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ABSTRACT: The microhardness of a series of biodegrad-
able polyesters was determined. The nanostructural features
of these materials were studied by wide-angle X-ray scatter-
ing (WAXS), small-angle X-ray scattering (SAXS), and dif-
ferential scanning calorimetry. Analysis of the SAXS and
WAXS patterns allowed direct derivation of the degree of
crystallinity and crystal thickness values, and correlations of
the micromechanical properties are presented. The differen-

ces in the thermal and mechanical properties exhibited by
the studied systems and the ones found in other aromatic
polyesters are explained as due to the different chemical
natures of the monomeric units. © 2010 Wiley Periodicals, Inc.
J Appl Polym Sci 117: 2591-2596, 2010
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INTRODUCTION

Aliphatic polyesters have received much attention in
the past 2 decades because these materials are, in
many cases, biodegradable by hydrolytic degrada-
tion. The reason for this behavior is the electrophilic
character shown by the aliphatic ester group. Thus,
some aliphatic polyesters, such as poly(e-caprolac-
tone), poly(ethylene adipate), and poly(butylene suc-
cinate), have been commercialized as biodegradable
materials. The number of pharmaceutical and bio-
medical applications for these polymers is continu-
ously increasing."™ One of the ways to obtain poly-
esters with a wide range of applications is through
the modification of the chemical structure of the
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polymers, for instance, by the introduction of new
functional groups in the monomer. The presence of
a double or a triple bond in the glycol or dialcohol
of the monomeric unit allows further modification of
the polyester by means of chemical reactions, such
as the addition of bromine, epoxidation, or
crosslinking.

A series of aliphatic polyesters (samples 1-6) were
synthesized in recent years by Kricheldorf and co-
workers.*® The chemical formulas are given in Fig-
ure 1. As shown, samples 1 and 2 are saturated
polyesters based on 1,4-butane diol. Samples 3 and 4
are unsaturated polyesters based on cis-1,4-butene
diol (cBeD), a glycol unit with a cis double bond.
Finally, samples 5 and 6 are also unsaturated poly-
esters that contain a triple bond in the glycol unit,
1,4-butyne diol (ByD). As shown in Figure 1, the
two polyesters of each pair differ only in the number
of methylene groups of the diacid unit, which is 4 or
8, respectively. Samples 1 and 2 are the better
known polyesters and have been investigated for a
long time.*”""” There have also been some studies
performed on samples 3'*' and 4.'"®* In addition,
Kricheldorf et al.” recently published an article
devoted to samples 3 and 4. However, to our knowl-
edge, there have only been a few studies dealing
with samples 5" and 6*' before the study just
reported by Kricheldorf et al.® In this publication,®
three methods developed for the synthesis of sam-
ples 5 and 6 with high molecular weights were pre-
sented and discussed. Method A consisted of the
thermal transesterification of ByD with the dimethyl
ester of a sebacic acid in bulk catalyzed by Ti(OBu),.
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-[O-CH,CH;CH;CH;-O-CO-(CH),-CO]-
Sample 1: n=4. Sample 2: n =28

-[O-CH;- HC=CH-CH,-O-CO-(CH;3)n-CO-]
(Cis-form)
Sample 3: n = 4. Sample 4:n =8
-[O-CH;,-C=C-CH;-O-CO-(CH3)n-CO-]
Sample 5: n=4. Sample 6:n =8

Sample 1: Poly(butanediol adipate)
Sample 2: Poly(butanediol sebacate)
Sample 3: Poly(butenediol adipate)
Sample 4: Poly(butenediol sebacate)
Sample 5: Poly(butynediol adipate)
Sample 6: Poly(butynediol sebacate)

Figure 1 Chemical formulas of the studied aliphatic
polyesters.

In method B, the direct polycondensation of ByD
with sebacic acid was essayed with p-toluene sul-
fonic acid as a catalyst. Finally, method C dealt with
the polycondensation of ByD with diacid dichlorides
(adipoyl and sebacoyl dichlorides, in our case) in the
presence of pyridine as a catalyst. The last method,
method C, was the preferred one for obtaining poly-
esters with satisfactory molecular weights and a
smaller fraction of secondary reaction products.

In the preceding studies, the correlation between
the nanostructure and the micromechanical proper-
ties of the polymers was well characterized.” 2

The aim of this study was to investigate the nano-
structure and micromechanical properties of these
three different types of polyesters, that is, saturated,
unsaturated with a cis double bond, and unsaturated
with a triple bond in the monomeric unit.

EXPERIMENTAL
Materials

Samples 1 and 2 were synthesized according to a
method previously developed in our laboratory.* In
this method, we essentially used the cyclic initiator
2,2-dibutyl-2-stanna-1,3-dioxepane (DSDOP) to react
with a dicarboxylic acid dichloride, thus obtaining
the corresponding polyester based on 1,4-butane
diol. After repeated washing and purification, the
final products were dried in vacuo at 40°C.

Samples 3 and 4 were prepared by the polycon-
densation of cis-1,4-butenediol with dicarboxylic acid
dichlorides in the presence of pyridine as a catalyst.”
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After precipitation and filtration, the polyesters were
dried in vacuo at 20°C.

Samples 5 and 6 were obtained by the polycon-
densation of butyne-1,4-diol (ByD) with dicarboxylic
acid dichlorides with pyridine as a catalyst.® After
precipitation and filtration, the final products were
dried in vacuo at 20°C overnight.

The samples were compression-molded in a press
at 22 = 1°C before their characterization by different
methods.

Techniques

The samples were characterized by wide-angle X-ray
scattering (WAXS) and small-angle X-ray scattering
(SAXS), differential scanning calorimetry (DSC), and
microhardness (H) measurements.

For the WAXS study, a Seifert diffractometer
(reflection mode) was used. The working conditions
were as follows: voltage = 40 kV, intensity =
35 mA, angular range = 5-35° (20), scan rate = 0.05,
and slits = 0.3 and 0.1.

SAXS patterns were obtained with a synchrotron
radiation source at the A2 beamline in Hamburger
Synchrotronstrahlungslabor, Deutsches Elektronen
Synchrotron, Hamburg. Scattering patterns were
recorded with a one-dimensional detector. A wave-
length (A) of 0.15 nm was used. The sample-to-detec-
tor distance was 200 cm. The data were corrected for
the detector response and beam intensity. Applica-
tion of Bragg’s law to the scattering maxima was
used to calculate the long period (L).

DSC measurements were performed in a Perkin-
Elmer DSC-7 (Shelton, CT) differential scanning calo-
rimeter in an inert N, atmosphere. The temperature
range covered was 30-130°C. The heating rate was
10°C/min. Typical sample weights were about 5 mg.
Table I summarizes the melting temperature (T,,) and
the melting enthalpy (AH,,) values of the samples.

Microhardness H was measured at room tempera-
ture with a Leitz tester (Wetzlar, Germany)
equipped with a Vickers diamond pyramid. H val-
ues were derived from the optical measurement of
the residual impression left behind upon load
release, according to H = 1.854P/ d?, where d is the
length of the indentation diagonal in m and P is the
applied load in N. A loading cycle of 6 s was used
to minimize the sample creep under the indenter.
Loads of 98 and 147 mN were used to correct for
the instant elastic recovery. For each load, at least
eight measurements were averaged.

RESULTS

Crystallinity derived from WAXS
and nanostructure

Figure 2 shows the WAXS patterns for all of the
samples studied. It is important to note that,
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TABLE I
Values of L from SAXS, T,,, AH,,, H, awaxs, l. (Derived as I, ~ Lawaxs), and H,
of the Aliphatic Polyesters

Sample L (nm) T, (°C) AH,, (J/g) H (MPa) OlWAXS I, (nm) H. (MPa)
1 11.5 56.2 106.6 42 +3 0.70 8.0 60
2 10.0 62.3 119.7 33+3 0.55 55 60
3 *11.4 60.1 80.1 29 =2 0.58 *6.7 50
4 10.4 52.8 93.7 25 +2 0.51 5.3 49
5 11.4 43.0 51.8 27 =2 0.54 6.1 50
6 10.1 60.0 74.2 28 = 3 0.50 5.0 57

The L and I. values for sample 3 are indicated with an asterisk (see the text for an

explanation).

whereas samples 1 and 2 were well characterized
from the crystallographic point of view,*'*7 there
was a lack of crystallographic information about sam-
ples 3, 4, and 6. The existing data were very scarce
and poor.l&20 In addition, to our knowledge, the dif-
fractogram corresponding to poly(butynediol adipate),
sample 5, has never been reported before. All of the
diffractograms showed a diffraction maximum at
21.3-21.6° (26; where 6 is the scattering angle). The
awaxs Value of every sample was calculated as the ra-
tio of the area corresponding to the crystalline peaks
to the total area of the diffractogram. The awaxs val-
ues ranged between 0.5 and 0.7 (see Table I).

Figure 3 shows the SAXS patterns of all of the
samples, that is, the scattering intensity as a function
of the reciprocal vector s (nm ™Y s =2 sin 0/A, and A
= 0.15 nm). From the maxima position, the long
spacing L corresponding to each sample could be
derived (L = 1/5s).

The values for L derived from the SAXS maxima,
awaxs, and crystal thickness (I, ~ Lowaxs) obtained
from these polyesters are listed in Table 1. As we
did not have information about the L value for sam-
ple 3, we assumed that, similarly to samples 1 and
5 L =~ 114 nm for this sample, and consequently,
l. =~ 114 x 058 = 6.7 nm. The L and . values for
sample 3 are indicated with an asterisk in Table I.

Most of the crystallographic data of these polyest-
ers that appear in the literature corresponded to
sample 1, poly(butanediol adipate).>'>° It is known
that this polyester can crystallize in two crystalline
forms, o (monoclinic) and B (orthorhombic),''*3!416
with the o form being the most stable from the struc-
tural point of view.'' In this study, we dealt with the
o form of sample 1 (see Fig. 2). Assuming, in a first
approximation, that /. &~ Lowaxs, we found, for sample
1, a value of I. = 11.5 x 0.7 = 8.0 nm. Interestingly, in
refs. 11 and 12, slightly different values of L and [, are
listed for sample 1. Thus, taking into account the infor-
mation given in ref. ', L and . were about 14.3 and
74 nm for the B form and 15.7 and 9.0 nm for the o
form. From ref. '%, the I. values corresponding to the o
and B form were 8.5 and 7.0 nm, respectively.
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Figure 2 WAXS diagrams of the studied aliphatic poly-
esters (for sample identification, see Fig. 1).
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Figure 3 SAXS patterns of the investigated materials (for
sample identification, see Fig. 1).

For sample 2, poly(butanediol sebacate), it has
been shown that this polyester crystallizes in the
orthorhombic system, with the main crystallographic
const{a7nts having been determined by Almontassir
et al.

Thermal behavior

The DSC curves are shown in Figure 4. As shown in
Table I, all of the samples presented low T,,’s. In
these experiments, the heating runs could not start
at temperatures lower than room temperature. For
this reason, we concluded that, at least in case of
sample 5, the obtained AH,, value could have been
lower than the real one.

Among the different values of the melting en-
thalpy of a 100% crystalline material (AH%),~ and
the equilibrium melting temperature (T )”'* found
in the literature for the o form of poly(butanediol
adipate), we selected values of AH? = 1239 J/g’
and T = 63°C."° The crystalline density (p.) of sam-
ple 1 was 1.23 g/cm’*"® According to the Thom-
son-Gibbs equation

T = To[1 — (26./AH)p.Lc)] 1)

Substituting T,,, T%, AH? , p,, and I. with their cor-
responding values, we derived the free surface
energy (c,) for sample 1 as 6, = 12.3 erg/cm?” This
value was notably lower than the ones derived for
the goly(ethylene) (PE) samples (o, = 79-91 erg/
cm?)? or for the poly(ethylene oxide) samples (c, =
41-66 erg/ 1112).28
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Microindentation hardness

According to the two-phase model, the hardness of
a semicrystalline polymer is given by the following
equation:”

H=H.o+ H,(1—-a) (2)

Intensity (a. u.)
—

Intensity (a.u.)
N

Intensity (a. u.)

Ll L
20 40 60 80 100 120 140
T (°C)

Figure 4 DSC diagrams of (a) saturated polyesters based
on 1,4-butanediol (samples 1 and 2), (b) unsaturated poly-
esters based on 1,4-cis-butenediol (samples 3 and 4), and
(c) unsaturated polyesters based on 1,4-butynediol (sam-
ples 5 and 6). T is temperature in °C.
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Figure 5 Dependence of H on a of the studied polyesters
(for sample identification, see Fig. 1). [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

where H,. and H, are the crystalline and amorphous
hardnesses values, respectively, and o is the degree
of crystallinity. From preceding publications,”*”*
we knew that all of the samples under study present
T, values well below 0°C. Because in all cases, H, ~
0, eq. (2) can be written as

H~H. 3)

Thus, from eq. (3), we derived H. for all of the
samples as H. ~ H/owaxs. The H,. values are also
collected in Table 1.

Figure 5 illustrates the dependence of the hard-
ness with a for the investigated polyesters. For the
three sets of samples, H increased with oyyaxs. All of
the hardness data were located in an area in which
I, varied between 5 and 8 nm and H, varied between
50 and 60 MPa. Although samples 1 and 2, on one
side, and samples 3, 4, and 5, on the other side,
showed similar H. values, that is, 60 and 50 MPa,
respectively, sample 6 presented an intermediate H.
value of about 57 MPa.

DISCUSSION

The hardness dependence upon o for the polyesters
under study was similar to the one shown by polyo-
lefins such as linear polyethylene (see Fig. 10 in
ref. 30). However, the values exhibited by linear PE
for H (67-76 MPa) and H, (86-93 MPa) were notably
higher.””

Figure 6 shows the relationship between H. and
the reciprocal of I. (1/1;) for all of the samples under
study. By extrapolation of the regression line, a
hardness value for infinitely long crystals (HZ°) of 64
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MPa was obtained. This value was also much lower
than 170 MPa, which is the ideal hardness of an
infinitely thick PE crystal.25 From H = 64 MPa,
and with the following expression taken into
account®

He = H2/(1+ b/l,) 4)

one obtains for the b parameter (a measure of the
hardness depression from HZ) a value of 1.1 nm.
This value was very close to the one derived for the
o form of the aromatic polyester poly(butylene ter-
ephthalate) (PBT). For PBT, b = 1.5 nm.” This was
an indication that the degree of disorder at the crys-
tal surface was similar for both kinds of polymers,
that is, PBT and the aliphatic polyesters included in
this study. However, PBT exhibited much higher H,
H., and H° values (153, 287, and 370 MPa, respec-
tively).”?* These large differences may have origi-
nated with the presence in PBT of the terephthalic
acid aromatic units, which conferred a much higher
rigidity on the polymeric chains. The aromatic units
are also responsible for the high hardness values
exhibited by other aromatic polyesters, such as
poly(ethylene terephthalate) (H = 220 MPa, H. = 287
MPa, H* = 380 MPa, and b = 1.9 nm)*' and poly
(ethylene naphthalene-2,6-dicarboxylate) (H = 300
MPa, H, = 341 MPa,>® H® = 550 MPa, and b =
1.8 nm).32 For the same reason, the T,,’s of these aro-
matic polyesters were 221°C for PBT,* 260-270°C
for poly(ethylene terephthalate)> and 270°C for
poly(ethylene naphthalene-2,6-dicarboxylate);* these

80 H, =64 MPa
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""""""
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Figure 6 Relationship between H,. and 1/I; of the studied
polyesters (for sample identification, see Fig. 1). [Color fig-
ure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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were much higher than those values exhibited by
the aliphatic polyesters included in this study, which
ranged between 43 and 62.3°C (see Table I).

As shown in Table I, the T,, and the AH,, values
for sample 1 were lower than for sample 2. How-
ever, H for the former was higher than for the latter.
This was probably due to the fact that the o and I,
values for sample 1 were larger than for sample 2.
When compared the features of samples 1 and 2
with those of the well-known polyester poly(e-capro-
lactone), we determined that some characteristics of
the latter were similar to those exhibited by poly(bu-
tanediol adipate) and poly(butanediol sebacate).
Thus, poly(e-caprolactone) had a T,, of about 56°C;*
in addition, according to ref. ¥, T = 69.2°C and
AH? = 157 J/g. Taking into account the crystallo-
graphic data published in ref. *®, we determined the
p. of poly(e-caprolactone) to be about 1.18 g/cm”.
We had no data concerning H of poly(e-caprolac-
tone). However, from Tabor’s relation, H/c, ~ 3,%
with the yield stress value listed in ref. *° for this
polymer, that is, o, = 4.91 MPa, H should have been
about 15 MPa; this value was notably lower than the
values found for samples 1 and 2 (see Table I). From
the foregoing, it seems clear that poly(butanediol ad-
ipate) and poly(butanediol sebacate) exhibited better
mechanical properties than poly(e-caprolactone).

CONCLUSIONS

The analysis of the data offers a correlation between
the nanostructure and the micromechanical proper-
ties of these biodegradable systems. It turns out that
poly(butanediol adipate), sample 1, with the highest
awaxs, exhibits the largest hardness values.

The aliphatic polyesters included in this study
show a H-owaxs relationship similar to that found
in linear PE. However, H. and the calculated hard-
ness values for infinitely thick crystals are much
lower that those of linear PE.

Although the value derived for the b mechanical
parameter of the aliphatic polyesters is similar to
that of PBT, the latter shows notably higher thermal
and mechanical properties because of the presence
of aromatic cycles in the monomeric units.

The saturated polyesters poly(butanediol adipate)
and poly(butanediol sebacate) exhibit slightly higher
H values than poly(e-caprolactone), also a biode-
gradable polyester that has found a wide variety of
applications in recent years.
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