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Abstract

Isotactic polypropylene in ite. modification @iPP) crystallises epitaxially on polytetrafluoroethylene (PTFE) and several hemiacids or
salts of substituted benzoic acids via a novel contact plane, namely (110): so far, the only known contact plane inuédWedomo- and
hetero-epitaxies was (010). In spite of its complicated architecture (alternation of antichiral helices with different azimuthal settings), the
(110),ipp contact plane displays well defined, if not prominent, rows of methyl side chains parallel to the crystallogtaghdirection (at
57 to thec-axis) and~ 5.5 Aapart. The matching contact planes of the substrates display linear gratings made of rows of e.g. chlorine atoms
or PTFE chains with similar= 5.5 A inter-row or interchain distances. Various morphologies are observed in iPP thin films crystallised at
different cooling rates in the presence of PTFE; they can be analysed in terms of a succession and interplay of successive epitaxies: initial
aiPP/PTFE heteroepitaxy, followed hyiPP&iPP andyiPPaiPP homoepitaxies© 1999 Published by Elsevier Science Ltd. All rights
reserved.
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1. Introduction axes [5,6]. These two chain orientations are embedded in a
single lamella, and do not therefore show up morphologi-
Epitaxial crystallisation is a widespread phenomenon in cally in the form of lamellar branching. Finally, an epitaxy
isotactic polypropylene (iPP) and is much investigated both of they phase on the phase has been recognised early on
for its scientific aspects and economic implications. Epitax- [7], and rests on the same pattern of crystallographic
ial crystallisation is documented for all three polymorphs of interactions.
iPP:«, B andy modifications, and is manifested either when  Heteroepitaxyf iPP on various crystalline substrates and
iPP interacts with itself (homoepitaxy) or with “foreign” nucleating agents is used as a means to enhance the nuclea-
substrates (heteroepitaxy). tion rate of thex phase [8] or to generate the more elugve
The best known, spontaneohsmoepitaxyaffects only phase [9,10]. Interestingly, so fanly the (010);7p (or the
the o form of iPP and results in a most spectacular and equivalent (001)sp) contact planes involved in theomo-
characteristic lamellar branching specific to this polymer epitaxies of thex andy phases have been found to be also
and crystal modification [1,2]. This homoepitaxy has been involved in theheterapitaxies of these phases [11]. This
analysed at a crystallographic and sub-molecular level [3,4]. plang is the contact plane when a substrate periodicity of
It rests on an epitaxy between two (010) contact planes ~5 A matches itg101) interrow distance, as for example in
made ofisochiral helices. The underlying rotation twin the iPP/PE or iPP/aliphatic polyamides epitaxies [12—14].
generates two chain orientations at 1@0 each other. A Finally, the phase is induced by additives which display
similar structural relationship exists between bilayeithin periodicities near 6.5 AContrary to the previous cases, the
the unitcell of the y phase of iPP«iPP), leading to a  epitaxy rests mainly on a matching with the helix axis repeat
structure with two populations of chains with non-parallel distance £6.5 A) of the three-fold helices of iPP [10].
In the present article, we describe and analyse a novel
* Corresponding author. type of epitaxy of iPP, which appliesxclusivelyfor the «
E-mail addressiotz@ics.u-strasbg.fr (B. Lotz) phase (andotthey phase). Contrary to all known epitaxies
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Fig. 1. (a) Selected area electron diffraction pattern (SADP) of a thin film of iPP supported by a crystal of HKCIBzAc. Sharp spots and arced redldaions a

to the crystal substrate and polymer, respectively. Substi@ec axes are vertical and horizontal, respectively. Note the two chain orientations of the iPP (cf.

part d). (b) SADP similar to that of part (a) after removal of the substrate by dissolution. The substrptBueasbenzoic salt. (c) SADP as in part (b), but the

iPP thin film was produced by vapour deposition of iPP heated under vacuum (thus producing low MW material) and the film has been annealed prior to
dissolution of the substrate. Note the sharper iPP reflections, as well as the presence of additional, weak and broad reflections on the firstdaytextnes

(d) Schematic representation of the iPP and substrate diffraction patterns displayed in parts (a) to (c) with identification of the most imectitzmg. refl

of aiPP, the epitaxial relationship involves the (11p)ane. explanation for the reported nucleation activity of PTFE
The epitaxies are observed for a variety of substrates, bothtowards iPP [15-17]. It also describes a range of compli-
low MW ones (hemiacids or salts of substituted benzoic cated morphologies which are due to an interplay and
acid) and a polymer, namely poly(tetrafluoroethylene) succession ofaiPP/PTFE heteroepitaxy andiPPiPP
(PTFE). The present investigation provides a structural andyiPPaiPP homoepitaxies.
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2. Experimental 3. Results and analyses

SamplesTwo samples of isotactic polypropylene have Since some morphologies are quite involved, this section
been used in the parallel investigations performed in the presents first the results obtained with organic salts, and the
different laboratories: a sample provided by Elf-Atochem, structural analysis of the epitaxy is described in detail:
already used in a study on enhanced nucleation [9] with indeed it is mostly on these substrates that a clear-cut
MW = 315,000 and polydispersity5.5, and a sample of  heteroepitaxy is observed, “unspoiled” by thé®PtiPP
trade name Novolene produced by BASF AG Ludwig- homoepitaxy. This “basic” model once established is used
shafen, Germany with very similar characteristics. Actually, to analyse more complex morphologies created as a result of
the molecular characteristics are not of major importance in the iPP/PTFE epitaxy, when further growth takes place in
the present study, since crystallographic interactions at thethe melt and therefore involves additional iPP/iPP homo-
unit-cell level are investigated. epitaxies.

Low MW organic substrates are of commercial origin,
and are Used WIthOUt fUI’thel’ purification. The hemiaCid 3.1. Epn'_axy of isotactic po'ypropylene on p_Ch|0ro_ and p_
was produced by addition of stoechiometric amounts of fjyoro-benzoic hemiacids
the corresponding bases in methanolic solutions.

Sample preparationiThin films of iPP are usually caston  3.1.1. Crystal phase and contact plane of iPP
cover glass slides from 0.5¢xylene, toluene or chlorocy- Fig. 1(a) shows an electron diffraction pattern obtained
clopentane solutions. In some experiments, the iPP materialfrom a bilayer made of a thin film of iPP crystallised on top
is deposited on the substrate by vaporisation under vacuumof a single crystal of the potassium hemiacidps€hloro-

[18]. The low MW samples thus produced yield a signifi- benzoic acid (formally: potassium gichlorobenzoate,
cantly larger proportion off phase [19]. Single crystals of hereafter HKCIBzAc). The pattern is composed of a set of
the substrate salts, grown in a different experiment from sharp spots from the salt crystal, and of small arcs from the
saturated solutions (e.g. in propanol) are deposited on thepolymer film. The spotty diffraction pattern is easily
polymer [20]. PTFE layers have been produced by the by accounted for (cf. Fig. 1(d)): it corresponds to theone
now classical method of friction—deposition, in which a axis of the hemiacid, and therefore indicates that the hemi-
PTFE rod is rubbed on a glass substrate heated at someicidbcplane is the exposed plane, with which iPP interacts.
300°C, leaving a thin£10—20 nm) layer of highly oriented  The set of arced reflections undoubtedly indicates oriented
chains with virtually single crystal orientation and organisa- (epitaxial) crystallization of iPP: the existence of two chain
tion [21]. orientations, 66 or 1T4apart, is best attested by the relative

For crude (but often sufficient) thermal treatments, the orientations of the more densely populated third “layer”
polymer film is melted and recrystallised by sliding on a lines. A better insight in the polymer film structure is
Kofler bench. In a more controlled set of experiments, obtained after dissolution of the substrate. Two patterns,
notably on iPP/PTFE bilayers, thermal treatments are shown in Fig. 1(b) and (c), are obtained with films produced
performed in a DSC equipment. The sample, already on the chloro- and fluoro-substituted benzoic hemiacid, and
mounted on microscope grids, is encapsulated in a DSCwith different crystallisation conditions and polymer (plain
pan, and the workstation of the DSC is used to monitor polymer and vaporised one). These patterns are unlike any
the thermal treatments. previous patterns of epitaxially crystallised iPP reported so

The thin films are shadowed (when desired), covered with far (e.g. on benzoic acid) [12,20], and therefore indicate an
a carbon film, floated on water and mounted on copper grids. original mode of epitaxial growth, based on an original
When required, calibration of the diffraction patterns is contact plane. The nature of this contact plane is determined
made by vaporisation of a thin layer of TICI, although the on the basis of the following observations:

PTFE diffraction pattern provides a convenient internal cali-
bration via its characteristic 00 15 reflection at spacing
1.3 A7 (cf. Figs. 4, 5 and 7).

Experimental techniqueg&lectron microscopic observa-
tions are made with Philips CM12 or CM300 instruments
operated at 120 or 200 kV, respectively. Bright field images
of the lamellar structure in unshadowed films are obtained
through defocus of the objective lens [22].

The extensive crystal structure modelisations and
analyses of diffraction patterns are performed with the rele-
vant packages of the Cerius 2 program for molecular mode-
lisation (B|qsym-MoIecuIar Slmu_lz_itlons, Wal_tham’ _USA ! Equator and layer lines refer to tit0 andhkl layer lines in case of
and Cambridge, UK) run on a Silicon Graphics Indigo I fiber orientation. In the present context, it is a convenient, albeit loose
workstation. terminology, since we are dealing wigingle crystalorientations.

o the “equators® of both orientations are nearly “empty”.
This emptiness rules out “simple” contact planes such as
(100) or (010) since prominemkO reflections would be
observed.

e crucial information, best evidenced in the “simpler”
pattern of Fig. 1(b), can be found on the first and second
layer lines. This first layer is highly asymmetric: on one
side of the meridian, a set of reflections with spacings
2.55, 2.32 and 2.1 A' can be indexed a$71,191 and
1111 ofaiPP. On the other side of the meridian, a single
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reflection is visible, which can be indexed as 041. These
diffracting planes are either exactly or nearly normal to
the (110) plane: the latter is therefore the contact plane.
in addition, the two second layer lines “intersect” at a
common reflection (indicated_in Fig. 1(d)) which is
indexed as 82 (spacing 2.73 AY) (indexing of the
pattern in Fig. 1(d)). This set of planes is therefore
common to the twaxiPP populations.

Fig. 1(c), although apparently more complicated,
provides essentially the same structural and orientation
information. The crystallinity of iPP is higher, since the
sample is made of lower molecular weight material, and

it has been annealed. This shows up in particular on the

third layer line in the form of sharp additional reflections.
Concentring on the first layer line, we note that additional
reflections are positioned between thel, 191 and1111
reflections mentioned above. Interestingly, these additional
reflections are distinctly more diffuse than their neigh-
bours. These reflections must be indexedl&%, 181 and
1101, again ofiPP. They are indeed expected when the
packing of theac layers in«iPP conforms to the R&
space group, i.e. wheaiPP is in the more ordered so-
called o” crystal structure (see later). This phase is
produced on careful annealing of thephase. However,
beyond this difference in unit-cell symmetry, the epitaxy
follows exactly the pattern described above, as suggeste
by the presence and prominence of the crucial, superpose
042 reflections.

To sum up, the diffraction evidence gathered on iPP
epitaxially crystallised on the (001) plane of the hemiacids
of substituted benzoic acid indicates that thphase of iPP
is formed, and that its contact plane is (110); two iPP orien-
tations are generated, which share a common s¢€b4f)
planes. As a result, the chain axes are°ldghrt, and at 57
to the substratb-axis orientation, as assessed by composite
substrate/polymer diffraction patterns.

3.1.2. Topography of the contact faces and epitaxial
interactions

S. Yan et al. / Polymer 41 (2000) 2613—-2625

As an introduction to the analysis of the iPP epitaxy, it is
worth recalling that epitaxy of the form’ lof iPBu on
HKCIBzAc displays two symmetrically, tilted chain orien-
tations, which indicate that thielical pathof the chains is
aligned parallel to the rows of chlorine atoms in the
substrate contact plane [24]. Tiggometricaljustification
for the epitaxy rests on a dimensional matching of the inter-
turn distance of the helix with the substrate periodicity.
However, the helical path is tilted relative to the helix axis
by a so-called “pitch angle”, and the tilts asgmmetrical
relative to the helix axis for antichiral helices. As a conse-
quence, epitaxy results in opposite tilts when antichiral
helices are deposited on a linear grating of the substrate
(Fig. 2(b)). The angle made by the two helices orientations
is equal to twice the pitch angle, and therefore provides a
direct measure of the helical path orientation. This relatively
simple situation is exactly that observed in iPBu epitaxy,
since the structure of its forni is based on (110) layers of
isochiral helices, successive (110) layers being antichiral:
the observed tilt of the structure therefore helps “read” in
direct space the chirality of the helices in the first iPBu
layer, in contact with the substrate surface [24].

3.1.2.2. Structure of«aiPP and of the (110) contact
plane. The analysis of the composite diffraction patterns

OIshown in Fig. 1 indicates that the (110) contact plane of the

phase is involved in the epitaxy. It is useful at this stage to
examine the main features of this (110) contact plane, and
for this purpose analyse the relevant features ofctheP
crystal structure which underline the dimensional and
structural polymer/substrate match involved in the
epitaxial relationship.

aiPP has a monoclinic unit cell with parameters
a=0.65nm, b=2.078 nm, ¢c=0.65nm, a=vy=90,
B =99.6, and space group eithd?2,/a or C2c [25,26].
The «iPP crystal structure is build up of layers parallel to
the ac plane made ofsochiral helices which further have
the same azimuthal orientatidin c-axis projection) in any
one (040) orac plane. However, through the operation of
glide planes parallel tac, successive planes along the
axis areantichiral and the azimuthal settings of the antic-

3.1.2.1. Structure of the substituted benzoic acid salts andhiral helices arepposite with one of their methyl groups

epitaxy of isotactic poly(1-butene).The crystal structure
of the potassium hemiacid ofp-chlorobenzoic acid
(HKCIBzAc) is known [23]. Its unit-cell parameters are:
a=3.3nm, b=0.3846 nm, c=1.121 nm, a =y =90,

B =89.9T, with space group C2/c. This substrate has
been used in an investigation of the epitaxy of isotactic
poly(1-butene) (iPBu) in its form’1[24]. In both earlier
and present studies, the contact face of interest isbthe

pointing alternatively in thet+b and —b directions (Fig.
3(a)). The existence of two different space group symme-
tries is linked with thec-axis “sense” of the helices in the
unit-cell: if each chain location corresponds to statistical
occupancy of up- and down-pointing (anticline) helices,
the space group i€2c. This is indeed the situation which
will be considered in the present analysis. However, a more
ordered structure, made of anticline bilayers of isocline

plane. As shown in Fig. 2(a), this plane is characterised by helices is produced on annealing and has symme®ya

very prominent rows of chlorine atoms parallel to thexis
direction, with an interrow distance equald, i.e. 5.6 A
Note a second, but less marked, periodicity of 3.8dléng
the b-axis direction, which corresponds to the distance of
stacked benzene rings.

[27]. The two structures can be differentiated by the
presence or absence lokl reflections for whichh + k + |

is even. This is indeed the major difference between the
crystal phases formed under conditions which lead to Fig.
1(a) or (b) and Fig. 1(c). However, since the two structures
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Fig. 2. (a) Computer modelisation of the (100) contact face of HKCIBDAaxis vertical,c-axis horizontal, in correct relative orientation to the diffraction
pattern in Fig. 1(a); eight unit cells are shown. Note the prominent rows of chlorine atoms in the face, which create the (vertical) linear ghagithgnitive
epitaxy (the diameter of chlorine atoms is 70% of the actual one). (b) Schematic drawing illustrating the tilt of right-handed and left-hansledhbelibe
helical path interacts with a linear grating (shown here horizontal). The latter is shown in front of the helices, i.e. the viewpoint of the suduiiptsli The
helices are tilted in clock- and anticlockwise directions by the so-called pitch angle.

with different symmetries display identical epitaxies, the nearly identical in up- and down-pointing helices, since
issue of up- or down-pointing helices is irrelevant in the anticline isochiral helices are nearly isosteric.

analysis of the epitaxy. Indeed, this analysis is merely In all epitaxies ofxiPP analysed so far, the contact plane
concerned with the methyl groups positions, which are was theac planein which only one methyl group of the
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helix projects in the contact plane, as assessed by AFM3.1.2.3. Epitaxial relationship The angular relationship
[4,9,28]. This leads to a very regular, lozenge shaped and interrow distances just determined suggest the
array of methyl groups, which is indeed also involved in physical process underlying the observed epitaxy: parallel
the homoepitaxy oftxiPP [1-4], and is at the root of its  orientation of the rows of methyl groups within the (110)
characteristic lamellar branching [1,3]. plane ofaiPP and of a matchintinear gratingwhich exists

In sharp contrast with the above situation, the (110) in the substrate contact plane. This grating is provided by
plane is a rather elusive plane PP morphology. It is the rows of chlorine atoms parallel to theaxis of the
suspected to be an important growth plane, but has neversubstrates and with periodicit/2, i.e. 5.6 A
been clearly identified. In the whole iPP literature, only one  The epitaxial relationship can be formally described as:
report shows a lamella of the phase (grown in a 50/50
mixture of iPP and paraffin at 140) which displays a Eﬂgppﬂégg}%“bswe
clear “end” growth face tilted at some 7o the lateral PP substrate
ac or (010) faces and which was therefore identified as with a one dimensional lattice match which is virtually
(110) [2]. In solution crystallisation, rectangular lath perfect, given the periodicities involved: 5.46A and
shaped crystals are formed, which build up the so-called 5.6 A psirate
“guadrites” [1]. These lath-shaped crystals are bound later- It should be further noted that the substrate perigdicity
ally by (010) faces also (which are the locations of the normal to the one-dimensional linear grating is 3.85 A
homoepitaxial deposition) and have “flat” ends, which which is close to the 4.05 Averiodicity parallel to(114)
suggests a growth front parallel to the lower density of iPP, also nearly normal (but not quite:96°) to the
(100) plane. However, polymer decoration [29] indicates rows of methyl groups involved in the epitaxy. While this
that the folds in this growth sector are at an angle to the additional matching may contribute to the epitaxial relation-
end (100) faces, which in turn suggests that the macro- ship, it is not the determining factor, since it would lead to a
scopic (100) growth front is actually serrated and made slightly different, but measurable angular relationship with
of much smaller (110) andl10) growth microfacets. the substrate.

Whether considered in its role as a growth face or as a The structure of the epitaxially crystallised films can be
contact face in epitaxy, theiPP (110) plane appears to be analysed at a very detailed level, paralleling in this respect a
reasonably dense, but structurally much less regular thansimilar analysis made for the homoepitaxial crystallisation
the (010) orac plane. Since it intersects the alternating, of «iPP onto itself [3,9]. In particular, it is possible to deter-
antichiral ac layers packed along at an angle, it is also  mine which role is played by the right-handed and left-
made of an alternation of antichiral helices which, in handed helices interacting with the substrate, i.e. to deter-
addition, have opposite azimuthal settings (as seeo-in  mine if they interact with only one, or with two methyl
axis projection) (Fig. 3(a)). In spite of this structural groups with that substrate. In this reasoning, we follow
complexity, the (110) face of iPP presents a distinct also closely the analysis made for the iPBu epitaxy, recalled
topological regularity. earlier (Fig. 2(b)), and which leads to the recognition of the

By analogy with the earlier investigations on iPBu hand of helices in contact with the substrate [24]. With the
epitaxy [24], the existence of two populations of polymer help also of Fig. 3(b) and (c), we note that the orientation of
chains tilted at an angle to each other suggests that featureshe rows of methyl groups in the (110) face relative tothe
oblique to the helix axis are involved in the epitaxy. These axis direction is close to that of the helical path of helices
however cannot be the helical path, as in iPBu, since differ- lying “flat on” in the contact plane, i.e. of helices which
ent helices (and helical hands) are involved in the (110) interact with two methyl groups with the substrate. Adopt-
contact plane. A molecular modelisation reveals neverthe-ing the viewpoint of the substrate and lookiagthe iPP
less a (near) alignment of methyl side chains in that face deposit, it is clear that the helix axis is rotatuticlockwise
(Fig. 3(b) and (c)): rows of methyl groups are aligned paral- relative to the row of (chlorine) atoms which exist in the
lel to the intersection of théoig) crystallographic plane and  substrate if these helices are right handed (Fig. 3(b)), and it
the (110) plane, and are 5.5 @part in the latter plane. s rotatedclockwisefor left-handed helices (Fig. 3(c)). This
Clearly, two symmetrically and structurally related planes simple geometrical argument helps therefore determine the
can be considered. These correspond to the “front” and chirality and the “role” (azimuthal setting, defined by the
“pack” sides of any one (110) plane (6t10) plane). As flat-on orientation or not) ofveryhelix in the contact face-
seen in chain axis projection in Fig. 3(a), in the “front” face, and by extension, the azimuthal setting and hanewefry
the rows of methyl groups are created by the two methyl helix in the bulk of the polymer film since, in the phase
groups located in the “base” of (for example) a right handed structure, all helices of the same hand have identical
helix, and only one methyl group of a left handed helix, azimuthal settings.
whereas the hands of the helices are opposite for the back To conclude this section, we stress that the epitaxial rela-
face. The tilts of the rows in the front and back faces are tionship determined here involves a (110) contact plane of
symmetrically related to the-axis orientation and are at57  «iPP that had not been observed so far. A major character-
to thatc-axis (Fig. 3(b) and (c)). istic of the contact face is the coexistence of antichiral
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(b)

(c)

Fig. 3. (a) Crystal structure of the phase of iPP, as seen down the chain axis. Successive helices aldrgxiseare antichiral. The methyl groups (carbon
atoms only are shown) located in the “front” and “back” (or top and bottom) sides afltt® plane (chosen here for convenience) are represented with
different diameters. (b) (c) Plane-on views of the rows of methyl groups in the “top” (b) and bottom (c) facegf@hglane of«iPP in (a). The hand of
helices displaying two methyl groups can be “read” directly from the model: right-handed in (b), left-handed in (c). The family of (021) planes (spaci
~55 76\) is represented, and is aligned vertically, as for the diffraction patterns in Fig. 1. Note the symnfeadffo/Brtical tilt of the iPP chain axes in (b) and

(c). (d) Schematic illustration of the epitaxial interactions between the iPP (110) layer shown in (a—c) and HKCIBzAc and PTFE. The iPP laye(@) i) and
seen from the bottom, alond12)ep, the HKCIBzAc alongb, and PTFE along the chain axis direction.

helices with different azimuthal settings, and up—down [15]. This nucleation ability is quite effective, since it takes
statistical substitution of isochiral helices. In spite of these place up to temperatures (e.g. 162 at which “sponta-
rather adverse features, the positions of the methyl sideneous” (heterogeneous) nucleation of iPP is limited, thus
groups are sufficiently constrained in &P crystal struc- leading (for PTFE fibres immersed in undercooled iPP) to
ture as to create a linear grating with=a5.5 A periodicity. cylindrical transcrystalline «iPP growth over several
The linear grating of methyl groups is involved in the hundredum [16].

epitaxial process with substrates with a matching grating However, these extensive studies of iPP/'PTFE systems
(for example rows of chlorine atoms) of similar periodicity have not led to a molecular understanding of the interactions
(Fig. 3(d)). The substrates investigated so far are low MW between the two polymers. Recent scanning electron micro-
organic materials or salts. As examined now, similar graphs of the PTFE fibres revealed fissures, which were
epitaxies are observed when the second component is ahought to increase the number of “active nucleation

polymer, namely PTFE. sites”, but were also suspected “not to be solely responsible
for the formation of transcrystallinity” [16]. In a more recent
3.2. iPP/PTFE epitaxy report of the same group, thermal-stress induced orientation

and relaxation of polymer chains was invoked, in associa-
Itis known since nearly 30 years that PTFE fibres or films tion with small-scale grooves on the PTFE fibres [17].
can nucleate the crystallisation of iPP in étsnodification Our approach to the analysis of iPP/PTFE interactions
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rests again on the formation and examination by electron
microscopy and diffraction of thin bilayers of the two poly-

mers. In the present case, we are helped by the availability 4
of the friction-transfer deposition of PTFE on solid &
supports [21], which produces thin, highly oriented and

and with a thickness (a few nm) perfectly suited for the
present study by transmission electron microscopy and |
electron diffraction [9]. In this section, our results on the |
iPP/PTFE system are presented and it is shown that the |
resulting morphology depends on the crystallisation |
temperature (or cooling rate). The fast quenched system
can be analysed essentially as for the above systems an
are described first. The morphology and diffraction patterns
of films crystallised at higher temperatures analysed next
are more complex, since the homoepitaxy characteristic of
«aiPP growth (which generates lamellar branches) comes
into play.

3.2.1. iPP/PTFE: fast crystallisation rates

When crystallisation of the molten iPP takes place in the
lower part of the crystallisation range (i.e. betweenl00
and 120C), the resulting lamellar morphology is reminis-
cent of, but significantly different from, the standard “cross
hatched” morphology characteristic of pure PP [1,4].
Indeed, the film is made of two sets of crystalline lamellae
severalpm long standingedge onon the PTFE film, but
with an angle different from the characteristic 80 or 100
indicative of the homoepitaxy (Fig. 4(a)).

Electron diffraction patterns reveal the presence of the
underlying PTFE film, which is hidden in the bright field
micrograph of Fig. 4(a). The pattern (Fig. 4(b)) can be
analysed in a straightforward manner: it is indeed a super-
position of the diffraction pattern of the PTFE film itself and
of the patterns analysed above for the iPP epitaxy on
HKCIB_ZAC’ as revea_led by _the trademark 171 and ]j91 Fig. 4. (a) Transmission electron micrograph of a thin film of iPP epitaxially
reflections near the “fibre” axis of PTFE, at the level of itS  grown on a substrate layer of rubbed PTFE (chain axis orientation vertical).
7th and 8th layer line streaks. Pt/Carbon shadowing &' = 1/3. Scale bar: um. (b) Electron diffrac-

The underlying epitaxial relationship is similar to that tion pattern of a film as in part (a). PTFE chain axis vertical; chain axes
described for the salt substrates. In the present case, thé_rientations of the two populations ofil_DP and analysis of the pa_ttern asin
linear g;ating is created by the PTFE molecules, which ig. 1(d) (Note however the more prominent presence opp#gflections).
are 5.5 Aapart in the exposed (100) plane rather than by
rows of chlorine atoms. The epitaxial relationship is thus next, it is useful at this stage to anticipate its conclusions.
described by: The experimental evidence indicates that in addition to the

iPP/PTFE heteroepitaxy analysed so far, the conventional

(110)pp// (100 e aiPP&iPP homoepitaxy comes into play. It takes place on

(112pp//{00Dpree 4 . P

the (010) edges of the PTFE-nucleated iPP lamellae and
and the one dimensional lattice match between iIPP andgenerates a second population of nedtl-on lamellae,
PTFE is again virtually perfect, since the spacings are which however keeps an orientation memory of the initial
within 0.1 A of each other. iPP/PTFE nucleation step. This process is here illustrated

for two different cooling rates. The first (hereafter
3.2.2. iPP/PTFE epitaxy: moderate and slow cooling rates “moderate cooling”) is not well controlled: it amounts to

The nucleation ability of PTFE towards iPP is reduced in taking an electron microscope grid with the iPP/PTFE
the higher crystallisation temperatures range [16]. In the bilayer mounted on a carbon film out of the DSC oven at
present set of experiments, this effect is illustrated by 185C, and letting it cool in ambient air. The second (here-
using different cooling rates. To help the analysis developed after “slow cooling”) involves a cooling rate of 30/min of
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Fig. 5. (a) Transmission electron micrograph (defocus mode) of a thin film of iPP deposited on a PTFE oriented film, and crystallised by moderdteecooling
defocus mode highlights the sole population of edge-on lamellae Note however the existence of rather featureless domains which indicatellfiat-on lame
growth as well. Scale bar: 0im. (b) SAED pattern of a film as in part (a). Note the presence of two very prominent sets of additiOnaflections,
indicating flat-on lamellar growth, and their orientation parallel to the “layer-lines” of the initial iPP growth, indiedaBdxiPP homoepitaxial growth. One

of the characteristic 11 #eflections, slightly outside the 136 reflection, is arrowed. Note that contrary to the bright-field pictures, the diffraction pattern
emphasises the flat-on lamellae, which yield higher interfgiyreflections.

a similar grid stored in a DSC pan, using the thermal regula- extra reflections are in a very characteristic orientation
tion of the DSC workstation. relative to the two populations of the epitaxially oriented
On moderate cooling, the iPP film is again made of two lamellae ofaiPP: the kO reflections (110, 130) are located
populations of edge-on lamellae, as revealed by the defo-on thefirst layer line (hkl) of the two epitaxially oriented
cused bright field picture shown in Fig. 5(a). However, iPPs (cf. Fig. 1(d)), and tha-axis of the new populations of
significant portions of the film appear rather featureless. lamellae is parallel to the-axis of the edge-on lamellae.
They correspond to regions of the (thin) film in which lamel- This relative orientation of the two crystalline lattices is a
lae have growrflat-on The presence of this population of trademark of the homoepitaxy taking place on the lateral
lamellae is best revealed by electron diffraction (Fig. 5(b)). (010) faces o&iPP, which results in an interchangeasdind
This pattern appears at first sight rather complicated, but its c axes orientations in the parent and daughter lattices across
analysis is straightforward. It displays the reflections of the the contact plane, while the-axis orientation is preserved
two polymers (PTFE and iPP), the latter making up four [1,3,4]. The new populations of lamellae will be described
populations of lamellae, symmetrically oriented relative to as “second generation” iPP lamellae.
the PTFE chain axis. The by now familiar PTFE substrate In the first generation of iPP lamellae (i.e. epitaxially
has its chain axis vertical; the two populations of iPP lamel- crystallised on PTFE), thac plane is oriented at some
lae generated by the iPP/PTFE epitaxy are revealed by the75’ to the film surface. As a result of the iPP/iPP homo-
faint, characteristic reflections on the first and second layer epitaxy, the “second generation” of iPP lamellae is build up
lines, as analysed above; finally, two populations of lamel- of chains that are at only 1@o the substrate surface normal,
lae are at the origin of the new features in the pattern: very with the a-axis parallel to the film surface, and with the
prominenthk0 reflections okiPP (110, 130, 040, ...). These axis also tilted to the film surface (Fig. 6). Through growth,



2622 S. Yan et al. / Polymer 41 (2000) 2613—-2625

(100) end plane 11§1 /CPTFE
iy,

C

2
a
by

Secondary «iPP
homoepitaxy:
(010) contact plane

/

Initial «iPP/PTFE epitaxy: N
(110) iPP contact plane A\
10°

Ui

Fig. 6. Schematic drawing of the epitaxial relationship between PTFE and iPP, and the orientation of second generation iPP lamelladthsdREh
homoepitaxy. PTFE chains are shown as cylinders. The initial (110) epitaxy of iPP sets the unit-cell orientation in the verticalclapaetiel to the
substrate plandy, at 17 to that planeg, at 80 or 100 (i.e. the(angle of the monoclinic unit-cell) to it. Through théPPiPP epitaxy, the,, b, ¢, axes are
collinear with thecy, b; anda; axes. The plane of the second generation lamellae is therefore slightly out of the substrate plane (arfgesl df7l@ssuming

that the chains are normal to théPP lamellar surface). In thin film growth, the lamellae reorient parallel to the substrate surface, and yield the prominent
patterns shown in Figs. 5(a) and 7(a). This schematic drawing represents only one of the two symmetrically related families of parent and dzllaghter lam
The drawing is inaccurate on at least two grounds: (a) the (100) end planes are represented, only to help perceive the lamellar geometry. Vihitle observe
solution crystallisation, they are not characteristic of melt growth; (b) the dagkowth faces of lamellae 1 and 2 should be nearly in the same plane. Indeed,
assuming that nucleation of lamella 2 took place on the back growth face of lamella 1, the growth rates of the two faces are thereafter equalalibis observ
also helps locate the actual (010) homoepitaxy contact daretly at the geometric centre of the daughter lamella 2.

mainly along thea"-axis, which is by far the fastest growth anyonedomain (Fig. 7(b)) show a faint indication of edge-
direction in «iPP, these lamellae tend to lie flat-on (i.e. on lamellae and a substantial proportion of flat-on lamellae,
parallel to the substrate surface which acts as a physicalas evidenced by the prominence of tik® reflections, and
support),but keep the memory of the initial b-axis orienta- the trademark 57 orientation to the PTFEc-axis. This

tion (in projection onto the film surface, i.e. as seen in elec- orientation confirms that the flat-on lamellae are in homo-
tron diffraction): this relative orientation of unit-cells and of epitaxial relationship with the edge-on ones, as schematised

parent and daughter populations of lamellae islaambig- in Fig. 6 and are therefore of second generation.
uous markerof the aiPP/iPP homoepitaxial origin of the In addition to this major fraction of two lamellar orienta-
daughter (second generation) populations. tions at+ and —57° to the PTFEc-axis, a third population

From the analysis of Fig. 5(a) and (b), we therefore of domains exists with edge-on lamellae, this time oriented
conclude that, at moderate cooling rates, PTFE is an effi- nearly (but not quitet right angles to the PTFE chain axis
cient nucleating agent for iPP. Through this initial iPP/ (Fig. 7(a), left hand side). Such domains are however rela-
PTFE epitaxy, two populations afiPP lamellae are gener- tively rare, and their existence cannot be analysed on the
ated, which are symmetrically oriented relative to the PTFE basis of any satisfactory lattice matching. While this popu-
chain axis direction. However, the density of nucleation is lation has not been analysed with the same detail as the
reduced: the uncrystallised material is prone to crystallise (110) epitaxy, it would appear that we are dealing with
through the (presumably energetically favoure@®PiPP some type of “graphoepitaxy” induced by the surface
homoepitaxy. The presence, and relative proportion of the topology (perhaps some form of crevices inferred by
latter population of flat-on lamellae actually provides an Wang and Hwang [16]). It is not possible at this stage to
indication—qualitative but reliable—about the local crys- develop further this analysis, beyond mentioning the exis-
tallisation conditions, as also illustrated for the slow cooling tence of this third population of domains and a possible
rates examined now. nucleation mechanism which appears to have a very limited

For slow-cooling rates, i.e. when the thin iPP/PTFE impact in the overall nucleation process of PTFE towards
composite film mounted on EM grids is cooled at’@0 aiPP.
min in a DSC pan, the defocused bright field images (Fig. The *“single crystalline” orientation of lamellae in
7(a)) indicate the presence of relatively large domains (in domains severalm?indicates that the density of nucleation
the um? or severalum? range) with asingle orientation of is reduced at these lower cooling rates (or highgs),Tin
the edge-on iPP lamellae. Electron diffraction patterns on agreement with the more global observations of Wang and
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Fig. 7. (a) Transmission electron micrograph of a thin film of iPP deposited on a PTFE oriented film, and crystallised by codi@¥gat iba DSC pan. The

field of view is occupied by only three “monodomains”, indicating reduced nucleation frequency. One of the monodomains (right hand side) hagah infreq
orientation of lamellae, roughly normal to the PTFE chain axis direction (a second set of lamellae, nearly parallel to the PTFE chain axis ibptroloable,
easily visible in this imaging mode: the overall lamellar pattern would therefore correspond to a quadrite structure seen along thb-agism8nale bar:
0.5um. (b) SAED pattern of the top left portion of the film in part (a), in proper relative orientation. Note the presence of only one set of atidtional
reflections, which demonstrates a single nucleation event, and the characteristic tilt of the pattern relative to the PTFE chain axis, indie&Rd BE
epitaxy. One 117reflection arrowed.

Liu [17]. However, the mere size and shape of these Before concluding this section, it is also worth emphasis-
domains raises an interesting issue about the nucleationing that the diffraction patterns display in most cases a set of
and growth of iPP in the thin films. Indeed, since the reflections at 4.4 A, which is a trademark indicator of the
orientation is homogeneous over the whole domain, the vy phase of iPP (indexed as 117 in the cell of &mer and
nucleation must be a single event and the growth processMeille [5]). One of these reflections is arrowed in Figs. 5(b)
spreads the orientation information associated with the and 7(b). Their presence confirms that after the initial
epitaxial nucleation. In the thin films investigated in this epitaxial nucleation step, growth of iPP is essentially iden-
study, and keeping in mind that growth is much faster tical to the bulk crystallisation: in particular, the lower MW
along thea™-axis, this spread can hardly take place through material crystallises in this phase, probably during the
the growth of the first (edge-on) generation of lamellae, later stages of the crystallisation process. An exhaustive
since thea®-axis is nearly normal to the film surface: this analysis of these populations of phase material is not
spread must mainly take place through the growth of the necessary in the present context, beyond noting that the
daughter (second generation) lamellae, which have their location of these 11% phase reflections confirms that this
axes oriented in the film plane. For bulk crystallisation phase is in the “standardj/a epitaxial relationship, which
however, such as PTFE fibres embedded in molten iPPhas been analysed in quite detail previously [19].

[17], itis the first generation lamellae (with their fast growth

a’-axis nearly normal to the PTFE surface) which contribute 3 3 The (110) epitaxy in the context of othéPP epitaxies
mainly to defining the transcrystalline growth of iPP on the

PTFE fibres. It is of interest to examine the newly demonstrated
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epitaxy in the broader context of epitaxial crystallisation of the present study by the presence of its characteristic 117

the various crystal phases of isotactic polypropylene. At  diffraction spots, they phase can be produced on the

present, three iPP contact planes have been documented, phase nucleated first on PTFE through the conventional

which are characterised by periodicities close to 5A vlo epitaxy.

6.5A and the newly observed 5. aAand match similar

substrates periodicities: Finally, in the broader context of polymer/polymer

. epitaxies, it should be mentioned that the new periodicity

o for substrate periodicities of 5,/as observed in benzoic of 5.6 A is a “common denominator” o&iPP, PTFE and
acid and its salts, but also polyethylene, aliphatic poly- isotactic poly(1-butene) (in its form | of)land may well be
amides,... iPP crystallises in the phase, with a (010) involved in nucleation or crystal transformations observed
contact plane [12,13]. These substratas also nucleate  in binary mixtures of these polymers. For the binary system
directly they phase since the (08Q)plane is structurally iPP/iPBu however, parallelism of the chain axis directions
similar to the (01Q) one [4,9]. The epitaxial relationships  suggests that the matching of identicelaxis repeat
highlight the rather simple organisation of methyl groups distances characteristic of 3-fold polyolefin helices (6)5 A
of iPP in a lozenge-type array in thee contact plane, is the major contributing factor [31].
which is made of isochiral helices. Although the helix
path is barely “felt” by the substrate, the chirality of the
helices in the contact plane can be determined through
the tilt of the chain axis relative to the substrate grating— 4. Conclusion
at least for thea phase (they phase helix axes are
symmetrically oriented relative to that grating, which A novel mode of epitaxial crystallisation of iPP has been
does not allow determination of the hand of helices in observed and analysed. The novel epitaxial relationship is
the contact plane) [4,9]. generated by substrates which display_ in their exposed

o for substrate periodicities of 6. 5 As exist iny-quina- faces a linear grating of periodicity 5.5-5.6 Representa-
cridone and several more receft phase nucleating tive examples of such gratings are the rows of chlorine
agents, iPP crystallises in tiggphase. The epitaxial rela- atoms in the (100) plane of salts or hemiacids pafra
tionship rests on a one dimensional match with the chain substituted benzoic acid, or the interchain distance of
axis repeat distance of iPP, in sharp contrast with the PTFE helices. This linear grating is matched in the
above epitaxy [11]. The topography of the (110) contact (110),rp contact plane by rows of methyl groups with a
face of BiPP is more complex, in view of the different comparable interrow distance. Interestingly, in spite of
azimuthal settings of helices in that plane, which reflects the fact that the contact face is made of exposed methyls
the frustrated nature of the crystal structure [30], but the attached to both right- and left-handed helices with differ-
contact plane is also made of isochiral helices. The hand ent azimuthal settings as well as statistical up—down orien-
of the helices cannot be determined, sincehbkx axes tations, the structural (topological) regularity of these
(rather than thehelical path) align with the substrate  planes is sufficient to allow epitaxy. As in most epitaxies
grating. in which the helical path is involved in the epitaxial match,

o for periodicities of 5.6 A(the substrates investigated in the deposition of these iPP helices is a “chiral” process,
this study, including PTFE), the contact face is (130) which makes it possible to deduce the hand of individual
The contact face is made of an alternation of antichiral helices in the contact plane, based on the sole relative
helices. Since the helix axes are oblique to the substrateorientation of iPP helix axes and substrate “rows”, materi-
linear grating, the helical hand of each helix can be alised for example by the PTFE chains.
determined. Interestingly however, there is no structural ~ The present epitaxial relationship adds a third “dimen-
equivalent of this (11Q)p plane for they phase, which sional standard” of 5.5-5.6 £ the set of two previously
also means thahe nucleating agents considered in the known iPP hetero- or homo-epitaxies, which are based on
present investigation are specific for thephase of iPP distances of 5 Aand 6.5A Whereas the 5 Aperiodicity
For the y phase indeed, only (0Q layers can be  applies to both homo- and heteroepitaxies of shandy
involved in epitaxial relationships, sinanly in these phases, the 6.5 Aperiodicity generates only thg phase
planes are the helix axesparallel to the contact polymorph, and the newly uncovered 5.6geriodicity
plane—a constant feature of all epitaxies involving poly- generates exclusively the phase (but not thg phase). In
mers. By contrast, the non-parallel orientation of helices the broader context of structure and morphology studies of
axes in successive (004) bilayers of th@hase implies isotactic polypropylene, the present study illustrates the role
thatall non-(00), crystallographic planes “intersect” one of the (110) plane, which was suspected to be importasat in
chain out of two in the crystal lattice, which rules out phase iPP growth, but had almost never been clearly identi-
these planes for epitaxy: some of the chains would have fied. Interestingly, its major structural features have been
to stay “erect” in the contact plane and “impinge” into brought to light by the analysis of its role as a contact
the contact plane of the substrate. However, as shown inplane in epitaxy.
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