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Magnesium tetraphenylporphyrin (MgTPP) was synthesized from meso-tetraphenylporphyrin (H,TPP) in N,N-
dimethylformamide (DMF). The photochemical properties of MgTPP in the presence of oxygen were
investigated in dichloromethane (CH,Cl,) by conventional fluorescence, UV—vis, 'H NMR, MALDI-TOF-
MS, FTIR, and XPS spectroscopic techniques. Spectral analyses showed that under irradiation, MgTPP
molecules reacted with O, molecules, and a stable 1:1 adduct was produced. During the photochemical reaction
process, one oxygen molecule was bound to the pyrrolenine nitrogens in the MgTPP molecule, and the
characteristic N—O bonds were identified using the FTIR and XPS techniques. The kinetics of the
photochemical reaction of MgTPP with O, has been studied in an oxygen-saturated solution. Under irradiation
conditions, the experimental rate follows a pseudo-first-order reaction for MgTPP, having a half-life from 40
to 130 min under various irradiation intensities. The kinetic rate constant of photochemical reaction of MgTPP

with O, showed a linear dependence.

1. Introduction

Chlorophylls and biochlorophylls are compounds that contain
magnesium, and they also have important roles in various
biological processes. Studies of magnesium-containing porphy-
rinic compounds have been of interest for a long time.!~” Wrobel
and coworkers®® showed that magnesium porphyrin was a very
good compound for light-to-electric energy conversion, but
extracted natural chlorophylls from living leaves have seldom
been used because of their instability. Chlorophyll @ in acetone
or benzene was irreversibly bleached when exposed to visible
light in the presence of O,.!° We have recently investigated the
reaction of chlorophyll @ with O, under irradiation using
fluorescence, UV—vis, and MALDI-TOF MS!"!? techniques
(m/z at 872.5, 893.9, and 927.5) and found that chlorophyll a
reacts with O, rather than accepting it as a ligand. Ligation is
of interest because heme and manganese porphyrins play central
roles in the activation and transport of O, in living organisms.'3~2!

Oxygen plays a key role in many natural photochemical and
photobiological processes such as photooxidation in organic
synthesis,? photodegradation, photoaging and organic synthesis
in some biological processes.?*** The transport, storage, and
activation of oxygen are the three critical processes for all
aerobic life. The detection of molecular oxygen® is important
in many areas such as environmental monitoring and biological,
medical, analytical, and industrial chemistry.

Our recent work explored the photochemical reaction of
chlorophyll a with O,, and we became especially interested in
its function during biochemical oxidation processes. To simplify
and simulate the photochemical reaction of chlorophyll a with
0O,, magnesium tetraphenylporphyrin (MgTPP, Figure 1), which
has a porphyrinic framework similar to that of the chlorophylls,
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Figure 1. Structure of MgTPP.

was used. Spectral analyses also showed that the reaction of
MgTPP with O, occurred more efficiently in CH,Cl, under
irradiation. The kinetics of photochemical reaction of MgTPP
with O, has been studied in an oxygen-saturated solution. The
photochemical reaction analysis led to a plausible interaction
mechanism between a metalloporphyrin and oxygen being
postulated, and this may offer new opportunities for the nature
of chlorophyll—O, interactions associated with intermediates
formed during the photocatalysis.

2. Experimental Section

2.1. Instrumentation. Fluorescence spectra were acquired
using an F-4500 fluorescence spectrophotometer employing a
500 W Hg—Xe high-pressure lamp. UV—vis spectra were
recorded on a Varian CARY 1E UV—vis spectrometer. 'H NMR
spectra were acquired using a Bruker ARX-400 NMR spec-
trometer, and CDCI; was used as NMR solvent. Mass spectra
were recorded on Bruker BIFLEX-3 MALDI-TOF mass spec-
trometer and Bruker APEX IV (7.0 T) Fourier transform ion
cyclotron resonance mass spectrometer (FT-ICR-MS). FTIR
spectra were acquired as KBr discs on a Bruker VECTOR22
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Figure 2. Fluorescence emission (Aex = 550 nm) spectra of MgTPP
in CH2C12 and HzTPP in CH2C12

Figure 3. Photograph of the original MgTPP solution (left) and the
MgTPP solution after 6 h of irradiation (right) in the presence of O,.

FTIR spectrometer. XPS spectra were obtained using a KRA-
TOS Axis ultra X-ray photoelectron spectrometer with a
monochromatized Al Ko X-ray (hv = 1486.6 eV) operated at
150 W. All solid reagents were weighed using a Sartorius
BS2248S electric balance.

2.2. Reagents. meso-Tetraphenylporphyrin (H,TPP, >98%)
was purchased from Acros Organics (New Jersey). Dichlo-
romethane (HPLC grade, >99.9%) was purchased from Tianjin
Siyou (Tianjin, China). All other reagents and solvents were
reagent grade and were used as received.

2.3. Preparation of Magnesium Tetraphenylporphyrin.
MgTPP was prepared by modification of the methods described
elsewhere.”"2 We optimized several steps of the MgTPP
synthesis. A solution of 65 mg (0.106 mmol) H,TPP and 152
mg (0.247 mmol) Mg(CH;COO),H,0 in 15 mL of DMF was
refluxed for 1 h in a 50 mL single-necked round-bottomed flask;
then, 10 mg CH;COONa was added to the mixture. After 7 h,
the metalation was complete, as judged by absorption spectros-
copy. The mixture was diluted with 25 mL of CH,Cl, and
washed three times with 15 mL of deionized water. The organic
layer was dried (Na,SO,) and filtered, and upon it, the filtrate
was concentrated to ~4 to 5 mL. Chromatography on an alumina
(200—300 mesh) column (3 x 30 cm, poured as a CH,Cl,
slurry) with CH,Cl, elution yielded residual H,TPP. Elution with
CH,Cl,:acetone (1:1) afforded fractions that were concentrated
and evaporated to dryness under reduced pressure at 433 K for
4 h affording 58 mg MgTPP (85% yield). UV—vis A.x (nm)
(CH,CL,): 424, 563, 602.% Fluorescence emission Apg (nm)
(CH,CLy): 608, 665. MALDI-TOF MS (m/z) Caled for
C4HN,Mg, 636.2; found, 636.4; '"H NMR (CDCls, 400 MHz,
0): 7.717, 7.735, 7.749 (12H, m, p-PhH), 8.218, 8.223, 8.237,
8.240 (8H, o-PhH), 8.846 (8H, f-pyrrole).
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Figure 4. Fluorescence emission (1, = 550nm) spectral changes of
MgTPP under irradiation and in the presence of O..

2.4. Irradiation Processes. A solution of ~35 mL of MgTPP
in CH,Cl, (60 umol/L) was put in a cold trap and irradiated
using a 14 W incandescent lamp at a distance of 9 cm. The
luminous flux of the lamp was 800 Im at room temperature.
Compressed air (99.8% vol) was added to the solution continu-
ously for 6 h so that the photochemical reaction of MgTPP with
0, could be maintained in an oxygen-saturated solution.
Irradiated MgTPP solution (1 mL) was diluted five times with
CH,Cl,, and the dilute solutions were used for various spectral
analyses every 30 min.

3. Results and Discussion

UV—vis absorption spectra of the H,TPP solution and the
MgTPP solution are shown in the Supporting Information. The
absorption spectra show typical Soret bands and several Q bands.
The peak at 424 nm was assigned to the Soret band of MgTPP
arising from the a;,()—e,*(7) transition.*® Similar Soret
absorption peaks (B bands) are observed for most porphyrinic
compounds and are attributed to excitonic interactions between
the large Soret transition dipoles of the constituent porphyrin
chromophores. The changes in Soret band intensity are very
important for the exploration of the photochemical interaction
between porphyrinic compounds and other molecules. Compared
with H,TPP, the Soret band maximum of the porphyrin part (P
part) of MgTPP is shifted by 7 nm from 417 to 424 nm because
the delocalized st bonds of MgTPP increase the average electron
density of the porphyrin, which lowers the electron transition
energy. The bandwidth of the Soret band in the MgTPP
absorption spectrum was similar to that for the reference H,TPP.
Four Q bands of H,TPP were observed at 513, 548, 594, and
645 nm, whereas, three red-shifted Q bands of MgTPP were
observed at 523, 563, and 602 nm. These Q bands of MgTPP
are attributed to the a,,(7)—e,*(7r) transitions.*

The center of the Mg—porphyrin ring is occupied by a Mg
ion linked to two pyrrole nitrogens in MgTPP. The Mg ion
accepts the lone pair of electrons from the N atoms of the pyrrole
rings, whereas electrons from the Mg ion are donated to the
porphyrin molecule. Delocalized 7 bonds are thus formed, which
permit the easy flow of electrons within the delocalized &
system. Coordination of the Mg ion with N atoms increases
the molecular symmetry, and the number of Q bands thus
decreases.

Stable-state fluorescence spectra with selective excitation of
the MgTPP and H,TPP moieties were recorded and are shown
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Figure 5. UV—vis absorption spectral changes of the original MgTPP solution in the presence of O, that was diluted with CH,Cl, (A) 5 times and

(B) 35 times.

in Figure 2. Upon excitation at 550 nm, where the P part of
H,TPP absorbs, strong fluorescence with maximum emission
positions of Q* at 654 and 712 nm were observed. Strong
fluorescence for MgTPP with 50 nm blue-shifted maximum
emission positions of Q* at 608 and 665 nm compared with
H,TPP were also observed.

Considering these discussed properties, synthetic MgTPP was
used for the following photochemical experiments.

3.1. Contrast Test. The contrast test was performed accord-
ing to Section 2.4 in the dark. UV —vis absorption spectra and
fluorescence emission spectra in the contrast test showed that
in the dark, solutions of MgTPP were stable under air for more
than a few hours. MALDI-TOF MS spectra showed m/z peaks
at 615.4 and 636.7, indicating that no reaction occurred between
ground-state MgTPP and O,.

3.2. Fluorescence and UV—Visible Spectra. A photograph
showing the original MgTPP solution and the MgTPP solution
irradiated for 6 h in the presence of O, was taken (Figure 3).
After irradiation in the presence of O,, the color changes of the
MgTPP solution from pink to yellowish-brown could be due to
a photochemical reaction of MgTPP with O,. To confirm the
reaction process, the irradiated MgTPP solutions in the presence
of O, were analyzed by fluorescence and UV —vis spectroscopy
every 30 min. These spectra are shown in Figures 4 and 5.

The fluorescence emission spectra (Figure 4) showed a
decrease in the fluorescence intensity of the solutions at 605
and 660 nm with increasing irradiation time. The fluorescence
of MgTPP was significantly quenched, and this could be
attributed to electron transfer taking place from the P part of
MgTPP to an acceptor molecule.

UV —vis spectra of the 5-times-diluted solutions (Figure 5A)
and 35-times-diluted solutions (Figure 5B) showed that the
absorption intensity of the Soret band at 424 nm and the Q bands
at 563 and 602 nm decreased with increasing irradiation time.
A new Soret band at 467 nm and a new Q band at 793 nm
suggest that MgTPP had reacted with O,, resulting in the
formation of a new compound. An isosbestic point was observed
in the UV—vis absorption spectra at 444 nm (Figure 5A). The
new Soret band could be due to the reaction of O, with the P
part of MgTPP.3!

3.3. Proton Nuclear Magnetic Resonance Spectra. 'H
NMR spectra of the original solution of MgTPP in CDCl; and
solutions of MgTPP in CDCl; that had been irradiated for 3
and 6 h are shown in Figure 6A,B,C. The '"H NMR spectra
displayed the characteristic P part and phenyl groups, whereas
the appearance of a gradually increasing signal at 7.54 in the
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Figure 6. 'H NMR spectral changes of MgTPP solution: (A) original
MgTPP in CDCl;, (B) MgTPP in CDCl; irradiated for 3 h in the
presence of O,, (C) MgTPP in CDClj; irradiated for 6 h in the presence
of 02.

'"H NMR spectra was observed as irradiation time increased.
These spectra clearly indicated that MgTPP had reacted with
0..

3.4. Mass Spectrometry Spectra. MS spectra of the original
MgTPP solution and the irradiated MgTPP solution in the
presence of O, were detected using a MALDI-TOF mass
spectrometer, and the spectra are shown in Figure 8A,B.



5370 J. Phys. Chem. A, Vol. 113, No. 18, 2009

a.l

900 ]

— 6154

600

500

al

1000 J
900
800 1
700 ]
600 '
500 ]
400 7
300 “
200 ]

100 7

0 == - LT

600

— 614.7
— 636.6
— 647.7

650

Zhang et al.

A
<
O
o
o
pund rJu ' " » ay o ’
670 690 m/z
©
S B
©
‘* T
700 m/z

Figure 7. MALDI-TOF MS spectral changes of (A) original MgTPP and (B) irradiated MgTPP in the presence of O,.

MALDI-TOF MS spectra (Figure 7B) showed four ion peaks
of m/z 614.6, 636.6, 647.7, and 670.6. The peak at m/z 614.6
was due to the demagnesium fragment ion peak of MgTPP, the
peak at m/z 647.7 was attributed to the demagnesium fragment
ion peak of the MgTPP—O, complex, and the peak at m/z 670.6
was related to the molecular ion peak of MgTPP—O,. These
spectra indicate that MgTPP reacts with O, under irradiation
and that the reaction results in the formation of MgTPP-O,.
Accurate MS detection was performed using high-resolution
MS, and the spectra showed three peaks at m/z 615.2541,
636.2146, and 647.2427. For the m/z at 647.2427 (M), M +
1)/M is about 0.50 and (M +2)/M is about 0.12, so the m/z at
647.2427 can be due to the demagnesium fragment ion peak of
the MgTPP—O, complex. Meanwhile, the Lederberg law can
also prove the result. These mass spectra indicated that one
MgTPP molecule had reacted with one oxygen molecule to form
a stable 1:1 adduct under irradiation.

3.5. Fourier Transform Infrared Spectroscopy Spectra.
To clarify the bonding sites of MgTPP-O,, FTIR spectra were
obtained to determine possible bonds by analysis of their
vibrational bands. The 6-h-irradiated MgTPP solution was
evaporated to dryness under reduced pressure at room temper-
ature, and a solid sample was obtained. FTIR spectra of the
original and the irradiated MgTPP (Figure 8) were obtained,
and several characteristic absorption bands at 1272, 762, and
1203 cm™! were observed. The absorption band at 1272 cm™!
was due to the stretching vibration of N—O (with a shoulder at
1264—1250 cm™"),%? the absorption band at 762 cm™' was
attributed to the bending vibration of N—O (with a shoulder at
800—780 cm™"),3? and the band at 1203 cm™! resulted from a
characteristic unknown peak,*> which has often been observed
in pyridine oxides containing a N—O bond. The exact molecular
mechanism of the photochemical reaction of MgTPP with O,
thus requires further investigation.
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Figure 8. FTIR spectral comparison of (a) MgTPP to (b) MgTPP-O,.
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Figure 9. High-resolution N Is XPS spectra of the solid of MgTPP—O, adducts.

3.6. X-ray Photoelectron Spectroscopy (XPS). After pho-
tochemical reaction of MgTPP with O,, the solution was
concentrated and evaporated to dryness under reduced pressure,
and the solid sample was obtained. The solid was analyzed by
the AXIS-HS Kratos instrument to obtain the N (1s) spectra.

The XPS results are shown in Figure 9. The Figure showed
that the binding energy of N 1s in the compound was observed
at 397.93 eV and 400.62 eV, agreeing with that of NaNOs,
Na,N,0,, and Co(NH3)sCl3.** The binding energy of N 1s at
397.93 eV can be attributed to the ligand N atoms of MgTPP,
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Figure 11. Photochemical reaction kinetics of MgTPP with O, at

various irradiation intensities: [, 235 Im; O, 400 Im; A, 600 Im; +,
800 Im; x, 930 Im.

which was observed at 397.40 eV (Na,Fe(CN*);(NO)) and
397.90 eV (KOCN).** The binding energy of N 1s at 400.62
eV can be attributed to the bonding N atoms of MgTPP, which
was observed at 402.70 eV (Na,Fe(CN);(N*O)) and 399.30 eV
(KOCN).** XPS analyses show that the N—O bond was formed
in the photochemical interaction of MgTPP with O,.

3.7. Photochemical Reaction Kinetics. According to the
above results, the final product of the MgTPP with oxygen is
the species MgTPP(O,) (eq 1). Most reported synthetic O,
binding systems have been studies in organic solvents such as
toluene, benzene, and dichloromethane.’>~37

hv
MgTPP + O, — MgTPP(O,) (1)

The photochemical reaction rate of MgTPP with O, was
monitored with the fluorescence technology as a function of
irradiation time. A solution of approximately 35 mL of MgTPP
in CH,Cl, (30 mg/L) was irradiated using various incandescent
lamps with various irradiation intensities at a distance of 9 cm.
The luminous flux of the lamp was 220—930 Im at room
temperature. Compressed air at 30 mL/min was continuously
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Figure 12. Linear dependencies of the photochemical reaction rate
constant on irradiated intensity in CH,Cl, (air flow is 30 mL/min and
the concentration of MgTPP is 30 mg/L).

added to the solution for 4 h so that the photochemical reaction
of MgTPP with O, could be maintained in an oxygen-saturated
solution. Irradiated MgTPP solution (1 mL) was diluted five
times for various spectral analyses every 5—30 min. The reaction
of MgTPP from oxygen is expected to be described by the
equation

k
MgTPP + O, —~ MgTPP(0,) 2)

The kinetic process is described by the equation
—d[MgTPPJ/dt = k[MgTPP][O,] 3)

where [MgTPP] denotes the concentration of MgTPP, [O,]
denotes the concentration of O,, ¢ is the reaction time, and k is
the rate constrant.

When the concentration of O, remains constant, the eq 3 is
changed into eqs 4—7 as follows

—d[MgTPP}/dt = K'[MgTPP] )
K =k[O,] (5)
—In([MgTPP]/[MgTPP],) = k't (6)
ty=—In2/K (7)

where [MgTPP], is the initial concentration of MgTPP and
[MgTPP], is the concentration of MgTPP at r minutes. A plot
of the natural logarithm function on the left as a function of
delayed time should yield a straight line with a slope of k.

Figure 10 shows that when a photochemical reaction took
place at various irradiation intensities, the concentration of
MgTPP in solution decreased with increasing irradiation time.
Furthermore, the concentration of MgTPP in solution obviously
decreased at the same irradiation time with increasing irradiation
intensities.

The kinetics of the photochemical reaction of MgTPP with
O, is shown in Figure 11. The Figure shows that MgTPP loss
by photochemical reaction follows a pseudo-first-order reaction
kinetics. The reaction rate constants and half-life of photochemi-
cal reaction are shown in Table 1, together with the correlation
coefficients obtained from the linear regression analysis. Figure
11 shows a typical plot of eq 6 from an experiment in which
MgTPP is irradiated to various irradiation intensities.

Under these conditions, the experimental photochemical
reaction of MgTPP with O, has a half-life from 40 to 130 min
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TABLE 1: Intercept Values: Pseudo-First-Order Reaction Rate Constants, k', and Half-Lives, t,,, for MgTPP Reaction with O,

at Various Irradiation Intensities

irradiation intensity (Im) 235 400 600 800 930
k" (min~") 0.00526 0.00737 0.01152 0.01485 0.01587
correlation coefficient (R?) 0.9817 0.9606 0.9948 0.9939 0.9963
t1» (min) 131.78 94.05 60.17 46.68 43.68

under various irradiation intensities. The kinetic rate constant
of photochemical reaction of MgTPP with O, showed a linear
dependence to be K = 2 x 107 3(irradiation intensity/lm) +
0.00117 (correlation coefficient (R?) = 0.993) (Figure 12).

4. Conclusions

MgTPP was synthesized using H,TPP and Mg(CH;COO),
in DMF. The photochemical reaction of MgTPP with O, was
investigated, and our approach was to simulate the photochemi-
cal reaction processes of chlorophyll a with O,. The reaction
of MgTPP with O, under irradiation led to a 1:1 adduct in which
one O, molecule was bound to the pyrrolenine nitrogens of
MgTPP. The phenomena are noteworthy, although the reasons
are unclear. Under these conditions, the experimental rate was
the pseudo-first-order reaction for MgTPP, having a half-life
from 40 to 130 min under various irradiation intensities. The
kinetic rate constants of photochemical reaction of MgTPP
increase from 5.26 x 1072 to 1.587 x 1072 min~! in various
irradiation intensities, and these constants showed a linear
dependence.
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