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Chapter 1

General introduction

Photoinitiated polymerization is one of the best controllable processes for producing
polymt;r materials with well-defined structures. Irradiation from a suitable light source
initiates polymerization at ambient temperature and precisely at the desired position of
the polymerization system.’[‘he rate and degree of polymerization can Bc controlled
simply by adjusting the intensity of the irradiation. The use of photoirradiation instead
of heat to induce polymerization has rendered us a number of merits. There are a
number of ecological advantages, i.e., low-energy consumption and non-volatile organic
solvent. Many industrial innovations have been resulted, such as coating indust_ry,
microelectronics and photolithography. In the past decades, extensive investigations on
the photoinitiated polymerization systems have been carried out aiming at finding
polymerization system with higher photosensitivity. Major efforts have been devoted to
develop highly photopolymerizable monomeis and high-speed photoinitiating system
(initiator and its sensitizer). In order to understand the polymerization mechanisrh and to

- construct improvéd polymerization system, many kinetic investigations have also been
carried out.
Photoinitiated polymerization may be classified into two groups, i.e., photoinitiated
cationic polymeriza’cion1 and photoinitiated radical polymerization.2 In either of them,
developments of highly photosensitive systems are required and under extensive

investigatioﬁs. Recently, Crivello and Ortiz>* have developed highly photoactive epoxy



‘monomers. These undergo a fast cationic polymerization involving radical-induced
decomposition of onium salt photoinitiator.>> =7 One of the most distinct advantages in
cationic photopolymerization as compared with radical photopolymerization is the
insensitivity to oxygen. As for radical photopolymen'zation various types of effective
photoinitiators have been developed. In combination with specially designed aérylate
monomers,>® ultra-fast radical photopolymerization was demonstrated by Decker and
Moussa.” In radical photopolymerization mostly acrylic monomers have been utilized
due to their high polymerizability and easiness for strﬁctural modifications to be
best-suited for the‘ pfactical usages.

In both types of photopolymerization little attention has been paid to styrene
derivatives. One of the reasons is the relatively low polymerizability of styrene
derivatives. On the other hand, incorporation of styrenyl units into polyacrylates renders
improved physical and chemical properties such as mechanical properties, chemical
resistance énd elevated T of the copblymcrs, which opens the way to industrial
applications. Since styrenyl monomers could be polymerized via either cationic or
radical mechanism, discovery of photoactive styrene monomers would create a new
photopolymerization system.

Subsequently, the current status of the solid-state photopolymerization will be

surveyed with special reference to the uniqueness of the présent investigation.

1-1. Trends in highly photopolymerizable compounds
The relationship between the chemical structure of unsaturated compound and its
' photopolymerizability had not been investigated in detail until Decker® found that

heterocyclic oxygen introduced to acrylate compound accelerated the polymerization



reactivity. Quite recently Jansen, et al.'® 1>1 reported that some acrylate compounds
exhibited high photopolymerization reactivity in bulk and the rates of polymerization
were directly related fo the dipole moment of acrylate compqunds. Some preorganized
structures due to dipole-dipole interactions have been put forward by them to explain
the high reélctivity of these acrylate compounds. The effect of preorganized structure has
been observed in the photopolymeriiation of monomers which are capable to form
intermolecular hydrogen bonding.10
Styrene is one of the most important unsaturated compounds in polymer industries
and polystyrene is among the four major plastics (polyethylene, polypropylene,
poly(vinyl chloride) and polystyrene). Polystyrcﬁe is resistant to corrosions by acid and
alkali and is an excellent élcctric insulator. Its stiff and brittle properties are improved
by copolymerization in high-impact polystyrene, SBR (styrene-butadiene copolymer)
and ABS (acrylonitrile-butadiene-styrene copolymer or blend). In addition,
styrene-unsaturated polyester system is an instance of the most widely used graft
copolymers, which are used for flooring materials. Photoinitiated polymerization of
styrene in the presence of unsaturated polyesters was reported as early as 1946 and
currently still in active use especially for wood coatings.
In most of industrial applicatio'né, photopolymerization of styrene and its derivatives
has not been paid much attention because of their low polymerization reactivity and
volatility. In radical photopolymerization, various types of acrylates and methacrylates

* have been in major usage.

1-2. Photoinitiator and its photodecomposition process

Light-sensitive compounds including trichloromethyl-substituted 1,3,5-triazines



were found in the late 1960°s™ and are currently used in microelectronics industry and
others. This types of photoinitiator can be used either as photoradical initiator** or as
photoacid generator (PAG)."** Upon UV irradiation, trichloromethyl group attached to
‘the triazine ring undergoes homoiytic cleavage of the carbon-chlorine bond and thus
produced chlorine atom abstracts hydrogen atom from a donor, resulting in the
formation of hydrogen chloride which acts as an acid catalyst in chemically amplified
imaging system. On the other hand, the carbon radical resulting from carbon-chlorine
bond cleavage adds to carbon-carbon double bond of vinyl compound to initiate radical
polymerization. Buhr, et al.' identified the structures of photodecomposition products
of similar 2-substituted-4,6-bis(trichloromethy)-1,3,5-triazines in both nonpolar aprotic
and polar protic solvents. They found that the photolysis in toluene gave products of
homolytic cléﬁvagé of carbon—chlbrine bond, whereaé in ethanol/ethyl acetate the
products of heterolytic cleavage of carbonééhlorine bond were detected among those
from homolytic cleavage. They also estimated the quantum yield of acid formation from
triazines in a novolak resin to range from 0.29 to 0.35.) Pohlers, et al.'® reported the
quanfum yield of acid formation from 2-substituted-3,6-bis(trichloromethyl)-1,3,5-

triazines in diglyme solution was in the range of 0.009 to 0.012. They also found by
laser flash photolysis studies that in a polar aprotic solvent both hbmolysis and
heterolysis of the C-Cl bond took place.*! They detectcd intermediate cationic species
from heteroiysis which was quenched by the addition of chloride ion; One of the very
important- discoveries in their studies is that the quantum yield of acid formation
through the heterolytic bond cleavage is much smaller than those in homolytic bond
cleavage in nonpolar solvents. These experimental results suggest that the effectiveness

of trichloromethyl-substituted triazine as a PAG and/or a photoradical initiator is



strongly dependent on the environment in which it is used.
In the present investigation, the trichloromethyl-substituted 1,3,5-triazines were used
as photoinitiators of solid-state polymerization of styrene derivatives carrying

heterocyclic substituent.

1-3. Kinetic investigations on the photopolymerization in polymer matrix
Photoinitiator is ka key material to realize a highly effective photopolymerization
system. Although the rate of initiation is closely related to the decomposition rate of
photoinitiator in determining the overall polymeﬁzation rate, only few have been
reported on actual photodecomposition processes of photoinitiator in bulk
photopollymeriz'ation' system. Deckcr,‘et al.> %2 jnvestigated the photodecomposition
behaviors of typical  photoradical initiator, Lucirin TPO
(2,4,6-trimethylbenzoyldiphenylphosphine oxide) and of some photoacid generators,
triarylsulfonium salts, by monitoring the decrease of UV absorbance of these
photoinitiators. They found thaf these photoinitiators disappeared according to a simple
exponential law. However, spectroscopy under UV irradiation might affect
photodecomposition of UV-sensitive photoinitiators so that whole measurements should
be carried out without these effects. In order to relate the rate of monomer consumption
with photodecomposition rate of photoinitiator, both reactions should be determined
simultaneously in the polymerization system. Other methods to measure decomposition
of photoinitiator have been explored such as laser flash photoleis and emission

spectroscopy,21

time-resolved electron spin resomance® and time-resolved electron
paramagnetic resonance.” However, these methods cannot measure the polymerization

rate simultaneously.



Recently, Decker and Moussas’ %2628 have developed a powerful analytical tool of
real-rime Fourier-transform infrared (RT-IR) Spectroscopy, which enables us to observe
in situ the progress of polymerization of various types of vinyl compounds and €poxy
derivatives.”* By pursuing the time-dependent absorbance change of the monomer and
the initiator simultaneously, we can discuss thc monomer to polymer conversion in
relation to the decomposition of photoinitiator. This analytical olethod can be applied to
solid-state polymerization as well as solution polymerization.

Usefulness of photopolymerization in polymer matrix has been shown in
preparation of interpenetrating polymer networks by Decker and his coworkers.?” *
They studied the influence of the nature of polymer matrix on the photopolymerization
behaviors of various acrylic conipounds and found faster polymerization in poly(vinyl
chloride) matrix.* Thcy suggested an importance of chain-transfer reaction to polymer
matrix. |

The presence of a solid matrix in polymerization profoundly influences the
polymerization rate through restricted diffusion of monomers and growing polymer
chains. In such a sitoation, reaction diffusion process is sometimes considered to be the
dominant termination. mechanism.’** As conversion increases, due to the difficulty of
Segmental moﬁement of propagating radical, diffusion of radical through unreacted
double bonds becomes faster than segmental diffusion and reaction diffusion process
dominates the termination mechanism. In such a case, the termination rate constant, k;,
and the propagation rate constant, k,, are related with each other by the following
equation: ***

k,=Rk,[M]

where R is the reaction diffusion parameter, [M] is the concentration of monomer.



Bowman, et al.>**>® had shown experimentally the validity of above relationship in

-4 reported the

highly crosslinked methacrylates. Mateo and his coworkers
.photopolymerization of methacrylates in various polymer matrices and the importance
of reaction diffusion mechanism was explained by them. However, various types of
termination mechanisms, including reaction 4diffusion, should be prevailing in variety of
actual polymerization systems. Decker and Moussa® have reported a linear dependence
of R, on the light intensity for phbtopolymerization of acrylate , in which unimolecular
termination process due to radical occlusion was involved. On the other hand, Scherzer

.2 have reported independently that R, is proportional to

and Decker* and Lecamp, et al
the sqﬁare root of light intensity, showing the occurrence of bimolecular termination
prdcess. '

New type of printing plate utilizes photopolymerization in polymer matrix. AT A
photopolymerizabie layer containing multifunctional monomers and a polymer matrix is
coated on an anodized aluminum plate. Irradiation of laser light induces
photopolymerization at the irradiated spots to three-dirﬁensional polymer network on
the aluminum surface. The laser-irradiated plate is developed in a usual way. The
common disadvantage in the existing printing plate comes from the necessity of coating
the surface of photopolymerizable layer with pbly(vinyl alcohol) film to prohibit
oxygen penetration during the photopolymerization process. The presence of such
overcoat makes two successive coating processes necessary and deteriorates the image
quality significantly due to laser-light scattering. The present author has begn interested
in creation of a highly effective photopolymerization system which is insensitive to

atmospheric oxygen, leading to the elimination of overcoat. To attain this porpose,

photopolymerization of particular styrene derivatives in suitable polymer matrix has



been investigated and it is the subject of this doctral thesis.

1-4. Background of the present thesis

The pre-organized state of monomer which Jansen'® ' has postulated to explain his
expérimental results should be closely rcléted to topochemical polymcrization48'$ 2 :and
polymerization in liquid crystalline state.”>>® Topochemical polymerization has gained
special attentions for obtaining well-defined ultra-high molecular weight polymers with
highly regulated structures by the so-called crystal engineering. Polymerization in liquid
crystalline state is also a recent tbpic to obtain highly ordered polymer materials. In
pursuit of novel LC phase behavior and properties, a number of polymer-LC composites
have been developed. Among them polymer stabilized LC s‘ys’cems5 7 have been of
considerable research interest due to their great potential in LC display applications.*®

Thermotropic LC polymers have gained special attentiéns due to their excellent
mechanical properties and physical anisotropy and applied for engineering plastics. The
author had been interested in‘dcvcloping some new thermotropic LC polyesters which
show relatively wide temperature range of LC phase and decreased melting points. >
Commonly known thermotropic LC polyesters shows reiatively high melting points and
narrow temperature ranges of LC phase and when they are applied for polymerization
media és an anisotropic matrix, inappropriately high temperature for polymerization and
insufficient stability of LC phase usually make such an usage difficult to operate. These
high melting points can be decreased by several types of structural modifications
including either the introduction of a flexible spacer group in the main chain, or the
placement of iateral sﬁbstituents on the repeating units, or the introduction of molecular

kinks or bends in their units, or by copolymerization with other rodlike comonomers.5*

rrinddy



53 Flexible spacers have been most extensively used to decrease polymer melting points

6465 and the role of these flexible spacer groups within the

and improve their stability,
main chain had been under intensive investigations for both theoretical®® & and
experimenta]®> % aspects. Lateral substituents on main chﬁin LC polymers generally
reduce both the melting points, T, ,;1, and the isotropization temperature, T;, but their
relative effects on decreasing Ty, and T; are quite different and unpredictable.

In general, the effects of substituents on 7; can be divided into two categories: steric
and polar effects. That is, lateral substitﬁents'may either decrease molecular anisotropy
and destabilize the LC phase because of steric interfe;‘ence or, through dipolar
intermolecular interactions, they may contribute to the stabilization of the LC phase.
However, it had also been proposed that sferic effects can, in some case, increase the
thermal stability of the LC phase by interlocking effects.’’

The author had prepared a scricé of thermotropic polyesters based on a triad ester

mesogenic unit containing an arylsulfonyl substituted hydroquinone group and a

decamethylene spacer group of the following structure: %

1O Q- Oretens

o
0=8=0

in which X is H, CHs, F, Cl, Br, I, NO, and OCHj;. The arylsulfonyl groups were

expected to show large steric and polar effects, which should follow a consistent pattern



as a function of the size and either the electron withdrawing or the electron donating
effects of the X substituents. All polymers formed nematic melts at 77 to 101 °C
depending oh the nature of the X substituents, and showed a fairly wide temperature
range of nematic phase; i.e., 40 to 70 °C. A regular decrease in T, AH; and AS; was
observed with increasing molecular radius of the substituted hydroquinone group.
However, a polarity or polarizability effect was superimposed on these relationships.
The observed result indicated the importance of these polarity or polarizability effect on
the stability of the ordered phase.

Further approach had been made in an attempt to decrease T, down to near room
temperature Which> would enable us to carry out photopolymerization in an ordered
phase by incorporating photopolymerizable monomers into these LC polymer matrix.
The following thermotropic polyesters were prepared and their LC properties were

investigated: ° !

(0]

)
1l i
) C—0 0—C O{CHZ
. 10

O(CH,CH,0)nR

in whichn =0, 1 or 2 and R = CHj3 or C,Hs. Although all of the polymers showed T, af
around 70 to 80 °C, which was still higher than we anticipated, 7; was increased much
higher than those observed in the case of the arylsulfonyl groups described above.

We believe that these thermotropic LC polyesters would be useful for the anisotropic
matrix for the photopolymerization of various LC monomers and incorporation of such
LC monomers may lead to a novel unique polymer LC materials.

Kinetic analysis of polymerization process is indispensable for understanding of

10



polyinerization mechanism and for attaining improved effectiveness of polymerization.
Polymerization process is mainly divided into four elementary steps, némely initiation,
- propagation, chain transfer and termination reactidns. Each step determines the
polymerization behavior and kinetic analyses must be done with using reliable
- analytical tools to investigate all these elementary reactions. One of the most important
parameters to be estimated is the concentration of propagating species in any kinds of
polymerization processes. In cationic polymerization, the author had been interested in
determining the concentration of propagating carbocation in cationic polymerization of
styréne in solution. A new end-capping method, with sodium 2-naphthoxide as capping

70-71 and used for determining the concentration ([P*])

agent, had been developed by us
and chain-length distribution of the propagating species in cationic polymerization of
styrene. In the reactions initiated by acetyl perchlorate (AcC104) at 0 °C, the added
naphthéxide combined quantitatively and instantaneously with the growing chains to
form 2-naphthoxy-capped polymers that exhibited a UV absorption of the end group at
ca. 330 nm. On the basis of this band, [P*] and propagating rate constant (kp) was
determined; the initiation efficiency ([P*]/[AcClOs]) and the k, kvalues depended
sfrongly not only on the polarity of polymerization solvents but on i:he initial monomer
concentration. GPC analysis (UV at 3>3O nm), monitoring the naphthoxyl end group of
the product polymers, provided the chain-length distribution of the propagating species.
Constant values of [P*] in the polymerization process revealed a steady-state condition
of the poiymcrization and dependence of [P*] and k, on the initial monomer
concentration suggested the complex nature of the polymerization mechanism.

As for radical polymerization in solution, ESR (electron spin resonance spectroscopy)

has been the most powerful tool to determine the propagating radical concentration.
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However, in the photopolymerization in bulk, the detecﬁon of the propagating radical
was sometimes impossible due to the strong dependence of the thermodynamic stability
of propagating radicals on their chain-length, or due to the accumulation of trapped
radical which do not contribute to the polymerization.?*” RT-IR spectroscopy, which
we used for the investigation of solid-state photopolymerization of styrenyl compounds,
is a powerful tool to observe in situ the progress of poljmerization as described in

section 1-3.

1-5. Outline of the present thesis

In this thesis, the experimental results of the synthesis and the photopolymerization
behavior in polymer matrix of a series of styreﬁyl monomeré bearing 1,3,4-thiadiazole
group are presented and discussed.

In Chapter 2, various types of styrenyl monomers were prepared and their reactiyities
in solid-state photopolymerization were investigated. Photopolymerizability of these
styrenyl compounds afe discussed in term‘s of London dispersion force and hydrogen
bonding with polymer matrix. Effect of atmospheﬁc oxygen on the polymerization
behavior was also investigated.

In  Chapter 3, photodecomposition process of the photoinitiator,
2-substituted-3,4-bis(trichloromethyl)-1,3,4-triazine, ~ was analyzed by RT-IR
spectroscopy and the effects of the initiator concentration apd light intensity on the rate
of phétodecomposition were discussed. Photopolymeﬁzation rate of the styrenyl
compounds ahd photodecomposition rate of the photoinitiator were concurrently
measured and kinetic analysis was carried out. |

In Chapter 4, the effect of monomer concentration on the photopolymerization

12



behavior of the styrenyl compound was investigated.

In Chapter 5, the effects of photbinitiator concentration and light intensity on the
photopolymerization of the styrenyl compound were investigated, partly aiming at
estimation of the number of the monomer mdleculcs incorporated in the preorganized
structure.

In Chapter 6, the size of alkyl substituent on the styrenyl compounds was
systematically altered and its effect on the photopolymerization behavior was
investigated. The nature of the preorganized structure was discussed in reference to the
effect of polymer matﬁx on photopolymerization.

In Chapter 7, polymers having pendant styrenyl groups were prepared for the use of
the reactive polymer matrix and their photopolymerization behavior was investigated.
Copolymerization of the pendant styrenyl groups with free monomers was also
investigated and participation of preorganized structure of pendant sfyrenyl groups as
well as monomer molecules in the graft polymerization is discﬁssed.

In Chapter 8, the experimental results obtained in this thesis are briefly summarized.

13
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Chapter 2

Design and synthesis of highly photopolymerizable styrenyl

compounds in the solid-state photoinitiated polymerizatibn

2-1. INTRODUCTION
The importance of photopolymcrization has now been well recognized through
various industrial applications including photocurable coatings, adhesives, printing inks
and recording materials. Photoinitiated polymerization may be classified into two
groups, i.e., photoinitiated cationic 'polymerizationl and photoinitiated radical
polymerization.> In eitherv of them, developments of highly photosensitive systems are
required and under extensive investigations. Rebently, Crivello and Ortiz> * have
developed ‘highly photoactive epoxy monomers. These monomers undergo a fast
cationic polymerization involving radical-induced decomposition of onium-salt
photoinitiator."> -7 One of the most distinct advantages in cationic 'photopolymerizétion
as compared with radical photopolymerization is the insensitivity to oxygen. As for
radical photopolymerization, various types of effective photoinitiators have been
developed. In combination with specially designed acrylate monomers, ultra-fast radical
photopolymerization was demonstrated by Decker and Moussa.”
In both types of photopolymcrizatiohs little attention has been paid to styrene
derivatives, which is due to the relatively low polymerizability of styrene derivatives.
On the other hand, incorporation of styrenyl units into polyacrylates renders' improved

physical and chemical properties such as mechanical properties, chemical resistance and
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elevated T, to thé copolymers, which opens the way to industrial applications. Since
styrenyl monomers could be polymerized in either cationic or radical mechanism,
discovery of photoactive styrene monomers would create a new photopolymerization
system. According to our preliminary investigation,” we considered styrene derivatives
carrying heterocyclic substituent linked to the phenyl group through a methylthio group,
expectiﬁg intermolecular interactions between the heterocyclic groups to align solid
monomers m favorablé way for photopolymerization, large free volume due to rotation
around the linking group in the solid polymer and chain transfer to polymers yielding
accessible radical to consume remaining monomers. In the preliniinary investigatioh,
we tested thiadiazole, triazine, benzthiazole and benzimidazole groups and found that
thiadiazole ‘group was the best to yield high polymerization reactivity in fhe presence of
a suitable photoinitiator.” As a photoinitiator, we compared various types of
photoinitiators for effcctivéness to initiate photopolymerization of such styrenyl
monomers aﬁd focused our attention on  2-(4’-methoxystyryl)-4,6-
bis(trichlorome:t‘hyl)-1,3,5-triazim310'12 (PMS), which absorbs at 365 nm with a large
absorption coefficient and can be sensitized to longer wavelengths in the presence of
suitable dye and amines.'> * This type of photoinitiator is a possible candidate for
highly Sensitive photopolymerization system in visible to near infrared region.

The present article reports the reactivity of novel styrenyl monomers, 5-substituted
2-(4’-vinylbenzyl)thio-1,3,4-thiadiazole, in photoinduced solid-state polymerization and
discusses the effectiveness of these monomers in photoinduced radical polymerization

and the effect of polymer matrix on the monomer reactivity.
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2-2. EXPERIMENTAL
Materials

2-(4’-Methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-triazine (PMS) and
2-(4’-methoxynaphthyl)-4,6-bis(trichloromethyl)-1,3,5-triazine (TRB) were purchased
from Panchim (Cedex, France) and used without further purification. 9-Phenylacridinc
(PA) and Luna TPO (2,4,6_-trimethy1benzoyldiphenylphosphine oxide) (TPO) were
obtained from Nihon Siber Hegner K. K. (Tokyo, Japan) and used without further
purification. Polystyrene (My = 2.1x10%) was obtained from Wako Chemicals Ind. Ltd.,
(Osaka, Japan) and purified by precipitation from 1,4—dioxane solution With methanol.
~ Poly(methyl methacrylatej (Wako Chemicals Ind. Ltd.) was purified by precipitation
from 1,4-dioxane solution with hexane.v 1,4-Dioxane (Wéko Chemicals Ind. Ltd.) was
used without further purification. 2,5-Dimercapto-1,3,4-thiadiazole was purchased from
Tokyo Kasei Kogyo Co., Ltd.(Tokyo, Japan) and used without further purification.
4-Chloromethyl styrene was purchased from Seimi Chemical Co. Ltd. (Kanagawa,

Japan) and used without further purification.
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Monomer preparations
All the monomers studied in this paper were prepared by the procedure as shown in

Schemes 1 and 2.
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Scheme 2
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Preparation of 5- (4’-vixiylbenzyl)thi0-1,3,4-thiadiazole-2-thiol (SHTD)
2,5—Dimercapto-1,3,4-thiadiazol¢ (100 g, 0.666 mole) was dispersed in ethanol (500
mL) and an equimolar amount of triethylamine was added under nitrogen atmosphére at
50 °C. To the mixture, 4-chloromethyl styrene (100 g, 0.655 mole) was added dropwise
under stirring over 30 min. The reaction mixture became turbid gradually and white

powder precipitated. The reaction was continued for further 3 h at 50 °C and then left at
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room temperature. The slightly yellowish precipitate was filtered and washed twice with
methanol and onée with diisopropyl ether. Recrystallization from benzene gave
colorless crystal. The yield was 101 g (57 %).

Elemental analysis: Caled. for 5- (4’-vinylbcnzyl)thio-1,3,4—thiadiazole-2—thjol (SHTD),
C, 49.55; H, 3.75; N, 10.51. Obsd. C, 49.98; H, 3.84; N,10.53.

"H NMR (200 MHz in CDCl5, 8, ppm): 4.4, CHy(benzyl), 2H); 5.23 (d, H,, J = 11 Hz,
1H); 5.72 (d, Hy, J = 17.6Hz, 1H); 6.67 (dd, Hy, J = 11, 17.6 Hz, 1H); 7.34 (m, phenyl,

4H); 11.3 (b, SH, 1H).

Hx
Ha

S\H/S\H/SH
N—-N

SHTD

Preparation of 2-(4’-vinylbenzyl)thio—S-benzylthio-1,3,4-thiadiazole (BzTD) |
SHTD (13.3 g, 0.05 mol) was placed in a 300 mL flask and ethanol (150 mL) was
added. Under stirring, triethylamine (6 g, 0.0‘6 ﬁlol) was added and the mixture was
gently heated on a stirrer-hot plate. At 55 °C the mixture became a clear solution and jt
was kept at 55 °C. Benzyl chloride (6 g, 0.05 mol) was then added to this solution,
which became turbid after 5 to 10 min. After 30 min the ﬂask became full of white
precipitate and the mixture was stirred for another 30 min at 55 °C. Then, the flask was
removed from the stirrer-hot plate and kept at room temperature. The precipitate was
filtered, washed well with ethanol (100 mL) and diisopropyl ether (50 mL), and
recrystallized from ethanol. The yield of the product was 14.3 g (80 %). Melting point

was 103 °C.
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Elemental analysis: Caicd. for 2-(4’-vinylbenzyl)thio-5-benzylthio-1,3,4-thiodiazole
(BzTD), C, 60.59; H, 4.49; N, 7.85 . Obsd. C, 60.78; H, 4.45; N, 7.93.

'H NMR (200 MHz in CDCls, 8, ppm): 4.47(s, CHy(benzyl), 2H); 4.49(s, CHy(benzyl),
2H); 5.24 (d, Ha, J = 11 Hz, 1H); 5.74 (d, Hy, J = 17 Hz, 1H); 6.67 (dd, H,, J = 11, 17 Hz,

1H); 7.26-7.41 (m, phenyl, 9H)

He Ha He Hi
Hx
s ~O=
Ha S S
HoH¢ Ha N—N Hé Ht
BzTD
Preparation of poly(BzTD)

Poly(BzTD) was synthesized by radical polymerization of BzTD and used as a
polymer matrix in photopolymerization of the styrenyl monomers. BzTD (50 g) was
placed in a 4-neck, round-bottom flask (500 mL) equipped with a reflux condenser, a
thermometer, a nitrogeﬁ inlet and an overhead mechanical stirrer, and 1,4-dioxane (150
mL) and ethanol (50 mL) were added. The flask was kept in a hot-bath of 70 °C.
quymcrization was initiated by adding 2,2’-azobisisobutyronitrile (0.5 g) and continued
for 7 h at 70 °C. The polymerization mixture was then poured into methanol (2000 mL)
and the precipitate was separated by decantation. The product was purified by repeated
precipitation from 1,4-dioxane solution with methanol. After drying overnight in
vacuum, slightly yellowish powder Was obtained. The NMR analysis showed the
formation of poly(BzTD). From GPC measurement equipped with a multi-angle laser
light scattering detector (DAWN E, with operating/aﬁalysis software, Astra 4.73.04,

both from Wyatt Technology Corp., Santa Barbara, CA), weight-average molecular
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weight, My, of poly(BzTD) was found to be 1.6 x 10°.
'H NMR (200 MHz in CDCl;, 8, ppm): 1.0 ~1.5 (b, CH; in the main chain, 2H); 1.5
~1.8 (b, CH in the main chain, 1H); 4.3 - 4.6 (b, CH,, 4H); 6.2 — 6.6 (b, Hy, 2H); 6.8 —

7.2 (b, He, 2H); 7.2-7.3 (b, Hy, 3H) and 7.3-7.5 (b, H,, 2H).

Preparation of 2-(4’-vinylbenzyl)thio-S-methylthio-l,S,4-thiadiaiole (C1TD) and
its p‘olymerization

C1TD was investigated to compare with BzTD‘ for size effect of 5-substituent.
CI1TD was prepared by a procedure similar to that of BzTD. SHTD (26.6 g, 0.10 mol)
was reacted With methyl iodide (14.2 g, 0.10 mol) in»thc presence of an equimolar
amount of triethylamine (0.10' mol) in ethanol (200 mL) for 3 h at 10 °C,
Recrystallization from ethanol gave colorless crystal. The yield was 17.4 g (62 %).
Melting point was 48.7 °C. |
Elemental analysis: Calcd. for 2-(4’-vinylbenzyl)thio-5-methylthio-1,3,4-thiodiazole
(C1TD), C, 51.35; H, 4.28; N, 9.99. Obsd. C, 51.16; H, 4.22; N, 9.97.
'H NMR (200 MHz in CDC13, 9, ppm) :2.73(s, CHs, 3H); 4.46(s, CH,, 2H); 5.24 (4, H,,
J =11 Hz, 1H); 5.72 (d, Hy, J = 17 Hz, 1H); 6.67 (dd, Hy, J = 11, 17 Hz, 1H); 7.34 (s,

phenyl, 4H)

He Ha
Hx
S s
Ha S—-”’ ‘H—S
HoHé Hua N—N
C1TD
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Solution polymerization of C1TD was carried out by exactly the same way as that in
the polymerization of BzTD for use in DSC méasurements. Aftgr purification the
formation of poly(C1TD) was confirmed by NMR analysis. From GPC measurement,

My, of poly(C1TD) was found to be 6.1 x 10%.

_Preparatidn of 2-(45-vinylbenzyl)thio-S-(2’-hydroxyethyl)thio-1,3,4-thiadiazole
(HOTD) and its polymerization

HOTD was prepared to investigate hydrogen bonding interactions of 5-substituent.
SHTD (26.6 g, 0.10 mol) was reacted with 2-bromoethanol (12.5 g, 0.10 mol) in the
presence of an equimolar amount of triethylamine (0.10 mol) in ethahol (200 mL) for 5
h at 70 °C. Recrystallization from benzene/ethanol (2/1) gave colorless crystal. The
yield was 14.0 g (45 % ). Melting point was 57.0 °C. |
Elemental aﬁalysis: Calcd. for 2;(4’-vinylbcnzyl)thjo-S-(Z’-hydoroxyethyl)thio-1,3,4-
thiadiazole (HOTD), C, 50.25; H, 4.51; N, 9.02.}Obsd.. C,50.11; H, 4.54; N, 8.91.
'H NMR (200 MHz in CDCL, 8, ppm): 3.54 (t, CHx(f), 2H); 4.40 (t, CHx(g), 2H);
4.48(s, CHa(e), 2H); 5.25 (d, H, J = 11 Hz, 1H); 5.74 (d, Hy, J = 17 Hz, 1H); 6.68 (dd,

Hy, J =11, 17 Hz, 1H); 7.35 (s, phenyl, 4H)

Hx e ) f g
CH,CH,OH

\ S /
Wahe i
HOTD

Solution polymerization of HOTD was carried out by exactly the same way as that in

the polymerization of BzTD for use as a polymer matrix. After purification the
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formation of poly(HOTD) was confirmed by NMR analysis. From GPC measurement,

My, of poly(HOTD) was found to be 2.0 x 10°.

Preparation of | 2-(4’-vinylbenzyl)thio-s-(2’-carboxyethyl)thio-1,3,4-thiadiazole
(HOOCTD) and its polymerization |

HOOCTD was prepared tov investigate hydrogen bonding interactions of 5-substituent.
SHTD (26.6 g, 0.10 niol) was reacted with 3-brdmopropiom'c acid (153 g, 0.10 mol) in
the presence of triethylamine (0.22 mol) in ethanol (200 mL) for 5 h at 70 °C. The
reaction mixture was acidified by concentrated hydrochloric acid and the precipitate
was filtered and washed with water. Recrystalhzatlon from chloroform /ethanol gave
colorless crystal. The yleld was 24.0 g (71 %). Meltmg point was 108.4 °C.
Elemental analysis: Calcd. for 2-(4’~vi_ny1benzy1)thio-5-(2’-carboxyethyl)thio-1,3,4-
t]ﬁodiazolé (HOOCTD), C, 49.64; H, 4.14; N, 8.27. Obsd. C, 49.45; H, 4.22; N, 8.36.
'H NMR (200 MHz in CDCls, 8, ppm): 2.94 (t, CHy(g), 2H); 3.52 (t, CHy(f), 2H);
4.47(s, CHa(e), 2H); 5.24 (d, H, J = 11 Hz, 1H); 5.73 (d, Hy, J = 17 Hz, 1H); 6.68 (dd,

Hy, J = 11, 17 Hz, 1H); 7.34 (s, phenyl, 4H).

f g
/ @ CH2 CH,CH;COOH

N—N
HOOCTD
Solution polymerization of HOOCTD was carried out by exactly the same way as
that in the polymerization of BZTD for use as a polymer matrix. After purification the

formation of poly(HOOCTD) was confirmed by NMR analysis. From GPC

27



measurement, M,, of poly(HOOCTD) was found to be 6.6 x 10%

Preparation of 1,3-bis[5-(4’-vinylbenzyl)thio-1,3,4-thiadiazole)-2-thio]propane
(C3TD2)

C3TD2 is a bifunctional thiadiazole-substituted styrene d¢rivative and should be
useful to obtain crosslinked polymers._‘ SHTD (26.6 g, 0.10 mol) was reacted with
1,3-dibromopropane (10.1 g, 0.05 mol) in the presence of triethylamine (12 g, 0.12 mol)
in ethanol (200 mL) for 3 h at 65 °C. Rccrystallization from benzene v/ethanol gave
colorless crystal. The yield was 49 g (86 %). Melting point was 7 6 °C.

Elemental analysis: Calcd. for 1,3-(bis(5-(4-vinylbenzyl)thio-1,3,4-thiadiazole)-2-thio)-
propané (C3TD2), C, 53.07; H, 4.59; N, 9.53. Obsd. C, 53.10; H, 4.29; N, 9.97.

'H NMR (200 MHz in CDCls, 8, ppm): 2.25 — 2.38 (m, CHx(g), 2H); 3.42 (t, CHx(f),
4H); 4.49(s, CH(e), 4H); 5.25 (d, H,, J = 11 Hz, 2H); 5.73 (d, Hy, J = 17 Hz, 2H); 6.69

(dd, Hy, J = 11, 17 Hz, 2H); 7.36 (s, phenyl, 8H).
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Preparation of 2,2-bis [4-(4’-vihylbenzyloxy)phenyl]propane (BVP)
BVP is bifunctional styrene derivative analogous to C3TD2 without thiadiazole group
and useful to assess the contribution of thiadiazole group in the solid;statc

photopolymerization. 2,2-Bis(4-hydroxyphenyl)propane (50 g, 0.22 mol) was reacted
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With 4-chloromethyl styrene (70 g, 0.46 mol) in the presence of triethylamine (48 g,
0.47 mol) in ethanol (400 mL) for 5 h at 65 °C. Recrystallization from benzene /ethanol
~ gave colorless crystal. The yield was 70 g (69 %). Melting point was 115 °C.

Elemental analysis: Calcd. for 2,2-bis(4-(4’-vinylbenzyloxy)phenyl)propane (BVP), C,
85.97; H, 6.94. Obsd. C, 85.79; H, 6.97. |

'H NMR (200 MHz in CDC13,. 0, ppm): 1.63(3, CHs, 6H); 5.00(s, CHz, 4H); 5.24 (d, H,,
J =11 Hz, 2H); 5.74 (d, Hy, J = 17 Hz, 2H); 6.72 (dd, Hy, J = 11, 17 Hz, 2H); 6.84-6.90

(m, Hy, 4H); 7.10-7.16 (m, H, 4H); 7.34-7.44 (m, H,, SH).

Preparation of 2,4,6-tris(4’-vinylbenzylthio)-1,3,5-triazine (TVTZ)

TVTZ is trifunctional triazine-substituted styrene derivative and useful to compare
~the contribution of thi.adiazole group with ftriazine group in the solid-state
photopolymerization. 2,4,6-Trimercapto-1,3,5-triazine (50 g, 0.28 mol) was reacted with
4;chloromethyl styrene (130 g, 0.85 1;1101)‘ in the presence of potassium hydroxide (48 g,
0.85 mol) in methanol (900 mL) for 5 h at 50 °C. Recrystallization from benzene
/ethanol gave colorless crystal. The yield was 130 g (88 %). Melting point was 130 °C.
Elemental analysis: Calcd. for‘ 2,4,6-tris(4’-vinylbenzylthio)-1,3,5-triazine (TVTZ),

C, 68.47; H, 5.14; N, 8.00. Obsd. C, 68.58; H, 6.97; N, 8.05.
29



'H NMR (200 MHz in CDCls, 8, ppm): 4.31(s, CH,, 6H); 5.23 (d, H,, J = 11 Hz, 3H);
5.72 (d, Hy, J = 17 Hz, 3H); 6.68 (dd, Hy, J = 11, 17 Hz, 3H); 7.27-7.36 (m, phenyl,

12H).

TVTZ

Photopolymerization

Photopolymerization of the styrene derivatives was carried out in the matrix of solici
polymer and followed up to high monomer conversion by Fourier transform real-time
infrared (RT-IR) 8 1518 spectroscopy, which was conducted on a Bio-rad FTS-40
' (Bio-réd Laboratories, Inc., Hercules, CA) with an operating/analysis software, Win-IR.
Polystyrene and poly(BzID) were the most frequently used matrix polymers. The
polymer (0.2 g) was dissolved in 1,4-dioxane (2 g) and monomer (0.1 g) and PMS
(0.004 g) were added at room temperature. An exact amount (0.110 g) of the solution
was eluted on KRS (KRS-5; TIBr (thallium bromide) (42 %) / TII (thallium jodide)
(58 %)) disk (diameter = 3 cm) and dried. The calculated thickness of cast film on KRS
disk was 24 pm. KRS disk coated with the blend film was placed in the sample chamber |

of FI-IR spectrometer and IR spectra were recorded in the transmittance mode.
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Monochromatic 365 nm light was irradiated on KRS disk through an interference filter
attached to the end of optical fiber. The light source used was high-pressure Hg lamp
(Spot-Cure, Ushio Inc., Tokyo, Japan) and the light intensity at the surface of KRS disk
was measured by Radiometer IL1700 (International Light Lnc., Ncwbﬁryport, MA) to
be 1.61 mW-cm’z‘( =5.0X10” einstein-cm? - )- All measurements were carried out at
room temperature under argon atmosphere and RT-IR spectra were collected at the rate
of 1 survey spectrum per 1.65 second with é resolution of 1 cm™ over the spectra range
of 450 cm™ to 4000 cm™. The infrared absorption band at 990 cm™ (vinyl, 8CH,
bending, out-of-plane) was monitored.

Monomer conversion was calculated according to the following equation:

A(990), - A(990),
A(990),

in which A(990)y and A(990), denote the peak absorbance at 990 cm™ before

conversion =

UV-irradiation and at time t (s), respectively. The rate of polymerization, R,, was

calculated from the following cquation;

a - d[M] “d(conversion)
R, (moll™s™) =_7=[M]0_._.r_

Since measured peak intensity at 990 cm™ were somewhat scattered with time, the
calculated value of R, from the slope of time-conversion curve at an arbitrary time
interval scattered significantly. 10th-order polynominal approximation was applied to all
time-conversion curves and the polynominal curve fit was differentiated to obtain R, at

an arbitrary polymerization time.

DSC analysis
- DSC analysis was carried out by using DSC 6200 (Seiko Instruments Inc., Chiba,

Japan) with heating and cooling rate of 5 °C min™* for the monomer and 10 °C min™ for
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the polymer and the blends.

2-3. RESULTS AND DISCUSSION
2-3-1. Influence of the photoinitiator
The choice of the photoinitiator is essential t0 achieve high polymerization rate and
final conversion. For typical photoinitiators usable in photopolymcrization studies, the
following four- types of photoinitiators were tested to find the most effective
| photoinitiator to induce fast polymerization of C1TD (2-(4’-vinylbenzyl)thio-5-
methylthio-1,3,4-thiadiazolc) in polystyrene matrix under the irradiation of
monochromatic UV light at 365 nm; 2-(4’-methoxystyryl)-4,6-bis(trichloromethyl)-
1,3,5-triazine (PMS), 2-’(4’-methoxyilaphthyl)-4,6-bis-(trichlordmethyl)—1,3,5-triazine
(TRBY), 2,4,6-trimethylbenzoyldiphenylphosphine oxide (TPO)"*?° and 9-phenylacridine
(PAY*L. In Figure 2-1, timc—conversipn curves for the polymerization of C1TD initiated
by these photoihﬁators are shown. Two bis(trichloromethyl)-triazine derivatives showed
~ highest initiator activitics and PMS was found to be the most effective photoinitiator .of
them. TPO, commonly known as one of the most effective photoinitiators for acrylic
monomers, appears to be less effective than PMS under the irradiation of UV light at
365 nm. It might be due to smaller absorption coefficient of TPO at this wavelength as
compared with those of PMS and TRB. PA caused long induction period and slow
polymerization and was not Suitable for the present investigations. PMS was .found to
have another distinctive advantage for determining the concentration of PMS in the
polymerizing system by RT-IR as will be discussed in detail in Chapter 3.
Photodecomposition rate of PMS can be quantitatively determined by mom'toring the
intensity of its characteristic absorption at 1171 cm”, which was

assigned to a coupled asymmetric stretching vibration of two CCls groups attached to
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Figure 2-1. Comparison of the photoinitiators to induce the photopolymeriéation of
C1TD in  polystyrene matrix under 365-nm .UV-ﬁradiation.
Photoinitiator/C1TD/polystyrene = 0.0016/0.12/0.20 (wt/wt/wt). Light intensity = 1.6
mW-cm™. Photopolymerization was carried out at room 'temperature under argon

atmosphere.
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'1,3,5-triazine ring based on molecular orbital calculations (force calculation by
WinMOPAC v.2.0, Fujitsu Ltd.). This finding enabled us to study the polymerization
behavior from either polymerization rate or decomposition of photoinitiator. Details on
kinetic investigations bésed on such analysis will be discussed in Chapter 3.
Consequently, we selectéd PMS as the most suitable photoinitiator for all of our

investigations.

2-3-2, Photopolymerization reactivities of various types of styrenyl monomers in
the polymer matrix |
The polymerization reactivities‘ of five types of styrenyl monomers (BzTD, C1TD,
C3TD2, BVP and TVTZ) in polystyrene and poly(BzTD) matrices were investigated.
As is seen in Figure 2-2, C3TD2 showed the highest polymerization reactivity and the
final conversion reached up to 80 %, whereas BVP and BzTD showed very slow
polymerization. The p__olymeriza_tion rate reached the maximum value at the initial stage
of polymerization, and those for C3TD2 and C1TD weré about 0.01 mol-L™s™, It is
rather surprising to note that the polymerization rate of C3TD2 and C1TD well exceeds
that of trimethylolpropane triacrylate (TMPTA), since we expected that the intrinsic
polymerization reactivify of these thiadiazole-substituted monomers should not be so
much different from other styrene derivatives: i.e., electron density and polarity at vinyl
group of these styrenyl monomers are not influenced significantly by the nature of the
substituents with are connected via methylene group at the 4-position of these styrenyl
groups. In solution polymerization, conventional acrylate mbnomers usually polymerize
much faster than styrene and other styrene derivatives. However, under the ‘same
experimental ﬁonditions, TMPTA polymerization was slow and the final conversion was

~ low. BzTD was found to be incompétible with polystyrene matrix. All monomers except
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TMPTA are highly ci‘ystalline and no photopolymerization of these monomers was
observed in bulk. The crystalline state of BzTD phase-separated from 'polystyrene
matrix should be the cause for the poor polymerization reactivity. Except BzTD, other
monomers and PMS seemed macroscopically to be homogeneously distributed in
polystyrene matrix. Since BVP, which carries no thiadiazole group, was of low
reactivity, a contribution of thiadiazolé group in the fast polymerization is implied. We
- considered that these differences in polymerization reactivity must originate from the
conformational characferistics and the state of microscopic distribuﬁon of these
thiadiazole-substituted styrenyl monomers in polymer matrix.

It might be considered that aggregation of monomers caused by possible
intermolecular interactions. between monomers bearing thiadiazole group induce
collocation of styrenyl groups in favorlof polymerization. TVTZ, which carﬁés triazine
group, showed similar polymerization reactivity to TMPTA but far less reactive than
C3TD2 and C1TD. Higher ﬁolymerization rates of C3TD2 and C1TD as compared
with those of TVTZ, TMPTA and kBVP might be due to some aggregate states in
polymer matrix and molecular arrangements in such aggregations. Transmission
electron microscopy on a thin film of polystyrene containing C1TD revealed the
presence of such aggregations of C1TD molecules as shown in Figure 2-3. From such
observation, C1TD must be distributed as clusters whose sizes are in the order of a few
tens of nanometer in polystyrene matrix. Wide-angle x-ray diffraction patterns on the
same polystyrene/C1TD blend gave only diffused weak diffraction patterns and no
indication of crystallin¢ state in such aggregates was observed. Therefore, C1TD
molecules are existed in amorphous state inside the clusters.

Molecular orbital calculation based on the PM3 method? led to a polarizability as
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Figure 2-3. Clusters of C1TD molecules in polystyrene matrix observed by
transmission electron microscope (magnification = ca. 2x10°). A bar inside
this figure indicates 50 nm. Sample was prepared from 1% solution of
polystyrene and C1TD (2/1 wt/wt) dissolved in 1,4-dioxane, which was eluted
on a Cu-mesh and air-dried. Thin film on Cu-mesh was immersed in 5%
AgNO; aqueous solution for a few seconds and immediately washed with
ion-exchanged water and dried. Ag ion is deposited selectively on thiadiazole

group of C1TD molecule.
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large as 172 a.u. and a relatively small value of dipole moment as 0.99 debye for C1TD.
Intermolecular intetactidns between C1TD molecules, which must be responsible for
aggregation, should be arisen principally from London dispersion force and
dipole-dipole interaction should play in a minor part. Molecular shape of C1TD in its
most stable conformation is shown in Figure 2-4(a). Rotation around methylenethio
group is considered to occur rather freely even in solid state at room temperature from
the molecular orbital calculations®. It is interesting to note that the characteristic
‘molccular cohformation in its energetically most stable state (C-1 and C-3) is a legless
chair-like shape and molecular packing like stackable legless chairs seems to occur
quite eaé,ily. A 'possible locally aligned structure of these monomers induced by
intermolecular interactions is also schematically illustrated in Fig. 2-4(b).

Quite recently J. ansen™> %

reported that some acrylate monomers exhibits high
photopolymerization rate in bulk and their polymerization rates are directly related to
the dipole moment of the acrylate monomers.?* Some pre-organized structures due to
the dipole-dipole interactions have been put forward by Jansen to explain the high
reactivity of these acrylate monomers. In 6ur case, London dispersion force instead of
dipole-dipole interactions must play an important role to exhibit high polymerization
reactivities for thiadiazole-substituted styrenyl monomers.

The similar experiments were carried out in poly(BzTD) matrix and the results are
summarized in Figure 2-5. In this case the polymerization rate was remarkably
increased especially for TMPTA, BzTD and C1TD‘ as compared with those observed in
polystyrene matrix. As shown in Fig. 2—5(b), the initial polymerization rate of C1TD was

0.036 mol-L'1s7, which is 3-fold higher than that observed in polystyrene matrix. As for

C3TD2, the polymerization rate was not significantly affected by the polymer matrix.
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Figure 2-4. Energy minimized conformations (C-1 and C-3) of C1TD (a) and a
possible locally aligned structure of C1TD molecules (b).
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The slow polymerization rate and the final conversion of TVTZ were as low as in
poiystyrcne matrix. |

Photopolymérization of TMPTA in poly(BzTD) niatrix proceeded more kquickly and
reached higher conversion than that in polystyrene matrix. We can consider two
explanations for the different effects of polymer matrix. One is that relatively low T of
poly(BzTD) (see below and Table 2-1) should enhance diffusion-controlled
~ photopolymerization of TMPTA. The other explanation is that poly(BzTD) acts as a
powerful chain transfer agent for the presence of two methylenethio groups in a
monomer unit. The radical species formed on the matrix polymer as a result of chain
transfer reaction could migrate along the matrix to eventually encounter residual
monomers to increase monomer oonversjon. The presence of heteroatom in ’the
monomer structure had been found to increase the polymerization rate in bulk state.?
Both of these two factors, effect of lower T, ¢ and chain transfer to thé labile hydrogen
atoms, are considered to be the cause for cnhancéd polymerization rate. Nearly no
polyme_,rization reactivity of BVP in poly(BzTD) matrix should be ascribed to
incompatibility of BVP with poly(BzTD) matrix.

In Figure 2-6, the effects of polymer matrices on the photopolymerization of TMPTA
and CI1TD are compared. It is seen that the photopolymerization of CI1TD is more
strongly dependent on the nature of polymer matrices than that of TMPTA. In
poly(MMA) matrix, ClTD exhibited very poor reactivity and the monomer
consumption virtually went off at about 20 % conversion. Polymerization behavior of
C1TD in polyMMA) is similar to that of TMPTA in the same matrix. C1TD
polymerized much faster in other polymer matrices. In polystyrene matrix, the

occurrence of locally aligned structures of C1TD in its aggregate phase as shown in Fig.
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2-4(b) was considered. In poly(MMA) matrix, the local alignmeﬁt of C1TD might be
disturbed by the inéreased solubility in poly(MMA), causing a random distribution of
CITD and resulting in the reduced polymerization rate as observed in Fig. 2-6(b). It is
assumed that in poly(BzTD) matrix, C1TD monomer could interact with pendant BzZTD
substituents to rearrénge monomer orientation in favor of polymerization. A
.possible local rearrangement of C1TD molecules in the interstices of BzTD
substituents is illustrated in Figure 2-7. In this case,ClTD molecules are considered to
be allowed to rotate around its gravitational center and in 6116 of their possible
rearrangeinents, they could be aligned parallel in the samé direction and their styrenyl
groups face to each other in favor of polymerization aé schematically illustrated in
Figure 2-7(a). |
Differentiai scanning calorimetry (DSC) measurements were carried out on polymer
film containing monomer to determine glass‘ transition temperature of the
photopolymerization systerh. In Table 2-1, T,s of typical samples are summarized. In
the polymerization of BzTD in poly(BzID) matrix, T, vOf the photopolymerization
system before irradiation is well below the room temperature and the polymerization
- proceeded in a rubbery state. Although, at the final conversion, T of the polymerization
system increased to ca. 30 °C, the major part of the ‘polymerization proceeded in a
rubbefy state. Howgver, in the polymerization of C1TD in ‘poly(BzTD) matrix or in
polystyrene matrix, T of the phbtopoly‘merization system Before irradiation was nearly
the room temperature (20 — 25 °C). As the polymerization progressed, T, of the
polymerization system raised beyond ihc room tempefature. Therefore, in this case, the
photopolymerizatioil must have proceeded in a glassy state. The faster polymerization

of C1TD in a glassy state than that of BzZTD in a rubbery state in the same poly(BzTD)
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Figure 2-7. A schematic illustration showing a possible local rearrangement of
C1TD molecules in the interstices of BzZTD substituents.



Table 2-1. Glass transition temperatures of polymer and monomer/polymer blend.

polymgr monomer poly me:;::il:nomer I; (°C)
poly(BzTD) none - 30 -
poly(C1TD) ‘none - | 54
poly(BzTD) BzTD 0.20/0.05 -1.8
poly(BzID) BzTD 0.20/0.10 2.5
poly®2ID)  CITD 0.20/0.10 25
polystyrene C2TD 0.20/0.05 ' 32
polystyrene C3TD 0.20/0.10 25

matrix could be explained by considering better orieni:ation of C1TD m a glassy state
than BzTD in a rubbery state. It has been reported in conventional photopolymerization
of acrylate monomers that T, seems to have dominant importance in determining the
polymerization rate.? During the pﬁotopolymerization of initially liéuid monomer
systems, consumption of monomér and build-up of polymer networks sometimes result
in notable slowdown of polymerization, which has sometimes been attributed to
increasing T, of the system. Lecamp et al.”” have reported that the final conversion of
polymerization of dimethacrylate oligomers was directly related with T, and that in a
glassy state poiymerization did not occur. Molaire®® had shown that in the
photopolymerization system consisting of polymer matrix, trifunctional acrylate
monomer and photoinitiator, the polymerization rate was strongly influenced by the
reaction temperature. With decreasing polymerization temperature, polymerization
slowed down and finally at T, polymerization did not take place. He reported that the

excess free volume is essential to initiate the photopolymerization and a high rate of
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polymerization is expected for increasing conformational freedom of initiatiﬁg species.
In the present case, C1TD and BzTD, for instance, have two methylenethio groups and
the rotation around the carbon - sulfur bond make various conformations of styrenyl
group possible. Various types of conformational chahges might be possible at
temperatures below 7, and the polymcﬂéation might proceed in fhc remaining free
volume via conformation-controlled reaction. This interpretation is to be confirmed in

the ftiture.

2-3-3. Polymerization reactivities of styrenyl monomers cﬁpable ‘of hydrogen
bonding with polymer matrix |

The purpose of the present invéstigation is to explore solid-state photopolymerization
system with favorable interactions betwecﬁ monomer and polymer matrix. We
considered hydrogen-bonding interactions and prepared hydroxyl substituted monom_er,
HOTD, and carboxyl-sﬁbstitutcd monomer, HOOCTD. WheanOTD' or HOOCTD was
dissolved in poly(HOOCTD) matrix, hydrogen bonding between monomer and polymer
side chain and a full compatibility are expected. In Figure 2-8, time-conversion curves
in the photopolymerization of HOOCTD, HOTD and BzTD in three kinds of polymer
matrices are shown. The polymerization in poly(HOOCTD) matrix (Figure 2-8(a)),
HOTD and HOOCI'D polymerized fast, whereas BzTD slowly. The lack of
‘compatibility of BzTD in this polymer matrix should be the reason of the difference.
- The polymerization rates of HOTD and HOOCTD are nearly identical and the
maximum polymerization rate was around 0.008 mol-L™'-s'. When these ‘monomers
were polymerized in poly(HOTD) matrix, (Fig. 2-8(b)), HOTD and HOOCTD kept

high reactivity, whereas BzTD showed surprisingly high polymerization rate. Since
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BZID is compatible with poly(HOTD) matrix, hydrogen bonding between monomer
- and polymer matrix should have enhanced the monomer reacﬁvity. The effect of
hydrogen bonding on polymerization hehavior has been investigated in bulk
polymerization of (meth)acrylate monomers and similar enhancement of reactivity was
reported.?~ o |

These thtee‘ monomers were photopolymerized also in poly(BzTD) matrix (Fig._
2-8(c)). Poor polymerlzatlon reactivity observed for HOOCTD is attributed to the lack
of compatibility with the polymer matrix. It is feas1b1e to say that the nature and
possibly the size of substituents in monomer and matrix polymer play a very important

role in this type of polymerization.

2-3-4. Effect of atmosphere on the photopolymerizﬁtion of BZTD

| Oxygen is known to inhibit radical polymerization, since it scavengee the initiator
radicals effectively. The present photOpolymerization systems are comprised solely of
solid components and diffusion of atmosphenc oxygen in the dry films should be
considerably slower than in liquid acryhc monomers such as TMPTA.%?
Photopolymerization was carried out in the preSence and in the absence of atmospheric
oxygen and the polymerization profiles were compared as shown in Figure 2-9. The
presence of atmospheric oxygeﬁ reduced the final conversion. However, the difference
between the final conversions was as low as 5%. On the other ha.nd, the polymerization
rate was more profoundly affected by the presence of oxygen and the initial
polymerization rate is suppressed to ca. 70% of that m argoﬁ atmosphere. In argon
atmosphere the polymerization rate decreased linearly with conversion, whereas in the

presence of atmospheric oxygen the polymenzatlon deviated significantly from a lmear
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decrease with conversion. Evacuation of polymerization system was found to be

necessary to obtain reproducible results in kinetic analysis of polymerization.

2-4. CONCLUSION

A series of styrenyl monomers bearing heterocyclic group, 1,3,4-thiadiazole ring,
connected to styrenyl group through methylenethio group have been designed and
synthesized. They showed high photopolymerization reactivity in polymer matrix. Even
at temperatures below Tg, jl)olymerization proceeded to high conversioﬁs. Molecular
assembly caused by intermolecular interactions between thiadiazolc‘groups in monomer
molecules and high degree of rotational freedom arising from flexible methylenethio
~ linkage are considered to explain high reactivity of these styrenyl monomers. Effects of
matrix polymers on the polymerization beﬁaviors were also remarkable. Polymers
prepared from the present styrenyl monomers were found to be éffective polymer
matrices to increase the polymerization rate and the final conversion. The effect of
atmospheric oxygen was also investigated and found to be negligible for the final
conversion. The molecular orbital calculations based on the PM3 method revealed a
relatively large value of polarizability (172 a.u.) for a typical styrenyl mondmer, which
could cause considerable molecuiar interaction through London diSpersion force. The
shape of the molecule is also unique and resembles a stackable legless chair. Molecular
packing in aggregafe phase, which was confirmed to exist in polystyrene matrix from
the observation of transmission electron microscopy, could rearrange the styrenyl
- groups facing to each other in favor of effective photopolymerization m the solid state.
The present solid-state photopolymerization system should be useful for wide range of

applications by improvement of existing photopolymerization systems.
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Chapter 3

Real-time monitoring of photodecomposition of initiator in

polymer matrix and Kinetic analysis of photopolymerization

3-1. INTRODUCTION

Photoinitiator is a key compound to determine the effectiveness of light-induced
polymérization. Most of existing photoinitiators work in UV region and few are known
to be sensitive to visible light.! Recent demands for visible-light sensitive
photoinitiating  system stem from evolving laser-imaging systems which utilizes
moderate-power lasers including laser diodes to image photosensitive polymerizable
media.>* For such applications, high sensiﬁvity and spatial resolution are indispensable
to keep up with the demand for ever inCrcasingkrecording density and throughput.
Among few of visible-light sensitive photoinitiating systems, trichloromethyl triazine
derivatives have been paid much interest. Trichloromethyl-substituted 1,3,5-triazines
were found in the late 19‘60’s6 and are currently used in microelectronics. This type of
photoinitiator can be used either as i)hoto-radical initiator’ or as photo-acid generator
(PAG).512 Upon UV-irradiation, trichloromethyl group connected to a triazine ring

3 of carbon-chlorine bond and the chlorine atom

undergoes homolytic cleavage’
produced abstracts hydrogen atom from a donor, resulting in the formation of hydrogeh
chloride which acts as the acid catalyst in chemically amplified imaging system.'>** On
~the other hand, the carbon radical produced adds to carbon-carbon double bond of

monomer to initiate radical polymerization. We have been interested in trichloromethyl
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triazine derivative as an unique photoinitiator working either as photo-radical initiator
or as PAG. Furthermore, a high sensitivity of triazine defivatives to visible light by
incorporating an appropriate dye and an amine has been reported.'> 16 These um’qﬁe
advantagcs of triazine derivatives motivated our research interests to investigate
photodecomposition behaviors of the triazines in solid staté. Pohlers et al.”® investigated
the photodecomposition proceSs of trichloromethyl triazine derivatives in solution.
However, the photodecomposition process in solid state has not been investigated in
details. In most of industrial applications of photopolymerization, usual photocurable
- formulation consists of a photoinitiator, a multi-functional oligomer and monomer. In |
the photopolymerization system, diffusion of rcacﬁng species dominates the
- polymerization  kinetics. A numEer of investigations have dealt with
photopolymerization kinetics m ‘bulk phase and very important results have been
obtained.!”?* However, little is known about the initiation step of photopolymerization
in bulk. Although the rate of initiation is directly related to the decomposition rate of
photoinitiator and it determines the whole polymerization processes, only few are
réported on actual photodecomposition processes of photoinitiator in bulk
photopolymerization system. Decker et al. investigated the photodecompos_itibn
behaviors of typical photo-radical initiafor, Lucirin TPO (from BASF) and of some PAG,
triarylsulfonium salts, by monitoring the decrease of the UV absorbance of these
photoinitiators.” % They found that these photoinitiators disappears according to a
simple exponential law. However, such measurements on UV-spectroscopy might affect
the photodecomposition of UV-sensitive photoinitiators and whole measurements
should be carried out separately from the determination of polymerization rate. In order
to investigate the relationship betweén polymerization rate and photodecqmposition rate

of photoinitiator, these should be determined at the same time in the polymerization
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system. Other methods to measure photoinitiator decomposiﬁon have been explored
such as laser flash photolysis and emission spectroscopy™, time-resolved electron spin
resonance®’ and time-resolved electron paramagnetic resonance”®. However, these
methods are ‘useless to interpret the polymerization rate in terms of the initiator
decomposition. We focused our attention in direct kobservation of photodecomposition of
trichloromethyl-substituted triazine in photopolymerization system by monitoring
simultaneously the change of monomer and photoinitiator concentration on real-time
FTIR (RT-IR) spectroscopy.'”? As for monomer, we selected a newly developed
styrenyl monomer which bears 1,3,4-thiadiazole group as a substituent. Since this
unique monomer exhibited very high polymerization reactivity, kinetic investigation of

this polymerizatioﬁ is of great interest.

3-2. EXPERIMENTAL
Materials

2-(4’-Methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-triazine (PMS) was purchased
from Panchim (Cedex, France) and used Withouf further purification. Polystyrene (My, =
3 x 10°) was obtained from Wako Chemicalsb Ind. 1td., (Osaka, Japan) and purified by
precipitation from 1,4-dioxane solution with methanol. 1,4-Dioxane (Wako Chemicals

Ind. Ltd. ) was used without further purification.
Preparation of monomer and its polymerization

Preparation of 2-(4-vinylbenzyl)thio-5-benzylthio-1,3,4-thiodiazole (BzTD) and its

polymer, poly(BzTD), were described in the previous chapter.
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SEC/MALLS/RI/viscometry analysis®® of poly(BzTD)

Molecular weight distribution (MWD) of poly(BzTD) bobtained was determined by
using SEC (size exclusion chromatography) system equipped with MALLS (multi-angle
laser light scattering)( DAWN E, with operating/analysis software, Astra 4.73.04, both
from Wyatt Technology Corp., Santa Barbara, CA), a differential refractometer (RI) and
a differential viscometer (VISCOTEK model 300TDA with TriSEC data acquisition
system operated by TriSEC 3.0 GPC software, Viscotek Corp., Richmond, CA).
| Separation columns were TSKgel G6000HHR + GSOOOHHR (Tosoh Corp., Tokyo,
Japan) and SEC measurements were carried out with THF as eluent at a flow rate of 1.0
mL/min, The obtain¢d MWD parameters are M, = 40,800, M, = 159,900, M, = 392,200.

Mark-Houwink-Sakurada parameters: a = 0.441, logK = -3.213.

DSC analysis of polnyzTD), BZzTD monomer and their blends |
DSC ahalysis _was_.bcarﬁed out by using DSC 6200 (Seiko Instruments Inc., Chiba,
Japan) with heating and cdoling rate of 5 °C min’! for the monomer and 10 °C min™ for
the polymer and the blcﬁds. BzTD monomer showed an endothermic peak at 103 °C
(melting point) in the first heating run. Poly(BZID) had T, at 30 °C and the BzID /
poiy(BzTD) blend at -1.8 °C (BiTD) / poly(BzTD) = 0.05/0.20 and ~2.5 °C (0.10/0.20
wt/wt). The BZID / poly(BzTD) blends are rubbery at room temperature (20 — 25 °C),
although the surface of solution-cast film appears smooth without ‘tackincss or

stickiness.

General procedures for FT-IR measurements

| Fourier transform real-time infrared (RT-IR)*” ~% spectroscopy were conducted on a

Bio-rad FTS-40 (Bio-rad Laboratories, Inc., Hercules, CA) with an operating/analysis
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software, Win-IR. Polystyrene or poly(BzTD) (0.2 g) was dissolved in 1,4-dioxane (2 g)
and to this solution PMS (0.004 g or varied) and monomer (none or 0.0756 g) were
added at room tempefaturc. An exact amount (0.110 g) of the solution was eluted and
dried on KRS (KRS-5; TIBr (42 %) / TI (58 %)) disk. The thickness of cast film (15 ~
24 pm) on KRS disk changed according fo the proportion of PMS and monomer. A
solution containing ﬁdljmer, PMS and monomer (BzID) were also eluted on a slide
glass and after ‘drying UV absorption spectrum was recorded on UV-VIS spectrometer
model UV-2200 (Shimadzu Corp., Kyoto, Japan). A KRS disk coated with the sample
was placed in the sample chamber of FI-IR spectrometer and IR spectra were recorded
in the transmittance mode. Monochromatic 365 nm light vs;as irradiated on KRS disk
through an interference filter‘ attached kto the end of optical fiber. The light source used
was high-pressure Hg lamp (Spot-Cure, Ushio Inc., Tdkyo, Japan) and the thf intensity
at the surface of KRS disk was measured by Radiometer IL1700, (International Light
Inc., Newburyport, MA.). The light intensity measured on the surface of KRS disk in
the sample chaﬁnber was 1.61 mW-cm™ = 5.0x10” einstein-cm™>s™. All measurements
were carried out at room temperature under argon atmosphere and RT-IR spectra were
1

collected at the rate of 1 survey spectrum per 1.65 second with a resolution of 1 cm”

over the wavenumber range of 450 cm™ to 4000 cm™.

3-3. RESULTS AND DISCUSSION
3-3-1. Determination of photodecomposition rate of PMS in polystyrene matrix by
RT-IR

Infrared absorption spectrum of PMS shows an intense and characteristic absorption
band at 1171 cm™ which is assigned to a coupled asymmetrical stretching vibration of

two CCls groups connected to 1,3,5-triazine ring. If one of the chlorine atoms in CCl;
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groups is substituted by other atom or group, then symmetry of the substituent is lost
and absorption ba1_1d at 1171 cm™ disappears or shifts to lower wavenumber from
simulation based on molecular orbital calculations (force calculation by WinMOPAC
v.2.0, Fujitsu Ltd.). Since this absorption band is quite intense and is not affected by
absorptions due to polymer matrix and monomer, it was posSible to dcterminé
quanﬁtativcly the concentration of PMS in the polymerization system under UV
irradiation. FI-IR absorbance at 1171 cm™ on the polystyrene film containing various
concentrations of PMS obeyed the Lambcrt—Beef ’s Jaw.

Photolysis of similar bis(tﬂchloromethyl) triazine derivatives in solution was
condﬁéted by Buhr et al.’ Using HPLC/MS spectroscopy, they determined the structures
of major photodecomposition products of PMS iﬂ polymer matrix and proposed
possible reaction pathway as illustrated in Scheme 3-1. Upon UV irradiation, PMS
yields various kinds of photodecdmposition products depending on the nature of
polymer matrix. However, substitution of chlorine atom in CCl; group by hydrogen or
other group is a common structural change. Such structural alternation should be
acoompam"ed,by absdrption change at 1171 cm™. Therefore, the absorption change at
1171 cm™ should measure the concentration change of PMS upon UV irradiation. In Fig,
3-1, RT-IR spectral change of PMS in polystyrene matrix upon UV irradiation is shown.
In this figure, the absorbance at 1171 cm™ decreased monotonously, while the
absorption at 1181 cm™ due to polystyrene matrix was unchanged. These two
absorptions were deconvoluted into two symmetrical absorptions and the intensity at
1171 cm™ was monitored under UV imadiation to determine the timg-dependent
concentration change of PMS in polystyrene matrix. Photodecémposition ratio (DR) of

PMS was calculated from Eq.(1).
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_ A1171), - A(1171),
R - A(1171), W

where 4(1171)o and 4(1171), denote absorbance at 1171 cm™ at the beginning and time

t of UV irradiation, respectively.

Scheme 3-1
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DR vs. time curves of PMS in polystyrene matrix with various initial PMS
concentrations are plotted in Fig.3-2. As the initial concentration of PMS decreased, DR
of PMS increased. Since the incident light intensity was kept constant, the ratio of

photo-decomposed PMS to the initial PMS concentration should decrease as the initial

concentration of PMS increases.
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Figure 3-1. Photodecompositioh of PMS in polystyrene matrix upon UV-

365 nm as monitored by RT-IR spectroscopy.
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Figure 3-2. Decomposition ratio (DR) of PMS vs. time curves for various initial
concentrations of PMS in polystyrene matrix. The inset shows curve fits to the
experimental data points. The amount of PMS in 200 mg of polystyrene: (*) 1.4

mg, (+) 3.2 mg, (A) 4.2 mg, (| ) 7.7 mg, (x) 13 mg and (o) 37.6 mg.
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Decomposition rate, Ry, of PMS was calculated from Eq.(2).

———d[z ]t”S 1. [PMS], 4(DR) 2

R, (molL's™) =
 ( ) dr

Quantum yiéld of photodecomposition (®2 of PMS was calculated by Eq.(3):

D - number of photodecomposed PMS molecules
4 number of photons absorbed
- R,
" I, (einstein L s~
_ R, x £(cm)
" I, (einsteincm™ sYx10°

®3)

in which the light intensity absorbed by the sample, I, is expressed by the following
equation: v
L=y x(1 ~exp(~2.3 & [PMS ] ) ) @

whefe Ip denotes the incident lighi intensity, / is the thickness of polystyrene film and
£ is the absorption coefficient of PMS in polystyrene matrix at 365 nm. The initial Rgo
and Py values for different initial PMS concentrations Wcre calculated from the initial
slopes of the curve fits in DR vs. time plots. The results are summarized in Fig. 3-3(a)
and (b). Although the obtained Ryg values are in the order of 2x10™ mol-L™s? and data
points are rather scattered, R4y seems to slightly increase with PMS concentration, On
the other hand, ®4 is apparently independent on initial PMS concentrations. The
average Dy value is about 0.09 (20.04). Bubr et al. had investigated the quantum yields
of photodccbmposition of similar bis-trichloromethyltriazines in novolak resin and
reported the values in the range of 0.29 to 0.35. Pohlers et al.'> estimated the quantum
yield of 2-(4’-methoxynaphthyl)-4,6-bis(trichloromethyl)-1,3,5—triazines in cyclohexane
solution to 0.11. They found that the polarity of the solvent affects the quantum yield
significantly and showed that the quantum yield decreases with increase in solvent

polarity.
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Our result (0.69) is rather élose to the value (0.11) obtained by Pohlers et al.,
though the difference in experimental conditions should be taken into consideration.
Data scattering observed in Fig. 3-3(a) and (b).is conéidcred to have arisen from the
difficulty in controlling the thickness of the sample film on a KRS disk.

R of the photodecomposition for different initial PMS concentrations (Fig. 3-2) were
calculated from Eq.(2) and are plotted against the residual PMS concentration, the latter
- being calculated according to the equation: [PMS] = [PMSlox(1-DR), where [PMS]o
denotes the initial PMS concentration. The results are summarized in Fig. 3-4. For all
im'tiél PMS concentrations, R; decreased linearly with PMS concentration in the
primary stage of photodecomposition process, and the slbpcv of the linear part of each Ry
vs. [PMS] plot appears to be independent on the initial PMS concentration. The
relationship between R4 and [PMS] in the primary Stage of photodecomposition can be
expressed as follows: |

R, =k xI,(einsteinL™ s ™) x ([PMS"] -C,) ()
where k (Leinstein™) denotes a decay constant and Cr repreSents a limiting PMS
concentration attainable for the linear relétioﬁ between Ry and PMS concentration.
At the limiting PMS concent;ation the décomposition reaction ceases (Ra = 0). In other
words, | only a paﬁ of PMS molecules,vb (PMS] - Cf), participate in the
photodecomposition process and the remaining PMS (C; mol-L™) are left unreacted for
unknown reasons. A linear dependence of Ry on PMS concentration as expressed in
Eq.(5) implies that photodecomposition is primarily determined by the probability of a
photoinitiator molecule to be hit by a photon and is therefore proportional to the
photoinitiator concentration, Similar results have been obtained by Decker et al. for the

photolysis of TPO and a triarylsulfoniuﬁl salt by monitoring UV-absorbance change of
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Figure 3-4, Rq vs. [PMS] plot for the photodecomposition process at various initial

PMS concentrations. Rq was calculated from the results shown in Fig. 3-2.
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these photoinitiators upon UV irrédiation. It should be noted that k is approximately
equal to 2.3x£l®,, when absorbance is low, from Eq. (3) and (4) and directly relatedbto
CIJA, if we neglect the contribution of inactive PMS, C;, to the absorption of light and
replace the term, [PMS], in Eq.(4) with [PMS] - C;. It is beyond to the scope of this
paper to argue the physical meanings of Eq. (5) in detail.

In Fig. 3-5(a), the decay constant, £, obtained from the slope of the linear part of Ry vs.
[PMS] plot is plotted against [PMS]s. In this figure, values of k are around 10 (L
einstein'l) and seemed to gradually increase with PMS concentrations. The problem to
be solved is the reason why all PMS molecules do not participate in
photodecomposition process. In Fig, 5(b), the effective PMS concentrations, ([PMS]o -
Cp), are plotted against the initial PMS concentrations. The effective PMS concentration |
was independent of the initial PMS concentration and ﬁnchanged around 6 x10? mol
L: this implies that no more than 6 x107 mol L of PMS molécules could decompose
in polystyrene matrix. |

In polystyrene matrix, PMS molecules are frozen in a glassy state and their diffusion
is restricted. When a PMS molecule is photo-excited and dissociates into PMS radical
and chlorine atbm, their migration would be hindered by the surrounding polystyrene |
matrix and strong cage effect wbuld enhance the recombination of these radical species.
Therefore, in the bulk phase of polystyrene matrix, dissociation of PMS radical would
be restrained by the cage effect. On the other hand, a part of PMS molecules should be
located at the surface of the polystyrene matrix and these might be in different situation
from the bulk. It is considered that only parts of PMS molecules happen to be in
relativcly mobile surroundings and these contribute the photodecomposition and others

are virtually unable to dissociate into radicals.
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3-3-2. Effect of light intensity on photodecomposition rate of PMS

In polystyrene matrix, PMS wﬁs photodecomposed by the irradiation of 365 nm light
with various intensities and the dependence of Ry and ®4 on the light intensity was
investigated to confirm the relatioﬁship given by Eq.(5). Under the experimental
conditions, about 75 % of incident light were absorbed by the sample. As a matrix
polymer, pqu(BzTD) as Well as polystyrene was used to investigate thé effect of the
nature of matrix polymer on photodecomposition behavior of PMS. In poly(BzTD)
matrix, UV absorption of PMS shifted to longer wavelength by 10 nm (Amax = 395 nm)
and absorption coefficient at 365 nm decreased by 75 % of that in polystyrene. This
indicateé an occurrence of some interactions between PMS and poly(BzTD). The results
are summarized in Figures 3-6 and 7. In Fig. 3-6(a), Ry depends blyinbearly on incident
light intensity as expected by Eq.(5) and Ry is much higher in poly(BzTD) métrix than
in polystyrene matrix. The dependence of R4 on the light intensity is stronger in
poly(BzID) matrix than in polystyrene matrix. As shown in Fig.3-6(b), ®4 in
polystyrene matrix decreases slightly with increésing the light‘ intensity, whereas in
poly(BzTD) matrix ®g remained virtually constant. At any I y_alues, Dy in
poly(BzTD) matrix was larger than thgt in polystyrene matrix. The above-described
experimental observations should be explained as follows.vT s of poly(BzTD) is found to
be 30 °C as described in the previous chapter and PMS molecules in this matrix are
relatively mobile as compared with those in polystyrene matrix. Cage effect which
suppress the photo-dissociation of excited PMS molecules would be less cmingnt in
poly(BzID) matrix than in polystyrene matrix. In addition to such physical effect of
matrix polymer, chemical features must affect the photodecomposition of PMS. Under

an intense photo-irradiation, large numbers of PMS molecules decompose at the same
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Figure 3-6. Dependence of Ryo (a) and ®qo (b) on the incident light intensity, Iy, in the
photodecomposition of PMS in polystyrene matrix (*) and in poly(BzTD)
matrix (0). PMS/polymer matrix = 0.0042/0.2 wt/wt.
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tirde to increase temporal concentration of chlorine atoms, which accelerates the back
reaction, resulting in the decrease in the quantum yield of photodecomposition. On the
other hand, under the condition that the concentration of hydrogen donor is high enough
to scavenge chlorine atoms, the quantum yield of photodecomposition shbuld not be
affected 5y the light intensity. In the poly(BzTD) matfix the two thiobenzyl groups are
powei'ful hydrogen donor to suppress radical recombination reaction effectively. This
could account for higher values of R4 and ®g in poly(BzID) matrix than in
polystyrene matrix. Crivello et al.*® have reported photoinduced ring-opening cationic
polymerization of epoxide monomers ‘bearing benzjl | ether group initiated by
‘diaryliodonium salts. They suggested that the ‘aryl radical produced by
photodccomposition of the onium salt abstracts labile benzyl hydrogens to yield benzyl
radicals, which are in turn oxidized by the onium salt to benzyl cation as the real
initiator of polymerization. The same activity of benzyl group should be applied to the
present system. |

Extensive hydrogen abstraction from benzyl groups is suggested from the
SEC/MALLS/viscometry analysis® 3! of poly(BzTD) prepared by conventional -
solution polymerization. The Mark-HouWink-Sakurada parameter, which wasv
determined using a differential viscometer in the GPC condition was 0.44, which is
apparently lower than those for conventional linear polymers (0.5 — 0.8 depending on
solvent), suggesting branched structure of poly(BzTD). The weight-average molecular
weight (M) was determined by SEC/MALLS analysis and from bthe slope of the double
logarithmic plot of the radius of gyration versus My, conformational coefficicnt3°’ 3,33
was found to be 0.34. This parameter reflects the polymer chain density inside the

individual polymer coil, and the relatively low value also suggests extensive branching
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in the polymer chain. The chain branching Should have been caused by chain transfer
reaction to polymer benzyl groui_as in solutioﬁ polymerization of BZTD monomer. From
a practical point of view, poly(BzTD) matrix is superior to polystyrene matrix with
higher quantum yield and increased decomposition rate of PMS.

Values of decay constant,’ k, and effective concentration of photoinitiator, [PMS]o - C;,
are plotted against the incideﬁt light intensity in Fig. 3-7(a) and (b). Values of k obtained
for poly(BzID) matrix and polystyrene matrix are nearly independent of the light
intensity. Smaller values of k in poly(BzTD) matrix than in polystyrene matrix do not
agree with higher values of @4 in poly(BzTD) matrix. Howéver, as shown in Fig;
3-7(b), effective PMS concentration, [PMS], — Cy, is two fold higher in poly(BzTD) |
matrix than in polystyrene matrix. This fact must have led to the higher decomposition
rate and increased overall quantum yield of photodecomposition of PMS in poly(BzTD) |

matrix.

3-3-3. .Photodecomposition behavior of PMS in the presence of BzZTD monomer
and kinetic analysis of photopolymerization processes in the solid state

PMS and BZID monomer were dispersed in poly(BzTD) matrix. " Monomer
consumption was followed by the absorbance change at 990 cm™ v(vinyl, O0CH,
out-of-plane bending) and at the same time photodecomposition of PMS was
simultaneously monitored by the absorbance change at 1171 cm™, In Fig. 3-8(a), the
time-conversion curves of monomer (BzTD) and photoinitiator (PMS) under irradiation
of 365-nm monochromatic light are plotted. While moﬁomer conversion reached 90%
conversion after 400-second irradiation, photoinitiator conversion (decomposition ratio,

DR) reached only about 50% and further photodecomposition was suppressed.
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The i)olymerlzatlon rate (R,) and photodecompésﬂmn rate (Rd) were determined by
the differentiation of 8th-order polynominal curve fits and are plotted against each
concentration as showﬁ in Figure 3-8(b). It is found that both R, and R4 decrease
lineally with the corresponding concentratxons during the major part of the
polymenzatlon Imtlal photodccomposmon rate, Rdo, was detenmned to be about 8x10™
mol-L™s”, which is about 3-fold larger than that obtained in the absence of BzTD
monomer (in Fig. 3-6(a): Ry = 3x10™* mol-Lt s'). This fact suggests that in the
presence of the monomer, PMS radical attacks to the neighboring monomer moleculev
and this initiation reaction would suppress the recombmatlon of photo-d1ssoc1ated PMS
- molecule, resulting in mcreased decomposition rate of PMS.

~ The linear dependence of R, on monomer concentration proves that the first-order
kinetics at the steady-state condition as expressed by Eq. (6) holds:
Ry=k [P [M] ©
Wher¢ ky dcsignafes the propagation rate constant, [P-] the concentration of propagating
radical, and [M] the monomer concentration.

The linear dependence of R4 on [PMS] in the photopolymerization process supports
the validity of Eq. (5). From the slope of the linear part in Ry, vs. [M] plot, k,[P-] was
determined to be 0.33 s, HoWever, the experimental dependence of R;, on [M] is not
expressed by Eq. (6) but by Eq. (7):

Ry =k, [P] (M] - C) ™
where C,, denotes a concentration of monomer left unreacted.

The purpose of this study is to determine both the polymerization rate of styrenyl |
monomer and the pﬁotodccomposition rate of photoinitiator, PMS, concurrently in the

solid state photopolymerization. The results obtained here revealed the fact that the
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polymerization procéeds in a steady-state condition with a constant concentration of
propagating radical, while the decomposition rate of the photoinitiator decreases with
the progress of the photopolymerization. These two factors are apparently conflicting
with each other, since the propagating radical must be supplied by the initiating PMS
radical and the latter concentration decreases with the progress of the polymerization,
while the former concentration is apparently constant during the polymerization.
However, if the decrease in the decomposition rate of PMS is directly related to the
decrease in the termination rate of the propagating radical, then steady-state condition
should hold. In other words, if the tenninatjon reaction takcs place between the
prqpagating radical and the remaining PMS moIecule, then the results obtainéd above
would be satisfactorily explained.

A set of possible elementary steps are summarized in Scheme 3-2. In this Scheme,
PMS:- denotes the initiating radical produced by photodecopmposition of PMS and P-
represents both the propagating polymer racﬁcal and the monomer radical produced by
the addition of initiating radical. In this kinetic model, the reactivities of both polymer
and monomer radicals are assumed to be the same aﬁd these two entities are not
distinguished. D represents dead-polymer produced by the termination reaction between
the propagating radical and the remaining PMS molecule. The rate constants, k; and ki
represent the terminat_ioﬁ rate constant and the chain transfer rate constant, respectively.

PMS has two types of labile sites for radical attack; i.e., trichloromethyl and styryl
groups. The former definitely has a large chain transfer coﬁstant and by the abstraction
of chlorine atom with the propagating radical P-, PMS- can easily be reproduced. This
process is illustrated in Scheme 3-3. On the other hand, if the propagating radicals

attack to the styryl group in the PMS molecule, then the addition of the propagating
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Scheme 3-2

Photodecomposition : PMS — PMS  +Cl

Initiation : PMS®+M~— Po
Propagation : Pe + M — Po
Termination : P + PMS— D
ChainTransfer : P +PMS — D+ PMS *
2nd Initiation : Cle + M —Pe
Abstraction : Cle + RH — R* + HCI
3rd Initiation: Re + M —>Po

Scheme 3-3

chain transfer '
. ) ®
CC|3 + P®* —» CClg + D

triazine moiety
(=PMS* )

retardation or destructive chain transfer

“ —
H- :
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polymer chain to the styryl group would result in generation of relatively stable
st-ericallyv hindered radicals as shown in Scheme 3-3. Harwood et al. > has found that in
the benzoyl pefoxide initiated polymerization of methylv methacrylate (MMA)-stilbene
mixtures, stilbene acts as moderator for MMA polymerization and the resulted polymer
had stilbene-end groups. Barson et a1.35 haé also reported the high reactivities of stﬂbenc
derivatives towards the'ben'zoyloxy radical. In oﬁr case, the concentration of PMS used
was relatively high (0.0335 mol L) and the mole % of PMS to the BzZTD monomer
([PMS]o/ [M]o = 4.4 mol %) may be high enough to trap the propagating radical by the
remaining PMS molecule. |

On an analogy of copolymerization reactivity of stilbene with MMA>, it may be
reasonable to consider that the trapped radical by PMS may show poor reactivity to the
monomer and would slow down or rather terminate the‘ polymerization in effect.
Therefore we consider that a destructive chain transfer reaction as shown in Scheme 3
might be the dominant termination process for these particular polymerization sysfems
with relatively high concentrations of PMS.

Based on the elementally steps shown in Scheme 3-2 and with an assumption of a
steady-state condition for every intermediate radical species, the following equations

can easily be derived.
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where kcl means kinetic chain length which is defined as the ﬁumber of monomer
molecules polymerized by one iniﬁating radical.

Kinetic chain length (kcl) is a very important parameter to describe the characteristics
of the polymerization process and this parameter should be the measure of the validity
of the kinetic equations. In Fig. 3-9(a), both kcl and kp/k, in the pblymerization process
are plotted. _The value of kp/k; remained constant (= 0.32) up to conversion = 0.6 and
then sharply dropped to zero. The obtained} constant vaiue of this ratio of two kinetic
- parameters, k, and k;, proves the validity of the discussion described above. On the other
hand, as is seen in this Figure, the value 6f kel increased gradually with conversion and
at conversion = 0.65 it turned to decrease. A peak observed at conversion = 0.8 is
thought to be an artifact caused by the polynominal approximation of time-conversion

curve.
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Figure 3-9. Dependence of kcl and ky/k; (a), and ®, and ®4 (b) on conversion in the
' photopolymerization of BzTD initiated by PMS in poly(BzTD) matrix.
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As is seen in Eq. (11), kcl is simply determined by the rafio of [M] to [PMS] and the
observed tendency of increasing kcl with conversion does not imply any gel effect at all,
but it is the result of relatively faster decrease of [PMS] tﬁan that of [M]. The value of
kcl obtained in this study is in the order of 20~60 and this value is much smaller than
those reported by Decker.’ He réported kcl as large. as 2000 to 10000 in
polyurethane-acrylate ﬁhotopolymerization system. This difference may be due to the
difference in the diffusion coefficients of the monomers in both systems. In our system
the monomer diffusion is restricted and only limited numbers of monomer molecules
are available in the polymeriiation loci, so that it gives relatively very small values of
kel. Decker and Moussa® also studied the post-polymerization processes of above
mentioned system and found ky/k; values are in the order of 0.2 to 0.37 and these are in
good agreement with our value, 0.32, although they postulated a bimolecular
termination process for their system. Reaction diffusion process;36'45 which is
- frequently observed in polymerization in highly crosslinked system, predicts the
following relationship: | | |
 k,=Rk,[M]

where R is the reacﬁon diffusion parameter, [M] is the concentration of monomer. If
such reaction diffusion is the dominant termination process, values of kp/k: should not be
- constant in the polymerization process. The resiﬂt obtained here indicates that reaction
diffusion is not the dominant termination ‘process in the polymerization of the styrenyl
monomer.

Quantum yield of photopolymerization,'® ®,, was also calculated based on the

equation shown below:
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| _ number of photopolymerized monomer molecules
P number of photons absorbed
R v
= > 1 -1 (13)
I, (einsteinL™s™")
R, x {(cm)

" I, (einsteincm™ s ) x10?

P

The result is shown in Fig. 3-9(b) togefher with <I>.; calculated by Eq(3) D,
‘decreased gradually with conversion and fhe maximum value is around 13, which is |
ragain much smallef than 4000 reported by Decker.!® The maximum &, value obtained
in the presence of BZTD monomer was around 0.5 and this value is about 5-fold larger
than that obtained in the absence of the monomer. Apparently, the moﬁomer can

enhance the photodecomposition efficiency by reacting with the initiator radical.

3-4. CONCLUSION

Photodecorﬁposition rate of initiator was monitored concurrently with
phot0p61ymerizaﬁon rate of monomer first time. Polymcrizaﬁon behavior was
explained quite wéll in connection with the photodecomposition rate of the initiator.
Monitoring of photodecomposition process of a bis(trichloromethyl)-1,3,5-triazine
derivatives by | RT-IR spectroscopy could ‘be applied to various Kkinds of
photopolymerization system including conventional acrylate monomers. This would
give us a powerful tool to investigate the mechanisms of photopolymerization. In this
article we studied the polymerization behavior of a newly developed styrenyl monomer
and found very high reactivity of this monomer. Even in a dispersed phase in a polymer
matrix, a solid-state photopolymerization proceeded rapidly and our interest is in

clarifying the mechanism of polymerization processes for such particul:ir systems.
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In the present investigation it was found that both polymerization and
photodecomposition rates depend linearly on monomer and initiator concentrations,
respectively. Thé rate constant ratio, ky/k; was constant in the polymerization process
and this indicates that reaction diffusion is not the dominaht termination process.

These results indicate that the solid-state polymerization of the styrenyl monomer is
essentially the same as conventional solution polymerizaﬁons except for unimolecular

termination process.
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~ Chapter 4

Influence of monomer concentration in the solid-state
photoinitiated polymerization of styrenyl compound bearihg

1,3,4-thiadiazole group

4-1. INTRODUCTION

The highly photopolymcrizabile styrenyl monomers bearing thiadiazole group have
become the center of our research interests in the previous investigations described in
Chapters 2 & 3. 'fheit unique polymerization behaviors are considered to originate from
molecular assembly caused by intermolecular interactions. Existence of monomer
aggregates in polystyrene matrix was confirmed by transmission electron microscopy.
The molecular ofbital calculations based on the PM3 method led to a fairly large
polarizabiloity for a typical styrenyl monomer as described in Chapter 2. Intermolecular
interactions between the monomer molecules could rearrange the styrenyl groups facing
to each other in favor of effective photopolymerization in the solid state. If such an
assembled structure within monomer aggregates exists in the polymerization system,
polymerization kinetics could be independent of initial monomer concentration. Under
these situations, we planned to investigate the effect of monomer concentration on the
polymerization of tﬁese thiadiazole-substituted styrene derivatives in solid state.

In Chapter 3, we described 2 new method using real-time FI-IR spectroscopy, which
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enabled us to investigate the photodeéomposition behavior of the photoinitiator,
bis(trichloromethyl)-1,3,5-triazine derivatives. This powerful technique realized the
real-time monitoring of both polymerization rate of monomer and photodecomposition
rate of photoinitiator simultaneously in situ of photopolymerization system. Kinetic
analysis based on such dual monitoring revealed a feature of steadsttate
polymerization. Kinetic chain length was found to be around 20 ~ 60. This result
suggested that the possible assembled or preorganized structure might consist of such
numbers of molecules. In this Chapter we investigated the effect of monomer
concentration on the solid-state photopolymerizatioh behavior and tried to clarify the
pbssibility of the preorganized structure of these styrenyl compounds.

It should ,bé noted that polym‘eriz'ation’ in ordered phase has been extensively
* conducted to bobtain highly ordered polymeric materials. Polymerization in liquid
crystalline phase'* and topochemical polymerization®® are both closely related to our
present investigations. Furthermore, preorganization of monomer molecules suggested

al.’®! is closely related to the present investigation.

by Jansen, et
4-2. EXPERIMENTAL
Materials

2-(4-methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-triazine (PMS) was purchased
from Panchim (Cedex, France) and used without further purification. Other chemicals

" were described in Chapter 2.

Photopolymerization

Photopolymerization of the styrene derivatives was carried out in the matrix of solid
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polymer and followed up to high monomer conversion by Fourier transform real-time
infrared (RT-IR) ® *'7 spectroscopy, which was conducted on a Bio-rad FIS-40
(Bio-rad Laboratories, Inc., Hercules, CA) with an operating/analysis software, Win-IR.

Monomer conversion was calculated according to the following equation:

A(990), - A(990),
A(990),

in which A(990); and A(990); denote the peak absorbance at 990 cm™ before

conversion =

UV-irradiation and at time t (), respectively. The rate of polymerization, R, was

calculated from the following equation;

d[M]

B d(conversion)
dt

R, (moll™s™) = - M1, -

Since measured peak intensity at 990 cm™ were somewhat scattered with time, the
calculated value of R, from the slope of time-conversion curve at an arbitrary time
interval scattered significantly. 10th-order polynominal approximation was applied to all
time-conversion curves and the polynominal curve fit was differentiated to obtain R, at

an arbitrary polymerization time.

4-3. RESULTS AND DISCUSSION
4-3-1.Effect of initial monomer concentration on rate of polymerization

In Figure 4-1 (a), time-conversion curves for the photopolymerization of BzTD
initiated by PMS wﬁh various initial monomer concentrations were plotted. As the
initial monomer concentration decreased, time-conversion curves tended to shift upward.
Rate of polymerization was calculated from the differential ‘of curvefit for each
time-conversion curve and plotted against conversion as shown in Fig; 4-1(b). In all

cases of initial monomer concentrations, R, was found to decrease linearly with
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‘conversion. Both the slope and intercept to R, axis of the linear plot incfcased with the

initial monomer concentration. The linear dependence of R, on monomer conversion
suggests the constant concentration of propagating radical in the steady-state
polymerization as expressed by eq. (5);

R, =k,[P]([M]-C,) ©)

- where k;, designates the propagation rate constant, [P-], the concen‘tration’of propagating
radical and [M], naonomer concentration. C, denotes bthe_ residual monomer
concentration. From the slope of R, vs. conversion plot in Fig. 4-1(b), (slope = -
~ky[P-][M]o), values of kp[P-] in the polymerization were nalculated and 'dependence’ of |
these values on the initial monomer concentration was shown in Fig. 4-2(a). Thus
obtained .Values of kp[P'] afe around 0.036 (s) and independent on the initial monomer’
concentration. This result strongly suggests that concentration of propagating radical is
independent on initial monomer concentration and also propagation rate constant, k;, is
independent on monomer concentration. On the nther hand, from the intercept of R;, vs.
convérsion plot at conversion = 0, Ry (initial rate of polymerization) is obtained and
this value should be equal to kp[P-]([M}]o ~Cy) from eq.(5). Thus, Ry was plotted againsf
(IM]o-C..) and result is shown in Fig. 4-2(b). In this Fig., lincar relationship between
Ryoand ([M]o —C,,,) was obtained and from the slope of this linear relationship k,[P-] was
found to be 0.036 (s), which agreed well to the previously obtained value. From these
results it is certain that both k, and [P-] are independent on initialk monomer

concentration and both are constants throughout the polymerization.
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Figure 4-1. Effect of initial mondmcr concentration on the photopolymerization rate of
BzID in poly(BzTD) matrix initiated by PMS. Time-conversion curves (a) and R,
ys. conversion curves (b). The inset in (a) shows bcurve fits to the experimental data
points.‘Figures indicated with arrows shows initial monomer concentrations in
mol-L. The incident light intensity = 5 x 10” einstein cm™ s'. poly(BzID) =
0.2 g (fixed) and PMS = 0.0042 g (fixed). BzTD = 0.013 g (x), 0.024 g (0), 0.057 g

(A), 0.076 g (*), 0.086 g (+), and 0.10 g (¥).
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4-3-2.Effect of initial monomer concentration on residual monomer concentration
As for the residual monomer concentration, C,, defined in eq. (5), it was found that
C,, can be related to the square of the initial monomer concentration and as shown in
Fig. 4-3, a good corrclatlon between C,, and [M]o> was obtained. From this linear plot, |
the relationship between C,, and [M]o was found tobe C,, = 0. 29[M]o By integrating
eq. (5), decrease of monomer concentr_atlon with time in the course of the.

photopolymerization is well expressed by the following equation.

iy, 02l +A-029M I e, [P19) ©

= 0.29[M], +(L- 0.29[M ], ) exp(-0.036¢)

In the above equation, the relétive monomer concentration to initial monomer
concentration is divided into two terms. The first term appears in eq. (6) implies that
about 30 % of initial monomer concentration is unreactive toward photopolymerization.
- The second term in eq. (6) indicates that the rest of monomer is consumed with an ideal
behavior as expected in steady state polymerization. The reason why 30 % of initial
monomer is left from the polymerization is unknown and this ratio seems to be
pre-determined before polymerization starts. As described later in this chapter, we
considered that monomer molecules ’m'ight- be assembled in cluster structures and
polymerization proceeds inside suc;h clusters. The unreactive monomer molecule§ might
be those distributed outside the clusters and mutual intermolecular distance between
those ’expelled monomer molecules could inhibit the progress of -effective

polymerization.
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4-3-3. Effect of inmitial monomer concentration on photodecomposition rate of
photoinitiator |

During the RT—IR observation of monomer consumpti'on in polymerization process,
conccntf&tion change of the photoinitiator, PMS, was also monitored at the absorption
band of 1171 cm™ which is assigned to a coupled asymmctrical strétching vibration of
two CCls groups attached to 1,3,5-triazine ring. The ciecomposition ratio (DR) of PMS
was plotted against polymerization time as shown in Fighre 4-4(a); "The initial
decomposition rate of PMS (Rao) was calculated from the initial slope of the curve fit of
experimental data points in the time vs. DR plot, and the results are summarized in Fig.
4-4(b). Rs was found to be essentially independcnt on the initial monomer
concentratidﬁ and are in the order of 8 (= 1) x 10" mol-L?! -sfl, While the values of Rpo
are around 1 x 102 mol-L™* - 1 which are abqut one order larger‘than Ryo. The rate of
monomer consumption is éctually the sum of the rate of polymerization and the rate of
initiation. If the initiation reaction proceeds faster than the photodeqompdsition rate (Ra),
then initiation rate should be equal to Ry. Then, in order to obtain the actual rate of
polymerization, it is neceésary to subtract Ry from R,. However, since the difference
between Ry from R;, are enough large and subtraction of R4 from the previously obtﬁined
results of R, did not affect so much, we neglected the contribution of Ry in obtainiﬁg Ry

from the overall rate of monomer consumption.
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4-3-4.Effect of initial monomer concentration on quantum yields of polymerization
and photodecomposition of initiator
Quantum yields of polymerization (®,) and photodecomposition of PMS (®g) were

calculated according to the equations (3) and (4):

_ number of photopolymerized monomer moleculés

P number of photons absorbed
R v
= —— 3
I (einsteinL™s™)
R, x{(cm)

I, (einsteincm™ s™)x10°

O]

_ number of photodecomposed PMS molecules
B number of photons absorbed

- R, |

1 , (einsteinL™'s™)

B R, x{(cm)

" I, (einsteinem™ s ) x10°

D,

Q)

in which the light intensity absorbed by the sample, I,, is expressed by the following
equation:
I, =1I,x(1- exp(-2.3¢ £L[PMS])) )

where I, denotes the incident light intensity of UV-irradiation, [ is the thickness of
polystyrene film and ¢ is the absorption coefficient of PMS in poiystyrene matrix at 365
nm. In these polymerization conditions, about 60 % of the incident light was absorbed
by the sample. The initial quantum yield of polymerization, ®po, Which was determined
from the initial Tate or polymerization according to Eq. (3), Wés found to increase

linearly with the initial monomer concentration as shown in Figure 4-5(a).  The initial
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‘quantum yield of PMS photodecomposition, @¢o, Was also plotted against the injtia1
monomer concentration as shown in Figure 4-5(b). In the absence of monomer, @4 Was
around 0.1 and this value was increased by ca. 5-fold in the presence of monomer.
However, ®q is almost independent on the initial monomer concentration and is in the
range of 0.5 = 0.1. Since fhe concentration of propagating radical and the quantum yield
of photodecomposition were both found to be independent on the monomer
concentration, the quantum yield of polymerization should be proportional to the
number of monomer molecules available for the polymerization initiatcd by one
initiating radical in each polymerization system. In other words, in each polymerization
condition, monomer molecules might be assembled inside the cluster structure and these
clusters would be consisted of the number of molecules which is proportional to the
value of quantum yield of polymerization. On the contrary, if the monomef molecules
are randomly distributed in the polymerization system; average intermolecular distance
between monomer molecules should be inversely related to the volume fraction of the
total monomer molecules in the system; i. e., average intermolecular distance o
[M] 8,12

In the present polymerization condition, diffusion of monomer molecule is restricted
due to the high melting point of the monomer (103°C),‘ although T, of the
polymerization system is below a room temperature (—2.5 °C). Each monomer molecule
should be fixed in the rubbery polymer matﬁx and as the volume fraction decreased, the
average distance between monomer molecules should increase and polynﬁeriiation
would stop when there is no monomer molecules found in the vicinity of propagating
radical. In such a situation propagating rate constant, kp, would decrease with the

decrease of monomer concentration and quantum yield of polymerization cannot be
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proportional to the monomer concentration. However, the results obtained here are
contrary to the expectation derived from random distribution of monomer molecules

and would support the possibility of cluster structure of the monomer molecules.

- 4-3-5. Kinetic analysis on the polymerization system

As described in Chapter 3, a sei: of possible elementary steps are again summarized
in Scheme 4-1. In this scheme, PMS- denotes the initiating radical produced by
photodecopmpoéition of PMS and P- represents both the propagating polymer radical
and the monomer radical produced by the addition of initiating radical. In this kinetic
model, the reactivities of both polymer and mdnomer radicals are assumed to be the
same and fhese two entities are not distinguished. D represénts‘dead-polymer produced
by the termination reaction between the propagating radicﬁl and the remaining PMS
molecule. The rate constaﬁts, k, ki, ki and ki, represent decay constant of photoinitiator,

initiation rate constant, termination rate constant and chain transfer rate constant,

respectively.

Scheme 4-1
Photodecomposition : PMS —> PMS * +Cl ¢ iR, =Kl ,[PMS]
Initiation : PMS*+M~— P+ ‘R, =k, [PMS*][M]
Propagation : Pe +M — Pe IR, =k, [P°][M]
Termination : P+ + PMS— D : Rt =kt [P+ ] [PMS]
ChainTransfer : Pe* +PMS—> D+PMS* :R - =k ” [Pe][PMS]
2nd Initiation : Cle +M —P-
Abstraction : Cl* + RH — R* + HCI
3rd Initiation: Re+M —P-°
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Based on the elementally steps shown in Scheme 4-1 and with an assumption of a

steady-state condition for every intermediate radical species, the following equations

can easily be derived.
X 2R 2kI
[Pl= 4 =— 6)
k,([PMS]-C f ) k,
2%k \kI, [PMS]-C,
PMS]=|1+=2 | =2 ! 7
(P51 (+k,)k,- M1-C, 0
2k
, =2 ®)
t
R R 2% _ |
kel=—2 =2 2 [M]-C,, )
"R, R, k [PMS]-C, SV

where kcl indicates the kinetié chain Jength which is defined as the number of monomer
molecules polymerized by one initiating radical.

Among the above equations, kc/ is one of the most useful kinetic parameters to
correlate thé polymerization rate with the decompbsition rate of photoinitiator.
Dependence of initial kcl value on the initial monomer concentration was determined by
using Eq. (9), (kelo = Ryo/Rao), and is shown in Figure 4-6(a). The initial kcl value was
found to be linearly dependent of the initial monomer concentration. It is interesting to
observe the change of this parameter in the course of the phbtopolymerization pfocess
and kcl was plotted against conversion for the various initial monomer concentrations,
as shown in Fig. 4-6(b). When the initial monomer concentration was 0.3 molL? or
~ lower, kcl was constant throughout the polymenzatlon process. As the initial monomer

concentration increases, kcl tends to increase with conversion and at the highest m1t1a1
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monomer concentration (= 0.92 molL?), kcl increased steeply with conversion. This
observed tendency was simply due to the fast decrease in PMS concentration during the
photopolymerization. However, at relatively 'hjgh monomer concentration, | domain
structure might be inter-connected to give higher value of kcl. In the early stage of the
photopolymerization (conversion up to 0.2), kcl'is virtually independent of conversion
and this implies that the number of photopolymerizable monomer molecules per one
initiating radical species is only dependent on the initial monomer concentration and a
possible domain structure of monomer molecules should be pre-organized before the
polymerization is initiated. |

It should be noted that the number of photopolymerizable monomer molecules per
one initiating radical is also determined by the ratio of ky/k: as indicated in Eq. (9). This |
ratio of kp/k; was calculated a¢eording to Eq.(9) and plotted against the initial monomer
concentration. Figure 4-7 shows the result and the ratio of kp/k; was found to be
independent of the initial monomer concentration and agreed well with the result
obtained in Chapter 3. Reaction diffusion mechanism, 2 which predicts ky/k; inversely
depends on [M], does not dominate the termination process. .This result suggests that the
PMS molecules, which act as both photoinitiator and terminating agent, are uniformly
distributed in the polymerization system. In Figure 4-8, the postulated domain structure
of monomer molecules is schematically illustrated. Clusters of monomer moiecules are
considered to be distributed evenly in the polymer matrix and the size of such clusters
are considered to be linearly dependent» of monomer concentration. As the monomer
concentration increases, the size of the cluster would increase. When polymerization
starts inside each cluster, polymerization proceeds until it is terminated by the PMS

molecule which may exist inside or near the cluster. If each cluster contains one PMS
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Figure 4-8. Schematic illustrations showing possible domain structures of monomer
molecules at low monomer concentration (a) and at high monomer concentration (b).

Filled circles indicate PMS molecules and open circles monomer molecules.
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molecule in an average as illustrated in this figure, kcl value and the number of
monomer molecules inside the cluster would be the same. However, if each cluster
cpntains plural numbers of PMS molecules, then the actual size of such cluster must be
larger than that expected from kcl value. In such a speculation, the size of the cluster
estimated by the kcl value must be the minimum number of monomer molecﬁles inside
| the cluster. If Wé reduce the initial concentration of PMS, kcl value would increase and
would finally reach a maximum value which must correspond to the number of
monomer molecules in the cluster. Therefore, in order to verify the validity of such
speculation,‘ wé must carry out similar experiments Wifh various concentrations of PMS

and the results will be described in Chapter 5.

436, Polymerization of C1TD in polystyrene matrix

Comparative experiments were cﬁrried out to invéstigafe the possibility of cluster
structure and its effects on polymerization behavior for these thiadiazole-substituted
styrenyl monomers in polymer matrix. The effects of initial monomer concentration on
k,[P] and initial polymerization rate were summarized in Figure 4-9. Although k;[P-]
was found to decrease slightly as the initial monomer concentration decreases,
polymerization rate was relatively insensitive to the initial monomer concentration as in
the case of previously discusséd polymerization system of BzTD in poly(BzTD) matrix. -
Linear dependence of initial polymerization rate, Ryoon [M]o -~ C,, also indicates the
steady-state polymerization and the applicability of the same polymerization kinetics
describéd in the previous section 4-3-1 and 4-3-5. Decomposition rate of PMS was also
monitored ami values of kcly were found to increase linearly with the initial monomer

concentration as shown in Figure 4-10(a). The ratio of ky/k; decreased slightly with
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the initial monomer concentration (Figure 4-10(b)). In consideration of the extent of the
experimental errors, these results suggest that the polymerization of C1TD in
polystyréne matrix is virtually unaffected to the initial monomer concg:ntration and
polymerization must progress inside the clusters of monomer aggregates also in this
case.

GPC analysis of the photopolymerized system was carried out to confirm the validity |
of fhe kinetically estimated kcl value. In the polymerization process, kc! was calculated
from the ratio of R, to Ry as indicated by Eq. (9) and if chain transfer reaction is
neglected, kcl should be equal to the degree of polymerization (DP). Each mole fraction
of polymer chain which consists of kcl value of DP was calculated and plotted as shown
in Figure 4-11. The calculated number average DP was 66.5. 011 the other hand, after
the photopolymcnzatlon of C1TD in polystyrene matrix, the whole system was
dissolved in THF and GPC analysis was carried out. The produced poly(C1TD) was
selectively detected by UV abs_orption at 320 nm at which wavelength polystyrene do
not show any detectable absorbance. The obtained GPC curve was shown together with
that of polystyrene matrix in Figure 4-12. From this GPC analysis molecular weight of
poly(C1TD) was found to be that My, = 82000, M, = 19000, number average DP = 68,

which is very close to the value obtained above (66.5).
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Figure 4-12. GPC analysis of poly(C1TD) obtained after photopolymerization of
C1TD in polystyrene matrix. GPC curve for poly(C1TD) was obtained by monitoring
UV absorbance at 320 nm. Polymerization condition was the same as that in figure

4-11.
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4-3-7. Polymerization of TMPTA in poly(MMA)
~ Another comparative experiment was carried by using TMPTA as a typical acrylic
monomer which should be completely miscible in poly(MMA) matrix and no possibility
of cluster formatibn was anticipated in this case. When the initial monomer -
concentration was varied systvematically,‘ the observed rate of polymerization was
changed as shown in Figure 4-13. The observed maximum rate of polymerization
decreased drastically with the decrease in initiai monomer concentration and at less than
ca. 0.5 mol-L™* bof the initial monomer ooncentrations,' polymerization seems not to
proceed. As is seen in Figure 4-13(c), values of k,,[P-] also decrease with the decrease in
initial monomer concentration. This result is contrasting to those obtained in the figures
4-2 and 4-9. In the present case, each monomer molecule should be fixed in the glassy
pblymer matrix and és the volume fraction decreased, the average distance between
TMPTA molecules should. increase and ﬁolymerization would stop when there are no
monomer molecules found in the vicinity of propagating radical. In such a situation
propagating rate constant, k, would decrease with the decréase of monomer
concentration.

When compared with the previously obtained results on the effects of initial
monomer concentration, it is apparent that thiadiazole—subétituted styrenyl monomers
behave quite differently from TMPTA and this might be due to the formation of cluster

structures.
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4-4. CONCLUSION

Photopolymerization of BzTD in poly(BzTD) matrix was found to proceed in the
steady-state conditien; R, = kp[P-]([l\/I]—C,,,), »in which kp[P-] was found to be constant
(0.036 s and independent of the initial monomer concentration and monomer
conversion. This result indicates that the density of monomer molecules in the
polymerization locus is not affected by initial monomer concentration. Similar results
were obtained also in the case of photopolymerization of C‘l’I’D in polystyrene matrix,
in which cluster structure of C1TD molecules had been confirmed by transmission
elect_ron mieroscopy as described in Chapter 2. Independence of kp[P-] on initial
monomer concentration indicates that monomer molecules are assembled inside the
cluster structures. On the other hand, in the polymerizaﬁon of TMPTA in poly(MMA),
ko[P-] decreased with the decrense in initial monomer concen;rntion and this result is
reasonable when uniform distribution of monomer molecules in the polymer matrix is
considered in this case. |

Microscopically aggregated states of thiadiazole-substituted styrenyl monomers are
supported by the present investigation and this should be one of the reasons of high

polymerization reactivities of these monomers in polymer matrices.
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Chapter S

Effects of photoinitiator concentration and light intensity on
the solid-state polymerization of styrenyl compound bearing

‘thiadiazole group

5-1. INTRODUCTION

- Light-induced polymerization and photocrosslinking reactions of various monomers
in poiymer matrix have gained special attention as a unique method for prcparing
polymer networks by simply illuminating the target with appropriate light source at
ambient temperature. The raté and final conversion of such photopolymerization could
be controlled by adjusting the light intensity and/or the concentration of photbinitiator. |
Intensive irradiation and relatively high concentration of photoinitiator could
overwhelm the quenching effect of dissolved oxygen in the phdtopolymcrization system.
Especially in the solid state photopolymerization where photoactive monomer is
dispersed in polymer matrix, even in the prescrice of air, photopolymerization
sometimes proceeds without interference of oxygen'>. In order to achieve the desired
physical properties of photo-cured materials, the concentration of photoinitiator should
carefully be optimized. As the concentration of photoinitiator increases, the apparent
polymerization rate and conversions usually increases.* However, in some céses,

overloaded photoinitiator causes insufficient polymerization due to ‘the extensive
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recombination of initiéting radicals.‘5 Mechanical properties of photocured materials are
also significantly influenced by the concentration of photoinitiator and incident light
intensity. ® Therefore, it is necessary to understand the effects of light intensity and
photointiator  concentration on  photopolymerization behavior in every
photopolymerization system for optimization. of polymerization conditions.

Our present investigations are mdtivated by the necessity for optimizing the
photopolymerizatibn condition to achieve highest pdlymgrization efficiency and we
intended to investigate the effects of light intensity and photdinitiator concentration on

the photopolymeriation behavior of these particular photopolynierization system.

5.2 EXPERIMENTAL
Materials

2-(4’-methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-triazine (PMS) was purchased
from Panchim (Cedex, France) and used without further purification. All other materials

used in this chapter are described in Chapter 2.

Preparations of monomer and polymer matrix

All the procedures were described in Chapters 2 and 3.

Photopolymerization

Photopolymerization of the styrene derivatives was carried out in the matrix of solid
polymer and followed up to high monomer conversion by Fourier transform real-time
infrared (RT-IR) 1417 spectroscopy as describcd in Chapter 3. |

Monomer conversion was calculated according to the following equation:
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A(990), —A(990),
A(990),

conversion =

in which A(990)y and A(990); denote the peak absorbance at 990 cm™ before
UV-irradiation and at time t (s), respectively. The rate of polymerization, Rp, was

calculated from the following equation;

a4 - d[{M] d (conversion)
Rp(mollls1)=—-—;-lt—-=[M]0 .

Since measured peak intensity at 990 cm™ were soinewhat scattered with time, the
calculated value of R, from the sldpc of time-conversion curve at an arbitrary time
interval scattered significantly. 10th order polynominﬂ approximation was applied to all
time-conversion curves and the polynominal curve fit was differentiated to obtain R, at

an arbitrary polymerization time.

5-3. RESULTS AND DISCUSSION
5-3-1. Photopolymerization of BzTD and photodecomposition of PMS at various
| initial PMS concentrations in poly(BzID) ‘m‘atrix : |

In Figure 5-1 (a), vtime-conversio'n curves for the photopolymerization of BzTD
initiated by various amounts of PMS were plotted. As the PMS concentration increased, k
time-conversion curves showed iﬁcreased conversions at any polymerization time. Rate
of polymerization, Ry, was calculated from the differential of the curve fit for each
time-conversion curve and plotted against the monomer concentration as shown in Fig.
5-1(b). Except for the lowest two curves seen in this figure, R, decreased linearly with
monomer concentration and the slope of this linear relatiénship is almost independent
on the initial PMS concentrations. In the case of relatively smaller initial PMS

concentraﬁons, ie., 1.35 and 2.23x 10° mol-L?, polymerization started slowly at the
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beginning and R, vs. monomer concentration plofs showed S-shaped curves for these.
éases. This might be caused by oxygen dissolved in the polymerization system and with
higher concentrations of PMS, the effects of dissoived oxygen might have been
overwhelmed by the large concéntrations of ggnerating PMS radical. Even in the case of
two smallest initial PMS concenfrations, R, vs. monomer cdncentration plots were
found to be well approximated by a linear rclétionship m the middle of polymerization.
- The observed linear relationship between R, and monomer concentration indicates the
constant concéntration of propagating radical in a steady-state cdnditioﬁ as expressed by
- Eq.(1);

R, =k,[P](M]-C,) -

where k;, designates the propagation rate constant, [P-], the concentration of propagating
radical and [M], monomer concentration. C,, denotes the residual monomer
concentration which does not contribute the polymerizatvion., From the slope of R, vs.
monomer concentration plot in Fig. 5-1(b), values of k,[P-] in the course of the
_polymerizatipn were calculated and dependence of this value on the initial PMS
conceﬂtra_ﬁon was plotted in Figure 5-2(a). The obtained values of kp[P-] are around
0.030 to 0.036 (s™') when the initial concentration of PMS is over 6x 10° mol'L™ and
virtuaily independent on the initial PMS concentration. When the initial PMS
concentration is below 6x 10 mol-L?, kp[P;] decreased steeply to around 0.01 (s'l).
Since the propagation rate constant, ky, is considered to be not affected by the initial
PMS concentration, this result reflects directly the dcpendence of propagating radical
éoncentration on the initial photoinitiator concentxation. This result shows that

polymerization rate was virtually independent on the photoinitiator concentration except
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Figure 5-1. (a) Time-conversion curves for the polymerization of BzTD in poly(BzTD)

matrix with various initial PMS concentrations and (b) R, vs. monomer concentration

plot. The initial PMS concentrations are indicated in the Figure. BzZTD/poly(BzTD) =

0.086g/0.2g. The incident light intensity = 5 x 10° einstein cm™? 5™

120



for the two smaller photoinitiator concentrations. Initial polymeriéation rate, Ry, was
plotted against the initial PMS concentration as is seen in Figure 5-2(b). Ryo seems to
increase with the initial PMS concentration and this result is apparently conﬂicting with
‘the result described above. However, the residual monomer concentration, C,,, was
found to decrease with the increase in the initial PMS concentration (Fig. 5-3) and this
implies that the total monomer concentration participating in the polymerization
increases With PMS concentration and the overall polymerization rate as expressed in
Egq. (1) also increases. The effect of initial initiator concentratidn on polymeﬁza_tion rate
is manifested in decreasing the residual monomer concentration and it is impoﬁant to
observe that propagating radical concentration remained virtually constant when the
initial PMS concentration is abovc 6 x 10 mol-L’Y. This result should be compargad
with the rate of the photoinitiator decomposition, since this process should determine
the concentration of propagating radical. During the RT-IR measurements of monomer
consumption in the polymeﬁzation process, the concentration change of the
photoinitiator, PMS, was also monitored at the absorptién band of 1171 cm™ Which was
assigned to a coupled asymmetrical stretching vibration of two CCl3 groups attached
tol,3,5-triazine ring. The decomposition rati(; (DR) of PMS was plotted against

polymerization timé as shown in Figure 5-4(a). Maximun decompo'sition ratio was |
‘around 0.3 to 0.5 and the rest of PMS was remained unreacted in this polymerization
condition. In our experimental conditions, the minimum ‘detectable concentration of
PMS was around 10x 10 mol-'L (ca. 0.4 % of total composition) and when the initial
PMS concentration was below this value, RT-IR measurements of PMS decomposition

‘'was unable to carry out with a sufficient accuracy.
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Decomposition rate, Rq, of PMS was calculated according to the equation;

R, (molL™s™) = -ﬂ%l—s—.] - [PMS], ——’71(2 R) @

Since the individual data points shown in Fig. 5-4(a) were rather scatte;ed, 10th-order of
polynominal approximation was applied for each DR vs. time curve and thus qbtained
curve fit was differentiated to obtain Ry according to Eq. (2). As shown in Fig. 5-4(b),
Rd was plotted against PMS concentration. Ry decreased linearly with PMS
concentration at the primary stage of photodecomposition process. The relationship

between Ry and [PMS] can be expressed experimentally as follows:
R, =kxI(einstein-L™ s )x ([PMS]-C,) 3)

where k (L-einstein™) Tepresents a decay constant. Cs denotes a residual PMS
concentration which could be reached if the dccomposition proceeds linearly with PMS
concentration as expressed in Eq. (3), at which concentration the decomposition would
cease (Rq = 0). Oniy a part of PMS molecules, ([PMS] - Cp), were photoactive and C;
mol-L! of PMS was remained unreacted. In Figure 5-5(a), the decay constant, k,
obtained from the slope of the linear part of Rq vs. [PMS] relationship was plotted
against the initial PMS concentration. k£ was found to be ca. 20 and is independent on
the initial PMS concentratiqn. As for the residual PMS concentration, C, this was found
to be linearly related to the initial PMS conccntratioﬁ, as is séen in Figure 5-5(b), and C¢
is expressed approximately by Cy = 0.61[PMS]q. Initial decomposition rate of PMS, Rao,
which can be found in Fig. 5-4(b) at the highest point of each linear dependence of Rq vs.
[PMS] plot, was also found to decrease linearly with the initial PMS concentration and

the relationship expressed in Eq. (3) is rewritten in the form as expressed in Eq.(4). |
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i

[PMS] (rﬁol L) = [PMS], (0.61+0.39 exp(~KI£))

— [PMS], (0.61+0.39exp(~0.042¢)) “)

In the above discussion, the polynierization of monomer and the decomposition of PMS
were independently measured and analyzed. It is of great interest to discuss the
relationship between polymerization rate and decomposition rate of the initiator. The
previously obtained result on R, indicates the constant value of propagating radical
concentration in the course of the photopolymerization, whereas the decomposition rate
of the initiatbr decreased at the‘ same time. In a steady-state condition, the rate of
termination should be the same as that of the iﬁitiation and the latter should be equal to
Ry, if the initiation reaction takes place much faster than the decomposition reaction of
the photoinitiator. In Eq. (3), Ra iS propor_tibna_l to the concentratibn of “photoactive”
PMS. Therefore, if the termination rate is' avlsov proportional to the concentration of
“photoactive” PMS, then this term is canceled out and the concentration of propagating
radical become constant. This treatise implies that termination would take place
between propagating radical and PMS. As describcd in Chapter 3, a set of possible
eleméntary steps are again summarizcd_in Scheme 5-1. In this Scheme, PMS- denotes
the initiating radical produced by photodecopmposition of PMS and P- represents both
the propagating polymer radical and the monomer radical produced by the addition of
initiating radical. In this kinetic model, the reactivities of both polymer and monomer
radicals are assumed to be the same and these two entities are not distinguished. D
represents dead-polymer produced by the termination reaction between the propagaﬁng
radical and the remaining PMS molecule. The rate constants, k, ki, k. and ki represent
decay constant of photoim'tiﬁtor, initia'tion‘ratc constant, termination rate constant and

chain transfer rate constant, réspectively.
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C;, (b) on the initial PMS concentration.
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Scheme 5-1

Photadecomposition : PMS—PMS *+Cl *

Initiation :
Propagation :
Termination :

Chain Transfer :

2nd Initiation :
Abstraction :
3rd Initiation:

PMSe*+M— P

P +M —> P

Pe + PMS— D

Pe +PMS— D+PMS-*
Cle +M —P- |

Cl* + RH — R~ + HCI

Re +M —P-

‘R, =kI,[PMS]
:R, =k, [PMS*][M]
iR, =k, [P][M]

: R =k [P*] [PMS]
:R_=k_[P*][PMS]

Based on the elementally steps in Scheme 5-1, the following relationship can easily be:

derived.

2R,

20,'I,
Pl= @s1—c,) " %, @
1 (. 2, \®, I, [PMS]-C,
[PMS"] (1+ k,) k. pi-c, ®)
2% ®,'I,
R, = =22 (]-C,) ©
kiate By 2 [M]-C, (7

where kcl indicates the kinetic chain length which is defined as the number of monomer

molecules polymerized by one initiating radical.
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In Chaptér 4 we postulated that the monomer molecules ﬁight form clusters in the
pdlymerization system and the vsize of the cluster was estimated by the values of kcl. -
From .Eq. (7) initial value of kcl (kcly) was calculated as the ratio of Rpo/Ryo and plotted
against the iﬁitial-PMS concentration as shown in Figure 5-6(a). This value was found
to increase with decreasing the_ initial PMS concentration and a polynomiﬁal-
approximation gave the value of ca. 200 at the zero concentration of PMS. This result
indicates that the possible cluster of monomer molecules is consisted of ca. 200
molecules and as the PMS concentration increases, the each cluster contains increased
number of PMS molecules, resulting in the decreased value of kel. On the other hand, if
the initial PMS vconcentration is less than 1/200 of monomer concentration, some of
cluster does not contaiﬁ ‘PMS molecules and polymcrizatioﬁ proceeds unevenly in the
system. In such ‘a case R, should be decreased as compared with those higher PMS
concentrations. In the present polymerization condition the initial monomer
concentration is 0.83 molL'1 and 1/200 of this concentration corresponds to 4 x107
molL. So that when the initial PMS concentration is less than this value, the
polymerization rate should decrease abruptly. In Figure 5-1 and 5-2, Ry and kp[P-] were
found to decrease suddenly at the initial PMS concentration less than 6 x10 molL™? and
these results are well explained by Considering the existencé of cluster structure of
monomer molecules, as described above.

Validity of the kinetic investigations described above was further checked over by
calculating the ratio df the rate constants, ky/k;, according to Eq. (7). The result is shown
in Fig. 5-6(b). This ratio was found to be constant (0.3 ~ 0.4) at the initial PMS
concentration larger thaﬁ 6 x10” molL™ and this result proves the validity of such

discussion.
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Figure 5-6. Dependence of kcly (2) and ky/k; (b) on the initial PMS concentration.

Values of kclo at [PMS]o < 0.01 molL™ were calculated according to Eq. (4).
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5-3-2. Effect of light intensity on the photopolymerization of BzTD and photo-

* decomposition of PMS in poly(BZID) matrix

The intensity of the incident light was varied to observe the effect of light intensity
* both on the polymérizétion rate of BzTD and oﬁ the photodecomposition rate of PMS.
From the kinetic equ>ations, (3) and (6), both rates are expected to be linearly dependent |
on the incident light intensity. In Figure 5-7, polymerization rate of BzID, Rp, and
decomposition rate of PMS, Ry, 1s plotted againét thcfcorrespohding concentrations at
varidus light intensities. As for the polymerization rate, at the lowest incident light
intensity, polymerization rate was initially lower than that expected from a linear
dependence of R, on monomer concentration and this was probably caused by oxygen
dissolved in the polymerization system as in the case of the smaller initial PMS
concentrations described in the previous section. "I'he slopc of the linear relatio‘nship
between R, and monomer concentration decreased gradually with the decrease in light
iﬁtcnsity. Decomposition rate of PMS was also dependent on the incident light intensity
and the linear dependence of Ry on PMS concentration during the photodecomposition
process was maintained in this range of light intensity, suggesting that oxygen dissolved
in the polymerization system affects the polymeﬁzation rate much more sensitively than
the photodecoﬁlposition rate of PMS. Dependence of initial rate of polymerization, Ryo,
and the intrinsic rate of polymerization, k,[P-], during the polymerization on the incident
light intensity was shown in Figure 5-8. Both plots show the identical dependence on
the incident light intensity and are fairly deviated from the expected linear relationship
of eq. (6). This result indicates that the concentration of propagating radical does not

change linearly with the incident light intensity.
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Figure 5-7. Effect of light intensity on R;, (a) and R4 (b) in the PMS initiated -
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Decomposition rate of PMS was also observed with non-linear dependencj on the
incident light iﬁtcnsity, as shown in Figure 5-9(a). The essential cause for these
non-linear dependencies on the light intensity is seen in the change of‘ the quantum yield
of photodecomposition of PMS, ®g, shown in Fig. 5-9(b). As the incident light
intensity decreasés, ®q increases gradually and this affects both Rp, and Ry in exténts
expected by Eq. (3) and (6), respectively. It is interesting to observe that fhe initial
quantum yield of photodecomposition of PMS reaches almost unity at the lowest
incident light intensity. In polymer matrix, PMS radical produéed by the irradiation of
UV light is considered to be in a rapid equilibrium with recombination reaction with
chlorine radical which is generated at the same time of PMS radical via homolytic
cleavage of carbon-chlorine bond in a trichloromcthyl grdup of PMS molééule.7'1°
When the incident light intensity decreases, the concentration of the initiating PMS
radical decreases and recombination of PMS radical with chlorine radical would
decrease, resulting in the increase in quantum yield of photodecomposition of PMS.
- Light intensity seems to affect only the quantum yield of PMS photodecomposition and
polymerization behavior itself remained unaffected. In Figure 5-10, kinetic qhain length
and ky/k; are plotted against the incident light intensity and it was found that thesc
parameters were indepcndeht on the light intensity, suggesting that oﬁr discussions

described above are appropriate.
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5-4. CONCLUSION

The beﬂ’ect‘s of photoinitiator concentration and light intensity on the photoinitiated
polymerization of BzTD in poly(BzTD) matﬁx were investigated. From thé dependence
~ on the initial photoinitiator concentration, the maximum value of kinetic chain length
(kcl) was cstlmated to be around 200 at the initial monomer concentration of 0.83
mol-L™". This maximum kel value 1s considered to represent the number of monomer
| molecules included in the monomer cluster formed m thé p'olyma'ization system. When
the initial photoinitiator concentration fell below | 1/200 of the initial monomer
cbncentration, polymerization rate decreased abruptly, suggesting the existence of
cluster structurc of mondmer molecules. The quantuni yield of photodecomposition of
the photoinitiator increased with decreasing light intensity and finally reached unity. On
the other hand, kinetic parameters such as kylk: and kinetic chain length were shown to

be independent of the light intensity.
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Chapter 6

Effect of alkyl chain length in 2-(4-vinylbenzyl)thio-5-alkyl-
thio-1,3,4-thiadiazole on its photopolymerization in polymer

matrix

6-1. INTRODUCTION
~ In radical photOpolymerizatioﬁ the polymerization rate iS greatly influenced by the
nature of the monomer and especially in the bu1k>state, the viscosity is a key factor to
increase the rate of photopoly_merizatioﬁ. However, the relationship between the
chemical structure of the monomér and its photopolymerizability had not been
investigated in detail until Decker* found that heterocyclic oxygen introduced into the
structural unit of acrylate conipoﬁnd aécclcrﬁtcd the polymerization reactivity. Quite
recently Jansen, et al% 3 reported that some acrylate compounds exhibited high
photopolymerization reacti\}ity in bulk and the rates of polymerization were directly
related to the dipble moment of acfylatc compounds. Some preorganized structures due
to dipoie'—dipole interactions have been put forward by them to explain the high
reactivity of these acryléte compounds. The effect of preorganized structure has been
~ observed in the photopolymerization of monomers which are capable to form
intermolecular hydrogen bondilllg.2 |

The pre-organized state of monomer which Jansen has postulated to explain his

experimental results should be closely related to topochemical polymerization*® and
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polymerization in liquid crystalline state.12 Topochemical polymerization has gaioed
special attentions for obtaining well-defined ultra-high molecular weight polymers
with highly regulated structures by the so-called crystal engineering. Polymerization in
liquid crystalline state is also a recent topic to obtain h1gh1y ordered polymer materials.
In a smectic phase, dramatically enhanced polymerization rates are observed for some
acrylate monomers photopolymerized in a smectic media.!® 12 In such a LC phase,
ordenng of monomers can s1gmf1cant1y alter the polymenzatlon behavmr and kinetics.
In the previous chapters we investigated the various aspects of photopolymerlzatlon
behav10r of the styrenyl monomers bearing 1,3 4-thJad1azole group in polymer matrix.
In this Chapter we report the size effect of the substltuent on the photopolymerization
behavmr of such styrenyl monomers In Chapter 2, we found the existence of cluster.
structure of CITD (2-(4 -vmylbenzyl)thlo-S-methylthlo-1 3,4-thiodiazole) in
polystyrene matrix. Intermolecular interactions between such monomer molecules
could induce locally assembled structures of these monomer molecules. From the
kinetic investigations described in Chapter 4 and 5, aggregated phase structures of
monomer molecules eeemed to be probable. We are now interested in seeing the effect
of the size of alkyl substituent on thiadiazole group on the polymerization behavior,
 since the bulkiness of such alkyl substituent must affect the nature of the cluster
considerably. We considered that the formation of the monomer cluster might be
| assisted by the polymer matrix which possesses the same 1,3 4-th1ad1azole groups in
the side chain. In such a point of view, the effect of matrix polymer was also
investigated to clarify the polymerization mechanism of such unique

photopolymerization system.
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6-2. EXPERIMENTAL
Materials

2-(4’-Methoxystyryl)-4,6-bis(t1ichloromethyl)-1,3,5-triazine (PMS) was purchased
from Panchim (France) and used without further purification. Polystyrene M
3x%10°) was obtained frdm Wako Chemicals Ind. Ltd., (Osaka, Japan) and purified by
precipitation from 1,4-dioxane solution with methanol. 1,4-Dioxane (Wako Chemicals
Ind. 1td.) was used without further purification. Methyl iodide, ethyl iodide , propyl
iodide and buthyl to decyl bromides were purchased from Tokyo Kasei Kogyo Co.,
Ltd.(Tokyo, Japan) and used without further purification. 4-Chloromethyl styrene was
purchased from Seimi Chemical Co. Ltd. (Kanagﬁwa, japan) and used without further

purification.

Monomer preparations
All the monomers studied in this chapter were prepared by the procedure as shown in
Scheme 6-1.

Scheme 6-1

TOL YT Y

N-—N
SHTD

CpHy 1 X (X=BrorI)

n
SHTD - /\©\/ |
EN/EOH S\“/S\”/S_CnHZMI

N——N
CnTD
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Synthesis of 2-(4’-vinylbenzyl)thio-s-alkylthio-l,3,4-thiadiazole (CnTD)

“Cn” in CnTD implies the number of alkyl carbon substituted in '5-position of
1,3,4-thiadiazole. CnTD’s were investigated to cbmpare with each other for size effect
of 5-substituent. Prep,aratioﬁ of 5- (4’-vinylbenzyl)thio-1,3,4-thiadiazole—2-thiol
(SH'ID) was descﬁbcd in Chapter 2. C1TD was prepared by the following procedure.
SHTD (26.6 g, 0.10 mol) was reacted with methyl iodide (14.2 g, 0.10 mol) in the
presence of an equimolar amount of tﬁethylaminé (0.10 mol) in ethanol (200 mL) for 3
hat 10 °C, Rccrys_téllization from ethanol gave colorless crystal. The yield was 17.4 g
(62 %). Melting point was 48.7 °C. | |
Elemental analysis: Calcd. for 2-(4’-vinylbenzyl)thio—S-methylthio-1,3,4-thiodiazole
(C1TD), AC, 51‘.35; H, 4.28; N, 9.‘99.‘ Obsd. C, 51.16; H, 4.22; N, 9.97.>
'H NMR (200 MHz in CDCl,, 8, ppm) :2.73(s, CHs, 3H), 4.46(s, CH,(benzyl), 2H),
~ 5.23(d, Hy, J = 11 Hz, 1H), 5.72 (d, Hy, J = 17.6Hz, 1H), 6.67 (dd, Hy, J = 11, 17.6 Hz,

1H), 7.34 (m, phenyl, 4H).

C1TD

C2TD and C3TD were prepared by a procedure similar to that of C1TD. SHTD was
reacted with ethyl jodide (for C2TD) or propyl iodide (for C3TD) in the presence of
equimolar amount of triethylamine (0.10 mol) in ethanol (200 mL) for 8 h at 10 °C.

Other monomers from C4TD to C10TD were prepared by a procedure similar to that
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described above except that 1-bromoalkane Was used instead of 1-iodoalkane and

reaction was carried out at 70 °C for 5 h.

C2TD: |
Recrystallized from methanol / diisdpropyl ether (3/1 v/v). The yield was 53 %.
Melting point was 34.5 °C.

Elemental analysis: Calcd. for 2-(4’-vinylbenzyl)thio-S-ethylthio-1,3,4-thiodiazole
(C2TD), C, 52.98; H, 4.75; N, 9.51. Obsd. C 53.12; 'H, 4.65; N, 9.59.

'H NMR (200 MHz in CDCl3, 6, ppm) :1.40 (t, CHs, J ‘='7.4 Hz, 3H), 3.24 (q, CHp, J =
7.4 Hz, 2H), 4.46(s, CHy(benzyl), 2H), 5.23 (d, H,, J = 11 Hz, 1H), 5.72 (d Hy, J =

17.6Hz, 1H), 6.67 (dd, Hy, J = 11, 17.6 Hz, 1H),734 (m, phenyl, 4H).

C3T1D:

Recrystallized from methanol / diisopropyl ether (3/1 v/v) ‘The yield was 32 %.
Melting point was 11 2°C.

Elemental analysis: Calcd. for 2-(4’-vinylbenzyl)thio-5-propylthio-1,3,4-thiodiazole
(C3TD), C, 54.46; H, 5.19; N, 9.08. Obsd. C, 54.12; H, 5.22; N, 9.25. |

'H NMR (200 MHz in CDCl5, 8, ppm) :1.03(t, CH, J =‘ 7.2 Hz, 3H), 1.79(m, CHp, J =
7.2,7.4 Hz, 2H), 3.23 (t, CHz, J =7.4 Hz, 2H), 4.46(s, CHy(benzyl), 2H), 5.23 (d, Hy, J
= 11 Hz, 1H), 5.72 (d, Hy, J = 17.6Hz, 1H), 6.67 (dd, H;, J=11,17.6 Hz, 1H), 7.34 (m,

phenyl, 4H).

C4TD:

Recrystallized from methanol / diisopropyl ether (3/1 v/v). The yield was 34 %.
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Melting point was 23.0 °C.

Elemental analysis: Calcd for 2-(4’-vmylbenzyl)tluo-S-butylth10~1 3 4-th10d1azole
(C4TD), C, 55.81; H, 5.58; N 8.68. Obsd. C, 56.26; H, 5.80; N, 8.93.

'H NMR (200 MHz in CDCl3, 8, ppm) :0.91 (t, CH3, J = 7.2 Hz, 3H), 1.44 (m, CH,
2H),b 1.72 (m, CH,, 2H), 3.25 (t, CH;,J=74 Hz, 2H) 4.46(s, CHy(benzyl), 2H),5.23
(d, Hs, J = 11 Hz, 1H), 5.72 (d, Hy, J = 17.6Hz, 1H), 6.67 (dd, H,, J =11,17.6 Hz, 1H),

7.34 (m, phenyl, 4H).

C5TD:

Recrystallizedvﬂ'om cthanoi. The yield was 67 %. Melting point was 28.5 °C.
Elemental analysis: Calcd. forv 2-(4’-vinylbenzyl)thio-Sfpentylthio-1,3,4-thiodiazole
(C5TD), C, 57.05; H, 5.94; N, 8.32. ObSd. C, 57.42; H, 6.09; N, 8.51.

'H NMR (200 MHz in CDCls, 8, ppm) : 0.88 (t, CHs, J = 7 Hz, 3H), 1.35 (m, CH,, 4H),
1.76 (m, CH;, 2H), 3.24 (t, CHp, J = 7 Hz 2H) 4.46(s, CHz(benzyl) 2H), 5.23 (d, H,,
J =11 Hz, 1H),572(d Hb,J 176Hz 1H), 6.67 (dd, Hy, J = 11 17.6 Hz, 1H), 7.34

(m, phenyl, 4H).

C6TD:

Recrystallized from ethanol. The yield was 71 %. Melting point was 33.4 °C,
Elemental analysis: Caled. for 2-(4’-Vinylbenzyl)thio-S-hexylthio-1,3,4—thiodiazole
(C6TD) C 58.19; H, 6.28; N, 7.99. Obsd. C, 58.04; H, 6.32; N, 8.11.

'H NMR (200 MHz in CDCls, 8, ppm) : 0.86 (t, CHs, 3H), 1.2 ~ 1.5 (b, CHy, 6H), 1.75
(m, CHz, 2H), 3.24 (t, CH,, 2H), 4.46(s, CHz(benzyl), 2H), 5.23 (d, H,, J = 11 Hz, 1H),
5.72(d, Hy, J = 17.6Hz, 1H), 6.67 (dd, H,, J = 11, 17.6 Hz, 1H), 7.34 (m, phenyl, 4H).

144



C7TD: _

Recrystallized from ethanol. The yield was 69 %. Melting point was 38.8 °C.

~ Elemental analysis: Calcd. for 2-(4 -vinylbenzyl)thio-5-heptylthio-1,3,4-thiodiazole
(C7TD), C, 59.25; H, 6.58; N, 7.68. Obsd. C,59.14; H, 6.71; N, 7.70.

'H NMR (200 MHz in CDCls, 6, ppm) : 0.88 (t, CHs, 3H), 1.2 - 1.5 (b,.CH,, 8H), 1.76
(m, CHy, 2H), 3.25 (t, CHy, 2H), 4.46(s, CHy(benzyl), 2H), 5.23 (d, H,, ] = 11 Hz, 1H),
5.72 (d, Hy, J = 17.6Hz, 1H), 6.67 (dd, Hy, J = 11, 17.6 Hz, 1H), 7.34 (m, phenyl, 4H).

C8TD:

: Recrystalliz¢d from ethanol. The yield was 82 %. Melting point was 41.2 °C.
Elcmenta1 analysis: Caled. for 2-(4’-vinylbenzyl)thio-s-octylihio-1,3,4-thiodiazolc
(C8TD), C, 60.22; H, 6.87; N, 7.40. Obsd. C, 60.41; H, 6.73; N, 7.77.

~ 'H NMR (200 MHz in CDCls, 3, ppm) : 0.88 (t, CHs, 3H), 1.2 - 1.5 (b, CHy, 10H),
1.75 (m, CH, 2H), 3.26 (t, CH,, 2H), 4.46(s, CHy(benzyl), 2H), 5.23 (d, H,, T = 11 He,
1H), 5.72 (d, Hy, J = 17.6Hz, 1H), 6.67 (dd, Hy, J = 11, 17.6 Hz, 1H), 7.34 (m, phenyl,
4H).

CITD:

Recrystallized from ethanol. The yield was 83 %. Melting point was 49.0 °C.
Elemental analysis: Calcd. for 2-(4’—vinylbenzyl)thio-S-nonyIthid-1,3,4-thiodiazole
(C9TD), C, 61.13; H, 7.13; N, 7.13. Obsd. C,61.01; H, 7.28; N, 7.28.

'H NMR (200 MHz in CDCls, 8, ppm) : 0.88 (t, CHs, 3H), 1.2 - 1.5 (b, CH,, 12H),
1.75 (m, CH,, 2H), 3.25 (t, CHz, 2H), 4.46(s, CHz(benzyl), 2H), 5.23 (d, H,, J = 11 Hz,
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1§), 5.72 (4, Hy, J = 17.6Hz, 1H), 6.67 (dd, Hy, J = 11, 17.6 Hz, 1H), 7.34 (m, phenyl,

4H).

C101D:

Recrystallized from ethanol. The yield was 80 %. Melting point was 52.3 °C.
Elemental analysis: Calcd. for 2-(4’-viﬁylbenzyl)thjd-S-decylthio-1,3,4-thiodiazole
(C10TD), C, 61.97; H, 7.38; N, 6.89. Obsd. C, 61.92; H, 7.36; N, 7.07.

'H NMR (200 MHz in CDC13, 8, ppm) : 0.88 (t, CHs, 3H), 1.2 ~ 1.5 (b, CH,, 14H),
L.75 (m, CH, 2H), 3.25 (t, CH,, 2H), 4.46(s, CHz(benzyl), 2H), 5.23 (d, H,, J = 11 Hz,
1H), 5.72 (d, Hy, J = 17.6Hz, 1H), 6.67 (dd, Hy, J = 11, 17.6 Hz, 1H), 7.34 (m, phenyl,

4H).

Preparation of poly(C3TD)

Poly(C3TD) was‘ synthesized by radical polymerization of C3TD and used as a
polymer matrix in photopolymerization of CnTD C3TD (30 g) was placcd in a 4-neck,
round-bottom flask (300 mL) equipped with a reflux condenser, a thermometer, a
nitrogen inlet and an overhead mechanical stirrer, and 1,4-dioxane (100 mL) and
ethanol (10 mL) were ad_ded.‘ The flask was kept in a hot-bath of 70 °C. Polymerization
was initiated by adding 2,2’-azobisisobutyronjtrile (0.2 g) and continued for 7 h at 70
°C. The polymerization mixture was then poured into methanol (1000 mL) and the
precipitate was separated by decantation. The product was purified by repeated
bpreC1p1tat10n from 1 4-d10xane solution with methanol After drying overnight in
vacuum, shghtly yellowish powder was obtained. The ‘NMR analysis showed the

formation of poly(C3TD). From GPC measurement equipped with a multi-angle laser
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light scattering detector (DAWN E, with opefating/analysis software, Astra 4.73.04,
both from Wyatt Technology Corp., Santa Barbara, CA), welght-average molecular
weight, Mw, of poly(C3TD) was found to be 5.8 x 10°.

'H NMR (200 MHz in CDCls, 8, ppm): 1.03(t, CHs, J = 7 Hz, 3H), 1.2 -1.6 (b, CH, in
the main chain, 2H), 1.6 -2.1 '(b,' CH in the main chain, 1H), 1.79(m, CHz, J =7 Hz,
2H), 3.23 (t, CHy, ] = 7 Hz, 2H), 4.3 - 4.6 (b, CHx(benzyl), 2H), 6.2 - 6.6 (b, phenyl H,

2H); 6.8 — 7.2 (b, phenyl H, 2H).

Preparation 6f 2-(#-vinylbenzyl)thio-5-benzylthio-1,3,4-thiadiazole (BzTD) and
its polymerization
BzTD and its homopolymer, poly(BzTD) wcfc prepared by the procedurcs as
described in Chépter 2.
Photopolymerization
Photopolymerization of the styrene derivatives was carried out in the matrix of solid
polymer and followed up to high monomer conversion by Fourier trémsform real-time
infrared (RT-IR) & 417 spectrosoopy, which was conducted on a Bio-fad FTS-40
(Bio-rad Laboratories, Inc., Hercules, CA) with an operatmg/analysm software Win-IR.
Sample prcparatlons and photopolymerization procedures were described in detail in
Chapter 2 and 3.

Monomer conversion was calculated according to the following equation:

A(990), — A(990),
A(990),

conversion =

where A(117 1)o and A(1171), denote absorbance at 1171 cm™ at the beginning and time
t of UV irradiation, respectively.

The rate of polymerization, Ry, was calculated from the following equation;
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1y __d [M] _ d(conversion)
R, (molL™ s )= g _[M]O--T

Since individual data poiﬁts of peak intensities at 990 cm! were somewhat scattered,
the calculated value of R, from the relative differences of peak intensities at an
arbitrary time i‘n‘tervall scattered significantly. Therefore, lbth-order polynominal
approximation was applied to all time-convefsion curves and such polynominal curve

fit was differentiated to obtain Ry, at an arbitrary polymerization time,

6-3. RESULTS AND DISCUSSION ‘
6-3-1. Photopolymeﬁzaﬁon of CnTD in polystyrene matrix

Photopolymerization reactivities of CnTD monomers were investigated in
polystyrene matrix. The number of alkyl carbons in the alkylthio group at 5-position of
1,3,4-thiadiazole group was systematically varie& and the effect of the size of this alkyl
substituent on their polymerization reactivity was investigated. Time-conversion
curves obtained for these monomers were shown in Figure 6-1. In all cases,
polymerization started without any noticeable induction period and proceeded with
moderate polymcrlzatlon rate. Fmal conversions attained were in the range of 0.7 ~ 0.8
for all monomers. C9TD and C10TD showed the highest final conversions among
others. Max1mum polymenzatlon 1ate, Rymax), observed for each CnTD monomer was
plotted against the number of carbon atoms in the alkyl substituent of CoTD as is seen
in Figure 6-2(a). Highest polymerization rate was obtained for C2TD and others were
around 0.01 mol-L™ s™ and seems not to depend on the number of carbon atoms in the
alkyl substituent. Therefore, the size of the alkyl substituent was found not to affect
essentially the polymerization reactivity of CnTD monomers in polystyrene matrix.

Photodecomposition process of PMS was concurrently observed by monitoring the
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absorption intensity at 1171 cm™ of polymerization system and photodecomposition
rate Was calcﬁlated by the differential of time-photodecomposition ratio curve of PMS.
Maximum photodecomposition rate, Rumax), of PMS, which was attained in the
beginning of the irradiation, was plotted in order to compare the effect of the structure
of CnTD monomers on the photodecomposition rate of PMS, as shown in Fig. 6-2(b).
‘- Lowest value of Rymax) Was observed for the polj?merization of C1TD and highest
value of Rymax) Was obtained for C7TD. These differences in Ry(max) are considered to
vreﬂeet the reactivity of each monomer to the initiating radicals derive& from
phetOdecomposition of PMS molecules.

In the absence of these monomers, photodecomposition rate of PMS was
determmed separately and the obtained value of Rd(max) was ca. 2x10™* mol'L™'s™ in
polystyrene matrix. Th1s value is much lower than those obtamed in the presence of
these monomers and the increase of Ri(max) should imply the contribution of initiation .

- reaction to prevent recombination of initiating PMS radical with chlorine atom which

: ~ is by-produced by the photodecomposition of PMS molecule. Except for C1TD, other

monomers showed almost identical effects on photodecomposition rate of PMS and
vzi_lues of Rugmax) Were around 1x10° mol-L™Vs™, which is about 5-fold of that in the
absence of monomer. Kinetic chain length, kclma), determined by the ratio of Rymax) to
Ry(max), is a measure of polymerization efficiency and represents the number of

monomer molecrized per one molecule of photodecomposed PMS.
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conversion

Figure 6-1. Photopolymerization profiles of CnTD monomers in polystyrene matrix
initiated by PMS under the irradiation of 365-nm light. PMS/CnTD/polystyrene =
0.0042/0.10/0.20 (wt/wt/wt). Light intensity = 1.6 mW-cm. Photopolymerization was

carried out at room temperature under argon atmosphere.
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Figure 6-2. Dependence of maximum polymerization rate, Rpmax), (a) and
maximum decomposition rate of PMS, Rygmax), (b) on alkyl chain length of

CnTD in polystyrene matrix.
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In Figure 6-3, the calculated values of kcl(max) Were plotted against the number of
carbon atoms in the alkyl substituent of CnTD. C1TD and C2TD are found to be
polymerized with ca. 20 molecules of these monomers per a PMS molecule
photodecomposed. Otheré are less efficient and obtained values of kcl(maz) Were around
10. These relatiifely smaller values as compared with those reported by Decker et al..
indicate that average numbers of monomer molecules avaﬂable to each initiating
~ radical are limited to such smaller values and the existence of polystyrene matﬁx
restricts the propagation of radical chain within ten to twenty‘ of monomer molecules,

which may not be appropriate to be called as photopolymerization.

30

T

20

kel (max)

0 - ] I} 1 1 . 1
0 2 4 6 8 10
number of alkyl carbon in CnTD

Figure 6-3. Dependence of kinetic chain length on the alkyl chain length in CnTD for
the PMS-initiated photopolymerization of CnTD in polystyrene matrix. Polymerization

condition was the same as that in Fig. 6-2.
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6-3-2. Photopolymerization of CnTﬁ in poly(C3TD) matrix

Comparisons of polymerization behavior of CnTD were also carried out in
poly(C3TD) matrix. Drastic difference in polymerization behavior of CnTD was
observed as shown in_Figﬁre 6-4. Highest polymerization efficiency was observed in
the case of C1TD and as the size Qf the alkyl substituent in CnTD monomer increases,
both polymerization rate and final conversion are decreased. In pafticular, final
conversioﬁs reached almost 100% for ﬁie polymerization of C1TD and C4TD. On the
other hand,v CI9TD and C10TD were found to be the least photopolylherizﬁble
monomers in poly(C3TD) matrix, although these two n;onomers showed highest
polymerization reactivity in polystyrene matrix as described before. In Figure 6-5, both
maximum photopolyﬁlerizaﬁ(;n 1ate, Rp(m;x), and maximum photodecomposition rate,
Rz, Of PMS are plotted. Polymerization rate of C1TD in poly(C3TD) matrix is
about 3 times highc_r than that in polystyrene matrix. HOweVer, C6TD and other
homologues with the increased number of the alkyl carbon showed decreased
polymerization réacﬁvity in poly(C3TD) than those in polystyrene matrix. As for the
photodecomposition rate of PMS, a similar tendency is seen in Fig. 6-5(b). Apparently,
both photopolymerization yreactivity and initiation efficiency are decreased for the
- monomers of C6TD and higher homologues. Kinetic chain length (Figure 6-6)
obtained for C1TD‘ was increased up to ca. 40, which is about 2-fold of that in
polystyrene matrix. C9TD and C10TD showed values of kclimax) as low as ca. 5 and
this smail number indicafes that true polymerization did not take place for these two
monomers. From C4TD to C8TD, values of kclmay) Were around the same of those
obtained in polystyrene matn'X. In summary, poly(C3TD) matrix enhances the

polymerization reactivity of C1TD and deactivates the polymerization reactivity of
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both C9TD and C10TD. The increase of kcl in the case of C1TD indicates that in
poly(C3TD) matrix, C1TD monomer molecules might be oriented in a favorable way

to the photopolymerization.

0.8

- conversion
S
N

S
FN

0.2

'Figure 6-4. Photopolymerization behaviors of CnTD monomers in poly(C3TD) matrix
initiated by PMS under the irradiation of 365 nm light. PMS/CnTD/poly(C3TD) =
0.0042/0.10/0.20 (wt/wt/wt). Light intensity = 1.6 mW-cm™. Photopolymerization was

carried out at room temperature under argon atmosphere.
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decomposition rate of PMS, Rymax), (b) on alkyl chain length of CnTD in poly(C3TD)
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Figure 6-6. Dependence of kinetic chain length on the alkyl chain length in CnTD for

the PMS-initiated photopolymerization of CaTD in poly(C3TD) matrix.
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6-3-3. Photopolymerization of CnTD in poly(BzTD) matrix
Comparisons of polymerization behavior of CnTD were again carried out by using
poly(BzTD) matrix. The pendant substituent of benzylthio group was introduced to
investigate the effect of phenyl ring attached to the pendant thiadiazole group on the
polymerizaﬁon behavior of CnTD in comparison with propyl substituent in
poly(C3TD). Drastic acceleration of polymerization rate of C1TD and deactivation for
C9TD and C10TD were observed also in this polymer matrix, as shown in Figure 6-7.
C6TD showed decreased vpolymeri_zaﬁdn reactivity as compared with the result
obtained in poly(C3TD) matrix. In’ Figufe 6-8, maximum polymerization rate was
decreased linearly with the increase in the number of carbon atoms in the alkyl
“substituent of CnTD and from C6TD fo C10TD except C8TD the polymerization rate
of these monomers in poly(BzTD) matrix 'wérc smaller than those in polystyrene
matrix. The maximum polymerization rate of C1TD was further increased up to ca.
0.04 mol-L s which is about 4-fold of that in polystyrene matrix. In Figure 6-8(b),
maximum photodecomposition rate, Rymax), of PMS are plotted against the number of
alkyl carbons in CnTD. It is characteristic that for C6TD to C10TD except C8TD, th¢
decomposition rates of PMS wére suppressed as compared with those for other
monomers. Kinetic chain length (Figure 6-9) obtaihcjd for C1TD was ca. 40, which is
same as that in poly(C3TD) matrix. C9TD and C10TD showed values of kél(max) as low
as ca. 5, again and this small number indicates that no effective polymerization takes
place for these two monomers. In summary, poly(BzTD) matrix enhances the
polymcrization reactivity of CnTD of smaller alkyl substituents (C1 and C2) and

deactivates the polymerization reactivity of both C9TD and C10TD.
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Figure6-7. Photopolymerization behaviors of CnTD monomers in poly(BzZTD) matrix
initiated by PMS under the irradiation of 365 nm light. PMS/CnTD/poly(BzTD) =
0.0042/0.10/0.20 (wt/wt/wt). Light intensity = 1.6 mW-cm. Photopolymerization was

carried out at room temperature under nitrogen atmosphere.
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Figure 6-9. Dependence of kinetic chain length on the alkyl chain length in CnTD for

the PMS-initiated photopolymerization of CnTD in poly(Bz'I'D) matrix.
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In order to explain all the daté obtained so far, specific interactions between polymer
matrix and CnTD monomers are considered. In the cases of pbly(C3TD) and
poly(BzTD), these polymers have pendant 1,3,4-thiadiazole groups which are believed
to assemble with each other‘ and with CnTD monomers through intermolecular
interactions caused by London bdispersion force characteristic tb .highly polarizable
benzylthio-substitutéd 1,3,4-thiadiazole group. Molecﬁlar orbital calculation based on
the PM3 method gave a value of polarizability as large as 172 a.u. for a C1TD
molecule in its most’ stable conformbation.bThis result suggests both possibilities of
locally assembled structurés of these monomers thcmscives and another assembled
structures of those incbrporated with the pendant thiadiazole groups of the polymer
matrix. In polystyrene matrix, cluster structure of aggfegatcd monomer moleculgs had
been confirmed aé described in Chapter 2 and in this case, polymei'ization rate was not
affected by the size of the alkyl substituent. Inside the aggregatcs dispersed in the
glassy matrix of polystyrene, monomer molecules might be frozen and their mutual
- alignments should be at random fashion; therefore the polymerization proceeded at
moderate rate and no size effect was observed. On the other hand, in poly(C3TD) and
poly(BzTD) matrices, monomer molecules shouid_ interact with pendant thiadiazole
groups of the matrix polymer (which is apparent from the observed decrease in T, g > SEE
Table 2-1 in Chapter 2 of this thesié),and aggregation of monomer molecules should
incorporate such pendant substituents. Since T,s of the monomer/polymer blends are
close to room temperature (e.g., 25 °C for C1TD/poly(BzTD) blend), rotational and
vibrational freedom of molecular motions should be gfeatly increased. We considered
that when the size of the alkyl substituent in CnTD is relatively small, then CnTD

molecules might be allowed to rotate inside the interstices of the pendant groups of the
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polymer matrix such as poly(C3TD) or poly(BzTD), rearranging themselves with alkyl
group headed toward the backbone chain, as schematically illustrated in Figure 6-10(a).
Since styrenyl groups are located outside of the congested pendant groups of the
matrix polymer in this case, rotational degree of freedom for these styrenyl groups
would be retained and polymerization of these styrenyl groups would proceed
efficiently. On the other hand, when the size of the alkyl substituent in CnTD is
relatively large, such rotation and rearrangements of molecules inside the interstices of
the pendant groups of the matrix polymer would be difficult to occur and molecular
assembly would be fixed at random fashion. In such a case, polymerization would be
difficult to proceed within the densely packed molecular assembly inside the interstices

of pendant groups of the polymer matrix.

Figure 6-10. Schematic illustrations indicating possible mutual alignments of C1TD
monomer molecules inside the interstices of the pendant thiadiazole groups in
poly(BzTD) matrix. C1TD molecules are allowed to rotate and mutual alignments such

as (a) and (b) are in rapid equilibrium.
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6-4. CONCLUSION |

Our initial purpose of establishing an efficient photopolymerization system, which
consists of styrenyl monomer in combination with an appropriéte photoihitiator ina
suitable polymer matrix, was attained by optimizing the size of alkyl substituent_ at
S-position of 1,3,4-thiadiazole group with a choice of PMS as photoinitiator and
poly(BzTD) as matrix polymer. High ﬁolymerizaﬁon rate and reduced concentration of
residual monomer were attained in this study. When the size of alkyl substituent is
relatively small, polymerization proceeded rapidly and kinetic chain length (kcl)
increased up to .ca. 40, whereas larger alkyl substituents resulted in | decreased
po‘lymerization reactivity and smaller kcl values. A possible eiplanation to the
obsefved experimcntal results should be that monomer molecules are assembled with
the pendant vgroups of matrix polymer and molecular rearrangements inside the
asserﬁbled' structuré would determine the polymerization reactivity. These obtained
results are fully consistent with previously obtained results dcscribedkin tﬁc preceding

chapters.
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Chapter 7

Preparation of polymers bearing pendant styrenyl group and

its photopolymerization behavior in solid state

7-1. INTRODUCTION

In various industrial applications, reactive prepolymer having at least two
polymerizable groups serves to produce the necessary Viscosity and performance for
effective crosslinking. Photopolymerizable prepolymers can be di‘vided’intq'thréc types,
depending on the positions of the reactive groups in the polymer molecules:

(1) Where the reactive groups form part pf the polymér chain as in the case of
unsaturated polyesters as described before. Other examples classified in this category
mclude epoxidized natural rubber (effective in catlomc polymenzatlon)

(2) Where the reactive groups are present in the endgroups of a linear or branched
polymer, and as for example so-called epoxy acrylates are the rcpresentatlves for this
category.

(3) Where the reactive groups are introduced in the pendant groups of a polymer.
Such polymers can be prepared, for inétan;:e, by the reaction of a precursor polymer
with a compound which possesses both a polymerizable group and a second reactive
group of a different kind to combine with the precursor polymer. 1 |

A variety of polymers classified to the last category are most extensively infrestigated,

since the most effective and dense crosslinking of the polymerization system can be
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attained by the reactions between the pendant reactive groups. Both cationically and
radically photopolymerizable gtoups are introduced to various types of backbone
polymers. Polydimethylsiloxanes (PDMSs) are one of the most extensively utilized
polymers as starting materials to prepare various types of photoactive polymers, since
they present unique charactéristics such as high thermal and chemical stabilities, high
flexibility aﬁd hydrophobicity. Glycidyl ether’ and cyclohexane oxide® were introduced |
to the siloxane backbone by the hydro'silation‘method. PDMSs kcontaihing acrylic and
methacrylic ester groups; linked to thebsiloxane backbone, have been synthesized. >
PDMSs bearing pendant styrenyl' groups - have been pl'&:paredl‘s’17 and its
photo-crosslinking via a cationic mechanism uSiﬁg mainly onium salts as photoinitiators
has been investigated. *® Natural rubber is also another example for modification of its
structure with pendant acrylic esters. 19.20 Al these poljmers are effective to obtain
highly crosslinked materials by thcmsélves or through the blends of these polymers with
monomers dispersed in such photoactive matrices.

In the previous chapters, photopolymerizability of styrenyl monomers bearing
1,3,4-thiadiazole group was ‘di'scussed in relation to their sﬁuctures and interaction with
polymer matrix. We attempfed to introduce' such styrenyl_ group onto polymer backbone
to make reactive polymer matrix in an aiming to concretize a highly effective
photopolymerization system which can produce three-dimensional polymer network
upon irradiation of UV light. In such a case, pendant styrenyl group would polymerize
in the presence of photoinitiator and intermolecular crosslinking would be instantly
formed. Photopolymerization behavior of pendant styrenyl group is investigated in
comparison with corresponding low-molécular-weight st&renyl monomers and thén

copolymerization of these different types of styreﬂyl groups is attempted in this Chapter.
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7-2. EXPERIMENTAL
7-2-1. Materials

2-(4’-methoxys_tyryl)-4,6-bis(trichloromcthyl)-1,3,5-triazine (PMS) was purchased
from Panchim (Cedex, France) and. used without further puﬁfication; 1,4-Dioxane
(Wako Chemicais Ind. 1td.) was used without further puriﬁcationf
2,5-Dimercapto-1,3,4-thiadiazole was purchased from Tokyo Kasei Kogyo Co., .
Ltd.(Tokyo, J a_pan) and used without further purification. 4-Chloromethyl styrene was
purchased from Seimi Chemical Co. Ltd. (Kanagawa, Japan) and used without further
purification. Poly(4-hydroxystyrenc) (PHM-C) was obtained from Maruzen
Petrochcmiéal Co. 1td. (Tokyo, Japan) and used as received. Mcthanol solution
| contaihing 40 Wt% of TBAH(tétra(n-butyl)ammonium hydroxide)(350g, 0.54 mole) was
obtained from Nippon Fine Chemical Co. Ltd.(Tokyo, Japan). As a polymerization
inhibitor, N-nitrosophenylhydroxylamine aluminium salt, [(CeHsN(N O)O];:;Al, (Q-1301,

Wako Chemicals Ind. Ltd.) was used without further purification.

7-2-2. Preparation of monomers
C1TD, BZTD and C3TD2 were prepared according to the procedures described in

Chapter 2.

Citp /_@—\S__ n/s\"__S,CHa
BzZTD | / sTiTS@
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| 7-2-3. Preparation of hdmopolymers bearing pendant styrenyl grbup
Two typcs of homopolymers bearing pendant .styrenyl group were prepared. One was
prepared by the polymerization of triethjrlamine salt of SHTD followed by the addition:
of 4-chloromethyl styrene. Another homopolymer was. prepared by the reaction of
poly(4-hydroxystyrene) with 4-chloromethy styrene.. The purpose of pfeparations of
~ these two polymets was to investigate the effect of linking group on the

photopolymerization reactivity of styrenyl group attached to the polymer chain.

7-2-3(a) Preparation of poly[4-methylenethio-1’,3’,4’-thiadiazolyl-2’-
(4”’-vinylbenzylthio) styrene] (poly(VBzTD)) |

SHTD (50g, 0.188 mol) was placed in a 4-ne§k, rouﬂd—bottoni flask (500 mL)
equipped with a reflux condehser, a thermometer, a nitrogen inlet and an overhead
mechanical stirrer, and ethanol (150 mL) and distilled water (25 mL) were added. Under
nitrogen atmosphere, triethylamine (20g, 0.198 mol) was added and SHTD was
dissolved completely. The flask was kept in a hot-bath of 70 °C. Polymeﬁzation was
. i];itiated by adding 2,2’-azobisisobutyronitrile (0.5 g) and continued for 10 h at 70 °C.

The polymerization mixture was then transferred to a 1000 mL flask on a stirrer-hot
plate and stirred at room temperature. 4-Chloromethyl ‘styrene (30g, 0.2 mol) and

Q-1301(polymeﬁzation inhibitor, 0.1g) were gradually added to the mixture under
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vigorous stirring. As the reaction proceeded, the resulted polymer Was precipitated from
the solution and then, 1,4-dioxane (200mL) was added to keep ‘the reaction mixture
homogeneous. The solution temperature was raised to 50 °C and the rcaction was
continued for 5 h at this temperature and then left at room temperature overnight.

The reaction mixture was poured into methanol (2000 va)‘ and the precipitate was
separated by decantation. The product was purified By repeated precipitation from
1,4-dioxane solution with methanol. After drying overnight in vacuum, slightly
yellowish rubbery solid was obtained. The nmr analysis showed the formation of
poly(VBzTD). Polyb/BzTD) had been found to form insoluble gel in a few weeks
when stored in bulk even bin a refrigerator. Therefore, the obtained polymer was
dissolved in 1,4-dioxane (20 wt %) togefher with N-nitrosophenylhydroxylamine

aluminium salt, Q-1301 (0.1 wt % relative to the amount of the polymer) and sto;ed ina

reﬁigcrator.
Hf He Ha
Hx
S_
S—ﬂ ‘"——S ‘ Ha
- Hf He N—N Hd H:Hv
poly(VBzTID)

'H NMR (200 MHz in CDCl3, 8, ppm): 1.0 -1.5 (b, CH; in the main chain, 2H); 1.5
-2.2 (b, CH in the main chain, 1H); 4.3 - 4.5 (b, CH,, 4H); 5.2 (d, Ha, 1H); 5.65 (d,
Hb, 1H);6.1 - 6.6 (b, Hf, 2H); 6.4 — 6.8 (b, Hx, 1H);6.8 - 7.2 (b, He, 2H); 7.2-7.35 (b,
Hc, Hd, 4H).

From GPC measurement equipped with a multi-angle laser light scattering detector

(DAWN E, with operating/analysis software, Astra 4.73.04, both from Wyatt
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- Technology Corp., Santa Barbara, CA), weight-average molecular weight, My, and
number-average molecular weight, M, of poly(VBzTD) was found to be 1.4 x 10° and

5.5 10°, respectively.

7-2-3(b) Preparation of poly[4-(4’-vinylbenzyloxy)styrene] (poly(VBzS))
Poly(4-hydroxystyrene) (PHM-C, 60g) was dissolved in THF (200g) and methanol
solution containing 40 wi% of TBAH(tetra(n-butyl)ammonium hydroxide)(350g, 0.54
mole) at 60 °C. Into this solution 4-chloromethyl styréné (82g, 0.54mol) and
Q-1301(0.1g) were added under vigorous stirring. The reaction was carried out at 60 °C
for 20 h. Then the reaétion mixture was left at room temperature and poured into
methanol (2000mL). The precipitated polymer was vcollect‘ed by decantaﬁon and
dissolved in acetone (300mL). This acetone’ solution was poured info methanol
(2000mL) again and the precipitated polymer became powdery and recovered by
filtration and washed with methanol several times. The polymer was dried under

reduced pressure and stored in a refrigerator. |
o H H
Hf  He Hx
CH;
Hi ~ HeHb
Hf He
poly(VBzS)
'H NMR (200 MHz in CDCl3, 8, ppm): 1.0 ~1.6 (b, CH in the main chain, 2H); 1.5

-2.4 (b, CH in the main chain, 1H); 4.7 - 5.1 (b, CHa, 2H); 5.2 (d, Ha, 1H); 5.7 (d, Hb,

1H);6.2 - 7.0 (b, He, Hf, Hx, SH); 7.2-7.35 (b, Hc, Hd, 4H).
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7-2-3(c) Preparation of copolymer, poly(VBzID-co-BzTD)

In the preparation of poly(VBzTD) ‘described above, both vinylbenzyl and benzyl
groups were ‘introduced with various molar ratios to the precursor, poly(SHID), in an
attempt to investigate the effect of molar ratio of pendant styrenﬂ group.

Solution of triethylamine salt of poly(SHTD) was prepared by the same procedure as
described in the preparation of poly(VBzTD). The obtained solution was divided into
four portions and in each portion an equimolar amount of mixture of 4-chloromethyl
styrene and benzyl chloride with different molar ratios (varied from 0.2/0.8 to 0.8/0.2)
was added at 50°C. In each run, the reaction was continugd for 5 h and left at room
temperature overnight. The reaction mixture was then poured into large amounts of
methanol and the precibi_tate wzis' separated by decantation. The products were purified
by repeated precipitation. from 1;4-dioxane solution with methanol. After dryihg
ovemighf in vacuum, slightly yellowish rubbery solids were obtained. The obtained
copolymers were dissolved in 1,4-dioxane together with Q-1301 as polymerization

inhibitor and stored in a refrigerator.

7-2-4. Photopolymerization

i’hotoinitiatcd polymerization of pendant styrenyl gfoup was carried out in a dry film
casted on KRS (KRS-5; TIBr (thallium bromide) (42 %) / T (thallium iodide) (58 %))
disk (diameter = 3 cm) from a solution of polymer obtained by the procedures described
above. A solution of polynier (1.0 g, containing 0.20 g of solid polymer) was diluted
with 1,4-dioxane (1 g) aﬁd photoinitiator, 2-(4’-methoxystyryl)-
4,6-bis(trichloromethyl)-1,3,5-triazine, (PMS), (0.0042 g or varied), was added into this

solution. An exact amount (0.110 g) of the solution was eluted on KRS disk and dried.
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The thickness of cast film on KRS disk was calculated to ca.15 um. Real-time FT-IR

(RT-IR) spectroscopy’®®

was conducted as described in Chapter 2.
- All measurements were carried out at room temperature under argon atmosphere.
The infrared absorption band at 990 cm™ (vinyl, CH, bending, out-of-plane) was

monitored.

Conversion of vinyl group was calculated according to the following equation:

A(990), - A(990),
A(990),

in which A(990)0 and A(990). denote the peak absorbance at 990 cm™ before

" ‘conversion =

UV-irradiation and at time t (s), respectively. The rate of polymerization, Rp, was

calculated from the foilowing equation;

d[M]

- d (conversion)
dt

[M], I

| R,(molL"s™) =~
7-3. RESULTS AND DISCUSSION |
- 7-3-1. Chafacterization of polymers bearing pendant styryl groups
Figure 7-1 shows 1H-_nmr charts of poly(VBzS) and poly(VBzTD) in CDCI; solutions
and these spectra are agreed well with the expected structureé _of the polymers. The
molecular Weighf distribuﬁon of poly(VBzS) and the précursbr, poly(4-hydroxystyrene)
were determined as; My, = 11x10°, M, = 7.4x10° for poly(VBzS) and My, = 5.4x10°, M,
= 2.8x10° for poly(4-hydroxystyrene). The calculated increase in molecular wéight is ca.

2-fold of that of the precursor polymer and the observed increase in wight average

molecular weight agreed well with the expected value.
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Figure 7-1. "H-nmr spectra of poly(VBzS) (a) and poly(VBZID) (b) in CDCl,.

Figure 7-2 shows the "H-nmr charts for poly(VBzT'D—coéBzTD). The molar ratio of
vinylbenzyl group actually introduced into the polymer chain was determined by the
ratio of vinyl protons to benzyl protons observed in the 'H NMR analyses and agreed

well with the fed molar ratio of 4-chlorométhy1 styrene.
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Poly(VBzTD-co-BzTD) | , x=0.8

(4]
S5

zZ—2z

Figare 7-2. 'H-nmr spectra of poly(VBzTD-co-BzTD) with varied copolymer

compositions in deuterated dimethylformamide.
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7-3-2. Comparison of polymerization reactivity of pendant styrenyl group
attached to polymer chain via different linking groups

The two homopolymers, poly(VBzTD) ’and poly(VBzS) were compared to |
investigate the photopolymerization reactivity of pendant styrenyl groups attached to
polystyrene backbone via thiadiazole group 61' CH,O group, respectively.
Photoinitiated polymerization of these pendant styrenyl groups in the presence of
photoinitiator, PMS, was studied by RT-IR and the results were shown in Figure 7-3.
The conversion of styrenyl group in poly(VBzTD) was gradually increased as the
irradiatioﬁ dosé increased, whereas styrenyl grbup in poly(VBzS) showed no
polymerization reactivity in this experimental condition. Poly(VBzID) appeared
rubbery ‘at room temperature and styrenyl group attached to this ‘polymer should be in
an environment of rubbery matrix. This implies that the segmental movements of
polymer chain and rotational movements of pendant styrenyl groups should be taking
place extensively inside the polymerizaﬁon system and this allows the polymerization
to proceed effectively. On the other hand, poly(VBzS) appeared to be a glassy solid
and the polymerization system was apparently in a glassy state. In such a case, styrenyl
groups are frozen in a solid matrix and rotational movements of pendant styrenyl
groups, which are assumed to be necessary to induce effective polymerization, should
be restricted. In poly(VBzTD), a pendant styrenyl group is separated from the main
chain via two kﬂexible CH,S groups attached to a thiadiazole group. Rotation around
thcse two CH,S groups may allow large frecbvolume‘of pendant styrenyl group in a
rubbery state of the polymerization system. However, the bulkiness of such pendant
substituents would cause steric repulsion with. each ch‘cr and such steric hindrance

might allocate styrenyl groups in unfavorable positions for polymerization. This might
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explain the observed relatively slow rate of polymerization of styrenyl group in

pdly(VBzTD).

0.3

025 | @ poly(VBzID)
© poly(VBzS)

02 F

0.15

conversion
=)
—

- .0.05

-0.05

time (sec)

Figure 7-3. Comparison of polymerizability of pendant styrenyl groups attached
in poly(VBzTD) and poly(VBzS). Polymerization was initiated by PMS under
the irradiation of 365-nm light at 20 — 25 °C. Ratio of poly(VBzTD)/PMS =
poly(VBzS)/PMS = 0.20/0.004 ’(wt/wt) and the incident light intensity = 5.0 X

-2

10° einsteih-cm 1

S .
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7-3-3.Polymerization behavior of pendant styrenyl group in
poly(VBzTD-co-BzTD) |

The pendant styrenyl group in poly(VBzTD) was diluted by incorporating benzyl
group instead of styrenyl group and the molar ratio of pendant styrenyl group was
systematically altered from 0.2 to 1.0 with an interval of 0.2 in the obtained
poly(V BzTD-co-BzTD). Time—conversion curves obtained for these cqpolymers were
shown in Figure 7-4. As the molar ratio of pendailt styreny1 group decreased,
conversion was increased at any'polymerization time. Highest conversion was attained
with the styrenyl molar ratio of 0.2. This result wﬁs rather Surpn'sing, since in this
particular case each styrenylr group connected to the polymer backbone via thiadiazole
linking group is separated by four similar benzyl groups in an average and such mutual
separation of styrenyl groups would result in decreased polymerization reactivity. The
- rate of polymeﬂzation was calculated from the differential of curve fit for each
time-conversion curve. Figure 2(b) shows the plot of thus obtained R;, vs. concentration
of remaining styrenyl group, [M]: Each plot showed almost linear relationship with
curved edge at the initial stage of polymerization. In the beginning of the
~ polymerization, possibly due to the presence of polymerization inhibitor and/or the
dissolved oxygen, presence of induction period was observed except for the case of the
smallest styrenyl content (0.2). The observed relationship between R, and [M] was
approximated by a equation (1). |

Ry =ky [P] (M]-Cn ) &)

where C,, denotes a residual concentration of styrenyl group which could vbe reached if
the polymerization proceeds linearly with the monomer concentration as expected by

eq. (1), at which concentration the polymerization would terminate (R;, = 0).
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From the slope and the intercept of this linear approximation, values of k; [P-] and C,
Was obtained. Figure 7-5 shows the relationship between kp[P:] and the initial
kconcentrati(‘)n of pendant styrenyl grdup. The lowest value of k,[P-] was observed for
the homopolymer of pemiant styrenyl group and with the incorporation of benzyl
substituted unit in thgcopolymér structure, the increase in kp[f-] was observed. The
value of kp[P-] was apparently constant in the concentration raﬁge .of pendant styrenyl
group between 0.5 and 1.5 mol-L™. Polymcrizatiqn reactivity of pendant styrcﬁyl group
is appareﬁtly increased by separating pendant Styrenyl groups with similar and !ess
bulky benzyl substituents. Steric hindrance between adjacent pcndant styrenyl groups
might be reduced by the presence of benzyl groups. Maxfmum rate of polymerization
observed, Rp(max), _aﬂd the extrapolated value of the initial polymc;rizaﬁon rate based on
Eq. (1), Rpoex) were plotted against the effective initial concentration of pendant styrenyl
group, [M]o - C,, as is seen in Fig. 7-5(b). Both values of Rymax) and Rpoex) are
‘increased‘ with the increase in ([M]o—C,,) until the latter value reaches 0.7. Figﬁre 7-6
shows the dependence of the residual unsaturation of styrenyl groﬁp, Cn, on square of
the initial concentration of styrenyl 'group_. From this linear plot, the ;claﬁonship
between C,, and [M]o was found to be C,, = 0.30[M]o’. By integrating Eq. (2), decrease
in the concentration of pendant styrenyl group with time during the

photopolymerization is well expressed by the following equation.

[M]

fM_]o=0'30[M]° +_(1—O.30[M]0 Yexp(-k, [P-]?)

@
0.30[M ], +(1 - 0.30[M ], ) exp(~0.0065¢)
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Figure 7-6. Relationship between the residual pendant styrenyl

concentration and the initial pendant styrenyl concentration.
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~ In the above equation, the ratio of concentration of pendant styrenyl group to the
initial value is divided into two terms. The first term appears in Eq. (2) lmphes that
about 30 % of 1n1t1a1 concentration of pendant styrenyl group is unreactive toward the
photopolymc_:nzatlon. ‘The second term in Eq. (2) indicates that the rest of pendant
styrenyl ‘group is consumed with‘ an id_eél behavior as expected in a steady state
polymerization. The reason why 30 % of pendant styrenyl group is left from the
polymerization is unknown and this ratio seems to be pre-determined before
polymerization starts. This result is essentially the same as that observed in the case of
polymerization of BzTD in poly(BzTD) matrix as described in Chapter 4. Aggregation
of pendant styrenyl groups might occur in this case and some of the pendant styrenyl
groups érc expelled outside the aggregates and might not contribute the polymerization.

During the RT-IR obécrvatioﬁ of monomer consumption in polymerization process,
concentration change of photoiniﬁator, PMS, was also monitored at the absorption band
of 1171 cm™ which is assigned to a ‘coupled asymmetrical Stretching vibration of two
CCl3 groups attached to 1,3,5-triazine ring. The initial decomposition rate of PMS, Ry,
was determined and plotted against the initial concentration of pendant styrenyl group
as shown in Figure 7-7. R4 was found to be essentially independent on the initial
concentration of pendant sfyrenyl group and are in the order of 2.5 (= 1) x 10 mol-L!
s\, The initial value of kinetic chain length, kclo, is defined by the following equation.

kclo = Ryo(ex) / Rao | 3

Figure 7-8 shows that kcly is apparently independent of the initial concentiation of

pendant styrenyl group and around 15( = 5).
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Figure 7-7. Relationship between Ryo and [M]y.
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7-3-4. Effects of ph_otoinitiator concentration on polymerization reactivity of
pendant styrenyl group |

Photopoiymerization behavior of pendant styrenyl group in the presence of various
concentrations 6f photoinitiator (PMS) was investigated. Figure 7-9 shows the
time-conversion curves (a) and the dependence of the initial polymerization rate, Rpo(ex),
on the initial conceniration of PMS (b), respectively. The increase in conversion and
polymerization rate with PMS concentration \ivas eminent for the values up to 0.046
"mol-L” and further increase in PMS concentration resulted in the decrease in both
conversion and polymerization rate. Extensive recombination of initiating PMS radicals
with by-produced chlorine atoms might be the cause of decreased polymerization
cfficiency‘at relatively high PMS i:oncentration. Linear approximation of Rp vs. [M] plot,
as dcscribcd_ili the previous scction, was applied also in this case and the obtained
values of &,[P-] and C,, were plotted against the initial concentration of PMS aé seen in
“Figure 7-10. Thé values of ky[P-] are independent of the initial concentration of PMS,
~whereas C,, decreased with PMS concentration. The latter could be explained as
follows: as the initial coxicentration of PMS increased, the effective concentration of
pendant styrenyl group participating in the polymcrizatidn also increases, and then the
- polymerization rate expressed in Eq. (1) also increéses. Tiw effect of initial PMS
concentration on polymerization rate is manifested in decreasing residual styrenyl
concentration and it is important to observe that the value of k,[P] are independent of

the initial PMS concentration.
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- 7-3-5. .Copolymerization of pendant styrenyl group with a free monomer
Pendant styrenyl groups connected to polymer backbone showed limited
 polymerization reactivity with relatively slow polymerization rﬁte and insufficient final
conversions. Therefore, it should be necessary to find a way to increase the
polymerization readivity of such pendant styfényl group. Copolymeﬂzaﬁon of pendant
styrenyl group with a low-molecular-weight monomer was investigated. As such
monomers, C1TD, BzTD and C3TD2 were selected, since these monomers possess
exactly the same structural characteristics as the ‘pendant styrenyl group in
poly(VBzTD) and complete miscibility of these monomers in poly(VBzTD) matrix was
anticipated. C1TD and BzTD have been found to show high polymcnzatlon reactmty in
,poly(BzTD) matrix. In poly(VBzTD) matrix both monomer and pendant styrenyl group
in poly(VBzTD) can participate the polymerization and overall conversion was the sum
of each conversion. Figure 7-11 shows time-conversion curves of styrenyl group in the
 three different photopolymerization system. In the copolymerization system of BzZTD
and poly(VBzTD)(Figure 7-11(b)), the highest conversion was approiimatcly 50 % and
most of the remaining unsaturation was ascribed to the remaining peﬁdant styrenyl
group in poly(VBzTD). However, when the calculated polymerization rates werg
blotted against cénversion (Figure 7-12), highest polymerization raté was observed in
the copolymerization system, since increased concentration of styrenyl unsaturation was
participated in this copolymerization system. The maximum polymerization rate was
more thém two-fold of that in the polymerization of BzTD in poly(BzTD) matrix. Figure
7-13 shows the actually photopolymerized concenfration of styrenyl groups. In this
Figure, the curve indicated as (2) + (3) shows the sum of the independently determined

photopolymerized concentrations of styrenyl unsaturation of BZTD in poly(BzTD) and
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that of poly(VBzTID). The curve (1) corresponding to the conversion of styrenyl
unsaturation in the copolymeriéation system locates far above the curve, (2) + (3) and
this indicates that styrenyl unsaturation in poly(VBzTD)‘should polymerized much
faster than that in the homopolymerizaﬁon of poly(VBZzTD) represented by curve (). In
order to evaluate the polymerization reactivity of poly(VBzTD) in thivs copolymerization_ v
condition, curve (1) was subtracted by curve (2) and the resulted curve ‘(1) ~ (2) should
represent the polymerization react1v1ty of pendant styrenyl group in this
copolymenzatlon COlldlthB It is qu1te surprising that the simulated polymenzatlon ‘.
profile of the pendant styrenyl group of poly(VBzTD) in the presence of BzTD shows
an identical curve to that of BzTD in poly(BzTD) matrix. This result suggests that tﬁe
pendant styrenyl group in poly(VBzTD) has fhe same reactivity as that of BzTD in the
presence of BzTD and this result cannot be explained by a simple ’copolymerization '
mechanism.

Identical behavior is also seen in the case of C1TD (Figure 7-11(a), -12(a) and
~-13(a)). On the other hand, as for C3TD2, this monomer does not affect the
polymerizability of pendant styrenyl group in .poly(VBzTD) as is seen in Fig. 7-13(c).
In this case, the actually photopolymerized‘ concentration of styrenyl groups of C3TD2
and poly(VBzID) in copolymerization are identical to the sum of the independently
determined photopolymerized concentrations of styrenyl unsaturation of C3TD2 in

poly(BzTD) and that of poly(VBzTD).
o In our previous investigation on the polymerization behavior of similar types of -
styrenyl monomers, monomer molecules are considered to be assembled ms1de the
interstices of pendant thiadiazole substltuents of poly(BzTD) matrix (see Chapter 2 and

6). In the present polymerlzatlon system, BzZTD monomer molecules might also be
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‘ assembled inside the interstices of pendant styrenyl-substituted thiadiazole groups of
polymer matrix due to intermolecular interactions between thiadiazole groups of both
moieties. As schematically illustrated in Figure 7-14, aligned structure of BzTD
molecules and pendant styrenyl groups of poly(VBzTD) caused by large rotational
degrees of freedom of monomer molecules in this system may explain the enhanced

polymerization reactivity of this copolymerization system.

Figure 7-14. A schematic illustration showing possible rearrangements of

CITD molecules in the interstices of pendant styrenyl groups in

poly(VBzTD).
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7-4. CONCLUSION |
The photoinitiated polymer_izétio'n of pendant styrenyl group attached to the backbone
chain via thiadiazole group was not very rapid and reached low final conversion. Taking
the previously reported experimental findings into consideration, the low
- polymerization reactivity of péndant styrenyl group was improved by the addition of the
analogous ﬁonomeﬁc cbmpound to the photopolymerization system. Copolymerization
reactivity of the pendant styrenyl groupsv was remarkably increased and found to be
equivalent to that of the anologous monomeric styrenyl compbund. A possible
mechanism for the observed experiméntai results could be that monomer molecules are
assembled inside the ‘interstices. of the pendant styrenyl groups and large rotational
degree of freedom mighty allow ﬁ:onomer molecules to align theniselves in favor to
effective progress of copolymefization with pendant styrenyl groups.
Fuﬂhcr experimental proofs td discuss the validity of such speculation are necessary.‘
However, the present investigation clearly showed the possibilities of highly effective

photo-crosslinkable system Which readily forms 3D network upon irradiation of UV

light,
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Chapter 8

- General summary

This thesis consists of an introductory chapter and six scientific chapters, each of
~ which is summarized as follows.
Chapter 1. General introduction

Scientific and industrial significance and motif of photopolymeﬁzaﬁon of styrenyl

compounds in polymer matrix are comprehensively described.

Chapter 2. Design and synthesis of highly photopolymeﬁzable styreny1 compounds
in the solid-state photoiniﬁated polymerization | | |

A series of styrenyl comp,ounds bearing 2,5-dithio-1,3,4-thiadiazble group were
prepared and their reactivity in the solid-stateb _photopblymerization initiated by
2-(4’-méthoxystyryl)-4,6-bis—(trichlorométhyl)—1,3,5-triéziné was studied. These
compounds exhibited high polymer_ization reactivity and the final conversion reached
nearly completi_on despite of reléﬁvely hlgh Ty of the polymef matrix. Even at
temperatures below T,, polymerization proceeded without ceiling .conversion. These
features were explained by considering intermolecular interactions between styrenyl
compounds to ihduce molecular alignﬁents effective for solid-state polﬁeﬁzatiom
large excess free volume arisen from rotation around methyleneﬂlio group, and/or
intramatrix radical migration to éncounter W1th standing-by monomers caused by chain

transfer reaction to labile hydrogen atom.
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Chapter' 3. Reai-tixhe moniforing of photodecompositioh of initiator in polymer
matrix and kinetic analysis of photopolymerization
The photodecomposition process of the photoinitiator, 24(45-methoxystyryl)-4,6-
bis(ﬁich]oromethyl);l,3,5-triazine (PMS), dispersed inrpolymer matrix was monitored
by real-time FT-IR (RT-IR) sp_ectroscopy‘ by tracing the absorbance at 1171 cm’’, which
is assigned td a coupled stretching abéorption characteristic of bis(triéhloromethyl)
groups attached to 1,3,5-triazine ring. In polystyrene matrix, quantum yield of
| photodecomposition (®;) of PMS was found, to be 0.09 at the beginning of the
photodecomposition and décayed rapidly w1th fhe consumption of PMS. The
decomposition rate of PMS Was found to depend linearly on the incident light intensity.
PMS-initiated photopolymerization of 2-(4-vinylbenzy1)ﬂ1io—5-begZylthio—1,3 A4-

thiadiazole (BzTD) was monitored by RT-IR coﬁcurrently with the photodecomposition
process of PMS. In poly(BzTD) matrix, BzTDrﬁonomer showed high polymerization
rate under UV irradiation in the presence of PMS ahd the final conversion reached up to
90%, while ca. 50% of PMS rémaiﬂed .unreacted. During the photopolymerization
process, polymerization rate of BzTD and deédmpqsition rate of PMS showed linear
dependencies on the monomer and the PMS concentrations, respectively. From the
kinetic analysis, terminatidn process Between the propaéating polymer radical and PMS
molecuie was supposed té be the dominant termination process. Based on the kinetic
model proposed, values of kinetic chain lengtﬁ (20’~60)' andlra!tte constanf ratio (ky/k =
0.32) were obt?ained. Maximum qﬁantum yield of the photopolymerization»of BzTD was
found to be 1.3, whereas @4 was ca. 0.5 Which is' about 5-fold higher than that observed

in the absence of BzTD.
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Chapter 4. Influence of monomer concentration in the solid-state photoinitiated_
polymerization of styrenyl compound beaﬁng 1,3,4-thiadiazole group
Photopolymerization of BzTD in poly(BzTD) matrix was found to proceed in the
‘stca‘dy-state condition;Rp = ky[P-](IM]-C), in which k,[P-] was found to be constant
0.036 sT and independent of the initial mondmer concentration and monomer
con\fersion. This result indicates that the densify of monomer molecules in the
polymerization locus is not affected by initial monomér concentration. Monomer
molecules are considered to form cluster ‘structure, the minimum size df which was
,estitnatgd from the kinetic chain length to be 30 monbmer molecules depending on the
initial monomer concentration. The photopolymerization system of the styrenyl
éompounds» in' the polymer matrix is regarded as polymerization system in

nanoscopicaﬂy aggregated phase.

Chapter 5.v Effects of photoinitiator concentration and light intensity on the
solid-state polymerization of styrenyl compound bearing thiadiazole group

The eﬁ'ects of photoinitiator concentration and light intensity .on the photoinitiated
polymerization of BzTD in poly(BzTi))‘mafrix were investigated. From the dependence
on the initial photoinitiator concentration, the maximum value of vkinetic chain length
(kcl) was éstilnated to be around 200 at the initial monomer concentration of 0.83
mol-L". This maximum kel value is éonsidered to represent the number of monomer
molecules included in the monomer cluster formed in the polymerization system. When
the initial photbirﬁtiator concentration fell below 1/200 of the initial monomer
concentration, polymerization rate decreased karb'ruptly, suggesting the existence of

cluster structure of monomer molecules. The quantum yield of photodecomposition of
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the photoinitiator .increased with decreasing light intensity and finally reached unity. On
the othei hand, kinetic parameiers such as ky/k: and kinetic chain length were shown to

be independent of the light intensity.

Chapter 6. Effecf of alkyl Qhain length in 2-(4’-vinylbeniyl)thio-S-alkyl-thio-1,3,4-
thiadiazole on its photopolymerization in polymer matrix
The size of alkyl subsﬁtuent at S-position of | 1,3,4-thiadiazole group was

systematically altered and its effect on the photopolymerizability was investigated. In
| polystyrene matrix, 'thoée monomers polymerized efficiently and the size effect.is not
“observed. On the other hand,A in poly(BzTD) matrix‘ the size effect is so emiheﬁt that
small alkyl chain dramatically enhanced the polymerization rate, whereas longer alkyl
chain dcpressed polymerization rate signiﬁcanﬂy. High polymerization rate and reduced
' concéntration of residual moﬁomer were attained in this study. When the size of alkyl
substituent is relatively small, polymerization proceeded rapidly and kinetic chain
length (kcl) increased up to ca. 40, whereas larger alkyl substituents resulted in
decreased polymerization reactivity and’ smaller kcl values. A possible explanatidn to
the observed experimental results should be that monomer molecules are assembled
with the pendant groups of matrix 'polymér and molecular rearrangemenfs inside the

assembled structure would determine the polymerization reactivity.

Chaiiter 7. Preparation of polymers bearing pendant styrenyl group and its
photopolymerization behavior in solid state
The photoinitiated polymerization of pendant styrenyl group attached to the backbone

chain via thiadiazole group was not very rapid and reached low final conversion. Taking
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the previously reported experimental findings into consideration, the | ldwv
polymerization reactivity of pendant styrenyl group was improved by the addition of the
analogous monomeric compound to the photopolymerization systerﬁ. Copolymerization
reactivity of the pendant styrenyl grbtips was remarkably increased and found to be
equivalent to that of the anologous monomeric styrenyl cc;mpciund° A pdssible
mechanism for the observed experimental results could be that monomer moiecules are
assembled inside the interstices of the pendant styrenyl groups and large rotational
degree of freedom might allow monomer molecules to align themselves in favor of

effective progress of copolymerization with pendant styrenyl groups.
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