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The glass-transition dynamics of a polyurethane gel were studied over a wide temperature and fre-
quency range using ultrasonic spectroscopy (US), dynamic light scattering (DLS), and dynamical
mechanical thermal analysis (DMTA). DMTA showed both an a and a 3 relaxation, while with DLS
only the a relaxation could be observed. The a relaxation measured by DLS and DMTA was analyzed
in terms of a continuous relaxation time distribution. This analysis method is compared to an analysis in
terms of the Kohlrausch-Williams-Watts function for the DLS results and the Havriliak-Negami func-
tion for the DMTA results. The shape of the relaxation time distribution is temperature independent
over the temperature range covered and identical for both techniques. The temperature dependence of
the characteristic relaxation rates is well described by the so-called Vogel-Fulcher-Tamman-Hesse equa-
tion. Characteristic relaxation rates measured by DLS were about a factor 10 smaller than interpolated
from the US and DMTA measurements. Since DLS measures a compliance and the two other tech-
niques a modulus, lower values are expected. If the compliance data are converted into corresponding
values for the modulus, the DLS results are compatible with the US and DMTA results.

INTRODUCTION

The dynamics of the glass transition of polymeric sys-
tems have been studied by a large number of experimen-
tal techniques, e.g., nuclear magnetic resonance,' ul-
trasonic spectroscopy (US),>”* Brillouin scattering
(BS),>® dynamic light scattering (DLS),°® dielectric re-
laxation spectroscopy (DS),’ and dynamic mechanical
techniques.!® Each technique has its own advantages and
disadvantages in terms of, for instance, the accessible
dynamical range and sample handling. In many ways the
various techniques are complementary. It is therefore of
particular interest to compare results of different tech-
niques applied to the same system and to establish the ex-
tent to which the same dynamical processes are probed.

The glass-transition dynamics are generally character-
ized by at least two relaxational processes: the so-called
a and B relaxations.!"1? The a relaxation is the local seg-
mental relaxation of the polymer chain backbone, while
the B relaxation is considered to be the side-group relaxa-
tion. Both relaxations are characterized by broad relaxa-
tion time distributions A4 (7), the 8 relaxation being usual-
ly much broader than the a relaxation. Characteristic re-
laxation times (7,) can be defined in various ways, e.g.,
the average relaxation time, the position of the maximum
in the relaxation time spectrum, or the parameter which
characterizes the analytical function used to fit the data.
If the functional form of A4(7) is known, 7. values defined
differently can of course be converted for comparison.
The a relaxation is characterized by a strong non-
Arrhenius temperature dependence, while the B relaxa-
tion has an Arrhenius temperature dependence
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[log(7,) = T~1]. At high temperatures the two processes
merge and only a single relaxation is observed. When the
two relaxations are distinct the a relaxation is much
easier to measure and is better suited for a comparative
study using different techniques. The temperature depen-
dence of the characteristic relaxation rate of the « relaxa-
tion is found to be well described by the so-called Vogel-
Fulcher-Tamman-Hesse (VFTH) equation:

. (1)

T=To€Xp ﬁ
0

Here 7, is the relaxation time in the high-temperature
limit and T is the temperature where 7 becomes infinite.
If this dynamical process is probed by techniques with
different frequency ranges, the results can easily be com-
pared by an appropriate choice of the measurement tem-
peratures. In recent years comparative studies of the
glass-transition dynamics have been done on a number of
systems, mostly linear polymer liquids. Often the tem-
perature dependence of the characteristic relaxation time
is observed to be the same when probed by different tech-
niques.!> The shape of the relaxation time distribution
was found to be either independent of the tempera-
ture!* !5 or to become narrower with increasing tempera-
ture.!'®!” Even in the latter case the effect is only detect-
able if a large temperature range is scanned. As far as we
are aware only one such study has been reported for a gel
forming system.'®

Here we present results of an investigation of the a re-
laxation of a polyurethane (PU) gel using a US, DLS, and
DMTA. A comparison of these techniques is interesting
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because the a relaxation is probed differently by each
technique. In US the longitudinal modulus (M) is deter-
mined,'® while DLS is related to the longitudinal compli-
ance (D),2*2! and in DMTA the Young’s modulus®? (E)
is measured. In addition the methods cover different
complementing dynamical ranges. The results of DLS
and DMTA were analyzed in terms of relaxation time
distributions. The shape of the relaxation time distribu-
tions was found to be the same and independent of the
temperature. The temperature dependence of the loss
modulus peak position obtained from all three techniques
can be described by the VFTH function with B =1009,
T,=220 K, and 7,=8.3X 10" s. It will be shown that
in order to determine the longitudinal modulus using US,
it is necessary to measure both the ultrasonic absorption
and the sound velocity at each frequency. Unfortunately,
it was for the system studied here not possible to measure
the sound velocity over a wide frequency range which is
necessary for the determination of the shape of the relax-
ation function. In addition to the a relaxation a (3 relaxa-
tion with an Arrhenius temperature dependence was ob-
served by DMTA.

EXPERIMENT

Materials. The polyurethane samples were formed by
condensation of dried polyoxypropylene triol (Mn=722
g/mol, Mw/Mn=1.03) with hexamethylene diisocyanate
(HMDI) in a stoichiometric ratio »r =[NCO]/[OH]. The
reaction was catalized by 2X 1073 g of dibutyltindilau-
rate per gram of HMDI. The polycondensation was car-
ried out at 313 K until complete consumption of the
NCO groups. After two days, unreacted NCO groups
could no longer be detected by IR spectroscopy. For
light scattering measurements the initial mixture was
filtered through Anotop filters with pore size 0.2 um and
the polycondensation occurred directly in the light
scattering cells. The density of the polyurethane samples
depends only weakly on » and is close to 1 g/ml at 293 K.
The glass transition temperature 7, measured by
differential scanning calorimetry (DSC) is 257 K for the
polyurethane with stoichiometric ratio r =1.

DMTA. The DMTA measurements were done with a
dynamical mechanical thermal analyzer from Polymer
Laboratories. The samples were tested in a double can-
tilever bending with a fixed displacement (+16 pum) in a
temperature sweep mode. The sample temperature is
controlled within 0.1 K in the range 123-323 K.

DLS. The DLS measurements were done on a Malvern
K 7032 or an ALV-5000 correlator in combination with a
Malvern goniometer. The light source was an argon-ion
laser emitting vertically polarized light with wavelength
488 nm. Depolarized DLS measurements were done by
placing a Glan-Thompson polarizer before the photomul-
tiplier. The temperature was controlled within 0.1 K us-
ing a thermostated bath. At low temperatures, water
condensation was avoided by a constant nitrogen flow.

Assuming the validity of the Siegert relation, the ex-
perimental intensity autocorrelation functions [ G,(¢)] are
related to the normalized electric field autocorrelation
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function [g(#)] in the following way:
G,(t)
(1)?

where (I) is the time averaged scattered light intensity
and b is a constant between 1 and O which depends on the
experimental setup. For the setup used, b is approxi-
mately 0.6.

US. In US experiments, the measurements were made
in transmission using a pulsed signal. To make measure-
ments on very viscous samples, the transducers are main-
tained at a fixed distance in order to obtain the relative
absorption and transit time variations with temperature.
A spectroscopic method using fast Fourier transform?*2*
(FFT) was used to determine the sound velocity (using
FFT phase) and absorption (using FFT modulus) on a fre-
quency domain limited by the transducer’s bandwidth.
The temperature was controlled within 0.1 K, using a
thermostated bath. Transducers with fundamental fre-
quency 7 MHz were used in this study.

=g,(1)=1+[bg,(1)]*, @)

RESULTS

DMTA. The Young’s modulus was measured as a
function of temperature between 123 and 323 K at a
number of frequencies between 0.1 and 100 Hz. The loss
modulus, E’', shows two peaks: a relatively narrow peak
at higher temperatures and a broader peak at lower tem-
peratures, see Fig. 1. The narrow peak can be attributed
to the a relaxation and the broad peak to the [ relaxa-
tion. Characteristic frequencies can be obtained as a
function of temperature either by taking the peak posi-
tion in E” vs T plots at different frequencies or in E"' vs
frequency plots at different temperatures. The two
methods give the same result. We have calculated the
corresponding characteristic relaxation times using
7,=(27f,)"'. E" vs frequency plots have the same
shape in the temperature range where we observe the o
relaxation so that a master curve can be constructed by
time-temperature superposition with T, =260.4 K, see
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FIG. 1. Temperature dependence of the Young’s loss

modulus of the polyurethane gel (PU) with » =1 at two frequen-
cies.
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FIG. 2. Semilogarithmic master plots of the loss and storage
Young’s moduli for PU with » =1 versus frequency at reference
temperature 260.4 K. The solid line represents the result of a fit
to the GEX function [Egs. (4) and (5)].

Fig. 2. Using the shift factors, the temperature range for
which 7, can be determined is much wider than when we
restrict ourselves to the peak positions. Values of 7, are
shown in Fig. 3 in the form of an Arrhenius plot together
with the results from DLS and US discussed below. In
this representation the temperature dependence of 7,
characterizing the 3 relaxation is linear while the temper-
ature dependence of the narrow mode shows a curvature
typical for the a relaxation.

We have analyzed the data by assuming that the relax-
ation function characterizing the a relaxation [¢(¢)] is a
continuous sum of exponentials:

d)(t):fowA(T)eXp—(t/T)d’r. 3)

The loss and storage modulus can now be written in
terms of A(7):

© T
E'"(w)=(E_,—E,) ——— A(r)dT, (4a)
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FIG. 3. Arrhenius plot of the temperature dependence of the
characteristic relaxation times obtained from DLS, DMTA, and
US measurements.
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where E , and E are the high and low frequency limits,
respectively, and w=2xf is the angular frequency. For
A (1) we have used the so-called generalized exponential
(GEX) function:?

Is|7 ~lrgfxexp( —7/7gEx))
T(p/s) ’

where I'(x) is the gamma function. The GEX function
has a large degree of freedom to describe single peaked
distributions of widely different forms and has been used
successfully to describe broad relaxation time distribu-
tions in DLS experiments.?®?’ Two other functional
forms are often used to describe the a relaxation: the
Kohlrausch-Williams-Watts (KWW) function in the time
domain:

A(r)= (5)

¢(t)=exp[—(t/7'wa)ﬁ] (6)

and the Havriliak-Negami (HN) function in the frequen-
cy domain:

PR . — 0

[1+(l.Q)THN)a]Y '

The relation between these two latter functions is ex-
plored in Ref. 28. General properties of the GEX func-
tion and its relation to the HN and KWW functions are
discussed elsewhere.>> The main advantages of using the
GEX function are that it can be used readily to analyze
data in the frequency or the temperature domain and
that a tractable expression for the relaxation distribution
is obtained. The GEX function is therefore more suitable
for a comparison of results from different techniques
made on the time (DLS) and frequency (US and DMTA)
domain. The GEX distribution gives a good representa-
tion of the experimental data except at very low frequen-
cies, see solid lines in Fig. 2. The values of the parame-
ters obtained by a nonlinear least-squares fit to the E’
data (7gpx=7X10"%s, p =0.32, s =0.33, E;=9.6X 10°
Pa, E =1.4X10° Pa) were used to calculate the solid
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FIG. 4. Normalized relaxation time distribution functions
characterizing the a relaxation obtained from a fit of the DLS
and the DMTA measurement to Eq. (5).
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line through the less well-defined E'* data. The corre-
sponding relaxation time distribution is shown in Fig. 4
together with the results from DLS, see below. At very
low frequencies, relaxations other than the a relaxation
become apparent. These relaxations are due to dynamics
of the polymer chains on larger distance scales and are
called the Rouse normal modes. The large scale dynam-
ics depend on the structure of the gel as is illustrated in
Figs. 5(a) and 5(b) where E’' and E'’ are plotted for po-
lyurethane gels prepared with different stoichiometric ra-
tios as a function of f/f,. In the double logarithmic rep-
resentation, the onset of the Rouse modes is clearly visi-
ble at f/f,. < 1073 or possibly even at higher values of
f/f,.. For comparison we also show the result of a fit to
the HN function (7y4n=0.1s, a=0.73, y=0.27). Using
this function one can also fit the low frequency data since
the data show a power-law dependence in the low fre-
quency range. However, this behavior is due to the
influence of Rouse normal modes, and the a relaxation is
probably better described by a stretched exponential.
The lower frequency relaxations are much better ex-
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FIG. 5. (a) Double logarithmic master plots of the storage
Young’s modulus versus frequency for different stoichiometric
ratios (7). The solid and dashed lines represent, respectively, re-
sults from a fit to the HN and the GEX function of the maser
plot at r =1. (b) The same as (a) for the Young’s modulus.
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plored with other experimental techniques and will be
discussed elsewhere.

Dynamic light scattering. Light scattering measure-
ments on gels are often hampered by scattering from
structural inhomogeneities.?’ For polyurethane gels this
scattering is very strong and dominates the scattering
from the density fluctuations. Interestingly, the depolar-
ized scattering is almost as strong, implying high
structural order. The restructuring is extremely slow and
most of the scattering can be considered static on the
time scale of the measurements (a few hours). The
scattering from the inhomogeneities heterodynes the
scattering from the density fluctuations resulting in re-
duced intercepts of the measured correlograms. The very
low values of the intercepts mean that we can treat the
correlation functions as fully heterodyne. In the hetero-
dyne mode the intensity autocorrelation function is
directly proportional to the electric field autocorrelation
function.”® In Fig. 6 the experimental correlation func-
tion at 293 K is shown. The fast relaxation which is in-
dependent of the scattering angle and has a strong tem-
perature dependence can be identified with the a relaxa-
tion. This part of the correlation function can be related
to the relaxation of the longitudinal compliance.?%?!-3!
At long times, the effect of structural relaxation can be
detected. Fortunately, the relaxation times of the two
modes remain well separated over the temperature range
investigated (263-293 K) so that it is possible to cut off
the correlograms before the second decay and treat the
second decay as a floating baseline. When we subtract
the baseline and normalize the intercepts, the correlo-
grams measured at different temperatures have the same
shape, but with a strongly temperature-dependent
characteristic relaxation time, see Fig. 7(a). By doing a
time-temperature shift, a master curve can be formed
taking T =293 K, see Fig. 7(b). The resulting master
curve represents the relaxation function of the longitudi-
nal compliance. We have analyzed the master curve
again using Egs. (3) and (5). The solid line through the
data represents the result of a nonlinear least-squares fit
(tgex=1.5X107% s, p =0.32, s =0.34). At long times,

0'015 T T T T T T T T T
o
o
0.010 - o -
%o
A %o
= ©00000000000000000000000¢,
o %
o
0.005 | o
o
o
0.000 L 1 1 1 1 1 1 1 1

-1 0 1 2 3 4 5 6 7 8 9
Log(t) (us)

FIG. 6. Semilogarithmic plot of the intensity autocorrelation
function of PU with » =1 measured at 293 K.
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FIG. 7. (a) Normalized correlation functions after baseline

subtraction at different temperatures of PU with » =1. (b) Mas-
ter plot obtained by time-temperature superposition of the data
shown in (a) with reference temperature 293 K. The solid line
represents the result from a fit to the GEX function (Egs. 3 and
5).

but before the onset of the structural relaxations, again
an additional slow relaxation can be detected with a rela-
tively small amplitude. The corresponding relaxation
time distribution is shown in Fig. 4. The KWW function
with $=0.31 and Tww=0.74X107% s describes the
data almost as well except again at long times. Knowing
A(7), we can calculate the loss (D’’) and storage (D’)
longitudinal compliance using

D"(@)= >f°° T Alndr (8a)
and
D'(@)=D, +(D )f_ler iz A(ndT, (8
where D, =1/M _ and D,=1/M, are, respectively, the

high and low frequency limits. Since we could not deter-
mine D, and D, by DLS, we have calculated only rela-
tive values of D' and D", see Fig. 8. Taking again the
maximum position of the loss peak as the characteristic
frequency, we find 7,=1.0X 107% Hz at 293 K. Values
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FIG. 8. Normalized loss and storage compliance of PU with
r =1 obtained from DLS versus frequency at reference tempera-
ture 293 K.

of 7, at other temperatures were calculated from the shift
factors and are compared with DMTA and US results in
Fig. 3.

Ultrasonic measurements. In US the measured experi-
mental parameters are the sound velocity (v) and the ul-
trasonic absorption (a). For the sample studied here
only the relative variation in the absorption (Aca) could
be measured. The temperature dependence of the v,
(longitudinal velocity) and Aa are shown for f=4.5
MHz in Fig. 9. The plot of Aa vs T shows a maximum
due to the relaxation of density fluctuations. It is tempt-
ing to obtain f, as a function of the temperature by tak-
ing the peak position plots of Aa vs T at different fre-
quencies. However, values of f,. obtained in this way are
not the same as the characteristic frequencies of the
mechanical modulus since the longitudinal modulus (M)
is a combination of the sound velocity and the ultrasonic
absorption'®

M"'=2 30 , 9
v (9a)

M'=py?, (9b)

where p is the density. A plot of AM" vs T shows again
a maximum but the peak position is shifted to lower tem-
perature by 9 K, due to the dispersion of v, see Fig. 10.
In the calculation of M’ we have neglected the very weak
temperature variation of the density. It is clear that if we
want to study the mechanical modulus at ultrasonic fre-
quencies we have to measure both the temperature
dependence of v and a as a function of the frequency.
Unfortunately, for very viscous solutions, v can only be
measured over a very limited range of low frequencies.
In the past it has been assumed either that the dispersion
of v can be neglected or that the values of v measured at
low frequencies can be used to calculate M'' at higher fre-
quencies.>* That these assumptions may lead to
significant errors is evident from a comparison of Fig. 9
with Fig. 10. We are therefore limited to low frequency
values. The peak positions are plotted in Fig. 3. For
comparison we have also plotted the peak positions of Aa
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FIG. 9. Sound velocity and variation of the ultrasonic ab-
sorption of PU with » =1 versus temperature at 4.5 MHz.

at different frequencies. We were not able to construct
the frequency dependence of a or v as only the relative
variations of a could be measured and v could only be
measured in a very small frequency range. An alternative
approach used in Ref. 32 consists in analyzing the tem-
perature dependence directly by using the temperature
dependence of the characteristic frequency. However,
this procedure supposes both that the shape of the relaxa-
tion function is temperature independent and that the
temperature dependence of f,. is known with high accu-
racy over a wide temperature range.

DISCUSSION

The dynamical processes measured by the three tech-
niques used in this study are not probed in the same way.
The DMTA technique probes the Young’s modulus
which is related to the bulk (X) and shear (G) modulus in
the following way:'%??
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FIG. 10. Storage modulus and normalized variation of the

loss modulus of PU with » =1 obtained from US measurements
versus temperature at 4.5 MHz.
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_ _9GK
G+3K °

In general, K >>G so that Eq. (10) reduces to E=3G
which means with this technique one probes essentially
the shear modulus. The longitudinal modulus measured
by US is related to K and G as follows:**

E (10)

M‘—‘—K—i—%G. (11)

Assuming again, K >>G, Eq. (11) reduces to M =K
which implies that one measures essentially the bulk
modulus. The fact that M'/E’> 10 for the polyurethane
sample shows that we can indeed neglect the contribution
of the bulk modulus to E and the contribution of the
shear modulus to M. The electric field autocorrelation
function due to density fluctuations is related to the re-
laxation function of the longitudinal compliance.?®?!
Neglecting again the contribution of the shear compli-
ance this means that by DLS the bulk compliance (B) is
probed.

For a proper comparison of the DLS results with the
DMTA and US results, we need to convert the compli-
ance data to the corresponding modulus values using

DII

,I=——D,2+D;,2 , (123)
' D’
= D12+D//2 . (12b)

However, to calculate even the relative variation of M’
and M"', we need to know M, /M,. This is illustrated in
Fig. 11 where we have plotted M"' /M, for different
values of M, /M,. It is clear that the larger M /M,
the broader is the loss modulus peak and the more the
peak position is shifted to higher frequencies. From the
limiting high and low temperature velocities, we can esti-
mate that M /M,=1.8%0.2 in the temperature range
of the DLS measurements. Using this value, we can cal-
culate the loss modulus peak, which is somewhat broader

0.8 |
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0.6 1

norm
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0.4 b

0.2 + 4

0.0 =
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FIG. 11. Normalized loss moduli converted from the loss
compliance data obtained from DLS for different values of
M, /M, indicated in the figure.
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Log(f/f,)

FIG. 12. Comparison of the normalized loss moduli obtained
from DMTA and DLS.

than the DMTA results (see Fig. 12) and with the peak
position at f,=1.3X 10% Hz. Using a similar procedure,
Drake et al.?° have compared the a relaxation of a sim-
ple liquid probed by DLS and US. They found a close
agreement between the longitudinal moduli obtained by
the two techniques.

We have plotted the characteristic relaxation times of
the moduli obtained from US, DMTA, and DLS in the
form of an Arrhenius plot, see Fig. 13. A nonlinear
least-squares fit of the US and DMTA data to the VTHF
equation yields B =1009, T,=220 K, and
7,=8.3X 10" 5. Given the uncertainty in the value of
M /M, the results from DLS are compatible with the
two other techniques. The fact that the loss peak ob-
tained from DLS is slightly broader may be due to the
larger influence of slow Rouse modes on the fit results.
From mode-mode coupling theory,3* a slightly narrower
peak would be expected as the DLS measurements were
done at higher temperatures. As is explained above, we
were not able to measure the frequency dependence of the
longitudinal modulus measured by US for the
stoichiometry studied here. We are currently conducting
a systematic investigation of the PU system at different
stoichiometries. At stoichiometries below 0.6, the system
does not gel so that the frequency dependence of M’ can
be measured and we can determine the relaxation time
distribution. We expect that this study will enable us to
establish whether the shape of the relaxation time distri-
bution function has a significant temperature dependence.

In polymeric liquids there is a strong coupling between
segmental rotation and translation in the glass-transition
dynamics so that it is not surprising that the shear relaxa-
tion measured by DMTA is close to the longitudinal re-
laxation measured by the other techniques. The strong
coupling is also indicated by the fact that, within experi-
mental error, the same correlation function is measured
in the polarized and depolarized modes.

Dynamic light scattering results are often analyzed in
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FIG. 13. Arrhenius plot of the temperature dependence of
the characteristic relaxation times obtained from DLS (using
converted data), DMTA, and US (obtained with M’ values)
measurements. The solid line represents the result of a fit to the
VFTH equation [Eq. (1)].

terms of the KWW function. For many polymeric
liquids one obtains B values between 0.35 and 0.4. For
the polyurethane gel we find a somewhat lower value
(0.31) which might be due to the large structural po-
lydispersity of the system.

CONCLUSIONS

The glass-transition dynamics in polyurethane gels are
characterized by at least an @ and a 8 relaxation. The dy-
namics of the a relaxation are close when measured using
DMTA, DLS, and US, implying that the shear and bulk
dynamics are similar. The temperature dependence of
the a relaxation is well described by the VFTH equation:
7,=8.3X 10 !* exp [1009/(T-220)]. A continuous distri-
bution of relaxation times, the so-called generalized ex-
ponential function, is well suited to analyze the a relaxa-
tion in both the DLS and the DMTA experiments. The
relaxation distribution is independent of the temperature
in the temperature range covered by DLS and DMTA
and is somewhat broader than what is usually observed in
polymeric liquids.

When the glass-transition dynamics are studied by US
it is necessary to measure both the frequency dependence
of the sound velocity and of the ultrasonic absorption.
Contrary to what has been assumed in the literature, the
dispersion of the sound velocity cannot be neglected.
Only when both are known is it possible to calculate the
frequency dependence of the longitudinal loss and storage
moduli. A small contribution of slow relaxations prob-
ably due to Rouse normal modes can be detected by the
DMTA and DLS measurements.
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