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A wide variety of photo-cross-linkable polymers have
been reported during the past 70 years.1 These polymers
possess photoreactive groups in the main chain or side
chain that can react upon photoirradiation. Photocy-
cloaddition reactions are applicable to the cross-linking
of poly(vinyl cinnamate)s, chalcone-type compounds,
bismaleimides, anthracene derivatives, and cyclized
polyisoprene. Photochemical [2π + 2π] dimerization is
responsible for the cross-linking of poly(vinyl cinnama-
te)s, while [4π + 4π] dimerization takes place in photo-
cross-linking of anthracene-containing polymers.2 In
addition, photoinitiated radical reactions are widely
used for curing a variety of vinyl-functionalized poly-
mers.2

Acetylene moieties have been incorporated into poly-
imides,3 poly(aryl ether sulfones),4 polyphenylenes,5
polyesters,6 and poly(phenylquinoxalines)7 to effect
thermal cross-linking. Heating at temperatures above
150 °C induces cross-linking through cyclotrimerization
and coupling reactions of the acetylene moieties.8 How-
ever, photoinitiated cross-linking of acetylene-containing
polymers has not been reported to date.

Alkyl- and aryl-substituted acetylenes are known to
be polymerized by light in the presence of group VI
metal carbonyls [e.g., Cr(CO)6, Mo(CO)6, and W(CO)6]
in halogenated solvents9a-c and some other group VI
metal complexes.10 A variety of Lewis acids (e.g., SiCl4
and GeCl4) are effective cocatalysts for polymerization
of various acetylenes in nonhalogenated solvents.11

Among the metal catalysts, tungsten hexacarbonyl,
molybdenum hexacarbonyl,12a and metal carbonyls of
general structure M(CO)xLy

12b are widely used for
making high molecular weight polyacetylenes.

It is conceivable that, by applying the metal-catalyzed
photochemistry of acetylenes to a polymer that contains
pendent acetylene groups, one could develop a new
photo-cross-linkable polymer system. Such a photocur-
able system requires the use of only a small amount of
W(CO)6 or other effective metal catalysts and is in
principle applicable to any polymer that contains the
acetylene moiety in the main chain, side chain, or chain
ends. We report here the first example of photo-cross-
linkable polyacrylates containing acetylene moieties in
the side chain in the presence of a small amount of
W(CO)6.

A series of acrylate-type polymers 1a-1e having
pendent acetylene moieties were synthesized from pro-
pargyl acrylate13 and methyl methacrylate by radical
polymerization in benzene (for 1a-1d) or acetone (for
1e) initiated by benzoyl peroxide.14 All the polymers
were isolated as white powders and displayed excellent
solubility in chlorinated hydrocarbons, benzene, N,N′-

dimethylformamide, N-methyl-2-pyrolidinone, and N,N′-
dimethylacetamide. Free-standing, tough, flexible, water-
transparent films could be cast from the polymer
solution in 1,1,2,2-tetrachloroethane (TCE).

The IR bands for the acetylene groups were found at
3300 cm-1 (≡C-H) and 2132 cm-1 (CtC), while the
ester carbonyl peaks were observed at 1736 cm-1. The
≡C-H peaks in the 1H NMR spectra were observed at
2.5 ppm. No peak due to the allenic moiety from possible
metal-catalyzed isomerization of the propargyl group is
seen in the NMR spectrum. The ratios of the two
comonomers in copolymers 1a-1d were calculated using
the methylene protons at 4.62 ppm (OCH2-CtC within
propargyl acrylate fraction) and at 3.61 ppm (from
methyl methacrylate fraction). Methyl methacrylate is
more reactive than propargyl acrylate in this radical
polymerization reaction as proven by the higher number
of methyl methacrylate fragments incorporated in the
copolymers. The relative ratio of propargyl acrylate to
methyl methacrylate in the copolymers ranged from
1/32.5 to 1/0.8 (Table 1), as determined from the NMR
data.

Analyses by gel permeation chromatography indicated
that copolymers 1a-1d had weight-average molecular
weights ranging from 54 000 to 350 000 (Table 1).
Homopolymer 1e could only be obtained in relatively
low molecular weight (88 000) with a large polydisper-
sity (8.3), indicating chain termination likely caused by
side reaction of the ethynyl group. The onset tempera-
tures for 5% weight loss in nitrogen for all the polymers
were determined by thermogravimetry (TG) to be in a
range of 285 °C (1a) to 335 °C (1e). Differential scanning
calorimetry (DSC) revealed the glass transition tem-
peratures for all the polymers in a range of 37 °C (1d)
to 115 °C (1a) (Table 1). Like polymer 1c shown in
Figure 1 (trace a), these acetylene-containing polymers
are thermally reactive or cross-linkable, as their DSC
traces displayed two exothermic peaks at about 150 °C
for the first exotherm and at about 260 °C for the second
one.

To demonstrate photo-cross-linking of these polymers
in the presence of W(CO)6, three experiments were* Corresponding author. E-mail: wangw@ccs.carleton.ca.

Table 1. Characterization of Acetylene-Containing
Polymers 1a-1e

polymer x:ya PA (%)b Mw
c Mw/Mn Tg

d (°C) Td
e (°C)

1a 1:32.5 3.0 350 000 1.9 115 285
1b 1:7.6 11.6 375 000 2.4 44 287
1c 1:1.9 34.5 234 000 1.5 51 290
1d 1:0.8 55.5 54 000 1.2 37 325
1e 1:0 100 88 000 8.3 51 335

a Molar ratio in the final polymer, as determined from the NMR
data. b Mol % of propargyl acrylate (PA) in copolymers. c By GPC
using polystyrene standards. d Taken from the second scans of
DSC at a heating rate of 10 °C/min. e Onset temperature for 5%
weight loss in nitrogen, as assessed by TG at a heating rate of 10
°C/min.
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carried out using polymer 1c as a representative
example. First, irradiation of a polymer solution in TCE
(6.5% w/v) at 320-390 nm using a 100 mW/cm2 inten-
sity beam (Ultracure 100SS Plus/Novacure system) did
not yield any polymer gels. After doping the polymer
solution with 5 mol % of W(CO)6 and exposure to UV
light for 30 s, a gelation clearly occurred. Polymer films
doped with 5 mol % of W(CO)6 were then irradiated
(320-390 nm, 3500 mW/cm2) for 60 min and were found
to be completely insoluble in organic solvents. Infrared
analysis was performed on polymer films that were cast
on NaCl plates and exposed to UV light showed that
the acetylene absorption at 3300 cm-1 (≡C-H) greatly
decreased by nearly 66.6% after 60 min (Figure 2a). UV
exposure of the undoped polymer film did not result in
any changes in the IR spectrum. The DSC analysis on
polymer 1c also revealed a significant change in polymer
structures before and after UV irradiation (for 60 min
at 70 °C), as the photoirradiated polymer had no Tg and

a negligible exotherm at 150 °C (Figure 1, trace b). It
can be noticed that the second exotherm around 260 °C
did not change, suggesting that the structures thermally
at lower temperatures (150 °C) and photochemically at
ambient temperatures are quite similar and can be
further thermally cross-linked at higher temperatures.
Finally, direct photopatterning of polymer 1c (doped
with 5 mol % of W(CO)6) on a silicon wafer was achieved
by UV irradiation (3500 mW/cm2) of an approximately
2 µm thick film through a contact mask (Figure 3). In
comparison, the undoped polymer films could not be
patterned in the same way.

Marshall et al.15 showed that UV photolysis of W(CO)6
in the presence of an alkyne resulted in the formation
of a η2-alkyne tungsten pentacarbonyl complex [(η2-RCt
CR′)W(CO)5] that rearranges to a vinylidene derivative
[R(H)CdCdW(CO)5].12 This step was proven to be the
initiation step in the polymerization of alkynes. Pro-
longed irradiation with UV light and coordination to
another alkyne molecule resulted in the formation of
tungsten tetracarbonyl species, which triggered the
photocatalytic cycle. The IR bands of all these catalytic
intermediates are reported and can be easily assigned.12

In our case, the initial IR spectrum of W(CO)6-doped
polymer films showed a sharp peak at 1977 cm-1 with
a small shoulder at 2016 cm-1 (Figure 2b). UV photoly-
sis at 320-390 nm for 40 s at ambient temperature
generated the alkyne pentacarbonyl derivatives having
three characteristic bands at 1935 cm-1 (medium), 1962
cm-1 (strong), and 2089 cm-1 (weak). The peak positions
and relative intensities correspond well to the reported
alkyne-W(CO)5 fragments.12 The tungsten tetracarbo-
nyl complexes that are known to be intermediates in
the alkyne polymerization9c could not be detected in our
IR study, due to the known fact that they have a very
short lifetime at ambient temperatures. Prolonged ir-
radiation (>1000 s) of the polymer films resulted in the
nearly complete loss of CO ligands from the tungsten
carbonyl species.

In conclusion, efficient photo-cross-linking of acrylate-
type polymers having the ethynyl groups in the side
chain in the presence of W(CO)6 has been demonstrated.
This new photo-cross-linkable system serves as a model
for further development of various types of photo-cross-
linkable polymers, especially those that have better
optical properties and stability than PMMA, containing

Figure 1. DSC traces of polymer 1c: (a) before UV irradiation
and (b) after UV irradiation for 60 min at 70 °C.

Figure 2. FTIR spectra of polymer 1c during the initial stage
of photo-cross-linking (0-350 s) for (a) the ≡C-H stretch and
(b) carbonyl peaks of W(CO)6 and alkyne-W(CO)5 species.

Figure 3. SEM micrograph of a patterned film of polymer
1c (2 µm thick film, doped with 5 mol % of W(CO)6, irradiated
at 320-390 nm with a 3500 mW/cm2 intensity). Darker areas
are covered with polymers.
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the alkyne groups in the main chain, side chain, and
chain ends, in the presence of a small amount of W(CO)6
or other catalysts such as Mo(CO)6, Cr(CO)6,9 and
(CO)4WdC(OCH3)C4H7

10 that can promote the acetylene
polymerization. Detailed studies on the relationships
between the polymer structures, acetylene content,
metal catalysts, and kinetics of photo-cross-linking
reactions are now in progress.
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