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Chapterl GeneralIntroduction

1・1　NatⅦralP血oto5yn仇esis

1・1・1　P血oto町ntb七伽Reaction

C血apterl

Photosyntheticorganismsconvert＆omsolarenergytochemicalenergywithexcellent

efBciencies・PrimaryPrOCeSSOfphotosynthesisisasequentialreactionoflight

harveSting，eXCitationenergymlgrationandtransftちChargeseparation，andchargeshiA

1・1・2　EomologyfbrReactionCenterComplexes

In1984，thestruCtureOfthephotosyntheticreactioncentercomplexwasrevealedfrom

PhotosyntheticpurplebacteriumRhodqpseudomonasviridis（Deisenhofbretal・，1984）．

Thisreactioncentercomplexiscomposedoffourproteinsubunits，andof14cofactors．

Theproteinsubumitsareca11edH（heavy），M（medium），L（1ight），andcytochrome；the

nameSH，M，andLwerechosenaccordingtotheapparentmokcularweightsofthe

Subunits，aSdeterminedbyelectrophoresis・Thecoreofthecomplexisfbrmedbythe

SubmitsLandM，andtheirassociatedcofactors‥fburbacteriochlorophyll－b，tWO

bacteriopheophytin－b，OnenOnhemeiron，tWOquinones，OneCarOtenOid・Thiscorepan

COntainsadimericstruCtureOf（bacteri0）chlorophyllswhichareseparatedatadistance

1
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Chapter l

of ca･ 3 Å in a nearly parallel ･orientation由申-ial overlap of n-orbitals, i･e･ a slipped-

cofacial orientation and generally called a "special pair"･ Other two bacteriochlorophy11-

b, two bacteriopheophytin-b, and two quinones are arranged in pseudoIC2 Symmetry in

the core part･ These cofactors arrangement are commonly observed in other

photosynthetic organisms (Blankenship, 2002)･ Accordingly'there are homology of the

cofactors arrangement in the core part of the reaction.center complexes in the

p血otosynthetic organisms.

1･1･3 IIeterogeneity forLight Ⅱarvesting Complexes

The flrSt eVent Of photosynthetic reaction starts at absorbing light by light harvesting

antenna complexes aroundthe reaction center complex･ These structures ofthe light

harvesting antenna complexes arerich in diversity (Blankenship'2002), differently from

the structure of the reaction center complexes･

1･1･4Light Ⅱarvpsting Complexes ofPhotosynthetic Purple Bacteria

The structures of the light harvesting complexes (LHl, LH2, and LH3) in

photosynthetic purple bacteria have been determined by X-ray crystallographies

(McDermott et al･, 1995; Koepke et al･, 1996; McLuskey et al, 2001) and electron

■･㌧
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microscopies (Karrasch et al･, 1995; Savage et al･J996; Walz et al･, 1998). h antenna

complexes in these bacteria, 18 or 16 bacteriochlorophy11s are arranged in a macronng

with slipped-cofacial orientations by coordination of imidazolyl side chains from

transmembrane α-helices in B850, and 9 or 8 bacteriochlorophylls are arranged in a

macronng of coplanar orientation in B80O･ Their special features may refer to the higher

ordered barrel structure of complete beauty and scientiflC Significance (Figtlre l.1).

Especially, the key functional unit of B850 is composed of a baeterioehlorophy11-a dimer

in a slipped-cofacial orientation by coordination from imidazolyl residue to the central

magnesium ion, and these dimers arefurther arranged into a macrorlng form.

Figure l･1 The structure of LH2 from Rhodobseudomonas acidophila (McDe,mott et

al･, 1995)･ Thering of (a) B850 and (b) B800 bacteriochlorophyll-a molecules.

二二:!
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1･2 Artificial Photosynthesis

1･2･1 Porphyrin Chemiitry

porphyrin is a basic framework of photosymthetic plgment chlorophyll and

bacteriochlorophyll derivatives, and there are tremendous repofts of artiTICial

Photosynthesis utilizing porphyrin macrocycle.

1･2･2AntificialLight Harvesting Anten.na Complexes

Efficient strategies had to be explored for the preparation of macronngarchitecture

from novel building blocks and refined approaches, utilizing multistep reaction

sometimes with template syntheses･ Until now several oligomeric porphyrin nngs have

been synthesized thrbughboth covalent (Sanders, 1996; Sanders, 2000; Li et al., 1999;

Mongin et al･, 1999) and supramolecular (Knapp et al･, 1998; Haycock et al･, 2000;

Ikeda et al･, 2000; Sanders, 2000) approaches toward light harvesting antenna申mics･

However, there are practically no systematic studies avai1able yet which would allow a

rational design of self-assembled macronngswith the desired properties toward antenna

structure andfunction･ To the best of the author,s knowledge, there is no example of･

POrPhyrin macrorlng COmPOSed of dimer umits.

■■-㌧
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1･3 Previous Research

1･3･1 General Statement

The Kobuke's laboratory has been interested in constructing artificial systems by

uslng the method of self-assembledand/or supramolecular chemitry･ The target systems

are biosystems especially for energy conversion and signal transduction systems, which

have marvelous functions and beautifu1 structures･ The supramolecularapproach is

considered one of the fascinating area of sciences･ because even the use of relatively low

cost reagents and less synthetic steps glVe a basic unlt, andfudher self-assembling to

mOre COmPlicated structure andfunction.

1･3･2 Special Pair Model

h 1994, Kobuke repo托ed a slipped-cofacial dimer of meso-imidazolylporphyrin zinc

co叫ex as a model of也e special palr Of也e p血otosyn也etic reaction center co叫ex

based on self-organization via ligand-to-metal coordination (Figure l.2) (Kobuke and

Miyaji, 1994)･ This slipped-cofacial dimer have a large association constant (Ka > 10"

Ml in non-polarorgamic solvents, composed of complementary coordination bonds

between nitrogen atom of imidazolyl group and penta-coordinating zinc ion and 7T一冗

stacking lnteraCtion between each porphyrin･ The ･resulting supramolecule exhibits a

ｰｰｰ∵一



C血apter l

large splitting of its Soret band throughexciton coupling lnteraCtion between two

POrPhyrins oriented in a slipped-cofacial arrangement in a close distance.

Figure l･2 The structure of slipped-cofacial dimer.

1･3･3 Mag皿e血m Complex

when uslng magnesium ion as a central metal of porphyrin instead of zinc ion, a

magnesium complex affordsfurther elongation of imidazolylporphyrins (Kobuke and

Miyaji, 1996)･ Typical magnesium porphyrin, tetraphenylporphyrinatomagnesium(II)

即gTPP), binds a fwst imidazole with a binding constant KI Of lO4-105 M-1 and second

imidazolewith a binding constant K2 0f about l M-1 (sanders et al･, 2000b). The second

binding is less favorable in part be9auSe the penta-coordinate magnesium ion is out of

plane･ Therefore, the magnesium complex of imidazolylporphyrin has also a relatively

small hexa-coordination property to penta-coordination one, and affords a few

aggregation number of imidazolylporphyrins in solution.

二二ｰ■
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1･3･4 Meso-mcso Linked PorphyrinAnray

To elongate each imidazolylporphyrin, two approaches are considered. The first is

uslng Stable hexa-coordinating metal ion as the porphyrin central metal･ For example,

iron, cobalt andruthenium are considered as metal ions to glVe Stable hexa-coordination,

but血ese ions are not suitable fbr the model of early events of p血otosyn也esis because

these metalloporphyrins have a nuorescence quenching propemy･ The second is uslng

zinc complex of covalently attached porphyrin dimer･ previously'meso-position,

opposite to the connecting site of imidazole group, was directly linked to each other and

meso-meso bis(imidazolyl)porphyrin dimer gave年giant porphyrin array (ogawa and

Kobuke, 2000)･ This meso-meso directly linked bis(imidazolyl)porphyrin dimer have a

fluorescence emissiveand anticipated as a photoelectric molecular wire.

1･3･5 Further Applications toward Artificial Photosynthesis

until now･the Kobuke,s laboratory has reported many applications of

imidazolylporphyrin assembly･ 5, 15-bis(imidazol-4-yl)- 10,20-bis(4-dodecyloxyphenyl)-

porphyrin yields supramolecular assembly throughimidazolejmidazole hydrogen

bonding (Nagata et al･, 2000)･ This supramolecular assemblies exhibit efficient excited

■■--- _
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energy transfer followed by electron transfer to quenchers in a non-polar toluene solution.

5,15-Bis(imidazol-4-yl)-10,20-bis(w-carboxyalkyloxyphenyl)porphyrin, replacing

hydrophobic teminal groups into hydrophilic carboxyl groups, was assembled in water

to form- liposomal dispersions without any lipids (Nagata et al･, 2001)･ This porphyrin

assembled in liposomal membranes is expected to interesting materials in view of

realizingfunctions of light harvesting, light induced charge separation, and electron

trans-fer reactions across the membrane･ Further, imidazolylporphyrins have been applied

to self-assembled monolayer and self-assembled multilayer systems toward organic

photovoltaie cell (Nomoto and Kobuke, 2002)･ Accumulation of imidazolylporphyrins by

●

uslng ligand-to-metal supramolecular method fbrms a chain structureand leads to

●

slgnirlCant increases of light absorption in the visible light reglOn and to large

p血otocu汀entS generatio皿.

1･3･6 Macroring Assembly towards ArtificialAntenna Complex

ln my research proJeCt in doctoral course is to construct of an artificial light

harvesting complex of the LHs of photosynthetic purple bacteria, and tounveil the

relation between structure andfunction･ h order to flX Chromophores in a certain

geometrical arrangement･ porphyrins have been connected by rigid aromatic spacers to

ｰｰ--叫
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avoid the ambiguify arlSlng from conformational mobilities･ To accomplish suchthe

■ ●

request, a gable porphyrin motif was adopted as a building block･ Gable porphyrin is a

l,3-phenylene bridged porphyrin dimer, FlrSt rePOrted by Tabushi et al. (Tabushi and

sasaki, 1982; Tabushi et al･, 1985)･ =n my pro)･ect, introducing imidazole group to the

meso-positions of each porphyrin, positions opposite to the phenylene bridging sites. The

gable porphyrin motif flXeS eaCh porphyrin in 120o as an orientation angle･

Figure l･3 The structure of gable porphyrin

■■-- ____
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This thesis is composed of 5 chapters indicated below:

C血apter l General I皿trO血ction

This chapter is a general introduction of this thesis and describes about the fleld,

purpose, and contents of this study･ Firstly, natural photosynthetic systems were outlined

especia11y in view of light harvestingantenna systems･ Next,artiflCial light harvesting

antenna systems by uslng Chemicalapproach were introduced･ Finally'a background of

this pro"t was described based on previous reports fromthe Kobuke,s laboratory･

Chapter 2 Synthesis ofFree Base Gable Porphyrin

synthesis and structural detemination of a novel free base gable porphyrin were

described in this chapter･ This gable porphyrin has two imidazolyl substitutents at the

apsIS Of each meso-position｡ The porphyrin･ syntheses were undedaken according to the

Lindsey's approach･ Fudher, a side reaction, scrambling reaction at meso-position,

during the porphyrin syntheses was described･ By chooslng appropriate peripheral

substituents the side reaction ,was suppressed, and analytically pure free base

bis(imidazolyl) gable porphyrin was･ obtained･ This compound wasanalyzed in detail by

nuclear magnetic resonance measurements and thermodynamic parameters about

atroplSOmerS Were detemined.

10
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chapter 3･ Formation of Macrocyclic Structure from Zinc(==) Gable Porphyrins

This chapter describes on construction of ring shaped molecularassembly'uslng a

reorganization methods･ After zinc(町insertion to free base gable porphyrin, broad

molecular weight distribution was observed by gelpermeation chromatography.

Reorganizations of the molecularaSsembly were performed by dissociation and

･reassociation of molecular assembly, accompanied by the additionand removal of

coordinating solvent, respectively, at high dilution conditions･Asa result, molecular

weight distribution was almost completely convergent to two components. Further

structural detemination was described both in solid and in solution statesme results of

probemicroscopies (atomicforcemicroscopy and scaming tunnelingmicroscopy) and

small-angle X-ray scattering measurements were described.

chapter 4･Antenna Function ofZincq=) Gable Porphyrins

This chapter describes evaluation of light harvesting antennafunction of macronng of

gable porphyrins･ The photophysical antennafunction of the macronng arrays was

evaluatbd by uslng Steady state spectroscopIC measurements･ Especially,fluorescence

quenching expe血ents revealed excitomic energy mlgration in the macrorlng arrays.

11
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Chapter5･ General ConcltlSioJl

This chapter describes general conclusions of this thesis and summarizes the results

obtained inthis study･ Fudher applications of this study were mentioned by practical

combination of our supramolecular science.

12
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chapter 2 Synthesis ofFree Base Gable Porphyrin

2･1 MolecularDesign

The structuralmit of the building block is bis(1 -methylimidazolyl)porphyrin dimer as

shown in Figure 2･1･ The most impodant point is introducing of two l-methylimidazolyl

groups to the opposite sites to the phenylene bridging site･ Further, this molecular umit

was designed by keeping two basic points inmind･ Firstly, a bis(1-

methylimidazolyl)porphyrinatozinc(=I) dimer motif (Kobuke and Miyaji, 1994; Ogawa

;nd Kobuke, 2000) was employed asthe basic construction umit, because it satisfies

perfectlythefunctional requisites of the light harvesting dimer unit, in view of the

distance and the orientation of chromophores, and imidazolyl to zinc coordination free

from excitation energy quenching by central metal ion･ Secondly'the nng structure was
●

provided by connec血g two mono(imidazolyl)porphyrinatozinc(II) with a l ,3-phenylene

spacer･ 1,3-phenylene bridged porphyrin dimer is cal1ed "gable porphyrin" flrSt rePO"ed

by Tabushi et al･ in 1982 (Tabushi and Sasaki, 1982; Tabushi et al･, 1985). This

porphyrin isalso the flrSt POrPhyrin dimer in which each porphyrin is fixedrigidlywith

its spatial orientation bf 120o･ h contrast to the meso-meso-coupled bis(1-

methylimidazolyl)porphyrinatozinc(ID, which grows hnearly into agiant porphyrin

array (ogawaand Kobuke, 2000), the spatial orientation with 120o is expected to give a

13
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closedring under approprlate conditions･ =f all these designs work perfectly, a

dodecaporphyrin array composed of hexakis(gable porphyrin) would be constructed as

shown in Figure 2･2･ This porphyrin macronng array have a barrel structurewith center-

to-center distances of 6･l and ll･O A, in a close analogy to those of the light harvesting

complexes of photosynthetic purple bacteria. The remalnlngfour meso-positions are
● ■

introduced by aryl or alkyl groups with long alkyl chain to glVe the solubility of

porphyrin arrays in orgamic solvents.

Figure 2･1 The molecular structure of bis(1-methylimidazolyl) gable porphyrin.

14
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Figure 2･2 The structure ofhexakis(gable porphyrin) macroring array.

15
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Chapter 2

2･2 Synthesis ofDipyrromethanes

2･2･1 Gemeral Statememt

Dipyrromethane derivatives are very useful precursors in the synthesis of 5,15-

disubstituted porphyrins, trans-porphyrins･While several methods of dipymomethane

synthesis were repoded, especia11yLindsey et al･ have explored the dipymomethane

chemistry most efTICiently and repomed detailed preparations, pmiflCations, and their

applications to the corresponding porphyrin (Lee and Lindsey･ 1994; Littler et al･, 1999).

Accordingly, the author referred to their repons inthe synthesis offo1lowlng SeVeral

dipymomethanes (Scheme 2･1)･ Excess amount of pymole, 40-fold to each aldehyde

except for bis-dipyrromethane l case (25･7-fold of pyrrole), was uSed as boththe reagent

and solvent,and a11 reactions were catalyzed by sma11 amount of trifluoroacetic acid

(TFA) at room temperature･ All reactions were neutralized with O･ 1 M sodium hydroxide

aqueous solution, and excess pyrrole was recovered under reduced pressure, and further

pmiflCation was performed by silica gel column chromatography or vacuum distillation.

In 1999 Lindsey et al･ reported a reflned method of synthesis and puriflCation of meso-

substituted dipyrromethanes (Littler et al･, 1999)･ and they described N-confused

dipyrromethane (2,3,-dipymomethane) and tripyrrane as byproducts of dipyrromethane

(scheme 2･2)･ A鮎r receiving their repods, the author observed the tripyrrane

16
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component as the main byproduct in the hwso-alkyldipyrromethane syntheses by TLC

and lH-NMR analyses (data not shown), while the N-confused dipyrromethane

component could neither be observed and nor identified in these reactions･ =nstead,

another component was also observed in the TLC analysis･ Althoughthe author could

not isolatethis component becausetheir paucity and relatively unstable pature to

dipyrromethanes, this was considered to be tetrapymane from their polarity in the TLC

analysis･ Condensation of dipyrromethane with aldehyd6 in a MacDonald type 2 + 2

reaction (Arsenault et ･al･, 1960) propheticallygives a precursor of a 5,15-disubstituted

porphyrin･ However･ in the acid catalyzed porphyrin synthesis, an extensive scrambling

reaction is reported to opcur, leading to amiⅩture of porphyrins besides the desired

trans-porphyrin･ This scrambling process frequently observed in open chain polypyrran.e

condensations is proposed to occur by the acid catalyzed fragmentation of polypyrrane

into pymolic and azafu1vene components (smith･ 1975a)･ Fortunately, tripyrrane could

notgive porphyrin byproducts because there are no monopyrrolic components in the

reaction system if no scrambling reaction has occurred･ h this way'tripyrranemight be a

negligible component in the porphyrin condensation reaction derived from aldehydes and

dipyrr?methanes (Gerasimchuk et al･, 1998) unless extra reaction was occurred, while

tripyrrane could be utilize to the synthesis ofpentaphyrin macrocycles, one of expanded

17
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porphyrins (Rexhausen and Gossauer, 1983)･ But eiiihination of tripyrrane by fudher

■ ■

puriFICation is preferable, since this compopentmight copsume the acid catalyst andgive

tar-1ike polymeric byproducts from oxidized polypyrrane components･ consequently,

each dipymomethane was purified.by silica gel column chromatography or vacuum

distillation to afford analytically pure dipymomethanes in l, 2, 3, and 4, except fbr 5

with 80 % purity from lH-NMR analysis.

Scheme 2･1 Series of dipyrromethanes

′

｡HC凪｡H. ･ 4甲
H

R-CHO +

TFA

Pyrro le

TFA

Pyrrole

meso- (R) dipyrrom eth an e

2-5

R

山o.p

T7 N-cH3 _.& :2｢子?p'. n-c.3H27 n-C7H.5

2~ 3 4 5--
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Scheme 2･2 Dipymmethane and byproducts

Ph-CHO +
Acjd (0.1 eq)

PyrroJe

2･2･2 Bis-dipyJ･rOmethane

DJ'pyrro m eth an e

Tn'pyrrane

+

Ph

H ij

N-¢onfused dipyrromethane

Tetrapyrrane

After silica gel coluⅡm chromatography, two species were observed in isolated l,3-

bis(2･2'-dipymomethyl)benzene l bothin the TLC and lH-NMR analyses. This was

readily understood as meso-and racemo-isomers.

2･2･3 Meso-aryldipyrromethane

Meso-(1-methylimidazol-2-yl)dipyrromethane 2 and meso-(4-dodecyloxyphen-1-

yl)dipyrromethane 3 were purifled by silica gel column chromatography. Even aRer

19
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column chromatography, puriEled磁始轡dod6cyloxyphen-1-yl)dipyrromethane 3

contained a tripymane component from lH-NMR analysis･ However it seems difficult to

elucidate the dipyrromethane purity and tripymane contents since they are derived from

same staning materials, and the author distinguished each component quantitatively by

NMR intensity of proton signals at the meso-positions (1･000 (1H) at d 5･42 ppm for

dipyrroemethane 3, 0･399 (2H) at d 5･30 ppm for tripymane) (BrBckner et al･, 1997).

Hence･ molarratio of dipyrromethane 3 to tripyrrane was l:0･2 and the pmity of

dipyrromethane 3 was above 80%･ =t seems wasteful to performfurther puriflCation of

dipyrromethane 3 by column chromatography･ since the corresponding tripymaneare of

relatively close polarities not like other dipyrromethane derivatives from TLC analysis.

Further, other puriflCation methods (e･g･ bulb-to-bulb distillation and recrystal1ization)

seemed difrlCult to isolation, because of its nonvolatile property andflexible side chains

as seen in meso-[4-[2-(Trimethylsilyl)ethoxycarbonyl]phenyl]dipyrromethane (Rao et al. ,

2000).

2･2･4 Meso-n-alkyldipyrromethane

In the synthesis of n-alkyldipyrromethanes･ the author perused Lindsey,s refined

report (Littler et al･, 1999)･ They permitted dipymomethane synthesis inmiti-gram

20
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scales by reflmig puriflCation method. i6 bulb-to-bulb distillation followed by

recrystauization instead of tedious column chromatography･ The author could obtain

multi-gram n-alkyldipyrromethanes by bulb-to-bulb disti11ation? according to the refined

Lindsey's method except for a pyrrole:aldehyde ratio･Lindsey et al･ refined to use the

pyrrole:benzaldehyde ratio of 25:1 from compromise idea between isolated yield of

dipymomethane and the pnce of excessive pymole･ Althoughthe author utilizedtheir

●

ratio of 40: 1 , taken into consideration that te&apentylporphyrin have a maximum yield at

one order of diluted condition (10-3 M) than a tetaraphenylporphyrin case (10-2 M) from

pymoleand corresponding aldehyde (Lindsey et al･, 1987)･ =n the synthesis of meso-(n-

tridecyl)dipyrromethane 4, deaeration was performed only fbr pyrrole prior to the

addition of n-te&adecanal since argon bubbling to the solution caused overflowlng･ In

the preparation of meso-(n-heptyl)dipyrromethane 5, analytically pure dipyrromethane

was obtained in a higher yield (65･5%) than the authentic meso-aryldipyrromethane

PrOCedure by bulb-to-bulb distillation (Tomohiro et al･, 2001).
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2･3 Synthesis ofFree Base Gable軸rphyrih

2･3･ 1 Gemeral Statement

Aspreliminary experiments, the author had referenced two reports of synthesis of

gable type porphyrins, (1) Sessler group (sessler et al･, 1986) and (2) Maruyama group

(osuka et al･, 1986)･ According to these repoms, the adthor designed two synthetic

routes･'(1) utilizing one aldehyde and two dipyrromethane (Scheme 2･3) and (2) utilizing

twoaldehydes and one dipymomethane (Scheme 2.4).

Scheme2.3 Route l

Bis･dipyrro m eth ane

l

TFA DDQ

CHCJ3 CHCJ3rToJuene

gab'e porphyrin R -ぺﾖ-oc.2H25
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Scheme2.4 Route 2

. 2N7N-
CHO

TFA DDQ

CHCb CHC13IToluene

gab'e porphyr･'n 'R -母oc.2H25

The author utilized a modifled Lindsey,s method in thefo1lowlng POrPhyrin syntheses,

because 5,5'-free dipymomethaneswithvarious meso-substituents seems to be more

readily prepared than the corresponding 5,5,-diformyldipymomethane analogs utilized in

the MacDonald's approach (Scheme 2･5)･ This Lindsey,s method is well established for

the synthesis of meso-substituted porphyrinsand composed of one-pot two-step reactions

undermi1d conditions via porphyrinogen as an intermediate precursor of porphyrin

macrocycle･ Ⅵl血s reaction conditions (e･g･ reagents ratio, concentration, the kind of

acid catalysts and reaction time) were employed in an effort to optimize the condensation

and oxidation reaction･ TFA or boron trinuoride etherate diethyl ether complex

(BF3･Et20), and p-chlorami1 (TCQ) or 2,31dichloro15,6-dicyano-p-benzoquinone (DDQ)

23
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were used as an acid ca叫st and an oxid叫respectively.

Scheme 2･5 Lindsey･s method

l'% rI
NH HN

meso･(Rl )dJ'pyrrornethane

RI

Po {p hyrJ'n og en

Acid = TFA or BF8･OEt2, DDQ ;

Chapter 2

RI

Porphyri n

2･3･2 TetraalkoxyphenyI Gable Porphyrin

The author explored the synthesis of tetaraalkoxyphenyl gable porphyrin according to

both Scheme 2･3 and 2･4･ According to Scheme 2･3, acid catalyzed condensation of 4-

dodecyloxybenzaldehyde withtwo dipyrromethanes, 1 ,3-bis (2,2, -dipyrromethyl)benzene

l and meso-(1-methylimidazol-2-yl)dipyrromethane 2, followed by oxidation afforded

the crude products which wereanalyzed by TLC and MALD=-TOF MS spectrometry･As

a result, several porphyrin-like components, red nuorescent spots by long wavelength

uv irradiation at 365 nm, were observed other than reference compound 5,15-bis(1-

methylimidazol-2-yl)- 1 0,20-bis(4-dodetyloxyphenyl)porphyrin A in the TLC analysis.

24
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Meanwhile the gable porphyrin peak could not be observed by MALDMOF MS

spectrome&y･ These additional components werealso identiFled as 5-(1 -methylimidazol-

2-yl)-10,15,20-tris(4-dodecyloxyphenyl)poTPhyrin B and 5,10,15,20-te&akis(4-

dodecyloxyphenyl)porphyrin C by MALDI-TOF MS analysis (FigtLre 2･3uhey seemed

derivedfrom the scrambling reaction of meso-substituents (Lindsey et al･"87).

According to Scheme 2･4, the crude products of acid catalyzed condensation of meso-(4-

dodecyloxyphen-1-yl)dipymomethane 3 with two aldehydes･ isophthalaldehyde and l-

methyl-2-imidazolecarbaldehyde, followed by oxidation were analyzed by TLC and

MALDI-TOF MS spectrometry･ simi1arto the results of Scheme 2･3, several porphyrin-

1ike components were observed in TLC, and these were ascribed to the possible product

Aand the byproducts B and C ratherthanthe gable porphyrin by MALDI-TOF MS

spectrometry･ h order to Elndthe appropnate reaction condition for generating gable

●

porphyrin by suppresslng the scrambling reaction, the author momitored the time course

O

of the acid catalyzed condensation by TFA･ By uslng Scheme 2･4 as a model reaction,

the time course was momitored by MALD=-TOF MS spectrometry･Asa result, A and B

were detected at 15min, and A, B, and C were detected at 75min, and ･the author could

not detect the gable porphyrin･ =t was concluded that the scrambling reaction occurred at

initial condensation stage and depended on the time course.
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R

B

R

c R-T&oc.2H25
Figure 2･3 Byproducts A, B,and C.

2･3･3 Scrambling Reaction at Meso-position

since a long time ago the scrambling reaction of meso-substituents during course of

the pozphyrin syntheses wasknown as "jumbling" or "redistribution" reactions and

yielded amiture of several different porphyrins (smith･ 1975)･ mis scrambling come

fromthe acid catalyzed &agmentation of polypymane (describe above and Scheme 2.6),

and also occurred加m P-alkyl substituted pymole derivative･ 3,3 ･,4,4,-tetramethyl-2,2,-

dipyrrylmethane (Gunter and Mander, 1981)･ To avoid such scrambling reaction,

extⅧelymild cyclization conditionsand/or different strategies were required (Smith,

1975)･ RecentlyLindsey et al･ explored fu地er reFlnement of reaction conditions that

eliminated scrambling for condensations･ unfodunately, in this reflnement, suppression

of the scrambling reactions was restricted only to sterica11y hindered dipyrromethanes,

such as meso-mesityldipyrromethane (Littler et al･, 1999), andanalternative route was

proposed in the preparation of trans-porphyrins beanng stericallyunhindered
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substituents bythe self-condensation of a dipyrromethanecarbinol (Rao et al･, 2000). On

the other hand･ the irreversible scrambling reaction was reported in the combination of

the alkyl aldehydeand pyrrole condensation in th由pioneering work (Lindsey et al.,

1987)･ The author employedthe latter description as the most convemient modiEICations

and examined in detail the syntheses of meso-n-alkyl substituted porphyrins.

Scheme 2･6 Scrambling reaction

Polypyr(ane a

I

l

rl

l

l

i

Porphyrjnogen e

■ｰ

AzafLJJvene c

Pyrrolic b

Porphyrin f
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2･3･4 Tetra(n-tridecyl) Gahle Porphyrin

C血apter 2

At first the author utilized meso-(n-trid色cyl)dipyrromethane 4 as a staming material.

simi1arly to scheme 2･4, acid catalyzed condensation of meso-(n-

tridecyl)dipyrromethane 4 with two aldehydes, isophthalaldehyde and l-methyl-2-

imidazolecarbaldehyde, followed by oxidation were analyzed by TLC and MALDHOF

MS spectrometry･ =n the crude products･ one ma" component with severalminor spots

were observed exceptfor the possible byproduct, 5,15-bis(1-methylimidazol-2-yl)-

10,20-bis(n-tridecyl)porphyrin 6, by TLC analysis and gable porphyrin peak was

detected with negligibleamounts Df scrambling byproducts by MALDIITOF MS. Three

column chromatographies, (i･e･ snica gel, basic alumina, and size exclusion columns)

were sequentially applied and the ma" porphyrin component was isolated･ Surprisingly

●

the major component was ascribed to 5-(1 -methylimidazol-2-yl)-15-(3-fbrmylphen- 1yl)-

10,20-bis(n-tridecyl)porphyrin 7 instead of the designed gable porphyrin from

MALDI-TOF MS and lH-NMR analyses in a 6･1% isolated yield･ Furthermore trace

amounts of components, eluted faster than 7, were ascribed to themixture of porphyrin

dimers, objective gable porphyrin S and mono(1-methylimidazolyl)-mono(3-

formylphenyl)porphyrin dimer G耶gure 2･4)･ Fromthis丘rst trial, poq?hyrin monomers

(6 and 7) and trace amounts of poTPhyri血dimers (S and G) were obtained as reaction

28
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＼ R R-

＼ R I弓

CHO oHC

J

Figure2･4 Byproducts D, E, F, G, E, Ⅰ, andJ.

R s n-C13H27

products.

since the byproduct 7 has a potential to be converted to gable porphyrin 8, a wide

variety of reaction conditions were examined to convert 7 to the gable porphyrin in the

same reaction series, i･,e･ uone step route" (scheme 2･7 and Table 2.1).Asa result of

these trials, the byproduct 7 survived during the courses of one step route. Further

addition of TFA or uslng BF3･Et20 instead of TFA caused the scrambling reaction and

affordedfurther undesirable byproduct D and E.

･29
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Based on the fact that the scrambling reaction may not occur once oxidized, the

byproduct 7 was treated as the sta血g material of gable porphyrin･ Therefore, 7 was

isolated as a building block of gable porphyrin and subjected to another cyclization

reaction in a so-called砧two steps route" (scheme 2･S and Table 2･2)･ Because of less

reactivity of the staning materia1 7 in this second step, the author experienced

●

requlrements that taking long condensation timeand/or adding excess amounts of TFA to

consume 7･ While excess amounts of TFA could consume formyl substituted porphyrins

(7, E･ G, and E)･ the scrambling reaction products D, F･ =,and J were. generated (Figtlre

2･4)･ Therefore objective gable porphyrin could not be isolated by this reaction system.
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Scheme 2･7 First step

cH. ･ N7N-
CHO

Ac id D DQ

CHC13 CHCJdTofuene

Acid ; TFA orBF3･ 0(Et)2

Table2･1 Fjrst step

Run

number oHC

1 1eq

2 2eq

3 3eq

4 2eq

5 2eq

6 oeq

2eq

2eq

2eq

2eq

2eq

7 1 eq 8eq

8 1 eq 8eq

i｣_｣

Formyfporphyrin R = n･C13H27
7

AcJ'd D DQ

4eq 4+8eq 6eq

4eq 2eq 6 eq

4eq 6eq 6eq

4eq 8eq 6eq

4eq l･32eq 6eq

2eq 2eq 3eq

10eq 6eq 15eq

lOeq 6eq 15eq

31
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14h

3h +
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23h
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Scheme 2･8 Second step

･7N- ･2
CHO

TFA D DQ

CH C 13 C HCJ3ITol uene

Table2･2 Second st甲

9 1 eq 2eq l eq

lO leq 2eq <1eq

ll l･5eq 3eq <-eq

12 5eq lOeq

13 1･7 eq 3･4 eq

1eq

<1eq

L

gab(eporphyrin R=n-C13=27

R壬n-C13H27

CHO TFA DDQ Condensatf'on Exchange Survival
time reaction of 7

1eq 3eq 46h +

6eq 3eq 2h + +

6eq 4･5eq 49h

18eq 15eq 49h

40eq 5･1eq 2h

+

+

+
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2･3･5 Tetra(n-heptyl) Gable Porphyrin

Meso-(n-heptyl)dipyrromethan･e 5 could be obtained in an analytical1y pureform in a

highyield (65･5%) by bulb-to-bulb distillation (Tomohiro et al･, 2001). The author

flnally utilized this dipyrromethane 5 and succeeded inthe synthesis of bis(imidazolyl)

gable porphyrin ll by uslng the previousknowledge about the scrambling reaction.

pmiEICation was achieved by three kinds of chromatography (basic alumina, silica gel,

and size exclusion chromatography), and analytica11y pure ffee base gable porphyrin ll

was obtained in a 2･1 % total yield of the flrSt and second steps.

2･4 Characterization ofFree Base Gable Porphyrin

2･4･1 Nuclear Magnetic Resonance spectroscopy

From 600 MHz IH-NMR measurement of this gable porphyrin ll, three atropISOmerS

were observed in a l :2:1 statistical ratio (Figtlre 2.5).
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7.5

pPm

Figure 2･5 600 MHz IH-NMR spectrum of free base gable porphyrin ll in.(CDC12)2 at
rOOm temperature.

l■

2･4･2 Dynamic NuclearMagnetic Resonan?e Spectroscopy

The auth6r examined the formation and isomerization barrier of atropisomers of bis(1 -

methylimidazolyl)porphyrins･ The steric hindrance between l-methyl group of

i血dazolyl血g and伽rotons of py汀01e血gs causes a p叩endicular o血ta血of血e

imidazolyl group to the porphyrin plane･ The atropISOmerS COuld be distinguished from

different chemical shiRs, induced by a rlng Current effect between the imidazolyl group

and the porphyrin plane in NMR spectra･ =f the l-methylimidazolyl group rotates freely,
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o血e wopld expect one single NMR peak for the l-methyl group･ However, the actual

NMR spectrum gave two peaks instead of one peak, and this is thought to result from the

atroPISOmers being ln magnetically nonequivalent environments.

●

The rate of exchange between atropISOmerS increases as the temperature is increased,

and the lifetime of each state thus decreasesand the corresponding NMR signals are

broadened･ At temperatures below the coalescence temperature fbw molecules have

sufrlCient energy to prevail agalnSt the rotational bamir･ At temperatures higher than the

coalescence temperature, many molecules have enoughthermal energy to overcome the

bamier and then free rotation occurs･ =n the case of free base gable porphyrin ll> a plot of

l血､k→ versus l/T (Eyring plot) afforded a value for the activation energy Ea fbr the

rotational isomerization (Fi卯re 2･6)･ Using values of k extending over the variable

tenperature range･ 373-301 K, the activation energy AG2,8 ㌔ at 298 K was obtained as

71･1 kJ mol-l･ hthe case of meso-phenyl and meso-o-nuoro-phenyl rotations were

reported as 45士5 and 93･2土1･3 kJ mol-1 at 210 and 298 K, respectively (Crossley et al.,

1987)･ Further, inthe case of trans-bis(ﾄmethylimiqazol-2-yl)porphyrin 9 no

coalescence peak was observed at temperature lower than 373K･ Considering these

polntS, gable porphyrin llmight rotate, not around the l-methylimidazolyl side, but

around the phenylring side･ Relatively large activation energy AGf of ll to one of meso-
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1

phenylporphyrin may come from slower difAISion of bulky 3-pophyrinylphenyl

sub stituent.

Figure 2･6 Eyring plotfor free base gable porphyrin ll by variable temperature NMR

measurements in (CDCl2)2.

36



C血apterｴ

2･5丑ⅩperimentalSection

2･5･ 1 Reagents

All reagents were obtained commercially and used without purification.

2･S･2 NuclearMagnetic Resonance Spectroscopy

Deuterated chloroform(CDCl3) containing tetramethylsilane (TMS) as an ･ internal

standard･ and deuterated l ･ 1 ,2,2-tetrachloroethane ((CDC12)2) were used.

2･5･3 General Porphyrin Synthesis

porphyrins (from crude reactionmixtures and/or the succeeding pmiflCation) were

analyzed by TLC and MALD=-TOF･ MS withdithranol as a matrix･ During the

optimization of condensation conditions･mimimumamounts of aliquots were pIPetted

out from the reaction solutionfo1lowed by oxidation with DDQ, and analyzed by TLC

and MALDI-TOF MS･ All preparative scale column chromatographies were performed

under foil-wrapped open column.

2･5･4 Free base porphyrins in a single step rotlte

The solv6nt CHC13 WaS treated withmitrogen gas bubbling for more than 10min.
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staning materials, isophthalaldehyde (201 mg, 1･5 mmol), 1-methyl-2-

imidazolecalbaldehyde (496 mg, 4･5 mmol), and n-heptyldipymomethane 5 (Tomohiro et

al･, 2001) (1,026 mg, 9 mmol) were dissolved in CHC13 (375 mL) into a 500 hL one_

neck round-bottom nask｡ TFA catalyst (687 pL･ 9 Ⅱ皿01) was added, and the reaction

miⅩture was stirred at room temperature･ monitored by silica gel TLC. After

isophthalaldehydt was consumed, typica11y 6 h, p-chlorami1 (2,766 mg'1 1 ･25 mmol) was

added u$1ng 5 mL toluene,and the solution was stirredforfudher 2 h･ me acid catalyst

was neutralized by triethylamine (1,250 pL, 9 mmol), and the solution was poured onto a

pad of deactivated basic alumina column･ CHCl3 aS eluent ･were added until free base

porphyrin components werefu11y eluted, and the eluent was rotary evaporated to dryness

as a porphyrinmixture･ Themixture offree base porphyrins were dissolved in a

mimimum amount of CHCl3, loaded onto silica column(s) (cHCl,, then CHCl,/acetoふe =

5/1 (v/v))･ Three bands were observed withthefo1lowing composition: (1)

mdnofbrmylporphyrins (mainly monomer lO), (2) bis(imidazolyl)porphyrins (mainly

dimer lland monomer 9), and (3) bis(imidazolyl)porphyrins (only monomer 9). After

removal of a tar component (quinone speciesand polypyrromethene impurities), the

band (1) was eluted with CHC13 0nly, and the bands (2) and (3) were eluted with

cHC13/acetone己5/1 (v/v)･ Eachfraction was rotary evaporated to dryness and yielded
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87 mg, 63 mg, and 190 mg, as the band (1), (2)･and (3), respectively. From lH NMR

analysis･ the band (1) component were comprised of mainly monomer lO and small

amounts of dimer ll, 64･8 mg (93･8 pmol; 6･3%)and 22･O mg (17･6 pmol; 1･2%),

res p e ctivel y.

Further silica gel column purirlCation was achieved for the band (1), and lO was

recycled to the second cyclization step (see below)･ Final separation ofthe band (2) was

achieved by dissolving themixture in amimimum amount of benzene (or toluene), and

chromatographing the solution on the･ gel permeation chromatography (GPC) columns.

Three bands were observed by an uv lamb (365 nm) irradiation with the following

composition: (1)'mainly trimer, higher molecular weight components, and dimer ll, (2),

mainly dimer ll and small amounts of trimerand monomer 9, and (3), only monomer 9

on the basis of MALD=-TOF mass spectrum･ Four sets of GPC separations were achieved

by dividing 63 mg sample, the band (2), mainly comprised of dimer ll was GPC

chromatographed again, yielding 7･5 mg (6･O pmol); 0･4% (isolated yield from the band

(2" dimer ll･ The band (3) afforded analytically pure free base monomer 9 according

to IH-NMR spectra, and yielded 190 mg (285 pmol; 12･7% (isolated yield)).

39

iJ｣__



C血apter 2

2･5･5 Free base porphyrins in the second cyclization step

The solvent CHC13 WaS treated with nitrogen gas bubbling for more than 5min.

starting materials, 1-methyl-2-imidazolecalbaldehyde (9 mg'83 pmol), and n-

heptyldipyrromethane 5 (25 mg, 104 pmol)､were dissolved in CHCl3 (11 mL) into a 50

mL one-neck round-bottom nask comprising of 5-(3,-fbrmylphenyl)-15,20-bis(n-

heptyl)-10-imidazolylporphyrin lO (14 mg, 21 pmol)･ TFA catalyst (13 pL, 166 pmol)

was added, and the reactionmixture was stirred at room temperature･ momitored by silica

gel TLC and MALDI-TOF mass･ ARer stirring fbr 12 h, DDQ (35 mg, 156 pmol) was

added uslng 2 mL toluene･and the solution was stirred fbrfurther 2 h･ The acid catalyst

was neutralized by triethylamine (23山166岬Ol),and the solution was poured onto a

pad of deactivated basic almina column･ cHC13 aS eluent was addeduntil free base

porphyrin components werefu11y eluted, and eluted solution was rotary evaporated to

dryness as amixture･ Themixture of free base porphyrins was dissolved in aminimum

amount of CHCl3, loaded onto silica gel column (cHC13, then CHCl3/acetone = 5/1 (v/v)).

Two compohents were separated withthe followlng COmPOSition: (1)

mono(imidazolyl)porphyrins (unreacted lO and exchange reaction byproducts), and (2)

bis(imidazolyl)porphyrins (mainly dimer lland monomer 9), the component (1) was

eluted with CHC13 0nly･ and the component (2) was elutedwithCHC13/acetone = 5/1
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(v/v)･ Tbe component (2) was rotary evaporated to drynessand yielded 7 mg of

bis(imidazolyl)porphyrins･ Final separation ofthe component (2) was achieved by

dissolving themixture in aminimum amount of toluene, and chromatographing the

solution on GPC columns･ Simi1arly to the single step route, three bands were observed

by an UV lamp (365 nm) irradiation･ Three sets of GPC separations were achieved by

dividing 7 mg sample, yielding the dimer ll and monomer 9, 3･6 mg (2･9 pmol; 13･7 %)

and 2･9 mg (4･4 pmol; 10･5%), respectively.

5･15-Bis(n-heptyl)-10,20-bis(1-methylimidazol-2-yl)porphyrin (9): lH NMR (400

MHz, CDC13, rt) 8 9･48 (β, d, 2H, J= 2･O Hz), 9･47 (β, d, 2H, J= 2･OHz), 8･84 (β, d, 2H,

J- 5･2Hz), 8･82(β, d, 2H,J= 4･8Hz), 7･71 (lm, d, 1H,J- 1･6Hz), 7･69 (=m, d, 1H,J=

1･6 Hz), 7･50 (h, d, 1H, J= 1･6 Hz), 7･48 (h, d, 1H, J- 1･2Hz), 4･96 (CH2, m, 4H),

3･45 (CH3, S, 3H), 3･36 (CH3, S･叩)･ 2･51 (CH2, m, 4H), 1･76 (CH2, m, 4H), 1･51 (CH2,

m, 4H), 1･32 (CH2, m, 8H)･ 0･89 (Cf=3, m, 6H), -2･70 (NH, s, 1H), -2･71 (NH, s, 1H).

From lH NMR measurements, the author observed three kinds of atropISOmer, andthese

isomers corresponded to almost the theoretical statistic ratio (i.e. 1:1); MALDMOF

mass (dithranol) ndz obsd 667･43 [M+町, calcd exact mass 666･42 (C42H50N8);入abs

(benzene) 419, 515, 552, 593, 652 nm;入em (benzene) 658, 724 nm.
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5- (3 -Formylphen-1 -yり- 1 0,20-bis (n-heptyり-1 5- (1 -methylimidazol-2-yl) porphyrin

(10): 1H NMR (400 MHz, CDCl3, d) 8 10･34 (CHO, s, 0･5H), 10･32 (CHO,, s, o･5H),

9･47 (β, d･ 2H, J己4･8 Hz), 9･43 (β, d, 2H, J- 4･8 h), 8･80 (β, d, 2H, J= 4･8 Hz), 8.77

(β, d, 2H, J- 4･8 Hz), 8･73 (Ph, s, 0･5H), 8163 Ph,, s, 0･5H), 8･49 (Ph, d, 0.5H, J= 7.6

Hz), 8･39 (Ph･ d, 0･5H, J= 7･6 Hz), 8･35 (Ph, d, 1H, J-1 7･6 Hz), 7･95 (Ph, t, 0.5H, J -

7･6 Hz), 7･92 Ph･ t, 0･5H, J≡ 7･6 Hz)･ 7･69 (h, s, 1H), 7･48 (h, s, 1H), 4･94 (CH2, t,

4H, J= 8･O Hz)･ 3･42 (CH3, S, 1･5H), 3･40 (CH3, S, 1･5H), 2･50 (CH2, m, 4H), 1･76 (CH2,

m, 4H)･ 1･49 (CH2･ m, 4H), 1･32 (CH2, m, 8H), 0･88 (CH3, m, 6H), -2･66 (NH, s, 2H).

From lH NMR measurements,the author observed two kinds of atropISOmer, and these

isomers corresponded to almostthe theoreticalstatistic ratio (i･e･ 1:1); MALDﾄTOF

mass (dithranol) m/z obsd 691 ･45 [M+町, calcd exact mass 690･40 (C45H50N60).

1,3-Bis[10,20-bis(n-heptyI)-15-(1-methylimidazoI-2-yl) porphyrin-5-yl]benzene (11) :

1H NMR (600 MHz, CDCl3,叫8 9･59-9･57 (β, m, 4H), 9･45-9･43 (β, m, 4H), 9.39-9.37

(β, m, 4H), 9･24 (恥, 0･2叩), 9･10 (P血,, s, 0･5H), 8･96 (P血", s, 0･25H), 8･75 (β,､m, 4H),

8･68-8･66 (Ph, m, 1H), 8･56 (Ph,, d, 1H, J= 7･2 Hz), 8･17 (Ph, t, 0･25H, J- 7･5 Hz), 8.14

(ph, t, 0･5H, J= 7･5 Hz), 8･12 (Ph, t, 0･25H, J= 8･7 Hz), 7･45 (Im, d, 2H, J= 4.2 Hz),
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7･46 (lm, s, 1H), 7･44 (h,'s, 1H), 4･96 (CH2, m, 8H), 3･43 (CHゎs, 3H), 3･40 (CH3, S,

1･5H), 3･35 (CH3, d, 1･5H･ J= 2･4Hz), 2･51 (CH2, m, 8H), 1･78 (CH2, m, 8H), 1･50 (CH2,

m, 8H), 1･32 (CH2, m, 16H), 0･87 (CH3･ m, 12H), -2･62 (N_H, s, 4H). From )H NMR

measurements, the author observedthree kinds of atropISOmer, and these isomers

corresponded to almost the theoreticalstatistic ratio (i･e･ 1:2:l); MALDI-TOF mass
4

(dithranol) nL(z obsd 1247･76 [M+町, calcd exact.mass 1246･77 (C$2H94N12);入abs

(benzene) 415, 431, 517, 552, 596, 652 nm;入¢m (benzene) 658, 725 nm.

2･5･6 Dynamic Nuclear Magnetic Resonance spectrdscopy

(CDC12)3 WaS uSed as a solvent･ The samples 13 (ca･ 3 mg) w左s transferred to a clean

and dry NMR tube･ deaerated by nitrogen gas･ and sealed by a teflon tape･ Deaerating

was performed to remove paramagnetic oxygen which would result in an additional line

broadening factor･ Sealing allowedfor standing at high temperature measurements. A

series of variable tehperature NMR measurements was performed by checking the

resolution of instrument at each temperature･ The data were divided into three groups

corresponding to slow and intermediate exchange, coalescence temperature, and fast

exchange･ The coalescence temperature T in K was defined as the temperature at which

the appearance ofthe spectrum changes from that of two sep?rate peaks to that of a
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k窒mAuJ21/2･ where k is the rate constant

for the exchange in s-l, and Avo is the difference in their resonance frequencies at slow

exchange region, Ayo = vA - MB･ Aplot ofln k versus l/T (Eyring plot) affords a valuefor

the activation energy Ea from its slope･ Using values of k extending over the variable

temperature range, 373-301 K･ the value of AG29S X‡ at 298 K was obtainedfrom a plot of

ln (k/T) versus l/T･ From values for Ea and AGf, AHi and ASi can be evaluated.
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Chapter 3 Formation of

3･1 Zinc¢I) Insertion Reacti.n

C血apter 3

from ZincqI) Gable Porphyrins

porphyrin macrocycles chelate almost every element in the periodic table, and various

methods have been discovered to prepare metalloporphyrins such as the acetate method,

the pyridine method, the acetylacetonate method, the phenoxide method, the benzonitrile

method, the dimethylformamide method, the metal organyl method, and the metal

carbonyl method (Smith, 1975b)･ The author adopted the acetate method to insert

zinc(II) ion to imidazolylporphyrin undermi1d condition at room temperature (sche)ne

3･1)･ Zinc insertion converted quantitatively free base porphyrins (9 and ll) to the

corresPOnding zinc complexes 12and 13, respectively･

Scheme 3･1 Zinc(Ⅱ) insertion reaction by the acetate method

N

b
CHCldMeOH
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3･2 Reorganization Procedures under耳ighDihtion Conditions

3.2.1 GeneralStatenent

previously, Ogawa and Kobuke have achieved a reorganization of meso-meso

directly-1inked bis(imidazolyl)poq?hyrin dimer by using coordinating solvents (ogawa

and Kobuke, 2000)･ This reorganization procedure is comprised of a cleavage and

rearrangement processes of self-assembled porphyrin arrays by adding and removlng

coordinating solvents, respectively･ After removlng COOrdinating solvents, the porphyrin

arrays express a different arrangement from the original arrays under appropriate

conditions･ These reorganizadon processes might be sensitive to the experimental

conditions (concentration･ ratio of solvents･ volume, temperature, and pressure). The

author applied the reorgamization methods to zinc bis(imidazolyl) gable porphyrin 13.

3･2･2 Gel Permeation Chromatography

The size distribution of zinc gable porphyrin 13 was analyzed by gelpermeation

chromatography (GPC) and was observed as a polymericmixture with broad

distributions of the molecular weight (Figure 3･1)･ However, the elution curve was

totally difFerent from that of meso-meso coupled porphyrin dimer zinc complex, which

gavegiant linear arrays (ogawa and Kobuke, 2000)･ Althoughthe distribution of 13 was
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broad, the curve showed obviously longer elution time and distinct peaks ataround 12.3

min･ indicatingthe oligomerformation of much sma11er molecular weight. This result

suggests that the terminal imidazolyl group tends to flnd the zinc porphyrin. counterpart

at the other chain end leading to intramolecular cyclization rather than zlgZag Chain

elongation.
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Figure 3･1 Normalized gel permeation chromatogramswith a column exclusion_

volume is 7 × 104 daltons･ Each eluent is chloroform･ Sequences of (a) 13, ,(b) meso-

meso directly coupled porphyrin oligomer teminated by

mono(imidazolyl)porphyrinatozinc(Ⅱ) monomer･ The numbers above each peak

correspond to the numbers of porphyrin rlngS･ Inset shows the chemical structure. R - n_

heptyl group; some n-heptyl groups are omitted for､ clarity･ (c) polystyrene standards.

T血e n血bers above eac血peak indicate tbe molecular weig血ts･
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To dominate the intramolecular cyclization･ the author applied the reorgamization

principle established previously (Ogawa and Kobuke, 2000); coordination b･ond is

formed in non-polarsolvents･ while broken in polar solvents by competitive coordination,

and the process is reversible･ but now under high-dilution conditions･ The reorganization

PrOCeSSeS are aS follows: (1) Cleavage ofthe coordinate bond and dilution; 13 was

dissolved in 5 pM of CHCl3/methanol = 7/3 (v/v)･ (2) Further cleavage and dilution;

methanol lWaS added to make a 3･5 pM solution of CHCl3/methanolｪ1/1 (v/v). (3)

Finally･ the solvent was evaporated at 25土l oC･ The GPC chart of the sample after the

reorganization process showed a dramatic change･ =n the reorganized sample, 14, the

larger molecularweight part was eliminated almost completely and the peaks were

converged to mainly two of the smallest molecular weights (FigⅦre 3･2)･ Considering

that cyclic moleculesare eluted in general slower than the corresponding linear

molecules as shown not only for theoretical consideration (Skvortsov and Gorbunov,

1990), but also for experiment results (e･g･ poly(oxyethylene)s (yu et al･, 1996),

polycarbazoles (Zhang et al･･ 1996)･ and polystyrenes (Lepoittevin et al･, 2000)).

Therefore the observed molecular weight might be compatiblewith the closed st,ucfure

of macronng of gable porpbyrins.
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Figure 3･2 Gel pe甲eation chromatograms for 13 (dashed curve) and 14 (solid curve)

with a column exclusion volume of 7 × 104 daltons. Each eluent is chloroformand 150

pM solutions were injected.

During the reorganization process61sunder highdiluted conditions, relatively

dissociated oligomers are dominated by the enthalpy term from the large association

constant between slipped-cofacial motives and formed coordinate bonds. Furthermdre,

the high dilution conditions preftrentially affect rather the fbrmation of the macronng
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array than that of the zlgZag Chain elongation･ Meanwhile, in large number of aggregates

like after the zinc insertion reaction, the entropy termmight･be predominated by the

enthalpy t9rm and the broad molecular weight distribution w由afforded by

uncoordinated species･ Since such a broad molecular weight digtribution was observed in

1inear porphyrin arrays (ogawa and Kobuke, 2000)･these thermodynamical speculation

might be reasonable assessment･ It should be noteworthy that the peak at 12.3min in

Figure 3･2 constantly exists even after the fTlrSt Zinc insertion reaction under

concentrated conditions (Figtlre 3･1), and this component must be the most

thermodynamically stable molecularassembly･ The peak at 12･6minmight beforcedly

formed during the reorganization processes under highdilution conditions. Furlhe,

separation of two components was pefformed by uslng Size exclusion chromatography,

toluene or benzene as eluents (Figure 3･3)･ hthe following discussions, the first and the

second components are named 15 and 16, respectively･
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Figure 3･3 Separated two components (a) 15 and (b) 16 by using size exclusion

chro mato grap血y.
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3･3 Probe Microscopy

3.3.1 General Statement

Probemicroscopy (scheuring et al･･ 2001) and low-temperature single-molecule

spectroscopic (van Oijen et al･, /1999) techniques have been applied to the natural

photosynthetic systems,and individual characteristics have been revealed.

3･3･2 AtomicIForce Microscopy

Atomic forcemicroscope (AFM) measurements of 14 onflatmica substrate

demonstrated the presence of round-shaped particles (Figure 3･4)･ Further enlargement

observation gave round-shaped par(icles of amiformheight (ca･ l･5 nm) qigure 3.5).

The size, after correction of the radius curvature of the AFM probe (ca･ 10 nm), provides

the net diameter of the particles as a few nm･ These particles are main components of the

minimum size corresponding to the barrel shaped macronng'although accompanied by
●

1arger ones presumably of their aggregates･ Therefore the reorganization processes

converted completely the polymeric assemblies 13 to a barrel structured mixture 14.

Separation of 14 by preparative GPC afforded fina11y 15 and 16 as the flrSt and second

eluting components, respectively･ It should be noted that each component (15 and 16) is

very stable both in solid states and in solution unless uslng COOrdinating solvents･ h
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AFM measurements･ most patticles were observed singly and simi1ar particles were also

observed on highly oriented pyrolytic graphite (HOPG) sufaces (Figure 3.6). There was

a tendency that particles were observed along with a step of HOPG surface.

Figure 3･4 Results of AFM measurements･ (a) AFM image of 14 spin coated onmica

substrate･ O)) Cross section pro触of particle i.

Figure 3･5 Results of AFM measurements･ The observed area corresponds to the area

framed by square in Figure 3･4･ (a) AFM image of 14 spin coated on mica substrate.仲)

Cross section profile of particle ii･ (c) Height and width of each particle.
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Figure 3･6 Results of AFM measurements･ (a) AFM image of 14 spin coated on HOPG

substrate･ O)) More enlarged image of 14 on HOPG･ (c) Cross section proflle of par[icles

along with a step ofHOPG substrate in (b).

3･3･3 ScanAing Tbnneling Microscopy

scanning tunnelingmicroscopy was performed on highly oriented pyrolytic graphite

(HOPG) sufaces, which were preliminary confirmedmiformed particles by AFM

measurements as shownin Figure 3･6･ Simi1ar to AFM images, many pafticles tended to

locate alongwith steps･ of HOPG surface in STM measurements･ However the end group

of n-heptyl substituents seem to interact with HOPG surface, whilethis groupmight be

difTICult to observe the atomic image by STM probe because of its nexibility･ Although

the author could observe only one molecular image of low resolution (Figure 3.7), this
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image was good in agreement with the size of macronng of gable porphyrins.

Figure 3･7 Results of STM measurements･ (a) sTM image of 14 spin coated o岬OPG
substrate･ O}) Birds-eye view of particle a.

3･4 Synchrotron Solution Small-angle X-ray Scattering

3.4. 1 GeneraI Statement

sma11-angle X-ray scattering (sAXS) measurement affords: (1) global size from q2-1n

I(q) plot (Guinier plot)･ (2) molecular shape informationfrom q-ln I(q) plot, and (3)

molecular weight from scattering intensity at the origin I(0), where q and I(q) are

scattering vector in A-1and scattering intensity, respectively. To determine the exact

aggregation number･ the author applied SAXS measurements fbr 15and 16 with

s yncbrotron radiation.

撃■
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3･4･2 Gt)inieranalysis

The results of SAXS measurements for the first component 15 in GPCwith

synchrotron radiation are asfollows･ The plot of scattering lntenSity vs･ square scattering

vector (Guinieranalysis) provided a radius of gyration (Rg) 15･59土0.34 Å for the

predominant (98･0%) component (Figure 3･S)･ This Rg value correspo血ds to diameters of

42･36 and 40･26 A according to sphereand cylinder approximations, respectively. These

values agree well with the estimation of ca･ 41 Å for the outer diameter of cyclic

hexamer from molecular mechamics calculation with a universal force. Tleld

(uNIVERSAL -1･02)畔app6 et al･, 1992)･ Further, the particle size distribution was

evaluated by the Funkuchen analysis, and the remalnlng l･99% component gave Rg …

-二=

49･05 A whichmight correspond to a higher ordered aggreg.ated particles.

similar to 15･ SAXS measurements of the second component 16 in GPC analysis were

performed with synchfotron radiation･ The Guinier analysis gave Rg = 11･12土0.66 Å,

andthis Rg value corresponds to diameters of 28･96 A according to the cylinder

approximation (Figtlre 3･S)･ Unfortunately, these SAXS results of 16might be relatively

less reliable, because the scattering lntenSity was relatively low gained.
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Figure 3･S The Gunier plotfor SAXS measurements of (a) 15 in a methyl benzoate

solution (2･2 mg/mL) and (b) 16 in a methyl benzoate solution (2･O mg/hL)･ Where q is

the scattering vector in A-1 and I(q) is the scattering intensity.
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3･4･3 Theoretical CalctlJation from Model StructtlreS

To confirmthe SAXS results, the author compared the experimental results with

theoreticalcalculation results by uslng mOlecular mechamics calculations by Cerius2 with

a uQiversalforce fleld (UNⅣERSAL l･02) (Rapp6 et al･, 1992)and a program package

for SAXS analysis CRYSOL (Svergun et al･, 1995)･ The representative models are

shownin Figure 3･9 with their theoretical Rg values･ However, three kinds of cyclic

hexamers were considered with C2, C3, and C6 Symmetries in calculation, these isomers

have simi1arRg values･ 16･54, 16･14;and 16･67 Å, respectively, and their distinction

might be quite difficult in these experiments･ The Rg values for cyclic pentamer and

tetramer gave 13･52and lO･55 A, respectively･ The obtained Rg values for 15 is between

cyclic hexamerand cyclicpentamer, and one fbr 16 is between cyclic pentamer and

cyclic tetramer･ It should be noted that lineararrays distinctly have larger Rg values than

those of corresponding cyclic arrays･ 28･34, 23･76, and 19･43 A for linear-hexamer,

Pentamer,and tetramer･ respectively･ Therefore, 15 and 16 muit be cyclic arrays in

solution by considering with the GPC results･ Taking lntO aCCOunt Of low scattering

intensity, 15 and 16might be corresponding to cyclic hexamer and cyclic pentamer,

respectively.
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13.52Å

C2

16.54Å

10.55Å

28.34 Å

23.76 Å

19.43 Å

FigtLre 3･少Theoreticalmodels and their Rg values･ (a) cyclic hexamer with C6

symmetry･ (b) Cyclic hexamer withC3 Symmetry･ (c) Cyclic hexamer with C2 Symmetry.

(d) Cyclicpentamer･ (e) cyclic tetramer･ (りLinear hexamer･ (g) Linear pentamer. (h)
Linear tetramer.

59

』i｣



C血apter 3

Furthermore, awide-angle reglOn Of the scattering profile was compared between

theoretical models･ This region renects molecular shape infbrmationfrom q-ln I(q) plots

(pickover and Engelman, 1982)･ Theoretical q-ln I(q) plot for the model structures are

shown in Figure 3･10･ The cyclic hexamers withC6, C3, and C2 Symmetries have similar

scattering proflles and the author could not distinguish between them as same as the Rg

values･ While distinct difference were observedfor cyclic hexamer, cyclic pentamer, and

cyclic tetramer, they have waved scattering proflles with the flrStmimimumpeaks at O. 18,

o･23, and O･30 Å-1, respectively･ It should be note*orthy that these waved scaaering

PrOfilesare not observedfor linearoligomers, have monotonous profiles. Therefore

observed waved proflles fbr cyclic oligomersmight be characteristic for the hollow

cylinder structures.
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q

Figtlre 3･10 Theoretical q-ln I(q) plot for the model structures･ (a) The cyclic

hexamers with C6, C3, and C2 Symmetries are indicated as solid, broken,and dotted lines,

respectively･ (b) The cyclic hexamer withC6 Symmetry'cyclic pentamer, cyclic tetramer,

and linear hexamer are indicated as solid, broken, dotted,and dash-dotted lines,

respectively.
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In awide-angle reglOn Of the scattering proFlle, both 15 and 16 gave waved proflles

characteristicfor the hollow cylinder structure･ Tbe firstminimum peak of 15 appeared

at o･17 Å-1 followed by arise of the intensity･ The scattering intensity plot is expressed

by a theoretical calculation (Svergun et al･･ 1995) best forthe cyclic hexamer with a

血imum at o･18 Å-1, in contrast to pther cyclic oligomers,也e min-m being O.23 and
ｲ

o･30 Å-) for a cyclicpentamerand a tetramer, respectively (Figure 3.11). The author

conclude that 15 is a hexameric macronng･ =nthe case of 16･ however scattering

●

intensity was relatively low gained, the firstmimimum peak was observed around O. 18_

o･26 Å~1 (Figtlre 3･12)･ Because this value rough1y corresponds to the cyclic pentamer,

the author tentatively asslgn that 16 is a pentameric macronng･
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Figure 3･11 q-1n I(q) plot for SAXS measurements of 15 (solid curve) in a methyl

benzoate solution (2･2 mg/mL)･ The theoretical curvesfor the cyclic hexamer, pentamer,

and tetramer are indicated as broken, dotted, and dash-dotted lines, respectively･
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Figtlre 3･12 q-ln I(q) plot for SAXS measurements of 16 (solid curve) in a methyl

benzoate solution (2･O mg/mL)･ The theoretical curvesfor the cyclic hexamer, pentamer,

and tetramer are indicated as broken, dotted, and dash-dotted lines, respectively･
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3.5 Conchsion

From variqus measurements, the author concludethat 15 is a hexameric macrorlng Of

gable porphyrinsand that 16 is presumably a pentameric macronng of those as shown in

Figure 3.13.

Figure 3･13 Schematic molecularstructures of (a) hexameric and (b) pentaふeric

macronng of gable porphyrins.
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3･6 Experimental Section

3･6. 1 Reagents

A11 reagents were obtained coⅡ-ercially and used without pmiflCation.

3.6.2 Zinc¢I) insertion reaction

12: Zinc complex of 9; A sample of free base porphyrin 9 (4･5 mg, 6･8 pmol) was

dissolved in 2 mL of CHCl3 into a 50 mL one-neck round-bottomflask, and then a

methanolic solution of Zn(OAc)2･2H20 (200 pL of methano1) was added. The reacti.n

mixture was stirred at room temperature and momitored by TLC･ After l h, the reaction

miⅩture was added by ca･ 2血L of CHCl,, and evaporated to remove methanol. The dried

reactionmiⅩture was dissolved in 15mL of CHCl3, tranSferred to a 50 mL separating

funnel, the solution was washedwith disti11ed water (10 mL; 5 times), the organic layer

was concentratedand dried affording 4･2 mg (5･8 pmol; 85.2%) of a puq)le solid 12.

MALDI-TOF mass (dithranol) nVz obsd 729.45 [M+H】', calcd exact mass 728.33

(C.2H.8N8Zn);入abs (Chloroform) 412, 435･5, 564.5, 621.5 nm;入em (chloroform, excitation

at 436 nm) 626, 682 nm.

ii｣
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13: Bis-zinc complex of ll; A sample of free base porphyrin ll (7･5 mg, 6･0岬･01)

was dissolved in l･5血L of CHC13 into a 50 mL one-neck round-bottomflask, and then a

methanolic solution of Zn(OAc)2･2H20 (300 pL of methano1) was added. The reacti.n

mixture was stirred at room temperature and monitored by TLC･ After l h,the reaction

mixture was added by l mL of CHC13, and evaporated to remove methanol. The dried

reactionmiⅩture was dissolved in 15mL of CHCl3, tranSferred to a lOO血L separating

funnel, the solution was washed with distilled water (10 mL; 5 times), the organic layer

was concentrated and dried affording 7･5 mg (5･5 pmol; 91｡7%) of a purple solid 13.

MALDI-TOF mass (dithranol) m/z obsd 1371.57 [M+H]', calcd exact mass 1370.60

(C82H,oN)2Zn2);入a.s (chloroform) 409･5, 446･5, 566･5, 622･5 nm;入..n (chloroform,

excitation at 447 nm) 625, 681血m;入abs (11methylimidazole) 425.5, 440.0, 565.0, 618.0

nm; ^cm (1-methylimidazole, excitation at 440 nm) 623, 678 nm.

3･6･3 Reorgani2:ation procedure under highdilution conditions

The zinc complex 13 (0･2 mg, 0.15 LLmOl) was transferred to a 50 mL one-neck r.und_

bottomflask dissolving in 30 mL of a CHCl,/methanol = 7/3 (v/v) solution. The solution

was added gradually by 12 mL ofmethanol to yield fina11y 42 mL of a CHCl3/methanol =
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1/1 (v/v) solution･ This solution was equipped with a rotary evaporator apparatus, and

stirred for 5min under atmospheric pressure at 25土l oC,and then evaporated in a

period of 25minunder reduced pressure at 25土1 oC･ Further drying by a rotary pump

afforded 14, which was dissolved in l mL of CHCl, (150 pM), and analyzed using an

analytical GPC apparatus･ The GPC chromatogramshowed two peaks of narrower

distribution compared to 13･ Further separation was accomplished by dissolving 14 in a

minimum amount of benzene, and chromatographing the solution on the GPC column. In

the GPC operation, the components were monitored using a UV lamp (365 nm)

irradiation,and two components were separated with the following composition: (1)the

flrSt eluted higher molecular weight component 15, (2) the second eluted low molecular

weight component 16 on the basis of analytical GPC measurements.

14: Reorganized sample of 13; ^abs (Chloroform) 409, 446･5, 568, 621･5 nm; ^cm

(chloroform, excitation at 446 nm) 625, 680 nm.

15: The flrSt eluted component of 14 in GPC pmification; ^abs (Chloroform) 409.5,

447･5, 566, 622 nm; ^em (chloroform, excitation at 448 nm) 625, 680 nm.

16: The second eluted component of 14 in GPC purification; ^abs (Chloroform) 409,

445･5, 565･5, 621 nm;入em (chlorofbrm, excitation at 446 nm) 625, 680 nm.
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3･6･4 NuclearMagnetic Resonance Spectroscopy

Deuterated chlorofbrm(CDCl,) containing tetramethylsilane (TMS) as an internal

standard was used･ Pyridine-d, was used for cleavage of complementary coodinate bond.

3･6･5 SolⅦtion Small-amgle X-ray Scattering

Solution small-angle X-ray scattering experiments wereperformed by uslng

synchrotron radiation at the solution scattering station (SAXES camera) installed at BL-

10C･ the Photon Factory, Tsukuba･ Japan (Ueki et al･, 1985)･ T･he wavelength of X-rays

was adjusted to l･488 A･ calibrated by a bent cylindricalmirror togive a quasi-point

focus･ The samples were neasured with a specially designed cell with quartz windows.

The sizes were 15 pm thickness, 13･5 mm width, 3 mm height,and l mm optical path

length･ The measurements were carried out at porphyrin concentrations ranglng from 2.0

to 2･2 mg/mL at 25 oC･ Methyl benzoate was used as a solvent, because of relatively less

background scattering and no interfering peak･ Exposure times for each sample were 30

min,and background scatterings were determined befbre and after the sample

measurements･ X-ray scattering intensities in the small angle region aregiven as ln I (q)

= ln I (0) - (1/3) Rg2 q2 (Guinier equation)･ where q, I (0), and Rg are the scattering
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vector in A-1, intensity at zero scattering angle, and the radius of gyration, respectively.

The vector q is defined by q - (27r Sin q)/入, where 2eand入are the scattering angle and

the wavelength of the X-ray! respectively･ The Rg values were derived from the slope of

its Guimier plot, ln I (q) versus q2･ The Funkuchen analysis was perfbrmed bﾀthe

following relation, Kn = kW(Rgn)Rgn3, where k and W(Rp) are the constantand the weight

ratio of n-th particle, respectively･

3･6･石･ Theoretical calcu払tion of scattering profiles ffoTm model strtICtureS

The theoretical scattering curves were calculatedfrom the model structures

constructed by using the program package CRYSOL (Svergun et aE., 1995) based onthe

model structures constructed by molecular mechamics calculation.Asthe model

structures, the author calculated cyclic oligomers (hexamers, pentamer, and tetramer),

1inear oligomers (hexamer･pentamer, and tetramer),and monomer (zinc complex of ll).

Althoughthree isomeric structureS were possible in the cyclic hexamer with C2, C,, and

C6 Symmetries, the author could not distinguish them because nearly the same sizes and

scattering profiles were calculated for these isomers･ =n a cylinder approximation, the

height of cylinder was fixed on 15･O A derived from AFM particle images. For 16, the

author tried to improve the S/N ratio by applying solvents of different specific gravities
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and high-brightness light-source, but ゝt d not resolve accurately也e size of

16 except that the size was smaller than 15･ prdbably b'ecause of the relatively small

particle size.

3.6.7 Molecular mechanics calculation

The construction of molecular models was pefformed uslng PrOgramS Cerius2 MatS占i
●

(version 4･2-4･6) developed by MolecularSimulations lnc. with auniversal force field

(UNⅣERSAL l｡02) (Rapp6 et al･, 1992)･ N-heptyl groups were displaced by methyl

groups to decrease the load of calculation･ Because of low precision of theforce field,

the author utilized constraintsfor porphyrin planes and phenylene bridges to avoid a

distortion fbr estimating the modeling sizes.
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Chapter 4Antenna Funetion of Zinc(ⅠⅠ) Gable Porphyrins

4･1 Absorption Spectra

In general, free baseand zinc complex of porphyrins all contain two maJOr absorption

bands･ The lower energy transitions are called the Q bands in thevisible region, and the

higher energy ones are known as the B bands or commonly called the Soret bands in the

near UV reglOn, and these transitions correspond to So)Sl and So)S2 tranSitions,

respectively･ These absorption bands are冗→7T* transitionsｸ1nVOIving the electrons in the

7r COnjugated system of the porphyrin macrocycle (Figure 4.1).
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Figure 4･1 UV-vis absorption spectra of monomeric bis(imidazolyl)porphyrin 9 in

benzene at room temperature･
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Bringlng Close the distances between chromophores causes a spectral change

compared to the monomeric chromophore･ This interaction causes shift of the energy

levels of chromophores accomplished with redistribution of the oscillator strengths. The

Soret or B transitions in symmetrically substituted porphyrins consists of two

perpendiculary oriented transitions Bx and By; the more intense electronic transition

moment, Bx, is in the NHrNH direction at -420 nm, while a weaker transition moment,

B,, is in the N-N direction at -400 nm (Figure 4･1)･ Since the NH⊥NH and N⊥N groups

interchange･ and the influence of the symmetry of the trans-substituted C2 POrPhyrins is

unknow?･ the direction of the B transitions is unsettled･ Indeed, in view of the C2

syⅡ皿etry Of the porphyrin chromophore, in the present case, it may be allowed to define

that the electronic transition moment in series of imidazolylporphyrinsruns in the meso-

meso direction･ In fhctﾅUV-vis absorption spectra of proximal porphyins caused a

splitting of the Soret band reglOn fbr both slipped-cofacial and phen少Iene-bridged motifs

伊igure 4･2,and 4.3, respectively).

巨撃!■
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Figure 4･2 (a) UV-vis absorption spectra ofthe slipped-cofacial motif 12 in benzene at

room temperature･ (b) Sc血ematic diagram of splitting of tbe Soret bands.
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Figure 4･3 (a) UV-vis absorption spectra of the phenylene-bridged motif ll in

benzene at room temperature･仲) Schematic diagram of splitting of the Soret bands.
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In the case of slipped-cofacial motif, the splitting of the Soret bands might be

qualitatively explained by the exciton coupling theory (Kasha et al･, 1965). When this

theory lS aPPlied to the slipped-cofacialarrangement, the degenerated Soret transitions,

B" and Bl･ in the monomeric umit are red- and blue-shifted depending on the head-to-tail

and face-to-face orientations of the transition dipoles m// and m1, reSPeCtively (Figure

4･2)･ h th? case of phenylene-bridged motif, the splitting of the Soret bandsmight be

explained similarly･ The red-shifted Soret transition BNmight be come from the

interaction between the transition dipoles mN On the head-to-tail orientation, and the

otherunperturbed Soret transition Bl in the monomeriimitmight be derived from both

the head-to-head (tail-to-tail) orientations of the transition dipoles mN and the

unperturbed transition dipol占s ml (Figure 4.3).
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UV-vis absorption spectrum of the macroring 14 (hexamer･･pentamer記1: 1) solution

gavefurther large splitting of the Soret bands and relatively unaffected Q bands

compared to the slipped-cofacial dimer 12 (Figure 4.4).
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Figure 4･4 UV-vis absorption spectra of the macronng 14 in benzene at room

temp erature.

These qualitative analysis of the absorption spectra indicates that althoughelectronic

interactions between the closed porphyrins lead to perturbation of the Soret bands, the Q

band absorptions of all porphyrins are negligibly affected when the plgmentS are linked
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to form the array･ h the point-dipole approximation･ the exciton coupling theory

indicates that the interaction between chromophores should be inversely propordonal to

the cube of the interchromophoric distance and proportional to the square of the

transition moments of the interacting chromophores･ Thus･ long-range exciton coupling

in the porphyrin arrays should only be seenfor the higher osci11ator strength Soret bands

and not for Jthe weaker Q bands, as is observed (Osuka and Maruyama, 1988). Similar

trends werealso observed in chloroform solution･and UV-vis absorption spectrum of

the hexamer 15 and the p血tamer 16 gave large splits of the Sdret bands, 2073and 2003

cm-l, respecdvely, these correspond to the sum of each contribution ofthe splitting

energy from slipped-cofacialand phenylene-bridged interactions (Kasha et al･, 1965),

1310 and 775 cm-1･ respectively･ the values of dimer 12 (zinc complex of 9) and of the

monomeric bis-zinc gable-porphyrin (measured in l -methylimidazole)｡

4･2 Fluorescence Spectra and PhotochemicalParameters

Fluorescence emission spectra of the macrorings (14, 15, and 16) are similarto the

one of the slipped-cofacial dimer 12 (Figure 4･5), reflecting unperturbed Q bands

absorption･ Thesefluorescence spectral peaks of series of zinc porphyrins appearat

slightly longer wavelengthsthanthe absorption maximum, and have a characteristic
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mirror image relationship to the absorption spectra･ This relationship may come from the

expectation that the ground- and excited-states have similar shapes, and therefore that

the molecular vibrations that are activated dming electronic absorption are also likely to

be activated uponfluorescence emission･ However, in this case, the initial state is the

ground vibrational state of the excited electromic state, and the final state is the excited

vibrational state of the ground electromic state. This causes a shift of the emission to the

longer wavelength side of the main transition, so called the Stokes shift.

Interestingly, while a red-shifted and strongly quenched fLuorescence was observed for

artificial cofacial zinc dimers (Sanders et aE･, 1988), imidazolylporphyrin has intense

fluorescence emission･ After the macronng formation, the macronng 14 also possessed
● ●

fluorescence emission property, compared to tetraphenylporphyrinatozinc(Ⅱ) (ZnTPP)

17 as a reference (Seybold and Gouterman, 1969)岬igure･ 4.5 and Table 4.1).

Furthermore, the relative fluorescence quantum yield of hexamer 15 to that of the

monomeric bis-zinc gable porphyrin was O･5 1 (excited at the longer wavelength band of

the Soret bands, respectively). Similarrelations have been observed between the natural

light harvesting complexand its dimeric subunit constituent (Chang et al., 1990).

Detailed studies on photophysics of the porphyrin macronng 15 wi11 be of profound

interest in the viewpoint elucidating the relation between structureandfunction.
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FigⅦre 4･5 Fluorescence emission spectra of the slipped-cofacialdimer 12 (dashed

line) and the macroring 14 (solid line) in benzene at room temperature.

Natural radiative lifttimes of the macronng 14 and ZnTPP 17 were calculated uslng
●

the relation TMO = TM /4?FM, Where TMO, TM, and句M are the radiative lifetime, the

fluorescence lifetime, and the relativefluorescence quantum yield, respectively (Table

4･1)･ In these calculations, the lifetime of excited st?te porphyrin TM WaS fixed at 2.O ns
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both ZnTPP 17 (Yang ei alり1999) and the macroring 14 (Ikeda et al., 2002).

The author derived the further photophysical parameters according to Longo's

approach (Quimbyand Longo, 1975)･ For many aromatic molecules, the sum ofthe

quantum yields offluorescence and triplet formation is close to l.0 (Medinger and

Wilkinson, 1965)･ This impliesthe k,k >> kGM for those aromatic molecules, where k,M

and kGM are the rate constants of intersystem crosslng and internalconversion,
■

respectively･ Solov'ev et al･ reported the triplet quantum yields of tetraphenylporphyrin

(TPP) to be O･8310･87 (Solov'ev et al･, 1972)･ Since thefluorescence quantum yield of

TPP is O･11 (Seyboldand Gouterman, 1969), onemight assumeたふ>> kGM for TPP and

also for the zinc(H) derivatives･ The relative rates of intersystem crossing of the

macroring 14and ZnTPP 17 were derived by using the relation kMO = 1/TMO and krM = kMO

(1 -句M)/4?lW (Table 4.1).

Table 4･1 Photochemical parameters

4)FM ,TMO(ns) 106kMO(s) 106ktM(S-1)

ZnTPP17 0.030a 66.7 15.0 485

macrorlng 14 o.o35 57.1 17.5 483

a seybold and Gouterman, 1969
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4･3 Flt10reSCenCe Quenching Experiment

4.3. 1 Gemeral Statement

The quenching process of fluoresce血ce has been studied over the last century, and

several empirical and theoreticalrelations have been proposed to describe the observed

behavior･ Inthis sectio･n, the author will describe the photophysical antennafunction of

the macrorlng Of gable porphyrins･ Detailed photochemical processesare defined in

Appemdix｡

4･3･2 Stern-Volmer Analysis

Fluorescence quenching experiments were performed by l'4-benzoquinone (BQ) as an

electron transfer quencher･ When a quenching reaction occurs under difhsion-controlled

PrOCeSS, the Stern-Volmer relation is derived ftom (A･ 14) in thefollowing Appendix

4?FM/(QFM). - 1/(1 'TMkq[BQ]) (4.3.1)

where [BQ] denotes the molar concentration of BQ･ And in general, QFM/(QFM)0 -- IJI and

Ksv = TM kq, where lo and l denote the porphyrin emission intensity inthe absence and

PreSenCe Of BQ, respectively,and Ksv denotes the Stern-Volmer coefflCient, and hence

LJI= 1 + Ksv[BQ] (4.3.2)

The Stern-Volmer ([BQ卜IJI) plot of porphyrinfluorescence emission quenching by
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BQ gave straight lines with segment at y-axis equals unity, both fbr the soluti.n.f the

macroring borphyrins 14 (approximately l : lmiⅩture of hexameric and pentameric gable

porphyrins)and for the solution of a reference of ZnTPP 17 (Figure 4.6). The values of

Io and l were integrated from 580 to 800 nm (i･e･ 17･24-12･50 kcm-1)for macroring 14

and from 560 to 800 nm (i･e･ 17･86-12･50 kcm-1) for ZnTPP 17, in the absence and

PreSenCe Of BQ･ reSpectively･ The linear relationship of the Stern-Volmer plot observed

for the plotted reg10n SuggeStS thatany charge transfer and/or excimer complexes did not

form during the measurements･ Fdrther addition of BQ to the porphyrin 14 solution, the

plot of macronng 14 caused a departure fron Stern-Volmer relation, indicates a

●

POrPhyrin-quencher complexation｡ The Stern-Volmer constant Ksv is derived from the

slope ofthe Stern-Volmer plot and 286･57･ 39･64 M-1 for the macronng 14 and ZnTPP 17,

respectively･ The ratio of Ksv values from 14 to 17 was 7･23｡ It should be noted that,

while a large molecule has a chance to encounter a quencher molecule easily'a large

molecule diffusing more slowly than a sma11 molecule･ Therefbre, the molecularsize

effect was roughly canceled in diffhsion-controlled quenching processes. However the

obtained Ksv ratio 7･23 was quite large, and this result indicates an energy mlgration

within the macrorlng 14 during its excited state lifetime･ Simi1ar to the Section 4.2,
●

throughout followlng eValuations･ the lifetime of excited state porphyrin TM WaS fixed at
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2･O ns bothZnTPP 17 (Yang et al･,. 1999) and the macroring 14 (Ikeda et al･,12002)･ By

these assumption that TM - 2･O ns, the experimentalkq values were l･43 1X IO" and l.98 x

lOm M-1 s-l for the macronng 14 and ZnTPP 17, respectively･

【BQ】 mM

Figure 4･6 Stern-Volmer plot fbr the macroring 14 (circle) and for ZnTPP 17 (square)

both in aerated chloroform solution at 25.00 j= 0.05 oC.
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4．3．3　　Di仇ISion－COntrOIIedProcess

Againtheoretica11y；K；v＝kQM7h，WherekbMand‰denotethesecond－Orderrate

COnStantOfexcitedporphyrinquenchingbyBQandthelifttimeoftheexcitedstateof

POrPhyrin，reSPeCtively・Thequenchingreactioninsolutioningeneralisconsideredas

diffusion－COntrOlledcollisionalprocess。FromtheEinstein－Smoluchowskidi軌sion

theory；therateconstantk6MOfthedifbsion－COntrOlledcollisionprocessbetweenthe

POrPhyrinandBQisgivenas

ちM＝4冗Ⅳ’功頑1りα（元D冤）‾1′2）（灯1sう　　（4．3．3）

WhereN，isAⅦgadro，snumberNidividedbylOOO，D＝Dp＋DQisthesumofthe

d撤ISioncoe伍cientoftheporphyrinDpandthatofBQDQ，P（≦1）isafhctorintroduced

tOthequenchingprobabilitypermolecularcollision，anda＝ap＋aQisthesumoftheir

interactionradiiofporphyrinapandthatofBQaQ・Thesecondtermintheparentheses

Pa（7rD‰）－1／2meanSatranSientcomponentofdynamicquenchingandthistermcanbe

neglectedunderthepresentexperimentalconditions，WhereneitherDp＋DQnOr‰1S

VerySma11・Thereforethetermintheparenthesesinequation（4・3・3）isnorma11yofthe

Orderofunity；anditiscommonlyomitted，SOthat

ちM＝4花Ⅳ’坤α（M‾1s‾1）
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ちM＝血Ⅳ’（かp＋かq）〆αp＋αq）即‾1s⊥り　　（4．3．5）

Inapplyingtherelation（4・3・5）tothequenchingrateconstantkbM，theauthormaymake

thefbllowingassumptionsinanarrowsense：（1）themicroscopicviscosityequalstothe

macroscopic soIvent viscosity仇（2）Stokes，lawis applicable to the d撤1Sion。f

POrPhyrinandBQ，and（3）Stokes，radiiofporphyrinandBQcorrespondtobpandbQ，

respeCtively・Ontheseassumptions，theStokes－Einsteinrelationisvalidandtheauthor

Obtain

βp＝ちⅣ（由叩毎）andβq＝毎訂（血ゆq）（CⅡrls‾り（4．3。6）

WhereもistheBoltzmannconstant，then（4．3．6）becomes

梅M≡2Rr〆叫＋αQ）（1伯タ＋1伯q）／（3000痢．㌧∴四．3．7）

WhereR＝ちNl＝1000々。N，andthisequationisreducedtothefhmiliarfbrm

ちM三8月r〆（3000Jカ

foracollisionalprocess，inwhichap＝aQ＝bp＝bQ。

（4．3．8）

Understeadystateexperiments，thetransienttmbeingneglectedin（4．3．3），therate

COnStantfbrthequenchingprocessinvoIvingbothmoleculardiffusionandlong－range

electrontransftrisglVenaS

もM＝触ⅣてかM＋βQ＋伸長 （4．3．9）

Where＾istheeneI苫ymlgrationcoefficienthavingthesamedimensionasthediffusion
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COefncient＄（Cm％）・Theseqpproachesfortheestimationofenergymigrationprocessare

COmmOnfbrthepolymerchemistry・Ingeneral，thereisanassumptionthatthediffusion

COe伍cientofpolymerDMisnegligibleandputtingDM＝0・htheauthor，scase，eaCh

CO叩OundcanbeestimatedffomitsstruCturalparameters・Tbwardsngorousanalyses，

theauthorputstruCturalparameterstoeachmolecule，andvander勒alsradiiwere

estimatedfromvanderWaalsvolumesbyspherical叩PrOXimation（恥ble4．2）．Itshould

benoteworthythatthedi肋enceofdiffusionconstantsarenegligiblebetweenthe

maCrOnng14，isolatedhexamer15クandisolatedpentamer16．

恥ble4・2　TheoreticaldiffusionconstantsDincm2s－1

Entry D（Cm2s－1）

CHCI3　　　1．59xlO－5

BQ l．43xlO－5

ZnTPP17　　8．03xlO－5

Macrorlng143．56×10－5

5mer15　　3．68xlO－5

6mer16　　3．45xlO－5
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Further parameters for energy mlgration would be obtained from the value of JL When

exciton mlgration is evaluated fro血the one-dim印Sionalrandom walk model, the mean

mlgration length L traveled asanexciton during its excited state lifetime is also

evaluated as

L = (2^TM)l/2 (4.3.10)

Followlng descriptions･ the rate parameters of energy mlgration were evaluated two

approaches･ A diffusion-controlled collisional process was adopted in 4.3.4,and a

di触sion-controlled long-distance electron transfer process was applied in 4.3.5.

Furthermore, in 4･3･5 the critical radius Roq, wehere the rates of quenching reaction

and decay of excited state of porphyrin are equal, was used from fbllowlng eqqation
●

@6rster, 1949)

R.q = 7.35 × 【BQ]c-1/3 (4.3.16)

where Roq has themits ofA and defined from the critical concentration [BQ]c in M at the

LJI - 2 (- 1/0･5) in the Stern-Volmer equation (4.3.2). And R.q - 48.3 and 25.0 Å fbr the

macronng 14 and ZnTPP 17, respectively･ Further p = 0･5 was put in the diffusion-

contro11ed long-distance electron transfer process (4.3.5).
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4･3･4 Diffusion-controlled CollisionalQtlenChing

In this section the rate parameters of energy mlgration was evaluated by uslng the
●

di仇1Sion-controlled co11isional process

kQM = 47TN'(DM + DQ + ^)pR (4.3. 17)

When applying this process to ZnTPP 17, caluculated kQM = 1･34 × 1010 M-1 s-1 and

experimental kq - 1･98 × 1010 M~I s-1 afford the value ofp (- k/kQM ≦ 1) was l.47 , 1.

This contradictionmight indicate that the quenching process occurs not only the

collisional butalso the long-range electron transfer process, because other quenching

reactionsare trivial processes in these experiments.

4･3･5 Di仇ISion-controlled Long-ramge ElectronTransfer Quenching

hthis section the rate parameters of energy mlgration was evaluated by uslng the
●

●

diffusion-controlled long-distance electron transfer process

kQM - 27TN'(DM + DQ + ^)R.q (4.3.18)

where Roq = 25･O A for the value of ZnTPP 17 was applied･ In the case of ZnTPP 17,

caluculated kQM WaS 2･11 × 1010 M-1 s-1 and the value ofp was O.94. This result indicates

the validity of long-range electron transfer quenching process, and affords the energy

migration coefrlCient ^ = O fbr ZnTPP 17･ From (4･3･18) andL (4･3･10), the macroring
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array 14 gave^= 1･3 × 10-1 cm2/s･ and the mean mlgration length L traveled as an

exciton during its excited state lifetime L - 73 A, respectively. These values were

comparative to thearomatic crystal ofphenanthrene, where ^ = 8･5 x lO-6 cm2/s, TM = 13

ns･ and L = 47 and 81 Afor one- and three-dimensional random walk model, respectively

(Birks, 1970).

4.4 C onchsion

The rate parametefs of energy mlgration in the macronng structure were evaluated by

●

uslng Steady state spectroscopy･ From the fluorescence quenching experiments, the

exciton delocalization wars evaluated in the macronng array by the Stem-Volneranalysis

●

and the di放1Sion-controled dynamics･ The macronng 14 and its component of ,the
●

slipped-cofacial dimer 12, gave negligible shifts in both the Q bands absorption and the

fluorescence emission･ Accordingly, the energy mlgration mechamism in the macronng
●

●

array might be described the incoherent hopplng mOdel rather than the coherent excit.n
●

model･ Meanwhile, taking into account fbr the closely chromophore separations and the

aromatic spacer between porphyrins･ the contribution of coherent exciton type energy

migration must be considerable and departure from the F6rster theory (Cho et al., 2001).

Because some bis-zinc(II) gable porphyrin gave subpicosecond order (540 fs) energy

:~

蔓

E
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hopping between porphyrins (Yamazaki et al･, 1999), further photochemical

investigation utilizing ultrafast spectroscopy must be challenglng･
●
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Chapter 5 General Conchsion

5. 1 Summary

h summary･ the author succeeded in constructing the porphyrin macronng by
●

interlocking l,3-phenylene gable porphyrins by slipped-cofacial dimer formation

without any protein matrices･ This model must be a ma]ormi1estone for further

investigation to elucidate the mechanism of highly efficient light harvesting. as well as

the evolutional strategy of such ring structures inthe natural photosynthetic system.

The principal findings of the stddies described in this doctoral thesisare: (1) the

applicability of the reorganization methods to macroring arrays, and (2) the reveal ofthe

relation between structure andfunction in the macronng chromophores arrangement.

These findingsare very conscious of the naturalphotosynthetic light harvesting systems

from our supramolecular chemical approach to theflagship of interdisciplinary studies.

The fTlrSt aPPlicability could be relevant to general formation process of higher ordered

structure of proteinand its reconstitution process such as a reconstitution of the LHl

complex (Miller et al･, 1987; Parkes-Loach et al., 1988).
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5･2 0utlook towards possible applications

The author presentedanartificia1 1ight harvesting antenna complexmimicking the

natural LHl･ LH2･ and LH3 complexe-ithout protein matrices･ The maJOr difference is

that the natural light harvesting complexesare drifting parallel within thylakoid

membrane･ These natural complexesare adapting for 2-dimensional photoelectron

conversion system･ Our findings of this studies elucidated such macronng arraysare

effective light harvestingfunction also in homogeneous solution, i.e. 3-dimensi.nal

SyStem｡

In generalit is di琉cult to assemble donor molecules in a high1y concentrated state

because of energy dissipation processes, e･g･ concentration quenching'aggregation

quenching and nondirectional energy transfer, in homogeneous solution.

Notwithstanding closed chromophore-chromophore distances, natural antenna

chlorophyll molecules accomplish energy mlgration and energy transfer very efficiently･

●

These chlorophyll molecules are condensed in thylakoid membrane with highly ordered

a汀angementS ｡

h thefuture, if one is allowed to wish to establish nano-scaled moleculardevices, new

strategies might be requiredfurther approaches･ arranglng eaCh molecular assembly in

ordered architectureand/or utilizing solid phase matrices:for 2-dimensional system such
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as self-assembled monolayer and/or multilayer (Nomotoand Kobuke, 2002) and

Langmuir-Blodgett membrane (Langmuir, 1918; Langmuir and Schaefer, 1937), for

PSeudo-2-dimensional system such as liposomal syst6m with (Steinberg-Yfrach et al.,

1997)and/or without (Nagata et al･･ 2001) lipids, and for 3-dimensional system such as

micellar (Thomas, 1977) or dendritic system (Grayson et al., 2001).

Towards such nano-scaled molecular devices frommimicking natural photosynthetic

system, the macronng a汀ayS PreSented here are possibly a good building block, because

●

extremely long l-dimensionalmolecular arrays co山d suffer from (1) the increased

conformationalheterogeneity in conformers,and (2) the aggregate fbrmation (or

partially insoluble arrays) in longer arrays (Kim et al･, 2001)･ The presented

supramolecularapproach hasfuture prospects from a viewpoint of importance to prevent

extra disordered aggregation between arrays, and to arrange each array ln Ordered

geometry･ Further elucidation of unveiling the relation between the structure and

function of the natural light harvesting systemsand applications for nano-scaled

molecular devices utilizing macrorlng arrayS Should be a subjectfor active investigation.
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Appendix

App endix

A･1刑t10reSCenCe Quenching Experiment

h this Appendix, the author wi11 describethe photochemicalprocesses in more detai1s

based on仏Photophysics ofAromatic Molecules卵by Bi血仲i血, 1970)･ At first element叩

processesare de丘ned in Figure A.1and %ble A.1 and A.2.

(1M + 1q)

3占ﾄ･･_!cE
~-----_

~■----●-

ｰ､--ヽ

----~~~ｰ~----一----------一--i&------加･(q-) + 2Q-(q･)

Figure A･1 Schematic diagram of rate processes in exciplex formation, dissociation and

quenching･ Sohdand broken linesare radiativeand radiationless processes, respectively･
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Table A･1 Umimolecularphotochemicalprocesses

托ocess Description Rate parameter

1M processes

IM +血γ -- 1M*

lM +hv - 1M**

lM* processes

IM*- lM +hvM

IM*.- lM

IM* - 3M*

IM* - 3M**

3M* processes

3M*- lM +hvp

3M* --･･
1M

3M* -- 1M*

So-Sl absorption

So-Sp absoq)tibn

S l-Sofluorescence

S l -So ･intemalconversion

Sl-Tl ihtersystem crosslng
●

S l -Tq htersystem crosslng

Tl -So phosphorescence

Tl -So inteTSyStem CrOSSlng
●

Tl-Sl htersystem crosslng
●

kM =kFM+kM=kFM+km+kGM
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Table A･2 Heteropolarbimolecularinteractionsand exciplex processes

Proces s D es cription Rate parameter

hteractions

IM + 1q -1(Mq)

3M*+ 1Q -3E*

1M*+ 1q -1E*

Complex and exciplex processes

l(Mq)- 1M + 1q

l(MQ) + bγ ---･ 1E*

1E*-1M*+ 1q

lE*-l.M + lQ*

lE*--lM + lQ + hvB

IE* -･ 3E*

lE*-･･1M + 1q

lE*--･･ 2M+ + 2(〕~

3E*-3M*+ 1Q

3E*-1M + lQ + hvx

3E*---1M + 1q

l

r

F-1=

Complex formation

Triplet exciplexformation

Singlet exciplex fomation

Complex dis sociation

Charge transfer absorption

Singlet exciplex dissociation

･ Fluorescence

htersystem crosslng

kMJ:

kQE

kFE

kn

Dissociative internal conversion kGE

Dissociation into ions ka

Triplet exciplex dissociation kTX

Phosphores cence kpx

Dissociative intersystem crosslng kGX

kB =kFE+kn=kFE+kGE +kcE+kxE+kQB
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h 1919 Stem and Volmer obtainedthe relation

卑〟(句M). = 1/(1 + k[Q]) (A. 1)

for Auorescence quenching in the gas phase･Where句軸and偶M). denotethe porphyrin

Auorescence quantum yield inthe absence and presence of quencher molecules,

respectively･And kand [Q] denotethe quenching coefficientandthe molarconcentradon of

the quencher molecule･ respectively･ h 1929 Vaulov applid this relation to "dynamic

quenchingn influid solutions>andthis relation was accepted by most other researchers in

the fleld.

h 1924 Perrin, in discussIPg COnCentration quenching, introduced a concept ofanactive

sphere, a volume of interactionaround a quencher molecule suchthat afluorescent

molecule excited withinthis volume is quenched instantaneously, whilefluorescent

molecules excited outsidethis volumeareunquenched･ T山s concept provides a model of

ustatic quenchhgn which does not requlrethe formation of a bound complex between

fluorescent molecule Mand quencher molecule Q in the ground state･打v isthe volume (in

cm3) ofthe active sphere of each quencher moleculeand n = [Q]NA X IO-3 is the numbe, of

quencher molecules inmit volume V (= 1 cm3), the probabilitythat afluorescent molecule

M will liewithinanactive sphere is

p = e-nvw
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flence on excitationthe static quenching ofthe Auorescence is expressed by

4?FM/(句M). = eJ'[Q)

k'=vN'

where

and N'is l/1000 ofthe Avogadro,s number NA'N･ - NA/1000.

(A.3)

(A.4)

h 1931 Frankand Vavilov combined two relations (A･1)and (A.3) to obtain a more

general relation

句J(句制). = eJ'【Q7/(1 + k[Q]) (A.5)

Most ofthe subsequent models offluorescence quenching that have been developed lead to

relations sim血in fo- or appmximate to (A･5)･ This relation accounts for some ofthe

controversy that has occurred aboutthe nature ofthe quenching mechanism.

The distinction between dynamicand static quenching canarisefrom two possible modes

of formation of an excited complex,

dymamic: 1M* + lQ - 1(叫Q)*

†

static: lM + 1Q - 1(MQ)

(A.6)

(A.7)

The molarequihbrium constant Ko for the unexcited complex is independent of viscosity

and is glVen by

K. - [1(MQ)*]/([lM][1Q])
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The &action αofthe incident light intensity lo which is absorbed by l即Q) isgiven by

α -- 8'Ko[lQ]/(c '8'Ko[lQ])記8'Ko[lQ]/8 = K[lQ] (A.9)

where 8and 6'are the molarextinction coefncients of lMand l即Q), respectively, at the

wavelengthof excitation.

The relevant rate equadonsare glVen by

d[1M*]/dt = (l - a)Io- (kM. kEM[1Q])[lM*]. kME[lE*】 (A.10)

d[lE*]/dt - do 'kzM[JQ][lM*ﾄ(kME. kk [lE*]) (A.11)

wherethe rate parametersare as d血ed in Table A･1and A･2･ Under photostationary state

conditions,the reladvefluorescence quantum yield is glVen by
●

軸(4?FM). = (l一甲)/(1 + TMPkEM[lQ])

p = kd(kw + kJ

where TM - 1/kMand

If a = 0, (A. 12) reduces to the Stem-Volmer relation

亀ﾉ(句M)0 - 1/(1 + TMkQM[1Q])

where kQM = Pkuandthe quenching coefficient k (A.1) isgiven by

k - (4?FM/(4?FM). - 1)/[lQ] = TMkQM

(A｡ 12)

(A. 13)

(A. 14)

(A. 15)

If a = K[lQ] is small, (A･12) may be written inthe form, i･e･the dynamic and static

quenching model
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k - (句M/(句M)0- 1)/[1Q] - (K 'TMkQM). K,MkQM【lQ] (A.16)

nis relation predicts: (1) a linearincrease in k with [Q], corresponding to a deparbefrom

stem-Volmer behavior･ and (2)anincrease in boththe interceptand gradient of the k vs･ 【Q]

plot withincn邪e in solventfluidity l/q.

The quenching rate parameter is glVen by

kQM =Pkzu王kEMkE/(kME + ki)

For a strong quenchw Q, = l), kE >> kMEand hence

kQM = ku

(A. 17)

(A.18)

i･e｡the dynamic quenching is difhsion-contro11ed･ For a weak quencher Ql '< 1) in a low

viscosity solvent> kE << kRDand hence

kQM = kzMkE/kk = KEkE (A.. 19)

where KE isthe equiubrium constant ofthe exciplex form如ion pmcess (A･6)･ KEand kEare

independent of q･ so thatfor a weak quencher kbM is practically independent of q'except in

highviscosity solvents where kME is reduced sufTICiently to become comparablewithkE.

TYle tranSient component of dynamic quenching arisesfromthe second terminthe

Smoluchowski expressionforthe rate parameter of a diffusion-controlled process

kd肝- 47TN'DpR(1 'pR(7TDt)-la) (A.20)

Wh止e the treatment leading to (A･16) assumes steady state kinetics, i･e｡ that kQM is
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independent of t･ Equadon (A･20) shows that kQM dec陀aSeS imitially with t before attaiming

its steady state value･ There is an imi血I transient quenching ofthose molecules adjacent to a

quencher molecule attheL moment of excitation, while the subsequent quenching

corresponds tothe photostationary･ steady state condition･ Forthe steady state diffusion-

con仕o11ed pmcess,丘om (A.20)

k王kQMTM = 4nN'DpRTM (A.21)
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