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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
features which are beyond the average thickness of the lamellae. In particular, we show that melting of polymers is preceded by reorganization
processes and the stability of polymer crystals is not necessarily related to the structure formed at the crystallization point. The simulations
allow for the determination of some non-equilibrium properties such as the internal energy and the non-equilibrium heat capacity. We show
that multiple-peak melting endotherms result from morphological transformations. The results of our computer simulations are compared
with AFM observations in ultra-thin polyethyleneoxide films.
© 2005 Elsevier B.V. All rights reserved.

PACS:87.15.Nn; 82.40.Ck; 64.60.—i

Keywords:Polymer crystallization; Computer simulation; Thin films; Meta-stability; Morphogenesis

1. Introduction: the non-equilibrium nature of usually much thinner compared to the fully extended chains.
polymer crystals Therefore, every chain has to transverse many times through
the lamella thus leading to the picture of folded chain crys-
The outstanding feature of flexible polymers is their high tals, see left part ofig. 1. The thickness of these crystalline
conformational entropy which is the basis for the under- lamellae is usually of the order of 10 nm while its lateral ex-
standing of many universal features of polymeric systems tension can be hundredsoim. Since the surface free energy
and plays an important role for the understanding of material of the fold-surfaces (top and bottom surfaces of the lamella)
properties of soft-matter. A long chain molecule may be is much higherthat that of the lateral surfaces such a structure
even considered as a small thermodynamic system wherecannot be the equilibrium form of the polymer cryg&b].
the entropy is related to the many conformational degreesA thicker lamella corresponds to a lower free energy and thus
of freedom (typically an exponential function of the chain lamellae containing fully extended chains are thermodynam-
length). During crystallization a great part of this confor- ically optimal. In fact, for shorh-alkaneg6] up to a length
mational entropy has to be reduced and the resulting crystalof about 150 CH-units and for polyethylene under high
has to obey strong constraints due the linear connectivity of external pressure extended chain crystals can be observed.
crystallizing units. As discovered by Kellgt], Till [2] and In the latter case this happens because of the high mobility
Fischef3] polymers crystallize in form of lamellae whichare in the hexagonal phase of polyethylene chains under high
pressure/temperature conditigig Thus the extended chain
form is not obtained in equilibrium with the melt but due to
* Corresponding author. Tel.: +33 3 8960 8722; fax: +33 38960 8799.  a Specific kinetic pathway from starting with an undercooled
E-mail addressju.sommer@ubha.fr (J.-U. Sommer). melt.
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STABLE A conditions (and hence a true phase coexistence) may be
G i@ o = 271 impossible.

=t - - However, if the system is substantially supercooled (up to
N wihz=4g =10 hundred Kelvin and more) partially ordered chain conforma-

N tions which can be reached rather easily from the disordered
A state at the growth front can be stable enough to allow for

G \ further growth. In this way only part of the entropy of the
chain has to be reduced. The resulting lamellar is then much

4 I thinner compared to the extended chain crystal as sketched
L << LE

STABLE

i in the left part of Fig. 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.
Fig. 1. Sketch of the different phases of a polymer chain. In the melt all The problem emerges of how to characterize the
possible chains conformations are realized which results in average in aran-meta-stable state of polymer lamellae. In thermodynamic
dom coil-like shape. In the hypothetical equilibrium state of the crystalline equilibrium the temperaturg is the only control parameter
lamella only the stretched chain conformation is realized which corresponds if the external pressure is not varied. Non-equilibrium states
to an enormous decrease of entropy per molecule. The meta-stable lamella p . . ) q : !
is formed by partially stretched chains and at a substantial undercooling. however, require the_ 'ntrOducnon_ of additional varlgples
in order to characterize them uniquely. These additional
variables represent all information about the history of a
In order to understand the appearance of meta-stable A .
non-equilibrium system necessary to reproduce a given state

folded-chain lamellae instead of extended chain lamellae niquely [8]. The traditional representation of the state of
we imagine a phase equilibrium between an extended chainMauely o]. radition: P ntation .
polymer lamellae is the diagram which is displayed-ig.

crystal and the corresponding melt. At the hypothetical X ;
phase equilibrium detailed balance conditions have to be2' Here, the avergged th|(_:kness of the lamélies taken as
the only relevant information about the state of the lamella.

. Chains from the melt ph n join the crystal .
obeyed .C ains 1ro ¢ mefl phase can Jo © crysta Note, that L cannot be adjusted externalipdependent
phase with the same rate as chains leave the crystal phase.

Moreover, at the true phase coexistence no intermediate?;r;erggifr‘;ur?gltjéc'iIJ;St |tiZ§ t%otr;]seegu;g(r’: of a particular
states will be favored such as partially folded states. In fact, TFr)1e statespi i 2ha5§ to be un der)s/too d i.n the followin
such states have a lower melting temperature which destroys . 9. chave . ) 9
- ST . : way. First, a true equilibrium state in the disordered phase

the reversibility. The situation is sketched in the right part S

. . . : has to be prepared (liquid state at a temperature well
of Fig. 1. The particular problem for chain molecules is now
that all crystal units have to be arranged exactly in a straight

Folded Chain Crystal L =NI
E
\

array and cannot be attached at random points on the growth T,

front. This corresponds to a huge entropy reduction per chain

attachment. In the melt phase the chain attains a random L | 79
coil conformation which corresponds to a typical spatial 0 T4 L
extension ofR = [v/N, where! denotes Kuhn's segment Tm e , -
and N is the number of Kuhn segments in the chain. This Elow Hiesting time

corresponds to the state where all possible conformations X meihasion

of the chain can be obtained with equal probability. The T,
number of these conformations can be expressed as

Z=ZN, ()

wherez denotes the (effective) coordination number (hnumber
of orientational states) of each segment. The probability to T, Tast neateg
realize the fully extended chain conformation is therefore srysiEliation fing '
given by pg = 2/Z. Assuming a chain of only 100 units and >
a coordination number of = 4 we obtain the unphysical 1/L
small number of aboupg = 10-60. By taking into account

a molecular time scale of abort = 10125 we obtain for Fig. 2. Sketch of the standar_d non-equilibrium state diagram for lamellar
crystals. States are characterized by the temperatarel the inverse aver-

the ave_rage time of ﬂgCtuat_lon from the melt state to the age lamellar thickness 1/L. Only the hatched region between the crystalliza-
CrySta”me_ stater = 104 s which corresponds to a.bOUt@O tion line and the melting line is physically accessible. The lamellar thickness
years. This calculation example shows that detailed balancerepresents the history of the polymer crystal.
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above the melting temperature). Then, the system is rapidly directly by adjusting a few external parameters. Rather it is
quenched into an unstable state where crystal growth startsnecessary to find a temperature protocol which drives into
The corresponding temperature protocol is shown in the X passing over other states which are not on the left side of
upper right part inFig. 2. The crystallization temperature X in the state diagram. One possibility is to quench from the
T; leads to the selection of a meta-stable lamella thicknessmelt to the temperaturg(X) followed by a rapid heating to
L(T;) which is observed immediately after the quench and is Tx. In any case a definitkinetic pathwaymust be applied
represented by a single point (state A) in the diagrafign to obtain a non-equilibrium stateé.
2. Fast heating leads to fusion at a higher temperafire It is widely believed that the melting line corresponds to
(state B). Performing a series of experiments with different a simple Gibbs—Thomson like melting-point depression due
values ofT¢, yields thecrystallization lineand a correspond-  to excess free energy of the fold-surface, E&. A first-
ing melting linein the state diagram. Linear extrapolation order thermodynamic expansion around the melting point of
of the melting line towards 1/E> 0 defines the so-called an infinitely thick crystaI,T,%, leads to
equilibrium melting temperatur@nq. It is obvious that only
states between the crystallization line and the melting line T,(T’] — Tm 1 20F
have a physical meaning in the state d hatched area)” 70 = I 4’ @)
physical meaning in the state diagram (hatched area). 70 L g
So far, the history the system, given by the temperature
protocol T(¢), wheret denotes the time, has been chosen whereor denotes the excess free energy of the fold surface
to obtain a constant value df. However, slow heating of  (the lateral surfaces can be neglected) adénotes the heat
lamellae crystallized in state A can lead to other states in the of fusion per unit volume&2/V. This equation corresponds
state diagram and to fusion at a higher temperature, denotedo a straight line in the state diagrafiy = 7\ — c(1/L),
as state C inFig. 2. Under such a temperature protocol where the slope is given byc = 2Tr9-|0'f/6]. A true thermo-
irreversible thickening of the lamella can take place. This dynamic equilibrium is assumed at the melting point with a
is illustrated inFig. 3 by experimental results on isotactic fixedlamellar thicknesg..
polystyrene obtained by Al-Hussein and Strfgl Note that In Fig. 4we illustrate the difference between the original
the range between crystallization and melting temperature Gibbs—Thomson problem of melting a small spherical object
can be higher than 100K and the difference between theand the present case of an extended non-equilibrium lamella.
lowest crystallization temperature and the extrapolated A sphereFig. 4a, corresponds to the optimal thermodynamic
equilibrium temperature is almost 200K. The data where shape of an isotropic object. Therefore, the stability limit
obtained by stepwise heating and annealing the crystallizedis fairly well expressed by the thermodynamic argument
polymer. which includes the surface free energy excess. On the other
We note again that the variable cannot be controlled hand, a laterally extended thin lamella corresponds to a
independently of like a thermodynamic variable but results  thermodynamic unfavored shape. Close to the stability limit
from the historyT(r). Furthermore, only changes in one morphological changes, s&é&. 4b, can lead to more stable
direction of L are possible. It is not possible to drive back intermediate phases before the system melts at a higher
the system in the state diagram once a chandelads taken melting temperature. As illustratedfiig. 4balso a break-up
place without leaving the crystalline state. To emphasize into smaller but thicker objects might be thermodynamically
the difference to equilibrium phase diagrams we consider favored. Only a very fast heating process would avoid
some stateX in the inner part of the physical region of the such morphological changes. In this case, however, kinetic
state diagram, sd€ig. 2. It is not possible to reach this state super-heating effects might overlay the Gibbs—Thomson
stability limit. For all these reasons, a simple equilibrium
thermodynamical explanation of the melting line according

%0 ] to Eq. (2) might be wrong. At this point it should be added
N . 1;2 ] that until now no experiments are known to the authors where
QIOL . 195 ] the excess free energy of the fold surface of a single crystal
% os0 [ . 225] ] has been measured directly. Moreover, it is by far not clear
g e whether the excess free energy corresponds to the surface
£ 200 g ] tension as it could be measured for instance in dewetting
2t AT ] experiments.
150 | \‘\\ \,. ] The diagram inFig. 2 suggest that states of polymer
C \:f. ] crystals are uniquely described by the temperature and the

100 lamellar thickness. In other words: the average lamellar thick-
ness is sufficient to characterize all history effects in polymer
crystallization. In SectioB we will show that more than one
Fig. 3. Non-equilibrium states of isotactic polystyrene of molecular weight Iength scales are necessary to CharaCte“Z? non_'equmb”um
of 400 kg/mol. A variation of the. (here denoted at) is clearly observed growth structures as they are observed in thin polymer
during stepwise heating). films.
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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-
mentin the crystal. Such a disorder would resultin 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 strucfdrg.

Note that the formation of regular folded chaiis
assumedn 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 Gilm¢t2] (SG) have proposed an
alternative model where cooperativity is required for each

perature of a sphere at the thermodynamic stability limit depressed by the Stem but monomers are considered as independent units. This
surface free energy. (b) A thin but laterally extended lamella does not cor- model neglects any lateral correlations on the growth front
respond to the optimal thermodynamic shape. Morphological changes cangnd thus cannot make any prediction about order beyond the

lead to more stable phases which melt at higher temperatures. Therefore, th
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

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
chain motions (expressed by certain kinetic pathways of

reduce its translational and rotational degrees of freedom aschain folding and stretching) has been successfully applied

sketched in the right part dfig. 5. The internal state of
the molecule is invariant. By contrast, when a long chain
molecule crystallizes it has to undergoiaternal transition
from the disordered state to the ordered state. This is illus-
trated in the left part oFig. 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 Lauritzéf] stems

to explain the self-poisoning behaviormfalkanegdecrease
of growth rate with temperature)l3] and the unusual
behavior of binary mixtures of short and longalkaneg14].

In all what follows,we will assume the crystallization re-
quires cooperativity of the whole chain. Moreover, we will
characterize the state of a single chain by an order param-
eter which can take different values in the crystalline phase
according to the different degrees of stretching of the whole
chain. This idea is illustrated iRig. 6. Our aim is to model

are considered as elementary units which correspond to thé?Clymer crystallization by considering chains as elementary

High entropy disordered
A

Internal change of state

mannil
Enamzaesesil

Low entropy ordered

simple liquid

Y

Fig. 5. Qualitative difference between the crystallization of polymers (left
part) and low molecular liquids (right part).

objects which can be in various ordered states characterized
by an order parameter. The disordered state corresponds to
m = 0. Toreach an ordered state an entropic barrier has to be
overcome which corresponds to a probabijityto increase

the internal order in each time interval typical for the fluctua-
tion of the chain. The special features of polymer crystals are
obtained by the interplay between internal order of each chain
and the interaction with other chains in the crystal. The higher
the internal degree of order of the two neighboring chains,
the stronger is the coupling in the crystal. On the other hand,
to reach a high degree of internal order a long time is passed
in lower states of order. Therefore, at the crystallization tem-
perature a kinetic selection of the average degree of chain
order (lamellar thickness) takes place and results in lamellae
which are stable enough to grow but avoid higher order. Nev-
ertheless, further reorganization into better ordered states is
possible. The latter will be important close to the stability
limit of the lamella.
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Pg - Transition probability (entropic barrier) ~ r
Pg (\ (' Pg & Pg Pg
g Sl ~ P~
[
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, of lamella

Fig. 6. lllustration of different degrees of internal chain order which defines
the order parameter. For simplicity we characterize the order parameter
with an integer value. Increasing the chain order requires entropy reduction
which corresponds to some probability. When crystallization takes place  Fig. 7. Crystallization in ultra-thin polymer films. The upper figure shows
on substrates increasing the internal order involves energetic interactions.an optical micrograph of a typical dewetting pattern in a thin PEO film
If adsorbed and non-adsorbed chains are present it might be necessary tgthickness about 100 nm). The white circles represent the holes containing a
distinguish betweem = 0 andn = 0+ toindicate the adsorbed, amorphous  molten monolayer resulting from pseudo-dewetting. The lower part shows
stateyn = 0+, explicitly. This will be no the case in the present work. the result obtained by tapping mode AFM (topography). Finger-like growth
patterns are obtained after crystallization for 880 min &t@4h a pseudo-
dewetted hole. (A) Fingers inside the hole (image flattened to enhance the
3. Crystallization in ultra-thin films visibility of the fingers). All fingers start at the periphery of the hole. (B) 3D
representation of fingers in (A).

In recent years there is growing interest in thin and

ultra-thin polymer films. Here, “ultra-thin” indicates a film  can be introduced which characterizes the average distance
thickness of the order of the radius of gyration of the chains. between the fingers_ The correlation |ength can be related
This may correspond to a monolayer. In ultra-thin polymer to the jump in the 2D density between ultra-thin amorphous
films an external nucleation site is always required to spawn |ayer and the crystalline lamel[48,19].
a crystallization procesfl5]. Homogeneous nucleation is Polymer crystallization in quasi-two dimensions allows
highly suppressed. Typically, diffusion controlled growth 3 direct investigation of the crystal morphology using
pattern can be observed which correspond to polymer AFM-techniques. The thickness of the lamellae are directly
lamellae growing flat on the substrate. An example is shown gptained in height images. Moreover, the local crystal thick-
in Fig. 7 for ultra-thin films of polyethyleneoxide (PEO) of  ness becomes visible and non-trivial morphological features
molecular mass of 7.6 kg/mol. can be studied as will discussed below. Complications due to
In order to obtain ultra-thin polymer films dewetting multi-lamellar structures and 3D-morphologies (spherulites)
processes are used. At temperature aboveéC7Moles  are avoided in 2D crystallization and single lamellar struc-

are formed on the substrate, see the upper paRigf 7. tures can be observed in situ under the treatment of various
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

B

@

crystal structures inside the holes which are formed by [

cooling the sample below 6, seeFig. 7A. The 3D ; ‘
representation of part of the finger-structure giveRion 7B . ; : !

shows two relevant length scales of the pattern. The haight W ~

which corresponds to the lamellar thicknésand the width

of the fingeraw. We obtainz >~ 8 nm which corresponds to a

multiple folded chain structure. The width of the fingersisin

the range ofum. More details can be found in Ref$6,17].
The growth morphology of polymer crystals obtained

<m>

under diffusion control has to be characterized by several Fig. 8. lllustration of three relevant length scales for polymer crystals created
under diffusion control. The average height) corresponds to the lamellar

!ength_§cales as |Ilustrated_IFlg. 8. As discussed above, thicknessL. In addition, individual fingers have a characteristic width in the
n ?.dfilltloln to the. lamellar thickness there appears a charac-range of 100 nm tem. Dense branching morphologies obtainedig. 7
teristic width of fingersw. Moreover, a correlation length display a correlation lengta



140 J.-U. Sommer, G. Reiter / Thermochimica Acta 432 (2005) 135-147

temperature protocols. The great advantage of these systemsigii
is that they allow for a simple modeling on the scale of §
polymer chains.

preorderd chain

2

&
&

liquid chain

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
amorphousfilm. Inordertojoin the lamella at the growth front
the adsorbed chains have to desorb partially to form upright
folded states, sdeig. 9a. This way the surface area occupied
by a single Cham, changes fro_ﬂb (disordered state) tal Fig. 10. Generic lattice model for crystallization in ultra-thin films. In order
(ordered state). Directly atthe rims of a pseudo-dewetted holets stay on the scale of adsorbed liquid chains we map a higher degree of
(which serve as nucleation sites) the crystal starts to grow. order into a multiple occupation on the lattice (lateral squeezing of chains).
When growth proceeds a depletion layer is created due toAll chains in one lattice cell are considered as equivalent with respect to
the emergence of more and more unoccupied surface p|a_cest.heir intgrnal degree of order. Growth is nucleated by a row of cells with

. . . . . the maximum degree of order.
As a result, diffusion control sets in as illustratedig. 9a.
Moreover, the order parametarcan be defined as the ratio
of the two surface areas as follows

Ao occupation of chains per surface area unit due to crystalliza-
=—, 3) tion. This enables us to define a simplified lattice algorithm
A in which chains can be treated as basic units. The idea of our
This is illustrated in part (b) oFig. 9. Note that this order  algorithm is displayed irFig. 10. We consider a quadratic
parameter corresponds to the degree of internal order as delattice where the lattice constant corresponds to the exten-
fined in Sectior2, see alsd-ig. 6 and denotes the number sion of adsorbed 2D chains, i.ég ~ N. These chains can
of ordered chains which can be accumulated within the areamove on the lattice (substrate) respecting excluded volume
covered by a single disordered chain, &g 9c. effects. Note that chains in 2D can be considered as non-
The advantage of 2D polymer crystallization is therefore interpenetrating disc-like objects. In the crystalline state we
the simple mapping of the degree of internal chain order to allow for multiple occupation of lattice cells according to
an order parameter which is directly related to the increase of our considerations above, séig. 9c. In order to stay on the
scale of the lattice constant we assume for simplicity that all
Rim (@) chains which share the area 4§ are in the same state of

m

-__ Nucleus Order-

g{ i (c) If a liquid chain touches the growth front, it strongly ad-

M Depletion Zone sorbs onto it. In this state, the chain conformation is already
| |lﬂlﬂl partially ordered (pre-ordered) and we denote this state as

e —— i m = 1. Tojoin the crystal truly the chain can further increase
/ its internal order in thermal fluctuations by entering a neigh-

Substrate (b) U] U]U]U]U“ﬂlﬂ boring crystalline cell. Then, the degree of order in this cell

is increased by one unit. (In our coarse grained model, this

Geometric Order Parameter:

means that all chains occupying this cell must increase their

=7 . . . -

WL m internal order.) Alternatively, two pre-ordered chains canjoin
m s A and form anewcrystalline cell withm = 2. This realizes a
n

growth event at the crystal front. On the other hand, chains
at the growth front can return to the liquid state by break-
ing the crystalline bonds in thermal fluctuations. This will be
Fig. 9. lllustration of the growth process in ultra-thin films. (a) To join the MUch easier for chains having a low degree of order, i.e. fewer
(flat-on oriented) lamella, chains must achieve an upright (folded) confor- bonds. The balance between growth events and detachment
mation. (b) Transition from flatly adsorbed to upright folded states changes eyents determines the overall growth rate. For higher temper-
the Qccup|ed sur_face are An order parameter can be_ defined py the e ature higher degrees of chain ordering will be necessary in
duction of occupied surface area. (c) The area occupied by a single liquid order to achieve stable arowth. Moreover. by applving a full
chain can be occupied by ordered chains. The corresponding reduction 9 . : ’ y_ ppiying .

of overall occupied area results in a depletion zone at the growth front as Monte Car!o scheme we will allOYV for fluctuations of chains
illustrated in (a). between different cells in the lattice.

Ag
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Some remarks are necessary about the role of pre-orderednto another crystal cell where such bonds are again estab-
states in our model. As discussed in Sectlopolymer lig- lished.
uids always have to be strongly super-cooled for crystal-  For the barrier against ordering we define the following
lization to take place. In solvents, this implies a segregation simplified relation
transition if the local concentration (at the growth front) ex-
ceeds a certain value, thus leading to strong adsorption atp(Am) = p?m, (8)
the growth front. But also for the case of crystallization from
ultra-thin films a strong interaction between the crystal and where ps is the transition probability to increase the order
liquid chains can be expected. When the chains are adsorbegparameter by one unit. Heré,m denotes the difference in
at the growth front (more precisely in the niche formed by the order between the new cell and the old cell. If this difference
crystal edge and the substrate) the underlying crystalline lat-is negative, p(Am) is set to unity. Hence, the probability to
tice provides a periodic potential where the adsorbed chainsjoin a neighboring lattice cell is given by
try to fit in. Thermal fluctuations can lead to higher order and

the chain becomes part of the crystal. The ordering processp, = p’s"/"". 9)
of single chains on crystalline surfaces has been studied in
molecular dynamics simulations by Yamam{26]. We be- Putting everything together, we obtain the total probability

lieve that pre-ordering at the growth front is a very important for a move fromv to " as

step since it can explain why spontaneous formation of nuclei

are not observable but fluctuations into the ordered state atP(r = ') = prpyr. (10)
the growth front take place easily.

Crystal interaction is established between nearest neigh- We apply a Monte Carlo procedure. For each step, a chain
bor cells. The more a chain is stretched the higher is the and a direction for the move are randomly chosen. Then, itis

interaction energyE, with neighboring chains and the more checked whether the move is blocked by ultimate constraints
stable is the crystal. On the other hand, to obtain a high value(excluded volume for free chains, maximum occupatién
ofma h|gh entropic barrier’ Sé‘eg 6, has to be surmounted. for crystalline Ce”S). If this is not the case, the move is taken
In order to understand the generic properties of the crystal- With the probability given in Eq(10) using the Metropolis
lization process we make the most simple assumptions asPrescription. The only peculiarity is for the case when a free
follows: The interaction energy is given by the minimum of chain's move is rejected from a crystalline cell. Then, the

the occupation numbers in nearest neighbor eelidm’ cell actually hosting the chain (which is next to the crystal
_ front) is transformed into the pre-ordered state- 1 without
E(m,m’) = e min(m, m'), (4) any penalty, se€ig. 10. Hence, a “contact” to the crystal

growth front is required in order to form a pre-ordered state.

wheree denotes the mteraguon energy per unit of the order A Monte Carlo step (MCS) is defined as the time needed to
parameter. If a cell has a higher degree of order compared to

h iahbori Il thi its in additional ¢ move all Monte Carlo objects (chains, in our case) once on
the neﬁh ?rllr;g cef t |s_|r_ﬁsu tfs n a Im?r?a EXCess refetsn— average. The usual time scale which we use in the following
ergy of the fold surface. Therefore, only the minimum ofthe ;o +\ 5 ,sand MCS, denoted by TMS.

order parameter in both cells is accounted for. We introduce

. Since spontaneous nucleation in ultra-thin polymer films
a temperature variablE as follows

is highly suppressed, a primary nucleation site must be pro-
vided to observe crystallization effects. In many of our simu-

po= exp{—ﬁ} ) ©) lations we use a full line of lattice cells occupied with chains
of maximum ordenn = M. This mimics the rim around a
dewetted hole in the experimental situation, &g 7. In
most cases we use full periodic boundary conditions. There-

1 fore, growth starts on both sides of the lattice simultaneously.
~in(X/po)’ ©) In most of the simulations we use a fully occupied lat-
tice as starting condition (= 0) which corresponds to a
compact liquid film. Therefore, at the beginning of the sim-
ulation only moves which increase the occupation number
at the growth front are possible. However, during growth a
diluted zone builds up ahead of the growth front. This zone is
min(m,m’) responsible for the formation of diffusion controlled growth
pr=_2_Po ) morphologies.

) To conclude this section we have proposed a simple lattice
where the dashed variables run over nearest neighbor sites oflgorithm which mimics the growth and reorganization pro-
r. Note that we always assume that crystal bonds to the neigh-cesses during polymer crystallization using polymer chains
boring chains have to be broken if a chain later on changesas dynamical units.

If we take the unit of the temperature&s, wherek denotes
Boltzmann’s constant, we obtain

The thus defined temperature variable is a measure for
the local binding of the crystal under thermal agitation. The
probability to leave a lattice cetlis then given by summing
up over all nearest neighbors:
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obtain a fractal-like growth morphology, where the thickness
of the finger-structure corresponds to a single lattice unit, see

Our lattice model is controlled by two parameters: The Fig. 11a.

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 bys. In addition, we always
consider a maximum value of the order paramafgfwhich
corresponds directly to the lengf of the fully stretched
chain).

Typical growth morphologies which result from our model
are displayediffrig. 11. Herepy is taken as unity (no penalty
against conformational order). This results in filling-up of
crystalline cells untilM is reached. Fof" = 0, see Eq(6)

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

Fourier-space analysj21] 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

the growth-process is locally irreversible and chains rest atin Fig. 8. The Fourier analysis shows that the correlation
the place where they entered the growth front. As a result, welengthé, which corresponds to the average distance between

g
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Fig. 11. Typical growth patterns obtained from simulations without penalty against ordgging 1). The lattice size is 608 600. (a) Locally irreversible
growth withT = 0 after 30 TMS. (b)l' = 0.83 after 60 TMS. (c}" = 1.44 after 60 TMS.

{a) {b) ()
R R TR RV
'imm B %i‘&;ﬁ* AT % S ?..? A
§§ % ¥ {»,f,u b PE AR o PRE
2 ‘ﬁ,r_‘ g § 3 ““".’,?,, g,_i‘ "‘_";'f'ﬂ‘ﬁ,a}_"”‘ _M_-'; {n{:
AR % TR
; A 4 .;:;""ﬁ 6%. T}" Pyt .:c‘.' 1
; ‘%}l%" 4 ‘%’?’ ] a}'ﬁ'.’u}:'& ',._', g" i
.—,.é.:'v- ;;’ “ f-?lf \S g‘
B3 * n -«%;,‘g R
L3 e ‘.k.r‘f % ‘t &‘-_‘«' ‘a xﬁ-‘r \ {
1 {; g‘-i,\m ¢ ?:’33_%- {ST.‘J!"'L._I_*-!'.;.?.;“!J. £l ._L!...j ',’m.&',.!.'_ 1P AT

Fig. 12. Growth morphologies for a finite entropic penalty,= 0.6. The order parameter is coded in gray scales where darker spots correspond to a higher
degree of ordering. (a) Locally irreversible grovth= 0. (b) T = 0.72 after 30 TMS. (c¥’ = 0.95 after 30 TMS.
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Fig. 13. Part of the growth pattern fpy = 0.6 and7 = 0.95. (a) 3D representation of crystal structure. (b) Height profile across a finger.

the fingers, is not very sensitive to temperature effects. Onthicknesd. = (m) becomes an important parameter, 5gg

the other hand, the finger widthv depends strongly on 8. The different degrees of order are mapped into a gray

temperature, as can be seen frBig. 11, see also Ref16]. scale, where darker points correspond to better ordered chains
In Fig. 12we show the effect of a finite penalpg = 0.6 (larger L, higher occupation). One clearly observes the in-

for increasing the internal chain order. Now, the lamellar crease of. with temperature.

height [nm]

1 2 3

<) (D) lateral distance [pun]

Fig. 14. Tapping mode AFM images showing the morphological changes induced by annealing fingers obtained by crystallization of monolayers of PS-PEO(3k—
3k) resulted from pseudo-dewetting, $&g. 7: (A) after crystallization at 45C, (B) after subsequent annealing for 1 min at &4 The size of the images is

40 pm x 40 pm. Parts (C) and (D) show 3D-plots and cross-sections, respectively, from the small square indicated in (A) and (B). The dotted and the full
lines in (D) represent the states (A) and B before and after annealing, respectively.
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The most striking observation in our model are pro- T
nounced reorganization effects of the growth patterns A
(lamellae) during and after the growth process. At finite tem- 4.48

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. 0.95
In Fig. 13we show the topography of a part of the growth
pattern as obtained fat = 0.95 after 30 TMS, seEig. 12c. P time
The edges of the fingers are higher than the interior indicating 100 TMS
a higher order at the boundaries of the fingers. The height
profile across a finger is shownlhiig. 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 hasincreased dramatically. Chains atthe rim, however, are al-
that the formation of higher ordered edges takes place afterready in a more stable state and persist. The latter serve now as
growth when the density of free chains is already reduced. nucleation sites for the reorganizing internal chains. Note the
This observation is a very general feature of our model which similarity with the experimental results showrHig. 14B and
allows for reorganization processes during and after growth. D, where the system was also subjected to atemperature jump
A simple calculation reveals a factor of about 500 between followed by an annealing process. However, the temperature
the number of reorganization events at the crystal boundaryjump inFig. 15is too high for the hole-rim morphology to be
and the interior of the crystal. For chains having only two or stable. Already at about 9 TMS one observes degradation of
one nearest neighbors (edges) the factor raises up to 300,00€he pattern. At a much longer time scale another morphologi-
and 160,000,000, respectively for the given set of parameterscal phase emerges which consists of droplets containing fully
[22]. On the other hand, the rim-enhanced phase is very sta-extended chains. Slow coalessence and ripening processes of
ble against further reorganization at isothermal conditions. the droplet phase can be seen on very long time scales. Within
Therefore, it should be observed quite generally forindividual the available computational time melting is not observed. The
lamellae. In fact, picture-frame like morphologies of single temperature jump has resulted in morphogenesis with a much
crystals have been observed for a long time in polyethylene more stable pattern at the end.
single crystalg23]. With the advent of AFM techniques In Fig. 17we have plotted the internal energy of the sys-
direct observation of single crystal topography is possible. tem as a function of time. Note that the internal energy can be
Evidence for rim-enhanced morphologies have been founddirectly obtained from microscopic information, see &),
by several groupfl7,24-27]. In Fig. 14A and Qve show while entropy is not a priori available for non-equilibrium
an example for rim-enhanced morphologies obtained in states. The high temperature jump causes an increase in in-
experiments with short PS-PEO molecules crystallized from ternal energy at short times which corresponds to normal
monolayers. Subsequent heating and annealing of the samthermodynamic behavior. However, the formation of a hole-
ples leads to further reorganization processes which will be rim morphology is related to a normal decrease in internal
discussed later. energy. The break-up of hole-rim morphology leads again to
To conclude this section we have shown that our lattice an increase is internal energy but eventually the formation of
algorithm is able to predict experimental findings such as the droplet phase results again in a decreasing internal en-
rim-enhanced morphologies of individual lamellae after an- ergy. This is an excellent example for the complex response
nealing. of a non-equilibrium system to an external perturbation.
In Fig. 18the liquid fraction of the system is plotted as
function of time after heating. It displays a monotonously in-
6. Morphogenesis of non-equilibrium growth creasing behavior which gives no indication for macroscopic
patterns with internal reorganization melting-recrystallization processes. We note that the fraction
of fully extended chains shows again a non-monotonous be-
So far, we have considered isothermal growth and reorga-havior which is complementary to that of the internal energy.
nization processes. Next, we will study the behavior of our This fact supports the role of molecular reorganization (in the
model subjected to a jump in temperature as displayed in thecrystalline state) during annealing of a polymer lamella.

Fig. 15. Temperature protocol applied to the non-equilibrium growth pattern
shown inFigs. 12 and 13.

temperature protocol iRig. 15. The results of our lattice model concurs with direct obser-
Instead of a simple melting scenario the temperature jump vations during annealing after heating of monolayer crystals.
results in the morphogenesis presentedrig. 16. After a In Fig. 19we show results of one-step heating experiments

short time, annealing leads to a hole-rim morphology which on PEO. The annealing process after the temperature jump
is most pronounced at about 3.6 TMS. Because of the highyields to a droplet-like phase with pronounced rim structures.
temperature the mobility of chains in the center of the fingers This mixed (rim-droplet) phase presumably results from a
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Fig. 16. Morphogenesis of a non-equilibrium growth pattern after the temperature jump sheignis. Snapshots taken at the times (in TMS) indicated.

higher kinetic barrier against ordering and a relatively low l T
temperature jump when compared to simulations. - 1

To conclude this section we have shown that non- 0.60 |- -
equilibrium growth patterns respond to temperature jumps

with a complex morphogenesis instead of a direct melting &
L. . . + 0.50 -

process. The morphogenesis is driven by the interplay be- g
tween (internal) chain ordering and (external) morphological ; 1
features (number of nearest neighbors, growth morphology). 3040 -

1

Several meta-stable phases are obtained which are related to
0.30

0.20 1 1
1 10 100 1000

Time in TMS after temperature jump

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.

Intemal Energy U

7. Non-equilibrium melting and heat capacity

In order to investigate the melting process of non-
; ; . equilibrium crystals, we simulate a continuous heating rate
1 10 . 100 1a00 according to a temperature protocol sketcheBim 20. We
Time in TMS after annealing . .

use again the system crystallizedrat= 0.95 andpg = 0.6
Fig. 17. Internal energy as a function of time corresponding to the mor- for 100 TMS, displayed irFig. 13. Instead of a single big

phogenesis ifFig. 16. The appearance of typical morphological patterns t€mperature jump we now continuously apply tiny jumps of
(snapshots iffig. 16) is indicated by arrows. AT = 0.01 after each time intervalz. The values used for
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Fig. 19. Morphological transformations in a mono-lamellar crystal of PEO-
7.6k grown at 35C for 10 min (A) before and (B) after the sample was 14
annealed for 5min at 4€. The size of the images is pm x 5 um. Note . i . i . i .
the tendency for transformation of the tree-like shape of the fingers into an 0 1 2 3 4
arrangement of droplet-like structures with a slightly higher region at the Temperature change AT

periphery. The defect zone at the right lower corner served as a marker for

an unambiguous identification of the investigated area even after annealing.rig. 21. Internal energy as a function of temperature change. The system
has been crystallized & = 0.95, ps = 0.6 for 100 TMS. The heating rate
At are 0.1, 0.5 and 5.0 TMS, respectively. This results in ris givenin TMSL, using our temperature units, see &).

heating rates of 0.1, 0.02 and 0.002 TMSn our units of
the temperature.

In analogy toFig. 17we plot the response of the internal  gpserved in the fusion of polymers. The conventional inter-

energy irFig. 21as a function of the temperature chamge. retation of this effect ipre-meltingof less stable parts of
Because of the tiny temperature steps taken there is no rapi(ﬁrystalline morphology. In order to analyse this hypothesis
increase of internal energy as we have observéignl 7for we plot the liquid fraction for the lowest heating ratefiy.
the high temperature jump. Instead, we find a didstirease 23 \We can observe that the liquid fraction is decreasing un-
of the internal energy as a response toiti@easein tem-  j| heating up to abou\T = 0.45. This rather indicates a
perature. This indicates anomalous thermodynamic behavioregntinuation of the growth and crystallization processes in-
related to anegativeheat capacity’y(7). Only at hightem-  stead of pre-melting. We conclude that the first peak is simply
peratures normal behavior sets in which indicates ongoing the consequence of the non-linear character of the morpho-
melting of the system. genetic processes. It indicates an accelerated reorganization
It is intriguing to consider directly the non-equilibrium  (improvement of order) after the annealing temperature has
heat capacity defined as reached a sufficiently high value. Note that the minimum of
du the liquid fraction nearly coincides with the minimum of the
Cv= g5 (11) non-equilibrium heat capacity iig. 22.

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

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
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Fig. 22. Plot of the non-equilibrium heat capacity. The data are obtained
Fig. 20. Temperature protocol applied to the non-equilibrium growth pattern by formal derivation of the energy function Fig. 21 (thin lines) and are
shown inFigs. 12 and 13. smoothed using a spline algorithm (thick lines and symbols).
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0.06 are related to non-equilibrium reorganization and emphasizes
the role of meta-stability in polymer crystallization.
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