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ABSTRACT: Bulk polymerization of urethane made from diphenylmethane 4, 4’ diisocy-
anate (MDI) and polyether macro diol was performed from size exclusion chromatogra-
phy and viscoelastic studies. Coupling the viscoelastic characterization and the kinetic
law showed that the viscoelastic behavior of the urethane system is only dependent of
the degree of polymerization. The rheological study proved that low physical interac-
tions can be found between the polyurethane chains. Furthermore, the critical molecu-
lar weight corresponding to a rheological maximum effect of these interactions was
observed close to the value Mc = 2Me, characterizing the onset of the topological
entanglement coupling. A qualitative explanation of this singular behavior was at-
tempted from a hydrogen bonding point of view. On the other hand, the linear viscoelas-
tic properties of polyurethane samples of different molecular weights were studied. The
main viscoelastic parameters, no, J2 and G} were determined. © 1997 John Wiley & Sons,

Inc. J Appl Polym Sci 65: 2395-2406, 1997
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INTRODUCTION

In the formation of linear polyurethane elasto-
mers, the reactants (diisocyanate and diol) join
end to end to produce polymer chains linked to-
gether through urethane groups. Furthermore,
due to the extensive diversification of possible con-
stituents, a rather wide variety of mechanical
properties can be obtained from these materials.

Although there is considerable published liter-
ature on the relation of polyurethane to their
chemical and physical structures, much less has
appeared concerning the detailed nature of ure-
thane polymerization. Published detailed infor-
mation on rheology of urethane polymerization,
in particular the work of Macosko and co-work-

Correspondence to: P. Cassagnau.
Contract grant sponsor: Region Rhone Alpes.

Journal of Applied Polymer Science, Vol. 65, 2395-2406 (1997)
© 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/122395-12

ers,'® mainly concerns thermoset urethane elas-

tomer systems.

Therefore, the aim of the present work was to
investigate bulk polymerization of urethane made
from diphenylmethane-4, 4’ diisocyanate (MDI)
and polyether macro diol. On the other hand, even
though considerable interest in modeling viscosity
increases during curing, little has been done on
oscillatory rheological experiments. The oscilla-
tory shear method has the advantage to measure
in situ in the rheometer a continuous evolution
of the linear viscoelastic properties, through the
complex moduli G’ and G”, of the reactive system.
In addition to this rheological characterization,
the extent of the polymerization reaction was
measured as a function of time through the varia-
tion of molecular weights from size exclusion chro-
matography (SEC).

All these fundamental aspects must be well
understood to approach the modeling of this re-
action in a continuous reactor such as twin screw
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extruder. Works are in progress with this pur-
pose.

EXPERIMENTS

Experiments were performed on linear polyure-
thane system of 4, 4’ diphenyl methane diisocya-
nate (MDI, Desmodur 44M) and a polyether diol
(M, = 1kg/mol, PU1600) of functionality 2. These
products were generously supplied by Bayer Cor-
poration. On the other hand, the urethane system
was only made from soft segments because a chain
extender was not added in the system for avoiding
phase separation by hydrogen bond formation be-
tween hard segments.

Diol was preheated in a glass vessel at a tem-
perature of 50°C under nitrogen. The stoichiomet-
ric concentration of MDI was stirred in the vessel
and mechanical mixed with diol within 3 min.
Without a catalyst, the rheological kinetic study
ensured that the extent of the reaction at these
conditions can be negligible.

As a catalyst, dibutyl tin dilaurate (DBTDL)
was added in the system just before experiments
in the rheometer.

Isothermal viscoelasticity experiments on cata-
lyzed samples were done with the use of a
Rheometrics RMS800 with parallel plate geome-
try of 50-mm diameter plates and a 1-mm gap.
Then, the dynamic shear mode was used at the
frequency of 1 rad/s. The reactive mixture was
transferred, through a 2 mL syringe, to the paral-
lel plate preheated at the experimental tempera-
ture. Complex shear modulus was recorded after
approximately 10 s. On the other hand, strain am-
plitude was manual fitted from 800% at the begin-
ning of the test to 1% at the end of the experiment
to obtain a measurable torque and to remain in
the domain of the linear viscoelasticity.

Viscoelasticity molecular weight correlations
were also performed on a well-characterized non-
reactive polyurethane system synthetized from
the following procedure. Polyurethane samples
were polymerized in a glass reactor at a tempera-
ture of 60°C with 1.34 X 10 * mol/L of DBDTL.
A solution of n-butylamine in tetrahydrofuranne
(2% by weight) was injected in the reactor to
quench the reaction. One day later THF was re-
moved and samples were dried at 60°C for 3 days
under vacuum at a reduce pressure. From this
procedure, samples with different molecular
weights were synthesized.

Table I SEC and Rheological Kinetic
Experiments of Bulk Urethane Polymerization

[Cat] mols/L

Temperature
°C 1.34 X 107* 267 X 107° 8.9 x 10°°
40 X
60 X X
80 X X X
100 X X X
120 X

The molecular weights of the polymer samples
were measured with a SEC system, which con-
sisted of a Waters 510 pump, a Waters R410 re-
fractometer, and two PSS linear columns (Mixed
B) of 600 X 7.8 mm. Tetrahydrofurane (THF), at
a flow of 1.2 mL/min, was used at room tempera-
ture as the solvent. The SEC was calibrated with
polystyrene standard. Data were collected with a
CNRS software (GPCHROM). To have compara-
tive results between rheology kinetics and SEC
kinetics, experiments were duplicated in the
RMS, used in this case as a chemical reactor only.
The sample products were collected from the two
parallel plates through the sample port of the rhe-
ometer, directly into 8 mL vessels containing a
solution of n-butylamine in THF (2% by weight)
to quench the reaction.

Table I sums up the main polymerization ex-
periments, rheology, and SEC kinetics carried out
in this study. Three amounts of catalyst were used
at three different temperatures in the range of 40
to 120°C.

RESULTS AND DISCUSSION

General Behavior

Figure 1(a—b) provides evidence of the urethane
polymerization process through the variation of
the complex modulus at w = 1 rad/s (strorage G’
and loss G" moduli) and molecular weight, respec-
tively. Such a behavior was observed at different
temperatures of polymerization and at different
amount of catalyst. The viscous behavior of the
oligomeric material dominates the initial part of
the experiment. The loss modulus G” is large,
while the storage modulus G’ is still negligible.
With increasing molecular weight, the loss modu-
lus increases while the storage modulus rises



LINEAR VISCOELASTIC BEHAVIOR AND MOLECULAR WEIGHT EVOLUATION 2397

sharply until tan 6 goes through a minimum
value. However, the storage modulus does not in-
tercept the loss modulus. Beyond this critical
point, the loss modulus keeps increasing while the
storage modulus increase slightly. Consequently,
tan ¢ increases and reaches a maximum value. In
the last part of the polymerization process, the
storage and the loss moduli increase with reac-
tional time and cross (tan 6 = 1 and G' = G”
~ 10°Pa). This crossover point between G’ and
(G" means that the onset of the plateau zone char-
acterizing the presence of physical entanglements
is reached at the experimental temperature (T
= 40°C) and at the frequency w = 1 rad/s of the
oscillatory shear applied.

On the other hand, Figure 1(b) shows that the
average number molecular weight increases lin-
earily with the reactional time as:

M,/M, = [Aolkt + 1 (1)

where & is the kinetic constant and [Ao] = 1.58
mol/L is the initial concentration of diol (or diiso-
cyanate) monomers. From a kinetics point of
view, these experimental data behavior suggests
that simplified assumptions can be made on the
reaction mechanisms: (a) the mechanism of the
reaction remains constant throughout the poly-
merization process; (b) the polymerization reac-
tion is first order with respect to each functional
group reactant, [H] and [NCO].

If we consider the isocyanate concentration
equal to the active hydrogen [NCO] = [H], be-
cause the polymerization is run near stoichiome-
try, the simplest expression used to fit urethane
kinetic data is, therefore:

—d[NCO]/dt =k[NCO]* (2)

Such a simplified kinetic expression was gener-
ally used for modeling the polymerization pro-
cessing of the urethane system.*® Last, from the
combination of Carother’s equation with the sec-
ond-order rate expression, relation 1 is found.

SEC Kinetics

Remember that the molecular weight values were
obtained from SEC and represent polystyrene
equivalent molecular weights because the calibra-
tion curve of molecular weight vs. elution volume
was established using a polystyrene standard.

A number of experiments, as previously de-
scribed, were carried out to measure the kinetic
constant. The temperature dependence was ob-
tained by making measurements at three differ-
ent temperatures (T = 60, 80, and 100°C) at the
catalyst level of [2.67 X 10 ° mol/L]. Figure 2(a)
and (b) show that M, increases linearly with
time. Then, eq. (1) is valid at different tempera-
tures and at different catalyst concentrations. On
the other hand, the kinetic constant £ can be ex-
pressed as:

k = Al exp(—Ea/RT) (3)

where R is the gaz constant and Ea is the activa-
tion energy of the reaction. The activation energy
was measured from the Arrhenius plot: Ea = 50.4
kd /mol.

As shown in Figure 2(b), the catalyst concen-
tration dependence was obtained by making mea-
surements at several catalyst levels ([Cat] = 1.34
X 107*; 2.67 X 107%; and 8.9 x 10 ® mol/L) at a
temperature of 80°C. Furthermore, eq. (3) can be
simplified by introducing the catalyst concentra-
tion into the rate constant:

Al = A[Cat]® (4)

with b = 0.6 and A = 1.38 X 10 (units to give a
rate of mol/L/min).

Figure 2(a—b) shows that a good agreement
is observed between predictive molecular weight
from the kinetic law (relation 1) and experimental
data.

Rheological Kinetics

Combining rheological characterization and Kki-
netic law [eq. (1)] gives the plots of G’ and G" as
a function of number molecular weight. Further-
more, at the temperature of 80°C, G' and G" (M ,,)
are plotted for three catalyst levels [Fig. 3(a)].
Within experimental errors, an identical rheologi-
cal behavior is observed for these different cata-
lyst levels. This result means that the isothermal
viscoelastic behavior of the urethane system
throughout the reaction is only dependent of the
degree of polymerization. However, the plot of tan
6 vs. molecular weight shows a slight quantitative
difference between the curves [Fig. 3(b)].

On the other hand, as the number molecular
weight varies linearly with the reactional time,
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Figure 1 Kinetic studies, [cat] = 1.34 X 10™* mol/L; w = 1 rad/s, T = 40°C. (a)

Variation of the storage G', loss moduli G” and T,6 vs. time. (b) Variation of the
number molecular weight M,, vs. time.

the rheological behavior of the medium through-
out the reaction is identical with that described
in the general behavior part [Fig. 1(a)]. It is ob-

served that with increasing molecular weight, the
loss modulus increases while the storage modulus
rises sharply until tan 6 goes through a minimum
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Figure 2 SEC kinetics. Variation of M,, vs. reactional
time. (a) Influence of the temperature; [Cat] = 2.67
X 1075 mol/L. (A): 60; ((0): 80 and (O): 100°C. (b) Influ-
ence of the catalyst concentration; 7' = 80°C. (O): 1.34
x 107%; (0): 2.67 X 107%; and (A): 8.9 X 10~® mol/L.

value. The molecular weight at this critical point
is readily obtained from tan ¢ curves and was
found to be approximately equal to 102 kg/mol.
At this first stage of the reaction, the urethane
system behaves as the rheological changes oc-
curring below the gel point during a crosslinking
reaction. However, from the chemical structure of

the two reactants (diol and diisocyanate) and
from SEC analysis, possible chemical crosslinks
or stars structure of the chains cannot be gener-
ated in polyurethane samples. A possible explana-
tion of this rheological behavior is a physical
crosslinking of the polyurethane chains through
microphase segregation between MDI structure
and polyether segments. Indeed, it is well known
in the literature that polyurethane blocks copoly-
mers containing alternating flexible and rigid seg-
ments generally possess a two-phase morphology
due to the thermodynamic incompatibility of the
different segment types. In the present study, al-
though urethane system is constituted of soft seg-
ments joined end to end by an aromatic structure,
rheological behavior prove that a phase segrega-
tion can be developed through the association of
aromatic groups of the MDI. In addition, the
abundance of urethane hydrogen atoms and ether
oxygen groups in this polyurethane system per-
mits hydrogen bonding among the polymer
chains. The N—H group of the urethane linkage
serves as a proton donor while possible proton
acceptors are the ether oxygen of the polyether
diol.”® As a consequence, hydrogen bonding re-
stricts the mobility of the polyurethane chains
segments, and a network structure can develop in
the system.

To understand the origin of this physical struc-
ture, dynamic viscoelastic experiments were car-
ried out on presynthesized polyurethane samples.
Figure 4(a) and (b) show the master curves of
the dependence of the storage and loss moduli G’
and G" upon the frequency of the oscillatory shear
applied for two presynthesized polyurethane sam-
ples of molecular weight M,, = 9.75 and 124 kg/
mol, respectively. Viscoelastic behavior [Fig.
4(a)] of the sample having the lowest molecular
weight exhibits a low-frequency plateau for the
storage modulus. This second plateau can be at-
tributed to a physical network structure formed
between the polyurethane chains and confirms
the previous assumptions made on hydrogen
bonding between the polyurethane chains.

Indeed, this viscoelastic behavior at low fre-
quencies is consistent with the presence of a criti-
cal point on tan 6 curve as previously observed
from rheological changes during urethane poly-
merization. Nevertheless, Figure 4(b) shows that
the viscoelastic behavior of the sample of high mo-
lecular weight (M, = 124 kg/mol ) does not exhibit
a second plateau. Actually, Figure 5 shows that
the presence of this second plateau modulus at
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low frequencies progressively vanishes with in-
creasing molecular weight of the prepolymerized
samples. Therefore, combining rheological studies
on urethane polymerization (Fig. 3) and on prepo-
lymerized polyurethane samples (Figs. 4 and 5)
shows that the physical interactions between the
polyurethane chains goes through a maximum ef-
fect at the molecular weight of 10 kg/mol and van-
ishes beyond this point with increasing molecular
weights.

If the hydrogen interactions are assumed to be
effective in the polyurethane system, the fact that
the rheological effects of these physical interac-
tions are maximum at molecular weights around
10 kg/mol can be explained as follows: at the ini-
tial part of the polymerization process, the reac-
tive system consists of a soup of the different spe-
cies (oligourethane, unreacted diol, and MDI mol-
ecules), as proven by SEC analysis [Fig. 6(a)].
Then, the system consists of oligomeric chains
with low hydrogen interactions. As the degree of
polymerization increases, the concentration of hy-

drogen bonding increases and the probability of
interchain bonding increases, causing a physical
temporary physical network. At the onset Me of
the topological entangled network, the polyure-
thane chains are long enough to get entangled in
each other. Furthermore, the molecular weight
distribution [Fig. 6(b)] shows that a near homo-
geneous polyurethane system was synthesized.
Therefore, the microphase segregation, formed by
association of aromatic groups, presents a rheo-
logical maximum effect at Mc ~ 2Me. The value
of Mc (Mc = 7 kg/mol) is closed to the value of
the molecular weight (M = 10 kg/mol), at which
the rheological effects are maximum. However,
from the value of the secondary plateau modulus
(Gs =~ 10 Pa), it can be observed that the contribu-
tion to the mechanical properties of this organized
structure remains very low compared to polyure-
thane systems constituted from hard segments,
which generally associate to form physical cross-
links (Gs ~ 10%77 Pa).

With increasing molecular weight beyond Mec,
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Figure 6 Molecular weight distribution of polyurethane samples. (a) Initial part
of the polymerization process. (b) Onset of entangled chains, M,, = 10 kg/mol. (¢)
Polyurethane of high molecular weight, M,, = 124 kg/mol.

the polyurethane chains are strongly entangled
due to the attractive Van der Waals forces. Fur-
thermore, the molecular weight distribution anal-
ysis [Fig. 6(c)] shows that homogeneous polyure-
thane was obtained without any tail on the shape
of the distribution. On the other hand, it can be
observed from Figure 5 that the second plateau
vanishes at high molecular weight (M,, = 124 kg/
mol ~ 35Me). This singular behavior is difficulty
explainable from these experimental results.
However, it can be imagined that the intramolecu-
lar hydrogen bonding develops with increasing
molecular weight instead of intermolecular hydro-
gen interactions. Consequently, the physical net-
work due to the intermolecular hydrogen interac-
tions progressively vanishes.

Viscoelastic Properties

The linear viscoelastic properties of polyure-
thane samples at different molecular weight
have been studied. Values of M, and Ip = M,/
M, are shown in Table II. In Figure 4(b) are
shown the dependence of storage and loss moduli
upon the frequency obtained from the well-
known time-—temperature superposition princi-
ple. This empirical procedure was applied from
the terminal zone to the end of the rubbery zone
just near the glass transition zone (T, = —25°C).
As for other linear polymers, the time—tempera-
ture superposition principle was found to apply
at the present linear polyurethane. Although it
was proved in the literature? that the apparent

Table II Polyurethane samples, molecular weight (Mw and Ip), Viscoelastic parameters (no and J32)

Samples M,, kg/mol Ip no Pa-s ns Pa‘s J2 Pa’!
A 9.75 1.75 3.3 x 101 3.3 x 10! 1.0 X 1072
B 13 1.83 5.3 x 101 5.0 x 10! 5.0 x 107*
C 20 2.03 3.3 x 102 — 2.5 x 107*
D 28 1.9 1.15 x 10° — 1.2 x 10°*
E 41 1.95 2.5 x 103 — 1.2 x 10™*
F 124 2.1 1.35 x 10° — 5.0 X 10°¢
G 146 2.4 3.2 x10° — 5.0 x 10°°
H 334 2.7 7.0 x 10° — 3.3x107°

T = 60°C.
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(X) 334 kg/mol. The reference temperature is 60°C. The
solid curve corresponds to the WLF fit.

shift factors obtained did not rigorously obey a
single Williams Landel Ferry (WLF ) law, a ther-
morheological simplicity behavior was assumed
in this study, which implies the validity of one
WLF equation in the range of temperatures T,
+ 5 and T, + 135°C. This means, as generally
assumed in a first approximation in the litera-
ture, that the shape of the relaxation process is
temperature invariant.

Then, the usual derivation of the WLF equation
is:

2.303¢Y(T — To)

5
¢S+ T —To (5)

log(ar) = —d

where To is the reference temperature (7o = 333
K in the present study), ¢! = 2.4 and ¢ = 157
K. As shown in Figure 7, values of ¢} and ¢ were
obtained by the WLF equation fitting on experi-
mental shift factors a, of the different samples of
Table II. Within experimental uncertainties, the
temperature dependence of a; is the same for all
samples.

Calculated values of the plateau modulus GY,
obtained by numerical integration over the termi-
nal loss modulus peak:

G?V=gf G"(w)dInw (6)
T e

vary slightly around the value of 8.0 X 10° Pa.
As GY¥ is related to the strand length of the

temporary network consisting of topological en-
tanglements, the plateau modulus lead to an ap-
parent molecular weight between entanglements
from the Ferry formula'®:

Me = pRT / G% (7)

on the order of 3.5 kg/mol.

Me is a constant characteristic of a given poly-
mer melt. For molecular weights greater than Mc
~ 2Me the zero shear viscosity no generally in-
creases with the well-known 3.4 power of molecu-
lar weight. Indeed, the dependence of isothermal
melt viscosity on molecular weight for linear poly-
mers is dominated by the onset of topological en-
tanglement coupling. Then, the values of M, of
Table II show that all the polyurethane samples
can be considered as entangled with an entangled
density in the range 2.5 = M,,/Me = 95.

Furthermore, for molecular weights greater
than M'c = 5Me, the recoverable shear compli-
ance, J2, was generally found to be virtually
molecular weight independent. However, J{ is
known to be very sensitive to the molecular
weight distribution and J? increases with polydis-
persity.

Values of no and J? can be obtained with the
standard linear viscoelastic relation'’:

no = lim G"(w)/w (8)
w—0
and
0 1 : ’ 2
Jo. = 5 lim G'(w)/w (9)
170 w0

In the present study, the assumption region—
G’ ~ w?and G" ~ w—is less well described exper-
imentally, leading to a poorer determination of
the limiting parameters, especially J?2. Actually,
the terminal zone at very low frequencies is sig-
nificantly affected by the chain interactions due
to hydrogen bonding as previously explained. For
the lowest molecular weights, it is difficult to
reach the terminal region (especially G' ~ w?)
within a good accuracy and thus to correctly deter-
mine the zero shear parameter /2.

The Cole—Cole viscosity plot of Figure 8 shows
that two terminal relaxation domains are ob-
served due to the presence of chain interactions.
Then, two Newtonian viscosities can be defined as
reported in Figure 8. no is the Newtonian viscosity
observed at the lowest relaxation times and nos
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Figure 8 Reduced complex viscosity plot, n"(n’), T = 60°C. M,, = 9.75 kg/mol.

would be the Newtonian viscosity of the polyure-
thane fractions without interactions between
chains. Values of 0 and nos are reported in Table
II. From these values it can be observed that the
zero shear viscosities no and nos are very closed,
and the difference vanishes with increasing mo-
lecular weights. This result means that the chain
interactions slightly perturbed the zero shear vis-
cosity parameter. Furthermore 7o is found to obey
the following power law:

no = 9.34 x 10 M3 (9)

This power law was obtained from linear re-
gression on the logarithmic values of the Table II
without values of the samples of low molecular
weights (no # nos). Furthermore, the exponent of
this power law is slightly higher that the well-
kown exponent 3.4 generally observed for linear
polymers with a narrow distribution. This differ-
ence can be explained by the influence of the
broadness of molecular weight distributions as

shown by Montfort et al.'*

ples.

The elastic properties like the steady-state
compliance are known to be very sensitive to the
molecular weight distribution. Furthermore, as
shown in Figure 5, this effect is clearly empha-
sized at low molecular weights due to the hydro-
gen interaction between the macromolecular
chains. With increasing molecular weights, the
compliance J? decreases and reaches a minimum
value (Table I) for the molecular weight M,
= 124 kg/mol.This behavior can be attributed to
the fact that hydrogen interactions vanishes with
increasing molecular weight as previously ex-
plained. Beyond this molecular weight, J° in-
creases with increasing molecular weight. Actu-
ally J? increases with polydispersity. However,
from values of J it is not possible to rigorously
predict a general behavior of the elastic properties
because the chain interactions and the polydisper-
sity are correlated from rheological effects point
of view.

on polystyrene sam-



2406 CASSAGNAU, MELIS, AND MICHEL

CONCLUSIONS

Bulk polymerization of urethane made from di-
phenylmethane-4, 4’ diisocyanate (MDI) and
polyether macro diol was investigated in the pres-
ent work from SEC and rheological studies. It was
shown that the kinetics, obtained through SEC
experiments, obey a second-rate expression as
generally assumed in the literature. In the same
way, rheological kinetics were performed using
the dynamic shear mode of solicitation. Coupling
the rheological characterization and the kinetic
law shown that the viscoelastic behavior of the
urethane system throughout the reaction is only
dependent of the degree of polymerization.

On the other hand, the linear viscoelastic prop-
erties of polyurethane samples of different molec-
ular weights were studied. The main characteris-
tic parameters, no, J2 and G were determined.
Furthermore, the shift factor a; obtained obey a
WLF law.

The rheological study proved that physical
crosslinks can be found between the polyurethane
chains through association of phenyl structure by
hydrogen bonding between urethane group and
ether oxygen of the alcohol chains. However, it
was shown that these physical interactions in-
creased at the initial part of the reaction. The
critical molecular weight, corresponding to a rheo-
logical maximum effect of the interactions, was
observed closed to the value of Mc = 2Me, charac-
terizing the onset of the topological entanglement
coupling. A qualitative explanation of this behav-
ior was attempted. For high entangled polymers,
intramolecular hydrogen interactions develop in-
stead of the intermolecular hydrogen bonding.

Then, the structural association of aromatic
groups is disrupt and the microphase segregation
disappears with increasing molecular weights.

Last, this urethane system will be served as
model for academic researches on reactive pro-
cessing. This kinetic law will allow us to optimize
the processing conditions (temperature, catalyst
concentration) on this urethane system in an ex-
truder, for example.
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