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ABSTRACT: We have used solid-state NMR to monitor the aging dynamics of a polyurethane based on
glycidyl azide polymer (GAP) used as a binder in solid rocket propellants. We have shown by deuterium
NMR longitudinal relaxation time (T1) measurements that it is possible to monitor the degradation of
the binder as a function of time for samples with different NCO/OH ratios. The longitudinal relaxation
was found to be nonexponential. Thus, we have used a stretched exponential equation of the type
Kohlrausch-Williams-Watts to determine the value of T1ww. With the help of the gamma function, the
average value of T1 (〈T1〉) was determined without knowing the shape of its distribution function. Since
the solid-state NMR method has the advantage of being nondestructive, we were able to monitor the
aging of the polyurethane samples that were kept in ambient conditions rather than in the extreme
thermal conditions usually applied in aging studies of polymers.

Introduction

Conventional propellants use ammonium perchlorate
aluminum as energetic oxidants and a polymeric binder
made of hydroxy-terminated polybutadiene (HTPB).
This oxidant mixture has the distinct disadvantage of
producing large quantities of hydrochloric acid during
combustion1 (e.g., one space shuttle takeoff releases
220 tons of HCl in the atmosphere). We could call this
a paradox when launching an environmental probe.
Replacing ammonium perchlorate by another oxidant
such as ammonium nitrate reduces to almost nothing
the production of polluting agents during combustion.
The down side to such substitution is a considerable
drop in combustion energy.2 This change in oxidant
requires the development and characterization of en-
ergetic binders in order to compensate for the loss of
energy during combustion.

Polyurethanes based on glycidyl azide polymer (GAP)3

shown in Figure 1 are promising candidates as binders4

in future low-smoke, low-pollution, and low-sensitivity
solid rocket propellants.5 Basically, a propellant is a
mixture of an energetic solid and a plasticizer which is
mechanically maintained by a polymeric binder. The
integrity of the formulation is of primordial importance
for the performance and the long-term stability of the
propellant. Phenomena such as propellant degradation
will change its properties over time and render it less
effective, less safe, and sometime useless. The degrada-
tion of propellants is reflected by the decrease in its
material content (plasticizer, stabilizer) and by the
changes in the molecular weight or in the degree of
cross-linking of the polymeric binder.

There is an increasing interest in the development of
alternative methods to monitor degradation processes

of polymeric binders in order to choose a propellant
formulation with a low sensitivity to degradation.6 Such
techniques may help select the most resistant formula-
tion in order to extend the time during which the
material can perform its structural mission in a given
environment. Accelerated degradation of polyurethane
materials is mostly studied at moderate and elevated
temperatures by using various approaches and tech-
niques such as stabilizer depletion (high-performance
liquid chromatography),7 infrared spectroscopy,8-10 gas
evolution,11 thermal behavior changes (differential
scanning calorimetry,10,12 thermogravimetric analysis,13

microcalorimetry14), mechanical property changes
(dynamic mechanical analysis,15 stress-strain analy-
sis9), solubility changes of polymers (soluble fraction),
molecular weight, and cross-link density changes (gel
permeation chromatography, swelling).16 However, the
extrapolation of the information measured at elevated
temperatures does not always reflect the changes
observed under normal conditions. In fact, the degrada-
tion of the material in use usually occurs at ambient
temperature over a long exposure time. Techniques that
would be sensitive to aging processes at ambient or
moderate temperatures are strongly preferred to the
ones using accelerated degradation procedures. The
techniques mentioned above are very well-accepted
techniques, but they also destroy the sample, thus
preventing the study of the same sample over a period
of time.
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Figure 1. Representation of a section of a polyurethane based
on glycidyl azide polymer (GAP) and isophorone diisocyanate
(IPDI).
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We have used solid-state NMR to monitor the dy-
namic changes as a function of degradation time of a
polymeric binder used in one of these new generation
propellants. The studied binder is a GAP (glycidyl azide
polymer)-IPDI (isophorone diisocyanate)-based poly-
urethane. Such experiments were performed by moni-
toring the variation of the proton spin-lattice relaxation
times in the rotating frame (H T1F) measured from 13C
spectra for different NCO/OH ratios in the polyurethane
binder and by monitoring the variation of the deuterium
longitudinal relaxation time (2H T1) of deuterated
polyurethane as a function of the aging time. The aim
of this paper is to evaluate the potential of NMR
relaxation time measurements to investigate the
integrity of the GAP-IPDI-based polyurethane binder
exposed to aging treatments. We will also demonstrate
the use of the Kohlrausch-Williams-Watts (KWW)
stretched exponential and gamma functions to deter-
mine the value of the average longitudinal relaxation
times in the polyurethane systems.

Theory

Nonexponential Longitudinal Relaxation Time.
Relaxation phenomena in polymers determined by vari-
ous methods, such as dielectric relaxation, photon
correlation spectroscopy, and mechanical relaxation
experiments, have been shown to be strongly nonexpo-
nential. In most cases, the relaxation behavior cannot
be adequately fitted by a single exponential or by a
superposition of two or three exponentials but is better
described by a stretched exponential such as the Kohl-
rausch-Williams-Watts function shown in eq 1:17-19

where M is the z magnetization at a variable delay time
τ, M0 is the equilibrium magnetization, A is a preexpo-
nential weighting factor related to the extent of inver-
sion in the inversion-recovery experiment, â is the
stretch parameter (with 0 < â e 1), and T1ww is the
longitudinal relaxation time. The stretch parameter â
is directly related to the distribution of T1ww values. For
instance, a value of â ) 1 reflects an infinitely narrow
distribution (in such case eq 1 becomes a single expo-
nential), and a value of â ) 0 reflects an infinitely broad
distribution. In most systems, it has not been possible
to clarify the precise nature of this nonexponential
behavior by means of simple experiments. The most
commonly proposed explanations19-21 are either a spa-
tially heterogeneous distribution of correlation times
where slow and fast processes occur at the same time
or an intrinsically nonexponential loss of correlation in
a homogeneous system where slow and fast processes
occur in series.

The use of the KWW stretched exponential is well
documented in the literature in the field of dielectric
relaxation spectroscopy (DRS)22 but has been very little
exploited in the field of NMR spectroscopy and even less
in the field of polymer NMR.23 The stretched exponen-
tial function has the advantage of having fewer param-
eters to fit compared to the multiexponential functions
commonly used in solids.

If a relaxation function is considered as arising from
a superposition of exponential relaxation functions, it

can be well approximated by the following KWW rela-
tion:

Equation 2, along with the normalization condition
∫0

∞F(T) dT ) 1, defines the relaxation time distribution
function F(Τ). Lindsey and Patterson20 have shown for
the field of dielectric relaxation spectroscopy that it is
possible to obtain the average value of the relaxation
time 〈T〉 without knowing the shape of the relaxation
time distribution function F(T). We have applied this
to our NMR relaxation time measurements. The follow-
ing summarizes the mathematics behind the equations.
For further reading, we refer to the article mentioned
above.20

The moment of the average value of the relaxation
time distribution 〈Tn〉 can be expressed in terms of the
relaxation function φ(τ) by

where Γ(n) is the gamma function and is represented by
∫0

∞τn-1e-τ dτ, and φ(τ) is the exponential relaxation
function defined in eq 2. To demonstrate this, we have
rewritten eq 3 using eq 2 and interchanged the order of
integration. We therefore obtain

which is the definition of 〈Tn〉.
To determine the average value of the relaxation time

distribution 〈Tn〉 from experimental results, eq 3 can be
written using the definition of eq 2 as

With

Equation 4 may be rewritten as

which simplifies to

M ) M0(1 - A exp[-( τ
T1ww

)â]) (1)

φ(τ) ) ∫0

∞
e-τ/TF(T) dT ≈ e-(τ/T̃)â

(2)

〈Tn〉 ) ∫0

∞
TnF(T) dT ) 1

Γ(n)
∫0

∞
τn-1[φ(τ)] dτ (3)

〈Tn〉 ) 1
Γ(n)

∫0

∞
τn-1[∫0

∞
e-τ/TF(T) dT]dτ )

1
Γ(n)

∫0

∞
F(T)[∫0

∞
τn-1e-τ/T dτ] dT

〈Tn〉 ) 1
Γ(n)

∫0

∞
F(T)[Γ(n)T

n] dT

〈Tn〉 ) ∫0

∞
TnF(T) dT

〈Tn〉 ) 1
Γ(n)

∫0

∞
τn-1e-(τ/T̃)â

dτ (4)

υ ) (τ
T̃)â

) τâT̃-â dυ
dτ

) T̃-ââτâ-1 dτ ) T̃â-1υ1/â-1 dυ

τ ) υ1/âT̃

〈Tn〉 ) 1
Γ(n)

∫0

∞
T̃n-1υ(n-1)/âe-υT̃â-1υ1/â-1 dυ )

T̃nâ-1

Γ(n)
∫0

∞
υ(n/â)-1e-υ dυ

〈Tn〉 ) (T̃n

â )(Γ(n/â)

Γ(n)
) (5)
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For the first moment, which is analogous to the center
of gravity of the distribution, n ) 1, and the average
value of the relaxation correlation time distribution is
given by

where T̃ (T1ww) and â are the fitting parameters
obtained by fitting our experimental data with eq 1, and
the value of Γ(1/â) is defined in handbook tables.

Materials and Methods
Sample Preparation. Polyurethane elastomers based on

GAP-IPDI were prepared by using a procedure described in
the literature.24 The samples used for the 13C solid-state NMR
studies were precisely cut to the dimensions of the NMR
sample tubes using a drill press.

Samples of deuterated GAP-IPDI-based polyurethanes with
different NCO/OH ratios were prepared at the Defence Re-
search Establishment Valcartier (DREV), Québec, Canada, by
the following procedure. First, the hydroxyl functions of GAP
were deuterated using 20 g of a mixture of GAP diol/triol (95:
5) purchased from Rocketdyne Co. (Canoga Park, CA) dissolved
in 200 mL of dry THF. A 1.2 g sample of pure NaH purchased
from Aldrich Chemical Inc. (Milwaukee, WI) was carefully
added to the GAP solution. The mixture was kept under a dry
nitrogen atmosphere at 68 °C for 3 h. The resulting solution
was brought to room temperature, followed by the addition of
20 mL of D2O, and kept overnight at room temperature. MgSO4

was added to dry the deuterated polymer, followed by filtration
and evaporation of THF under vacuum overnight at 50 °C.
The deuterated polymer was kept dry in a desiccator contain-
ing calcium chloride. The water content of the deuterated
GAP-OD polymer was below 150 ppm as determined by Karl
Fisher (1-2% of the total 2H NMR signal). The amount of
deuterium present in the polymer was also verified using 2H
NMR spectroscopy of the polymer in chloroform. The signal
was identified to be GAP-OD (and not D2O) by comparison
with a 2H NMR spectrum of the polymer with a known added
quantity of D2O.

Four samples of deuterated GAP-IPDI polyurethane were
prepared at DREV using the deuterated GAP-OD polymer
in which a 80:20 mixture of isophorone diisocyanate (IPDI):
trifunctional N-100 isocyanate was added at the NCO/OH
ratios of 0.8, 1.0, 1.2, and 1.4. The alcohol equivalent weight
(EW) used for the ratio calculations were of EW ) 1210 g/mol
for the GAP diol and EW ) 1180 g/mol for the GAP triol.
Dibutyl tin dilauriate (DBTDL) was added at 0.01% to ac-
celerate the curing process. The curing of the polyurethanes
was done at 50 °C under dry conditions and was considered
completed after 8 days, as determined previously.24

Samples were kept sealed in a desiccator and aged in
daylight conditions at room temperature from 0 to 52 weeks.
The sample identified as 7 months (aged) has been aged in
the absence of daylight at 80 °C for 7 months. For further
reading on the reaction of the GAP prepolymer and the
diisocyanate IPDI, we refer to ref 24.

NMR Experiments. The 13C solid-state NMR magic angle
spinning (MAS) and the 2H NMR static spectra of GAP-IPDI
polyurethane were acquired with a Bruker ASX 300 solid-state
NMR spectrometer (Bruker Canada Ltd., Milton, Ontario)
operating at a frequency of 75.44 and 46.05 MHz for 13C and
2H, respectively. A broad-band/1H dual frequency 7 mm MAS
probehead was used for all 13C experiments and was purchased
from Bruker (Bruker Canada Ltd., Milton, Ontario). The 2H
NMR spectra were acquired using a static single frequency
10 mm probehead, also purchased from Bruker.

The 13C spectra were acquired using a cross-polarization
(CP) pulse sequence25 with high power proton decoupling
during acquisition. The spectra were acquired at 30, 50, and
70 °C, and the optimal contact times for the CP experiment
at these temperatures were determined to be 1, 6, and 10 ms,

respectively. The sample was spun at the magic angle at a
rate of 4 kHz. The 1H π/2 pulse length was typically 5.0 µs,
corresponding to a rotating-frame frequency of 43 kHz, and
the recycle delay was set to 5.0 s. Between 12 000 and 15 000
transients were recorded with 4096 points, and a spectral
width of 50 kHz was used for each spectra. The H T1F
measurements were done using 11 different time increments
varying between 400 µs and 6 ms. For the H T1F measure-
ments, the number of transients was limited to 1600. During
processing, the FID were zero-filled to 8192 points and
submitted to a 100 Hz line broadening.

The 2H NMR spectra were recorded using the basic qua-
drupolar echo sequence,26 and T1 values were obtained using
the inversion recovery sequence. T1 were measured at tem-
peratures between 20 and 75 °C at regular intervals to obtain
good T1 vs temperature curves. Each T1 relaxation time value
was obtained using 20 relaxation delays varying from 10 µs
to 300 ms. The π/2 pulse length was typically 6.0 µs, and the
recycle delay was 200 ms. Between 1300 and 1600 transients
were recorded with 4096 points and a spectral width of 250
kHz for each spectrum. During processing, the FID were
submitted to a 500 Hz line broadening.

Mathematical Treatment and Data Fitting. Relaxation
times (T1) and stretch parameters (â) for each sample at
different temperatures were obtained by fitting the nonexpo-
nential relaxation curve data with the KWW equation (eq 1)
using the spreadsheet program Excel and minimizing the root-
mean-square difference (rmsd) between the experimental and
the fitted data. The minimization for each data set was done
using 100 different sets of initial fitting parameters that were
randomly generated. Only the fit with the lowest rmsd was
kept for data analysis and was assumed to be the absolute
minimum.

Figure 2A presents a comparison of a GAP-IPDI-based
polyurethane T1 relaxation curve fitted with a single-expo-
nential and nonexponential (KWW) function. The value of T1

obtained using the KWW equation will be denoted as T1ww for
the rest of this paper. The value of T1ww represents a value
near or at the maximum of an asymmetric Kolrausch-
Williams-Watts distribution that is dependent on the width
of the distribution, i.e., dependent on the value of â.17,18 Since
the shape and/or width of the distribution may vary as a
function of temperature, the use of the T1ww value to monitor
the T1 vs temperature is not appropriate. In addition, since
the value of T1ww cannot be assumed to represent the precise
value of this maximum of the distribution function, it is more
appropriate to use the first moment of this distribution instead,
i.e., the average value of the 〈T1〉 distribution. We have used
eq 6, which applies the use of gamma functions and the value
of â, to translate the T1ww value into the first moment, i.e.,
the average value 〈T1〉 of the relaxation distribution. This
method ensures that we are always plotting an absolute value
of T1 vs temperature. The value of 〈T1〉 therefore represents
the average of the distribution instead of a nonabsolute value
that represents the region of the maximum. Figure 2B presents
an example of the T1 vs temperature curve obtained using 〈T1〉
compared to T1ww.

Results and Discussion
13C CPMAS Solid-State NMR Spectroscopy. Fig-

ure 3 presents the 13C CPMAS solid-state NMR spec-
trum of a GAP-IPDI-based polyurethane sample with
a NCO/OH ratio of 1.2 at 50 °C. Several spectra were
acquired at temperatures of 30, 50, and 70 °C for
samples with NCO/OH ratios of 1.0, 1.2, and 1.4. The
cross-polarization contact times were optimized for each
ratio at different temperatures and were found to be 1,
6, and 10 ms at 30, 50, and 70 °C, respectively. There
was no significant observable difference in the shape
or width of the spectral features for the different NCO/
OH ratios. Three major peaks are present in the spectra
at 51.7, 69.6, and 78.6 ppm. These peaks are respec-
tively attributed to the CH2N3, CH2O, and CHO func-

〈Tn〉 ) (T̃â)Γ(1/â) (6)
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tions of the GAP polymer, as described in the litera-
ture.24 There are also several peaks in the 20-45 ppm
region corresponding to the IPDI moiety and a peak at
155.6 ppm corresponding to the CdO of the urethane
functions.24

Spin-Lattice Relaxation in the Rotating Frame
(H T1G). Relaxation times are sensitive to the spectral
density of molecular dynamics with rates in the order
of the characteristic frequency ωr ) γBr,19,27 where Br
denotes the strength of the relevant B field. For the
longitudinal relaxation time in the laboratory frame
(T1), this is the B0 field while for the longitudinal
relaxation time in the rotating frame (T1F), this is the
B1 field used to spin lock the magnetization. Thus, T1
probes the spectral density at the Larmor frequency
(107-108 s-1) while T1F is sensitive to slower motions
with rates between 103 and 105 s-1. The value of the
corresponding relaxation time is minimum when the
rate of the motion is approximately equal to the
characteristic frequency γBr. This can be seen as the
result of a resonant coupling of the local fluctuating
fields with the spin system, which accelerates the return
to the Boltzmann equilibrium.19

For monitoring polymer degradation, the most inter-
esting part of the 13C NMR solid-state MAS spectrum
of the GAP-IPDI-based polyurethane sample (Figure
3) would be the CdO region, but unfortunately, the
resolution and signal-to-noise ratio of the peak at 155.6
ppm are not sufficient for relaxation measurements.24

Moreover, due to the weak natural abundance of the
13C nuclei, the acquisition of 13C solid-state NMR spectra
is too lengthy for a thorough analysis of the aging
dynamics based on the CdO signal measurement.
However, we have measured the H T1F of the three
major components, i.e., the CH2N3, CH2O, and CHO
functions, as a function of temperature. These functions
are all representative of the polymer soft segments. The
H T1F was chosen over the 13C T1F since the values of
the proton T1F are much shorter, thus allowing the
measurement of the relaxation times at more than one
temperature for each sample.

Table 1 shows the H T1F results obtained for three
different NCO/OH ratios, 1.0, 1.2, and 1.4, each mea-
sured at 30, 50, and 70 °C. These results first indicate
that for each sample the values of the H T1F increase
with temperature, indicating that the systems are in
the extreme narrowing limit (high-temperature side) of
the T1 vs temperature curve. This is expected consider-

Figure 2. (A) Magnetization relaxation data ([) for a poly-
urethane sample with a NCO/OH ratio of 0.8 at 70 °C fitted
with a monoexponential (dotted line) and a KWW type
stretched exponential (solid line). (B) Comparison between
using T1ww (O) vs the first moment of the distribution 〈T1〉 (b)
when plotting the magnetization longitudinal relaxation time
(T1) vs temperature curves for a sample of GAP-IPDI-based
polyurethane with a NCO/OH ratio of 1.4 that was aged for
28 weeks at 80 °C.

Figure 3. Solid-state 13C MAS NMR spectrum of GAP-IPDI
polyurethane at a NCO/OH ratio of 1.2. The spectrum was
recorded at a temperature of 50 °C with a contact time of 6
ms. The insets show the expanded spectral region of IPDI
signals between 20 and 50 ppm and the presence of urethane
at 155.6 ppm. The spinning sidebands are indicated by
asterisks.

Table 1. H T1G Values (in ms) for the Three Major
Components (CH2N3, CHO, and CH2O) of the 13C
Solid-State NMR Spectra of a GAP-IPDI-Based

Polyurethane for Three Different NCO/OH Ratios, 1.0,
1.2, and 1.4 at 30, 50, and 70 °C

temp, °C NCO/OH 1.0 NCO/OH 1.2 NCO/OH 1.4

CH2N3
30 1.8 1.1 1.7
50 5.7 5.3 7.7
70 9.8 6.4 12.6

CHO
30 1.4 0.8 1.1
50 4.9 4.1 6.2
70 10.0 4.8 9.9

CH2O
30 1.9 1.2 1.8
50 6.2 4.4 7.9
70 8.4 6.0 10.7
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ing that the B1 field used in the T1F experiments is much
smaller than the external magnetic field (B0).

The sample with a NCO/OH ratio of 1.2 has the
minimum value of H T1F relaxation time, at all temper-
atures studied, suggesting at first glance a higher
rigidity. Mechanical property measurements done at
DREV28 have shown the sample with a NCO/OH ratio
of 1.2 to have the highest rigidity compared to the 1.0
and 1.4 ratio samples. This can be explained by the
formation of long urethane chains combined with the
presence of a good level of cross-linking. In the 1.0 ratio
sample, the reticulation degree is lower due to the
smaller number of isocyanate functions available to
form reticulations, which causes the sample to have
longer chains and less reticulation. In the 1.4 ratio
sample, the higher number of isocyanate functions
available results in the formation of shorter linear
urethane chains and the formation of smaller molecules
such as allophanates, urea, and biuret.24 These smaller
molecules may cause swelling in the polyurethane, thus
decreasing the overall rigidity of the 1.4 ratio sample
compared to the 1.2 ratio sample.

As mentioned above, the results obtained with the
three samples suggest that the decrease in the H T1F
values observed at the three temperatures investigated
is indicative of a higher rigidity of the 1.2 ratio sample,
reflected by slower motions in the kilohertz motional
regime. However, the relation between the changes in
relaxation times and molecular dynamics ideally re-
quires the study of the variation of the minimum value
of the T1 vs temperature curve instead of using a single
T1 value at a given temperature. Due to a multitude of
experimental restrictions, it is not always possible to
obtain the minimum value. However, partial segments
of the curve can be sufficient if the monitored data are
on the low-temperature side of the curve since changes
in the amplitude and frequency of molecular motion are
both reflected in the same manner on the T1 variation.
For example, a higher frequency and a higher amplitude
of molecular motion will both cause a reduction of the
T1 value. However, data on the high-temperature side
(extreme narrowing limit) of the curve cannot usually
be properly interpreted without the value of the T1
minimum since changes in the frequency and amplitude
of molecular motion will modify the T1 value in opposite
ways.

Due to the long time required to measure one relax-
ation time from 13C spectra at a given temperature, the
acquisition of many points to construct a typical T1 vs
temperature curve was too time-consuming for the
spectrometer availability. For example, due to the long
recycle delay (5 s), a typical T1F measurement with 11
time increments took just over a day (∼25 h). Conse-
quently, it was not practical for degradation studies to
acquire several T1 vs temperature curves as a function
of aging time for a given sample. For this reason, we
chose to use deuterated samples of our binder in order
to monitor the variation of the 2H spin-lattice relax-
ation as a function of the aging time. The use of 2H T1
considerably shortens the experimental time (due to
efficient quadrupolar relaxation), permitting to probe
the sample in a more extensive manner.

2H Spin-Lattice Relaxation Measurements (2H
T1). Figure 4 shows the solid-state 2H spectrum of an
amorphous GAP-IPDI polyurethane sample with a
NCO/OH ratio of 1.4 acquired at 20 °C. The spectrum
is typically isotropic due to the high degree of motion

common for polymers at temperatures above their glass
transition temperature (-41 °C for GAP-IPDI polyure-
thane). Figure 5 shows the variation of the 〈T1〉 values
for different samples with NCO/OH ratios of 0.8, 1.0,
1.2, and 1.4 and for a sample of deuterated hydroxy-
terminated glycidyl azide polymer (GAP-OD) moni-
tored between 20 and 75 °C.

As mentioned above, the minimum value of 〈T1〉 in
amorphous polymers is reached at a temperature when
molecular motions are occurring at a frequency close to
the Larmor frequency, i.e., 4.5 × 107 s-1 in a 7.04 T
magnetic field. This value increases at temperatures
below and above this minimum. Therefore, a variation
of the overall position of the 〈T1〉 vs temperature curve
is expected as a function of the mechanical properties
of the various samples. The results presented in Figure
5 show that, for the temperature range studied, the
relaxation time values for the deuterated hydroxy-
terminated glycidyl azide prepolymer (GAP-OD) are
representative of the high-temperature side (extreme
narrowing limit) of the curve and that molecular mo-
tions on the order of the Larmor frequency occur at
temperatures between 15 and 25 °C. When mixing this
prepolymer with the isocyanate to form the urethane
link, a gradual shift of the curve is observed in the
temperature range studied, from the high-temperature

Figure 4. Solid-state 2H NMR spectrum of GAP-IPDI
polyurethane at a NCO/OH ratio of 0.8. The spectrum was
recorded at 20 °C.

Figure 5. 〈T1〉 vs temperature curves obtained for samples
of unaged GAP-IPDI polyurethane at varying NCO/OH ratios.
The different ratios are pure GAP-OH prepolymer: ([), 0.8
(b), 1.0 (2), 1.2 (O), and 1.4 (9).
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side of the 〈T1〉 curve toward the low-temperature side
as the NCO/OH ratio increases. This is representative
of an increasing rigidity in the sample with an increas-
ing NCO/OH ratio. More specifically, the results indicate
that, by increasing the NCO/OH ratio, the minimum
value of 〈T1〉 shifts toward higher temperatures, which
means that more energy is required in order to observe
molecular motions with rates close to the Larmor
frequency. More specifically, in the sample with a NCO/
OH ratio of 0.8, molecular motions in the 4.5 × 107 s-1

range are observed at temperatures of about 30-35 °C
compared the same rates occurring at a temperature
above 75 °C for the 1.4 NCO/OH ratio sample.

Molecular dynamics is reflected not only on the T1 vs
temperature curve by a right or left shift of the
minimum as a function of temperature but also by an
increase or a decrease of the minimum T1 value at a
given temperature. This is characteristic of the ampli-
tude of the motion, with higher T1 values being associ-
ated to motions with lower amplitude. The results
presented in Figure 5 indicate that the maximum values
of 〈T1〉 are obtained for the 1.2 ratio curve. This is
indicative of a higher rigidity for the 1.2 ratio sample,
as also found by mechanical property studies and by the
H T1F measurements (see previous section).

The variations of the 〈T1〉 vs temperature curves were
monitored as a function of aging time for two different
samples at NCO/OH ratios of 0.8 and 1.4. Figure 6a
shows the variation of the 〈T1〉 vs temperature curve
(recorded between 20 and 75 °C) for five different aging
times of the GAP-IPDI polyurethane sample with a
NCO/OH ratio of 0.8. As the sample ages, no significant
change is observed in the temperature of the minimum
〈T1〉 value, but a significant increase of the overall value
of the curve is obtained. This decrease in relaxation
efficiency is indicative of a decrease in the amplitude of
motion, thus indicating an increasing rigidity of the
sample over time.

The reproducibility of the experiments is reflected by
the two curves acquired 1 day apart on the same sample
(6 months) (Figure 6A). On the other hand, there is no
change in the 〈T1〉 curves between 6 months and 1 year.
Figure 6B presents the variation of the 〈T1〉 relaxation
values at 30 °C (〈T1〉 minimum) as a function of the
aging time for the sample with a NCO/OH ratio of 0.8.
These results indicate that the value of the relaxation
time, at the minimum of the 〈T1〉 vs temperature curve,
is constant after about 25 weeks. This suggests that the
process giving rise to the changes in 〈T1〉 is most likely
the stabilization of the polymer rather than degradation.
It would therefore be necessary to investigate this
sample over a longer time period in order to visualize
any changes due to polymer degradation.

Using the KWW equation to obtain the relaxation
times allows also the determination of the value of the
â stretch parameter. This parameter is indicative of the
width of the relaxation time distribution. Probing this
value as a function of temperature is related to the
variation of the overall sample as a function of temper-
ature and also as a function of aging time. Figure 6C
shows both of these variations for the 0.8 ratio sample.
The results show no significant variation as a function
of aging time, indicating that the variation in molecular
motion observed in the 〈T1〉 measurements is homoge-
neous throughout the sample. This suggests that the
formation of different density regions in the polymer
over time, which is expected during degradation due to

a decreased molecular weight, seems to be absent for
this sample. This homogeneous variation of 〈T1〉 is
therefore probably more characteristic of polymer sta-
bilization rather than polymer degradation. On the
other hand, the results presented in Figure 6C also

Figure 6. (A) 〈T1〉 vs temperature curves for a sample of
GAP-IPDI polyurethane with a NCO/OH ratio of 0.8 at
different aging times. The curves presented here are for a
sample aged for 3 days ([), 6 weeks (0), 6 months (b, O) and
1 year (2). (B) Variation of the value of 〈T1〉 at 30 °C for the
sample of GAP-IPDI polyurethane at a NCO/OH ratio of 0.8
as a function of aging time. (C) Variation of the stretch
parameter â as a function of temperature for different aging
times for the sample of GAP-IPDI polyurethane at NCO/OH
ratio of 0.8. The curves presented here are for a sample aged
for 3 days ([), 6 weeks (0), 6 months (b, O), and 1 year (2).
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indicate a considerable change in the value of â as a
function of temperature for a given aging time, with an
increasing width of the relaxation time distribution at
temperatures above 50 °C.

Figure 7A presents the variation of the 〈T1〉 vs
temperature curves as a function of aging time for the
GAP-IPDI polyurethane sample at a NCO/OH ratio of
1.4. It can be seen that the overall 〈T1〉 vs temperature
curve decreases as a function of aging time. Since this
is on the low-temperature side of the 〈T1〉 minimum,
these results indicate that the system is becoming less
rigid due to an increase in the rate and/or amplitude of
motion. The sample named “7 months (aged)” is a
sample that was aged at 80 °C for a period of 7 months.
It has attained a similar rigidity as the sample that was
aged at ambient conditions for 1 year. Figure 7B
presents the variation of the 〈T1〉 relaxation values
recorded at 53 and 74 °C as a function of aging time for
the sample at a NCO/OH ration of 1.4. For both these
temperatures, the value of the relaxation time continues
to decrease after about 50 weeks, indicating a decreas-
ing rigidity of the polymer, thus reflecting polymer
degradation.

The variation of the stretched exponential coefficient
(â) for the 1.4 ratio sample, presented in Figure 7C,
indicates that there are significant differences as the
sample ages. More specifically, the width of the relax-
ation time distribution increases at temperatures below
40° as a function of the aging time of the sample,
indicating an increasing heterogeneity of the sample.
Combined with the results obtained from the 〈T1〉 vs
temperature curves, these results indicate that the
sample is changing in a nonhomogeneous fashion
throughout the polymeric matrix as a function of aging
time. This is characteristic of polymer degradation due
to a decrease of the polymer network, thus reflecting a
decreasing rigidity.

It is interesting to note that the variation of the
stretch parameter â for the sample after 1 year is
different from the sample that was aged at very high
temperature (80 °C) for 7 months, while for the same
samples, there is no significant difference in the 〈T1〉 vs
temperature curves. Both samples have the same range
of molecular motions (〈T1〉 vs temperature) but are
different in terms of molecular density (â vs tempera-
ture). These results suggest that accelerated aging by
very high temperatures is different from the room-
temperature aging process. This is characteristic of
different aging processes for the various functions
present (urethane, urea, alophanate, biuret) in the
polyurethane with the NCO/OH ratio of 1.4. It is
suspected that the aging at room temperature resulted
more from a photolysis process while the accelerated
aging in the dark at 80 °C (7 months) was more the
result of a hydrolysis or a thermolysis process.29 Finally,
the variation of the value of â as a function of temper-
ature at a given aging time indicates that as the system
gains energy, the width of the distribution of relaxation
times starts decreasing.

Conclusions

We have monitored in the present study the aging
dynamics of a glycidyl azide polyurethane as a function
of the NCO/OH ratio. The 13C NMR H T1F results
suggest a higher rigidity in the soft segment (GAP
extended chains) of the GAP-IPDI polyurethane with
a NCO/OH ratio of 1.2 while the 2H NMR T1 measure-

ments indicate a higher rigidity in the hard segment
(urethane function) of the GAP-IPDI polyurethane with

Figure 7. (A) 〈T1〉 vs temperature curves for a sample of
GAP-IPDI polyurethane with a NCO/OH ratio of 1.4 at
different aging times. The curves presented here are for a
sample aged for 3 days ([), 6 weeks (0), 6 months (2), and 1
year (b) and for a sample that was aged at 80 °C for 7 months
(O). (B) Variation of the value of 〈T1〉 at 53 °C (0) and 74 °C
([) for the sample of GAP-IPDI polyurethane with a NCO/
OH ratio of 1.4 as a function of aging time. (C) Variation of
the stretch parameter â as a function of temperature for
different aging times for the sample of GAP-IPDI polyure-
thane with a NCO/OH ratio of 1.4. The curves presented here
are for a sample aged for 3 days ([), 6 weeks (9), 6 months
(2), and 1 year (b) and for a sample that was aged at 80 °C
for 7 months (O).
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a NCO/OH ratio of 1.2. Since the 2H longitudinal
relaxation was found to be nonexponential, we have
used a stretched exponential equation of the type
Kohlrausch-Williams-Watts to determine the value of
T1ww. With the help of the gamma function as well as
the values of T1ww and of the stretch parameter â, we
were able to determine the average value of T1 〈T1〉
without knowing the shape of its distribution function.
The study of 2H NMR T1 as a function of temperature
has shown the potential of this technique to monitor the
changes in molecular dynamics during the aging pro-
cess. Aging the sample with a NCO/OH ratio of 1.4 at
ambient conditions for 1 year and by the accelerated
treatment for 7 months (at 80 °C) resulted in a similar
variation of the 〈T1〉 values, which suggests that similar
aging processes occurred for both treatments. However,
the use of the â factor showed that the aging processes
were indeed different, with a broader distribution of the
structure (smaller value of â) in the case of the acceler-
ated aging process. Thus, the application of monitoring
the stretch parameter â as a function of temperature
and time is complementary to relaxation time measure-
ments and provides further insight into the degradation
of the sample.
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