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RADICAL GRAFT POLYMERIZATION OF VINYL 
MONOMERS INITIATED BY A20 GROUPS INTRODUCED 
ONTO A CARBON BLACK SURFACE: EFFECT OF AZO 
GROUPS ON GRAFT POLYMERIZATION 
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Department of Material and Chemical Engineering 
Faculty of Engineering 
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8050, Ikarashi 2-nocho, Niigata 950-21, Japan 

ABSTRACT 

The radical graft polymerization of vinyl monomers from carbon 
black initiated by azo groups introduced onto the surface was in- 
vestigated. The introduction of azo groups onto carbon black sur- 
face was achieved by three methods: the reaction of 2,2’-azobis[2- 
(2-imidazolin-2-yl)propane] (AIP) with (1) epoxide groups, which 
were introduced by the reaction of carbon black with chlorometh- 
yloxirane; (2) acyl chloride groups, which were introduced by the 
reaction of carboxyl groups on the surface with thionyl chloride; 
and (3) 3-chloroformyl-1 -cyano- 1 -methylpropyl groups, which 
were introduced by the reaction of carbon black with 4,4’- 
azobis(4-cyanovaleric acid) and then thionyl chloride. The amount 
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71 6 FUJIKI, TSUBOKAWA, AND SONE 

of azo groups introduced onto the surface by the above methods 
was determined to be 0.07-0.19 mmol/g. The graft polymerization 
of methyl methacrylate was found to be initiated by azo groups 
introduced onto the carbon black surface. During the polymeriza- 
tion, poly(methy1 methacrylate) was effectively grafted onto car- 
bon black through propagation of the polymer from the radical 
produced on the surface by the decomposition of the azo groups. 
The percentage of grafting using carbon black having azo groups 
introduced by method 1 increased to 40%. It was also found that 
the graft polymerization of several vinyl monomers such as styrene, 
acrylonitrile, and acrylic acid was initiated by the azo groups intro- 
duced onto the surface and the corresponding polymer was effec- 
tively grafted onto the surface. Furthermore, the effect of the 
amount of carbon black having azo groups on the graft polymer- 
ization was investigated. 

INTRODUCTION 

The grafting of various polymers onto carbon black has been widely 
investigated [l]. For instance, polymer-grafted carbon black can be eas- 
ily obtained when the polymerization of vinyl monomers is initiated by 
radical [2], anionic [3], and cationic [4] initiators in the presence of 
carbon black. The percentage of grafting of polymers and grafting effi- 
ciency, however, are less than 10% because the carbon black surface 
reacts with initiators in preference to growing polymer chains. 

Therefore, it is necessary to initiate the polymerization from active 
sites introduced onto the surface of the carbon black to obtain polymer- 
grafted carbon black with a higher percentage of grafting [5, 61. From 
this point of view, we reported the grafting of various polymers onto 
carbon black by anionic grafting from alkali metal carboxylate groups 
on carbon black [7, 81 and by cationic grafting from acylium perchlorate 
groups on carbon black [9, 101. The radical grafting from carbon black, 
however, has been scarcely investigated. 

In an earlier paper, we reported the radical graft polymerization of 
vinyl monomers from carbon black initiated by a redox system consisting 
of ceric ions and alcoholic hydroxyl groups introduced onto the surface 
[ 111 and the radical graft polymerization of vinyl monomers initiated 
by peroxyester groups introduced onto the surface [12]. Recently, we 
succeeded in radical grafting initiated by azo groups introduced onto the 
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POLYMERIZATION OF VINYL MONOMERS 71 7 

carbon black surface [13]. In this polymerization the percentage of graft- 
ing of polymers increased to 40-80% because the propagation of poly- 
mers took place from radicals produced on the surface. 

In the present paper, azo groups, whose structures are different from 
those previously reported, were introduced onto the surface of the car- 
bon black. The radical graft polymerization of vinyl monomers initiated 
by azo groups on the surface was discussed and the results were com- 
pared with those previously obtained (Eq. 1). Furthermore, the effect of 
the amount of carbon black having azo groups on the graft polymeriza- 
tion was investigated. 

R-N=N-R ' 9 
n CH -CH 

2- I 
X - x 

X 
Grafted carbon black 

n CH2=CH 

EXPERIMENTAL 

Materials 

The carbon blacks used were of furnace and channel types. Furnace 
black Philblack 0 (Phillips Petroleum Co.) was extracted with chloro- 
form before use to remove the resinous substances on the surface. Chan- 
nel black Neospectra I1 (Columbian Carbon Co.) was used without ex- 
traction because it had no resinous substances. These carbon blacks were 
dried in vucuo at 1 10°C before use. The properties of the carbon blacks 
[BET specific surface area, pH, and the content of carboxyl (COOH) 
[14], phenolic hydroxyl (OH) [15], and quinonic oxygen (C=O) [la] 
groups] are shown in Table 1. 

Methyl methacrylate (MMA), styrene, vinyl acetate, and acrynotrile 
were purified by general methods and distilled twice. Acrylic acid was 
distilled under reduced pressure in the presence of hydroquinone. 

4,4 '-Azobis(4-cyanovaleric acid) (ACV), obtained from Otuka Chem- 
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71 8 FUJIKI, TSUBOKAWA, AND SONE 

TABLE 1. Properties of Carbon Blacks Used 

BET 
surface 
area, COOH, OH, c = o ,  

Carbon black m2/g pH mmol/g mmol/g mmol/g 

Neospectra IIa 906 3.0 0.40 0.24 0.92 
Philblack Ob 79.6 8.7 0 0.02 0.18 

"Channel black. 
bFurnace black. 

ical Co., and 2,2 '-azobis[2-(2-imidazolin-2-y1) propane] (AIP), obtained 
from Wako Pure Chemical Co., were dried in V ~ C U O  at room tempera- 
ture before use. 

Chloromethyloxirane was distilled twice under reduced pressure. Di- 
oxane and benzene were refluxed over sodium and distilled twice. Pyri- 
dine was dried over potassium hydroxide with stirring for 24 h and 
then distilled. Other solvents and reagents were used without further 
purification. 

Preparation of Carbon Black Having Epoxide Groups 
(Carbon Black 1) 

The introduction of epoxide groups onto carbon black was achieved 
by the reaction of carboxyl and phenolic hydroxyl groups on the carbon 
black surface with chloromethyloxirane in the presence of NaOH accord- 
ing to a previous paper [ 171. 

Preparation of Carbon Black Having Acyl Chloride Groups 
(Carbon Black 2) 

Carbon black having acyl chloride groups was prepared by the reac- 
tion of carboxyl groups on the surface with thionyl chloride. The proce- 
dures were described in a previous paper [ 181. 
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POLYMERIZATION OF VINYL MONOMERS 71 9 

Preparation of Carbon Black Having 3-Chloroformyl-l- 
cyano-1 -methylpropyl Groups (Carbon Black 3) 

The introduction of carboxyl groups onto carbon black was achieved 
by the reaction of aromatic rings of the carbon black with 3-carboxy-l- 
cyano-1-methylpropyl radicals which formed by the thermal decomposi- 
tion of ACV. Then the carbon black was treated with thionyl chloride to  
prepare carbon black 3. The procedures for the treatment were also 
described in previous papers [12, 18, 191. 

Introduction of Azo Groups onto Carbon Black 

achieved by the following methods. 
The introduction of azo groups onto the carbon black surface was 

(1) Preparation of Carbon Black la .  Carbon black l a  was prepared 
by the reaction of epoxide groups on the surface (carbon black 1) with 
AIP (Eq. 2). 

1 

K R - N = N - R ~  
I . . , , -N=N-R<NT N N ( A m )  / 9 CH-CH2-N N N NH - (2) u I 

OH 1 

l a  

Into a 200-mL flask, 5.0 g carbon black having epoxide groups, 1.0 g 
AIP, 50 mL dioxane, and 0.70 mL pyridine were charged. Then the 
reaction mixture was stirred with a magnetic stirrer for 8 h at 25OC 
under dry nitrogen. After the reaction, the resulting carbon black was 
repeatedly washed with methanol and dried in vacuo at room tempera- 
ture. The treated carbon black was stored in the dark below OOC. 

(2) Preparation of Carbon Black 2a. Carbon black 2a was prepared 
by the reaction of acyl chloride groups on the surface (carbon black 2) 
with AIP (Eq. 3). 
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720 FUJIKI, TSUBOKAWA, AND SONE 

cR-N=N-R- 

U 
C-N N N NH ( 3 )  

$-!-OH 5 $-g-Cl 5 $ 0 II u 

2 2a 

Into a 200-mL flask, 6.0 g carbon black having acyl chloride groups, 1.2 
g AIP, 60 mL dioxane, and 1.0 mL pyridine were charged. Subsequent 
procedures of treating, washing, and drying were performed in the same 
manner as described above. 

(3) Preparation of Carbon Black 3a. Carbon black 3a was prepared 
by the reaction of 3-chloroformyl-1-cyano-1-methylpropyl groups on the 
surface (carbon black 3) with AIP by the same manner as described 
above, except for the use of 0.60 g AIP and 0.50 mL pyridine (Eq. 4). 

y 3  y33 + HOOC-(CH2)2-C-N=N-C-(CH ) -COOH (ACV) 
I I 2 2  
CN CN 

AIP K R - N = N - R ~  
N NH 
U 

0 

3a 

3 

( 4 )  

Polymerization Procedures 
A typical procedure was as follows. Into a glass tube, 0.30 g carbon 

black and 10 mL monomer were charged. The tube was cooled, thawed 
three times with nitrogen, and sealed under vacuum. The sealed tube 
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POLYMERIZATION OF VINYL MONOMERS 72 1 

was heated at 7OoC with shaking. After a definite time, the contents of 
the tube were poured into a large excess of a precipitant for the polymer. 
The precipitate was filtered and dried in vacuo at 4OOC. The precipitant 
for poly(methy1 methacrylate) (PMMA), polystyrene, and polyacryloni- 
trile was methanol. A large amount of water was used to precipitate 
poly(viny1 acetate). 

When acrylic acid was used as the monomer, polymerization was 
stopped by adding hydroquinone and then unreacted monomer was re- 
moved by distillation under reduced pressure. The residue was dried in 
vacuo at 40OC. 

The conversion was calculated according to 

x loo precipitate obtained (g) - carbon black (g) 
monomer used (g) 

conversion (Yo) = 

Determination of Percentage of Grafting 
and Grafting Efficiency 

The reaction product was dispersed in a solvent for the polymer with 
stirring, and the dispersion was centrifuged at 1.0 x lo4 rpm until the 
carbon black was precipitated completely in order to isolate polymer- 
grafted carbon black from the product containing ungrafted polymer. 
The carbon black precipitated was extracted with a solvent for the poly- 
mer by using a Soxhlet apparatus until no more polymer was eluted in 
the reflux solvent. After extraction, the carbon black was dried in vacuo 
at 9OOC. The dispersing and extracting solvents for polystyrene, PMMA, 
polyacrylonitrile, and poly(viny1 acetate) and poly(acry1ic acid) were ben- 
zene, chloroform, N,N-dimethylformamide, and methanol, respectively. 

The percentage of grafting and grafting efficiency were determined 
by the following equations: 

polymer grafted (g) 
carbon black used (g) 

grafting (070) = x 100 

x 100 polymer grafted (8) 
total polymer formed (g) 

grafting efficiency (070) = 

The amount of polymer grafted was determined from the increment 
in weight of carbon black after graft polymerization. 
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722 FUJIKI, TSUBOKAWA, AND SONE 

RESULTS AND DISCUSSION 

Introduction of Azo Groups onto Carbon Black 

In a previous paper, the introduction of azo groups onto the carbon 
black surface was achieved by three methods [13]: (1) the reaction of 
2,2 '-azobis(2-cyano-n-propanol) (ACP) with acyl chloride groups on the 
surface, which were introduced by the reaction of carboxyl groups on 
the surface with thionyl chloride; (2) the reaction of ACV with isocya- 
nate groups on the surface, which were introduced by treatment of car- 
bon black with tolylene 2,4-diisocyanate; and (3) the reaction of 4,4'- 
azobis(4-cyanovaleryl chloride) (ACV-COCl) with hydroxyl groups on 
the surface. 

In this research, azo groups were introduced onto the carbon black 
surface by the following three methods by using AIP. 

(1) Carbon black l a  was prepared by the reaction of AIP with epoxide 
groups, which were introduced by the reaction of carbon black with 
chloromethyloxirane (Eq. 2). 

(2) Carbon black 2a was prepared by the reaction of AIP with acyl 
chloride groups, which were introduced by the reaction of carboxyl 
groups on the surface with thionyl chloride (Eq. 3). 

(3) Carbon black 3a was prepared by the reaction of AIP with 3- 
chloroformyl-1 -cyano-1 -methylpropyl groups, which were introduced by 
the reaction of 3-carboxy-1-methylpropyl groups with thionyl chloride 
(Eq. 4). 3-Carboxy- 1 -cyano-1 -methylpropyl groups were introduced by 
the reaction of carbon black with ACV [12, 191. 

The amount of azo groups introduced onto the surface was deter- 
mined by elemental analysis of nitrogen. The results are summarized in 
Table 2. As shown in Table 2, azo groups can be introduced onto the 
carbon black surface by the reactions shown in Eqs. (2), (3), and (4). 

Confirmation of Initiating by Azo Groups Introduced 
onto Carbon Black 

The graft polymerization of MMA was carried out in the presence of 
carbon black l a  at 7OoC, and the initiating ability of the azo groups 
on the surface was examined. Table 3 shows the results of the graft 
polymerization of MMA under several conditions. 
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POLYMERIZATION OF VINYL MONOMERS 723 

TABLE 2. The Amount of Azo Groups Introduced 
onto a Carbon Black Surface 

Introduction 
Carbon black reaction No. 

Untreated Neospectra I1 - - 
Untreated Philblack 0 - - 
Neospectra I1 Eq. (2) l a  
Neospectra I1 Eq. (3) 2a 
Philblack 0 Eq. (4) 3a 

Azo 

N, 070 mmol/g 

Trace 0 
Trace 0 
1.61 0.19 
0.93 0.11 
0.69 0.07 

"Determined by elemental analysis of nitrogen. 

As shown in Table 3, although the thermal polymerization of MMA 
proceeded slightly even in the absence of initiator, the rate of polymer- 
ization was very low (No. 1). In the presence of untreated carbon black 
(Nos. 2 and 3), however, no polymerization of MMA was observed. This 
phenomenon suggests that in the presence of untreated carbon black, 
thermal polymerization is completely inhibited by such oxygen- 
containing groups on the carbon black as phenolic hydroxyl and quino- 

TABLE 3.  Graft Polymerization of MMA under Several Conditions" 

No. Carbon black 
Conversion, Grafting, 
070 (7.0 

None 
Untreated Neospectra I1 
Untreated Philblack 0 
Neospectra I1 - CH-CH, (1) 

Philblack 0 - COCl(3) 
AIP-adsorbed Neospectra I1 
Neospectra 11-R-N=N-R' (la) 
Philblack 0- R-N=N-R' (3a) 

\ /  
0 

0.7 
0 
0 
0.2 

0 
0.4 
4.0 
3.9 

- 
0 
40.3 
38.5 

Tarbon  black, 0.30 g; MMA, 10 mL; 70OC; 6 h. 
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724 FUJIKi, TSUBOKAWA, AND SONE 

nic oxygen groups. Furthermore, the graft polymerization of MMA in 
the presence of Neospectra I1 having epoxide groups (carbon black 1) 
was examined (No. 4); carbon black 1 was found to have no ability to 
initiate polymerization. In the presence of Philblack 0 having chloro- 
formyl groups (carbon black 3) (No. 9, no polymerization of MMA was 
observed. 

On the contrary, the polymerization of MMA was found to be initi- 
ated both in the presence of carbon black l a  and in the presence of 3a, 
and PMMA was grafted onto the surface (Nos. 7 and 8). 

To investigate initiation by azo groups on the surface, the initiating 
activity of AIP-adsorbed carbon black was evaluated (No. 6). AIP- 
adsorbed carbon black was prepared by the treatment of untreated Neo- 
spectra I1 with AIP in a manner similar to the introduction of azo 
groups. As shown in Table 3, AIP-adsorbed carbon black had no ability 
to initiate polymerization. This suggests that AIP adsorbed on the car- 
bon black surface during treatment for the introduction of azo groups is 
completely removed by washing with methanol after the treatment. 

Based on the above results, it is concluded that the polymerization of 
MMA is initiated by azo groups introduced onto the surface of the 
carbon black. 

Graft Polymerization of MMA Initiated by Azo Groups 
on the Carbon Black 

The graft polymerization of MMA initiated by azo groups introduced 
onto the carbon black surface was investigated. Figure 1 shows the time- 
conversion curve and the time-percentage of grafting curve for the graft 
polymerization of MMA initiated by carbon black la .  It is apparent that 
PMMA is grafted onto the surface and that the percentage of grafting 
reaches about 40% after 6 h. The grafting efficiency was 30-50'7'0 in this 
graft polymerization. These values are almost equal to those obtained 
from polymerization initiated by azo groups introduced by the reaction 
of ACP with acyl chloride groups on carbon black according to the 
method described in a previous paper [ 131. 

To evaluate the adsorption of PMMA onto the surface, untreated 
Neospectra I1 was mixed with ungrafted PMMA. The amount of the 
PMMA remaining on the surface after extraction with chloroform was 
negligibly small. This indicates that it is not necessary to take into ac- 
count the effect on grafting of the adsorption of ungrafted PMMA 
produced during polymerization. 
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s . 
C 
0 
In .- 

6 t  
-40 

s 
-30 

C .- - 
c 

-20 2 
(3 

- 10 

-0 
0 1 2 3 4 5 6  

Time I h 

FIG. 1. Graft polymerization of MMA initiated by carbon black la.  Carbon 
black, 0.30 g; MMA, 10 mL; 7OOC. 

Figure 2 shows the results of the graft polymerization of MMA initi- 
ated by carbon black 2a as an initiator. The conversion and the percent- 
age of grafting after 6 h reached 3.8 and 37'70, respectively. From these 
results, carbon black 2a is found to have the ability to initiate the graft 
polymerization of MMA. The initiating activity of carbon black 2a and 
the percentage of grafting, however, were slightly lower than those of 
carbon black la .  This may be due to the lower azo group content of 
carbon black 2a than of carbon black l a .  The grafting efficiency was 
determined to be 33-51'70. In addition, these values were practically 
equal to those obtained from the polymerization using azo groups intro- 
duced by the reaction of ACV-COCl with hydroxyl groups on the carbon 
black surface. 

As previously reported, the amounts of azo groups introduced by the 
reaction of ACV with acyl chloride groups on the surface and by the 
reaction of ACV-COCl with hydroxyl groups on the surface were 0.18 
and 0.13 mmol/g, respectively [13]; each value is found to be almost 
equal to azo group contents of carbon black l a  and 2a, as shown in 
Table 2. These results suggest that the initiating activity of azo groups 
introduced onto the surface is influenced by the content rather than by 
the bonding structure. 

The graft polymerization of MMA using carbon black 3a as an initia- 
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C 
0 
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C 
0 
V 

.- 
L 

6 t  

0 1 2 3 4 5 6  

- 40 
s 
\ 

- 3 0  0 
C .- 
c - 

-20 g 
- 10 

-0 

Time / h 

FIG. 2. Graft polymerization of MMA initiated by carbon black 2a. Polymer- 
ization conditions are given in Fig. 1. 

tor was examined. Figure 3 shows the time-conversion and time-percent- 
age curves of grafting. The conversion and the percentage of grafting 
increased gradually as the polymerization proceeded. These values 
reached 3.8 and 38%, respectively, after 6 h. The grafting efficiency was 
determined to be 32-47'70 during the graft polymerization of MMA. 
From the results, it is apparent that carbon black 3a (furnace black 
Philblack 0 with azo groups on the surface) has an initiating activity for 
graft polymerization. 

The azo groups on the surface are considered to  produce both surface 
radicals and 1 -(2-imidazoline-2-yl)- 1 -methylethyl radicals by their de- 
composition (Eq. 1). The former initiates graft polymerization, but the 
latter produces ungrafted polymer. Based on the grafting efficiency val- 
ues, ungrafted polymer is produced mainly by 1 -(2-imidazoline-2-y1)-1- 
methylethyl radicals rather than by a chain transfer reaction of growing 
polymer radicals from the surface. 

Effect of the Amount of Carbon Black on the Graft Polymerization 

The effect of the amount of carbon black l a  used as an initiator on 
the graft polymerization of MMA was examined. The results are shown 
in Fig. 4. The conversion increases with an increase in the amount of 
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C 
0 

0, 

0 
V 

.- 
I 
c’ 

0 1 2 3 L 5 6  
Time h 

FIG. 3.  Graft polymerization of MMA initiated by carbon black 3a. Polymer- 
ization conditions are given in Fig. 1. 

s 
\ 

C 
0 .- 
I : 
0 
V 

0 MMA,lOml 
0 MMA,20mI 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
Carbon black / g 

FIG. 4. Effect of the amount of carbon black l a  on the graft polymerization 
of MMA. 7OOC; 6 h. 
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carbon black and reaches a maximum value. Then the conversion de- 
creases gradually as the amount of carbon black increases. As is evident 
from the results, there exists an optimum amount of carbon black having 
azo groups as an initiator. The optimum was in the range of about 0.15- 
0.30 g when 10 mL of MMA was used, and about 0.30-0.50 g when 20 
mL of MMA was used. The optimum amount of carbon black in 20 mL 
of MMA shifted to twice as much as that in 10 mL of MMA as the 
amount of MMA used was doubled. 

Figures 5 and 6 show the time-conversion and the time-percentage of 
grafting curves when using 0.15 and 0.30 g of carbon black l a  as the 
initiator, respectively. The conversion and the percentage of grafting 
using 0.15 g of carbon black l a  are somewhat larger than those using 
0.30 g of carbon black la .  The grafting efficiencies in each case, how- 
ever, were almost equal (37-50 and 30-50%). 

Based on these results, it seems that the decrease of conversion below 
the optimum amount of carbon black is due to the small azo group 
content on the carbon black surface. On the other hand, above the 
optimum amount of carbon black, the decrease of conversion seems to 
be due to considerable heterogeneous polymerization; that is, azo groups 
on the carbon black surface will not act effectively as an initiator because 
of insufficient diffusion of carbon black into the monomer solution. 

$ 5  

0 l a , 0 . 1 5 g  
0 1 a , 0 . 3 0 g  

" 
0 1 2 3 4 5 6  

Time 1 h 

FIG. 5.  Graft polymerization of MMA initiated by carbon black la.  MMA, 
10 mL; 70T. 
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, 

729 

FIG. 6 .  Relationship between polymerization time and percentage of grafting 
using carbon black l a  as an initiator. 

Graft Polymerization of Several Vinyl Monomers 

By using carbon black l a  as an initiator, graft polymerizations of 
styrene, vinyl acetate, acrylonitrile, and acrylic acid were carried out. 
The polymerizability of these monomers was compared with MMA, and 
the results are summarized in Table 4. In a previous paper we reported 

TABLE 4. Graft Polymerization of Several Vinyl Monomers Initiated 
by Carbon Black la" 

Monomer Time, h Conversion, Vo Grafting, 070 

Styrene 8 1.8 
Vinyl acetate 8 2.0 
Methyl methacrylate 6 4.1 
Acrylic acid 2 12.3 
Acrylonitrile 2 18.8 

29.8 
25.1 
40.3 
78.5 
73.1 

"Carbon black, 0.30 g; monomer, 10 mL; 7OOC. 
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that peroxyester groups introduced onto the carbon black surface had 
the ability to initiate the polymerization of vinyl monomers with positive 
e-values, such as MMA and acrylic acid, but no ability to initiate those 
with negative e-values, such as styrene and vinyl acetate [12, 201. On the 
contrary, azo groups introduced onto the surface had the ability to initi- 
ate the polymerization of various vinyl monomers regardless of their 
e-values, although the polymerization of vinyl monomers with negative 
e-values was more retarded than those with positive e-values [13, 201. 

As is evident from Table 4, the graft polymerization of styrene, vinyl 
acetate, acrylonitrile, and acrylic acid is also initiated by azo groups 
introduced onto the surface of carbon black, and the corresponding 
polymer is effectively grafted onto the surface although the polymeriza- 
tion of styrene and vinyl acetate with negative e-values is more retarded 
than that of the others with their positive e-values. The carbon black 
obtained from these polymerizations produced a stable colloidal disper- 
sion in a good solvent for the grafted polymer. The precipitation of 
carbon black particles from the dispersion of carbon black obtained 
from the graft polymerization was barely observed after 30 days. There- 
fore, carbon black with azo groups is useful for a higher percentage of 
grafting of various vinyl polymers onto a surface. 
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