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ABSTRACT: Polyurethane elastomers based on polyols such as polycaprolactone diol of
molar mass 2000 and polytetramethylene glycol of molar mass 2000; diisocyanantes
such as diphenyl methane 4,4 * diisocyanate and dicyclohexyl methane 4,4 * diisocya-
nate; and chain extenders such as bisphenol-A, bisphenol-S, bisphenol-AF, and their
brominated derivatives were synthesized. The effects of polyol, diisocyanate, and chain
extender on the physical and thermal properties were also studied. The polyurethane
elastomers were investigated by X-ray diffraction (XRD), differential scanning calorim-
etry, thermogravimetric analysis, and dynamic mechanical analysis. Their limiting
oxygen indexes (LOIs), solubilities, tensile strengths, hardnesses, and elongations were
also determined. XRD analyses revealed that all of the polyurethanes were semicrystal-
line. However, the addition of bromine atoms in the polyurethanes markedly decreased
their degrees of crystallinity. The brominated polyurethane elastomers have good flame
retardancy, as indicated by large LOIs. All of the unbrominated polyurethanes showed
good mechanical properties and high thermal stabilities. Polyurethanes based on bis-
phenol-S had lower solvent resistance caused by the dipolar nature of sulfonyl groups
in the polymer chains. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 66: 1251–1265, 1997

Key words: polyurethane elastomers; bisphenol-S; bisphenol-AF; bisphenol-A; poly-
caprolactone diol; PTMG; LOI; bromination; dynamic mechanical analysis; chain ex-
tender

INTRODUCTION extenders and diisocyanates on the thermal sta-
bility properties of polyurethanes based on polyca-

Polyurethane (PU) products have found extensive prolactone diol. In their investigation, the thermal
application in manufacturing elastomers, coat- stabilities of these polyurethane elastomers were
ings, and foams. A number of attempts1–11 have enhanced considerably with the addition of low
been made to improve the physical and thermal molar mass diols used as chain extenders. How-
properties of the polyurethanes. Also, the physical ever, a systematical study for the effect of chemi-
and thermal properties of polyurethanes were cal structures of chain extenders and diisocya-
varied by varying the compositions of polyure- nates on the thermal stabilities of polyurethanes
thanes.1–11

is incomplete. Minoura et al.4,5 investigated the
Barikani and Hepburn12,13 examined the ef- relationships between the mechanical properties

fects of the structures of different types of chain and structures of polyurethane elastomers de-
rived from hydroxy-terminated liquid polybuta-
diene (HT-BD), aliphatic diol, aromatic diols, and

Journal of Applied Polymer Science, Vol. 66, 1251–1265 (1997)
q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/071251-15 diisocyanates. These results confirmed that the
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mechanical properties are related to the crosslink- A was also recrystallized from benzene; mp 155–
1567C (ref. 30; mp 154–1557C). Bromine was pur-ing density, the concentration of polar groups, the

crystallinity, and other factors. The study of PU chased from Merck Co.
mechanical properties has received considerable
attention.14 Pandya et al.14 indicated that me-

Preparation of Monomerschanical properties display profound changes in
the regions of the glass transition temperature. Preparation of 3,3 *,5,5 *-tetrabromobisphenol S17

They contended that these changes can be consid-
ered as the most important material characteris- A round-bottomed flask (1 L) equipped with drop-
tic of a polymer. Several investigators15–25 demon- ping funnel was charged with bisphenol S (54 g,
strated that polymers based on bisphenols, such 0.216 mol) and distilled water (300 mL). While
as bisphenol-S, bisphenol-A, and bisphenol-AF, the suspension was heated from 30 to 907C, bro-
show high thermal stability. However, a system- mine (139.3 g, 0.872 mol) was added to the reac-
atical explanation of the effect of bisphenols used tion flask through the dropping funnel over a pe-
as chain extenders on the properties of polyure- riod of 40 min. The temperature was maintained
thanes has not yet been provided. at about 907C for 4 h. Following completion of the

In addition, reduction of flammability for the reaction, the crude product was washed with an
polymer is also important. Conventional tech- aqueous sodium sulfite solution and then washed
niques26–28 that impart flame retardancy into the with distilled water to remove residual hydrogen
polyurethanes include chemical modification and bromide. The final product was dried in vacuum
physical blending with phosphorus and/or halo- at 607C for 24 h. A white powder of mp 2897C was
gen compounds. It is well known that polymers obtained. (Lit.17,31 mp 2897C). The yield was over
derived from chemical modification show better 91%. The reaction took place according to eq. (1).
thermal stabilities and mechanical properties
than those derived from chemically unmodified
compounds. Therefore, applying brominated low
molar mass diols to improve flame retardancy,
while maintaining thermal and mechanical prop-
erties of polyurethanes, is also of interest. In this
work, a systematic investigation is made of the
effect of chemical structures of chain extenders on
the physical and thermal properties of polyure-
thanes. In addition, the fire retardancy of these
polymers is also investigated.

HO©

Br

Br
3,3π,5,5π-Tetrabromo bisphenol-S (TBBPS)

(1)

Br

Br

©S© ©OH 1 4 HBr
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90ƒC; 4 h

O

HO© ©S© ©OH 1 4 Br¤

O

O

EXPERIMENTAL

Materials
Preparation of 3,3 *,5,5 *-tetrabromobisphenol A32

Polycaprolactone diol of molar mass 2000 (Jans-
sen Chem. Co.) , polytetramethylene glycol of mo- A round-bottomed flask (1 L) equipped with a

dropping funnel was charged with bisphenol A (45lar mass 2000 (Janssen Chem. Co.) , diphenyl
methane 4,4 * diisocyanate (MDI) (TCI Co.) , di- g, 0.216 mol) and distilled water (600 mL). While

the suspension was heated from 30 to 607C, bro-cyclohexyl methane 4,4 * diisocyanate (HMDI)
(Merck Co.) , and dibutyl tin dilaurate (DBTDL) mine (139.3 g, 0.872 mol) was added to the reac-

tion flask through the dropping funnel over a pe-as a catalyst (TCI Co.) were used as received with-
out further purification. Bisphenol-S (Hailsun riod of 40 min. The temperature was maintained

at about 60–707C for 5 h. Following completion ofChemical Co.) was purified by recrystallization
from a mixture of methanol and benzene solvent the reaction, the crude product was washed with

aqueous sodium sulfite solution and then washed(1 : 3 v/v) (1 g with 6 mL of the solvent); mp
2487C17 (ref. 29; mp 248–249.57C). Bisphenol-AF with distilled water to remove residual hydrogen

bromide. The final product was dried in vacuo atwas recrystallized from benzene; mp 163–1657C
(ref. 19; mp 163–1647C). Commercial bisphenol- 607C for 24 h. A white powder of mp 174–1767C
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POLYURETHANE ELASTOMERS BASED ON BISPHENOLS 1253

was subsequently obtained. The yield was over PTMG and chain extenders were dried under re-
duced pressure at 807C for 4 h before use. Diisocy-93.6%. The reaction took place according to eq. (2).
anates such as HMDI and MDI (mp 387C) were
purchased from TCI Co., Ltd. According to the
formulation in Table II, polyurethane elastomers
having various structures were synthesized. Syn-
thetic procedures for the preparation of these elas-
tomers are described as follows. One equivalent
of polyol and dibutyl tin dilaurate (DBTDL) as
catalyst were placed in a two-necked flask with a
mechanical stirrer and immersed in an oil bath
at 1207C under a steady continuous flow of dry
nitrogen.

Two equivalents of diisocyanate were then
charged through a dropping funnel into the homo-

HO©

Br

Br
3,3π,5,5π-Tetrabromo bisphenol-A

(2)

Br

Br

©C© ©OH 1 4 HBr

CH‹
60–70ƒC; 5 h

CH‹

HO© ©C© ©OH 1 4 Br¤

CH‹

CH‹

geneous mixture with vigorous stirring for a pe-
riod of 5–10 min. After the addition of diisocya-
nate, the NCO-terminated prepolymer wasPreparation of 3,3 *,5,5 *-tetrabromobisphenol AF33

formed. Then, one equivalent of the chain ex-
A round-bottomed flask (1 L) equipped with a tender was added to the NCO-terminated prepoly-
dropping funnel was charged with bisphenol AF mer with vigorous stirring for 30–90 min. The
(33.6 g, 0.1 mol) and distilled water (500 mL). viscous reaction mixture obtained was degassed
While the suspension was heated from 30 to 807C, under reduced pressure and cast on a mold
bromine (65 g, 0.41 mol) was added to the reaction (treated with silicon release agent) and heated to
flask through the dropping funnel over a period a fixed cure temperature. The mixture was cured
of 40 min. The temperature was maintained at at 1207C for 5 h in a press mold, with an additional
about 807C for 4 h. Following completion of the seven-day room-temperature cure. In the case
reaction, the crude product was washed with of the HMDI and MDI systems, DBTDL : diol
aqueous sodium sulfite solution and distilled wa- Å 0.03/100 or 0.02/100 (w/w) were used as cata-
ter to remove residual hydrogen bromide. lysts, respectively.4,5

The final product was dried in vacuo at 607C
for 24 h. A white powder of mp 2567C was subse-
quently obtained. The yield was over 94%. The Measurements
reaction took place according to eq. (3).

As the infrared absorption band at 2262 cm01 as-
signed to NCO groups disappeared one week after
sample preparation, all measurements were car-
ried out after more than seven days had passed
since preparation.

Hardness

Hardness was measured on an A-type spring
hardness tester according to JIS K6301.

Tensile Properties

HO©

Br

Br

(3)

Br

Br

©C© ©OH 1 4 HBr

CF‹

80ƒC; 4 h

CF‹

HO© ©C© ©OH 1 4 Br¤

CF‹

CF‹

3,3π,5,5π-Tetrabromo bisphenol-AF
Tensile strength and elongation at break were de-
termined according to stress–strain curves (Toyo
Baldwin Tensilon UTM-II) at an elongation ratePolymerization
of 25% min01 . Measurements were taken at 257C
with film specimens (6 mm wide, 80 mm long, andChemical characterization of the materials used

as chain extenders in this study is presented in ca. 2.0 mm thick), and the average of at least five
individual determinations was taken.Table I. Polyols such as polycaprolactone diol and
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Specific Gravity X-ray Diffraction

X-ray diffraction (XRD) diagrams were takenSpecific gravity was calculated by displacement
with an X-ray generator (Phillips model Diffracto-method with water.
meter system PW1710 Control) . Polymers were
measured as films.Swelling and Sol Fraction

Limited Oxygen IndexThe equilibrium degree of swelling of each elasto-
mer was determined by immersing a small sample The LOI was determined on a SUGA instrument
(20 1 20 1 2 mm) in 100 mL solvent (benzene or according to JIS K7201.
DMSO) for 50 h at room temperature and re-
weighing after rapid surface drying. The equilib- Water Absorption
rium degrees of swelling and sol fraction were cal-

To measure water absorption, film specimensculated using the following relations:4,5

were soaked in deionized water at room tempera-
ture for 72 h, blotted with paper towels, and then
weighed immediately. Next, the films were placed1

VR
Å yR/ yS

yR
Å 1/ rR

rS
r

vS

vR
Å 1/ rR

rS
r

vS/R0vR

vR on watch glasses and dried in vacuum at 307C for
48 h. After reweighing the films on a microbal-

sol (%)ÅvO0vR

vO
1 100 ance, the water absorption was calculated.

RESULTS AND DISCUSSIONwhere 1/VR is equilibrium degree of swelling, sol
(%) is sol fraction, yR is volume fraction of elasto-

All polyurethanes derived from various chain ex-mer component in the swollen sample, yS is vol-
tenders, diisocyanate, and polyol were synthe-ume fraction of solvent in the swollen sample, vR
sized in a two-step procedure. The equation foris weight of dry sample after swelling, vS is weight
the first step involves the formation of an isocya-of solvent contained within swollen sample, vS / R
nate end-capped monomeric soft segment (I) ,is weight of swollen sample, vO is original weight
which is then chain extended with a diol in theof sample before swelling, rR is density of dry sam-
second step to yield the (AB)n multiple block co-ple before swelling, and rS is density of solvent
polymer structure.(0.87865 for benzene and 1.1014 for DMSO

Step 1 (end-capping):at 207C).

Dynamic Thermal Mechanical Analysis

Dynamic mechanical measurements were taken
on a Du Pont 983 DMA unit at a frequency of 1
Hz, ranging in temperatures from 0150 to 1507C
at a heating rate of about 57C min01 . The sample
size was approximately 60 1 10 1 2 mm.

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) traces
were obtained on a Du Pont 9000 system. Mea-
surement was taken over the range of 0100 to
3007C at a heating rate of 107C min01 .

Thermal Analysis

Thermal gravimetric analyses (TGAs) were per-
formed using a thermal analyzer (ULVAC, Sinku-
Riko, Model 7000) at a heating rate of 107C min01

©

2 OCN©R⁄©NCO 1 HO OH

©CH¤© © or

n21

© ©CH¤© ©

OCN©R⁄©NHCOO

I

where

R⁄ 5

and

5 ©CH¤CH¤CH¤CH¤O©©(CH¤)›© or

©C(CH¤)fi©

O

OOCHN©R⁄©NCO

in nitrogen atmosphere. The weight of samples
tested was about 100 mg. Step 2 (chain extension):

4558/ 8EB1$$4558 09-11-97 07:52:14 polaa W: Poly Applied



POLYURETHANE ELASTOMERS BASED ON BISPHENOLS 1255

thane NH—ester carbonyl hydrogen bonds are
stronger than urethane NH—ether oxygen
bonds.34 It is also well known that ether linkages
have a higher flexibility and lower cohesive en-
ergy (1.00 kcal/mol) than ester linkages (2.90

I 1 HO©R¤©OH

©OR¤OOCNH©R⁄©NHCOO

OOCHN©R⁄©NHCO©
n

(

)

kcal/mol) .35 Consequently, it is anticipated that
the introduction of ether linkages leads to en-
hanced flexibility and reduces the tensile strength
of polyurethane elastomers.36 That is, the me-
chanical properties of polyurethane elastomers
derived either from MDI or HMDI are higher
when ester linkages are introduced. It was also
found that MDI-based polyurethanes (PU-7–PU-
12) have higher tensile strengths than HMDI-
based polyurethanes (PU-1–PU-6). This may be
due to an increase in the concentration of polar
groups (urethane groups and phenyl groups),
which have higher cohesive forces and function as
constituents of the secondary interchain bond-
ings.4,5 The cohesive forces participate in intermo-
lecular hydrogen bonding and restrict the rotation
of the polymer segments, thereby resulting in en-
hanced mechanical properties. This effect results
in a decrease in elongation at breaking.

Results in Table III clearly indicate that the
polyurethanes based on bisphenol S and bisphe-
nol AF have higher tensile strengths than poly-
urethanes based on bisphenol A. A comparison of
the tensile strengths of polyurethanes reveals
that a difference in properties may be attributed
to the polar nature of the sulfone group

S
O
ww

{S{

ww

O

D , 37 and the gem-di(trifluoro methyl)

group S
CF3
w

{C{

w

CF3

D , as compared to the nonpolar

HO©

Br

Br

Br

Br

©SO¤© ©OH

HO©

Br

Br

Br

Br

©C© ©OH,

CH‹

CH‹

HO© ©C© ©OH

CH‹

CH‹

HO©

Br

Br

Br

Br

©C© ©OH

CF‹

CF‹

CF‹

CF‹

HO© ©C© ©OH,

HO©

where HO©R¤©OH 5

©SO¤© ©OH,

gem-dimethyl in bisphenol A. These polar groups
may participate in intermolecular interaction and

Physical Properties compensate for the disadvantage of reduction in
the polymer symmetry, thereby resulting in aHardness, density, tensile strength, and elonga-
higher tensile strength. Table III shows that alltion at break of the polyurethanes, based on low
the polyurethanes derived from brominated bis-molar mass diols, diisocyanate (MDI or HMDI),
phenols (PU-13–PU-24) have a lower hardnessand polyol (polycaprolactone or polytetrameth-
and tensile strength than the polyurethanes de-ylene glycol) are listed in Table III. For each poly-
rived from nonbrominated bisphenols (PU-1–PU-mer, NCO : OH was fixed at 1 : 1.
12). The decrease in such mechanical propertyThis table reveals that polyester urethanes de-
of polyurethanes based on brominated bisphenolsrived from bisphenols have a somewhat higher
can be accounted for by an increase of free volumehardness and tensile strength, smaller elongation
caused by bromine substitution.37,38at break, and smaller density than polyether ure-

thanes. This phenomenon may be due to that ure- The physical properties of polyurethanes in
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Table I≥Structures of Various Chain Extenders

Chain Extender Structures C (%) H (%) O (%)

Bisphenol-S HO© ©SO¤© ©OH Calcd
Found

©
©

©
©

Bisphenol-A Calcd
Found

©
©

©
©

Bisphenol-AF Calcd
Found

©
©

©
©

Brominated Bisphenol-S Calcd
Found

25.47
25.62

1.06�
1.16

Brominated Bisphenol-A Calcd
Found

33.09�
33.08

2.20�
2.21

Brominated Bisphenol-AF Calcd
Found

27.60�
27.60

0.90�
1.00

©
©

©
©

©
©

11.31
11.28

5.88
5.88

4.91
4.90

HO© ©C©

CH‹

CH‹

©OH

HO© ©C©

CF‹

CF‹

©OH

CH‹

CH‹

HO©

Br

Br

Br

Br

©SO¤© ©OH

HO©

Br

Br

Br

Br

©C© ©OH

CF‹

CF‹

HO©

Br

Br

Br

Br

©C© ©OH

various solvent absorptions and solvations are tion of polar groups which function as pseudo-
crosslinkages in MDI-based polyurethanes.summarized in Table IV. The absorption and

swelling ability of the polyether urethanes are The water absorption values for bisphenol
AF based polyurethanes are lower than those ofhigher than that of polyester urethanes when wa-

ter or benzene are used as solvents. This effect the corresponding bisphenol-S- and bisphenol-A-
based polyurethanes. This effect may be due tocan be elucidated by the degree of phase mixing

in polyurethanes. Polyether urethanes are as- the hydrophobic nature of fluorinated groups in
bisphenol-AF-based polyurethanes. Similar hy-sumed to have a higher tendency to phase separa-

tion than that of polyester urethanes because ure- drophobic behaviors have been found in other
fluorinated polymers.23,24thane NH—ether oxygen bonds are weaker than

urethane NH—ester carbonyl hydrogen bonds. Table IV clearly indicates that all of the poly-
urethanes based on brominated bisphenols haveResults in this study also indicated that MDI-

based polyurethanes have a better solvent resis- a higher water absorption and swelling values
when water and benzene are used as solvents.tance than HMDI-based polyurethanes when ben-

zene and water are used as solvents. A compari- This finding may be accounted for by an increase
of their overall hydrophilicity and free volumeson of the solvent absorption values of MDI-based

polurethanes and HMDI-based polyurethanes in brought about by bromine substitution.33,39 Simi-
larly, the degree of swelling increases with an in-benzene and water reveals that a difference in

values may be attributed to the higher concentra- creasing concentration of polar groups in polyure-
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Table II Introduction of Polyurethanes

Polymer Code Diisocyanates Polyol Chain Extender

PU-1 HMDI PCL Bisphenol-S
PU-2 HMDI PCL Bisphenol-A
PU-3 HMDI PCL Bisphenol-AF
PU-4 HMDI PTMG Bisphenol-S
PU-5 HMDI PTMG Bisphenol-A
PU-6 HMDI PTMG Bisphenol-AF
PU-7 MDI PCL Bisphenol-S
PU-8 MDI PCL Bisphenol-A
PU-9 MDI PCL Bisphenol-AF
PU-10 MDI PTMG Bisphenol-S
PU-11 MDI PTMG Bisphenol-A
PU-12 MDI PTMG Bisphenol-AF
PU-13 HMDI PCL Brominated bisphenol-S
PU-14 HMDI PCL Brominated bisphenol-A
PU-15 HMDI PCL Brominated bisphenol-AF
PU-16 HMDI PTMG Brominated bisphenol-S
PU-17 HMDI PTMG Brominated bisphenol-A
PU-18 HMDI PTMG Brominated bisphenol-AF
PU-19 MDI PCL Brominated bisphenol-S
PU-20 MDI PCL Brominated bisphenol-A
PU-21 MDI PCL Brominated bisphenol-AF
PU-22 MDI PTMG Brominated bisphenol-S
PU-23 MDI PTMG Brominated bisphenol-A
PU-24 MDI PTMG Brominated bisphenol-AF

thanes when DMSO was used as solvent, as elastomers derived from brominated bisphenols
(see Table III) can be ascribed not only to an in-shown in Table IV. Not only the soft segments but

also the hard segments swell because of the high crease of free volume of bromine atom but also to a
decrease of crystalline region in the polymer matrix.polarity of DMSO. However, the degree of swell-

ing of polyurethanes, when benzene was used as The effects of chain extenders, polyol, and diiso-
cyanate on the degree of crystallinity of polyure-a swelling solvent at low concentration of polar

groups, is higher than that of polyurethanes when thanes are summarized in Table V.
This table reveals that the addition of bisphenolsDMSO was used. This phenomenon has also been

found by Minoura et al.4,5 for polyurethane based (PU-1–PU-12) slightly affect the degree of crys-
tallinity. Polyurethanes such as PU-1, PU-4, PU-7,on hydroxy-terminated polybutadiene.

Figure 1 shows the wide-angle XRD intensity and PU-10 containing a sulfonyl group that has a
small van der Waals radius have relatively largeof polyurethanes for PU-1, PU-4, PU-13, and PU-

16. This figure indicated that the crystalline lat- degrees of crystallinity. Polyurethanes based on bis-
phenol A containing the isopropyl group and basedtices of polyurethanes were varied with various

compositions. Debye–Scherrer rings, which sug- on bisphenol AF containing the hexafluoro propane
group have smaller degrees of crystallinity. Bromi-gest the existence of crystalline regions, can be

observed at 2u Å 19.0 degrees (d Å 4.67 Å) and nated polyurethanes (PU-13–PU-24) have smaller
degrees of crystallinity than unbrominated polyure-21.7 degrees (d Å 4.10 Å) for PU-4 and PU-1,

respectively. The other peak for the unbromi- thanes (PU-1–PU-12). Nagata et al.23 observed
that polyamides incorporating halogen substituentsnated-bisphenols-based polyurethane (PU-1 and

PU-4) was observed at 2u Å 24.3 degrees (i.e., d on the ring led to a decreased crystallinity because
of their larger van der Waals radius.Å 3.66 Å). The observation of 2u Å 24.3 degrees

may be due to the crystalline structure of the hard
Thermal Propertiesdomains in the polyurethane. A comparison of the

curves of PU-13 and PU-16 reveals that the de- Effects of chain extenders on the thermal proper-
ties of polyurethanes are shown in Table VI. Ascrease of mechanical properties of polyurethane
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Table III Effects of Chain Extenders, Polyols, and Diisocyanates on the Mechanical Properties
of Polyurethanes

Hardness Tensile Strength Density
Polymer Code (HsA) (MPa) Elongation at Break (g cm03)

PU-1 98 27 8.3 1.25
PU-2 98 18 7.1 1.22
PU-3 97 31 7.1 1.30
PU-4 75 24 8.7 1.40
PU-5 79 23 9.9 1.34
PU-6 78 26 13.1 1.44
PU-7 91 62 8.8 1.32
PU-8 89 38 8.2 1.25
PU-9 85 75 7.7 1.38
PU-10 57 33 11.9 1.40
PU-11 58 31 14.2 1.35
PU-12 56 35 15.8 1.41
PU-13 96 20 4.1 1.64
PU-14 97 22 3.8 1.61
PU-15 97 25 5.2 1.69
PU-16 35 11 1.8 1.62
PU-17 12 14 2.1 1.56
PU-18 26 16 3.1 1.65
PU-19 96 45 6.3 1.55
PU-20 96 43 6.1 1.48
PU-21 92 60 11.4 1.63
PU-22 65 23 7.1 1.59
PU-23 30 25 8.4 1.50
PU-24 50 32 12.3 1.64

shown in this table, the Tg values of the polyester HMDI) has a somewhat higher Tg value than PU-
4 (BPS : PTMG : HMDI). Almost all brominatedurethanes are 15–307C higher than those of poly-

ether urethanes. Figure 2 indicates that Tg of PU- bisphenols based polyurethanes display the same
phenomenon. This result may be accounted for8 (BPA : PCL : MDI) is 187C higher than that of

PU-3 (BPA : PCL : HMDI). All MDI-based poly- by the decrease of the chain flexibility caused by
increased steric hindrance brought about by bro-urethanes exhibit the same behavior as compared

to the corresponding HMDI-based polyurethanes. mine substitution. This increase in steric hin-
drance compensates for the disadvantage of theThis result had also been found by Aitken and

Jeffs40 for polyurethanes based on MDI and increase in free volume from bromine substitu-
tion, thereby raising the Tg values. A similar ob-HMDI. In addition, MDI-based polyurethanes

have a stronger hydrogen bondings in the hard servation was also found by Marks20 for copoly-
carbonates based on bisphenol A and tetrabro-block domains. As shown in Table VI, Tg values for

bisphenol-S-based polyurethanes are higher than mobisphenol A.
The thermal stability of the polyurethanes wasthose of the corresponding bisphenol-A-based

polyurethanes. As discussed earlier, this phenom- studied by thermogravimetry. Table VI also sum-
marizes the initial decomposition temperaturesena is because of the increase in intermolecular

forces due to the sulfone groups. Tg values for the observed by TGAs (T i
d ) and temperatures

(T10%
d ) , where 10% mass loss was observed. Thisbisphenol AF-based polyurethanes are somewhat

higher than those for the bisphenol-S-based poly- table also presents the maximum decomposition
temperatures (Tmax

d ) and mass residues at 7007C.urethanes. This phenomenon may be due to the
fluorinated groups in the polymer chains. The ef- Figure 3 shows the TG curves used in this study

to obtain the data included in Table VI, along withfects of bromine substitution of bisphenols on the
Tg of polyurethanes are summarized in Table VI. mass loss data for PU-3 and PU-18.

Inspection of these two thermograms indicatesThis table indicated that PU-16 (TBBPS : PTMG :
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Table IV Effects of Chain Extenders, Polyols, and Diisocyanates on the Physical Properties
of Polyurethanes

Benzene DMSO

Swelling Sol Swelling Sol Water Absorption
Polymer Code (1/VR) (%) (1/VR) (%) (%)

PU-1 9.79 79.44 3.43 44.27 1.56
PU-2 9.52 28.24 2.57 25.27 1.46
PU-3 10.19 43.82 2.73 27.01 1.45
PU-4 16.42 38.02 1.92 9.75 2.51
PU-5 20.86 12.33 1.98 11.54 1.73
PU-6 28.73 13.23 1.87 4.15 1.60
PU-7 5.51 2.64 4.14 40.32 0.48
PU-8 5.83 2.81 4.56 33.35 0.43
PU-9 5.01 2.96 5.02 47.72 0.41
PU-10 9.18 16.05 4.44 9.95 2.40
PU-11 8.00 5.83 4.77 7.86 0.87
PU-12 11.18 33.46 3.09 12.74 0.56
PU-13 10.10 9.67 3.15 34.67 2.08
PU-14 14.21 58.48 2.23 24.76 1.84
PU-15 14.39 11.92 2.51 27.82 1.84
PU-16 21.16 59.84 2.87 20.26 5.19
PU-17 18.60 50.47 3.20 18.09 6.93
PU-18 12.82 85.53 2.03 9.68 3.06
PU-19 7.82 22.97 4.13 22.77 2.60
PU-20 8.09 19.49 3.31 27.87 1.45
PU-21 8.28 27.05 3.53 25.75 1.15
PU-22 5.21 4.92 3.02 17.92 3.64
PU-23 19.19 58.87 4.07 13.89 2.52
PU-24 12.49 19.31 3.49 20.62 2.22

that brominated aromatic bisphenols based poly- ments. The LOI values of bisphenol-S43 and bis-
phenol-AF-based22–24 polyurethanes are higherurethanes are less stable than unbrominated bis-

phenols based polyurethanes; however, the for- than those of their corresponding polyurethanes
based on bisphenol-A. This phenomenon may bemer have a higher char yield.41,42 This is to be

expected since a substitution in the aromatic
rings reduces stability. The mass losses corre-

due to the presence of the

O
ww

{S{

ww

O

group andsponding to the liberation of HBr are apparently
evident for the brominated bisphenols based poly-
urethanes.

The LOI values determined are also shown in
Table VI. All brominated bisphenols based poly-

CH3
w

{C{

w

CF3

group in addition to the phenyl rings.
urethanes have a higher degree of fire resistance
than their corresponding unbrominated bisphe-
nols based polyurethanes. Kapuscinska and
Pearce41 reported that halogen imparts flame re-

Dynamic Mechanical Analysistardancy to polyamides, thereby resulting in
higher LOI values. Their investigation demon- Influence of the Diisocyanates Structures
strated that polyester urethanes have a higher on Thermal Stability
fire resistance than polyether urethanes. This be-
havior is possible due to the higher hydrogen-to- The effect of chemical structures of various diiso-

cyanates on the thermal stability of their polyure-carbon ratio and lower oxygen-to-carbon ratio of
the polyester segment than of the polyether seg- thane elastomers was found by comparing two dif-
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Table V Effects of Chain Extender, Polyol, andferent types of PU elastomers in which the vari-
Diisocyanate on the Degree of Crystallinityable was the type of diisocyanate, such as HMDI
of Polyurethanesand MDI. These results are summarized in Table

VII. Figure 4 shows the DMA curves used in this
Crystallinitystudy to obtain the data for PU-2 and PU-8.

Polymer Code (%)From this figure, the HMDI-based polyure-
thanes demonstrated a relatively higher loss tan PU-1 59.6
d temperature, loss modulus (E 9 ) temperature, PU-2 53.2
and temperature of onset of storage modulus (E * ) PU-3 57.9
than MDI-based polyurethanes. This result indi- PU-4 61.0

PU-5 59.3cates that thermal stability of HMDI-based poly-
PU-6 60.1urethanes is higher than that of MDI-based poly-
PU-7 58.3urethanes. However, from the viewpoint of chemi-
PU-8 58.4cal structures, it is expected that MDI-based
PU-9 58.6polyurethanes have higher thermal stability be-
PU-10 61.1cause they contain benzene rings, which have
PU-11 58.1high cohesive energy and bulkiness. This anoma- PU-12 55.8

lous behavior may indicate that long soft seg- PU-13 46.3
ments of HMDI, together with that of low molar PU-14 41.4
mass diol, form tight crystalline structures. PU-15 44.7

PU-16 44.2
PU-17 45.3
PU-18 34.1
PU-19 45.5
PU-20 38.8
PU-21 38.9
PU-22 57.4
PU-23 39.8
PU-24 44.4

Influence of the Chain Extender Structures
on the Thermal Stability
The influence of the chain extender structures on
the thermal stability of polyurethanes was also
studied as shown in Table VII. This table denotes
loss modulus (E 9 ) and tan d as a means of observ-
ing the dependence of temperature stability on
chain extender structures. From Table VII, the
order of decreasing thermal stability is as follows:

Figure 1 Effects of chain extenders and polyol on
wide-angle XRD intensity of polyurethanes for PU-1,
PU-4, PU-13, and PU-16.
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Table VI Effects of Chain Extenders, Polyols, and Diisocyanates on the Thermal Properties
of Polyurethanes

Residue at
Tg Ti

d T10%
d Tmax

d 7007C
Polymer Code (7C)a (7C)b (7C)c (7C)d (%) LOI

PU-1 041 256 356 409 3.8 25.5
PU-2 049 265 361 417 2.9 25.0
PU-3 040 268 359 408 4.0 30.0
PU-4 068 256 358 409 3.3 23.8
PU-5 071 289 364 417 2.9 23.0
PU-6 065 260 356 411 3.1 24.0
PU-7 033 251 359 406 6.0 25.0
PU-8 031 277 361 412 2.7 23.5
PU-9 030 250 357 411 2.3 24.5
PU-10 058 255 349 413 3.1 22.5
PU-11 061 251 351 409 7.4 22.0
PU-12 057 258 357 416 5.8 23.5
PU-13 040 255 298 307 6.0 34.0
PU-14 045 262 304 311 5.6 30.0
PU-15 038 265 306 315 6.4 33.0
PU-16 056 230 277 298 1.5 36.5
PU-17 062 250 290 310 2.1 33.0
PU-18 056 252 292 304 2.8 36.0
PU-19 034 255 290 300 8.4 30.0
PU-20 032 258 306 311 6.2 31.0
PU-21 032 265 302 316 4.5 31.5
PU-22 066 246 285 300 3.5 26.0
PU-23 071 258 300 307 9.6 25.5
PU-24 052 263 304 310 8.2 28.0

a DSC analyses conducted at a heating rate of 107C min01 in nitrogen.
b T i

d is the temperature at which initial loss of mass was observed.
c T10%

d is the temperature at which 10% loss of mass was observed.
d Tmax

d is the temperature at which maximum loss of mass was observed.

This phenomenon may be due to the polar nature sumably attributed to the weaker intermolecular
forces between the polymer chains. As mentioned
above, the order of decreasing thermal stability

of sulfone groups S
O
ww

{S{

ww

O

D in bisphenol-S-based is actually related to the degree of crystallinity (Ta-
ble V).

polyurethanes, as compared to the nonpolar na-
Influence of the Introduction of Bromine
Atoms on Thermal Stability

ture of the isopropyl groups S
CH3
w

{C{

w

CH3

D in bisphe-
The influences of the introduction of bromine
atoms on the thermal stability of polyurethanes
are also shown in Table VII. Figure 5 shows thenol-A-based polyurethanes. A comparison of the

results between bisphenol-A-based polyurethanes dynamic properties of polyurethanes for PU-7
(BPS:MDI:PCL) and PU-19 (TBBPS:MDI:PCL).and bisphenol-AF-based polyurethanes reveals

that the bisphenol-A types have higher thermal In this figure, the introduction of bromine atoms
(PU-19) decreased the temperature of loss tan-stabilities than bisphenol-AF-based polyurethanes.

This finding indicates that the introduction of fluo- gent peaks simultaneously and broadened the loss
of tangent peaks of the polyurethanes. The broad-rine atoms instead of hydrogen atoms increases the

pliability of polymer films. The lower thermal stabil- ened loss tangent peak implies that phase separa-
tion is formed in the polymer matrix.44ity of the bisphenol-AF-based polyurethanes is pre-
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Table VII Effects of Chain Extender, Polyol
and Diisocyanate on the Dynamic Mechanical
Properties of Polyurethanes

Polymer Type of Log E 9max Loss tan d
Code Diisocyanate (7C) (7C)

PU-1 HMDI 26.9 53.0
PU-2 HMDI 08.9 50.0
PU-3 HMDI 09.7 47.0
PU-4 HMDI 059.2 031.4
PU-5 HMDI 048.3 030.0
PU-6 HMDI 051.0 032.1
PU-7 MDI 19.4 36.8
PU-8 MDI 11.9 31.1
PU-9 MDI 05.7 6.3
PU-10 MDI 045.3 033.4
PU-11 MDI 040.5 024.7
PU-12 MDI 047.3 033.5Figure 2 DSC curves of polyurethanes for PU-2 and
PU-13 HMDI 2.4 27.6PU-8, conducted at a heating rate of 107C min01 in
PU-14 HMDI 02.8 22.1nitrogen atmosphere.
PU-15 HMDI 0.9 26.0
PU-16a HMDI — —
PU-17a HMDI — —

This phenomenon indicates that the increase in PU-18a HMDI — —
free volume of the polymer chain, due to bromine PU-19 MDI 032.2 016.7

PU-20 MDI 05.7 1.2substitution, increases the difficulty of interaction
PU-21 MDI 017.9 010.7between the polymer chains, thereby decreasing
PU-22 MDI 059.9 045.0dynamic mechanical properties. The mechanism
PU-23 MDI 038.3 026.1for the decrease of the interaction between the
PU-24 MDI 041.1 028.9polymer chains is elucidated in Figure 6. The fig-

ure shows that the interaction between dipolar a Samples were too soft to be prepared at room tempera-
sulfonyl groups and ester or urethane groups was ture.
reduced by the bromine substituents, which have
large van der Waals radii. This interaction contri-
butes to the increase in the degree of phase sepa- CONCLUSION
ration.

Polyurethane elastomers were synthesized by
chemical extension using bisphenols and their
brominated derivatives. Results obtained from
the analysis of mechanical properties demon-
strated that the BPS and BPAF-based polyure-
thanes have higher tensile strengths than BPA-
based polyurethanes. The MDI-based polyure-
thanes, which have a higher concentration of
polar groups, exhibited better tensile strengths
than HMDI-based polyurethanes. However, the
MDI-based polyurethanes have a lower elonga-
tion value. The polyester urethanes have a some-
what higher hardness and tensile strength, as
well as a smaller elongation at break and smaller
density. The addition of bromine atoms in poly-
urethane decreases their mechanical properties.
The water absorption and swelling values of theFigure 3 Thermogravimetric curves of polyurethanes
polyether urethanes are higher than those of poly-for PU-3 and PU-18, conducted at a heating rate of 107C

min01 in an air atmosphere. ester urethanes. The introduction of bromine
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Figure 4 Effects of diisocyanate on dynamic mechanical property (polycaprolactone
diol : bisphenol-A : diisocyanate): ( ) HMDI for PU-2; (---) MDI for PU-8.

atoms in polyurethane increases the water ab- derived from HMDI. The BPS-based polyure-
thanes, having dipolar sulfonyl groups in the poly-sorption and solvation of polyurethanes because

of their higher polarity and larger free volume. mer chains, show higher solvation and water ab-
sorption values.The physical properties of polyurethane elasto-

mers derived from MDI were better than those XRD patterns analysis reveals that the poly-

Figure 5 Effects of bromination on dynamic mechanical properties (Polyol : chain
extender : MDI): ( ) BPS for PU-7; (---) TBBPS for PU-19.
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