










To further refine the morphological description of the
polyurethanes, the HMDI-BD(75)-2KPMTO film was stretched
to ∼600% strain at room temperature using a tensile testing
instrument and studied via X-ray scattering in the stretched state.
The 2-D wide-angle scattering pattern showed two equatorial
scattering peaks at angular positions of 14 and 17 nm-1 (Figure
6a), which were the same as the crystalline reflection peaks of
PTMO oligomers. Strain-introduced crystallization has been
observed in various polymers.61-63 Uniaxial stretching aligned
the soft segment of the polymer backbone along the drawing
direction, which effectively reduced the entropy of the polymer
chain and promoted crystallization of the PTMO segment at
room temperature. Furthermore, at high strain of 600% the
intramolecular hydrogen bonding that restricted the mobility of
PTMO segments was broken, thereby rendering more freedom
for PTMO chain to reorganize into crystalline structures.
Moreover, the 2-D wide-angle scattering pattern revealed weak
meridional reflections at 6 nm-1 (Figure 6b), indicating align-
ment of the hard segment along the stretching direction. As
shown previously in Figure 3, this peak at 6 nm-1 was absent
in thePTMOoligomers. Itwasattributed to theurethane-urethane
spacing along the backbone (Figure 6d). The peak position of
6 nm-1 corresponded to a real-space distance of 1.05 nm. The
intramolecular distance between the two urethane groups was
estimated to be 1.15 nm.64 Stretching also introduced meridional

scattering in the 2-D small-angle scattering pattern (Figure 6c),
indicating that the orientation of the interparticle scattering
between the microphase-separated hard domains was parallel
to the stretching direction. Compared to the unstretched HMDI-
BD(75)-2KPMTO, the peak position in the stretched film shifted
from 0.49 to 0.35 nm-1, signifying a larger spacing between
the microphase-separated domains due to elongation of PTMO
soft segments. Thus, uniaxial stretching altered the morphology
in ways that were consistent with the proposed peak assign-
ments. The intermolecular crystalline scattering signified PTMO
chains crystallizing along the stretching direction. The intramo-
lecular scattering from the hard segment also showed the
alignment of hard segments along the stretching direction, and
the interparticle scattering from the domains indicated that the

Figure 4. (a) HAADF STEM image of phosphonium polyurethane showed bright, spherical ion-rich regions dispersed in the dark, hydrocarbon-
rich matrix. (b) Fitting the intensity profile across an isolated ionic aggregate with a Gaussian function provided the diameter of a STEM feature.

Figure 5. Spot EDS intensities taken from phosphonium polyurethane
ultrathin films during STEM imaging with a stationary 0.7 nm probe
placed on bright and dark regions in the specimen. The quantity of Br
and P is greater in the bright ion-rich domains.

Figure 6. 2-D X-ray scattering patterns of the stretched HMDI-BD(75)-
2KPMTO films at 600% strain. (a) Wide-angle pattern shows two
equatorial scattering peaks at angular positions of 14 and 17 nm-1 that
correspond to PTMO crystallization. (b) Same wide-angle pattern as
in part a but in a different color scale to show the weak meridional
reflections at 6 nm-1 that correspond to intramolecular scattering from
hard segment. (c) Small-angle pattern shows meridional reflections at
∼0.35 nm-1 that correspond to interparticle scattering from microphase-
separated hard domains. The blue arrow indicates the stretching
direction. (d) Chemical structure of the urethane segment in HMDI-
BD(75)-2KPMTO.
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alignment of the microphase-separated domains was parallel to
the stretching direction.

FT-IR spectroscopy was utilized to observe the extent of
hydrogen bonding in both polyurethanes (Figure 7). Wilkes et al.
demonstrated FT-IR spectroscopy was a simple and efficient
means to determine the extent of hydrogen bonding in the
carbonyl absorbing region of 1610-1760 cm-1 for noncharged
polyurethanes.65 Specifically, they confirmed that there are
distinct peaks in the carbonyl region that are attributed to
hydrogen-bond interactions for carbonyl groups. Non-hydrogen-
bonded carbonyls have a peak at higher wavenumbers than
hydrogen-bonded carbonyls. Furthermore, Wu et al. investigated
the extent of hydrogen bonding in Nylon-6,6 in the presence of
lithium salts.66-68 They determined that the NH peak in the
FT-IR spectrum narrows as the extent of hydrogen bonding
increased. In the case of HMDI-BD(75)-2KPMTO and HMDI-
P+(75)-2KPMTO, FT-IR spectroscopy was a very powerful tool
to examine the extent of hydrogen bonding. As shown in Figure
7, the NH region is distinctly sharper for HMDI-BD(75)-
2KPMTO than HMDI-P+(75)-2KPMTO. In addition, the car-
bonyl region of HMDI-BD(75)-2KPMTO had two peaks at 1716
and 1686 cm-1. The peak at 1716 cm-1 was attributed to free
carbonyl groups, and the peak at 1686 cm-1 was attributed to
carbonyls that participated in hydrogen bonding. Clearly, a lack
of hydrogen bonding was demonstrated for HMDI-P+(75)-
2KPMTO, as evidenced with the absence of a peak in the
hydrogen-bond carbonyl region at 1686 cm-1. This demonstrated
that the hydrogen-bonding interactions were significantly re-
duced due to the presence of ionic groups. As a result, ionic
interactions were the primary driving force for microphase
separation in the phosphonium polyurethane. Furthermore, this
finding supported the tensile property results that are described
below.

Representative stress-strain curves for both the phosphonium-
containing and noncharged polyurethanes are shown in Figure 8.
The charged and noncharged polyurethanes had comparable
maximum elongation, which were 1330 ( 63% and 1170 (
180%, respectively. The tensile stress at break was slightly
higher for noncharged polyurethane (24.0 ( 1.2 MPa) compar-
ing to HMDI-P+(75)-2KPMTO polyurethane (19.2 ( 1.1 MPa).
It is important to note that all polyurethanes displayed excellent
recovery after elongation. However, the presence of ionic groups
disrupted hydrogen bonding and resulted in the slightly lower
tensile performance of the phosphonium polyurethanes in
comparison to the noncharged polymers. Interestingly, the tensile
behavior after ∼200% elongation was quite different as the
HMDI-BD(75)-2KPMTO polyurethane displayed pronounced
strain hardening behavior. The strain-induced crystallization was

confirmed previously with X-ray scattering (Figure 6a) and due
to the recognized strain-induced crystallization of PTMO.48,67,68

In addition, during uniaxial stretching it was speculated that
the intramolecular hydrogen bonding between the ether oxygen
in PTMO segments and the urethane group was broken and
replaced with intermolecular hydrogen bonds,69 which also
increased the number of physical cross-links and resulted in
the straining-hardening behavior. In contrast, the presence of
disruptive ionic groups prevented an upturn in modulus for the
phosphonium polyurethane. Repeated tensile experiments of the
HMDI-P+(75)-2KPMTO polyurethane resulted in the reproduc-
ible behavior as shown in Figure 8.

Conclusions

A novel phosphonium-containing polyurethane was synthesized
using a prepolymer method and characterized using a variety of
methods. For comparative purposes, a polyurethane containing 1,4-
butanediol as the chain extender was also synthesized. The
noncharged PTMO-based polyurethane had hydrogen bonding as
evident by FT-IR spectroscopy, while secondary bonding in the
ion-containing polyurethane was dominated by the ionic interac-
tions. Hydrogen-bonding interactions in HMDI-BD(75)-2KPMTO
reduced chain mobility and crystallinity of the PTMO segment.
DSC detected crystallization in HMDI-P+(75)-2KPMTO with a
Tc (-30 °C) and a Tm (14 °C). At room temperature, X-ray
scattering of both polyurethanes indicated that they were amorphous
with scattering features corresponding to interparticle scattering

Figure 7. FT-IR spectroscopy of the NH (left) and CdO (right) region of HMDI-BD(75)-2KPMTO and HMDI-P+(75)-2KPMTO.

Figure 8. Comparison of the stress-strain behavior of linear, segmented,
ion-containing polyurethane elastomer compared to the noncharged poly-
urethane: (A) HMDI-BD(75)-2KPMTO and (B) HMDI-P+(75)-2KPMTO.
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between microphase-separated hard domains (∼0.2-0.5 nm-1),
intramolecular scattering from hard segments (∼6 nm-1), and
intermolecular amorphous scattering at ∼14 nm-1. For the ion-
containing polyurethane, STEM imaging confirmed the presence
of ionic aggregates that were enriched with Br and P, although the
observed size of aggregates was surprisingly large, perhaps due to
their hydrophilic nature. X-ray scattering on stretched films verified
the assignments of scattering peaks and detected strain-induced
crystallization. Strain-induced crystallization was also observed in
tensile testing, wherein HMDI-BD(75)-2KPMTO had an upturn
in modulus at the high strain region. Both charged and noncharged
polyurethanes exhibited excellent elasticity, high strain to break
(>1100%), and high tensile strengths (>19 MPa). A future study
will investigate the antimicrobial properties of these novel phos-
phonium polyurethanes. Furthermore, this type of phosphonium
diol chain extender opens a wide field of potential research in
polyurethane ionomers.
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