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ABSTRACT: By combining transmission electron microscopy (TEM) and atomic force microscopy (AFM), the
annealing behavior of polyethylene (PE) single crystals exhibited when annealed on highly oriented pyrolytic
graphite (HOPG) was investigated. Morphologically, fibrils were formed and ordered in the form of a leaf venation
in an annealed single crystal. From TEM observations, PE chains were found to lay down on the HOPG substrate
surface, performing the epitaxial fitting with it; (13@)/(0001)40pc andM013</[1 1D ope It was also confirmed

that in veinlike fibrils forming the venation texture, molecular chains were oriented perpendicular to their length
axis. The fibrillar crystals were chain-folded lamellae and were grown edge-on on the HOPG. Molecular orientation
was crystallographically adjusted to the substthteugh partial meltingat a temperature below the melting

point, performing lattice matching between polymer crystals and the substrate.

Introduction an atomic force microscope is a very useful tool to investigate

Polymer crystals are thin lamellae comprising folded chains. the topographic features of polymer crystals. However, with the
The straight stems stand almost perpendicular to the wide flatPresent resolution of atomic force microscopes, individual
surface of lamellae. The changes in morphology and physical molecular chains cannot be determined. To fully understand the
property by annealing have been studied extensively from the @1n€aling behavior of polymer single crystals at a molecular
various aspects as described in some monograplosvadays, ~ |eVel, it is inevitable to combine TEM with AFN. _
by using an atomic force microscope provided with a high- Tuinstra anq Baer reported that PE was epitaxially crystallized
temperature module, a morphological image can be taken up®" the graphite surface from the solutibrAlso, n-alkane
in a short time and in situ at high temperatures. Consequently, Crystals were found to grow edge-on on the graptfitehus,
the morphological changes, which polymer crystals exhibit in 10ng-chain compounds including PE are arranged in such a way
the process of heating, can be followed in real-time and in situ Where molecular chains are aligned parallel to the graphite
at high temperaturés? In this way, the annealing behavior of ~ Surface. So, to take a molecular image of hydrocarbons, a
polymer crystals can be understood in further detail. graphite substrate_ was used for preparing the samples, where

On annealing single crystals of ultralong alkanes on highly they were deposited and arrayed in a monolayét. The
oriented pyrolytic graphite (HOPG), fine ribbons or strands were 9raphite surface was also utilized to orderly arrange other
formed and aligned in three definite directions, which differ by PClymers as ngl as PE, and in some case ribbons were
~60° 2 In the case of the annealing of polyethylene (PE) single assembled on i When PE was cry_stalllzsed on HOPG from
crystals on a cleavage surface of HOPG, fibrils were formed the melt, ribbons were stacked in striatidrt>The morphology
and arrayed like the venation of a plant 1&ahus, it was shown ~ Was quite similar to .the cleavagg surface of chain-extended
that the HOPG surface induced the specific morphology of PE c_rystals of PE crystall_|zed under high pressure, where ba_nds or
single crystals on annealing, which was quite different on other r!bbons were stack(_ad in Igyers. _It shows three differently or!ented
various substrates. Morphological changes of solution-grown fiPPons, whose orientations differ by 60°. Ultralong chain
single crystals of PE and ultralong chain hydrocarbons were hydrocarbon also exhibited the stacked-band structure when it
followed in real time as a time series of a short period while Was crystalllzed_from the melf. Takenaka et al. investigated
they were heate®® It was found that in the heating process, the melt-crystallized PE on HOPG and MoBy TEM and
lamellae start thickening at the periphery and their thickness "eflection high-energy electron diffraction (RHEED), revealing
increased with time and that the fibrillar texture were formed that the PE was crystallized epitaxially in the monoclinic form
as in the case of annealing of PE single crystaRecently, on HOP% and in the orthorhombic one on Mo®ly at the
Magonov et al. monitored the morphological changes of PE mterfac.el. I.n our previous paper, it was shown that the epitaxial
single crystals in detail using AFM, which occurred when crystallization on HOPG occurred at a temperature below the
thermally treated on HOPG. They revealed that the transforma- Melting point in the process of heating, i.e., through partial
tion in orientation of chain stems in a single crystal, from a Melting, as welf In the present paper, the structure of the
normal orientation to a parallel orientation to the substrate, Venation texture of PE single crystal formed on HOPG by

occurred at a temperature as low as’60n a wet staté.Thus annealing is made clear in combination with AFM and TEM,
and its formation mechanism and the effect of the graphite on
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Figure 2. AFM phase images of truncated PE single crystal, taken
(a) at room temperature and (b) in situ at 1Z& Both images were

taken from the identical area. The notations (200) and (110) in part a
denote the sectors. Lines show the sector boundaries.

single crystals were annealed on the HOPG and that the venation
B texture was made as a result of major transformation. Fine
Figure 1. AFM phase image of PE Sing|e Crysta|s taken in situ at fibrils, called “strands” or “ribbons” by Magonov et al., extended
126°C when they were thermally treated on HOPG at the temperature. from the periphery at around € even in a dried state.
In the encircled area, fibrils bend in a crankshaft way. From the periphery of the single crystal in Figure 1, fine fibrils
extend in the direction different from that of the length axis of
No. 1483 product by NIST). Diamond-shaped and truncated single interior veinlike fibrils. The fine fibrils were~10 nm wide and
crystals were grown using the method from both solutions in 14 nm thick. The fibrils extended further with isothermal heating
p-xylene andn-octane. The endothermic peak on DSC of melting 54 hecame wider and thickened when the annealing temper-
was 128-129 °C. Morphological changes of thus prepared PE ature increased. From the morphological features, we see that

single crystals occurring in the process of heating were followed . o
in gitu \ivyith an atomicgforce n'?icroscope (Digita?l Instruments. P E chains flowed out of the lamellar crystal due to the filbrillar

Nanoscope IF) equipped with a heating module. Morphology and  €xtension. As a result, the lamellar thickness decreased on
molecular orientation in annealed PE single crystals were also annealing on the HOPG. Ultralong chain hydrocarbon behaved

examined with transmission electron microscopes (JEOL JEM-100C similarly when anneale®l’” Ordinarily, lamellar polymer crystals
and JEM-200CS). Samples for TEM were prepared as follows. A increased their thickness from their periphery and with time
drop containing suspended PE single crystals was put on a freshlythrough heat treatme#€

cleaved SUrfa(:‘,e of an HOPG After the solvent was eVapOl’ated, Figure 2 compares an AFM phase image of an as-grown
the HOPG with PE single crystals was annealed at a given i ncated PE single crystal (Figure 2a) and one after it was
temperature, e.g., 126C, and subsequently, a drop of 10% 5 neqled at 126C (Figure 2b). Though largely deformed,

collodion in isoamyl acetate was put on the HOPG surface at room L S 2
temperature. After the collodion solution dried up, a dried collodion f’:mnealed crystals comprise fine fibrils. The fibrils are arranged

film was peeled off from the HOPG. In this process, annealed PE 1" @ fair_ly orderly way. It is to be noted here that fibrils in the _
single crystals were transferred to the dried collodion film. The respective sectors of the annealed crystals are arranged with

surface of the peeled collodion film, which was in contact with the their length axis roughly normal to the lateral surface of the
HOPG, was coated with a thin carbon film by evaporation of carbon original truncated crystals. It means that fine ribbons formed
under a vacuum. A piece of the carbon-coated collodion film was in the{20G sector are aligned with their length axis parallel to
placed on a copper grid for the TEM. Collodion was dissolved away thea-axis sector boundary. The morphological features are seen
inisoamyl acetate, and then a carbon film with annealed PE single more definitely in Figure 5 of ref 5: Thus, it is likely that fibrils
crystals was left on the copper grid. are formed to orient their length axis in the direction perpen-
dicular to the lateral surface of the original crystal.

To clearly understand the molecular orientation in the fibrils,

Figure 1 shows an AFM phase image of PE single crystal, annealed PE single crystals were examined through a TEM.
which was taken in situ when heated at TZ5 A texture like Parts a and b of Figure 3 show, respectively, an electron
the venation of a plant leaf was formed across the area of themicrograph and the corresponding electron diffraction pattern
lamellar crystal. Veinlike “fibrillar crystals” in the neighboring  of a PE single crystal, which was annealed on HOPG at
sectors, adjoining at the-axis sector-boundary, were arranged 126°C. The electron diffraction pattern is the same as those of
in a fairly orderly way and tilted at an angle of ca.°@0 the PE crystals grown on HOPG from the solutiand the melt’
sector-boundary axis in some parts. The sector boundary axisSeemingly, the pattern is complicated as seen in Figure 3b. As
was a bisector of an angle of ca. 22&hich the fibrils aligned discussed later, however, a set of slightly arced reflections
along it in neighboring sectors made. However, fibrils were not originating from the PE crystal, are put on a specific reciprocal
always tilted at ca. 60to the sector-boundary axis in other areas lattice net and indexed on the basis of the orthorhombic unit
and hence arranged asymmetrically with respect to the sector-cell’® as shown in Figure 3c. The indexing explains that PE
boundary. The morphological features of PE single crystals chains lay down parallel to the HOPG surface, aligning parallel
annealed on HOPG are described in more detail in ref 4. to the crystallographic [113 direction of hexagonal HOPG
Ultralong alkane single crystals also exhibited similar morpho- lattice.
logical changes when they were thermally treated on HOPG. Figure 4 shows an electron micrograph of a single crystal,
For alkane crystals, fibrillar or ribbonlike crystals were arranged which was annealed on a HOPG at 1°Z5for 10 min, and the
more regularly. Recently, through detailed AFM observations, corresponding selected-area electron diffraction pattern. A fine
Magonov et al. pointed out that fine structural reorganization venation texture was formed in such a way where constituent
started at a temperature as low as’60in a wet state when PE fibrils were fairly ordered with their length axis perpendicular

Results
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Figure 5. Selected-area electron diffraction pattern (b) corresponding
to the encircled area in a TEM photograph (a) of a PE single crystal,
which was annealed at 12€. The electron diffraction pattern is like

a fiber pattern. The fiber axis is almost perpendicular to the length
axis of fibrils, which run from the upper-right to the lower-left in part
a.

Figure 3. (a) TEM image of a PE single crystal annealed on a HOPG
at 126°C. (b) Electron diffraction pattern corresponding to the image. \yarranted that PE chains aligned parallel to the substrate surface.

Arrowed spots indicate the 002 reflections of PE. (c) Reciprocal lattice . :
net corresponding to the orientation of the arrove&gwxis in part b. Figure 5 shows another set of an electron micrograph and the

Two other c*-axes in (b) are shown with dotted lines, rotated by ~corresponding selected-area electron diffraction pattern. In
+120°C. Figure 5, fibrils are oriented perpendicular to the right lateral

surface of the original diamond-shaped crystal lamella, not to
the right side, and run in the same direction over the selected
area across the sector-boundary. Even though, the selected-area
electron diffraction pattern is similar to a fiber pattern, in which
the c*-axis is perpendicular to the fibrillar lengtfhus, it is
concluded that PE chains should be oriented perpendicular to
the length axis of fibrils, lying down on the HOPG substrate.

Discussion

Intense sharp spots in Figure 3b are originated from the
HOPG substrate. From their indexing, it is confirmed that the
substrate surface is the (0001) plane. The slightly arced
reflections in Figure 3b arose from PE crystals and were indexed
on the basis of the orthorhombic unit cEllThe 002¢ reflection
is seen in the direction parallel to the T1&pg reflection, and
the 21Ge and 31@g reflections are identified in the direction
perpendicular to that of the Opzreflection or in the direction
of 1100 HOPG spot:!5 (Here, the suffix denotes the kind of
crystal causing the corresponding reflection.) Such a reciprocal
lattice net as sketched in Figure 3c is constructed for the above
3 - . indexing of PE reflections, and some of PE reflections in Figure

e A T e R B R K 3a can be explained. The Q@2reflection is observed in the
Figure 4. Selected-area electron diffraction pattern (b) corresponding two other directions as indicated by arrows in Figure 3b. The
to the encircled area in a TEM photograph (a) of a PE single crystal, c+-axes for the reflections are denoted by dotted lines in Figure
which was annealed at 12€ for 10 min. 3c, which are rotated byt120° from the c*-axis of the

to the edge of the lamellar crystal. The &Oeflection was reciprocal net of Figure 3c. Thus, the whole electron diffraction
strongly observed. In Figure 3b, however, the reflection was Pattern in Figure 3b is reproduced by superimposing two
not observed or very weak. It is considered that when an reciprocal nets similar to Figure 30, on the net of Figure 3c as
annealed PE lamella was adhered to the HOPG substrate, thdollows: theirc* axes coincide with the dottect-axes in Figure
110 reflection was not or weakly observed because the 3c.

{110 pe plane was tilted a little from the normal to the HOPG The 21@¢ and 31@g reflections were very frequently
substrate. Lamellae were disordered when it was taken off from observed in the three directions. On the contrary, thepd10
the substrate in the process of preparing the sample, andreflection was sometimes identified as indicated with a thin
consequently constituent fibrils had the orientation of giving arrow in Figure 3b. This implies that as the ()dg plane or
the 11Q reflection accidentally. Even so, this did not affect (110)g plane (generally described §810 plane), to which
the relationship in orientation of the molecular chains within the (210pe and (310pe planes is nearly perpendicular, should
the PE fibrils. As the 104 reflection was observed, it is still  be in contact with the HOPG (0001) substrate surface. Even
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Figure 6. Epitaxial model of PE crystal on HOPG surface: Honey-
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is concluded that the molecular chains should fold back and
forth perpendicularly to their length axis. In other words, fibrillar
crystals are “chain-folded lamellae” growing edge-on on the
substrate. Alkane platelets also grew edge-on on the graphite
from the solution, keeping their chain axis parallel to the
[1120]1opc1° Though dispersed, the width simply corresponded
to the thickness of edge-on lamellae, i.e., the fold period. On
annealing on other substrates at a temperature arounéC,26
PE single crystals usually thickened to this range, keeping their
original chain orientation to the substrat®:26 On annealing

on the HOPG substrate, chains laid down onto to it, transforming
drastically their orientation from a normal orientation to parallel

comb stands for the HOPG lattice, and a set of chain models representne. The transformation of the chain orientation is specific in

the PE lattice projected onto the (140plane. Small solid discs denote

annealing on the HOPG substrate. It is not caused by the same

hydrogen atoms of PE chains. Co denotes the repeating period of PE,mechanism as polymer lamellae made thicker on other substrates

and the arrow denotes the [1t@Kdirection. At the lower-right, the
unit cell of a HOPG is depicted.

so, when the fibrillar crystals fluctuate from side to side around
their length axis, the 110 reflection could fulfill the reflection
condition. It is to be stressed here that the @02flection is
observed in the direction parallel to the DL3pg reflection.

by annealing. It is considered that recrystallization from the
“partially melted state” must be involved in the growth process
of the fine edge-on lamellae. It is known that PE chains are so
mobile as to go around quickly on the substrate, e.g., on a glass
platé and a polyethylene crystal,at a temperature below
melting point in the process of heating. Thus, it is possible that

From the above discussion, we reach the same conclusion thafhe highly mobile molecular chains crystallize, forming edge-

was drawn by Tuinstra and B&eand by Takenaka et al’;
molecular chains of PE lay down on the HOPG surface an
align in the direction parallel to the [10Riopg direction. In
other words, fibrillar PE crystals were overgrown on HOPG
with the epitaxial mode; (116y/(0001}0pc and OB/
11200 ops This epitaxial model is shown in real space in Figure

6. It was also observed that normal paraffin platelets overgrew

on the HOPG from the solution, achieving this relationship in
orientation'® There were also many epitaxial systems on the
HOPG, in which PE epitaxially crystallizes on organic and
inorganic substrates, with PE chains lying parallel to the
substrateg??!

The epitaxial model of Figure 6 schematizes only the
crystallographic relationship in orientation between PE and
HOPG lattices. The relative disposition of the PE lattice with

respect to the lattice of the HOPG surface is arbitrary. However,

it is evident that thec-axis periodicity of the trans-zigzag

backbone of the PE chain corresponds with that of the carbon
skeleton of HOPG honeycomb. Surely, the corresponding

periodicity between two lattices should be the driving force of

the epitaxy. On the other hand, the lattice mismatch along the

direction normal to the PE chain axis, i.e., fid 03 direction,

is rather large as seen from Figure 6. It is not always appropriate
to say, however, that the lattice matching would not be achieved

in the 1103 direction. Annealing was done at a high
temperature, e.g., 128, where the PE lattice was expanded
in the (1103 direction more than the HOPG lattice in the
corresponding directiof?:22Thus, it is likely that there are fewer

on lamellae, in a similar way as they do from a supercooled

d melt. In some cases, PE chains could flow out of the interior of

lamella and similarly crystallize there to form fine fibrils as
seen in Figure 1. On crystallization of polymers from the
isotropic melt, the thickness of lamellae depends on the degree
of supercooling from the melting point. In reality, when PE is
crystallized at 126C from the melt, the thickness of lamellae
ranges from 20 to 30 nm. The present value<{20 nm) slightly
smaller than that of lamellae grown from the isotropic melt. It
is due to the growth of lamellae by the crystallization through
the heterogeneous nucleation process, i.e., by epitaxy, on the
HOPG substrate. Here, we must pay attention to the observations
on melt-crystallized ultralong alkane on HOPG by Tracz and
Ungari® the ultralong chain alkane crystallized in an extended
conformation and formed the layered structure of bands near
the HOPG surface, and folded chains were embedded in chain-
extended bands forming far away from the surface. In consid-
eration of this, it is likely even in the present case that thin
chain-folded lamellae would not grow directly edge-on on the
HOPG surface and that the chain-extended bands would form
first on the surface and chain-folded lamellae would grow on
it. The morphology of annealed PE single crystals near the
HOPG surface is open for further study.

In Figure 7, the original diamond-shaped PE single crystal
before annealing can be clearly traced. Fibrils arranged roughly
perpendicular to the edges of original diamond shape. The fibrils
in neighboring sectors are contiguous at ca.°H6ng thea-axis
sector boundary, as described above on the morphology of

mismatches; hence the epitaxial fitting should be feasible in Figure 1. Clearly, the two differently oriented fibrils should

the[110Bedirection at the annealing temperature. An interesting
issue of the epitaxy is how the (116 plane, on which the

attribute to the appearance of the two sets ofpt16flections.
In referring to the electron diffraction pattern in Figure 4, the

trans-zigzag backbone of PE chains are arranged alternating'nse_t electron diffraction pattern explains again that molecular
nearly flat-on and edge-on, would be disposed on the HOPG chains lay down on the substrate and were arranged normally
honeycomb lattice. To further understand it, we must take into to the length axis of fibrils. In consideration of the orientation

account the following: The energetic calculation predicts that
a single PE chain would deposit preferentially with the trans-
zigzag backbone parallel (namely, flat-on) to the substate,
and PE crystallizes with the monoclinic form at the PE/HOPG
interfacel’” This issue is beyond the object of this paper.

The fine fibrils extending from the edge of the original single
crystal in Figure 1 were about 10 nm wide. The width of fibrils
ranged from 10 to 20 nm in TEM images in Figures 4 and 5. It

of fibrils in annealed single crystal and the molecular orientation
within them, a model for venation texture of annealed PE single
crystal is schematized as in the parts b and c of Figure 8.

In Figure 8a, the molecular conformation and arrangement
in as-grown lamellar crystal are modeled. Reneker and Geil
suggested packing models of folds in §ELC} sector that are
now referred to as RGI and RGII packing hafitin either
situation, molecular chains fold back and forth along{th&G
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Figure 9. Symmetric disposition of PE single crystal on the HOPG
surface: (a) a diamond-shaped single crystal and (b) truncated one.
Short thick rods and thin dotted lines represent folds on the top fold
surface of a single crystal and ones on the fold surface in contact with
the HOPG surface, respectively. The vertical line in part a, which passes
through the apex of the diamond-shaped single crystal, shovesdkis
sector-boundary. Arrows drawn at an angletf0° from the apex on

both sides with respect to the sector-boundary, designate the direction
[10100of hexagonal HOPG lattice. Background hexagonal net shows
the honeycomb of the HOPG (0001) surface. Vertical thin lines in part

b designate the sector-boundaries between (110) and (200) sectors. In
both models, the PE lattice is drawn on the basis of the cell size at
room temperaturé®

In Figure 9a, a diamond-shaped single crystal is put on the
HOPG substrate in such a symmetric manner asddds sector
boundary coincides with th@130direction of HOPG substrate,
i.e., the vertical direction in the figure. The apex angle of the
PE diamond-shaped crystal in taexis sector-boundary is 67
(the value is calculated using the lattice constants at room
temperatur®). In such a disposition, therefore, the folding
Figure 7. (a) TEM photograph of a PE single crystal annealed on a direction of molecular chains on the right side of original

HOPG at 126°C. White lines indicate the edges of the original giamond-shape with respect to the sector-boundary is almost
diamond-shaped PE single crystal. Inset is an electron diffraction pattern llel to 110D d that on the left side i ilel to th

corresponding to the encircled area. (b) Magnified image of the area Parallel to [10D]uopcand that on the left side is parallel to the
enclosed with a rectangle in a. [1120]ope In other words, chain segments of folds fulfill the

requisition to the epitaxial fitting in respective sectors as they
are (see Figure 6): The chain segments of folds lie down parallel
to the HOPG substrate and are directed in the_tD]J,ijG or
[1120]hors direction. In Figure 9, the direction of chain folding

is widened actually by about®4from the [10D]nops OF
[1120]nope This is due to that the PE lattice is drawn using
the unit cell at room temperature. Since the PE lattice is
thermally expanded more in theeaxis direction than in the
b-axis directiort?23 the apex angle is smaller at higher
temperatures where annealing was done. So, it is considered
that parallelism of a row of folds is better and epitaxial fitting
would be more feasible at the annealing temperature. The
symmetrical arrangement of fibrils as in Figure 7 was brought
about by annealing when the original diamond-shaped lamella
was disposed symmetrically. In considering that the orientation
of fibrils is determined by the orientation of the folds to the
substrate lattice, it is evident that when a single crystal was
disposed asymmetrically and annealed, the resulting fibrillar
edge-on lamellae were arranged asymmetrically with respect
to the a-axis sector boundary.

Figure 9b shows the symmetric disposition of truncated single
Figure 8. (a) Model of an as-grown PE single crystal. Arrows show CTyStals with respect to tha-axis sector boundary. Since the
the folding direction of chain molecules. Dotted lines marked with relationship in orientation of the folds to the substrate in the
characters a and b denote the sector-boundaries along both the{11(} sector is the same as described above, the annealing
g:yig:g)xghr%%ri]ricaaar\}grtl)a‘t’jiléﬁst'eggl)n';ﬂ%?ecald()feagnaf?bnrﬁgleghzgecsjig?rlies behavior is interpreted similarly. On the contrary, molecular
re);gresent the egdge-on fibrils. (c) Enlargen%ent of the area encircledpin chains fold ba_ck and forth anng_tI{QO@ plane in the{ 209}
part b. sector. In reality, respective chain segments of folds might be

oriented in the1103g, rather than théd203g direction, in the
plane. On annealing, chains should lie down toward the {200 sector. In either case, polymer chains run parallel to the
direction, along which the chain folds back and forth, and 0203, i.e., parallel to the [010]opc, Which is favorable to
extends along it. This implies that the folds of chain segments the present epitaxy, as a whafeln the molecular orientation
in contact with the HOPG substrate should control or affect of PE, the epitaxial fitting is ready to be performed, hence, their
the lying-down direction of chains on the substrate. length axis is oriented parallel to tteaxis sector-boundary
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when edge-on lamellae are formed with chain folding. In this epitaxially by annealing at a temperature below the melting
way, the morphology and orientation of fibrils in tR@00} point. The molecular orientation is crystallographically adjusted
sector as seen in Figure 2 and also in Figure 3 of ref 7 areto the substratehrough partial melting performing lattice
understood again in terms of the relationship in orientation of matching between the polymer crystal and the substrate.

the segments of folds to the crystallographic axis of HOPG
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