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ABSTRACT: Phosphorylation of poly(epichlorohydrin) (PECH) was successfully per-
formed via reacting the POH bond of 9,10-dihydro-oxa-10-phosphaphenanthrene-10-
oxide (DOPO) with the pendent chloromethyl groups of PECH. From this reaction,
phosphorus-containing PECH with hydroxyl terminal groups was obtained. This com-
pound was further reacted with toluene-2,4-diisocyanate to form a phosphorous-con-
taining polyurethane. The performance of the phosphorylation reaction and the struc-
ture of the resulting polymers were characterized by Fourier transform infrared spec-
troscopy, phosphorous-31 nuclear magnetic resonance (31P NMR) spectroscopy, and
elemental analysis. The phosphorylated PECH and polyurethane were characterized by
thermogravimetric analysis (TGA), which showed weight loss retardation behavior
under air at high temperature at �500 °C and high char yield at 700 °C. Both of the
synthesized polymers are potentially useful as multifunctional modifiers for epoxy
resins and for improving the toughness and flame retardancy of the resins. © 2002 Wiley
Periodicals, Inc. J Appl Polym Sci 85: 2254–2259, 2002
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INTRODUCTION

Polymer modification is a convenient way to pre-
pare polymers with specialized functional groups
for various applications. Polymer modification
can be easily achieved via reacting simple chem-
icals with the reactive pendent groups of the poly-
mer, such as hydroxyl, halomethyl, amino, vinyl
groups, etc. Among these reactive groups, chlo-
romethyl group is especially useful because it can
be readily modified by a substitution reaction
with various nucleophilic reactants under mild

reaction conditions. Therefore, polymers with
chloromethyl pendent groups are very often used
as starting materials for synthesizing functional
polymers.

Poly(epichlorohydrin) (PECH) is one of the ma-
jor useful polymers with reactive pendent chlo-
romethyl groups for modification via nucleophilic
substitution.1 PECH can be conveniently pre-
pared via a cationic ring-opening polymerization
process.2 Moreover, PECH with terminal hy-
droxyl groups can be prepared under a proper
initiating system and reaction condition. This
telechelic PECH can be used as a marcomonomer
or as a prepolymer for further reactions. There-
fore, PECH, with its pendent chloromethyl groups
and terminal hydroxyl groups, gives great versa-
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tility in polymer modifications and polymer reac-
tions.1 In this study, a telechelic PECH with
terminal hydroxyl groups was initially prepared
using a well-designed polymerization system. A
phosphorus-containing group was then incor-
porated into the PECH molecular chain by sub-
stitution reaction of 9,10-dihydro-oxa-10-phos-
phaphenanthrene-10-oxide (DOPO) with the
chloromethyl group. The phosphorus-containing
PECH (possessing hydroxyl terminal groups) was
further reacted with diisocyantes for preparing
polyurethanes (PUs).

Phosphorus compounds and polymers are
widely used as flame retardant materials.3 There-
fore, introducing phosphorous into PUs would im-
prove its flame resistant property.4 Because
PECH5 and PU6, 7 have often been used as mod-
ifiers for toughing epoxy resins, the phosphorus-
containing polymers of PECH and PU could be
utilized as multifunctional modifiers for epoxy
resins, simultaneously improving their toughness
and flame retardancy.

EXPERIMENTAL

Materials

Epichlorohydrin (ECH, from Lancastor Company)
was distilled prior to use. Boron trifluoride–eth-
ylether complex, BF3–O(C2H5)2, from TCI Com-
pany, was used as received. 9,10-Dihydro-oxa-10-
phosphaphenanthrene-10-oxide (DOPO, from Al-
drich Company) and toluene-2,4-diisocyanate
(2,4-TDI, from TCI Company) were used as re-
ceived. Glycerol from Aldrich Company was
treated with activated charcoal and alumina. The
treated glycerol was distilled at 15 mmHg under
dry nitrogen and stored under P2O5. The solvents
were purified according to standard procedures
prior to use.

Instrumental Analysis and Measurements

Fourier transform infrared spectra (FT-IR) were
obtained with a Perkin Elmer 2000 FT-IR. The
proton and phosphorus-31 nuclear magnetic res-
onance (1H NMR and 31P NMR, respectively)
spectra were recorded with a Bruker MSL-300
(300 MHz) NMR spectrometer with CDCl3 as a
solvent. Elemental analysis (EA) was performed
with a Heraeus CHN-O rapid elementary ana-
lyzer with benzoic acid as a standard. The phos-
phorous content was determined by elemental
analysis with a Micro Digestion Apparatus with a

spectrophotometer. Differential scanning calo-
rimetry (DSC) thermograms were recorded with a
thermal analysis (TA) DSC-2900 at a heating rate
of 10°C/min under nitrogen atmosphere. Thermo-
gravimetric analysis (TGA) was performed with a
Perkin Elmer TGA 7 at a heating rate of 10°C/min
under nitrogen or air atmosphere.

Synthesis of Poly(epichlorohydrin)

First, 90 mL of dichloromethane and 0.92 g of
glycerol (10 mmol) were put into a three-necked
round-bottomed flask equipped with a nitrogen
stream, a thermometer, and a stirrer. Then,
1.98 g of boron trifluoride–ethylether complex (10
mmol) was introduced into the flask with a sy-
ringe. The reaction system was kept at �32–35°C
with a water bath. The solution of 12.5 g of epi-
chlorohydrin (135 mmol) in 20 mL of dichlo-
romethane was slowly added into the reaction
mixture for 1 h. The reaction mixture was then
heated to reflux for 0.5 h. After being cooled to
room temperature, 10 mL of 0.5 N ammonia aque-
ous solution was added to the mixture while stir-
ring. The mixture was then washed with distilled
water, a 50/50 wt % methanol/water mixture, and
an 80/20 wt % methanol/water solution. The or-
ganic layer was then separated. The solvent was
removed with a rotary evaporator under reduced
pressure. A transparent, viscous product was ob-
tained: product yield, 85 %; Mn � 1100 (measured
by GPC), polydispersity index � 1.19.

Synthesis of DOPO–PECH

First, 8 g of PECH (Mn � 1100), 20.5 g of DOPO,
and 3 mL of triethylamine were charged into
a 250-mL three-necked round-bottomed flask
equipped with a nitrogen stream and condenser.
The mixture was stirred at 170°C for 6 h. The
reaction mixture was then cooled to room temper-
ature and washed with 150 mL of water. Next,
150 mL of toluene was introduced into the flask,
and the mixture was refluxed for 0.5 h and cooled
to room temperature. The precipitant was col-
lected and dried at 80°C under vacuum for 3 h to
obtain the white solid product: product yield,
75%; Mn � 3280; polydispersity index � 1.26.

Synthesis of DOPO–PU

First, 10 g of DOPO–PECH and 0.45 g of toluene-
2,4-diisocyanate (2,4-TDI) were introduced into a
250-mL three-necked flask with 150 mL of tetra-
hydrofuran (THF) as a solvent. The mixture was
refluxed at 75°C under nitrogen atmosphere for
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3 h. The reaction solution was subsequently
poured into water. The obtained solid was fil-
tered, washed with water, and dried in a vacuum
oven at 70°C for 24 h.

RESULTS AND DISCUSSION

Hydroxyl-terminated poly(epichlorohydrin) (HT-
PECH) was obtained by a cationic ring-opening
polymerization reaction, with glycerol as an initi-
ator and BF3-O(C2H5)2 as a catalyst. With various

feeding ratios of monomer to glycerol initiator,
polymers with different molecular weight were
obtained (Figure 1). It was found that the molec-
ular weight of HT-PECH increased and hydroxyl
functionality decreased with increasing mono-
mer/initiator ratios. When used as monomers for
PU preparation, the molecular weight of the HT-
PECH should not be high. Moreover, a hydroxyl
functionality of near 2.0 is proper for preparing
linear PU with diisocyanates. Based on the exper-
imental results, the molar ratio of monomer/ini-
tiator was taken as 13.5, resulting in a HT-PECH

Scheme 1 Synthesis of phosphorylated poly(epichlorohydrin) and polyurethane.

Figure 1 Synthesis of polyepichlohydrin: the plot of the Mn of PECH versus the
ECH/glycerol mole ratio.
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with an Mn � 1100 and a hydroxyl functionality
of 2.08.

The phosphorylation on HT-PECH was per-
formed by reacting the POH group of DOPO with
the chloromethyl groups of HT-PECH (Scheme 1).
The POH group of DOPO has been demonstrated
to be reactive with the vinyl group,8 carbonyl
group,9 and oxirane ring.10 The reactivity of the
POH group with the chloromethyl group was
probed by DSC in this work. As shown in Figure
2, an exothermic peak at �218°C was observed in
the DSC heating scan thermogram of the mixture
of HT-PECH and DOPO. This exothermic peak
revealed the occurrence of the reaction between

HT-PECH and DOPO. The temperature of 170°C
at the left mid-slope of the exothermic peak was
taken as the reaction temperature for preparing
DOPO-modified HT-PECH (DOPO–PECH). The
resulting product was characterized by FT-IR
(Figure 3). The disappearance of the absorption
peak of the POH bond of DOPO (2389 cm�1) and
the absorption peak of the OCH2OCl bond of
HT-PECH (746 cm�1) confirmed the reaction be-
tween the POH group and chloromethyl group.
As a result of this reaction, the DOPO group was
incorporated into the chain of HT-PECH to form
DOPO–PECH. Characteristic absorption peaks
for the PAO bond (1206 cm�1), POPh bond (1593
cm�1), and POOOPh bonds (926 and 757 cm�1)
were also found for DOPO–PECH, demonstrating
the DOPO incorporation reaction.

Furthermore, the performance of DOPO phos-
phorylating into PECH was demonstrated by 31P
NMR analysis. DOPO–PECH showed a single ab-
sorption peak at � � 35.7 ppm in the 31P NMR
analysis (Figure 4). The chemical shift of this
absorption peak is coincident with the peak posi-
tion of DOPO-CH2 structure. The single peak in
the 31P NMR spectrum also implied that there
was no unreacted DOPO in the DOPO–PECH
product because DOPO exhibits absorption peaks
at � � 12.5 and 17.5 ppm in the 31P NMR spec-
trum. Moreover, the results of elemental analysis
on phosphorous (Table I) gave further evidence of
the phosphorylation and the chemical structures
of the products.

Figure 2 DSC thermogram of the reaction between
PECH and DOPO.

Figure 3 FT-IR spectra of PECH, DOPO–PECH, and DOPO–PU.
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DOPO–PECH was further reacted with tolu-
ene-2,4-diisocyanate (2,4-TDI) to form PU. This
reaction was observed by FT-IR (Figure 2). The
consumption of the isocyanate groups of 2,4-TDI
was confirmed by the disappearance of the ab-
sorption peak at 2271 cm�1. Moreover, the ure-
thane structure was characterized by absorption
bands at 3479 cm�1 (ONOH stretching), 1538
cm�1 (ONOH deformation), and 1700 cm�1

(OCAO).11 Absorption peaks for PAO bond
(1219 cm�1), POPh bond (1598 cm�1), and
POOOPh (926 and 757 cm�1) were also found for
DOPO–PU. In addition, a single peak at � � 35.9
ppm was observed in the 31P NMR spectrum of
DOPO–PU (Figure 3), implying the existence of
DOPO structure in DOPO–PU.

Thermal analysis of the DOPO-containing
polymers was performed by DSC and TGA (see
Table II). Endothermic peaks at 85 and 181 °C
were found in the DSC thermograms of DOPO–
PECH and DOPO–PU, respectively. The endo-

thermic peak should be the melting behavior of
the polymers. However, a baseline shift was not
observed for the DSC thermograms, indicating no
glass transition temperatures (Tg) for the poly-
mers. Therefore, the Tg of the polymers might be
lower than room temperature. The TGA thermo-
grams of the obtained polymers are shown in Fig-
ure 5. DOPO–PECH showed a two-stage weight
loss behavior under heating in nitrogen at 220
and 350°C. The first weight loss was due to bond
breaking of the DOPO groups, and the second
weight loss was from the decomposition of the
PECH chain, as indicated by the TGA results that
PECH demonstrates rapid weight loss at 348°C.12

Moreover, when heated in air, DOPO–PECH
showed a weight loss pattern similar to that of
nitrogen at temperatures � 450°C. In the high
temperature region, the weight loss rate of the
polymer was retarded in air. However, this retar-
dation of weight loss was not observed for the
polymer heated in nitrogen. When heated in air,
oxidation occurred in high temperature region,
with involvement of phosphorus. This oxidation
resulted in some phosphorus-containing char
with high heat resistance and weight loss retar-
dation. On the other hand, the bond-breaking
temperature of the DOPO group in DOPO–PECH
was leveled up to �280°C after polymerizing with
TDI (DOPO–PU), implying that the long polymer
chain and crosslinking structure enhanced the
thermal stability of the pendent DOPO groups.
Moreover, the temperature of the second-stage
weight loss for DOPO–PU (400°C) was also ob-
served to be higher than that of DOPO–PECH
(350°C). From these results, it was concluded that
the decomposition behaviors of the pendent
DOPO groups and the polymer chains were inde-
pendent for DOPO–PECH and DOPO–PU. This
enhancement of the thermal stability of
DOPO–PU resulted from the long polymer chain,
crosslinking structure, and the urethane linkage.
Finally, it is noteworthy that the weight loss re-
tardation was also observed for DOPO–PU when
heated in air (Figure 5, curve d). Oxidation and

Table I The Phosphorus Content of the Obtained Polymers

Polymer

C H P

Found % (Calc. %) Found % (Calc. %) Found % (Calc. %)

PECH 39.01 (38.92) 5.32 (5.40) 0.0 (0.0)
DOPO–PECH 66.94 (66.18) 4.21 (4.78) 11.0 (11.4)
DOPO–PU 66.71 (66.00) 4.12 (4.57) 10.4 (10.9)

Figure 4 31P NMR spectra of DOPO–PECH and
DOPO–PU.
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phosphorus carbonization resulted in a weight
loss retardation and led to the complicated mul-
tistep weight loss pattern.

CONCLUSIONS

It has been demonstrated that PECH can be modi-
fied with the phosphorous-containing compound
DOPO by reacting the chloromethyl group with the
POH bond. This phosphorylation reaction was uti-
lized to obtain phosphorous-containing PECH with
hydroxyl terminal groups (DOPO–PECH). Subse-
quent reaction with TDI resulted in phosphorus-
containing PU (DOPO–PU). A novel route for ob-
taining phosphorous polymers was performed.

Financial support of this work from Nan Ya Institute of
Technology (Chunli, Taiwan, Republic of China) is
gratefully appreciated.
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Table II Thermal Analysis Data of the Polymers

Polymer

DSC Analysis
Data

TGA Analysis Data: Temperature (°C) at

Char Yield at
700°C (%)

Tg (°C) Tm (°C)

5% Weight
Loss

1st Rapid
Weight Loss

2nd Rapid
Weight Loss

In N2 In air In N2 In air In N2 In air In N2 In air

PECH —a — 281 275 348 352 — — 0 0
DOPO–PECH — 85 212 213 220 223 350 360 5 13
DOPO–PU — 181 258 258 280 280 400 460 25 37

a Not observed for DSC measurement at the temperature range of 30–250°C.

Figure 5 TGA thermograms of (a) DOPO–PECH in
nitrogen, (b) DOPO–PECH in air, (c) DOPO–PU in
nitrogen, and (d) DOPO–PU in air.
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