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’ INTRODUCTION

Shapememory polymers (SMPs) are a class of smart materials
that respond dynamically to external stimuli like heat,1�11

electric field,12�14 magnetic field,15 infrared radiation,16�18 and
UV radiation.19,20 Because SMPs can store a temporal shape and
return to their original (permanent) shape simply by applying the
proper stimulus, these materials have acquired application
relevance in a variety of technological fields ranging from
medical2�5,21�25 to aeronautics.26

These smart materials have offered technological promise
since first reported by the end of the 1970s, where SMPs included
cross-linked polyolefins and highly entangled polymers such as

polynorbornene (ca. 3 � 106 g/mol).27 Gradually, the field
migrated from the cross-linking of common polymers toward
novel compositions and architectures suitable to a wide range of
stimuli and even biodegradability. For example, one of us has
reported hybrid and biodegradable SMPs from end-linking of
low molecular weight (ca. 2000�4000 g/mol) network chains
incorporating nanometer size hybrid moieties based on poly-
hedral oligosilsesquioxanes (POSS).1�3 Here, POSS is an
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ABSTRACT: This contribution concerns the microstructure
of POSS-based networks previously reported for their shape
memory properties [Lee et al. Macromolecules 2008, 41,
4730�4738]. Simultaneous wide-angle and small-angle X-ray
scattering (WAXS/SAXS) analysis has revealed highly orde-
red nanoscale structures in polyhedral silsesquioxane�poly-
(ε-caprolactone) (POSS-PCL) semicrystalline cross-linked nano-
composites. Architecturally, the oligomers used for network
formation resemble a highly asymmetrical triblock copolymer
featuring a single POSS moiety centered between two PCL chains, yielding two short tethers for a total molecular weight of 2600 g/
mol. WAXS patterns of the diol-terminated POSS-PCL sample showed the existence of both crystalline reflections of the PCL
orthorhombic phase and crystalline reflections of the POSS rhombohedral phase, indicating microphase separation that allows
independent crystallization. Accordingly, two endothermic thermal transitions associated with the melting of each crystal phase
were exhibited by the material. Strikingly, SAXS revealed two long period spacings: one associated with the POSS nanobuilding
blocks (long period of 66 Å) and the other associated with PCL lamellar nanophase (long period of 151 Å). Surprisingly, end-
capping of the PCL alcohol groups with acrylate groups (needed for cross-linking) greatly reduced the crystalline order of POSS
nanocages, whereas the orthorhombic phase of PCL remained unchanged. The acrylate groups also produced a significant reduction
of melting transition temperature of POSS crystals. Moreover, SAXS showed only one long period (117 Å) associated with PCL
crystalline nanostructure. Macromolecular end-linked networks exhibiting shape memory behavior were obtained by photocuring
the acrylate-terminated nanocomposites utilizing a tetrathiol cross-linker. Despite the architectural constraints of cross-links, POSS-
PCL networks also featured the POSS rhombohedral crystalline phase. However, PCL crystallization was suppressed, resulting in an
amorphous PCL phase. DSC analysis of the POSS-PCL networks showed only one endothermic transition. SAXS showed the
existence of long-range order in the cross-linked material with the intensity maxima indexed to a cubic lattice with parameter a =
13 nm. That is, a superstructure is present in the cross-linked networks, and the cubic superstructure is attributed to crystalline
clusters formed by POSS molecules. To our knowledge, this is the first evidence for such a nanoscale superstructure in a polymer
network.
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inorganic�organic moiety easily incorporated into polymeric
architectures to alter their physical and chemical properties.28

Despite extensive study of shape memory phenomena (which
is not an intrinsic property of polymers29�31) at the macroscopic
scale based on thermomechanical cycles,7�10,32�38 and in con-
sideration of viscoelastic properties, such studies have largely
excluded examinations at the micro- and nanoscale, even for
crystalline systems. We were motivated to conduct such micro-
structural studies because an understanding the crystallographic
and nanoscale order during the thermomechanical process
associated with the shape memory behavior would lead to better
control over the mechanisms that rule this behavior. We further
suggest that descriptions of shape memory behavior at the
microstructural scale is very relevant, especially due to the fact
that diverse polymers exhibit this behavior, for instance, cross-
linked molecular networks,1,2,5�7,10,22 block copolymers,36,37,39

branched polymers,40 and grafted polymers.41 Under the appro-
priate thermomechanical conditions, these polymeric materials
will exhibit more or less temporal shape stability—so-called
shape “fixing”—and shape recovery to the permanent shape.

Recently, Lee et al.1 reported on a unique and highly asym-
metric system that features a new class of biodegradable hybrid
SMP based on polyhedral silsesquioxane (POSS) nanocages,
suitable for medical applications. The molecular architecture
consisted of a “double network”which features the superposition
of a covalent network with a percolative physical network. The
covalent network chains featured two polycaprolactone (PCL)
chains tethered to a single POSS moiety by virtue of its use as a
difunctional initiator for PCL ring-opening polymerization. The
double networks displayed a shape memory effect up to 42 wt %
POSS content, beyond which elastic extensibility was dimin-
ished. Wide-angle X-ray scattering demonstrated that the crystal-
lizable moieties, POSS and PCL, gave rise to melting (and
crystallization) temperatures suitable for “locking” and activating
shape memory behavior. Whereas the coexistence of POSS and
PCL crystallites was proven beyond doubt, the micro- and
nanoscale ordering was not elucidated, nor was its impact on
shape memory behavior investigated.

The characteristics of POSS for the creation of new POSS�
polymer systems have been summarized by Wu et al.42 Those
authors described polymeric nanocomposites containing POSS
in light of the range of well-defined molecular architectures
reported, including (a) amphiphilic POSS telechelics, (b) block
copolymers incorporating POSS, and to the less orderly archi-
tecture as (c) molecular polymer blends incorporating POSS and
(d) POSS-based random copolymers. In the review, the authors
summarized the diverse and significant research on POSS-based
polymers occurring during the past several years and argued that
certain elements of structure�property relationships are pre-
valent throughout widely varying POSS�polymer systems. In
particular, the state of aggregation or crystallization of POSS
moieties plays a prominent role in determining such physical
properties as viscosity and melt elasticity. Also, connectivity
(or not) of POSS to the polymeric host influencesmicrostructure
and physical properties in a profound manner.

The crystallographic structure of POSS monomers and poly-
mers has been studied in detail using wide-angle X-ray scattering
(WAXS) and transmission electron microscopy (TEM).43,44 It
has been shown that POSS arranges into a rhombohedral (or the
equivalent hexagonal) structure and that POSS monomers
decorated with alkyl units (or a norbornyl group in place of
one alkyl unit) can be treated as spheres packing in the ABCA

sequence; i.e., spheres in one layer lie above the interstitial spaces
in adjacent layers. The corner units prevent close packing of the
spheres, and the nature of the corner units defines the lattice
parameters.

Initial studies on POSS-based copolymers were focused on
uncrystallizable polymer hosts, and the results showed that at
higher concentrations of POSS there was a tendency of pendant
POSS moieties to aggregate.45,46 However, recent studies carried
out on POSS�polyethylene copolymers (a crystallizable poly-
mer host) carried out by Coughlin and co-workers47,48 showed
characteristic diffraction reflections demonstrating separate crys-
tallization of POSS and polyethylene (i.e., separate crystal
domains). Moreover, on the basis of line broadening measure-
ments, the authors concluded that POSS crystallized as aniso-
tropically shaped crystallites. It is noted that in order to achieve
this separate crystallization the molecular weight of the PE-co-
POSS copolymers ranged from 315 000 to 446 000 g/mol, and
POSS concentrations ranged from 19 to 56 wt %. Importantly,
Coughlin et al.48 also reported that the molecular connectivity
between POSS and PE provides a source of constraint and
frustration for crystallization. Indeed, depending on the recrys-
tallization route followed (cooling from the molten state or
solution precipitation), either one species or the other will
dominate crystallization. Competitive crystallization within
POSS-based copolymers composed of at least one crystallizable
species were confirmed for triblock oligomeric copolymers
composed of polyethylene (PE), poly(ethylene oxide) (PEO),
and polyhedral oligosilsesquioxanes (POSS). Whereas the crys-
tallization of PEO was frustrated due to being attached at both
ends to the other two species, the crystallization of PE was either
induced or constraint by the crystallization of POSS species.
Indeed, POSS crystals actually confine the crystallization of PE,
giving rise to once-folded chains, contrary to extended PE chains
when the crystallization of PE dominated.49

The POSS-PCL system studied here (PCL chains tethered to
a single POSS moiety) resembles a highly asymmetric block
copolymer with crystallizable moieties, resulting in dynamic
coupling between crystallization and microphase separation.
Such a system offers the possibility to fine-tune the microstruc-
ture on the nanometer scale. The present research focused on the
investigation at the micro- and nanoscale levels of biodegradable
POSS-PCL hybrid nanocomposites exhibiting shape memory
behavior, as well as their oligomeric precursors, via simultaneous
wide-angle and small-angle X-ray scattering (WAXS/SAXS).
The results, correlated with their thermal properties, surprisingly
show a highly ordered nanoscale superstructure not only in the
precursor but also in the covalently cross-linked networks.

’EXPERIMENTAL SECTION

Materials. ε-Caprolactone monomer was vacuum-distilled and
stored under nitrogen prior to use. Tin(II) 2-ethylhexanoate catalyst
(Aldrich) was also kept under nitrogen. 2-Ethyl-2-[3-[[(heptaisobutyl
pentacyclo[9.5.1.150,51.148,52.146,53]octasiloxanyl)oxy]dimethylsilyl]-
propoxy]methyl]-1,3-propanediol (or “TMP diolisobutyl-POSS”),
hereafter referred to as POSS, was purchased from Hybrid Plastics as
a pure (>99%) crystalline solid and used as received. Benzene (an-
hydrous), triethylamine, acryloyl chloride, 2,2-dimethoxy-2-henylaceto-
phenone, and pentaerythritol tetrakis(3-mercaptopropionate) (here-
after, “tetrathiol”) were purchased from Aldrich and used as received.
All other solvents were purchased from Fisher Scientific and used
without further purification.
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Thermal Analysis. Thermal transitions of oligomers and cross-
linked networks were characterized by differential scanning calorimetry
(DSC) using a Q100 DSC (TA Instruments) instrument. Temperature
and heat flow calibrations were carried out using analytical grade indium
(Tm = 156.6 �C) and zinc (Tm = 419.5 �C). Samples weighing about
10mgwere loaded into standard aluminum pans. The scans were carried
out at 10 �C/min on heating and 5 �C/min on cooling, under a nitrogen
atmosphere. Second heating scans are reported after the unknown
thermomechanical history of the samples was erased by taking the
materials into the molten state. The onset of decomposition tempera-
ture, Tdec, was determined using a thermogravimetric analyzer Q500
(TA Instruments). Scans were carried out at 10 �C/min under a
nitrogen atmosphere.
WAXS/SAXS Analysis. Two-dimensional wide-angle X-ray scat-

tering (WAXS) and small-angle X-ray scattering (SAXS) patterns were
obtained using a three-pinhole collimation system, S-Max3000 (Rigaku
Inc.) This equipment employs Cu KR (λ = 1.5405 Å) as the radiation
source and was operated at 45 kV and 0.88 mA. WAXS patterns were
recorded using a flat-plate camera and Fuji image plates; a sample-to-
detector distance of 6 cmwas used. The patterns were analyzed using the
software POLAR v2.6 (Stonybrook Technology Inc., Stonybrook, NY).
SAXS patterns were recorded using an area detector and sample-to-
detector distance of 1.1 m. The data were recorded in the range 0.0054 <
q < 0.16 nm�1, where q = (4π/λ) sin θ, and 2θ is the scattering angle.

Prior to X-ray analysis, the as-synthesized POSS diols and diacrylate
powders were dried at 50 �C for 12 h. The dried powders were then
enclosed between Kapton film 50 μm thick. On the other hand, the
POSS-PCL networks were first extracted and then dried at 50 �C for 12 h
prior to X-ray analysis. Samples were prepared as circular disks of 8.4mm
diameter and 0.3 mm thickness.

’RESULTS AND DISCUSSION

The first step toward the POSS-PCL SMP networks was to
synthesize POSS-PCL diols. For this, a series of POSS-initiated
telechelic diols were synthesized, and the number-average mo-
lecular weights, Mn, ranged from 2600 to 3600 g/mol. The
synthesis, microstructure, and thermal properties are reported.
POSS-PCL Diols. The method described by Lee et al.1 was

followed to synthesize POSS-initiated telechelic diols. Purified
ε-caprolactone, dried POSS diol, and as-received catalyst tin(II)
2-ethylhexanoate were added to a 100 mL flask under a nitrogen

atmosphere, and the mixture was stirred at 140 �C for 24 h.
Unreacted material was removed by the following procedure:1

the resulting telechelic diol liquid was allowed to cool to room
temperature, dissolved in tetrahydrofuran (THF), and then
precipitated into n-hexane, filtered, and dried. The yield for each
of these reactions was typically over 90%. The samples are named
using the convention P-CLn, where n indicates the total number-
average molecular weight of the diol as prescribed by the feed
molar ratio of POSS initiator to ε-caprolactone monomer and
measured via 1H NMR using POSS as the internal standard.1

P-CLn diols with number-average molecular weights of 2617,
3246, 3322, and 3592 g/mol were thus synthesized. The synthe-
sis route is depicted in Scheme 1.
The molecular weight and concentration of POSS in the

nanocomposites are listed in Table 1. Note that the samples
thus synthesized are oligomeric. For instance, the POSS-PCL
diol of 3600 g/mol consists of one POSS unit (1052 g/mol) and
nine CL repeat units each side, to give a total of 18 CL units (each
CL monomer has a molecular weight of 144 g/mol). GPC
analysis showed polydispersities of 1.1�1.3, denoting the ex-
cellent control in the chemical synthesis. On the other hand,
samples with 3246 and 3322 g/mol are effectively identical, as
evidenced by their thermal properties shown below, indicating
that differences of one CL repeat unit (144 g/mol) are not
resolvable. Quantitative 1H NMR data are summarized below.

1H NMR of P-CL2.6 (CDCl3): 0.106 (s, 6H, �Si�(CH3)2),
0.607 (q, 14H, �Si�CH2�CH�), 0.950 (q, 42H, �CH�
(CH3)2), 1.39 (m, �CH2�CH2�CH2�), 1.65 (m, �CH2�
CH2�O�), 1.85 (m, 7H, �CH�(CH3)2), 2.31 (t, �OOC�
CH2�CH2�), 3.34 (m, �CCH2�OOC�), 3.66 (t, �CH2�
OH), 4.06 (t, �CH2�CH2�OOC�).
Thermal Properties. DSC heating and cooling scans of the

POSS-PCL telechelic diols are shown in Figures 1a,b; heating
scans corresponding to second heating. The results show that all
four POSS-PCL telechelics diols exhibited two well-separated
melting (crystallization) transitions. The lower temperature
transition is attributed to the PCL tethers (Tm,PCL), owing to
similar melting point reported22 for PCL oligomers, Tm = 40 �C.
On the other hand, the higher temperature transition is attrib-
uted to POSS crystalline fraction (Tm,POSS), given similarity to
the neat POSS diol featuring Tm= 130 �C.2 The presence of both
crystalline phases was confirmed by WAXS, as will be discussed
in the next section. This existence of two crystalline phases
implies PCL-POSS microphase separation, even in oligo-
meric form.
We observed further that all of the POSS-PCL diols exhibited

double or triple lower temperature melting transitions on heat-
ing, suggesting a sequence of melting/recrystallizing/melting
processes possible in systems associated with significant second-
ary crystallization.54,55 Other explanations for multiple melting
peaks include the presence of different crystallite sizes of
PCL, a crystal-to-crystal transition, or two coexisting crystalline
structures.56 Our experiments are incapable of resolving which of
these explanations is the case. The degree of crystallinity associated
with the PCL fraction was determined from the corresponding
enthalpy of melting, after correcting for the weight fraction of PCL
in the diols (known from 1H NMR measurements, Table 1) and
taking the heat of fusion of net-PCL to be 126 J/g.57 In this
manner, we found that the degree of crystallinity increased from
34% to 46% as the molecular weight increased.
Thermal analysis also showed that as the molecular weight of

the oligomers increased, the melting temperature of the PCL

Scheme 1. Synthesis Scheme of POSS-Initiated
Polycaprolactone Diola

aAdapted from ref 1. Note that the POSS cage structure in the
macromer is drawn schematically in a simplified form.
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component increased (toward the neat PCL melting temperature)
whereas the melting temperature of the POSS crystals
decreased, suggesting competitive crystallization between
two phases. The competitive crystallization in copolymers
with POSS bonded covalently to crystallizable species has
already been reported.47,49 The thermal analysis results are
summarized in Table 1.
WAXS�SAXS Analysis. WAXS diffraction patterns and the

corresponding azimuthally averaged intensity traces of (a) neat
POSS diol, (b) neat PCL homopolymer (3000 g/mol), and (c)
POSS-PCL diol (2600 g/mol) are shown in Figure 2. TheWAXS
diffraction patterns for all the samples show concentric and sharp
reflections with more or less amorphous background consistent
with randomly oriented semicrystalline materials. The WAXS
pattern of POSS diol (Figure 2a) reveals intense and sharp

reflections at 2θ = 7.9� (11.2 Å), 10.6� (8.3 Å), and 18.62� (4.8 Å),
which correspond to a rhombohedral43,44 or equivalently hexa-
gonal crystal unit cell.43,44 On the other hand, the PCL homo-
polymer (Figure 2b) shows very sharp crystalline reflections at
2θ = 21.4� (4.15 Å) and 23.6� (3.76 Å), corresponding to (110)
and (200) lattice planes of an orthorhombic unit cell.58�63

Finally, POSS-PCL diol (Figure 2c) showed crystalline reflec-
tions for both POSS and PCL; that is, the two crystalline phases
coexist in the oligomeric hybrid nanocomposite.
Thus, the WAXS data suggest that there are rhombohedral

crystalline entities coexisting with orthorhombic crystals, these
crystalline phases being separated spatially and necessarily re-
peating in space without macroscopic separation prohibited by
covalent attachment. Thus, a question arises: does long-range
order associated with these crystalline phases exist? As it is known
that POSS tends to aggregate, forming crystalline clusters,
whereas PCL crystallizes in a chain-folded morphology, it was
unclear how such apparently incommensurate arrangements
might repeat in the long range.
Small-angle X-ray scattering (SAXS) is an essential tool to

reveal realistic microstructural models for nanostructured
polymers.64�66 It is well-known that the contrast mechanism
for SAXS is based on the electron density difference between the
crystalline and amorphous regions. Commonly, SAXS intensity
traces are used to determine the long period or the interlamellar

Table 1. Molecular and Thermal Properties of POSS-PCL Diols

sample Mn (g/mol)

POSS content

(mol %/wt %) Tm,PCL (�C) [ΔHm (J/g)] Tm,POSS (�C) [ΔHm (J/g)] Tc,PCL (�C) [ΔHc (J/g)] Tc,POSS (�C) [ΔHc (J/g)]

P-CL2.6 2600 6.8/40 20 [26] 82 [6.7] �6 [18] 76 [8]

P-CL3.2 3200 4.9/33 30 [39] 79 [6.4] 2 [38] 69 [7]

P-CL3.3 3300 4.8/32 30 [40] 78 [6.2] 2 [39] 69 [6.7]

P-CL3.6 3600 4.3/29 33 [40] 74 [5.1] 4 [40] 59 [6]

Figure 1. DSC traces of (i) P-CL2.6, (ii) P-CL3.2, (iii) PCL3.3, and
(iv) P-CL3.6 diols. (a) Heating (10 �C/min) and (b) cooling (5 �C/min)
scans, carried out under a nitrogen atmosphere.

Figure 2. Wide-angle X-ray scattering patterns of (a) neat POSS, (b)
neat PCL homopolymer (Mn = 3000 g/mol), and (c) P-CL2.6 diol
hybrid nanocomposite. The graph on the right shows the corresponding
azimuthally averaged intensity traces. Cu KR radiation.
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spacing directly from the intensity maxima found in the Lorentz
corrected plot q2I vs q.67�70 Periodic systems should result in
individual Gaussian or Lorentzian peaks with the position of a
peak maximum indicating the long-range periodicity and the
number of peaks indicating the degree of periodicity of the
nanostructure.
Figure 3 shows SAXS diffraction patterns and the correspond-

ing Lorentz-corrected plots of (a) neat POSS diol, (b) neat PCL
homopolymer (3000 g/mol), and (c) POSS-PCLdiol (2600 g/mol).
The SAXS trace for neat POSS (Figure 3a) shows an intensity
maximum that corresponds to a long period of 45 Å. This long
period corresponds well with four interplanar distances dhkl =
11.2 Å (i.e., five rhombohedral unit cells) of the (101) plane,
which is observed in its WAXS pattern. According to this result, a
rodlike shape, 45 Å in length, is suggested for the neat POSS
molecules.
On the other hand, neat PCL homopolymer exhibits two

intensity maxima corresponding to long period distances of 151
and 50 Å (Figure 3b). Thesemaxima correspond to first and third
orders of reflection for a lamellar morphology.71�73 It has been
shown for SAXS patterns of proteins that a pair of maxima arise
from a well-folded structure.66,74 We suggest, then, that the
lamellae in PCL are composed of chains folded only once as the
molecular weight of 3000 g/mol has 182 backbone atoms, as
determined from alkane structures with similar number of atoms
studied by Lord et al.74 (polyethylene and polycaprolactone both
form orthorhombic crystal lattices, and their lattice dimensions
are very close, enabling cocrystallization).
Strikingly, the POSS-PCL-2.6 diol showed two SAXS intensity

maxima (Figure 3c). First, a weak and broad intensity maximum
corresponding to a long period of 151 Å and related to PCL
lamellar phase. Then, at higher q value there is a strong intensity
maximum corresponding to a long period of 66 Å. It is noted that
this long period of 66 Å fits well with six interplanar distances
d101 = 11.2 Å (i.e., five rhombohedral unit cells) of POSS (101)
planes. These results show that in the POSS�PCL hybrid

nancomposites two crystalline phases coexist and that two
nanostructures representing long-range arrangements of these
phases exist, the latter arising from aggregates of POSS and PCL
lamellae.
The SAXS data were further analyzed to determine the pair

distribution function P(r) (also called the pair-density
function).73,75�77 The P(r) is an autocorrelation function that
can be directly calculated through a Fourier transform of the
SAXS intensity trace, and the results provide real-space distances
associated with electron density distributions in the nanostruc-
tured samples. Typically, the P(r) function is calculated by an
inverse Fourier transformation to avoid problems due to discrete
sampling of the I(q) curve over a finite range.73 Theoretically, the
P(r) function is zero at r = 0 and at r g Dmax, where Dmax

corresponds to the maximum linear dimension in the scattering
particle. For the processing of real data, the P(r) function is
typically constrained in the calculation to be zero at these
values; however, this constraint is often not necessary for well-
behaved samples and can be an indicator of good quality data.
Figure 4 shows the pair distribution functions of (a) neat POSS,
(b) neat PCL homopolymer, and (c) the hybrid nanocomposite
POSS-PCL diol. The maximum linear dimensions Dmax and
radius of gyration, Rg (where Rg is referring to Rg of the POSS-
based repeating superstructure, not individual POSS units),
were determined: neat POSS, Dmax,POSS = 592 Å (Rg,POSS =
228 Å); neat PCL, Dmax,PCL = 305 Å (Rg,PCL = 117 Å); and
PCL-2.6 diol, Dmax,P-CL2.6 = 582 Å (Rg,P-CL2.6 = 200 Å). All
WAXS and SAXS data are summarized in Table 3. We will come
back to these dimensions later when a microstructural model is
proposed.
POSS-PCL Diacrylate. The POSS-PCL diacrylate (POSS-

PCL-DA) sample was synthesized according to the procedure
described by Lee et al.1 For this, the POSS-PCL diol with
molecular weightMn = 2600 g/mol was end-capped with acrylate
groups. The yield from the collected POSS-PCL-DA was 90%.
The synthesized POSS-PCL-DA was characterized by 1H NMR,
as described by Lee et al.,1 and the average molecular weight was
determined to be 2650 g/mol. The weight percent of POSS
present in the as-synthesized POSS-PCL-DA was 39 wt %.
Scheme 2 shows the synthesis procedure for POSS-PCL-DA.

Figure 3. Small-angle X-ray scattering patterns of (a) neat POSS, (b)
neat PCL homopolymer (Mn = 3000 g/mol), and (c) P-CL2.6 diol
hybrid nanocomposite. Lorentz-corrected azimuthally averaged inten-
sity traces. Cu KR radiation.

Figure 4. Pair distribution function plots P(r) derived from the SAXS
data of (a) neat POSS, (b) neat PCL homopolymer, and (c) P-CL2.6
diol nanocomposite.
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Thermal Properties. The melting and crystallization tem-
perature of the POSS-PCL-DA hybrid nanocomposite deter-
mined by DSC, and compared with its precursor POSS�PCL
diol, is shown in Figure 5. The second heating scan (Figure 5a,
trace ii) showed a very strong sharp endotherm that corresponds
to PCL crystalline fraction, withTm,PCL = 45 �C (ΔHm = 62 J/g).
There was also a very small endotherm appearing on the high
temperature shoulder of this strong endotherm. The small
endotherm features a temperature of Tm,POSS = 54 �C, and
despite its low temperature, we relate this to the melting of a
POSS crystalline fraction. This assumption is supported by the
results from the cooling scan (Figure 5b, trace ii) where there can
be seen two exotherms of crystallization clearly defined. Further
support from WAXS will be shown below. The relative crystal-
linity (a fraction of the total degree of crystallinity attributed
just to PCL), χ, of PCL end-capped with acrylate groups
increased significantly when compared to the crystallinity in the
POSS-PCL diol (PCL-2.6). The crystallinity, as determined
using the enthalpy of crystallization value, resulted in χPCL =
82%, which is more than double that of the diol (χPCL = 34%).
Our DSC results also showed that both crystalline phases

displayed supercooling, with the recrystallization of POSS
occurring at Tc,POSS = 40 �C (ΔHc,POSS = 3.2 J/g), while PCL
exhibited a temperature of crystallization of Tc,PCL = 27 �C
(ΔHc,PCL = 55 J/g). By comparing the DSC thermograms from
POSS-PCL diol (trace i) to that of POSS-PCL diacrylate (trace
ii), it is clear that the substitution of diol groups (�OH) with
acrylate groups (�O�CO�CHdCH2) strongly compromised
the crystallization of POSS.
The observed difference in crystallinity in the diols and

acrylate oligomers can be explained by inter- and intramolecular
interactions produced in each of these nanohybrid oligomers, as
evidenced by the FTIR spectra, specifically by the formation of
hydrogen bonding (Figure S3, Supporting Information). It was
observed, in the range 3000�4000 cm�1, a hydroxyl band at
3530 cm�1, which corresponds to intramolecular hydrogen
bonding, and a second hydroxyl band at 3438 cm�1, which is
associated with intermolecular hydrogen bonding.78 Each of these
hydrogen bonds may favor the crystallization of either POSS or
PCL in each oligomer. We suggest that the intermolecular
hydrogen bond in the nanohybrid diol is the dominant

interaction, and it arises from the interaction of the PCL hydroxyl
end groups (hydrogen bond donors) and the oxygen acceptors in
POSS cage structure. This interaction would restrict the ordering
of the PCL chains compromising the crystallization, as evidenced
by calorimetry and X-ray scattering results.
On the other hand, the diacrylate oligomer methylene has

π-bonds that can interact with an adjacent carbonyl group, yielding
an intramolecular hydrogen bond producing a ring structure of
four atoms. This intramolecular arrangement would not interefere
with the ordering of PCL chains to form crystals as well as long-
range structures (lamellae), as shown by the calorimetry and X-ray
scattering results.
WAXS�SAXS Analysis. WAXS and SAXS measurements

were carried out on the hybrid diacrylate oligomer (Figures 6
and 7, respectively) to investigate the effect of the acrylate
substitution on the crystal and nanostructure order. Figure 6
shows the WAXS pattern and the azimuthally averaged intensity
trace. The results still show the crystalline reflections associatedwith
POSS; however, these reflections have weakened and broadened
significantly. For instance, the full width at half-maximum (fwhm)
of the 101 (7.9� 2θ) reflection of POSS has increased from 0.30� in
the diol to 0.66� in the diacrylate. Using the Scherrer equation, this

Scheme 2. Synthesis Scheme of the POSS�
Polycaprolactone Diacrylate Macromer (Adapted from Ref 1)

Figure 5. DSC thermograms of (i) P-CL2.6 diol and (ii) P-CL2.6
acrylate hybrid macromers. (a) Heating (10 �C/min) and (b) cooling
(5 �C/min) scans, carried out under a nitrogen atmosphere.
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fwhm values translate to average crystal thicknesses of 258 and
142 Å, respectively, indicating nearly 50% reduction in crystal size
(fwhm and crystal thickness are reciprocal). The weakened crystal-
line reflections of POSS are consistent with the very weak melting
observed byDSC discussed above in reference to Figure 5a, trace ii.
The WAXS results also show that the crystallization of PCL

dominates the microstructure of the acrylate-capped hybrid
oligomers, the 110 PCL interchain reflection being about 3
times as intense as the 101 POSS reflection. This is quite
different from the diols case where POSS’ 101 reflection was
about twice the intensity of PCL’s 110 reflection (Figure 2c).
These results again are consistent with the very strong endo-
thermic peak of PCL observed by DSC (Figure 5a, trace ii).
Looking closely at the fwhm values for the 110 reflection, it was
determined that the average thickness of PCL crystals was
slightly reduced, from 218 Å (diol) to 172 Å in the diacrylate-
capped hybrid oligomers.
Insight into the nanostructure of the diacrylate-capped hybrid

oligomers was obtained using small-angle X-ray scattering. The
SAXS pattern and azimuthally averaged Lorentz-corrected in-
tensity trace are shown in Figure 7 a,b. The results show a
surprisingly distinct long-range halo, the intensity maximum
giving a long period of 117 Å. Whereas in the case of the
diol nanocomposite there were two nanostructures coexisting
(PCL lamellar and POSS aggregates), in the case of the diacrylate
there is only one nanoscale superstructure apparent. From the
lamellar structure of PCL it is possible to work out the nano-
structure that gives rise to this long periodicity. It was established
earlier that PCL with molecular weight 2650 g/mol is folded only
once per chain. On the other hand, Lord et al.74 have reported
that the alkanes crystallize in lamellae with a tilting angle of 35�

between the chain backbone and the lamellae normal. Thus,
the lamellae thickness is obtained from the product (cos 35� �
117 Å) = 95 Å. There is, therefore, a difference of 22 Å, which is
assumed to be composed of two 101 plane distances of POSS
molecules; a sketch of this proposed repeating structure is shown
in Scheme 3. The fact that both POSS and PCL compose the
same nanostructure means that both crystalline species must
melt at nearly the same temperature, as observed by DSC
(Figure 5, trace ii).
To analyze the nanostructure of POSS�PCL diacrylate in

more detail, the pair distribution function, P(r), was determined
from the SAXS data. It was found that the P(r) of POSS�PCL
dicrylate indeed intercepted the y-axis at the origin, which
indicated good resolution of the SAXS scattering trace. From
the P(r) profile (results available in Supporting Information), the
maximum linear dimensionDmax and radius of gyration Rg of the
particles were calculated resulting in Dmax,P-CL-A = 592 Å and

Figure 6. (a) Wide-angle X-ray scattering pattern and (b) azimuthally
averaged wide-angle X-ray scattering trace of P-CL2.6 diacrylate hybrid
macromer. Cu KR radiation.

Figure 7. (a) Small-angle X-ray scattering pattern and (b) Lorentz-
corrected azimuthally averaged intensity trace of P-CL2.6 acrylate
hybrid macromer. Cu KR radiation.

Scheme 3. Proposed Long-Range Order of P-CL2.6 Acrylate
Hybrid Nanocomposites According to WAXS and SAXS
Results
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Rg,P-CL-A = 228 Å. We note the absence of any significant
reduction in Dmax and Rg relative to the POSS�PCL diol.
POSS-PCL Cross-Linked Networks. In order to obtain

photocured POSS�PCL networks, a tetrathiol cross-linker
pentaerythritol tetrakis(3-mercaptopropionate) (hereafter, “tet-
rathiol”) was used to end-link POSS-PCL diacrylate oligomers
under photoinitiated thiol�acrylate addition and minor free
radical polymerization.79 The influence of the degree of cross-
linking was investigated, as the diacrylate:tetrathiol molar ratio
was varied to include 2:1 (stoichiometric), 2:1.5, and 2:2. After
photocuring, the resulting covalent networks were optically trans-
parent and soft at room temperature. Figure 8 shows pictures of the
as-cured samples, and their properties are summarized in Table 2.
The increase of tetrathiol cross-linker molar ratio affected signifi-
cantly the gel fraction of the POSS-polycaprolactone network
photocured. According to the diacrylate:tetrathiol molar ratio used
(2:1, 2:1.5, and 2:2), the synthesized networks exhibited 87%, 75%,
and 67% gel fraction after they were extracted, respectively.
Thermal Properties. Figure 9 shows the (a) heating and (b)

cooling scans of the POSS-PCL networks. Surprisingly, the
cross-linked networks exhibited a well-defined melting transition
despite the architectural constraints of cross-links. The corre-
sponding melting temperatures (and enthalpies) of the networks
were (i) Tm,2:1 = 30 �C (ΔHm,2:1 = 3.3 J/g), (ii) Tm, 2:1.5 = 32 �C
(ΔHm, 2:1.5 = 3.0 J/g), and (iii) Tm,2:2 = 36 �C (ΔHm,2:2 =
2.5 J/g). The highest molar concentration of the tetrathiol cross-
linker yielded the highest melting temperature of the network.
Note that the network prepared with the highest molar concen-
tration of tetrathiol, PCL-net-2:2 (trace iii), melts at a tempera-
ture very close to the human body temperature (37 �C), a result
of potential importance in for biomedical applications. Figure 9b
shows the cooling DSC scans for the networks. The correspond-
ing crystallization temperatures (and enthalpies) were found to
be (i) Tc,2:1 = 16 �C (ΔHc,2:1 = 2.2 J/g), (ii) Tc,2:1.5 = 18 �C
(ΔHc,2:1.5 = 2.2 J/g), and (iii) Tc,2:2 = 21 �C (ΔHc,2:2 = 2.2 J/g).
In summary, it is important to note that the melting temperature
of the networks ranged from 30 to 36 �C just by increasing the

concentration (molar ratio) of the tetrathiol cross-linker. The
thermal analysis results raised the question as what is the
microstructure melting in the cross-linked networks. We address
it by carrying out X-ray scattering experiments.
WAXS�SAXS Analysis.WAXS patterns were obtained for each

photocured covalent network, and a typical pattern and the
azimuthally averaged intensity traces for the three networks are
shown in Figure 10a,b. The pattern, obtained from the P-CL2.6-
net-2:1 network, shows sharp inner crystalline reflections and an
outer rather broad amorphous halo. These features are shownmore
clearly in the radial intensity traces shown in Figure 10b. The
intensity traces correspond to (i) P-CL2.6-net-2:1, (ii) P-CL2.6-
net-2:1.5, and (iii) P-CL2.6-net-2:2. The more intense crystalline
reflection corresponds to the (101) reflection (indexed for a
rhombohedral crystal lattice) of POSS nanobuilding blocks. On
the other hand, the broad amorphous halo centered around 2θ =
19� corresponds to PCL amorphous phase. Thus, these WAXS
results indicate that there are POSS crystals embedded within an
amorphous PCL phase and that the endothermic (exothermic)
peak observed by DSC (Figure 9a,b) corresponds to the melting
(recrystallization) of these POSS crystals. This melting point for a
POSS crystal is the lowest ever reported, to our knowledge, and
reflects the particular arrangement within amorphous PCL.
In order to inspect the long-range, nanoscale order of the

POSS-PCL networks, SAXS patterns were also collected. The

Figure 8. Photographs of photocured POSS-PCL networks with molar
ratios (a) 2:1, (b) 2:1.5, and (c) 2:2. The sample dimensions are (a) 3.2
mm� 0.3 mm� 9.1 mm; (b) 2.6 mm� 0.3 mm� 9 mm; and (c) 2.8
mm � 0.3 mm � 9 mm.

Table 2. Molecular Characteristics andDSCResults of POSS-PCLAcrylate (P-CL-A) and POSS-PCLNetworks Synthesized from
POSS-PCL Diol Having an Average Molecular Weight of 2600 g/mol and POSS Content 40 wt %

sample

P-CL-A:cross-linker

ratio gel fraction (%) Tm,PCL (�C) [ΔHm (J/g)] Tm,POSS (�C) [ΔHm (J/g)]

Tc,PCL (�C)
[ΔHc (J/g)]

Tc,POSS (�C)
[ΔHc (J/g)]

P-CL2.6 20 [26] 82 [6.7] �6 [18] 76 [8.0]

P-CL2.6-A 45 [62] 54 27 [55] 40 [3.2]

P-CL2.6-net-2:1 2:1.0 87 30 [3.3] 16 [2.2]

P-CL2.6-net-2:1.5 2:1.5 75 32 [3.0] 18 [2.2]

P-CL2.6-net-2:2 2:2.0 66 36 [2.5] 21 [2.2]

Table 3. Crystalline and Nanostructure Characteristics
of Neat POSS, Neat PCL Homopolymer, and Their
Corresponding POSS-PCL Hybrid Nanocomposites
Obtained from Wide- and Small-Angle X-ray Scattering

WAXS SAXS

sample

LPCL
a

(Å)

LPOSS
a

(Å)

dPCL
b

(Å)

dPOSS
b

(Å)

Dmax
c

(Å)

Rg
c

(Å)

POSS 286 45 592 228

PCL3k 261 151 305 117

P-CL2.6 218 258 150 66 582 200

P-CL2.6-DA 172 142 117 592 228

P-CL2.6-net-

2:1

131 75, 45 586 213

P-CL2.6-net-

2:1.5

127 46 589 216

P-CL2.6-net-

2:2

127 46 586 215

aAverage crystal thickness calculated using the Scherrer equation.
b Long period or interlamellar distance from the principal peak of the
Lorentz-corrected plot q2I(q) vs q. c Parameters obtained from the pair
distribution function plot P(r) vs r of the SAXS profile.
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Lorentz-corrected SAXS intensity traces are shown in Figure 11.
The inset shows a SAXS pattern of the P-CL2.6-net-2:1 network,
clearly revealing well-defined, long-range structure. The sample
P-CL2.6-net-2:1 (trace (iii) exhibits two intensity maxima posi-
tioned at qmax = 0.0839 and 0.138 37 Å�1, which correspond to
the long-range distances d = 75 Å and d = 46 Å, as obtained from
qmax = 2π/d. On the other hand, the other two networks showed
only the intensity maximum at 0.138 37 Å�1. The nanostructure
giving rise to these SAXS patterns was worked out by assuming a
simple cubic unit cell, where the interplanar distances are given
by d111= a/

√
3, d200 = a/2, and d220 = a/(2

√
2). The parameter a

would be 130 Å, and considering the interplanar distances ratio
1:
√
3/2:(3/2)1/2/2, we can see that the interplanar distances d =

75 Å and d = 46 Å fit well to a cubic structure. The interplanar
distances ratio results in 75 Å:65 Å:46 Å, where d200= 65 Å is
probably overlapping in the SAXS trace.
In the forgoing, our SAXS results suggest that POSS crystals

are arranged into a cubic superstructure and surrounded by an
amorphous PCL phase; this assumption is supported from the
POSS crystalline reflections from WAXS. A sketch of the
suggested nanostructure is shown in Scheme 4. The pair
distribution functions were also determined from the SAXS data
(Figure S3, Supporting Information), and the maximum linear
dimension Dmax and radius of gyration Rg were calculated for

each sample:Dmax,PCL2.6-net-2:1 = 586 Å (Rg,PCL2.6-net-2:1 = 213 Å),
Dmax,PCL2.6-net-2:1.5 = 589 Å (Rg,PCL2.6-net-2:1.5 = 216 Å, and
Dmax,PCL2.6-net-2:2 = 586 Å (Rg,PCL2.6-net-2:2 = 215 Å).
The generalized indirect Fourier transformation results in

the pair distribution functions, P(r) (Figure S3, Supporting

Figure 9. DSC thermograms of POSS-PCL networks: (i) P-CL2.6-net-
2:1, (ii) P-CL2.6-net-2:1.5, (iii) P-CL2.6-net-2:2. (a) Heating scans and
(b) cooling scans, under a nitrogen atmosphere.

Figure 10. Azimuthally averaged wide-angle X-ray scattering patterns
for (i) P-CL2.6-net-2:1, (ii) P-CL2.6-net-2:1.5, and (iii) P-CL2.6-net-
2:2.

Figure 11. Azimuthally averaged small-angle X-ray scattering traces for
(i) P-CL2.6-net-2:2, (ii) P-CL2.6-net-2:1.5, and (iii) P-CL2.6-net-2:1.
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Information), are typical of globular objects with liquidlike
packing.80 Neither curve is completely symmetrical, which can
be explained by either a size distribution function or a deviation
from a perfect spherical shape. It is noted that the globular
morphology is present since the POSSmonomer (Figure 4, trace
a) and preserved for the diols, diacrylates (Figure S2), and
networks, with no change in the maximum linear dimension.
Thus, it appears that POSS drives the nanostructure in the hybrid
nanocomposites and molecular networks.

’CONCLUSIONS

In this research, we have elucidated the ordered spatial
arrangement at the micro and nanoscale in the shape memory
PCL-POSS cross-linked networks and in their synthesis precur-
sors (POSS-PCL diol and diacrylate hybrid oligomers). It was
observed that for POSS-PCL diols there is coordination (via
hydrogen bonding) between the inert corner groups of POSS
and the PCL end groups, thus compromising PCL crystallization.
Thus, the nanostructure was dominated by POSS crystallization.
Strikingly, end-capping had a significant impact on POSS crystal-
lization. End-capping prevented the coordination between the
corner groups of POSS and the PCL end groups thus freeing
PCL chains for fold crystallization. Therefore, PCL dominated
the crystallization and nanostructure, as evidenced by calorime-
try and X-ray scattering. On the other hand, network formation
gave rise to POSS crystals embedded in an amorphous PCL
phase. Moreover, POSS was segregated to form crystalline clusters
that organized into a surprisingly highly ordered (cubic) super-
structure. The findings of this research offer the possibility to fine-
tune well-ordered nanostructures from highly asymmetric POSS-
based macromers, where there is control over the structure and
advantage is taken of end group reactivity to form networks.
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’NOTE ADDED AFTER ASAP PUBLICATION

This article posted ASAP on June 16, 2011. Figure 1 has been
revised. The correct version posted on June 21, 2011.


