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Abstract

The surface free energy parameters of ethylcellulose (EC) films were determined using the Lifshitz—van der
Waals/acid—base approach and the influence of plasticizers on their surface energetics was assessed. Films were
prepared by dip-coating glass slides in organic solvents containing EC and the advancing angles of drops of pure
liquids on the EC films were measured with a contact angle goniometer using the captive drop technique. EC has
lower surface free energy than cellulose. The acid-base (AB) term made only a slight contribution to the total surface
free energy and the surfaces exhibited predominantly monopolar electron-donicity. The addition of plasticizer (dibutyl
sebacate or dibutyl phthalate) resulted in a small decrease in the total surface free energy. The effects of film forming
variables, including solvent system, concentration and post-formation treatment (annealing), on the surface free
energy parameters of EC films were also investigated. These data were then used to analyze how the surface energetics
affect the interaction of the EC films with other surfaces based on interfacial tension, work of adhesion and spreading
coefficient calculations. Lifshitz—van der Waals (LW) interactions provided the major contribution to the work of
adhesion for EC with all of the solid substrates analyzed. However, the AB interactions contributed significantly to
the work of adhesion for EC with ‘bipolar’ substrates and to the spreading coefficients of EC over substrates. The
consideration of work of adhesion and spreading coefficient based on surface free energy parameters may have
potential use in evaluating factors affecting film adhesion and, furthermore, in optimizing pharmaceutical film coating
processes. © 1999 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

A major pre-requisite for pharmaceutical film
coatings applied for any purpose is good adhesion
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to the solid substrate (Rowe, 1977, 1981). Adhe-
sion between film and dosage form surfaces is a
result of intermolecular bonding forces involving
functional groups on the respective surfaces. The
energetics of these surfaces are therefore impor-
tant in determining adhesion between film and
dosage form surfaces. Rowe (1988) proposed a
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theoretical approach to the adhesion of film coat-
ings to tablet surfaces based on solubility parame-
ters and derived equations to predict both the
interaction parameter and ideal butt adhesive
strength. Johnson and Zografi (1986) showed that
the measured adhesion extrapolated to zero film
thickness was proportional to the thermodynamic
work of adhesion at the film—substrate interface
calculated from independent surface free energy
determinations. Evaluation of the thermodyanmic
work of adhesion requires knowledge of the sur-
face free energy of the film and substrate. How-
ever, very little data are available regarding the
surface energetics of pharmaceutical film coatings
(Doelker, 1993; Sakellariou and Rowe, 1995a).

A limited number of studies assessing coating
adhesion in fundamental terms, such as the inter-
facial interaction and the work of adhesion, have
been reported (Johnson and Zografi, 1986; Bian-
chini et al., 1989). In these investigations, the
polar and dispersive (non-polar) terms of surface
free energy were used to determine the work of
adhesion of polymeric coatings with solid sub-
strates using Wu’s method (Wu, 1971). This
method has been frequently adopted to determine
the surface free energy of pharmaceutical solids
(Zografi and Tam, 1976; Rowe, 1989; Sheridan et
al., 1995). However, it has been debated whether
the separation of surface free energy into polar
and non-polar forces is adequate to model practi-
cal interfacial interactions (Fowkes et al., 1990;
Rillosi and Buckton, 1995a).

There is no direct method for measurements of
solid surface free energy components. However,
an approach for determination of the surface free
energy of solids has been developed based on the
theory of apolar and acid—base (AB) interactions
by van Oss and coworkers (van Oss et al., 1988a,
b), who described the importance of AB interac-
tions in surface phenomena. This approach is
recognized to provide accurate and real descrip-
tion of solid surface free energy components
(Holysz and Chibowski, 1992; Wu et al., 1995),
and has been applied to a variety of interfacial
systems in many areas of surface science (Chi-
bowski et al., 1992; Janczuk et al., 1992; Tous-
saint and Luner, 1993; Lloyd et al., 1995).

van Oss et al. (1988a) proposed that the total
surface free energy of a solid or liquid, y*°7, can
be divided into two components:
yTOT = LW 4, AB 1)
where yW is the apolar (or non-polar) component
associated with Lifshitz—van der Waals (LW) in-
teractions which encompass London dispersion
forces, Debye-polarization and Keesom forces.
The y*B component results from electron-donor
and electron-acceptor intermolecular interactions
referred to as Lewis acid-base interactions. The
most common AB interaction results from hydro-
gen bonding. The term y“B is further divided into
two parameters:

PAP=2(/7*y7) 2

where y* and y~ are the electron-acceptor and
electron-donor parameters of the AB component
of the surface free energy of the substance, respec-
tively. It is seen from Eqgs. (1) and (2) that if either
the y* or y~ parameter is zero, there is no AB
component contributions to the overall surface
free energy (yT°T =y™V). Under the assumption
of negligible film pressure of the liquid on low
energy solids (Fowkes, 1964), the Young equation
can be combined with the Dupre equation to yield
the following:

7Ll +cost) =ys+yL — ysL = — AGgL 3)
where AGg; is the interfacial free energy and the
subscripts S and L refer to the solid and liquid
phases, respectively. van Oss et al. (1988b) have
shown that AGg, is separated into its LW and AB
components:

AGg = AGLY + AGEE )]
and that the interfacial energy, yg;, is defined as:

yso=R/78" —/7IV)
+ 2775 + YV —VErD — /s 0E)
X ®)

By combining Egs. (1)—(5) with appropriate sub-

stitution, the following equation is obtained:

pi(l +cos0) = 2/ 7§V Y + /757 + /75 71)
(6)

With known values of IV, 9, v for three

liquids and their contact angles, @, on the solid, a
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set of three equations of the form of Eq. (6) can
be solved simultancously to obtain the surface
free energy parameters, y5%, y&, yg, for the solid.
It is possible to first determine y5W using an
apolar liquid (one with no y{ or yr) and simplify
the set of equations to a pair in the unknowns p¢
and yg (Good, 1992). This LW/AB approach,
which has become a standard technique in the
surface chemical characterization of polymers and
polar materials, has been applied to many interfa-
cial systems of pharmaceutical interest with good
success. Buckton and coworkers have modeled
interactions of adhesives and bottles, and mu-
coadhesion by the use of surface free energy terms
obtained using the LW/AB approach, and have
demonstrated that this approach is useful for
understanding and predicting interactions among
biological or pharmaceutical components (Buck-
ton and Chandraia, 1993; Rillosi and Buckton,
1995b). Vera et al. (1996) employed the LW/AB
approach for studies on colloidal stability of a
pharmaceutical latex. Luner et al. (1996) also used
the surface free energy parameters determined by
this approach to predict the wettability of a hy-
drophobic drug by surfactant solutions.

If only molecular interactions that form sec-
ondary bonds across an ideal interface are consid-
ered, the work of adhesion depends only on the
surface energies of the materials and the interfa-
cial energy between them. The thermodynamic
work of adhesion between materials 1 and 2, W,
is:

Wi=y1+7— 02 (7N
Eq. (7) is a form of Eq. (3) where W, = — AG,,.
The interfacial tension, y,,, can be calculated from
the LW and AB surface free energy parameters of
the two substrates as:

=R/ =)

+2(/7T9T +/73rr =i

—/7173) ®)
As shown by van Oss et al. (1988b), the work of
adhesion can also be divided into the works of
adhesion due to LW and AB interactions (Eq. (9))
which can each be expressed in terms of the

surface free energy parameters of the two sub-
strates as (Egs. (10) and (11)):

W= W5+ whe 9)
WV =2(/yTVy5%) (10)
WaB =2(/vi vz +/7173) (11)

Thus, once the LW and AB surface free energy
parameters are determined for two different mate-
rials, their interfacial tension and work of adhe-
sion can be calculated. It is also possible to
determine a spreading coefficient for a film over a
surface by calculating the difference between the
work of adhesion (W) and cohesion (W) for the
pair. The work of cohesion for any material can
be considered as twice the value of the total
surface free energy. The spreading coefficient ()
of material 1 over material 2 is:

S= WA(IZ) —Wean=v2—7" — 12 (12)

Ethylcellulose (EC) is widely used as a hydro-
phobic coating material for modifying the release
of drugs from oral dosage forms (Wade and
Weller, 1994; Sakellariou and Rowe, 1995a). Al-
though EC aqueous dispersions are more com-
monly used in coating processes, these
formulations contain surfactants, plasticizers and
stabilizers that become incorporated in the film
upon drying. The presence of several additives can
make the results difficult to interpret (Vera et al.,
1996). By first studying pure EC films prepared
from organic solutions and comparing these to
films containing known amounts of individual
additives, changes in the surface energetics can be
attributed to the nature of the additives them-
selves. Understanding the surface energetics of EC
is also important because of its potential use in
microencapsulated delivery systems (Palomo et
al., 1996; Cedrati et al., 1997; Zinutti et al., 1998)
and the fact that surface energetics play a signifi-
cant role in the interaction of materials with
biosurfaces (van Oss, 1995, 1997a). Surface en-
ergetics are also important factor determining the
cohesion of powder blends (Barra et al., 1998).

This work therefore focused on determining the
surface free energy parameters of EC films using
the LW/AB approach and evaluating how plasti-
cizers affect the surface free energy parameters of
the films. In addition, the effects of film forming
variables, including solvent system, concentration
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and post-formation treatment on the surface free
energy parameters of EC films were investigated.
The results of these studies were then used to
analyze how the surface energetics affect the inter-
action of the EC films with other surfaces based
on interfacial tension, work of adhesion and
spreading coefficient calculations.

2. Materials and methods

2.1. Materials and preparation of ethylcellulose
(EC) films

EC (Acros Organics, Springfield, NJ) with
ethoxyl content of 46% (w/w) was used in these
studies. Methylene chloride, either alone, or in a
50:50 or 70:30 (v/v) mixture with methanol, was
used as a solvent system for the organic solvent-
based films. The EC films were prepared on well
cleaned glass microscope slides (25 x 25 x 0.25
mm) using a dip-coating method (Sakellariou and
Rowe, 1995b). EC was first dissolved in the sol-
vent at the desired concentration and the polymer
solution was placed in a covered TLC chamber.
Glass slides were mounted to a custom-made dip-
ping device that consisted of a glass slide holder
vertically attached to a precision worm gear. The
gear was powered by an electric synchronous
motor (Model FYQF-33600-40, Colman Motor
Products, Darlington, WI) equipped with a motor
controller (Tech II Railpower 1400, Model Rec-
tifier, Edison, NJ). The glass slide was lowered
slowly into the organic solvent—EC solution
where it remained for 2 min. The immersed slide
was then withdrawn from the solution at a speed
of 1 cm/min and suspended in the vapor until all
the solvent evaporated, leaving a thin, smooth
film.

To prepare plasticized EC films, dibutyl seba-
cate (DBS, Sigma Chemical, St. Louis, MO) or
dibutyl phthalate (DBP, Sigma) was mixed for 12
h with the EC solution at 5, 10, or 20% (w/w) of
the polymer. Films were then cast as described for
the pure EC films. Pure EC films were annealed
by heating at 130°C (T, of EC ~135°C) for 1 h
and then cooled to room temperature. EC films
plasticized by DBS and DBP were also annealed

at 75 and 100°C, respectively. Some pure EC films
were not annealed to examine the effect of the
treatment. The EC films were examined using a
Hitachi Scanning Electron Microscope (Model S-
4000 SEM, Hitachi, Tokyo, Japan; 5.0 kV) to
assess surface uniformity and smoothness. The
magnification employed ranged from 1000 to
5000 x . The surfaces of the EC films were ob-
served to be very smooth, featureless and had no
pores that could be visualized by SEM.

2.2. Contact angle measurements

The advancing contact angles of probe liquids
on the ‘air-side’ of EC films were measured using
a Rame-Hart Contact Angle Goniometer (Model
100-00, Mountain Lakes, NJ) equipped with an
Image Analysis Attachment (IAA, Rame-Hart)
and temperature controlled environmental cham-
ber (Model 100-07, Rame-Hart). The system was
verified with a standard angle (45°) plate (Swiss
Precision Instruments, Los Angeles, CA). The
IAA used a digital video camera in combination
with a personal computer to scan an image of the
drop and automatically calculated both the left
and right contact angles and drop dimension
parameters from the digitalized image. The probe
liquids used were double distilled water, di-
iodomethane (Sigma), formamide (Sigma) and
ethylene glycol (Sigma). Diiodomethane was cho-
sen as an apolar liquid, which must be used with
water and another polar liquid for the calculation
of the surface free energy components of the
unknown solids using the AB approach (Good,
1992).

The captive drop technique (Good and van
Oss, 1992; Drelich et al., 1996) was employed for
contact angle measurements and was validated
using poly(methyl methacrylate) (PMMA) and
water. All measurements were made at 20°C. A
liquid drop was deposited and held captive on the
surface through an assembly consisting of a
micrometer syringe (2.0 ml, Gilmont Instrument,
Chicago, IL), a stainless steel flat-tipped needle
(0.45 mm diameter, Popper and Sons, New Hyde
Park, NY) and teflon tubing (25 cm length). The
needle was attached to a micro-manipulator
which provided for precise movement for the
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needle in three-dimensions. This assembly was
devised to isolate the needle from vibrations that
can occur during liquid addition and aid in the
reproducible positioning of drops relative to the
edge of the surface. The outer surface of the
needle was coated with paraffin and the needle tip
was always kept on the top of the liquid drop.
The three-phase contact line of the drop was
made to advance by slowly adding a small volume
of liquid. The advancing angles were read every 5
s on both sides of the drop for 5 min. Drop size
was regulated by the flow and kept consistent to
minimize drop size effects. Evaporation of the
drop was prevented by saturating the chamber
with the vapor of the liquid being studied. Mea-
surements were made on a total of ten drops on
several replicate film samples to obtain a grand
average.

Initial contact angles were also determined on
some EC films using sessile drops for comparison
to the advancing angles. With this technique, a
liquid drop was placed on the substrate and the
needle was not in contact with the drop. The
contact angles were then measured as a function
of time.

2.3. Data analysis

The surface free energy parameters of EC films
were calculated using the advancing contact angle
data of the probe liquids with Eq. (6). The surface
free energy parameters for the four probe liquids
used in this work are shown in Table 1 (Good and
van Oss, 1992). The equations were solved ac-
cording to Good (1992) using a numerical analy-
sis and equation handling software program
(SolverQ 1.25, Scientific Logics, Cupertino, CA)

Table 1
Surface free energy parameters (mJ/m?) of the liquids at 20°C
used for contact angle determinations

Liquid yLW pt y~ yTOT
Water 21.8 25.5 25.5 72.8
Diiodomethane 50.8 0.0 0.0 50.8
Formamide 39.0 2.28 39.6 58.0
Ethylene glycol 29.0 1.92 47.0 48.0

with a personal computer. y*V was first obtained
using the diiodomethane data. Subsequently, the
two simultaneous equations, defined explicitly in
terms of p* and y—, were solved using Newton’s
method. The AB components calculated from for-
mamide or ethylene glycol in conjunction with
water and diiodomethane were examined for con-
sistency and subsequently averaged. The LW and
AB surface free energy components of EC films
were then used to calculate both the interfacial
tension and the work of adhesion of the EC films
to various solid surfaces of known surface en-
ergetics using Eqgs. (7)—(11).

3. Results and discussion
3.1. Contact angles on EC films

The Young equation is theoretically based on
rigorous assumptions: a solid must be smooth,
homogeneous and rigid, the solid must not be
perturbed by chemical interaction or by adsorp-
tion due to a liquid phase, and there should, thus,
be a single, unique contact angle. It is, however,
well known that chemical heterogeneity and sur-
face roughness of practical solid surfaces results in
contact angle hysteresis. The advancing contact
angle on a smooth but heterogeneous solid sur-
face has been regarded as a reasonable estimate of
the equilibrium contact angle that would be ob-
served on an ideal surface composed of the low
energy surface component (Good, 1992; Grundke
et al., 1996).

Ten sets of advancing contact angle data col-
lected on several individual films were averaged
and the mean angles were plotted against time.
The S.D. of the mean angles for the majority of
films was 1-3°. Variation in the contact angle
over time was examined to assess changes in the
properties of the EC films as a result of solvation
or hydration. For all probe liquids measured on
the EC films a small time dependence was ob-
served. This type of behavior has been observed
on other polymers (Johnson et al., 1986; Tous-
saint and Luner, 1993; Drelich et al., 1996). A
slight oscillation of the contact angle (< +1)
with a period of 30 s was also observed over 300
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Table 2
Advancing contact angles of liquids at 20°C on ethylcellulose (EC) films prepared from solutions at varying concentrations (w/v%)
in methylene chloride, surface free energy parameters, and effect of annealing

Sample surface Contact angles (°) for liquids Surface free energy parameters (mJ/m?) Polarity (%0)*
Water DIM FO EG yW y* y~ yAB yToT
0.5% EC (ann®) - 57.7 79.3 71.1 29.90 - - - - -
1.0% EC (ann) 84.5 57.3 74.7 67.5 30.13 0.08 9.32 1.73  31.86 5.4
2.0% EC (ann) 84.5 62.0 75.5 66.7 27.42 0.04 8.61 .17 28.59 4.1
2.0% EC (unann®) 87.0 62.4 79.3 70.3 27.19 0.12 9.03 2.08 29.27 7.1
5.0% EC (ann) 84.7 62.4 75.3 66.5 27.19 0.04 9.18 1.21 28.40 43
5.0% EC (Unann) 86.6 63.0 77.8 66.6 26.85 0.10 8.22 1.81  28.66 6.3
Cellulose? 30 41 5 - 39.1 2.0 39.7 17.6 56.7 31.8
Cellulose acetate? 55 43 42 - 38.2 0.21 28.2 4.9 43.1 11.4

 Polarity (%) = (yB/yT°%) x 100.

® The films were annealed (ann) by heating at 130°C (T, of EC & 135°C) for 1 h and then cooling to room temperature. Selected
2.0 and 5.0% EC films were not annealed (unann).

¢ The advancing contact angle of water could not be determined because the drop was unstable on the 0.5% EC films. The
acid-base parameters could also not be determined without the value of contact angle for water.

d Toussaint and Luner, 1993.

s for formamide and ethylene glycol. However, (yT°T) because the surface exhibits predominantly
this variation was within the S.D. and a consistent monopolar electron-donicity (y~ > y* ~0). These
average value over time was achieved in 30—60 s. results are reasonable based on both the structure
There were no visible changes in the film surface and composition of the polymer. The predomi-
during measurement. On the basis of these obser- nant monopolar Lewis base behavior is likely due
vations, no macroscopic changes in the film bulk to the intra- and intermolecular interaction be-
as a result of swelling or solvation by the liquids tween electron donating and accepting  sites

were evident. Contact angles in the 40—50 s region
were stable and reproducible for all liquids and
films studied. This time frame was also sufficient
for stabilization of the drop following movement
of the three-phase contact line after advancement.
Therefore, the mean value at 45 s was selected as
representative of the advancing angle for each
liquid.

(Lewis neutralization) as well as the low hydroxyl
content of the polymer. Because the degree of
substitution of the EC (ethoxyl content of 46%)
employed is ~ 2.4 (~80% hydroxyl groups sub-
stituted), the EC has a low hydroxyl content. The
large number of y~ sites (the Lewis base oxygen
atoms of ether groups) neutralize the few y* sites
(the hydroxyl groups) by hydrogen bonding (van
Oss, 1997b). Additionally, the hydroxyls of EC

3.2. Surface free ener arameters of EC films
face f &rp / /i would be oriented below the surface because of

3.2.1. Effects of EC Concentration and Annealing the Lewis neutr.alizat.ion. (Good ar.1d van .OS.S’

Table 2 shows the contact angle data and the 1992). Cellulose itself is bipolar and its polarity is
calculated surface free energy parameters for EC relatively high (Table 2). The y*® and y~ values
films. The films were prepared from EC-— for EC are lower than those for cellulose acetate
methylene chloride solutions and were then an- and this may be related to the different extent of
nealed by heating at 130°C. EC has a lower substitution of hydroxyl groups by different sub-
surface free energy than cellulose and has low stituent groups; for cellulose acetate only 39.5% of

polarity ( < 6%). The AB term (y“?) makes only a hydroxyl groups are substituted by acetyl groups
slight contribution to the total surface free energy (Toussaint and Luner, 1993).
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The surface free energy decreased as the con-
centration of EC in methylene chloride was in-
creased from 1 to 2% (w/v), which resulted mainly
from the decrease in y*Wand partly from the
slight decreases in y* and y— (Table 2, Fig. 1). As
the concentration of EC was increased from 2 to
5%, there was almost no change in the total
surface free energy and all of the surface free
energy parameters remained almost constant. The
surface free energy decrease upon increasing EC
concentration (1-2%) may be associated with an
increase in the bulk thickness of the film. At
concentrations < 1% the glass surface may have
an influence on the polymer during film forma-
tion, thus influencing the surface properties. This
was also evidenced by the observation that stable
water drops could not be obtained on 0.5% EC
films. No difference in surface morphology was
observed among the EC films with different EC
concentration by the SEM study.

The surface free energy parameters determined
for EC in this work are not consistent with those
determined by Vera et al. (1996) (y*V =24.6,
pt =0, y~ =19.6) their value for y~ is higher

than ours, while their value for ™V is lower than
ours. The value of y* obtained for EC in the
present study is low but is not zero. This dis-
crepancy might be due to differences in the prepa-
ration of the EC surface and the method of
contact angle measurement. Vera et al. (1996)
used the contact angles of sessile drops of liquids
measured at 25°C on pellets obtained by com-
pressing dry samples of EC products for the cal-
culation of surface free energy components. There
may be intrinsic differences in the EC surface
between the compact made from dry powdered
EC and the EC films cast from organic solution
employed in this study. Their use of the contact
angles of sessile drops for liquids instead of ad-
vancing contact angles used in this study may also
contribute to the differences in the surface free
energy parameters.

Stable water drops could not be consistently
obtained on the 1% unannealed EC films (Fig. 2).
Very early spreading of the water drop was fre-
quently observed over these surfaces. The surface
free energy of 2 and 5% EC films decreased
slightly after annealing (Table 2). This was consis-

34 10.0
z =]
33 | ™ ]
: ~N~. e 9.0
32 S ] )
[ ] Y
,YTotal 31 ;_ —: 8.0
30 ]
or [ -17.0
29 [
[ | =(O— .y Total
g : —O ]
YLW 28 [ —B—:,YLW 6.0
. 0 -0.1
27 [ § 1 v
L ~ —.— :Y+
r ~
26 - - ®
25 i L . ! . 0.0
1 2 4 5

EC Concentration in Methylene Chloride (w/v %)

Fig. 1. Effect of ethylcellulose concentration on surface free energy parameters of EC films cast from methylene chloride solution.
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A. Annealed Ethylcellulose Film Prepared from Methylene Chloride

Time (sec): 0
6 1 76.0

)
P

Time (sec): 30
6() 1 75.9

Time (sec): 180
6(°) 1755

2

Time (sec): 300
0(° 1 75.2

v . .

B. Unannealed Ethylcellulose Film Prepared from Methylene Chloride

Time (sec): 0
09 167.9

P
)

Time (sec): 20
6(°) 167.6

Time (sec): 60
6(°) 116.2

Time (sec): 90
0(°) 1124

C. Unannealed Ethylcellulose Film Prepared from 7:3 Methanol-Methylene Chloride

Time (sec): 0
6 (% 171.8

Time (sec): 10
6(°) 1717

Time (sec): 30
6% :30.0

Time (sec): 60
6(°) 1257

Fig. 2. Representative changes as a function of time in the initial contact angles of water sessile drops on EC films prepared from

1% solutions.

tent with the increase in the initial contact angle
for water sessile drops on 1% films after anneal-
ing, increasing from 67.9 to 75.6°. These results
suggest that annealing the EC films allowed reori-
entation of the polymer chains at the surface to
achieve a lower energy state. It is possible that
spreading of water drops on the unannealed EC
films is a result of the presence of higher energy
surface domains.

3.2.2. Effect of solvent

When EC is applied to dosage forms or tablets
from organic solution, a binary solvent system is
often used to optimize processing and final film
coating formation. A common solvent system for
controlled release oral drug delivery formulation
consists of equal volumes of methylene chloride
and methanol (Sakellariou and Rowe, 1995b). EC
has been reported to swell slightly in alcohols, and
alcohols have also been shown to reduce the

viscosity of EC solution in methylene chloride
indicating coiling of the polymer chains. The two
solvents generally show different capability of hy-
drogen bonding; methylene chloride forms weak
hydrogen bonds while methanol is capable of
strong hydrogen bonding (Kent and Rowe, 1978).
Therefore, it was of interest to examine the effect
of addition of methanol to the EC solution in
methylene chloride on the surface energetics of
EC. The surface free energy of EC decreased
slightly as the amount of methanol added to the
solvent mixture was increased (Table 3, Fig. 3).
This change was mainly due to the decrease of
yIW. Neither a significant change in y*® nor a
consistent change in y* was observed. The change
in y*V may be associated with the difference in
capability of hydrogen bonding of the two sol-
vents as well as the slight swelling of EC in
methanol. These factors could influence the orien-
tation of polymer chains at the surface during film
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formation. The presence of the methanol as an
external Lewis base may disrupt some of the
Lewis acid-base neutralization occurring on the
EC chains leading to a different molecular surface
configuration. This is consistent with the observa-
tion that y~ and y* increased slightly at 50:50 v/v
methylene chloride—methanol, the ratio at which
the solvent—solvent interaction is least (Sakellar-
iou and Rowe, 1995a). Rosilio and coworkers
(Rosilio et al., 1988, 1998) observed variation in
water contact angle on EC films prepared from
chloroform and ethanol. Additionally, factors
such as the influence of the glass surface on the
polymer, degree of interaction of the solvents with

Table 3

211

the glass surface and the annealing process, may
have contributed to attenuating the effect of sol-
vent on surface free energy.

3.3. Surface free energy parameters of plasticized
EC films

EC has a high glass transition temperature and
does not form flexible films under normal coating
conditions. Therefore, a plasticizer needs to be
incorporated before application (Iyer et al., 1990).
EC-plasticizer interactions have been studied by
measuring the mechanical properties of EC films
(Sakellariou et al., 1986; Guo et al., 1993; Bod-

Advancing contact angles of liquids at 20°C and surface free energy parameters of ethylcellulose (EC) films made from 1% EC
solutions in methylene chloride-methanol mixtures with varying concentrations of methanol (v/v%)

Solvent system % (v/v) Contact angles (°) for liquids

Surface free energy parameters (mJ/m?)

Polarity (%)

Water DIM FO EG ytW yt v yAB yToT
100 CH,Cl, 84.5 57.3 74.7 67.5 30.13 0.08 9.32 1.73 31.86 54
50:50 MeOH-CH,Cl,  83.5 59.6 76.3 68.5 28.81 0.12 11.14 2.31 31.12 7.4
70:30 MeOH-CH,Cl, 86.2 59.8 75.7 64.9 28.69 0.08 7.59 1.56 30.25 5.2
33 12.0
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Fig. 3. Effect of solvent composition (methanol-methylene chloride) on the surface free energy parameters of EC films prepared

from 1% solutions.
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Table 4

Advancing contact angles of liquids at 20°C surface free energy parameters for 1% ethylcellulose (EC) films plasticized with dibutyl

sebacate (DBS) and dibutyl phthalate (DBP)*

Plasticizer used (w/w% of EC)

Contact angles (°) for liquids

Surface free energy parameters (mJ/m?)

LW

TOT

Polarity (%)

Water DIM  FO EG y y* y yAB Y
5% DBS 86.3 58.8 72.6 69.6 29.27  0.004 745 0.35 29.62 5.4
10% DBS 88.9 65.5 78.1 68.7 2542  0.06 6.68 1.27 26.69 4.8
20% DBS 94.2 60.5 73.8 70.7 28.29  0.04 243 0.62 28.91 2.1
5% DBP 90.6 59.6 76.4 69.9 28.81 0.03 4.97 0.77 29.58 2.6
10% DBP 89.5 58.3 76.9 65.9 29.55  0.10 5.36 1.47 31.02 4.7
20% DBP 94.3 59.2 - 69.6 29.04  0.03 2.25 0.52 29.56 1.8

4 Methylene chloride was used as solvent.

meier and Paeratakul, 1994; Obara and McGinity,
1995; Hyppola et al., 1996). Recently, Lovrecich
and Rubessa (1998) reported that the surface free
energy of films made from blends of Eudragit RS
were sensitive to the percentage of plasticizer.
There has been no report on the effect of plasticiz-
ers on the surface free energy of EC films. The
type and amount of the plasticizer used with EC
is important with respect to plasticizing efficiency.
Dibutyl sebacate (DBS) and dibutyl phthalate
(DBP) have been evaluated as the most efficient
plasticizers for EC films cast from organic solu-
tions (Rowe et al., 1984; Hyppola et al., 1996).
These two plasticizers were incorporated into EC
films in concentrations varying from 5 to 20% by
weight of EC. There were no observations that
indicated leaching of the plasticizers from the
polymer matrix by the probe liquids; e.g. no er-
ratic changes or significant irreproducibility in
contact angle.

The surface free energy parameters parameters
determined for 1% EC films plasticized with DBS
and DBP (Table 4) were plotted versus the con-
centration of DBS and DBP (Figs. 4 and 5). The
addition of DBS or DBP resulted in a small
decrease of the total surface free energy and each
of the parameters. In particular, the basic parame-
ter decreased continually as the concentration of
plasticizer (DBS or DBP) was increased. Both the
structure and composition of the surface of the
films may be influenced by the presence of the
plasticizer. First, it is believed that these changes

in surface free energy are a consequence of the
polymer—plasticizer interactions. Both DBS and
DBP are capable of moderate hydrogen bonding
based on their solubility parameters (Sakellariou
and Rowe, 1995a). Interaction of the plasticizer
with the polymer reduces polymer—polymer inter-
actions and allows for greater polymer chain mo-
bility that results in a slightly altered surface
configuration. Second, it is also possible that
some plasticizer molecules are present at the sur-
face of polymer film. However, for DBP, the
plasticizer is not dominating the surface proper-
ties because the surface free energy of the film is
less than that of the plasticizer (33.2 mJ/m?)
(Panzer, 1973).

DBS had a slightly greater influence on the
surface free energy parameters than did DBP
(Table 4). This observation may be attributed to
the difference in plasticizer structure. DBS has a
molecular structure more favorable for interacting
with EC polymer chains than does DBP because
of its linear structure while DBP is an aromatic
ester. For the DBS—plasticized EC films, the total
surface free energy and the apolar (LW) compo-
nent initially decreased, but then increased at
higher plasticizer concentrations (Fig. 4). This
trend in the surface free energy of the films con-
taining both plasticizers may be associated with
addition of a critical amount of plasticizer, be-
yond which it begins to accumulate at the surface.
Films plasticized with 10% DBS had the lowest
surface free energy.
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Fig. 4. Effect of dibutyl sebacate on surface free energy parameters of EC films prepared from 1% methylene chloride solution.
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Table 5
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Surface free energy parameters (mJ/m?) of substrates used for calculations in Tables 6 and 7

Substrate ytW y* y= yAB yToT
Cellulose® 39.10 2.00 39.70 17.60 57.70
Poly(methyl methacrylate)® 40.00 0.00 14.60 0.00 40.00
Polyethylene® 33.20 0.00 0.00 0.00 33.20
Nitrofurantoin® 43.80 0.38 23.20 5.94 49.74
CI-976° 48.78 0.78 11.99 6.12 54.90

2 Toussaint and Luner, 1993.
bvan Oss, 1995.
¢ Luner et al., 1996.

3.4. Work of adhesion between EC films and
various substrates

The work of adhesion and interfacial energy
between the EC films and several substrates ap-
proximating the surface free energy of solid dosage
forms were calculated using the data obtained for
EC films. The solid substrates analyzed with EC
films were cellulose, poly(methyl methacrylate)
(PMMA), polyethylene (PE), nitrofurantoin (NFT)
and CI-976; their surface free energy parameters
were obtained from the literature (Table 5). The
three polymers and two drugs serve as models for
the surfaces of tablets and granules. Cellulose is
hydrophilic and higher in surface free energy rela-
tive to the other substrates. The PMMA and PE
were selected as substrates having hydrophobic and
low-energy surfaces. PMMA has a Lewis base
‘monopolar’ surface, while PE has a ‘non-polar’
surface. The two drugs have ‘bipolar’ surfaces.

Since polymer film adhesion to a substrate in-
cludes intrinsic bonding between the chemical
groups of the polymer and substrate, work of
adhesion is an indicator of adhesive bonding.
Because EC has a hydrophobic, relatively low
energy surface with dominant monopolar basic
character, the LW interactions provided the major
contribution to the work of adhesion for EC films
with all of the solid substrates examined (Table 6).
The contribution of the AB interactions to the work
of adhesion was significant for the ‘bipolar’ sub-
strates (cellulose and two drugs), but was not
significant for a ‘monopolar’ substrate (PMMA)
and absent for a ‘non-polar’ substrate (PE). Never-
theless, EC films had high values of work of

adhesion for all the substrates analyzed. The dom-
inant monopolar basic character of EC, does not
contribute to its total surface free energy or its work
of cohesion, but improves its work of adhesion to
substrates (Buckton and Chandraia, 1993). As
shown in Eq. (7), W, will be higher as the interfacial
energy (y,,) between each pair is lowered or as the
surface energies (y; and y,) of two materials are
increased. The y,, between EC-cellulose was ~ 3
times greater than that between EC and the drug
compounds, because the AB surface free energy
parameters of cellulose are higher than those of the
drugs. However, the values of the W, are compara-
ble between EC-drug and between EC-cellulose,
because the surface energies of the two drugs are
lower than that of cellulose. The y,, between EC
and PMMA was very low, but the W, was not high
because PMMA has relatively a low surface free
energy. The same argument is applicable to the
results for PE.

The film forming variables and plasticizers con-
sidered in the present study had no significant
influence on the work of adhesion for EC with all
the substrates (Table 6). Their common effect on
was a small decrease in total surface free energy.
The changes in the surface free energy parameters
of EC, discussed in the previous sections, were
reflected in the work of adhesion for EC films.
Particularly, the addition of 10% DBS to EC was
observed to decrease both the total W, and W48,
There were small decreases in the contribution of
the AB interactions to the W, upon annealing
because the annealing treatment affected the AB
parameters. The use of the binary solvent system
(MeOH:CH,Cl,) resulted in a slight decrease in the



E. Oh, P.E. Luner / International Journal of Pharmaceutics 188 (1999) 203219 215

W,. This result is in good agreement with the
effect of coating solvent on film adhesion ob-
served by Nadkarni et al. (1975). They found that
a solvent having a solubility parameter close to
that of the polymer produced stronger film adhe-
sion to tablet substrates than a solvent having a
significantly different solubility parameter. The
values of the solubility parameters for EC and
methylene chloride are almost equivalent while
methanol has a higher solubility parameter than
EC (Kent and Rowe, 1978; Doelker, 1993).

In summary, the work of adhesion calculations
using the LW/AB method give an indication of
the extent that AB interactions contribute to the
ideal work of adhesion. The practical implication
of these results is that when adhesion of film
coatings may be problematic because of substance
properties, formulations can be adjusted with ex-
cipients designed to maximize adhesion by rein-
forcing AB interactions.

Table 6

3.5. Spreading coefficients for EC Films over
substrates

The extent of film adhesion to substrate is
dependent upon the area of contact at the film-
substrate interface as well as the intrinsic adhesive
bonding (Aulton, 1995). Adequate spreading of
the film material over the substrate is necessary
for good film adhesion. The spreading coefficient
for the film over the substrate, which can be
calculated from the surface free energy parame-
ters, can be another indicator of film adhesion.
Rowe (1989) used both the spreading coefficient
and the work of adhesion terms to study binder-
substrate interactions in granulations. The inter-
actions between adhesives and bottles have been
modeled in these terms using surface free energy
parameters by Buckton and Chandraia (1993).
These authors pointed out that the magnitude of
the work of adhesion is not the only critical factor
in determining adhesive efficiency. A positive

Works of adhesion (mJ/m?) determined between EC films and various substrates (W), and the contribution of acid-base

interactions to the work of adhesion (W48)?

EC Films Cellulose PMMA PE NFT CI-976
1% EC W, 80.9 71.6 63.3 79.1 84.0
WAB 12.2 2.2 0.0 6.5 7.4
% WABL 15.1 3.0 0.0 8.2 8.7
2% EC W, 76.3 67.8 60.3 74.9 79.7
WwA4B 10.8 1.5 0.0 5.5 6.6
% W4B 14.2 2.3 0.0 7.4 8.2
2% Unannealed EC W, 78.1 68.6 60.1 76.1 80.5
WA4B 12.9 2.7 0.0 7.0 7.7
% W4B 16.5 3.9 0.0 9.3 9.6
1% EC (in 70:30% MeOH-CH,Cl,) W, 78.3 69.9 61.7 77.0 81.6
w4B 11.4 2.2 0.0 6.1 6.8
% W48 14.5 3.1 0.0 7.9 8.4
1% EC+10% DBS W, 73.5 65.7 58.1 72.3 76.7
WAB 10.4 1.9 0.0 5.6 6.3
% W4B 14.2 2.9 0.0 7.7 8.2
1% EC+10% DBP W, 79.0 71.2 62.6 77.9 82.2
WwA4B 11.0 2.4 0.0 5.9 6.3
% W4 13.9 3.4 0.0 7.6 7.7

4 Cast from methylene chloride unless otherwise specified.

b o4 WA = (WAB/W ) x 100.
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Table 7
Interfacial tensions (y,,), works of adhesion (W) and spread-
ing coefficients (S) for EC films over substrates®

1% EC (in 70:30% MeOH- 10.11 82.88 22.00
Substrate or EC film V12 W, N

A. 1% EC film—substrates

Cellulose 7.93 80.85 17.13
PMMA 0.26 71.59 7.89
PE 1.80 63.26 -0.45
NFT 245 79.14 15.42
CI-976 2.73 84.03 20.13
B. EC films—cellulose

1% EC 7.93 80.85 17.13
2% EC 9.21 76.31 19.13
2% Unannealed EC 8.12 78.08 19.54
1% EC (in 70:30% MeOH- 8.83 78.34 17.84
CH,Cl,)

1% EC+10% DBS 10.16 73.45 20.07
1% EC+10% DBP 10.11 78.95 16.91
C. EC films—-CI-976

1% EC 2.73 84.03 20.31
2% EC 3.78 79.71 22.53
2% Unannealed EC 3.62 80.54 22.00
1% EC (in 70:30% MeOH- 3.50 81.64 21.14
CH,Cl,)

1% EC+10% DBS 4.89 76.69 23.31
1% EC+10% DBP 3.69 82.22 20.18

4 Cast from methylene chloride unless otherwise specified
(all values in mJ/m?).

spreading coefficient indicates that spreading of
the film over the substrate is energetically favor-
able and an adhering film is consequently formed
around the substrate (Rowe, 1989; Buckton and
Chandraia, 1993). Likewise, the higher spreading
coefficient, the more energetically favorable
spreading of the film on the substrate becomes
and the stronger the film adheres. When the sur-
face free energy parameters of polymer films and
solid substrates are available, therefore, it is possi-
ble to consider the impact of both the spreading
coefficient and the work of adhesion on theoreti-
cal film-substrate adhesion.

The interfacial tensions (y,,), works of adhesion
(W,), and spreading coefficients (S) for 1% EC
film-substrates are shown in Table 7A. The
spreading coefficients of the EC film over all the
substrates examined were positive except for PE.

The relative order in S values for the EC—sub-
strate systems was the same as the order in W .
Like the values in W, the values of S for EC over
the substrates with higher surface free energy were
found to be higher. It would be expected that EC
films would have a very good adhesion to the
‘bipolar’, high surface free energy substrates (cel-
lulose and two drugs). These substrates had sig-
nificant AB interactions with EC and the values
of the spreading coefficients for EC over the
substrates were high. Since PMMA is a y~
monopole, the S of EC was relatively low. For
PE, the S value was negative, which was expected
from the fact that PE has a ‘non-polar’, low
energy surface. This result indicates that theoreti-
cally EC would not spread over PE surface and,
consequently, there will be no adhering film on
PE. Because there is intrinsic adhesive bonding
between the EC-PE as determined by W, the
initial wetting of a EC coating solution would
have to be increased to enhance the spreading of
EC over PE surface by using an appropriate
surfactant or solvent. The change in surface free
energy parameters due to the effects of film form-
ing variables and plasticizers did not significantly
influence the spreading of EC films over sub-
strates (Table 7B and C). Upon addition of 10%
DBS, however, a small increase in the spreading
coefficient was observed.

4. Conclusions

We have determined the surface free energy
parameters for EC, an important pharmaceutical
material using the LW/AB method. These data
are of theoretical and practical significance. The
values obtained in this work were consistent with
those of other cellulose polymers. EC is lower in
total surface free energy than cellulose and the
relative change in the surface free energy parame-
ters can be rationalized in terms of the polymer
chemical structure. Two commonly used plasticiz-
ers, DBS and DBP, did not greatly influence the
surface free energy of the films because their
surface free energy was already low, but they did
lower the Lewis electron donor parameter. Analy-
sis of work of adhesion and spreading coefficient
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and the relative contribution of AB interactions
to these terms shows that AB interactions can
contribute significantly to the adhesion of EC to
other substrates.

At this point, the question arises as to how
surface free energy parameters and calculated
adhesion terms are related to the adhesive
strengths in practical coating systems. Although
the magnitudes of the work of adhesion and the
spreading coefficient cannot represent the film
adhesion directly, the data obtained in this work
can be used to predict or model the extent of
adhesion of EC to specific substrates. The con-
sideration of work of adhesion and spreading
coefficient based on the LW and AB compo-
nents of surface free energy may have potential
use in evaluating factors affecting film adhesion
and, furthermore, in optimizing pharmaceutical
film coating processes. The influence of AB in-
teraction on practical film adhesion to substrates
has been documented in other polymer systems
(Berg, 1993; Kaczinski and Dwight, 1993). Ex-
periments focused on the measurement of adhe-
sive strength of EC films to substrates are
needed to relate the surface free energy parame-
ters to practical adhesion measurements.
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