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Abstract

Poly(vinylidene fluoride) (PVDF) membranes treated with alkaline solutions were studied by electron spin resonance (ESR), FT-IR and
FT-Raman spectroscopy. Alkaline treated samples produced free radicals, the concentrations of which were calculated. The vibrational
spectroscopy showed the existence of conjugated carbon double bonds in the treated membranes. The degradation mechanism was discussed.
And the effect of the alkaline concentration and treating time on the structure modification were also investigated.
© 2005 Published by Elsevier B.V.
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. Introduction

Poly(vinylidene fluoride) (PVDF) is a polymer with
imilar properties as fully fluorinated polymers, and is dis-
inguished by its excellent resistance to heat, chemicals, oxi-
izing and radiation. These properties make its application
ossible in mechanical, chemical and electrochemical fields.
hen PVDF is used as the main chain of poly(vinylidene flu-

ride) grafted polystyrene sulfonated acid (PVDF-g-PSSA)
embrane, a type of proton exchange membrane (PEM), it
as found that pretreatment of PVDF in alkaline solutions
ould promote the grafting of PS[1]. This makes us interested
n the effect of alkaline treatment of PVDF on its structure.

Previous investigations of the modification of PV
involved treatment with chemicals[2,3], irradiation [4,5],
heat and microwave. Modified PVDF possesses spe
properties due to the changes of its functional gr
structure of the chain and crystal configuration. K
and Ogata[2] described the structure change in PV
reacted with sodium hydroxide in aqueous solution
the presence of phase transfer catalysts, which s
to be the production of CC double and triple bond
Ross et al.[3] proposed a mechanism for the alkal
degradation of PVDF on the basis of XPS, ToF-SIM
FT-IR and Raman analysis. The mechanisms are s
below:
∗ Corresponding author. Tel.: +86 10 82338148; fax: +86 10 82316100.
E-mail address: csc@buaa.edu.cn (S. Zhang).

But few reports have been found on the study of radicals
produced in this process.
378-7753/$ – see front matter © 2005 Published by Elsevier B.V.
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This work pretends to investigate the structure of alkaline
treated PVDF with electron spin resonance (ESR), FT-IR and
FT-Raman. Other differences between past work and the cur-
rent investigations are the type of alkaline, the solvent and
the reaction condition.

2. Experimental

PVDF powder was purchased from ShangHai San Ai
New Material Co. Ltd. The PVDF membrane was prepared
by casting a solution of PVDF inN-methyl pyrrolidinone
(NMP) on a clean glass plate. After the removal of NMP,
the PVDF membrane was formed and removed from the
glass plate. The thickness of the membrane was about 50�m.
The PVDF membrane was treated in a solution of KOH in
alcohol at 80◦C under the atmosphere of N2. Membranes
(40 mm× 30 mm) treated with different KOH concentration
and different treating time have been analyzed with ESR,
FT-IR and FT-Raman, respectively.

ESR spectra were obtained at X band (9.8 GHz) on a
Bruker ER200 ESR spectrometer. The experimental condi-
tions (power attenuation, field modulation, time constant and
sweep time) were kept the same during the experiments on
all samples. A double integration of the ESR signal was per-
formed, and the corresponding spin numbers were calculated
f H,
A adi-
c into
a

red
s tion)
c
c rkin-
E

3

3

ced
i the
E the
s ing
t om-
p les
r tion
o gnal.
T VDF
m The
g field
a ed to
t
i F,
a n-

Fig. 1. ESR spectra of PVDF membranes treated with 4 g L−1 KOH–alcohol
solution for: (a) 45 min; (b) 70 min; (c) 130 min. Untreated samples produced
no signal. Frequency = 9.765 GHz. Gain = 2.5× 105.

trations of all measured samples were calculated, the result
of which is of 1016 g−1 magnitude (Fig. 3). The radicals pro-
duced are not so many as that produced by electron irradiation
[4,5], but could exist at least for 2 h exposed to light in air
and no ESR signal could be observed on the sample 12 h after
treatment.

F
6 m-
p

rom a sample of known diphenyl picryl hydrazyl (DPP
ldrich, 95%) concentration. When we calculated the r
al concentrations, the weight of the sample was taken
ccount.

Infrared spectra (IR) were recorded on an AV360 infra
pectrophotometer with an ATR (attenuated total reflec
rystal over the range from 4000 to 700 cm−1. FT-IR was
omplemented by FT-Raman spectroscopy, using a Pe
lmer Spectrum GX instrument with 0.1 cm−1 resolution.

. Results and discussion

.1. ESR results

Alkaline treated PVDF samples were immediately pla
n a quartz ESR sample tube, which is introduced into
SR cavity. The spectra were obtained by sweeping
tatic magnetic field (from 3377 to 3577 G) and by record
he first derivative of the absorption spectrum on a c
uter.Figs. 1 and 2show the ESR spectra of PVDF samp
elated to the alkaline treating time and the concentra
f alkaline solution. Untreated samples produced no si
his indicates that free radicals were produced when P
embranes were treated with KOH–alcohol solutions.

-value is 2.0031, obtained by measuring the resonance
nd the microwave frequency. This peak can be assign

he radical of CF2 C•H CF2 according to Refs.[4,5]. It
s produced when the OH− attacks the main chain of PVD
nd deprotonisation occurs[2]. The produced radical conce
ig. 2. ESR spectra of PVDF membranes treated with (a) 2.1 g L−1; (b)
.1 g L−1; (c) 10.0 g L−1 KOH–alcohol solution for 100 min. Untreated sa
les produced no signal. Frequency = 9.758 GHz. Gain = 2.5× 105.
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Fig. 3. Radical concentrations in relation to the alkaline treating time (in
4.0 g L−1 KOH–alcohol solution).

With the treating time increased, the spectra peaks
increased in intensity as shown inFig. 1, which is also shown
in Fig. 3, indicating the increase of the concentration of free
radicals. But after 2 h, the increase tends to be slower. The
radical concentrations also increase with the alkaline con-
centration under 6 g L−1, above which radicals became fewer
(Figs. 2 and 4). We can infer from it that the free radicals may
have collided with each other and combined to form a bond.

3.2. FT-IR results

Figs. 5 and 6show the FTIR-ATR spectra of PVDF mem-
branes treated with KOH–alcohol solutions for increasing
time and of different concentrations, respectively. The spec-
trum of original PVDF, reported inFig. 5a, is characteristic
of the polymer in the form III[6]. Compared with the spec-
trum ofFig. 5b and c, it is apparent that the polymer does not
change appreciably with the alkaline treating time increased.
But a broad band occurs from 1750 to 1500 cm−1, with maxi-

F n (for
1

Fig. 5. FTIR-ATR spectra of PVDF membranes treated with 4.0 g L−1

KOH–alcohol solution for: (b) 60 min; (c) 100 min and (a) untreated
sample.

Fig. 6. FTIR-ATR spectra of PVDF membranes treated with: (b) 6.2 g L−1;
(c) 10.1 g L−1; KOH–alcohol solutions for 40 min and of (a) untreated sam-
ple.
ig. 4. Radical concentrations in relation to the alkaline concentratio
00 min).
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mum intensity around 1630 cm−1. This band can be assigned
to the formation of CC double bonds, due to a dehydroflu-
orination process[2].

Kise and Ogata[2] treated the PVDF powder in aqueous
NaOH solution in the presence of catalyst and they assigned
the new band around 1590 and 2100 cm−1 of the product
IR spectra to the stretching bands of CC double and triple
bonds, respectively. In the present work, we did not find the
characteristic peak of CC triple bond and the characteristic
band of PVDF (1404, 1072, 879, 838, 763 cm−1) did not
changed much, which means that the reactions are not so
bitter as to destroy the skeleton structure of PVDF.

The same trend appears when only the alkaline concentra-
tion changes. This was proved more clearly by the FT-Raman
results.

3.3. FT-Raman results

Raman spectroscopy provides more information about the
conjugated structure and the chain skeleton of polymers.
From Fig. 7, we can easily find the gradual changes in the
Raman spectra when the treating time increased. By compar-
ison with the untreated PVDF membrane spectrum (Fig. 7a),
two new bands (1134 and 1530 cm−1) appear in the treated
membrane spectrum (Fig. 7b–e), though these two bands
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were studied[2]. According to Ref.[2], the lengths of the con-
jugated double bonds are about 8.5 from our Raman report
using the maximum intensity. Another change in the spectra
is the slight decrease of the peaks at 2980 and 1432 cm−1,
which are characteristic of CH2 bending vibration mode and
CH stretching vibration mode, respectively. This indicates
the deprotonation of CH2 when alkaline attacks the PVDF
chain structure.

The content of CC double bonds increases with treating
time within 3 h (Fig. 7) and with alkaline concentration within
10 g L−1 (Fig. 8). As the membrane will become black and
brittle, treatment above that concentration or longer than 3 h
has not been conducted. It seems that the conjugated double
bonds do not grow so quickly after 100 min as before that
time. A turning point also exists in the case of concentration,
which seems to be 6 g L−1 of the KOH alcohol solution.

3.4. Discussion

The ESR investigation indicated that a kind of free radical,
CF2 C•H CF2 , was produced when KOH reacted with

PVDF membrane. It is not stabilized and could exist only
within 12 h. The FT-IR and FT-Raman spectra showed the
formation of C C double bond in the alkaline treated PVDF
membrane. And the productions of the free radical and double
b ting
t dly
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t
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a n E2
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F –alco ) for
u

re observed only as shoulders for the membrane tr
or 40 min (Fig. 7b). They are characteristic of the CC
tretching vibration modes of polyenes[7], indicating tha
he structure of conjugated CC double bonds formed in th
olymer when treated by alkaline solution. The length o
onjugated carbon double bond structure can be estim
y the distance between the two peaks, and the relatio

ig. 7. FT-Raman spectra of PVDF membranes treated with 4.0 g L−1 KOH
ntreated membrane.
ond showed some similarity in their relation against trea
ime, i.e., they all grow slowly first before 40 min, and rapi
etween 40 and 100 min, then slow down. This means

hey might have relation to each other. Ross et al.[3] sug-
ested that the deprotonation and defluorination steps
lkaline treatment could not occur simultaneously via a
elimination, bimolecular) in chain reaction due to high st

hol solutions for: (b) 40 min; (c) 100 min; (d) 130 min; (e) 170 min; (a
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Fig. 8. FT-Raman spectra of PVDF membranes treated with: (b) 4.0 g L−1; (c) 6.2 g L−1; (d) 10.1 g L−1 KOH–alcohol solutions for 40 min; (a) for untreated
membrane.

hindrance. In the mechanism they suggested, the product of
the deprotonisation step isCF2 C�H CF2 . From work
of this article, we can infer that the mechanism of the PVDF
membrane reacting with KOH (alcohol solution) could pos-
sibly be as following. The hydroxide ion attacks the CH2
group and the deprotonation occurs, resulted in the radical of

CF2 C•H CF2 . The radicals are not stable and the more
stable C C double bonds are formed through an elimination
reaction. The second step is so rapid that only small amount
of radicals could be detected with ESR. If the concentration
of the OH− is high enough (e.g., higher than 6 g L−1), the
second step becomes more rapid as to decrease the amount
of residual free radicals.

With the help of ESR, FT-IR and FT-Raman spectroscopy,
we could find that the production of the active sites, i.e., the
free radicals and double bonds is in agreement with the degree
of grafting concerning to alkaline treating time[1]. We can
conclude that it is these structure modifications that promote
the grafting of styrene on PVDF.

4. Conclusions

PVDF membranes treated with KOH–alcohol solutions
were analyzed by ESR, FT-IR and FT-Raman. The results
indicate that free radicals and conjugated CC double bonds
h reat-

ment, which increase quickly with alkaline treating time
before 100 min and with the alkaline concentrations below
6 g L−1. This kind of structure modification of the polymer
favors grafting of styrene on it, by which a kind of PEM was
made. We will take advantage of this type of treatment to
prepare new PEMs by grafting other monomers to PVDF.
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