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Chapter 1

Chapter 1 = GeneralIntroduction

1.1 Natural Photosynthesfs

1.1.1 Photosynthetic Reaction

Photosynthetic organisms convert from solar energy to chemical energy with excellent

-efficiencies. Primary process of photosynthesis is a sequential reaction of light

harvesting, excitation energy migration and transfer, charge separation, and charge shift '

reactions.

1.1.2 Homology for Reaction Center Complexes
In 1984, the structure of the photosynthetic reaction center complex was revealed from

photosynthetic purple bacterium Rhodopseudomonas viridis (Deisenhofer et al., 1984).

~ This reaction center complex is composed of four protein subunits, and of 14 cofactors.

The protein éubunits are called H (heavy), M (medium), L (light), and cytochrome; the
names H, M, and L wero chosen according to the apparent molccolar weights of the
subunits, aé determined by electrophoresis. The core of the complex is formed by the
subunits‘ L and M, and their associatod cofactors: four bacteriochlorophyll-b, two

bacteriopheophytin-b, one nonheme iron, two quinones, one carotenoid. This core part

contains a dimeric structure of (bacterio)chlorophylls which are separated at a distance
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of ca. 3 A in a nearly parallel.,orient‘ation with partial overlap of m-orbitals, i.e. a slipped-
cofacial orientation and génerally called a “specfal p'air”. Othér two bacteriochlorophyll-
b, two bacteriopheophytiﬁ-b, and two quinones are arranged in pseudo—Czl symmetry in
the core part. These cofactors arrangement are commonly observed in other
photosynthetic ‘organisms’ (Blankenship, 2002). Accbrdingly, there aré homology of the
cofactors arrangement in the core part of the reaction center complexes in the

photosynthetic organisms.

1.1.3 Heterogeneity for Light Hﬁrve'sting C(;mplexes

The first event of photdsynthetic reaction starts at absorbing light by light hafvestirig
antenna complexes around the reaction cénter cqmplex. These structures of the light
harvesting antenna complexes are rich in diversity (Blankenship, 2002), differently from

the structure of the reaction center complexes.

1.1.4 Light Harvesting Complexes of Photosynthetic Purple Bacteria
The structures of the light harvesting complexes (LH1, 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

2
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microscopies (Karrasch et al.,‘ 1995; Savagc et al.; 1996; Walz et al., 1998). In antenna
éomplexes in these bacteria, 18 or 16 bacteﬂochlofophylls are arranged in a macroring
with slipped—cbfacial orientations by coordiﬁation of imidazolyl side chains from
transmembrane o-helices in B850, and 9 or 8 bacteﬁochlorophylls are arranged in a
macroring of coplanar orientation in B800. Their special features may refer to the highe?
ordered barrel structure of complete beauty and scientific significance (Figure 1.1).
Especially, the key functional unit of B850 is composed of a bacteriochlorophyll-a dimer
in a slipped—éofacial orientation by coordination from imidazo‘lyl residue to the central

magnesium ion, and these dimers are further arranged into a macroring form.

Figure 1.1 The structure of LH2 from Rhodopseudomonas acidophila (McDermott et
al., 1995). The ring of (a) B850 and (b) B800 bacterioéhlorophyll—a molecules.
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1.2 Artificial Photosynthesis

1.2.1 Porphyrin Chemistry

Porphyrin is a basic framework of photosynthetic pigme;nt ’chlorophyll and
bacteriochlorophyll derivatives, and there are tremendbousk reports of artificial

photosynthesis utilizing porphyrin macrocycle.

1.2.2 Artificial Light Harvesﬁng Anten_na Complexes

Efficient strategies had to be explored for the preparation ofk macroring architccture _
from novel building blocks and vre_ﬁned approaches, utilizing mulﬁstep reaction
sometimes with template syntheses_. Until now several oligomeric porphyrin rings have
been synthesized through both covalent (Sanders, 1996; Saﬁ_ders, 2000; Li et al., 1999;
Mongin et al., 1999) and supramolecular (Knapp et al., 1998; Haycock et al., 2000;
Ikedé et al., ‘2000; Sanders, 2000) approaches toward light harvegting antenna mimics.
However, there are practically no systematic studies available yet which would allow a
rational design of self-assembled macrorings with the desired properties toward antenna
structqre and function. To the best of the author’s knowledge, there is no example of

porphyrin macroring composed of dimer units.
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1.3 Previous Research

1.3.1  General Statement

The Kobuke’s laboratory has beeﬁ interested in constructing artificial systems by
using the method of self-assembled and/or supramolecular chemistry. The target systems

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

- have marvelous functions and beautiful structures. The supramolecular approach is

considered one of the fascinating area of sciences, because even the use of relatively low
cost reagents and less synthetic steps give a basic unit, and further self-assembling to

more complicated structure and function.

1.3.2 .Spec.ial Pair Model

In 1994, Kobuke reported a slipped-cofacial dimer of meso-imidazolylporphyrin zinc
complex as a model of the special pair of the photosynthetic reaction center complex
based on self-organization via ligand-to-metal coordinatién (Figure 1.2) (Kobuke and

Miyaji, 1994). This inpped;cofacial dimer have a large association constant K, > 10"

M) in non-polar organic solvents, composed of complementary coordination bonds

between nitrogen atom of imidazolyl group and penta-coordinating zinc ion and -1

Stacking interaction between each porphyrin. The -resulting supramolecule exhibits a
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large splittihg of its Soret band through exciton coupling interaction between two

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

Figure 1.2 The structure of slipped-cofacial dimer.

1.3.3 Magnesium Complex
When using magnesium ion as a central metal of porphyrin instead of zinc ion, a

magnesium complex affords further elongation of imidazolylporphyrins (Kobuke and

Miyaji, 1996). Typical magnesium porphyrin, tetra‘phenylporphyrinatomagnesium(ll)

(MgTPP), binds a first imidazole with a binding éonstant K, of 10“‘—105 M and second
imidazole with a binding constant K, of about 1 M! (Sanders ‘et al., 2000b). The sécond
binding is less favorable in part because the penta—coordinéte magnesium ion is out of
plane. Therefore, the magnesium complex of imidazolylporphyrin has also a relatively
small hexa-coordination property to penta-coordination ome, and affords a few

aggregation number of imidazolylporphyrins in solution.
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134 Meso-meso Linked Porphyrin Array
To elongate each inﬁdazolyllsorphyrin, two .approaches are considered. The first is
using stable hexa—éoqrdindting ﬁlstal ion as the pofphyrin central metal. For example,
| iron, cobalt and ruth.enium are considered as metal ions ts give stable hexa-coordination,
but these ions are not suitable for the model of early events of photosynthesis because
these metalloporphyrins have a fluorescence _quenéhing property. The second is using
- 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 a giant porphyri_n array (Ogawa and
Kobuke, 2000). This meso-meso directly liﬁked bis(imidazolyl)por?hy;in dimer have a

fluorescence emissive and anticipated as a photoelectric molecular wire.

135 Further Applications toward Artificial Photosynthesis

~Until now, the Kobuke’s laboratory has repbrted many applications‘ of
imidazoiylporphyrin assembly. 5,15-bis(imidé.zol-4-yl)-10;20—bis(4—dodecyloxyphenyl)—
porphyrin yields supramolecular assembly through imidazole—-imidazolé' 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(in1idazol—4—yl)—1Q,ZO-bis(w—carboxyalkyloxyphenyl)porphyrin, replacing
‘ hYdrophobjc terminal groups into hydrophilic carboxyl groups, was assembled in water
to form liposomal dispersions without any lipids (Nagata et’al.,,QOOl). This porphyrin
assembled in liposomal membranes is expected to interesting materials in view of
‘realizing functions of light harvesting, light induced charge separation, and electron
transfer réactions across the membrane. Further, imidazolylporphyrins ﬁave been applied
to self-assembled monolayer and self-assembled mult?layer systEms toward organic
photovoltaic vcell (Nomoto and Kobuke, 2002). Accumulation of imidazolylporphyrins by
usiﬁg ligand—tb—metal supramolecular method forms a chain structure and leads to
- significant increases of light absorption in the visible light region and to large

photocurrents generation.

1.3.6 Macroring Assembly towards Artificial Antenna Complex

In my research project in doctoral course is to construct of an artificial light
harvesting complex 6f the LHs of photosynthetic purple bacteria; and to unveil the
relation between structure and function. In order to fix chrorhophores in a certain

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

’
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avoid the ambiguity arising from conformational mobilities. To accomplish such the
request, a gable porphyrin motif was adopted as a bﬁilding block. Gable porpﬁyrin is a
1,3-phenylene bridged porphyrin dimer, first reported by Tabﬁshi et al. (Tabushi and
Sasaki, 1982; 'I.'abusvhi. et al., 1985). In my project, introducing imid_azole group }to the
meso‘—positions of each porphyrin, positions opposite to the phenylene bridging sites. The

gable porphyrin motif fixes each porphyrin in 120° as an orientation angle.

Figure 1.3 The structure of gable porphyrin
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This thesis is composed of 5 chapters indicated below:
Chapter 1 General Introduction
This chapter is a general introduction of this thesis and describes about the field,
purpose, and contents ‘of this study. Firstly, natural photosynthetic systems were outlined
éspecially in view of light harvesting antenna systems. Next, artificial light harvesting
antenna systems by using chemical approach were introduced. Finally, a backgro‘und of -

this project was described based on previous reports from the Kobuke’s laboratory.

Chapter 2 Synthééis of Free Base Gable Porphyrin

Synthesis and étructural determination of a novel free base gable porphyrin wer¢
described in this chapter. This gable porphyrin has two imidazolyl substitutents at the
apsis of each me;o—pdsition. Ths porphyri.nl syntheses were undertaken according to the

Lindsey’s approach. Further, a side reaction, scrambling reaction at meso-position,

during the porphyrin syntheses was described. By choosing appropriaie peripheral

substituents the side reaction was suppressed, and analytically pure free base
bis(imidazolyl) gable porphyrin was-obtained. This compound was analyzed in detail by
nuclear magnetic resonance measurements and thermodynamic parameters about

atropisomers were determined.

10
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Chapter 3. Formation of Macroéyclic Stru,ctun;. from Zinc(II) Gable Porphyrins

This chapter describes on construction of ring shaped molecular assembly, using a
reorganization methods‘. After zinc(Il) insertion tq free base gable porphyrin, broad
molecular weight distribution was observed by gel permeation chromatography.
Reorganizations of the molecular assembly were performed by dissociaﬁon and
‘reassociation of molecylar assembly, accompanied by the addition and removal of
' cbordiﬁating solvént, respectively, at‘high dilution coﬁditidns.' As a result, molecular
weight distribution was almost completely convergent to two components. Further
‘structural détermination was described both in solid and in solution fstates; The results of
probe microscopies (atomic force micfoscopy and scanning tunneling microscopy) and

small-angle X-ray scattering measurements were described.

Chapter 4. Antenna Functioh of Zinc(II) Gable Porphyrins

This chapter describes evaluation of light harvesting antenna function of macroring of
gable pqrphyrins. The photophysical antenna fqnction of the macroring arrays was
evaluated by using steady .state spectrdscopic measurements. Especially, ﬂuorescence.

quenching experiments revealed excitonic energy migration in the macroring arrays.

11
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Chapter 5. General Conclusion

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

obtained in this study. Further applications of this study were mentioned by practical

combination of our supramolecular science,

12



Chapter 2

Chapter 2 Synthesis of Free Base Gable Porphyrin

2.1 Molecular Design

The structural unit of the building block ié bis( 1‘-mcthylimidazolyl)pOrphyrin dimer as
shown in».;Figure 2.1. The most important point is introducing of two ‘I—méthylimidazolyl
groups to the opposite sites to the phenyleﬁe bridging site. Further, this molecular unit
~ was designed by keeping two basic points in mind. Firstly, a bis(1-
methylimjdazolyl)porphyrinatoziné(II) .dimer vmotif (Kobuke and Miyaji, 1994; Ogawa
and Kobuke, 2000) was employed as the basic construction unit,‘ beéause it satisfies
perfectly the functional requisites of the light har\}esting dimer'unit, in view of the
distance and the orientation of chromophores, and imidazolyl torzinc cogrdination free
from excitation energy quenching by ceﬁtral metal ion. Secgndly, the ring structure was
provided by connecting two mono(imidazolyl)porphyrinatozinc(II) with a 1,3-phenylene
spacer. 1,3-phenylene bridged porphyrin dimer is called “gable pori)hyrin” first reported
by Tabﬁshi et al. in 1982 (Tabushi and Saéaki, 1982; Tabushi et al., 1985). Tﬁis
porphyrin is also the first porphyrin dimer in which each porphyrin is fixed rigidly with
its spatial borientation of 120°. In contrast to the meso-méso-coupled »bis(l—
methylimidazolyl)porphyrinatozinc(II), ‘which grows linearly into a giant porphyrin
array (Ogawa and Kobuke, 2000), the spatial orientation with 120° is expected to give a

13
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closed ring under appropriate conditions. If all these designs work perfectly, a

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

- shown in Figure 2.2. This porphyrin macroring array have a barrel structure with center-

to-center distances of 6.1 and 11.0 A, in a close analogy to those of the light harvesting
complexes of photosynthetic purple bacteria. The remaining four meso-positions are
introduced by aryl or alkyl groups with long alkyl chain to give the solubility of

porphyrin arrays in organic solvents.

Figure 2.1 The moiecular structure of bis(1-methylimidazolyl) gable porphyrin.

14
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Figure 2.2 The structure of hexakis(gable porphyrin) macroring array.

15
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2.2 Synthesis of ‘Dipyrromethanes

2.2.1 bGeneral Statement

Dipyrromethane derivatives are very useful precuréors in the syﬁthesis of 5,15-
disubstituted porphyrins, "trans-pdrphyrins.‘ While several methods of dipyrromethane
synthc‘sis were reported, espécially Lindsey et al. have explored the dipyrromethane
| chemistry most efficiently and reported detailed preparations, purifications, and their
applications to the corresbbnding pbrphyrin (Lee and‘Lindsey, 1994; Littler et al., 1999).
Accordingly, the author réferred to their‘reports in the synthesis of following several
dipyrromethanes (Scheme 2.1). Excess amount of pyrrole, 40—fold to each aldehyde
except for bis-dip‘yrromethane 1 case (25.7-fold of pyrrole), was used as bofh the reagent
~ and solvent, and all reactions were catalyzed by small amount of tﬁﬂuqroaceﬁc acid
(TFA) at room temperature. All reactions were neutralized with 0.1 M‘sod‘ium hydroxide
aqueous solution, and‘ excess pyrrole was recovered under feduced pressurg, and further
purification was performed_by silica gel column chromatqgraphy or vacuum distillation.
In 1999 Lindsey et al. reported a refined method of syhthesis and purification qf meso-
substituted dipyrromethanes (Littlef et al., 1999), and they dcséﬁbcd N-confused
dipyrromethane (2,3’-dipyrromethane) and tripyrraﬁe as byproducts of dipyrromethane

(Scheme 2.2). After receiving their reports, the author observed the tripyrrane

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

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

component could neither be observed and nor identified in these reactions. Instead,
~ another component was also observed in the TLC analysis. Although the author could

not isolate this component because their paucity and relatively unstable nature to

dipyrromethanes, this was conéidered t(; be teﬁapynane from theif polarity ih the TLC
analysis.’ Condensation of dipyrromethane with aldehyde in a MacDonald type 2 + 2
reaction (Msenault .et 'al;, 1960) prophetically gives a precursor of a 5,15-disubstituted
porphyrin. waever,‘in the acid catalyzed porphyrin synthesis, én exteﬁsive 3qrambling
reactioh is reported to occur, leading to a mixture of pofphyrins besides the desired
tfqns-porphyrin. Tlﬁs scrambling process frequently observed in open chain polypyrran'e
condensations is proposéd to occur by the acid catalyzed fragmentation’of polypyrrane
into pyrrolic and azafulvene components (Smith, 1975a). Fortunately, tripyrrane could
not give porphyrin byproducts ‘becaus.,e thgre are no monopYrrolic components in the
reaction system if no scrambling reaction hés occﬁrr_ed. In this way, triﬁyrrane might be a
negligible component in the porphyrin conden;ation reaction derivéd from aldehydes and
dipyrrqmethanes (Gerasimchuk ez al., 1998) unless extra reaction was occurred, while

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

17
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porphyrins (Rexhausen and Gossauer, 1983). But elimination of tripyrrane by further

-purification is preferable, since this component might consume the acid catalyst and give

tar-like polymeric byproducts from oxidized polypyrrane components. Consecjuently,
each dipyrromethane was purified _by silica- gel column chromatography or vacuum
distillation to afford analytically pure dipyrromethanes in 1, 2, 3, and 4, except for 5§

with 80 % purity from 'H-NMR analysis.

Scheme 2.1  Series of dipyrromethanes

: /@\ + 4 [/ \S ——Tfi-»
OHC CHO l’:II ‘Pyrrole

R

' TFA

RCHO  + 2/ \3 EE—— M
| o N Pyrrole NH HN

meso-(R)dipyrromethane
2-5
OCy2Hos _ ,

' /\ .
R NTN\CH:; @ ' n-CyzHoy H-C7H15
No. 2 3 4 5
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Scheme 2.2  Dipyrromethane and byproducts

\ + 7 /
NH HN . HN ﬁ :

. Dipyrromethane N-confused dipyrromethane

id (0.
oo o () 208019 )
hl Pyrrqu

Ph Ph
1 : 40 /N\
+ = “H = +
N\ NH HN-Z
Tripyrrane Te
etrapyrrane
AN ,

2.2.2 Bis-dipyrromethane

After silica gel column chromatography, two species were observed in isolated 1,3-

bis(2,2’-_dipyrromefhyl)benzene 1 both in the TLC and 'H-NMR analyses. This was

readily understood as meso- and racemo-isomers.

2,23 Meso-aryldipyrromethane
Meso-(1-methylimidazol—2-yl)dipyrromethane 2 and meso-(4-dodecyloxyphen-1-

yl)dipyrromethane 3 were purified by silica gel column chromatography. Even after

19



|

Chapter 2
column chromatography, _purified Mé.§5=(4’—“dodecyloxyphen-1-yl)dipyrromethane 3
contained a tripyrrane component ,fi"om IH;NMR analys_is. Howei/er it seems difficult to
elucidate the dipyrromethane purity and tripyrrane contents since they are derived from
samevstartving materials, and the author distinguished each component quantitatively by
NMR iniensity 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 tripyrrane) (Briickner et cil., 1997).
Hence, molar ratio of dipyrromethane 3 to tripyrrane was 1:0.2 and the purity of
dipyrromeihane 3 was above 80%. It seems wasteful to peiform further purification of
dipyrromethane 3 by columii chromatography, since the corresponding tripyrrane are of
relatively close pqlarities not like other dipyrromethane derivatives .from TLC analysis.
Further, other puriﬁcatioii methods‘ (e.g. bulbfto—bulb distillation and recrystallization)
seemed difficult to isolation, because of its nonvolatile property and flexible side chains
as seen in me.sjo-[4—[2-(Trimethylsiiyl)ethoxycai'bonyl]phenyl]dipyrroinethane (Rao et al., |

2000).

2.2.4 Meso-n-alkyldipyrromethane
In the synthesis of n-élkyldipyrromethanes, the author perused Lindsey’s refined

report (Littler ez al., 1999). They permitted dipyrromethane synthesis in multi-gram

20



Chapter 2
scale§ by. refining purification method to bulb-to-bulb distillation followed by
recrystallization’instead of tedious cohipm chrpmatography. The author could obtain
multi-gram n—alkyldipslnomethanes_ by bulb-to-bulb di'stiuation,’ according to the refined
Lindsey’s method except f01f a py;‘role:aldehyde ratio. Lindsey et al. refined to use the
pyrrole:benzaldehyde ratio of 25:1 from compromise idea betwefsn isolated yield of
dipyrromethane and the price of excessive pyrrole. lAllth’oughv the author utilized their
- ratio of 40: 1, taken into cohsideration that tetrapentylporphyrin have‘akmaxAimu‘m yield‘at
‘ ohe.order of dﬂuted condition (1% M) than a tetaraphenylporphyrin case ( 10‘2 M) from
pyrrole and- corresponding aldehyde (Lindse_y etal., 1987). In the synthesis of me&o-(n—
_ tﬁdecyl)dipynomefhane 4, deaeration} was ‘performed oniy for pyrrole prior to the
addition of nétetradeqanal since argon bubbling to the solution caused overflowing. In
the preparafion of meso-(n-heptyl)dipyrrdmethane S, analytically pure dipyrromethane
was obtained iﬁ a higher yield (65.5%) than the authentic meso-aryldipyrromethane

pfocedure by bulb—to.—bu_lb distillation (Tomohiro et al., 2001).
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2.3 Synthesis of Free Base Gable Por’phyrin
2.3.1 General Statement |
As preliminary exp‘eriments, the author had referencgd 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 theée reports, the author designéd twéksynthetic
routes: (1) utilizing one aldehyde and two dipyrrdmethane (Scheme 2.3) and (25 utilizing

two aldehydes and one dipyrromethane (Scheme 2.4).

Scheme 2.3 Route 1

CHO
Bis-dipyrromethane

1 2

TFA DDQ

(. -

CHCi3 CHCI3/Toluene N
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Scheme 2.4 Route 2 ‘
OCy2Hzs

/=
N
C/@\ + 2 YN\ + 4
OH CHO CHO \\ J
NH HN
3

TFA DDQ -

p- L.

—T

CHCI, CHCla/Toluene Ny

The author utilized a modified Lindsey’s method in the fc;llqwixig porphyrin syntheses,
becausé 5,5’-free dipyrromethanes with various meso-subé?itucnts_ seems to be more
readilyv prcpared than the corresponding 5,5’-diforniyldipytromethane analogé utilized in
the MacDonald’s apéroach (Scheme 2.5). This Lindsefs method is well established for
the synthesis of mes&-substituted porphyriﬁs and cbmﬁpsed of one-pot two-step reactions
under mild cbnditions via porphyrinogen as an i;itermediate precursor of porphyrin
macrocycle. Va;rious 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 trifluoride etherate diethyl ether complex

(BF;-Et,0), and p-chloranil (TCQ) or 2,3-dichloro-5,6-dicyan‘o—p-benzoquinone (DDQ)
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were used as an acid catalyst and an oxi;daﬁt,' respectively.

Scheme 2.5 Lindsey's method

%Q%%{CHO
+
cno
. DDQ H»»%
5 Wg
‘ 1
2 1 N 4 ]
NH HN _ _ Ry
meso-(Rq)dipyrromethane Porphyrinogen Porphyrin
| o}
NC Ci
Acid = TFA or BF3 OEtg , DDQ =
. NC Cl
, : 0

2.3.2 Tétraalkoxyphenyl Gable Porphyrih
- The author explored the synthesis of tetaraalkoXyphenyl gable porphyrin according to
both Scﬁemev2.3 and 2.4. According to Scheme 2‘.3, acid catalyzed éondensation of 4-
dodecyloxybénzaldehyde with two dipyrromethanes, 1,3—bis(2,2’—dipyrromethyl)benzenev-
1 and meso-(1;;rnethylimjdazoi—Z—yI)dipyrromethane 2, followed by oxidétion afforded

the crude products which were analyzéd by TLC and MALDI—TOF MS spectrometry. As

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

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

methylimidazol-Z—yI)-10,20—bis(4-dode¢y10xyphenyl)porphyrin A in the TLC analysis.
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Meanwhile the gable porphyrin peak cbuld not be obseﬁed by MALDI-TOF MS
spectromctry. These additioﬁal coﬁiponénts were also identifigci as 5-( l-methylimidazol— '
’2-‘y1)—10,15,20-tris(4-dodecyloxyphenyl)porphyrin B B and. | 5,10,15,20-tétra1cis(4_
dodeéyloiybhcnyl)porphyrin C by MALD.I-TOF MS analysvis (Figure 2.3). They seemed
derived from the scrambling reaction of meso-subst‘ituevnts‘ (Lindsey ez a(., 1987).
According to .Scheme 2.4, the crude products of acid catalyzed condensation of meso-(4-
dodecyloxyphcn—l-yl)dipyrromethane» 3 with two aldehydes, isophthalaldehyde and 1-
methyl—Z-imidazolecarbaldehyde, followed by oﬁidation w§re analyzed by TLC and
: MALDI-TOF MS spectroxgetry. Similar to the results of Scheme 2.3, severai porphyrin-
like components were observed in TLC, and these were ascribed to the posSible product
A and the bypl_'oducts B and C rather than the gable porphyﬁn 5y MALD‘I—TOF MS
specﬁoﬁetry. In order to find the appropriate reaction condjtion for éenerating gable
porphyrin by suppressing the scrambling reaction, the author monitored the time course
v of the acid catalyzed cbndensation by TFA. By using Scheme 2.4 as a model reaction,
thé time course was monitored by MALDI-TOF MS spectrometry. As a i-esult, A and B
were detected at 15 nﬁn, and A, B, and’ }C were detected at 75 min, and the author could
not detect the gable porphyrin. It was concluded that the scrambling reaction occuﬁed at

initial condensation stage and depended on the time course.
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X
I

R
A B C R )0CiHys

Figure 2.3 Byproducts A, B, and C.

233 Sc_ranibling Reaction vat Meso-position

Since a long time ago the scrambling reaction of meso-substituents during course. of
the porphyﬁn synthesés was known as‘ “jﬁmbﬁng” or “redistri’bution”. reactions and
yielded a mixtufe of several different pqrphyrins (anith, 1975). ‘Thjs scrambling come
f:om the acid catalyzcd fragméntatiop of polypyrrane (describe above and ’Scheme 2.6),
and also occurred from f-alkyl sqbstituted pyrrole derivative, 3,3’,4,4’—tetramethyl-2,2’-
dipjrfylniethane (Gunter and Mander, 1981). To avoi(i such scrambling reaction,
extremefy mild cyclization conditions and/or different stratggies were required (Smith,
1975).’ Recently Lindsey et al. explored further refinement of reaction;'conditions that
eliminated scrambling for condensations. Unfortunately, in this reﬁnenient, Sup]ﬁression
of the scrambling reactiéns was restricted only to sterically hindered dipyrromethanes,
such as meso-mesityldipyrromethane (Littler et al., '1999), and an alternative route was
proposed in the preparation of trans-porphyrins bearing sterically unhindered
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substituents by the 'self—condenéation of a dipyrromethanecarbinol (Rao et al., 2000). On
the other hand? 'the’irrevcrsible scrambiing reacﬁon was reported in thé combinatiop of
the alkyl aldehyde ahd'pyrrole condensation in ‘thcir pioﬁeering work (Lindsey et él.,
1987). Thc author employed the lgtfer description as the most ponvenient modiﬁcations

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

Scheme 2.6 Scrambling reaétion

Pyrrolic b

New polypyrrane d

Oxidant

Porphyrin f
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2.34 Tetra(n-tridecyl) Gable Porphyrin
At first the author utilized meso-(n-tridecyl)dipyrromethane 4 as a starting material.

Similarly to  Scheme 24, acid catalyzed condensation = of meso-(n-

- tridecyl)dipyrromethane 4 with two aldehydes, isophthalaldehyde and 1-methyl-2-

imidazolecarbaldehyde, followed by oxidatién Wére analyzed by TLC and MALDI-TOF
MS spcctrdmetry. Ih the crude products, one majqr component with several minor spots
were observed excépt for the possible byproduct, 5,15-bis(1—methyliinidazél-Z-yl)-
10,ZO-Bis(n—tridecyl)porphyrin 6, by TLC analysis and gable porphyrin peak was
detected with negligiblc amo_untsr of scrambling byproducts by FMIALDI—TOF MS. Three
column chromatographies, (i.g. silica gél, basic alumina, and size exclusion columns)
were sequehtially applied and fhe major porphyrin component was isolated. Surprisingly
the major component was asc;'ibed to 5 —( 1-methylimidazol—Z-yl)—15—(3-formylphen—lyl)—
10,20-bis(n-ﬁdecyl)pomhyﬂn 7 instead of the designed gable porphyrin from
MALDI-‘TOF-MS and‘ 'H-NMR anaiyses in a 6.1% isolated yield. Furthermore trace

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

dimers, objective gable porphyrin 8 and mono(l-methylimidazolyl)—mono(3-

|

formylphenyl)porphyrin dimer G (Figufe 2.4). From this first trial, porphyrin monomers
(6 and 7) and trace amounts of porphyrin dimers (8 and G) were obtained as reaction
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products.

R= n-C1 3H27

Figure 2.4 Byproducts D,E,F,G,H,1, and J.

Since the Byproduct 7 .has a potential to be converted to gable porphyrin 8, a wide
variety of reaction conditiqns were'ex'anﬁncd to convert 7 to the gable porphyrin in the‘
same reaction Series, i.e. “one step route” (Scheme 2.7 and Table 2.1). As a result of
these trials, the byproduct 7 survived during the coufses of one step route. Further
addition of TFA or using BF3-EtzO instead of TFA caused the scrambling reaction and

afforded further undesirable byproduct D and E.
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Based on the fact that the scrambling reactibn may pot occur 6nce oxidized, the
byproduct 7 was treated as the starting matcﬁal of gable porphyrin. Therefore, 7 was
isolated as a building blobk of gable porphyrin ‘ahd subjgcted to another cyclizati4on
reaction in a sq—cal_lcd “twb steps route” (Scheme 2.8 and Tablg 2.2). Because of less
reactivity ’o‘f ‘the startihg material 7 in this second step, the author experienced
requirements that taking long condensation time and/or adding excess amounts of TFA to
consume 7. While excess amoﬁnts of TFA coqld,donsume formyl substituted porphyrins
(7, E, G‘, and H), the scfambling reaction pfoducts D,F,I,and J were generated (Figure

2.4). Therefore objective gable porphyrin could not be isolated by this reaction system.
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Scheme 2.7  First step

N N
OHCO\CHO * Y \-

CHO

1

Acd  ppQ
CHCl3  CHCly/Toluene

Acid = TFA orBF5- O(Et), Formylporphyrin R = n-C3Hpy
7

Table 2.1  First step

‘Run O\ ' Nr\=\N\ Gratzr Acid pDDQ Condensation ~ Exchange
number OHC CHO T NN ! » time reaction

' : CHO NH HN

1 - 1eq 2¢eq 4eq  4+8eq 6 eq 6h -

2 2eq 2eq 4eq 2eq 6eq 14 h -

3 3eqg 2eq 4 eq 6eq- 6eq 3h +

4 2eq 2eq - 4deqg 8eq  6eq 2h +

5 2eq 2eq 4eq ' 1.32eq 6eq 2h +

6 Oeq 2eq 2eq ' 2eq 3eq 23 h .

7 1eq 8eqg 10eq 6eq 15 eq 8h -

8 1eq 8eq 10eq 6eq 15 eq 24h - -
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Scheme 2.8  Second step

=\ R
Y T2 NNt
CHO NH HN
4
TFA DDQ :
' CHCl " CHCly/Toluene Ny l!l

gable porphyrin R =n-Cy3Hoy

Table 2.2 Secohd step .
' v R=n-CygHoy

Run Nr\z\N\ ppq Condensation Exchange Survival
number I time reaction of 7
HO : v
9 1eq 2eq 1eq leq 3eq 46 h - +
10 1eq . 2eq <leq 6eq 3eq  2h + +
11 15eq 3eq . <1eq : 6eq 45eq 49h + -
12 5eq 10eq 1eq 18eq 15eq 49h + -
13 1.7 eq ‘3.4eq <1eqg 40eq 5.1eq 2h + -
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2.3.5  Tetra(n-heptyl) Gable Porphyrin
Meso-(n-heptyl)dipyrromethane 5 could be obtained in an analytically pure form in a
high yield (65.5%) by bulb-to-bulb distillation (Tomohiro et al., 2001). The author
ﬁnélly utilized this dipyrromethaﬁé 5 and succeeded in the synthesis of bis(imidazolyl)
gable porpﬁyrin 11 by using thé previous kﬁowledge ab.out ‘the scrambling reaction.
Puﬁﬁ;ation was achieved by three kinds of chromatography (basic alumina, silica gel,
and size exclusion chromatography), and analyfically pure free Base gable porphyrin 11v

was obtained in a 2.1% total yield of the first and secon’d,ksteps. |

24  Characterization of Free Base Gable Porphyrin
24.1 Nuclear Magnetic Resonance Spectroscopy
From 600 MHz 'H-NMR measurement of this gable porphyrin 11, three atropisomers

were observed in a 1:2:1 statistical ratio (Figuré 2.5).
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Figure 2.5 600 MHz 'H-NMR spectrum of free base gable porphyrin 11 in (CDCIZ)2

room temperature.

!

242 Dynamic Nuclear Magnetic Resonance Speciroscopy

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

'methylinﬁdazolyl)porphyrins. The steric hindrance ‘bétween- 1-methyl group of

imidazolyl ring and ﬁ-protons of pyrrole rings causes a perpendicular orientation of the
imidazolyl group to the porphyrin plane. The atropisomers could be distinguished from
different chemical shifts, induced by a ring current effect between the imidazolyl group

and the porphyrin plane in NMR spectra. If the 1-methylimidazolyl group rotates freely,
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one would expect one single NMR peak for the 1-methyl group. However, the actual

- NMR spectrum gave two peaks instegd of one peak, and this is thought to reSult from the
atrobisomers being in magnetically nonequivalent environments.

Thé rate of exChange betwéen atropiéome‘rs increases as the temperature is increased,
and the lifetime of each state thus decreases and the corresbonding NMR signals are
broadened. At temperatures below the coalescence temperatﬁrg few molecules have
sufficient energy to prevail againstkthe rotational barrier. At temperatures higher than the
coal¢scence temperature, many molecules have enough thermal energy to overgome the
barrier and then free rététion or.;éurs. In the case of free base gable porphyriﬁ 11, 2 plot of |
In k versus 1/T (Eyriﬁg plét) afforded a value for the activation energy E, for the
rotational isomeriza_tion ‘(Figure 2.6). Using values of k exten(iing over the variéble
temperature range, 373--301 K, the activation energy AG,g4 F at 298 K was obtained as.
71.1 kJ mol™. In the case of meso-phenyl and meso-o-fluoro-phenyl rotations were
reported as 45 + 5' and 93.2 + 1.3 kJ mol™ at 210 and 298 K, respectively (Crossley e al.,
1987). Further, in the case of trans—bis(l-methylimidazol—Z-yl)porphyrin 9 no
coalescence peak was observéd at temperature lower than 373K. Considering these

~points, gable porphyrin 11 might rotate not around the 1-methylimidazolyl side, but

around the phenyl ring side. Relatively large activation energy AG* of 11 to one of meso-
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phenylporphyrin may come from slower diffusion of bulky 3-pophyrinylpheny1

substituent.
-1
] ® N-Me
-1.5
{ 373
-2
5, 25 |
£ ]
: ] N-Me
-3 . - NH
i ® 5 .
1 Phog  Im beta
-3.5 318 K
] ——y=11.912-5018.4x R=0.9231 ®Im
"4-|||| T Illlllllllllllll
0.0026 0.0027 0.0028 0.0029 0.003 0.0031 0.0032

1T (K)

Figure 2.6 Eyring plot for free base gable porphynn 11 by variable temperature NMR
measurements in (CDC12)2
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2.5 Experimental Section

2.5.1  Reagents

All reagents were obtained commercially and used without purification.

252 Nucl_ear Magnetic Resonance Spectroscopy
Deuterated chloroform (CDCly) containing tetramethylsilane (TMS) as an:internal

standard, and deuterated 1,1,2,2-tetrachloroethane ((CDCL,),) were used.

253 vGeneral‘ Porphyrin Synthésis

Porphyrins (fro:ﬁ crode reaction ‘mixtures aﬁd/or the succeeding purification) webre’
analyzed by TLC and MALDI-TOF MS §vith dithranol as a matrix. Duﬁng the
optimization of condensation conditions, minimum amounts of aliquots were pipetted
out from the reaction solution followed by oxidation with DDQ, and analyzed by TLC
and MALDI—TOF MS. All preparafive scale column Chromatographies were performed

under foil-wrapped open column.

254 Free base porphyrins in a single step route

The solvent CHCI, was treated with nitrogen gas bubbling for more than 10 min.
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Starting  materials, isophthalaldeh‘yde (201 mg, 15 mmol), 1-methyl-2-

| imidazolecalbaldehyde (496 mg, 4.5 mm'ol),‘ and nehepty1dipyrromethane‘5 (Tomohiro et

al., 2001) (1,026 mg, 9 mmol) were dissolved in CHCI; (375 mL) inito a 500 mL one-
neck round-bottom flask. TFA catalyst (687 pL, 9 mmol) was added, ond the reaction
mixture was stirred at room temperature, monitored by  silica gel TLC. After

isophthalaldehyde was consumed, typically 6 h, p-chloranil (2,766 mg, 11.25 mmol) was

added using 5 mL tolucne, and the solution was stirred for further 2 h. The acid catalyst

was neutralized by triethylémine ( 1,250 pL, 9 mmol), and the solution woé poured onto a
pad of deactivated basic alumina column. CHCI, os eluent were added until free base
porphyrio compooents wore fully eluted, and the eluént Wwas rotary evaporated to dryness
as a porphyrin mixture.‘ The mixtoro of free base porphyrins were dissolved in a
minimum amount of CHC13, loaded onto siljca column(s) (CHCIQ, then CHCl,/acetooe =
5/1 /v)). Throe bands were observ;ed with }the following composition: (M
monoformylporphyrins (maioly monomer 10), (2) bis(imidazolyl)porphyrins (mainly
dimer 11 and monomer 9), and 3) bis(imidazolyl)porphyrins (only mono_ﬁler 9). After
removal of a tar component (quinone species van-d polypyrromethene impurities), the
band (1) was eluted with CHCI, only, and the bands (2) and (3) were eluted with

CHCly/acetone = 5/1 (v/v). Each fraction was rotary evaporated to dryness and yielded
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87 mg, 63 mg, and 190 mg, as Fhe ba‘;lj:lw(l), (2), and (3), fespectivcly. From 'H NMR
analysis, the b;'md (1) component were comprised of mainly monomer 10 and small
amounts of dimer 11, 64;8 mg (93.8 pmol; 6.3%) and 22.0 mg (17.6 pmol; 1.2%),
respectivel‘y.v_
Further silica gel column pﬁﬁﬁcation was achieved for the band (1), and 10 was
recycled to the second cyclizaﬁon Step (see below). Final separaﬁon of the band (2) was
achieved by dissolying tﬁe mixture in a minimum amount of benzene (or toluene), and

chromatographing the solution on the gel péfmeation chromatography (GPC) columns.

‘Three bands were observed by an UV lamp (365 nm) irradiation with the following

composition: (1)’ mainly trimer, higher molecular weight components, ahd dimer 11, (2)’
mainly dimer 11 and small amounts of trimer and monomer 9,‘ and (3) only monqmer 9
on the basis of ‘MALDvI—TOF mass spectrum. Four sets> of GPC sépa;ations were achieved
by diViding 63 mg sample, the band (2)’ mainly .cbmprisedv of dimer 11 was GPC
chromatographed agaiﬁ, yielding ;7.5 mg (6.0 umol); 0.4% (isolated yield from the band
(2)) of dimer 11. The band (3) afforded analytically pure free base monomer 9 according

to '"H-NMR spectra, and yielded 190 mg (285 pmol; 12.7% (isolated yield)).
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2.5.5 Free base porphyrins in the second cyclization step
The solvent CHCI, was treated with nitrogen gas bubbling for more than 5 min.
Starting materials, 1-methyl—Z-imidazolecalbaldehyde (© mg, 83 pmol), and n-
heptyidipynomethane 5.’(25 mg, 104 pmol) ‘,W_ere dissolved in CHCI, (11 mL) intov a 50
mL one-neck round-bobtobl flask compﬁsing of 5-(3’—formylkphenyl)-15,20-bis(n-
heptyi)-10—imidazolylpofphyrin 10 ,(14 mg,b21 p,mdl). TFA catalyst (13 pL, 166 pmbl)

was added, and the reaction mixture was stirred at room temperature, monitored by silica

gel TLC and MALDI-TOF mass. After stirring for 12 h, DDQ (35 mg, 156 pmol) was

added using 2 mL toluene, and the solution was stirred for fulfther 2 h The 'acid catalyst
was neﬁtralized by triethylamine (23' pL, 166 .;unol), and tbe solution was poured onto a
pad of deactivated basic alumina 'column. CHCI3 as eluent was added _until-’free base
porphyrin components were fully elutéd, and eluted solution was rotary evaporated to
dryness as a mixturg. The mixfure of free base porphyrins Was dissolved in a minimum
amount of CHCI,, loadedk onto silica gel column (CHCL,, thén CH.C13/acetone =5/1 (v/v)).
Two components were separated with the following  composition: (1)
mono(imidazolyl)porphyrins (unreacted 10 and exchange reaction byproductS), and 2)
bis(imidazvolyl)porphyrins (mainly‘ dimer 11 and mbnomer 9), the component(l) was
eluted with CHCI, only, and the componebt (2)‘wa‘s eluted withl CHC13/a¢etone =5/1
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(V/v). The component (2) was rotary evaporated to dryness and yielded 7 mg of

bis(irrlidazblyl)porphyrins. Final separation of the component (2) was achieved by

dissolving the mixture in a minimum amount of toluene, and chromatographing the
solution on GPC columns. Similarly 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 11 and monomer 9, 3.6 mg (2.9 umbl; 13.7 %)

and 2.9 mg (4.4 pmol; 10.5%), respectively.

5,15-Bis(n-heptyl)—10,2_0-bis(l-methylimidazol-Z-yl) porphyrin (9): 'H NMR (400
MHz, CDCL, rt) 5 9.48 (B, d, 2H, J = 2.0 Hz), 9.47 (B, d, 2H, J = 2.0 Hz), 8.84 (B, d, 2H,
J=5.2Hz),8.82 (B, d, 2H, J = 4.8 Hz), 7.71 (Im, d, 1H, J = 1.6 Hz), 7.69 (Im, d, 1H, J =

1.6 Hz), 7.50 (Im, d, 1H, J = 1.6 Hz), 7.48 (Im, d, 1H, J = 1.2 Hz), 4.96 (CH,, m, 4H),

3.45 (CH,, s, 3H), 3.36 (CH,, s, 3H), 2.51 (CH,, m, 4H), 1.76 (CH,, m, 4H), 1.51 (CH,,

- m, 4H), 1.32 (CH,, m, 8H), 0,89 (CH,, m, 6H), —2.70 (NH s, 1H), -2.71 (NH, s, 1H).

From 'H NMR measurements, the author observed three kinds of atropisomer, and these

isomers corresponded to almost the theoretical statistic ratio (i.e. 1:1); MALDI-TOF |

'mass (dithranol) m/z obsd 667.43 [M+H] calcd exact mass 1666.42 (C42H50N8), abs

(benzene) 419, 515, 552 593, 652 nm; Aem (benzene) 658, 724 nm.
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-5-(3-Formylph’en-l-yl)-10,20-bis(n-heptyl)-15-(l-methylimidazol-z-yl) porphyrin

(10): '"H NMR (400 MHz, CDCl,, rt)  10.34 (CHO, s, 0.5H), 10.32 (CHO’, s, 0.5H),

9.47 (B, d, 2H, J = 4.8 Hz), 9.43 (iR d, 2H, J = 4.8 Hz), 8.80 (B, d, 2H, J = 4.8 Hz), 8.77

| (B, d, 2H, J = 4.8 Hz), 8.73 (Ph, s, 0.5H), 8.63 (Ph’, s, 0.5H), 8.49 (Ph, d, 0.5H, J = 7.6

Hz), 839 (Ph, d, 0.5H, J = 7.6 Hz), 8.35 (Ph, d, 1H, J = 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 (Im, s, 1H), 7.48 (Im, s, 1H), 4.94 (CH,, t,
4H, J = 8.0 Hz), 3.42 (CH,, 5, 1.5H), 3.40 (CH,, s, 1.5H), 2.50 (CH,, m, 4H), 1.76 (CH,,
m, 4H), 1.49 (CH,, m, 4H), 1.32 (CH,, m, 8H), 0.88 (CH,, m, 6H), ~2.66 (NH, s, 2H).

From;'H NMR measureménts, the author observed two kinds of atropisomer, and these

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

mass (dithranol) m/z obsd 691.45 [M+H]", calcd exact mass 690.40 (C4sH;,N,O).

1,3-Bis[10,.20-bis(n-heptyl)-lS-(l-methylimidazol-z-yl)porphyrin-S-yl]benzene ’(11):
'H NMR (600 MHz, CDC13, 1t) 8 9.59-9.57 (B, m, 4H), 9.45-9.43 (B, m, 4H), 9.39-9.37
(B, m, 4H), 9.24 (Ph, s, 0.25H), §.10 (Ph’, s, 0.5H), 8.96 (Ph”, s, 0.25H), 8.75 (B, m, 4H),
8.68-8.66 (Ph, m, 1H), 8.56 (Ph’, d, 1H, =172 ﬁz), 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 (Im, s, 1H), 7.44 (Im, s, 1H), 4.96 (CH,, m, 8H), 3.43 (CH,, s, 3H), 3.40 (CH,, s,
1.5H), 3.35 (CHS, d, 1.5H, J = 2.4 Hz), 2.51 (CH,, m, 8H), 1.78 (CH,, m, 8H), 1.50 (CH,,

m, 8H), 1.32 (CH,, m, 16H), 0.87 ’(CH3, m, 12H), -2.62 (NH, s, 4H). From 'H NMR

‘measurements, the author observed three kinds of atropisomer, and these isomers

correspbnded to almost the theoretical statistic ratio (i.e. 1:2:1); MALDI-TOF maSs

(dithranol) m/z obsd 1247.76 [M+H]", caled exact mass 1246.77 (Cg,Hy,N,y); A,

(benzene) 415, 431, 517, 552, 596, 652 nm; Aem (bc_niene) 658, 725 nm.

2.5.6 Dynamic Nuclear Magnetic Resoxi_ance Spectrbséopy
(CDCl,), wés used as av solvent. The samples 13 (ca. 3 mg) wé;s trainsferred 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 allowed for standing at high temperature measurements. A
series ‘of variable temperature 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

. exchahgc. The coalescence temperature T in K was defined as the temperature at which

the appearance of the spectrum changes from that of two sép_arate péaks' to that of a
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~ single, ﬂgt‘-topped péak. At this temperature k= ﬁAvO/Z”z. Where & is the rate constant
for the exchange in s, and AVO is the differenc_e in their resonance frequem_:ies at slow
ex,ch‘ange region, Av, = Vs — 3. A plot of In k versus I/T (Eyring plot) afford; a value for
‘the acﬁvation enefgy Ez from its slopé. Using values of k extending over the variable
temberafure range, 373-301 K, thé value of AG,y, ! at 298 K was 6btained from a plot of

In (k/T) versus 1/T. From values for E, and AG*, AH* and AS! can be evaluated. -
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Chapter 3.  Formation of Macrocyéthtrlicture ﬁom Zinc(II) Gable Porphyrins
3.1 Zinc(II) Insertion Reaction

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

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

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

method, thé dimethylformamide method; the metal organyi ﬁiethod, and the metal
carbonyl method (Smith, 1975b). The aﬁthor adopted the acetaté method to insert
zinc(II) idn to imidazolylporphyrin unde; m11d cpndition at room temperature (Scheme
3.1).v Zinc inserﬁon conveﬁed quantitatively frce base porphyrins (9 and 11) to .the

corresponding zinc complexes 12 and 13, respectively.

Scheme 3.1 Zinc(II) insertion reaction by the acetate method
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3.2 Reorganization Procedures under High Dilution Conditions
3.2.1 General Statement

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

o directly-linked bis(imjdazolyl)porthrin dimer by using coordinating solvents (Ogawa

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

réarrangement processes of self-assembled porphyrin'arrays by adding and removing

coordinating solvents, respectively. After removing coordinating solvents, the porphyrin

_arrays express a different arrangement from the original arrays under appropriate

conditions. These reorganization processes might be sensitive to the experimental
conditions (concentration, ratio of solvents, volume, temperature, and pressure). The

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

3.2.2 Gel Permeation Chromdtography
The size distribution of zinc géble porphyrin 13 was analyzed by gél permeation

chromatbgraphy (GPC) and was observed as a polymeric mixture 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

gave giant linear arrays (Ogawa and Kobuke, 2000). Although the distribution of 13 was
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broad, the vcurve showed obviously longer elutiOn time and distinct peaks va,t around 12.3
min, indicating the oligoﬁlerformation of much smaller molecular 'weight.v This result
sﬁggests that the terminal imidgzo’lyl group tends to find the zinc porphyrin counterpart
at the other chain vend_lgading to intrzimolecular cyclizatioﬁ rather than ’zigzag‘ chain

~ elongation.

300 . . | 12.3

3,790 920

Normalized absorbance {mAU)
g

OIill_I'—r—l"—l_F|||l|ll|||l|||ln|
4 6 8 10 12° 14 16

Retention time (min)

Figure 3.1 Normalized gel permeatlon chromatograms with a column exclusion
volume is 7 x 10* daltons. Each eluent is chloroform. Sequences of (a) 13, (b) meso-
meso directly coupled porphyrin oligomer terminated by
mono(imidazolyl)porphyrinatozinc(ll) monomer. The numbers above each peak
correspond to the numbers of porphyrin rings. Inset shows the chemical structure. R = n-
heptyl group; some n-heptyl groups are omitted for clarity. (c) polystyrenc standards.
The numbers above each peak indicate the molecular weights.
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32.3  Reorganization uhder High Dilution }‘Conditions
To‘ dominate thé intrémolééular cyclization; ‘the aﬁthor applied the reorganization
principle established previously (Ogawa aﬁd Kobuke, 2000); coordination bond is
formed in non-polar solvents, while broken in pola; sol\}ents by 'c.ompetitive coofd_ination,
and t‘hev process .is reversible, bu‘t’ now ﬁnder high—dilution conditions. The reorganization
processes are as follows: (1) Cleavage .of the coqrdinate ‘bondiand dilution; 13 was
dissolved in 5 uM of CHCly/methanol = 7/3 VIY). (2) Further qiéavagc and dilution;
methanol was added to make’ a 3.5 buM solution of CHCIQ/m'cthanol .= 1/1 (v/v). (3)
‘ Finally, the soiveht was evaporate_:d at 25+ 1 °C. ’["he GPC chart of the sample aftér the
reorganizationk process showed a dramatic chaﬁgc. In the r@rganized sample, 14, the
1érger molecular weight part was_ eliminated almost completeiy and the peaks were
conve_rged‘.to mainly two of the smallest molecular weights (Figu_re 3.2). Considering
‘that cyclic molecules are eluted in general slower than the corresponding linea;
~molecules as shown not only for theoretical cbnsideration (Skvortsoﬁ and Gbrbunov,'
1990), but also for experiment résults (e.g. poly(oxyethylene)s (Yu et al., 1996),
polycarbazoies (Zhang et al., 1996), and polystyrenes (Lepoittevin et al., 2000)).
Therefore the observed molecular weight might be'compaj:ible with the giosed structure
of macroring of gable porphyrins.
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Figure 3.2 Gel permeaﬁon chromatograms for 13 (dashed curve) and 14 (solid curve)

with a column exclusion volume of 7 x 10* daltons. Each eluent is chloroform and 150

uM solutions were injected.

During the reorganization processes under high diluted conditions, relatively

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

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

the high dilution conditions preferentially affect rather the formation of the macroring
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array than that of the zigzag chain elongation. Meanwhile, in large number of aggregates
like after the zinc insertion reaction, the entropy term might be predominated byvthc

enthalpy term and the broad molecular weight distribution was afforded by

uncoordinated species. Since such a broad molecular weight distribution was observed in

linear porphyrin arrays (Ogawa and Kobuke, 2000), these thermodynamical speculation

~ might be reasonable as‘sessment. It should be noteworthy‘thatv the peak at 12.3 min in

Figufe 3.2 constantly exists even after the first zinc insertion reaction u_nd.ei"
concentratcd conditions (Fig‘ure“ 3.1), and ‘thvis éomponent must be the most ,
thefmodynanﬁcglly stable molecular aséembly. The peak é.t 12.6 ﬁ;in might be forcedly
fqrmed dg:ing the reorganization processes under high dilution conditions. Further
separation of two compqnents‘ was perfoi'med by using size exclusion chromatography,
toluene or benzene as eluents (Figilre 3.3). In the followipg 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
chromatography.
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33 -Probe Microscopy

3.3.1 vGeneral State'me_nt :

Probe microscopy (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 Atomic Force Microscopy

Atomic force microscope (AFM) measutements of 14 on v ﬂat - nﬁca substrate
"demonstratedvthe prcscnce of round-shaped particles (Figure 3.4). Further enlargement
observation gave round-shaped particles of a uniform hcight (ca. 1.5 nm) (Figure 3.5).
The size, after correction cf the radius curvature of the AFM pcobe (ca. 10 nm), provides
the net diameter of the particles asa few nm. These particlcs are main components of the
minimum sizc corresponding to the barfel shaped macroriﬁg, although accompanied by
larger ones presumably of their aggregates. Therefore the reorganization ‘proccsscs
converted completely thc polymeric assemblies 13 to a barrel structured mixture 14.
Separatioc of 14 by preparative GPC afforded ﬁnélly 15 and 16 as the first and second
eluting components,vrespecti'vcly. It should be noted that each component (15 and 16) is

very stable both in solid states and in solution unless using coordinating solvents. In
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-~ AFM measurements, most particles were oybserved singly and similar 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.

15.0
[nm]
0.0

Bispares
2150

Figure 3.4 - Results of AFM measurements. (a) AFM image of 14 spin coated on mica
substrate. (b) Cross section profile of particle i.

[=]
0 b 1.47
4 [nm]
Ec
particle height (hm) width (nm)
i 1.40 26.8
ii 1.47 25.6
iifi 1.39 26.7

Q
0 50 100 150 200 250
[nm]

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. (b)
Cross section profile of particle ii. (c) Height and width of each particle.
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[um] |
[um]

0 [nm] 0
Figure 3.6 Results of AFM measurements. (a) AFM image of 14 spin coated on HOPG

substrate. (b) More enlarged image of 14 on HOPG. (c) Cross section profile of particles
along with a step of HOPG substrate in (b). ‘ '

3.33 Scanning Tunneling Microscopy

Scanning tunneling microscopy was performed on highly orieoted pyrolytic graphite
(HOPG) sufaces, which were preliminary confirmed uniformed | particles by AFM
measurements as shown in Figure 3.6. Similar to AFM images, many particles tended to
locate along with steps of HOPG surface in STM measurements. However the end group
of n-heptyl substituents seem to interact with HvOP’G sﬁrface, while thls group might be
difficult to observe the atomic image by STM probe because of its flexibility. 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 macroring of gable porphyrins.

008 nw/div

.
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Z 1.000 nw/div

2
m 1

Figure 3.7 Results of STM measurements. (2) STM image of 14 spin coated on HOPG
substrate. (b) Birds-eye view of particle a.

3.4. . Synchrotron Solution Small-engle X-ray»Scett»erbing

34.1  General Statement

Small-angle X-ray scattering (SAXS) measurement affords: (1) global size from ¢*~In
I(q) plot (Guinier plot), (2) molecular shape information from g-In I(g) plot, and (3)
molecula;‘ weight from scattering intensity at the origih 1(0), where g and 'I(q) are
scattering vector in A~ and scattering intensity, respectively. To determine the exact
aggregation number, the author applied SAXS measurements for 15 and 16 with

synchrotron radiation.
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342  Guinier analysis
The results of SAXS measurements for the first component 15 in GPCH with
synchrotron radiation are as follows. The plot of scattering intensity Vs. Square scattering

vector (Guinier analysis) provided a radius of gyration (R) 15.59 + 0.34 A for the

- predominant (98.0%) component (Figure 3.8). This R, value corresponds to diameters of

42.36 and 40.26 A according to sphere and cylinder approximations, rcspectivély. These
values agree well with the estimation of ca. 41 A for the outer diameter of cyclic
hexamer from molecular mechanics calcul'ation with a universal force field :

(UNIVERSAL —1.02) (Rappé et al., 1992). Further, the particle size distribution was

evaluated by the Funkuchen -analysis, and the remaining 1.99% component gave Ré =

49.05 A which might correspond to a higher ordered aggregated particles.
Similar to 15, SAXS measurements of the second component 16 in GPC analysis were

performed with synchrotron radiation. The Guinier analysis gave 'Rg = 11.12 + 0.66 A,

~and this R, value corresponds to diameters of 28.96 A ac'cording to thev cylinder

approximation (Figure 3.8). Unfortimately, these SAXS results of 16 might be relativély

less reliable, because the scattering intensity was relatively low gained.
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Figure 3.8 The Gunier plot for SAXS measurements of (a) 15 in a methyl benzoate
solution (2.2 mg/mL) and (b) 16 in a methyl benzoate solution (2.0 mg/mL). Where q is
the scattering vector in A~ and I(g) is the scattering intensity.
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3.4.3 Theqretical Calculation fiom Model Structures

To confirm the SAXS results, the author compared the experimental results with
‘theoretical calculation results by using molecular mechanics caiculations by Cerius® with
a ﬁn,ii)ersal force ﬁéld (UNIVERSAL 1.02) f(Rappé et al., 1992) and a program paékage
for SAXS analysis CRYSOL (Svergun et al., 1995). The representaiive models are
éhown' in Figure 3.9‘ With their theorctical‘ R, values. However, thrée kinds of cyclic
hexamers ﬁyere considered wiih Cé, C;, and C; symmetries in éalcﬁlation, these isomers
have similar ‘Rg Yalues, 16.54, 16."14,' and 16.67 A, respectively, and théir distinction
might be quite difficult in these .cxp'erimcnts'.v The R, vaiues for cyclic pentamer and
tetramer gave 13.52 and 10.55 A, respectively. 'fh# obtained R, values for 15 is between
cjclic hexémef and qyclic pentamer, and oné for 16 is between cycliq pentamer and.
- cyclic tetramer. It should be noted that linearkarrays distinctly have largér R, valﬁes than
those of correspdnding cyclic arrays, 28.34, 23.76, vand 19;43 A for linear-hexamer,
pentamer, and tetramér, respecﬁvcly. Therefore,' 15 and 16 must be cyclic‘ arrays in
solution by considering with the GPC results. Taking into account of low scaﬁeﬁng
intensity, 15 and 16 might be cbrresponding to cyclic hexamer and cyclic pentamer,

respectively.
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2834 A

23.76 A
h
‘?\W\& 19.43 A

Figure 3.9 | Theoretical models and their R, values. (a) Cyclic hexamer with C,
symmetry. (b) Cyclic hexamer with C; symmetry. (c) Cyclic hexamer with C, symmetry.

(d) Cyclic pentamer. (e) Cyclic tetramer. (f) Linear hexamer. (g) Linear pentamer. (h)
Linear tetramer. '
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Furthermore, a wide-angle region of the séattering profile was compared between
theoretical médels. Thls i'egion reflects molecular shépe information from g-In I(q) plots
(Pickover and Engelman, 1982). Theoretical g-In I(g) plot for‘ the model structures are
shown in Figure 3;10. The cyclic hexamers with C,, C,, and C, symmctﬁes have similar
| ‘scattering profiles and the author could not distinguish between them as same as the R,
va_lues. Whilc distinct difference were‘observed for cyclic hexamer, cyclic pentamer, and.
- cyclic tetramer, they have wavgd scattering i)roﬁlés with the first minimum peaks af 0.18,
 0.23, and d.’30 A‘f, respectively. It should be noteworthy that théSe waved scattering
profiles are not obseryed for lihcar oligomers, have monotonous profiles. Therefore -
observed Wavcd proﬁles for cyclié oligomers might be characteristic for the hollow

cylinder structures.
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Figure 3.10 - Theoretical g-In I(g) plot for the model structures. (a) The cyclic

»

' hexamers with C,, C,, and C, symmetries are indicated as solid, broken, and dotted lines,

respectively. (b) The cyclic hexamer with C, symmetry, cyclic pentamer, cyclic tetramer,
and linear hexamer are indicated as solid, broken, dotted, and dash dotted lines,

respectively.
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- 3.43  Scattering Prdfiles

Ina kw.ide-angle fégion of the scattering profile, both 15 and 16 gave waved profiles
characteristic for the hollpw cylinder structﬁre. The firstv minimum peak of 15 gppeared
at 0.17 A followed by a rise of the iﬁtensity. The scattering intensity plot is expressed
by a theorétical calculatiop (Svergun et al., 1995) best for the cyclic hexamer with a

minimum at 0.18 A“, in contrast to other cyclic oligomers, the minimum being 0.23 and

0.30 A for a cyclic pentamer and a tetramer, respectively (Figure 3.11). The author
conclude that 15 is a hexameric macroring. In the case of 16, however scattering

intensity was relatively low gained, the first minimum peak was observed around 0.18—

0.26 A! (Figure 3.12). Because this value roughly corresponds to the cyclic pentamer,

the author tentatively assign that 16 is a pentameric macroring.
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Figure 3.11 g¢-In I(g) plot for SAXS measurements of 15 (solid curve) in a methyl
benzoate solution (2.2 mg/mL). The theoretical curves for the cjclic hexamer, pentamer,
and tetramer are indicated as broken, dotted, and dash-dotted lines, respectively.
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Figure 3. 12 g-1n I(g) plot for SAXS measurements of 16 (solid curve) in a methyl
benzoate solution (2.0 mg/mL) The theoretical curves for the cyclic hexamer, pentamer,

and tetramer are indicated as broken, dotted, and dash—dotted lines, respectlvely

64



Chapter 3
35 Conclusion
From various measurements, the author concludsv that 15 is a hexameric macroring of -

gable porphyrins and that 16 is presumably a pentameric macroring of those as shown in

Figure 3.13. |
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Figure 3.13 Schematic molecular structures of (a) hexameric and (b) pentanieric
macroring of gable porphyrins. |
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3.6 Experimental Section -
3.6.1 Reagents

All reagents were obtained commercially and used without purification.

3.62 Zinc(Il) iﬁseftion reaction
12: Zinc complex of 9; A sample of free base porphyrin 9 (4.5 mg; 6.8 ’umol) was
dissolved in 2 mL of CHC13 i;itb a 50 mL one-ﬁeck round-bottom flask, and then a.
" methanolic solutioq of Zﬁ(OA§)2-2H20 (200 pL of methanol) was added. _’I"he reaction
mixture was stirred At room terﬁperature and monitored by TLC. After 1 h, the reaction
mixture was added by ca. 2 mL of CHCL,, and evaporatéd to remo?e methanol. The dried
reaction inixture was dissolved in ISmL of CHCI,, transferred to a 50 mL separating
funnel, the solution Was washed with distilled water (10 mL; 5 times), the organic layer
was concentrated and dried affotding 4.2 mg (5.8 pmol; 85.2%) of a pu@le solid 12.
MALDI—TOF mass (dithrémol) m/z obsd 729.45 [M+H]", éalcd exact mass 728.33
(C,;H;sNgZn); Ay, (chléroform), 412, 435.5, 564.5, 621.5 nm; A.n (chloroform, exéit_ation

at 436 nm) 626, 682 nm.
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13: Bis-zinc compléx of 11; A sample of free base porphyrin 11 (7.5 mg; 6.0 pmol)
was dissolved in 1.5 mL of CHCI, into a 50 mL ope-neck round—béttom_ flask, and then a
methanolic solution of Zn(OAc)z-ZHzO (300 HL of methanol) was ad_dcd. Thé reaction |
rnixfure was stirred at room ‘temperature and monitored by TLC. After 1 h, the reaqiion
‘mixture was added by 1 mL of CHCI,, and evaporated to remove methanpl. The dried
reaction mixture was dissolved in lsmL of CHCI,, transfcrred to a 100 mL separating
funnel, the solution was washed with distillcd water (10 mL; 5 timés), the organic layer
was concentrated and dried affording 7.5 mg (5.5 pmol; 91.7%) of a purpie solid 13.. '
MALDI—TQF maés (dithranol) m/z obsd 1371.57 [M+H]", c’alcdvexact ﬁass ’1370.60
(ngHgoN‘,Zan); 7\?,,5 (chlorofprm) 409.5, 446.5, 566.5, 622.5 nm; A, (chlo?oform,

excitation at 447 nm) 625, 681 ﬁm; A (1-methylimidazole) 425.5‘, 440.0, 565.0, 618.0

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

3.6.3 Reorganization procedure under high dilution conditions
The zinc complex 13 (0.2 mg, 0.15 pmol) was transferred to a 50 mL one-neck round-
bottom flask dissolving in 30 mL of a CHCl,/methanol = 7/3 (v/v) solution. The solution

was added gfadually by 12 mL of methanol to yield finally 42 mL of a CHCl,/methanol =
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1/1 (v/v) solution. This ‘solution was eqﬁipped with a rotary evaporator appnratus, and
stirred for 5 min under atmospheric pressure at 25 + 1 °C, and then evaporated in a
pcriod of 25 minvunder rcduced pressure at 25 + 1 °C. Further drying by a b'rotary pump
aff_'orded_ 14, whvich was dissolired in 1 mL of CHCI,; (150 uM), and anélyzcd using an

anﬂﬁical ‘GPC» apparatus. The GPC chromatogram showed two pcaks of naﬁower

distribution compared to 13. Further separation was accomplished by dissolving 14in 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)v

irradiation, and two components were separated With the following composition: (1) the .
first eluted higher molecular weight component 15, (2) the second cluted low molecular

weight component 16 on the basis of analjrtical GPC measurements.

14: Reorganized 'sample of 13; A, (chlotoform) 409, 446.5, 568, 621.5 nm; A,
(chloroform, cxcitation at 446 nm) 625, 680 nm. |

15: The first eluied' component of 14 in GPC puriﬁcétion; Aps (chloroform) 409.5,
447.5, 566, 622 nm; A, (chloroform, excitation at 448 nm) 625, 680 nm.

16: ‘The s'ec_ond eluted componcnt.of 14 in GPC purification; A, (chloroform) 409,

445.5, 565.5, 621 nm; A, (chloroform, excitation at 446 nm) 625, 680 nm.
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3.6.4 Nuclear Magnetic Resonance Spectroscopy
Deuterated chloroform (CDCIl,) containing tetramethylsilane (TMS) as an internal

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

3.6.5  Solution Sméll;angié X-ray Séattéfing |

Solution small-angle | Xéray scattering experiments were performed by using
synchrotron radiation at the solution scattering station (SAXES camera) installed a.atk BL-
10C, the Photon Factory,'Tsukuba,'J apan (Ueki efal.,’ 1985). The wavelength of X-rays
was adjusted‘to 1.488 A, éalibratéd bj a bent cylindrical mirror to give a quasi-point
focus. The éamples were measured witli a spegially dgsigned cell‘with quartz Windows.
The sizes were 15 pm .thicknéss, 13.5 mm ‘width, 3 mm height, ‘and 1 mm optical path
Ieﬁgth. The measurements were carried out at.porphyrin concentrations ranging from 2.0
to 2.2 mg/mL at 25 °C. Methyi benzoaie was used as a solvent, because of relatively less
background scattering and no interfering péak. Exposure times for each sample were 30
min, and background scatterings were determined befdre and after the sample
measurements. X-ray scattering intensities in thevsmall aﬂgle region are givén aslnl (q)

=In/ 0) - (1/3) Rg* ¢ (Guiﬁier equation), where g, I (0), and Rg are the scattering
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vector in A, intensity at zero scattering angle, and the radius of gyration, respectively.

The vector g is defined by q = (2m sin 6)/\, where 20 and A are the scattering angle and

the waveiength of the X-ray, respectively. The Rg values weré derived from thé slope df

its Guinier plot, In I (q) versus ¢°. The Funkuchen analysis was performed by the
'following relation, K, = kW(R,,)R,,’, where k and W(R,,) are the constant and the weight

ratio of n-th particle, respectively.

3.6.6 - Thgo;etical calculation of scattering profiles frq'm mpdel sttuctures

The theoretical scattering ‘curves _wcrc‘ calculated ﬁom vt’heb- model structures
c;onstructed by using thc'program package CRYSOL (Svergun' et a;., 1995) based oﬁ the
model structures constructed by ﬁlolécular mecha_xiics calculatibn. As the model
structures, the author calculated cyclic oligomers (hexamers,‘pcntamer, and tetramer),
linear oligomers (hexamer, pentamer, and tetramer), and monomer (zinc complex of 11).
Although three’isomeric structures‘ were possible in the cyclic hexamer with ’CZ? C,, and
Cs symmetries, the author could not distinguish them because nearly the same sizes and
scéttering profiles were calculated for these isomers. In a.cylinder approxi’mation,kthc
height of cylinder was fixed on 15.0 A derived from AFM particle irnages. Fpr 16, thé

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 the author could ﬁzcl‘)ﬂtife_solve accurately the size of
16 except that the size was smaller than 15, probably b'ecause‘kof the relatively small

particle size.

3.6.7  Molecular mechanics calculation
The construction of molecular models was performed using programs Cerius® MatSci

(version 4.2-4.6) deVeloped by Molecular Simulations Inc. with a universal force field

(UNIVERSAL 1.02) (Rappé et al., 1992). N-heptyl groups were displaced by methyl

groups to decrease the load of calculation. Because of low precision of the force field,
the author utilized constraints for porphyrin planes and phenylene bridges to avoid a

distortion for estimating the modeling sizes.
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Chapter 4 Antenna Function of Zinc(II) Gable Porphy;'ins
4.1 Absorption Spectra
In general, free base and zinc complex of porphyrins all _cpntain two major absorption
bands. The lower energy transitions are‘cal—led the Q bands in the visible region, and the |
higher energy ones are known as the B bands orvcommonly called the Soret bands in the
near UV region, and these transitions correspond tq S¢—S; and §;—8, transitions,
respectively. These absorption‘ bands are m—m* .transitions,. involving the electrons in the

7 conjugated system of the porphyrin macrbcycle (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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Bringing ‘close the distances between chromophores‘ causes a spectral change
compared to thé monOmeﬁc c»hromophore'f This interaction causes shift of the energy
levels of chromophores accémplished with ;edistribution of the osciﬂator strengths. The
S'o_ret or B tran‘s'itio‘ns‘ in symmetrically su.bs‘tituted' pbfphyrins conéists of two
| p¢rpendicﬁlary oriented transitions Bx‘ ‘a.nd‘ B,; the mo;‘e intense electronic transition
moment, .Bx, is in the'NH-N_H direction at ~420 nm, while a weaker transition mqment,

‘B, is in thé N-N di_rectiox; at ~400 nm (Figure 4.1). Siﬁcc ‘the NH—NH and N-N groups

jntcrchange, and the inﬂﬁencé‘qf vthe svbymm.etry of the trans~$ubstiﬁ1ted C2 porphyrins is
: unknow_n, the direétion of the B transitions is unsettled. Indeed, in view of the sz .'
symmetfy of the porphyrin chrqmophpre, in the present casé, it ﬂ;ay be allowed to define
tl?at the electronic trgnéition moment in series of imidazolylporphyrins runs in the meso-
meso direction. In .fac't‘, UV-vis absorption sp‘ectra. ._of prdxiinal pqrphyrins caused a
'splitﬁng of the Soret band region for bqth_ slipped-cofacial and phenylcne-bridged motifs

(Figure 4.2, and 4.3; respectively).
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Figure 4.2’ (a) UV—vis absorption spectra of the slipped-cofacial motif 12 in benzene at

room temperature. (b) Schematic diagram of splitting of the Soret bands.
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Figure 43 (a) UV—vis absorption spectra of the phenylene-bridged motif 11 in
benzene at room temperéture. (b) Schematic diagram of splitting of the Soret bands.
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In the case of slipped-cofacial motif, the spliﬂjng of the Soret bands might be
qualitatively explained by the eXciton coupling theory (Kasha et al., 1965). When this
theory is applied to the siipped-cofacial arrangement, the degenerated Soret transitions,
B, and B L,'ir.l‘th,e monomeric unit are red- and blue.—sh’ifted depending 6n the ﬁead-to-tail
and féce—tp-face Qrientations of the transition dipoles m, and m,, respectively (Figure
4.2).’ vIn thc_a case qf phénylehe—bridged motif, the splitting of the ,So;et bands m1ght be
explained siin'ilaﬂy. The réd—shiffed Sqret transiﬁon B, vinight be come from the
interaction bctween the transition dipoles my, on the head-to-tail vorielvltation, and the
other unperturbed Spret transition B, in the mdnomérié unit might be .deriVCd‘.froni both
the head—fo-head (tail-té-tail) orientations Qf the | tranéition dipoles m, and the

unperturbed transition dipoles m, (Figure 4.3).
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UV-vis absorption spectrum of the macroring 14 (hexamer:pentamer =~ 1:1) solution
gave further 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 macroring 14 in benzene at room

temperature.

These qualitative analysis of the absorption spectra indicates that although electronic
interactions between the closed porphyrins lead to perturbation of the Soret bands, the Q

band absorptions of all porphyrins are negligibly affected when the pigments are linked
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to form the array. In the point-dipole approximation, the exciton coupling theory
iﬁdicates that the interaction between chromophores should be inversely proportionalv to
the cube of the intcrchromobhoric distance and proportionél to the square of the
transition moments of the interacting chromqphores. Thus, long-range éxciton cdupling
in the p(‘)rpvhyrih_'arrays should only be seen for the higher oscillator strength Soret bands
and not for the weaker Q ban'ds',‘as is observed (quka and Mamyama, 1988). Similar
trends Were also observed in chl_orovf_orm solution, énd UV-vis absorption spectrum of
; the héxémer 15 and the pentamer 16 géve vlarge splits of the Soret bands, 2073 and 2003
cm™, respectively, 'these correspohd to the sum 6f each. contribution of the splitting
energy from slippéd—co'fac;ial gnd'phen.ylene-bridged interactions (Kasha ez al.,,ﬂv 1965),
1310 and 775 cm™, réspectively, the values of dimer 12 (zinc complex of 9) aﬁd of the

monomeric bis-zinc gable-pofphyrin (measured in l—méthylimidazole).

4.2 Fluorescence Spectré and Phbtﬁchemical Parameters

Fluorescence emission Spectra of the mac_rorings (14, 15, and 16) are similar to the
one of the slipped-cofacial dimer 12 (Figure 4.5), reﬂccting. unperturbed Q bands
absorption. Thése fluorescence spectl'ralv peaks of series of zinc porphyﬁns appear at

slightly longer wavelengths than the absorption maximum, and have a characteristic
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mirror image relationship to the absorption spectra. This rela»ti}onship may come from the
expectation that the gfound— and excited-states have ’similar} shépcs, and therefore that
the molecular vibrations that are activated dgring electronic absorption are also likely tb
be activated upon ﬂﬁorcscencc emission. However, in this case, the initial state is the
ground vibrational state of fhe excited electronic étate, and thé final state is the excited
vibrational state of the ground electronic state. This causes a shift of the emission to the
longer wavelength side of the niain trénsitjon, so called the Stokes shift.

Interestingly; while a red-shifted and strongly quenched ﬂﬁorgsqeﬁce was observed for
artificial cofacial zinc dimers (Sanders et a;l., 1988), imidazolyiporphyrin has intense
ﬂuore‘scégce emission. After thc macroring formation, the maCrorigg 14 also possessed
fluorescence emissibn property, comparéd to tetraphehylporphyrinatozinc(]I) (ZnTPP)V
17 as a reference (Seybold and Gouterman, 1969) (Figure 4.5 and Table 4.1).
Furthermore, the relative fluorescence quantum yield of hexamer 15 to that of the
monomeric bis-zinc gable porphyrin wés 0.51 (excited at the longer wavelength bandvof
the Soret bands, respectively). Similar relations have been observed between the natural
light harvesting complex and its dimeﬁc subunit constituent (Chang et al., 1996).
Detail.ed studies oﬁ photophysics of t:heb porphyrin macroring 15 will be of profoundv_
interest in the viewpoint’ elucidating the relation betv&;een structure and function.
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Figure 4.5 Fluorescence emission spectra of the slipped-cofacial dimer 12 (dashed
line) and the macroring 14 (sblid line) in benzene at room temperature.

Natural radiative lifetimes of the maéroring 14 and ZnTPP 17 were calculated using
the relation 7," = 7, /Py, where %, 7, and &,, are the radiative lifetime, the
fluorescence lifetime, and the relative fluorescence quantum yield, respectively (Table

4.1). In these calculations, the lifetime of excited state porphyrin %, was fixed at 2.0 ns
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both ZnTPP 17 (Yang et al., 1999) and the macroring 14 (Ikeda et al., 2002).
The author derived the further photophysical parameters according to Lon gd’s

approach (Quimby and Longo, 1975). For many aromatic molecules, the sum of the

| quantum yields of fluorescence and triplet formation is close to 1.0 (Medinger and

~ Wilkinson, 1965). This implies the krvi >> kgy for those aromatic molecules, where kq,,

and kg, are the rate constants of intersystem crossing and internal conversion,

respectively. Solov’ev et al. _feported the triplet quantum yields of tetraphenylporphyrin.

(TPP) to be 0.83-0.87 (Solov’ev ez al., 1972). Since the fluorescence quantum yield of

| . TPP is 0.11 (Seybold and Gouterman, 1969), one might assume kpy >> kgy for TPP and-

also for the zinc(Il) derivatives. The relatin: rates of ihtersystem cros’sirig of the
macroring 14 and ZnTPP 17 were derived by using the relation k,,° = 1/%,° and ky,, = k,°

(1 — Bpy)/ Bpy, (Table 4.1).

Table 4.1 Photochemical parameters

Py v (@) 10%,,C (s) 10%my 57

ZnTPP17 0.030°  66.7 150 485
macroring 14 0.035  57.1 175 483

- Seybold and Gouterman, 1969
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4.3 | Fluoreécence Quenching Experiment

4.3.1 GenéralStétemént »

The quenching process _of‘ fluorescence has been studiéd over the last century, and
several empirical aﬁd.theoreticgi relations have been propbscd to descﬁbe the obsc;ved
behavior. In this éection, tlie' author willb ‘describek thé_ phqtophysical antenna function of
the mécroring of gable porphyrins. Detailéd photochemical prqcéssés are defined in

| Appendix.

432 Stern-Vélnier Analysis
Fluorescence quenching experiments were perfbrmed by 1,4fbehzoquihoné (BQ) as an

electron transfer quencher. When a quenching reaction occurs unQer diffusion—_controlled

process, the Stern-Volmer relation is derived from (A.14) in the following Appendix
Bt (Prag)o = 1/(1 + 2 k[BQD @3.1)

where [BQ] denotes the molar ;:onceptration of BQ. And in geﬁeral, D,/ ( QFM)O = I,/T and

Ksy = %k, where I, and I denote the porphyrin emission intensity in the absence and

presence of BQ; respectivcly, and K, denotes the Stem—Vqlmer coefficient, and hence
I/ =1+ K[BQ] , (4.3.2)

The Stern-Volmer ([BQ] - I/I) plot of porphyrin fluorescence emission quenching by
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BQ gzive straight lines with segment at y-axis equals unity, both for the solution of the
macrering porphyrins 14 (approximately 1:1 mixture of heg_americ and pent_americ gable
porphyrins) aﬁd for the solution of a reference of ZnTPP 17 (Figﬁre 4.6). The values of
Id and I were integrated from 580 to 800 nm (i.e. 17‘.24—12.,50 kem™) for macroring 14 |
and from »-560’ to 800 nm (i.e. 17.86-12.50 kem™) fer ZuTPP 17, in the absenco end
' presénce of BQ, respectively. The lineae relationship of the Stern—Vel.mer plot observed
for the plotted region euggests that any charge transfer and/dr ekcimer complexes did not
: ‘form duriﬁg the measurehients. Fu'rther additi'oe of BQ to the pOrphyﬁn 14 solution, the |
plotv of macroring 14 caused a departure from Stern-Volmer relation, indicates a-‘
’ porphyrin-.quencher complexation. The Stern-Volmer constant K, is derived from the
slope of the Stem—Volmer‘plot and 286.57; 39.64 M for the macroring 14 and ZnTPP 17;
respectively. The ratio of Ky, values from 14 to '17 was 7.23. It should 'be.noted that,
| While a large melecule has a chance to encounter a quencher molecule easiiy, a large
molecule ‘diffusin'g more slowly than a small melecule. Therefore, the molecular size
effect was roughly canceled in .diffusion-co'ntrelled quenching processes. However the
obtained Ky ratio 7.23 was quite large, and this result indieatee an energy migration

within the inacroring 14 during its excited state lifetime. Similar to the Section 4.2,

throughout following evaluations, the lifetime of excited state porphyrin 7, was fixed at
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2.0 ns both ZnTPP 17 (Yang et al., 1999) and the macroring 14 (Ikeda et al., 2002). By

these assumption that 7, = 2.0 ns, the experimental k, values were 1.43 x 10" and 1.98 x

10" M s~ for the macroring 14 and ZnTPP 17, respectively.

1041
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Figure 4.6 Stern—Volmer plot for the macroring 14 (c1rc1e) and for ZnTPP 17 (square)
both in aerated chloroform SOlllthll at 25.00 + 0.05 °C.
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4.3.3 Diffusion-controlled Process
Again theore’ticélly, Ky, = kQM%M, wheré. koy and %, denote the secq_nd—order fate
constant of excited porphyrin."(‘]uenching by BQ and the lifetime of the excited bstate of
‘porphyrin, respectively. The quenching reaction in solution in general is considered as a
-diffusion-controlled collisionall proceés. From the Einstein-Smolu'chobw‘skf‘ diffusién
theory, the rate constant koy of the diffuéion-controlled coliision précess between the
porphyrin and BQ is givén és
kQM = 47N’ Dpa(l + pa(@D5,)™"*) (M 's™) o (4.3.3)
where N’ is'Avogﬁdro’s number NA divided by 1000, D = D, + D, is the suﬁ of the
diffusion gocfﬁcicnt bf the pomhyﬁn D, and that Qf BQ Dy, p .(S 1) ié a factor introduccd
to the quenching probability per mblecu‘lar collision, aﬁdvc.z =ap + agy is the Sum of thei_r.
interaction radii 6f porphyrin ap and that of BQ a,. The sgcond ferm in the parentheses
pa(nD’er"é means a transient componegt 'of dynamic quenching and this term can be
’ne'glected uhder the present expefimental conditions, where neither D, + Dq nor 7, is
very small. Therefore the term in the parentheses in equation (4.3.3) is nOrmally of the
order of unity, and it is commonly omitted, so that
kow = 4TN’Dpa (M-'s™1) | 4.3.4)

‘and may be rewritten by
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kow = 4TV (Dy + Do) plap + aq) (M7's™) 4.3.5)
In applying the relation (4.3.5) to thé quehclﬁng raté'constant kqus the author may make
' the following assumptions in a narrow sense: I( 1) the microscopic viscosity equals to the
macroscopic ‘sol_‘vent viscoéity 7, (2) Stokes’ law is appiicable to» the diffusion Qf
porphyrjn and BQ, and (3)‘_Stokes’ radii of pérphyrin and .BQ corrcspéﬁd to bP, and bQ,
~ respectively. On thGS¢ asSumptions, the Stokes-Einstein relation is valid and the author
obtain .
D, = IkBT/(67mb,,) and D, = k,,T/(sﬁ'qbQ) | »(cm"vs")(4b.3.6)
where k; is ‘tlje Bolt?mapn consfant, then (4.3.6) becomes -
 kou = 2IR.Tp(»aP + ao)(1/bp + l/bQ)/(3OOOn) | -~ (4.3.7)
wherg R=IkgN, = iOOOkBN’ and this eqqatibn is reduced to the familiar form |
kqu = éRT p/(3doo no (4.3.8)
for a collisional process, in which aP.= aq = by = by,

Upder steady state experiments, the transient term being neglected in (4.3.3), the rate
constant for the quenching process involving both molecular diffusion and lbng—range
electron transfer is given as
kom i 4nN’(Dy + D, + A)pR | (4.3.9)

~ where Ais the energy migration coefficient having the same dimension as the diffusion
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coefficients (cm?s). These approaches for the estimation of energy migration process are
common for the polymer cﬁemistry. In genéral, there is an assumption that the diffusionv
ébefﬁcient of ‘polymer Dy, is negligible and putting D,, = 0. In the author’s éase; each
compo‘und canbbe estimated from its structurai parameters. Towards rigorous analyses,
the authdr put structural parameters to each molecule, and van der Waals radii were
estimated from van der_‘ Waals vol_umes by spherical approximation (Table 4.2). 1t shOuid

be noteworthy that the difference bf diffusion conmstants are negligible between the

' macro_ring 14, isolated hexamer 15, and isolated pentamer 16.

Table 4.2 Theoretical diffusion constants D in cm*s™

Entry D (cm?s™)

CHCI,  1.59x10°%
BQ 1.43 x 10°°

ZnTPP 17  8.03 x 105
Macroring 14 3.56 x 10~°
5mer15  3.68 x 10~
6mer 16 3.45 x 105
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Further parameters for energy‘ 'migraﬁoﬁ would be obtained from the value of A. When
exciton migration is evaluafed from the one-dimensional random walk model, the mean
migration length L traveled as an exciton during its excited state lifetime is also
evaluated as

L= QAg)" o o  43.10)

Following de'scriII)tion‘s.,',the rate parameters of energy migration were evaluated tWo
approaches. A diffusion—coﬁtrolléd colliSioﬂal process was adopted in _4.3.4, and a »
diffusion-controlled lqhg—__disténce electron transfer process was applieci in 4.3.5. |

Furthermore, in 4.3.5 the vcritical‘ radius R}, Wehcre the rates of quéhching reaction
and decay bf ex@:ited state of porphygin are ecjﬁal, was used from following equation
(Forster, 1949)

" R, =17.35 x [BQ], N P (4.3.16)
where R,* haé the units of A and defined from the cri.tical concentration [BQ]. in M at the
IJI=2(= 1/6.5) in the Stevaolm_er equation (4.3.2). And R, = 48.3 and 25.0 A for the
macroring 14 ahd ZnTPP 17, respectively. Further p = 0.5 was put in the diffusion-

controlled long-distance electron transfer process (4.3.5).
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4.3.4 o Diffusiqn-controlled Collisional Quenching
- In this section the rate parameters .of energy migration was evaluated by’u‘sing the
diffusion-controlled cbllisionai process
kou = 4TN’(D,, + Dy + A)pR - (4.3.17)

When ap‘plying' this procesé to ZnTPP 17, ‘caluculated kow = 1.34 x 10" M“v s and
experimental k, = 1.98 x 10“’ M s afford the value of p (= k/kqy < 1) was 1.47 > 1.
This contradiction might indicate that the 'quenc‘hing prbcess occurs not only the
collisior‘nal‘ but also the long-range electron fraﬁsfer process, because other quenching

reactions are trivial processes in these experiments.

4.3.5 Diffusion-controlled Long-range Eléctron ﬁansfer Quenching
In this ‘section the rate pafameters of energy:migration was evaluated by using the
diffusion-contr'olled long-distance electron transfer pfoccss_ '
Ko = 27N'(Dy, + Do + ARy | 3 | (4.3.18)
where R,? = 25.0 A for the value of ZnTPP 17 was applied.b In the case of ZnTPP 17,
caluculated kqm Was 2.11 x iO’“ M s and the value of p was 0.94. This result indicates
the validity of long-range c:leétron transfer quenchipg prdcess, and affords the energy

migration coefficient A ~ 0 for ZnTPP 17. From (4.3.18) and (4.3.10), the macroring
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array 14 gave A= 1.3 x 10™* cm%s and the mean migration length L traveled as an

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

~ comparative to the aromatic crystal of phenanthrene, where A = 8.5 x 107 cm?s, 7, = 13

ns, and L = 47 and 81 A for one- and three-dimeﬁsional random walk model, r¢spectively

(Birks, 1970).

4.4 Conclusion
The rate parameters of energy migration in the macroring structure were evaluated by

using steady state spectroscopy. From the fluorescence quenching experiments, the

exciton delocalization was evaluated in the macroring array by the Stern-Volmer analysis

and the diffusion-controled dynami‘cs. ‘The macforing 14 and ‘its cqmpoﬁent of the
slipped—cbfacial dimer 12, gave nc.gligibleIShifts in both i:hc Q bands absorption and'th¢
fluorescence emiséion. Accordingly, the energy migration»méckhanis.m iﬂ the ‘mz;croﬁng
array might be described the incoherent hopping model rather thén the éoherent excifon |
model. Meanwhilc;, taking into account for 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 Férster theory (Cho et al., 2001).

Because some bis-zinc(II) gable porphyrin gave subpicosecond order (540 fs) energy
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hopping between porphyrins (Yamazaki et al, 1999), further photochemical

investigatioh utilizing ultrafast spectroscopy must be challenging.

91




Chap;ers
C‘hapter 5 Gene'r‘al Conclusion
5.1 Summary
In sumxﬁary, the author succeeded inv éonstmcting the porphyrin macroring by
interlbcking 1,3-phenylene gable ﬁorphyrins by slipped-cofacial dimér formation
without any pfotein matrices. This model must bé  a major milestone for further
investigation to élucidatc_ the mechanism of highly efficient light harvesting as well as
the evolﬁtioﬁal strategy of such ring strucfures inbthc natural photosynthetic system.
-The principal findings of the studies described in this doctoral thesis are: (1) the
applicgbility of the réorganizaiiog methods to macroring arrays, 'and.(Z) the reveal of the

relation between structure and function in the macroring chromophores 'arrangement.

- These findings are very conscious of the natural photosynthetic light harvesting systcms'

from our supramolecular chemical approach to the flagship of interdisciplinary studies.
The first applicability could be relevant to general formation process of higher ordered
structure of protein and its reconstitution process such as a reconstitution of the LH1

complex (Miller et al., 1987; Parkes-Loach et al., 1988).
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5.2 Outlook _towards possible applieations
’The euthor presented an artificiel light harvestiné antenna complex mimicking the
natural LH1, LH2, and LH3 complexes without protein matrices. The major difference is
tha; ’the’natur‘al light haryesting complexe‘s> are dr_iftiﬁg parallel within thyiakoid
membrane. These natural complexes | are adapting for Z;oimensional photoelectron
conversioh_system. Our findings of this studies elueidated such macroring arraysl_ are

effective light harvesting function also in homogeneous solution, i.e. 3-dimensional

system.

In general it is difﬁcolt to assemble donor mo_iecules in a highly concehtrated s_tete
becaose of energy dissipaﬁon processes, €.g. concentration queﬁching, aggregation
quenehing ‘and nondirectional energy' transfer, in homogeneous | solutionv.v
Notwithstanding closed | chromophore—chtomophore distances, nat;iral entenna
chlorophyll molecules accomplish energ‘y migration and energy transfer very efﬁciently.
These chlorophyll molecules are condensed in toylakoid membrane with highly ordered
arrangements.

In the future, if one is allowed to wish to establish nano-scaled molecular devices, new

' strategies might be required further approaches, arranging each molecular assembly in

ordered architecture and/or utilizing solid phase matrices: for 2-dimensional system such

93



Chapter 5

as self—assembled monolayer and/or multilayer (Nomoto and Kobuke, 2002) and
Langmuir-Blodgett membrane (Langmuir, 1918; Langmuir and Schaefer, ‘1937), for
pSeudo-Z—dimensionaI system such as liposomal System with .(Stei’nberg—Yfrach et al.,
- 1997) end/or witheut (Nagata et al;‘,‘ 2001) liptds, anti for 3-dimensional system such ae
| micellar ('fhomas, 1977) or dendritic system (Grayson et al., 2001).

.Towards suclt nano'-sealed molecular det/ices from mimicking natural photosynthetie
system, the macroring artays presented here are possibly a good building bloek, beceuse
| extremely long l—dimensional molecular arraye' could suffer from (1) the increased
conformational heterogeneity in conformers, and (2) the aggregate formationk (or -
partially ‘insoluttle arrays) m longet arrays (Kim et al, 2001). The presented
supramolecular appronch has future prospects from a viewpoint of importance to prevent
extra disorde_red_ kag‘gr‘egavtion between .arrays, and to arrange each array in ordered
v geometry. Further elucidation of vunveiling, the reletion ' between the etmcture and
function of the natural light harvesting systems and applications for nano-scaled

molecular devices utilizing macroring arrays should be a subject for active investigation.
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‘A'ppendix
Al  Fluorescence Quenching Experinieﬁt'
In this Appendix, the author will describe the photochemical processeé in more details |
based on “Photophysics of Aro@tic Mélecules” by Birks (Birks, .1970).‘ At first elementary :

processes are defined in Figui‘e A.1 and Table A.dand A2.

M= <o kem
;M'B'N:.':::_a_s g‘_lM) ke
-'Q 15 g = ::Z:_.~ 1Q*
: brx - kx1=-§ g 1v k‘ ; h e
My X Y ___E_(:_M)-- LS : 3Q*.‘ ~~~~~~ If cE
CQ T g | T e,
R e R e
kex| ikex Kk ke
Y Yy ¥ N
lM P e (IM + lQ) B IQ

Figure A.1 Schematic diagram of rate processes in exciplex formation, dissociation and
quenching. Solid and broken lines are radjative and radiationless processes, respectively.
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Table A.1 Unimolecular photochemical processes

Appendix

Process Description Rate parameter
'M processes
.‘M + hv — IV So-S; absorption —
IM + hv — IM#** So-S;absorption —
!M* processes
IM* — M + hvy  S;-Sg fluorescence kg
IM* — 1M S,-Sg internal conversion kom
IM* — 3M* - 8;-T intersystem crossing _ kpv
IM* — 3k S-T, intersystem crossing
3M* processes
IM* — IM + hwp T;-Sp phosphorescence ket
1 ' | | S .
3M* — M T;-Sp intersystem crossing kgr
IM* —  I\fE T,-S; intersystem crossing ket

km = kem * kg = ke + by + kg

96



Appendix

Table A.2 Heteropolar bimolecular'interaetions and exciplex processes

Process - _ Description Rate parameter
Interactions
M + 1Q —1(MQ) Complex formation -
IV* +' Q —3E* Triplet exciplex formation kxr |
‘M* + IQ —1gx* Singlet exciplex formation kem

Complex and exeiplex processes

'MQ— M +1Q Complex dissociation -

MQ) + hy — ng* N , Charge transfer absorption v —
1g* — I+ 1Q o kme
Singlet exciplex dissociation
IEx —1IM + 'Q* ! ' kqe
g% — I\ R fQ + hvg : Fluorescence : ke,
g% —» 3p% : Intersystem crossing kxe
B — 1M + IQ o Dissociative internal conversion kee
' iE* — 2M+‘ + 2Q Dissociation into ions  kce
3R .__> M* + 1Q Triplet exciplex dissociation krx
SEE—1\ + IQ + hvy- Phoéphorescence Fepx
Pr—1M + 1Q | Dissociative intersystem crossing  kgx

kg = keg + kig = kg + kgg + kcg + kxp + kog
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In 1919 Stern and Volmer obtained the relation

W@m b= 1/(1 +KQD A1)
for fluorescence quenching in the gas phase. Where &, and (Py,), ‘denpte the porphyrin
fluorescence quaxitum ‘yielld in the absence and brescnce’ of qgench_er molcculeﬁ,
respeétivély. And k and [Q] dcﬂoté the qucnching coefficient and the molar concentration of
the quencher molecule, respectivcly; In 1929 Valilov applied this relaﬁon to “dynamic
quenchipg’" in fluid sOlutioﬁs, and this relation was acceptcd by most other researchers in
.the‘ﬁeld.

In 1924 Pcm in discussing concentration qﬁenching, intfqduced a concept of an éctive
sphere, a' volume of interaction around a quencher moigcule such that a ﬂuorescen_t
mdlecule excited within this volume is quenched instantaneously, while fluorescent

- molecules excited outside this ‘volume are unqugnc‘hcd.bThis congept provides a model of
“static qUenching” which does :not require the formation of a bound complex between
fluorescent mblec.ule‘ M and quencher molecule Q in thé ground state. If v is the volume (in

| cm’®) of the active ;phéré of each quencher molecule and n = [Q]N, x 107 is the number of
quenchér molecules in unit volumé V(=1cmd, the probability thatva ﬂudres_cent molecule

M will lie within an active sphere 1s

p= e™" - | | (A2)
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Hence on excitation the static quenching of the fluorescence is ekpressed by
Ba(Bg)y = €41 o | N )
where |
| ‘k’=vN’ . | . : (A9
and N s 1/1000 of the Avogadro’s number NA,.N’ = N,/1000.
In '_1931 Frank and Vavilov combined two brelations‘ v(A.I) ‘and (A.3) to obtain a more
gcneml'relaﬁon
By UL QD )
Most of the ‘subsequent models of fluorescence quenching that have‘ been devclpped lead to
relations similar in form or approximate to (A.5). This relation accounts for some of the
controvgrsy that has occurred about the patl;;e of the‘qucnchin.g mechanism.
| Th§: distinction between dynamic and static quenching can arise from.two possible modes

- of formation of an excited complex,

dynamic: M*+1Q =='MQ* (A6)
oy -
static: M +1Q =='MQ A7)

The molar equilibrium constant K, for the unexcited complex is independent of viscosity
and is given by
Ky = 'MQ*1/(['MI['Q)) | (A.8)
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The fraction aof the»incident» light intensity I, which is absorbed by (MQ) is given by
a=¢g’ (;[IQ]/(S + € bo[lQ]) ~ eK,['Qle =K['Q] (A-95
where ¢ and &’ are the molar exﬁnction coefficients lof M and f(MQ), respectively,. at the
wavclehgth of excitation. B
The relevant rate equationé are givgn-by '
dv[lM"‘]/:dt =(1-ah—(ky + ksm[‘Q])[lM*] +haelE¥]  (A.10)
d['E*V/dt = do + km['Q]t'M*] = (oe + kg [E*) | (A.11)
where the fatc par;meters are as deﬁned‘ in Tablg A.1 and A.2. Under photos@ﬁonay state
coqditioﬁs, the relatiye ﬂﬁorcsccncc quantum yield is given bj
¢FM/(¢m)o =(1-op)1+ TMpkl;iM[lQ])' (A1)
where = 1/k,, and
Wtk A13
If a=0, (A.12) reduces to the Stern-Volmer relation
>¢FM/(¢FM)0 =1/ * Tqum[lQ]) , “ (A.14)
where kg = pkyy and the quenching coefficient k (A.1) is given by
k= (qu/('q;?M o— D/I'Q] = 5keur | (A.15)
If o = K['Q] is small, (A.12) may be written i the form, ie. the dynamic and static

quenching model
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k= (ol (Pado~ DII'QA = K + muku) + Kikou['QA ~ (A.16)
This fclétion prédi_cts: (1) a linear increase in‘ k with [Q], corresponding to a departure from
Stern—Voliner behavior, ahd (2) an increase in both ‘thg intercept and gradient of the k vs. [Q]
plot withv increase in so_lvgnt ﬂuidity 1/ n.
The quenching rate pzirametcf ié given by
kou = Phay - kEMkE/(kME + k) S (A.17)
For a sn'on‘g' (iuencher (f/ z 1), kE’ >> ke and hence |
K = ke ' - | | -~ (A.18)
i.e. the dynanlic‘quehching is diffusion—controlled. For a Weak quencher (p <<1) m alow -
viscosity_solvent, kF_ << kyg, and hence

ko = keng e Mg, = Kk | (A.19)

. ‘_where KE is the equilibrium éonstant_ of the exciplex formation process (A.6). K:and k; are

independent of 7, so that for a weak quencher kou is practically independent of ﬁ, except in

high viscosity solvents where k,;, is reduced sufficiently to become comparable with kE.

The transient component of dynamic quenching arises from the second ‘term in‘the |
Smoluchowski expression »for’ the rate parameter of a diffusion-controlled process
kg = 4TN’DpR(1 + pR(nDz)-,"z) . (A20)
While the Iv:reatmentb leading to (A.16) assumes steady state. kinetics, ie. that ky, is
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independent of . Equation (A.20) shows that kg, decreases initially with # before attaining
its steady state value. There is an initial transient quenching of those molecules adjacent to a

quencher molecule at the moment of excitation, while the subsequent quenching

correspdnds to the photostationary, s‘teady'state condition. For the steady state diffusion-

controlled process, from (A.20)

k= koyTy = 4nN'DpRz, | @Az
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