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SYNTHESIS AND CHARACTERIZATION OF 
BIS(ISOPROPENYLPHEN0XY)ALKANES AND 
BISVINYLPHEN0XY)ALKANES: TWO CLASSES OF 
HIGHLY REACTIVE, PHOTOPOLYMERIZABLE 
MONOMERS 

J. V. CRIVELLO* and A. RAMDAS 

Department of Chemistry 
Rensselaer Polytechnic Institute 
Troy, New York 12180 

Key Words: Photopolymerization; Cationic photopolymerization; Bis(i- 
sopropeny1phenoxy)alkanes and bis(viny1phenoxy)alkanes 

ABSTRACT 

A novel and facile synthesis of difunctional, aromatic vinyl ether 
analogs is reported. These materials, which are conveniently prepared 
by the condensation of 4-acetoxystyrene or 4-isopropenylphenyl acetate 
with a,w-dihaloalkanes in the presence of base, can be cationically poly- 
merized using diaryliodonium or triarylsulfonium salts as photoinitiators 
to produce crosslinked polymers. Relative reactivities of the monomers 
toward cationic polymerization were studied using differential scanning 
photocalorimetry. The thermal stabilities of the polymers resulting from 
the photopolymerization of the difunctional, aromatic vinyl ether ana- 
logs were studied using thermogravimetric analysis. 
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754 CRIVELLO AND RAMDAS 

INTRODUCTION 

The discovery of diaryliodonium [ 11 and triarylsulfonium [2, 31 salts as classes 
of stable, efficient, and commercially attractive photoinitiators for cationic poly- 
merization has led to the widespread use of photoinitiated cationic polymerization 
in coating, adhesive, and printing applications. Primarily because of their commer- 
cial availability and their previously established use in coating applications, most of 
the development in photoinitiated cationic polymerization has focused on commer- 
cially available multifunctional epoxy monomers. While such monomers offer an 
excellent combination of chemical, physical, and electrical properties in crosslinked 
films, their photopolymerization rates are slow as compared to those of free- 
radically photopolymerized acrylates. For this reason, current efforts in this labora- 
tory have been directed toward the synthesis of epoxy monomers which exhibit 
higher reactivities in photoinitiated cationic polymerization [4]. Multifunctional 
alkyl vinyl ethers were also explored and shown to be considerably more reactive 
than epoxides in cationic photopolymerization [ 5 ] .  However, their mechanical prop- 
erties are rather poor. It was these limitations in epoxy and vinyl-ether-based coat- 
ings, together with a desire to expand the range of application of photoinitiated 
cationic polymerization in U V  curing, that has led us to explore the development of 
alternative monomer systems. 

EXPERIMENTAL 

Materials 

Bisphenol-A (4,4'-isopropylidenediphenol) and a,w-dibromoalkanes were 
purchased from the Aldrich Chemical Company. 4-Acetoxystyrene was a gift of the 
Hoechst Celanese Company, while 2-chloroethyl vinyl ether was received as a gift 
from the Maruzen Oil Company. The above chemicals were used as received. The 
solvent, dimethylsulfoxide (DMSO), was purified by fractional distillation. The 
photoinitiators, (4-octyloxyphenyl)phenyliodonium hexafluoroantimonate [6] and 
diphenyl(4-thiophenoxyphenyl)sulfonium hexafluoroantimonate [7], were prepared 
as previously described. 

'H- and I3C-NMR data were obtained in CDC1, with a Varian Model XL 
200 spectrometer equipped with a Fourier transform accessory. Thermogravimetric 
analyses were obtained with the aid of a Perkin-Elmer TGA-7 Thermal Analysis 
System. Measurements were made at a heating rate of 20°C/min in nitrogen. Infra- 
red studies were performed on a Perkin-Elmer Model 298 Infrared Spectrometer. 

General Synthetic Method for the Synthesis of 
a,~-Bis(4-isopropenylphenoxy)al kanes 

The following general synthetic method shown for 1,4-bis(4-isopropenylphe- 
noxy)butane was used for the preparation of all of the monomers shown in Table 1. 

A. Synthesis of 4-lsopropenylphenyl Acetate 

Into a 250-mL round-bottomed flask fitted with a distillation head, air con- 
denser, and receiver were placed 50 g bisphenol-A and 0.5 g potassium hydroxide. 
The mixture was heated slowly to 2OOOC under nitrogen, and the products, a mix- 
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756 CRIVELLO AND RAMDAS 

ture of phenol and 4-isopropenylphenol(46 g), were collected by vacuum distillation 
[8, 91. To this mixture was added 51 g acetic anhydride and 0.25 mL pyridine. The 
mixture was stirred at 100°C for 3 h. The reaction products were poured into 100 
mL distilled water and extracted with 100 mL ether. The organic layer was washed 
three times with 50 mL portions of a 10% solution of Na,CO, and dried over 
anhydrous MgSO,. After removal of the MgSO, by filtration, the ether was removed 
on a rotary evaporator. The mixture of acetates was fractionally distilled to give the 
desired 4-isopropenylphenyl acetate with a boiling point of 98 OC/5 mmHg. 

6. Condensation of 4-lsopropenylphenyl Acetate With 
a,w-Dibromoalkanes 

To a 250-mL, three-necked round-bottomed flask equipped with a magnetic 
stirrer, condenser, thermometer, nitrogen inlet, and addition funnel, were added 20 
mL DMSO, 4.41 g (0.025 mol) 4-isopropenylphenyl acetate, and 0.96 (0.04 mol) 
powdered NaOH. An additional 15 mL DMSO was added and the temperature of 
the oil bath raised to 75OC. The reaction mixture was allowed to stir for an hour 
and 2.7 g (0.0125 mol) 1,Cdibromobutane dissolved in 15 mL DMSO was added 
dropwise over 2.5 h. After 5 h the heat was turned off and the reaction mixture was 
allowed to stir overnight at room temperature. 

The reaction mixture was poured into 100 mL water and extracted with a 3:l 
mixture of ether and toluene. The organic layer was washed 5 times with water. 
After stirring with anhydrous MgSO,, the organic layer was filtered and the solvent 
removed on a rotary evaporator to give the desired monomer as a crystalline solid 
(yield of crude product = 3.33 g or 83% theory). The product was dissolved in 
chloroform and precipitated by the addition of a few drops of hexane. After filter- 
ing and vacuum drying, a yield of 2.40 g (60%) of pure product having a melting 
point of 156-156.5OC was obtained. 

'H NMR (CDCI,) 6 (ppm) = 6.8-7.5 (dd, 4H, aromatic protons A,B, pat- 
tern); 5.2-5.3 (dd, lH,  trans CH,=C); 4.9-5.0 (d, lH,  cis C&=C); 4.0-4.1 (t, 2H, 
-O-CH,-); 1.9-2.0 (m, 2H, -0-CH,-C&-); 2.1-2.2 (s, 3H, CH,-C=). 

Synthesis of 1,6-Bis(4-lsopropenylphenoxy)hexane Using 
Phase-Transfer Catalysis 

To a 250-mL, three-necked round-bottomed flask, equipped with a magnetic 
stirrer, condenser, thermometer, nitrogen inlet, and addition funnel, were added 60 
mL toluene, 5.29 g (0.03 mol) 4-isopropenylphenyl acetate, 3.66 g (0.015 mol) 
1,6-dibromohexane, 0.4 g tetrabutylammonium bromide (phase-transfer catalyst), 
and 35 mL of a 20% aqueous solution of NaOH. The mixture was refluxed over- 
night under nitrogen. After addition of 60 mL toluene, the organic and aqueous 
layers were separated. The organic layer was dried over anhydrous MgSO,. After 
removal of the MgS04 by filtration, the organic solvent was removed on a rotary 
evaporator. The product was recrystallized from hot ethanol to give 2.36 g (44.9% 
yield) 1,6-bis(4-isopropenylphenoxy)hexane (mp 139-140OC). 

'H NMR (CDCl,) 6 (ppm) = 6.7-7.4 (dd, 4H, aromatic protons AzB2 pat- 
tern); 5.1-5.2 (dd, lH, trans C&=C); 4.8-4.9 (d, IH, cis C€12=C); 3.8-3.9 (t, 2H, 
-O-C&-); 2.0 (s, 3H, C&-C=); 1.3-1.8 (m, 4H, - O - C H , - C ~ , - C ~ ~ ) .  
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BIS(ISOPROPENYLPHEN0XY)ALKANES 757 

Synthesis of 2-(4-lsopropenylphenoxy)ethyl Vinyl Ether 

To a 250-mL, three-necked round-bottomed flask, equipped with a magnetic 
stirrer, condenser, thermometer, nitrogen inlet, and addition funnel, were added 30 
mL DMSO, 7.05 g (0.04 mol) 4-isopropenylphenyl acetate, and 4.8 g (0.12 mol) 
powdered NaOH. An additional 15 mL DMSO was added and the temperature of 
the oil bath was raised to and maintained between 75 and 8OOC. The reaction 
mixture was stirred for 1 h and then 4.26 g (0.04 mol) 2-chloroethyl vinyl ether 
dissolved in 15 mL DMSO was added dropwise over 2.5 h. After 5 h the heat was 
turned off and the reaction mixture was allowed to stir overnight at room tempera- 
ture. The reaction mixture was poured into 100 mL water and extracted with a 3:l 
mixture of ether and toluene. The organic layer was washed 5 times with water. 
After stirring with anhydrous MgS04, the organic layer was filtered and the solvent 
removed on a rotary evaporator (yield of crude product = 5.67 g or 69% theory). 
The crude product was recrystallized from ethanol, filtered, and dried to yield 5.1 g 
(62%) of pure 2-(4-isopropenylphenoxy)ethyl vinyl ether (mp 54-56OC). 

'H NMR (CDCl,) 6 (ppm) = 6.85-7.5 (dd, 4H, aromatic protons A2B, pat- 
tern); 6.5-6.6 (dd, lH ,  -O--CH=CH,); 5.3 (dd, lH,  trans Ar-C=CH,); 5.0 (d, 
IH, cis,cis Ar-CH=CH); 4.05 (tt, 4H, -O-C%-); 4.25 (m, %, -0- 
CH=C&); 1.9-2.0 (m, 2H, -0-CHz--C&-); 2.1-2.2 (s, 3H, CH,- - 
CH=). 

General Synthetic Method for the Synthesis of 
a,o-Bis(4-vinylp henoxy)al kanes 

The following general synthetic method, exemplified for 1,4-bis(4- 
vinylphenoxy)butane, was used for the preparation of all of the monomers shown 
in Table 2. 

Synthesis of 1,4-Bis(4-vinylphenoxy)butane 

To a 250-mL, three-necked round-bottomed flask, equipped with a magnetic 
stirrer, condenser, thermometer, nitrogen inlet, and addition funnel, were added 30 
mL DMSO, 5.19 g (0.032 mol) 4-acetoxystyrene, and 3.84 g (0.096 mol) powdered 
KOH. The reaction mixture was heated in an oil bath to 75OC and held for 1 h. 
Then 3.45 g (0.016 mol) 1,4-dibromobutane dissolved in 15 mL DMSO was added 
dropwise over the course of 2.5 h. After 5 h reaction time the heater was turned off 
and the reaction mixture was allowed to stir overnight. The reaction mixture was 
poured into 100 mL water and extracted with a 3:l volume mixture of ether and 
toluene. The organic layer was washed 5 times with distilled water. After stirring 
with anhydrous MgS04, the organic layer was filtered and the solvent removed on a 
rotary evaporator, giving a yield of crude product of 3.45 g (72% theory). The 
product was dissolved in chloroform and triturated by the addition of hexane to 
yield 2.74 g (58%) of pure product having a melting point of 127-128.5OC. 

'H NMR (CDCIJ 6 (ppm) = 6.8-7.4 (dd, 4H, aromatic protons A,B, pat- 
tern); 6.5-6.6 (dd, lH ,  CH,=CE); 5.55-5.65 (d, lH,  trans C&=CH); 5.1-5.2 (d, 
lH,  cis CH,=CH); - 4.0-4.1 (t, 2H, -O-C&-); 1.9-2.0 (m, 2H, -0- 
CHz- C K -  ) . 
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Synthesis of 2-(4-Vinylphenoxy)ethyl Vinyl Ether 

To a 250-mL, three-necked round-bottomed flask, equipped with a magnetic 
stirrer, condenser, thermometer, nitrogen inlet, and addition funnel, were added 30 
mL DMSO, 4.05 g (0.025 mol) 4-acetoxystyrene, and 3.0 g (0.075 mol) powdered 
NaOH. An additional 15 mL DMSO was added and the temperature of the oil bath 
raised to and maintained between 75 and 80°C. The reaction mixture was stirred 
for 1 h and 2.66 g (0.025 mol) 2-chloroethyl vinyl ether dissolved in 15 mL DMSO 
was added dropwise over 2.5 h. After 5 h the heat was turned off and the reaction 
mixture was stirred overnight. The reaction mixture was poured into 100 mL water 
and extracted with a 3: 1 mixture of ether and toluene. The organic layer was washed 
5 times with water. After stirring with anhydrous MgS04, the organic layer was 
filtered and the solvent removed on a rotary evaporator. The product was dissolved 
in hot ethanol and cooled to yield 1.95 g (41 Yo) of pure product (mp 63-65 "C). 

'H NMR (CDCl,) 6 (ppm) = 6.8-7.4 (dd, 4H, aromatic protons A2B, pat- 
tern); 6.5-6.7 (m, 2H); 5.55-5.7 (d, lH,  trans CH,=CH); 5.1-5.2 (d, 1H cis 
CQ2=CH); 4.3-4.0 (m, 6H). 

Synthesis of 4-Methoxy-a-methylstyrene 

To a 250-mL, three-necked round-bottomed flask, equipped with a magnetic 
stirrer, condenser, thermometer, nitrogen inlet, and addition funnel, were added 30 
mL DMSO, 7.05 g (0.04 mol) 4-isopropenylphenyl acetate, and 4.8 g (0.12 mol) 
powdered NaOH. An additional 15 mL DMSO was added, and the temperature of 
the oil bath was raised to and maintained between 75 and 80°C. The reaction 
mixture was stirred for 1 h and then 5.68 g (0.04 mol) methyl iodide dissolved in 15 
mL DMSO was added dropwise over 2.5 h. After 5 h the heat was turned off and 
the reaction mixture was poured into 100 mL water and extracted with a 3:l mixture 
of ether and toluene. The organic layer was washed 5 times with water. After stirring 
with anhydrous MgSO,, the organic layer was filtered and the solvent removed on 
a rotary evaporator. The crude product was recrystallized from ethanol, filtered, 
and dried to yield 2.1 g (36%) pure 4-methoxy-a-methylstyrene (mp 27-28°C). 

Model Compound Studies 

A 0.5-mol% solution of (4-octyloxyphenyl)phenyliodonium hexafluoroanti- 
monate in 4-methoxy-a-methylstyrene was diluted to a concentration of approxi- 
mately 10% in a quartz NMR tube and the 'H NMR of the solution taken on a 
Varian Model XL 200 spectrometer. The solution was then irradiated using a GE 
H3T7 medium pressure mercury arc lamp for specific time periods until the reaction 
was complete as indicated by NMR. 

P hotopolymerizations 

Differential Scanning Photocalorimetry Studies 

The photoinitiated cationic polymerizations of the monomers listed in Tables 
1 and 2 were monitored at their respective melting points using a Perkin-Elmer 
DSC-7 Differential Scanning Calorimeter equipped with a Photocalorimeter Ac1:es- 
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760 CRIVELLO AND RAMDAS 

sory fitted with a Hanovia 200W Mercury-Xenon lamp as the UV-light source. The 
polymerizations were carried out on 2-3 mg samples of the monomer which con- 
tained 0.5 mol% photoinitiator; either (4-octyloxyphenyl)phenyliodonium hexa- 
fluoroantimonate or (4-thiophenoxyphenyl)diphenylsulfonium hexafluoroantimo- 
nate. 

Infrared Studies 

Infrared spectra were recorded on a Perkin-Elmer 298 Infrared Spectrometer. 
Solutions composed of 0.5 mol% (4-octyloxyphenyl)phenyliodonium hexafluoro- 
antimonate and the indicated monomer were diluted to approximately 10% in tetra- 
chloroethane and placed between salt plates. Spectra were recorded before and after 
irradiation for specific time periods using a General Electric H3T7 medium pressure 
mercury arc lamp ballasted at 200 W. Characteristic vinyl peaks at 880-900 cm-' 
were monitored. 

RESULTS AND DISCUSSION 

Synthesis of the Aromatic Analogs of Vinyl Ethers 

The goal of these investigations was to prepare novel monomers that would 
display the high reactivity of vinyl ethers while having better mechanical properties 
through the introduction of aryl groups. Alkoxy-substituted styrenes and a-methyl- 
styrenes such as 4-methoxystyrene (I) and 4-methoxy-a-methylstyrene (11) can be 
regarded, respectively, as phenylogous vinyl and isopropenyl ethers in which the 
unsaturated group and the ether portions of the molecule can communicate elec- 
tronically by inductive and resonance interaction through the phenyl group. 

OCH, OCH, 

I I1 
Consequently, the chemical reactivity of these compounds is similar to vinyl and 
isopropenyl ethers, and these monomers have been observed to undergo cationic 
polymerization at very high rates [2, 10-151. Based on these considerations, it ap- 
peared desirable to attempt the preparation of monomers incorporating two or 
more alkoxy-substituted styrene or a-methylstyrene moieties. A review of the litera- 
ture showed that this approach had been already explored by two research groups 
[14, 151 who employed the same basic synthetic approach shown in Scheme 1 for 
their preparation. 

Although the synthetic route shown in Scheme 1 is reasonably straightfor- 
ward, the overall yields of the products are rather low and, additionally, the Wittig 
reaction is impractical for other than the preparation of small-scale reactions. Fur- 
thermore, the intermediates in this synthesis, 4-hydroxystyrene and 4-isopropenyl- 
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BIS(ISOPROPENYLPHEN0XY)ALKANES 76 1 

NaOH, 

Br-(  C H2) "-  6 r 1 
SCHEME 1. 

phenol, are very unstable and tend to oxidize and oligomerize on standing. Accord- 
ingly, we have undertaken the development of novel, general synthetic routes to 
these monomers which circumvent these problems. The synthesis of a series of 
a,~-bis(4-isopropenylphenoxy)alkanes using a novel preparative method developed 
in this laboratory is depicted in Scheme 2. 

This synthesis involves the simple, direct preparation of 4-isopropenylphenol 
(4-hydroxy-a-methylstyrene) by the base-catalyzed decomposition of the readily 
available bisphenol-A at 2OOOC [8, 91. Simple vacuum distillation of the reaction 
mixture during this reaction yields a mixture of phenol and 4-isopropenylphenol. 
Attempts to further separate the two products by distillation yields only small 
amounts of the desired 4-isopropenylphenol due to a variety of oligomerization and 
condensation side reactions. Instead, it was found convenient to carry out the 
acetylation of the entire mixture and then to carry out a fractional distillation to 
separate the resulting acetate esters. 4-Isopropenylphenyl acetate (4-acetoxy-a- 
methylstyrene), in contrast to its corresponding phenolic precursor, is stable and 
can be conveniently stored indefinitely at room temperature. 

The desired difunctional vinyl ether analogs can be prepared in good yield as 
shown in Eq. ( 5 )  by the direct condensation of 4-isopropenylphenyl acetate with 
a,w-dibromoalkanes in DMSO in the presence of sodium hydroxide. Gathered in 
Table 1 are the structures of the cr,~-bis(4-isopropenylphenoxy)alkanes prepared 
during the course of this work together with their yields, melting points, and elemen- 
tal analyses. 

In a similar fashion, 4-acetoxystyrene, which is now readily available from 
commercial sources, can be smoothly reacted with a,o-dibromoalkanes in DMSO 
in the presence of sodium hydroxide to yield a series of a,w-bis(4-vinylphenoxy)al- 
kanes. Table 2 gives the structures and data for a series of these monomers prepared 
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during the course of this research. Two of the monomers, namely, 1,4-bis(4- 
viny1phenoxy)butane (X) and 1,10-bis(4-vinylphenoxy)decane (XIII), have been pre- 
pared before [ 141. 

These two classes of monomers were also prepared in this laboratory by an 
alternate method involving phase-transfer catalysis which is shown in Eq. (6). 4- 
Acetoxystyrene and 4-isopropenylphenyl acetate were converted by an in-situ hy- 
drolysis to the corresponding phenoxide by treatment with base and then coupled 
with the halo compound in the presence of NaOH and the phase-transfer catalyst, 
tetra-n-butylammonium bromide, to give the desired aromatic vinyl ether analogs, 

PTC cat., NaOH 
QOAc + Br-(CHd,-Br 9 

R toluene, reflux 

Yields of difunctional monomers by both synthetic methods were uniformly 
good, but the reactions could be further optimized. In the case of monomer IV, 
addition of excess 1,5-dibromopentane (> 1.5 mol) to 44sopropenylphenyl acetate 
in the presence of NaOH and DMSO more than doubled the yield of 1,5-bis(4- 
viny1phenoxy)pentane. Since aliphatic halides are known to undergo elimination 
reactions in the presence of base, presumably the addition of excess halide compen- 
sated for the loss of the starting halo compound due to these elimination reactions. 

Two additional very highly reactive monomers, VIII and XIV, appearing re- 
spectively in Tables 1 and 2 were prepared as shown in Eq. (7) by the base-catalyzed 
condensation of the appropriate unsaturated aryl acetate with 2-chlorethyl vinyl 
ether. 

NaOH, DMSO - 
R W O A c  + CICH,CH20CH=CHP 8OoC 

0 0 - CH,CH20CH = CH, (7) 
R 

Model Photoinitiated Cationic Polymerization Studies 

Initial experiments showed that the monomers in both Tables 1 and 2 were 
readily photopolymerized in the presence of onium salt photoinitiators. To elucidate 
the mechanism of the photoinduced cationic polymerization of these monomers, a 
brief investigation was conducted with the aid of a model compound. For this study, 
we chose 4-methoxy-a-methylstyrene (4-isopropenylanisole) as a simple model for 
the study. Two pathways as depicted in Scheme 3 for the reaction of this monomer 
appeared possible: a) typical polymerization across the double bond, as is usually 
observed in the cationic polymerization of a-methylstyrene; or b) an intramolecular 
Friedel-Crafts cyclization to give a dimer containing an indane group. 
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A I 

I 
OCH, 

SCHEME 3.  (9) 

The model compound, 4-methoxy-a-methylstyrene (A), was prepared by the 
reaction of 4-acetoxy-a-methylstyrene with methyliodide in DMSO/NaOH. When 
a solution of 4-methoxy-a-methylstyrene in CDCI, was irradiated with UV light in 
the presence of 0.5 mol% photoinitiator (4-octyloxyphenyl)phenyliodonium hex- 
afluoroantimonate, a polymer was not obtained, indicating that Path a) was not 
being followed. Instead, only low molecular weight species were formed. The pro- 
gression of 'H-NMR (in CDC1,) spectra shown in Fig. 1 of the reaction mixture 
showed the rapid disappearance of the protons associated with the isopropenyl 
double bond (6 = 4.98-5.05 and 5.27-5.35 ppm) with the concurrent formation of 
resonances at 6 = 4.68-4.74 and 5.05-5.10 ppm due to the presence of a new 
double bond. After irradiation for a longer time, these double bond resonances 
disappeared altogether. This was accompanied by an increase in the number of 
peaks in the aliphatic region (6 = 0.9-2.2 ppm). 

These observations are consistent with the mechanism shown in Scheme 4. 
Initial protonation of the monomer (A) by the photogenerated acid yields the ter- 
tiary carbocation (B). Cation (B) then attacks another molecule of (A) to give a 
dimer cation (C). At this stage, (C) may directly cyclize to give (E) or undergo 
elimination to give the dimer olefin (D). Although (D) is stable and observed in our 
NMR studies, in the presence of the strong acid it is in equilibrium with (C) and is 
eventually irreversibly converted to indane (E). Considerable precedent for this 
mechanism exists in the literature. 4-Methoxy-a-methylstyrene has been shown to 
undergo dimerization to the unsaturated dimer (D) in the presence of strong acids 
1161. In these latter studies, the structure of the dimer was established by degrada- 
tion and infrared analysis. In addition, 4-isopropenylbenzoic acid and 4- 
isopropenylaniline have also been shown to form intermediate unsaturated dimers 
analogous to (D) in the presence of strong acids which further react to give substi- 
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a 60 sec. 

765 

0 sec. 
M 

i 30 sec. 

9 8 7 6 5 4 3 2 1 0 

CHEMICAL SHIFT (ppm) 

FIG. 1. 'H NMR (CDCI,) of the cationic photopolymerization of 4-methoxy-a- 
methylstyrene after (a) 0 seconds, (b) 30 seconds, and (c) 60 seconds irradiation in the 
presence of 0.5 mol% (4-octyloxyphenyl)phenyliodonium hexafluoroantimonate. 
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tuted indanes [ 171. Based on these studies, the polymerization of the bis(isopropen- 
y1phenoxy)alkane monomers in Table 1 can be expected to yield polymers contain-. 
ing mainly indane groups in the backbone on photoinduced cationic polymerization 
in the presence of onium salts as depicted in Eq. (1 1). 

r 1 

1 hv 
____t 

Ar2I+ x- to 
The fact that the polymer films obtained by the cationic photopolymerization 

of bis(4-isopropeny1phenoxy)alkane monomers are insoluble in all solvents indicates 
that some crosslinking by conventional cationic olefin polymerization (Path a) must 
also be occurring in competition with the above process. 

Photo polymerization 

The aromatic vinyl ether analogs shown in Tables I and 2 are poor solvents 
for most simple aryl-substituted diaryliodonium and triarylsulfonium salt photoini- 
tiators. Thus, it was not possible to evaluate the reactivity of these monomers using 
these conventional photoinitiators. Previous work by Crivello and coworkers [6] 
showed that diaryliodonium salts possessing long alkoxy substituents attached to 
one or both of the rings were very soluble in nonpolar organic solvents and mono- 
mers. A comparative study of the rates of polymerization of the aromatic vinyl 
ether analogs with different alkoxy substituted diaryliodonium salts indicated that 
(4-octyloxyphenyl)phenyliodonium hexafluoroantimonate is an extremely good 
photoinitiator for such monomers. 

Studies of the reactivities of various monomers were then conducted using differen- 
tial scanning photocalorimetry in which the exothermic heat of the polymerization 
was monitored as a function of reaction time [18]. For example, the differential 
scanning photocalorimetric curves of liquid monomers VIII and XIV are given in 
Figs. 2 and 3. Both of these monomers are exceptionally reactive in photoinitiated 
cationic polymerization. It may be seen from these curves that when the shutter is 
opened at 1 min, polymerization occurs nearly instantaneously with the peak maxi- 
mum appearing after 0.1 1 to 0.12 min irradiation. In both cases the peaks are very 
sharp and return rapidly to the baseline, indicating rapid and efficient polymeriza- 
tion. 

The polymerization of several of the difunctional monomers was followed 
by infrared spectroscopy. Shown in Fig. 4 is a study of the polymerization of 
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FIG. 3. Photo-DSC spectrum of the exothermic polymerization of 2-(4-vinylphenox- 
y)ethyl vinyl ether (XIV) in the presence of 0.5 mol% (4-octy1oxyphenyl)phenyliodonium 
hexafluoroantimonate. 
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1800 1600 1 400 1200 loo0 800 

WAVENUMBER (cml ) 

FIG. 4. Infrared spectra of 1,4-bis(4-vinylphenoxy)butane (XI) in the presence of 0.5 
mol% (4-octy1oxyphenyl)phenyliodonium hexafluoroantimonate after (a) 0 seconds, (b) 30 
seconds, and (c) 45 seconds UV irradiation. 
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1800 1600 1400 1200 1000 800 

WAVENUMBER (cm-1 ) 

FIG. 5 .  Infrared spectra of 1,4-bis(4-isopropenylphenoxy)butane (111) in the presence 
of 0.5 mol% (4-octyloxyphenyl)phenyliodonium hexafluoroantimonate after (a) 0 seconds 
and (b) 60 seconds UV irradiation. 
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FIG. 6 .  Photo-DSC spectrum of the exothermic polymerization of 1,5-bis(4-vinyl- 
phenoxy)pentane (XI) in the presence of 0.5 mol% diphenyl(4-thiophenoxyphenyl)sulfonium 
hexafluoroantimonate. 

1,4-bis(4-vinylphenoxy)butane (XI) using 0.5 mol% of the above described diarylio- 
donium salt photoinitiator. The double bonds at 900 cm-' were monitored. As the 
spectra show, the reaction reaches a 91% conversion after only 30 s of UV irradia- 
tion, which increases to 96% after an additional 15 s irradiation and then does not 
change further on continued irradiation. The high reactivity of the multifunctional 
monomer toward cationic polymerization results in the swift formation of a highly 
crosslinked or vitrified polymer in which the remaining double bonds do not have 
sufficient mobility to react further. A similar series of IR spectra are shown for 
1,4-bis(4-isopropenylphenoxy)butane (111) in Fig. 5. In this case the conversion 
reaches 87% after 60 s irradiation with no further increase on additional irradiation. 
Thus, the polymers derived from monomers containing the 4-isopropenylphenoxy 
groups appear to have a higher percentage of unreacted double bonds than those 
from the corresponding monomers containing 4-vinylphenoxy groups. As suggested 
previously, the structures of the polymers derived from the two series of monomers 
are different. The results can be rationalized by suggesting that polymers derived 
from monomers containing 4-isopropenylphenoxy groups give the more rigid indane 
backbone structure which inhibits mobility in the polymer chains and keeps the end 
groups from finding one another. 

Since the bis(isopropeny1phenoxy)alkanes and bis(viny1phenoxy)alkanes 
shown in Tables 1 and 2 are solids, the reactivity of these monomers in photopoly- 
merization was studied using differential scanning photocalorimetry only at their 
melting points. To avoid possible complications due to competing thermally induced 
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FIG. 7 .  Thermogravimetric analysis curve for photopolymerized films of monomers 
(111) and (X) in nitrogen at 20°C per minute. 

cationic polymerization, the extremely thermally stable initiator, diphenyl(4- 
thiophenoxypheny1)sulfonium hexafluoroantimonate, with the structure shown be- 
low was used in these studies. 

The response of all of these difunctional vinyl ether analogs to UV irradiation 
is very high, as predicted. Figure 6 presents a typical differential scanning photocal- 
orimetry curve obtained for the photopolymerization of 1,5-bis(4-vinylphenoxy)- 
pentane carried out at 1 lS°C in the presence of 0.5 mol% of the aforementioned 
photoinitiator. As shown, the response of the monomer to UV irradiation is very 
fast, with the peak maximum occurring within 0.11 min and the entire polymeriza- 
tion completed after approximately 1 min irradiation time. 

Figure 7 shows the thermogravimetric analysis curves of photopolymerized 
monomers I11 and X, carried out in nitrogen at 20°C/min. The polymers appear to 
be stable to approximately 350-4OO0C under these conditions. The initial loss of 
mass in the bis-isopropenylphenyloxy monomer, 111, may be due to loss of residual 
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unreacted monomer. It is anticipated that these monomers will find applications as 
electronic materials where their thermal stability is compatible with the thermal 
processing steps usually employed in integrated circuit fabrication. 

CONCLUSIONS 

A series of reactive, multifunctional monomers that can be readily photopoly- 
merized in the presence of diaryliodonium and triarylsulfonium salt cationic photo- 
initiators have been prepared. The high sensitivity of these aromatic analogs of 
vinyl ethers toward photoinduced cationic polymerization has been demonstrated. 
Model studies indicate that the bis(isopropeny1phenoxy)alkanes may be expected to 
yield polymers containing indane groups. 
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