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SYNOPSIS

Correlations between the macroscopic bulk polymer properties storage modulus (E’) and
loss modulus (E”) and the microscopic property of cross-polarization as represented by the
time constant T¢y have been established for a series of polyurethane elastomers. The de-
pendence of E’, E”, and T¢cy as a function of molecular weight, rigid domain concentration,
and temperature are graphically presented as a series of log plots. An experimental rela-
tionship is presented that shows that the distribution of motions of the flexible domains
appears to be the major factor in the success of these correlations.

INTRODUCTION

In a recent publication, we showed a correlation be-
tween the dynamic storage modulus ( £') and a mean
cross-polarization constant <TCH> for a series of
morphologically diverse polymers.’ This preliminary
correlation established the relationship between the
two physical measurements and demonstrated that
these measurements are modulated by similar mo-
lecular motions.

In this article, we expand on the previous work
by looking at a series of polyurethane elastomers
correlating Tcy not only with storage modulus but
also with the loss modulus (E”). Further, we dem-
onstrate that it is the mobile or flexible components
of T'cy that govern the relationships derived and al-
lows these types of correlations to be successful.

BACKGROUND

In our earlier correlation, we showed that an initial
approximation can be derived using mathematical
models that describe the relaxation behavior for
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cross-polarization (CP) and E’. The reduced
expression for T¢y, given as a function of a single
correlation—time, can be expressed as®®:

1/Tey = (x'/2/4) (sin%0, sin? Oy MSH)
X [7.exp(—Aw?r2/4), (1)

where Ty is the cross-polarization time constant
between the carbon and proton spins, M$¥ is the
second moment of the heteronucular dipolar cou-
pling, O and O are the angles corresponding to
proton and carbon nuclei in the rotating frame, re-
spectively, in relation to the static field (Hy), Aw is
the angular mismatch of the Hartmann-Hahn con-
dition, and r¢ is a correlation time influenced by
near static molecular motion.* The carbon-proton
second moment can be expressed as a function of
motional correlation times, and in the simplest case
the effect of the M, term in eq. (1) will be parallel
to the effect of the 7, term.

A Maxwell-Wiechert model was used to describe
the storage modulus in terms of a single relaxation
time constant given as®’:

E' o« 0?2/(1 + w?r?), (2)

where w is the frequency of the mechanical pertur-
bation.
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Similarly, the loss modulus can be described as
E" o wr/(1+ w?r?). (3)

Previously, we hypothesized a relationship be-
tween microscopic and macroscopic behavior by
combining eqs. (1) and (2) and by assuming a per-
fect Hartmann-Hahn match (Aw = 0) as shown in
eq. (4):

E' o {[0*(1/Tew)?/[1+0*(1/Ten)?1} = ¢. (4)

Likewise, if we now consider egs. (1) and (3) under
the condition of a perfect Hartmann-Hahn match,
the following expression can be obtained:

E” ¢ {[w(1/Tca)]/[1 + «*(1/Tcu)?1} = ¥. (5)

Furthermore, double-log plots of E’ vs. ¢ and E” vs.
V¥ should yield slopes differing by the ratio of 2: 1,
respectively, and would only apply under conditions
of a low-frequency range of motions if these rela-
tionships are indeed valid.

Thus, the objective of this article is to expand
and test the relationships given by egs. (4) and (5)
through the study of a series of polyurethane elas-
tomers.

EXPERIMENTAL

Nuclear magnetic resonance (NMR ) measurements
were acquired on a Bruker MSL spectrometer op-
erating at a '*C resonance frequency of 100.627 MHz.
The proton dipolar coupling and spin-lock field
strengths employed were matched at 57 kHz.

Variable-temperature experiments were per-
formed utilizing a Bruker temperature control unit
capable of controlling with a precision of £3°C. The
subambient temperature experiments were per-
formed using dry nitrogen instead of compressed air
for the bearing and drive pressures.

The inversion recovery cross-polarization (IRCP)
experiment, illustrated in the pulse sequence in Fig-
ure 1, utilizes variable hold times (75) of 0.0-4000
us. The cross-polarization contact time was held
constant at 1.5 ms. The experimental data was an-
alyzed according to the methods previously de-
scribed.l®

Storage and loss modulae for the polyurethane
samples were measured with a Polymer Laborato-
ries’ DMTA operating at a frequency of 1 Hz.

The polyurethane samples used were all com-
mercially available materials (PTMEG/TDI pre-

Decouple

90y

ty o+t Acquire Data

ty = Cross Polarization Time

t, = Variable Contact Time

Figure 1 IRCP pulse sequence.

polymers from Uniroyal Chemical Co.). These ma-
terials consist of poly (tetramethylene ether glycol)
(PTMEG) segments of varying molecular weights
difunctionally endcapped with toluene diisocyanate
(TDI). The particular prepolymers used bear the
trade names Adiprene L-100, L.-167, and L.-200. The
liquid prepolymers were chain extended to form solid
polymers using the diamine chain extender 4,4'-
methylene-bis-2-chloroaniline (MOCA) at a 90%
stoichiometry. The basic structure of these polyure-
thanes is represented in Figure 2. The M,, values for
the PTMEG “flexible” segments are 1000 for these
three samples. The “rigid” TDI segment concentra-
tions follow the trend L-200 > L-167 > L-100.

RESULTS AND DISCUSSION

Polyurethane elastomers are two-phase polymer
systems that exhibit elastomeric behavior in part as
a result of the microdomain phase separation of the
rigid and flexible copolymer segments. The me-
chanical properties these materials exhibit are a re-
sult of the interactions of these rigid and flexible
segments. Likewise, the NMR relaxation behavior
should also exhibit a dependence on the microdo-
main phase separation.

From the polyurethane data in Table I, the two-
phase nature of the polyurethane elastomers can
easily be seen. The fractions (X ) and (1 — X), which
result from the data fitting, represent the fractions
of T4y and T2y, respectively. T8y is the fast relax-
ation component of the IRCP process and is usually
associated with rigid or crystalline regions of the
polymer. T2 is the slower relaxation component
and is usually associated with the more mobile or
amorphous portions of the polymer system.®

Upon further examination of the data in Table
I, we can see the trends expected for this series of
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Figure 2 Representative structure of PTMEG /TDI/MOCA polyurethanes.

polyurethane samples. In particular, we point out
that the values obtained as T4y for the rigid domain
carbons (130 ppm} are similar for the three poly-
urethanes and are also essentially independent of
temperature. This is to be expected since the rigid
domains of these three samples differ only in their
concentration and bulk molecular packing config-
uration. At room temperature, the data given as
TE, for these rigid carbons also shows the expected
trend of 1.-100 having a higher mobility resulting in
a larger Ty value, followed by L-167 and then L-
200. Likewise, the T2, data obtained for the flexible
segments (27 ppm) at room temperature show a
similar trend. Much more can be said about this
data and its dependence on the domain packing
configurations and on the polymers thermal history;

however, it is beyond the scope of this particular
article. Thus, we refer the readers to a forthcoming
publication involving the use of IRCP in the study
of polyurethane morphology.’®

The resonances 27 and 130 ppm were chosen to
represent backbone carbons from each of the two
phases of the polyurethane, flexible and rigid, re-
spectively. The 27-ppm resonances arises from the
methylene carbons of the PTMEG flexible segments
and the 130-ppm resonances are representative of
protonated aromatic carbons from the rigid domains.
The significance of these particular resonances has
no meaning other than that already stated. A num-
ber of other resonances from each phase could have
been chosen as well, yielding similar information
about backbone motion.

Table I Cross-Polarization Relaxation Constants and Fitting Parameters

Polymer/ppm (X) Téu (us) 1-Xx) Ty (us) X?
IRCP data (rm. temp.)
L-100/27 0.35 340 0.65 4400 1.05 E2
L-100/130 0.40 38 0.60 1100 2.11 E73
L-167/27 0.27 130 0.73 3850 1.38 E?
L-167/130 0.43 37 0.57 520 2.09 E?
L-200/27 0.22 160 0.78 3800 6.91 E®
L.-200/130 0.40 40 0.60 300 154 E3
IRCP data (+75°C)
L-100/27 0.10 120 0.90 4600 475 E2
L-100/130 0.51 40 0.49 1100 848 E®
L-167/27 0.38 175 0.62 3620 1.60 E2
L-167/130 0.45 33 0.55 800 5.32 E7®
L-200/27 0.34 220 0.66 2600 244 E7?
L-200/130 0.60 43 0.40 1200 2.48 B2
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Table II Polyurethane Phase Structure and Correlation

Parameters
Temp. Estimated In (E) 1n (E")
Polymer (°C) Phase Fraction {(Tcyy (Pa) (Pa)
L-100 25 Rigid 0.08 2520 18.08 2.90
Semirigid 0.12
Semimobile 0.28
Mobile 0.52
L-100 75 Rigid 0.10 6450 17.04 2.65
Semirigid 0.10
Semimobile 0.08
Mobile 0.68
Liquid-like 0.04
L-167 —20 Rigid 0.16 1000 20.50 3.47
Semirigid 0.14
Semimobile 0.40
Mobile 0.30
L-167 25 Rigid 0.13 2085 18.54 3.17
Semirigid 0.17
Semimobile 0.20
Mobile 0.50
L-167 75 Rigid 0.13 3095 17.17 2.89
Semirigid 0.16
Semimobile 0.27
Mobile 0.40
Liquid-like 0.04
L.-200 25 Rigid 0.16 1870 19.21 3.31
Semirigid 0.24
Semimobile 0.13
Mobile 0.47
L-200 75 Rigid 0.24 2095 18.65 3.15
Semirigid 0.16
Semimobile 0.20
Mobile 0.37
Liquid-like 0.30

A weighted average Ty value was obtained via
calculations from the two component model using

eq. (6)!:
(Tcu) = 2. NiTcu/ 2 Ni, (6)

where N; is the fraction of each relaxation compo-
nent and T¢y is the corresponding cross-polarization
time constant. The values calculated as { Tcy ) are
given in Table II along with the fractional compo-
sition of the various solid phases obtained using the
stoichiometric values for the respective rigid and
flexible domains. Further explanation of the purpose
of using an average Ty and representative backbone
carbons along with an explanation of the solid-phase

composition can be obtained from our original cor-
relation study.’

Figures 3 and 4 show the correlations of { Tcy )
with E’ and E”’, respectively. Note that the ratio of
the slopes of the two plots is 1.98, which compares
well with the value of 2.0 predicted by comparison
of egs. (4) and (5). This is further verification for
the hypothesis that macroscopic moduli and Tcy
measurements are influenced by similar distribu-
tions of molecular motions! and that near-static
motions are the type of motions that predominantly
effect Tey.'! Also, this is further evidence that the
correlations are indeed valid.

Both correlations include three polyurethanes of
different rigid domain concentrations. The L-100
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Figure 3 Correlation between E' and T¢y.

sample has the lowest rigid domain concentration,
L-167 is an intermediate polymer, and L-200 has
the highest rigid domain concentration. Experi-
mentally, this equates to 1.-200 having the highest
modulus and 1.-100 having the lowest modulus at
room temperature. Likewise, at room temperature
L-200 has the smallest { T¢cy ) and L-100 has the
largest { Tcy ). The module and { Ty ) will change
as a function of temperature.

4.00

L-100, the “softest” of the polyurethanes ob-
served, does not fit the correlation as well as the
other data points. Although this could represent
limitations of the model, the more likely cause seems
to be experimental error. The first problem arises
in the mechanical property measurements. As the
temperature is increased in the mechanical experi-
ments, this sample expands and becomes soft and
flexible. This leads to changes in the mode of de-
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Correlation between E” and T¢y.
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Figure 4
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Figure 5 Correlation between E’ and Ty showing molecular weight trends.

formation for the sample. The operating range of
the transducer used for mechanical detection has
been exceeded as a result of the changes in the ge-
ometry of the sample due to softening, and leads to
a larger error in the experimental analysis. Another
problem arises with the L.-100 sample when mea-
suring Tey. Since this sample has the lowest con-
centration of rigid domain, the signal from the ar-
omatic region of the NMR spectra is reduced. This
lack of sensitivity also results in a larger source of
error in the analysis. For these reasons, the corre-

lation of E’ vs. {Tcy) (Fig. 3) has been fit both
including and excluding this data point to illustrate
the uncertainty involved in the measurements. (Ex-
perimentally, the magnitude of the error for both
measurements is approximately 20%.)

Looking closer at Figure 3, we see that we can
extract various trends out of the overall correlation
and narrow the plot down to one polyurethane at
various temperatures, Figure 5, or the three poly-
urethanes at one temperature, Figure 6. These
smaller correlations behave well and as expected in
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Variable Temperature Studies of L-167 Polyurethane
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no

—-12.00

Figure 6 Correlation between E” and T¢y showing temperature dependence.



terms of modulus and { Tcy ). The larger amount of
scatter in the overall correlation (Fig. 3) results from
the propagation of uncertainties of the individual
trends. In particular, the slight changes in slope be-
tween Figures 5 and 6 need to be considered further
in theory and experimentally. It must be remem-
bered that the Maxwell-Wiechert model, which we
use to describe the dynamic modulae, is only a first
approximation and is based on a single correlation
time. Not only are there a distribution of correlation
times present but there may be a change in the char-
acteristics of the correlation time distribution as a
function of temperature or molecular weight that
needs to be considered. Consequently, the Maxwell-
Wiechert model may be too simple a model for such
correlations.

As pointed out in our original correlation, despite
the use of simple models a reasonable correlation
exists between the macroscopic bulk storage mod-
ulae and the microscopic NMR relaxation property
{Tcyy for a series of diverse polymers. We further
show that this is also true for the series of polyure-
thanes reported here, indicating that the molecular
correlation time distributions for both of these mea-
surements are similar. This is true not only for E’
but also for E”, as would be expected (Figs. 3
and 4).

In our original correlation, we pointed out that a
correlation of this type is not possible unless all the
motional components of the polymer system are
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considered. This was shown by comparing the E’ vs.
(Tcn) and also E’ vs. initial slope Tcy (where the
initial slope T¢cy is predominantly weighted by rigid
components that cross-polarize faster). However,
at this time the data does not entirely support the
idea that all components need to be considered. Al-
though it seems intuitively better to consider all
motional components through a weighted composite
average, and indeed a better correlation is obtained
vs. an initial slope measurement of Ty, it is the
flexible or mobile components of T¢y that seem to
be dominant in these correlations. This is illustrated
by Figures 7 and 8, which show correlations between
E'and E” and a weighted average of only the mobile
or flexible components of TCHy <TCH>(Mobile)- This
suggests that the motion within the flexible domains
strongly influences the macroscopic modulae of
these polyurethane elastomers.

This finding seems reasonable since the rigid do-
mains have Ty values similar to those of glassy-
state polymers, even when the NMR measurements
of the polyurethanes are taken at elevated temper-
atures.!® Thus, the motion within rigid domains
would have little influence on bulk tensile behavior
other than to serve as physical crosslinks that would
limit the mobility of the flexible segments. However,
cooperative interphase motion involving the flexible
segments in cooperation with rigid domains would
be expected to influence macroscopic properties.®>*2
More simply, it is the properties and the motions of
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Figure 7 Correlation between E' and mobile components of Tcy.
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Figure 8 Correlation between E” and mobile components of Tc¢y.

the flexible domains or the flexible domains asso-
ciated with the rigid domains, either through phase
mixing or interface association, that control mod-
ulus.

SUMMARY

A correlation has been established between modulae
and Tcy for a series of similar polyurethane elas-
tomers. These correlations illustrate that E', E”, and
Ty are modulated by similar distributions of mo-
lecular motions. Further, it has been demonstrated
that the distribution of motions governing the flex-
ible or mobile components appear to be the most
important factors in these correlations.

It is important to consider all motional possibil-
ities when attempting to make a connection between
mieroscopic phenomenon and macroscopic proper-
ties. Unfortunately, not all experimental techniques
have the ability to sample more than one motional
regime. IRCP experiments allow us to look at a min-
imum of two motional components. In systems like
the polyurethane samples studied here, which are
known to have two-component phase behavior,
IRCP allows us to break up these moticonally differ-
ent components further and thus allows for a greater
understanding of the microdomain morphology that
exists within these systems.
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