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Chapter 1

General introdⅦction

photoinitiated polymerization is one of the best controllable processes for producing

polymer materials with we11-defhed structures･ Irradiation血om a suitable light source

initiates polymerization at ambient temperature and precisely at the desired position of

the polymerization system･ ne rateand degree of polymerization七anbe 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, 1.e., low-energy consumption and non-volatile organic
●

solvent･ Many industrial innovations have been resulted, such as coating industry,

microelectronics and photolithography･ h the past decades, extensive investigations on

the photoinitiated polymerization systems have been camied out aimlng at fhding
=

polymerization systemwith higher photosensitivity. Major efforts have been devoted to

develop high1y photopolymerizable monomers and high-speed photoinitiating system

(initiatorand its sensitizer). In order tounderstand the polymerization mechanism and to

construct improved polymerization system, many kinetic investigations have also been

carried out.

Photoinitiated polymerization may be classified into two groups, i･e･, photoimitiated

cationic polymerizationl and photoimitiated radical polymerization･2 h either of them,

developments of highly photosensitive systems are requiredand under extensive

investigations･ Recently'Crivello and Ortiz3･ 4 have developed highly photoactive epoxy
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monomers･ These undergo a fast cationic polymerization involving radical-induced

decomposition of onium salt photoinitiator･1, 5 - 7 one of the most distinct advantages in

cationic p血otopolymerization as compared wi也radical p血otopolymerization is仇e

insensitivity to oxygen･Asfor radical photopolymerization various types of effective

photoimitiators have been developed･ h combinationwith specia11y designed acrylate

monomers,2･ 8 ultra-fast radical photopolymerization was demonstrated by Decker and

Moussa･9 h radical photopolymerization mostly acrylic monomers have been utilized

due to their highpolymerizability and easiness for structural modifications to be

best-suited for the practical usages･

h 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 styrenylmits into polyacrylates renders

improved physicaland chemical properties such as mechanical properties, chemical

resistance and elevated Tg of the copolymers) which opens the way to industrial

applications･ Since styrenyl monomers could be polymerized via either cationic or

radical mechamism, discovery of photoactive styrene monomers would create a new

photopolymerization system･

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

surveyedwith special reference tpo lhe unlqueneSS Of the present investigation･
●

1･1･Trends in highly photopolymerizable compounds

ne relationship between the chemical structure of unsaturated compoundand its

photopolymerizability had not been investigated in detailuntil Decker8 found that

heterocyclic oxygen introduced to acrylate compound accelerated the polymerization
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reactivity･ Quite recently Jansen, et al･10･ 11 reported that some acrylate compounds

exhibited highphotopolymerization reactivity in bulk and the rates of polymerization

were directly related to the dipole moment of acrylate compounds･ Some preorganized

structures due to dipole-dipole interactions have been putforward by them to explain

the highreactivity of these acrylate compounds･ The effect of preorganized structure has

been observed in the photopolymerization of monomers which are capable to form

intermolecular hydrogen bonding･ 10

styrene is one of the most importantunsaturated compounds in polymer industries

and polystyrene isamong the fbur ma3or plastics (polyethylene, polypropylene,

poly(vinyl chloride)and polystyrene)･ Polystyrene is resistant to corrosions by acidand

alkali and isanexce11ent electric insulator. Its stiffand brittle properties are improved

by copolymerization in high-impact polystyrene, SBR (styrene-butadiene copolymer)

and ABS (acrylomitrile-butadiene-styrene copolymer or blend)･ In addition,

styrene-unsaturated polyester system isaninstance of the most widely used graft

copolymers) which are used forfloonng materials･ Photoimitiated polymerization of
●

styrene in the presence ofunsaturated polyesters was reported as early as 194612 and

currently still in active use especially for wood coatings･

In most of hdustrial applicatiohsI Photopolymerization of styreneand its derivatives

has not been paid much attention because of their low polymerization reactivity and

volatility･ h radical photopolymerization, various types of acrylates and methacrylates

●

have been in ma30r uSage.

1･2. Photoinitiator and its photodecompo5ition process

Light-sensitive compounds including trichloromethyl-substituted l,3,5-triazines
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were found in the late 1960,s13and are currently used inmicroelectmics industry and

others･ Tus types of photoimitiator canbe used either as photoradicalinitiator14 or as

photoacid generator (PAG)･15-20 upon uv irradiation, trichloromethyl group attached to

the triazineringundergoes homolytic cleavage of the carbon-chlorhe bond and thus

produced chlorine atom abstracts hydrogen atomfrom a donor) resulting in the

formation of hydrogen chloride which acts as an acid catalyst in chemically amplified

imaglng SyStem･ On the other hand, the carbon radical resulting丘om carbon-chlorine

bond cleavage adds to carbon-carbon double bond of vinyl compound to hitiate radical

polymerization･ Buhr, et al･16 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･ Tbey found that the photolysis in toluene gave products of

homolytic cleavage of carbon-chlorine bond, whereas in ethanol/ethyl acetate the

products of heterolytic cleavage of carbon-chlorine bond were detectedamong those

from homolytic cleavage･ Tbey also estimated the quantum yield of acid formation from

triazines in a novolak resin to range from O･29 to O･35･16 pohlers, et al･18 reported the

quantum yield of acid formationfrom 2-substituted-3,6-bis(trichloromethyl)-1,3,5-

triazines in diglyme solution was in the range of O･009 to O･012･ They also found by

laser nash photolysis studies that in a polar aprotic solvent both homolysis and

heterolysis of the C-Cl bond took place･21 They detected intermediate cationic species

from heterolysis 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

throughthe 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 PAGand/or a photoradical initiator is
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strongly dependent on the environment in which it is used･

h the present investigation, the trichloromethyl-substituted l,3,5-triazines were used

as photoinitiators of solid-state polymerization of styrene derivatives carrylng

heterocyclic substituent.

1･3･ Einetic investigations on the photopolymeri2:ation in polymer matrix

Photoinitiator is a key material to realize a high1y effective photopolymerization

system.Althoughthe rate of imitiation is closely related to the decomposition rate of

photoimitiator in determ1nlng the overall polymerization rate, only few have been
■ ●

reported on actual photodecomposition processes of photoinitiator in bulk

photopolymerization system･ Decker, et al･2･ 22･ 23 investigated the photodecomposition

b ehaviors of typicalphotoradical initi ator? Lucirin TP O

(2,4,6-trimethylbenzoyldiphenylphosphine oxide) and of some photoacid generators,

triarylsulfonium salts, by momitoringthe decrease of tJV absorbance of these

photoimitiators･ 'mey found that 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 camied outwithout 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 laserflash photolysisand emission

spectroscopy'21 time-resolved electron spln reSOnanCe24and time-resolved electron
●

paramagnetic resonance･25 However)these methods cannot measure the polymerization

rate simultaneously.
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Recently, Decker and Moussa8･ 9･ 26-28 have developed a powerfu1analytical tool of

reaﾄrime Fourier-transform infrared (RT-IR) spectroscopy, which enables us to observe

in situ the progress of polymerization of various types of vinyl compoundsand epoxy

derivatives･3･ 4 By pursulng the time-dependent absorbance change of the monomer and

■

the imitiator simultaneously, we candiscuss the monomer to polymer conversion in

relation to the decomposition of photoinitiator･ This analytical method can be applied to

solid-state polymerization as well as solution polymerization.

Usefulness of photopolymerization in polymer matrix has been shownin

preparation of interpenetrating polymer networks by Decker and､ his coworkers.29, 30

They studiedthe influence of the nature of polymer matrix on the photopolymerization

behaviors of various acrylic compounds and found faster polymerization in poly(vinyl

chloride) matrix･30 They suggested an importance of chain-transfer reaction to polyme,

matfix.

The presence of a solid matrix in polymerization profoundly influences the

polymerization rate throughrestricted diffusion of monomers and growing polymer

chains･ In such a situation, reaction difhsion process is sometimes considered to be the

dominant temination mechamism･31-33Asconversioh increases, due to the difficulty of

segmental movement of propagating radical, difhsion of radical throughunreacted

double bonds becomes faster than segmental diffusionand reaction diffusion process

dominates the temination mechanism･ h such a case, the termination rate constant, kt,

and the propagation rate constant, kp, are related with each other by the followlng

equation: 31-33

k, =Rkp [M]

where R is the reaction diffusion parameter, [M] is the concentration of monomer.
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Bowman, et al.34-36 had shown experimentally the validity of above relationship ln

highly crossli血d methacrylates. Mateoand his coworkers3741 reported the

photopolymerization of methacrylates in various polymer matrices and the importance

of reaction difhsion mechanism was explained by them. However, various types of

●

termination mechanisms, including reaction diffusion, should be prevailing ln Variety of

actual polymerization systems･ Decker and Moussa9 have reported a linear dependence

of Rp on the light intensity for photopolymerization of acrylate , in which umimolecular

termination process due to radical occlusion was involved. On the other hand, Scherzer

and Decker42 andLecamp) et al･43 have reported independently that Rp is proportional to

the square root of light intensity, showing the occurrence of bimolecular termination

PrOCeSS･

New type of printing plate utilizes photopolymerization in polymer matrix･ 44147 A

photopolymerizable layer containing multifunctional monomersand a polymer matrix is

coated on an anodized aluminum plate. hadiation of laser light induces

photopolymerization at the irradiated spots to three-dimensional polymer network on

the aluminum surface｡ ¶le laser-irradiated plate is developed in a usual way. The

common disadvantage in the existing printing plate comes丘om the necessity of coating

the surface of photopolymerizable layer with poly(vinyl alcohol) film to prohibit

oxygen penetration during the photopolymerization process. The presence of such

overcoat makes two successive coating processes necessaryand deteriorates the image

quality significantly due to laser-1ight scattering. ¶1e PreSent author has been interested

in creation of a high1y effective photopolymerization system which is insensitive to

atmospheric oxygen, 1eading to the elimination of overcoat. To attain this porpose,

photopolymerization of particular styrene derivatives in suitable polymer ･ matrix has

7



郊
(.

J

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

1･4. Background of the present thesis

Tbe pre-organized state of monomer which JansenlO, 11 has postulated to explain his

experimental results should be closely related to topochemical polymerization48-52 and

polymerization in liquid crysta11ine state･53-56 Topochemical polymerization has gained

special attentions for obtaining we11-defined ultra-highmolecular weight polymerswith

high1y regulated structures by the so-ca11ed crystal engineering. Polymerization in liquid

crystalline state is also a recent topic to obtain high1y ordered polymer materials. In

pursuit of novel LC phase behaviorand properties) a number of polymer-LC composites

have been developed･Among them polymer stabilized LC systems57 have been of

considerable research interest due to their great potential in LC display applications･58

Tbermotropic LC polymers have gained special attentions due to their excellent

mechamical properties and physical ahisotropy and applied for englneerlng Plastics. The
● ●

author had been interested in developing some new thermotropic LC polyesters which

show relativelywide temperature range of LC phase and decreased melting points.59-61

Commonly knownthermotropic LC polyesters shows relati.vely highmelting points and

narrow temperature ranges of LC phase and when they are applied for polymerization

media asananisotropic matrix, inappropriately hightemperature for polymerizationand

insufBcient stability of LC phase usua11y make such an usage difEicult to operate･ These

highmelting points can be decreased by several types of structural modifications

including either the introduction of a nexible spacer group in the main chain, or the

placement of lateral substituents on the repeatingunits, or the introduction of molecular

kinks or bends in theirunits, or by copolymerizationwith other rodlike comonomers.62･
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63 Flexible spacers have been most extensively used to decreasel POlymer melting points

and improve their stability, 64･65 and the role of theseflexible spacer groupswithin the

main chain had been under intensive investigations for both theoretical66, 67 and

experimental62･ 68 aspects･ hteral substituents on main chain u= polymers generally

reduce both the melting points, Tm, and the isotropization temperature, Ti, but their

relative effects on decreaslng Tmand Ti are quite different andunpredictable.
●

h general, the effects of substituents on Ti Canbe divided into two categories: steric

and polar effects. ¶1at is, lateral substituents may either decrease molecular amisotropy

and destabilize the u: phase because of steric interference or, throughdipolar

intermolecular interactions? they may contribute to the stabilization of the LC phase･

However, it had also been proposed that steric effects can, in some case, increase the

thermal stability of the LC phase by interlocking effects･69

ne author had prepared a series of thermotropIC POlyesters based on a triad ester
●

mesogemicunit containing an arylsulfonyl substituted hydroqulnOne grOuPand a

decamethylene spacer group of the followlng StruCture: 59

o -◎.F-o -◎⊥ o -.F
O-S-0

Ⅹ

in which X is H? CH3? F, Cl? Br? I) NO2 and OCH3･ The arylsulfonyl groups were

expected to show large stericand polar effects, which shouldfo1low a consistent pattern

9



as afunction of the size and either the electronwithdrawlng Or the electron donating
●

effects of the X substituents･ A11 polymers formed nematic melts at 77 to lOI oC

dependhg on the nature of the X substituents, and showed a fairlywide temperature

range of nematic phase; i･e･, 40 to 70 oC･ A regular decrease in Ti, AHi and ASi WaS

observedwith increaslng mOlecular radius of the substituted hydroqulnOne 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 ofthe ordered phase･

Further approach had been madeinan attempt to decrease Tm 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.

Thefo1lowlng thermotropIC POlyesters were prepared and their LC properties were

●

investigated: 60, 61

Io⊥各冨-o T%co:.!nPo{cH2

in which n = 0, l or 2 and R = CH3 0r C2H5･Althoughall ofthe polymers showed Tm at

around 70 to 80 oC, which was still higher than we anticipated, Ti WaS increased much

higher thanthose observed in the case of the arylsulfonyl groups described above.

We believe that these thermotropic LC polyesters would be usefu1 for themisotropIC
●

matrix for the photopolymerization of various LC monomers and incorporation of such

LC monomers may lead to a novel unlque POlymer LC materials.

Kinetic analysis of polymerization process is indispensable for understanding of
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polymerization mechanismand for attaiming lmPrOVed effectiveness of polymerization･

Polymerization process is mainly divided into four elementary steps, namely initiation,

propagationl Chain transfer and termination reactions･ Each step determines the

polymerization behavior and kinetic analyses must be donewith uslng reliable

analytical tools to investigate all these elementary reactions･ Oner of the most important

parameters to be estimated is the concentration of propagating species in any kinds of

polymerization processes. h cationic polymerization, the author had been interested in

determlnlng the concentration of propagating carbocation in cationic polymerization of
● ●

styrene in solution･ A new end-capplng method,with sodium 2-naphthoxide as capplng
●

agent, had been developed by us70･ 71 and used for determining the concentration ([P*])

and chain-length distribution of the propagating species in cationic polymerization of

styrene. h the reactions initiated by acetyl perchlorate (AcCIO4) at O oC, the added

naphthoxide combined quantitativelyand instantaneouslywith the growlng Chains to
●

form2-nap叫hoxy-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

detemined; the initiation efEiciency ([P*]/[AcC104]) and the kp values depended

strongly not only on the polarity of polymerization solvents but on the initial monomer

concentration. GPCanalysis (UV at 330 nm), momitoring 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

ofthe polymerization and dependence of [P*] and kp on the imitial･ monomer

concentration suggested the complex nature of the polymerization mechanism.

Asfor radicalpolymerization in solution, ESR (electron spin resonance spectroscopy)

has been the most powerfu1 tool to determine the propagating radical concentration･

11



However, in the photopolymerization in bulk, the detection of the propagating radical

was sometimes impossible due to the strong dependence of the thermodynamic stability

of propagating radicals on their chain-1ength, or due to the accumulation of trapped

radical which do not contribute to the polymerization･24･ 72 RT-m 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 polymerization as described in

section l-3.

1-5･ Outline of the preseAt thesis

h this thesis, the experimentalresults of the synthesis and the photopolymerization

behavior in polymer matrix of a series of styrenyl monomers bearlng l,3,4-thiadiazole
●

group are presented and discussed.

h Chapter 2, various types of styrenyl monomers were prepared and their reactivities

in solid-state photopolymerization were investigated･ Photopolymerizability of these

styrenyl compounds are discussed in terms of London dispersion force and hydrogen

bonding with polymer matrix･ Effect of atmospheric oxygen on the polymerization

behavior wasalso investigated･

h Chapter 3, photodecomposition process of the photoinitiator,

2-substituted-3,4-bis(trichloromethyl)-1,3,4-triazine, wasanalyzed by RT-IR

spectroscopy and the effects qf the initiator concentration and light intensity on the rate

of photodecomposition were discussed･ Photopolymerization rate of the styrenyl

compounds and 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.

h Chapter 5, the effects of photoinitiator concentrationand light intensity on the

photopolymerization of the styrenyl compound were investigated, partly aimlng at
:｣

estimation of the number of the monomer molecules incorporated in the preorganized

structure.

h Chapter 6, the size of alkyl substituent on the styrenyl compounds was

systematically'alteredand its effect on the photopolymerization behavior was

investigated. Tbe nature of the preorgamized structure was discussed in reference to the

effect of polymer matrix on photopolymerization.

h Chapter 7, polymers having pendant styrenyl groups were prepared for the use of

the reactive polymer mitrix and their photopolymerization behavior was investigated.

Copolymerization of the pendant styrenyl groups withfree monomers was also

investigated and participation of preorganized structure of pendant st'yrenyl groups as

well as monomer molecules in the graft polymerization is discussed･

h Chapter 8,the experhental results obtained in this thesis are briefly summarized･
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Chapter 2

I)esign and synthesis of highly photopolymerizable styrenyl

compotLnds in the solid･state photoinitiated polymerization

2･1. INTRODtJCTION

Tbe importance of photopolymerization has now been well recognized through

various industrial applications including photocurable coatings, adhesives, printing hks

and recording materials･ Photoimitiated polymerization may be classified into two

groups) i･e･? photoinitiated catiomic polymerizationland photoinitiated radical

polymerization.2 h either of them, developments of highly photosensitive systems are

requiredand under extensive investigations･ Recently) Crivello and Ortiz3･ 4 have

developed high1y photoactive epoxy monomers. These monomers undergo a fast

catiomic polymerization involving radical-induced decomposition of onium-salt

photoinitiator･1･ 5 - 7 one of the most distinct advantages in cationic photopolymerization

as compared with radical photopolymerization is the insensitivity to oxygen･Asfor

radical photopolymerization? various types of efEective photoimitiators have been

developed･ h combinationwith specially designed acrylate monomers, ultra-fast radical

photopolymerization was demonstrated by Deckerand Moussa.2･ 8

In both types of photopolymerizations 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 styrenylmits into polyacrylates renders improved

physical and chemical properties such as mechanical properties, chemical resistanceand
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elevated Tg to the copolymers, which opens the way to hdustrial applications. Since

styrenyl monomers could be polymerized in either catiomic or radical mechanism,

discovery of photoactive styrene monomers would create a new photopolymerization

system･ According to our preliminary lnVeStigation?9 we considered styrene derivatives
●

carrying heterocyclic substituent linked to the phenyl groupthrougha methylthio group,

expecting inte-olecular interactions between the heterocyclic groups to align solid

monomers in favorable way for photopolymerization? large &ee volume due to rotation

around the linking grou-p in the solid polymer and chain transfer to polymers yielding

accessible]adicalto consume remalmng mOnOmerS: h the preliminary lnVeStigation,
● ●

●

we tested thiadiazole, triazine, benzthiazoleand be拡imidazole groupsand found that

thiadiazole group wasthe best to yield highpolymerization reactivity in the presence of

a suitable photoinitiator･9Asa photoimitiator, we compared various types of

photohitiatorsfor effectiveness to initiate photopolymerization of such styrenyl

monomers and focused our attention on 2-(4'-methoxystyryl)-4,6-

bis(trichloromethyl)-1,3,5-triazinelO-12 (pMS), which absorbs at 365 nmwith a large

absorption coefEicient and can be sensitized to longer wavelengths h the presence of

suitable dye and amines･13, 14 TLis type of photoinitiator is a possible candidate for

highly sensitive photopolymerization system invisible 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 '-Methox ystyryl) -4, 6 -bis(trichloromethyl) - 1 , 3 , 5 -triazine (P MS)and

2-(4 '-methoxynaphthyl)-4, 6-bis(trichloromethyl)- 1 ,3,5-triazine (TRB) were purchased

血om Panchim (Cedex, France)and usedwithoutfurther purification. 9-Phenylacridine

(払)and Luna TPO (2,4,6-trimethylbenzoyldiphenylphosphine oxide) (TPO) were

obtainedfrom Nihon Siber Hegner K. K. (Tokyo, Japan) and usedwithoutfurther

pmification. Polystyrene (Mw = 2.1×105) was obtainedfrom Wako Chemicals lnd. Ltd.,

(Osaka, Japan) and pmified by precipitationfrom l,4-dioxane solutionwith methanol.

Poly(methyl methacrylate) (Wako Chemicals lnd. Ltd.) was purified by precipitation

丘om l,4-dioxane solution with hexane･ 1,4-Dioxane (Wiko Chemicals hd. Ltd.) was

usedwithoutfurther purification･ 2,5-Dimercapto-1I3I4-thiadiazole was purchased ffom

Tokyo Kasei Kogyo Co･, Ltd･(Tokyo, Japan) and used withoutfurther pmification.

4-Chloromethyl styrene was purchased &om Seimi Chemical Co. Lld. (Kanagawa,

Japan)and usedwithoutfurther pmitication.

二-=-=-II- _-:==_-_-_ -

CちC

PMS
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MoAOmer PreParations

Al1the monomers studied in this paper were prepared by the procedure as shown in

Schemes l and 2.

S chemel

Sm
B2Cl

HSySy
N-N

B3N/ EtOH

SH Et3N
. 1>

EtOH s愉sH
SIm

J# c.し

s愉s-cH2@
B2:TD

sysys~c均
N-N

CITD

s愉s~cF2CH20H
IIO TD

sysys~cH2CH2CO OH
N-N

HO O CTD

-= =_-:-Li:=---;一二==-=二=-==二=-==--; - __-_:= _-:1- --= - ----] ={N-N

C3TD2
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Scheme 2

EbN

EtO H

EOH

MeOH

Cl

+ HO

4〇 tt.

Cl

SH

･ -<N"oj:H

s<"oiN
hv<s

TVTZ

Preparation of 5･ (4'-vinylbenzyl)thio･1,3,4･thiadiazole-2･thiol (Sm)

2,5-Dimercapto-1,3,4-thiadiazole (100 g, 0･666 mole) was dispersed in ethanol (500

mL) andanequimolar amount of triethylamine was added under nitrogen atmosphere at

50 oC･ To the mixture, 4-chloromethyl styrene (100 g, 0.655 mole) was added dropwise

under stirring over 30min･ The reaction mixture became turbid gradua11y and white

powder precipitated. TLe reaction was continued forfurther 3 h at 50 oC and then leftat
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room temperature･ The slightly yellowish precipitate was filtered and washed twicewith

methanol and oncewith diisopropyl ether･ Recrystallizationfrom benzene gave

colorless crystal･ TLe yield was lOl g ( 57 %).

Elemental analysis: Calcd･ for 5- (4'叩inylbenzyl)thio-1,3,4-thiadiazole-21thiol (SHTD),

C, 49･55; H, 3･75; N, 10･51･ Obsd･ C, 49･98; H, 3.84; N,10.53.

1H NMR (200 Mfk in CDC13, 8, ppm): 4･4(s, C=2(benzyl), 2H); 5･23 (d, Ha, J = 11 Hz,

叩); 5･72 (d, Hb･ J - 17･6flz, 1H); 6･67 (dd, Hx, J - 11, 17･6 Hち1Ⅰり; 7･34 (m, phenyl,

4Ⅰり; 11･3 (b, SH, 1q.

H女

SIITD

sysysH
N-N

Preparation of 2･ (4I -vinylbenzyl)thio-5･benzylthio･1?,4･thiadiazde ( BzTD)

SHTD (13･3 g, 0･05 mol) was placed in a 300 mLflask and ethanol (150 mL) was

added･ Under stirring, triethylamine (6 g, 0.06 mol) was added andthemixtu,e was

gently heated on a stirrer-hot plate･ At 55 oC the mixture became a clear solution and it

was kept at 55 oC･ Be蛇yl chloride (6 g, 0･05 mol) was then added to this solution,

which became turbid a鮎r 5 to lOmin･ A触r 30min the nask becamefu1l of white

precipitate and themixture was stirred foranother 30min at 55 oC. Then, theflask was

removedfrom the stirrer-hot plateand kept at room temperature･ TLe precipitate was

filtered, washed we11with ethanol (100 mL)and diisopropyl ether (50 mL), and

recrystallized丘om ethano1･ TLe yield of the product was 14･3 g (80 %). Melting point

was lO3 oC.
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Elementalanalysis : Calcd. 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.

1H NMR (200 MHz h CDCl3, 8, ppm): 4.47(s, CH2(benzyl), 2H); 4.49(s, CH2(benzyl),

2印; 5･24(d, Ha,J = 11 Hz, 1q; 5.74(d, Hb,J= 17Hz, 1叫; 6.67(dd, Hx,J = 11, 17Hz,

1H); 7･26-7.41 (m, phenyl, 9珂)

Hβ Hr

N-N

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 nask (500 mL) equippedwith a reflux condenser, a /

thermometer, amitrogen inlet andanoverhead mechanical stirrer, and l,4-dioxane (150

mL) and ethanol (50 mL) were added. Theflask was kept- in a hot-bath of 70 oC.

Polymerization was initiated by adding 2,2'-azobisisobutymnitri1e (0.5 g) and continued

for 7 h at 70 oC･ TLe polymerization mixture was then poured into methanol (2000 mL)

and the precipitate was separated by decantation･ ne product was pmified by repeated

precipitation from l,4-dioxane solutionwith methanol. A鮎r drying ovemight in

vacuum, slightly yellowish powder was obtained. The NMR analysis showedthe

formation of poly(BzTD)･ From GPC measurement equippedwith a multi-angle laser

light scattering detector (DAW五,with operating/analysis software,Astra 4.73.04,

bothfrom Wyatt Teclmology Corp･, Santa Barbara, CA), weight-average molecular.
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weight, Mw, of poly(BzTD) was found to be l.6 x lO5.

1H NMR (200 MHz in CDC13, 8, ppm): 1･0 -1･5仲, CH2 in the main chain, 2H); 1.5

-1･叫b, CH in the main chain, 1叫; 4･3 - 4･6 (b, CH2, 4Ⅰ恥6･2 - 6･6 (b, Hd, 2叫; 6.8 -

7･2 (b, Hc, 2印; 7･2-7･3 (b, H6, 3叫and 7･3-7.5 (b, He, 2H).

Preparation of 2･(4I･vinylbenzyl)thio･5･methylthio･1,3I4･thiadiazole (CITD) and

its polymeri2:ation

CITD was investigated to comparewith BzTD for size effect of 5-substituent.
/

cITD was prepared by a procedure simi1ar to that of BzTD･ SHTD (26･6 g, 0･10 mol)

was reactedwithmethyl iodide (14･2 g, 0･10 mol) in the presence of an equimolar

amount of triethylamine (0･10 mol) in ethanol (200 mL) fo; 3 h at lO oC.

Recrystallizatidnfrom ethanol gave colorless crystal･ The yield was 17･4 g (62 %)｡

Melting po血t was 48.7 oC.

Elemental analysis: Calcd･ for 2-(4'-vinylbenzyl)thio-5-methylthio-1,3,4･thi.diaz.1e

(CITD), C, 51･35; H, 4･28; N, 9･99･ Obsd. C, 51.16; H, 4.22; N, 9.97.

1H NMR (200 MHz in CDC13, 8, ppm) ･･L2･73(s, CH3, 3H); 4･46(s, CH2, 2H); 5･24 (d, Ha,

J = 11地, 1Ⅰり; 5･72 (d, Hb, J - 17Hz, 1Ⅰり; 6･67(dd, Hx, J = 11, 17Hz, 1Ⅰり; 7･34 (s,

p血enyl, 4H)

Hd鈷一舟

CITI)
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Solution polymerization of CITD was carried out by exactly the same way as that in

the polymerization of BzTD for use in DSC measurements･ A鮎r pmification the

formation of poly(CITD) was confirmed by NMR analysis. From GPC measurement,

Mw ofpoly(CITD) was found to be 6.1 × 104.

Preparation of 2･(4'一Vi皿ylbenzyl)thio･5･(2'･hydroxyethyl)thio･1,3,4-thiadiazole

( ⅡOTD) and its polyme血ation

HOTD was prepared to investigate hydrogen bonding interactions of 51Substituent.

SHTD (26･6 g,.0･10 mol) was reacted with 2-bromoethanol (12.5 g, 0.10 mol) in the

presence ofanequimolaramount of triethylamine (0･10 mol) in ethanol (200 mL) for 5

h at 70 oC･ Recrystallization血om benzene/ethanol (2/1) gave colorless crystal. The

yield was 14･O g ( 45 % ). Melting point was 57.O oC.

Elemental analysis : Calcd･for 2-(4 '-vinylbenzyl)thio-5-(2'-hydoroxyethyl)thio- 1 ,3,4一

也iadiazole (HOTD), C, 50.25; H, 4.51; N, 9.02. Obsd. C, 50.11; H, 4.54; N, 8.91.

1H NMR (200 MHz in CDCl3, 8, ppm)･･ 3･54 (t, CH2(り, 2q; 4.40 (t, CH2(g), 2H);

4･48(s, CH2(e), 2H); 5･25 (d, Ha, J = 11 Hz,叩); 5.74 (d, Hb, J = 17 Hz,岬); 6.68 (dd,

Hx, J = 11, 17 Hz, 1H); 7･35 (s, phenyl, 4印

fg

ｨs廿s,cH2CH20 H
N-N

ⅠIOTD

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,

Mw ofpoly(HOTD) was found to be 2.O x lO5.

Preparation of 2･(4I-vinylbenzyI)thio･5･(2,･carboxyethyl)thio･1,3,41thiadiazole

( Ⅱ00CTD)and its polymerizatioA

HOOCTD was prepared to investigate hydrogen bonding interactions of 5-substituent.

sHTD (2616 g, 0･10 mol) was reactedwith 3-bromopropionic acid (15･3 g, 0･10 mol) in

the presence of triethylamine (0･22 mol) in ethanol (200 mL) for 5 h at 70 oC. The

reaction mixture was acidibd by concentrated hydrochloric acid and the precipitati

was filtered and washedwith water･ Recrystallization血om chloroform/ethanol gave

colorless cTyStal･ The yield was 24･O g (71 %). Melting point was lO8.4 oC｡

Elemental analysis : Calcd･ for 2-(4 '-v*ylbenzyl)thio-5-(2 '-carboxyethyl)也io- 1,3,4-

thiodiazole (HOOCTD), C, 49･64; H, 4･14; N, 8.27. Obsd. C, 49.45; H, 4.22; N, 8.36.

1= NMR (200 MHz in CDC13, 8, ppm): 2194 (t, CH2(g), 2甲); 3･52 (t, CH2(f), 2甲);

4･47(s, CH2(c), 2叫; 5･24 (d, Ha, J - 11 Hz, 1q; 5･73 (d, Hb, J - 17 Hz, 1Ⅰり; 6･68 (dd,

Hx'J = 11, 17 Hz, 1fり; 7･34 (s, phenyl, 4fり.

e fg

CIち

叶s廿s'cH2CH2CO OH
N-N

Ⅱ00CTD

Solution polymerization of HOOCTD was camied out by exactly the same way as

that in the polymerization of Bm) for use, as a polymer matrix･ After purification the

formation of poly(HOOCTD) was confirmed by NMR analysis. From GPC
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measurement, Mw of poly(HOOCⅧ) was found to be 616 x lO4･

preparation of l,3･bis[5･(4'･vinylbenzyl)thio･1,3,4･thiadiazole)･2･thio]propane

( C3TD2)

c3TD2 is a bifunctional thiadiazole-substituted styrene derivative and should be

useful to obtain crosslinked polymers. SHTD (26･6 g, 0･10 mol) was reactedwith

l,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 oC･ Recrysta11ization from benzene /ethanol gave

colorless crystal. The yield was 49 g (86 %)･ Melting point was 76 oC･

Elemental analysis : Calcd.for l ,3-(bis(5 -(4-vinylbenzyl)thio- 1 ,3,4-thiadiazole)-2-thio)-

propane (c3TD2), C, 53.07; H, 4.59; N, 9･53･ Obsd･ C, 53･10; H, 4･29; N, 9･97･

1H NMR (200 MHz in CDC13, 8, ppm): 2･25 - 2･38 (m, CH2(g), 2H); 3･42 (t, CH2(f),

4H); 4.49(s, CH2(e), 4H); 5.25 (d, Ha, J = 11 Hz, 2印; 5･73 (d, Hb, J = 17 Hz, 2Ⅰ恥6･69

(dd, Ⅰも, J = 11, 17 Hz, 2H); 7.36 (s, phenyl, 8H)･

ｲs廿
N-N

fgf

/CH2CH2CH2＼
S S

C3TD2

ｲsTTrs7
N-N

Hd H占

Preparation of 2,2･bis [4･(4'-vinylbenzyloxy)phenyI】 propane (BW)

BVP is bifunctionalstyrene derivativeanalogous to C3TD2 without thiadiazole group

and usefu1 to assess the contribution of thiadiazole group in the solid-state

photopolymerization･ 2,2-Bis(4-hydroxyphenyl)propane (50 g, 0･22 mol) was reacted
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with4-chloromethyl styrene (70 g, 0･46 mol) in the presence of triethylamine (48 g,

0･47 mol) in ethano1 (400 pIL) for 5 h at 65 oC. Recrystallization from benzene /ethan.1

gave colorless crystal･ The yield was 70 g (69 %). Melting point was l15 oC.

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.

1H N弧(200 MHz in CDC13, 8, ppm): 1･63(s, CIも, 6Ⅰ牡5･00(s, CH2, 4H); 5.24 (d, Ha,

J = 11 Hz, 2甲); 5･74 (d, Hb, J - 17 Hz, 2H); 6･72 (dd, Hx, J = 11, 17 Hz, 2H); 6.84-6.90

(m, Hd, 4It); 7･10-7･16 (m, He, 4Ⅰ牡7･34-7.44 (m, Hc, 8Ⅰり.

BVP

Preparation of 2･4,6･tris (41 ･viAylbenzylthio) ･1,3,5･triazine (TVTZ)

mZ is trifunctionaltriazhe-substituted styrene derivative and usefu1 to compare

the contribution of thiadiazole groupwith triazine group in the solid-state

photopolymerization･ 2,4,6-Ttimercapto-1,3,5-triazine (50 g, 0.28 mol) was reactedwith

4-chloromethyl styrene (130 g･ 0･85 mol) in the presence of potassium hydroxide (48 g,

0･85 mol) in methano1 (900 mL) for 5 h at 50 oC. Recrystallizationfrom benzene

/ethanol gave colorless crystal･ The yield was 130 g (88 %). Melting point was 130 oC.

Elemental analysis: Calcd･for 2,4,6-tris(4'-vhylbenzylthio)-1,3,5-triazine (TVTZ),

C, 68･47; H, 5･14; N, 8･00･ Obsd･ C, 68･58; H, 6.97; N, 8.05.
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1H NMR (200 MHz in CDC13, 8, ppm): 4.31(s, CH2, 6H); 5.23 (d, Ha, J - 11 Hz, 3H);

5･72 (d, Hb, J = 17 Hz, 3H); 6.68 (dd, Hx, J = 11, 17 Hz, ,3Ⅰ恥7.2717.36 (m, phenyl,

12甲).

Hi

TVTZ

Photopolymerization

Photopolymerization of the styrene derivatives was carried out in the matrix of solid

polymerandfollowed up to highmonomer conversion by Fomier transfom real-time

infrared (RT-R) 8･ 15-18 specI,oscopy, which was conducted on a Bio-,ad FTS_40

(Bio-rad hboratories, hc･, Hercules, CA) with an operating/analysis software, Win-R.

Polystyreneand poly(BzTD) were the most frequently used matriⅩ polymers. The

polymer (0･2 g) was dissolved in l,4-dioxane (2 g)and monomer (0.1 g) and PMS

(0･004 g) were added at room temperature.Anexactamount (o.110 g) of the solution

was eluted on KRS (ERS-5;.TIBr (thallium bromide) (42 %) / nI (thallium iodide)

(58 %)) disk (diameter = 3 cm) and dried.刊1e Calculated thickness of cast film on KRS

disk was 24 pm･ KRS disk coatedwiththe blend filmwas placed in the sample chamber

of Fr-R spectrometerand R spectra were recorded in the transmittance mode.
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Monochromatic 365 nm light was irradiated on KRS disk throughan interference filter

attached to the end of optical fiber･ The ught source used was high-pressure Hg lamp

(Spot-Cure, Ushio hc･, Tokyo, Japan) and the light intensity at the su,face.f KRS disk

was measured by Radiometer IL1700 (hternationalLight Lnc･, Newburyport, MA) to

be l･61 mW･cm-2 ( - 5･0 × 10-9 einstein･cm-2 ･s-1 ). Jul measurements were ca,ried oul af

room temperature under argon atmosphere and RT-m spectra were collected at the rate

of l survey Spectrum per l･65 second with a resolution of l cm-1 over the spectra range

of 450 cm-1 to 4000 cm-1･ The hfrared absofPtion band at 990 cm-1 (vihyl, 8CH,

bendhg, out-qf-plane) was momitored.

Monomer conversion was calculated according to the followlng equation:
●

COnVerS10n =
A(990) o - A(990)t

A(990)o

in which A(990)o and A(990)t denote the peak absorbance at 990 cm-1 befo,e

uv-irradiation and attime t (s), respectively･ The rate of polymerization, Rp, was

calculated &om the followlng equation;

Rp (moll-1s-1) = - = [M]o
些型_ mI- d(conve7Tion)
dt L JU dt

Since measured peak intensity at 990 cm-1 were somewhat scatteredwith time, the

calculated value of Rp from the slopeof time-conversion curve at an arbitrary time

interval scattered sigmiBcantly･ 10th-order polynominal approximation was applied to all

time-conversion curves and the polynominal curve fit was differentiated to obtain Rp at

anarbitrary polymerization time.

DSC analysis

DSCanalysis was carried out by using DSC 6200 (Seiko hstruments hc., Chiba,

Japan)with heating and cooling rate of 5 oCmin-1 for the monomerand lO oC min-1 f.r
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the polymerand the blends.

2･3. REStJIITS ANDDISCtJSSION

2･3-1･ In伽ence of the photoinitiator

TLe choice of the photoinitiator is essential to ichieve highpolymerization rateand

fhal conversion･ For typical photohitiators usable in photopolymerization studies, the

followlngfour types of photohitiators were tested to find the most effective
=】

photoinitiator to induce fast polymerization of CITD (2-(4 '-vinylbenzyl)thio-5-

methylthio-1,3,4-thiadiazole) in polystyrene matrixunder the irradiation of

monochromatic UV light at 365 nm; 2-(4 '-methoxystyryl)-4,6-bis(trichloromethyl)-

1,3,5-triazine伊MS), 2-(4'-methoxynaphthyl)-4,6-bis-(trichloromethyl)-1,3,5-triazine

(TRB), 2,4,6-trimethylbenzoyldiphenylphosphine oxide (TPO)1930and 9-phenylacridine

(FA)21. h Figure 2-1, time-conversion curves for the polymerization of CITD imitiated

by these photointiators are shown. Two bis(trichloromethyl)-triazine derivatives showed

highest initiator activities and PMS was found to bethe most effective photoimitiator of

them･ TPO, commonlyknownas one of the most effective photoimitiators for acrylic

monomers, appears to be less effective than PMSunder the irradiation of UV light at

365 nm･ Itmight be due to sma11er absorption coefBcient of TPO at this wavelength as

comparedwiththose of PMS and TRB･ PA caused long induction periodand slow

polymerization and was not suitable for the present investigations･ PMS was found to

have another distinctive advantage for determ1nmg the concentration of PMS in the
● ●

polymerlZmg SyStem by RT-IR as will be discussed血detail in Chapter 3･
● ●

Photodecomposition rate of PMS canbe quantitatively determined by mohitoringthe

intensity of its characteristic absorption at l171 cm-1, which was

●

asslgned to a coupled asymmetric stretchingvibration of two CCl3 grOuPS attaChed to
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0

0 50 100 150 200 250 300 350

time (s)

Figure 2･1･ Comparison of the photohitiators to induce the photopolymerization of

CITD in polystyrene matrix under 365-nm UV-irradiation.

Photoinitiator/CITD/polystyrene = 0'･001 6/0･ 12/0･20 (wt/wt^vt).Light intensity = 1.6

mw･cm-2･ photopolymerization was carried out at ･room temperature under argon

atmosphere.
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1,3,5-triazinering based on molecular orbital calculations (force calculation by

WhMOFAC v.2.0, Fujitsu Ltd.). This fhding enabled us to study the polymerization

behavior from either polymerization rate or decomposition of photoinitiator. Details on

kinetic investigations based on such analysis will be discussed in Chapter 3.

Consequently, we selected PMS as the most suitable photoimitiator for all of our

investigations.

2･3-2. Photopolymerization reactivities of variotIS tyPeS Of styrenyl monomers in

仙e polymer mat血

ne polymerization reactivities of five types of styrenyl monomers (BzTD, CITD,

C3TD2, BVP and mZ) in polystyreneand poly(BzTD) matrices were hvestigated.

Asis seen in Figure 2-2, C3TD2 showed the highest polymerization reactivityand the

fhal conversion reached up to 80 %, whereas BVPand BzTD showed very slow

polymerization･ The polymerization rate reached the maximum value at the imitial stage

of polymerization, and those for C3TD2 and CITD were about O.01 mol･L-1･s-1. It is

rather surpnslng tO nOte thatthe polymerization rate of C3TD2 and CITD well exceeds
● ●

that of trimethylolpropane triacrylate (TWTA), since we expected that the intrinsic

polymerization reactivity of these thiadiazole-substituted monomers should not be so

much different &om other styrene derivatives: i･e･? electron densityand polarity at vinyl

group of these styrenyl monomers are not infhenced significantly by the nature of the

substituentswith are connected via methylene group at the 4-position of these styrenyl

groups･ h solution polymerization, conventional acrylate monomers usually polymerize

mudl faster than styrene and other styrene derivatives. However, under the same

experimentalconditions, TMPTA polymerization was slow and the fhal conversion was

low･ BzTD was found to be incompatiblewithpolystyrene matrix･Al1 monomers except
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TMPTA are high1y crysta11ine 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

monomersand PMS seemed macroscopically to be homogeneously distributed in

polystyrene matrix･ Since BVP, which camies no thiadiazole group) was of low

reactivity? a contribution ofthiadiazole group in the fast polymerization is implied･ We

considered thatthese difEerences in polymerization reactivity must originate from the

conformational characteristicsand the state ofmicroscopic distribution of these

thiadiazole-substituted styrenyl monomers in polymer matrix･

Itmight be consideredthat aggregation of monomers caused by possible

intermolecular interactions between monomers bearlng thiadiazole group induce
●

collocation of styrenyl groups in favor of polymerization･ mZ, which carries triazine

group, showed similar polymerization reactivity to TMPTA but far less reactive than

C3TD2 and CITD･ Higher polymerization rates of C3TD2 and CITD as compared

with those of mZ, TMPTAand BVPmight be due to some aggregate states in

polymer matrixand molecular arrangements in such aggregations･ Transmission

electron microscopy on a thin film of polystyrene containing CITD revealed the

PreSenCe Of such aggregations of CITD molecules as shownin Figure 2-3･ From such

observation, CITD must be distributed as clusters whose sizes are in the order of a few

tens of nanometer in polystyrene matrix･ Wide-angle x-ray dif&action pattems on the

same polystyrene/CITD blend gave only diffused weak difEraction patternsand no

indication of crysta11ine state in such aggregates was observed. TLerefore, CITD

molecules are existed in amorphous state inside the clusters.

Molecular orbital calculation based on the PM3 method22 1ed to a polarizability as
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刑gtm 2･3･ Clusters of CITD molecules in polystyrene matri-bserved by

･ transnission clectronmicroscopc (nagni丘cation - ca. 2×105). A bar血side

this Bgure indicates 50 nm･ Sample was preparedfrom l% solution of

polystyrcne and CITD (2/1 wt/wl) dissolved in l,41diox弧e, W血ich was eluted

on a Cu･mesh andair-dricd･ Tbin血m on Cu-mesh was imcrsed in 5%

AgNO3 aqueOuS SOlutionfor a few s6conds and inmediately washed with

ion･exchanged water aJld dried･ Ag ion is deposited selectively on thiadiazole

group of CITD moleculc.
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1arge as 172 a･u･ and a relatively sma11 value of dipole mo甲ent aS O･99 debye for CITD･

btermolecular interactions between CITD molecules, which must be responsible for

aggregation, should be arisen prlnCipal1y from hndon dispersion force and
●

dipole-dipole interaction should play ln a minor part･ Molecular shape of CITD in its
●

most stable conformation is shownin Figure 2-4(a)･ Rotation around methylenethio

group IS COnSidered to occur rather fbely even in solid state at room temperature from

the molecular orbital calculations22･ It is interesting to note that the characteristic

molecular conformation in its energetically most stable state (C-1 and C-3) is a legless

chair-like shapeand molecular packing lik? stackable legless chairs seems to occur

quite easily･ A possible locally aligned structure of these monomers induced by

intermolecular interactions is also schematically illustrated in Fig. 2-4(b).

Quite recently Jansen23･ 24 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･24 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･ h our case,Lendon dispersionforce instead of

dipole-dipole interactions must play an i叫ortant role tb exhibit highpolymerization

reactivities for thiadiazole-substituted styrenyl monomers.

ne simi1ar experiments were carried out in poly(BzTD) matriⅩ andtheleSults are

summarized in Figure 2-5･ hthis case the polymerization rate was remarkably

increased especially for TMPTA? BzTD and CITD as comparedwith those observed in

polystyrene matrix･Asshown in Fig･ 2-5(b) the initial polymerization rate of CITD was

O･036 mol･L-1･s-1, which is 3-fold higherthan that observed in polystyrene matrix.Asfo,

C3TD2, the polymerization rate was not signiflcantly affected by the polymer matrix.
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(a)

0)

Figttre 24･ Zh喝yminimized confornations (C-1 and C-3) of CITD (a) and a

possible local1yalignid structure of CITD nolecules (b).
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TLe slow polymerization rate and the final conversion of TVTZ were as low as in

polystyrene matrix.

photopolymerization of TMPTA in poly(BzTD) matrix proceeded more quickly and

reached higher conversionthanthat in polystyrene matrix. we can consider lwo

explanations for the different effects of polymer matrix･ one is that relatively low Tg of

POly(BzTD) (see below and Table 2-1) should enhance di軌sion-controlled

photopolymerization of TMPTA･ The other explanation is that.poly(BzTT)) acts･ as a

powerfu1 chain transfbr agent for the presence of two methylenethio groups in a

monomer unit･ The radicalspecies formed on the matrix polymer as a result of dlain

transfer reaction could mlgrate along the matrix to eventual1y encounter residual

●

monomers to increase monomer conversion･ The presence of heteroatom in the

monomer structure had been found to increase the polymerization rate in bulk state.25

Both of these two factors, effect of lower Tg and chain transfer to the labne hydrogen

atoms, are considered to be the cause for enhanced polymerization rate･ Nearly no

polymerization reactivity of BⅦ in poly(BzTD) matrix should be ascribed lo

incompatibility of BVPwith poly(BzTD) matrix.

h Figure 2-6,the effects of polymer matrices on the photopolymerization of TMPTA

and CITD are compared･ It is seen that the photopolymerization of CITD is more

strongly dependent on the nature of polymer matricesthan that of TMPTA. h

POly(MMA) matrix, CITD exhibited very poor reactivity and the monomer

consumption virtually went offat about 20 % conversion･ Polymerization behavior of

CITD in poly(MMA) is simi1ar to that of TMPT:A in the same matrix. CITD

polymerized much faster in other polymer matrices･ h polystyrene matrix, the

occurrence of loca11y aligned structures of CITD in its aggregate phase as shownin Fig･
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2-4(b) was considered. In poly(MMA) matrix, the localalignment of CITD might be

disturbed by the increased solubility in poly(MMA), causing a random distribution of

CITDand resulting in the reduced polymerization rate as observed in Fig. 2-6(b). It is

assumed that in poly(BzTD) matrix, CITD monomer could interact with pendant BzTD

substituents to rearrange monomer orientation in favor of polymerization･ A

possible local rearrangement of CITD molecules in the interstices of BzTD

substituents is illustrated in Figure 2-7･ h this case, CITD molecules are considered to

be allowed to rotate around its gravitational center and in one of their possible

rearrangements)they could be aligned parallel in the same direction and their styrenyl

groups face to each other in favor of polymerization as schematicallyillustrated in

Figure 2-7(a).

Differential scaming calorimetry (DSC) measurements were carried out on polymer

filmcontaining monomer to determineglass transition.temperature of the

photopolymerization system･ In Table 2-1, Tgs of typical samples are summarized･ In

the polymerization of BzTD in poly(BzTD) matrix, Tg of the photopolymerization

system before irradiation is well below the room temperature and the polymerization

proceeded in arubbery state･ Although, at the final conversion, Tg of the polymerization

system increased to ca･ 30 oC, the maJOr Part Of the polymerization proceeded in a
●

rubbery state･ However, in the polymerization of CITD in poly(BzTD) matrix or in

polystyrene matrix, Tg of the photopolymerization system before irradiation was nearly

the room temperature (20 - 25 oC)･Asthe polymerization progressed, Tg of the

polymerization system raised beyond the room temperature･ Therefore, in this case, the

photopolymerization must have proceeded in aglassy state. ne faster polymerization

of CITD in aglassy state than that of BzTD in arubbery state inthe same poly(BzTD)
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(a)
(b)

FigtIJn 2･7･ A schematic山ustration showing a possible localrea-ngcment of

CITD molecules h the interstices of BzTD substituents.
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TTable 2･1･ Glass transition temperatures of polymer and monomer/polymer blend.

poIymer monomer POlyme,rig.onomer Tg (｡C)

poly (丑zTD) none

poly (CITD) none

poly (BzTD) BｴTD

poly (丑zTD) BzTD

pdy伊zTI)) C ITD

poJystyrene C2TD

polystyrene C3TD

▲■

■■

0.20/0.05

0.20/0. 1 0

0.20/0.10

0.20/0.05

0.20/0.10

matrix could be explained by considering better orientation of CITD in aglassy state

than BzTD in arubbery state･ It has been reported in conventionalphotopolymerization

of acrylate monomers that Ts seems to have dominant importance in determlnlng the
● ●

polymerization rate･26 During the photopolymerization of hitiany liquid monomer

systems, consumption of monomer and build-up of polymer networks somet血es result

in notablc slowdownof polymerization) which has sometimes been attributed to

increaslng Tg of the system･Lecamp et al･27 have reported that the fhal conversion of
●

polymerization of dimethaaylate oligomers was directly relatedwith Tg and that in a

glassy state polymerization did not occur. Molaire26 had shownthat in the

Photopolymerization system consisting of polymer matrix, trifunctional acrylate

monomer and photoinitiator,the polymerization rate was strongly inhenced by the

reaction temperature･ With decreaslng POlymerization temperature, polymerization
●

slowed down and fhally at Tg polymerization did not take place･ He reported that the

excessfree volume is essential to initiate the photopolymerization and a highrate of
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polymerization is expectedfor increaslng COnformational &eedom of initiating species.
■

h the present case, cITD and BzTD, for instance? have two methylenethio groups and

the rotation around the carbon - sulfur bond make various conforhations of styrenyl

groTP POSSible･ Various types of conformational changesmight be possible at

temperatures below Tg and the polymerizationmight proceed in the remaining &ee

volune via conformation-controlled reaction･ This interpretation is to be confhed in

thefuture.

2･3-3･ Polymerization reactivities of styrenyl monomers capable of hydrogen

bonding wi仙polymer mat血

ne puq)ose of the present investigation is to explore solid-state photopolymerization

systemwith favorable interactions between monomer and polymer matrix. We

considered hydrogen-bonding interactions and prepared hydroxyl substituted monomer,

HOTD, and carboxyl-substituted monomer, HOOCTD.When HOTD or HOOCTD was

dissolved in poly(HOOCTD) matrix, hydrogen bonding between monomer and polymer

side chainand afu11 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 HOOCTD 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 O.008 mol･L-1･s-1.When these monomers

were polymerized in poly(HOTD) matrix, (Fig･ 2-8(b)), HOTD and HOOCTD kept

highreactivity, whereas BzTD showed surprisingly highpolymerization rate. Since
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BzTD is compatiblewith poly(HOTD) matrix, hydrogen bonding between monomer

and polymer matrix should have enhanced the monomer reactivity. The effect of

hydrogen bonding on polymerization behavior has been investigated in bulk

polymerization of (meth)acrylate monomers and simi1ar e血ncement of reactivity was

reported ･ 23･30

These three monomers were photopolymerized also in poly(BzTD) matrix (鞄

2-8(c))･ Poor polymerization reactivity observed for HOOCTD is attributed to the lack

of compatibilitywith the polymer matrix･ It is feasible to say that the nature and

possibly the size of substituents in monomer and matrix polymer play a very lmPOrtant
●

role in this type of polymerization.

2･3･4･ Effect of atmosphere on the photopolymerization of BzTD

Oxygen isknown to inhibit radical polymerization, since it scavenges the imitiator

radicals effectively･ The present photopolymerization systems are comprised solely of

solid components and difhsion of atmospheric oxygen in the dry films should be

considerably slower than in liquid acrylic monomers such as TMPTA.2829

photopolymerization was carried out in the presence and in the absence of atmospheric

oxygen and the polymerization profiles were compared as shownin Figure 2-9. The

PreSenCe Of atmospheric oxygen reducedthe fhal conversion･ However, the difference

between the fhal conversions was as low as 5%･ On the other hand? the polymerization

rate was more profoundly affected bythe presence of oxygen and the initial

polymerization rate is suppressed to ca･ 70% ofthat in argon atmosphere･ In argon

atmosphere the polymerization rate decreased linearlywith conversion, whereas in the

PreSenCe Of atmospheric oxygen the polymerization deyiated signiBcantly from a linear
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decrease with conversion･ Evacuation of polymerization system wasfound to be

necessary to obtain reproducible results in kineticanalysis of polymerization.

2･4. CONCLtJSION

A series of styrenyl monomers bearlng heterocyclic group? 1?3,4-thiadiazole nng)
● 1 J lr.■ ′ヽ ■.J f 14 1 ●

connected to styrenyl group throughmethylenethio group have been designedand

synthesized･ They showed highphotopolymerization reactivity in polymer matrix. Even

at temperatures below Tg, polymerization proceeded to highconversions. Molecular

assembly caused by intermolecular interactions between thiadiazole groups in monomer

moleculesand highdegree of rotational &eedom arisingfromflexible methylenethio

linkage are considered to explain highreactivity of these styrenyl monomers. Effects of

matrix polymers on the polymerization behaviors were also remarkable･ Polymers

prepared from the present styrenyl monomers were found to be effective polymer

matrices to increase the polymerization rateand the fhal conversion. The effect of

atmospheric oxygen was also investigated and found to be negligible for the final

conversion. Tbe molecular orbital calculations based on the PM3 method revealed a

relatively large value of polarizability (172 a･u･) for a typical styrenyl monomer, whi?h

could cause considerable molecular interaction thIOughLendon dispersion force. Tbe

shape of the molecule is also umique and resembles a stackable legless chair. Molecular

packing in aggregate phase, which was confirmed to exist in polystyrene matrixfrom

the observation of transmission ¢1ectronmicroscopy'could rearrange the styrenyl

groups facing to each other in favor of effective photopolymerization in the solid state.

The present solid-state photopolymerization system should bemsefulforwide range of

applications by improvenent 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. INTRODtJCTION

Photoinitiator is a key compound to determine the effectiveness of light-induced

polymerization. Most of existing photoinitiators work in UV reglOn and few areknown
●

to be sensitive to visible light.1 Recent demands for visible-1ight sensitive

photoinitiating system stem &om evolving laser-imaglng SyStemS Which utilizes
●

moderate-power lasers including laser diodes to image photosensitive polymerizable

media.2-5 For such applications, ,highsensitivity and spatial resolution are indispensable

to keep up with the demand for ever increasing recording densityand throughput.

Among few ofvisible-1ight sensitive photohitiating systems, trichloromethyl triazine

derivatives have been paid much interest.廿ichloronlethyl-substituted l,3,5-triazines

were found inthe late 1960,s6and are currently used inmicroelectronics･ This typeof

photoimitiator can be used either as photo-radical imitiator7 or as photo-acid generator

(lAG).8-12 upon uv-irradiation, trichloromethyl group comected ~to a triazinering

undergoes homolytic cleavage13 of carbon-chlorine bondand the chlorine atom

produced abstracts hydrogen atom血om a donor? resulting in the formation of hydrogen

chloride which acts as the acid catalyst in chemically amplified imaglng SyStem･12, 14 on
二｣

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 anun1que Photoimitiator working either as photo-radical initiator

●

or as PAG･ Furthermore, a highsensitivity of triazine derivatives tovisible light by

hcorporating an appropriate dye and an amine has been repor(ed･15･ 16 These unlque
●

advantages of triazine derivatives motivated our research interests tq hvestigate

photodecomposition behaviors of the triazines in solid state･ Pohlers et al･13 investigated

the photodecomposition process of trichloromethyl triazine derivralives in solution.

However, the photodecomposition process h sohd state has not been investigated in

details･ h most of industrial applications of photopolymerization? usual photocurable

formulation consists of a photoinitiator? a multi-functionaloligomer and monomer. h

the photopolymerization system, diffusion of reacting species do血inates the

polymerization kinetics･ A number of investigations have dealtwith

photopolymerization kinetics in bulk phase and very lmPOrtant reSults have been

obtained･17-24 However･ httle isknownabout the initiation step of photopolymerization

in bulk･Althoughthe rate of initiation is directly related to the decomposition rate of

photoinitiator and it determines the whole polymerization processes, onlyfew are

reported on actual photodecomposition processes of photoinitiator in bu比

photopolymerization system･ Decker etal･ investigated the photodecomposition

behaviors of typical photo-radical initiator, Lucirip TPO (ffom BASF)and of some FAq

triarylsulfonium salts, by monitoring the decrease of the UV absorbance of these

photoinitiators･25･ 26 ney found that these photoimitiators disappears according to a

simple exponential1aw･ However, such measurements on uv･spectroscopymight affect

the photodecomposition of UV-sensitive photoinitiators and whole measurements

should be catried out separatelyfrom the determhatio平Of polymerization rate･ h order

to investigate the relationship between polymerization rate and photodecomposition rate

of photoinitiator, these should be determined at the same time h the polymerization

54



system. 0ther methods to measure photoinitiator decomposition have been explored

such as laser fLash photolysis and emission spectroscopy13? time-resolved electron spln
●

resonance27 and time-resolved electron p?ramagnetic resonance28･ However, these

methods are useless to interpret the polymerization rate in tems of the initiator

decomposition. We focused our attention in direct observation of photodecomposition of

trichloromethyl-substituted triazine in photopolymerization system by monitoring

simultaneously the change of monomerand photoinitiator concentratioh on real-time

Fr-IR (RT-m) spectroscopy.17-20Asfor monomer, we selected a newly developed

styrenyl monomer which bears l,3,4-thiadiazole group as a substituent. Since this

unique monomer exhibited very highpolymerization reactivity, kinetic investigation of

this polymerization is of great hterest.

3･2. EXPERIMENTAL

Materials

2-(4 '-Methoxystyryl)14, 6-bis(trichloromethyl)- 1,3,5-triazine (PMS) was purchased

from Panchim (Cedex, France)and usedwithoutfurther pmification. Polystyrene (Mw =

3 × 105) was obtaふedfrom Wako Chemicals hd. ud., (Osaka, Japan)and purified by

precipitation血om l,4-dioxane solutionwith methanol. 1,4-Dioxane (W放o Chemicals

hd. Ltd. ) was usedwithoutfurther purification.

Preparation of monomer and its polymerizatioA

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

polymer, poly(BzTD), were described inthe previous chapter.
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SEC/MALLSmI/viscometry analysis29 of poly伊zTD)

Molecular weight distribution (MWD) of poly(BzTD) obtained was detemined by

using SEC (size exclusion chromatography) system､ 'equippedwithMALu (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 (RT) and

a differentialviscometer (ⅥSCOTEK mode1 300TDAwith TriSEC data acquisition

system operated by TtiSEC 3･O GPC software, Ⅵscotek Corp., Richmond, CA).

Separation columns were TSKgel G6000HHR + G3000HHR (Tosoh Corp., Tokyo,

Japan)and SEC measurements were carried outwithTTU as eluent at a加w rate.f l.O

mumin･ The obtained MWD parameters are Mn = 40,800, Mw = 159,900, Mz = 392,200.

Mark-Houwink-Sakurada parameters: a = o･441, logK = -3.213.

DSC analysis of polyP2;TD), BzTD monomer and their blends

DSC analysis was carried out by using DSC 6200 (Seiko hstrunents hc., Chiba,

Japan)with heating and cooling rate of 5 oCmin-1 for the monomer and lO oCmin-1 f.r

the polymer and the blends･ BzTD monomer showed an endothermic peak at lO3 oC

(melting point) in the first heating run･ Poly(BzTD) had Tg at 30 oC andthe BzTD /

poly(BzTD) blend at -1･8 oC (BzTD) / poly(BzTD) - 0･05/0.20 and -2.5 oC (0.10/0.20

wt/wt)･ The BzTD / poly(BzTD) blends arerubbery at room temperature (20 - 25 oC),

althoughthe su血ce of solution-cast film appears smoothwithout tackiness or

stickiness.

General procedures for Fr･IR meastlrementS

Fourier transform real-time infrared (RT-IR) 17 - 20 speclroscopy were conducled on a

Bio-rad FTS･40 (Bio-rad hboratories, hc･, Hercules, CA)with an operating/analysis
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SOftware，Ⅶn－IR．Polystyreneorpoly（BzTD）P・2g）wasdissoIvedinl，4－dioxanePg）

andtothissolutionPMS（0．004gorvaried）and血onomerOlOneOrO・0756蛮）were

addedatroomtemperature．Anexactam0unt（0・110岳）ofthesolutionwaselutedand

driedonKRS（ERS－5；TIBr＠2％）／TlI¢8％））disk．TLethicknessofcastBlm（15－

24匹n）onKRSdiskchangedaccordingtotheproportionofPMSandmonomeLA

SOlutioncontainingpolymer；PMSandmonomer（BzTD）werealsoelutedonaslide

glassandafterdryingUVabsorptionspectrumWaSreCOrdedonUVVISspectfOmeter

modelUV2200（S血imadzuCorp．，Kyoto，Japan）．AERSdiskcoatedwiththesamPle

WaSPlacedihthesamplechamberofFTIIRspectrometerandIRspectrawererecorded

inthetranSmittancemode．Monochromatic365nmlightwasirradiatedonKRSdisk

throdghaninterfbrence丘1terattachedtotheendofoptical銭beLThelightsourceused

WaShigh－PreSSureHglamp（Spot－Cure，Ushiohc．，Tbkyo，Japan）andthelightintensity

atthesu血ceofERSdiskwasmeasuredbyRadiometerIL1700，（hternationalLight

Inc．，Newburyport，MA．）．¶lelightintensitymeasuredonthesu血ceofERSdiskin

thesamPlechamberwasl・61mW・Cm－2＝5・0×10－9einstein・Cml・S－1・Allmeasurements

WereCarriedoutatroomtemperatureunderargonatmosphereandRTJRspectrawere

collectedattherateoflsurveySPeCtrumPerl・65secondwitharesolutionoflcm－1

0VerthewavemmberrangeOf450cm－1to4000cm－1．

3・3．RESUIJrS AND DISCUSSION

3・3・1・DeterminationofphotodecompositionrateofPMSinpolystyrenematrixby

R≠IR

Infraredabsorption鱒peCtrumOfPMSrshowsanintenseandcharaCteristicabsorption

bandatl171cm－1whichisasslgnedtoacoupledasymmetricalstretd血gvibrationof

twoCCl3grOuPSCOnneCtedtol，3，5－tria2：inermg．Ifoneofthechlo再neatomsinCC13
●
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groups is substituted by other atom or group, then symmetry of the substituent is lost

and absorption band at l171 cm-1 disappears or shifts to lower wavenumberfrom

simulation based on molecular orbital calculations (force calculation by WhMOPAC

v･2･0, Fujitsu Ltd･)･ Shce this absoq)tion band is quite intense and is not affected by

absorptions due to polymer matrix and monomer? it was possible to determine

quantitatively the concentration of PMS in the polymerization system under UV

irradiation･ Fr-IR absorbance at l171 cm-1 on the polystyrene丘血containing various

concentrations of PMS obeyed the Lambert-Beer 's law.

Photolysis of similar bis(trichloromethyl) triazhe derivatives in solution was

conducted by Buhr et al･9 using HP=･CMS spectroscopy, they detemined the structures

of ma)or photodecomposition products of PMS in polymer matrix and proposed
●

possible reaction pathway as i･11ustrated in Scheme 3-1･ Upon UV irradiation, PMS

yields various kinds of photodecomposition products depending on the nature of

polymer matrix･ However, substitution of chlorine atom in CC13 grOuP by hydrogen or

other group IS a COmmOn StruCtural change･ Such structuralalternation should be

●

accompanied by absorption change at l171 cm-1･ TLerefore, the absorption change at

l171 cm･1 should measure the concentration change of PMS upon UV irradiation･ h Fig･

3-1, RT-m spectral change of PMS in polystyrene matrix upon uv irradiation is shown.

In this figure, the absorbance at l171 cm-1 decreased monotonously, while the

absoq?tion at l181 --1 due to polystyrene matrix wasunchanged･ These two

absorptions were deconvohted into two symmetrical absoTPtions and the intensity at

l171 cm-1 was monitored under UV irradiation to deteminethe time-dependent

concentration change of PMS in polystyrene matrix･ Photodecomposition ratio (DR) of

PMS was calculatedfrom Eq･(1).
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DR= A(1171). -A(1171)t

A(1 171).
(1)

where A(1171)o andA(1171)t denote absorbance at l171 cm-1 at the begiming and time

t of UV i汀adiation, respectively･

Sdleme 3.1

●
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DR vs･ time curves of PMS in polystyrene matrix with various imitial PMS

concentrations are plotted in Fig･312･ As the imitial concentration of PMS decreased, DR

of PMS increased･ Since the incident light intensity was kept constant,仙e 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･ Photodecomposition of PMS in polystyrene matrix upon uv-irradiation at

365 nm as monitored by RT-R spectroscopy･
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Figure 3･2･ Decomposition ratio (DR) of PMS vs･ time cu㌣es for various ini,tial

concentrations of PMS in polystyrene matriⅩ. The inset shows curve fits to the

experimentaldata points･ Theamount 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, Rd, Of PMS was calculated丘om Eq.(2).

RdjmoIL-1s~1) -一塑- [pMS].讐dt
(2)

Quantum yield of photodecomposition (Od of PMS was calculated by Eq.(3).･

◎d-
number of photodecomposed PMS molecules

number of photons absorbed

Rd

Za (einstein L-1s ~1 )

Rd X 2(cm)

(3)

ZG (einstein cm-2 s-1) ×103

in which the light intensity absorbed by the sample, I& is expressed by thefo1lowhg

equation:

Za =Zo x(1 -exp( -2･3 d [PMS ] ) ) (4)

where h denotes the incident light intensity, l is the thickness of polystyrene filmand

c is the absoTPtion coefficient of PMS in polystyrene matrix at 365 nm･ TLe initial RdO

and OdO Values for different imitial PMS concentrations were calculatedfrom the imitial

slopes of the curve flts in DR vs･ time plots･ The results are summarized in Fig･ 3-3(a)

and (b)･ Althoughthe obtained RdO Values are in the order of 2×104 mol･L11･s-1 and dala

pohts are rather scattered, RdO SeemS tO Slightly increasewith PMS concentration. On

the other hand, OdO is apparently independent on imitial PMS concentrations. The

average ◎dO Value is about O･09 (±0･04)･ Buhr et al･ had investigated the quantum yields

of photodeclhmposition of simi1ar bis-trichloromethyltriazines in novolak resin and

reportedthe values in the range of O･29 to O･35･ Pohlers et al･13 estimated the quantum

yield of 2-(4'-methoxynaphthyl)-4, 6-bis(trichloromethyl)- 1 ,3,5-triazines in cyclohexane

solution to O･11･ They fbund thatthe polarity of the solvent affects the quantum yield
●

slgnificantly and showed that the quantum yield decreaseswith increase in solvent

polarity.
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our result (0･09) is rather close to the value (0･11) obtained by Pohlers et al.,

thoughthe difference in experimental conditions should be taken into considerafion.

Data scattering observed in Fig･ 3-3(a) and (b) is considered to have arisen fr.m lhe

di岱culty in controlling the thickness of the sample flh on a XRS disk.

Rd Of the photodecomposition for different hitialPMS concentrations (Fig･ 3-2) were

calculated血叩Eq･(2) and are plotted against the residual PMS concentration, the latte,

being calculated according to the equation: [PMS] = [pMS]ox(1-DR), where [PMS]o

denotesthe hitial PMS concentration･ The results are summarized in Fig･ 3-4. For all

initialPMS concentrations; Rd decreased linearlywith PMS concentration in the

●

Prlmary Stage Of photodecomposition process, and the slope of the linearpad of each Rd

vs･ [PMS] plot appears to be independent on the血itial PMS concent,ation. The

relationship between Rd and [PMS] in the primary stage of photodecomposition can be

expressed as follows:

Rd = k xZo(einsteinL-1 s-1)x ([pMS] - Cf) (5)

where k (L･einstein-1) denotes a decay constant and Cf rePreSentS a umiting PMS

concentfation attainablefor the linear relation between Rd and PMS concentration.

Atthe limiting PMS concentration the decomposition reaction ceases (R. - 0). h othe,

words, only a pad of PMS molecules, ([PMS] - q), participate in the

photodecomposition proces? and the remahhg PMS (Cf mOl･IJl) are left unreacted for

unknownreasons･ A linear dependence of Rd On PMS concentration as expressed in

Eq･(5) impuesthat photodecomposition is p血arny detemined by the probability of a

photoinitiator molecule to be hit by a photon and is therefore proportional to the

photoinitiator concentration･ Simi1ar results have been obtained by De･cker etal. for the

photolysis omOand a triarylsulfonium salt by monitoring UV-absorbance change of
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these photoinitiators upon uv itradiation･ It should be noted that k is approximately

equal to 2･3×細d･ When absorbance is low, &om Eq･ (3) and (4) and directly ,elated to

od, if we neglect the contribution of血active PMS, Cf, tO the absoTPtion of light and

replace the term, 【PMS], in Eq･(4)with [PMS卜tf･ It is beyond to the scope of this

PaPer tO arguethe physical meanings of Eq. (5) in detai1.

h Fig･ 3･5(a), the decay constant, k, obtain;dfrom the slope of the linear part ofRd VS.

【pMS] plot is plotted against [pMS]o･ h this flgure, values of k are around lO (L

血st血-1) and seemed to gradually increasewith PMS concentrations･ The problem to

be solved is the reason why a11 PMS molecules do not padicipate in

photodecomposition process･ h Fig･ 5(b), the effective PMS concentrations, (【PMS]o -

q), are plotted against the initial PMS concentrations. The effective PMS concenI,alion

was independent of the initialPMS concentration and unchanged around 6 xlO･3 moI

L-1:this implies that no morethan 6 ×10-3 moI L-1 of PMS molecules could decompose

in polystyrene matrix.

h polystyrene matrix, pMS molecules arefrozen in aglassy stateand thei, diffusion

is restricted･When a PMS molecule is photo-excited and dissdciates into PMS hdical

and chlorine atom, their mlgration would be hindered by the surrounding polystyrene

●

matrix and shong cage effect would enhance the recombination of these radical species.

Therefore, h the bulk phase of polystyrene matrix, dissociation of PMS radical would

be restrained by the cage effect･ onthe other hand, a part of PMS molecules should be

located at the surface of the polystyrene matrix and thesemight be h diffe,ent situalion

&omthe b此It is considered that only parts of PMS molecules happen to be in

relatively mobile surroundings and these contribute the photodecomposition and others

arevirt喝11yunable to dissociate into radicals.
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3･3･2･ Effect of light jntensity o叩hotodecomposition rate.f PMS

h polystyrene matrix, pMS was photodecomposed by the irradiation of 365皿m light

with vadous intensities and the dependence of Rd and ◎d On the light血tensity was

investigated to co曲m the relationshipgiven by Eq･(5)･ Under the experimental

conditions, about 75 % of incident light were absorbed by the sample.Asa matrix

POlymer, poly(BzTD) as well as polystyrene was used to investigatethe effect ofthe

nature of matrix polymer on photodecomposition behavior of PMS･ h poly(BzTD)

matrix, uv absoTPtion of PMS shifted to longer wavelength by lO nm (Lmax = 395 nm)

and absoTPtion coefEicient at 365 nm decreased by 75 % of that in polystyrene｡ This

indicates an occurrence of some interactions between pMS and poly(BzTD). The results

are sumqarized in Figures 3-6 and 7･ h Fig･ 3-6(a), RdO depends linearly on incident

light intensity as expected by Eq･(5) and RdO is much higher in poly(BzTD) matrix than

in polystyrene matrix･ The dependence of RdO Onthe light htensity is stronger in

poly(BzTD) matrix than in polystyrene matrix･Asshownin Fig･3-6(b), ◎dO in

polystyrene matrix decreases slightlywith hcreasing the light intensity, whereas in

poly(BzTD) matrix OdO remained virtua11y constant･ At any zo values, ◎d. in

poly(BzTD) matrix was larger than that in polystyrene matrix. TLe ab.ve_described

experhental observations should be explained as follows･ Tg of poly(Bz叩) is found to

be 30 oC as described in the previous chapterand PMS molecules in this matrix are

relatively mobile as comparedwith those in polystyrene mat血Cage effect which

suppressthe photo-dissociation of excited PMS molecules would be less eminent in

poly(BzTD) matrix than h polystyrene matrix･ h addition to such physical effect of

matrix polymer, chemical features must affect the photodecomposition of PMS. Under

an intense photo-irradiation, 1arge numbers of PMS molecules decompose at the same
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time 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 highenough

to scavenge chlorine atoms) the quantumyield of photodecomposition should not be

affected by the light intensity･ In the poly(BzTD) matrix the two thiobenzyl groups are

powerfu1 hydrogen donor to suppress radical recombination r甲Ction effectively･ Tus

could account for higher values of RdO and ◎dO in poly(BzTD) matrix than in

polystyrene matrix･ crivello etal･36 have repofted photoinducedring-opemng catio血ic

●

polymerization of epoxide monomers bearmg benzyl ether group imitiated by
●

diaryliodomium salts･ They suggested that the aryl radical produced by

photodecomposition of the onium salt abstracts labile benzyl hydrogens to yield benzyl

radicals, which are in tum oxidized by the omium salt to benzyl cation as the real

imitiator of polymerization･ The same activity of benzyl group should be applied to the

PreSent SyStem.

Extensive hydrogen abstraction hm be拡yl groups is suggestedfrom the

SECMALu/viscometry analysis29･ 31.f poly(BzTD) prepared by conventional

solution polymerization･ TLe Mark-Houwink-Sakurada parameter, which was

determined uslng a differential viscometer in the GPC condition was O.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 (Mw) was determined by SECMAuS analysis and from the slope of the double

logarithmic plot of the radius of gyration versus Mw, conformational coefficient30, 32･ 33

wasfoulld to be O･34･ This parameter reAects 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･ Tbe chain branching should have been caused by chain transfer

reaction to polymer benzy1 groups in solution polymerization of BzTD monomer. From

a practical point ofview, poly(BzTD) matrix is superior to polystyrene matrixwith

higher quantum yield and increased decomposition rate of PMS.

Ⅶues of decay constant, k, and effective concentration of photoinitiator, [PMS]o - Cf,

are plotted againstthe incident light intensity in Fig･ 3-7(a) and (b). Values of k obtained

for poly(BzTD) matrix and polystyrene matrix are n?arly independent of the light

intensity･ Smal1er values of k in poly(BzTD) matrix than h polystyrene matrix do not

agreewith higher values of OdO h poly(BzTD) matrix･ However, as shownin Fig.

3-7(b),曲ctive PMS concentration, 【PMS]o ⊥ Cf, is two fold higher in poly(BzTD)

matrix than in polystyrene matrix･ TLis fact must have led to the hightr decomposition

rateand increased overall quantum yield of photodecomposition of PMS in poly(Bm))

mat血.

3･313･ Photodecomposition behavior of PMS in the presence of BzTD monomer

and kinetic analysis of photopolymerizatio叩rOCeSSeS in the solid state

PMS and BzTD monomer were dispersed in poly(BzTD) matrix. Monomer

consumption was followed by the absorbance change at 990 cm-1 (vinyl, 8CH,

out-of-plane bending) and atthe same time photodecomposition of PMS was

simultaneously monitored by the absorbance change at l171 cm-1･ h Fig･ 3-8(a), the

time-conversion curves of monomer (BzTD) and photoimitiator (PMS)unde, i.,adiation

of 365-nm monochromatic light are plotted･While monomer conversion ,eached 90%

conver血a触r 400-seco皿d i汀adiatio皿, p血otoinitiator conversion (deco叩OSition ratio,

DR) reached only about 50%andfurther photodecomposition was suppressed.
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The polymerization rate (Rp) and photodecomposition rate (Rd) were detemined by

the differentiation of 8th-order polynominal curve flts andare plotted against each

concentration as shownin Figure 3-8(b)･ It is foundthat bothRp and Rd decrease

lineal1ywiththe corresponding concentrations duringthe ma30r Part Ofthe
●

polymerization･ hdtial photodecomposition rate, RdO'WaS detemined to be about 8× 104

mol･L11･s･1, which is about 3-fold larger than that obtained in the absence of BzTD

monomer (in Fig･ 3-6(a): RdO = 3xlO4 mol･L11･s-1)･ This fact suggests that in the

PreSenCe Of the monomer, pMSJadical attacks to the neighborhg monomer molecule

and this initiation reaction would suppress the recombination of photo-dissociated PMS

molecule, resulting ln lnCreaSed decomposition rate of PMS.
● ●

The lhear dependence of Rp on monomer concentration proves that the first-order

khetics at the steady-state condition as expressed by Eq･ (6) holds:

Rp =kp [P･】 r叫(6)

where kp designates the propagation rate constant, [p･]the concentration of propagating

radical,and [M] the monomer concentration.

The linear dependence of Rd On [PMS】血the photopolymerization process supports

the validity of Eq･ (5)･ From the slope of the linear part in Rp vs･ [M] plot, kb[P･] was

determined to be O･33 s-1･ However,the experimental dependenced Rp on [M] is not

expressed by Eq･ (6) but by Eq. (7).･

Rp =kp [P･] ([M] - Cm ) (7)

where Cm denotes a concentration of monomer left unreacted.

The purpose of this study is to determine both the polymerization rate of styrenyl

monomerandthe photodecomposition rate of photoinitiator, PMS, concurrently in the

solid state photopolymerization･ The results obtained here revealedthe fact that the
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polymerization proceeds in a steady-state conditionwith a constant concentration of

propagating radical, while the decomposition rate of the photoinitiator decreases with

the progress ofthe photopolymerization･ These two factors are apparently conAicting

with each other> shce the propagating radical must be supplied by the imitiating PMS

radicaland the latter concentration decreaseswith 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 termination reaction takes place between the

propagating radicaland the remalnlng PMS molecule, then the results obtained above
● ●

would be satisfactori1y explained･

A set of possible elementary steps are sumarized in Scheme 3-2. h this Scheme,

PMS･ denotes the imitiating radical produced by photodecopmposition of PMSand P.

represents both the propagating polymer radicaland the monomer radical produced by

the addition of initiating radical･ Inthis 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 propagating radical and the remamng PMS molecule･ Tbe rate constants, k. and k..
● ■

represent the termination 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 defimitely has a large chain transfer constant and by the abstraction

of chlorine atomwith the propagating radical P･I PMS･ caneasily be reproduced･ Tbis

process is illustrated in Scheme 3-3･ On the other hand, ifthe propagating radicals

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

Photodecomposition : PMS -PMS ･ + Cl.

Initiation :

Propagaiion.･

Tcmit2ah'on =

Chat'n TllanSfcr.･

2nd lnitiation :

Abs&action :

31d lnitiation :

Scheme 3.3
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polymer chain to the styryl group would result in generation of relatively stable

sterically hindered radicals as shown in Scheme 3-3. Harwood et al. 34 has found that in

the benzoylperoxide initiated polymerization of methyl methacrylate (MMA)-stilbene

mixtures, stilbene acts as moderatorfor MMA polymerizationand the resulted polymer

had stilbene-end groups. Barson et al.35 hasalso reported the highreactivities of stilbene

derivatives towards the benzoyloxy radical･ h our case, the concentration of PMS used

was relatively high(0.0335 moI L-1)anq the mole % of PMS to the BzTD monomer

([PMS]o/ [M]o = 4.4 mol %) may be highenoughto trap the propagating radical by the

● ●

remalnlng PMS molecule.

On an analogy of copolymerization reactivity of stilbene with MMA34? 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 efEect.

TLerefore we consider that a destructive chain transfer readion as shown in Scheme 3

might be the dominant termination process for these particdar polymerization systems

with relatively highconcentrations of PMS.

Based on the elementally steps shownin Scheme 3-2andwith an assumption of a

steady-state condition for every intermediate radical speciesl the followlng equations

●

caneasily be derived.
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[P･] =
2Rd

k, [PMS]

[PMS･] =

2kI.
≒二ﾖﾆﾆ==二=

kt

(1･告)
kI [pMS]
-一･････■･■･･■■-

kl [M]

(exp-･mentauv :[pMS･, - (1 ･賢)

R, -竿[M]
k,

expm'mentauv :Rp …

2kp kZo

kcl=曳完曳壬__2kp [M]

Ri Rd k,[PMS]

expm'menta砂.･ kcl ≡ﾆｴ=

klo [PMS] - Cf

k.･ [M]-C桝

(【MﾄCm )

Rp 2kp [MﾄCm

R,･ k, [PMS]-Cf

(8)

(9)

¢0)

(1 1)

where kcZ means kinetic chain length which is defined as the number of monomer

molecules polymerized by one initiating radical.

Kinetic dlain length (kcりis a very important parameter to describe the characteristics

of the polymerization process andthis parameter should be the measure of the validity

of the kinetic equations･ h Fig･ 3-9(a)･ both kcl and kp/kt in the polymerization process

are plotted･ The value of kp/kt remained constant (= 0.32) up to conversion = 0.6 and

then shaq)1y dropped to zero･ The obtained constant value of this ratio of two kinetic

parameters, kp and kt, proves the validity ofthe discussion described above. On the other

hand, as is seen in this Figure, the value of kcl increased graduallywith conversion and

at conversion = 0･65 it turned to decrease･ Apeak observed at conversion = 0.8 is

thought to be an artifact caused by the polynominal approximation of time_conversi.n

Curve.
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Figtlre 3･9･ Dependence of kcland kb/kt (a), and ◎p and ◎d (b) on_ conversion in the

photopolymerization of BzTD imitiated by PMS in poly(BzTD) matrix.
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Asis seen in Eq･ (11), kcl is simply determined by the ratio of [M] to [PMS] and the

observed tendency of hcreaslng kclwith conversion does not imply any gel effect at all,

●

but it is the result of relatively faster decrease of [PMS] than that of 【M]. The value of

kcl obtained in this study is in the order of 20-60and this value is much sma11er than

those reported by Decker･19 He reported kcl as large as 2000 to lOOOO in

polyurethane-acrylate photopolymerization system･ Tus difference may be due tothe

difference inthe diffusion coefficients of the monomers in both systems･ In our system

the monomer difhsion is restricted and only limited numbers of monomer molecules

are avai1able in the polymerization loci, so that it gives relatively very sma11 values of

kcl･ Decker and Moussa20also studied the post-polymerization processes of above

mentioned systemandfound kp/kt values are in the order of O.2 to O.37 and these are in

good agreementwith our value･ 0･32, althoughthey posfulated a bimolecular

temination process for their system･ Reaction diffusion process,36･45 which is

&equently observed in polymerization in highly cmsslinked system, predicts the

followlng relationship :

●

k,主Rkp [M]

where R is the reaction difhsion parameter, [M] is the concentration of m.n.me,.げ

such reaction difhsion is the dominant termination process, values of kb/kt should not be

constant in the polymerization process･ TLe result obtained here indicates that reaction

difhsion is not the domhant temination process in the polymerization of the styrenyl

mOnOmer.

Quantum yield of photopolymerization,19 ◎p, was also calculated based on the

equation shownbelow:
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◎p-
number of photopo[ymerized monomer molecules

number of photons absorbed

IG (einstein L-1s 11 )

Rp x e(cm)

Io (einstein cm-2 s-1) x lO3

(13)

Tbe result is shownin Fig･ 3-9(b) together with ◎d Calculated by Eq･(3)｡申p

decreased graduallywith conversion and the maximum value is around 13, which is

agaln muCh smaller than 4000 reported by Decker･19 TLe maximum ◎d Value obtained
●

in the presence of BzTD monomer was around O･5and this value is about 5-fold larger

than that obtained in the absence of the monomer･ Apparently? the monomer can

enhance the photodecomposition efGciency by reactingwith the initiator radical.

3･4. CONCLtJSION

Photodecomposition rate of initiator was momitored concurrentlywith

photopolymerization rate of monomer血st time･ Polymerization behavior was

explained quite well in connectionwith the photodecomposition rate of the imitiator･

Monitoring of photodecomposition process of a bis(trichloromethyl)-1,3,5-triazine

derivatives by RT-m spectroscopy could be applied to various kinds of

photopolymerization system including conventional acrylate monomers･ Tus would

■

glVe uS a POWerful tool to investigate the mechanisms of photopolymerization･ h this

article we studied the polymerization behavior of a newly developed styrenyl monomer

andfound very highreactivity 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 particular systems･
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hthe present investigation it was foundthat both polymerization and

photodecomposition rates depend linearly on monomer and initiator concentrations,

respectively･ The rate constant ratio,ち/kt was constant in the polymerization process

and this indicates that reaction difhsion is not the dominant temination process･

These results indicate thatthe solid-state polymerization of the styrenyl monomer is

essentially the same as conventionalsolution polymerizations except formimolecular

termination process.
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C血apter 4

InfLuence of monomer concentration in the solid･state

●

photoimitiated polymerization of styrenyl compound bearlng

1,3,4･thiadiazole group

4-1. INTRODUCTION

ne highly photopolymerizabile styrenyl monomers bearing thiadiazole group have

become the center of our research interests in the previous hvestigations described in

chapters 2 & 3･ TLeirun1que POlymerization behaviors are considered to originatefrom
●

mole血1ar assembly caused by intermolecular interactions･ Existence of monomer

aggregates in polystyrene matrix was confirmed by transmission electronmicroscopy･

Tbe molecular orbitalcalculations based on the PM3 method led to a faifly large

polarizabiloity for a typical styrenyl monomer as described in Chapter 2･ Intermolecular

interactions between the monomer molecules could rearrangethe styrenyl groups facing

to each other in favor of effective photopolymerization in the solid state･ If such an

assembled structure withh monomer aggregates exists in the polymerization system?

polymerization kinetics could be independent of initial monomer concentration･ Under

these situationsI We Plamed to investigate the efEect of monomer concentration on the

polymerization ofthese thiadiazole-substituted styrene derivatives in solid state･

h Chapter 3, we described a new method ushg real-time Fr-R spectroscopy) which
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enabled us to investigate the photodecomposition behavior of the photoinitiator,

bis(trichloromethyl)-1,3,5-triazine derivatives｡ T山s powerfu1 te血ique realized the

real-time mohitoring of both polymerization rate of monomer and photodecomposition

rate of photoinitiator simultaneously in siiu of photopolymerization system･Kinetic

analysis based on such dual monitoring revealed a feature of steady-state

polymerization. E血etic chain length was found to be around 20 - 60. T出s result

suggested that the possible assembled or preorganized structuremight consist of such

numbers of molecules･ h this Chapter we investigated the effect of monomer

concentration on the solid-state photopolymerization behavior and tried to clarify the

possibility of the preorganizcd structure of these styrenyl00mpounds.

It should be noted that polymerization in ordered phase has been extensively

conducted to obtain highly ordered polymeric materials. Polymerization in liquid

crystauine phase14and topochemical polymerization5-9 are both closely related to our

present investigations･ Furthermore? preorganization of monomer molecules suggested

by Jansen, et al･10･11 is closely related to the present investigation･

4_2. EXPEmNTA

Materials

2-(4'-methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-triazine (PMS) was purchased

from Panchlm(Cedex, France) and usedwithoutfurther pmification. Other chemicals

were described in Chapter 2.

Pbotopolymerization

Photopolymerization of the styrene derivatives was camied out in the matrix of solid
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polymer and followed up to highmonomer conversion by Fourier transform real-time

infrared (RT-R) 8, 14-17 spectroscopy, which was conducted on a Bio-rad FTS-40

(Bio-rad hboratories, hc., Hercules, CA) withanoperating/analysis software, Wh-IR･

Monomer conversion was calculated according to the followlng equation:
●

COnVerS10n =
A(990)o - A(990)E

A(990) o

in which A(990)oand A(990). denote the peak absorbance at 990 cm-1 befbre

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

calculated &om the followlng equation;
●

n.__J._1ｰ_1､ d[M] n,. d(convelTSion)
Rp (moll-1s~1) - -二土ｺ- [M]oJ■

--pV-~ｰT- - ′ dt L JU dt

since measured peak intensity at 990 cm-1 were somewhat scattered with time, the

calculated value of Rp from the slope of time-conversion curve atanarbitrary time

intervalscattered sigmificantly･ 10th-order polynominal approximation was applied to all

time-conversion curvesand the polynominal curve fit was differentiated to obtain Rp at

an arbitrary polymerization time･

4.3. REStJI:TS AND DISCUSSION

4･3･1.EJrect of initial monomer conceAtration on rate of polymerization

ln Figure 4-1 (a), time-conversion curvesfor the photopolymerization of BzTD

imitiated by PMSwith various initial monomer concentrations were plotted･Asthe

initial monomer concentration decreased, time-conversion curves tended to shift upward･

Rate of polymerization was calculated from the differential of curve-fit for each

time-conversion curveand plotted against conversion as shown in Fig. 4-1(b). h all

casesl of initial monomer concentrations, Rp was found to decrease linearly with
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conversion･ Both the slope and intercept to Rp axis of the linear plot increasedwiththe

initialmonomer concentration･ The linear dependence of Rp on monomer conversion

suggests the constant concentration of propagating radical inthe steady-state

polymerization as expressed by eq･ (5);

Rp -kp [P･]([M]-Cm) (5)

where kp designates the propagation rate constant, 【P.], the00ntentration of propagating

radical and [M], monomer concentration. Cm denotes the residual monomer

concentration･ From the slope of Rp vs｡ convers享on plot in Fig･ 4-1(b), (slope =

-kp[P･][M]o), values of ki【P･】 in the polymerization were calculated and dependence of

these values on the initial monomer concentration was shown in Fig. 4-2(a). TLus

obtained values of k,[P･] are around O.036 (s11) and independent on the initial monomer

concentration. Tbis result strongly suggests that concentration of propagating radical is

independent on initial monomer concentration and also propagation rate constant? kp? is

independent on monomer concentration･ On the other hand? &om the intercept of Rp vs･

conversion plot at conversion = 0, Rpo (initial rate of polymerization) is obtainedand

this value should be equal to k#･】(【M】o -Cm) from eq･(5)･ Tbus, Rpo was plotted agahst

(【M]o -Cm) and result is shown in Fig･ 4-2(b)｡ h this Fig･, 1inear relationship between

Rpo and ([M]o -Cm) was obtained and from the slope of this linear relationship kb[P･] was

found to be O.036 (s-1), which agreed well to the previously obtained value. From these

results it is certain that both kp and [P･] are independent on initialmonomer

concentrationand both are constants throughout the polymerization.
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Figure 4･1･ Effect of initial monomer concentration on the photopolymerization rate of

BzTD in poly(BzTD) matrix initiated by PMS･Time-conversion curves (a)and Rp

vs. conversion curves (b). TLe inset in (a) shows curve fits to the experimental data

points･ Figures indicated with arrows shows initial monomer concentrations in

m.1･L-1. The incident light intensity - 5 × 10-9 einstein cm-2 s-1. poly(BzTD) =

o.2 g (fixed)and PMS - 0･0042 g (TIXed)･ BzTD - 0･013 g (x), 0･024 g (o), 0･057 g

(A), 0.076 g ('), 0･086 g (+), and O･10 g (*)･
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91



4_3.2.Effect of imitialmonomer concentration on residualmonomer conceAtration

Asf.r the residual monomer concentration, Cm defhed in eq. (5), it was found that

cm canbe related to the square of the imitial monomer concentrationand as shown in

Fig. 413, a good correlation between Cmand [M]o2was obtained･ From this linear plot,

the relationship between Cm and [M]o wasfound to be Cm - 0･29[M]o2･ By integrating

eq. (5), decrease of monomer concentrationwith time in the course of the

photopolymerization is well expressed by the followmg equation･

旦吐- o.29[M].. (1- 0･29[M].) exp(-kp [P･]t)
【〟】｡

- o.29[M]. + (1 - 0.29[M]. ) exp(-0･036t)

(6)

h the above equation) the relative monomer concentration to initial monomer

concentration is divided into two tems. ¶le first termappears in eq. (6) implies that

about 30 % of initialmonomer concentration is u皿托aCtive toward photopolymerization･

Tbe second term in eq. (6) indicates that the rest of monomer is consumedwithanideal

behavior as expected in steady state polymerization･ The reason why 30 % of initial

monomer is left &omthe polymerization is unknownand this ratio seems to be

pre-detemined before polymerization starts･Asdescribed later in this chapter, we

considered that monomer moleculesmight be assembled in cluster structuresand

polymerization proceeds inside such clusters. The unreactive monomer moleculesmight

be those distributed outside the clustersand mutual intermolecular distance between

those expelled monomer molecules could inhibit the progress of effective

polymerization･
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4.3.3. Effect of imitial monomer conceAtration on photodecomposition ratc of

photoimitiator

During the RT-IR observation of monomer consumption in polymerization process,

concentration change of the photoimitiator･ PMS･ was also monitored at the absorption

band of l171 cm-1 which is asslgned to a coupled asymmetrical stretching vibration of
●

two ccl, groups attached to l,3,5-triazinering･ The decomposition ratio (DR) of PMS

was plotted against polymerization time as shown in Figure 4-4(a)･ 1be initial

decomposition rate of PMS (RdO) 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). Rd. WaS found to be essentially independent on the imitial monomer

c.ncent,ati.nand a,e in the order of 8 ( j= 1) × 104 mol･II1 ･s-1, while the values ofR,o

are around l x lO-2 mol･L-1 ･s-1, which arc about one order larger thanRdO･ TLe rate of

monomer consumption is actually the sum of the rate of polymerization and the rate of

imitiation. If the initiation reaction procceds faster than the photodecomposition rate (Rd),

then initiation rate should be equal to Rd･ Thenl in order to obtain the actual rate of

polymerization! it is necessary to subtract Rd &om Rp･ However, since the difference

between Rd ffom R, are enough1argeand subtraction ofRd from the previously obtained

results of R, did not affect so much, we neglected the contribution of Rd in obtaining Rp

from the overall rate of monomer consumption･
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Figure 4･4. Effects of hitial monomer concentrations on the photodecomposition

rate of PMS during the photopolymerization of BzTD in poly(BzTD) matrix.

The･decomposition ratio (DR) curves (a)and dependences of Rpo and RdO On the initial

monomer concentration (b). Tbe inset in (a) shows curve fits to the experimental data

points･ Figures indicatedwith arrows shows initial monomer concentrations in mol･L･1･
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4_3･4.Euect of imitial monomer concentration oA quaAtum yields of polymerization

and photodecomposition of initiator

Quantum yields of polymerization (◎p) and photodecomposition of PMS (Od) were

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

◎p=

◎d=

number of photopolymerized monomer molecules

number of photons absorbed

Ia (einstein L-1s -1 )

Rp x e(cm)

za (einsteincm-2 s-l) × 103

number of photodecomposed PMS molecules

number of photons absorbed

Rd

Io (einstein L-1s -1 )

Rd X2(cm)

Iq (einsteincm-2 s-1) × 103

(3)

(4)

in which the light intensity absorbed by the sample, I& is expressed by the following

equation:

Iq = I. ×(1 - exp(-2･3ce[PMS])) (5)

wherc Z. denotes the incident light intensity of UV-irradiation, l is the thickness of

polystyrene fhand c is the absorption coefficient of PMS in polystyrene matrix at 365

nn. h these polymerization conditions, about 60 % of the incident light was absorbed

by the sample･ Tbe initial quantum yield of polymerization) ◎po, which was determined

from the initial rate or polymerization according to Eq. (3), was found to increase

linearlywith the initial monomer00ncentration as shownin Figure 4-5(a)･ TLe initial
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Figure 4･5. Dependence of申po (a)and申dO (b) on the imitialmonomer

concentration.
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quantum yield of PMS photodecomposition, ◎dO, WaS also plotted against the initial

monomer concentration as shownin Figure 4-5(b). h the absence of monomer, ◎dOWaS

around O.1 and this value was increased by ca･ 5-fold in the presence of monomer･

However, ◎dO is almost independent on the initial monomcr concentrationand is in the

range of O･5土0･1･ Since the 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 initiated by one

initiating radicalin each polymerization system･ h other words, in each polymerization

condition, monomer molecules might be asscmbled inside the cluster structureand tbese

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 monomer molecules

are randomiy distributed in the polymerization system, average intermolecular distance

between monomer molecules should be inversely related to the volume血action of the

total monomer molecules in the system; 1･ e･? aVerage intermolecular distance K
｢二

[Mrl/3.12

･ h the present polymerization condition) diffusion of monomer molecule is restricted

due to the highmelting point of the m?nomer (103oC), althoughTg of the

polymerization system is below a room temperature (-2･5 oC). Each monomer molecule

should be rlXed in therubbery polymer matrix and as the volume血action decreased, the

average distance between monomer mole血1es should inc陀aSeand polymedzation

would stop when there is no monomer molecules found in thevicinity of propagating

radical. h 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 &om random distribution of monomer molecules

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

4･3･5. Einetic analysis on the polymerization system

Asdescribed in Chapter 3I. a Set Of possible elementary steps are agamsummarized
■

in Scheme 4-1･ h this scheme? PMS･ denotes the initiating radicalproduced by

photodecopmposition of PMS and P･ represents boththe propagating polymer radical

and the monomer radical produced bythe addition of initiating radical･ In this kinetic

model, the reactivities of both polymerand 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 propagating radicaland th¢ remalnlng PMS

● ●

molecule･ TLe rate constants) k) ki} kt and kt. represent decay constant of photoinitiator,

initiation rate constant, te-hation rate constantand chain transfer rate constant,

respectively.

S血eme 4.1

Photodecomposition : PMS -PMS '+ Cl '

Initiation :

Propagation :

Tcnninah'on.;

Chain Transfer :

2nd lnitiation :

Abstraction :

3rd lnitiation :

PMS++M. P+

P++M. P+

P+ +PMS･. D

P+ +PMS. D+PMS+

Cl++M.P.

Cl● +R打ｰR●+HCI

R++M.P+
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: Rp王kp[P'][M]
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: R& -k& [P'][PMS]



Based on the elementally steps shown in Scheme 4-1 and withanassumption of a

steady-state condition for every intermediate radical species, thefo1lowlng equations

●

caneasily be derived･

[P･] -
2Rd 2klo
:=:=::==========i 〒∃ =

k,([PMS]-Cf) ki

(1.告)[PMS･] - Ll+
klo [PMS] - Cf

k.･ [MﾄCn,

Rp -塾型([MﾄCm)
k,

2kp [MﾄCn.

R.･ Rd k, [PMS]-Cf
kcl=生=生=

(6)

(7)

(8)

(9)

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

molecules polymerized by one initiating radical･

Among the above equations) kcl is one of the most useful kinetic parameters to

correlatc the polymerization ratewith the decomposition rate of photoinitiator･

Dependence of initial kcl value on the initial mononer concentration was determined by

using Eq. (9), (kclo = Rpo/RdO),and is shownin Figure 4-6(a)･ The initial kcl value was

found to be linearly dependent of the imitial monomer concentration･ It is interesting to

observe the change of this parameter in the course of the photopolymerization process

and kcl was plotted against conversion for伽various initial monomer concentrations,

as shownin Fig. 4-6(b)･When the initial monomer concentration was O･3 moIIJl or

lower, kcl was00nstantthroughout the polymerization process･Asthe initial monomer

concentration increases, kcl tends to increase with conversionand at the highest initial
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Figtlre 4･6･ Dependence of initial kcl value on the initial monomer concentration

(a)and change of kcl in the polymerization process (b): the initial

monomer concentrations (moIIJl); (圃0.92, (A)0.83, (+)0.76, (×)0.62,

(o)0.30, (.)0.17.
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monomer concentration (- 0.92 moIIJl), kcl increased steeply with conversion. T山s

observed tendency was simply due to the fast decrease in PMS concentration during the

photopolymerization･ However, at relatively highmonomer concentration･ domin

structure might be inter-co皿eCted togive higher value of kcl･ h the early stage of the

photopolymerization (conversion up to O･2), kcl is virtually independent of conversion

and this implies that the number of photopolymerizable monomer molequles per one

hitiating radical species is only dependent on the initial monomer concentrationand 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 aiso determined by the ratio of kJkt as indicated in Eq･ (9)･ TLis

ratio of k/k. was calculated according to Eq･(9) and plotted against the initial monomer

concentration. Figure 4-7 shows the result andthelatio of kJkt wasfound to be

independent of the initial monomer concentrationand agreed well with the result

obtained in Chapter 3. Reaction difbsion mechanism, 13~23 which predicts kJkt inversely

depends on [M], does not dominate the temination process･ Tbis result suggests that the

pMS molecules, which act as both photoimitiatorand terminating agent, areuniformly

distributed in the polymerization system･ h Figure 4-8) the postulated domain structure

of monomer molecules is schematically illustrated･ Clusters of monomer molecules 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･Asthe 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-S･ Schematic illustrations showlng ･POSSible domain structures of monomer
二

molecules at low monomer concentration (a)and at highmonomer c?ncentration (b)･

Fi11ed circles indicate PMS moleculesand 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

contains pluralnumbers of PMS molecules? then the actualsize of such cluster must be

larger thanthat expectedfrom kcl value･ h such a speculation, the size of the cluster

estimated by the kcl value must be theminimum number of monomer molecules inside

the cluster.旺we 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. 1merefore, in order to verify the validity of such

speculation, we must carry out similar experimentswith various concentrations of PMS

and the results wm be described in Chapter 5.

4･3･石. Polyme血ation of CITD in polystyrene matrix

Comparative expe血ents were carried out to investigatethe possibility of cluster

structureand its effects on polymerization behavior for these thiadiazole-substituted

styrenyl monomers in polymer matrix･ The effects of initial monomer concentration on

kp[P･] and initial polymerization rate were summarized in Figure 4-9･Althoughkp[P･]

wasfound to decrease slightly as the initial monomer concentration decreases,

polymerization rate was relatively insensitive tothe initial monomer concentration as in

the case of previously discussed polymerization system of BzTD in poly(BzTD) matrix･

Lhear dependence of initial polymerization rate, Rpo on [M]o - C,n also indicates the

steady-statc polymerizationand the applicability of the same polymerization kinetics

described in thc previous section 4-3-1 and 4-3-5. Decomposition rate of PMS was also

mo血itoredand values of kclo were found to increase linearly with the initial monomer

concentration as shown in Figure 4-10(a)･ The ratio of kp/kt decreased slightly with
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Figtlre 4･10. Dependence of initial kcl value (a)and kp/kt (b) on the initial

monomer concentration.
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the initial monomer concentration (Figure 4-10(b))･ h consideration of the extent of the

experimental errors, these results suggest that the polymerization of CITD in

polystyrene matrix is virtuallyunaffected to the initial monomer concentration and

polymerization must progress inside the clusters of monomer aggregates also in this

CaS¢.

GPC analysis of the photopolymerized system was carried out to co血the validity

of the kinetica11y estimated kcl value･ h the polymerization process, kcl was calculated

from the ratio of Rp to Rd aS indicated by Eq･ (9) and if chain transfer reaction is

neglected, kcl should be equal to the degrec of polymerization (DP)･ Each mole fraction

of polymer chain which consists of kcl value ofDP was calculatedand plotted as shown

in Figure 4-11･ The calculated number average DP was 66･5･ On the other hand, after

the photopolymerization of CITD in polystyrene matrix, the whole system was

dissolved in THFand GPCanalysis was camied out･ TLe produced poly(CITD) was

selectively detected by UV absorption at 320 nm at which wavelength polystyrene do

not showany detectable absorbance･ TLe obtained GPC curve was shown together with

that of polystyrene matrix in Figure 4-12･ Fromthis GPCanalysis molecular weight of

poly(CITD) was found to be that Mw = 82000, MA - 19000, number average DP = 68,

which is very close to the value obtained above (66･5)･
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Figure 4･11･ Dependence of kcl on conversion and mole fraction of each kcl &action

for the polymerization of CITD in polystyrene matrix: CITD/polystyrenePMS =

0. 1/0.2/0.0042 (wt^vt/M)･
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cITD 'in polystyrene matrix･ GPC curve for poly(CITD) was obtahed by monitoring

uv absorbance at 320 nm･ Polymerization condition was the same as that in figure

4-11｡
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4･317. Polymerization of TMPTA in poly(MMA)

Another comparative experiment was carried by uslng TMPTA as a typical acrylic
●

monomer which should be completelymiscible in poly(MMA) matrixand no possibility

of cluster formation wasanticipated in this case. When the initial monomer

concentration was varied systematically, the observed rate of polymerization was

changed as shown in Figure 4-13･ The observed maximum rate of polymerization

decreased drasticallywith the decrease in imitial monomer concentration and at less than

ca. o.5 mol･L-1 of the imitial monomer concentrations, polymerization seems not to

proceed.Asis seen in Figure 4-13(c), values of kp[P･] also decrease with the decrease in

initialmonomer concentration. This result is contrasting to those obtained in the figures

4-21and 4-9. h the present case, each monomer molecule should be fixed in theglassy

polymer matrixand as the volume &action decreased? the average distance between

TMPTA molecules should inqease and polymerization would stop when there are no

monomer nolecules found in the vicinity of propagating radical. In such a situation

propagating rate constant? kp, would decTeaSewith the decrease of monomer

concentration.

When compared with the previously obtained results on the ef6ects of initial

monomer concentration) it is apparent that thiadiazole-substituted styrenyl monomers

behave quite differentlyfrom TMPTA and thismight be due to the formation of cluster

structures.
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4.4. CONCLtJSION

Photopolymerization of BzTD in poly(BzTD) matrix wasfound to proceed h the

steady-state condition; Rp = kp[P･】(【MﾄCm), in which kb[P･] wasfound to be constant

(o.o36 s'l)and independent of the initial monomer concentrationand monomer

conversion. TLis 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 CITD in polystyrene matrix,

h which cluster structure of CITD molecules had been co血med by transmission

electronmicros00py as described in Chapter 2･ hdependence of kp[P･】 on initial

monomer concentration indicates that monomer molecules are assembled inside the

cluster structures. On the other hand, inthe polymerization of TMPTA in poly(MMA),

kp[P･] decreased with the decrease in initialnonomer concenfrationand this result is

reasonable whenuniform distribution of monomer molecdcs in the polymer matrix is

considered in this case. ＼

Miaoscopically aggregated states ofthiadiazole-substituted styrenyl monomers are

supported by the present investigationandthis should be one of the reasons of high

polymerization reactivities of these monomers in polymer matrices･
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Chapter 5

Effects of photoimitiator concentration and light intensity on

●

the solid･state polymerization of styrenyl compound bearmg

thiadiazole grotIP

5.1. INTRODtJCTION

Light-induced polymerizationand photocrosslinking reactions of various monomers

f.1 1 P +

in polymer matrix have gained special attention as aun1que method for prepa-g

polymer networks by simply illuminating thc target withappropriate light source at

ambient temperature･ The rate and final conversion of such photopolymerization could

be controlled by adjusting the light intensityand/or the concentration of photohitiator･

Intensive irradiationand relatively highconcentration of photoinitiator could

overwhelmthe quenching effect of dissolved oxygen in the photopolymerization system･

Especially in the solid state photopolymerization where photoactive monomer is

dispersed in polymer matrix) even in the presence ofair, photopolymerization

sometimes proceeds without interference of oxygenl-3･ In order to achieve the desired

physical properties of photo-cured materials, the concentration of photoinitiator should

carefu11y be optimized･Asthe concentration of photoimitiator increases, the apparent

polymerization rateand conversions usually increases･4 However! 1n SOme CaSeS,
●

overloaded photoimitiator causes insufficient polymerization due to the extensive
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recombination of initiating radicals･5 Mechamical properties of photocured materials are

also signi丘cantly influenced by the concentration of photoimitiatorand incident light

intensity.3, 6 TLerefore, it is necessary tounderstand the effects of light htensity and

photointiator concentration on photopolymerization behavior in every

photopolymerization system for optimization of polymerization conditions.

Our present investigations are motivated bythe necessity for optimizing the

photopolymerization condition to achieve highest polymerization efficiency and we

intended to investigate the effects of light intensity and photoimitiator concent;ation on

the photopolymeriation behavior of these particular photopolymerization system.

5-2. EXPERIMENTAL

Materials

2-(4'-methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-triazine (PMS) was ptlrChased

from Panchim (Cedex, France)and usedwithoutfurther purification.All other materials

used in this chapter are described h Chapter 2.

Preparations of monomer and polymer matrix

Al1 the procedures were described in Chapters 2 and 3･

Photopolyme血ation

Photopolymerization of the styrene derivatives was camied out inthe matrix of solid

polymer andfo1lowed up to highmonomer conversion by Fomier transformreal-time

hfrared (防IR) 8･ 14-17 speclroscopy as described in Chapter 3.

Monomer conversion was calculated according to the followlng equation:
●
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COnVerS10nき

A(990)o - A(990),

A(990).

in which A(990)oand A(990). denote the peak absorbance at 990 cm-1 before

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

calculatedfrom thc followlng equation;
●

Rp (moll11s-1) -一些型〒 [M]o
dt

d (conversion )

dt

since measuredpeak intensity at 990 cm-1 were somewhat scattered withtime, the

calculated value of Rp from the slope of time-conversion curve atanarbitrary time

intervalscattered sigmiflCantly･ 10th order polynominal approximation was applied to a11

time-conversion curves and the polynominal curve fit was differentiated to obtain Rp at

an arbitrary polymerization time.

5_3. RESULTS ANDl)ISCtJSSION

5･3･1. Photopolymerization of BzTD and photodecomposition of PMS at various

imitial PMS concentrations in polyPzTD) matrix

- In Figure 5-1 (a), time-conversion curves for the photopolymerization of BzTD

initiated by variousamounts of PMS were plotted･Asthe PMS concentration increased,

time-conversion curves showed increased corLVerSions atany polymerization time･ Rate

of polymerization? Rp? was calculated from the differential of the curve fit for each

time-conversion curveand plotted against the monomer concentration as shownin Fig･

5-1(b). Except for the lowest two curves seen in this figure, Rp decreased linearly with

monomer concentration and the slope of this linear relationship is almost independent

on the imitial PMS concentrations. h the case of relatively sma11er hitial PMS

concentrations, 1･e･, 1･35 and 2.23x lO-3 mol･L-1, polymerization started slowly at the
●
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●

beginnhgand Rp vs･ monomer concentration plots showed S-shaped curvesfor these

cases･ Tbismight be caused by oxygen dissolved in the polymerization system andwith

higher concentrations of PMS, the effects of dissolved oxygenmight have been

overwhelmed by the large concentrations of generating PMS radical. Even h the case of

two smallest initial PMS concentrations? Rp vs･ monomer concentration plots were

found to be well approximated by a linear relationship in the middle of polymerization.

TLe observed linear relationship between Rpand monomer concentration indicates the

constant concentration of pfOPagating radical in a steady-state condition as expressed by

Eq.(1);

Rp =kp [P･]([M]-Cm) (1)

wheTe kp designates the propagation rate constant, 【P･], the concentration of propagating

radicaland [M], monomer concentration. Cm denotes the residual monomer

concentration which does not contribute the polymerization･ From the slope of Rp vs･

monomer concentration plot in Fig･ 5-1(b), values of kp[P･] in the course of the

polymerization were calculatedand dependence of this value on the initial PMS

concentration was plotted in Figure 5-2(a)･ The obtained values of kp[P･] are around

o.o30 to O.036 (s-l) when the initialconcentration of PMS is over 6× 10~3 mol･L-1and

virtually independent on the initial PMS concentration. When the imitial PMS

concentration is below 6× 10-3 mol･L-1, kp[P･] decreased steeply io around O.01 (s~1).

Sincethe propagation rate constant,ち, is considered to be not affected by the hitial

PMS concentration, this result reflects directly the dependence of propagating radical

concentration on the imitial photoinitiator concentration. This result shows that

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

matrix with various imiti&l PMS concentrationsand (b) Rp vs･ monomer concentration

plot. ¶1e initial PMS concentrations are indicated in the Figure･ BzTD/poly(BzTD) =

o.o86g/0.2g. Tbe incident light intensity - 5 × 10-9 einstein cm-2 s-1･
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for the two smaller photoimitiator concentrations･ hitial polymerization rate? Rpo? was

plotted against the initialPMS concentration as is seen in Figure 5-2(b). Rpo seems to

increasewith the initial PMS concentration and this result is apparently con瓜icting with

the result described above. However, the residual monomer concentration, Cm, was

found to decreasewith the increase in the hitial PMS concentration (Fig. 5-3)and this

implies thatthe total monomer concentration participating in the polymerization

increaseswith PMS concentrationand the overall polymerization rate as expressed in

Eq･ (1) also increases･ The effect of hitial initiator concentration on polymerization rate

●

is manifested in decreaslng the residual monomer concentration and it is important to

observe that propagating radical concentration remained virtually constant when the

initial PMS concentration is above 6 × 10-3 mol･I:1｡ This result should be compared

with the rate of the photoinitiator decomposition, since this process should detemine

the concentration of propagating radical. Du血g the RT-R measurements of monomer

consumption in the polymerization process, the concentration change of the

photoinitiator, PMS? was also mmitored at the absq?tion band of l171 cm-1 which was

asslgned to a coupled asymetrical stretchingvibration of two CCl3 grOuPS attaChed
●

tol,3,5-triazinering･ The decomposition ratio (DR) of PMS was plotted ,against

polymerizationtime as shown in Figure 5-4(a). Maximun decomposition ratio was

around O.3 to O.5andthe rest of PMS was remained urLreaCted in this polymerization

condition. h our expe血ental conditions, theminimum detectable concentration of

pMS was around lOx lO-3 mol･L-1 (ca. o.4 % of total composition)and when the imitial

PMS concentration was below this value, RT-m measurements of PMS decomposition

wasunable to carry out with a sufficient atcuracy.
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貯一

Decomposition rate? Rd'Of PMS was calculated according to the equation;

Rd (moIL-1s11) -一警= [pMS]o讐(2,
since the individual data points shown in Fig･ 5-4(a) wer早rath?r scattered, 10th-order of

polynominal approximation was applied for each DR vs･ time curveand thus obtained

curve fit was differentiated to obtain Rd aCCOrding to Eq. (2).Asshown in Fig･ 5-4(b),

Rd WaS Plotted against PMS concentration･ Rd decreased linearlywith PMS

concentration at the prlmary Stage Of photodecomposition process･ The relationship

between Rdand [PMS] can be expressed experimentally asfollows:

Rd = kxI.(einstein ･L-1 s-1)x ([pMS] - Cf ) (3)

where k (L･einstein-1) represents a decay constant･ Cf denotes a residual PMS

concentration which could be reached ifthe decomposition proceeds linearly with PMS

concentration as expressed in Eq. (3), at which concentration the decomposition would

cease (Rd = 0). Only a part of PMS molecules, ([PMS] - q), were photoactive and Cf

mol･L-l of PMS was remained unreacted. h Figure 5-5(a), the decay constant, k,

obtainedfrom the slope of the linear part of Rd VS. [PMS] relationship was plotted

againstthe initial PMS concentration･ k was found to be ca･ 20and is independent on

the imitial PMS concentration･Asfor the residual PMS concentration, Cf, this was found

to be linearly related to the hitial PMS concentration, as is seen in Figure 5-5(b), and Cf

is expressed approximately by Cf = 0.61[PMS]o･ hitial decomposition rate of PMS, RdO,

which can be found in Fig. 5-4(b) at the highest point of each linear dependence ofRd VS･

[pMS] plot, was also found to decrease linearlywith the hitial PMS concentration and

the relationship expressed in Eq. (3) is rewritten in the formas expressed in Eq･(4)･
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[pMS] (moI L-1) - [pMS]o (0･61+ 0･39 exp(-kI.t))

- [PMS]. (0.61+ 0.39 exp(-0･042t))
(4)

In the above discussion, the polymerization of monomerand the decomposition of PMS

were independently measuredand analyzed･ It is of great interest to discuss the

relationship between polymerization rate弧d decomposition rate of the initiator･ The

previously obtained result on Rp indicates the constant value of propagating radical

concentration in the course of the photopolymcrization) whereas the decomposition rate

of the initiator decreased at the same time. h a steady･state condition, the rate of

termination should be the same as that oftheL initiationand the latter should be equal to

Rd, if the initiation reaction takes place much faster thanthe decomposition reaction of

the photoinitiator. h Eq. (3), Rd is proportionalto the concentration of "photoactive"

PMS. Tberefore, if the tcrmination rate isalso proportional to the concentration of

uphotoactiven PMS, then this term is canceled out and the concentration of propagating

radical become constant. TLis treatise impliesthat termination would take place

between propagating radical and PMS･Asdescribed in Chapter 3? a set of possible

elementary steps are agaln Summarized in Scheme 5-1. In 'this Scheme, PMS･ denotes
●

the imitiating radical produced by photodecopmposition of PMSand P･ represents both

the propagating polymer radicaland the monomer radical produced by the addition of

initiating radical･ h this kinetic model, the reactivities of both polymer and monomer

radicals are assumed to be the sameand these two entities are not distinguished. D

represents dead-polymer produced by the termination reaction between the propagating

radical and the remamlng PMS molecule. The rate constants, k, ki, ktand kt. represent
■ ●

decay constant of photoinitiator, initiation rate constant, temination rate constant and

chain transfer rate constant, respectively.
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Scheme 5,1

Photodecomposition : PMS -PMS ･ + Cl ･

Zniiiation :

Propagation :

Tcrminab'on =

Chain TllanSfcr.･

2nd lTnitiation :

Absiraction :

3rd Znitiation :

PMS++M.P+

P++M. P+

P+ +PMS.D

P● +PMS-● D+PMS●

Cl++M 1.P.

Cl. +RH.R.+HCI

Ro+M.P+

:Rd -klo [PMS]

:R.･ =k.1 [PMS'][M]

: Rp =kp[P'][M]

: Rt -ktLP')(PMS)

‥ Ri, -ki, [P'][PMS]

Based on the elementally steps in Scheme 5-1, the followlng relationship can easily be
●

derived.

[P･] =
2Rd

k, ([PMS] -Cf )

[PMS･] =

Rp=
2kp◎d lZo

◎d -Z. [PMS卜Cf

ki [M]-Cm

([M]-Cn, )

kcl=生=曳= 2kp [M]-Cm

Ri Rd k, [PMS]-Cf

(4)

(5)

(6)

(7)

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

molecules polymerized by one imitiating radical.
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h Chapter 4 we postulated that the monomer moleculesmight form clusters in the

polymerization system and the size of the cluster was estlmated by the values of kcl.

From Eq･ (7) initialvalue of kcl (kclo) was calculated asthe ratio ofR,o/RdOand plotted

against the initial PMS concentration as shownin Figure 5-6(a). Tbis value was found

to increasewith decreaslng the imitial PMS concentration and a polynominal

●

approximation gave the value of ca･ 200 at the zero concentration of PMS. TLis 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 kcl･ On the, other hahd, if

the initialPMS concentration is less than l/200 of monomer concentration, some of

cluster does not contain pMS molecules and polymerization proceedsunevenly inthe

system･ h such a case Rp should be decreased as compared with those highe, PMS

concentrations･ h the present polymerization condition the imitial monomer

concentration is O･83 moIL-1and l/200 of this concentration corresponds to 4 xlO･3

moIL-1･ sothat when the initial PMS concentration is less than this value, the

polymerization rate should decrease abruptly･ In Figure 5-1and 5-2, Rp and kp[P･] were

found to deαease suddenly at the imitial PMS concentration less than 6 ×10-3 moIL･l and

these results are we11 explained by considering the existence of cluster structure of

monomer molecules, as described above.

Validity of the kinetic investigations described above wasfurther checked over by

calculating the ratio of the rate constants, kJkb 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 than6 xlO-3 moI=:1and this result proves the validity of such

discussion.
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Figtlre 5-6･ Dependence of kclo (a) and kJk.仲) on the hitial PMS concentration.

Values ofkclo at [PMS]o ≦ 0･01 moIL-I were calculated according to Eq. (4).
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5･3･2･ Effect of light intensity on the photopdymerization of BzTI) and photo･

decompositidn of PMS in poly(BzTD) matrix

The intensity of the incident light was varied to observe the effect of light intensity

bothon the polymerization rate of BzTD and onthe photodecomposition rate of PMS.

From the kinetic equations, (3)and (6), both iates are expected to be linearly dependent

on the incident light intensity･ h Figure 5-7, polymerization rateL Of BzTD, Rp,and

decomposition rate of PMSI Rd} is plotted against the corresponding concentrations at

various light intensities･Asfor the polymerization rate, at the lowest incident light

intensity, polymerization rate was hitially lower thanthat expected from a linear

dependence of Rp on monomer concentrationand this was probably caused by oxygen

dissolved in the polymerization system as in the c弧e Of the smaller imitialPMS

concentrations described in the previous section･ TLe slope of the linear relationship

between Rpand monomer concentration decTeaSed gradually with the decrease in light

intensity･ Decomposition rateL Of PMS wasalso dependent on thc incident light intensity

andthe linear dependence of Rd 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 polymerization rate much more sensitively than

the photodecomposition rate of PMS･ Dependence of i血ialr地of polymerization, Rpo,

and the intrinsic rate of polymerization, kp[P･], during the polymerization on the incident

light intensity was shownin Figure 5-8･ Both plots show the identical dependence on

the incident light intensity and are fairly deviated丘omthe expected linear relationship

of eq･ (6)･ TLis result indicates that the concentration of propagating radical does not

change linearlywith the incident light intensity.
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Decomposition rate of PMS was also observedwith non-1inear dependency on the

incident light intensity, as shown in Figure 5-9(a). TLe essential cause f.r these

non-1inear dependencies on the light intensity is seen in the change of the quantum yield

of photodecomposition of PMS, ◎dO, Shownin Fig･ 5-9(b)･Asthe incident light

intensity decreases, ◎dO increases gradually and this affects both Rpand Rd in extents

expected by Eq･ (3) and (6), respectively. It is interesthg to observe that the imitial

quantum yield of photodecomposition of PMS reaches almostmity atthe lowest

incident light intensity･ h polymer matrix･ pMS radical produced by the irradiation of

UV light is considered to be in a rapid equilibriumwith recombination.eactionwith

chlorine radicalwhich is generated at the same time of PMS radicalvia homolytic

cleavage of carbon-chlorine bond in a trichloromethyl group of PMS molecule.7-10

when the incident light intensity decreases,the concentration of the imitiating PMS

radical decreasesand recombination of PMS radicalwithchlorine radicalwould

decrease, resulting inthe inaease in quantum yield of photodecomposition of PMS.

Light intensity seems to affect onlythe quantum yield of PMS photodecompositionand

polymerization behavior itself remainedunaffected･ h Figure 5-10･ kinetic chain length

and rkp/ktare plotted against the incident light htensity and it was foundthaI Ihese

ParameterS Were independent onthe light intensity, suggesting that our discussions

described above are appropriate.
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5･4. CONCLtJSION

TLe effects of photoinitiator concentration and light intensity on the photoinitiated

polymerization of BzTD in poly(BzTD) matrix were investigated･ From the dependence

on the hitial photoi地or concentration, the maximum value of kinetic chain length

(ktりwas estinated to be around 200 at the initial monomer concentration of O.83

mol･L-1･ Tbis maximum kcl value is considered to represent the number of monomer

molecules included in the monomer cluster fo-ed in the polymerization system.When

the initial photohitiator concentrationfen below l/200 of the initial monomer

concentration, polymerization rate decreased abruptly, suggesting the existence of

cluster structure of monomer molecules･ TLe quantum yield of photodecomposition of

thc photoinitiator increasedwith decreasing light intensity and fhal1y reachedmity. On

the other hand, kinetic parameters such as kp偽and kinetic chain length were shownto

be independent of the light intensity.
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C血apter 6

Effect of al柳d.ain length in 2･(4'･vinylbenzyl)thio･5･aJkyl;

thio･1,3,41thiadiazole on its photopolymerization in polymer

matrix

6･1. INTRODtJCTION

h radical photopolymerizatio血the polymerization rate is greatly influenced bythe

nature of the monomer and especiany in the bulk state, the vis00sity is a key factor to

increase the rate of photopolymerization･ However, the relationship between the

chemical structure of the monomerand its photopolymerizability had not been

investigated in detailunti1 Deckerl found that heterocyclic oxygen introduced hto the

structuralmit of acrylate compound accelcrated the polymerization reactivity･ Quite

recently Jansen, et al･2･ 3 reported that some acrylate compounds exhibited high

photopolymerization reactivity in bulkandthe rates of polymerization were directly

related to the dipole moment of acrylate compounds･ Some preorgmized structures due

to dipole-dipole interactions have been put forward bythem to explain the high

reactivity of these acrylate compounds･ TLe effect of preorganized structure has be･en

observed in the photopolymerization of monomers which are capable to form

intermolecular hydrogen bonding･2

ne pre-orgahized state of monomer which Jansen has postulated to explain his

experimental results should be closely related to topochemicalpolymerization4-8 and
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polymerization in liquid aysta11ine state･9-12 Topodlemical polymerization has gained

special attentions for obtaiming well-defhed ultra-highmolecular weight polymers

with high1y regulated structures bythe so-caned crystal engineerhg･ Polymerization in

liquid crystal血e state isalso a recent topic to obtain high1y ordeted polymer materials.

h a smectic phase, dramatically enhanced polymerization rates are observed for some

acrylate monomers photopolymerized in a smectic media･11･ 12 h such a LC phase,

orderihg of mo皿OmerS Can SigniBcantly alter the polymerization behavior and kinetics.

h the previous chapters we investigated the various aspects of photopolymerization

behavior of the styrenyl monomers bearlng l,3･4-thiadiazole group ln POlymer matrix.

●

●

h this Chapter, we repodthe size effect of the substituent onthe photopolymerization

behavior of such styrenyl monomers･ In Chapter 2, we foundthe existence of cluster

structure of CITD (2-(4'-tinylbeuyl)thio-5-methylthio-1,3,4-thiodiazole) in

polystyrene matrix･ htermolecular interactions between such monomer molecules

could induce locany assembled structures of these monomer molecules. From the

kinetic investigations desdbed in Chapter 4 and 5, aggregated phase structures of

monomer molemles seemed to be probable･ We are now interested in seelngthe effect
●

ofthe size of akyl substituent onthiadiazole group on the polymerization behavior,

since the bukiness of such alkyl substituent must affectthe nature of the cluster

considerably. We considered thatthe formation of the monomer clustermight be

assisted bythe polymer matrix which possesses the same l･3,4-thiadiazole groups in

the side chain･ h such a point ofview, the effect of matrix polymer was also

investigated to clarify the polymerization mechanism of such unlque
●

photopolymerization system.
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2－＠’－Methoxystyr朴4，6－bisOrichloromethyl）－1，3，5－triazinePMS）waspurchased

frompanchim（Fhnce）andusedwithoutfurtherpmification・Polystyrene（Mw＝

3×105）wasobtained丘om％koαemicalshd・ud・，Psaka，Japap）andpmiBedby

PreCipitation如ml，4－dioxanesolutionwithmethanol・1，4－Dioxaneロ鱒koChemicals

Ind・ud・）wasusedwithoutfudherpu戯cation・Methyliodide，ethyliodide，PrOPyl

iodideandbuthyltodecylbromideswerepufchased如mTbkyo馳seiKogyoCo．，

ud・（Tbkyo，Japp）andusedwithoutfurtherpurification。4－mOrOmethylstyrenewas

PurChased駐omSeimiChemicalCo・ud・（KanagaWa，Japa血）andusedwithoutfurther

pud丘c如ion．

Monomerp叩arati仙5

Al1themonomersstudiedinthischapterwereprqaredbytheprocedureasshownin

Sdl引ne6－1。

メ○。1＋ⅢYSYSH空㌦ク頂虹s s sH
m

矧旺TD

N－N　　　　放OH

CnH2n十1Ⅹ（Ⅹ＝放orI）

SHTD

鞄N／放OH ㌣◎
SYSYS‾CnH2皿十1

N－N

C仰



Sy皿伽sisof叫，岬叫be止別仇io舶柳血io・1，3，4・地軸aヱOle仙Ⅷ）

以Cn，，inCnTDippliesthenumberofalkylcarbonsubstitutedin5－POSitionof

l，3，4－thiadiazole・血TD，swcreinvestigatedtocomparewitheachotherforsize曲ct

Of5－Substituent・Preparation of5－＠，－Vinylbenzyl）thio－1，3，4－thiadiazole－2＿thiol

（SHTD）wasdescribedinChqpter2・CITDwasprqaredbythefo1lowingprocedure．

SHTD＠6・6g，0・10moりwasreactedwithmethyliodide（14・2g，0・10mol）inthe

PreSenCeOfanequimolaramountoftriethyknine（0・10mol）inethanol（200mL）for3

hatlOOc・Recrystal1izdionfromethanolgavecolodesscrystal・Theyiddwas17・4g

（62％）・Mel血gpo血twas48．7。c．

Elementalanalysis：Calcd・for2－＠，－vinylbenzyl）thio－5－methylthio－1，3，4－thiodiazole

（CITD），C，51・35；H，4・28；N・9・99・Obsd・C，51・16潤4．22；N，9．97．

1HN膿POO批血00qが湖畔2・乃桓，CIも，3叫湖恥叫b叫），2H），

5・2叩軋J＝1撒，1H），5・乃匝，払J＝17・馳J恥6・67恥‰J＝11ブ17．6鞄

1恥7・34匝，p血enれ4叫．

Ha

Hk

。◎
CITD

S愉S＼叫

C2TDandC3TDwerepr甲aredbyaproceduresimi1artothatofCITD．SHTDwas

reaCtedwithethyliodide匝rC2TD）orpropyllodide（如C3TD）inthepresenceof

equimolaramountoftriethylamineP・10mol）inethanol（200mりfor8hatlOOc．

OthermonomersfromC4TDtoClOTDwerepreparedbyaproceduresimi1artothat
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described above exceptthat l-bromoalkane was used hstead of l-iodoalknneand

reaction was carried out at 70 oCfor 5 h.

C2TD:

Recrysta11ized from methanol / diisopropyl ether (3/1 v/v)･ The yield was 53 %.

Melting poimt was 34.5 oC.

Elemental analysis･･ Calcd･ for 2-(4･-vinylbenzyl)thio-5-ethylthio-1,3,4-thiodiazole

L(C2Tb), c, 52･98; H, 4･75; N, 9･51･ Obsd･ C, 53･12;. H, 4･65; N, 9･59.

1H NMR (200 MHz in CDC13, 8, ppm) :1･40 (t, CH3'J =､7･4 Hz, 3fD, 3.24 (q, CH2, J =

7･4 Hz, 2Ⅰり, 4･46(s, CH2(benzyl), 2印, 5･23 (d･ Ha, J - 11 fk, 1q, 5･72 (d, Hb, J =

17･6Hち1fD, 6･67 (dd, Hx, J - 11, 17･6 Hz, 1Ⅰ牡7･34 (m, phenyl, 4Ⅰり.

C3TD:

Recrysta11izedfrom methanol / diisopropyl ether (3/1 v/v)･ The yield was 32 %.

Melting po血t was ll.2oC.

Elementalanalysis: 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.

1H NMR (200 MHz in CDC13, 8, ppm) :1･03(t, CH3'J = 7･2 Ⅰ由, 3‡牡1･79(m, CH2, J =

7･2, 7･4 Hz, 2Ⅰり, 3･23 (t, CH2, J = 7･4 Hz, 2Ⅰり, 4･46(s, CH2(bezuyl), 2甲), 5.23 (d, Ha, J

= 11 Hz, 1H), 5･72 (d, Hb, J = 17･6Hz, 1叫, 6･67 (dd, Hx, J = 11, 17･6 Hz, 1q, 7.34 (m,

p血enyl, 4町

C4TD:

Recrysta11izedfrom methanol / dHsopropyl ether (3/1 v/v)･ me yield was 34 %.
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Mel血g point was 23.O oC.

Elemental analysis: Calcd･ for 2-(4,-vinylbenzyl)thio-5-butylthio-l,3,4一也iodiazole

(c4TD), C, 55･81; H･ 5･58; N･ 8･68･ Obsd･ C, 56･26; H, 5.80; N, 8.93.

1H NMR (200 Mfk in CDCl3･ 8, ppm) :o･91 (t, CIも, J = 7･2 Hz, 3H), 1･44 (m, CH2,

2恥1･72 (m, CH2, 2q, 3･25 (t, CH2, J = 714 Hz, 2Ⅰり4･46(s, CfI2(benzy1), 2fD, 5.23

(d, Ha, J,= 11 Huq, 5･72 (d, Hb, J = 17･6fb, 1q, 6･67 (dd, Hx･ J = 11, 17･6 Hz, 1fD,

7･34 (m, phenyl, 4q.

C5TD:

Recrystallized &om ethanol･ TLe yield was 67 %･ Melting point was 28.5 oC.

Elementalanalysis: Calcd･ for 2-(4･-vhylbenzyl)thio-5-pentylthio-1,3,4-thiodiazole

(c5TD)･ C, 57･05; H, 5･94; N, 8･32･ Obsd･ C, 57･42; H, 6.09; N, 8.51.

1H N- (200 MHz h CDCl3･ 8･ ppm) : o･88 (t, CH3･ J = 7 Hz, 3q, 1･35 (m, CH2, 4Ⅰり,

1･76 (m, CH2, 2H), 3･24 (t, CH2･ J = 7 Hz, 2fq 4･46(s, CH2(benzyl)'2fり, 5･23 (d, Ha,

J = 11 Hz, 1H), 5･72 (d･ Hb･ J = 17･6fk･ 1印, 6･67 (dd, Hx, J = 11, 17･6 Hz, 1fD, 7.34

(m, phenyl, 4Ⅰり.

C石TD:

Recrystanized丘om ethanol｡ The yield was 71 %･ Melting poht was 33.4 ｡c.

Elemental analysis･･ Calcd･ for 2-(4･-vinylbenzyl)thio-5-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.

1H N- (200 MHz in00Cl3, 8･ ppm) : o･86 (t, CH3, 3fD, 1･2 - 1･5 P'CH2, 6恥1.75

(m, cH2, 2fD, 3･24 (t, CH2, 2H), 4･46(s, CH2(benzyl)･ 2H), 5･23 (d, Ha, J = 11 Hz, 1fD,

5･72 (d, Hb, J = 17･6Hz, 1fD, 6･67 (dd, flx, J = 11, 17･6 Hz,叩), 7･34 (m, phenyl, 4H).
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C7TD:

Recrystallizedfrom ethanol･ TLe yield was 69 %･ Melting point was 38.8 oC.

Elemental analysis: Calcd･ for 21(4'-vinylbeuyl)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.

1H NMR (200 MHz in CDC13, 8, ppm) : 0･88 (t, CIも, 3fD'1･2 - 1･5 @,･CH2, 8fD, 1.76

(m, cH2, 2H), 3･25 (t, CH2, 2恥4･46(s･ CH2(benzyl), 2H), 5･23 (d, Ha, J = 11 Hz, 1H),

5･72 (d, Hb, J = 17･6h, 1印, 6･67 (dd, Hx, J = 11, 17･6 Hz, 1H), 7･34 (m, phenyl, 4H).

CSTD:

Recrystallizedfrom ethanol･ Tbe yield was 82 %･ Melting point was 41.2 oC｡

Elemental analysis: Calcd･ for 2-(4'-vinylbenzyl)thio-5-octylthio-1,3,4-thiodiazole

(C8TD), C, 60･22; H, 6･87; N, 7･40･ Obsd･ C, 60･41; H, 6.73; N, 7.77.

1H NPR (200 Mfb in CDC13, 8･ ppm) ･･ o･88 (t, CIち, 3q, 1･2 - 1･5 (b, CH2, 10Ⅰり,

1･75 (m, CH2, 2q, 3･26 (t, CH2, 2Ⅰり, 4･46(s, CH2(beuyl), 2fD, 5･23 (d, Ha, J = 11 Hz,

1Ⅰり･ 5･72 (d, Hb, J = 17･6fk, 1叫･ 6･67 (dd, Hx, J = 11, 17･6 Hz, 1Ⅰり, 7･34 (m, phenyl,

4H).

CﾀTD:

Recrystallizedfrom ethanol･ The yield was 83 %･ Melting point was 49.O oC.

Elemental analysis: Calcd･ for 2-(4'-vinylbenzyl)thio-5-nonylthio-1,3,4-thiodiazole

(C9TD)･ C, 61･13; H, 7･13; N, 7･13･ Obsd･ C, 61･01; H, 7.28; N, 7.28.

1H NMR (200 M地in CDC13, 8, ppm) : o･88 (t, CH3, 3Ⅰり, 1･2 - 1･5 (b, CH2, 12H),

1･75 (m, CH2, 2fD, 3･25 (t, CH2, 2H), 4･46(s, CH2(be叫1), 2Ⅰり, 5･23 (d, Ha, J = 11 Hz,

145



叩), 5･72 (d, Hb, J = 17･6Hz, 1叫, 6･67 (dd, frx･ J = 11, 17･6地, 1H), 7･34 (m, phenyl,

4H).

CIOTD:

Recrystallizedfrom ethanol･ TLe yield was 80 %･ Melting point was 52.3 oC.

Elemental analysis: Calcd･ for 2-(4,-vhylbenzyl)thio-5-decylthio-1,3,4-thiodiazole

(clOTD), C, 61･97; H, 7･38; N, 6･89･ Obsd･ C, 61･92; H, 7.36; N, 7.07.

1H NMR (200 MHz in CDC13, 8, ppm) : o･88 (t, CH3, 3H)･ 1･2 - 1･5仲'CH2, 14H),

1･75 (m, CH2･ 2印, 3･25 (t, CH2, 2fり, 4･46(s, CH2(benzyl), 2fD'5･23 (d, Ha, J = 11 Hz,

1fD, 5･72 (d, Hb, J = 17･6Hz･ 1H), 6･67 (dd, Hx･ J = 11, 17･6 Hz, 1fD'7･34 (m, phenyl,

4fD.

Preparation of pdy(C3TD)

poly(C3TD) was synthesized by radicalpolymerization of C3TD and used as a

polymer matrix in photopolymerization of CnTD･ C3TD (30 g) was placed in a 4-neck,

round-bottomflask (300 mL) equippedwitha reflux condenser, athermometer, a

nitrogen inlet and an overhead mechanical stirrer･ and l,4-dioxane (100 mL) and

ethanol (10 mL) were added･ TLe fLask was kept in a hot-bath of 70 oC･ Polymerization

was initiated by adding 2,2'-azobisisobutymitri1e (0･2 g) and continued fbr 7 h aI 70

oc･ The polymerization mixture was then poured into methano1 (1000 mL) and the

precipitate was separated by decantation･ The product was puriBed by repeated

precipitationfrom l,4-dioxane solutionwith methanol･ A触dryhg ovemight in

vacuum, slightly yellowish powder was obtained･ ne - analysis showed the

formation of poly(C3TD). From GPC measurement equippedwith a multi-angle laser
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light scatterhg detector (DAWN E,with operating/analysis software,Astra 4.73.04,

bothhm Wyatt Technology Corp･, Santa Barbara, CA), weight-average molecula,

weight, Mw, ofpoly(C3TD) was found to be 5.8 x lO5.

1H NMR (200 MHz in CDC13, 8, ppm): 1･03(t, C恥J = 7 Hz, 3H), 1･2･-1.6 (b, CH2 in

the main d.ain, 2叫, 1･6 -2･1 (b, CH in the main chain, 1叫, 1.79(m, CH2, J = 7 Hz,

2叫, 3･23 (t, CH2, J - 7 Hz, 2Ⅰり, 43 - 4･6 (b, CH2(benzyl), 2H), 6･2 - 6･6 (b, phenyl H,

2珂); 6･8 - 7･2 (b, phenyl H, 2H).

Preparation of 2･(4I･vinylbenzyl)thio･5･b叩ylthio･1,3,41thiadiazde伊打D) and

its polyme血atio皿

BzTDand its homopolymer, poly(BzTD) were prepared by the procedures as

described in Chapter 2.

Photop olymerization

Photopolymerization of the styrene derivatives was camied out inthe matrix of solid

polymer and followed up to highmonomer conversion by Fomier transfo,m.eal_time

infrared (RT-IR) 8･ 14-17 spectmscopy, which was conducted on a Bio_.ad FrS_40

(Bio-rad Laboratories, hc･, Hercules, CA)with an operatinganalysis so触a,e, Wh-R.

Sample preparations and photopolymerization procedures were described h detail in

Chapter 2 and 3.

Monomer conversion was calculated according tothe followlng equation:
●

COnVerS10n =
A(990). - A (990),

A(990)o

whereA(1171)o andA(1171)t denote absorbance at l171 cm-1 at the begiming and time

t of UV irradiation, respectively･

ne rate of polymerization, Rp, was calculated from the followlng equation;
●
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Rp (moIL-1s-1) …一些型- [M]oJ▲

dt rr-'u dt

since individualdata points of peak intensities at 990 cm-1 were somewhat scattered,

the calculated value of Rpfromthe relative differences of peak intensities atan

arbitrary time interval scattered signiflCantly･ Therefore, 10th-order polynominal

approximation was applied to a11 time-conversion curves and such polynominal curve

fit was differentiated to obtain Rp at an arbitrary polymerization time.

6･3･ REStJLTS ANDDISCtJSSION

6･3･1･ Photopdymerization of CnTD j叩OJystyrene ma地

photopolymerization reactivities of CnTD monomers were investigated in

polystyrene matrix･ The number ofalkyl carbons inthealkylthio group at 5-position of

l,3,4-thiadiazole group was systematically variedandthe effed ofthe ske of this alkyl

substituent on their polymerization reactivity was investigated･Time-conversion

curves obtained forthese monomers were shownin Figure 6-1･ In all cases,

polymerization startedwithout any noticeable inductionperiod and proceededwith

moderate polymerization rate･ Finalconversions attained were h the range of O.7 - 0.8

for all monomers･ c9TD and CIOTD showed the highest血al conversions among

others･ Maximum polymerization rate･ Rp(mu), observed for each CnTD monomer was

plotted against the mmber of carbon atoms inthe alkyl substituent of CnTD as is seen

in Figure 6-2(a)･ Highest polymerization rate was obtained for C2TD and others were

around O･01 mol･L-1･s-1 and seems not to depend onthe number of carbon atoms inthe

alkyl substituent･ Therefore, the size of the alkyl substituent was found not to affect

essentia山y the polymerization reactivity of CnTD monomers h polystyrene matrix.

photodecomposition process of PMS was concurrently observed by monitoring the
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absorption intensity at l171 cm-1 of polymerization system and photodecomposition

rate was calculated by the differential of time-photodecomposition ratio curve of PMS.

Maximum photodecomposition rate, Rd(max)'Of PMS> which was attained in the

begiming 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).

Lewest value of Rd(mH) WaS Observedfor the polymerization of CITD and highest

value of Rd(nax) WaS Obtainedfor C7TD･ TLese differences in Rd(nax) are COnSidered to

reflect the reactivity of each monomer to the imitiating radicals derivedfrom

photodecomposition of PMS molecules.

h the absence of these monomers, photodecomposition rate of PMS was

detemined separately and the obtained value of Rd(nax) WaS Ca･ 2×104 mol･IJl･s-1 in

POlystyrene matrix･ This value is much lower thanthose obtained in the presence of

these血onomers and the increase of Rd(max) Should imply the contribution of initiation

reaction to prevent recombination of initiating PMS radicalwithchlorine atom which

is by-produced bythe photodecomposition of PMS ･ molecule･ Except.for CITD, other

monomers showed ahost identical effects on photode00mposition rate of PMSand

values of Rd(nax) Were arOund lxlO-3 mol･L-1･s-1, which is about 5-fold of that inthe

absence of monomer･ Einetic chain length, kcl(na* detemined by the ratio ofRp(nu) to

Rd(max), is a measure of polymerization efficiency and represents the number of

monomer molccrized per one molecule of photodecomposed PMS.
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In Figure 6-3, the calculated values of kcl(nax) were plotted against the number of

carbon atoms in thealkyl substituent of CnTD･ CITD and C2TD are found to be

polymerizedwith ca･ 20 molecules of these monomers per a pMS molecule

photodecomposed･ Others are less efEicient and obtained values of kcl(nK) Were arOund

lO･ These relatively smaller values as comparedwith those reported by Decker et al.

indicate that average numbers of monomer molecules available to each initiating

radical are limited to such smal1er valuesand the existence of polystyrene matrix

restricts the propagation of radical chainwithin ten to twenty of monomer molecules,

which may not be appropriate to be called as photopolymerization.

●

●
●

●●●

0 2 4 6 $ 10

number of alkyl carbon in CnTD

Figtwe 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 wasthe same as that in Fig･ 612.
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613･2･ Photopolynerization of CnTD h 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 shownin Figure 614･ Highest polymerization efEiciency was observed in

the case of CITDand as the size of the alkyl substituent in CnTD monomer increases,

both polymerization rate and final conversion are decreased･ h pafticular, fhal

conversions reached almost lOO% for the polymerization of CITDand C4TD. On the

other hand, C9TDand CIOTD were found to bethe least photopolymerizable

monomers in poly(C3TD) matrix, althoughthes? two monomers showed highest

polymerization reactivity in polystyrene matrix as described before･ h Figure 6-5, both

maximum photopolymerization rate, Rp(nax)'and maximumphotodecomposition rate,

Rd(-ax), Of PMS are plotted･ Polymerization rate of tlTD in poly(C3TD) matrix is

about 3 times higher than that in polystyrene mat血｡ However, C6TDand other

homologueswiththe increased number of the alkyl carbon showed decreased

polymerization reactivity in poly(C3TD)thanthose in polystyrene matrix.Asfor the

photodecomposition rate of PMS, a similar tendency is seen in Fig. 6-5(b). Apparently,

both photopolymerization reactivity and initiation efEIciency are decreased for the

monomers of C6TD and higher homologues･Kinetic chain length qigure 6-6)

obtainedfor CITD was increased up to ca. 40, which is about 2-fold of that in

polystyrene matrix･ c9TD and CIOTD showed values of kcl(max) as low as ca･ 5and

this small number indicatesthat true polymerization did not take placefor these two

monomers･ From C4TD to C8TD, values of kcl(nax) were around the same of those

obtained in polystyrene platrix･ h summary, poly(C3TD) matrix enhances the

polymerization reactivity of CITDand deactivates the polymerization reactivity of
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both C9TDand CIOTD. TLe increase of kcl in the case of CITD indicatesthat in

poly(C3TD) matrix, CITD monomer moleculesmight be oriented in a favorable way

to the photopolymerization.

100 200 300

time (s)

Figure 6･4･ Photopolymerization behaviors of CnTD monomers in poly(C3TD) matriⅩ

initiated by PMSunder the irradiation of 365 nm light･ PMS/CnTD/poly(C3TD) =

0･0042/0･ 10/0･20 (wt/wt^vt).Light htensity = 1.6 mW･cm~2. photopolymerization was

camied out at room temperatureunder argon atmosphere･
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Figure 6･6･ Dependence of kinetic chain length on the alkyl chain length in CnTD for

the PMS-i叫iated photopolymerization of CnTD in poly(C3TD) matriⅩ.
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6･3-3. Photopolymerization of CnTD in poly仲2:TD) mat血

Comparisons of polymerization behavior of CnTD were agamcarried out by uslng
●

poly(BzTD) matrix. The pendant substitucnt of benzylthio group was introduced to

investigate the effect of phenylring attached tothe pendant thiadiazole group on the

polymerization behavior of CnTD in comparisonwith propyl substituent in

poly(C3TD). Drastic?cceleration of polymerization rate of CITDand deactivation for

C9TD and CIOTD were observed also in this polymer matrixｸaS Shown in Figure 6･71

C6TD showed decreased polymerization reactivity as compared with the result

obtained in poly(C3TD) matrix･ h Figure 6-8, maximum polym?rization rate was

decreased linearly with the hcrease inthc number of carbon atoms in the alkyl

substituent of CnTDand &om C6TD to CIOTD except C8TD the polymerization rate

ofthese monomers in poly(BzTD) matrix were smaller thanthose in polystyrene

matriⅩ･ Tbe maximum polymerization rate of CITD wasfurther increased up to ca･

0･04 mol･L-l･s-1 which is about 4-fold ofthat in polystyrene matrix. In Figure 6-8(b),

maximum photodecomposition rate? Rd(.nax)! Of PMS are plotted against the number of

alkyl carbons in CnTD･ It is characteristic that for C6TD to CIOTD except C8TD? the

decomposition rates of PMS were suppressed as comparedwith those for other

monomers｡ Einetic chain length (Figure 6-9) obtained for CITD was ca. 40, which is

same as that in poly(C3TD) matrix･ C9TDand CIOTD showed values of kcl(nax) as low

as ca･ 5･ agaln and this small number indicates that no effective polymerization takes
｢二

place for'these two monomers･ h summary, poly(BzTD) matrix enhances the

polymerization reactivity of CnTD of smaller alkyl substituents (Cland C2) and

deactivates the polymerization reactivity of both C9TD and CIOTD.
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h order to explain a11 the data obtained so far, specific interactions between polymer

matrix and CnTD monomers are considered･ h the cases of poly(C3TD) and

poly(BzTD), these polymers have pendant l,3,4-thiadia2:Ole groups which are believed

to assemblc with each other andwith CnTD monomers throughintermolecular

interactions caused by I.ondon dispersion force characteristic to highly polarizable

benzylthio-substituted l,3?4-thiadiazole group･ Molecular orbital calculation based on

the PM3 method gave a value of polarizability as large as 172 a.u. for a CITD

molecule in its most stable cohfomation･ T山s result suggests both possibilities of

locally assembled structures of these monomersthemselvesandanother assembled

structures of those incorporatedwiththe pendant thiadiazol¢ groups of the polymer

matrix･ h polystyrene matrix) cluster structure of aggrcgated monomer molecules had

been con丘-ed as described in Chapter 2 and in也is case, polymerization rate was not

affected by the size of the alkyl substituent･ hside the aggregates dispersed in the

glassy matrix of polystyrene, monomer mole00lesmight befrozenand their mutual

aligments should be at random血shion; thereforethe polymerization proceeded at

moderate rateand no size effect was observed･ On the other hand, in poly(C3TD)and

poly(Bzm) matrices, monomer molecules should interactwith pendant thiadiazole

groups of the matrix polymer (which is apparent &om the observed decrease in Tg , see

Table 2-1 in Chapter 2 of this thesis)and aggregation of monomer molecules should

incorporate suchpendant substituents･ Since Tgs ofthe monomer/polymer blends are

close to room temperature (e･g･, 25 oC for CITD/poly(BzTD) blend), rotational and

vibrational freedom of molecular motions should be greatly increased･ We considered

that when the size ofthe alkyl substituent in CnTD is relatively sma11) then CnTD

moleculesmight be allowed to rotate inside the interstices of the pendant groups of the
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polymcr matrix such as poly(C3TD) or poly(BzTD), rearran由ng themselveswithalkyl

group headed toward the backbone chain, as schematically iutLStrated in Figure 6-10(a).

Sincc styrenyl groups are located outside ofthe cozlgeStCd pendant groups of the

mat血polymcr in this case, mtadonaldcgee offreedomfor these styrenyl groups

would be retaizledand polymerization of these styrenyl groups would procecd

efBciently･ On the other haJld, whenthe size of the alkyl substituent in CnTD is

relatively laEge, SuCh rotation and rcarrangemcnts of moleculcs inside thc interstices of

the pendant gotlPS Ofth'e mat血polymcr wodd be di岱cult to ocN皿d molecular

assembly would be血ed at raJldom fhshion･ b such a ase, polymerization wodd be

difficult to proceedwithin the densely packcd nolcculaq assenbly inside the interstices

ofpendant groups of the polymcr matrix.

:>

⊂=

(b)

Figttre 6110･ Schematic illustrations indicahg possible mutualaligz皿entS Of CITD

monomer molecules insidBthe interstices ofthe pendant thiadiazole groups in

poly(BzTD) natrix. CITD molecules areallowed to rotate and mtltualalignnents such

as.(a) aJld (b) are血rapid eqdibrium.
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614. CONCLtJSION

Our initial purpose of establishing an efEicient photopolymerization system, which

consists of styrenyl monomer in combination with an appropriate photoinitiator in a

suitable polymer matrix, was attained by optimizing the size ofalkyl substituent at

5-position of l,3,4-thiadiazole groupwith a choice of PMS as photoinitiator and

poly(BzTD) as matriⅩ polymer. Highpolymerization riteand reduced concentration of

residual monomer were attained h this study. When the size ofalkyl substituent is

relativ占Iy small, polymerization proceeded rapidlyand kinetic chain length (kcl)

increased up to pa. 40, whereas largeralkyl substituents resulted in decreased

polymeri2:ation reactivity and smaller kcl values･ A possible explanation to the

observed experimental results should be that monomer molecules are assembledwith

the pendant groups of matrix polymerand molecular rearrangements inside the

assembled structure would determine the polymerization reactivity. TLese obtained

results arefully consistentwith previously obtained results described in the preceding

chapters.

163



REFERENCES

1･ Moussa, K ; Decker, C･, J･ Polym･ Sci･ PartA･ Polym･ Chem･, 1993, 31, 2197.

2･ Jansen, J･F･GA ; Dias, A･ A ; Dorsclm, M･ ; CoussensI B･, Polym･ Prepr･, 2001, 42,
769.

3･ Jansen, J･F･GA ; Dias, A･ A ; Dorschu, M･ ; Coussens? B･, Macromolecules, 2002,
35, 7529.

4･ Matsumoto, A･ ; Matsumura, T･ ;Anki, S･, J･ Chem･ Soc･? Chem･ Commun., 1994,

1389.

5･ Tashiro, K ; E-ae, T･ ; Kobayashi, M･ ; A｡ MatsumotoI A｡ ; Yokoi, K ; Aoki, S.,

Macromolecules, 1999, 32, 2449.

6･ Odani･ T･ ; Matsumoto, A･ｸMacmmol･ Rapid Commun･, 2000, 21, 40.

7･ Matsumoto, A･ ; Nagahama, S･ ; Odani? T･) J･Am･ Chem･ Soc･, 2000, 122, 9109.

8･ Matsumoto, A ; Odmi, T･ ; Sada, K ; Miyata, M･ ; Tashiro, K, Nature, 2000, 405,

328.

9･ Wi11iamson, S･ E･ ; KangﾀD･ ; Hoylel C･ E･, Maαomolecules, 1996, 29, 8656.

10･Andersson, H･ ; Trollsas, M･ ; Gedde･ U･ W･ ; Hult? A･1 Macromol･ Chem･ Phys･,

1995, 196, 3667.

11･Guymon, C･ A･ ; Hoggan, E･ N. ; Clark? N･ A･ ; Rieker? T･ P･ ; Walba, D. M. ;

Bowman, C･ N., Sdencち1997, 275, 57.

12･ Guymon, C･ A｡ ; Bowman, C･ N･, Mac3,OmOlecules, 1997, 30, 5271｡

164



Chapter 7

preparation of polymers bear1ng Pend?nt styrenyl group and
●

its photopolymerization behavior in solid state

7_ 1. INTRODtJCTION

In various industrial applications) reactive prepolymer having at least two

polymerizable groups serves to produce the necessary viscosityandperformancefor

effective crosslinking･ Photopolymerizable prepolymers canbe divided into three types,

depending on the positions of the reactive groups in the polymer molecules･･1

(1)Where the reactive groupsformpart of the polymer chain as h the case of

unsaturated polyesters as described before･ Other examples classified in this category

include epoxidized naturalrubber (effective in catiomic polymerization)･ 2J

(2) Where the reactive groups are present in the endgroups of a bearor branched

polymer,and as for example so-called epoxy acrylates arethe representatives for this

category･ 1

(3)Where the reactive groups are introduced in the pendant groups of a polymer･

such polymers can be prepared, for instance, by the reaction of a precursor polymer

with a compound which possesses both a polymerizable groupand 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 investigated,

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 groups 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 presentmique characteristics such as highthermaland chemical stabilities, high

flexibilityand hydrophobicity･ Glycidyl ether7 and cyclohex- oXide8 were introduced

to the siloxane backbone by the hydrosilation method･ PDMSs containing acrylic and

methacrylic ester groups? 1inked to the siloxane backbone7 have been symthesized･ 9-15

pDMSs bearlng Pendant styrenyl groups havc been prepared16Pand its
●

photo-crosslinking via a cationic mechmism uslng mainly onium salts as photoinitiators
●

has been investigated･ 18 Naturalrubber is also another example for modification of its

structure withpendant acrylic esters･ 19･ 20All these polymers are effective to obtain

highly crosslinked materials bythemselves or throughthe blends of these polymerswith

monomcrs dispersed in such photoactive matrices･

●

In the previous chapters? photopolymerizability of styrenyl monomers bearlng

l,3,4-thiadiazole group was discussed in relation to their structures and interactionwith

polymer matrix･ We attempted to introduce such styrenyl group onto polymer backbone

to make reactive polymer matrix inanaiming to concretize a highly effective

photopolymerization system which canproduce three-dimensional polymer network

upon irradiation of UV light. h 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-molecdar-weight styrenyl monomersand then

copolymerization of these different types of styrenyl groups is attempted in this Chapter･
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7.2. E]UERIMENTAL

7_2･1. Materials

2-(4･-methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-triazine (PMS) was purchased

from panchim (Cedex, France) and uscd withoutfurther pmification･ 1,4-Dioxane

(wako Chemicals hd. Ltd･) was used withoutfurther purification･

2,5-Dimercapto11,3〉4-thiadiazole was purchasedfrom Tokyoぬsei Kogyo Co･,

Ltd.(Tokyo, Japan) and used withoutfurther purification･ 4-Chloromethyl styrene was

purchascd from SeimiChemical Co･ ud･ (ぬnagawa, Japan)and used withoutfurther

purification. Poly(4-hydroxystyrene) (PHM-C) was obtainedfrom Maruzen

petrochemicalCo. Lld. (Tokyo, Japan)and used as received･ Methanol solution

contaiming 40 wt% of TBAH(tetra(n-butyl)ammonium hydroxide)(350g, 0･54 mole) was

obtained from Nippon Fhe ChemicalCo･ ud･(Tokyo, Japan)･Asa polymerization

inhibitor, N-Aitrosophenylhydroxylamine alumimium salt, [(C6H5N(NO)0]3Al, (Q- 1301 ,

whko Chemicals hd. Ltd.) was used withoutfurther purification･

712･2. PreparatioA Of monomers

cITD, BzTD皿d C3TD2 were prepared a00ording to the procedures described in

Chapter 2･

C ITD

BzTD

idL.
s¶/ slr s,cH 3

N｣------ N

㌃◎
sｲs廿s
N-N
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C3 TD2

〆計cHt…ｨs,Tr s,cH2CH 2CH 2､sｨ
NｰN N｣--- N

scp唱

7･2･3. Preparation of homopolymers bearing pendant styrenyl group

Two types of homopolymers bearlng Pendant styrenyl group were prepared･ One was
●

prepared by the polymerization of triethylamine 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･･ Tbe puTPOSe Of preparations of

these two polymers was to investigate the effect of linking group onthe

photopolymerization reactivity of styrenyl group attached to the polymer chain･

712･3 (a) Preparation of poly[4･methylenethio･1 '? ',4'･thiadia2:Olyl･2'･

(4''-vinylbeAZylthio) styreAe] (POly叩ｴTD))

SHTD (50g, 0.188 mol) was placed in a 4-neck, round-bottomflask (500 mL)

equlPPed with a reflux condenser, a thermometer? a血itrogen inletandanoverhead

●

mechanical stirrer, and ethanol (150 mL)and distilled water (25 mL) were added･ Under

hitrogen atmosphere, triethylamine (20g, 0･198 mol) was added and SHTD was

dissolved completely･ Theflask was kept in a hot-bath of 70 oC･ Polymerization was

initiated by adding 2,2'-azobisisobutyronitrile (0･5 g)and continued for lO h at 70 oC･

Tbe polymerizationmixture was then transferred to a lOOO mL Aask on a stirrer-hot

plate and stirred at room temperature. 4-Chloromethyl styrene (30g, 0･2 mol)and

Q-1301(polymerization inhibitor, 0･1g) were gradual1y added to the mixtureunder
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vlgOrOuS Stirring･Asthe reaction proceeded, the resulted polymer was precipitated from
●

the solutionand then, 1,4-dioxane (200mL) was added to keep the reaction mixture

homogeneous･ The solution temperature was raised to 50 oCand the reaction was

continued for 5 h at this temperature and then left at room temperature ovemight･

Tbe reactionmiⅩture was poured into methanol (2000 mL) and the precipitate was

separated by decantation･ The product was purified by repeated precipitation血om

l,4-dioxane solutionwith methanol. A触r drying ovemight in vacuum, slightly

yellowishrubbery solid was obtained･ The -ranalysis showed the formation of

poly(VBzTD). Poly(VBzTD) had been found to form insoluble gel in a few weeks

when stored in bulk even in a r血gerator. Therefore? the obtained polymer was

dissolved in l,4-dioxane (20 wt %) together with N-nitrosophenylhydroxylamine

aluminium salt, Q-1301 (0.1 wt % relative to theamount of the polymer)and stored in a

re丘igerator.

Hf He

N-N

p oly叩zTD)

Hd Hc

1H NMR (200 MHz in CDC13, 8, ppm): 1･0 -1･5 (b, CH2 in the main chain, 2印; 1･5

-2.2 (b, CH in the main chain, 1H); 4･3 - 4･5 (b, CH2, 4叫; 5･2 (d, Ha, 1H); 5･65 (d,

Hb, 1H);6.1 - 6.6 (b, Hf, 2H); 6.4 - 6.8 (b, Hx, 1Ⅰり;6･8 - 7･2 (b, He, 2Ⅰり; 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鉦om Wyatt
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Teclmology Corp., Santa Barbara, CA), weight-average molecular weight, Mw,and

number-average molecular weight, Mn of poly(VBzTD) was found to be l.4 × 106and

5･5 × 105, respectively･

7･2･3仲) Preparation of poly[4･ (4'･vinylbenzyloxy)styreAe] (POlynⅦ2:S))

Poly(4-hydroxystyrene) (PHM-C, 60g) was dissolved in T肝(200g) and methanol

solution containing 40 wt% of TBAH(tetra(n二butyl)ammonium hydroxide)(350g, 0.54

mole) at 60 oC･ hto this solution 4-chloromethyl styrene (82g, 0･54mol) and

Q-1301(0.1g) were addedundervigorous stiming･ The reaction was carried out at 60 oC

for 20 h. Then the reaction mixture was left at room temperatqre and poured into

methano1 (2000mL). The precipitated polymer was collected by dccantationand

dissolved h acetone (300mL). Tbis acetone solution was poured into methanol

(2000mL) again and the precipitated polymer became powderyand re00vered by

filtrationand washedwith methanol scveral times. ne polymer was driedunder

reduced pressure and stored in a re鮎gerator･

Hd H去

poly叩zS)

1H NMR (200 MHz in CDCl3, 8, ppm): 1.0 -1.6 (b, CH2 in the main chain, 2H); 1.5

-2.4 (b, CH in the main chain, 1H); 4･7 - 5･1 (b, CH2, 2H); 5･2 (d, Ha, 1H); 5･7 (d, Hb,

1H);6.2 - 7.0 (b, He, Hf, Ⅰ血, 5Ⅰり; 7.2-7･35 (b, Hc, Hd, 4q･
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7･2･3 (c) Preparation of copolymerT, POly叩2:TD･co･BzTD)

h the preparation of polyⅣBzTD) described above, both vinylbenzyl and benzyl

groups were introduced with various molar ratios to the precursor, poly(SHTD), in an

attempt to hvestigate the effect of molar ratio of pendant styrenyl group･

solution of triethylamine salt of poly(SHTD) was prepared by the same procedure as

described in the preparation of poly(VBzTD)･ ne obtained solution was divided into

four portionsand in each portionanequlmOlaramount ofmixture of･ 4-chloromethyl
●

styrene and benzyl chloridc with different molar ratios (varied &om O･2/0･8 to O･8/0･2)

was added at 50oC. h eachrun,the reaction was continued for 5 hand left at room

temperature ovemight. TLe reaction mixture was then poured into largeamounts of

methanoland the prccipitate was separated by decantation･ TLe products were purified

by repeated precipitationfrom l,4-dioxane solutionwith methanol･ After drying

ovemight in vacuum, slightly yellowishrubbery solids were obtained･ TLe obtained

copolymers were dissolved in l,4-dioxane togetherwith Q-1301 as polymerization

inhibitorand stored in a re出gerator･

7･2･4. Photopolymeri2:ation

photoinitiated polymerization of pendant styrenyl group was carried out in a dry丘lm

casted on KRS (ERS-5; TIBr (thallium bromide) (42 %) / nI (thallium iodide) (58 %))

disk (diameter = 3 cm) ffom a solution of polymer obtained by the procedures described

above. A solution of polymer (1.O g, contaiming O.20 g of solid polymer) was diluted

with l,4-dioxane (1 g) and photoinitiator, 21(4'-methoxystyryl)-

4,6-bis(trichloromethyl)-1,3,5-triazine,伊MS), (0･0042 g or varied), was added into this

solution.Anexact amount (0.110 g) of the solution was eluted on ERS diskand dried･
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TLe thickness of cast film on KRS disk was calculated to ca･15 pm. Real-time Fr-IR

(RT-m) spectroscopy19-25 was conducted as described in Chapter 2.

All measurements were camied out at room temperatureunder argon atmosphere･

The infrared absorption band at 990 cm-1 (vinyl, 8CH, bending, out-of-plane) was

monitored.

Conversion of vinyl group was calculated according to the followlng equation:
●

COnVerS10n =
A(990)o -A(990),

A(990).

in which A(990)o and A(990). denote the peak absorbance at 990 cm-1 before

UV-irradiationand at time t (s), respectively･ The rate of polymerization, Rp, was

calculatedfromthefo1lowllng equation;
●

Rp (moIL-1s-1)己- ﾖ【M].
d[M] J.1. d(convwsion)

dt L JU dt

7･3. REStJIITS ANDDISCtJSSION

7･3･1･ CharactedzatioA Of polymers bearing pendant styryl gr州･PS

Figure 7-1 shows IH-mnr charts of poly(VBzS) and poly(VBzTD) in CDCl, solutions

and these spectra are agreed well with the expected structures of the polymers･ The

molecular weight distribution of poly(VBzS) and the precursor, poly(4-hydroxystyrene)

were determined as; Mw = 11×103, Mn - 7.4×103 for poly(VBzS)and Mw = 5.4×103, Mn

- 2.8× 103 for poly(4-hydroxystyrene). The calculated increase in molecular weight is ca.

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

molecular weight agreed wellwith the expected value.
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Hc,d

(a)

8 7 6 5 4 3 2 ･ 1 ppm

8inppm

8 7 6 5 ^ 3 2 1 0

8 in ppm

Figure 7･1. 1H-nm spectra of poly(VBzS) (a) and poly(VBzTD) (b) in CDCl3･

Figure 7-2 shows the lH一皿mr Charts for poly(VBzTD-co-BzTD)･ TLe molar ratio of

vinylbenzyl group actually introduced into the polymer chain was determined by the

ratio of vinyl protons to be拡yl protons observed in the lH NMR analyses and agreed

we11 with the fed molar ratio of 4-chloromethyl styrene･
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Poly(VBzTD -co -BzTD)

N

】

N

◎

◎

N

I

N

Tr～= ∴ r.← ｢Nr~-rr｢-ｰ■～｢∴∴∴｢ ∴= = ~~｢

ﾌ6

8 in ppm

5

iiii■=iiiiiiiiiiii-iL-

4

Figure 7･2. 1H-nmr spectra of poly(VBzTD-co-BzTD) with varied copolymer

compositions in deuterated dimethylformamide･
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7･3-2. Comparison of polyme血ation reactivity of peAdant styrenyl gFOtlP

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 or CH20 group, respectively･

photoinitiated polymerization of these pendant styrenyl groups in the presence of

photoinitiator, PMS) was studied by RT-mand the results werc shownin Figure 7-3･

ne conversion of styrenyl group in poly(VBzTD) was gradually increased as the

irradiation dose increased, whereas styrehyl group in poly(VBzS) showed no

polymerization reactivity in this experimental00ndition･ Poly(VBzTD) appeared

rubbery at room temperatureand styrenyl group attachcd to this polymer should be in

anenvironment ofrubbery matrix･ This implies that the segmental movements of

polymer chainand rotationalmovements of pendant styrenyl groups should be taking

place extensively inside the polymerization systenandthis allows the polymerization

to proceed effectively. On the other hand, poly(VBzS) appeared to be a glass女solid

and the polymerization system was apparently in aglassy state･ In such a case, styrenyl

groups are frozen in a solid matrixand rotationalmovements of pendant styrenyl

groups, which are assumed to be necessary to induce effective polymerization, should

be restricted. h poly(VBzTD), apendant styrenyl group is separated from the main

chain via twoflexible CH2S groups attached to a thiadiazole group･ Rotation around

●

these two CH2S groups may allow large ffee volume of pendant styrenyl group ln a

rubbery state of the polymerization system･ However, the bulkiness of such pendant

substituents would cause steric repulsion with each other and such steric hindrance

might allocate styrenyl groups in uhfavorable positions for polymerization･ T出smight
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explainthe observed relatively slow rate of polymerization of styrenyl group ln
●

pol y(VBzTD).

貞
○
ll■■

打｢
h
4J

>
貞
O
U

time (sec)

Figur'e 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 3@5-nm light at 20 - 25 oC･ Ratio of poly(VBzTD)GMS =

poly(VBzS)PMS = 0･20/0･004 (wt/M) and the incident light intensity = 5.0 ×

10-9 einstein･cm-2･s-1.
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7･3･3･Polymerization behavior of pendant styreAyl gr叩･P in

p dy叩zTD･ co ･BzTD)

TLe pendant styrenyl group in poly(VBzTD) was diluted by hcoq?orating benzyl

group instead of styrenyl groupand the molar ratio of pendant styrenyl group was

systematically altered ffom O.2 to l.0withaninterval of O.2 in the obtained

poly(VBzTD-co-BzTD).Time-conversion curves obtained for these copolymers were

shownin Figure 7-4.Asthe molar ratio of pendant styrenyl group decreased,

conversion was increased at any polymerization time. Highest conversion was attained

with the styrenyl molar ratio of O.2. This result was rather surprlSlng, Since in this
● O

particular case each styrenyl group comected to the polymer backbone via thiadiazole

linking group IS SeParated by four similar be拡yl groups inanaverageand such mutual
●

separation of styrenyl groups would result in decreased polymerization reactivity. The

rate of polymerization was calculatedfrom the differential of curve fit for each

time･conversion curve･ Figure 2仲) shows the plot of thus obtained Rp vs･ concentration

of remaining styrenyl group, [M]; Each plot showed almost linear relationship with

curved edge at the initial stage of polymerization. h the beginning of the
●

polymerization, possibly due to the presence of polymerization inhibitorand/or the

dissolved oxygen, presence of induction period was observed except forthe case of the

smallest styrenyl content (0･2)･ 1me observed relationship between Rp and [M] was

approximated by a equation (1).

Rp = kp [P･] ([叫ﾄCm ) (1)

where Cm denotes a residual concentration of styrenyl group which could be reached if

the polymerization proceeds linearlywith the monomer concentration as expected by

eq･ (1), at which concentration the polymerization would terminate (Rp = 0).
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From the slopeand the intercept ofthis linear approximation, values ofち【P･] and Cm

was obtained･ Figure 7-5 shows the relationship between kp[P･]and the imitial

concentration of pendant styrenyl group. The lowest value ofち【P･】 was observed for

the homopolymer of pendant styrenyl group and withthe incorporation of benzyl

substituted unit in th戸COPOlymer structure, the increase in kp[P･】 was observed｡ The

value of kp[P･], was apparently constant in the concentration range of pendant styrenyl

group between O･5and l･5 mol･I:1･ polymerization reactivity of pendant styrenyl group

is apparently increased by separating pendant styrenyl groups with similarand less

bulky benzy1 substituents. Steric hindrance between ad3acent pendant styrenyl groups

might be reduced by the presence of benzyl groups･ Maximum rate of polymerization

observed? Rp(nax),and the extrapolated value of the initialpolymerization rate based on

Eq･ (1), Rpo(cx) were plotted against the effective imitialconcentration of pendant styrenyl

group, 【M]o - Cm as is seen in Fig･ 7-5(b)･ Both values of Rp(nax)and Rpo(ex) are

increasedwith the increase in ([M]o-Cm)until the latter value reaches O.7. Figure 7-6

shows the dependence of the residualunsaturation of styrenyl group} Cm, on square of

the initial concentration of styrenyl group･ From this linearplot, the relationship

between Cmand [M]o wasfound to be Cm - 0.30[M]o2. By integrating Eq. (2), decrease

in the concentration of pendant styrenyl group with time during the

photopolymerization. is well expressed by thefollowlng Cquation･
●

= 0･30[M]. + (1- 0･30[M].) exp(-kp [P･]i)

= 0･30[M]. + (1 - 0.30[M]. ) exp(-0.0065t)
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Figtlre 7･6･ Relationship between the residualpendant styrenyl

concentrationand the initialpendant styrenyl concentration.
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h the above equation, the ratio of concentration of pendant styrenyl group to the

initial value is divided into two terms･ The fkst term appears in Eq. (2) impues that

about 30 % of initial concentration of pendant styrenyl group IS unreaCtive toward the
●

photopolymerization･ The second term in Eq･ (2) indicates that the rest of pendant

styrenyl group IS COnSumedwith an ideal behavior as expected in a steady state

●

POlymerization･ The reason why 30 % of pendant styrenyl group is lef[from the

polymerization is u血ownand this ratio seems to be pre･determined before

polymerization starts･ TLis result is essentiallythe same as that observed in the case of

POlymerization of BzTD in poly(BzTD) matrix as described in Chapter 4･ Aggregation

of pendant styrenyl groupsmight occur in this case and some of the pendant styrenyl

groups are expe1led outside the aggregatesandmight not contribute the polymerization.

During the RT-m observation of monomer consumption in polymerization process,

concentration change of photohitiator, PMS, was also monitored atthe absorption band

of l171 cm-1 which is asslgned to a ･coupled asymmetrical stretchhgvibratlon of two
●

CC13 grOuPS attaChed to l,3,5-triazine nng･ TLe imitialdecomposition rate of PMS, RdO,

●

was detemined and plotted against the initial concentration of pendant styrenyl group

as shown in Figure 7-7･ RdO WaS found to be essentia11y independent on the imitial

concentration of pendant styrenyl group and are in the order of 2.5 ( ± 1) × 10-4 mol･L-1

･s-1･ The initial value of kinetic血in length, kclo, is defhed by the fonowing equation.

kclo = Rpo(ex) / RdO (3)

Figure 7-8 shows that kclo is apparently independent of the imitial concentfation of

pendant styrenil groupand around 15( ± 5)｡
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7･3･4･ Euects of photoinitiator concentratioA On POlymerization reactivity of

peAdant styFenyl group

Photopolymerization behavior of pendant styrenyl group in the presence of various

concentrations of photoinitiator (PMS) was hvestigated. Figure 7-9 showsthe

l

time-conversion curves (a)and the dependence of the imitial polymerization rate, Rpo(e*

on the ■initialconcentration of PMS (b), respectively. TLe increase in conversion and

polymerization rate with PMS concentration was eminent for the values up to O･046

mol･L-1 andfurther increase in PMS concentration resulted in the decrease in both

conversionand polymerization rate･ Extensive recombination of imitiating PMS radicals

with by-produccd chlorine atomsmight be the cause of decreased polymerization

efrlCiency at relatively highPMS concentration･Linear approximation of Rp vs･ [M] plot,

as described inthe previous section, was applied also in this caseand the obtained

values of kp[P･】and Cm were plotted against the imitial concentration of PMS as seen in

Figure 7-10･ TLe values of kp[P･] are independent ofthe hitial concentration of PMS,

whereas Cm decreasedwith PMS concentration･ TLe latter could be explained a声

follows: as the initialconcentration of PMS increased, the effective concentration of

pendant styrenyl group participating in the polymerization also increases, and then the

polymerization rate expressed in Eq. (1) also increases. TLe effect of initial PMS

concentration on polymerization rate is manl氏sted in decreaslng reSidual styrenyl
●

copcentration and it is impor(ant to observethat the value of ki【P･】 are hdependent of

the initial PMS concentration.
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7･3･5･ Copolymerization of pendaAt Styrenyl grotlPwith a free monomer

Pendant styrenyl groups connected to polymer backbone showed limited

polymerization reactivitywith relatively slow polymerization rate and insu岱cient血al

conversions･ TLerefore, it should be necessary to find a way to increase the

polymerization reactivity of such pendant styrenyl group･ Copolymerization of pendant

styrenyl groupwith a low-molecular-weight甲OnOmer WaS investigated.Assuch

monomers, CITD, BzTD弧d C3TD2 were selected, since these monomers possess

exactly the same structuralcharacteristics as the pendant styrenyl group in

polyPzTD) and completemiscibility of these monomers in poly(VBzTD) matrix was

anticipated･ CITD and BzTD have been found to show highpolymerization rcactivity h

poly(BzTD) matrix･ h poly(ⅦzTD) matriⅩ both monomerand pendant styrenyl group

in poly(VBzTD) can participate the polymerizationand overa11 conve,si.n was the sum

of each conversion･ Figure 7-11 shows time-conversion curves of styrenyl group inthe

three different photopolymerization system･ h the copolymerization system of BzTD

and poly(ⅦzTD)(Figure 7-11(b)),the highest conversion was approximately 50 % and

most of the remalnlng unSaturation was ascribed tothe remamlng Pendant styrcnyl

● ●

● ●

group in poly(VBzTD)･ However, when the calculated polymerization rates were

plotted against conversion (Figure 7-12), highest polymerization rate was.bserved in

the copolymerization system, since increased concentration of styrenyl unsaturation was

participated in也is copolymerization system･ TLe maximum polymerization rate was

more than two-fold of that in the polymerization of BzTD in poly(BzTD) matrix. Figure

7-13 shows the actually photopolymerized concentration of styrenyl groups･ h this

Figure･ the curve indicated as (2). (3) shows the sum of the independently detemined

photopolymerized concentrations?f styrenylunsaturation of BzTD in poly(BzTD) and
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that of poly(VBzTD)･ The curve (1) corresponding to the conversion of styrenyl

unsaturation in the copolymerization system locates far abovethe curve, (2) + (3) and

this indicates that styrenyl unsaturation in poly(VBzTD) should polymerized much

faster than that in the homopolymerization of poly(ⅦzTD) represented by curve (3)｡ h

order to evaluate the polymerization reactivity of poly(VBzTD) in this copolymerization

condition･ curve (1) was subtracted by curve (2) and the resulted curve (1) - (2) should

rePreSent the polymerization reactivity of pendant styrenyl group hthis

copolymerization condition･ =t is quite surprlSlng that the simulated polymerization
● ●

PrOfue of the pendant styrenyl group of poly(VBzTD) h the少resence of BzTD shows

an identical curve tothat of BzTD in poly(BzTD) matrix･ TLis result suggests thatthe

pendant styrenyl group in poly叩zTD) hasthe same reactivity as that of BzTD inthe

PreSenCe Of BzTD andthis result cannot be explained by a simple copolymerization

mechamism.

Identical behavior is also seen in the case of CITD (Figure 7-11(a), ･12(a)and

-13(a))･ On the other hand, as for C3TD2, this monomer does not affecI Ihe

polymerizabnity of pendant styrenyl group in poly(ⅦzTD) as is seen in Fig･ 7-13(c).

h this case, the actually photopolymerized concentration of styrenyl groups of C3TD2

and poly(VBzTD) h copolymerization are identical to the sum of the independently

detemined photopolymerized concentrations of styrenyl unsaturation of C3TD2 in

poly(BzTD) andthat of poly(VBzTD).

h our previous investigation on the polymerization behavior of similar types of

styrenyl monomers, monomer molecules are considered to be assembled inside the

interstices of pendant thiadiazole substituents of poly(BzTD) matrix (see chapter 2 ahd

6)･ In the present polymerization system, BzTD monomer molecdesmight also be
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assenblcd inside the interstices of pendaJlt Styrenyl-substitutcd thiadiazolc groups of

polymer matrix due to interznoleculaT interacdons between thiadiazolc groups of both

moicties.Asschcmatica11y皿1ustratcd h Figure 7-14,aligncd structtm of BzTD

moleculcs and pend皿t Stlyrenyl gFOuPS Of poly(VBzTD) caus早d by largc rotational

degrces of freedom of monomcr moleculcs in this systcm may cxplain the cnhanced

polymeri2ation reactivity of this ･copolymeriza血n systcm.

Figt1托7･14･ A schematic i11ustration showing possiblc rcarrangements of

CITD molecdes in the htcrsdccs of pend弧t Styrenyl groups in

poly(VBzTD).
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7･4. CONCLtlSION

Tbe photoinitiated polymerization ofpendant styrenyl group attached to the backbone

chain via thiadiazole group was not very rapid and reached low fhal conversion･ Taking

the previously repor(ed experimental血dings into consideration,the low

polymerization reactivity of pendant styrenyl group was improved by the addition of the

analogous monomeric compound to the photopolymerization system･ copolymerization

reactivity ofthe pendant styrenyl groups was remarkably increased and found to be

equivalent to that of the anologous monomeric styrenyl compound･ A possible

mechmism for the observed expe血entalresults could.be that monomer molecules are

assembled inside the interstices of the pendant styrenyl groups and large rotational

degree offreedommight anow monomer molecules to align themselves in hvor to

effective progress of copolymerizationwithpendant styrenyl groups･

Fbdher experimentalproofs to discussthe vaudity of such speculation are necessary･

However･the present investigation clearly showed the possibilities of high1y effective

photo-crosslhkable system which readily forms 3D network upon irradiation of UV

light.
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Chapter S

General summary

T山s thesis consists of an introductory chapter and six scientiflC Chapters, each of

which is summarized as follows.

Chapter l. General introduction

ScientiflCand industrial si由iflCanCe and motif of photopolymerization of styrenyl

compoundsinpolymer matrix are comprehensively described.

Chapter 2･ Designand synthesis of highly photopolynerizable sbrrenyl compounds

in the solid-state photoinitiated polymeri2:ation

l

A series of styrenyl compounds bearing 2,5-dithio-1,3,4-thiadiaEOle group were

preparedandtheir reactivity inthe solid-state photopolymerization imitiated by

2-(4'-methoxystyryl)-4,6-bis-(trichloromethyl)-1,3,5-triazine was血died. These

compounds exhibited highpolymerization reactivity and thefinalconversion reached

nearly completion despite of relatively highTg ofthe polymer matrix. Even at

temperatures below Tg, polymerization proceededwithout ceiling conversion. These

features were explained by considering intermolecularinteractions between styrenyl

compounds to induce molecular alignments effective for solid-state polymerization,

large excess &ee volume arisen丘om rotation around methylenethio group,and/or

intramatrix radicalmigration to encounter with standing-by monomers ca血sed by chain

transfer reaction to labile hydrogen atom.
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Chapter 3･ Real-time monitoring of photodecomposition of i血itiator in polymer

mat血and kinetic analysis of photopolymeri2:ation

The photodecomposition process ofthe photoinitiator, 2-(4 , -methoxystyryl)-4,6-

bis(trichloromethyl)- 1 ,3,5-triazine (PMS), dispersed i血polymer matrix was m.mit.red

by real-time FT-IR (RT-IR) spectroscopy by tracing the absorbamce at l 1 71 cm･1, which

is assigned to a coupled stretching absorption characteristid of bis(trichloromethyl)

groups attached to l,3,5-triazin9ring･ In polystyrene matriⅩ, quantumyield of

photodecomposition (◎d) of PMS was found to be O･09 at the begiming ofthe

photodecompogitionand decayed rapidlywith the consumption of PMS. The

decomposition rate of PMS was found to depend linearly ontheincident light intensity.

PMS-initiated photopolyme血ation of 2-(4-vinylbenzy1)ddo-5-benzy1thio- 1 ,3 ,4-

thidiazole伸zTD) was monitored by RT-IR concurredlywiththe photodecompositi.n

process of PMS･ In poly(BzTD) matrix, BzTDふonomer showed highpolymerization

rate under UV irradiation in the presence ofPMS andthe flnalconversion reached up to

90%, while ca･ 50% of PMS remained t-eacted･ Dmingthe photopolymerization

process, polymerization rate of BzTDand decomposition rate of PMS showed linear

dependencies onthe monomer and the PMS concentratiorLS, reSPeCtively･ From the

kineticanalysis, termination process between the propagating polymer radicaland PMS

molecule was supposed to be the dominant termination process. Based on the kinetic

model proposed, values of kinetic chain length(20-60)and`rite constant ratio (h/kt -
y

O･32) were obtained･ Maximt- quantum yield of the photopolymerization of BzTD was

found to be l･3, whereas ◎d WaS Ca･ 0･5 which is about 5･fold higher than that.bserved

inthe absence ofBzTD.
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Chapter 4. Ⅰ皿fluence of monomer concentration in the solid-state photoimitiated

polymeri2:ation of styrenyl compound bearing l,3,4-thiadia2:01e grotIP

Photopolymerization of BzTD in poly(BzTD) matrix wasfound to proceed in the

steady-state condition; Rp =ちP･】(【MﾄCm), in whichちP･】 was found to be constant

(o.o36 s'1) and independent of the initialmonomer concentrationand monomer

conversion. This resultindicakes that the density of monomer molecules in the

polymerization locus is not affected by imitial monomer concentration. Monomer

molecules are considered to formcluster structure,themimimum ･ size of which was

estihatedfrom the kinetic chain length to be 30 monomer molecules depending onthe

imitial monomer concentration･ The photopolymerization system ofthe styrenyl

compounds inthe polymer matrix is regarded as polymed2:ation system in

nanoscopically aggregated phase.

Chapter 5･ Euects of photoinitiator concentration and light intensity on the

solid-state poty皿eri2:ation of styienyl co甲POund bea血g thiadia2:01e group

TLe effects of photoimitiator concentrationand light intensity ･on the photoinitiated

polymerization ,of BzTD in poly(BzTD) matrix were investigated. From the dependence

on the imitial photoinitiator concentration, the maximumvalue of kinetic chain length

(kcりwas estimated to be aro心nd 200 at the initial monomer concentration of O.83

mol･L･1｡ This maximumkcl value is 6onsidered to represent the number of monomer

molecules included in the monomer cluster formed in the polymerization system･When

the initial photohitiator concentrationfe11 below l/200 of the imitial monomer

concentration, polymerization rate decreased abruptly, suggesting the existence of

cluster structure of monomer molecules･ The quantt- yield of photodecomposition of

199



the photoimitiator increasedwithdecreasing light intensityand flnally･ reachedmity. On

the other hand, kinetic parameters such as h/kt and kinetic chain lengthwere shownt.

be independent of the light intensity.

Chapter 6･ Effect of alByl chain leng血in 2-(4'-vinylben野l)thio-5-alkyl-tbio-1,3,4_

thiadiazole on its photopoIymerization in polymer matrix

The size of alkyl substituent at 5-position of l,3,4-thiadiazole group was

systematically alteredand its effect onthe photopolymerizability was investigated. h

polystyrene matriⅩ, those monomers polymerized eWICiently andthe size effect is not

observed･ Onthe other hand,inpoly(BzTD) matriⅩ the size effect is s. eminentthat

sma11alkyl chain dramatica11y enhancedthe polymerization rate, whereas longer alkyl

chain depressed polymerization rate significazLtly･ Highpolymerization rateand reduced

concentration of residual monomer were attained in this study･When the size of alkyl

substituent is relatively small, polymerization proceeded rapidlyand kinetic chain

lengh (kcOincreased up to ca｡ 40, whereas larger alkyl substifuents resulted in

decreased polymerization reactivityand smaller kcl values･ A possible explanation to

the observed experimental results should bethat monomer molecdes are assembled

withthe pendant groups of matriⅩ polymer and molecular rearrangements inside the

assembled structure would determine the polymerization reactivity.

Chapter 7･ Preparation of polymers beariJlg Pendant sb,reJlyl group and its

photopolymeri2:ation behavior in solid state

The photoinitiated polymerization of pendant styrenyl group attached tothe backb.ne

chain via thiadiazole group was not very rapidand reached low flnal conversion｡ Taking
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the previously reported experimental flndings into consideration,the low

polymerization reactivity of pendad styrenyl group was improved by the addition ofthe

analogous monomeric compound to the photopolymeri2ation system･ Copolymerization

reactivity ofthe pendant styrenyl groups was remarkably increased and found to be

equivalent tothat of theanologous monomeric s呼renyl compound. A possible

mechamism for the observed experimentalresults codd bethat monomer molecules are

assembled inside the interstices of the pendant styrenyl groups and large rotational

degree offreedommight allow monomer molecules to alignthemselves in favor of

effective progress of copolymerizationwith pendant styrenyl groups.
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