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ABSTRACT: The synthesis and the characterization of original copolymers based on vinylidene cyanide (VCN)
and 1H,1H,2H,2H-perfluorodecyl vinyl ether (FAVES) are presented. While VCN is known to be very reactive
in radical homopolymerization in contrast to the vinyl ether which does not homopolymerize, the radical
copolymerization of VCN with FAVES unexpectedly led to alternating poly(VCN-alr-FAVES) copolymers. Seven
radical copolymerization reactions were investigated with [VCN]y/[FAVES], percent molar ratios ranging between
15/85 and 80/20. The copolymer compositions of these copolymers were assessed by elemental analyses and
showed 32 mol % (in one case only) to 56 mol % of VCN (ca. 50 mol % in most cases). From the
monomer—polymer copolymerization curve, the Fineman—Ross and Kelen—Tiidos laws enabled one to assess
the reactivity ratios (ryey = rj2 = 0.08 £ 0.01; rpaves = 1= 0.07 £ 0.01 at 75 °C) while the revised patterns
scheme led to 7, = 2.7 x 1073 and r,; = 4.0 x 107°, suggesting an alternating tendency of that radical
copolymerization. Thermogravimetric analysis of these copolymers showed exceptional thermal stability, the
thermal degradation starting from 350 °C under air. Original films processed from these poly(VCN-alt-FAVES)
copolymers exhibit superhydrophobic and highly oleophobic characters as evidenced by high water and
diiodomethane contact angles of 168 + 3 and 135 =+ 3°, respectively. These interesting properties make them

candidates for some coating applications.

Introduction

Polymers containing polar substituents including halogen and
cyano groups are of interest in the development of advanced
electrical and optical materials because of the large dipole
moment expected from the polar substituents. Nonlinear optical,
piezoelectric, and pyroelectric properties have been observed
in the polymers.”> Vinylidene cyanide (VCN) has often been
employed in the preparation of high polar polymers as a useful
starting monomer.>* However, homopolymer of VCN is
unstable due to chain scission by atmospheric moisture even at
ambient temperature and therefore rather impractical.® Thus, the
incorporation of VCN unit into a polymer has been attempted
by its copolymerization with other various vinyl and diene
monomers.* Interestingly, the study of reactivity ratios of these
copolymers shows a stronger tendency to form 1:1 alternating
copolymers.” Their mechanical properties have also been
studied.® Radical copolymerizations of VCN with vinyl ethers’
such as vinyl isobutyl ether, butoxyethyl vinyl ether, and ethyl
vinyl ether have also been carried out but no copolymers were
found. New applications of VCN were found by Miyata et al.®*
or from the NASA,'® and these authors observed piezoelectric
properties of the amorphous poly(VCN-co-VAc) copolymer
(where VAc stands for vinyl acetate). Therefore, studies which
include the copolymerization reactions of VCN with various
monomers have been of growing relevance in the last years to
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study their microstructures and their electric properties. Vi-
nylidene cyanide has been copolymerized with various mono-
mers such as styrene,'' vinyl benzoate,>'' methyl methacry-
late,'? isopropenyl acetate, vinyl pivalate, vinyl formiate, vinyl
hexanoate, a-methylstyrene,'*~'° substituted styrenes,'®'” vinyl
esters of fatty acids,'® and vinyl acetate.>'? All these copoly-
merizations have generated alternating copolymers endowed
with high T,s, and their microstructures have been characterized
by ®C NMR spectroscopy. The dielectric behavior of the
copolymer of VCN with vinyl acetate has been studied by
Furukawa et al.*® The most important highlight in this investiga-
tion is the high dielectric strength above its T, in a noncrystalline
polymer. A mesophase glass structure has been proposed for
this copolymer, allowing cooperative effects in relation to
dipolar motions of CN groups around the glass transition
temperature.”° Industrial patents give the main characteristic of
piezoelectric copolymers of VCN.?! 723

For optical properties, industrial patents have claimed the
synthesis of copolymers of VCN with functionalized styrenes
such as 4-acetoxystyrene®* or 4-chloromethylstyrene® or vi-
nylcarboxyethyl benzoate®® to graft on these copolymers
nonlinear species such as dies.

In the same way, many fluorinated (co)polymers have been
studied for their outstanding properties (thermal stability,
chemical inertness, resistance to oxidation and aggressive media,
low refractive index, low surface tension, good electric proper-
ties, and wire insulation).?’~%°

However, to our knowledge, a few studies on the synthesis
of copolymers of VCN with fluorinated monomer has been
reported in the literature, just like that of statistical copolymers
of VCN with either 1,1-difluoro-2,2-dichloroethylene®° or 1,2-
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difluoro-1,2-dichloroethylene.*' Montheard et al.** have studied
the radical copolymerization of VCN with two styrenic comono-
mers bearing a fluorinated chain in the para position, leading
to alternating copolymers.

It is known that vinyl ethers do not homopolymerize under
radical initiation. However, their copolymerization with electron-
withdrawing monomers leads to alternating copolymer, via an
acceptor-donor copolymerization sometimes via a charge trans-
fer complex.*® Two industrial examples are Lumiflon and Zeffle
marketed by Asahi Glass Chemicals and Daikin Companies,
from copolymers based on vinyl ethers with either chlorotrif-
luoroethylene or tetrafluoroethylene, respectively.** The cationic
polymerizations of fluorinated vinyl ethers such as 3,3,4.,4-
tetrafluorobutyl vinyl ether®* or 1H,1H,2H,2H-perfluorooctyl
vinyl ether®® were pioneered by Choi et al.** or by Vandooren
et al.,*® respectively. These reactions were initiated by the HI/
Znl, system, leading to living poly(ethers) bearing fluoroalkyl
side groups. Various groups also successfully attempted to carry
out such procedures in various solvents*®>® and even in
supercritical CO, medium.** However, the dielectric properties
of the resulting polymers have never been studied. Nevertheless,
the cured films obtained by photocationic polymerization of a
commercially available vinyl ether system in the presence of
low amounts of w-perfluorovinyl ether led to materials endowed
with low wettability and friction which show peculiar charac-
teristics for coating applications.*® The fluoromonomers in-
creased the hydrophobicity of the film surface, whereas the
adhesion on various substrates such as glass and wood was
unchanged. An improvement in the chemical resistance of these
coating was also observed: notwithstanding the very low
concentration of the fluorinated monomers, the additives could
protect the coating from aggressive solvents and may find
suitable applications.

The objective of this article deals with the synthesis and the
characterization of copolymers based on vinylidene cyanide
(VCN) and a vinyl ether containing a fluorinated group. We
have chosen 1H,1H,2H,2H-perfluorodecyl vinyl ether (FAVES)
as the fluorinated comonomer which has a flexible lateral chain
making easier the orientation of cyanide dipole when the
copolymer was poled. In addition, the presence of perfluoroalkyl
group in FAVES could enhance the dipole moment of the
polymeric chains and could provide new materials with interest-
ing electric and surface properties. A kinetic approach enabled
us to assess the reactivity ratios of both comonomers and to
compare them with those of the literature. Then, the thermal
properties (especially the glass transition and decomposition
temperatures) and the surface properties of the resulting
copolymers have also been investigated.

Experimental Part

Materials. Vinylidene cyanide (VCN) was prepared by the
pyrolysis of 1,1,3,3-tetracyanopropane at 180—250 °C, as detailed
elsewhere.*' 1,1,3,3-Tetracyanopropane is prepared in the first step
using the Knovenagel reaction, from formaldehyde and malonitrile
as a compound possessing mobile hydrogen, in the presence of
[-alanin as a base. Its melting point is about 136 °C. The
corresponding yield (ca. 80%) was higher than that obtained when
piperidine was used as the base to prepare the 1,1,3,3-tetracyano-
propane as claimed by Bomogolova et al.*> VCN is moisture
sensitive, and polymerizes readily upon contact with water at room
temperature to form a hard, white, and nonmeltable polymer.® Many
efforts to stabilize vinylidene cyanide have been developed. The
control of the time of this reaction is very important because the
1,1,3,3-tetracyanopropane intermediately can react with the base
(even with moisture) to obtain the corresponding carbanion which
can further react with the nonreacted formaldehyde leading to
secondary compounds that have high melting points.*'® At the end
of the distillation, VCN monomer was kept at —18 °C in the
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presence of a small amount of phosphorus pentoxide, and under
nitrogen. The yield was 50%.

tert-Butylperoxypivalate (TBPPI, purity 75%) was a gift from
Akzo Nobel (Chalons sur Marne, France). 1H,1H,2H,2H-perfluo-
rodecyl vinyl ether (FAVES) was kindly supplied by Unimatec
Company (Japan). Its purification was carried out by distillation
under reduced pressure, then stored below 5 °C prior to use.
Acetonitrile, BF;.0Et,, and 1,1,2-trichloro-1,2,2-trifluoroethane
(CF,CI—CEFCl,) were provided by Aldrich (38299 Saint Quentin-
Fallavier, France).

(Co)Polymerizations. Cationic Homopolymerization of FAVES.
The homopolymerization of FAVES was initiated by BF;.0Et,, in
1,1,2-trichloro-1,2,2-trifluoroethane as the solvent, under an anhy-
drous nitrogen atmosphere. First, a solution of 0.1 M of dried
FAVES in 1,1,2-trichloro-1,2,2-trifluoroethane (dried using CaH,
and freshly distilled) was prepared and cooled to —30 °C (in an
acetone/liquid nitrogen bath) before the addition of BF;.OEt, and
then stirred for 3 h. Then, the reaction was deactivated by adding
a large volume of methanol containing 5% in volume of ammoniac
(25%). The organic solution was washed by deionized water until
a neutral pH was reached. Then it was dried over sodium sulfate
(Na,SO,) and filtered. Solvent was removed under vacuum. The
resulting polymer was insoluble in usual organic solvents, expect
in fluorinated solvent such as 1,1,2-trichloro-1,2,2-trifluoroethane
or 1,1,1,3,3-pentafluorobutane.

Radical Copolymerization of VCN with FAVES. The appropriate
quantities of FAVES and initiator in dried acetonitrile (monomer/
solvent = 1/4 w/v) were placed in a two necked round-bottom-
flask and the mixture was purged with dry nitrogen. The flask was
put a thermostatic oil bath at 75 & 1 °C. Then, freshly distilled
VCN was added to that mixture. The copolymerization was allowed
to proceed for about 10—20 min to achieve a conversion of about
12%. The polymerization mixture was then poured into a 10-fold
excess of stirred pentane and the precipitated polymers were filtered,
washed with the same nonsolvent, and dried under vacuum at 95
°C for 24 h, to give a yellow powder.

Characterizations. The 'H and 'F NMR spectra were recorded
at ambient temperature on Bruker AC 200 and AC 400 instruments,
using deuterated acetone or DMF as the solvents and tetramethyl-
silane (when the copolymers were soluble). TMS (or CFCls) as
the references for 'H (or '"F) nuclei, respectively. Coupling
constants and chemical shifts are given in Hz and ppm, respectively.
The experimental conditions for "H (or '°F) NMR spectra were the
following: flip angle 90° (or 30°), acquisition time 4.5 s (or 0.7 s),
pulse delay 2 s (or 5 s), number of scans 16 (or 64) and a pulse
width of 5 us for ’F NMR.

Infrared spectroscopy measurements were performed in transmis-

sion with a spectrometer Nicolet 510 P. The accuracy was 2 cm ™.

Differential scanning calorimetry (DSC) measurements were
conduced using a TA 2920 analyzer from TA Instruments DA
73085, a RCS DA cooler, and a Sartorius MCS5 weighing machine.
Scans were recorded at a heating rate of 10 °C min~! from —50 to
+ 180 °C.

Thermogravimetric analyses were performed with a Texas
Instrument ATG 51-133 apparatus at a heating rate of 10 °C min ™"
from room temperature to 600 °C under nitrogen. The weight of
copolymers ranging between 10 and 15 mg was placed in a platinum
pan.

The poly(VCN-alt-FAVES) copolymers (as yellow gums) were
sandwiched in two Teflon films which were put between two heated
plates of a press at 170 °C under 70 bar for 10 min. The dynamic
contact angle measurements were performed with a contact angle
goniometer (contact angle system OCA Neurtek Instruments),
equipped with a video camera and image analyzer, at room
temperature with the sessile drop technique (each droplet’s volume
was ca. 6 uL). At least five measurements were done; the difference
from the average value was no more than 3° for the advancing
angle.

Scanning electron microscopy (SEM) was carried out on a FEI
apparatus (resolution: 1.5—500 nm), to obtain high level magnifica-



3534 Meskini et al.

Macromolecules, Vol. 42, No. 10, 2009

Scheme 1. Synthesis of 1H,1H,2H,2H-Perfluorodecyl Vinyl Ether (FAVES)35-37-3845
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Scheme 2. (a) Radical Copolymerization of Vinylidene Cyanide (VCN) with 1H,1H,2H,2H-Perfluorodecyl Vinyl Ether (FAVES) at 75 °C
in Acetonitrile, Initiated with fert-Butyl Peroxypivalate, and (b) Cationic Homopolymerization of FAVES Initiated by BF;-OEt, at —30
°C in 1,1,2-Trichloro-1,2,2-trifluoroethane
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tion images of cross sections of networks. A probe (using a gad
cone) was used to observe surfaces within a 1 um?® scale at a
working distance of 10 mm.

Atomic force microscopy (AFM) was performed using a mul-
timode scanning probe microscope (Park scientific Autoprobe CP)
in intermittent-contact mode with a silicone tip. The AFM images
were obtained at room temperature under air. The samples were
prepared from spin-coating of the copolymer solution (in C4FsHs
as the solvent) on glass substrates.

Results and Discussion

1. Synthesis of Monomers. Vinylidene cyanide monomer
(VCN) is difficult to prepare and is highly reactive.* It is
moisture sensitive, and it polymerizes readily upon contact with
water at room temperature. Its synthesis was described by Bell
et al.*' from the pyrolysis of 1,1,3,3-tetracyanopropane. The
yield of VCN was close to 50%. Many compounds have been
tested as possible stabilizers for VCN, and phosphorus pentoxide
(P,Os) and sulfur trioxide have been shown to behave as efficient
stabilizers.*>+*

1H,1H,2H,2H-perfluorodecyl vinyl ether (FAVES), used as
comonomer of VCN, is a commercially available monomer.
FAVES monomer was prepared by several authors*~7-*%4 from
the transetherification of ethyl vinyl ether and 1H,1H,2H,2H-
perfluorodecane-1-ol (Scheme 1).

2. Cationic Polymerization of 1H,1H,2H,2H-Perfluorode-
cyl Vinyl Ether. 1H,1H,2H,2H-Perfluorodecyl vinyl ether
(FAVES) does not homopolymerize under radical initiation.>>~3®
but its cationic homopolymerization initiated by BF;.OEt, was
attempted (Scheme 2).

It is known that the polymers based on perfluorinated-
containing vinyl ether are poorly soluble common usual organic
solvents.>**> Thus, our strategy was to carry out the cationic
homopolymerization of FAVES in 1,2,2-trichloro-1,1,2-trifluo-
roethane as the solvent. Poly(FAVES) homopolymer was also
soluble in that chlorofluorinated solvent, but less soluble in
organic solvents (such as THF, DMF, and dimethyl acetamide),
which prevents from the measurement of their molecular weights
by gel permeation chromatography (GPC or SEC).

3. Radical Copolymerization of Vinylidene Cyanide
with 1H,1H,2H,2H-Perfluorodecyl Vinyl Ether. The radical
copolymerization of VCN with nonfluorinated vinyl ether in

0\/\
benzene have been reported.* Indeed, the vinyl ethers can be
polymerized by cationic initiation*® in contrast to vinylidene
cyanide for which the homopolymerization occurs by anionic
initiation.®> The literature* reports that the vinyl ether behaves
as a base toward VCN, whereas VCN acts as an acid toward
the ether monomer. Hall and Padias*’ have reported that mixing
VCN with alkyl vinyl ether (VE) at room temperature results
in the homopolymerization of both the VE and VCN, cationic
and anionic, respectively. This simultaneous cationic and anionic
homopolymerization can be explained by the microdomains
arising from the extreme polarity differences between both
comonomers. Two polymers were isolated from these mixtures:
a benzene-soluble polymer containing a high content of vinyl
ether, and a benzene-insoluble polymer with a high VCN
content. Moreover, Hall and Padias*’ and Stille and Chung*®
were able to isolate the cyclobutane adduct of the two olefins
from the reaction mixture. The overall reaction is shown in
Scheme 3.

This article also deals with the radical copolymerization of
vinylidene cyanide (VCN) with 1H,1H,2H,2H-perfluorodecyl
vinyl ether (FAVES), initiated by fert-butyl peroxypivalate
(TBPPi) (the initial molar [TBPPi]y/([VCN], + [FAVERS]y) ratio
was 1.5 mol%). That reaction was carried out in acetonitrile as
the solvent (Scheme 2), and this solvent is well-known to be a
good solvent which has a low transfer constant.**->°

Surprisingly, the radical copolymerization of VCN and
FAVES occurred and led to an alternating copolymer as it was
confirmed by elemental analysis and spectroscopy (as reported
below). In a certain extent, the presence of the perfluorooctyl
side group reduces the electron donating effect of FAVES
comparatively to the nonfluorinated VE. However, the highly
fluorinated and thus hydrophobic CgFy; group interestingly
enables to prevent from possible anionic homopolymerization
of VCN in the presence of moisture. This induces that the radical
copolymerization successfully took place in contrast to the ionic
homopolymerizations of FAVES or of VCN. On the other hand,
the perfluorinated group of the vinyl ether contributes to the
formation of the charge-transfer complex® between VCN and
FAVES leading to an alternating structure.

The 'H NMR spectrum of poly(VCN-co-FAVES) copolymer
shows the absence of ethylenic protons of both comonomers
(centered at 6.5, 4.2, and 4.1 ppm assigned to FAVES and the

CgF17
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Scheme 3. Different Ways of Reaction between a Vinyl Ether (VE) and Vinylidene Cyanide (VCN)*"+48
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singlet centered at 6.8 ppm for VCN), the presence of a signal
located at 2.0 ppm corresponding to CH,—CgF,; group, and the
resonances at 4.0 and 1.2—1.6 ppm attributed to CH,—O and
to methylenic protons of the main chain, respectively. The
assignments were deduced by comparing those of the poly-
(FAVES) homopolymer®> and those of the copolymers of
VCN.??> The '"H NMR spectrum also exhibits a signal centered
at 0.9 ppm which corresponds to the methyl group arising from
the tert-butoxy radical generated by fert-butyl peroxypivalate
initiator. When heated, that initiator undergoes a homolytic
scission leading to two following radicals:**"

-BuO—0CO-Bu — -Bu0’ + °0COs-Bu

All the "F NMR spectra of the synthesized poly(VCN-co-
FAVES) copolymers show the characteristic signals assigned
to the CgF,; group and indicates the incorporation of fluorinated
monomer into the polymer by the presence of the CF; group
centered at —82 ppm, the CF, groups in the —(CF,)¢—CF; chain
ranging between —122 and —128 ppm, and of the multiplet
centered at —113 ppm characteristic of the CF, group adjacent
with the methylene group of the vinyl ether.

Figure 1 displays the IR spectra of FAVE8 monomer,
poly(FAVES8) homopolymer and poly(VCN-alt-FAVES) co-
polymer. It was noted that the frequencies of the vinyl bond
(C=C) of FAVES (Figure 1a) and of VCN at 1620 cm™! and
1626 cm™!, respectively, are absent, indicating the success of
the copolymerization. The IR spectra of the poly(FAVES)
homopolymer and of the copolymer show strong frequencies
attributed to C—F at about 1100—1250 cm™!, and the stretching
bond at 2990 cm™! assigned to aliphatic C—H bonds. As for
the poly(VCN-co-FAVES) copolymer, the intensity of the CN
frequency at 2270 cm™! is weak and sometimes it is not
observed as it was noted in several common copolymers based
on VCN.?>?* This does not mean that VCN has not been

120
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Figure 1. IR spectra of poly(FAVE8) homopolymer (a), poly(VCN-
alt-FAVES) copolymer (b), and 1H,1H,2H,2H-perfluorodecyl vinyl
ether (FAVES) monomer (c).

OR
homopolymer ;.  homopolymer +
vinyl ether vinylidene cyanide CN
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CN

Table 1. Monomer/Copolymer Compositions from the Kinetics of
Radical Copolymerization of Vinylidene Cyanide (VCN) with
1H,1H,2H,2H-Perfluorodecyl Vinyl Ether (FAVES) Determined
by Elemental Analysis®

VCN in elemental analyses VCN in the
experiment no. feed (mol %) % N % F copolymer “ (mol %)
1 15 1.65 59.23 32
2 30 4.25 53.75 52
3 40 4.41 54.99 51
4 50 4.57 55.48 51
5 60 4.59 53.99 53
6 70 4.83 55.60 52
7 80 5.56 54.02 56

¢ Copolymerization conditions: [-Bu—OO—CO—¢#-Bu]y/([VCN], +
[FAVES]o) = 1.5 mol %, 75 °C for 15 min. * Calculated from the arithmetic
mean of nitrogen and fluorine percentages.

incorporated in the copolymer. Indeed, Bellamy>? studied the
resonance of the CN group in unsaturated and saturated
compounds. This author noted that the presence of strong CN
dipoles in the backbone of the main chain due to VCN units
increases the interaction between the chains.

4. Kinetics of Radical Copolymerization of VCN with
FAVES. The kinetics of radical copolymerization of VCN with
FAVES was investigated from seven experiments achieved for
15 min at 75 °C from initial [VCN]o/[FAVES], molar ratios
ranging between 15/85 and 80/20. After purification and
precipitation, the copolymers were characterized by elemental
analysis which enabled us to assess the mol % of both
comonomers in the copolymers. By making use of the percent-
ages of nitrogen and fluorine atoms in the copolymers, two
equations have been derived to find out the mol % of the
comonomers:

28 x o
% N =
a X Mycy + B X Mpaygs

323 x 3
% F =
o X Mycy + B X Mpyyig

x 100

x 100

where o and f stand for the molar percentages of VCN and of
FAVES in the copolymer, respectively (a + 8 = 100%), while
Mvycn and Mpavgs represent the molecular weights of VCN
(78.02 ¢ mol ') and of FAVES (490.02 g mol™"). The values
of the percentages of both comonomers incorporated in the
copolymers were calculated from arithmetic mean of nitrogen
and fluorine percentages. Table 1 summarizes the results and
shows that except for the first experiment, all the produced
poly(VCN-co-FAVES) copolymers have the same equimolar
composition of both comonomers.

Various laws to assess the reactivity ratios have been
suggested by different authors. We have used three different
laws: from Fineman and Ross’ method,”® from Kelen and
Tiidos’s law,>* and the revised patterns scheme.>>>°

First, the reactivity ratios, r; of VCN (1) and r,; of FAVES
(2) were assessed from the Fineman—Ross (FR) equation™ from
the composition of monomers, in the mixture and in the
copolymer at low conversion, and is detailed in the Supporting
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Table 2. Fineman—Ross and Kelen—Tiidos Parameters for the Radical Copolymerization of Vinylidene Cyanide (VCN) with
1H,1H,2H,2H-Perfluorodecyl Vinyl Ether (FAVES)

X X G H n ¢
Sfven JSeaves (fven)/(fraves) Fyen Fraves (Fven)/(Feaves) X/x* X = Dix x(X — DIX XX G/(H + a) H/H + o)
0.15 0.85 0.176 0.320 0.680 0.471 15.111 3.000 0.199 0.066 —0.202 0.067
0.30 0.70 0.429 0.522 0.478 1.094 5.954 0.219 0.037 0.168 0.034 0.155
0.40 0.60 0.937 0.512 0.488 1.048 1.193 0.051 0.043 0.839 0.024 0.478
0.50 0.50 1.000 0.510 0.490 1.041 1.041 0.041 0.039 0.961 0.021 0.512
0.60 0.40 1.500 0.530 0.470 1.129 0.502 0.086 0.172 1.993 0.059 0.685
0.70 0.30 2.333 0.516 0.484 1.067 0.196 0.029 0.146 5.103 0.024 0.848
0.80 0.20 4.000 0.558 0.442 1.262 0.079 0.065 0.829 12.683 0.061 0.933

Information. Table 2 summarizes the different parameters to
determine the reactivity ratios for the copolymerization of VCN
with FAVES from the Fineman—Ross®® (and the
Kelen—Tiidos>*) laws. Hence, plotting G versus H gave a
straight line (Figure 3 in the Supporting Information), the slope
of which led to r; = 0.07 while the intercept gave r,; = 0.06
at 75 °C.

The second method used to determine the reactivity ratios
was derived by Kelen and Tiidos™ (also detailed in the
Supporting Information), leading to r; = 0.09 and r,; = 0.08
at 75 °C.

However, the interpretation of the reactivity of polymer
radicals has been developed by means of some improvements
in more recent methods of assessment of reactivity ratios
suggested by Jenkins®> > or by O’Discroll and Reilly.®® These
methods are regarded as advances over the Alfrey—Price Q—e
principle.®’ It is assumed that the rate of reaction of a given
radical with a given substrate is governed partly by a
“general”—i.e., thermodynamic—factor (reflecting the extent of
the electron delocalization) and polar factor. Indeed, J enkins>® >
extensively reviewed and reshuffled the concept and suggested
the < Revised Patterns Schemes > that corresponds to the
insertion of basic monomer set as a new polarity parameter and
that forecasting monomer reactivity ratios was hence possible
with much greater precision than heretofore. Indeed, the
condensed version of the revised patterns Scheme (i.e., patterns
A, S scheme, reported by Jenkins®’ %) was used, involving
styrene (S) and acrylonitrile (A) as nonpolar and highly polar
monomers, respectively. That method enables the assessment
of r, and r,; and takes into account various reactivity ratios,
as follows:

IOg(rn) = IOg[(rls)(rsz)] -
(IOg[(rAs)(rsz)/(rAQ)])(IOg[(rSA)(r1s)/(r1A)])
log[(rAs)(rsA)]

log(r,)) = log[(rys)(rs)] —
(IOg[(rAs)(rs1)/(rAl)])(IOg[(VSA)(rzs)/(VZA)])
log[(r,)(rsa)]

@

where 71, 11, T1s, Ts2, Tass TA2, Tsas T1a, 728, T'si, T'al, and 1
stand for the reactivity ratio of VCN monomer (1) in the radical
copolymerization of VCN (1) and FAVES (2), the reactivity
ratio of monomer FAVES (2) in the copolymerization of VCN
(1) and FAVES (2), the reactivity ratio of monomer VCN (1)
in the copolymerization of VCN (1) and styrene (S), the
reactivity ratio of styrene (S) in the copolymerization of styrene
(S) and FAVES (2), the reactivity ratio of acrylonitrile (AN) in
the copolymerization of AN and styrene, the reactivity ratio of
acrylonitrile in the copolymerization of AN with FAVES (2),
the reactivity ratio of S in the copolymerization of S with AN,
the reactivity ratio of VCN (1) in the copolymerization of VCN
(1) with AN, the reactivity ratio of FAVES (2) in the copo-
lymerization of FAVES (2) with S, the reactivity ratio of styrene
in the copolymerization of S with VCN (1), the reactivity ratio
of AN in the copolymerization of AN with VCN (1), and the

reactivity ratio of FAVES (2) in the copolymerization du FAVES
(2) with AN. According to the literature, the following reactivity
ratios of styrene, acrylonitrile, VCN, and FAVES have been
determined: ras = 0.04,°° rsa = 0.38,°° 115 = 0.001, r5; =
0.003,° rpg = 1.20,%% rg; = 152,%% 14, = 0.94,% and rp, = 0.02%
(or 0.06 considering a vinyl ether from the Greenley database®*).

The rio and ra; values were calculated from the examples
disclosed in a Goodrich patent:*> 75 = 3.34 and r,, = 1.24.

This calculation led to r, = 2.7 x 1073 and ry; = 4.0 x
1076 at 75 °C (V]z X Iy = 1.1 x 1078 = 0)

Hence, from the revised patterns scheme, a better
accuracy was noted and shows, as expected, that FAVE does
not homopolymerize under radical conditions.

Indeed, all these laws agree on the alternated structure of the
poly(VCN-alt-FAVES) copolymers.

Figure 2 represents the monomer-polymer composition dia-
gramme of mol % VCN in the copolymer versus mol % VCN
in feed. For each composition in feed (fycn), the value of the
respective composition in the copolymer (Fycn) shows a
copolymer composition close to 50% of VCN from 15 to 80
mol % in feed, (except for fycn = 0.15, Fyen = 0.32 data for
which the composition is rich in FAVES), confirming that the
copolymer has an alternating structure.

Because r,< 1 and r,; <1, one can consider that the rate
constants k can be compared as follows: kj; < ko5 kpp < kyy
showing that the radical ~~CH,—C"(CN), has a high tendency
to react with FAVES. In addition, the synthesized alternating
copolymer could be the result of the electron donor/electron
acceptor behavior of the couple.

These values can be compared to those of other comonomers
able to copolymerize with VCN. Table 3 lists the monomer
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Figure 2. Monomer/polymer composition curve from the radical
copolymerization of VCN with FAVES (initiated by tert-butyl perox-
ypivalate at 75 °C), calculated from elementary analysis. The full line
represents the theoretical curve.
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Table 3. Reactivity ratios of Vinylidene Cyanide, VCN (ry,), and Comonomers M, (r,;) in Radical Copolymerization

M, 12 21 ria X Iy 1/r, ref
styrene 0.001 0.003 3.0 x 107 1000 62
2,5-dichlorostyrene 0.0092 0.031 2.8 x 107 109 4
o-acetoxystyrene 0.125 0.010 1.3 x 1073 8 17
cis-dichloroethylene 30 0 0 0.034 5
trans-dichloroethylene 30 0 0 0.034 5
vinylidene chloride 0.049 0.012 59 x 1074 20 5
vinyl chloride 0.540 0.017 9.2 x 1073 2 5
vinyl benzoate 0.100 0.008 8.0x 107* 10 5,11
vinyl acetate 0.111 0.005 59 x 1074 9 5
vinyl chloroacetate 0.130 0 0 7.7 4,5
methyl methacrylate 0.031 0.046 1.4 x 1073 32 5,12
methyl a-chloroacrylate 0.091 0.410 3.7 x 1072 11 4,5
methyl a -acetoxyacrylate 0.100 0.370 3.7 x 1072 10 66
ethyl o-acetoxyacrylate 0.200 0.130 2.6 x 1072 5 67
acrylic acid 0.290 0.260 7.5 x 1072 35 4
FAVES 0.08 0.070 5.0 x 1073 12.5 this work”
FAVES 0.0027 0.0000 1.1 x107® 370 this work”
2-chloroproprene 0.2 0.001 20 x 1074 5 5
2-chloro-1,3-butadiene 0.0048 0.016 7.7 x 107 208 4

“ Arithmetic average from Fineman and Ross>* and Kelen and Tiidos.>* * From the revised patterns A, S scheme.

reactivity ratios (ry and ry;), r12 X ry; products, and the relative
reactivities (1/ry,) of vinylidene cyanide with several comono-
mers. All of the values were not determined in the same
conditions of temperature, but no effect of temperature upon
reactivity ratios was found in the studied range (0—50 °C).’

Interestingly, VCN is a monomer able to copolymerize with
several comonomers in alternating way. These monomers can
be methacrylates, styrenes, vinyl esters (including vinyl acetate
and vinyl benzoate) and vinyl chloride.

Table 3 allows us to compare the reactivity ratios of various
comonomers (a-acetoxyacrylates,*™®” acrylate, styrenic, vinylic
and diene monomers) to those of other pairs involving VCN.
The most active comonomers (styrene, 2-chloro-1,3-butadiene,
2,5-dichlorostyrene, and methyl methacrylate) have electron-
rich double bonds.®® The less active comonomers (acrylic acid,
vinyl chloride, and maleic anhydride) bear electron-poor double
bonds.

The strong tendency of VCN to alternate in the course of the
copolymerization is immediately apparent from the data listed
in Table 3. Six of the copolymers have rj, x r,; products lower
than 9.0 x 107 and that obtained from the reactivity ratios
assessed from the revised patterns scheme is 1.1 x 1078,

It was worth to supply a reactivity series of monomers about
VCN. The traditional method for the determination of the
relative reactivity of a macroradical to several monomers was
used. Indeed, it is common to compare the values of 1/rj, =
kio/ky, as the ratio of rate constants of cross propagation (ki,)
to that of homopropagation (k;,). Therefore, the higher the 1/r
value, the more able the radical to react with the second
monomer. Table 3 allows us to suggest the following series of
relative reactivities of monomers to ~VCN" radicals:

Maleic anhydride < cis-dichloroethylene =~ trans-dichloro-
ethylene < vinyl choride < acrylic acid <2-chloroprene & ethyl
o-acetoxyacrylate < vinyl chloroacetate < o-acetoxystyrene <
vinyl acetate < methyl o-acetoxyacrylate ~ vinyl benzoate <
methyl a-chloroacrylate < vinylidene chloride < methyl meth-
acrylate <2,5-dichlorostyrene <2-chloro-1,3-butadiene < FAVES
(from the revised patterns scheme) < styrene, although additional
kinetics are necessary since the experimental conditions, the
chosen method to assess the reactivity ratios, and the nature of
the radical initiators are different. Hence, it is shown that FAVES
monomer leads to highly alternating structure and is also more
reactive toward ~~VCN" radicals.

5. Thermal Properties of Poly(VCN-alt-FAVES) Copo-
lymers. DSC analysis was carried out by increasing the
temperature of 2 °C/min, while carrying out two scans. The
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Figure 3. TGA thermograms of poly(VCN-al-FAVER) copolymer (¢)
(experiment #6 in Table 1) poly(FAVES8) homopolymer (M) and
poly(VCN) homopolymer (A) under nitrogen.

DSC thermogram goes up that this alternating fluoronitrile
polymer has Tg values of approximately 107 °C and a melting
point (7,,) at about 170 °C attributed to the perfluorooctyl
groups. This T, is higher in comparison to that of poly(FAVES)
homopolymer which possess a melting point at 42 °C and
confirmed the incorporation of VCN units. To conclude, it can
be claimed that the poly(VCN-alt-FAVES) copolymer exhibits
better thermal properties than those of the respective homopoly-
mer.

Furthermore, the thermogravimetric analysis of the poly-
(VCN-alt-FAVES) copolymer shows a high thermal stability.
Figure 3 shows the temperature when the copolymer starts to
decompose (300 °C, 2% of weight loss) and the degradation
temperature of this copolymer (350 °C) corresponding to 7%
weight loss. It is noted that the poly(VCN) homopolymer has a
low temperature of degradation at about 160 °C with depolym-
erization of degradation mechanism as it was suggested by
Grassie and Mc Gucham.® This result confirms the absence of
the VCN—VCN diad in the copolymer and thus supplies further
evidence of its alternating structure. To complete this study, it
was worth investigating the temperature of degradation of
poly(FAVES) homopolymer. A weight loss of 20% from 200
°C and a second weight loss at higher temperatures (>400 °C)
were found.

6. Surface Properties of Poly(VCN-alt-FAVES) Copoly-
mers. The films were processed from poly(VCN-alt-FAVES)
copolymers by press at 170 °C. The wettability of the films
was studied by contact angle measurements with water (WCA),
while oleophobic properties were achieved in a similar manner
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Figure 4. Pictures of (a) (25 um x 25 um) water contact angles on the poly(VCN-alt-FAVES) polymer film, (b) water drop on the surface of the
superhydrophobic film (the volume of the drop is 8 uL), and (c) scanning electron microscopy of the surface of this film.

with diiodomethane as the apolar solvent. As shown in Figure
4, the water contact angle is 168 =+ 3° indicating that
superhydrophobic surfaces are obtained, showing that the CsF;;
groups migrated to the extreme surface of the film, and probably
the CN groups also have a certain input. Indeed, measurements
of the angle were sometimes not easy since the sphere of water
moved and even escaped from the film as soon as it was
deposited (indeed a drop of 2 uL. was not easy to deposit, and
one had to increase the volume of the drop (ca. 6 uL) until it
fell down). This may arise from the CgF,; perfluorinated side
group enhanced by the softness brought by the —OCH,CH,—
spacer between the backbone and that fluorinated dangling
group. Such a highly hydrophobic characteristic was not
observed on poly(1H,1H,2H,2H-perfluorodecyl acrylate)
(WCA = 130°)"° probably because the ester group is too stiff.
Possible intramolecular complexes between the nitrile groups
with adjacent FAVES unit may occur (IR spectra above may
give an evidence) which also may induce physical cross-linking
as we noted on a couple of nonsoluble samples. The effect of
side chain length on the surface properties of poly(fluororalkyl
acrylate) thin films were studied by Honda et al.”® who revealed
that a perfluorinated group containing more than 8 carbon atoms
was crystalline and formed ordered structure. This result leads
to a high water-repellent mechanism. Acatay et al.”' reported
the WCA assessments of a perfluorinated polymer under electric
field. These authors also showed that the orientation of apolar
fluorinated groups led to a high hydrophobicity (WCA, 167°). In
our present case, it was not necessary to direct the dipole of VCN
because these nitrile groups are located in both sides of the
polymeric chain. Nystrom et al.”* have studied the effect of the
functionalization of a biofiber surface by different functions.
The highest WCA was obtained using PGMA—C;F;5 (161°).

In addition, to be chemically hydrophobic and to achieve a
superhydrophobic state, a material must also exhibit a surface
topography of at least bilevel roughness.”” The scanning electron
microscopy (SEM) analysis has shown that the surfaces of the
films are rough (Figure 4c). Figure 5 shows the atomic force
microscopy (AFM) 3D typological image of poly(VCN-alt-
FAVES) copolymer. The surface roughness, defined as the root-
mean-square of the height deviations taken from the mean data
plane, was 1.72 nm over 25 um x 25 um scan. The AFM image
shows a homogeneous surface with white nodules of ca. 3—8
nm, assigned to crystalline CgF; segments.

Tests of wettability with dilodomethane were also carried out.
In this case too, the high value (135°) of the contact angle
indicates that the surface was highly oleophobic. Oleophobicity
is a very interesting property as it also means that the film can
behave as a dirt repellent and antigraffiti substance. Indeed,
deeper investigation on these interesting surface properties by
AFM is under progress, and additional investigations are
required (isotropization temperature, crystalline structures, XPS
of the extreme surface).

300.0 nm

0.0 nm

Figure 5. Atomic force microscopy picture of the surface of the
poly(VCN-alt-FAVE-8) alternating copolymer (experiment 5, Table 1).

Conclusion

While 1H,1H,2H,2H-perfluorodecyl vinyl ether and VCN
homopolymerize under cationic or anionic conditions, respec-
tively, the challenge to copolymerize them under radical
conditions was fulfilled. In addition, that copolymerization led
to alternating copolymers with exceptional high thermal stability.
It can be concluded that the radical copolymerization of VCN
with a vinyl ether bearing a perfluorinated side group gave
interesting copolymers, in contrast to the radical homopolym-
erization of FAVES which was not produced. 'H and 'F NMR
and IR spectroscopy, and elemental analysis, were used to
characterize the structures of these copolymers. The kinetics of
copolymerization were investigated for each monomer from the
series of at least seven reactions for which the initial [VCN]y/
[FAVES], molar ratios ranged between 15/85 and 80/20. The
curve fitting of the copolymeric composition versus initial
monomer composition and Fineman—Ross and Kelen Tiidos
laws were used to calculate the reactivity ratios (rj; = ryen =
0.08 £+ 001, 21 = FFAVES — 0.07 £+ 00], Fip X 11 — 6 x 1073
at 75 °C) while the revised patterns A,S scheme indicated
ri=2.7 x 1073 and r,; = 4.0 x 107° suggested an alternating
tendency in that radical copolymerization. TGA analysis
revealed that the poly(VCN) homopolymer is poorly thermo-
stable, but the incorporation of FAVES units in poly(VCN-alz-
FAVES) copolymer showed a very high thermal stability as the
starting decomposition temperature is around 350 °C. These
poly(VCN-alt-FAVES) copolymers were processed into films,
the surface properties of which were assessed by contact angles.
Superhydrophobic and highly oleophobic surfaces were noted
as evidenced by the water and diiodomethane contact angles
worthing 168 =+ 3° and 135 =+ 3°, respectively. Further
investigation concerning the electrical properties of these original
alternating copolymers is also under progress.
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