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Abstract
Poly(n-alkyl acrylate)s can have side chains that crystallize independently of the main chain; side-chain length can thus be used as a tunable
parameter to control the gas permeability of membranes. The gas permeation response of poly(n-alkyl acrylate) and poly(m-alkyl acrylate)
blends as a function of temperature is reported for varying side-chain lengths, n and m, and blend composition in the semi-crystalline and
molten states. Macroscopic homogeneity is observed for a small range of n and m where jn�mj � 2e4 methylene units. Thermal analysis
indicates that the blend components crystallize independently of one another; however, crystallization is hindered by the presence of the other
component. Permeation responses of the blends investigated in some cases exhibited two distinct permeation jumps or increases at the melting
temperature of each component. Blends with continuous permeation responses but higher effective activation energies of permeation (i.e., more
thermally responsive) were observed for some blends over the temperature of interest for membranes to be used for modified atmosphere pack-
aging.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymers with n-alkyl pendant side chains have been
extensively studied because of their unique properties
[1e8]. Poly(n-alkyl acrylate)s and poly(n-alkyl methacrylate)s
have been of particular interest for a variety of applications.
When the n-alkyl pendant group is sufficiently long, the
side chains crystallize independently of the polymer main
backbone. The properties of such materials, e.g., flow behav-
ior, adhesion, and permeability to small molecule penetrants,
can change dramatically as the melting point of side-chain
crystals is traversed [9e11]. Thus, side-chain crystallinity
can be a useful design parameter controlled by the side-chain
length.

The concept of thermally tunable properties has made
poly(n-alkyl acrylate)s attractive for many applications, from
pressure sensitive adhesives [12] for medical applications to
smart membranes [13] for modified atmospheric packaging.
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Modified atmospheric packaging (MAP) technology utilizes
polymeric membranes to regulate the O2 entering and the
CO2 leaving from a package containing fruits or vegetables
to extend shelf life. However, it has proved challenging to
design membranes with appropriate transmission rates to
safely package continually respiring produce when the storage
temperature varies since produce respiration rates vary more
strongly with temperature than do permeation rates [14].
Side-chain crystalline polymers may offer an avenue for mak-
ing membranes that are more thermally responsive for MAP
by taking advantage of the dramatic increase in permeability
as the melting point of the crystallites is traversed. The idea
is to spread this change over a broader range of temperatures.

The gas permeability of random copolymers of n-alkyl
acrylate monomers of varying side-chain length was examined
in recent reports from this laboratory [15,16]. Similar to poly-
(n-alkyl acrylate) homopolymers, these random copolymers
exhibit a single permeability jump. The purpose of this paper
is to explore the gas transport properties of poly(n-alkyl acry-
late) homopolymer blends and to contrast their behavior with
corresponding copolymers.
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2. Background
2.1. Properties of poly(n-alkyl acrylate)s
Side-chain length has a profound effect on the physical,
thermal and transport properties of poly(n-alkyl acrylates);
side-chain crystallization is possible when there are approxi-
mately 9e10 carbon atoms extending beyond the ester group
connection to the main chain, but below this critical side-chain
length no crystallization occurs. Jordan and others [17] ob-
served a linear increase in the heat of fusion with side-chain
length, n. The first 9e10 carbon atoms of the alkyl side chain
closest to the backbone reside in the amorphous phase while
the remaining alkyl side chain crystallizes into a layered con-
figuration with alternating amorphous and crystalline phases.
Upon crystallization, the side chains of poly(n-alkyl acrylate)s
crystallize into a hexagonal crystal structure as characterized
by wide angle X-ray studies in conjunction with the presence
of a single IR adsorption band in the 720 cm�1 region [18e
20]. It is generally accepted that side chains crystallize into
a one-layer arrangement, where side chains pack end-to-end,
or a two-layer arrangement, where side chains pack in an
interdigitating manner as proposed by Platé [19,21]. Both
arrangements, dependent on crystallization conditions, have
been observed for the side chains of poly(n-alkyl acrylate)s,
but the single layer is more dominative attributable to the flex-
ible backbone allowing more uniform and efficient packing
compared to other side-chain crystalline polymers. As the
side-chain length increases, the crystallites become thicker
increasing the heat of fusion and the melting temperature
and thereby altering the polymer performance.
2.2. Gas transport in semi-crystalline polymers
Small molecule gas permeation through dense or nonpo-
rous polymer films occurs by a solution-diffusion mechanism.
Gas molecules are sorbed into the upstream polymer surface
at high pressure, diffuse through the film and then desorb
downstream on the low pressure side. The gas permeability
coefficient

P¼ DS ð1Þ

is the product of D, the gas diffusion coefficient and S, the
solubility coefficient [22]. The diffusion coefficient is a kinetic
parameter that reflects the mobility of the penetrant in the
polymer matrix and the solubility coefficient is a thermody-
namic parameter that depends on the polymerepenetrant inter-
actions as well as penetrant condensability. Sorption of simple
gases through rubbery polymers at moderate pressures is well-
described by Henry’s law

C¼ Sp ð2Þ

where C, the penetrant equilibrium concentration, is propor-
tional to p, its partial pressure, and S, the solubility coefficient
of the gas in the polymer. In the case of semi-crystalline
poly(n-alkyl acrylates), gas transport is more complex than
in simple amorphous polymers owing to side-chain crystallin-
ity. Michaels et al. introduced a two-phase model that modi-
fied the solubility and diffusion coefficients to account for
the presence of crystallites in semi-crystalline polyethylene.
Experimental results suggest that the solubility in several
polyethylenes of varying crystallinity is proportional to the
amorphous volume fraction, a

S¼ S�a ð3Þ

where S* is the solubility coefficient in a completely amor-
phous polymer sample [23]. These results imply that the crys-
tals are impenetrable to gas permeation. The crystals affect the
diffusion coefficient in two separate ways as described by the
following [24]:

D¼ D�=tb ð4Þ

where D* is the penetrant diffusion coefficient in the amor-
phous phase, t is a geometric impedance factor, and b is
a chain immobilization factor. The geometric impedance
factor accounts for the tortuous path the gas molecules must
take through the amorphous phase since they cannot permeate
through the crystallites. The chain immobilization factor
accounts for reduced mobility of the amorphous phase caused
by the crystallites. Finally, the permeability coefficient can be
expressed as follows:

P¼ P�a=tb ð5Þ

where P* is the permeability of a completely amorphous
sample. The thermal history of a polymer can significantly af-
fect crystallite size, shape, and orientation and, in turn, affect
permeation properties.

The temperature dependence of the gas permeability coef-
ficient is generally described by an Arrhenius relationship:

P¼ Poe�Ep=RT ð6Þ

where Ep is the activation energy and Po a constant. If a, b and
t are all constant, then the activation energy for gas perme-
ation in the semi-crystalline state should be the same as in
the molten state; however, this is generally not the case [25],
and this is usually attributed to the temperature dependence
of b when the crystalline content and morphology are fixed
[25]. However, in some cases, melting can occur progressively
over a range of temperatures such that a and t are changing,
and this will increase the effective activation energy for per-
meation which can be useful for making membranes that are
more thermally responsive as needed for some packaging
applications.
2.3. Permeability in poly(n-alkyl acrylate)s and their
utility as thermally responsive membranes
Mogri and Paul [25] found that gas permeability increases,
for n-alkyl acrylate homopolymers, as a function of side-chain
length for completely amorphous polymers (n< 10 or T> Tm)
due to increased free volume. Below the melting point of
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poly(n-alkyl acrylates) that crystallize, the permeability is
greatly reduced owing to the tortuous path the gas molecules
must follow within the amorphous phases since the crystallites
are impenetrable and the constraints these crystallites impose
on molecular motions within the amorphous phase [23,24].
There is a jump in the gas permeability by a factor of 10e
100 upon traversing the melting point that is primarily diffu-
sion based [9]. A similar jump is observed for copolymers
of n-alkyl acrylate monomers since they show a single melting
point following the rules of co-crystallization or melting point
depression depending on the side-chain length [15,16].

The increase in permeability that results from melting the
side-chain crystals provides an interesting avenue to create
membranes that are more thermally responsive than can be
achieved by the usual Arrhenius response. One approach
would be to create laminates composed of successive layers
of poly(n-alkyl acrylate) of varying side-chain length as sug-
gested in Fig. 1. Each layer, i, has a different melting point
with a corresponding permeability jump. The composite per-
meability coefficient can ideally be described by a series
models:

l

P
¼
XN

i¼1

li

Pi

ð7Þ

where li is the thickness of polymer i and Pi is the permeability
of polymer i [22]. In principle, as more layers are added, the
more closely the successive step functions approach a mono-
tonic function like the dotted line shown. This would be facil-
itated by broadening the crystallite distribution and allowing
crystallites to melt over a wider range of temperatures thereby
increasing the breadth of the permeability jump. An interesting
alternative to the highly structured laminates of Fig. 1 is to
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Fig. 1. Illustration of the use of laminates with multiple layers of poly(n-alkyl

acrylate)s with varying side-chain length, n, to increase the thermal response

of gas permeation.
make blends of two or more homopolymers or copolymers
of n-alkyl acrylate monomers of varying n. The basic issues
associated with this strategy are explored here.

3. Materials, blend formation and characterization
methods

Hexyl (A-6), octyl (A-8), and decyl (A-10) acrylate mono-
mers were purchased from Scientific Polymer Products. Tetra-
decyl (A-14), hexadecyl (A-16), octadecyl (A-18) and behenyl
(A-22) acrylate monomers were donated by Landec Corpora-
tion. All monomers were dissolved in toluene and purified
over SigmaeAldrich aluminum oxide to remove a low
concentration inhibitor, monomethyl ether hydroquinone
(MEHQ). Amorphous monomers at room temperature are
mixed directly with solvent; however, A-18 and A-22 mono-
mers were more carefully handled as they tend to crystallize
and stratify. Whatman� 0.2 mm filter membrane discs were
used to filter out particulate impurities from the monomers;
following this, the monomers were ready for polymerization.
Free radical solution polymerization was performed using
35 wt% monomer in toluene at 60 �C for 24 h to achieve
nearly 100% conversion of atactic polymer [26]. Solutions
were charged into a three-neck round bottom flask and purged
with N2 to remove oxygen (possible inhibitor) and subse-
quently charged with purified initiator, a,a0-azobis(isobutyro-
nitrile) (AIBN) [27]. After 24 h, the polymer product was
slowly precipitated into ethanol, recovered and purified by
using toluene/ethanol re-precipitation through three cycles.
The polymers were characterized by gel permeation chroma-
tography (GPC), calibrated using polystyrene standards, to
determine relative molecular weights. A PerkineElmer
DSC-7 differential scanning calorimeter, equipped with an in-
tercooler capable of measurement from �40 �C, was used to
determine the melting points and heat of fusion. The DSC-7
was calibrated with certified reference materials, indium and
zinc. However, the semi-crystalline materials analyzed had
comparatively low melting points; therefore, 4-nitrotoluene
was also used as a calibration standard. All samples were sub-
jected to a series of heating and cooling cycles to eliminate the
influence of previous thermal history, thus, to ensure identical
crystallization conditions for comparative morphologies.
Therefore, all thermal properties were analyzed on second
heating cycles from a 1 �C/min cooling rate with subsequent
heating at 10 �C/min to ensure a common thermal history.

All homopolymer and polymer blend films were formed by
solution casting techniques with the exception of PA-8, PA-10
and PA-14. The latter are all soft, tacky, amorphous polymers
at room temperature; therefore, they were cast directly onto
a custom composite support [28] in an enclosed oven at elevated
temperatures. Samples were allowed to equilibrate forming
a smooth, uniform film. Sample thickness was calculated by
mass balance techniques using an estimated amorphous density
of 0.985 g/cm3. All other polymer systems were solid, brittle
materials at room temperature. This brittleness stems from the
side-chain crystalline character and is not owing to low sample
molecular weight [1,29]. These polymer systems were solution
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cast from 5e10 wt% polymer in toluene onto silicon wafers and
covered for slow evaporation in a fume hood. Films formed in
this way were subsequently removed by using water to release
them from the silicon surface and placed under vacuum at ele-
vated temperatures for further solvent removal. Depending on
the melting temperature of the polymers involved, removal
from the casting surface could require using cool water and sub-
sequent cool storage. PA-8/PA-10 blends were formed by this
same method and then cast directly onto the custom composite
support similar to the above mentioned amorphous samples
[30]. For polymers that were solid at room temperature, the
polymer thickness was measured using a micrometer before
assembling the composite.

For gas permeability measurements of poly(n-alkyl acry-
late) films, a modified sample assembly was developed in
our laboratory [28] that supported their brittle nature below
the melting point and liquid-like behavior above Tm. An asym-
metric Whatman Anopore� porous ceramic disc without the
annular polypropylene support ring was used for mechanical
support. The ceramic discs have 200 Å pores on the surface
that extend to w1 mm below the surface and connect to
2000 Å pores. Permeability measurements above the melting
point required a suitable polymer coating to prevent molten
polymer from flowing into the ceramic disc pores and chang-
ing the apparent polymer thickness. Poly(2,6-dimethyl-1,4-
phenylene oxide) (PPO), from General Electric Plastics with
an intrinsic viscosity of 0.46 dL/g, Mw¼ 46,000 and
a Tg w 220 �C, was used to coat the top surface of the ceramic
disc. A trichloroethylene solution containing 13 wt% PPO was
deposited onto the ceramic disc using 2 mL syringes spread by
a scoopula which removed excess PPO solution which left
a thin film that completely seals the ceramic pores.

Permeability experiments were conducted using constant
volume permeation cells, at an upstream pressure of 2 atm
[31], immersed in a water-bath equipped with a temperature
controlled Haake circulator. Permeability measurements
were made with a range of gases, He, H2, O2, N2, CH4 and
CO2, from Matheson Tri-gas with a minimum 99.9% purity.
However, for brevity, we report here only the permeation re-
sults of O2 as a typical example with an occasional comparison
to N2 and CO2 as these gases are of interest for MAP. The per-
meation results for other gases may be found elsewhere [30].
Prior to testing the n-alkyl acrylate polymers, the quality of
the support assembly was determined by comparing gas per-
meation selectivities with literature values for PPO to ensure
that the pores were completely sealed. Upon adequate support
selection, the permeance of the thin, glassy PPO layer was
characterized to account for physical aging. After quantifying
the physical aging response, the poly(n-alkyl acrylate) film
was placed on top of the assembly for permeability determina-
tion. The measured composite permeation resistance was cor-
rected for the contribution of the PPO layer, which was always
less than 5% of the total except for CH4 where it sometimes
was as high as 15%, to obtain just the contribution of the
poly(n-alkyl acrylate) film.

As mentioned previously, thermal history can have a dis-
cernable effect on phase morphology and subsequently on
permeation properties. Therefore, a Linkman hot-stage, model
HFS91, and a programmable controller, model TMS91, sys-
tem were used to establish a known polymer thermal history.
Samples were heated to approximately 10 �C above the poly-
mer melting point and held for sufficient time to completely
remove any residual crystallinity and then cooled mostly at
a rate of 1.0 �C/min except for a few variable rate experiments.

4. Results and discussion
4.1. Poly(n-alkyl acrylate) blend compatibility
A fundamental issue is whether blends of a poly(n-alkyl ac-
rylate) and a poly(m-alkyl acrylate) are miscible in the molten
state, and if so, do they co-crystallize on cooling. Clearly, both
issues may be influenced by the values of m and n; the closer m
and n are to each other, the more likely the two polymers are
to be miscible and exhibit co-crystallization. At a practical
level, the question is over what ranges of m and n can useful
membranes be cast by the procedures used here. To explore
this, 50/50 weight blends were prepared by solution casting
films of all combinations of poly(n-alkyl acrylate) homopoly-
mers with side-chain lengths, m and n, from 6 to 22. Each
binary homopolymer blend was inspected visually for homo-
geneity. Fig. 2 shows a matrix of the results of this simple as-
sessment where the coordinates represent the homopolymer
components of a binary blend by the lengths of their side
chains, n and m. The solid line represents the limiting case
of blends with the same side-chain length which, of course,
are homogenous. Viable homogeneous blends are represented
by the filled circles. These blends were optically clear in the
melt and macroscopically homogenous after crystallization.
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PA-8 and PA-10, the only feasible amorphous blends, were
clear at room temperature and for the temperature range of
interest. Semi-crystalline blends were transparent above the
melting point and by nature opaque at room temperature
with varying degree of clarity depending on m and n. Inhomo-
geneous blends are indicated by open circles. Although all
inhomogeneous blends appeared optically clear in the amor-
phous and melt states, upon cooling or crystallization two
phases were easily distinguishable. Heterogeneous blends con-
taining two amorphous components resulted in a transparent
mixture with two separate phases noticeable only by slight
density differences. Inhomogeneous systems with one amor-
phous and one semi-crystalline components and with two
semi-crystalline component mixtures resulted in varying het-
erogeneous morphologies influenced by the blend components
(n and m) and composition. For the most part, the components
of inhomogeneous blends exhibited macroscopic segregation.
Thermal analyses conducted on samples from various regions
within a given polymerepolymer mixture resulted in widely
varying thermal properties indicating gross phase segregation
using this film preparation technique. In general, homogeneity
was observed when the difference in side-chain length (n�m)
between components was small, jn�mj � 2e4 methylene
units, and when the components possessed similar crystalliza-
tion characteristics. Surprisingly, neither PA-10 nor PA-22 re-
sulted in any homogenous semi-crystalline blends regardless
of the choice of the other component.

It would be useful to know over what range of m and n
these blends are miscible in the melt state; however, such a de-
termination is a very challenging experimental problem. Blend
miscibility is often assessed by determining glass transition
temperature (Tg) behavior. However, the glass transitions of
poly(n-alkyl acrylates) occur at very low temperatures and
are difficult to measure with any accuracy and reliability ow-
ing to the side-chain crystallinity. It was well beyond the scope
of this work to pursue the issue of miscibility further.
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Thermal characterization has proved to be a useful tool for

predicting the permeation response of n-alkyl acrylate poly-
mers as a function of temperature [15,16,25]. Table 1 summa-
rizes the melting temperature, heat of fusion, crystallinity and
molecular weight of the semi-crystalline (n� 10) n-alkyl acry-
late homopolymers, with thermal histories, used in this study.
The melting point and the heat of fusion, DHf, or crystallinity,
xc, increase as the side-chain length increases [25].

Fig. 3 shows DSC thermograms for blends of PA-14 and PA-
18 which are typical of all the blends of semi-crystalline poly(n-
Table 1

Thermal and physical properties of semi-crystalline polymers studied in this

work

Polymer Tm (�C) DHf (cal/g) xc Mw

PA-14 22.4 16.6 0.32 307,000

PA-16 36.2 19.5 0.37 204,000

PA-18 50.2 22.9 0.44 175,000
alkyl acrylate) and poly(m-alkyl acrylate) blends examined. For
the pure components, the peak width decreases as side-chain
length increases suggesting a narrowing of the crystallite distri-
bution [32]. The blends show two endothermic peaks implying
independent crystallization of the respective components (i.e.,
no co-crystallization). The magnitude of the component peaks
became larger as the content of that component in the blend in-
creases as expected. The melting point for each component, taken
as the apex of the peak, shifts to a slightly lower temperature upon
dilution by the other polymer, as shown in Fig. 4, suggesting
some alteration of the crystal formation due to blending;
PA-14 weight fraction
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40
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Fig. 4. Melting temperatures of the components in PA-14/PA-18 blends as

a function of blend composition.
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however, the effect is very small with the maximum shift in Tm

being of the order of 2 �C. Extracting heat of fusion for each com-
ponent from the thermograms requires some assumptions about
how to construct the baseline and interpret of some subtle fea-
tures of the DSC traces. A small but distinguished third peak
can be seen between the peaks of the two blend components;
this intermediate peak could be a result of co-crystallization or
simply overlap from the individual melting transitions. This
peak is visible at various scanning rates suggesting that it is not
an artifact.

A straight [33] baseline construction was used in the two
methods of interpretation described next. In the first method,
a nearly horizontal, straight baseline was drawn from the ini-
tial point of deviation to the point where the signal returned to
the baseline, enclosing the entire area under the PA-14, PA-18
and the intermediate peaks as illustrated in Fig. 5(a). The area
defined in this way is considered to be the total heat of fusion
for the blend, DHblend. In the second method, separate base-
lines are constructed for each major peak. The area under
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the first peak is designated as the heat of fusion for the low
melting component or DH1. Similarly, the area under the sec-
ond peak is designated as the heat of fusion for the higher
melting component or DH2. The sum of the individual heat
of fusion for each component, DHsum¼DH1þDH2, could
also be interpreted as the total heat of fusion for the blend
components. Fig. 5(bed) show the heat of fusion values calcu-
lated by each of these methods, DHblend represented by filled
circles and DHsum by open circles. If the individual compo-
nents in the blend crystallize without any interference from
the other blend component, then one would expect heat of
fusion for the individual components or the total heat of fusion
for the blend as a function of blend composition to form
straight lines connecting the end points at the two composition
extremes represented as dashed lines in Fig. 5(bed). The
values calculated by the baseline construction methods described
above always fall below these additivity relations. The values of
DHblend come closer to this ideal than the attempts to separate the
melting processes of the two components. In general, it seems
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clear for these blends that one component has some effect on the
crystallization and, hence, melting behavior of the other. Owing
to the difficulties associated with knowing the correct baseline
construction, it is not possible to be more precise about these
effects. Certainly if any degree of co-crystallization occurs, it is
very slight indeed.
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4.3. Permeation behavior

4.3.1. Poly(tetradecyl acrylate) and poly(octadecyl acrylate)
blends

Fig. 6 shows the permeation behavior of PA-14 and PA-18
blends with their corresponding DSC thermograms. As men-
tioned in the previous section, polymer films were cooled at
a fixed rate of 1.0 �C/min to provide similar thermal histories
since permeability depends on the resulting crystalline mor-
phology which is controlled by the thermal history. A subse-
quent section briefly addresses the effect of cooling rate on
the permeability of poly(n-alkyl acrylate) blends. Permeability
switch behavior of the homopolymers shown in Fig. 6(a,e) is
similar to what has been reported previously [25]. The perme-
ability varies linearly with temperature above and below the
melting temperature of the side-chain crystallites with differ-
ing slopes (i.e., activation energies for permeation). As the
melting point is traversed, there is a dramatic increase in per-
meability. As the side-chain length decreases, the breadth of
the permeation switch increases as a result of a broader crys-
tallite distribution. As shown in Fig. 6(bed), PA-14 and PA-18
blends exhibit two distinct permeation jumps that occur at the
melting point of each independently crystallized component,
thus spreading the overall permeation jump over a wider tem-
perature range. There is an intermediate state between the
melting points of the pure polymers where the permeability
again increases linearly, on these coordinates, with tempera-
ture. The slight shift of melting points on blending was not ob-
servable for the permeation jumps; this is more clearly seen in
Fig. 7 where permeation responses for PA-14/PA-18 blends in
the full compositional range are shown in one plot. It is also
evident that the magnitude of the permeation jump for each
polymer component increases as the amount of the respective
component increases in the blend. At high concentrations of
the shorter side-chain length chain component, it is apparent
that its permeation switch is effectively reduced due to hin-
dered crystallization resulting from the presence of the other
polymer; this is supported by the lower than additive crystal-
linity or heat of fusion shown in Fig. 5(b). Although only O2

gas permeability is shown here, other gases showed analogous
responses, but with some quantitative differences; the magni-
tude of the permeation jump has been shown to be dependent
on penetrant size [9]. There is a commensurate increase in the
magnitude of permeation jump as the quantity of the respec-
tive component increases, and this response is not strictly lin-
ear. By quantifying the magnitude of the permeation switch,
we can see this more explicitly.

A convenient method to quantify the homopolymer perme-
ation switch was previously established [34]. The existence of
two types of crystallites required modification of this method
in order to quantify the two permeation jumps observed for
crystalline n-alkyl acrylate polymer blends; this modified
method is illustrated in Fig. 8. The permeation jump is conve-
niently represented as the ratio of the penetrant permeability
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coefficient in the molten state to that in the semi-crystalline
state at temperature T. The magnitude of the jump can vary
significantly depending on the temperature chosen due to the
difference in activation energies for permeation above and
below the melting temperature [25]. In evaluating the blends,
we have chosen to use a temperature, T, midway between the
melting points of the two pure polymers; in the case shown, T
is 35 �C. Below the melting temperatures of both components,
the solid-state permeability is determined by extrapolation to
the mid-point temperature and is designated as P�T where the
superscript minus sign denotes the solid state. It is important
to obtain a representative baseline for meaningful extrapola-
tion of permeability values by starting well below the melting
point of the low-temperature component. In some cases, the
more brittle nature of the higher melting components in the
blend prevented permeation measurements at low tempera-
tures necessary for good baseline determination. Above the
melting point of the low melting component but below the
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Fig. 9. The magnitude of O2, N2, and CO2 permeation jumps for PA-14/PA-18 blend

18 blend component, and (c) the overall blend. Note: the baseline for the PA-14(26

puting the magnitude of the overall permeation jump.
melting point of the other component, there exists an inter-
mediate state where the only crystallites are from the higher
melting component. The permeability coefficient in this inter-
mediate state is designated as Pm

T where the superscript letter
‘‘m’’ denotes the intermediate state. Above the melting point
of the high-temperature melting component, the molten state
permeability coefficient is designated as PþT . For the case
considered, the ratios of these parameters are used to measure
the magnitude of the permeation jumps for the low-tempera-
ture component PA-14, Pm

35=P�35, the high-temperature melting
component PA-18, Pþ35=Pm

35 and the overall permeability jump
for the blend, Pþ35=P�35.

Fig. 9 shows each of these ratios for the PA-14 and PA-18
blends as a function of blend composition. As evident from
the graphs, the permeation switch magnitude is somewhat
dependent on gas penetrant size; the permeation switch mag-
nitudes increase from O2, CO2 to N2. Among the gas
permeation jumps examined here, nitrogen generally has the
t fraction
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largest permeation switch. For comparative purposes, an ideal
permeation switch for nitrogen was computed assuming the
quantity of a given pure component added to the blend crystal-
lized without any influence from the other component. This
ideal N2 permeation jump for the PA-14 component in the
blend is assumed to be represented by the following
expression:

�
Pm

35

P�35

�
PA-14

¼ wPA-14

�
Pm

35

P�35

�o

PA-14

ð8Þ

That is, the N2 jump ratio for PA-14 in the blend is directly
proportional to the weight fraction of PA-14 in the blend,
wPA-14, times the permeation jump for pure PA-14. The ideal
permeation jump for PA-18 is represented by a similar expres-
sion. The ideal permeation switch magnitude for each blend
component is represented by the dashed lines in Fig. 9(a,b).
These lines are not a linear function of blend composition
because of the semi-logarithmic coordinates used here. Both
permeation jumps for the individual components in the blend
lie below this dashed curve for all penetrants indicating the
permeation switch is suppressed somewhat by blending. An ideal
overall N2 permeability jump for the blend can be more
generally expressed as an additive function:

�
PþT
P�T

�
blend

¼ wi

�
Pm

T

P�T

�o

i

þwj

�
PþT
Pm

T

�o

j

ð9Þ

where w represents the weight fraction of each component, i is
the low-temperature melting component and j being the high-
temperature melting component, and the ratios are the respec-
tive pure component permeation jumps. The value of this ideal
overall N2 permeation switch for the blend is shown as the
dashed curve in Fig. 9(c). The measured blend permeation
jump is lower than this additivity curve suggesting again
that the permeation jumps are somewhat suppressed in the
blend.

The permeation switches for the PA-14/PA-18 blends are
always lower than the ideal cases, which is similar to the
heat of fusion values which lie below the additivity lines indi-
cating the components do not crystallize as though the other
component was not present. The lowered permeation switch
effect may reflect smaller, less perfect crystals being formed
in the blend.

4.3.2. Poly(hexadecyl acrylate) and poly(octadecyl
acrylate) blends

Representative permeation responses for PA-16/PA-18
blends and the pure components are shown in Fig. 10. Similar
to PA-14 and PA-18 blends, thermograms show that there are
also two endothermic peaks for the blends indicating there is
no significant co-crystallization between the components.
The size of each peak appears to increase proportionately to
the amount of polymer added. Although the Tms are closer,
i.e., 36 and 50 �C, than that for the PA-14/PA-18 blend com-
ponents, the peaks are still resolvable without significant over-
lap. Generally, two separate permeation switches are observed
for PA-16/PA-18 blends with the exception of the PA-16(25)/
PA-18(75) blend. The absence of a permeation jump for the
PA-16 component suggests that the melting of small crystals
observable by DSC did not cause ample morphological
changes to cause a permeation jump or there was insufficient
low-temperature data to adequately define the small perme-
ation jump. Comparing the response of the PA-16(25)/PA-
18(75) blend to that of PA-14(26)/PA-18(74) in Figs. 10(b)
and 6(b) would suggest that the former is true; a minute per-
meability change is observed at the melting temperature of
the shorter side-chain component. Fig. 11 shows that the per-
meation switch for each blend occurs very close to the melting
temperature of the pure components. The difference between
the solid-state permeability of these pure components is small,
and as a result, the PA-16 and PA-18 blends show negligible
changes in the absolute permeability upon blending and its
value is closer to that of the longer side-chain length compo-
nent, PA-18. The heat of fusion for the blend by both methods
shows very little change upon blending which support this
observation. In the melt, the permeability for this blend system
is between that of both components.

Fig. 12 shows the oxygen permeation switch values at
43 �C as a function of PA-16/PA-18 blend composition. The
permeability jumps for PA-16 in the blends is lower than the
ideal N2 permeation jump computed for each blend composi-
tion. The PA-18 component permeation jump was lower than
the ideal curve except for O2 and N2 for the 50/50 weight
blend which is in agreement with what is expected based on
the PA-18 content in the blend. The overall permeation switch
for the blend is higher than the ideal dashed curve, but consis-
tent with the solid and molten state trends. The magnitude of



PA-18 weight fraction

0.0 0.2 0.4 0.6 0.8 1.0
1

10

100

N2
CO2
O2

PA-16/PA-18 blend

Ideal N2 switch

PA-18 weight fraction

0.0 0.2 0.4 0.6 0.8 1.0

10

100

N2
CO2
O2

PA-16/PA-18 blend

Ideal N2 switch

a b

−
P

43

P
43

m

m
P

43

P
43

+

PA-18 weight fraction

0.0 0.2 0.4 0.6 0.8 1.0
10

100

N2
CO2
O2

 PA-16/PA-18 blend

Ideal N2 switch

c

−

+

P
43

P
43

Fig. 12. The magnitude of O2, N2, and CO2 permeation jumps for PA-16/PA-18 blends as a function of composition for (a) the PA-16 component, (b) the PA-18

component, and (c) the overall blend. Note: the baseline for the PA-16(25 wt%)/PA-18(75 wt%) blend was assumed to be well established when computing the

magnitude of the overall permeation jump.

518 B.S. Kirkland, D.R. Paul / Polymer 49 (2008) 507e524
the overall permeation switch for PA-16(25)/PA-18(75) was
calculated assuming the data provides an adequate permeation
baseline for extrapolation. The maximum seen for the overall
blend permeation jump at 50/50 weight blend is consistent
with trends seen among the homologous series of n-alkyl ac-
rylate polymers as shown in Fig. 13. As the side-chain length
increases so does the crystallinity and the molten state free
volume, both of which increase the jump magnitude. Blending
PA-16 and PA-18 leads to an increase in the thermal switch be-
yond that achievable by the pure homopolymers apparently
due to changes in the crystal morphology. Further understand-
ing of the crystalline morphology may help to optimize the
magnitude of the thermal switch effect.

4.3.3. Poly(tetradecyl acrylate) and poly(hexadecyl
acrylate) blends

Fig. 14 shows the permeation responses for PA-14/PA-16
blends. There are two distinct endothermic peaks that are
closely situated resulting in more overlap than the blend
systems discussed earlier. Unlike previous cases, the O2 per-
meation responses for the PA-14/PA-16 blends do not show
a distinct permeation jump for the lower melting PA-14 com-
ponent regardless of the blend composition, but rather a higher
slope in this temperature range, presumably due to progressive
melting, than might be expected by a simple Arrhenius
response for a material of fixed morphology. A more familiar
permeation jump occurs at the Tm of the higher melting com-
ponent. In Fig. 14(b) the dashed line in the lower melting
region defines an effective activation energy for O2 permeation
over the temperature range shown; the temperature range
chosen for construction of such a line affects the value of the
activation energy obtained. Similar lines were constructed
for a few other blends and the effective activation energies
obtained are shown in Table 2. Activation energies for perme-
ation in homopolymers with n¼ 14, 16, and 18 obtained
well below their Tm, i.e., no progressive melting, are shown
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for comparison. When the side-chain lengths of the blend
components are similar, the effective activation energies are
considerably higher than for the homopolymers reflecting
the nature of interaction of the two melting processes. The
PA-14/PA-16 blends having the largest slopes or effective ac-
tivation energies of the blends considered; significantly, this
enhanced thermal response is in the temperature range of
greatest interest, 0e30 �C, for produce distribution. The effect
of temperature on the respiration rate of produce can also be
represented by an Arrhenius relation; the activation energies
for respiration of selected produce are shown in Table 3.
The effective activation energies for the PA-14/PA-16 blends
are more similar to that of some of the produce than the homo-
polymers listed in Table 2 or other potential membrane mate-
rials. Thus, the PA-14/PA-16 blends are promising candidates
for more thermally responsive membranes for matching rates
with produce over a range of temperatures.

As seen by the combined data for O2 in Fig. 15, the value of
the permeability coefficients of PA-14/PA-16 blends in the
solid and molten states appears to be similar to the longer
side-chain length component with differing activation ener-
gies. Since there is no well-defined intermediate state in these
blends, the magnitude of the permeation jumps for the individ-
ual components could not be evaluated. Fig. 16 shows the
overall permeation jump for the blend evaluated at 30 �C as
a function of blend composition where there is a more or
less additive relationship observed, except for N2 and CO2

which are slightly higher than additivity.

4.3.4. Ternary blends
Based on the above, a multi-component blend might be

a simple route to emulate the response suggested in Fig. 1
for a multi-component laminate. To explore this possibility,
the permeation response of a ternary blend of equal parts by
weight of PA-14, PA-16, and PA-18 is shown in Fig. 17.
The DSC scan shows resolvable melting points for the individ-
ual components; however, there are no distinct permeation
jumps at the melting temperatures of the shorter side-chain
length components. There is a single permeation jump close
to the melting point of the longer side-chain component, PA-
18. The magnitude of the permeation switch at 35 �C for the
PA-18 component in the ternary blend was determined by as-
suming the intermediate state baseline starts just below the
transition range of PA-18. Table 4 lists these values along
with the ideal values for the magnitude of the permeation
jump for a blend containing 33 wt% of PA-18 using an expres-
sion like Eq. (8). The magnitudes of the permeation jump for
O2 and N2 are very similar to the ideal value; however, the
magnitude of the switch for CO2 is significantly higher than
this ideal. Over the temperature region of 14e44 �C, the per-
meation response to temperature is nearly linear on the Arrhe-
nius coordinates with an effective activation energy for O2 and
CO2 permeation of 10.0 and 8.3 kcal/mol, respectively. De-
spite these values comparing well with that of homopolymers,
listed in Table 2, the existence of closely melting components
broadens the temperature range over which a more continuous
permeation response is observed. The permeation response of
the shorter side-chain length components in the ternary blend
is somewhat hindered by the presence of the other component,
similar to the PA-14/PA-18 and PA-16/PA-18 binary blends
with lower concentrations of these components. To achieve
greater temperature responsiveness for the ternary blend in
the region of the lower melting components (i.e., temperatures
reached during produce distribution) higher concentrations of
these components than ideality would suggest are necessary.
These results suggest that blends of several side-chain crystal-
line polymers might be a useful avenue for tailoring the
temperature response of gas permeation.
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Fig. 14. O2 permeability and DSC thermograms for (a) PA-16 homopolymer, (b) PA-14(50 wt%)/PA-16(50 wt%) blend, (c) PA-14(75 wt%)/PA-16(25 wt%) blend,

and (d) PA-14 homopolymer.
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4.3.5. Effect of blend composition on gas permeation
The literature [35e39] suggests that the permeability of

gases in random copolymers and miscible blends should fol-
low a simple relationship of the form:
Table 2

Comparison of activation energy for gas permeation, Ep (kcal/mol), of homo-

polymers and effective activation energies of blends

Polymer Ep;O2
Ep;CO2

Temperature range (�C)

PA-14 8.5 7.6 2e12

PA-16 9.4 8.3 2e20

PA-18 11.0 10.3 30e40

PA-14(45)/PA-18(55) 12.0 11.3 5e45

PA-16(50)/PA-18(50) 13.6 12.5 5e45

PA-14(50)/PA-16(50) 15.2 14.7 5e35

PA-14(75)/PA-16(25) 16.5 16.6 5e35
ln P¼ f1ln P1þf2ln P2 ð10Þ

in certain limiting cases. Here Pi and fi refer to the permeabil-
ity and volume fraction of i in the homogeneous blend or co-
polymers. Deviations from this additive relationship have been
documented: negative deviations in strongly interacting sys-
tems, positive deviations when P1 and P2 are very different,
Table 3

Comparison of activation energy for respiration, ER (kcal/mol), of selected

produce [40e43]

Produce ER;O2
ER;CO2

Blueberry 35.2 39.0

Broccoli 15.0 15.8

Banana 11.3 9.8

Raspberry 10.7 13.3
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and S-shaped curves indicate at phase inversion in immiscible
blend systems.

Fig. 18 shows the O2 permeationecomposition plots for
blends at various temperatures. Below the melting point of
the shorter side-chain component and at a temperature in the
intermediate state, the permeability for the blends lies well be-
low or along the additive line. Crystallinity complicates this
analysis; therefore, examining this relationship at or above
the melting point for the blend components is more informa-
tive. Above the melting point of both components, the
PA-16 weight fraction
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Fig. 16. The magnitude of N2, CO2, O2, and H2 permeation jumps for PA-14/

PA-16 blends as a function of composition.
permeability for the PA-14/PA-18 blends and PA-16/PA-18
blends shows more or less additivity of the pure component
permeability coefficients. The PA-14/PA-16 blends have per-
meability values that are closer to that of the longer side-chain
length component and, therefore, show a positive deviation
from the additive line.

4.3.6. Effects of thermal history on semi-crystalline blends
Changes in crystalline morphology due to differences in

thermal history have a significant effect on permeation, ther-
mal and structural properties of poly(n-alkyl acrylate) homo-
polymers [9,26]. For homopolymers, Mogri and Paul found
that slow cooled films lead to higher permeability in spite of
having a higher crystallinity [25]. It is clear that simple crys-
tallinity considerations are insufficient to fully explain this
phenomenon and that a better understanding of crystallite
size, shape, and orientation is necessary. As might be ex-
pected, the same trends are observed for blends. Fig. 19 shows
the permeation response for a homopolymer, PA-18, and
a blend, PA-16(50)/PA-18(50), with the corresponding DSC
thermograms in the lower panels for film samples formed by
cooling rates of 0.1 and 1.0 �C/min from the melt state. As ex-
pected the melting points and crystallinity (i.e., heat of fusion)
are higher for the slower cooled samples as more stable
Table 4

Magnitude of the permeation jump for the PA-18 component, ðPþ35=Pm
35Þ, in the

ternary blend and the ideal calculated for 33 wt% PA-18

Gas Ternary ðPþ35=Pm
35ÞPA-18 Ideal wPA-18ðPþ35=Pm

35Þ
o
PA-18

O2 18.3 21.5

N2 36.7 42.3

CO2 56.0 29.5
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crystals are formed. The more rapidly cooled films for PA-18
and PA-16(50)/PA-18(50) blend samples have lower perme-
abilities. As the temperature increases to the intermediate
state, the difference between the permeability coefficients of
the two cooling rates narrows. The activation energy of perme-
ation for the slow cooled samples is lower than that of the
1.0 �C/min cooled samples. Table 5 summarizes the Ep values
for each of the samples with the two thermal histories; Ep is
always lower for the slower cooled samples of the
Table 5

Effects of thermal history on the activation energies, Ep (kcal/mol), of O2, N2,

and CO2 permeation for PA-18 and PA16(50)/PA18(50) samples

Polymer Sample state Cooling rate (�C/min) Ep;O2
Ep;N2

Ep;CO2

PA-18 Solid 0.1 8.0 9.5 7.0

1.0 9.4 9.3 9.1

PA-16(50)/PA-18(50) Solid 0.1 8.8 10.7 8.0

1.0 9.7 16.0 12.8

PA-16(50)/PA-18(50) Intermediate 0.1 9.2 10.7 10.1

1.0 11.1 13.3 12.3
homopolymer and the blend. For the blend in the intermediate
state, there is a smaller difference between Ep for the two cool-
ing rates suggesting that the barrier to permeation has been
reduced by the melting of PA-16 crystallites.

5. Conclusions

The permeation response of semi-crystalline poly(n-alkyl
acrylate) and poly(m-alkyl acrylate) blends as a function of
temperature is significantly influenced by the side-chain
lengths, n and m, of the blend components and blend compo-
sition. The components of each system crystallize indepen-
dently of one another without any significant co-
crystallization; however, the heat of fusion determined by
various methods suggest that the presence of one component
hinders crystallization of the other component. Changes in
morphology by blending significantly influence the gas perme-
ability as the melting temperature is traversed. PA-14/PA-18
and PA-16/PA-18 blends show two distinct permeation jumps
at the melting point of each component. The permeation
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response of the PA-14/PA-16 and ternary blends did not show
a jump at the melting point of PA-14 but showed a stronger
temperature response, presumably due to progressive melting,
than expected by simple Arrhenius considerations for such
polymers where the crystalline morphology is fixed. This
stronger temperature response occurs over the range of tem-
peratures of interest for modified atmosphere packaging.
This suggests that multi-component poly(n-alkyl acrylate)
blends may be a route to obtain the necessary thermal respon-
siveness of gas permeation in membranes used in the packag-
ing of respiring produce.
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