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Segmented polyurethane (PU) block copolymers were synthesized using 4,4’-methylenediphenyl diiso-
cyanate and 1,4-butanediol as hard segments and oligomeric ethoxypropyl polydimethylsiloxane (PDMS)
as the soft segments, with hard segment contents ranging from 26 to 52 wt%. The microphase separated
morphology, phase transitions, and degrees of phase separation of these novel copolymers were
investigated using a variety of experimental methods. Like similar copolymers with mixed ethoxypropyl
PDMS/poly(hexamethylene oxide) soft segments, PU copolymers containing only ethoxypropyl PDMS
soft segments were found to consist of three microphases: a PDMS matrix phase, hard domains, and
a mixed phase containing ethoxypropyl end group segments and dissolved short hard segments. Analysis
of unlike segment demixing using small-angle X-ray scattering demonstrates that degrees of phase
separation increase significantly as copolymer hard segment content increases, in keeping with findings
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from Fourier transform infrared spectroscopy measurements.
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1. Introduction

It has long been known that poly(dimethylsiloxane) (PDMS)
elastomers exhibit outstanding biocompatibility and biostability, but
display mechanical properties that are unsuitable for many medical
device applications [1—3]. On the other hand, segmented poly-
urethane (PU) and poly(urethane urea) copolymers have been widely
used as mechanically robust elastomers, but typical polyether and
polyester soft segment chemistries are susceptible to oxidative and/or
hydrolytic degradation in vivo, particularly in components involved in
longer term implants [4—7]. Early attempts at incorporating PDMS
soft segments in PUs, to combine desirable mechanical performance
(arising from hard segment microphase separation) with the bio-
stability and biocompatibility of PDMS, did not meet with success due
to the difficulty in synthesizing acceptably high molecular PU
copolymers from a mixture of polar and non-polar monomers [8—12].
However, significant advances have been made in the past 10 years,
with the discovery that high molecular weight (predominately) PDMS
soft segments [a,w-bis(6-hydroxyethoxypropyl) PDMS] could be
incorporated into segmented polyurethane copolymers along with
a relatively small amount of a second polyether comonomer [poly
(hexamethylene oxide), typically 20% of the total soft segment],
creating a family of segmented PUs with excellent and tunable
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mechanical properties that have shown great promise in blood-con-
tacting biomedical applications [13—21]. In a broad sense, the PHMO
enhances the “compatibility” between hard segments containing
polar urethane moieties and the non-polar siloxane soft segments.

These ethoxypropyl PDMS/PHMO soft segment copolymers,
having 4,4’-methylenediphenyl diisocyanate (MDI) and 1,4-buta-
nediol (BDO) as the hard segments, have been found to exhibit
a unique three phase microstructure: a PDMS matrix phase, hard
domains composed of hard segments, and a mixed phase con-
taining the ether end group segments (ethoxypropyl) of the mac-
rodiol, PHMO, and some dissolved hard segments [19,20]. The
mixed phase serves to ‘compatibilize’ the non-polar PDMS and the
dispersed polar hard domains.

To further enhance the biostability of PUs derived from the a.,w-bis
(6-hydroxyethoxypropyl) PDMS macrodiol, reduction of PHMO in the
soft segment mixture is desirable. Recently [22], a synthetic proce-
dure (summarized in the experimental section) was uncovered that
leads to high molecular weight MDI-BDO hard segment PUs using
only a,w-bis(6-hydroxyethoxypropyl) PDMS macrodiol in the reac-
tion. In an early report on these copolymers, we demonstrated that
the in vitro oxidative biostability was outstanding compared to
segmented PUs with other soft segment chemistries under consi-
deration for blood-contacting applications [23]. The phase-separated
microstructure and morphology of PUs derived solely from the a,w-
bis(6-hydroxyethoxypropyl) PDMS macrodiol have not however been
investigated previously. In the present study, we synthesize a series of
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segmented polyurethanes (with varying hard segment content) from
MDI, BDO and the a,w-bis(6-hydroxyethoxypropyl) PDMS macrodiol
[24], and explore the phase-separated morphology, thermal proper-
ties, and unlike segment demixing.

2. Experimental
2.1. Materials

The polyurethanes used in the present study were synthesized
using 4,4’-methylenediphenyl diisocyanate and 1,4-butanediol as
the hard segment, and an o,w-bis(6-hydroxyethoxypropyl) PDMS
macrodiol as the soft segment (see Fig. 1). MDI and BDO were
purchased from Sigma Aldrich (98% purity) and the a,w-hydroxy-
terminated PDMS was synthesized at AorTech Biomaterials. The
hydroxyterminated poly(dimethylsiloxane) was subjected to thor-
ough fractional distillation on a thin film evaporator and the distilled
material was evaluated using gas chromatography to ensure that all
low molecular weight cyclics were removed. Its number average
molecular weight was determined to be 950 g/mol from end group
analysis using nuclear magnetic resonance. The polydispersity index
of the macrodiol was ~ 1.5 and the purity was greater than 97%.

The polyurethane copolymers were synthesized by a two-step
bulk polymerization [24]. A prepolymer was prepared by addition
of the macrodiol to a reaction vessel containing the MDI, and BDO
was subsequently added for chain extension. Hard segment content
was systematically varied from 26 to 52 wt%. These polymers are
designated as 10026, 10028, 10030, 10035, 10040, 10045 and 10052;
the first three digits (100) represent the fact that only the a,w-bis(6-
hydroxyethoxypropyl) PDMS was used as the macrodiol in these
copolymers, and the last two digits correspond to the weight
fraction of hard segments. The number average molecular weights
of the synthesized copolymers ranged from 86 000 to 1 69 000 g/
mol with a polydispersity of 1.6—2.1, as measured by gel perme-
ation chromatography relative to polystyrene standards and using
dimethylformamide (DMF) as the mobile phase.

120—140 pum thick films were cast from a solution of the poly-
mers in N,N-dimethylacetamide (DMACc, Biolab Australia, minimum
99% purity) and heated at 55 °C for 16—18 h. The cast films were
further dried under vacuum at 40 °C for another 24 h. Specimens
then were retained at room temperature for about one month
before characterization. All characterization was conducted on
these specimens as-prepared, except for FTIR spectroscopy which
required further solution casting.

2.2. Tapping mode atomic force microscopy (AFM)

Free film surfaces were scanned using a DI multimode AFM in
tapping mode. Variable tapping forces were used in the experiments
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[rsp = 0.3—0.8, where rs, = A/Ao(the set point amplitude/the
free amplitude of tip oscillation)] and the free amplitude was set to
be 20 nm.

2.3. Transmission fourier transform infrared spectroscopy (FTIR)

Transmission FTIR spectroscopy was conducted using a Nicolet
6700 FTIR (Thermo Scientific). The polyurethane films described in
Section 2.1 were dissolved in THF to create 2 wt% solutions. The
solutions were cast onto KBr windows and dried overnight at 80 °C.
Each sample was scanned 100 times at a resolution of 2 cm™.

2.4. Wide-angle X-ray diffraction (WAXD)

Wide-angle X-ray diffraction patterns were collected on
a Rigaku DMAX/rapid micro-diffractometer in transmission mode
using a copper point focused source (1.54 A) at 50 kV and 40 mA.

2.5. Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis was performed using a TA-Q800
DMA. DMA measurements were conducted at the heating rate of
3 °C/min and the frequency of 1 Hz in the tensile film mode.

2.6. Differential scanning calorimetry (DSC)

DSC measurements were performed on a TA-Q1000 DSC.
Samples were first heated from —100 °C to 250 °C at a rate of
10 °C/min, rapidly cooled from 250 °C to —100 °C (within several
minutes), then reheated from —100 °C to 250 °C at 10 °C/min.

2.7. Small-angle X-ray scattering (SAXS)

SAXS data were collected using a Molecular Metrology SAXS
instrument with a CuKe, radiation source (A = 0.154 nm) and a two-
dimensional multi-wire detector with the sample-to-detector
distance of 1.5 m. Absolute scattered intensities were calculated by
comparing the spectra of the samples to that of a pre-calibrated
crosslinked polyethylene (S-2907) secondary standard [25].

3. Results and discussion
3.1. Nanoscale segregation

Tapping mode phase images of two representative PU copoly-
mer films (10035 and 10052 at a tapping force corresponding to
rsp = 0.3) are displayed in Fig. 2. As determined in prior investi-
gations, the brighter regions (yellow) represent hard domains and
the darker regions (brown) the soft segment—rich matrix. The hard
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Fig. 1. Chemical structures of the components of the PDMS-based polyurethanes.
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Fig. 2. Representative AFM tapping mode phase images of PDMS-PU surfaces (10 035 and 10 052 at rg, = 0.3). Scan size = 500 nm x 500 nm, scale = 20°.

domains are dispersed and are ~10 nm in diameter, and we do not
observe any measurable differences between the morphologies of
the various PDMS-based PUs under investigation here. One general
finding is that as hard segment content increases, there is greater
contrast between the microphases, but degrees of hard—soft
segment demixing cannot be addressed from these images. The
phase images of 10026—10052 also demonstrate that the hard
domains are not very elongated [20,21,26], similar to our previous
observations on other PDMS-based PUs [20,26], but in contrast to
some other tapping mode AFM investigations of polyurethanes or
poly(urethaneurea)s in which highly elongated or even continuous
hard phases have been reported [27—29].

3.2. Hydrogen bonding from FTIR spectroscopy

Transmission FTIR spectroscopy was conducted on the
10026—10052 copolymers to investigate local hard segment orga-
nization by analyzing the state of hydrogen bonding of the urethane
carbonyl groups. Since hydrogen bonds can only form in these
copolymers between urethane carbonyls and N—H groups in other
hard segments, a larger fraction of hydrogen-bonded carbonyls is
expected to correlate with increasing hard segment segregation into
hard domains [29,30]. All spectra were normalized by hard segment
content by using the absorbance of the 3325 cm™! N—H band (As3;5).
Each spectrum is then divided by As3,5 and scaled by hard segment
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Fig. 3. FTIR spectra in the C=0 stretching region from 1660 to 1780 cm™': (i) 10026;
(®)10028; () 10030; (W) 10035; (#) 10040; () 10045; (p) 10052. The spectra in
this figure are scaled relative to the N—H absorbance at 3325 cm~! and hard segment
content of the copolymers.

content. With this normalization, the fraction of H-bonding among
the copolymers can be readily compared.

The carbonyl regions of the FTIR spectra (1650—1780 cm™!) of
the 10026—10052 copolymers are displayed in Fig. 3. As established
in previous studies [20,31], there are three bands in this region:
assigned to strongly hydrogen-bonded carbonyl groups near
1703 cm~!, loosely bonded hydrogen-bonded carbonyls near
1714 cm~! and free (non-hydrogen-bonded) carbonyl groups near
1737 cm . This spectral region was fit with three Gaussian—
Lorentzian functions, and an iterative least-squares program was
used to obtain the best fit of the experimental data by varying the
frequency, width at half height and intensity of the three bands. The
curve resolving results for the relative fractions of the three C=0
environments are summarized in Table 1. The fraction of strongly
H-bonded carbonyls increases significantly with increasing hard
segment content. At the same time, the fractions of free carbonyls
decrease significantly and the loosely bonded C=0s exhibit a small
decrease with increasing hard segment content. This behavior is
indicative of a considerable decrease in unlike segment mixing: the
longer hard segment sequences in the higher hard segment content
copolymers (formed due to the statistical nature of the polymeri-
zation) are less soluble with the ether end group segments of the
soft segments (see Section 3.3.2), and are more strongly segregated
as copolymer hard segment content increases. Although these
findings are entirely consistent with the degrees of phase separa-
tion derived from SAXS experiments (see Section 3.4), we do not
quantitatively compare the values from SAXS and FTIR: as noted
earlier, the films used in our FTIR experiments were redissolved
versions of the as-prepared films used in the remainder of our
experiments. They are relatively thin and although were nominally
provided with the same thermal history as the as-prepared films,
their behavior may not be completely representative of the as-
prepared materials.

Table 1
Curve fitting results in the carbonyl region of the FTIR spectra of 10026—10052.

Fraction of C=0 groups

1737 cm™! 1714 cm™! 1703 cm™!
10026 0.36 0.17 0.47
10028 0.32 0.13 0.55
10030 0.29 0.15 0.57
10035 0.28 0.13 0.59
10040 0.19 0.14 0.67
10045 0.18 0.14 0.68
10052 0.18 0.12 0.70
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3.3. Phase transitions and crystallinity

3.3.1. Wide-angle X-ray diffraction

X-ray diffraction profiles of the various copolymers are dis-
played in Fig. 4. For all copolymers we observe two amorphous
halos: at 26 = 12° arising from phase-separated PDMS segments
and at 20 = 20° arising from non-PDMS segments [19,20]. In our
earlier work on PDMS-based PUs there was no evidence of hard
segment crystallinity from WAXD experiments, regardless of hard
segment content [30,32]. However, the diffraction profiles of
10 040, 10 045 and 10 052 exhibit weak diffraction peaks at 19° and
22.5° 20, corresponding to lattice spacings of 4.67 A and 3.95 A,
respectively, in good agreement with the diffraction from
MDI-BDO crystals [32,33]. The crystallinity of the current copoly-
mers is clearly facilitated by the strong segregation between PDMS
and MDI-BDO segments.

3.3.2. DMA

In Fig. 5, the storage moduli and mechanical tan ¢ for the
10026—10052 copolymers are presented. Storage moduli (Fig. 5(a))
increase with increasing hard segment content in the temperature
range from —80 to —20 °C (i.e., at temperatures above the « relax-
ation of the PDMS phase). For all copolymers, the modulus
decreases dramatically after passing through a second dynamic
relaxation, T,, the origin of which is discussed below.

The dynamic relaxations are more evident in the tan ¢ plots in
Fig. 5(b). The lowest temperature process, Ty1, arises from a phase
composed predominately (or perhaps completely) of PDMS
segments. The temperature location of oy does not change signifi-
cantly with copolymer composition and the relaxation strength
decreases with increasing hard segment content, as expected due
to the reduced concentration of PDMS in the copolymers. Even
though the degree of polymerization of the dimethylsiloxane units
in the a,w-bis(6-hydroxyethoxypropyl) PDMS is relatively small
(~11 dimethylsiloxane repeat units), the strong chemical dissimi-
larity between the PDMS segments and the remainder of the
segments in the copolymers drives segment demixing. In contrast
to the PU copolymers investigated by Sheth et al. [34], the 950 g/
mol PDMS segments in the present work are strongly segregated
from the other components.

Intensity (counts)

10026 |

2 theta

Fig. 4. WAXD patterns for 10026 (bottom) through 10052 (top) displaying two
amorphous halos for PDMS segments and non-PDMS segments, and weak halos from
crystallinity of PUs with high hard segment concentration.
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Fig. 5. (a) DMA storage modulus vs. temperature at 1 Hz and (b) the corresponding
tan d plot illustrating dynamic relaxation of microphase separated microstructure: (Ji)
10026; (@) 10028; (4) 10030; (W) 10035; (@) 10040; («) 10045; (p» ) 10052.

T,» has been shown previously to be associated with the
segmental relaxation of a mixed soft phase consisting of PDMS end
group segments and some dissolved hard segments [19,20]. [The
a,w-hydroxy-terminated PDMS macrodiol used in our experiments
itself exhibits two Tgs, with the ether end group segments dis-
playing a T ~ —8 °C[20]] The temperature of o, relaxation
increases from 0 to 50 °C with increasing copolymer hard segment
content, while the strength of the relaxation decreases. The
reduced o, relaxation strength arises from fewer ether end group
segments available to participate in the mixed phase, as well as
a smaller fraction of hard segments involved in the mixed phase.
The latter arises because the average hard segment length in these
copolymers increases with hard segment content [21] [for
example, the fraction of ‘lone’ (single) MDIs between adjacent soft
segments, relative to the total number of segments, decreases
from 0.54 for 10026 to 0.04 for 10052.] and longer hard segments
are less soluble with ether end group segments from an entropy of
mixing standpoint. The precise origin of the increase in T, as hard
segment content increases is less clear, since the fraction of hard
segments in solution with the ether end group segments is
unknown. As hard segment content increases, PDMS ether end
group segments have a higher probability of attachment to longer
hard segments, which in turn are more likely to reside in immo-
bile hard domains, resulting in restricted end group segment
mobility. Finally, a hard domain o relaxation is not observed in our
experiments due to their termination at ~75 °C and below, due to
their lack of overall stiffness.
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3.3.3. DSC

DSC traces for segmented PU copolymers are well known to be
rather complex, and there has been continued discussion
throughout the past decades regarding the origin of the various
thermal events observed [13,30,35—38]. Fig. 6 displays the DSC
thermograms from the first heating of the ethoxypropyl PDMS
copolymers having the same thermal history as the specimens
explored in our other experiments. A Ty is observed below room
temperature, increasing in temperature (from —15 to 18 °C) and
decreasing in magnitude with increasing hard segment content. This
is consistent with a similar change in T, in the DMA experiments
and so clearly corresponds to the T of the mixed phase. The T of the
siloxane phase (—105 °C) [20] was not detected in these DSC
measurements due to the lower limit of the testing temperature.

Two relatively small thermal events are observed in the
50—120 °C temperature range. The lower T process resides at
~60 °Cregardless of copolymer composition, while that at higher T
occurs near 80 °C for 10026, perhaps increases in temperature
slightly through 10045, and is observed at ~ 110 °C for 10052. The T
of the high molecular weight MDI—-BDO polymer is 110 °C [39] but
hard segment sequence lengths in our ethoxypropyl PDMS copol-
ymers are generally rather short due to the statistical nature of the
polymerization, and T; is well known to be a function of molecular
weight, particularly at low degrees of polymerization. It stands to
reason then that one of the events in this temperature range is
associated with the hard domain Tg. Although both events appear as
peaks as opposed to a simple change in heat capacity, it is well
known that endotherms can accompany the heat capacity change
at T of polymer glasses, arising from excess enthalpy contributions
[40]. Our earlier SAXS temperature studies of ethoxypropyl PDMS
soft segment PUs containing 20% PHMO [41] and similar prelimi-
nary experiments on 10040 [42], demonstrate that the SAXS
invariant begins to gradually decrease above ~ 80 °C for both 40 wt
% hard segment copolymers. For significant dissolution of the hard
domains to proceed (see below), hard segments in hard domains
must have sufficient mobility. Consequently, the transition at 80 °C
is assigned to the T of the hard domains. The slight increase in hard
domain Ty with increasing copolymer hard segment content is
consistent with the longer mean hard segment lengths, but the

origin of the abrupt increase for 10052 is unclear. Nevertheless, the
process near 110 °C for 10052 remains in the feasible range of hard
domain Tg.

What then is the origin of the process at ~60 °C? Recall that all
samples were annealed at 55 °C for 16—18 h and further annealed
under vacuum at 40 °C for another 24 h prior to DSC experiments,
and it seems likely that the 60 °C endotherm is associated with this
thermal history. An endotherm in this temperature range has been
observed for other PU copolymers and been proposed to arise from
ordering of ‘lone’ MDIs [13]. However, it is unclear what the driving
force for such a process would be, particularly since ‘lone’ MDIs are
dispersed in the mixed phase. Another proposal is that this process
is associated with the disruption of domains with limited short-
range order [36]. This assignment is generally supported but our
recent temperature dependent SAXS measurements of ethoxy-
propyl PDMS soft segment PUs containing 20% PHMO, for which
a small increase in mean interdomain spacing occurs in this
temperature range [41].

A third endotherm first appears as a shoulder near 100 °C for
10026, and moves progressively to higher temperatures with
increasing hard segment content. Since only 10040—10052 display
crystallinity, this endotherm is not associated with crystal melting.
A more likely explanation is that this transition is associated with
microphase mixing (i.e., dissolution of hard domains with the other
segments). In the preliminary temperature dependent SAXS
experiments on 10040 alluded to earlier, we observed that the SAXS
scattering maximum due to microphase separation disappeared
around 180—200 °C [42], near the conclusion of 10040’s higher
temperature endotherm (although crystal melting is superimposed
for 10040—10052, see below). This behavior is quite similar to that of
a related PDMS-based copolymer investigated in one of our earlier
publications [26]. Even though PDMS segments are strongly
segregated at lower temperatures (driven by the chemical dissim-
ilarity of the PDMS and hard segments as well as inter hard segment
H-bonding), entropy of mixing dominates at elevated temperatures
over unfavorable enthalpic contributions and equation of state
effects, the former favored at higher temperatures since the PDMS
and mean hard segment sequence lengths are relatively short. As we
established in similar temperature dependent SAXS experiments,

S— ——

10030

200

Temperature (°C)

Fig. 6. DSC thermograms of PDMS-PU copolymers from first heating showing the glass transition temperatures and microphase mixing temperatures.
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microphase mixing logically takes places at lower temperatures for
lower hard segment content copolymers due to lower mean hard
segment length. For example, the conclusion of the mixing process
for ethoxypropyl PDMS soft segment PUs containing 20% PHMO
varies significantly: from ~120 °C to ~ 200 °C for copolymers
having 30—52 wt% hard segments [42]. By analogy, we therefore
propose that the third DSC endotherm in the copolymers under
investigation here arises from hard domain (segment) mixing with
the other components.

Finally, as noted earlier in Section 3.3.1, copolymers
10040—10052 exhibit some hard domain crystallinity. This is in
keeping with the observation of a fourth endotherm for 10040 (a
shoulder appearing ~ 180 °C), which moves to progressively higher
temperatures for 10045 and 10052.

3.4. Degrees of unlike segment demixing

The background corrected SAXS scattering patterns of
10026—10052 are displayed in Fig. 7 in a plot of scattering intensity
(I(g)) against scattering vector (q). The peak maxima (gmax) are
related to the mean spacing between hard domains (d),
d = 27/qmax and these are summarized in Table 2. For traditional
two phase PUs, degrees of microphase separation can be deter-
mined from the ratio of the experimentally measured electron
density variance (related to the total scattering intensity in absolute
units) to the theoretical electron density variance (i.e., calculated
for the hypothetical case of complete phase separation) [An%/AnZ]
[43,44]. The experimental electron density variance (An?’) is
determined from the background corrected SAXS data [20]:

A? = Q = ¢ / {I(q) - Iy(9)}q?dg (1)

where Q is the invariant and the constant c is

1

_ v 24 2 2
€ = T, 1.76 x 10 (mol /em ) 2)

The symbol i, refers to Thompson’s constant for the scattering
from one electron (7.94 x 1072% cm?) and N,y is Avogadro’s
number. The measured electron density variances (An?) are listed
in Table 2. The hypothetical electron density variances for a two
phase system (A7) are calculated assuming complete phase
separation and sharp boundaries between hard and soft segment
domains, and is defined as [45]:
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Fig. 7. Background corrected SAXS intensities and the fitting curves (red) by core-shell

model of (M) 10026; (@) 10028; (4) 10030; (W) 10035; (¢) 10040; (<) 10045; (p)
10052. The light gray data points were not included in the fitting.

Table 2

Interdomain spacing, experimental electron density variances (An?'), theoretical
electron density variances (AnZ) for hypothetical complete phase separation, and
degrees of phase separation from 412’ /4nZ in the pseudo two-phase model.

d(nm) ApZ? = cQx103 An2 x 103>  Degree of microphase
(mol e~ /cm3)2 (HS/rest) separation
10026 9.2 0.38 1.86 0.20
10028 8.4 0.61 239 0.26
10030 9.2 1.12 2.84 0.39
10035 8.9 1.67 3.65 0.46
10040 9.5 2.16 419 0.52
10045 9.6 2.09 4.60 0.45
10052 113 3.10 4.75 0.65
Ane = Pnsss(Mns — 7755)2 = Ons(1 — Pns) (s — nss)z (3)

where ¢ps and ¢ssare the volume fractions of hard segments and
soft segments in hypothetical completely phase-separated copol-
ymers, respectively, and nps and 7 are the electron densities of
completely segregated hard and soft phases, respectively. In all of
our calculations of the hypothetical “completely demixed” cases,
we assume that only ‘lone’ MDIs (i.e., one MDI without BDO chain
extender) are dissolved in the ether mixed phase, and longer hard
segments are involved only in the hard phase.

The three phase copolymers under investigation present a more
complex scenario than the traditional two phase case. As we have
done in earlier investigations on related PDMS-based PUs, we apply
two models for the analysis of the experimental SAXS data:
a pseudo two-phase approach [46,47] and a core-shell (Yarusso—
Cooper) model [48—50].

3.4.1. Pseudo two-phase model

As noted above, the copolymers under consideration here
consist of a unique three phase microstructure: a PDMS phase, hard
domains composed of hard segments, and a mixed phase of PDMS
ether end group segments and some dissolved hard segments. In
this first approach, we simplify the estimation of the theoretical
electron density variances of 10026—10052 by using a pseudo two-
phase model. In order to justify applying a pseudo two-phase model
to the copolymers under consideration here, we first calculated the
hypothetical electron density (n;) and the volume fraction (®;) of
the three phases, and compared the average electron density with
that of each phase. The volume fraction of hard segments (obtained
from a group contribution method) and the calculated electron
densities are listed in Table 3, and the calculation details are
described in refs [20,21]. Since the average electron densities (7ayg)
are comparable to the electron densities of the siloxane phase
(nppms), it is a reasonable approximation to consider the PDMS
phase and the mixed phase to be one soft phase for the purposes of
this model. The electron density of this pseudo-mixed soft phase

Table 3

The volume fraction of hard segment (vys,%) from the group contribution method,
theoretical electron densities (; in the unit of (mol e—/cm?)?) and volume fractions
(¢i) for ith phases in the PU copolymers; i = “PDMS” for PDMS only, i = “hs” for hard
segments only, i = “mixed” for PDMS ether end group segments and lone MDIs, and
i = “ps” for the “pseudo soft” phase (i.e., including PDMS, the ether end groups and
lone MDIs).

Vhs NppMs  PpDMs  Mhs Phs Mmixed  Pmixed Navg MNps
(%)

10026 20.0 0.569 0.619 0.735 0.095 0.638 0.264 0.590 0.588
10028 21.7 0.569 0.604 0.735 0.126 0.639 0.242 0.591 0.587
10030 234 0.569 0.589 0.734 0.154 0640 0.223 0.591 0.586
10035 27.7 0.569 0.551 0.732 0.216 0.642 0.187 0.592 0.585
10040 322 0.569 0.513 0.730 0.272 0643 0.159 0.593 0.584
10045 36.8 0.569 0473 0.729 0.323 0645 0.139 0595 0.584

10052 436 0.569 0417 0725 0390 0.647 0.116 0.595 0.584
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(including PDMS segments, ether end group segments and lone
MDIs) is designated as 7ps in Table 3. The hard domains (composed
only of hard segments) and a soft phase containing the remainder of
the segments (+lone MDIs) are the two components considered in
the pseudo two-phase model.

Applying this model to the ethoxypropyl PDMS soft segment
copolymers, the degrees of phase separation indicate what fraction
of hard segments are not mixed in the pseudo-mixed soft phase, with
the remainder residing in the pseudo soft phase. As displayed in
Table 2, the degrees of phase separation increase from 0.2 to 0.65 as
copolymer hard segment content increases, in keeping with the
general findings from FTIR experiments. The greater the fraction of
hard segments in the copolymers, the longer the average hard
segment length, and the larger the fraction of hard segments that
phase separate together with other hard segments, rather than
mixing with ether end group segments in the soft phase.

3.4.2. Core-shell model

The second model used for analyzing our experimental SAXS
data is the core-shell (Yarusso—Cooper) model, which is a modified
hard-sphere scattering model originally employed to analyze the
scattering from ionomers [51]. We have shown previously that this
model is applicable to similar PU segmented block copolymers
containing PDMS-based soft segments [20,21], and expect it to be
suitable in the present case as well. The schematic representation of
proposed core-shell model is provided in Fig. 8, which displays the
three phase organization of the copolymers under consideration.

The core-shell model is applied by fitting the experimental
scattering curves with [20,50]:

1

8Vea/Vp) & P(2qRca) )

_ 1 An2 V202 (qR,)
@) = Te(@ Vi hni-Vi®™ (@R

where Ie(q) is the intensity scattered by a single electron, V is the
volume of the sample illuminated by the x-ray beam, V) is the
average sample volume per particle, ¢ is a constant ~1,
Vea = 4/3m-R3, of which 2R, is the closest approach distance
between two domains (assumed to be spherical, a good first
approximation considering the AFM images in Fig. 2). The differ-
ence in electron density (A7) between the scattering particles and
the surrounding matrix is determined in the fitting by

Angg =m—m (5)

Phase 1

Fig. 8. Schematic of three phase organization of PDMS-PUs under consideration: Phase
1 = PDMS phase, Phase 2 = hard domains, Phase 3 = mixed phase of PDMS soft
segment ether end group segments and some dissolved hard segments. 2R, = the
closest approach distance between two hard domains and R; = the radius of a hard
domain (scattering particle).

where phase 1 is composed of the siloxane units only (matrix) and
phase 2 consists of the scattering particles (cores), and V; is the
volume of a scattering core [20]. The other terms are defined as
®(x) = 3sinx — xcosx/x3 and V; = 4/3w-R3, where R; (the radius
of a scattering core) is smaller than R,.

The resulting fitted curves (red) are displayed with the experi-
mental SAXS intensities in Fig. 7 [the fitted q range does not include
the low q intensity upturn and the high g region [20]]. Ry, Rca, and V),
in Table 4 were derived from the best fit of the model to the
experimental data, and a nonlinear least-squares regression based
on equation (4) was used to optimize the independent fitting
parameters and generate the best-fit curves displayed in Fig. 7.
Table 4 also lists the calculated differences in electron density,
assuming complete phase separation of hard, siloxane and the
mixed phases. The electron density difference between the siloxane
matrix and the hard domain cores is:

A77hs =Ths — T > (6)

where phase 1 is defined as the siloxane matrix and phase hs
consists of the hard segments only. The difference in electron
density between the siloxane matrix and the shell composed of
PDMS end group segments and lone MDIs is:

ANy = N — M1, (7)

where phase 1 is the siloxane matrix and phase m (for “mixed”) is
composed of the ether end segments of the PDMS soft segments
and lone MDIs. These two values are calculated using the electron
densities in Table 3 and the units are converted from molar quan-
tities (mol-e~/cm?) to atomic units (nm ).

In order to determine mean dimensions of the cores (hard
domains) and shell (the mixed phase) from this model, the electron
density difference (An;) between the scattering particle and the
matrix must be fixed to be the same as the calculated electron
density difference (Anps) between the hard domains and the
siloxane matrix. However, as noted previously [20,26], for PDMS-
based PUs containing more than 40% hard segments, the nonlinear
least-squares regression provides adequate fits only when varying
Anq as a fitting parameter, and when the resulting A7, lies between
Anps as upper limit and Anpy, as lower limit. In the case of varying
Anq, we calculate the contribution of hard segments in the scat-
tering particle (sps), by comparing the fitted electron density
difference (Anq) with the two calculated electron density differ-
ences (Anps and Anp), using:

A771 = ShsAF’Ihs + (1 - Shs)Anm (8)

For ethoxypropyl PDMS soft segment copolymers with hard
segment concentration of 35% and below, although the parameter
sps is essentially fixed as equal to 1 by fixing Anq = Anps, it was

Table 4
Fitting parameters (noted as “fit”) obtained from core-shell model, the calculated
electron density differences, the size of the hard segment (noted as “cal”).

cal cal fit fit fit fit cal

A"]hs Anm Anl Rl Rca Vll)/s Shs

(mm3) (mm3) (mm3) (nm) (nm) (nm)
10026 99.9 41.8 99.9 13 3.5 10.0 1
10028 99.7 424 99.7 14 3.5 9.2 1
10030 99.4 43.0 99.4 1.5 3.5 9.2 1
10035 98.2 442 98.2 1.6 33 9.7 1
10040 96.9 445 84.8 19 3.4 10.2 0.77
10045 96.3 46.1 713 2.0 3.2 9.6 0.50
10052 93.9 46.8 913 23 4.0 124 0.94
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allowed to float in the least-squares fitting routine and returned the
expected value of 1, i.e., scattering particles are composed of only
hard segments. R; was found to increase slightly with copolymer
hard segment content and mean hard domain diameters (2R;) of
3—4 nm were obtained. In all cases, the mean distance between
hard domains is estimated as the cube root of the volume per
scattering particle (V[l,/3) and these fitted distances are close to the
mean interdomain spacing (d) displayed in Table 2.

For ethoxypropyl PDMS copolymers with hard segment
concentrations >40 wt%, An; was allowed to vary for optimal
fitting and the corresponding sps was calculated (Table 4). Anq
values are slightly smaller than Anys, and the scattering contri-
butions of hard segments in 10040, 10045 and 10052 are 0.77,
0.50 and 0.94, respectively. This indicates that some soft
segments of low electron density are perhaps trapped in the hard
domains, and the relative amount of trapped soft segments is
smaller for 10052. These results correspond well with the trend
in the degree of microphase separation of these PUs with high
hard segment content.

4. Summary

Segmented PUs with soft segments derived from o,w-bis(6-
hydroxyethoxypropyl) PDMS macrodiol were synthesized with
varying hard segment contents, in order to investigate the
microstructural organization of these unique copolymers. From
the combined results from AFM, DMA and DSC experiments,
these copolymers, like their mixed soft segment counterparts,
were found to exhibit three microphases: a PDMS phase, hard
domains, and a mixed phase containing PDMS ether end group
segments and some dissolved hard segments. Findings from FTIR
spectroscopy clearly show that the fraction of strongly hydrogen-
bonded carbonyl groups, which arises from hard segment—hard
segment interactions and therefore is a measure of hard segment
segregation, increases with increasing hard segment content in
the copolymers. Two models were applied to experimental SAXS
data in order to additionally investigate degrees of microphase
separation. Analysis with a pseudo two-phase model demon-
strates that a greater fraction of hard segments become involved
in hard domains, rather than being dissolved in the mixed phase,
as hard segment content increases. In addition, using a core-shell
model, we determined the mean size of the hard domain cores to
be 3—4 nm for all copolymers and the interdomain distances
from fitting correspond well with the experimental values. For
ethoxypropyl PDMS copolymers with higher hard segment
contents, the scattering contribution of the hard segments in the
scattering particle was calculated and the trend in the fraction of
hard segments involved in hard domains matches well with the
degree of phase segregation derived from the pseudo two-phase
model. The overall findings from the two SAXS models are in
good qualitative agreement.
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