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Abstract

Laser diodes are small, cheap and easy to operate, so the near infrared laser diode induced photopolymerization has potential applications
in computer-to-plates, erasable computer compact discs and photolithography technology. In this paper, a novel cyanine dye—borate complex
(CBC), 1,3,3,1',3',3"-hexamethyl-11-chloro-10,12-propylene-tricarbocyanine triphenylbutyl borate, was employed as the photoinitiator, and
a near infrared laser diode emitting at 796 nm was used as the irradiation source of photopolymerization. The influence of various irradiation
parameters, such as the CBC content, light intensity and sample thickness, on the photopolymerization kinetics of different acrylate
monomers, with or without a binder, was investigated in detail by real-time FTIR. The maximum photopolymerization quantum yield
was about 21.2 mol einstein ' for TMPTA with a sample thickness of 20 wm and a CBC content of 2.0 wt% under 0.5 mW cm ™ laser
irradiation. It was found that CBC was indeed capable of initiating the polymerization of acrylate monomers under the irradiation of a 796 nm
laser. However, the dependence of polymerization rate R, on the light intensity in the infrared laser induced process was not as pronounced as
that induced by conventional UV/Vis light. Moreover, neat TMPTA gave a double bond conversion compared with the system including a

solid binder under the same irradiation conditions. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Photopolymerization has found wide applications in
imaging and radiation curing technologies, e.g. photoresists,
photolithography, photocurable coatings and inks, etc. [1]
Compared with conventional ultraviolet or visible lamps,
lasers have distinct advantages as irradiation sources for
industrial applications. The laser beam can be focused
down to a micron-sized spot, which not only provides a
high output energy density, but also greatly improves the
image resolution of photoresists [2,3]. Moreover, the well-
defined emitting wavelength of the laser can effectively
reduce the undesirable secondary reactions induced by poly-
chromatic radiation. Thus, the laser-induced polymerization
has potential applications in the computer-to-plates (CTPs)
or laser direct imaging (LDI) technology, in which high-
resolution relief images stored in a computer can be directly
transferred to photocurable plates without the use of a mask,
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and consequently the processing cost can be greatly
decreased [2,4]. Photopolymerizations induced by UV and
Visible lasers have received considerable attention in recent
years [2—-8].

Compared with conventional UV/Vis lasers, e.g. Argon-
ion, He/Ne, and Krypto ion lasers, etc. laser diodes are
cheap, compact and easy to operate. A QW1000 near infra-
red laser diode (Semiconductor Institute, Chinese Academy
of Sciences) costs no more than 130 US dollars, and is
approximately one cubic centimeter in size, while its perfor-
mance, with an output power of 1 W at 796 nm, is satisfac-
tory. Moreover, it has no rigorous requirements on the
working environment (e.g. consuming inert gas, low
temperature, etc.) for stable operation. These characters,
especially its small volume, lend the laser diode to be a
competitive candidate as the light source in applications
such as CTPs technology and erasable compact discs in
personal computers [4].

However, while photoinitiators sensitive to UV/Vis light
are commercially available, studies on those sensitive to
near infrared light, especially with wavelengths above
700 nm, can only be found in some patents [9—17]. Cyanine
dye—borate complexes (CBCs) have been regarded as promis-
ing photoinitiators in the visible region since Chatterjee’s
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first report in 1988 [18]. Its sensitizing wavelength can be
finely tuned by changing the number of conjugated double
bonds in the cyanine dye. Two double bonds in the cyanine
bridge chain gave a maximum absorbance wavelength
(Amax) of about 550 nm [18-20], and it shifted to ca.
660 nm after one more double bond was introduced
[21,22]. We have synthesized a cyanine dye—borate
complex, 1,3,3,1',3’,3"-hexamethyl-11-chloro-10,12-propy-
lene-tricarbocyanine triphenylbutyl borate, which has four
conjugated double bonds in the cyanine bridge chain and its
A max red-shifted to 780 nm (in butanone) [23]. This CBC is
able to discharge n-butyl radicals under the irradiation of
near infrared light [24]. Most of the previous papers
[18,19,21,22] were focused on the photodecomposition
and intra-ion-pair electron transfer mechanisms of those
CBCs and their photopolymerization behaviors have not
got enough attention [20]. In this paper, the near infrared
laser induced photopolymerization kinetics is investigated
with CBC as the photoinitiator.

The characterization method employed in this study is
real-time FTIR (RTFTIR), which can follow the photo-
polymerization process at the molecular level and easily
detect the amount of residual monomer without any damage
to the sample. The influence of laser irradiation conditions,
such as the light intensity, irradiation time, sample thick-
ness, photoinitiator content and post-polymerization, on the
polymerization kinetics can be conveniently investigated by
this method [7,25-33]. To our knowledge, this is the first
report on systematic studies of the near infrared laser
induced photopolymerization.

2. Experimental
2.1. Materials

CBC was synthesized by our known procedure [23] and
was used as the photoinitiator. Multifunctional acrylate
monomers employed here were trimethylolpropanetriacry-
late (TMPTA, Eternal Chemical Co., LTD, Taiwan), phtha-
lic diglycol diacrylate (PDDA, Dongfang Chemical Co.,
LTD, China), and a polyester (tetra)acrylate (CN920, Sarto-
mer). All monomers were used as received. A copolymer of
acrylic acid, methyl methylacrylate, styrene and butyl acry-
late (AA/MMA/St/BA, 20/45/10/25, feed ratio in weight)
was synthesized in our laboratory and used as the binder,
which is an important component in CTPs to improve the
mechanical properties of the resulting film.

2.2. Sample preparation

To prepare a typical TMPTA/CBC/binder sample, 0.1 g
TMPTA and 0.1 g binder were dissolved in 0.3 g butanone
and then different amount of CBC was added. The content
of CBC is defined as the weight ratio of CBC to the mono-
mer. For neat monomer/CBC systems, CBC was introduced
into the 20% monomer/butanone solution in 5.0 wt%

content and no binder was used. The solution was dropped
on a NaCl plate, without removal of the solvent, and was
covered with another NaCl plate with controlled thickness
of 20-60 pm.

2.3. Instruments

The sample was placed in the sample compartment of a
NICOLET 560 FTIR spectrometer and was irradiated by a
QWI1000 near infrared laser diode (emitting wavelength:
796 nm; Institute of Semiconductors, Chinese Academy of
Sciences) through an optical fiber. FTIR spectra were
collected simultaneously and continuously with the scan
speed of one spectrum per second. Light intensity of the
near infrared laser diode was measured by a LPE-1 energo-
metor (Institute of Physics, Chinese Academy of Sciences).
Electron extinction absorption spectra of the sample were
collected with a Perkin—Elmer Lambda Bio 40UV/Vis spec-
trometer. Electron spin resonance (ESR) experiments were
performed on a Bruker ER 200D-SRC spectrometer with 2-
methyl-2-nitroso-propane (MNP) as the radical capturing
agent. CBC and MNP were dissolved in toluene and the
solution was purged with nitrogen for 10 min to get rid of
the oxygen. It was then irradiated under the near infrared
laser for 5 min. ESR spectra were collected immediately
after the irradiation.

2.4. Determination of photopolymerization parameters

The degree of cure was characterized by double bond
conversion, vy, of the monomer, which could be determined
from the peak area drop of the unsaturation absorption
bands (1620 and 1635 cm ™', C=C stretching) in FTIR spec-
tra of different irradiation time. Photopolymerization rate,
R, was calculated according to the following equation [26]

Ay —Ap 1
Ao 1(s) — ty(s)’
(H

where [M], is the initial concentration of the double bond,
A, and A, FTIR peak areas of the double bond at irradiation
time #, and #,, respectively, and A, the corresponding initial
peak area before irradiation. R, was only determined at the
initial photopolymerization stage, where a nearly linear
increase of conversion was observed.

The quantum yield of photopolymerization @, is defined
as the number of polymerized double bonds per absorbed
photon [33] and was determined from Eq. (2)

R,(mol 17" s™") = [M]o(mol 1)

R,(mol 1”" s™Me(um)

107f Iy(einstein s~ cm™2)

@, (mol einstein ') = , 2)
where e is the sample thickness, f the absorption efficiency
to the near infrared laser beam (fis approximately 100% for
the employed CBC system due to its high molar extinction
efficiency €), and [, the incident light intensity.
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3. Results and discussions

CBC is a complex of cationic cyanine dye and anionic
triphenylbutyl borate with the following structure:

ol
m—CH=CH©=CH—CH—
)

CHy

—

N
Cl,

[n-BuB (Ph) 3]~

Its maximum extinction efficiency €.,  is 2.66 X
10°1mol 'em ™" at 780 nm with a half peak width of
51 nm (in butanone). € still remains at a relatively high
value, 1.7 X 10° 1 mol ™! cm” !, at 796 nm, the emitting
wavelength of the adopted near infrared laser diode.

3.1. Intra-ion-pair electron transfer

As has been already mentioned, Chatterjee et al. [18]
studied the photodecomposition mechanism of several simi-
lar CBCs in the visible region. Under irradiation of visible
light, the cationic cyanine dye absorbs a photon and is
excited; an electron is then transferred from the borate to
the cyanine, which results in an unstable borate radical. The
n-butyl radical released from the borate radical is capable of
initiating radical polymerization of acrylate monomers. The
mechanism is illustrated in Fig. 1.

The most important difference between our CBC and
those reported by Chatterjee et al. [18] is that the former
has more conjugated double bonds and is therefore sensitive
to longer wavelengths of light. It is thus logical to assume
that CBC will also undergo the same intra-ion-pair electron
transfer process. Several resonance peaks were found in the
ESR spectrum after CBC was irradiated by the 796 nm near
infrared laser (Fig. 2), which indicates that n-butyl radicals
had been released.

Furthermore, it was found that after irradiation, the CBC/
TMPTA could not be dissolved in butanone, an excellent
solvent of CBC, TMPTA and the binder. This means that a
polymer network had been formed and that CBC is indeed
capable of initiating the photopolymerization of acrylate
monomers upon the irradiation by a near infrared laser.

3.2. Photopolymerization of TMPTA/CBC/binder system

Photopolymerization of the TMPTA/CBC/binder system
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Fig. 1. Schematic illustration of the photoinitiating mechanism of cyanine
dye—borate complex.
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Fig. 2. ESR spectrum of CBC after irradiated by a near infrared laser.

was investigated in detail because it is close to the real CTPs
compositions.

3.2.1. Effects of the CBC content

The photoinitiator content plays a key role in the photo-
polymerization. In the conventional UV/Vis photo-
polymerization, R, increases when more initiator is used,
but it decreases rapidly if too much is added, which is
attributed to the ‘filter effect’ [33]. This effect becomes
more significant for photoinitiators with high molar extinc-
tion efficiency. CBC can have a € as large as 1.78 X
10°1mol ' ecm™" at 796 nm, which is very large compared
with that of normal UV photoinitiators, therefore the near
infrared laser induced photopolymerization follows a simi-
lar trend. For TMPTA/CBC/binder system, the highest R,
and highest final y were achieved at a CBC content of
2.0 wt% for a 20 pm thick film (Fig. 3). The reduction of
photopolymerization rate can be easily understood if we
consider the decrease in penetration depth of the laser
beam as a result of the exceedingly high CBC content.

The photodecomposition of CBC is a relatively slow
process (Fig. 4), i.e. less than a 30% drop in absorbance
was observed after 120 s of irradiation (17.0 mW cm 2,
10.0 wt% CBC content). Thus, the filter effect will prevail
for a relatively long period. It was also found that the photo-
decomposition rate for samples with lower CBC content was
higher than that with higher CBC content. This observation
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Fig. 3. Influence of the CBC content on the conversion of TMPTA:
(®), control; (M), 0.5 wt%; (A), 1.0 wt%; (X), 2.0 wt%; ([), 5.0 wt%;
(<), 10.0 wt% (Light intensity: 17.0 mW cm~2; sample thickness: 20 pm).



7578 S. Zhang et al. / Polymer 42 (2001) 7575-7582

Decrease of absorbance (%)

0 ——— — T
0 20 40 60 80 100 120
Time (s)

Fig. 4. Decrease in absorbance of CBC under the near infrared laser irradia-
tion: (X), 2.0 wt%; (O), 5.0 wt%; (<), 10.0 wt% (Irradiation intensity:
17.0 mW cm ™% sample thickness: 20 wm).

gave further proof to the existence of filter effect. Moreover,
the residual absorbance was relatively high and approached
a constant value after a long time, which indicates that the
photodecomposition products of CBC might still have
absorbance at 796 nm, i.e. it is not photobleachable. Then
the products will continuously prevent the laser beam from
penetrating into the deeper layer of the sample and further
photopolymerization is thus retarded. This soundly explains
why the conversions approached different values for differ-
ent CBC contents even after long periods of irradiation time.

3.2.2. Effects of the light intensity

In general, higher light intensity results in higher free
radical concentration, and consequently faster curing (Fig. 5).
As expected, the double bond conversion of TMPTA
increased from 16% at laser power of 0.5 mW cm™ to
37% at 17.0 mW cm ™ after 10s irradiation. However,
this influence is not as pronounced as that of the CBC
content. At the end of 120 s exposure, only a 10% gap in
the double bond conversion was observed when the light
intensity increased from 0.5 to 17.0 mW cm 2. It is well
known in conventional photopolymerization systems, whether
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Fig. 5. Influence of the light intensity on the conversion of TMPTA (CBC
content: 2.0 wt%; sample thickness: 20 wm).

induced by UV or Vis light, that crosslinking remarkably
influences the reaction process. Slight crosslinking, or a
rapid increase of the viscosity resulting from the initial
polymerization, will first limit the mobility of propagating
polymer radicals, and bimolecule termination is con-
sequently inhibited. This leads to the so-called ‘auto-
acceleration’ (discussed later). A further increase in
crosslinking density will restrict the diffusion ability of
monomers and primary radicals, and the photopolymeriza-
tion approaches a diffusion control stage, i.e. R, decreases
rapidly and light intensity will have no significant influence
in the curing profile. Just like other monomers used in
conventional UV/Vis photopolymerization(or more strictly,
photocuring), TMPTA is a multifunctional acrylate mono-
mer with three double bonds per molecule, so it is very easy
to crosslink. Moreover, for CBC with a relatively slow intra-
ion-pair electron transfer rate, the discharge of primary radi-
cals is a competitive process. The n-butyl radical has a
chance to recombine with the dye radical to produce an
inactive molecule before it can escape the CBC cage to
initiate possible polymerizations. In the diffusion control
stage, high crosslinking makes the cage escape process
more difficult so that R, is further decreased. Although the
enhancement of irradiation can surely increase the photo-
decomposition rate of CBC, it cannot necessarily increase
the n-butyl radical concentration proportionally. Thus,
higher laser power cannot promote the photopolymerization
at an expected magnitude during the diffusion control stage.
However, operating at a higher laser power is still of interest
for increasing the initial photopolymerization rate so as to
shorten the irradiation time [1].

3.2.3. Effects of the sample thickness

Fig. 6 depicts the dependence of the double bond conver-
sion on the sample thickness. Based on the Beer—Lambert
Law, for sample with 2.0 wt% CBC content (CBC/
TMPTA = 2.0 wt%, the concentration of CBC in the buta-
none solution is approximately 0.005 mol1~") and 20 pwm
thick, the absorbance at 796 nm is 1.82 in theory and was
found to be 1.98 in experiments (Fig. 7), i.e. 99% of the
incident light will be absorbed by the sample. This means,

Conversion (%)

0 100 200 300
Time (s)

Fig. 6. Influence of the sample thickness on the conversion of TMPTA
(Light intensity: 17.0 mW cm 2 CBC content: 2.0 wt%).
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Fig. 7. Absorption spectra of TMPTA/CBC/binder with different sample
thickness and CBC content, from top to bottom: 5.0 wt%, 20 wm; 2.0 wt%,
40 pwm; 2.0 wt%, 20 wm; 1.0 wt%, 20 pm; 0.5 wt%, 20 pm.

for a thick sample, the top 20 pm layer will absorb most of
the incident light and has a chance to be polymerized,
whereas the bottom layer has few chances to absorb photons
and to be polymerized. For this reason, the double bond
conversion obtained from RTFTIR is ‘apparent conversion’
of both the polymerized top layer and the unpolymerized
bottom layer. It is expected that the real conversion should
be much higher in the top layer than in the bottom layer. For
TMPTA with a CBC content of 2.0 wt%, the double bond
conversion decreased dramatically when the sample thick-
ness increased from 20 to 60 wm (Fig. 6). Fig. 7 shows the
absorption spectra for samples with different CBC contents
and thickness. The absorbance increases proportionally with
the increase of CBC content or sample thickness. The signif-
icance of filter effect can be readily understood and
predicted from the strong absorbance for the sample with
high CBC content and thickness (Fig. 7).

3.2.4. Quantum yield of photopolymerization (P,)

The quantum yield reflects the total photopolymerization
efficiency of the system, including the ability of the photo-
initiator to discharge radicals and the ability of the monomer
to carry out polymerization. Values of the photopolymeri-
zation quantum yield of TMPTA at 10% double bond
conversion are given in Table 1.

For the polymerization that follows the bimolecular
termination mechanism, e.g. coupling or disproportionation,
@, decreases if the light intensity I, increases [29]

(pp oc 16().5 (3)
For those following the unimolecular termination

Table 1

Photopolymerization quantum yield of TMPTA/Binder/CBC system (CBC
content: 2.0 wt%; e: 20 wm; [M]y: 2.0 mol 171; calculated at 10% double
bond conversion)

Laser power (mW cm ™~ 2) 0.5 1.5 40 60 70 17.0
I (10 8 einsteins ' ecm? 033 1.00 2.67 4.00 4.67 1130
R, (10 2mol17"'s7 36 50 74 76 91 135
@, (mol einstein ") 21.2 10.0 5.6 3.8 3.9 2.4

mechanism, e.g. the propagating polymer radical is trapped
by the crosslinked network, or is transferred to impurities,
the light intensity I, will theoretically have no influence on
D, [33]

®, o I8 *)

Table 1 shows that @, decreases rapidly, from 21.2 to
2.4 mol einstein !, when I, increases from 0.5 to
17.0 mW cm % This indicates that the near infrared laser
induced photopolymerization prefers bimolecular termina-
tion to unimolecular termination.

However, further study found that the termination was not
a strict bimolecular process. Plot of log R, with log I, (Fig. 8)
shows a slope of 0.37, not 0.5 (an essential character for
bimolecular termination mechanism [34]). A possible
explanation lies in the decrease of the primary radical
discharging efficiency, f3, of CBC with the increase of
light intensity, and this argument is stated as follows.

For the photopolymerization in which one primary
radical is produced for each absorbed photon and the
bimolecular termination mechanism is followed, the initia-
tion rate R; and termination rate R, are determined by Egs. (5)
and (6), respectively [35]

R; = fakaly )

R, = 2k[M'T? (6)

where ky and k, are the initiation and termination constants,
respectively, and [M"] the radical concentration.
With the steady-state assumption

oy [ fakalo T
[M]—[ - ] %)
thus
R, = k,[M1o[M*] = K[fulo]*™ (8)

where k, is the propagation constant and K equals [M]ok,(ks/
2k)°3.

If f; is a constant, as in most radical UV/Vis photopoly-
merization processes, R, will be approximately proportional
to the square root of . On the other hand, if f; decreases

0.0

205 | y=0.37x-1.36

-1.0

Logio(R,)

-1.5

2.0 ; T

0.5 0.0 0.5 1.0 15
Logioy)

Fig. 8. Dependence of the photopolymerization rate on the light intensity
(CBC content: 2.0 wt%; sample thickness: 20 wm).
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with the increase of the light intensity, the slope of
log R,—log I, plot will be apparently smaller than 0.5. For
the photopolymerization initiated by CBC, as discussed
earlier, discharging of n-butyl radical involves a multi-
step, intra-ion-pair electron transfer process. The primary
radical has a chance to recombine with the cyanine radical,
or to be quenched by other residual impurities in the sample
during the slow CBC photodecomposition process. The
possibility will become larger if I, increases, due to the
consequently higher CBC decomposing rate and higher
cyanine radical concentration. Furthermore, the ease of
crosslinking for TMPTA, as aforementioned, makes this
situation more serious. This leads to the decrease of f; at
higher Ij; and this is also part of the reason why the light
intensity does not give the expected influence on the near
infrared laser induced photopolymerization.

As explained before, with the proceeding of irradiation, a
crosslinked network is formed and R;, decreases rapidly due
to the diffusion control. So it can be easily understood that
@, will decrease significantly with the prolonged irradiation
time.

3.3. Photopolymerization of neat monomers

Neat monomers also have similar photopolymerization
kinetics to that of TMPTA/CBC/binder systems. The light
intensity dependence of vy and R, for neat TMPTA, PDDA
and CN920 is shown in Figs. 9—11, respectively. Increase of
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Fig. 9. Influence of the light intensity on the (a) conversion and (b) photopo-
lymerization rate R, of neat TMPTA: (X ), 0.5; (1), 17.0; (A), 21.7 mW cm 2
(CBC content: 5.0 wt%; sample thickness: 20 pm).
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Fig. 10. Influence of the light intensity on the (a) conversion and (b) photo-

polymerization rate R, of neat PDDA: (X), 0.5; (A), 6.0; (), 11.0;
(©), 17.0 mW cm 2 (CBC content: 5.0 wt%; sample thickness: 20 wm).
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Fig. 11. Influence of the light intensity on the (a) conversion and
(b) photopolymerization rate R, of neat CN920: (X), 6.0; (A), 11.0;
(0), 21.7 mW cm~* (CBC content: 5.0 wt%; sample thickness: 20 um).
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v and R, with I, was clearly observed for all the three
Monomers.

PDDA has a relatively lower acrylate functionality, i.e.
only two double bonds per molecule. Thus, a weaker cross-
linking tendency at certain double bond conversions can be
expected. It was found that PDDA actually gave a higher
conversion compared with TMPTA at the same laser irra-
diation conditions. On the other hand, although CN920 has a
higher functionality, four double bonds per monomer, it still
gave a relatively high conversion because, as an oligomer, it
has longer flexible chain spacers between the double bonds.
Consequently, higher chain length between crosslinking
points, or lower crosslinking density, can be expected for
CN920 at the same conversion as TMPTA.

Comparison of the photopolymerization profiles of
TMPTA/CBC/binder system and the corresponding
TMPTA/CBC system gave an unexpected finding. The
introduction of a solid binder to TMPTA led to a higher
double bond conversion. For a 20 wm thick sample with
5.0 wt% CBC content and under 17.0 mW cm~* light inten-
sity, TMPTA/CBC/binder system reaches a conversion of
more than 50% after 120 s, whereas less than 20% is
achieved for that without a binder. We think the binder
influences the polymerization process in two different
ways. During the initial stage, i.e. double bond conversions
of less than 10%, the inclusion of binder raises the sample
viscosity considerably; therefore the autoacceleration effect
occurs at a lower conversion and in a more remarkable
situation. Higher initial R, thus can be expected for the
TMPTA/CBC/binder system [35]. During the second
stage, i.e. y higher than 20%, the binder can act as an effec-
tive special solid spacer to decrease the intramolecular reac-
tion possibility, i.e. to sterically hinder the reaction between
the polymer radical and the double bonds suspended to its
own chain, and to promote its reaction with the double
bonds in the free monomers. The crosslinking process is
thus delayed and the crosslinking density will be lower in
the TMPTA/CBC/binder system compared with that with-
out a binder and at the same double bond conversion. This is
beneficial to further polymerization because a higher final
conversion can be readily achieved in the former system. It
is worth noting that solvent cannot delay the crosslinking
due to its liquid state.

As mentioned before, the auto-acceleration effect was
found in all three neat monomers, which could be explained
by the decrease of termination rate when the system is
crosslinked, the same as that for conventional radical
polymerization.

4. Conclusions

Near infrared laser induced photopolymerization of
different acrylate monomers was investigated systemati-
cally by RTFTIR. We have shown that the CBC is able to
initiate radical photoinitiator for acrylate monomers under

the irradiation of a 796 nm laser diode. High light intensity,
thin sample film and optimum CBC content are favorable
conditions to achieve high final double bond conversion and
photopolymerization rate. Unlike conventional UV/Vis
photopolymerization, the light intensity has only a slight
influence on that induced by the near infrared laser. Intro-
duction of a solid binder is helpful to promote the polymer-
ization process of TMPTA. However, further research,
including the design of more effective photoinitiator, search
for new monomers and optimization of irradiation para-
meters, is still necessary for the near infrared laser induced
photopolymerization to compete with that induced by
conventional UV light in the market.
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