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Aminotelechelic poly(methylmethaerylates) of which number average molecular weight M n is less than 
7 x 1 0  3 are synthesized with the redox system TiCl3/NH2OH in hydrochloric aqueous phase. 
Functionality, molecular weight and yield are discussed on the basis of initiation, propagation and 
termination reactions. These considerations justify the influence of various factors such as the addition 
time of the TiCI 3 solution, the molar ratio M MA/TiCl3 and the nature of the reducing ions. The evolution 
of molecular weights determined by g.p.c, confirms the interpretation of the results. 

INTRODUCTION 

According to some studies 1-4 concerning the polymeri- 
zation of methylmethacrylate (MMA) initiated by the 
system Ti3+/NHzOH in aqueous phase, it appears that 
MMA polymerizes easily. High molecular weights are 
obtained, the lowest one (23200) being reached for a 
molar ratio M M A / N H z O H =  71:1. The termination re- 
action occurs mainly by addition of an amino radical 
.NH2: 

H z N  R,_I R ' + ' N H z ~ H 2 N - R - N H 2  

No reference is made to termination reactions by 
coupling or disproportionation. 

Therefore, before discussing our results, it is important 
to recall briefly the termination reactions involved during 
the radicalar polymerization of acrylic monomers, 

In Table 1 are given, according to Bamford and 
Tipper 5, the percentages of coupling at 25°C for different 
monomers. It appears that radicals giving 100% coupling 
have the structure (I); radicals giving both coupling and 
disproportionation reactions have the structure (II). 

CH2-- iH ~ CH 2 - - i - - C H  3 

X X 
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The presence of a methyl group in the structure (ll) 
introduces a steric hindrance being opposed to coupling. 
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But the possibility of hydrogen transfer must be 
considered to explain the disproportionation reaction. 
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Table 1 Percentage coupling at 25°C for given acrylic monomers 
(according to Bamford and TipperS). The percentage is given by 
the following equation: 

ktc 
100 

(ktc +ktd) 

where ktc = termination rate constant by coupling and ktd= term- 
ination rate constant by disproportionation 

Monomer Percentage of coupling 

Methylmethacrylate 32 
Ethylmethacrylate 32 
n-Butylmethacrylate 25 
Methylacrylate 100 
Ethylacrylate 100 
Methacrylonitrile 35 

reduced pressure (boiling temperature = 50°C under 15 
mm of mercury). The purified methylmethacrylate was 
stored at -30°C.  

Preparation of the redox solutions 
Titanium trichloride (TiC13CH), (Stauffer Chemical 

Company) was handled in a gloves box under a nitrogen 
atmosphere. Aqueous hydrochloric acid solutions (HC1, 
N) were used ([TiC13] = 1.3 mol I 1) because of their good 
stability in air and for easy handling ot TiCI 3. The same 
method was applied to preparation of VC13, FdC12 and 
CoC12. The necessary amount of hydroxylamine hy- 
drochlorate (Prolabo) was weighed before each run and 
solubilized in an aqueous hydrochloric acid solution 
(HCl, N). 

From that study it appears that the disproportionation 
reaction is preponderant in the polymerization of MMA. 

In order to synthesize some polymethylmethacrylates 
(PMMA) of low molecular weight (103'~1~,<6.103) by 
polymerizing MMA with the system Ti3+fNH2OH, we 
have used a molar ratio monomer/TiC13 = 10:1; an excess 
of hydrochloric hydroxylamine with respect to Ti 3+, 
so minimizing the following secondary reaction: 

Ti 3+ + . N H  2 + H  + ~ T i  4+ + N H  3 

- -  a hydrochloric aqueous solution (HC1, N) as polymeri- 
zation solvent. The MMA concentration is 0.05 molar in 
order to get a homogeneous medium; the redox system 
exhibits good water solubility. 

A homogeneous medium and an effective stirring 
assume the reproducibility of the experiments. But 
water is a non solvent of PMMA. The initiation of the 
polymerization occurs in solution. When the growing 
macromolecular chain reaches a given degree of polymeri- 
zation, it precipitates in an active state. From then, two 
different states of the active macromolecular chains 
coexist: a mobile state in solution and a rigid state in the 
precipitate. Because of the low mobility of the precipitated 
macromolecular radical, the termination reactions by 
coupling are still more improbable and the propagation 
reaction is favoured and high molecular weight polymers 
are therefore obtained. 

So, polymerizing MMA with the redox system 
Ti3+/NH2OH in aqueous phase, two types of products 
are synthesized. The g.p.c, spectra show a bimodal 
distribution. We will now examine the influence of various 
factors on the functionality, the molecular weight and the 
yield of the polymers. 

EXPERIMENTAL 

With the free radical polymerization being sensitive to the 
presence of oxygen, it is necessary to work under an inert 
atmosphere. For that reason each solution was previously 
saturated with nitrogen for approximately 30 min. 

Monomer purification 
Methylmethacrylate (Fluka, purum) was successively 

washed with a 10~o K O H  solution and distillated water. 
The organic phase was dried several times over calcium 
chloride, then distilled over calcium hydride under 

Polymerization and polymers characterization 
(1) Polymerization: 400 ml of an aqueous hydro- 

chloric solution (HC1, N) containing 6 × 10 -3 tool of 
hydroxylamine hydrochlorate and 3×10  -2 tool of 
methylmethacrylate are introduced in a one litre glass 
reactor. That mixture is homogeneous. The TiCI 3 
solution (200 ml; 3 x 10 -3 tool of TiCI3) was added 
dropwise to the medium under vigorous magnetic stir- 
ring. The reducing solution was added over a period of 
one hour (t 1 = 60 min); the polymerization takes place at 
room temperature (temperature-~ 20°C) and the solution 
was stirred for one more hour (t 2=60 min) after the 
complete addition of the reducing solution. At the contact 
of the oxidizing solution, the violet colouration of TiCI 3 
disappears instantaneously. The non-water soluble 
polymer precipitates. At the end of the run, the polymer is 
separated by filtration and washed several times with 
distilled water; it is finally dried under vacuum (10 -6 
mm of mercury) and a white powder is obtained. 

The polymer is then treated with an aqueous KOH 
solution under magnetic stirring in order to deliver the 
amino function. Lastly, the telechelic polymethylmethac- 
rylate is washed with distilled water and dried under 
10 -6 mm of mercury. 

(2) Characterization: molecular weights: (a) Gel per- 
meation chromatography: G.p.c. measurements have 
been performed on a Waters Associates apparatus 
(ALC/GPC 201) at room temperature. The stan_dardizing 
was carried out using polystyrenes of which M, values 
were 800, 2200, 17500, 35000, 110000 and 233000 
respectively. Four micro-styragel columns (100, 500, 103 
and 10 4 ~) and tetrahydrofuran as solvent were utilized. 
(b) Tonometry: The tonometric 1~, values have been 
determined on a Mechrolab type 301 apparatus, at 37°C 
in toluene as the solvent. The standardizing was realized 
using benzyl. 

Microstructure: The tacticity of polymethylmethac- 
rylate was determined by protonic nuclear magnetic 
resonance on a Varian HA 100 apparatus (solvent: O- 
dichlorobenzene; temperature: 120°C; reference: TMS). 

Functionality: (1) nitrogen analysis: The nitrogen dos- 
ing was performed on a CARLO ERBA C H - N - O  
apparatus. After weighing some aminotelechelic polym- 
ethylmethacrylate (less than one mg), the sample was 
introduced in a pyrolyzer by means of an automatic 
distributer. Then, the nitrogen oxides formed are reduced 
to nitrogen. The separation of nitrogen from water and 
carbon dioxide is realized by chromatography, each 
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Figure 1 Variations of the polymer yield (R %) and the tonometr ic  
molecular weight M n as a function of the addit ion t ime of the TiCI 3 
solution (MMA/TiCI 3 = 10/1 NH2QH/TiCl  3 = 10/1; temperature = 
20°C; TiCl 3 = 5 x 10 - 3  mol I - l )  

compound being detected through its thermal con- 
ductivity. A calculator integrates each signal and the 
results are given after standardizing the apparatus. (2) 
Polycondensation: The average functionality was de- 
termined knowing the percentage of nitrogen contained 
in the polymer and the tonometric number average 
molecular weight M,. Polycondensation is an easy me- 
thod to verify that functionality. 

For instance, the first step of the condensation between 
aminotelechelic polymethylmethacrylate and sebacic acid 
dichloride is given by the following reaction: 

m H2N ( P M M A - - ) - - N H  2 + mCICO ( C H 2 ~ s C O C [  

I --2m HCI 

H 2 N - [ - ( - - P M M A - - - ) - - N H - - C O  ( CH2--)~-8 CO-]~mCt 

We carried out the polycondensation on an aminotel- 
echelic polymethylmethacrylate of which the tonometric 
e~/,, value and the average functionality were 8300 and 1.1 
respectively. 

One g of polymer is dissolved in 20 ml of acetone and 10 
ml of ethylene tetrachloride containing one ml of sebacic 
acid dichloride are slowly added, over 30 min under 
vigorous stirring, to this solution at room temperature. 
After four hours reaction, the solution is precipitated in 
ether and the polymer dried under vacuum (10 6 mm of 
mercury). Its tonometric ~V/,, value is equal to 17 500 
justifying the experimental functionality of 1.1. 

IN FL UENC E OF THE ADDITION TIME OF THE 
TiCI 3 SOLUTION 

In this study we have chosen an additional one hour 
stirring time after complete addition of the reducing 
solution. According to Kakurai et al. s''* the polymeri- 
zation is complete after reaction time of 30 rain. 

Figure I shows the variations of the polymer yield (R in 
"~,i) and of the number average molecular weight ,~, 
(tonometric determination) as a function of the addition 
time (ql of the TiCIs solution. For a fast addition of the 
reducing solution, the polymer yield and the molecular 
weight, .~,, have low values. 

In order to explain these results we utilized the 

hypothesis of Pinazzi et al. 6, relative to the existence of a 
local overconcentration of amino radicals. 

In this local overconcentration zone the large amount 
of initiator favours the initiation at the expense of the 
propagation reaction. Low molecular weight products are 
therefore obtained. Moreover, the high concentration of 
amino radicals leads to an enhanced possibility of termi- 
nation by these radicals, increasing the average 
functionality (Figure 2): 

H zN-+ R,,,' + "NH2-," H 2 N - R,,, - NH 2 

The combination of two "NH 2 radicals leading to N2H 4 
must be also considered. That reaction seems probable 
because the dissociation energy of the nitrogen nitrogen 
bond in N2H 4 is important (60 kcal per moll  For a slow 
addition of the reducing solution, the polymer yield and 
the number average molecular weight increase. Indeed, in 
comparison to the case of a fast addition, the amino 
radical concentration is not high, favouring the pro- 
pagation reaction and thus high molecular weight 
polymers are synthesized. 

The g.p.c, chromatograms of several samples show a 
distribution which is bimodal (Fiqure 3). That distribution 
may be attributed to the coexistence of two different active 
states for the growing macromolecular chain: a mobile 
state in solution and a rigid state in the precipitate. Thus 
the high molecular weight polymers arise from the 
precipitated phase and the low molecular weight 
polymers from the solution. The curves (Fi~/ure 3) at fast 
addition time show a maximum in the low molecular 
weight field and a shoulder in the high molecular weight 
field: however by increasing addition times the results are 
inverted. These observations agree with the above 
considerations. 

The tacticity determined on two PMMA samples 
obtained for low and high addition times of the reducing 
solution gives the following values: isotactic 6"o; atactic 
30"i,: syndiotactic 64"i;. A classical free-radical polymeri- 
zation of MMA leads to polymer of identical tacticity. 

In all the experiments an additional stirring time (t 2) of 
one hour after complete addition of the TiCI s solution 
was carried out in order to awfid an incomplete 
polymerization. 

2 0  

1.5 

0 2~0 4'0 6'0 -- 8~0 1C~0 

1.O 

t l(min) 

Figure2 Variation of the funct ional i ty fw i t h  the addit ion time 
of the TiCl 3 solution 
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NH2OH/TiC13 equal to 2. That value is high enough to 
get, at any one time an excess of hydroxylamine with 
respect to TiCI 3, but also that the value is low enough in 
order to remove all the remaining hydroxylamine by 
washing the polymer. The last remark is important 
because the functionality has been determined by 
dosing nitrogen in the polymer (see Experimental section). 

105 10 4 103 
at/ (g.p.c.) 

Figure 3 Variation of the molecular weights distribution as a 
function of the addition time of the TiCI 3 solution: (1) 2 min; 
(2) 15 min; (3) 45 min; (4) 60 rain; (5) 120 min 

105 10 4 103 
M/(gp.c) 

Figure 4 Variation of the molecular weights distribution as a 
function of the hydroxylamine concentration: [NH2OH] = 
(1) 2.5 x 1 0 - ] ;  (2) 10--2; (3) 4.9 x 10 - 2  mol 1-1 

I N F L U E N C E  OF THE HYDROXYLAMINE 
CONCENTRATION 

The polymerization takes place only in presence of 
hydroxylamine, but in order to minimize any secondary 
reactions an excess of Ti 3 + is necessary, 

Varying the molar ratio NH2OH/TiCI 3 from 1 to 10 
(with TiCI 3 =constant  = 5 × 10-3 mol 1-1), the polymer 
yield does not depend on the hydroxylamine concen- 
tration: for instance, the yield approaches 72~o (weight) for 
a molar ratio MMA/TiCI 3 equal to 10 (at 20°C; t I --60 
min). The g.p.c, curves do not show any change in the 
molecular weight distributions (Figure 4). The average 
functionality is about 1.2. 

In the next experiment we have kept the molar ratio 

IN F LU EN CE OF THE MOLAR RATIO MMA/TiC13 

Keeping the monomer amount constant, a decrease in the 
initiator (TiCI3) concentration involves an increase in the 
polymer yield and of the number average molecular 
weight (Figure 5). Moreover, the g.p.c, curves show a 
developing of the high molecular weights at the expense of 
the low molecular weights by varying the ratio from 0.5 to 
20 (Figure 6). Simultaneously the functionality decreases 
(Figure 7). 

The following explanation is proposed: a low ratio 
corresponds to an important initiator concentration, 
Therefore the initiation and the termination reactions 
with the amino radical are favoured; a high ratio cor- 
responds to a reduction of amino radicals in the medium, 
favouring the propagation step. 
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Figure 5 Variations of the polymer yield (R %) and the tono- 
metric molecular weight /~n as a function of the molar ratio MMA/  
TiCI 3 ( [ M M A ]  = 5 x 1 0  - 2 m o l I - I ; N H 2 O H / T i C I  3 = 2 : 1 ; t  1 = 6 0 m i n ;  
temperature = 20 ° C) 
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Figure 6 Variation of the molecular weights distribution as a 
function of the molar ratio MMA/TiCI 3 (MMA/TiCI 3 = (1) 0.5; 
(2) 2; (3) 10; (4) 20) 
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IN FL UENC E OF THE TEMPERATURE 

The polymer yield and the number average molecular 
weight increase with the temperature (Figure 8) and on the 
g.p.c, curves (Figure 9) the maximum is shifted to the high 
molecular weights. This result needs some more in- 
vestigation to find a valuable explanation. 
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i i [ _ ~  i i I 1 

O 2 4 6 v 1C) 12 14 16 18 2 b  212 
M M A  
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Figure 7 Variat ion of the funct ional i ty  wi th the molar ratio 
MMA/TiCI  3 
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Figure 8 Variations of the polymer yield (R %) and the tono- 
metric molecular weight/~n as a function of the temperature 
(MMA/T iCI  3 = 10: 1; NH2OH/TiCI 3 = 2: 1; [TiCl 3] = 5 x 10 - 3  
tool I - 1 ;  t I = 60 min) 

8 

% 
x 

IN F LU EN CE OF THE NATURE OF THE 
REDUCING ION 

The following reducing ions were used: Ti 3 +, V 3 +, Ee 2 + 
and Co 2+. In order to obtain telechelic polymers, the 
reducing solution is added rapidly (10 to 20 s) to the 
medium. In that way, the termination reaction with the 
amino radical is favoured. 

PMMA appears immediately with TiCI 3, after some 
minutes in the case of VC13 and several days in the case of 
FeC12; CoCI 2 presents a low potential and after 2 h 
reaction the polymerization does not take place (TaMe 2). 

With the fast addition of the reducing solution, VCI 3, 
good yields are obtained. Therefore it seemed worthwhile 
to study the influence of the molar ratio MMA/VCI 3 on 
the monomer conversion, the molecular weights and the 
functionality. The variations were similar to those obser- 
ved for TiCI 3 (Figure 10). The propagation reaction is 
favoured with decreasing the concentration of initiator 
M "+, consequently the polymer yield and the molecular 
weight increase. Finally when the ratio MMA/VCI 3 varies 
from 1 to 10, the functionality decreases from 1.3 to 1.I. 

CONCLUSIONS 

A particular interest has been borne to the polymerization 
of methylmethacrylate with the redox system 
TiC13/NH2OH in acid aqueous phase. The homogeneity 
of the medium is initially conditioned by the solubility of 
the monomer and then by the low polymer solubility. The 

i i 
10 5 10 4 10 3 

M i (g pc.) 
Figure 9 Variat ion of the molecular weights distr ibut ion as a 
funct ion of  the temperature: (1) 0°C; (2) 8°C; (3) 20°C; (4) 48°C 

Table2 Influence of the nature of the reducing i o n M  n+ on the polymer yield (R %) the molecular weights (Mn, M w) andthe funct ional i ty (f). 
Experimental condit ions: NH2OH/M n+ = 2 : 1; MMA/M n+ = 10 : 1; [MMA]  = 5x  10 _2 mol I -1 ;  [M n+] = 5 x 10 - 3  mol I - l ;  [NH2OH] = 
10 - 2  tool I - 1 ;  t 2 = 120 min, but for  FeCI 2 (one week) 

G .p.c, 
Potential /~n 

M n+ (volts) R % ( tonometry)  f Mn /~w Mw/Mn 

Ti 3+ - 0 . 40  3 2500 1.15 

V 3+ -0 .20  78 8300 1.10 
pH - 0  

Fe 2+ +0.75 2 1800 8100 4.5 
pH %2 

Co 2+ +1.83 0 
pH = 0 
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Figure 10 Variations of the polymers yield (R %) and the tono- 
metric molecular weight /~n as a function of the molar ratio MMA/  
VCI 3(NH2OH/vCI  3 = 2 : I ; [ M M A ]  = 5 x l 0 - - 2 m o l l - - 1 ; t l  ~ 15s; 
t 2 = 120 min) 

originality of the published papers is often limited to the 
synthesis of high polymers and to some kinetic aspects, 
disregarding any mechanism of the polymerization which 
also proceeds in the heterogeneous medium. 

We have synthesized some low molecular weight 
aminotelechelic polymethylmethacrylates (103 < A n < 7 

3 × 10 ) under experimental conditions assuming that these 
conditions are reproducible. Functionality, molecular 
weight and yield are discussed on the basis of initiation, 
propagation and termination (by coupling, disproportion- 
ation and amino radical addition) reactions. 

At a given time, the polymerization allows the coexis- 
tence of precipitated and soluble active macromolecular 
chains. In the precipitated state, the termination by 
coupling seems less probable, favouring the propagation: 
thus high molecular weight polymers are obtained but 
their average functionality is tending to 1. However, the 
termination by coupling is more probable in solution than 
in the precipitated state and low molecular weight 
polymers with high functionality are formed. The bimodal 
distribution observed by g.p.c, and the low functionality 
of the high molecular weight polymers and the high 
functionality of the low molecular weight polymers justify 
our hypothesis. A further fractionation of the polymer and 
the determination of the functionality of each fraction will 
undoubtedly support our conclusions. 

A local amino radical overconcentration favours the 
initiation at the expense of the propagation and permits 
the termination with the radical itself therefore polymer 
yield and molecular weight will be low, but the functio- 
nality will tend to a maximum value. 

Increasing the addition time and/or diluting the TiCI 3 
solution, in other words suppressing the local overcon- 
centration, average(s) the functionality and the molecular 
weight to low and high values respectively. The termi- 
nation with the amino radical may be disregarded, the 
disproportionation being favourable towards the coupl- 
ing reaction. Therefore, it seems evident that each increase 
in the amino radicals concentration leads to polymers of 
higher functionality, but lower molecular weight and 
yield. 

Table 3 Influence of the temperature on the polymer yield (R %), 
the molecular weight (/~n) and the functionali ty (f). Experimental 
conditions: MMA/TiCI 3 = 10:1; MMA = 5.10 - 2  mol I--1; 
NH2OH/TiCI 3 = 2: 1; NH2OH = 10 - 2  mol I - l ; t  l = 60 min; 
t 2 = 60 min and M n expressed in equivalent of polystyrene 

G,p.c. 

/~n 
t °C R % tonometry f Mn Mw Mw/Mn 

0 50 2800 1.35 1550 5500 3.5 
20 72 4300 1.17 3300 12 750 3.8 
48 79 6200 1.02 2850 14 400 5.0 

These considerations seem to justify the influence of 
various factors like the addition time of the TiC13 
solution, the molar ratio MMA/TiC13, etc, are supported 
by the evidence from the g.p.c, curves. However, the 
temperature effect still remains to be explained. The 
tacticity of polymethylmethacrylate synthesized through 
the redox system TiC13/NHzOH (6°o isotactic; 30~o 
atactic; 64~,o syndiotactic) corresponds to a classical free 
radical polymer whose degree of polymerization increases 
by decreasing the temperature. However, we observed the 
reverse phenomenon which is also effective through 
photopolymerization and this result is evidence for the 
interference of another mechanistic aspect. However, at 
temperatures favouring the disproportionation termi- 
nation, the functionality must decrease, and this is what 
we effectively observe (Table  3). 

This work, discussed on the basis of the initiation, 
propagation and termination (by coupling, disproportio- 
nation and amino radical addition) reactions, presents a 
new face in comparison to the studies of Kakurai et al. 3'4. 
Indeed, Kakurai et al. have synthesized high aminotel- 
echelic polymers ( 4 , > 2 3  x 103) with correct functio- 
nality (f= 1.78 for ,Q, = 23 200): however they worked in a 
field favourable for secondary reactions (i.e. a molar 
excess of TiC13 with respect to NH2OH); moreover, their 
results are only justified on the basis of termination with 
the amino radical. 

It might also be interesting to consider the polymeri- 
zation of MMA initiated with the amino radical issuing 
from N2H 4 decomposition by irradiation, in order to 
compare the capacities of the three systems, NzH 4 
( + radiation), H20 2 ( + radiation and TiCI3/NH2OH. 
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