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A  previous  work  from  our  lab  reported  the  higher  sorption  of  lipophilic  preservatives  in  LDPE  form-fill-
seal  packs  that  were  stored  at 75%  relative  humidity  (RH)  as  against  25%  RH.  The  aim  of  the  present  work
was  to  investigate  structural  changes  taking  place  in LDPE  on  exposure  to  higher  humidity.  The  crys-
tallinity  of  LDPE,  determined  by differential  scanning  calorimetry,  was  found  to  be  similar  for  the  packs
charged  at  both  humidity  conditions.  Dielectric  spectroscopy  (1.0E−02  Hz  to 1.0E02  Hz  in  the  temperature
range  of  75–87 ◦C),  however,  showed  faster  � relaxation  of  LDPE  films  exposed  to  higher  humidity.  The
activation  energy  of  � relaxations  was  lower  at  75%  RH  (99.735  kJ/mol)  than  at 25%  RH  (113.112  kJ/mol)
umidity
orption
lasticization effect
lastic packaging

after  two  weeks  of  storage.  This  work  presents  previously  unreported  evidence  of  the  plasticization
effect  of water  on  LDPE,  using  dielectric  spectroscopy.  Furthermore,  changes  in  � relaxation  on  exposure
to humidity  support  the  latest  theory  of  its  origin  to  be from  the  constrained  amorphous  regions.  The
authors  suggest  the  employment  of  extreme  humidity  conditions  (low  and  high),  during  accelerated  sta-
bility studies  of  aqueous  products  in  plastic  packs  to  track  the  sorption  loss  of  formulation  components.
. Introduction

Plastic containers are economical, light-weight, shatter-proof,
nd can be molded into custom-designs having desired rigidity. The
ast few decades have seen a shift from glass to plastic packaging
aterials, even for sterile multi-dose products, where traditionally

lass had been the preferred choice of packaging material. This shift
as been further encouraged by the blow-fill-seal (BFS) or form-fill-
eal (FFS) technology. The main polymers utilized in the BFS/FFS
echnology for extrusion blow molding are polyolefins – polyethy-
ene like low density polyethylene (LDPE) and polypropylene –
sually used in the virgin state without any additives. High sorption
otential of plastics is responsible for loss of lipophilic components
f the formulation by way of sorption (Bergquist et al., 2006; Croce
t al., 1991; Holdsworth et al., 1984; Illum and Bungaard, 1982;
enley and Jenke, 1990; Richardson et al., 1977; Roberts et al.,
980, 1983; Wong et al., 2006). Previous reports (Delassus, 1997;
iacin and Hernandez, 1997) have compiled permeability and dif-
usion coefficients of different lipophilic compounds in a variety
f plastics. They have discussed the effect of different treatments
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to plastics, solute concentration/vapor pressure, temperature and
humidity on the rate and extent of mass transport of various solutes.

It is generally assumed that, for aqueous-based products packed
in semi-permeable containers, the environmental humidity affects
the rate of water loss from the formulation, with lower humidity
conditions accelerating the water loss. Indeed, ICH Q1A (R2) sta-
bility guideline (Feb., 2003) has incorporated 40 ◦C/ /> 25% RH as
the accelerated stability condition for liquid products packed in
semi-permeable containers.

Another effect, the prevailing humidity of the storage conditions
could have, is on the barrier properties of the packaging material. A
previous work from our lab investigated the effect relative humid-
ity on the sorption of methyl paraben and propyl paraben from their
aqueous solutions (0.015%, w/v) when stored in LDPE FFS packs for
three months at 40 ◦C. Methyl paraben (MPB) and propyl paraben
(PPB) gave significantly higher losses in LDPE packs when stored
at 75% RH, as against those stored at 25% RH (Amin et al., 2010).
Although, polyolefins are considered to be too hydrophobic to be
affected by environmental humidity (Delassus, 1997), our results
from the above-mentioned study indicate the plasticization effect
of humidity on LDPE. This is a surprising observation, especially
in the light of a study by Borek and Osoba (2001),  which reports
the anti-plasticization effect of water on polyethylene based on

the decrease in free volume of the polymer, aged in high humidity
conditions.

Mass transport of penetrants through semicrystalline polymers
(like LDPE), is widely accepted to occur through the continuous

dx.doi.org/10.1016/j.ijpharm.2011.11.015
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
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morphous phase existing between the crystallites since the pen-
trant is insoluble in the crystalline phase (Lützow et al., 1999;
eway, 2003). Segmental mobility in the amorphous regions above

he Tg is known to facilitate the transport of penetrants (Hedenqvist
t al., 1996; Schott, 2001). Hence, it is reasonable to assume that
eduction in the crystalline component or enhancement in poly-
er  chain mobility in amorphous regions (plasticization), can affect

he transport properties. Crystallinity of a polymer is usually deter-
ined using differential scanning calorimetry or X-ray diffraction

Charmette et al., 2009; Friess et al., 2009; O’Leary and Paul, 2006).
ielectric relaxation spectroscopy is widely used for polymers to
ap  the molecular mobility of the polymeric chains (Craig, 1995).
Many literature reports have correlated the transport of small

olecules through polymers focussing on the influence of crys-
allinity. (Charmette et al., 2009; Friess et al., 2009; Huang and Paul,
004; Komatsuka et al., 2008; O’Leary and Paul, 2006; Pino et al.,
005). The latter, however, may  not provide the complete picture
nd a better understanding of the transport process can be achieved
y mapping the overall molecular environment. Reports correlat-

ng the barrier properties of polymers with the latter’s dielectric
elaxations, are scarce in the literature (Lee et al., 2003; Richards
t al., 2009), and are mostly restricted to gas transport.

The aim of the present work was to investigate the structural
hanges taking place in LDPE on exposure to different humidity
onditions that could affect its barrier properties. Dielectric spec-
roscopy (DES) was used to investigate the water-induced changes
n the mobility of polymeric chains of LDPE.

. Materials and methods

.1. Materials

LDPE film of approximately 0.1 mm thickness was procured
rom Ansa Printpack Pvt. Ltd., India. Water purified by reverse
smosis (Ultra pure water system, USF Elga, UK) was used for all
he experiments.

.2. Determination of crystallinity

Differential scanning calorimeter (DSC 821e Mettler Toledo,
mbH, Switzerland), equipped with an intra-cooler and calibrated

or temperature and heat flow using high purity indium and zinc
tandards, was used to determine the degree of crystallinity in FFS
acks exposed at different humidity conditions for three months.
he calorimetric response of different samples was  measured.
he samples (3–8 mg)  were analyzed under dry nitrogen purge
80 ml/min) in sealed and pin-holed aluminum (Al) pans. They were
eated from 40 ◦C to 170 ◦C at a rate of 10 ◦C/min. Degree of crys-
allinity of the LDPE was  calculated from the heat of fusion as per
q. (1):

% = �Hf

�Hc
f

× 100 (1)

Hf is the heat of fusion of the sample and �Hc
f

is the heat of fusion
f 100% crystalline sample. The �Hc

f
of LDPE is 285 J/g (Chabira et al.,

006).

.3. Dielectric spectroscopy

The real permittivity (ε′), imaginary permittivity (ε′′) and tan ı,
f various LDPE film samples in the form of discs were measured

ith a Broadband Dielectric Spectrometer (Concept 40, Novocon-

rol, Germany) as a function of frequency (10−2 Hz to 106 Hz) in
he temperature range of 40–95 ◦C. For detailed analysis, a range
rom 10−2 Hz to 102 Hz is shown, since the plots were devoid of
armaceutics 422 (2012) 302– 309 303

any prominent peaks at higher frequency. Temperature was  con-
trolled by purging compressed dry air connected to Quadro system
initialized for dry gas option. The temperature during isothermal
measurement was controlled within ±0.05 K. The dried samples
were sandwiched between gold-coated electrodes (30 mm diame-
ter) and mounted on the sample holder. The diameter and thickness
of LDPE film samples were 30 mm  and 0.10 ± 0.02 mm,  respectively.

The dielectric loss spectra (imaginary permittivity ε′′) at differ-
ent temperatures were fitted to the Havriliak Negami (HN) equation
using WinFIT software (version 3.2, Germany) to obtain the charac-
teristic relaxation time, �HN. A conductivity term [(�0/ε0ω)N] was
included in all HN-fittings to account for d.c. conductivity.

2.4. Sample treatment protocols

An experiment, involving extreme conditions, was conducted to
understand and capture the changes in the dielectric relaxations of
LDPE film on exposure to humidity. LDPE films, one in dry con-
dition and other immersed in water, were exposed to 70 ◦C for
12 h. Such extreme conditions were used to enable identification
of the range of temperature and frequency of dielectric relaxations
which could capture the changes between the water-treated and
untreated samples.

The next experiment simulated the ICH prescribed accelerated
stability conditions for aqueous products stored in semi perme-
able containers (40 ◦C/25% RH) and for general case (40 ◦C/75%
RH) (Feb., 2003). Heat sealed triangular pouches (made from
15 cm × 15 cm LDPE film square pieces) filled with ∼50 ml  water,
were made ensuring minimum air entrapment inside the pouches.
These pouches were inspected for absence of leakage and charged
at 40 ◦C/25% RH (sample code: P4025) and 40 ◦C/75% RH (sample
code: P4075). These pouches (n = 3) were subjected to DES  analysis
after 2 weeks, to capture the differences in mobility of polymeric
chains.

3. Results and discussion

3.1. Crystallinity of FFS packs

DSC was  used to quantify the crystalline fraction of LDPE of
FFS packs. Table 1 shows the experimentally obtained enthalpy
of fusion and the calculated degree of crystallinity of LDPE packs
exposed at 25% RH and 75% RH. Student’s t-test indicated no sta-
tistically significant difference between crystallinity of LDPE packs
stored at the two  humidity conditions.

3.2. Dielectric spectroscopy

With no changes in crystallinity of LDPE packs with changing
humidity, it was  hypothesized that the structural relaxations, espe-
cially in the amorphous regions of the polymer, might be altered
due to humidity thus affecting sorption of the preservatives. DES
is frequently used to characterize the molecular mobility of semi-
crystalline polymers.

Initial experiments were performed with plastic discs cut out
from FFS packs. However, noise/artifacts in the relaxation peaks,
made the quantification of relaxation times (�HN) from HN-fitting
difficult. Therefore, in absence of any quantitative parameter for
statistical comparison, a reliable conclusion could not be made.

The reasons for the noise/artifacts can be ascribed to poor elec-
trode contact, caused by the uneven film thickness of LDPE FFS

pack walls. In order to gain a systematic and reliable understand-
ing of the effect of humidity on the relaxations of LDPE, virgin
LDPE film of uniform thickness of 0.1 mm was used for further DES
studies.
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Table 1
Enthalpy and crystallinity of LDPE packs containing MPB  (methylparaben) and PPB (propylparaben) solutions (buffered at pH 5) at different relative humidities (RH) as
obtained using DSC. The reported values of enthalpy of fusion are an average of three observations with their standard deviations. Degree of crystallinity has been calculated
from  the enthalpy values.

Sample Enthalpy of fusion (J/g) Degree of crystallinity (%)

90-day LDPE pack with MPB  (25% RH) 86.06 ± 9.97 30.20 ± 3.50
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90-day LDPE pack with MPB  (75% RH) 89.94 ± 1.87 

90-day LDPE pack with PPB (25% RH) 76.73 ± 3.70 

90-day LDPE pack with PPB (75% RH) 77.84 ± 5.24 

.2.1. Dielectric relaxations of untreated LDPE film
The complex permittivity, ε*(ω), defines the dielectric proper-

ies of a material in the frequency domain. Mathematically it can
e represented as a combination of the real part, ε′(ω), and the

maginary part, ε′′(ω) [equation: ε*(ω) = ε′(ω) − iε′′(ω)]. The peak in
maginary permittivity and step change in real permittivity, which
epresents the relaxation, can be described mathematically by the
avriliak–Negami (HN) equation:

∗(ω) = �ε

{1 + (iω�)1−a}ˇ
+ ε∞ (2)

here �ε  (the dielectric increment) and � (the relaxation time con-
tant) describe the strength and time dependence of the relaxation
rocess respectively and the quantity ε∞ is the real permittivity
t frequencies much higher than the relaxation process (i.e. the
nstantaneous behaviour).  ̨ and  ̌ in Eq. (2) represent the HN-shape
arameters.

 ̨ is the width parameter and describes the slope of the low
requency side of the imaginary permittivity peak. ˇ is the asym-

etry factor. −˛  ̌ gives the slope of the high frequency side of the
maginary permittivity peak. A large value of (1 − ˇ) implies a broad
istribution of relaxation times (Pearson and Smith, 1998).

Fig. 1A and B shows the imaginary permittivity of a LDPE film as
 function of frequency. Fig. 1A shows the spectrum in the high fre-
uency range of 102 Hz to 106 Hz. Because of the strong increase in
he ε′′ values (at higher temperatures) on lowering the frequency,
he response of the higher frequency of the spectrum has flattened
ut. A closer view can be obtained from the inset of Fig. 1A, which
hows the spectra of LDPE film at 40 ◦C, 50 ◦C, 60 ◦C, 70 ◦C and 80 ◦C,
n the high frequency range. At 40 ◦C and 50 ◦C, the spectrum shows

 curved response, indicating the presence of some weak relax-
tions. However, at higher temperatures, the curve starts merging
ith an emerging peak of high intensity seen towards the low fre-

uency area. This emerging peak is seen in its entirety in Fig. 1B
low frequency region: 10−2 Hz to 102 Hz) at 80 ◦C. At lower tem-
eratures, the mobility of chains, contributing to a relaxation, is

ess and therefore peak-max of the relaxation was at a frequency
ower than the experimental range of frequency employed. As the
emperature increased, the mobility of polymeric chains increases
nd the relaxation peaks have shifted towards higher frequency. As
entioned above, at 80 ◦C the relaxation had shifted sufficiently to

igher frequency to emerge as a peak.
Works of Suljovrujic (2002, 2005) with LDPE indicate the pres-

nce of noticeable � relaxations in the high frequency range
etween temperatures of −50 ◦C and 50 ◦C. However, it can be seen
rom his works that � relaxations show maximum intensity near
◦C, and on either side of the temperature scale there is a decrease

n intensity. Based on these reports, we can infer that the low inten-
ity curve in the high frequency range of the present work visible
t 40 ◦C (see inset Fig. 1A) can be attributed to the � relaxations in

DPE. The � relaxations are associated with the glass–rubber tran-
ition region and are thought to arise from the amorphous domains,
ince the decrease in the amorphous fraction leads to the decrease
n the intensity of this relaxation. The molecular origin of the �
31.56 ± 0.66
32.23 ± 0.81
32.79 ± 0.48

relaxation process is the motion of side branches, as well as of the
chain-end motion (Suljovrujic, 2002).

The relaxation peaks of LDPE in Fig. 1B (low frequency region:
10−2 Hz to 102 Hz) are similar to those reported by Fu et al. (2007).
They observed a fully resolved Debye-type loss peak in the low
frequency range at temperatures 60 ◦C and above, for LDPE films
which were gamma-irradiated. These peaks shifted to higher fre-
quency with increasing temperature. They attributed these peaks
to the Maxwell–Wagner relaxation, which is a form of dielectric
polarization typically observed when local regions of conduction
are in series with blocking capacitive interfaces. These relaxations
represent the presence of charge carriers and/or their mobility
in the sample (Fu et al., 2007). However, for the following rea-
sons, caution is exercised in attributing the low frequency peaks of
the present work to Maxwell–Wagner relaxations. Fu et al. (2007)
had observed the Maxwell–Wagner peaks only for LDPE samples
gamma-irradiated in oxidative atmosphere. They did not observe
this phenomenon for control (untreated samples) LDPE films. Con-
sidering that the LDPE films of the present work are not irradiated,
the presence of Maxwell–Wagner relaxation and subsequently the
presence and mobility of charge carriers (polar groups) within the
sample is implausible.

Polyethylene demonstrates three principal relaxations: �, � and
� in order of decreasing temperature. � processes of polyethy-
lene range from 30 ◦C to 120 ◦C with activation energies ranging
between 80 and 210 kJ/mol (Fried, 2007). � relaxations mostly
occur at temperatures −53 ◦C to 7 ◦C. � relaxations occur in the
range of −150 ◦C to −120 ◦C. The activation energies of � and �
processes range from 150 kJ/mol to 200 kJ/mol (Fried, 2007). Since
the resolved dielectric relaxation peaks in Fig. 1B (low frequency
region: 10−2 Hz to 102 Hz) start appearing around the temperature
of 80 ◦C with Arrhenius activation energy of 130 kJ/mol (see later
sections), we  can infer that these are � relaxations. The origin of
dielectric � relaxation of LDPE is still under debate; however, tra-
ditionally it has been thought to arise from the chain movements
in the intracrystalline regions of LDPE (Vaisman et al., 2003).

At frequencies lower to the � peak (Fig. 1B), an increase in ε′′ is
observed, which can be attributed to the d.c. conductivity of LDPE.
The d.c. conductivity at 40 ◦C was  found to be 3.15E−16 S/cm. This
increased with increasing temperature.

3.2.2. Dielectric relaxations of LDPE film subjected to stress
conditions

Subsequent to the exposure at 70 ◦C for 12 h, dielectric loss spec-
tra were recorded for both the films (dry and water-treated) in high
and low frequency range at selected temperatures. In the previ-
ous experiment, a complete � relaxation peak appeared at high
instrument temperature (80 ◦C). Therefore, for this experiment the
spectra were recorded 80 ◦C, 85 ◦C, 90 ◦C and 95 ◦C (Fig. 2). Loss
spectra in the high frequency range (102 Hz to 106 Hz) did not show
any peaks and therefore were not analyzed further. Loss spectra at
low frequencies (10−2 Hz to 102 Hz) (Fig. 2A–D) revealed � relax-

ation peak at all studied temperatures. However, this relaxation
peak merged with the d.c. conductivity (identified by a straight
line with negative slope in log/log ε′′ vs. frequency plot) at higher
temperature of 95 ◦C.
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nal humidity? To address this doubt, and to make the DES results
relevant to the actual stability conditions, the stability conditions
(with 100% RH inside) were simulated with LDPE films. LDPE films

Table 2
Fit parameters of dielectric response of (i) dry LDPE film stored at 70 ◦C and (ii)
LDPE film immersed in water at 70 ◦C. Relaxation times of � loss peak (�HN), at
various temperatures, were obtained by fitting the frequency dependent imaginary
permittivity peaks to the HN-equation.

Instrument
temperatures (◦C)

Relaxation times (�HN) for � relaxation (s)

Dry LDPE film
◦

LDPE film immersed in
◦

ig. 1. Imaginary permittivity (dielectric loss) spectra of virgin LDPE film in the hig
anging  from 40 ◦C to 80 ◦C. Inset in (A), which shows the zoomed in plot of permit

The intensity of � relaxation peak was almost same for both, the
ry and water-exposed films. However, the peak shifted to higher
requency for the water-exposed film. This difference in peak-max
requencies was most prominent at temperatures of 80 ◦C and 85 ◦C.
elaxation at higher frequency (Hz) indicates a lower relaxation
ime (�� in seconds) i.e. faster chain relaxations as compared to
he dry film. The resolved ε′′ peaks at 80 ◦C, 85 ◦C and 90 ◦C were
tted to the HN-equation and the resulting � values (�� or �HN) are
eported in Table 2.

.2.3. Dielectric relaxations of LDPE film pouches stored at 25%
H and 75% RH

Although the above experiment indicated the effect of water on
DPE relaxations, caution needs to be exercised in extrapolating

hese results to the actual stability studies which employed com-
aratively milder conditions (40 ◦C with 25% or 75% RH). Also, an
bvious argument arises, regarding the presence of water (100%
H) inside FFS packs at 25% RH or 75% RH. So, with 100% RH inside
uency range (A) and low frequency range (B) at various instrument temperatures
urves, indicates the presence of a weak peak at lower temperatures.

the packs, could the polymeric chain relaxations differ due to exter-
stored at 70 C water stored at 70 C

80 1.222 0.710
85  0.704 0.594
90 0.394 0.372
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Fig. 2. Comparison of imaginary permittivity of dry LDPE film and film immersed
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n water, both stored at 70 C for 12 h. Spectra were taken as a function of frequency
n  the low frequency range at instrument temperatures of 80 ◦C (A), 85 ◦C (B), 90 ◦C
C)  and 95 ◦C (D).

ere made into pouches and filled with water. They were charged
in triplicate) at 40 ◦C/25% RH and 40 ◦C/75% RH for two  weeks.

At the end of 2 weeks, pouches (n = 3) were subjected to a
etailed DES analysis. In the previous experiment, it was  observed
hat 80 ◦C instrumental temperature presented the optimum tem-
erature to record a resolved dielectric relaxation peak. Therefore,
or determining the activation energies of � relaxation, a temper-
ture range of 75 ◦C to 87 ◦C, with 3 ◦C increments, was  chosen for
he study.

Fig. 3 compares the dielectric loss spectra of LDPE film from

ouches stored at 25% RH and 75% RH at the five selected tem-
eratures. The error bars indicate good reproducibility at the peak
alues. The spectra were fitted to HN-equation to get the relaxation
imes (�HN), HN-shape parameters,  ̨ and ˇ, which are presented in
armaceutics 422 (2012) 302– 309

Table 3. At all temperatures studied, significantly lower relaxation
times were observed for LDPE pouches stored at higher humidity
(75% RH), indicating faster relaxations induced in LDPE by higher
humidity. The HN-shape parameter, ˛, gradually decreased, for
LDPE pouches stored at 25% RH, from 0.942 to 0.913 with increasing
instrument temperature. However, it decreased for LDPE pouches
stored at 75% RH, only slightly, from 0.947 to 0.932. At 87 ◦C
instrument temperature, the  ̨ parameter is statistically different
indicating differences in the slope of the low frequency side of
the relaxation peak. The � parameter remained constant through-
out the temperature range of study and among different humidity
conditions.

In this case (Fig. 3), unlike the previous one, visually, the inten-
sity of the loss peak is not the same. As observed from Fig. 3, LDPE
treated to higher humidity gave a lower d.c. conductivity. It might
be the higher contribution of d.c. conductivity in the 25% RH sam-
ples, which raised the intensity (visually) of the loss peak. This was
confirmed by similar �ε  (dielectric increment or intensity) values
obtained by the HN-fitting, for both samples.

Temperature dependence of the dielectric relaxations
(log(�) → f(1/T)) of � relaxations can be described either by
the Vogel–Fulcher–Tammann (VFT) relationship (Eq. (3)) or, by the
Arrhenius plot (Eq. (4))  (Sengers et al., 2005).

�(T) = �∞ exp
[

EV

R(T − TV )

]
(3)

Here �∞ is the pre-exponential factor, EV is the ‘Vogel’ energy in
kJ/mol, R is the gas constant and TV is the reference temperature.

The Arrhenius type behaviour can be characterized by the fol-
lowing equation:

�(T) = �∞ exp
(

Ea

RT

)
(4)

where Ea denotes a ‘true’ Arrhenius activation energy.
The latter (Arrhenius relationship) is always typical for the ther-

mally activated process and is observed in a temperature range
far from the glass transition zone of polymer. The former usually
describes the relaxation which can be related to a step-like transi-
tion in the DSC curve (Danch et al., 2003).

Calculated relaxation times (�HN) from the respective spectra
were used to construct Arrhenius plots for LDPE at 0-day, P4025
and P4075 (Fig. 4). The Arrhenius fit parameters for the same are
presented in Table 4. The activation energy is maximum for the dry
0-day LDPE film, followed by P4025 and P4075. This indicates that
the chain mobility is most restricted for 0-day LDPE film. The chain
mobility increases for P4025, followed by P4075. This again impli-
cates the role of water in plasticization of LDPE. The pre-exponential
factor (�∞, entropy effect) with the highest value, indicating least
cooperativity in relaxation, was observed for P4075, followed by
P4025, and untreated LDPE film.

Giacin and Hernandez (1997) have presented numerous exam-
ples of effect of humidity on transport properties of polymers.
These examples show that humidity increased the mass transport
properties of numerous polymers, thus indicating its plasti-
cization effects. However, Delassus was of the opinion that
polyolefins, being hydrophobic, do not have tendency to absorb
water in concentrations which are high enough to alter their
barrier/permeability properties (Delassus, 1997). Nevertheless,
in the present work, statistically significant differences in the
sorption of parabens stored at two humidity conditions were
observed.

The effect of plasticization on the relaxation times and activation

energy of polymer relaxations has been previously studied using
dielectric spectroscopy. The activation energy indicates the energy
barrier that must be overcome for molecular relaxation. Plasticized
poly(vinyl chloride) showed lower relaxation times and activation
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ig. 3. Comparison of imaginary permittivity of LDPE film pouches exposed to 25% R
re  compared at instrument temperatures of 75 ◦C (A), 78 ◦C (B), 81 ◦C (C), 84 ◦C (D)

nergy for the � relaxations, indicating higher molecular mobility
Elicegui et al., 1997). Likewise, maltose, an oligomer, when plas-
icized by glycerol, showed a decrease in activation energy of �

elaxation (Lourdin et al., 1998).

In literature, the plasticization effect of water on polymers has
een associated with concomitant changes in the dielectric relax-
tion. Pissis et al. (1999) observed an overall increase in molecular
 75% RH. The studies were carried out at 40 ◦C for a duration of 2 weeks. The spectra
7 ◦C (E).

mobility of polyacrylamide hydrogel, indicated by a decrease in
relaxation times, with increasing hydration. Xian and Karbhari
(2007) proved the role of water ingress in facilitating segmental

relaxations in epoxy resins by studying the relaxation time and acti-
vation energy of wet  and rejuvenated (dried) samples. They found
wet  samples showing lower relaxation times and activation energy
than the dried epoxy samples.
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Table 3
HN fit parameters of dielectric relaxations of LDPE film pouches stored in 25% RH and 75% RH for two weeks at a temperature of 40 ◦C. The values indicate average ± standard
deviation (of 3 samples).

Temp. (◦C) LDPE film pouches stored at 25% RH LDPE film pouches stored at 75% RH

�HN (s)  ̨ parameter  ̌ parameter �HN (s)  ̨ parameter  ̌ parameter

75 2.049 ± 0.084 0.942 ± 0.006 1.000 ± 0.000 1.482 ± 0.049* 0.947 ± 0.001 1.000 ± 0.000
78 1.422 ±  0.044 0.940 ± 0.006 1.000 ± 0.000 1.153 ± 0.014* 0.947 ± 0.002 1.000 ± 0.000
81  1.019 ± 0.018 0.939 ± 0.006 1.000 ± 0.000 0.856 ± 0.014* 0.945 ± 0.002 1.000 ± 0.000
84 0.743 ± 0.012 0.929 ± 0.009 1.000 ± 0.000 0.640 ± 0.014* 0.940 ± 0.004 1.000 ± 0.000
87  0.557 ± 0.002 0.913 ± 0.009 1.000 ± 0.000 0.473 ± 0.018* 0.932 ± 0.006# 1.000 ± 0.000

* Significantly different from the corresponding � value of LDPE stored at 25% RH, using t-test at p < 0.001.
# Significantly different from the corresponding  ̨ value of LDPE stored at 25% RH, using t-test at p < 0.05.

Table 4
Arrhenius fit parameters of dielectric relaxation times of film pouches stored in 25% RH and 75% RH, for 2 weeks. The temperature range of the data is 75–87 ◦C. The fit
parameters for LDPE film at 0-day are given for comparison.

Arrhenius fit parameters LDPE film at 0-day LDPE film pouches stored
at 25% RH (P4025)

LDPE film pouches stored
at 75% RH (P4075)

r
e
w

t
i
(
i
t
i
l
t
t

m
i
r
s
p
�
�

F
w

Activation energy, Ea (kJ/mol) 130.139 

Pre-exponential factor, �∞ (s) 7.98E−20 

R2 0.9944 

On similar lines, in the present work also, the lowering of
elaxation times and activation energy of � relaxation of LDPE on
xposure to higher humidity reflects the plasticization effect of
ater on LDPE.

The origin of � relaxation in LDPE is however, not clear. Ini-
ially, it was thought to arise from the chain motions in the
ntra-crystalline regions. Later, an investigation by Danch et al.
2003) using differential scanning calorimetry, dynamic mechan-
cal thermal analysis and positron lifetime measurements, led to
he conclusion that the � relaxations of LDPE did not arise from the
ntra-crystalline regions as originally assumed, but resulted from
arge-scale motion of the macromolecular segments located within
he constrained amorphous regions. These regions are present at
he interface of crystalline and amorphous domains.

Permeant molecules traversing across a semi-crystalline poly-
er  do not penetrate the crystalline region,  and their permeation

s facilitated by the segmental motions above Tg in the amorphous
egions only (Schott, 2001). Plasticization effect of the traversing

olute (faster relaxations) should therefore be observed in amor-
hous regions. The results of the present study, i.e. changes in the
-relaxation of LDPE on exposure to humidity, implied the origin of
-relaxation to be large scale motion of the macromolecular seg-

1.2
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0.4

0.6

0.8

1

-0.6

-0.4

-0.2

0LN
 (

)

0-day
25% RH for 2 weeks

RH for 2 weeks

-1

-0.8

0.00276 0.00278 0.0028 0.00282 0.00284 0.00286 0.00288

Temperature-1 (K-1)

75% 

ig. 4. Arrhenius dependence of relaxation times (�) of untreated LDPE film and
ater-filled film pouches stored at 25% RH and 75% RH, for 2 weeks.
113.112 99.735
2.16E−17 1.65E−15
0.9988 0.9982

ments located in the constrained amorphous regions as reported
by Danch et al. (2003).

4. Conclusion

Higher sorption of parabens in LDPE packs, when stored at
higher humidity, was postulated to be due to the structural changes
in LDPE induced by water. The present study indicated that humid-
ity did not affect the degree of crystallinity of the LDPE packs.
Dielectric spectroscopy, however, revealed the changes in molec-
ular relaxations of LDPE. The lowering of relaxation times and
activation energy, of the �-relaxations, at higher humidity, indi-
cated that water had a plasticization effect on LDPE. This work
presents added evidence that the �-relaxations of LDPE originated
from the constrained amorphous regions and not the crystalline
regions. The differences in molecular relaxations, at different
humidity conditions, can lead to changes in the sorptive capacity
of the packing material. This study has implications on the selec-
tion of humidity conditions during the storage of liquid products
packed in semi-permeable containers. Although, a low RH enhances
the water loss from the product, it also suppresses the molecular
mobility (and hence sorptive capacity) of LDPE. The authors sug-
gest the employment of two stability conditions (one with lower
RH and another with higher RH) for accelerated stability studies.
This will enable the formulation scientist to envisage the worst-
case scenario both in terms of water loss as well as sorption loss of
formulation components.
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