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A new hybrid thermoplastic polyurethane (TPU) system that incorporates an organic, biodegradable poly(D,Llactide) soft block with a hard block bearing the inorganic polyhedral oligosilsesquioxane (POSS) moiety is
introduced and studied. Changes in the polyol composition made through variation of the hydrophilic initiator
molecular weight show direct control of the final transition temperatures. Incorporating POSS into the hard segments
allows for excellent elasticity above Tg, as evidenced with dynamic mechanical analysis, not seen in most other
biodegradable materials. This elasticity is attributed to physical cross-links formed in the hard block through
POSS crystallization, as revealed with wide-angle X-ray diffraction. Increasing the POSS incorporation level in
the TPU hard block was observed to increase crystallinity and also the rigidity of the material. The highest
incorporation, using a statistical average of three POSS units per hard block, demonstrated one-way shape memory
with excellent shape fixing capabilities. In vitro degradation of this sample was also investigated during a two
month period. Moderate water uptake and dramatic molecular weight decrease were immediately observed although
large mass loss (∼20 wt %) was not observed until the two month time point.

Introduction
The degree of control over both the architecture and composition of polymeric biomaterials has increased dramatically over
the past few years, affording a wide range of materials for use
in drug delivery, gene therapy, tissue engineering, bone scaffolds, and even organ replacement. For applications employing
degradable components, aliphatic polyesters have been at the
forefront due to their simple breakdown through hydrolysis into
biocompatible components.1-3 Among these polymers, the most
prominent include poly(lactide), poly(glycolide), copolymers of
lactide and glycolide, and poly(caprolactone). Poly(lactide)based polymers (hereafter, “PLA”) have shown particular
potential, especially since they can be made from natural,
renewable resources and numerous medical devices utilizing
PLA have been approved by the FDA since the 1970s. Lactide,
derived from the dimerization of lactic acid, contains two
stereocenters and can therefore be polymerized into homopolymers made from the pure D (PDLA) or L (PLLA) enantiomer,
or synthesized into a copolymer by using both. Pure racemic
copolymerization of alternating D- and L-configured repeat units
(PDLLA) creates a completely amorphous, fast degrading
polymer. On the other hand, once a significant block of pure
enantiomer has been achieved, both the D and L repeat units
can crystallize and even form complexes with each other,
resulting in slower degradation. Current research has focused
on the PLLA homopolymer since the L-enantiomer is more
commonly found in vivo and its homopolymer provides some
of the thermal and mechanical properties necessary to undergo
implantation into a human body. In order to achieve a wide
range of properties further than what PLA can provide alone,
lactide has also been combined with other monomers and
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polymers such as poly(ethylene glycol) for increased hydrophilicity4-6 and -caprolactone for increased flexibility.7-9
Alternatively, various architectures, aside from linear chains,
have been investigated including cross-linked networks, star
polymers, and stereocomplexes (as mentioned above).
Another approach to the modification of degradable polymers,
such as PLA, has been the copolymerization of polyesters with
other, more rigid molecules to formulate blocky thermoplastic
polyurethanes (TPUs).10-13 In such compositions, the degradable feature of the polyester component (soft block) is afforded
desirable structural characteristics associated with engineering
thermoplastics, including modulus increase, ductility, and
thermal stability. This is achieved through the block-wise
incorporation of reinforcing elements in the form of selfassembling, higher melting hard blocks distributed uniformly
throughout the material with a volume fraction prescribed in
the TPU formulation by the ratio of chain extender (hard block
forming) to biodegradable polyol. These types of biomaterials
have become important when a combination of robust mechanical features and controlled degradation are needed.
One mechanical property of thermoplastic polyurethanes
being exploited by the present work is the ability to perform
shape memory cycles, i.e. able to fix a temporary shape and
then recover to the original shape by cooling/heating through a
thermal transition. Shape memory requires elevated temperature
elasticity, provided through either physical or chemical crosslinks, as well as a percolating phase capable of reversibly
“fixing” an applied deformation.14,15 In the case of a biodegradable thermoplastic, the physical cross-links employed should
be tuned to be strong enough for elasticity, but not so strong as
to unfavorably alter degradation. Our method for satisfying these
requirements will be a hybrid approach utilizing POSS crystallization, and is discussed in detail below. For the percolating
network, it has been found that polyol molecular weights in
the 2-4 kg/mol range are not sufficient to allow large strain
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(>100%) elastic deformations. Due to this constraint, our work
has settled in on a polyol molecular weight in the 12 kg/mol
range. For controlled shape memory activation in the narrow
window of 37 °C < Tcrit < 50 °C (physiological to tissueburning) precise control over the shape memory fixing phase
transition temperature is needed and we achieve this herein with
unique yet simple polyol compositions. Even moisture activation, without excessive swelling, will be possible.
Combining organic and inorganic materials into hybrid
biomaterials is an active area of research in which the goal is
to achieve properties that combine desirable features of polymers
and ceramics, but maintaining biocompatibility and, in some
cases, biodegradability.16 Aside from simple filler incorporation
via compounding, the most common approach to achieve hybrid
biomaterials is the in situ hydrolysis and condensation of the
inorganic oxide, usually silica from tetraethylorthosilicate (TEOS),
within a relatively polar polymeric host. A significant challenge
of this approach, however, is the lack of molecular and microstructural control now possible with synthetic polymers. In
particular, high variability exists in the degree of condensation to
silica (SiO2), particle size, and spatial distribution in TEOS-based
hybrid materials17-19 even when adopting the biomimetic approach
of protein-based biomineralization.20-23 An alternative approach
to hybrid materials synthesis that addresses these challenges has
been the use of the precondensed polyhedral oligosilsesquioxane
(POSS*)24 moiety, functionalized for polymerization or grafting.25-38
(*POSS is a registered trademark of Hybrid Plastics, Inc.) These
large hybrid molecules have the unique feature of containing both
an inorganic silicon-oxygen cage (Si8O12) and up to eight
compatibilizing organic groups pendant to each silicon corner of
the cage. Typically, one or more of those groups contains the
appropriate functionality to incorporate POSS into a variety of
compositions, including thermoplastics39-42 and thermosets30,43-46
through either copolymerization or blending. Despite the extensive
reports on POSS inclusion into polymers, comparatively little
research focused on biomaterials featuring POSS incorporation.24,47
Past research has found a difference in self-assembly of POSS
moieties within polymeric hosts, depending on the macromolecular architecture of POSS incorporation. In random POSScopolymers, the POSS moieties have been found to aggregate
into noncrystalline, nanometer-dimensioned (10-100 nm)
domains.33,34,48,49 In contrast, architectural localization of POSS
to the chain ends (telechelics29,50-52) or to blocks within block
copolymers28,31,53 or within multiblock copolymers, specifically
polyurethanes with POSS as the hard block,47,54-57 has been
found to allow long-range ordering of the POSS groups in the
form of crystallization. This inherent aggregation or crystallization of POSS groups in the aforementioned morphologies
allows for the formation of physically cross-linked networks
with robust properties. The present work illustrates a unique
combination of thermoplastic properties with biomedical attributes to introduce a hybrid polyurethane that is rendered
mechanically stable (elastic) above the glass transition temperature through POSS hard block crystallization, but also biodegradable through the PEG-modified poly(lactide) soft blocks.
Preliminary results on this family of materials were first
established in 200641,58 along with patents covering the compositions of matter and medical applications,59,60 while the
present manuscript represents our first in-depth study on the
materials. As will be made clear, numerous variations in
composition and architecture are possible for the present POSSbased TPUs, including polyol composition (esp. hydrophobicity),
molecular weight, initiator and diisocyanate composition, and
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hard block (POSS) to soft block ratio. We focus here on two
particular synthetic variables found to be particularly effective
in manipulating physical properties; namely, polyol initiation
with PEG chains of varying molecular weight and POSS/polyol
ratio. Focus is placed upon the associated structure-property
relationships with an eye toward intended medical applications.

Experimental Section
Materials and Methods. 3,6-Dimethyl-1,4-dioxane-2,5-dione (lactide monomer, LA) was purchased from Aldrich and purified by
recrystallization in ethyl acetate (40 g/200 mL) to give white, flaky
crystals. The lysine-derived diisocyanate, methyl 2,6-diisocyanatohexanoate (LDI), a liquid, was purchased from Kyowa Hakko Chemical
Company, purified of any moisture-reacted side products by vacuum
distillation, and stored under nitrogen prior to use. Organometallic
catalysts used for polyol and TPU synthesis included tin 2-ethylhexanoate (stannous octanoate) and dibutyltin dilaurate, respectively, and
these were purchased from Aldrich each with a purity of 95%. Each
catalyst was used as received. Poly(ethylene glycol)s with varying
molecular weight of 0.6, 1.0, 2.0, and 4.0 kg/mol (referred to as P(0.6k),
P(1k), P(2k), P(4k)) were purchased from Alfa Aesar and used without
further purification. 2,2,4-trimethyl-1,3-pentane (TMP) POSS diol (Rgroup ) iBu), hereafter “POSS diol” was purchased from Hybrid
Plastics, Inc. as a pure (99.5%) crystalline powder and used as received.
All reactants were dried overnight in vacuo at 50 °C before running
either the polyol or polyurethane reaction. Toluene, tetrahydrofuran
(THF), hexanes, and ethyl acetate were purchased from Fisher, with
the toluene dried by refluxing over CaH2 for several hours before being
dispensed for immediate use. Buffer used for the degradation study
was made from phosphate buffered saline (PBS) buffer packets (Sigma)
containing 0.05% Tween-20 and having a final pH of 7.4 and
concentration of 0.01 M when combined with one liter of deionized
water.
Structural compositions of the final products were analyzed using
liquid phase 1H NMR with a Varian Inova spectrometer operating at
600 MHz. Samples were made from CDCl3 solutions and run at room
temperature.
Gel permeation chromatography (GPC) was conducted using a
Waters Isocratic HPLC system equipped with a temperature controlled
differential refractometer (Waters 2414, held at 35 °C). Multiangle laser
light scattering was also employed (Wyatt miniDAWN) using three
angles (45°, 90°, 135°) for in-line absolute molecular weight determination. THF solutions (∼2 mg/mL) were passed through a 0.2 µm PTFE
filter prior to injection. The GPC was operated at a flow rate of 1 mL/
min and featured a series of three (3) columns of cross-linked
polystyrene beads. The columns were 5 cm (first) and 30 cm long
(second and third) ResiPore columns (Polymer Laboratories, Inc.),
consecutively, each packed with 3 µm particles designed for separations
of polymers with molecular weight less than 400 kg/mol.
Differential scanning calorimetry (DSC) was used to determine the
phase behavior and thermal transitions of polyols and TPUs, alike, and
was performed using a TA Instruments Q100 apparatus under flowing
nitrogen gas. Samples were made by encapsulating approximately 3 to
5 mg of polymer in a TA aluminum pan. The heating and cooling rate
for each sample was 10 °C/min, unless otherwise mentioned, and the
heat flow traces shown are from second heating runs, thus having erased
all thermal history (held for five minutes at 80 °C for polyols and 160
°C for TPUs). Glass transition temperatures (Tg) were taken as the
midpoint of the stepwise decrease of the heat flow trace (stepwise
increase in heat capacity) observed during heating. Melting points (Tm)
were taken as the temperatures corresponding to the valley (most
negative value) of the endothermic transition during the second heat,
with heats-of-fusion (∆H) being determined through integration of that
peak and normalization for the sample mass.
Films of all POSS TPUs were cast from THF solutions (10% w/v)
using the following protocol. Dried polymer (3 g) was dissolved in
THF (15 mL), then poured into a PTFE casting dish with a diameter
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of 10.5 cm, covered with a glass dish, and left in a chemical hood
overnight to evaporate. The film (still in the dish) was then put under
vacuum at 50-60 °C for at least 24 h. This process yielded clear,
flexible films with a thickness of 0.3 mm, as determined by a digital
caliper.
Linear viscoelastic thermomechanical properties of the materials were
determined using dynamic mechanical analysis (DMA). A TA Instruments Q800 apparatus was employed in tensile mode with a preload
force of 10 mN, amplitude of 15 µm (tensile strain <0.2%), static stress/
dynamic stress amplitude ratio (“force tracking”) of 108%, and an
oscillation frequency of 1 Hz. Samples were cut from the cast films
(described above) to feature dimensions of 7 (length) × 1.5 (width) ×
0.3 mm (thickness). After loading each film specimen at room
temperature under tensile stress, they were cooled to T ) -10 °C,
thermally equilibrated, and finally ramped to 120 °C at a rate of 3 °C/
min. For one way shape memory (1W-SM) runs, similar sample
dimensions were used, but with a preload force of only 1 mN. The
sample was then heated to a deformation temperature of 80 °C, and a
force applied (F ) 0.3 N) at a rate of 0.05 N/min. After being held at
the final force for one minute, the sample was cooled down to 10 °C
at 3 °C/min and held there for five minutes. The applied force was
subsequently unloaded to the initial force of 1 mN at 0.05 N/min and
the sample recovered by heating to 80 °C. Multiple cycles were
performed on the same film sample and followed the basic procedure
of load at 80 °C, cool to 10 °C, unload, and recover to 80 °C.
The same cast films were characterized using wide-angle X-ray
diffraction (WAXD). A Rigaku wide-angle X-ray diffractometer (MSC
D/Max Ultima) was utilized in reflective mode, enabling quantification
of microstructural dimensions of a POSS crystalline phase and an
amorphous phase in the TPUs. The instrument was operated at 30 kV
and 30 mA using a Cu KR source (λ ) 1.54 Å). Samples were run at
ambient temperature from 5 - 30 °2θ at a scan speed of 0.4 °2θ/min.
In vitro degradation for one of the POSS TPUs was performed by
immersing a cut sample (30-40 mg) with typical dimensions of 15
(length) × 5 (width) × 0.3 mm (thickness) in 20 mL PBS buffer
containing 0.05% Tween-20. The sample in buffer was held at 37 °C
while being constantly agitated at 75 rpm. The buffer for each sample
was decanted and replaced with fresh buffer every seven days. At
predetermined time points, two samples were retrieved from the buffer,
rinsed three times with deionized water, patted dry, and weighed. The
samples were then dried for at least 5 days at room temperature under
vacuum before being weighed again. The water uptake and mass percent
remaining were calculated using the following equations:

water uptake % )

(

)
( )

mw - md
× 100%
md

(1)

md
× 100%
morig

(2)

mass % remaining )

where mw is the mass of the wet sample, md is the sample after drying
under vacuum, and morig is the mass of the original, nondegraded
sample. Dry samples were also used to obtain the molecular weight by
GPC. Average values for the two samples are reported herein, with
the error bars indicating the actual values (max and min) recorded.
Polyol Synthesis. Polyol (R,ω-polymeric diol) syntheses proceeded
by ring-opening polymerization of lactide monomers in the presence
of a prescribed concentration of initiating diol and small amount of
organometallic catalyst. For the present study, the targeted numberj n, was held fixed at 12 kg/mol, while the
average molecular weight, M
initiating PEG molecular weight was varied, dramatically impacting
the physical properties of the polyol and resulting TPU.
As a representative example, we describe the detailed procedure to
prepare a 12 kg/mol polyol initiated by 1 kg/mol PEG, as polyol given
j n ) 12000 g/mol, the two poly(D,Lthe name P(1k)LA. To achieve M
lactide) branches are controlled to have a total molecular weight of 2
j LAn ) 11000 g/mol. Given that the molar mass of the D,L-lactide
×M
monomer is 144 g/mol, 76.4 equivalents of D,L-lactide per PEG initiator
are required. In the present example, initiation of 20 g (0.139 mol) of

D,L-lactide using P(1k) to a total polyol molecular weight of 12 kg/
mol, dictated 1.82 g (1.82 mmol) of PEG, yielding 21.82 g of polyol.
First, all reactants were dried overnight under vacuum at 50 °C to
remove any residual solvent or moisture. Then, 20 g of D,L-lactide
monomer was added to a 100 mL Airfree round-bottom flask along
with 1.82 g of PEG initiator, following which, nitrogen gas was purged
extensively to remove moisture and oxygen. Next, three drops of tin
2-ethylhexanoate were added and the temperature increased to 140 °C
over the course of 20 min, during which time the P(1k) melted first
(∼60 °C) followed by the LA at higher temperatures (∼130 °C). An
increase in viscosity was observed after only 1 h at the reaction
temperature and progressively increased to a point where magnet stirring
with a stir bar was hindered after 10 h. After 12 h of reaction (2 h past
gelation), the polymerizing liquid was cooled to room temperature,
during which time solidification (vitrification) occurred, and then 55
mL of THF was added and stirring of the solution commenced. Once
the polyol dissolved, the pale brown polymer solution was precipitated
into an excess of hexanes (∼500 mL), leading to a white, stringy product
whose consistency ranged from rubbery to sticky, depending on the
weight percent of PEG. A total of 20.72 g of polyol product was
collected (yield ) 95%) and dried under vacuum at 60 °C. Each P(x)LA
synthesis gave reaction yields of 85% and higher, only varying in the
physical properties of the final material; high molecular weight PEG
initiator produced a tacky substance that was easily pulled apart,
whereas low molecular weight PEG led to a more robust polyol. The
nominal molecular weight of the entire polyol (Mn,polyol) was determined
by 1H NMR using the formula

Mn,polyol ) Mn,PEG + (DPLA × 72)

(3a)

where Mn,PEG is the nominal molecular weight of the initiator and DPLA
is the degree of polymerization of the lactic acid repeat unit having
molecular weight of 72 g/mol (noting that each lactide monomer gives
two such repeat units). The DPLA is determined directly from the
integration of the resonance from the proton attached to the lactide
chiral center (5.1 ppm, 1H) after referencing the PEG peak integration
(3.6 ppm) to be the total number of protons present in the initiator, as
defined in eq 3b.

APEG )

Mn,PEG
×4
44

(3b)

where 44 refers to the repeat unit of PEG (44 g/mol) and 4 refers to
the number of protons per repeat unit of PEG. GPC characterization
was run on the dried products, confirming the desired polyol structure
had a unimodal distribution of molecular weights.
TPU Synthesis. TPU syntheses were conducted by reacting the
polyol P(1k)LA (synthesis above) with varying molar ratios of POSS
diol using a lysine-derived diisocyanate (LDI) and typical urethane
chemistry. The feed POSS/polyol ratios used were 0:1, 1:1, 2:1, and
3:1, although actual yield ratios (as determined by 1H NMR, shown
below) were found to be lower than expected when increasing amounts
of POSS were used. Still, a dramatic change in material properties could
be seen among the final TPUs with even slight variations of the POSS/
polyol ratio. An example of the TPU synthesis using P(1k)LA and a
POSS/polyol ratio of 1:1 is as follows (sample name P(1k)LA-P1). A
total of 3 g (0.249 mmol, molecular weight as determined by 1H NMR)
of polyol and 0.26 g (0.249 mmol) POSS diol were added to a threenecked 50 mL round-bottom flask, following which dry toluene was
added to yield a 40% (w/v) solution that was purged with nitrogen
exhaustively to remove moisture and oxygen. After a clear solution
was obtained at 50 °C (∼1 h), 0.096 mL (0.523 mmol) of purified LDI
liquid was added dropwise over the span of 2 min for a total addition
in slight molar excess isocyanate/alcohol of 1.05:1.00. Following
complete addition of the LDI, three drops (ca. 0.01 mL) of dibutyltin
dilaurate were added with stirring. The reaction temperature was then
increased to 90 °C and stirring was continued for 6 h. A significant
increase in viscosity was observed during polymerization, therefore, 5
mL of additional toluene was added prior to precipitation of the final
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Table 1. Material Properties of the Lactide-Based Polyols Initiated by Different Molecular Weight PEG

a

samples

Mna
(g/mol)

Mnb
(g/mol)

P(0.6k)LA
P(1k)LA
P(2k)LA
P(4k)LA

13200
11800
11,300
10400

11800
9300
9000
10400

Based on 1H NMR.

b

PDIb

PEG wt %
(xa) (yb)

Tg (°C)

Tm,PEG
(°C) [∆H
(J/g)]

1.28
1.25
1.18
1.12

4.6 (5.1)
8.5 (10.8)
17.6 (22.2)
38.5 (38.5)

32.8
29.1
15.1
-16.8

n/a
n/a
n/a
34.3 [1.096]

Based on light scattering from GPC.

Table 2. Summary of Material Properties for POSS TPUs Made from P(1k)LA Polyol with Increasing Amounts of POSS in the Hard Block

a

samples

Mwa (g/mol)

PDI

POSS/polyol
ratiob

wt % hard
block

Tg (°C)

Tm,POSS
(°C) [∆H (J/g)]

P(1k)LA-P0
P(1k)LA-P1
P(1k)LA-P2
P(1k)LA-P3

50200
106500
87200
101000

1.35
1.35
1.36
1.39

0
0.98
1.67
2.63

0
10.7
15.2
20.8

27.8
34.5
34.4
35.5

112.8 [0.35]
118.0 [0.98]
116.1 [1.5]

Based on light scattering from GPC.

b

Based on 1H NMR.

Scheme 1. Synthetic Route for the Preparation of Polyesters Made from D,L-Lactide and Initiated by Poly(ethylene glycol) of Varying
Molecular Weights

product into a 10-fold excess of hexanes. The precipitate was welldefined, clear strings of polymer that clumped together into a ball during
stirring. Unlike the polyol precipitate, which smeared out under shear
forces from the stir bar, the TPU product maintained its as-precipitated
shape, unless heated above POSS melting (∼120 °C), as will be
described below. The final product was collected by filtration and dried
under vacuum at 60 °C yielding 3.27 g of P(1k)LA-P3 or 97%
polymerization yield. Other TPU polymerizations proceeded in the same
manner, with yields spanning 81-97%. Lower yields were obtained
from the higher POSS/polyol feed ratios due to actual POSS inclusion
becoming more difficult as the hard block weight percent was increased,
as will be discussed below. GPC was used to determine molecular
weight, while 1H NMR ratios (see below) were used to measure the
final POSS/polyol ratio.
TPU Composition Measurements. A solution 1H NMR method
was employed to measure the level of POSS incorporation in the TPUs,
specifically the POSS/polyol ratio. For this purpose, we considered the
integration of resonances in the 1H spectra: APOSS for the POSS moiety
(0.9 ppm; 6 per POSS), ALA for the D,L-lactide repeating unit in the
polyol (5.1 ppm; 1 per repeat unit). The ratio of these integrations yields
the relative levels of POSS and lactide incorporated in the TPU through
the relation

NPOSS
APOSS HPOSSNPOSS 42
)
)
ALA
HLANLA
1 (NpolyolDPLA)

(4)

where HPOSS and HLA are the number of protons per proton-bearing
group assessed (42 methyl protons per POSS and 1 methine proton
per lactide), and DPLA is the number of lactide repeating units per polyol
(as discussed in the polyol section above). Defining the POSS/polyol
ratio as x ) NPOSS/Npolyol, we arrive at the following relationship
relating the desired quantity x to our directly measured quantities

APOSS
72
42
)x
ALA
1 (Mn,polyol - 1000)

(5)

A sample 1H NMR spectrum, along with significant peak assignments can be found in the Supporting Information (Figure S1). The
POSS/polyol ratio, x, was measured and recorded for each of our POSS

TPUs. This ratio also gives an aVerage value for the degree of
polymerization of the hard block, meaning number of sequential POSS
units attached between two polyol blocks.
It will be helpful to consider the hard block wt % in the TPUs, WH.
This is related to x and the molar masses involved as

WH )

xMPOSS + (x + 1)MLDI
Mn,polyol + xMPOSS + (x + 1)MLDI

(6)

where MPOSS and MLDI are 1052 and 212.2 g/mol, respectively. WH
values measured in this manner are tabulated (Table 2) and discussed
in the context of the thermomechanical data for the TPU series.

Results and Discussion
Polyol Characterization. Soft block polyols for subsequent
incorporation into a series of polyurethanes were synthesized
by ring opening polymerization of D,L-lactide monomer initiated
by poly(ethylene glycol)s of varying length, as shown in Scheme
1. Alternate vacuum and nitrogen purges were used to suppress
any side reactions from air/moisture contamination and ensure
the target molecular weight was obtained. Success for each
reaction was measured by how closely the material came to
the desired Mn value of 12 kg/mol, as determined by 1H NMR
characterization (method described above) and shown in Table
1. Although the Mn was also determined by light scattering from
GPC, values obtained were always ∼2 kg/mol lower than those
from NMR (except for P(4k)LA). To stay consistent with NMR
calculation assumptions used for the POSS/polyol ratio of the
polyurethanes, only NMR-determined Mn values are considered.
All values are relatively close to the target Mn, ranging from
10.4 kg/mol to 13.2 kg/mol, and fluctuations can be explained
by the use of the PEG initiator Mn stated from the manufacturer
being a nominal/rounded value from a precise measurement,
which would alter stoichiometry. Regardless, polydispersity, as
determined by GPC, was low for each polyol (<1.3) and gave
expected values for this well-documented type of synthesis. The
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Figure 1. DSC second heating traces for (a) P(x)LA polyols initiated
by PEG with molecular weights of (i) 600 g/mol, (ii) 1 kg/mol, (iii) 2
kg/mol, (iv) 4 kg/mol; and (b) P(4k)LA with various annealing times
at 10 °C showing the crystallization of the PEG block.

NMR-determined molecular weights and nominal PEG initiator
molecular weights were also used to determine the weight
percentage of PEG in each material. Values increased from ∼5%
to as much as 40%, drastically affecting the observed glass
transition temperature (Tg) of the polyol, as will be discussed
below.
As expected, increasing the content of more flexible PEG in
the lactide soft block served to decrease the glass transition
temperature,61-63 as shown in Figure 1a (values in Table 1).
The once sharp transition of P(0.6k)LA becomes substantially
broadened, with the heat flow step spanning an increasing
temperature range with increasing PEG content. Despite the
triblock architecture, complete miscibility of the amorphous D,Llactide and short PEG blocks is evident by the single transition,
seen up through the P(2k)LA sample. P(4k)LA, containing
almost 40 wt % PEG, displays a second transition at T ≈ 34
°C, featuring an endothermic peak superimposed on a small stepdown in heat flow (step-up in heat capacity). Upon first
consideration, the dip of the baseline suggests the formation of
a second Tg coupled with an aging peak due to the transition
existing close to, but above, room temperature. This would
further indicate that the poly(D,L-lactide) and PEG blocks are
microphase separated, with the PEG block exhibiting the lower
(subzero) Tg and poly(D,L-lactide) having an apparent Tg closer
to that of pure poly(D,L-lactide) (∼50 °C).63
To better understand the nature of the higher temperature
transition(s), P(4k)LA samples were subjected to DSC cooling
runs of varying rates: 20, 10, 5, 3, and 1 °C/min. For a
conventional glass transition, slower cooling rates lead to slightly
lower glass transition measurements, owing to the kinetic nature
of the transition itself. In fact, no change was observed in any
of the traces, except for 1 °C/min showing a larger “aging” peak,
relative to that of Figure 1a upon subsequent heating (data not
shown). Next, using a constant cooling and heating rate of 10
°C/min, cooling was interrupted for annealing at T ) 10 °C for
varying amounts of time and then continued to T ) -50 °C,
following which a heating run was executed to evaluate the
resulting phase behavior. The annealing condition was chosen
based on its position halfway between the lower Tg centered at
T ) -10 °C and the higher complex transition beginning at 30
°C. Although no exotherm had been previously witnessed during
cooling runs of the P(4k)LA polyol, we reasoned that annealing
at 10 °C would allow for crystallization that was potentially
kinetically hindered during previous cooling runs. As seen in
Figure 1b, the peak grows to consist of two separate endothermic
transitions: one with a peak centered at 22.5 °C and the other
centered at 35.2 °C. Inspecting the sequence of thermograms
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Figure 2. Change in Tg for P(x)LA polyols with different molecular
weight PEG initiator as calculated from an ideal 12 kDa composition
()) and using molecular weight determined by NMR (b). PEG 0%
(all lactide)63 and PEG 100% (Mw ) 10 kg/mol)64 Tg values are taken
from the indicated references. The dashed line connects the two
extremes and represents the Fox equation. The curved solid line is
a fit to the Gordon-Taylor equation.

in Figure 1b, it is evident that the lower endothermic transition
is slower to grow, eventually eclipsing a residual heating
exotherm associated with growth of the larger endotherm.
Importantly, the DSC thermogram of the 4 kg/mol PEG itself
(not P(4k)LA) revealed the exact same “double melt” behavior
but at a higher temperature close to 60 °C (Supporting
Information).
The observed melting for the P(4k)LA materials indicates
that a critical weight percent of PEG is required for segregation
of poly(D,L-lactide) and PEG blocks and subsequent crystallization of PEG. A similar finding has been reported previously
for ABA triblocks with PEG content approaching 40%.61 The
Tg value obtained after each of the annealing experiments also
increased with annealing time, from -17 to -10 °C before
becoming indistinguishable with the melting endotherm, indicating enhanced segregation associated with PEG block crystallization.
For our polyol series, direct manipulation of Tg was afforded
by varying the weight fraction of PEG in the material via the
molecular weight of the PEG initiator. As shown in Figure 2,
the polyol Tg drops monotonically and dramatically with
increasing weight fraction of PEG, in this case, dictated by the
PEG initiator molecular weight. Further, we see from Figure 2
that the experimental data were fit well by the Gordon-Taylor
(GT) equation, eq 7, applied here for block copolymers instead
of the conventional miscible blends.

Tcop
g )

w1Tg,1 + kw2Tg,2
w1 + kw2

(7)

Indeed, data for the P(4k)LA sample was employed in the
fitting, using the pronounced Tg evident in Figure 1a (before
annealing), despite some evidence for microphase separation
in that system. Further, Tg values of 50 °C63 and -90 °C64 were
taken for pure poly(D,L-lactide) and PEO, respectively. These
restrictions given and using Tg values in Kelvins, eq 7 was
curve-fit to the data of Figure 2 allowing determination of the
GT k value of 0.63 ( 0.05 (best fit estimate) with an R2 value
of 0.995. We note that the required PEG weight fraction values,
the abscissa in Figure 2, are determined using the nominal PEG
molecular weight from the supplier and the total polyol
molecular weight, as determined by 1H NMR, or from an “ideal”
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Scheme 2. Preparation of POSS-TPUs Made by Reacting the Polyol P(1k)LA with a Lysine-Derived Diisocyanate and POSS Diol

molecular weight of 12 kg/mol. The slight differences translate
to the uncertainty in the fitting that we indicate above.
It has previously been asserted that the Gordon-Taylor k
value can be used to estimate the interaction between components of a blend,65,66 or in this case copolymer blocks, with k
> 1 indicating favorable mixing. For the polyol samples, the
calculated k value is closer to 1 than 0, indicating some favorable
interactions are taking place, most likely in the form of hydrogen
bonding, though proving this will require spectroscopic investigation beyond the scope of our present study. Knowing the
GT parameters allows prediction of the PEG weight fraction
(and thus PEG molecular weight in our architecture) required
for a target transition temperature per the intended application.
For example, our results and GT fitting predict a required PEG
content of 7% (840 g/mol) or 14.7% (1764 g/mol) for a desired
Tg of 35 or 20 °C, respectively. As will be discussed later, polyol
composition is the main factor influencing the primary softening
transition in the final polyurethane. As such, control over the
soft block synthesis is crucial in obtaining a final product with
specifically tuned properties. Given our stated objective to
achieve medically relevant biodegradable shape memory polymers, we hereafter restrict the TPU composition to those
incorporating the P(1k)LA soft block. This polyol is ideal for
biomedical applications due to its moderate Tg and increased
hydrophilicity from the PEG component as compared to a purely
lactide polymer.
TPU Characterization. P(1k)LA was used to prepare
thermoplastic polyurethanes containing POSS by an alcoholisocyanate polyaddition with lysine-diisocyanate (LDI) and
various molar equivalents of POSS diol, serving as chain
extender (Scheme 2). In all cases, a slight molar excess of
isocyanate compared to alcohol groups was used. Molecular
weight (Mw) values (Table 2) for the POSS-containing TPUs,
P(1k)LA-P1, -P2, and -P3, were between 85 and 110 kg/mol
with polydispersities below 1.4. The non-POSS analogue,
P(1k)LA-P0, made by reacting 1:1 molar ratios of polyol and
diisocyanate, also gave a low PDI value of 1.35, but was lower
in molecular weight. Because this reaction contains none of the
short chain extender (POSS diol), it is likely that the decreased
mobility of the larger polyol chains, compared to that of the
POSS monomer, resulted in fewer reactive end groups coming
in proximity to each other on the time scale of the reaction (6
h). For reactions in which POSS was included, the POSS/polyol
feed ratio, as indicated by the final number in each polymer’s
naming scheme, was not always what was observed in the
resulting product. As described above, 1H NMR was used to
determine the final ratio and was found to be closer to the feed
ratio for low POSS inclusion, such as was seen for P(1k)LAP1. For P(1k)LA-P2 and P(1k)LA-P3, only an average of 85%
of the POSS in the reaction flask was included in the final

product, indicating that POSS inclusion becomes more difficult
as the amount of POSS increases. The lowered inclusion is most
likely a factor of the bulky POSS molecules experiencing steric
hindrance when trying to pack together using the short LDI
spacer. This phenomena was also evidenced in the % yield from
the TPUs with higher POSS/polyol feed ratios, which was
typically 10% less than the low and non-POSS TPUs (avg 83%
versus avg 94%). When the NMR-determined POSS/polyol
ratios were used, the weight percent of the POSS hard block
was calculated using eq 6. Values ranged from zero (P(1k)LAP0) to ∼21% (P(1k)LA-P3) and will be discussed below in
terms of physical properties of the materials.
TPU Physical Properties. The TPUs whose synthesis and
molecular characterization details are described above were
further processed by solution-casting into films from THF for
analysis of their physical properties, beginning with thermal
analysis. The glass transition temperature (Tg) and melting
temperature (Tm) values were each determined by DSC, using
the second heating runs so as to first erase all previous thermal
history. This was accomplished by heating samples to 160 °C
and holding for five minutes before cooling to -50 °C and
commencing with the second heating run. The results are shown
in Figure 3 and tabulated in Table 2. For the non-POSS TPU,
P(1k)LA-P0, the glass transition temperature was found to be
very similar (within 1 °C) to that of the polyol it was synthesized
from and no melting was observed. Importantly, all POSScontaining TPU samples showed Tgs around 35 °C, which is
only 6 °C higher than that of the original polyol Tg of 29 °C.
The slight increase may be due to some soft block confinement
when the hard block is present, but the total hard block weight
percent is not a controlling factor. Specifically, increasing the

Figure 3. DSC second heating traces for (i) P(1k)LA-P0, (ii) P(1k)LAP1, (iii) P(1k)LA-P2, and (iv) P(1k)LA-P3.
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weight percent of the hard block from 10 to 20% (hard block
to soft block ratio from 0.98 to 2.63) only increases Tg by about
1 °C, showing little to no influence from the amount of POSS
in the hard block. Also, the step in heat capacity at the transition
(∆Cp) scales directly with the weight percentage of polyol,
decreasing from 0.591 J/(g°C) for the 100% amorphous, nonPOSS TPU to 0.562, 0.498, and 0.483 J/(g°C) as the polyol
content decreased to 89.3, 84.8, and 79.2%, respectively. The
near constancy in Tg from polyol to TPU, along with ∆Cp
scaling with WH, indicates that the POSS-containing TPUs exist
in a microphase-separated state and that the soft block undergoes
a glass transition. This type of behavior corresponds well with
that of other microphase-separated multiblock copolymers.12,67
The POSS-rich hard block is semicrystalline, with a heatof-fusion that increases with POSS/polyol ratio, x, and hard
block weight fraction, WH. This is clearly evidenced in Figure
3 where a small and broad endothermic transition appears for
P(1k)LA-P1 over the range 100-120 °C, but becomes larger
and more defined as WH increases from 10 to 20%. For the
same range of WH, the melting temperature also increases from
113 to 118 °C, approaching the pure POSS Tm of 130 °C (see
Supporting Information for DSC of the POSS diol). Further
increase in WH, however, did not further increase Tm. The
melting endotherm is fairly broad and can be correlated with
the synthetic technique used to make these polymers. Due to
the “one-pot, one step” method employed, it was expected
that the TPUs would feature heterogeneity in the hard block
DP. Within the same sample, it is thought that the crystalline
hard block domains can be made up of single POSS units
flanked by polyol self-assembling into a two-dimensional
“double raft” structure, as was seen for polyethylene-POSS
copolymers31 or multiple POSS units linked together by LDI
assembling into thicker raft structures. The variation in POSS
crystal type would lead to a wide range of melting temperatures
which all combine to create one broad endotherm. Regardless,
POSS crystallizing in a hard block is significant, since past
research on POSS random copolymers revealed POSS aggregation, but not POSS crystallization, while the POSS-PEO
telechelic architecture29 and the methacryl-POSS-butacrylatemethacrylPOSS triblock architectures28 both allowed crystallization. Thus, architecturally sequestering POSS along the
backbone appears requisite for crystallization.
To further clarify the microstructure of our POSS TPUs after
processing, wide-angle X-ray diffraction studies were conducted
on solution-cast films with the diffractograms compared to the
pure POSS diol. The results are shown in Figure 4. For the
POSS diol monomer, we observe strong characteristic diffraction
peaks at scattering angles of 2θ ) 7.9, 10.6, and 18.6°
corresponding to d-spacing values of 11.18, 8.34, and 4.76 Å,
respectively. These values are similar to those found by
Waddon68 with slight variations due to the difference in vertex
R groups (isobutyl versus cyclopentyl) and also agree with their
conclusion of a hexagonal crystal lattice. The POSS crystal
structure in an amorphous matrix has also been discussed in
terms of a rhombohedral55 morphology, but the in-depth X-ray
analysis required for this determination is beyond the scope of
this paper. As POSS content is increased in the TPUs, the X-ray
diffraction peak corresponding to the POSS monomer reflection
at 7.9° is the first to emerge from the amorphous halo witnessed
for P(1k)LA-P0. Uniformly, this peak in the TPUs is shifted
slightly to a larger diffraction angle (8.05°, d-spacing ) 10.97
Å) when compared to the same peak for the 3D crystal (7.9°,
d-spacing ) 11.18 Å). The closer packing of POSS units in the
TPU as compared to that of the pure POSS diol may be a result
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Figure 4. WAXD of (i) POSS diol monomer, (ii) P(1k)LA-P3, (iii)
P(1k)LA-P2, (iv) P(1k)LA-P1, and (v) P(1k)LA-P0.

of the surrounding amorphous matrix imposing constraints on
the crystal size. In the POSS monomer case, but with a larger
vertex group (cyclohexyl), this peak corresponded to the 101
lattice spacing of a rhombohedral unit cell with inclination angle
R ≈ 95.5°.55 As the POSS content increases, the two other
prominent POSS diffraction peaks at 10.6° (8.34 Å) and 18.6°
(4.76 Å) are revealed. These diffractions are consistent with
the general trend seen in DSC where increasing the POSS
content led to increased crystallinity of the entire material. On
the other hand, WAXD observations proved insensitive to the
difference between crystals formed by single-POSS unit hard
blocks and multiple-POSS unit hard blocks which contributed
to the broad melting manifested in DSC.
Recalling our interest in development of biodegradable shape
memory polymers, of paramount importance is the control of
thermo-mechanical properties, particularly TPU elastic moduli
and transition temperatures. As such the TPUs based on the
P(1k)LA polyol were compared with one another using dynamic
mechanical analysis (DMA) in tensile mode. After mounting
each sample in the DMA tensile grips at ambient temperature,
they were then cooled to -10 °C and ramped up to 120 °C (or
until the sample yielded) at 3 °C/min while being subjected to
a small oscillatory strain at a frequency of 1 Hz while
measurements of tensile storage modulus and loss tangent were
made. The results are shown in Figure 5. We observe that all
POSS-containing TPUs feature a storage tensile modulus greater
than 2 GPa at low temperature, but that this modulus dramatically drops to a value of about 10 MPa upon heating above Tg.
This rubbery plateau of modulus is quite broad in temperature
for all POSS TPUs, effectively bridging the temperature range
spanning the soft block Tg and hard block Tm, while the
P(1k)LA-P0 sample softened continuously upon heating
above Tg. Considered in light of the DSC and WAXD data, it
is apparent that the POSS hard block crystallization provides
the physical cross-linking required for elastic mechanical
behavior.
Considering further our interest in controlled shape recovery
in the narrow range spanning 37-50 °C (physiological to tissueburning), it is significant that all of the POSS TPUs studied
begin and end their softening transition over this range of
temperatures. Given the close correlation between the primary
softening transition breadth and the breadth for shape recovery
in the shape memory cycle,14 we fully anticipate shape recovery
for these samples in a temperature range ideal for implantable
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Figure 5. Storage tensile modulus measurements for TPUs with
different POSS loadings: (i) P(1k)LA-P0, (ii) P(1k)LA-P1, (iii) P(1k)LAP2, and (iv) P(1k)LA-P3.
Figure 7. Degradation profile for P(1k)LA-P3, including percent
observed mass remaining (b), percent number-average molecular
weight (Mn) remaining ()), and weight percent water uptake (9).

Figure 6. One-way shape memory cycles for P(1k)LA-P3. Three
cycles are shown: (s) first cycle, (- -) second cycle, and (- - -) third
cycle. The asterisk marks the beginning of the cycle and the arrows
denote the various stages, specifically (a) deformation, (b) cooling/
fixing, (c) unloading, and (d) recovery.

medical devices and surgical tools. The extent of the rubber
plateau for the TPU samples was limited on the high temperature
side by yielding of samples under the action of the required
static stress of approximately 6.5 MPa. One exception was
P(1k)LA-P3, which was a particularly robust sample that
maintained its original rectangular geometry until the highest
temperature tested (120 °C). Qualitatively, the non-POSS control
sample, P(1k)LA-P0, was quite tough at room temperature, but
quantitatively displayed a lower modulus of 1.5 GPa below Tg
and an absence of any rubbery plateau. The absence of a rubbery
plateau prevented the non-POSS TPU from exhibiting any
quantifiable shape memory properties due to the lack of a
recovery driving force, such as is afforded with physical or
chemical cross-links.
The robust P(1k)LA-P3 material was further investigated for
its one-way shape memory properties. Figure 6 shows three
cycles of the shape memory program. The sample was heated
to 80 °C (T > Tg) and deformed (a) by ramping to a load of 0.3
N. The sample was then cooled under this load (b) to 10 °C,

during which period the soft block chains vitrified and fixed
the sample into a temporary, elongated shape. Next, the sample
was unloaded (c) and subsequently heated/recovered (d) to 80
°C. The first cycle shows ∼5% creep occurring between the
elongation and fixing step over a period of 5 min. Excellent
shape fixing of >99% is observed for the first and each
subsequent cycle meaning that none of the induced strain is
lost once the applied load is removed. Recovery is not complete
for the first cycle and achieves about 71% of the original strain.
Both creep and recovery improve on each subsequent cycle:
creep decreases to 3% and 2.5% and recovery increases to 89%
and 93% for cycle two and three, respectively. Because the shape
memory cycle was run on the as-cast film, it is expected that
optimally annealing the film and allowing the POSS domains
to grow would reduce the number of initial “training” cycles
required before ideal properties are obtained, that is, no creep
and 100% recovery. It should be noted that the temperature used
here for recovery is higher than the physiologically-friendly
conditions discussed earlier, although it is believed that hydration
of the sample in aqueous conditions will serve to lower the glass
transition temperature further and, therefore, lower the recovery
temperature required. Also, the sample could be held at a desired
temperature (T ) Tg + 5, 10, 15 °C, etc) and then allowed to
recovery over a certain period of time. Investigation into both
of these approaches to understand the shape recovery properties
of the POSS TPUs is currently underway.
Finally, we examined the in vitro degradation profile for
P(1k)LA-P3 in terms of mass loss, molecular weight change,
and water uptake. Due to the polylactide-based soft block in
the TPUs, it was expected that the sample would undergo bulk
degradation through hydrolysis of the ester bonds, although the
degradation could be somewhat altered due to the presence of
hydrophobic, nondegrading POSS. Rectangular cut pieces of
the cast film were incubated in PBS buffer at 37 °C over a 2
month period and samples were collected at weeks 1-4 and
week 8. As shown in Figure 7, less than 4% of the original
mass was found to elute from the sample after a month in the
buffer, most likely from chain ends on the surface of the sample
undergoing hydrolysis. Although only a small mass loss was
observed, the molecular weight of the samples dropped dramatically after only one week to ∼40% of the original value. The
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molecular weight continued to decrease, albeit at a slower rate,
until only 10% of the original number-average molecular weight,
∼8 kg/mol, remained after four weeks. This molecular weight
was revealed to be close to the critical value for large mass
loss and gave rise to a 20% mass loss between weeks 4 and 8.
Water uptake was moderate for P(1k)LA-P3, indicating low
swelling, and remained below 15 wt % even with large chain
scission. While the sample remained intact throughout the
degradation, the week 8 films became delicate and broke upon
handling. For this reason, the water uptake was not determined
after week 4 so that an accurate mass loss could be obtained
(i.e., handling of the sample was minimized so that no pieces
were inadvertently lost). Overall, P(1k)LA-P3 was found to
have a favorable degradation profile, with an incubation period
of more than one month before bulk mass loss occurred and no
observable swelling.

Conclusions
New biodegradable thermoplastic polyurethanes incorporating
POSS have been synthesized using a two-step technique. The
initial step, synthesis of the lactide-based soft block, allowed
for manipulation of the glass transition temperature through
controlled PEG inclusion. Synthesis of the subsequent polyurethane using POSS as the hard block allowed for mechanical
stability, due to physical cross-links of the crystalline POSS
domains, to an extent usually not seen in degradable, nonchemically cross-linked systems. After varying the POSS/polyol ratio
from 0:1 to 3:1, it was found that a ratio of 3:1 gave the most
robust properties due to the material being semicrystalline, but
still flexible during elongation. The non-POSS analogue containing no hard block proved to be mechanically inferior, failing
much earlier during tensile tests than the POSS-incorporating
samples and having a lower tensile modulus both above and
below Tg. The P(1k)LA-P3 showed moderate shape memory
properties that increased during cycling. This sample was also
observed to undergo in vitro bulk degradation through chain
scission of the soft blocks leading to mass loss of the bulk film
after two months. Water uptake of the sample was low (<15
wt %) even when the molecular weight had dropped to only
10% of the original value. In vivo biocompatibility and
degradation studies of the P(1k)LA-P3 sample and analogous
POSS TPU materials is currently underway and will be
discussed in future publications.
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