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ABSTRACT: As illustrated in an earlier workb{acromolecule2006 39, 1008), isotactic poly(vinylcyclohexane)
(PVCH) single crystals display twinned growth sectors. Mapping of the twinned domains is possible via dark-
field electron microscopy imaging. Each twinned domain results from a growth twin on the lateral growth face

of the single crystal. The width of the twinned domain provides a measure of the so-called lateral spread extent,
a fundamental parameter of classical theories of nucleation and growth for which only indirect estimates are
available. The extent of lateral spread (and, as a corollary, the secondary nucleation density) (both average values
and distribution), are determined for single crystals of PVCH produced in squalane over a wide range of
crystallization temperatures (12@40°C). These observations provide the first direct experimental data on these
elementary processes in polymer crystal growth.

Introduction

Classical theories describe polymer crystal growth as the
result of a secondary nucleation process, also described as a
“primary surface nucleation” on an existing, flat growth face
of a crystal, followed by lateral spread (Figure '1)he
secondary nucleation is energetically the more costly step,
whereas lateral spread involves only the surface energy associ-
ated with chain folding. The width' of the growth front covered
by lateral growth is an important parameter in the theories of
crystal growth. It is equal to the “niche separation” in the case
of a polynucleation growth regime (regimes Il or Ill of the
Lauritzen-Hoffman theory). In the (ideal) mononucleation
regime |, the whole length of the growth face is covered via
a single nucleation event. The growth rate perpendicular to the
growh font G is, i th various ‘growth regimes” a product 0L L Classsl eute o eeeeion s o e v
that involves the ra_te at V_Vh'Ch the lateral spread pr_ocag:ds, %he various procgss)cles andryasséciated ra?es are indicated. '
the surface nucleation rate,and/orL or L', together with the
thickness of the depositing layer or thickness of a ste(Rjgure
1).

width of the growth face (it should vary when the width is

. . smaller than the lateral spread). Using a so-called isohypse
The density of secondary nucleation, and, as a corollary, the yochnique (well-controlled temperature jumps during growth

extent of lateral spread’, are 9uant|t|es that are difficult t0 |g5ding to isochronous decoration), these authors determined

assess since neithenor g nor L’ can be determined indepen- ¢ the growth rate of polyethylene single crystals is constant,

dently. Only estimates of the lateral spread are available, or yo\wn to growth faces widths of less thapth. They concluded

indirect evaluations that rest on different experimental evidences. yat |ateral spread must be smaller thann. As summarized
Only the total flux, that is, the crystal growth ra@, is in one of the latest publications of John Hoffman and in a recent

measurable. It has been used as a (indirect) means to evaluatgyiew on the HoffmasLauritzen theory “currently, it is

thg extent of lateral spread..ln a set of enlightening experiments, cqnsidered (but, we underline, not established) that the values

Point et ak checked to see if the growth raBdepends on the (of the lateral spread) should be several hundred nanometers,

which corresponds to the crystallite size measured via WAXD
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decompose the global growth mechanism into its more elemen-optical microscopes. Transmission electron microscopy (TEM) was
tary processes, some kind of structural marker or another “tag” performed with a Philips CM12 operated at 120 kV using low dose
should be designed. It should highlight each individual second- conditions required by the beam sensitivity of the material. The
ary nucleation event and its associated lateral spread, or it shoulgg"id was systematically scanned at low magnificatisr1 Q00) by

: : defocusing the diffraction pattern. Bright field images and dark
allow, atleast, some meaningful sampling of the lateral Spread'fields (direct magnification of 3000) were recorded on photographic

For the majority of polymers, such a structural marker does pjates (Kodak SO163, developed with undiluted D19 for 12 min).
not exist. There is no internal characteristic that enables the Selected plates were scanned and the contrast digitally enhanced
differentiation of a group of stems from the rest of the crystal. to highlight the twinned domains. Atomic force microscopy (AFM)
However, as illustrated in an earlier work from this laborafory, was performed with a multimode apparatidanoScope llla
something approaching such a marker has become availablegontroller (Digital Instruments). Drops of squalane suspension were
admittedly for a specific polymer. It stems from the structural deposited on freshly cleaved mica substrates and crystals were

analysis of isotactic poly(vinylcyclohexane) (PVCH) that builds Washed with heptane. Images were obtained in tapping mode with
up crystals with two differentiable populations of stems. a tip (Nanoworld) at 320 kHz of resonance frequency and 42 N/m
of force constant. High-resolution TEM was carried in a Tecnai

In PVCH Crystal_s, secondary _n_ucleatlon an_d Iate_ral spread F20 G2 (FEI, Eindhoven, The Netherlands) operating at 200 kV
can take place with the depositing stems either in crystal- ang equipped with a field emission gun. Images were recorded under
lographic register with the substratein twinned relationship  jow dose conditions (less than 20/42) at a magnification of
(the twinned domains differ by the azimuthal setting of the 40000« on SO163 photographic plates or on a Pelletier cooled
chains on their axis). The twinned orientation initially generated 2K CCD camera (Ultrascan 1000, Gatan, Pleasanton). Detailed
by twinned secondary nucleation spreads laterally over somedescription of the analysis of high-resolution images is provided
length of the growth face: the inner boundary of the twinned as Supporting Information.
domain is parallel to the growth front, and its width corresponds ~ The statistical analysis of the twinned domain width was based
to the extent of lateral spread. Furthermore, the width and the ©n 250 measurements for eathand was performed on printed
twinned orientation of the domain are maintained during enlarge_ments of the dark fleld.lmages. To. avoid counting domains
subsequent deposition of new layers, usually up to completionthat might have formed during qLienchlng "to the selected
of the crystal. As a result of this growth twin and subsequent measurements were made on the "younger” parts of the growth

. ) ) ) A . faces, located near the growth sector boundaries, as illustrated in
preservation of the twinned orientation, the four different growth g re 7a (cflater). Conversion of the lateral spread into number
sectors of PVCH single crystals are actually made of narrow, of stems is easy: since the span of one stem is 1.1 nm, the measure
elongated microsectors perpendicular to the four different growth in nanometers corresponds within 10% to the number of stems
faces-the single crystals are polysynthetic twins. Dark field involved in the twinned strip.
electron microscopy imaging makes it possible to map all the
twinned components of the PVCH single crystals, and thus to Background: Crystallography of PVCH Twins and
determine the width of the twinned domains. Given the low Nucleation and Growth Processes
density of twinned domains, their width is a direct measure of Crystallography and Growth Twins in PVCH Single

the lateral spread from a single secondary nucleation andcrystals. The stable crystal modification (form 1) of PVCH has
provides the “sampling” referred to above. a tetragonal unit cell with parameteas= b = 21.99 A, c =

In the present contribution, we determine the extent of lateral .43 A, and space grougi/a.6 (Another modification exists,
spread and secondary nucleation density by measuring the lateraith 24 residues in 7 turns of the heljx The unit cell contains
size of the twinned microdomains formed during growth of four helices with 4-fold symmetry: two right-handed and
PVCH single crystals in squalane over a wide range of two left-handed 4helices. The4./a symmetry is characterized
crystallization temperatures (12@40°C). This range is limited  py the fact (fundamental in the frame of the present investiga-
on the low-temperature side by the high density of nucleation tion) that, in thec axis projection, the helices are oriented some
events (i.e., by the narrowness of the twinned domains, which 170 away from the cell edges in either a clockwise or a
makes measurements difficult) and on the high-temperature sidecounterclockwise rotation (hereafter referred to as cw and ccw,
by the reduced frequency of twinning. Despite its intrinsic respectively) (Figure 2a).
limitation (because twinning introduces by necessity an energy  the possibility of cw or ccw rotation of helices in the unit
penalty relative to “normal” or untwinned growth) this study gl is at the root of a twinning by merohedhgingle crystals
provides, to our knowledge, the first set of data in polymer 5cq often twins, with twin components differing by the azimuthal
crystallization that illustrates (in its literal sense also) the setting of the chains (i.e., cw or ccw) (Figure 2a). The twinned
variation of secondary nucleation density and extent of lateral components can be differentiated in dark-field electron micros-
spread, both average and distribution, with crystallization copy, by taking advantage of the asymmetry (or “handedness”)
temperature. of the diffraction pattern. Strong reflections of the cw and weak
reflections of the ccw parts overlap. Dark field imaging using
such overlapped reflections thus reveals brighter and darker areas

The sample of PVCH was produced by Sumitomo Chemical Co and allows a complete mapping of the twinned domains (Figure
(Japan). It is rather polydisperse, with number and weight-average 3b), whereas “conventional” bright field imaging (Figure 3a)
molecular weights oM, = 6.7 x 10* and M,, = 8.2 x 10%, gives no clue of the underlying structural complexity of the
respectively (polymolecularity index: 12). single crystals. These different domains are represented as gray

The preparation methods were essentially similar to those alreadygnd white in the drawing of Figure 2b, to match the dark field

described in the earlier repSrPVCH was dissolved in boiling — jmaging perception. The crystal lattices of the twinned com-
22/”35?;%&?;? p/;r\gix)reaig(;j B%S;?g??ﬁe'zatshpeerg%lzc?ft(;’r?/g?alfss ponents are shifted across the twin plane by one-quarter of a
were deposited directly on carbon coated electron microscope grids.unIt cell edgef or half the span of a single helix (Figure 2a,
The rather “oily” squalane was washed away with heptane. Middle, and Figure 2b and clater, Figure 4).

Observation and selection of suitable samples for electron micros-  Processes and Growth Features Involved in the Formation
copy was performed under phase contrast with Leitz and Zeiss and Development of Growth Twins of PVCH. Figure ZbCDV

Experimental Section
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Figure 2. Crystal structure of PVCH form I, as determined by De Rdga The cell contains two right-handed and two left-handed helices, space
groupl4s/a. The setting of helices is either clockwise or counterclockwise, thus giving rise to a possibility of twinning by merohedry. The twinned
components are represented as light and dark (gray), to mimic their appearance in the dark field images. The center drawing illustrates the shift of
helices across the twin plane, as established via an analysis of the streaks of the diffractiof (ttdime deposition process and resulting
structure of the crystals examined in the present work. Twinned components are again shown as light and dark (gray). On the right of the diagram,
is shown twinned secondary nucleation: deposition of a stem in twinned relationship with the substrate. It is shifted by half a stem span relative
to the substrate, and has a different azimuthal setting (thus the different, white “color”). The corresponding lateral spread (white arraws) genera

a twinned, “white” domain, the width of which is limited by encounter with other lateral spreads initiated by untwinned secondary nucleation (gray
stems). Twin planes are soon generated that are oriented normal to the growth front (left-hand side of the drawing, frontier between gray and white
domains). At the twin plane, the lattices are shifted by half a stem span in a direction normal to the growth front. This shift generates a preferred
nucleation site at the jag in the growth front that corresponds to “fractional secondary nucleation” (cf. ref 5). The present work is mainly concerned
with the twinned secondary nucleation and extent of associated lateral spread shown by the white arrows on the right side of the figure. The
scenario of twinned secondary nucleation near a growth sector boundary leading to twinned domains in adjacent growth faces (c). When the lateral
spread of the twinned layer reaches the nearby sector boundary, the twin plane is oriented normal to the growth front of that growth sector,
generating a stable site for fractional secondary nucleation on that face.

illustrates the major growth processes and resulting features of The twinned domains are bounded by twin planes that
PVCH crystals. elongate during crystal growth. Although they are the most
Secondary nucleation (conventional, untwinned) correspondsprominent twin planes in the final crystal, they are only a
to the deposition of a stem in crystallographic register with the consequence of the initial growth twin parallel to the growth
substrate (thus yielding the same gray shading). The associategront described above. These twin planes display also the shift
lateral spread is illustrated by black arrows. - of crystal lattices of half a stem width relative to their untwinned
Twinned secondary nucleation corresponds to deposition of \ejghhor domains, i.e., along the twin boundaries normal to the
a stem (white) halfway between the substrate stems (shift of growth front. The mechanism by which this shift is introduced

?v?lkfit?ealrsrg\?vg)()faivt/]i?\lIX)Ié;tegegre)arlﬁ;Ffé iﬁ?uggv\ltar:efrr?n?p{ﬁ:d during the growth process is not known. It amounts to a local
i P P 9 : point dislocation with a Burgers vector @f4. The shift is

extent of which is limited by the encounter with the lateral ilustrated at the boundary bet hit d d .
spread associated with the two neighbor secondary nucleation, ustated at the boundary between white and gray domains on

sites. This twin boundary will be the major concer in the € I€ft of Figure 2b, which could correspond to the boundary
present investigation: it is a growth twin boundary. of a strip generated by an earlier growth twin. These twin
During further growth, and since the frequency of twinning Poundaries oriented normal to the growth front feature promi-
is small, deposition of new stems in successive layers is in Nently in the growth process. Indeed, the associated jag in the
crystallographic register with the layer just formed. The initial growth face creates a favorable deposition site, intermediate
“white” strip (arrows) in Figure 2b generates a twinned sector, between secondary nucleation and lateral spread. It was
which results ultimately in the elongated domains normal to described in an earlier report as “fractional secondary nucle-
the growth face observed in Figure 3. ation” (Figure 2b, left). CDV
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_ e Twin plane

Figure 4. Noise-free image of a high-resolution electron micrograph
showing a twin boundary in PVCH single crystals. The twin boundary
is oriented at 11 o’clock. Crystallographic planes are underlined on
both sides of the twin plane to help visualize @ or half a stem
width shift of the lattices normal to the twin boundary. Technical details
of data acquisition and processing that led to this figure are provided
in the Supporting Information.
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Figure 3. Bright field transmission electron micrograph of a single o
crystal of PVCH produced in dilute solution in squalane at’220rhe T. (C)

crysta appests 0 b featureless (o). Dk e ransimsson XM iqure 5. Diagram showing the variaon of the number o stems
) involved in lateral spread as a function of crystallization temperature

and 24Q., diffraction spots (b). The complex mosaic of twinned (or undercoolingAT) for polyethylene, according to Armistead and

domains can only be revealed by this imaging mode. Note the f :
; - - : : Hoffman8 Note that the lateral spread shows no singularity at the
parallelism of the inner boundary of the twinned domains with the outer transition points between different growth regimes, although the

growth face, which indicates that the inner side of the twinned domains transitions are located in the asymptotic parts of the curve. Reproduced

corresponds to the lateral spread after initial twinned secondary ; : X .
nucleation (white arrows in Figure 2b). from ref 8. Copyright 2002 American Chemical Society.

Two features regarding the twin planes normal to the growth 2¢). In this case, the twinned growth strip developing on one
front and not previously discussed are worth reporting at this growth face generates immediately, without any further adjust-
stage First, we have attempted to image the twin boundary by ment, a shift of half a stem width in the growth front of the
high-resolution electron microscopy. The resolution of the neighbor growth face.
images is insufficient to reveal the clockwise or counterclock-  To summarize, and as illustrated in Figure 2b, PVCH growth
wise rotation across the twin planes. However, the images revealinvolves events additional to those analyzed so far for conven-
the shift of half a stem width just mentioned (Figure 4 and cf tional crystal growth. As discussed later, they involve different
Supporting Information for the details of the analys&g¢cond energy barriers. Assuming that the lateral energy of a twinned
in Figure 3 and others, many twin planes seem to “take the interface is (if only slightly) larger than that of the crystal-
corner” near the growth sector boundaries. When a growth twin lographic packing, the three nucleation and two lateral growth
is nucleated near (but not necessarily at) the edge of the growthevents illustrated in Figure 2b may be ranked according to their
face, lateral spread may extend up to the lamella corner (Figuredecreasing energies as follows: CDV
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Figure 6. Single crystal of PVCH produced from a squalane solution
by a moderate quench to 10€ and imaged in dark field electron
microscopy. Note the increased density of twinned domains in the
exterior part of the crystal produced at lowky

Twinned secondary nucleatior Secondary nucleation
(crystallographic)> Fractional secondary nucleation Twinned
lateral spread> Lateral spread

Lateral Spread and Secondary Nucleation in Polymer
Crystals. A major problem in assessing the validity of crystal-
lization theories arises from the difficulty to distinguish the
contribution of secondary nucleation from that of lateral spread.
A given flux (global growth rateG, measurable) may be the
sum of many small events (many nucleation events associated
with limited lateral growth) or of fewer, more sizable events
(few nucleation events that spread more on the growth face).
Armistead and Hoffmahprovide a curve, reproduced in Figure
5, showing the (assumed) variation of lateral spread vs crystal-
lization temperature for polyethylene grown in the bulk (the
ratio S/ap corresponds to the average number of stems between
nucleation sites on the growth front, i.e., is the ratio of lateral (b)
spread and secondary nucleation rates). They indicate a regime
Il Il transition for the average niche separation (1.5 stems)
determined for this regime by Guttman and Di MarZidhe
regime Il transition is less clear and has been assumed to
correspond to an undercooling of & The number of stems
involved is, roughly speaking, above 100. As a result, and quite
surprisingly, the so-called regime Il extends over a very wide
range of lateral spreads, from 1.5%d.20, i.e., a ratio of nearly
100. The main feature of interest in the context of the present
work is however thathe cuwe is smoothindicating that the
different growth regimes and their transitions are not determined
by the extent of lateral spread (except for the onset of regime
Il for which it may be considered as a defining feature).

Experimental Results and Analysis

The present investigation was triggered by the experimental
result illustrated in Figure 6. It displays a single crystal of PVCH (©
produced from a squalane solution cooled by moderate quench-igure 7. Dark fields (a, b) and height image by atomic force
ing to 100°C. The crystal displays a striking variation of the microscopy in tapping mode (c) of single crystals of PVCH produced
pattern of twinned domains from the interior to the exterior ~ at 220°C.
from higher to lower crystallization temperatures. This variation isothermal crystallization over a wide range of temperatures. It
has been investigated more systematically by resorting tois convenient to describe first results obtainedat 220°C cDV
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and at the same time to detail the experimental and interpretive

procedure used throughout this work. DecreaSiggdown to
120 °C are then considered. Crystallization at 24D reveals
original features that require a specific development.

Crystallization at 220 °C. A single crystal produced at 220
°C is represented in Figure 7a (elso Figure 3). These crystals
are all polysynthetic growth twins. As growth proceeds from
the crystal center, growth twins develop sporadically on the
growth faces: dark domains appear in lighter areas, and
reciprocally. Every growth twin generates a twinned microsector
with its initial edge parallel and its lateral edges normal to the

growth face of the corresponding crystal sector. Since generation

of twinned growth microsectors is sporadic, their density
increases with the elapsed time of crystallization. As a conse-
guence, the final density of twinned microsectors is higher near

the center of the sector growth face than near its outer parts

(Figure 7b for a most illustrative example). The latter areas,

located near the growth sector boundaries, correspond to the

“youngest” and least twinned parts of the crystal. Measurement
of the width of twinned domains (arrows in Figure 7a) is made
only in these freshly formed areas that are “unspoiled” by

Lateral Spread in Polymer Single Crystal GrowtB125

Figure 8. Dark field transmission electron micrograph of part of a
single crystal of PVCH produced in squalane at 280

possible undesirable effects (e.g., fractional secondary nucleation

associated with a nearby twin plane).

The crystal displays, besides the presence of twinned micro-
sectors in the crystal interior, an outer, brighter rim, when
imaged in dark field with the proper reflection. The rim is thicker
(=16.5 nm) than the crystal interior(L5 nm), as attested also
by AFM (Figure 7c). The rim is observed in all crystals grown
in the highT. range and therefore could well correspond to the
crystallization of a low molecular weight tail of the sample.
This rim has several specific characteristics. First, it frequently
does not maintain the twinned orientations of the domains on
which it grows: in many cases, the substrate orientation is lost,

of the rim forms an angle with respect to the outer crystal edge.
The outer overgrowth “flattens” the crystal edges formed during
the initial crystallization of the higher molecular weight fraction.
As a result of sporadic nucleation of twinned microsectors, the
density of twin planes abutting near the middle of the growth
face is higher than that on its edges (Figure 7b). These twin
planes are the sites of fractional secondary nucleatiofrigtfire

2Db, left part), a preferred nucleation process that results in a
faster local growth rate (more illustrative examples will be
provided for crystals grown af; = 240 °C). As a result, the
middle of the growth face “bumps out” more than the corners
of the crystal. Thidocal faster growth rate is highlighted by
the low molecular weight crystallizatierit is best perceived
when looking along the growth faces in Figure 7a and b at
grazing incidence.

Crystallization in the Lower T. Range: from 200 down
to 120°C. Crystallization at loweilcs (from 200 to 120C, at
20 °C intervals) shows a continuous trend. Only two representa-
tive examples T, = 180 °C, Figure 8, and 140C, Figure 9)
are illustrated, with additional examples provided as Supporting
Information.

As a rule, the density of twinned domains increases and the
domain width decreases. The higher frequency of twinned
nucleation results in a more sharply delineated growth sector
boundary in dark field imaging, with a correlative difficulty to
measure domains widths. This limits experimentally the tem-

twin boundaries (Figure 9b), and that the AFM images cannot
reveal the very complex structure of these crystals

Analysis of the Twinned Microsector Widths. The mea-
sured twinned sector widths are displayed for e&¢fi120°C
< T, = 220°C) in Figure 10. The various diagrams convey the
same feeling as the micrographs: the width of the twinned
domains (and therefore of lateral spread) decreases with
decreasingd.. These data are summarized after a Gaussian curve
fitting procedure in Figure 11. It illustrates again the progressive
narrowing of the width distribution as well as the decrease of
the twin domain size a; decreases. Lateral spreads range from
10 to 100 nm at 120C and from 15 to 240 nm at 22C. The
Sverage lateral spread decreases, and its variatiomyéthpears
to slow for low Tes. At 120 and 220C, the average lateral
spread is 35 and 60 nm, which corresponds to average densities
of secondary nucleation of 30 and 15 per micrometer for each
layer of the growth face, respectively.

The smallest domain widths measured are 10 nm. This limit
may be linked with the resolution of the dark field imaging
technique. It may however also be a feature associated with
the nature of the “probe” (twinning) used in this study. When
too narrow, the twinned domain may become unstable because
of the need to generate higher energy twin boundaries. Indeed,
the initial growth twin results from a half stem shift parallel to
the growth front but becomes stable only if during further growth
it generates two twin planes with shifts normal to that growth
face (corresponding to sites of fractional secondary nucleation,
cf. Figure 2b). Exceedingly narrow twinned domains may thus
“heal” and revert to untwinned.

Crystals Grown at T, = 240°C. Crystals produced at 240
°C (Figure 12) display a number of additional features, some
of which stem from vagaries of the experimental procedure,
but are very telling about the nucleation and growth processes.
As a rule, the crystals display the thicker rim already observed
at lowerTcs. As a rule also, the crystals produced at 2€0
display significantly less twinned domains than at lowes.

As a result, it is not possible to establish a viable statistic of
the twinned domains widths similar to those shown in Figure
10. The widths of the few twinned domains observed in Figure

perature range that can be explored by this technique. At 14012a,b (12, 26, 42, and 75 nm) are however in the same range

and at 120°C, the crystals break on sedimentation, indicating

as forT, = 220°C.

that they are pyramidal. Note also that the breaks are mostly Most of the crystals produced at 24Q are square. Quite

and neatly normal to the growth front, parallel to the lateral

surprisingly, however, many of them are rectangular. Two %{/
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12a,b). Growth rate appears to be further enhanced when the
abutting twin planes are associated in “bundles”, i.e., are next
to each other, as is the case in Figure 12b. By comparison, the
crystal in Figure 12a is noticeably less elongated. The enhanced
growth rate suggests a synergistic effect arising from the
neighborhood of nucleation sites, possibly linked with the
existence of dangling chain ends near the twin planes, as has
been invoked for nucleation in regime Il by Sanchez and Di
Marzio1°

Crystals produced at 24%C display also a thicker rim on
their edges. This thicker rim helps highlight the faster growth
rate associated with the twin planes in the inner part of the
crystal. Indeed, theaner edgeof the rim makes on obtuse angle
1 (~175°) centered on the abutting twin planes in the top and
bottom growth faces in Figure 12b. The growth face deformation
reveals the local faster nucleation process (To the contrary, the
lateral faces are straight and the width of the rim is constant).
The deformation of the crystal front (the I7&ngle) helps
evaluate the relative rates between fractional secondary nucle-
ation and lateral spread. This ratio is simply given byt@(
= 23. Since the unit cell is tetragonal, the angle at the advancing
front simply tells that, on average, 23 chains are deposited on
the growth face by lateral spread during the time interval one
new layer is formed.

Finally, it is worth pointing out thano twinned domains are
generated on the shorter side of the rectangular crystals: the
flat “steps” on the tapering growth face appear to be too small
(they are 23 stems wide) for twinned nucleation to take place
or to generate a “stable” twinned domain.

Atomic Force Microscopy Observations and Lamellar
Thickness. The crystal thickness was estimated by AFM for
some selected preparations. Figures 7c, 9b, and 12c illustrate
crystals produced at 220, 140, and 24%) respectively. In the
latter image, the thicker outer rim appears very prominently,
but also the growth sector boundaries and even, slightly darker
(i.e., thinner in this height mode imaging), the twin plane (or
cluster of twin planes) giving rise to the overall rectangular
crystal shape (at=2 o’clock from the crystal center). At 240
°C, the lamellar thickness is typically in the 36 nm range,
with the outer rim being from 2 to up to 5 nm thicker than the
crystal interior.

The thickness values are of interest when evaluated in terms
of molecular length. The vinylcyclohexene monomer has a MW

(b) of 110; one turn of the helix with 0.65 nmaxis periodicity
Figure 9. Dark field of part of a single crystal of PVCH produced in jncludes four monomers. The MW of a stem 15 nm long is
squalane at 140C (a) and height AFM image of (a) single crystals 1,5 110x 4 x (15/0.65), i.e.~ 10 000. The number-average
obtained under the same conditions (b). . . . ’ ’ . .

MW is, given the high polymolecularity of our materiat{2)
only 6000. In other words, the PVCH molecules crystallize with
only a rather limited number of stems per chain. For the lower

informative crystals are shown in Figure 12. It appears that in

this experiment, some form of self-seeding took place during . S ! .
(probably insufficient) dissolution prior to crystallization at 240 MW tail of the dlstnbutlon,_correspondmg most probably with
the outer rim observed in most crystals, they could even

°C. The seeds are fragments of crystals produced at a lower . .

temperature, and contain several parallel twin planes. These twincorrespond to single stems. In the inner parts of the crystals
planes are maintained during growth at 240) as illustrated tha}t have been our main concem durlng this study, the growth
in the enlargement of Figure 12b. The crystals are systematicallyStrlps produced by secondary nu'c_leatlon a'?d lateral spread are
elongated in the direction parallel to the twin plane that crosses several tens of nanometers long; i.e., they involve several tens
the crystal center, thus owe their rectangular shape to theOf stems. They are therefore clearly polymolecular.

existence of one or several nearby twin planes in the crystal’s Discussion

seed. The crystal shape is determined by the higher nucleation

rate associated with the abutting twin plane (fractional secondary It is convenient to examine first the possibilities and limita-
nucleation), the lower rate of secondary nucleation on the lateraltions of the experimental procedure used in this investigation
faces (thus the rectangular shape), and the virtual absence obefore discussing the results in the frame of theories of
twinned secondary nucleation. When twinning takes place (as nucleation and growth.

a rule, nearlyalwaysin the elongated lateral growth faces), the Molecular and Structural Markers Used To Analyze the

growth rate of the corresponding face increases (cf. Figure Details of Polymer Crystallization. Analysis of growthCDV
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Figure 10. Width of twinned domains observed in the crystals obtained in the rangeZPZJC. 250 measurements are made at each crystallization
temperature. (For easier legibility, the bars are slightly larger than the dimension interval to which they correspond, sometimes giving the feelin
of overlapped distributions).

20 1 - 1 - . 1 v T 1 T

molecules are clustered in strips of stems that may extend over
(e.g.) two consecutive growth layers but are also intermingled
with hydrogenated stems. Polymer decoration (by fragmentation,
vaporization, condensation and crystallization of polyethylene
under vacuum) of the surface of polymer single crystals is only
sensitive to the orientation of the folé&The oriented crystal-
lization of polymer decoration suggests that growth of single
crystals results from the addition of stems in strips more or less
parallel to the growth front. However, it differentiates neither
the various growth strips nor the components (molecules)
. belonging to any one strip.

Growth twins (as opposed to the more common twinned
crystals developing from a twinned seed) have been investigated
in the past, but usually in a different context. Pnadet al'®
investigated twins of isotactic poly(4-methylpentene-1) form IlI

Lateral Spread Extent (nm) that rest on the same unit cell symmetry as PVCH. Their
Figure 11. Variation of the twinned domains width as a function of ~iNvestigation was however limited to a relatively highrange,
crystallization temperature (indicated). This plot summarizes the data corresponding roughly to the situation described herel§er
reported in Figure 10 after a Gaussian curve fitting procedure. Note 240°C. They did not therefore observe the systematic variation
tbhe shift to wider domain widths wheR, increases, together with a ¢ |51era) spread widths reported in the present investigation.

roadening of the corresponding curves. Since the stem width is 1.1 - . . - . .
nm, the domain width corresponds within 10% to the number of stems 1Suji and collaborators investigated multiple, polysynthetic twins
deposited on the growth face by lateral spread. of the # form of syndiotactic polystyrene (sP%).Various
growth conditions were investigated: thin film growth at high

processes has always been a challenging task due to thelc, solution crystallization. The twinned domain width was
difficulty or the impossibility to decompose the overall process determined mainly by analysis of the streaked diffraction pattern,
in its elementary stepsin the present case secondary nucleation supplemented occasionally by dark field and by high-resolution
and lateral spread. As a rule, molecular and structural markersimaging techniques. Bright fields, taken at a direct magnification
that enable analysis of the internal structure of polymer crystals of 40000x, reveal the setting of each chain in the twinned
at a local scale are not appropriate to evaluate lateral spreadcrystat—a major technical achievement, made possible (but only
Deuteration of part of the molecules and investigation by neutron in part!) by the beam resistance of sPS. The width of the twinned
scattering of blends with hydrogenated molecules has been usedlomains in sPS is significantly smaller than for PVCH and may
in the past. However, deuteration is suitable only when be down to three or four stems. Also, the crystallography (unit
investigating the conformation and the spatial distribution of cell symmetry) is less favorable than for PVCH. Twinning in
stems belonging to a single molecule. It helped establish that,sPS was thus analyzed (correctly, but only) in the frame of
in the single crystals of isotactic polystyreHehe deuterated  multiple twinning or structural disorder and not, as is possE)EV

0 T T

0 25 50 75 100 125 150 175 200
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i.e., as a single entity, the investigation tool must be some
crystallographic feature that differentiates the resulting building
block from its neighbors. Growth twins as formed in PVCH
crystals are well adapted to the present investigation. The
twinning by merohedry generates a “mild” perturbation since
the orientation of the unit cell axes is maintained during further
growth. Also, the lateral spread of a twinned domain is
“homogeneous”: only “twinned” stems can contribute to the
twinned strip extension (deposition of an “untwinned” stem
would create a vacancy half a stem wide in the growth strip).
Twinning is therefore a marker that highlights a feature that,
being no longer molecular, reaches a parameter of the crystal-
lization processthe lateral spread after initial secondary
nucleatior-that has not been accessible so far.

Growth Processes, Twinning as Marker and Possible
Further Developments. Whereas growth twins offer the
possibility to determine the lateral spreads during single-crystal
growth—or at least to access a meaningful sampling as
mentioned in the Introductientwinning is, inherently, a
perturbation of conventional crystallization and implies an
energy penalty. The different nucleation and growth processes
schematized in Figure 2b may be ranked according to the
associated interface energies involved. Using the conventional
notations & and| are the stem width and lengthe ando the
end and the lateral surface energies, aad is the energy
penalty, i.e., the difference in lateral energy between the twinned
and crystallographic packing), these energies are as follows.

Twinned secondary nucleation:alz + al Ao + 2a%c.

Secondary nucleation: aly + 2a%ce.

Fractional secondary nucleatioal ¢ + (al Ao/2) + 2&%0s.

Twinned lateral spreadal Ao + 2a%ce.

Lateral spread: &oe.

The analysis of PVCH single crystals structure and growth
patterns introduces three new processes. Twinned secondary
nucleation and twinned lateral spread have higher energies than
the corresponding untwinned processes. Fractional secondary
nucleation arising from the existence of a jag in the growth
front, has however a lower energy than secondary nucleation.

Evaluation of the impact of these different processes is
necessary to validate the approach used in this investigation.
This analysis uses the crystal growth processes observed at high
Tcs, when the (presumably small) differences in energy become
critical. The rate of twinned secondary nucleation decreases
significantly at highT. (240 °C). It even vanishes at higher
temperatures: crystallization from the bulk (in thin films)
produces crystals that are only twinned at the center, with no
further appearance of twinned domains via growth twinifng.

1 um At the same time, untwinned crystals do grow at these high
temperatures, indicating that secondary nucleation is still active.
Figure 12. Single crystals of PVCH produced in squalane at 280 Therefore, the very higfi; range is not accessible with our
and imaged in dark field electron microscopy (a, b). Crystals shown approach. At lower temperatures, however, twinned secondary

?aV? a)reCt":}”g”'ar ?haﬁeﬁ)”“fke‘j "‘gtht\tNh.e eIXiSte”F:etﬁf a t;’\"r F"age nucleation is frequent enough to generate sufficient domains
part a) or of arrays (part b) of nearby twin planes in the initial seed. -

This (these) twin plane(s) induce a higher growth rate through fractional and allow the sampling of lateral spreat_js. .
secondary nucleation. Growth twins are less frequent than for lower ~ Theratesof lateral spread for both twinned and untwinned

crystallization temperatures. Note the outer, thicker rim (brighter in domains cannot be measured and thus compared. The technique
this imaging mode) that may correspond to crystallization of a lower only measures thextentof lateral spread, which depends mostly

MW fraction of the polymer. (c) Similar crystals as examined by AFM. : : : :
Note the thicker outer rim in the height image, and the central twin on the nucleation density. We assume that possible differences

500 nm

planes giving rise to the higher growth rate. in these rates play a secondary role in the present analysis (we
will return to this point later). Twinned lateral spread may
for PVCH, in the frame of crystal growth processes. undervalue the crystallographic lateral spread extent and the

In the present investigation, twinning gives access to lateral location of the fitting curves in Figures 10 and 11 be slightly
spread, i.e., to a multimolecular feature of polymer crystalliza- shifted to the right, especially those corresponding to Aigh
tion. If each secondary nucleation and its associated lateralHowever, the overall tendency and distribution with changing
spread is considered as the building block of the crystal growth, crystallization temperature may not be affected. cDV
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The density of twinned secondary nucleation is relatively low ~ Comparison with Existing Theories of Polymer Crystal
(at least at sufficiently higf.s). Every twinned domain is the ~ Growth. Keeping in mind the underlying assumptions and
result of a single secondary nucleation event and its associatedimitations of growth twinning as a marker developed above,
lateral growth that takes place initially insenglegrowth layer the information made accessible by the present investigation
one nanometer thick. In a crystal®n wide, this corresponds  of PVCH single crystals need to be analyzed in the context of
to four growth sectors made of 2500 growth layers each, with theories of polymer crystal growth. Several theories have been
spans ranging from O (at the center) tarh (outer edge). Since  proposed over the years, with a recent renewed interest in this
twinned nucleation amounts at best to several hundred in anytopic® The most striking feature of this analysis is however
one crystal, the probability for two twinned secondary nucleation the fact that all the phenomena reported heseme of which
events to take place next to each other and in the same growthare new-can be rationalized in terms of the standard theory of
layer is very remote (but of course increases at veryTgwin nucleation and growth that has been in the literature for many
essence, the lateral size of the twinned domains reflects merelyyearst#17 In essence, the concepts developed in the frame of
the so-called “niche separation” between secondary nucleationthese theories are immediately transposable to, e.g., fractional
sites, keeping in mind that neighbor domains are untwinned. secondary nucleation that was not considered in the early

The impact of fractional secondary nucleatismucleation theories.
at a jag of the growth faceis best revealed by the rectangular Beyond the possibility to image individual secondary nucle-
shape of some crystals grown at 240 and nucleated by a  ation and lateral growth processes, several major features emerge
twinned seed (Figure 12), i.e., when growth associated with a indeed from the data collected during these studies: (i) the large
twin plane can be differentiated from that of untwinned growth variation of the lateral spread with crystallization temperature,
face. The impact on growth rates of fractional secondary (ii) the wide distribution of domain widths at a givdp and its
nucleation was discussed and suspected, but not demonstratediarrowing at lower crystallization temperatures, and (i) the
in our previous report on polysynthetic twins of PVERBrystals lateral spreads measured in the present investigation correspond
produced at 240C illustrate most conspicuously that fractional quite well with earlier estimates.

secondary nucleation can become the most effective process The correspondence is at times even surprising. If we refer
when gonventional Secondary nucleation is no |0nger, oris |eSSto Figure 5' the number of stems deposited on a growth face
operative. (in that case, of polyethylene) by lateral spread varies slowly

To summarize this section, growth twinning provides a atlow T, then increases quickly in the so-called regime Il and
marker that helps determine the extent of lateral spread of reaches values higher than 100 in regime |. This curve was
twinned secondary nucleation as also determined by thesuggested when no reliable measure of lateral spread was
encounter with nearby untwinned lateral spread (cf. Figure 2b). available® Strikingly, the number of stems corresponding to one
As such, the measure corresponds more exactly to the “nichetwin domain in PVCH crystals is in the same range: it varies
separation” between secondary nucleation sites. By implication, from 35 to 60 (on average), and is therefore located in the heart
the density of secondary nucleation on the growth faces of of this curve. The overall feeling is that tigrange covered in
crystals can be determined. The technique is however limited, our experiments corresponds roughly to a so-called regime II,
at low T¢s by the high density of twinned domains and at high possibly even through the range of the upswing displayed by
T by the fact that growth twins are no longer formed. the curve.

Despite these limitations, further developments may be Domain | may have been reached, at least for the growth of
considered, although they were not attempted in the frame of the outer, thicker rim visible in the crystals produced in the
the present work. In the various expressions of the growth rate high T, range. Indeed, the edge of the crystal is flat. This may
G feature one constanthe layer thickness—and two variables mean that lateral spread fills in completely the growth face after
the rate of secondary nucleatiorand either the extert’ or the fractional secondary nucleation at the twin plane abutting
the rate of lateral spread. Our results provide a means to at the growth face center. At the same time, however, formation
measure the lateral sprekdand to infer a density of secondary  of this rim is accompanied by frequent loss of the substrate cw
nucleation on the growth face. Conversion to the secondary or ccw orientation of the stems, which may suggest other, less
nucleation and lateral spreaatesrequires merely introducing  “cooperative” nucleation and growth mechanisms, possibly
time, or combining the present measurements with the overall associated with the lower molecular weight of the depositing
growth rateG. material.

In the specific case of PVCH crystals grown from squalane  Domain 1l supposes or requires very high secondary
solutions, measurement of growth rates are difficult due to the nucleation densities that cannot be accessed by the present
high temperatures involved. They have not yet been performed.technique (resolution limit of the imaging technique and/or
The best approach would be to use a temperature jump techniquenstability of narrow twinned domains, as discussed above). Its
inspired from the earlier works of Point et%ln essence, the  existence cannot therefore be established in the present inves-
isothermal crystallization experiment is disrupted at two times tigation. However, as observed in the growth pattern of crystals
separated by a known interval (e.g., 1 h) by a short excursion produced at 240C, there is a much higher probability of lateral
to a higher crystallization temperature. This excursion generatesspread than of secondary nucleation and even, for that matter,
a small annulus of a thicker lamella. AFM imaging reveals the of fractional secondary nucleation. It was shown that 23 stems
steps in the single crystals and thus the width of the annulus, are deposited before the next fractional secondary nucleation
i.e., allows a direct measurement of the growth rate during the takes place on the same side of the twin plane and generates a
excursion. Note however that the growth rates measured wouldnew layer. This is consistent with the relative energies involved
most certainly be those of twinned (rather than untwinned) in the process. Higher secondary nucleation rates are of course
crystals, i.e., would be determined by “fractional” secondary observed at loweils, which reduces the impact of lateral
nucleation rather than by “true” secondary nucleation and lateral spread, but the energy penalty of secondary nucleation remains
spread-which actually would correspond to a more realistic valid. The high density of secondary nucleation assumed to take
picture of the growth process in, e.g., bulk PVCH. place in regime lll, essentially only three stems apart, appeﬁ)r\s/
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excessive since lateral spread should be more effective in filling “dynamic” evidence through its impact on elementary crystal-
small niches than additional secondary nucleation. lization processes.

The present results also indicate that straightforward applica- )
tion of the standard nucleation and growth theory may be Conclusion

dangerous. For example, they indicate that it is risky to analyze Twinning by merohedry in PVCH crystdlsis a mild
growth rate data for any polymer without a prior and intimaté pertyrbation that does not change the unit cell orientation and
knowledge of whatever processes may disturb the growth agfects ittle the growth process, but generates domains that can
process. Point et al. has already warned about such possiblge yisyalized by dark field imaging in electron microscopy. It
difficulties and Armistead and Goldbeck-Wood provide a has heen used as a structural probe to determine two processes
critical review on these topics. The present investigation of  inyolved in crystal growth: lateral spread and secondary
PVCH crystals points at growth twins as a possible pitfall that cleation. With each (twinned) secondary nucleation event is
modifies growth rates. associated a twinned lateral spread. The lateral size of the
In a more general context, the very existence of growth twinned domains thus helps measure the lateral spread extent
regimes, although used extensively in this paper as an easyassociated with each (twinned) secondary nucleation on the
means to describe growth processes, appears to be only faintlygrowth face (or in other words the “niche separation”). With
supported by experimental evidence. As already indicated, the proviso of inherent small energy penalties, twinned lateral
growth regimes are, or should be, associated with differencesspread is representative of the crystallographic lateral spread
in the impact of lateral spread (through the relative variations and, by inference, the density of secondary nucleation. Both
of secondary nucleatiorand lateral growtly rates). However,  quantities had eluded all experimental approaches.
the curve of the extent of lateral spread is continuous, and the  ggth the average lateral spread and its variation with

frontiers between the different growth regimes are at best ill e mperature have been determined for PVCH single crystals
defined (Figure 5). The regime |-Hreg|me Il boundary corre- grown in a wide temperature range (£2240°C). The lateral
sponds to a more or less “theoretical” boundary (1.5 stems gpread increases and broadens at high temperatures, decreases
deposited after secondary nucleati®he boundary between and narrows at lower temperatures, ranging on average#rom
regimes Il and I is “established” only in the case of polyethylene, 35 5 60 stems (eacks 1 nm wide), at 120 and 226C

and moreover on a morphological criterion. Armistead and (egpectively. The density of secondary nucleation thus ranges
Hoffmar? analyze indeed the experimental results of Tédad from 30 to 15 per micrometer in the growth layers. These

suggest that the regime | to Il transition is associated with & ghseryations, as well as more specific features uncovered in
significant morphological change in the habit of the PE crystals. s jnvestigation (e.g., increased growth rate associated with
In regime II, the (110) faces of crystals are well developed, factional secondary nucleation at abutting twin planes, or

whereas they tend to become quite small at highe(the clusters of twin planes) are amenable to an analysis that uses

experiments were conducted in poor solvents of PE, namely in yhe ingredients of the standard “nucleation and growth” scheme
higher alkohols). These authors thus conclude that the whole ¢ polymer crystallization. It appears that the crystallization

length of the (11(_)) face at high temperature is covered by lateral range explored in this investigation of solution grown PVCH

growth (thus regime I) whereas at lower temperature, the larger oy stals corresponds to the so-called polynucleation regime or
size of the (110) faces results from multiple nucleation (thus regime I1. The various growth mechanisms uncovered (twinned
regime I1):% secondary nucleation, twinned lateral spread, fractional second-

The existence of growth regimes rests also on the analysisary nucleation) help build up a more complex crystal growth
of growth rate data in terms of the by now familiar log G vs scheme (even for single crystals) than the standard “crystal-
U/TAT plot that displays breaks in the curves with slopes in a |ographic” secondary nucleation and lateral spread considered
ratio of 1 to 28 The existence and location of these breaks so far in polymer crystallization. Moreover, they provide a
depends however critically on the choice of the melting unique and challenging experimental frame that should help
temperaturelp. assess the validity of current theories and modeling procedures

Finally, and as already pointed out earlier, regime Il extends used to analyze polymer crystal growth.
over nearly 2 orders of magnitude of the number of stems
deposited by lateral spread (Figure 5). It might be necessary to  Acknowledgment. We thank Mr. C. Contal (Institut Charles
evaluate if the growth schemes supposed to apply for regime Il Sadron, Strasbourg, France) for his help in the atomic force
(multiple nucleation, including on the developing strip) can be imaging part of this work.
considered as fulfilled over such a wide range of lateral spreads.
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secondary nucleation. Its rate is indeed reduced relative to the ~ Lauritzen, J. I Jr. InTreatise on Solid State Chemistigannay, N.
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