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Abstract

A detailed study of the alkaline modification of poly(vinylidene fluoride) (PVdF) by a phase transfer catalyst (PTC) medium has been
carried out by X-ray photoelectron spectroscopy, (XPS), secondary ion mass spectrometry (SIMS) and Raman spectroscopies, to determine

the composition of the modified surface layer. The study indicates the formation of a surface layer consisting of conjuGatedds,

concomitant with surface defluorination and the inclusion of oxygen functionalities on treatment. A previous investigation studied the affect
of alkaline treatment, however without the use of PTCs (Ross GJ, Watts JF, Hill MP, Morrissey P. Surface modification of poly(vinylidene
fluoride) by alkaline treatment. 1. The degradation mechanism Polymer 2000;41: 1695-96.), that produced a surface layer with different
functionalities. A mechanism for the degradation process in the presence of a PTC is proposed in this paper, which includes the formation of

the polyene structure followed by hydroxide attack to yield hydroxyl and carbonyl groups and more complex oxygen functicha0&s.
Elsevier Science Ltd. All rights reserved.
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1. Introduction pairs. As a result of the nature of the catalysts, the activity is
strongly related to the hydrophilic-hydrophobic balance, i.e.

Surface treatment of poly(vinylidene fluoride) (PVdF) the distribution of the catalyst between the aqueous and

with concentrated sodium hydroxide, increases its resis- organic phase. Therefore the solvophobic nature of the

tance to attack by other harsh caustic environments. polymer is considered to affect the ability of the catalyst.

Although this is an effective treatment, it can take many  Cho and Song [2] used Fourier transform infrared (FT-IR)

hours to complete, which is far too long to be implemented and ultra-violet (UV-VIS) spectroscopy to investigate the

as a commercial process. There have been a few studies [2feaction mechanism, and proposed the following for the

indicating that the process can be accelerated by the use oPTC assisted alkaline modification of PVdF:

phase transfer catalysts (PTCs), with sodium and potassium

hydroxides [3—5]. This paper sets out to expand the data PTC

presented in the literature, and compare the results with that

of samples treated with concentrated sodium hydroxide [1].
According to the original definition [6], phase transfer

catalysis accelerates or permits reactions between ionic Mechanism 1

compounds and organic, water insoluble, substrates in

solvents of low polarity. Such catalysts are typically = Owen et al. [7,8] investigated the surface modification of

onium salts, which readily solubilize alkali metal ions. PVC, and Kise and Ogata investigated the surface modifica-

The basic function of the catalyst is to transfer anions of tion of PVdF [3]. Both concluded that=€C double bonds

the reacting salt into the organic medium in the form of ion were almost exclusively formed in a conjugated manner;

Kise and Ogata suggested that triple bonds were also
—_— formed. Dias and McCarthy [4] and Hahn and Percec [9]
: (éo"e.SpO”d'”g author. Tel 1483-259617; fax:t 1483-259508. also reported the formation of double and triple bonds with
-mail addressj.watts@surrey.ac.uk (J.F. Watts).

! Current address: Department of Materials Science and Engineering, M0 apparent oxygep Incorporation, W'th alkaline treatment
University of Cincinnati, USA. of PVdF, the experiments were carried out under vacuum

(-CHy-CFy-)+ NaOH —————»  (-CH=CF-), + NaF + H,0
OH
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Table 1 screws to ensure no curling of the film, to reduce contam-
Experimentswgre conducted in 250%m4MNaOH solution at 8@ in a ination through handling and to prevent problems due to
waterbath shaking at 110 revolutions per minute surface proximity effects. The films were cleaned with
Catalyst Moles Reaction time (hours) isopropanol, followed by rinsing in milli-Q water
(0.056 Scm*Y). The samples were treated with 250%af
222 832 (2)5 L and 2 4 M NaOH (Analar grade NaOH), and between 0.00125 and
' - 0.125 mol (i.e. between 0.005 and 0.5 molfjrof PTC at
TBPB 0.125 2 80°C in a shaking waterbath, at 110 revolutions per minute,
0.0025 1,2,4,8,12 and 24 between 1 and 48h. The experimental details are
TBAHS 0.125 2 summarised in Table 1, the PTCs used were:
0.0025 1,2,8 and 24
0.00125 1,2,8 and 24

1. Tetrabutyl ammonium bromide (TBAB). (8Bg)N " Br~

2. Tetrabutyl phosphonium bromide (TBPB),(G)P* Br~
and a nitrogen atmosphere, respectively. Brewis et al. [5] 3. Tetrabutyl ammonium hydrogen sulphate (TBAHS).
did however expand Mechanism 1 to include formation of  (C,Hg)N* HSO,

hydroxide and carbonyl groups on the polyene chain as 4. Tetrabutyl ammonium hydroxide solution (TBAH).
shown below in Mechanism 2: (CHgN™ OH"™

° The generic structure of the catalysts is shown below:
e CHy-CF-CHy-CF-CHywwow —HE 5 oo CH,-CF2-CH=CF-CHy woaww

°
-F @
v CH-CF-CH=CF-CH e ———3=  swww CH-CF-CH=CF-CH g CHs
® oH®
awww CHy-CF-CH=CF-CHpwww ——— s CHy-CF-CH=CF-CHpmw
OH + -
© _ wwweCHy-C-CH=CF-CHywww Ca Hy Om C4Hy Ion
-HF
owoe CHy-CF-CH=CF-CHp e L
\ OH
OH or |
owoe CH-C-CH=CF-CHp e CsH,
f where Oni = onium cation N or P"; lon”" =Br~, OH",

or HSG, .
On removal from the solution, the samples were rinsed in

. . ) milli-Q water to quench the reaction.
Mechanism 1 is generally accepted, however Brewis et al. Analyses were carried out by XPS, ToF-SIMS and
have indicated that there are oxygen functionalities presentg, - spectroscopy.

on treatment, which are not accounted for by this mechan-
ism. The aim of the current paper is to develop a mechan-
istic model of the alkaline degradation of PVdF in the 3 Analytical studies
presence of PTCs, and compare this model to that described

in Ref. [1] for the alkaline treatment alone. The model will Surface ana|ysis was carried out using XPS and ToF-
be based on chemical analysis obtained by X-ray photoelec-gims. Two spectrometers were employed for XPS; a VG
tron spectroscopy (XPS), time of flight secondary ion mass scjentific ESCALAB MKII and a Scienta ESCA 300 spec-
spectroscopy (ToF-SIMS) and Raman spectroscopy. ToF-trometer [10]. To account for charging, the binding energy
SIMS and XPS are surface chemical analysis techniquesijs calibrated by adjusting all peaks by the amount required
that Complement eaCh Other We”, pal’ticulal’ly fOI’ the analy- to place the Cls |ine representative Of C_H/CH2 at
sis of organic polymers. Raman spectroscopy was chosemgs 0 ev. The ToF-SIMS spectra were obtained using a
for its Unique ab|l|ty to estimate the extent of Conjugation VG Scientiﬁc Type 23 System equipped W|th a Poschenrei_
within the modified layer. der time of flight system and a MIG300PB pulsed liquid ion

source. The results are normalised with regard to total ion

yield to account for variations in total spectral intensity. The
2. Experimental Raman spectra were recorded using a DILOR XY multi-

channel spectrometer in the backscattering mode, using a

PVdF film samples (25, 50 and 1@0n in thickness) 632 or 514.53 nm resonant lines of He—Ne or' Aaser,

were mounted in polypropylene frames fixed with nylon respectively.

Mechanism 2
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* this sample has been treated for 48 hours whereas the other samples were treated for 2 hours only.

Fig. 1. Change in colour of the PVdF %0n films after treatment with 4 M Fig. 2. Negative ToF-SIMS counts for PVdF samples treated &t &1 2 h
NaOH and 0.125 mol of PTC at 80: (1) TBAHS 2 h; (2) TBPB 2 h; (3) with 4 M NaOH with 0.0125 mol of different catalysts added.
TBAH 2 h; (4) TBAB 2 h; (5) TBAB 1 h; and (6) TBAB 30 min.

techniques, such as XPS and SIMS, were used to determine
the chemical functionality of the resultant modified layers.
The treated PVdF samples were analysed by XPS and the
results are shown in Table 2, including samples treated with
no PTC present. These results clearly indicate that, over the
same time periods, significantly more defluorination occurs

Full details of the spectral interpretation and modes of
operation of the spectrometers have been provided in a
previous publication [1].

4. Results with the catalysts than with NaOH alone, with the exception
of TBAH. These data support Fig. 1, in that the catalysts
4.1. Phase transfer catalyst selection may work via different mechanisms. They also show that

defluorination occurs to the same extent with all the cata-
Initially, four solutions of aqueous 4 M sodium hydroxide lysts, with the exception of TBAH. The samples were also
were prepared, each with 0.125 mol of a different catalyst, analysed by ToF-SIMS, and the change in intensity for the
added to 250 crhof solution. One film was placed in each elemental ions F and O and the hydrocarbons CHand
solution for 2 h. Two more samples were placed in solution C,H™ are shown in Fig. 2. The ToF-SIMS results indicate
1 (TBAB) and removed after 0.5 and 1 h. This catalyst was that, the catalysts reduce the Rtensity, with the exception
selected as the most effective for surface modification of of TBAH. This catalyst is not as effective as the others
PVdF by the literature [2], and was therefore chosen to studied in this investigation, and therefore was not studied
investigate the kinetics of the surface treated reactions.  further. The ToF-SIMS results show that the catalyst treat-
Prior to treatment the PVdF samples were translucent white ment produces hydrocarbon intensities that are consistent
in appearance. After treatment a colour change was observedvith conjugated structures, as shown in Fig. 3. In choosing
for all films, as shown in Fig. 1. The TBAB, TBPB and fragments representative of conjugated structures, there is a
TBAHS treated films (2 h) were a deep brown colour, whereas compromise that must be reached between low-intensity
the TBAH treated film showed little colour change. Analytical higher mass ions and those at a relatively modest mass,
which have a higher intensity. Having established that
Table 2 such conjugated structures are a distinct possibility, the

Elemental concentrations of samples treated with 4 M NaOH & &6r . . . .
2 h with different catalysts (0.125 mol added) comparison betvyeen different PTCs is more readily made
in the low-mass ions.

Catalyst Surface concentration (at%)

. . .. L] ¢
Carbon Oxygen Fluorine Sodium Nitrogen 2 T” CH=CH.CH=CH2 67 CC“:"E‘:[IC“ 1 Sl CH e
=
PVdF 54.5 34 42.0 - - 38
4817 64.2 9.8 24.4 - 1.6 3
256 It 70.2 29.1 0.6 - - e
TBAHS  69.3 25.4 41 12 - E o
TBAB 86.5 9.1 3.3 1 - z Conjugated Structures
TBPB 93.1 3.7 1.9 1.2 -
TBAH 62.3 135 23.7 0.5 - Fig. 3. Possible conjugated structures in the positive ToF-SIMS spectra of

PVdF treated at 8C for 2 h with 4 M NaOH with 0.125 mol of catalyst
% No catalyst; 12 M NaOH used; 48 h or 256 h treatment time. added.
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(@ Table 4
Atomic percentage of elements of PVdF on treatment with 4 M NaOH at
[Counts] 8C°C with 0.0025 mol of TBPB added
10000 Cls
Time (h) Element percentage
2000
Nals ols C 0 F Na P N Br
B000 7 € KLaKLe 24 54.5 34 416 00 04 00 00
1 75.7 16.6 2.7 2.0 1.3 1.6 0.3
4000 i e 2 733 170 41 40 15 00 05
) 4 70.9 18.7 4.0 4.0 1.3 0.0 0.7
2000 8 72.4 20.5 3.0 3.0 0.6 0.0 0.5
12 72.4 20.5 3.0 3.0 0.6 0.0 0.5
0 . . ‘ e 24 70.1 20.3 3.4 4.6 0.9 0.0 0.7
1200 800 400 0
Binding Eneray [eY] @ 24 h treatment with 0.01 M TBPB and no NaOH.
() analysis data between the two concentrations, this is

[Counts]

D o expected for catalysts that are present in excess proportions.

The addition of 0.0025 mol of PTC was chosen for
future experiments as it is above the minimum required
concentration.

12000

2000

4.2. XPS analysis

XPS was used to analyse the second set of samples that
were treated with 4 M NaOH and 0.0025 mol of catalyst
(TBPB or TBAHS) at 80C between 0 and 24 h. Fig. 4
200 85 80 o8 o8 o5 shows the survey spectrum and the fitted carbon 1s spectrum
Binding Enefty =] of PVdF, treated with 0.0025 mol of TBPB and 4 M NaOH
Fig. 4. XPS spectra of PVdF after treatment &tG@éor 4 h with 4 M NaOH at 80C after 4 h treatment. The assignments of the carbon
with 0.0025 mol of TBPB added: (a) survey spectra; and (b) C 1s peaks. 1S peaks are shown in Table 3. These results show that after
4 h of treatment, the surface modification involves oxygen
To compare levels of oxidation between treatments, simi- inclusion along with almost complete defluorination at the
lar levels of defluorination must be considered, as this XPS analysis depth of approximately 5 nm. It is shown that
relates to the extent of the reaction (see Table 2). All the oxygen could be present in the form of hydroxyl, and carbo-
catalysts, with the exception of TBAHS at these concentra- nyl groups; however, the assignment of the peaks in Fig. 4
tions, promote less oxygen inclusion than with sodium could be, as shown in Table 3, more than just one compo-
hydroxide treatment alone. The XPS results indicate that nent. The remaining fluorine groups are present, either in the
more oxygen is included in the TBAHS sample than form of CF, =CF or HO—C—F groups. No GFgroups
the TBAB and TBPB samples. Therefore, TBPB with the remain while the presence ofta— =" shake-up satellite,
least amount of oxygen inclusion and TBAHS with the most peak 5, indicates the formation of conjugateg@ struc-
oxygen inclusion, were chosen for further investigations.  tures. Changes in the surface concentration of elements with
PVdF samples were treated with different concentrations time of treatment with TBPB, is shown in Table 4. In this
of TBAHS, (0.00125 and 0.0025 mol in 250 érof 4 M table, the extent of oxygen inclusion reaches 20%, after 8 h
NaOH), there was no appreciable difference in the surfacetreatment, but does not increase with longer times. At
shorter treatment times—1 h) the oxygen inclusion is at
least 16%, therefore, the relative increase in oxygen
between 1 and 8 h of treatment is low. Coupled with the
fact that only 3—4% fluorine remains in the XPS analysis

4000 H

Table 3
Carbon peak assignments for PVdF after treatment with 4 M NaOH &t 80
with PTCs using the ESCA 300

Peak Binding Full width; Assignment depth after 1 h of treatment, this suggests that the reaction is
energy half maximum almost complete after 1 h. The presence of phosphorus and

1 285.0 13 CH—CH bromine is p_ropf of the inclusion of the catalyst into the

2 286.6 15 CH—CFOHCOH/COC sample, albeit in very small quantities. Table 5 shows the

3 288.0 15 C=OICF surface composition with respect to carbon functionalities

4 289.0 13 COHF/COOHCF= over treatment time with TBPB.

5 290.4 1.3 Tt ; ; ;

. 200.4 15 - Tables 6 and 7 present the information, in the same

format as Tables 4 and 5, but for the PTC, TBAHS. Table
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Table 5 Table 7

Surface composition, with respect to carbon functionalities for PVdF trea- Surface composition, with respect to carbon functionalities for PVdF
ted in 4 M NaOH at 88C with 0.0025 mol of TBPB as a function of time  treated in 4 M NaOH at 8€ with 0.0025 mol of TBAHS added, as a
function of time

Time Surface concentration of carbon functionalities (at%)

(h) Time Surface concentration of carbon functionalities (at%)
CH, COH/ICOC/ C=O/ICF COHF/ ="—a" Ck (h)
CH-COHF CH, COHICOC/ C=0O/ COHF ="—a" CFR,
CH-COHF/ CF

24° 7.3 26.0 1.3 0.0 0.0 20.2 CH-CF,

1 539 142 4.7 2.3 1.0 0.0

2 50.6 117 6.1 3.0 15 0.0 24° 20 256 1.0 1.0 0.0 23.2

4 50.3 12.6 6.2 1.3 0.6 0.0 1 43.2 135 3.6 6.6 1.0 0.0

8 526 11.8 6.1 1.8 0.6 0.0 2 433 174 7.4 1.8 0.0 0.0

12 48.3 153 49 35 0.0 0.0 4 39.7 15.2 5.8 2.3 1.0 0.0

24 46.7 16 45 29 0.0 0.0 8 728 109 0.9 3.3 0.0 0.0
12 52.7 157 5.8 2.0 0.0 0.0

& 24 h treatment with 0.01 M TBPB and no NaOH. 24 488 13.4 5.4 4.3 0.9 0.0

6 shows the concentration of elements of PVdF after treat- ~ 24 h treatment with 0.01 M TBAHS and no NaOH.
ment with 4 M NqOH anql O'.0025 mol of TBAHS at%m_ ate the defluorination reaction and reduce the incorporation
The presence of nitrogen indicates that the catalyst has inter- . .
. o of oxygen into the sample. Oxygen is present as hydroxyl

acted with the surface, although the concentration is very and carbonvl arouns. The fluorocarbon species that remain

Il. Again the concentration of oxygen is about 20% and DONy! groups. . P
small. Ag yg

) are not in the form of Cfgroups. Conjugated double bonds

does not change appreciably between 1 and 24 h of treat- : .

. .. are evident in the XPS carbon 1s spectra as shown by the
ment. The percentage of fluorine drops to around 3% within presence of the — " shake-up satellite at 290.4 eV. After
rlez (gcttr?:tgfggn-l}izlsﬂan;i%\g: Zirf:iinccigﬁo(ﬂt_'?g Av|\_/||tsh 1 h of treatment, the reaction appears to be complete in both

P ) ' : cases. There is no significant difference between the catalyst
treatment time. The.se t'ables_show the same possible type?reatments at this level of PTC concentration, in stark
of oxygen and fluorlng inclusion as for the TBBB samples contrast to the data in Table 2 where a higher concentration
described above. Again, the presence ofthe " shake- of TBPB leads to little oxygen incorporation
up satellite indicates the formation of a conjugatedCC '
structures.

A typical fluorine spectrum of a TBPB treated sample is

shown in Fig. 5, two components can be clearly identified,  The negative and positive ToF-SIMS spectra of untreated
one representative of sodium fluoride and the other of either py/gr are shown in Fig. 6. The negative spectrum contains
CF, =CF, or HO-C-F. The peak representing,Q@f the fluorocarbon and hydrocarbon peaks, as shown in Fig. 6(a).
untreated sample lies at 688.0 eV, as expected, howeverrpe negative spectrum betweenz 1-19 has not been
after treatment the fluorine peak is shifted slightly (to jncjyded as it is dominated by an elemental fluorine peak,
687.4 eV). This is not typical of CF which should lie at hjs is expected as a result of the sensitivity of SIMS to
687.0 eV, but could be shown as being representative offjyorine, and for the fact that PVdF is 33 at% fluorine.
HO-C—F. The fluorine spectra of the TBAHS treated There are also peaks representing elemental oxygen, carbon,
samples are almost identical to that of the TBPB treated cHq angd CH, however such peaks explain little about the
samples, therefore the same conclusions can be drawn.
The catalysts, at these low-concentration levels, acceler-

4.3. ToF-SIMS analysis.

overall structure. There are also chlorine peaks present at

Table 6 [Counts]
Atomic percentage of elements of PVdF on treatment with 4 M NaOH at "7 7
80°C with 0.0025 mol of TBAHS added 1200
Time (h) Element percentage 1000

c o F Na N 0

B0
242 52.5 2.1 45.4 1.0 0.0 400 4
1 67.9 21.3 3.6 55 1.7
2 69.9 21.1 3.7 3.8 15 200 |
4 63.6 19.2 6.9 9.0 1.3 0
T T T T

8 88.0 10.9 1.0 1.0 0.0 542 - 504 &a0
12 76.0 19.4 2.3 2.3 0.0 Binding Eneray [eV]
24 73.3 19.9 2.5 3.1 1.2

Fig. 5. F1s spectra of PVdF treated at®dor 4 h with 4 M NaOH with
& 24 h treatment with 0.01 M TBAHS and no NaOH. 0.0025 mol of TBPB added.



408 G.J. Ross et al. / Polymer 42 (2001) 403-413

(a)

600 - cr

CH CHy
| E
300 A CF

GF  CRy
‘ CFy
0 u L [ ' M‘H\m i i .

20 30 40 50 60 70 80
m/z

Normalised Counts x 100,000

(b)

9000

8000 {
C

7000 -
6000 -
5000 T CF*
4000 -
C,H,Fy"
3000 -

C3H5* C;HF*
CHF," CF5*

10 25 40 55 70 85 100 115 130 145 160
m/z

2000 - CoH5" C;HF,*

Normalised Counts x 100,000

C3H,Fs*

T3H3F2+ C3H,F5"

1000 A ‘ ‘
]

0 \MM“M\‘HM‘M \‘\u Al

Fig. 6. ToOF-SIMS spectra of untreated PVdF: (a) negative spectra; and (b) positive spectra.

m/z= 35 and 37, this is just contamination, negative SIMS be taken into account when comparing the spectra.
spectra are very sensitive to electronegative ions such as F However, after treatment with the catalyst alone the nega-
and CI, the chlorine ion intensity is insignificant in  tive spectrum still has a substantial fluorine peak, there are
comparison to that of the fluoride ion intensity. The fluor- no significant peaks higher in intensity than this, indicating
ocarbon fragments, such asHEF, dominate the positive  that the catalyst does not attenuate the negative spectrum in
spectrum, Fig. 6 (b), is as expected. this case. This demonstrates the introduction of the PTC
Prior to interpreting the spectra obtained through the cata- with the organic polymer phase. Taking into account that
lyst treatments, the catalysts were analysed by ToF-SIMS.the samples are washed after exposure to the environment,
Each catalyst was separately dissolved in milli-Q water, and the PTCs are therefore adsorbed onto the polymer surface
a droplet of solution was dried onto aluminium foil. The and this does not represent residual material.
resulting spectrum from the TBPB sample is shown in Fig.  Fig. 8 shows the spectra of PVdF after treatment with
7. The negative spectrum of TBPB has two very characteristic 4 M NaOH and 0.0025 mol of TBPB at 8D. Fragments
peaks attributed to brominenz= 79 and 81). The positive  that could represent CFHyroups and CHFOHgroups are
ToF-SIMS spectrum shows a characteristic fragment patternpresent, as well as masses that could represent oxygen
involving the removal of the butyl groups from the phospho- containing groups ((CHJOH),) and conjugated structures
nium ion. Characteristic peaks in the positive spectrumraie:  ((CH,)4(CH)s). Catalyst peaks, as expected, dominate the
z= 259, (P(GHo),) ", andm/z= 229, (PGHg)3)CH,CH". positive spectrum shown in Fig. 8(b). Small peaks repre-
A spectrum of PVdF, treated with 0.01 M TBPB at’80  senting PVdF can be found (e.g. £F , CHF;, C3H,F3).
for 24 h was also acquired. Adsorption of the catalyst onto There are some new peaks that are not representative of
the PVdF sample is shown to occur by the presence of theeither the catalyst or the base PVdF. These could be inter-
characteristic catalyst peaks. The fluorocarbon groups preted either as conjugated or oxygen containing structures,
obvious in untreated PVdF positive spectrum (Fig. 6 (b)), as shown in Table 8.
have now been attenuated by the presence of the catalyst. A The characteristic fragment pattern of TBAHS involves
small amount of catalyst, identifiable by a peak at striping the butyl groups away from the ammonium ion, in
m/z= 259, is responsible for this phenomenon. This must some cases fragments are more stable when only partial
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= Fig. 8. ToF-SIMS spectra of PVdF treated at@@or 24 h with 4 M NaOH

4 + + with 0.0025 mol of TBPB added: (a) negative; and (b) positive.

o 5000 p + PzCHz P(C4H9)3C2H3

1S 2

z 0 .LI.TlJA“JA lilll; al

‘ ‘ shown in Fig. 9 as they dominate the spectrum, therefore
10 60 110 160 210 260 peaks previously attenuated are easily observed here.
m/z

4.4. Raman spectroscopy

Fig. 7. TBPB ToF-SIMS spectra: (a) negative; and (b) positive. .
g P () neg ®yp Fig. 10 shows a Raman spectra (green laser) of untreated

o ) ) PVdF. The Raman spectra of PVdF after 24 h treatment in
striping of the butyl group is achieved and a £&foup 9 01 M TBAHS and 0.01 M TBPB at 8C are consistent

remains, e.g. peak/z= 142, (N(CHo).CHy) ", a fragment  \yith the untreated spectra, indicating that no modification of
ion characteristic of this catalyst. The other main character- o sample has occurred.

istic peaks arerP/z: 242, (N(GHg)4)" and m/z= 184, Fig. 10 also shows Raman spectra (green laser) of the
(N(C4Ho)x(CaHg)) " There are no peaks, characteristic of samples treated with 0.0025 mol of TBAHS between 1
the catalyst in the negative spectrum that will be easily 5n4 24 h at 88C with 4 M NaOH. Here, a dramatic change

identified when on a PVdF surface. As with the TBPB, iy the spectra is observed. The treated samples were found
TBAHS adsorbs strongly onto the surface without modify-

ing the PVdF surface significantly. Fig. 9 shows the ToF- Table 8

SIMS spectra of PVdF after treatment with 0.0025 mol of pqgitive ToF-SIMS spectra assignments. Possible structures for character-
TBAHS and 4 M NaOH at 8 for 24 h. There are more istic fragments identified in Figs. 8 and 9

peaks present, representative of treated PVdF in the nega-

tive spectrum, compared to that of TBPB. As shown in Fig. 9 ™2 Possible structure

there are intense peaks that could be representative obgg (CH)s

oxygen containing groups and conjugated structures. (CH,CHOHCHOH) CHOHCHOHOH
There is also an intense peak representing CFACHS is 285 (CH).C

consistent with the TBPB negative spectrum and the XPS (%';Z)Z(CHOHCHOH)‘ CHOHCHOHOH
results. Catalyst peaks dominate the positive spectrum,,, ECHﬁC

although there are two peaks present that are not represen- (CH,CH)(CHOH);

tative of the catalysts or untreated PVd#z= 135 could 82 (CHYCHOH

be representative of (CEJH,OH and m/z= 105, which 79 (CH)CH,

could represent (CHEH, The catalyst peaks above %® CFOH

m'z= 150 (major peaksnm/z= 242 and 184), are not CHAOH)
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ocarbons, most of which also disappear on treatment. The
only peak to remain after treatment is the carbon—carbon

@ 600 4

§, 500 1 single bond stretching mode, at 1129 ¢mThis is shifted

§ 400 { gl | (CHFOR as it is part of a conjugated structure, as shown in Fig. 10. A
z CHF new peak that appears at 1527 ¢mepresents the carbon—
g% e cort carbon double bond stretching mode of a conjugated
3 200 - CHYOH Gyt structure. The weak vibration at 1373 chrould be a result

g 100 (CH (o NCHY: of the interactions of the C—C and=C stretching m_odes.

3 (CIW |(CH). <§H2>CH The Raman spectra therefore, show the formation of a

conjugated carbon—carbon double bond structure.

» 50 s 10012 150175 The distance between the peaks 1129 and 1527cm
m/z representing the single and double bond stretching modes,
(®) respectively, is inversely proportional to the length of the
€ 10000 - CHy* conjugated structure. This remains constant for samples
s treated between 1 and 24 h. However, the peak intensities
% 80001 o do change over time, increasing in the range 1—4 h, and then
é 6000 - h decreasing rapidly with increasing fluorescence up to 24 h.
S Nt The peak at 1373 citt disappears after 8 h treatment. The
g 4000 A CHy? increase in peak intensity is representative of an increase in
E‘ 2000 CH; /ccg) N(CHy)CH," the number of conjugated chains present of one speci.fic
5 ‘ : length. After 4 h treatment, the number of chains at this
“~ o L M \“U \\M\‘MwmM“Hm\mw‘mwm s tial specific length is reduced greatly; therefore, conjugated
10 25 40 55 70 85 100 115 130 145 chain production is complete within 4 h at the Raman analy-
mz sis depth. As there is a reduction in the number of chains

present, a process removing these chains must be occurring,
Fig. 9. ToF-SIMS spectra of PVdF treated at@@or 24 h with 4 M NaOH or this could represent a measure of layer stability.
with 0.0025 mol of TBAHS added: (a) negative spectra; and (b) positive The resonant enhancement of the peaks in the range
spectra. analysed is a result of the-electron polarizability and the
) coupling of these vibrational modes to the lowest vibrational
to degrade substantially under the laser, therefore the laselstate. Samples analysed with the red laser produced Raman
power was kept low (2 mW) and time was kept short (20 s), spectra of inferior quality. The samples treated with
to prevent the rapid degradation of the treated films. 0.0025 mol of TBPB and 4 M NaOH at 80D between 1
The majority of peaks in the fingerprint region and 24 h, are practically identical to those obtained with

(<900 cm ") of the spectra disappear on treatment, indicat- TBAHS, indicating that both catalysts work in the same
ing a complete change in the structure. The peaks in the manner.

region 900—1400 cnt of untreated PVdF represent fluor-

5. Discussion

5000

4500 it PVdF was treated with four different catalysts, TBAH,
- muhours TBAB, TBPB and TBAHS, which resulted in a colour
WAM, 8 hours change in all cases. The darker the colour the lower the
?Essoo — concentration of fI_uoring fqund to be presgnt by XPS and
g R [\ ToF-SIMS analysis. This is expected as it represents the
é )/\\\Mwmu,s formation of the conjugated layer.
§ 2500 Treating the samples with 12 M NaOH [1] up to 256 h
o« N, 2 hOUTS
' \w.w 1 hour reduces the fluorine concentration to approximately 99% of
00 \'\ 1\ J\ the initial value, and increases the oxygen concentration to
1500 P W . pnireated 30 at%. Within 2 h of this treatment however, the fluorine

U o ot e . :
has only decreased by 46%, and the oxygen incorporation
o 00 o e wo o 1a0o has only reached 10 at%. In the experiments prepared here,
Wavenumber, cm’ the hydroxide concentration was reduced to 4 M, but the
presence of the catalyst increased the rate of reduction of
Fig. 10. Raman spectra (green laser) of PVdF samples treated with fluorine to greater than 90%, and oxygen incorporation to
0.0025 mol of TBPB between 0 and 24 h, at@0The intensity of the 21 at% within 2h. The reaction had also reached
lower value is indicated on the left-hand side of each spectra. Completion after 1h. The samples treated with NaOH,
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progressively defluorinate up to 256 h [1], when they reach a there are no sizeable peaks relating to COOH in the negative
level practically equivalent to 1 h treatment with catalyst, spectra of the catalyst treated samples. Therefore, there are
however, the oxygen incorporation when not using a no COOH groups present in the final structure.
catalyst is almost 10 at% greater (up to 50%). Table 8 shows the possible structures that refer to the
In the first set of experiments, a high catalyst concentra- fragment ions formed on treatment of PVdF with TBPB
tion was utilised and resulted in a large difference in the and TBAHS. These results show the possible formation of
concentration of oxygen incorporated on reaction with the conjugated structures, as well as the formation of oxygen
different catalysts. At the lower catalyst concentration containing groups in the positive spectra. The negative
(0.0025 mol), however, this is not the case. In fact, the spectrum in Fig. 9 also shows the possible formation of
two catalysts produce almost identical surface studies, asoxygen containing groups and conjugated structures. XPS
shown in Table 9. The fourth peak of the C1s XPS spectrum and ToF-SIMS both indicate the formation of conjugated
is at 4 eV higher than the unfunctionalised carbon and may structures, and they also indicate the formation of oxygen
represent an HO—C—F group, the overall percentage ofcontaining structures. XPS and ToF-SIMS provide evidence
fluorine is consistent with the size of this component. for the inclusion of oxygen into the sample in forms that
Also, the position of the XPS F 1s component indicates interfere with, and therefore destroy the conjugated struc-
that HO—C-F is present. This is consistent with the ToF- ture, i.e. the formation of HO—C—F groups. It is possible
SIMS spectra that contain a significant percentage of frag- that chain scission is also occurring under the harsh envir-
ments, which could represent HO—C—F groups, see Figs. 8onment of the treatment. Both these processes lead to the
and 9. destruction of the conjugated structure. The Raman results
There is a distinct possibility thatCF groups are present, show that a conjugated structure is formed; however, after
within the modified structure, however both in the Clsand F 4 h treatment time there appears to be a break-up of this
1s XPS spectra these would occur at the same position asstructure. The Raman analysis depth is considerably deeper
HO-C-F functionalities. The conjugated structure gives then that of XPS and ToF-SIMS. The reactions that are
rise to a chemical shift, which is equivalent to that of the occurring on the surface after 1 h may not occur at the
OH group [11]. Thus, evidence for this species is not secure. Raman analysis depth until 4 h treatment time. This would
It is clear that no fluorine remains as CF in its non-conju- explain the break up of structure that is observed in the
gated form, as this would lead to an extra component in the Raman spectra after 4 h.
fluorine 1s XPS spectrum. ToF-SIMS does provide evidence The Raman spectra that were obtained resembled spectra
of the CF groups (which may, or may not, be part of a observed for trans-polyacetylene [12]. By use of the graph
conjugated structure), in the negative spectra as indicatedobtained in a previous publication [1], an estimation of
in Figs. 8 and 9 where there are fragment ions assignable toconjugation length from our Raman results can be obtained.
CF and CFH. These groups could, however, result from the A separation of 399 cit of the two Raman peaks repre-
destruction of HO—C—F groups, as their intensity is similar sents a polyene with 8—9=€C bonds present.
to that of the CFH groups. In summary, there is no comple-  Previously, treatment of PVdF with 12 M NaOH at°80
tely unambiguous spectroscopic evidence of fluorine within for up to 56 h [1] was also shown, by Raman spectroscopy,
the conjugated structure (i.esCF). The analytical data is to produce a polyene of 8—9=C bonds. The intensity of
consistent with their presence, this point will be considered the peaks for the catalyst treated samples however, is much
further during discussion of the degradation mechanism, greater, indicating that more polyene structures of this bond
where the formation of=CF is involved in the elimination  length were formed.
step. From the XPS F1s spectra it is evident that CF groups are
It is clear that no Ck-groups are present after treatment, not formed unless part of a conjugated structure. Therefore,
as the XPS peak, which could represent these groupsthe third peak in the XPS C1ls spectra is representative
(assigned as the — =" interaction), is not consistent with  of carbonyl groups. Whether or notCF groups are
the percentage of fluorine present. Also there is no peakactually formed has not been proven. There is evidence
representative of GFgroups in the XPS F1ls spectra. for the presence ofCF groups in the ToF-SIMS spec-
Previously [1], experiments with NaOH only, showed that tra, as well as the possibility in the XPS Cl1s and F1s
both fluorine atoms were removed, one immediately after spectra, therefore it is more likely that these groups are
the other. The XPS results of the catalyst treated samplesformed.
indicate the removal of one fluorine atom at a time. From the XPS, Raman spectroscopy and ToF-SIMS
Considering that the fluorine groups are all present as results it is evident that HO—C—F groups and conjugated
HO-C-F or=CF groups, this accounts for the fourth structures are formed. XPS and ToF-SIMS also indicate the
peak in the XPS C 1s spectrum, as shown in Table 3, theformation of COH groups and=CF groups. Carbonyl
fluorine percentage and size of this peak are comparable.groups are present as shown by the XPS Cls spectra.
Therefore, there are no COOH groups present in the XPSThe interpretation of the Raman spectroscopy indicates
Cl1s spectrum, as these groups would be part of componenthe formation of conjugated chains of length 8—9 double
4. This is complemented by the ToF-SIMS spectra, where bonds.
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6. The Degradation mechanism

It is proposed that the mechanism for the defluorination of
PVdF in aqueous alkaline solution with the addition of
PTC, which is consistent with our model for NaOH
induced egradation [1], is as follows with regard to the
PTC TBPB:

(a) Deprotonation

H°

(C g
W[CFz-CH-CFz—CHz]’HW + HyO

W[CF{CH-CF 2-CHy

o)

Q
OH

The PTCs interact with the polymer surface
(organic media), thereby locally increasing the activ-
ity of hydroxide. This increases the reaction rates
between the hydroxide and PVdF polymer chains.
After reacting the PTC attaches to another hydroxide
from the aqueous solution and thus acts as a true
catalyst.

4H), P®O

(b) Elimination

_Fe
wvwe [CFp-CHACF-CH ] o —

Y

F

wwoe[CF2-CH=CF-CH plaww + FO

The above chain fragment can rearrange as shown, to
yield the in chain &C double bond, this is known as
an elimination reaction. The Fion is stable as the
reaction occurs in aqueous solution and the driving
force is the formation of a carbon—carbon double
bond. This process then, continues to yield a conju-
gated structure containing up to nine carbon double
bonds.

Steps (a) and (b) may also occur simultaneously via
an E2 (elimination, bimolecular) in chain reaction.

However, this is unlikely as it is part of a long polymer

G.J. Ross et al. / Polymer 42 (2001) 403-413

(c) Hydroxylation

N

—CFy—C——C—CH,—

OH \ }l{

--CFZ—C:C| —CH,—

OH

All analytical data presented in the paper indicates that
there is HO—C—-F in the treated PVdF surface, however
there is no Ckremaining. It is concluded therefore, that
step (c) occurs slower than steps (a) and (b) so that all the
CF; is removed but HO—C-F remains, as shown above.
This is a result of the steric hindrance observed, the
attacking hydroxide is associated with a quaternary
onium cation. The HO-C-F group can also be an inter-
mediate group leading to the formation of hydroxide
groups as shown above.

(d) Carbonyl Formation

H H
—CFz———J::C—CH;— _— —CFz-—l‘iC—CHz* +H0

&

O0—H
©oH F H I
Step ¢) C} (‘: c
F H —_ —e—|—CHz
L
B —(=C— Hr—

CcC—C
[

(0]

In the presence of an alkaline environment, deprotonisation
of the incorporated hydroxide will occur. The resultant
structure is resonance stabilised as shown, and will lose
fluoride, which is stable in aqueous solutions. Again, the
driving force is the formation of a carbon—carbon double
bond.

Deeper into the surface layers, the polyene structures of

chain and will thus experience high steric hindrance. Again, 8—9 double bonds are formed by the continuation of step
in this case the hydroxide ion is associated with the phos- (b). The double bond formed, encourages the hydrogen on

phonium ion or ammonium ion in question.

the neighbouring carbon atom to leave, forming another
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