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Crystallization in ultra-thin polymer films
Morphogenesis and thermodynamical aspects
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Abstract

We present a computer model for polymer crystallization in ultra-thin films where chains are considered as dynamical units. In our
model chains can change their internal state of order by cooperative motions to improve thermodynamic stability. The interplay between
reorganization, enthalpic interactions and the morphology of crystals enables us to explain many properties of growth, morphogenesis and
melting of polymer lamellae. We emphasize the relation between the thermodynamic stability of non-equilibrium crystals and morphological
f rganization
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eatures which are beyond the average thickness of the lamellae. In particular, we show that melting of polymers is preceded by reo
rocesses and the stability of polymer crystals is not necessarily related to the structure formed at the crystallization point. The s
llow for the determination of some non-equilibrium properties such as the internal energy and the non-equilibrium heat capacity

hat multiple-peak melting endotherms result from morphological transformations. The results of our computer simulations are
ith AFM observations in ultra-thin polyethyleneoxide films.
2005 Elsevier B.V. All rights reserved.
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. Introduction: the non-equilibrium nature of
olymer crystals

The outstanding feature of flexible polymers is their high
onformational entropy which is the basis for the under-
tanding of many universal features of polymeric systems
nd plays an important role for the understanding of material
roperties of soft-matter. A long chain molecule may be
ven considered as a small thermodynamic system where
he entropy is related to the many conformational degrees
f freedom (typically an exponential function of the chain

ength). During crystallization a great part of this confor-
ational entropy has to be reduced and the resulting crystal
as to obey strong constraints due the linear connectivity of
rystallizing units. As discovered by Keller[1], Till [2] and
ischer[3] polymers crystallize in form of lamellae which are
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usually much thinner compared to the fully extended ch
Therefore, every chain has to transverse many times thr
the lamella thus leading to the picture of folded chain c
tals, see left part ofFig. 1. The thickness of these crystall
lamellae is usually of the order of 10 nm while its lateral
tension can be hundreds of�m. Since the surface free ene
of the fold-surfaces (top and bottom surfaces of the lam
is much higher that that of the lateral surfaces such a stru
cannot be the equilibrium form of the polymer crystal[4,5].
A thicker lamella corresponds to a lower free energy and
lamellae containing fully extended chains are thermodyn
ically optimal. In fact, for shortn-alkanes[6] up to a length
of about 150 CH2-units and for polyethylene under hi
external pressure extended chain crystals can be obs
In the latter case this happens because of the high mo
in the hexagonal phase of polyethylene chains under
pressure/temperature conditions[7]. Thus the extended cha
form is not obtained in equilibrium with the melt but due
a specific kinetic pathway from starting with an undercoo
melt.
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Fig. 1. Sketch of the different phases of a polymer chain. In the melt all
possible chains conformations are realized which results in average in a ran-
dom coil-like shape. In the hypothetical equilibrium state of the crystalline
lamella only the stretched chain conformation is realized which corresponds
to an enormous decrease of entropy per molecule. The meta-stable lamella
is formed by partially stretched chains and at a substantial undercooling.

In order to understand the appearance of meta-stable
folded-chain lamellae instead of extended chain lamellae
we imagine a phase equilibrium between an extended chain
crystal and the corresponding melt. At the hypothetical
phase equilibrium detailed balance conditions have to be
obeyed. Chains from the melt phase can join the crystal
phase with the same rate as chains leave the crystal phase.
Moreover, at the true phase coexistence no intermediate
states will be favored such as partially folded states. In fact,
such states have a lower melting temperature which destroys
the reversibility. The situation is sketched in the right part
of Fig. 1. The particular problem for chain molecules is now
that all crystal units have to be arranged exactly in a straight
array and cannot be attached at random points on the growth
front. This corresponds to a huge entropy reduction per chain
attachment. In the melt phase the chain attains a random
coil conformation which corresponds to a typical spatial
extension ofR = l√N, where l denotes Kuhn’s segment
andN is the number of Kuhn segments in the chain. This
corresponds to the state where all possible conformations
of the chain can be obtained with equal probability. The
number of these conformations can be expressed as

Z = zN, (1)

wherez denotes the (effective) coordination number (number
o ty to
r fore
g nd
a al
s t
a r
t the
c
y lance

conditions (and hence a true phase coexistence) may be
impossible.

However, if the system is substantially supercooled (up to
hundred Kelvin and more) partially ordered chain conforma-
tions which can be reached rather easily from the disordered
state at the growth front can be stable enough to allow for
further growth. In this way only part of the entropy of the
chain has to be reduced. The resulting lamellar is then much
thinner compared to the extended chain crystal as sketched
in the left part ofFig. 1 and will be denoted as folded
chain crystals. Because of the excess surface tension of
folded chain crystals they are only meta-stable. Spontaneous
thickening processes which increase the degree of order
of each chain yield to crystal forms of increasing thermal
stability.

The problem emerges of how to characterize the
meta-stable state of polymer lamellae. In thermodynamic
equilibrium the temperatureT is the only control parameter
if the external pressure is not varied. Non-equilibrium states,
however, require the introduction of additional variables
in order to characterize them uniquely. These additional
variables represent all information about the history of a
non-equilibrium system necessary to reproduce a given state
uniquely [8]. The traditional representation of the state of
polymer lamellae is the diagram which is displayed inFig.
2. Here, the averaged thickness of the lamellaL is taken as
the only relevant information about the state of the lamella.
Note, thatL cannot be adjusted externallyindependent
of temperaturebut is just the consequence of a particular
temperature protocol applied to the system.

The states inFig. 2have to be understood in the following
way. First, a true equilibrium state in the disordered phase
has to be prepared (liquid state at a temperature well

Fig. 2. Sketch of the standard non-equilibrium state diagram for lamellar
crystals. States are characterized by the temperatureT and the inverse aver-
age lamellar thickness 1/L. Only the hatched region between the crystalliza-
tion line and the melting line is physically accessible. The lamellar thickness
represents the history of the polymer crystal.
f orientational states) of each segment. The probabili
ealize the fully extended chain conformation is there
iven byp0 = 2/Z. Assuming a chain of only 100 units a
coordination number ofz = 4 we obtain the unphysic

mall number of aboutp0 = 10−60. By taking into accoun
molecular time scale of aboutt0 = 10−12 s we obtain fo

he average time of fluctuation from the melt state to
rystalline state:t = 1048 s which corresponds to about 1040

ears. This calculation example shows that detailed ba
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above the melting temperature). Then, the system is rapidly
quenched into an unstable state where crystal growth starts.
The corresponding temperature protocol is shown in the
upper right part inFig. 2. The crystallization temperature
Tc leads to the selection of a meta-stable lamella thickness
L(Tc) which is observed immediately after the quench and is
represented by a single point (state A) in the diagram inFig.
2. Fast heating leads to fusion at a higher temperatureTm
(state B). Performing a series of experiments with different
values ofTc yields thecrystallization lineand a correspond-
ing melting line in the state diagram. Linear extrapolation
of the melting line towards 1/L→ 0 defines the so-called
equilibrium melting temperatureT 0

m. It is obvious that only
states between the crystallization line and the melting line
have a physical meaning in the state diagram (hatched area).

So far, the history the system, given by the temperature
protocol T (t), where t denotes the time, has been chosen
to obtain a constant value ofL. However, slow heating of
lamellae crystallized in state A can lead to other states in the
state diagram and to fusion at a higher temperature, denoted
as state C inFig. 2. Under such a temperature protocol
irreversible thickening of the lamella can take place. This
is illustrated inFig. 3 by experimental results on isotactic
polystyrene obtained by Al-Hussein and Strobl[9]. Note that
the range between crystallization and melting temperature
can be higher than 100 K and the difference between the
lowest crystallization temperature and the extrapolated
equilibrium temperature is almost 200 K. The data where
obtained by stepwise heating and annealing the crystallized
polymer.

We note again that the variableL cannot be controlled
independently ofT like a thermodynamic variable but results
from the historyT (t). Furthermore, only changes in one
direction ofL are possible. It is not possible to drive back
the system in the state diagram once a change ofL has taken
place without leaving the crystalline state. To emphasize
the difference to equilibrium phase diagrams we consider
some stateX in the inner part of the physical region of the
state diagram, seeFig. 2. It is not possible to reach this state

Fig. 3. Non-equilibrium states of isotactic polystyrene of molecular weight
of 400 kg/mol. A variation of theL (here denoted asdc) is clearly observed
during stepwise heating[9].

directly by adjusting a few external parameters. Rather it is
necessary to find a temperature protocol which drives into
X passing over other states which are not on the left side of
X in the state diagram. One possibility is to quench from the
melt to the temperatureTc(X) followed by a rapid heating to
TX. In any case a definitekinetic pathwaymust be applied
to obtain a non-equilibrium stateX.

It is widely believed that the melting line corresponds to
a simple Gibbs–Thomson like melting-point depression due
to excess free energy of the fold-surface, see[10]. A first-
order thermodynamic expansion around the melting point of
an infinitely thick crystal,T 0

m, leads to

T 0
m − Tm

T 0
m

= 1

L

2σF

q
, (2)

whereσF denotes the excess free energy of the fold surface
(the lateral surfaces can be neglected) andq denotes the heat
of fusion per unit volumeQ/V . This equation corresponds
to a straight line in the state diagram:Tm = T 0

m − c(1/L),
where the slopec is given byc = 2T 0

mσf /q. A true thermo-
dynamic equilibrium is assumed at the melting point with a
fixedlamellar thicknessL.

In Fig. 4we illustrate the difference between the original
Gibbs–Thomson problem of melting a small spherical object
and the present case of an extended non-equilibrium lamella.
A mic
s imit
i ent
w other
h to a
t limit
m le
i igher
m p
i ally
f void
s netic
s son
s um
t ing
t ed
t here
t ystal
h lear
w urface
t tting
e

er
c d the
l ick-
n mer
c e
l brium
g mer
fi

sphere,Fig. 4a, corresponds to the optimal thermodyna
hape of an isotropic object. Therefore, the stability l
s fairly well expressed by the thermodynamic argum
hich includes the surface free energy excess. On the
and, a laterally extended thin lamella corresponds

hermodynamic unfavored shape. Close to the stability
orphological changes, seeFig. 4b, can lead to more stab

ntermediate phases before the system melts at a h
elting temperature. As illustrated inFig. 4balso a break-u

nto smaller but thicker objects might be thermodynamic
avored. Only a very fast heating process would a
uch morphological changes. In this case, however, ki
uper-heating effects might overlay the Gibbs–Thom
tability limit. For all these reasons, a simple equilibri
hermodynamical explanation of the melting line accord
o Eq.(2) might be wrong. At this point it should be add
hat until now no experiments are known to the authors w
he excess free energy of the fold surface of a single cr
as been measured directly. Moreover, it is by far not c
hether the excess free energy corresponds to the s

ension as it could be measured for instance in dewe
xperiments.

The diagram inFig. 2 suggest that states of polym
rystals are uniquely described by the temperature an
amellar thickness. In other words: the average lamellar th
ess is sufficient to characterize all history effects in poly
rystallization. In Section3 we will show that more than on
ength scales are necessary to characterize non-equili
rowth structures as they are observed in thin poly
lms.
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Fig. 4. Gibbs–Thomson effect and morphological changes. (a) Melting tem-
perature of a sphere at the thermodynamic stability limit depressed by the
surface free energy. (b) A thin but laterally extended lamella does not cor-
respond to the optimal thermodynamic shape. Morphological changes can
lead to more stable phases which melt at higher temperatures. Therefore, the
final melting temperature is not directly related to the surface free energy in
the state of formation of the crystal but could be related to the surface free
energy of the morphology after possible reorganization processes.

2. The role of internal chain order

When a molecule crystallizes in a simple liquid it has to
reduce its translational and rotational degrees of freedom as
sketched in the right part ofFig. 5. The internal state of
the molecule is invariant. By contrast, when a long chain
molecule crystallizes it has to undergo aninternal transition
from the disordered state to the ordered state. This is illus-
trated in the left part ofFig. 5.

Considering the chain as the crystallizing unit, a polymer
crystal is a super-crystal consisting of ordered single-chain
crystals. In previous models this point has been usually
ignored. In the model of Hoffman and Lauritzen[4] stems
are considered as elementary units which correspond to the

F (left
p

stretched parts of the chain in the crystal phase. However, ex-
perimental as well as theoretical arguments have shown that
stems of the same chain do not appear in a random arrange-
ment in the crystal. Such a disorder would result in a so-called
random switchboard structure of the fold surface where
amorphous loops connect stems which are not in neighbor-
ing places. For single crystals various studies give strong
indication for a regular arrangement of folds which implies
that single chains form a connected fold structure[11].

Note that the formation of regular folded chainsis
assumedin the HL-model but does not follow from the idea
of secondary nucleation itself. The fact that stems recognize
their neighbors along the chain is nothing else than a man-
ifestation of cooperativity of the chain in the crystallization
process. Sadler and Gilmer[12] (SG) have proposed an
alternative model where cooperativity is required for each
stem but monomers are considered as independent units. This
model neglects any lateral correlations on the growth front
and thus cannot make any prediction about order beyond the
size of a single stem. On the other hand, the SG-model ad-
dresses for the first time the entropic nature of chain ordering
during growth. Both models have in common that they try
to explain the process of selection of lamellar thickness by
considering stems as basic units. The role of the chains in
polymer crystallization was first appreciated for short chains
such asn-alkanes. Simple assumptions about cooperative
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ig. 5. Qualitative difference between the crystallization of polymers
art) and low molecular liquids (right part).
hain motions (expressed by certain kinetic pathway
hain folding and stretching) has been successfully ap
o explain the self-poisoning behavior ofn-alkanes(decreas
f growth rate with temperature)[13] and the unusua
ehavior of binary mixtures of short and longn-alkanes[14].

In all what follows,we will assume the crystallization r
uires cooperativity of the whole chain. Moreover, we
haracterize the state of a single chain by an order pa
ter which can take different values in the crystalline p
ccording to the different degrees of stretching of the w
hain. This idea is illustrated inFig. 6. Our aim is to mode
olymer crystallization by considering chains as elemen
bjects which can be in various ordered states characte
y an order parameterm. The disordered state correspond
= 0. To reach an ordered state an entropic barrier has

vercome which corresponds to a probabilitypS to increase
he internal order in each time interval typical for the fluc
ion of the chain. The special features of polymer crystal
btained by the interplay between internal order of each c
nd the interaction with other chains in the crystal. The hi

he internal degree of order of the two neighboring cha
he stronger is the coupling in the crystal. On the other h
o reach a high degree of internal order a long time is pa
n lower states of order. Therefore, at the crystallization t
erature a kinetic selection of the average degree of
rder (lamellar thickness) takes place and results in lam
hich are stable enough to grow but avoid higher order.
rtheless, further reorganization into better ordered sta
ossible. The latter will be important close to the stab

imit of the lamella.
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Fig. 6. Illustration of different degrees of internal chain order which defines
the order parameterm. For simplicity we characterize the order parameter
with an integer value. Increasing the chain order requires entropy reduction
which corresponds to some probabilitypS . When crystallization takes place
on substrates increasing the internal order involves energetic interactions.
If adsorbed and non-adsorbed chains are present it might be necessary to
distinguish betweenm = 0 andm = 0+ to indicate the adsorbed, amorphous
state,m = 0+, explicitly. This will be no the case in the present work.

3. Crystallization in ultra-thin films

In recent years there is growing interest in thin and
ultra-thin polymer films. Here, “ultra-thin” indicates a film
thickness of the order of the radius of gyration of the chains.
This may correspond to a monolayer. In ultra-thin polymer
films an external nucleation site is always required to spawn
a crystallization process[15]. Homogeneous nucleation is
highly suppressed. Typically, diffusion controlled growth
pattern can be observed which correspond to polymer
lamellae growing flat on the substrate. An example is shown
in Fig. 7 for ultra-thin films of polyethyleneoxide (PEO) of
molecular mass of 7.6 kg/mol.

In order to obtain ultra-thin polymer films dewetting
processes are used. At temperature above 70◦C holes
are formed on the substrate, see the upper part ofFig. 7.
Because of the strong adsorption of PEO chains on the
silicon waver this corresponds to so-called autophobic
or pseudo-dewetting leaving a mono-layer of adsorbed
molecules behind. Closer investigation reveals finger-like
crystal structures inside the holes which are formed by
cooling the sample below 60◦C, seeFig. 7A. The 3D
representation of part of the finger-structure given inFig. 7B
shows two relevant length scales of the pattern. The heighth

which corresponds to the lamellar thicknessL and the width
of the fingersw. We obtainh � 8 nm which corresponds to a
m s in
t

ed
u veral
l e,
i arac-
t

Fig. 7. Crystallization in ultra-thin polymer films. The upper figure shows
an optical micrograph of a typical dewetting pattern in a thin PEO film
(thickness about 100 nm). The white circles represent the holes containing a
molten monolayer resulting from pseudo-dewetting. The lower part shows
the result obtained by tapping mode AFM (topography). Finger-like growth
patterns are obtained after crystallization for 880 min at 44◦C in a pseudo-
dewetted hole. (A) Fingers inside the hole (image flattened to enhance the
visibility of the fingers). All fingers start at the periphery of the hole. (B) 3D
representation of fingers in (A).

can be introduced which characterizes the average distance
between the fingers. The correlation length can be related
to the jump in the 2D density between ultra-thin amorphous
layer and the crystalline lamella[18,19].

Polymer crystallization in quasi-two dimensions allows
a direct investigation of the crystal morphology using
AFM-techniques. The thickness of the lamellae are directly
obtained in height images. Moreover, the local crystal thick-
ness becomes visible and non-trivial morphological features
can be studied as will discussed below. Complications due to
multi-lamellar structures and 3D-morphologies (spherulites)
are avoided in 2D crystallization and single lamellar struc-
tures can be observed in situ under the treatment of various
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ultiple folded chain structure. The width of the fingers i
he range of�m. More details can be found in Refs.[16,17].

The growth morphology of polymer crystals obtain
nder diffusion control has to be characterized by se

ength scales as illustrated inFig. 8. As discussed abov
n addition to the lamellar thickness there appears a ch
eristic width of fingersw. Moreover, a correlation lengthξ
ig. 8. Illustration of three relevant length scales for polymer crystals cr
nder diffusion control. The average height〈m〉 corresponds to the lamell

hicknessL. In addition, individual fingers have a characteristic width in
ange of 100 nm to�m. Dense branching morphologies obtained inFig. 7
isplay a correlation lengthξ.
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temperature protocols. The great advantage of these systems
is that they allow for a simple modeling on the scale of
polymer chains.

4. A generic algorithm for polymer crystallization in
ultra-thin films

How can crystallization from a dense polymer layer lead to
diffusion controlled patterns? The answer to this question is
related to the fact that lamellae grow at greater height than the
amorphous film. In order to join the lamella at the growth front
the adsorbed chains have to desorb partially to form upright
folded states, seeFig. 9a. This way the surface area occupied
by a single chain changes fromA0 (disordered state) toA
(ordered state). Directly at the rims of a pseudo-dewetted hole
(which serve as nucleation sites) the crystal starts to grow.
When growth proceeds a depletion layer is created due to
the emergence of more and more unoccupied surface places.
As a result, diffusion control sets in as illustrated inFig. 9a.
Moreover, the order parameterm can be defined as the ratio
of the two surface areas as follows

m = A0

A
. (3)

This is illustrated in part (b) ofFig. 9. Note that this order
parameter corresponds to the degree of internal order as de-
fined in Section2, see alsoFig. 6 and denotes the number
of ordered chains which can be accumulated within the area
covered by a single disordered chain, seeFig. 9c.

The advantage of 2D polymer crystallization is therefore
the simple mapping of the degree of internal chain order to
an order parameter which is directly related to the increase of

Fig. 9. Illustration of the growth process in ultra-thin films. (a) To join the
(flat-on oriented) lamella, chains must achieve an upright (folded) confor-
mation. (b) Transition from flatly adsorbed to upright folded states changes
the occupied surface areaA. An order parameter can be defined by the re-
duction of occupied surface area. (c) The area occupied by a single liquid
chain can be occupied bym ordered chains. The corresponding reduction
of overall occupied area results in a depletion zone at the growth front as
illustrated in (a).

Fig. 10. Generic lattice model for crystallization in ultra-thin films. In order
to stay on the scale of adsorbed liquid chains we map a higher degree of
order into a multiple occupation on the lattice (lateral squeezing of chains).
All chains in one lattice cell are considered as equivalent with respect to
their internal degree of orderm. Growth is nucleated by a row of cells with
the maximum degree of order.

occupation of chains per surface area unit due to crystalliza-
tion. This enables us to define a simplified lattice algorithm
in which chains can be treated as basic units. The idea of our
algorithm is displayed inFig. 10. We consider a quadratic
lattice where the lattice constant corresponds to the exten-
sion of adsorbed 2D chains, i.e.A0 ∼ N. These chains can
move on the lattice (substrate) respecting excluded volume
effects. Note that chains in 2D can be considered as non-
interpenetrating disc-like objects. In the crystalline state we
allow for multiple occupation of lattice cells according to
our considerations above, seeFig. 9c. In order to stay on the
scale of the lattice constant we assume for simplicity that all
chains which share the area ofA0 are in the same state of
order.

If a liquid chain touches the growth front, it strongly ad-
sorbs onto it. In this state, the chain conformation is already
partially ordered (pre-ordered) and we denote this state as
m = 1. To join the crystal truly the chain can further increase
its internal order in thermal fluctuations by entering a neigh-
boring crystalline cell. Then, the degree of order in this cell
is increased by one unit. (In our coarse grained model, this
means that all chains occupying this cell must increase their
internal order.) Alternatively, two pre-ordered chains can join
and form anewcrystalline cell withm = 2. This realizes a
growth event at the crystal front. On the other hand, chains
at the growth front can return to the liquid state by break-
i l be
m ewer
b hment
e per-
a ry in
o full
M ins
b

ng the crystalline bonds in thermal fluctuations. This wil
uch easier for chains having a low degree of order, i.e. f
onds. The balance between growth events and detac
vents determines the overall growth rate. For higher tem
ture higher degrees of chain ordering will be necessa
rder to achieve stable growth. Moreover, by applying a
onte Carlo scheme we will allow for fluctuations of cha
etween different cells in the lattice.
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Some remarks are necessary about the role of pre-ordered
states in our model. As discussed in Section1, polymer liq-
uids always have to be strongly super-cooled for crystal-
lization to take place. In solvents, this implies a segregation
transition if the local concentration (at the growth front) ex-
ceeds a certain value, thus leading to strong adsorption at
the growth front. But also for the case of crystallization from
ultra-thin films a strong interaction between the crystal and
liquid chains can be expected. When the chains are adsorbed
at the growth front (more precisely in the niche formed by the
crystal edge and the substrate) the underlying crystalline lat-
tice provides a periodic potential where the adsorbed chains
try to fit in. Thermal fluctuations can lead to higher order and
the chain becomes part of the crystal. The ordering process
of single chains on crystalline surfaces has been studied in
molecular dynamics simulations by Yamamoto[20]. We be-
lieve that pre-ordering at the growth front is a very important
step since it can explain why spontaneous formation of nuclei
are not observable but fluctuations into the ordered state at
the growth front take place easily.

Crystal interaction is established between nearest neigh-
bor cells. The more a chain is stretched the higher is the
interaction energy,E, with neighboring chains and the more
stable is the crystal. On the other hand, to obtain a high value
ofm a high entropic barrier, seeFig. 6, has to be surmounted.
In order to understand the generic properties of the crystal-
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into another crystal cell where such bonds are again estab-
lished.

For the barrier against ordering we define the following
simplified relation

p̄(�m) = p�mS , (8)

wherepS is the transition probability to increase the order
parameter by one unit. Here,�m denotes the difference in
order between the new cell and the old cell. If this difference
is negative,p(�m) is set to unity. Hence, the probability to
join a neighboring lattice cell is given by

p̄rr′ = pm′−m
S . (9)

Putting everything together, we obtain the total probability
for a move fromr to r′ as

p(r→ r′) = prp̄rr′ . (10)

We apply a Monte Carlo procedure. For each step, a chain
and a direction for the move are randomly chosen. Then, it is
checked whether the move is blocked by ultimate constraints
(excluded volume for free chains, maximum occupationM
for crystalline cells). If this is not the case, the move is taken
with the probability given in Eq.(10) using the Metropolis
p free
c the
c stal
f
a tal
g tate.
A d to
m e on
a wing
a

lms
i pro-
v mu-
l ins
o a
d
m ere-
f usly.

lat-
t a
c im-
u ber
a th a
d e is
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ttice
a ro-
c ains
a

ization process we make the most simple assumption
ollows: The interaction energy is given by the minimum
he occupation numbers in nearest neighbor cellsm andm′

(m,m′) = ε min(m,m′), (4)

hereε denotes the interaction energy per unit of the o
arameter. If a cell has a higher degree of order compar

he neighboring cell this results in additional excess free
rgy of the fold surface. Therefore, only the minimum of
rder parameter in both cells is accounted for. We intro
temperature variableT as follows

0 = exp
{

− ε

kT

}
. (5)

f we take the unit of the temperature asε/k, wherek denotes
oltzmann’s constant, we obtain

= 1

ln(1/p0)
. (6)

The thus defined temperature variable is a measur
he local binding of the crystal under thermal agitation.
robability to leave a lattice cellr is then given by summin
p over all nearest neighbors:

r =
∑
〈r,r′〉
p

min(m,m′)
0 (7)

here the dashed variables run over nearest neighbor s
. Note that we always assume that crystal bonds to the n
oring chains have to be broken if a chain later on cha
f

rescription. The only peculiarity is for the case when a
hain’s move is rejected from a crystalline cell. Then,
ell actually hosting the chain (which is next to the cry
ront) is transformed into the pre-ordered statem = 1 without
ny penalty, seeFig. 10. Hence, a “contact” to the crys
rowth front is required in order to form a pre-ordered s
Monte Carlo step (MCS) is defined as the time neede
ove all Monte Carlo objects (chains, in our case) onc

verage. The usual time scale which we use in the follo
re thousand MCS, denoted by TMS.

Since spontaneous nucleation in ultra-thin polymer fi
s highly suppressed, a primary nucleation site must be
ided to observe crystallization effects. In many of our si
ations we use a full line of lattice cells occupied with cha
f maximum orderm = M. This mimics the rim around
ewetted hole in the experimental situation, seeFig. 7. In
ost cases we use full periodic boundary conditions. Th

ore, growth starts on both sides of the lattice simultaneo
In most of the simulations we use a fully occupied

ice as starting condition (m= 0) which corresponds to
ompact liquid film. Therefore, at the beginning of the s
lation only moves which increase the occupation num
t the growth front are possible. However, during grow
iluted zone builds up ahead of the growth front. This zon
esponsible for the formation of diffusion controlled grow
orphologies.
To conclude this section we have proposed a simple la

lgorithm which mimics the growth and reorganization p
esses during polymer crystallization using polymer ch
s dynamical units.
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5. Isothermal growth and reorganization in 2D

Our lattice model is controlled by two parameters: The
binding energy per ordered unit, expressed by the tempera-
ture variableT , see Eq.(6), and the penalty for increasing
the order by one unit, given bypS . In addition, we always
consider a maximum value of the order parameterM (which
corresponds directly to the lengthN of the fully stretched
chain).

Typical growth morphologies which result from our model
are displayed inFig. 11. Here,pS is taken as unity (no penalty
against conformational order). This results in filling-up of
crystalline cells untilM is reached. ForT = 0, see Eq.(6)
the growth-process is locally irreversible and chains rest at
the place where they entered the growth front. As a result, we

obtain a fractal-like growth morphology, where the thickness
of the finger-structure corresponds to a single lattice unit, see
Fig. 11a.

If the system grows at finite temperature, chains can also
leave a crystalline cell which results in a finite width,w, and
more compact growth morphologies. Also, the growth rate
is rapidly decreasing if the temperature is increased. These
effects can be observed inFig. 11b and c.

Fourier-space analysis[21] reveals that the effect of finite
temperature is to erase the higher wavelength contributions
of the pattern in favor of a dominating wavelength of the
growth morphology. The different characteristic length
scales of morphologies for polymer crystals are illustrated
in Fig. 8. The Fourier analysis shows that the correlation
lengthξ, which corresponds to the average distance between

F nalty a e
g after 6

F
d

ig. 11. Typical growth patterns obtained from simulations without pe
rowth withT = 0 after 30 TMS. (b)T = 0.83 after 60 TMS. (c)T = 1.44
ig. 12. Growth morphologies for a finite entropic penalty,pS = 0.6. The order p
egree of ordering. (a) Locally irreversible growthT = 0. (b)T = 0.72 after 30 T
gainst ordering (pS = 1). The lattice size is 600× 600. (a) Locally irreversibl
0 TMS.
arameter is coded in gray scales where darker spots correspond to a higher
MS. (c)T = 0.95 after 30 TMS.
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Fig. 13. Part of the growth pattern forpS = 0.6 andT = 0.95. (a) 3D representation of crystal structure. (b) Height profile across a finger.

the fingers, is not very sensitive to temperature effects. On
the other hand, the finger widthw depends strongly on
temperature, as can be seen fromFig. 11, see also Ref.[16].

In Fig. 12we show the effect of a finite penaltypS = 0.6
for increasing the internal chain order. Now, the lamellar

thicknessL = 〈m〉 becomes an important parameter, seeFig.
8. The different degrees of orderm are mapped into a gray
scale, where darker points correspond to better ordered chains
(largerL, higher occupation). One clearly observes the in-
crease ofL with temperature.

F
3
4
l

ig. 14. Tapping mode AFM images showing the morphological changes indu
k) resulted from pseudo-dewetting, seeFig. 7: (A) after crystallization at 45◦C, (
0 �m× 40 �m. Parts (C) and (D) show 3D-plots and cross-sections, respe

ines in (D) represent the states (A) and B before and after annealing, respe
ced by annealing fingers obtained by crystallization of monolayers of PS-PEO(3k–
B) after subsequent annealing for 1 min at 54◦C. The size of the images is
ctively, from the small square indicated in (A) and (B). The dotted and the full

ctively.
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The most striking observation in our model are pro-
nounced reorganization effects of the growth patterns
(lamellae) during and after the growth process. At finite tem-
perature chains do not obtain states of maximum order but
a compromise between stability and growth velocity is man-
ifested. However, chains located directly at the growth front
are quite mobile, i.e. are able to leave there original places.

In Fig. 13we show the topography of a part of the growth
pattern as obtained forT = 0.95 after 30 TMS, seeFig. 12c.
The edges of the fingers are higher than the interior indicating
a higher order at the boundaries of the fingers. The height
profile across a finger is shown inFig. 13b. Closer inspection
of the lower part ofFig. 13aindicates that the tip of the
longest finger (which reaches deeper into the reservoir of free
chains) does not yet exhibit this feature. A fact indicating
that the formation of higher ordered edges takes place after
growth when the density of free chains is already reduced.
This observation is a very general feature of our model which
allows for reorganization processes during and after growth.
A simple calculation reveals a factor of about 500 between
the number of reorganization events at the crystal boundary
and the interior of the crystal. For chains having only two or
one nearest neighbors (edges) the factor raises up to 300,000
and 160,000,000, respectively for the given set of parameters
[22]. On the other hand, the rim-enhanced phase is very sta-
ble against further reorganization at isothermal conditions.
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Fig. 15. Temperature protocol applied to the non-equilibrium growth pattern
shown inFigs. 12 and 13.

has increased dramatically. Chains at the rim, however, are al-
ready in a more stable state and persist. The latter serve now as
nucleation sites for the reorganizing internal chains. Note the
similarity with the experimental results shown inFig. 14B and
D, where the system was also subjected to a temperature jump
followed by an annealing process. However, the temperature
jump inFig. 15is too high for the hole-rim morphology to be
stable. Already at about 9 TMS one observes degradation of
the pattern. At a much longer time scale another morphologi-
cal phase emerges which consists of droplets containing fully
extended chains. Slow coalessence and ripening processes of
the droplet phase can be seen on very long time scales. Within
the available computational time melting is not observed. The
temperature jump has resulted in morphogenesis with a much
more stable pattern at the end.

In Fig. 17we have plotted the internal energy of the sys-
tem as a function of time. Note that the internal energy can be
directly obtained from microscopic information, see Eq.(4),
while entropy is not a priori available for non-equilibrium
states. The high temperature jump causes an increase in in-
ternal energy at short times which corresponds to normal
thermodynamic behavior. However, the formation of a hole-
rim morphology is related to a normal decrease in internal
energy. The break-up of hole-rim morphology leads again to
an increase is internal energy but eventually the formation of
the droplet phase results again in a decreasing internal en-
e onse
o

as
f in-
c opic
m ction
o s be-
h rgy.
T the
c

ser-
v tals.
I ents
o jump
y res.
T m a
herefore, it should be observed quite generally for indivi
amellae. In fact, picture-frame like morphologies of sin
rystals have been observed for a long time in polyethy
ingle crystals[23]. With the advent of AFM technique
irect observation of single crystal topography is poss
vidence for rim-enhanced morphologies have been f
y several groups[17,24–27]. In Fig. 14A and Cwe show
n example for rim-enhanced morphologies obtaine
xperiments with short PS-PEO molecules crystallized
onolayers. Subsequent heating and annealing of the
les leads to further reorganization processes which w
iscussed later.

To conclude this section we have shown that our la
lgorithm is able to predict experimental findings such
im-enhanced morphologies of individual lamellae after
ealing.

. Morphogenesis of non-equilibrium growth
atterns with internal reorganization

So far, we have considered isothermal growth and reo
ization processes. Next, we will study the behavior of
odel subjected to a jump in temperature as displayed i

emperature protocol inFig. 15.
Instead of a simple melting scenario the temperature

esults in the morphogenesis presented inFig. 16. After a
hort time, annealing leads to a hole-rim morphology w
s most pronounced at about 3.6 TMS. Because of the
emperature the mobility of chains in the center of the fin
rgy. This is an excellent example for the complex resp
f a non-equilibrium system to an external perturbation.

In Fig. 18 the liquid fraction of the system is plotted
unction of time after heating. It displays a monotonously
reasing behavior which gives no indication for macrosc
elting-recrystallization processes. We note that the fra
f fully extended chains shows again a non-monotonou
avior which is complementary to that of the internal ene
his fact supports the role of molecular reorganization (in
rystalline state) during annealing of a polymer lamella.

The results of our lattice model concurs with direct ob
ations during annealing after heating of monolayer crys
n Fig. 19we show results of one-step heating experim
n PEO. The annealing process after the temperature
ields to a droplet-like phase with pronounced rim structu
his mixed (rim-droplet) phase presumably results fro
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Fig. 16. Morphogenesis of a non-equilibrium growth pattern after the temperature jump shown inFig. 15. Snapshots taken at the times (in TMS) indicated.

higher kinetic barrier against ordering and a relatively low
temperature jump when compared to simulations.

To conclude this section we have shown that non-
equilibrium growth patterns respond to temperature jumps
with a complex morphogenesis instead of a direct melting
process. The morphogenesis is driven by the interplay be-
tween (internal) chain ordering and (external) morphological
features (number of nearest neighbors, growth morphology).
Several meta-stable phases are obtained which are related to

Fig. 17. Internal energy as a function of time corresponding to the mor-
phogenesis inFig. 16. The appearance of typical morphological patterns
(snapshots inFig. 16) is indicated by arrows.

Fig. 18. Liquid fraction as a function of time after the temperature jump.

a non-monotonous behavior of thermodynamic observables
such as the internal energy.

7. Non-equilibrium melting and heat capacity

In order to investigate the melting process of non-
equilibrium crystals, we simulate a continuous heating rate
according to a temperature protocol sketched inFig. 20. We
use again the system crystallized atT = 0.95 andpS = 0.6
for 100 TMS, displayed inFig. 13. Instead of a single big
temperature jump we now continuously apply tiny jumps of
�T = 0.01 after each time interval�t. The values used for
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Fig. 19. Morphological transformations in a mono-lamellar crystal of PEO-
7.6k grown at 35◦C for 10 min (A) before and (B) after the sample was
annealed for 5 min at 45◦C. The size of the images is 5�m× 5 �m. Note
the tendency for transformation of the tree-like shape of the fingers into an
arrangement of droplet-like structures with a slightly higher region at the
periphery. The defect zone at the right lower corner served as a marker for
an unambiguous identification of the investigated area even after annealing.

�t are 0.1, 0.5 and 5.0 TMS, respectively. This results in
heating rates of 0.1, 0.02 and 0.002 TMS−1 in our units of
the temperature.

In analogy toFig. 17we plot the response of the internal
energy inFig. 21as a function of the temperature change�T .
Because of the tiny temperature steps taken there is no rapid
increase of internal energy as we have observed inFig. 17for
the high temperature jump. Instead, we find a directdecrease
of the internal energy as a response to theincreasein tem-
perature. This indicates anomalous thermodynamic behavior
related to anegativeheat capacityCV (T ). Only at high tem-
peratures normal behavior sets in which indicates ongoing
melting of the system.

It is intriguing to consider directly the non-equilibrium
heat capacity defined as

CV = dU

dT
. (11)

The result is plotted inFig. 22. For higher heating rates a re-
laxation process (minimum inCV ) is followed by continuous
melting (increase or shallow maximum inCV ).

A particular behavior is shown for the lowest heating rate
used in our simulations. Here, reorganization leads to a first
peak in the heat capacity before the melting peak. Such dou-
ble peaked behavior of the melting endotherm is frequently

F ttern
s

Fig. 21. Internal energy as a function of temperature change. The system
has been crystallized atT = 0.95, pS = 0.6 for 100 TMS. The heating rate
r is given in TMS−1, using our temperature units, see Eq.(6).

observed in the fusion of polymers. The conventional inter-
pretation of this effect ispre-meltingof less stable parts of
crystalline morphology. In order to analyse this hypothesis
we plot the liquid fraction for the lowest heating rate inFig.
23. We can observe that the liquid fraction is decreasing un-
til heating up to about�T = 0.45. This rather indicates a
continuation of the growth and crystallization processes in-
stead of pre-melting. We conclude that the first peak is simply
the consequence of the non-linear character of the morpho-
genetic processes. It indicates an accelerated reorganization
(improvement of order) after the annealing temperature has
reached a sufficiently high value. Note that the minimum of
the liquid fraction nearly coincides with the minimum of the
non-equilibrium heat capacity inFig. 22.

F ained
b e
s

ig. 20. Temperature protocol applied to the non-equilibrium growth pa
hown inFigs. 12 and 13.
ig. 22. Plot of the non-equilibrium heat capacity. The data are obt
y formal derivation of the energy function inFig. 21(thin lines) and ar
moothed using a spline algorithm (thick lines and symbols).
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Fig. 23. Fraction of liquid chains as a function of the temperature change
during heating for the lowest heating rate.

8. Conclusions

We have developed a coarse grained lattice model for
polymer crystallization in ultra-thin films which assumes a
cooperative behavior of the individual chains in all stages
of the crystallization and melting process of polymers. Our
model is able to describe reorganization processes of chains
in the crystal which explains morphological changes during
heating and annealing as observed in AFM experiments.
We show that melting of non-equilibrium structures passes
through a complex morphological pathway. The final melting
process is not directly related to the structure formed at the
crystallization temperature. If the heating process is very
slow this results in a complex thermodynamical response
of the system. The heat capacity, formally derived from
the non-equilibrium internal energy, displays a double peak
behavior as it is also observed in experiments. Based on the
examination of complementary quantities such as the liquid
fraction we have to exclude a simple interpretation in terms of
melting-recrystallization processes. This shows for the first
time that complex melting endotherms of polymer crystals

are related to non-equilibrium reorganization and emphasizes
the role of meta-stability in polymer crystallization.
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