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ABSTRACT: A biodegradable polyester, poly(tetra-
methylene dodecanedioate), was injection molded in a rec-
tangular cavity. Thin sections were sliced from molded
samples starting from the skin. The morphology distribu-
tion inside the molded samples was studied by X-ray anal-
ysis. The diffusion and solubility coefficient of water
vapor were then measured using the microgravimetric
method at the temperature of 30°C. Results show that

morphology developed during the process influences the
diffusion of water molecules through the polymer matrix.
In particular, a direct influence of crystalline degree on the
sorption and diffusion parameters was identified. © 2010
Wiley Periodicals, Inc. ] Appl Polym Sci 117: 2831-2838, 2010
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INTRODUCTION

Biodegradable polymers have attracted increasing
interest in fundamental research as well as in tech-
nology, due to their potential in addressing environ-
mental concerns and biomedical applications. Biode-
gradable polymers break down in physiological
environments by macromolecular chain scission into
smaller fragments, and ultimately into simple, stable
end-products. The degradation may be due to aero-
bic or anaerobic microorganisms, biologically active
processes (e.g., enzyme reactions) or passive hydro-
lytic cleavage. The last two decades of polymer tech-
nology have seen a sharp rise in the development
and commercial marketing of such new materials."?
Aliphatic polyesters are amongst the most important
biocompatible and biodegradable materials that have
received increasing attention. Their applications in
conventional fields, such as agriculture, packaging,
and fiber, and biomedical fields, e.g., tissue engi-
neering, surgical suture, gene therapy, and con-
trolled drug delivery, have grown significantly due
to the availability of novel products with better per-
formance characteristics."® Almost all biodegradable
polyesters are semicrystalline, and therefore, crystal-
lization is a key process affecting their physical
properties. The crystallization behavior of biode-
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gradable polyesters has been extensively investi-
gated in recent decades. Generally, the physical
properties of thermoplastic polymers such as ther-
mal, mechanical properties, and biodegradability (of
biodegradable polymers) are considerably influenced
by the crystalline structure and morphology that can
be manipulated by changing the crystallization con-
ditions. Accordingly, studies on the relationships
between structure, morphology, and properties are
of fundamental importance for controlling the final
properties of polymeric materials. The study of the
influence of crystallinity and orientation on the
transport properties of gases and vapors in poly-
meric films is very important both theoretically and
technologically.”'” Sorption and diffusion determine
the permeability of a film, and this parameter is of
fundamental importance if the film has to be used
as packaging material. The food packaging industry
needs particular performances of the materials
selected, particularly in terms of the barrier require-
ments.'''® Both crystallinity and molecular orienta-
tion generally decrease the permeability, due to
decreased sorption and/or diffusion. In most cases
the crystalline regions were found impermeable to
the vapor penetrants.” ' The aim of this work was
to use the injection molding technology to process a
biodegradable polyester: Poly(tetramethylene dodec-
anedioate). The distribution of morphology (in terms
of degree of crystallinity and orientation) was inves-
tigated on thin slices cut from molded samples from
the skin part of the molded slab along the flow
direction. To detect the amount and distribution of
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TABLE I
Properties of the Polyester Adopted in This Work
M, (g/mol) M, (g/mol) M; (g/mol) M/ My M/ My T (°O) T (°O) T" (°C)
20,000 45,000 90,000 2.3 2.0 66 47 —23

 Peak value of a DSC thermogram at 10°C/min.
" From a DSC thermogram at 10°C /min.

the amorphous permeable phase, transport proper-
ties (sorption and diffusion) of water vapor were
investigated using microgravimetric method at the
temperature of 30°C.

EXPERIMENTAL
Material

The polymer analyzed in this work is a Poly(tetra-
methylene dodecanedioate)

o o
—Po — CH,)—0 —u—( CH, )To—u%;

)

Table I shows the main physical properties.

The degradation in the molten and the hydrolytic
degradation in the solid state of this material were
studied in previous works.'”'®

Processing

Film specimens (0.090-0.050 mm thick) were pre-
pared by compression molding at 120°C under a
pressure of 10 bar.

The injection molding of the samples was carried
out on a HAAKE MiniJet Molding Machine. A rec-
tangular mold was used to produce a slab having
the following dimensions: length, 75 mm; width,
12.5 mm; thickness, 1 mm. The injection molding
experiments were carried out by keeping the melt
temperature at 120°C, the mold temperature at 30°C,
the injection and holding pressures at 140 bar. The
mold and injection temperatures were chosen to
allow a complete cavity filling under the applied
injection pressure. A previous rheological characteri-
zation of the material allowed to exclude any possi-
ble material degradation under the chosen thermal
conditions.” The cavity filling lasted about 1 s. At
the end of the filling stage, a holding pressure was
applied to compensate for the shrinkage due to cool-
ing and crystallization. The holding time was always
10 s. Normally, since solidification proceeds from
the surface to the core of the sample, the filling stage
induces a higher orientation in the layers close to
the surface, but the holding pressure can also induce
an orientation in the layers close to the midplane.*
An unoriented sample, taken as reference, was
obtained by hot pressing in a Carver laboratory
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press the material’s pellets at 120°C at pressure of 10
bar, followed by cooling at a rate of about 1°C/s to
room temperature.

The microstructure of the obtained samples is
shown in Figure 1, where a micrograph of a slice cut
in a position close to the injection point, is reported.
The micrograph refers to half thickness of the sam-
ple, the flow direction being vertical. The picture
shows the typical skin-core structure of molded sam-
ples with an oriented region (the brightest band
close to the surface) and a much less oriented core.
The samples were microtomed into 100-um thick sli-
ces, starting from the surface and successively get-
ting deeper until the last slice was in the center
according to the scheme of Figure 2.

The first slice obtained, corresponding to the skin
layer was coded as Section 1, the second slice was
coded as Section 2, the forth slice, corresponding to
the core of the sample, was coded as Section 4.

All the samples were dried under vacuum at 30°C
for 48 h before any measurement.

Methods of investigation

Crystallinity and crystalline orientation of the slices
cut from injection-molded samples and of the com-
pression-molded films were analyzed by WAXD.
X-ray diffraction analysis was performed by using

Surface (skin)

(core) Midplane

Figure 1 Optical micrograph under polarized light of
half of the cross section of the molded sample. The 2D
WAXD patterns refer to the positions indicated by the
arrows. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Scheme A

¥
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) A

Figure 2 Sample preparation from injection molding
specimens.

XRD (RINT, Rigaku, Japan) using Cu Ka radiation
(40 keV, 20 mA). The exposure time was 1 h.

Two-dimensional WAXD patterns were circularly
averaged to generate plots of diffracted intensity as
a function of angle 20. The polymer presents a poly-
ethylene-like crystal structure: the Bragg angle of
(110) reflection corresponds to 20 = 21.2, the Bragg
angle of (200) corresponds to 20 = 24.3, the Bragg
angle of (020) corresponds to 260 = 35.2. By calculat-
ing the d spacing for each reflection from Bragg’s
law and by applying the relation between the d
spacing and unity cell parameters for an orthorhom-
bic system, it was possible to evaluate the unit cell
parameters as 2 = 7.33 A and b = 5.11 A.

When considering injection-molded samples, the
c-axis (chain) orientation in the direction of flow
(machine direction, MD) must be considered. With-
out the pure reflections from the c-axis, Wilchin-
sky’s®’ method was used to obtain information
about the c-axis orientation:

(cos® P, 7) =1 — 0.514(cos® dyyy) — 1.486(cos” P110)
2

where (cos®d.z) was calculated from the strong
(110) and (200) reflections, using the angle between
the normal of the (110) plane and the a-axis and the
orthogonality relationship in the orthorhombic crys-
tal structure:

(cos? Ppz) + (cos? Ppz) + (cos? d.z) =0 3)

To identify a preferred orientation of crystallites,
WAXD photographs on selected samples were ana-
lyzed. Azimuthal scans of Bragg reflections were
obtained. The orientation was obtained in terms of
Hermann’s factor f:

fo= w @

where ¢ is the angle between the unit within a crys-
tal of interest (e.g., chain axis c) and a reference axis

(e.g., fiber or machine direction). cos’¢ is defined as
follows:

90°

[ (I(d)send cos® d)dd

(cos? o z) =L

(5)

90°

J U()send)d

0°

When chains are perfectly aligned along the refer-
ence axis f = 1, whereas f = —1/2 for chains aligned
perpendicular to the reference axis. For random ori-
entation, f = 0.

Transport properties experiments were performed
using a conventional McBain spring balance system,
which consists of a glass water-jacketed chamber
serviced by a high vacuum line for sample degass-
ing and penetrant removal.”” Inside the chamber, the
samples were suspended by a helical quartz spring
supplied by Ruska Industries, Inc. (Houston, TX)
with a spring constant of 1.892 cm/mg. The temper-
ature was controlled to 30 * 0.1°C by a constant
temperature water bath. Before beginning the sorp-
tion experiments, the sample was exposed to vac-
uum for at least 24 h to remove previously sorbed
air gasses and water vapor from the polymer. Liquid
penetrant was subjected to several freeze-thaw
cycles to remove dissolved gases. Then, the sample
was exposed to the penetrant at fixed pressures, and
the spring position was recorded as a function of
time using a cathetometer. The spring position data
were converted to mass uptake data using the spring
constant. Diffusion coefficients and equilibrium mass
uptake were extracted from these kinetic sorption
data. Sorption experiments were performed on 100-
pm thick slices cut according to the scheme pre-
sented in Figure 2. Experiments were also performed
on compression-molded films. All the data pre-
sented were averaged on at least three samples.

RESULTS AND DISCUSSION
Structural organization

The X-ray diffractogram of the compression-molded
sample of the polymer is reported in Figure 3. The
diffractogram was analyzed by a deconvolution pro-
cedure performed according to a scheme reported in
the literature.” The full spectrum was considered as
a superposition of the number of reflections due to
each phase present (three reflections were consid-
ered, two for the crystalline phase corresponding to
20 = 21.17, 24.28, one for the amorphous halo) each
reflection being described by a combination of a Lor-
entzian function and a Gaussian function. The posi-
tions of all the peaks and their shapes (namely the
percentage of Gaussian function) were kept constant

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 X-ray diffrattogram of a poly(tetramethylene
dodecanedioate) compression-molded film sample. The
results of the deconvolution are also shown.

for all the samples. The crystallinity degree was cal-
culated as the sum of the areas of the crystalline
peaks divided by the total area below the spectrum.

The parameters defining each reflection were
determined, with a general purpose optimization
routine, adopting as objective function the total
quadratic error with respect to the experimental
spectrum. Deconvolution results are affected by
some uncertainty which was estimated as =3% on
the percentage crystalline phase. The crystallinity of
the compression-molded sample resulted to be 66%.

The circular averages of the 2D WAXD for Sec-
tions 1 and 4 are shown in Figure 4 together with
the spectrum of the compression-molded sample.
The two slices of the molded sample presented very
similar spectra, even if the peaks of the Section 1 are
less pronounced, thus revealing a lower crystalline
content, which can be attributed to the much higher
cooling rate experienced by the skin layers with
respect to the core sections. If compared with the
compression-molded sample, the sections of the
molded sample present peaks width significantly
larger, especially those corresponding to the (200)
reflection (20 = 24.3°). This clearly indicates smaller
crystal size and/or lower crystal perfection. This ob-
servation is consistent with a much larger nucleation
rate induced by flow during injection molding and
with a higher cooling rate experienced by the sample
inside the mold. Furthermore, the pattern of the sec-
tion 1 (skin region) presented clear intensity varia-
tions along the azimuthal angle, thus revealing a sig-
nificant orientation. These intensity variations
become weaker going from the skin to the core
region of the sample.

The results of the analysis of crystalline distribu-
tion and orientation along the thickness of injection-
molded samples are reported in Table II. Crystallin-
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, Section 1
1N mmmmeeee Section 4
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Figure 4 The deconvolution patterns for compression-
molded film sample and of films sliced from an injection-
molded sample.

ity resulted to be quite uniformly distributed along
the thickness of the samples. The crystallinity degree
inside the molded sample resulted to be much
higher with respect to the compression molded one.
This can be ascribed to the nucleating effect of flow,
or possibly to the enhancement effect of pressure on
crystallization kinetics.

Orientation is present in all the thickness of the
specimens, even if it is slightly decreasing going
from the skin to the core, as expected. The analysis
of orientation for compression-molded sample pro-
vided a f, = 0.07, confirming the absence of a prefer-
ential orientation of these samples.

Transport properties

The transport properties were measured at three dif-
ferent relative humidity: RH as P/P**" = 0.2, 0.4, 0.6,
where P is the pressure in the apparatus and P*" is
the vapor pressure of water at 30°C.

The water diffusion coefficient was evaluated for
M,/M , < 0.6, by the equation:

M _ (DAY (DY
M, \nl T\ 2

TABLE II
Crystallinity and Crystal Orientation of
Compression-Molded Sample and of the Sections of
Injection-Molded Sample

Sample fe X,
Compression-molded film 0.07 0.66
Section 1 0.32 0.82
Section 2 0.22 0.84
Section 4 0.20 0.85
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Figure 5 Sorption kinetic curve (C(t)/Ceq vs. the square
root of time) for the Section 4 of the molded sample at rel-
ative humidity, RH, of 0.60%.

where M, and M., are weight variations at time ¢
and at equilibrium, respectively, | is the sample
thickness and D the diffusion coefficient.

Figure 5 reports the sorption kinetic curve (C(t)/
Ceq vs. the square root of time) for the Section 4 of
the molded sample at relative humidity, RH, of 0.60,
as representative of all the samples. All the samples
showed a Fickian behavior during the sorption of
water vapor at different activities, so it was possible
to derive, for each activity, a diffusion coefficient
D(C) following the eq. (6). For the polymer-solvent
system, the diffusion parameter is usually not con-
stant but depends on the solvent sorbed concentra-
tion, according to the empirical equation:

D = Dy exp(vCeq) @)

where D is the zero concentration diffusion coeffi-
cient (related to the fractional free volume and to
microstructure of the polymer), y is a coefficient
which depends on the fractional free volume and on
the effectiveness of penetrant to plasticize the ma-
trix, and Ceq(g/100 g) the water vapor equilibrium
concentration.

The equilibrium concentration of water vapor as
a function of the relative humidity is reported in Fig-
ure 6.

The sorption curves of compression-molded films
follow a Langmuir-mode sorption behavior: at low
activity (up to RH = 20%) an increase of water con-
centration indicates that besides the normal dissolu-
tion process, the solvent also occurs on preferential
sites in which the molecules are adsorbed and/or

immobilized. It is assumed that these specific sites
on the matrix have a finite capacity. The sections of
injection-molded samples showed a Flory-Huggins
behavior. In this case the interactions between the
diffusing molecules are stronger than the penetrant-
polymer interaction and the solubility coefficient
increases continuously with pressure. It is of interest
to observe that the value of equilibrium concentra-
tion for the first slices is always higher than that of
slices from inner position.

Figure 7 reports the diffusion parameter, D [m*/s],
as a function of the concentration of sorbed water,
Ceq (g/100 g), for all the samples. Calculated values
show a general increase of the diffusion coefficients
on increasing Ceq (g/100 g).

According to eq. (7), Dy was obtained by extrapo-
lation to zero vapor concentration. Figure 8 reports
the extrapolated diffusion parameters vs. the crystal-
linity. The diffusion parameter decreases as the crys-
tallinity increases. The effect of orientation cannot be
easily evinced from data analysis and is surely sub-
ordinate to the effect of X..

The relationship between the coefficient y and the
crystalline degree is reported in Figure 9. The pa-
rameter y increases with the crystalline degree: the
fractional free volume and the effectiveness of pene-
trant to plasticize the matrix are indeed related to
crystalline degree of the polymer. Such trend is very
interesting and unexpected. We can hypothesize that
the crystalline domains tend to aggregate and to sep-
arate from the amorphous phase with increasing the
crystallinity degree; as consequence the amorphous
domains show a more pronounced swelling behav-
ior with respect to the solvent.

0.6 IO L R R L I I L L A R
[ —eo— Section 1
05 L — = -Section 2 ]
[ --¢--Section 4
- —a- - Compression molded
g 04 [ ]
g2 I
=23
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02 |- o
01 [ ]
0- 1 By g gty o § g
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RH = P/P®t
Figure 6 Sorption isotherm of water vapor at T = 30°C.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 7 Diffusion coefficient as function of concentration
of sorbed water (Ceq). [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]

Figure 10 reports the solubility at low relative hu-
midity (RH = 20%) versus the cristallinity. As
expected, there is a direct influence of crystallinity on
the sorption parameter: the variations of the amor-
phous phase density, and therefore of the fractional
free volume estimated for the amorphous phase are
related to the crystallinity of the samples. The solubil-
ity linearly decreases as the crystallinity increases,
namely the fraction of phase that is permeable to
water vapor decreases with crystallinity. Furthermore,
the extrapolated value of Ceq at X. = 1 is nearly zero.
This result is consistent with the relationship:

Ceq = CZar (8)

where (% is the coefficient of solubility in a com-
pletely amorphous polymer and X, is the fraction of

2.50E-11

2.00E-11 | TR,
e

7 10BN e,
i e A
S 100E-11

5.00E-12

0.00E+00

08 0.85 07 075 08 0.85 0.9
X

Figure 8 Extrapolated diffusion parameters (D, ) as func-
tion of X..
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Figure 9 Relationship between coefficient y and crystal-
line degree.

the amorphous phase of the polymer. Because it was
not possible to obtain experimentally a fully amor-
phous sample, we estimated (% from molar water
content of polzlmer structural unit, as reported by
van Krevelen®* and Piringer.”> The estimation was
performed by taking into account the water sorption
capacity of the CH, and COO— groups of the poly-
mer repeat unit and the total COOH end group con-
tent of the polymer.

Molar water contents of structure group reported
by Piringer,25 at the relative humidity of 20%, were
used. In such a manner, the molar water content of
a repeat unit of poly(tetramethylene dodecanedioate)
was estimated as follows:

1icH, - McH, + 2Mcoo- = M0 )

where:

nch, is the number of CH, groups in the polymer
chain

mcy, is the molar water sorption capacity of CH,
groups

Mmcoo— is the molar water sorption capacity of
COO—

mp,o is the molar water content of the polymer
per repeat unit of polymer

The water content of polymer, reported in (g of
water/100 g of polymer) was the calculated by tak-
ing into account the contribution of [COOH] end
groups to water sorption:

(mu,0/(PMy) +xcoon - Mcoon)PMu,0 x100=C¢y  (10)

where:

PM,, is the molecular weight of the repeat unit

Mmcoon is the molar water sorption capacity of
COOH

Xcoou represents the moles of carboxylic terminal
groups per grams of polymer

PMp,0 is the molecular weight of water
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Figure 10 Values of solubility at low C.q relative humid-
ity (RH = 20%) as function of X..

The value of (i so estimated was 0.17 g of
water/100 g of polymer, which is about 1.5 times
the result obtained by extrapolating the linear fitting
of Figure 10 to zero crystallinity level. This would
mean that all the amorphous phase is permeable to
water.

Apart from the effect on solubility, the dispersed
crystalline phase presents a resistance to the perme-
ant passage. More exactly, these crystalline zones
have two effects on the gasses diffusion. On one
hand, they increase the effective path length of diffu-
sion, and, on the other hand, they seem to reduce
the polymer chains mobility in the amorphous phase
(because chain ends are trapped in the neighboring
crystalline lamellae) and, then, lead to a higher acti-
vation energy of diffusion. To account for these
effects, Michaels and coworker?® introduced a “tor-
tuosity factor” t and a “chain immobilization factor”
B. They proposed the following expressions for the
coefficients of solubility and diffusion:

D = D*/(Br) (11)

where D* is the coefficient of diffusion in a com-
pletely amorphous polymer.

We estimated D* at 30°C from the molar activation
energy of diffusion, Ep, the molecular diameter
oo of water vapor and the glass transition T, of
the polymer as reported by van Krevelen**:

2
10350 (GHO) 7.5 25 x107#(T,—298)"* = 1.0

R ON,
(12)
* -3 ED
logD" =107 —"~5* 038 (13)
log D(T) = log D* — ? 10E2 (14)

R

where Epp molar is the activation energy of diffusion,
61,0 and oy, the molecular diameter of water vapor

and nitrogen, T, the glass transition temperature
Poly(tetramethylene dodecanedioate), R the constant
of ideal gas. The value of D* so obtained was 3.5
1071° m?/s.

From eq. (11), the product of “tortuosity factor” t
and “chain immobilization factor” B was calculated.
Figure 11 reports 1-B as function of X..

The product of “tortuosity factor” t and “chain
immobilization factor” [, increases with crystalline
degree. This is a clue that the more tortuous path-
way that a diffusing molecule must take in a semi-
crystalline polymer increases with the crystallinity.

Results of sorption previously estimated do not
show a clear relation with the crystalline orientation
in terms of Hermann'’s factor.

CONCLUSIONS

Transport properties, sorption and diffusion of water
vapor, for a biodegradable aliphatic polyester were
analyzed. The polymer was injection molded in a
simple rectangular cavity. Thin films (slices) were
cut from molded samples from the skin part of the
molded slab along flow direction. As a reference,
also non oriented films were obtained by compres-
sion molding. The resulting morphology of the sam-
ples was carefully characterized by WAXD analysis.
A distribution of morphology was detected inside
the molded sample. In particular, the crystalline ori-
entation degree was found to decrease on going
from the skin to the core of the sample, whereas a
slight increase of crystallinity was found in the same
direction. The diffusion and solubility coefficient of
water vapor were then measured using the micro-
gravimetric method at the temperature of 30°C. The
results show that the distribution of morphology
inside the sample determine a distribution of trans-
port. In particular, the crystallinity degree is the
main factor affecting all the main aspects of the
sorption kinetics. No relevant effect of the crystalline
orientation could be detected by data analysis.

NOMENCLATURE

Ceq water concentration in the solid, g/g of
polymer

C&  water concentration completely amorphous
polymer, g/g of polymer

d distance between planes, nm

D coefficient of diffusion, m? s !

Dy zero concentration diffusion, m? s~!

D, coefficient of diffusion in a completely
amorphous polymer, m* s~

D* pre exponential term of the Arrhenius

equation for temperature dependence of D,
2 1
m”s
Ep  activation energy of diffusion, J/mol

Journal of Applied Polymer Science DOI 10.1002/app
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X
Figure 11 1B as function of crystalline degree X,.
f Hermann’s factor
l thickness of the sample, m
m mass, g

mcy, molar water sorption capacity of CH, groups,
mol/repeat unit of polymer

mcoo—molar water sorption capacity of COO—,
mol/repeat unit of polymer

mcoopmolar water sorption capacity of COOH,
mol/unit

mp,0 molar water content of the polymer per
repeat unit of polymer, mol/ repeat unit of
polymer

M,  initial mass of the sample, g

M, amount of water sorbet at equilibrium, g

M,  number average molecular weight, g/mol

M,;  amount of water sorber at time ¢, g

M,  weight average molecular weight, g/mol

M.  average molecular weight, g/mol

N normality of solution, mol/ m>
ncy, number of CH, groups in the polymer chain
P vapor pressure, Pa

Pt vapor pressure of water at 30°C, Pa
PMp,omolecular weight of water

PM, weight of repeat unit, g/repeat unit of
polymer

R gas universal constant, J/ mol ' K!

t time, s

T temperature, K

T, crystallization temperature, K

Tg glass transition temperature, K

T,,  melting temperature, K

Xcoon moles of carboxylic terminal groups per
grams of polymer

X, fraction of the amorphous phase of the
polymer
X, overall crystalline degree

Journal of Applied Polymer Science DOI 10.1002/app
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Greeks

B “chain immobilization factor” as defined in eq.
(11)

v  coefficient introduced in eq. (7)

0  diffraction semi-angle

L wavelength of radiation, nm

op,omolecular diameter of water vapor, nm

on, molecular diameter of nitrogen, nm

T “tortuosity factor” as defined in eq. (11)

¢ azimuthal angle
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