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A series of «, w—bishydroxyl terminated PDMS, hydroxypoly(ethylene oxide) propyl—b—polydimethylsiloxane—b—propyl hydroxy-
poly(ethylene oxide) (HPEO—PDMS—HPEO) was prepared by a hydrosilation reaction of monoallyloxy substituted poly(ethylene
oxide) with a,w—bishydrogen terminated PDMS (HPDMS) that obtained via acid—catalyzed ring—opening polymerization of oc-
tamethylcyclotetrasiloxane with 1,1,3,3—tetramethyldisiloxane. Chloroplatinic acid was employed as the catalyst of hydrosilation.
The molecular weight of HPEO—PDMS—HPEO could be controlled easily by varying the chain length of HPDMS. FTIR and
"H—NMR spectroscopy were used to identify the structure of HPEO—PDMS—HPEO and HPDMS. The conversion of Si—H bond
to Si—C bond was affected by the catalyst amount, reaction time and temperature. It was found that the optimum condition of
hydrosilation reaction was the catalyst amount of 22 ug/g and 5 h time at 100°C. Synthesized HPEO—PDMS—HPEO showed good
storage stability at ambient temperature. Urethane reaction of OH and NCO group revealed that HPEO—PDMS—HPEO was more

reactive toward to diisocyanate than o,w—bishydroxylbutyl terminated PDMS.

Keywords: Synthesis, reactivity, hydrosilation reaction, o,w—bishydroxyl terminated PDMS

1 Introduction

a,w—Bishydroxyl  terminated  polydimethylsiloxane
(PDMS) is a versatile starting material for preparing
the block or graft copolymers of siloxane—urethane,
siloxane—ester and siloxane—epoxy type (1—6). PDMS
modified copolymers exhibit an interesting combination
of oxidative stability, low surface energy and biocom-
patibility (7—10). Therefore, the copolymers can be used
in the preparation of weatherproof and hydrophobic
coating, adhesive and biomaterials. The o,w—bishydroxyl
terminated PDMS reported up to now is basically hydrox-
yalkyl terminated PDMS (HAPDMS) (11-12), prepared
by base— or acid—catalyzed equilibration reaction of
octamethylcyclotetrasiloxane (D4) with a disiloxane end-
blocker and the subsequent thermal or other treatment
of the resulting product (13). A major problem related to
the preparation of well-defined dihydroxyalkyl terminated
PDMS oligomers with controlled molecular weight was

*Address correspondence to: X. Zhang, Department of Poly-
mer Science and Engineering, University of Science and Tech-
nology of China, Hefei 230026, PR. China. E-mail address:
zxym@ustc.edu.cn

the stability of end groups. It has been shown that hy-
droxyalkyl groups undergo dehydration yielding vinyl type
end groups under strong acid catalysis (14). In addition,
because of limited commercial availability, disiloxane end-
blockers that can be used to prepare HAPDMS are only
either 1,3—bis(3—hydroxypropyl) tetramethyldisiloxane or
1,3—bis(4—hydroxybutyl) tetramethyldisiloxane. However,
these disiloxanes cyclized when subjected to high tempera-
ture in neutral conditions (15). Moreover, when HAPDMS
was used in modifying polyurethanes or polyesters,
synthesis of the copolymers suffered from a problem
related to the solubility of PDMS with other components
owing to large solubility differences between nonpolar
PDMS and polar components (16). This makes organic
solvent even mixing solvents necessary in the synthetic
process. Thus, new synthetic methods and improvement of
hydroxyl terminated PDMS still need to be addressed.

In this article, &, w—bishydrogen terminated PDMS
(HPDMYS) is first obtained via acid—catalyzed equilibra-
tion reaction of D4 with 1,1,3,3—tetramethyldisiloxane
(TMS), and then «,w—bishydroxyl terminated PDMS,
hydroxypoly(ethylene oxide) propyl—b—polydimethyl-
siloxane—b—propyl hydroxypoly(ethylene oxide) (HPEO—
PDMS—HPEO) is prepared by a hydrosilation reaction of
monoallyloxy substituted poly(ethylene oxide) (MAPEO)
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oligomer with HPDMS. Further investigation shows that
HPEO—-PDMS—HPEQO is stable, and has good reactivity
toward diisocyanates.

2 Experimental

2.1 Materials

1,1,3,3-Tetramethyldisiloxane and octamethylcyclotetrasi-
loxane (Jiangxi Xinghuo Chemical Co., Ltd.) were
distilled before wuse. Monoallyloxy substituted poly
(ethylene oxide) (M, = 350, Yangzhou Chenhua Scientific
Co., Ltd.) was dried over 4—A molecular sieves. Sulfuric
acid, toluene (Shanghai Chemical Reagent Corporation)
and 4,4'-methylene diphenyl diisocyanate (MDI) (Degussa
Corporation) are used as received. 2,4—tolylene diiso-
cyanate (TDI) and isophorone diisocyanate (IPDI) (Jun-
sei Chemical Co., Ltd.) were vacuum distilled before use.
Chloroplatinic acid (Shanghai Chemical Reagent Corpo-
ration) was dissolved in isopropanol (50 ng/ml).

2.2 Synthesis of HPEO-PDMS—-HPEO

2.2.1. Synthesis of HPDMS

Scheme 1 shows the general synthesis process of
HPEO—PDMS—HPEO. The first step is the synthesis of
HPDMS. As an example (molar ratio of D4 and TMS is
5:1), the reaction was carried out in a four-necked flask
equipped with a stirrer, a nitrogen inlet, a reflux condenser
and a thermometer. 119.2 g Dy, 10.7 g TMS and 1.3 g sul-
furic acid were first added into the reactor. Ring—opening
polymerization was carried out at 45°C under N, atmo-
sphere for about 48 h until the system reached the ther-
modynamic equilibrium. In order to purify HPDMS, some

915

ether as dilution agent was added into the mixture, and the
mixture was then washed with deionized water repeatedly
to remove the catalyst through a separating funnel until
the washings were neutral (pH = 7.0). After that, upper
layer organic solution was separated and dried with anhy-
drous sodium sulfate. Finally, the solution was treated by
filtrating and distilling under reduced pressure at 120°C to
remove D4 remaining in the solution. The purified HPDMS
was obtained. Changing the molar ratio of D4 and TMS,
HPDMS with different molecular weigh could be synthe-
sized.

2.2.2. Synthesis of HPEO—PDMS—HPEO

The prepared HPDMS and MAPEO according to a fixed
mole ratio of 1/2.3 were dissolved in toluene, suitable
chloroplatinic acid as a catalyst was added at an ele-
vated temperature. The synthesis reaction was carried out
at 100°C under N, atmosphere for 5 h. After comple-
tion of the reaction, the product was purified by washing,
drying, filtrating and distilling similar to HPDMS prepa-
ration process. The synthesized HPEO—PDMS—HPEO
is a slightly yellow liquid and the molecular weight of
HPEO—PDMS—HPEO can be controlled easily by chang-
ing the molecular weight of HPDMS.

2.3 Measurements

Fourier transform infrared (FTIR) spectroscopy was em-
ployed to follow and identify the structure of HPDMS and
HPEO—PDMS—HPEO. FTIR spectra were recorded on
a Nicolet—Nexus—FTIR spectrometer over the range of
4000—650 cm~!. Nuclear magnetic resonance (' H—NMR)
spectroscopy was used to estimate the molecular weight
(M,) of HPDMS. The spectra were obtained using a

o)
Q :f')
| T
H3%7S'—0 [ lCH3 |CH3 |CH3 lCHs
i—CH H,SO _ ‘
| S+ H—Si—O0—Si—H ———— = H—{Si—0);Si—H
HCR o éH |CH |CH lCH
(Lq 0—$¥-CH, 3 3 3 3
= ). TMS HPDMS
jan)
Dy
CH,= CH— CH,~OCH,CH, 55 OH
MAPEO H,PtClg
CHy  CHj

) |
Ho—fCH2CH20)HCHZCHZCHRL?*O%|Si*CHzCHzCHz—€0CHzCH29mOH

CH;

CH;

HPEO-PDMS-HPEO

Sch. 1. General synthesis process of HPEO—PDMS—HPEO.
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Varian DRX 500 NMR spectrometer with an operating fre-
quency of 400 MHz and deuterated chloroform as solvent.
"H—NMR spectra was also used to follow the hydrosila-
tion process. In the synthesis process, the hydroxyl-value
(OH-value) was determined by the pyridine-acetic anhy-
dride method (ASTM—1957—86). Moreover, FTIR spec-
troscopy was also used to detect the remaining NCO group
in the reaction system as the literature (17).

3 Results and Discussion

3.1 Synthesis of HPDMS and HPEO—PDMS—-HPEO

In the first step of Scheme 1, intermediate product HPDMS
was prepared by ring-opening equilibrium polymerization
of D4 with TMS as end-blocker. The polymerization can
be catalyzed by both acid (i.e. sulfuric acid) and base (i.e.
quaternary ammonium base) catalyst (18). However, be-
cause the Si—H group of TMS is unstable for base catalysts
(19), acid catalyst, sulfuric acid was employed in this reac-
tion. The molecular weight of HPDMS can be controlled
by feeding different molar ratio of D4 and TMS. Chosen
D4 and TMS at molar ratios of 3:1, 5:1, 7:1 and 9:1 could
give the theoretical molecular weights of 1000, 1600, 2200,
2800 g/mol, respectively. Except for controlling the molec-
ular weight, TMS also allowed the polymer to have Si—H
terminals, which would be needed in the second step of
the synthesis. Unreacted D4 was separated by distilling the
reaction mixture under vacuum condition. According to
distilling result, D4 remaining varies from 11% to 16%, af-
fected by the molar ratio of D4 and TMS. The larger the
molar ratio is, the more the D4 remains.

FTIR spectra of reactants (TMS and Dy4) and inter-
mediate product (HPDMS) are shown in Figure 1. The

2963

2129

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Fig. 1. FTIR spectra of TMS, D4 and HPDMS.
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Fig. 2. '"H—NMR spectra of HPEO-PDMS-HPEO and HPDMS.

characteristic absorption bands locating at 2963 cm™!
(CH3), 1260 cm~!' and about 810 cm™! [Si(CH3),] are
presented in the spectra of HPDMS, Dy and TMS. Be-
cause of ring—opening polymerization, the ambiguous
double absorption peak in the range of 1095—1060 cm™!
(cyclic Si—O-Si) for D4 has been converted into two clear
peaks located at 1093 and 1028 cm™! (linear Si—O—Si) for
HPDMS, respectively. The spectrum of HPDMS showed
the absorption peak at 2129 cm~! (Si—H) similar to that of
TMS, while there is no absorption in the spectrum of Dy.

Calculating the ratio of peak area of methyl hydrogen
(Si—CH3, 8§ =0.02—0.09) and proton attaching to silicon
(Si—H, 8§ = 4.71) in '"H-NMR spectra, M, of HPDMS
can be determined. Figure 2 shows the 'TH—NMR spec-
tra of HPDMS and HPEO—PDMS—HPEO. Based on the
spectrum of HPDMS,; the calculated results give the molec-
ular weights of approximately 900, 1400, 1900, 2400 g/mol
for the molar ratios of 3:1, 5:1, 7:1 and 9:1 (D4:TMS), re-
spectively.

In the second step of Scheme 1, HPEO—PDMS—HPEO
was prepared by a hydrosilation reaction of prepared
HPDMS with MAPEO. The reaction was carried out
in toluene due to phase separation of the mixture.
Chloroplatinic acid was chosen as the catalyst because
it had been proven to be an extremely active cata-
lyst for the hydrosilation. Comparing FTIR spectrum
of HPEO—PDMS—HPEO with those of HPDMS and
MAPEO shown in Figure 3, it could be found that three
peaks locating at 3475 cm~! (OH), 2935 and 2871 cm™!
(CH;) originated from MAPEO, and other six peaks
at 2963 and 2906 ¢cm~!' (CH3), 1260 and about 810
cm~! [Si(CH3),], 1093 and 1028 cm™! (linear Si—O—Si)
originated from HPDMS, were shown in the spectrum
of HPEO—PDMS—HPEO. But the peaks at 3080 and
1645 cm~! (CH, = CH) related to MAPEO, and at
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Fig. 3. FTIR spectra
HPEO—-PDMS—HPEO.

of HPDMS, MAPEO and

2129 cm™! (Si—H) related to HPDMS disappeared, respec-
tively. Moreover, the peak at 1105 cm™! (CH,—O—CH,)
for MAPEO was overlapped by the peaks dealing with
the absorption of linear Si—O—Si in the spectrum of
HPEO—-PDMS—HPEO. Based on the above analyses,
it is confirmed that the final synthesized product is
HPEO-PDMS—HPEO.

'H-NMR analysis shown in Figure 2 further sup-
ported chemical structure of HPEO—PDMS—HPEO and
HPDMS. For the spectrum of HPEO—PDMS—HPEO,
triplet peaks appear at 0.49 ppm could be assigned to the
protons of methylene attached to silicon (t, Si—CHj), indi-
cating the occurrence of hydrosilation reaction. The other
peaks were classified as § = 0.02—0.09 (s, Si—CHj3), 1.58 (m,
C—-CH,-C), 2.58 (—OH), 3.39 (t, C—C—CH;), 3.57—3.68
(m, O—CH;—CH;—0). In the spectrum of HPDMS, ex-
cept for the peak appear at the range of 0.02—0.09 ppm
assigned to Si—CHj;, another peak locating at 4.68 ppm
could be attributed to the proton of Si—H (20).

By using the optimized synthetic conditions, a series of
HPEO—-PDMS—HPEO with different molecular weight of
1600, 2100, 2700, 3100 g/mol, estimated by 'H-NMR,
marked as H—1600, H—2100, H—2700, H—3100, were syn-
thesized respectively.

3.2 Effects of Time, Temperature and Catalyst on the
Hydrosilation Yield

In order to optimize the synthesis condition, the effects of
reaction time, temperature and catalyst on the hydrosilation
yield were investigated by following 'H—NMR spectrum of
reaction mixture (21—23). Figure 4 shows '"H—NMR spec-
tra for the mixture of HPDMS and MAPEO at different hy-
drosilation time. Peaks located at 7.26 ppm, 7.24—7.11 and

917

solvent

solvent Si-H

.
¥
¥

Iy

RN

JUL o 0

1 " 1
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Fig. 4. '"H-NMR spectra of the hydrosilation process at different
time for the mixture of HPDMS and MAPEO. Reaction temper-
ature is 100°C, and catalyst amount is 22 ug/g.

2.36 ppm could be attributed to the solvent of chloroform-
d and toluene, respectively. As the increase of reaction time,
peak area of Si—H (§ =4.71) decreases and that of Si—CH,
(6 =0.49) increases, but Si—CH3 (8 =0.02—0.09) does not
change. The hydrosilation yield of Si—H to Si—CH, at ¢
time could be calculated using the equation:

(Asin / Asichs);

hydrosilation yield (% ) =1 -
Y yield (%) |: (Asin / Asicns)o

j| x 100%

Where Asiy and Asicus are the peak areas of Si—H and
Si—CHj3, respectively. Through investigating the change of
Asig and Asijcys at different reaction temperature and cata-
lyst amount, the effects of temperature and catalyst amount
on the hydrosilation yield were also followed by NMR spec-
tra.

Reaction time plays a significant role for the hydrosila-
tion yield. As expected, the hydrosilation yield increases
with the increase of reaction time. It could be seen from
Figure 5 that the hydrosilation yield increased rapidly from
0 to 3 h, and then increased slowly. The hydrosilation yield
became a constant gradually when the reaction time in-
creased to about 5 h. The result showed that prolonging
the reaction time led to a direct consequence of the favor-
able effect on diffusion of the reactants between HPDMS
and MAPEO molecules. However, as the decrement of re-
actants the probability of collision between reactive groups
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Fig. 5. Hydrosilation yield increases with the increase of reaction
time.

(Si—H of HPDMS and vinyl of MAPEO) decreased, the
increment of the hydrosilation yield reduced.

Chloroplatinic acid had been proved to be an ex-
tremely active catalyst for the hydrosilation of HPDMS
and MAPEO. The experiment showed that the hydrosila-
tion yield was affected markedly when the catalyst amount
was lower than 20 ug/g. Figure 6 shows a relationship
between the hydrosilation yield and catalyst amount. The
hydrosilation yield increased linearly with the increase of
catalyst amount when the amount was less than 18 ug/g,
and became nearly a constant when the amount was higher
than 22 ug/g. The result indicated that 22 ug/g was a
rather efficient amount of catalyst.

Similarly, the reactive temperature also affected the hy-
drosilation yield. The dependence of hydrosilation yield on

100 O

80 -

40}

Hydrosilation yield ( %)

20

0 n 1 n 1 L 1 L 1 L 1 L 1 L 1
0 4 8 12 16 20 24 28

Catalyst amount ( ug/g)

Fig. 6. Hydrosilation yield increases with the increase of catalyst
amount.

Lietal.
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40t

Hydrosilation yield ( % )

20 |

0 N Q t . 1 L 1 L 1 L
40 50 60 70 80 9 100 110 120

Reaction temperature (°c)

Fig. 7. Hydrosilation yield increases with the increase of reaction
temperature.

reaction temperature was shown in Figure 7. The hydrosila-
tion yield was below 10% when the temperature was lower
than 80°C, but there was a great leap between 80°C and
110°C. Those indicated that the catalyst was almost inac-
tive below 80°C, and the reaction would react rapidly after
the catalyst was activated. It may be explained that the cat-
alyst could not contact the reactive group efficiently below
80°C, meanwhile, because hydrosilation reaction is a rapid
exothermic reaction, the temperature would accelerate the
hydrosilation reaction once the reaction was begun. In ad-
dition, according to the experiment, the reaction would be
gelatinated above 120°C as the result of violent reaction.
When the temperature was 100°C, total hydrosilation could
be achieved with the catalyst amount of 22 ug/g for 5 h.

3.3 Stability of HPEO—PDMS—-HPEO

Normally hydroxyalkyl terminated PDMS, especially
hydroxypropyl and hydroxybutyl terminated PDMS
are not stable because of the cyclization (13,
15). Compared with hydroxyalkyl terminated PDMS,
HPEO—-PDMS—HPEO have long polyether chains at the
ends of PDMS, which is not thermodynamically favor-
able for the formation of ring structure. Hydroxyl is
the most important functional group of hydroxyl ter-
minated PDMS, so the change of hydroxyl value re-
flect the stability of HPEO—PDMS—HPEO. Table 1
shows the OH—value at different temperature and time
for the samples of H—1600 and H—3100. From Table 1,
the following results can be observed easily:

1. Two samples are stable for at least 3 months at 25°C;
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Table 1. OH—Value of HPEO—PDMS—HPEO at different tem-
perature and time

OH—Value

Sample code  Temperature (°C) Time (mgKOH/g)
H—-1600 25 0 67.6

1 months 67.5

3 months 67.6
H-3100 0 35.2

1 months 35.2

3 months 35.2
H—-1600 60 4h 67.6

8h 67.6
H-3100 4h 35.2

8h 35.1
H-1600 100 4h 67.6

8h 67.4
H-3100 4h 35.2

8h 35.2
H-1600 130 4h 67.3

8h 66.9
H-3100 4h 35.1

8h 35.0

2. The samples have good stability below 100°C for 4 h.
As the rise of temperature and increase of time, the hy-
droxyl values decreases slightly due to the condensation
of hydroxyl over 100°C;

3. Molecular weight affects the stability. The sample with
large molecular weight is more stable than the smaller
one. For example, the hydroxyl value of H-3100 de-
creases 0.7%, but that of H-1600 decreases 1.0% at 130°C
for 8 h.

3.4 Reactivity of HPEO—PDMS—-HPEQ Towards
Diisocyanate

Urethane reaction of OH and NCO groups in
bulk was carried out to investigate the reactivity of
HPEO—-PDMS—HPEO, and «,w—bishydroxylbutyl termi-
nated PDMS (DHB—PDMS, M, = 2000) used as a refer-
ence. Generally, the concentration of NCO group decreases
with the increase of reaction time in the urethane reaction
of OH and NCO groups, and the progressive decrease of
absorption intensity for NCO group (2261 cm~!) in FTIR
spectrum with the time could be carefully monitored to
calculate the relative concentration of reactants. Figure 8
shows the absorbance of NCO group for the reaction of
H-2100 with MDI at 80°C. The absorbance decreases
gradually with the increase of reaction time. Using the
second—order kinetics model for the urethane reaction of
OH and NCO groups, the reaction rate constant k could
be calculated according to the slope of linear relationship
between (Ay — A;)/ A; and the time (24—25), here Ay and
A, were the absorbance at initial time and ¢, respectively.

919
05k 2261I .
0 min

0.4}
Iy 20 min
2
= 0.3}
§ 40 min
©
< 02} 60 min

100 min

0.1
0.0 — |
R 1 . 1 1 . 1 A
2500 2400 2300 2200 2100 2000

Wavenumber (cm’)

Fig. 8. Absorbance of NCO group decreases with the increase of
reaction time.

The second—order reaction rate constant k for stoichio-
metric reactions between hydroxyl—terminated PDMS and
diisocyanates at 60 and 80°C is shown in Table 2. As
expected, k increases with increasing reaction tempera-
ture. Table 2 shows that H—2100 is more reactive than
DHB-PDMS. In the same conditions, k of H-2100 to-
wards MDI is 2.4 times larger than DHB PDMS at 60°C
and 4.0 times at 80°C, respectively, indicating H—2100
has the reactivity more than two times higher than that of
DHB—PDMS. Similar reactivity can be found by compar-
ing k of two kinds of hydroxyl—terminated PDMS with
IPDI and TDI. The reaction rate constant of H—2100
with IPDI at 60°C is 3.0 times as large as DHB—PDMS,
while that of H—2100 with TDI at 80°C is 3.7 times larger
than DHB—PDMS. All the data show that H—2100 is

Table 2. Reaction rate constant for NCO and OH groups in con-
trastive reactions

Reaction

temperature (°C) Reactants k (L-mol~'.s71)

60 H-2100 + MDI 2.7x107*
DHB-PDMS + MDI 1.2x107°
H-2100 + IPDI 4.0x107°
DHB-PDMS + IPDI 1.3x107°
H-2100 + TDI 3.3x1074
DHB-PDMS + TDI 1.4x10~*

80 H-2100 + MDI 9.7x10~*
DHB—-PDMS + MDI 2.5x10*
H-2100 + IPDI 1.8x107*
DHB—-PDMS + IPDI 1.3x10~*
H-2100 4+ TDI 1.1x1073
DHB-PDMS + TDI 3.0x10~*
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Lietal.

more reactive towards to diisocyanate than DHB—PDMS. References

For other samples of HPEO—PDMS—HPEOQ, similar re-
sult could be observed at different reaction temperature.
It may be explained in terms of a relative small difference
of solubility for HPEO—PDMS—HPEO and diisocyanates
compared with DHB-PDMS. The part of poly(ethylene
oxide) capping at both ends of HPEO—PDMS—HPEO
chain enhances the polarity of the chain, leading to the
HPEO—-PDMS—HPEO chain is easier to attack NCO
group of the polar diisocyanates according to the prin-
ciple that a similar substance is more likely to dissolve each
other.

4 Conclusions

A series of novel HPEO—PDMS—HPEO was synthesized
by a hydrosilation reaction of MAPEO with HPDMS that
was obtained via an acid—catalyzed ring-opening equili-
bration reaction of D4 with TMS. The molecular weight of
HPEO—PDMS—HPEO could be controlled easily in the
range of 1600—3100 g/mol by varying the molecular weight
of HPDMS. FTIR and 'H—NMR spectroscopy confirmed
the structure of HPEO—PDMS—HPEO and HPDMS. The
conversion of Si—H bond to Si—C bond was affected by the
catalyst amount, reaction time and temperature. The opti-
mum condition for hydrosilation reaction was the catalyst
amount of 22 ug/g, reaction time of 5 h and reaction tem-
perature of 100°C. The measurement of the OH—value at
different temperature showed that HPEO—PDMS—HPEO
had good storage stability. Urethane reaction of OH and
NCO group indicated that HPEO—PDMS—HPEO was
more reactive towards to diisocyanates such as MDI,
IPDI and TDI than o,w—bishydroxylbutyl terminated
PDMS.
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