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ABSTRACT: Poly(ethylene glycol)s [HO(CH2CH2O)nH, where n . 3] are highly active
and selective in catalyzing dehydrochlorination of poly(vinyl chloride) in organic–
aqueous hydroxide two-phase systems. Their catalytic activity and stability are much
higher than those of widely used quaternary ammonium or phosphonium compounds.
Poly(vinyl chloride) can be extensively dehydrochlorinated within half an hour at room
temperature. The products are polyacetylene-like and have long polyene sequences
according to their UV/visible, FT-Raman, and FT-infrared spectra. They can be doped
by iodine to conductive states, with conductivities of 1–4 S cm21. © 1998 John Wiley &
Sons, Inc. J Appl Polym Sci 70: 2463–2469, 1998
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INTRODUCTION

The formation of polyene from poly(vinyl chloride)
(PVC) by treatment with KOH has been known for
. 60 years.1 It was reported that dehydrochlorina-
tion could be proceeded with aqueous KOH, NaOH,
or Ca(OH)2 at very high temperatures of
250–270°C.2 Unfortunately, it was found that the
products produced under these conditions con-
tained appreciable amount of aromatics and oxi-
dized components. The technique of phase-transfer
catalyzation has been successfully used for various
organic–aqueous two-phase reactions.3,4 Usually,
the reactions were conducted under a mild condi-
tion at the interphase of aqueous solutions of necloi-
philes or bases and organic PVC solutions. The

phase-transfer catalysts applied in these cases usu-
ally were quaternary ammonium or phosphonium
halides.3–6 However, the activity and stability7,8 of
these catalysts are not satisfactory. It needs at least
1 day for the dehydrochlorination of PVC powders
or films,9,10 or in solutions10 at room temperature
with a conversion close to 80%.

Recently, we found poly(ethylene glycol)s (PEGs)
with a repeat unit number n . 3 were extraordi-
nary catalysts for dehydrochlorination of PVC in
organic–aqueous two-phase systems. PVC could
be extensively dehydrochlorinated at room tem-
peratures within half an hour. This finding de-
veloped a new, fast, moderate, and convenient
technique for making high-quality dehydrochlo-
rinated PVCs (DPVCs).

EXPERIMENTAL

Materials

PVC with a number average molar mass of 93,900
g and a dispersity of 1.77 is a product of Jinyi
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Electrochemical Factory (China) and had been
well dried and stored under vacuum before use.
Glycol and PEGs with molar masses of 200 (PEG
200), 400 (PEG 400), and 800 (PEG 800) g were
purchased from Pudong Gaonan Chemical Fac-
tory (Shanghai, China). They were dried under
vacuum and at 100°C for 24 h. Tetrahydrofuran
(THF; Zhenxin Chemical Research Institute, Su-
zou of China), methanol (Shanghai First Chemi-
cal Factory, China), and KOH (Nanjing Chemical
Factory, China) were analytical grade pure and
used without further purification.

Dehydrochlorination of PVC

In a typical experiment, 2 mL PEG and 0.2 g PVC
were dissolved in 20 mL THF, and the mixture
was stirred magnetically at room temperature for
a few minutes. Then, 20 mL aqueous KOH solu-
tion (60%, w/w) was added. The solutions were
deoxygenated by nitrogen bubbling, and reaction
temperature was controlled by a water bath.
Color was developed immediately in the solution,
and black powders were found in several minutes.
On termination of the reaction, the product was
separated by filtration, washed with water and
methanol three times, then successively extracted
in a Soxhlet extractor with methanol for 48 h to
remove PEG, base, and salt extensively. Clean
product was dried under vacuum and at 60°C for
24 h before characterizations.

Doping of DPVCs

The doping of DPVC was conducted by immersing
the dried DPVC powders in iodine-saturated tet-
rachloromethane solution for 1 h, then filtered
and washed with clean solvent three times. They
had been dried under vacuum at 60°C for 24 h
before characterizations.

Characterizations

The molar mass and dispersity of PVC were mea-
sured in THF by a GPC model 244 (Waters Com-
pany, The United States) at 24.5°C and using
polystyrene as standard. Infrared and Raman
spectra were recorded on an IFS-66V Fourier
transform-infrared (FT-IR) spectrometer with
KBr pellets and RFS-100 FT-Raman spectrome-
ter (Bruker Company, Germany), respectively.
The electrical conductivity of iodine-doped
DPVCs was measured by tow-probe technique.
Elemental analysis was performed by a Perkin–
Elmer 240 C elemental analyzer. The conversions

of the reactions ( fH) were calculated from the
atomic ratios of hydrogen and carbon (H/C) of the
products according to eq. (1):

fH 5 @~H/C!o 2 ~H/C!p#/@~H/C!0 2 ~H/C!t!]

3 100% 5 2@1.5 2 ~H/C!p!] 3 100% (1)

where (H/C)p and (H/C)t, are the found and theo-
retical values (1.0) of hydrogen/carbon atomic ra-
tio of DPVC, respectively. (H/C)o is that of the
original PVC (equals 1.5).

UV/visible spectra were taken out on UV-240
spectrometer (Shimadzu, Columbia, MD). Three
milliliters of THF solution of PVC containing a
certain amount of PEG 400 (THF : PVC : PEG 400
5 1 mL : 0.1 mg : 0.1 mL), put into a 1-cm optical
cell, then 1 mL of 60% (w/w) aqueous solution of
KOH was dropped into the THF solution. The
spectra of the organic phase during reaction were
recorded at the reaction times of 0, 1, 2, 4, 6, 8, 10,
and 15 min, respectively.

RESULTS AND DISCUSSION

Catalysis of PEGs

In the systems without catalyst, dehydrochlorina-
tion of PVC by hydroxide was very slow, even it
was conducted at an elevated temperature. For
examples, in the case of 30% aqueous KOH/PVC
powders, the conversion was determined to be
; 1.4% as the reaction was performed at 70°C for
5 h.3 In a solution reaction of 22% aqueous NaOH/
PVC in THF, the conversion was measured to be
only 9.4% (70°C for 5 h).10 At room temperature,
this reaction was found to be even much slower,
and the organic solution of the polymer was kept
transparent for . 5 h, and no apparent UV/visible
absorption change was monitored. On the other
hand, as PEG 200, PEG 400, or PEG 800 was used
as a catalyst, the reaction started immediately
and was completed rapidly. Conversions of the
reaction ( fH) at 30 min were measured to be
90–96% by elementary analysis, as listed in Table
I. These results demonstrated that the catalytic
activity of PEGs was very high and much stronger
than those of ammonium or phosphonium ha-
lides. On the other hand, glycol was found to be a
much weaker catalyst. PVC solution changed its
color slowly and the conversion of reaction was
measured to be only 19% as the reaction was
conducted for 2 h.
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UV/Visible Spectra

For an in situ UV/visible spectra recording, a very
diluted PVC solution was used as described in the
Experimental section. The spectra were recorded
on a suitable absorption scale, and precipitation
of the product was postponed. Figure 1 shows the
spectra changes during PVC dehydrochlorination
catalyzed by PEG 400. It was clear from this
figure that the organic solution showed no signif-

icant absorption before reaction [Fig. 1(A)]. How-
ever, after addition of KOH solution, the spec-
trum changed quickly. Four main absorption
peaks at 350, 378, 405, and 430 nm appeared in
the spectrum recorded at the reaction time of 4
min [Fig. 1(D)], indicating that the conjugated
length of the product was ; 8.11 With reaction
time increasing, the fine structures of the spec-
trum became unclear, whereas the overall absorp-
tion became stronger and broader. Simulta-
neously, the maximum of the spectrum shifted to
a longer wavelength. Figure 1(G) is the spectrum
recorded at a reaction time of 10 min. It has a very

Table I Elemental Analysis Results of DPVCs
and Conversions of Reactions at Different
Times and Room Temperature

Catalyst
Time
(min) H% C% H/C

fH

(%)

PEG 800 15 6.43 72.32 1.067 86.6
PEG 800 30 6.12 70.28 1.046 90.8
PEG 800 120 7.10 77.30 1.102 79.6
PEG 400 15 6.47 74.02 1.050 90.0
PEG 400 30 6.67 78.32 1.022 95.6
PEG 400 120 6.63 75.69 1.052 89.6
PEG 200 15 6.24 64.63 1.159 68.2
PEG 200 30 6.38 74.58 1.027 94.6
PEG 200 120 6.98 73.30 1.143 71.4
Glycol 120 5.92 50.62 1.404 19.2

Figure 1 UV/visible spectra of the organic phase dur-
ing dehydrochlorination of PVC catalyzed by PEG 400
and recorded at the reaction time of 0 (A), 1 (B), 2 (C),
4 (D), 6 (E), 8 (f), 10 (G), and 15 (H) min.

Figure 2 FT-IR spectra of PVC (A), DPVCs prepared
by catalyzation of glycol (B; reacted for 2 h), PEG 200
(C; reacted for 30 min), PEG 400 (D; reacted for 30
min), PEG 800 (E; reacted for 30 min), and iodine-
doped DPVC of the PEG 400 sample (F).
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strong and broad band with maximum absorption
at ; 450 nm and tailed off to . 800 nm. The
overall absorption pattern of this spectrum indi-
cated the presence of long polyenes.12 However,
when the reaction was conducted for ; 15 min,
the absorption of the organic phase decreased
markedly because of the precipitation of the
DPVC products [Fig. 1(H)].

Elemental Analysis

Table I lists the elemental analysis results of
DPVCs prepared under various conditions. This
table demonstrates clearly that PVC dehydrochlo-
rination was nearly finished within 30 min. The
atomic ratio of hydrogen and carbon, H/C, of the
product was decreased from 1.5 for PVC to a value
close to 1.0. However, as the reaction continued to
2 h, the value of H/C increased a little, indicating
a lower conversion of hydrogen whereas chlorine
was extensively eliminated according to the re-
sults of infrared characterizations. This is most
possibly due to side reactions resulting from
aqueous base solution or catalysts changing the
structures and compositions of the products. This
phenomenon was observed and reported for the
first time. Polyene, like polyacetylene, is sensitive
to oxygen, moisture, and various other re-
gents.10,12 In a short reaction time, dehydrochlo-
rination is the main reaction, and side reactions
can be neglected. However, as PVC was exten-
sively dehydrochlorinated, side reactions still oc-

cur and high concentrations of polyene segments
strongly supported these reactions. Therefore, a
suitable reaction time should be selected for mak-
ing high-quality product.

FT-IR Spectra

Figure 2 illustrates the FT-IR spectra of PVC (A)
and DPVCs prepared by catalyzation of glycol (B),
PEG 200 (C), PEG 400 (D), PEG 800 (E), and
iodine-doped PEG 400 sample (F). As shown in
Figure 2(C,E), the products exhibit characteristic
stretching bands of isolated and conjugated CAC
double bonds (nCAC) at 1670 (weak) and 1554
(medium and broad) cm21, respectively.13 These
indicated that the products have high concentra-
tions of polyene sequences and a little isolated
double bond. In addition, the spectra show strong
absorption bands at 1,002 cm21, which assigned
to COH out-of-plane deformation of trans-olifinic-
bonds (dACH).14 The bands of PVC initially
present at 1425, 1240, 950, and 615 cm21 are very
weak or disappeared, indicating an extensive
elimination of chlorine and a sufficient high con-
version of reaction. On the other hand, the
DPVCs prepared under two-phase conditions
with ammonium or phosphonium halides as cat-
alysts showed spectra with comparable or much
stronger bands at 1670 cm21 than those at ; 1550
cm21. Furthermore, their dACH bands were found
at 980–990 cm21. According to these results, the
polyene sequences of the DPVCs produced by

Figure 3 Regional FT-IR spectra in the range around nCAC bands of DPVCs obtained
at reaction time of 15 (a), 30 (b), and 120 min (c), and catalyzed by PEG 200 (A), PEG
400 (B), and PEG 800 (C), respectively.

2466 GUO ET AL.



PEG catalyzation are much longer than those pre-
pared by ammonium or phosphonium halides.
Longer conjugated segments tend to have en-
hanced absorptions of nCAC at lower frequencies
and dACH bands at higher frequencies.11,14 The
spectrum of the DPVC prepared by the catalyza-
tion of glycol also showed polyene bands [Fig.
2(B)]. However, the characteristic bands of unde-
graded sequences still present with medium
strengths, indicating a low conversion.

Iodine-doped DPVC product showed a typical
spectrum of Figure 2(F). This spectrum shows
weak and broad nCAC bands between 1550 and
1700 cm21. The dACH band becomes broader, and
its peak is shifted to ; 990 cm21. Furthermore, a
new intense band appeared at 1470 cm21 and
may be assigned to a lower frequency “ungerade”
mode of nCAC.15 These findings suggest that the
structure of iodine-doped DPVC is similar to that
of iodine-doped all-trans b-carotene, a well-stud-
ied model compound with a fairly long polyene
chain.15

The concentrations of conjugated double bonds
and polyene lengths of DPVC products depend on

reaction time. Figure 3 is the regional infrared
spectra in the range around nCAC bands of DPVC
samples prepared at different reaction times. For
example, note the case using the PEG 400 cata-
lyst as an example for explanations [Fig. 3(B)].
The sample obtained at 15 min showed a medium
band at 1670 cm21, and a weaker and broader
band with a maximum at 1605 cm21, thus indi-
cating that the product contains mainly short con-
jugated sequences. As the reaction time increases
to 30 min, the maximum of the broad band shifted
from 1605 cm21 to a lower frequency of 1554
cm21, and became much stronger than the 1670
cm21 band, thus implying that sufficient long con-
jugated sequences were formed. However, the
1670 cm21 band increased and the 1554 cm21

band decreased as reaction continued to 2 h. This
demonstrated that the conjugated segments have
been shorten as the reaction time increased from
30 min to 2 h. Similar behavior also can be found
in the other two PEG systems [Fig. 3(A, and 3C)
and coincides well with the results of elemental
analysis.

FT-Raman Spectra

The 1064 nm excited FT-Raman spectrum of
DPVC obtained by the catalyzation of PEG 400
and reacted for 30 min is illustrated in Figure
4(A). Weak “fluorescence” backgrounds and high
signal-to-noise ratio are found in this spectrum.
The two bands found at 1477 and 1093 cm21 are
due to the CAC double bond stretching mode (n2)
and a mixed mode of CH bending and COC single
bond stretching vibrations, respectively.6,16 The
positions of these two bands, especially the
former, are known to be sensitive to the polyene
lengths of DPVCs.17 The two bands of longer con-
jugated double bonds tend to appear at lower
frequencies. On the other hand, the spectrum of
the iodine-doped DPVC sample has a bad signal-
to-noise ratio feature, and the two main bands
become much weaker and broader, thus shifting
to 1508 and 1142 cm21, respectively. These re-
sults indicated that iodine doping can damage the
conjugated double bonds and shorten their se-
quence lengths. According to the calculation
method reported by Maddams and colleagues,16

the polyene length (nCAC) of neutral DPVC is
; 28 and that of doped DPVC is ; 16.

Table II lists the main FT-Raman data of a
series of neutral and iodine-doped DPVC samples.
It is clear from Tables I and II that the composi-
tion and polyene length of DPVC depend strongly

Figure 4 1064 nm excited FT-Raman spectra of neu-
tral (A) and iodine-doped (B) DPVCs obtained at 30 min
and catalyzed by PEG 400.
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on reaction time. For example, note the case using
PEG 400 catalyst as an example. The sample
obtained at 15 min has an H/C atomic ratio of
1.050 and corresponds to a hydrogen conversion,
fH, of 90% (Table I). Its nCAC was measured to be
; 25 (table II). As reaction time increased to 30
min, the C/H atomic ratio of the product de-
creased to 1.022 ( fH , 96%), and nCAC in-
creased to ; 28. However, as the reaction contin-
ued to 2 h, the product showed a little increment
in its H/C atomic ratio (1.052), and nCAC de-
creased to ; 24. Similar phenomena were also
found in the cases using PEG 200 and PEG 800 as
catalysts. These results are in good agreement
with the experimental results of FT-IR spectros-
copies. The n2 band of doped DPVC (n92) always
appeared at a higher frequency than that of the
corresponding neutral sample, thus suggesting a
shorter polyene chain length (N9CAC , nCAC).

The conductivity of iodine-doped extensively
DPVCs ( fH $ 90%) (in a pressed pellet state)
was measured to be in the range of 1–4 S cm21.
This value was much higher than those of iodine-
doped DPVC films formed by the catalyzation of
quaternary ammonium salts (in the order of 1023

S cm21).9,18 This is possibly due to the fact that
the DPVCs produced by PEG catalyzations have
much higher conversions and longer conjugated
sequences.

CONCLUSIONS

PEGs are extraordinary phase-transfer cata-
lysts for dehydrochlorination of PVC in organi-

c–aqueous two-phase systems. Their catalytic
activities and stabilities are much stronger
than those of previously used ammonium or
phosphonium halides. PVC can be extensively
dehydrochlorinated within 30 min at room tem-
perature. Reaction conversion and polyene
length of DPVC depend strongly on reaction
time. At the beginning, the conversion and poly-
ene length increased with reaction time. How-
ever, they are decreased with reaction time af-
ter dehydrochlorination was nearly finished.
This may be due to the fact that polyene seg-
ments of DPVCs are unstable in the reaction
medium. High concentrations of conjugated
double bonds and the presence of water and
base-supported side reactions decreased the
property of the product. The DPVCs with the
highest qualities were obtained at a reaction
time of 30 min, and they have a structure sim-
ilar to polyacetylene, with high concentrations
of long polyene sequences. Furthermore, they
showed doping behavior similar to general con-
ducting polymers, and the conductivity of doped
DPVCs was in the range of 1– 4 S cm21.

The authors thank Dr. Xiaohu Yan and Zhiliu Wang for
molar mass measurement of PVC.
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