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ABSTRACT: The polymerization of isobutylene (IB) has been studied by use of a 1,4-bis( 1-chloro-1- 
methylethy1)benzene (DiCumC1)/BC13 initiating system in CHaCl, CHZCl2, and CzHsC1 solvents and a 9O:lO 
v/v CH3Cl/n-hexane mixture at -75 "C. It has been found that in these media the polymerizations are 
living and that they occur in two phases: an "initial phase" during which simultaneous slow initiation and 
chain transfer to DiCumCl ("inifering") plus propagation and reversible termination occur (i.e., a phase 
characterized by simultaneous inifering and living polymerization) and, after the DiCumCl is consumed, a 
"living phase" during which only propagation and reversible termination proceed (i.e., a phase character- 
ized by exclusively living polymerization). Further, the initial phase is characterized by low initiating effi- 
ciencies (Z.ff < 100%) while in the subsequent living phase Zeff - 100%. The absence of irreversible ter- 
mination (kt/kp - 0) during the initial phase has been demonstrated by inifer plots, which also led to the 
inifer constants (kt,,I/kp = Cl) of 0.96 in CH3Cl and 0.49 in CHzClz diluent. Diagnostic -In (1 - I&) - Z& 
versus jC j  plots indicate that DiCumCl is consumed by slow initiation and chain transfer. Evidently DiCumCl 
is a true inifer (initiator and transfer agent), and inifering proceeds till it i_s completely consumed. After 
the inifer has been depleted, the living phase commences during which M,, increases linearly with the 
amount of polymer formed. Termination is reversible (Le., for all practical purposes absent) and involves 
poiyisobutyiene ended with chlorine on the tertiary carbon (PIB-CP) plus excess BC13 in polar media at 
low temperature. By increasing the temperature or by decreasing the medium polarity, termination becomes 
irreversible. Carbocation stability during the polymerization is strongly affected by solvation effects. 

Introduction 
IB polymerization induced by inifer/BCL systems leads 

to linear and star-shaped polyisobutylenes (PIB) which 
carry CH&(CH3)&1 end These perfectly tele- 
chelic polymers have opened numerous avenues toward 
the preparation of other novel telechelics (see refs 6-8) 
and sequential copolymers.9 Kennedy and Smith1 inter- 
preted the results obtained with the DiCumCl/BCls sys- 
tem (where DiCumCl represents 1,4-bis(l-chloro-l- 
methylethy1)benzene) by introducing the inifer concept, 
according to which DiCumCl functions both as initiator 
and chain-transfer agent. Both chain-breaking pro- 
cesses, i.e., chain transfer to DiCumCl and termination, 
yield tertiary chlorine termini, and exact telechelics can 
be prepared provided chain transfer to monomer and inda- 
nyl ring formation are absent.1° Wondraczek et  al." tried 
to explain the results by neglecting transfer to the inifer 
and considering only the effect of counteranion stabil- 
ity; however, recently collected data2-5J2J3 support the 
presence of transfer to the inifer in line with the original 
proposition.' The aliphatic tertiary C1 termini in PIB- 
C1' were believed to be inactive under the experimental 
conditions used, and therefore i t  was assumed that the 
end groups resulting from inifering and/or termination 
do not sustain pr0pagation.l-5 However, Nuyken and 
co-~orkers,1~*13 on the basis of their findings with the 
DiCumC1/BC13/IB/CH2C12 and 2-chloro-2,4,4-trimeth- 
ylpentane/BC13 systems, have found evidence for revers- 
ible termination involving the PIB-Clt chain ends in the 
presence of excess BC13. 

Not long after the introduction of the inifer concept, 
the living polymerization of IB induced by tertiary ester/ 
Lewis a ~ i d ' ~ , ' ~  and tertiary ether/Lewis acid systems16 

* Visiting scientist. Permanent address: Central Research Insti- 
tute for Chemistry of the Hungarian Academy of Sciences, H-1525, 
Budapest, P.O. Box 17, Hungary. 

has been discovered. However, the mechanism of these 
polymerizations has not yet been completely eluci- 
dated.14-16.23*24 T o  gain further insight into the mecha- 
nism of the inifer and living processes, we have carried 
out polymerization studies with the DiCumCl/BCL/IB 
system in various solvents and have discovered that both 
processes are in fact governed by the same principles. 
This paper concerns efforts to conceptually unite the ini- 
fer and living methodologies and provides experimental 
evidence for a comprehensive view of these two systems. 

Experimental Section 
A. Materials. Details of the preparation of dicumyl chlo- 

ride (DiCumCl) have been described." It was recrystallized 
from petroleum ether the day before the experiments. Sources 
and purification of isobutylene (IB), boron trichloride, methyl 
chloride (MeCl), methylene chloride, ethyl chloride (EtCl), and 
n-hexane have been described.I5 

B. Procedures. IB polymerizations were carried out in a 
drybox under a dry nitrogen atmosphere. The charges were 
quenched with prechilled methanol. In incremental monomer 
addition (IMA) experiments,15 a series of large ( -75  mL) test 
tubes were charged with the initiator, monomer, and solvent, 
and at time zero BC13 coiniator was added to the charges. After 
a predetermined time interval (At), the polymerization was 
quenched in the first test tube, whereas an additional amount 
of IB (w was added to all the other test tubes. After the 
same time interval, quenching was carried out in the second 
test tube, and IB was added to the rest of the tubes. This pro- 
cedure was continued until all the charges were quenched. After 
evaporation of solvents and removal of boron-containing resi- 
dues by filtration, the weights of polymers formed were deter- 
mined. Further experimental details are given in Table I and 
figure captions. 

Molecular weights and molecular weight distributions (MWD) 
were determined by a Waters high-pressure GPC instrument 
(Model 6000A pump) with a series of five p-Styragel columns 
(106,104,103,500, and 100 A), a differential refractometer (Waters, 
Model 401), and a UV absorbance detector (Waters, Model 440). 
Calibration was made by narrow MWD PIB standards. 

Q 1990 American Chemical Society 
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EtCl 

CH2Clzb 

Table I 
Polymerization of Isobutylene by the DiCumCI/BCIS System in Various Solvents. 

CH&1 1 0.1404 98 2.5 1.95 49 
2 0.2871 100 3.5 1.70 71 
3 0.4211 98 4.4 1.52 83 
4 0.5720 100 5.0 1.43 100 
5 0.6773 95 5.8 1.33 101 
6 0.7626 89 6.4 1.34 103 
7 0.8739 87 7.3 1.33 103 

1090 V/V CHsCl/ 1 0.1236 86 2.8 2.06 38 
n-hexane 2 0.2354 82 3.8 1.93 54 

3 0.3072 72 4.2 2.01 64 
4 0.3867 68 4.8 1.97 70 
5 0.4823 68 5.3 1.98 80 
6 0.5542 65 5.4 2.14 89 
7 0.5989 60 6.3 2.13 83 
8 0.7045 62 6.7 2.14 91 
1 0.1418 99 6.3 2.33 20 
2 0.2274 80 7.0 2.64 28 
3 0.2805 65 8.3 2.32 29 
4 0.3343 59 8.9 2.51 33 
5 0.4015 56 11.1 2.46 32 
6 0.4441 52 11.3 2.69 34 
7 0.5108 51 12.0 2.92 37 
8 0.5183 45 10.7 3.48 42 
1 0.1395 98 2.5 3.22 61 
2 0.2597 91 4.5 3.11 63 
3 0.3973 93 5.1 2.60 84 
4 0.5427 95 6.7 2.39 88 
5 0.6804 95 7.1 2.32 102 
6 0.7989 93 8.8 2.31 98 
7 0.8747 86 9.2 2.36 102 

solvent j w,, g yield, 90 Mn x 10-3, g/mol M w / M n  Iem 9O 

-75 "C. IMA method: [DiCumCl] = 4.6 X mol/L, [BC13] = 0.16 mol/L, [AMI = 0.1 mol/L, Vo = 25 mL, At = 20 min, j is the num- 
ber of monomer increments. b [DiCumCl] = 3.7 x 10-3 mol/L. 
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Figure 1. an versus weight of polymer ( W,) and number of 
polymer chains (N) versus W,  (inset) plots for the DiCumCl/ 
BC13/i-C4Hs/CH&l/-75 "C system. IMA method: [DiCumCl] 
= 1.1 X 10-2 mol/L, [BCla] = 0.1 mol/L, [ATMI = 0.25 mol/L, 
V,, = 25 mL, At = 15 min. 
Results and Discussion 

A. Diagnosis of Inifering and Living Processes. 
The living polymerization of IB by the DiCumCl/BCla 
system has been investigated by the diagnostic incremen- 
tal monomer addition (IMA) method15 a t  -75 "C so as 
to avoid indanyl ring formation.1° Figure 1 summcrizes 
the results of a set of orienting experiments. The M ,  of 
the polymer formed upon the first three or four mono- 
mer additions (increments) is above the solid line expected 
for a rapidly-initiated living polymerization (theoretical 
line) in the M,, versus weight of polymer (W,) plot (i.e., 
I,ff < 100%). This effect is even more apparent in the 
plot of number of polymer molecules (N) versus W, (inset), 
where the horizontal line indicates the number of initia- 

tor molecules (I,) added. After four to five monomer incre- 
ments, all the DiCumCl is consumed, i.e., I,ff - loo%, 
and the data points reach the theoretical lines both in 
the a,, versus W, and the N versus W, plots. To diag- 
nose with certainty living polymerization, the addition 
of further monomer increments would be required. Unfor- 
tunately, polar solvents like CH3C1 and CHzCl2 are poor 
solvents for high molecular weight PIB, and the polymer 
rapidly precipitates above &In - 5000.18 Thus, to avoid 
precipitation the amount of monomer added in the incre- 
ments (AM) was reduced, and the polymerizations were 
carried out also in a 9O:lO v/v CHsClln-hexane solvent 
mixture or in C2HbCl. The data obtained are summa- 
rized in Table I and Figures 2-5. In these figures, the 
solid lines represent theoretical values assuming living 
polymerization with I,ff = 100%. Figures 2 and 3 show 
the an versus W, and N versus W, plots, respectively, 
for polymerizations carried out by the use of CHaC1, 
CH&l/n-hexane mixture, and C2HsCl solvents. Evi- 
dently, in CH&l the DiCumCl is consumed after four 
monomer increments; thereafter, the an increases lin- 
early with W,, and the number of polymer chains remains 
constant and becomes equal to the number of the DiCumCl 
molecules employed. Thus, after the initial phase, the 
linear increase of an is exclusively due to propagation 
by polymer chains formed of slow DiCumCl consump- 
tion; in other words, after four monomer additions only 
the living phase remains. 

As shown in Table I in the series with CH&1 solvent, 
polydispersity (Le., &fw/&fn) decreases with j (the num- 
ber of monomer increments), and after the fourth mono- 
mer addition Mw/Mn drops below 1.5, the theoretical value 
for the DiCumCl/BCla system.19 This effect is readily 
explained by the transition from the initially slow DiCumCl 
consumption phase to the living phase. 
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Figure 3. Number of polymer chains (N) as a function of poly- 
mer weight ( W,) formed in DiCumCl/BC13/i-CrH8/-75 "C sys- 
tems in various solvents. Experimental conditions as in Figure 
1. 

Interestingly, according to normalized MWD traces (i.e., 
weight percent of polymer versus log of molecular weights), 
representative samples of which are shown in Figure 4, 
the polymer molecules grew approximately a t  the same 
rate in the precipitated phase as in the homogeneous phase 
(precipitation was apparent by milkiness in the reactor 
a t  i U n  - 5000). This indicates that precipitation of the 
polymer did not affect MWD and that precipitation did 
not significantly affect propagation rates under the con- 
ditions studied. Due to possible diffusion control, lower 
polymerization rates may be expected in the precipi- 
tated phase than in the homogeneous phase. However, 
as our data indicate, monomer diffusion to the active sites 
was not rate determining, which suggests that swelling 
of the precipitated polymer by the solvent was sufficient 
to provide eFoug_h monomer for growth. Evidently the 
decrease of MwIMn with increasing number of monomer 
increments is mainly due to the living nature of the poly- 
merization and not to physical effects. 

To prevent precipitation, i.e., to increase Mn in a homo- 
geneous system, a series of experiments have been car- 
ried out by the use of a mixture of 10% n-hexane and 
90% CHBC1. However, as shown by the data in Figures 
2 and 3 and in Table I, even this low amount of nonpo- 
lar solvent caused a marked decrease in the rates and 
I,ff values, and even after eight monomer increments I,ff 
remained below 100%. This effect is even larger with 

4 3 2 log M 5 

Figure 4. Molecular weight distribution traces of PIB sam- 
ples formed in the DiCumCl/BCl3/i-C~H~/CH&l/-75 "C sys- 
tem in the fourth and seventh monomer addition steps (j). Exper- 
imental conditions as in Figure 2. 

$1 
-0 

W;M 
0 
0.0 0.5 1 .o 
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Figure 5. fin versus weight of polymer (W,) and number of 
polymer chains (N) versus W ,  (inset) plots for the DiCumCl/ 
BC13/i-C4H8/CH2C12/-75 "C system. IMA method: [DiCumCl] 
= 3.7 X 10-3 mol/L, [BC13] = 0.16 mol/L, [AMI = 0.1 mol/L, 
V ,  = 25 mL, method At = 20 min. 

use of the less polar CzHbC1 solvent. Thus, these poly- 
merizations are very sensitive toward even small changes 
in medium polarity. 

A series of IMA experiments have also been carried 
out with CH2C12 as diluent. The findings are collected 
in Figure 5 and Table I. fin is above the theoretical line 
during the first four monomer increments, and then it 
reaches the theoretical line and increases linearly with 
the weight of polymer formed. Similarly, the number of 
polymer chains (N) increases by increasing the number 
of monomer increments, and after reaching the number 
of DiCumCl inifer molecules (I,)  N remains constant and 
equal to I,. Evidently, in the latter phase the increase 
of M,, is due to chain growth by monomer addition to 
living chains. Similar to the results with CH3C1 diluent, 
Mw/Mn decreases with the number of monomer incre- 
ments; however, the MWDs are broader in CH& than 
in CH3C1. 

Attempts were made to determine the fate of DiCumCl 
during the initial relatively slow initiator consumption 
phase. Thus, experiments were designed to obtain ini- 
fer plots at a relatively low monomer concentration. Fig- 
ures 6 and 7 show such plots by the use of CH&1 and 
CH2C12, respectively. The slope of the inifer plot gives 
the ratio of chain transfer to inifer over propagation rate 
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Figure 7. Inifer plot for the DiCumCl/BCb/i-C4Hs/CH2C12/ 
-75 O C  system. 

constants ktr,I/k, ( =CI inifer constant), while the inter- 
cept gives the ratio of termination over propagation rate 
constants kt/k,.19 The integrated form of the inifer 
equationlg was used when yields were less than 100% 
(in CH3C1), and the plot was constructed according to 
Kennedy and Hiza3 when the monomer conversion was 
close to 100% (in CH2C12). In CH3C1 solvent (Figure 6), 
CI = 0.96 is virtually identical with a value (0.95) obtained 
earlier with a similar systeme4 The fact that kt /kp - 0 
indicates the absence of permanent termination, i.e., the 
living nature of this system. A similar inifer plot obtained 
with CH2C12 (Figure 7) gave CI = 0.49 and k t / k ,  - 0, 
indicating the absence of permanent termination in that 
system. According to these findings, DiCumCl is rela- 
tively slowly consumed during the initial phase, and con- 
tinuous initiation by and chain transfer to this inifer occur 
simultaneously. The higher CI value obtained with CH3C1 
may be due to its higher polarity than that of CHzC12 
(dielectric constants: CCHSC1 = 17.5 and CCH,Cl, = 14.5, 
both a t  -75 "C). These inifer plots indicate that DiCumCl 
is consumed not only by initiation but also by chain trans- 
fer and that termination is virtually absent in these poly- 
merization systems. 

Further evidence for the presence of two simulta- 
neous DiCumCl-consuming processes (i.e., initiation and 
chain transfer) has been obtained from -In (1 - I&) - 
Ied versus jCj plots (where Ief4 and Cj are the initiating 
efficiency and monomer conversions, respectively, after 
the j th  monomer increment in an IMA experiment) that 
were found to be nonlinear. Thus, a variety of relatively 
slowly initiating living IB polymerizations26-2S exhibit 
kinetics very similar to those obtained with the systems 

1 .o A /' 
9 

1 10 v/v CH3Cl/n-hexane 
,-' , , ,  

, ' .* ' 

0.0 I I 

0 1 2 3 4 5 
Jcj 

Figure 8. Diagnostic -In (1 - Zed)  - Zed versus $2. plots for 
the slow DiCumCl consumption phase for DiCumdl/BC13/i- 
C4Hs/-75 "C system in various solvents. Experimental condi- 
tions as in Table I. 

Scheme I 
Inifer and Living Carbocationic Polymerization 

Mechanisms 
ION GENERATION: RX + MtX"-R@MtX;q 

PROPAGATION: 

CHAIN TRANSFER 

TERMINATION: RMyMtX$i a RM , X + MtX" 

under investigation (e.g., similar versus W, plots by 
the IMA technique). I t  has been s h o ~ n 2 6 - ~ ~  that these 
polymerizations yield linear -In (1 - IefB) - I& versus 
jCj plots starting from the origin if the rate-determining 
event of initiation is cationation (as is the case in the 
DiCumC1/BC13/IB system). In contrast to this analy- 
sis, however, as shown by the data in Figure 8, such plots 
constructed for the systems under investigation for the 
initial phase (during the first four monomer additions) 
are decidedly nonlinear. This deviation from linearity 
suggests that the DiCumCl is consumed not only by slow 
initiation but also by another process, chain transfer; i.e., 
inifering operates during the initial phase. 

B. Mechanistic Considerations. According to the 
above data, the DiCumCl/BCb system not only induces 
inifering but also living polymerization. The polymer- 
izations occur in two phases in polar solvents such as 
CH&l or CH2C12. During the initial phase, simulta- 
neous slow initiation by DiCumCl and chain transfer to 
DiCumCl (which summarily are termed inifering by 
DiCumCl), propagation, and reversible termination pro- 
ceed, while during the subsequent living phase, after the 
DiCumCl is consumed, only propagation and reversible 
termination occur. Thus, the inifer and living polymer- 
izations may be combined into a unified mechanistic 
scheme. Scheme I shows the comprehensive mecha- 
nism. 

According to this scheme, the initial phase involves ion 
generation, cationation, propagation, chain transfer to ini- 
tiator, and reversible termination. Ion generation occurs 
by a reaction between the RX initiator (DiCumC1) and 
the MtX, (BC13). Cationation is the addition of a mono- 
mer M (IB) to the ion pair formed in the first step. Prop- 



2884 Ivin and Kennedy 

agation is the repetitive addition of monomer to the grow- 
ing site. The RX is not only the initiator but also a chain- 
transfer agent (inifer, hence the expression inifering) that 
produces a functionally terminated chain RMiX. The 
inifer loop yields the same ion pair that has formed by 
ion generation. Inifering as such has been discussed in 
detail earlier.1-5J2J3J9 After the inifer RX (DiCumCl bin- 
ifer in the present investigations) is depleted by slow ini- 
tiation and chain transfer, only propagation and revers- 
ible termination remain; that is, the polymerization 
becomes living. 

In respect to the living nature of these polymeriza- 
tions, reversible termination becomes of paramount impor- 
tance. Living polymerizations arise in the absence of ter- 
mination (truly living polymerizations) or in the pres- 
ence of rapid reversible termination (quasiliving 
polymerization), and these two types of living polymer- 
izations are kinetically indistinguishable.21 In truly liv- 
ing polymerizations, only initiation and propagation by 
stable species occur until monomer is depleted. In qua- 
siliving polymerizations with reversible termination (for 
a classification of living polymerization systems, see ref 
211, initiation, propagation, and reversible termination 
occur. Due to the specific structure of the DiCumCl bin- 
ifer, the DiCumCl/BCl3 combination leads to quasiliv- 
ing IB polymerization comprising an initial slow DiCumCl 
consumption phase with simultaneous inifering, propa- 
gation, and reversible termination, followed by a living 
phase comprising only of propagation and reversible ter- 
mination. 

It is of interest to examine the reason(s) why the dual 
(first mainly inifering and then living) nature of inifer 
systems has remained hidden for so long. The answer 
comes from several sources: from an insufficient analy- 
sis of the effect of temperature on k t / k , ,  from not inves- 
tigating the effect of polymerization time on inifer con- 
sumption, and from not appreciating the extraordinary 
sensitivity of inifer systems to medium polarity. In regard 
to the effect of temperature on the relative rate of ter- 
mination, an analysis of pertinent inifer data published 
by Santos et  aL4 and Fehervari et al.19 holds important 
clues: according to these sources, k t / k ,  obtained for sim- 
ilar binifer systems decreases as the polarity of the medium 
increases and the temperature decreases. Thus, it is not 
too surprising that a t  -75 "C (used in the present study) 
k t / k ,  - 0, in other words, irreversible termination was 
"frozen out". In regard to the effect of polarity, the extreme 
sensitivity of the systems toward even very small changes 
in medium polarity has not been fully appreciated. I t  is 
remarkable that even a minor polarity reduction, for exam- 
ple, the addition of only 10% n-hexane to CH3Cl or the 
use of CzH5Cl (cf. Figures 2 and 3) instead of pure CH3C1 
(Figures 2 and 3) or CH2C12 (Figure 5), tremendously 
extends the initial (predominantly inifer) phase and thus 
in effect prevents living polymerization to arise. Evi- 
dently, reversible termination is extremely sensitive to 
even a minor reduction in medium polarity. 

The conclusions in respect to reversible termination 
are also in line with Nuyken et a1.k findings.12J3 These 
authors showed that IB polymerization can be initiated 
by (CH&CCH2C(CH3)&1 (i.e., by a model compound 
that mimicks the end of a PIB terminated by chlorine 
on a tertiary carbon; RMiX in Scheme I), and by PIB- 
C1' in conjunction with BCb in polar solvent (CH2C12) 
at  -85 OC. 

Thus, on the basis of our data, observations by oth- 
ers,4J2J3J9 and the fact that inifering and termination 
yield PIB-C1*,1-6J9.20-22 it is concluded that DiCumCl/ 

Macromolecules, Vol. 23, No. 11, 1990 

BC13-induced IB polymerizations are living due to revers- 
ible termination-reinitiation in polar solvents a t  low tem- 
peratures and that the concentration of the propagating 
species is determined by the termination -+ reinitiation 
equilibrium. 

In view of the high sensitivity of the system to polar- 
ity and the nonpolar nature of the monomer, even small 
changes in monomer concentration will affect the over- 
all polarity and thus influence the results. In other words, 
the addition of even small amounts of monomer at  the 
beginning of polymerization decreases the polarity of the 
medium and may lead to slower initiation, inifering, and 
thus to broader MWD. Improved control for the synthe- 
sis of telechelic PIBs by the DiCumCl/BCla inifer sys- 
tem in polar solvents should be obtained by continuous 
slow nonpolar monomer addition. By this technique, the 
highest medium polarity could be maintained, and thus 
well-defined products by inifering and subsequent living 
polymerization could be obtained. 

Deviations from the Poisson distribution arise in gen- 
eral in living polymerizations because of slow initiation 
and the presence of more than one kind of propagating 
species having different k, values.25 During the initial 
phase of DiCumCl/BC&-induced IB polymerizations, slow 
initiation and chain transfer to the initiator are addi- 
tional causes of MWD broadening. The MWDs obtained 
in CH3C1 are narrower than in CH2C12 diluent, conceiv- 
ably because the distribution of the reactive species is 
more uniform in the more polar CH3C1 than in CH2C12. 
Due to better cation solvation in the more polar diluent, 
the concentration of rapidly initiating and propagating 
species is probably higher in CH3C1 than in CHzC12, lead- 
ing to narrower MWD. 
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ABSTRACT: a-Acetoxystyrene (ACOST), 4-methylene-4H-l,3-benzodioxin-2-one (MBDOON), and 3-me- 
thylenephthalide (MP) readily undergo radical polymerization although they are a-substituted styrene deriv- 
atives. While poly(a-acetoxystyrene) (PACOST) is syndiotactic-rich due to the severe steric hindrance, 
the cupcyclic analogues are almost perfectly atactic (heterotactic-rich), indicating that the cyclization reduces 
the steric hindrance. PACOST and poly(4-methylene-4H-1,3-benzodioxin-2-one) (PMBDOON) release ace- 
tic acid and carbon dioxide upon heating to 200 “C, being converted to poly(phenylacety1ene) (PPA) and 
poly((o-hydroxypheny1)acetylene) (PHOPA), respectively. PPA thus obtained has a trans structure. The 
thermolysis temperature can be lowered to ca. 100 “C by generating a strong acid in the PACOST film 
through photolysis of a sulfonium salt cationic photoinitiator. PPA produced by acidolysis at the lower 
temperature contains a significant amount of cis sequences. PMBDOON can be also converted to PHOPA 
by heating the polymer powder with an acid at ca. 100 “C. However, thermolysis and acidolysis of PACOST 
and PMBDOON are accompanied by depolymerization. In contrast, poly(3-methylenephthalide) (PMP) 
is very stable toward thermolysis and acidolysis. 

Introduction 

We have been interested in reactions of radiochemi- 
cally generated acids with polymer matrices especially 
for lithographic applications. Acid-catalyzed cross-link- 
ing, depolymerization, and deprotection reactions were 
first utilized in 1982 in the design of sensitive resist sys- 
tems incorporating “chemical amplification”,24 and many 
publications have f ~ l l o w e d . ~ - ~  One such example is acid- 
catalyzed deprotection reactions (AAL-1 acidolysisa) involv- 
ing polymer pendant gro~ps.2-~3*~~ In this scheme, con- 
version of lipophilic polymers to hydrophilic phenol or 
carboxylic acid polymers allows either positive imaging 
with a polar developer or negative imaging with use of a 
nonpolar organic developer without swelling (Scheme I). 
Triarylsulfonium salts are typical radiochemical acid 
generators,12 and nitrobenzyl esters13J4 have been also 
used recently in resist applications. 

Poly(a,a-dimethylbenzyl methacrylate) (PDM- 
BZMA) (Scheme I) bearing a tertiary benzyl group in 
the ester side chain is thermolyzed or acidolyzed to form 
poly(methacry1ic acid) and a-methylstyrene.1°J1J5 Hence, 
poly(a-acetoxystyrene) (PACOST) with a tertiary ben- 
zylic carbon adjacent to ester oxygen in the polymer back- 
bone is expected to release acetic acid to form poly(phe- 
nylacetylene) (PPA) upon thermolysis or acidolysis 
(Scheme I). Thus, we have extended our research on ther- 
mal and acid-catalyzed deprotection of polymer pen- 
dant groups to the cases where the backbone a-carbon 
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participates in the reaction. In Chart I are presented 
some polymers bearing tertiary ester functionalities and 
their mutual structural relationships. PACOST is struc- 
turally similar to cyclic benzoate or carbonate as shown 
in Chart I, which may be considered to be cyclic ana- 
logues of poly( ((tert-butoxycarbony1)oxy)styrene) 
(PBOCST)2-5g16 and poly(tert-butyl vinylbenzoate) 
(PTBVB).g As Scheme I indicates, PBOCST and PTBVB 
undergo thermolysis or acidolysis to  form poly(hydroxy- 
styrene) (PHOST) and poly(viny1benzoic acid) (PVBA), 
releasing isobutene/carbon dioxide and isobutene, respec- 
tively. Thus, poly( (o-hydroxypheny1)acetylene) (PHOPA) 
and poly(o-ethynylbenzoic acid) are expected to be pro- 
duced through thermolysis or acidolysis of poly(6meth- 
ylene-4H-l,3-benzodioxin-2-one) (PMBDOON) and poly@- 
methylenephthalide) (PMP), respectively. While poly- 
acetylenes are typically synthesized by polymerization 
of acetylene m o n o m e r ~ , ~ ~ J ~  use of processable polymers 
as precursors to highly conjugated conducting polymers 
has attracted much attention r e ~ e n t l y . ~ ~ . ~ ~  Formation of 
acetylenic structures by treating PACOST with acid has 
been mentioned in the literature21 but no detailed stud- 
ies on the subject are available to our best knowledge. 
We have been also interested in lithographic imaging of 
polyacetylene films by photochemically induced acidol- 
ysis of precursor polymers. 

In addition to the polymer reactions mentioned above, 
we have been engaged in investigations of the polymer- 
ization behavior of a-substituted styrene d e r i v a t i v e ~ ~ ~ ~ ~ ~  
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