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Abstract

Two crystal phases of poly(l-lactide) and that of the racemate of poly(l-lactide) and poly(d-lactide) can be grown epitaxially on one and
the same crystalline substrate, hexamethylbenzene (HMB), which had been shown by Zwiers et al. [Polymer 1983;24:167] to form a eutectic
with these polymers. The stablea-crystal modification of the optically active polymer, based on a 103 helix conformation (for PDLA; 107 for
PLLA), is obtained forTc near 1558C. A new crystal modification is produced by epitaxial crystallization at slightly lowerTc (<1408C). The
crystal structure of this new form is established by electron diffraction and packing energy analysis. Twoantiparallel helices are
packed in an orthorhombic unit-cell of parametersa� 9:95 �A; b� 6:25 �A and c� 8:8 �A: The racemate of poly(l-lactide) and
poly(d-lactide) also crystallize epitaxially (at<1658C) on HMB, which appears to be a very versatile substrate.q 2000 Elsevier Science Ltd.
All rights reserved.
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1. Introduction

Polylactide, of formula (O–CO–C·H(CH3))n, is the
polyester equivalent of the polypeptide, polyalanine (NH–
CO–CpH(CH3))n. Since a heteroatom is present in the main
chain (which has a chemical polarity), it is a genuine chiral
polymer, the two enantiomers of which have been synthe-
sized. It is of particular interest as a biocompatible material
since it is metabolized to non-toxic compounds.

The optically active formis known to exist in two crystal
structures with different helix conformations and cell
symmetries. The conformation of the chain in thea-phase
was determined by De Santis and Kovacs [1] to be a left-
handed 107 helix for the l-isomer (PLLA), and a right
handed 103 helix for the d-isomer (PDLA). Two chains
are included in an orthorhombic unit-cell of parametersa�
1:06 nm; b� 0:610 nm andc� 2:88 nm: The ratio ofa and
b parameters, 1.737, is nearly equal to

√
3, indicating an

almost hexagonal packing of helices. Several more recent
investigations report slightly different parameters for the
unit cell, but the detailed crystal structure has not been
determined; Hoogsten et al. [2] observed extra 00l reflec-
tions which suggest some deviation from a “pure” 107 or 103

helix conformation. The second phase, hereafter theb-
phase, was first observed in 1982 by Eling et al. [3] when
investigating stretched fibers of PLLA. Its crystal structure
has not yet been solved, although several investigations
indicate that it is based on a three-fold helical conformation
with ac-axis parameter of 0.88 nm4 or 0.9 nm2. Hoogsten et
al. [2] further suggest an orthorhombic unit cell�a�
1:031 nm; b� 1:821 nm� which housessix helices with,
again, a near-hexagonal packing (theb=a ratio is 1.76, i.e.
<

√
3); however, given the large size of the cell and number

of helices, the detailed arrangement of the latter could not be
worked out. More recently, Brizzolara et al. [5] made an
extensive molecular modeling of the above structures and
suggested, on the basis of data from Hoogsten et al., an
orthorhombic unit cell withtwo parallel chains. As will
be shown in the present and companion paper, the situation
is more complex: there exist actually two distinct (but
related) phases based on the three-fold helix conformation.
The b-phase just considered is actually afrustrated struc-
ture, which has a trigonal cell withthreechains in the cell
(rather than six or two); the other, new phase introduced in
the present paper (theg-phase) turns out to be very close to
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the model proposed by Brizzolara et al. for theb-phase: it
has an orthorhombic unit-cell that houses twoantiparallel
helices.

The racemic blend of polylactidesforms a crystal struc-
ture which is known [6] to have a melting temperature
(2208C) significantly higher than those of the enantiomeric
a- orb-forms (185 and 1758C, respectively), in spite of very
similar or (for the latter structure) even identical helix
conformations. Following the initial work of Ikada et al.
[6] a crystal structure has been proposed for the racemate
by Okihara et al. [4]. The unit-cell is triclinic (space group
P�1) with parametersa� b� 0:916 nm; c� 0:89 nm; a �
b � 10982; g � 10988 and houses two enantiomorphous
helices. In several recent works (Okihara et al. [4,7], Briz-
zolara et al. [5] and Cartier et al. [8]), the racemate was
observed to produce highly unconventional single crystals
with triangular morphology. As shown by Cartier et al. [8]
this morphology results from differences in growth rates on
opposite sides of the (110) growth planes, which reflect
differences in molecular characteristics and/or concentra-
tions of the co-crystallizing enantiomeric species: for
identical Mw and concentrations, hexagonal single crys-
tals are formed [8]. These authors also pointed out that
the unit cell considered by Okihara et al. [5] is a sub-
cell of a larger trigonal cell that includessix three-fold
helices, with parametersa� b� 1:498 nm; c� 0:87 nm
and symmetryR3c or R�3c: This unit cell is more familiar for
chiral but racemichomopolymers, in particular isotactic
polyolefins (poly(1-butene) [9], polystyrene [10], etc.)
which can adopt either right- or left-handed helical confor-
mations. By contrast, the unit cell of the polylactide race-
mate houses of coursetwo different (enantiomeric)
molecular species.

In a different context, Zwiers et al. [11] have reported that
blends of polylactides and hexamethylbenzene [12] (HMB)
form eutectics, with the eutectic composition at 65%
concentration of PLLA. Scanning electron micrographs
obtained after removal of the HMB solvent–substrate indi-
cate oriented growth of the polymer upon solidification of
HMB-rich mixtures. In line with several earlier observations
made on binary polymer–crystallizable solvent systems
[13,14], these results suggest that upon solidification of
the eutectic the polymer crystallizes epitaxially on the
freshly formed substrate crystals.

We report in this paper on the epitaxial crystallization of
polylactides (both enantiomers and racemates), and on its
use in a further investigation of their crystal structures and
polymorphism. Rather surprisingly, three crystal phases of
polylactides have been epitaxially crystallized on HMB,

which turns out to be a highly versatile substrate. These
are: (1) the racemate; (2) the “standard”a-phase of the
enantiomer (based on 103 or 107 helices); and (3) an original
modification, referred to hereafter as theg-phase. This
phase has been obtained so far only by epitaxial crystalliza-
tion; its structure is actually very close to a model proposed
by Brizzolara et al. [5] for the “stretched”b-form. In a
companion paper [15], we deal specifically with this
“stretched” b-phase of PLLA, which isnot obtained by
epitaxial crystallization, and which rests on a recently
uncoveredfrustrated packing scheme[16,17] that applies
frequently (but not exclusively [18]) for polymers with
three-fold helical symmetry.

2. Experimental

The synthesis of the poly(l-lactide) and poly(d-
lactide) has been described in detail [19]. The samples
have been used in numerous investigations on the struc-
ture and morphology of triangular single crystals, and
on the properties of enantiomeric and racemic polylac-
tides [4,7,20–25]. Several samples were used during
this study, but mainly a couple of enantiomers with
identical, 7000 molecular weight. Since, however, the
structural features discussed in the present study do
not depend on molecular weight, the latter will not be
quoted further.

HMB (mp: 166–1688C) is of commercial origin (Sigma
Aldrich Fluka) and is used without further purification.

The sample preparation and experimental procedures
have been described on various occasions [26]: a thin film
of polylactide (typically in the 10–50 nm range) is cast on a
glass coverslide by evaporation of a dilute solution inp-
xylene or methylene chloride. A small amount of HMB
(the crystal structure of which is known [12]) is deposited
on a glass slide, which is covered with the coverslide with
the PLA film. The sandwich is left on a hot (<1808C)
surface (for example, a Kofler bench). The HMB sublimes
and condenses on the cooler coverslide, producing suffi-
ciently large single crystals (up to several tens ofmm).
The slide and coverslides are then transferred to the crystal-
lization temperature. As performed here, the experiment is
rather touchy, since the melting temperatures of the materi-
als and substrate are very close. For the racemic blends at
least, but also for the enantiomers, it is probable that the
depositing crystals of HMB initially dissolve the polymer.
This unusual procedure was used to spare the polymer, in
limited supply. As judged from the results of Zwiers et al. a
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Fig. 1. (a) Epitaxial crystallization of PLLA on a single crystal of HMB produced by sublimation. The PLLA of the film produces small spherulites. Optical
microscopy, phase contrast. Scale bar: 25mm. (b) Electron diffraction pattern of an epitaxially crystallized film as in (a). Chain axis vertical. (c) Indexation of
the diffraction pattern in (b), assuming a 107 helical conformation of PLLA and an orthorhombic unit-cell (cf. Part (d)). Thebc-plane is the contact plane in the
epitaxy. (d)hk0 electron diffraction pattern obtained from solution-grown single crystals of thea-phase of PLLA.a-axis horizontal,b-axis vertical (cf. Ref.
[8]). (e) Representation of thea-phase of PLLA assuming regular 107 helix conformation and parallel helices. This model is an oversimplification of the actual
crystal structure.
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more conventional co-melting and crystallization would be
equally valid. After cooling, the glass slides are separated,
and the HMB crystals are dissolved in acetone, a non-
solvent of the polymer. The exposed polymer film is then
processed for observation by electron microscopy:
shadowed with Pt/C (when desired), backed with a carbon
film, floated off on water (sometimes with the help of a
polyacrylic acid backing) and deposited on electron micro-
scope support grids.

The samples are examined in a Philips CM12 electron
microscope operated at 120 kV. Molecular modeling is
performed with the relevant packages and the standard
potentials developed by Biosym-Molecular Simulations
(Cambridge, UK and Waltham, MA).

3. Results and discussion

3.1. Epitaxy of three crystal phases of polylactides on HMB

A surprising outcome of the present investigation is that
two crystalline modifications of the polylactides (plus the
racemate) could be produced by epitaxial crystallization on
asinglesubstrate, namely HMB. The relevant variable is the
crystallization temperature. As already indicated, the crystal
phases of enantiomeric and racemic polylactides have
significantly different melting temperatures, ranging from

175 and 1858C for the enantiomericb- and a-phases to
2308C for the racemate. Crystallization ranges follow the
same pattern. The optically active form crystallizes at rather
low temperatures, as expected from its lower melting
temperature: thea-phase is obtained at 1558C, whereas a
new,g-phase (butnot the anticipatedb-phase) is formed at
1408C. In our experiments, the racemate is commonly
obtained for crystallization temperatures very near the melt-
ing temperature of HMB, i.e. 1658C. We present now the
diffraction evidences gathered on the epitaxially crystallized
films of these three crystal forms, before deriving the crystal
structure of the newly observedg-phase.

3.1.1.a-Phase epitaxy
Epitaxial crystallization of PLLA on HMB at 1558C

yields a polymer film with single chain axis and lamellar
orientations (Fig. 1a). The corresponding diffraction pattern
(Fig. 1b) has a complex layer line structure, which suggests
at once the stable crystal modification of PLLA based on a
107 helical conformation (or 103 for PDLA), in agreement
with the conclusions of De Santis and Kovacs [1]. Using the
unit-cell parameters determined by Hoogsten et al. [2]�a�
1:07 nm; b� 0:595 nm; c� 2:78 nm� or the slightly differ-
ent ones redetermined in the present investigation�a�
1:06 nm; b� 0:610 nm; c� 2:88 nm�; it is an easy matter
to show that the contact plane is thebc-plane: indeed, the
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Fig. 2. (a) Electron diffraction pattern of a film of PLLA epitaxially crystallized on HMB crystals at 1408C. Chain axis vertical. Note the asymmetry of the
pattern relative to the vertical “fiber” axis, as illustrated by the existence of the doublet on the first layer line (arrowed). (b) Indexation of part ofthe pattern in
(a). The unit-cell is that shown in Fig. 4, and the zone axis is�0�10�; as illustrated in Fig. 5a. Note the asymmetry of the computed pattern, which matches that of
the diffraction data in (a). The�201 reflection corresponds to the outside reflection of the doublet arrowed in (a). Similar asymmetries are observed forhhl
reflections, and accounted for by a selection of contactfacesas illustrated in Fig. 5a.



pattern displays only rows of reflections indexed as 00l, 01l
and 02l. The diffraction pattern is modeled in Fig. 1c. For
the sake of completeness, Fig. 1d also shows a diffraction
pattern (presented in previous papers [4,8]) of single crystals
of this phase produced from solution. Fig. 1e shows ac-axis
projection of the unit-cell, assuming a regular 107 helix
conformation. This is only an approximation of the actual
structure, which does not account for several features of
both the epitaxially crystallized film and single crystal
patterns (e.g. the prominence of a 010 reflection in Fig.
1d). Preliminary analyses (to be developed in a future
work) suggest that the helix geometry is deformed, most
probably “flattened” along theb-axis direction. Such defor-
mations are observed for helical geometries of “loose” poly-
mer chains that have a symmetry different from that of their
crystallographic environment: an illustrative example is
provided by the 72 helix of poly(ethylene oxide) in the
nearly tetragonal environment of its monoclinic unit-cell
[27]. This molecular asymmetry of PLLA explains the
selectivity of the epitaxial relationship, which probably
does not rest solely on adimensional matchingcriterion.
Indeed, the packing of PLLA helices in the unit-cell is
very nearly hexagonal (cf. Fig. 1e and the four strong 110
and two 200 spots in the diffraction pattern of Fig. 1d). As a
consequence, a similargeometric lattice match can be
achieved when the contact plane is {110} rather than the
(100) plane considered above: the interchain distances in
these planes are equal to within 0.1 A˚ (0.61 versus
0.6115 nm). However, these values are valid for the room
temperature cell parameters, i.e. disregarding possible
differences linked with thermal expansion, since the epitaxy
takes place at<1608C.

3.1.2.g -Phase fiber pattern and epitaxy
When the epitaxial crystallization of PLLA takes place at

lower temperatures (<1408C) in the presence of HMB, a
significantly different diffraction pattern is obtained (Fig.
2a). The much simpler layer line organization indicates at
once a three-fold symmetry of the helix. Three-fold helical
conformations are familiar for polylactides, since they are
observed in the racemate structure, as well as in the form
obtained upon stretching of the chirala-form (theb-struc-
ture, to be analyzed in the companion paper [15]). While
very similar to the diffraction patterns of theb-form
obtained by Hoogsten et al. [2] and by Okihara et al. [4]
(cf. also the companion paper), this pattern has however
several original features which suggest that we are dealing
with a new crystal phase, hereafter named theg-phase. In
particular, and in sharp contrast with the patterns of theb-
phase, the first cluster of strong reflections on the equator is
made of two reflections, which rules out hexagonal packing.
These reflections have counterparts on the first and second
layer lines. Note however, and this will be an essential
ingredient of the structure derivation developed in the
next section and of the analysis of the epitaxial relationship,
that the pattern isasymmetricalrelative to the chain axis

direction. This asymmetry is most prominent for the doublet
of reflections on the first layer arrowed in Fig. 2a, which
have significantly different intensities on the other side of
the meridian. This asymmetry also indicates that we are not
dealing with a fiber pattern. Anticipating results of the crys-
tal structure derivation developed later, this pattern indi-
cates epitaxy with two contact planes, theac-plane being
the most prominent one. Indexation of the pattern with this
crystal structure and contact plane is displayed in Fig. 2b.

3.1.3. Epitaxy of the racemate
Equimolecular mixtures of PLLA and PDLA epitaxially

crystallized on HMB yield an oriented thin film of the race-
mate structure. The diffraction pattern (Fig. 3a) is consistent
with the triclinic unit-cell and crystal structure derived by
Okihara et al. [4] or with the equivalent, larger trigonal unit-
cell suggested by Cartier et al. [8] (the latter cell, illustrated
in Fig. 3c, will be used throughout this work). It is charac-
terized by only few reflections: on the equator, 110 at
spacing 7.49 A˚ (and its second order 220). These reflections
indicate that the zone axis is�1�10�: The viewing direction is
therefore parallel to the double layers of right- and left-
handed helices shown in Fig. 3c, and the contact plane is
�2�10�: Note, however, that this plane is structurally equiva-
lent to theac or bc-planes; for simplicity, theac plane has
been indicated as the contact plane in Fig. 3a. The reflec-
tions located on the first and second layer lines of Fig. 3a do
not belong to this�1�10� zone axis: they are indexed as 211
and 012. They are, however, located near the diffracting
planes and they become visible in this projection, probably
as a result of a small tilt of the film (tilts of thec axis of 18
and 108, respectively, would bring them in diffracting condi-
tions). For this crystal phase also, we include (Fig. 3b) an
hk0 diffraction pattern of chain-folded single crystals
obtained by solution or thin-film crystallization [4].

3.2. Crystal structures of the various phases

The above experiments yield an unprecedented set of
diffraction data on the various crystalline modifications of
PLLA and the racemate, which can be the basis of extensive
structural analyses. At this stage, particular attention has
been focused on the structure of the racemate and that of
the newly observedg crystal phase.

3.2.1. Crystal structure of the racemate
The crystal structure of the racemate is clearly based on a

three-fold helical structure, which has the same handedness
as the helices of thea-phase: left-handed for PLLA and
right-handed for PDLA. Furthermore, the structure is
constrained by symmetry considerations, and rests on the
body of evidence which has accumulated on crystal struc-
tures of isotactic polyolefins, poly(1-butene) in particular. In
line with the work of Cartier et al. [8], the crystal structure is
described in theR3c or R�3c space group, depending on the
absence or existence of statistical up–down orientation of
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helices at each site. Packing of the six helices in the unit-cell
is quite constrained by the symmetry operators and the
requirement of absence of steric conflicts. Atomic coordi-
nates of a structure with minimized packing energy are
given in Table 1, the crystal structure is represented in
Fig. 3c and the fiber pattern and indexing in Fig. 3d. Note
that this pattern is fully consistent with the pattern of the
epitaxially crystallized sample (which is not very informa-
tive however, on account of its paucity, since only one zone
axis is involved), and with the published X-ray fiber
patterns. As already indicated, the present data are also
consistent with the crystal structure determined by Okihara
et al. [4], based on a smaller, triclinic unit-cell with two
enantiomorphous, antiparallel chains.

3.2.2. Crystal structure of the newg-phase
The original diffraction pattern displayed in Fig. 2a has

been interpreted as indicating the existence of a new crystal
phase of PLLA, theg-phase. This structure is now derived
mainly by packing energy analysis based on the available
diffraction evidence. Since this crystal structure turns out to
resemble a structure proposed by Brizzolara et al. [5] for the
“stretched” orb-phase of PLLA, the differences between
the two models will be analyzed in detail.

As indicated earlier, the diffraction pattern of Fig. 2a has
many features of a fiber pattern, butit is not a fiber pattern.
The pattern does not correspond to a single zone axis either:
the existence of several sets ofhk0 (and correspondinghkl)
diffraction spots, which might suggest fiber organization,
arises from a mere circumstantial, albeit favorable feature,
namely the coexistence of different contact planes. In other
words, we are dealing with a combination of single crystal
diffraction patterns, in which only a few (but by no means
all) zone axes normal to the chain axis are imaged. It is
nevertheless possible to derive the unit-cell geometry and
crystal structure and actually take advantage of the (nearly)
single crystal character of the pattern in this derivation.

All the reflections of the diffraction pattern can be
accounted for if the first two strong equatorial reflections
are indexed as 110 and 200 of an orthorhombic cell. The cell
parameters area� 9:95 �A; b� 6:25 �A; c� 8:8 �A; and the
cell houses two three-fold helices.

The crystal structure derivation assumes the known three-
fold helix of polylactides and rests on an extensive packing

energy analysis. This analysis indicated early on that the
structure must rest on anantiparallel orientation of the
two helices in the unit-cell. As discussed in more detail
in the next paper [15] in connection with the analysis of the
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Fig. 3. (a) Electron diffraction pattern of a film of the racemic blend of
PLLA and PDLA epitaxially crystallized on HMB. Chain axis vertical. (b)
hk0 Electron diffraction pattern of a single crystal of the PLA racemate.ap-
axis horizontal. (c) Crystal structure of the PLA racemate obtained by
packing energy minimization and using the experimentally determined
unit-cell parameters deduced from parts (a) and (b). The trigonal cell is
shown here made of parallel helices only, but statistical up–down orienta-
tion of helices is likely at any chain site (space groupR�3c�: The structure is
made of alternating layers of right- and left-handed helices (i.e. of PDLA
and PLLA molecules, respectively), and is similar to that of several isotac-
tic polyolefins, e.g. isotactic poly(1-butene). (d) Computed fiber diffraction
pattern of the structure shown in (c), with the corresponding indexing.

Table 1
Fractional coordinates of the racemic phase of poly(d-l-lactide). Unit-cell
parameters:a� b� 14:98 �A; c� 8:8 �A; a � b � 908; g � 1208: Trigonal
cell, assumed space group:R3c (all chains parallel)

Atom x=a y=b z=c

C (H3) 0.5074 0.3284 0.1536
C (H) 0.4251 0.3518 0.0918
C (yO) 0.3481 0.3355 0.2178
O (yC) 0.2689 0.2529 0.2329
O 0.3818 0.4211 0.3017



b-structure, the packing energy analysis indicates that
parallel arrangement of helices leads to a trigonal, one
chain unit-cell.

The crystal structure is shown in Fig. 4 (for convenience,
as a centered cell). The computed cell dimensions are
remarkably close to the experimental ones—less than
0.2 Å difference for the worst match (thec axis distance is
kept at its experimentally determined value). The atomic
coordinates are given in Table 2. The calculated diffraction
intensities (computed fiber diffraction pattern in Fig. 4c) are
also in good qualitative agreement with the observed ones.
A quantitative analysis is not made since the experimental
pattern is a combination of different “single crystal” patterns
(associated with different contact planes), the relative
proportions of which are not controlled. In spite of these
limitations, the model may be considered as firmly
supported by experimental evidence, in particular because
it accounts for the curious asymmetry of the pattern under-
lined earlier. Indeed, the unit-cell is non-centrosymmetric
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Fig. 3. (continued)

Table 2
Fractional coordinates of theg-phase of poly(l-lactide). Unit-cell para-
meters:a� 9:95 �A; b� 6:25 �A; c� 8:8 �A; a � b � g � 908: Monoclinic
space group:P21 (#14), unique axis:b. Coordinates of the second chain:
2x, 1=2 1 y; 2z

Atom x=a y=b z=c

C (H) 0.3820 0.5068 20.1342
C (H3) 0.5136 0.4105 20.1960
O 0.3352 0.3809 20.0108
C (yO) 0.2426 0.4735 0.0765
O (yC) 0.2020 0.6563 0.0614
C (H) 0.1882 0.3289 0.1923
C (H3) 0.0699 0.1959 0.1305
O 0.1433 0.4565 0.3158
C (yO) 0.2399 0.5376 0.4030
O (yC) 0.3596 0.5021 0.3879
C (H) 0.1882 0.6848 0.5291
C (H3) 0.1747 0.9143 0.4673
O 0.2801 0.6834 0.6525
C (yO) 0.2762 0.5095 0.7398
O (yC) 0.1971 0.3619 0.7247



since we are dealing with a chiral polymer and three-fold
helix conformation. As a consequence,hkl and 2h 2 kl
reflection have similar spacings, but different intensities.
These features are analyzed in more detail in the next
section, in connection with the use of epitaxial crystalliza-
tion in structure analysis.

To conclude this section, a short comment on the differ-
ences with the structure derived by Brizzolara et al. [5] is in
order. Indeed, the crystal structure derived above is charac-
terized by setting angles which are very reminiscent of those
proposed by Brizzolara et al. [5] for theb-phase of PLLA.
There are, however, some significant differences. As already
indicated, the structure derived in the present work corre-
sponds to a result of the packing energy minimization which
fits the experimental unit-cell geometry (orthorhombic) and
cell parameters. To the contrary, analysis of the work of

Brizzolara et al. indicates that the cell dimensions were
fixed rather arbitrarily, and correspond to a “scaling
down” of the orthorhombic unit cell proposed by Hoogsten
et al. [2] The model building was performed to fit that
unit-cell, and is not therefore a minimized structure.
Also, the relative chain orientation, which we consider
as an essential ingredient in the formation of theg-structure,
was not considered in the same detail, and the structure
described is made of parallel chains. Finally, as mentioned
already, the structure derived by Brizzolara et al. [5] was
designed to account for a different structure of PLLA,
namely theb-phase, obtained on stretching thea-phase.
As analyzed in the companion paper [15], thisb-phase is
characterized by a frustrated packing of chains which differs
significantly from the antiparallel arrangement of chains
considered here.
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Fig. 4. (a) Chain axis projection and (b)a-axis projection of the crystal structure determined for theg-phase of PLLA produced by epitaxial crystallization on
HMB at 1408C. The structure corresponds to a minimum of the packing energy. The two antiparallel helices are linked by a 21 screw axis parallel tob. (c)
Computed fiber diffraction pattern of theg-phase of PLLA.



3.3. Epitaxy of chiral polymers

The two main features of the epitaxial crystallization of
polylactides are: (a) the extreme versatility of HMB in indu-
cing the different phases of PLA; and (b) the formation of a
truly single crystal orientation of the newg-phase, as
attested by the asymmetry of its diffraction pattern.

The versatility of HMB as a substrate is difficult to
analyze, in view of the fact that no composite diffraction
patterns are available, due to the volatility of HMB in the
vacuum of the electron microscope: its analysis will require
further experiments with a cryo-stage. HMB has a triclinic
unit-cell with parametersa� 8:92 �A; b� 8:86 �A; c�
5:30 �A; a � 448270; b � 1168430; g � 1198340; space
groupP�1 [12]. In the cell, the planes of the benzene rings
are parallel to theab-plane. It is of interest to note that both
the HMB a and b parameters are close to the chain axis
repeat distance of the polylactides in the 31 helical confor-
mation, or even of the helical pitch of the 103 or 107 form
(i.e. 28:8=3� 9:4 �A�: Molecular modeling of the crystal
habit shows that the most prominent faces are low index
hk0 faces, i.e. the exposed faces include thea and/or b
parameters: they offer a potential favorable match with the
chain axis repeat of the polymer. This match is probably not
the only one involved, since well-defined contact faces are
selected for all three crystal forms. However, in the contact
planes, interchain distances vary significantly (6.10, 15 A˚

(for a doublet of helices) and 9.95 A˚ for the a-racemate
and g-phases, respectively), which makes it difficult to

analyze in detail the epitaxial relationships in the absence
of definite experimental evidence (i.e. composite diffraction
patterns) for each phase.

The second aspect deals with the observed asymmetries
in intensity of the diffraction pattern observed for theg-
phase. As analyzed now, these asymmetries reflect the
fact that the epitaxy selects onefaceof any crystallographic
planeas the contact face.

Concentrating first on theac-plane of thisg-phase (hori-
zontal in Fig. 4a and illustrated schematically in Fig. 5a), it
is clear that thefront face (say, top) of the layer has a
different topography than theback (bottom) face: the first
is populated with methyl groups which stand nearly “erect”
out of the face, whereas the second corresponds more or less
to a base of the triangular projection of the three-fold helix.
As a consequence, and even though we are dealing with
identical dimensional match in the epitaxial relationship,
one face may be favored as a contact face due to a more
favorable surface topography. In other words also, the
epitaxy discriminates between the1b and the2b axis,
i.e. we are dealing with a true single crystal orientation.
As a further consequence, all helices in the contact plane
areparallel (as a result of the crystal symmetry) in any one
“single crystal” domain, with boundaries between domains
made of antiparallel chains (coexistence of such antiparallel
domains maintains the asymmetry of the diffraction
pattern). This single-crystal character makes it also possible
on the basis of diffraction evidence alone(i.e. on the differ-
ences in intensity of corresponding reflections) to determine
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the exact contact face in the epitaxy. Experimentally, this
requires of course a strict control of the sample orientation
through all stages of the epitaxy and subsequent electron
diffraction investigation.

The situation is very similar for the other set of reflections
present in the diffraction pattern of Fig. 2a, namely the set
of, say, 11l ones. Presence of these reflections indicates that
the contact planes involved are {310} (Fig. 5a), which are
again made up with second nearest-neighbor chains. The
lattice match in the epitaxy is therefore nearly comparable
to that in the (010) plane, in view of the near-hexagonal
packing of the helices (interhelix distance: 10.6 A˚ , as
opposed to 9.6 A˚ for (010)). However, the contact plane is
structurally less regular since successive helices in the
contact plane are antiparallel to each other. Nevertheless,
two distinctly different contact surface types can again be
recognized, which correspond roughly, on one hand, to
methyl groups “sticking out” of the layer surface, and on
the other, to methyl groups lying more “in” the layer
surface. If the selection rule described above for the (010)
contact surface also applies, only two structurally identical
faces of the {310} planes should be contact planes: these are
highlighted in Fig. 5a by the lightly shaded “tips”.
Again, if the epitaxy involves only this type of contact
face, the film is observed only along the two zone axes
shown in Fig. 5a. These equivalent zone axes yield patterns
with similar asymmetries, and therefore account for the
features of the diffraction pattern of these epitaxially crys-
tallized films.

The issue of selection of a single contactface of a
contactplane just developed has a close counterpart in
the epitaxy of the (010) face of isotactic polypropylene
(aiPP) on benzoic acid [28]. In the crystal structure of
aiPP, three-fold helices are packed in layers parallel to
the ac plane, in such a way that either one methyl group
sticks out of the plane, or two methyl groups are in the
exposed face. As shown in Fig. 5b, and due to the existence
of a glide plane parallel to theac plane, there aretwo
possible, but different (010) contact planes for anyone
orientation of the unit-cell: the different exposed topogra-
phies are shown shaded. In this case, discrimination
between the two possible contact planes is only possible
by probing the contact face, i.e. by resorting to AFM
imaging of the surface topography. The AFM investiga-
tion demonstrates that the face populated with methyl
groups “sticking out” is the contact face (dark shading
in Fig. 5b) [28]. In the PLLA case on the contrary, discri-
mination can be made on the sole basis of the diffraction
pattern, since the polymer is chiral and the unit-cell
symmetry does not generate the same ambiguity as
encountered inaiPP.

Although rather involved, these analyses emphasize the
usefulness of epitaxial crystallization in polymer structure
analysis. As illustrated here, the epitaxial interactions can
discriminate between two structurally different faces of the
same crystallographic plane, thus providing a means to
generate a truly single crystalline texture. This is in sharp
contrast with more conventional (usually mechanical)
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Fig. 5. (a) Illustration of the specificity of contact faces resulting from epitaxy of theg-phase, giving rise to the diffraction pattern asymmetries of Fig. 2a. The
helices are schematized by triangles, with the methyl group protruding out of the contact face being shaded in dark grey (most likely contact plane: ((010)) and
in light grey ({110} contact planes). Observation of the contact facesfrom the viewpoint of the substrateresults in a selection of viewing directions (shown by
bold arrows): the (010) contact face is only observed from the1b-direction,but notfrom the2b direction; thus the asymmetry of Fig. 2a. A similar reasoning
applies for the {310} contact planes. The various zone axes are illustrated by bold arrows. The two viewing directions along {110} planes (bottom arrows)
yield patterns with identical asymmetries. (b) The two potential (010) contact faces of isotactic polypropylene,a-phase: although the diffraction pattern is also
asymmetric, two topographically different contact faces are possible (the actual one, determined by AFM, is shown in dark shading).



orienting methods, which generate mostly fiber or at best
biaxial orientation.

4. Conclusion

Polylactides in either enantiomeric or racemic forms
crystallize epitaxially on HMB, a low molecular weight
organic solvent that had been shown by Zwiers et al. [11]
to form eutectics with the polymer. Epitaxial crystallization
of polymers associated with eutectic formation in binary
low molecular weight organic solvent/polymer systems
has already been documented in a number of cases
[13,14]. However, the original feature revealed by the
present study is thatthreedifferent crystal phases of PLAs
can be epitaxially crystallized on one and the same
substrate: the racemate, and the enantiomer in its conven-
tionala-form as well as in a novelg-form based on a three-
fold helix conformation. This versatility probably arises
from the fact that a major constituent of the epitaxial match-
ing involves the chain axis repeat (or the helical pitch for the
a-phase) which are always close to 8.8–9 A˚ . The newg-
phase structure analyzed in the present paper is character-
ized bystrict antiparallelismof the two chains which build
up the unit-cell. This structure has been observed so far only
as a result of epitaxial crystallization. Specific as it may be,
it turns out to be of considerable help in the analysis of the
better knownb-phase of polylactide obtained on mechan-
ical stretching, which is described in the companion paper
[15].
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