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film, as the field disrupts the mechanical orientation. At 
94 "C there are fewer trans sequences init ially,  and t h e y  
are increased by poling, as thermal energy and decreased 
interchain interactions allow dipoles to align with the ap- 
plied field. Intensity changes also suggest poling m a y  
produce an improvement in packing density. 
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ABSTRACT Phase separation kinetics of MDI-PPO model polyurethanes have been characterized by infrared 
spectroscopy and DSC. The  phase separation rate a t  temperatures between the soft segment Tg and the hard 
domain dissociation temperature exhibits a functional dependence tha t  is quite similar t o  the well-known 
"bell shaped" function pertaining t o  crystal growth theory. The  rate of phase separation was determined 
to  be strongly dependent upon temperature. For one model polyurethane the maximum rate occurred a t  
-40 deg below the transition from heterogeneous to homogeneous phase. The  decrease of phase separation 
rate a t  high temperatures is due to  the slow initiation time. The  non-Gaussian nature of the soft segment 
conformational distribution appears to be a contributing effect to the slow high-temperature phase separation 
rate. The two sets of data from infrared spectroscopy and DSC suggest a high correlation between the formation 
of hydrogen bonds and  the overall heat flow measurable during isothermal phase separation. 

Introduction 
The mechanical properties of polyurethanes can be op- 

timized b y  carefully choosing the types of hard1s2 and soft 
 segment^,^.^ molecular weight and molecular weight dis- 
t r i b u t i o n  of the t w o   component^,^^ syn the t i c  
and the stoichiometr ic  r a t io  be tween  them.gJO The me- 
chanical properties can also be dependent on the size and 
perfection of the phase separated morphology.sJ1 Due to 

'To whom correspondence should be addressed. 

the incompatibi l i ty  between the hard and soft segments, 
polyurethane copolymers undergo microphase separation 
result ing in hard segment rich hard domains, sof t  segment 
rich soft m a t r i x  and an interphase between them. It is 
generally accep ted  that t h e  s t r e n g t h  and the elastic be- 
havior of polyurethanes is directly related to the stabi l i ty  
of the hydrogen-bonded hard segment rich domains, acting 
as junc t ion  po in t s  in the network.  The exis tence of t h i s  
heterogeneous, phase-separated structure in polyurethanes 
was f i r s t  suggested f r o m  the mechanical behavior  of the 
copolymer." In some cases, more  direct  evidence have also 
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been obtained with scattering techniques.l3-I5 
Phase separation kinetics for polymer blends or block 

copolymers, Le., A-B or A-B-A, have been extensively 
studied.161g In contrast, experimental studies to charac- 
terize phase separation kinetics of segmented poly- 
urethanes are scarce2s22 and theoretical development for 
phase separation kinetics of the segmented block co- 
polymer is also far from complete. A few techniques have 
been applied to study the various aspects of phase sepa- 
ration kinetic behavior of polyurethanes. For example, 
scattering technique, mainly small-angle X-ray, can give 
the average size of the hard domains evolving from a ho- 
mogeneous single phase.23 By monitoring mechanical 
properties as a function of phase separation time, the phase 
separation kinetics can also inferred." It should be noted, 
however, that the direct relationship between the macro- 
scopic mechanical properties and the degree of phase 
separation is generally hard to establish. 

In our laboratory, vibrational spectroscopy has been used 
as the principal technique to characterize the different 
hydrogen bonds formed and to infer phase-separated 
structures in polyurethanes. Hydrogen bonding may form 
between the N-H and C=O groups of the hard segments. 
If polyether is part of the polymer, then hydrogen bonding 
between the N-H group of hard segment dispersed in the 
soft matrix and the C-0-C group of soft segment is also 
p ~ s s i b l e . ~ ~ , ~ ~  Some of the localized vibrations such as the 
N-H stretching vibration or C=O stretching vibration 
are strongly perturbed by the formation of hydrogen 
bonds.27 Both the frequency shifts and intensity changes 
are characteristics of the specificity or magnitude of the 
hydrogen bonds formed. The intensity of each type of 
hydrogen-bonded vibration, if properly assigned, can po- 
tentially yield the degree of phase separation in the po- 
lyurethanes being studied, as reported in our earlier 
s t ~ d i e s . ~ * ~ ~ ~  

Thermal analysis, mainly DSC, with some degree of 
success, has been applied to characterize phase separation 
kinetics in polyurethanes or blend~.~Ov~l Since the glass 
transition temperature of the soft segments is affected by 
the presence of hard segment in the soft domain, the purity 
of the soft domain, or the degree of phase separation, can 
be assessed by measuring the AT, defined as the tem- 
perature difference between Tg of the soft segment in the 
polyurethanes and Tg of the neat soft segment. More 
quantitative results were obtained by measuring the heat 
capacity change (AC ) of the soft segment a t  glass tran- 
sition temperature.28 The ratio of the AC, of the poly- 
urethane copolymer to the ACp of the pure soft segments 
was correlated to the degree of phase separation. There- 
fore, the phase separation kinetics was studied by following 
the changes in this ratio as a function of time. 

In our study, phase separation kinetics of model seg- 
mented polyurethanes has been studied by Fourier 
transform infrared technique in conjunction with thermal 
analysis. Even though infrared technique provides in- 
formation regarding the microscopic environment around 
each segment (functional group), it is necessary to have 
macroscopic information to assess the overall structural 
changes such as the kinetics of the domain formation. 
Since the thermal method that measures the heat flow 
during phase separation without affecting the kinetics can 
be used to follow the phase separation process directly, we 
have carried out such a study and correlated the results 
with the spectroscopic analysis. 

Experimental Section 
The model polyurethanes containing monodisperse hard and 

soft segments used in this study have been characterized exten- 
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Figure 1. Schematic structure of the model polyurethanes: (top) 
polymer; (middle) hard segment (n = 2 and 4 correspond to B2 
and B4, respectively); (bottom) soft segment. 
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Figure 2. Temperature variations during (a) high-temperature 
phase separation experiments (FTIR and DSC) and (b) low- 
temperature phase separation experiments (FTIR). 
~ i v e l y . ~ ~  The sample used in this study contains three (B2) or 
five (B4) MDI units per hard segment. Butandiol was used as 
a chain extender. As a soft segment, poly(propy1ene oxide) (PPO) 
(VORANOL, molecular weight 2000) is used. Synthesis of the 
monodisperse hard segment and the resulting copolymer, shown 
in Figure 1, has been published previ~usly.~~ 

Infrared Spectroscopic Studies. One of the key points in 
our experiment is our ability to obtain sampling temperature 
accurately and over a large range. A variable-temperature cell 
used in this experiment was shown earlier.28 The temperature 
profiles as a function of time used in our experiment are shown 
in Figure 2. For high-temperature phase separation experiments 
as in Figure 2a, a rapid lowering of the sample temperature after 
initial heating can be accomplished by blowing cold N2 gas directly 
onto AgCl windows. When the isothermal phase separation 
temperature was reached, a combination of cold and hot nitrogen 
gas was used to stabilize the sample temperature. For the 
quenching step during low-temperature phase separation ex- 
periment (Figure 2b), the liquid nitrogen is sprayed onto the 
windows directly while the heating cell block is cooled with the 
liquid nitrogen at the same time. Extremely fast quenching can 
be accomplished with this setup. During quenching step shown 
schematically in Figure 2b, samples can be cooled from 130 to 
-80 O C  in less than 30 s. The sample temperature was measured 
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Figure 3. Infrared spectrum obtained for B2 polyurethane (2 
cm-' resolution; 200 scan; room temperature). 

directly with a copper-constantan thermocouple held between 
the two windows. Films suitable for spectroscopic studies were 
obtained by casting 2% (w/v) solution in THF directly on the 
AgCl salt plate. It was slowly dried for 24 h in atmosphere until 
most of the solvent evaporated and then vacuum dried at 70 "C 
for a few days. 

All the infrared spectra were obtained with an IBM Model 98 
vacuum Fourier transform infrared spectrometer. Spectral res- 
olution is maintained at 2 cm-'. In two experiments, at 45 and 
55 "C, when high time resolution was required to follow the high 
rate of phase separation, we reduced the spectral resolution to 
4 cm-'. Although there are multiple bands of interest in the 
carbonyl stretching region, we have not carried out band decon- 
volution because of uncertain band width, differences in the 
inherent extinction coefficients, and the number of components 
present.33 Since the peak position of the carbonyl band at ap- 
proximately 1730 cm-' shows little shift during isothermal phase 
separation, it is assumed that band height measurements can be 
used to represent the changing band intensity as a function of 
time without significant error. When more reliable band as- 
signments become available, deconvolution procedures can be 
applied. Infrared spectrum of the B2 model polyurethane at room 
temperature is shown in Figure 3. 

Thermal Analysis. Since it was difficult to change the tem- 
perature quickly without significant overshooting, only high- 
temperature phase separation kinetic studies were reliably carried 
out with DSC. The same samples as used in infrared measure- 
ments were studied. A Perkin-Elmer DSC-7 calorimeter controlled 
by a Perkin-Elmer 7500 computer was used with indium standard. 
Phase mixing was initially obtained by heating the sample to -130 
"C, which is above the hard-domain dissociation temperature (Td). 
Since the phase separation rate above 100 "C was very slow, the 
temperature was lowered from 130 to 100 "C slowly and equili- 
brated for 10 min, before being quenched to isothermal phase 
separation temperature, in order to minimize the transient state 
during temperature change. After lowering to the isothermal 
phase separation temperature, heat flow was monitored iso- 
thermally as a function of time. 

Results and Discussion 
Spectroscopic Study of Phase Separation Kinetics. 

The stable hard segment rich domains in polyurethanes 
are characterized by interurethane C=O-.H-N hydrogen 
bonds. The typical room-temperature infrared spectrum 
obtained for our samples in the carbonyl stretching region 
shows two distinct peaks (Figure 4). The time equal$ zero 
spectrum is the start of the first spectrum we collect after 
the quenching. The peak a t  1730 cm-' is assigned to the 
free carbonyl peak, and the clearly distinguishable one a t  
1700 cm-' is assigned to carbonyl groups hydrogen bonded 
to N-H group. The generally higher absorbance observed 
for the 1700 cm-' peak relative to the 1730 cm-' component 
is characteristic of a typical phase-separated structure of 
polyurethanes. 

~ 
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Figure 4. Changes observed as a function of isothermal phase 
separation time for the C = O  stretching region of B2 polyurethane 
at 15 "C. Spectrum obtained at t = 0 has low absorbance at 1700 
cm-I and high absorbance at 1730 cm-'. 

If the model B2 polyurethane is heated above the hard 
domain dissociation temperature (- 100 0C),32 the relative 
intensity of the two carbonyl peaks changes significantly 
as the heterogeneous structure transforms to a homoge- 
neous one. Since most of the hard segments in the ho- 
mogeneous state are surrounded by the soft segments, the 
carbonyl groups are free of hydrogen bonding as charac- 
terized by the high absorbance of the 1730 cm-' peak. As 
we have demonstrated previously, this phase mixed state 
can be preserved at extremely low temperatures by rapidly 
quenching the sample to below the glass transition tem- 
perature of the soft  segment^.^^^^^ 

Isothermal phase separation kinetics can then be studied 
by raising the sample temperature quickly to the phase 
separation temperature and measure the changes in the 
infrared spectrum a t  constant temperature. When a ho- 
mogeneous structure phase separates, the carbonyl group 
is transformed from a free state to a state hydrogen bonded 
to a N-H group. Changes in the carbonyl region during 
isothermal phase separation are shown in Figure 4 as a 
function of time. Since the 1730 cm-' peak is assigned to 
the free carbonyl peak, high absorbance value of that 
component indicates a high degree of phase mixing at time 
zero. As isothermal phase separation proceeds, the 1700 
cm-' component, assigned to carbonyl groups hydrogen 
bonded to N-H, increases, while the 1730 cm-' component 
decreases in intensity. Our data clearly indicate that the 
phase separation process involves a gradual transfer of the 
hard segments dissolved in the soft matrix into the hard 
domain. It should be noted that our data are obtained at 
a constant temperature. Previous studies have shown that 
frequency and intensity differences a t  different tempera- 
tures for both the hydrogen bonded and free C=O vi- 
brations can be significant and difficult to define.34s35 
Measuring the relative intensity of the two components 
a t  constant temperature removes this difficulty. 

In our analysis, the peak intensity of the 1730 cm-' 
component is used to obtain fractional degree of phase 
separation as shown in Figure 5. Typically, after a short 
slow initiation period, phase separation increases rapidly 
above an approximately 70% degree of phase separation 
and then decreases before reaching the maximum degree 
of phase separation asymptotically. The data plotted in 
Figure 5 resemble a crystallization isotherm, even though 
they deviate slightly from the usual sigmoidal shape for 
data obtained at later stages of phase separation. It is also 
apparent that fractional phase separation is very sensitive 
to the temperature. 

In theory, the N-H stretching vibration should also 
yield complementary structural information to the C=O 
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Figure 5. Decrease in the 1730 cm-' (increase of 1700 cm-') 
component as a function of time at four different temperatures. 
d ( t )  denotes the fractional degree of phase separation and is 
calculated as (Z(t) - Z(O)/Z(m) - Z(0)) where Z(O), Z(t), and Z(m) 
being intensity of 1730 cm-' component at phase separation time 
zero (just after quenching), t ,  and infinity (extrapolated), re- 
spectively. 
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Figure 6. Changes observed as function of isothermal phase 
separation time for the N-H stretching region of B2 polyurethane 
at 15 "C. Spectrum obtained at t = 0 has low absorbance at 3330 
cm-'. 

stretching vibration. N-H groups can form hydrogen 
bonding with C=O group of the hard segments as well as 
ether group of the soft segment. This vibration, however, 
is complicated by not only the two types of hydrogen 
bonding observed but also other second-order spectroscopic 
effects involving the N-H stretching fundamental and 
combinations of lower lying amide  vibration^.^^ Changes 
in N-H stretching region during corresponding isothermal 
phase separation process is shown in Figure 6. Even 
though spectral complications do not allow a simple 
quantitative analysis, changes occurring during isothermal 
phase separation as shown in Figure 6 can be understood 
qualitatively because the temperature effect is removed. 

Generally speaking, the frequency of N-H groups free 
from hydrogen bonding is at 3450 cm-'. The extremely 
weak 3450 cm-' peak in Figure 6 indicates that most of the 
N-H group is hydrogen bonded with either hard segment 
or soft segment. We have assigned 3330 and 3295 cm-' 
bands to N-H groups hydrogen bonded to C=O groups 
and the ether oxygens, respectively.28 The number of 
N-H-C-O-C(ether) hydrogen bonds should diminish, 
with a corresponding increase in the number of N-H- 
C=O bonds during isothermal phase separation. We ex- 
pect, then, the 3330 cm-' component is to increase and the 
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Figure 7. Phase separation rate of B2 polyurethane BS a function 
of temperature. tllz is the time for 50% phase separation (refer, 
for example, to Figure 5). 

3295 cm-' component to decrease in intensity as a function 
of time. In most cases these two components are difficult 
to separate cleanly. The decrease of the 3295 cm-l com- 
ponent is only seen as a decreasing shoulder due to the 
broad nature of the peak (refer to time zero spectrum of 
Figure 6). The increase of the 3330 cm-' peak, however, 
is quite obvious. As phase separation proceeds, i t  grows 
from a weak shoulder into the dominant peak clearly in- 
dicating the formation of the hydrogen bonding between 
the hard segments, Le., hydrogen bonding between N-H 
group and C=O group. 

The phase separation rate can be obtained generally 
from the time required to achieve a 50% phase separation, 
tlI2 The rates for each temperature can be obtained from 
the data presented in Figure 5 and are summarized in 
Figure 7. The temperature range we have selected for our 
rate measurement was from 0 to 100 "C. The selection of 
the this range was determined by the glass transition 
temperature of the soft segments and the dissociation 
temperature of the hard domain. The phase separation 
rate data over this temperature range of the segmented 
polyurethane has not been reported previously. Our 
plotted data shown in Figure 7 resemble the behavior of 
the crystallization rate as a function of temperature. 

Crystal growth can be represented by eq 1 

where Go is a constant, A the activation energy associated 
with segmental motions, To a temperature below the glass 
transition temperature, AT = (T,  - r )  the undercooling, 
and B a constant defined as 4b,na,/AH~ in the case cor- 
responding to a two-dimensional crystal growth.37 n and 
ne refer respectively to the lateral and fold surface free 
energies of the polymer crystal and AHf molar enthalpy 
of fusion. The first exponential function relates to the 
chain mobility and takes into account the movement of 
matter from the melt to the crystal surface. The second 
exponential function originates from the nucleation pro- 
cess. 

We feel there is a close analogy between the formation 
of hard domain from the "homogeneous" mixed phase 
during phase separation and the formation of a crystalline 
phase from the homogeneous melt during crystallization. 
Therefore, Figure 7 can be understood qualitatively in 
terms of eq 1 which explains the slow rates a t  low and high 
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Figure 8. DSC traces for two (B2 and B4) polyurethanes during 
isothermal (55 "C) phase separation. t = 0 corresponds to time 
just after quenching to phase separation temperature. Transient 
state after quenching is observed for both samples. 

temperatures and relatively faster rates at  intermediate 
temperatures. 

It should be noted that the fully phase separated B2 
polyurethane does not show any birefringence through a 
cross-polarizing optical microscope. Furthermore, wide- 
angle X-ray diffraction patterns of B2 model polyurethanes 
also do not show any crystalline peak, even when the 
sample is well annealed above the glass transition tem- 
perature of the soft segment.32 Therefore, the spectral 
changes with time in Figure 4 are due to phase separation 
process not to crystallization. 

The slowing of the phase separation rate at  high tem- 
peratures then needs to be explained further. One pos- 
sibility is the fact that hard segment movements may meet 
resistance from the contractile force of the soft segments. 
The stress, 6, for N ,  network chains as a function of strain, 
C Y ,  in the case of uniaxial stretching at  constant volume, 
can be expressed as eq 2. 

(2) 

The contractile force a t  constant extension ratio is pro- 
portional to the temperature. Since the flexible soft seg- 
ment is shown to exist in an extended state for the 
phase-separated ~ t r u c t u r e , ~ ~ - ~ ~  the force against phase 
separation a t  high temperature will be expected to be 
higher, thus slowing phase separation. The slow phase 
separation rate at  the high-temperature side of Figure 7 
is, therefore, thought to be affected by the loss of con- 
formational entropy of the soft segment when phase sep- 
arated. 

Thermal Analysis of Phase Separation Kinetics. 
DSC traces during isothermal phase separation for two 
different samples are shwon in Figure 8. A clear endo- 
thermic peak during heating process was observed for the 
annealed B2 model polyurethane. The presence of an 
exothermic peak during the isothermal phase separation 
of the B2 sample was observed, indicating that heat flow 
during isothermal phase separation can be detected with 
the DSC technique. The B4 model polyurethane is par- 
tially crystalline and undergoes a transition from hetero- 
geneous to homogeneous phase around 170 0C.32 Since 
both samples were heated only to 130 "C, the exothermic 
peak was not observed for the B4 sample. Accordingly the 
difference in DSC traces between B2 and B4 is purely due 
to the phase separation process of the B2 sample (refer to 
Figure 8). The dissociation energy of the hydrogen bond 
is known to be in the range of 5-8 k~a l /mol .~ l  Since the 
C=O-H-N hydrogen bonds are formed during isother- 

cr = kT(N,/V)(a2 - l / C Y )  

5 5 0  C I1  , 

I 
0 10 20 30 40 53 60 
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Figure 9. DSC traces of B2 polyurethanes during isothermal 
phase separation. 
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Figure 10. $( t )  as a function of isothermal (70 "C) phase sep- 
aration time. 4( t )  is obtained as ( Z ( t )  - 1(0))/(1(40) -I(O)) where 
Z ( t )  is the absorbance of 1730 cm-I component for the FTIR data 
and exothermic energy evolved up to time t for the DSC data. 

mal phase separation, i t  is not surprising that the exo- 
thermic peak has been detected. As we have suggested 
earlier, the interurethane hydrogen bonds are replacing 
some of the N-H..-O- hydrogen bonds.=g The disruption 
of the latter must be considered as well. The frequency 
of the N-H--O- band seems to suggest that this hy- 
drogen bond is in fact stronger than C=O-H-N at room 
temperature or below. It has also been noted that the 
hydrogen bonding between hard segment and soft segment 
becomes less stable at  the high temperatures used during 
DSC experiments2* Since the C=O-H-N bond is 
formed at the expense of the less stable N-H--O- 
(ether) bond during phase separation at  high temperature, 
an exothermic peak, not an endothermic, is then expected. 
The free energy difference before and after phase sepa- 
ration and nonbonded interactions due to other secondary 
forces are believed to contribute to the overall heat flow 
during isothermal phase separation even though they are 
not considered to be major factors. 

Exothermic peaks during isothermal phase separation 
a t  several different temperatures are shown in Figure 9. 
Spectroscopic data shown in Figure 7 indicate that the 
phase separation rate is at  a maximum around 55 "C and 
then decreases as temperature increases. Figure 9 shows 
exactly the same tendency. The exothermic peak becomes 
wider and shallower as the temperature increases from 55 
to 80 "C, indicating that phase separation rate progres- 
sively becomes slower as temperature increases above 55 
"C. 
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Fractional degrees of phase separation obtained a t  70 
"C with two different techniques, i.e., infrared and DSC, 
are shown in Figure 10. Even though infrared and DSC 
technique measure very different structural features, 
Figure 10 indicates that there is a strong correlation be- 
tween segmental interaction, mainly hydrogen bonding, 
and macroscopic thermal characteristics. Since infrared 
technique detects the formation of hydrogen bonding be- 
tween hard segments and DSC technique measures the 
energy generated by the formation of hydrogen bonding, 
it is not unexpected to have consistent results between the 
two techniques. 

Conclusions 
The phase separation kinetics data shown in Figure 7, 

we believe, is one of the first complete set of experimental 
work for segmented polyurethanes. The infrared phase 
separation kinetics data are supported with DSC data. 
Even though the wide-angle X-ray scattering (WAXS) 
pattern shows no crystallinity in B2 polyurethane, the 
exothermic peak observed during isothermal phase sepa- 
ration indicates that the formation of new segmental in- 
teractions, mainly hydrogen bonding, can be detected. 
Care must be exercised in carrying out the phase separa- 
tion kinetic experiment since the exothermic peak is very 
small. In case of phase separation without formation of 
strong secondary bonds, the signal is expected to be even 
smaller making the thermal analysis for direct information 
extremely difficult. 

The phase separation mechanism has been discussed 
previously.% Our spectroscopic data do not seem to satisfy 
the linearized Cahn-Hilliard spinodal decomposition 
equation. I t  is well-known that spontaneous phase sepa- 
ration may not be possible, even for the unstable region, 
if high interfacial energy is required.42 In the case of 
segmented polyurethanes, high coherent interfacial energy 
is required due to the connectivity of the chains which run 
through the multiple soft and hard domains. The lack of 
spinodal mechanism over a wide range of temperature in 
this case, therefore, may be due to the high interfacial 
energy. To reach a concrete conclusion, we need additional 
experimental data as well as theoretical development which 
shows the effect of high interfacial energy on the spinodal 
decomposition mechanism for segmented block co- 
polymers. 
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