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ABSTRACT: The photopolymerization of methyl methacrylate (MMA) in the 
presence of iodine (h) and monoethanolamine (MEA) was investigated and compared 
with that of MMA photosensitized by 12-triethylamine. The kinetic data suggested 
that the photopolymerization of MMA with 12-MEA proceeded by a radical mechan
ism. The composition curve of the photosensitized copolymerization of MMA and 
styrene with h-MEA also supported the radical mechanism. 

The ultraviolet spectrum of h and MEA in dichloromethane solution showed a 
charge-transfer absorption band at 245 nm, and the absorbance near the maximum 
wavelength measured by the continuous variation method suggested the formation of 
a charge-transfer complex with a 1 : 1 molar ratio of h and MEA. 

It seems likely that monoethanolamine hydroiodide and N-p-hydroxyethylidene
monoethanolamine hydroiodide are formed by decomposition of the charge-transfer 
complex, and that photolysis of the latter yields a radical of diethanolamine which 
initiates the polymerization of MMA. Monoethanolamine hydroiodide was also found 
to have a photosensitizing effect for the polymerization of MMA · in an excess of 
monoethanolamine. 
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The photopolymerization of methyl metha
crylate (MMA) by iodine (12) with amines and 
aryl iodide with amine were reported in previ
ous papers. 1 ' 2 In MMA solution, 12 and tri
ethylamine (TEA) formed a charge-transfer com
plex which, in the presence of an excess of 
TEA, decomposed to triethylamine hydroiodide 
(TEA-HI) and N,N-diethyl-a-iodoethylamine. 
On UV irradiation the latter compound decom
posed to a radical of triethylamine, which would 
initiate the photopolymerization of MMA. 1 

the initiation mechanism in comparison with 
that by 12-TEA; an ultraviolet spectroscopic in
vestigation of the 12-MEA complex was also 
carried out. 

Although the 12-monoethylamine system 
showed no photosensitizing effect, the 12-mono
ethanolamine (MEA) system could initiate the 
photopolymerization of MMA. In the present 
paper, the photopolymerization of MMA in the 
presence of 12-MEA was studied to elucidate 

EXPERIMENTAL 

Materials 
Commercial methyl methacrylate and styrene 

were purified by the usual procedures and dis
tilled just before use for polymerization. Iodine 
was purified by sublimation several times and 
dried over calcium chloride. Monoethanol
amine was dried over potassium hydroxide, and 
then distilled in a nitrogen stream under reduced 
pressure. The fraction distilled at 99-100°C/ 
48 mmHg was used for the experiments. The 
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solvents, such as methanol, benzene, and chloro
form, were purified by the usual methods. Di
chloromethane of the special reagent grade 
(Wako Chemicals) was used for the measure
ment of the ultraviolet spectrum without further 
purification. 

Procedure 
Given amounts of iodine in MMA solution 

and MEA in methanol solution were placed in 
a glass ampoule for polymerization. The glass 
ampoule was degassed three times by the freeze
thaw method and then was sealed. The photo
polymerization was carried out in a sealed am
poule under shaking and rotating around a 300-
W high-pressure mercury lamp (PIH 300 made 
by Eiko Co.) at 35.0±0.1 °C. The polymeriza
tion was stopped by the addition of excess 
methanol, and the conversion was determined. 
from the amount of the precipitated polymer 
after drying. The number-average polymeriza
tion degree of poly-MMA was calculated ac
cording to the following equation,3 using the 
intrinsic viscosity [1Jl measured in benzene solu
tion at 30°C. 

log Pn=3.346+ 1.32 log [7]] 

A JASCO Model ORD/UV 5 Spectropolari
meter was used for evaluating the ultraviolet 
spectra of the I2-MEA complex. 

RESULTS AND DISCUSSION 

The polymerization of MMA was photosensi
tized by 12 in the presence of excess MEA, as 
shown in Figure 1, though it was inhibited by 
12 without MEA. In this figure, the polymeri
zation was accelerated with the increase of 12 

concentration, though it was accompanied by 
an induction period in the presence of 12 of 
greater concentration than 2.5 x 10-3 mol/l. 

The values of -d[M]/dt calculated from the 
results of Figure 1 are plotted against the reac
tion time in Figure 2. The initial rates of 
polymerizations, calculated by the extrapolation 
of -d[M]/dt to zero time in Figure 2, exhibit 
a linear relationship to the square root of the 
12 concentration, as shown in Figure 3. Above 
2.5 x 10-3 mol/l of 12, however, the linear rela
tionship deviates gradually with the increase of 
I2 concentration. 
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Figure 1. Conversion vs. time curves of the photo
polymerization of MMA initiated by the I2-MEA 
system at 35°C: MMA, 4 ml; MeOH, 1 m/; [MEA], 
1.00 mol//. [I2], mol//: -0-, O; -e-, 1.98 x 
10-4; -®-, 3.96x 10-4; -()-, 7.92x 10-4; -()-, 

l.58xl0-3 ; -•-, 2.50xl0-3 ; -0-, 4.99x10-3; 

-x-, 1.04x 10-2. 
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Figure 2. Relationship between -d[M]/dt and re
action time at 35°C: MMA, 4 ml; MeOH, 1 m/; 
[MEA], 1.00 mol//. [12], mol//: -0-, O; -w-, 
1.98 X 10-4; -()-, 3.96 X 10-4; -()-, 7.92 X lQ-4; 

-(!)-, 1.58 X 10-3 ; -•-, 2.50 X 10-3• 

The photopolymerization of MMA in the 
presence of I2-MEA, however, was inhibited 
by oxygen and was also retarded by hydroqui
none. Furthermore, the photosensitized copoly
merization of MMA and styrene by the 12-

MEA system gave the radical composition curve 
shown in Figure 4. These facts suggest a radi
cal mechanism for the photopolymerization in 
this system. 

In the presence of a constant concentration 
of 12 (8.0x 10-3 mol/l), MMA was photopoly-
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merized with varied concentrations of MBA 
(between 0.33 and l.66 mol//); the conversion is 
plotted against the polymerization time in Figure 
5. Under these experimental conditions, the 
induction periods became gradually shorter with 
the increase of MBA concentration. At con
stant concentrations of 12 and MBA, the photo
polymerization was carried out in dichloroethane 
with varied concentrations of MMA, and the 
rates of polymerization were plotted against the 
monomer concentrations. The linear relation 
in Figure 6 exhibits a proportionality of RP to 
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Figure 3. Relationship between Rp and [l2]112 at 
35°C: MMA, 4 ml; MeOH, I ml; [MEA], 1.00 
mol/1. 
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the monomer concentration. 
The reciprocal of the number-average poly

merization degree (Pn) of poly-MMA was plotted 
against RP in Figure 7; a linear relationship was 
found at lower Rp, while a rapid increase of 
1/Pn occurred above the RP value of 2.1 mol//
sec. The value of o=k/12/kp calculated from 
the slope of this straight line was 10.0, which 
showed a good coincidence with the value4 ob
tained from the ordinary radical polymerization 
of MMA. The apparent overall activation 
energy of the photopolymerization calculated 
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Figure 4. Copolymerization of MMA and styrene 
at 35°C: MMA+St, 4ml; MeOH, l ml; [12],:.sx 
10-s mol/l; [MEA], 1.00 mol/1. 
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Figure 5. Conversion vs. time curves of the photopolymerization of MMA 
initiated by the l2-MEA system at 35°C: MMA, 4ml; MeOH, I ml; [l2], 
8 x 10-3 mol/1; [MEA], mol/1: -()-, 1.66;. -0-, 1.00; -0-, 0.83; 
-•-, 0.66; -0-, 033. 
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Figure 6. Relationship between Rp and MMA: 
MMA+dichloroethane, 4ml; MeOH, 1 ml; [12], 

8 x 10-3 mol/1; [MMA], 1.00 mol/1. 
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Figure 7. Relationship between l(Pn and Rp: 
MMA, 4 ml; MeOH, 1 ml; [MEA], 1.00 mol/1. 

from the correlation of Rp vs. 1/T in Figure 8 
was 4.14 kcal/mol, which showed a close agree
ment with that for the photosensitized polymer
ization of MMA by 2,2'-azobisisobutyronitrile 
(AIBN) or benzoyl peroxide (BPO). 5 

An iodine molecule in dichloromethane solu
tion has no absorption maximum except 500 nm 
over the spectrum region from 230 nm to 700 
nm, and MEA in dichloromethane has no ab
sorption maximum in this wavelength region. 
Adding 12 to MEA in dichloromethane at 25°C, 
however, showed a new absorption maximum 
at 245 nm and shifted the 500-nm absorption 
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Figure 8. Arrhenius plot of log Rp against 1/T: 
MMA, 4 ml; MeOH, 1 ml; [h], 8 x lQ-3 mol/1; 
[MEA], 1.00 mol/1. 

maximum of 12 to 380 nm. The charge-transfer 
absorption maxima of 12 with various amines 
have already been studied by many workers. 6 • 7 

For example, the formation of a charge-transfer 
complex of 12-ethylamine in n-heptane gave a 
charge-transfer absorption band at 246 nm and 
a shifted absorption maximum of 12 at 417 nm. 
Therefore, the 245-nm absorption maximum of 
12-MEA system could be ascribed to the charge
transfer complex formation. Keeping the total 
concentration of I2 and MEA constant at 
4 X 10-4 mol/l, the absorbances of the system at 
245, 260, and 275 nm were determined by the 
continuous variation method. The correlation 
between the absorbances at the three wavelengths 
and the molar ratio of 12 to MEA was determined 
at 25°C and is shown in Figure 9; the results 
indicate the formation of a 1 : 1 charge-transfer 
complex between I2 and MEA. According to 
the method of Benesi-Hildebrand,8 the equi
librium constant (K) of 12-MEA complex for
mation was calculated as 1330, 1080, and 830 
at 15°C, 20°C, and 25°C, respectively. The 
heat of formation for the 12-MEA complex 
was calculated as -8.6 kcal/mol from the linear 
relationship between the values of In K and the 
reciprocals of the absolute temperatures. This 
value is somewhat closer to the value of the 
heat of formation for the 12-ethylamine com
plex (-7.4 kcal/mol)7 than that of the 12-

ethanol complex (-2.1 kcal/mol). 9 This fact sug-

Polymer J., Vol. 6, No. 5, 1974 



Photopolymerization of Methyl Methacrylate 

0.8 

<1>0.6 
u 
C 

.a 
go.4 
.a 
<( 

0.2 0.4 0.6 0.8 1.0 
[Ia)/ (MEA)+(I2) 

Figure 9. Relationship between the absorbance 
and the molar ratio of I2-MEA in dichloro
methane at 25°C: [l2]+[MEA], 4x 10-4 molj/; cell 
length, 10 mm. 

gests that the amino group of MBA would take 
a more important part in the formation of 12-

MEA complex than the hydroxyl group did. 
The dichloromethane solutions of 12 and MBA 

were prepared below 25°C and were poured into 
a 10-mm quartz cell. It was then degassed by 
the freeze-thaw method and sealed. During the 
preparation, the mixed solution was carefully 
kept below 25°C. After UV irradiation at 35°C 
for a definite time, the UV spectrum of the 
solution was determined while it was still in 
the sealed cell. Because of the irradiation, the 
absorbance of the 245-nm charge-transfer absorp
tion band decreased rapidly to a lower constant 
value. At the same time, there appeared two 
more weak absorption maxima at 290 and 360 nm, 
both of which presumably were ascribed to 13-. 

They became larger as the UV irradiation con
tinued and attained constant values after several 
minutes. For the blank test, another sealed 
cell which contained 12 and MBA in dichloro
methane was kept at 35°C without irradiation 
and the spectrum of the solution was also 
measured whlie it was still in the sealed cell. 
The same spectral change as in the case of the 
irradiation was observed, but the rate of disap
pearance of 245-nm peak was somewhat slower 
than that by the irradiation. These results 
showed that the 12-MEA complex in dichloro
methane would thermally decompose without 
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irradiation. 
Therefore, the authors studied the thermal 

effect on the I2-MEA complex in dichloro
methane by another set of experiments, per
formed in darkness. Each dichloromethane so
lution of 12 and MBA was kept at a definite 
temperature (25, 30 or 35°C) and mixed in a 
quartz cell with a glass cap; the UV spectrum 
was determined immediately after the mixing 
and after 0.5, 1, and 2 hr, at that temperature. 
No spectral change occurred when the solution 
stood for 2 hr below 30°C. At 35°C, however, 
the 245-nm charge-transfer absorption band of 
the solution became smaller with increasing time. 
Moreover, the spectrum at 35°C exhibited two 
additional weak absorption maxima at 290 and 
360 nm (Figure 10). Standing at 35°C, the ab
sorbances at 290 nm and 360 nm became larger 
with increasing time and the 245-nm absorbance 
diminished. 

These facts indicate that the 12-MEA com
plex rapidly decomposed above 35°C thermally 
as well as photochemically. 

When 12 was added to the dichloromethane 
solution of MBA above 35°C, the red-brown 
color of 12 rapidly disappeared with a slightly 
exothermic reaction. Then the solution sepa
rated into two layers. The faintly coloured 
layer, which was not miscible with dichloro
methane, gave a red-brown syrup after vacuum 
concentration. After standing at room temper
ature, a very hygroscopic crystalline material 
precipitated from the red-brown syrup. The 
raw crystalline material melted at 74-80°C and 
its ionic iodine content was 67.90%. These 
results suggest that the crystalline material was 
monoethanolamine hydroiodide (MBA-HI), but 
an elemental analysis was impossible due to its 
hygroscopic nature. Although addition com
pounds of the MEA-12 and (MEA)2-l2 types 
were reported to be produced in the reaction 
of MBA and 12, 10 the infrared data of the 
crystal convinced as that the reaction between 
them gave ultimately MBA-HI through the 
addition compound. 

After removal of the crystalline material, the 
residual red-brown syrup showed an infrared 
absorption band of vc=N at 1695 cm-1, and it 
contained 54.03 % of ionic iodine, which almost 
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Figure 10. Ultraviolet spectra of the 12-MBA system in dichloromethane: 
[12], 4x 10-5 molj/; [MBA], 2x 10-3 mol/1; cell length, 10 mm: 1, immediate
ly after mixing at 25°C; 2, immediately after mixing at 30°C; 3, im
mediately after mixing at 35°C; 4, after 30-min standing at 35°C in dark
ness; 5, after 1-hr standing at 35°C in darkness; 6, after 2-hr standing at 
35°C in darkness. 

corresponds to a ratio of one ionic iodine atom 
per two MEA molecules. The residual syrup 
was easily miscible with water and alcohols but 
immiscible with ether, benzene, etc., and gave 
2,4-dinitrophenylhydrazone after reaction with 
2,4-dinitrophenylhydrazine. The photoreduc
tion of benzophenone by the primary and 
secondary alkyl amines gave the imino com
pound in high yields. 11 The imines can be 
hydrolyzed to aldehydes and ketones, respective
ly, and will give 2,4-dinitrophenylhydrazone. 
Therefore, it is reasonable to consider that the 
red-brown residual syrup would be N-p-hydro
xyethylidenemonoethanolamine hydroiodide. 

The photopolymerization of MMA was carried 
out in the presence of both the obtained crystal
line material and the residual syrup; the results 
are shown in Figure 11. The conversion vs. 
time curves of these polymerization systems were 
compared with the sensitizing effects of the 
authentic MEA-HI and also with MEA. The 
photopolymerization of MMA could not be 
sensitized by MEA-HI at all. The presence 
of MEA-HI showed a rather lower conversion 
than that by MEA. The residual syrup, how
ever, was able to intiate the photopolymerization 
without any induction period even in the absence 
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Figure 11. Photopolymerization of MMA by 
MBA-HI, residual syrup, and crystalline materi
al at 35°C: MMA, 4 ml; MeOH, 1 ml: -0-, 
MBA-HI, 10 mg; -()-, residual syrup, 10 mg; 
- x -, crystal, 10 mg; -{)-, MBA-HI, 10 mg, 
[MBA], 1.00 mol/1; -e-, syrup, 10 mg, [MBA], 
1.00 mol/1; -D-, crystal, 10 mg, [MBA], 1.00 
mol/1; -0-, [MBA], 1.00 mol/1. 

of excess MEA. In the presence of the crystal
line material, MMA could polymerize only 
slowly without MEA. By adding MEA to these 
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polymerization systems, the rates of the poly
merization of MMA became somewhat larger 
than those without MEA. Especially in the case 
of MEA-HI, which seems to inhibit the polymer
ization of MMA, the largest polymerization 
rate was obtained with an excess of MEA. The 
results suggest that the crystalline material is 
not a pure MEA-HI, but is contaminated with 
the residual syrup. 

From these results, the following reaction 
schemes are suggested for the photopolymeriza
tion of MMA in the presence of MEA and I2. 

HOCH2CH2NH2 + 12 [HOCH2CH2NH2-I2 
EB 8 

<-> HOCH2CH2NH2I-I] 
HOCH2CH2NHI + HI (1) 

(I) 
HOCH2CH2NH2 + HI~ HOCH2CH2NH2 • HI 

(II) (2) 

(I) + (II)~ HOCH2CH2N=CHCHPH-HI 
+ NH4l (Ill) (3) 

h~ . 
(III)--> HOCH2CH2NH-CHCH2OH-HI (4) 

(IV) 

It seems likely that N-iodomonoethanolamine 
(I) will be formed at first by the dissociation of 
the charge-transfer complex of MEA and I2 (eq 
1), and then the compound (I) will react with 
MEA-HI (II) which is formed from the excess 
MEA and HI (eq 2), and probably will be convert
ed to N-p-hydroxyethylidenemonoethanolamine 
hydroiodide (III) by the deamination (eq 3). 
During the irradiation of UV light, the com
pound (III) will yield the radical (IV) (eq 4) 
which is responsible for the initiation of the 
polymerization of MMA. Tashima, et al., 12 re
ported that in the photoreduction of diphenyl
methyleneimine in 2-propanol solution, the oc
currence of an aminobenzhydryl radical fr:om 
the photoactivated diphenylmethyleneimine was 
detected by ESR. Hence, it will be considered 
that the photoactivated CH=N bond of the 
imine (Ill) transfers a hydrogen atom from the 
MEA or methanol used as the solvent to the 
radical (IV), which will be an initiating species. 

It is interesting that MEA-HI can photo
sensitize the polymerization of MMA in the 
presence of an excess of MEA, though TEA
HI could not initiate the polymerization so much 
even with an excess of TEA. Although the 
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detailed process for the photopolymerization by 
MEA-HI with MEA is uncertain, it seems likely 
that by UV irradiation MEA-HI can release an 
iodine atom which will act as a radical scavenger 
and inhibit the polymerization of MMA. By 
adding MEA to this system, however, an iodine 
atom occurring from MEA-HI would transfer a 
hydrogen atom from MEA resulting in an 
initiating species. 

Yokota, et al., 13 reported on the photopoly
merization of MMA by TEA; they deduced 
that a complex between the photoexcited mono
mer and TEA was produced, and then was de
composed into an initiating radical. An iodine 
formed by photolysis of TEA-HI and MEA-HI 
presumably acts as a radical scavenger and 
inhibits the polymerization. The photopolymer
ization in TEA-HI and MEA-HI systems, there
fore, would have a lower rate of polymerization 
than TEA and MEA. 

A detailed chemical investigation of the reac
tion between MEA and I2 will be discussed in 
a later paper. 
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