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Self-poisoning is ubiquitous in polymer crystallization but has so far manifested itself visibly only as

minima in growth rate vs temperature in either monodisperse systems where, e.g., unstable folded chains

obstruct crystallization of stable extended chains, or in periodically segmented chains where unstable stems

with n-1 segments disturb deposition of stable stems with n segments. Here, we report a new type of self-

poisoning found in poly(lactic acid), where a less stable crystal form (α0) disturbs growth of the stable form

(α). While α requires strict up-down order of the polar chains, α’ does not, hence is kinetically favored.

Unexpectedly, below the temperature of the growth rate minimum, the lamellar thickness increases rather

than drops, as in all other reported cases of polymer crystallization with decreasing temperature. A growth

rate equation model is developed, giving good match with experiments, but revealing an unexpectedly low

fold surface free energy of α0 form. Delayed crystallization due to self-poisoning of α in practical fast-

cooling processing not only gives the low-modulus α
0 form, but also leads to an increased glassy

amorphous fraction that results in embrittlement of the biofriendly poly(lactic acid) through physical aging.

DOI: 10.1103/yf56-tfhd

Introduction—The self-poisoning (SP) phenomenon in
crystallization of chain molecules was first recognized
when it was found that crystal growth rate G of ultralong
monodisperse normal alkanes CnH2nþ2 (120 < n < 390)

reaches a maximum a few degrees below melting point TE
m,

then decreases to a sharp minimum near TF
m, below which it

increases again sharply [1]. Here TmE and TmF are melting
points of crystals with chains fully extended (E) and folded
in half (F), respectively [2]. This anomalous behavior is

seen also in solution crystallization, where Ti
m is replaced

by dissolution temperature Ti
d [3,4]. Below the minimum,

growth of metastable but kinetically favored F crystals
takes over from that of E crystals. A second and third
minimum was seen in longest alkanes on transitions to
twice- and tricefolded chain growth [5]. Moreover, G was
also found to have a minimum as a function of increasing
solution concentration c, with G dropping to zero at the
E-F growth transition [4]. Conversely, starting from higher
c, F growth stops as c is depleted, only to restart once an E
nucleus forms, causing local dilution that spreads through

the solution as a dilution or “unpoisoning” wave, leaving E
crystals behind [4,6].
SP was explained by the growth front being poisoned

not by impurities but by native molecules themselves
attaching in unstable “wrongly” folded conformations.
These are just short of stability but are sufficiently long-
lived to block the surface for productive growth of less
folded or extended species [1,7,8]. Later, a minimum was
also observed in melt crystallization of narrow fractions of
ethyleneoxide oligomers [9].
The phenomenon exposed a fundamental limitation of

the classical coarse-grain theory of polymer crystallization,
which treats individual chain “stems” (straight traverses
through lamellar crystals) attaching and detaching as whole
units [10]. The theory could not reproduce the minima [11],
whereas even a simple rate theory and Monte Carlo
simulation that split an extended chain into just two
segments already achieved a semiquantitative match with
experiment [4,7]. A more elaborate Monte Carlo simulation
was performed subsequently, highlighting the tortuosity of
attachment of an extended chain, with a hiatus at half-
length [12]. It has been pointed out that SP must also be
hindering crystallization of polydisperse polymers, as the
lingering “almost” sufficiently long stems block the
progress of growth. Consequently, as shown by fine-grain
simulations, lamellar growth faces are curved in the xz
plane, where x and z are growth and chain axes [13,14].
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In recent years Alamo et al. also reported multiple
growth rate minima in polydisperse polymers but with
substituent groups (halogen, ester) spaced at regular inter-
vals along a polyethylene chain (“precision polymers”)
[15–18]. With decreasing crystallization temperature Tc, at
each minimum the lamellar thickness drops by the length of
one monomer unit, e.g., from 4 to 3 and from 3 to 2 units.
Our recent rate equation treatment, with stems split into
monomer units, gave good quantitative fit to experimental
growth-rate data for one such polymer series [19]. Based on
simulations, Whitelam et al. outlined some key require-
ments for a system to show SP [20].
It should also be mentioned that, prompted by the

discovery of SP in solution crystallization of alkanes, it
has been suggested that previously unexplained inability of
many proteins to grow crystals from solution past the size of
nanoscale clusters is also due to SP [20]. The important role
of SP in nucleation andgrowth of neurodegenerative amyloid
buildup has been reported recently, and it was proposed that
SP can be exploited to block amyloid formation [21].
Here, we report an SP phenomenon in polymer crystal-

lization different from those described previously. The
competing, kinetically favored growth taking over below
the growth-rate minimum is not producing thinner crystals,
but a less ordered crystal form. In fact, surprisingly, it is
giving thicker crystals, defying the normal rule that
polymer lamellar thickness decreases with decreasing Tc.
The material is the well-known mass-produced environ-
mentally friendly poly(lactic acid) (PLA), and the two
crystal forms in question are α and α

0. Below, after
describing experimental results, we develop an analytical
growth rate model of polymorphic SP, which reproduces
well the essential features of the observations. The work
adds new light to the currently debated role of mesophases
in polymer crystallization, showing that a low-order alter-
native phase can hinder rather than assist crystal growth.
Results and discussion—

Experimental: The left-handed PLA enantiomer,
PLLA, of weight-average molecular weights Mw (poly-
dispersity) 9 kDa (1.2), 36 kDa (1.5), and 110 kDa (1.7),
abbreviated PLLA-9k, PLLA-36k, and PLLA-110k, were
purchased from Jinan Daigang Biomaterial Co., Ltd. The
amount of enantiomeric impurity (atacticity) was below
detection limit by NMR, and in any case < 2% (gel
permeation chromatography and NMR traces are in
Supplemental Material [22]). Their isothermal crystalliza-
tion was studied first by differential scanning calorimetry
(DSC) (TA DSC250), then by polarized optical microscopy
(Olympus BX51-P with a Linkam LTS420E hot stage), by
in situ and ex situ simultaneous small- and wide-angle x-ray
scattering (SAXS/WAXS, Beamline BL16B1 at Shanghai
Synchrotron Radiation Facility), and by scanning electron
microscopy (SEM, ZEISS Sigma 300, etched with a water-
methanol (1∶2, v:v) solution containing 0.025 mol=L
NaOH, then gold-decorated).

Linear growth rate of spherulites of the three polymers is
plotted vs Tc in Fig. 1. Between 121 °C and 106 °C, all three
show a clear minimum, the most pronounced one in PLLA-
9k. A minimum in bulk crystallization rate is also observed
by DSC [22]. WAXS in Fig. 2 (bottom) shows that above
the temperature of the minimum (Tmin) the form is α

(see also Fig. 5 in End Matter). The 110–200 d-spacing
around 0.531 nm signifies the α form, whereas that around
0.537 nm identifies the more loosely packed α

0. Signifi-
cantly (Fig. 2, bottom), there is an interval of ∼10 K where
the two forms crystallize simultaneously. This differs from

FIG. 1. Spherulite radial growth rate vs Tc for PLLA-9k,
PLLA-36k, and PLLA-110k, and for PLLA-9k containing
30% plasticizer. Values for PLLA-36k and PLLA-110k were
multiplied by 2 and 6; PLLA-36k and PLLA-9k datasets were
shifted vertically as indicated.

FIG. 2. X-ray data for the three polymers as a function of Tc.
Top: SAXS long period. Bottom: 110=200WAXS lattice spacing.
(a) PLLA-9K, (b) PLLA-36k, and (c) PLLA-110K. The data for
plasticized PLLA-9k are shown as red empty circles in (a). All the
samples were crystallized isothermally in DSC apparatus, then
quenched at room temperature, recorded at room temperature.
Raw SAXS/WAXS data are at [24].
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previous SP cases, where the changeover between two
morphologies was abrupt.
A crystallization rate minimum between α and α

0 forms,
a “discontinuity,” has been noted several times before,
observed by DSC [25,26], and direct growth-rate meas-
urement [27–31]. Some reports attributed the minimum to
the Regime II and III growth transition [25–28], although
with some reservations in [28]. However, regardless of
one’s opinion of growth regimes, they certainly cannot
explain retardation with increasing supercooling. Other
reports [27] describe the GðTcÞ curve as a “double bell,”
a single bell being a typical shape of GðTcÞ for a polymer
between Tm and glass transition Tg. This explanation

attributes the retardation on the right of the minimum to
increasing viscosity with lowering Tc. However, this fails
to explain the sudden sharp growth acceleration to the left
of Tmin [32]. Anyway, to test this interpretation we
measured GðTcÞ in PLLA-9k containing 30% plasticizer
methoxylated hydroxyethyl cardanol that suppressed Tg

from 45 °C to 22 °C. The resulting GðTcÞ is shown in Fig. 1
(empty red circles) featuring a distinct sharp and highly
repeatableminimum around 109 °C that cannot be attributed
to a thermally activated chain transport process (each data
point is an average of measurements on several spherulites;
see Ref. [22]). Incidentally, slowing chain transport had also
been used in an attempt to explain the growth minimum in
alkanes after it was first discovered [11].
Most remarkably, the SAXS long spacing L of PLLA

increases rather than decreases as Tc is lowered below
Tmin. This observation, unique in polymer crystallization
[32], has already been made by Kawai et al. [31] and Cho
and Strobl [33], but they did not associate it with the change
of form, as α0 had not yet been identified. Using correlation
function analysis, Cho and Strobl ascertained that the jump
inLwas notmerely due to a thicker amorphous layer, but to a
genuinely increased crystal layer thickness lc. In fact, our
own determination of crystallinity X by DSC shows that the
increase in lc between α and α

0 is not only proportional to the

increase in L, but even exceeds it. Using ΔH0
m values for

100% crystalline α
0 and α forms [34], we obtain the

following Xα
0 (Xα in brackets) for PLLA-9k, PLLA-36k,

and PLLA-110k: 0.69 (0.57), 0.68 (0.55), and 0.56 (0.51)
(estimated error 0.03). This means that the relative increase
in lc below Tmin is actually by 1=5 larger than suggested by
the increase in L in Fig. 2(a).
It is noteworthy also that in the low-Mw low-polydispersity

PLLA-9k, L remains constant at ∼13.5 nm over the entire
110 °C − 130 °C Tc interval. This is likely to be related to
“integer folding” [2], i.e., to a preference of the chain making
an integer number i of full crystal traverses. This leaves the
chain ends at the crystal surface, thus reducing surface over-
crowding [35,36]. The amorphous layer then takes the excess
chain length plusmissed traverses.Considering that the length
of an average 10=3 helical PLLA-9k chain is 36 nm, in α and
α
0 forms close to Tmin, i should be 5 and 3, respectively.

The micrograph in Fig. 3(a) shows an α spherulite grown
at 125 °C then cooled to 110 °C. After 3 min, while the
spherulite continues to grow, now in α

0 form, many new α
0

nuclei appear [Fig. 3(b)]. The SEM image in Fig. 3(c)
shows the boundary between the α spherulite and the α

0

grown epitaxially on it at 110 °C.
For α0 growth to take over from the more stable α form at

lower temperature, it must have a kinetic advantage. The
main difference in structure of the two forms is that in α

0

there is up-down disorder in orientation of chains, the chain
polarity being due to orientation of its ester groups [37]. By
contrast, in α form there is regular up-down chain alter-
nation in f110g planes, and uniform up-up or down-down
order in (200) planes [38]. Of the two forms, the less
ordered α0 has lower density, larger interchain distance, and
a significantly lower heat of fusion ΔH [34,39]. Unlike α,
α
0 (or δ form) belongs to the class of orientationally

disordered, or plastic, crystals [40]. Its obvious kinetic
advantage is that at a particular lattice site all chains can
attach, while for α only half can do so, on average. Having
an attachment rate twice that of α stems, close to the
temperature where wrongly oriented attachments are nearly
stable and long-living, they would inhibit the growth of the
stable α form and act as poison.
In this respect, α0 depositions act similarly to the way F

chains inhibit growth of E crystals of alkanes, or three-
monomer long stems inhibit growth of four-monomer thick
lamellae of a “precision” polymer. However, there are
significant differences in SP caused by polymorphism.
Since heat of fusion of α0 is considerably smaller than that
of α (ΔHα ≈ 1.4ΔHα

0) [34,39], its lamellae must grow
thicker for the bulk crystallization energy to overcome the
fold surface free energy σe. This is reflected in the increase

FIG. 3. (a)–(c) Micrographs of PLLA-9k; α form crystallized at
125 °C for 3 min, then quickly cooled to 110 °C to grow α

0. (a), (b)
Polarized optical micrographs (a) immediately on reaching
110 °C, and (b) after 30 s. (c) SEM of the same sample quenched
from 110 °C. (d)–(g) Schematic row-of-stems model of growth of
a PLA crystal lamella. Vertical single and double arrows represent
stems of α form, e.g., along a (020) plane, and of α

0 form,
respectively.
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in L on transition from α to α0 growth (Fig. 2). Thus, for the
wrongly oriented stems to seriously inhibit the growth of α,
they must be longer, creating a step-up in lamellar thickness
[Figs. 3(d), (e)]. Once α0 stem length exceeds the minimum

number of repeat units nmin ¼ ð2σeT
0
mÞ=ðΔHΔTÞ, α

0

growth can start taking over (here, T0
m is equilibrium

melting point and ΔT supercooling). However, in a limited
T range below Tmin, α growth still competes with α

0, since
what it lacks in frequency of stem attachments it gains in
their survival chance, which depends on ΔH ΔT. Hence
the gradual increase in α

0 fraction and L within the ∼10 K
interval below Tmin (Fig. 2). Below that interval α0-stem
lifetime extends sufficiently for them to dominate the
growth.
We propose that even well below Tmin ordered α pockets

are expected to form where a sufficient number of stems
happen to be “correctly” oriented in nearby crystallizing
melt. Formation of such α pockets is supported by x-ray
diffraction. Based on diffuse scattering, Tashiro et al.

described their model of α0 form as a disordered conglom-
erate of local α-like domains [37].
It is remarkable that the presence of unstable attached

overgrowth thicker than the stable growing parent lamella
should be sufficient to block its growth, causing the rate
minimum [Fig. 3(e)]. The increase in thickness can be
regarded as a process intermediate between secondary and
primary nucleation. The high frequency of such nucleation
is supported by the fact that many new α

0 spherulites
nucleate from melt as soon as Tc is lowered to Tmin

[Fig. 3(b)]. Above Tmin new spherulites are scarce despite
the 60–70 K supercooling of α, an indication that SP affects
its primary nucleation probably even more than its growth.
Also consistent with the above picture is the appearance

of GðTcÞ curve for the polymer containing 30% plasticizer
(Fig. 1; see also Ref. [22]). This shows only a sharp and
narrow dip at the α-α0 growth transition around Tmin ≅

108 °C with little sign of retardation above Tmin (Fig. 1). As
the plasticized polymer has greatly increased mobility, the
supply of correctly oriented chains at the growth site is less
of a problem. Therefore diffusion-limited α growth is able
to proceed all the way down to T at which the size of
temporary α0-crystal depositions becomes sufficiently large
[Fig. 3(e)] to exclude plasticizer from the vicinity of the
growth surface. Only once plasticizer is absent, SP takes
full effect, hence the sharp and narrow rate minimum.
Theory: We consider a “row of stems,” normal to the

crystal growth face, to set up the growth rate equation. The
elementary steps are shown in Figs. 4(a)–4(d) and

described in the caption. The equations are developed in
End Matter. Using these equations and the parameters in
Table I, the obtained growth rate is plotted in Fig. 4(e).
In our calculation melting enthalpies ΔHα and ΔHα

0

were taken from literature [34]. The best-fit melting

temperatures Tα
m and Tα

0

m are within ∼5 K of those reported
[41], and σ

α
e is also close to the experimental value of

15 kJ=mol [42]. The model also holds an explanation of the
notable fact that the supercooling at which α

0 starts
crystallizing (165–120 ¼ 45 K) is almost twice as large
as that of α (185−160 ¼ 25 K). Equation (B14) in End
Matter points to the nucleation process as the cause, i.e., to
the fact that α0 nuclei are more difficult to form because
their lower crystallization energy ΔHα

0 requires larger
lamellar thickness to overcome the end surface free energy

2σα
0

e .
In fact, sinceΔHα

0 ¼ ΔHα=1.4, one would expect a 50%
increase in lamellar thickness as α0 growth takes over from
α. This increase indeed happens in PLLA-9k, but it is
nowhere near as large in the polydisperse 36k and 110k
polymers (Fig. 2). The only way to understand the lower-
than-expected jump in thickness in the latter polymers is to

assume that σα
0

e < σ
α
e , as shown by our simulation, where

σ
α
0

e ¼ 0.6σαe (Table I). To explain this difference in σe,

FIG. 4. (a)–(d) Schematic models used in simulation of
measured growth rate. (a) Growth of α phase happens by
attachment of a new α stem (black single arrow) to a clean
unpoisoned growth front. The attachment rate is A and the
detachment rate is B. (b) An α0 stem (red double arrow) can attach
to the α-phase growth front, with attachment rate A0 and
detachment rate B0. (c) Poisoning of α growth as further α

0

stems can attach to the poisoned surface, but α stems cannot.
(d) α0 phase can grow through thickening, but this is assumed to
happen only when the number of α0 stems at the poisoned growth
front is over a critical value mc. (e) Simulated growth rate.
Orange, overall growth rate; blue and gray, growth rates of α and
α
0 phases, respectively. The parameters used are given in Table I.

TABLE I. Parameters used to simulate the growth rate of PLLA.

ΔHα ðJ=gÞ Tα
m ð°CÞ σ

a
e ðkJ=molÞ K1 ΔHα

0 ðJ=gÞ Tα
0

mð°CÞ σ
α
0

e ðkJ=molÞ K3 K5

104.5 185 14.5 0.1 71.6 165 8.95 0.1 1.5
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we note that α0 form contains a high degree of translational
disorder along chain axis, along with a degree of conforma-
tional disorder. Notably, all observed sharp Bragg reflec-
tions of α0 are either hk0 or 00l, with the (203) the only hkl
type [37]. Thus α0 can almost be considered a mesophase.
Previously one of us has indeed shown in the example of
the real hexagonal columnar mesophase in 1,4-trans-

polybutadiene that σ
meso
e =σ

crystal
e ≈ 0.4 [43]. The case of

the short-chain nearly monodisperse PLLA-9k, where

σ
α
0

e ≈ σ
α
e , may be exceptional due to its integer chain

folding. These sizeable differences in σe raise important
general questions about the nature of fold surface in
polymers and the exact origin of σe.
Conclusions—A new type of self-poisoning has been

identified that manifests itself as a minimum in crystal
growth rate at the transition between α- and α0-form growth
in PLA. Although the minimum has been observed
previously, its origin had remained unexplained. Unlike
in previous examples of SP minima, where growth of
thinner lamellae inhibited the growth of thicker ones (in
long alkanes and precision polymers), in PLA the com-
peting lower-driving-force but lower-barrier process is the
deposition of an orientationally disordered crystal poly-
morph. Intriguingly, the competing α

0 crystallization that
takes over below the rate minimum results in thicker

lamellae than the high-T crystallization of the stable α

form, a unique phenomenon in polymer crystallization. The
rate-equation model developed gives reasonably close
match with experimental kinetic data, considering its
simplified “row-of-stems” nature. As in alkanes [5] and
PEO [44], beside kinetics, SP also affects crystal morphol-
ogy, e.g., while banded spherulites grow above Tmin in
PLLA-9k, no banding is seen below Tmin. In practical
terms, due to SP of the α form, most fast-cooling processing
gives the low-modulus α

0 form grown close to Tg, detri-

mental to mechanical properties of PLA. This most
important of biodegradable polymers is also impaired by
another type of SP, called “poisoning by purity”; it hinders
crystallization of the high-performance “stereocomplex” in
a racemic mixture of PLA enantiomers, caused by local
composition fluctuations being amplified, creating pockets
of pure enantiomer blocking further stereocomplex growth
[45]. The current findings of polymorphic SP have also
broader implications sinceGðTcÞminima, or “bimodal” rate
curves, have been observed in a number of key commercial
polymers (polypropylene [46], nylons [47–49], poly(butyl-
ene terephthalate [50]) at high supercooling using fast chip
calorimetry. While alternative explanations have been pro-
posed, polymorphic SP is now an open possibility to be
considered.

Acknowledgments—We acknowledge financial support
from the National Natural Science Foundation of China
(52373022, 52003215, 22250710137, 92156013,
92356306), the Engineering and Physical Science

Research Council UK (EP-T003294), and Shaanxi
Provincial Science and Technology Department
(2025GH-YBXM-042). The authors thank the staff at
BL16B1 beamline at Shanghai Synchrotron Radiation
Facility for help with x-ray experiments ([51]).

Data availability—The data that support the findings of
this article are openly available [24].

[1] G. Ungar and A. Keller, Inversion of the temperature
dependence of crystallization rates due to onset of chain
folding, Polymer 28, 1899 (1987).

[2] G. Ungar, J. Stejny, A. Keller, I. Bidd, and M. C. Whiting,
The crystallization of ultralong normal paraffins: The onset
of chain folding, Science 229, 386 (1985).

[3] S. J. Organ, G. Ungar, and A. Keller, Rate minimum in
solution crystallization of long paraffins, Macromolecules
22, 1995 (1989).

[4] G. Ungar, P. Mandal, P. G. Higgs, D. S. M. de Silva, E.
Boda, and C. M. Chen, Dilution wave and negative-order
crystallization kinetics of chain molecules, Phys. Rev. Lett.
85, 4397 (2000).

[5] G. Ungar, E. G. R. Putra, D. S. M. de Silva, M. A.
Shcherbina, and A. J. Waddon, The effect of self-poisoning
on crystal morphology and growth rates, Adv. Polym. Sci.
180, 45 (2005).

[6] P. G. Higgs and G. Ungar, The dilution wave in polymer
crystallization is described by Fisher’s reaction-diffusion
equation, J. Chem. Phys. 114, 6958 (2001).

[7] P. G. Higgs and G. Ungar, The growth of polymer crystals at
the transition from extended chains to folded chains, J.
Chem. Phys. 100, 640 (1994).

[8] K. Leutwyler, Self-poisoning polymer crystals, Sci. Am.,
https://www.scientificamerican.com/article/self-poisoning-
polymer-cr/ (2000).

[9] S. Z. D. Cheng and J. H. Chen, Nonintegral and integral
folding crystal growth in low-molecular mass poly (ethylene
oxide) fractions. III. Linear crystal growth rates and crystal
morphology, J. Polym. Sci. Polym. Phys. 29, 31 (1991).

[10] J. D. Hoffman, L. J. Frolen, G. S. Ross, and J. I. Lauritzen,
Jr., On the growth rate of spherulites and axialites from the

melt in polyethylene fractions: Regime I and regime II
crystallization, J. Res. Natl. Bur. Stand. A Phys. Chem. 79A,
671 (1975).

[11] J. D. Hoffman, Transition from extended-chain to once-
folded behaviour in pure n-paraffins crystallized from the
melt, Polymer 32, 2828 (1991).

[12] Y. Ma, B. Qi, W. B. Hu, G. Ungar, and J. Hobbs, Under-
standing self-poisoning phenomenon in the crystal growth
of short-chain polymers, J. Phys. Chem. B 113, 13485
(2009).

[13] D. M. Sadler, New explanation for chain folding in poly-
mers, Nature (London) 326, 174 (1987).

[14] T. Verho, A. Paajanen, J. Vaari, and A. Laukkanen, Crystal
growth in polyethylene by molecular dynamics: The crystal
edge and lamellar thickness, Macromolecules 51, 4865
(2018).

[15] X. Zhang, W. Zhang, K. B. Wanener, E. Boz, and R. G.
Alamo, Effect of self-poisoning on crystallization kinetics

PHYSICAL REVIEW LETTERS 136, 018101 (2026)

018101-5

https://doi.org/10.1016/0032-3861(87)90298-9
https://doi.org/10.1126/science.229.4711.386
https://doi.org/10.1021/ma00194a078
https://doi.org/10.1021/ma00194a078
https://doi.org/10.1103/PhysRevLett.85.4397
https://doi.org/10.1103/PhysRevLett.85.4397
https://doi.org/10.1007/b106919
https://doi.org/10.1007/b106919
https://doi.org/10.1063/1.1357801
https://doi.org/10.1063/1.466928
https://doi.org/10.1063/1.466928
https://www.scientificamerican.com/article/self-poisoning-polymer-cr/
https://www.scientificamerican.com/article/self-poisoning-polymer-cr/
https://www.scientificamerican.com/article/self-poisoning-polymer-cr/
https://www.scientificamerican.com/article/self-poisoning-polymer-cr/
https://doi.org/10.1002/polb.1991.090290306
https://doi.org/10.6028/jres.079A.026
https://doi.org/10.6028/jres.079A.026
https://doi.org/10.1016/0032-3861(91)90116-Z
https://doi.org/10.1021/jp809785r
https://doi.org/10.1021/jp809785r
https://doi.org/10.1038/326174a0
https://doi.org/10.1021/acs.macromol.8b00857
https://doi.org/10.1021/acs.macromol.8b00857


of dimorphic precision polyethylenes with bromine, Macro-

molecules 51, 1386 (2018).
[16] X. Zhang, X. Zuo, P. Ortmann, S. Mecking, and R. G.

Alamo, Crystallization of long-spaced precision polyacetals

I: Melting and recrystallization of rapidly formed crystal-

lites, Macromolecules 52, 4934 (2019).
[17] S. F. Marxsen, D. Song, X. Zhang, I. Flores, J. Fernández,

J. R. Sarasua, A. J. Müller, and R. G. Alamo, Crystallization

rate minima of polyethylene brassylate at temperatures

transitioning between quantized crystal thicknesses, Macro-

molecules 55, 3958 (2022).
[18] H. Janani, C. W. Kramer, N. R. Boyd, M. Eck, S. Mecking,

and R. G. Alamo, Crystallization rate minima of aliphatic

polyesters type PE-x,y in a wide range of undercooling.

Role of CH2 sequence length and layered crystallites,

Macromolecules 58, 5688 (2025).
[19] K. Gabana, G. A. Gehring, X. B. Zeng, and G. Ungar,

Quantitative model of multiple crystal growth rate minima

in polymers with regularly spaced substituent groups,

Macromolecules 57, 1667 (2024).

[20] S. Whitelam, Y. R. Dahal, and J. D. Schmit, Minimal

physical requirements for crystal growth self-poisoning, J.

Chem. Phys. 144, 064903 (2016).
[21] T. Kandola et al., Pathologic polyglutamine aggregation

begins with a self-poisoning polymer crystal, eLife 12,

RP86939 (2023).
[22] See Supplemental Material at http://link.aps.org/

supplemental/10.1103/yf56-tfhd for gel permeation chro-

matography traces (Fig. S1), NMR spectra (Fig. S2), results

of isothermal DSC runs (Fig. S3), and growth rates of

individual spherulites of the plasticized PLLA-9k (Fig. S4),

which includes Ref. [23].
[23] K. Suganuma, T. Asakura, M. Oshimura, T. Hirano, K. Ute,

and H. N. Cheng, NMR analysis of poly(Lactic Acid) via

statistical models, Polymers 11, 725 (2019).

[24] S. G. Yang, X. B. Zeng, F. Liu, and G. Ungar, Polymorphic

self-poisoning in poly(lactic acid): A new phenomenon

in polymer crystallization, Figshare2025, 10.6084/m9

.figshare.29923553.
[25] S. Iannace and L. Nicolais, Isothermal crystallization and

chain mobility of poly(L-lactide), J. Appl. Polym. Sci. 64,

911 (1997).
[26] H. Tsuji, T. Miyase, Y. Tezuka, and S. K. Saha. Physical

properties, crystallization, and spherulite growth of linear

and 3-arm poly(L-lactide)s, Biomacromolecules 6, 244

(2005).
[27] H. Abe, Y. Kikkawa, Y. Inoue, and Y. Doi, Morphological

and kinetic analyses of regime transition for poly[(S)-

lactide] crystal growth, Biomacromolecules 2, 1007 (2001).
[28] M. L. Di Lorenzo, Crystallization behavior of poly(L-lactic

acid), Eur. Polym. J. 41, 569 (2005).

[29] M. Yasuniwa, S. Tsubakihara, K. Iura, Y. Ono, Y. Dan, and

K. Takahashi, Crystallization behavior of poly(L-lactic

acid), Polymer 47, 7554 (2006).
[30] P. Pan, B. Zhu, W. Kai, T. Dong, and Y. Inoue, Effect of

crystallization temperature on crystal modifications and

crystallization kinetics of poly(L-lactide), J. Appl. Polym.

Sci. 107, 54 (2007).
[31] T. Kawai et al., Crystallization and melting behavior of poly

(L-lactic Acid), Macromolecules 40, 9463 (2007).

[32] B. Lotz, Crystal polymorphism and morphology of poly-

lactides, Adv. Polym. Sci. 279, 273 (2018).
[33] T.-Y. Cho and G. Strobl, Temperature dependent variations

in the lamellar structure of poly(L-lactide), Polymer 47,

1036 (2006).
[34] K. Jariyavidyanont, C. Schick, and R. Androsch, The bulk

enthalpy of melting of α
0-crystals of poly(L-lactic acid)

determined by fast scanning chip calorimetry, Thermochim.

Acta 717, 179349 (2022).
[35] C. M. Guttman, E. A. DiMarzio, and J. D. Hoffman, Mod-

elling the amorphous phase and the fold surface of a

semicrystalline polymer—the Gambler’s Ruin method,

Polymer 21, 733 (1980).
[36] X. Zeng and G. Ungar, Semicrystalline lamellar phase in

binary mixtures of very long-chain n-alkanes, Macromole-

cules 34, 6945 (2001).
[37] K. Wasanasuk and K. Tashiro, Crystal structure and disorder

in poly(L-lactic acid) δ form (α0 form) and the phase

transition mechanism to the ordered α form, Polymer 52,

6097 (2011).
[38] K. Wasanasuk, K. Tashiro, M. Hanesaka, T. Ohhara, K.

Kurihara, R. Kuroki, T. Tamada, T. Ozeki, and T. Kanamoto,

Crystal structure analysis of poly(L-lactic acid) α form on

the basis of the 2-dimensional wide-angle synchrotron x-ray

and neutron diffraction measurements, Macromolecules 44,

6441 (2011).
[39] M. C. Righetti, M. Gazzano, M. L. Di Lorenzo, and R.

Androsch, Enthalpy of melting of α0- and α-crystals of poly

(L-lactic acid), Eur. Polym. J. 70, 215 (2015).
[40] J. N. Sherwood, The Plastically Crystalline State: Orienta-

tionally Disordered Crystals (JohnWiley, New York, 1979).
[41] J. Zhang, K. Tashiro, H. Tsuji, and A. J. Domb, Disorder-to-

order phase transition and multiple melting behavior of poly

(L-lactide) investigated by simultaneous measurements of

WAXD and DSC, Macromolecules 41, 1352 (2008).
[42] B. Kalb and A. J. Pennings, General crystallization behav-

iour of poly(L-lactic acid), Polymer 21, 607 (1980).
[43] S. Rastogi and G. Ungar, Hexagonal columnar phase in

1,4-t-polybutadiene: Lamellar thickening, chain extension

and isothermal phase reversal, Macromolecules 25, 1445

(1992).
[44] M. A. Shcherbina and G. Ungar, Solution of the growth

equation for asymmetric crystal faces, Polymer 47, 5505

(2006).
[45] J.M. Cui, S. G. Yang, Q. Zhang, F. Liu, and G. Ungar,

Poisoning by purity: What stops stereocomplex crystallization

in polylactide racemate?, Macromolecules 56, 989 (2023).
[46] D. Cavallo, L. Zhang, G. Portale, G. C. Alfonso, H. Janani,

and R. G. Alamo, Unusual crystallization behavior of

isotactic polypropylene and propene/1-alkene copolymers

at large undercoolings, Polymer 55, 3234 (2014).
[47] F. Paolucci, D. Baeten, P. C. Roozemond, B. Goderis, and

G.W.M. Peters, Quantification of isothermal crystallization

of polyamide 12: Modelling of crystallization kinetics and

phase composition, Polymer 155, 187 (2018).
[48] A. M. Rhoades, N. Wonderling, C. Schick, and R.

Androsch, Supercooling-controlled heterogeneous and

homogenous crystal nucleation of polyamide 11 and its

effect onto the crystal/mesophase polymorphism, Polymer

106, 29 (2016).

PHYSICAL REVIEW LETTERS 136, 018101 (2026)

018101-6

https://doi.org/10.1021/acs.macromol.7b02745
https://doi.org/10.1021/acs.macromol.7b02745
https://doi.org/10.1021/acs.macromol.9b00922
https://doi.org/10.1021/acs.macromol.2c00308
https://doi.org/10.1021/acs.macromol.2c00308
https://doi.org/10.1021/acs.macromol.5c00614
https://doi.org/10.1021/acs.macromol.3c02432
https://doi.org/10.1063/1.4941457
https://doi.org/10.1063/1.4941457
https://doi.org/10.7554/eLife.86939.3
https://doi.org/10.7554/eLife.86939.3
http://link.aps.org/supplemental/10.1103/yf56-tfhd
http://link.aps.org/supplemental/10.1103/yf56-tfhd
http://link.aps.org/supplemental/10.1103/yf56-tfhd
http://link.aps.org/supplemental/10.1103/yf56-tfhd
http://link.aps.org/supplemental/10.1103/yf56-tfhd
https://doi.org/10.3390/polym11040725
https://doi.org/10.6084/m9.figshare.29923553
https://doi.org/10.6084/m9.figshare.29923553
https://doi.org/10.1002/(SICI)1097-4628(19970502)64:5%3C911::AID-APP11%3E3.0.CO;2-W
https://doi.org/10.1002/(SICI)1097-4628(19970502)64:5%3C911::AID-APP11%3E3.0.CO;2-W
https://doi.org/10.1021/bm049552q
https://doi.org/10.1021/bm049552q
https://doi.org/10.1021/bm015543v
https://doi.org/10.1016/j.eurpolymj.2004.10.020
https://doi.org/10.1016/j.polymer.2006.08.054
https://doi.org/10.1002/app.27102
https://doi.org/10.1002/app.27102
https://doi.org/10.1021/ma070082c
https://doi.org/10.1007/12_2016_15
https://doi.org/10.1016/j.polymer.2005.12.027
https://doi.org/10.1016/j.polymer.2005.12.027
https://doi.org/10.1016/j.tca.2022.179349
https://doi.org/10.1016/j.tca.2022.179349
https://doi.org/10.1016/0032-3861(80)90288-8
https://doi.org/10.1021/ma010853r
https://doi.org/10.1021/ma010853r
https://doi.org/10.1016/j.polymer.2011.10.046
https://doi.org/10.1016/j.polymer.2011.10.046
https://doi.org/10.1021/ma2006624
https://doi.org/10.1021/ma2006624
https://doi.org/10.1016/j.eurpolymj.2015.07.024
https://doi.org/10.1021/ma0706071
https://doi.org/10.1016/0032-3861(80)90315-8
https://doi.org/10.1021/ma00031a014
https://doi.org/10.1021/ma00031a014
https://doi.org/10.1016/j.polymer.2005.12.093
https://doi.org/10.1016/j.polymer.2005.12.093
https://doi.org/10.1021/acs.macromol.2c02067
https://doi.org/10.1016/j.polymer.2014.05.053
https://doi.org/10.1016/j.polymer.2018.09.037
https://doi.org/10.1016/j.polymer.2016.10.050
https://doi.org/10.1016/j.polymer.2016.10.050


[49] X. Zhang, J. Buzinkai, R. Androsch, R. H. Colby, and A. M.

Rhoades, Crystallization of polyamide 66 in blends with a

random noncrystallizable poly(hexamethylene isophthala-

mide-coterephthalamide). Macromolecules 58, 8151

(2025).

[50] A. Toda, Y. Furushima, and C. Schick, Crystal domains and
crystallization kinetics of poly(butylene terephthalate),
Macromolecules 56, 6891 (2023).

[51] https://cstr.cn/31124.02.SSRF.BL16B1

End Matter

Small and wide-angle x-ray diffractograms—The data
in Fig. 2 were extracted from SAXS and WAXS curves
like those in Fig. 5, which gives the example of PLLA-
9k. The samples were crystallized isothermally at
temperatures Tc in the DSC instrument after rapid
cooling from melt. The diffractograms were recorded at
room temperature. The intriguing increase in long period
(peak shift to lower q) at growth transition from α to α

0

(110 °C → 105 °C) is obvious. The change from α to α
0

is evident from the shift to lower q of WAXS reflections
(200=110) and (203), and the disappearance of (015),
which is forbidden in α

0 by symmetry.

Growth rate equation and its derivation—For α form,
without poisoning by the α

0 form, growth rate Gα ¼
A − B ¼ A½1 − ðB=AÞ�. Here, A is attachment rate of
stems on the growth front, also regarded as the barrier
factor, while 1 − B=A is the driving force factor [13].
The latter is linked to the free energy difference between
crystal and melt,

B

A
¼ exp

�

−

nΔTΔS − 2σe

kT

�

: ðB1Þ

Here, ΔT ¼ Tα
m − T, ΔS is the entropy loss at

crystallization per repeat unit, n is the number of repeat
units in the crystalline stem, and 2σe the surface energy
per chain. The minimum length of the crystallized stem,
as given in the main text, can be derived using the
condition A ¼ B or ðB=AÞ ¼ 1 [Fig. 4(a)].
We assume the free energy barrier FB for stem attach-

ment is entropic, therefore proportional to T and the
number of repeat units n, so

FB ¼ KnT: ðB2Þ

Here, K is a constant. FB can be taken as the free energy
barrier of a repeat unit to get ready to attach to the growth
surface, corrected by the fraction of the whole stem that
needs to attach to the surface first in order for the rest of the
stem to follow. Therefore,

A ¼ A0 exp

�

−

KnT

kT

�

¼ A0 expð−K1nÞ; ðB3Þ

where K1 ¼ ðK=kÞ. Combining Eqs. (B1) and (B3), we
have

B ¼ A0 expð−K1nÞ exp

�

−

ΔTΔS

kT
n

�

exp

�

2σe

kT

�

¼ A0 exp

�

2σe

kT

�

exp½−ðK1 þ K2Þn�; ðB4Þ

where ðΔTΔS=kTÞ ¼ K2 and

A−B¼A0 expð−K1nÞ−A0 exp

�

2σe

kT

�

exp½−ðK1þK2Þn�:

ðB5Þ

Therefore, without poisoning, on the basis of
equation (B5), the maximum growth rate can be found at

nmg ¼

�

2σe

kT
þ lnð1þ K2=K1Þ

�

=K2

¼ nmin þ lnð1þ K2=K1Þ=K2: ðB6Þ

FIG. 5. (a) and (b) are ex situ SAXS and WAXS profiles of PLLA-9k isothermally crystallized at different temperatures, as indicated.
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The growth rate is then

Gα ¼ A0

K2

K1 þ K2

expð−K1nmgÞ: ðB7Þ

For α
0 form, similarly we define K3 ¼ ðK0=kÞ and

K4 ¼ ðΔT 0
ΔS0=kTÞ. Maximum growth rate is found at

n0mg ¼

�

2σ0e

kT
þ lnð1þ K4=K3Þ

�

=K4

¼ n0min þ lnð1þ K4=K3Þ=K4; ðB8Þ

and growth rate of α0 form,

Gα
0 ¼ A0

0

K4

K3 þ K4

expð−K3n
0
mgÞ: ðB9Þ

In our simulation we have assumed A0
0
¼ 2A0 (that the α

0

stems can attach to the growth front either up or down),
and K3 ¼ K1.
When α form of length n is poisoned by the unstable α0

form, α form can only grow on the fraction fα of growth
surface that is not covered by α

0 chains [Figs. 4(a)–4(c)],
given by fα ¼ ½1 − ðA0=B0Þ�, where A0 < B0 are the respec-
tive attachment and detachment rates of an α

0 chain on the
growth surface. So

Gα ¼ ðA − BÞ

�

1 −
A0

B0

�

: ðB10Þ

Here, ðA0=B0Þ ¼ expðnΔT 0
ΔS0 − 2σ0e=kTÞ ¼ exp ½−ð2σ0e=

kTÞ� expðK4nÞ. The growth rate with poisoning is therefore

Gα ¼ A0 expð−K1nÞ − A0 exp

�

2σe

kT

�

exp½−ðK1 þ K2Þn�

− A0 exp

�

−

2σe

kT

�

exp½−ðK1 − K4Þn�

þ A0 exp½−ðK1 þ K2 − K4Þn�: ðB11Þ

We can assume that the poisoning does not change nmg

determined by equation [8]. Then

Gα ¼ A0

K2

K1 þ K2

expð−K1nmgÞ

×

�

1 − exp

�

−

2σ0e

kT

�

expðK4nmgÞ

�

: ðB12Þ

At the same time, we consider the possible growth rate of α0

form through surface mediated extension of α0 stems at the
growth front. We assume that such extension happens only
when the number of attached α0 stems at the growth front is
larger than a critical value mc [Fig. 4(d)], which is
considered to be proportional to the difference between
n0mg and nmg,

mc ¼ K5ðn
0
mg − nmgÞ: ðB13Þ

The fraction fα0 of the growth front with number of α0 stems
higher than nc is

fα0 ¼

�

A0

B0

�

K5ðn
0
mg−nmgÞ

: ðB14Þ

Now the growth rate of α0 is

Gα
0 ¼ A0

0

K4

K3 þ K4

expð−K3n
0
mgÞ

�

A0

B0

�

K5ðn
0
mg−nmgÞ

¼ A0
0

K4

K3 þ K4

expð−K3n
0
mgÞ exp

�

K5ðn
0
mg

− nmgÞ
nΔT 0

ΔS0 − 2σ0e

kT

�

: ðB15Þ

The overall growth rate is

G ¼ Gα þ Gα
0 : ðB16Þ
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