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Abstract

Dendritic crystallization of poly(ethylene oxide) (PEO)/poly(methyl methacrylate) (PMMA) thin films is reported. The film thickness is kept
constant while the PMMA molar mass and blend composition are varied. Some basic features of dendritic growth, such as the diffusion length
and tip curvature are discussed. The diffusion coefficient is tuned by varying the molar mass of the non-crystallizable PMMA and the blend
composition. The observed dendrite tip radius is on the order of 50 nm and the shape of the growth envelope varies from square to needle-
like as the PMMA molar mass or PMMA content is increased. The sidebranch spacing increases with the distance from the dendrite trunk
with a power-law relationship that is also dependent on the PMMA molar mass and PMMA content. This coarsening process is similar to
that reported for other classes of materials. These similarities (the curved dendrite tip, power-law relationship of the sidebranches, and the side-
branch coarsening processes) indicate that the large scale crystallization morphologies of the polymeric materials we study are similar to those

found in crystallization of small molecules and metals.
© 2008 Elsevier Ltd. All rights reserved.

Keywords: Crystallization; Thin films; Blends

1. Introduction

Dendritic solidification has been studied well for over a
century and in recent years an understanding of this growth
process has emerged for small molecules and metals through
the interplay of both measurements [1—15] and theoretical
modeling [16—19]. Interest in dendritic growth stems from
its importance in the properties of polycrystalline materials
and the fascinating variety of patterns formed during crystalli-
zation. Traditional studies on dendritic growth have focused
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on small molecules and metals because of the prevalence of
dendritic morphologies in these materials. A number of good
reviews on dendritic growth in metals and small molecules
have recently been published [20—23]. The present work ex-
plores the similarities of this growth phenomenon to dendritic
growth observed during polymer crystallization.

Diffusion of heat or solute away from the growth front is an
important aspect of the dendritic growth process. When the
thermodynamic driving force for crystallization becomes
strong or impurities are added to the system, the crystallization
front becomes unstable, and flat interfaces and regular crystal
patterns give way to crystallization patterns that are character-
ized by dendritic branching. Anisotropy in either the surface
free energy of the crystal or the kinetics of molecular attach-
ment promotes dendritic growth. Characterization of the den-
dritic morphology often involves measurements of the crystal
growth velocity, tip radius, sidebranch spacing, and sidebranch
amplitude. These quantities contain information about the
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underlying physics of dendritic growth and allow for compar-
isons of experimental observations with theoretical models
[13].

Symmetric dendrites are not a universal pattern of crystal-
lization. For example, bulk polymeric materials usually crys-
tallize in the form of spherulites, which are spherically
symmetric polycrystalline growth structures characterized by
extensive non-crystallographic branching. Small molecule
fluids also form spherulitic structures exhibiting a similar ge-
ometry if crystallization occurs in the presence of a substantial
number of impurities or if the crystallization occurs at high
supercooling [24—26] where dynamic heterogeneities are
known to be present in the fluid [27,28].

Early studies on crystallization of polyethylene from solu-
tion by Keller [29], Khoury and Padden [30], Geil and Re-
neker [31], and Wunderlich and Sullivan [32] indicated that
dendritic crystallization could also occur in polymeric mate-
rials under certain conditions, such as crystallization from so-
Iution. However, this type of growth has not been a focus of
much research since symmetric dendritic growth is not charac-
teristic of polymeric materials in the bulk. Dendritic growth
with apparent crystallographic branching has recently been re-
ported for a number of melt-crystallized polymers in ultrathin
films, including polyethylene (PE) [33], isotactic polystyrene
@iPS) [34—36], poly(ethylene oxide) (PEO) [37], poly(capro-
lactone) [38,39], poly-2-vinylpyridine—poly(ethylene oxide)
(P2VP—PEO) block copolymers [40], and poly(ethylene ox-
ide) (PEO)/poly(methyl methacrylate) (PMMA) blends [41—
43]. These studies have stressed the importance of diffusion
fields surrounding the crystal, as well as changes in the anisot-
ropy with supercooling [44]. The mechanisms that engender
this type of crystallization morphology in ultrathin polymers
remain unclear, however, more studies on crystallization in
thin films are clearly needed.

In this regard, Ferreiro and coworkers studied dendritic
crystallization in blends of PEO/PMMA where the addition
of amorphous PMMA allowed for the ‘tuning’ of the crystal-
lization morphology. With increasing PMMA content, the
spherulitic morphology transformed into a symmetric den-
dritic morphology, an effect that Ferreiro and coworkers attri-
bute to a progressive change in the surface tension anisotropy
with dilution of PEO by PMMA. Ferreiro and coworkers also
made one of the first attempts to compare dendritic growth
morphologies in polymeric melts with those observed in
metals by comparing the crystallization patterns of PEO/
PMMA blends with those observed in phase-field simulations
of Ni/Cu alloys [41,42]. In these simulations, the effective
surface tension anisotropy was varied resulting in a variety
of morphologies, ranging from the dense-branched morphol-
ogy (DBM) to dendrites. Early work on blends of liquid crys-
tal molecules [45] claimed to achieve a similar effect of
varying the surface tension anisotropy and the morphology,
but the effects were less dramatic.

Despite these comparisons between polymeric materials
and small molecules, many aspects of dendrite formation in
polymeric materials remain unclear. Specifically, what are
the conditions under which the faceted growth patterns

transform into symmetric dendrites? Do these patterns develop
by the same mechanisms as the ones proposed for other mate-
rials? Are sidebranch formation and the associated coarsening
processes also similar?

Studies on pattern formation in polymeric materials may
also offer new insights into crystallization in a broader context
since it is often easier to study the growth processes in these
systems due to their much slower nature and the availability
of measurement techniques (such as atomic force microscopy)
that exploit the capacity to vitrify polymeric materials. In ad-
dition, these materials offer unique possibilities for testing
theory. For example, by varying the polymer molar mass,
the diffusion coefficient can change significantly while the
crystal growth velocity remains relatively constant. In small
molecule systems, similar changes in the diffusion coefficient
would require the use of a different solvent which can lead to
changes in a number of experimental parameters. For example,
Akamatsu et al. attempted to vary the diffusion coefficient in
liquid-expanded/liquid-condensed phase transitions of 2D
systems by varying the viscosity of the liquid sublayer, but re-
ported problems with interpretation of the results due to com-
plexities related to ‘hydrodynamic coupling’ [46]. Polymer
mixtures are a natural choice for these studies since the molar
mass of the amorphous component can be used as a direct
means of controlling the diffusion coefficient.

In the current study, we focus on the dendritic regions of
growth identified in our morphological map for crystallization
of thin films of PEO/PMMA blends [43]. We first discuss
some important aspects of dendritic crystallization in poly-
mers and then focus on the dendrite tip shape, sidebranching,
growth envelope, and coarsening processes in these materials.
Particular emphasis is placed on the role of the PMMA molar
mass and composition on the dendritic growth process.

2. Experimental

Poly(ethylene oxide) and poly(methyl methacrylate) were
obtained from Scientific Polymer Products and Polymer
Laboratories and used as-received [47]. The molar mass and
polydispersities are reported in Table 1 [48]. In this study,
crystallized blend samples are referred to by the PMMA molar
mass (names indicated in Table 1). The PEO and PMMA were
dissolved in 1,2-dichloroethane and stirred overnight. The
polymer concentration in solution was approximately 1.25%
by mass and the composition of the blend was varied from
50 to 30% PEO by mass. Silicon wafers (100) were cleaned

Table 1

Molar mass and polydispersities of polymer samples used in this study
Material M, (g/mol) MM,
PEO 101200 1.04
PMMA7 6880 1.07
PMMAI12 12000 1.08
PMMAI18 17900 1.10
PMMAS3 52700 1.08
PMMAG68 68200 1.13
PMMAI101 101000 1.09
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with a boiling solution of 70% by volume sulfuric acid and
30% by volume hydrogen peroxide for 2 h to create a hydro-
philic surface. After cleaning, the wafers were rinsed with
deionized water and blown dry with nitrogen. Before spin-
coating, the wafers were rinsed with HPLC-grade 1,2-dichlo-
roethane and spun dry. The polymer solutions were then
spin-coated onto the silicon wafer. The resulting dry film
thickness was approximately 120 nm, as determined using
a JA Woollam spectroscopic ellipsometer. Spin-coated samples
were then dried under vacuum at 60 °C for 2 h and transferred
to a Linkam heating stage. The samples were heated to 80 °C
for 1 min (to melt any crystals formed during drying) and crys-
tallized at 37 °C in a Linkam hotstage under nitrogen, unless
otherwise noted. An Olympus BH-2 reflected light microscope
equipped with a Cohu charge-coupled device (CCD) camera
was used to observe the crystal growth morphology. The im-
age contrast was digitally enhanced to show the morphologies
more clearly. A Digital Instruments Dimension Series atomic
force microscope (AFM) was used in tapping mode for higher
resolution observations of the dendrite tip. AFM images were
captured at room temperature in air.

3. Results and discussion
3.1. Dendritic crystallization in miscible polymer blends

Fig. 1 shows the optical micrograph of a typical dendrite
observed during crystallization of a 30/70 (% by mass PEO/
% by mass PMMAT7) blend. To understand the nature of den-
drite formation in this system, it should be pointed out that
PEO crystallizes while PMMA is rejected from the growth
front (as is typical of crystal/amorphous polymer blends)
[49]. Due to the thin film nature of the sample, it is likely
that PMMA is rejected in the plane of crystal growth [50].
In addition, the -parameter of PEO/PMMA is near zero, so
no appreciable melting point depression is expected (while
the PEO and PMMA chains are chemically different, the solu-
tion can be considered as a one-component system and phase
separation occurs only through crystallization of PEO).
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Fig. 1. Example of a dendrite in a 30/70 PMMA7 sample crystallized at 37 °C.

Crystallization in this system can thus be viewed as a solution
growth process where the buildup of impurities at the growth
front drives the breakdown of faceted crystals into dendritic
morphologies due to a non-uniform supersaturation at the
solid—liquid interface.

3.2. Dendrite tip shape

An AFM micrograph of the growth tip of a dendrite is
shown in Fig. 2. The tip of the dendrite is curved and facets
are apparent on either side. These dendrites have generally
been called ‘faceted dendrites,” in the small molecule literature
[51—53]. Faceting is known to occur in small molecule sys-
tems, such as NH4Br, under specific growth conditions and
has been associated with a large anisotropy in the attachment
kinetics as is expected for materials with large entropies of
fusion (such as polymers).

Using the method described by Cadirli and coworkers [54],
the tip radius was determined to be on the order of 50 nm
(from Fig. 2). This measurement was only carried out at
room temperature but was relatively independent of PMMA
molar mass (there is considerable uncertainty in this measure-
ment given the difficulty in resolving tips of such a small
radius during in situ AFM experiments). The diffusion coeffi-
cient can also be estimated using the value of the tip radius and
the sidebranch spacing. The sidebranch spacing near the den-
drite tip is often approximated as [55]

chlx/ d(,(

where ¢ is a constant, d, is the capillary length, and / is the
diffusion length. The diffusion length is defined by the ratio
of the diffusion coefficient (D) of the non-crystallizing species
and the crystal growth rate (G):

Fig. 2. Atomic force phase micrograph of a growth tip in a 30/70 PMMAG68
sample growing at 25 °C.
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Fig. 3. Atomic force micrograph of the sidebranching near the trunk of a 30/70
PMMAI18 dendrite crystallized at 37 °C. The arrows show the approximate
width of one sidebranch.

(=D/G

Using values of ¢; =2.5, A=50 nm, d, = 10710 m, and G of
10™* um/s, the diffusion coefficient is found to be on the order
of 10~'? cm?/s. This estimate seems reasonable based on typ-
ical polymer diffusion coefficients [56] and measurements of
the mutual diffusion coefficient in PEO/PMMA blends by
Wang et al. [57], although no such measurements have been
reported to date for these blends in thin films for the molar
masses and crystallization temperatures used in this study.
We also point out that the value of the capillary length is
unknown in polymeric materials, but the typical length scale
is expected to be on the order of segmental dimensions
(1—10 A) [58].

3.3. Sidebranching

As seen in Fig. 1, sidebranches appear at 90° to the dendrite
trunk, reflecting the symmetry of the PEO unit cell [59]. How-
ever, inspection by atomic force microscopy reveals that these
branches initially form at an angle of near 45° and turn back
toward the preferred 90° direction (Fig. 3). This “‘steering
effect” toward the crystallographically preferred directions
has been reported in studies on small molecule dendrites [15].

Fig. 1 also reveals that the sidebranches are not well corre-
lated along the length of the dendrite trunk. Imperfect correla-
tion of the sidebranches has been suggested to result from the
presence of noise near the dendrite tip [60—62]. Another

Fig. 4. Effects of the PMMA molar mass on the observed morphology for 35/65 blends crystallized at 37 °C: (a) PMMA?7, (b) PMMA18, (c) PMMAG6S, and

(d) PMMAL101.
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Fig. 5. Effects of the PMMA molar mass on the observed morphology for 30/70 blends crystallized at 37 °C: (a) PMMA?7, (b) PMMAI12, (c) PMMALIS,

(d) PMMAS3, (e) PMMAGS, and (f) PMMAL10L.

mechanism for sidebranch formation involves the existence of
a limit-cycle during crystal growth where the growth tip slows
and fattens before emitting two synchronized sidebranches
[2,63,64]. Crystal growth rate measurements suggest that noise
is a source of sidebranching in this system, although Ferreiro
and coworkers have previously reported clear evidence for this
type of oscillatory growth in PEO/PMMA blends above a crit-
ical thickness value [42]. The source of the discrepancy has
not been identified, but may be related to differences in sample
preparation.

In typical dendritic growth, sidebranches form about 1—5
tip radii from the growth tip [65—67]. Here, the tip radius is
on the order of 50 nm (Fig. 2), so sidebranching is expected
to occur at distances of 50—250 nm from the dendrite tip.
The observed spacing in Fig. 3 establishes that this approxima-
tion is indeed justified for these materials.

3.4. Tuning of the diffusion coefficient and the growth
envelope

As discussed above, the diffusion coefficient of polymer
mixtures can be varied in a number of ways, such as varying
the molar mass or the concentration of the non-crystallizable
component. While a theoretical understanding of the relation-
ship between the mutual diffusion coefficient for chains in the
mixture and the self-diffusion coefficients of the individual
chains is not complete [68—71], one expects the mutual
diffusion coefficient to decrease with an increase in the con-
centration of the high glass transition temperature component
or molar mass of the impurity.

In the present case, the molecular diffusion coefficient is
believed to play a dominant role in the magnitude of the
diffusion length. In PEO/PMMA mixtures, for example,

increasing the PMMA molar mass or concentration lowers
the diffusion coefficient but does not significantly affect the
crystal growth rate (less than an order of magnitude for each
blend composition) [72]. It should also be pointed out that
these length scales are significantly smaller than those in small
molecules. In small molecule systems, diffusion lengths are
typically on the order of micrometers to millimeters for solute
diffusion, while in high molar mass bulk polymer melts, the
diffusion lengths are typically on the order of 10~% to
10~*cm [56]. Confinement of polymer chains into a thin
film geometry and dilution of the crystallizable chains by
a non-crystallizable component are expected to decrease these
values significantly [73].

linear
growth

dynamic

incubation coarsening

Ly

Fig. 6. Schematic of different growth regions for secondary sidebranches.
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Fig. 7. Experimental values of L, and Lt for several blends crystallized at
37 °C. The error bars are smaller than the data points.

Figs. 4 and 5 demonstrate the effects of changes in the dif-
fusion coefficient on pattern formation through changes in the
molar mass and concentration of PMMA. These changes in the
diffusion coefficient become apparent when the growth enve-
lope is examined. The growth envelope is composed of the
leading dendrite tip and the train of sidebranches emanating
from the trunk and contains important information about the
processes involved in pattern formation, such as competition
between sidebranches [74]. In cubic materials, the growth en-
velope takes the shape of a square diamond with concave
edges that indicate the level of competition between side-
branches during growth.

Several methods are available for categorizing the shape of
the crystallization envelope. We chose to measure the length
of the leading dendrite arms (L4) as a function of the distance
from the dendrite tip (L) at a fixed time. Isothermal coarsen-
ing effects are ignored for reasons discussed later. Initially, an
incubation time is observed and is associated with the stage
where competition between branches sets in. Following this
incubation period, the competitive growth regime begins. In
this stage, the growth rate is non-linear due to competition be-
tween the diffusion fields of neighboring sidebranches. Near
the dendrite tip, the length of the arms is predicted to grow
as |z|"?, where z is the distance from the dendrite tip [1].
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Once the diffusion fields begin to interact, the sidebranches
are predicted to grow as |z|*” [75]. The diffusion fields of
the arms interact and growth is slow until ‘winning’ side-
branches are selected. After selection of the winning branches,
these branches speed up until they have the same growth rate
as the dendrite tip. These regimes are summarized in Fig. 6. If
selection of the winning sidebranches takes a long time (dur-
ing which the growth rate of the sidebranches is slower than
that of the trunk) a concave shape is developed. For shorter
selection times, the angle between the dendrite trunk and the
tangent to the growth envelope rapidly nears 45°.

Experimental data for L, versus Lt for several PMMA
molar masses and blend compositions are reported in Fig. 7.
For blends with a composition of 35/65, square dendrites are
observed at low molar mass (see Fig. 4), indicating that the se-
lection time for winning sidebranches is very small, and the
corresponding L —Lt plot has a slope of 1. Increasing
the PMMA content and/or molar mass drastically increases
the coarsening regime and leads to a slower approach to the
linear growth regime. Dendrites formed under these conditions
have a needle-like shape and short sidebranches, even after
long crystallization times.

These observations suggest that “‘noise’” plays an important
role in the selection of the winning sidebranches [76]. In the
present case, ‘“‘noise’ refers to concentration or temperature
fluctuations. High PMMA content or molar mass results in
slower dynamics and consequently a lower level of noise,
implying that growth must occur for a longer period of time
before the system can reach a steady-state and winning side-
branches are selected (see for example, the dendrite in
Fig. 5f where sidebranches have approximately the same
length even at different distances from the dendrite tip).
Fig. 8 shows the results for a phase-field model of the effects
of the amplitude of thermal noise on dendritic branching. As-
suming that the rate of molecular attachment is governed by
diffusion, we expect that the noise parameter scales in rough
proportion to the molecular diffusion coefficient (« ~ D). As
in the experiments (Fig. 5), lower noise results in less pro-
nounced branching from the dendrite trunk.
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Fig. 8. Phase-field calculation of a model nickel—copper alloy showing the effects of noise on dendrite sidebranch formation. The noise amplitude in the model is
varied from 0.075, 0.01875, to 0 in (a)—(c). For details of the phase-field calculation, see Ref. [77].
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3.5. Dendrite coarsening

Following the initial development of sidebranches, den-
drites often undergo a ‘coarsening’ process. Two types of
coarsening processes are known to occur. One type is ‘isother-
mal coarsening,” which involves lowering the surface energy
of the crystal by reducing the crystal’s surface area. This is
a relatively slow process where some of the small arms disap-
pear or merge with larger arms. The second type of coarsening
process is called ‘dynamic coarsening.’ In this process, the
secondary sidebranches continually adjust their spacing due
to competition between neighboring sidebranches.

In contrast to studies on dendrites in small molecules, the
sidebranch spacing in the PEO/PMMA system does not
change with time at a fixed position from the dendrite trunk.
That is, no isothermal coarsening is found at any observable
length scale. This observation can be rationalized as follows.
During crystallization, PMMA is rejected from the crystal
front, resulting in an enrichment of PMMA between side-
branches. This increase in PMMA concentration raises the
local glass transition temperature, effectively slowing down
diffusion and hindering crystallization by limiting access to
any crystallizable PEO chains. Since all branches formed
during growth are still present, the sidebranch spacing can
be easily analyzed after the crystallization is complete. The
sidebranch spacing (S ) is reported as a function of the distance
from the dendrite trunk in Fig. 9. As the PMMA molar mass
increases, the distance between sidebranches also increases.
In our system, we also note that changes in composition
have a similar effect as changes in the PMMA molar mass
(see Figs. 4 and 5).

As discussed above, as the sidebranches grow, they begin to
compete with each other. The slowing down of a sidebranch,
as a result of competition or thermal fluctuations, may allow
neighboring branches to take over and readjust their spacing.
The result of this dynamic coarsening process is that the side-
branch spacing increases with distance from the dendrite trunk
(or the tip). Huang and Glicksman have suggested that this
competition should only occur if the diffusion fields overlap,
and thus should cease when proper spacing is reached. We
observe another coarsening mechanism where impingement
between a sidebranch and a higher-order sidebranch growing
in an orthogonal direction changes the secondary sidebranch
spacing. Fig. 10 provides an example of the cutting off of a sec-
ondary sidebranch by a tertiary sidebranch originating from
a neighboring secondary sidebranch (see arrows). This mech-
anism is particularly effective when the sidebranches develop
near the tip and do not compete with neighboring sidebranches
for long periods of time (they grow at the same rate as the
dendrite tip). In this coarsening mechanism, the secondary
sidebranch spacing always increases and the growth envelope
is made up of increasingly higher-order sidebranches.

The sidebranch spacing as a function of solidification time
is reported in Fig. 11. In this case, the ‘solidification time’
refers to the time in which a particular sidebranch has been
growing. At a value of S/Stip = 1, where Styp is the sidebranch
spacing near the dendrite tip, an ‘“‘incubation time” can be

-
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Fig. 9. Log—log plot of the secondary sidebranch spacing as a function of the
distance from the dendrite trunk for several blends. The error bars are smaller
than the data points.

defined, within which dynamic coarsening does not occur.
Here, we assume a constant value of 50 nm for the sidebranch
spacing near the dendrite tip based on AFM measurements de-
scribed above (see Figs. 2 and 3). The incubation time is found
by extrapolation of the data in Fig. 11 and the corresponding
“incubation length” is calculated by multiplying the incuba-
tion length by the dendrite growth velocity. The incubation
lengths calculated from Fig. 11 are in the nanometer range
(=5 nm). These measurements were only carried out for three
of the blends where a relatively large number of sidebranches
were present. Although the accuracy is greatly affected by ex-
trapolation to very small length scales using optical measure-
ments and the assumption of a constant initial sidebranch
spacing, this result is consistent with the fact that nearly
square dendrites are observed (where the incubation length
is expected to be small). Samples still undergoing dynamic
coarsening (e.g., 30/70, PMMAG68) were not studied here
because of the relatively small number of measurable side-
branches (on reasonable time scales).
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Fig. 10. Example of coarsening of the secondary sidebranch spacing by higher-
order arms in a 30/70 PMMA7 blend at 33 °C. The dendrite grew from left to
right.
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Fig. 11. The normalized secondary arm spacing as a function of solidification
time for several blends. The error bars are smaller than the data points.

4. Conclusions

Dendritic crystallization of PEO/PMMA thin films is re-
ported as a function of PMMA molar mass and concentration.
The results are analyzed in the manner of Huang and Glicks-
man’s study of small molecule dendrites and we find results
quite similar to those reported in other non-polymeric systems,
suggesting that the formation of dendrites in PEO/PMMA
films occurs by processes similar to these systems. The radius
of the growth tip was determined to be =50 nm. The side-
branch spacing was within 1—5 times the radius of curvature,
which is consistent with observations in small molecule sys-
tems. The sidebranches were not correlated along the dendrite
trunk, suggesting that noise is important for sidebranch forma-
tion in the present study. The role of the diffusion coefficient
on pattern formation was also investigated by varying the mo-
lar mass or concentration of the non-crystallizable additive. A
smaller impurity diffusion coefficient resulted in needle-like
dendrites, while a larger diffusion coefficient resulted in
square dendrites. These results produced trends similar to
phase-field simulations where the thermal noise strength was
systematically varied. As expected, the results for higher
PMMA molar mass were consistent with a reduction in the ef-
fective noise strength. Coarsening of these polymer dendrites
was also described in detail. Isothermal coarsening was not
observed in these experiments and dynamic coarsening was
only observed for high impurity concentrations and molar
mass.
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