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ABSTRACT. Polyhydroxyurethane (PHU) is of major researchrgge because it is a non-
isocyanate polyurethane-like (NIPU) polymer. Herege demonstrate the ability to tune
nanophase separation in linear, segmented PHU yopod via the soft segment. PHUs were
synthesized from polytetramethylene oxide (PTMQ polybutadiene-co-acrylonitrile (PBN)-
based soft segments, with divinyl benzene dicyclomaate and Dytek-A as hard segment and
chain extender, respectively. These NIPU polymeesewcharacterized by small-angle X-ray
scattering (SAXS), atomic force microscopy (AFMyndmic mechanical analysis (DMA),
differential scanning calorimetry (DSC), Fourieartsform infrared spectroscopy (FTIR) and
tensile testing. SAXS reveals that the NIPUs widt4® wt% hard segment are nanophase
separated with interdomain spacings of 9-16 nm. Di#eals that PTMO-based PHUs have
broad interphases with a range of local compostamd glass transition temperaturggs), with
tand > 0.3 over temperature ranges exceeding 70 °C iadtine In contrast, PBN-based PHUs
have sharper interphases, evidenced by narrow tsaks near soft-segment and hard-segment
Tgs as well as by DSC and AFM data. FTIR shows tmatatio of hydrogen-bonded carbonyl to
free carbonyl is higher in PBN-based PHU than inV®@Fbased PHU, consistent with the
absence and presence of intersegment hydrogenngpimdPBN-based PHU and PTMO-based
PHU, respectively.
Keywords: non-isocyanate polyurethane, polyhydroxyurethanegmented polyurethane,
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nanophase separation.

1. INTRODUCTION

Polyurethane (PU) is an important class of comiyog@oblymer with wide-ranging
applications [1-4]. It is produced from a step-gtioweaction between isocyanates and alcohols
with relatively fast reaction kinetics. There h&eb increasing regulatory scrutiny regarding the
safe use, transport and handling of isocyanateghwias led to investigations into alternative
chemistries to produce PU or PU-like materials aithemploying isocyanates [5-7]. Cyclic
carbonate aminolysis resulting in polyhydroxyureidg@PHU) is a most promising chemistry to
produce non-isocyanate polyurethane-like (NIPU)amalks [8-12]. Although there have been
many studies on single-phase PHUs, cross-linkedRlIdtAction catalysis, and cyclic carbonate
synthesis [8-51], few studies have focused on satgdenanophase-separated PHUs [52-55].

Segmented PU is a class of linear, multiblock typper composed of alternating
sequences of soft and hard blocks. Depending orbliek composition, segmented PU can
exhibit properties ranging from those of soft edastérs to hard plastics while retaining the
processing characteristics of thermoplastics. Th# blocks are typically long, flexible
molecules with a glass transition temperatufg pelow room temperature whereas the hard
blocks, composed of diisocyanate condensed witHl sn@ecule diol, have &4 above room
temperature [56,57]. Segmented PUs typically extdkcellent nanophase separation due to the
incompatibility of soft and hard domains. The hygko bonding between polar urethane units
reinforces the hard domain. Temperature-dependgnandic mechanical studies of many
segmented PUs show two stepwise transitions imgéoomodulusE’) with two distinct peaks in
tand at temperatures related to figs of the soft and hard segments. This behavioonsistent
with features observed in nanostructured block bywpers with a sharp interphase and in
immiscible polymer blends. Varying degrees of ndrasge separation are expected depending
upon the structures of diisocyanate, soft segnaard,chain extender employed in the synthesis

of segmented PU as well as the overall materialposition.



Segmented PHUs with additional primary and secgnldgdroxyl groups adjacent to the
urethane linkages manifest very different nanoplsaparation behavior because of the ability of
hard-segment hydroxyl groups to undergo interseg¢mhégdrogen bonding with hydrogen bond
acceptors in the soft segment [53,54]. Torkelsah @workers recently reported the synthesis
and characterization of segmented PHUs using depelgether-based soft segments [53]. They
showed that the hydroxyl groups caused major phasig in PHUs with polyethylene oxide
(PEO)-based soft segment due to a high degreetese@gmental hydrogen bonding from the
hard-segment hydroxyl groups to ether oxygen insthfé segment. This hydrogen bonding can
be suppressed with polypropylene glycol (PPG)-basatl segments which sterically hinder
access to the oxygen atoms and polytetramethylgitee PTMO)-based soft segments which
dilute the oxygen atom content relative to PEO-Haseft segments. Tunable mechanical
properties can be achieved by the extent to whidersegemental hydrogen bonding is
suppressed. In PTMO-based PHUs, the hydrogen bgndinpartially suppressed but not
eliminated [54]. This results in the formation ohnophase-separated PHU with broad
interphases having a wide range of local composstiand potential application as broad-
temperature-range damping materials [54,58]. Lond aoworkers reported on segmented
poly(amide-hydroxyurethane) systems composed dftalizable hard segments and PTMO-
based soft segments [55]. They observed that phaseg is dominant in nanophase-separated
structures of such segmented PHUs. While the fonggstudies have successfully synthesized
and characterized segmented PHUSs, no study hateyeinstrated the ability to tune nanophase
separation behavior in segmented PHU close tcethed bbtained in segmented PU.

The soft segment plays a critical role in coninglithe degree of nanophase separation in
segmented PUs [59-81]. Among many soft segmentiestupolybutadiene-based soft segments
have been reported to exhibit a very high degre@masfophase separation relative to those
conferred by polyether- and polyester-based saftneats [66-76]. This result can be attributed
to the non-polar nature of and the lack of hydrogend acceptor in polybutadiene-based soft
segments, limiting hydrogen bonding to occur onithim the hard segment. The suppression of
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intersegmental hydrogen bonding produces PU withigh degree of nanophase separation.
Schneider and coworkers studied a segmented Pensystmposed of polybutadiene, toluene
diisocyanate, and chain extenders [67-70]. Théfeintial scanning calorimetry (DSC) results
showed that the soft-segmélitis only slightly elevated from thg, of pure polybutadiene soft-
segment starting material, with its value invarmaath respect to PU hard-segment content. They
attributed this effect to an almost complete seafieg of hard and soft segments [67-70].
Similar observations were made by Boiteux and c&eusrin other polybutadiene-based systems
[71,72]. Chen-Tsai et al. studied several polybigtaelbased PU systems using small-angle X-
ray scattering (SAXS) [73]. They found that polydiene-based segmented PU possesses the
lowest degree of interfacial mixing (highest degofdenanophase separation) as well as the
sharpest domain interphase in comparison with plogye and polyester-based segmented PUSs.
Here, we demonstrate that segmented PHU exhiigitéfisant tunability in nanophase
separation behavior through judicious choice of segment. A series of PHUs were synthesized
using PTMO- and polybutadiene-co-acrylonitrile (PH¥sed soft segments, with the latter
strongly suppressing the potential for hydrogendomg between hard and soft segments relative
to the former. These PHUs were characterized by DBIBC, atomic force microscopy (AFM),
FTIR and tensile testing. All PHUs synthesized Ims tstudy exhibit nanophase-separated
structures in their bulk morphology via SAXS. Th&MO-based PHUs exhibit nanophase
separation behavior characteristic of a materigh Wwroad interphases and thus a wide range of
local compositions whereas the PBN-based PHUs #xhé@mophase separation with sharper
domain interphases characteristic of nanophaseaepa isocyanate-based PUs and
conventional block copolymer. FTIR reveals a higheportion of hydrogen-bonded carbonyl
in PBN-based PHUs than in PTMO-based PHUs, comsigt#gh the absence and presence and
presence of intersegment hydrogen bonding in PB3¢daPHUs and PTMO-based PHUS,
respectively. This study demonstrates that thecehof soft segment can significantly tune the
state of nanophase separation in segmented PHUsme cases resulting properties that are

gualitatively similar to those of nanophase-seatasocyanate-based PUs.



2. EXPERIMENTAL
2.1 Materials

Polybutadiene-co-acrylonitrile with 18 wt% acryioite (Hypro™ 1300X42 ATBN),
subsequently referred to as PBN18, was suppliedErgrald Performance Materials® CVC
Thermoset Specialties. It contains oligomers of eRyh-terminated polybutadiene-co-
acrylonitrile (18 wt% acrylonitrile) withM, = 3800 g/mol and excess Dytek-A. The amine
equivalent weight is 427 g/mol. Polybutadiene-codamitrile with 10 wt% acrylonitrile,
subsequently referred to as PBN10, is an experaheariant of Hypro™ 1300X42 ATBN. It
contains oligomer of Dytek-A-terminated polybutadeco-acrylonitrile (10 wt% acrylonitrile)
with M, = 3800 g/mol and excess Dytek-A. The amine eqaiaieight is 634 g/mol. Diamine-
terminated polytetramethylene oxide wiy = 1700 g/mol (Elastamine HT-1700 or also known
as XTJ-548) was supplied by Huntsman Corporatiod ased as received. Additional 1,5-
diamino-2-methylpentane/Dytek-A (99%) was purchadgezin SigmaAldrich and used as
received. Dimethylformamide (DMF) was purchasedmfrd-isher Scientific and used as
received. Divinylbenzene dicyclocarbonate (DVBD@@s synthesized as described in ref. 53.
2.2 Synthesis of PHUs

All PHUs were synthesized according to Schemehe. faming convention for PHUs in
this study is soft segment-XX, where the soft segrean be PBN18, PBN10, or PTMO and XX
denotes the hard-segment content in the materta¢. Aard-segment content is defined by
[(weight of DVBDCC + weight of chain extender)/(\ybt of DVBDCC + weight of chain
extender + weight of soft segment)] x 100 %. Inypidal synthesis of PBN18-30, 3.0 g of
PBN18 (comprised of 0.70 mmol of Dytek-A-terminatgqublybutadiene-co-acrylonitrile
oligomers and 2.81 mmol Dytek-A), and 0.88 g (31hol) of DVBDCC were combined into a
Max20 cup (FlackTek™). Then, 2.0 mL of DMF were eddo solubilize the mixture and to
bring the concentration of reacting groups to ~OMOThe mixture was homogenized in a
FlackTek SpeedMixer™ for 1.0 min and transferred #0-mL vial where it reacted at 80 °C for
24 h with stirring. In a typical synthesis of PBN30, 3.0 g of PBN10 (comprised of 0.70 mmol
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of Dytek-A-terminated polybutadiene-co-acrylongribligomers and 1.66 mmol of DYTEK-A),
0.88 g (3.51 mmol) of DVBDCC and 0.13 g (1.14 mmaof)Dytek-A were combined into a
Max20 cup. Then, 2.3 mL of DMF were added to sdizdbithe mixture and to bring the
concentration of reacting groups to ~0.50 M. Thetute was homogenized in a FlackTek
SpeedMixer™ for 1.0 min and transferred to a 20anal and let to react at 80 °C for 24 h with
stirring. In a typical synthesis of PTMO-30, 1.5630 mmol) of DVBDCC, 4.37 g (2.77 mmol)
of Elastamine HT-1700, 0.382 g (3.22 mmol of Dyfgkand 3.7 mL of DMF were combined
into a Max20 cup and homogenized. The mixture wassferred to a 20-mL vial where it

reacted at 80 °C for 24 h with stirring.
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Scheme 1. Reaction schemes for synthesis of PTMO-based amnnti#Bed PHUSs.
2.3 Characterization of PHUs

Attenuated total reflectance-Fourier transfornraréd (ATR-FTIR) spectroscopy was
performed with a Bruker Tensor 37 MIiD IR FTIR spephotometer equipped with a
diamond/zZnSe attachment. All PHUs were scannedrasalution of 4 ciil and 32 scans were
collected in the 4000-600 chrange. The conversion of the starting materialeeveetermined

by analyzing carbonate carbonyl groups of DVBDCC~4800 crit. The urethane carbonyl



peaks located at ~1730-1700 tmere analyzed to determine the extent of hydrdmerding in
the urethane carbonyl regiortsl NMR spectra were recorded on a Bruker Avanc&00 MHz
NMR spectrometer with a direct cryoprobe at roommperature in deuterated chloroform
(CDCl). Spectra were reported in parts per million reéato tetramethylsilane. The molecular
weights (MWs) of PHUs were determined using gelnmgstion chromatography (GPC). A
Waters 2695 separation module and two Tosoh TSKg#a-M columns (particle sizeL3m,
mixed-bed, 30 cm long, P/N 0018334) in series weed with 4 cm guard column (TSK
guardcolumn alpha, P/N 0018345. The eluent was DWtR 4.0 g/L of LING; at 40 °C; the
elution rate was 0.5 mL/min. The detector was a®isk TDA 302 interface/Waters 2414 RI
detector. Molecular weight values were reportedtie to polyethylene oxide (PEO) standards.
Agilent PEO/PEG EasiCal P/N 2080-0201/0202 was fsedalibration.

SAXS experiments were performed using a RigakuA<N000 SAXS system emitting
X-rays with a wavelength of 0.154 nm (CuK The sample-to-detector distance was 1640 mm
with silver behenate calibration. The 2D scatterpafterns were azimuthally averaged to
produce 1-D plots of intensity versus scatteringtmeq, whereq = 4xsind/A; 6 is one-half of the
scattering angle, anidis the X-ray wavelength.

AFM samples were prepared by drop casting 10 wttétisos of PHU in DMF onto
glass cover slides. Samples were dried for 24 80atC. AFM phase imaging was performed
using a Bruker Dimension FastScan Atomic Force dicope in tapping mode.

DMA experiments were performed with a TA InstrutseRheometrics Stress Analyzer-
Glll. Rectangular specimens measuring 8.0 mm irttwahd 0.9 mm in thickness were cooled
with N2 gas to -100 °C and subjected to a temperaturepstmem -100 °C to 120 °C at a heating
rate of 3 °C/min. The measurements were conduotéehsile mode at a frequency of 1 Hz and a
strain of 0.03%. The storage modulds)( loss modulus E”) and loss tangent (taB) were
recorded. The soft-segmeily was identified from the peak maximum H’; the flow
temperature was defined as the onset of inconsistei data, close to the temperature at which
the sample was no longer mechanically robust. E&ffeal scanning calorimetry was performed
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using a Mettler Toledo DSC 822e. Samples were beata 100 °C and annealed for 5 min and
subsequently quenched to -80 °C and heated a seaoedat 10 °C/min, withTy values
determined upon second heat via the onset method.

Tensile properties were obtained according to ASDW708 standard with an MTS
Sintech 20/G tensile tester. Dog bone-shaped sanfglé mm x 1.0 mm x 22 mm) were cut
using a Dewes-Gumbs die from dried sheets and ciebjéo an extension rate of 130 mm/min.
The Young’s modulus, tensile strength and elongasibbreak were reported as average values

of five specimens. Error represents one standariitien.

3. RESULTSAND DISCUSSION
3.1 Synthesis and Characterization of PHU Molecular Srructure

All PHUs were synthesized according to Schemehg. Successful synthesis of PHU was
confirmed by FTIR and NMR spectroscopy. Figure Bdvwes FTIR spectra of all polymers along
with the spectrum of the DVBDCC starting materigthe carbonate peak at ~1800 tpresent
in the DVBDCC sample is absent in all PHU sampiesjcating complete conversion of
carbonate functional groups into hydroxyurethame&kdges within experimental error. The
urethane carbonyl stretch (1730-1700 §mamide stretch (3500-3300 @) and hydroxyl
stretch (3500-3100 c™) were present in the spectra of these PHUs. Ttiderstretch (~2238
cm™) and ether (~1100 ci groups were present in PBN- and PTMO-based PHispectively,
indicating successful incorporation of soft-segmmaiecules into the polymer. The successful
formation of PHUs was also confirmed Byt NMR spectroscopy. Figures S2-S7 show NMR
spectra of all PHUs, with positions of various preg within the polymer assigned accordingly.

Apparent molecular weight (MW) averages of thesé&JBMere determined by GPC and
are tabulated in Table S1; all apparent MW averagesrelatively low. The achievement of
relatively low MW during synthesis of PHUs was atsported in a recent study by Averous and
coworkers [82] who synthesized segmented PHUs usittgracid based diamine, terephthaloyl
bis-carbonate and diamine-terminated polypropylgigeol (Jeffamine™ D2000); other studies
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have made related reports [44,45,53,54,83,84].canestudy on segmented, PTMO-based PHU
by Long and coworkers [55] also noted that the MW¢heir PHUs might be low although no
data were provided. Additionally, we consider ispible that PHUs undergo some GPC column
interaction. Long and coworkers noted that columteraction was observed in their system,
even for PHU with the lowest hard-segment contetth(the lowest amount of hydroxyurethane
and amide linkages) [55]. Future study is needgateduce higher MW PHU, possibly by using

more reactive six- or eight-membered-ring carbanatevia the aid of organic catalysts [29,30].

@ PBN18-30 |
o PBN10-30
T A

PTMO-30 |

Intensity (a.u.)

g(nm’)

Figure 1. Small-angle X-ray scattering patterns of PTMO-BN18-30 and PBN10-30.
3.2 SAXS

The hard and soft segments in segmented PUs arendgdynamically incompatible
resulting in segregation of hard segments into siaed-domains dispersed within a rubbery
matrix. The hydrogen bonding between the urethamiés wand the vitrification of the hard
domains reinforce the nanophase-separated stractursegmented PUs. SAXS is commonly
used to probe the existence, degree and kineticsobphase separation in PU [85-88]. The
SAXS patterns of PBN-based and PTMO-based PHUsshosvn in Figure 1. Nanophase

separation is evident from the peak in scattertghsity for each PHU. The interdomain spacing



(d) can be determined from the peak location in soaditintensity. For all PHUS, values are ~
9-16 nm (see Table 1), with the 40 wt% hard-segmentent PHUs exhibiting larger values
than their 30 wt% analogues, consistent with larfg@rd-segment domains being present at
higher hard-segment content. At equal hard-seg@mntent, PTMO-based PHUs have larder
values than the PBN-based PHUs even though the RBd4@d soft segment is of lower MW
than those of the PBN-based soft segments. Thenddg this difference as a function of soft-

segment species warrants further study.
Table 1. Summary of interdomain spacing, thermal and meicaaproperties of PTMO- and PBN-based PHUs

Material d-spacing SST, SST, HS T, Thow Young’s Tensile Elongation
(nm) (DSC) (DMA) (DSC) | (DMA) Modulus Strength at Break
ey (°cy ey ccy (MPa) (MPa) (%)

PBN18-30 10.1 -60 to -44 -46 17 to 49 52 48 +7 H012 900 + 200
PBN18-40 13.4 -60 to -4§ -48 35t0 50 65 53+5 M3 300 +130
PBN10-30 9.6 -72 to -63 -62 8 to 4§ 43 56 +4 0B 720 +100
PBN10-40 10.7 -74 to -64 -57 381058 73 61+4 081 100 + 60
PTMO-30 12.6 - -65 - 40 23+6 0.4 +0.1 >2000
PTMO-40 16.1 - -65 - 40 36+3 0.8+0.2 1600 + 300

®The onset and endset of the soft-segriigntis determined by DSC using the first derivatiethod.

®Determined from the peak in dynamic loss moduky ih DMA.

‘The onset and endset of the hard segmignas determined by DSC using the first derivatiethod.

9Determined from the onset of inconsistentdatata using DMA, close to the temperature at witiehsample is no
longer mechanically robust.

3.3DMA

The thermomechanical properties of PHUs synthdsiz¢his study were analyzed using
DMA. Consistent with the presence of nanophaseraggah structures, all PHUs show two
thermal transitions corresponding Tgs of the soft and hard segments. The soft-segigist
identified from the peak in loss modulug”) located well below ambient temperature. As
determined by DMA, in PTMO-based PHUs the soft-sewgti;s are ~ -67 °C whereas in PBN-
based PHUs the soft-segmdigs are ~ -54 and ~ -67 °C for PBN18 and PBN10 sajtreents,
respectively. Thy,, values, related to the hard-segment domain undeggotransition from a
glassy state to a liquid state upon heating, resuin loss of any mechanical robustness, are
above room temperature. Table 1 summarizes them#ieransition values obtained by DMA.

The general shapes of DMA profiles for PTMO-basedl PBN-based PHUs differ
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significantly, testifying to the different nanopleaseparation behavior obtained as a function of
soft-segment choice in segmented PHUs. Figure @asthe temperature dependenceR pE”

and tand of PTMO-30. The value of lo§ shows a very gradual decrease with temperature
above the soft-segmeriy. The tangs-temperature profile of PTMO-30 shows high values
exceeding 0.30 over a temperature range of more Z0a°C in breadth. The profiles obtained
with  PTMO-based PHUs are consistent with nanopbapefrated systems with broad

interphases having a wide range of local compasitguch materials may serve as highly

effective, broad-temperature-range damping matejtd).
: . l - 1.2 — e 1.2

(b)
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mm
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Figure 2. Temperature dependences of storage mod&@)sl¢ss modulus ") and loss factor (ta®) of PHUs

synthesized with a) PTMO soft segment, PTMO-30, lanpolybutadiene-co-acrylontrile, 18 wt% acryloihd soft

segment, PBN18-30.

Figure 2b shows the temperature dependencks &' and tans of a typical PBN-based
PHU, PBN18-30. In contrast to PTMO-30, PBN18-30 rfests two distinct, roughly stepwise
transitions in its logE-temperature curve with sharp, well-defined peaksthe tan 6-
temperature curve. The first drop in IBgupon heating near the soft-segmégis followed by
a rubbery plateau region which extends several ¢éregrees prior to another drop in 1By
due to the hard segment undergoing a transition fiaglassy state to a liquid state. This profile
is consistent with the behavior of a nanophaseragguh system with sharp domain interphases

such as those observed in conventional segmentadoPdonventional, nanostructured block
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copolymers. The difference in nanophase separagbavior in these PHUs is a direct result of
hydrogen bonding. In PTMO-based PHUSs, the hard-segrhydroxyl groups can undergo

hydrogen bonding with oxygen atoms in the soft ssgmcausing some level of phase mixing
[53,54]. This intersegmental hydrogen bonding tlheads to interphase regions with a wide
range of local composition. The switch to a PBNdohsoft segment eliminates intersegmental

hydrogen bonding and leads to improved nanophgseat®on and sharper domain interphases.

n | Il 1 14 ! n | I I 14
1 Coogrmy, o E'PBN18-30  (a) "‘“”’%\1 o E'PBN18-40 b
109 = % o E'PBN10-30 100%™ = o E'PBN10-40 (®)
h v E'PBN18-30 1.2 ] y e & E"PBN18-40 -1.2
Affd%;’oque A E"PBN10-30 1 A v E"PBN10-40
8 A Y o® <4 tan s PBN10 1.0 . Jy%’ - © tan s PBN18-40 L10
1077 & 9 Q:g ¢ tan sPBN18 ; 105 V'?Vg;‘z 4 tan § PBN10-40 ’
A o va A
5 N 0.8 0.8
= 105 g 5
= a
-0.4 0.4
-0.2 -0.2
0.0 0.0
Temperature (°C) Temperature (°C)

Figure 3. Temperature dependences of storage mod&)sl¢ss modulus E”) and loss factor (ta@) of PHUs
synthesized with polybutadiene-co-acrylonitriletsségments at a) 30 wt% hard-segment content (PE918nd
PBN10-30) and b) 40 wt% hard-segment content (PBA18nd PBN10-40).

Figure 3 shows the temperature dependencé&s, &’ and tané for PHUs synthesized
with PBN18 and PBN10 at 30 wt% and 40 wt% hard-sgroontents. Despite the difference in
acrylonitrile content in the soft segments, bothRBkhow similar thermomechanical responses,
with only the values of the soft-segmédis changing significantly as a function of acrylafet
content in the soft segment. Thus, for the PBN-thas®t segments employed here, the soft-
segment acrylonitrile content has little influemsethe nanophase separation behavior.

Figure 3 also reveals that the rubbery plateau migdand Ty value increase with
increasing hard-segment content. In PBN18-basedsPHd, increases from 52 to 65 °C as
hard-segment content increases from 30 wt% to 4%.wkhis effect can be attributed to

increased physical crosslinking with increasingdheggment content and a more perfected hard-
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segment domain. This interpretation is also sugoby the fact that the interdomain spacing
from SAXS measurements increases from 10.1 to AB.4vith increasing hard-segment content
in PBN18-based PHUs. This means that the sizeeoh#ind segment nanodomains are smaller in
the 30 wt% hard-segment PHU, likely < 5 nm in diteneleading to more imperfect phase
separation and thus a lower hard—segment doffiain

As shown in Figure 3, the slope of the |Bgvs. temperature curve in the “rubbery
plateau” regime provides a qualitative measure haf tlegree and perfection of nanophase
separation in segmented PUs. In some well phaseaep PU systems [63,65,76,80,81], the
rubbery plateau regime is almost unchanging withpeerature, i.e., the slope is nearly zero or
only slightly negative. The slopes of the “rubbeiateau” regions in the PBN-based PHUs
considered here are more temperature-sensitivsjgip®ecause some mixing of hard and soft
segments still persists. Nevertheless, the nanepsegaration is much sharper in PHUs with
PBN-based soft segments relative to PHUs with PTib4Sed soft segments. The dramatic
difference observed in DMA results between PTMOeda$?HUs and PBN-based PHUs
demonstrates that nanophase separation behavidyecaimed significantly in segmented PHU
by judicious choice of soft segment.

It is worth noting that the presence of acrylaldtin the soft-segment of PBN-based
PHUs does not result in extensive phase mixingvi®ue studies have shown that nitrile groups
are capable of forming hydrogen bonds with hydrayygups [89-91]. However, we observed
that nanophase-separated PBN-based PHUs exhilavioeltonsistent with sharper interphase
regions than those of PTMO-based PHUSs, which indgcghat the acrylonitrile units are not
interacting significantly with hydroxyl groups ilé hard segment to cause phase mixing. We
hypothesize that this behavior arises from acryfdaiunits that are self-associating in the soft
domain instead of participating in hydrogen bondivith hydroxyl groups. Self-association of
acrylonitrile units due to a strong dipole-dipofgeraction is well studied in the literature [92-
94]. This self-association is also supported byltivation of nitrile peaks of PBN-based PHUs
from FTIR measurement (see Figure S8). The nip@laks in PBN-based PHUs appear at ~2238

13



cm?, equivalent to acrylonitrile groups in bulk polygonitrile. Studies by Lachat et al. [91]
indicated that high temperature and pressure aedeukto break nitrile-nitrile interactions and
replace them with nitrile-hydroxyl interactions.dther words, under the conditions of our study,
nitrile-hydroxyl interactions are insufficientlyreng to disrupt nitrile-nitrile interactions. As a
result of acrylonitrile self-association, the seigment is reinforced and the hard segment is
effectively excluded from the soft segment leadimdpetter nanophase separation. We note that
a study by Maglio and coworkers on PBN-based setpdelAUs also indicated that there is no

extensive phase mixing of soft and hard segmersiscban DSC and DMA characterization [76].

0.2

PTMO-40

PBN10-30

PBN10-40

PBN18-30

Endothermic Heat Flow (W/g) —=
Derivative Heat Flow (W/g/K)

PBN18-40

-

-80 -40 0 40 80 -80 -40 0 40 80

Temperature (°C) Temperature (°C)

Figure 4. Thermal properties of PHUs as characterized b .D&) Representative heat flow curves of PHUs at a
heating rate of 10 °C/min and, b) first derivathesat flow curves of PHUs.

34DSC

Figure 4a shows DSC heat flow curves of all PHUse PTMO-based PHUs do not
exhibit distinct hard-segment thermal transitiohisgly due, at least in part, to their broad
interphases leading to very broad and hence wWgalesponses. The hard-segment hydroxyl
groups can hydrogen bond with soft-segment ethggexx atoms resulting in some level of
phase mixing, thus making thermal transitions iM®Fbased PHUs difficult to discern by DSC

[54]. In contrast, two distinct thermal transitionelow and above ambient temperature
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corresponding to the soft- and hard-segnigstare clearly observed in all PBN-based PHUs.
The distinct thermal transitions observed by DS®BN-based PHUs indicate that PBN-based
soft segments result in better nanophase sepa@idisharper domain interphases than PTMO-
based soft segments and consequently more diskethdymal transitions of each domain.

To quantify further the transition breadths ingléHUs, we plot the first derivative heat
flow curves in Figure 4b. First derivative heatwl@aurves have been useful in determining the
glass transition responses of minor phases in ralear when there is only a small change in
heat capacity. Derivative heat flow curves alsonpeiquantification of Ty breadth which is
related to compositional heterogeneity or phasengif95-97]. The first derivative heat flow
curves of PTMO-based PHUs do not show any disclerfidatures, indicating that the thermal
transition(s) in PTMO-based PHUs, easily apparaatDMA, are not be amenable to DSC
characterization.

The derivative heat flow curves of PBN-based PHidsvide further information on
thermal transition breadths in PBN-based PHUs. Bemvm in Figure 4b, the apparent soft-
segment glass transition breadths for PBN18-30RBN10-30 span the ranges from -60 to -48
°C and -72 to -63 °C, respectively. These valuesetevated only by ~10 °C from tiigs of the
corresponding pure soft-segment homopolymers, stamdi with a high degree of nanophase
separation in PBN-based PHUs. Increasing the hegdisent content to 40 wt% in the cases of
PBN18-40 and PBN10-40 does not significantly altee soft-segment domaiiigs. The
proximity of the soft-segment domaly values to thd of its corresponding homopolymer and
their invariance with respect to the hard-segmeamitent indicate a high level of nanophase
separation in PBN-based PHUs. These results agite DEC characterization of several
polybutadiene-based segmented PUs reported by Beh@ad coworkers [67-70] as well as our
DMA results on the same PBN-based PHUSs.

Figure 4b also shows that PBN-based PHUs exhib&der hard-segmeiiy regions as
hard-segment decreases from 40 to 30 wt%. The degthent glass transition regions for
PBN18-40 and PBN10-40 span 35 to 50 °C and 38 t6(8&espectively, whereas those for
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PBN18-30 and PBN10-30 span 17 to 49 °C and 8 ttC48espectively. The endsg§ reported
by DSC is lower thafy,, by DMA, in accord with literature reports [98-108s described
above regarding DMA results, the effect of decmeg$iard-segment content on glass transition
breadth can be attributed at least in part to #nerehse in size of hard-segment nanodomains,
which likely leads to less perfect nanophase séiparand thus a broader glass transition.
3.5AFM

Surface morphological characterization of segmeriel$ by AFM has been used to
provide supporting evidence of nanophase separf@®®5]. Imaging of phase segregation in
PTMO-based PHUs was met with limited success. Théations may be caused by the low
contrast between domains in PTMO-based PHUs asu#t # their broad domain interphases. A
similar limitation in imaging phase-segregated dmmavas previously reported in gradient
copolymer systems that possess broad interphasiesawvide range of local composition [89].
AFM phase images from a recent study of PTMO-basegmented PHUs by Long and
coworkers [55] provided relatively strong compasi@al contrasts between hard and soft
domains. However, this response was likely causedhb ability of the hard segments to
crystallize. Their polymers also possessed amigaties and one-half the content of hydroxyl
groups possessed by our PHUs. Long and coworksosnatted that there was significant phase
mixing between domains in their PHUs as evidencaiohDMA and DSC results [55].

Figure S9a-c compares AFM phase images of PBN1&d0PBN10-40 with PTMO-30.
For the PBN-based PHUs, the light regions corredgorhard domains and the dark regions to
soft domains. Contrast between soft and hard dariaievident in PBN-based PHUSs, but little
or no contrast is evident in PTMO-based PHUs. Thesalts are consistent with less effective
nanophase separation and the presence of subkspnase mixing in the PTMO-based PHUS, in
agreement with DMA and DSC characterization.
3.6 FTIR

The level of nanophase separation in segmentedcBiUbe inferred from the strength of
hydrogen bonding interactions in the hard segmEmtR is commonly used to evaluate the
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degree and kinetics of nanophase separation by asop of spectral bands associated with
urethane carbonyl groups and amide groups [103-10Hg carbonyl region may display two
characteristics: one associated with free, nondgein-bonded carbonyl presenting as a shoulder
centered at ~1730 chrand a second associated with hydrogen-bonded mgrpeesenting as a
peak centered at ~1700 ¢nFigure 5 shows FTIR spectra in the carbonyl negjiof all PHUs.
Based on Figure 5, the PTMO-based PHUs exhibitpiiesence of both free, non-hydrogen
bonded carbonyl and hydrogen bonded carbonyl; mirast, the PBN-based PHUs exhibit no
evidence of a shoulder at ~1730 tntonsistent with well-hydrogen-bonded carbonyledé
results indicate that the lack of ether oxygen at@® hydrogen bond acceptors in PBN-based
soft segment limits hydrogen bonding to occur wittiie hard segment of PBN-based PHUs and
thus nanophase separation to occur without sultgritase mixing. In contrast, in PTMO-
based PHUSs, the hard-segment hydroxyl groups can fiydrogen bonds with soft segment

oxygen atoms giving rise to a distribution of fesed hydrogen-bonded carbonyls.

1
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- - PBN18-40
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1720 1680 1640 1600

Wavenumber (cm-)

Figure 5. FTIR spectra of the carbonyl regions represenitiag, non-hydrogen bonded urethane carbonyl (~1730
cm?) and hydrogen bonded urethane carbonyl (~1708) cRBN-based PHUs show peaks centered at ~1670 and
1640 cnt, associated with free and hydrogen bonded amid®ngl in the soft segment.

The FTIR spectra of PBN-based PHUs also show catbaimsorbance at ~1670 and
~1640 cnT. These bands are attributed to free and hydrogeddd amide groups which are
located at the terminal units of PBN18 and PBN1f® ssgments incorporated in the PHUs [112-
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114]. Although the amide groups may participatehydrogen bonding, we doubt that these
amide groups contribute significantly to the apparenprovement in nanophase separation
observed in PBN-based PHUs because they are prasemtich lower concentration than the
hydroxyl groups. Future study is warranted to itigade the influence of such amide groups on

nanophase separation.
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Figure 6. Representative stress-strain curves of PHUs ctaarzed by uniaxial tensile testing.
3.7 Tensile Testing

Figure 6 displays representative stress-strainvesurof all PHUs during tensile
deformation. Table 1 lists average values of Yosngodulus, ultimate tensile strength, and
elongation at break. The PTMO-based PHUs exhibisike strengths up to 0.8 MPa whereas
PBN-based PHUs exhibit tensile strengths up toMPh. Relative to PTMO-based PHUs, the
PBN-based PHUs experience a larger reduction ingaliton-at-break values with increasing
hard-segment content. This result is in agreemétht pvevious studies of segmented PUs with
nonpolar soft segments such as polyisobutylengpatydbutadiene, which show large reductions
in elongation-at-break values with increasing heggment content [67,69,115-117]. Segmented
PUs with nonpolar soft segments typically possessra sharp domain interphase [73,115,116].

Cooper and coworkers suggested that poor intetfadhesion between the hard and soft
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segments and localization of shear stress in the $sgment might lead to lower elongation-at-
break values with higher hard-segment content is Ridde with nonpolar soft segment [117].
This explanation is in accord with results from study showing that PBN-based PHUs possess
a much sharper domain interphase relative to PTM€et PHUS.

In general, elongation-at-break and Young’'s moslwalues of the PHUs in this study
are similar to those obtained in conventional TPhusyever, the tensile strength values of the
PHUs are inferior [66-69]. Further structure-prdpeelationship studies which consider the
influences of hard-segment, chain-extender, andragbft-segment structures are warranted to

obtain segmented PHUs with improved propertieshStiedies are underway in our laboratory.

CONCLUSION

Tunability of nanophase separation behavior immssged PHU was demonstrated via a
simple change in soft-segment type. A series of Midre synthesized with PTMO- and PBN-
based soft segments and characterized via SAXS, DBBC, AFM, FTIR spectroscopy and
tensile testing. SAXS results demonstrate the pesef nanophase-separated structures in all
PHUs with 9-16 nm interdomain spacings of the regment domains. DMA characterization
shows that PTMO-based PHUs exhibit nanophase depanmaith broad interphases having a
wide range of local composition. The broad integ@saare a result of small to moderate levels
of phase mixing originating from hard-segment hygt@roups undergoing hydrogen bonding
with ether oxygen in the PTMO backbone. A changd’BN-based soft segments results in
PHUs having sharper domain interphases due tokaofabydrogen bonding between hard and
soft segments. These interpretations are suppbytdel IR spectroscopy which indicates that a
substantial proportion of non-hydrogen-bonded caybas present in PTMO-based PHUs but
absent in PBN-based PHUs. The polar acrylonitmigsuin PBN have no significant impact on
the nanophase separation, likely due to their asdbciation. DSC and AFM results provide
further support of the significantly different naoih@se separation in PTMO- and PBN-based
PHUs. PHUs exhibited elongation-at-break and Yosingodulus values generally in accord
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with conventional TPUs. However, tensile strengtfese inferior to conventional TPUs, with

values ranging from 0.6 to 1.1 MPa and PBN-based$bting better than PTMO-based PHUSs.
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Highlights:

* Non-isocyanate, ssgmented PHUs were made with PTMO and PBN soft segments

» Magjor tunability in nanophase separation is observed with soft-segment choice

* PTMO soft segment yields nanophase-separated PHU with broad interphases

» PBN soft segment yields nanophase-separated PHU with sharp, narrow interphases

*  PTMO-based PHU exhibits broad-T damping character; PBN-based PHU is more like
TPU



