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Molecular Mechanisms of Polymer Crystallization from Solution
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Our simulations of polymer crystallization from solutions show that (1) entropic barriers control the
selection of the initial lamellar thickness, (2) growth at the crystalline interface is chain adsorption
followed by crystallographic registry, and (3) lamellar thickening is a highly cooperative process requiring
the mobility of all chains in the crystal. These results, especially the latter, challenge the conventional
Lauritzen-Hoffman theory and its generalizations.
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Crystallization of polymers from metastable liquids and
solutions is extremely complex [1–3] and its molecular
mechanism is not at all understood [4,5], in spite of the
rich phenomenology cultivated over 60 years of investi-
gation. The way polymers crystallize is drastically dif-
ferent from that [6] of small molecules. The nucleation
and growth (NG) process is recognized to be the mecha-
nism of crystallization when a liquid of small molecules is
quenched to temperatures in the metastable region. Here,
crystal nuclei larger than a certain critical size are formed
by thermal fluctuations, which then provide growth sur-
faces for further crystallization. In this small molecule
case, the characteristic size of the molecule is much smaller
than that of the crystal nucleus and each molecule partici-
pates in only one nucleus at a time. The situation is much
more complicated for the same process involving polymers
due to their topological connectivity. The ability of dif-
ferent portions of a single polymer molecule to partici-
pate in different initial nuclei is associated with entropic
frustration and leads to incomplete crystallization whereby
polymer chains fold [7] back and forth to form crystalline
lamellae. The chain folding problem is in the same class
[5] as the complicated protein folding problem, although
much simpler in details, and requires the understanding
of entropic frustration associated with chain connectivity.
Availability of sensitive synchrotron radiation techniques
[8–11] and molecular modeling [12–15] have spurred re-
cent intense interest in following the mechanism of poly-
mer crystallization.

Among the numerous challenges [1–5] faced in under-
standing hierarchical structures in polymer crystallization,
we focus on only two issues in this Letter. (1) Indepen-
dent of crystallization conditions, whether from solutions
or melt, the lamellar thickness is approximately 10 nm,
about 2 orders of magnitude smaller than thermodynamic
estimates. Clearly, the chains should fold back and forth in
the crystalline lamellae to support the experimentally ob-
served lamellar thickness. The free energy of a folded state
results from attractions among nonbonded monomers and
penalties for torsional bending along the chain backbone.
Different folded states of the crystalline polymer have dif-
ferent free energies and must be separated by barriers. In
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this Letter we report our modeling results on these bar-
riers that are responsible for the spontaneous selection of
lamellar thickness. (2) The problem of how a sufficiently
large lamella grows further has attracted [1,4] most of the
theoretical effort [16–18] in the past and a vast amount of
experimental data is available. In the analytically tractable
model [4,16] of Lauritzen and Hoffman (LH) and further
elegant generalizations [17], the growth occurs via crossing
another nucleation barrier associated with the formation of
one stem of the polymer (of contour length comparable
to lamellar thickness) followed by an essentially down-hill
process of lateral spreading by other stems. Depending on
the relative rates of nucleation of the first stems and lateral
spreading, three regimes have been identified [4] and ex-
perimental data are argued [16] to be consistent with the
LH theory. However, serious criticism of the LH theory
lingers in the literature [1,4,18,]. In this Letter we address
the molecular details of the barrier for the attachment of
a stem at the growth front and what constitutes the stems.
We also address the collective behavior of many chains as
the growth front progresses and the lamella thickens.

Motivated by the complexity of the problem and the
earlier success [13,14] of molecular modeling to provide
insight into quench depth dependence of lamellar thick-
ness, resolution of the interpretative discrepancy (spinodal
mode versus NG) in the early stage of crystallization, etc.,
we have employed Langevin dynamics simulations to ad-
dress the above two issues. To summarize our present re-
sults on polymer crystallization from dilute solutions, a
nucleation and growth mechanism, not spinodal dynam-
ics, gives birth to initial crystal nuclei (baby nuclei) in the
early stages of homogeneous crystallization. Free energy
barriers dictate the initial lamellar thickness. Once this
baby nucleus has formed, chains diffuse to the growth front
where they simultaneously adsorb and crystallographically
attach. This step is not hindered by a barrier, in contradic-
tion with the underlying assumptions of the LH theory.
The newly added, folded chains undergo a rearrangement
on the growth front to form stems that are commensurate
with the crystal thickness at the growth front. Mean-
while, chain dynamics within the crystal result in an over-
all thickening of the lamella. The combined effect of
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these events yields phenomena equivalent to experimental
observations.

Our simulations employ a bead-spring united atom
model to represent polymer chains, with force fields to
include chain connectivity, bond angle, torsion angle,
and nonbonded bead-bead interactions (Lennard-Jones of
strength e and range s). The force field parameters and
details are given in our earlier work [13,14]. All results
are given in terms of e and the equilibrium bond length lo .
The reduced time t is given in units of

p
ms2�e, where

m is the mass of a bead.
(1) Spontaneous selection of lamellar thickness.—We

have calculated the free energy landscape as a function of a
measure, L, of lamellar thickness of single chains at a given
quench depth and utilizing a histogram technique [19]. L
is the the radius of gyration along the axis parallel to the
chain backbone within the crystal. The free energy F�L�
is estimated as F�L� � 2kT ln� n�L�

N �, where n�L� is the
number of times the system visited states between L and
L 1 DL, N is the total number of states visited, and kT
is the Boltzmann constant times absolute temperature. Fig-
ure 1A illustrates our estimates of the free energy profiles

FIG. 1 (color). (A) The free energy density as a function of
L for N � 200. The numerical labels indicate the number of
stems for the corresponding free energy wells. (B) The free
energy density as a function of both L and S for N � 200. The
snapshots indicate the ordered configurations typical of the wells
and the disordered structures of the saddles.
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for a 200 united atom chain (N � 200) at a quench depth
of approximately 2 (DT�e � 2). DL�lo is 2. The estimate
was constructed by performing nine different simulations
for 60 000 reduced time units. Samples were recorded ev-
ery 20 time units. Each well corresponds to a different
number of stems in the crystal. For example, six, five, and
four stem structures are observed for chains composed of
200 united atoms. Increasing the number of united atoms,
N , results in the addition of more wells. Thus, the profile
for N � 300 displays four wells corresponding to struc-
tures with four to seven stems. The minimum in F�L�
is observed to be near L�lo � 9 for all chain lengths ex-
amined. This corresponds to different numbers of stems
for different values of N . As N increases, the chains in-
crease the number of stems in the crystal to accommodate
the target minimum F�L� crystal thickness. However, the
number of beads in each stem at this minimum is always
approximately 40 (which is equivalent to L�lo � 9). Note
that the barrier between this kinetically selected thickness
and other thicker lamellae is increasing prohibitively as
the thickness increases. Further, we also observe the bar-
riers in F�L� between the local minima to increase with
N . We therefore expect that at larger values of N the re-
arrangement from one crystal thickness to the next happens
with far less frequency than that illustrated in Fig. 1A. We
therefore conclude that the spontaneous selection of the
initial lamellar thickness is dictated by the huge free en-
ergy barrier for forming thicker lamellar (fewer stems).

Close examination of the simulations indicates that the
chains tend to “melt” while jumping a barrier. We esti-
mated the free energy landscape as a function of both L and
orientational order, S, to quantify this behavior. The global
orientational order parameter S � 0.5�3 cos2f 2 1�pairs

measures the degree of crystalline order in the chain
folded structure, where f is the angle between any pair of
vectors that join two chain segments and ��pairs indicates
an average over all such vector pairs in a given chain
conformation. F�L, S� was approximated using a two-
dimensional histogram with n�L, S�, the number of times
the chain was observed to be in a state with a thickness
between L and L 1 DL and an orientational order be-
tween S and S 1 DS (DS � 0.03). Figure 1B presents
our estimate of F�L, S� for N � 200. Configurations
gathered for Fig. 1A were used in this estimate. Three
valleys are noted in the landscape along the L axis. These
correspond to the three chain folded structures reflected
in Fig. 1A above. Given this landscape, there are two
limiting cases for the chain to move from one valley to
the next. The chain may maintain its orientational order
and thereby jump the large free energy barrier required to
get to the next well. Or, it may disorganize and cross the
saddle of the landscape and then slide towards higher S
values in the new valley. The latter journey is most often
observed in our simulations for single folded chains.

(2) Mechanism of chain addition to a growing crystal
and simultaneous lamellar thickening.—We have carried
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FIG. 2 (color). Representative snapshots from the simulation.
The 40th chain adding to a 39 chain crystal.

out very long simulations with as many as 9000 united
atoms with the following protocol. First, we placed a
single chain crystal at the origin. Next, a self-avoiding
random chain was placed at a random location on a sphere
whose radius is 1.5 times the radius of gyration, Rg, of
the crystal. The new system was equilibrated with the
Langevin dynamics algorithm for 5000 time units. If the
chain failed to add any segments to the crystal by the end
of the addition period, the run was rejected and the crys-
tal’s coordinates were reset to their values at the begin-
ning of the period. A new attempt to add a chain was
then made. If the chain added to the crystal, the pro-
cess was repeated by moving the crystal to the origin and
adding a new self-avoiding random chain to the simulation.
This procedure corresponds to the conditions of Regime I
in Hoffman’s nomenclature. This process was repeated
until 45 chains were in the crystal, for kT�e � 9.0 cor-
responding to DT�e � 2.0.

Figure 2 illustrates the addition of the 40th chain to a
39 chain crystal. The crystal reels in the chain one seg-
ment at a time, crystallographically attaching each to the
growth face. This process continues until the entire chain
adds to the crystal. Once adsorbed, the chain continues to
rearrange until its fold length is commensurate with that
of the growth face. The rate limiting step for the addition
of the chain to the crystal is the diffusive contact with the
surface. Once a few segments have come into contact with
the crystal, the chain rapidly adds to the growth front. This
suggests that there is no free energy barrier for the addi-
tion of segments or stems to the crystal. We again applied
the histogram technique to approximate the free energy as
a function of the number of segments added to the crys-
tal, F�s�. Our estimate was obtained as above, replacing
n�L� with n�s�, a histogram reflecting the number of seg-
ments, s, from an incoming chain that have added to the
growth front. Figure 3 clearly shows that there are no large
barriers to the addition of the chain segments to the crys-
tal. F�s��kT rapidly decreases once a few segments have
added to the growth face. Some small barriers may exist,
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FIG. 3. Estimate of the free energy for adding new chain seg-
ments to the growth face.

corresponding to the formation of the hairpins. However,
since the chains added rapidly to the growth face, rela-
tively few samples were available for our estimate. We
obtained n�s� from the snapshots of the second through
the 45th chain adding to the crystal. These snapshots were
saved at a rate of one every 50 time units. Thus, only
4500 states were used in our approximation of F�s�. This
limitation necessitated a broad bin width of Ds � 20 seg-
ments. Small barriers, if present, are therefore smoothed
out. Our results sharply contradict the underlying assump-
tions of the LH theory and its generalizations mainly be-
cause these theoretical developments ignore chain mobility
inside lamellae.

Chains inside crystals grown in this fashion move co-
operatively. The center of mass of the crystal diffuses in
space while the crystal thickens by a process of internal
rearrangement. Labeling one chain in the growing struc-
ture reveals both this collective motion of the crystal and
the internal reorganization, as shown in Fig. 4. Here, the
oldest chain in the system is depicted at both an early and a
late stage of crystal growth. The coordinate origin and an
x y plane are provided for reference. In the early stages,
nine other chains surround and interpenetrate the labeled
chain which has arranged itself into four stems. The space

FIG. 4. Snapshots of the first chain in the midst of other chains
at different stages of crystal growth.
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FIG. 5. The squared displacement in time for a tagged chain
segment. Data shown for segment 60 of the first chain.

visible between the stems indicates a nonadjacent reentry
mode for the chain segments. This suggests that the stems
have a lateral mobility since the crystal began growing with
this single tagged chain. Later, in the presence of 39 other
molecules, the labeled chain now spans only three stems.
This demonstrates that some chain segments have moved
through the crystal lattice, into the fold surface, and back
into the crystalline region, in accord with recent NMR data
[20]. Figure 5 illustrates that two regimes are operative in
the time evolution of a single segment’s location. The time
correlation function of the location Rs�t� of a tagged seg-
ment, ��Rs�t� 2 Rs�t 1 t��2�, is proportional to t at larger
values of t, characteristic of Brownian diffusion. For
smaller values of t, a new effective power law is observed:
��Rs�t� 2 Rs�t 1 t��2� ~ t0.74. The exponent of 0.74 was
obtained by averaging the behavior of eight segments of the
six oldest chains in the crystal. This new law appears as a
compromise between the essentially one-dimensional ran-
dom walk 	��Rs�t� 2 Rs�t 1 t��2� ~ t1.0
 behavior that
the segments undergo within the crystal and the Rouse dy-
namics 	��Rs�t� 2 Rs�t 1 t��2� ~ t0.5
 of the amorphous
fold region.

In conclusion, Langevin dynamics simulation results
reported here provide several new insights into the spon-
taneous selection of lamellar thickness, the nucleation
mechanisms of lamellar growth, and lamellar thickening.
The picture presented here challenges the underlying
assumptions of LH theory and its generalizations. We
therefore hope that this Letter will stimulate more ex-
tensive simulations on larger systems under varying
conditions, new theoretical models, and new time resolved
experiments.
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