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ABSTRACT: A fundamental investigation of the influence of novel phosphonium bromide salts within the
polymer main chain (23.75 mol %) of polyurethanes was conducted to elucidate the effect of ionic associations
on hard segment hydrogen bonding. A novel poly(tetramethylene oxide) (PTMO)-based polyurethane containing
a phosphonium diol chain extender was prepared using a conventional prepolymer method. In addition, a
polyurethane containing a 1,4-butanediol chain extender was synthesized for comparison with the thermomechanical
and morphological properties of the phosphonium ion-containing analog. Moreover, the unprecedented comparison
of morphological development in the presence of cationic sites is described herein. Differential scanning calorimetry
(DSC) revealed that phosphonium polyurethane was more crystalline compared to the noncharged analog, and it
was presumed that enhanced hydrogen bonding in the noncharged polyurethane restricted polymer mobility and
reduced PTMO crystallinity. Moreover, FT-IR spectroscopy demonstrated that hydrogen-bonding interactions
were significantly reduced in the presence of phosphonium cations. These results correlated well with tensile
properties, i.e., the noncharged polyurethane offered superior tensile strength compared to phosphonium
polyurethane. X-ray scattering indicated that both polyurethanes were amorphous at room temperature and exhibited
hard segment microphase separation. Upon stretching, the interparticle scattering between the microphase-separated
domains aligned preferentially along the stretching direction. Scanning transmission electron microscopy (STEM)
and energy-dispersive X-ray spectroscopy (EDS) in the STEM indicated that the charged polyurethane exhibited

ionic aggregates that were rich in P and Br.

Introduction

Polyurethanes, which are often segmented block copolymers,
consist of alternating hard and soft segments. The hard segments
arise from reaction of an isocyanate with a low molecular weight
diol chain extender, and the soft segments are typically derived
from a low T, polyol. Polyurethanes are useful thermoplastic
elastomers due to their superior mechanical strength and
elastomeric behavior that are derived from microphase separa-
tion and hydrogen bonding.' Polyurethanes are used in many
applications such as abrasion-resistant components, biomaterials,
durable coatings, and foams.>”® Polyurethane ionomers have
also received attention as high-strength elastomers for biomedi-
cal®'® and conductive polymer''~'* applications. Incorporation
of ions into macromolecular structure causes formation of more
complex morphological features, and ions potentially disrupt
typical microphase separation in common polyurethanes.'> Early
reports of cation-containing polyurethanes typically involved
postpolymerization functionalization to introduce quaternary
ammonium groups.'® '® Anionic polyurethanes, which com-
monly consist of either sulfonate or carboxylate groups in the
hard segment, are typically more prevalent in the literature, and
many researchers have modeled the presence of ionic aggregates
within the microphase-separated polyurethane morphology.'®~2

Dieterich et al. initially reviewed polyurethane ionomers in
1970.'® Polyurethane ionomers continue to receive intense
attention because of the potential synergistic interactions of
hydrophobic soft segments, hydrogen-bonding groups, and ionic
groups. At low ion concentrations incorporation of ionic groups
into polyurethanes leads to water-dispersible products. However,
many factors influence water dispersibility, including ion type,
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counterion, ion concentration, and soft segment composition.24
With increasing attention to more environmentally friendly
chemical syntheses and processing in the absence of volatile
organic compounds (VOCs), ion-containing polyurethanes are
attractive materials because water is the only solvent required
for dispersion.'>> One potential limitation of water-dispersible
polyurethanes is the hydrolytic instability of ester and urethane
functional groups. However, Mequanint et al. determined that
ionic domains “protected” the hydrophobic soft segments from
hydrolytic degradation, depending on the polymer structure.”
Specifically, their group revealed that polyurethanes containing
ionic groups in the soft segment were more hydrolytically stable
in aqueous solutions than analogs with ionic groups in the hard
segment. Typically, water-dispersible polyurethanes contain
either carboxylic acid or tertiary amine groups that are neutral-
ized to their corresponding salts.>*

Polyurethane ionomers offer unique mechanical properties
due to the presence of ionic groups. The location of the ionic
group and the ion content drastically influence the morphological
and mechanical behavior of polyurethane ionomers. In some
cases, ionic groups increase the degree of microphase separation
and increase the tensile performance, but the results are highly
dependent on polymer composition. For example, mechanical
properties are especially dependent on whether the ionic groups
are located in the hard or soft segment. Due to the expected
hydrophilic nature of the ionic domains, water acts as a
plasticizer and significantly influences the mechanical perfor-
mance. Polyurethane ionomer research has expanded greatly in
the past 30 years, and polymer structures are becoming more
sophisticated. For example, Buruiana and co-workers synthe-
sized poly(tetramethylene oxide) (PTMO)-based polyurethanes
that contained a hard segment consisting of a novel, cationic
stilbene diol based on 4-chloromethylphenylcarbamoyloxymethyl-
p-stilbene.**>” Quaternary ammonium groups were also intro-
duced for enhancing water dispersibility, while the stilbene
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group imparted interesting optical properties. Kim et al.
synthesized polyurethane ionomers containing carboxylate ionic
domains in polypropylene glycol soft segments.?® The resulting
polyurethanes possessed increased phase mixing and decreased
solution viscosity and particle size.

The literature on phosphonium halide salt containing polymers
is abundant; however, to our knowledge, researchers have not
reported the synthesis of polyurethanes containing phosphonium
groups in the hard segment. McGrath et al. reported the synthesis
of poly(arylene ether) phosphonium ionomers for high-
performance polymers in a variety of applications including ion-
exchange membranes and conductive polymers.?> However, in
sharp contrast to our work, the phosphonium ionomers were
prepared via reduction of polymeric phosphine oxides to
phosphines in the presence of phenylsilane and subsequently
quaternizing the phosphines with alkyl halides. Other researchers
have reported the synthesis and characterization of phosphonium
elastomers. Parent et al. synthesized poly(isobutylene-co-
isoprene) phosphonium and ammonium elastomers that pos-
sessed dynamic mechanical behavior properties similar to ZnO-
cured brominated poly(isobutylene-co-isoprene).*® The rubbery
plateau modulus was approximately 1 x 10% Pa, and the T,
values of all elastomers were similar, regardless of preparation.
However, the solution behavior of the ionomers differed greatly
compared to the noncharged elastomer that was covalently cross-
linked with ZnO. The noncharged elastomer had a solution
viscosity behavior that was independent of solvent selection;
however, the influence of solvent polarity was discernible for
the ionomers due to ionic aggregate formation and disruption.
Soutar et al. reported another example of polyolefin-based
elastomers that contained ionic groups. Living anionic polym-
erization techniques were used to prepare telechelic, phospho-
nium salt poly(butadiene)s with high 1,4-content. A temperature
dependence of the ionic aggregate interactions was observed
with dynamic mechanical thermal analysis, and the ionic
aggregagels dissociated at temperatures ranging from 70 to
120 °C.-

Previous work in our laboratories has focused on the
structure—property relationships of linear and highly branched
polyurethanes using a variety of soft segments, including
poly(propylene glycol) (PPG) and poly(tetramethylene oxide)
(PTMO)."*2738 Oligomeric A, + B3 methodology was used to
prepare branched polyurethanes, resulting in microphase-
separated, low T, segmented block polymers with excellent
strain-hardening properties.' Recently, we demonstrated the
synthesis of completely amorphous, highly branched poly(ca-
prolactone)-based polyurethanes and poly(urethane urea)s that
possessed dynamic mechanical behavior similar to a linear
analog without difficulties attributed to the semicrystalline nature
of poly(caprolactone).**** In addition to highly branched and
linear polyurethanes, we also prepared cross-linked Michael
networks containing urethane functionality and investigated the
effect of urethane sites on the thermomechanical performance.
In particular, we ascertained the influence of polymer networks
containing urethane linkages on the mechanical performance
of poly(propylene glycol) (PPG)-based networks prepared via
the carbon Michael addition reaction using acrylate and ac-
etoacetate functionalities.*' Urethane linkages improved the
mechanical performance compared to non-hydrogen-bond-
containing cross-linked networks, and synergistic effects were
observed when the cross-link density was decreased while
incorporating urethane segments. Previously, we also reported
the influence of hydrogen bonding in photocross-linked star-
shaped poly(D,L-lactide) (PDLLA) polymers that contained
either methacrylate or urethane methacrylate functional groups
on the periphery.**** Both networks were highly cross-linked
(>99%), but the tensile properties of the urethane methacrylate
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PDLLA networks were superior compared to the methacrylate
PDLLA networks. The resulting PDLLA networks were prom-
ising high-performance bioadhesives.

Our group has also reported the potential advantages of phos-
phonium-salt-containing polymers. We previously reported the
synthesis of phosphonium-based methacrylic ionomers using
conventional free radical polymerization techniques. The resulting
polymers formed free-standing ductile films, and the ionic interac-
tions influenced the mechanical performance of the ionomer.*
Furthermore, we recently reported the synergy of ionic interactions
and hydrogen bonding where phosphonium salts containing a uracil
hydrogen bond were blended with adenine-containing ABA triblock
copolymers.** Novel adenine-containing triblock polymers were
prepared via nitroxide-mediated polymerization, and these served
as excellent templates for the nanoscale dispersion of uracil-
containing phosphonium salts. Addition of the ionic guest altered
the dynamic mechanical behavior and morphology compared to
the polymer in the absence of the cationic phosphonium salt. It
was concluded that the phosphonium salt was located in the
adenine-containing blocks. X-ray scattering indicated a change in
morphology from cylindrical to lamellar structure as the uracil-
containing phosphonium salt was incorporated. '"H NMR spec-
troscopy revealed complementary hydrogen bonding in the presence
of the phosphonium salt.

In this work, urethane hydrogen bonding and phosphonium
salt functionality were incorporated into the same polyurethane
to elucidate the fundamental structure—property relationships
of phosphonium-containing polyurethanes. This differs from the
previous work described above, where the ionic group was the
guest molecule and hydrogen bonding was based on more
sophisticated complementary structures. Specifically, the effect
of ionic interactions in a polyurethane hard segment on
morphology and mechanical properties was elucidated using a
variety of complementary analytical techniques. An appropriate
noncharged polyurethane containing only urethane hydrogen-
bonding interactions was prepared for comparison.

Experimental Section

Materials. PTMO oligomer (Terathane, Du Pont) with a number-
average molecular weight of 2000 g/mol and 1,4-butanediol were
purchased from Aldrich and dried in vacuo (0.1 mmHg) at 23 °C
for 24 h prior to use. Bayer kindly provided bis(4-isocyanatocy-
clohexyl)methane (HMDI) with purity greater than 99.5%. Chlo-
roform (CHCls, Fisher Scientific, Optima grade) was distilled from
calcium hydride. Tetrahydrofuran (THF, EMD Science, HPLC
grade), hexanes (Fisher Scientific, HPLC grade), dichloromethane
(Fisher Scientific, HPLC grade), and diethyl ether (Fisher Scientific,
99.9%, anhydrous) were used as received. Dibutyl tin dilaurate
(DBTDL, 99%) was dissolved in THF as a 1 wt % solution. A
mixed solvent recrystallization was used to purify 1,4-bis(diphe-
nylphosphino)butane (Aldrich, 98%) using hexanes and dichlo-
romethane. Recrystallization was performed under nitrogen to
minimize phosphine oxide formation. 3'P NMR spectroscopy
revealed one peak after recrystallization. 2-Bromoethanol (Aldrich,
95%) was distilled prior to use.

Synthesis of Butane-1,4-bis[(2-hydroxyethyl)diphenylphospho-
nium] Bromide Chain Extender. In a two-necked, round-bottomed
flask equipped with a stir bar and condenser 1,4-bis(diphenylphos-
phino)butane (5.694 g, 0.0134 mol) was introduced and purged
under nitrogen. Chloroform (dry, 15 mL) and 2-bromoethanol (2.83
mL, 0.0401 mol) were subsequently syringed into the flask. The
reaction was allowed to proceed at 60 °C for 24 h. The reaction
product was precipitated into diethyl ether twice. The final product
was obtained in 90% yield. '"H NMR (400 MHz, CDsCl;) 6 =
7.56—7.80 (m, 20H), 5.36 (s, 2H), 3.88—3.97 (m, 4H), 3.46 (m,
4H), 3.19 (m, 4H), 1.99 (m, 4H). FAB MS: M + Br = 595.15
(found), molecular weight = 515.25 (calcd). Melting point =
123.8—124.1 °C.
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Scheme 1. Synthesis of Butane-1,4-bis[(2-hydroxyethyl)diphenylphosphonium] Bromide Chain Extender
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Synthesis of Polyurethanes. All reactions were conducted in
three-necked, round-bottomed flasks that were equipped with an
addition funnel, nitrogen inlet, and overhead stirrer. In the first step,
HMDI end-capped PTMO prepolymers were prepared in the
absence of solvent at 80 °C with 1 wt % DBTDL in THF (0.01
mL) as the catalyst." In the second step, the chain extenders (butane-
1,4-bis[(2-hydroxyethyl)diphenylphosphonium] bromide or 1,4-
butanediol) were dissolved in CHCl; (20 wt % solids) and the
polyurethanes prepared via dropwise addition (over 60 min) of the
chain extender solution into the HMDI end-capped PTMO pre-
polymer. Polymerizations were allowed to proceed for 24 h at 80
°C, and the solutions remained homogeneous throughout polym-
erization. The polymer films containing butane diol chain extenders
were optically clear; however, films containing butane-1,4-bis[(2-
hydroxyethyl)diphenylphosphonium] bromide were opaque. Hard
segment content was deduced using the following equation

hard segment content = 100[(HMDI +
chain extender)/(HMDI + chain extender + PTMO)] (1)

Characterization. 'H NMR spectroscopy was utilized to deter-
mine monomer composition in CDCl; at 23 °C with a 400 MHz
Varian UNITY spectrometer. FAB-MS was obtained on a JEOL
HX110 dual-focusing mass spectrometer. A TA Instruments Hi-
Res TGA 2950 with a temperature ramp of 10 °C/min in a nitrogen
atmosphere was used for thermogravimetric analysis (TGA).
Dynamic mechanical analysis (DMA) was conducted on a TA
Instruments Q800 dynamic mechanical analyzer in tension mode
at a frequency of 1 Hz and temperature ramp of 3 °C/min. The
sample was cooled from room temperature to —30 °C prior to
heating. The glass-transition temperature (T) was determined at
the peak of the tan O curve. Differential scanning calorimetry (DSC)
was performed using a TA Instruments Q2000 differential scanning
calorimeter under a nitrogen flow of 50 mL/min. The sample was
first heated from —20 to 200 °C at a heating rate of 10 °C/min and
held for 5 min to erase the thermal history. The cooling rate was
10 °C/min, and a subsequent heating from —130 to 200 °C at a
heating rate of 5 °C/min was conducted. Dogbone-shaped film
specimens, which were cut with a die according to ASTM D3368
specifications, were used for tensile tests performed on a 5500R
Instron universal testing instrument with a cross-head speed of 50
mm/min using manual grips at 23 °C. The extent of hydrogen
bonding of solvent-case films was evaluated using a MIDAC M2004
ATR-FTIR at ambient conditions. The spectra, including the
background scan, were collected at a resolution of 4 cm™!, and
128 scans were averaged. In all characterization methods great care
was used in drying polymer samples before testing.

Morphological analysis was conducted using a variety of
complementary techniques. X-ray scattering was performed on
solvent-cast polyurethane films that were dried in vacuo (0.1 mmHg)
at 60 °C for 24 h to ensure complete removal of CHCl;. The
multiangle X-ray scattering system (MAXS) used Cu X-ray from
a Nonius FR 591 rotating-anode generator operated at 40 kV and
85 mA. The bright, highly collimated beam was obtained via Osmic
Max-Flux optics and pin collimation in an integral vacuum system.
The scattering data were collected using a Bruker Hi-Star multiwire
detector with a sample to detector distance of 7, 11, 54, and 150
cm. The MAXS system provides an uncommonly wide range of
scattering angles that was critical in evaluating the morphology of

these segmented copolymers. The 2-D data reduction and analysis
were performed using Datasqueeze software.*> Scanning transmis-
sion electron microscopy (STEM) specimens were sectioned from
solvent-cast and dried films using a Reichert-Jung ultramicrotome
equipped with a cryo unit operated at —145 °C. Thin sections with
nominal thickness of 50 nm were obtained with a dry diamond
knife and transferred onto copper grids. The grids were stored in a
vacuum desiccator at room temperature prior to imaging. STEM
experiments were performed using a JEOL 2010F field emission
scanning transmission electron microscope equipped with a Gatan
Image Filter (GIF). High-angle annular dark field (HAADF) images
were recorded with a 0.7 nm STEM probe at an accelerating voltage
of 200 keV. X-ray energy-dispersive spectroscopy (EDS) experi-
ments were performed in a JEOL 2010F, which is equipped with
a Princeton Gamma Tech (PGT) X-ray energy-dispersive spec-
trometer and a Bruker digital processing unit. Spectra were acquired
through placement of a stationary 0.7 nm probe at the point of
interest and collecting a spectrum for 60 s. Data analysis was
performed with the ESPRIT EDS Software.

Results and Discussion

A novel phosphonium diol chain extender was prepared from
1,4-bis(diphenylphosphino)butane and bromoethanol, as shown
in Scheme 1. The resulting butane-1,4-bis[(2-hydroxyethyl-
)diphenylphosphonium] bromide salt, which was purified after
several precipitations into diethyl ether, was confirmed with 'H
NMR spectroscopy and FAB-MS. The salt was soluble in a
variety of solvents including chloroform, methanol, and iso-
propanol but was insoluble in water. The salt was not classified
as an ionic liquid since the melting point was above 100 °C
(123.8—124.1 °C).

A novel ion-containing polyurethane was synthesized in a
two-step process using 2000 g/mol PTMO as the soft segment,
butane-1,4-bis[(2-hydroxyethyl)diphenylphosphonium] bromide
as the chain extender, and HMDI as the diisocyanate (Scheme
2). The phosphonium-based polyurethane containing PTMO soft
segments and HMDI was referred to as HMDI-P+(75)-
2KPMTO. The prepolymer method was utilized to synthesize
the novel polyurethane, and the first step involved the conven-
tional preparation of an oligomeric HMDI end-capped PTMO. "
After the reaction was cooled to room temperature, films were
cast directly from the reaction mixture. For comparative
purposes, a noncharged polyurethane containing a 1,4-butanediol
chain extender was synthesized (HMDI-BD(75)-2KPMTO). The
chemical compositions of both the ion-containing and the
noncharged polyurethanes were similar. Each polymer had an
equal concentration of hard segment on a mol % basis and a
similar content on a wt % basis based on eq 1 in the
Experimental Section. These values were calculated based on
the charged amounts of reactants. HMDI-P+(75)-2KPMTO
contained 75 mol % and 37 wt % hard segment, and HMDI-
BD(75)-2KPMTO possessed 75 mol % and 24 wt % hard
segment. Researchers have shown that using 1,4-butanediol as
a chain extender resulted in polyurethanes that possessed
excellent tensile properties and elasticity.® For this reason, 1,4-
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Scheme 2. Synthesis of Phosphonium-Containing Polyurethanes (HMDI-P+(75)-2KPMTO)
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butanediol was utilized as the chain extender in the noncharged
polyurethanes.

The water dispersibility of the ion-containing polyurethane
was examined, and it was found that it was not dispersible in
stirring water, even with heating to 60 °C. There are several
possibilities for this occurrence, including the hydrophobic
nature of PTMO soft segments. Furthermore, the ionic chain
extender contained a substantial amount of hydrocarbon char-
acter, including phenyl rings, so the structure was perhaps too
hydrophobic to promote water dispersibility of the polyurethane.
In addition, since the molecular weight of butane-1,4-bis[(2-
hydroxyethyl)diphenylphosphonium] bromide salt is relatively
high for an ionic chain extender (515.25 g/mol), the ionic content
of the polyurethane is greater than most ion-containing water-
dispersible polyurethanes. For example, Yamada et al. reported
incorporating 3 wt % of an ionic chain extender into water-
dispersible polyurethanes.*® The ionic content (23.75 mol %,
14 wt %) of the phosphonium polyurethane was perhaps too
high, and ionic aggregation in solution prevented dispersion in
water.

The HMDI-P+(75)-2KPMTO polyurethane had a Ty of 280
°C, and the HMDI-BD(75)-2KPMTO noncharged polyurethane
had a slightly lower T4 of 263 °C according to TGA data. The
difference in the thermal stabilities was considered insignificant
since the error in TGA is approximately 2%, and the thermal
stability difference between the two types of polyurethanes was
only 17 °C.

DSC provided interesting information about crystallinity
differences between the phosphonium bromide-containing and
noncharged polyurethanes and confirmed many of the DMA
results described below. Both DSC traces (Figure 1) are from
the second heat in order to minimize effects of thermal history.

0.2
0.1 4
HMDI-P+(75)-2KPMTO
0 - T,=-79°C
/ T.=-35°C
T,=14°C

/
-0.2 4 HMDI-BD(75)-2KPMTO
T,=-78 °C

=

Heat Flow (W/g)
=)
1

-125 =75 -25 25 75 125
Temperature (°C)

Figure 1. DSC traces for HMDI-P+(75)-2KPMTO (light gray) and
HMDI-BD(75)-2KPMTO (black). Conditions: 5 °C/min, second
heat.

The phosphonium polyurethane possessed crystallinity, and T,
T., and T, were observed at —79, —35, and 14 °C, respectively.
Conversely, only a T, at —78 °C was observed for the
noncharged polyurethane. On the basis of this observation it
appeared that hydrogen bonding restricted the mobility of the
polymer chain and reduced the crystallinity of PTMO segment
for the noncharged polyurethane. This was in agreement with
Schneider et al., who reported that hydrogen bonding occurred
between ether oxygens within the soft segment and urethane
and urea units and thus hindered crystallization of the soft
segment.*” Moreover, the organic nature and bulkiness of the
ionic groups suggested less dense packing of ionic groups in
the aggregates; thus, the geometric constraint on the PTMO
segments surrounding the ionic aggregates was much less than
those traditional ionomers with metal cations.

Figure 2 summarizes the comparative dynamic mechanical
behavior of the phosphonium-containing and noncharged poly-
urethanes, HMDI-P+(75)-2KPMTO and HMDI-BD(75)-2KP-
MTO. Both polymers showed similar PTMO soft segment 7,s
with values ranging from —60 to —64 °C. This transition was
higher than pure PTMO (—79 °C), which suggested some phase
mixing. The greater glassy modulus of the phosphonium
polyurethane indicated that the polymer had higher crystallinity,
which was consistent with DSC as described above. This is in
agreement with Wilkes et al., where they reported that the
presence of PTMO crystals increased the glassy modulus.*® A
second transition that caused a decrease in the storage modulus
occurred in the phosphonium-containing polyurethane at 47 °C,
and this was attributed to melting of the crystalline PTMO
segments.*” The same transition occurred in the HMDI-BD(75)-
2KPMTO polyurethane but to a much lesser extent since the
decrease in modulus is very slight. The higher modulus in the

10000
— HMDI-BD(75)-2KPTMO

= 1000+ —HMDI-P+(75)-2KPTMO
&
2
z 100 A
=
]
=
5 10 4
g
<
7]

14

0.1 T T T T T
-150 -100 -50 0 50 100 150

Temperature (°C)

Figure 2. DMA curves demonstrating the transitions of the phospho-
nium-containing (gray line) and noncharged polyurethanes (black line).
Conditions: 3 °C/min, 1 Hz, film tension mode.
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Figure 3. X-ray scattering intensity vs scattering vector (q) plotted in
log—log scale for unstretched PTMO oligomer and unstretched PTMO-
based polyurethane films containing different chain extenders.

rubbery plateau region (30 MPa) for the noncharged polyure-
thane suggested a greater extent of hydrogen bonding*® in
comparison to the phosphonium polyurethane, which had a
lower rubbery plateau modulus (1 MPa). The lower plateau
modulus could also suggest that the phosphonium polyurethane
had a lower entanglement density,”° > which was possibly due
to the presence of bulky aryl groups around the phosphonium
cations. Both polymers possessed similar flow temperatures at
~135 °C and retained a relatively flat rubbery plateau modulus
prior to the onset of flow. It is interesting that both polyurethanes
have similar flow temperatures, which indicated that the ionic
aggregates persist to approximately the same temperature as the
urethane hydrogen bonds.

Figure 3 shows the combined multiangle X-ray scattering data
plotted in log—log scale. PTMO oligomers (M, = 2000 g/mol)
used in the synthesis of the polyurethanes were highly crystal-
line, showing two sharp crystalline reflection peaks at angular
positions of 14 and 17 nm™!, which corresponded to (020) and
(110) peaks of PTMO crystals.”®> The PTMO oligomers also
showed three crystalline lamellae—lamellae peaks at 0.36, 0.78,
and 1.23 nm~! that corresponded to a spacing of 16.3 nm.
PTMO typically crystallizes into a monoclinic crystal structure
with molecular chains having a planar zigzag conformation
along the ¢ axis of the unit cell.”* The length of a fully extended,
crystalline PTMO chain of 2000 g/mol is ~16.8 nm, which is
comparable to the interlamellar spacing measured via X-ray
scattering.

The scattering data of both HMDI-P+(75)-2KPMTO and
HMDI-BD(75)-2KPMTO displayed an amorphous peak at ~14
nm~! arising from PTMO soft segment.”® In addition, both
charged and noncharged polyurethanes also showed a weak
broad peak at ~6 nm~! that was absent in the pure PTMO
oligomer X-ray profile. This broad peak was attributed to the
intramolecular scattering from the diisocyanate hard segments.
The amorphous nature of both the soft and hard segments
detected via X-ray scattering at room temperature was consistent
with DSC results, which showed a T}, of PTMO at 14 °C for
HMDI-P+(75)-2KPMTO and noncrystalline behavior of HMDI-
BD(75)-2KPMTO. The crystallinity of hard segments is highly
dependent on the structure and symmetry of diisocyanate
groups.®® Wilkes et al. previously showed that hard segments
containing a kinked diisocyanate structure or a mixture of
isomers, i.e., HMDI in this case, which are less able to form
ordered crystalline structures,’® as observed herein.

In addition to the two higher angle peaks, HMDI-BD(75)-
2KPMTO also demonstrated a well-defined scattering peak at an
angular position of ~0.49 nm™!, indicating microphase separation.
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This scattering peak was believed to arise from the interparticle
scattering of hard domains with an average interdomain spacing
of ~12.8 nm in HMDI-BD(75)-2KPMTO. Others observed the
incompatibility between soft and hard segments resulting in the
formation of microphase-separated structures in various segmented
polyurethane elastomers.**>>~>® Small-angle X-ray scattering data
also revealed a broad peak for HMDI-P+(75)-2KPMTO at a
lower angle relative to the noncharged polyurethane, and this
peak was less distinct due to the overlap with the small-angle
upturn. The degree of microphase separation is highly dependent
on the chemical composition. The HMDI-BD(75)-2KPMTO
polyurethane did not possess bulky ionic groups in the middle
of the urethane hard segments and thus had better packing of
the hard segments to form well-defined microphase-separated
domains. For the polyurethane-containing ionic groups there
were two driving forces for microphase separation, namely,
hydrogen-bonding interactions and ionic interactions. Additional
experiments described below were conducted to clarify the
morphology of the materials.

Scanning transmission electron microscopy (STEM) was applied
to directly image the nanoscale morphology of HMDI-P+(75)-
2KPMTO. The high-angle annular dark-field (HAADF) STEM
image of HMDI-P+(75)-2KPMTO (Figure 4a) showed bright,
circular ion-rich regions dispersed in dark, hydrocarbon-rich
matrix. The mean diameter of STEM features was 43 & 15 nm
(Figure 4b), which was determined using Gaussian fits to line
scans of intensity on >50 ionic aggregates. The size of ionic
aggregates observed in STEM images was unexpected given
the angular position of the broad X-ray scattering peak (Figure
3), which was ~0.2—0.4 nm~!. It is important to note that
polyurethanes are potentially hydrophilic due to the presence
of hydrogen bonds. Thus, the ultrathin films used for STEM
imaging might have absorbed water after cryo-microtomy during
grid transfer in ambient conditions. Any moisture would be
difficult to remove under room temperature vacuum in the
microscope. However, TGA analysis confirmed that our drying
conditions adequately removed water from the samples within
the error of TGA as discussed above. It is not expected that an
organic cation, especially one with four phenyl rings and an
alkylene spacer, would exhibit significantly more water reten-
tion. The extensive projection overlap in the STEM images and
the diffuse boundary of the bright features also increased the
error during measurement of the feature sizes. These ionic
aggregates in the phosphonium polyurethane were much bigger
than those observed in ion-containing vinyl polymers, such as
poly(styrene-ran-sulfonated styrene) and poly(styrene-ran-meth-
acrylic acid) copolymers neutralized with metal cations.”®
Previous STEM images of those solvent-cast ionomers have
shown monodisperse, spherical ionic aggregates of 1—2 nm in
diameters.’”° The large size of ionic aggregates observed here
might have partially resulted from the bulkiness of the phos-
phonium ions, which each possess two phenyl groups. In
addition, the rigid diisocyanate hard segments adjacent to the
ionic groups may also participate in the observed ion-rich
aggregates.

Energy-dispersive X-ray spectroscopy (EDS) was used to
determine the elemental composition of ionic aggregates during
STEM imaging (Figure 5). The spectra were collected by placing
a focused electron beam of 0.7 nm diameter on bright and dark
regions in the same field of view at high magnification to ensure
similar thickness of the two locations. EDS results indicated
that the bright, ion-rich region contained more Br and P elements
in comparison to the matrix. A small amount of Br, P, and O
elements were also detected in the dark matrix region. However,
a definite conclusion was not made about whether there were
any ionic groups dispersed in the matrix exclusively based on
the EDS results due to the limited lateral resolution of EDS.
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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.
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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.

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™! (Figure
6a), which were the same as the crystalline reflection peaks of
PTMO oligomers. Strain-introduced crystallization has been
observed in various polymers.®' "% 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™! (Figure 6b), indicating align-
ment of the hard segment along the stretching direction. As
shown previously in Figure 3, this peak at 6 nm~! was absent
inthe PTMO oligomers. It was attributed to the urethane—urethane
spacing along the backbone (Figure 6d). The peak position of
6 nm™~! 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.®* Stretching also introduced meridional

d=1.15nm

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™! 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™! that correspond to intramolecular scattering from
hard segment. (c) Small-angle pattern shows meridional reflections at
~0.35 nm™! 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.

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™!, 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
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Figure 7. FT-IR spectroscopy of the NH (left) and C=O (right) region of HMDI-BD(75)-2KPMTO and HMDI-P+(75)-2KPMTO.

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 ™! for noncharged
polyurethanes.®> 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.®~®® 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™!. The peak at 1716 cm™! was attributed to free
carbonyl groups, and the peak at 1686 cm™! 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™!. 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
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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.

confirmed previously with X-ray scattering (Figure 6a) and due
to the recognized strain-induced crystallization of PTMO.*8-67:8
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,*® 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
T. (=30 °C) and a T, (14 °C). At room temperature, X-ray
scattering of both polyurethanes indicated that they were amorphous
with scattering features corresponding to interparticle scattering
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between microphase-separated hard domains (~0.2—0.5 nm™1),
intramolecular scattering from hard segments (~6 nm™'), and
intermolecular amorphous scattering at ~14 nm~!. 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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