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The porphyrin-incorporated arylether dendrimers ZnP-D1 and ZnP-D4 were investigated to discover the
influence of dendritic environments for the axial ligation of pyridine and photoinduced electron transfer by
methyl viologen. Absorption and fluorescence spectra of ZnP, ZnP-D1, and ZnP-D4 were measured in
dichloromethane with the addition of pyridine or methyl viologen dichloride. Axial ligation of pyridine was
confirmed by red-shifted absorption spectrum. The complex formation constants Ky (Table 1) for axial
coordination of pyridine on ZnP, ZnP-D1, and ZnP-D4 were estimated to be 4.4 x 10° M, 3.3 x 10° M™!, and
1.7 x 10> M, respectively. The photoinduced electron transfer to methyl viologen dichloride was confirmed
by fluorescence quenching. Stern-Volmer constants Ksv for ZnP, ZnP-D1, and ZnP-D4 were calculated to be
2.6x10%2.5x 10 and 2.1 x 10 respectively. ZnP-D4 surrounded by 4 aryl ether dendrons shows the smallest

Krand Ksv values, with comparison to ZnP and ZnP-D1.
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Introduction

In Nature, light energy is converted into chemical energy
by natural photosynthesis. Mimicry of natural photosynthesis
leads to design and development of a variety of artificial
photosynthetic systems such as solar cells."'? Metallo-
porphyrin is a key compound for light energy harvesting and
long-range electron transfer to reaction center in plants and
photosynthetic bacteria. Porphyrin is not only a well-known
luminescent and redox active compound that can accomplish
the photoinduced electron transfer in photosynthetic reaction
center, but also is frequently observed in porphyrin-contain-
ing enzyme manifesting the enzyme activity by carrying out
the axial coordination on central metal of metalloporphyrin
plane. Numerous research groups have designed and pre-
pared the molecular energy storage/photonic/electronic
devices containing porphyrin moiety. "2

Structural uniqueness of dendrimer allows feasible
molecular design and well-defined array, in which the position
of porphyrin and other functional groups is precisely con-
trolled. The introduction of porphyrins into dendritic
structures has received great attention since the early days of
dendrimer chemistry as mimicry of natural hemoproteins or
natural photosynthetic systems.

Porphyrin dendrimers'>!® have features of both desirable
photophysical and redox properties of porphyrins and
synthetically controllable structure of dendrimers. Various
porphyrin dendrimers have been studied for a variety of
applications to the functional molecular devices including
artificial photosynthesis and optoelectronic device.'”*

This paper deals with how the dendritic environments of
porphyrin-centered dendrimers affect the axial coordination
of pyridine on central zinc porphyrin moiety as a model of
metalloporphyrin-containing enzyme, and the photoinduced

13,14

electron transfer from central zinc porphyrin moiety to
electron acceptor methyl viologen as a model of artificial
photosynthetic system.

Experimental Section

Spectroscopic Measurements. Absorption spectra were
recorded on a Shimadzu UV-2401PC spectrophotometer.
Steady-state fluorescence spectra were recorded on a SLM-
Aminco AB2 luminescence spectrophotometer. The concen-
trations were controlled so that the absorbances of the
solutions at the excitation wavelength of 550 nm have the
value of 0.07-0.08, to avoid inner filter effects.

Materials. Syntheses of ZnP, ZnP-D1, and ZnP-D4 (See
Figure 1) were previously reported.’> Pyridine and methyl
viologen dichloride was purchased from Aldrich Chemical
Co. Methylene chloride and other solvents were purchased
from DAE JUNG Chemical Co. and were dried and distilled
by general purification methods.

Results and Discussion

Axial Coordination of Pyridine on Dendrimers with
Zinc Porphyrin Core. It is well-known that zinc porphyrin
forms stable five- or six-coordinated complexes with coordi-
nating ligands.***® Axial coordination of a ligand on zinc
porphyrin provides a feasible construction of multicompo-
nenet molecules through noncovalent self-assembly. One of
strategies to construct readily dendrimers of higher order is
to build noncovalent self-assembly, for example, by coordi-
nation complex formation between zinc porphyrin-tethered
dendrimer and pyridine-tethered dendrimer. Therefore, we
wonder how the complicated environment caused by spatial
dendrimer structure affects axial coordination between zinc
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Figure 1. Structures of ZnP, ZnP-D1, and ZnP-D4.

porphyrin and pyridine.

As a model study, axial ligation of pyridine itself on
dendrimers with zinc porphyrin core and the influence of
dendritic environment were investigated by observing the
absorption and fluorescence spectra of zinc porphyrin-cored
dendrimers with addition of pyridine. On complexation of
zinc porphyrin with an axial ligand, two effects are often
seen in the UV-vis absorption spectrum: a red shift of the
entire spectrum relative to zinc porphyrin itself and an
increase in the g4/gp ratio of the two visible bands. Thus, one
could use the wavelength shift and intensity ratio of the
visible bands as a measure of the degree of axial ligation.*’

The structures of zinc 5, 10, 15, 20-tetraphenylporphyrin
(ZnP) and zinc porphyrin-cored dendrimers used in this
study (ZnP-D1, and ZnP-D4) and their complex with
pyridine are shown in Figure 1 and Figure 2, respectively.

Absorption spectra are similar for ZnP, ZnP-D1, and ZnP-
D4, except that absorption intensity at 280 nm increases in
the higher generation of dendrimer. Fluorescence spectra are
also similar with two bands for ZnP, ZnP-D1, and ZnP-D4,
although fluorescence intensity ratio of shorter wavelength
emission band to longer wavelength band varies with the
generation of dendrimer.
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Figure 2. Axial coordination of pyridine on ZnP, ZnP-D1, and
ZnP-D4.

As shown in Figure 3, Figure 4, and Table 1, absorption
maxima, the intensity ratios e./ep of two Q bands, and
fluorescence maxima of ZnP, ZnP-D1, and ZnP-D4 in
dichloromethane show appreciable changes with adding
pyridine, indicating axial coordination of pyridine.

Axial coordination of pyridine on ZnP, ZnP-D1, or ZnP-
D4 was investigated by observing the UV-vis absorption
spectra (Figure 3) of ZnP, ZnP-D1, and ZnP-D4 of ~1 x 107
M in dichloromethane with addition of pyridine (0, 1, 2, 5,
10, 15, 20, 25, 30, 40, 50 equiv.). Figure 4 shows fluore-
scence spectra of ZnP, ZnP-D1, or ZnP-D4 of ~1 x 10~ M in
dichloromethane with addition of pyridine (0, 1, 2, 5, 10, 15,
20, 25, 30, 40, 50 equiv.) at excitation wavelength of 558
nm. Table 1 summarized absorption maxima, fluorescence
maxima for ZnP, ZnP-D1, ZnP-D4 and their coordinated
complexes in dichloromethane, and the complex formation
constant Ky for axial coordination of pyridine.

In the absence of pyridine, absorption spectrum of ZnP in
dichloromethane shows Soret band around 418 nm and Q
bands around 547 nm (P band) and 585 nm (o band). As
shown in Figure 3(a) and Table 1, upon addition of pyridine,
intense Soret band and two Q bands of ZnP in dichloro-
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Figure 3. Absorption spectral change of ZnP (a), ZnP-D1 (b), and ZnP-D4 (c) of ~1 x 10~ M with addition of pyridine (0, 1, 2, 5, 10, 15,
20, 25, 30, 40, 50 equiv.) in dichloromethane.
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Figure 4. Fluorescence spectral change of ZnP (a), ZnP-D1 (b), or ZnP-D4 (c) of ~1 x 10~ M with addition of pyridine (0, 1, 2, 5, 10, 15,
20, 25, 30, 40, 50 equiv.) in dichloromethane.

Table 1. Absorption maxima (A,"*), fluorescence maxima (A{"*), and formation constant (Ky) for ZnP, ZnP-D1, ZnP-D4 and their
coordinated complexes in dichloromethane

xamax’ nm
Compound [pyridine}/ Q band A nm Kg M™!
[compound] Soret band
o €q/p

7P 0 418 547 585 0.16 596, 644 44 % 10°

n 50 427 561 602 0.46 608, 647 ’
70P-D1 0 420 548 590 0.23 598, 648 33 % 10°

e 50 428 560 602 0.47 608, 651 ’
Z0P-D4 0 426 552 592 0.35 602, 650 17 % 10°

e 50 431 564 603 0.53 611, 661 ’

methane were red-shifted to 427 (+9), 561 (+14), and 602
(+17) nm with the appearance of isosbestic points in 423 and
555 nm, indicating the formation of 1:1 complex through the
axial coordination of pyridine on ZnP. The intensity ratio €4/
gg of two Q bands increased 2.9 fold from 0.16 to 0.46.
Fluorescence maxima of ZnP were also red-shifted from 596
and 644 nm to 608 (+12) and 647 (+3) nm on axial ligation
of pyridine (Figure 4(a) and Table 1). The fluorescence
emission of ZnP was not only red-shifted up to 10 nm but
also fluorescence intensity of short wavelength band was
enhanced to ca. 1.6 fold with addition of pyridine. Fluore-
scence enhancement may be due to the increased electron
density of core zinc metal upon the axial coordination of
pyridine and the resultant prevention of the electron transfer
from pyrrole nitrogen to core zinc metal in ZnP.

In the complexation of ZnP-D1 with pyridine, similar
trends are observed. Absorption maxima of ZnP-D1 in di-
chloromethane, upon addition of pyridine, were red-shifted
from 420, 548, 590 nm to 428(+8), 560 (+12), 602 (+12) nm
with the appearance of isosbestic points in 425 and 555 nm,
and the intensity ratio ./ep increased 2.0 fold from 0.23 to
0.47 (see Figure 3(b) and Table 1). Fluorescence maxima of
ZnP-D1 were also red-shifted from 598 and 648 nm to 608
(+10) and 651 (+3) nm on addition of pyridine at excitation
wavelength of 410 nm (Figure 4(b) and Table 1). The
fluorescence emission of ZnP-D1 was also red-shifted up to
10 nm. Fluorescence intensity of short wavelength band was
slightly increased to ca. 1.1 fold with addition of pyridine.

Upon axial coordination of pyridine to ZnP-D4, the
change of absorption and fluorescence spectra was shown in
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Figure 3(c), Figure 4(c), and Table 1. As the concentration of
pyridine increases, absorption maxima of ZnP-D4 in di-
chloromethane were red-shifted from 426, 552, 592 nm to
431 (+5), 564 (+12), 603 (+11) nm with the appearance of
isosbestic points in 429 and 558 nm, and the intensity ratio
go/ep increased 1.5 fold from 0.35 to 0.53. Fluorescence
maxima of ZnP-D4 were also red-shifted from 602 and 650
nm to 611 (+9) and 661 (+11) nm and its intensity increased
to ca. 1.2 fold, on addition of pyridine (Figure 4(c) and
Table 1).

The complex formation constants Ky for axial coordination
of pyridine on ZnP, ZnP-D1, and ZnP-D4 were estimated
from the absorption spectral data by using Benesi-Hildebrand
plot.*’

(Ao-A) = V(Ac—Ax) + 1(Ac—Ax) x 1/Ks x 1/[py]

where, [py] is the concentration of pyridine, Ay is the
absorbance of pure ZnP when [py]=0, A is the absorbance of
the solution with arbitrary concentration of pyridine, and A,
is the absorbance of the practically pure coordinated
complex between ZnP and pyridine when the concentration
of pyridine is very high.

Using above equation, the complex formation constants Ky
(Table 1) for axial coordination of pyridine on ZnP, ZnP-D1,
and ZnP-D4 were estimated to be 4.4 x 10> M™', 3.3 x 10°
M, and 1.7 x 10> M, respectively. The K values show the
formation of fairly stable coordination complexes, even
though Ky of ZnP-D4, where the core zinc porphyrin is
surrounded by 4 aryl ether dendrons, is relatively small. As
the number of aryl ether dendron surrounding the core zinc
porphyrin increases, the complex formation constant Ky
decreases because spatial crowdedness inhibits ligation of
pyridine.

Electron Transfer Between Zinc Porphyrin Dendrimer
and Methyl Viologen. Zinc porphyrins act as electron donor
in the photoinduced electron transfer.”**** The photoinduced
electron transfer of porphyrin dendrimer has been actively
studied in a view of the diverse applications to artificial
photosynthesis and optoelectronics.!”?* Methyl viologen
employed in this study is typical electron acceptor. +>46

Photoinduced electron transfer between ZnP, ZnP-D1, or
ZnP-D4 and methyl viologen dichloride was described in
Figure 5. Figure 6 shows the UV-vis absorption spectra of
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Figure 5. Photoinduced electron transfer between ZnP, ZnP-D1, or
ZnP-D4 and methy] viologen.

ZnP, ZnP-D1, or ZnP-D4 of ~1 x 10 M in dichloromethane
with addition of methyl viologen dichloride (0, 1, 2, 5, 10,
15, 20, 25, 30, 40, 50, 60, 70, 80, 90, 100 equiv.) in
dichloromethane. Photoinduced electron transfer was investi-
gated by observing the quenching of fluorescence spectra of
ZnP, ZnP-D1, or ZnP-D4 by methyl viologen dichloride (0-
100 equiv.) in Figure 7. Table 2 summarized absorption and
fluorescence maxima for ZnP, ZnP-D1, ZnP-D4 before and
after the addition of methyl viologen dichloride in dichloro-
methane, and Stern-Volmer constant Ksy for fluorescence

-
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Figure 6. Absorption spectral change of ZnP (a), ZnP-D1 (b), and ZnP-D4 (c) of ~1 x 10~ M with addition of methyl viologen dichloride
0,1,2,5,10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, 100 equiv.) in dichloromethane.
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Figure 7. Fluorescence spectral change of ZnP (a), ZnP-D1 (b), or ZnP-D4 (c) of ~1 x 10~ M with addition of methyl viologen dichloride
0, 1,2,5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, 100 equiv.) in dichloromethane.

quenching.

As shown in Figure 6(a) and Table 2, upon addition of
methyl viologen dichloride, Soret band and two Q bands of
ZnP in dichloromethane were very slightly red-shifted from
418, 547, 585 nm to 424, 549, and 593 nm. Fluorescence of
ZnP was quenched by addition of methyl viologen dichloride
(Figure 7(a) and Table 2), provably due to the photoinduced
electron transfer from electron donor ZnP to electron acceptor
methyl viologen dichloride. From Stern-Volmer plot, Ksv for
ZnP was calculated to be 2.6 x 10°.

L=1+ K [Q)
f
where, [Q] is the concentration of methyl viologen di-
chloride, I is the fluorescence intensity of pure ZnP when
[Q]=0, If is fluorescence intensity of ZnP solution with
arbitrary concentration of methyl viologen dichloride.

As shown in Figure 6(b) and Table 2, absorption maxima
of ZnP-D1 in dichloromethane, upon addition of methyl
viologen dichloride, were a little red-shifted from 420, 548,
590 nm to 424, 552, 596 nm. For fluorescence of ZnP-D1,
the maxima were unchanged, but the intensity was quenched
by addition of methyl viologen iodide, provably due to the
photoinduced electron transfer, to give Ksv of 2.5 x 10°
(Figure 7(b) and Table 2).

With addition of methyl viologen dichloride, the change of

Table 2. Absorption maxima (A,") and fluorescence maxima
(M) for ZnP, ZnP-D1, and ZnP-D4 before and after the addition
of methyl viologen dichloride in dichloromethane, and Stern-
Volmer constants (Ksy) for fluorescence quenching

[methyl A", nm
viologen band M, Ksy,
Compound dichloride]/ Soret _ Qband nm M
[compound] band g a
74P 0 418 547 585 596, 644 26 % 10°
& 100 424 549 593 596,645
Z2P-D1 0 420 548 590 598, 648 55 x 10°
. 100 424 552 596 598,649
Z0P-D4 0 426 552 592 602,650 21 % 10°
i 100 427 554 596 602,649

absorption and fluorescence spectra of ZnP-D4 was shown
in Figure 6(c), Figure 7(c), and Table 2. As the concentration
of methyl viologen dichloride increases, absorption maxima
of ZnP-D4 in dichloromethane were nearly unchanged from
426, 552, 592 nm to 427, 554, 596 nm. Fluorescence
maxima of ZnP-D4 were also unchanged and Ksv for fluore-
scence quenching was estimated to be 2.1 x 10°.

To compare the efficiency of photoinduced electron transfer
between ZnP, ZnP-D1, or ZnP-D4 and methyl viologen
dichloride, Ksv was obtained from Stern-Volmer plots for
fluorescence quenching. Ksv was estimated to be 2.6 x 10°,
2.5 x 10% and 2.1 x 10°, for ZnP, ZnP-D1, and ZnP-D4,
respectively. From these values of Stern-Volmer constants
Ksv, it was assumed that the efficiency of photoinduced
electron transfer between ZnP and methyl viologen di-
chloride was similar to that between ZnP-D1 and methyl
viologen iodide. In the case of ZnP-D4 containing 4 aryl
ether dendrons surrounding the core zinc porphyrin, judging
from smaller Stern-Volmer constants Ksv, photoinduced
electron transfer to methyl viologen dichloride might be less
efficient than ZnP and ZnP-D1 because of spatial crowded-
ness. Nonetheless, all three ZnP, ZnP-D1, and ZnP-D4 show
efficient photoinduced electron transfer to methyl viologen
dichloride to some extent.

Further studies with zinc porphyrin-cored arylether den-
drimers, such as construction of higher order dendrimers
through noncovalent coordination of pyridine-tethered den-
drons and noncovalent interaction with other electron
acceptors, are under investigation.

Conclusions

The porphyrin-incorporated arylether dendrimers ZnP-D1
and ZnP-D4, the compounds containing zinc porphyrin in
the core and benzyl arylether dendrons with 3,5-bis(but-3-
enyloxy)phenyl groups in the periphery, were investigated
the influence of dendritic environments for the axial ligation
of pyridine and photoinduced electron transfer by methyl
viologen.

Absorption and fluorescence spectra of ZnP, ZnP-D1, and
ZnP-D4 were measured in dichloromethane with the addi-
tion of pyridine or methyl viologen dichloride. Axial ligation
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of pyridine was confirmed by red-shifted absorption spec-
trum and photoinduced electron transfer to methyl viologen
dichloride by fluorescence quenching.

ZnP-D4 surrounding by 4 aryl ether dendrons shows
smallest Ky and Ksv, with comparison to ZnP and ZnP-D1.
Dendritic environments should inhibit both complexation
and photoinduced electron transfer of zinc porphyrin to
some extent. Nevertheless, even ZnP-D4 successfully con-
duct axial ligation of pyridine and photoinduced electron
transfer to methyl viologen dichloride, so that porphyrin
dendrimer ZnP-D4 is unsparing as model compound of
natural hemoproteins or natural photosynthetic systems.
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