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Abstract

The gas sorption and transport properties of poly(octadecyl acrylate) are described for the semi-crystalline and molten states. The change
in permeability upon traversing the melting point, or permeation switch, was observed to be as high as two orders of magnitude depending on
the penetrant. Analysis of gas transport is explained using the Michaels and Bixler model for semi-crystalline polyethylene. This analysis
shows chain immobilization of the amorphous phase by surrounding crystals to play a significant role in describing the penetrant-dependent
permeation switch in this side-chain crystalline polymer. Traditional two-phase models describing crystallites as impenetrable barriers with
no effect on amorphous phase properties may explain solubility in this system but do not describe diffusion. The dependence of transport
parameters on polymer composition, e.g. side-chain length, is also disc@2€80 Elsevier Science Ltd. All rights reserved.

Keywords Side-chain crystalline polymers; Octadecyl acrylate; Permeation switch

1. Introduction of the semi-crystalline polymer so that the properties of the
amorphous phase are well known [1,3,4,12,18-21]. Further-
The sorption and diffusion of penetrant molecules (e.g. more, there is evidence that the presence of the crystallites
gases, vapors or liquids) in semi-crystalline polymers has affects the nature of the amorphous phase.
been a subject of interest for several decades. Much of the Side-chain crystalline polymers and in particular long
understanding of how crystallinity affects these properties side-chain polyg-alkyl acrylate)s and polyfalkyl metha-
stem from experimental studies of polymers where it is the crylate)s are well documented in the literature [14,22—-26].
chain backbone itself that crystallizes, i.e. main-chain Extensive studies of their physical, thermal and structural
crystalline polymers, such as polyethylene (PE) and othersproperties have been reported, but a complete understanding
[1-12]. By comparison, very few studies have focused on of the packing of the side-chains [27,28] and how the back-
polymers with side-chain crystallinity [13—15]. bone organization [29—-32] and mobility are affected by the
In both cases, crystallite size and shape, overall crystal- crystallites have not yet evolved. Because of these and other
line morphology, and the degree of crystallinity, all of factors there may be significant differences in how side-
which are influenced by the thermal history of the polymer, chain versus main-chain crystallinity affect penetrant sorp-
are expected to have an important influence on permeationtion and diffusion.
processes. These factors have been accounted for using clas- This paper reports an in-depth study of gas sorption and
sical two-phase models [16,17]. The most widely used transport behavior of poly(octadecyl acrylate) or PA-18.
description continues to be the one proposed by Michaels Side-chain crystalline polymers of this type show dramatic
and Bixler 40 years ago [18]. The basic concept is that the changes in many properties upon traversing the melting
crystallites represent a non-sorbing, non-permeable phasepoint. The resulting switch effect makes these materials of
hence, all diffusion occurs in the amorphous phase. interest for biomedical, agricultural and packaging applica-
However, only a limited number of studies have been tions [33—38]. The objective here is to examine the thermal
done above the melting point or using an amorphous analogswitch properties of PA-18. Ultimately, the aim of this
research is to understand how to design polymers, e.g.
* Corresponding author. Tel+ 1-512-471-5392; faxs 1-512-471-0542.  Side-chain length, backbone stiffness, etc. to obtain specific
E-mail addressdrp@che.utexas.edu (D.R. Paul). switch properties such as the magnitude and breadth of the
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permeation jump. These ideas will be elucidated with the solution-diffusion mechanism. The penetrant sorbs into

Michaels and Bixler model recalling the structural consid- the polymer at the upstream surface, diffuses through the

erations of the side-chain packing. membrane and desorbs from the opposite surface. The
permeability coefficient is the product of solubility and
diffusion coefficients

P=DS )

2. Background

2.1. Structure and properties of poly(n-alkyl

(meth)acrylate)s The diffusion coefficient is a kinetic factor that reflects the

mobility of the penetrant in the polymer phase while the
solubility coefficient is thermodynamic in nature and is a
function of polymer-penetrant interactions and the conden-
sibility of the gas. The temperature dependence of these
coefficients are usually described by

Early work on the thermal properties of polymer series
with varying side-chain lengths established a critical
number of methylene groups to develop crystallinity [22]
which for the polyt-alkyl acrylate)s is approximately 9—10.

Beyond this, the melting poinfTf,) and degree of crystal- D=D exp(_—Ed) @)
linity (x;) for a given polymer backbone, increase as the 0 RT

side-chain length increases. It appears that the 9—10 methy-

lene units closest to the backbone reside in an amorphousS: S exp( —AHS) 3)
state while the methylene groups beyond this limit are RT

accommodated in the crystalline lattice; thus, the crystallites

become thicker (increasds,) and occupy a larger fraction P_p —_Ep 4
of the material (increaseg). Some aspects of these materi- =~ ' © exp( RT ) S

als are greatly affected by the nature of the chain backbone, . -
g y y whereE, = Ey + AHg is the overall activation energy for

e.g. stiffness. Poly(alkyl methacrylate)s series show lower e is th Givati for diffusi AH
T, andx. than poly(alkyl acrylate)s of the same side-chain permea lonq1s the activation energy for diffusion ardH,

length [22,27]. Copolymerization can be used to alter back- is the heat of sorption.
bone stiffness, e.g. butadiene-alkyl acrylate has a more These parameters dep.e”d on the_ structu_re and morphol-
flexible backbone than styrerm-alkyl acrylate [39,40]; it~ °9Y of the polymer matrix. PA-18 is semi-crystalline at
is generally accepted that a stiff backbone reduces Confor_temperaturgg below its melting point of ‘tDand has a
mational freedom of the side-chain which allows fewer glass transition 'temperature well belpw the range of
methylene groups to crystallize [23,39,40]. temperatur_es of interest her_e._Thus, this p(_)lymer may be
The structure of side-chain crystalline polymers has beenthought of in terms of two d_|st|nct_phases (i.e. crystalline
studied by both wide-angle X-ray diffraction and small- and rubpery) below the melting point, .
angle X-ray scattering. It is generally argued the side-chains Sorptlon of gases in polymers that. are above th?'r glass
of poly(alkyl (meth)acrylate)s pack in a hexagonal crystal transition temperature are well described by Henry's law
structure. Pldtbas proposed that the polyacrylates exhibita C = Sp 5)
two-layer structure, whereas the polymethacrylates display . , . e
a one-layer structure [27,41,42]. These researchers haveWheres IS _the Henry's law constan(; Is the eqUIll_brlum
argued that the main-chain flexibility determines the layer conceniration of the penetra_mt in the polymer anis the
structure. The added bulkiness of the methyl groups tends toP'eSSUre of the penetrarﬁ n the gas phasg. It has peen
disrupt the packing leading to the one-layer arrangement. ltprop.osed that gas SOIUb'I'tY n gem|-crystall|r_1e PEs with
has been claimed for both series that the side-chains pack\f/"’lrym.g degree.s of crystallinity is well described by the
end to end and that the backbone participates in crystalliza- ollowing equation
tion in the acrylate polymers [27,28]. Others contend that S= S'« (6)
the backbone does not take part in crystallization and that . .
the side-chains intercalate [28]. Furthermore, investigationsWherea is the volume fraction Qf the am_orphous pc_)l_ymer
of crystal structure for both flexible (e.g. polyesters) and phasg .[18,45,46].These results imply tais the solubility
rigid (e.g. poly(phenylene terephthalate)s) comb-like poly- cpgfﬂment .fo.r completely amorphgus PE and that the sqlu-
mers have shown the side-chains to intercalate while thebIIIty coefﬁuerﬂ is exactly zero in the PE crystal. This
backbone may or may not take part in the crystallization model wa.s'valldated by the work ochCrum who mgasured
[43,44]. Future small-angle X-ray studies are planned to the solubility of large penetrants in semi-crystalline and
gain more insights about this issue. molten PE. The yalue oft based on these measurements
agreed well with independent measurements dfased on
2.2. Gas sorption and transport in semi-crystalline rubbery density [3]. However, calculated values®@based on solu-
polymers bility measurements of Nand CQ in polybutadiene did not
agree with the density value af [1]. Puleo and Paul
Gas permeation through dense polymers occurs by ashowed that there is an appreciable amount of gas sorbed
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by the crystals of poly(4-methyl-1-pentene) [47]. These method is used here for PA-18, but it is usually not practiced
results can be understood in terms of the much more openfor polymers with very high melting points. In their work,
structure of the crystals whose density is essentially the Michaels et al. assumed that amorphous PE has similar
same as that of the amorphous phase compared to PHliffusion properties as natural rubber. The validity of this
whose crystals are 17% more dense than the amorphousssumption is certainly open to debate. Other approaches
phase. Additionally, penetrants have been shown to sorbare needed to refine the model.
in the crystals of thed form of syndiotactic polystyrene
[48,49].
It is generally assumed that Eq. (6) applies for most semi- 3. Materials and methods
crystalline polymers which implies that the presence of the
crystals does not affect the amorphous phase, at least as far Octadecyl acrylate monomer was generously donated by
as gas solubility is concerned. Yet, Budzien et al. [19] Landec Corporation and was polymerized, as received, in
predicted the solubility of gases in amorphous PE to be heptane (Fisher Scientific) at €D for 24 h. The monomer
approximately a factor of 2 greater than that predicted by and initiator concentrations were approximately 35 and
the Michaels and Bixler model [18]. These researchers 0.35 wt.%, respectively. The polymer was precipitated
noted that crystallite constraining effects on the amorphous into cold methanol (EM Science) and then purified by repre-
phase might play a large part in gas solubility in addition to cipitation in the heptane/methanol system three times.
gas diffusivity. The crystals do seem to have two separate Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) was
effects on the diffusion coefficient as shown in the work of generously provided by General Electric Plastics (intrinsic
Michaels and Bixler on PE [18]. The crystallites act as viscosity= 0.46 dl/g; M,,=46,000). Anopor& (What-
impenetrable barriers to the penetrant which can be man) porous ceramic membrane discs (pore diameter is
accounted for by a tortuosity or geometric impedance factor, 0.02,.m) were used without the annular polypropylene
7; i.e. the penetrant must follow an elongated path due to the support ring.
crystallites in order to diffuse through the polymer. In addi-  Films were solution cast on glass plates from a toluene
tion, the crystallites seem to impair the mobility within the solution containing 10 wt.% PA-18 in a fume hood. The
amorphous phase and leads to a higher activation energy forresulting highly brittle films of semi-crystalline polymer
diffusion through the amorphous phase; Michaels et al. were allowed to dry for approximately 2 days. They were
introduced a chain immobilization factg to account for then placed in a vacuum oven at room temperature for 24 h
this effect. According to this model, whel" is the diffu- before use. PPO was coated on the Anopordiscs by a
sion coefficient in the amorphous phase without any pertur- modified casting knife technique. Approximately 2 ml of a
bation due to the crystallites, the overall diffusion coefficient 15 wt.% solution of PPO in trichloroethylene (Fisher Scien-
in a semi-crystalline polymer is given by tific) was deposited evenly and quickly onto an Anogbre
D — D*/r8 @ disc. Excess solution was scraped off using a Scodbula
(Fisher Scientific) leaving a thin film on the disc. The
Limited studies suggest thatis a function ofa while 8 and composite was allowed to dry in the fume hood and was
D* depend on the molecular diameter of the penetrating gasthen placed in a vacuum oven at 2Q0for 24 h to remove
molecule. The tortuosity must also be dependent on crystal-residual solvent. These composites were subsequently
lite size and shape, the size distribution and how the crystal- stored in air at about 6& for 3—10 days before use.
lites are organized in space. The tortuosity has not been Cast films of PA-18 were placed on a PPO-coated
correlated to any of these properties in prior work but the Anopore porous support and melted in the permeation cell
significance of these supramolecular parameters must not b&o form a three-layer composite membrane. The resistance
overlooked. In principle, the effect of these details of crystal in the porous layer was negligible while the thin PPO coat-
structure on the tortuosity part of the model can be ing was measured for its resistance prior to and after
accounted for quite rigorously using theories for two- measurements of the entire composite membrane. Through
phase composites [16,17,50]. However, this type of model- a series resistance model, the permeability of PA-18 was
ing does not shed any light on the so-called “chain immo- calculated. Permeation and sorption measurements were

bilization” effect, i.e.. made in the molten state and then the composite was

According to the above model, the permeability of the removed from the cell and placed on a hot stage. The
purely amorphous phasB;, is given by membrane was melted again and cooled at a certain rate
P* — D' ) for a reproducible thermal history. Measurements were

made for the solid polymer, and then eventually again in
One of the real limitations to our current understanding of the molten state. The concerns and issues leading to the
permeation in semi-crystalline polymers is that rarely has choice of this assembly and the measurement techniques
P*, D* or S* been measured directly. One experimental are discussed in detail in a previous publication [51].
approach would be to measure these quantities abgve Permeability measurements were carried out as a function
and extrapolate to temperatures of interest belgwThis of temperature in pressure-rise constant volume systems.
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Table 1 the highest melting point and heat of fusigxHy). “As cast”

Effect of thermal history on the thermal and physical properties of PA-18 fiims of PA-18 display preferred orientation of the crystal-
lites which may lead to these high values [51]. As the cool-
ing rate from the melt is increased, the melting point and
As cast 55 25.1 0.48 Thiswork  heat of fusion decrease. This translates to a lower degree of

Thermal history Tm (°C) AH; (cal/g) X2 Notes

o + b .
(l):é]gm:zb gé i;:g 8:2 12:2 m:i crystallinity, ., for the higher cooling rate. This degree of
e 56 213 041  Ref.[22] crystallinity was calculated from the following

C
53 23.4 0.45 Ref. [27] _ (AHf) (ll)
2 The degree of crystallinity is calculated from Eq. (11). (AH:)
® Rate of cooling from the melt. . .
¢ History not described. where AH; was measured by DSC (expressed in units of

cal/g of sample) and the value &AHy, is 52.5 cal/g of crystal
[22,53]. This value was taken from studies of the melting
behavior of long chaim-alkanes that exhibit a hexagonal
These systems have been previously described in detail elsecrystal structure. It is well accepted that long side-chain
where [52]. The gases used, He,, ,, N,, CH, and CQ, polyacrylates crystallize into such a lattice. Moreover, X-
were obtained from Praxair and Air Liquide with at least ray powder diffraction of PA-18 reveals an absence of peaks
99.9% purity. All measurements were made at 2 atm known to indicate an orthorhombic or triclinic modification
upstream pressure. Solubility measurements were madgs4,55]. Also, an FT-IR scan of PA-18 shows a peak
via a pressure decay method as a function of temperaturecharacteristic of the hexagonal lattice [55]. The thermal
in a dual volume cell as described previously [52]. Measure- properties for this polymer agree well with previous
ments were made as a function of pressure up to at leastpublished reports [22,27].
7 atm for both CH and CQ.
Melting points and heats of fusion of the side-chain crys- 4.2. Gas permeation
talline polymers were determined using a Perkin—Elmer
DSC-7 equipped with an intercooler for measurements start- Representative graphs of the permeation switch behavior
ing from —4C°C. All heating rates were 2@/min while of PA-18 are shown in Fig. 1. The data beldky were
cooling rates were set at 0.1, 1.0 or@dmin to vary the obtained using a film cooled from the melt &CImin in a
thermal history of the sample. The thermal history of the hot stage. On heating, some pre-melting of the crystals
actual membranes was varied by the use of two hot OCCUrs around 4, but a rather sharp transition is observed
stages. One was a Mettler FP82HT hot stage with an in the range of 45—5C. It is important to note that the order
FP8OHT central processor equipped with an air line for Of the measurements were made as mentioned in the
cooling. Another was a Linkham TMS91 hot stage with Previous section. The permeation properties of the semi-
a Linkham CS196 cooling system that utilized liquid crystalline film depend somewhat on its thermal history;

N,. Molecular weights of the synthesized polymers however, the permeation results in the molten state were
were obtained by gel permeation chromatography the same before and after the solid state measurements.

using polystyrene standards. A comparison of the various graphs in Fig. 1, reveals that
the permeation jump depends on the nature of the gas; the
effect of the penetrant on the magnitude of the permeation

4. Results and discussion jump will be examined more closely in a subsequent section.
At this point, it is useful to compare the magnitudes of the
4.1. Polymer characterization crystalline and molten state permeabilities to other structu-

rally similar polymers. With the exception of the ester link-
The thermal properties of PA-18 having various thermal age, PA-18 is arguably similar to PE. The gas permeability
histories are shown in Table 1. The “as cast” polymer has of PEs of various levels of crystallinity have been reported

Table 2

Comparison of gas permeability coefficients for semi-crystalline PA-18 and various PEs. All values measuf€daaid3given in Barrers

Gas PA-18a = 0.63) High-density PEa = 0.23)% Medium-density PEa = 0.57)% Low-density PEa = 0.71)?
He 8.24 1.68 7.77 25.0

H, 8.35 - - -

0O, 1.18 0.64 5.06 19.4

N, 0.29 0.24 1.85 7.36

CH, 0.64 0.66 5.38 23.7

Co, 4.25 2.52 21.0 77.8

@ From Ref. [18].
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Fig. 1. He, H, O,, N,, CH, and CQ permeability (Barrers) of PA-18 as a function of temperature. The measurements were done in the order of: (1) molten
state above 5C; (2) cooling the molten polymer in a hot stage &€/min; (3) semi-crystalline state from 30 to°@) and (4) intermediate state from 42 to
49°C. Extrapolations to 5@ in the molten and semi-crystalline stat@y(andPs,) form the basis for evaluating the permeation switch of this polymer.
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Table 3

Comparison of activation energies for gas permeation for semi-crystalline PA-18 and various PEs

Gas PA-18 High-density PE Medium-density PE Low-density PE
(a=0.63 (a=0.23? (e =057)? (¢ =0.717

He 7.4 (kcal/mol) 7.1 (kcal/mol) 8.3 (kcal/mol) 8.4 (kcal/mol)

H, 8.0

0, 11.2 8.4 10.2 9.8

N, 12.6 9.5 11.8 11.2

H, 13.1 9.7 11.3 10.9

CGo, 9.2 7.2 9.3 8.7

2 From Ref. [18].

[18] and are compared to PA-18 in Table 2. PA-18 has a permeation switch effect shown in Fig. 1. The method
much lower permeability for all gases, with the possible chosen here compares the permeability coefficient for a
exception of helium, than PE materials of comparable crys- given penetrant in the molten state to that in solid state at
tallinity. Of course, there are significant physical differences a specified temperature. The choice of temperature is arbi-
between PE and this polyalkyl acrylate), in addition to  trary but significantly affects the ratio of these permeability
the chemical structural differences, that deserve note. First,coefficients as discussed later. In the present case, a conve-
PE crystallizes in an orthorhombic lattice while PA-18 nient temperature is the melting point of the polymer,G0
adopts a hexagonal crystal structure. Second, it is the side-for PA-18. The molten state permeation data are extrapo-
chains in PA-18 that crystallize while for PE it is the main- lated to 56C and the resulting value designated R,
chain. The crystalline state morphologies of the two where the “+ " represents the amorphous or molten state.
materials are no doubt quite different. Note that activation A similar extrapolation was done for the semi-crystalline
energies for permeation in PA-18 are generally slightly state with the value at 3G designatedPs, where the
higher than for the PEs for various crystallinities as seen “ — " represents the semi-crystalline or solid state data.
in Table 3. This procedure is shown graphically in Fig. 1. The ratio of
A comparison of just the effect of the polymer repeat unit these two paramete8iy/Ps,, is then used as the measure of
structure on gas permeability properties is best done in thethe magnitude of the permeation jump. It is seen in Fig. 2
amorphous state where the effects of crystallinity are that this ratio correlates quite well with the Lennard-Jones
absent. The amorphous state gas permeability coefficientscollision diameters of the penetrant gas molecules studied.
of poly(methyl acrylate) (PMA), natural rubber and PA-18 The ratio changes by about an order of magnitude going
are compared at a common temperature GC35 Table 4. from He to CH,.
Note that for all gases considered, PA-18 is substantially The collision diameter is the effective diameter of the gas
more permeable than PMA. The effect of side-chain length molecule as it freely rotates in the gas phase. For non-sphe-
on the gas permeability properties of palydlkyl acrylate)s rical molecules it is useful to use the “kinetic diameter”
will be described more completely in a future paper. Amor- which more nearly measures its smaller dimension. For
phous PA-18 is also 1.5-2 times more permeable thanthe gases in Fig. 2, the kinetic diameters are essentially
natural rubber. As seen in Table 5 the activation energiesthe same as the Lennard-Jones collision diameters except
for permeation in amorphous PA-18 are lower than for for the more cylindrical C® molecule whose kinetic
natural rubber. diameter is 3.3 AThe open circle in Fig. 2 represents the
There are several ways to quantify the magnitude of the permeability jump for C@replotted at its kinetic diameter.

Use of either value does not change the essential trend of the
Table 4
Comparison of gas permeability coefficients for PA-18, PMA and natural
rubber in the amorphous state. All values measured at or extrapolated toTable 5
35°C and expressed in Barrers Comparison of activation energies for gas permeation for molten PA-18 and
natural rubber

Gas PA-18 PMA Natural rubbet
Gas PA-18 Natural rubb@r
He 68.8 10.6 43.3
H, 113 711 He 5.4 (kcal/mol) 6.1 (kcal/mol)
0O, 75.0 36.2 H, 6.3 6.8
N, 29.1 0.187 13.1 O, 5.2 7.5
CH, 90.8 0.235 45.0 N, 6.3 8.8
CcO, 428 7.20 183 CH, 5.6 7.4
CO, 2.7 6.1

& From Ref. [57].
® From Ref. [58]. 3 From Ref. [58].
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Fig. 3. A typical Arrhenius plot of permeability versus temperature for a
polymer in the semi-crystalline and molten states. The dashed lines repre-
| sent extrapolations of the semi-crystalline and molten state data (solid
He H (o) N CH CO lines). This illustrates the importance of the temperature choice when calcu-
1 a2 2 2 42 lating the permeation switch.
24 2.8 3.2 3.6 4.0

Fig. 2. Magnitude of the permeation switch for PA-BPgy/Ps, as a function the increase in the volume or reduction in tortuosity for
of the Lennard—_Jon_es c_olligion gas diameter. The open point is the valuefordiffusion. However. Michaels and Bixler in their work on
CO, plotted at its kinetic diameter. ! . .

PE found departure from the simple model, i.e. the perme-

ability reduction due to crystallinity was found to be depen-
data, but it seems that a dimension intermediate between thedent on the size of the penetrant as seen here.
collision diameter of 4.0 Aand the kinetic diameter of 3.3 A To compare the permeation switch values of PA-18 to PE,
would better represent G@n this plot. an amorphous analog representative of the molten proper-

It is important to emphasize that the temperature, ties of PE is needed since these properties are not available

selected to form the ratid®f /Py, will affect the value of for the gases of interest here. There are a variety of amor-
the ratio since the permeation activation energies in the meltphous polymers with structural similarity to PE; Michaels
and semi-crystalline state are different as illustrated sche-and Bixler selected natural rubber for this purpose. A more
matically in Fig. 3. The dashed lines represent extrapola- direct assessment of the gas permeation properties of amor-
tions of the data above and beloWw, The logarithmic phous PE is needed, but for now we use data for natural

distance between these lines, i.e. (Rg/P7), clearly rubber for this analysis, as suggested by Michaels and Bixler.
depends on the choice @f The melting point of the poly- As seen in Table 6 the estimated permeation switch for
mer seems to be a reasonable choice of temperature foPE depends strongly on its degree of crystallinity or

forming this ratio. amorphous volume fractiom. The magnitude of the perme-

The simple two-phase model for gas permeation through ability ratios for the larger penetrants in high density PE
semi-crystalline polymers, based on the concepts of the(a = 0.23) is very similar to that of PA-18. However, the
theory of composites, envisions the crystallites as impene- high-density PE has three times the level of crystallinity as
trable barriers to permeation, with no constraining effect on PA-18. The PA-18 shows much higher permeation jump
the amorphous phase. In this view, the crystallites reducevalues than the medium density PE. Even the latter is still
the volume available for diffusion and create a tortuous path more crystalline. Based on this limited comparison, it
for the penetrant. The large effect of the penetrant on the appears that side-chain crystallinity may lead to larger
permeation jump shown in Fig. 2 cannot be explained by reductions in permeability than main-chain crystallinity,
such a simple model. If the crystallites act only as physical compared at the same level of crystallinity. Furthermore,
obstacles, then upon melting, the permeability of the pene-the effect of penetrant size on the value Bfy/Ps, is
trant should increase, irrespective of its nature or size, due tomuch larger for PA-18 than any of these PEs, at least

Table 6
Comparison of values d#2y/P5, for PA-18 with various PEs; for the latter, tiRg, values are from the work of Michaels and Bixler [18] while & values
are approximated by data for natural rubber [58]

Gas PA-18a = 0.63) High-density PEa = 0.23) Medium-density PEa = 0.57) Low-density PHa = 0.71)
He 7.19 23.9 4.72 1.45

H, 12.0 — — -

0O, 40.0 52.7 5.83 1.57

N> 59.6 52.8 5.64 1.49

CH, 815 57.0 6.22 1.46

CO, 61.1 66.8 6.85 1.93
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Fig. 4. He and C@permeability as a function of temperature in the semi-crystalline state for different thermal histories. Upon comparison with Table 1, the
trend in the semi-crystalline state permeability does not follow the expected dependence on the level of crystallinity.

based on the natural rubber approximation. The source ofpermeability properties and the permeation switch behavior
the penetrant dependence can be rationalized in terms of thdor PA-18. Samples with three different histories are
modified model proposed by Michaels and Bixler. The ratio compared: an “as cast” film and two others that were melted
P2o/Pso is equivalent ta?*/P at 50C in terms of the nota-  and cooled at different rates, i.e. 1 and°G/min. Fig. 4
tions used in Egs. (1) and (8). Combining these with Eqgs. (6) shows the permeability of He and G@re affected by this
and (7) leads to history. When combined with the physical characteristics in
Table 1, an unusual trend is revealed. The “as cast” film
Pso P B 12 which has the highest degree of crystallinity shows the
P—go TP a (12 lowest permeability, as might be expected. However, the
film cooled from the melt at 0?C/min has a higher crystal-
Recall that the tortuositys, is a simple geometric parameter linity anda higher permeability compared to the film cooled
describing how crystallite size, shape and orientation at 1°C/min. Because the molten state permeability is
reduces the rate of penetrant diffusion which in principle, independent of this history, the magnitude of the permeation
can be predicted by an appropriate two-phase compositeswitch effect, i.eP2y/Pso, shown in Fig. 5 reflects the trends
theory. The amorphous volume fractian,can be indepen-  seen in Fig. 4. Thermal history seems to affect the behavior
dently measured by calorimetric techniques, volumetric of larger molecules more than the smaller ones. In fact,
techniques, etc. The chain immobilization fact@r, was when comparing the extremes (“as cast” to °G/min),
introduced to account for the possibility that the presence there is at least a two-fold difference in magnitude for
of the crystallites change the properties of the amorphousthese larger penetrants. This may reflect a lessening of
phase, e.g. chain segmental motions, and has been shown tohain immobilization effects, as these curves become less
depend on the size of the gas molecule [18]. By measuring dependent on penetrant. These trends are a function of how
the gas solubility for the polymer in the semi-crystalline and fast the crystals are formed in these systems. This affects the
molten states, one can test the validity of Eq. (6). From particular size, shape and distribution of the crystals, which
appropriate solubility and permeation data, the diffusion in part determines the overall morphology. To sort out these
coefficients can be calculated in each of these states toeffects more fully requires better characterization of this
obtain the product-B. This product cannot be separated morphology or texture and some probe of molecular mobi-
experimentally without some assumptions; however, if the lity in the amorphous phase.
crystallite structure were known in sufficient detail and
corresponding composite theory were available, then 4 3 Gas sorption and diffusion
could be calculated permitting the absolute valueBofo
be obtained. Fig. 6 shows typical sorption isotherms for €&nd CH,
Before attempting to isolate any of these effects, it is in PA-18 for the semi-crystalline, “as casil = 35°C) and
instructive to examine the effect of thermal history on the molten(T = 50°C) states. Since PA-18 is well aboig at
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- of the data to 5TC has been made from the semi-crystalline
. and molten states and the ratios for each gas are shown in
100 ¢ * . ° 7 Table 8. Comparing the “as cast” to theCImin state in
Table 7, theE, and Eq for CH, and E, for CO, increase,
while the E4 for CO, decreases. One would expect lower
* l activation energies for each gas from the “as cast” to the
T 1°C/min state based on the lower crystallinity of the latter

state. The activation energy of permeation decreases when
proceeding from the 1 to the 0@/min states while the
opposite should occur as the crystallinity increases. It is
interesting to note that the trends in activation energy
were also not clear for the variable crystallinity PE studied
by Michaels and Bixler [18].

The ratio D2y/Dso can be equated teg according to
Eq. (7). As seen in Table 8, the product ef3 is
substantial for CH and CQ. This table also reveals a
reduction in therB value for each gas compared to the
“as cast” state. Coupled with Fig. 5 it seems that the
chain immobilization plays a large role, but at a parti-
cular thermal history and for a sufficiently large mole-
cule, this role may be diminished. However, it is
these temperatures, Henry's law describes the observedexperimentally difficult to separate the product oB
isotherms. The slopes of such plots are shown as a functioninto the particular values of interest. There is evidence
of temperature for both the semi-crystalline and molten from a variety of sources that the factBrmakes a signifi-
states in Fig. 7 and for “as cast” PA-18. The temperature cant contribution to this product, see Tables 7 and 8. The
dependence follows the form of Eq. (3); the heats of sorp- activation energy for diffusion in the semi-crystalline state
tion calculated from the slopes of the solid lines drawn is almost twice that in the molten state. Independent
through the data are listed in Table 7. Similar experiments evidence is provided by the dielectric relaxation measure-
were also performed for other thermal histories, and the ments of Alig et al. for poly(octadecyl methacrylate) [56]
results are also shown in Table 7. Diffusion coefficients which showed that relaxation of the dipole of the ester link-
were calculated using Eg. (1) and are plotted as a functionage (which always resides in the amorphous phase) was
of temperature in Fig. 8. Again, the solid lines that reflect significantly retarded when the alkyl side-chains were in
the Arrhenius temperature dependence and activation enerthe crystalline state versus the molten state [56].
gies for diffusion are given in Table 7 for the thermal The solubility ratios in Table 8 are fairly constant for
histories examined. In both Figs. 7 and 8, an extrapolation both CH, and CQ in the “as cast” state but drift apart in

Pso

Pso

10 | as cast 7
1 °C/min

¢ 0.1 °C/min

1 i H.e i 1 Hzn 02

24 2.8 3.2 3.6 4.0

NZCH:‘CO2

Fig. 5. Magnitude of the permeation switch for PA-Bgy/Ps, plotted as a
function of the Lennard-Jones collision gas diameter for different thermal
histories. The shift in the magnitude of each curve stems from the semi-
crystalline permeability, described in Fig. 4.
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Fig. 6. Representative Gtand CQ sorption isotherms for PA-18 in both the semi-crystalline (“as cast”) and molten states. The solubility follows Henry's law

at the temperatures and pressures used.
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Fig. 7. CH,; and CQ solubility coefficients for PA-18 as a function of temperature. The semi-crystalline state measurements were made with “as cast” films.
Extrapolations to 5T in the molten and semi-crystalline stat&&(and S) form the basis for evaluating the solubility switch of this polymer.

the C/min state. Furthermore, these ratios are well below this is not the case. The crystalline phase contains only
the @ values calculated from DSC. According to the simple hydrocarbon while the amorphous phase includes the ester
two-phase model given in Eqg. (6), one expects the ratio of linkage; thus there is a change in composition of the mate-
the solubility coefficient in the semi-crystalline relative to rial the gas molecules “see” in the semi-crystalline versus
that in the amorphous state, i%,/S, to be equal tax as the molten states. Below,, there are 10 side-chain
determined by thermal analysis. As seen in Table 8, thesemethylene groups plus the backbone in the amorphous
solubility ratios are of the order of one-half the value state, while abovd,, there are 18 methylene groups in
expected, with some minor variation depending on the the amorphous phase. Gas permeability data for these
thermal history and the gas. Strictly speaking, Eq. (6) was side-chain acrylates show a dependence on the side-
developed for polymers exhibiting main-chain crystallinity chain length and arguably, gas solubility data must
where the material in the crystal and amorphous phase isalso show some dependence. These results will be
chemically identical. For side-chain crystalline polymers, reported in a subsequent publication.
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Fig. 8. CH, and CQ diffusion coefficients for PA-18 as a function of temperature calculated using the permeability and solubility data and Eq. (1).
Extrapolations to 5T in the molten and semi-crystalline stat€8{ andDg,) form the basis for evaluatingg for PA-18.
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Table 7
Effect of thermal history on gas transport properties for different thermal histories of PA-18. Permeability values are measi@eshdt3pressed in Barrers

CH, CGo,
Thermal history P E, AHg Eq P E AHg Eq
As cast 0.51 10.1 kcal/mol  —3.2 kcal/mol 13.3 kcal/mol 2.93 8.3 kcal/mol —4.3 kcal/mol 12.6 kcal/mol
1°C/min 0.64 131 -2.6 15.7 4.25 9.2 -23 115
0.1°C/min 1.23 10.0 - - 6.98 7.7 - -
Molten state 90.8 5.6 -16 7.2 428 2.7 -6.0 8.7
Table 8
Comparison of thermal switch values for permeability, solubility and diffusivity of PA-18

CH, Co,

Thermal history a Pso/Pso So/Sso Dso/Dso = 78 Pso/Pso S50/So Dso/Dso = 8
As cast 0.52 128 0.26 32.6 95.1 0.28 26.3
1°C/min 0.63 81.5 0.31 25.2 61.1 0.37 22.5
0.1°C/min 0.59 52,5 - - 41.9 - -
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