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Although few biological tissues are homogeneous,
single-component materials, tissue scaffolds are often
made from brittle biodegradable aliphatic polyester
foams [1-3].  Typically poly(lactic acid), poly(glycolic
acid), poly(lactic acid-co-glycolic acid) and other co-
polymers of lactic acid are used [2,3].  Poly(e-
caprolactone) (PCL) is a biodegradable polymer that
has also received increasing interest from the scien-
tific and medical communities [4,5].  Blending PCL (an
elastomer) with amorphous poly(D,L-lactic acid) (PDLA,
a brittle polymer) may offer a simple and cost-effective
method of achieving a range of mechanical properties
that is similar to many load bearing tissues.  The ad-
vantage of blending is that melt phase separation can
be used to create a rich range of morphologies if the
polymer sample is quenched from a one-phase state
to a two-phase state [6,7].  However, the successful
application of polymer blend requires detailed knowl-
edge of how melt phase separation and subsequent
crystallization affect the morphology.  In crystal-amor-
phous blends, the crystal morphology depends on the
segregation of the noncrystallizable components into
the interlamellar, interfibrillar and interspherulitic re-
gions, as shown in Figure 1.  When melt phase sepa-
ration occurs before crystallization, the presence of a
phase rich in amorphous material can affect each type
of segregation (liquid-liquid and liquid-solid) and hence
the crystal morphology.

In this highlight, the effect of melt phase separa-
tion on the crystallization of PCL/PDLA blends is stud-
ied by real-time simultaneous small-angle x-ray scat-
tering (SAXS) and wide-angle x-ray scattering (WAXS)
at beamline X27C at the NSLS.  The previously deter-
mined [8] cloud point curve (melt phase diagram) for
the PCL/PDLA samples used in our studies indicates a
lower solution critical temperature (LCST) of 86 °C and
a critical concentration of mass fraction 36 % PCL.
Since the LCST temperature (TLCST = 86 °C) of PCL/
PDLA is greater than the melting temperature (60 °C)
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of PCL, these blends offer an opportunity to indepen-
dently study the effect of melt phase separation and
blending on crystallization.  In addition, relatively short
annealing times in the two-phase region (0 hours to 2
hours) are needed to study how the size of the phase
separated domains affect crystallization.  Morphologi-
cal parameters that characterize the nanoscale crystal
morphology can be obtained directly by simultaneous
SAXS/WAXS.  To the best of our knowledge, this is the
first use of simultaneous SAXS/WAXS to investigate
the effect of melt phase separation on the crystallinity
and segregation of noncrystallizable components
(amorphous PDLA and uncrystallized PCL) in a blend
where Tg(blend) < Tm < TLCST.

For the SAXS data presented in this work, the av-
erage size of the lamellar stack (ξL = 48 nm) is much
smaller than the size (63 nm) of the largest structure
that can be resolved in the scattering profile.  Hence,
the scattering arising from the contrast between the
lamellar stacks (xL) and the surrounding noncrystalline
regions (1- xL) contributes to the total scattering ob-
served.   Structural changes occurring at characteristic
length scales of 20 nm to 63 nm were resolved in SAXS
while those at 0.1 nm to 1 nm were resolved in WAXS.
In order to obtain variables that characterize the inter-
lamellar and interfibrillar morphology (Figure 1) we per-
form a correlation function analysis [9-11] and an in-
tensity model analysis [12].  Both methods give esti-
mates for the lamellar spacing (L = 17 nm), the aver-
age interlayer amorphous thickness (la = 7 nm) and the
average crystal thickness (lc = 10 nm).  However, ξL
and the average amorphous spacing between stacks
(LD = 29 nm) can only be obtained from the intensity
model. From these parameters xL = ξL/(ξL + LD) (inten-
sity model), xCL = lc/L (correlation function) and xCL = L-
la/L (intensity model).

In order to discuss structural changes from our
measurements it is convenient to employ the SAXS in-
variant (Q) defined as Q= l(q)q2dq [13] and the crystal-
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linity from WAXS (wc) [14,15].  For most purposes, the
experimental contribution to the SAXS invariant (QSAXS)
can be used to characterize structure development
[11,16,17].  Since QSAXS and wc can be written in terms
xS, xL and xCL (Figure 1), these quantities can be used
to monitor how melt phase separation affects the crys-
tal morphology.  Mathematical expressions for QSAXS
and wc are given by the following equations:
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In Equations 1 and 2, Dρ, the factor used to convert
mass fractions to volume fractions, is close to 1 for most
polymers. C is a constant related to the specific experi-
mental apparatus and ΦD is the volume fraction of crys-
tals in the interfibrillar and interspherulitic regions. The
electron densities of the crystalline and amorphous
phases are ρc and ρa, and the electron density differ-
ence between these phases is ∆ρ.  φa,PCL and φa,PDLA are

the volume fraction of PCL and PDLA in the amorphous
phase.

To understand how melt phase separation affects
crystallization; consider that the crystallization in poly-
mers can be described by primary (increase in xS) and
secondary (increase in xL and xCL) stages.  The time
variation of QSAXS and wc is determined by the extent to
which primary and secondary crystallization mecha-
nisms contribute to increasing the crystallinity.  For both
blends, xL (0.6) and xCL (0.6) are constant during crys-
tallization and independent of blend composition and
melt phase separation time (tmelt) while the time varia-
tion of QSAXS and wc during crystallization strongly de-
pends on the extent of melt phase separation (Figure
2).  Thus, during crystallization, wc varies with xS while
QSAXS varies xS and contrast between lamellar rich (xL)
and surrounding amorphous regions (1-xL) as PCL crys-
tallizes.

The fraction of PDLA in the amorphous phases (1-
xCL and 1-xL) can be deduced from QSAXS /wc(1- wc).  In
0.36 PCL, the fraction of PDLA (0.9) does not vary with
tmelt..  In 0.50 PCL, the fraction of PDLA in the amor-
phous phase decreases from about 0.97 (tmelt = 0 h) to
0.65 (tmelt = 2 h) with melt phase separation.  This de-
crease is consistent with the expulsion of PDLA to the

Figure 1: Schematic representation of the segregation of amorphous PDLA and uncrystal-
lized PCL (dark regions) in PCL/PDLA blends. Structural variables characteristic of morpho-
logical level are xS the volume fraction of spherulites, xL the volume fraction of lamellar stacks
and xCL the fraction of crystals within lamellar stacks.  Interlamellar morphological variables
are L, la, lc and interfibrillar variables are ξL and LD.
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interspherulitic regions (1-xS) as crystalline regions are
enriched with PCL during melt phase separation, since
the contrast between amorphous and crystalline PCL
(∆ρ = 0.043 moles electrons/cm3) is less than that be-
tween crystalline PCL and PDLA (∆ρ = 0.023 moles
electrons/cm3).  Thus, even though the size of the in-
terfibrillar amorphous regions (1-xL) is controlled by the
crystallization mechanism of PCL, the fraction of un-
crystallized PCL and PDLA in these regions is controlled
by melt phase separation.

In Figure 2, the crystallinity obtained at long times
depends on melt phase separation.  It must be noted
that our experiments to times of 6000 s do not capture
the complete long time evolution of the invariant and
crystallinity for the blends.  However, the approach to
asymptotic limits is apparent at 6000 s.  In order to
obtain the ultimate crystallinity and the overall crystalli-
zation rate, the Avrami Equation [18,19] is applied [20]
to wc.  For 0.36 PCL, the ultimate crystallinity for the
nanophase separated blends can be reduced by 50 %
following melt phase separation, while a smaller (30
%) reduction in the ultimate crystallinity (0.17) of
nanophase separated 0.50 PCL can be obtained fol-
lowing melt phase separation.  Although the crystalli-
zation rate of PCL is reduced by as much as 60 % in
the one-phase blends, there is not a linear increase in
this rate with melt phase separation, suggesting that
the melt morphology also plays a role.  Optical micro-
graphs obtained for these blends qualitatively show that
both blends exhibit interfibrillar segregation and sup-
port our conclusions from SAXS, since the coarser
spherulite texture observed for 0.36 PDLA is due to a
higher fraction of PDLA and uncrystallized PCL in the
interfibrillar regions.  Even when the blend sample is
subsequently quenched to room temperature, the melt
morphology determined the size and distribution of crys-

tals as previously observed [8].  Our results clearly
demonstrate that melt phase separation can be used
to control the distribution of PDLA in the intraspherulitic
and interspherulitic regions.  Systematic studies are now
necessary of how the mechanical properties, as well
as the biological response of PDLA-rich regions can
be controlled in PCL/PDLA blends tailored by melt
phase separation.  Our current research efforts are
aimed in this direction.
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Tuning the surface characteristics of materials, in-
cluding lubrication or wetting, has become of paramount
interest for a variety of everyday applications.  For ex-
ample, while in some situations surfaces are required
to be completely wettable (i.e., the surfaces of metals
before paint deposition), in other applications one needs
to prevent the surfaces from being wettable.  Examples
of the latter include non-stick layers, marine anti-foul-
ing coatings, surfaces of car windshields or frying pans,
etc.

A typical way of adjusting materials surfaces is to
deposit a self-assembled monolayer (SAM) of silane-
or thiol-based molecules on the surfaces of silica or
gold, respectively [1].  However, when exposed to po-
lar liquids, such as water, these SAMs usually lose their
low energy surface properties as the water molecules
penetrate through the imperfections in the SAMs, caus-
ing this surface to reconstruct [2].  These non-desir-
able surface reconstruction effects can likely be mini-
mized (or even completely prevented from occurring)
by increasing the packing density of the SAMs through
increasing the density of the grafting points at the sur-
face.  However, tailoring the grafting density of the SAM
chains is not an easy task.  SAMs are usually formed
through self-assembly processes that are governed by
the chemical and structural nature of the SAM mol-
ecules and the means of their attachment to the sub-
strate.  We have recently developed a method that
enables us to control the grafting density of molecules
anchored to surfaces [3].  Specifically, we demonstrated
that the combination of the self-assembly with mechani-
cal manipulation of the grafted molecules on surfaces
provides a means of fabricating ”mechanically as-

sembled monolayers” (MAMs).  We also showed that
MAMs assembled from semifluorinated (SF) molecules
form superhydrophobic surfaces with superior long-last-
ing barrier properties.

The method for fabricating MAMs made of
F(CF

2
)

8
(CH

2
)

2
SiCl

3
 (F8H2) molecules is schematically

shown in the upper portion of Figure 1.  The bottom
part of Figure 1 shows the dependence of the advanc-
ing water contact angle, θ

w
, of F8H2-MAM on the

poly(dimethyl siloxane) (PDMS) substrate extension,
∆x.  The results in Figure 2 show that as ∆x increases,
θ

w
 increases (hydrophobicity of the surface increases)

for both molecules and reaches a maximum at
∆x ≈ 95% and then decreases slightly for ∆x > 95%.
The inset to Figure 2 shows the corresponding water
contact hysteresis values (the difference between the
advancing and receding water contact angles).  The
hysteresis decreases with increasing ∆x, reaches a
minimum at around ∆x ≈ 60%, and then increases for
∆x > 70%.  The results in Figure 2 indicate the packing
of the F8H2 molecules in the F8H2-MAMs.  As ∆x in-
creases from 0%, the number of the F8H2 groups per
unit area increases, which in turn results in closer chain
packing within the MAM.  At ∆x ≈ 60 -70%, the mol-
ecules are already densely packed.  With ∆x > 70%,
the molecules in the MAM must begin to corrugate as
a layer.  This behavior gives rise to an enhanced mo-
lecular roughness and causes the contact angle hys-
teresis to increase.

We have designed a series of experiments aimed
at exploring the resistance of the F8H2-MAMs to sur-
face reconstruction.  The samples were prepared as
previously described, immersed in water for controlled
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time intervals and subsequently dried with nitrogen.
Figure 2 shows the advancing water contact angles,
θw, of F8H2-MAMs prepared on PDMS-UVO substrates
with ∆x = 0% (solid symbols) and ∆x = 70% (open sym-
bols) after exposure to water.  The θw on the F8H2-
MAM fabricated on the unstretched substrate drops
almost immediately after a short water exposure, which
indicates that the F8H2 chains surface reconstruct.
However, θw on the F8H2-MAM samples prepared on
PDMS-UVO with ∆x = 70% decreases only slightly with
water exposure time.  To check on the ability of the
F8H2-MAMs to resist surface reconstruction, the
samples were placed in a plastic Petri dish and left under
ambient laboratory conditions (with no control of hu-
midity or temperature) for six months.  The crossed
symbols in Figure 2 show the θw values measured on
these samples.  A close inspection of the data in Figure
2 reveals that during the six months �incubation� pe-
riod the wettability of the F8H2-MAM samples de-
creased only by ≈ 3.5° for �as-prepared� samples and
≈ 5° for samples immersed in water for 7 days.

We used near edge x-ray absorption structure
(NEXAFS) to study the molecular orientation of the
MAMs surfaces [4].  NEXAFS involves the resonant x-
ray excitation of a K or L shell electron to an unoccu-
pied low-lying antibonding molecular orbital of σ sym-
metry, σ* (and π symmetry, π*).  The initial state K shell
excitation gives element specificity, while the final-state
unoccupied molecular orbitals provides bonding or
chemical selectivity [5].  Because of the fixed geom-
etry and governing of the 1s → σ* (and 1s → π*) exci-
tations by dipole selection rules, the resonance inten-
sities vary as a function of the direction of the electric
vector E of the incident polarized X-ray relative to the
symmetry of the molecule [6].  The NEXAFS experi-
ments were carried out on the NIST/Dow soft x-ray
materials characterization facility (beamline U7A) at the
National Synchrotron Light Source at Brookhaven Na-
tional Laboratory (NSLS BNL) [7].  The set-up at NSLS
BNL is capable of measuring both the partial electron
yield (PEY) NEXAFS and the fluorescence yield (FY)
NEXAFS spectra.  By simultaneously detecting both
the PEY and FY NEXAFS signals, whose probing
depths are ≈ 2 and ≈100 nm, respectively, the orienta-
tion of the molecules on the surface and in the interior
of the sample can be resolved.

No measurable fluorine signal could be detected
in the FY NEXAFS spectra of the SF-MAMs, suggest-
ing that the UVO treatment and subsequent MAMs
deposition did not modify the interior of the PDMS.  On
the other hand, the PEY NEXAFS data revealed a
strong peak at 292.0 eV, corresponding to the 1s → σ*CF
[4]. Figure 3 shows the PEY NEXAFS spectra collected
from F8H2-MAM samples with ∆x = 0% and ∆x = 70%.
PEY NEXAFS spectra taken in the direction parallel

Figure 1 The upper part shows a schematic illustrating the
technological steps leading to the production of �mechani-
cally assembled monolayers� (MAMs).  First, a pristine
poly(dimethyl siloxane) (PDMS) network film is prepared.  After
soxhlet extraction in chloroform for 24 hours, which removed
any non-cross-linked oligomers, the film is cut into small strips
(≈ 1 x 5 cm2) and mechanically stretched by a certain length,
∆x.  Subsequent exposure to an ultraviolet/ozone (UVO) treat-
ment produces hydrophilic PDMS surfaces (PDMS-UVO)
composed mainly of hydroxyl groups.  The semifluorinated
(SF) chlorosilane molecules, F(CF2)8(CH2)2SiCl3 (F8H2), are
deposited from vapor onto this stretched substrate and form
an organized SAM.  Finally, the strain is released from the
PDMS-UVO film, which returns to its original size, causing
the grafted F8H2 molecules to form a densely packed MAM.
To remove weakly physisorbed F8H2 molecules the samples
are thoroughly washed in warm (≈ 60°C) distilled water for 1
minute and dried with nitrogen.  The lower part denotes the
dependence of water contact angle, θw, on F8H2-MAM
samples on ∆x.  The inset shows the corresponding contact
angle hysteresis (defied as the difference between the ad-
vancing and receding water contact angles).  The lines are
meant to guide the eye.  Also shown are photographs of a
water droplet spreading on the F8H2-MAM (∆x=0%) and
F8H2-MAM (∆x=70%) surfaces.

(upper spectra) and perpendicular (lower spectra) to
the stretching direction are shown for both samples.  In
all cases the PEY NEXAFS spectra were collected at
the normal (θ = 90°) and grazing (θ = 20°) incidence
geometries, where q is the angle between the sample
normal and the polarization vector of the x-ray beam.
By inspecting the PEY NEXAFS signals, several char-
acteristic peaks can be identified that correspond to
the 1s → σ* transitions associated with the C-H
(E = 287.0 eV), C-F (E = 292.0 eV), and C-C (E = 295.5
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eV) bonds.  The fact that the intensities originating from
these transitions change with varying angle θ (as θ in-
creases the intensity corresponding to σ* of the C-F
bond increases, while that of the C-C bond decreases)
indicates that the samples are oriented.  The orienta-
tion of the F8H2 molecules can be inferred by qualita-
tively examining the PEY NEXAFS data.  The σ*C-F sig-
nal in the NEXAFS spectra collected at θ = 90° is al-
ways stronger than that measured at θ = 20°; thus the
director of the F8H2 molecule is only slightly tilted away
from the sample normal.   A more quantitative analysis
using models presented elsewhere [4] reveals that the
average tilt angles of the fluorocarbon helix [8],
<τF-helix>, measured along and perpendicular to the
stretching direction on the F8H2-MAM sample prepared

Figure 2 The dependence of water contact angle, θw, on the
exposure time of F8H2-MAM to water.  The solid symbols
denote the contact angles measured on F8H2-MAMs with
∆x = 0%.  The open symbols mark the contact angles mea-
sured on F8H2-MAMs with ∆x = 70% taken immediately af-
ter the water exposure and substrate drying with nitrogen.
The crossed symbols represent the contact angles from the
samples denoted by the open symbols but measured 6
months later (the samples were stored under ambient labo-
ratory condition in Petri dishes with no temperature or hu-
midity control between the water exposure and the measure-
ment).  The lines are meant to guide the eye.

Figure 3 The partial electron yield (PEY) NEXAFS spectra at
the C edge of F8H2-MAMs deposited on PDMS-UVO sub-
strates that were not stretched (Figure 3a), and stretched to
∆x = 70% (Figure 3b) before the UVO treatment.  The red
and blue lines denote the PEY NEXAFS spectra taken at the
normal (θ = 90°) and grazing (θ = 20°) incidence, respectively,
geometries of the X-ray beam along (upper spectra) and per-
pendicular to (lower spectra) the stretching direction.  The
arrows indicate the positions of the 1s → σ* transitions asso-
ciated with the C-H (E = 287.0 eV), C-F (E = 292.0 eV), and
C-C (E = 295.5 eV) bonds.  The inset shows schematically
the set-up geometry.

on unstretched PDMS-UVO substrate, are ≈ 5° and
≈ 4°, respectively.  Thus, the F8H2 molecules are ori-
ented almost perpendicular to the PDMS-UVO sub-
strate, which is in accord with the orientation of F8H2-
SAM deposited on a SiOx substrate [4].  The analysis
of the PEY NEXAFS spectra from F8H2-MAM with
∆x = 70% reveals that <τF-helix> measured along the
stretching direction is ≈ 38° and <τF-helix> collected per-
pendicular to the stretching direction is 21°.  The
NEXAFS experiments thus show clearly that as ∆x in-
creases, the F8H2 chains tilt away from the sample
normal in the stretching direction. The fact that <τF-helix>
increases from ≈ 4° to ≈ 21° as ∆x increases from 0%
to 70% can be attributed to the slight compression of
the sample perpendicular to the uniaxial stretch.

Figure 4 shows the values of the average tilt angles
of the fluorocarbon helix, <τF-helix>, that were determined
from PEY NEXAFS spectra collected from F8H2-MAMs
with ∆x = 0% (squares) and ∆x = 70% (circles).  As
mentioned earlier in this report, the F8H2-MAMs pre-
pared on unstretched PDMS-UVO substrates (∆x = 0%)
stand almost perpendicular to the sample surface.
However, the data in Figure 4 shows that when ex-
posed to water, the chain orientation starts to disap-
pear very rapidly and after about 1 day of water expo-
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sure, the F8H2-MAMs with ∆x = 0% disorient com-
pletely.  The behavior of the F8H2-MAMs prepared on
PDMS-UVO substrates with ∆x = 70% is very differ-
ent.  Specifically, the NEXAFS data reveal that <τ

F-helix
>

on samples exposed to water for up to 7 days is indis-
tinguishable from that measured on the same speci-
men before the water exposure.  These results thus
provide further evidence that the F8H2 molecules in
MAMs with ∆x = 70% are closely packed and mechani-
cally interlocked; this interlocking hinders the chain’s
tendency to move and reconstruct on the MAM sur-
face.  We attribute this unusual behavior to the ex-
tremely high packing densities of the MAMs.
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