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Abstract--Polymerizations of methyl methacrylate (MMA), vinyl acetate, acrylonitrile or styrene (St) 
initiated by methyl derivatives of Ti(IV) are consistent with a radical process. This conclusion is supported 
by tacticities of the resulting polymers which are close to those for conventional radical samples and show 
that propagation obeys a Bernoullian statistics. The major evidence is provided by statistical MMA-St 
copolymerization which clearly exhibits radical reactivity ratios. 

INTRODUCTION 

Titanium derivatives, most generally associated with 
alkylaluminium compounds,  are extensively used as 
Ziegler-Natta catalysts to initiate the poly- 
merizations of ethylene and vinyl monomers. Al- 
though the presence of a t i tanium-alkyl  bond formed 
in situ (with or without reduction of t i tanium IV to 
t i tanium III) is thought to play a predominant  role in 
the catalytic process, very little is known about the 
polymerization of ethylenic monomers initiated by 
well defined a-bonded organometallic t i tanium IV 
derivatives. 

Since the pioneering and extensive studies of Gian-  
nini [1, 2] and Ballard [3-5] with benzyl derivatives of 
Zr and Ti, it has been shown that alkyl- 
organotitanics prevented from fl-elimination (methyl 
or/~-substituted) may act as polymerization initiators 
for various ethylenic monomers.  Ballard proposed a 
radical mechanism for styrene and methyl meth- 
acrylate polymerization when benzyl Ti or Zr are 
irradiated at their absorption wavelength and a 
Ziegler-Natta type mechanism (insertion into the 
C-Mt bond) when irradiated at higher wavelength or 
in the dark. Characterized methyl and neopentyl 
derivatives of transition metals and particularly 
Ti(IV) were reported to be active either under photol- 
ysis conditions [(~8] or without any irradiation [8, 9]. 
For photochemical initiation, most results and con- 
clusions (based on kinetics, EPR, stereostructure of 
polymers) support a radical process even if the simple 
homolytic scission of the cr-Ti-C bond might even- 
tually be questioned [6]. The situation is more ob- 
scure when the polymerizations are performed in the 
dark or in daylight. Koide [9] and then Chien [8] 
observed that DPPH was ineffective or increased the 

rate leading these authors to discard a radical process 
or to propose a caged radical propagation. 

We previously reported [10] the ability of various 
alkoxy derivatives of t i tanium IV to initiate the 
polymerizations of ethylenic monomers such as 
methyl methacrylate (MMA), vinyl acetate (VAc), 
acrylonitrile (AN), styrene (St). The polymerizations 
were mainly performed in bulk and the results (Ref. 
10, Table 2) clearly showed that, in the case of MMA, 
the initiating efficiency is related to the presence of a 
methyl group bonded to the ti tanium whereas, in the 
case of styrene, the activity of these methyl deriva- 
tives remains low and comparable to those of diethyl 
amido or benzyl derivatives. Even if the reactions 
were not followed kinetically, the polymerization 
systems with CH;Ti ( IV)  compounds as initiators 
behave similarly in daylight or in darkness. Never- 
theless most of the qualitative features of these 
systems seemed to support a radical mechanism and 
led us to re-examine and complete our results in the 
light of polymer structure and copolymerization reac- 
tivities. We now report our conclusions. 

EXPERIMENTAl, 

Reagents 

Monomethylalkoxy derivatives of Ti(IV), i.e. 
CH3Ti(OR)3 and CH3Ti(CsHs)(OR)2, were synthesized at 
about - 20 ° in diethyl ether solution under inert atmosphere 
by reacting either CH3Li with the corresponding C1-Ti(IV) 
precursor, or CH3Mg I with Ti(OR)4 or with (CsHs)Ti(OR)3. 
They were purified by distillation under high vacuum 
(0.02-0.1 torr) and characterized by IH-NMR and mass 
spectrometry. The dimethyl (CH3)2Ti(IV) compound ob- 
tained by stoichiometric reaction of CH3Ti(OR)3 with 
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AI(CH3) 3 was shown to be the/l-alkoxo-bridged binuclear 
complex in equilibrium with dissociated species: 

[(CH3)2(RO)Ti(#-OR)2AI(CH3)2] ~ (CH3)zTi(OR) 2 

+ 1/2[(RO)AI(CH3)z]= 

Details concerning these syntheses are reported elsewhere 
[11]. Monomers and solvents were distilled and stored over 
molecular sieves. All reagents were outgassed before use by 
freezing-melting cycles under vacuum. 

Polymerization procedures 

Polymerizations and copolymerizations were generally 
carried out in bulk at 25 ° under argon or nitrogen with a 
monomer-to-catalyst molar ratio of  40: 1, by adding the 
monomer to the freshly prepared initiator. The medium was 
stirred until it became too viscous and, a f te r~2  days of  
reaction, the sohd polymer was dissolved and precipitated 
in a suitable precipitant. This operation was repeated several 
times in order to remove the catalyst residues. The course 
of the polymerization was in some cases followed by 
tH-NMR. 

Polymer characterization 
The composition of poly(St-co-MMA) was determined 

from the aromatic-to-aliphatic protons ratio of the 
~H-NMR spectra. Tacticities of  homopolymers were mainly 
evaluated from t3C-NMR spectra recorded with con- 
ventional or high field instruments (25 and 63 MHz, Jeol 
PFT and Bruker WM 250). PMMA, PSt and PVAc samples 
were examined as 15~o w/v solutions in CDCI3 at 40 °. PAN 
samples were examined in DMSO d 6. TMS was the external 
standard. 

RESULTS 

Poly(rnethyl methacrylate ) 

W h a t e v e r  the  me thy l  t i t an ium der ivat ive  used,  the  
bulk  po lymer i za t ions  are  comp le t e  wi th in  48-55  h r  
and  exhibi t  m a r k e d  au toacce le ra t ion  in the  s econd  
ha l f  o f  the  reac t ion  (Fig. 1). I f  the  po lymer i za t i on  is 
car r ied  ou t  in CHCI3 solut ion ,  this  effect d i sappea r s  
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Fig. 1. Conversion curves for MMA polymerization at 25 °. 
(A)  Bulk, CH3Ti (O-iPr)3 + MMA (40: l molar respect to 
titanium derivative). ( 0 )  Solution, CH3Ti(O-iPr)3 + MMA 
(40: 1) + CHCI 3 (40: l). (11) Solution, not degassed--same 

concentrations as above. 

and  af ter  48 hr  the  conve r s ion  is a b o u t  50~ .  The  use 
o f  a so lvent  which  has  n o t  been  previous ly  ou tgas sed  
and  thus  d e o x y g e n a t e d  led to a dras t ic  r educ t ion  o f  
the  react ion.  C o m p l e t e  conve r s ions  o f  M M A  were  
also obse rved  w h e n  ope ra t i ng  in bulk  wi th  ~ 200:1 
m o n o m e r - t o - c a t a l y s t  ra t io .  

Mo lecu l a r  weights  and  yields ob t a i ned  at var ious  
po lymer i za t i on  t e m p e r a t u r e s  are r epo r t ed  in Table  1. 
A n  increase  o f  the  yield and  a decrease  o f  ~tw wi th  
e levat ion  o f  T are  obse rved  w h e n  the  b inuc lear  
complex  is used.  A reverse var ia t ion  o f  Mw is ob-  
t a ined  wi th  the  m o n o m e t a l l i c  system,  whereas  con-  
vers ion is i ncomple t e  a t  55 ° . 

Tact ici t ies  o f  P M M A  expressed  in rr, mr ,  m m  
t r iads  d i s t r ibu t ions  were  ob t a i ned  ei ther  f r o m  the  
ca rbony l  or  f rom the  ct-CH 3 c a r b o n  r e sonances  

Table 1. Influence of polymerization temperature on molecular weights and 
yields of PMMA obtained in bulk 

r Yield (%) 
Initiator (°C) M~* after 2 days 

CH3Ti(O-iPr)3, AI(CH3)3 -18 1.0 × 10 s 40 
CH3Ti(O-iPr) 3, AI(CH3)3 25 3.2 x 104 100 
CH3Ti(O-iPr)3, AI(CH3) 3 55 2.8 × 104 100 
CH3Ti(O-iPr)3 - 18 7.0 × 104 30 
CH3Ti(O-iPr)3 25 2.1 × 105 100 
CH3Ti(O.iPr)3 55 8.5 x 105 75 

*As determined by viscometry in benzene at 30 ° using the I q Idlg-, = 5.2 x 10 -5 
~w T M  relationship [12]. 

Table 2. Microstructure of PMMA obtained in bulk with methyl and diethyl-amido 
organotitanium derivatives (m/c = 40, Tpo t = 25 °) 

Conversion 
after Microstructure (~o) 

2 days 
Initiator (%) mm mr rr 4is/h 2 tr 

CH3Ti (OiPr)3 100 5 34 61 1.05 0.22 
CH3Ti (OtBu)3 100 2 32 66 0.51 0.19 
(CsHs)Ti(OCH2CF3)2/CHj) 100 1 30 69 0.31 0.17 
CH3Ti(OiPr) 3, AI(CH3) 3 100 4 31 65 1.08 0.19 
(Et2N)Ti(OiPr)3* 16 3 31 66 0.82 0.19 

*Prepared as described in the literature [16]. 
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Table 3. Microstructures of PAN and PVAc (polymerization conditions as in Table 2) 
Conversion 

after Microstructure (%) 
2 days 

Polymer Initiator (%) mm mr rr 4is/h 2 
PAN CH3Ti(OiPr)3,AI(CH3) 3 100 29 50 21 

CH3Ti(OiPr)3 10 26 50 24 
(Et2N)Ti(OiPr)3 100 29 42 29 
litt. (redox)* 31 48 21 

PVAc CH3Ti(OiPr) 3 100 27 (48 + 25)*** 
litt.** - -  20.7 49.7 29.6 

0.97 0.54 
0.99 0.51 
1.91 --- 
1.13 0.54 

(1.17) (0.52) 
0.99 0.46 

*Ref. 17. **Ref 18. ***Overlapping of pentads makes questionable the resolution of the upfield peaks 
of the ~-CH resonance pattern. 

(Table 2). They appear similar for all samples what- 
ever the initiator even for the diethyl-amido com- 
pound, and they agree with Bernoulli trial distribu- 
tion, the deviations below unity of  the (4 is/h 2) ratio 
resulting obviously from the lack of  accuracy for the 
low (mm) values. Such microstructures (and tr values) 
are consistent with those observed for free radical and 
free anion propagat ion [13-15] or those obtained in 
bulk polymerization of  M M A  initiated by (Neo- 
pentylh Ti with or without irradiation [8]. 

Poly (acrylonitrile ) and poly (vinyl acetate) 
VAc, which is known to polymerize by a radical 

process, is readily converted by the CH3-Ti(IV) ini- 
tiator. In the case of  AN,  complete conversions after 
48 hr are also obtained with the diethyl-amido and 
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Fig. 2. 63 MHz ~3C-NMR resonance patterns of  C~ aro- 
matic carbons for different polystyrenes (CDC13, 40°). (a) 
Initiation by CH3Ti(O-iPr)3. (b) Initiation by 

C6HsCH2Ti(O-iPr)3. (c) Emulsion (S2OsK2, 70°). 

EPJ 20/(y~G 

the binuclear methyl derivatives whereas the yield 
remains low with the monomethyl  compound.  Tacti- 
cities of  PAN and PVAc were evaluated from the 
~-methine carbon resonances centred respectively at 
27.6 and 66.7ppm. Samples polymerized with the 
CH3-Ti(IV) initiators appear very similar to the free 
radical polymers but the P A N  initiated by the amido 
compounds exhibits a deviation which might be 
significant (Table 3). 

Polystyrene 
We previously reported [10] that, using the same 

experimental conditions, the above initiators and the 
monobenzyl  derivative lead to low conversions of  
styrene (11-20~).  Microstructures of  the polymers, 
examined through the resonance pattern of  the aro- 
matic quaternary carbon C1, appear very similar for 
samples initiated by mono  or binuclear CHa-Ti(IV ) 
derivatives as well as for samples initiated by diethyl- 
amido or  benzyl compounds.  The triads distribution 
was estimated by using the last assignment of  Mat- 
suzaki [19] and dividing the Ct patterns in four blocks 
respectively attributed to (mmmm + mmmr),  
(mrmm + mmrr),  (rrmr + mrmr + rmmr) and (rr) 
stereosequences. The lack of  resolution due to the 
complex overlapping, in addition to an always ques- 
tionable assignment, allows only a rough approxi- 
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Fig. 3. Composition of [St-co-MMA] copolymers. Co- 
polymerization initiated by CH3Ti(O-Pr)3 at room tem- 
perature in bulk. (m) Statistical copolymer. (--) Theoretical 
curve corresponding to a free radical copolymerization. 
rst = 0.51 l, rMM A = 0.488. Kelen-Tiid6s [20], from 

Mayo-Lewis results [21]. 
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mation of the (rr) triad which, assuming Bernoullian 
statistics, leads to a ( r r )=0 .28 ,  (mr)=0 .50 ,  
(mm) = 0.22 distribution with a Pr ( = l -a )  of 0.53. 
This is very close to the microstructure of free radical 
polystyrene as shown in Fig. 2 which compares our 
polymers with an emulsion polystyrene (Irrl  = 0.32, 
Imrl =0.49,  Imml =0.19,  P r=0 .57 ,  by the same 
method). 

Copolymerization o f  methyl methacrylate and styrene 

Copolymerizations were carried out at room tem- 
perature using the same conditions as for homo- 
polymerizations and the catalyst was CH3Ti(OiPr)3. 
The reactions were stopped after 5 hr and con- 
versions were all in the 3-5~o range. Instantaneous 
copolymer compositions vs comonomer feed com- 
positions, expressed in molar fraction, are given on 
Fig. 3. They fit well with the theoretical composition 
curve for a free radical process. 

DISCUSSION 

This paper is mainly concerned with mono or 
dimethyl derivatives of Ti(IV). The general behaviour 
of the polymerization systems when using these ini- 
tiators is consistent with a radical process. This is, at 
first, strongly supported by the complete bulk poly- 
merization of MMA, with marked autoacceleration 
which can be suppressed by adding an equimolar 
amount  of solvent, and by the ability to polymerize 
VAc. Tacticities of PMMA, PVAc and PAN ob- 
tained with the methyl derivatives are very close to 
those observed with a conventional radical initiator 
and show that, in all cases, the propagation obeys 
Bernoullian statistics. But the major evidence is pro- 
vided by the statistical M M A - S t  copolymerization 
which clearly exhibits radical reactivity ratios. As we 
did not test the effect of DPPH on the poly- 
merization, we are unable to decide if the mechanism 
is a simple radical process or a "coordinated radical" 
one as proposed by Chien [8] in the case of (Neo)aTi. 
It is interesting to note that the S t - M M A  co- 
polymerization system behaves quite differently with 
CH3-Ti(IV ) derivatives and with (Bz)4Zr in the dark 
for which Ballard first [4, 5] and very recently Mar- 
tineau [22] obtained a strong enrichment in M M A  
units. This latter author, who also observed by GPC 
a small amount  of a radical type copolymer, pro- 
posed for (Bz)4Zr an anionic mechanism super- 
imposed on a minor radical process. 

Nevertheless, and even if a radical process is 
obviously dominant ,  the exclusiveness of this mech- 
anism might be questionable. All our observations 
are not strictly coherent as for example the difference 
in behaviour with respect of temperature for poly- 
merizations initiated by dimethyl and monomethyl 
Ti(IV) compounds (Table 1). The binuclear initiator 
leads to M w and yield variations in agreement with a 
radical propagation which is not  the case for the 
mononuclear  initiator. Even if Mw measurements on 
high conversion polymers prepared in bulk are not  
very valuable, an explanation which involves a radi- 
cal process in both cases might be the significant 
difference in thermal stability between the two com- 
pounds [23] as uncontrolled decomposition of the less 
stable mononuclear  CH3Ti(OR)3 derivative could oc- 

cur upon prep___aration and handling leading thus to 
the highest Mw and incomplete conversion observed 
for polymerization of M M A  at 55 °. This might also 
explain the low AN conversion observed with this 
catalyst (Table 3). 

To sum up the results for the well defined mono or 
dimethyl Ti(IV) initiators, it seems clear that, in 
daylight or in the dark, a radical process is predomi- 
nant  for MMA, VAc and AN. The low conversions 
observed with styrene agree also with the large 
difference in reactivity, compared to MMA, which is 
observed in radical polymerization for these two 
monomers (kpMiA/k0s t ~ 6, extrapolation at 25 ° from 
Arrhenius plots [24]). 

For  polymerizations initiated by the di- 
alkylamidotitanium derivative, our results support 
the previous reports for the same type of catalyst. For 
M M A  (or St) polymerization at 25 °, radical mech- 
anism was proposed [25] which might agree with the 
Bernoullian stereosequences distribution of our 
P M M A  sample (Table 2). An anionic [25] and a 
coordinate insertion mechanisms [26, 27] were pro- 
posed for AN polymerization and, if the tacticity of 
our corresponding PAN sample allows a radical 
process to be discarded, we are unable to decide 
between a pure anionic and a coordinated propaga- 
tion. 
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R6sam6~La polym6risation du m&hacrylate de m&hyle (MMA), de l'ac&ate de vinyle, de l'acrylonitrile 
ou du styr6ne (St), amorc6e par des d6riv6s m6thyl6s du Ti(IV), r6sulte d'un processus radicalaire. La 
tacticit6 observ6e sur les polym6res correspondants est voisine de celle d'6chantillons radicalaires 
conventionnels et montre que la propagation ob6it fi une statistique Bernoullienne. Mais l'6vidence la plus 
nette est apport6e par la copolym6risation statistique MMA-St qui conduit fi des r6activit6s analogues 
~t celles observ6es en copolym6risation radicalaire de ces deux monom6res. 


