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Forced-adiabatic, FT i.r. spectroscopy has been employed to simultaneously monitor polymerization and 
microphase separation on model flexible polyurethane foam systems. The following combinations of 
hydroxy functional components were investigated: (1) polyether-polyol and water; (2) polyether-polyol and 
deuterium oxide; (3) polyether-monol and water; and (4) polyether-monol and deuterium oxide. The 
formation of urethane, soluble urea, soluble D-urea, hydrogen-bonded urea and associated D-urea species 
were monitored during their fast bulk copolymerization with a diisocyanate. The decay of isocyanate is 
correlated to the polymerization kinetics and the evolution of hydrogen-bonded urea/associated D-urea is 
analysed emphasizing the onset of microphase separation of urea hard-segment sequences. The microphase 
separation transition (MST) occurred at a critical conversion of isocyanate functional groups. In the 
deuterium oxide blown foams, there was no trace of hydrogen-bonded urethane in the spectra obtained. In 
the polyether-monol systems, a lower conversion of isocyanate was observed at the MST and an overall 
lower reaction conversion was also observed. Crown copyright © 1996 Published by Elsevier Science Ltd. 
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I N T R O D U C T I O N  

The reactive processing of water-blown flexible poly- 
urethane foam from liquid monomers and oligomers 
involves a complex combination of both chemical and 
physical events. In less than 5 min, a liquid mixture of 
relatively low molecular weight components is trans- 
formed into the supramolecular architecture of solid 
foam. Information regarding both the reaction kinetics 
and development of morphology during processing are 
essential, such that an objective description of the events 
taking place and ultimately selective control of the 
process can be achieved. Flexible polyurethane foam is 
formed by the simultaneous reaction between a diiso- 
cyanate with polyether polyol and water. Combination 
of  these two exothermic reactions leads to the formation 
of  a segmented block copoly(urethane-urea), of the 
-(HmS)n- type. This is blown into a foam by the cogenera- 
tion of carbon dioxide gas evolved from the water -  
isocyanate reaction. As the polymerization proceeds, the 
core of  the rising foam bun becomes self-insulated by the 
surrounding polymer and this has the effect of  bringing 
the process to occur under quasi-adiabatic conditions. 
Reaction kinetic studies during foam formation with 
both toluene diisocyanate (TDI) and methylene diphenyl 

* T o  w h o m  c o r r e s p o n d e n c e  s h o u l d  be  a d d r e s s e d  

diisocyanate (MDI) have been conducted previously and 
the results are in the literature 1 5. 

Analyses 6 s of  the final morphology present in flexible 
polyurethane foams employing small angle X-ray scat- 
tering (SAXS), dynamic mechanical spectroscopy 
(d.m.s.) and differential scanning calorimetry (d.s.c.) 
have shown them to exhibit a microphase separated 
morphology similar to that of  segmented urethane 
elastomers. The development of morphology during 
foaming is complex 3. As the chemical reactions proceed, 
the chain lengths (N, degree of polymerization) of all the 
products increase and the interaction parameters (X) can 
also change. Such changes can give rise to the system 
crossing thermodynamic boundaries, which results in a 
transition from an initial homogeneous (disordered) 
state into a microphase separated (ordered) state 9'1°. 

The resultant morphology is determined by the kinetic 
competition between polymerization and microphase 
separation 7'9'1°. In-situ investigations regarding the 
reaction kinetics and development of polymer structure 
in both flexible and rigid polyurethane foam are 
sparse 3'5'11'12. In this paper, results are presented from 
investigations in which F T  i.r. spectroscopy has been 
employed, under forced-adiabatic conditions, to obtain 
information on the reaction kinetics and the develop- 
ment of structure during foam formation in model 
systems. 
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Model reactions have been employed previously to 
investigate the reaction kinetics in urethane systems 13 2o 

• 1 2 1  ' M .  As far as we are aware, there are only five studies ' " in 
the literature where model reaction systems have been 
employed to study the development of polymer mor- 
phology in urethane foams. Rossmy and co-workers 21-23 
showed that urethane formation in the early part of  the 
foaming reaction was not important with regard to foam 
stability in flexible systems, by synthesizing foams from 
both reactive and non-reactive polyethers. Such foams 
had sufficient internal modulus to withstand foam 
collapse and support their own mass. Hocker 24 reported 
that the carbonyl group present in soluble urea 
(1715 cm J) interacts sooner with urethane carbonyls 
(1730cm J) than that of soluble D-urea (1697cm 1). The 
use of deuterium oxide instead of water results in a 
shifting of the soluble D-urea and associated D-urea 
absorbance peaks to lower wavenumbers. This facilitates 
further exposure to the urethane absorbance peak; which 
was partly obscured by the soluble urea peak in the 
systems where water was used. The use of deuterium 
oxide enables the presence of hydrogen-bonded urethane 
species to be probed as a result of the large reduction in 
the extent of peak overlap. More recently, Artavia and 
Macosko I have used deuterium oxide for investigating 
microphase separation of D-urea hard-segment sequence 
lengths under isothermal and forced-adiabatic con- 
ditions via F T  i.r. spectroscopy during foam formation. 

In order to understand more fully the reaction 
chemistry and subsequent structure development pro- 
cesses during foam formation; model foaming reactions 
employing a mono-functional polyether have been 
investigated• In foam formulations which commonly 
employ a nominally tri-functional polyether protocol, 
this component has been substituted for a mono- 
functional polyether (or monol) of the same chemical 
composition as the polyether polyol (i.e. effectively one 
arm of the polyether polyol). This eliminates the presence 
of urethane covalent crosslinks and enables the effect of  
their absence on the structure development processes to 
be investigated. In addition, water has been replaced by 
deuterium oxide as the blowing agent; thus enabling the 
presence of hydrogen-bonded urethane species to be 
probed. 

To study the polymerization of  flexible polyurethane 
foam via infra-red spectroscopy is difficult. The material 
undergoes an exotherm of 75 150°C depending upon 
the water concentration, the viscosity of the reaction 
medium increases from approximately 10 to 103.5 4 Pa s 
and the density decreases from 1000 to 3 0 k g m  -3 in 
under 4 rain. Translated into volume, this means that the 
final foam volume is some 33 times greater than the 

initial volume. The reaction is highly exothermic and the 
amount of material required to achieve self-insulation 
cannot be contained within the standard sampling 
environment of a conventional infra-red spectropho- 
tometer. Furthermore, because the samples are opaque, 
this results in the need for attenuated total reflectance 
(a.t.r.) as the sampling method for F T  i.r. spectro- 
scopy 1'2'4. It is imperative that the temperature of the 
reflective element be identical to that of the bulk foam 
throughout the reaction exotherm. If not, and the 
temperature of the reflective element is lower than that 
of the foam material in contact with it, the reflective 
element acts as a heat sink and, as a consequence, will 
decrease the foam reaction exotherm, delay the reaction 
chemistry and disrupt the resulting morphological 
development. Rapid heating of  the reflective element is 
necessary in order to replicate the reaction exotherm of 
the foam 1'2'4. 

E X P E R I M E N T A L  

Materials  

A total of four formulations have been employed 
throughout the work. The following combinations of 
components were investigated: (1) polyether-polyol, 
water and diisocyanate; (2) polyether-polyol, deuterium 
oxide and diisocyanate; (3) polyether-monol, water and 
diisocyanate; (4) polyether-monol, deuterium oxide and 
diisocyanate. All are based upon 100.0g polyol by 
convention. An isocyanate index of 105 was maintained 
throughout the work• Formulation details are reported 
in Table 1. All foaming systems were tested in triplicate. 
All chemicals were used as supplied. The polyol 
(polyether-polyol Voranol TM CP6001, The Dow Chemi- 
cal Co.) was a nominally tri-functional block copolymer 
polyol of propylene oxide and ethylene oxide, with an 
equivalent weight of 2040gmol I by end group ana- 
lysis 5. The monol was a poly(ethylene oxide) tipped 
poly(propylene oxide) mono-functional polyether with 
an equivalent weight of 1996gmol -1 by end group 
analysis 5. The blowing agents were deionized water and 
deuterium oxide (Janssen Chemical. The catalyst 
employed was DABCO TM 33LV (Air Products), and 
the surfactant Tegostab TM B4113 (Th. Goldschmidt). 
The diisocyanate was diphenyl methane diisocyanate. It 
is a 50:50 blend of  the 4,4' and 2,4' isomers of MDI 
(composition determined by 1H n.m.r.5). 

FT i.r. spectroscopy 

Polyol, deionized water, catalyst and surfactant were 
weighed, transferred into a 500 ml polystyrene cup and 
then stirred at 2500 revmin 1 for 60 s using a mechanical 

Table 1 Details of  the formulations employed for the forced-adiabatic, time-resolved FTi.r. spectroscopy measurements  during foaming reactions 

Mass of polyol Mass of water or Mass of  silicone 

% by weight or monol  Mass of isocyanate Mass of catalyst deuterium oxide surfactant 

Foaming system hard-segment (g) (g) (g) (g) (g) 

PU 220 24.5 100 38.7 0.70 2.20 0.80 

PU 2 2 0 - M O N O L  24.4 100 38.7 0.70 2.20 0.80 

PU D20  220 22.6 100 35.2 0.70 2.20 0.80 

PU D20  220 M O N O L  22.6 100 35.3 0.70 2.20 0.80 
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agitator equipped with a triple blade impeller. Once the 
premixing step was completed, preweighed MDI was 
added to the polyol-water froth and the mixture was 
stirred at 2500 rev min 1 for 8 s. Temperature and infra- 
red spectroscopy data acquisition were initiated simulta- 
neously with the mechanical agitator for the mixing of  
the polyol water froth and isocyanate. 

Zinc selenide crystals of  a cylindrical geometry with 
dimensions of 3.2 mm diameter and a length of 38.1 mm 
were employed. The number of effective reflections of the 
crystal was 10. For this application, the reflection 
element gave rise to quite high absorptions. In some 
cases the absorptions were too high and a large surface 
area of the crystal had to be shielded from exposure to 
polyurethane foam with the aid of aluminium foil. The 
infrared spectra were collected on a Bomem Michelson 
MB-120 Fourier transform infra-red spectrophotometer 
equipped with a nitrogen cooled, mercury cadmium 
telluride (MCT) detector. Spectracalc TM software 
(Galactic Industries) was employed for all of  the 
computer assisted data acquisition and subsequent data 
analysis. Infra-red spectra were collected at 8cm 1 
resolution, co-adding six scans per file. A DSP-100 
FFT  (Fast Fourier transform) processor installed in a 
386 MS-DOS computer allowed real time Fourier 
transformation of the interferograms, leading to a 
direct absorbance-frequency-time display. 

Infra-red data for the background file were obtained at 
8cm 1 resolution, co-adding 256 scans prior to the 
execution of a kinetic run. Temperature as a function of 
time was recorded using type J thermocouples (0.25 mm 
diameter, Omega Engineering Inc.). The thermocouple 
was accurate to +0.1°C. The thermocouple was con- 
nected with a Camile TM (The Dow Chemical Co.) data 
acquisition and control box, linked to an IBM 386 PC. 
Temperature was recorded as a function of  time over a 
period of 1000-1400s at a frequency of  1Hz. The 
attenuated total reflectance-based Axiom DPR- 111 deep 
immersion probe (Axiom Analytical Inc.) was used to 

4 house the crystal . At each side of  the reflecting element 
were positioned two cylindrically fitting aluminium 
moulds (length 25 mm); each fitted with a high density 
wattage cartridge heater (50W, length 25mm). In 
addition, one of the moulds also housed a type J 
thermocouple. 

The lower base of  the probe was fitted with a tubular 
aluminium mould (thickness 8 mm) equipped with five 
cartridge heaters (100W, length 100mm) and a type J 
thermocouple. The thermocouples and cartridge heaters 
for both the crystal and the probe moulds were 
connected with a Camile TM (The Dow Chemical Co.) 
data ac~is i t ion  and control box as described above. The 
Camile system (i.e. control box, computer and soft- 
ware) uses the temperature of the reaction mixture as 
the control temperature for the heating devices which 
are mounted in the probe housing. The probe was con- 
nected to the MCT detector and the FT i.r. spectro- 
photometer via an optical transfer assembly consisting of  
light guides and coupling assemblies. A more detailed 
account of  the instrumentation that was employed is 
described elsewhere 4'25. 

Analysis of the infra-red measurements 
The zinc selenide crystal that was employed in this 

study is optically denser than the polyurethane foam 

sample and transmits the infra-red beam during the 
kinetic run. The energy loss that is observed at a given 
frequency can be taken as a measure of  the reduction in 
concentration of the absorbing substance. In this par- 
ticular case it is the isocyanate concentration. Quantifi- 
cation of this is based on the Lamber t -Beer  law26: 

A e( c .c  (1) 

where A is the measured integrated absorbance, e is the 
molar absorptivity of the sample (cm 2 mol 1) and c is the 
concentration of the sample (molcm-3). As a result of 
the large density change which occurs during the 
polymerization (bulk density changes from approx. 
1000 to 30kgm-3) ,  a ratio between the absorbance of 
interest, e.g. NCO (2300-2200cm l), and that of an 
internal reference that does not change in concentration 

l during the reaction [normally 2960cm- (C H stretch 
in the CH 2 of the polyether) or 1600cm-" (~C=C< in 
plane vibration in aromatic ring)] must be taken to 
compensate for the large change in density. 

However, due to the slow wetting of the crystal, the 
NCO and the two reference absorptions do show an 
initial increase in absorbance. For  normalization of 
the decaYlin the isocyanate absorbance, the ~C=C< 
( 1 6 0 0 c m - )  absorbance was used as the reference. The 
areas under the absorbance peaks were determined using 
Spectralcalc TM software. Baseline corrections were fitted 
to all absorbance peak area data. 

Denoting ANC o as the absorbance of the isocyanate 
and Are f as the absorbance of the reference species, it can 
be shown that 3'26 

,A --  ANCO --  ~1CNCO __ CNCO (2) 
Aref c2Cref /3 

3 is defined as a constant. 

/~__ C1 

C2 Cref 

The extent of reaction can be calculated from the 
following expression: 

p(NCO-IR) = 1 A(t) 
Ao (3) 

where Ao is obtained by computing the ratio of the 
isocyanate integrated absorbance and that of the internal 
standard for the initial reliable data points; followed by 
the use of linear least squares analysis to evaluate A at 
zero time. The isocyanate conversion can also be 
obtained from the normalized temperature rise profile 
utilizing the adiabatic reactor method 1'3'4. 

p(NCO-ATR) - -  r ( T t  -- T---O) (4) 
A Tad.c.,¢ 

r = stoichiometric imbalance = 100/isocyanate index 

(5) 
AHr [NCO]° (6) 

A Tad.c.lc - -  Cp. p 

A H  
A T a d ' ~ ' ~ -  C p . m  r (7) 

where A H  = total calculated heat evolved (J), Cp = 
specific heat capacity, literature 27 value 1 .81Jg - l ° c  l, 
m T = total formulation mass (g). 
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F i g u r e  I Schemat ic  representa t ion  of  the react ion chemis t ry  taking 
place dur ing  po lyure thane  fo am  fo rmat ion  

The literature 3 values for the enthalpy of  reaction data  
used in this analysis are - 9 3 . 9  and - 1 4 6 . 6  kJ per mole o f  
urethane and urea, respectively. 

R E S U L T S  A N D  D I S C U S S I O N  

Figure 1 shows the basic reaction chemistry that  takes 
place during foam format ion  4. The isocyanate absorp- 
tion band  occurs at approximately  2300 2270cm 1 in 
the mid infra-red spectrum. The decay in the intensity o f  
this absorbance  can be used to moni to r  the conversion of  
isocyanate functional  groups during the reaction. Figure 
2 shows a three-dimensional surface plot o f  absorbance 
vs frequency vs time for P U - 2 2 0 .  Assuming that  there 
are no side reactions 1'3'4, the only source o f  heat during 
the foaming reaction is that  arising f rom consumpt ion  
of  the isocyanate functional  groups. It is thus possible 
to correlate the isocyanate conversion calculated f rom 
the decay in the intensity o f  isocyanate absorbance 
with time, and that  calculated f rom normal izat ion o f  
the reaction exotherm 1'3'4. Figure 3 shows a plot compar-  
ing isocyanate conversion calculated f rom the forced- 
adiabatic spectroscopy data  (open symbols) with that  
calculated f rom the normal izat ion o f  the foam reaction 
exotherm (solid line) for the foaming system PU 220. 
Figure 4 shows the corresponding plot for the foaming 
system P U - D 2 0  220 M O N O L .  It has been assumed 
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Table 2 Infra-red band assignments observed in polyurethane foams 

Frequency (cm -1) Band assignment Reference 

1730 Free urethane 28-32 
1715-1710 Soluble urea 32 
1697 1695 Free urea 24, 33 
1661 Intermediate urea 30, 31 
1645-1640 H-bonded urea 24, 29, 34 
1710 1700 H-bonded urethane 2 
1697 Soluble o-urea 1, 3, 24 
1638 Associated o-urea 1, 3, 24 

27 
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~..~ 90 "% 90 

40 
01 780 

~ 1 5 8 0  
0 

1660 A 
1700 ,oe~ ic~ 
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360 --k 
3O( 

180 
G)Ot~% 12( 
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0 1740 1700 
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wavenumber tcm-1 

..N~ o ,k-D o=<~_~. ~-D o=QD ~_f:o=( 
/ O / }q-D 

urethane soluble D-urea associated 
(1730cm "1) (1697cm I) D.urea(1638cm-1) 

Figure 6 Three-dimensional surface ~lot of absorbance vs frequency 
vs time for the region 1780-1580cm- in the mid infra-red spectrum 
for P U - D 2 0  220. The absorbances associated with urethane, 
soluble o-urea and associated o-urea are indicated. The absorbanee 
at ~1600cm ~ is that associated with 7-C=C< in-plane vibration of the 
benzene ring 

H•_•O \ H \ , ~ - H - .  , N - H  o=~. o=~ -:o-~, 
0 ~ I n ~ I n  

urethane soluble urea hydrogen-bonded 
(1730 cm q ) (1715 cm -I) urea (1654 cm l) 

Figure 5 Three-dimensional surface plot of absorbance vs frequency 
1 vs time for the region 1780-1580 cm-  in the mid infra-red spectrum for 

PU-220.  The absorbances associated with urethane, soluble urea and 
hydrogen-bonded urea are indicated. The absorbance at ~ 1600 era-1 is 
that associated with -~C=C< in-plane vibration of  the benzene ring 

that the enthalpy of reaction for the formation of  1 mol 
of  urea derived from deuterium oxide is equal to that for 
1 mol of  urea derived from water. As can be clearly 
observed from the two sets of  curves, the correlation 
between the isocyanate conversion calculated from 
adiabatic temperature rise and infra-red spectroscopy 
data is within + 3 %  after approximately 40s of  the 
reaction. It should be noted that the first 15 s depicted 
on the aforementioned curves is associated with mixing 
of the components  and loading of  the reaction mixture 
into the infra-red cell arrangement.  

The evolution ofurethane,  soluble urea and hydrogen- 
bonded urea during the foaming reaction can be 
followed by monitoring the carbonyl region of the mid 
infra-red spectrum. Several absorbances that occur in the 
carbonyl region have been assigned to specific functional 
groups, interactions and types of  hydrogen bonding. 
Table 2 presents the type of interaction, the frequency 
range at which the particular absorbance occurs and a 
reference to the assignment. Figure 5 shows a three- 
dimensional surface plot of  absorbance vs frequency 
vs time for the region 1780-1580cm H in the mid infra- 
red spectrum for the foaming system PU-220.  The 

absorbances associated with urethane, soluble urea and 
hydrogen-bonded urea are indicated. The absorbance at 
approximately 1600 cm 1 is that associated with ~ C = C <  
in-plane vibration of the benzene ring. It will be apparent  
that both urethane and soluble urea are evolved from an 
early point in the reaction. These two reactions take 
place simultaneously, not sequentially, as early research 
had suggested 22'28'35-. 

The use of  deuterium oxide as the blowing agent, 
results in a shifting of the soluble D-urea and associated 
D-urea absorbance peaks to lower wavenumbers. This 
effect is clearly illustrated in Figure 6, which shows a 
three-dimensional surface plot of  absorbance vs fre- 
quency vs time for the region 1780 1580cm ~ in the 
mid infra-red spectrum for the foaming system PU 
D20-220 .  The absorbances associated with urethane, 
soluble D-urea and associated D-urea are indicated. The 
shifting of the soluble D-urea and associated D-urea 
absorbance peaks reduce the extent of  peak overlap in 
the carbonyl region, and in turn, enable the presence of 

- 1 2  hydrogen-bonded urethane species (1710 1700cm ) 
to be probed. In both P U - D 2 0 - 2 2 0  and P U - D 2 0 -  
2 2 0 - M O N O L  there appeared to be no trace of  hydro- 
gen-bonded urethane. It was concluded that, if it is 
present, it is present in too low a concentration to be 
detected. 

As in previous studies 1'3, the soluble urea absorbance 
and the hydrogen-bonded urea absorbance are employed 
to probe the strength of urea hydrogen bonding and, 
hence, the extent of  microphase separation during the 
foaming reaction. Microphase separation occurs much 
earlier as the water concentration is increased 4'12 and this 
results from the increased rate of  reaction arising from 
the increase in reactive functional group concentration. 
The ratio of  urea groups to urethane groups has been 
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Figure 8 Normalized soluble t>urea (open symbols) and associated i> 
urea (solid symbols) as a function of time for P U - D 2 0  220. The 
location of the MST is marked with a vertical arrow 

Table 3 Conversion of isocyanate functional groups as the reaction time approaches 1000s. overall relative initial rate of reaction between 
PNCO = 0.20 and 0.40, and conversion of isocyanate functional groups at which the MST occurs; for the different model foaming systems 

Overall relative initial rate 

Foaming system PNCO at t ~ 1000S of reaction (s 1) PNCO at the MST 

PU 220 0.91 0.051 ~_0.002 0.55 ±0.05 

PU D20 220 0.86 0.038 5- 0.002 0.49 5- 0.05 

PU-220- MONOL 0.82 0.047 + 0.002 0.49 5- 0.05 

P U - D z O - 2 2 0 - M O N O L  0.82 0.035 ± 0.003 {).39 5- 0.05 

increased and the polyether soft-segment can only 
incorporate urea hard-segment sequences of  a limited 
length before thermodynamic incompatibility results 
in microphase separation of the urea hard-segment 
sequence lengths. These subsequently undergo associa- 
tion resulting in strong hydrogen bonding interactions 
between the neighbouring urea groups. 

Figure 7 illustrates how normalized soluble urea (open 
symbols) and hydrogen-bonded urea (closed symbols) 
are evolved with time at 2.20g water per 100.0g polyol 
and Figure 8 illustrates how normalized soluble D-urea 
(open symbols) and associated D-urea (closed symbols) 
are evolved with time at 2.20 g deuterium oxide per 100.0 g 
polyol. The soluble urea, soluble D-urea, hydrogen- 
bonded urea and associated D-urea absorbance bands 
were normalized against isocyanate conversion. The 
normalization is carried out because the probe (carbo- 
nyl) concentration is directly proportional  to conversion. 
The normalization removes the change in concentration 
effect. The onset of  microphase separation (MST) is 
indicated with an arrow and is taken as the point at 
which there is an acceleration in the hydrogen-bonded 

1.29 urea and a depletion in the free u r e a '  . It has been 
observed 4,s that across a broad range of water concen- 
trations, the conversion of isocyanate functional groups 
at the MST remains approximately constant at PNCO = 
0.55 4-0.05. Thus, the critical isocyanate conversion at 
which the local number average hard-segment sequence 

l e n g t h ,  NH,  reaches NHcrit, is approximately 55 + 5% 
conversion of isocyanate functional groups, correspond- 
ing to an average hard-segment sequence length of 1.1- 
1.55. 

From Figure 8 it may be deduced that a similar type of 
structuring process occurs in P U - D 2 0 - 2 2 0 ,  as was 
observed in PU-220.  The growth of the soluble D-urea 
concentration to critical threshold; at this point, micro- 
phase separation takes place followed by the subsequent 
growth of D-urea hard-segment sequences to evolve an 
interconnected physical network comprised of associated 
D-urea hard-segment sequences within a crosslinked 
polyether-urethane 4'12. Table 3 provides details of the 
mean value of the isocyanate conversion (PNco) at which 
the microphase separation transition was observed to 
occur in the different model foaming systems. The value 
quoted is the mean of three kinetic runs. From the data 
presented in Table 3, it is apparent  that microphase 
separation occurs at a lower isocyanate conversion in 
PU 220 M O N O L  than in PU-220.  However, the 
difference lies on the boundaries of  the limits for 
experimental error. In the foaming systems P U - D 2 0  
220 and PU D20  2 2 0 - M O N O L ,  it is quite clear that 
microphase separation occurs at a lower extent of  
isocyanate conversion in the case of  the monol compared 
with that of  the polyol. 

During foaming with both water and deuterium oxide, 
the conversion of isocyanate functional groups at the 

1358 POLYMER Volume 37 N u m b e r 8 1 9 9 6  



FT Lr. kinetics of model  PU foams." M. J. E/well et al. 

' i  . ,Q  
v 

- 1 
0 

z 

7 V " ? - 7 ? v v 

:i:, o c " I 

r ' ' £ '  

4 

n :,, ~ s 
: ,2, 

• • F 

• t i 

• | 

• i . * v  

i , "  ' + " : " ! 
t 

20 40 60 80 100 120 
time/s 

Figure 9 Normalized absorbance as a function of time, illustrating 
the increase in concentration of urethane (open symbols) and soluble 
D-urea (solid symbols) for PU-D20-220-MONOL. The data shown 
are for three independent runs 

MST is higher in the systems which contain polyol ( P U -  
220 and P U - D 2 0 - 2 2 0  ) compared with those which 
contain monol ( P U - 2 2 0 - M O N O L  and P U - D 2 0  220 
MONOL).  To identify the cause of this, firstly the 
relative overall initial rates of reaction were determined 
for each of  the foaming systems. This was achieved 
by the fitting of  a straight line to the conversion-t ime 
curve between PNco = 0.20 and 0.40. This region was 
selected so as to ensure that the analysis was applied 
to homogeneous reaction conditions, i.e. prior to the 
microphase separation transition (MST). The results 
that were obtained are given in Table 3. The relative 
rate of the DzO-isocyanate reaction is slower than that 
of  the water-isocyanate reaction for both polyol and 
monol foaming systems as a result of the lower 
concentration of  deuterium oxide [0.110 mol] compared 
to water [0.122 mol]. 

In order to investigate the reaction sequences in terms 
of  their relative rates of reaction in the model foaming 
systems, the areas under the absorbance peaks for the 
urethane, soluble urea and soluble D-urea were mea- 
sured, normalized to the ) C = C <  absorbance and plotted 
as a function of time. Figure 9 illustrates the evolution 
of  urethane and soluble o-urea for three independent 
FT i.r. kinetic runs for the foaming system P U - D z O -  
2 2 0 - M O N O L  in the initial 120 s of  reaction (i.e. before 
the MST). There is good agreement between the data on 
a run to run basis and it is apparent that in the initial 
stages of the reaction, both MDI tipped polyether 
oligomers and o-urea hard-segment sequences are 
present in the model foaming system P U - D z O - 2 2 0 -  
MONOL.  Similar behaviour was observed in all the 
model foaming systems and was reproducible on a run to 
run basis. Having analysed the chemistry of the model 
foaming systems both before the MST and beyond the 
MST, it is possible to attempt to explain the reason for 
the overall lower conversion of isocyanate functional 
groups observed in the mono-functional polyether based 
systems. 

In PU-220,  polymerization proceeds and from an 

early stage in the reaction there are isocyanate tipped 
polyether oligomers and urea hard-segment sequences 
present in the system (refer to Figure 5). The degree of 
polymerization of hard-segment, NH, increases steadily 
and at PNco = 0.55 + 0.05, N H reaches NHcri t and micro- 
phase separation takes place 4'12 (refer to Figure 7). 
Polymerization has provided the thermodynamic quench 
passing from the homogeneous (disordered) one-phase 
region to the heterogeneous (ordered) two-phase region. 
The microphase separated hard segments continue to 
grow and association of  these urea hard segments 
occurs 4. At PNco = 0.71 4- 0.02, microphase separation 
is intercepted and quickly arrested by vitrification of the 
phase that is richer in hard-segment 4'36. This phase has 
attained a composition with a Tg equal to that of the 
surrounding polymer medium. It is the composition 
where liquid-liquid phase separation is intercepted and 
arrested by glass transition and is termed the Berghmans 
point 34. In general foam terminology it is the physical gel 
point or end of  rise time. Almost immediately after this, 
cell opening occurs. The vitrification of the hard seg- 
ments 'freezes in' the morphology at that time and results 
in the evolution of  a foam with an internal polymer 
morphology that comprises an interconnecting physical 
network of domains of  hydrogen-bonded urea hard- 
segment sequences within the crosslinked polyether- 
urethane ~ 2,36. 

In P U - D 2 0 - 2 2 0 ,  from an early stage in the reaction 
there are isocyanate tipped polyether oligomers and 
soluble o-urea hard-segment sequences present in the 
system (refer to Figure 6). The degree of polymerization 
of o-urea hard-segment, NH, increases steadily and at 
PNco = 0.49 4-0.05, NH reaches NHcri t and microphase 
separation takes place (refer to Figure 8). The micro- 
phase separated o-urea hard segments continue to grow 
and association of  these D-urea hard segments occurs 5. 
At PNco = 0.71 + 0.02, microphase separation is inter- 
cepted and quickly arrested by vitrification of the phase 
that is richer in hard-segment 5. 

In the mono-functional polyether systems the situa- 
tion is somewhat different. In PU 22 MONOL,  polym- 
erization proceeds and as for the previous two systems, in 
the early stages of  the reaction there are isocyanate- 
tipped polyether oligomers and urea hard-segment 
sequences present in the system 5'36. The degree of 
polymerization of  hard-segment, NH, increases steadily 
and at PNCO = 0.49 4- 0.05, NH reaches NHcri t and micro- 
phase separation takes place 3s. The microphase separ- 
ated urea hard-segments continue to grow and associa- 
tion of these urea hard-segments occurs. However, in the 
monol system the rate of association of urea hard- 
segments is approximately 33% faster than in the polyol 
system ss. This evidence is provided by values obtained 
for the effective diffusion coefficients from the in-situ 
synchrotron SAXS measurements 12'36'38. Due to the very 
much faster rate of  association of  the urea hard- 
segments, aggregates of  urea hard-segments will be 
formed which cannot be stabilized by the MDI tipped 
soft-segment oligomers acting as a surfactant. As a 
result, these aggregates undergo macrophase separation 
and become isolated entities that are not connected to the 
polyether matrix via a urethane linkage. At PNCO = 
0.69 4-0.01, phase separation is intercepted and quickly 
arrested by vitrification of  the phase that is richer in 
hard-segment. The internal polymer morphology of the 
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polyether-monol foam systems are, for the greater part, 
similar to those of  polyether-polyol foam systems 12,36,38. 
Also dispersed within the interconnecting physical net- 
work of  hydrogen-bonded urea hard-segment sequences 
and polyether-urethane are isolated larger aggregates of 
hydrogen-bonded urea hard-segment sequences. 

Macrophase separation of the urea aggregates results 
in the entrapment of water/deuterium oxide molecules 
within the aggregates. The hard-segment sequences 
within these aggregates have pendant isocyanate func- 
tional groups which, once trapped within the isolated 
aggregate, encounter difficulty reacting with water/ 
deuterium oxide or the remaining external population 
of polyether hydroxyl groups. It is highly probable that 
these groups are located at the two position and are of  
low reactivity 39,4°. This coupled with the increasing 
viscosity of the reaction medium beyond the Berghmans 
point 36,38 results in such species undergoing no further 
reaction. Further reaction between the remaining 
unreacted isocyanate groups that are not within macro- 
phase separated urea aggregates will be controlled by 
translational and segmental diffusion and will require 
much molecular co-operation. The combined action of 
these effects results in a much reduced probability of 
reaction and hence, a much lower overall conversion of 
isocyanate functional groups in both PU 220 MO N O L 
and P U - D 2 0 - 2 2 0 - M O N O L  is observed. 

S U M M A R Y  AND CONCLUSIONS 

It has been clearly demonstrated that in all the foaming 
systems investigated, from an early stage in the reaction 
there are isocyanate tipped polyether oligomers and urea 
hard-segment sequences present. The degree of  polym- 
erization of hard-segment, NH, increases steadily, and 
when NH reaches NHcrit, microphase separation takes 
place. Polymerization has provided the thermodynamic 
quench passing from the homogeneous (disordered) one- 
phase region to the heterogeneous (ordered) two-phase 
region. For  the polyether polyol-water  systems, this 
appears to be at approximately 55 4- 5% conversion of 
isocyanate functional groups. The microphase separated 
urea hard segments continue to grow and association of 
these hard segments occurs. Since the onset of vitrifica- 
tion of the urea hard segments is observed to be at 
PNco = 0.71 4- 0.02, the bulk of the microphase separa- 
tion process occurs over the isocyanate conversion range 
of 50-73%. The replacement of water with deuterium 
oxide as the blowing agent resulted in a shifting of  the 
soluble urea and associated urea absorbance peaks to 
lower wavenumbers, which in turn, enabled the presence 
of hydrogen-bonded urethane species to be probed. In 
both PU D20 220 and PU D 2 0 - 2 2 0 - M O N O L ,  there 
appeared to be no trace of hydrogen-bonded urethane 
and it was concluded that if present, it is in too low a 
concentration to be detected. 

In the monol systems, a lower conversion of iso- 
cyanate was observed at the MST and an overall lower 
conversion was also observed. The process of phase 
separation in the monol systems is somewhat different 
than in the polyol systems. It has been suggested that 
the lower degree of molecular connectivity between 
the microphases, coupled with the longer isocyanate 
conversion domain over which phase separation can 
take place in monols (22-30%), as compared to polyols 

(15 21%), results in a higher degree of microphase 
separation in the monols and also some degree of 
macrophase separation. In the foams synthesized with 
monols, the internal polymer morphology for the greater 
part is an interconnecting physical network of hydrogen- 
bonded urea hard segments within a polyether-urethane. 
In addition, within this are randomly dispersed larger 
aggregates of hydrogen-bonded urea hard-segment 
sequences. 

The one major difference between the mono-func- 
tional and the nominally tri-functional based system is 
the molecular connectivity between the microphases in 
the polyol based systems (derived from the urethane 
covalent crosslinks) that is not present in the mono- 
functional based system. It is the absence of the covalent 
crosslinks that is responsible for there being no 
molecular connectivity between the microphases. 
Urethane covalent crosslinks are not a prerequisite for 
foam stability prior to the Berghmans point; however, 
beyond the Berghmans point the dimensional stability 
and the mechanical/physical properties of the foam 
are the prime requirements. To meet these criteria, 
molecular connectivity between the microphases via 
urethane covalent crosslinks is essential. 
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