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ABSTRACT: Infrared spectroscopy has been used to study the evolution of polyurethane foam structure,
providing measures of relative reaction kinetics, hard segment growth, the onset of phase separation,
the formation of order, and the development of final morphology. Changes in free, monodentate, and
bidentate hydrogen-bonded urea groups dominate the organization of the entire ensemble. Hard segments
formed by reaction of 2,6-toluene diisocyanate (2,6-TDI) and by a mixture of 80% 2,4-TDI and 20% 2,6-
TDI displayed very different local segmental alignment, a factor crucial in the development of morphology.
Phase separation occurred faster, with fewer and shorter hard segments, in the systems with well-ordered
straight chains. The formation and time evolution of monodentate ureas suggest that phase development
may be incomplete, or trapped, in systems with ill-defined urea structures. A low degree of spatial order
exists in the systems containing these structures.

Introduction
Polyurethanes are one of the most important poly-

meric materials owing to the flexibility in properties
that can be achieved through variations in synthesis and
processing conditions. Despite this fact, a detailed
understanding of how the developing structure orga-
nizes into different phase-separated morphologies is still
lacking. Several physical features are known to be
influential in affecting the mechanical properties. Gen-
erally speaking, the phase-separated morphology is a
defining characteristic of polyurethanes. In manufactur-
ing polyurethane foams, the phase-separated morphol-
ogy evolves during polymerization as a result of the
chemical reaction between water and diisocyanate,
which yields polyurea oligomers often called hard seg-
ments. The hard segments tend to phase separate from
the surrounding “soft segments”, most often polyethers
or polyesters, into hard-segment-rich and hard-segment-
poor regions. Hard-segment-rich regions often exhibit
spatial order or even crystallinity in some cases and
often are referred as domains. Ample data have shown
that the size and perfection of hard-segment-rich poly-
urea domains depend on the composition of the formu-
lation, on the synthetic procedure, and on the temper-
ature profile of the annealing process.1

The focus of this study is on understanding how the
various chemical structures evolve into these domains
and which chemical factors influence that evolution.
Many factors need to be considered. The morphology
that develops in a given system depends on the com-
petitive reactions that occur. Once formed, the mobility
of structural elements (urea oligomers) during this
morphological evolution depends on local constraints.
In some cases, the polyethers used in many polyure-
thane formulations have functionality greater than two,
and their reaction with diisocyanate yields a chemically
cross-linked network. Therefore, phase separation may
be effectively halted, depending upon the time that

vitrification occurs. The temperature of the sample is
also an important factor during synthesis and an
important consideration of morphology development.
Typical foam is prepared by reacting a diisocyanate with
a mixture of water and hydroxyl end-capped polyether.
During the reaction between diisocyanate and water,
carbon dioxide evolves and serves as the blowing agent.
Because of the very exothermic nature of this reaction,
the temperature inside the foam is unpredictable, not
readily controlled, and may rise to a temperature as
high as 140 °C.2,3

The structure of the polyurea segments also influ-
ences phase behavior. Traditionally, phase separation
of reactive polyurethane foams into hard-segment-rich
and hard-segment-poor domains is believed to occur due
to the chemical incompatibility of soft and hard seg-
ments. For example, polyurethane elastomers based on
2,4-tolylene diisocyanate chain extended with a diol do
not exhibit phase-separated morphologies, while those
chain extended with a diamine do, presumably due to
the strong specific interaction of ureas compared to
urethanes.4,5 Analogously, the polyurea hard segments
in foams can form stronger hydrogen bonds than the
corresponding urethane-containing hard segments found
in most elastomers.

On the other hand, it should also be emphasized that
specific interactions need not be the only parameter to
be considered. In many cases, the excluded-volume effect
from the rigid hard segments and their “straightness”
may be the dominant factor in inducing phase separa-
tion.6 Phase separation can occur in polyurethane
systems even when ø is negative or when no hydrogen
bond donor/acceptors are present.7,8 Molecular simula-
tion studies showed that the volume fraction of hard
segments dispersed in the soft phase decreased with an
increase in the hard segment length. By considering the
similarity between phase separation processes in poly-
urethanes and liquid crystals, the origin of the phase
separation process in polyurethanes can then be con-
sidered in terms of the excluded-volume concept. For
example, in liquid crystals, oriented anisotropic domains
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formed on phase separation are considered a conse-
quence of chain geometry rather than chain-chain
interactions.9 In most polyurethane systems both the
enthalpic and entropic contribution should be consid-
ered.6

Polyurethane chemistry is an interesting but complex
process. The kinetics of polyurea formation and the
formation of phase-separated structures have not been
definitively established. Several experimental studies
have examined morphology development in polyure-
thane foams.10-15 These studies were concerned with
morphology development under adiabatic conditions.
Under homogeneous conditions, the molecular weights
of polymers formed exhibited a Schultz-Flory distribu-
tion.16,17 Although the volume fraction and the size of
hard segments were characterized, those studies did not
consider the contribution of kinetics to structural evolu-
tion.

In this study, the kinetics of reaction and the develop-
ment of morphology are studied in situ using infrared
spectroscopy. Infrared spectroscopy provides informa-
tion at a much more localized level than X-ray diffrac-
tion. Well-established spectroscopic features14 are par-
ticularly sensitive to changes in hydrogen bonding.11,18

Foams were prepared under isothermal conditions to
control or depress the rate of the cross-linking reaction.
Systems based on both 2,6-TDI and T-80 (an 80/20
mixture of 2,4- and 2,6-TDI) were examined. The
polyurea segments based on these diisocyanates have
very different structures or “straightness”. By combining
information regarding reaction kinetics with statistical
methods, the most probable distribution of structures
was determined. The onset, rate, and degree of phase
separation and the formation of order in the different
polyureas formed by chemical reactions in the evolving
foam were studied using specific features in the infrared
spectra.

Experimental Section
Materials. The two different diisocyanates employed were

2,6-toluene diisocyanate (Aldrich, 98%) and a mixture of 2,6-
toluene diisocyanate (20%) and 2,4-toluene diisocyanate (80%)
(T80, Aldrich, tech grade). The polyether used in this study is
Voranol 3137 (Dow Chemical Co.). It is a glycerin-initiated
poly(propylene oxide) polyether with ∼13% ethylene oxide
randomly polymerized into the chain. It is terminated with
secondary hydroxyl groups. It has an equivalent weight of 1075
g/mol and an average functionality of 2.79. The catalyst
package used in this study is a mixture of Dabco BL-11 (Air
Products), Dabco 33-LV (Air Products), and Dabco T-9 (Air
Products). Dabco BL-11 is composed of 70% bis(dimethylami-
noethyl) ether in a solution of dipropylene glycol. Dabco 33-
LV is a solution of 1,4-diazobicyclooctane19 (33%) in dipro-
pylene glycol. Dabco T-9 is a stannous octanoate. All were used
as received.

Foam Preparation. All foams were prepared from 10.00
g of polyether, 0.010 g of Dabco BL-11, 0.020 g of Dabco 33-
LV, and 0.014 g of Dabco T-9 with the appropriate amount of
water and specific TDI in a plastic beaker. The formulations
are shown in Table 1. The general naming scheme is “(TDI

type)-(H2O/OH)-(Trxn)”. Samples with an “oo” prefix are based
on pure 2,6-TDI, while samples with a “T80 prefix” are based
on an 80/20 mixture of 2,4-/2,6-TDI. Trxn refers to reaction
temperature. The general procedure was as follows: A stock
mixture of BL-11 and 33-LV was prepared in a 1:2 ratio by
weight and stored in the refrigerator until use. 10.0007 g of
Voranol 3137 and 0.0301 g of stock amine catalysts were mixed
with a glass rod in a plastic beaker. In separate syringes,
0.3603 g of deionized H2O and 4.4112 g of T80 were weighed,
accounting for the volume that remains in the syringe after
ejection. Immediately prior to reaction, 0.0140 g of T-9 was
added to the plastic beaker and mixed. H2O was added via
the syringe and stirred vigorously with the glass rod for 2 min,
at which point the mixture became clear. Next, specific TDI
was added rapidly and again stirred vigorously for 15 s, at
which time foaming was observed. A spatula of the foaming
mixture was then dropped onto the internal reflecting crystal,
as described below in the spectroscopy section. The infrared
spectra were then collected. The time interval for each step in
the sample preparation and measurement must be well
controlled in order to obtain reproducible results.

Foaming Kinetics. Infrared spectra were obtained using
a Perkin-Elmer 2000 system with a narrow-band MCT detec-
tor. Measurements were performed using 4 cm-1 spectral
resolution. Four scans were signal averaged in order to record
time-resolved spectra approximately every 8 s. A nine-pass
attenuated total reflectance (ATR) Harrick cell with a ZnSe
crystal was used to measure the foaming kinetics, shown in
Scheme 1. Sufficient throughput was obtained by applying
material to the top of the crystal and leaving the reservoir
empty. A heating jacket was used to control the temperature
of the crystal. The crystal acted as a heat sink, and the reaction
temperature at the foam/crystal interface was controlled in
this way. The apparatus was mounted in the N2-purged sample
chamber. Scanning was initiated. Then a droplet of the mixed
formulation was allowed to drip from a wedge-shaped spatula
onto the crystal. This “dripping” process is important in
obtaining reproducible results. Well-defined spectra with
stable baseline were obtained. When the reaction was com-
plete, the crystal was soaked in dimethyl sulfoxide, to swells
and delaminate the foam.

Analysis of Infrared Spectra. Analysis of the spectra was
carried out as described previously.15 All the bands used in
this study are well established in the literature.20 The set of
spectra for each foaming experiment were first normalized to
account for differences in contact with the crystal. The
integrated CH stretch from 3025 to 2800 cm-1 was used to
normalize the spectrum. Except for T80-6-22, all formulations
contained the same weight fraction of polyether (the main
contributor to CH stretch intensity). T80-6-22 contained a
lower weight fraction of polyether. Therefore, the intensities
of its aromatic, NCO, and urea vibrations were relatively
larger.

The NCO conversion was determined from the integrated
asymmetric NCO stretch from 2320 to 2050 cm-1. The conver-
sion is defined by

where [NCO]0 is the integrated intensity of the NCO stretch
at zero reaction time. The initial concentration was determined
by extrapolating the initial set of data points to t ) 0.11,15,18

Table 1. Polyurethane Formulations Used in This Study

sample wt % TDI H2O/TDI H2O/OH

oo-4-22 0.30 0.81 4.42
T80-6-22 0.37 0.82 6.33
T80-4-22 0.30 0.80 4.36
T80-4-40 0.30 0.79 4.30
T80-4-56 0.30 0.77 4.17
T80-4-87 0.30 0.79 4.40
T80-4-113 0.30 0.79 4.35

Scheme 1

PNCOt
)

[NCO]0 - [NCO]t

[NCO]0
(1)
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This calculation assumes a second-order reaction kinetics.21

Additional support for this method is provided by the samples
T80-4-Trxn, where Trxn ) 22-113 °C. The y-intercept in these
identical formulations was 35.6 ( 1.4. The deviation from
experiment to experiment is small.

Band deconvolution of the amide I region was carried out
using the Spectrum 2000 software package. No baseline
correction was used. All bands were fit as a mixture of
Gaussian and Lorentzian, and the position, bandwidth (bw in
cm-1), and intensity were allowed to vary during iteration. For
oo-4-22 three bands at 1732 (bw 22-26 cm-1), 1712 (bw 22-
26), and 1640 cm-1 (bw 11-15) were assumed to be in the
1740-1635 cm-1 region. These limits were chosen to avoid
changes in the baseline due to contributions from the aromatic
CdC ring stretch and amide II bands. It should be noted that
2,4-TDI exhibits a benzene ring stretching frequency at 1617
cm-1 whereas 2,6-TDI does not. Therefore, the 1740-1590
cm-1 region was analyzed for the T80-based samples. Six
bands near 1732 (bw 22-26), 1712 (bw 22-26), 1670-1655
(bw 40-55), 1640 (bw 11-15), 1617 (bw 11-15), and 1596 cm-1

(bw 22-26) were analyzed.

Results and Discussion

The influence of hard segment length, structure
perfection, and concentration on the phase behavior of
reactive polyurethane systems was determined by fo-
cusing on three main systems: oo-4-22, T80-6-22, and
T80-4-22. Each system was prepared from hydroxyl end-
capped polyether, water, diisocyanate, and a catalyst
package as discussed in the Experimental Section.
Formulations that are similar to those used for com-
mercial slab stock foam were studied. The infrared
spectrum obtained during the initial stages of foaming
is shown as a function of time for T80-6-22 in Figure 1.
Several changes generally occurred for all systems.
Reaction with water depleted isocyanate and produced
urea groups, while reaction with alcohol from the
polyether depleted isocyanate and produced urethane
groups. Thus, a decrease in the intensity of the asym-
metric NCO stretch between 2050 and 2400 cm-1 is
observed with simultaneous increases in the intensities
of bands due to vibrations associated with various ureas
and urethanes. The amide I mode (mainly CdO stretch)
between 1600 and 1760 cm-1 is the infrared-active
vibrational band focused on in this study. Vibrations for
urea and urethane groups occur at different frequencies,
allowing distinction between the two chemical reactions.
The amide I vibration is also very sensitive to the
strength and specificity of the hydrogen bonds formed.
Generally three types of CdO stretching are found.
These are free, hydrogen bonded but not ordered (e.g.,
monodentate), and hydrogen bonded and highly ordered
(e.g., bidentate). Changes in the morphology during

phase separation are then correlated with changes in
the hydrogen-bonding characteristics. The band at 1735
cm-1 is attributed to free urethane groups, while vibra-
tions at 1715, 1655-1690, and 1640 cm-1 are attributed
to free, disordered monodentate, and ordered bidentate
ureas, respectively. The vibration at 1640 cm-1, in
particular, is often used as a characteristic feature of
organized hard domains.22 The amide I region for the
three different reacting systems is shown in Figures
2-4.

The time evolution of the infrared spectrum of the oo
and T80 systems differ significantly. First, consider the
T80-4-22 and T80-6-22 systems. In the early stages of
the reaction, the band at 1715 cm-1 increases in
intensity, as free urea forms. Meanwhile, a broad band
near 1670 cm-1, assigned to hydrogen-bonded urea, also
increases in intensity. The rate of formation of free urea
begins to decrease, however, as a function of time. In

Figure 1. Infrared spectra collected during reaction of T80-
6-22. Spectra are shown every 17 s beginning at trxn ) 40 s.
Reaction time increases going from black to light gray.

Figure 2. Infrared spectra collected during reaction of T80-
6-22 in the amide I region. Spectra are shown every 17 s
beginning at trxn ) 40 s. Reaction time increases going from
black to light gray traces.

Figure 3. Infrared spectra collected during reaction of T80-
4-22 in the amide I region. Spectra are shown every 17 s
beginning at trxn ) 30 s. Reaction time increases going from
black to light gray traces.

Figure 4. Infrared spectra collected during reaction of oo-4-
22 in the amide I region. Spectra are shown every 17 s
beginning at trxn ) 45 s. Reaction time increases going from
black to light gray traces.
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contrast, the number of hydrogen-bonded ureas contin-
ues to increase. This band shifts about 10 cm-1 to lower
frequency with increasing conversion, which is associ-
ated with the formation of strong hydrogen bonds.16,17

Finally, at later stages of conversion, a band at 1640
cm-1 emerges. This component is assigned to the
formation of bidentate urea and is characteristic of
ordered hydrogen bonds associated with phase-sepa-
rated structure. Bidentate urea seems to form at the
expense of free urea, which decreases until it reaches a
plateau value. For example, a plot of the intensity at
1716, 1665, and 1640 cm-1 is shown in Figure 5 for T80-
6-22. As conversion is increased, the formation of
hydrogen-bonded urea occurs through both depletion of
NCO by reaction and depletion of free urea by hydrogen
bonding. This behavior is observed for all the systems
but is less apparent when the contribution from the
overlapping urethane vibration is significant.

The foaming reaction for oo-4-22 exhibits several
notable differences from the T80 systems. The formation
of bidentate urea was so rapid in this system that a state
prior to its formation could not be captured within the
time resolution of our infrared instrument. A rise and
subsequent depletion of free urea was observed. Mono-
dentate hydrogen-bonded urea was not observed for this
system. The morphology is exclusively described by the
sharp bidentate urea band at 1640 cm-1 and a very
small contribution from free urea at 1715 cm-1. The
slow formation of urethane, which was difficult to
observe in the T-80 system, is apparent at 1732 cm-1.

Characterization of Most Probable Structures.
It is clear that the polyurethane foam constituents are
highly dependent on the type of diisocyanates used and
the structures formed during foam synthesis. To analyze
the kinetics data further, differences in the hard seg-
ment structures must be considered, specifically in
molecular weight and molecular weight distribution and

in effective aspect ratio. The degree of polymerization
(X) is defined as the number of monomer units per
chain, where TDI and water are treated as monomers.23

This definition is used for convenience. The reactivity
and stability of the oligomers formed can differ signifi-
cantly. The hard segment length and distribution result
from the consecutive reaction of diisocyanate and water
and terminate when both NCO ends react with poly-
ether hydroxyl groups or when the reactants are de-
pleted. In addition to previous studies,24-27 the hard
segment length and distribution in polyurethane foams
have been characterized by mass spectrometry.28

Undoubtedly, the hard segment structure and their
length distribution are crucial parameters in the forma-
tion of phase-separated structures. The symmetric poly-
urea oligomers formed from pure 2,6-TDI are expected
to be more rigid and straight and pack more uniformly
than those based upon T-80. The two reactive groups
in a difunctional isocyanates show considerable differ-
ences in reactivity. Therefore, the molecular weight
distribution should then depart from that expected on
the basis of equal reactivities. The NCO groups of 2,6-
TDI have equivalent reactivity before reaction. But the
reactivity of the second NCO group decreases after the
first one reacts. The reactivity difference is considerable
(K ) k1/k2 ) 5.32/0.86 ) 6.2).29

The polyureas obtained in the T80 system also have
different possible structures. The para NCO group of
2,4-TDI is more reactive than the ortho NCO group with
a K ) 2.70 (k1 ) 11.9, k2 ) 4.42). After reaction between
one NCO and water, the reactivity of the ortho group
decreases to k2 ) 1.0, or K ) 11.9. Therefore, polyurea
segments formed with T-80 should have different se-
quence distributions than those made from 2,6-TDI
alone. It is desirable to obtain a measure of the asym-
metry associated with T-80 TDI hard segments. The
average sequence length and distribution of 2,6-TDI
segments should be related to concentration and reac-
tivity relative to 2,4-TDI. The coupling of 2,4-TDI units
in head-to-head or head-to-tail configurations (that is,
ureas from para/para, ortho/ortho, or para/ortho cou-
pling) will also depend on the relative reactivities. On
the basis of the reactivity and stoichiometry, an example
of some of the most probable structures is shown in
Scheme 2. The different types of hard segments formed,
as expected, is one factor that determines the phase
separation kinetics in polyurethanes.

It is also important to examine the possible effects of
hard segment length on the polymers formed. The
molecular weight distribution of the oligomers formed
as a function of NCO conversion can be modeled. A
projection of the influence of a change in reactivity on
Xw is shown for one of the monomers in Figure 6, where

Figure 5. Changes in the band intensity of different types of
urea species with increasing reaction conversion for T80-6-
22.

Scheme 2
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the stoichiometric imbalance parameter r (defined as
less than 1 in the theoretical treatment of size distribu-
tion) was set equal to 0.81.30 The effect of the reactivity
ratio K is most dramatic at conversion greater than 0.4.
In general, a decrease in the reactivity of one functional
group upon reaction of the other group (K > 1) results
in a decrease in the polydispersity. Conversely, an
increase in reactivity (K < 1) results in an increase in
polydispersity. The effect of increasing K from 6.1 to 12
on Mw is very small.31 Because of the high reactivity of
the amine and the stoichiometric excess of NCO, the
most abundant species are expected to be odd x-mers
with NCO ends. Because of the decrease in reactivity
of the second NCO, the TDI monomer should be
completely depleted between 75 and 85% conversions.
This last prediction is interesting because the reaction
between isocyanate and the polyether hydroxyl groups
to produce urethane linkages occurs at late conversion.

Onset of Phase Separation. The reacting polyure-
thane system phase separates due to the structures
formed. The importance of contributions from the hard
segment length and symmetry (shown in Scheme 2) can
be determined by comparing the conversion at the onset
of phase separation for the different systems. The
growth of bidentate urea, measured by monitoring the
intensity at 1640 cm-1, is shown for oo-4-22, T80-6-22,
and T80-4-22 in Figure 7. The rapid rise of bidentate
urea peak is attributed to phase-separated polyureas.
Despite the fact that the stoichiometry of the oo-4-22
and T80-4-22 systems is identical, the oo-4-22 TDI phase
separates at a much lower conversion. This cannot be
attributed to differences in the average molecular
weight and must be associated with differences in either
the aspect ratio or the specific hydrogen-bonding inter-
actions.

The onset of phase separation based on changing
spectroscopic features is related to changes in the local

aggregation, which is not necessarily correlated with the
structural formation that would be detected using other
methods, such as diffraction. Spectroscopic methods are
used for analyzing structural elements that are much
more localized than those to which other techniques are
sensitive. Here the onset of phase separation is taken
as the point at which 1640 cm-1 band is first observed.
The onset occurs near 10% and 28% conversion for the
oo-4-22 and T80-4-22 systems, respectively. When the
concentration of TDI is increased from 30% in T80-4-
22 to 37% in T80-6-22, the onset of phase separation
occurs at 19% conversion.

Assuming the conversion due to urethane formation
is negligible, Xn at onset can be determined as shown
in Table 2. Accounting for the fact that pH2O ) pNCO/r,
Xn at onset is predicted to be 1.12, 1.26, and 1.46 for
oo-4-22, T80-6-22, and T80-4-22, respectively. While this
value is quite low, it does not suggest that the formation
of dimer is sufficient to cause phase separation. Even
at low concentration, the larger oligomers are very
influential, as suggested by the tremendous effect of
increasing the TDI concentration from 30% in T80-4-
22 to 37% in T80-6-22. Flory calculated the minimum
Xn required to induce phase separation in a polydisperse
mixture of noninteracting rods.32 The value 2.3 is higher
than that found here. This suggests that interchain
interaction must also be a contributing factor in the
phase separation behavior in this system.

The foam formulation of T80-4-22 was also used to
characterize reaction kinetics at temperatures ranging
from 40 to 113 °C. In systems in which hydrogen
bonding is important, the interaction parameters should
depend on temperature.33 The growth of bidentate urea
for different reaction temperatures is shown in Figure
8. The conversion reflects both conversion to urea and
conversion to urethane. The average hard segment
length is related only to the urea concentration. The
ratio of the urea to urethane kinetics is not constant
with temperature due to the catalyst package used here.
However, only for the samples prepared at 87 and 113
°C (T80-4-87 and T80-4-113) is there any appreciable
amount of urethane formed prior to 50% conversion. As
shown in Figure 8, the temperature has little or no effect
on the onset of phase separation. The formation of
bidentate urea is influenced by temperature somewhat,
however. The rate of growth is fastest for the sample
prepared at 87 °C.

Degree of Phase Separation. The development of
morphology as a function of time is reflected in changes
in the hydrogen bonding. The data shown in Figure 5
for T80-6-22 can be understood more clearly if the
spectra are first deconvoluted into the different contri-
butions from urethane and free and hydrogen bonded
urea, as described in the Experimental Section. The
relative populations can then be calculated on the basis
of band areas rather than band maxima. The absorption
coefficients for the different bands are not the same, and

Figure 6. Influence of K on the weight-average degree of
polymerization, where K is ratio of the reactivity of a functional
group before reaction (k1) and after one group reacts (k2). K )
0.05 represents water and K ) 6.2 represents 2,6-TDI.

Figure 7. Onset of phase separation for the different foams
based on the intensity at 1640 cm-1.

Table 2. Onset of Phase Separation Found for Different
Polyurethane Samples

sample pNCO pH2O Xn

oo-4-22 0.10 0.12 1.12
T80-6-22 0.19 0.23 1.26
T80-4-22 0.28 0.35 1.46
T80-4-40 0.28 0.35 1.45
T80-4-56 0.27 0.35 1.44
T80-4-87 0.23 0.29 1.34
T80-4-113 0.26 0.33 1.41
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thus band deconvolution does not give quantitative
results.34 Nevertheless, this method allows a separation
of overlapping bands, such as the monodentate and
bidentate hydrogen bonds. The results are shown in
Figure 9a-c for samples oo-4-22, T80-6-22, and T80-4-
22, respectively.

The difference between the oo and T80 samples is
striking. As mentioned above, the morphology of oo-4-
22 is described exclusively by free and bidentate urea.
The initial growth of bidentate urea is accompanied by
a depletion of free urea. After 200 s, the growth of
bidentate urea begins to plateau, and accordingly, the
free urea begins to increase again. It is shown in Figure
9a, and is evident in Figure 4, that the interference of
urethane at long reaction times makes an accurate
analysis of the free urea band difficult to achieve.
Nevertheless, this analysis yields a qualitative assess-
ment of the structural composition.

The T80-6-22 and T80-4-22 systems are similar. The
stoichiometry of T80-6-22 gives fewer urethane linkages,
making this sample easier to study. The infrared active
bands can be deconvoluted with greater confidence. Both
samples are composed of free and bidentate urea and
display a broad monodentate hydrogen-bonded urea.
The latter band is composed of an ensemble of different
hydrogen-bonded conformations of a variety of geom-
etries and strengths. As in oo-4-22, the growth of
bidentate urea in the T80-6-22 sample shown in Figure
9b is accompanied by a depletion in free urea content.
As the bidentate growth reaches a plateau, the amount
of free urea reaches a minimum. The monodentate
hydrogen bonds also show an initial increase followed
by a decrease. However, in contrast to the free ureas,
the depletion of monodentate hydrogen bonds does not
occur until after a sufficient population of bidentate urea
has formed. The decrease in the area of the monodentate
hydrogen bonds occurs due to a narrowing of the
bandwidth, shown in Figure 2. Both the narrowing and
accompanying band shift indicates a change in the
ensemble toward a more ordered state.

The organization of the monodentate hydrogen bonds
shown in Figure 9c occurs even before the appearance
of bidentate ureas in T80-4-22. The changes in the band
contour are similar to those in T80-6-22, but the
formation of bidentate urea is much slower. There is
an increase in intensity at 1640 cm-1, but no appreciable
band is observed. The point taken as the onset of phase
separation corresponds to the decrease in free urea
content. The time scale to reach a plateau value is
approximately 2500 and 5000 s for T80-6-22 and T80-
4-22, respectively. It should be noted that T80-6-22
contains a higher concentration of urea groups, so the
absolute areas cannot be directly compared.

By neglecting the differences in absorption coefficient
for free and hydrogen-bonded species,34,35 the fraction
of free and bidentate urea can be approximated from
the area of the three bands, as shown in Table 3. The
free urea is often referred to as “soluble” urea and,
presumably, is only found in the hard-segment-poor
domains. On the basis of spectroscopic evidence, the
relative amount of urea that remains in the this phase
is 11, 15, and 30% for oo-4-22, T80-6-22, and T80-4-22,
respectively. Bidentate urea corresponds to a very
specific geometry and is overwhelmingly found in the
ordered hard-segment-rich domains. If this amount is
taken as being related to the degree of phase separation,
the relative amount of urea that is found in hard-
segment-rich domain is 89, 47, and 30% for oo-4-22, T80-
6-22, and T80-4-22, respectively. The difference between
the two sets of values is related to the location of
monodentate urea, which can be in either the phase
mixed or phase-separated state.

Figure 8. Influence of temperature on the onset of phase
separation for T80-4.

Figure 9. Changes in hydrogen bonding with time during
reaction and phase separation as determined by band decon-
volution: (a) oo-4-22; (b) T80-6-22; (c) T80-4-22.

Table 3. Degree of Phase Separation Found for Different
Polyurethane Samples

sample free (%) bidentate (%)

oo-4-22 11 89
T80-6-22 15 47
T80-4-22 30 30
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The observation of hydrogen-bonded monodentate
urea is not unusual. Hydrogen-bonded monodentate
urea can exist in the absence of a phase-separated
morphology. Under equilibrium conditions, the number
of free and hydrogen-bonded ureas should depend on
temperature and thus reaction temperature. Prior to the
formation of bidentate urea, a plot of free urea vs total
urea is virtually independent of temperature, as shown
in Figure 10. For reaction temperatures between 22 and
87 °C, the amount of free urea appears to reach a similar
plateau value from 30 to 32%. The sample prepared at
113 °C contains a larger amount of free urea, 40%.
These results suggest that the amount of monodentate
urea observed is due to the slower kinetics at lower
reaction temperatures.

Development of Morphology from Reacting
Structural Elements. It is now possible to develop a
model showing how the reacting system evolves into a
phase-separated morphology.6 For oo-4-22, the initial
formulation containing 2,6-TDI, water, and polyether
reacts and ureas begin to form. After 12% of the water
has been converted to urea, the system begins to phase
separate. This occurs through association of longer
polyurea segments into ordered bidentate urea. The
reaction between water and NCO continues to occur
during phase separation. Each new urea is immediately
converted into a bidentate urea. This suggests that even
the lowest molecular weight oligomers are effectively
partitioned to the hard-segment-rich domain upon
formation.

For the T80 systems, an increasing concentration of
free urea during reaction causes association of the ureas
into monodentate hydrogen bonds. This may indicate
the initial stages of phase separation for this system,
which occurs much more slowly than in oo-4-22. As
reaction continues, the concentration of free and hydro-
gen-bonded urea increases, and the geometry and
strength of the hydrogen bonds improve. The formation
of bidentate urea occurs at a much later stage. In the
initial stages, spatial ordering occurs through depletion
of free polyurea segments. In later stages, monodentate
hydrogen-bonded urea is also depleted, i.e., reorganized.
In the T80 systems, further reaction between the water
and isocyanate leads to an increase in hydrogen-bonded
structures. The free urea reaches a plateau, which
suggests that the phase separation is complete. How-
ever, the “slowness” of the morphology development
indicated by changes in the monodentate hydrogen
bonds suggests a morphology that is not fully evolved.
The spatial ordering may not be complete or in a
preferred state. Despite the fact that the concentration
of TDI is the same for oo-4-22 and T80-4-22, different

morphological features exist. Such behavior is interest-
ing considering that the morphology of polyurethanes
is often described as consisting of either isolated do-
mains or interconnected domains.36

The “ordered structure” of the oo-4-22 hard segments
influences all aspects of morphology development. In
particular, this system exhibits substantial structural
order. Evidence in the literature suggests that hydrogen-
bonding interactions are stronger with the para urea
of 2,4-TDI than with the ortho urea of 2,6-TDI.4 The
temperature was also found to have little effect on phase
separation when chemical cross-linking was absent.
Thus, it is unlikely that hydrogen-bonding interactions
are the dominant driving force for phase separation.
While hydrogen bonds will stabilize the hard domains,
the difference in excluded volume between the oo and
the T80 hard segments seems to be more important. In
addition, the structural irregularity of the T80 hard
segments, due to various head-head and head-tail
linkages, inhibits spatial ordering. It would be interest-
ing to observe the morphology development of rigid, yet
structurally irregular rods.

Conclusions

The phase evolution of reacting polyurethane foams
was studied in situ using infrared spectroscopy. The
influence of structural irregularity in the hard segments
was studied using systems based on 2,6-TDI or an 80/
20 mixture of 2,4-/2,6-TDI. Both the chemical reaction
and the development of morphology were studied using
infrared features specific to different chemical functional
groups and to hydrogen bonding.

The onset of phase separation occurred at much lower
conversion for the sample based on 2,6-TDI. Increasing
the concentration of TDI was also found to decrease the
onset time. The number-average hard segment length
(Xn) at the onset of phase separation was 1.12 and 1.46
for formulations based on 2,6-TDI and on 80/20 2,4-/2-
6-TDI, respectively. These values are lower than pre-
dicted by Flory’s theory for noninteracting rods, dem-
onstrating the importance of both excluded-volume
effect and specific intermolecular interactions. The
temperature was found to have very little effect on the
onset of phase separation.

The changes in the fraction of free and hydrogen-
bonded urea groups as a function of time were used to
study the development of morphology. The phase-
separated morphology of polyurethane with 2,6-TDI
hard segments develops very rapidly through the con-
version of soluble free urea into bidentate hydrogen-
bonded urea. New urea groups, formed from further
reaction, are directly incorporated into the hard do-
mains. The amount of free urea reaches a plateau value
near 11%, suggesting complete phase separation. These
materials exhibit a high degree of spatial order.

On the other hand, polyurethanes with hard segments
based on 80/20 2,4-/2,6-TDI phase separate at a slower
rate, although the rate is slightly enhanced by increas-
ing the concentration of TDI. A high concentration of
monodentate hydrogen bonds forms prior to the forma-
tion of bidentate urea. The fraction of these monoden-
tate hydrogen bonds formed during reaction is nearly
independent of temperature. The data suggests that the
monodentate hydrogen bonds characterize a phase
separating, but spatially disordered, state. The mono-
dentate hydrogen bonds organize with increasing con-
version and as phase separation ensues. The amount

Figure 10. Influence of temperature on changes in hydrogen
bonding prior to the formation of bidentate urea as determined
by band deconvolution.
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of free urea reaches a plateau near 15 or 30%, depending
on the concentration of TDI. However, the degree of
spatial order, represented by the fraction of bidentate
urea, is much lower than in the structurally regular
system.
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