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ABSTRACT:

Radical polymerization of vinyl pivalate (VPi), vinyl trifluoroacetate (VTFAc), vinyl 2,2-bis(trifluoro-

methyl)propionate (1), vinyl SH-octafluorovalerate (2), vinyl 7H-dodecafluoroheptanoate (3), and vinyl 9H-hexadecafluoro-
nonanoate (4) was carried out and the tacticity of the resulting polymers was determined by 'H or '*C NMR analysis of
poly(vinyl alcohol) (PVA) derived from the original polymers. In the bulk polymerization at 60°C, the order of diad syn-
diotacticity of the polymers was poly(VTFAc) (57%) < poly(VPi) (60%) < poly-2, poly-3, poly-4 (61—62%) < poly-1 (65%),
suggesting that steric and electrostatic effects of the fluorine-containing side groups of monomers influence the syndiotactic
specificity of propagation reaction. A syndiotacticity of 69% was achieved by solution polymerization of 1 in tetrahydrofuran
at 0°C. This is the highest syndiotacticity reported for the radical polymerization of vinyl esters at 0°C or higher temperatures.
The difference of activation enthalpy (AH*) and activation entropy (AS¥) between isotactic and syndiotactic propagations in
bulk polymerization of 1 were estimated to be 460 calmol ™' and 0.2 caldeg ™' mol ™!, respectively. Solvolysis rates of the vinyl

esters and their polymers were also examined.
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Poly(vinyl alcohol) (PVA) is an important polymer
used for various purposes including fiber, film, and
adhesive. Physical and chemical properties of PVA are
greatly affected by its stereoregularity and PVA with a
high syndiotacticity shows enhanced heat-resistance,
strength, and modulus.! PVA is generally prepared by
radical polymerization of vinyl esters such as vinyl acetate
(VAc) and vinyl pivalate (VP1) followed by saponification
of the obtained polymers. Diad syndiotacticity of the
PVA derived from poly(VAc) prepared by bulk radical
polymerization of VAc is ca. 53% and polymerization
conditions have only little effect on the stereochemistry
of polymerization.?™* VPi and vinyl trifluoroacetate
(VTFAC) are known to lead to the polymers with higher
syndiotacticity compared with poly(VAc) obtained under
similar conditions.”

Recently, Fukae er al.® obtained PVA with a diad
syndiotacticity of 69% and a melting point of 258°C by
the radical polymerization of VPi in n-hexane and sub-
sequent saponification of the poly(VPi). This method re-
quires low polymerization temperatures such as —40°C
and therefore is not advantageous from the view point
of industrial application. Free-radical polymerization of
vinyl diphenylacetate also affords a syndiotactic polymer
(diad 67.5%). Although high stereospecificity can be
achieved in the polymerization at 40°C, molecular weight
(M,) of the polymer is limited to less than 1.0 x 10*.°

In the present work, we carried out the polymerization
of VPi, VTFAC, vinyl 2,2-bis(trifluoromethyl)propionate
(1), vinyl SH-octafluorovalerate (2), vinyl 7H-dodeca-
fluoroheptanoate (3), and vinyl 9H-hexadecafluoro-
nonanoate (4) bearing bulky fluorocarbon side groups
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in search for a method of syndiotactic PVA synthesis. 3
has been reported to give a polymer with 78% diad
syndiotacticity, but the melting point of PVA derived
from the poly-3 was 236°C which suggests an atactic
structure. Stimulated by this report, we investigated the
stereochemistry of the polymerization of a series of flu-
orocarbon monomers including 3.

CHp=CH CF, CH,=CH
-G-C-CHg O-G-(CF,CFy),-H
O CF, (0]
1 2:n=2, 3:n=3, 4:n=4
EXPERIMENTAL
Materials

2,2-Bis(trifluoromethyl)propionic acid, 5H-octafluo-
rovaleric acid, 7H-dodecafluoroheptanoic acid, and
9H-hexadecafluorononanoic acid were purchased from
Daikin Co. VTFAc (Aldrich), VPi (Wako), and VAc
(Wako) were purified by distillation immediately before
use. 2,2'-Azobisisobutyronitrile (AIBN) and benzoyl
peroxide (BPO) were purified by recrystallization from
methanol. All solvents were purified by distillation
immediately before use. The other reagents were purified
by usual methods.

Synthesis of Vinyl Esters

1—4 were synthesized by the reaction of corresponding
carboxylic acid with acetylene according to the method
of Haas et al.'? A typical procedure is described below
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for 1. In a 100-mL two-necked round bottom flask
equipped with a gas introducing tube and a condenser,
49.2¢ (200 mmol) of 2,2-bis(trifluoromethyl)propionic
acid was placed and melted by heating at 120°C. Mercury
oxide (T) (4.0 g) and hydroquinone (0.02 g) were added
and the mixture was vigorously stirred. Gasseous
acetylene purified by passing through a cooling trap, a
washing bottle containing sulfuric acid, and a soda-lime
tube, was introduced into the mixture. The reaction
mixture was immediately cooled to 80°C, allowed to
stand for 4 h, and then cooled to room temperature. The
insoluble solid was removed with a centrifuge and the
supernatant liquid was distilled twice to give 1. 1; yield
38%, bp 95-96°C/760 mmHg, d?° 1.38, 'H NMR
(CDCly) 6 1.74 (s, 3H), 4.82 (q, 1H), 5.11 (q, 1H), 7.26
(g, 1H). 2; yield 28%, bp 62°C/56 mmHg, d*° 1.53, 'H
NMR (CDCl;) 6 4.93 (q, 1H), 5.23 (q, 1H), 6.07
(Jyr=52Hz, 1H), 7.27 (q, 1H). 3; yield 14%, bp 63—
64°C/13mmHg, ¢?° 1.63, *H NMR (CDCl,) 6 4.94 (q,
1H), 5.24 (q, 1H), 6.05 (Jyz=52Hz, 1H), 7.27 (q, 1H).
4; yield 15%, bp 74—75°C/5mmHg, ¢*° 1.71, 'H NMR
(CDCl,) 6 4.94 (q, 1H), 5.24 (q, 1H), 6.06 (Jyr=52Hz,
1H), 7.28 (q, 1H).

Polymerization

Polymerization was carried out under dry nitrogen in
a dried glass ampule equipped with a three-way stopcock
using AIBN or BPO as an initiator at 0—80°C. Polym-
erization at 20°C or lower temperature was carried out
under UV light irradiation (400W high pressure mercury
lamp). Monomer conversion was determined by 'H
NMR analysis of a polymerization mixture in acetone-dg
at room temperature. Reaction products were diluted by
acetone, precipitated into n-hexane, filtered, and dried
under vacuum at 50°C. Poly(vinyl ester)s were saponified
to yield PVA as follows. To a solution of poly(vinyl
ester)s (1g) in tetrahydrofuran (45mL) for poly-1 or
methanol (45mL) for poly-2—4, 10% NaOH in meth-
anol (5mL) was added, and the mixture was stirred for
2h at 40°C. Saponification of poly(VPi) was perform-

ed as reported.!3 PVAs obtained were collected by filtra-
tion, washed with methanol, and dried under vacuum.

Solvolysis of Monomers and Polymers

Methanolysis of the vinyl ester monomers was per-
formed with 0.55 mmol of a monomer dissolved in 0.9 mL
of methanol-d, (99.8% D atom) containing 10 ppm of
NaOH in an NMR tube at 20°C. The reaction was
directly monitored by "H NMR spectroscopy. Saponifi-
cation of a poly(vinyl ester) was performed using 1 mmol
(monomeric residue) of polymer. To a polymer solution
in acetone (9mL), 0.2% KOH in methanol (1 mL) was
added and the mixture was stirred at 20°C. The reaction
mixture was precipitated into diethyl ether containing a
small amount of acetic acid, filtered, and dried under
vacuum. The degree of hydrolysis was determined by 'H
NMR analysis of the products in dimethylsulfoxide-dg
(DMSO-d) at room temperature.

Measurements

Number average molecular weight (#,) and poly-
dispersity (M,,/M,) of the poly(vinyl ester)s were de-
termined by size-exclusion chromatography (SEC) cali-
brated with polystyrene standards using a JASCO
PU-980 pump equipped with a JASCO RI-930 detector
and TSKgel GMH,;z-H and G3000H 4z columns (eluent;
tetrahydrofuran, temperature; 40°C). Triad tacticity of
PVA was determined by 'H NMR or 3C NMR spectra
recorded on a Varian Gemini 2000 spectrometer (400
MHz for *H) or UNITY-INOVA (500 MHz for 'H) in
DMSO-d, at room temperature (*H) or 100°C (*3C).
Diad tacticity was calculated from triad tacticity by the
following equations:

m=mm+ (mr)/2, r=rr+(mr)/2

RESULTS AND DISCUSSION

Effects of Side Chains of Vinyl Esters on Tacticity
Table I shows the results of bulk polymerization of

Table I. Radical bulk polymerization of vinyl esters containing fluorocarbon substituents®

Diad

[M], Temp Time Conv.”  Yield® 7 Triad tacticity® syndiotac-

Run Monomer ".a DP* M,/M? ticityf/%

mol L ™! °C h % % x 10 mm mr rr
’

1 VTFAc 8.6 60 0.5 65 52 — — — 18.5 48.2 333 574
2 VTFAc 8.6 20 3 39 34 — — — 17.0 47.1 359 59.4
3 1 5.8 80 2 — 41 34 150 1.67 13.0 46.5 40.5 63.7
4 1 5.8 60 3 — 75 9.0 380 1.37 11.2 46.7 42.0 65.4
5 1 5.8 20 9 72 — 4.0 170 1.43 11.2 44.5 444 66.6
6 2 5.6 80 1.5 88 81 35 130 1.84 16.3 474 36.3 60.0
7 2 5.6 60 4 78 73 14.6 540 1.34 15.0 46.7 38.3 61.7
8 2 5.6 20 9 66 55 10.3 380 2.12 14.1 443 41.6 63.7
9 3 44 80 1.5 89 83 3.6 100 1.82 16.5 46.6 37.0 60.2
10 3 44 60 5 81 71 12.0 320 1.44 15.8 45.7 38.5 61.4
11 3 44 20 9 67 55 8.3 220 1.84 13.2 44.2 42.7 64.8
12 4 3.6 60 4 75 73 16.9 360 2.06 15.0 46.3 38.6 61.8
13 VPi 6.8 60 0.2 82 77 2.2 170 4.69 15.8 49.0 35.2 59.7
14 VPi 6.8 20 1 65 64 7.1 560 1.63 13.5 49.5 37.0 61.8

¢n-Hexane-insoluble part.

DMSO-d,. fCalculated based on triad tacticity (r=rr+rm/2).
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*Initiator: AIBN (0.15M). Polymerization at 20°C was conducted under UV light irradiation. ®Determined by 'H NMR in acetone-ds.
4 Determined by GPC (polystyrene standard) of original polymers in THF.

¢ Determined by '"H NMR of PVA in
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VTFAc, 1—4, and VPi. All polymerizations gave poly-
mers rich in syndiotacticity (diad). 3 afforded a polymer
with a diad syndiotacticity of only 64.8% under reaction
conditions similar to those in other reports.!! Therefore,
the reported syndiotacticity (78%) might possibly be
erroneous. The tacticity of the polymers depended on
the structure of the starting monomer and the order of
diad syndiotacticity of PVA derived from the poly(vinyl
ester)s obtained at 60°C was poly(VTFAc) (57%) < poly-
(VP1) (60%) < poly-2, poly-3, poly-4 (61—62%) < poly-1
(65%). The same tendency was observed for the poly-
merization at 20°C and 80°C. At all temperatures, the
polymerization of 1 resulted in the highest syndiotacti-
city. In spite of the different lengths of fluorocarbon side
chains in 2—4, the monomers afforded polymers with
similar syndiotacticity which was slightly higher than that
of the poly(VPi). A bulkier monomer seems to give a
polymer with a higher syndiotacticity. However, since
2—4, which may be sterically less bulky than VPi, gave
polymers with a higher syndiotacticity than poly(VPi),
electrostatic repulsion based on —CF,— groups may be
another driving force for the syndiotactic-specific prop-
agation. These results suggest that both steric and elec-
trostatic effects of side chains are responsible for the ob-
served stereochemistry of the polymerization.
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Figure 1. Temperature dependence of tacticity in the bulk poly-
merization of 1—4.

Table II. Radical polymerization of 1 and 2 in various solvents with AIBN at 20°C and BPO at 0°C*

Figure 1 shows temperature dependence of tacticty in
the polymerization of 1—4 (Fordham plot'#). Differences
in activation enthalpy and activation entropy between
isotactic and syndiotactic propagations can be de-
termined by the plots according to the following equa-
tion:

In(P,/P,)=(AS;*—AS})/R—(AH;*—AH*)/RT

where P, and P, are mole fractions of isotactic and
syndiotactic diads, respectively. For the polymerization
of 1, AH} —AH} and AS;*—AS,* were estimated to be
460 calmol ! and 0.2caldeg ™! mol " !, respectively, and
for the polymerization of 2—4, 620calmol~! and 0.9
caldeg™ ! mol ™!, respectively. These values indicate that
the higher syndiotactic specificity in the polymerization
of 1 than that in the polymerizations of 2—4 is due to
entropy based on sterical factors.

Solvent Effects on Polymerization Stereochemistry

The stereochemistry of VTFAc and VPi polymeriza-
tion is affected by polymerization solvents: n-alkane leads
to higher syndiotactic specificity.>*® To determine solvent
effects on the polymerization of 1 and 2, polymerization
was carried out using #-nonane, methanol, 1,2-dichloro-
ethane, DMSO, acetone, and tetrahydrofuran (THF)
as solvents (Table II). Polymerizations in THF gave
polymers with lower M,s than those in other solvents
probably due to chain transfer to THF. The obtained
polymers have poorer solubility in n-nonane, methanol,
1,2-dichloroethane, and DMSO than in acetone and
THF, and polymerizations in these solvents except for
runs 3 and 7 became heterogeneous. DMSO and acetone
brought about lower syndiotacticity than other solvents,
while the polymerizations in THF resulted in the highest
syndiotactic specificity. Although solvent effects on
stereochemistry were observed in this work, no clear
relation was found between tacticity and solubility of the
polymer in the solvents. The polymerization of 1 in THF
at 0°C gave a polymer with r=ca. 69% (rr=47%) as
evident from the 'H NMR spectrum of the PVA derived

Diad
[M]o Temp Time Conv.®  Yield® i Triad tacticity® syndiotac-
Run Monomer Solvent 10544 DP¢ M, /M,°¢ ticity®/%
mol L1 °C h % % mm  mr rr
’
1 2 2.8 n-Nonane 20 24 —t 32 3.1 110 1.69 13.5 457 40.7 63.6
2 1 2.9  n-Nonane 20 24 —= 11 2.4 100 1.46 1.6 451 433 65.8
3 2 2.8 MeOH 20 24 —h on — — — — — —
4 1 29 MeOH 20 24 —* 62 35 150 1.68 11.8 445 43.7 65.9
5 2 28  (CH,Cl), 20 24 —* 51 3.8 140 1.92 129 452 419 64.5
6 1 29  (CH,Cl, 20 24 —= 49 2.7 110 1.58 11.9 454 428 65.5
7 2 2.8 DMSO 20 24 83 60 11.2 410 6.43 16.3 46.7 37.0 60.4
8 1 29 DMSO 20 24 —8 59 4.5 190 1.65 145 468 38.7 62.1
9 2 2.8 Acetone 20 48 36 23 23 83 297 15.1 463 38.6 61.7
10 1 2.9 Acetone 20 48 52 20 1.9 80 1.53 11.9 458 422 65.1
11 2 2.8 THF 20 48 37 17 0.62 23 1.43 129 44.1 430 65.0
12 1 29 THF 20 48 44 15 0.95 40 1.26 109 442 449 67.0
13 2 2.8 THF 0 96 89 57 0.67 25 1.53 129 427 444 65.8
14 1 29 THF 0 96 94 47 0.95 40 1.46 9.7 433 469 68.6

Hexane-insoluble part.
DMSO-d.
of 2.

f Calculated based on triad tacticity (r +rr +mm/2).
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& Not determined because of phase separation during polymerization.

aUnder UV irradiation, [AIBN],=0.15M, [BPO],=0.15M. °®Determined by '"H NMR analysis of reaction mixture in acetone-dg. °n-
dDetermined by GPC (polystyrene standard) of original polymers in THF.

¢Determined by 'H NMR of PVA in
" Solvolysis

643



K. YaMADA, T. NaKANO, and Y. OKAMOTO

% % CH,
OH
—r
mr it CH
mm
o
e s 4 3 4 e

Figure 2. 400 MHz 'H NMR spectrum of PVA derived from run 14 in Table IT (DMSO-d, r.t.).

100

80
§ @ VTFAc
8 60 02
1% Al
2 40 '@ VAC
o) 'AVPi
© 2

0

0 4 8 12 16 20 24
Time, h

(b)

1.0
= OVTI'FACV
2 02
S
E j.VAc
E ‘ AVPi

0.0 —A

o 2 4 6 8
Time, h

Figure 3. Time—conversion curves (a) and first order plots (b) for methanolysis of various vinyl esters.

from the poly-1 (Figure 2). This is the highest syndio-
tacticity reported for the free-radical polymerization of
vinyl esters at 0°C or higher temperatures.

Stability of Vinyl Esters and Poly(vinyl ester)s against

Solvolysis

Stability of the ester linkage in vinyl esters and their
polymers is important and must be considered when a
new monomer is designed. A monomer must be reason-
ably stable against solvolysis and its polymer must be
readily saponified to give PVA. 2 was not strong enough
against methanolysis to allow polymerization in methanol
while 1 was successfully polymerized in methanol (runs
3 and 4 in Table II). In this connection, the methanolysis
rates of VAc, VPi, VTFAc, 1, and 2 and the saponification
susceptibility of the corresponding polymers were
estimated. Figure 3 shows time-conversion curves and
first-order plots for methanolysis reactions of monomers
at 20°C. Under the conditions used, the order of rate
constants of methanolysis for the five monomers was
VTFAc (>9.2h71)>2 (0.39h™1)>VAc (0.076h™1)>
VPi(0.002h™1)>1(<0.001 h™!). The relatively high rate
constants for VTFAc and 2 are probably due to the
electron-withdrawing effects of fluorine atoms directly
attached to the a-carbon of the side chain. Bulky side
chains of VPi and 1 may prevent interactions between
methanol molecule and carbonyl group of monomers
leading to relatively low rates of methanolysis.

Saponification of the polymers of VAc, VPi, VTFAC,

644

Table III. Saponification of various poly(vinyl ester)s*

Diad
syndiotac- Conc. of KOH Time D.JS.®
Run Monomer ticity/%
wt% h %
r
1 VTFAc 57 0.02 1 100
2 2 62 0.02 1 0
3 2 62 0.2 1 100
4 1 66 0.2 1 88
5 VAc 53 0.2 1 67
6 VAc 53 0.2 4 91
7 VPi 59 0.2 4 0
8 VPi 59 5.0 4 25

* Polymer = 1 mmol, with acetone 9 mL + KOH soln. in MecOH 1 mL,
at 20°C. °Degree of saponification; determined by 'H NMR in
DMSO-d.

1, and 2 was carried out in acetone with a small amount
of KOH-MeOH solution at 20°C (Table I1I). The order
of saponification susceptibility was poly(VTFAc) > poly-
2> poly-1>poly(VAc) > poly(VPi). Poly-1 was more
efficiently solvolyzed than poly(VPi) or poly(VAc) in
spite of the high durability of monomer 1 against
methanolysis. Although the reason for this observation
is not clear at present, the results indicate that 1 is an
excellent monomer which gives the syndiotactic polymer
in alcoholic solvents, and the polymer is readily converted
to PVA.

Polym. J., Vol. 30, No. 8, 1998
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CONCLUSION

The free-radical polymerization of VTFAc, VPi, and
1—4 was carried out and the stereochemistry of the
polymerization was studied. Among the monomers, 1
gives the highest syndiotacticity. Polymerization strereo-
chemistry is affected by temperature and solvent, and the
syndiotactic specificity in the polymerization of 1 is
enhanced to ca. 69% (diad) using THF as a solvent at
0°C. Studies on saponification of the polymers and
monomers disclosed that poly-1 is readily solvolyzed
to give PVA while 1 is stable enough to allow polymer-
ization in methanol.
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