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Steadily increasing attention has been paid to biode-
gradable polymers not only for their potential in agri-
cultural and medical fields but also for the waste
management of plastics. The field of biodegradable
polymers is however very much materials-limited.12
Poly(e-caprolactone) (PCL) is one of the very few com-
mercially available biodegradable polymers. It is well-
known for a unique set of properties, which includes
biocompatibility, permeability, and biodegradability.3
The range of these properties is furthermore increased
by copolymerization with lactides and glycolide, which
accounts for widespread applications in medicine as
biodegradable sutures, artificial skin, resorbable pros-
theses and containers for sustained drug release.3~7 In
addition to biodegradability and biocompatibility, PCL
has also the rarely met property of being miscible with
a variety of polymers, e.g. Bisphenol A polycarbonate
and PVC, which allows some deficient properties of
these polymers to be improved, such as poor stress—
crack resistance and lack of gloss and adhesion.8?®
Furthermore, when deficient properties are concerned,
a too low melting temperature (ca. 60 °C) is a severe
limitation to PCL applications. When waste plastics,
even those known for biodegradability, are disposed of
by burying them in landfills, it is not unusual that they
remain untouched and entombed indefinitely.! There-
fore, developing polymers that are photodegradable is
an attractive alternative for intrinsically biodegradable
polymers. It is worth recalling that only a small portion
of the sun energy reaches the earth’s surface; namely,
rays with a wavelength higher than 290 nm can break
single covalent bonds (165—420 kJ/mol). Most organic
synthetic polymers that contain C—C, C—H, C-0, C—N,
and C—CI bonds do not absorb at wavelengths longer
than 190 nm, and thus remain unaffected by sunlight.
Only when polymers contain chromophores, such as
ketones, can they absorb radiations in the 200—400 nm
range and radiation of even longer wavelengths.10.11

This paper aims at reporting on an efficient route to
novel aliphatic polyesters that have the structure of
poly(e-caprolactone) but are modified by one ketone
function per monomer unit. Compared to unmodified
PCL, this polyester is highly crystalline, has a much
higher melting temperature, and has the potential of
being photodegradable. Scheme 1 shows the synthetic
pathway of this novel aliphatic polyester.
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Scheme 1. Synthetic Pathway to Poly(5-ketone
e-caprolactone)
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1,4,8-Trioxaspiro[4.6]-9-undecanone (TOSUO) has been
prepared as described elsewhere!? and was polymerized
in toluene at 25 °C by using aluminum isopropoxide
(AI(O'Pr)3) as an initiator. Polymerization conditions
and polymer characteristics are listed in Table 1. As
reported elsewhere, this homopolymerization is living
and first order with respect to both the monomer and
the initiator.’® The polymerization mechanism is con-
sistent with the coordination of AI(O'Pr); to the exocyclic
carbonyl oxygen of TOSUO, followed by the acyl—oxygen
cleavage of the monomer and insertion into the AlI-0O
bond of the initiator. This mechanism accounts for an
isopropyl ester end-group (a multiplet at 5.01 ppm (Hp)
and a doublet at 1.24ppm (H,) in a 1:6 ratio, Figure 1A)
and a hydroxyl end-group formed as result of the
hydrolysis of the propagating aluminum alkoxide. The
methylene protons (Hjy) of the CH,OH end-group is
observed as a triplet at 3.75 ppm and its relative
intensity with respect to the H, and Hy, protons confirms
that there are as many isopropylester end-groups as
hydroxyl ones. Three polyTOSUO samples of a different
molecular weight (M, = 5000, 15 000, 26 000) have been
synthesized (Table 1), whose the molecular weight
distribution is symmetrical and narrow (1.2) as con-
firmed by size-exclusion chromatography.

Triphenylcarbenium tetrafluoroborate has proved to
be a useful and efficient reagent for the deacetalization
of the ketone acetal group of polyTOSUO.1215 This
deacetalization reaction is complete, even for the sample
of the highest molecular weight (26 000). Indeed, the
IH-NMR spectrum for poly(2-oxepane-1,5-dione) (Figure
1B) shows that the acetal protons at 6 = 3.94 ppm have
completely disappeared, whereas the multiplets at 6 =
1.98 ppm (Hg1+42) and triplets at 6 = 2.36 (H,), 4.16 (He),
and 3.75 ppm (Hy), respectively, of the original polyTO-
SUO (Figure 1A) have accordingly been shifted to lower
fields (0 = 2.91 (Hg1+42), 2.66 (Hc), 4.40 (He) and 3.92
ppm (Hs)). This novel aliphatic polyester, poly(y-ketone
e-caprolactone) (polyKCL), is not soluble in common
solvents such as CHCI3, acetone, THF, toluene, DMSO,
etc., even at high temperature. It is soluble in trifluo-
roacetic acid (TFAA) and in a solvent mixture of TFAA
with CDCl3 (1:5 v:v), in which the TH-NMR spectrum
has been recorded.

The thermal properties of poly(2-oxepane-1,5-dione),
polyTOSUO and PCL have been analyzed by differential
scanning calorimetry (DSC) and thermogravimetric
analysis (TGA). All the thermal properties are listed
in Table 2, and a typical DSC thermogram is shown in
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Table 1. Homopolymerization of TOSUO initiated by AI(O'Pr); in toluene at 25 °C

polymzn
samples [M]o/[ 1o Mpn? (theor) time (h) % conversion M (exptl) M (SEC) Mw/Mp
PTOSUO1 29.0 5.0K 5 100 5.1K 2.5K 1.20
PTOSUO2 87.1 15.0K 12 100 15.4K 7.0K 1.20
PTOSUOS3 174.3 30.0K 16 87 26.0K 8K 1.20

a Mp(theor): theoretical molecular weight; K stands for thousand. ® Mn(exptl): experimental molecular weight as determined by H
NMR from the relative intensity of protons H, and H. in Figure 1. ¢ My(SEC) based on polystyrene standards with the universal calibration

for PCL.14
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Figure 1. 'H-NMR spectra of polyTOSUO (M, = 5 K) before
deacetalization in CDCIl; (A), and after deacetalization
(polyKCL) in TFAA/CDCI; (1:5 volume ratio) (B).

Table 2. DSC and TGA Data for PCL, PolyTOSUO, and

PolyKCL
samples My (x107%) Tg(°C) Tm(°C) AHm (J/g) T4 (°C)
PCL 15.0 —61 59 85.0 399
PTOSUO 155 —16 52 35.0 279
PKCL 3.8 41 141 112.7 221
PKCL 115 41 149 107.4 227
PKCL 195 41 153 100.4 224

Figure 2. The glass transition temperature (Ty) of
polyTOSUO is ca. 45 °C higher than Tg4 of PCL, but its
melting temperature (Tr) and melting enthalpy (AHm)
are smaller compared with those for PCL. Interestingly
enough, Tg, Tm, and AHy, of polyKCL are much higher
than those for the parent PCL (by 100 °C for Ty, by 90
°C for T, and by 25 J/g for AHy). This substantial

Scheme 2

improvement, particularly in T, is now able to over-
come the severe limitation which is commonly placed
on the PCL applications. Although the melting tem-
perature of polyKCL increases with molecular weight,
the glass transition temperature of this highly crystal-
line polyester is essentially independent of it. According
to thermogravimetric analysis, PCL, polyTOSUO, and
polyKCL (M, ~ 15K) experience a sharp thermal
decomposition under nitrogen at 399, 279, and 227 °C,
respectively, so that thermal stability increases as
follows: PKCL < PTOSUO < PCL.

The WAXS pattern of polyKCL shows three major
peaks at Bragg spacings of 4.08, 3.375, and 2.82 A,
respectively, whose relative intensities decrease as 100,
40, and 10.

A similar pattern was reported for PCL with Bragg
spacings at 4.15, 3.73, and 2.97 A, and with the same
intensity ratios. According to Chatani et al. the crystal
structure of PCL is in the space group P2,2;2;, with the
unit cell axesa=7.49 A, b =498 A, and ¢ = 17.03 A,
two molecules being extended along the ¢ axis.’® The
molecules are planar and the plane of the molecule is
approximately parallel to the diagonal of the half-cell
defined by the b-axis and a/2 (Scheme 2). So, the extent
of the molecule in its plane is given by £ = (b2 + a?/
4)Y2, The distance between two neighbor molecules is
0 = ab/2£ with £ = 6.2 A. The distance § is actually
the (210) Bragg spacing equal to 2.98 A for PCL.

Where polyKCL is concerned, the corresponding o
peak must be one of the two peaks observed at 3.375
and 2.82 A. On the basis of this hypothesis and the
value of £ found for PCL (6.2 A), the a and b axes can
be approximated. In case of § = 2.82 A, the following
set of values is found: a =6.69 A andb =5.25A. No
solution emerges in case of 6 = 3.375 A. Then, the
powder pattern of polyKCL has been indexed by taking
into account the systematic extinctions of the P2;2,2;
space group (h0O, OkO, 00l, with odd h, k, or I). Data
are reported in Table 3, and the axes have been
calculated as a = 6.80 + 0.03 A, b =5.18 £ 0.03 A, and
c=17.17 £ 0.09 A. The agreement is acceptable within
the limits of the assumptions and considering the poor
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Figure 2. DSC thermogram (first scan) of (A) polyKCL (M, = 11.5 K), (B) PCL (M, = 15 K), and (C) polyTOSUO (M,, = 15.5 K).

Table 3. Comparison of the Observed and Calculated
Structure Factors for PolyKCL

dobs hkl dcalc
6.272 101 6.329
4,783 011 4.957
4.080 110 4121
3.375 200 3.404
3.968 111 4.007
2.820 210 2.844
2.820 006 2.861
2.610 106 2.638
2.610 115 2.638
2.549 020 2.589
2.549 213 2.547
2.344 116 2.350
2211 024 2.217
2.211 123 2.229
2.070 220 2.061
2.070 310 2.079
2.040 108 2.047
1.685 321 1.698
1.656 402 1.670

crystallinity of the polymeric sample. There is thus an
increase in the b-axis and a significant decrease in the
a-axis with respect to the PCL cell. Assuming that the
molecule plane is parallel to the c-axis and to the
diagonal of the half cell (b, a/2) and that the extent of
the molecule in its plane is 6.2 A, as is the case for PCL,
the distance between two neighbor molecules then
decreases from 2.98 A in PCL to 2.82 A in polyKCL.
This modification indicates that the strength of the
intermolecular interactions is higher in polyKCL, con-
sistently with the observed increase in the melting
temperature from 60 °C for PCL to 150 °C for polyKCL.

In nature, photodegradable polymers are degraded by
chain scissions promoted by the sunlight and usually
oxygen, yielding low molecular weight material.l” Since
only absorption at and above 290 nm can cause photo-
chemical modifications, the UV absorption spectrum of
a polymer is of a critical importance when photosensi-
tivity is concerned. Ketone usually shows an absorption
band with a maximum at 270—290 nm, that extends
into the region above 300 nm. This absorption is a n—x*
transition,’® which involves the excitation of an electron
from a nonbonding n orbital localized on the oxygen
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Figure 3. UV absorption spectra of PCL and polyKCL.

atom to a more delocalized antibonding =* orbital
distributed over the entire carbonyl group. Figure 3
shows the UV absorption spectra of PCL and polyKCL.
The absorption band of PCL is quite narrow, centered
at 240 nm and assigned to the carbonyl of the ester
groups. The absorption band of polyKCL is very broad
with a maximum at 270 nm and an absorption tails
extending beyond 300 nm, which is the signature of the
ketone groups in addition to the ester ones. The
maximum of the absorption band shown by PCL is
shifted to 252 nm in case of polyKCL. By reference to
the well-established photodegradation mechanism of
polymers containing ketone groups,'°=22 the novel ali-
phatic polyester, polyKCL, has not only a great similar-
ity to PCL but also more importantly a much higher
melting temperature and the structural characteristics
of a photodegradable polymer.
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