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[. Introduction

It is now universally accepted that polymers with
reasonably flexible chains crystallize as thin lamellae
with chain folding (see schematic drawing in Figure
1). A crystalline lamella is the basic morphological
unit which, in the case of melt-crystallized polymers,
is the building block of larger structures such as
spherulites, row-structures, transcrystalline layers,
etc. The reason that polymer crystals are thin is
entirely kinetic; a thin crystal grows faster than a
thick one, as the addition of short straight stretches
of flexible chains presents a lower entropic barrier
than the addition of long extended chains. Folding
is a necessary accompaniment to lamellar morphol-
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ogy. Thus, it is kinetics driven, unlike the folding in
proteins, which is thought to be thermodynamically
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Figure 1. Schematic drawing of a chain-folded polymer
crystal.

stable. The order in the schematic structure of the
lamella in Figure 1 is certainly idealized, but the
exact nature of the fold surface is still unresolved and
is a topic of continuing controversy, as are some
fundamental aspects of the theory of polymer crystal-
lization. There are a number of reviews and books
on the subject.1>34

Polydispersity has been a greater hindrance to
fundamental studies on crystallization and crystal
morphology than in most other areas of polymer
science. The reason is that, while most polymer
properties depend on some power of chain length L,
in folded-chain crystals of fold length I it is the length
L — ml remaining after m folds that matters in
crystallization. If all chains were the same length,
nearly 100% crystallinity could be achieved by |
adjusting to | = L/m, with m being an integer; thus,
all chains could end exactly at the crystal surface.
However, if a chain is several units shorter than the
others, the final incomplete traverse through the
crystal layer may leave too large a void; thus, the
length L — ml would remain uncrystallized. Polydis-
persity, which would normally be considered low,
may still mean large nonuniformity in L — ml. This,
in turn, causes the loss of a preferred I-value,
reduction in crystallinity, masking of the crystal
surface for surface analysis, etc. Furthermore, partial
fractionation that occurs on crystallization of poly-
disperse material makes it difficult to obtain ac-
curately such essential information as crystal growth
rate dependence on supercooling and thus find deci-
sive experimental evidence to distinguish between
competing crystallization theories. One can approxi-
mate monodisperse polymers by using narrow mo-
lecular weight fractions. However, the way to achieve
truly monodisperse material is to use classical meth-
ods of synthetic chemistry rather than polymeriza-
tion. In the case of polypeptides, it is also possible to
resort to biosynthesis using genetically modified
bacteria. Monodisperse oligomers with a few tens of
chain atoms have been synthesized chemically and
studied for many years, most notably n-alkanes, the
oligomers of polyethylene (see Sections I1.A and 11.J),
and more recently short oligomers of a number of
aromatic polymers.>® Single-crystal X-ray structures
of such oligomers have, e.g., helped in structure
determination of their polymer analogues, since
polymer single crystals are in general far too small
for such analysis.

To be of maximum benefit in studies of crystalliza-
tion and morphology, monodisperse compounds with
chains long enough to fold must be synthesized. Thus
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far, this has been achieved with alkanes, alkane-
oxyethylene block copolymers, nylon oligomers, and
a few sequential oligopeptides. This review will
concentrate on studies of monodisperse systems
where such exist. Research on narrow molecular
weight fractions of polymers will also be covered
where data on monodisperse analogues are scarce or
absent, notably poly(ethylene oxide). Studies of the
crystalline or semicrystalline state of large cyclic
oligomers, long-chain branched model compounds,
and end-group modified chains are reviewed in ad-
dition to those on simple linear chains. Crystallizable
di- and tri-block copolymers are covered only par-
tially, to the extent that they impinge on other topics
in this article and bear on the general subject of
polymer crystallization. The article covers a consider-
able time span in view of the fact that no review of
this kind has been presented in the past. The
exception is an early review by Keller in proceedings
of a conference which, to the authors’ knowledge,
have never been published.”

[I. Lamellar Structure and Chain Conformation

A. Early Studies

Crystalline n-alkanes have been studied for many
years as model chain molecules, and their crystal
structure,®210 crystal growth and morphology,** melt-
ing temperature,'>12 chain mobility,* conformational
defects,>16 self-diffusion,’”*® and other properties
were extrapolated to represent the crystalline phase
of polyethylene. An early comprehensive review of
structural and thermodynamic data was presented
by Broadhurst.*® The extrapolation is valid as the
orthorhombic subcell of most crystalline n-alkanes is
the same as the unit cell of polyethylene. The simi-
larity extends even to the mesomorphic hexagonal
high-pressure phase of polyethylene,?® which has its
counterpart in the rotator phase in alkanes with up
to 40 carbons.?%?2 Already in 1952, crystals of n-
alkanes as long as a hundred C atoms were studied.!!
However, the chain length of the alkanes available
until 1985 remained insufficient for chain-folding,
which limited their usefulness as model polymers.

The first oligomers prepared systematically with
increasing molecular weight that crossed the bound-
ary between extended- and folded-chain crystalliza-
tion were aliphatic oligopamides®®*?* and oligoure-
thanes.?® Both had large monomer repeat units and
could therefore be obtained with comparatively high
homologue purity (e.g., 95%). Their lamellar periodic-
ity I, as measured by small-angle X-ray scattering
(SAXS), was proportional to the average length of
extended chains. However, above a certain molecular
weight, | remained constant, which was attributed
to the onset of chain folding. This is illustrated in
Figure 2. The folding was clearly of the noninteger
type (see Section I1.C) and the model of molecules
following each other as in Figure 37 has been pro-
posed. Similar behavior was also found in a series of
polydisperse low molecular weight poly(ethylene
oxides) (PEO) samples,?® in contrast to the observa-
tions on sharp fractions of this polymer, described
next.
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Figure 2. SAXS long period vs number of monomer units
n in oligourethane HO(CH;),O(CH,),[OCONH(CH_)¢NH-
COO(CH2)20(CH>),]nOH (after ref 25).
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Figure 3. Model proposed to explain the constant lsaxs
value for oligourethanes with DP > 4 (after ref 7).

As PEO oligomers could be obtained with narrow
molecular weight distribution, their solid state and
crystallization kinetics have been studied extensively
since early on. Skoulios and co-workers?” found that
by crystallizing a fraction with M, = 24 000 at
decreasing crystallization temperatures T, the SAXS
lamellar periodicity | assumed discrete values corre-
sponding closely to integer fractions of the average
chain length L, i.e., | = L, L/2, L/3, or L/4. Such
behavior indicates that the preferred crystallization
modes were those which place the chain ends at the
surface of the crystalline lamellae. This is in contrast
to the situation in polydisperse polymers where |
decreases continuously with decreasing T, | being
proportional to 1/AT, where AT = T, — T, is the
supercooling and T, the melting point.

Many of the important findings from the now
classic series of studies by Kovacs and co-workers on
narrow PEO fractions have been summarized in refs
28 and 29. Molecular weight fractions were crystal-
lized from the melt in a wide range of supercooling
AT. Single crystals, large by polymer standards, were
grown from the melt at low and moderate AT, and
revealing experiments were carried out by optical
microscopy. They confirmed the quantization of lamel-
lar thickness, a phenomenon which received further
support from the observation that melting temper-
atures also varied in discrete steps. An opinion has
existed at the time that integer folding in PEO
fractions may be due to the specific nature of the OH
end groups and their hydrogen-bonding tendency. We
shall return to specific aspects of these studies in
subsequent sections.
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Figure 4. Integer folded (IF) forms observed in long
n-alkanes CiooH26 through CsgoHzso. For a given alkane
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B. Integer Folded (IF) Forms

The first monodisperse oligomers showing chain
folding were long normal alkanes synthesized in 1985
independently by Bidd and Whiting® and by Lee and
Wegner.3! Whiting et al. used Wittig coupling in a
sequence of chain-doubling steps. Since at each step
the product and reactants had a molecular weight
ratio of 2:1, it was possible to separate them cleanly
and avoid homologue impurities. The method has
subsequently been perfected and extended to long
alkane derivatives.®?

Crystallization experiments on long alkanes have
been performed both from solution and from melt.
Many orders of small-angle X-ray diffraction were
present due to the high regularity of lamellar stack-
ing. This allowed accurate measurement of lamellar
spacing. At the same time the length of straight chain
segments was determined by low-frequency Raman
spectroscopy using the longitudinal acoustic mode
(LAM). While alkane n-Cip2H20s could only be ob-
tained in extended-chain form, n-C;s0H302 could also
be crystallized with chains folded in two (F2, once-
folded) from solution or by quenching from melt. With
increasing chain length, the maximum number of
folds per chain increased, and the longest alkane,
Csg0H7s2, could be obtained with m = 4 folds, i.e., with
chains folded in five (I = L/5).2® The different chain
conformations achieved by crystallizing Whiting's
alkanes are shown in Figure 4.

In mature crystals the strong preference for integer
folding (IF) was indeed confirmed. In solution-grown
crystals the relationship | = L/(m + 1), with m an
integer, was strictly observed for | measured by both
SAXS and LAM. The agreement for Isaxs was to 0.1
nm. For melt-crystallized alkanes, Isaxs had to be
corrected for the 35° chain tilt with respect to the
layer normal (see Section Il.E). These results on
alkanes have shown that the preference for integer
folding is inherent in monodisperse oligomers and is
not due to the specific nature of the end-groups as
might have been argued in the case of PEO. In fact
it was found subsequently that fractions of methoxy-
terminated PEO also exhibit a preference for integer
folding.34

The fact that the length of a straight chain segment
traversing the crystal (stem length, I5) is known
precisely in IF of a monodisperse oligomer has been
used for the calibration of analytical techniques such
as Raman LAM spectroscopy and for determining
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fundamental polymer parameters such as equilibri-
um melting point and ultimate elastic modulus of a
polymer.

Raman spectra of certain crystalline polymers and
their oligomers show a series of identifiable LAM
bands in the low-frequency region, corresponding to
symmetrical longitudinal backbone vibration modes.
In the simplest approach, the stem is considered as
a continuous elastic rod, the frequency of the vibra-
tion being®

where E is Young's modulus of the chain, p the
density, and j the vibration order (only odd orders
are Raman active). The fact that LAM frequency is
inversely proportional to the straight stem length I
makes this a valuable technique for studying polymer
morphology. Extended chain monodisperse oligomers
are ideal for testing eq 1,%738 and finding the value
of E, since Is = L. Although eq 1 has been commonly
used in the past, weak interlamellar forces result in
an upward shift of v. Thus according to Strobl et al.,°
who studied alkanes C,Hzni2 with 33 < n < 94,

_ 2236j 2.2

iTh—16 + j 2)
The associated elastic modulus of polyethylene is E
= 290 GPa. However, the critical test of eq 2 is in
the Is — o region. The results for long extended-chain
alkanes up to Cy4Hsg0 Were at variance with eq 2 and
obeyed the simple v, — 0 1/n law, with v — 0 as | —
o and with E = 350 GPa.*?4! Recent experiments
point to end-surface disorder as a possible cause of
the discrepancy. In the longest pure alkanes, very
slow crystallization from the melt is needed in order
to create a highly ordered end-surface; this was found
to result in higher v than the more rapid crystalliza-
tion.*> Furthermore, alkane mixtures give lower »
than pure alkanes. The above discrepancy is thus
possibly due to the lack of surface order in the longest
alkanes used in previous studies. That surface dis-
order has a noticeable effect is also borne by the
observation by Khoury et al.*® that the LAM fre-
quency of n-CzsH74 and n-CyyH19o is affected by end
group packing; the effect was attributed to differences
in methyl end group interaction.

While the interlamellar forces in n-alkanes are
weak and their contribution to the LAM frequencies
is small, in systems with strongly interacting chain
ends the effect can be very pronounced.** For ex-
ample, while in n-alkanes, the ratio vs/v, is around
2.8, quite close to 3 as expected from eq 1, vs/vy is
only 2.1—-2.3 for monodisperse oligo(oxyethylenes)
and PEO fractions.*>#¢ In PEO fractions, this effect
makes it difficult to distinguish between LAM-3 of
the extended chain conformation and LAM-1 of the
once folded chain, and peak assignment must be
made with caution. The helical conformation of PEO
accounts for its low elastic modulus (25 GPa), as
obtained from LAM frequencies.*’

Linear oligomers have been used extensively in the
determination of polymer melting points. The equi-
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librium melting temperature of an ideal polymer
crystal, though fundamentally important in crystal-
lization, cannot be determined directly. Instead, it is
often obtained by extrapolation to infinite chain
length of melting points of a series of extended-chain
oligomers. Early extrapolations were based on the
presumption that both the enthalpy and entropy of
fusion were linear in the number of repeat units n
per chain.*®1° However, in their analysis of melting
points of alkanes C11H23 to C100H202, Flory and Vrij'?
suggested that a nonlinear term R Inn be included
in the entropy of fusion to account for the “unpairing”
of chain ends upon melting of the crystal. Their
extrapolation leads to a 4 K increase in the equilib-
rium melting point of polyethylene (from 414.5 to
418.5 K), but the quality of fit was hardly improved
compared with previous equations!® as pointed out
by Wunderlich.'® The validity of the term R Inn is
supported by studies on PEO fractions,*® while
evidence for it is not clear in long-chain ketones.*°

The melting points of long alkanes with 150 < n <
390 were found to be consistently lower than pre-
dicted by Flory's theory.31:33 This has been discussed
in terms of the premelting effect.5 Assuming a
constant entropy change due to premelting, Carlier
et al. found a linear relationship between the melting
points T, of oligomers and the value (Inn + C)/n
where C is a constant.>? These authors have carried
out extrapolations for polyethylene (11 < n < 390),
poly(tetrafluoroethylene) (5 < n < 24), poly(methyl-
eneoxide) (4 < n < 22), poly(ethylene oxide), poly-
(etheretherketones) (PEEK, 1 < n < 4), and poly-
(phenylene sulfide) (PPS, 1 < n < 7). Studies of
melting points of folded-chain PEO fractions have
shown that, for a given fold length I, the melting point
increases with increasing total chain length L, i.e.,
with increasing number of folds per chain.>® End- and
fold-surface free energies for PEO were derived.
These parameters were also derived for polyethyl-
ene,>*% using melting point data for different IF
forms of n-alkanes.3? Melting points of monodisperse
linear and cyclic oligo(oxyethylenes) were found to
be in general agreement with the Flory-Vrij expres-
sion, provided “segment” and “repeat unit” were
appropriately defined.'?6

C. Noninteger Folded (NIF) Form

While mature alkane crystals show a strong ten-
dency for integer folding, when melt crystallization
was monitored in real time by SAXS using synchro-
tron radiation, it was found that below the extended-
chain growth temperature region the initial lamellar
periodicity | was a noninteger fraction of L, even after
correcting for tilt.5¢ It corresponded to a fold length
between L and L/2 and was dependent on crystal-
lization temperature T, and time. These “noninteger
folded” (NIF) lamellae subsequently transformed
isothermally by thickening to extended-chain or, at
lower T., by “thinning” to once-folded (F2) chain
lamellae with hairpin chain conformation. In Figure
5a the real-time SAXS recording of isothermal crys-
tallization of Cy4sH494 Shows the rapid emergence of
NIF marked by the strong first-order peak. This is
followed by its demise and concurrent replacement
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Figure 5. Time evolution of SAXS during isothermal
crystallization of (a) n-alkane Cy46H494 at T, = 111 °C and
(b) branched alkane C95H193CH(CH3)CQ4H189 at T, = 110
°C from the melt. Abscissa scale is marked in q (in A1)
and d = 27/q (in A). In panel a, the spectra were recorded
sporadically after the first 5 min. Time t is counted from
the moment of reaching T.. In panel b, time frames of 12
s begin from the start of cooling and T. is reached in frame
4. In panel a, the first-order NIF peak is initially by far
the strongest, while in panel b, centered at 170 A, itis weak
and short-lived (from 59 with permission of American
Chemical Society).

by the once-folded form. Subsequently, NIF and its
transformation to IF forms were also found in PEO
fractions.57:%8

The nature of the NIF form, at least in alkanes,
has only been understood after electron density
profiles normal to the lamellae had been recon-
structed using SAXS intensities of a number of
diffraction orders.® It turns out that NIF is up to one-
third amorphous, with some chains integrally folded
in two and others not folded at all but traversing the
crystalline layer only once (see Figure 6b). These
latter chains are only half-crystalline, with their
protruding ends, or cilia, forming the amorphous
layer. From the crystalline layer thickness I, deter-
mined from the electron density profile, and from I_am
= L/2, determined from time-resolved Raman spec-
troscopy,’! it was established that the chains are
tilted at 35° to the normal in the crystalline layers.

Compared to the integer F2 form, NIF allows
crystals to grow faster since not all chains need
attach “correctly”, i.e., with their ends flush with the
crystal surface (Figure 6a). However, if the lamella
is to grow, nearly half the chains do need to be placed
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Figure 6. Schematic representation of molecular deposi-
tion on the crystal growth face (a, d), the NIF form (b, e),
and the F2 form (c, f) for a linear alkane (a—c) and the
branched alkane CgosH193CH(CH3)Co4H1g9 (d—T). (From 59
with permission of American Chemical Society).

“correctly” and crystallize fully with a fold in the
middle. Otherwise the overcrowding at the crystal—
amorphous interface, caused by the doubling in cross-
section of chains emanating from the crystal,®® would
build up unsustainably. It is because of this over-
crowding effect that lamellar crystals of flexible
polymers cannot grow laterally without chain folding.
More information on the surface overcrowding effect
is provided by studies of alkane mixtures (see Section
11.J).

The growth of semicrystalline NIF in preference
to that of the highly crystalline F2 form is a typical
example of crystallization Kinetics controlling poly-
mer morphology. The best known example is, of
course, the very fact that thin folded-chain crystals
form in preference to the more stable extended-chain
crystals.

It is interesting to compare crystallization of a
linear alkane with one having a methyl branch in
the middle, C96H193CH(CH3)C94H189. Thereisa strong
tendency for methyl branches to be rejected to the
lamellar surface and CgsH193CH(CH3)CosH1g9 persis-
tently gives F2 crystals (for more on branched oligo-
mers see Section I1.1). Figure 5b shows the evolution
of SAXS during isothermal crystallization of the
branched alkane. The appearance of the small NIF
diffraction peak at | = 170 A is succeeded im-
mediately by the emergence of the comparatively
strong 104 A peak and its higher orders attributed
to the once-folded form. The rapid NIF — F2 trans-
formation can be explained by the fact that here the
only successful deposition mode of the first stem (first
half) of the molecule is one which places the branch
at one lamellar basal surface and the chain end at
the other (see Figure 6d). This leaves the molecule
with an uncrystallized cilium at one end only, its
length being precisely half the chain. Such a cilium
is ideally suited to complete a second traverse of the
crystal. Thus, although some cilia remain uncrystal-
lized during primary formation of the lamellae, giving
rise to the NIF form (Figure 6e), when they subse-
guently enter the crystal, it is relatively easy for the
F2 conformation to be achieved (Figure 6f). In
contrast, for a linear alkane in the NIF form, a half-
crystallized molecule generally has a cilium at each
end; neither of them is long enough to complete a
second traverse without rearrangements involving
the whole molecule. In the sequence melt — NIF —
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Figure 7. Schematic representation of the transformation
from (a) NIF (four layers shown) to (c) mixed folded-
extended (FE) forms (two triple layers shown) in long-chain
n-alkanes with around 200 C atoms. The intermediate
stage in panel b should not be taken literally, as the cilia
are likely to crystallize simultaneously with their coales-
cence in the middle layer (from ref 61, by permission of
Elsevier Science Publishers).

F2, the melt — NIF step is fast but the NIF — F2
step (“lamellar thinning”) is slow in linear alkanes.
The reverse is true for the branched alkane.

As described, the process of “lamellar thinning”,
after NIF formation, consists for most alkanes of the
uncrystallized cilia finding their way into the crystal
layer (Figure 6, panels b, c, e, f); the overall long
period | is reduced gradually while the crystalline
thickness I; remains constant. Recently, however,
another more efficient mechanism of NIF transfor-
mation has been discovered for n-alkanes in the
length range of 200 carbons.5 Instead of folding back
into the crystal, the half-crystallized NIF chains
translate cooperatively down and up in alternative
layers. All cilia emanating from two adjacent crystal
layers thus converge in the space between them (see
Figure 7b) and crystallize. This results in a triple-
layer crystalline superlattice in which once-folded
and extended chains are mixed in the outer two
sublayers, while the middle layer contains only
interdigitated portions of unfolded chains (Figure 7c).
The “mixed integer” character of this form has been
confirmed by Raman LAM spectroscopy. Similar
examples of cooperative lamellar transformations and
complex superlattice formation have recently been
found in Y-shaped branched alkanes and long alkane
mixtures (see Sections I1.1 and 11.J).

Even though the NIF form in PEO fractions
behaves in a similar way to that in long alkanes, it
is not clear at this stage if it has the same structure.
The fact that the oligomers are not monodisperse is
partly responsible for this uncertainty. While NIF
density profiles have not been reported for PEO,
published time-resolved SAXS curves can provide a
qualitative clue. Whereas the model of NIF in Figure
7 gives rise to high SAXS intensity which diminishes
with the decrease in the amorphous fraction I/I, there
would be no significant change in intensity upon the
NIF — IF conversion in the case of the model in
Figure 3. This can be seen from the simple general
expression for the total small-angle scattering inten-
sity Q for a two-phase lamellar system:®?

Ia Ia 2
Q:T 1—T(A77) 3
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Figure 8. SAXS curves recorded during isothermal crys-
tallization of PEO fraction M, = 3000 at 43 °C. The initial
NIF peak (first order) at t. = 2 min gives way to extended
and F2 peaks at approximately 5 x 10-3 and 10 x 1073
A-1, respectively (from ref 58 by permission of John Wiley
& Sons).
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Figure 9. DSC crystallization exotherm for PEO fraction
M, = 3000 at 43 °C. Compare with Figure 8 (from ref 58
by permission of John Wiley & Sons).

where Ay is the crystalline-amorphous electron den-
sity difference. Figure 8 shows a series of SAXS
traces recorded during isothermal crystallization of
a M, = 3000 fraction of PEO at 43 °C, while Figure
9 shows the corresponding DSC exotherm. The
overall SAXS intensity does not appear to change
much from the first frame (2 min), dominated by the
NIF peak, through to the end of the experiment when
only the extended and the F2 forms are left. However,
at t = 2 min crystallization had only just started
(Figure 9), while it is complete at t = 15 min. This
indicates that the initial NIF form scatters consider-
ably more strongly than the IF forms, which would
support the two-phase NIF model in Figure 6 and
Figure 7. A hybrid model of NIF in PEO has been
suggested in the drawing in Figure 10.%® This modi-
fies the model in Figure 3, having chains trail each
other through the crystal layer of noninteger thick-
ness, with added loops rather than cilia forming the
noncrystalline phase responsible for high SAXS
intensity. Electron density reconstruction may help
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Figure 10. A proposed model of the structure of NIF form
in PEO fractions. The black dots represent OH groups
(after ref 63).
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Figure 11. Schematic models of E + F2 crystals of PEO
fractions: (a) with internal, (b) with external H-bonds. The
models were proposed on the basis of LAM spectra. Model
b was preferred (from ref 38 by permission of American
Chemical Society).

resolve this structure by establishing the crystalline
thickness I..

The model of NIF in Figure 6 and Figure 7, as well
as that in Figure 10, also appears to be consistent
with the “self-decoration” effect observed in PEO
fractions,?8%* whereby growing chain-folded crystals
become decorated by dense overgrowth on their fold
surface after quenching. Surface nucleation by cilia,
i.e., NIF, is most likely to be responsible, since
extended-chain crystals show no such decoration (see
Figure 39 and Figure 46).

Raman LAM studies on PEO fractions crystallizing
below the F2 melting point consistently show a NIF
band with frequency intermediate between those of
extended and once-folded chains.®®5” This contra-
venes both the LAM and electron density evidence
for the alkanes according to which the length of the
straight stem in NIF is always half the chain length.
It was found that the noninteger LAM band in PEO
transforms with time into F2 and E bands, but no
amount of annealing could remove the F2 band
completely.5” The origin of the discrepancy between
the observations on NIF forms in alkanes and PEO
is unclear and the structure of NIF in PEO fractions
remains essentially unresolved. It ought to be men-
tioned that LAM in PEO is much more sensitive to
end-effects (end-group type, see Section I1.G, inter-
lamellar interaction) and intracrystalline packing as
compared to alkanes.*465

The persistence of the F2 LAM band on annealing,
without the presence of a SAXS or a DSC melting
peak corresponding to F2 lamellae, has led Kim and
Krimm?38 to propose a tentative model of once-folded
chains embedded into an extended-chain lamella (see
Figure 11b). A similar structure, proposed in a
preceding study® (Figure 1la) was dismissed on
grounds that it would transform easily to the ex-
tended chain form.
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Figure 12. (F—E) Characteristic FTIR spectrum of {110}
chain folds in solution-grown single crystals of n-alkane
CiogH30s (spectrum of extended-chain crystals subtracted
from that of once-folded crystals); (PESC) solution-grown
single crystals of polyethylene; (bulk PE): melt-crystallized
linear polyethylene. All bands are CH, wagging defect
modes except the CH; band at 1378 cm™2. Spectra recorded
at 110 K (from ref 68 by permission of Elsevier Science
Publ.)

D. Fold- and End-Surface

The nature of the fold surface of polymer crystals
has been a controversial issue for several decades.
Models have ranged from the highly ordered, with
tight adjacently re-entrant folds (idealized in Figure
1),2 to the random re-entry “switchboard” model with
loose loops.®® One of the reasons for the controversy
is the lack of a suitable conformation-sensitive sur-
face technique. However, perhaps a more important
reason is the fact that even in solution-grown single
crystals an amorphous layer of cilia and probably
adsorbed chains covers the fold surface.®” Monodis-
perse long alkane crystals grown from solution in an
integer folded form have the advantage of not con-
taining cilia and thus having the fold surface uncov-
ered. This was taken advantage of in recording the
IR spectrum of chain folds in crystals of alkane
N-C1ogH308.58 It was ascertained first by electron
microscopy of surface-decorated®® crystals used that
the folds were predominantly in the {110} planes.
The spectrum of extended-chain crystals was sub-
tracted in order to obtain the spectrum of pure folds.
In the methylene wagging range, sensitive to con-
formational defects, the fold spectrum at room tem-
perature was almost indistinguishable from that of
amorphous polyethylene, indicating that a range of
fold conformations were present. However, at low
temperature, the fold spectrum differed considerably
from that of bulk polyethylene (see Figure 12). It was
dominated by bands at 1368 and 1345 cm™!, the
former being due to gtg defects and the latter ap-
pearing to be specific to regular {110} folds. Signifi-
cantly, the prominent gg band at 1352 cm~* almost
vanished at low temperature. The 1345 cm~* band
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Table 1. Parameters of Inter-crystalline Layer for Extended (E) and Once-Folded (F2) Chain Long Alkanes

Derived from SAXS

electron deficiency
temp per unit area of
interlayer, « (electron A-2)2

integral width of
interlayer (1)
(from Fourier
synthesis) (A)

width of interlayer from
« assuming noncrystalline
density = 0.85 g cm~3 (A)2

sample form (°C)
C194H390 OF Ci198H308
melt-crystallized E rt 0.66
120
solution-cryst F2 rt 0.40
C246H494
melt-crystallized E rt 0.66
122
F2 rt 0.73

linear polyethylene
melt-crystallized rt 2.4

13 150

26°

8 17¢

13 26°

320

14.5 18¢
48

a Using absolute intensity SAXS data.”® ® From ref 75. ¢ From ref 77.

also appears as a shoulder in the low-temperature
spectrum of polyethylene single crystals, but not in
that of bulk polyethylene. A band at 1345 cm™! has
been suggested to represent tight folds by previous
studies of polyethylene using curve deconvolution.”

The observed high conformational uniformity, i.e.,
“tight” folds, could not have been attained at low-
temperature had the folds not been connecting ad-
jacent stems in the first instance. A switchboard-type
fold surface would not have produced the spectrum
at the bottom of Figure 12, but rather one like that
at the top of the figure.

A band of moderate intensity has been observed
at 1080 cm™! in the Raman spectrum of once-folded
solution-crystallized n-alkane CiggH33s.”> This spec-
tral region is associated with C—C stretching vibra-
tions of methylene sequences containing gauche
bonds. Extended-chain shorter alkanes (n-CssHgs,
Nn-C;2Ha46) did not show this band. The 1080 cm™!
band is also observed in semicrystalline polyethyl-
ene.”® Low-temperature spectra were not reported.

Information on the density profile across the in-
tercrystalline chain-fold or chain-end layer can be
obtained from SAXS intensities.”*”® Table 1 gives
experimental data describing the state of the lamellar
surface layer in E and F2 forms of two long al-
kanes.”7677 The electron density profile normal to
the layer surface is proportional to the mass density
profile in the case of alkanes. This has a minimum
as one crosses the inter-crystalline gap. The integral
of that minimum (k) and its integral width (l,) are
listed. As can be seen, solution-grown crystals have
the smallest inter-crystalline gap («), although it is
spread over a width of 17 A (l,), hence the gap is
shallow. Melt-crystallized alkanes have a similar I,
but the gap is deeper. The gaps for E and F2 forms
are similar, but the relative contribution of the
interlayer is of course twice as large in the F2 form.
In comparison, « for polydisperse polyethylene is
much greater.

As mentioned earlier, in addition to n-alkanes, pure
monodisperse nylon 67 and nylon 6,67 oligomers
have also been successfully synthesized with suf-
ficient length to form chain-folded crystals. Once-
folded chain crystals of nylon 6 nonamer and decam-
er,8981 and twice-folded crystals of nylon 6 17-mer®?
have been obtained from solution and studied by
means of X-ray and electron microscopy and diffrac-

T
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Figure 13. A once-folded conformation of nylon 6 nonamer
with an amide fold (a) and of decamer with an alkane fold
(b). (After ref 80).

tion. Nylon 6 oligomers were found capable of forming
alkane folds or amide folds, although it was thought
previously that amide folds could only be found in
nylon 48 and nylon 4,6.84 Symmetrical once-folded
conformations of 9-mer and 10-mer, consistent with
the measured SAXS long spacings, have different fold
types (Figure 13). The crystal subcell is that of nylon
6 a-structure with hydrogen-bonded sheets. On the
basis of molecular mechanics calculation aided by
simulation, it was concluded that the folds were in
the plane of the sheets. In 12-amide and 16-amide
nylon 6,6, only once-folded crystals have been ob-
tained.® Temperature-induced structural changes in
crystals of monodisperse nylon 6 and nylon 6,6, such
as unfolding, intersheet shear, and orthorhombic-
pseudohexagonal transition, have also been studied.®

Several monodisperse model proteins with repeat-
ing sequences of amino acids have been biosynthe-
sized by the recombinant DNA technique and have
had their structure studied.®® Multigram quantities
were produced in pilot fermentators. Thus, poly(L-
alanylglycine), poly(AG), with alternating alanyl and
glicyl units, was prepared with two different chain
lengths: (AG)ss and (AG)240.8” Structural studies were
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(b)

Figure 14. (a) Top view of a single antiparallel g-sheet of
biosynthesized monodisperse poly(alanylglycine). Fold length
is commensurate with the octapeptide periodicity. Vertical
dotted lines indicate H-bonds. (b) Arrangement of 3-sheets
into 3-D crystal. Sheets lie horizontally. Energy-minimized
model refined using X-ray data (from ref 87, by permission
of the American Chemical Society).

carried out on pressed partially oriented crystal mats.
The structure was found to be similar, but not
identical to that found previously in oriented films
of synthetic poly(AG) and fibers of corresponding silk
fibroin.®88 The structure was that of antiparallel
pB-sheets, i.e., layers of internally hydrogen-bonded
chains in the 2, zigzag conformation, with adjacent
chains oriented in opposite directions. In silk I,
extended antiparallel chains form stacked strands of
pB-sheets. In biosynthesized (AG)s4, the chains are
folded. The antiparallel arrangement is compatible
with adjacently re-entrant chain folding. In poly(AG)
a fold occurs after every 8 amino acids, as determined
from the observed X-ray spacing of 32 A. The 32-A-
wide f-sheets were stacked to form a 3-D crystal, as
suggested in the computer model in Figure 14. Note
that the individual g-sheets are polar as the methyl
groups not involved in the folds are all either above
or below the plane of the sheet.

The following polypeptides of the type [(AG)EG]n
(E = glutamic acid) have also been prepared by
biosynthesis: x =3, n=36;x=4,n=28;x=5,n
= 20; and x = 6, n = 14.8%:90 Structural studies were
carried out on [(AG)sEGlss. The basic pattern of
antiparallel S-sheets of folded chains forming 3-D
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Figure 15. Temperature dependence of relative intensities
of the first order (001) small-angle X-ray diffraction for
n-alkanes CssHq74, Ca4Hgo, CasaH190, and linear polyethylene
(from ref 93 by permission of National Institute of Stan-
dards and Technology).

crystals was present here too. The measured fold
length of 32 A was found to be commensurate with
the length of the chemical repeat of eight amino
acids. The fold occurred at the glutamic acid position,
so that the layers had carboxylic groups on their
surface.®®® A similar structure was also found in a
related polypeptide which had the alternative tri-
(alanylglycil) segments reversed, i.e., [(AG);EG-
(GA)EG]10.°* In both cases, the X-ray data were
compatible with molecular models containing the so-
called y-fold. A y-fold encompasses two planar amide
groups, whereas a f-fold contains only one amide
group. Most globular proteins contain y-folds. Since
y-folds are found in both poly[(AG)sEG] and poly-
[(AG);sEG(GA)EG], it was concluded that interaction
between sheets is not the primary factor determining
the fold type.

Returning to long n-alkanes, it was found that
when the once-folded crystalline CigsH39s is heated
from 110 K to room temperature, the IR spectrum of
chain folds changes from that in Figure 12 (bottom)
to one that is not very different from that of amor-
phous polyethylene.®® This indicates reversible con-
formational disordering with increasing temperature.
While remaining adjacently re-entrant, the loops
become looser. Reversible thermal disordering of the
fold-surface in long alkanes is particularly pro-
nounced close to the melting point.4:22

A similar reversible thermal disordering of the
surface layer has also been observed in extended-
chain alkanes, starting from the early work on
Nn-CosH190,%® Where the effect has been compared to
the premelting phenomenon in polymers.®* This is
illustrated in Figure 15 where the temperature-
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Table 2. Relative Intensities of the “Crystalline”
Signal in the Magic-Angle Spinning *C NMR Spectra
of Alkane n-CigsHsszs (ref 95)

T (°C) internal CH; a-CH; CHs;
27 0.96 + 0.05 0.87 £ 0.05 0.79+0.1
87 0.92 £+ 0.05 0.63+£0.1 0.42 +£0.1

p
p R
f 190

N A

()

!

Figure 16. Model used to calculate equilibrium surface
disorder in once-folded chain crystals of n-alkanes. Left:
complete order. p = density (after ref 40).

induced increase in SAXS intensity for extended-
chain alkanes and polyethylene are compared. The
close relationship between the “noncrystalline frac-
tion” I/l and SAXS intensity is evident from eq 3.
While in relative terms the intensity increase for
polyethylene is the smallest, in absolute terms it is
in fact the largest. Table 1 shows the increase in the
interlayer widths between room temperature and
close to the melting point for extended-chain Cig4H390
and CassHags.

Solid-state *C NMR experiments on extended-
chain n-CyggH33s have shown the strong reversible
thermal disordering of chain ends very clearly.% The
methyl and a-methylene signals are clearly distin-
guished from those of inner methylenes; the respec-
tive “crystalline” (all-trans) signals are at 16.1, 25.7,
and 33.6 ppm, while their “amorphous” (conforma-
tionally averaged) counterparts are at 15.5, 24.2, and
31.5 ppm. The relative intensities of the “crystalline”
component are shown in Table 2 for 27 and 87 °C.

The problem of smooth vs rough surface in a crystal
of once-folded alkane has been treated quantita-
tively.*® The method is similar and somewhat simpler
for extended chains. The calculation was based on
the model in Figure 16. In the figure on the left, | is
exactly equal to L/2. This allows only two configura-
tions of the molecule: hairpin up and hairpin down
(only one is shown in Figure 16). However, if the
surface is allowed to be rough, many more configura-
tions become available, as shown on the right. A self-
consistent mean field approach was adopted where
the interaction potential profile v was iteratively
matched against the density profile p. v takes the
form of the error function whose width is defined by
the standard deviation o (step function with 6 =0 in
the extreme case on the left). Protruding ends were
allowed rotational isomeric freedom while the folds
were kept tight in this simple model. Standard
thermodynamic parameters for polyethylene were
used and the resulting free energies vs ¢ are plotted
in Figure 17a. Smooth surface (6 = 0) is favored only
below ca. 200 K, the minimum in free energy moving
to larger 6 (increased roughness) with increasing
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Figure 17. Molecular free energies (a) and internal
energies (b) vs surface roughness parameter ¢ at different
temperatures for once-folded alkane crystal, using the
model in Figure 16. Circles mark the free energy minima.
The dashed line shows the temperature dependence of
equilibrium energy (after ref 40).

temperature. The corresponding energies are shown
in Figure 17b, the dashed curve delineating the
temperature dependence of the equilibrium state
energy. The premelting, or surface roughening, is
evident. The dashed curve in Figure 17b should be
compared to the temperature dependence of SAXS
intensity (Figure 15 and ref 92) and of enthalpy (see
Figure 5a in ref 92).

More about the fold surface can be learned from
studies of cyclic compounds (see Section II1.F).

E. Chain Tilt

Closely associated with lamellar surface disorder
is the phenomenon of chain tilt. In many crystalline
polymers, chains are often tilted relative to the layer
normal. In polyethylene, this leads, e.g., to the
“hollow pyramid” shape of solution-grown single
crystals.! Further, chain tilt is believed to be respon-
sible for lamellar twist in melt-crystallized spheru-
lites.?5°7 The development of tilt is associated with
crystallization or annealing at high temperatures.
Thus, e.g., perpendicular-chain lamellar morphology
in rolled polyethylene transforms into “parquet-floor”
morphology on annealing.®® Crystal lamellae with
tilted chains are obtained at high T, from the
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melt.%%1% |n solution-grown crystals of long alkanes,
whether folded or extended, the chains are perpen-
dicular, while in those grown from melt, chains are
tilted.®3% As in polyethylene, the difference has been
associated with T, being lower in the former case. In
polyethylene and long alkanes the tilt is usually 35
degrees, which means that the basal plane is {201}
instead of {001} as in the case of perpendicular
chains. The {201} tilt arises when each consecutive
chain along the a-axis is shifted by one lattice period
in the chain direction. Such tilt allows chain ends and
folds an increased surface area, by a factor of 1/(cos
35°), while maintaining the crystallographic packing
of the rest of the chain intact.'%?

In apparent agreement with the behavior of poly-
ethylene, shorter n-alkanes crystallize with perpen-
dicular chains as long as T; is below ca. 60—70 °C.8
This is true for odd-numbered alkanes; even-num-
bered ones display a more complex behavior due to
molecular symmetry.'® At higher temperatures in
alkanes such as Cs3Hgs, a {h01} tilted form is brought
about through one or several discrete transitions.1°
In this case, tilt is associated with equilibrium
surface disorder, and the absence of tilt with high
end-group order. When perpendicular-chain solution-
crystallized n-alkanes with more than ca. 50 carbons
are heated, chain tilt is introduced gradually. Up to
CosH190 Crystals melt before a tilt of 35° is reached,%3102
whereas for alkanes CiggHsgs and longer, the 35° tilt
angle is attained, remaining constant until the melt-
ing point.1% The change is mostly irreversible, i.e.,
the tilt remains on cooling, which is also often the
case with shorter alkanes.

While the lack of tilt in alkanes such as CssHes is
identified with high surface order, in polyethylene,
it was attributed to a rough disordered surface.®”104
Experiments with a recently synthesized!®® end-
deuterated long alkane, C;2D25C192H384C12D25, have
provided direct proof that the latter is indeed the case
for long chains.1®® As expected, solution-grown ex-
tended-chain crystals have perpendicular chains
which gradually tilt to 35° with increasing temper-
ature, as determined by SAXS. However, parallel IR
spectroscopy experiments reveal that, instead of
increasing in disorder, the crystal surface becomes
more ordered at higher temperatures. At all times,
crystal interior is more ordered than the surface, but
internal order improves only marginally on anneal-
ing. The above assertions are evident from the
temperature dependence of CH; and CD; bending
modes, shown respectively in panels a and b of Figure
18. In ordered orthorhombic crystals of pure H or D
species, these bands are well-resolved doublets due
to crystal field (Davydov) splitting. The reduced CD,
splitting indicates positional or orientational disorder
of the deuterated surface layer. Since isolated or
amorphous chains show no splitting, the singlet
component around 1089 cm~! in the unannealed (25
°C) sample is attributed to excursions of the C;,Dz5
group outside the crystal or inside the hydrogenous
layer. With increasing temperature, these excursions
disappear (Figure 18b).

The above evidence suggests that low-temperature
solution crystallization produces a high degree of
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Figure 18. (a) CH, and (b) CD, deformation bands in the
IR spectrum of extended-chain solution-grown crystals of
end-labeled n-alkane C12D25C192H384C 12D 2s. The sample
was annealed at the temperatures indicated (in °C) and
the spectra recorded at 110 K (from ref 103).
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Figure 19. Schematic representation of deuterium end-
labeled chains in a crystal as-grown from solution (a) and
after annealing (b). The end-group disorder in panel a
causes the reduction in CD band splitting in Figure 18b
(from ref 103).

translational disorder with randomly staggered chain
ends (see Figure 19a). With increasing temperature
and mobility, this frozen-in disorder is reduced as
uniform stagger with chain tilt replaces the random
stagger (Figure 19b). Further support is provided by
recent experiments which show that, where it was
possible to melt-crystallize extended-chain long al-
kanes at a high supercooling, perpendicular chains
were obtained; these would tilt on subsequent an-
nealing.1% In light of the above evidence, the model
of “buried folds”, i.e., randomly staggered folds, which
has been invoked in the past as a possible solution
to the surface overcrowding problem,®” merits at-
tention in the case of crystals grown from melt or
solution at low temperatures. The experiments on
C12D25C192H384C12D25 show that, once annealed, the
crystals retain tilted chains, with subsequent heating
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Figure 20. (a) Structure of the chain fold in crystalline
monoclinic cycloalkane c-(CH,)s4, representative of the
{100} fold in polyethylene (after ref 109); (b) calculated
minimum energy conformation of a {110} chain fold in
orthorhombic polyethylene (after ref 116).

and cooling causing only reversible changes in sur-
face disorder, in agreement with the ideas discussed
in the preceding section.

The observation that in polyethylene crystals lat-
eral faces with perpendicular chains grow faster than
those with tilted chains®®°7 is in agreement with the
above link between orthogonality and high kinetically
induced surface disorder. A parallel situation exists
in shorter even-numbered n-alkanes with 28 or more
carbons, where a form with perpendicular chains and
comparatively rough surface results from rapid melt
crystallization, despite the stable structure having
smooth {011} tilted basal planes.'® Thus, the only
case where orthogonality is due to a highly ordered
surface appears to be that of odd-numbered shorter
alkanes.810

A new crystal structure with tilted chains has
recently been found in pentamer of nylon-6 and
nylon-8, termed A-phase.'®® Molecules are in the all-
trans conformation and hydrogen bond to antiparallel
neighbors to form the usual nylon 6 hydrogen-bonded
sheets. However, in this structure, the sheets stack
with progressive c-axis shear, and consequently, the
molecular layer thickness is noticeably reduced.

F. Cyclic Oligomers

Large cyclic alkanes crystallize as collapsed rings
consisting of two straight stems linked by two
folds, 1097111 (cf. Figure 21a). For this reason they have
been studied as model folded polyethylene chains.
Cycloalkanes up to (CH;)es Were synthesized by Schill
et al.''? and up to c-(CH,).gs by Lee and Wegner.3! It
has been reported that cycloalkanes up to c-(CH3)ss
are monoclinic, while ¢c-(CH;)7, and c-(CH3)gs Show a
mixture of monoclinic and orthorhombic modifica-
tions, depending on crystallization conditions.”2111
The large ring c-(CH3)144 was always orthorhombic,
irrespective of crystallization conditions.”? Ortho-
rhombic refers here to the subcell, involving only four
CH; groups; this cell is the same as that in long linear
alkanes and polyethylene.

In monoclinic cycloalkanes, unlike in the ortho-
rhombic ones, the zigzag planes of the two stems are
parallel to each other (see Figure 20a). The folds in
monoclinic cycloalkanes may therefore be represen-
tative of polyethylene folds lying in the {100} plane,
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Figure 21. (a) Packing of collapsed rings into crystalline
layers; (b) Side and top view of two proposed possible
conformations of the folded large cyclic PEO M, = 10 000
(schematic, from ref 122 by permission of American Chemi-
cal Society).

i.e., connecting adjacent stems along the crystal-
lographic b-axis. Such folds are expected primarily
in melt-grown polyethylene crystals, where {100}
growth face is dominant, but not in the rhombic
solution-grown crystals where {110} folds prevail .13
In the orthorhombic form, the zigzag planes of the
two cycloalkane stems are nearly perpendicular to
each other, rather than parallel, and the folds in
orthorhombic cycloalkanes may therefore be repre-
sentative of {110} folds in polyethylene (Figure 20b).

Using atomic force microscopy (AFM), lamellar
surface of normal and cyclic alkanes Cz3Hgg, C3cH74,
(CH,)4s, and (CHy,)7»> was examined to atomic scale.''4
In the cycloalkanes, the observed images are consis-
tent with adjacent re-entry {100} folds in a mono-
clinic crystal structure.

Room-temperature IR spectra of monoclinic cy-
cloalkanes (CH,), with 30 < n < 96 show three bands
whose intensity increases as 1/n, associating them
in some ways with the fold.''> These are the 1344
cm~! CH wagging band, already discussed in Section
11.D, as well as bands at 1442 and 700 cm™1, presum-
ably CH bending and CH rocking. In melt-crystal-
lized c-(CHy)72 and c-(CHy)gs, Which contain an ortho-
rhombic fraction, bands at 1368 cm~* and around
1300 cm™1 are also seen, which signifies the presence
of gtg defects; the gg band at 1352 cm™ is also
present. These results can be rationalized by consid-
ering the minimum energy tight fold models: a ggtgg
conformation for a {100} fold (monoclinic cycloal-
kanes) and possibly a gtggg*g* for a {110} fold
[orthorhombic cycloalkanes (see Figure 20b)].1*® The
observed spectra could be understood assuming (a)
that the 1342—1344 cm™* band represents strained
gg sequences [monoclinic cycloalkanes and once-
folded orthorhombic n-alkanes at low-temperatures
(see Section 11.D)], and (b) that the 1352 cm~* band
represents relaxed gg sequences (orthorhombic once-
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folded n-alkanes and cycloalkanes at room temper-
ature). Low-temperature spectra of cycloalkanes have
not been reported. The calculated energy of a model
{110} fold (20.4 kJ/mol) is somewhat higher than that
of a {100} fold (16.3 kJ/mol).**® This is consistent with
the smaller rings being monoclinic and larger rings
orthorhombic. It would appear that stem packing
favors the orthorhombic form while folds favor the
monoclinic form.

A detailed solid-state 3C NMR study on c-(CHy)12,
c-(CHy)24, and c-(CHy>)36 has been carried out resulting
in the assignment of chemical shifts for a number of
rotational isomeric sequences in alkanes.'*” Chemical
shifts for carbons at the center of sequences gtgg, gttg,
ggtt, tggt, gttt, and tttt were identified. The assign-
ments were based on low temperature spectra, since
at higher temperatures the cycloalkanes investigated
transform into highly conformationally disordered
crystals with a pseudohexagonal structure.'*®119 |n
terms of enthalpy and entropy, as well as number of
nonplanar conformers, this “mesophase” is closer to
the melt than to the ordered crystal. It has therefore
been compared to the high-pressure hexagonal meso-
phase in polyethylene, rather than to the “rotator”
phase in linear alkanes with n < 40.120

Even in the largest cyclic alkane synthesized,
c-(CHy)2ss, only the “extended” ring conformation has
been observed, i.e., the two stems constituting the
collapsed ring did not fold further.3!

Cyclic PEO has been prepared in two ways: (a)
with narrow PEO fractions as starting material,
using ring closure Williamson reaction?122 and (b)
as monodisperse rings, effectively large unsubstituted
crown ethers.1?27126 The largest monodisperse ring
prepared and used in crystallization studies was c-E,;
(E = CH2CH0), or 81-crown-27. In the latter case,
the two stems of the collapsed ring were found to
have the same helical tgt conformation and the same
monoclinic subcell as linear PEO chains.*?® In con-
trast, smaller rings show a different crystal struc-
ture.’* The boundary was found to lie between c-E1¢
and c-E15.'%® The melting points of the ring com-
pounds were significantly higher than those of their
linear analogues, an effect attributed to a decreased
melting entropy.

Rings prepared from commercial PEO fractions had
M, up to 10000 (equivalent to c-Ez,7).122 SAXS and
Raman LAM measurements showed that for M, =
6000 such cyclic polymers crystallize as collapsed
rings forming layers, as in the case of the large crown
ethers and cycloalkanes (see Figure 21a). However,
the cyclic polymer of M, = 10 000 crystallized in a
folded conformation when cooled from its melt at
moderate rates. That is to say, each stem of the
collapsed ring was folded again in two (see Figure
21b). When the M, = 10 000 sample was crystallized
slowly at a high temperature, the conformation of the
extended collapsed ring (Figure 21a) was obtained.

A Raman study has shown that LAM-1 frequencies
of cyclic PEOs in the range 1000 < M, < 3000 are
only 1.8 times higher than those of their linear
counterparts.*?” This is in contrast with cycloalkanes,
where the LAM-1 frequency of c-(CHy), is nearly
exactly twice that of linear CyHp+2.1%8
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Small ring oligomers of several other polymers
have been synthesized, and their crystal structures
determined. Thus, relevant to the industrially im-
portant cyclic impurities in poly(ethylene terephtha-
late) (PET), the structures of the low-temperature!?®
and the high-temperature3® modifications of cyclic
PET trimer have been determined. The structure of
cyclic dimer of poly(butylene terephthalate) (PBT)
has also been determined3! in order to help under-
stand a mechanically induced polymorphic transition
in the parent polymer. Limited crystallization work
has been done on the otherwise extensively studied
cyclic oligosiloxanes;'%? the object was “cold crystal-
lization” near the glass transition temperature.

Cyclic main-chain liquid crystal oligomers have
been shown to display a number of crystalline poly-
morphs in addition to smectic and nematic phases.'33
These collapsed rings have rigid mesogens in their
“stems” while folds form selectively in the flexible
spacer. Significant difference between even and odd-
membered rings are seen, particularly where the
flexible spacer is short.

G. Oligomers with Specific Endgroups

Prior to the synthesis of long n-alkanes in 1985,
the narrowest molecular weight distribution achieved
in paraffinoid chain systems in the 100—400 C-atom
range was a,w-dicarboxylic acids produced by selec-
tive oxidation of solution-grown polyethylene single
crystals. Nitric acid or ozone treatments3* were
applied to remove the fold layer, and the length of
the remaining alkanoic diacid was determined by the
thickness of the original crystalline layer; this, in
turn, could be controlled by the choice of crystalliza-
tion or annealing temperature. The carboxylic end
groups have also been reduced, resulting first in o, w-
dibromoalkanes and, finally, alkanes. While crystal-
lization studies on alkanes thus produced have not
been reported, both the long diacids and dibromides
showed only continuous change of long spacing with
crystallization temperature.t3

Most linear oligomers can be regarded as having
“special” end-groups, and as stated at the beginning,
one of the reasons for synthesising long alkanes was
the similarity of end groups with the bulk of the
chain. In a number of studies of PEO fractions, which
are normally OH-terminated, methoxy-terminated
equivalents (MPEO) were also examined for com-
parison. Thus, it was found that crystallization is
more rapid in MPEO compared to that in PEO and
that the same is true for subsequent transformation
of NIF into IF forms.3* OH groups show a degree of
hydrogen bonding, as evidenced by IR spectroscopy.
The self-diffusion coefficient of MPEO in the melt was
found by spin—echo NMR measurements to be higher,
by a factor of 1.17, than that of PEO, although the
activation energies were the same.

There has been some evidence from TEM®5 and
Raman# that hydroxy-terminated PEO fractions
form double-layer crystals, but doubts have been
expressed subsequently.®® End-group interaction in
low-molecular weight PEO fractions certainly has a
pronounced effect on LAM frequency. The following
two linear relationships were found between the
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Figure 22. Schematic representation of the vibrational
displacement describing the first (a) and the second (b)
LAM modes for a molecular dimer in a-methyl,w-hydroxy-
[oligo(oxyethylenes)]. Longitudinal displacement is pre-
sented as transverse (from ref 47 by permission of Ameri-
can Chemical Society).

frequency of LAM-1 mode (in cm™') and reciprocal
chain length (in A):38

PEO: v, =1161.1L7"
MPEO: v, =1094.7 L™!

The case for double layer formation in PEO-type
oligomers has been made in a series of monodisperse
o-methyl-w-hydroxy[oligo(oxyethylenes)], or C;E,OH,
where p is the number of oxyethylene units.*” The
authors have applied the dynamic model by Minoni
and Zerbi** to describe the two strongest LAM peaks
observed in Raman spectra. These correspond to
what can be described as first and second modes of a
dimer (see Figure 22).

When a series of OH-terminated monodisperse
oligo(oxyethylenes) and PEO fractions were com-
pared, it was found that in the former case H-bonding
has a considerably stronger effect in increasing the
LAM-1 frequency relative to methoxy terminated
chains.'?! This stronger H-bonding was attributed to
the regularity of the end-surface in monodisperse
compounds.

Short-chain fatty acids are well-known to crystal-
lize as double layers due to dimerization by hydrogen
bonding.%% Recently, however, bilayer crystallization
has been demonstrated in a very long-chain n-
alkanoic acid, C191H393COOH.%37 Figure 23 shows a
series of SAXS curves recorded during slow cooling
of the acid from the melt. The traces in the front
represent the bilayer phase crystallized at the high-
est temperature. Odd diffraction orders of the 410 A
periodicity are dominant, which is compatible with
the electron density profile in Figure 24a, with
carboxylic layer maxima and methyl layer minima.
Below 129 °C, crystallization switches to producing
205-A-thick monolayers, as indicated by the apparent
intensification of even-order reflections. In the mono-
layer form, carboxylic groups are evenly distributed
between either surface of the crystal layer (see Figure
24b). IR spectra show that most carboxylic groups
are H-bonded both below and above the melting
point.**8 C19;H393COOH dimers thus act as supramo-
lecular chains of twice their molecular length. Crys-
tallized in bilayers and monolayers, they can be
considered, respectively, as extended and once-folded
supramolecules. The two corresponding melting points
differ by 2 °C, compared to a difference of 3 °C
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Figure 23. SAXS traces (Lorentz corrected intensities vs
q) of N-C;9;H33sCOOH recorded during cooling an already
partially crystallized sample at 0.3 °C/min from 132 to 112
°C. Bragg spacings corresponding to the observed peak
positions, recording temperatures and diffraction orders of
the bilayer phase are marked (from ref 137 by permission
of American Chemical Society).
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Figure 24. Schematic sketches of the double layer (a) and
monolayer (b) structure of n-C;9;H33sCOOH. Circles rep-
resent carboxylic groups. Electron density profiles, E(x),
are shown schematically on the right (from ref 137 by
permission of American Chemical Society).

between the melting points of extended and once-
folded alkane CzgoHqg2 (see Table 3).

A comparative study has been performed on PEO
fractions with molecular weights 3000 and 7100
having the following end-groups: hydroxy (HPEO),
methoxy (MPEO), t-butoxy (TPEO), and phenoxy
(PPEO).** Initial NIF long period Isaxs obeyed the
¢/(AT) dependence, with the constant ¢ decreasing in
the series MPEO, HPEO, TPEO, PPEO. A similar
descending series MPEO, TPEO, HPEO, PPEO was
found in NMR diffusion coefficients. The diffferences
are generally more pronounced for the 3000 fraction.
The NIF — IF transformation was also found to be
retarded in the less mobile oligomers. Since the bulky
end-groups tended to promote NIF rather than
disfavor it, the results seem to support a model of
NIF in which chain ends remain outside the crystal
layer.

H. Monodisperse Block Copolymers

Although many block copolymers have a narrow
molecular weight distribution, they will not be re-
viewed here as they present a broad subject of their
own. Short uniform di-block chain compounds have
been prepared and extensively studied in cases such
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Table 3. Comparison of Melting Points of the Two Lamellar Forms of n-Alkanoic Acid Ci9;H393COOH with Those

of Integer Forms of Alkanes CigsH3z90 and CszgoH7s2 (ref 138)

compd form Tm (°C) form Tm (°C)
C1o4H390 extended 126.2 + 0.3
C191H393COOH monolayer 130.0 £ 05 bilayer 131.9+0.3
CsgoH7s2 once-folded 129.0 £ 0.3 extended 132.0£0.3

as alkyl-perfluoroalkyl diblocks4?14! and alkyl-oligo-
(oxyethylene) and similar nonionic surfactants. The
current review is limited to long, truly monodisperse
di-block and tri-block chain molecules. By doubling
and tripling monodisperse ethylene glycol oligomers,
such as pentadeca(ethylene glycol), Booth and co-
workers prepared several series of C,E,C, triblock
copolymers, where E, denotes p-mer of ethylene oxide
and C, a normal alkyl end-group C,Hzn1. FoOr p =
25, the E segment was crystalline (helical conforma-
tion) and extended, with the alkyl chain ends either
amorphous (small n) or in a disordered crystalline
state similar to the rotator phase (intermediate n).
For n > 26 and at lower temperatures, the structure
is dictated by the alkyls forming ordered crystalline
layers. Here the E blocks are noncrystalline although
in the predominantly planar zigzag conformation
which better matches the cross-sectional area of the
alkyl groups. From SAXS measurements it was
concluded that for smaller p the E blocks are es-
sentially extended, but for p = 15 and 25 they are
once-folded. Only for p > 452 can both blocks be
nearly completely crystalline. Extended, once-folded
and noninteger forms are observed; the NIF converts
to one of the IF forms at a higher temperature
through melting and recrystallization.

Monodisperse diblock oligo(ethylene oxide) mono-
n-alkyl ethers have also been prepared and stud-
ied.1*3 Oligomers with hydroxy-ended E-blocks formed
bilayer crystals (cf. Section 11.G and Figure 22), and
the methoxy-ended oligomers formed monolayer crys-
tals. The helical oxyethylene blocks were perpendicu-
lar to the layer plane, while the alkyl blocks were
generally tilted at 30° to the layer normal. Monodis-
perse triblock oligomers with a central methylene
block and outer oxyethylene blocks were also studied
subsequently** and both fully crystalline and partly
crystalline structures were found, with chains in
wholly trans-planar and mixed trans-planar/helical
conformations.

An AFM study was carried out on thin crystalline
films of a diblock and a triblock poly(oxyethylene)/
poly(oxybutylene) (E/B) copolymer deposited on sili-
con.'#® At room-temperature E blocks are crystalline
and B blocks are amorphous. The crystal thickness
determined from AFM was compared to the bulk
layer spacing determined by SAXS. It was shown
that E41B2E4; largely crystallizes in a monolayer
form with unfolded E blocks at the substrate and
folded B blocks at the polymer—air interface and
with the E blocks tilted at an angle of ca. 40° to the
substrate normal. Multiple layers with a common
step height were observed for the diblock E3;Bg
crystallites, which were largely comprised of un-
folded chains, also with E block tilted at an angle of
ca. 40°.

|. Branched Oligomers

Cheng and co-workers have studied 2-, 3-, and
4-arm branched oligomer fractions where the PEO
arms are connected via a benzene ring. Symmetrical
two-arm PEO oligomers were prepared by coupling
two chains of a PEO fraction with 1,4-benzene
dicarbonyl dichloride.’#® In the material with the
arm’s molecular weight M2 = 2200, NIF crystals
form initially, followed by apparent thinning during
subsequent annealing. The lamellar spacing of NIF
is longer than the extended chain length of one arm
but shorter than that of the two-arm PEO. The long
spacing of the final crystal, as well as its melting
point, are similar to those of linear PEO with the
length of a single arm. Similar but more complex
behavior was observed in the two-arm PEO with M2
= 5500, where individual arms have the ability to
fold.

Three two-arm PEOs with the same arm length
(Mp2 = 2200) but coupled via different substitutions
(1,2-, 1,3-, and 1,4-) of the benzene rings were further
studied.'#"148 The broad melting peak for samples
crystallized at low supercoolings was regarded as
composed of two overlapping components, and so was
the first-order SAXS peak. It was postulated that the
SAXS peak with shorter spacing corresponded to the
extended chain conformation of the two-arm PEO,
whereby one layer of benzene rings exists between
two neighboring lamellae, while once-folded two-arm
PEOs would have two phenylene layers lying be-
tween neighboring PEO lamellae and thus have a
longer spacing. It was found further that by changing
the coupling angle of the arms, i.e., changing from
1,4- (180°) to 1,2-substitution (60°), the extended
conformation became increasingly difficult to achieve.

In the case of three- and four-arm PEOs, it was
found that at low supercoolings the initial NIF
lamellae undergo continuous thinning.*4° However,
the final system has a 10—15% lower crystallinity
(after weight correction for the coupling agent)
compared to that of the equivalent linear PEO,
suggesting that uncrystallized PEO arms exist be-
tween the crystalline layers. At high supercoolings,
the long period remained constant. On subsequent
heating the crystallinity decreases by about 10%
(partial melting) and only increased slightly (by
1—-2%) upon prolonged annealing. The underlying
mechanism remains unclear.

Melt- or solution-crystallization of alkanes CggHig3-
CH(CH3)C94H189 and C95H193CH(C4H9)C94H18,WhiCh
contain a short branch in the center of an otherwise
linear chain, always produced the once-folded (F2)
conformation (see Figure 6f). In melt-crystallization,
this is formed via a very short-lived NIF intermediary
stage, see Figure 5b and Figure 6e. As described in
Section I11.C, the rapid NIF — F2 transition is
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Figure 25. Schematic drawing of different lamellar
structures observed in asymmetric methyl-branched alkane
C191H383CH(CH3)CooH199 (a); (b) semicrystalline form ob-
tained at high T; (c) double layer crystalline form obtained
from panel b on cooling; (d) semicrystalline form obtained
at low T; (e) triple layer crystalline form obtained from
panel d on cooling. Chain tilt is neglected in this and Figure
26, for simplicity (from ref 151).

believed to be due to the initial preference for
“correct” chain attachment dictated by the exclusion
of the branch to the lamellar surface.

The above butyl-branched alkane was studied by
solid-state 13C NMR, alongside its linear analogue
Ci9gH39s, to establish the solid-state diffusion coef-
ficient.?>° Both alkanes were in the once-folded form.
The progressive saturation experiments have shown
that the longitudinal relaxation of magnetization is
consistent with a solid state chain diffusion process.
Reptation and one-dimensional diffusion models were
demonstrated to satisfactorily represent the data.
The addition of the branch to the alkane chain was
shown to result in a decrease in the diffusion coef-
ficient, which ranged from 0.0918 nm? s for the
linear chain to 0.016 nm? s~ for the branched chain.
These diffusion coefficients are consistent with those
of polyethylene.

Asymmetrically methyl-branched alkane Ci91H3g3-
CH(CH3)CgoH199 (Figure 25a), synthesized recently,1%
has been studied by real-time SAXS.'®! The com-
pound can be crystallized in two different semicrys-
talline forms, depending on crystallization temper-
ature T.. Electron density reconstruction has shown
that in each case the structure consists of alternating
crystalline and amorphous layers with respective
thicknesses I and I, (Ic + 1o = 1). In the first form,
obtainable only at high T, the longer arm of the
alkane crystallizes as extended chain, while the
shorter arm remains as a cilium, contributing to the
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Figure 26. Schematic drawing of lamellar structures in
Y-shaped alkane C;20H241CH(Cs1H123)C119H239 (8); (b) high-
temperature semicrystalline form; (c) low temperature
double layer crystalline form; (d) the hypothetical energy
favored but kinetically unattainable structure (from ref
151).
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amorphous layer (Figure 25b). At low T, another
semicrystalline form is obtained. Here I; is smaller
and is determined by the length of the shorter arm.
As shown in Figure 25d, the extended shorter arm
and part of the longer arm may contribute to the
crystalline layer, with the remainder of the long arm
staying in the amorphous layer.

When either of the semicrystalline forms of the
asymmetric alkane are cooled, they transform to a
double-layer and a triple-layer crystalline structure,
respectively. These 1-d superlattices are described as
ABAB... and ABAABA... stacks of crystalline layers
as depicted in Figure 25, panels ¢ and e. Note that
the structure in Figure 25e is related to the mixed
integer “folded-extended” structure in some pure
n-alkanes (Figure 7c¢) and in binary mixtures of long
n-alkanes (Section 11.J, Figure 30b).

Y-ShaDEd alkane C120H24;|_CH(C51H123)C]_19H239, which
has two long and one shorter arm (Figure 26a), has
also been prepared'®® and investigated.'®> A semi-
crystalline structure was found in the high-temper-
ature region, with the crystalline layer thickness
being determined by the length of the long arms.
From the thickness of the amorphous layer I, it was
concluded that some molecules have both their long
arms crystallized, but others have only one crystal-
lized, the other two remaining in the amorphous
layer (see Figure 26b). A double layer crystalline
superstructure is formed in a transition on subse-
guent cooling, with one layer containing only long
arms of the molecules and the other layer containing
both extended short arms and folded long arms (see
Figure 26c).

From the observations on branched PEO and
alkanes more general conclusions can be drawn about
the overcrowding problem at the crystalline—amor-
phous interface in polymers and about the mecha-
nism of chain deposition during crystal growth. Thus,
e.g., although for the Y-shaped alkane the energeti-
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Figure 27. Binary phase diagram of the n-alkane system
Ca3H4s—CysHs,. Phases denoted with capital letters R, O,
and M refer, respectively, to rotator, orthorhombic and
monoclinic (from ref 157 by permission of Materials Re-
search Society).

cally most stable state is that in Figure 26d, this state
has proven to be kinetically unattainable. Further,
by measuring the thickness of the amorphous layer
I, as a function of time and T, one can obtain detailed
experimental information on the number of chains
crossing the crystal—amorphous boundary, giving
valuable insight into the equilibrium and kinetic
overcrowding effects, fold adjacency etc.

J. Binary Mixtures

A number of early studies have focused on phase
diagrams of various binary n-alkane systems.52-154
General conditions for solid solution were set out by
Kitaigorodskii®® in terms of molecular size and
symmetry. The maximum allowed difference in the
number of C atoms has been stated empirically as>®

=1.224n,,, — 0.411 (4)

r]Iong

Binary phase diagrams of these shorter n-alkanes
have turned out recently to be rather complex and
subtle, even if the chain length difference is minimal
and even in the case of two odd alkanes, where
previously it was thought that miscibility is complete.
Figure 27 illustrates this on the example of CysHag—
CasHs2.157 In the case of even alkanes, although the
stable phases of the individual even component may
be triclinic or monoclinic, the most prevalent crystal
structures of the mixture is orthorhombic at low
temperatures and rotator (usually pseudohexagonal)
at higher temperatures.’®-163 The orientationally
disordered rotator phase allows improved miscibility
close to the melting point, but with increasing chain
length it is destabilized; it has not been seen to play
a role in mixtures of long alkanes.

Because the length difference of the two miscible
components is small, the disorder is considered
mainly in terms of site occupancies close to the
lamellar surface.’>%1%2 Thus, alkane solid solutions
provide good models of surface disorder, which has
been studied by infrared and Raman spectros-
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Figure 28. Proposed structural model of the CzoHg—
CssH74 binary mixture. The CgoHg, and CgsH74 Species are
separated in individual layers, which stack randomly (after
ref 163).

copy.16:164165 Alkane mixtures have also helped un-
derstand the nature of the rotator phase,?160.166 as
well as chain defects and molecular motion in gen-
eral.'8” Phase change induced by mixing has been
utilized in monitoring interdiffusion after crystals of
different alkanes are put in mechanical contact.'’18.168

Beside true solid solutions in which disparate
molecules are intimately mixed, various modulated
lamellar structures were observed in mixtures CzoHe;
+ CasH74,"%° CaoHez + CaoHez, ™ and CagHsg + CagH7a. 1™t
The structural models proposed were mostly based
on random or nonrandom stacking of lamellae which
were essentially composed of pure components!®3
(Figure 28). Recent structural studies have been
extended to multicomponent mixtures.'’?

Crystallization theory and equilibrium thermody-
namics of mixed alkanes have been discussed by
Lauritzen, Passaglia, and DiMarzio'”® (LPD) and
Asbach and Kilian.*™ In the LPD theory, the excess
end-surface energy comes from exposed side surface
due to nonuniformity in chain length. In contrast,
Asbach et al. treat the enthalpy of mixing in more
general terms. LPD theory has been applied to
melting and the solid-state transition of binary
mixtures of n-alkanes.'’®

In contrast to the shorter alkanes, long n-alkanes
were recently found to form solid solutions in a wide
range of compositions, even if the chain lengths of
the components differed by more than 100 C-atoms.
Binary mixtures of long alkanes with the chain
length ratio between 1.3 and 2 have been found to
form predominantly two mixed phases, a high-tem-
perature and a low-temperature one, separated by a
reversible transition.'’® Figure 29 shows SAXS traces
of the high-temperature form of four 1:1 w:w mix-
tures of Ci52Hsz6 With a longer alkane of increasing
length, including pure Cis2H326. The inset shows the
corresponding best-fit electron density profiles per-
pendicular to the lamellae. The central high-density
crystalline layer retains the same thickness I, for all
mixtures; however, the thickness of the low-density
amorphous layer |, increases in proportion with the
surplus length of the longer alkane. Accordingly, the
structural model in Figure 30a was proposed: while
the shorter alkane is fully crystalline and confined
to the crystal layer, the longer alkane chains traverse
the crystal layer and the surplus length, the cilia,
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Figure 29. Small-angle diffractograms of Cis,H326 and of
the high-temperature phase of 1:1 w:w binary mixtures of
Ci62H326 With, from tOp to bottom, Ci94H300, Cs10Hu422,
Ca46H494, and CysgHs;15. The inset shows the corresponding
best-fitting electron density model profiles (from ref 176
with permission of the American Physical Society).

(b)

Figure 30. Schematic structures of (a) the high-temper-
ature semicrystalline phase, and (b) the low-temperature
triple-layer superlattice in binary long alkanes. Model
electron density profiles are shown on the right, with
density increasing from left to right (from ref 176 with
permission of the American Physical Society).

form the amorphous layer. This “semicrystalline
form” (SCF) is related to the NIF form in pure
alkanes (Section I1.C), where the role of the shorter
alkane is taken by folded chains. In contrast to the
NIF form, the SCF in binary alkanes is the thermo-
dynamically stable form within a given range of
temperatures and compositions.t’6177 SCF is also
related to the high-temperature forms of branched
long alkanes (Figure 25b,d and Figure 26b), some of
which are also stable.

Below the phase transition temperature, the SAXS
pattern of the binary mixtures becomes complex, but
curve resolution and Fourier synthesis revealed a
superlattice structure based on a triple-layer repeat
unit as shown in Figure 30b.276 The two outer layers
le contain extended chains of the shorter alkane (e.g.,
Ci62H326) as well as the major portion of the longer
chain molecules (e.g., Co46H404). The middle layer I,
contains only the surplus length of the longer mol-
ecules protruding from the two end-layers. All three
layers are crystalline, although there is evidence from
WAXS, calorimetry and Raman LAM spectroscopy
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Figure 31. Equilibrium phase diagram of the Ci5,H326—
CaasHa04 binary system. xs = molar fraction of Cy6,H326, EXt.
C246 = extended-chain CyssHa94, SCF = semicrystalline
form (from ref 177a with permission of the American
Chemical Society).

that crystal perfection of the middle layer is poor. The
transition between the SCF and the triple-layer
superlattice is thought to occur through a cooperative
process with pairs of SCF layers acting in tandem.
The equilibrium phase diagram of the CieoHz26—
Ca46Hag4 binary system (high-temperature range) is
shown in Figure 31. The most important feature is
the phase boundary of the semicrystalline phase. At
temperatures below the triple point the single phase
SCF was found to be stable in the range 0.56 + 0.04
< Xs < 1, where xs is the molar fraction of the shorter
alkane CisH3z6. The reason that a SCF phase with
Xs < 0.56 is unstable is believed to be due to steric
overcrowding at the crystalline—amorphous inter-
face. In the case of polyethylene it has been recog-
nized that the cross-section area required by an
amorphous chain is at least twice that required by a
straight crystalline chain.'’®18% In polymers, the
overcrowding problem is resolved partly by chain tilt
(see Section I1.E), but for the greater part by adja-
cently re-entrant chain-folding. In the case of a mixed
alkanes with high xs, the overcrowding problem is
resolved by the shorter chains ending at the crystal
surface. However, for xs < 0.56 the problem becomes
insoluble and the excess longer component phase
separates. Since the chains in SCF are tilted by 35°,
it follows that the effective cross-section area of a
chain crossing the crystalline—amorphous interface
increases by a factor of (0.44 cos 35°)~! = 2.8.
Studying shorter n-alkanes, Bonsor and Bloor'™
have suggested the possibility of two short chains
substituting for one longer chain in a solid solution
of molecules with a length ratio 1:2. Their experi-
mental results on the binary system CigH40—CasHoo
were inconclusive. In contrast, in binary long n-
alkanes such as Ci2H246—C246Hag4, crystalline solid
solutions were indeed shown to form readily; how-
ever, in this case the long chains (Ca4sH4904) are either
folded or extended, while the short chains are ex-
tended.'8! The resulting structure is a triple-layer
superlattice, similar to that in Figure 7c, and the
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Figure 32. Temperature dependence of growth rate Gy
of {010} faces of single crystals and Gg of spherulites for
five low molecular weight fractions and a polymer of PEO
(from ref 28 by permission of John Wiley & Sons.).

thickness of the basic layer unit is determined by the
length of the shorter Ci2,Ha46 chain 5!

lll. Crystallization Process and Morphology

A. Stepwise Growth Rate vs Temperature
Gradient

Studies on PEO fractions in the molecular weight
range between 1500 and 12 000 have shown?® that
the slope of the increasing crystal growth rate with
supercooling dG/d(AT) increases sharply at a series
of specific crystallization temperatures T," (m = 1,
2, 3, ...). These mark the transitions between the
growth of crystals with m-1 and m folds per chain.
Figure 32 shows the temperature dependence of the
growth rate from the melt normal to the {010} lateral
face for five low molecular weight fractions and a
polymer (note the log rate scale). The breaks in the
slope at T." are particularly pronounced in low
molecular weight fractions and are completely lost
in the polymer. The existence of such sharp increases
in dG/d(AT) is, at least qualitatively, entirely predict-
able by the secondary nucleation theory once quan-
tization of lamellar thickness is accepted.’® The
supercoolings at which growth transitions occur,
relative to the melting point of extended chains, are
given by

AT" = ZOEA(";::— m(mri 1)/[(m L+ 1) B 6] )

Here o¢) is the fold-surface free energy for L = oo,
and Ahg is heat of fusion. ¢ is a small constant,
reflecting the fact that some finite supercooling is
required for crystal growth (see Section I11.E). Equa-
tion 5 can be used for the determination of accurate
Oe(w) TOr the parent polymer.

According to the secondary nucleation theory,
polymer crystals grow by deposition of layers of stems
on the side surface of the lamella'® (see Figure 33).
Each new layer needs to be nucleated (“secondary”
or surface nucleation), after which it spreads com-
paratively rapidly. The main barrier to secondary
nucleation is the excess side surface free energy 2blo
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Figure 33. Chain deposition on the side surface of a
polymer crystal. o and o, are side-surface and end (fold-)-
surface free energies, b is the width of the chain (after ref
183).

for the creation of the two new surfaces either side
of the single-stem nucleus; here b is the chain width
and o the side surface free energy. For polymer
crystals of fixed fold length I, the slope dG/d(AT)
should be constant within the limited temperature
interval that is accessible for studying.’®* Indeed,
when plotted on a linear scale, the growth rates G
vs AT dependence in Figure 32 does not deviate much
from linearity for a given m.'8 However, linear G vs
AT is also consistent with the alternative polymer
crystallization theory, the so-called “roughness-pin-
ning theory” of Sadler.®18¢ According to this theory,
the difference between nucleation and growth of
molecular layers on the growth face is negligible and
the growth surface is rough rather than smooth (see
Section I11.E).

On closer scrutiny the crystal growth data for PEO
fractions deviated somewhat from those expected
from secondary nucleation theory; there were depar-
tures from linearity of G vs AT near the T,™ transi-
tion temperatures,'85-18 and the value of ¢ derived
from the kinetics was unrealistically low.18”

B. Crystallization Rate Minima and Negative
Order Kinetics

Crystallization rate experiments on monodisperse
n-alkanes have shown a rather different picture. Not
only is there a sharp increase in dG/d(AT) at the
transition between extended and once-folded (or NIF)
crystallization mode (T{:“:l) but the dG/d(AT) gradi-
ent actually becomes negative as Tf‘zl is approached
from above.'® This was found to occur both in crystal-
lization from melt'® and from solution,’® and it
applies both to crystal growth and primary nucle-
ation.™! Figure 34 shows the way G passes through
a maximum and reaches a sharp minimum at the
transition from extended to once-folded chain crystal
growth of CjiggHses from solution for two different
concentrations.’®2 The rate minimum at T ' has
been observed in a number of alkanes from Cis,H326
10 Co94H500.19%71% In alkane Cyg4Hse0, Where crystal-
lization rate from solution is sufficiently low for
T2 to be accessible, a crystallization rate mini-
mum has been observed between the once-folded and
twice-folded growth intervals.’®” A weak minimum
at T'c“:l has also been reported in melt-crystalliza-
tion of a methyl-terminated PEO fraction.%

The negative dG/d(AT) observed in alkanes has
been attributed to an effect termed “self-poisoning”.18°
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Figure 34. Initial crystal growth rate (G, along [010]) vs
crystallization temperature from 1.1 wt % (M, O) and 4.2
wt % solutions (4, A) of Ci9gH30g in 1-phenyldecane. (l, a)
extended chain, (O, A) once-folded chain crystals. T('f and
T are the dissolution temperatures of extended-chain
and once-folded-chain crystals. The retardation in growth
around T4F is caused by “self-poisoning” (from ref 192 by
permission of American Physical Society).

This proposed mechanism recognizes the fact, high-
lighted by the roughness-pinning crystallization theory
of Sadler, that chains wrongly attached to the crystal
surface may hinder further growth. This blocking, or
“pinning”, may be overlooked in polymers, but in
monodisperse oligomers, it becomes very pronounced
as, e.g., the folded-chain melting point TE is ap-
proached from above. Although only extended-chain
depositions are stable, close to Tf,, the lifetime of
folded-chain depositions becomes significant. As ex-
tended chains cannot grow on a folded-chain sub-
strate,?® growth is temporarily blocked until the

folded-chain overgrowth detaches. At TF, itself the
detachment rate of folded chains drops to the level
of the attachment rate and the entire surface is
blocked for extended chains.

The growth rate minima cannot be explained by
the secondary nucleation theory in its present form
because the competing attachments to the growth
face are ignored and the deposition of a whole stem
is treated as a single event.’®® However, the minimum
in G is well reproduced, at least qualitatively, with
even the simplest departure from the classical ap-
proach, i.e., by splitting the stem, or the alkane chain,
into two segments and allowing the second segment
the choice of aligning coaxially with the first segment
(extended chain) or alongside it (folded chain) (see
Figure 35).2%0 The forbidden step is attachment of an
extended chain onto a folded chain. A Monte Carlo
simulation study, where these same selection rules
were applied, has also reproduced the kinetics of the
self-poisoning minimum and has provided some ad-
ditional insight into the crystal shape.?%

Another manifestation of the self-poisoning effect
is the anomalous negative order kinetics of crystal-
lization from solution. In long alkanes, there is a
supersaturation range in which crystal growth rate
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Figure 35. The model of elementary steps as used in the
rate equation and Monte Carlo simulation treatments that
reproduced the self-poisoning minimum. A cross-section
(row of stems) normal to the growth face is shown. There
are three elementary steps differing in their barrier and
driving force: attachment (rate A) and detachment (rate
B) of segments equal to half the chain length, and partial
detachment of an extended chain (rate C). The key self-
poisoning condition is that attachment of the second half
of an extended chain is allowed only if m = 1, i.e,, an
extended chain cannot deposit onto a folded chain (from
ref 200 by permission of the American Institute of Physics).
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Figure 36. Initial crystal growth rate G, (along [100]) and
Gy (along [010]) of C195H30s VS solution concentration at 98.0
°C. (M, A) Extended chain, (O, A) once-folded chain crystals.
Note the negative dG/dc gradient for 1% < ¢ < 3% (from
ref 192 by permission of American Physical Society).

actually decreases with increasing concentration c.192
For n-CigsH39s, this range is from 1 to 3% (see Figure
36). The two-segment-stem rate equation model of ref
200 has been adapted to include solution concentra-
tion, and again, both the G vs c and G vs T minima
were reproduced well (see Figure 37, panels a and
b). The calculated temperature dependence of G
(Figure 37b) should be compared with the experi-
mental data in Figure 34. The unusual retardation
in crystal growth with increasing concentration in
Figure 37a should be compared with Figure 36. This
effect can be explained as follows. For ¢ < 3%, the
attachment rate A is lower than the folded-chain
detachment rate BF, so only extended chains can
grow. However, as ¢ = 3% is approached, A becomes
comparable to BF and an increasing fraction of the
growth face equal to A/BF is covered by folded chains



Learning Polymer Crystallization

G (arb. units)

e
o

©
n

G (arb. units)

e
)

C C (Wt%)

Figure 37. (a) Crystal growth rate G of Nn-CjggHzsos
calculated as a function of concentration at T, = 98.0 °C,
cf. Figure 36. (b) G calculated as a function of T, for ¢ =
1.1% (dashed) and ¢ = 4.2% (full), cf. Figure 34 (c). Binary
phase diagram CjggHzgs — phenyldecane. Equilibrium
liquidus curve T5(c) for extended chain crystals and non-
equilibrium curve Tg(c) for once-folded chain crystals
were calculated, matched to the experimental dissolution
temperatures (M, A) using three fitting parameters. Ex-

perimental TE(C) and Tg(c) values were determined in situ
at near zero heating rate (from ref 192 by permission of
American Physical Society).

at any time. Hence the extended-chain crystal growth
rate is

GF=(@1 - ABR)A - BF (6)

andasc— 3% and A —BF,so GE—0.

Figure 37c shows the alkane—solvent phase dia-
gram calculated by equating A = BE (top curve:
equilibrium liquidus) and A = BF (bottom curve:
metastable liquidus). Imagining that crystal growth
rate G is plotted on the z-axis, and bearing in mind
that on either of the liquidus lines G is zero, the ¢
and T dependencies of G in Figure 37a and b can be

Chemical Reviews, 2001, Vol. 101, No. 12 4177

C162+C98 (75:25 wiw)

Gp (umis)
——

0
110 113 116 119 122TT125

7. (°c)

Figure 38. Crystal growth rate Gy, vs temperature for a
75:25 w:w mixture of Cy6,H326 and CggHi9s. The “poisoning”
minimum at the melting point of CogHj1gg (116 °C) is seen.
The steep increase in G below 112.5 °C (out of scale) is due
to the transition to once-folded CigoHsz6 growth (from ref
203).

visualized, respectively, as horizontal and vertical
cuts through the phase diagram.

If the initial solution concentration c is higher than
that corresponding to the maximum in G, then G will
initially increase during the crystal growth as c
decreases. This auto-accelerated crystallization gives
rise to a further phenomenon, described as “dilution
wave”.*%2 Thus, e.g., crystallization from an initially
4.2% phenyldecane solution of CiggHsgs at T, = 97.4
°C results in folded-chain crystals which soon cease
to grow as the metastable equilibrium is reached
between folded-chain crystals and the pseudo-satu-
rated solution (lower liquidus in Figure 37c). As both
nucleation and growth of extended-chain crystals are
highly suppressed under these conditions, no visible
change occurs for some considerable time, after which
rather suddenly the folded-chain crystals are re-
placed by needle-shaped extended-chain crystals. The
transformation sweeps through the suspension. As
the first extended-chain crystal forms successfully,
it depletes the surrounding solution and thus triggers
the growth of other extended-chain crystals in the
vicinity. A “dilution wave” is thus generated easing
the inhibitory effect of high concentration on extended-
chain growth. The reaction diffusion equation de-
scribing the dilution wave has been found?®! to
coincide with that used in genetics to describe the
spread of an advantageous gene.?’? The wave spread-
ing rate is determined by the polymer diffusion
constant and the crystal growth rate GE.

Recently, a new type of growth rate minimum has
been induced above T in melt-crystallization of
several n-alkanes by the admixture of a shorter
alkane with the melting point between those of the
extended and once-folded-chain crystals of the host.?3
Figure 38 illustrates this on the example of a 75:25
w:w mixture of CiepHszs and CgogHigs. A relatively
small but reproducible minimum is observed at 116
°C, in the middle of the extended-chain growth range
of Cis2Haszs; this temperature coincides with the
melting point of CggH19s. Here the retardation and
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the negative dG/d(AT) slope above 116 °C are not due
to “self-poisoning” but rather to “poisoning” by the
CosHi9s chain attachments which are nearly stable
and are thus blocking the growth face of the host
crystals. Below the temperature of the minimum
there is no drastic increase in dG/d(AT) since (a)
CgsH19s cannot grow rapidly as a minority component
and (b) the growth is retarded by folded-chain
Cis2Ha26 depositions due to the vicinity of TI'
Indeed, below chﬂ=1 =112.5 °C, there is a very steep
increase in G as chain-folded crystallization of Cy6,H326
takes over, incorporating the guest CogH19g chains in
a semicrystalline NIF-type structure described in
Section I1.C.

Lower crystal growth rates in alkane C,6,H326 Were
also reported when a fraction of a shorter (Ci22H246)
or a longer alkane (CzssHaes) was added.?®* The
addition of Cj2,H246 had a somewhat larger retarding
effect.

C. Crystallization and Morphology

The shapes of melt-grown single crystals of narrow
PEO fractions have been studied in great detail by
Kovacs and co-workers.?82%64 Particular attention
was paid to the narrow temperature range of the
extended to folded-chain growth transition. Careful
investigation revealed that there are in fact three
close transition temperatures, one for each of the
three {hk0} growth face types. These differences,
combined with the thickening process, resulted in
“pathological” crystals, to be discussed briefly in the
next section. A more general observation is that more
or less faceted crystals grow at most temperatures,
except just above the transition temperature range
TM=!, where crystals are rounded and sometimes
indeed circular. This has been confirmed by subse-
guent studies, as illustrated in Figure 39.1%8

The discovery of rounded polymer crystal edges®®2%
has motivated Sadler to propose the rough-surface
theory of crystal growth.'8 However, it was shown
subsequently?%6-208 that the curvature of { 100} faces
in polyethylene can be explained quantitatively by
applying Frank’s model of initiation and movement
of steps.2%° Curvature occurs when the average step
propagation distance is no larger than several stem
widths, which places this type of crystal growth at
the borderline between nucleated and rough-surface
type. Thus, the increase in curvature of PEO crystal
faces immediately above T?:l (Figure 39) means a
reduction in the ratio v/i, where i is the initiation rate
and v the propagation rate of new layers of stems. A
connection has been made between the rounding of
PEO crystals and a conspicuous downward deviation
from linearity of measured G vs AT just above
TI=1185 |n the past, the effect had been attributed
to impurities,!® but, subsequently, it was suggested
to have been caused by self-poisoning.?? Since G =
b +2iv, the retardation in G combined with the
reduction in v/i was taken to mean that the propaga-
tion rate of new surface layers v is more obstructed
than their nucleation i. The blocking of nichés
retarding v and leading to a rounded face is sche-
matically drawn in Figure 40.
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Figure 39. Optical micrographs of PEO single crystals
(fraction M,, = 3000) grown from the melt as a function of
crystallization temperature (°C). The extended—folded

chain growth transition T"~" is between 51.2 and 50.2 °C
(adapted from ref 198).

Whereas melt-grown single crystals of PEO frac-
tions become rounded near the extended- to folded-
chain growth transition, crystals of long alkanes show
a whole range of morphologies within the tempera-
ture interval of extended-chain growth, both from
melt and from solution.?®1:192211 Figure 41 shows how
the crystal habit in solution-grown CiggHsgs changes
with decreasing T, from perfect rhombic lozenges
with {110} lateral facets (a), through nearly hexago-
nal “truncated lozenges” ({110} and {100} faces) (b),
through leaf-shaped (“lenticular”) crystals with curved
{100} faces (c, d), finally ending with needlelike
crystals bounded by practically straight {100} faces
just above the growth rate minimum (e). On lowering
T., further chain-folded crystallization takes over and
the habit reverts to that of truncated lozenges (f). At
still lower T, (not shown), the shape changes to
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Figure 40. Schematic representation of a growth face of
an extended-chain crystal with step propagation hindered
by transient folded-chain depositions (from ref 210, by
permission of Kluwer Academic Publishers).

(a)111.2 °C

(c) 106.0 °C

(e) 101.5 °C §

Figure 41. Series of in situ optical micrographs (interfer-
ence contrast) of n-C;9gH305 lamellar single crystals grown
from octacosane (initially 2%) at the temperatures indi-
cated. (a—e) extended chain, (f) once-folded chain. Bar
length represents 10 um (from ref 214).

lenticular and the cycle is repeated. The remarkable
feature is that the T. dependence of crystal habit
within one such cycle is the exact reversal of that in
solution-crystallized polyethylene. In polyethylene
rhombic {110}, lozenges grow at low T, and with
increasing temperature the habit changing gradually
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Figure 42. Initiation rate i (empty symbols) and propaga-
tion rate v (full symbols) of new steps on the {100} growth
face of n-CyseH404 Crystals in 5% octacosane solution as a
function of crystallization temperature. (M, O) Extended
chain, (a, a) once-folded chain (from ref 214).

toward elongated lenticular crystals which grow at
the highest T, from either solution or from melt.207212

The morphological changes described and exempli-
fied in Figure 41 are determined, essentially, by the
temperature dependence of only two parameters: (a)
the ratio of growth rates normal to {110} and {100}
faces, G110/G100 and (b) the ratio v/i for {100} growth.
Thus rhombic lozenges bounded by {110} lateral
faces will be seen for any G110/Gioo = c0s(¢/2), where
@l2 = tan~'(a/b) and a,b are unit cell parameters. As
T, is reduced and the growth minimum is ap-
proached, G110/G1qo increases beyond the value of cos-
(¢/2), and the lozenges become truncated by {100}
faces. The temperature dependencies of Gigo and Giio
are different, and for all alkanes, the growth normal
to {100} faces is more retarded by self-poisoning than
the growth normal to {110} faces. This applies both
to solution?! and to melt crystallization.?°® On the
other hand, the curvature of the {100} faces is
determined by the ratio of step propagation and step
initiation rates v/i on these faces.

The profiles of the curved “{100}” faces in solution-
and melt-crystallized alkanes were fitted to those
calculated according to Mansfield,?% taking account
of the centered rectangular lattice representative of
polyethylene and alkanes.?*® As an example, i and v
values thus obtained are plotted against T, for
CoasHa04 (5% in octacosane) in Figure 42.214 While
both the nucleation rate and propagation rate of steps
on {100} faces pass through a maximum and a
minimum as a function of T,, and then increase
steeply in the chain-folded temperature region, there
is a significant difference in the shape of the two
graphs near the growth rate minimum. In this and
other examples of solution crystallization, initiation
(i) is considerably more suppressed by self-poisoning
than propagation (v), and the slope di/d(AT) turns
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negative further away from the minimum, (i.e., at a
higher temperature) than the corresponding slope dv/
d(AT). At the minimum, the {100} faces are straight
(see needlelike crystals in Figure 41e), this time not
because layer completion is uninhibited, but rather
because i is extremely low.

Comparing the morphological changes in melt-
grown crystals of PEO fractions (see above, Figure
39 and Figure 40) and solution-grown crystals of long
alkanes, we find that v is more affected by self-
poisoning in PEO while i is more affected in the
alkanes. Furthermore, the case of melt-crystallization
of n-alkanes is closer to that of solution-crystallized
alkanes.?®® The difference between PEO and alkanes
is not yet understood.

The cause of the changes in crystal habit with
changing T. in polyethylene, or in any other polymer
for that matter, is unknown. These changes have a
profound effect on morphology of industrial polymers.
Thus, in melt-solidified polyethylene crystals grow
along the crystallographic b-axis with lenticular
morphology similar to that formed from polyethylene
solutions at the highest T, %919 or from long alkanes
at the lowest T, within the extended-chain regime
(Figure 41, panels d and e). Hoffman and Miller?'®
proposed that the retardation in v, leading to curved
crystal edges, comes from lattice strain imposed by
the bulky chain folds in the depositing chains; this
results in strain surface energy os which acts by
slowing down the substrate completion process. To
be consistent with the observed morphology in poly-
ethylene, os would have to be higher on {100} faces
than on {110} faces. However, it is difficult to see
how this argument would apply to crystallization of
extended-chain n-alkanes with no chain folds.

Since the morphological trend with increasing T,
in polyethylene is the exact opposite of that observed
in alkanes, and since the latter seems to be clearly
associated with self-poisoning, it is tempting to
interpret the changes in polyethylene as being due
to an increasing effect of self-poisoning with increas-
ing T.. Self-poisoning in polydisperse polymers, if
present, would be difficult to detect from crystalliza-
tion Kinetics, since lamellar thickness | changes
continuously with T¢, and thus, no rate minima can
be expected. However, self-poisoning is envisaged to
affect crystal growth in the following manner. At any
T., there is a minimum fold length Iin below which
attachments are more likely to melt than be built into
the crystal. However, chain segments which are only
slightly shorter than I, will have a reasonably long
lifetime as well as a higher attachment rate because
of the lower barrier E* = 2blo. This would cause self-
poisoning at any T.. A snapshot of a cut normal to
the surface of a growing crystal might thus look as
in Figure 43. This situation corresponds to the
“Kinetic roughness” in the roughness-pinning model
of Sadler! (see Section I11.E). The reason for self-
poisoning in polyethylene being more pronounced at
higher T., as suggested by morphology, is one of a
number of open questions.

While extended-chain crystals of CigHsze and
CiosH3zgs grown from octacosane at the smallest
supercooling are faceted rhombic lozenges (see Figure
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Figure 43. A possible instantaneous configuration of a
row of stems perpendicular to the crystal surface schemati-
cally illustrating self-poisoning in a polydisperse polymer.
The same picture could apply to a layer of stems depositing
onto the crystal surface and parallel to it; in that case it
would illustrate the retarding effect on layer spreading rate
v (see also Section I11.E).

Figure 44. (Left) An “a-axis lenticular” crystals of Ci6,H326
in 1-phenyldecane grown from an initially 1.0% solution
at 99.5 °C. Interference optical micrograph. Bar length 10
um. (Right) Schematic outline of the crystal, indicating the
four {110} sectors (from ref 211 with permission of the
American Chemical Society).

41a), those grown under similar conditions from
1-phenyldecane have an unusual habit shown in
Figure 44.2'1 This habit has not been seen in poly-
ethylene and it has been termed “a-axis lenticular”
because, unlike the more common lenticular (lens-
like) polyethylene crystals, its long axis is parallel
to the crystal a-axis. In fact, the habit can be best
described as being bounded by curved {110} faces.
The interesting feature is the asymmetry of the
curvature; while the faces are curved at the obtuse
apex, they are straight at the acute apex. This has
been attributed to the propagation rates of steps on
the {110} face being different in the two directions;
the rate v, directed toward the acute apex, is higher
than the rate v, directed toward the obtuse apex.
Similar asymmetry may be expected in other poly-
mers where the growth face lacks a bisecting mirror
plane normal to the lamella.

Crystallization of alkanes from dilute solutions
(typically 0.01% or less) in good solvents such as
toluene results invariably in faceted crystals, as
shown already very early on Cg4H190?*® and subse-
quently on longer alkanes.5®

Morphology of long alkanes is also being studied
in order to evaluate the role of cilia in lamellar splay,
a key factor in the formation of polymer spheru-
lites.294217 The hypothesis is that cilia exert an
entropic repulsive force when crystalline lamellae
approach each other closely. Earlier results seemed
to have indicated that in long alkanes spherulites are
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Figure 45. Optical micrographs, between crossed polar-
izers, of alkane Cj6;H326 to which 10 wt % was added of (a)
C12oH246, and (b) CoseHaos. To =120 °C. The mixture with
the longer-chain guest molecules (b) shows a texture
resembling that of polymer spherulites (from ref 204 by
permission of American Chemical Society).

indeed formed in the folded-chain crystallization
region, but not in the extended-chain region. This
would lend support to the cilia hypothesis, in view
of the NIF structure. Subsequent work has shown,
however, that even extended-chain lamellae splay
and diverge, and the angle of divergence increases
with increasing degree of supercooling. The idea of
transient ciliation has therefore been suggested; the
initial crystalline stem length would thus depend on
supercooling even within the extended-chain growth
regime, the cilium length increasing with increasing
supercooling. It must be recognized, however, that
the transient cilia would have to be confined to a
narrow growth front of the lamellae, since otherwise,
without chain-folding, the overcrowding effect would
prevent further growth (see Sections I1.C and 11.J).

Supporting evidence for cilia being responsible for
lamellar divergence and the consequent tendency for
spherulite formation comes from the morphology of
alkane mixtures.?®* In Figure 45, optical textures are
shown of two mixtures with CigH3zs the majority
component. The sample in Figure 45a has 10 wt %
Ci22H246 added, while the sample in Figure 45b has
the same amount of added CassHa94. The morphology
in Figure 45b has recognizable features of polymer
spherulites, while that in Figure 45a has not. This
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59.39°C (48h)

59.41°C (48h)

Figure 46. Crystals of PEO fraction M, = 6000 grown
from the melt at temperatures indicated, and then quenched
to achieve surface decoration by small spherulites. The
black undecorated areas are extended chain (from ref 28
by permission of John Wiley & Sons).

is attributed to permanent cilia existing in the
semicrystalline form (SCF) of the Cis:H326—Co46H494
blend.

D. Lamellar Thickening

Since the thin lamellar crystals of polymers are
metastable and owe their shape to criteria of kinetics
rather than equilibrium thermodynamics, at elevated
temperatures aided by increased mobility, they often
thicken. The thickening is normally continuous and
logarithmic in time.2® However, already the earliest
SAXS studies of PEO fractions have shown lamellar
thickness to increases in a stepwise manner.?'® Each
step corresponded to one integer folded (IF) form. The
guantized nature of lamellar thickening has proven
highly advantageous in visualizing the thickening
process using different microscopy techniques. Below
are three examples illustrating the use of optical,
electron, and atomic force microscopy.

Figure 46 shows four crystals of PEO fraction M,
= 9000 grown from the melt at the temperatures
indicated.?® As in Figure 39, the crystals were “self-
decorated” by quenching. Crystallization temperature
of 58.50 °C is in the region of once-folded-chain
growth, but the other three temperatures are in the
transition region between folded and extended chain
growth. The folded-chain crystals were grown from
a small extended-chain seed. As the octagonal and
hexagonal folded-chain crystals in the top row of
Figure 46 were growing, the central extended-chain
portion was spreading radially at a slower rate,
maintaining a circular envelope. Here thickening also
involves incorporation of new molecules from the
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Figure 47. Lozenge-shaped crystals of once-folded alkane
CiosH3z9s grown from a 0.02% solution in toluene and
partially thickened isothermally during annealing at T, =
73 °C for t = 5 h. Marker = 1 micron (from ref 220b by
permission of John Wiley & Sons).

surrounding melt. At T, = 59.39 °C, the black
extended-chain portion is rhombus-shaped and di-
rected along the a-axis. At this temperature, the
folded-chain growth in the [100] direction is already
slower than the extended-chain growth, hence an
extended-chain tip progresses ahead of the folded-
chain layer. At 59.41 °C, the folded-chain rate in the
[140] direction also drops below the extended-chain
rate, hence the four additional arms to the extended-
chain star in the pathological crystal in Figure 46d.

Thickening of once-folded and twice-folded n-al-
kane crystals in solution has been studied by DSC
and transmission electron microscopy.??%2%! Figure 47
shows a group of initially lozenge-shaped once-folded-
chain crystals of CiosH30s (cf. Figure 41a) partially
thickened isothermally at T, while freely suspended
in solution.??®® Thickening was found to invariably
start at an apex followed by rapid spreading of a strip
along the sector boundary, i.e., either along the [100]
or the [010] direction. At the end of the process a
network of crosshatched extended-chain strips is all
that remains. Figure 47 contains a number of details
illustrative of the progress of thickening. The ex-
tended-chain strip, which traverses the crystal, wid-
ens with time, consuming the adjacent folded-chain
layer (see, e.g., areas marked A and B). It has been
proposed that material is transported to the thick-
ened strip by slippage along the {110} lattice planes.
Such slippage leaves behind smooth {110} lamellar
edges, as in crystal A. Surface decoration has indeed
shown that the fold regularity becomes severely
disrupted in those areas that had undergone slip-
page.

The slippage within a crystal can be seriously
impeded either by multilayer crystals or where a
portion of the unthickened crystal is bounded on two
or more sides by thickened strips. An example of how
an overlaying layer inhibits slippage is provided by
the crystal marked C in Figure 47. Here it is the left-
hand side which had mainly been consumed in the
widening of the extended-chain strip. It seems that
the slippage of the right-hand side of the crystal had
been prevented by the complex overgrowth on that
side. In fact, the slippage of the left-hand half had
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also ceased when the (110) slip plane reached the
overlying second layer nearby. Thus, the portion of
the folded-chain layer marked with an arrow could
not easily be pulled in by thickening.

Isothermal thickening from F4 to F3 and F3 to F2-
folded forms of Cy94Hsg0 Crystals in toluene solution
shows a rather different pattern.??! Transformation
from chains folded in three to chains folded in two
(F3 — F2) destroys any recognizable crystal shape
and results in an irregular crystal habit with narrow
(20—30 nm) strips of thickened material. Transport
of mass required for solid-state thickening is clearly
more impeded than in the case of F2 — E transfor-
mation in CiggHzges. The F4 — F3 conversion in
Coo4Hsg0 crystals did not proceed at all by solid state
diffusion, judging by the resulting “picture-frame” F3
crystals. This latter morphology implies that “thick-
ening” occurs through dissolution of the F4 crystal
interior and simultaneous F3 precipitation at crystal
edges. It should be noted that in polyethylene,
thickening does not normally take place at T in
solution crystallization; if temperature is raised
subsequently to about T, + 10 °C, picture-frame
crystals may appear.???

If single layer polymer crystals are deposited on a
substrate and annealed, thickening is accompanied
by the creation of holes, as pulling in of material from
the side to feed the thickened regions is severely
restricted.??® However, holes can develop on anneal-
ing even in multilayer crystals.??®> Such “Swiss
cheese” morphology has also been observed using
AFM of annealed once-folded solution-grown crystals
of CiexHsze deposited on mica.??* The thickening
process could in this case also be studied in real time.
Figure 48 shows two out of a series of AFM height-
contrast images taken at different annealing times.
A thickened extended-chain strip is seen to develop
and propagate along the edge of the crystal.

Thickening is facilitated considerably when crystal
lamellae are stacked on top of one another, reducing
the need for large scale transport of matter. Figure
49 shows the changing SAXS curve during continu-
ous heating of a mat of stacked solution-grown
crystals of alkane n-CsgoH7s2 With the chains initially
folded in five (F5).2%> The first and second-order SAXS
peaks are seen to move to lower angles in a stepwise
fashion, the crystals passing through integer forms
F5 — F4 — F3 — F2.

E. Implications for Polymer Crystallization Theory

To discuss the implications of the observed crystal
growth behavior of model chains, certain issues in
polymer crystallization theory need summarizing.
The secondary nucleation theory has been the domi-
nant theory for several decades and has undergone
numerous modifications since its original establish-
ment by Frank and Tosi??¢ and Lauritzen and Hoff-
man (LH).??” As mentioned in Section Ill.A, it as-
sumes that the lateral growth of a crystal lamella of
thickness | proceeds by deposition of layer upon layer
of stems (straight chain segments) of length I, each
layer being nucleated by the deposition of the first
stem (see Figure 33). Deposition of the first stem
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Figure 48. Two out of a sequence of height AFM images
of a crystal of n-CisHs3z6, initially once-folded, recorded
during annealing at 100 °C. The extended-chain form
propagates along the edge of the crystal (from ref 224 by
permission of Elsevier Science).
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Figure 49. Series of SAXS intensity functions recorded
during heating of solution-crystallized n-CzgoH+s; at 2 deg
C/min. The integer forms that the crystals pass through
are marked by the corresponding symbols of their molec-
ular conformation (from ref 225).

raises the net free energy by 2blo — yablA¢, where
o is the side-surface free energy, A¢ the bulk free
energy of crystallization per unit volume, and v is
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Figure 50. Free energy of a new layer of stems on the
lateral growth face of a polymer crystal as a function of
stem length | and the number of stems in the layer, j.
Calculated according to the Lauritzen-Hoffman theory,
withy = 1. (a) AT = 11 °C, (b) AT = 80 °C. Standard data
for polyethylene were used. Case a predicts | = lpin + 6l
with a small dl, while (b) predicts | — .

the “apportioning factor” determining what fraction
of the crystallization energy had been released at the
peak of the barrier during the attachment of a
stem.*® Deposition of subsequent stems (“substrate
completion”) is then fast, since the barrier for each
new stem is only 2abo. — yablA¢ (0. is the end-
surface energy). According to this surface-energy-
based theory, the barrier for deposition of the first
stem is highest of all due to the large surface area
bl. Provided I is larger than the minimum thickness
Imin Of crystals stable at a given T,, attachment of each
subsequent stem reduces the free energy of the new
layer. This is illustrated in Figure 50a, where the free
energy is shown as a function of | and j, j being the
number of stems in the layer. For simplicity, Figure
50 shows the situation for v = 1; for 0 < y < 1, there
would be an additional maximum between each j and
j+1.

The elementary steps in the LH theory are the
deposition of the first stem (rate constant A), deposi-
tion of subsequent stems (A), and removal of a stem
(B). The individual rate constants are of the form
exp[—(barrier)/kT], where f contains the viscosity
factor etc. Hence,

A, = B exp[—(2blo — pablAg)kT]  (7a)
A = B exp[—(2aba, — yablAg)KT]  (7b)

B = f exp[—(1 — y)ablA¢/kT] (7¢)

The whole process is treated as a series of consecu-
tive reactions and the steady-state solution gives the
net flux S, for a given crystal thickness | as

S, =N, Ao(l = %) )
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Figure 51. A series of fluctuations at the crystal growth

face. The squares represent crystallized chain segments.

(a) Steps allowed in the Frank-Tosi model,??¢ (b and c) some
other possible steps (after ref 4).
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No is the total number of stems. Substituting eq 7
into eq 8, we get

S, = AN,{exp[(—2blo + ypablAG)KTT}H{1 —
exp[(—ablAg + 2abo,)/KTI} (9)

The second factor in eq 9 (“driving force factor”)
increases with increasing |, and for | > lnin = 20/
(A¢), it is positive. At small and moderate AT, the
first factor (“barrier factor”) decreases with increasing
I. Hence S(I) has a maximum. The I-value of the
maximum, as well as the average value of I, is
somewhat larger than lnyi,. Thus,

ao=1,,;,+ ol 9)

The secondary nucleation theory is “coarse grain” and
makes a serious simplification by treating the stem
deposition as a single event. The most conspicuous
consequence of this in the application to polymers is
the erroneous prediction of dl increasing and diverg-
ing at large AT, the so-called 6l catastrophe.'®3 The
increase in | would happen because the large increase
in crystallization free energy A¢ ~ ATAS: (s¢ =
entropy of fusion) would cause the energy barrier to
decrease rather than increase with I, as illustrated
in Figure 50b. Setting v < 1 would reduce but not
eliminate the problem; it would in fact only shift the
ol upturn to lower temperatures.

Frank and Tosi??® considered the sequential depo-
sition of stem segments, allowing forward and back-
ward fluctuations, but did not allow folding back until
the stem reached I, see Figure 51a. Thus, their
approach does not eliminate the Jl catastrophe.
However, Point??® did consider the multitude of
pathways in the deposition of the first (nucleus) stem
of a new layer. The stem was allowed to fold after
each deposited segment (see Figure 51, panels b and
c). The elementary steps in the deposition of the stem
were addition and removal of segments, with rate
constants A and B, and the net forward rate of
folding, C,. The solution of the steady-state equation
gave then the value of IJwhich was somewhat larger
than Inin. This removed the 6l catastrophe as it
changed the nature of the free energy barrier from
energetic to probabilistic (entropic). Forming a long
extended stem in a flexible polymer will always be
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less probable and thus slower than forming a shorter
stem, irrespective of AT. Point did not, however,
extend this treatment to the deposition of subsequent
stems, i.e., layer completion was handled as attach-
ment of complete stems.

The most radical departure from LH theory was
that by Sadler,'85186.199 whose theory was intended
to describe crystallization at higher temperatures,
where lateral crystal faces are above their roughen-
ing transition temperature Tgr. High equilibrium
roughness removes the necessity of surface nucle-
ation as there is no surplus free energy associated
with a step. The model is fine grain, and each stem
is made up of individual segments. In a simple cubic
crystal, the roughening transition on a {100} surface
should occur at kT/e ~ 0.6,* where ¢ is the pairwise
nearest neighbor attraction energy. If whole stems
are treated as nondivisible units on a polymer crystal
surface, then ¢ is so large that the surface at equi-
librium is always smooth and flat. However, a simple
estimate shows that, if polyethylene stems were
broken down into segments of no more than six CH,
units, the surface would be thermodynamically rough.
This crude estimate does not take account of con-
nectivity between segments, and there are numerous
problems in estimating Tr of such complex systems
as polymer crystals. However, Sadler argued that the
fact that the {100} faces in polyethylene become
curved at high temperatures indicates the roughen-
ing transition. In contrast, {110} faces with some-
what denser packing of surface chains and hence a
higher € would have a higher Tgr, hence the {110}
faces remain faceted.

To solve the problem analytically, Sadler studied
a simplified model containing a row of stems, i.e., a
cut through the crystal normal to the side surface.
Monte Carlo simulation was also done in parallel,
Surface configurations were allowed to evolve natu-
rally and beyond those in Figure 51b and c. On
average there were multiple temporary attachments
of stems with | < Iin, the outermost stems having
the smallest I. The theory could explain most obser-
vations in polymer crystallization, such as the tem-
perature dependencies of crystal growth rate and
lamellar thickness. The model, like that of Point,
avoids the Jl catastrophe. Sadler's model is often
referred to as the “roughness-pinning” model. Rough-
ness refers to equilibrium and kinetic surface rough-
ness, resulting from splitting stems into segments
and negating the need for nucleation. “Pinning” refers
to the adopted rule that a “buried” segment cannot
move unless the stems that cover it detach. Thus, a
stem is immobilized, or pinned down, even if covered
by only temporary unstable attachments with | < lyn.
The free energy barrier for crystal growth is thus
entropic rather than enthalpic, but in contrast to the
model by Point, a significant contribution comes from
“pinning”.2?°

Most experimental observations on polymer crys-
tallization can be interpreted reasonably well by a
number of crystallization theories, some of which
differ fundamentally in their starting premises. Apart
from the Ol catastrophe, the experimental AT de-
pendencies of crystal thickness and growth rate can
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be explained by most theories. Thus, e.g., the free
energy barrier is roughly linear in | in both LH theory
(=2lbo), as well as in the fine-grain theories of Point
and Sadler (=sT = KT In(w) ™1, where w = p", p being
the number of conformers per segments and n the
number of segments in a stem; hence —sT O n O I).

Experimental results on monodisperse model poly-
mers therefore provide much needed further tests for
the theories. The self-poisoning minimum in particu-
lar can be regarded as one of the key probes,
alongside the dl catastrophe and the curved crystal
faces. As it happens, in the course of their rate
equation analysis Sadler and Gilmer included in their
investigation a model with certain energetically
preferred stem lengths and indeed observed minima
in growth rate vs AT.® Since no such effect had been
observed at the time, the work remained unpublished
until the experimental results on alkane CassHas04
became available.’® The subsequent theoretical and
simulation analysis of the AT 2°° and concentration?®?
dependencies of alkane growth rate was based on
Sadler’s model. In our opinion, only fine grain theo-
ries can describe the minimum. An attempt to
interpret it in terms of the coarse-grain LH theory?%®
had to resort to highly unusual Arrhenius-type terms
and could be disputed on other grounds.?’® The
chances are that Point's model might also predict the
minimum if applied to monodisperse chains; up to
now, this has not been tested. However, it is almost
certain that neither the roughness-pinning theory nor
Point’s model would predict crystal shapes correctly,
the former because it fails to distinguish between
nucleation and growth. On the other hand, Point's
original fine-grain treatment would not be able to
explain the minimum in v, such as that in Figure 42,
because it only applies to nucleation and not to
growth of new layers.

As mentioned in Section II1.C, the fact that the
temperature dependence of crystal habits in polyeth-
ylene is an almost exact reversal of that in alkanes
approaching the rate minimum is an indication that
self-poisoning is present in crystallization of the
polymer and that it is more pronounced at higher
temperatures. Figure 43 tentatively describes the row
of stems normal to a self-poisoned surface in a
polymer crystal. The situation is the same as that
envisaged by Sadler. However, Figure 43 could
equally apply to a layer of stems parallel to the
surface, in which case it would describe retardation
in v, a case not considered by Sadler. Paradoxically,
it is the exact shape of rounded crystals of alkanes
and polyethylene that point indirectly to poisoning
of polymer crystal faces and the similarity with
Sadler’'s model. However, we now know that this
model was conceived by mistakenly associating the
rounding with nonnucleated growth. At this juncture,
it would appear that a synthesis of Sadler’'s model
and the nucleation theory could come close to ex-
plaining most experimental observations in polymers
as well as in monodisperse model compounds. A
similar outcome may potentially be expected from
Point’'s theory, extended to include fine-grain treat-
ment of layer completion.
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Several significant developments in polymer crys-
tallization theory have been made more recently, e.g.,
the two-dimensional nucleation and sliding diffusion
theory of Hikosaka,?3! the two-stage crystallization
model by Strobl,?®> and a number of simulation
studies have been carried out and are in progress.
Past and future experiments on model compounds
will undoubtedly benefit these developments.

IV. Conclusions

Research on model compounds and sharp oligomer
fractions has already had a profound effect on our
understanding of polymer crystallization and mor-
phology. The availability of monodisperse polymers
removes the dependence of this field of science on
essentially impure multicomponent experimental
systems. It also helps close the gap between polymer
science and mainstream chemistry and physics.

The list of achievements made possible with the
aid of model compounds includes (1) discovery of
integer folding, stepwise lamellar thickening, crystal
growth rate transitions, separation of the effects of
temperature and crystal thickness in crystallization
kinetics; (2) visualization and elucidation of the
topology of lamellar thickening, taking advantage of
the enhanced quantized thickness contrast; (3) ob-
servation and structural characterization of transient
noninteger folding and of the subsequent transfor-
mations, new insights into primary chain deposition,
ciliation, and subsequent rearrangements, of rel-
evance to secondary crystallization in polymers; (4)
new 1-D superlattices in mixed long chains, unex-
pected stability of semicrystalline structures, and
experimental determination of the extent of over-
crowding at the crystal-amorphous surface; (5) the
role of cilia in pure and binary systems, the effect on
lamellar branching and spherulite growth; (6) the
discovery of self-poisoning and its unusual conse-
guences for crystallization Kinetics, the resolution of
the effect on the deposition of the first and subse-
guent stems, discovery of poisoning by shorter chains,
the likely effect of self-poisoning on crystallization
and morphology of polymers; (7) elucidation of the
nature of the fold surface and end surface, determi-
nation of the spectral bands due to folds (IR, Raman,
NMR), and new insights into chain tilt and surface
disorder; (8) improved understanding of the effect of
chain length and lamellar thickness on melting point
and Raman LAM frequency, derivation of improved
values for equilibrium melting point and Young's
modulus of polymer chains; (9) better understanding
of end-group effects and bilayer formation; and (10)
of the effect of specific chemical defects and short and
long branches on the crystallization process and the
resulting structure.

There is ample scope for future research. For
example, new monodisperse oligomers are currently
being contemplated, notably aromatic and model
biopolymers. Deuterium-labeled long alkanes are
being studied by neutron scattering and NMR. Fold
surfaces of IF crystals, devoid of amorphous over-
layer, may be amenable to studies by different
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surface techniques. Primary nucleation and high-
pressure studies are underway.

V. List of Symbols and Abbreviations

AFM atomic force microscopy

b width of a molecular chain

E extended chain

E Young’'s modulus

F2, F3, ..., chains folded in two, three etc.

F(m-+1)

Af bulk free energy of crystallization

G crystal growth rate

IF integer folded

i rate of initiation (secondary nucleation) of
a new row of stems on crystal growth
face

j order of the longitudinal acoustic mode
(LAM); number of stems in a layer

L chain length

| long period (Isaxs or I am)

lc thickness of the crystalline layer

la thickness of the amorphous or disordered
layer

I length of straight chain segment travers-
ing the crystal (stem length)

LAM longitudinal acoustic mode

m number of folds per molecular chain

M, number average molecular mass

Mp2 number average molecular mass of an arm
in a branched oligomer

n number of monomer repeat units per chain
(e.g. number of carbons in an alkane)

NIF noninteger folded

v Raman frequency

p number of monomer units in the alterna-
tive block in a diblock or tri-block chain

PEO poly(ethylene oxide)

PET poly(ethylene terephthalate)

Y free energy barrier apportioning parameter

q modulus of the wavevector, q = 4x(sinf)/1,
where 6 is half the scattering angle and
A is radiation wavelength

SAXS small-angle X-ray scattering

SCF semicrystalline form

o side-surface free energy

Oe end- or fold-surface free energy

Te crystallization temperature

Tm growth transition temperature between
m-1 and m folds per molecule

Tm melting temperature

Tr roughening transition temperature

AT =T — T, supercooling

TEM transmission electron microscopy

Y rate of step propagation on a crystal growth
face
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