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(pMethoxybenzy1)- and (a-Methylbenzy1)-p-cyanopyridinium 
Hexafluoroantimonates: Activated Latent Thermal Catalysts 

Sang-Bong Lee, Toshikazu Takata, and Takeshi Endo' 

Research Laboratory of Resources Utilization, Tokyo Insti tute of Technology, 
Nagatsuta-cho, Midori-ku, Yokohama 227, Japan. Received April 3, 1989; 
Revised Manuscript Received June  20, 1989 

ABSTRACT (p-Methoxybenzy1)- and (a-methylbenzy1)-p-cyanopyridinium hexafluoroantimonates (2b, 
2c) were synthesized by the reaction of p-cyanopyridine and corresponding benzyl halides followed by 
exchange of the counteranion with SbF6-. Both salts showed much higher catalytic activities than benzyl- 
p-cyanopyridinium hexafluoroantimonate (2a) in the cationic polymerization of glycidyl phenyl ether (1). 
The thermally latent effectiveness of these catalysts, in promoting efficient polymerization of 1 a t  100-120 
"C but not below 60 "C, was demonstrated. 

Introduction 
External stimulation-induced polymerization is of spe- 

cial interest in control of the initiation of polymeriza- 
tion. Photoinduced cationic polymerization for epoxy res- 
ins with triaryl sulfonium salts has been studied by Criv- 
ello and his co-workers.' I t  has been shown by Pappas 
et  al. and Endo et al. that sulfonium salts can be excel- 
lent latent thermal catalysts in the curing and polymer- 
ization of epoxy resins,2 spiro ortho  carbonate^,^ bicyclo 
ortho  ester^,^ and styrene.' We have extended the idea 
of latent catalysts to quaternary ammonium salts and 
recently found that quaternary ammonium salts such as 
benzyl-p-cyanopyridinium hexafluoroantimonate (2a) serve 
as thermally latent cationic catalysts in the polymeriza- 
tion of a cyclic ether [ l-phenyl-4-ethyl-2,6,7-trioxabi- 
cycl0[2.2.2]octane]' and a vinyl monomer (styrene)6 as 
well. The merit of these salts is their chemical stability 
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and ease of handling owing to their low hygroscopicity. 
Although 2a is the most active catalyst among various 

2a 

quaternary ammonium salts, we have examined, so far, 
further activation of 2a is required because of its rather 
high initiating temperature (>120 OC). Meanwhile, for 
the availability and the practical use of ammonium salts 
as latent catalysts, it is also important to synthesize a 
variety of quaternary ammonium salts with a variety of 
activities based on their molecular design. 

For this purpose, we have devised some chemical mod- 
ifications of 2a by introducing electron-releasing substit- 
uents onto the benzene ring and benzylic carbon. In this 
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paper ,  synthesis of new subst i tuted benzyl-p-cyanopyri- 
d in ium sal ts  a n d  their  enhanced catalytic activities are  
described. 

Macromolecules, Vol. 23, No. 2, 1990 

100 
(I): vith 2a at 140 O C  

(2): vith 2C at 90 " C  

Experimental Section 
Materials. Commercially available extra pure grade benzyl 

chloride, a-methylbenzyl bromide, and p-methoxybenzyl chlo- 
ride (Tokyo Kasei Kogyo) were used without purification. p -  
Cyanopyridine (Tokyo Kasei Kogyo) was purified by recrystal- 
lization from methanol. Solvents were distilled after removal 
of incorporated water by usual methods and stocked over molec- 
ular sieves (4A). 

Measurements. Melting points of the catalysts synthe- 
sized were measured by a Yanaco micro melting point appara- 
tus. FT-IR spectra were obtained with a Jasco FT/IR-3. 'H 
NMR spectra were recorded on a JEOL PMX-60 SI spectrom- 
eter, using tetramethylsilane (TMS) as an internal standard. 
Molecular weight and molecular weight dispersion (MWD; 
M,/M, ) were determined by gel permeation chromatography 
(GPC) on a Toyo Soda HPLC CCCP & 8000 system with a 
data processor, equipped with three polystyrene gel columns 
(TSK gel, G2000H, G2500H, and G3000H), using tetrahy- 
drofuran as an eluent, a flow rate of 1.0 mL/min, polystyrene 
calibration, and refractive index (RI) and ultraviolet (UV) detec- 
tors. 

Synthesis of Benzyl-pcyanopyridinium Hexafluoroan- 
timonate (2a).6 A mixture of benzyl chloride (6.13 g, 48.4 mmol) 
and p-cyanopyridine (5.01 g, 48.1 mmol) in methanol (80 mL) 
was stirred a t  45 "C for 4 days. Methanol was evaporated, and 
the residue was extracted with ether/water (100 mL/30 mL). 
NaSbF, (13.0 g, 50 mmol) was added to the aqueous layer in 
one portion. A white precipitate was collected and recrystal- 
lized from ethanol: yield 5.18 g (25.0%); mp 156.0-157.0 "C; IR 
(KBr) 1640, 1455, 760, 720, 700, 660 cm-'; 'H NMR (CD,CN) 
6 9.10-8.83 (d, 2 H, py-), 8.55-8.15 (br, 2 H, py-), 7.50 (s, 5 H, 
Ph-), 5.76 (s, 2 H, -CH,-). Anal. Calcd for C,,H,,F,N,Sb: H, 
2.57; C, 36.23; N, 6.50. Found: H, 2.50; C, 35.95; N, 6.55. 

Synthesis of (a-Methylbenzy1)-p-cyanopyridinium 
Hexafluoroantimonate (2b). A mixture of a-methylbenzyl 
bromide (3.71 g, 20.1 mmol) and p-cyanopyridine (2.08 g, 20.0 
mmol) in acetonitrile (30 mL) was stirred a t  room temperature 
for 3 days. Acetonitrile was evaporated, and the residue was 
extracted with ether/water (100 mL/30 mL). NaSbF, (5.20 g, 
20.0 mmol) was added to the aqueous layer in one portion. A 
white precipitate was collected and recrystallized from metha- 
nol: yield 1.12 g (12.6%); mp 108.5-109.5 "C; IR (KBr) 1639, 
1454, 767, 705, 659 cm-'; 'H NMR (CD,CN) 6 9.05-8.78 (d, 2 
H, py-), 8.43-8.10 (br, 2 H, py-), 7.45 (s, 5 H, Ph-), 6.33-5.87 
(9, 1 H, -CH-), 2.23-1.93 (d, 3 H, CH,-). Anal. Calcd for 
C,,H,,F,N,Sb: H, 2.94; C, 37.79; N, 6.29. Found: H, 2.89; C, 
37.59; N, 6.12. 

Synthesis of (p-Methoxybenzy1)-pcyanopyridinium 
Hexafluoroantimonate (2c). A mixture of p-methoxybenzyl 
chloride (3.26 g, 20.9 mmol) and p-cyanopyridine (2.09 g, 20.1 
mmol) in acetonitrile (30 mL) was stirred at  room temperature 
for 4 days. Acetonitrile was evaporated, and the residue was 
extracted with ether/water (100 mL/30 mL). NaSbF, (5.20 g, 
20.0 mmol) was added to the aqueous layer in one portion. A 
yellow precipitate was collected and recrystallized from etha- 
nol: yield 1.80 g (19.4%); mp 157.5-158.5 "C; IR (KBr) 1643, 
1610, 1589, 1259, 1238, 1033, 771, 714, 655 cm-'; 'H NMR 
(CD,CN) 8 9.00-8.75 (d, 2 H, py-), 8.45-8.15 (br, 2 H, py-), 
7.63-6.85 (q,4 H, Ph-), 5.81 (s, 2 H, -CH,-), 3.81 (s, 3 H, CH,O-). 
Anal. Calcd for C,,H,,F,N,OSb H, 2.84; C, 36.48 N, 6.08. Found: 
H, 2.84; C, 36.16; N, 5.89. 

Polymerization of Glycidyl Phenyl Ether ( 1 )  with 2. 
General Method. A homogeneous mixture of 1 (0.30 g) and 
one of the initiators (2) in an ampule tube was cooled, evacu- 
ated, and sealed off. After the tube was heated in an oil bath, 
the reaction mixture was dissolved in methylene dichloride (1 
mL) and the resulting solution was poured into methanol (50 
mL) to precipitate the polymer. After the methanol layer was 
removed by decantation, the residual viscous polymer was col- 
lected and dried under vacuum. The methanol layer was evap- 
orated to give the soluble polymer in methanol. Structures of 
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Figure 1. Time-conversion curves of the bulk polymerization 
of 1 with 3 mol % of 2a-2c. 
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Figure 2. Effect of temperature and concentration on the poly- 
merization of 1 with 2a-2c (1 or 3 mol %) for 2 h. 

the polymers were confirmed by IR and 'H NMR spectra. 

Results and Discussion 
Synthesis of Catalysts. Benzyl- (2a), (a-methylben- 

zy1)- (2b), and (p-methoxybenzy1)-p-cyanopyridinium 
hexafluoroantimonates (2c) were prepared by the reac- 
t ion of p-cyanopyridine with an equimolar amoun t  of the 
corresponding benzyl halides followed by exchange of coun- 
teranion with SbF,- in water (eq l)., 

NaSbFB -- 
MeOH or CHICN H20 

R n1045"C n 
3-4 days < 5  min X. Br. CI 

k SbF, 
2 

catalyst Y R mp, "C total yield, % 

2a H H 156.0-157.0 25.0 
2b H Me 108.5-109.5 12.6 
2c OMe H 157.5-158.5 19.4 

T h e  Menschutkin reaction proceeded sluggishly in  each 
case, especially with a-methylbenzyl chloride (for 2b), 
probably due t o  steric hinderance of the methyl  group. 
A t  higher t empera tu re  (in refluxing methanol),  elimina- 
t ion predominated over substi tution, giving only trace 
of 2b. Therefore,  a-methylbenzyl bromide was selected, 
a n d  the solvent was changed t o  acetonitrile in order  t o  
prevent a back-reaction caused by deposition of the prod- 



Macromolecules, Vol. 23, No. 2, 1990 Activated Latent Thermal Catalysts 433 

Table I 
Bulk Polymerization of 1 with 2a-2c (3 mol % )  

2a (at 140 "C) 2b (at 90 "C) 2c (at 90 "C) 
- _  - - -  - - -  

time, h conv,O % yield,b % M,' M w / z n c  conv," '70 yield,b 9i Mc Mw/M,' conv,O % yield,' % M,C Mw/M$ 
2 36 8.9 16 3.6 5400 1.2 41 12 4100 1.3 

2.7d 
9.3' 

4 57 22 2500 1.4 37 10 5100 1.2 55 25 3600 1.3 
6 72 29 2300 1.4 41 9.9 5100 1.3 60 30 3300 1.5 
8 74 45 2500 1.5 42 14 5100 1.2 68 30 4100 1.4 

10 85 52 2600 1.3 50 19 4900 1.3 73 35 4000 1.4 
2.d 

Determined by NMR before precipitation. Yields of the insoluble polymers in methanol. ' Data for the insoluble polymers, estimated 
by GPC based on polystyrene standard. At 120 "C. e At 130 "C. f At 90 "C. 

Table I1 
Effects of Polymerization Temperature and Concentration of Catalyst on the Bulk Polymerization of 1 with 2a-2c for 2h4 

2a 2b 2Cb 
- _ _  - _ _  - - -  

temp, "C cat, mol % conv, % yield, % M ,  M w / M n  conv, % yield, % M ,  M J M ,  conv, % yield, 90 Mn M w / M n  
60 1 6.6 0 

80 1 1.5 15 4.2 
3 0 0.3 1.0 0 750' 

3 0.6 7.9 17 1200d 
100 1 32 11 5000 1.2 59 35 4000 1.4 

3 2.0 50 26 3700 1.3 62 0 1700' 
120 1 66 37 4900 1.5 64 34 4300 1.5 

3 2.7 80 54 3600 1.6 91 26 3800' 1.4 
130 3 9.3 
140 1 61 25 4500 1.5 65 30 4400 1.5 

3 36 8.9 800' 87 46 3100 2.1 87 37 2700 1.6 
160 3 70 35 2300 1.5 

a Yield, z,,, and M w / M ,  for the methanol-insoluble polymers. z, and M w / M n  were determined by GPC based on polystyrene standard. 
In the case of 3 mol % of 2c, - the obtained polymerization mixture was dissolved in 6 mL of methylene dichloride and then precipitated 

- -  - -  

into 120 mL of methanol. ' M,, of methanol-soluble polymer. Peak top value of main peak. e M ,  of soluble polymer was 1300. 

uct as a precipitate. By these changes, 2b was obtained 
in 12.6% yield, whereas with use of p-methoxybenzyl chlo- 
ride 2c was prepared in 19.4% yield. The structures of 
these catalysts were determined by IR, NMR, and ele- 
mental analyses. 

Polymerization. The activity of the catalysts was eval- 
uated in the bulk polymerization of glycidyl phenyl ether 
(1) with 3 mol % of 2a-2c. Since the catalysts (2a-2c) 
were soluble in the monomer a t  temperatures above 60 
"C, the polymerization system was homogeneous. All of 
the catalysts served as polymerization initiators to afford 
a polymer of 1. The polymer was precipitated with meth- 
anol after determination of the conversion of 1 by NMR. 
Both insoluble and soluble polymers were confirmed by 
NMR and IR to have the well-known polyether struc- 
ture (eq 2). The soluble part consisted of unreacted 1 
and low molecular weight polymer with < ca. 2000. 
The insoluble polymer had a E ranging from 2000 to 
5000. 

PhOC HZCH - C H, - k O C H , C H r  (2) 
at 90 'C. bulk I 

1 CH,OPh 

As indicated in the time-conversion curves of Figure 
1, the order of catalyst activity was clearly 2c > 2b >> 
2a. At 90 "C, 2a initiated very slow polymerization of 1 
for 10 h (conversion 2.5%). Although polymerizations 
with 2b and 2c proceeded smoothly, 2c was more active 
than 2b. Polymerization with 2a required higher tem- 
peratures than 130 "C in order to compete with 2b or 2c. 
In the detailed data shown in Table I, the yield of meth- 
anol-insoluble polymer increased with an increase in con- 

version, but the molecular weight of the insoluble poly- 
mer was independent of conversion or yield. In polymer- 
ization with 2a, the E value for the insoluble polymer 
was low (2300-2600), probably due to a rapid transfer 
reaction, caused by the high polymerization tempera- 
ture (140 "C). The difference in between 2b and 2c 
can be attributed to the different concentration of initi- 
ation species formed during the polymerization. That 
is, the actual concentration of initiation species gener- 
ated from 2b is lower than that of 2c. 

Figure 2 shows the effects of temperature and concen- 
tration of 2 on the polymerization of 1 for 2 h in the 
temperature range of 60-160 "C. The relation between 
temperature and conversion (Figure 2 and Table 11) indi- 
cates the important thermal latency of the catalysts. The 
fact that the rate of polymerization rapidly increased above 
80 "C for both 2b and 2c and 130 "C for 2a, whereas lit- 
tle or no polymerization proceeded below 60 "C (2b, 2c) 
and 120 "C (2a), demonstrates that these catalysts are 
latent thermal catalysts. In accordance with the results 
of Figure 1, polymerizations with 2b and 2c proceeded 
much more efficiently than those with 2a. From the dif- 
ference in the polymerization temperature shown in Fig- 
ure 2, it is roughly estimated that 2b and 2c are 20-30 
times more active than 2a in terms of conversion. 

In the polymerization with 2b or 2c for 2 h a t  120 "C, 
conversions reached to 80-90% with 3 mol % of catalyst 
and ca. 65% with 1 mol % of catalyst. However, a t  140 
"C, the yield, K ,  or M,/M,, decreased, and with 3 mol 
% of 2a satisfactory results were not obtained even a t  
140 "C (Table 11). Lower conversion observed with the 
use of 1 mol % catalyst is clearly due to a lower concen- 
tration of initiating species, and it is confirmed by the 

-- 
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M ,  values of the resulting insoluble polymers, which were 
higher with 1 mol % catalyst than with 3 mol % cata- 
lyst. 

Considerable lowering of the initiation temperature by 
introduction of a-methyl (2b) and p-methoxy (2c) sub- 
stituents seems to be attributable to the high efficiency 
of the initiation step of the polymerization with 2b or 
2c. This is because both the structure of the propagat- 
ing species and the rate of the polymerization (K, )  are 
expected to be the same in these three cases, and, there- 
fore, the concentration of the cationic species liberated 
by heating 2b or 2c (via s N 1  or s N 2  process) should be 
much higher than that from 2a. In fact, benzylic carbo- 
cations formed from 2b and 2c are strongly stabilized by 
the inductive and resonance effects of their substitu- 
ents, and hence both 2b and 2c generate the cationic spe- 
cies even a t  a lower temperature than that for 2a. 

On the other hand, the fact that maximum conversion 
(ca. 65%) with 1 mol % catalyst is less than that with 3 
mol % catalyst (ca. 90%) would indicate the occurrence 
of some termination reactions. One termination mecha- 
nism might be reaction of the propagating oxonium salts 
with liberated p-cyanopyridine to form the very stable 
pyridinium salt which is no longer an effective catalyst. 

Thus, activation-aided modification of a benzyl group 
of 2a resulted in the synthesis of 2b and 2c with highly 
enhanced catalytic activities and good thermal latency 
in comparison with 2a. This catalyst activation by intro- 
duction of a cation-stabilizing group is in good accord 
with the results of the substituent effects observed in 
the polymerization of a bicyclo ortho ester with substi- 
tuted benzyl sulfonium salts reported by Endo et ale4' 

In conclusion, we have synthesized new pyridinium salts 
as highly activated latent thermal catalysts, (p-methox- 
ybenzy1)- (2c) and (a-methylbenzy1)-p-cyanopyridinium 
hexafluoroantimonates (2b). These are stable, soluble 
in monomer, easy to handle, and show much higher cat- 
alytic activities than benzyl-p-cyanopyridinium hexaflu- 
oroantimonate (2a) in the cationic polymerization of gly- 
cidyl phenyl ether (1) as a model cationically polymeriz- 
able monomer. 
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ABSTRACT: Thermal oxidation of blends of polystyrene and poly(viny1 methyl ether) was studied at 80, 
110, and 140 "C. The oxygen uptake by PS was negligible, but PVME oxidized rapidly. The induction 
period of oxidation of PVME was lengthened by the presence of PS in the blend. Phase separation occurred 
shortly before the end of the induction period, and the steady-state rate of oxidation of the blend was pro- 
portional to the PVME content. The molecular weight of PVME decreased more slowly in the blend as 
PS content increased. At the same time, PS also underwent chain scission. It was believed that reaction 
between PVME radicals and PS took place during the induction period to result in less reactive PS radi- 
cals. When low-molecular-weight polystyrene was blended with PVME, the mixtures remained homoge- 
neous throughout the oxidation reaction. The induction periods became longer and oxidation rates slower 
than the values for the corresponding PS blends. 

I. Introduction 

Although polymer blends have become an important 
class of materials, our knowledge of their chemical sta- 
bility is inadequate. There is scattered information in 
the literature about thermal degradation of heteroge- 
neous blends' and thermal or photo oxidation of rubber- 
modified p~ lys ty rene .~ -~  But the oxidation of miscible 
polymer blends has received only occasional a t t e n t i ~ n . ~  

In the study of oxidation of mixtures of small mole- 
cules, Russell found that the rates of oxidation were not 
additivea6v7 A decrease in the rate of oxidation to below 
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the value for either component was observed when a small 
amount of the more easily oxidized tetralin was added 
to cumene. It was concluded that tetralyperoxy radical 
terminated much more readily than cumylperoxy radi- 
cal, and a lower rate of oxidation of the mixture resulted 
from the lowered steady-state concentration of peroxy 
radicals. The purpose of the present investigation is to 
study whether the oxidative rates of miscible blends obey 
the additivity rule. Departure from the additive rule would 
suggest cross-propagation or cross-termination reactions 
in the blend. By cross-propagation, we mean the reac- 
tion of oxy or peroxy radical A with polymer B to form 
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