EDS measurements
for the samples were done using the LEICA S 440I
scanning electron microscope equipped with an
Oxford EDX attachment.

Refractive index measurements

The refractive index of the lens material at different
time intervals of sodium chloride sorption was
measured by Brewster’s angle method. Helium-
Neon red laser of wavelength 632.8 nm was used as
the source. Several trials of measurements were car-
ried with an accuracy of 0.001 and the average val-
ues reported.

RESULTS

Sorption results

To understand the sorption mechanism, we have
invoked Fick’s second law of diffusion,23

dCd

dt
¼ D

d2Cd

dx2
(1)

where Cd is the concentration of the diffusing spe-
cies, t is the sorption time, and (dCd /dx) is the con-
centration gradient. Cranck’s solution24 for this
equation in a plane sheet of the sample of thickness
L with surfaces maintained at constant concentration
is given by

Qt ¼ Mt

M1

� �

¼ 1� 8

p2
X1
n¼0

1

ð2nþ 1Þ2 exp
�ð2nþ 1Þ2p2Dt

L2

( )
(2)

where Mt is the mass uptake at time t, M1 is the
equilibrium mass uptake, and D is the diffusion
coefficient. This equation holds well for the condi-
tions of an infinite plane sheet maintained at a con-
stant concentration. Because the ratio of surface area
to thickness of the experimental sample turns out to
be very high compared with the thickness, it can be
approximated to an infinite plane sheet. The ratio
(Mt/M1) in eq. (2) is the quantity experimentally
measured and expressed as

Qt ¼ Wt �Wdð Þ
W1 �Wdð Þ (3)

where Wd is the weight of the dry sample, Wt is the
weight of the sample that has been soaked in water/
solution for a time t, and W1 is the weight of the
sample in the final stages of sorption. The ratio Qt is
evaluated according to the above equation with the
measured values of Wt, Wd, and W1. A widely used
approximation is the rule that at short times (up to
Qt ¼ 0.5), the amount of substance diffused is pro-
portional to square root of the time of sorption,
which is also known as the square-root-of-time-law
or Stefan’s approximation24,25 and is given by

Qt ¼ 4
Dt

pL2

� �1=2

(4)

This approximation is derived under the assump-
tion that the diffusion coefficient (D) is a constant. A
plot of this ratio (Mt/M1 ¼ Qt) versus square root
of sorption time (t1/2) is generally referred to as the
sorption curve, and D can be calculated from the
slope of the initial linear portion of the curve.
The diffusion coefficient can also be calculated from
the late-time approximation of eq. (2) taking n ¼ 0
which results to

Qt ¼ 1� 8

p2
exp �Dp2t

L2

� �
(5)

According to the solvent diffusion rate and poly-
mer relaxation rate, Alfrey et al.,26 proposed a classi-
fication: Fickian (Case I) and non-Fickian (Case II
and anomalous) diffusions. A Fickian diffusion rate
is characterized by a solvent diffusion rate slower
than the polymer relaxation rate and is proportional
to the square root of time. In Case II diffusion, the
solvent diffusion rate is faster than the polymer
relaxation rate. In anomalous diffusion, the solvent
diffusion rate and the polymer relaxation rates are
about the same order of magnitude and character-
ized by a fast, Fickian sorption followed by slow,
non-Fickian behavior. The water and sodium sorp-
tion curves are plotted and shown in Figures 1 and
2, respectively, and these results are discussed in
detail in the discussion section.
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PLS results

All the measured positron lifetime spectra were
resolved into three lifetime components s1, s2, and s3
with intensities I1, I2, and I3, respectively. Generally,
the attribution of these lifetime components is as fol-
lows: The shortest lifetime component s1 with inten-
sity I1 is attributed to p-Ps and free positron
annihilations. The intermediate lifetime component
s2 with intensity I2 is usually considered as a result
of annihilation of positrons trapped at the defects
present in the crystalline regions or at the crystal-
line-amorphous interface regions of the medium.
The longest-lived component s3 with intensity I3 is
due to pick-off annihilation of the o-Ps in the free
volume sites present mainly in the amorphous
regions of the polymer matrix. A simple relation
developed by Nakanishi et al.27–29 relates o-Ps life-
time I3 to the free volume hole size. In this model,
positronium atom is assumed to be localized in a
spherical potential well having an infinite potential
barrier of radius R0 with an electron layer in the
region R < r < R0. According to this model, the rela-
tion between s3 and the free volume hole or cavity
radius R is given by

ðs3Þ�1 ¼ 2 1� R

R0
þ 1

2p
sin

2pR
R0

� �� �
ns�1 (6)

where R0 ¼ R þ dR and dR is a fitting parameter. By
fitting Eq. (6) with s3 values for known hole sizes in
porous materials like zeolites and other molecular
media, a value of dR ¼ 0.1657 nm was obtained. It
has been verified that this value of dR also holds
good for the present lifetime value in FP lens mate-
rial. Hence, with this value of dR, the free volume

radius R has been calculated from Eq. (6), and the
average size of the free volume holes Vf is evaluated
as Vf ¼ (4/3)pR3. The fractional free volume or the
free volume content (Fv) can then be estimated as

Fv ¼ CVf I3 (7)

where C is a constant, Vf and I3 are the parameters
described above. The parameter C has to be esti-
mated from an independent experiment. Because we
have not measured the C value, in this case, we use
the relative fractional free volume defined as FvR ¼
VfI3 to understand the changes in free volume
fraction.
The changes in free volume parameters in case of

water and sodium chloride sorption in FP92 contact
lens biopolymer are compared in Figures 3 and 4.
Figure 3(a,b) present the variation of s3 and Vf as a
function of sorption time for water and sodium chlo-
ride, respectively, while Figure 4(a,b) present the
variation of free volume fraction and o-Ps intensity
with sorption time.

Energy dispersive X-ray spectroscopic results

The EDS results are presented in Figure 5. Figure 5(a)
depicts the EDS spectrum for virgin FP92 lens and
Figure 5(b) is the EDS scan of the lens sample
soaked in sodium chloride solution to saturation.

Refractive index results

The measured refractive index ‘‘n’’ and the corre-
sponding o-Ps lifetime s3 in the lens sample soaked
in sodium chloride solution for different time inter-
vals of soaking are plotted and shown in Figure 6(a).

Figure 2 Sodium chloride sorption—Variation of Qt and
Qt/(1�ar) as a function of square root of sorption time,
t1/2. (�) is a fit to Part I of Eq. (4).

Figure 1 Water sorption—Variation of Qt and Qt/(1�ar)
as a function of square root of sorption time, t1/2. (l) rep-
resent the experimental points; (�) is fit to Berens and
Hopfenberg model.
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DISCUSSION

From the water sorption curve (Fig. 1), we see at
short times, the mass uptake Qt increases linearly
with t1/2 indicating the diffusion is Fickian, but at
longer times, the maximum uptake exhibits a pro-
tracted asymptotic approach toward equilibrium,
suggesting that, water sorption is non-Fickian.16 In
an experimental situation, it is hard to reach equilib-
rium condition and as such, we consider the final
sorbed mass that remains more or less constant
within the experimental errors as pseudo- equilib-
rium mass uptake and this is used to construct the
sorption curves. From the initial linear portion of
this sorption curve, the diffusion coefficient D was
calculated. It should be noted that, the usual mass
uptake equation at a constant concentration [eq. (5)]
given by Crank seems to be inadequate to fit the
experimental data. For such non-Fickian sorption
curves, the initial linear portion represents the diffu-
sion-controlled sorption and the nonlinear portion

represents the relaxation-controlled sorption. The
initial linear portion of the sorption curve may be
used to estimate the diffusion coefficient even when
the total sorption does not follow the Fickian
model.30 The best fitted value for Fickian diffusion
coefficient, D for water sorption in FP92 turns out to
be 4.48 � 10�6 cm2 s�1.
However, for a complete understanding of the dif-

fusion kinetics in such cases, Berens and Hopfen-
berg31 model has been extensively used and
described in our earlier works.15–17 We have also
dealt with the non-Fickian nature of water sorption
and its causes in this work.17 According to this, the
physical properties of the contact lens polymers are
governed by the state of water within them. A water
molecule is liable to be bound to a polymer or
trapped in a small space formed within the polymer,
which is the free volume site. Water molecules form
a continuous hydrogen-bonded network containing

Figure 4 (a) Water sorption—Variation of relative frac-
tional free volume FvR and o-Ps intensity I3 as a function
of sorption time. (Solid line is to guide the eye). (b) So-
dium chloride sorption–Variation of relative fractional free
volume FvR and o-Ps intensity I3 as a function of sorption
time. (Solid line is to guide the eye).

Figure 3 (a) Water sorption—Variation of o-Ps lifetime s3
and free volume hole size Vf as a function of sorption
time. (Solid line is to guide the eye). (b) Sodium chloride
sorption—Variation of o-Ps lifetime s3 and free volume
hole size Vf as a function of sorption time. (Solid line is to
guide the eye).
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predominantly four or five mutually associated mol-
ecules per cluster and many strained or broken
hydrogen bonds.32 To describe the structure and dy-
namics of water in the polymer environment, differ-
ent terms are favored by polymer chemists. As
described by Pedley and Tighe,33 bound water or
tightly-bound water is usually associated with water
molecules, which have direct hydrogen bonding
with the polar groups of the polymer matrix, or
water molecules that strongly interact with ionic res-
idues of the polymer matrix. Free or bulk water
refers to water molecules, which do not interact with
the polymer matrix. The water in FP92, after diffu-
sion, forms the bound water molecules through

hydrogen bond, diffuse as cluster of molecules
resulting to a rather slow intake and swelling. As
we know, the phenomenon of swelling depends on
the forces of interaction between the solvent mole-
cules and the polymer segments. The penetrated
water molecules establish polar attractive forces with
the polymer chain segments. These attractive forces
reduce the cohesive forces between the polymer
chains and increase the segmental mobility, thereby
accommodating more water, which leads to swelling
in case of pure water sorption in FP92.15,16,34

The change in diffusion kinetics of water in the
presence of sodium chloride is shown in Figure 2.
The curve is linear during the early stages of

Figure 5 (a) EDS plot of Virgin FP92. Both Na and Cl peaks are absent. (b) EDS plot of FP92 soaked in sodium chloride
solution for saturation time of 2 days. Both Na and Cl peaks are present.

Figure 6 (a) Variation of refractive index n and o-Ps lifetime s3 as a function of sorption time. (Solid line is to guide the
eye). (b) Variation of quenching cross section rv as a function of molar refraction RL. (Solid line is linear regression fit).
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sorption and levels off at longer times. This is the
characteristic of Fickian diffusion. Therefore, unlike
pure water, sodium chloride diffusion follows a
Fickian type diffusion,25,35 with a constant diffusion
coefficient D ¼ 4.23 � 10�7 cm2 s�1. Further, using
the glass transition temperature (Tg) values of FP92
(110�C) and water (�135�C) in the Gordon-Taylor
equation,36 we found that the Tg of polymer-pene-
trant system reduces below environmental tempera-
ture in the presence of sorbed water, thus justifying
Fickian diffusion.

It is to be noted that addition of a solute to poly-
mer matrix perturbs the possibility of water cluster
formation as reported earlier.37,38 As the sorption
kinetics in FP92 changes from non-Fickian in case of
pure water sorption to Fickian because of the addi-
tion of sodium chloride solute, we infer that the pos-
sibility of formation of the clustered structure of
water is prevented by the solute sodium chloride.
Furthermore, water diffusion reaches saturation in
10 days, whereas sodium chloride diffusion saturates
just in a day. This significant difference in equilib-
rium mass uptake can also be attributed to the influ-
ence of sodium chloride solute. The NaCl in water
makes the polymer to absorb water in a very short
time and equilibrate the osmotic pressure. This
increase in osmotic pressure on addition of sodium
chloride, and its influence on the water structure in
the present contact lens polymer matrix can be fur-
ther understood from positron results.

The influence of water sorption on the free vol-
ume parameters in case of few lens systems includ-
ing FP92 were analyzed in detail in our earlier
works.16,17 Therefore, we prefer to describe only so-
dium chloride sorption related changes in free vol-
ume parameters in the present lens system in
comparison with water sorption explained earlier.17

The o-Ps lifetime value of FP92 in its dry state is
found to be 2.56 ns, which correspond to free vol-
ume size, 153.6 Å3. With sorption, we observe about
50 ps increase in s3 in the initial stages of water
sorption [Fig. 3(a)], whereas 100 ps increase in s3 can
be seen in sodium chloride sorption [Fig. 3(b)]. In
terms of free volume size, an increase is 5.4 Å3 for
water diffusion, whereas it is almost double in case
of sodium chloride intake, that is, 10.6 Å3. It is also
important to note that the time taken to attain maxi-
mum value in free volume size was 300 min in
water, whereas it took just 30 min in sodium chlo-
ride sorption. In case of water sorption, FvR and I3
show constancy in the beginning and later it
decreases (after 300 min) [Fig. 4(a)]. On the other
hand, FvR and I3 show initial increase and then
decrease in NaCl case [Fig. 4(b)]. After 30 min of so-
dium chloride mass uptake, s3 and Vf decreased by
130 ps and 13.7 Å3, respectively, whereas for water
sorption, this decrease is only 100 ps and 10.6 Å3.

We propose this rapid decrease in free volume pa-
rameters in case of NaCl sorption in comparison
with water sorption, to the adhesion of sodium chlo-
ride onto the polymer chain segments. The adhesion
results in increased osmotic pressure and hence
faster mass uptake. Supporting evidence to this
proposition can be found in the literature.39

The following mechanism may be in place to
explain the effect of ions of sodium chloride on the
structure of water and the resulting increase in os-
motic pressure. Several studies in the past suggest
that ions directly interact with macromolecules by
binding to their hydrophilic groups,40 and few other
studies suggest that indirect interaction is also possi-
ble with the polymer through perturbation of the
water environment or by induction of changes in
hydrogen bonding of water to the polar groups of
the polymers.41 The difference in the behavior of dif-
ferent ions in aqueous solutions is related to their
surface charge densities.42 Small ions of high surface
charge density bind water molecules strongly rela-
tive to the strength of water–water interactions in
the bulk. Large or relatively large ions of low surface
charge density bind water molecules weakly relative
to water–water interactions. Livney et al.,43 have
observed that Na2SO4 reduced the osmotic pressure
of dextran, whereas NaCl and NaSCN increased it.
They relate this difference in the behavior of differ-
ent ions in aqueous solutions to their surface charge
density. Accordingly, SO�2

4 , which has a high surface
charge density, forms a complex of tightly bound
water molecules around it. Such high charge density
ions, especially anions reduce the electron-pair
acceptability of their adjacent water molecules, thus
destabilizing their hydrogen bonds and lowering the
osmotic pressure of the polymer. Contrary to
Na2SO4 solution, NaCl and NaSCN solution
increased the osmotic pressure of dextran, due to
their low charge density.43 There is another possible
explanation from Collin’s work.42 According to him,
ions of low charge density adsorb onto hydrophilic
sites of the polymer by releasing the weakly bound
hydration shell water molecules, both their own and
those of the polymer, allowing them to form more
favorable bulk water. Although FP92 is hydrophobic
because of the silicone part, it has fluorine and
methacrylic part which increase wettability (hydro-
philic). Hence these are more probable sites for the
adhesion of sodium and chloride ions. Relatively
large, low charge density ions such as Naþ and Cl�,
increase the osmotic pressure and demonstrate a
positive excess because they are pushed toward the
polymer by the water molecules, which energetically
favor the bulk water structures.43 Adhesion of ions
at these sites results to decreasing the free volume
size and its number density to a large extent in com-
parison with water sorption case.
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It has also been observed that zones of excess salt
concentration form around the polymer seg-
ments.39,43 This results in the reduced chemical
potential of water, in overlapping excess zones of
adjacent polymer chains; thereby a water potential
gradient is established which serves as a driving
force for water diffusion into these overlap zones,
i.e., increased rate of water diffusion occurs. In
effect, sodium chloride salt adsorbs to the contact
lens polymer chains, releasing the bound water mol-
ecules, thus increasing the free water (bulk water)
content in the lens.

The clinical observations show that change in free
to bound water ratio lead to many physiological
complications. In our previous article,17 we had
undertaken a comparative study of water and glu-
cose sorption in the same FP92 RGP lens biopolymer
with a view to understand the complexities in dia-
betic lens wearers. We found from this study that,
excess glucose in tears increases the free water con-
tent in the lens and lenses with more free water are
prone to complications like lens dehydration and
corneal desiccation.17

It has been shown that rigid gas permeable lenses
generally deposit more lipid than many soft lens
materials. Hart 44 proposed that nodular deposits re-
sponsible for lens spoliation were due to localized
spots of drying, resulting in hydrophobic areas
which attract lipids. From the above analogy, we
perceive that there is an increase of free water due
to adhesion of the salt and the lens with more free
water is prone to lens dehydration.38 Because of this,
many spots of drying may grow up. So these local-
ized spots of drying may result in hydrophobic sites
that attract lipids, hence leading to spoliation of
the lens. This rationalization is in conformity with
the work of Cowell et al.,8 who observed an increase
in adhesion with increase in sodium chloride
concentration.

The above inference is also well reflected from
EDS results. Figure 5(b) signs the presence of so-
dium (Na) (1.52%) and chloride (Cl) (2.05%) ions
very clearly. Therefore, this proves beyond doubt
the adhesion of sodium and chloride ions to the
polymer chains mainly methacrylate and fluorine
sites.

Various relationships have been proposed to relate
the refractive index ‘‘n’’ of the materials to their
physical and chemical structure. The famous and
well known equation in such cases is the Lorenz-
Lorentz equation45,46

n2 � 1

n2 þ 2

� �
Mo

q
¼ NAa

3eo
¼ RL (8)

where Mo is the molecular weight of the polymer
repeat unit, q is the polymer density, NA is Avoga-

dro’s number, eo is the permittivity of free space and
a is the polarizability. RL is called molar refraction
that depends upon the polarizability of the mole-
cules. Therefore a change in polarizability results to
change in refractive index, which is an important
material parameter for lens materials. The polariz-
ability in turn depends on several factors such as
density q, crosslinking, free volume and chemical
coupling. However, we find no attempt made earlier
to correlate free volume to this optical parameter n.
The refractive index results as can be seen from Fig-
ure 6(a), n and s3 show exactly the opposite trend.
To understand the correlation between n and s3 [Fig.
6(a)], the molar refractions RL were calculated from
their measured indices of refraction using eq. (8).
The o-Ps quenching cross sections were determined
from the measured o-Ps lifetimes s3 according to

rvh iav¼
Mo

qNA

� �
1

s3

� �
cm3s�1 (9)

<rv>av is plotted against RL and shown in Figure
6(b). Evidently <rv>av varies linearly with RL and
the first order linear regression describes the data
well:

rvh iav¼ 0:2193þ 0:7923RL

ðr2 ¼ 0:998; solid line Fig 6bÞ (10)

This clearly shows that there is a direct correlation
between the polarizability of the system and the free
volume. From Figure 6(a), we see that except for the
initial sorption time, n increases as the o-Ps lifetime
decreases. In the absence of theoretical attempts to
connect these two quantities, the present data clearly
points that we can empirically connect these two im-
portant parameters of the lens sytem. The plausible
explanation we could offer at the moment is, as the
concentration of Naþ and Cl� ions increases, free
volume hole size decreases. The adhesion of these
ions certainly brings about molecular orientation
changes at the sites of adhesion. Therefore, the over-
all polarizability gets altered hence the refractive
index and the free volume. From the power calcula-
tion using the conventional lens maker’s formula
keeping the radii of curvature constant, we notice
that there is change in power from 0.75 Dioptres
when the refractive index of the lens is 1.453–1.96
Dioptres when the refractive index changes to 1.467.
This obviously directs the patient to change the con-
tact lens as it becomes unusable.

CONCLUSIONS

The influence of sodium chloride on lens spoilage
has been studied. The positron lifetime results reflect
appreciable changes in free volume parameters on
sodium chloride sorption in comparison with the
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water sorption. There is 10.6 Å3 increase in free vol-
ume size of the lens (with NaCl), which is almost
double compared to 5.4 Å3 in case of water sorption.
After 30 min of sodium chloride mass uptake, s3
and Vf decreased by 130 ps and 13.7 Å3, respec-
tively, whereas for water sorption, this decrease is
only 100 ps and 10.6 Å3 that too after 300 min of
sorption time. These changes are well correlated
with changes in diffusion behavior of the two. Pure
water diffusion reaches equilibrium mass uptake in
10 days, whereas sodium chloride diffusion reaches
equilibrium mass uptake just in a day. This faster
equilibrium mass uptake and rapid decrease in free
volume parameters in case of NaCl sorption is
attributed to the adhesion of sodium chloride onto
the polymer chain segments. The relatively large,
low charge density ions of Naþ and Cl� increase the
osmotic pressure and demonstrate a positive excess
which energetically favor the bulk water structures.
In the light of evidences that lens with more free
water lead to lens dehydration, we propose that
such lenses with more free water result in localized
spots of drying, resulting in hydrophobic areas
which are more probable sites for lipid deposition
and hence lens spoilage. The most important lens
property viz. the refractive index correlates well
with free volume and hence the influence of NaCl
on its change. Considering the ensuing discomfort to
the lens wearer upon loss of transparency and asso-
ciated pathologic complications, this study may pro-
vide some useful hints in solving such problems in
the development of good biocompatible contact lens
materials.

The authors thankMr. V. Upadhyay, Department of Physics,
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