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a b s t r a c t

The glass transition processes of the soft-segments (SS) in a series of poly(urethane urea) (PUU) elas-
tomers were studied by solid-state NMR. Two SS fractions, rigid (SSr) and mobile (SSm), can be discerned
by time-domain wideline separation, 13Ce1H dipolar dephasing, and frequency-switched Lee-Goldberg
spin-locked T1r relaxation experiments. At increasing temperature, part of the SSr population turns into
SSm, while the decay constants of both fractions only see moderate changes. The extent of the population
exchange is greater for samples with more phase mixing. This population exchange can be interpreted as
the glass transition in the SS-rich domains. Comparison between T1r relaxations on the xy plane and
along the magic angle indicates that the domain sizes of SSr and SSm are likely less than 2e3 nm. SSr is
not completely rigid, but possesses both a fast, anisotropic chain rotation associated with the b relaxation
and a slower motion with more isotropic nature at ca. 105 s�1. It is predicted that at high strain rates,
most of SSr and part of SSm would become rigid, resulting in dynamically induced strengthening and
toughening.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Segmented polyurethanes, polyureas (PU) and poly(urethane
urea)s (PUUs) are polymerization products of low-glass-transition-
temperature (Tg) soft segments (SS) and high Tg, and often highly
polar, hard segments (HS). These elastomers have complex
morphology due to the statistical distribution of the thermody-
namically incompatible hard and soft segments. The versatile
chemistry of this class of elastomers has led to a wide range of
applications in the areas of coating, adhesives, foams, and com-
posite structures [1]. Particularly, these elastomers have the po-
tential of transitioning from the rubbery-like into leathery-like or
glassy regime with increasing strain rate, where stress levels may
be greatly enhanced and large energy dissipation realized [2,3].
This was highlighted by Roland and co-workers in their proposed
deformation induced glass transition mechanism [2] as a plausible
pathway towards effective impact energy absorption or dissipation,
in contrast to other potential mechanisms such as strain delocal-
ization, shock impedancemismatch, and shockwave dispersion [4].
.
rt, Durham, NC 27703, USA.
In PUUs, reaction of diisocyanates with diols and diamines re-
sults in urethane and ureamoieties, respectively. The latter can self-
assemble via intermolecular hydrogen bonding to form hard
segment domains. On the other hand, various degrees of phase
mixing between hard and soft segments exist due to statistical
sequence distribution and intermolecular interactions [5]. This
causes the shift in Tg of HS compared to that of its respective
component in the pure bulk state, which could be used to assess the
extent of phase mixing with suitably constructed thermodynamic
models and certain assumptions [6]. Characterization techniques
such as differential scanning calorimetry (DSC) [6e8], dynamic
mechanical analysis (DMA) [3,7], small-angle X-ray scattering
(SAXS) [6,8e11], atomic force microscopy (AFM) [11,12], broadband
dielectric spectroscopy (DES) [13], Fourier-transformation infrared
(FTIR) [7,10,11], and solid-state nuclear magnetic resonance
(ssNMR) spectroscopy [9,14e17] have been used to analyze the
phase mixing behavior of polyurethanes, polyureas, and PUUs.

Recently, PUU elastomers consisting of soft segments of small
molecular weights have exhibited greater phase mixing as indi-
cated by a drastic shift and a substantial broadening of the glass
transition process of SS, which strongly influenced the material's
physical and mechanical properties [3]. The significant broadening
of the glass transition process makes it difficult to apply
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thermodynamic models [6] simply based on the shift of Tg to gain
detailed insight of phase mixing. Generally, compared to the
extensively studied glass transitions in homogeneous amorphous
polymers, glass transitions in heterogeneous polymers as measured
by DSC [18] and dielectric experiments [19] are much broader.
Factors such as the correlation length of the transition being long
compared to the transitioning domains [19] and the broad distri-
bution of domain sizes and geometries could contribute to the
broadening.

A number of ssNMR studies have been dedicated to the
morphological and dynamical behavior of polyurethanes
[9,14,15,20,21]. In particular, the dynamics of the hard segments
and at the HS/SS interfaces has received the majority of the
attention [9,14,15,17]. On the other hand, the detailed dynamical
behavior in the SS-rich domains has not been extensively studied.
Using 13C T1 relaxation measurements, Ishida et al. [14] found that
the SS in a polyurethane to be mostly of a single dynamical
component except for a small (ca. 4% of SS) interfacial fraction.
While 13C T1 relaxation is sensitive to fast molecular dynamics at
the 108 s�1 window, in a recent work [22], we used NMR techniques
that were more sensitive to slower dynamics (105 s�1), and iden-
tified two major dynamical fractions in SS-rich domains. In the
present report, we will use a number of experiments to confirm
that these two fractions are related via glass transition.

ssNMR is potentially able to provide a unique perspective to the
broad glass transitions in that it could stay at a given temperature
indefinitely and measure the participating populations and their
dynamical states at this temperature. This is unlike DSC, DMA, or
DES, whichmust continuously scan through the entire temperature
(or test frequency) window. By taking successive NMR measure-
ments at each temperature step, the broad transition can then be
dissected to slices or subpopulations, with each slice having its own
Tg. This would provide a unique and in-depth understanding of the
transition mechanisms. The challenge of using ssNMR to study the
glass transition in PUU lies in the difficulty of separating the glassy
and rubbery components because their NMR peaks often overlap as
both components often have similar conformations. In this report,
we use several techniques to probe this problem. First, we use 1H
time domain signal, which can distinguish rubbery component
from rigid component, but lacks chemical resolution and thus
cannot separate HS transitions from SS transitions. Next we use
wideline separation (WISE) NMR technique, which is able to
separate the rigid- and mobile-SS fractions and reveal their rela-
tionship via glass transition. As WISE is not a quantitative tech-
nique, we next conduct 13C direct-polarized 1He13C dipolar
dephasing experiments, which confirm the WISE observations and
supply quantitative information about the participants of the glass
transition. Then, by studying T1r relaxations with and without the
influence of spin diffusion, the segmental motion rates for the two
dynamical SS components and their domain sizes are assessed.
Finally, 13C spin-lattice relaxation is utilized to understand the fast,
local segmental dynamics in the SS domains. Following the time-
temperature superposition principle, we attempt to exploit the
ssNMR data to infer the trend in the dynamic response of PUUs
under high-strain-rate deformation.

2. Experimental section

2.1. Materials

PUU elastomers consisting of 4,4'-dicyclohexylmethylene dii-
socyanate (HMDI), diethyltoluenediamine (DETA), and poly(tetra-
methylene oxide) (PTMO) were prepared using a two-step
prepolymer synthesis method [3]. The molecular weights (MW) of
PTMO were 650, 1000, and 2000 g/mol. All PUU samples were
named using two sets of numbers designating the molar ratios of
HMDI:DETA:PTMO and the molecular weights of PTMO in g/mol,
respectively. For example, sample 211e2k has ingredient molar
ratio HMDI:DETA:PTMO ¼ 2:1:1, with PTMO MW of 2000 g/mol.
Four PUU samples were studied: 211e650, 211-1k, 211-2k, and 321-
2k. The samples with longer SS, 211-2k and 321-2k, are more
phase-separated and have less extent of phase mixing, while
samples 211-1k and 211e650 exhibit greater phase mixing.
Following the conventions for polyurethane and poly(urethane
urea) family of polymers, the terminology of hard and soft seg-
ments in this report strictly refers to the chemical identities of the
building blocks in PUUs, with HMDI and DETA as HS, and PTMO as
SS. The prefixes rigid- and mobile-will be used to describe physical
behaviors. Note that chemically designated SS can be physically
either mobile or rigid. So does chemically designated HS.

2.2. NMR measurements

The following experiments were conducted on a Bruker Avance
III 600 MHz standard-bore spectrometer, operating at a 1H fre-
quency of 600.14 MHz and 13C frequency of 150.90 MHz, in a 4 mm
CP/MAS probe: (1) 1H FIDs were collected using a solid echo
sequence, at non-spinning condition, with pre- and post-echo de-
lays of 4.6 ms and 0 ms, respectively. 90� pulse length, dwell time,
and dead time were 2.5 ms, 0.4 ms, and 4.6 ms, respectively. To fit the
real part of the wideline signal, the receiver phase was adjusted
such that the imaginary part of the signal was minimized. The
carrier frequency was set on resonance before all the experiments.
Probe background 1H signal was collected by acquiring signal from
an empty rotor and subsequently subtracted from all the FIDs
before fitting. The differences in signal intensity between the solid
echo and the single-90 FID for both the rigid and the mobile
components were ca. 2% (see Supplemental Materials for more
details). These differences are smaller thanwhat had been reported
in the literature [23] projected to a delay of 4.6 ms, which suggests
that the dependence of the differences between the solid echo and
the single pulse FID on the delay time may not be linear. (2) 13C
direct-polarized 1He13C dipolar dephasing experiments. The pulse
sequence is a13C 90� pulse followed by a variable free evolution
(dephasing under 1He13C dipolar coupling) period and 1H high-
power decoupling during detection. Instead of using a 180� pulse
in the middle of the dephasing period to refocus chemical shift
evolution, the PTMO ether carbon signal at 71 ppm was put on
resonance so that the decay at 0e10 ms can be accurately recorded
and there was no evolution due to chemical shift for this peak. (3)
T1r relaxation experiments of sample 211-1k and 321-2k. Re-
laxations under spin lock (SL) on xy plane, under simple Lee-
Goldberg (LG) scheme, and under frequency-switched Lee-Gold-
berg (FSLG) sequence were studied. Contact time was 0.6, 0.8, and
1 ms at � 300 K, 322 K, and 334 K, respectively, in order to obtain a
balance between optimal signal sensitivity and minimal spin
diffusion. All the SL periods were applied before CP. During SL, the
regular LG pulse was applied for LG-SL, and FSLG pulses were
applied for FSLG-SL. During CP, the regular LG pulse was used on
the 1H channel for both LG-SL and FSLG-SL. Spin lock fields were
64.1, 78.5, and 78.5 kHz for xy-SL, LG-SL, and FSLG-SL, respectively.
Samples were packed in the middle 1/3 of rotor in order to mini-
mize B1 field inhomogeneity.

The following NMR experiments were performed on a Bruker
DSX300 wide-bore spectrometer, operating at a 1H frequency of
300.12 MHz and 13C frequency of 75.47 MHz, in a 4 mm CP/MAS
probe. (1) WIdeline SEparation (WISE) experiments starts with p/2
excitation pulse followed by an evolution period (t1) and then
transfer of magnetization from proton to carbon using ramped
cross-polarization (CP) and proton-decoupled 13C detection [24].
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Dwell time of 8 ms was used for PUU samples. Contact time of 1 ms
(except for 211-2k, for which 1.6 ms was used due to the high
mobility of its SS-rich domains), ramp size of 5 kHz, magic-angle
spinning speed of 5 kHz, and 160 t1 increments were employed.
(2) 13C T1 of internal methylene carbons of soft segments was
determined using the Torchia method [25].

2.3. Dynamic mechanical analysis (DMA)

The DMA measurements were performed on a TA Instruments
Q800 Dynamic Mechanical Analyzer. PUU samples of thickness
~1 mmwere tested in an oscillatory tensile mode at a heating rate
of 1 K/min and a frequency of 1 Hz, over the temperature range of
125 Ke400 K.

3. Results

3.1. Time-domain 1H NMR data

Time-domain 1H experiment is a simple, fast, and robust tech-
nique that has beenwidely adopted for the study of phase structure
in heterogeneous polymers. In semicrystalline polymers such as
polyethylene (PE) and isotactic polypropylene (iPP), the time
domain signal can usually be modeled by three components, rep-
resenting the crystalline, intermediate, and amorphous phases
[26,27]. The crystalline phases are often modeled by a Gaussian or
Abragamian decay while both intermediate and amorphous phases
usually by exponential decays. The general principle of the fitting is
that it should faithfully reproduce the major features of the FID
with the fewest adjustable parameters possible. Unlike PE or iPP,
which typically need three components for a high-quality fit, the
FIDs of polyurethanes were found to be well fitted using two
components (Gaussian/exponential or bi-exponential) [20]. This
was found to be true for the PUUs in the current study as well, in
which we used a fast-decaying Gaussian and a slow-decaying sin-
gle-exponential function to fit all the 1H time-domain signals. Fig. 1
shows the wideline FIDs of 211-1k at 279 K and 310 K, as well as
their fits. The fast-decaying component is attributed to domains
with low segmental mobility (stronger 1He1H dipolar coupling),
whereas the slow-decaying component from domains with higher
Fig. 1. 1H FIDs (dots) of 211-1k at 279 K (blue) and 310 K (red) with their respective
Gaussian-exponential fits (solid lines). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
segmental mobility (weaker 1He1H dipolar coupling). Good fitting
quality is seen from the Figure, as the curves (fits) mostly pass
through the dots (experimental data). A more complete list of the
fitting results, including the fast- and slow-decaying fractions, their
respective decay constants (Tdd, with the subscript 'dd' stands for
dipolar dephasing, as the decay is primarily due to dephasing under
the influence of 1He1H dipolar coupling), and standard-deviations
of fitting, are displayed Table S1 in Supplementary Materials. For
comparison, the fractions of chemically-designated HS protons (i.e.,
the protons that belong to HMDI and DETA) among all protons, %HS
1H, are calculated from the polymer compositions and shown in the
table.

In Fig. 1, the fitting quality for the 279 K data is less than ideal
between 20 and 40 ms. This is likely due to the existence of the HS-
SS interphase component, which has a mobility that is between the
two major fitting components. Similar deviations have been
observed before and could be reduced by adding an intermediate
component [28]. However, for PUU, the fitting quality achievable
with a two-component model is still very good, e.g. much better
than that for semicrystalline polymers such as polyethylene, so we
choose to work with a two-component model. In fact, considering
the highly complex morphology of PUU, it is remarkable that a
model with only two components and three free-adjustable pa-
rameters is able to capture most of the major features of the 1H
signal.

The decay constants Tdd of the slow component for all the
samples are at 35e160 ms (corresponding to frequency-domain full-
width-at-half-maximum of ca. 2e8 kHz). Such values are typical of
domains above Tg, so the slow-decaying component can be
assigned to the segments that are in rubbery state, which could
include SS in SS-rich domains (mobile-SS) and small amount of HS
that is dissolved in them (mobile-HS). The decay constants for the
fast components (12e16 ms) are typical of segments with very
limited mobility, which may include phase-separated HS (rigid-HS)
and those SS-rich domains that are extensively phase-mixed with
HS and thus has a higher Tg (rigid-SS).

The fractions of rigid components as a function of temperature
are shown in Fig. 2. It is observed that for the two samples with
higher SS MW, 321-2k and 211-2k, the temperature dependence of
the rigid fractions are relatively flat, decreasing by 8e10% from
Fig. 2. Percentages of 1H FID rigid fraction with respect to temperature for samples
321-2k (squares), 211-2k (circles), 211-1k (up triangles), and 211e650 (down triangles).



Fig. 3. First dimension 1H (t1) decay (dots) of soft segments with respect to evolution
time for 211-1k at temperatures 295 K (red) and 334 K (blue) and their respective fits
(lines). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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279 K to 335 K. On the other hand, the rigid fraction for samples
with smaller SS MW showmuch steeper temperature dependence,
decreasing by 21% and 26% across the same temperature window
for 211-1k and 211e650, respectively.

Due to the lack of chemical resolution of the 1H signals, the
temperature dependence of the rigid fractions might come from
the change in either rigid-HS or rigid-SS. To assess the relative
contribution from them, we could compare samples 211-2k, 211-
1k, and 211e650, which have exactly the same sequence distribu-
tions of HS monomers and thus the same distribution of HS-rich
domain sizes. We could thus reasonably assume that their rigid-
HS population would have the same temperature dependence.
Therefore, the different temperature dependence of the total rigid
fraction for the three samples should be mainly due to the differ-
ence in rigid-SS as a result of the different SS MW.

At increasing temperature, the Tdd's of the rigid component
remain mostly constant, while those of the mobile component
moderately rise. But the most salient change across this window is
the change of the rigid/mobile relative population. At all temper-
atures, all the FIDs can only be reliably fitted with two-component
Gaussian-exponential decays without introducing any third
component. Therefore, as temperature varies, the change occurring
in these materials can be described by an exchange of population
between the rigid and mobile components. The extent of this
population exchange is greater for more phase-mixed samples. The
mechanism of this population exchange will be further analyzed in
the next section.

3.2. SS dynamic populations by high-resolution NMR

Although 1H data suggest that the steep change of the rigid and
mobile fractions with temperature for highly phase-mixed PUUs
likely originates from the SS-rich domains, 1H data do not provide
chemical resolution to separate the change occurring for SS vs HS.
To further probe the nature of the changes of SS dynamics in PUU,
we explored two high-resolution techniques. The first is WIdeline
SEparation (WISE) experiments, through 1H-to-13C polarization
transfer and 13C detection, to selectively study the dynamics of SS
[24]. When the first dimension (t1) data are processed and analyzed
in the time domain using well-studied decay shapes (TD-WISE),
information about the rigid and mobile fractions and decay con-
stant of each SS component can be obtained, without complications
from the changes in HS populations [22]. The decay in the first
dimension (t1) is similar to 1H wideline FID except that the former
is under magic angle spinning condition.

The main deficit of the WISE technique is that the CP process is
inherently not quantitative. In 1H time-domain NMR data, the Tdd
of the rigid and mobile components differ by a factor of up to 10,
which means that the signal rise time constants during CP, TCH,
could be quite different between various components of the sam-
ple. Since the 1H T1r of each dynamical fractions for the polymers
under study is in the order of 1.5e3 ms [22], the rigid component
could be overrepresented in the spectra. In addition, spin diffusion
during CP could mix rigid and mobile fractions, though this effect is
likely small (see Discussions for more details on spin diffusion).

13C CP/MAS spectra of HMDI/DETA/PTMO-based PUU has two
tall and sharp peaks at 27 ppm and 71 ppm, from the PTMOmoiety,
along with other broader and shorter peaks from the HMDI and
DETA moieties [22]. Fig. 3 shows the 1st dimension TD-WISE decay
data for the 27 ppm peak (aliphatic CH2 of PTMO) for sample 211-1k
at select temperatures. As each data point is the integration of the
27 ppm peak, the data contains no contribution from the HS. It can
be seen that the FIDs contain two components with drastically
different decay rates. Therefore, two-component exponential fits
were performed on the 1st dimension 1H decays obtained at
different temperatures of PUU samples, and the results obtained
are shown in Table S2 of Supplemental Information. The fits are
generally of reliable quality, with the deviation mostly from
random noise. The two SS populations are termed SSr,W (fast-
decaying component) and SSm,W (slow-decaying component),
respectively. The subscripts r and m stands for rigid and mobile,
respectively, and W indicates that the components are obtained by
WISE experiments. Two small deviations from the above general
fitting procedures (for samples 321-2k and 211e650) are noted in
the Supporting Information. The fitting results show that SSr,W
population quickly decreases with increasing temperature for 211-
1k and 211e650, while stays mostly unchanged for 211-2k and 321-
2k. This confirms the 1H FID observation that the steeper temper-
ature dependence of the population exchange for the more phase-
mixed samples is due to the change in SS.

To address the non-quantitative aspect of the TD-WISE method,
we take advantage of the short SS 13C T1 relaxation times (see 13C T1
Relaxation section below), and use 13C direct polarization (DP)
followed by a free evolution, during which the decay as a result of
1He13C dipolar coupling can be monitored. The segments that have
short 1He1H dephasing time due to low mobility would also have
short 1He13C dephasing time, while mobile segments would have
both long 1He1H and long 1He13C dephasing times. Therefore, this
method would give similar information as the TD-WISE method,
except without the uncertainty introduced by cross polarization.
The 1He13C dipolar dephasing method has been widely used to
distinguish chemical structures [17,29] (e.g. protonated vs. non-
protonated), motional geometries [29,30] (e.g. uniaxial vs.
isotropic tumbling), and domains [31] (e.g. glassy vs. rubbery) with
different 1He13C coupling strengths. The fast-decaying component
was found to usually follow Gaussian behavior, while the slow-
decaying component often an exponential one [29]. In poly-
urethanes, it has been reported that the 1He13C dipolar dephasing
behavior of HS signal has a fast- and a slow-decaying component,
which could be attributed to phase-separated and phase-mixed
domains, respectively [17].

The effect of MAS to the 1He13C dephasing decays here needs to
be considered. The decay of the rigid-SS is under the influence of



Fig. 5. SSr,D fraction (%) in 13Ce1H dipolar dephasing experiments for samples 321-2k
(squares), 211-2k (circles), 211-1k (up triangles), and 211e650 (down triangles).
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strong (>20 kHz) 1He13C couplings and 1He1H couplings, thus
would decay very quickly within the first 40e50 ms following
Gaussian decaying behavior [29]. Thereafter, modulation by MAS
and 1He13C couplings generates rather complex dependence of
signal intensity as a function of evolution time, then a small rota-
tional echo at one full rotor period, due to partial refocusing of the
dipolar coupling [29]. The rotational echoes at subsequent integer
rotor periods are still smaller. On the other hand, the mobile-SS has
much attenuated dipolar couplings and follows a slow exponential
decaying behavior under MAS [29]. Therefore, we sampled the
decays at short intervals at 0e40 ms, to capture the rigid-SS
component, and at multiples of rotor period at 200e1200 ms, to
capture the mobile-SS component. The area of the on-resonance
ether carbon peak at 71 ppm was plotted.

An alternative way to the on-resonance free evolution is a rotor-
synchronized Hahn-Echo experiment. We conducted this experi-
ment for sample 211-1k and found that it gave very similar results
for rigid and mobile fractions as the free evolution experiment. It
gave slightly longer decay constant for the mobile fraction, likely
because the Hahn Echo refocused some additional chemical shift
anisotropy, while the free evolution does not. To probe the possible
shift of rotation echo peak position, we added sampling points to
our free evolution experiment to include data points within ±50 ms
of the rotational echo. No detectable shifts of the echo peaks po-
sition were found.

The 13C dephasing signals can be well fitted by two-component
decays, with the fast-decaying component modeled as Gaussian
and the slow-decaying component as exponential. The signals and
their fits for 211e650 at 279 K and 335 K are shown in Fig. 4. The
data points at first rotor period (200 ms) do not notably deviate from
the exponential curve, suggesting that the first rotational echo
generated by the rigid-SS component is negligible. Therefore, the
amplitudes of the Gaussian and exponential components should
reasonably reflect the populations of the rigid- and mobile-SS
(termed SSr,D and SSm,D, in which D stands for 1He13C dipolar
coupling) respectively.

Fig. 5 shows the SSr,D population for all the samples as a function
of temperature (SSr,D þ SSm,D ¼ 100%). When the SSr,D population is
less than a few percent, which is the case for 321-2k at T > 300 K,
Fig. 4. 13Ce1H dephasing decay (dots) of soft segments with respect to evolution time
for 211e650 at temperatures 279 K (red) and 335 K (blue) and their respective fits
(lines). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
for 211-2k at T > 290 K, and for 211-1k at T > 330 K, the fitting
results become less reliable and thus are not plotted. Fig. 5 shows
that the rigid-SS population decreases and mobile-SS increases for
samples 211-1k and 211e650 at increasing temperatures. For the
samples with higher SS MW, 211-2k and 321-2k, the rigid-SS
population is only 3%e4% at the lowest temperatures, and
become negligible at higher temperatures. These observations are
qualitatively consistent with the findings in TD-WISE experiments,
though quantitatively the populations obtained by the fitting are
quite different. For each sample, SSr,D is much smaller than SSr,W,
and the differences are larger for the cases where the decay con-
stants of the mobile-SS components are higher (which means
lower CP efficiency). This should mainly be because TD-WISE in-
volves CP, which over-represents the rigid population. The more
detailed 13Ce1H dipolar dephasing fitting results are shown in
Table S3 in Supplemental Information.

To interpret these observations, we compare with the data from
Fig. 6. DMA tand vs temperature for 211-2k (black), 321-2k (blue), 211-1k (red), and
211e650 (green). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)



Fig. 7. T1r decay of 211-1k at 334 K under xy, LG, and FSLG spin lock conditions.
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DMA measurements. In the DMA tand curves shown in Fig. 6 (part
of the results, DMA data for 211-2k, 211-1k, and 211-650, has been
reported in Ref. [12]), substantial differences between the SS glass
transitions in these PUUs can be observed. For both 321-2k and 211-
2k, there is a distinct relaxation peak at 200e210 K along with a
weak high-temperature-side shoulder. This strong relaxation peak
occurs at similar temperature and with width similar to the glass
transition of bulk PTMO (DMA tand curve on Fig. 14.17 of ref. [32]),
and can be assigned to the glass transition in phase separated SS-
rich domains. The weak shoulder on the high-temperature side
may be associated with the sparsely populated phase-mixed re-
gions. The relaxation peak of 321-2k is less intense than 211-2k,
which should be due to the smaller SS content of the former. The
DMA curves of samples 211-1k and 211e650 exhibit substantial
difference from those of 211-2k and 321-2k. Both 211-1k and
211e650 show very broad Tg, with a relaxation peak temperature at
ca. 270 K and 320 K, respectively. The substantial shift in Tg with
respect to that of pure PTMO suggests extensive and broad distri-
bution of phasemixing. The DSC results of samples 211-1k and 321-
2 K have been also reported in a previous publication [3] and
showed similar trends as DMA, though with less details.

The criterion of definingmobile vs. rigid in TD-WISE and 13Ce1H
dipolar dephasing experiments is at a much higher rate than that in
DMA: the former being at ca. 105 s�1, while the latter at 1 s�1.
Therefore, the transitions observed by NMR would occur at higher
temperatures, likely 30e40 K higher, than the same transitions
observed by DMA. Similarly, shift of 50e60 K between the rigid-
mobile transitions as observed by 2H NMR (106 s�1) and DSC
(10�1 s�1) have been reported [15]. With this shift in mind, we can
compare the NMR data with DMA results, and it becomes clear that
the transition or population exchange between the rigid and mo-
bile fractions in NMR corresponds to the glass transition as detected
in DMA. For the more phase-separated samples 321-2k and 211-2k,
the rigid-SS fraction is quite small between 279 K and 335 K (cor-
responding to DMA test temperatures of between ca. 310 K and
370 K), which corroborates with the DMA observation that its SS
glass transition is mostly complete at 300 K. For 211-1k and
211e650, the continuous transition between the rigid and mobile
fractions observed by NMR at increasing temperature corresponds
to the very broad glass transitions in DMA. The broad distribution of
Tg for the SS population is a result of the broad distribution of phase
mixing. At any given temperature, the SS population is composed of
glassy and rubbery fractions, which is the reason its TD-WISE and
13Ce1H dipolar-dephasing decays can be modeled by two-
component decays. TD-WISE and 13Ce1H dipolar-dephasing data
are also consistent with 1H wideline observations, both showing
that the extent of population exchange dramatically increases with
decreasing SS MW.

Tdd,mas of the SSm,W fraction in 321-2k and 211-2k, despite the
large difference in HS%, are strikingly similar; both are notably
longer than those of 211-1k and 211e650. Such is also the case for
Tdd,CH, the decay constants in 13Ce1H dipolar-dephasing experi-
ments. This is related to the much lower Tg of the former two
samples as shown in the DMA data, and is due to the larger degree
of phase separation in 321-2k and 211-2k. The ratios of decaying
constants for rigid vs. mobile components in 1Hwideline and in TD-
WISE experiments are ca. 1:4 and 1:20, respectively. This difference
should be due to the effect of the moderate-speed MAS, which
dramatically extends the decaying time for signals with sufficiently
high mobility, while leave those with lower mobility unchanged.

3.3. T1r relaxations

Estimating from the 1H and TD-WISE data, the average
segmental motional rate in the SS-rich domains is likely in the
neighborhood of 104e106 s�1. 1H T1r relaxation would be a suitable
tool to further understand the dynamics at this rate range. Since T1r
relaxation on the xy plane is affected by 1H spin diffusion, study of
relaxations with suppressed spin diffusion would also be desired.
T1xz relaxation [33], the relaxation along an effective field gener-
ated by a multiple-pulse homonuclear decoupling sequence (usu-
ally MREV-8 [34,35]), has been shown to be an effective probe of
mid-kHz dynamics with minimal spin diffusion [36]. However,
the interference between the MREV-8 sequence and magic angle
spinning could lead to anomalous relaxation results [37]. In this
report we study relaxations under two homonuclear-decoupled
spin-lock sequences, the Lee-Goldberg (LG) sequence, and its
improved version, frequency-switched Lee-Goldberg (FSLG)
sequence, which are both windowless and thus could achieve cycle
times (ca. 10 ms) that are much shorter than the rotor period. The
Lee-Goldberg [38] (LG) sequence uses an off-resonance 1H spin lock
pulse so that the effective spin lock field is along the magic angle
direction, which substantially suppresses 1He1H dipolar coupling.
It has been reported that spin diffusion coefficient under LG spin
lock is dramatically slowed down, to ca. 1/20 of that during z-spin
diffusion [39]. The frequency-switched Lee-Goldberg (FSLG)
sequence [40], during which the sign of the off-resonance fre-
quency and its phase alternate every 2p revolution around the
magic angle, is an even more effective way of 1H homonuclear
decoupling and thus spin diffusion inhibition. Comparative study of
1H relaxations along these spin lock pulses would be informative
about the state of dynamics in the SS-rich domains.

Fig. 7 shows the signal area of the PTMO ether carbon peak
(71 ppm) at 334 K as a function of spin lock periods for the three
sequences obtained for 211-1k. The 71 ppm peak was chosen to
represent the PTMO because it has no other major peaks in the
immediate neighborhood so that the phase distortions from the
off-resonance peaks would have a minimal impact on the inte-
gration results. On the semi-log plot, signal with spin lock on the xy
plane (xy-SL) decays in a mostly linear way, with a slight bend
upward at longer spin lock time, indicative of a mostly single
exponential decaying behavior. On the other hand, the decays un-
der LG-SL and FSLG-SL last longer and significantly deviate from
linear. There have been few reports in the literature comparing
relaxation behaviors under these pulses. For small molecules, it has
been reported that relaxations under LG-SL is slower than xy-SL,
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and both decays are single-exponential [41,42]. The somewhat
faster decay under FSLG-SL than that under LG-SL has been
observed before and attributed to the transient effect during the
frequency/phase switch [42].

Since T1rLG and T1rFSLG are much less affected by spin diffusion than
T1r, the fact that T1r is nearly single exponential while T1rLG and T1rFSLG

are pronouncedly non-exponential suggests that the non-
exponential decaying nature of the latter is not due to any
intrinsic nature of the dynamics, but due to a heterogeneous spatial
distribution of the dynamics. As LG-SL and FSLG-SL generate similar
relaxation behaviors, only FSLG-SL relaxation data are discussed in
the following. The relaxations can bewell-fitted by two-component
exponential decay. The results are shown in Table 1.

Since the T1rFSLG of both components for both samples increase
with temperature, the average motional rates of both components
are in the fast-motion regime relative to the spin lock field strength
(78.5 kHz in this report). Judging from the shallow temperature
dependences, the fast-decaying component in both samples at
280 K is quite close to the T1r minimum, and has lower mobility
than the slow-decaying counterpart at all temperatures probed.
Therefore, the fast- and slow-decaying components are termed SSr,T
and SSm,T, respectively, in the following. The subscripts r and m
stands for rigid and mobile, respectively, and T indicates that the
components are obtained by T1rFSLG experiments. It is interesting to
note that for both samples, SSr,T even at 334 K has a lower mobility
than SSm,T at 280 K.

As seen in Table 1, the error bars for the fractions results are
larger at lower temperatures, which is because the contrast of
decay constants for the two components is smaller at lower tem-
peratures. For the same reason, the error bars are smaller for 321-
2k than for 211-1k. It is generally true for signal fitting that small
contrasts between the components result in larger errors. This
means that compared to T1rLG and T1rFSLG experiments, it is much
easier to obtain high-quality fitting results from 1H wideline
(higher signal-to-noise ratio) and TD-WISE and 13Ce1H dipolar
dephasing (higher contrast of decay constants between the com-
ponents). Also to be noted is that as T1r experiments involve CP, the
fractions shown in Table 1 are not quantitative.

For the domains whose Tg is much raised from their intrinsic
values (ca. 190 K [32,43]), an important question is the state of its
dynamics between the intrinsic Tg and apparent Tg. This is difficult
to assess from TD-WISE experiment as Tdd,mas is also affected by the
fast local chain rotation associated with the b relaxation. On the
other hand, since this fast rotation is about three orders of
magnitude faster (see next section) than the rate window of T1rFSLG,
its effect to T1rFSLG is minimal and thus a better answer to the above
question can be obtained by assessing the T1rFSLG data. Table 1 in-
dicates that T1rFSLG of SSr,T in both samples are similar and near the
T1rFSLG minimum at 280 K, suggesting elevatedmobility at an average
rate of ca. 105 s�1. Such a mobility must be of more isotropic nature
as it is on top of the motional mode associated with the b relaxa-
tion, an anisotropic chain rotation around its own contour axis at a
Table 1
Fitting results for 1H relaxation under FSLG spin lock for sample 211-1k and 321-2k.
Error bars reflect the standard deviations of fitting.

Sample T [K] ffast [%] T1rFSLG(fast) [ms] T1rFSLG(slow) [ms]

211-1k 280 58 ± 12 1.4 ± 0.2 3.9 ± 0.6
300 45 ± 8 1.5 ± 0.3 5.5 ± 0.6
322 42 ± 6 1.9 ± 0.3 8.0 ± 0.7
334 41 ± 5 2.4 ± 0.3 10.9 ± 0.8

321-2k 280 51 ± 6 1.5 ± 0.2 5.9 ± 0.5
300 50 ± 4 2.5 ± 0.2 13.0 ± 0.9
334 43 ± 4 3.6 ± 0.4 24.8 ± 2.7
rate of ca. 108 s�1 (see next section). At higher temperatures, the
mobility of SSr,T becomes faster, but still considerably slower than
that of SSm,T.

It would be of interest to compare the two-component fitting
results obtained from 1H wideline, TD-WISE, 13Ce1H dipolar
dephasing, and T1rFSLG. In all the experiments, the rigid population
decreases upon increasing temperature for the more phase-mixed
samples. The population of SSr,W (by TD-WISE) is quite similar to
that of SSr,T (by T1rFSLG), but not exactly the same, which may be
explained by the criteria of separating the dynamical populations
by Tdd,mas and T1rFSLG not being exactly the same. For example, Tdd,mas
is more dependent on sample spinning speed and the geometry
(e.g. degree of isotropicity) of the segmental motion than T1rFSLG. The
non-quantitative nature of the CP process is not a major issue here
as CP would generate similar bias toward the rigid component in
both cases.

3.4. SS segmental dynamics probed by 13C T1 relaxation
measurements

Having seen that phase-mixing with HS substantially affects the
dynamics of SS at the window of 105 s�1, it would be of interest to
see how it affects local and fast molecular dynamics (what is
associated with sub-Tg relaxations), for which we conducted 13C T1
relaxation experiments. The 13C T1 values of the internal methylene
(27 ppm) of PTMO in 211-1k, as measured following the Torchia
method [25], are shown in Table 2. Despite the signal being a sum of
both mobile and rigid fractions, the T1 decay curves can be well
fitted by single exponentials. This is similar to what has been re-
ported in the literature [14] except that we did not observe the
small (ca. 4%) slow-relaxing component which was assigned to HS/
SS interface. The T1 values are at 0.2e0.3 s for the temperature
window probed, and results for other PUUs are similar [22]. This
may be compared with the 13C T1 of amorphous polyethylene (PE),
whose T1 relaxation is driven by reorientation of CeH bonds in the
same CH2 structure and thus would exhibit similar relationships
between segmental dynamics and relaxation times. In amorphous
PE, the 13C T1 minimum occurred at 0.2e0.3 s [31], at which the
segments would have a reorientation rate close to the 13C Larmor
frequency of 67.4 MHz. Comparing with the 13C T1 values of
0.2e0.3 s for PTMO at a similar Larmor frequency (75MHz), wemay
conclude that the dynamics that drives the 13C T1 relaxation for
PTMO is at ca. 108 s�1 at ambient temperature. The reason that such
a fast motion does not excessively prolongs Tdd of 1H decay for
either the rigid or the mobile component must be because this
motion is anisotropic. The single-exponential nature of the decays
suggests that both mobile-SS and rigid-SS fractions exhibit the
same fast segmental dynamics.

Such a fast dynamics should be the molecular mechanism of the
b relaxation [32], which is the localized (involving rotation of a few
backbone bonds) segmental rotation starting at ca. 130 K. The DMA
plot of PUU samples in Fig. 6 shows a peak at ca. 130 K, regardless of
PUU compositions, which presumably corresponds to the b relax-
ation in PTMOmoiety of PUUs. Mechanical and dielectric behaviors
of both neat PTMO and poly(trimethylene oxide) have been studied
[32] and it was found that such relaxations occurred at ca.120 K,
Table 2
13C T1 values of internal methylenes in PTMO of 211-1k. Error
bars indicate standard deviations of curve fitting.

Temperature (K) T1 (s)

280 0.22 ± 0.03
295 0.20 ± 0.02
322 0.31 ± 0.02
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which agrees with the above DMA observation in PUUs.
Due to its localized nature, the b relaxation in a PTMO domain

would be little affected by its surrounding environment. The situ-
ation is similar for PE, in which low- and high-crystallinity PEs
exhibit remarkably similar temperatures of g relaxation [44,45],
which has the same molecular mechanism as the b relaxation in
PTMO. This is likely the reason that the rigid-SS domains also have b
relaxation at full strength. On the other hand, the glass transition, a
motional mode that involves the cooperation of neighboring chains
and extends over a longer length scale, would be affected by factors
such as phase mixing and domain size. For a given SS domain, at
increasing temperature, the b relaxation will first activate, at ca.
130 K and likely regardless of its state of phase mixing. It would
persist through the entire temperature range and continue to
become faster in Arrhenius manner. The slower and more isotropic
motional modes would activate at higher temperatures (�210 K
and dependent on the extent of phase mixing).

4. Discussions

4.1. Glass transition process in SS-rich domains

The 1H wideline, TD-WISE, 13Ce1H dipolar dephasing, T1r, T1rFSLG,
and DMA results provide multiple angles to view several aspects of
the glass transition process in SS-rich domains. Data from 1H
wideline, 13Ce1H dipolar dephasing, TD-WISE, and T1rFSLG experi-
ments can all be well fitted by a two-component model, all sug-
gesting that the complex morphology of the SS-rich domains in
PUU can bemodeled by a two-component system. This is consistent
with the dielectric results of the same samples in an earlier pub-
lication [13], inwhich two relaxation peaks can be seen for 211e650
and 211-1k. The glass transition that appears as large tand peak on
DMA can be reasonably assigned to the rigid/mobile population
exchange (transition from rigid to mobile fraction at increasing
temperature) as observed by NMR, taking into account the shift of
transition temperature between the two measurements as a result
of different measuring rates. This assignment could be derived by
comparing all the data for more phase-separated samples (321-2k
and 211-2k) against more phase-mixed ones (211-1k and 211e650).
At increasing temperature, while both groups of samples see
moderately increasing mobility for both rigid and mobile fractions,
the latter group shows much larger exchange of population from
the rigid to the mobile fraction, which corroborates with the large
tand values at the same temperature window. The population ex-
change at each step change of temperature allows us to view the
broad glass transition as a sum of many transitions of sub-
populations or “slices”. Each “slice”would have a different Tg which
is determined by the degree of phase mixing at the locale.

On the other hand, the rigid component does not appear to be
completely rigid, but has a mobility that slowly increases with
temperature, reaching 105 s�1 at 280 K, as observed from the T1rFSLG

data. This may be because the SSr component, though do not have
the freedom to undergo cooperative large-scale motions at
temperature � Tg, is nonetheless much above its intrinsic Tg of ca.
190 K, thus might gain some limited mobility.

For 211-1k, at each temperature probed, the T1rFSLG values of the
two fractions differ by a factor of 3e4. Although translating T1r FSLG

values to segmental motion correlation times would be dependent
on the choice of correlation time model, it may be fair to state that
the difference in dynamics between the two fractions is rather
small, probably within an order of magnitude. This could be related
to the observation that the SSr and SSm populations obtained at
various temperatures by TD-WISE and T1rFSLG are qualitatively
consistent, but do not quantitatively correspond to each other,
which might suggest that the transition between these two SS
populations is not sharp, resulting in different criteria for defining
SSr,W/SSm,W vs. SSr,T/SSm,T. Despite these complexities, our simple
model with two relaxation times seems to account for all the
experimental data fairly well.

The glass transition process associated with the PTMOmoiety of
PUU could be compared to the dynamics in the noncrystalline (NC)
region of linear polyethylene (LPE). Two factors make such a
comparison meaningful. First, PTMO and PE are structurally very
similar and both exhibit strong sub-Tg relaxations. Second, PTMO in
PUU and noncrystalline PE are both spatially confined by rigid
domains, the former by HS and the latter by crystallites. 2H NMR
shows that NC segments in LPE exhibit four distinct states of
mobility: rigid, and rapid reorientation involving 3 bonds, 5 bonds,
and �7 bonds [46]. From 123 K to 313 K, the NC region gradually
transitions from mostly rigid to mostly 3-bond mobile, then to
mostly 5-bond mobile, then to mostly �7-bonds mobile [46].
Therefore, the transition can be better described as exchanges be-
tween the populationswith relatively constantmobility rather than
a continuous increase of mobility by a single population. The
transitions in SS-rich domains of PUU and noncrystalline PE both
span a much wider temperature window than the transition in
completely amorphous polymers such as atactic polystyrene [19],
in which the transition between rigid and fast mobile states com-
pletes within a narrow temperature window.

Comparing T1r relaxations under different spin lock schemes
may infer the domain sizes of the heterogeneity. Themost plausible
reason for T1r beingmostly single-exponential while T1rFSLG being bi-
exponential is that the former relaxation is under the influence of
spin diffusion, thus during the relaxation the signals from the
various domains communicate. The spin diffusion coefficient of a
relatively rigid elastomer as 211-1k can be estimated as ca. 0.4 nm2/
ms [47], It has also been reported [39] that spin diffusion under xy-
SL and medium spinning speed (2e5 kHz) is slower than z-diffu-
sion by a factor of 3e4. Therefore, the spin diffusion coefficient
during xy-SL for 211-1k can be estimated as ca. 0.1 nm2/ms. At this
rate, during the course of T1r experiment, which lasts ca.10ms, spin
diffusion would reach over a couple of nanometers. Thus we may
estimate that the average size of each domain is likely smaller than
2e3 nm.

It is to be noted that by the NMR definition of rigid vs mobile SS,
it is not possible to tell the difference between the motionally
restricted SS that is due to spatial proximity to HS and the phase
mixed SS. On the other hand, it is not necessary to make such
distinction as their effects to the macroscopic properties of the
materials are the same.

4.2. Mechanical behavior at high strain rates

Glass transition, unlike thermodynamic phase transitions, is
rate-dependent. For example, DMA results from an earlier work on
PUU elastomers indicated the shift of the SS Tg to a higher tem-
perature as the test frequency increased [3]. More recent dielectric
studies further revealed that 211-1k would become mostly glassy
once the test frequency increased to ~21,000 Hz, as the frequency-
dependent Tg of the phase-mixed SS approached ambient tem-
perature, suggesting 211-1k would undergo deformation-induced
glass transition upon high strain-rate (ca.104-105 s�1) deforma-
tion [13].

These results reflect the time-temperature superposition prin-
ciple, which predicts that when a material is under high-strain-rate
deformation, it would behave similar to a deformation at low strain
rate at a lower temperature. In the present report, SSr has an
average motional rate of ca. 105 s�1; and SSm has a dynamics that is
several times faster than this. Thus, at a strain rate of 104 - 105 s�1,
most of the SSr would behave rigid, and part of the SSm whose Tg is
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reached would become glassy. For phase-separated PUUs, the SSr
population is sparse and the SSm population has lower Tg, while for
phase-mixed PUUs, the SSr population is more populous and the
SSm population has Tg's that are much closer to service tempera-
ture, leading to higher stiffness at high strain rates (higher
dynamical strengthening) in the latter [3]. It has been experimen-
tally observed [13] that PUU materials with higher phase mixing
extent exhibit higher dynamical strengthening in split-Hopkinton
pressure bar (SHPB) measurements (strain rate of ca. 103 s�1),
whereas deformation-induced glass transition could also be real-
ized in phase separated PUUs upon Impulsive Stimulated Scattering
(ISS) experiments (strain rate of ca. 108 s�1). These are consistent
with ssNMR observations.

5. Conclusions

1H, TD-WISE, 1He13C dipolar dephasing, and T1r experiments
were conducted to discern the segmental mobility and glass tran-
sition process in select model poly(urethane urea) elastomers. At
increasing temperature, the populations of SSr and SSm exchange,
and the exchanges are more pronounced for phase-mixed samples
(211e650 and 211-1k), which can be interpreted as glass transition
at each step change of temperature. On the other hand, the pop-
ulations of SSr remain small and mostly unchanged in more phase
separated PUUs (211-2k and 321-2k). While TD-WISE and 1He13C
dipolar dephasing experiments generate larger contrast of decay
constants between the two populations and thus are easier to
obtain high fitting quality, T1rLG and T1rFSLG experiments provide better
assessment of mobility for both populations.

13C T1 relaxation measurements suggest a fast segmental rota-
tion of the methylene moieties on the order of 108 s�1 at ambient
temperature for both mobile- and rigid-SS. This is associated with
the b relaxation observed in DMA at ca. 130 K, regardless of the PUU
compositions.

These NMR measurements clearly identified several superpos-
ing relaxation modes of SS: the fast, localized segmental rotation
corresponding to the b relaxation, the mostly isotropic yet
restricted motion of SSr, and the cooperative segmental motion of
SSm. Upon high-strain-rate (104 - 105 s�1) deformation, most of SSr
would behave rigid and part of SSmwould become glassy, leading to
dynamically induced strengthening and toughening.
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