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ABSTRACT: Poly(methacrylic acid-methyl methacrylate, 1:2) (Eudragit S) is a com-
monly used pH-responsive polymer that can facilitate delivery to the ileo-colonic region
of the gastrointestinal tract. Different plasticizers have been used to reduce the
brittleness of Eudragit S films for the coating of solid dosage forms. To better correlate
the dissolution rates of Eudragit S films, we have examined their dielectric response to
understand the specific polymer–plasticizer interactions. Solvent cast Eudragit S films
were prepared with one of four citrate plasticizers ranging from low to moderate aqueous
solubility. Film dissolution was determined using a two-compartment permeation cell.
Dielectric properties were measured by thermally stimulated depolarisation currents
(TSDC). Secondary relaxations were deconvoluted and identified. The glass transition
temperature (Tg) was measured using TSDC, differential scanning calorimetry (DSC)
and dynamic mechanical analysis (DMA). Dissolution of the films was influenced by the
solubility and structure of the plasticizers. While no correlation was found among
the Tg’s obtained by TSDC, DSC, and DMA with dissolution time, the low temperature
TSDC spectra showed a relationship of the total secondary relaxation area and relaxa-
tion of the carboxylic acid functional group with dissolution time. Dielectric secondary
relaxations may be a good probe to predict plasticizer influence on dissolution of
Eudragit S polymer films. � 2008 Wiley-Liss, Inc. and the American Pharmacists Association
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INTRODUCTION

Site-specific delivery to the ileo-colonic region of
the gastrointestinal (GI) tract has been utilized for
the treatment of local disorders such as inflam-
matory bowel diseases (ulcerative colitis and
Crohn’s disease).1 One of the strategies adopted
is the exploitation of pH changes along the GI
tract.2,3 The pH increases from 1 to 2.5 in the
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stomach up to 6.6 in the proximal small intestine,
then to a maximum of 7.5 in the terminal ileum.
There is then a fall of pH to 6.4 in the colon.4 A
polymer that utilizes this pH differential across
the GI tract is the poly(methacrylic acid-methyl
methacrylate) (copolymer Eudragit S) (Evonik,
Darmstadt, Germany). This is a 1:2 methacrylic
acid:methyl methacrylate copolymer that is solu-
ble at pH values above 7.
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There are a number of medicines for the treat-
ment of inflammatory bowel diseases available in
the clinic as solid dosage forms coated with Eudragit
S. Those available in the UK include Asacol1 MR
(Procter and Gamble), Mesren MR1 (Teva), Ipocol1

(Sandoz) and Budenofalk1 (Dr Falk). The first
three products contain the anti-inflammatory agent
mesalazine (mesalamine, 5-aminosalicylic acid) and
the last contains the corticosteroid budesonide.

Eudragit S coated dosage forms display differ-
ent in vitro and in vivo release profiles. In vivo,
these formulations have been reported to dissolve
prior to reaching the ileo-colonic region or even
traversing the entire GI tract intact with no
observed dissolution.1 While products have the
same Eudragit S polymer in their coating,
different plasticizers can influence dissolution.5

Moreover, in vivo performance is further compli-
cated by the complexity of the GI tract. This
includes inter- and intra-individual variations in
pH, limited fluid availability in the distal gut6 and
variations in transit times, which can be magni-
fied by food.7

As a free flowing dry powder, Eudragit S has a
high glass transition temperature (433–444 K). To
produce Eudragit S film coatings, it is essential to
blend this polymer with a plasticizer to reduce
coating brittleness and to achieve smooth, crack-
free coatings. A miscible plasticizer increases film
flexibility by reducing intermolecular interactions
between individual polymer molecules;8 this can
influence drug release.9 It has been proposed that
plasticizer enhancement of polymer mobility
alters the distribution of diffusion channels and
therefore drug diffusion through the water-
insoluble polymer systems.10 However studies
have not substantiated this.11 Our objective is to
correlate the dielectric response with dissolution
of Eudragit S blended films. This may enable us to
tailor coating formulations and processing to
achieve an optimal drug release profile within
the ileo-colonic region of the GI tract. Since
inflammatory bowel diseases affect various
regions in the distal gut, it is hoped that treatment
options may eventually include medicines where
release occurs at tissue sites affected by disease.

In this work we have conducted a comparative
study of the dielectric properties of plasticized
Eudragit S solvent cast films by thermally stimu-
lated depolarization current (TSDC) spectroscopy.
Films derived from four citrate plasticizers ranging
from very low to moderate aqueous solubility were
examined. TSDC is a rather novel technique for
pharmaceutical material characterization. It relies
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on dipolar rearrangements to generate depolariza-
tion currents that can be related to local (secondary
relaxations) and cooperative (structural relaxa-
tions) molecular mobilities. Its high sensitivity
and low equivalent frequency (�1 mHz) leads to
an enhancement of the resolution of the coexisting
dipolar processes.12 Multicomponent peaks can
then be resolved accurately to correlate the
individual molecular motions with their dielectric
relaxations.13 The glass transition (Tg) temperature
that was determined by TSDC was also compared
to the Tg which was determined by differential
scanning calorimetry (DSC) and dynamic mecha-
nical analysis (DMA).

MATERIALS AND METHODS

Materials

Eudragit S polymer (MW¼ 135000 g/mol) was
donated by Evonik. Four plasticizers were exam-
ined (Tab. 1). The plasticizers triacetin (TA) and
acetyl triethyl citrate (ATEC) were purchased
from Sigma–Aldrich, Gillingham, UK. Triethyl
citrate (TEC) and tributyl citrate Gillingham
(TBC) were purchased from Fluka, Seelze,
Germany.

Film Fabrication

Cast films were fabricated from polymer–plasti-
cizer solutions in ethanol by solvent evaporation.
The plasticizer, 15% or 20% of polymer weight was
first dissolved in 100 g of 95% ethanol for 30 min
at room temperature in a beaker. Eudragit S
powder (8.5% w/w of solvent) was gradually added
to the ethanolic solution that was rapidly stirred
by a Heidolph RZR1 overhead stirrer at a speed of
500 rpm. The mixing vessel was sealed with
Parafilm to prevent solvent evaporation and the
solution was stirred for a further 12 h to ensure
the polymer had dissolved. A portion of the
solution (9 mL) was poured onto separate Teflon1

molds (9 cm diameter) and allowed to dry at room
temperature for 8 h. The films were then peeled
from the Teflon moulds and placed in an oven at
508C for 48 h to remove residual ethanol/water.
Two water-soluble plasticizers were examined at a
20% w/w concentration based on polymer weight:
(1) triacetin (TA) and (2) triethyl citrate (TEC).
Their solubility in water (%m/v) is 6.7–7.8% and
5.5–6.9% respectively. Acetyl triethyl citrate
(ATEC) has a lower water solubility of 0.72%
and was also included at a 20% w/w concentration.
Tributyl citrate (TBC), the fourth additive has a
DOI 10.1002/jps



Table 1. Structure, Molecular Weight (MW) and Water Solubility of Plasticizers Used in This Study

Plasticizer Structure, g/mol MW % m/v Water Solubility

Triacetin (TA) 6.7–7.8

Triethyl citrate (TEC) 5.5–6.9

Acetyl triethyl citrate (ATEC) 0.72

Tributyl citrate (TBC) <0.002
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much lower water solubility (less than 0.002%)
and could only be included at a concentration of
15% of polymer weight before phase separation
was observed. Plasticizer content in the films
was confirmed using 1H-NMR (Bruker Avance
500 MHz NMR spectrometer). Film thickness was
measured at different points using a micrometer
(Mitutoya, Japan) and was found to be 130�
10 mm. The films were subsequently stored under
vacuum in a desiccator.
DOI 10.1002/jps JOURN
Film Dissolution

Film dissolution was measured using a custom
made two-compartment permeation cell. A sample
film with an area of 1.8 cm2 separated the two
compartments with the aid of an O-ring separa-
tion. The film was incubated at pH 7.4 in
phosphate buffer (0.05 M) under sink conditions.
The donor compartment had a volume of 5 mL and
was filled with a saturated solution of the drug
AL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 9, SEPTEMBER 2008
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mesalazine (6.34 mg/mL) in pH 7.4 phosphate
buffer. The acceptor compartment also had a
volume of 5 mL, however continuous flow was
employed in this compartment whereby a volume
of 100 mL of pH 7.4 phosphate buffer (0.05 M)
maintained at 378C was circulated through via a
peristaltic pump. The solution in the acceptor
compartment was continuously stirred using a
magnetic stirrer. Mesalazine was selected as the
model drug as it is commonly used in the treatment
of inflammatory bowel diseases. Onset of me-
salazine permeation from the donor to the acceptor
compartment was determined by UV spectro-
photometry at 330 nm and was found to correspond
to film dissolution as pores in the film became
clearly visible. UV readings were taken auto-
matically every 15 min by an in-line UV spectro-
photometer (Cecil 2020, UK). Phosphate buffer
continuously circulated through the acceptor
compartmentpassedthroughtheUV-spectrophoto-
meter so that UV measurements were taken in
real time. All film formulations were tested in
triplicate.
Thermally Stimulated Depolarization Currents

The principle of the thermally stimulated depo-
larization current (TSDC) technique is based on
the strong dependence of the dielectric relaxation
time, t, on temperature T. A sample is polarized in
a electric field (typically 5� 105 V/m) and the state
of polarization is frozen by quenching the sample
rapidly (55 K min�1) to liquid nitrogen tempera-
ture. The electric field is then switched off and the
sample temperature is increased at a controlled
rate (0.1 K s�1) to record the depolarization
current caused by the disorientation of the
dipoles. A Cary Vibrating Reed Electrometer
(Model 401) is used to record the depolarization
current. The sensitivity of our current measuring
system is 10�17 A and the signal to noise ratio is
greater than 500. The current-temperature data
acquisition is fully automatic.

To characterize the temperature region of the
dielectric spectra two consecutive experimental
cycles were performed on the samples. The first
cycle consists of a thermally stimulated polariza-
tion current (TSPC) experiment. The TSPC
method consists in lowering the sample tempera-
ture from 300 K to liquid nitrogen temperature at
a rate of approximately 1 K s�1. At this point a
polarizing field is applied to the sample while it is
simultaneously heated at a rate of 0.1 K s�1. The
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polarization current versus temperature is digi-
tally recorded. At high temperatures, the glass
transition peak is followed by a step increase
due to the conductivity of the polymer; at this
stage the first cycle is concluded. Henceforth,
without removing the external field, the tempera-
ture of the sample is lowered back again to liquid
nitrogen at a rate of approximately 1 K s�1 to
begin the second cycle or to begin a TSDC
experiment. When the sample again has reached
liquid nitrogen temperature, the polarizing field is
removed and the temperature is raised at a rate of
0.1 K s�1 while the depolarization current is
detected. Further details of the TSDC method
have been described elsewhere.12 All measure-
ments were obtained at least in triplicate.
Analysis of TSDC Results

Direct signal analysis (DSA) is a curve-fitting
procedure that was developed to analyze the
complex low temperature TSDC peaks.14 The
method consists of finding the elementary curves
whose characteristic energies are equally spaced
in a given energy window and whose combination
best fits the whole experimental TSDC profile.
The recorded TSDC current is approximated by
Eq. (1).

JDðTjÞ ¼
XN

i¼1

P0i

tiðTjÞ
exp � 1

bh

ZTj

To

dT0

tiðT0Þ

0
B@

1
CA;

with j ¼ 1; M; N 
 M=2

(1)

The relaxation time for each elementary process
is t(T), its contribution to the total polarization is
P0i, and the heating rate is b. The temperature
dependence of the relaxation time of the low
temperature relaxations can be represented by
the Arrhenius expression, Eq. (2).

tiðTÞ ¼ t0i expðE0i=kTÞ (2)

where t0i and E0i are the pre-exponential and the
reorientation energy of the i elementary curve
respectively. The DSA method adjusts JD(T)
(Eq. 1) to the experimental data using the
Marquardt–Levenberg nonlinear least-squares
fitting algorithm.

To characterize the glass transition relaxation a
model was used that assumes a dipolar system
having been formed by permanent electric
dipole moments that are fixed to the mobile
polymeric chains.15 With this model using the
DOI 10.1002/jps
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Williams–Landel–Ferry, WLF, zero order approx-
imation for the temperature dependence of t(T),
for the case where T�Tg or when the free volume
fraction coefficient is large,16,17 it is possible to
express the thermally stimulated depolarization
current as a function of T:

JðTÞ ¼ J0
expðbðT � TgÞÞ

expðhðT � TgÞ=TÞ þ 1
(3)

where J0 is the current density amplitude; b is the
zero order approximation near the glass transi-
tion temperature of the WLF, Tg is the measured
glass transition temperature of the relaxation;
and h includes the contribution of the dipolar
energy as well as the energy from the polymeric
matrix.15 To analyze the glass transition relaxa-
tion peaks obtained from the TSDC experiments
with Eq. (3), we use a standard nonlinear algorithm
plus a search region for some of the parameters to
make sure that an absolute minimum is obtained
for the least mean square deviations between
expression (3) and the data analyzed.
Figure 1. Onset of dissolution of Eudragit S films
with and without plasticizers. Mean values�SD.
Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) was con-
ducted using a Tritec 2000 DMA (Triton Techno-
logy Ltd., Nottinghamshire, UK). Films were cut
into dimensions of 6 mm width and 2 mm length
and subjected to a tensile deformation mode at a
frequency of 1 Hz, static preload of 0.1 N and
dynamic displacement of 10 mm. A heating rate of
6 K/min was employed from 298 to 473 K. The Tg

value is reported as the peak loss modulus as
opposed to the peak tan d. The former is the more
appropriate representation as the upper tempera-
ture for use of most amorphous polymers is their
‘softening point.’ Hence by the transition midpoint
(peak tan d) this softening point would have been
exceeded.18 All measurements were obtained at
least in triplicate.

Differential Scanning Calorimetry

Film samples were evaluated by differential
scanning calorimetry (DSC) using a Pyris 1
instrument (PerkinElmer Instruments, Bucks,
UK). StepScan-DSCTM (SSDC) was employed;
this performs relatively fast, repetitive sequences
of short heat-hold segments. This differs from
modulated DSC in that it uses an isothermal step
instead of a cooling step. The sample was heated
at 6 K min�1 for 2 K increments and then allowed
to equilibrate for 0.5 min before being subjected to
DOI 10.1002/jps JOURN
heating again. The sample was scanned from 298
to 473 K with a nitrogen gas purge at a flow rate of
20 mL/min. The Tg was taken as the half change in
specific heat capacity (Cp) of the sample. All
measurements were conducted at least in tripli-
cate. Calibration was performed at a heating rate
of 6 K min�1 using the standard references,
indium and lead.

Thermogravimetric Analysis

Thermograviametric analysis (TGA) was per-
formed with a Perkin–Elmer Pyris 6 TGA using
8–13 mg of film at a scan rate of 10 K min�1 over a
temperature range of 303–423 K. After storage
under vacuum the residual solvent of the films
was in the range of 0.63–1.84% of sample mass. All
measurements were conducted at least in tripli-
cate.

RESULTS

Dissolution onset times of the films are shown in
Figure 1. Four films each incorporating a citrate-
based plasticizer (TBC, ATEC, TEC, or TA) and a
control film with no plasticizer were evaluated.
Except for TBC where phase separation was ob-
served during film fabrication, the concentration
of plasticizer used was 20% w/w with Eudragit S.
Hence, to examine TBC, we used it at 15% w/w.
Compared to Eudragit S alone (EU), which has a
dissolution onset of 9.25� 1.02 h, the slowest film
to dissolve was EU-TBC at 19.0� 1.82 h. This
additive is the least water soluble of the plasti-
cizers that were evaluated (<0.002% m/v H2O).19

The dissolution times for the other three blended
films were faster than for Eudragit S alone. The
aqueous solubility of ATEC (0.72% m/v H2O)
AL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 9, SEPTEMBER 2008
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is about 10 times less than TA (6.7–7.8% m/v H2O)
and TEC (5.5–6.9% m/v H2O), and the respective
dissolution times of their films were 5.67� 0.75,
5.69� 0.46 and 3.81� 0.38 h (Fig. 1).

Dielectric spectra are shown in Figure 2A–C.
The dielectric processes in the low and high
temperature regions for the Eudrgit S film are
shown in Figure 2A. These data (Fig. 2A) were
obtained by conducting two consecutive cooling-
warming cycles (TSPC followed by TSDC). The
polarization field was maintained during the first
heating cycle (TSPC) and then removed during
the second heating cycle (TSDC). Secondary
relaxation processes occur in the temperature
range from 80 to 300 K. The dielectric manifesta-
tion of the glass transition appears (peak a) in the
higher temperature range from 300 to 440 K.

The low temperature TSDC dielectric spectra
for all the solvent cast films are shown in
Figure 2B. Polarization was conducted at 300 K.
The low temperature zones (80–310 K) in
Figure 2B display broad multi-component peaks,
with the EU-ATEC film displaying the most
intense peak. Compared to the Eudragit S film,
the maximum for this broad band had shifted to
slightly higher temperatures for all the plasticized
films. The high temperature dielectric spectra are
shown in Figure 2C and were obtained after
polarizing the samples at the maximum of each a

peak. The temperature position of the a peaks was
obtained from experimental cycles similar to the
ones shown in Figure 2A. The a peaks (Fig. 2C) of
the blended films displayed a lower temperature
than that observed for Eudragit S alone. Amongst
the blended films, there were different tempera-
ture maxima and signal intensities. Comparative
glass transition temperatures (Tg) were obtained
by DSC (Fig. 3) and by DMA (Fig. 4). These Tg

values along with the residual solvent values
obtained by TGA are listed in Table 2.
Figure 2. (A) TSPC (filled circles) and TSDC (empty
circles) of Eudragit film. (B) Low temperature TSDC
spectra of films composed of Eudragit S with and with-
out plasticizers. (C) High temperature TSDC spectra of
films composed of Eudragit S with and without plasti-
cizers. The continuous lines are the fitted curves. The
density current in (A–C) was normalized to an electric
field of 1 V/m.
DISCUSSION

The dissolution times for the films are shown in
Figure 1. TSDC was used to compare the dielectric
properties of each film to attain a better under-
standing of the molecular interactions between
the plasticizer and Eudragit S that may influence
film dissolution. The complex TSDC spectra
presented in Figure 2A are composed of several
overlapping and non mono-energetic peaks that
cannot be described by assuming an elementary
Debye process.20 Deconvolution is required to
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 9, SEPTEMBER 2008 DOI 10.1002/jps



Figure 3. DSC thermograms of Eudragit S with and without plasticizers:
–––– EuþTEC, � � � � EuþATEC, - - - EuþTA, -�-�-� EuþTBC, – �� – �� – Eudragit S.
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separate the contributions of individual dipolar
species to the overall depolarization current that
is measured.

The DSA method was applied to the low
temperature range (80–310 K) of the TSDC
spectra (Fig. 2B) to determine the differences
between the secondary relaxations of the films.
Representative results of the DSA are shown in
Figure 5 for the Eudragit S film. The curve fitting
together with the position in temperature and
relative contribution of the Debye elementary
processes which best fit the data are shown in
Figure 5A. The energy window for the best fit
ranged from 0.16 to 0.90 eV and the resulting
Figure 4. Temperature dependence of loss modulus
of Eudragit S with and without plasticizers, at 1 Hz, as
obtained from DMA.

DOI 10.1002/jps JOURN
histogram is shown in Figure 5B. The variation of
the pre-exponential factor t0i corresponding to
each energy beam is plotted in Figure 5C.

The pre-exponential factors varied between
10�5 and 10�13. The energy histogram was fitted
to four mean distributed components, assuming a
Gaussian profile for each component. The Gaus-
sian distribution for the reorientation energy has
been shown to give the most credible results, and
the origin of this energy broadening has been
attributed to the electrostatic interactions
between dipoles and to contributions from elastic
matrix deformations.21 The four Gaussian curves,
labeled in the order of increasing energy (g1, g2, b1,
b2), are shown in Figure 5B. All the films had
these four components in their respective energy
histogram. The corresponding mean energies for
each peak in the films are listed in Table 3. The
mean energy of the g1 component remained
Table 2. The Glass Transition Temperatures as
Determined by DSC and DMA

Film
Tg (DSC)

(K)
Tg (DMA)

(K)
Residual

Solvent (%)

EU 405.9� 0.14 410.8� 1.0 1.09� 0.22
EU-TBC 394.0� 0.94 394.7� 2.1 1.65� 0.08
EU-ATEC 390.8� 2.27 388.5� 1.2 1.21� 0.16
EU-TEC 383.7� 1.03 379.0� 0.6 0.63� 0.22
EU-TA 377.9� 3.62 378.9� 1.3 1.10� 0.17

The residual solvent in each film is also listed. Mean
values�SD.

AL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 9, SEPTEMBER 2008



Table 3. Direct Signal Analysis of the Secondary Relaxations Obtained by TSDC

Sample E0g1(sg1) (eV) E0g2(sg2) (eV) E0b1(sb1) (eV) E0b2(sb2) (eV)

Eu 0.19 (0.05) 0.33 (0.09) 0.64 (0.15) 0.85 (0.01)
Eu-TBC 0.18 (0.05) 0.37 (0.10) 0.67 (0.13) 0.87 (0.02)
Eu-ATEC 0.19 (0.06) 0.37 (0.10) 0.65 (0.12) 0.85 (0.02)
Eu-TEC 0.18 (0.05) 0.36 (0.10) 0.64 (0.13) 0.85 (0.03)
Eu-TA 0.19 (0.05) 0.37 (0.10) 0.65 (0.15) 0.84 (0.01)

Mean energies (E0) and width distributions (s) for each component.

Figure 5. DSA results for the secondary relaxations of Eudragit film. (A) Experi-
mental (empty circles) and fitted (straight line) spectrum. The position in temperature
and relative contribution of the Debye elementary processes which best fit the experi-
mental curve are also represented. (B) Energy histogram of the contribution to the
polarization of each Debye component peak. (C) Variation of the Arrhenius preexpo-
nential factor with the activation energy. (D) Starkweather representation of E0i versus
Tmi. The filled circles are the DSA results from the numerical decomposition of the
secondary relaxations. The line is the zero entropy line.

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 9, SEPTEMBER 2008 DOI 10.1002/jps
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constant in all films at approximately 0.19 eV.
However, for the g2 component, the energy is
significantly higher in the plasticized samples
compared to that observed for the Eudragit film
alone.

To check that the elementary processes
obtained by DSA correspond to local modes of
the secondary relaxations, the Starkweather22

representation is presented in Figure 5D. In this
figure the zero activation entropy line corresponds
to the solution of Eq. (4).

E0i ¼ kTmi 1 þ ln
kTmi

2phfmi

	 
	 

(4)

The average TSDC equivalent frequency, fmi, is
assumed to be 2.47� 10�3 Hz, and the tempera-
ture, Tmi, of the elementary peak maxima
obtained by DSA is used. The temperature
dependence of the activation energies, plotted as
filled circles, lies next to the zero-entropy line,
with the exception of the first low temperature
points that exhibit negative deviation to this line.
Some of these contributions belong mainly to the
first distributed process (g1) that could not be fully
reproduced (see Fig. 5B) due to the proximity to
the lower temperature limit of our experimental
setup. Taking into account this effect, it can be
Figure 6. Total polarization of the global lo
the polarization of each of the four main compo
times of the different Eudragit S films. The da

DOI 10.1002/jps JOURN
inferred from the Starkweather representation
of Figure 5D that the overall elementary pro-
cesses obtained by DSC are localized motions
with no correlations involved. This trend has been
also reported in previous TSDC studies where
the decomposition in elementary processes
was performed using partial polarization techni-
ques.23,24

The absolute values of each component polar-
ization and the total polarization of the global low
temperature band as a function of the dissolution
time are calculated and shown in Figure 6. The
calculation was made using an electric field
strength of 1 V/m. The predominant contribution
to the total polarization is from the b1 component.
The g1 and b2 components display the smallest
contribution to polarization. The contribution of
the g2 component is about five times greater than
the g1 and b2 components.

As the b1 and, hence the total secondary
relaxations increase, the films display faster
dissolution rates. This inverse linear correlation
between both the b1 and the global low tempera-
ture peak areas with dissolution time exists for all
the films except for the EU-ATEC film. The b1

component is most likely to be derived from
carboxylic acid functional groups (vide infra).
Facile deprotonation of the carboxylic acid
w temperature band (filled symbols) and
nents (open symbols) vs dissolution onset
sh lines are the best fit to straight lines.

AL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 9, SEPTEMBER 2008
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moieties results in ionization which will have a
major influence on film dissolution.25,26

Influence of Plasticizers as Determined by
Changes in TSDC Secondary Relaxations

Variations in the secondary relaxation caused by
plasticizer can arise from changes in local free
volume, that is, packing efficiency variations,27

local free volume fluctuations,28 or dynamic
interactions and constraints between the polymer
and plasticizer.29 Plasticizers can reduce the
resistance of polymer molecules to slide past each
other by favorably interacting with the polymer
through dipolar interactions30–32 or other nonco-
valent interactions, especially hydrogen bonds.33

Hydrogen bonding with a plasticizer may
weaken intermolecular polymer–polymer interac-
tions. This can potentially increase the propensity
for water imbibation into the films to facilitate
faster dissolution times. The large secondary
relaxation area for EU-ATEC may thus contribute
to a faster than expected dissolution rate than
what would be anticipated by the relative aqueous
solubility of the plasticizer.

Structurally TEC and ATEC differ only by the
acetylation of the tertiary hydroxyl group in
ATEC. This results in ATEC being approximately
10 times less water soluble than TEC. ATEC is a
hydrogen bond acceptor only, while TEC is both
a hydrogen bond acceptor and donor. Being only a
hydrogen bond acceptor, ATEC may interact
relatively more efficiently with the carboxylic
acid H-bond donors on Eudragit S to reduce
polymer–polymer interactions. This relative
reduction in polymer–polymer chain interactions
results in faster dissolution which cannot be
anticipated by the water solubility of ATEC alone.

In a study of the structurally related homo-
polymer, poly(methyl methacrylate) (PMMA), a
small mechanical loss peak was reported17 and
was assigned to the rotation of the methyl groups
that are attached directly to the polymer main-
chain. This assignment was corroborated by
TSDC33 and nuclear magnetic resonance analy-
sis.34 Ultrasonic attenuation experiments35 indi-
cated an activation energy of about 0.2 eV in the
temperature region from 100 to 130 K. These
values are similar to the ones found in our work
for the g1 process. These observations are con-
sistent with the dielectric g1 peak of the Eudragit
samples being assigned to the orientation of
the CH3 dipoles that are covalently bound to the
Eudragit S main chain.
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In a series of n-alkyl methacrylate polymers
examined by McCrum et al.,17 a g mechanism was
detected by mechanical methods. An activation
energy of 0.4 eV, was observed and ascribed to the
motions of the pendent ester methyl group. The
similar activation energies of this g process and
the g2 processes from our study suggest that this
reorientation could be assigned to the ester
methyl groups in Eudragit S. The increase of
the reorientation energy of the g2 process in the
plasticized film samples compared to the EU
control films may be due to the presence of the
plasticizer hindering the motions of the ester
methyl group.

The broad b1 component (Tab. 3) suggests that it
is a combined process involving a weighted sum of
elementary processes occurring in different local
environments. A similar b relaxation with an
activation energy of 0.7 eV at the same tempera-
ture range was observed by mechanical and TSDC
techniques for poly(2-chlorocyclohexyl methacry-
late).36 This process was attributed to pendent
rotations through single bonds linked to the
polymer mainchain. The similarity of this b1

component suggests our observed b1 peak may
also be due to the rotation of the pendent –
COOCH3 and –COOH groups about the C–C bond
that links them to the polymer mainchain. As the b1

area increases, the number of available carboxylic
acid functional groups participating in this relaxa-
tion becomes larger. Hence the exposed sample
must have a greater number of carboxylic acid
functional groups that are accessible for ionization
by water. This would cause faster dissolution.

Both ATEC and TA are exclusively hydrogen
bond acceptors and compete for the carboxylic acid
pendent groups in Eudragit S. TA has three ester
and ATEC has four ester functionalities, so TA has
fewer accepting sites than ATEC. The contribu-
tion of other noncovalent interactions between
ATEC and Eudragit S should not be disregarded
as they can contribute to the large b1 area of
this blend. The molecular volume, shape and
polarity of ATEC as well as the accessibility of its
carbonyl groups influence its interaction with the
polymer.37

The high reorientation energy of the b2 compo-
nent (approximately 0.85 eV) is associated with
low pre-exponential Arrhenius factors and could
be due to overlapping with the low temperature
tail of the a transition. It is possible that this
relaxation arises from the carbon–carbon bonds
along the main chain whose motion would be the
initial motions, especially near the chain ends, as
DOI 10.1002/jps
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the primary glass transition temperature is
approached.

Influence of Plasticizers as Determined by
Changes in TSDC Glass Transitions

To better understand the influence of the plasti-
cizer on the dielectric manifestation of the glass
transition, the high temperature TSDC profiles
were evaluated. An analysis of the a peaks was
conducted using the phenomenological model
described by Eq. (3). The continuous lines in
Figure 2C along with the parameters shown in
Table 4 are consistent with the fittings obtained
using this analysis.

Our data shows that there is a decrease in the
fitted Tg values as the molecular weight of the
plasticizer diminishes and its solubility increases
(Tabs. 1 and 4). Decreased intermolecular poly-
mer–polymer interactions are also indicated by
the higher b parameters (inverse to the peak–
width) for the plasticized samples compared to the
net film (Tab. 4). Lower Tg values can result
because the plasticizers were blended by weight
percent rather than by molar percent. For a lower
MW plasticizer there are more molecules for a
given composition and therefore more molecules
are available to occupy the accessible sites along
the polymer structure.38 Out of all the plasticizers
explored in this study TBC provides the least
molecules as it is of the largest MW and included
at a lower proportion of polymer weight. The Tg

values obtained by DMA and DSC techniques also
displayed a tendency to decrease when the
molecular weight and the solubility of the
plasticizers decreases and increases respectively
(Tabs. 1 and 2). This dependency of polymer chain
separation and reduction of the intermolecular
forces between them on the aqueous solubility of
the plasticizer contrasts with the DSC results
obtained for the poly(methacrylic acid ethylacry-
late) copolymer (Eudragit L100-55) films39 that
were plasticized with the same additives as those
used in the present work.
Table 4. Analysis of the Glass Transition Relaxations
Obtained by TSDC.

Sample J0� 1011 (A/m2) b (K�1) Tg (K) h

Eu 0.005 0.0781 404.2 119.6
Eu-TBC 0.0059 0.0968 375.3 95.0
Eu-ATEC 0.0084 0.0864 372.3 88.9
Eu-TEC 0.0066 0.0816 358.6 88.8
Eu-TA 0.0122 0.0969 348.8 83.9
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It is interesting to compare the TSDC results
obtained with EU-TEC and EU-TBC. These are
the fastest and slowest dissolving films respec-
tively. They differ only in the number of carbons in
their ester chains (two and four for TEC and TBC
respectively). The moieties capable of participat-
ing in hydrogen bonds are the same for these two
plasticizers with the three ester groups poten-
tially acting as H-bond acceptor sites. The tertiary
hydroxyl group has both H-bond donating and
accepting character. There is approximately a
19 K difference in the glass transition tempera-
ture of the films and a 8 K difference in their global
secondary relaxation temperature maxima; with
EU-TBC displaying the higher temperature
values. It is possible that the butyl alkyl chains
of TBC reside more readily between the Eudragit
S polymer chains to orient the ester and hydroxyl
functional groups with the polar groups on the
polymer. This would decrease the local polymer–
polymer free volume fluctuations, and conse-
quently cause improved packing; thus facilitating
enhanced noncovalent polymer–additive interac-
tions.

Interactions may occur between hydroxyl
groups of TBC and H-bond acceptor moieties
(e.g., carbonyl in acid and ester groups) of the
polymer in addition to interactions of the carbonyl
groups of the plasticizer with the H-bond donating
moiety (carboxylic acid proton) on the polymer.
This latter interaction may explain the increase
of the reorientation energy of the b1 process on Eu-
TBC and thus the shift to higher temperatures of
the global secondary spectrum. Interactions of the
carbonyl groups of TBC with the carboxylic acid
proton of EU would also decrease the amount of
free hydroxyl groups which are accessible to
water.38 The combination of low TBC water
solubility and increased polar polymer–plasticizer
interactions would be consistent with the pro-
longed dissolution time observed for EU-TBC.

While the Tg of EU-TBC film is lower than that
of EU alone (see Tabs. 2 and 4); the trend is not the
same when comparing the areas and maxima of
the secondary relaxations for the two films. TBC
enhances segmental mobility while hindering
the mobility of the pendent chain moiety of
Eudragit S. These opposing effects of the plasti-
cizer on primary and secondary relaxations of
polymer systems has previously been reported by
Ngai et al.40

Our results show that the Tg values of the
polymer films do not correlate to Eudragit S
polymer film dissolution; however the secondary
AL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 9, SEPTEMBER 2008
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relaxations areas do. From this we can infer that
the local environment of the side chains, particu-
larly interactions and free volume fluctuations of
the carboxylic acid group, have a predominant
effect on polymer film dissolution in comparison to
the cooperative mobility of the system.

The relative contribution of plasticizer aqueous
solubility and the extent of polymer–polymer
interaction disruption on the dissolution of
Eudragit S films can be established from a
comparison of the dissolution rate of EU-TEC
and EU-ATEC films. These two systems displayed
relatively small differences in their dissolution
times despite an almost 10-fold lower aqueous
solubility of ATEC compared to TEC. This
suggests that disruption of polymer–polymer
interactions can make a significant contribution
towards increasing the rate of Eudragit S film
dissolution.
Figure 7. Correlation of Tg’s of the films obtained
from the different thermal methods. TSDC Tg versus
DMA Tg (filled circles), TSDC Tg versus DSC Tg (empty
circles) and DSC Tg versus DMA Tg (empty squares).
The lines are the best fit to straight lines.
Comparison of Tg Values as Determined by
DSC, DMA, and TSDC

Determining the Tg by different methods can
result in different values being obtained.41 For
comparison, we used three methods to determine
the Tg of our isolated polymer films: (1) TSDC,
(2) DSC, and (3) DMA. DSC measures the change
in specific heat capacity (Cp) of the sample, DMA
detects the glass transition via mechanical
changes, and TSDC detects the Tg through dipolar
rearrangements. DSC and DMA are the two most
common methods for determining Tg.42 DSC
measurements give quantitative thermodynamic
data for a change in specific heat capacity of
the sample at Tg. While only small samples are
required, it is sometimes difficult to determine Tg

by DSC when it is a minor event42 and there are
phase separations in a mixture. In contrast, DMA
has about 1000 times greater sensitivity for
detecting the Tg

18 however a larger sample size
is required.

The Tg values for all the films obtained by TSDC
a peaks are listed in Table 4 and those obtained by
DMA and DSC are listed in Table 2. All three
techniques gave a similar value for Eudragit S
films (DSC/DMA:402 K and TSDC: 405.9 K).
While the trend was similar for the plasticized
films, the Tg values that were obtained by TSDC
were lower than the Tg values that were deter-
mined by DSC and DMA, which were similar.
There was a greater difference between the TSDC
and DSC/DMA derived Tg values for the lower
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molecular weight plasticizers (TA and TEC). Also
the DMA Tg value for EU-TEC was 4.7 K lower
than the DSC derived Tg value. Although this
difference is relatively small, the data are repro-
ducible with very little variation.

Regarding the difference in the Tg values
obtained by TSDC and DSC/DMA, Leroy et al.43

reported a similar observation in their study of
poly(vinyl methyl ether/polystyrene) blends. The
observed Tg differences between the TSDC and
DSC values were rationalized on the basis of the
Lodge and McLeish44 model (2000) of the ‘‘effec-
tive concentration’’ concept. This model links the
effective TSDC glass transition temperature to
the average segmental mobility of the dielectri-
cally active component in the blend. For a lower
MW plasticizer more molecules must be available
to occupy the accessible sites along the polymer
structure, and consequently the polymer segment
will sense greater variations in the effective local
concentration. According to the Lodge and McLe-
ish model, this would produce greater differences
of the effective local Tg that can be observed by
dipolar interactions than the macroscopic Tg

obtained by DSC or DMA. Our results are
consistent with the predictions of this model.

The correlation of the Tg values obtained by the
different methods are plotted in Figure 7. There is
a liner correlation between the TSDC and DSC
results that is independent of the small differ-
ences in residual solvent in each film (Tab. 2).
DOI 10.1002/jps
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Additionally, there are two linear relations among
the Tg values obtained from TSDC and DSC with
respect to that of the DMA, with the exception of
the glass transitions of the sample with the
smallest plasticizer (EU-TA), which is higher
than expected by the linearity shown by the other
samples (i.e., the Tg for EU-TA is below the two
lines in Figure 7 for TSDC-DMA and DSC-DMA).
TA seems to be the most effective plasticizer in
interrupting the polymer–polymer interactions,
as EU-TA displays the lowest Tg and the highest
b-parameter (see Tab. 4). The relatively higher Tg

value for EU-TA that was observed by DMA
indicates that there are additional plasticizer
effects that are manifested in the mechanical
relaxations, but not through dielectric and ther-
mal relaxations.

Anderson et al.45 studied polystyrene/mineral
oil blends and reported the existence of polymer
chain end effects that restrict their mobility and
thus results in higher moduli and strength than
expected. These effects occur when the average
diameter of the mineral oil domains was less than
or equal to the average size of the free volume
voids of the polymer chain ends. In agreement
with this result, it could be that as TA is the
smallest plasticizer, the chain end effects could
affect the mean mechanical relaxation of EU-TA
while the dielectric and thermal relaxations could
be mainly influenced by the extent of the
disruption of polymer-polymer interactions. In
Table 1 it can be seen that TA is the only
plasticizer that has a tri-substituted carbon. The
other plasticizers all have a quaternary carbon.
TA has a smaller volume and more mobility due to
its tertiary substitution. These characteristics of
TA could explain its ability to pack more
efficiently at the chain ends of the polymer to
restrict chain end mobility. The expectation is
that the mechanical relaxations of EU-TA would
then decrease. In contrast, the TSDC a peak of
EU-TA (Tab. 4) has the highest intensity, smallest
width and the lowest Tg. This indicates that the
cooperative movements are extended freely along
the polymer chain, resulting in disruption of the
polymer–polymer interactions in this sample.
CONCLUSIONS

Dissolution of methacrylic acid-methylmethacry-
late copolymer films is influenced by the solubility
and structure of the citrate plasticizers incorpo-
rated in the blend. The detailed analysis of the low
DOI 10.1002/jps JOURN
temperature TSDC spectra of the samples pro-
vided the means to identify several secondary
relaxation mechanisms. Relaxation of the car-
boxylic acid functional group was identified and
its peak area along with the total secondary
relaxation peak area were found to be related to
the film dissolution times. Secondary relaxation
areas are related to polymer plasticizer interac-
tions, and the differences between the films are
mainly attributed to hydrogen-bonding. Hydrogen
bonding can cause disruption of polymer–polymer
interactions which can increase the propensity for
water imbibation into the films and can therefore
result in an increased dissolution rate. No cor-
relation however was found for the dissolution
time of the films with the Tg values obtained by
TSDC, DSC and DMA. Polymer–plasticizer inter-
actions have different influences on side chain and
segmental relaxations.

The above results indicate that the dielectric
secondary relaxations may be a powerful probe to
help comprehend the molecular interactions
between a plasticizer and a polymer. While this
study focused on the interactions between Eudra-
git S and citrate based plasticizers, our results
may contribute towards a better understanding of
how noncovalent molecular interactions within a
film can influence its dissolution.
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