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ABSTRACT: Photocrosslinkable polymers containing coumarin side groups were prepared by
copolymerizing 7-methacryloyloxycoumarin(MAC) and methyl methacrylate. Photochemical reaction
of the copolymers was investigated by UV, IR and GPC analysis in film as well as in solution
state. Upon irradiation of 350 nm UV light to the polymer films in the presence of sensitizer,
the rate of double bond disappearence increased in the order of acetophenone>benzophenone>na-
phthalene>anthraquinone>no sensitizer. The disappearence rate also increased with the content
of MAC units in the copolymer and the amount of sensitizer. The reaction was photoreversible
similar to that of 7-acetoxycoumarin, a model compound of the copolymer. 7-acetoxycoumarin pho-
todimer and 7-hydroxycoumarin was produced upon irradiation with 350 nm to 7-acetoxycoumarin.
The photodimer was photosplitted into 7-acetoxycoumarin upon irradiation with 254 nm. GPC resu-
Its show that molecular weight distribution of the copolymer on irradiation of 350 nm light became
broader, ie the content of both low and high molecular weight fraction increased which suggest
that photocycloaddition and photodecomposition reaction of coumarin moiety take place simulta-

neously.

Introduction

Photo-crosslinkable polymers have been used com-
mercially in a variety of areas such as photoresist,
paint, printing, adhesive, dental industries, and so
on. The photo-crosslinkable polymers must have
photosensitive functional groups which undergo
crosslinking reactions upon ahsorption of light.
Photo-crosslinkable polymers can be classified into
two types on the basis of the nature of the reactions
i.e., [2+2] photocyclodimerization of double bonds'?
and photolysis of photolabile groups in the polymer
chain. Most well known photo-crosslinkable poly-
mers are KPR(Kodak Photoresist)** which was syn-
thesized by the reaction of cinnamic acid and poly
(vinyl alcohol). It has been used as a negative type
photoresist for printing plates. Many photosensitive
functional groups are known which undergo cross-
linking induced by UV light?

The structure of coumarin group is quite similar
to cinnamate group, however the double bond of
coumarin conjugated with benzene ring is unable
to undergo cis-trans photoisomerization because of
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its cyclic structure. There is no loss of energy by
photoisomerization reaction unlike the cinnamate
group. The photodimerization reaction of coumarin
has been studied extensively®’ with respect to the
various reaction conditions such as solvent effect,
heavy atom effect, salt effect, sensitizer effect, and
Lewis acid effect.

The coumarin groups were also introduced to
polymer systems. For example, Delzene et al® pre-
pared polymers having coumarin groups at the side
chain and studied their photochemical properties.
Hasegawa et al.!° prepared optically active polymers
having coumarin cyclodimer and studied their pro-
perties. Recently, the application of [2+2] photocy-
clodimerization reaction of coumarin moiety was
extended to preparation of photosensitive hydrogel
for water sorption'! or for an artificial extracellular
matrix.!?

We have been studying the application of photo-
chemical reactions to polymer systems" and the
present paper reports the photochemical properties
of the copolymers containing coumarin side groups,
which was prepared by copolymerization of 7-me-
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thacryloyloxycoumarin(MAC) and methyl methacryl-
ate. The photochemical behaviours of the copolymer
were compared with that of 7-acetoxycoumarin, a
model compound of this copolymer.

Experimental

Materials. 7-Hydroxycoumarin, methacryloyl chl-
oride, acetyl chloride, benzophenone, anthraqui-
none, naphthalene, acetophenone were purchased
from Aldrich Chemical Company and used without
further purification. MMA (Shinyo Chemical Com-
pany) was purified by vacuum distillation after be-
ing washed with 10% NaOH solution. Other com-
mon solvents were purified by normal procedures.

Instruments. UV spectra were obtained with a
Varian Superscan 3 spectrophotometer. Infrared
spectra were recorded on a Mattson Polaris Fourier
Transform spectrophotometer. 'H-NMR  spectra
were taken on Varian T-60A spectrometer. Intrinsic
viscosities were measured with an Ostwald visco-
meter (size 25, No. 244) immersed in a constant
temperature bath at 25 C. Irradiations are carried
out in a Rayonet photochemical reactor (The New
Southern California Company Model RPR-100)
equipped with 254 nm or 350 nm fluorescent lamps.
Molecular weight distributions were measured by
Waters GPC-150C relative to standard polystyrenes.
Measurement of viscosities and GPC analysis of
the polymer solutions were conducted after filtera-
tion with milipore filter.

Synthesis of 7-methacryloyloxycoumarin
(MAC). 1 g (6.2 mmole) of 7-hydroxycoumarin was
dissolved in 50 mL of acetonitrile and stirred for
30 min after addition of 0.5 g of KOH powder. 1.5
mL of methacryloyl chloride (15 mmole) in acetoni-
trile was added dropwisely to the stirred solution
at room temperature. After the reaction was comp-
leted, the mixture was filtered to remove salts and
the filterate was concentrated at reduced pressure
to obtain the product. The product was recrystalli-
zed from methanol. Yield: 80~85%; m.p.: 132°~
133 C; IR(KBr pellet): 3030 (vinyl CH,=), 1720
(C=0), 1612 (aromatic C=C), 1420, 1140 (C-0-C).
1000 cm™!'; H-NMR(CDCLy) &: 2.1 (s, -CHy), 5.7 (s,
=CH,), 6.45, 7.7 (d,d, coumarin C=C), 7.0~7.5 (m,
benzene ring); Mass: m/e 39(20.4%), 41(100), 69
(20), 230(M ", 4.7).

Polymerization. Solution of MAC (1 g, 0.35
mmol) and AIBN (0.1 g in 15 mL of THF was
purged with nitrogen for 20 min and it was heated
at 60 T for 6 hrs. After the reaction was finished,
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the polymer was purified by double precipitation
in methanol. Yield of polymer was 59%. Copolymer,
P(MMA-~0-MAC) was prepared by polymerizing
MMA and MAC. Total 10 g of MMA and MAC
mixture with molar ratio of 9:1, 7:3, or 5:5 was
dissolved in 5 mL of THF containg 0.1 g of AIBN
and the solution was heated at 60C for 6 hrs. Co-
polymer was purified by double precipitation in
methanol. Yield of polymers was around 50~ 60%.

Measurement of Double Bond Disappearan-
ce. Copolymer 0.1 g was dissolved in THF 2 mL
and casted on NaCl plate. A constant amount of
polymer solution measured by microsyringe was
dropped on NaCl plate and the solution was spread.
The NaCl plates which have similar absorbance af-
ter drying the solvent were selected and used for
the IR measurement. The film on NaCl plate was
irradiated with 350 nm UV light. The ratio of dou-
ble bond disappearance was calculated from the ab-
sorbance decrease at 1612 cm™! as a function of
irradiation time. The effect of a sensitizer on the
double bond disappearance was measured by the
same procedure after addition of a sensitizer (0.01
g).

Synthesis of 7-acetoxycoumarin. 05 g (3
mmole) of 7-hydroxycoumarin dissolved in 30 mL
of acetonitrile and stirred for 30 min after addition
of 0.3 g of KOH powder. 0.3 mL of acetyl chloride
(4.2 mmol) in acetonitrile was added dropwise to
the stirred solution at room temperature. After the
reaction was finished, salt was removed by filtration
and the filtrate was concentrated at reduced pres-
sure. Crystallization from methanol yielded a white
crystalline solid. Yield: 80%; m.p.: 135~136 C; IR
(KBr pellet): 3080 (CH, aromatic), 1740(C=0), 16
12, 1430, 1290 (C-O-C) cm™!; H-NMR(CDCl,) &: 2.3
(s, -CHjy), 64, 7.7 (d,d, coumarin C=C), 7.0~75
(m, aromatic).

Preparation of 7-acetoxycoumarin Photodi-
mer. 7-acetoxycoumarin (0.1 g, 0.5 mmol) was dis-
solved in 10 mL of THF and irradiated with 350
nm UV light for 3 hrs. The photodimer was isolated
by preparative TLC (cyclohexane : ethyl acetate=7 :
3, v/v).

Results and Discussion

Preparation of Polymer and Model Com-
pound. A synthetic route for the preparation of
monomer and polymer is shown in Scheme I. The
monomer containing coumarin moiety, MAC was
synthesized by reacting methacryloyl chloride and
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Figure 1. IR absorption spectrum of copolymer B.

7-hydroxycoumarin in the presence of KOH as a
catalyst. The structure of MAC was confirmed by
spectroscopic analysis. The UV absorption maxi-
mum of this compound was 314 nm at THF. The
IR spectrum of MAC showed no -OH group absorp-
tion band between 3200~3600 cm ™! and an absorp-
tion band of ester C=0O group appeared at 1720
cm L. NMR and mass spectral data are consistent
with the structure of MAC.

PMAC, a homopolymer having coumarin groups
was prepared by polymerization of MAC in the pre-
sence of AIBN as the initiator. Some insoluble frac-
tion in THF was produced in the reaction mixture.
It was removed by filtration and PMAC was preci-
pitated in methanol. The formation of insoluble frac-
tion in THF is likely due to the participation of
coumarin double bond to the polymerization resul-

Scheme II.
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ting in formation of cross-links between polymer
chains.

P(MMMA-~0-MAC), a copolymer having coumarin
groups was prepared by copolymerizing MMA and
MAC and subsequent double precipitation in me-
thanol. IR spectrum of this copolymer is shown in
Figure 1. The spectrum is similar to that of PMMA
but absorption band from coumarin group appear
at 1612 cm™’. Table I summarizes composition and
viscosities of the copolymers before and after irra-
diation. Irradiation was performed in THF solution.
Viscosity of the polymers increased upon irradiation
with 350 nm UV light for 5hrs except copolymer
A. The relative increase of the viscosity is higher
for the copolymer with high MAC content. The inc-
rease of viscosity upon irradiation can be explained
by the formation of cross-links between polymer
chains as a result of cyclodimerization of coumarin
moieties.

7-acetoxycoumarin, a model compound of the co-
polymer was synthesized by reacting acetyl chloride
and 7-hydroxycoumarin in the presence of KOH
as a catalyst (Scheme II).

IR spectrum of this compound showed that no
absorption band was observed between 3200~ 3600
cm™! and an absorption band of ester carbonyl
group appeared at 1740 cm™'. The other spectral
data of this compound are in good agreement with
the structure of 7-acetoxycoumarin. 7-acetoxycou-
marin photodimer was isolated by preparative TLC.

Photo-crosslinking. Photo-crosslinking reaction
of the copolymer in the film state was studied by
IR absorption spectroscopy. The copolymer film was
casted on a NaCl cell. The fraction of double bond
disappearance of the copolymer films after irradia-
tion was determined from the difference between
absorbance at 1612 cm™! before and after irradia-
tion for a given period. The value was normalized

Table I. Composition and Viscosities of Copolymers

Copolymer MMA : MAC Composition (%)" [n]? [(n]?
Copolymer A 9:1 90.3: 97 0.01 0.01
Copolymer B 7:3 65 :35 0.045 0.05
Copolymer C 5:5 51 :49 0.06 0.09

D Determined from NMR spectra. ? Intrinsic viscosity before irradiation. ¥ Intrinsic viscosity after 5 hrs irradia-

tion with 350 nm UV light in THF (0.1 g/d)).
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Figure 2. Concentration effect of benzophenone on
the fraction of double bond disappearance of copolymer
B film as a function of irradiation time. The copolymer
was irradiated with 350 nm UV light after addition

of 0%(Q), 4%(@), 8%(V), and 12%(¥) of benzophe-
none.

by the difference between absorbance at 2970 ¢cm™!
according to the following equation:

the fraction of double bond disappearance (%)

a¥
=X X100
where, a: absorbance at 2970 cm™! before irra-
diation,
b: absorbance at 2970 cm™! after irradia-
tion,
X: absorbance at 1612 cm ™' before irra-
diation,
Y: absorbance at 1612 cm™! after irradia-
tion.

The effect of a photosensitizer on photo-crosslin-
king of the copolymer was studied. Figure 2 shows
the fraction of double bond disappearance of copol-
ymer films in the presence of benzophenone as a
function of irradiation time. The ratio of double
bond disappearance increases with irradiation time
and amount of benzophenone. Addition of benzo-
phenone, a triplet energy sensitizer, enhances the
photodimerization reaction. This result implies that
the photo-crosslinking reaction of the copolymer ef-
ficiently takes place via excited triplet state of cou-
marin moiety.
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Figure 3. The fraction of double bond disappearance
of copolymer film containing 10% benzophenone as a
function of irradiation time. The copolymer was irra-
diated with 350 nm UV light: O, copolymer A; @,
copolymer B; and ¥, copolymer C.
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Figure 4. Effect of various sensitizers on the double
bond disappearance of copolymer B film as a function
of irradiation time. The copolymer film was irradiated
with 350 nm UV light after addition of 10% sensitizer:
(O, no sensitizer; @, anthraquinone; ¥V, naphthalene;
¥, benzophenone; and [], acetophenone.

The effect of the amount of coumarin units in
the copolymer on photo-crosslinking reaction was
also studied. Figure 3 shows the fraction of double
bond disappearance of the three copolymers in the
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Figure 5. UV absorption spectral changes of copoly-
mer B in THF solution (A) upon irradiation with 350
nm UV light for various irradiaticn time and (B) upon
irradiation with 254 nm to irradiated (A).

presence of 10 wt% benzophenone as a function
of irradiation time. The fraction of double bond dis-
appearance increased with irradiation time and
amount of coumarin units in the copolymer, which
is consistent with the viscosity results as shown
in Table I. This result can be explained by the
increase of probability of photocycloaddition reac-
tion of coumarin double bond.

The effect of a different sensitizer on photo-cross-
linking reaction of the copolymer was studied. Fi-
gure 4 shows the fraction of double bond disappea-
rance for four different sensitizers as a function
of irradiation time. The ratio of double bond disap-
pearance of the copolymer was higher for benzo-
phenone (Er=68.5 kcal/mole) or acetophenone
(E1=73.5 kcal/mole) which has higher triplet ener-
gy than anthraquinone (Er=62.4 kcal/mole) or na-
phthalene (E+=61.0 kcal/mole) which has relatively
lower triplet energy. No appreciable reaction took
place in the absence of a photosensitizer. It indica-
tes that triplet energy of coumarin group is similar
to or slightly lower than that of anthraquinone or
naphthalene. This result is consistent with the re-
port!* that the triplet energy of coumarin is 62.2
kcal/mole which was measured by phosphorescence
spectroscopy.

Photoreversible Reaction. It is well known
that cyclobutane photodimer is splitted into original
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Figure 6. Absorbance changes of copolymer B at 314
nm in THF solution upon alternate irradiation with
350 nm and 254 nm UV light.

olefins by irradiation of short wave UV light. It is
interesting whether the polymer containing couma-
rin moieties is photoreversible or not because phy-
sical properties of the copolymer can be altered
reversibly by irradiation.

Figure 5 shows UV absorption spectra of copoly-
mer B in THF solution upon irradiation with 350
nm and 254 nm UV light alternately. Figure 5(A)
are absorption spectra of copolymer B upon irradia-
tion of 350 nm UV light for various irradiation time.
Figure 5(B) is that of irradiated copolymer B upon
irradiation with 254 nm for various irradiation time.
The absorption band around 314 nm decreased
upon irradiation with 350 nm and again increased
upon irradiation with 254 nm UV light.

Figure 6 shows UV absorbance changes of copol-
ymer B at 314 nm upon irradiation with 350 nm
and 254 nm UV light alternately as a function of
irradiation time. The absorbance at 314 nm decrea-
sed upon irradiation with 350 nm UV light due to
the formation of coumarin cyclobutane dimer in the
polymer chain. It increased again upon irradiation
of 254 nm due to the photosplitting of coumarin
dimer moiety in the polymer chain. This result in-
dicates that the copolymer containing coumarin
groups has photoreversible properties. First time
irradiation with 254 nm UV light to the polymer
solution restores the original absorbance value,
however second time irradiation does not restore
the original absorbance value. This result can be
explained by the formation of different kind of
photoproducts other than coumarin groups in the
polymer chains.

Figure 7 shows UV absorption spectra of 7-ace-
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Figure 7. UV absorption spectral changes of 7-ace-
toxycoumarin in THF solution (A) upon irradiation with
350 nm UV light and (B) upon irradiation with 254
nm to irradiated (A).
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toxycoumarin, a model compound of this copolymer
in THF solution upon irradiation with 350 nm and
254 nm UV light alternately. The absorption band
around 314 nm decreased upon irradiation with 350
nm and increased upon irradiation with 254 nm.
This result suggests that photocycloaddition reac-
tion of 7-acetoxycoumarin takes place upon irradia-
tion of long wavelength UV light and photosplitting
reaction takes place upon irradiation of short wave-
length UV light.

Irradiation with 350 nm UV light to THF solution
of 7-acetoxycoumarin resulted in two new compoun-
ds according to TLC analysis. The compound
which has R, value of 0.13 was 7-hydroxycoumarin
and that which has R; value of 0.28 was 7-acetoxy-
coumarin photodimer. 7-Hydroxycoumarin was iden-
tified by comparison with the R; value of authentic
sample. 7-Acetoxycoumarin photodimer was confirm-
ed by its characteristic photosplitting reaction: 7-
acetoxycoumarin was identified by comparison with
the R;values of authentic sample after photolysis
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Figure 8. GPC analysis of copolymer B before (@
and ) and after (l and []) irradiation with 350 nm
UV light for 5 hrs in THF.
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of the photodimer with 254 nm UV light. The for-
mation of 7-hydroxycoumarin can be explained by
photodecomposition of 7-acetoxycoumarin as shown
in Scheme III

Photolysis Reaction. Copolymer C in THF sol-
ution was irradiated with 350 nm UV light and the
change in molecular weight distribution of the irra-
diated copolymer was monitored by GPC. Figure
8 shows a gel permeation chromatogram of copoly-
mer C before and after irradiation. The low mole-
cular weight fraction as well as high molecular wei-
ght fraction is found to increase after photoreaction.
7-Hydroxycoumarin was identified by TLC analysis
in this photoproduct. This result suggests that not
only photocycloaddition but also photodecomposi-
tion reaction take place upon irradiation with 350
nm UV light.

Scheme IV shows photochemical reactions of the
copolymer containing coumarin side groups. The
photochemical behaviors of this copolymer are quite
similar to that of 7-acetoxycoumarin. Photocycload-
dition and photodecomposition reaction of the cou-
marin moiety took place upon irradiation with 350
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nm UV light. Some photochemical degradation of
the polymer main chain also took place. The cou-
marin dimer moiety formed by photocycloaddition
reaction is photosplitted into coumarin moiety upon
irradiation with 254 nm. Second time repetition of
this cycle produces unidentified photodecomposition
products.

Conclusion

Photo-crosslinkable polymers containing couma-
rin side groups were prepared and their photoche-
mical properties were studied. The copolymers are
photo-crosslinked upon irradiation with 350 nm UV
light and photosplitted upon irradiation with 254
nm. Photo-crosslinking reaction: of the copolymer
increased with the content of coumarin units and
with addition of a triplet energy sensitizer such as
benzophenone or acetophenone. The photoreaction
is reversible just like 7-acetoxvcoumarin, a model
compound of this copolymer. In addition, photode-
composition reaction of coumarin moiety in the co-
polymer took place during irradiation with 350 nm
UV light.
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