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Vinyl Polymerization by Metal Complexes. 
VIII. On the Kinetics of Photopolymerization 
of Vinyl Monomers by Fe(ll1) 
Salt-Saccharide Systems 

TOMOYUKI OKZMOTO, YOSHIAKI INAKI, and KnCHI TAKEMOTO 

Faculty of Engineering 
Osaka University 
Yamadakami, Suita, Osaka, Japan 

A B S T R A C T  

The photopolymerization of acrylonitrile and acrylamide 
initiated by Fe(  XII) salt-saccharide systems was studied 
kinetically in aqueous solution. The interaction between 
Fe( In) ion and different saccharides was investigated by 
spectrophotometry, and the resul ts  are discussed in  t e r m s  
of the problems of complex formation and polymerizability 
of the initiating systems. 

I N T R O D U C T I O N  

In the previous papers of this se r ies ,  the polymerization of vinyl 
monomers initiated by copper complex has been reported [ 1-61. In the 
immediately preceding paper, the photopolymerization of vinyl monomers 

*For Part VXI of the series, see  T. Okimoto, Y. Inaki, and K. Takemoto, 
J. Macromol. Sci.-Chem., - A7( 6), 1313 (1973). 
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1538 OKMOTO, DJm, XIXD TXKEMOTO 

initiated by metal ion and saccharide systems was carried out ln 
different solvents, and Fe( III) ion-saccharide systems were found to 
be capable of initiating polymerization efficiently in rather mild 
conditions [ 71. 

Although the photopolymerization of vinyl monomers by Fe( EX) sal t  
has received considerable interest recently [ 8- 101, attention does not 
seem to have been paid to the photopolymerization initiated by Fe( III) 
salt-saccharide systems, except €or our preceding paper. The photo- 
chemical reaction scheme between Fe( III) ion and saccharide is ex- 
pected to be similar to the redox reaction of a Ce(IV)-saccharide 
initiating system which has been studied [ 111. 

This paper is  concerned with the photopolymerization of acryloni- 
tr i le and ac ry lmiae  initiated by Fe( III)-saccharide systams in 
aqueous solution, and seeks to clariiy the accelerating effect caused 
by the addition oi saccharide to the F e ( m )  salt system and to suggest 
a detailed polymerization scheme. 

E X  P E  RIME NT A L  

M a t e r i a l s  

Acryionitrile was purified by repeated distillation under reduced 
pressure. Acrylamide %'as dissolved in acetone and recrystallized 
using a freezing mixture of Dry Ice-methanol, m p  84.5'C. Both metal 
salts and saccharides used were of commercial or igin cis-1,Z- 
Cyc1ohe:anediol was synthesized according to the method given by 
Clark and Owen [ 121. 

P o l y m e r i z a t i o n  

Photopolymerization 'uas carried out in a sealed tube of hard glass 
of 1.8 cm diameter. The light source -#as a high-pressure mercury 
vapor lamp (Toshiba 3H- 100W-2) in a hard-glass envelope so that 
the light below about 300 mu was screened off. The tubes were rotated 
around the lamp at a constant distance o€ 10 cm. Vinyl monomer, 
metal salt, and saccharide solution were charged successively into a 
tube in the d a r ~ .  The evacuated tubes were then irradiated in an ice- 
cold water bath at 0°C. EJolymer was obtained as a coloriess pre- 
cipitate by pouring the contents into a larye excess ot methanol, and it 
waa purified by reprecipitation. 

M o l e c u l a r  W e i g h t  of t h e  T o l y m e r s  

Molecular weight of the polymers was determined by viscometrp, 
csing the following equations: 
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VINYL POLYMERIZATIOX 8Y METAL COXPLEXES. VIII 1539 

for  acrylonitrile: [ 7 7 ]  = 2.43 x lo-' - ?do" ( in  DMF at 25'C) [ 131 
for  acrylamide: [ 7 7 ]  = 6.80 X 10'' - 111°66 ( in  H,O at 30'C) [ 141 

n e t e r m i n a t i o n  of F e  (111) I o n  a n d  G l u c o s e  \ - .~ - . 

C o n c e n t r a t i o n  

Fe(  11) ion concentration? which w a s  produced during the reaction, 
was determined colorimetricallp at 510 m l  with o-phenanthroline as 
a reagent, and thus the concentration of the residual Fe(III)  ion was 
estimated [ 151. The glucose concentration was also measured 
colorimetrically at 625 m b  using the anthrone method [ 161. 

RESULTS A N D  DrSCUSSION 

R a t e  of P o l y m e r i z a t i o n  

The photopolymerization of acrvlonitrile and acrylamide initiated 
by Fe (III) nitrate-glucose system was carried out in aqueous solution 
at O'C. Time-conversion curves are  show2 in Fig. 1. As the figure 
shows, conversion increased linearly with reaction time and a very  
short induction period was observed. 

shown in Figs. 2 and 3. It can be seen from these figures that the rate 
The relationship between conversion and glucose concentration i s  

Time ( m i n )  

FIG. 1. Time-conversion curves of photopolymerization of acrylo- 
nitrile (O'C in H,O). [Xcrylonitrile] = l.Olmoles/liter. [ Fe(?l'O,);9H2O] 
= j.0 x lo-' moleiliter. ( 1 )  [Glucose! = 0.111 rnole,'liter. ( 2 )  [Glucose] 
= 0.000 mole /liter. 
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Y i 

FIG. 2 Conversion and molecular weight vs  glucose concen- 
traticn (at 0°C in H,O, 20 min). [hcrylonitrile] = 1.01 rnoles/liter. 
( Fe( NO,), . 9 H , O ]  = 5.0 x 10" mole/liter. (C.  ): Conversion ( 3 1: 
Molecular weight. 

"0 5.35 3.10 0.1 5 
[Giucosol ( mole. I - '  

FIG. 3. Conversion and molecular veight vs glucose concen- 
tration (at 0' C in H,O, 10 rnin). [ hcrylamide] = 0.94 rnole/liter. 
[ Fe(N0,) , .9H20] = 5.0 x lo-' molehter .  ( a  ): Conversion ( 3 j: 
Molecular weight. 
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of polymerization increases linearly at first with increasing glucose 
concentration and, particularly in the case of acrylonitrile, the slope 
gradually becomes flat. On the other hand, the molecular weight of 
the polymers produced is approximarely constant o r  even slightly 
decreases with increasing glucose concentration, suggesting that the 
accelerating effect caused in the presence of glucose may be associ- 
ated with the initiating step. 

The photopolymerization of these monomers was also carried out 
under condition in which the initial polymerization systems a re  
homogeneous. The results a re  shown in Figs. 4 and 5. Plots of the 
rate of polymerization vs monomer concentration in logarithms give 
straight lines. In the case of acrplonitrile, the rate of polymerization 
is proportional to [ M I  '-' in the absence of glucose and [MI''' in the 
presence of glucose. On the other hand, the polymerization of acrylam- 
ide gives a rate which is proportional to [ M]"' in the absence of 
glucose and [ MI in the presence of glucose. 

trile may participate in the initiation mechanism. Dainton and Seamen 
have carried out the free-radical polymerization of acrylonitrile in 
aqueous solution, arAd the critical monomer concentration has been 
suggested [ 171. We have carr ied out photopolymerization of acryloni- 
:rile alternatively with potassium persulfate in aqueous solution, and 
the rate of polymerization obtained w a s  plottsd against [ M] and [ &I]', 
together vi th  the results of polymerization initiated by Fe (m) ion and 
the saccharide system (Figs.  6 and 7, respectively). From these 

Judging merely from these results, it seems likely that acryloni- 

- 
1. j 0 .c 

I o g  [ M I  ( mole.l- ') 

FIG. 4. Log R vs [MI in the photopolymerization of acrylonitrile 
P 

(a t  O'C in H,O). [ Fe(N0,) 9H,O] = 5.0 x lo-'  mole/liter. ( , z  ): 
[Glucose] = 0.111 mole/liter. ( z ) :  [Glucose] = 0.000 mole/liter. 
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I - 1.5  J 2 
log [MI ( mole.\") 

FIG. 5. Log R vs log [ M] in the photopolymerization of acrylam- 
ide (at 0°C in H,O). [ Fe(N0, )  .9H,O] = 5.0 X lo-' mole/liter. (3): 
[Glucose] = 0.111 mole/liter. 1 3  ): [Glucose] = 0.000 mole/llter. 

P 

figures it is found in both cases that the rate is proportional to 
[ M]' at lower monomer concentrations and proportional to [MI at 
higher monomer concentrations. These results might show that the 
polymerization initiated by Fe( III) ion and the saccharide system 
follows normal kinetics in heterogeneous systems and, in accordance 
with the results given by Dainton and Seamen, that participation of the 
monomer in the initiation mechanism seems to be unimportant. 

As shown in Fig. 8, propionitrile h a s  no accelerating effect on the 
photopolymerization of acrylonitrile. From this fact it seems reason- 
able that acrylonitrile may be considered to play no substantial p a n  
in producing free radicals in the initiation step. 

The polymerization of acrylonitrile vas then carried out in an 
aqueous solution in which the initial Fe(IlI) ion concentrztion vas 
varied. The results a re  shown in Fig. 9. The upper curve is the ye- 
sult obtained in the presence of 0.111 molelliter of glucose, and the 
lower curve i s  that obtained in the absence of glucose. Beyond the 
inflection point it appears that the rate of polymerization is in- 
dependent of the Fe (Ill) ion concentratioh The relationship betveen 
the moleculat ??eight of the polymers obtained m d  the Fe(llI l  ion 
concentration shown in Fi3. 10 also shows trends corresponding to 
the results of Fig. 9. It c3n be s s u m e d ,  therefme, that the mutual 
termination between polymer growing radicals seems to be dominant 
at lower concentrations of the Fe( IX) ion, while the termination of 
the polymer radicals by the Fe( III) ion seems to be  significant at 
higher concentrations of the Fe( m) ion. 
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& ... _.. 

0 
0 0.2 0.L 0.6 0.8 1.0 

[MI (mole.I-’) 

FIG.6. R v s [ M ] .  (,:),(:J: ThedatainFig.4.  ( = ) : h t O ° C i n  P 
il: 0. [ K,S 2O = 5.0 x lo-’ mole/liter (acrylonitrile). 

- I  

FIG. 7. R vs [MI’ .  P 
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:i 
3 3.1 0.2 3.2 2.4 2.5 

[Propioni triie~ ( moie.l-') 

FIG. 8. Effect of the concentration of propionitrile on the photo- 
golymerization of acrylonitrile (at O'C in H,O, 20 min). (hcrylonitri le] 
t 0.56 mole/liter. [ Fe( SO,) ].$HZ 0 = 5.0 X mole/liter. ( b ): 
[Glucose] = 0.111 molejliter. ( : ): Glucose] = 0.000 mole/liter. 

FIG. 9. Log R vs log [ F e ( m ) ]  (at 0°C in H,O). [Acrylonitrile] = P 
1.01 moles/liter. [ Fe( XO, ), .9Hz 01 = 5.0 X molebiter. ( 5 ): 
[Glucose] = 0.111 molejliter. ( 3 1: [Glucose] = 0.000 mole/liter. 
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I 

3.21 

I 

FIG. 10. Log vs log [ Fe(  m)]. 

R a t e  of F e ( I I 1 )  Ion C c n s u m p t i o n  

From the results mentioned above, the initiation mechanism can be 
presented as follows: F e ( m )  ion reacts first with saccharide (SH) to 
form a reversible complex consisting of a saccharide molecule and an 
Fe(III) ion, and then the complex decomposes slowly to afford a primary 
radical (S. ): 

kd Fe(lI)  +S.  + H' ( 1) 
K Fe(1ll) + SH - complex 

hv 

where K is the equilibrium constant of the complex formation and kd the 
rate constant for the decomposition of the complex. In the presence of 
excess amount of saccharide as compared vith that of the Fe (III) ion, 
the rate of Fe( lTI) ion consumption is pseudo-first-order with respect 
to the total Fe(III) ion concentration: 

that is, 

log[ Fe(IXI)] = -kt + C ( 3 )  
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1516 OKDIOTO, INXKI, LVD T.UCEMOT0 

where k is the pseudo-rate constvlt of Fe(  EI) ion consumption and C 
is a constmt. As shown in Fig. 11, plots of the logarithm of the 
Fe(III) ion concentration 7:s reaction t i n e  were always linear with 
respect to each glucose concentration. The k values obtained from 
Fig. 11 vs glucose concentration a re  shown in Fig. 12. From this fig- 
ure the k values v e r e  found to increase Linearly with increlsing glucose 
concentration, and this curre  shows trends quite s i m i k  to those in 
Figs. 2 and 3. 

D e c o m p o s i t i o n  o f  G l u c o s e  

If saccharide is photooxidized by Fe( III) ion to produce a free radi- 
cal and Fe(II) ion, a d e c r e v e  of saccharide should be observed. In 
this respect, glucose remaining after pnotoirradiation vas determined 
by the anthrone method. The result is shown in Fig. 13. Fe( EX) 
nitrate rn found to be precipitated by adding anthrone so that Fe (m) 
chloride, which is  quite soluble in the system, ‘#as used throughout 
the experiment. It was ascertained that glucose decomposed during 
photoirradiation in the presence of Fe (m) chloride. 

U V  a n d  V i s i b l e  S p e c t r a  of F e ( X l 1 )  I o n  a n d  S a c c h a r i d e  
S y s t e m s  

were measured in aqueous solution at room temperature. As shown in 
UV and visible spectra of the Fe(III) ion and saccharide systems 

I 

I 
. 3 t  

I 
I 

0 s  10 IS 20 2s  
-21 

Time( m in )  

FIG. 11. The consumption rate of Fe(tTI) ion (at O’C in H20). 
[Glucose] = 0.000 
0.185 ( 6 )  mole/’liter. 

11, 0.037 ( ?), 0.074 ( 3 ) ,  i). 111 (a) ,  0.148 ( 3) ,  md 
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1 

'f 0.05 0.13 0.15 
[Glucose1 ( mole - 1'' 1 

FIG. 12. The pseudo-first-order rate constant vs glucose 
concentration. 

1 

c. 5c 100 750 230 
T i m e (  m i n )  

FIG. 13. Decomposition of glucose ( at 0' C in H,O). 

Fig. 14,  Fe(III) nitrate exhibits a weak absorption above 350 mk 
( Curve a). When glucose was added to the Fe( m) nitrate solution, 
the absorption is enhanced (Curve b), though saccharide itself has  
no absorption in this region. To compare the enhancement of the 
absorption in the case or' other Fe (In) ion and saccharides or  
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21 

aJ 

2 

B 
{ 1.c 
U 

0.S 
300 4 00 500 
Wavelength ( mp 1 

FIG. 14. W and visible spectra of Fe( m) ion and glucose system 

= 9.4 x lo-' 
( in  H1 0 at room temperature). ( 1)  ( Fe(  NO, ),. 9H, 
mole/liter. ( 2 )  [ Fe(  NO, ) 3 .  9Hz 0 
(g lucose]  = 0.16 mole/liter. ( 3 )  t F e ( N 0 , )  s . 9 H , 0 ]  = 9.4 x lo-' 
mole/liter,  [glucose] = 0.16 molejliter,  and [acrylonitrile] = 0.89 
moleil iter.  

FIG. 15. Absorbance of Fe(  III) ton and saccharide systems 
( in  H,O at room temperature). ( F e (  YO,), .9H20] = 4.0 X 
mole/liter.  [Saccharide] = 0.25 mole/liter. ( 1) Fructose, ( 2 )  glu- 
cose ,  ( 3 )  sucrose,  ( 4 )  lactose, ( 5 )  a-methyl-D-glucoside, and ( 6 )  
maltose. 
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alcohol systems with each  other, visible spectra using a Fe(m) 
nitrate solution as a reference were measured, the results of which 
are shown in Figs. 15 and 16. 

The absorption spectra  of these systems show broad peaks at 
about 370 m k  The order of the absorbance decreased in the following 
order;  fructose > glucose > sucrose > lactose > a-methyl-D- 
glucoside > maltose >> glycerin > ethylene glycol > methanol > ethanol. 
In the previous paper, we have shown that fructose, glucose, lactose, 
and maltose show a remarkable acceleration effect on vinyl polymeriza- 
tion, while sucrose and a-methyl-D-glucoside show only a small  effect. 
In the caSe of alcohols, the order  of absorbance seems to be in fair  
agreement with the polymerization behavior. 

E q u i l i b r i u m  C o n s t a n t s  of t h e  C o m p l e x  F o r m a t i o n  

Equilibrium constants K (in Eq. 1) were determined spectro- 
photometrically according to [ 181: 

Wavelength ( mp) 

FIG. 16. Absorbance difference of Fe(TII) ion and alcohol systems 
( in  H,O at room temperature). 
mole/liter. [-OH] = 3.0 moles i liter. ( 7 )  Glycerin, (8 )  ethylene 
glycol, ( 9 )  methanol, and (10)  ethanol. 

Fe(N0,)s.9H,0] = 4 0  x 10" 
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1530 OKIMOTO, IXrlKI, XIXD TAKEMOT0 

where A is the absorbance of the saccharide and F e ( m )  ion mixture, 
?Lo is the absorbance of the Fe( EX) ion solution, and A6 is the differ- 
ence in the extinction coefficient of the complex and F e ( m )  ion. 
Plots of ( A  - A,,)-' against [SH]" were found to be b e a r  (Fig. 17). 
The K values obtained from the slopes are summarized in Table 1. 
In the case of a-methyl-D-glucoside, the r i t he r  small value seems to 
be responsible for its lower polgmerizability. The K value for 
glycerin is larger  than that for ethylene glycol, which seems to show 
that any chelating eifect of hydroxyl groups is significant. 

E f f e c t  of A l c o h o l s  a n d  A l d e h y d e s  o n  t h e  
P o  1 J m e r  i t  at i o n  

The photopolymerization of acrylonitrile was then carr ied out 'Kith 
the initiaring systems in which saccharide waa replaced by other 
hydroxy compounds. The results are shown in Table 2. Considerable 
acceleration was observed, and the order of acceleration was found to 
be as before with the exception of methanol: trihydroxy > dihydroxy > 
monohydroxy alcohol. Cyclohexanol and cis- 1,2-cyclohexanediol as 
well as n-butyraldehyde showed Little effect. These results seem to 
indicate that the mechanism for initiating polymerization is similar  to 
the case in which the Fe( m) ion and saccharide initiating system nas 
used. 

2 

" 0 1 2 3 L S  
[Saccharidel-'( I .mole'' 1 

FIG 17. Reciprocal plots of spectrophotometric data (at 380 
mk). [Fe(N0,) , .9H20] = 5.0 x lo-' rnolet'liter. ( A )  a-Methyl-D- 
glucoside, ( B 1 glucose, m d  i C 1 fructosa. 
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TABLE 1. Complex Formation Constanta 

Substrate K (mole”)  

Glucose 
(1- Met hy 1 -D-gluc 0s ide 
Fructose 
Lactose 
Maltose 
Sucrose 
Ethylene glycol 
Glycerin 

0.60 
0.17 
0.96 
0.57 
1.45 
0.61 
0.14 
0.35 

%easured in the air at room temper- 
a ture  (at 380 mp).  [ F e ( N 0 , ) , . 9 H Z 0 ]  = 
5.0 x 10” mole/Iiter. 

TABLE 2. Photopolgrner*hac,ion of Acrylonitrile with Various 
Fe ( 1II)‘nitrate- alcohol Systemsa 

Additives Moleh i t e r  Yield ( & )  x lo-’ 

CH, OH 
C,H, OH 
( CH, ), CHOH 
( CH, ), COH 
HOCH, CH,OH 
CH, (OH)CH( OH)CH, OH 
Cyclohexanol 
cis- 1,2- Cyclohexandiol 
HCHO 

b 
CH, ( CHI ) Z  CHO 
None 
Glucose 

0.556 

0.556 
0.556 

0.556 

0.278 
0.185 

0.3 12 
0.3 12 

0.111 
0.111 

0.111 

11.8 
8.7 
7.1 
7.0 
10.7 
16.3 
5.5 
5 .5  
7.1 
9.5 
6.0 
36.7 

2.31 
236 
1.52 
2 70 
2 52 
1.96 
0.64 
2.64 

2 64 

L 58 
2 51 
1:71 

a[ Fe (NO, ) t .  9H, 01 = 5 . 0  x 10‘’ mole/l irer,  [AX]  = 1.01 mole/l i ter ,  

bData from the previous paper [ 71. 
C’C, 20 min, in B,O. 
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P o l y m e r i z a t i o n  S c h e m e  

Although there exist some problems based upon heterogeneity of the 
polymerization system and the efficiency of photoabsorption, the 
complex formation between Fe( m) ion m d  saccharide 'was clearly in- 
dicated spectrophotometricaly, and consumption of both Fe( Ill) ion and 
glucose during photoirradiation was confirmed, Further,  it may be 
reasonably assumed that a~ lower Fe( XII) ion concentrations, mutual 
termination of the growlng polymer radicals is  predominant, while at 
higher Fe( III) ion concentrations, termination of the polymer radicals 
by Fe( III) ion, and/or reaction of primary radical vith Fe( TIX) ion, 
becomes significylt. Thus the elementary photopolymerization scheme 
can be described zi follows: 

Initiation 
Fe(III) + SH === complex - Fe(II) + S. + H' (1) 
S. + Fe(III)- inactive product ( 5 )  
S' + M - w  ( 6 )  

Propagation 
M. + - - * * .  -m 

Termination 
.Mn. + Mm- -polymer 
zulln. + Fe( III) - polymer ( 9 )  

where M, N, and ?dr (Mm-) denote monomer, monomer radical, and 
polymer radical, respectively. 

Further study should elucidate the effect of neutral salts or  the pH 
of the polymerization systems on phOtOQOlymetizatlOn in order to reveal 
the initiating species in more detail. 
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