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ABSTRACT: Linear poly(hydroxyethers) (PHEs) were prepared by the base-induced
condensation of bisphenols with epichlorohydrin in a polar mixed solvent. The bisphe-
nols used were 2,2-bis(4-hydroxyphenyl)propane (bisphenol A) and 2,2-bis(4-hydroxy-
phenyl)-hexafluoropropane (bisphenol AF). Bisphenol A–based homo-PHE (HPHE-A),
bisphenol AF–based homo-PHE (HPHE-AF), and copoly(hydroxyethers) (CPHEs)
based on both the bisphenols with various compositions were characterized in terms of
chemical structure, thermal property, solubility, and contact angle. The incorporation
of bisphenol AF unit into HPHE-A brought about the increases in the glass-transition
temperature, the solubility in organic solvents, and the hydrophobicity. The sequence of
the repeating unit in the copolymer was analyzed by 1H–NMR and the result agreed
well with the one calculated as a random copolymer. © 2001 John Wiley & Sons, Inc. J Appl
Polym Sci 80: 1687–1696, 2001
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INTRODUCTION

Epoxy resin has been widely used in specific fields
such as the semiconductor industry, industrial
adhesives, paint materials, and so on, because of
its excellent properties in wettability, adhesive
strength, thermal stability, and mechanical
strength. The resin in these applications is usu-
ally used as crosslinked material and thus most of
the research on the resin has been concerned with
those of low molecular weight.1,2 The high molec-
ular weight epoxy resin with a linear structure is
known as poly(hydroxyether) (PHE), and has

thermoplastic property. PHE can be prepared by
polycondensation of highly purified bisphenol
with epichlorohydrin in a 1 : 1 molar ratio or by
the reaction of diglycidyl ether of bisphenol with
bisphenol in a 1 : 1 molar ratio. PHE based on
bisphenol A is commercialized in the field of hot-
melt adhesive. These above-mentioned typical
properties observed in epoxy resin and PHE are
attributed to the ether linkage and hydroxy group
in the repeating unit of the polymers. The hy-
droxy group, however, causes a higher degree of
water absorption than that of common commer-
cialized polymers based on bisphenol A (e.g., poly-
carbonate and polysulfone) and this property will
limit the practical usage of the polymers to spe-
cific fields. The low molecular weight epoxy resin
and the intermediate composed of the different
bisphenols have been investigated in terms of the
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reaction kinetics, the improvements of the ther-
mal stability and hydrophobicity, and the molec-
ular weight distribution.3–5 Reports about PHE
are concerned mainly with the evaluations of
physical properties or the compatibility with en-
gineering plastics. Silvis et al.6 and Shin et al.7

investigated the thermal property and mechani-
cal strength of many kinds of the copoly(hy-
droxyethers) (CPHEs) based on bisphenol A and
other bisphenols. However, they did not charac-
terize the chemical structures of the polymers.

In this study we report on the preparation and
characterization of the PHEs based on 2,2-bis(4-
hydroxyphenyl)propane (bisphenol A) and 2,2-
bis(4-hydroxyphenyl)hexafluoropropane (bisphe-
nol AF) in terms of the chemical structure, mono-
mer sequence, thermal property, contact angle,
and solubility in organic solvents.

EXPERIMENTAL

Materials

Bisphenol AF [2,2-bis(4-hydroxyphenyl)hexaflu-
oropropane], bisphenol A (2,2-bis(4-hydroxyphe-
nyl)propane), and epichlorohydrin were pur-
chased from Riedel-de-haën Aktiengesellschaft
(Germany), Tokyo Chemical Industry (Japan),
and Nacalai Tesque (Japan), respectively. Di-
methylsulfoxide (DMSO) and N,N-dimethylacet-
amide (DMAc) were purchased from Toray Fine
Chemicals (Japan) and Kokusan Chemical Works
(Japan), respectively. Sodium hydroxide (NaOH)
was purchased from Nacalai Tesque. These re-
agents were used without further purification.

Polymerization

The typical synthetic procedure of homo-PHE based
on bisphenol-AF (HPHE-AF) is described below as a
representative. In a 100-mL three-necked round-
bottom flask equipped with a mechanical Teflon
stirring wing and a three-way stopcock, 16.81 g of
bisphenol AF (50 mmol), 4.63 g of epichlorohydrin
(50 mmol), 17.35 g of DMSO, and 17.35 g of DMAc
were placed and dissolved at room temperature.
After nitrogen gas bubbled into the solution for 30
min, 4.31 g of 50 wt % aqueous NaOH solution (53
mmol) was added to the solution and the mixture
was stirred vigorously. The solution color changed
at once from light yellow to pink. The flask was
placed in an oil bath at 70°C. After the reaction
solution was stirred for 20 h, a highly viscous and

slightly yellow opaque solution was obtained. To
neutralize the excess amount of NaOH in the reac-
tion solution, 1N HCl solution was added and the
reaction solution was stirred for 1 h. While the
solution was cooled to room temperature, the reac-
tion solution separated to two phases, a low viscous
solution (an upper layer) and a high viscous solution
(a lower layer). The upper layer was removed by
decantation. Then, DMSO and DMAc were added to
the residual solution to reduce the viscosity of the
solution, and the solution was stirred at 70°C. The
solution was filtrated through a glass filter (Advan-
tec GB 100R; Toyo Roshi, Japan) to remove the
by-product NaCl. The filtrate was poured into 1 L of
water and thus the polymer was obtained as white
fibril. The fibril was washed three times with hot
water (; 70°C), and was dried at 80°C in vacuo for
one night. Homo-PHE based on bisphenol A
(HPHE-A) and various copolymers of PHE (CPHE)
based on bisphenol AF and bisphenol A were syn-
thesized by varying the composition ratio of both
bisphenols under similar conditions.

Characterization

Reduced viscosities for the PHEs were deter-
mined by using a Ubbelohde viscometer (polymer
concentration 0.5 g/dL in DMAc at 25.0 6 0.1°C).
The viscosity for each sample was measured twice
and the values were averaged.

1H–NMR spectra were obtained in DMSO-d6 at
room temperature on a Varian NMR spectrome-
ter Model Unity 400 (Varian Associates, Palo
Alto, CA) at 400 MHz. The chemical shifts were
referenced internally to DMSO-d6 (2.50 ppm).

Differential scanning calorimetric (DSC) anal-
ysis of the polymers was carried out on a DSC-50
(Shimadzu, Japan) at the heating rate of 10°C/
min under nitrogen atmosphere.

Static contact angles of water on the PHE films
were measured using a Contact Angle Meter
(Erma, Japan) at room temperature (; 25°C).
The films used were prepared as follows: the poly-
mer was dissolved in hexafluoroisopropanol with
5 wt %. The solution was cast onto a petri dish
and then the solvent was evaporated slowly at
room temperature. The film thus obtained was
dried in vacuo at 80°C for one night.

RESULTS AND DISCUSSION

Polymerization

The polymerization scheme of PHE is shown in
Scheme 1. At first, bisphenol reacts with NaOH,
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resulting in phenolate anion (I) and the anion
attacks epichlorohydrin (II) to yield a glyci-
dylether. The other phenolate anion attacks the
epoxide of the glycidylether and thus the hy-
droxyether (III) is produced. The end group of the
ether (III) reacts with the glycidylether group of
the other hydroxyether. In this manner the main
chain extends and linear poly(hydroxyether) (V)
is formed. At the same time, there is a possibility
of forming a branch structure (IV). From the
scheme it is predicted that the strength of nucleo-
philicity of the phenolate anion plays an impor-
tant role in the copolymerization using plural bis-
phenols. That is, the sequence distribution of the
repeating unit may be influenced by the differ-
ence of the nucleophilicity in the anion species. In
general it is said that the strength of the nucleo-
philicity of the anion (base) is parallel to the

strength of the basicity of the base in a protic
solvent. In that bisphenol AF has two strong elec-
tron-withdrawing trifluoromethyl groups, it will
be more acidic than bisphenol A, which is proved
by the following facts. The acid dissociation con-
stants (pKa) of bisphenol A and bisphenol AF are
9.46 and 8.31, respectively,8 and the chemical

Scheme 1

Table I Characteristic of Bisphenol

Bisphenol pKaa
Chemical Shift of Phenolic

Protonb (ppm)

Bisphenol A 9.46 9.13
Bisphenol AF 8.31 9.86

a Acid dissociation constant (see Ref. 8).
b Measured by 1H–NMR in DMSO-d6 at room temperature.

Table II Characteristic of
Copoly(hydroxyether)

Feed Ratioa

(Bisphenol AF/A)
Reduced

Viscosityb
Observed Ratioc

(Bisphenol AF/A Units)

0 : 100 1.06 0 : 100
20 : 80 0.85 21 : 79
40 : 60 0.83 42 : 58
50 : 50 0.89 50 : 50
60 : 40 0.81 61 : 39
80 : 20 0.72 80 : 20

100 : 0 0.85 100 : 0

The polymerization was carried out under the condition
that the feed ratio of NaOH to epichlorohydrin was 1.02,
except the case of the bisphenol AF–based homopolymer (ratio
5 1.04).

a The ratio of bisphenol AF to bisphenol A in the polymer-
ization (mol/mol).

b In DMAc at 25.0 6 0.1°C.
c The ratio of bisphenol AF unit to bisphenol A unit in the

copolymer (mol/mol) determined by 1H–NMR in DMSO-d6 at
room temperature.
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shifts of phenolic protons of bisphenol A and bis-
phenol AF in NMR spectra are 9.13 and 9.86 ppm,
respectively (Table I). Therefore, the nucleophilic-
ity of the phenolate anion derived from bisphenol
AF was anticipated to be lower than that of bis-
phenol A phenolate anion. That is, the condensa-
tion of bisphenol A with epichlorohydrin would
occur faster than that of bisphenol AF in their
copolymerization. Consequently, the sequence of
the constitutional repeating unit in the copolymer
would deviate from the random one.

The copolymerization of bisphenol A and bis-
phenol AF was carried out under the condition
that the feed ratios of bisphenol AF to bisphenol A
(AF : A) were 100 : 0, 80 : 20, 60 : 40, 50 : 50, 40 :
60, 20 : 80, 0 : 100 (mol/mol). The copolymeriza-
tion results are listed in Table II. The reduced
viscosities of the polymers are in the range of
0.72–1.06, producing tough films.

NMR Analysis

At first, the NMR analysis of the homopolymers
HPHE-A and HPHE-AF is discussed. Their NMR
spectra are shown in Figures 1(a) and (b), where
the assignments of the main resonance peaks are
also shown. In both the spectra, one can observe
that two types of aromatic protons (Hb and Ha) on
the bisphenol unit appear separately as two dou-
blet peaks. The protons appearing at the higher
field are assigned to Hb protons (3,39,5 and 59
positions) and those appearing at the lower field
are assigned to Ha protons (2,29,6 and 69 posi-
tions). The protons Hb and Ha on the bisphenol A
unit appear at 6.82 and 7.07 ppm, respectively,
and the protons Hb and Ha on the bisphenol AF
unit appear at 7.05 and 7.23 ppm, respectively.
The obvious downfield shifts of the proton peaks
on the bisphenol AF unit compared with those on
the bisphenol A unit are the result of the electron-
drawing trifluoromethyl group. The methylene
and methine protons of oxy-(2-hydroxytrimethyl-
ene)oxy unit in HPHE-A and in HPHE-AF appear
as multiplet peaks at 3.9–4.0, 4.10, 4.0–4.1, and
4.19 ppm, respectively. The methylene and me-
thine protons of oxy-(2-hydroxytrimethylene)oxy
group in HPHE-AF appear as multiplet peaks at
4.05–4.15 and 4.19 ppm, respectively. The dou-
blet peak of hydroxyl proton of oxy-(2-hydroxytri-
methylene)oxy group also shifts from 5.34 to 5.47
ppm. These results show that the downfield shifts
of the proton peaks also occur on the oxy-(2-hy-
droxymethylene)oxy group because of the bisphe-
nol AF unit.

Next, the NMR analysis for the copolymers is
discussed. The representative NMR spectrum of
the copolymer is shown in Figure 1(c), where the
sample is CPHE (AF : A 5 50 : 50). Quite similar
spectra were obtained for other CPHEs, except
the difference of the peak intensities. What ap-
pear to be three aromatic proton resonance peaks
come to view in the range of 6.8–7.2 ppm. The
peak at 6.83 ppm is assigned to the proton Hb on
the bisphenol A unit and the doublet peak at 7.23
ppm to Ha on the bisphenol AF unit. The peak at
7.03–7.09 ppm, which looks like a multiplet, is
interpreted by overlapping the proton peak (Ha)
on the bisphenol AF unit with the proton peak
(Hb) on the bisphenol AF unit. The composition
ratio of both bisphenol units in the copolymer can
be determined from the intensity ratio of the ar-
omatic proton peaks at 6.83 and 7.23 ppm. The
results are shown in Table II. The observed con-
tents of the bisphenol AF unit are 21, 42, 50, 61,
and 80 mol %. These values are in good agree-
ment with the feed ratios. The methylene and
methine protons of the oxy-(2-hydroxytrimethyl-
ene)oxy group in the copolymer are observed in
the range of 3.3–4.2 ppm. The methyl protons of
the bisphenol A unit appear at 1.55 ppm. On the
basis of the NMR analysis of hydroxyl proton
peaks in HPHE-A and HPHE-AF spectra, the
doublet peaks in the range from 5.3 to 5.5 ppm
should be assigned to the hydroxyl proton on the
oxy-(2-hydroxytrimethylene)oxy group.

In the spectrum of the copolymer [Fig. 1(c)] one
can recognize three doublet peaks at 5.33, 5.40,
and 5.47 ppm, which will be assigned to it. When
the monomer sequence is considered, there can be
three types of hydroxyl protons on the group as
shown in Figure 2. The analysis of homopolymers
shows that the peak observed at 5.33 ppm is as-
signed to the hydroxyl proton of the oxy-(2-hy-
droxytrimethylene)oxy group between bisphenol
A units (Fig. 2, A-A), and that the peak at 5.47
ppm is assigned to that between bisphenol AF
units (Fig. 2, AF-AF). We assigned the new peak
at 5.36 ppm in CPHEs to the hydroxyl proton
between the bisphenol A unit and the bisphenol
AF unit (Fig. 2, A-AF). From the ratios of these
three peak intensities, we could estimate the se-
quence distribution of the constitutional repeating
unit in the copolymers, where the repeating unit
was composed of bisphenol and oxy-(2-hydroxytri-
methylene)oxy group, –Ar-OCH2CH(OH)CH2O–.
The results are listed in Table III together with
the theoretical values calculated on the assump-
tion that the repeating unit sequence in the co-
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polymer is random. The table reveals that the
experimental results are in good agreement with
the calculated ones within the whole range of the
composition ratio of the bisphenol unit. Therefore,
it is concluded that the copolymers have random
compositions. This conclusion does not coincide
with the above-mentioned prediction from the dif-
ference of the nucleophilicity of phenolate anion.
Indeed, the nucleophilicity of the phenolate anion
derived from bisphenol A may be larger than that
from bisphenol AF. This difference, however, will
be small, and the apparent reactivities of both the

phenolate anions toward epichlorohydrin and/or
the epoxide will be equal. Consequently, the po-
lymerization proceeds at random.

Thermal Properties

The thermal property of the PHEs was investi-
gated in the range of 50–200°C using DSC. The
thermograms of HPHE-A, HPHE-AF, and CPHEs
showed only the glass-transition point (Tg) and no
endothermic peak resulting from the fusion of
crystalline, which means that the PHEs are an

Figure 2 Circumstance of oxy-(2-hydroxytrimethylene)oxy group in copoly(hy-
droxyether).

Table III Sequencing Result of Copoly(hydroxyether)

Compositiona

(Bisphenol AF/A Units)

Calculated Sequence Ratio Observed Sequence Ratio

A-Ab A-AFb AF-AFb A-Ab A-AFb AF-AFb

0 : 100 100 0 0 100 0 0
21 : 79 64 32 4 61 32 7
42 : 58 36 48 16 36 47 17
50 : 50 25 50 25 25 50 25
61 : 39 16 48 36 17 45 38
80 : 20 4 32 64 4 29 67

100 : 0 0 0 100 00 0 100

a The observed ratio in the copolymer (mol/mol).
b Abbreviation refers to Fig. 2.
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amorphous polymer. The Tg’s of the PHEs are
listed in Table IV. The Tg of HPHE-AF is higher
than that of HPHE-A by 24°C and the Tg of CPHE
increases monotonously with an increase in the
content of the bisphenol AF unit in CPHE. Most of
fluorinated aromatic condensation polymers have
lower Tg’s than those of the corresponding nonflu-
orinated polymers.9 Our result is thus a peculiar
case. A similar tendency that the substitution of
the trifluoromethyl group for the methyl group in
base polymer brings about the rise of Tg was
reported for poly(aryl ether ketone)3 and polycar-
bonate.9

It is well known that the relationship between
the Tg of the copolymer and the composition ratio
of the monomers is described by some equa-
tions.10,11 One equation in Johnston11 is ex-
pressed here by eq. (1):

1/Tg 5 O
i, j

WiPi j /Tgi j (1)

which takes the sequence distribution of the co-
polymer into consideration and where Tgij 5 Tg
contributions of different repeating unit diads, ii,
ij, ji, jj, and Pij is the probability that the growing
macromolecule having i or j repeating unit moiety
at the end of the molecular chain adds i or j unit.

If there is no sequence distribution effect, eq.
(1) reverts back to the equation in Fox,12 eq. (2):

1/Tg 5 O
i

Wi/Tgi (2)

where Wi is the weight fraction of the repeating
units and Tgi 5 Tg of homopolymer.

In our experiments, the repeating units in
the copolymer are –PhC(CH3)2Ph-OCH2CH-
(OH)CH2O– derived from bisphenol A, and
–PhC(CF3)2Ph-OCH2CH(OH)CH2O– derived from
bisphenol AF. On the basis of the Tg data shown
in Table IV, the Tg’s of the copolymers were plot-
ted according to Fox eq. (2) (Fig. 3). It is clear from
the figure that the experimental data are in very
good agreement with the equation. Therefore, it is
concluded that there is no sequence distribution
effect on the Tg of CPHE.

Contact Angles

The static contact angles of water on the PHEs
were investigated using the solvent-cast films.
The results are shown in Figure 4, where the
contact angle is plotted against the feed ratio of
bisphenol AF in the preparation of the polymer.
The contact angle tends to increase simply be-
tween those of the two homopolymers PHE-A and

Figure 3 Fox plot of glass-transition temperature of
copoly(hydroxyether).

Figure 4 Relationship between contact angle and
composition of poly(hydroxyether).

Table IV Glass Transition Point of Copoly(hydroxyether)

Compositiona

(bisphenol AF/A units) 0 : 100 21 : 79 42 : 58 50 : 50 61 : 39 80 : 20 100 : 0
Tg (°C) 100 104 111 113 114 118 124

a The observed ratio in the copolymer (mol/mol).
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PHE-AF, whose contact angles are 82 and 89°,
respectively.

Solubility of Polymers in Organic Solvent

The solubilities of the HPHEs and CPHE (AF : A
5 50 : 50 mol/mol) in organic solvents were inves-
tigated using methanol (MeOH), ethanol (EtOH),
acetone, chloroform, tetrahydrofuran (THF),
DMSO, DMAc, N,N-dimethylformamide (DMF),
and formic acid at room temperature. The results
are summarized in Table V. HPHE-A dissolved in
aprotic polar solvents (DMSO DMAc and DMF),
THF, and chloroform, but was not soluble in ace-
tone and the alcohols. The incorporation of the
bisphenol AF unit into the HPHE-A improved the
solubility, and the CPHE could dissolve in ace-
tone. HPHE-AF could be soluble in all the organic
solvents investigated except formic acid. The im-
provement of the solubility by the incorporation of
the bisphenol AF unit results from the decrease in
the intermolecular interaction by the CF3 group.

CONCLUSIONS

The preparation and characterization of the lin-
ear homopoly(hydroxyethers) (HPHEs) and co-
poly(hydroxyethers) (CPHEs) based on bisphenol
A and bisphenol AF were carried out. Polymers
having the high reduced viscosity could be pre-
pared by the base-induced condensation of bis-
phenol with epichlorohydrin in a polar mixed sol-

vent. The NMR analysis of the PHEs showed that
the composition of the copolymer agreed with the
feed ratio of bisphenol A to bisphenol AF in the
polymer preparation. Moreover, NMR analysis
revealed that there were three kinds of proton
resonance peaks assigned to the hydroxyl proton
of the oxy-(2-hydroxytrimethylene)oxy group in
the polymer as a result of the difference of the
sequence of the repeating unit. The sequence was
estimated from the intensity ratio of the three
peaks, and it was concluded that the copolymer
had a random structure within the whole range of
copolymerization compositions. DSC analysis re-
vealed that the PHEs were an amorphous poly-
mer and that the Tg of PHE increased from 100°C
(for PHE-A) to 124°C (for PHE-AF) according to
the Fox equation. The additional properties of
PHEs, the solubility in organic solvent, and con-
tact angle of water were investigated and they
increased with an increase in the amount of bis-
phenol AF unit because of two strong hydrophobic
CF3 groups in the bisphenol AF unit.
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Table V Solubility of Poly(hydroxyether) in
Organic Solvent

Solvent HPHE-AF CPHEa HPHE-A

Dimethylsulfoxide Ds Ds Ds
N,N-Dimethylformamide Ds Ds Ds
N,N-Dimethylacetamide Ds Ds Ds
Chloroform Ds Ds Ds
Tetrahydrofuran Ds Ds Ds
Acetone Ds Ds Is
Methanol Ds Sw Is
Ethanol Ds Sw Is
Formic acid Is Is Is

Ds, dissolved; Sw, swelled; Is, insoluble.
a Composition ratio of bisphenol AF unit to bisphenol A

unit 5 50 : 50 mol/mol.
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