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ABSTRACT: A fluorine-containing bisphenoxydiamine,
2,2-bis[4-(4-aminophenoxy)phenyl]hexafluoropropane

(BAPF.P), was synthesized and characterized by means of
Fourier transform infrared spectrometry (FTIR), NMR, and
elemental analysis. The obtained BAPF,P was used as a
chain extender to prepare polyurethane urea (PUU), whose
morphology and properties were measured through FTIR,
differential scanning calorimetry, thermogravimetric analy-

sis, tensile measurements, and atomic force microscopy. The
results show that the PUU elastomers based on BAPF.P
exhibited good mechanical properties and thermal stability.
© 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 102: 1863-1869, 2006
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INTRODUCTION

Polyurethane urea (PUU) and polyurethane (PU) elas-
tomers are multiblock copolymers consisting of two
chemically dissimilar alternating segments. In general,
the soft segment is polyether or polyester macroglycol,
whereas the hard segment forms through the exten-
sion of a diisocyanate with a low-molecular-weight
diamine or diol. PUU and PU elastomers typically
exhibit a two-phase morphology because of the ther-
modynamic incompatibility between the soft and hard
segments. It is the two-phase microstructure that en-
dows these multiblock copolymers with excellent
properties, including high tensile strength, high flexi-
bility, and toughness.'™ PUU elastomers have rela-
tively higher cohesive urea linkages in the hard seg-
ment, and the degree of microphase separation is bet-
ter than that of corresponding PU elastomers.
Therefore, the thermal and mechanical properties of
PUU elastomers are superior to those of the conven-
tional PU elastomers.®”

Polymers obtain some special properties if fluorine
atoms are introduced into them due to their special
characteristics. Some studies on PUU- and PU-con-
taining fluorine have been reported, most of which
were patents. Turri et al.>® prepared waterborne
PUUs with perfluoropolyether glycol. Kaku et al.'
prepared a new fluorinated oxazoline block copoly-
mer. Guo and Hunter'' synthesized a fluorine-con-

Correspondence to: X.-L. Wang (xlwang@sjtu.edu.cn).

Journal of Applied Polymer Science, Vol. 102, 1863-1869 (2006)
© 2006 Wiley Periodicals, Inc.

taining diol monomer to prepare PU and polyesters.
However, rarely has it been reported that fluorine was
introduced into the backbones of PUU and PU
through the chain extender.

In this study, a kind of novel bisphenoxydiamine
containing fluorine, 2,2-bis[4-(4-aminophenoxy)phe-
nyl]hexafluoropropane (BAPF,P), was synthesized,
whose chemical composition and characteristics were
determined through Fourier transform infrared spec-
troscopy (FTIR), NMR, and elemental analysis (EA).
PUU was prepared with BAPF,P as the chain extender
and was characterized through FTIR, differential scan-
ning calorimetry (DSC), thermogravimetric analysis
(TGA), tensile measurements, and atomic force mi-
croscopy (AFM). The synthesis and characterization of
BAPF,P are discussed, as well as the synthesis, mor-
phology, and properties of PUU based on BAPFP.

EXPERIMENTAL
Materials

2,2-Bis(4-hydroxylphenyl)hexafluoropropane (Shang-
hai 3F New Materials Co., Ltd., Shanghai, People’s
Republic of China) and 4-chloralnitrobenzene (Shang-
hai Chemical Reagent Corp., Shanghai, People’s Re-
public of China) was used as received. Toluene diiso-
cyanate (TDI) was used as received from Mitsui
Takeda Chemicals, Inc. (Tokyo, Japan). Poly(tetra-
methylene glycol) (PTMG; DuPont, Inc., Wilmington,
DE) with a molecular weight of 1000 was dried in
vacuo over 100°C for 2 h to remove trace water. N,N-
Dimethylformamide (DMF; Shanghai Chemical Re-
agent Corp., Shanghai, China) was distilled in vacuo



1864

after it was stirred in anhydrous magnesium sulfate
for 3-4 days. Methylene bisorthochloroaniline
(MOCA, Suzhou Xiang Yuan Fine Chemicals Co., Ltd.,
Suzhou, China) was used as received. Ethylene gly-
col monomethyl ether, hydrazine monohydrate
(H,NNH, - H,O; 85%), 1,4-dioxane, anhydrous potas-
sium carbonate (K,CO;), methanol, and ethanol were
all used as received from Shanghai Chemical Reagent
Corp (Shanghai, China).

Synthesis
Synthesis of BAPFP

Step 1: synthesis of 2,2-bis[4-(4-nitrophenoxy)phenyl]
hexafluoropropane. 2,2-Bis(4-hydroxylphenyl)hexaflu-
oropropane (100 g), 4-chloralnitrobenzene (100 g),
K,CO; (89.2 g), and DMF (600 mL) were put in a
1000-mL, round-bottom flask equipped with a me-
chanical stirrer, thermometer, and condenser. After it
was kept at 140-150°C for 10 h, the reaction system
was cooled to room temperature and then poured into
methanol under stirring. One hour later, the crude
product was filtered under reduced pressure, washed
several times with distilled water, and put in a vac-
uum oven at 50°C for at least 24 h to obtain a yellowish
powder, 2,2-bis[4-(4-nitrophenoxy)phenyl]hexafluoro-
propane (BNPF.P). The yield was about 75%.

Step 2: synthesis of BAPF;P. The obtained BNPF,P (0.2
mol), active carbon (10 g), FeCl; - 6H,O (1 g), and
ethylene glycol monomethyl ether (250-300 mL) were
put into a three-necked flask with a thermometer,
mechanical stirrer, and condenser. The system was
stirred at 100°C for 0.5 h, and then, H,NNH, - H,O
(85%, 1 mol) was added dropwise. After the addition
was finished, the reaction was maintained at 105°C for
another 8 h. To prevent the product from separating
out, the mixture was heat filtered and then washed
with hot ethylene glycol monomethyl ether. The fil-
trate was neutralized by hydrochloric acid (20%, 300
mL). When white precipitate emerged, ammonia was
added to neutralize the excessive hydrochloric acid to
a pH value of 11-12. The precipitate was washed
several times, recrystallized from anhydrous ethanol,
and then put into a 60°C vacuum oven to constant
weight. The final product, BAPF,P, was maple pow-
der.

Synthesis of PUUs

Step 1: synthesis of isocyano-capped PU prepolymer. TDI
(0.1 mol) was charged into a 250-mL, four-necked
round-bottom flask equipped with a thermometer,
mechanical stirrer, dropping funnel, and nitrogen in-
let, and then, the predried PTMG (0.05 mol) was
dropped with a 50-mL constant-pressure dropping
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funnel. The reaction was maintained at 70-80°C for
2 h to obtain isocyano (NCO)-capped PU prepolymer.
Step 2: preparation of PUU. The —NCO content of PU
prepolymer was determined by dibutylamine titra-
tion, according to which the exact amount of BAPF,P
as the chain extender was calculated on the basis of
[NCO]/[—H] = 1.05(mol/mol). BAPF,P was dis-
solved in 1,4-dioxane and was poured into PU pre-
polymer; at the same time, more 1,4-dioxane was
added to the mixture to obtain a 30 wt % (solid con-
tent) solution. Subsequently, the mixture was inten-
sively stirred for several minutes and was vacuum
degassed for 10 min. Afterwards, the degassed prod-
uct was poured into Teflon molds to produce flexible
PUU films under room temperature for 24 h. Finally,
the film was held in a 110°C oven for 3 h and put into
a 60°C vacuum oven for at least 48 h.

PUU films based on MOCA were prepared with a
polymerizing process similar to those derived from
BAPFP.

Measurements
FTIR

The FTIR spectra were recorded on a Paragon 1000
instrument (PerkinElmer Co., Wellesley, MA) over the
range 4400-450 cm ™.

NMR

'H-NMR spectrum of BAPF,P was recorded on Varian
DRX 500 NMR spectrometer (Varian NMR Instru-
ments) with the operating frequency at 400 MHz. The
solvent was deuterated dimethyl sulfoxide (DMSO-
de).

EA

Elements analysis of BAPF,P was performed on 2400
series II CHNS/O analyzer (PerkinElmer, Wellesley,
MA).

AFM

AFM of PUUs was recorded with a tapping mode on
Nanoscope Illa scanning probe microscope (Digital
Instruments, Inc.). The scanning range was 500 nm,
and the scanning frequency was 2 Hz.

DSC

DSC analysis was carried out on a PYRIS DSC ana-
lyzer (PerkinElmer, Wellesley, MA) under a dry nitro-
gen purge. The PUU samples were first heated from
room temperature to 250°C to counteract the thermal
history; 3 min later, the temperature was reduced to
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Scheme 1 Synthesis of BAPF.P.

—70°C and then increased to 250°C at a heating rate of
10°C/min. Sample weights were 10-15 mg.

TGA

TGA of the PUU elastomers was performed on a TGA
7 instrument (PerkinElmer, Wellesley, MA) at a heat-
ing rate of 20°C/min in a nitrogen atmosphere.

Mechanical properties

The tensile properties of PUU films were investigated
with an Instron model 4465 universal testing machine
(Instron Corp., Canton, MA). The elongation rate was
500 mm/min with a full load of 10 kg. The specimens
were 20 X 4 X 0.5-1 mm. The results reported are the
mean values for five replicates. Hardness measure-
ment was carried out with a calibrated Shore A du-
rometer (Shanghai Cary Precision Instrument Co.,
Ltd., Shanghai, China) at 23°C. All samples were
stored in desiccator at room temperature for at least 2
weeks before tensile tests and hardness measurements
were performed.

RESULTS AND DISCUSSION

Synthesis, structure, and characteristics of 2,2-bis[4-
(4-aminophenoxy)phenyllhexafluoro-propane

The synthesis of BAPF,P included two steps (shown in
Scheme 1). In the first step, BNPF,P was prepared,
whose synthetic route and chemical structure is also
shown in Scheme 1. This step was a nucleophilic sub-
stitution reaction. Because of its weak acidity, it was
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Figure1 FTIR spectra of 2,2-bis[4-(4-nitrophenoxy)phenyl]
hexafluoropropane and BAPF,P.

not easy for hydroxybenzene to set free a proton. In
this study, K,CO; was applied just to turn hydroxy-
benzene into a corresponding salt, which could release
a proton more easily. In addition, DMF was used as
the solvent because solvents with strong polarities can
accelerate the separation of a metallic cation from a
hydroxybenzene salt. The incorporation of K,CO; and
DMF made the nucleophilic substitution easier. In the
second step, BNPF,P was deoxidized to obtain
BAPFP. The input of H,NNH, * H,O (as the reducing
agent) was more than that of BNPF,P because plenty
of nitrogen would put out and take away some
H,NNH, - H,O from the reaction system.

The structure of the obtained BAPF,P was identified
by FTIR (Fig. 1), NMR (Fig. 2), and EA (Table I).

In Figure 1, the FTIR spectrum of BNPF,P is also
presented, to contrast with BAPFP. In the spectrum of
BNPEF,P, there were two strong absorption peaks at
about 1580 cm ™' (asymmetrical —NO, stretch) and
1345 cm ™! (symmetrical —NO, stretch), which de-
noted the existence of the —NO, function. In the spec-
trum of BAPF.P, however, the two absorption bands
disappeared, and another two sharp strong peaks at

1
HzN@ @g—@—o—@
CF
2 3
3 5
’
A M Jx.._._..L
L 1 1 1 1 1 1
8 7 [ 5 4 3 2
ppm

Figure 2 'H-NMR spectrum of BAPFP.



1866 QIN ET AL.
TABLE 1
EA Data of BAPF,P
C (%) H (%) N (%) O (%)
Found Calcd Found Calcd Found Calcd Found Calcd
62.64 62.55 4.07 3.86 5.30 5.41 6.02 6.18

about 3462 or 3383 cm ™! (aromatic N—H stretch) and
1610 cm ™' (N—H bend) appeared. This indicated that
the —NO, in BNPF,P had been deoxidized to —NH,.

The "H-NMR spectrum of BAPFP is shown in Fig-
ure 2. 'H-NMR spectroscopy showed aromatic pro-
tons at 6 = 6.571 and 6.593 ppm (d, 4H), 6.783 and
6.805 ppm (d, 4H), 6.885 and 6.907 ppm (d, 4H), and
7.222 and 7.244 ppm (d, 4H), respectively. The peak at
5.041 ppm (s, 4H) was assigned to the protons of
—NH,. The results show that the structure of BAPF,P
agreed with our expectations.

Moreover, EA of BAPF,P showed good agreement
with the theoretical values (Table I), which gave more
evidence of its chemical composition.

From the results of FTIR, NMR and EA, we con-
cluded that the chemical structure of the obtained
BAPFEP by this way conformed to our expectations.

The solubility of BAPF.P is listed in Table II.
BAPF,P was soluble in many polar solvents, including
DMF, NMP, and DMSO, although it showed poor
solubility in nonpolar solvents. This was easy to un-
derstand according to the principle of like dissolves
like.

Preparation of PUUs

In this study, PUU was prepared with a two-step
method (Scheme 2). At first, the NCO-capped PU pre-
polymer was synthesized and then chain-extended by
BAPF:P or MOCA. In this study, MOCA was selected
as the contrast with BAPF,P because MOCA is a typ-
ical chain extender and is the most used in the prep-
aration of PUU. In the remainder of the article, PUUs
based on BAPF.P and MOCA are designated as FPU
and MPU, respectively, unless noted otherwise.

The solidification of FPU films took about 3 h,
whereas it took at least 5 h for MPU films to solidify,
which showed that the reactivity of BAPF,P with the
PU prepolymer was higher than that of MOCA. This
may be attributed to the molecular structure. In

MOCA molecules, there are chlorine atoms adjacent to
—NH, groups. The electrophilic effect and steric hin-
drance effect of chlorine atoms weakened the reactiv-
ity of hydrogen atoms in —NH, groups, whereas in
BAPF.P, there were no such effects, so the reactivity of
MOCA with the NCO-capped PU prepolymer was
lower than that of BAPF.P.

In addition, in the preparation of the PUU films, a
solvent was added to obtain a polymer solution to cast
smooth films because films cast from bulk polymer
tend to be rough as a result of the formation of some
air bubbles.

The PUU films were held in a 110°C oven for 3 h so
that excessive —NCO would react with urethane or
urea groups to produce some chemical crosslinked
bonds and then produce better mechanical properties.

FTIR analysis of PUUs

The FTIR spectra of the PUUs are displayed in Figure
3. Both of them showed typical absorption bands at
3500-3300 cm~ ! (N—H stretch), 1800-1600 cm '
(C=0 stretch), about 1540 cm ' (C—N stretch and
N—H transformation), and 1100 cm ™' (C—O stretch).
However, there were some little differences between
the typical peaks of FPU and MPU. In the spectrum of
FPU, the absorption peak of N—H stretch at 3296
cm™ ' showed that the N—H groups were almost com-
pletely hydrogen bonded.® In addition, a peak at 1660
cm™', assigned to hydrogen-bonded urea carbonyl
stretch, was found in the spectrum of FPU. In addi-
tion, in the spectrum of MPU, a peak at 3350 cm ™'
appeared due to non-hydrogen-bonded N—H groups.
This showed that the hydrogen bonds between the
segments of FPU were more than that of MPU.

It is well known that hydrogen bonding can affect
the morphology and properties of PUUs."'*"> The
differences between the hydrogen bonds distribution
of two PUUs reflected the distinction between their
morphologies. These differences can be explained ac-

TABLE II
Solubility of BAPFP
Cyclic
DMF DMAc NMP DMSO THEF 1,4-Dioxane Acetone hexane Toluene
O O O O O O O o [}

O = soluble; O = partially soluble; ® = insoluble.
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Scheme 2 Preparation of PUU based on 2,2-bis[4-(4-amino-
phenoxy)phenyl]-hexafluoropropane.

cording to the formation of hydrogen bonding in
PUU. N—H groups, as the proton donor, would form
hydrogen bonds with not only C—O bond between
soft and hard segments but also the urethane and urea
C=0 between hard segments. In the structure of
BAPFP, there are aromatic C—O bonds and fluorine
atoms, which could be the proton acceptors of hydro-
gen bonds. Then, once BAPF.P was introduced into
the PUU backbones, N—H groups would form hydro-
gen bonds with these fluorine atoms and C—O bonds
and with the C=0 bonds between hard segments.
Therefore, the introduction of BAPF,P produced an
increase of hydrogen bonds between the hard seg-
ments, whereas the hydrogen bond density between
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3296¢) 1/\
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Figure 3 FTIR spectra of the PUUs.
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Figure 4 DSC curves of the PUUs (TM: the melting tem-
perature).

the soft and hard segments correspondingly de-
creased, which usually resulted in an increase in the
microphase separation degree.

What is more, the presence of fluorine, which is
largely different from the soft segments in solubility
parameters, increased phase segregation. Accord-
ingly, we concluded that the incorporation of fluorine
caused an improvement in the microphase separation.

DSC analysis of PUUs

The glass-transition temperature of soft segments (T;)
of FPU was a little higher than that of MPU (Fig. 4).
This probably resulted from the incorporation of flu-
orine atoms into the PU backbones. As discussed in
the FTIR section, the introduction of fluorine atoms
reduced the interaction between the soft and hard
segments; in other words, phase separation improved.
As a result, the physical crosslinked network, due to
the more dispersed hard segment, weakened the flex-
ibility of soft segments, so the T,, was improved.

In addition, as shown in the DSC curve of MPU, a
melting peak at 215.5°C appeared, but no such peak
was found in the curve of FPU; this showed that there
were microcrystallines in MPU, whereas FPU was al-
most amorphous.

According to previous studies, microcrystals
can form in PU hard segments on the condition that
film is cast from solution. In addition, the crystallinity
of PU hard segments is weakened by hydrogen bond-
ing." In this study, it was probably the introduction of
fluorine that caused the increase in hydrogen bonding
between hard segments, so the crystallinity of FPU
was greatly disrupted, which resulted in the amor-
phism of FPU.

16-20

TGA of PUUs

TGA was carried out to provide insight into the ther-
mal stability of PUUs and to measure the decomposi-
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Figure 5 TG plots of the PUUs.

tion temperature. Typical thermogravimetry (TG) and
derivative thermogravimetry (DTG) curves of FPU are
shown in Figures 5 and 6, respectively. At the same
time, the TG and DTG curves of MPU are given as a
contrast. Detailed TGA results, including the temper-
ature corresponding to 5% weight loss (Ts.,), the tem-
perature corresponding to 50% weight loss (T;s00,),
and the temperatures of maximum weight loss per-
centage of each stage (Tpaxt, Tmaxzs and Tpaxi_n) are
shown in Table III.

According to Table III, the typical temperature val-
ues of FPU were higher than those of MPU. Moreover,
we concluded from Figure 5 that the thermal degra-
dation rate of FPU was lower than that of MPU, which
indicated that the introduction of BAPF,P into the PU
backbone led to a higher thermal stability.

Moreover, the decomposition pattern of FPU was
different from that of MPU (Fig. 6). In the DTG curve
of MPU, there was just a transitional slope between
Taxi and T, ..o, and no T, .1, appeared. It is mainly
concluded that the thermal decomposition of PUUs
and PUs is initiated from the urethane and urea

’““M:LT'M\/\ ; M“WWWWW
f

Tmax1
| Tmax2

Y

Tmax1-2 \

Tmax1 Tmax?

1 . 1 n 1 s 1 n 1 " 1 . 1 n
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Temperature ("C)

Figure 6 DTG plots of the PUUs.
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TABLE III
TGA Results of the PUUs
TdS% TdSO% Trnaxl Tmaxl—z
Polymer code ) @) ) ) Tinaxz ()
MPU 295 400 311 — 427
FPU 312 448 332 420 468

groups of hard segments, followed by the degradation
of the soft segments, which is a two-stage process.*' ">
According to the DTG curve in Figure 6, however,
FPU showed a three-stage degradation pattern, which
could probably be explained by its morphology. As
discussed previously, the introduction of fluorine
caused the hard segments to distribute more evenly
into the soft segments, which probably increased the
boundary area between the two segments. T,,,,,;_» per-
haps corresponded to the decomposition of this
boundary.

Tensile properties of PUUs

Both FPU and MPU exhibited the tensile properties of
typical elastomers (as shown in Fig. 7). As listed in
Table IV, the stress at 100% strain, ultimate strength,
and break elongation of FPU were higher than that of
MPU, whereas the hardness of the former was a little
lower.

The properties of PUU imparted by aromatic dia-
mine chain extenders may be explained on the basis of
groups present in the diamines. Compared with
MOCA, there were fluorine and more rigid benzene
rings in the structure of BAPFP. As discussed previ-
ously, the introduction of fluorine and more rigid
aromatic rings improved the degree of microphase
separation, which would cause hard segments (acting
as the physical crosslinks) to distribute more evenly
into the soft segments. Consequently, the tensile
strength was enhanced.

40 | x

30 |-

© E
g FPU ’
% \ //
@ 20 S
2
w0l // AN MPU
_',"’J“ L
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0 ’/ 1 1 1 1 1 1
0 100 200 300 400 500 600 700
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Figure 7 Stress—strain plots of the PUU elastomers.
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TABLE IV
Tensile Properties of the PUUs
Ultimate Break
Stress at 100%  strength  elongation Hardness
Polymer  strain (MPa) (MPa) (%) (Shore A)
MPU 43 30.4 615 76
FPU 74 39.5 667 70
AFM of PUs

AFM images of FPU and MPU were shown in Figures
8 and 9, respectively. From Figure 8 and 9, microphase
separation could be found in both PUUs, but the hard
segment size of FPU was smaller than that of MPU,
which caused the hard segments of FPU to distribute
more evenly into the soft segments; that is, the area of
interface between hard and soft segments became
larger. This is just why the T, of FPU was a little
higher than that of MPU, as discussed previously.
Furthermore, this sis also the reason that FPU showed
better mechanical properties than MPU.

CONCLUSIONS

BAPFP was synthesized with a two-step method. The
results of FTIR, NMR, DSC, and EA showed that its
composition and structure accorded with the expecta-
tion.

PUU elastomers were prepared with the obtained
BAPF.P and conventional MOCA as chain-extenders,
respectively. The results of FTIR, AFM, and DSC anal-
ysis show that the hard microphase of FPU distributed
more evenly in the soft microphase than MPU. Com-
pared with MPU, FPU presented a higher thermal
stability and mechanical properties, according to the
results of DSC, TGA, and stress—strain testing.

2.5nm

0.0 nm
500

nm

Figure 8 AFM image of FPU.
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Figure 9 AFM image of MPU.
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