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Abstract Recent extensive experimental work and the limited theoretical studies of the
phenomenon of self-poisoning of the crystal growth face are reviewed. The effect arises
from incorrect but nearly stable stem attachments which obstruct productive growth. Ex-
perimental data on the temperature and concentration dependence of growth rates and
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the morphology of long-chain monodisperse n-alkanes from C162H326 to C390H782 are
surveyed and compared to some previously established data on poly(ethylene oxide) frac-
tions, as well as on polyethylene. The anomalous growth rate minima in both temperature
and concentration dependence of growth rates are accompanied by profound changes in
crystal habits, which have been analysed in terms of growth rates on different crystal-
lographic faces, and in terms of separate rates of step nucleation and propagation. In
some cases non-nucleated rough-surface growth is approached. The phenomena covered
include “poisoning” minima induced by guest species, the “dilution wave” effect, auto-
catalytic crystallization, pre-ordering in solution, two-dimensional nucleation, and the
kinetic roughening and tilt of basal surfaces.

Keywords Polymer crystallization · Nucleation · Long alkanes · Surface roughness ·
Curved faces

Abbreviations
A Stem attachment rate
a0, b0 Unit cell parameters
AFM Atomic force microscopy
B Stem detachment rate
b Width of a molecular chain
E Extended chain form (= F1)
F2, F3, . . ., Fm “Integer forms” with chains folded in two, three etc.
∆F Overall free energy of crystallization
φ Chain tilt angle with respect to layer normal
ϕ Obtuse angle between (110) and (– 110) planes in alkane and polyethylene

crystals. ϕ/2 = tan–1(a0/b0)
∆φ Bulk free energy of crystallization
G Crystal growth rate
∆hf Heat of fusion
i Rate of initiation (secondary nucleation) of a new row of stems on crystal

growth face
IF Integer folded
K Slope of the linear dependence of G on ∆T
L Chain length
l Length of straight-chain segment traversing the crystal (stem length)
lSAXS SAXS long period
LH theory The theory of Lauritzen and Hoffman
m = L/l Number of folds per chain + 1
Mn Number average molecular mass
n Number of monomer repeat units per chain (e.g., number of carbons in an

alkane); also reaction order
NIF Non-integer folded form
PE Polyethylene
PEO Poly(ethylene oxide)
q Modulus of the wavevector, q = 4π(sin θ)/λ, where θ is half the scattering

angle and λ is radiation wavelength
SANS Small-angle neutron scattering
SAXS Small-angle X-ray scattering
σ Side-surface free energy



The Effect of Self-Poisoning on Crystal Morphology and Growth Rates 47

σe End- or fold-surface free energy
Tc Crystallization temperature

T
Fx–Fy
c Growth transition temperature between two successive folded forms (e.g.,

TE–F2
c is the temperature of transition between extended (E) and once-

folded (F2) chain growth)
Td Dissolution temperature
Tm Melting temperature
TR Roughening transition temperature
∆T Tm – Tc or Td – Tc = supercooling
v Rate of step propagation on a crystal growth face (often also referred to

as g)

1
Introduction

Polydispersity has often been an obstacle to obtaining reliable data on which
to base a good understanding of polymer crystallization. The first monodis-
perse oligomers showing chain folding were long normal alkanes synthesized
in 1985 independently by Bidd and Whiting [1] and by Lee and Wegner [2].
Whiting’s method has subsequently been perfected and extended to long
alkane derivatives by Brooke et al. [3]. Recently, monodisperse oligomers
of aliphatic polyamides [4, 5] and poly(hydroxybutyrate) [6] have also been
synthesized. Studies on the morphology and crystallization of model poly-
mer systems, including both monodisperse and fractionated linear and cyclic
oligomers, have been reviewed recently [7]. A balanced general overview of
polymer crystallization theories can be found in [8].

The present article reviews a particular aspect of the crystallization mech-
anism of long-chain molecules, termed self-poisoning, which has come to
light in studies on long alkanes. The effect is closely related to the so-called
pinning, which is a key feature of the “roughness-pinning” theory of polymer
crystallization. Recent crystallization studies are highlighted. Information
from recent and ongoing work adds new detail to the picture of the events
at lateral crystal growth surfaces. The issue of kinetic roughness of the basal
lamellar surface is also addressed.



48 G. Ungar et al.

2
Quantized Stem Lengths

2.1
Integer and Non-Integer Folding

Monodisperse oligomers long enough to exhibit chain-folded crystallization
have been shown to favour integer folding, i.e. such conformations which
ensure the location of chain ends at the crystal surface. This applies to
all such oligomers studied so far, i.e. long alkanes [9], polyamides [5] and
poly(hydroxybutyrate) [6]. It is also prominent in narrow molecular weight
fractions of poly(ethylene oxide) (PEO, see Sect. 2.2 and Sect. 4.3.4). Figure 1
lists the observed conformations in a series of solution-crystallized alka-
nes [9]. Figure 2 illustrates graphically the quantization of lamellar thickness
by showing the evolution of the small-angle X-ray scattering (SAXS) curve
of n-alkane C390H782 initially folded in five (F5) during continuous heating.
Stepwise crystal thickening through successive integer forms Fm is observed,
with the long period lSAXS adopting values equal to (L/m) cos φ, where L is the
extended chain length and φ is the chain tilt relative to the layer normal. The
integer m successively decreases from 5 to 2. Figure 3 shows edge-on lamel-
lae of C390H782 on graphite, initially in F4 form, thickened after annealing at
120 ◦C to F2 and then at 130 ◦C to the extended-chain form (E) [10].

The lSAXS = (L/m) cos φ relationship applies strictly only to solution-
grown crystals, while melt crystallization initially produces a transient non-
integer form (NIF), where m is a fractional number [11]. However, even in
NIF, at least in the case of alkanes, the straight-chain stems do not assume
fractional lengths. Where 1 < m < 2, the crystalline stem length is still exactly
L/2, but the crystalline layers are separated by amorphous layers containing
loose ends (cilia) belonging to chains which are not folded in two but which

Fig. 1 Integer folded (IF) forms observed in long n-alkanes C102H206 through C390H782.
For a given alkane more folds per molecule are obtained with increasing supercooling ∆T
(from [7] with permission of American Chemical Society)
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Fig. 2 Series of SAXS intensity functions recorded during heating of solution-crystallized
n-C390H782, initially in F5 form, and refolding through F4 and F3 to F2 (see symbols)
(from [7] with permission of American Chemical Society)

traverse the crystal layer only once. This semicrystalline structure of the
NIF has been determined by electron density reconstruction from real-time
synchrotron SAXS data [12], backed by real-time Raman LAM (longitudinal
acoustic mode) spectroscopy [13] and static [14] and real-time [15] small-
angle neutron scattering (SANS) on end-deuterated alkanes. The transient
NIF transforms subsequently to either extended-chain (E), once-folded chain
(F2) or a mixed-integer folded–extended (FE) form [13] (see Fig. 4).

From the point of view of understanding crystal growth and morphology,
the above structure of the NIF means that under any circumstance, whether
forming from solution or from melt, the stem length in monodisperse alkane
crystals is quantized.

Fig. 3 Edge-on lamellar crystals of C390H782 on graphite, initially in F4 form, thickened
after annealing at 130 ◦C to the extended-chain form (after [10])
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Fig. 4 Paths to integer folded forms in long alkanes. While solution crystallization gives
integer forms (E, F2, . . .) directly, for melt crystallization this is true only for the E form.
Below the melting point of F2, the transient non-integer form (NIF) appears and subse-
quently transforms isothermally either to the once-folded F2 form or the mixed-integer
folded–extended (FE) form, based on layer triplets. Deuterium- labelled chain ends, pre-
pared for neutron scattering experiments, are indicated with circles

2.2
Growth Rate of Crystals with Preferred Thicknesses

In all kinetic theories of polymer crystallization [8] the crystal growth rate G
is given by:

G = A
(
1 – B/A

)
(1)

This general form of G is the solution of a set of simultaneous equations de-
scribing a steady state of successive depositions of units at rate A and their
detachment at rate B. The first factor in Eq. 1 is the “barrier” factor, deter-
mined by the barrier to deposition of the unit, while the term in brackets is
the “driving force”, or “survival” factor. In the coarse-grain secondary nu-
cleation theory of Lauritzen and Hoffman (LH) [16, 17], the barrier factor
is the rate A0 of deposition of the first stem in a new layer of stems on the
growth face (Fig. 5). According to LH the main barrier is the excess side- sur-
face free energy 2blσ for the creation of the two new surfaces either side of the
single-stem nucleus. Thus

A0 = β e– 2blσ
kT e– 2b2σe

kT

where β is the pre-exponential factor, σ and σe are the side- and end- (fold-)
surface free energies and b is the width of a chain. For subsequent stems in
the surface patch

A = β e– 2b2σe
kT
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Fig. 5 Chain deposition on the side surface of a polymer crystal. σ and σe are side-surface
and end- (fold-) surface free energies, and b is the width of the chain (after [16])

The detachment rate of a stem is

B = β e– 2b2∆φ
kT

where ∆φ is the bulk free energy of crystallization, equal to ∆T∆hf/Tm
(∆hf is the heat of fusion, and ∆T = T0

m – Tc the supercooling, with T0
m the

equilibrium melting temperature).
Thus from Eq. 1,

G = β e– 2blo
kT e– 2b2σe

kT

(
1 – e–

2b2l∆hf∆T
kTTm

)
(2)

The barrier factor, i.e. the expression before the bracket, decreases exponen-
tially with increasing stem length l and the driving force factor (the term
in brackets) increases with l (see Fig. 6). The product G has a maximum at
an l value which is considered as the kinetically determined lamellar crys-
tal thickness in polydisperse polymers. G becomes positive at the minimum
stable fold length lmin:

lmin =
2σeTm

∆hf∆T
(3)

Since in monodisperse oligomers l adopts only discrete values L/m, the
G(l) curve is sampled only at these allowed stem lengths, as illustrated
schematically in Fig. 6 for l = L and l = L/2. For modest undercoolings, chang-
ing the crystallization temperature affects only the driving force factor, as
shown in Fig. 6 for three temperatures T′ > T′′ > T′′′. At T′ and T′′, lmin > L/2,
hence only extended-chain crystals can grow. However, once lmin < L/2, the
growth rate of once-folded chain F2 crystals becomes positive and, due to the
higher attachment rate A0, it increases steeply with increasing ∆T to overtake
the growth rate of extended chains.

Studies on PEO fractions in the molecular weight range between 1500 and
12 000 have shown [18] that the slope of the increasing crystal growth rate
with supercooling dG/d(∆T) does indeed increase abruptly at a series of spe-
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Fig. 6 The “barrier” factor, which is equal to A0 in LH theory, and the “driving force”, or
“survival” factor (1 – B/A) of the growth rate as functions of stem length (schematic). A0,
A and B are rates of attachment of the first and subsequent stems, and rate of detachment,
respectively. The (1 – B/A) factor is drawn for three temperatures T′ > T′′ > T′′′. Vertical
rectangles show growth rates for discrete integer folded forms E and F2 of a monodisperse
oligomer

cific crystallization temperatures T
Fx–Fy
c . These mark the transitions between

the growth of E and F2 crystals, or between F2 and F3 crystals, etc. Figure 7
shows the temperature dependence of the growth rate from the melt normal
to the {010} lateral face for five sharp low molecular weight fractions and for
an unfractionated polymer (note the log rate scale). The breaks in the slope at
T

Fx–Fy
c are particularly pronounced in low molecular weight fractions and are

completely lost in the polymer. As discussed above with reference to Fig. 6,
the existence of such sharp increases in dG/d(∆T) is, at least qualitatively,
entirely predictable by the secondary nucleation theory once quantization of
lamellar thickness is recognized. Considering the dilution of folds by chain
ends, the supercoolings at which growth transitions occur, relative to the
melting point of extended chains, are given by [19]

∆Tm
c =

2σe(∞)Tm

∆hf

(
m – 1

m

)/[(
L
m

)
– δ

]
(4)

Here, σe(∞) is the fold-surface free energy for L = ∞ and δ is a small constant,
reflecting the fact that some finite supercooling is required for crystal growth.
In the case of m > 1, δ also accounts for the additional supercooling necessary
for G(Fm) to overtake G(Fm–1) (see Fig. 6).

For polymer crystals of fixed fold length l, or for alkane crystals in a given
Fm form, the slope dG/d(∆T) should be constant within the limited tem-
perature interval that is accessible for measurement [20]. The expansion
of the supercooling-dependent factor in brackets in Eq. 2 gives the above-
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mentioned linear relationship on supercooling

G = K
(
TFm

m – T
)

where

K =
b2l∆hf

kTTm
β e– jblo

kT e– 2b2σe
kT (5)

According to the LH theory, depending on whether mononucleation (Regime I)
or polynucleation (Regime II) is involved, j is equal to 2 or 1, respectively [20].

Indeed, when plotted on a linear scale, the growth rate G vs. ∆T de-
pendence in Fig. 7 does not deviate much from linearity for a given value
of m [21]. However, linear G vs. ∆T is also consistent with the alternative
roughness-pinning polymer crystallization theory of Sadler [22]. 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.

On closer scrutiny the crystal growth data for PEO fractions deviate some-
what from those expected from secondary nucleation theory; there were
departures from linearity of G vs. ∆T just above the T

Fx–Fy
c transition tem-

peratures [21, 23–25] (see also Sect. 4.3.4) and the value of σ derived from
the kinetics was therefore inconsistent, reaching unexpectedly low values of
around 2 mJ/m2, as compared to an accepted value around 10 mJ/m2 [23].
Kovacs and Point thus argued that the LH theory had serious flaws.

Fig. 7 Temperature dependence of growth rate GH of {010} faces of single crystals and GR
of spherulites for five low molecular weight fractions and a polymer of PEO (from [18] by
permission of John Wiley & Sons)
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3
Manifestations of Self-Poisoning

3.1
Minima in Temperature Dependence of Growth Rate

3.1.1
Self-Poisoning in Melt and Solution Crystallization

Crystallization rate experiments on monodisperse n-alkanes have shown
a picture rather different from that in PEO. Not only is there a sharp in-
crease in dG/d(∆T) at the transition between extended and once-folded (or
NIF) crystallization mode (TE–F2

c ), but the dG/d(∆T) gradient actually be-
comes negative as TE–F2 is approached from above [26]. This was found to
occur both in crystallization from melt [26] and from solution [27], and it
applies both to crystal growth and primary nucleation [28]. In the early stud-
ies [26, 27] only the evolution of the bulk crystalline fraction was monitored.
More recently growth rates have been measured directly using phase and
interference contrast microscopy of both melt and solution crystallization.
Due to the high growth rates of alkane crystals, accurate measurements over
a reasonable range of ∆T values was made possible only through the use of
low-inertia temperature-jump cells [28, 29]. Figure 8 shows the growth rate

Fig. 8 Isothermal crystal growth rates along [010] (Gb) and [100] (Ga) for alkane C210H422
from the melt as a function of temperature [30]
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dependence on temperature in two perpendicular directions, along [100] (Ga)
and along [010] (Gb), for single crystals of n-alkane C210H422 grown from the
melt [30]. The figure covers the entire extended-chain range. At small super-
cooling both rates increase with ∆T, but then they reach a maximum. On
further decrease in Tc the rates decrease to a very low value at the transi-
tion to folded-chain growth TE–F2

c . At still lower Tc the rates increase steeply
(indicated by arrows) as crystallization in the NIF takes over with l = L/2.
NIF production in melt crystallization below TE–F2

c has been confirmed by
real-time SAXS [26, 31].

Figure 9 is an example of similar growth rate behaviour in solution crys-
tallization, showing G110 (here G110 = Gb cos γ ), see Fig. 10) and G100(= Ga)
for C246H494 in n-octacosane [29]. The figure also shows typical crystal habits
observed at selected crystallization temperatures.

To help the reader unfamiliar with polyethylene single crystal habits,
Fig. 10 summarizes the most typical types [32]: (a) the rhombic lozenge,
normally observed in PE solution crystallized at lower temperatures; (b) the

Fig. 9 Initial rates of growth of C246H494 crystals normal to {110} and {100} planes,
G110 and G100, versus crystallization temperature from an initially 4.75% solution in oc-
tacosane. The associated interference optical micrographs show typical crystal habits
recorded in situ during growth from solution at selected temperatures. The experimental
G values are averages over many crystals (from [29] by permission of American Chemical
Society)
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Fig. 10 Four common types of crystal habit in polyethylene and long alkanes: (a) rhombic
lozenge bounded by {110} facets; (b) lozenge truncated by curved {100} faces (Toda’s
type B); (c) leaf-shaped crystal bounded solely by curved {100} faces (step propagation
rate v equals h = G110/ sin(ϕ/2)); (d) lenticular crystal (Toda’s type A) bounded partly by
curved {100} and partly by non-crystallographic faceted tangents (h > v)

truncated lozenge with curved {100} faces, observed in crystals grown from
PE solution at high temperatures and from melt (Type B [33]); (c) leaf-shaped
crystals bounded solely by the two curved {100} faces; and (d) lenticular
crystals with {100} faces curved in the middle and with straight tangents con-
verging to pointed ends, observed often in melt-crystallized PE (Type A crys-
tals [33]).

The rate minimum at TE–F2
c has been observed in a number of alkanes from

C162H326 to C294H590 [34–37]. In alkane C294H590, where the crystallization
rate from solution is sufficiently low for TF2–F3

c to be accessible, a crystalliza-
tion rate minimum has been observed between the once-folded and twice-
folded growth intervals [38, 39]. A series of minima, including that at TF3–F4

c ,
have been observed in C390H782 (see Sect. 5.2). A weak minimum at TE–F2

c
has also been reported in the melt crystallization of a methyl-terminated PEO
fraction [40].

The negative dG/d(∆T) observed in alkanes has been attributed to an ef-
fect termed “self-poisoning” [26]. This proposed mechanism takes account of
the fact that chains wrongly attached to the crystal surface may hinder fur-
ther growth. This blocking, or “pinning”, may be overlooked in polymers, but
in monodisperse oligomers it becomes very pronounced when, for example,
the once-folded-chain melting point TF2

m is approached from above. Although
only extended-chain depositions are stable, close to TF2

m the lifetime of folded-
chain depositions becomes significant. Since extended chains cannot grow on
a folded-chain substrate [18], growth is temporarily blocked until the folded-
chain overgrowth detaches. At TF2

m itself, the detachment rate of folded chains
drops to the level of the attachment rate and the entire surface is blocked
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for productive extended-chain growth. The self-poisoning mechanism will be
elaborated further below.

3.1.2
Extraneous Poisoning Minima in Binary Alkanes

Recently, a new type of growth rate minimum has been induced above TE–F2
c

in the melt crystallization of several n-alkanes by the admixture of a shorter
alkane with a melting point between TE

m and TF2
m of the host [7, 31]. Figure 11

illustrates this by using the example of a 75 : 25 (w/w) mixture of C162H326 and
C98H198. As seen, there is a general retardation in growth compared to crys-
tallization of pure alkane C162H326, a fact also reported by Hosier et al. [41].
However, here a relatively small but reproducible minimum is also observed
at 116 ◦C, in the middle of the extended-chain growth range of C162H326;
this temperature coincides with the melting point of C98H198. The negative
dG/d(∆T) slope above 116 ◦C is in this case not due to self-poisoning, but
rather to poisoning by the C98H198 chain attachments which are nearly stable
just above the Tm of C98H198 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(∆T) since (a) C98H198 cannot grow rapidly as a minority compon-
ent, and (b) the growth is retarded by folded-chain C162H326 depositions due
to the proximity of TE–F2

c of C162H326. Indeed, below TE–F2
c = 112.5 ◦C there

is a very steep increase in G as chain-folded crystallization of C162H326 takes

Fig. 11 Crystal growth rate Gb vs. temperature for a 75 : 25 w/w mixture of C162H326 and
C98H198. The “poisoning” minimum at the melting point of C98H198 (116 ◦C) is seen. The
steep increase in G below 112.5 ◦C (out of scale) is due to the transition to once-folded
C162H326 growth (from [31])
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over, incorporating the guest C98H198 chains in the semicrystalline NIF-type
structure described in [42] and [43].

Similar poisoning minima are also observed in some other binary alkane
mixtures [30].

3.2
Anomalies in Concentration Dependence of Growth Rate

3.2.1
Negative-Order Growth Kinetics and Autocatalytic Crystallization

Another manifestation of self-poisoning is the anomalous negative- order
kinetics of crystallization from solution. In long alkanes there is a super-
saturation range in which the crystal growth rate actually decreases with
increasing concentration c [44, 45]. For n-C246H494 this range is from 0.5 to
ca. 2.3% at the particular crystallization temperature of the experiment in
Fig. 12 [45]. Both at lower and at higher concentrations the slope dG/dc is
positive. The position of the minimum on the concentration scale shifts as
Tc is changed. To the left of the minimum extended-chain crystals grow, and
to the right of the minimum the growth is in the once-folded F2 form. In
the range of negative dG/dc slope, the reaction order drops to as low as – 5
to – 6. Similar behaviour has been reported for C198H398 crystallization from
phenyldecane [44], and is also observed in other n-alkanes.

Fig. 12 Initial growth rates G110 and G100 vs. solution concentration of C246H494 in octa-
cosane at 106.3 ◦C. Solid symbols: extended chain; open symbols: once-folded chain
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Fig. 13 Size vs. crystallization time for a C246H494 crystal growing from an initially 4.75%
solution in octacosane at 108 ◦C. da and db are crystal dimensions along the [100] (width)
and [010] (length) directions

Fig. 14 Binary phase diagram for C246H494 in octacosane. The top curve shows the equi-
librium liquidus for extended-chain crystals, and the bottom line the metastable liquidus
for once-folded crystals. Experimental dissolution temperatures are fitted to the Flory–
Huggins equation with χ = 0.15 (solid lines). Vertical dotted lines (a) and (b) indicate the
concentrations at which the growth rates were determined as a function of Tc in [29]. Ho-
rizontal dotted lines indicate the temperatures at which the rates were determined in [45]
as a function of concentration. G(c) at Tc = 106.3 ◦C, measured along line (c), is shown in
Fig. 12. The shading indicates schematically the crystal growth rate (black = fast), and the
dashed line the position of the growth rate minimum
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One consequence of the negative-order kinetics is autocatalysis of the crys-
tallization process. If the initial concentration is higher than that of the rate
maximum, crystal growth will accelerate initially as the concentration de-
creases. This is illustrated in Fig. 13. Once past the concentration of the
growth-rate maximum, the rate drops off. Interestingly, the positions of steep-
est slope in the time dependencies of crystal length and width do not coincide
(Fig. 13), as the positions of the maxima in G110 and G100 differ (Fig. 12).

The G(c) minimum can be easily related to the G(T) minimum if one con-
siders the alkane–solvent phase diagram. For C246H494 in octacosane this is
shown in Fig. 14. The growth rate at any particular position in the phase
diagram is indicated schematically by shading, with black indicating high
and white low rate. It is easy to see how, at certain temperatures, the growth
rate would pass through a maximum and a minimum as a function of ei-
ther temperature (vertical cut) or concentration (horizontal cut). The G(c)
dependence in Fig. 12 corresponds to the horizontal line (c) in Fig. 14.

The changes in crystal habit with changing concentration of crystallizing
solution were found to be as profound as the changes with crystallization
temperature. As seen in Fig. 15, the hexagonal truncated lozenge crystal at
low c (0.25%) changes to leaf-shaped and then needle-like crystals at the rate
minimum (cf Fig. 12). Thereafter, as folded-chain growth sets in (Fig. 15e), an

Fig. 15 Interference optical micrographs of C246H494 crystals in octacosane at Tc =
106.3 ◦C at increasing concentrations of initial solution. The bar represents 10 µm
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abrupt change to the faceted truncated lozenge takes place, turning to a leaf
shape at higher concentration as the cycle repeats itself.

3.2.2
“Dilution Wave”

If the initial solution concentration c is somewhat higher than that of the
minimum in G, small folded-chain crystals will form and soon stop growing
as the metastable equilibrium with the solution (lower liquidus in Fig. 14) is
reached. Figure 16a shows such folded-chain crystals in the case of C198H398
grown from phenyldecane. What then follows is a phenomenon described as a
“dilution wave” [44]. As both nucleation and growth of extended-chain crys-
tals are highly suppressed under these conditions (growth rate minimum),
no visible change occurs for some considerable time, after which, rather

Fig. 16 Series of interference contrast optical micrographs of an initially 4.2 wt % solution
of n-C198H398 in phenyldecane at successive times (indicated) upon reaching Tc = 97.4 ◦C.
The progress of the “dilution wave” is shown in (b) through (f), triggering the processes
of crystallization of needle-like extended-chain crystals and simultaneous dissolution
of folded-chain crystals. The needles form along the two {100} faces of the truncated
lozenge shaped folded-chain crystals, with a third parallel crystal often appearing in the
middle. Bar = 20 µm. (From [44] by permission of American Physical Society)



62 G. Ungar et al.

Fig. 17 Simulation of two dilution waves initiated by a small, localized perturbation. There
is a fixed time period between each of the curves. The parameter φ is the scaled difference
between concentrations of saturated solutions cE and cF2 in equilibrium with, respec-
tively, extended and folded-chain crystals at temperature Tc, such that c = cE + (cF2 – cE)φ
(from [46] by permission of American Institute of Physics)

suddenly, the folded-chain crystals are replaced by needle-shaped extended-
chain crystals. The transformation sweeps through the suspension (from left
to right in Fig. 16b–f). 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, eas-
ing the inhibitory effect of high concentration on extended-chain growth.

The reaction diffusion equation describing the dilution wave has been
found [46] to coincide with that used in genetics to describe the spread of
an advantageous gene [47]. The wave spreading rate is determined by the
polymer diffusion constant in the solution and the crystal growth rate GE.
Figure 17 presents a series of solutions of this equation for successive times,
showing the initial dip in concentration spreading in both directions.

4
Events at the Growth Surface

4.1
A Simple Theory of Self-Poisoning

The growth rate minima cannot be explained by the secondary nucleation
theory in its present form. The two major simplifications that the LH the-
ory makes are: (a) neglect of the segmental (“fine-grain”) nature of stem
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deposition, and (b) neglect of competing attachments of stems with different,
particularly shorter, length. On the other hand, the roughness-pinning the-
ory of Sadler [22], which does not suffer from these simplifications, allows
for the occurrence of growth rate minima. In an approximate rate-equation
treatment of a system with certain preferred lamellar thicknesses, Sadler
and Gilmer observed relatively shallow minima as a function of supercool-
ing [48], but were reluctant to publish until the first minimum was observed
experimentally in alkanes [26]. The observed deep minimum in G was repro-
duced more quantitatively when the one-dimensional model was simplified
so that it could be solved exactly [49]. The extended chain was split into
two half-chains and thus it would attach in two stages. Alternatively, if the
second half-chain attaches alongside the first half-stem rather than as its ex-
tension, a folded chain results, carrying the extra free energy of folding (see
Fig. 18) [49]. The forbidden process is the attachment of an extended chain
onto a folded chain. A Monte Carlo simulation study, where these same selec-
tion rules were applied, has also reproduced the kinetics of the self-poisoning
minimum and, since the model was two-dimensional, it provided some addi-
tional insight into the crystal shape [49].

Fig. 18 The model of elementary steps as used in the rate equation and Monte Carlo simu-
lation 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 [49]
by permission of the American Institute of Physics)
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The rate equation model of [49] has subsequently been simplified further
and adapted to include solution concentration dependence [44] (see Fig. 19).
Instead of depositing in two stages, here the attachments of an extended chain
as well as of a folded chain are one-step processes. For extra simplicity, it
was assumed that the rates of the two processes are equal (= A). However,
the detachment rates BE and BF2 differ. As before, the critical condition that
an extended chain cannot attach on top of a folded chain was kept. This en-
sured that the minimum in G(T) is reproduced even by this “coarse-grain”
model. Thus it can be said that, of the two major simplifications characteriz-
ing the LH theory, it is the neglect of competing stem attachments that fails it
primarily, rather than neglect of the segmental nature of stems.

The concentration dependence of G was treated by making A a linear func-
tion of c and adding the mixing entropy to the free energies ∆FE

0 and ∆FF2
0 of

the pure alkane:

∆FE = ∆FE
0 + kT ln c (6a)

∆FF2 = ∆FF2
0 + kT ln c (6b)

The retardation in crystal growth with increasing concentration, calculated
according to this model, is shown in Fig. 20. The parameters used apply to
crystallization of C198H398 (see [44]), but the calculated growth curves match
qualitatively those measured for C246H494 (see Fig. 12). This effect can be ex-
plained as follows. For concentrations less than that of the rate minimum
(cmin), the attachment rate A is lower than the folded-chain detachment rate
BF2 , so only extended chains can grow. However, as cmin is approached A be-
comes comparable to BF2 and an increasing fraction of the growth face equal
to A/BF2 is covered by folded chains at any time. Hence the extended-chain

Fig. 19 Row model as in Fig. 18 but simplified further. This “coarse-grain” model assumes
a one-step attachment and detachment of a whole chain, either in extended or folded con-
formation. Attachment rate A is assumed to be the same in both cases, while detachment
rates BE and BF2 differ (from [44] by permission of American Physical Society)
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Fig. 20 Crystal growth rate G of n-C198H398 calculated as a function of concentration at
constant Tc using the model in Fig. 19. Parameters are those for C198H398 crystalliza-
tion from phenyldecane at Tc = 98.0 ◦C, experimentally measured in [44]. Compare with
Fig. 12 (from [44] by permission of American Physical Society)

crystal growth rate is

GE = (1 – A/BF2 )(A – BE) (7)

and as c → cmin and A → BF2 , so GE → 0.
An additional slow process of chain extension underneath the obstructing

overgrowth has also been considered in [49]. The second half of the chain was
allowed to attach to the half-chain nearest to the extended-chain substrate
at rate D. This process, mimicking the “sliding diffusion”, preserved a finite
growth rate even at the rate minimum, i.e. it made the minimum shallower.

4.2
Growth on {100} and {110} Faces: Comparison with Polyethylene

The cause of the changes in crystal habit with changing Tc in polyethylene, or
in any other polymer, is unknown. These changes have a profound effect on
the 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 Tc [50, 51]
(Fig. 10b–d), or else from long alkanes close to the lowest Tc within the
extended-chain regime (Figs. 9 and 15) or any folded-chain regime (F2, F3 ...).
In the absence of twinning or branching, the lateral habits in polyethylene and
long alkane crystals are determined by only two parameters: (a) the ratio of
growth rates normal to {110} and {100} faces, G110/G100, and (b) the ratio i/v
of step initiation and propagation rates on {100} faces. We will deal with the
former first, and with the latter in the next section.

Figures 9 and 15 show the conspicuous changes in crystal habit occurring
within rather narrow intervals of crystallization temperature and concentra-
tion, particularly around the self-poisoning minimum. Similar diversity of
shape is observed in melt crystallization [30]. In addition to the morphologies
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seen in C246H494, in shorter alkanes such as C198H398 and C162H326 rhom-
bic lozenges, bounded solely by {110} facets, are observed at the highest
temperatures [52]. Figure 21 shows typical crystals grown at the same super-
cooling of ∆T = 3 ◦C from three different alkanes.

Thus, in solution-grown alkanes the general morphological cycle starts
with lozenge crystals, changing to truncated lozenge with the relative length
of {100} faces increasing and {110} receding as Tc is lowered or as c is
increased (cf Fig. 10). This means that the ratio of growth rates G100/G110
decreases with increasing supercooling or supersaturation, until the rate min-
imum is reached. This is illustrated in Fig. 22 for C198H398, and in [29] for

Fig. 21 Micrographs of extended-chain crystals of the alkanes indicated grown from
1 wt % octacosane solutions at the supercooling temperature of 3.0 ◦C

Fig. 22 Ratio of growth rates G100/G110 vs. crystallization temperature for extended-
chain crystals of C198H398 from 2% (w/v) solution in octacosane (diamonds) and for
linear polyethylene from 0.05% solutions in hexane (squares). The polyethylene crystal
at Tc = 70.0 ◦C and the C198H398 crystals above Tc = 110 ◦C are non-truncated lozenges;
these form for any G110/ cos(ϕ/2) ≥ G100, where ϕ/2 = tan–1(a0/b0) and a0, b0 are unit cell
parameters (cf Fig. 10). Data for PE are from [32] (from [45])
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C246H494. It is interesting to note that this trend is exactly the opposite of that
in polyethylene, where the G100/G110 ratio decreases with increasing Tc [32]
(see Fig. 22). The extremely low G100/G110 ratio of ≤ 1 : 15, which gives rise to
the long needle-like crystals near the rate minimum, is not seen in PE.

The facts that in alkanes G100/G110 → 0 at the rate minimum, and that
the morphological cycle is repeated at the F2–F3 [39] and F3–F4 mini-
mum [53], suggests strongly that the depression of G100/G110 is the result
of self-poisoning. One may thus conclude that self-poisoning preferentially
retards the growth on {100} faces.

It is well known that in PE, rhombic lozenges are only seen at the lowest
Tc, e.g., below 75 ◦C in xylene solution. The surprising finding that non-
truncated {110}-bounded lozenges are seen at the highest Tc in alkanes is
attributed to the exceptionally weak self-poisoning well above the folded-
chain dissolution temperature TF2

d . It is thus understandable that rhombic
crystals should form in shorter alkanes rather than in longer ones, as in the
former the temperature difference TE

d – TF2
d is larger, hence TF2

d is more re-
mote and the lifetime of the obstructing folded deposition is short. Such
a situation of negligible poisoning cannot occur in polydisperse PE, since at
any Tc there are stems somewhat shorter than lmin (Eq. 3), with sufficient
lifetime to cause obstruction to growth as well as a higher attachment rate be-
cause of a lower barrier (self-poisoning or pinning [22]). The fact that in PE
the signs of G100 obstruction are most pronounced at highest temperatures
(lowest G100/G110) suggests that self-poisoning increases either with tempera-
ture and/or lamellar thickness.

A snapshot of a cut normal to the surface of a growing crystal might thus
look as in Fig. 23. This situation corresponds to the “kinetic roughness” in the
roughness-pinning model of Sadler [22] (see also [71]). The unstable over-
growth must detach before the stem underneath can rearrange. The reason

Fig. 23 A possible instantaneous configuration of a row of stems perpendicular to the
crystal surface schematically 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
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for self-poisoning in polyethylene being more pronounced at higher Tc, as
suggested by morphology, is one of the open questions.

4.3
Step Initiation and Propagation Rates

4.3.1
Rounded Lateral Crystal Faces

The discovery of rounded polymer crystal edges [52, 54] has motivated Sadler
to propose the rough-surface theory of polymer crystal growth [22, 48]. His
theory was intended to describe crystallization at higher temperatures, where
lateral crystal faces are above their roughening transition temperature TR.
High equilibrium roughness removes the necessity of surface nucleation as
there is no surplus free energy associated with a step. In a simple cubic crys-
tal the roughening transition on a {100} surface should occur at kT/ε ≈ 0.6,
where ε is the pairwise nearest-neighbour attraction energy. If whole stems
are treated as non-divisible units on a polymer crystal surface, then ε is so
large that the surface at equilibrium is always smooth and flat. However,
a simple estimate shows that, if polyethylene stems were broken down into
segments of ≤ 6 CH2 units, the surface would be thermodynamically rough.
This crude estimate does not take account of connectivity between segments
and there are numerous problems in estimating the TR of such a complex sys-
tem. However, Sadler argued that the fact that the {100} faces in polyethylene
become curved at high temperatures indicates the presence of the roughening
transition. In contrast, {110} faces with somewhat denser packing of surface
chains and hence a higher ε would have a higher TR, hence the {110} faces
remain faceted.

However, subsequent detailed studies [33, 55, 56] have shown that the cur-
vature of {100} faces in polyethylene can be explained quantitatively by
applying Frank’s model of initiation and movement of steps [57]. Curvature
occurs when the average step- propagation distance is no more than about
two orders of magnitude larger than the stem width.

Hoffman and Miller [58] 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 σs which
acts by slowing down the substrate completion rate v. In order to be con-
sistent with the observed morphology in polyethylene, σs 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. The evidence from alkanes presented below suggests that
the slow step propagation is largely due to self-poisoning. This is supported
by the observations on PEO (Sect. 4.3.4).
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4.3.2
Suppression of i and v on {100} Faces

In order to determine the rate of initiation (i) and propagation (v) of steps,
the profiles of the curved “{100}” faces in solution- and melt-crystallized
alkanes may be fitted to those calculated according to Mansfield [55] and
Toda [59], taking account of the centred rectangular lattice representative of
polyethylene and alkanes. This was carried out recently in a systematic way
in a series of alkanes crystallized both from melt [30] and solution [29, 39, 45,
53, 60]. As an example, the i and v values thus obtained are plotted against
Tc for C246H494 in Fig. 24 [29]. While both the secondary nucleation rate (i)
and propagation rate of steps (v) pass through a maximum and a minimum
as a function of Tc, and then increase steeply in the chain-folded tempera-
ture region, there is a significant difference in the shape of the two graphs
near the rate minimum. In this and other examples of solution crystallization,
i is considerably more suppressed by self-poisoning than v; while v drops to
half its maximum extended-chain value at the minimum, i is reduced to only
1/500 of its value at the maximum. Furthermore, the slope di/d(∆T) turns
negative higher above TE–F2

c than the corresponding slope dv/d(∆T). The dis-

Fig. 24 Step initiation rate i (open symbols) and step propagation rate v (solid symbols)
on the {100} faces as a function of crystallization temperature for n-C246H494 crys-
tals growing from a 4.75% octacosane solution. Key: squares, extended chain; triangles,
folded-chain growth (from [29])
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proportionately large retardation in i near the minimum causes increasing
elongation of the Mansfield ellipse, so that {100} faces become virtually flat
(see needle-like crystals in Fig. 9).

It is informative to observe the temperature dependence of the initiation/

propagation ratio. Figure 25 shows ib2/2v against crystallization temperature
for four long alkanes. This dimensionless parameter gives the ratio against
the probability of its attachment to a niche on either side of a spreading layer
(for polyethylene lattice b2 = a0b0/2). The higher the parameter, the higher
the curvature. The ib2/2v ratio is seen to depend strongly on temperature.
Within the extended-chain growth range it passes through a maximum, de-
scending towards both the low- and the high-temperature ends of the range.
In the folded-chain growth regime the trend repeats itself, as shown in Fig. 25
for C294H590. The maximum value of the ratio is lower for the longer alkanes
C294H590 [45] and C390H782 [53]. This may be the result of the temperature in-
terval of crystallization of a given folded form Fx being narrower for longer
chains.

The maximum in ib2/2v primarily reflects the fact that the maximum in i
is narrower than the maximum in v. As Td is approached, i should always tend
to zero faster than v, due to the barrier for nucleation being larger than that

Fig. 25 Dimensionless initiation to propagation rate ratio ib2/2v against supercooling
∆T = TE

d – Tc for crystals of four n-alkanes grown from n-octacosane solution (initial
concentration 4.8 ± 0.2 wt %) and for C162H326 from phenyldecane (1.0 wt %). C162H326
crystals from phenyldecane (Ph) did not show {100} faces at low ∆T. Symbols: solid = E,
open = F2, half-solid = F3. Based on data from [39]
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for propagation, as long as growth is even marginally nucleation controlled.
Ratio ib2/2v is used in the LH theory to distinguish between growth regimes.
According to LH theory, the alkane crystal growth very close to TFx

d and T
Fx–Fy
c

would be Regime I, while between these temperatures it would be Regime II
or III [16].

Although the minimum in v is not as deep as that in i, the mere fact that it
exists means that, like step nucleation, step propagation itself is also retarded
by self-poisoning. This also implies that surface energy is not the main barrier
for stem deposition, as implied by the classical LH theory. Instead, the barrier
for step propagation is almost entirely entropic, with self-poisoning, or pin-
ning, being its major component. With reference to Fig. 5, a chain depositing
into an existing niche leads to no increase in the side-surface energy, only to
an increase in end-surface energy 2b2σe which, for extended-chain crystals,
is very small. v should therefore be particularly fast in extended-chain crys-
tals, with no curvature expected. Obstructing folded-chain depositions would
be rare, as their surface energy barrier is significantly higher than that for
extended-chain crystals. In fact, contrary to the expectation from LH theory,
the curvature of {100} faces is higher in extended-chain than in folded-chain
crystals (Fig. 25).

The models used to describe self-poisoning kinetics (Figs. 18 and 19) are
based on Sadler’s row of stems normal to the growth face (“radial growth”).
However, it can be equally applied to step propagation, i.e. “tangential”
growth [29, 61]. The two types of rows, to both of which the models in
Sect. 4.1 could be applied, are schematically illustrated in Fig. 26.

Fig. 26 Schematic view of the growth face of an extended-chain lamellar crystal poisoned
by stems of half the chain length. The row-of-stems model can be applied with the row
perpendicular to the growth face, as in the previous “rough growth” models to describe
retardation of i (row p), or parallel to the growth face to describe retardation of v (row q).
(From [29], by permission of American Chemical Society)
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4.3.3
Growth at Sadler’s Rough-Surface Limit

The initiation/propagation ratio ib2/2v reaches exceptionally high values
of ∼ 0.4 in the middle of the temperature range of extended-chain growth
(Fig. 25). Such a high value means that there is almost no preference for
a molecule to deposit into an existing niche, i.e. that the growth process vir-
tually ceases to be nucleated. If there was a complete lack of preference for
propagation, the ratio would be 0.5. Admittedly, the approximations involved
in the derivation of the expression for Mansfield’s ellipse [55, 57] are not fully
justified in this limiting case, so that the accuracy of the quoted value is
limited. In fact, for ib2/2v = 0.25, Mansfield’s ellipse on a square lattice be-
comes a circle, and for ib2/2v = 0.5 the ellipse is elongated perpendicular to
the growth face. This discrepancy arises primarily because nucleation on the
sides perpendicular to the growth face is ignored, as is step propagation along
these sides. Nevertheless, there is no doubt that crystallization in the mid-
dle of the extended-chain temperature range is at the very limit of nucleated
growth, and that it approaches the rough-surface growth mode of Sadler and
Gilmer [22, 62].

Rough-surface growth is equivalent to condensation of vapour into a droplet.
Treating the crystal lamella as a two-dimensional droplet, one would expect
circular crystals in the limit of completely rough growth. Figure 27 shows
an extended-chain crystal of C198H398 grown from a methylanthracene solu-
tion, which is indeed nearly circular. Circular crystals are also observed in
self-poisoned growth of PEO fractions (see Sect. 4.3.4).

Fig. 27 (a) Nearly circular crystal of C198H398 grown from a 2% solution in methylan-
thracene with Mansfield ellipse for ib2/2v = 0.41 fitted to the {100} faces. Note that here
{110} faces are also curved (cf Sect. 4.3.5). (b) The Mansfield ellipse, fitted to the crystal
in (a) compared to the Mansfield circle; both apply to the centred rectangular lattice of
polyethylene, rather than to the square lattice
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4.3.4
Comparison with Poly(ethylene oxide)

The kinetics of melt crystallization of narrow fractions of PEO has already been
mentioned in Sect. 2.2, and the G(Tc) behaviour for one growth face is summa-
rized in Fig. 7. The shapes of melt-grown single crystals have been studied in
great detail by Kovacs and co-workers [18, 63, 64]. Particular attention was paid
to the narrow temperature range of the extended to folded-chain growth tran-
sition. Careful investigation revealed that there are in fact two close transition
temperatures, onefor eachof thetwo {hk0}growthfacetypes. These differences,
combined with the thickening process, resulted in the so-called pathological
crystals. Provided that the gradients dGhk0/d(∆T) are different for different
{hk0} planes, such differences in TE–F2

c are inevitable, as TE–F2
c values are given

simply by GE
hk0 = GF2

hk0. Only where there is a deep minimum at TE–F2
c , as in

monodisperse alkanes, do the growth transition temperatures TE–F2
c for differ-

ent hk0 faces nearly coincide. In fact from Fig. 9 it is clear that TE–F2
c for {110}

would occur at a lower temperature than TE–F2
c for {100}. However the former

cannot be observed because the growth of E crystals stops at TE–F2
c {100}. This

results intheextremeneedle-likecrystals (Figs. 9and15), whichcanberegarded
as the pathological crystals of n-alkanes.

A more general observation in PEO fractions is that more or less faceted crys-
tals grow at most temperatures, except just above the transition temperature
TE–F2

c , where crystals are rounded and sometimes indeed circular. This has been
confirmed by subsequent studies, as illustrated in Fig. 28 [40].

The increase in curvature of PEO crystal faces immediately above TE–F2
c

(Fig. 28) means a high ib2/2v ratio at that temperature. Thus, compared to alka-

Fig. 28 Optical micrographs of PEO single crystals (fraction Mn = 3000) grown from the
melt as a function of crystallization temperature (in ◦C). The extended–folded chain-growth
transition TE–F2

c is between 51.2 and 50.2 ◦C (adapted from [40])
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Fig. 29 Linear growth rates from melt of extended-chain crystals of PEO fractions 3000,
4000 and 6000 molecular weight as a function of crystallization temperature (re-plotted
from [18]). Dashed lines are maximum slope tangents (after [25])

nes where ib2/2v passes through a maximum in the middle of a growth branch
(E or F2) and drops to a very low value at the TE–F2

c or TF2–F3
c transition (see

Fig. 25), in PEO that maximum is at the transition itself. It is interesting that,
even when plotted on a linear scale, Kovacs’s growth rate data versus∆T (Fig. 7)
show a conspicuous downward deviation from linearity just above TE–F2

c (see
Fig. 29) [21, 25]. In the past the effect was attributed to impurities [24], but
subsequently it was suggested that it is caused by self-poisoning [25]. The con-
clusion is therefore that, near TE–F2

c , step propagation is preferentially retarded
in melt-grown PEO, while i is preferentially retarded in solution-grown alkanes.
The reason for this difference is not clear. In melt crystallization of alkanes, i is
also preferentially retarded at the rate minimum, although the ib2/2v ratio does
not drop as low as that in solution growth [30].

4.3.5
Curved {110} Faces: Asymmetry in Step Propagation

Whileextended-chaincrystalsofC162H326 andC198H398 grownfromoctacosane
at the smallest supercooling are faceted rhombic lozenges (see Fig. 21a,b),
those grown under similar conditions from 1-phenyldecane [52] and methylan-
thracene [60] have an unusual habit shown in Fig. 30. This habit has not been
seen in polyethylene 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
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Fig. 30 Left: An “a-axis lenticular” crystal of C162H326 in 1-phenyldecane grown from an
initially 1.0% solution at 99.5 ◦C. Interference optical micrograph; bar length 10 µm. Right:
Schematic outline of the crystal, indicating the four{110} sectors (from [52] with permission
of the American Chemical Society)

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 vs, directed towards
the acute apex, is higher than the rate vb , directed towards the obtuse apex [52].
Similar asymmetry may be expected in other polymers where the growth face
lacks a bisecting mirror plane normal to the lamella. In fact exactly the same
a-axis lenticularcrystalsasinFig. 30areseenregularlyinα-phasesinglecrystals
of poly(vinylidene fluoride) ([65] and [66]; note that a and b axes are exchanged
compared to polyethylene).

4.4
Effect of Solvent: Molecular Pre-ordering in the Liquid

It has been observed that the nature of the solvent has a significant effect on both
crystal growth rates and morphology. For example, the growth rates of crystals
of C162H326 [52] and C198H398 [45] from n-octacosane solutions were found to
be about three times as high as those from solutions in 1-phenyldecane. Fur-
thermore, at low supercooling a-axis lenticular extended-chain crystals formed
from phenyldecane, while faceted {110} lozenges formed from octacosane (see
preceding section). Thus, crystallization processes from phenyldecane are gen-
erally slower. In particular, relative to step initiation, step propagation on{110}
faces is more retarded in phenyldecane.

A more comprehensive study of this effect has been carried out recently,
involving the following aromatic solvents: 2-methylanthracene, m-terphenyl,
o-terphenyl, benzoquinolineandtriphenylmethane. Some of thesearepoor sol-
vents and liquid–liquid phase separation interferes in some cases. However, it
is clear that growth rates are slower in all these solvents compared to those from
n-octacosane. In particular, G100 is more retarded than G110. Figure 31 shows
(a) G110 and (b) G100 as a function of supercooling in several 2 wt % solutions
of C198H398.
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Fig. 31 Crystal growth rates normal to (a) {110} faces and (b) {100} faces for alkane
C198H398 from 2 wt % solutions in n-octacosane (C28H58) (circles), methylanthracene (tri-
angles) and m-terphenyl (squares). Crystals grown from octacosane and methylanthracene
at low supercooling do not show {100} faces (from [60])

Compared to octacosane, all other solvents (partly or fully aromatic) used in
the study depress the growth rates, particularly G100. On the other hand, G110
is less affected overall by the solvent type. It is interesting, however, that the
minimum in G110 is narrower in aromatic solvents. In 2% methylanthracene
G110 drops very sharply, but only less than 1 ◦C above the transition to folded-
chain growth (Fig. 31); in fact in a 5% methylanthracene solution (not shown),
there is no minimum in G110 at all.

In aromatic solvents the step propagation rate v seems to be dispropor-
tionately more suppressed on both {100} and {110} faces compared to the
nucleation rate i. This results in a-axis lenticular crystals (Fig. 28) and in nearly
circular crystals with curvature on both {110} and {100} edges (Fig. 27). Also,
as v is suppressed on{100} faces and G110 remains relatively high, b-axis lentic-
ular crystals with straight-faced pointed ends (type A crystals [33]) are often
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Fig. 32 Lenticular crystal of C198H398 grown from an initially 2 wt % solution in o-terphenyl
at 115.8 ◦C. Mansfield ellipse corrected for the alkane crystal lattice is fitted to the central
portion of the crystal. Crystal b-axis is horizontal [60]

seen (Fig. 32). According to Toda [33], such crystals form when the growth rate
in the b direction Gb = G110/ sin(φ/2) is faster than v on {100} faces, hence the
spreading layers on {100} faces fail to catch up with the spreading substrate.

The detailed study of the solvent effect is still incomplete, but it emerges that
the less linear and more “awkward” the shape of the solvent molecule, the more
retarded are the crystallization processes. The {100} faces, which are generally
more susceptible to poisoning, again seem to be more affected by this solvent-
induced retardation. We suggest that the effect is due to less pre-ordering of
long alkane molecules in aromatic solvents. It is likely that in an n-alkane sol-
vent such as octacosane, the long-chain and short-chain molecules form local
bundles, with bias towards extended segments, resembling that in the melt [67].
With smaller aromatic solvent molecules such order is less likely. A further
comparison between the effects of more linear aromatic molecules (methylan-
thracene) and less linear molecules (m- and o-terphenyl, triphenylmethane)
suggests that the latter are more effective in retarding the growth process. The
growth-promoting effect of linear solvent molecules may thus be interpreted as
reducing the conformational entropic barrier for chain extension.

Strobl et al. [68] have recently reported that crystals of poly(ethylene-co-
octene) grown from n-alkane solvents have larger thicknesses than those grown
from methylanthracene. This they interpret in terms of the n-alkane solution
forming a precursor mesophase which enables lamellar thickening by sliding
diffusion. However, in crystallization of long alkanes there is no evidence of an
equivalent thickening process in octacosane solution.

4.5
Side-Surface Free Energy σ from Chain Length Dependence

The lateral surface free energy σ is a key parameter in polymer crystallization,
and is normally derived from crystallization kinetics. In polydisperse polymers,
where the supercooling dependence of growth rate is affected both by changing
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driving force and lamellar thickness, a product of end-surface and side-surface
freeenergiesσσε isobtained. Inalkanes,however,Eq. 5canbeusedtodetermine
σ alone. To avoid ambiguities about the precise values of other parameters in
Eq. 5, such asσe,β and∆hf, ln K – ln l can be plotted against l for a series of alka-
nes and σ values determined from the slope of the plot. K was measured close
to the melting point of extended chains, above the temperature where G curves
downwards due to self-poisoning. Figure 33 shows such plots for extended-
chain melt crystallization of the longer alkanes C194H390 through C294H590 [30].
From the measured rates of growth along the b-axis and a-axis, values of σ on
the {110} and {100} faces, respectively, were obtained, assuming Regime II ki-
netics ( j = 1, Eq. 5). The values obtained are σ110 = 8.0 mJ/m2 (or erg/cm2) and
σ100 = 10.8 mJ/m2.

These values are in broad agreement with the generally accepted value of
around 10 mJ/m2 for σ of polyethylene, but provide important differentiation
between the two crystallographic faces. The same procedure, when applied
to solution crystallization, yielded significantly lower values around 3 mJ/m2,
which is attributable possibly to crystal growth being diffusion controlled. For
melt crystallization of PEO fractions, Point and Kovacs [23] obtained unusually
low values of around 2 mJ/m2 for σ determined from the G vs. ∆T slope close
to the TE–F2

c growth transition. The anomalous value is likely to be due to low
apparent K in this region of increasing self-poisoning with increasing ∆T (see
Sect. 4.3.4 and Fig. 29).

It is significant that σ100 is higher than σ110. This is consistent with {100}
faces being more susceptible to self-poisoning and poisoning by impurities, i.e.
having a higher entropic barrier for growth. This finding also helps to explain
why {110}-bounded lozenges in polyethylene become increasingly truncated

Fig. 33 Determination of side-surface free energy from chain length dependence of extended-
chain crystal growth rates Gb (left) and Ga (right) from the melt using Eq. 5 [30]
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by {100} faces at higher crystallization temperatures, where crystal thickness
and hence the 2blσ barrier is larger.

4.6
Molecularity of Chain Deposition: Two-Dimensional Nucleation

In the concentration region of weak self-poisoning, the concentration depen-
dence of crystal growth rate can provide further insight into the mechanism of
thegrowthprocess, just asdetermining theorder of achemical reactionsupplies
evidence of molecularity of the reaction, or the number of molecules needed to
collide to effect a reaction. Since experimental data are now available on con-
centration dependence of i and v on{100} faces for alkane C246 H494, these were
analysed to determine the order n of the attachment rate A = can [69]. At low
supercooling i ≈ A – B (see Eq. 7), and B is defined through Eq. 6 as B = (1/c)d,
where d is the detachment rate in pure melt (c = 1) at Tc. i is therefore given by

i = acn – (1/c)d (8)

An equivalent expression holds for v. Equation 8 and its equivalent were fitted
to experimental values of i and v. The clearest and most striking result is that
in the once-folded (F2) crystallization regime, the reaction order for secondary
nucleation is found to be 2.5, and for step propagation it is 2.0. Taken literally,
this means that 2.5 molecules (five stems) of folded C246 H494 are involved in the
formation of an average critical secondary nucleus, and that deposition at an
existing step takes place in units of two molecules (four stems). These values
apply to the region of low supersaturation and low ib2/2v. According to the
classical nucleation theory, only one stem makes a critical secondary nucleus.
The above result, however, supports the idea of a two-dimensional secondary
nucleus proposed by Point [70], and by the more recent simulation work of
Doye and Frenkel [71]. 2D secondary nucleation has also been postulated by
Hikosaka, but only for the highly mobile columnar hexagonal phase [72]. Step
propagation by attachment of small clusters of stems has not been discussed
specifically, but it is not inconsistent with some simulation studies [73].

5
Roughness of Basal Surfaces

5.1
Upward Fluctuations in Lamellar Thickness

The preceding sections on self-poisoning illustrate the major difficulty of a sta-
ble longer stem depositing on top of a shorter stem. The rate minima described
above could all be explained by the inability of an extended chain (E) deposit-
ing onto a once-folded chain (F2), or an F2 chain depositing onto an F3 chain
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(Sect. 4.1). In polymers, lamellar thickness is kinetically determined by the re-
stricted upward fluctuation in stem length on the one hand and, on the other
hand, by the high detachment rate of shorter stems with l → lmin = 2σe/(∆φ)
(downward fluctuation). This problem has been studied analytically [62, 74]
and by simulation [71, 75].

The dilution wave effect, described in Sect. 3.2.2, illustrates further the addi-
tional impediment to large upward fluctuation caused by self-poisoning. In the
experimentdescribedinFig. 16it tookmorethanaminuteforthefirstextended-
chainnucleusto appear anywhereinthesuspensionof F2 crystals; however, once
the concentration dropped, E crystals nucleated and grew rapidly. The fact that
in the mobile hexagonal phase polymers like polyethylene chains can extend be-
hind the growth surface leads to polymer crystals of large thicknesses and with
the characteristic wedge-shaped profile [72]. However, in true crystals with 3D
order, thickening occurs only close to the melting point, if at all (Fig. 2).

5.2
Rate Minima in Multiply Folded Chains

In the present context it is informative to look at the crystallization kinetics of
the longest monodisperse alkane, C390H782. Figure 34 shows the growth rate
G110 from octacosane solution, covering the temperature range of three folded-
chainforms: F2, F3 andF4 [53]. Thedatafor G100 arequalitativelysimilar to those
for G110. While the E-F2 and F2-F3 rate minima are deep, so that growth virtu-

Fig. 34 Crystal growth rate G110 as a function of temperature for C390H782 from 4.6 wt %
octacosane solution. The temperature ranges of F2, F3 and F4 (part) folded forms is covered.
Open symbols show values scaled by a factor of 10 and 0.1, respectively. For explanation of
the inset, see text
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ally stops at the transition temperatures, the F3-F4 minimum is comparatively
shallow for both G110 and G100. Unlike all other rate minima involving alkane
crystallizationfromoctacosane, no needle-likecrystalsappear at theF3-F4 tran-
sition, since neither G110 nor G100 are hindered drastically. The explanation of
the shallow minimum can be inferred by considering the diagram in the inset
on the right of Fig. 34. While the difference in stem length between the E and F2
forms is lE – lF2 = 20.8 nm, and while lF2 – lF3 = 7.0 nm, the difference lF3 – lF4 is
only 3.5 nm. It was argued above that the key cause of self-poisoning is the fact
that depositing a longer stem onto a shorter one is unproductive, and that such
deposition must be reversed before productive deposition on the growth face
can proceed. However, there must be a lower limiting value of the difference
lFx – lFy below which this condition is not strictly obeyed, and it appears that
3.5 nm is below this value. In other words, a certain proportion of stems that fall
somewhat short of the required length are incorporated and tolerated behind
the growth front. This implies a degree of roughness of the basal surface. Such
roughness has indeed been verified independently, as described below.

5.3
Perpendicular vs. Tilted Chains and Surface Roughness

In crystalline polymers, chains are often tilted relative to the layer normal. The
development of tilt is associated with crystallization or annealing at elevated
temperatures. Thus in some cases single crystals of a polymer with an orth-
ogonal or nearly orthogonal unit cell grown from solution at low temperatures
are flat lamellae with chains perpendicular to the basal (001) surface [65, 76].
However, when grown at a higher temperature the crystals are hollow pyramids
or chair-like [77]. Direct crystallization from the melt at high Tc normally yields
lamellar crystals with tilted chains [78, 79].

Chain tilt helps alleviate the overcrowding problem at the crystal–amor-
phous interface [80]. In polyethylene and long alkanes crystallized from melt
or from poorer solvents at high temperatures, {100} growth sectors prevail and
the tilt is usually 35◦, since the basal plane is {201}. Such tilt allows chain folds
or ends an increased surface area, by a factor of 1/(cos 35◦), while maintaining
the crystallographic packing of the remaining chain intact.

In apparent agreement with the behaviour of polyethylene and long alka-
nes, shorter n-alkanes crystallize with perpendicular chains provided that
Tc is below ca. 60–70 ◦C [81]. This is true for odd-numbered alkanes, while
even-numbered alkanes display a more complex behaviour due to molecular
symmetry [82]. At higher temperatures in alkanes such as C33 H68, a{101} tilted
form is brought about through one or several discrete transitions [83]. In this
case the tilt at high temperature is associated with equilibrium conformational
disorder of chain ends, and the absence of tilt at low temperature with high
end-group order.
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Crystallization of extended or folded long alkanes from good solvents at
relatively low Tc yields perpendicular chains (see, e.g., Fig. 2). At elevated
temperatures chain tilt appears in dried crystals; the tilt angle increases
with temperature and usually reaches 35◦ below the melting point (see, e.g.,
Fig. 35) [84].

The alkane used in the SAXS experiment in Fig. 35 is extended-chain
solution-crystallized C216H385D49, having a deuterated C12D25 and a C12D24
groupatthetwoends(forsynthesissee[85]).Thisallowedtranslationaldisorder
at the crystal surface to be studied by IR spectroscopy. If there was perfect order,
all C12D25 groups would be surrounded by other C12D25 groups and CD bending
vibration bands would show the full crystal-field splitting of ∆ν = 9.1 cm–1 for
perpendicular chains and 8.3 cm–1 for {201} tilted chains [86]. However, the
actual splitting observed in as-grown crystals is less than 7 cm–1, with a singlet
appearing between the two components (see Fig. 36). This indicates significant
random shear between neighbouring chains, or translational disorder, as il-
lustrated schematically in Fig. 37a. Quantitative estimatation gives the size of
the average ordered domain as ca. 3×3 = 9 chains in the as-crystallized sam-
ple (from ∆ν), with about one in nine chains being displaced longitudinally by
a distance of the order of 12 C atoms (from the intensity of the singlet) [86].

After annealing at increasing temperatures, simultaneously with chains
tilting, the splitting of the CD band increases and the singlet component di-
minishes, indicating an improvement in translational chain-end order. After
annealing at 125 ◦C the size of the ordered domains increased to 6 × 6 = 36
chains and there were almost no large excursions of chain ends left. The
smoothening of the basal surface and the introduction and increase of chain

Fig. 35 Temperature dependence of lamellar spacing (upper half ) and angle of chain tilt with
respect to the lamellar normal (lower half ) for extended-chain crystals of end-deuterated
alkane C216H385D49 grown from toluene solution at 70 ◦C. SAXS spectra were recorded
during heating from 60 ◦C to the melting point. Data for heating at 1 ◦C/min (solid dia-
monds) and 6 ◦C/min (open squares) are shown for comparison (from [84] by permission
of American Chemical Society)
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Fig. 36 IR spectra in (a) the CH2 bending region and (b) CD2 bending region for extended-
chain C216H385D49 crystals as-grown from solution and annealed for 30 min at the
temperatures indicated (in ◦C). The spectrum of unannealed crystals is labelled “25”. All
spectra were recorded at – 173 ◦C (from [84] by permission of American Chemical Society)

Fig. 37 Schematic drawing of molecular arrangements in extended-chain crystals of
C216H385D49 (a) as grown from solution (b) annealed at a low temperature–low tilt
(c) annealed at a high temperature–high tilt. Thickened lines indicate deuterated chain ends
(from [84] by permission of American Chemical Society)

tilt (Fig. 37b,c) are thought to be linked. Thus, in the initial rough surface the
overcrowding problem is not serious since the dissipation of crystalline order is
gradual. As the density gradient becomes steeper on annealing, overcrowding
poses a problem which is alleviated by chain tilting.

Quenching of alkanes such as C162H326 from the melt at sufficiently large
supercooling also produces crystals with initially perpendicular chains, with
tilting occurring soon after [86]. This is in agreement with the morphological
study on melt-crystallized polyethylene [87] where it was proposed that below
Tc

∼= 127 ◦C chains may be initially perpendicular, with fold ordering and chain
tilting occurring subsequently. This has been offered as an explanation for the
S profile of the lamellae as viewed along the growth (b) axis.

The kinetic roughness of the basal surface in as-grown crystals ties well
with the interpretation of the shallow rate minimum at TF3–F4

c , described in the
preceding section. It is reasonable that some of the 3.5-nm shorter F4 stems
would be incorporated into F3 crystals, especially since half of this shortfall in
length, i.e. 1.75 nm, could be allocated to each crystal surface. This value is of
the same order of magnitude as some of the large excursions of chains detected
in as-grown crystals by IR spectroscopy.
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6
Conclusions

While the self-poisoning effect leading to the anomalous minimum in tem-
perature dependence of crystallization rate of long alkanes had already been
discovered in 1987, extensive recent work has greatly extended our understand-
ing of this effect. The phenomenon itself is only an extreme manifestation of the
pinning effect in polymer crystallization. It is only due to the quantized nature
of lamellar thickness (“integer folding”) in monodisperse alkanes that the ef-
fect has become visible, although there is now strong experimental indication
that self-poisoning also plays an important role in crystallization of polyethy-
lene, particularly at higher temperatures, and that it is largely responsible for
the shape of its crystals (Sect. 4.2). Recent new information on self-poisoning
has emerged particularly thanks to direct in situ measurements of growth rates
from solution and melt combined with the analysis of crystal habits. Briefly, the
new information can be summarized as follows:

1. A minimum in growth rate occurs as a function of either crystallization
temperatureor solutionconcentrationat all growthtransitionsbetweensuc-
cessive integer folded forms. The latter results in negative-order kinetics, the
dilution wave effect, and autocatalytic crystallization.

2. Both rate dependencies can be explained theoretically using simple analyti-
cal models as well as computer simulation. The only necessary prerequisites
are the consideration of competing chain depositions and the inability of
a longer stem to attach to an underlying shorter stem.

3. Additional rate minima can be created in melt crystallization within the
extended-chain growth regime, by adding a selected shorter-chain guest
alkane (“poisoning minima”). This supports the interpretation of the rate
anomalies in long alkanes in terms of obstructing short stem attachments.

4. Retardation of crystal growth due to self-poisoning occurs preferentially on
{100} faces.

5. Step initiation (secondary nucleation) on {100} faces virtually stops at the
rate minimum, while a smaller decrease occurs in step propagation rate v.
The observed minimum in v is inconsistent with the barrier to stem deposi-
tion being determined by surface energy and suggests that, as in secondary
nucleation, the barrier is entropic.

6. Self-poisoning is more prominent where stem length is longer.
7. Self-poisoning is more prominent in solvents consisting of smaller non-

linear aromatic molecules as compared to the linear aliphatic solvent
octacosane. The effect may be due to varying degrees of molecular pre-
ordering in solution.

8. There is experimental evidence in favour of two-dimensional secondary
nucleation of chain-folded crystals.
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9. The results generally support the secondary nucleation nature of polymer
crystallization, but highlight the importance of considering competing at-
tachments and pinning. Step propagation can be highly retarded due to
self-poisoning so that in extreme cases nucleation control becomes negli-
gible, with the limit of rough-surface growth being reached.

10. The rate minimum is shallower if the obstructing stems are close in length
to those of the substrate. This is consistent with the tolerance of limited
fluctuationinchainendlocationbykineticallyroughbasal lamellarsurfaces.

Finally, it should be mentioned that self-poisoning due to “erroneous” inte-
ger folded depositions is only one manifestation of a productive reaction, which
leads to thermodynamic stability, being retarded by a competing lower barrier
reaction which almost leads to a stable product. The observations of a crystal-
lization rate minimum in an aromatic polyketone [88], and recently an aromatic
polyester [89], are further examples of such an occurrence.
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