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ABSTRACT: The structures of in situ generated clusters and the level of physical interac-
tions in two types of networks differing from the chemistry of crosslinking were studied
by means of small-angle X-ray analysis and dynamic mechanical spectroscopy. For the
first type of networks, the crosslinks result from the hydrolysis and condensation of
ethoxysilane endgroups, thus generating silicon-rich dispersed phase. In the second
case, the crosslinks result from the formation of urethane units by introducing a triol.
In the two cases, different types of soft segment precursors having different polarities
are considered. a,w-hydroxyl-terminated oligomers of hydrogenated polybutadiene or
polycaprolactone or a polyester from oleic acid are used. The miscibility of the soft-
segment chains with the relatively polar crosslinks is the most important parameter
for understanding the morphology and the mechanical behavior of such materials. The
main difference obtained from the SAXS analysis and DMS experiments is that the
silicon-rich clusters appear to be stiffer and well separated in comparison with the
trimethylolpropane—urethane crosslinks. In addition, in the case of silica clusters gen-
erated in situ, the phase separation plays an important role. In the polycaprolactone-
based systems, the formation of clusters is mainly governed by the nature and the
reactivities of the functional groups. As a consequence, the clusters are more fractal-
like. The mechanical behavior, i.e., the mechanical losses and the high-temperature
behavior, is discussed as a function of the existing interactions and the concentration
of elastically active network chains in the different types of networks considered.
© 1997 John Wiley & Sons, Inc. J Appl Polym Sci 65: 23732386, 1997
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INTRODUCTION

In recent years, more and more attention has been
paid to polymeric systems, particularly the cross-
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linked ones, with in situ generated nanostruc-
tures. By controlled formation of these nanostruc-
tures (clusters), mechanical and other physical
(electrical, optical, magnetic, etc.), properties can
be tailored. We will be concerned here with so-
called chemical clusters: in a chemical cluster, the
constituent units are held together by covalent
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bonds and represent (branched) sequences units
of a certain type (e.g., “hard” units). Formation
of hard segments in linear polyurethanes, which
can associate into hard domains, has been known
for a long time.! More recently, attention was paid
to branched hard (chemical) cluster formed when
a hard component having a functionality over two
is considered.?® The formation process of these
clusters has been a subject of theoretical analysis*
with respect to their size distribution and percola-
tion threshold.

Formation of inorganic clusters within organic
matrices (organic/inorganic hybrid systems) has
been a subject of increasing interest since about
a decade ago.””® The inorganic clusters are most
frequently based on siloxane structures and are
generated by a sol-gel process. This one involves
the hydrolysis and the condensation of alkoxysi-
lane groups.

The organic and inorganic hard clusters differ
in several points: 1) the inorganic clusters are
“harder,” i.e., they do not soften in the normal
temperature range; 2) the inorganic clusters are
usually less “miscible” with the organic continu-
ous phase; and 3) the inorganic (silica) clusters
contain some silanol groups strongly interacting
with polar groups of the organic components even
if in polyurethanes the urethane groups are also
active in hydrogen bonding.

These special features influence the cluster
structure formation and the interactions with the
continuous phase. The processing and resulting
properties of the systems are controlled by the
cluster structure, their volume fraction, and their
arrangement in space. The main factors affecting
cluster evolution are as follows?: 1) the initial
composition of the system and functionality of the
components?; 2) chemical reactivities of groups
and reaction paths controlling the bond forma-
tion?; 3) relative diffusion rates of the clus-
ters'®M; 4) excluded volume effects controlling
the effective reactivity of functional groups; 5)
tendency to association (aggregation) and phase
separation of clusters; and 6) embedment of clus-
ters in a network assigning to them a certain cor-
relation distance.

The reactivity of the functional groups and the
reaction pathways are certainly the most im-
portant factors controlling the cluster structure,
because these ones are chemical entities that can-
not be disintegrated physically (dissolved). How-
ever, the other physical factors can profoundly
change the bond formation probabilities for the
reactive groups making them dependent of the

size and shape of the clusters.'® Thus, diffusion
limitations usually make the distributions nar-
rower, whereas tendencies to association re-
sulting possibly in phase separation of liquid-lig-
uid type enhance chemical joining of large clus-
ters. As a result, not only the size distribution but
also the internal structure of clusters changes.
The control by chemical reactivity only gives
loose, more or less randomly branched struc-
tures—fractal objects with fractal dimensions
from 2 to 2.5, whereas phase separation yields
compact nonfractal particles, possibly with a frac-
tal surface.'®'* The internal structure of clusters
plays an important role in the interaction with
the matrix. Loose structures can more strongly
interact with the matrix than the compact ones.
Modeling of cluster formation has been a sub-
ject of several studies, '® but very few studies take
into account the real chemical mechanisms. In
one of our previous articles,® we were dealing with
a purely chemically controlled cluster evolution
process in three-component polyurethanes. The
same concept was later generalized to any multi-
component system.*'® The exact compensation of
increasing the cluster functionality and reduction
of number of elastically active network chains
(EANC) within the hard cluster in the framework
Flory—Erman rubber elasticity theory'”~'° was
one of the results of this analysis (cluster compen-
sation hypothesis).** This compensation was pre-
dicted to be valid in a certain range of cluster
evolution process, viz up to the percolation thresh-
old of the hard structure. This prediction was in
a fairly good agreement with the experimental
results on polyester—urethane networks.> How-
ever, this approach is expected to fail as the clus-
ter formation is controlled by other factors, espe-
cially by the thermodynamic aggregation (phase
separation). The purpose of this article is to com-
pare structures of clusters and the level of physi-
cal interactions, as revealed by the Small-Angle
X-Ray (SAXS) analysis and from the viscoelastic
properties, in two main groups of networks dif-
fering primarily in the chemistry of crosslinking
then in the type of the soft segment component
and the type of diisocyanate. The methods used
for looking into the structure and its evolution
include: 1) SAXS, giving directly the electron den-
sity fluctuation in the materials; 2) the sol frac-
tion, characterizing the completeness or
branching efficiency of the crosslinking reaction;
and 3) static and dynamic mechanical properties.
The static properties, such as the equilibrium
modulus in the rubbery state, can be correlated



Table I Characteristics of Macrodiols
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Commercial AC,®
Abbreviation Name M,, (g/mol) L? T, (°CC)P J/g-K) T, (°C)P
PCL20 CAPA 2000 2000 14 72 0.53 45
HPBD GI 2000 2100 1.5 —45 0.40 /
C36* PRIPLAST 3197 2000 1.7 —-59 0.41 /
PCL6 CAPA 200 550 1.2 —-78 0.68 2
PCL10 CAPA 210 1000 14 —-73 0.66 39
PCL20 CAPA 220 2000 14 72 0.53 45
PCL30 CAPA 231 1.5 71 0.50 53

2 Determined by SEC (PS standard).
* Determined by DSC.

with the crosslink density, whereas the dynamic
properties characterize the distribution of the re-
laxing elements, and thus, give information on
the level of physical interactions in the system.
In the first group of networks, the crosslinks are
formed by the sol-gel reactions of ethoxysilane end-
groups, whereas in the second one, the crosslinks
result from the formation of urethane units from
a triol. Three types of soft segment precursors of
increasing polarity were considered: hydroge-
nated polybutadiene, a fatty acid oligoester, and
polycaprolactone. Moreover, the precursor chains
before crosslinking differed in the number of ure-
thane groups, by which the physical interactions
have been altered. In addition, the validity of clus-
ter compensation hypothesis on equilibrium mod-
ulus has been tested for such systems. It should
be remarked that in all inorganic/organic hybrid
systems considered, the content of the inorganic
component did not exceed 2%; thus, reinforcement
effect due to the presence of the inorganic filler is
negligible.

EXPERIMENTAL

Materials

a,w-Hydroxyl-terminated oligomers (soft seg-
ments, denoted SS) used are as follows (Table I):
(a) polycaprolactone (PCL) of molar mass from
550 to 3000 g-mol ' (CAPA®, from Solvay Co.);
(b) hydrogenated polybutadiene (HPBD ) of molar
mass of 2000 g+ mol * (from Nippon-Soda Co); (c)
a polyester diol (C36* or PRIPLAST 3197®, from
Unichema Intern. Co.) of molar mass 2000
g-mol !, resulting from the reaction of one mole-
cule of an oleic acid dimer (PRIPOL 1009) with
two molecules of the corresponding diol (PRIPOL
2033).

The following diisocyanates (DI) have been
used (Table II): (a) 1,3-bis-2,2' (2-isocyanatopro-
pyl)benzene (mTMXDI, from Amer. Cyanamid
Co.), and (b) dicyclohexylmethane diisocyanate
(H;2MDI, from Bayer Co.).

2-Ethyl-2-hydroxyethyl-1,3-propandiol or tri-
methylolpropane (TMP) was used as a crosslinking
agent for PU networks; (y-aminopropyl)triethoxy-
silane (y-APS), (y-amino propyl) methyldiethoxysi-
lane (y-APMDES), and (+y-isocyanatopropyl)tri-
ethoxysilane (y-IPS) were used for functionalization
of SS endgroups designed for sol-gel crosslinking
chemistry (Table II).

Sample Designation and Processing

The code indicates the component abbreviation
and the molar ratios of groups. For example,
PCL1000-TMXDI-TMP 1,3,4/3 refers a PU net-
work based on: (a) 1 mol of polycaprolactone hav-
ing a molar mass of 1000 g-mol !, 3 mol of
TMXDI, and 4/3 mol of TMP.

Table III gives the formulations considered in
this article. Networks having the same SS content
have been compared: this is why the NCO-to-OH
ratios are different for the networks crosslinked
by alkoxysilane and urethane-based chemistries.

The synthesis of PU and hybrid networks is
schematically given in Figure 1. In the first step
of the synthesis of the hybrid organic—inorganic
materials, an alkoxysilane-endcapped oligomer
has been prepared: (a) for the endcapped macro-
diols, 2 mol of y-IPS were reacted with one mole
of macrodiol at 80°C for 24 h under a nitrogen
atmosphere; (b) for endcapped oligo-urethanes,
SS/H,,MDI/ethoxysilane, first, 1 mol of macro-
diol was reacted at 80°C with 2 mol of diisocyanate.
After complete reaction, the prepolymer was dis-
solved in THF and the y-aminosilane (y-APS or
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Table II Characteristics of Chain Extenders, Crosslinking Agents, Organo-Silanes,

and Diisocyanates

M T,
Abbreviation Commercial Name (g/mol) °C)
CH,0H
TMP CH3—CHZ—C|—CH2—OH 134 —-54
(|3H20H
CH;,
NPG HO—CHZ—(ll—CHZ—OH 104 /
n
OC,H;
v-APS NHZ—(CHz)g—éi—OCZH5 221 /
b,
OC,Hj;
v-APMDES NH,—(CHy);— Slii—Ocsz 191 /
e,
H,,MDI O=C=NOCHZON=C=O 262 -73
CH, CH,
m-TMXDI O=C=N—(|3 é—N=C=O 244 -89
o, ln
OC,Hj;
v-IPS O=C=N—(CH2)3—|Si—OCsz 248 /
OC,H;

v-APMDES) was added dropwise at room temper-
ature. After 1 h of reaction, the solvent was re-
moved under reduced pressure.

The final network was obtained in the absence
of a solvent by hydrolysis and condensation of the
ethoxysilane groups by the addition of a trifluo-
roacetic acid (TFA) solution. The conditions are
as follows: 0.1 mol % TFA for SS/H,;MDI/y-APS
oligomers; 0.5 mol % TFA for PCL20/~-IPS oligo-
mer; 5 mol % TFA for HPBD/y-IPS and C36%*/
v-IPS oligomers.

After stirring at room temperature, the mix-
ture was cast into a mold and cured for 24 h at
100°C under pressure. The SS/H,;;MDI/y-APS
networks were then postcured at 150°C for 12 h.

The polyurethane networks were obtained in
two stages. One mol of macrodiol was reacted with
3 mol of diisocyanate at 80°C. After the reaction
was completed, 0.01 wt % of dibutyltin dilaurate
(catalyst) was added followed by TMP. After stir-
ring at room temperature, the mixture was cast
into a mold and cured at 100°C under pressure.
All the PU networks were postcured at 120°C for
12 h.

Sample Characterization

The sol content in the networks was deter-
mined by extraction at room temperature in tetra-
hydrofurane (THF'). The weight ratio of THF to



Table III Synthesized Hybrid and
Polyurethane Networks

Soft Segment

Content
Formulation (% wt.)
PCL20-y-IPS 1-2 79
C36%*-y-IPS 1-2 75
HPBD-y-IPS 1-2 82
PCL20-H;,2MDI-y-APS 1-2-2 67
C36*-H;,MDI-y-APS 1-2-2 62
HPBD-H;,MDI-y-APS 1-2-2 71
PCL20-H,,MDI-y-APMDES 1-2-2 69
C36*-H,,MDI-y-APMDES 1-2-2 63
HPBD-H,;,MDI-y-APMDES 1-2-2 73
PCL30-mTMXDI-TMP 1-3-4/3 84
PCL20-mTMXDI-TMP 1-3-4/3 69
PCL10-mTMXDI-TMP 1-3-4/3 63
PCL6-mTMXDI-TMP 1-3-4/3 38
HPBD-m-TMXDI-TMP 1-3-4/3 73
PCL30-H;;MDI-TMP 1-3-4/3 83
PCL20-H;,MDI-TMP 1-3-4/3 67
PCL10-H;,MDI-TMP 1-3-4/3 62
PCL6-H,,MDI-TMP 1-3-4/3 36
HPBD-H,,MDI-TMP 1-3-4/3 71
C36*-H;,MDI-TMP 1-3-4/3 62

the polymer was 100 : 1. After 1 week, the ex-
tracted polymer was dried and its mass was deter-
mined. The sol fraction, w,, was calculated using
the relation:

w, = 100(1 — my/my)

where mg, is the mass of the dry residue and m,
is initial mass of the polymer.

Differential Scanning Calorimetry (DSC) ther-
mograms were recorded using a Mettler TA3000
instrument, with a heating rate of 7.5 K- min *
in argon. The glass transition temperature at the
onset, T,, and the change in calorific capacity,
AC,, at the glass transition were also measured.

Dynamic mechanical properties were mea-
sured by the means of the dynamic analyzer
RSAII (Rheometrics) operating in the tension
mode. A frequency of 10 Hz was used to study the
temperature dependence of the dynamic mechani-
cal properties in the range from —50 to 200°C.
The equilibrium moduli in the relaxation mode
were also measured for a deformation of 2%. The
temperature has been chosen in order that the
sample will be in the rubbery state, i.e., out of the
a-relaxation region (80° above Ty).

Small angle X-ray scattering (SAXS) experi-
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ments were performed with a setup including a
rotating anode X-ray generator with copper target
and nickel filter (\ = 1.54 A), a point collimation
produced mainly by two orthogonal mirrors, and
a line position sensitive proportional counter con-
nected to a computer. The scattered intensity, I,
in the angular range 0.02 < 2¢q < 0. 05 (2q being
the scattering angle in radian) was obtained as a
function of the scattering vector q: ¢ = (47/\) sin
O. The correlation length, d., is directly calculated
from the position of the maximum and the Porod
radius, R,, is calculated as the ratio of integrated
intensity to the Porod’ constant assuming an
asymptotic behavior (¢ *). Using Beaucage’ for-
malism,?° the Guinier radius, a theoretical corre-
lation length, £, and a correlation intensity factor,
k(0 <k < 6), were computed. The latter parame-
ter, k£, is a measure of the degree of particle order
in the material. The higher £ is, the more ordered
the particle dispersion is.

RESULTS AND DISCUSSION

Morphologies by SAXS Measurements

As briefly discussed in the Introduction, the struc-
tures generated in the system from the physical
interactions and the chemical reactions can have
either a characteristic size and can be more or
less regularly distributed in the SS matrix, or the
structures are looser and have a wide distribution
of self-similar shapes. The former systems exhibit
distinct maxima on the SAXS scattering curve.
The scattering intensity further depends on the
difference in electron density (Table IV); thus,
the silica clusters formed by the sol-gel reaction
are “seen” better than the organic clusters. The
most characteristic feature of these systems was
a curve with maximum scattering and, therefore,
the SAXS data were evaluated according to the
two-phase model further assuming that the inclu-
sions have a spherical shape.

The scattering curves are displayed in Figure
2, and the characteristic parameters of the model
are summarized in Table V. Where the applica-
tion of the two-phase model is questionable and
the structures appear to be loose, the correspond-
ing data are enclosed between parenthesis.
Among the materials variables listed above, it is
clearly seen that the polarity (miscibility) of the
SS has the major influence. The HPBD-based net-
works always exhibit a two-phase behavior and
the correlation intensity factor % is high. Simi-
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Figure 1. Network synthesis
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Figure 1 Pathways for synthetizing the two types of networks.

larly, the scattering behavior of the fatty acid
polyester C36*-systems corresponds more to a
two-phase system, whereas the scattering from
the C36*H,;;MDI/y-APS system seems to be
more diffuse and looks like the PCL-based mate-
rial ones. The polycaprolactone samples exhibit
the presence of relatively diffuse structures or
even do not exhibit any scattering. Thus, there is
no basic difference in the morphology between the
networks obtained from the hydrolysis and the
condensation of HPBD/y-IPS or HPBD/DI/-
APS and the HPBD-based polyurethane cross-
linked by TMP.

Differences, however, exist in the particle radii
and the correlation distances. The endgroups of
the SS/y-IPS networks form smaller particles
(0.7-0.8 nm in radius). The correlation distance
corresponds roughly to the end-to-end distance of
the precursor chains in agreement with the re-
sults found by Rodrigues et al.'* The clusters in
HPBD hybrid polyurethanes or in TMP-cross-
linked HPBD polyurethanes are about two times

larger (R, = 1.5-2.5 nm) and their correlation
distance is about 7—10 nm. This feature is an indi-
cation that some endgroups form physical clusters
before crosslinking and that this cluster forma-
tion is assisted by the presence of diisocyanate
endcapped molecules. Some other endgroups
must be isolated in space and dispersed irregu-
larly.

The SS/H,;MDI/vy-APS-based networks ex-
hibit an asymptotic scattering behavior with a g ~*
law, which justifies the calculation of Porod radii.
The SS/H;2MDI/y-APMDES networks also dis-
play the same asymptotic behavior except the
PCL-based network because of a very weak scat-
tering due to an almost homogeneous structure.
The asymptotic behavior PCL20/y-IPS networks
cannot be fitted by a ¢ ~* law, which means either
a smooth interface, a fractal dimension, or both.

Sol Fractions

Because the reactions have been carried out to
high conversions, the sol fractions are expected to
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Table IV Electronic Density and Solubility Parameters of the Different Components in PU Networks

Electronic Density?

Solubility Parameter®

Components (mol - électrons. cm %) (MPa'?)
HPBD 0.5 17
C36* 0.53 19
PCL20 0.57 21
TMP-mTMXDI crosslink

)|:|\ 0.62 23
TMP-H,,MDI crosslink
0.61 25

%*%

# Calculated with Miiller's method.

b Average values calculated with Fedors tables: hydroxy end groups in macrodiols are not taken into account.

be low (about 1% or less). It is the case in most
polyurethanes, except of HPBD/m-TMXDI/TMP
1-3-4/3 (8%).

The hybrid systems based on PCL soft seg-
ments also satisfy more or less this limit (2%),
but for the HPBD and C36 *-systems the sol frac-
tions are higher (6 to 9%). Originally, the reactive
ethoxysilane chain ends are apolar and mix rea-
sonably well with polybutadiene or the fatty acid
polyester. As soon as hydrolysis starts, these
chain ends have the tendency to associate. In the
associated regions, the hydrolysis (and condensa-
tion) rate even increases. However, a part of chain
ends remains unhydrolyzed (apolar) for some
time and interdispersed in the HPBD matrix.
They possibly hydrolyze later when they cannot
associate due to the formed covalent network. The
condensation is mostly intermolecular. In gen-
eral, a high degree of condensation is characteris-
tic for hydrolysis and condensation of alkoxysi-
lanes: a conversion of about 80% of ethoxysilane
groups has been found in tetraethoxysilane (TEOS)
gels mainly due to small ring formation.’® Thus,
SS molecules with partly hydrolyzed and cyclized
endgroups represent extractable material. This
interpretation is supported by the fact that the
sol is composed of single precursor molecules and
some corresponding to dimers. A much wider dis-

tribution of molecular masses, which would corre-
spond to the determined sol fractions, is absent.

Viscoelastic Properties
Mechanical Losses

Dynamic mechanical measurements allow us to
characterize the local mobilities and their changes
due to physical interactions and, in the limit of
low frequencies/high temperatures, to get a value
close to the equilibrium modulus determined by
the concentration of elastically active network
chains (EANC). Well phase-separated systems
usually behave more simply than systems with
loose and interpenetrating hard clusters. Our
phase-separated systems should exhibit one re-
laxation region characterized by a single mechani-
cal loss peak that may be somewhat widened or
a shoulder may appear due to the existence of
interphase regions. The relaxation of the sepa-
rated phase is not seen in the considered tempera-
ture range. The existence of loose one-phase inter-
penetrating structure should result in wider,
asymmetric, or bimodal relaxation regions.

The most important results are summarized in
Figures 3 and 4. Again, the most important pa-
rameter is the nature (polarity) of the SS compo-
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Table V Parameters Characterizing the Morphology Obtained from SAXS

Particle Size

Correlation Length

- - - - Correlation

Formulation Rp (A) R; (A) d. (A) A Intensity &
HPBD-y-IPS 7 9 48 39 3.1
C36*-y-IPS 8 10 56 34 1
PCL20-y-IPS / 5 42 30 0.7)
HPBD/H,,MDI/y-APS 16 21 100 82 1.8
C36*/H,;sMDI1/y-APS (15 27 81 / 1)
PCL20/H,,MDI/y-APS (17 22 84 70 1.5)
HPBD/H,,MDI/y-APMDES 16 24 92 74 4.4
C36*/H,;,MDI/y-APMDES 24 32 126 94 2.5
PCL20/H,;,MDI/v-APMDES No scattering
HPBD-H,;MDI-TMP 15 21 88 74 5.4
C36*-H,;;MDI-TMP 22 28 132 104 3.1
HPBD-m-TMXDI-TMP 13 21 77 61 4.4

PCL20-mTMXDI-TMP
PCL20-H,2MDI-TMP
PCL6-mTMXDI-TMP
PCL6-H,,MDI-TMP

No scattering

R,: Porod’s radius as obtained from the scattering curves.

R,: Guinier’s radius as obtained from Beaucage’s formalism.

d.: correlation length as obtained from Bragg’s law.

C: theoretical correlation length as obtained from Beaucage’s formalism.

k: correlation intensity factor.

nent. Hydrogenated polybutadiene-based systems
exhibit the sharpest loss peaks and a little change
in their position on temperature scale. On the
other hand, the PCL systems are characterized
by the copolymer effect and cluster—matrix inter-
actions, resulting in large shifts of the tan 6 max-
ima, peak widening, and possibly even bimodality.
The behavior of C36 *-systems is specific, pointing
sometimes to the existence of phase-separated do-
mains, sometimes to strong interactions between
soft and hard structures.

The SS/vy-IPS systems exhibit one loss peak
that becomes wider and more asymmetric to-
wards higher temperature in the series of SS:
HPBD-C36*-PCL20, i.e., with increasing polarity
of SS and, therefore, stronger interactions with
the silanol—siloxane clusters.

The ethoxysilane-encapped polyurethanes ex-
hibit somewhat a more complex behavior than the
simpler SS/vy-IPS-based systems. The widening
of the loss tangent peak towards higher tempera-
tures is much more extensive and a second maxi-
mum can occur on the loss curve. Presumably,
this is due to interactions of the urethane groups
and clusters with the silanol—siloxane clusters or
with themselves.

The TMP-crosslinked polyurethanes with PCL

and partly C36* soft segments exhibit strong in-
teractions characterized by wide but simple loss
peaks and a shift of their maximum due to a copol-
ymer effect. This is closer to a classical behavior
observed with “ideal” polyurethane networks
peaks. It is also interesting to examine differences
caused by the type of the diisocyanate used. No
large difference can be noticed in the case of
HPBD systems. In strongly interacting PCL/DI/
TMP systems, the loss peak is much wider in the
case of H;;MDI-based materials, with a maximum
shifted to higher temperatures by about 20 K.
This effect is due to the fact that the hard clusters
are more intimately penetrated by the soft matrix.

High-Temperature Moduli

The high-temperature storage moduli should be
close to equilibrium moduli, E.,, which can be cor-
related with the concentrations of elastically active
network chains (EANC). It is always true, given
that the frequency of 10 Hz is still high. For such a
frequency, strongly interacting and slowly relaxing
entities of units can contribute to the storage modu-
lus, E’, up to the temperature region for which
degradation starts. If E’ is determined only by co-
valent crosslinks and measured sufficiently far
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from the glass transition region, it increases with
increasing temperature, because the modulus is
proportional to absolute temperature, 7'. This crite-
rion disqualifies for some of the systems, because
E’ rather decreases with increasing 7. Among
them are most of HPBD and also C36*-based
systems (HPBD/H ;,MDI/TMP, HPBD/m-TMXDI/

TMP, HPBD/H,,MDI/y-APMDES, C36* H,,MDI/
TMP, and C36* H;,MDI/»-APMDES) (see Fig. 4
as an example—HPBD/DI/TMP systems). The
values of the relaxed moduli are summarized in
Table VI.

The moduli of samples that did show up an
increase rather than a decrease of E’ in the rub-
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Table VI Selected Relaxed and Theoretical Equilibrium Moduli for the SS/

y-IPS and SS/DI/aminosilane Systems

E’ Relaxed Calculated E
System (MPa) (MPa)
HPBD/v-IPS 3.8 4.4
C36%/y-IPS 3.4 4.6
PCL20/y-IPS 3.8 44
PCL20/H,,MDI/v-APS 6.5 2.6
PCL20/y-APMDES 4.0 2.6
PCL30/H,,MDI/TMP 4.7 1.5
PCL20/H,,MDI/TMP 59 2.4
PCL10/H,,MDI/TMP 7.9 3.9
PCL6/H,;;sMDI/TMP 9.1 5.4
PCL30/m-TMXDI/TMP 2.4 1.8
PCL20/m-TMXDI/TMP 2.6 2.7
PCL10/m-TMXDI/TMP 3.1 4.1
PCL6/m-TMXDI/TMP 3.3 5.2

bery region were analyzed with respect to the the-
oretical value expected by considering the system
as being crosslinked by hard clusters.?~** In the
multicomponent networks composed of units that
can be considered soft and hard, hard chemical
clusters are formed in which hard units are linked
together. The DI/TMP networks as well as the
hybrids crosslinked from the sol-gel chemistry
can belong to this category. If the cluster buildup
is determined solely by the chemical reactivity
of functional groups and physical aggregation/
phase separation phenomena are absent, the clus-
ter size distribution can be described by simple
(statistical or kinetic) branching theories.* The
implication of cluster existence for equilibrium
rubber elasticity is the following: the connections
between active branch points within the hard
clusters are too short with respect to the soft
chains, so that their extensions resulting from ex-
ternal deformation can be neglected. Thus, the
chains between active branch points within hard
clusters should not be counted, at least for small
strains. On the other hand, there exist a cluster
functionality distribution ranging from the value
for the chemical crosslink (here equal to 3) up to
infinity. There has been found an interesting and
generally valid implication of the cluster existence
within the framework of the Flory—Erman junc-
tion—fluctuation theory.’”~'°* Below the percola-
tion (gelation) threshold of the hard clusters, the
decrease in the number of EANC (by locking some
of them within the cluster) is fully compensated
by increasing functionality of the cluster cross-
link. This is because below this threshold, the cy-

cle rank of the hard structure is zero. This theo-
rem was tested quite successfully on a number
of polyurethane networks.? However, it should be
stressed that within the framework of the F-E
theory the cluster crosslinks are still considered
as small (pointlike) multifunctional junctions.
The compensation theorem is invalid in the case
where the clusters grow big close to or beyond
their percolation threshold. Beyond that point,
the continuous hard structure is becoming to dom-
inate the mechanical behavior more and more.
The systems discussed here are all be beyond
the percolation threshold if the crosslinking is
ideal. The term ideal means here that the reactivi-
ties of all groups are equal, no cycles are formed,
and branching is not restricted by any physical
interactions. Moreover, in our case, it is assumed
that functional groups react to full completion.
Some of these assumptions are evidently not ful-
filled. Making a reasonable assumption that the
cluster functionality is high enough, the theoreti-
cal value of the equilibrium modulus can be calcu-
lated from the concentration of soft chains. Under
this condition, the moduli calculated for the phan-
tom network as well as the affine network are
equal (Table VI). For y-IPS networks the agree-
ment is relatively good. As follows from the mor-
phology studies discussed above, the cluster cross-
links are relatively small and the hard structure
is evidently well below the percolation threshold.
The experimental values are lower for the reasons
discussed above in connection with the sol frac-
tion: existence of single or double chain-end clus-
ters not contributing to the equilibrium elasticity.



Quite different results are obtained for polyure-
thane systems crosslinked with TMP or through
alkoxysilane chain ends. The experimental mod-
uli are often higher than those that would corre-
spond only to the SS chains. This is due to the
fact that their morphological structure is quite
different: larger clusters, poorer correlations in
space, percolation-type clusters rather than the
compact ones. Two main reasons for this discrep-
ancy can be put forward: 1) some interactions in-
volving urethane and silanol groups are so strong
that they do not relax fully under the given condi-
tions and, 2) the systems are beyond the percola-
tion threshold of the hard structure. The latter
argument is applicable for the “homogeneous”
PCL systems where the cluster size distribution is

strain at break, %

PCL10/TMXDI/TMP
PCL10/H,:MDI/TMP

The higher degree of connectivity of the hard
structure in H,;;MDI systems makes them more
brittle.

CONCLUSIONS

In all systems discussed above, the existence of
hard clusters of different shapes and compactness
controls their mechanical behavior. The miscibil-
ity of the soft-segment chains with the relatively
polar crosslink or chain extender units appears to
be the most important factor. The hydrogenated
polybutadiene chains are less compatible than the
polycaprolactones. From the point of view of the
crosslink clusters, the silica ones are quite stiff
and well separated, whereas the trimethylolpro-
pane-urethane crosslinks are relatively well inter-
penetrated by polycaprolactone chains. From the
SAXS analysis, it follows that in the case of the
formation of silica crosslinks by the sol-gel chem-
istry, the phase-separation control plays an im-
portant role on the final morphology. The gener-
ated clusters are compact and more regularly dis-
persed. In polycaprolactone-based polyurethanes,
the cluster formation is much more determined by
composition and the reactivities of the functional
groups and the clusters are more fractal-like. This
phenomenon indicates that the percolation
threshold for the hard structure has been ap-
proached or surpassed.

HYDROXYL-TERMINATED OLIGOMERS 2385

expected to be controlled mainly by the chemical
branching process. Some of the clusters are evi-
dently quite large and their deformation contri-
butes to the retractive force, so that the SS chains
do not act independently any longer, some of them
possibly being locked in the hard structures. This
picture can also explain the differences between
the H;,MDI and mTMXDI systems. The H;sMDI-
based urethane structures seem to interact some-
what more strongly with the SS chains than in
the case of mTMXDI, as wider loss peaks are
diplayed in Figure 4. Therefore, in H;,MDI sys-
tems, the deformation of the hard structure may
play an important role. This is well evidenced by
the difference in ultimate properties:

stress at break, MPa

17
15

The dynamic mechanical properties indicate
relatively weak silica cluster—matrix interac-
tions, increasing, however, by passing from the
nonpolar HPBD to more polar PCL. In systems
with polyurethane groups and their combination
with silica—silanol formations, the interactions
can be quite strong and complicated extending
over several tens of Kelvins.

One could ask a simple question: for the same
soft component, is the sol-gel or the polyurethane
crosslinking chemistry better? The answer is not
easy, according to the fact that it depends on the
nature of the SS. For the HPBD systems, it seems
that the introduction of urethane groups into the
sol-gel crosslinking system does not bring any im-
provement. Because of the low silica content of
all our materials, PU-networks seem to be better
candidates than hybrid networks in terms of me-
chanical properties. An improvement of the hy-
brid networks can be obtained by using a higher
silica content.
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