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Abbreviations used in this thesis are as follows.
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5,10,15,20-Tetraphenylporphyrinatosilver(II)

(Silvertetraphenylporphyrin)

2,2'-Azobisisobutyronitrile

2-Acrylamido-2-methylpropanesulfonate

5-Acryloyloxyphenyl-10,15,20-

triphenylporphine .
N-cyclododecyl-methacrylamide

2,8,12,18-Tetraethyl-5,10-bis(4-methoxy-

carbonylphenyl)-3,7,13,17-

tetramethylporphine

Charge-Transfer

(5-Acrylamido-2,7,12,17-tetraethyl-3,8,13,18-

tetramethylporphyrinato)copper(II)

(2-Acryloyloxymethylene-5,10,15,20-

tetraphenylporphyrinato)copper(II)

[2,8,12,18-Tetraethyl-5,10-bis(4-methoxy-c

arbonylphenyl)-3,7,13,17-tetramethyl-

porphyrinato]copper(II)

poly(CuNH2DPE-co-CuCH30CODPE)

poly(CuN H2 DPE-co-MnCICH3 0CODPE)

I5,10-Bis(4-aminophenyl)-2,8,12,18-

tetraethyt-3,7,13,17-tetramethyl-

porphyrinato]copper(II)

CuTPP 5,10,15,20-Tetraphenylporphyrinatocopper(II)

(Coppertetraphenylporphyrin)
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Chapter 1

1.,1-,inp-h.utn-s-an.sLMecallQ.Rsupti.M-n-

    Porphyrins i,2) are derived from porphine, which consists offour

pyrrole-type rings joined by fourmcthine bridges to give a

macTocycle, as shown in Figure 1. The porphyrin macrocycle has 22

x-electrons, of which 18 x-electrons are included in one delocalization

system. Accordingly, porphyrins arehighly colored. The typical

spectra of porphyrins are composed ofthe Sorct band found around

400 nm whose molarextinction coefficients are a' round 400 OOO

M' ic m' i, and the four bands, Q-bands, in higher wavelength, whose

molar extinction coefficients are much smaller (around 15,OOO

M' ic m' i) than that ofthe Soret bands. Aromatic character in

porphyrin compoundshas been confirmed by measurement of their

heat of combustion, x-ray investigation, and NMR spectroscopy.

According to the IUPAC rules, the porphyrinring is numbered from 1

to 24, as shown in Figure 1.

     3 5 7 2 xk4 "6 "s
   tlX N2Hl 22NNg

 20sgtu N24 2H3N llfj"tO

 ls tu Nt6 .c:t, ,,c: i2

    17. t5 13
Figure 1. Structures of Porphine

lx N N•--.-.
    Å~ .tllt

lx /M x ,ij
   N' HtuN .,,, J

   M: metal ion

and Metalloporphyrin
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Chapter 1

    Porphyrins readily form complexeswith a whole variety of

metals, as shown in Figure 1. The metal complexes constitute the

most abundant colored matters in natural systems. Moreover,

metalloporphyrins play an important role as functional groupsin

wide variety of biological systems: The peripherally modified form

of the iron(II) complex is contained in the Cytochromes3) and

enzymes such as peroxidase and catalase,4)and Chlorophylls,

photosynthetic pigments, are composed of a peripherically modificd

form of the magnesium complex. Special functions of mctallo-

porphyrins such as oxygen-carrying system and photosynthesis

system appear in an environment where metalloporphyrin moieties

are surrounded by polypeptide or make an aggregationby
themselves. Therefore, a lot ofpapers have been reportedon the

preparation of polymers containing porphyrin rnoietics and onthe

study on their biomimetic functions. Tsuchida and Nishidcsucceeded

in the molecular design of artificial oxygen-carrying system using

polyamide containing tetraphenylporphyrin (TPP) moietiesi)

Kamachi ct al.6'ii)have firstly succeeded in the preparation of high

polymers by radical polymerization of vinyl monomers containing

porphyrin moieties or metalloporphyrins intheir side chain, and

invcstigated magnetic properties of paramagnetic metalloporphyrin.

They found that the homopolymer containing silvertetraphenyl-

porphyrin (AgTPP) had a strong antiferromagneticinteraction 6) and

the copolymer containingcoppertetraphenylporphyrin (CuTPP) and

vanadyltetraphenylporphyrin (VOTPP) hada ferromagnetic
interaction.ii)

3



Chapter 1

    1..Z.,uanst-i-sui

    It is commonly known that some substances are attracted to a

magnetic field while others are repelled from it. The susceptibilityof

a material in the presence ofmagnetic field,x, is defined by the ratio

of the magnetization (M) to the magnitude of the magnetic field (H)

                     x-MIH (1)

    The sign of the magnetic susceptibility usually depends on

whether the ground-state electrons in a molecule or an ion are paired

or unpaired. Therefore, we can divide allmatters into two

categories,diamagnetic or paramagnetic. Paramagnetism is

characterized byelectron spins unpaired in the molecule, and

diamagnetism by the repulsionof the electrons from the region of

high field. There are four types of magnetic behavior in

paramagnetic substances. The firstcase where the spins oriented

randomly due to no magnetic interactionis known as paramagnetism.

As a result of some type of interaction, the second case where the

randomly oriented spins of theparamagnetic substances orient
                                         v
themselves parallel to one anothcr is known as ferromagnetism, and

the tbird case where the spins having a magnetic moment of the same

magnitude orient themselves antiparaHel to one another is knownas

antiferromagnetism, and the last case where the two kinds of spins

having magnetic moments of different magnitude orient themselves

antiparallel alternatively to one another is known as ferrimagnetism .

                            4



Chapter 1

A schematicrepresentation of these

orientations for two dimensional lattice is

generalized types

shown in Figure 2.

of spin

                                          OIv

                                          biv
                            "v"v               """"  /Xxl                                          tvO                            ""i               """"  -N"tX
                            "v"v               """" Li   x/lx
                            "v"v                                          TVTv               """-   X -Nk t

  Paramagnetic Ferromagnetic Antjferromagnetic Ferrimagnetic

Figure 2. Schematic representation of four types of spin orientation

    Diamagnetism is generated by the tendency of electron moving

in a closed orbit, and is independent of temperature. Paramagnetism

is gencrated by the tendency of electron spins to orient themselves in

a magnetic field. The magnetic susceptibiljty of a paramagnetic

species depends inversely on thc temperature (Curie's law):

                       x-C/T (2)

where C is the Curie constant and T is the absolutetemperature. The

Curie constant is dependent onthe number of unpaired electrons and

the g value of the compound.i2) The Curie constant for theelectron

spin only susceptibility is:

              C= [NAg2 ptB2S(S+1)]!3k (3)

5



Chapter 1

where NA is Avogadro's number, pB is the Bohr magneton, S is the

spin angular momentum, and k is the Boltzmann constant.

    A weak magnetic interaction between neighboring spins in a

material is approximated as a perturbation in equation. The

influence of this interaction may be described by replacing the

temperature term of equation with a (T- e) term as shown in eq.(4)

(Curie-Weiss' law).

                   x- Cl(T- e) (4)

where e is the VVeiss constant, which has the unit of Kelvin.

    Figure 3-a shows the magnetic behavior of a sample that obeys

Curie's or Curie-Weiss' law. A plot of the inverse of the magnetic

susceptibility againsttemperature for a system that obeys the Curie-

Weiss' law yields a straight line as shown inFigure 3-b. The

intercept of the line with temperature axis gives both thesign and

magnitude of the Weiss constant. Apositive value fore is caused by

ferrornagnetic interaction, while a negative value shows the presence

of an antiferromagnctic spin interaction.

    Another convenient way to show the presence ofmagnetic

interaction is temperature dependence of magnetic moment (peff) of

the substance.

                   IAeff=2•83(xT )O'5 (5)
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oxÅ~

5

o

e=o/

e=-

e="/

(a)

o

Å~
'` so

5

   '  lt
 lt
"/ - --   o

(b)

e=o

e=-1
   x

Å~e=+1

                     5O   Temperature/K TemperaturelK
                  x=C1 ff-e)

                e = O Paramagnetic

                e > O Ferromagnetic

                e < O Antiferromagnetic

Figure 3. The plots of magnetic susceptibility (a) and inverse
magnetic susceptibility (b) versus temperature.

of

5

2

 F,

 tvo

2i
xt
8

o

e=o

e=+1

e=n

o       5
Temperature / K

10

Figure 4. The plot of effective magnetic momentversus temperature.
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Chapter 1

Themagnitude of peff is dependent on the number of unpaired

electrons and g-valuc. For a system obeying Curie's law, aplot of pteff

as a function of temperature yields a horizontal straight line inthe

low temperature•region. Onthe other hand, the presence of spin

interaction is denoted by a departure from the horizontal line in the

low temperature region. Typical plots of the effective magnetic

moment are shown in Figure 4.

't . ud cu .

Ma-t.uta-Ls-,

    In 1967, Itoh i3) and indcpendently Wasserman i4)et al. found

that the electric ground state of bis(phenyl-mcthylenyl)--m-

phenylene1 is the quintet state. On the basis ofthis finding,

Matagai5)proposed an idea that the foliowing polymers2 and3 with

    0Å~e/0Å~e/<)
          --              1
                   --                   cc                   -f -                       l               ts. "k

               fa
                   . ". -                   cc                   --
the conjugated x-electron system

alignment due to the topological

they can be prepared. In order

e
ts

7
tu

.

c
.

.

c
. f

e

show

6
.

3,

will the
nature of the

  to confirm

.ox

.2
9Å~

'

c
.

A,/•••
     .

 . 9!

 ferromagnetic spin

molecular orbitals, if

 this idea, Itoh and
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Chapter 1

Iwamura et al.i6)prepared bis[(di-phenylmethyl-cne-3-yl)]-m-

pheny!ene with nonet spin multiplicity due to intramolecular spin

alignment, and suggested that such high spin statc isrelevant to the

design of organic ferromagnets. However,the temperature
dependence of its magnetic susceptibility gavea straight line with a

negative Weisstemperature e = -22K in Curie-Weiss' law. This

finding indicates that intermolecular spinalignment is anti-

ferromagnetic. In order toget information on a relation betwecn

intermolecular spin alignment and relative orientation, the electronic

spin-spin interaction between two djphenyl carbene units
incorporated in [2,2] paracyclophane skeleton has beeninvestigated

by ESR spectroscopy.i7) The pseudo-ortho and pseudo-para

bis(phenylmethylenyl) [2,2] paracyclophancs are in the ground

quintet state, while the pseudo-meta isomer is singiet. These
                'findings show that intermolecular ferromagnetic interaction is
  'possible in organic free radicals. In 1977,Ovchinnikovi8)

theoretically pointed out that organic polymers such as4 and5 might

be ferromagnetic owing to an exchange interaction. No experimental

7
o
9

7
o
o
.

4

f
o
o
.

7
o
o
.

)

o

A

o

o

n

o

5

o

n

o

(

A
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Chapter 1

data on the polymer for magnetism wasreported before 1980,

although several papers were pubtished on the preparation of

polyradicals. Recently, organic and organometallic compounds with

ferromagncticinteraction have been prepared on the basis of

theoreticat backgroundby Miller et al.i9) In 1986, Ovchinnikov et

al.20)obtained black andinsoluble polymers by the polymerization of

1,4-bis(2,2,6,6-•tetramethy1-4-hydroxy-4-piperidy1-1-oxy1)butadiyne

6. The IR spectra of the polymers suggested that the polymer was

composed of 1,2-addition unit and 1,4-addition unit as shown in 7

and 8. The magnetic behavior of the polymers was investigated by

:]E;IE[l,iSil, Cc,:: :g[,li(ll/ [E:g

6

:iCc:,xlli?[,,..C'l"l,ny,ec-!2<IEI[3,iC:",-3-,o

:3,EXI, i,l i,;,jll,Si ",,,

7

8

the measurement of temperature dependence of the magnetic

susceptibility and field dependence of magnetization, which indicated

that some parts of the polymers were ferromagnetic. Because of the

poor yield of the ferromagnetic fraction and incomplete
characterization .of the magnetic properties, the presence of pure

organic ferromagnetism was controversial. A structural analogue of

this polymer which exhibited similar ferromagnetic behavior

10



Chapter 1

supported the existence oforganic ferromagnetism.2i)
Independently,Torrance et al.22)reported that some parts of black,

insoluble polymers9 obtained by the reaction of triaminobenzene

with iodine showed ferromagnetic behavior in the relationbetween

magnetic momcnts and magnetic field.

    In 1989, Ohtani et al.23)found that ferromagnetic polymers 1 O

were formed by dehydrogenation fTom triarylmethane resins by

irradiation of UV light or laser light in thepresence of a

photooxidizing agent. This finding ledto the idea that conjugated

polymer chains were necessary for the occurrence of ferromagnetism.

Recently, Tanaka et al.24)prepared a polymerwith an indigo unit in

the main chain 1 1, and reported that the resulting insoluble polymer

contained the fraction which was attracted by a permanentmagnet

and showed a definitive hysteresis loop at room temperature.
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    Based on the i

spin polymers have

1 3 25,26).

a
tu

dea of Ovchinnikov, molecular

been attempted.

 n

l

Examples are

   -eCH-'C'+=n-

designs for high-

shown in 1 2 and

               9

               12 13
    Tabata et al.27)prepared high spin polymers by thermal

annealing of polyphenylacetylene and its derivatives at 1200C. The

concentration of radicals increased sevcral orders of magnitude after

thermal annealing, and the magnetic behavior suggests the presencÅë

of spin-glass. Recently, Murata et al.28)found that carbonpowder

prepared by pyrolysis ofa mixture of COPNA (condensed polynuclear

aromatic) resin and activated carbonshowed an apparent saturation

magnetization and a hysteresis loop.

O
X?'C9i,.

]ua-LQ-P.Q-i.P.h.y-i.iLI!.Ql,LllLer-s-,

    In the course ofESR study on polymers containing 2,2,6,6-

tetramethylpiperidin-1-oxyl in their side chains, Kamachi ct al.29)

came across the fact that an electron exchange interaction tookplace

between the side chains. This phenomenon suggests the possibility

that organic polymers containing paramagnetic speciesmight be a

new type of magnetic material owing to the magnetically long-range

12
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ordering of unpaired electrons through a spin-spin interaction. On

the basis of this idea, they investigated the temperature dependence

of this magnetic susceptibility ofpolymethacrylate containing 2,2,6,6-

tetramethylpiperidin-1-oxyl or verdazyl jn theiT side chains, 1 4 or

1 5. A weak antiferromagnetic interaction tookplace between the

       cH3-IHg,o{Ni:/,HH33 cH3-I'YZo,ocH2@c(gNN'.NN)@@cH2

             14 15
unpaired electrons of thc polymers29). Since nomagnetic interaction

between unpaired electrons was foundin the case of the
corresponding monomer radical, it was concluded thata polymer

effect was observed on the magnetic behavior of free radicals.

However, the interaction is too weak to be paid attention asa

magnetic material.

    Usually, magnetism is caused by the spin-alignment dueto an

intermolecular exchange of eiectrons in d- or f-orbitals of metal ions.

Accordingly, magnetic behaviorof organic polymers containing

paramagnetic metal ions has been paid attention as anew strategy

for a polymer ferromagnet.

    Kamachi et al.6,7)prepared polymers containing TPPmoieties,

which had been considered to be an inhibitor for radical

polymerization of the corresponding acrylic or methacrylic

13
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compounds (AOTPP or MAOTPP), and found that theTPP moieties in

the obtained polymers are forcedto make some interaction due to

their close approach. Accordingly, Kamachi et al. introduced

paramagnetic metal ions (Cu(II), Ag(II), VO(II), and Co(III)) into TPP

moieties (polyAOTPPM(X) 1 6 or polyMAOTPPM(X) 1 7; M(X):Ag(II),

VO(II), and Co(III)), and investigated their magnetic behavior.
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    The measurement of magneticsusceptibility (XM) of thcse

polymers showed that paramagneticspecies bound to polymer chains

interact antiferromagnetically, and that the interaction is much larger

than that of the corresponding monomer units.9) Especially, an

antiferromagnetic polymer was obtained in the case of AgTPP and the

origin of the antiferrornagnetic behaviorhas been ascribed to the

superexchange interaction through the C=O group between Ag(II)

ions.6) They attempted to expand this study to polymers containing

other paramagnetic ions. Rare earth metal ions Er(III) and Yb(III)

were chosen instead ofAg(II) ions, because these ions have electrons

14
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in the f-orbital and accordingly are considered to be effective for the

occurrence of magnetic interaction.iO) The temperaturedependence

of XM of AOTPPEr(III)OH showed a straightline through the origin,

indicating that thereis no magnetic interaction between
AOTPPEr(II)OH molecules. Similar straight line was also observed in

the case of polyAOTPPEr(III)OH, but a detailedstudy showed some

deviation from AOTPPEr(III)OH below 5K:a weak ferromagnetic

interaction was found below 5K. However, the magnetic interaction

was much weaker thanthey expected. A copolymer containing both

CuTPP and VOTPP moieties in their side chains was prepared by the

radical copolymerization of CuAOTPP and VOAOTPP, whose metal ions

have d9 and di configurations, respectively.ii) The temperature

dependence of the magnetic susceptibility foltows Curie-Weiss' law

with e=50K, indicating the existenceof the ferromagnetic interaction

between CuTPP and VOTPP moieties. Since polyCuAOTPP and
polyVOAOTPP are respectively antiferromagnetic, the ferromagnetic

interaction in the copolymer might be ascribed to theresults of an

interaction between CuTPP and VOTPP moieties located casually in

the position suitable for the occurrence of long-range ferromagnetic

interaction.

. t . . .

    It is

involves
efficient

well-known that the

a fast photoinduced

chargc separation.

primary process in photosynthesis

 electron transfer followed by an

Magnesium-porphyrin moieties are

15
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known to play an important role insuch critical functions in

photosynthetic system. Since magnesium complexes of porphyrins

are not so stable, molecular understanding of the photochemical

process has been indirectly investigated by photochemical system of

zinc-porphyrin, which is rnore stable and more convenient in

quantitative research. Therefore, alot of fundamental data on

photochemical behaviorand photochemical reaction have been
reported so far.30) Forward and backward electron transferreactions

between zinc-porphyrin and quinones were studied from the point of

molecular design of an artificial photosynthetic system.3 i) The cation

radicals prepared by electron transfer reactions from zincporphyrin

moieties to electron acceptorshas been detected by the
photochemical reaction of a reaction system which is composed of

zinctetra(pyridylmethyl)porphyrin(ZnTMPyP4 ') and methylviologen

(MV2 '). This detection is ascribable to a charge repulsion between

ZnTMPyP5+. and MV+..32) On the contrary, no cationradical was

detectedby photochemical reaction of a reaction system of
zinctetra(sufonylphenyl)porphyrin (ZnTSPP4 ')-MV2 ", because a

backward electron transfer occurred rapidly between ZnTSPP3 '. and

MV'..33) Electron repulsion seemsto be important for the charge

      .separatlon.

    In recent years,much attention has been paid to the

photophysical andphotochemical processes of a hydrophobic

chromophore bound to an amphiphilic polyelectrolyte, becausea

dramatic effect on the photophysical and photochemical behaviors of

the chromophore has been brought about by the interfacial

16
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electrostatic potential andlor the existence of microphase separation.

    Morishima et al.34) showed that photophysical and
photochemical behavior of polycyclic aromatic chromophores such as

phenanthrene andpyrene compartmentalized in amphiphilic

polyelectrolytewere very different from those of homogeneous

system: fast electrontransfer occurred from compartmentalized

photoexcited aromatics to methylviologen, whileback electron

transfer was considerably slowed, and thus chargeseparation was

achieved. Porphyrins, which play arole in the photosystem, seems

to be a good chromophore for the compartmentalized system. In this

thesis, photophysical andphotochemical behaviors of zinc-porphyrin

compartmentalized in hydrophobic domainof amphiphilic
polyelectroiytes were investigated.

    In our laboratory, magnetic behavior of the polymers containing

metallotetraphenylporphyrins has beenstudied.6'ii) But the phenyl

groups ofmetallotetraphenylpvrphyrin are considered to hinder the

stacking of the porphyrins because of their bulkiness. In order to

obtain a stronger magneticinteraction, a distance between

paramagnetic sitesshould be shortened and the order of the

paramagneticsites should be controlled. Chapter 2 describes the

syntheses of monomers containing metalloporphyrins andtheir

polymerizations. PolyCuAOMTPPand polyVOAOMTPP, in which the

distances between main chain and metal center are shorterthan

17
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those in polyCuAOTPPand polyVOAOTPP which have been studied in

our laboratory previously,6)were prepared from TPP. Vinyl

monomers containing etioporphyrin (Etio) and porphine (Por), which

we expected to induce better stacking ofthe porphyrin moieties

without the phenyl groups, were prepared. But homopolymers could

not be obtained from these monomers. Polyamidescontaining

diphenyletioporphyrin (DPE) in their main chainswere prepared to

study a magnetic interaction through amidc bond, and to obtain a

ferrimagnet in which two kinds of spins having magnetic moments of

different magnitude are ordered antipara!lel, as shown in Figure 2.

    Previously, Morishima et al.34) found that an amphiphilic

polyelectrolytehaving a sufficiently high mole fraction of bulky

hydrophobic pendant groups forms a unimolecular micelle in dilute

aqueous solutiondue to intramolecular self-organization of

hydrophobic pendant groups. When a small mole fraction of

hydrophobic chromophore is covalently incorporated into the

amphiphilic polyelectrolyte, it is found to bc encapsulated inthe

hydrophobic domain of the micelle,leading to the
"compartmentalization" of the chromophore. In order to apply this

compartmentalization to design photoinduced electron transfer

system, amphiphilic polyelectrolytes with zinctetraphenylporphyrin

(ZnTPP) as a chromophore were prepared.

    In Chapter 3, magneticbehavior of the polymers studied by

using an ESR spectrometer anda magnetic balance is described. The

polyamides prepared fromDPEs, which we expected the
ferrimagnetism, had only very weak antiferromagnetic interaction.

18
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PolyVOAOMTPP consists of two differentmagnetic parts, which are

magnetoactivgand magnetoinactive. ESR spectra of the
magnetoactive part suggest that a ferromagnet exists in part. The

temperature dependence of the effectivcmagnctic moment of

magnetoinactive part showsthat the ferromagnetic interaction occurs

betwecn the vanadyl sites.

    In Chapter 4, photophysical behavior of amphiphilic

polyelectrolytes containing ZnTPP wasstudied by absorption,

fluorescence, phosphorescence, and transient absorption spectra.

ZnTPP moieties ofthe amphiphilic polyelectrolytcs were
compartmentalizedin their hydrophobic microdomains in water.

Lifetimes ofthe triplet state of compartmentalized ZnTPP were much

longerthan that of ZnTPP that was not compartmentalized.

Phosphorescence andthermally activated delayed fluorescence of

ZnTPPmoieties were found, for the first time, in solution at room

temperature.

    I n Chapter 5, photoinduced electron transfer from the

compartmentalized ZnTPP to MV2'is described. The formation of

grand state charge transfer (CT) complexes was hindered by

compartmentalization, rate constants of electron transfers (ET) from

excited compartrnentalized ZnTPP to MV2 + were estimated.
Accumulations of photoproducts, ZnTPP'. and MV'., were found in the

microsecond time region in the compartmentalized systems.

    I n Chapter 6, photoinduced electron transfer from the

compartmentalized ZnTPP to phenylmethylphenacylsulfonium p-

toluenesulfonate (PMPS), which is an irreversible electron acceptor, is

19
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described. ZnTPP+. moieties in the compartmentalized systems were

detected by laser photolysis, visiblespectra, and ESR measurements.

Thc naphthyl and cyclododecyl groups were effective to accumulate

ZnTPP+. which persisted over 20 min.

    Chapter 7 is the sumrnary of this thesis.
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Z-,-LIn-tr.Q.d-uwiQ-n

    Before 1983, several studies had beenreported on the
preparation ofpolymers containing porphyrin moieties.i'6) These

polymers were preparedby polymer reaction with porphyrin
derivatives,i,2) the copolymerization of protoporhyrin derivatives or

heme derivatives 3'6)with vinyl monomers, and condensation

polymerization of esters and amines containing porphyrin moieties.5)

Kamachi et al.7'ii)have firstly succeeded in the preparation of high

homopolymers by radical polymerization of vinylmonomers
containing porphyrin moieties, which had been considered to be an

inhibitor for radical polymerization,in their side chain, and

investigated magnetic properties of paramagnetic metalloporphyrin.

Thcy found that the polymer containing AgTPP had a strong
antiferromagnetic interaction 7)and the copolymer containing CuTPP

and VOTPP had a ferromagnetic interaction.i i) In order to obtain a

stronger magnetic interaction, the distance between paramagnetic

sites should be shorten and theorder of the paramagnetic sites

should be controlled. This Chapter describes the synthesesof

monomers containing metalloporphyrins which are based on

tetraphenylporphyrin (TPP),etioporphyrin (Etio), porphine (Por), and

diphenyletioporphyrin (DPE), and polymcrizations ofthe monomers.

Moreover, amphiphilic polyelectrolytes, which have asufficiently

high mole fraction of bulky hydrophobic pendant groups and a small

amount of zincporphyrin derivatives, are prepared tostudy the

photophysicat and photochemical behaviors.
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    Z.,.Z-,.NonLen.cl-a-"u

    Severaltypes of nomenclature are used for porphyrin
derivatives.i2) In this Chapter, the nomenclature of porphyrin

compounds is used according tothe IUPAC rules, e.g.,
tetraphenylporphyrin (TPP) and zinctetraphenylporphyrin (ZnTPP)

a r e named 5,10,15,20-tetraphenylporphine and (5,10,15,20

tetraphenylporphyrinato)zinc(II), respectively.

                                         t'' eta -
pur-ph-)Lrtns

    2,3,1. Vinyl Monomers
    2 , 3 , 1 , a . (2-Acryloyloxymethylene-5,10,15,20-tetraphenyl-

porphyrinato)oxovanadiurn(IV) (VOAOMTPP)

    Synthetic pathway of VOAOMTPP is shown in Scheme I.

    5,10,15,20-Tetraphenylporphine(TPP)was prepared from
benzaldehyde and pyrrole according to the method of Adler et al.i 3)

    Oxo(5,10,15,20-Tetraphenylporphyrinato)vanadium(IV)

(VOTPP) was prepared in a 869e yield by refluxing a solution of 32 g

of TPP and 50 gof vanadium (IV) oxide sulfate in a mixed solvent of

2.5 L ofN,N-dimethylformamide (DMF) and 300 mL of acetic acid for

27 h. A crude product was obtained by removal of solvents,

dissolved.again in chloroform, and chromatographed on a silica gel

column using chloroform as an eluent.
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    (2-Formyl-5,10,15,20-tetraphenylporphyrinato)-

oxovanadium(IV) (VOFTPP) was prepared using Vilsmeier reaction.

Vilsmeier reagent was prepared by mixing phosphoryl chloride with

DMF according to the literature.i4) A solution of 8.0 g of VOTPP in

1.2 L of chloroform was added to thc Vilsmeier reagent, and then the

mixture was refluxed for 3 h. Aftcr cooling, a solution of 500 g of

sodium acetate in 1 L of water was added to the reaction mixture and                                                     '
then refluxed for 2 h. The chloroform layer wasconcentrated, and

chromatographed on a si!ica gel column using chloroform as an eluent.

VOFTPP was isolated in 609o yield byremoval of the so!vent from the

second fraction and recrystallized from benzene. Anal. Calcd for

qsH2sN402V: C, 76.38; H, 3.99; N,7.929o. Found: C,76.05; H,4.05;

N,7.889o.

    (2•-Hydroxmethy1-5,1O,15,2O-tetrapheny1porphyrinato>

oxovanadium(IV)(VOHOMTPP)was preparedas follows: a
suspension of2.0 g of sodium borohydride in 150 mL of ethanol was

added to asolution of 6.0 g of VOFTPP in 1 L of chloroform with

stirring at room temperature. After 10 min, the reaction mixture

was filteredto remove excess sodium borohydride. The filtrate was

washed with water and dried overmagnesium sulfate. VOHOMTPP

was quantitatively isolated by removal of the solvent.

    VOAOMTPP was prepared as follows: 10 mL of acryloyl chloride

was added dropwise to a solution of 6.0 g of VOHOMTPP and 20mL of

triethylamine in 300mL of benzene with stirring at room
temperature. After 1h, the reaction mixture was filtered to remove

triethytammonium chloride. The filtrate was evaporated, and the
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residue was dissolved in benzene and chromatographed on a silica gel

cotumn using benzene as an eluent. VOAOMTPP was isolatedby

removal of solvent from the second fraction, and recrystallized from

benzene-hexane: yield 609e. Anal.Calcd for C4 sH32N403V: C, 75.49; H,

4.22; N,7.34; V, 6.679o. Found: C,75.23; H,4.31; N,7.30; V, 6.549o. IR

spectrum is shown in Figure 1-a.

    2 , 3 , 1 , b . (2-Acrytoyloxymethylcne-5,10,15,20-tetraphenyl-

porphyrinato)copper(II) (CuAOMTPP)

    CuAOMTPP was prepared by a method similar to the preparation

of VOAOMTPP. Anal. Calcd for qsH3 2N402Cu: C, 75.82; H, 4.24; N,

7.37; Cu, 8.369o. Found: C,76.11; H,4.41; N,7.23; Cu, 8.169o.

    2 , 3 , 1 , c . [5-(4-Acrylamidophenyl)-10,15,20-triphenyl-

porphyrinato]zinc(II) (ZnAATPP)

    Synthetic pathway of ZnAATPP is shown in Scheme II.

    5-(4-Nitrophenyl)-10,15,20-triphenylporphine(NQzTPP) and

5-(4-Aminophenyl)-10,15,20-triphenylporphine (N HzTPP) w e r e

synthesized according to the literature.i5)

    [5-(4-Aminophenyl)-10,15,20-triphenylporphyrinato]zinc(II)

(ZnNH2TPP)was synthesized by the following method. To a 250mL

of tetrahydrofuran (THF) solution containing2.50 g (3.97 mmol) of

NH2TPP was added5.0 g (19 mmol) of zinc acetylacetonate. The

solution was refluxed for 1 h, and concentrated to a-tenth of its

origina! volume followed by an addition of 600 mLof methanol. The

mixture was allowed to stand overnight at O"C. Resulting crystals

were collected and washed with methanol and dried to give 2.2 g

(789e) of ZnNH2TPP.
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    ZnAATPP wassynthesized as follows: 'a solution of 2.5 mL (3.1

mmol) of acryloyl chloride in 50 mL of toluene was addedto a

solution of 2.2 g(3.1 mmol) of ZnNH2TPP and 5 mL (36 mmol) of

triethylamine in 1 L of toluene with stirring at 150C. The reaction

mixture washeated at 25Åé for 10 min, and then 50 mL of methanol

was added. The reaction mixture was filtered toremove triethyl-

ammonium chloride,and the filtrate was washed with 59o of aqueous

sodium hydrogcn carbonate and dried over anhydrous sodium

sulfate. A crude product was obtained by removal ofthe solvent,

chromatographed ona silica gel column using tolucne-methanol

(911:vlv) as an eluent. ZnAATPP was isolated by rcmoval of the

solvent, and recrystallized from benzene-acetone (4!1:v!v):yield

O.95 g (1.3 mmol, 329o). NMR (DMSO-d6) 65.84 (d, IH, vinyl), 6.45-

6.63 (m, 2H, vinyl), 7.77-7.89 (m, 11H, phenyl), 8.13-8.21 (m,8H,

phenyl),8.77•-8.82 (m, 8H, pyr), 10.57 (s, IH, NHCO); IR (KBr)

1632cm- i(C=C), 1658cm-i(C=O); MS mle 745.3. Anal. Calcd for

C4 7H3iNsOZn: C, 75.55; H,4.18; N,9.379o. Found: C,75.09; H,4.35;

N,9.259o. Visible spectrum in DMF is shownin Figure 1-•a in

Chapter 4.

    2 , 3 , 1 , d . (5-Acrylamido-2,7,12,17-tetraethyl-3,8,13,18-

tetramethylporphyrinato)zinc(II) (ZnAAEtio)

    Synthetic pathway of ZnAAEtio is shown in Scheme III.

    2,7,12,17-tetraethyl-3,8,13,18-tetramethylporphinc (Etio)was

prepared from ethylacetoacetate, sodium nitrite and acetylacetone

according to syntheticmethods of octaethylporphine reported by

Inhoffen et al.i6). Anal. Calcd for C3 2H3 sN4: C, 80.29; H, 8.00; N,

                           33
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11.709o. Found: C,80.30; H,7.89; N,11.669e.

    2,7,12,17•-tetraethy1-3,8,13,18-.tetramethy1-•5-nitroporphine

(NQz Etio) was prepared from Etio according to the manner similar to

a preparationof 5•-nitrooctaethylporphinc i7)from octaethylporphine

with some modification: a suspension of 19.46 g (40.7 mmol) of Etio

in 500 mL of acetic acid was added rapidly to an ice-cold mixture of 1

L of fuming nitric acid and 500 mL of acetic acid with stirring. The

reaction mixture was stirred for 3 min,and then poured into 7 L of

ice water. A precipitate was filtered off , and washed with an

aqueous sodium acetate, water, and driedin vacuo. N02Etiowas

recrystallized from toluene: yield 15.76 g (30.1 mmol, 749e).

    5-Amino-2,7,12,17-tetraethyl-3,8,13,18-tetramethylporphine

(NH2 Etio) was prepared as follows: a so!ution of 19.3 g (36.9 mmol)

of N02Etio in 2L of THF was addcd to a solution of 83.25 g (369

mmol) of tin(II) chloride dihydrate in 500 mL ofconc. HCI at 10-200C

The reaction rnixture was stirred for 2 h at room temperature, and

then neutralized with aqueous sodium hydroxide. An organic layer

was separated, the solvent was evaporated, and the residue wasdried

in vacuo. NH2Etio was recrystallized from toluene: yield 9.55 g (19.3

mmol, 529o). Anal. Calcd for C3 2H3gNs: C, 77.85; H, 7.96; N, 14.19qo.

Found: C,77.46; H,7.91; N,13.849o.

    (5-Amino-2,7,12,17-tetraethyl-3,8,13,18-tetramethyl-

porphyrinato)zinc(II) (ZnNH2Etio)was prepared as follows: 2.00 g

(4.05 mmol) of NH2Etio was added to a solution of zinc
acetylacetonate in 100 mL of DMF. Themixture was heated at 600C

for 3 h, and then poured into 200 mL of water. A crude product was
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separated by filtration, washed withmethanol, and recrystallized

from 80 mL of toluene: yield 1.10g (1.97 mmol, 499e). Anal. Calcd

for C3 2H3gNsZn: C, 69.00; H, 6.69; N, 12.579e. Found: C,69.10; H,6.72;

N, 12.50 9o

    ZnAAEtio was synthesized as follows: a solution of 5 mL (62.7

mmol) of acryloyl chloride in 50 mL of toluene was addedto a

solution of 3.50 g (6.28 mmol) of ZnNH2Etio in 1 L of toluene

containing 10 mL (72 mmol) of triethylamine with stirring at 150C

The reaction mixture was stirred for 10 min,and then 50 mL of

methanol was added to themixture. The solution was filtered and

the filtrate was washed with 39e of an aqueous sodium
hydrogencarbonate, dried over sodium sulfate. A crude product was

obtained by removal of the solvent, chromatographed on a silica gel

column using toluene-acctone (1011:vlv) as an eluent. ZnAAEtio was

isolatcd by removal of the solvent, and recrystallized from toluene:

yield O.754 g (1.23 mmol, 209o). NMR (DMSO-d6) 61.78-1.84 (m, 12H,

CH2 CH3), 3.43 (s, 3H, pyr-CH3), 3.61 (s, 9H, pyr-CH3), 4.12 (q, 8H, pyr-

op2-Me), 6.16 (d, IH, vinyl), 6.65 (d, IH, vinyl), 7.16 (q, IH,vinyl),

10.08 (s, 3H,meso), 11.70 (s, IH, NHCO); IR (KBr) 1610cm' i(C=C),

1654cm'i(C=O); MS mle 610(M+1). Anal. Calcd for C3sH3gNsOZn:q

68.79; H, 6.43; N, 11.469o. Found: C,68.91; H,6.42; N,11.379o

    2 , 3 , 1 , e . (5-Acrylamido-2,7,12,17-tetra,ethyl-3,8,13,18-

tetramethylporphyrinato)copper(II) (CuAAEtio)

    CuAAEtio wasprepared by the method similar to ZnAAEtio. IR

(KBr) 1610cm'i(C=C), 1654cm'i(C=O); Anal. Calcd for C3 sH3gNsOCu: C,

69.00; H, 6.45; N, 11.499o. Found: C,69.09; H,6.38; N,11.479o
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    2,3,1,f.(5-Acrylamidoporphyrinato)zinc(II) (ZnAAPor)

    Synthetic pathway of ZnAAPor is shown in Scheme IV.

    2-Formylpyrrolei8) and 2-hydroxymethylpyrrole i9) were

prepared according to the literatures.

    Porphine was prepared from 2-hydroxymethylpyrrole by
modifying the procedure of Longo et al.20)as follows: 2.5 L of xylene

was maintained at 125eC and oxygen gas was added slowly. A

solution of 4.00 g (41.2 mmol) of 2-hydroxymethylpyrrole in 500 mL

of xylene was added about 30h to the heated xylenc under oxygen

atmosphere. After 15 h from complete addition, the reactionmixture

was filtered. A crude porphine was obtained by removal ofsolvent

from the filtrate, chromatographed on a silica gel column using

benzene as an eluent, and recrystallized from benzene: yield 190mg

(O.60 mmol,5.89o).

    5-Nitroporphine (NQzPor) was prepared according to the
1iterature .2 i )

    5-Aminoporphine(NH2Por)was synthesized as follows: a

solution of 4.0 g (18 mmol) of tin(II) chloride in 6 mL of conc. HCI was

added rapidly to a suspended solution ofO.40 g (1.1 mmol) of N02Por

in 40 mL ofconc. HCI at O-5aC. The reaction mixture was stirred for

1 h, poured into 200 mL of icewater, and then ncutraljzed with

aqueous sodium hydroxide. The crude product was separated by

filtration, washed with methanol, and driedin vacuo: yield O.23 g.

    (5-Aminoporphyrinato)zinc(H) (ZnNH2Por) was prepared as

follows: a solution of O.21 g(O.65 mmol) of NH2Por and O.30 g (1.1

mmol) of zinc(II) acetylacetonate in 50 mL of THF was refluxed for 2

37



Chapter 2

(Zili)s

 H

DMF POCI3

CH2CICH2Cl : CHO

 NaBH4

 H20 : CH20H

xylene

 N" N" .N
ix NH N---

tu - N NH"S AJ
 Porphine

HN03

H2S04

   N02
 N" S" Nix NH N----

"x ti N NHxt hJ
 N 02Por

SnC122H20

conc HCI

   NH2
." N" Nix NH Ns

tu " N NH"xNJJ
 N H2Por

 Zn(acac)2

  THF

   NH2
 N" N Nljix N N--
  N/"x .•Zr.i ,es

 NNxS -I
ZnNH2Por

CH2=CHCOCI

 NEt3 / THF

H2C=CH
   eo
   ,1,H

 ." S" Ntw N N--
  x .'tu ..ZrNi h5

 NN".N - h;

 ZnAAPor

Scheme IV

38



Chapter 2

h. The solvent was removedin vacuo, theresidue was dissolved in a

mixed solvent of 50 mL of THF and 100 mLof chloroform, and then

insoluble part was filtered off. A crude product was obtained by

removal of the solvent from the filtrate, and driedin vacuo.

    ZnAAPor was prepared as follows: the crude ZnNH2Por and 10

mL (7.2 mmol) of triethylamine was dissolved in 50mL of THF, and

cooled in an icc water bath. O.50 rnL(6.2 mmol) of acryloyl chloride

was added dropwise to theTHF solution. After 5 min, 20 mL of

methanolwas added, the 'reaction mixture was filtered. A crude

product was obtained by rcmoval of the solvent from the filtrate,

chromatographed on a silica gel column using toluene-acetone

(4/1:vlv) as an eluent. ZnAAPor was isolated by removal of the

solvent, and recrystallized from THF-toluene: yield 64 mg (O.14mmol,

229o from NH2Por). NMR (DMSO-d6) 66.19 (d, IH, vinyl), 6.70 (d, IH,

vinyl), 7.28 (q, IH, vinyl), 9.50-9.58(m, 8H, pyr), 10.34 (s, 3H,meso),

12.14 (s, IH, NHCO); IR (KBr) 1614cm' ' (C=C), 1650cm' i (C=O); MS m 1 e

444.0 (M, Zn=68). Anal. Calcd for C2 3Hi sNsOZn: C, 62.39; H, 3.41; N,

15.829e. Found: C,62.14; H,3.56; N,15.499e .

    2,3,2. Metallodiphenyletioporphyrin Monomers for
Condensation Polymerization

    Synthetic pathway of metallodiphenyletioporphyrins is shown in

Scheme V-1 and V-2.

    2,8,12,18-Tetraethyl-5,10-bis(4-rnethoxycarbonylphenyl>

3,7,13,17-tetramethylporphine (CH30CODPE) and 2,8,12,18-•
tetraethyl-3,7,13,17-tetramethyl-5,10-bis(4-nitrophenyl)porphine

39



Chapter 2

 "tovEiill;::;;;:;i,c .Nooo2HeE!tl!!2Eelglle.L.fll-)ty .lacetonetZn Ol21ig(.:o!!.ov:N:asg[!fii;Fg:E:BHBFFoEttso

-SE{lililllllllilre.Ht;IliOoOo}`Pbxrf.oMovt-Eit6mEsaE'ifiHi,,,,Hci xvo VNN 7NN ov

         oHo oH Ho
-VN 7NEtOH /NaOH aq N N          HH

             COOCH3
 7 V 7 N + O ny dibenzoyi peroxide

 H3COOC<>

                   -     MeOH THF cHo p-toluenesulfonicacid

                   Cu(CH3COO)2 H20
                    ny "",, '".-'." CHcl3
 sk m() COOCH3 seOS04xH20
 xas .""" nitrobenzene!DMF
                      MnCh 4H20
                    nyCH30CODPE DMF
            N" N" N            "t N N-
 H,COOC D sk )M'( ta D CoOCH,
             NN            twSMI

          MCH30CODPE
          M=cu,vo, Mncl

     Scheme V-1

Ovt

40



Chapter 2

7 v

      N027s +O

      CHO

dibenzoyl peroxide

N
H MeOH

p-toluenesulfonic acid
THF

       tw
o,N Q sk

-"" .gts N

NH N.    " D No,
ct .,NH

.

SnCl2 2H20

va..Hcl H,ND
ix

sk

N N" N
NH N--    " D NH,
" .fNH I

N02DPE N H2DPE

 cua2 2H2o
  THF / NEt3

 VOS04 xH20
   DMF
  MnCle 4H20

    DMF

        NN       tw N
H2N D ),M(
        N       "ts.i tsfi

N.N
.

 M O NH,
Nl

MN H2DPE
M=cu,vo, Mncl

MNH2DPE
    +MCH30CODPEN-methyt pyrolidone

p-toluenesulfonic acid

-HN
    "
o tw

"NN
 XIM!
Nt N

lh

 N
N .-

 I
N

 I

        tw
NHC O sk

." Rte N
N N- Å~"Q
X .N-

co-

Scheme V-2

41



Chapter 2

(NQzDPE) were prepared from 3,3Ldiethyl-4,4'-dimethyl-2,2L

dipyrrylmethane andp-methoxycarbonylbenzaldehyde and p-
nitrobenzaldehyde, respectively, according to the literature,22)except

for using dibenzoyl peroxide instead of o-chloranil as an oxidizing

agent. 5,10-Bis(4-aminophenyl)-2,8,12,18-tetraethyl-3,7,13,17-

tetramethylporphine (NHzDPE) was synthesized from N02DPE
according to the literature.22) C H30CODPE and NH2DPE were
                                         .
recrystallized from nitrobenzene andTHF, respectively. Anal. of

CH30CODPE Calcd for C4 sHsoN404: C, 77.18; H, 6.75; N,7.509o. Found:

C,76.98; H,6.70; N,7.479o. Anal. of NH2DPE: Calcd for q4H4 sN6: q

79.96; H, 7.32; N, 12.729o. Found: C,79.41; H,7.28; N,12.32%.

    2 , 3 , 2 , a . [2,8,12,18-Tetraethyl-5,10-bis(4-methoxycarbonyl-

phenyl)-3,7,13,17-tetramethylporphyrinato]copper(II)

(CuCH30CODPE) was prepared as follows: 3.00 g (4.02 mmol) of

CH30CODPE and 1.60 g (8.e4 mmol) of copper (II) acetate in 2L of

chloroform was refluxed for 5 min. The reaction mixture was

evaporated to dryness. The residuewas washed with methanol,

water, methanol, and recrystallized from benzonitrile: yield3.40 g

(3.71 mmol, 92%). MS mle 808.6 (M+1). Anal.: Calcd for
q sH4 sN404Cu: C, 71.31; H, 5.98; N, 6.939o. Found: C,71.43;H,5.92;

N,7.119o.

    2 , 3 , 2 , b . [2,8,12,18-Tetraethyl-5,10-bis(4-methoxycarbonyl-

phenyl)-3,7,13,17-tetrarnethylporphyrinato]oxovanadium(IV)

(VOCH3 0CODPE) wasprepared as follows: 4.00 g (5.36 mmol) of

CH30CODPE and 20 g of vanadium (IV) oxide sulfate in 400 mL ofDMF

was heated at 150eC for17 h. After cooling, the precipitate in the
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reaction mixture was filtered off, washedwith water, methanol, dried

in vacuo, andrecrystallized from nitrobenzene: yield 1.76 g (2.17

mmol, 40 9o ). MS mle 812.6 (M +1). Anal.: Calcd for C4 sH4 sN4 0s V: C,

71.01; H, 5.96; N, 6.909o. Found: C,70.96; H,6.00; N,6.99qo.

    2 , 3 , 2 , c . Chloro[2,8,12,18-tetraethyl-5,10-bis(4-methoxy-

carbonylphenyl)-3,7,13,17-tetramethylporphyrinato]manganese(III)

(MnCICHIs OCODPE) was prepared as follows: a solution of 20.0 g

(101 mmol) ofmanganese (II) chloride tetrahydrate in 400 mL of

DMF was added to 4.00 g (5.36 mmol) of CH30CODPEin 400 mL of

nitrobenzene at 1500C. The reaction mixture was maintained at

15OOC for 2h, and then cooled at room temperature, and poured into

2 L of ether. Aprecipitate in the ether solution was filtered off,

washed with water, dLssolved in 1 L of methanol, and filtered. The

filtrate was poured into 1 L of water, the precipitatein the water was

filtered off, driedin vacuo, and recrystallized from methanol: yield

2.05 g (2.45 mmol, 45.79o). MS mle 799.5 (M-Cl). Anal.: Caicd for

q sH4 sN4 04CIMn: C, 69.02; H, 5.79; N, 6.71; Cl, 4.24%. Found: C,68.81;

H,5.83; N,6.68; Cl, 4.409o.

    2 , 3 , 2 , d . [5,10-Bis(4-aminophenyl)-2,8,12,18-tetraethyl-

3,7,13,17-tetramethylporphyrinato]copper(II) (CuNH2DPE) was

prepared as follows: 2.50 g (3.78 rnmol) of NH2DPE and 2.50 g(14.7

mmol) ofcopper (II) chloride dihydrate was heated in mixed solvent

of 500 mL of THF and 25 mL of triethylamine at6OOC for 30 min.

The reaction mixture was filtered, and the filtrate was poured into 1.5

L of water. A crude product was filtered off, washed with methanol,

driedin vacuo, and recrystallized from THF-hexane: yield O.99 g(1.4

                           43
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mmol, 369o). MS mle 721.5. Anal. Calcd for C4 4H4 6N6Cu: C, 73.15; H,

6.42; N, 11.639o. Found: C,72,81; H,6.42; N,11.069o.

    2 , 3 , 2 , e . [5,10-Bis(4-aminophenyl)-2,8,12,18-tetraethyl-

3,7,13,17-tetramethylporphyrinato]oxovanadium(IV) (VONH2DPE)

was prepared as follows: 4.00 g (6.05 mmol) of NH2DPE and20 g of

vanadium (IV) oxide sulfate in 400 mL ofDMF was heated at 140"C

for 2.5 h. The reaction mixture was poured into 400 mL of water,

the precipitate was filtered off, washed with water, methanol, dried

in vacuo, and recrystallized from THF-hexane: yield O.65 g(O.90

mmol, 159o). MS mle 726.5 (M+1). Anal. Calcd for C4 4H4 6N60V: C,

72.81; H, 6.39; N, 11.58%. Found: C,71.54; H,6.28; N,10.809o.

    2 , 3 , 2 , f. Chloro[5,10-bis(4-aminophenyl)-2,8,12,18-tetraethyl-

3,7,13,17-tetramethylporphyrinato]manganese(III) (MnCINHzDPE)

was prepared as follows: 4.00 g (6.05 mmol) of NH2DPE and 20.0 g of

manganese (II) chloride tetrahydrate (101 mmol) in 400mL of DMF

was heated at 1500C for4 h. The reaction mixture was poured into

500 mL of water, theprecipitate was filtered off, washed with water,

driedin vacuo, and recrystalrized from methqnol: yield 2.18 g(2.91

mmol, 489e). MS m/e713.5 (M-Cl). Anal. Calcd for C44H46N6CIMn:C,

70.53; H, 6.19; N, 11.22; Cl, 4.739o. Found: C,70.09; H,6.33; N,10.96; Cl,

3.86 9e .

    2,4,1. Radical Homopoiymerization

    Homopolymerization of VOAOMTPP was carried out as follows:
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O.50 g of VOAOMTPP and 1.1 mg of 2,2'-azobisisobutyronitrile (AIBN)

were put into an ampoule, and then dissolved in benzonitrile. The

solution was degassed on a vacuum line by sixfreeze-pump-thaw

cyclesand then sealcd under vacuum. Polymerization was carried

out at 600C for 50 h. The reaction mixture was poured into acetone

to precipitate the resultingpolymer. The polymer was purified by

reprecipitating from benzene into a large excess of acetone three

times. Anal. Calcd for C4 sH3 2N403V: C, 75.49; H, 4.22; N, 7.34; V,

6.679o. Found: C,75.36; H,4.43; N,7.07; V, 6.659e. The IR spectrum is

shownin Figure 1-b. Molecular weight of the polymer was

determined by GPC measurement using THF as an eluent. The

molecular weight w.as calibrated by a standard polystyrene.

    Radical homopo(ymerizations of other vinyl monomers were

performed ina similar manner. Rcsults of the homopolymerizations

were listed in Table I.

    2,4,2. Copolymerization

    N-Laurylmethacrylamide (LaMAm) 23) and N-cyclododecyl-

methacrylamide (CdMAm)24)were prepared accordingto the method

reported inour laboratory. N-(2-Naphthylmethyl)-methacrylamide

(2-NpMAm) was prepared in a manner similar to N-(1-naphthyl-

methyl)methacrylamide reported in ourlaboratory.25) 2-

Acrylamido-2-methylpropanesulfonate (AMPS) was a gift from Nitto

Chemical Industry Co. and was used without further purification.

    Copolymerization was carried out as follows: 1.04 g (5.00 mmol)

of AMPS, 1.01 g (10.0 mmol) of triethylamine, 1.13 g (5.00 mmol) of
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Table I. Radical Homopolymerization of Vinyl Monomers Containing Metalloporphyrins at 6ifC

entry monomcr solvent [Monomer] a [AIBN] a timelh conversion( 9o ) Mwc Mwl MnC

"
a

 1

2

3

4

5

6

7

8

9

10

11

VOAOMTPP
VOAOMTPP
VOAOMTPP
VOAOMTPP
CuAOMTPP
CuAOMTPP
CuAOMTPP
CuAOMTPP
ZnAATPP
CuAAEtio

ZnAAPor

benzonitrile

benzonitrile

benzonitrile

benzonitrile

benzonitrile

benzonitrile

benzonitrile

benzonitrile

   DMF
benzonitrile

   DMF

 330

 660

1320

 330

 330

 660

1320

 330

 110

 820

 110

3

6

13

 3

3

6

13

3

3

8

3

.

,

,

4

8

6

4

4

8

6

4

3

2

3

 50

 50

 50

100

 50

 50

 50

100

 50

 38

 50

25

34

40

28

35

27

26

35
9 8b

O.8b

1.6b

 7800

11000

15000

 7900

12000

18000

21000

14000

16500

  900

 1200

1

1

1

1

1

1

2

1

1

.

.

.

49

49

56

28

89

98

48

54

46

a compound (mmol) 1 solvent (dm3).

b estimated by GPC.

c measured on GPC (THF): calibrated by standard polystyrene.

a
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2-NpMAm,7.48 mg (10 pmol) of ZnAATPP and 4.12 mg (25 pmol) of

AIBN were added in this order toa glass ampule containing 10 mL of

DMF. The solution was degassed ona vacuurn line by six freeze-

pump-thaw cycles and then sealed under vacuum. Polymerization

was carried out at 600C for 24 h. Thereaction mixture was poured

into 150 mL of etherto precipitate the resulting polymer. The

polymer was purified by reprecipitating from methanol into a large
                            'excess ofether twice and then dissolved in dilute aqueous NaOH

whose pH wasadjustcd to 13. Triethylamine was evaporated by

heating the aqueous solution at 900C for 30 minwith vigorous

agitation followed by extraction with n-hexane three times. After

evaporating remaining n-hexane by heating, the aqueous solutionwas

dialyzed against dilute aqueous NaOH at pH 10 for a week. The
                  .polymer wasrecovered by freeze-drying technique. The conversion

was 18.3 9o (O.410 g) on the basis of the total monomers. The

contents of 2-NpMAm in the terpolymer was determined by

elemental analysis and the ZnTPP units was determined by UV-vis

absorption spectroseopy on the assumption that molar extinction

coefficient (E) atSoret band of the ZnTPP moiety in the terpolymer is

the same as that of ZnAATPP (E=6.42xl05 M- i) in DMF shown in

Figure 1-a in Chapter 4. Thisterpolymer containing AMPS, 2-

NpMAm and ZnAATPP is represented as poly(A/Np/ZnTPP) shown in

Scheme VI.

    The copolymer ofAMPS and ZnAATPP (poly(AIZnTPP)) (Scheme

VI) was also prepared from 4.14 g (20.0 mmol) of AMPS and 29.8 mg

(39.9 pmol) of ZnAATPPby the method as described above. The
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Chapter 2

conversion was 10.89o (O.452 g) on the basis of thc total monomers.

    Other terpolymers and copolymers containing other
methacrylamides andlor porphyrin monomers wereprepared in a

similar manner. The compositions of thepolymers were summarized

in Table II.

    2,4,3. Condensation Polymerization

    Condensation polymerization of CuNH2DPE and MnCICH30CODPE

was carried out as follows: 144.50mg (200 pmol) of CuNH2DPE and

167.10 mg (200 pmol) of MnCICH30CODPE was put into an glass

ampule, and then 2.0 mL of N-methypyrrolidone containing 10 pmol

of p-toluenesulfonicacid was added to the ampule. The reaction

mixture was heated at 200Åé for 70 h underAr atmosphere, and then

poured into chloroform. The resulting precipitatewas filtered off.

The monomers in the precipitate was removed by extraction with

chloroform and with methanol. The insoluble part was filtered off

and dried in va cu o: yield 247 mg. Anal Calcd for (C4 4H4 4N6 Cu)

(C4 6H4 2N402CIMn): C, 72.37; H, 5.80; N, 9.38; Cl,2.37; Cu,4.25; Mn,3.689o.

Found: C, 65.28; H, 5.16; N, 9.29; Cl,O.27; Cu,2.78; Mn,1.969e.

CulMn=1.23(mollmol). This product was represented as CuMnDPE.

    CuCuDPE, VOVODPE, MnMnDPE,and VOMnDPE were also
prcparedin an analogous manner. VOIMn in VOMnDPE was
O.84(mol/mol).

    Z-.5-,mlUs.ptLs-si.Q.n
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Table II. Compositions of

Zincporphyrins.

the Co- and Terpolymers Containing

polymer code RMAm (mol%) a zincporphyrin (mo1 9o) b

poly(AIZnTPP)

poly(AILalZnTPP)

poly(AINplZnTPP)

poly(AICdlZnTPP)

poly(AIZnEtio)

poly(AILalZnEtio)

poly(AINplZnEtio)

poly(AICdlZnEtio

poly(AIZnPor)

poly(A/LalZnPor)

poly(AINplZnPor)

poly(AICdlZnPor)

o

61

63

64

o

62

60

66

o

67

64

54

o

o

o

o

o

o

o

o

o

o

o

o

.

.

.

.

.

.

'

.

.

.

.

34

19

15

13

047

036

O16

021

34

088

10

15

a mole fraction of hydrophobic monomer unit calculated from

elementary analysis.

b determined by UV-vis absorption spectroscopy by assuming rnolar

extinction coefficients (E) at Soret bands ofthe zincporphyrin moieties

in the polymers are the same asthose of the monomers in DMF:

ZnAATPP (E=6.42xl05 M' 1), ZnAAEtio (E=3.63xl05 M' i), andZnAAPor

(E=4.15x105 M- i).
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    2,5,1. Synthesis of Porpbine

    It is written in "The Porphyrins"26)that synthesis of porphine,

which is thesimplest in porphyrin compounds, is the most difficutt.

Some groups have synthesized porphine27), but the procedures were

not useful to prepare a large amount of porphine which was

necessary to synthesizea monomer containing metalloporphine.

Longo et al.20)have studied the synthesis of porphine in detail.

They synthesized porphine in 8-109o yields by the following method:

O.1 g of 2-hydroxymethylpyrrole was addcd, twice in a day, to 3 L of

ethylbenzene at 1000C, this procedure was repeated for 10 days, and

then the reaction system was maintained for4 days. Thus, more

than two weeks were needed to obtain about 130 mg of porphine.

They pointed out some important conditions to synthesize porphinein

theliterature20>. (1) The synthesis of porphine should be carried

out at 10orC. OverlOOOC, the yield decreased with increasing

temperature although the reaction time became shorter, and below

1000C, the yield decreased with decreasing temperature. (2) Oxygen

was needed to prepare porphine from porphyrinogen, whichconsists

of four pyrrole ringsjoined by four methylene bridges to give a

rnacrocycle, but the preparation of theporphyrinogen from 2-

hydroxymethylpyrrole was hindered by oxygen. (3) Thereaction

time became shorter in the presence of a catalyst, but the yield

decreased. (4) Low concentration of 2-hydroxymethylpyrrole was

needed to prepare porphine in good yield.

    In order to obtain a larger amount of porphine in a shorter time,

it is considered to beirnportant to control the temperature, the
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amount of oxygen, and the adding rate of 2-hydroxymethylpyrrole

into the reaction system. Therefore, we modified the conditions as

follows. The preparation of porphine was carried out at 1250C

although the reaction over 1000C had given loweryield as described

in the literature.2e) To control the reaction system at 125eC has two

important meanings in this porphine synthesis. First, it is possible to

shorten the reaction tirne. Second, the solubility of oxygen in a

solvent decreases and may bc moderate toprepare not only porphine

but also porphyrinogen. Solvent was refluxed before use to remove

oxygen because the preparation of the porphyrinogen is hindered by

oxygcn. Oxygen was kept flowing slowly intothe reaction system

because oxygen is needed toprepare porphine, and then 2-

hydroxymethylpyrrole in dilute solution was added continuously for

about 30 h. The reaction was continued for 15 h after complete

addition, and thenyield was 8.2 % estimated by UV-visible

absorptionspectrum. After purification by chromatography and

recrystallization, porphine was obtained in 5.8 9e yield.

    2,5,2. Po1ymerization of Monomers Containing
Metalloporphyrin

    IR spectra of VOAOMTPP and polyVOAOMTPP are shown in
Figure 1. The IR bands of the monomer at 1630 and 1730 cm-iare

assignable to absorptions due to olefinic and carbonylbonds of

unsaturated ester, respectively. In polyVOAOMTPP, the former

disappeared and the latter shifted to 1733cm' i, which indicates that

carbonyl bond of unsaturated ester changed to that of saturated ester.
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No change was found in absorption bands due to the porphyrin ring

in the range 700-800 cm' i, after polymerization. Clear change was

observed in comparison with IR spectra ofCuAOMTPP and
polyVOAOMTPP similar to the VOAOMTPP system. These findings

show that the polymerization takes place throughthe C=C bond of the

monomers. Elernenta! analysis of the polymers obtained was

consistent with the results of the corresponding monomers, indicating

that addition polymerizations took place.

    Visible spectra of VOAOMTPP and polyVOAOMTPP are shown in

Figure 2. VOAOMTPP has Soret band at 425 nm and Q band at 548
                      'nm, while polyVOAOMTPP has Soret band at 422 nm, Qband at 549

nm, and a new absorption band at 638 nm. The Soret band of

polyVOAOMTPP at 422 nm is much weaker and broadcr than that of

monomer. The decrease in the intensity at 422 nm andappearance

of new absorption band at 638 nm isprobably due to some electronic
 'interactions between the porphyrinmoieties caused by their

connection with a polyacrylate chain. Similarchanges in all

absorption bands were also observed in comparison with visible

spectra of CuAOMTPP and polyVOAOMTPP.

    Degree of the homopolymerization ofthe acrylamide monomers

are different for different porphyrin moieties, the results are

summarized in Table I . Polymerization of ZnAATPP could occur and

the polymer with a weight-average molecular weight of 16500 was

obtained. On the contrary, no polymers were obtained in CuAAEtio

and ZnAAPor systems. These differences may be caused by steric

hindrance around vinyl groups. Althoughporphine and etioporphine
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Chapter 2

moieties are smaller than TPPmoiety, the acrylamide moieties in

ZnAAPor and CuAAEtio are joined directly at themesoposition of

porphyrin rings, while acrylamide moiety in ZnAATPP is joinedat

para position of the phenyl group. The steric hindrance around the

vinyl group in ZnAATPP may be the smallest and that in CuAAEtio

may be the largest in these porphyrin monomers. Other factors for

reactivities in the radical polymerizations , for example, Q-e values of

monomers, cannot be discussed at present.

    Absorption spectra of the copolymer, the terpolymers containing

ZnTPP moieties, and the monomer are shown in Figure 1 in Chapter 4,

other spectra for ZnEtio and ZnPor systems are shown in Figure 3 and

Figure 4 in this Chapter,rcspectively. The spectra show that the

porphyrin moieties are boundto the polymer chains and
surroundings of the porphyrin moieties are different for different

hydrophobicgroups in aqueous solution. The details will be

described in Chapter 4.

    In the copolymerizations with AMPS which is much smaller than

porphyrin monomers, ZnAATPP and ZnAAPor compositions in
copolymers are slightly larger than those in monomer feed (O12 mo19o)

shown in Table II. Onthe other hand, ZnAAEtio composition in

copolymer is an order of magnitude smaller than that in monomer

feed. The results from homopolymerization and copolymerization

show that the order of reactivities of monomers in radical

polymerization is

               ZnAAEtio < ZnAAPor < ZnAATPP
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    IR spectra of CuNH2DPE, MnCICH30CODPE,and CuMnDPE are

shown in Figure 5. Broad absorption appeared in CuMnDPE. The IR

band of a carbonyl group of MnCICH30CODPE (1720 cm- i) was shifted

to a lower wavenumber in CuMnDPE (1700 cm' i). This result

suggests prescnce of an amide bond in CuMnDPE. Thevalues found

by elemental analysis of CuMnDPE was not in agrecment with the

calculated values. Since the total of the found values was 84.749o,

15.269o of the weight of CuMnDPE may be oxygen. It has been shown

in our laboratory that some oxygen had been absorbed by one

porphyrin unit in homopolymers containing porphyrin moieties.8)

These condensation polyrnerscannot be identified sufficiently

because of their insoluble character.

Z-,.6.,-!2Q-n.cl.!Ls-i-Q.n

    Several new monomers containing metalloporphyrins were

synthesized.

    The homopolymersof the acrylate monomers, CuAOMTPP and

VOAOMTPP, with the weight average molecular weight ofabout

15000 were obtained by radical polymerization.

    The order of reactivities of thc acrylamide monomers in radical

polymerization was ZnAAEtio < ZnAAPor <ZnAATPP. This order may

be explained by the bulkiness around vinyl group.

    Insoluble polymers were obtainedby condensation
polymerization of DPE compounds. But these insoluble polymers

could not be identified sufficientty as polyamides containing
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Figure 5. IR spectra of CuNH2DPE (a),MnCICH30CODPE (b), and

CuMnDPE (c).
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metalloporphyrins in their main chain.
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;uaptLLQ.dJLptLi-ori

    Kamachi et al.i'5)prepared polymers containing paramagnetic

tetraphenylporphyrinato metal complexes, and investigated their

magnetic behavior. The measurement of magnetic susceptibility (XM)

of these polymers containing Ag(II), Cu(II), VO(II), and Co(III)

showed that paramagnetic species bound to polymer chains interact

antiferromagnetically, and that the interaction is much larger than

that ofthe corresponding monomer units.i-3) The origin of the

antiferromagnetic behavior has been ascribed to the supercxchange

interaction through the C=O group bctweenAg(II) ions.i ) They

attempted to expand this study topolymers containing other

paramagnetic ions. Rarc carth mctal ions Er(III) and Yb(III) wcre

chosen instead of Ag(II) ions, because these ions have electrons in the

f-orbjtal and accordingly are considered to be effective for the

occurrence of magnetic interaction.4) A weak ferromagnetic

interaction was found inpolyAOTPPEr(III)OH below 5K. A
copolymer containing both CuTPP and VOTPP moieties, whose metal

ions have d9 and di configurations,respectively,S)was prepared.

The temperature dependence of the magnetic susceptibility follows

the Curie-Weiss law with e=50K, indicating the existence ofthe

ferromagnetic intcraction between CuTPP and VOTPP moieties.

    In this Chapter, we studied the magnetic behavior of the

polymers containing paramagnetic metalloporphyrins of which the

preparation were dcscribed in Chapter 2.
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3-,Z-,-Exp.utm-eri-tal-E

    3,2,1. Materials

    Syntheses of CuNH2DPE, CuCH3 OCODPE, VONH2DPE, VOCH3 OCODPE,

MnCINH2DPE, MnCICH30CODPE, CuCuDPE, VOVODPE, MnMnDPE,
CuMnDPE, VOMnDPE, polyCuAOMTPP, and polyVOAOMTPP were
described in Chapter 2.

    Iron (Fe), iron(III) oxide (Fep 03), and iron(II,III) oxide (Fe3 04)

were purchased from Nacalai tesque Co. and usedwithout further

Purification.

    3,2,2. Mea.surements

    ESR measurements were carried out on aJEOL Model JES FE-IX

and JES RE-2X ESR spectrometers with 100 kHz modulators at various

temperature. A thermostat made byScicntific Instruments Co. was
 'used for the measurements at 4.2 and 150K, and a thermostat made

by JEOL Co. was used at 420K.

    Gram magnetic susceptibility (>cg) was determined by the Gouy

method at room temperature using distilledwater (>cg=-O.72xl06

cgsemu) as astandard. The temperature dependence ofxg was

determined bythe Faraday method from 4.2 to 300K. Details of

these measurements have been mentioned in the doctoral thesis of

XianSu Cheng.6) Diarnagnetic susceptibilities (>cdial for

diphenyletioporphyrincompounds and polyMAOMTPPs were
calculated by usingPascal's additive law with diamagnetic
susceptibilities of NH2DPE (-542xlO6cgsemu) and TPP(-484xlO' 6
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cgsemu) which were estimated by the Gouy method, respectively.

An apparentmolar susceptibility (>cA) and an effective magnetic

moment werc calculated from eq.(1) and (2), respectively.

            XA=XgX Mw app'Xdia (1)

            peff= 2.83x OcA T)O•5 (2)

wherc the apparent molecular weight Mw appis the atomic weight of

the metal divided by weight fraction of themetal in a compound, and

T is the absolute temperature. In CuMnDPE and VOMnDPE, which

have two kinds of metals in each compound, pteffwere estimated for

Cui.23M ni and VOo.s4M ni as one unit, respectively.

    3,3,1. Magnetic Interactions of DPE Compounds

    Polyamides based on diphenyletioporphyrin (DPE) were

prepared to study amagnetic interaction through amide bond, and to

obtain a ferrimagnet which is necessary to order two kinds of spins

having different magnetic moments such as Cu and Mn, as shown in

Figure 2 in Chapter 1.

    3,3,1,a. Magnetic Behavior of CuCuDPE

    ESR spectra of powders of CuNH2DPE, CuCH30CODPE, and CuCuDPE

at room temperature are shownin Figure 1. Sharp single lines

having peak-to-peak widths of 5.8 mT appeared in the spectra of the

monomers. While, a broadcr single tine having apeak-to-peak width
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Figure 1 ESRspectra of powdcrs of CuNH2DPE (a), CuCH30CODPE (b),

and CuCuDPE (c) at room temperature.
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of 15.0 mT was observed in CuCuDPE. This finding suggests that the

surroundings of the Cu(II) ion in CuCuDPE is different from that in the

monomers andlor that an exchangeinteraction occurs bctween

unpaired electrons of the Cu(II) ions in CuCuDPE.

    Temperature dependence of an inversemagnetic susceptibility

and amagnetic moment of CuCuDPE are shown in Figure 2-a. The

rnagnetic moments in 70-300Kregion were almost constant having

the values of 1.85 Å} O.02 Bohrmagneton (B.M.) and those decreased

with a decrease in temperature betow 20K. This finding indicates

that CuCuDPE has aweak antiferromagnetic interaction where the

Weiss temperature, which estimated from the intercept of the

abscissa of the inverse magnetic susceptibility, is -1.2K.

    3,3,1,b. Magnetic Behayior of VOVODPE

    ESR spectra of powders of VONH2DPE, VOCH30CODPE, and

VOVODPEDPEat room temperature are shown in Figure 3. The
spectra of themonomers showed broad lines, and the absorption due

to gL 7)was weaker thanthat due to gr 1.7) On the other hand, the

spectrum of VOVODPE showed sharper lines than the spectra of

monomers, and the absorption due to gi was stronger than that due

to ge /. These findings suggest that the surroundings ofthe VO(II) ion

in VOVODPE is different from that in the monomers andlor that an

exchange interaction occurs between unpaired electrons of the VO(II)

ions in VOVODPE.

Temperature dependences of an inverse magnetic susceptibility and a

magnetic moment of VOVODPE are shown in Figure 2-b. The

magneticmoment dccreased with a decrease in temperature. This
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Figure 3 ESR spectra of powders of VONH2DPE (a), VOCH30CODPE (b),
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finding indicates that VOVODPE has antiferromagnetic interaction

with the Weiss temperature of -15K.

    3,3,1,c. Magnetic Behavior of MnMnDPE

    ESR spectra of powders of MnCINH2DPE, MnCICH30CODPE, and

MnMnDPE at roomtemperature are shown in Figure 4. The spectral

intensities ofthe monomers were much weaker than those of other

monomers containing Cu or VO. Thisfinding suggests that the

Mn(III) ion in the monomersis in a low spin state, which is

diamagnetic, and the ESR absorptions may be due to impurities such

as other manganese complexesexisting in the monomcrs. On the

other hand, the spectral intensity ofMnMnDPE was much higher than

those of MnCiNH2DPE andMnCICH30CODPE. The magnctic moment of

MnMnDPE is 5.43 B.M. at 294K. Chlorine content of MnMnDPE

(O.369o) was much smaller than those of monomers (MnCINH2DPE,

3.869o:MnCICH30CODPE, 4.409o). These results suggest that a spin

state andlor an oxidation number of the Mn ion in MnMnDPE are

different from those of monomers.

    Temperature dcpendence of an inversemagnetic susceptibility

and a magnetic moment of MnMnDPE are shown in Figure 2-c. The

rnagneticmoment decreased with adccrcasc in temperature. This

finding indicates that MnMnDPE has weak antifcrromagnetic

interaction with the Weiss temperature of -5.3K.

    3,3,1,d. Magnetic Behayior of CuMnDPE and VOMnDPE

ESR spectraof powders of CuMnDPE and VOMnDPE at room
temperature are shown in Figure 5-a and 5-b, respectively. The ESR

spectrum of CuMnDPE agreed withthe sum of the spectra of CuCuDPE

71



Chapter 3

xl 6
(a)

xl 6
(b)

(c)

        O 250 500
               Magnetic Field 1 mT

Figure 4 ESR spectra of powders of MnCINH2DPE (a), MnCICH30CODPE

(b), and MnMnDPE (c) at room temperature.
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and MnMnDPE. Thus, themagnetic interaction between Cu and Mn

ions may be almost zero. A similar result was obtained in VOMnDPE.

    Temperature dependences ofinverse magnetic susceptibilities

and magnctic moments of CuMnDPE and VOMnDPEare shown in

Figure 6-a, and 6-b, respcctively. The magneticmoment of CuMnDPE

decreased with adecrease in temperature. This finding indicates

that CuMnDPE had weak antiferromagnetic interaction with the Weiss

temperature of -6.0K. A similarresult was obtained in VOMnDPE

with the Wciss temperature of -5.5K.

    These results of the magnetic behavior of DPE compounds show

that a weak magnetic interaction through amide bond andlor through

space occur, but that ferrimagnets are absent in CuMnDPE and

VOMnDPE becausc the magfietic interactions are weak.

    3,3,2. Magnetic Interactions ofPolyCuAOMTPP and

PolyVOAOMTPP
    3,3,2,a. Magnetic Behavior of polyCuAOMTPP

    ESR spectra of benzenesolutions of CuAOMTPP and
polyCuAOMTPP are shown in Figure 7. The spectrum ofmonomer

showed hyper-fine structure (hfs) due to an interaction between an

unpaired electron of Cu and four nitrogens of the porphyrin.7C) On

the contrary, the spectrum ofthc polymer showed a broad line

without hfs. This finding suggests that the surroundings of the Cu(II)

ion in the polymer is different from that in the monomer andlor that

an exchange interactionoccurs between unpaired electrons of the

Cu(II) iofis in the polymer.
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ESR spectra of CuAOMTPP and polyCuAOMTPPin benzene

at room temperature.
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    Temperature dependence of an inversemagnetic susceptibility

and a magnetic mornent of polyCuAOMTPP is shown in Figure 8. The

magneticmoment decreased with a decrease in tcmperature. This

finding indicates that the polymer has antiferromagnetic interaction

with the Weiss temperature of -38K. In theprevious research in our

laboratory, polyCuAOTPP had weak antiferromagneticinteraction

with the Weiss temperature of -10K.i) Thus, the magnetic

interaction in the polyCuAOMTPP was stronger than that in the

polyCuAOTPP. Since the distance from the main chain to thc metal

ion in polyCuAOMTPP is shorter than that inpolyCuAOTPP, the

distance between porphyrinmoieties in polyCuAOMTPP may be

shorter thanthat in polyCuAOTPP. Thus, the stronger magnetic

interaction may result from the differences of the distanceandlor the

orientation between porphyrin moieties in their side chains.

    3,3,2,b. Magnetic Behavior of polyVOAOMTPP

    ESR spectra of benzene solutions of VOAOMTPPand
polyVOAOMTPP are shown in Figure 9. The spectrum of the

monomer showed isotropic eight sharp linesdue to hfs of vanadium

(I=712).7) While, the spectrum of the polymershowed anisotropic

lines with strong absorption of gÅ}. This finding, which is in

agreement with the result for polyVOAOTPP in our laboratory,6)

suggests that the surroundings ofthe VO(II) ion in the polymer is

different from that in the monomer andlor an exchange interaction

occurs between unpaired electrons of the VO(II) ions bound to the

side chain of the polymer.

    Since a little magnetoactive part, which was responded toa
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(1.3 mM) at room temperature.

                     79



Chapter 3

magnetic field, existed in the powder ofpolyVOAOMTPP,

polyVOAOMTPPwas separated to the magnetoactive and
magnetoinactive parts. ESRspectra of these parts are shown in

Figure 10. Thespectrum of the magnetoinactive part showed a

signal in the 275-425 mT region due to paramagnetic VO(II) ion. On

the other hand, the spectrum of the magnetoactive part showed the

same signal of themagnetoinactive but superimposed on a broad

signal in the whole magnetic field region. This finding indicates that

the magnetoactive part comprised of the paramagnetic VO(II) ion and

other magnetic sites.

    ESR spectraof thc magnetoactive part at 420, 150, and 4.2K are

shown in Figure 11. The spcctral intensities for the paramagnetic

VO(II) ion (275-425mT) decreased with an increase in the

temperature, while those of the broad signal (O--500 mT), multiptied

by a factor of 100, were almost independent of temperature. In

order to compare the behavior ofthe magnetoactive part with that of

a ferromagnct, ESR spectra of a powder of iron were measured at 420,

150, and 4.2K (Figure 12). The spectral jntensities were almost

independent of temperature similarly tothe case of the
magnetoactive part. Thesc results suggest that the broad signal

appeared in the ESR spectra of the magnetoactivepart was not due to

paramagnetic site, but may bedue to a ferromagnet, which is

produced by an ordcring of paramagnetic species in the polymer or

presence of a trace amount impurities. Since we could not carry out

an elementary analysis for a contaminant such as iron inthe

magnetoactive part because of its small amount, we cxamincd by ESR
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Figure 10 ESR spectra of powders of the magnetoinactive part (a)

and the magnetoactive part (b) of polyVOAOMTPP atroom

temperature.
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whether the magnetoactive partwas due to the contaminant or not.

ESR spectra of the powder of the magnetoactive part, iron, iron(III)

oxide,and iron(II,III) oxide at room temperature were shown in

Figure 13. The broad signal of the magnetoactive part was different

from thosc of the iron compounds and could not be simulated by

those. Accordingly, this finding suggests that the ferromagnetic

behavior of polyVOAOMTPP is not due to contaminants involved in

the polymer.

    Temperature dependence of an inverse magnetic susceptibility

and a magnetic moment of the magnetoinactive part of
polyVOAOMTPP is shownin Figure 14. The magnetic moment
increased with a decrease in temperature. It should be noted that

the polymcr has a ferromagnetic interactionwith the Weiss

temperature of +5K. In the previous researchin our laboratory,

polyVOAOTPP hadantiferromagnetic interaction with the Weiss

temperature of -170K.6) This differencemay result from the

differences of thedistance and/or the orientation between porphyrin

moieties described above. It has been reported theoretically that a

magnetic interaction betweenparamagnetic sites changes from

antiferromagnetic to ferromagnetic by the orientation betweenthe

sitcs changing.8) In this study, the distancc andlor the orientation

between porphyrin moieties in polyVOAOMTPP may be good enough

to interact ferromagnetically. Furthermore, a smallpart of this

polymer, which isthe magnetoactive site, may be in the distance

andlor in the orientation enough to form a ferromagnet.
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Figure 13 ESR spectra of powders ofthe magnetoactive part of

polyVOAOMTPP (a), iron (b), iron(III) oxide (c), and iron(II,III) oxide

(d) at room temperature.
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    zaS2onetu.stQ.n

                                           '
    CuCuDPE, VOVODPE, MnMnDPE, CuMnDPE, and VOMnDPE had
weak antiferromagnetic interactions through their amide bond and/or

through space, but that ferrimagnets didn'texist in CuMnDPE and

VOMnDPE because the magnetic interactions were weak.

    PolyCuAOMTPP showed antiferromagnetic interaction with the

Weiss temperature of -38K. This polymer had stronger magnetic

interaction than polyCuAOTPP.

    PolyVOAOMTPP had asmall magnetoactivc part. The ESR
spectrum of the magnetoactive part contained a broad signal of which

the intensity was almost independent of the temperature similar to

behavior ofa ferromagnet. Contaminants such as iron compound

were not detected in the polymer. The magnetoinactive part showed

a weak ferromagnetic interaction with the Weiss temperature of +5K.

These results may be caused by the formation of amagnetic domain

where the arrangement of the magnetic sites was good enough to

interact magnetically.
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Photophysical Behavior of Compartmentalized ZnTPP
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A-,-1.-I-n-U.Q-d-u-whn

    Metalloporphyrins play an important role as functional groupsin

wide variety of biological systems. For instance, magnesiumchlorins

act assensitizers as well as redox chromophores in photosynthetic

systems, while iron porphyrins act as catalytic centers in oxidases and

catalases i ), electron carriers in cytochromes 2)and oxygen carriers in

                                                 'hemog1obins .3 )

    The photophysical and photochemicalproperties of porphyrins

have been studied intensively because of their usefulness as

photosensitisers for transformation of solarenergy into a storable

form of energy. The possibility of using water soluble ZnTPP

derivatives as a photosensitizer for the oxidationof water to oxygen

in a photosystem that might serveas a generator of hydrogen has

been well established.4)

    In recent years, Morishima etal.5)have carried out a number of

studies focussing on amphiphilic polyelectrolytes covalently tethered

with functionalgroups. These systems are interesting because

properties of the functionalgroups can be largely modified by the

microenvironment provided by such polymers. If the content of

hydrophobic units in an amphiphilic polyelectrolyte is sufficiently

high, then the polymer may assume a micellelike structure in

aqueous solution where thehydrophobic units form an interior

domainsurrounded by the charged outer layer6). The hydrophobic

microdomain thus formed is "rigid" and "static" in nature as compared

to dynamic nature of conventiona! surfactant micelles and vesicles.
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    When a small mole fraction of a hydrophobic functional group is

covalently incorporated into such amphiphilic polyelectrolytcs, the

functional group is encapsulated inthe hydrophobic domain and is

forced to experience an unusual microenvironment Sa,7).: i.e. (1) the

functional group is isolated or protected from the aqueous phase and

placed in a nonpolar environment, (2) its molecular motions arc

highly restricted owing to themotional rigidity of the hydrophobic

domain, and (3) electrostatic potential is exerted to the functional

group by the changed outer layers.

    Such unusual microenvironments for the compartmentalized

functional group, unlike the conventional molecular assembly

systems, may greatly changeits physicochemical properties and

chemical reactivities.

    Morishima et ali) previously reported that photophysics and

photochemistry of polycyclic aromatic chromophorÅës such as

phenanthrene andpyrene compartmentalized in amphiphilic

polyelectrolytes were very much different fromthose in
homogeneous solution. For example, fast electron transfer occurred

from the compartmentalized photoexcitedaromatics to
methylviologen ionically bound on the surface of the microdomains,

while back elcctron tran,sfer was considerablyslowed, and thus

effective charge separation was achieved.5a,7b)

    We have chosen compartmentalized and non-compartmentalized

ZnTPP as model systemsand studied their photophysical behavior by

absorption and emission spectroscopies.
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    4...Z.,-E-ZLP-utM-eqt.

    4,2,1. Materials

    Synthesesof copolymer poly(AIZnTPP) and terpolymers

poly(AILalZnTPP), poly(AINplZnTPP), and poly(AICdlZnTPP)were

described in Chapter 2. The content of the ZnTPP residue was limited

to about O.2 mo19o, as shown in Table II in Chapter 2, to avoid

chromophore-chromophore interactions.

    5,10,15,20-Tetrakis(4-sulfonatophenyl)porphinatozinc(ZnTSPP)

was prepared according to themethod of Kalyanasundaram.8) Crude

ZnTSPP was purified by passing through aSephadex LH-20 column

with water as an eluent.

    Water was doubly distilled. N,N-Dimethylformamide (DMF) was

of spectroscopic grade.

    4,2,2. Measurements

    Absorption spectra were recorded on a Shimadzu UV-2100

spectrophotometer at room temperature.

    Fluorescence spectra were recorded on a Shimadzu RF-5000

spectrofluorophotometer at room temperature. Absorbances of the

samplc solutions were adjustcd to O.050 at the absorption maximum

of the Soret band at which wavelength the samples were excited.

    Delayed emission spectra were recorded on a Shimadzu RF-502A

spectrofluorometer witha phosphorescence attachment, including a

cylindrical chopper operated at a frequency of 50Hz, at various

temperatures. To control the temperature of the sample solutions,an
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optical celt with the sample solution was immersedin water in a

Pyrex vessel prepared for this measurement, and water was

circulated from a thermostat bath. Excitation wavelengths for the

solutions were at the absorption maximum ofthe Soret band.

Concentrations of the ZnTPP residues of the solutions were adjustedto

1 ptM. The solutions were deaerated by bubbling withargon for 30

 .mm.
    Laser photolysiswas performed by using a Q-switched Nd:YAG

laser (QuantarayDCR-2) operated at second harmonic (120 mJ per

flashat 532 nm with a 7-ns fwhm) at room temperature. An

analyzing beam from a 150-W xenon arc lamp passing through a43O-

nm cut-off filter (Toshiba Y-43) was set perpendicular to the laser

beam. The detailsof the laser apparatus have been reported from

our laboratory.7a) Concentrations of 10and 100 pM of the ZnTPP

residue aqueous solutions were uscd for the measurement of the

transient absorption spectra in the regions from 430 to 550 nm and

from 550 to 850 nm, respectively. The solutions were deaerated by

bubbling with argon for 30 min.

    4,3,1. Absorption and Fluorescence Spectra

Absorption spectra of the monomer and polymers in DMF solutions

are shown in Figure 1-a. Poly(AIZnTPP) was dissolvedin DMFIwater

(911:vlv) because of poor solubiiity in DMF. All the compounds

showed the Soret bands at ca.425 nm and the Q bandsin the 500-700
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nm region.9) The absorption maxima of the Soret bands for all the

polymers in DMFsolutions were about the same as that of the

monomer (ZnAATPP). Spectral profiles of the Soret bands for all the

polymers closely resembled that ofthe monomer. This means that

no electronic perturbations exist in the ZnTPP moieties in the

polymers. Therefore, we assumed that molar extinctioR coefficients

(E) of ZnTPP moieties in the polymers were equal to that of the

monomer (642000 M'icm'i). The contents ofthe ZnTPP moieties

in thc polymers were calculated by using this value. The contents

thus determined were listed in Table II in Chapter 2. The values ofE

for the Soret andQ bands for the ZnTPP moieties in the polymers

calculated on the basis of theE value for the Soret band of the

monomer are summarized in Table I. Although the absorption

maxima ofthe Q bands of all the polymers were nearly equal to that

of the monomer, the apparent E values for the polymers were slightly

different from that of the monomer. In the poly(AIZnTPP) and

poly(AINplZnTPP) cases, new absorption bands appeared around 630

nm, which may be due to impurities generated by photooxidationiO)

of the ZnTPP moieties in the process of polymerization andlor

purification of the polyrners. It was confirmed that free-base TPP,

which can be generated by relcasing the zinc ion from ZnTPP, was

almost absent, because no absorption band (E=18700 M -i cm 'i at

514 nm in benzene4a)) around 515 nm due to free-base TPP was

detected.

    Absorption spectraof the polymers in aqueous solutions are

shown in Figure 1-b and thevalues ofEare summarized in Table I.
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Figure 1. Absorption spectra of the terpolymers, the reference

copolymer, ZnAATPP, and ZnTSPP:a, in DMF for the terpolymers and
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Table I. Spectroscopic Data of the Monomer,

and ZnTSPP

Polymers,

sample code

    DMF solution

     E! M' lc m' 1

   (wavelength/nm)

Soret Q(1,O) Q(O,O)

 aqueous solution

     E! M' lc m' 1

   (wavelengthlnm)

Soret Q(1,O) Q(O,O)

ZnAATPP

poly(NZnTPP)

poly(AfLalZnTPP)

poly(AINplZnTPP)

poly(NCdlZnTPP)

ZnTSPP

642000

(426.2)

6420oo b

(426.6) a

642ooo b

(426.6)

642ooo b

(427.0)

6420oo b

(426.6)

21700

(559.6)

231oo a

(5 60.o) a

22700

(559.4)

24000

(559.4)

22800

(559.4)

11100

(599.8)

147oo a

(60o.2) a

12500

(599.6)

14600

(600.2)

12500

(600.0)

514000

(422.0)

618000

(427.8)

455000

(431.2)

321000

(427.4)

640000

(421.2)

21600 13200

(557.8) (597.8)

23300 10500

(559.0) (598.4)

22700 10000

558.2) (598.8)

18700 10600

(551.2) (598.2)

22000 9100
(555.6) (594.6)

a Solvent: DMFIwater=9!1 (VIV)•

b The molar extinction coefficient

polymers was assumed to be equal

(E) of the ZnTPP moieties in the

to Eof ZnAATPP in DMF solution.
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Although absorption spectra in the region of the Soretbands in DMF

solutions were almost the same among the poiymers, those in

aqueous solutions were quitedifferent. The absorption maximum of

the Soret band of thereference copolymer poly(AIZnTPP) was almost

equal to that of ZnTSPP, but the absorption maximafor the

terpolymers were red-shifted by 5-10 nm from thosÅë of ZnTSPP and

poly(AIZnTPP). These findings indicate that the ZnTPP moieties in

the terpolymers in aqueoussolution gxist in quite different

microenvironments from that of the reference copolymer. TheZnTPP

moietics inthe terpolymers are expected to exist in hydrophobic

domains of the terpolymers in aqueous solution, while those in the

reference copolymer are exposed to theaqucous phase. It is to be

noted that the absorptionmaxirna and band profiles of the Soret

absorption of the terpolymers are different for different hydrophobic

groups in the terpolymers. In the Np terpolymer, the Soret band was

most red-•shifted, while in the Cd terpolymer, there was significant

broadeningof the absorption band in the Soret region with a

concomitant decrease in the peak intensity. These observations

imply that the microenvironmentsaround the ZnTPP moieties are

different for different hydrophobic groups inthe terpolymers. The

absorption maxima at the Q bands scem to be less sensitive to the

microenvironments around the ZnTPP chromophores.

    Fluorescence spectra of ZnTSPP and the co- and terpolymers in

aqueous solutions are shown in Figure 2. The fluorescence band of

poly(AILalZnTPP) and poly(AINp/ZnTPP) resembled that of ZnTSPP,

but the fluorescence of poly(A/CdlZnTPP) slightly differed from that
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of ZnTSPP. This suggests that the surroundings of the ZnTPP moieties

in poly(A!CdlZnTPP)are sljghtly different from those in thc other

terpolymers.

    4,3,2. Transient Absorption Spectra

    In Figure 3, timc-resolved transient absorption spectra for

poly(AICd/ZnTPP) were comparedwith those of po!y(AIZnTPP) in

aqueous solution at room temperature. Thespectra are assignable to

the Tn -Ti absorption bands of the ZnTPPmoieties by comparing with

spectra reported for ZnTPPitself.ii) A striking observation was that

the triplet absorption bands of the Cd terpolymer persisted for much

longer time than those of the reference copolymer as is evident from

Figure 3. Similarly persistent transient absorption spectra wcre

observed for poly(AILalZnTPP) and poly(AINplZnTPP).

    The decay profiles of Tl and the first-orderplots for ZnTSPP and

all the polymers monitored at 480 nm in DMF and aqueous solutions

are shown in Figure 4. In aqueous solution, the decays for the

terpolymers were much slower than that for the reference copolymer.

The decays for the Cd and Np tcrpolymers andthat of the reference

copolymer approximately followed the first-order kinetics in aqueous

solution, while there were portions of initial fast decay component in

the La terpolymer. In DMF solution, on the other hand,decay rates

for the terpolymers and the copolymer are not much different,

although all the decays contained initial fast decay components. In

particular, the copolymer showed a considerably larger fraction of

initial fast decay component than the terpolymers did. These initial
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fast decays are presumably due to Ti-Ti annihilation.12) In the

reference copolymer in aqueous solution, both intramolecular and

intermolecular charge repulsions prevent the ZnTPP moieties from

encountering eachother, thereby the triplet annihilation being

prevented. In DMF, on the other hand, the triplet annihilation can

occur because the charge rcpulsions are much weaker. Since each

ZnTPP moiety is separately compartmentalizedin the hydrophobic

domains inthe terpolymers in aqueous solution, the triplet

annihilation is likelyto be suppressed. In DMF, howevcr, the

terpolymers probably assume random coils in which the triplets may

encounter each other within their lifetimes, thus leading to the triplet

annihilation.

    Another reason for the initial fast decay may be Ti quenching by

oxygen. We cannot ruleout this possibility because the complete

removal of oxygen from sample solutions is difficult. Even though

this is the case, the triplet quenchingby oxygen may be suppressed

by steric protection in the compartmentalized ZnTPP systems.

Lifetimes of Tl estimated from the slopes ofthe linear portions of the

decay profiles shown inFigure 4 and initial absorbances immediately

after laser excitation are summarized in TableII. Lifctimes of Ti for

the reference copolymer inwater and in DMF were practically the

same. In striking contrast, lifetimes for the terpolymers in water

were much longer than those in DMF.

    Tripletlifetimes of ZnTPP itself have been reported to be 1.19

and 1.25 ms in ethanol and toluene fluid solutions at 300K,

102



Chapter 4

Table IL Initial Absorbances (Abco) and Lifetimes of

Triplet Excited State (Tt) for ZnTSPP and the Co- and Terpolymers

sample code

DMF solution

Ab so Ttlms

aqueous solution

Ab so rtlms

poly(AIZnTPP)

poly(AfLalZnTPP)

poly(AICdlZnTPP)

poly(AINplZnTPP)

ZnTSPP

O.38 a

O.42

O.42

O.41

3.o a

3.7

4.3

3.8

O.26

O.45

O.25

O.33

O.53

3.0

12

20

19

3.5

aSolvent: DMFIwater=911 (VIV).

respectively,i3)while its phosphorescence lifetimeshave been

reported to be 25 and 26 msin ethanol and toluene rigid glasses at

77K, respectively.i3) Thus theunusually long lifetimes observed in

the present study for the terpoiymers in aqueous solution at room

temperature are dueto a remarkable effect of the
compartmentalization. The hydrophobic residues around the

compartmenta!ized ZnTPP moieties serve not only as protection

groups for the chromophores but also as a rigidmicroenvironment for
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the chromophores similar to glass matrices at 77K even though the

terpolymers are in fluidsolution. In this context, the Cd and Np

groups seem to be more effective than the La group to tightly wrap

up the ZnTPP moieties in their hydrophobic domains.

    4,3,3. Delayed Emission Spectra
    The quantum yield of phosphorescence Åëp is given by i4)

                     (Ib ={i)sTkpO TT (1)
whcre ÅësT is the quantum yield of intersystem crossing, kpO is the

radiative rate of phosphorescence,and TT is the lifetime of the triplet

excited state given by eq.(1). Studies to date i5)have revealed that

zinc porphyrin generally shows only "prompt" fluorescence at room

temperature in fluid solution, although it shows both fluorescence and

phosphorescence in rigid glasses at 77K. IfTT at room temperature is

sufficiently long, there is apossibility that phosphorescence is

observed even in a fluid solution at room temperature. Delayed

emissionspectra of ZnTSPP, the reference copolymer, and the

terpolymers in aqueous solution at 250C are shown in Figure5. An

interesting observation was that the terpolymers in deaerated

aqueous solutionshowed delayed emissions, while ZnTSPP and

poly(AIZnTPP) showed no such delayed emissions. It is important to

note that the delayed emission consisted of both phosphorescence

above 700 nm and fluorescence below 700 nm. The delayed

fluorescence was quenched byoxygen as sensitively as
phosphorescence, indicating thatthe singlet excited state for the

delayed fluorescence was generated from triple-t excited state (Ti).
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    In general, delayed fluorescence can be divided into two
ty pes 14) :

The firsttype is that Ti is thermally popped back into Si (Ihermally

activatcd d.elayed Åíluorescence, TADF)

           heat

   Ti - Sl - So+hv(fluorescence) (2)

The second type is that Si is generated resulting from triplet-triplet

annihilation (T-T annihilation delayed fluorescence)

   Ti + Ti . Si + So . 2So + hv (fluorescence) (3)

Since no such T-T annihilation occurs in the terpolymers in aqueous

solution, the delayed fluorescence observed in the present study may

be TADF. In TADF, the emission intensity ratio of TADFto

phosphorescence increases with an increase in temperature.

Delayed emission spectra observed at various temperatures are

shown in Figure 6. In fact, the delayed fluorescence intensity for all

the terpolymers increased with an increase in temperature. On the

contrary, the phosphorescence intensity decreased with an increase in

temperature. Thus, this delayed fiuorescence is attributed to TADF.

The intensities ofboth TADF and phosphorescence for
poly(AILalZnTPP) and poly(AINplZnTPP) changed with temperature,

butthe spectral profiles remained unchanged. However, in the case

of poly(AICdlZnTPP), the spectral profiles significantly changed.

    The activation free energy gap (AE) between Ti and Si canbe
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estimated by using following equations:

            ITADF=Åëf k'isc[Ti] exp (-AEIRT) (4)

                      Ip=kp [Ti] (5)
then

          ITADFII p= (Åëf k' isc! k p) exp (-AE1RT) (6)

where I TADF and Ipare the emission intensities of TADF and

phosphorescence, respectively,Åëf is the quantum yie1d of

fluorescence, k' iscis the ratc constant of intersystem crossing from Ti
 '
to Si, kp is ther'adiative rate constant of phosphorescence, [Ti] is the

concentration of Ti, R is the gasconstant, and T is the Kclvin

temperature. Arrhenius'plots of for poly(AILalZnTPP) and
poly(AINplZnTPP) are shown in Figure 7. The AE values estimated

from the slopes of the plots are 44.9Å}O.8 kJ mol'i for
poly(AILalZnTPP) and 44.2 Å} O.8 kJ mol' i for poly(AINplZnTPP), but

the AE value for poly(AICdlZnTPP) was not able to be estimated

because the spectral profiles changed when temperaturewas

changed. Onthe basis of the emission maxima of fluorescence and

phosphorescence, 607 and 790 nm for the poly(AILalZnTPP), and

608 and 786 nm for the poly(A/Np/ZnTPP), respectively, the energy

gaps can be estimated to be 45.6 kJ mol' i for poly(AILalZnTPP) and

44.5 kJ mol- i for poly(AINplZnTPP), being in fair agreement with the

observed values.

    Studies on TADF and phosphorescence at room temperature

have only been reported forzinc, magnesium, and tin protoporphyrin

IX dimethyl esters absorbed on filter papers.i6) To our best

knowledge,we are the first to observe TADF of metalloporphyrins in
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fluid solution at room temperature. This is a remarkable feature of

the compartmentalized ZnTPP systems.

    Spectroscopic features may be comparedamong the terpolymers

in aqueous solution as follows:

  (i) In absorption spectra,hypochromism and spectral broadening

occurred only in poly(A!CdlZnTPP) (Figure 1).

  (ii) In fluorescence spectra around 650 nm,spectral broadening

occurred only in poly(A/Cd/ZnTPP) (Figurc 2).

  (iii) The spectralprofiles of the delayed fluorescence (Figure 5) for

poly(AILalZnTPP) and poly(AINplZnTPP)were almost the same as

those of the prompt fluorescence (Figure 2) at room temperature, but

the profile of delayed fluorescence for poly(AICdlZnTPP)was quite

different from that of the prompt fluorescencc.

  (iv) Emission maximafor the phosphorescence of
poly(AILalZnTPP) and poly(AINplZnTPP) were about 790 nm, which

was approximately equal to that for ZnTPP (781 nm ),i7)but that of

poly(AICdlZnTPP) was considerably different (748 nm) (Figure 5) .

  (v) In delayed emission spectra at various temperatures (Figure 6),

the spectral profiles of both fluorescence and phosphorescence for

poly(AILalZnTPP) at various temperatures were similar to those of

poly(A/NplZnTPP)except intensities. H o w ever, in
poly(AICdlZnTPP), the ratio of emission intensitiesat 600 and 645

nm increased with increasing temperature, the spectral profiles of

TADF gradually becameto resemble the profile of prompt
fluorescence, the emissions around 600 and 645 nm shifted to longer

wavelength, and the ratio of emission intensities at 748 and786 nm

110



Chapter 4

decreased.

    These spectral features for the Cd terpolymer is a reflection that

the microenvironments around the ZnTPP moieties in the Cd domains

are significantly different from those in the La and Np domains.

Perhaps,packing densities of hydrophobic groups in the domains are

different for different hydrophobic groups. In fact, in ourlaboratory,

it has been recently revealed that Cd groups are much more densely

packed in the domains than are La groups on the basis of the fact that

photoisomerization of azobenzene moieties compartmentalized in the

Cd domain is more suppressed than that in La domain•5d)

    The ZnTPP chromophore was compartmentalized in the
hydrophobic aggregate of the amphiphilic polyelcctrolytes in aqueous

solution.

                      '    Absorption maxima of the Soret band forthe terpolymers in

aqueous solution were longer than that for the reference copolymer

because ofdiffcrences in the environments around the ZnTPP

moieties.

    In absorption and fluorescence spectra, differences in the

environments around the ZnTPP moieties were refiected on peak

shift, hypochromism, and broadening effects.

    Lifetimes of the triplet excited states forterpolymers in aqueous

solution werevery long because of the compartmentalization.

Especially, the lifetimes for poly(AINplZnTPP) and poly(AICdlZnTPP)
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were almost equal to the value of ZnTPP itself in glassy solid at 77K.

    Phosphorescence and thermally activated delayed fluorescence

were observed in thc compartmentalized systems in fluid solution at

room temperature.

Since all the hydrophobic groups used in this study consist of nearly

cqual numbers of the carbon atoms, degree of compartmentalization

may depend on conformational rigidity of the hydrophobic groups.
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Chapter 5

Photoinduced Electron Transfer from

   Compartmentalized ZnTPP to
         Methylviotogen
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5,-1-,-I.n.!Lpo.d-!LwiQ-i

    Zincporphyrins can function as efficient sensitizersi) for the

photochemical production of hydrogen in aqueous solution by using

methylviologen(MV2 ') as an electron acceptor. The reaction

mechanism involved electron transfer from the triplet excitedstate of

zinc porphyrin('ZnP) to MV2', followed by the reductionof the

oxidized form of the porphyrin (zinc porphyrin cation radical, ZnP'.)

by an irreversible redox couple such as ethylenediaminctetraacetic
                                         'acid (EDTA) 2 ):

        'ZnP + MV2' . ZnP'. + MV'..

        ZnP'. + EDTA . ZnP + EDTA'..

        EDTA'.. -> products
         MV+. + H20 -- MV2++ 112 H2 +OH-

    The formation of ZnP". has been detected by the photochemical

reaction of a reaction system which is composed of zinctetrapyridyl-

methylporphyrin(ZnTMPyP4') and MV2'.3) This detection is
ascribableto a charge repulsion between ZnTMPyP5+. and MV+.. On

the contrary, no cationradical was detected by photochemical

reaction of a reaction systemof zinctetrasufonyl-phenylporphyrin

(ZnTSPP4 ') --MV2 ', because a backward electron transfer occurred

rapidly between ZnTSPP3 '. and MV+..4)

    Morishima et al.5)showed that photophysical and photochemical

behaviors of polycyclic aromatic chromophores such as phenanthrene

and pyrene compartmentalized in amphiphilic polyelectrolyte were
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much different from thosein the corresponding homogeneous

systems: fast electron transfer occurred from compartmentalized

photoexcited aromatics to methylviologen while the back electron

transfer was considerably slowed, and thuseffective charge

separation was achieved.

    In this Chapter, thephotoinduced electron transfer from ZnTPP

compartmentalizedin amphiphilic polyelectrolyte to MV2'is studied.

The energy potential diagram of ZnTPP-MV2"system is shown in

Figure 1.

    5,2,1. Materials

    Synthesesof copolymer poly(AIZnTPP) and terpolymers

poly(AILalZnTPP), poly(AINplZnTPP), and poly(AICd/ZnTPP)were

described in Chapter 2.

    Synthesis of ZnTSPP was described in Chapter 4.

    Methylviologen (MV2 ') (Tokyo Kasei Co.) was purifiedby

recrystallization from ethanol.

    Water was doubly distilled.

    5,2,2. Measurements

    Absorption spectra were recorded on a Shimadzu UV-2100

spectrophotometerat room temperature. Concentrations of the

ZnTPP residues in aqueous solutions were adjusted to 2 pM.

    Fluorescence spectra werc recorded on a Shimadzu RF-5000
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spectrofluorophotometer at room temperature. Concentrations of the

ZnTPP residues in aqueous solutions wereadjusted to 2 pM.

Excitation wavelength for the solutions was 563 nm.

    Laser photolysis was performed as described in Chapter 4. A

Toshiba KL-48 band-pass (480 nm) and aToshiba Y-48 cut-off (480

nm) filters were placed between a 150-W xenon arc lamp (analyzing

bcam) and a sample cell for the measurementof the decay profiles of

the Tn .- Ti absorption of the ZnTPP residues at 480 nm. A Toshiba Y-

43 cut-off filter (430nm) was used in a similar manner for the

measurement of time-resolved transient absorption spectra.

Concentrations of 10 and 100 pM of the ZnTPP residues inaqueous
                                          'solutions were used for the measurement of thedecay profiles at 480

nm and time-resolved spectra, respectively. The solutions were

deaerated by bubbling with argon for 30 min.

    The concentrations of ZnTPP'. were estimated from the time-

resolved transient absorption spectra by using eq.(7) as follows. In

the laser photolysis, a transient absorbance change (OD) at a given

time and wavelength is given by

            OD = ET [Tl] + EznTpp'. [ZnTPP'.] + EMv'. [MV'.]

                     +Es o[So] -Es o[ So ]o (1)
where ET, EznTpp+" EMv+" and Esoare the extinction coefficients of the

lowest triplet excited state of ZnTPPmoiety (Ti), ZnTPP"., MV'. and

ground state of ZnTPP moiety (So) at a given wavelength,
respectively, {Ti], [ZnTPP'.], [MV'.], and [So] are the concentrations of

Ti, ZnTPP+. MV+. and So ata given time, respectively. [So]o (=100

pM) is the initial concentration of So given by
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                  [So ]o = [Ti]+ [ZnTP P'.] + [Sol (2)

if we assume

                    {ZnTPP+.]=[MV+.] (3)
then we obtain

        OD = (ET' Es o) [Td + (EznTpp'e +EMv'. - Es o) [ZnTPP'.] (4)

since absorbance of Ti (OI)T) is given by

                   ODT=(ET-Es o) ITi] (5)
           OD = ODT + (EznTpp'• +EM v'• - Es o) [ZnTPP".] (6)

ODT at 650 nm is nearly equal to that at 800 nm (shown in Figure 3 in

Chapter 4),

          OD6so- ODsoo st {(EznTpp'. + EMv'. ' Es o)6se

                  ' (EznTpp'. + EMv'. - Es o)so o} [ZnTPP'.] (7)

the values of EznTpp+. and EMv+. were approximately estimated from

spectra reported in the literature to be 100006)and 7700 M- lc m-i7)

at 650nm, and also to be 2100 M- ic m"i6)and practically zero3b)at

800 nm, respectively. The values of Esoat 650 and800 nm were

determined to be 1000 and300 M- ic m- i, respectively, by using

absorption spectra shown in Fig. 1-b in Chapter 4.

    5,3,1. Charge -Transfer Complexation

Absorption spectra of ZnTSPP, poly(AIZnTPP), and poly(AILalZnTPP)

in the region of the Soret band in theabsence and presence of

methylviologen (MV2 ') in aqueous solutions are shownin Figure 2.

In the ZnTSPP andpoly(AIZnTPP) systems, in which ZnTPP moieties
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are exposed to the aqueous phase,the peaks shifted to longer

wavelength with an increase in the concentration ofMV2 +. However,

in the poly(A/LalZnTPP) systcrn,in which ZnTPP moieties are

compartmentalized by the hydrophobic groups, no such changes in

spectral profile occurred although the concentrationof added MV2+

was higher than those in the ZnTSPP and poly(AIZnTPP) systems.

The other terpolymer systems showed the same results as
poly(AILalZnTPP). These findings indicatethat the charge transfer

(CT) complexation between the ZnTPP moiety and MV2'occurs when

the ZnTPP moieties are exposed to the aqueous phasc, but not when

they are compartmentalized in the terpolymers.

    To estimate CT formation constants (KcT) for the ZnTSPP and

poly(AIZnTPP) systems, Nash's plot (eq.8) was used 8).

         1 1 [Acceptor] = (1 1 (1-A / Ao)) (KcT- a) - KcT;

                    a= KcT Ec/ED (8)
where {Acceptor] is the concentration of the acceptor, Ao and A are

the absorbances in the absence and presence of the acceptor, and Ec

and ED are the extinction coefficients of the CT complex and the donor,

respectively. These plotswhich were calculated from the absorption

spectra in Figure 2 for ZnTSPP and the reference copolymer are

shown in Figure 3. The KcTvalues,estimated from the intercept of

the ordinate, are listed in Table I. The values of KcT for thereference

copolymer was an order of magnitude larger than that for ZnTSPP.

This is because theelcctrostatic interaction between MV2' and the

copolymer is larger than that between MV2'and ZnTSPP. Although

MV2+may be bound to the surface of the microdomain in which the
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Table I. Photochemical data for ZnTSPP and the Polymers

        with MethylvioLogen

sample code

KcT/ M-i Ksvl M'1 kq,TI M' ls'1

(M,si M' is' i)b

ZnTSPP

poly(AIZnTPP)

poly(AILalZnTPP)

poly(A/NplZnTPP)

poly(AICdlZnTPP)

2.5 x 104

2.3 x lo5

     a

     a

     a

3.2 x 104

(1.9 x loi 3)

3.4 x 105

(2.0 x lol 4)

4.8 x 103

(2.8 x loi 2)

4.8 x lo3

(2.8 x loi 2)

2.1 x lo3

(1.2 x loi 2)

8.2 x lo9

       '

2.2 x lo9

2.2 x lo9

7.4 x lo8

1.8 x lo9

a No CT complexation was detected by absorption spectra.

b The apparent kq,svalues were estimated from eq.(9) by using

the lifetime of singlet cxcited state of ZnTSPP (1.7 ns).i O)
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ZnTPP moieties are compartmentalized in the terpolymers, MV2'

cannot approach the ZnTPP moiety closely enough to form the CT

complex because of steric hindrance of the compartmentalizing

hydrophobic groups. These situations maybe conceptually
illustrated as shown in Figure 4.

    5,3,2. Electron Transfer from the Singlet Excited State

    Electron transfer (ET) quenching of thc first singlet excited state

(Si) of the ZnTPP moiety is known to occur in the presence of MV2 '.
                  'To estimate the rate constant of the ET from Si (lki,s) ofthe ZnTPP

moiety to MV2 ', fluorescence quenchingexperiments were carried

out. The fluorescence spectra for ZnTSPP, the reference copolymer,

and the terpolymers in the absence and presence of MV2'in aqueous

solutions are shown in Figure 5. The Stern-Volmer equation is given

by 9)

                fo II=1+ Ksv[Q]; Ksv= kQ,s ro (9)
where Io and I are the fluorescence intensities in the absence and

presence of the quencher, respectively, Ksv is the Stern-Volmer

constant, [Q] is the concentrationof the quencher, andTo is the

lifetime of Si in the absence of the quencher. When CT complexes

exist in the system, static quenching of fluorescence occurs. Then,

the Stern-Volmer equation can be modified as

               Io 1I= (1 + Ksv[Q]) (1+KcT [Q]) (10)
                    =1+ (KcT+ Ks v) [Q]+ KcT Ksv [Q ]2 (11)

    if [Q] << (1 1 Ksv) + (1 1 KcT),

then
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                      fo 1I cr 1+ K'sv [Q] (12)
where K'sv(= KcT+ Ksv) is the apparent Stern-Volmer constant.

    Stern-Volmer plots for ZnTSPP, the reference copolymer, and the

terpolymers are shown in Figure 6. Since all the plots were nearly

linear, the Ksv(or K'sv) valueswere obtained from the slopes of the

plots. Fora rough estimation of apparent kq,sby using eq. (9), we

used a literature value of the lifetime of Si of ZnTSPP in aqueous

solution (To=1.7ns).iO) These results are listed in Table I.

    The ET processes in all the present systems are likely to be static

in nature because of electrostatic interactions between MV2 ' and each

polymer or ZnTSPP. In fact, the apparent kq,svalues were much

larger than a diffusion-limititting rate constant (109- 1 Oi OM' is' i) .9•ii)

    The K'svvalues for the reference copolymer and ZnTSPP are

almost equalto the KcTvalues. This suggests that most of the

fluorescence quenching occurs by way of the CT complexation. The

Ksvvalues for all the terpolymers were two orders of magnitude

smaller than K'svfor the reference copolymer. Since no CTcomplexes

exist in the terpolymer systems, the fluorescence qucnching can only

occur by ET from Si of the compartmentalized ZnTPP moieties to

MV2 +. The ET was suppressed in the order of lauryl" naphthyl <

cyclododecyl groups in the compartmentalized systems.

    5,3,3. Electron Transfer from the Triplet Excited State

Time-resolved transient absorption spectra for poly(AIZnTPP) and

poly(AICd/ZnTPP) in the presence of MV2' in aqueous solution are

shown in Figurc 7. These spectral profiles werc similar to thoseof Ti
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of the ZnTPP moiety in the absence of MV2'(shown in Figure 3 in

Chapter 4) but the decays of the absorbanccswere faster than that in

the absence of MV2 ", indicating that ET occurred from Ti ofthe ZnTPP

moiety to MV2 '. To estimate the rate constantof the ET from Ti

(lkl,T) to MV2 ', thedecay profiles of Ti and the first-order plots for

ZnTSPP and the polymers in the absence and presence of MV2'in

aqueous solutions monitored at 480 nm are shown in Figure 8. The

rate constant kq,T is given by 9)

                       kT=koT+ kq,T[Q] (13)
where kT and koTare the rate constants of the decay of Ti in the

absence and presence of MV2 ', respectively, and [Q] is the

concentration of MV2 +.

    The first-order plots were not linearexcept for the ZnTSPP

system. In Figure 9, kT in thc initial time region (up to 5 ps after

laser excitation) are plotted as a function of [MV2 ']. The kT values in

the initial time region were used to avoid the contribution of the

absorption due to ZnTPP'. generated by the ET. The kq,T values

obtained from the initial slopes of the plots are listed inTable I. The

kq,T value for the reference copolymer system was almost equal to

those for the terpolymcr systems but smaller than that for ZnTSPP.

The ET from Ti may occur dynamically because the lifetime of Ti is

extremely long as described in Chapter 4. In theterpolymer

systems, the order of kq,T was naphthyl < cyclododecyl < lauryl

systems. This order doesn't agree with the order of Ksv. In the

poly(A/Np/ZnTPP) system, kT was proportional to[MV2']. But, this

was not the case in other terpolymer systems. The initial fast
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quenching in the region of low [MV2 '] in the poly(AICd!ZnTPP)

system may occur at ZnTPP sites not sufficiently compartmentalized.

The apparent kq,T estimated from the initialslope for
poly(AINplZnTPP) was smaller than that ofpoly(AICdlZnTPP). It

should benoted that the ordcr of kT at 60 pM of [MV2 +] was

cyclododecyl < naphthyl < laury! groups. This order agrees with the

order of Ksv. ET may occur from Ti to the nearest-situated MV2 +. If

the nearest site to a compartmentalized ZnTPP moiety, where MV2+

can be bound, is already occupied by a MV2'species, an excessof

MV2+maynot contribute any more to the ET. This explains the

finding that kT was not proportiona! to [MV2'] in the

poly(AILalZnTPP) and poly(AICdlZnTPP) systems. However,we
cannot explainthe reason why kT is proportional to [MV2 '] in the

poly(AINplZnTPP) system.

    5,3,4. Accumulation of Photoproducts

    Time-resolved transient absorption spectra for the reference

copolymer and the terpolymers in the presence of MV2'in aqueous

solution are shown in Figure 10. In thecopolymer system,

absorbances were very weak in the microsecond time region. On the

other hand, in theterpolymer systems absorbances persisted for a

few milliseconds. The absorptions are dueto ZnTPP+. 6), MV+. 7), and

Tl of the ZnTPP moieties. It can be seen from Figure 10that

backward ET from MV+. to ZnTPP+. was suppressed owing to the

compartmentalization of the ZnTPP moiety, and accumulations of

ZnTPP+. and MV+. occurred. These results areconsistent with the
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previous studies in our laboratory using phenanthrene and pyrene as

chromophores5a,5b,i2). Such accumulations of the photoproducts in

the ZnTPP terpolymer-MV2' systems may be qualitatively explained

in a similar manner as the previous studies of our laboratory.5a,5b,i2)

    According to a kinetic model reported for photoinduced ET in the

compartmentalized chromophore systems,5b) forward and backward

ET and charge escape may occur as follows:

                •hv
SZnTpp 1/ Mv2+(Mv2 +)                     - SZnTpp* 11 Mv2+(Mv2 +)                                                 (14)

                      kisc
SZnTpp* 11 Mv2+(Mv2 +)                     - TznTpp* 11 Mv2+(Mv2 +)                                                 (15)

            • ' kq,s
SZnTPP' 1/ MV2'(MV:-? ") - S[ZnTPpt./1 MV'.(MV2 ')] (16)

                      kq,T
TZ nTPP' 11 MV2 '(M V2 ') -----> T[ZnTP P". 11 M V'. (M V2 ') ] (1 7)

                      kbl,s
S[ZnTPP+.11 MV'.(MV2 ')] . SZnTPP II MV2'(MV2 ') (18)

                      kbl,T
T[ZnTPP'.11 MV'.(MV2 ')] - SZnTPP 11 MV2'(MV2 ') (19)

                      kd,s
S[ZnTP P'. Il M V'. (M V2 ') ] . S[ZnTP P'. 11 M V2 '(M V'.)] (2O)

                      kd,T
T[ZnTPP'. 11 M V'. (M V2 ') ] ------> T[ZnTP P'. 11 M V2 '(M V'.)] (2 1)

                      kb2,s
S[ZnTPP'.11 MV2'(MV'.)] . SZnTPP II MV2'(MV2 ') (22)
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                       kb2,T
T[ZnTPP'.11 MV2'(MV'.)] --. SZnTPP 11 MV2'(MV2') (23)

Here, S and T representsinglet and triplet states, respectively,

ZnTPPIIMV2 ' represents a pair of a compartmentalized ZnTPP moiety

and the nearest-situated MV2' species,and MV2'designated in

parenthesesrepresents a MV2'species located most closely to the

MV2'species in the ZnTPPI/MV2' pair. Photoinduced ET would

occur from a singlet excited ZnTPP moiety (SZnTPP')and a triplet

excited ZriTPPmoiety (TZnTPP') to the nearest-situated MV2'(steps

16 and 17). Primary ion-pair states thus producedmay undergo fast

chargerecombinations (stcps 18 and 19) or charge escapes (steps 20

and 21). The kinetic model assurnes that the charge escapes occur

via an electron exchange between MV+. and MV2'bound side-by-side

on the surface of the hydrophobic microdomain.5a,i3) If the charge

escapes take placevia steps 20 and 21, backward ET (steps 22 and

23) would be sloweddepending on separation between ZnTPP'. and

the (MV'.) sites. Free energy gaps (-•AGO) for the forward ET from Si

to MV2'(step 16) and from Ti toMV2'(step 17) are O.65 and O.19

eV, respectively. The -AGO value for thc backward ET (steps 18, 19,

22, and 23) is 1.40 eV. Therefore, the backward ETin the singlet-ion

pairs may be comparable to or faster than forwardET. The

backward ET in the triplet-ion pairs (steps 19and 23) should be

slower than that in the singlet-ion pairs (steps 18 and 22) because

the backward ET in the triplet-ion pairs are spin-forbidden.

Therefore, the charge escape from thesinglet-ion pairs (step 20) may

be difficult to occur, whereas that from the triplet-ion pairs (step 21)
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may occur more easily thancharge recombination (step 19) . Hence,

the backward ET (step 23) can be slowed. Thesc situations may be

conceptually illustrated as shown in Figure 11.

    In Figure 10, thespectral profiles are different for different

hydrophobicgroups in the terpolymers when compared 2 ps after

laser excitation. This is because of differences in the relativc ratios

of ZnTPP+'. MV+. and Ti of ZnTPP in the sample solutions after the

laser excitation. The time profiles of the concentrations of ZnTPP+.

estimated from the difference in absorbances at 650 and 800 nm are

shown in Figure 12. The maximum of the transient concentration of

ZnTPP'. in the poly(A/LalZnTPP) system was 8pM which
corresponds to 89o of the initial-concentration of the ZnTPP residue,

while those in the poly(AINp/ZnTPP) and poly(A/Cd/ZnTPP) systems

were 11 and 59o, respectively. In the poly(AILalZnTPP) system,

ZnTPP+. comp!etely decayed at 1.5 ms after excitation, while, in the

poly(AINp/ZnTPP) and poly(AICdlZnTPP) systems, significant

amounts of ZnTPP'. rernained at 3 ms. It should be noted that,in the

latter systems, no significant decay of ZnTPP+. were observed after 1

ms.

    5.,-4.,-CQn.el.u.s.i.Q-n-s

    The CT complexation was completely suppressed by the
compartmentalization of the ZnTPP moieties in the terpolymers.

The ET from Si of the ZnTPPmoiety to MV2+for thc
compartmentalized systemswere two orders of magnitude slower
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than that for the reference copolymer system because of the steric

hindrance of the compartmentalizing hydrophobic groups.

    The apparent rate constants of the ETfrom Tl of the ZnTPP

moiety to MV2' (kki,T) for the terpolymer systems were almost equal

to that for the reference copolymer but were smallerthan that for

ZnTSPP.

    The accumulation of ZnTPP'. was observed as a result ofthe

compartmentalization. Thenaphthyl and cyclododecyl groups were

effective to accumulate ZnTPP+. in which cases ZnTPP'. persisted for

Several milliseconds.
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!U,-In-tuus

    To accumulate ZnTPP+. by photoinduced electron transfer

reaction, the compartmentalization was very effective as described in

Chapter5. In compartmentalized ZnTPP-MV2+system, ZnTPP+.

persisted for several milliseconds. In order to accumulate ZnTPP-.

more effectively and for a longer time, anirreversible electron

acceptor was used in place of MV2 +.

    Onium cations, especially diaryliodonium and triarylsulfonium,

are used as photoinitiator of both radicaland cationic
polymerizations.i) Electron transfer sensitized photolysisof onium

sults have becn studiedby DeVoe et al.2) These cations cleave

thcmsclvcs irrcversibly at ca.200ps after accepting an electron.2)

Moreover, the redox potential of the triarylsulfonium cations can be

changed by changing their leaving groups.3)

    In this Chapter, we describe thephotoinduced electron transfer

from the compartmentalized ZnTPP to one of the triarylsulfonium salt,

phenylmethylphenacylsulfonium p-toluenesulfonate (PMPS), studied

by ESR in addition to the similar procedures as described in Chapter

5. The reaction mechanism of this system is shown in Scheme I.

    6,2,1. Materials

 Syntheses ofa copolymer poly(AIZnTPP) and terpolymers
poly(AILalZnTPP), poly(AINplZnTPP), and poly(AICdlZnTPP) were
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  zS< Tsio-

     9H2H3C
     c=o

  PMPS

      '@
+ znTpp -sEofissgtrop,H3czS: +

 . 9H,
     + ZnTPP'. + Tsp'6o

go + znTppt. -----.- photoproduct-A

Scheme I

described in Chapter 2.

    Synthesis of ZnTSPP was described in Chapter 4.

    PMPS was prepared according to the literature.3) Anal. Calcd

for C2 2H22S204: C,63.74; H,5.359o. Found: C,63.40; H,5.519o. The half-

peak reduction potential (Ep12) was -O.60 V vs SCE in acetonitrile.

    Water was doubly distilled.

    6,2,2. Measurements

    Absorption spectra and fluorescence spectra were measured,

and laser photolysis was performedin the same manner as described

in Chapter 5.

    The poly(A!CdlZnTPP)-PMPS system was irradiated with 550

nm light for 3 min using a 500-W xenon arc lamp in combinationwith

a monochrometer (Japan Spectroscopic CT-10). The concentrations of
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the ZnTPP residues and PMPS were adjusted to 50 ptM and 10 mM,

respectively. The solution was deaerated by bubbling with argon for

30 min.

    ESR was measured on a JEOL Model JES FE-IX and JES RE-2X ESR

spectrometers with 100 kHz modulation at room temperature.

Steady-statc visible light was irradiated at the sample solutions by

using a 1-kW high-pressure mercury lamp combined with Toshiba O-

54, IRA-25S, ND-25, and ND-50 filters (540 <X< 700 nm). G-values

wcre estimated by comparing with the third (g=2.033) and fourth

(g=1.981) lines of MnO. Decay profiles of ZnTPP'. generated by

irradiation of the polymer-PMPS systems for 1 min were monitored

at 333.9 mT (peak top). The concentrations of the ZnTPP residues

and PMPS were adjusted to 100 pM and 10 mM, respectively. The

solutions were deaerated by bubbling with argon for 30 min.

    Photoinduced radical polymerizations of acrylamide initiatedby

the radicals generated from PMPS were performed as follows. An

aqueous solution containing poly(AICdlZnTPP) (50 pM of the ZnTPP

residues), 6.7 mM of PMPS, and 10 9e (wlw) of acrylamidÅë was

deaeratedby bubbling with argon for 30 min. The solution was

irradiatedwith ten laser pulses with stirring, and then allowed to

stand for 5 min in the dark. This cycle was repeated five times.

Finally, the solution was allowed to stand for 30 min in thc dark after

irradiating finalten laser pulses. The solution was poured into

methanol to precipitate polyacrylamide. The polymer waswashed

with methanol and dried for 6 h under reduced pressure at 10crC
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    6,3,1. Charge-Transfer Complexation

    Absorption spcctra ofZnTSPP, poly(A/ZnTPP), and
poly(AILalZnTPP) in the region of the Soret band in the absence and

presence of PMPS inaqueous solution are shown in Figure 1. In the

ZnTSPP and poly(AIZnTPP) systems, in which ZnTPP moieticsare

exposed to the aqueous phase, the peaks shifted to longer wavelength

with an increase in the concentration of PMPS. However, in the

poly(AILalZnTPP) system, inwhich ZnTPP moieties werc
compartmentalized by the hydrophobic groups, no such changes in

spectral profile occurred although the concentration ofadded PMPS

was higher than those in the ZnTSPP and poly(AIZnTPP) systems.

The other terpolymers showed the same results as poly(AILalZnTPP).

These findings indicate that the charge transfer (CT) complexation

between ZnTPP and PMPS occurs when the ZnTPP moieties are

exposed to theaqueous phase, but not when they are
compartmentalized in the terpolyrncrs. This is consistent withthe

MV2'case as described in Chapter 5.

    CT formation constants (KCT) for the ZnTSPP and poly(A/ZnTPP)

systems were estimatedusing Nash's plots (eq.(8) in Chapter 5)

(Figure 2). These plots were calculated from theabsorption spectra

in Figure 1 for ZnTSPP and thereference copolymer. Thc KcTvalues,

cstimated from the intercept of the ordinate, are listed in Table I.

Thc values of K(T for the reference copolymer were two orders of

magnitudelarger than that for ZnTSPP. This is because the
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Table I. Photochemical data for ZnTSPP and the Polymers

        with PMPS

sample code

KcTl M'i Ksvl M-1 kq,TI M' is'i

(k,si M' is' ' P

ZnTSPP

poly(AIZnTPP)

poly(A/La/ZnTPP)

poly(AINplZnTPP)

poly(AICdlZnTPP)

3.7 x 103

3.2 x 105

     a

a

1.6 x lo3

(9.4 x 10i i)

7.5 x 104

(4.4 x loi 3)

     c

c

a c

1.5 x 107

1.4 x 108

3.8 x 106

3.8 x lo6

1.1 x 106

a No CT complexation was detected by absorption spectra.

b The apparent kq,s values were estimated from eq.(9) given in

Chapter 5 by using the lifetime of singlet excited state of

ZnTSPP (1.7 ns) 4 ).

C FIuorescence was not quenched.
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electrostatic interaction between PMPS and the copolymer is larger

than that between PMPS and ZnTSPP. AlthoughPMPS may be bound

to the surface of the microdomain of theterpolymers in which the

ZnTPP moieties are compartmentalized, PMPS cannot approach the

ZnTPP moiety closely enough to form the CT complex becauseof steric

hindrance of the compartmentalizing hydrophobic groups.

    6,3,2. Electron Transfer from the Singlet Excited State

    To estimate the rate constant (kq,s) for ET from Si (first singlet

excited state) of the ZnTPP moiety to PMPS, fluoresccnce quenching

experiments were carriedout in the same manner as described in

Chapter 5. The fluorescence spectra of ZnTSPP, the reference

copolymer, and poly(AILalZnTPP) inthe absence and presence of

PMPS in aqueous solution are shown in Figure 3. Fluorescence

quenching occurred in ZnTSPP and poly(AIZnTPP) systems,but no

fluorescence quenching occurred in poly(AILalZnTPP) system,

although a high concentration of PMPS (10 mM) was employed.

Similar results were obtained for the poly(AINp/ZnTPP) and

poly(AICdlZnTPP) systems. These findingsindicate that the ET from

Sl of ZnTPP moieties to PMPS occurs when the ZnTPP moieties are

exposed to theaqueous phase, but not when they are
compartmentalizedin the terpolymers. As described in Chapter 5,

fluorescence of the ZnTPP moieties in the terpolymers wasquenched

by MV2'. Free energy gap (-AG) for the ET from the Si of ZnTPP to

PMPS (O.74 eV) is close to that toMV2'(O.66 eV). A difference in

the fluorescence quenching between PMPS and MV2"may bedue to a
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difference in electrostatic interactions andlor a difference in orbitals

which accept electrons from the Si of the ZnTPP moiety. Since the

hydrophobicmicrodomains oE the terpolymers are surrounded by

polyanionsegments, MV2"(dication species) would electrostatically

interact more strongly with themicrodomains than PMPS
(monocation species). Furthermore, ET may occurto the sc*-orbital of

MV2 ', while it may occur to the u*-orbital of PMPS. These may be

the reasons why ET to PMPS was slower than that to MV2 '.

    Stern-Volmerplots for ZnTSPP and the reference copolymer are

shown in Figure 4. Since theplots were nearly linear, Ksv(or K'sv)

values were obtained from the slopes of the plots in the same manner

as described in Chapter 5. For a rough estimation ofapparent kq,s by

using eq, (9) in Chapter 5, we used a literature value of the lifetime of

Si of ZnTSPP (To=1.7ns).4) These resultsare listed in Table I. The

values of Ksvfor the PMPS systems were an order of magnitude
 '
smaller than those for the MV2'systems.

    6,3,3. Electron Transfer from the Triplet Excited State

    Time-resolvcd transient absorptionspectra for poly(AIZnTPP)

and poly(AICd/ZnTPP) in the presence of PMPS in aqueous solutions

are shown in Figure 5. The spectral profiles at 10 ps afterlaser pulse

were similar to those of Ti (first triplet excited state) of the ZnTPP

moieties in the absence of PMPS (Figure 3 in Chapter 4) but the

decays of the absorbances were faster than that in the absence of

PMPS, indicating that ET occurred from Ti of the ZnTPP moiety to

PMPS. The decay profiles of Ti and the first-order plots for ZnTSPP
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and the polymers in the absence and presence of PMPS inaqueous

solution monitored at 480 nm are shownin Figurc 6. The rate

constantof the ET from Ti (1ft1,T) to PMPS was estimated in the same

manner as described in Chapter 5. In Figure 7, kT values in the

initial time region (upto 20 ps for ZnTSPP and the reference

copolymer and100 pts for the terpolymers after laser excitation) were

plotted as a function of [PMPS]. The kT values in the initial time

region were used to avoid the contribution of the absorption due to

ZnTPP'. generatedby the ET. The kq,Tvalues obtained from the

initial slopes of the plots are listed in Table I. Thekq,T values for the

terpolymer systems were two orders of magnitude smaller than that

forthe reference copolymer system. This result indicates that the

compartmentalization ofthe ZnTPPmoiety suppresses the ET from Tl

to PMPS. Although ET from Si to PMPS could not be observed in the

terpolymer systems, ET from Ti to PMPS occurred, becausethe

lifetime of Ti is seven orders of magnitude longer than that of Si .in

the terpolymer systems.

    6,3,4. Accumulation of Photoproducts

Initial photoproducts generated by photoinduced ET from the excited

ZnTPP moiety to PMPS are ZnTPP'. sulfide, and a radical fragrnent

from PMPS (Scheme I). A stablephotoproduct (representcd as

Photoproduct-A), which isgenerated by the reaction between the

ZnTPP+. moiety and the fragment radical, may exist in the ZnTPP-

PMPS system (Scheme I).

    Time-resolved transient absorption spectra for the rcference
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copolymer and the terpolymers in the presence of PMPS in aqueous

solution are shown in Figure 8. Inthe reference copolymer system

(Fig.8-a), absorbances in the region from610 to 750 nm were small

and decayed in the 50 ps -150 ms time region after laser excitation.

This result suggests that Ti andlor ZnTPP'. moieties existed in this

system even though thc concentrations of these species were low. On

the other hand, absorbances in the region frorn 750 to 840nm were

larger than those in the region from 610 to 750 nm and the intensity

remained almost constant in this time region. The spectral profilesin

the 750-840 nm region were not similar to the absorption bands of

either Ti 5)or ZnTPP""6) These differences in the spectra may be

caused by absorption of Photoproduct-A. In the terpolymer systems,

spectral profiles werc different for different times after laserpulse

and for different hydrophobic groups. These spectra may be due to

absorptions of Ti,ZnTPP'. and Photoproduct-A. Absorbances due to

Ti ofthe ZnTPP moieties were almost zero at 25 ms after laser pulse

in the poly(AILalZnTPP) systemand 150 ms after laser pulse in

poly(AINplZnTPP) and poly(AICdlZnTPP) systems because these

timcs were much longer than the lifetimes of Ti described in Chapter

4. The spectral profiles atthese time regions resembled the

absorption spectrum of ZnTPP'. itself generated by an electrochemical

procedure 6)except a region over 800 nm.

Absorption spectra of poly(AICdlZnTPP) in the presence of PMPS in

aqueous solution before irradiation of visible light andstanding for

15 s and 30 min in the dark, afterirradiation for 3 min, are shown in

Figure 9-a. The absorption band of the ZnTPP moiety around 550n m
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decreased and a new broad absorption band peaking at about815 nm

appeared afterirradiation. The spectral profile of the new

absorption band around 800 nm resembled the transient absorption

bands in the reference copolymer-PMPS system shown in Fig.8-a.

    A difference absorption spectrumbetween the absorption

spectra at 30 min and 15s after irradiation is shown in Figure 9-b.

In the 630-800 nm region, the difference absorptionspectrum was

assigned to the absorption of ZnTPP'. moietics by comparing with

spcctra reported for ZnTPP+. itselfgenerated by an electrochemical

procedure.6) Furthermore, in the 500-630nm region, the absorption

due to the ZnTPP+. moieties decayed during a period from 15 s to 30

min, while thc ground state ofthe' ZnTPP moieties was , in turn,

regenerated. Figure 9-ashows isosbestic points appearing at 544

and 573 nm, suggestingthat the ZnTPP+. moieties are completely

converted back to the ZnTPP moieties.

    The new absorption band at815 nm may be due to
Photoproduct-A. Thestructure of Photoproduct-A may bc an
isoporphyrin derivative because the spectral profiie is similar to that

of isoporphyrin.7) Differences in the spectral profiles in the

wavelength region betweenthe transient absorption spectra of the

terpolymer systems (Figure 8-b,c,d) and that of ZnTPI"'. itself6) may

be due to the isoporphyrin derivatives.

    The ZnTPP+. moiety may decay via two different reactions, i.e,

the reaction between the ZnTPpt. moiety and the carbon radical to

generate Photoproduct-A (Scheme I), and the reaction by which the

ZnTPP+. moiety is converted to the ground state ofZnTPP moiety.
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Figure 9. (a) Absorption spectra of poly(AICdlZnTPP) in thc

presence of PMPS in aqueous so{ution before irradiation ( ), and

after standing in the dark for 15 s (-----) and 30 min ( . )

after steady-state light irradiation for 3 min at 500 nm. (b)

Difference absorption spectrum between the absorption spectrum

after standing in the dark for 30 min and that for 15 s:

{ZnTPP](residue) = 50 pM; (PMPS] = 10 mM.
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The former may occuronly immediately after photoinduced ET

because the carbon radical is short-lived. We cannot explainwhat an

electron donor is for the latter reaction.

    6,3,5. ESR Studies of The Photoproducts

    ESRspectra under irradiation of steady-state visible light at the

polymers in the presence of PMPSin aqueous solution are shown in

Figure 10. In the compartmentalized ZnTPP systems, all the ESR

spectra showed no hyper-fine structures (hfs) with a line width of 4.9

gauss. These spectra agreed with that of ZnTPP'. itself in the glassy

stateat 77K reported by Wolberg et al.8) The ZnTPP'. itself has

shown hfs due to eight equivalent ortho hydrogens on the phenyl

group in liquid solution at room temperature.8,9) Thisresult suggests

that four phenyl groups of the ZnTPP+. moieties in the terpolymers

cannot rotate freely because of steric hindrance of the surrounding

hydrophobic groups in the compartment. A difference in the ESR

spectra of ZnTPpt. itself between in liquid and glassy phases 8) has

been explained in the same manner. On the othcr hand, intcnsity of

the ESR spectrum of the poly(AIZnTPP)-PMPS system was much

weaker than those of the terpotymer systems. Thehfs caused by

delocalization of a radical on phenyl hydrogens 8,9) could not be

detected because of the small intensity of ESR signal.

    For all the polymer-PMPS systems no ESR signal due to the

carbon radical generated from PMPS(Scheme I) could be detected.

This suggests that the reactivity ofthe carbon radical is high, and the

concentrations of the radical are too low to be detected by the ESR
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Figure 10. ESR spectra under irradiation of steady-statevisible light

for the polymers in the presence of PMPS in aqueous solution: a,

poly(AIZnTPP);b, poly(A!LafZnTPP);c, poly(AINplZnTPP);d,
poly(AICdlZnTPP); {ZnTPP](residue)=100 pM; [PMPS]=10 mM.
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measurement in aqueous solution at room temperature.

Figure 11 shows ESR spectra for poly(AICdlZnTPP) in the presence of

PMPS under irradiationof steady-state visible light and 45 min after

irradiation was stopped. The spectralprofile in the dark, 45 min

after finish off irradiation, agreed with thatunder irradiation except

intensity. The spectral intensity at the peak top (333.9 mT) is

proportional to the concentration of the ZnTPP". moiety. Figure 12

shows decay profiles monitored at 333.9 mT for the ZnTPP+. moieties

produced by irradiation of steady-state visible light for 1 minin the

polymer-PMPS systems in aqueous solution. Half-lives of the

ZnTPP+. moieties in the polymers are listed in Table II. The initial

concentration of the ZnTPPF. in the reference copolymer system was

much lower than those in the terpolymer systems andthe half-life

was shorter. ThehaLf-life of the reference copolymer system (7 s)

was close to half-life of ZnTSPP'. (6 s) reported by Neta et al.iO) On

the other hand, in the terpolymer systems, the initial concentrations

and the half-lives of the ZnTPP". moieties depended on the

compartmentalizinghydrophobic groups. The half-lives for

poly(AINplZnTPP) and poly(A!CdlZnTPP) systems wcre much longer

than those for ZnTSPP, the reference copolymer, and
poly(A/La/ZnTPP) systems. It should be noted that 459o ofthe initiai

concentration ofthe ZnTPP'. moieties in poly(AICd/ZnTPP) existed at

20 min after irradiation was stopped.

    6,3,6. Photoinduced Radical Polymerization

    Results of photoinduced radical polymerizations ofacrylamide
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328.9        333.9

Magnetic Field 1 mT
338.9

Figure

PMPS in

light; b,

stopped:

11. ESR spectra of poly(AICdlZnTPP) in the presence of

aqueous solution: a, under irradiation of steady•-state visible

after standing in the dark for 45 min after irradiation was

 [ZnTPP](residue)=100 ptM; [PMPS]=10 mM.

166



Chapter 6

..- :-•

=
CES

vH e+aa'cN
L..,.1

o

I Light off

d

c

b

a

o 5      10
Time / min

15 20

Figure 1 2. Decay profiles monitored at 333.9 mT for ZnTPP-.

moieties produced by irradiation of steady-state visible light for 1

min in the polymer-PMPS systems inaqueous solution: a,

poly(AIZnTPP);b, poly(AILalZnTPP);c, poly(AINplZnTPP);d,
poly(A!CdlZnTPP); [ZnTPP](residue)=100 pM; [PMPS]=10 mM.
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Table II. Half-lives of the ZnTPP'.

photoinduced ET in the polymers in

moieties

aqueous

generated by

solution

sample code time!s

poly(AIZnTPP)

poly(AILalZnTPP)

poly(A!NplZnTPP)

poly(AICdlZnTPP)

ZnTSPPa

  7

 15

120

810

  6

a reference 10.

are summarized in Table IIL Polyacrylamide was only obtained in

the poly(AICdlZnTPP)-PMPSsystem by irradiation. This result

shows that the radical generated from PMPS inthe
poly(A!CdlZnTPP)-PMPS system initiated the radical polymerization

of acrylamide. On the other hand, theradical generated from the

reference copolymer-PMPS system could not initiate the radical

polymerization. Although no ESRsignal due to the carbon radical

was dctected, the radical in the poly(A/CdlZnTPP)-PMPS system may

be long-lived to be able to attack acrylamide leading to the

polymerization because the reaction of the radical with the ZnTPP+.

moiety (Scheme I) may be suppressed by the compartmentalization.
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Table III Photoinduced Radical Polymerizations of Acrylamide (AA)

polymer code [PMPS] 1 mM irradiation yield of
           polyAA (%)

poly(AICdlZnTPP) a

poly(AICd/ZnTPP) a

poly(AICdlZnTPP) a

none
poly(AIZnTPP) a

6.7

o

6.7

6.7

6.7

   byes

   byes

noc

   byes

   byes

13.4

 o
 o
 o
 o

a Concentration of the ZnTPP residues was adjusted to 50 pM.

b Irradiation at 532 nm with 50 laser pulses.

C No irradiation.

    The CT complexation with PMPS was completely suppressed by

the compartmentalization of the ZnTPP moieties in the terpolymers.
 '    The ET from Si of the ZnTPP moiety to PMPS for the reference

copolymer occurred, but the compartmentalizationcompletely

suppressedit because of the steric protection by the
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compartmentalizing hydrophobic groups.

    The apparcnt rate constants of the ETfrom Ti of the ZnTPP

moiety to PMPS (kq,T) for thc terpolymer systems were two orders of

magnitude smaller than that for the reference copolymer.

    The accumulation of ZnTPP+. as a resu1t of the
compartmentalization was observed by laser flash photolysis,

absorption spectra, andESR measurement. The naphthyl and
cyclododecyl groups were effective to accumulate ZnTPP+. which

persisted over 20 min. Thc ZnTPP+. moiety was eventually

convertcd to the ZnTPP moiety.

    Though no carbon radicalgenerated from PMPS could be

detected by ESR measurernent, the carbon radicalin the
poly(AICd/ZnTPP)-PMPS system was long-lived enough to initiate the

radical polymerization of acrylamide.
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   We synthesized several new
metalloporphyrins as follows:
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Homopolymersof the acrylate monomers, CuAOMTPP and
VOAOMTPP, with the weight average molecular weight ofabout

15000, were obtained by radical polymerizations. The order of the

reactivities ofthe acrylamide monomers in radical polymerization

increased in the order: ZnAAEtio < ZnAAPor< ZnAATPP. This order

may be explained by the bulkiness of substitutes bound directlyto

the vinyl group. Polyamides obtained by condensation
polymerization of DPE compounds were insoluble. These resultsare

mentioned in Chapter 2.

    In Chapter3, a study on the magnetic behavior of the polymers

containing paramagnetic metalloporphyrins is described. CuCuDPE,

VOVODPE, MnMnDPE, CuMnDPE, andVOMnDPE, which were
polyamides obtained by condensation polymerization, showed a weak

antiferromagnetic interaction. PolyCuAOMTPPshowed an
antiferromagnetic interaction with a Weiss temperature of -38K,

indicating that it has stronger magnetic interaction than polyAOTPPCu

which was previouslystudied in our laboratory. The stronger

magnetic interaction of polyCuAOMTPP is reasonably ascribed to the

decrease in the distance between paramagnetic species due tothe

distance between the main chainof the polymer and the

metalloporphyrin moiety. PolyVOAOMTPP wasseparated into a

magnetoinactive part and a small magnetoactive part. In the ESR

spectrum of the magnetoactive part, a broad signal, whose intensity

was almost independent of the temperature, was observed along with

signals due to paramagnetic polyVOAOMTPP. Themagnetoinactive

part showed a weak ferromagnetic interactionwith a Weiss
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temperature of +5K, indicating the formation of a magnetic domain

where the arrangement of the magnetic sites was good enough to

interact magnetically.

    In Chapter 4, we studied photophysics of the ZnTPP
chromophore compartmentalized in the hydrophobic aggregate of the

amphiphilic polyelectrolytes in aqueoussolution. Absorption

maxima of the Soretband for the terpolymers in aqueous solution

were longer than that for the reference copolymer because of

differcnces in the environrnents around the ZnTPP moietics. VV e

clarified that the compartmentalization was effective to lengthen the

lifetimes ofthe triplet excited states of the ZnTPP moieties.

Especially, the lifetimes for poly(AINp/ZnTPP) and poly(AICd/ZnTPP)

were almost equal to the value of ZnTPP itself in glassy solid at 77K.

We are the first to observe phosphorescence and thermally activated

delayed fluorescence of zinc porphyrins in fluid solution at room

temperature, due to lengthened lifetimes of the tripletexcited states

by the compartmentalization.

    In Chapters 5 and 6, we studied the photochemistry of the

compartmentalized ZnTPP-MV2' and ZnTPP-PMPS systems,

respectively. The CT complexations were completelysuppressed by

the compartmentalization of the ZnTPP moieties in the terpolymers.

The electron transfers of the compartmentalized systems were slower

than those of reference systems. We could observe the
accumulations of the ZnTPP-. moieties as aresult of the

compartmentalization, i.e.the backward reactions were suppressed

by the compartmentaijzation. We could detect theZnTPP+. moieties
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which persisted for severalmilliseconds in the compartmentalized

ZnTPP-MV2" systems in spite of the reveTsible electron transfer

systems. Morcover, when we used an irreversible acceptor PMPS,
      'we could detect the ZnTPP'. moieties persisted over 20 min. This

result for the compartmentalized ZnTPP-PMPS systemswas
attributed to the suppressed the reaction between the ZnTPP+. moiety

and the radical generated from PMPS and that between the ZnTPpt.

moiety and othercompounds. Though no carbon radical generated

from PMPS c6uld be detected by ESR measurement, the carbon radical

in the poly(AICdlZnTPP) systern was long-lived enough to initiate the

radical polymerization of acrylamide.
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