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Abstract

Two crystal phases of poly{lactide) and that of the racemate of paljactide) and polyg-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 stahlecrystal modification of the optically active polymer, based on ghBlix conformation (for PDLA; 19for
PLLA), is obtained foiT, near 158C. A new crystal modification is produced by epitaxial crystallization at slightly Iolwé~=14C0C). The
crystal structure of this new form is established by electron diffraction and packing energy analysisnfiparallel helices are

packed in an orthorhombic unit-cell of parameters: 9.95A, b=

6.25A and c=88A. The racemate of polytlactide) and

poly(p-lactide) also crystallize epitaxially (at165°C) on HMB, which appears to be a very versatile subst@t2000 Elsevier Science Ltd.

All rights reserved.
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1. Introduction

Polylactide, of formula (O—-CO-C-H(GH,, is the
polyester equivalent of the polypeptide, polyalanine (NH—
CO-CH(CHy)),. 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 forns known to exist in two crystal
structures with different helix conformations and cell
symmetries. The conformation of the chain in thigohase
was determined by De Santis and Kovacs [1] to be a left-
handed 18 helix for the L-isomer (PLLA), and a right
handed 10 helix for the p-isomer (PDLA). Two chains
are included in an orthorhombic unit-cell of parametees
1.06 nm b = 0.610 nm anct = 2.88 nm The ratio ofa and
b parameters, 1.737, is nearly equal #8, indicating an
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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 i@flec-
tions which suggest some deviation from a “pure? @010,

helix conformation. The second phase, hereafter ghe
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 rfhor 0.9 nnf. Hoogsten et

al. [2] further suggest an orthorhombic unit celh =
1.031 nm b = 1.821 nm which housessix helices with,
again, a near-hexagonal packing (tifa 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 actuallyfrastrated struc-
ture, which has a trigonal cell witthree chains in the cell
(rather than six or two); the other, new phase introduced in
the present paper (thephase) turns out to be very close to

0032-3861/00/$ - see front matt€r 2000 Elsevier Science Ltd. All rights reserved.
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the model proposed by Brizzolara et al. for fBighase: it
has an orthorhombic unit-cell that houses tarttiparallel
helices.

The racemic blend of polylactidderms a crystal struc-
ture which is known [6] to have a melting temperature
(22C°C) significantly higher than those of the enantiomeric
a- or B-forms (185 and 1 7%, respectively), in spite of very
similar or (for the latter structure) even identical helix companion paper [15], we deal specifically with this
conformations. Following the initial work of Ikada et al. “stretched” B-phase of PLLA, which isnot obtained by
[6] a crystal structure has been proposed for the racemateepitaxial crystallization, and which rests on a recently
by Okihara et al. [4]. The unit-cell is triclinic (space group uncoveredfrustrated packing schem@d6,17] that applies
P1) with parametera=b = 0.916 nm c= 0.89 nm o = frequently (but not exclusively [18]) for polymers with
B=1092, y= 1098 and houses two enantiomorphous three-fold helical symmetry.
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 2. Experimental
with triangular morphology. As shown by Cartier et al. [8]
this morphology results from differences in growth rates on  The synthesis of the polyflactide) and polyg-
opposite sides of the (110) growth planes, which reflect lactide) has been described in detail [19]. The samples
differences in molecular characteristics and/or concentra- have been used in numerous investigations on the struc-
tions of the co-crystallizing enantiomeric species: for ture and morphology of triangular single crystals, and
identical M,, and concentrations, hexagonal single crys- on the properties of enantiomeric and racemic polylac-
tals are formed [8]. These authors also pointed out thattides [4,7,20-25]. Several samples were used during

which turns out to be a highly versatile substrate. These
are: (1) the racemate; (2) the “standar@phase of the
enantiomer (based on 40r 10, helices); and (3) an original
modification, referred to hereafter as thephase. 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 “stretchedB-form. In a

the unit cell considered by Okihara et al. [5] is a sub-
cell of a larger trigonal cell that includesix three-fold
helices, with parametera=b = 1498 nm ¢ = 0.87 nm
and symmetryR3c or R3c. This unit cell is more familiar for
chiral but racemichomopolymersin 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 coursewo different (enantiomeriy
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

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—168C) 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 solutionpin
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=(L8C°C)
surface (for example, a Kofler bench). The HMB sublimes
and condenses on the cooler coverslide, producing suffi-

made on binary polymer—crystallizable solvent systems ciently large single crystals (up to several tenspoh).

[13,14], these results suggest that upon solidification of The slide and coverslides are then transferred to the crystal-
the eutectic the polymer crystallizes epitaxially on the lization temperature. As performed here, the experiment is
freshly formed substrate crystals. rather touchy, since the melting temperatures of the materi-
We report in this paper on the epitaxial crystallization of als and substrate are very close. For the racemic blends at
polylactides (both enantiomers and racemates), and on itsleast, but also for the enantiomers, it is probable that the
use in a further investigation of their crystal structures and depositing crystals of HMB initially dissolve the polymer.
polymorphism. Rather surprisingly, three crystal phases of This unusual procedure was used to spare the polymer, in
polylactides have been epitaxially crystallized on HMB, limited supply. As judged from the results of Zwiers et al. a

Fig. 1. (a) Epitaxial crystallization of PLLA on a single crystal of HMB produced by sublimation. The PLLA of the film produces small spherulited. Optic
microscopy, phase contrast. Scale barp®%. (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;Xlical conformation of PLLA and an orthorhombic unit-cell (cf. Part (d)). Bbglane is the contact plane in the
epitaxy. (d)hkO electron diffraction pattern obtained from solution-grown single crystals aftplease of PLLAa-axis horizontalb-axis vertical (cf. Ref.

[8]). (e) Representation of the-phase of PLLA assuming regular-litelix 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 175 and 18%C for the enantiomeri@3- and a-phases to
equally valid. After cooling, the glass slides are separated, 230°C for the racemate. Crystallization ranges follow the
and the HMB crystals are dissolved in acetone, a non- same pattern. The optically active form crystallizes at rather
solvent of the polymer. The exposed polymer film is then low temperatures, as expected from its lower melting
processed for observation by electron microscopy: temperature: thex-phase is obtained at 185, whereas a
shadowed with Pt/C (when desired), backed with a carbon new,y-phase (buhotthe anticipate@-phase) is formed at
film, floated off on water (sometimes with the help of a 14C°C. In our experiments, the racemate is commonly
polyacrylic acid backing) and deposited on electron micro- obtained for crystallization temperatures very near the melt-
scope support grids. ing temperature of HMB, i.e. 166. We present now the
The samples are examined in a Philips CM12 electron diffraction evidences gathered on the epitaxially crystallized
microscope operated at 120 kV. Molecular modeling is films of these three crystal forms, before deriving the crystal
performed with the relevant packages and the standardstructure of the newly observedphase.
potentials developed by Biosym-Molecular Simulations

(Cambridge, UK and Waltham, MA). 3.1.1.a-Phase epitaxy

Epitaxial crystallization of PLLA on HMB at 15&
3. Results and discussion yields a polymer film with single chain axis and lamellar
orientations (Fig. 1a). The corresponding diffraction pattern
3.1. Epitaxy of three crystal phases of polylactides on HMB (Fig. 1b) has a complex layer line structure, which suggests
at once the stable crystal modification of PLLA based on a
A surprising outcome of the present investigation is that 10; helical conformation (or 10for PDLA), in agreement
two crystalline modifications of the polylactides (plus the with the conclusions of De Santis and Kovacs [1]. Using the
racemate) could be produced by epitaxial crystallization on unit-cell parameters determined by Hoogsten et al(d2k
asinglesubstrate, namely HMB. The relevant variable is the 1.07 nm b = 0.595 nm ¢ = 2.78 nn) or the slightly differ-
crystallization temperature. As already indicated, the crystal ent ones redetermined in the present investigatme=
phases of enantiomeric and racemic polylactides have1.06 nm b = 0.610 nm ¢ = 2.88 nm), it is an easy matter
significantly different melting temperatures, ranging from to show that the contact plane is the-plane: indeed, the
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Fig. 2. (a) Electron diffraction pattern of a film of PLLA epitaxially crystallized on HMB crystals at@4Chain 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 thfgppatiafn in

(@). The unit-cell is that shown in Fig. 4, and the zone axi®18], as illustrated in Fig. 5a. Note the asymmetry of the computed pattern, which matches that of
the diffraction data in (a). Th801 reflection corresponds to the outside reflection of the doublet arrowed in (a). Similar asymmetries are obskhled for
reflections, and accounted for by a selection of corfiamsas illustrated in Fig. 5a.
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pattern displays only rows of reflections indexed ak 0d direction. This asymmetry is most prominent for the doublet
and 02. The diffraction pattern is modeled in Fig. 1c. For of reflections on the first layer arrowed in Fig. 2a, which
the sake of completeness, Fig. 1d also shows a diffractionhave significantly different intensities on the other side of
pattern (presented in previous papers [4,8]) of single crystalsthe meridian. This asymmetry also indicates that we are not
of this phase produced from solution. Fig. 1e showssais dealing with a fiber pattern. Anticipating results of the crys-
projection of the unit-cell, assuming a regular; Ielix tal structure derivation developed later, this pattern indi-
conformation. This is only an approximation of the actual cates epitaxy with two contact planes, theplane being
structure, which does not account for several features ofthe most prominent one. Indexation of the pattern with this
both the epitaxially crystallized film and single crystal crystal structure and contact plane is displayed in Fig. 2b.
patterns (e.g. the prominence of a 010 reflection in Fig.

1d). Preliminary analyses (to be developed in a future 3,1.3. Epitaxy of the racemate

work) suggest that the helix geometry is deformed, most  Equimolecular mixtures of PLLA and PDLA epitaxially
probably “flattened” along thb-axis direction. Such defor-  crystallized on HMB yield an oriented thin film of the race-
mations are observed for helical geometries of “loose” poly- mate structure. The diffraction pattern (Fig. 3a) is consistent
mer chains that have a symmetry different from that of their with the triclinic unit-cell and crystal structure derived by
crystallographic environment: an illustrative example is Qkihara et al. [4] or with the equivalent, larger trigonal unit-
provided by the 7 helix of poly(ethylene oxide) in the  cell suggested by Cartier et al. [8] (the latter cell, illustrated
nearly tetragonal environment of its monoclinic unit-cell in Fig. 3c, will be used throughout this work). It is charac-
[27]. This molecular asymmetry of PLLA explains the terized by only few reflections: on the equator, 110 at
selectivity of the epitaxial relationship, which probably spacing 7.49 Aand its second order 220). These reflections
does not rest solely on dimensional matchingriterion. indicate that the zone axis [$10]. The viewing direction is
Indeed, the packing of PLLA helices in the unit-cell is therefore parallel to the double layers of right- and left-
very nearly hexagonal (cf. Fig. 1e and the four strong 110 handed helices shown in Fig. 3c, and the contact plane is
and two 200 spots in the diffraction pattern of Fig. 1d). Asa (210). Note, however, that this plane is structurally equiva-
consequence, a similageometric lattice match can be  |ent to theac or bc-planes; for simplicity, thec plane has
achieved when the contact plane is {110} rather than the peen indicated as the contact plane in Fig. 3a. The reflec-
(100) plane considered above: the interchain distances intions located on the first and second layer lines of Fig. 3a do
these planes are equal to within 0.1#®.61 versus  not belong to thig110] zone axis: they are indexed as 211
0.6115 nm). However, these values are valid for the room gnd 012. They are, however, located near the diffracting
temperature cell parameters, i.e. disregarding possibleplanes and they become visible in this projection, probably
differences linked with thermal expansion, since the epitaxy as a result of a small tilt of the film (tilts of theaxis of 18

takes place at=160°C. and 10, respectively, would bring them in diffracting condi-
_ _ tions). For this crystal phase also, we include (Fig. 3b) an
3.1.2.y-Phase fiber pattern and epitaxy hkOo diffraction pattern of chain-folded single crystals

When the epitaxial crystallization of PLLA takes place at obtained by solution or thin-film crystallization [4].
lower temperatures~<14C°C) in the presence of HMB, a
significantly different diffraction pattern is obtained (Fig. 3.2. Crystal structures of the various phases
2a). The much simpler layer line organization indicates at
once a three-fold symmetry of the helix. Three-fold helical ~ The above experiments yield an unprecedented set of

conformations are familiar for po|y|actides’ since they are diffraction data on the various crystalline modifications of
observed in the racemate structure, as well as in the formPLLA and the racemate, which can be the basis of extensive

obtained upon stretching of the chikaiform (the B-struc- structural analyses. At this stage, particular attention has
ture, to be analyzed in the companion paper [15]). While been focused on the structure of the racemate and that of
very similar to the diffraction patterns of th@-form the newly observed crystal phase.

obtained by Hoogsten et al. [2] and by Okihara et al. [4]

(cf. also the companion paper), this pattern has however3.2.1. Crystal structure of the racemate

several original features which suggest that we are dealing The crystal structure of the racemate is clearly based on a
with a new crystal phasehereafter named the-phase. In three-fold helical structure, which has the same handedness
particular, and in sharp contrast with the patterns ofghe  as the helices of the-phase: left-handed for PLLA and
phase, the first cluster of strong reflections on the equator isright-handed for PDLA. Furthermore, the structure is
made of two reflections, which rules out hexagonal packing. constrained by symmetry considerations, and rests on the
These reflections have counterparts on the first and secondody of evidence which has accumulated on crystal struc-
layer lines. Note however, and this will be an essential tures of isotactic polyolefins, poly(1-butene) in particular. In
ingredient of the structure derivation developed in the line with the work of Cartier et al. [8], the crystal structure is
next section and of the analysis of the epitaxial relationship, described in thék3c or R3c space group, depending on the
that the pattern imsymmetricalrelative to the chain axis absence or existence of statistical up—down orientation of
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Table 1 energy analysis. This analysis indicated early on that the
Fractional coordinates of the racemic phase of pehyactide). Unit-cell structure must rest on aantiparallel orientation of the
parametersa=b = 1498A,c=88A, a = B8 = 9(°, y = 12C. Trigonal . . . . . .
! two helices in the unit-cell. As discussed in more detail
cell, assumed space grougBc (all chains parallel) . . . . .
in the next paper [15] in connection with the analysis of the

Atom x/a y/b Zc

C (Hy) 0.5074 0.3284 0.1536
C (H) 0.4251 0.3518 0.0918
C (=0) 0.3481 0.3355 0.2178
O (=C) 0.2689 0.2529 0.2329
e} 0.3818 0.4211 0.3017

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 newphase

The original diffraction pattern displayed in Fig. 2a has
been interpreted as indicating the existence of a new crystal
phase of PLLA, they-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” orp-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, buis not a fiber pattern
The pattern does not correspond to a single zone axis either:
the existence of several setstdD (and correspondinigkl)
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 Fig. 3. (a) Electron diffraction pattern of a film of the racemic blend of
crystal structure and actually take advantage of the (nearly) PLLA and PDI'_A ep?taxially crystalliz'ed on HMB. Chain axis vertica}ll. (b)

. . - L hko Electron diffraction pattern of a single crystal of the PLA racemite.

smgle CryStaI character of the pattern in this derivation. axis horizontal. (c) Crystal structure of the PLA racemate obtained by

All the reflections of the diffraction pattern can be packing energy minimization and using the experimentally determined
accounted for if the first two strong equatorial reflections unit-cell parameters deduced from parts (a) and (b). The trigonal cell is
are indexed as 110 and 200 of an orthorhombic cell. The cell shown here made of parallel helices only, but statistical up—down orienta-

— A — R — R tion of helices is likely at any chain site (space gr&8e). The structure is
E:Irlar?;lejtsee:: S\r/?) th?é?fﬁl’dbheli%ezf A, c=884, and the made of alternating layers of right- and left-handed helices (i.e. of PDLA

i and PLLA molecules, respectively), and is similar to that of several isotac-
The crystal structure derivation assumes the known three-c polyolefins, e.g. isotactic poly(1-butene). (d) Computed fiber diffraction

fold helix of polylactides and rests on an extensive packing pattern of the structure shown in (c), with the corresponding indexing.
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Fig. 3. (continued

- L Table 2
B-structure, the packing energy analysis 'nc_j'cates that Fractional coordinates of the-phase of poly(-lactide). Unit-cell para-
parallel arrangement of helices leads to a trigonal, one metersa=9.95A, b= 625A, c=88A, a = 8=y = 90°. Monoclinic

chain unit-cell. space groupP2; (#14), unique axisb. Coordinates of the second chain:
The crystal structure is shown in Fig. 4 (for convenience, ~% Y2+, —z
as a centered cell). The computed cell dimensions are ai,n Y/a yib ¢
remarkably close to the experimental ones—less than
0.2 A difference for the worst match (theaxis distance is € (H) 0.3820 0.5068 —0.1342
kept at its experimentally determined value). The atomic € () 8‘2:1);2 8'2282 :g'éigg
f:oordlln.ates are given in Taple 2. The calculqted.dlffractlon C (=0) 02426 04735 0.0765
intensities (computed fiber diffraction pattern in Fig. 4c) are o (=c) 0.2020 0.6563 0.0614
also in good qualitative agreement with the observed ones.cC (H) 0.1882 0.3289 0.1923
A guantitative analysis is not made since the experimental C (Hs) 0.0699 0.1959 0.1305
pattern is a combination of different “single crystal” patterns 8 o) 8';‘3‘33 8'3232 g'zégg
(assomgted with _dn‘ferent contact planes), _the relative (=C) 0.3596 05021 0.3879
proportions of which are not controlled. In spite of these ¢ (n) 0.1882 0.6848 0.5291
limitations, the model may be considered as firmly C (H) 0.1747 0.9143 0.4673
supported by experimental evidence, in particular because® 0.2801 0.6834 0.6525
it accounts for the curious asymmetry of the pattern under- € &9 0.2762 0.5095 0.7398
y y P 0 (=C) 0.1971 0.3619 0.7247

lined earlier. Indeed, the unit-cell is non-centrosymmetric
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(b)

Fig. 4. (a) Chain axis projection and (@)xis projection of the crystal structure determined foryfghase of PLLA produced by epitaxial crystallization on
HMB at 140C. The structure corresponds to a minimum of the packing energy. The two antiparallel helices are linkgdsbrew 2xis parallel tb. (c)
Computed fiber diffraction pattern of thephase of PLLA.

since we are dealing with a chiral polymer and three-fold Brizzolara et al. indicates that the cell dimensions were
helix conformation. As a consequendskl and —h — ki fixed rather arbitrarily, and correspond to a “scaling
reflection have similar spacings, but different intensities. down” of the orthorhombic unit cell proposed by Hoogsten
These features are analyzed in more detail in the nextet al. [2] The model building was performed to fit that
section, in connection with the use of epitaxial crystalliza- unit-cell, and is not therefore a minimized structure.
tion in structure analysis. Also, the relative chain orientation, which we consider

To conclude this section, a short comment on the differ- as an essential ingredient in the formation of fhstructure,
ences with the structure derived by Brizzolara et al. [5] isin was not considered in the same detail, and the structure
order. Indeed, the crystal structure derived above is charac-described is made of parallel chains. Finally, as mentioned
terized by setting angles which are very reminiscent of those already, the structure derived by Brizzolara et al. [5] was
proposed by Brizzolara et al. [5] for thgephase of PLLA. designed to account for a different structure of PLLA,
There are, however, some significant differences. As alreadynamely thep-phase, obtained on stretching thephase.
indicated, the structure derived in the present work corre- As analyzed in the companion paper [15], tBigphase is
sponds to a result of the packing energy minimization which characterized by a frustrated packing of chains which differs
fits the experimental unit-cell geometry (orthorhombic) and significantly from the antiparallel arrangement of chains
cell parameters. To the contrary, analysis of the work of considered here.
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Fig. 4. continued

3.3. Epitaxy of chiral polymers analyze in detail the epitaxial relationships in the absence
of definite experimental evidence (i.e. composite diffraction
The two main features of the epitaxial crystallization of patterns) for each phase.
polylactides are: (a) the extreme versatility of HMB in indu- The second aspect deals with the observed asymmetries
cing the different phases of PLA; and (b) the formation of a in intensity of the diffraction pattern observed for the
truly single crystal orientation of the new-phase, as  phase. As analyzed now, these asymmetries reflect the
attested by the asymmetry of its diffraction pattern. fact that the epitaxy selects ofazeof any crystallographic
The versatility of HMB as a substrate is difficult to planeas the contact face.
analyze, in view of the fact that no composite diffraction Concentrating first on thac-plane of thisy-phase (hori-
patterns are available, due to the volatility of HMB in the zontal in Fig. 4a and illustrated schematically in Fig. 5a), it
vacuum of the electron microscope: its analysis will require is clear that thefront face (say, top) of the layer has a
further experiments with a cryo-stage. HMB has a triclinic different topography than thieack (bottom) face: the first
unit-cell with parametersa=8.92A, b=8.86A, c= is populated with methyl groups which stand nearly “erect”
530A, a=4427, B=11643, y=11934, space out of the face, whereas the second corresponds more or less
groupP1 [12]. In the cell, the planes of the benzene rings to a base of the triangular projection of the three-fold helix.
are parallel to thab-plane. It is of interest to note that both As a consequence, and even though we are dealing with
the HMB a and b parameters are close to the chain axis identical dimensional match in the epitaxial relationship,
repeat distance of the polylactides in theh&lical confor- one face may be favored as a contact face due to a more
mation, or even of the helical pitch of the s16r 10, form favorable surface topography. In other words also, the
(i.e. 288/3=9.4A). Molecular modeling of the crystal  epitaxy discriminates between theb and the —b axis,
habit shows that the most prominent faces are low index i.e. we are dealing with a true single crystal orientation.
hkO faces, i.e. the exposed faces include ¢hand/orb As a further consequence, all helices in the contact plane
parameters: they offer a potential favorable match with the areparallel (as a result of the crystal symmetry) in any one
chain axis repeat of the polymer. This match is probably not “single crystal” domain, with boundaries between domains
the only one involved, since well-defined contact faces are made of antiparallel chains (coexistence of such antiparallel
selected for all three crystal forms. However, in the contact domains maintains the asymmetry of the diffraction
planes, interchain distances vary significantly (6.10, 15 A pattern). This single-crystal character makes it also possible
(for a doublet of helices) and 9.95 for the a-racemate on the basis of diffraction evidence alofie. on the differ-
and y-phases, respectively), which makes it difficult to ences in intensity of corresponding reflections) to determine
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Fig. 5. (a) lllustration of the specificity of contact faces resulting from epitaxy ofthbase, 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 cont@&Op)amet ((

in light grey ({110} contact planes). Observation of the contact fdic®a the viewpoint of the substratesults in a selection of viewing directions (shown by
bold arrows): the (010) contact face is only observed fromitbedirection,but notfrom the —b 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 (botpm arro
yield patterns with identical asymmetries. (b) The two potential (010) contact faces of isotactic polypropyrase: 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).

the exact contact face in the epitaxy. Experimentally, this The issue of selection of a single contdetce of a
requires of course a strict control of the sample orientation contactplane just developed has a close counterpart in
through all stages of the epitaxy and subsequent electronthe epitaxy of the (010) face of isotactic polypropylene
diffraction investigation. («iPP) on benzoic acid [28]. In the crystal structure of
The situation is very similar for the other set of reflections «iPP, three-fold helices are packed in layers parallel to
present in the diffraction pattern of Fig. 2a, namely the set the ac plane, in such a way that either one methyl group
of, say, 11 ones. Presence of these reflections indicates thatsticks out of the plane, or two methyl groups are in the
the contact planes involved are {310} (Fig. 5a), which are exposed face. As shown in Fig. 5b, and due to the existence
again made up with second nearest-neighbor chains. Theof a glide plane parallel to thac plane, there aréwo
lattice match in the epitaxy is therefore nearly comparable possible, but different (010) contact planes for ame
to that in the (010) plane, in view of the near-hexagonal orientation of the unit-cell: the different exposed topogra-
packing of the helices (interhelix distance: 10.6 As phies are shown shaded. In this case, discrimination
opposed to 9.6 Aor (010)). However, the contact plane is between the two possible contact planes is only possible
structurally less regular since successive helices in theby probing the contact face, i.e. by resorting to AFM
contact plane are antiparallel to each other. Neverthelessimaging of the surface topography. The AFM investiga-
two distinctly different contact surface types can again be tion demonstrates that the face populated with methyl
recognized, which correspond roughly, on one hand, to groups “sticking out” is the contact face (dark shading
methyl groups “sticking out” of the layer surface, and on in Fig. 5b) [28]. In the PLLA case on the contrary, discri-
the other, to methyl groups lying more “in” the layer mination can be made on the sole basis of the diffraction
surface. If the selection rule described above for the (010) pattern, since the polymer is chiral and the unit-cell
contact surface also applies, only two structurally identical symmetry does not generate the same ambiguity as
faces of the {310} planes should be contact planes: these areencountered iiPP.
highlighted in Fig. 5a by the lightly shaded “tips”. Although rather involved, these analyses emphasize the
Again, if the epitaxy involves only this type of contact usefulness of epitaxial crystallization in polymer structure
face, the film is observed only along the two zone axes analysis. As illustrated here, the epitaxial interactions can
shown in Fig. 5a. These equivalent zone axes yield patternsdiscriminate between two structurally different faces of the
with similar asymmetries, and therefore account for the same crystallographic plane, thus providing a means to
features of the diffraction pattern of these epitaxially crys- generate a truly single crystalline texture. This is in sharp
tallized films. contrast with more conventional (usually mechanical)
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orienting methods, which generate mostly fiber or at best References
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