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Abstract

In order to search for novel luminescent and EPR oximetry materials, a series of porphyrins and metalloporphyrins with different peripheral
substitutes and central transition metal ions were synthesized and their UV—vis, fluorescence and EPR spectra were studied. It was found that
variations in the peripheral substituents imparted no change to the UV—vis spectra in the case of metal-free porphyrins. However, differences in
the central transition metal ions resulted in changes in the energy of electron transitions which caused changes in UV —vis spectra. Variations in
the peripheral substituents and the central metal ions influenced both the fluorescence and EPR spectra.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Porphyrins, metalloporphyrins and related molecules have
received a great deal of attention in recent years because
they display interesting photophysical, photochemical and
electrochemical properties. Porphyrins play very important
roles in essential biological activities such as photosynthesis
[1,2] and participate in oxygen transport as hemoproteins
[3]. They enjoy application in many fields, such as photody-
namic therapy [4—5], molecular wires [6—9], light-energy
conversion [10—13], third-order nonlinear optical materials
[14—16] and fluorescence switches [17]. In recent years the
measurements of oxygen in vivo using EPR techniques have
been developed [18].

Porphyrins are a type of macrocyclic organic molecule
which have an extensive system of delocalized 7t electrons.
They can be modified by connecting different peripheral sub-
stitutes, changing the central metal or expanding the size of
the macrocycle. In this paper, a series of porphyrins and
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metalloporphyrins with different peripheral substitutes and
central transition metals were synthesized. The influence of
both the peripheral substituents and the central metal ions on
the UV—vis, fluorescence and EPR properties of the synthe-
sized compounds was determined. The work presented may
be of use in the synthesis of novel luminescent and EPR oxi-
metry materials.

2. Experimental
2.1. Apparatus and measurements

UV—vis spectra were recorded on a Cintra 10e UV—visible
spectrophotometer; fluorescence spectra were acquired using
a Perkin Elmer LS55 Fluorescence spectrometer, employing
a 500 W Hg—Xe high pressure lamp. Fluorescence quantum
yields were measured using tetraphenylporphyrin zinc as stan-
dard (® =0.033) [19]. The UV—vis and fluorescence spectra
of the porphyrin compounds were measured in chloroform
solution at ~10"°M. Electron paramagnetic resonance
signals were recorded on a JES-FE3AX ESR spectrometer;
all measurements were carried out using solid samples;
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Fig. 1. The structures of the porphyrin compounds synthesized.

frequency: 100 kHz, microwave power: 9.44 GHz and time
constant: 0.03 s. Matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOF-MS) was esti-
mated using an Axima CRR spectrometer.

2.2. Syntheses of porphyrins and metalloporphyrins

Both the structures of the porphyrins and metalloporphyrins
synthesized are shown in Fig. 1. Compounds 1 and 10 were
synthesized as described previously [20,21]and 8 and 9 as de-
scribed in Ref. [22]. Compounds 2—7 were synthesized ac-
cording to the known procedure [23]. Compound 11 was
synthesized as follows: A solution of 200 mg of porphyrin
10 in 100 ml dried dichloromethane was stirred in an ice
and salt bath for 20 min and the ensuing solution was stirred
at —5 °C for 12 h after the addition of 100 mg of dicyclohex-
ylcarbodiimide. After filtration under vacuum the crude prod-
uct was concentrated and then purified via column
chromatography by (100—200 mesh silica gel) eluting with di-
chloromethane. The first fraction was the desired product of
compound 11; MALDI-TOF MS, m/z: 1425.5.

3. Results and discussion
3.1. UV—vis spectra

The absorption spectra of the metal-free porphyrins 1, 8
and 10 showed a typical Soret band and four Q bands
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Fig. 3. Decay scheme for singlet and triplet relaxation. The radiation processes
are shown as straight lines; the radiationless processes are shown by wave
lines.
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(Fig. 2a) and the positions of their absorption peaks were iden-
tical. The band at 420 nm was assigned to the Soret band aris-
ing from the transition of a;,(7t)—e,*(7), and the other four
absorption maxima (515, 550, 590 and 650 nm) were attrib-
uted to the Q bands corresponding to the a,(7)—eg*(7) tran-
sition. The different peripheral substituents did not change the
transition mode of the porphyrin molecules.

In general, the central part of the metalloporphyrin ring is
occupied by a metal ion linked to a pyrrole ring. The metal
ion accepts the lone-pair-electrons of the N atoms of the pyr-
role rings, while electrons of the metal ion are donated to the
porphyrin molecule, forming delocalized 7t bonds, which per-
mit the easy flow of electrons within the delocalized 7 system.
It can be seen in Fig. 2b and c that the UV—vis spectra of the
metalloporphyrins exhibited one Soret band and either one or
two Q bands; the small number of Q bands is typical of metal-
loporphyrins. When the metal ion coordinates with the N
atoms, the symmetry of the molecule increases and the number
of Q bands therefore decreases. For Co, Ni and Cu porphyrins,
their delocalized 7 bonds decreased the average electron den-
sity of the metalloporphyrins which increased the energy
available for electron transition as a result, a blue shift of
the Soret bands occurred. However the delocalized 7 bands
of the Mn(Il) and Zn(Il) porphyrins increased the average
electron density of the porphyrin, which lowered the energy
for electron transition, leading to a red shift in the Soret band.

3.2. Fluorescence spectra

Fig. 3 shows an energy level diagram that describes the
emission from most aromatic molecules with singlet ground
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Fig. 2. UV—vis spectra of porphyrin compounds.
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Fig. 4. Fluorescence spectra of porphyrin compounds.

states. Excitation from the ground state Sy to any singlet ex-
cited state S, leads to very fast radiationless decay to the low-
est excited singlet S;. From S; the molecule can emit
fluorescence radiation S; — Sy at the rate kg, can radiation-
lessly decay S; Sy at the rate k;, or can internally convert to
the lowest triplet S; — T, at the rate k,. S| decays between
107'2 and 1077 s, after which, if the system is still excited,
it exists in the lowest triplet form T,. The molecule can emit
phosphorescent radiation T; — S, at the rate k, from T,
can radiationless decay T; — S, at the rate k3, or can be
excited again to the first excited singlet T — S; at the rate
k_,. Thus, only the relaxation process from S; to Sy with
rate k¢ can emit fluorescent radiation.

The fluorescence spectra of the metal-free porphyrins and
metalloporphyrins are shown in Fig. 4; fluorescence signals
had not been detected for metalloporphyrins 2—6 under the
particular experimental conditions used. The relevant fluores-
cence and quantum yields are shown in Table 1.

The order of the fluorescence intensity of the porphyrins
was 10 > 1> 11 > 7> 9 > 8. From Fig. 4a it can be seen that
the metal-free porphyrins displayed two emission peaks at
~ 650 and 720 nm. Comparing 1 with 8, the electron-donating
hydroxyl group in 1 resulted in an increase in the average elec-
tron density of the conjugated porphyrin system; the transition
in 1 was 7 — m;*. However, the electron-withdrawing car-
boxyl group in 8 resulted in a decrease in the average electron

Table 1
Data of UV—vis and fluorescence spectra of porphyrin compounds

Compounds Absorption (Ay,,/nm) Fluorescence (Ae/nm) @

Soret band Q band

1 420 515, 550, 590, 650 653, 719 0.207
2 480 585, 620

3 420 514

4 415 545

5 415 530

6 415 540

7 425 555 604, 654 0.176
8 420 515, 550, 590, 650 653, 717 0.050
9 425 555, 590 603, 653 0.154
10 420 515, 550, 590, 650 653, 717 0.200
11 425 555, 590 607, 653 0.183

density of the conjugated porphyrin system. The n — 7t *
transition of 8 was forbidden and the lowest excited singlet
state S; was of the n, m* type. The intersystem crossing
(ISC) of S; — T, was intensified which resulted in the fluo-
rescence intensity weakening in 8. It is evident from Fig. 5
that the energy band gap from Sy r+to Trry- was larger
than that from S;xi-toTyzi~. The transition from
Snri- to Ty - via ISC was more easily accomplished than
from Sr i+ to Tr 1. Hence, the fluorescence intensity of 1
was much stronger than that of 8. The fluorescence intensity
of 10 was the strongest of all the synthesized porphyrin com-
pounds, being almost five times greater than that of the corre-
sponding monomer 8, indicating that there was efficient S;—S,
energy transfer between the two porphyrin moieties. Intramo-
lecular singlet, excited state, energy transfer overlaps the two
molecular orbitals of 10, so this kind of direct energy transfer
was considered to be possible as reported by Dexter [24]. Bi-
sphenyl acid anhydride at the meso and meso’ positions of 10
resulted in enhancement of the intramolecular S;—S; energy
transfer so that 10 showed the strongest fluorescence radiation
of all of the porphyrin compounds.

Of the metalloporphyrins, only the zinc porphyrins emitted
fluorescence; the order of fluorescence intensity of the zinc
porphyrins was 11 >7>9 (Fig. 4b). The emission peaks
were situated at ~600 and 650 nm which were some 50 nm
blue shifted compared to the metal-free porphyrins. The fluo-
rescence intensities of 7 and 11 were much weaker than those
of the corresponding metal-free porphyrins 1 and 10 because
zinc weakened the fluorescence radiation.
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Fig. 5. Distribution of energy bands of S; and T;.
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Fig. 6. EPR spectra of all porphyrin compounds.

The fluorescence quantum yields of the porphyrin com-
pounds are listed in Table 1. Porphyrin 1, which contained
an electron-donating group displayed high quantum yield
and 10, for which S;—S; energy transfer applied, also had
high quantum yield. These findings may be of interest in the
context of novel luminescence materials.

3.3. Electron paramagnetic resonance (EPR)

As mentioned, porphyrins have an extensive system of de-
localized 7 electrons. The EPR signals of porphyrin com-
pounds are generated by the interaction of the delocalized 7
electrons of the porphyrin or the unpaired electron of the metal
ion with the magnetic field. The EPR spectra of the com-
pounds were measured under different conditions, such as
room temperature, low temperature (in liquid N, condition)
and illumination. The experimental results showed that varia-
tions in these conditions had no effect on the spectra and so all
measurements were carried out using solid samples at room
temperature in the absence of illumination.

The EPR spectra of the metal-free porphyrins are shown in
Fig. 6a. The hyperfine structure resulted from the interaction
between delocalized 7 electron and N magnetic nuclei. Por-
phyrin 1 displayed the best response because of the presence
of the OH group which resulted in an increase in the average
electron density of the conjugated porphyrin system. As ex-
pected, 8, in which an electron-withdrawing group was linked
to the porphyrin macrocycle, showed the weakest response.

The EPR spectra of 7, 9 and 11 are shown in Fig. 6b. In
these three metalloporphyrins the central metal ions have no
unpaired electron and so the mechanism of the appearance
of the EPR signals was the same as that for the metal-free por-
phyrins. The hyperfine structures of these four types of metal-
loporphyrins were weaker than those of the corresponding
metal-free porphyrins, and that of porphyrin 11 in which

coordination with the two zinc ions could be barely seen.
The EPR spectra of the metalloporphyrins 2, 3, 4, 5 and 6
are shown in Fig. 6c¢, d, e, b and f, respectively. The EPR sig-
nals generated by unpaired electrons of the metal ion was very
strong and masked the EPR signals generated by the delocal-
ized T electron in 2, 3 and 6. Only the EPR spectrum of 4
showed signals generated by delocalized T electrons and the
unpaired electron of Co™. Furthermore, the EPR spectrum
of 5 showed that the signals generated by delocalized Tt elec-
trons masked the signals generated by the unpaired electrons
of Ni*™.

4. Conclusions

A series of porphyrins and metalloporphyrins were synthe-
sized and their UV—uvis, fluorescence and EPR spectra were
clearly influenced by differences in the peripheral substituents
and the central transition metal ions. The fluorescence results
provide potentially useful insight into the synthesis of novel
luminescent materials while the EPR data could be of use in
the context of novel EPR oximetry materials.
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