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ABSTRACT: The degrees of completion in microphase separation for segmented polyurethanes containing 
a block segment of poly(ethy1ene oxide)-b-poly(dimethylsi1oxane)-6-poly(ethy1ene oxide) (PES) were 
investigated by mechanical and thermal analyses, Fourier transform infrared absorption spectroscopy (FTIR), 
and small-angle X-ray scattering (SAXS) techniques. These results were compared with those for PES-free 
polyurethanes having the same molecular weight of the soft segment, M ~ M G ,  where PTMG is the abbreviation 
of poly(tetramethy1ene glycol). The 13 wt T of PES addition lowers the capability of crystallization of the 
major component of the soft segment, PTMG, and increases the degree of completion in microphase separation. 
A selective surface enrichment was observed for a blend film of polyurethanes with and without PES by 
FTIR-attenuated total reflection spectroscopy (ATR). The range of enrichment was on the order of a micron, 
which is much larger than individual molecular size. SAXS analyses showed that these polyurethanes form 
a microphase-separated structure. The microdomain structure is well described with the hard-segment domains 
of 60-70 A long embedded in the soft-segment matrix. The soft-segment chains obey the random-walk 
statistics in a confined space, which leads to the relation ds - Zs2I3, where ds and 2 s  are the domain size and 
number-average degree of polymerization of the soft-segment chain. 

I. Introduction 
According to the recent advancement of medical tech- 

nology, it is desired to develop polymer materials for 
medical purposes having a wide variety of functi0ns.l Since 
most of these materials are used in vivo, antithromboge- 
nicity is one of the most important factors to be taken into 
account as well as suitable mechanical properties. Seg- 
mented polyurethane and segmented poly(urethaneurea) 
are widely used materials for these purposes, particularly 
for an artificial heart and blood vessel, where elastic 
properties similar to those of muscle are required as well 
as antithromb~genicity.~J Mechanical and thermal prop- 
erties of these polyurethanes and poly(urethaneureas) have 
been extensively studied in conjunction with their struc- 
tures by means of a variety of techniques, such as electron 
microscopy, small- and wide-angle X-ray diffraction (and/ 
or scattering), and Fourier transform infrared spectroscopy 
and dichroi~m.4-~0 

Polyurethane containing poly(dimethylsi1oxane) in the 
main chain (coded as KP-13), developed by Kira et al., is 
one of the most suitable materials for an artificial blood 
vessel.21 This is a derivative of a conventional polyure- 
thane (hereafter designated as KP-0) composed of soft 
(PTMG) and hard (MDI-EG) segments, where PTMG, 
MDI, and EG denote poly(tetramethy1ene glycol), 4,4'- 
diphenylmethane diisocyanate, and ethylene glycol, re- 
spectively. In the case of KP-13, some amounts of PTMG 
chains were substituted by a block segment of poly- 
(ethylene oxide)-b-poly(dimethylsi1oxane)-b-poly(ethy1ene 
oxide) (abbreviated to PES). The weight fraction of PES 
was kept to be 13 wt 70 so as to optimize the antithrom- 
bogenicity without degrading mechanical properties.21 

We have reported the structure and the orientational 
behaviors of the KP-13 series (KP-13-650, KP-13-1000, 
KP-13-2000) by comparing it with a reference polyure- 
thane, KP-0-3000.22 The sample code is defined to be 
KP-x-y, where x and y are the weight percentage of the 
PES component and number-average molecular weight 
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of PTMG, MPTMG. It was found that the presence of poly- 
(dimethylsiloxane) (PDMS) components reduced the 
crystallization capability of the soft segments. These 
polymers showed no negative orientation of the hard 
segment although most of the polyurethanes and poly- 
(urethaneureas) did.6,',9J2J*J9 This phenomenon was 
explained with a relatively low cohesive power of the hard- 
segment domains for KP's. However, due to the lack of 
a systematic variation of the samples with respect to 
MPTMG, we could not separate the two contributions, i.e., 
the effect of PDMS and MPTMG, on the mechanical and 
thermal properties and morphology. 

Two kinds of microphase separation involved in the 
partial replacement in the soft-segment chains from 
PTMG to PES have to be considered. One is the mi- 
crophase separation between hard and soft segments. In 
the case when the segregation between the hard and soft 
segments increases with PES addition, the degree of 
completion in the microphase separation consequently 
increases. The other is that between PES and PTMG in 
the soft-segment chains. This may occur due to the strong 
segregation between PDMS in PES and PTMG. The soft- 
segment chain, however, should actually be taken as a 
multiblock copolymer consisting of PES and PTMG. One 
can see by calculating the stability limit for the microphase 
t r a n s i t i ~ n ~ ~ , ~ ~  that the microphase-dissolved state becomes 
stabilized with an increase of the number of blocks for a 
given composition and total molecular weight of a copol- 
ymer. Due to this thermodynamic effect as well as a kinetic 
effect, the lowering of the degree of completion in the 
microphase separation between PES and PTMG can also 
be expected. Therefore, the effects of PES addition into 
a polyurethane system have to be carefully treated from 
viewpoints of thermodynamics and/or kinetics of multi- 
component polymer systems besides the importance of 
their technological applications. 

In this paper, we examine the two sets of polyurethanes, 
Le., KP-0-y and KP-13-y ly = 1000, 2000, and 3000) by 
viscoelastic measurement, differential scanning calorime- 
try (DSC), Fourier transform infrared absorption spec- 
troscopy (FTIR), and small-angle X-ray scattering (SAXS). 
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Figure 1. Chemical structure of PES. 

Table I 
Chemical Composition of the KP Series 

soft-segment mol wt mole fraction 
code PTMG PES MDI/PTMG/PES/EG 
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KP-0 Series KP- 13 Series - I/ 
KP-0-1000 1025 2 f 1.15 f 010.85 

KP-13-1000 1025 2400 2 f 0.94 f 0.09 f 0.97 
KP-13-2000 2000 2400 2/0.50/0.10/1.40 

KP-0-2000 2000 2 10.62 f 0  f 1.38 
KP-0-3000 2950 2 10.44 f 0  f 1.56 

KP-13-3000 2950 2400 2/0.35/0.10/1.55 

First of all, we make a quantitative comparison of the 
mechanical and thermal properties and of some aspects 
of the structure, by focusing on the degree of completion 
in microphase separation and the capability of crystalli- 
zation of PTMG (sections 111.1-111.4). Second, we discuss 
the degree of completion in microphase separation on 
stretching a film by FTIR (section 111.4). Finally we 
characterize the domain sizes of the soft and hard segments 
as a function of the soft-segment molecular weight and 
discuss the scaling relationship between the domain size 
and the soft-segment molecular weight (section IV). This 
result suggests the origin of a lower degree of completion 
in microphase separation of polyurethanes compared with 
diblock or triblock copolymers. 

11. Experimental Section 
Samples. Two series of segmented polyurethanes, KP-13's 

and KP-O's, were supplied by Kanegafuchi Chemical Industry 
Co., Ltd. In the case of KP-O's, a prepolymer consisting of PTMG 
and MDI was first prepared, which was followed by a chain 
extension reaction with EG. KP-13 series were obtained in a 
similar manner. However, some fraction of PTMG was substi- 
tuted by PES. The content of the PES component was 13 wt %. 
PES is composed of poly(ethy1ene oxide) (PEO) and PDMS as 
shown in Figure 1. a-c are the average degrees of polymerization 
of PEO, PDMS, and PEO, as indicated in the figure. These are 
determined by titration of the end functional groups and by lH 
NMR to be 15, 14, and 15.= Table I shows the details of the 
chemical compositions of the soft and hard segments of KP-13 
and KP-0 series. In both series the weight fraction of MDI + EG 
was kept at 32% so as to keep the hard to soft segment ratio 
constant. Therefore, the mole fractions of PTMG and EG were 
systematically varied so as to keep the ratio of MDI to the total. 
The PTMG's used in this work were purchased from Du Pont 
Co. The values of M-c are listed in the catalog,% which were 
determined by titration of the end hydroxy groups with acetic 
anhydride. The polydispersity indices were evaluated with gel 
permeation chromatography (GPC) measurementsand were 2.13, 
2.00, and 1.89, respectively, for PTMG's having M ~ G  = 1025, 
2000, and 2950. The details of the sample preparation are 
described elsewhere.21 

Films of the KP-13 and KP-0 series were obtained by casting 
a solution onto a glass plate, dried gradually in an atmosphere 
of the solvent vapor, a 3:7 mixture of N,N'-dimethylacetamide 
and 1,4-dioxane. The dried films were peeled off with water, 
further dried in a vacuum oven kept at 60 OC for 3 days, and then 
stored in a desiccator until used. 

Mechanical and Thermal Properties. Stress-strain and 
dynamic viscoelastic behaviors were examined with an Autograph 
IM-100, Shimadzu Corp., and a Rheospectoler DVE-V4, Rhe- 
ology Co., Ltd., respectively. The details of the experiments 
were described in the previous paper.22 

Differential scanning calorimetry (DSC) was conducted with 
DSC 3100, MAC Science Co., Ltd. The temperature range was 
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Figure 2. DSC thermograms of the (a) KP-0 and (b) KP-13 
series. The arrows indicate the soft-segment glass transition tem- 
peratures, Ts,s. T,,s denote the crystallization and melting tem- 
peratures of the soft segment, respectively. 

-150 to +250 O C .  The heating rate was 5 OC/min. During the 
experiment, the sample was purged by nitrogen gas. 

X-ray Diffraction/Scattering Measurements. Wide-angle 
X-ray diffraction (WAXD) patterns were taken with a Shimadzu 
GX3, operated at the power of 40 kV and 20 mA. Samples of 600 
pm thick prepared by stacking thin films were exposed by Cu KO 
radiation for 4 h, and the diffracted X-ray was recorded on a flat 
photographic film. 

Small-angle X-ray scattering (SAXS) experiments were con- 
ducted with a 12-kW rotating-anode X-ray generator coupled 
with a one-dimensional position-sensitive detector. The sample 
to detector distance was 1.17 m, and the X-ray was monochro- 
matized with a graphite crystal. The details of the apparatus 
were described elsewhere.26 The observed SAXS data were 
corrected for air scattering, absorption, and thickness and then 
desmeared for a line-collimated incident X-ray beam. The 
absolute scattering intensity was then obtained by the nickel foil 
method.2' 

Infrared Spectroscopy. Transmission infrared spectrograms 
were obtained with a FIRIS 100 Fourier transform infrared 
spectrometer, Fuji Electric Co., Ltd. For measurements of 
stretched films, a stretching device designed in our laboratory 
was used, which is placed in a temperature-controlled heater 
block. The sample dimension was 10 mm long and 30 mm wide. 
The resolution and the number of scans were fixed to be 4 cm-l 
and 64, respectively. 

An attenuated total reflection spectroscopy (ATR) was also 
conducted with the same spectrometer by mounting an ATR 
attachment. A ZnSe crystal at the incident angle of 4 5 O  was 
mounted on the attachment as an internal reflection element 
(IRE). The resolution and the number of scans were 4 cm-l and 
512, respectively. The penetration depth is estimated to be ca. 
1 pm. 

111. Results and Discussion 
111.1. Thermal Properties. Parts a and b of Figure 

2 show DSC thermograms of the KP-0 and KP-13 series 
in a heating process, respectively, after cooling the sample 
from room temperature to -150 "C at a rate of ca. 10 "C/ 
min. The soft-segment glass transition temperature, Tea, 
is indicated with an arrow. T,,s and Tm,s denote the 
crystallization and melting temperatures of the soft 
segment, respectively. These characteristic temperatures 
of the KP-0 and KP-13 series obtained by DSC are listed 
in Table 11. The hard-segment glass transition temper- 
ature was not detected. The hard-segment melting tem- 
perature appeared around 250 "C, where decomposition 
of the sample also took place. These temperatures are not 
tabulated in Table 11. By increasing M p r M G ,  Tg,s decreases. 
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Table I1 
Characteristic Temperatures of the KP Series Obtained by 

DSC 
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0-Series 13-Series 

code T~J, 'C Tc,~t O C  T ~ , s ,  " C  
KP-0-1000 -41.1 
KP-0-2000 -61.1 -39.8 4.6 
KP-0-3000 -82.1 -43.1 8.9 
KP- 13- 1000 -52.0 
KP-13-2000 -12.2 -31.5 
KP-13-3000 -84.1 -45.8 11.6 

This is a strong indication of the development of the degree 
of completion in microphase separation with increasing 
M ~ G .  The values of Tg,s for the KP-13 series are slightly 
lower than those for the KP-0 series. This might suggest 
a higher degree of completion in tnicrophase separation 
in the KP-13 series than in the KP-0 series. It is also 
worthy to note the appearance of crystallization exotherms 
in KP-0-3000 and KP-13-3000. This is explained as 
follows: In the process of a DSC experiment, the sample 
was cooled rapidly (ca. -10 OC/min) to -150 "C from 
ambient temperature. Therefore, some amounts of soft 
segments were quenched without crystallization. These 
crystallize during a DSC run a t  Tc,s, followed by melting 
a t  Tm,s. This speculation will be verified in the next 
section. 

111.2. Mechanical Properties. Figure 3 shows stress- 
strain curves for the (a) KP-0 and (b) KP-13 series. As 
can be seen, both series behave similarly to each other, 
indicating that there is no remarkable effect of PES 
components. All curves show a typical stress-strain 
behavior as elastomers. The hard segments play as 
physical cross-link points, particularly in the case of those 
having high MWMG, i.e., KP-0-2000, KP-0-3000, KP-13- 
2000, and KP-13-3000. For KP-0-1000 and KP-13-1000, 
on the other hand, the strength a t  break is lower than the 
others. This indicates a low degree of completion in mi- 
crophase separation compared to the others. The upturn 
behavior of KP-0-2000, KP-0-3000, KP-13-2000, and KP- 
13-3000 a t  around 40090 elongation results from strain- 
induced crystallization of PTMG as will be discussed later. 
The similarity between KP-x-2000 and KP-x-3000 means 
that mechanically effective entanglements were attained 
for KP's having M ~ M G  equal to or more than 2000. 

By considering the fact that these materials are used at 
relatively low elongations (less than 100%) for medical 
use, the introduction of the PES component does not 
reduce the mechanical properties of this kind of poly- 
urethane. 

Figure 4 shows the temperature dependence of the 
storage moduli E' of the KP-0 (a) and KP-13 series (b). 
Each of the individual curves is roughly divided into three 
regions: glassy (l) ,  glass transition (2), and rubbery plateau 
regions (3). Both series show no significant difference 
due to the presence of the PES component. For samples 
having a low MWMG, the modulus of the rubbery plateau 
region is lower than the others. One of the interesting 
aspects in these curves is the presence of a peak in the 
region 2 for KP-0-3000 and KP-13-3000. This fact was 
detected in the previous work22 for KP-0-3000 and was 
explained by soft-segment crystallization. Here we look 
a t  this phenomenon in more detail by investigating the 
viscoelastic properties of KP's having different thermal 
histories. 

Figure 5 shows the cooling rate dependence of temper- 
ature variations of the storage modulus, E', and loss 
tangent, tan 6, on heating for KP-0-3000, which has the 
largest crystallization exotherm, as shown in Figure 2a. 
Three samples of KP-0-3000 were prepared by cooling 
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Figure 3. Stress-strain curves for the (a) KP-0 and (b) KP-13 
series. 
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Figure 4. Temperature dependence of storage moduli E' for the 
(a) KP-0 and (b) KP-13 series. 
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Figure 5. Cooling rate dependence of DSC thermograms on 
heating for KP-0-3000: rate 1, 1.7 "C/min; rate 2, 3.3 "C/min; 
rate 3, 10 OC/min. 
from room temperature with different cooling rates: rate 
1,1.7 OC/min; rate 2,3.3 "C/min; and rate 3, 10 "C/min. 
Rate 3 is the quickest quench of the three, and this rate 
is the same as the cases shown in parts a and b of Figure 
4. By lowering the cooling rate, the peak in E' tends to 
be smeared out. The mechanical loss tangent, tan 6, in 
the samples having different cooling rates, also indicates 
a remarkable decrease in its peak around -60 "C. One can 
expect that the greater the cooling rate, the lower the degree 
of crystallization of the sample. Therefore, it  is reasonable 
to deduce that the sample cooled with rate 3 could not 
have enough time to crystallize on cooling but crystallizes 
on heating during successive DSC or mechanical mea- 
surement. 
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The activation energy was estimated from the shift factor 
U T .  Table I11 shows the activation energies for 0 (glass 
transition of the soft segment) and y (local motions of 
methylene groups) dispersions. The values are slightly 
different from those reported previously.22 This is mainly 
due to some arbitrariness of the superposition and 
difference in the reference temperatures. In the previous 
work the reference temperature was taken as -5 "C, and 
here we used -50 "C, which is close to the glass transition 
temperature of the soft segment. The activation energies 
of 0 dispersion for the KP-13 series are larger than those 
for the KP-0 series by ca. 10 kcal/mol. The results of the 
viscoelastic and DSC measurements revealed that Tg,s for 
the KP-13 series is lower than that for the KP-0 series. 
Therefore, the difference in the activation energy may 
result from a higher degree of completion in microphase 
separation for the KP-13 series than for the KP-0 series 
in addition to the presence of PEO segments, which may 
also raise the activation energy. 

Figure 8 shows the comparison of the MmMG dependence 
of Tg,s observed by DSC and viscoelastic measurements. 
The systematic difference between the two techniques is 
due to the methods employed. In the case of viscoelas- 
ticity, Tg,s is expected to approach that observed by DSC 
with lowering the frequency of the mechanical agitation 
from 128 Hz to an infinitesimally low frequency. Tg,s 
decreases with increasing MPTMG and approaches that for 
pure PTMG, as indicated with a dash-dotted line. The 
fact that Tg,s for KP-13 is lower than that for KP-0 
indicates that the degree of completion in microphase 
separation for the KP-13 series is higher than that for the 
KP-0 series. This corresponds to the fact shown in Table 
111; i.e., the activation energy for the glass transition of the 
soft segments is higher for the KP-13 series than for the 
KP-0 series. 

111.3. X-ray Diffraction/Scattering. Figure 9 shows 
the wide-angle X-ray diffraction patterns for undrawn and 
drawn films of KP-0-2000 and KP-13-2000. ED indicates 
the elongation direction. The diffraction intensity is 
stronger in KP-0-2000 than in KP-13-2000. This is due 
to the stronger absorption due to the sample owing to the 
PDMS component in the latter. Debye-Scherrer rings 
due to the amorphous halo of the soft segments3I are seen 
in the photographs for undrawn films, which disappear by 
drawing. In the pattern for 400% drawn films, two sets 
of diffraction maxima located on the equator are clearly 
observed. The appearance of these diffraction maxima 
indicates that strain-induced crystallization takes place 
by elongation, as was suggested in the stress-strain curves 
(Figure 3). The outer and inner spots give the spacing of 
3.6 and 4.3 A, respectively. These spots are assigned to 
be the (010) and (100) diffractions of PTMG.32 No 
diffraction maximum due to the hard segments was 
detected. This may be due to a low content and a low 
degree of completion in the crystallization of the hard 
segments as reported by Ishihara et a1.I2 

Figure 10 shows SAXS profiles for the (a) KP-0 and (b) 
KP-13 series. Since the samples had no preferential 
orientation, the ordinate was taken to  be the so-called 
Lorentz-corrected scattered intensity, s2I(s). I ( s )  and s 
mean the absolute scattered intensity and the magnitude 
of the scattering vector, which is given by s = (2 sin d)/A, 
respectively. 6 and A are half the scattering angle and the 
wavelength of X-ray, respectively. Each curve has a 
scattering maximum, indicating the presence of the mi- 
crophase-separated structure. In the case of samples 
having low PTMG molecular weights, i.e., KP-0-1000 and 
KP-13-1000, the peak height is relatively low. Therefore, 
the correlation hole effe~t ,~~,2~,33 which also gives rise to 
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Figure 6. Temperature variation of loss tangent, tan 6, for the 
(a) KP-0 and (b) KP-13 series. The dashed lines indicate the 
literature values of the glass transition temperature, Tg, of the 
components. 

Here we discuss the general feature of the viscoelastic 
properties of these samples. Figure 6 shows the temper- 
ature variation of tan 6 for the (a) KP-0 and (b) KP-13 
series. Contrary to Figure 4, one can find several differ- 
ences between the KP-0 and KP-13 series in the behaviors 
of tan 6. Tan 6 depends significantly on MPTMG as well 
as the structure. The dashed lines drawn vertically in the 
figure indicate the literature values of the glass transition 
temperatures of the components,28 Le., PDMS, PTMG, 
and PEO, and the observed melting temperature of PEG.29 
The distinct maxima seen in each curve between -75 and 
0 "C correspond to the glass transition of PTMG, which 
shifts to a lower temperature by increasing MPTMG and 
approaches the literature value, -84 "C. This indicates 
that a microphase separation undergoes more in the 
samples having a higher M ~ M G .  The second highest peaks 
seen in KP-0-3000 and KP-13-3000 at  around 0 "C are 
related to melting of PTMG as discussed above. In the 
case of the KP-13 series, the peaks corresponding to the 
glass transition of soft segments are broadened by the 
presence of additional components such as PEO. The 
small peak around -130 "C is the amorphous relaxation 
due to local motions of methylene groups30 and is not 
related to the glass transition of PDMS since this peak is 
observed for both the KP-0 and KP-13 series. 

Figure 7 shows the master curves for the mechanical 
dispersion, tan 6, for the (a) KP-0 and (b) KP-13 series. 
The curves were constructed by shifting individual fre- 
quency dispersion curves obtained a t  several tempera- 
tures with respect to that a t  the reference temperature of 
-50 "C based on the assumption of the time-temperature 
superposition. w and aT are the frequency used in the 
dynamic mechanical measurement and the shift factor 
for the superposition, respectively. The highest peak seen 
in each figure corresponds to the glass transition of the 
soft segments (so-called 0 dispersion). The peak shifts 
toward the high-frequency and low-temperature side (from 
left to right) with increasing MPTMG. It should be noted 
here that the width of the peak is broader for the KP-13 
series than for the KP-0 series if the comparison is made 
a t  a given M ~ M G .  This is due to the complex dispersion 
mechanisms for the KP-13 series arising from the presence 
of PEO components as discussed above. The dispersion 
located at  around log OUT = 10-15 is assigned to the local 
motions of the methylene groups (y dispersion). In the 
case of KP-0-3000 and KP-13-3000, an additional disper- 
sion due to melting of PTMG is also clearly observed a t  
around log WOT = -10 to -5. 
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Figure 7. Master curves for the mechanical dispersion, tan 6, for the (a) KP-0 and (b) KP-13 series. 

Table 111 
Apparent Activation Energies of Mechanical DisDersion 

dispersion, kcal/mol 
code main local 

KP-0-1000 39.1 7.3 
KP-0-2000 33.4 8.2 
KP-0-3000 37.0 8.8 
KP- 13- 1000 46.6 7.1 
KP-13-2000 45.6 7.6 
KP-13-3000 54.5 5.2 

a scattering maximum even with the absence of the mi- 
crophase-separated structure, may have to be taken into 
account. In general, however, one can conclude that the 
microphase-separated structure is more developed in 
samples having a higher MPTMG. The long spacing, d,  was 
estimated from the peak maximum, which was in the range 
from 100 to 150 A. Further discussion on the sizes of the 
microphase-separated structure will be done in a later 
section. 

111.4. Infrared Absorption Spectroscopy. Since 
infrared absorption spectra for segmented poly(urethanes) 

Viscoelasticity WHZ) 
0 0-Series 
A 13-Series 

DSC 

._ . _ _  '. '..2::..... .. . ._:.._ . .:.. ._ . 

-.-.-.::A? 
Tg, PTMG 

1000 2000 3000 -100' 

M PTMG 

Figure 8. Comparison of PTMG molecular weight dependence 
of Tg,s observed by DSC (solid line) and viscoelastic (dashed 
line) measurements, respectively. The dash-dot-dashed line 
indicates the glass transition temperature of pure PTMG. 

are well assigned, one can easily estimate the apparent 
fraction of the hydrogen b ~ n d i n g . ' ~ J ~ ~ ~ ~  Here we estimate 
the index of hydrogen bonding, HUT, by taking the ratio 
of the absorbances of the hydrogen-bonded urethane car- 
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Figure 12. Attenuated total reflection (ATR) spectrograms for 
blends of KP-13-2000 and KP-0-2000. 

This indicates that hard-segment domains in a sample 
having a higher M ~ M C  are developed better than that 
having a low M ~ M c ,  which is again in good agreement 
with the results of DSC, viscoelastic, and SAXS mea- 
surements. By comparison of the KP-0 and KP-13 series, 
HUT is more likely higher for the latter than for the former, 
which also indicates that the degree of completion in mi- 
crophaseseparation is higher for the KP-13 than the KP-0 
series. However, HUT for KP-13-1000 and for KP-13-2000 
decreases steeply by stretching, which has not been well 
understood a t  this stage. 

ATR measurements for blends of KP-0-2000 and KP- 
13-2000 were also conducted with an IRE made of a ZnSe 
crystal having a refractive index n = 2.4. The penetration 
depth is estimated to be ca. 1 pm. An IRE made of a Ge 
crystal (n = 4.0) would be better for characterizing a thinner 
surface. However, a Ge crystal cannot be used for this 
wavenumber region since it has an absorption of around 
800 cm-l. Figure 12 shows FTIR-ATR spectrograms for 
blends of KP-13-2000 and KP-0-2000. The range of the 
wavenumber region was chosen to be 780-820 cm-I so as 
to visualize the absorption bands for the Si-0 stretching 
vibration a t  around 805 cm-I. The blend ratio is indicated 
in the figure. Blend x:y means a blend film composed of 
x and y percentages of KP-13-2000 and KP-0-2000 by 
weight. In the case of KP-13-2000, a broad maximum is 
detected a t  around 805 cm-', corresponding to the Si-0 
stretching vibration. This peak decreases gradually by 
increasing the KP-0-2000 component. By assuming ad- 
ditivity between spectrograms in this wavenumber region 
(780-820 cm-I), we estimated the surface concentration of 
KP-13 with a curve-fitting method as described else- 
where.35 Figure 13 shows the surface composition of KP- 
13-2000as a function of its bulk composition. The diagonal 
line indicates the case where no selectivity occurs a t  the 
surface. This kind of surface selectivity was observed both 
on the free surface and on the substrate-faced surface (in 
this particular case, a glass plate). The enrichment of the 
KP-13 series on both surfaces is attributed to a low surface 
free energy of the PDMS component in the KP-13 series. 
Surface enrichment of polyurethane containing a PDMS 
component for films prepared by casting a solution was 
studied by Matsuda et  al.36 by X-ray photoelectron 
spectroscopy (XPS). The depth of the enrichment de- 
tected by XPS is less than 100 A. Since the penetration 
depth, d,, in our ATR measurements is estimated to be 
ca. 1 pm when a ZnSe crystal cut by 45' is used, this surface- 
enrichment effect goes over the depth of this order. This 
indicates that a strong interaction between polymer chains 
and the substrate or air surface is present in solution and 
remains during the solidification process of the polymer 
without decreasing the interaction distance on the order 
of microns. This is surprisingly inconsistent with the 
physical intuition that the correlation length, in other 

Elong.= 0~5 200% LF 0 0 J'k 

Figure 9. Wide-angle X-ray diffraction patterns for undrawn 
and drawn films of (a) KP-0-2000 and (b) KP-13-2000. ED 
indicates the stretching direction. 
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Figure 10. Lorentz-corrected absolute scattered intensity, s21(s), 
vs the magnitude of the scattering vector, s, plots for the (a) 
KP-0 and (b) KP-13 series. 
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Figure 11. Elongation dependence of HUT for the KP-0 and 
KP-13 series. The solid and broken lines correspond to KP-0 
and KP-13, respectively. 
bony1 groups with respect to the total absorbances for 
urethane groups, i.e. 

A [ v( C=O) b] 

A[v(C=O)~] + A[v(C=O)'] 
HUT = (1) 

where A[v(C=O)~] and A[v(C=O)I are the absorbances 
due to the stretching vibrations of the hydrogen-bonded 
and hydrogen-bond-free urethane carbonyl groups, re- 
spectively. Figure 11 shows the elongation dependence of 
HUT for the KP-0 and KP-13 series. The solid and broken 
lines correspond to KP-0 and KP-13, respectively. Al- 
though HUT is more or less invariant against elongation 
except for KP-13-1000 and KP-13-2000, i t  depends clearly 
on MPTMC. The higher the MWMC, the higher the HUT. 
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Figure 13. Surface composition of KP-13-2000 as a function of 
its bulk composition. The diagonal line indicates the case where 
no selectivity occurs at the surface. 

words, the persistent distance of the polymer-polymer 
interaction, decreases with polymer concentration. A 
similar phenomenon, i.e., surface enrichment of one 
component in blends over a micron order, however, was 
found in blends of cellulose and poly(viny1 alcohol).3s 

IV. Estimation of Sizes of Soft- and 
Hard-Segment Domains 

The characterization of the microphase-separated struc- 
ture of polyurethane and/or poly(urethaneurea) is very 
important to the understanding of those mechanical 
properties. Sizes of soft and hard segments have been 
evaluated by using either electron m i c r o s ~ o p y ~ ~ ~ ~ ~  or small- 
angle scattering techniques, such as SAXS7J1-12 and/or 
small-angle neutron scattering.l3 In most cases, micro- 
domain structures of polyurethane and poly(urethane- 
urea) are modeled with rodlike or lamellalike domains of 
hard segments embedded in a soft-segment matrix. The 
long spacing is reported to be around 100-150 A, and the 
hard-segment length is estimated to be ca. 100 A.7J1J2 

In the case of block or graft copolymers, includingmulti- 
block copolymers, the domain size is well predictable by 
means of the degree of polymerization, Z, the segment 
length, b, and the Flory interaction parameter, x. Here 
we try to estimate the sizes of the soft- and hard-segment 
domains semiquantitatively. According to Hashimoto et 
al.,38*39 the domain size is given by 

in the strong segregation limit. ZKand bKare the number- 
average degree of polymerization and the segment length 
of component K where K is H (hard segment) and S (soft 
segment), respectively. The long spacing of the micro- 
domains, d, can be roughly estimated to be 

Let us estimate ds and d~ by assuming two extreme cases; 
(A) dH is proportional to MPTMG and (€3) d~ is constant 
irrespective of M ~ M G .  Since the weight fraction of the 
total amount of MDI + EG was kept constant and the 
sequence of the MDI-EG unit is rather rigid, case A is 
more probable. In case A, the following equation is given: 

d ds + dH (3) 

d bsZn,2I3 + bHZH (4) 

ZH = aZ, (5) 

The requirement of the constant weight fraction of MDI 
+ EG leads to  

ZJl3 
Figure 14. Variation of dfZs as a function of Z S - ~ / ~ .  

-8- O-series 
A 13-series 

J 
5 10 15 

Z Y  
Figure 15. Variation of d as a function of Zs2/3. 

where a is a constant and is given by 

a = (1/f- l)(mS/mH) (6) 
f ,  ms, and mH are the weight fraction of MDI-EG and 
molecular weights of the tetramethylene glycol and MDI- 
EG segments, respectively. Therefore 

(7) d N bsZs2I3 + bHaZs 
By dividing both sides with Zs, one gets 

d/Zs N bsZg1I3 + bHa (8) 
Figure 14 shows the variation of d/Zs withZ~-'/~. Although 
the data points fall on a straight line for both series, the 
values of the intercept are -12.7 and -10.7 A, respectively, 
for the KP-0 and KP-13 series. Since the intercept should 
be positive (bH > 0 and a > 0), this fact strongly suggests 
the unreality of assumption A. Hence, the hard-segment 
domain size does not seem to be influenced linearly by 
MPTMG. 

On the other hand, if dH is more or less constant 
irrespective of MWMC (case B), one gets the relation 
between the long spacing d and the individual domain 
size as follows: 

(9) 
Kimura et ala7 assumed the invariance Of  dH and estimated 
dH and ds. However, eq 10 is different from that used by 
Kimura et al. In their case, the samples were highly 
stretched and heat treated before relaxing. Therefore, 
they assumed that ds varied with Zs instead of Zs213. This 
relation is not applicable to our case because the PTMG 
chains are flexible polymer chains in a confined space (mi- 
crodomains) as discussed above. Figure 15 shows the 
variation of d as a function of the 2/3  power of the degree 
of polymerization of the soft segment, Z&3. As can be 
seen in the figure, the estimated values by SAXS fall onto 
a straight line in the cases for both the KP-0 and KP-13 
series, respectively. The strong 2s dependence of d 
indicates that the soft-segment domain (or matrix) is 
composed of PTMG (for the KP-0 series) or a mixture of 

d N bsZs2/3 + dH 
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Table IV 
Estimated Domain Sizes, ds and dH, and the PTMG 

Segment Length, ~ M G  
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KP-13 series, Le., polyurethanes containing a PES com- 
ponent, has a complicated chemical structure. The PES 
component in the soft segment reduces the capability of 
crystallization of PTMG but raises the degree of com- 
pletion in microphase separation between the soft and 
hard segments. This is proven by the higher activation 
energy for glass transition of the soft segment in the KP- 
13 than KP-0 series and by the higher hydrogen-bonding 
index, HUT. On the basis of these results, we conclude 
that PES block chains are dispersed in the matrix of the 
major soft segment, PTMG, and play as an enhancement 
reagent of microphase separation between soft and hard 
segments. 

The SAXS analyses indicate that the size of the soft- 
segment domain (or matrix) obeys the 2/rpower rule, 
which applies to microphase-separated block copolymers 
in the strong segregation limit. The hard-segment domain 
size was estimated to be ca. 70 A irrespective of MPTMG, 
which corresponds to ca. four units of MDI-EG. The hard 
segment may be folded back and forth in the hard-segment 
domain so as to keep the constant thickness of the hard- 
segment domain. 

By blending the KP-13-2000 and KP-0-2000 series, 
surface enrichment of KP-13-2000 was detected by FTIR- 
ATR. The range of surface enrichment is on the order of 
1 hm, which is much larger than the individual polymer 
chains. This suggests that the surface enrichment is 
originated from a strong interaction between the polymer 
and either substratum or air during the solidification 
process of the sample film. This kind of surface enrichment 
might be applied to a surface property modification of 
polymer film by blending. 
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