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The gelation process and the microstructure after the gelation of polyurethane resin consisting of acryl-
polyol and polyisocyanate was investigated by dynamic light scattering (DLS) as a function of stoichio-
metric ratio, [NCO]/[OH], and the concentration of acryl-polyol, Cyolyol. The following conclusions were
obtained. First, the sol-gel transition was explained by the so-called site-bond percolation theory. Here
polyol groups act as site-occupants, and isocyanate groups act as chemical cross-linkers. Second, the
scattering inhomogeneities increased rather gradually around the gelation point, which are the char-
acteristics of the gelation process not from monomeric but from oligomer units. Third, at the gelation
point, the characteristic decay time of the fast mode, 7.5, decreased, and the fraction of the collective
diffusion mode, A, increased with [NCO]/[OH], which are due to introduction of cross-linking and/or
increase of the rigidity of the network. Finally, the ensemble average scattering intensities, (I)g, the static
inhomogeneities, (Ic)g, the time-average dynamic fluctuating component, (Ig)r and the collective diffusion
coefficient, D, showed remarkable dependence not only on Cpolyor but also on [NCO]/[OH]. These are due

to the competition between the cross-linking and the progress of micro-phase separation.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Polyurethane resin is one of the most familiar materials con-
sisting of polyisocyanate and polyol groups. Due to the good
mechanical properties like adherence and durability, polyurethane
resin is widely used as industrial applications in the wide ranges
such as adhesives, fabrics, paints, and inks [1-3]. Polyurethane
resin including isocyanurate groups, which is formed by a trimeri-
zation reaction of isocyanate groups, provides better thermal
stability and rigidity than that composed of linear urethane
bonding because of more functional groups and of stiffer hard
segments in the former one [4-6].

As for the effect of the stoichiometric ratio, [NCO]/[OH], into the
network structure of polyurethane resin, various studies have been
carried out so far. Redman reported the effect of the [NCO]/[OH]
ratio on molecular weight and on the rheological, thermal, and
mechanical properties of two series of ester-based polyurethanes
[7]. Nierzwicki and Wysocka also studied the effect of the [NCO]/
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[OH] ratio on the micro-phase separation of ester-based poly-
urethanes, which can be induced by the soft segments and hard
segments, by thermo-mechanical analysis (TMA) [8]. Spathis et al.
investigated the morphological changes in segmented poly-
urethane elastomers by Fourier transform infrared spectroscopy
(FTIR) and differential scanning calorimetry (DSC) [9]. Nicolai and
coworkers investigated viscoelastic relaxation of polyurethane at
different stages of gel formation by focusing on glass transition
dynamics and sol-gel transition dynamics [10,11].

A large number of studies on the thermal and mechanical
properties and microscopic structure of polyurethane resin have
been also carried out using various methods such as TMA, FTIR,
DSC, small-angle angle X-ray scattering (SAXS), and wide-angle X-
ray diffraction (WAXD) [4,8,9,12-14]. Dynamic light scattering
(DLS) is one of the most powerful tools which can provide the
information not only about the dynamics of the gelation process
but also the dynamic and/or static inhomogeneities about the
network structure. There have been many DLS studies that dis-
cussed concentration fluctuations of polymer solutions as a result
of introduction of cross-linking [15-17]. However, to our knowl-
edge, there have been no reports which discussed the gelation
process and the microstructure focusing on the total concentration
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and [NCO]/[OH] dependence of polyurethane gels in the presence
of solvent by DLS.

In this paper, we discuss the gelation kinetics and the micro-
structure of polyurethane gels by focusing on the network
concentration and the stoichiometric ratio of isocyanate to
hydroxyl groups, [NCO]/[OH]. The purpose of this study is to clarify
the following matters; first, the total concentration and [NCO]/[OH]
dependence of gelation process; secondly, the effect of the total
concentration and [NCO]/[OH] on the dynamic and/or static inho-
mogeneities of the network. We used acryl-polyol as a soft segment
component and polyisocyanate as a hard segment component. The
chemical structure during the reaction is shown in Fig. 1.

2. Experimental
2.1. Sample preparation

Acryl-polyol (My, =4500 and M =2600) and polyisocyanate
including isocyanurate groups were purchased from DIC, Inc.
(Tokyo, Japan). Dibutyltin dilaurate (DBTDL) was purchased from
Hayashi Kasei Co., Ltd. (Nagoya, Japan) and used as reaction cata-
lyst. 2-Heptanone was purchased from Tokyo Kasei Co., Ltd. (Tokyo,
Japan) and used as diluent. A series of polyurethane resin with
different [NCO]/[OH]s and total concentrations were prepared with
these samples without further purification.

2.2. DLS measurement

DLS studies were carried out using a DLS/SLS-5000 compact
goniometer, ALV, Langen, coupled with an ALV photon correlator.
A 22 mW helium-neon laser (wavelength, A =6328 A) was used
to deliver the incident beam. The scattering angle was 90°, or
several angles in the case of g-dependent measurements, where
q is the magnitude of scattering vector. As for the measurement
of gelation process, the gelation reaction was performed at
a high temperature in order to control and decrease the gelation
time. The chemical compositions of the obtained samples and
the measurement temperature are shown in Table 1. Only the
samples at Cpolyol = 27.0 wt% were prepared at the condition of
DBTDL =800 ppm and Temp.=60°C in order to reduce and
control the gelation process. In addition, the gelation measure-
ments for Cpolyol =27.0 wt% at an equal distance from T of bulk
were also performed since the T varies with [NCO]/[OH]. The Tgs
obtained by a viscoelastic measurement were 64.7, 67.8, 71.3,
69.9, 74.3, 73.9, 84.3, and 86.0 °C for [NCO]/[OH]=0.8, 1.0, 1.2,
14, 1.6, 2.0, 3.0, and 4.0, respectively. On the other hand, in the
case of the ensemble average scattering intensity measurement,
gelation reaction was performed at 25 °C for 1 day in order to
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Fig. 1. Chemical structure showing the reaction on the cross-linking between acryl-
polyol and polyisocyanate.

Table 1
Chemical composition of polyurethane resin used at the measurement of gelation
process.

Cpolyol (Wt%)  [NCO]/[OH] DBTDL (ppm)  Temp. (°C)
12.8 1.0,1.2,14,2.0 2400 100
171 0.8,1.0,1.2,14, 2.0, 3.0 2400 100
214 0.6, 0.8, 1.0, 1.2, 1.4, 2.0, 3.0 2400 100
27.0 0.6, 0.8, 1.0, 1.2, 14, 1.6, 2.0, 3.0, 4.0 800 60

suppress the evaporation of the diluent. The chemical compo-
sitions of the obtained samples are shown in Table 2. The time-
intensity correlation functions and the time-average scattering
intensities were obtained at different 100 sample positions by
rotating the sample tube (ensemble averaging). The details of the
theoretical analysis were described elsewhere [18,19].

3. Results and discussion
3.1. Sol-gel transition phase diagram

Fig. 2 shows the sol-gel transition phase diagram for polyol/
polyisocyanate group systems. We determined the gelation
threshold by tilting a tube method. The horizontal axis denotes the
concentration of acryl-polyol and the vertical axis is the concen-
tration of polyisocyanate. The open circles and the crosses indicate
gel and sol states, respectively. The solid curve is drawn for the
guide. We can conclude from Fig. 2 that the lowest polyol
concentration to form a gel, C", exists Cpolyol = 12.8 wt%. In addition,
the following conclusion can be obtained. Not only an increase of
polyisocyanate, but also an increase of acryl-polyol leads to
decrease of the lower limit of the concentration for gelation. It
should be noted that this type of phase behavior is theoretically
predicted by the site-bond percolation theory developed by Con-
iglio et al. [20,21] and is experimentally observed in several systems
by Shibayama et al. [22,23]. In the case of our study, the volume
fraction of acryl-polyol was much higher than that of poly-
isocyanate. In other words, an increase of acryl-polyol leads to
site-percolation while an increase of polyisocyanate induces bond-
percolation like chemical cross-linker.

3.2. Gelation process

Fig. 3 shows a typical example of the time evolution of the
scattering intensity, (I);, and the initial amplitude of the time-
intensity correlation function (ICF), of (=g?(0) — 1). The sample of
Cpolyol = 27.0% and [NCO]/[OH] = 1.0 was shown here. During the
gelation process, ()T gradually increased. Then ()7 started to dras-
tically increase and of started to decrease at about t =90 min. The
decrease of ¢ means an increase of static inhomogeneities due to
the sol-gel transition. It should be noted that (I)r did not increase
instantaneously while the conventional gelation process occurred
accompanying instantaneous increase of (I)r as has been studied by
many workers [16,24]. This is because the gelation proceeded from

Table 2
Chemical composition of polyurethane resin used at the measurement of 100
sample positions.

Cpolyol (WE%)  [NCOJ/[OH] DBTDL (ppm)
12.8 1.0,1.2,16, 2.0, 25, 3,4, 5 2400
171 0.8,1.0,1.2,14, 1.6, 2.0, 2.5, 4.0 2400
214 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 2.0, 2.5 2400
27.0 04, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 2.0, 2.5, 3.0, 4.0 800
321 04, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 2.0, 2.5, 3.0, 4.0 800
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Fig. 2. The sol-gel transition phase diagram for polyol/polyisocyanate group systems.
(a) The sol-gel transition behavior of polyol as a function of [NCO]/[OH]. (b) The sol-gel
transition behavior according to the site-bond percolation theory.

the oligomer state of polyol by skipping monomer to oligomer
process.

Fig. 4 shows an example of time evolution of the time-intensity
correlation functions, g?)(1) — 1, for the sample of Cpolyol = 27.0%
and [NCO]/[OH] = 1.0. The solid line at 91.6 min indicates the result
of curve fitting as discussed below. The dynamics of gelation
process can be divided into the following three stages. In the first
stage, the translational diffusion of the oligomer of polyol was
observed. The second stage corresponds to the gelation point,
where g?)(1) — 1 showed a power-law behavior. In the third stage,
i.e., in the post-gelation stage, of decreased as discussed above. As
for the power-law behavior at the gelation point, ICFs can be
described by the following functions [25,26]:

£ -1=a?{Aexp(—/r0) +(1-A)[1+ (/7)Y )

where A is the fraction of the collective diffusion mode, ¢, is the
characteristic decay time of the fast mode, 7" is the characteristic
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Fig. 3. A typical example of the time evolution of the scattering intensities, (I)y, and the
initial amplitude of the time-intensity correlation function (ICF), o (=g®(0) — 1) The
sample of Cpolyol = 27.0% and [NCO]/[OH] = 1.0 is shown here.
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Fig. 4. A typical example of the time evolution of the time-intensity correlation
functions, g#(t) — 1. The sample of Cpolyol = 27.0% and [NCO]/[OH] = 1.0 is shown here.

time where the power-law behavior appears, and n is the fractal
dimension of the scattered photons.

Fig. 5 shows a typical example of g dependence of the decay rate,
T, for the fast mode shown in Fig. 4, for the sample of Cpolyo1 = 27.0%
and [NCO]/[OH] = 1.0. " was obtained from the decay rate distri-
bution function and CONTIN program [27], the detail was shown
elsewhere [28]. As shown here, the relaxation mode clearly shows
g dependence of T, confirming that the relaxation mode is diffu-
sive. Therefore, we can conclude that the molecular motion of this
system does not correspond to Rouse or Zimm mode, but to
a diffusion mode.

Fig. 6(a) shows [NCO]/[OH] dependence of the gelation time,
tgel, for various Cpolyols. Note that the reaction temperature for
the sample of Cpolyol=27.0wt% (60°C) was lower than the
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Fig. 5. A typical example of g dependence of the decay rate, I', for the fast mode shown
in Fig. 4. The sample of Cpolyo = 27.0% and [NCO]/[OH] = 1.0 is shown here.
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Fig. 6. [NCO]/[OH] and Cyolyo1 dependence of the gelation time, tgei. Closed symbols and open symbols indicate the measurements where the observation temperature was constant

and the distance from T; was constant, respectively.

others (100°C) and the concentration of the catalyst (DBTDL)
was lower, leading to a larger tgej. For the samples prepared at
Cpolyol < 21.4 Wt%, teeis decreased with Cpolyor, While its [NCO]/
[OH] dependence was insignificant compared with those at
Cpolyol = 27.0 wt’%. In the case of Cpolyol =27.0 wt%, on the other
hand, tge is a strong decreasing function of [NCO]/[OH]. The
decrease in tg with increasing [NCO]/[OH] means that the
gelation reaction is accelerated by increasing cross-linker
concentration. The little [NCO]/[OH] dependence for the samples
of Cpolyol < 21.4 Wt’% indicates the catalyst concentration was too
large and the reaction temperature was too high for gelation.

Fig. 6(b) shows the comparison of the tges between the
measurement where observing temperature is constant (closed
symbols) and where the distance from T; is constant (open
symbols). In any case, tge decreased with [NCO]/[OH]. At low [NCO]/
[OH] region, the difference of tgeis at a given [NCO]/[OH] is negli-
gible since the temperature is close to each other while the obvious
distinction appeared with the increase of [NCO]/[OH].

Fig. 7(a)—(c) shows 1", Tfast, A, and n for the case of Cpolyol = 27.0%
at a gelation point obtained with Eq. (1), respectively. Closed
symbols and open symbols indicate the measurement where
observing temperature is constant and where the distance from Ty
is constant, respectively. It is obvious that g and A showed the
characteristic behavior depending on [NCO]/[OH]. At the gelation
point, an infinite network was formed, leading to the decrease of
Trast, in other words, the decrease of the correlation length.
However, it should be noted that the cross-linking proceeds rather
gradually in this system as shown in Fig. 3. Therefore, the [NCO]/
[OH] dependence of tf,s¢ and A may indicate not only the effect of
cross-linking but also the rise of the elasticity by the rigidity of
isocyanurate groups, which will be discussed below. On the other
hand, n was constant with respect to [NCO]/[OH]. Since n is known
to be related to the branch degree of the cluster at the gelation, we
can conclude that the increase of [NCO]/[OH] does not influence the
degree of branching of this system. As for the difference of the
measurement temperature, it is obvious that the trend of [NCO]/
[OH] dependence of each parameter is the same between the two.
This is due to the fact that the gelation measurement was per-
formed for the samples including a large amount of solvent.
Therefore, the measuring temperature, or the dynamics of the glass
transition, can be negligible compared with the sol-gel transition
dynamics. The observation of gelation dynamics for bulk systems
will be disclosed in the near future.

3.3. Microscopic inhomogeneities after gelation

3.3.1. (D at 100 different sample positions for the gel and sol state
Fig. 8 shows the time-average scattering intensities, (I)1, at 100

different sample positions for typical examples of (a) gel state and

(b) sol state. For (a) and (b), Cpolyol =27.0% and [NCO]/[OH] = 1.0,
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b 0.24
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0.6 b
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Fig. 7. A typical example of (a) t* and g, (b) A, and (c) n for Cpolyol = 27.0% at
a gelation point obtained with Eq. (1). Closed symbols and open symbols indicate the
measurements where the observation temperature was constant and the distance
from Ty was constant, respectively.
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Fig. 8. The time-average scattering intensities, (I)r, at 100 different sample positions for typical examples of (a) gel state and (b) sol state. For (a) and (b), Cpolyol = 27.0% and [NCO]/

[OH] = 1.0 and Cpolyor = 12.8% and [NCO]/[OH] = 1.0, respectively.

and Cpolyol = 12.8% and [NCO]/[OH] = 1.0, respectively. The broken
line indicates the dynamic fluctuating component, (Ig)t. The insets
show the apparent diffusion coefficient, Da, as a function of (I)r and
a replot for the derivation of (Ig)r and the collective diffusion
coefficient, D. According to Joosten et al., D can be evaluated by
plotting Da as a function of ()t by using the following equation [18]:

D
DA = /e

We can rewrite Eq. (2) and obtain the following relationship
[15,29]:

(hr _ 2, p)
b= pir—p" 3

(2)

Once (Ip)t is obtained, the static inhomogeneities, (Ic)g, are easily
obtained by

(Io)e=De—Up)7 (4)

where (I)g is the ensemble average scattering intensities of (I)1. The
solid lines in the insets indicate the fitting curves with Eq. (2) or (3).

By comparing Fig. 8(a) and (b), it is obvious that (I)s in gel state
strongly depend on the sample position, i.e., the large static inho-
mogeneities exist. On the other hand, (I)ts at sol state do not
depend on the sample position and the contribution of (Ic)g to (I)g is
ignorable. These are typical trends of sol-gel systems. As for the
behavior of Da and (I)tDa ! (in the inset), it seems that (I)tDz 's are
well fitted by Eq. (3) for both gel and sol states. However, D4 for the
sol state extremely deviates from the fitting curves while that for
the gel state well satisfies Eq. (2). This deviation is due to the fact
that (I)1s do not show any sample position dependence, resulting in
the decrease of the statistical precision and the accuracy of the
determination of D and (Ip)T.

3.3.2. [NCOJ/[OH] and Cyoiyor dependence of (D, {Ic)g, and (Ip)t

Fig. 9 shows [NCO]/[OH] and Cpolyor dependence of (a) (D, (b)
(Io)g, and (c) (Ip)1. The solid lines and broken line denote gel states
and a sol state, respectively.

First of all, it should be noted that (I)g and (Ic)g of gel states have
a peak in their [NCO]/[OH] dependence and these peaks shift
toward lower [NCO]/[OH] by increasing Cpolyol While {Ig)r shows no
[NCO]/[OH] dependence. The presence of a maximum with respect

to [NCO]/[OH] was reported by Nierzwicki and Wysocka about glass
transition temperature, Tg, and the tensile strength properties [8].
They showed that the rise of [NCO]/[OH] leads to not only an
increase of cross-linking density but also a progress of micro-phase
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Fig. 9. [NCO]/[OH] and Cyoly01 dependence of (a) (I)g, (b) (Ic)e, and (c) (Ip)v. The solid
lines and dashed line mean that the system is gel states and sol states, respectively.
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Fig. 10. Chemical schemes of (a) urethane bond structure and (b) allophanate
structure.

separation accompanying formation of allophanate groups caused
by the excess of NCO groups (see Fig. 10). If the network structure
was determined by the former, the maximum should be at [NCO]/
[OH] = 1. However, the latter factor immobilizes the hard segments
(NCO groups) causing Ty upward. As a result, the optimum of Ty and
the tensile strength properties can shift above [NCO]/[OH] = 1.

In the case of our results, on the other hand, the maximum of (I)g
and (Ic)g was around [NCO]/[OH] = 1 at Cpolyol > 17.1 wt% while that
shifted toward higher [NCO]/[OH] at Cpolyol = 17.1 wt%. That is to
say, at Cpolyol > 17.1 wt%, the cross-linking was mainly formed and
the cross-linking density became maximum at around [NCO]/
[OH] =1, leading to the increase of the concentration fluctuation by
the introduction of the cross-linking. However, at Cpolyo1 = 17.1 Wt%,
allophanate structure may be also formed due to the high mobility
and reactivity of the components at a dilute regime, resulting in the
progress of micro-phase separation composed of soft and hard
segments. To our knowledge, this is the first observation of such
a shift of the maximum by DLS.

Next, let us discuss the Cpolyol dependence of (I)g, (Ic)e, and ([p)t.
As shown in Fig. 9(a) and (b), {I)g and (Ic)g decreased by the increase
of Cpolyol €xcept for the results of Cpolyol = 12.8 wt%, which are at sol
states. The decreases of (I)r and (I¢c)g indicate that the suppression of
the concentration fluctuation increased with the total network
concentration over the chain overlap concentration. On the other
hand, the lower (I)g and (Ic)g of Cpolyol = 12.8 wt% than the other
samples at gel states are due to the fact that (Ic)g at a sol state is
composed only of (Ig)t. Therefore, the lowering shift of (Ig)r with
Cpolyol corresponds to the transition from a sol to a gel state.

3.3.3. [NCOJ/[OH] and Cpolyor dependence of D
Fig. 11 shows [NCO]/[OH] and Cpolyo1 dependence of D. The solid
lines and broken line denote gel states and a sol state, respectively.

10 ' 1
Chotyol ! Wt%
-0 128
A 17.1
V- 214

8T —A- 270 ]

—@— 32.1

D x 107/ em?/s
[=)}

[NCO]/[OH]

Fig. 11. [NCO]/[OH] and Cpolyor dependence of D. The solid lines and dashed line mean
that the system is gel states and sol states, respectively.

First, D increased with Cpolyol Whether the sample was gel or sol
states. It is known that D is related to the correlation length, &, with
the following equation [15,30]:

s kBT
6Tt

where kgT and 1 denote the Boltzmann energy and the solvent
viscosity, respectively. Therefore, the increase of D corresponds to
the decrease of £ due to the suppression of the concentration
fluctuations. Secondly, the clear convex behavior and the inter-
esting shift of the maximum with respect to [NCO]/[OH] were also
observed here. This experimental result supports the above
discussions. The maximum of £ at the stoichiometric ratio, i.e.,
[NCO]/[OH] = 1, indicates that the finest network is formed at this
ratio. The shift of the peak position for the case of Cpolyol = 17.1 Wt%
is probably due to the additional effect by formation of allophanate
structure which becomes dominant at lower polyol concentrations.
Further investigations regarding these mechanical properties are in
progress.

(5)

4. Conclusions

The [NCO]/[OH] and Cpolyo1 dependence of the gelation process
and the microstructure after the gelation of polyurethane resin
were investigated by DLS. The following conclusions were
obtained. First, the sol-gel transition was explained by the so-called
site—-bond percolation theory. Here, polyol groups act as site-
occupants and isocyanate groups, which is composed of iso-
cyanurate structure, act as chemical cross-linkers. Second, the
scattering inhomogeneities were rather gradually increased around
the gelation point, which are the characteristics of the gelation
process from oligomer units. In addition, the 7gg and A of the
structural parameters at the gelation point were strongly depen-
dent on [NCO]/[OH], which may be due to the introduction of the
cross-linking and the increase of network rigidity. Finally, (I)g, (Ic)E,
(It and D showed characteristic dependence on Cpolyol and [NCO]/
[OH]. With the increase of Cyolyol, (DE and (Ic)e at the gel states
decreased due to the suppression of the concentration fluctuation.
(Ip)t also decreased with Cpolyor due to the decrease of the solution
components. On the other hand, D increased with Cpelyol indicating
the decrease of the correlation length of the networks. As for the
[NCO]/[OH] dependence, at Cpolyol > 17.1 Wt%, (D, (Ic)e, and D
showed a maximum at around [NCO]/[OH] =1 because the cross-
linking density mainly influences the microscopic network struc-
ture. However, at Cpolyol = 17.1 wt%, the maximum of [NCO]/[OH]
shifted upward because not only the cross-linking density but also
the progress of micro-phase separation resulting from the excess of
hard segment dominated the network structure.
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