
pubs.acs.org/MacromoleculesPublished on Web 06/12/2009r 2009 American Chemical Society

Macromolecules 2009, 42, 4907–4909 4907

DOI: 10.1021/ma900760z

A Direct Function Relationship between Isotacticity and Melting
Temperature of Multiblock Stereocopolymer Poly(rac-lactide)

Nobuyoshi Nomura,* Jun Hasegawa, and Ryohei Ishii

Laboratory of Polymer Chemistry, Graduate School of Bioagricultural Sciences, E1-1(300),
Nagoya University, Nagoya 464-8601, Japan

Received April 8, 2009; Revised Manuscript Received May 21, 2009

The stereoselective ring-opening polymerization (ROP) of ra-
cemic lactide (rac-LA) has been one of the topics in industry aswell
as in academia1 because the poly(rac-LA) with a high isotacticity
has a melting temperature higher than that of the commercially
available homochiral poly(L-lactide) (poly(L-LA), Tm ∼170 �C2)
and could be a practical material superior to the homochiral poly
(L-LA).3 Various catalysts, such as homochiral,4 racemic,5-7 and
achiral8 metal complexes, and also some organic carbenes,9 have
been reported for the isotactic polymerization of rac-LA, and we
have studied the achiral salen- and homosalen-Al complexes
with various substituents10-12 (Scheme 1). Throughout our sys-
tematic experiments, we obtained a number of crystalline isotactic
multiblock stereocopolymers with a wide range of isotactic selecti-
vities (Pmeso’s). It was generally observed that the melting tem-
perature increased as the stereoselectivity of the poly(rac-LA)
increased. Therefore, a mathematical relationship between Pmeso

and Tmwas theorized.We now report the direct function relation-
ship between Pmeso and Tm.

The 35 coordinates13 for the isotactic poly(rac-LA) with
Pmeso

14 by 100 MHz 13C NMR along with the x-axis and Tm
15

along with the y-axis, (Pmeso, Tm), were plotted, and there
seemed to be a linear relationship between Pmeso and Tm (the
absolute coefficient, R2=0.953). One of the DSC traces is
shown in Figure 1 (Tm=210 �C). For more accurate Pmeso data
than ones from the 100 MHz 13C NMR (Figure 2a), we
carefully reanalyzed the Pmeso values of 30 samples by 150
MHz 13C NMR under the identical conditions that included a
substantial measuring time (12 h 20 min for each sample).16

The minor mrm peak at 69.15 ppm of the 150 MHz 13C NMR
(Figure 2b) appeared more clearly than the one of the 100MHz
13C NMR (Figure 2a). The 30 coordinates of (Pmeso, Tm) are
plotted in Figure 3, and some of them were overlapped. The
absolute coefficient, R2=0.972, was reasonably improved, and
the linear relationship between Pmeso and Tm became more
reliable when compared to the coordinates of the Pmeso data
from the 100 MHz 13C NMR (R2=0.953 for all 35 samples;
R2=0.945 for the 30 samples).

The absolute coefficient R2=0.972 indicates that there is a
direct function relationship between Pmeso and Tm for poly-
(rac-LA) in the ranges of 0.78e Tme 0.98 and 4700eMne
59500. It is generally well-known that various factors influence
the Tm of polymer molecules,17 e.g., the molar mass up to a
certain degree of polymerization, i.e., the role played by chain
ends with a low degree of polymerization, structural irregula-
rities, various impurities, etc. Technically, the nucleation and
annealing conditions are also important. All of the poly(rac-LA)s
in this study had been purified and measured under similar

conditions after they were synthesized via the ROP of rac-LA.
Therefore, the major parameter that strongly influences the
Tm except for the structural irregularities would be the mole-
cular weight.We analyzed 30 samples of isotactic poly(rac-LA) in
the range of 4700 e Mn e 59500, but the linear relationship
between Pmeso and Tm was not significantly influenced by the
difference inMn. It is reasoned that the Tm of the stereocomplex
poly(rac-LA) is highly dependent on Pmeso, and the effect of the
molecular weight is much lower than the effect of Pmeso. At
present, we cannot offer a theory or model to explain this
relationship. A similar observation on the structure-Tm correla-
tions of isotactic polypropylene has been reported,18 and it might
be a guide.

There are two ultimate mechanisms for the efficient stereo-
selective polymerization of rac-LA:19 one is a chain-end con-
trol mechanism20 (CEM), which we examined, and the other is a
site control mechanism21 (SCM) using a racemic complex with a
chiral environment. In this study, Pmeso has been used for the
stereoselectivity of the isotactic poly(rac-LA) via the CEM, and
Piso is used for the stereoselectivity via the SCM in contrast to the

Scheme 1. Stereoselective ROP of Racemic Lactide by Achiral
Salen- and Homosalen-Al Complexes

Figure 1. One of the DSC traces to determine a Tm value.
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Pmeso. Although the SCM process had initially been believed to
afford optically active polymermolecules, such as the one shown in
Scheme 2a, Coates et al. found that the polymerization of racemic
lactide by a racemic complex afforded a multiblock stereocopoly-
mer,6 which had the same microstructure pattern via the CEM
(Scheme 2b). When the stereocopolymer via the SCM is estimated
according to its definition, the Piso value is higher than that of
Pmeso. ThePiso value via the SCMwith a polymer/ligand exchange
process may express the selectivity of catalysis but is not related
to the isotacticity of the poly(rac-LA).6,22 As a matter of fact, the
isotactic length in Scheme 2b does not match with the one in
Scheme 2a even for the same Piso value. Therefore, there is no
comparison of the Piso value and Pmeso value when the micro-
structure pattern of the poly(rac-LA) is the same.

In conclusion, we revealed the direct function relationship
between Pmeso and Tm of the multiblock stereocopolymer
poly(rac-LA) that was synthesized via the CEM in the range of
0.78ePmesoe0.98 and 4700eMne59 500. Although this is an
empirical observation without a theoretical background at pre-
sent, it indicates that the stereoregularity of poly(rac-LA) is
a straightforward parameter for the higher order architecture
such as lamella thickness, which is well-known to define the
Tm values.23
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Scheme 2. Stereoselectivities in the SCM and CEM
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