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Crystallization of a polymer on a surface
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We have studied the structure and free energy landscape of a semiflexible lattice polymer in the
presence of the surface of a polymer crystal. At low temperatures coexistence of two-dimensional
integer-folded crystals is observed. As the temperature is increased there is a transition from these
crystalline configurations to a disordered coil adsorbed onto the surface. The polymer then gradually
develops a three-dimensional character at higher temperatures. We compute the free energy as a
function of increasing crystallinity and compare with the free energy profiles assumed by the
Lauritizen—Hoffman surface nucleation theory of polymer crystallization. Our free energy profiles
exhibit a “sawtooth” structure associated with the successive formation of chain folds. However, in
the early stages of crystallization our profiles significantly deviate from those assumed by surface
nucleation theory because the initial nucleus is not a single stem but two incomplete stems
connected by a fold. This finding has significant implications for the theoretical description of
polymer crystallization. ©1998 American Institute of Physids50021-960808)52546-9

I. INTRODUCTION ries. However, there have been few simulation stufiés
which have attempted to investigate the basic process in so-

On crystallization from solution or the melt simple poly- lution crystallization, the adsorpticand crystallization of a

mers typically form lamellar crystals. As the backbone of thepolymer on the growth surfac€There are many studies

polymer chain is oriented perpendicular to the plane of thavhich just consider adsorptidi=2%) Although this is a non-

lamellar, and yet the thickness of the crystals is smaller thaequilibrium process, as a first step it is useful to understand

the length of the chain, a single polymer must traverse theéhe equilibrium behavior of a single polymer in the presence

crystal many times folding back on itself at each surface. of the surface of a polymer crystal. In this paper, we first

Furthermore the thickness of the crystals have a wellstudy the basic thermodynamic properties of a simple lattice

characterized dependence on the degree of supercooling. Thedel of such a systerf8ec. Il)). This will also add to the

thickness is always slightly larger than the minimum thick-increasing knowledge of the rich phase behavior of single

ness for which a lamellar crystal is thermodynamicallyhomopolymer chains; in particular, we draw out the similari-

stable. ties and differences from the behavior of an isolated semi-
However, although these simple facts were discoveredlexible polymer, a case that has received much more

about 40 years ago, there is still no consensus on their theattention?>~2° Second, we examine in detail the free energy

retical explanatiod. Moreover, two of the more dominant profile for the crystallization pathway suggested by surface

approaches—Lauritzen—Hoffman surface nucleatiomucleation theorySec. V).

theory’~® and the entropic barrier modef—appear irrecon-

cilable. One of the difficulties is that the theories have to;, vETHODS

make specific assumptions about the microscopic mecha-

nisms of crystallization. As it is difficult to probe these pro- A- Polymer model

cesses directly in an experiment, the main test for the theo- |y our model the polymer is represented by fsunit

ries has been the comparison of their predictions withself-avoiding walk on a simple cubic lattice. There is an

macroscopic properties, such as the crystal thickness, growftractive energy;- e, between nonbonded polymer units on

rate, and shape. But these tests have not proved discriminagfgjacent lattice sites and between polymer units and the sur-

ing enough; the two main theoriggerhaps with the help of face, and an energetic penalig,, for kinks in the chain.
various refinements or “suitable” choices of paramgter The total energy is given by

have both been able to provide an adequate description of
many of the macroscopic properties.

Therefore (atomistig simulation can potentially play an  wheren,, is the number of polymer—polymer contaatss s
important role in this debate by providing insight into the the number of polymer—surface contacts ayds the num-
microscopic processes involved in polymer crystallization,ber of kinks or“gauche bonds”in the chain. We choose the
and thus help in the critical assessment and refinement of ﬂ’@ergy for polymer—polymer and polymer—surface contacts
current theories and perhaps in the development of new thego be the same so that the surface represents the surface of a
polymer crystale can be considered to be an effective inter-

present address: University Chemical Laboratory, Lensfield Road, cam@Ction representing the combined effects Of polymer—
bridge CB2 1EW, UK. polymer, polymer—solvent, and solvent—solvent interactions,

E=—(nppt Ny €+ Ngyeg, 1)
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and so our model is a simplified representation of a semiflex- In order to monitor the state of the polymer we devised
ible polymer at the interface between a polymer crystal andwo order parameters. The firdQ,5, probes the orienta-
solution. The behavior of the polymer is controlled by thetional order within the two-dimensional polymer adsorbed
ratio kT/e; large values can be considered as either higlonto the surface,

temperature or good solvent conditions, and low values as

2
low temperature or bad solvent conditions. The paramgter Qop=1/2 2 Mo _ 1) , 4)
defines the stiffness of the chain. The polymer chain is fully a=xy \Nxtny 2
flexible ate,=0 and becomes stiffer ag increases. In this \\ herex andy are in the plane of the surface ang is the

study we only considee,=0. number of bonds in the directiom. Q,p has a value of 1 if
This polymer model has been recently used to study thg| the honds are in the same direction, i.e., the polymer has
effects of stiffness on the phase behavior of isolated hoz |inear configuration, and a value of 0 if the bonds are

. . 6,28 . . ) ) . !
mopolymers by theor’f‘;? and.S|muIat|or?, and also in ki-  griented isotropically in the plane. The second order param-
netic Monte Carlo simulations of the growth of polymer eter,Qsp, probes the dimensionality of the polymer.

crystals®?31
The global potential energy minimum at a particular B \/6 5 ny+ny _} z n, _} ? 5
(positive) €4 is determined by a balance between maximizing Qsp= 2(N—-1) 3 (N-1) 3/ | ®)

Ny, andngs, and minimizingng ; it is a folded structure that . : .
PP ps g
lies flat on the surface. If the polymer is able to for anD has a value of 1 if all the polymer units are in contact

structure that is a two-dimensional rectangle with dimensionéf\”th the surface and a value of 0 if the bonds are oriented

_ isotropically in space.
X = <
axb (N=ab), wherea=b, then In Sec. IV we compute the free energy along pathways

ps= N, characterized by an order paramefdy;, , which measures
the degree of crystallinity. This Landau free energy is simply

n

Npp=N-a-b+1, @) related to the canonical probability distribution for the order
ng"=2b—2. parameter:
The structures that correspondrig=nj" have the polymer AL(Nxta)) = A—KTl0g pear Nxtal) (6)

chain folded back and forth along the longer dimension owhereA is the Helmholz free energy. However, all relevant
the rectangle. By minimizing the resulting expression for theregions of this distribution are not significantly sampled in
energy one finds that the lowest energy polymer configurathe canonical ensemble, and so we use umbrella samipling

tion should have to calculate the free energy accurately over the whole range
b 2¢ of the order parameter. This is achieved by multiplying the
5=1+ — 3 Boltzmann factor by the exponential of a biasing distribu-

tion, W(N,,), i.e., the simulation samples configurations
Therefore, aky,=0 the ideal shape is a square and for posi-with a probability proportional to exp{BE+W(Ny.)). The
tive €4 a rectangle extended in one direction, the aspect raticanonical probability distribution is then obtained from the
of which increases as the chain becomes stiffer. However, aarobability distribution from the biased rupuii(Nyia), by
most sizes and values ef, it is not possible to form a rect- _ _

angle with the optimal asgpect ratio. Nevertheless, it is easy to Pearl Nxtal) = Pmutil Nxta) XA — W(Nyia)) - (7)
find the global minimum just by considering the structuresWe wish to choos&V such thatp i Nya) iS approximately

which most closely approximate this optimal shape. constant over the whole range N, (the so-called multi-
canonical approach®9. However, this only occurs when

W(Nyta) =~ A (Nya)/KT and so we have to construdtitera-
tively from the results of a number of short preliminary
simulations?!

To simulate our system we use a configurational-bias
Mon.te Carld? tech_nlque including moves in which a_mld— Il THERMODYNAMICS
section of the chain is regrowti.We also make occasional
bond-flipping moves which, although they do not change the  In the presentation of our results we concentrate on one
shape of the volume occupied by the polymer, change thexample, a 200-unit polymer witk,=4 €. Results for other
path of the polymer through that volurig****These moves  positive values ok, show the same basic behavior. We also
speed up equilibration in the dense phases. During the simuwmainly dwell on those aspects of the thermodynamics which
lation we always constrain the polymer to have at least onare relevant to polymer crystallization or differ markedly
unit in contact with the surface. This constraint prevents thérom the behavior of the isolated homopolynf&f®28
polymer from becoming detached from the surface at the At zero temperature the global potential energy mini-
higher temperatures used in Sec. Ill; it has no effect at thenum has the lowest free energy. Fay=4e the optimal
temperatures used in Sec. IV. Thermodynamic propertiesaspect ratio of a crystal is[®q. (3)]. For N= 200 the crystal
such as the heat capacity, were calculated from the enerdihat most closely approximates this shape has five stems
distributions of each run using the multihistogram stem is a straight section of the polymerhich are 40 units
method®%-37 long; it is the global minimum. The example shown in Fig.

B. Simulation techniques
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FIG. 1. Some representative configurations for a 200-unit polymer in the 0 o5 1 15 2 25 3 ) 35 4 45 5
presence of a surfac) Crystalline configuration with five stems of length temperature / €k
40 units; it is one of the lowest energy configurations &4 €. Q,p (b)
=0.960 an(RS= 135.3.(b) Disordered two-dimensional coil on the surface 0.05 5
produced in a run aT=2.5ek%. Q,,=0.235 andR§=l4l.6.(c) Three-
dimensional coil produced in a run @=5.0ek 1. Q;p=0.010 andRS
=99.1.(d) Configuration from a simulation &t=2.375¢k ! in which half 0.04 -
the configuration is crystalline and half is disordered.
& 0031
1(a) has a tight fold at the end of each stem, a situation g
which is often referred to as adjacent reentry, but there are a §, 002
number of degenerate configurations with nonadjacent reen- ' 6
try. The differences in energy between the various crystalline
configurations are only small and so at low temperatures  0.011 4
more than one type of crystalline configuration is observed in 7
the simulation; they can be differentiated by their radius of o
60 80 100 120 140 160 180 200 220

gyration. Figure gb) shows the presence of four coexisting
crystallites which have four, five, six, or seven complete
stems. This preference for crystalline configuration with

R¢

FIG. 2. (8 Ré as a function of temperature for a 200-unit polymeregt

complete stems is energetic in origin—it maXimizes_th_e=4 €. For comparison the results for an isolated polyiuarshed linghave
number of polymer—polymer contacts for each fold. A simi-also been includedb) Probability distribution foR? at T=1.25¢k . The
lar trend is observed in long monodisperse alkanes; the crygeaks are labeled by the numbers of stems in the corresponding configura-
tals have preferred thicknesses which correspond to an intd"s-

ger number of complete sterfs? This effect has also been
observed in simulations of these systetht>

As the temperature is increased configurations with more
disorder in the stem length and a shorter average stem length
are entropically more favored. This causes the peaks in the
probability distribution of the radius of gyration to broaden
and the radius of gyration to decrease in the rafge
=1.0-1.75%k ! [Fig. 2a)].

As with the isolated homopolymers there must come a
point when disordered configurations become more favored
than crystalline configurations. This “melting” transition is
signaled by a heat capacity peékig. 3 and by a loss of
orientational ordefFig. 4a)]. AlthoughQ,p drops down to
a value of 0.1 at the transitiolQ;p remains close to one.
This shows that on melting the polymer adopts a two-
dimensional configuration on the surface with no orienta-
tional order in the planéFig. 1(b)]. Furthermore, although
this order—disorder transition is a finite size analog of a bulk
first-order phase transition, no bimodality is seen in the prob-
ability distribution of Q,p [Fig. 4(b)], i.e., there is no free
energy barrier between states with high and Qyy. Near
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FIG. 3. C, as a function of temperature for a 200-unit polymer egt

to t_he t_ranSition temperaturé,,, the Q,p probability distri- =4 ¢. For comparison the results for an isolated polyfuashed linghave
bution is very broad and flat, perhaps because of the contriiso been included.
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FIG. 5. Phase diagram of a 200-unit polymer on a surface. The phase dia-
gram is divided into regions by the values of the melting polit, and by

the transition from two- to three-dimensional configuratiohg, ;. These

two transition temperatures are defined Qyp(T,,)=0.5 andQ3p(T,_3)

=0.5. No attempt has been made to differentiate between coils and globules
in the disordered region of the phase diagram.

probability

that the melting transition has a stronger first-order-like char-
acter. Similarly, it is easier to find an order parameter for the
isolated polymer that shows bimodalifiye., the presence of
a free energy barrigin the transition region. This difference
is probably because the energy difference between ordered
and disordered states is less in the presence of the surface;
0.6 08 1 the energy of the two-dimensional coil is reduced relative to
the three-dimensional coil due to the interaction energy with
FIG. 4. (8) Q,p andQsp as a function of temperature for a 200-unit polymer the surface.
at eg=4 €. (b) Probability distributions foRQ,;, at three different tempera- The basic behavior described above generally holds for
tures around the melting temperature, as labeled. any positiveeg, as be can seen from the phase diagram in
Fig. 5. In particular the order—disorder transition always
leads to a two-dimensional disordered polymer adsorbed
bution of partly crystalline, partly disordered configurationsonto the surface, which only at higher temperature becomes
[such as the one depicted in Figdl] with intermediate three dimensional. This fact could be of particular relevance
values ofQ,p. to polymer crystallization from solution. It suggests that a
The order—disorder transition also causes the radius gfolymer forms a two-dimensional configuration on the
gyration to increase in the rande=2.3—2.7ek !, first as  growth surface before crystallizing, rather than crystallizing
the polymer passes to the disordered state and then as thigectly from solution. The thermodynamics of the crystalli-
coil begins to expand with temperature. However, this rise ization process will depend significantly on which of these
checked when the polymer begins to develop a threetwo possible mechanisms holds. The direct mechanism is
dimensional charactéFig. 1(c)]. The change in dimension- implicitly or explicity assumed in several theoretical
ality occurs gradually and is signaled by a decreas®jp  descriptions. Yet, the present results appear to support the
and also a decrease in the radius of gyration to a value whichssumption made by Yamamoto in his study of the dynamics
is comparable to that for the an isolated chain of the samef the crystallization process.
size[Fig. 2(a)]. The associated loss in polymer—surface con-  However, it is not clear whether this aspect of our
tacts is the cause of the high temperature shoulder in the hesdsults—crystallization being preceded by adsorption—is
capacity. Such desorption transitions are well-understbod likely to be representative of the behavior of real polymers; it
and we do not dwell on its features here. might reflect some of the simplicities in the model. For ex-
In Figs. 2 and 3 we have included results for an isolatecample, in our model an adsorbed disordered polymer and a
polymer for comparison. Until the transition to a three- crystallite can have the same energy of interaction with the
dimensional configuration, thﬁg curves for the two cases surface, whereas in reality a polymer chain that fits snugly
have a similar fornjexcept that the values are larger for the into a groove formed by chains in the crystalline surface will
two-dimensional(2D) polymer on the surfadedue to the have a lower energy than a random configuration on the sur-
similar nature of the transitions in the two cas&é3he heat face. Such features could result in crystallization and adsorp-
capacity peak for the isolated polymer is sharper, suggestintjon occurring simultaneously. Therefore, it would be useful

04 : . .

0 02 0.4
QZD
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if more realistic simulations were performed to clarify this
situation.

In the phase diagram in Fig. 5 we have not attempted to
distinguish regions where the scaling behavior of the disor-
dered state is that of a coil or of a globule. The main differ-
ences in behavior between polymers with different values of
€, are related to the position of the coil-globule transitions
with respect to the adsorption transition and show up most
clearly in quantities such as the radius of gyration. For ex-
ample, the maximum ifR? for the two-dimensional disor-
dered polymer that occurs ag=4e (Fig. 2) does not occur
for all 5. However, we do not pursue these issues further
here.

In this study the surface represents the surface of a poly- \
mer crystal. However, if different interaction energies were 0 1 2 3 4 5 6 7
assigned to polymer—polymer and polymer—surface contacts Neen
this model could be used to examine the phase behavior of BG. 6. Free energy profile assumed by the Lauritzen—Hoffman surface
polymer in the presence of a surface of a different materialnucleation theory of polymer crystallization. The theory considers the crys-
In particular, Changing the polymer—surface interaction igal to form by laying down of adjacent stems of the polymer. The inset is a
Iikely to effect the relative positions of the adsorption andschem_atic represen_tati_on of a configuration whgre three stem; have been

. L deposited. The profile is for a temperature at which the crystal is the most
crystallization transitions compared to the current mé8lel. ¢pie state.
For example, a decrease in the energy of polymer—surface
contacts would destabilize the adsorbed phase and for a large
enough decrease this would lead to crystallization occurrin
direct from a three-dimensional configuration in solution.

4

{(1- V)abIAF

2blG -abl AF
2abc;-abl AF

¥

Free Energy

%he geometry of the assumed mechanism is depicted in the
inset of Fig. 6. The first term in E48) corresponds to the
creation of the two new lateral surfaces on either side of the
IV. FREE ENERGY FOR A SINGLE nucleus. This free energy has to be “paid for” on the laying
CRYSTALLIZATION PATHWAY down of the first stem. The second term corresponds to the
Having understood the basic thermodynamics of our sysfree energy of the folds that have to be created on the depo-
tem we are now in a position to use the model to examine irsition of subsequent stems.
detail the free energy landscape for the microscopic mecha- The fourth assumption is that at the barrier between
nism of polymer crystallization assumed by the Lauritzen—states with differeniNg.n, all the new surfaces have been
Hoffman surface nucleation theoty® In this theory the key created and that a fractiolf of the free energy of crystalli-
process in determining the thickness of the lamellar crystalgation has been released. These assumptions lead to free en-
is considered to be the nucleation and growth of a new polyergy profiles like that depicted in Fig. 6.
mer layer on the crystal growth fadéhe thin edges of the There have been a number of specific criticisms of this
lamellag. In the theory the growth rate for new layers of free energy profile. First, the model assumes that the value of
different thicknesses are compared. It is argued that crystal¥' for deposition of the first and subsequent stems is the
with a thickness close to that which gives the maximumsame when clearly the physical processes for these two cases
growth rate will dominate the ensemble of possible crystalsare very different. The main motivation for this assumption
and so the predicted thickness of the crystal corresponds afs simply that it allows an analytical solution to the theory.
proximately to the thickness for which the rate is a maxi-More recently, there has been some work which has at-
mum. tempted to find approximate solutions when this simplifying
To calculate the growth rates some assumptions have t@ssumption is relaxetf:*®
be made about the processes involved and the associated Second, for any nonzero value ¥f the predicted thick-
thermodynamics. First, the new layer is assumed to grow bypess becomes infinite at sufficiently large supercoolings—the
the addition of a succession of stems along the growth facgo-calledsl catastrophe. This occurs when there is no longer
each connected to the previous by a tight fold. Second, thany barrier for the deposition of the first stem, i.e., for tem-
length of each stem is assumed to be the same as the thiggeratures wherd >2g/(aAF). To avoid this unwanted be-
ness of the lamella. Third, to calculate the free energy fohavior, the theory has been supplemented with a justification
this process macroscopic thermodynamic properties are usel@r a zero value of¥’. The argument is that the chain first
This allows the free energy as a function of the number oforms a weakly physisorbed aligned state which traverses the
stems to be written as growth face(such a configuration has a high free energy
because it has lost the entropy associated with orientational
AL(Nsem = 2blo+2(Ngen— 1)abo—ablAF, 8) disordej before it crystallizes to form the first crystalline
whereo is the surface free energy of the growth surfaggs, stem? rather than the free energy of crystallization being
is the free energy of the fold surfacesk- is the free energy released as successive units of the first stem are deposited
of crystallization per unit volume, is the thickness of the onto the surface. There seems little evidence to favor the first
lamella,a is the width of a stem, anldis the depth of a stem. scenario except that it avoids@ catastrophe appearing in

Downloaded 11 Oct 2004 to 145.18.129.130. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



10038  J. Chem. Phys., Vol. 109, No. 22, 8 December 1998 J. P. K. Doye and D. Frenkel

the theory. Furthermore, the second mechanism would be (2) =
expected to involve a lower free energy pathway, and so, if 40+
feasible, would be preferred. P \L7
If simulations are to help us make some critical assess- "
ment of the free energy profile used in the surface nucleation
theory we need to devise an order parameter which can act as
a reaction coordinate along a pathway to a specific crystal.
We useN,;,, which we define as the number of units in the
largest fragment of the polymer that has part of the structure
of our target crystal. This target crystal has adjacent reentry
of the stems which are all of a specified lengthAs our
reaction coordinate is more fine-grained than that used inthe | |26 /_.,/
surface nucleation theory it allows us to find the location of T
any free energy transition states on the path. 0 20 20 60 0 10 Do o 10 130 200
To compare with the theoretical free energy profile the
pathway should go from the disordered state of the polymer @)
to the target crystal. However, the difficulty with the order 121
parameterN,.,, is that it is not able to distinguish between
configurations which are disordered and those that have a 1o
crystalline structure different from the target crystal. There-
fore, we have to introduce some constraints to ensure that the
N — Ny Units which are not part of the largest fragment of
the target crystal adopt a disordered configuration. We use
the following order parameters to achieve @5, QjF,
and Q,,. Q55'is simply the same a®,p except that only
bonds in the noncrystalline part of the polymer are taken into
account.Q[F*=n[F*f2N,es;, wheren|f*'is the number of in- 2+
stances when a bond in the noncrystalline part of the poly-
mer is adjacent and parallel to another bond on the surface, T m % o 10 o o o 10 2w
and N es= N—Nyia. Qur =Ny, /Nyia, Whereny, is the num- N
ber of contacts between the crystalline part of the chain and () g
the rest of the polymer.

153
(=3
L

[
(=3
L

112,05

—_
=3
f

Free Energy / kT

(=]

2104 1

o0
1

Free Energy / kT
(=)

The constraints we use ar@55<0.3, Qf**<0.3 and 60 L7
Qyr<0.15. Low values oRQ55'and Q[ are appropriate for
a disordered chairfThe upper bounds have been found to be 404

reasonable from monitoring these order parameters for the
purely disordered stateThe constraint orQ,, prevents the
nucleus from being stabilized by a more locally ordered re-
gion surrounding it. However, the exact values for these con-
straints are slightly arbitrary. The free energy profiles that we :
obtain do reflect these choices to a certain extent, but only in 20
the numerical details and not in their basic structure. v
In Fig. 7(a) we show some free energy profiles that we 404 7

obtain for the formation of a target crystal with stems that are 0-" S e B e o o 1o 1o 0
40 units long at a variety of temperatures. It is immediately Ny
apparent that the proflles h_ave a SaWtqo_th structure similar 1BG. 7. Free energy for the formation of a target crystal with equal stem
the surface nucleation profiles. The minima occur bt 21, lengths and adjacent reentry. (&) and(c) the target crystal has stems 40
and 4l. Presumably, for longer polymers this structure units long; the four curves correspond to different temperature, as labeled,
would be repeated at higher multipleslofIndeed when we and we have set the zero of free energy to that for the complete crystal. In

_ g . (b) the three curves correspond to target crystals with different stem length,
usel - 2_5 minima up to 1 are _observedFlg. 7(b)] After as labeled, all aT=2.05¢k™*; we have set the zero of free energy to that
the minimum the free energy rises sharply with the incorpo-or the complete crystal with stem length 40, and the free energy differences
ration of the next two polymer units into the crystal reachingbetween the different complete crystals were calculated by complete enu-
a maximum an [+2 orn |+3. These steps in the free en- meration of possible configurations. The free energy profilegjimnd (b)

. - ) . . are from simulation and those {i8) have been calculated using E§).

ergy have a clear interpretation. Configurations with a com-
plete number of stems are favored because such a configu-
ration maximizes the number of polymer—polymer contactamonotonic decrease in the free energy as the new stem grows
relative to the number of folds in the crystal. To increase theuntil the next fold must form. Translating this into the lan-
size of the crystal fragment a new fold has to be formed withguage used in the surface nucleation approaBfiNgenm

an accompanying rise in the free energy. After this there is a> Nt 1)~0 for Nge,=2 and the transition state occurs

[
[=3
L

(=]

Free Energy / kT
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virtually immediately after the completion of the previous @
stem. o Mo

However, atN,.;<2| there are major differences be- A
tween the simulation and the surface nucleation free energy {
profiles. First, there is no sign in the simulation results of any g
feature atN,;,=! (or at any other value dfl,;,) due to the
formation of the first fold. Therefore, the mechanism of its
formation must be significantly different from that for sub-
sequent folds; it does not occur abruptly at a specific value of
Ny - In the surface nucleation approach it is assumed that
new stems are laid down one at a time. It does not allow for
the possibility that two new stems could be formed simulta-
neously. There is no such restriction in our simulations. We
fmd that the initial nucleus is not a single stem but two 00 o M G 8 10 o 1o 1o 1% 20
incomplete stems of approximately equal length connected Nea
by a fold. As N, increases the two stems grow in length g,
simultaneously. The reason for this behavior is energetic. It ol
is simple to show that a two-stem nucleus can have a lower
energy than a single-stem nucleus wheg,>4 €4/€e+2. 204
Confirmation of this behavior can be found from Fidc)8
The number of gauche bonds in the crystal has risen to two 404
by N,:a~25. The possibility of such a two-stem nucleus has
previously been suggested by Pdiht. = -60-

We should note that it is possible that the size of the w
surface may have a small effect on the competition between  -80-
the two possible nuclei. On our “infinite” surface the posi-
tion of the nucleus is irrelevant. However, on the growth  -100-
surface of a lamellar crystal it is important that the fold of the
two-stem nucleus is close for af the edge of the lamella, -120+ _ . . . . . . . .
whereas the initial position of a single-stem nucleus is unim- 0 20 40 60 80 100 120 140 160 180 200
portant. Having said this a similar preference for two-stem
nuclei has been observed in kinetic Monte Carlo simulations 9
of polymer crystallization on the growth surface of a lamellar
crystal®!

Second, the behavior at small,, is different. For ex-
ample atT=1.7¢k ! the free energy is downhill until the
barrier atN,;,=21. For the higher temperature free energy
profiles there is a free energy minimum corresponding to the
disordered state but it occurs at a finite valuéNgf,, which
decreases with increasing temperatureTAt2.05, 2.35, and
2.6ek™ ! the minima are alN,,=33,23, and 17, respec-
tively. Furthermore the free energy rises very steeplias
decreases toward zero. These effects occur because crysta
lization is occurring from a disordered state which is ad- |
sorped onto the sgrface. T_hls disordered state has _structura T b & B o 1o 1w 1% 200
motifs—single straight sections and short folds—which cor- Now
respond to small fragments of the target crystal. For example

_di : : - : - FIG. 8. Comparison of results calculated using E).for crystallization
the two-dimensional disordered conformation shown in I:Ig'pathways which allow onéthe dashed line )land two (the solid line 2

1(b) hasN,,=26. As the temperature decreases the persispcomplete stems to simulatigthe dotted line sresults.(a) Free energy for
tence length of the polymer increases and so the value afie formation of the crystalp) energy of the crystalexcluding the contri-

N, associated with the coil increases. bution from interactions petween the pollymer and the suyfagtg,, and(c)
When there is a free energy minimum corresponding td'umber ofgauchebonds in the crystahj;”, as a function of the number of
. . units in the crystal. The crystal has stems 40 units Idng2.05ek™".
the coll, for values ofN,, beyond the minimum the free
energy rises linearly untiN,.,,=2 1. Therefore, in this tem-
perature range the barrier to forming a crystal nucleus with
two complete stems does increase Witlas is clearly shown nucleation barrier occurs ne&tge,=1 (Nyy=1) and is a
in Fig. 7(b). However, this is very different from thede-  much steeper function df
pendence of the initial free energy barrier that is predicted by  To gain some further insight into the free energy profiles
surface nucleation theory; there the top of the initial surfaceobtained from the simulation, we attempt to model them us-

F-3
(=3
1

Free Energy / kT
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ing a simple calculation in which we only explicitly consider for the simulation results is due to contacts between the crys-
the crystalline part of the polymer configuration and assumealline portion and the rest of the chain. These are not taken
the rest behaves like an ideal two-dimensional coil. The freénto account in our simple calculatign.

energy is then The calculated profiles have two slopes fég,<21.

For small values oN,,, the profile is steepefand always
positive) because it is still more favorable to have a single-
stem nucleus(This feature has no parallel in the simulation
profile; instead, as discussed earlier there is a rapid rise in
where the sum is over all possible configurations for thefree energy as\,,, becomes smallerin this range the two
crystalline portion of the chain which afé,, units long,  calculated profiles in Fig.(®) are very similar. In the range
Extal, the energy of the crystal, is given by HA), A, the  N,.,=15-20 the profile changes slope as the structure of the
free energy of the ideal two-dimensional colil, is given by nucleus changes. Assuming an ideal two-stem nucleus the

slope of the free energy profile for 2N,,,<2 | will be

Acoill Nyes) = = Nresk Tlog(1+ 2 exp — Beg)) —Nyesés
(10 dA €
d Nxtal 2

A(Nya) = Acoill Nyes) + 2 exp( — B(Exwat Ejoin)) . (9

+kTlog(1+2 exg —Bey). (11
and Ej i, is the energy of angauchebonds that might by
necessity occur at the junction between the crystalline andherefore, the profile in this region is expected to be flat for
the coil parts of the chairiThe end of an incomplete stem in T=2.03¢k™* [Fig. 8@a)] and below this temperature the cal-
the crystalline portion of the chain must either occur at arculated profile will exhibit a maximum at small values of
end of the chain or be followed by gauchebond) Ny [€.9., T=1.7€k ™! Fig. 7(c)]. A similar temperature de-
Some free energy profiles obtained from this approactpendence of the slope fd¥,,~20—-80 is seen in the simu-
are shown in Fig. ®). They have a remarkably similar struc- lation free energy profilefFig. 7(a)].
ture to the simulation results, although there are two main
discrepancies. First, our expression gy, is an underesti-
mate of the true free energy because it neglects the energe{ic concLUSIONS
contribution from contacts between different parts of the
coil. Therefore, Eq.(9) overestimates the stability of the The thermodynamic properties that we find for our semi-
crystal compared to simulation results at the same temperdlexible polymer in the presence of a surface have many
ture. Second, we do not take into account the fact that strucsimilarities to an isolated semi-flexible polynfér®>2¢-%% g.,
tural patterns corresponding to small crystal nuclei naturallythe coexistence of chain-folded crystallites with different as-
occur in the disordered state, and so the calculated profilgsect ratio and the order—disorder transitidh. should be
do not have a large rise in free energy at small values ofemembered that the formation of folded structures for our
Nytal - single polymer system is a thermodynamic effect, whereas
The useful feature of this simple calculation is that it lamellar polymer crystals have folded chains due for kinetic
allows us to understand some of the physical origins of theeasong. One new feature is the desorption transittbin
features in the free energy profile more easily. For exampleyhich the adsorbed two-dimensional polymer gradually
A(N,z=nl) is always significantly lower tham(N,;,; adopts a three-dimensional configuration. Also of interest is
=nl-1) (n=2); this sharp dip in the free energy is be- the fact that crystallization is always preceded by adsorption.
cause folN,,=n | neither end of the crystalline portion has However, it is not yet clear whether this feature is likely to
to be terminated by gauchebond, i.e.,Ey,=0. be common to many polymers or reflects some of the aspects
More interestingly, it can give greater insight into the of our current model.
effects of having a two-stem nucleus. In Fig. 8 we compare  The free energy profiles that we obtain by umbrella sam-
the results when all possible crystalline configurations areling for specific crystallization pathways have a sawtooth
considered in the sum of Eq9) and when only those in structure where each rise in free energy corresponds to the
which there is a single incomplete stem are considered. Iformation of a new fold. We found that the apportionment
the latter case the initial nucleus must be a single stem, anféctor, ¥ (Ngeni— Ngtenit 1)=0 for Ngen2 (Ngiem iS the
so the results should be much closer to the surface nucleatialumber of stems in the crystalline configurajioRlowever
profile. They are; the relevant free energy profile in Fi@) 8 for Ng,<2 our free energy profiles are significantly differ-
now shows a free energy barrier for the formation of the firstent from those of Lauritzen and Hoffman’s surface nucle-
fold at N,;;=I and there is a steep initial rise in the free ation theory. There is no feature in our profiles that corre-
energy. However, it can be clearly seen that the free energgponds to the formation of the first fold because the initial
is much lower when the possibility of a two-stem nucleus isnucleus is not a single stem but two incomplete stems con-
allowed; this is because the energy of a sufficiently longnected by a single fold. The nucleus increases in size by the
two-stem nucleus is lower than a single stghig. 8(b)]. simultaneous growth of both stems. The reason that a two-
Furthermore, when assuming a single-stem nucleus the rastem nucleus is preferred is simply because beyond a certain
sults forE,, andngtal [Fig. 8(c)], as well as the free energy, size it has a lower energy than a single-stem nucleus. Such
significantly differ from simulation results, whereas the cal-energetic considerations are also likely to hold for more re-
culation and simulation are in good agreement when the twaoalistic polymer models. This finding has serious implications
stem nucleus is allowedThe slightly lower value o,  for the coherence of the surface nucleation theory of polymer
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