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lnfiuence of the  Nature and Position of 
Subst i tuents  on t he  Cationic Polymerization 
of Some  Aromatic  Monomers  

E. bIARECHAL 

Laboratoire de Chimie hlacromoleculaire de 1' Institut National 
SupCrieur de Chimie h a u s t r i e l l e  de Rouen er l ' h s t i t u t  
Scientifique de Haute-Normandie 
E.P. 8, SIont-Saint-.4ignan 7 5 ,  France  

A B S T R A C T  

The carionic polymerization of methplated and methoxplated 
monomers m s  studied by two methods: determination of ex- 
perimental  reactivity and theoretical  stucf:; of the monomers 
using quantum chemistry. T h e r e  was often very good agree- 
ment bemeen the results obtained with each methods. 
Nevertheless,  in seve ra l  ca ses  the discrepancy between 
theoretical  and esperimentai  values indicated some side 
phenomena: preliminary isomerization of the monomer,  the 
effect of ring st ra in,  the effect of a substituent on the 
planarity of monomers,  and forrnation of a complex. Th i s  
las t  phenomenon was esTensively studied through an examin- 
ation of'XvlF! spectra  of the ?olymerization solution at low 
temperature.  For the quantum chemistry study, Hiickel' s 
method was essential!!: used. However, some studies were 
also made by Pople '  s method. 
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I N T R O D U C T I O N  

4IARE CHXL 

For many years  the cationic polymerization and copolymerization 
of vinyl monomers in the s e r i e s  of indene, styrene,  and acenaphthylene 
has  been studied. The purpose of these studies was primari ly  the 
determination of the electronic and s ter ic  effects of substituects on 
the ability of the substituted monomers to be polymerized. Different 
kinds of substituefits xere considered: methyl, methoxy, and halogens. 
However, this paper is esser.tially concerned with the influence of 
methy! and methoxy group. 

T o  study these polymerizations, two methods were used: 

1) An experimental method in Thich the  influence of several  
parameters  on the polymerization was studied: monomer acd initiator 
concentration, nature or' solvent. nature of initiators. duration ot 
polymerization, and temperature.  An inportant  part  of this vork  was 
the determination of the reactivity ra t ios  for each monomer in regzrd 
to a reference monomer. For e-ample ,  in the indene series the re- 
activity ratios GL different ne thyl  indenes were determined through 
their  copolymerization with indene and styrene. 

2) A theoretical method in which the electronic character is t ics  of 
the monomers and eventually of the cations v e r e  determined through 
quantum chemistry. Previously, HCc!rel ' s method was mostly used, 
but more recently Pople 's  method i CNDO IT) has become more pre- 
cise and th i s  new technique has already j-ielded interesting data. 

T H E O R E T I C A L  S T U D I Z S  

M e t h o d s  E i n p l o y e d  a n d  C r i t i c 3 1  E v a l u a t i o n  of T h e i r  
U t i l i z a t i o n  

Until now. Hilckel' s method has essentially been used but more 
recently Pople 's  method h a s  become more popular. 

Hiickel' s Method 

very often too much is expected from Hiickel' s method and it is 
impossible to consider the  data obtained t o  be of any value. In t h i s  
method (as in Poole' s )  the molecular o r b i r d  1P is a linear combina- 
ticn of atomic orbitals x . :  3 .  = Z: C. .  x i  and is !inlied to  the energy 
value E .  t h r o u a  the relation 

This  is the most commonly used .method in quantum chemistry but 
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CATIOXIC POLY?VIERIZXTIO!'i OF .UOM.IATIC MOONOMERS 435 

in vhich H is the classical  Hamiltonian operator.  The  values of E .  
I 

(eigenvalues) and of C; . (e igenvectors)  a r e  obtained by an application 
of the variation principle. 

4 

In this application, s eve ra l  integrals appear: 

~ x . x .  d T =  j X . x .  d ; =  s 
- 1 1  1 1  

fxiH x. d; = fx .H x i  d; = H.. 
3 - 1  11 

[xiHxi d T =  H.. 

(overlap integral) 

(resonance integral) 

( Couiomb integral)  
1: 

In Huckel' s method the integrals are not calculated but t reated 
as parameters.  The  diagonal element H.. is supposed to have a value 

a. character is t ic  of i t s  own atomic orbital  xi. H.. is supposed to be 
independant of the rest of the molecule. The off diagonal element H. 
is called the resonance integral  and is assumed t o  have a v d u e  ' 'i j 
character is t ic  only of the atomic orbital  xi and x and if x i  and x . 

I' J 
are atomic orbitals of two atoms which are not l irked by a covalent 
bond, 3 . .  = 0. 

For a carbon aton? and a C-C bond, the commonly used notations 
a r e  3 . = 2 and 0. = u .  Huckel's method employs some very rough 

11 11 
approximations. The most important cr i t ic ism is that the total bind- 
ing energy of the molecule: 

11 

1 11 

11 

13 

occ 
Etot = 2 1 E. 

1 
J 

is assumed 10 be equal to the total  energy of the electrons. In fact, 
L? an orbital  representation the total  electronic energy is not the 
sum of the orbital  energies;  the total  average electronic repulsion 
has  to be substrared from this sum and the total internuclear 
repulsion added. Moreover,  the assumption that Hii and H.. only 

11 
depend on x i  and x and not on rhe r e s t  of the molecule is more 
intuitive than the result of r igorous justification. Finally, Huckel' s 
method i s  not self-consistent since it neglects electron spin al- 
though a form of the one electron Hamiltonian is used. This can 
onl;. be justified if the electron spin is taken into account. Neverthe- 
l e s s ,  Hiickel' s method has  been viae!y applied and very often there  
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436 MARE CHAL 

has been quite good (somet imes  e-xtremely good) agreement between 
experimental m d  theoretical  results.  

this work -gas car r ied  out with planar conlugated molecules and more 
often with benzoic alternant hydrocarbons. Second, this method '.vas 
i s e d  for qualitative o r  semiquantitative studies. For example, vi tS 
Yonezawa' s relation [ 1, 21 for  the determination of stabilization 
energies (AE) r r 
assumed to have an absolute signification. This  assumption would be 
meaningless because two o r  three parameters  have to be chosen to 
t r e a t  lndene and the methyl group. But since the values of these 
parameters  remained constant for all the series, the classification 
of methyl indenes with respeer to the values of ( AE)r was quite 

valuable. The experimental resul ts  confirmed this hypothesis. 
When the system was no longer completely conju-ted o r  if methyl 

groups o r  hetero atoms were included, the values of a i  and P . .  had to 
11 

be modified for the atoms involved in this modification. T o  perform 
this adjustment, some correct ive parameters  were employed. F o r  
example, if a hetero atom or a methyl group, X, is linked to a carbon 
atom ( X - e )  the Coulomb' s integral ai and the resonance integral 
3 . .  for  these two atoms are expressed by 

This  method can be very useiui if it is used with care.  F i r s t ,  

of meIhyl indenes, the values of (3E) v e r e  not 

S 

11 

"x = Q + b x 3  

%x = PCX 

Q = a + 6  3 C C 

in which 6 and p 

for  the proFerties of the considered molecules. The problem of the 
choice of the values of these parameters  has been studied by numerous 
authors,  but the solution has not been satisfying in all cases.  Very 
often a parameter  chosen for a definite property (chemical reactivity, 
e lectronegt ivi ty)  is not convenient enough to yield a reasamble  
quantitative interpretation of another property. Therefore  it was ton- 
cluded thar it would not have been significxnt to multiply the number 
of parameters  with respect to the problem studied 

Nevertheless, if the same pa-=meters iPere kept for the s a m e  kind 
af substituent, the classification of the monomers wi th  respect to 
the relative values of (AEIr was very valuable. However, it must be 

a r e  parameters  chosen to give the best account X CX 
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emphasized again that the values obtained cannot 'be ser iously used as 
having a n  absolute significance. 

Throughout this study only the values obtained for  compounds with 
the s a m e  s t ructure  were compared. For example, a comparison 
beetween the znethyl indenes, or the metnoxyindenes. o r  the methoxy- 
s tyrenes was valuable, but t he re  was little significance in comparing 
inethoxyindenes with methoxysryrenes o r  even indene with styrene.  
! h c e  it is not possible to extrapolate from one system to  another, 
the fact that a given choice of h'uckel' s paramete r s  fi ts  well for  one 
:jet of compounds is not a justification to use i t  for  compounds of 
m o t h e r  type. 

In working with cations the basic assumption that the total inter-  
'electronic and internuclear repuisions cancel is patently incorrect.  
'Therefore,  ca re  was taken to always use the s a m e  cation ibenzylj so 
'is not to change the aagni tuae of this approximation. 

Another problem with Huckel' s method comes f rom the fact that 
the moiecular geometry cannot be taken into account and therefore  
the neglect of r ing s t ra in  in acenaphthylene prevents good agreement 
between experimental and theoretical  results.  

Poole' s Method 

Details of Pople' s method have been given in numerous publica- 
tions [ 3-61. In this  method. as ir, Huckei 's  method, the molecular 
grbitais are expressed as l inear  conbinat icns  of atomic orbitals. 
When the coefficients in the l inear cornbinaticns 3 r e  chosen to  
minimize the total energy, LCAO SCF orbitals are obtained SCF 
means that it is a self-consistent fieid method. The first relations 
fo r  this p rob len  were developed by Hall [ 71 and Roothaan [ 81, and 
a large number of accurate  calculations have been made :or sma l l  
molecules by using this technique. But the use of this method for  
l a r g e r  sys t ems  is limited by c o m p u t a t i o d  difficulties. Moreover,  
i t  is important to extend the molecular calculations to  all electronic 
Lalences and not only to  use T electrons. This  improvement in the 
method allowed a complete treatment of the u and 7 electrons in 
planar molecules, especially fo r  those inwhich o and i: sys t ems  are 
not separable.  

Pople imagined a consistent field method which took account of (T 

and valence electrons,  but the differential overlap was completely 
neglected (CNDO) for all valence orbitals. The re fo re ,  the extension 
of such a method t o  large sys t ems  could be considered. 

[ 41 was described in a third publication < CNDO II). This  method 
was easily extended to open shel ls  of electrons. 

In employing this method, a listing for the CNDO II apprcxima- 
tions, programmed by S e g l  a t  the Carnegie Institute of Technology, 

An improvement 3 f  the first version of the CXEO method (CNDO I) 
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438 MXRECHXL 

was used. This  p r o g a m  calculates m v e  functions and energies for  
molecules in open o r  closed shell  states.  The data consist  mainly 
in the coordinates x, y, and z of the different atoms of the moiecule. 
The most accurate  values possible for bond lengths and angles a r e  
needed. Interesting data were obtained fo r  the systems acerxightylene, 
styrene,  and benzylic cation. C'nfortmately, the molecular geometry 
of indene is not sufficiently vell i h o m  a t  present for it to be 
included. 

Use of Calcdat ions 
Hiickel's and Pople' s methods give the values of e n e r g  levels 

and eigenfunctions (C. .I. From these values it is possible to calculate 
11 

several  quantities which give some ver:r important information about 
the monomers studied. The classical  values of total charge,  bond 
order ,  o r  free valence cannot solve ever! problem. Consequently, the 
frontier electron density and the superdelocalizability are often used 
[ 9-11]. These  las t  values a r e  particularly useful in determining the 
i r e a s  in which secondary reactions may occur. Secondary reactions 
are generally t ransfer  reactions o r  eiectrophi!ic attacks of che 
benzenic ring by a cation terminating the growing chain. However, 
at  t imes the value of the superdelocalirability has been essential  in 
determining the position where the cation attacks the mcnomer. 
Generally there i s  no doubt about the position of attack, except in 
the case There  a complexing group i s  able to fix the cation concurrently 
with the J bond of the vinyl group. 

r' Lr The first dynamic value considered is the localization energy L 
represents  the energy required t o  isolate the electrons of a J bcnd on 
an atom r of the molecule. For example, the localization e n e r g  in- 
volved in the polymerization of indene is :he energy necessary to 
isolate the J double bond between carbons 2 and 3 on carbon 2: 

Lr is usually a positive quantity. 
The localization m e r g  is a rnesure oi the :: e n e r g  change 

between the aromatic hydrocarbon and :he u intermediate complex 
in an aromatic  substitution. If al l  the 3 bond changes a r e  treated 3s 
being constant in this transformation, a correlation between the 
calculated localization energies and the experimental reactivit ies 
is obtained. 

introduced by Ponezalva [ 1, 21. (AZ)? represec ts  the change of 

e n e r g  involved in the r'ormarion of UI inrerrnediarg ccmpiex 

5 Another index of the reactivity is the stabilization e n e r g  ( AE )? 
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between at atom s of the cation on the end o i  the groving chain and 
an atom r of the monomer. The foilowing reaction shows how th is  
comoies is formed (0' Driscoll  and Yonezawa [ 21 j. 

'The trznsit ion stare is 

S The vaiue of (AE) r  is obtained v i th  the relation 

occ unocc occ unocc 

F - E  m n  
n m  

m n 
3- and b 

a toms  r and s in the m-th and the n-th e n e r s  leve ls  having E 
as energy values. 

The subscr ip ts  "occ'' and ' 'unoccf' mean that the summation is es- 
tenaed t o  ali o c c u p e d  o r  unoccupied orbitals.  With Huckel 's  method 

( .LE ) _  z r e  obtzined in u t s  of -a: * /  3 .  

are. respectLvely. rne o:bi:al coefficients oi the carbon 
S 

and Fn m 
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4 3  is the resonance integral oi  the r--5 bond during the transition 
s ta te  i I). 0' Driscoll and Yonezawa [ 21 analyzed the importance of 
A 3 .  They claim that 2 3  is a function of the transition stare separation 
Thich in turn depends on the electronic repulsion in the transition stare. 
However, the electronic repulsion is not considered in the calcxiation. 
But it has been shown that smail  transition state separations k3ve h i s !  
values of A 3  and also high values or' electronic repulsion. These 
effects tend to cancel each other,  and it is acceptable to keep the same 
average value of A 3  fo r  a s e r i e s  of monomers. 

presented in the following pages. 

di- ,  o r  trisubstituted. The numbers lol!owicg this notation correspond 
to the atoms attached to the substituting s o u p .  

represents  the localization energy, and ( AE )r represents  the stabili- 
zation energy between the atom r oi the monomer and the atom s of 
the ca t ion  .All  the resul ts  are discnssed in the section on Discussions 
and Conclusions. 

The results obtained with the monomers of several  s e r i e s  a r e  

The abbreviations 11, D, o r  T indicate that the conpound is mono-, 

r S represents  the superdelocalizabilitg on the atom r, L 
S 

r 

I n d e n e  a n d  M e t h v l  I n d e n e s  r 1 2 .  131. T T o s e t s  of 
parameters  were used to describe the methyl group: 

1. Inductive model. 3C-11e 

The classical  values tic = 0.2 and r7 C--?/Ie = 0 v e r e  considered. 

\ 2. Hyperconjugtad model. 7 C , - C 2 r H , .  5 = -0.1, B = 0. c, c2 

= 2. For the indene molecule, 6 

the mmber ixg  of the atoms is 

= -0.2, vcI-c2 = 0.71 17 C,=E,  H? 

Modified values of the parameters  of Pullman and Ser th ie r '  s 
method [ 141 'xere used. These authors considered The methylene 
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group as a double bond C=H, for  their  mode! of indene. The  C=H? 
can be conjugated with other double bonds of the molecule. The 
relation 3' = 17 3 (, is the eschange integral between C and H )  ex- 
p res ses  the aelocalization of this bond. The choice of :' is 
obviously a rb i t r a ry ,  but i t  is possibie to compare a set  of indene 
derivatives f o r  which the value of 7 may be assumed to be corstant. 
q = 3 was chosen ( l i t e r a tu re ,  7 = 3 ) .  In addition, 7 = 0.7 was taken 
for  the bonds issuing f r o m  C: (C,-C;and Cl-C,!. 

The resul ts  for  the inductive and hyperconjugated models have 
been previoasl>- describzd [ 12,  131. The  two models differ from 
one another oriy in the third decimal. Table 1 gives the resul ts  ob- 
tained w t h  the inacctive model. 

designarea by tne position or the iinkage between the two indenyl 
rings. F o r  example, the s t ructure  of bisiindenpl-6) is 

S i s  I n a e n p l s  a n d  B e n t i n d e n e s  [ 1 5 1 .  Bis-indenpls a r e  

SuperdelocalizaSility, localization energy, and szabilization e n e r g  
vz!ues z r e  tabuiated :R Table 2 for the following benz-icdenes ( Bz): 

aenz-4,5 inden 3enz-5,6 inden Benr-6,7 inden 

and for several bisindinyls. 
B e n z o f u r a n  a n d  B e n z o t h i o p h a n  a n d  T h e i r  4- a n d  

7 - M e t h y l  D e r i v a r i v e s  1 l 6 l .  Position 1 is indicated by the 
'netero-atom. The resulrs a r e  given in Table 3 with: 

= 0.6 ~o-c,= To-c, 

7s-c, = 7s-c, = 0.8 
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442 MARECHAL 

TABLE 1. Values of Superdelocalinbili t ies S of Lacalkation 
Energies  L 

r' 
and of Stabilization Energies ( AE )._ ' €or  Methyl Indenes r' 

A 

Carbon r 
11 onomers 2 3 4 Lr (AE),' 

Lndene 
>I 2 

313 

31 4 

M 5  
M6 
M7 
D45 
D46 

D 47 

D 56 

D 57 

D 67 

T 456 

T 457 

T 467 

T 567 

T 4567 

1.307 

1.2 42 

I. 459 

1.303 

1.3 50 

1.303 

1.250 

1.301 
1.430 

1.301 

1.302 

1.252 

1.306 

1.3 57 
1.304 

1.362 

1.308 
1.324 

1.058 

1.178 
0.928 

0.932 

0.932 

0.932 

0.931 

0.932 

0.932 

0.930 

0.931 

0.933 

0.931 

0.932 

0.931 

0.931 

0.931 

0.932 

1. 824 

1.710 

1.796 
1.826 

1.794 

1. a24 
1.798 
1.766 

1.798 

1.796 

1.826 

1.796 

1.768 
1.792 

1. 766 

1.796 

1.766 

0. 898 

0.891 
1.017 

0.927 

0.893 

0.920 

0.89'7 

0.926 

0.960 

0.926 

0.927 

0. a98 

0.958 

0.928 

0.928 

0.961 

0.930 

0.961 

M e t h o x y  I n d e n e s  [ 171.  

in 4 3 
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TABLE 2. Values of Superaeiocalizabilities S of Localization 

Energies  i and of S t a b i h a t i o n  Energies ( A E )  for bis-Lndenyls 

and Benz-indenes 

r' 

r' r 

Atom r 
Sr Lr ( AE )rS 

Monomers 2 3 2 3 2 3 

32-4 .5  

Bz-4.6 

Bz-6,'; 

Ei-2,2' 
Bi- 3,3' 
Bi-4,4' 

3i- 5,s' 
Si-6?6'  
Bi-7,;' 

1.3 59 

1.280 

1.281 

1.063 

0.550 
I. 062 

1.250 
1.056 
1.251 

0.918 

0.930 

0.929 

0.367 

0.851 
0.923 

0.931 
0.926 

0.931 

1.7 58 

1.806 

1.802 

3.096 

1.316 
1.676 

1.926 

1.686 

1.524 

- 0.772 - 
- 0.728 - 
- 9.7 10 - 
1.702 0.550 1.546 

3.598 1.438 0.447 
- 0.909 - 
- 0.710 - 
- 0.902 - 
- 0.710 - 

TABLE 3. Values of Superaelocalizabilities Sr and of Stabilization 

E n e q i e s  ( A E )  

Some of The i r  Derivatives 

S fo r  Benzothiophen ( B t )  and Benzoiuran (af) and r 

Sr  ( 3E )rS 
11 onome rs 2 3 2 3 

Bf 1.162 1.159 0. 768 0.554 

Bt 1.170 1.217 0.768 - 
DilIe-4, 7 Bf 1.207 1.175 0.7 53 0.794 

D N e - 4 ,  7 Bt 1.212 1.236 - 0.557 
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The indene ring has been treated a s  in Part A. For the metho.q 

1. Results obtained with the first t-vo parameters. 
group, two sets of parameters have been chosen. 

= 0.a 'O-CH3 = and '0-CH, 

The results a r e  given in Table' 4 

TABLE 4. Values of Superdelocal-Aabilities S- on .%tom r and of 
S 

L 

aE :r on Xtom 2 € o r  Several 31ethoxy lndenes when 8 = 2 and x _. 

;Iv = 0.8 

Xtom r 
'r (4E),' 

Monomer 2 3 11 12 13 14 2 

&I 2 
>I 3 
&I 4 

M 5 
M6 
M 7  
0 4 5  
D 46 
D 47 
D56 

D 57 
D 67 
T 456 

T 457 
T 467 

T 567 

T4567 
hdene 

1.186 
1.706 
1.360 
1.2 58 
1.362 
1.256 
1.360 
1.471 
1.365 

1.370 
1.259 
1.364 

1.478 
1.3 67 

1.482 
1.372 
L 495 
1.251 

1.406 
0. a97 
0.927 
0.940 
0.338 
0.934 
0.330 
0.927 
0.323 
0.937 
0.941 
0.929 
0.930 
0.927 
0.318 

0.929 
0.926 

0.932 

1.220 - - - 
1.183 - - - 
i . i a i  - - - 
1.139 - - - 
1.157 - - - 
1.156 - - - 
1.214 1.201 - - 
i.180 1.178 - - 
1.210 1.191 - - 
1.196 1.106 - - 
1.135 1.137 - - 
1.212 1.20c - - 
1.206 1.236 1.208 - 
1.248 i .201 1.200 - 
1.212 1.212 1.227 - 
1.200 1.246 1.199 - 
1.246 1.234 1.241 1.233 

0.851; on 3:O.  968 
1.162 
0.960 
0.902 
0.961 
0.900 
3.960 
1.023 
0.363 
0.966 
0.902 
0.962 
1.028 
0.964 
1.030 
0.967 
1.037 
0. m a  
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2. Flesults obtained with the second two parameters .  

F = 1 ar,d - = 0. 8 JO-cE, I!O- CIi, 

‘Tne values are  reported in T a b l e  5. 

TABLE 5.  Values  of Superaelocalizabilities S on Atom r and of 

Stabilization Energies  ( LE jr or. .‘itom 2 for  Several  Methoxy Icdenes 
r S 

Atom r 

hionomer 2 3 11 12 13 1 4  2 

1.095 *bL 2 
Ii 3 2.147 

31 4 1.310 

XI 5 1.249 

M6 1.528 

&I 7 1.249 

0 4 5  1.388 

.I 

D46 1. a32 

D47 1.511 

0 56 1.504 

3 57 1.248 

D67 1.605 

T456 1.825 

T 157 1.703 

T 467 2.196 

T 567 1.714 

T4567 2.190 

Icdene 1.251 

2.181 

0.853 

1.05; 

0.933 

0.926 

0.932 

0.920 

0.916 

0.921 

0.924 

0.933 

0.924 

0.914 

0.921 

0.910 

0.922 

0.908 

0.932 

2.746 

2.651 

2.643 

2. x a  
2.654 

2.617 

3.128 

2.646 

3.111 

3.080 

2.615 
3.123 

3.23c 

3 . 8 i l  

3.223 

3.193 

3. a o i  
- 

- 
- 
- 
- 
- 
- 
3.091 

2.647 

3.073 

3.11: 

2. El4 
3.083 

3.769 

3.204 

3.223 

3.809 

3.768 
- 

- 0.792 

- 1.589 

- 0.929 

- 0. a x  
- 1.956 

- 0.896 

- 1.091 

- 1.231 

- 1.104 

- 1.100 

- 0.895 

- 1.101 

- 1.227 

- I. 156 
- 1.439 

- 1.162 

3,772 1 .435  
- 0.898 
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M e t h y !  S t y r e n e s  [ 19. l91. Tke methyl g o u p  has been 
t reated in the same rnamer as fo r  the methyl indenes. The numbering 
for the molecule i s  

The resul ts  are reported in Table 6. 

rnethoxy g r m p  -,vere chosen 
M e t h o x v  S t y r e n e s  ( 2 0 1 .  The €ollowingvalues for the 

Q = u 4 1.82 and qO--CH, = 0.8 0-CH, 

The resul ts  are given in Table 7. 
X c e n a  o h  t h v 1 e n e  a n d  31 e t h v 1 .A c e n a  D h t h v 1 e n e s r 21:. 

~~ ~~~ 

The numbering for this molecule i s  

The results a r e  reported in Table 8. 

E X TE R IM E NT .A L ST L D IE S 

I t  .rould be difficult to describe the preparation of the nonorners  
studied since more than 30 iabout 30 are newl were synthesized 

For each monomer a complete study of each or' the important 
[ 16, 17, 22-41]. 

? a m m e t e r s  fo r  the  polymerization v a s  invesrigated: nature and con- 
centration of initiator. monomer concentration, narure or' 3olvent. 
temperature,  and duration of reaction. Since the goal of this report 
is not the examination of these results. only a few w a m p l e s  or' the 
most interesting results a r e  considered. 

given basic monomer, the substituents are different, ei ther by their  
place or by their  nature. Tables 9, 10, and 11 show the effect of 

Dras t i c  changes are nored f o r  some properties when, fo r  a 
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T-qBLE 8. Values of Superdelocalizabilities S- and Stabilization 

Energies  [ AE) fo r  Acenaphthplene ( A c )  and i o r n e  Methyl 

Acenaphthylenes 
r 

M,onomers Ac M 1 M 3  MC M 5  

s, 1,188 1.204 1.228 1.189 1.232 

s:! 1.188 1.365 1.180 1.190 1.181 
0.847 0.949 0.869 0. a46 0.877 1 

( AEls 
- 

TABLE 9. Influence of Position of Methyl Group on Polymerization of 
Methyl Indenes for Several  Initiatorsa 

h d e n e  D46 D47 C56 D57 T4567 
h'zture of 
iiiitiat o r  3:: [ r l ]  [ T I  [TI [ q ]  R% [ T I  [TI - 
TiC14 100 0.56 1.35 1.30 0.39 95 0.09 0.25 
SnC1, 4 5  0.39 1.50 1.50 0.34 100 0.08 0.23 

ESF,.O(CH,), 12 - 2. 50 3.60 0.46 0 -  0.26 
ElF,.O( C, H, j2 - - 2.20 3.5 0.43  0 -  0.31 

A.lBr, - - - - - 100 0.12 - 
SbC1, - - - - - 100 0.09 - 

H 2 so, 8 0.20 1.15 1.0 0.10 65 0.09 0.38 

a [ ~ f ]  = 0.224, [ A !  = 0.01, and 3 = -3O'C. Methylene chloride as 
solvent. 

position of the methyl g o u p  in the indene and s tyrene series on the 
efficiency oi several  initiators. R?' designates the yield of polymer 
precipirated by addition Df methanol to the polymerization solution: [ '71 
represents  the intrinsic viscosity ( 100 ml,'g); [>I] and [A]  a r e  the 
a o n o m e r  and the init iator concentration ( mole/l i ter) ,  respectively, 
and a is the polymerization temperature.  

The  most important p a n  of this experimental  study was (concerned 
with the determination of the reactivity ra t ios  for t h e  substituted 
monomers using the basic nonsubstituted model of the same  s e r i e s  o r  
s q r e n e  as reference.  
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TABLE 11. Effect of the Position of tne Methyl Group on the 
?olymerization of Some Methyl Styrenes with Different Initiators" 
- 

T246 T245 T245 
Nzture of - 
init iator RrC [ 41 R 5  c i7! RCC [ 13 

Tic!, 

SnC!, 

B F 2 . 0 ( C 2 E 5  i, 

BF,.O( CH, j 2  

H, SO, 
AlBr, 

AlCI, 

EF, 

100 0.44 100 0.18 94 

93 0.20 100 0.28 96 
90  2.7 93 0.34 9 6  

10 2.65 7 2  0.32 92 

87 0.42 60 0.45 0 

100 0.88 97 0.08 - 
18 0.63 89 0.15 7 
100 1.80 - - - 

0.08 
0.15 

0.14 
0.14 

a Solvent: CH, Cl,. [ M ]  = 3.456 and ? = -72" C. For each monorner- 
init iator pa i r ,  t h e  value chaser, for  [ A; was the optimum. 

If r l  and r2 are the reactivity r a t io s  fo r  a monomer M with a 
r e i e rence  2. the respective index f and 2 are given to  31 and R. Then 

The  vslue of 1/r2 = kR*M,%i?e 2 measures  the preference of the attack 
o €  Rs on M o r  its o m  monomer R. If kR6 is a rb i t r a r i l y  taken as equal 
to 1. then l / r 2  is the measu re  of the reactivity of M vs  the cation R e .  
Consequently, the determination of l /r2 fo r  a se t  of monomers derived 
f x m  an identical fundamenral s r ruc ture  allovs the i r  classification with 
r ega rd  t o  the i r  reacrivity toward the same  cation. 

c!assification does nor depend on the cation, but obviously the absolute 
values of lJ 'r2 are modified when the cauon changes. 

For example,  €or the methyl indene, the cation mas indent?. The 

C l a s s i f i c a t i o n  of M e t h y l  I n d e n e s  f r o m  l / r 2  - 
The given values are related to  the copolymerization with indene 

[ 2 8 ,  32, 411. 
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D46 = Ti567  1 T467 2~ D57 
T4'i D56 = SI6 2 to 3 
117 Slightly above 1 
Indene 1 
11 5 Slightly below 1 

3 to  6 

C l a s s i f i c a t i o n  o i  M e t h o x y  I n d e n e s  f r o m  lj 'r:  

The given values a r e  related to copolymerization with styrene [ 171. 

Me0-6 10 
Me0-4 6.7 
2dfe0-5 2.8  
Indene 1.1 
Styrene 1 

C l a s s i f i c a t i o n  of M e t h y l  S t y r e n e s  f r o m  l / r ,  

The given values a re  related to copolymerization *th styrene 
[ la ,  381. 

T246 0.55 
T 345 0. 59 
T245 0.77 
T234 1.0 
D24 1.66 
Styrene 1.0 

C l a s s i f i c a t i o n  of > , Ie thy!  ~ c e n a p h t p t e n e s  f r o m  I / r ,  

The given values a r e  related to copolymerization with styrene. 

Methyl- 1 9 
Methyl-5 3 
Methyl-3 4 

Styrene 1 

- 

Acenaphthyiene 4 

It has bean z e n e r d l y  difficuit to obtain values of reactivity for the 
rnethaxy s tyrenes toward the cation styrene because copoiymerization 
between these monomers does not occur very often. For example, the 
copolymerization of styrene and 2,J-dimethoxy styrene does not yield 
a t rue copolymer, but a rni-urure of both homopolymers. The same 
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result was obtained wi th  the 2,3.4-trimethoxp styrene. For 2 , s  
dimethoxystyrene-styrene, the reactivity ra t ios  are r l  = 0.'75 = 0.05 
and rn = 0.30 = 0.05. 

Another part  of this work was concerned with the examination of 
complexes between groups on the monomer and the Lewis ac:ids 
used as initiators. The rnost interesting resul t  was obtained with 5- 
metnoxyinaene [ 171: When BF, or TiCl, was the initiator, ::here 
was no polymerization below -6O-C, but above this limit, the yield 
m s  always 100% 

To study this phenomenon, several  h J R  spec t r a  were regis tered 
at -5O'C: 1) 5-methoxyindene in CH,Cl, , 2)  BF, in CH,C12, and 3 )  
5-methoxyindene/'BF3 in CH.,Cl,. The  chemical shifts  observed for 
the monomer alone in CE, Cr2 and for the monomer in  CH, C1, 
saturated with BF, a r e  reported in Table 12. These results are dis- 
cussed in the section on Discussions and Conclusions. 

TABLE 12. NMR Spectra f o r  Methoxy Styrene Alone ( I )  or with BF, 
added (II)a 

Protons 1 9 4 6 7 OCH, 

I 3.30 6.35 6.95 s. 70 7.35 3.75 

IT 3.30 6.70 7.30 7.05 7 .50  4.20 

a CK, C12 as solvent and tetramethyl si lane as the internsJ standard 

D I S C  U S S I O K S  A X  D co ~c L L T s r o N  s 

For methyl inder.es, comparison of theoretical  resul ts  ("able 1) and 
e spe r inen ta l  results shows that there  is a quite good agreement,  the 
only exception being the 3,?-dinethylindene where the diffe Pence between 
the two determinations is r a t h e r  large. Theoretically i t  shl2uld be less 
reactive than indene, but i t  r a s  experimentally shown that its reactivity 
is very high and comparable wi th  4,6-dirnethyi o r  4,5,6,7-tt?tramerhylindene. 
It has  also been shown that isomerization of the indene-ring often occurs  
[ 221 : 
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After isornerization, an exchange occurs between positions 4 and 7 ,  5 
and 6, and 7 and 1. 

The IR spectra  of the supposed polyf 3,7-dimethylindene) and of 
poly (5,B-dimethylindene) a r e  quite similar.  Consequently, before the 
addition or' this monomer to the end-cation of the  q o v i n g  chain. the 
monomer snouid be isomerized into 4.6-dirnechylincene. Thus. when 
the reactivit:? or' 5.7-dimethvlindene is determined. it represents  tne 
reactivity of 4.6-dimethylindene. 

With rnerhoxvindenes. an examination of the theoretical. emerimentsl .  
I .  

and NBIR spect;oscopy results i s  necessary.  It 'as shown ear l ie r ,  that ' 

there  is a "floor temperature" below which polymerization does nor: 
occur. Above this temperature the X d R  spectra  cannot be analyzed. A 
proposed s t n c r u r e  of the complex is: 

The complex ion between BF, and the methoxy group does not prevent 
the association of other BF, molecules with the indene ring ( ;z complex, 
for example!. The resul ts  reported in Table 12 completely agree 
with this hypothesis since all  geaks are shifted tolvard the acid part 
of the spectra  (higher  chemical shifts). 

magnitude of chemical shif t  change is. The la rger  change is,  of 
course,  observed xi th  protons or' the methoxy group. 

the nonpolymerization is probably due to the complex formation 
between the Lewis' acid and the monomer. However, two assumptions 
a r e  possible to explain the  polymerization vhich occurs  at higher 
temperatures:  

The nearer  the proton is to an oxy).gen atom, the greater  the 

In summary, below a given temperature it must be concluded that 

1) As soon as the temperature is above the "floor value," the 
dissociation or' the complex aiiows an immediate polymerization of 
the monomer. 

2)  Above a certain temperature ,  che compieved monomer is able 
to polymerize. 

The first explanation is the most probable because at  a tempe-zature 
of -9O"C, there  is an inducrion period when TiC1, is the  initiator. The 
quantity of f ree  monomer equilibrated with the complex is certainly 
very small  and the dissociation very slow. But as soon as the reaction 
s ta r t s ,  the resulting rise in temperature increases  the dissociation 
n t e .  The experimental and theoretical resul ts  a r e  interesting to 
compare. The experimental reactivities are reported on the  following 
scale figure: 
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The most reactive monomer t o l n r d  the styrenic cation is 6- 
methoxyindene, the reactivity of which is 10 t imes  higher than the 
s tyrene  reactivity. 
. It was s h o r n  e a r l i e r ,  that the second set of pa rame te r s  ( Sx = 1, 

- 0.8) gave values of superdelocalizability f o r  the oxygen atom 

thzt were  not consistent with polymerization. On the other hand, the 
first set of pa rame te r s  ( 6x = 2 ,  qc--x = 0.8) gave sma l l e r  values 

for  delocalizabilities on oxygen than on Carbon 2 and consequently 
were  consistent with polymerization and a l so  were  sufficiently high 
to  permit the formation of a complex under suitable conditions. 

tion energy on 6-methoxyindene than on 4, 5,6,T-tetrameth:ylindene, 
since the experimental  reactivity of 6-methoxyindene is 10 t i m e s  
higher than for indene. In addition, the reactivity of 4,5,6,7- 
t e t rane thyl indene  is only 7 . 5  t imes  higher. (Xowever,  it has been 
noted that the first comparison is re la ted  to the s tyren ic  c:ation and 
the second to the inaene cation. ) 

With the set of pa rame te r s  6x = 2 and qc--x = 0.8, the s a m e  

value of ( AE)r , (0.961), is obtained fo r  6-methoxyindene and 4,5 ,6 ,7-  

tetramethylindene. Consequently, 5 - 1.8 and ;7 

accord  with the behavior of 5-methosyindene. After s eve ra l  runs, 
d = 1.6 was chosen. 

between experimental  and theoretical  reactivit ies appear  for  methoxy- 
indenes. Thus  the experimental  value of 5-methouyindene is higher 
than expected. Two hypotheses can be o f f e r e d  

qx - 

Moreover ,  this set of pa rame te r s  has to confer a higher stabil iza- 

S 

- 0.8 i s  in better c-x - X -  

X 
In contrast  t o  the results for methyiindenes, d i sagreements  

1) The monomer is re leased  from the complex in an activated form 

2 )  The monomer is i somer ized  into 6-methoxyindene which 1s 
2nd is consequently of a higher reactivity. 

obviously more  reactive. The  isomerization of derivatives 5 and 6 is 
commonly observed. 

The  ability of only 5-methoxyindene to yield a complex with Lewis 
ac ids  is somewhat surprising. Strictly speaking, it is not possible t o  
state that t he re  is no comple-xion with other monomers  when the 
tempera ture  is low enough. Moreover,  the complex formation is 
easier to  explain f o r  5-methoxyindene than fo r  t he  other rnonomers 
studied. Superdeiocalizability values on oxygen and Carbon 2 are given 
fo r  four monornethos;?ndenes in Table 13. 
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T-iBLE 13. Values of Superdelocaiizabilities on Oxygen and Carbon-2 
for Methoxy-4, Methoxy- 5 ,  JIethoxy-6, and Methoxy- 7 Indenes 

Monomer 

Atom Me0-4 JIeO- 5 >f eO- 6 Me0-7 

0.xygen 1.181 1.169 1.180 1.156 
Carbon 2 1.360 1.250 1.3 57 1.256 

0.179 0.081 0.177 0.100 A*-: 

aA0-2 is the difference between the superdeiocalizabilities on 0 
and Carbon 2. 

It is obvious that the smal le r  A0-2 becomes, the more complex 
formation is Eacilitated since this reaction and the attack oi Cz by a 
carbocation are concurrent reactions. Examination of Table 13 
clear ly  shows that complex formation can occur with 5- and 7- 
methoxyindenes only. Unfortunately, this last monomer could not be 
synthesized. 

occurs  on Carbon 2. It is the most convenient position since the result-  
ing cation on benzindenes is conjugated with a phenyl ring. It may be 
possible to conclude the s a x e  thing f o r  4,4'-, 3 ,5 ' - ,  6,?-, 7,7 ' -  
bisindenyls. The most , d a v o r a b l e  case seems to be for  the 4,4' - 
bisindenyi. The  situation of 2.2' - and 3,3'-bisindenyls is p e c d i a r ;  
an examination of superdelocalizability values indicates that the 
attack shou!d be possibie only on Cz  for the 3,3'-bisindenyl and on 
C, for 2,2'-bisindenyl and would result  in a concerted polymerization 
between the two 7 bonds. 

For benzindenes, the attac!< of monomer by a carbocadon a lvays  

This  assumption h s s  been partly sustained through the examination 
of the fluorescence spectxa o i  poly( 3,3' -bisindenyl). However, it 
is difficult to reach a conclusion with certainty because an important 
part of the fluorescence of this polymer is probably due to the end 
group. 

The e n m i r a t i o n  of values of (SE)_' o r  L_ (Table 2) for 
L 
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2 7 2 ' -  and 3.3'-bisindenyl for an attack in  position 2 or 3 shows that 
t h e  ability for these monomers t3  poiymerize is ve ry  simila!: ( t he  
reactivity is perhaps slightly higher for the 3,3 '  -bisindenyl). 

The resul ts  obtained with t r imethyls tyrenes seem somewhat 
si:range on f i rs t  examination. The experimental  classification 
(-vith l/r2j is T246 2 T345 < T245 < T234 < D24, and the 
theoretical  classification is T345 < T245 = T234 = D24 < T246. 
Moreover? polymerization is always possible for the trimetkyl- 
s .yrenes,  and the growing chain is not hindered by the steri'c: effect 
of the methyl group. Thus with 2,4,6-trimethp!styrene polymers,  
v i th  [ i7] = 4 and 5 ( 100 ml'g) average molecular weights of s eve ra l  
millions were obtained 

Exarnication of :he molecular models shows that the prezence 
of one ( a n d  certainly two1 methy! groups s t r a ins  the vinyl group 
cut of the plane of the phenyl ring. Huckel' s method does not take 
a.ccount of this fact and t r e a t s  these molecules as if they were 
plu-ar .  This  may account for  the difference between experimental  
and theoretical  results. 

This  assumption has  been confirmed by the determination of the 
coupling constants from >%IR spectra.  If JAB (Hz) r ep resen t s  the 
cou$icg constant of hydrogen a toms  H of the merhylenic 
~ g ~ o u p ,  the resul ts  reported in Table 14 are obtained. 

Examination oi these values confirms that the vinyl group is no 
:.ong-er conjugated with the phenpl ring. T h i s  fact  is also in agreement 
-crith the classification cbtained for  s tyrene disubsrituted in the ortho 
position since the coupling constant is very nea r  t o  the value obtained 
f o r  ethylene. ?;evertheless, t he re  is co good explanation fo r  the 
discrepancy berween experimenta! and theoretical  reactivity observed 
fo r  styrene. 

It was dzficult  to derive any valuable conclusion for  me;hoxy- 
s tyrenes s ince the re  were too few esperimental  values. T!iis failure 
to obtain m o r e  values for  the reactivity ra t ios  was previously ex- 
plained in the Esperimental  Studies section. The values obtained for 
2.5-dimethoxy compzred wel! with the accepted values for monometho.xy- 
s tyrenes and were genera!ly in gocd agreement  with the theoretical  

and H A B 
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TABLE 14. Valces of Coupling Con- 
stants JaIB for  S o n e  Methyl Styrenes 

Monomer JAB ( Hzl 

Styrene 
Me ( 3  o r  4)  

X e  ( 2 )  

D a l e  ( 2 , 4 )  
DMe ( 2,5)  
TrLMe ( 2,451 

Tr iMe  (2,3,1) 
DiMe ( 2,6) 

TrtMe ( 2,4,6) 
Ethylene 

0.9 
1.0 

1.6 
1.5 
1.5 
1.5 

1. a 
2.1 
2.2 
2. 5 

classification. However, it h a s  been S ~ Q T ~  [ 421 that the polymerization 
of these monomers is w r y  oiten disruptgd by the formation of 3. 
comples betrveen the  g r o - x i q  chain and initiator, and therefore does 
not go further than a t r imerizat ion (This  t r imer  is complexed by the 
Lewis acid.) 

The results of the acenaphthylene ser ies  are very interestins. The 
classification of methyl acenaphthy!enes in regard to their  experimental 
reactivity toward styrenic cation is in complete agreement vith their 
theoretical reactivity. However, for acenaphthylene-styrene, a 
discrepancy results between experimental and themetical  reactivities. 
Experimentally, the reactivity of acenaphthylene is four t imes higher 
than €or st'yrene, but the stabilization enery; obtained for acenaphthylene 
is s m a l l e r  than for  styrene (0.912). This phenomenon is certainly due to 
the fact that Huckel's method neg!ects the ring strain of pentagonal 
cycle. It is the only discrepancy bet-veen the two systems since they 
a r e  both wholly conjupted snd there is no choice of carane ter .  But, 
a s  sarty as 1951, Puliman 1431 pointed out that kiiickei' s calclllations 
fo r  acenaphthylene p v e  a value obviously too high f o r  rhe polar moment 
compared xrith the experinental  value. This paper has also shown that 
the  discrepancy is due to the failure of Hiickel' 5 method to express the 
riag strain effect. 

and the stabilization e 2 e r g  involved in the attack of acenaphthylene 
In addition, calculations with Pople 's  method (CNOO II) were made 
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CATIOXC POLIT!ERIZXTIOK OF . ~ O ~ ~ l A T I C  MOSOXERS 4 5 9  

and s tyrene  by the s tyry l  cation was determined. The  values obtained 
are ,  with the same  units. 6.756 for  s ty rens  and 6.993 fo r  acenaphthylene. 
Thus, with Pople ' s  method which takes  into accDI;?t the geometry Gf the 
molecule, t h e  discrepancy between theore t ic l l  and experimental  re- 
su l t s  disappears.  Th i s  fact s e e m s  to  prove the importance of r ing  
s t r a in  in acena9htnylene polymerization. 
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