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ABSTRACT: Radical polymerizations of vinyl monomer in which vinyl group directly bind 
to a tetraphenyl porphyrin (TPP) moiety, 5-(4-vinylphenyl)-10,15,20-triphenylporphyrin (VTPP), 
were investigated. Homopolymerization occurred and high-molecular weight polymers (Mw 

> 100000) were obtained. Copolymerizations of VTPP (M 1) and styrene (M 2) were performed 
with 2,2' -azobis(isobutyronitrile) (AIBN) at 60°C. Monomer reactivity ratios were r1 = 0.65 ± 0.15 
and r 2 = 0.51 ± 0.15, Q and e for VTPP being 0.85 and 0.24, respectively. These values suggest a 
slightly distorted structure of propagating radicals. Rate constant of the addition of diphenyl 
phosphinoyl radicals (PhiJ''=O), generated by the photolysis of 2,4,6-trimethylbenzoyl di
phenylphosphine oxide (TMDPO), to VTPP was directly determined by time-resolved electron 
spin resonance (ESR) spectroscopy. The rate constant, - 1.4 x 106 s- 1 M- 1, was one order of 
magnitude smaller than that of styrene (-I.Ix 107 s- 1 M- 1), due to decrease of resonance 
stabilization caused from a steric hindrance of TPP moiety. 

KEY WORDS Tetraphenylporphyrin / Radical Polymerization / Co-
polymerization / Q, e Values / Monomer Reactivity Ratio / Time-Resolved 
ESR / Initiation Rate Constant / 

Polymers containing paramagnetic species in 
their side chains are potentially new magnetic 
materials, because a magnetic ordering of the 
paramagnetic species through an exchange 
interaction of unpaired electrons is possible in 
the polymers. 1 - 3 To our knowledge, the 
radical homopolymerization of vinyl mono
mers containing a porphyrin moiety in the 
side chain has not been reported except in 
our previous papers. 4 - 6 The homopolymeri
zations of such monomers have been consid
ered difficult due to steric repulsion. We syn
thesized poly-acrylate, -methacrylate, -acryl
amide, and -methacrylamide of tetraphenyl
porphyrin(poly( 5-[ 4-( acryloyloxy )phenyl J
I 0, 15,20-triphenylporphyrin), AOTPP, 4 •5 

poly(5-[ 4-(methacryloyloxy)phenyl- l 0, 15,20-
triphenylporphyrin), MAOTPP, 5 poly(5-[ 4-
acrylamidophenyl]-l 0, 15,20-triphenylporphy-

rin), AATPP, 6 and poly(5-[4-methacrylamido
phenyl]- l 0, 15 ,20-triphenylporphyrin), 
MAATPP, 7 respectively) and investigated 
physicochemical properties of their metal 
complexes. 8 - 11 We measured the magnetic 
susceptibility of polymers containing para
magnetic metalloporphyrin moieties in their 
side chains. Although the silver(II) complex of 
polyAOTPP showed strong antiferromagnetic 
interaction, the silver(II) complex of monomer 
(AOTPP) showed a typical paramagnetic 
property. 2 Polymer effect on the magnetic 
ordering was found in the system, but the origin 
of the exchange interactions among these 
paramagnetic side chains still remains un
known. The strong antiferromagnetic interac
tion of polyAOTPP-Ag11 is likely due to a 
superexchange interactions through oxygen 
atoms of carbonyl group suggested from an IR 

t To whom correspondence should be addressed. 
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spectrum of silver(II) complex. 2 Accordingly 
we attempted to synthesize a similar polymer 
with paramagnetic side chains without oxygen 
atoms in its structure. 

Recently, we succeeded in preparing a 
homopolymer of vinyl monomer in which vinyl 
group directly binds to a tetraphenyl por
phyrin (TPP) moiety, the 5-(4-vinylphenyl)-
10, 15,20-triphenylporphyrin (VTPP). Al
though VTPP has a larger steric hindrance 
around the vinyl groups than those of above 
TPP-containing monomers, polymerization 
occurred and high molecular weight homo
polymers (_Mw> 100000) were obtained. We 
investigated radical polymerizabilities ofVTPP 
through copolymerization with styrene and 
time-resolved ESR spectroscopy. In this paper, 
we report the homopolymerization of VTPP, 
and the copolymerization of VTPP with 
styrene. 

EXPERIMENT AL 

Materials 
Diethyl ether, tetrahydrofuran (THF), ben

zene, and benzonitrile were purified by 

yH3 

distillation according to usual methods. 12 

Methyl iodide, propionic acid, sulfuric acid, 
and acetic acid were used as commercial grade. 
Terephthalaldehyde was ground and dried over 
P20 5 in vacuo. 2,2'-Azobis(isobutyronitrile) 
(AIBN) was recrystallized from diethyl ether. 
Styrene was purified according to an usual 
manner and distilled under reduced pressure 
over BaO just before use. 

Synthesis of monomer (VTPP) was summa
rized in Scheme 1. 

4-( 1-H ydroxye thyl)-benzaldehyde (1) 
Terephthalaldehyde (50.0 g, 0.373 mol) was 

dispersed into anhydrous diethyl ether. Diethyl 
ether solution of methylmagnesium iodide 
which was prepared from methyl iodide 
(25.9 ml, 0.419 mo!) and magnesium (10.2 g, 
0.418 mo!) was dropped into the above 
suspension mixture with stirring. The reac
tion mixture was poured into 1 N aqHCI (400 
ml) for hydrolysis. The reaction mixture was 
extracted with diethyl ether three times and the 
combined organic layer was washed with 
aqueous NaHC03 and water. After evapora
tion of diethyl ether, the residual oil was steam 

CHO 
CHO CH-OH 

0 6 ¢ 1) CH3Mgl /ether ¢ 
CHO 
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2) 1N HCI 

cone. H2SO4 

acetic acid 
!'i., 1min 

CHO 

(1) 

propionic acid 
!'i., 30min 

CH2=CH 

Scheme 1. 
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distilled to remove unreacted terephthalalde
hyde. Its residue was extracted with diethyl 
ether, and the solvent was removed under 
reduced pressure. NaHSO3 (40g) was added 
to the residual oil with stirring. Water and 
diethyl ether were added and the ether layer 
was separated to remove components which 
did not dissolve in water. The water layer was 
neutralized with 2 N aq NaOH. The aqueous 
solution was extracted with diethyl ether and 
the organic layer was dried over anhydrous 
Na2SO4 . The organic layer was concentrated 
to give yellow oil in 21.9% yield (12.27 g). IR 
(KBr) 3400 cm - 1, v0 _H (lit. 13 3420 cm - 1), 1700 
cm- 1 , Vc=o (lit. 13 1694 cm- 1); 1H NMR 
(CDC1 3, 100 MHz), 6 1.55 (d, 3H, l=6Hz), 
62.62 (s, lH), 64.98 (q, lH, l=6Hz), 
6 7.44--7.94 (m, 4H), 6 9.94 (s, lH). Anal. 
Calcd for C9H 10O 2 : C, 71.98%; H, 6.71 %, 
Found: C, 71.62%; H, 6.68%. 

5-[ 4-(l-Hydroxyethyl)phenyl]-10 ,15 ,20-tri
phenyl porphyrin (2) 

1 (5.4g, 35.6mmol) and benzaldehyde 
(11.3 g, l 06.8 mmol) were dissolved in 200 ml 
of propionic acid and heated to reflux. Pyrrole 
(9.6 ml, 142.4mmol) was added dropwise to the 
reaction mixture. After refluxing for 30 min 
with stirring, the reaction mixture was cooled 
to room temperature and the solvent was 
evaporated. Methanol was poured into the 
residue and the solution was refluxed for 1 h. 
After cooling, the supernatant was removed 
and the residual dark brown solid was dissolved 
in dichloromethane. This solution was washed 
with water and aq NaHCO 3 • The organic 
layer was dried over anhydrous Na2S04 . Di
chloromethane was removed by evaporation, 
and the crude product was chromatographed 
on a silica gel column (Wakogel C-200, 
5.6 x 24.4cm) with dichloromethane twice. 
Second fractions were collected and the solvent 
was removed by evaporation. The residual 
purple solid was recrystallized from di
chloromethane-methanol and dried in vacuo. 2 
was obtained as reddish purple micro crystal 
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in 3.47% yield (1.21 g). mp > 300°C; 1H NMR 
(CDC13 , 400 MHz) 6 - 2.69 (s, 2H), 6 1.52 (s, 
lH), 6 1.82 (d, 3H, l=6Hz), 6 5.26 (q, lH, 
l=6Hz), 6 7.27-7.82 (m, llH), 6 8.14--8.26 
(m, 8H), 6 8.88 (s, 8H). FD-Mass Calcd. 658, 
Found 657.9. 

5-( 4- Vinylphenyl)-10, 15 ,20-triphenyl porphyrin 
(VTPP) (3) 
2 (0.70 g, 1.03 mmol) was dissolved in acetic 

acid (75 ml). The solution was heated to reflux. 
3.5 ml of concentrated sulfuric acid were added 
to the solution and stirred for 1 min. The 
reaction mixture was poured into ca. 150 g of 
ice and was neutralized with aq NaOH. After 
extraction with dichloromethane, the organic 
layer was washed with aq Na2CO3 . The solvent 
was removed and the residue was chromato
graphed on a silica gel column (Wakogel C-200, 
2.5 x 23.0 cm) with dichloromethane. The first 
fraction was collected. The solvent was 
removed by evaporation, and the residual 
crude product was recrystallized from dichlo
romethane-methanol and dried in vacuo with 
heating at 60°C. VTPP was obtained as purple 
micro crystal. Yield 335 mg, 31.5%; mp. 
> 300°C; IR (KBr) 1620 cm - 1 , vc=c; 1 H NMR 
(CDC13 , 270 MHz) 6 - 2. 75 (s, 2H), 6 5.47 ( d, 
lH, l= 10 Hz), 6 6.05 (d, lH, l= 18 Hz), 6 7.05 
(q, lH, l=lOHz), 6 7.60-7.85 (m, llH), 
6 8.10-8.32 (m, 8H), 6 8.82 (s, 8H). Anal. 
Calcd for C46H 32N 4 : C, 86.22%; H, 5.03%; 
N, 8.74%. Found: C, 85.91 %; H, 4.84%; N, 
8.56%. FD-Mass Calcd 640, Found 640. 

RADICAL POLYMERIZATION 

Homopolymerization (Scheme 2) 
VTPP (41.7mg, 6.51 x 10- 2 mmol) and 

AIBN (1 mol¾ of the monomer) were dis
solved in benzonitrile (0.10 ml). The solution 
was placed in a glass ampoule, degassed three 
times with an oil diffusion pump after three 
times with a rotary pump, sealed under high 
vacuum, and polymerized at 60°C for 60 h. The 
solution was poured into acetone and the 
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radical polymerization 

AIBN 60°C 

(3): VTPP 

Scheme 2. 

Table I. Radical polymerizations of VTPP and other TPP-containing monomers• 

l0 2 [monomer] l04 [AIBN] Time YieJdb 
Monomer Solvent !Jwb,c 

molcm- 3 moldm- 3 h % 

VTPP 65.0 65.0 C6 H 5CN 60 71.9 107000 This work 
30.0 30.0 benzene 60 66.5 9I000d This work 
30.0 30.0 THF 60 64.3 178000 This work 

MAOTPP II.I 2.18 C6H 5CN 50 36.7 83000 Ref 5 
2.54 0.49 DMF 50 18.2 45000 Ref 5 

AOTPP l0.8 15.9 C6 H 5CN 50 49.7 10000 Ref 5 
9.92 1.72 
1.85 1.21 

a At 60°C. 
b Acetone-insoluble part. 
c GPC, calibrated with standard polystyrene. 
d M.=34000, MwfM.=2.68. 

precipitated polymer was separated by cen
trifugation. This dissolution-precipitation
separation process was repeated three times 
to purify the polymer. The obtained polymer 
was dried with heating in vacuo. The polymer 
was purple solid. Anal. Calcd for (C46H32N 4 )": 

C, 86.22%; H, 5.03%; N, 8.74%. Found: C, 
85.06%; H, 5.19%; N, 8.74%. Mw and Mn were 
determined by GPC calibrated by standard 
polystyrenes. Results of homopolymerization 
are summarized in Table I. 

Copolymerization 
Copolymerizations of VTPP with styrene 

were performed with AIBN at 60°C in ben
zonitrile. The total molar concentration of 
VTPP and styrene was 0.5 M, and AIBN was 
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DMF 50 56.8 69000 Ref 5 
THF 50 28.3 8000 Ref 5 

0.2 mol % of the monomer concentration. 
Purification of the copolymers and estimation 
of the molecular weights were performed as 
described in homopolymerization. Copolymer 
compositions were estimated by elemental 
analysis. The monomer reactivity ratios were 
evaluated according to the Fineman-Ross 
method. 14 

Physicochemical Measurements 
Visible spectra were measured in chloroform 

with Shimadzu UV-2100 spectrometer. Infra
red spectra were recorded in KBr disks on 
JASCO FT/IR-3 spectrometer. Frequency 
calibration of the spectra was carried out with 
polystyrene. GPC analyses were performed by 
TOSOH CCP&8010 series high-speed liquid 
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chromatograph system by using TSK gel and 
THF as an eluent. TOSOH UV-8010 and 
TOSOH RI-8012 detectors were used. 1H 
NMR spectra were obtained on JEOL 
JNM-GSX-400, JNM-GX 270 and Varian 
XL-100 spectrometers as CDC1 3 solutions at 
30°C. Mass spectra were taken on a JEOL JMS 
SX-102 mass spectrometer by a field desorption 
(FD) method, an electron impact (EI) method, 
or a fast atom bombardment (F AB) method. 
Mass number was calibrated using cesium 
iodide (CsI). Time-resolved ESR experiments 
were performed on a JEOL JES-FElX spec
trometer operated without magnetic field 
modulation. Laser pulses were irradiated by 
using a Q-switched Nd: YAG laser (Quantaray 
DCR-2) operated at the third harmonic (54ml 
per flash at 355-nm with a 6-ns fwhm). The 
technique of recording ESR spectra of transient 
diphenyl phosphonyl radicals in liquid solution 
has been described in detail in previous pub
lication. 15 

w 
u z 
g 
Cf) 
z 

I-

RESULTS AND DISCUSSION 

Radical Polymerization 
The radical polymerizations of VTPP were 

homogeneous in benzonitrile, benzene and 
THF. The polymerized products were purified 
by repeated reprecipitation from THF-ace
tone. Polymers were obtained as deep purple 
powder. The results of the radical polymeri
zation of VTPP are summarized in Table I 
along with other vinyl monomers having TPP 
moieties. Monomer concentration was re
stricted by the low solubility of these mono
mers. PolyVTPP was soluble in chloroform, 
dichloromethane, benzene, toluene, DMF, 
THF, and benzonitrile and insoluble in hex
ane, acetone, ethanol, methanol, diethyl ether, 
and water. 

The IR spectrum of polyVTPP is shown in 
Figure 1 along with that ofVTPP. The IR band 
of the monomer at I 620 cm - 1 is assignable to 
the C = C stretching vibration mode. This band 
disappeared in the polymer. Absorption bands 

1700 1600 1500 3200 2000 1500 1000 500 
WAVENUMBER (cm-1) 

Figure 1. Infrared spectra of VTPP and poly VTPP (KBr). 

Polym. J., Vol. 26, No. 2, 1994 219 



A. KAJIWARA et al. 

4 

~3 
g 

,-

2 
0 
,-

w 
1 

'_, 
I 

I 

\ 
I 
I 
I 
I 
I 
I 
I 

------ VTPP 

--PolyVTPP 

400 500 600 700 800 
WAVELENGTH (nm) 

Figure 2. UV-visible absorption spectra ofVTPP (···) and polyVTPP (-) in chloroform. 

Table II. Radical copolymerizations of VTPP (M 1) and styrene (M 2)" 

Monomer/mo!% 
Run Time/h 

[Styrene] [VTPP] 

I 12 88 8.8 
2 14 86 8.3 
3 33 67 7.5 
4 34 66 8.0 
5 58 42 5.3 
6 67 33 12.8 
7 67 33 5.1 
8 75 25 3.0 
9 83 17 3.0 

10 88 12 2.5 

•[Styrene]+ [VTPP] = 50 mM in all runs. 

characteristic of the porphyrin ring remained 
unchanged after polymerization. This indicates 
that the polymerization occurred though C = C 
double bonds of the vinyl group. 

Visible spectra of VTPP and polyVTPP are 
shown in Figure 2. VTPP has a Soret band at 
419.0 nm and Q bands at 518.5, 552.5, 593.0, 
and 652.5 nm. The spectrum ofVTPP is similar 
to that of TPP, indicating that the presence 
of the vinyl group has no influence on the 
absorption of the porphyrin ring. PolyVTPP 
exhibits a Soret band at 419.5nm, with the Q 
bands at 518.5, 552.5, 593.0, and 652.5 nm. 
Close examination of these spectra shows that 
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Copolymer/mo!% 
Conc./h Mwx 104 

[Styrene] [VTPP] 

6.1 II 89 7.1 
4.6 24 76 8.8 
6.0 37 63 9.1 
6.7 34 66 7.4 
9.3 62 38 II 
4.0 56 44 40 
8.3 63 37 12 
2.9 68 32 4.8 
1.1 73 27 5.9 
1.3 83 17 4.2 

the Soret band of polyVTPP is weaker and 
broader than that ofVTPP, indicating that the 
molecular extinction coefficient markedly de
creases in the polymer. The molecular extinc
tion coefficients of all Q bands of polyVTPP 
are almost comparable to those of the mono
mer. These results indicate that some electronic 
interactions occurred among porphyrin moi
eties in the polymer. This finding is almost 
the same as for other porphyrin containing 
polymers we have reported. Similar phenome
na have been observed for porphyrin dimers 
in organic solvents and explained in terms of 
an exciton coupling model due to the close 
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approach of the two porphyrin rings. 16• 1 7 

The differences in the spectra between poly 
VTPP·and VTPP suggest that the TPP moieties 
bound to this polymer are forced to interact 
due to their proximity. 

Copolymerization 
To understand the effects of the TPP ring 

on the radical reactivity of the vinyl monomers, 
copolymerizations of VTPP (M 1 ) with styrene 
(M 2) were performed in benzonitrile at 60°C 

100.-----,----r---.---.---~ 

• 
'ii 

80 • 
0 .s • <ii 60 
E 
0 • C. 
0 40 u • • .!: 

20 M1:VTPP 
M2: Styrene 

0 
0 20 40 60 80 100 

M1 in the comonomer (mol%) 

(a) 

8 

6 

.... -- 4 
t, • 
LL 

2 

• rst= 0.51 0 
rvrpp=0.65 

-2 
0 2 4 6 8 10 12 

F2 /f 
(b) 

Figure 3. (a) Copolymer composition curve of VTPP 
(M 1) with styrene (M 2). (b) Fineman-Ross plots of 
copolymerization of VTPP with styrene. 
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with AIBN as an initiator (Table II). The 
copolymer composition curve is shown in 
Figure 3 (a). Monomer reactivity ratios were 
determined to be r 1 =0.65±0.15 and r2 = 
0.51 ±0.15 by the Fineman-Ross method, 12 

indicating that the radical end ofVTPP is more 
reactive toward styrene than VTPP, and that 
of styrene somewhat more reactive toward 
VTPP than styrene. We can see from these 
findings that copolymer tends to have relatively 
alternate composition. Q and e for VTPP were 
0.85 and 0.24, respectively. These values for 
VTPP are compared with those for styrene, 
MAOTPP, and MMA in Table III. When we 
compare e of VTPP with that of styrene, VTPP 
shows more positive value than that of styrene 
by 1.0. Similarly, MAOTPP has more 
positive e value than that of MMA by 1.0. 5 

This indicates that porphyrin moiety has more 
electron withdrawing substituents than phenyl 
or methyl group to the vinyl group. Q of 
MAOTPP, 2.03, was previously found to be 
larger than that of MMA by 1.3, which was 
explained by the resonance stabilization of 
vinyl group and TPP moiety through the ester 
bond. Q of VTPP is smaller than that of 
styrene. The difference in Q between styrene 
and VTPP has reverse tendency to that between 
MMA and MAOTPP. Since the vinyl group 
bind directly to TPP in VTPP, the resonance 
stabilization between vinyl group and TPP is 
considered to be hindered by steric repulsion 
between the vinyl group and bulky TPP, 
suggesting Q of VTPP to be smaller than that 
of styrene. Therefore, resonance stability of 
VTPP is similar to that of MMA rather than 
styrene. In fact, the copolymer composition 
curve of VTPP and styrene is similar to that 

Table III. Q and e for monomers 

Monomer Q e 

VTPP 0.85 0.24 This work 
Styrene I -0.80 Ref 18 
MAOTPP 2.03 1.47 Ref 5 
MMA 0.78 0.40 Ref 18 
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Q 
p• V II 
0 

# 

VTPP Initiating Radical 

Scheme 3. 

of MMA and styrene. 19 

Time~Resolved ESR Study 
To evaluate the reactivity of VTPP to 

primary radicals in the radical polymerization, 

6.0 

5.0 

rate constant of the addition of diphenyl 'en 
m 

phosphinoyl radicals (Ph2P = 0), generated by 
the photolysis of 2,4,6-trimethylbenzoyl di
phenylphosphine oxide (TMDPO), to VTPP 
was directly determined by time-resolved elec
tron spin resonance (ESR) spectroscopy. Re
cently, we reported a time-resolved ESR study 
on the initiation step of the photoinitiation 
of various monomers with TMDPO, whose 
photodissociation yielded the 2,4,6-trimethyl
benzoyl radical and diphenyl phosphinoyl rad
ical.13 We extended this research to the photo
initiation of VTPP with TMDPO (Scheme 3). 

While decay rate of diphenyl phosphinoyl 
radical became higher with increasing the 
concentration of VTPP, the decay rate of 
2,4,6-trimethylbenzoyl radical scarcely chang
ed with increasing concentration of monomer. 
This shows that diphenylphosphinoyl radical is 
much more reactive with VTPP as well as other 
vinyl compounds than 2,4,6-trimethylbenzoyl 
radical. The decay rate of diphenylphosphinoyl 
radical increased with the concentrations of 
monomers, and followed first order kinetics 
even in the presence of monomers. The ini
tiation rate constants for the addition of the 
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2.o~--~-----------
0.0 0.2 0.4 0.6 0.8 

[VTPP] (mM) 

Figure 4. Plots of k' vs. the concentration of added 
monomer (VTPP). 

diphenyl phosphinoyl radical to VTPP and 
styrene were estimated from the relation 
between the concentrations and decay rates 
(Figure 4). The rate constant for VTPP was 
(1.4 ± 0.5) x 106 s- 1 M- 1. The initiation rate 
constant ofVTPP was one order of magnitude 
smaller than that of styrene ((1.1 ±0.2) x 107 

s- 1 M - 1 )15 just like the case between 
MAOTPP and MMA. 20 Q of VTPP was 
smaller than that of styrene as mentioned in 
the former section concerned with the results 
of copolymerization. A C = C stretching 
vibration of IR spectrum of VTPP ( 1620 cm - 1) 
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is 16 cm - 1 smaller than that of styrene 
(1636 cm - 1 ), suggesting that the C = C bond 
of VTPP is a little closer to the single bond 
than that of styrene. Accordingly, the difference 
in the rate constants between VTPP and styrene 
is due to decreased resonance stabilization of 
vinyl group ofVTPP, in other words, the steric 
bulkiness of TPP moiety of VTPP decreases 
the resonance stabilization of the vinyl group. 
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