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ABSTRACT: In the first part the cationic polymerization of a homologous series of cyclic 
with ring sizes of 11, 14, and 17 atoms is described. During the polymerization of 

triethylene glycol formal (TGF) an equilibrium is reached and besides high polymers cyclic 
oligomers are formed. The oligomers and the polymers are built up of a regular sequence of one 
oxymethylene unit and three oxyethylene units -f-(OCH2 ) (OC2 H4h+x· They are therefore be 
labelled a "sequenced copolymer." The equilibrium concentrations of the cyclic oligomers with a 
polymerization degree from 2 to 15 follow the equation. The 14- and 17-
membered monomers POC and HOC forms cyclic oligomers and high polymers of the general 
formula +COCH2) 1 (OC2H4)y+x with y=4 and y=5,respectively. The melting points of these 
sequenced copolymers withy= 1-5 are determined. Furthermore, the cationic polymerization of 
1,3-dioxacycloundecane (OMF) and 1,3,6,11-tetraoxacyclotridecane (DDF) was studied. 1H and 
13C NMR spectra show that again regular copolymers are formed: In the first case an alternating 
I: I copolymer +COCH2) (OC8H16)+, in the latter case a terpolymer with the regular sequence 
+COCH2 ) (OC2 H4 ) (OC4 H8 ) (OC2 H4)+x· The second part deals with the polymerization of 2-
isopropenylnaphthalene. With maleic anhydride at room temp a charge-transfer complex is 
formed; at higher temp a reaction occurs. Only at low temp with UV initiation or redox 
initiation a copolymer is formed. With cationic catalysts a mixture of dimer, trimer, and tetramer 
but no polymer is obtained. The anionic polymerization yields polymers with molecular weight 
from 10,000 to 300,000 and melting points of 280°C and glass-transition temp of 220°C. By "living 
polymer" techniques block copolymers are available. 

KEY WORDS Cationic Polymerization I Anionic Polymerization I 
Macrocyclic Acetals I 2-Isopropenylnaphthalene I Sequenced Copolymers I 
Cyclic Oligomers I Charge-Transfer Complexes I High-Performance Gel
Permeation Chromatography I 

Several different methods for the synthesis of 
copolymers are known. The copolymerization of 
vinyl monomers using free-radical initiators is the 
oldest and most thoroughly investigated system, this 
being of great industrial importance. Random 
copolymers are usually produced by this method, 
1 : 1 alternating copolymers being obtained only in 
few cases. Similarly, Ziegler-Natta catalysts, ca
tionic and anionic initiators all produce essentially 
copolymers with more or less irregular distribution 
of monomer units. There are, however, many 
reasons why regular copolymers are desirable, and 
several authors have developed special methods to 
this end. In particular, I would like to mention the 
work of Gaylord/ Hirooka,2 Furukawa,3 and 

Saegusa.4 Thus copolymers with a high content of 
regular 1: I sequences have been obtained. Living 
anionic5 or cationic6 polymers offer furthermore an 
excellent means for the production of block co
polymers of a defined structure. 

It js not the purpose of this lecture to give a 
general review on this subject, and therefore I only 
want to present two examples from our own work in 
which new regular copolymers were produced by 
means of cationic and anionic polymerization. The 
first part of this paper will deal with ring-opening 
polymerization of macrocyclic acetals, while in the 
second part a new monomer and the results of its 
copolymerization by both radical and ionic mech
anism will be described. 
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CATIONIC POLYMERIZATION OF 
MACROCYCLIC ACETALS 

It is well-known that by cationic polymerization 
of mixtures of trioxane and ethylene oxide random 
copolymers of oxymethylene (M) and oxyethylene 
(E) units are formed. 7 Homopolymerization of 
dioxolane on the other hand gives a polymer, which 
can be regarded as a regular I : I alternating 
copolymer of M and E units (eq 1). Similarly the 

0 - (I) 

0 - [- CH20- CH2 CH20- CH2 CH20 -] 
M E E 

X 

(2) 

ring-opening of 1,3,6-trioxocane8 gives a polymer 
which consists of regular alternating sequences of 
one M and two E units (eq2). One should therefore 
expect that higher homologous or similarly struc
tured cyclic acetals would give copolymers with 
regular sequences on cationic polymerization. We 
have accordingly synthesized several such com
pounds. The polymerization of the following cyclic 
acetals shall be discussed. 

(0) 
0 0 

Co oJ v 
POC 

0 
'v' 

OMF 

Polymerization of 1,3 ,6,9-Tetraoxacycloundecane 
(TGF) 
This compound and its polymerization was first 

mentioned by Hill and Carothers9 in 1935 but was 
not further studied for many years. TGF can be 
prepared in a two-step synthesis starting from 
triethylene glycol and paraformaldehyde. We have 
slightly modified the initial synthetic procedure, and 
obtained the triethylene glycol formal (TGF) mo
nomer with good yield (65-70%) and high purity 
( mp 27°C).10 

During the last few years the polymerization of 
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TGF has been studied extensively by Yamashita et 
a/Y·12 and independently also by our group_B- 16 

The main experimental results of both groups are 
almost identical. A short review will summarize the 
important facts and then some new results shall be 
added. 

TGF can be polymerized by various cationic 
initiators. We have used BF3-etherate, trifiuoro
methanesulfonic acid, methanesulfonic fluoride 
(CH3S03F), benzoyl hexafiuoroantimonate (4J
COEilSbFl), m p-chlorophenyldiazonium hexafiuo
rophosphate and dichloromethane, toluene, a
xylene, dichlorobenzene, and trichlorobenzene as 
solvents. 

The polymers are colourless wax-like materials. 
They are readily soluble in many organic solvents 
as well as in water but are insoluble in diethyl ether 
and higher alcohols. 

The 1 H NMR spectrum of the monomer shows 
three sharp singlets due to the protons of the 
methylene group (.:5=4.79 ppm) and ethylene group 
(.:5=3.83 and 3.69 ppm) (Figure 1). In the spectrum 
of the polymer, the methylene signal shows only a 
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Figure 1. 1 H NMR spectra of monomer and polymer 
1 ,3,6,9-tetraoxacycloundecane (TG F). 
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slight shift ( b = 4. 72 ppm). By contrast, the signals of 
the ethylene protons are almost combined into one 
single peak (b=3.67 and 3.65 ppm) (Figure 1), 
which can be explained by a higher conformational 
flexibility of the polymeric backbone. Likewise, the 
13C NMR spectrum of the polymer shows a close 
similarity with that of the monomer. These data 
allow to conclude that no rearrangements occur 
during polymerization and thus the polymer is built 
up of a regular sequence of one methylene group 

- [ - CH20- (CH2 CH20 )3 -] 

M E3 x 

(3) 

and 3 ethylene groups (eq 3); thus the polymer has 
the structure of a "sequenced copolymer." 
According to IUP AC nomenclature17 this polymer 
would be a "regular polymer" but differs from an 
alternating copolymer insofar as it does not 
necessarily show a 1 : 1 ratio of monomer units, but 
can be comprised of a variety of other monomer 
ratios, instead. The polymerization reaction can be 
followed by high-performance gel-permeation chro
matography (HP-GPC) which reveals the formation 
of a mixture of a polymer fraction and a series of 
oligomers. A typical GPC trace is shown in Figure 
2. The quantitative analysis of the components by 
means of a calibration curve allows to determine 
time-<:onversion curves for the consumption of 
monomer and the formation of oligomers and 
polymers (Figure 3). A characteristic S-shaped 
curve for the formation of the polymer is obtained 
which has also been described by Yamashita11 •12 

who therefore postulated a two-stage poly
merization mechanism. The most important feature 
of this polyreaction is that a stationary state is 
attained after a definite time (30 min in the example 
shown). At depolymerization under identical con
ditions, the same ratios of monomer, oligomers, and 
polymers are obtained as could be shown by 
Yamashita's and our own studiesP That means 
that the polymerization proceeds in a true equilib
rium reaction. It should be mentioned that this 
behaviour is in contrast with the polymerization of 
1,3,5-trioxepane, where dioxolane and formal
dehyde are formed in addition to monomer and 
polymer in the stationary state.18•19 

The formation of linear and cyclic oligomers has 
been well known from many polymerization and 
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Figure 2. HP-GPC curve of the reaction mixture 
during the polymerization of 1,3,6,9-tetraoxacycloun
decane (TGF). 
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Figure 3. Time--{;onversion curve of the polymeri
zation of I ,3,6,9-tetraoxacycloundecane: [M]0 = 0.5 mol 
1- 1 in CH2Cl2 ; [CF3S03H]=0.1 mol%; temp, ooc. 

polycondensation reactions.20 - 22 It was therefore of 
interest to study the formation of oligomers ofTGF 
at various polymerization conditions. Figure 4 
shows that the formation of dimer is enhanced with 
decreasing concentration of monomer. Increased 
concentrations of monomer yield enhanced for-
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Figure 4. The composition of the reaction mixture in 
the equilibrium as a function of the initial monomer 
concentration. 

mation of polymer, with accordingly higher degrees 
of polymerization. We have successfully isolated the 
first eight homologous oligomers from the poly
merization mixture in preparative amounts.14 

It could be shown that all oligomers are cyclic 
compounds, having the same sequence as the 
monomer and ring sizes of 1 I and multiples thereof. 
The melting points as a function of ring size show an 
unusual behaviour15 (Figure 5). Oligomers with 
even ring sizes always have higher melting points 
than those with odd ring-size numbers; the melting 

points decrease with increasing molecular weights 
and eventually a melting point of 5-6°C for the 
polymer is reached. By contrast, saturated cyclic 
hydrocarbons of similar sizes show an increasing 
tendency of melting points with increasing ring 
size23 (Figure 5). By improved high-resolution GPC 
technique, the presence of higher oligomers up to a 
degree of polymerization of approximately 20 could 
be established.16 The finding that these oligomers 
show a log M- Ve dependancy identical to the lower 
cyclic oligomers (x = 3-8), and the absence of other 
oligomers indicate that the polymerization mixture 
is exclusively comprised of macrocyclic species, at 
least up to a degree of polymerization of 20 (which 
corresponds to ring-size numbers of 22-220 or 
molecular weights of 324 to 3240). There are no 
linear species in this molecular weight range. 
According to the Jacobson-Stockmayer theory24 - 26 

a relation for the equilibrium constant between 
cyclic and linear oligomers exists which, with certain 
assumptions, can be expressed by the following 
equation. 

lg[Mxle=a-2.5lgx (4) 

In this equation, xis the degree of polymerization of 
the cyclic oligomer, [Mxle the equilibrium con
centration of cyclic oligomer, and a a constant. 
According to Semlyn, this equation can be applied to 
ring-chain-equilibria as well as to ring-ring-

1\ . COCH2-(0CH2CH213lx) 
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Figure 5. Melting points of cycloalkanes ( +) and oligomers of TGF (e) as a function of 
polymerization degree X or ring size. 
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Figure 6. l,og-lo'g plot of the equilibrium concentration 
of cyclic oligomers of TGF and polymerization degree X 
(eq 4): 6,, x, and 0, different experiments; n, ring size. 

equilibria. The concentrations of cyclic oligomers 
determined from GPC curves plotted according the 
eq 4 yields a linear function with a slope of -2.5 
(Figure 6), and a value for the constant a= -0.95 
for x=2-15 (for oligomers with x> 16, an exact 
quantitation from the GPC curve was not pos
sible).16 From the value of the constant a a 
characteristic ratio C00 = 7.8 can be calculated. This 
applicability of eq 4 over a wide range of the cyclic 
oligomers is remarkable. In many other cases with 
ring-chain-equilibria deviations occur at low oli
gomer sizes. It can be further concluded from these 
results that, at the polymerization conditions used, 
the polymer mixture is comprised of at least 55-60 
wt% macrocyclic species. It is still uncertain whether 
the high-molecular-weight fractions also consist of 
cyclic macromolecules or whether linear polymers 
are present. This question is currently being 
investigated. Preliminary viscosity data suggest that 
even the high-molecular-weight fractions consist at 
least partially of cyclic macromolecules. 

There are several models in the literature about 
the mechanism of the ring-opening polymerization 
of oxacyclic compounds. A major problem to attack 
this question is the identification and quantitation 
of the active end group species which, because of 
their very low concentrations, requires particularly 
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sensitive analytical techniques. Several methods 
have been recommended in the literature. We 
applied some of them in order to elucidate the 
formation of cyclic oligomers and polymers during 
polymerization of TGF. The experiments are not 
yet finished. 

However, in the light of the currently available 
data, the following scheme for the polymerization of 
TGF can be proposed: the protonated monomer 
forms, by ring opening, an oxycarbenium ion which 
is in equilibrium with the trifluoromethanesulfonic 
ester or forms a t-oxonium ion by addition to the 
oxygen atom of a monomer or a polymer. 
Propagation of the chain proceeds in an equilibrium 
polymerization by nucleophilic attack of the mo
nomer; the growing chain ends form cyclic oli
gomers and cyclic polymers by back-biting reactions. 
These cyclic macromolecules are unable to further 
propagate ("sleeping polymers," according to 
Szwarc) but can be re-initiated by protonation, 
which leads to further propagation and/or deprop
agation. Because of the very low concentration of 
open, growing chains, the isolated polymer contains 
primarily cyclic compounds and only small amounts 
of linear chains. Since these polymers are easily 
hydrolyzable because of the acetals bonds, linear 
macromolecules can be formed afterwards by ring 
opening during isolation and purification. 
In a temperature range of - 30°C to + 30°C a 
polymerization enthalpy of -7.75 ± 0.37 kJ mol- 1 

was found which is in good agreement with the 
value of -9.2± 1.25 kJ mol- 1 determined by 
Yamashita/ 1 while our value of + 6. 78 ± 1. 34 kJ 
mol- 1 for the polymerization entropy differs from 
that of Yamashita who found a tlSss of close to zero. 
Thus, the ceiling temperature of TGF must be very 
high. To confirm this, we carried out the poly
merization of temperature up to 155°C. At this 
temperature, the monomer is completely stable and 
does not spontaneously polymerize or degrade. In 
the presence of catalysts, polymerization takes 
place, indeed. 

Polymerization of Homologous with Ring Sizes of 14 
and 17 Atoms 
Tetraethylene glycol formal (1,3,6,9,12-penta

oxacyclotetradecane) (PO C), the next higher 
homologous of TGF is prepared in analogous 
manner and has similar properties.10 POC can also 
be polymerized at similar conditions, as already 
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A9 + CH2!_0-(C2H40),H 

monomerlt 

propagation H depropagation 

A9 + H2C!_O-······-CH2-CH20H 

growing chain ends 

cyclisation cyclic polymers + HfJA9 
re-initiation 

l chain termination 

linear polymers 

Figure 7. Mechanism of the polymerization of TGF wth CF3S03 H (HEll A 8). 

described by Yamashita/ 1 under formation of 
cyclic oligomers and polymers in an equilibrium 
reaction. The polymers are highly viscous or wax
like materials and can be isolated by fractionated 
precipitation from methanol-water and ether at 
ooc. Like TGF, the 1H NMR spectrum of the 
polymer shows a singlet for the methylene protons 
at b=4.73 ppm (monomer, b=4.7 ppm) and a 
combined signal for the ethylene protons (b=3.68 
ppm) which appear as two separate peaks in the 
monomer spectrum. 

We assume a polymer structure of a regular, 
sequenced copolymer (ME4) since there are no 
indications for a different structure. Thus, it 

- [-CH20-(CH2 CH20)4 -] 

M E. X 

(5) 

possesses similar properties as poly(ethylene oxide) 
(POE), e.g., it forms inclusion complexes with urea 
quite similar as POE. 

Finally we prepared pentaethylene glycol formal 
(HOC), starting from pentaethylene glycol synthe
sized according to Krespan.27 HOC is a colourless, 
highly viscous liquid with a melting point of - 6.SOC 
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and a boiling point of 86°C (0.01 Torr). Its 
polymerization with trifluoromethanesulfonic acid 
in CH2Cl2 was found analogous to the other 
homologues and will not be further described. 
Elemental and NMR analysis of the polymer 
confirm the expected structure of I oxymethylene 
and 5 oxyethylene units (ME5). Thus, we have 
established a homologous series of sequenced 
copolymers with the general formula 

f(OCH2MOC2H4Mx and a= I, b= 1-5. 

It was expected that the properties of these 
polymers should be between that of poly( oxy
methylene) (b=O) (POM) and poly(oxyethylene) 
(a=O) (POE). To prove this, we determined the 
melting points of the polymers after re-precipita
tion and lyophilization from benzene. 4--6 mg 
samples were cooled under N2 in a DTA instru
ment down to - 20°C with a rate of 0.1 oc min -I 
and then heated up at soc min - 1 • The melting 
point was taken from the maximum of the endo
thermal peak. The sample was then cooled 
again, annealed slightly below the melting point for 
several hours, and then the melting point was 
redetermined. The melting points so obtained are 
listed in Table I. Poly(TGF) has the lowest melting 
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Figure 8. 1 H NMR spectra of monomer and polymer 
I ,3,6,9, 12-pentaoxacyclotetradecane (POC). 

point in this series. 

Polymerization of 1 ,3-Dioxacycloundecane (OMF) 
and 1,3,6,11-Tetraoxacyclotridecane ( DDF) 
These compounds contain less oxygen than the 

monomers described above; they should also yield 
regular copolymers, but with different sequences. 

OMF has not yet been described in the literature. 
Like TGF it can be prepared by thermolysis of a 
prepolymerof I ,8-octanediol and paraformaldehyde, 
with yields of 10-20%. OMF is a colourless, 
irritant liquid (bp 196°C; 25-30°C at 0.01 Torr; mp 
-62°C). Its structure was confirmed by IR-, 1H, 
and 13C NMR spectroscopy. 

OMF can be polymerized with various cationic 
initiators. 

We used preferentially trifluoromethanesulfonic 
acid and followed the polymerization by HP-GPC. 
The HP-GPC curve shows a series of oligomers and 
the formation of polymers. Under the conditions 
used a stationary state is reached after 2 hours. 

o,• 

temp. 20°C polymer 

.,_ 

/' 

o.· .X 
0•1 / , ____ d_im_er __ •A(o . 

monomer 

1800 3600 7200 
t (s) 

Figure 9. Time-conversion curve of the polymeri
zation of 1,3-dioxacycloundecane (OMF). 

Table I. Melting points (T..) and glass-transition temp (T.) for polymers 
of the general formula +(OCH2) 1(0C2H4).-+x 

Tm r. 
Polymer of n PM3 

oc oc 

Dioxolane I 60 -68 0.50 
Trioxolane 2 38 -67 0.33 
TGF 3 5 -63 0.25 
POC 4 27 -62 0.20 
HOC 5 29 -62 0.17 

• PM= 1/(1 +n) (mol ratio of oxymethylene units). 
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Noticeably, we did not find residual monomer at 
equilibrium, and no S-shaped curve of polymer 
formation. During depolymerization under similar 
conditions an identical series of oligomers without 
traces of monomer was found. The use of BF3-

etherate as initiator considerably slows down the 
polymerization, with the equilibrium attained after 
48 hours. Again, there is complete consumption of 
monomer. This means that the monomer is totally 
consumed during propagation but not regenerated 
during depropagation or back-biting reactions. 

Instead, cyclic dimer or oligomers are cleaved off. 
Not only oligomers but high-molecular-weight 
polymers are formed already at low conversion. 
Therefore, a two-stage polymerization mechanism 
postulated by Yamashita, can be excluded in this 
case. All oligomers formed are again cyclic species. 
The dimer was isolated and identified as 1,3,12,14-
tetraoxacyclodocosane. It is a crystalline compound 
(mp 82°C) which apparently is formed preferentially 
because it is also built as a by-product during the 
synthesis of the monomer by thermolysis of the 
prepolymer mentioned above. The dimer can also be 
polymerized, but again no monomer is formed, 
which is in contrast with the polymerization of the 
cyclic dimer of TGF. Polymers with molecular 
weights of approximately 10,000 are obtained from 
either monomeric or dimeric OMF. In this case, 
the polymer structure can be described as a 1 : !
alternating copolymer of oxymethylene and oxy
octamethylene units fOCH2-0(CH2)8fx. 

As a consequence, their properties are different 
from the copolymers described above, e.g., they are 
soluble in CH2Cl2 , CHC13 , benzene, and toluene, 
but insoluble in alcohols and water. The polymer is 
a solid at ambient temperature, with a crystalline 
mp of 49°C (DTA). 

Finally, a further new macrocyclic acetal com
prised of 1 oxymethylene (M), 2 oxyethylene (E), 
and 1 oxybutylene (B) units shall be mentioned 
briefly. The synthesis and properties of 1,3,6,11-
tetraoxacyclotridecane (DDF) will be reported 
elsewhere. This compound can be easily polymer
ized by cationic initiation. Again, an equilibrium 
between polymer and cyclic oligomers is formed, 
with monomer present in the equilibrium mixture. 
The polymer is soluble in many organic solvents and 
in H20 but insoluble in ether and hydrocarbons. 
Molecular weights of approximately 25,000 are 
obtained for the high-molecular-weight fractions. 
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Figure 10. Time-conversion curve of the polymeri-. 
zation of I ,3,6, 11-tetraoxacyclotridecane (DDF). 

Its structure is that of a terpolymer with the 
sequence f-M-E-B-E--fx· 

RADICAL AND IONIC POLY
MERIZATION OF 2-ISOPROPENYL

NAPHTHALENE (2-IPN) 

This compound is not simple to produce in the 
laboratory, and this is presumably the reason why 
little is known in the literature on its poly
merization. The Bergbau AG28 has recently de
veloped a technical process for its production, and 
the monomer is now available in high purity. 

2-IPN is a colorless crystalline compound (mp 
54°C). 

The UV spectrum shows three maxima 

(8296 = 8 526 ± 160; 8284 = 11 454± 280; 
8275 =9415±300 lmol- 1 cm- 1) 

The 1 H NMR spectrum shows the following 
signals: 

D 2.1 (s, 3H, CH3); D 5.05 (s, IH, CH2); b5.45 (s, IH, 
CH2); and 7.0-7.8 ppm (m, 7H, naphthyl). 

All attempts to polymerize 2-IPN using AIBN in 
THF at 65°C or at -Iooc with UV, failed. 

Earlier work on the radical copolymerization 
with acrylonitrile29 was, however, confirmed by us. 
We then turned our attention to the copoly
merization between 2-IPN and maleic anhydride 
(MSA). 

A yellow colour appears on the mixing of 
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solutions of both components, presumably due to a 
charge-transfer (CT) complex (Figure 11). We have 
measured the equilibrium constant for the complex 
formation by two different methods (in CH2Cl2 at 
20°C). By UV measurement a value of K = 0.22 
(±20%) kg mol- 1 was obtained, and the more 
accurate NMR method gave 0.23 (±4%) kg 
mol-1.30 

Some years ago, Yamashita31 proposed for pairs 
of monomers a relationship between the complex 
formation and their tendency to copolymerize. In 
this case copolymerization should then occur very 
readily, and Hallensleben and coworkers32 has 
indeed reported that a mixture of 2-IPN and MSA 
gave high yields of an alternating 1 : 1 copolymer 
under radical conditions. We could not reproduce 
his results, however. Under the given conditions ([2-
IPN]= 1-3 moll- 1; [MSA]=3-l moll- 1; 
[AIBN]=0.03 mol%; toluene, 60°C) a mixture was 
obtained which consisted primarily of a crystalline 
substance and only a minimal amount of copoly
mer. The copolymer is insoluble in benzene and 
was thus separated from the crystalline compound. 
The polymer melted at ca. 290oc and contained 
more MSA (according to elemental analysis) as was 
required for a 1: 1 alternating copolymer. The exact 
structure has not yet been determined. The crystal
line substance was identified as a Diels-Alder 
adduct from 2-IPN and MSA. (Figure 11). 
Presumably the CT complex facilitates the for
mation of this compound. We have tried to avoid 
the Diels-Alder reaction by lowering the tempera
ture. The photolysis of AIBN at l5°C, and redox 
systems based on boralkyl-hydroperoxide at 0°C33 
were both used to initiate the polymerization. The 
conversions are 36% and 4%, respectively, but under 
these conditions one really obtains only copolymers 

copolymer 

1 : 1 CT complex 

Figure 11. Formation of CT-complex, adduct, and 
copolymer of 2-isopropenylnaphthalene and maleic 
anhydride. 
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(Figure 11). Further research on the copolymeriza
tion of 2-IPN with other monomers is under way. 

It was assumed that 2-IPN could be polymerized 
under cationic conditions, by analogy to oc-methyl
styrene and 2-vinylnaphthalene. Trifluoromethane
sulfonic acid, BF3-etherate, and SnC14 were used 
as initiators. (Reaction conditions: + 20°C and 
-20°C, 20 hours).34 

The monomer was completely consumed but no 
high polymer was formed, only a mixture of 
oligomers from which a compound with a melting 
point of l20°C and a molecular weight of 336 (mass 
spectrum) could be isolated. This compound was 
identical with a dimer prepared by another route 
and already described in the literature. 35·36 

The analysis of the reaction mixture by gel
chromatography showed a homologous series of 
oligomers with a maximum degree of poly
merization of 5. Higher polymers were not obtained 
despite variation of the experimental conditions. 
(Figure 12). A strong chain-transfer reaction with 
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Figure 12. HP-GPC curve and log M-V. plot of the 
reaction mixture during cationic poymerization of 2-
isopropenylnaphthalene. 

647 



R. C. SCHULZ, et a/. 

the monomer is the likely cause. For the same 
reason, copolymers (e.g., with styrene) could not be 
obtained. Ziegler-Natta catalysts also gave only 
oligomers. 

In 1963 Hopff and Liissi37 mentioned the anionic 
polymerization of 2-IPN and found a ceiling 
temperature of +24°C. 

We used these observations as a starting point in 
our own experiments, in which we carried out the 
polymerization in THF using butyllithium between 
0 and -78°C. The solutions went dark-green 
immediately on addition of the initiator. After 
several hours the polymer was obtained as a 
colorless powder on addition of methanol. The 
polymer is easily soluble in THF, CH2Cl2 , toluene, 
chloroform, and boiling cyclohexane but unsoluble 
in ether, alcohols, and ketones. It melts at ca. 280oc 
and decomposes above 300°C. 

DT A measurements give a glass-transition tem
perature of 220°C; thus being considerable higher 
as poly(Ot:-methylstyrene) (150-180°C), poly(l
vinylnaphthalene) (159°C), and poly(2-
vinylnaphthalene) (l50°C). Light scattering gave 
molecular weights between 10 000 and 300 000 
depending on the polymerization conditions. 
Carefully controlled conditions lead to a narrow 
molecular weight distribution, for instance values of 
Mw/M. between 1.08 and 1.15 were obtained. For 
the [17]-M relationship, (in THF) we found [17]=K 
M"; K= 1.7 X w-z ml g- 1; IX=0.64. Polymeric 2-
IPN is an electron-donor [as is polyvinyl
naphthalene] and gives deeply coloured CT com
plexes with electron acceptors. The colours range 
from blue-black (tetracyanoethylene) through deep 
green (dichlorodicyanoquinone), green (tetra
cyanoquinodimethane) to deep yellow (trinitro
benzene). 

Polymerization proceeds on addition of butyl
lithium to equimolar mixtures of 2-IPN with methyl 
methacrylate or methacrylonitrile in THF at 
- 78°C, but no copolymers are formed. Pure 
poly(MMA) or polymethacrylonitrile are ob
tained. It is, however, possible to prepare block 
copolymers in the following manner. First 2-IPN is 
completely polymerized under conditions leading to 
a living polymer, then methacrylonitrile, methyl 
methacrylate or 4-vinylpyridine is added. Addition 
of ethanol/ether after a further 20 hours precipitates 
the polymer. Homopolymers or by-products can be 
separated by extractions. Block copolymers from 2-
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lPN and butadiene are of particular interest, and 
further experiments in this direction are in progress. 
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