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Two new heterobinuclear porphyrin dimers, namely
[{MoVIO2}-DBPA-Zn] (1; H4DBPA = N,N�-dibenzylidenebis-
[4-(10,15,20-triphenyl-21H,23H-porphin-5-yl)phenylamine])
and [{MoVIO2}-PBDA-Zn] (2 ; H4PBDA = N ,N �-bis[4-
(10,15,20-triphenyl-21H,23H-porphin-5-yl)phenyl]-1,3-
benzenedicarboxamide), have been synthesized. These bis-
(porphyrin)s were obtained by treating 5-(p-aminophenyl)-
10,15,20-triphenylporphyrinatomolybdenum and -zinc with
benzene-1,4-dicarboxaldehyde or benzene-1,3-dicarboxylic

Introduction

Large π-conjugated macrocyclic systems like porphyrins
are fascinating functional materials with high chemical and
thermal stability whose photophysical and photochemical
properties can be finely tuned by structural modifications
involving the substitution of functional groups or different
metal coordination.[1–3] Among the many porphyrins and
metalloporphyrin complexes, dimeric and oligomeric por-
phyrins with extensive electronic delocalization have at-
tracted increasing interest due to their potential applica-
tions in molecular electronics and photonics, which range
from light-emitting diodes,[4] nonlinear optical (NLO) mate-
rials,[5] information storage materials,[6] photovoltaic
cells,[7–9] chemical sensors,[10] biomimetic systems,[11,12] pho-
tosensitizers in photodynamic therapy,[13,14] and so forth.
Optional linkages connecting monomeric porphyrin rings
would allow the spatial configuration of porphyrins to be
adjusted, thereby altering the sizes and shapes of the por-
phyrinato cavities. Generally speaking, three kinds of link-
ages are observed in porphyrin dimers and oligomers: (1) a
flexible spacer such as a variable-length hydrocarbon or one
containing mixed atoms;[15] (2) a rigid spacer such as di-
phenylanthracene, diphenylene, or o-phenylene;[16] (3) a di-
rect meso-linked dimer or oligomer.[17,18]

Bis(porphyrin) complexes containing different metal
ions, for example Mo/Os, W/Ru, Sn/Mo, and Gd/Co,[19–22]
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acid. They have been characterized by UV/Vis, IR, X-ray
photoelectron, luminescence, and 1H NMR spectroscopy, and
their TG-DTA behavior and molar conductances have also
been determined. Th cis-dioxomolybdenum(VI) unit in these
complexes is contained in one of the porphyrin moieties and
zinc(II) ion is tetracoordinated in the other. Their electro-
chemical properties have also been investigated in detail.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

afford heterometallic dimers with extremely interesting
magnetic or bifunctional catalytic properties compared with
homometallic bis(porphyrin)s (Co/Co, Pd/Pd).[23,24] Molyb-
denum exhibits oxidation states from +2 to +6 in its por-
phyrin complexes[25–27] and several studies have demon-
strated that high-valent molybdenum porphyrin complexes
with trans-diperoxo, cis-dioxo, and cis-oxo-peroxo groups
exhibit good oxygen transport activity in vivo and high
catalytic activity toward oxygenation reactions.[28–31] We are
currently focussing on heterometallic bis(porphyrin)s con-
taining molybdenum in a high oxidation state (+6), and in
this paper we report the syntheses, spectral characteriza-
tion, and electrochemical properties of two new molybde-
num–zinc porphyrin dimers, namely [{MoVIO2}-DBPA-Zn]
(1; H4DBPA = N,N�-dibenzylidene-bis[4-(10,15,20-triphen-
yl-21H,23H-porphin-5-yl)phenylamine]) and [{MoVIO2}-
PBDA-Zn] (2; H4PBDA = N,N�-bis[4-(10,15,20-triphenyl-
21H,23H-porphin-5-yl)phenyl]-1,3-benzenedicarboxamide)
that contain a p-bis(Schiff base)phenyl or a meta-diimido-
phenyl as a linking spacer.

Results and Discussions

Synthesis of the Complexes

Bis(porphyrin)s can be obtained by self-assembly of mo-
nomeric porphyrins through van der Waals or π–π interac-
tions.[32–34] Herein, two kinds of linkers have been chosen,
one of which is formed by simple acylation of a diacid and
5-(p-aminophenyl)-10,15,20-triphenylporphyrin [5-(p-NH2)-
TPP] whilst the other is obtained by direct reaction of a
dialdehyde and 5-(p-NH2)TPP. Two strategies to insert dif-
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ferent metal ions into the bis(porphyrin) cavities have also
been followed, both of which gave satisfactory results. One
approach involves the reaction of one molar equivalent of
the mononuclear porphyrin complexes [{5-(p-NH2)TPP}-
Zn] (3) and [{5-(p-NH2)TPP}MoVIO2] (4) with the bridge-
linking reagents (see Scheme 1).

Scheme 1. a: Mo(CO)6, 1,2,4-trichlorobenzene; b: Zn(OAc)2·2H2O,
dmf; c: 3 and benzene-1,4-dicarbaldehyde in dmf (to yield 1) or
benzene-1,3-dicarboxylic acid in dmf (to yield 2); d: 5-(p-NH2)TPP
and benzene-1,4-dicarbaldehyde (to yield 1a) or benzene-1,3-dicar-
boxylic acid in dmf (to yield 2a); e: Mo(CO)6, 1,2,4-trichloroben-
zene.
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The progress of the reaction was monitored by recording
the UV/Vis absorption spectra. Completion of the reaction
was indicated by a change in the relative intensities of the
bands centered at about 555 and 595 nm and the appear-
ance of a new band at around 450 nm. However, this reac-
tion also produces several by-products and therefore re-
quires further purification steps. Follow-up experiments re-
vealed that adjusting the molar ratio (1:1) and the charging
sequence of the starting materials improves the yield.

The second synthetic strategy consists of two steps: prep-
aration of the mono-zinc bis(porphyrin) complexes 1a and
2a, and subsequent treatment of 1a, 2a with Mo(CO)6 to
give the Mo/Zn compounds.[35] This method produces fewer
by-products, although the yield of compound 2 is low, pre-
sumably due to the cleavage of the imido linkage at higher
temperatures.

Composition of the Complexes

The heterobimetallic porphyrin complexes 1 and 2 were
isolated as stable, purple, microcrystalline solids, although
recrystallization from different organic solvents failed to
give crystals suitable for an X-ray diffraction study. This
lack of crystals led us to seek alternative ways to deduce
the possible coordination modes of the central metals. The
formulations [{MoVIO2}-DBPA-Zn] (1) and [{MoVIO2}-
PBDA-Zn] (2) are proposed based on the elemental analy-
ses, mass spectra, molar conductance, and XPS (as well as
spectral and electrochemical characteristics, see below).
First, the elemental analyses of 1, 2, and 4 are consistent
with their respective compositions, thus implying that the
cis-dioxomolybdenum unit has been successfully inserted
into the porphyrinato rings. Second, the mass spectrum of
[{5-(p-NH2)TPP}MoVIO2] (4) shows the molecular ion
peak at m/z 757 [M + 2]+ and the base peak at m/z 741 [M
+ 2 – O]+. The MALDI-TOF spectrum of 1 matches the
calculated abundance, thereby confirming its elemental
composition and the dimeric structure (peaks at m/z 736.0
and 692.1 attributable to [{5-(p-NH2)TPP}MoVIO] and [{5-
(p-NH2)TPP}Zn], respectively). This evidence suggests that
four nitrogen atoms from the porphyrin β-pyrroles are che-
lated to the molybdenum atom with the two oxo ligands
adopting a cis configuration on the same side of the por-
phyrin ring. Third, the molar conductance values in
1.0�10–3  chloroform solution at 25 °C are 0.028, 0.039,
0.022, 0.030, 0.030, and 0.033 Ω–1 cm2 mol–1 for dimers 1,
2, 1a, and 2a and monomers 3 and 4, respectively, thus indi-
cating that all these porphyrin complexes exhibit nonelec-
trolytic behavior.[36] Finally, X-ray photoelectron spec-
troscopy (XPS) was employed to determine the oxidation
state of the molybdenum atoms in the Mo/Zn dimers. Mo
3d5/2 binding energies of 232.3 eV for compound 1 and
232.6 eV for compound 2 were observed, which suggests
that the valence state of molybdenum atom in the two com-
pounds is +6.[37,38] Thus, on the basis of the data available,
it is assumed that the zinc(II) ion in these Mo/Zn dimers
is tetracoordinate to the four pyrrole nitrogens from one
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porphyrin ring while the molybdenum(VI) atom is hexaco-
ordinate to the other porphyrin ring with the two oxygen
atoms located in a cis position, as illustrated in Scheme 1.

No axial ligand is present in the porphyrinatozinc sub-
units of 1 and 2 as two important effects of axial ligands
are not observed.[39–41] Thus, the absorption spectrum of
[{5-(p-NH2)TPP}Zn] (3) was obtained in chloroform, a
poorly coordinating solvent, which means that no solvent
molecule is ligated to the zinc ion. The other complexes 1a,
2a, 1, and 2 did not show a red shift of their Soret bands
relative to 3. Similarly, no change in the relative intensities
of the bands at around 550 and 590 nm is observed (see
UV/vis section below).[39] This kind of coordination mode
for two metal centers is different from the known anthra-
cene-bridged Mo/Zn porphyrin dimer with an oxomolyb-
denum(V) unit[42] and other zinc porphyrin complexes with
different axial ligands.[43] In fact, some mixed-metal Zn/M
bis(porphyrin) complexes (M = Pd, Zn, H2) possess a sim-
ilar coordination mode, mainly due to the different syn-
thetic methodologies.[15,44,45]

Infrared Spectra

The mono-zinc and heterometallic Mo/Zn bis(porphyrin)
complexes give complicated IR spectra. However, they dis-
play characteristic IR absorptions that are helpful for iden-
tifying the functional groups. For example, the mono-zinc
bis(porphyrin) 1a shows strong stretching bands at 1659
and 1628 cm–1 for the C=N bond of the Schiff base, while
the mono-zinc bis(porphyrin) 2a exhibits intense bands at
1652 and 1635 cm–1 due to the symmetric C=O stretching
vibrations of the imido groups. Upon coordination of the
mono-zinc bis(porphyrin)s to the molybdenum atom these
bands shift to higher wavenumbers (1697 and 1651 cm–1 for
1 and 1652 cm–1 for 2). This shift is primarily associated
with the increasing asymmetry of the molecule as a whole.
Furthermore, additional bands at 910 and 951 cm–1 are ob-
served in 1 and 2, respectively, due to the Mo=O stretching
vibrations. Similar bands have also been found in other mo-

Table 1. UV/Vis spectra of the ligands and complexes.

Compounds λmax [nm] (ε [103 –1 cm–1]) Ref.
Soret band Q bands

5-(p-NH2)TPP 426 (263.4) 518 (28.7) 554 (15.8) 592 (9.1) 648 (7.6) this work
3 428 (277.6) 554 (19.8) 596 (7.7) this work
4 341 (50.7) 459 (66.5) 647 (14.9) this work
1a 429 (269.3) 517 (18.3) 554 (27.3) 595 (12.5) 648 (4.9) this work
2a 428 (277.1) 519 (17.2) 554 (26.0) 594 (11.8) 650 (4.9) this work
1 337 (62.4) 454 (68.1) 552 (29.0) 593 (13.4) 625 (7.6) this work

425 (285.6)
2 340 (59.8) 458 (89.5) 553 (24.1) 590 (14.5) 626 (9.7) this work

424 (293.8)
5[a] 341 (81.1) 458 (41.4) 545 (16.8) 575 (16.9) 598 (4.7) [42]

414 (249)
6[b] 425 (214) 487 (4.6) 535 (15.2) 562 (11) [44]

7[c] 453 (182) 540 (3.5) 581 (15.9) 620 (10.9) 540 (3.5) [43]

[a] 5 = (DPA)[MoVO(OMe)][Zn(MeOH)] (DPA = 1,8-bis[5-(2,8,13,17-tetraethyl-3,7,12,18-tetramethylporphyrinyl)]anthracene). [b] 6 =
[MoO2(TTP)] (TTP = 5,10,15,20-tetra-p-tolylporphyrin). [c] 7 = [MoO(TPP)OEt] (TPP = 5,10,15,20-tetraphenylporphyrin).
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lybdenum porphyrin complexes such as [O=Mo(TPP)OH]
and [O=Mo(TPP)X] [X = OMe, OEt, OiPr, OtBu].[43]

UV/Vis Spectra

The bis(porphyrin)s with different bridges exhibit typical
UV/Vis spectra in chloroform in the visible and near-ultra-
violet regions. Their maximum absorption wavelengths are
listed in Table 1 along with the corresponding monopor-
phyrin compounds.

As can be seen in Figure 1 (a) and Table 1, Mo/Zn bis-
(porphyrin) complexes 1 and 2 show very similar absorp-
tions and the mono-zinc bis(porphyrin) complexes 1a and
2a also give quite similar absorptions. Apparently, the two
different linkers do not significantly influence the UV/Vis
absorptions of the bis(porphyrin)s. The Mo/Zn dimers give
two Soret absorptions at around 340 and 424 nm, which
suggest that both MoVI and Zn ions can be introduced into
the porphyrin rings since the absorptions in the ranges 330–
340 nm and 420–425 nm are much closer to those found in
the monomeric complexes 4 and 3, respectively. Figure 1
(b) shows the UV/Vis spectra of 3 and 4 as well as their
superposition. It is to be expected, and is indeed observed,
that the overlapping peaks of 3 and 4 should be similar to
those of 1 and 2 (there is no obvious shift in the Soret
bands). This result strongly suggests that no axial ligand
(e.g., ethanol) is coordinated to the Zn2+ ion.

1H NMR Spectra

Further confirmation of the identity of 1 and 2 was pro-
vided by their 1H NMR spectra. We collected the 1H NMR
spectroscopic data of mono-zinc bis(porphyrin)s 1a and 2a
and Mo/Zn porphyrin dimers 1 and 2 in CDCl3. A weak
signal at δ = –2.75 ppm was observed for 1a and 2a due to
the pyrrolic nitrogen protons. This signal disappears after
the four pyrrolic nitrogens become coordinated to the mo-
lybdenum atom. On the other hand, the broad singlet at δ
= 4.11 ppm due to the amino protons in 4 disappears after
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Figure 1. UV/Vis spectra of a series of porphyrin complexes in
chloroform at room temperature: (a) Mo/Zn bis(porphyrin) com-
plexes 1 (solid line) and 2 (dashed line); (b) [{5-(p-NH2)TPP}Zn]
(dashed line), [{5-(p-NH2)TPP}MoVIO2] (dotted line), and their
difference spectrum (solid line).

reaction with the linkers. New broad singlets at around δ =
10.15 ppm due to the protons of the Schiff base [C(H)=N]
are observed in 1a and 1, whereas a new resonance at
around δ = 10.30 ppm is found for the amide proton [C(O)-
NH] in 2a and 2. Mono-substitution on the phenyl rings
impose an effective Cs symmetry on the metalloporphyrin
moiety, which leads to a splitting of the pyrrole resonances.
This tendency is also observed here, where the pyrroles ad-
jacent to the 5-meso position bear non-equivalent pairs of
protons (see Experimental Section). Besides, 1a shows a sin-
glet at δ = 8.23 ppm due to the ortho protons, two doublets
at δ = 7.89 and 7.77 ppm due to the para and meta protons
of the meso-substituted phenyls, respectively, and two dou-
blets at δ = 8.08 and 7.63 ppm due to the 5-meso-substi-
tuted phenyl. For the corresponding Mo/Zn complex 1,
these signals are observed at δ = 8.24, 7.86, 7.76, 8.07, and
7.69 ppm, respectively. Obviously, these values are too sim-
ilar to allow any distinctive differences between the two
compounds to be determined. Similar phenomena are ob-
served for 2a and 2. As regards the Schiff base linker, 1a
shows two doublets at δ = 7.57 and 7.53 ppm attributable
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to the phenyl protons, and these resonances are observed at
δ = 7.53 and 7.50 ppm for 1. For the imido linkage, 2a
shows signals at δ = 8.01 and 7.95 ppm due to the phenyl
protons while signals at δ = 7.99, 7.88, and 7.46 ppm are
observed for 2. Therefore, the ring current originating from
the neighboring porphyrin macrocycle does not cause a sig-
nificant upfield shift of the phenyl protons para or meta to
the bis(porphyrin)s.[45]

Thermal Studies

Thermogravimetric analyses of monoporphyrins 3 and 4
and bis(porphyrin)s 1a, 1, 2a, and 2 were carried out. These
six compounds were found to be thermally stable up to
150 °C, as indicated by a horizontal plateau in their TG
curves. However, the mono- and bis(porphyrin)s show
slightly different thermal processes. Monomers 3 and 4, for
example, exhibit similar TG curves with three obvious
weight-loss processes. For 4, the first stage, which involves
the loss of a small amount of adsorbent water, four meso-
phenyl groups, and one terminal oxygen atom, starts at
150 °C and is complete at 301.5 °C. The observed weight
loss is 54.56%, in good agreement with the calculated
weight loss of 54.90%. This is a continuous exothermic pro-
cess. The second stage, which corresponds to the collapse
of the porphyrinato skeleton, involves a strong exotherm at
373.5 °C; the process is complete at 457.8 °C. This stage
leads to the stable product MoO3 with a total weight loss of
26.16%, in agreement with the theoretical value of 26.03%.
Following the second step, a medium exothermic process
occurs with a further weight loss of 4.85%, thus indicating
that MoO3 is not the final product in compound 4. Accord-
ing to the literature, a possible explanation for this may be
the occurrence of self-heating or autocatalysis to yield a
nonstoichiometric molybdenum oxide with the formula
MoO2.56.[46] In contrast to the monomers, the bis(porphy-
rin)s exhibit continuous decomposition processes. Figure 2
shows the TG and DTA curves for compound 2. The de-
composition of 2 starts at 150 °C and the process ends at

Figure 2. TG and DTA curves of compound 2.
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600 °C, as revealed by the weight loss curve. The experimen-
tal weight loss for the process is 85.57%, in good agreement
with the expected value of 85.72%. This step involves the
loss of a small amount of adsorbed water and the collapse
of the whole porphyrin framework; the final products are
expected to be MoO3 and ZnO. Therefore, one possible
reason why the yield of 2 is so low could be that Mo/Zn
bis(porphyrin)s with an imidophenyl linkage are not very
stable at high temperature.

Luminescence Studies

Excited-state processes in porphyrins are extremely im-
portant for their applications in molecular devices. Two
fluorescence bands [S2 (B band) and S1 (Q band)] are ob-
served in the porphyrin complexes. These are attributable
to the transitions from the second excited singlet state (S2)
to the ground state (S0; S2�S0) and from the lowest ex-
cited singlet state (S1) to S0 (S1�S0), respectively. The
room-temperature fluorescence spectra of monomers 3 and
4 and bis(porphyrin)s 1a, 1, 2a, and 2 in chloroform
(1�10–5 ) were recorded. The excitation spectra are ap-
proximately mirror images of the absorption spectra in the
Q-band region. The emission spectra obtained at an exci-
tation wavelength of 420 nm are shown in Figure 3.[47]

The Q(0–0) fluorescence bands of these metalloporphy-
rin complexes are observed in the region 601–608 nm, with
the Q(0–1) fluorescence bands in the region 651–655 nm,
although they differ with respect to their relative intensities
and fluorescent yields. It should be noted that the Q(1–0)
absorption bands around 560 nm observed in the zinc tetra-
arylporphyrin complexes do not appear in the emission
spectra of our monomer or dimers. This is probably because
this band is too weak to be observed.[47] Several interesting
results can be extracted from Table 3: first, the monozinc
bis(porphyrin) complex 1a has weaker Q(0–0) and more in-
tense Q(0–1) bands than 2a, probably due to a radiation-
less deactivation process. Second, the Mo/Zn porphyrin di-
mers 1 and 2 give almost identical fluorescence spectra,
thus suggesting that the two meso linkages have no signifi-
cant influence on the fluorescence spectra of these dimers.
Third, the emission spectra of monomers 3 and 4 are obvi-
ously different, for example an intense Q(0–0) band is ob-
served in 3 while an intense Q(0–1) band is found in 4. The
different coordination modes of the central metals are likely
to be responsible for this difference � the molybdenum unit
is six-coordinate while the zinc ion is only four-coordinate.
Thus, the extent of spin-orbit coupling is strongly depend-
ent on the axial ligands of the porphyrins, such as O, Cl,
Br, and I. Fourth, the fluorescent yields of all six porphyrin
compounds are less than 0.2, which is in accordance with
those reported previously, thereby implying that the excited
state S1 is primarily deactivated by radiation-less decay in
porphyrins.[47] Monomers 3 and 4 give three- to five-times
higher fluorescent yields than ZnTPP due to the effect of
the para-NH2 group on the rate of nonradiative quenching
of S1 (as shown in Table 2). Furthermore, the fluorescence
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Figure 3. Emission spectra of (a) monozinc bis(porphyrin) 1a (solid
line) and 2a (dashed line); (b) Mo-Zn porphyrin dimers 1 (solid
line) and 2 (dashed line) and monomeric porphyrin complexes 3
(dash dotted line) and 4 (dotted line).

is also dependent on the coplanarity of the compounds. The
coplanarity of 3 is better than that of 4, which leads to its
relatively high fluorescence yield. The fluorescent yields of
bis(porphyrin)s 1a, 2a, 1, and 2 are quite close to that of
ZnTPP, which is due to the lack of interaction between two
porphine π systems or a larger dihedral angle between the

Table 2. Emission spectra data and quantum yields (Φf) of the
monomers and dimers.

Compounds Q(0–0) Q(0–1) Φf

5-(p-NH2)TPP 651 0.032
3 605 647 0.167
4 605 651 0.105
1a 605 650 0.043
2b 605 650 0.040
1 604 649 0.042
2 602 649 0.041
[ZnTPP][a] 598 647 0.033

[a] ZnTPP = 5,10,15,20-tetraphenylporphyrinatozinc(II).
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two planes, which means that the two porphine π systems
in the dimers exhibit independent fluorescence properties.

Electrochemistry

The electrochemical behavior of 1a, 1, 2a, and 2 was in-
vestigated by cyclic voltammetry in dmf containing 0.1 

TEAP. The redox properties of three precursor monopor-
phyrinates, namely 5-(p-NH2)TPP, 3, and 4 were also

Figure 4. Cyclic voltammograms of 5-(p-NH2)TPP (a), [{5-(p-NH2)TPP}Zn] (3; b), [{5-(p-NH2)TPP}MoVIO2] (4; c), [(H2DBPA)Zn] (1a;
d), [{MoVIO2}-DBPA-Zn] (1; e), [{H2PBDA}Zn] (2a; f), and [{MoVIO2}-PBDA-Zn] (2; g) in dmf + 0.1  TEAP. The cathodic peaks
marked with asterisks (*) at around –0.3 V in 2a and 2 are due to impurities.
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studied under the same experimental conditions for com-
parison. The potentials were scanned positively at either
+1.0 Vs–1 for 5-(p-NH2)TPP, 1a, 2, 3, and 4, or at
+1.25 Vs–1 for 1 and 2a. All potentials are quoted relative
to an Ag+/Ag electrode.

As shown in Figure 4 (c), complex 4 gives a complicated
cyclic voltammogram. It undergoes four reduction steps at
E1/2 = –1.86, –1.46, –1.16, and –0.43 V (vs. Ag+/Ag; labeled
as peaks I–IV). An irreversible oxidation process is also ob-
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served at Ep = 0.51 V (vs. Ag+/Ag). Each of these processes
is a one-electron reduction or oxidation. The first two
quasi-reversible reduction steps were assigned to the re-
ductions of the central Mo (waves IV and III), namely
MoVI to MoV and MoV to MoIV, while the reduction reac-
tions occurring at the porphyrin ring (waves I and II) yield
the dianion and anion radical. These reactions are shown
in Scheme 2.[48] Kadish et al. have systematically investi-
gated the electrochemistry of monomeric molybdenum por-
phyrins such as [MoVIO2(TPP)], [MoVIO(TMP)(O2)]
(TMP = 5,10,15,20-tetramesitylporphyrinato dianion),
[MoVO(TPP)(X)] (X = MeO–, OAc–, Cl–), [MoIVO(TPP)] in
dichloromethane.[30,49–54] A comparison with these molyb-
denum porphyrin compounds indicates that the two oxi-
dation potentials at around 1.22 and 1.49 V (vs. SCE) in
[MoVIO2(TPP)] are not observed in compound 4, although
a weak oxidation peak at 0.51 V, which is assumed to be
due to the formation of the porphyrin cation radical
[MoVIO2(por)]·+, is found.[49] Furthermore, the electrore-
ductions on the porphyrin rings of 4 in dmf are more nega-
tive than those for [MoVIO2(TPP)] in dichloromethane or
1,2-dichloroethane (–1.13 and –1.48 V vs. SCE).[54] The use
of a different solvent (dmf or dichloromethane) may be the
cause of this. This was further confirmed by the electro-
chemical behavior of the free porphyrin 5-(p-NH2)TPP and
the corresponding zinc complex (see parts a and b in Fig-
ure 4). [{5-(p-NH2)TPP}Zn] (3) gives two reduction poten-
tials at –1.81 and –1.45 V for por–/por2– and por/por– and
two oxidation potentials at 0.26 and 0.48 V for por·+/por
and por·2+/por+, respectively. It should be noted that all
three potentials related to the reductions of the porphyrin
ring of 3 and 4 are shifted slightly to more positive poten-
tials upon metalation relative the free-base porphyrin (E1/2

= –2.00, –1.49 V). The presence of amine groups has been
reported to bring about a multi-electron oxidation, particu-
larly the potentials at 0.5–0.6 V vs. SCE that occur in
H2T(p-NH2)PP in dichloromethane, although this kind of
oxidation could not be distinguished in these three com-
pounds.[54]

Scheme 2. The electrochemical oxidation and reduction of 4. Val-
ues are quoted in volts.

The four bis(porphyrin) complexes 1a, 1, 2a, and 2 (d–g,
respectively, in Figure 4) exhibit systematic redox processes.
The Mo/Zn dimers 1 and 2 exhibit similar cyclic voltammo-
grams while the monozinc bis(porphyrin)s 1a and 2a also
have similar properties, thus indicating that the introduc-
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tion of Schiff-base or imido linkers at the periphery of por-
phyrins has a similar influence on their redox potential val-
ues. As seen in Table 3, the two oxidation waves at around
0.40 and 0.70 V and the two reduction waves in the ranges
–1.30 to –1.45 V and –1.86 to –1.91 V correspond to the
reduction of the porphyrin units in these four cases. The
new totally irreversible cathodic potential at around –0.90 V
that appears in the bis(porphyrin)s was assigned to the re-
duction of the porphyrin ligands. It is thus supposed that
the increased asymmetry of bis(porphyrin)s 1a, 2a, 1, and
2 may result in multiple redox processes at the porphyrin
rings. Only one quasi-reversible reduction at the central
metal (MoVI/MoV) is observed in 1 and 2 (E1/2 = –0.44 V),
thus indicating that further reduction from MoV to MoIV

is difficult when 4 is connected to another zinc porphyrin
subunit by the bridging linker.

Table 3. Half-wave potentials (V vs. Ag+/Ag) for some porphyrin
complexes in dmf containing 0.1  TEAP as supporting electrolyte.

Ligand/complex Reduction waves Oxidation waves
I II III IV I II

5-(p-NH2)TPP –2.00 –1.49 0.43[a] 0.70[a]

3 –1.81 –1.45[b] 0.26[a] 0.48[a]

4 –1.86 –1.46 –1.16[a] –0.43 0.51[a]

1a –1.91 –1.30 –0.71[b] 0.38 0.68[a]

1 –1.86 –1.45 –0.89[b] –0.44 0.43 0.70
2a –1.88 –1.30 –0.90[b] 0.37[a]

2 –1.86 –1.48 –0.91[b] –0.45 0.39 0.74[a]

[MoO2(TPP)][48] –1.48 –1.13 1.22 1.49

[a] Only reduction process. [b] Only oxidation process.

The abstraction of an electron from MoVI, ZnII, or the
oxo ligand of the four bis(porphyrin) complexes is imposs-
ible, therefore the only reasonable site for oxidation is the
porphyrin system; this yields the radical cations. Figure 4
(parts d–g) shows the almost identical oxidation reactions
that occur at around 0.40 and 0.70 V at the porphyrin moi-
ety, similar to those of monomeric 3 and 4. However, these
peaks are weak in comparison with those found in dichloro-
methane. It is noteworthy that a large decrease of the
HOMO–LUMO gap, as expressed by the half-wave poten-
tial difference E1/2(1st ox) – E1/2(1st red), is observed for 1
and 2 (approx. 0.85 V), in comparison with the correspond-
ing monoporphyrin complexes (approx. 1.80 V), monozinc
bis(porphyrin) complexes (approx. 1.10 V), and anthracene-
bridged Mo/Zn porphyrin dimer (1.27 V).[42,55] Detailed in-
vestigations of this phenomenon are currently underway.

Conclusions

We have reported the synthesis of two kinds of Mo/Zn
bis(porphyrin) complexes by treating 5-(4-aminophenyl)-
10,15,20-triphenylporphyrinatomolybdenum/zinc com-
plexes with benzene-1,4-dicarbaldehyde or benzene-1,3-di-
carboxylic acid. Unfortunately, we have not been able to
obtain good quality single crystals for an X-ray diffraction
analysis. However, we have thoroughly investigated them by
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recording their electronic absorption spectra, thermal sta-
bility, luminescent spectra, and electrochemical properties.
Taking into consideration previously reported Mo and Mo/
Zn porphyrin complexes, we suggest that the dioxomolyb-
denum(VI) unit is inserted into the porphyrin ring with the
two oxo groups in a cis configuration.

Experimental Section
Materials: Unless otherwise stated, all reagents, such as Zn(OAc)2·
2H2O, Mo(CO)6, benzene-1,4-dicarbaldehyde and benzene-1,3-di-
carboxylic acid, were obtained commercially and used without fur-
ther purification. N,N-Dimethylformamide (dmf) for electrochemi-
cal measurement was distilled from 4 Å molecular sieves under re-
duced pressure before use. 5-(p-Aminophenyl)-10,15,20-tri-
phenylporphyrin [5-(p-NH2)TPP] and its zinc complex [{5-(p-
NH2)TPP}Zn] (3) were prepared following a literature pro-
cedure.[56–58] TEAP (tetraethylammonium perchlorate) was also ob-
tained by the literature method.[59]

Physical and Chemical Measurements: UV/Vis spectra were re-
corded with a Shimadzu UV2155 spectrometer. IR spectra were
measured with a Tensor 27 Fourier Transform spectrometer in the
region 4000–400 cm–1 using KBr pellets. Elemental analyses
(C,H,N) were determined with a Perkin–Elmer 2400 LSII elemental
analyzer. Excitation and emission spectra were recorded with a Shi-
madzu PTI-600 fluorescence spectrometer at room temperature in
the range from 300 to 800 nm; the quantum yields were calculated
using [Zn(TPP)] as standard (Φf = 0.033). Molar conductances of
a 1�10–3  solution in chloroform at 25 °C were measured with a
DDX-111A conductometer. 1H NMR spectra were recorded with a
Varian-Unity 500 NMR spectrometer for solutions in CDCl3 with
tetramethylsilane (TMS) as an internal standard. The MALDI-
TOF mass spectrum for 1 was recorded with a Bruker BIFLEX III
spectrometer. The ESI MS spectrum for 4 was measured with a
Finnigan MATLCQ electrospray ionization-ion trap mass spec-
trometer. Thermogravimetric analyses (TGA) and differential ther-
mal analyses (DTA) were performed with a thermoanalyzer (TA
SDT 2960) in air at a heating rate of 10 °Cmin–1. The redox behav-
iors of the complexes (ca. 1�10–3 ) were determined at a scan
rate of 100 mVs–1 with an EG&G Princeton Applied Research
Model 263A potentiostat/galvanostat at room temperature. An
ohmic drop compensation was applied during the CV acquisition.
A conventional three-electrode system was used in all electrochemi-
cal measurements, consisting of a platinum plate electrode as work-
ing electrode, a platinum-wire electrode as counter electrode, and a
standard Ag+/Ag (0.1  AgNO3 in dmf containing 0.1  TEAP)
reference electrode. The solutions were thoroughly degassed with
nitrogen for at least 15 min prior to measurements.

Method 1. Preparation of [{5-(p-NH2)TPP}MoVIO2] (4): 5-(p-
NH2)TPP (200 mg, 0.32 mmol) and Mo(CO)6 (200 mg, 0.76 mmol)
were added to 15 mL of 1,2,4-trichlorobenzene under N2 and the
mixture was heated at 190 °C for 2 h while stirring. The progress
of the reaction was monitored by UV/Vis spectroscopy. After cool-
ing to room temperature, the solution was passed through a silica
gel column (2�20 cm). The first band eluted with CHCl3 was the
free-base porphyrin. The second green band eluted with 2%
C2H5OH/CHCl3 (v:v) was collected, and the solvents evaporated
to dryness to give the desired product as a brown-green powder
(80.44 mg, 35%). C44H29N5MoO2 (755.67): calcd. C 69.93, H 3.87,
N 9.27; found C 68.87, H 4.04, N 8.89. ESI-MS: m/z 757 [M +
2H]2+. UV/Vis (CHCl3): λmax (ε) = 341 nm [50.7 (�103 –1 cm–1)],
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459 (66.5), 647 (14.9). IR (KBr): ν̃ = 3418 br s, (νN–H), 2953 w,
2923 m, 2853 m (νC–H), 1625 s (νC–N), 1125 w (νC–O), 946 m, 910 w
(νMo–O) cm–1. 1H NMR (500 MHz, CDCl3): δ = 8.95 (br. s, 2 H,
β-pyrrole), 8.23 (br. s, 6 H, β-pyrrole), 7.97 (br. s, 6 H, ortho ArH),
7.81 (br. s, 2 H1, ArH meta to amido), 7.71 (dd, J = 4, 7 Hz, 3 H,
para ArH), 7.54 (d, J = 2 Hz, 3 H, meta ArH), 7.05 (s, 2 H2, ArH
meta to amido), 4.11 (br. s, 2 H, NH) ppm.

Preparation of [{MoVIO2}-DBPA-Zn] (1): [{5-(p-NH2)TPP}Zn] (3;
37 mg, 0.053 mmol) and benzene-1,4-dicarbaldehyde (10 mg,
0.075 mmol) were dissolved in 20 mL of dmf. The solution was
refluxed for 30 min while being stirred under N2. [{5-(p-NH2)-
TPP}MoVIO2] (50 mg, 0.053 mmol) was added to the above mix-
ture and refluxing was continued for another 3 h. After the mixture
had cooled to room temperature, the suspension was mixed with
CHC13 and extracted several times with distilled water. The chloro-
form layer was collected and dried with anhydrous Na2SO4. After
removal of the solvent, the residue was purified by chromatography
on a neutral alumina column (2�10 cm) using 2% C2H5OH/
CHCl3 (v:v) as eluent to give the desired product. Recrystallization
from CHCl3 gave [{MoVIO2}-DBPA-Zn], which was dried under
vacuum to give a purple powder (46 mg, 57%). C96H60MoN10O2Zn
(1546.9): calcd. C 74.55, H 3.91, N 9.06; found C 73.18, H 3.60, N
8.68. MALDI-TOF MS: m/z 1526.0, 736.0, 692.1. UV/Vis (CHCl3):
λmax (ε) = 337 nm [62.4 (�103 –1 cm–1)], 425 (285.6), 454 (68.1),
552 (29.0), 593 (13.4), 625 (7.6). IR (KBr): ν̃ = 3434 m, 1697 s,
1651 s, 1523 m, 910 m, 844 w cm–1. 1H NMR (500 MHz, CDCl3):
δ = 10.14 (s, 1 H, CH3=N), 10.00 (s, 1 H, CH3�=N), 9.05 (d, J =
4 Hz, 2Hβ, β-pyrrole), 8.96 (d, J = 5 Hz, 12 Hβ, β-pyrrole), 8.90
(br. s, 2 H, β-pyrrole), 8.24 (br. s, 12 H, ortho ArH), 8.07 (d, J =
8 Hz, 2 H1 and 2 H1�, ArH meta to Schiff base), 7.86 (d, J = 8 Hz,
6 H, para ArH), 7.76 (s, 12 H, meta ArH), 7.69 (br. s, 2 H2 and 2
H2�, ArH para to Schiff base), 7.53 (br., 2 H4, bridge-phenyl), 7.50
(d, J = 8 Hz, 2 H5, bridge-phenyl) ppm.

Preparation of [{MoVIO2}-PBDA-Zn] (2): [{5-(p-NH2)TPP}Zn]
(30 mg, 0.043 mmol) and benzene-1,3-dicarboxylic acid (12 mg,
0.072 mmol) were dissolved in 20 mL of dmf and the solution was
refluxed for 30 min under N2. [{5-(p-NH2)TPP}MoO2] (4; 28 mg,
0.039 mmol) was then added to the reaction solution and reflux
was continued for another 3 h. After the mixture had cooled to
room temperature the suspension was poured into 70 mL of
CHC13 and extracted three times with distilled water. The chloro-
form layer was collected and dried with anhydrous Na2SO4. After
the removal of the solvent, the residue was purified by chromatog-
raphy on a neutral alumina column (2�10 cm) using 2% C2H5OH/
CHCl3 (v:v) as eluent to afford the desired product, which was
dried under vacuum to give a purple powder (44 mg, 59%).
C96H60MoN10O4Zn (1578.9): calcd. C 73.04, H 3.80, N 8.88; found
C 72.38, H 4.15, N 8.11. UV/Vis (CHCl3): λmax (ε) = 340 nm
[59.8 (�103 –1 cm–1)], 424 (293.8), 458 (89.5), 553 (24.1), 590
(14.5), 626 (9.7). IR (KBr): ν̃ = 3434 s, 1652 m, 1620 br. s, 1520 s,
951 br m, 875 br w, cm–1. 1H NMR (500 MHz, CDCl3): δ = 10.30
(br. s, 2 H, O=C–NH3–), 8.95 (m, 12 Hβ, β-pyrrole), 8.84 (br. s, 4
Hβ, β-pyrrole), 8.231 (d, J = 6 Hz, 12 H, ortho ArH), 7.99 (s, 1 H4,
bridge-phenyl), 7.94 (br., 2 H1, ArH meta to imido), 7.88 (d, J =
5 Hz, 2 H5, bridge-phenyl), 7.75 (br. s, 8 H, meta ArH), 7.62 (m, 4
H, meta ArH), 7.53 (t, J = 6 Hz, 6 H, para ArH), 7.46 (t, J = 8 Hz,
1 H6, bridge-phenyl), 7.18 (m, 2 H1�, ArH meta to imido), 6.91 (d,
J = 3 Hz, 2 H2, ArH ortho to imido), 6.64 (br., 2 H2�, ArH ortho
to imido) ppm.

Method 2. Preparation of [(H2DBPA)Zn] (1a): 5-(p-NH2)TPP
(200 mg, 0.32 mmol) and benzene-1,4-dicarbaldehyde (50 mg,
0.37 mmol) were added to 30 mL of dmf and the mixture was re-
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fluxed for 30 min under N2. [{5-(p-NH2)TPP}Zn] (220 mg,
0.32 mmol) was then added and the reflux was maintained for an-
other 3 h, during which time the process was monitored by UV/
Vis spectroscopy every 10 min. After cooling to room temperature,
70 mL of CHC13 was poured into the solution and this mixture
extracted several times with distilled water. The CHCl3 layer was
collected, dried with anhydrous Na2SO4, filtered to remove the dry-
ing agent, and finally evaporated to a small volume. The crude
product was purified by chromatography on a neutral alumina col-
umn (3.0�10 cm). The first band, which eluted with CHCl3, was
unreacted [{5-(p-NH2)TPP}Zn]. The main purple band, which
eluted with 2% C2H5OH/CHCl3 (v:v), was collected and condensed
to dryness on a rotary evaporator to afford the desired product
(108 mg, 24%). C96H62N10Zn (1421.0): calcd. C 81.14, H 4.40, N
9.86; found C 79.98, H 4.55, N 8.97. UV/Vis (CHCl3), λmax (ε):
429 nm [269.3 (103 –1 cm–1)], 517 (18.3), 554 (27.3), 595 (12.5), 648
(4.9). IR (KBr): ν̃ = 3430 s, 1659 m, 1628 s, 1550 m, 963 m cm–1.
1H NMR (500 MHz, CDCl3): δ = 10.16 (s, 2 H, CH3=N–), 9.02
(br., 2 Hβ, β-pyrrole), 8.95 (d, J = 9 Hz, 4 Hβ, β-pyrrole), 8.85 (d,
J = 5 Hz, 4 Hβ, β-pyrrole), 8.64–8.58 (br., 6 Hβ, β-pyrrole), 8.23
(br. s, 12 H, ortho ArH), 8.08 (d, J = 9 Hz, 4 H1, ArH, meta to
Schiff base), 7.89 (d, J = 8 Hz, 6 H, para ArH), 7.77 (d, J = 7 Hz,
12 H, meta ArH), 7.63 (d, J = 6 Hz, 4 H2, ArH, para to Schiff
base), 7.57 (d, J = 7 Hz, 2 H4, bridge-phenyl), 7.53 (d, J = 9 Hz, 2
H5, bridge-phenyl), –2.75 (s, 2 H, N–H) ppm.

Preparation of [(H2PBDA)Zn] (2a): 5-(p-NH2)TPP (200 mg,
0.32 mmol) and benzene-1,3-dicarboxylic acid (60 mg, 0.36 mmol)
were added to 30 mL of dmf and the mixture was refluxed for
30 min under N2. [{5-(p-NH2)TPP}Zn] (3; 220 mg, 0.32 mmol) was
then added and the mixture was refluxed for another 3 h, during
which the process was monitored by UV/Vis spectroscopy every
10 min. After cooling to room temperature, 70 mL of CHC13 was
poured into the solution and the mixture extracted several times
with distilled water. The CHCl3 layer was collected, dried with an-
hydrous Na2SO4, filtered to remove the drying agent, and finally
evaporated to a small volume. The crude product was purified by
chromatography on a neutral alumina column (2� 10 cm). The
first band, which eluted with CHCl3, was unreacted [{5-(p-NH2)-
TPP}Zn]. The main purple band, which eluted with 2% C2H5OH/
CHCl3 (v:v), was collected and the solvents evaporated to dryness
to obtain the desired product (164 mg, 35%). C96H62N10O2Zn
(1453.0): calcd. C 79.35, H 4.30, N 9.64; found C 77.97, H 3.98, N
9.17. UV/Vis (CHCl3): λmax (ε) = 428 nm [277.1 (103 –1 cm–1)], 519
(17.2), 554 (26.0), 594 (11.8), 650 (4.9). IR (KBr): ν̃ = 3380 m, 1652
s, 1635 s, 1532 m, 966 w cm–1. 1H NMR (500 MHz, CDCl3): δ =
10.27 (br. s, 2 H, O=C–NH3–), 8.87–8.83 (br., 12 H, β-pyrrole),
8.81–8.80 (br., 4 Hβ, β-pyrrole), 8.21 (d, J = 6 Hz, 12 H, ortho
ArH), 8.01 (s, 2 H4, bridge-phenyl), 7.95 (d, J = 7 Hz, 2 H5, bridge-
phenyl), 7.93 (br. s, 4 H1, meta ArH), 7.74 (t, J = 6 Hz, 12 H, meta
ArH), 7.53 (t, J = 6 Hz, 6 H, para ArH), 6.91 (br., 4 H2, ArH ortho
to imido), –2.75 (s, 2 H, N–H) ppm.

Preparation of [{MoVIO2}-DBPA-Zn] (1): [(H2DBPA)Zn] (1a;
50 mg, 0.035 mmol) and Mo(CO)6 (50 mg, 0.190 mmol) were
added to 10 mL of 1,2,4-trichlorobenzene and the mixture was re-
fluxed while stirring for 4 h under N2. The progress of the reaction
was monitored by UV/Vis spectroscopy. After cooling to room tem-
perature, the solution was transferred directly onto a neutral alu-
mina column (2 �10 cm). The first red band, which eluted with
CHCl3, was unreacted [(H2DBPA)Zn]. The second purple-red
band, which eluted with 2% C2H5OH/CHCl3 (v:v), was collected
and the solvents evaporated to dryness to give the desired product
(23 mg, 42%).
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Preparation of [{MoVIO2}-PBDA-Zn] (2): [(H2PBDA)Zn] (50 mg,
0.035 mmol) and Mo(CO)6 (50 mg, 0.190 mmol) were added to
10 mL of 1,2,4-trichlorobenzene and the mixture was refluxed
while stirring for 4 h under N2. The progress of the reaction was
monitored by UV/Vis spectroscopy. After cooling to room tem-
perature, the solution was transferred directly onto a neutral alu-
mina column (2 �10 cm). The first red band, which eluted with
CHCl3, was unreacted [(H2PBDA)Zn]. The second purple-red
band, which eluted with 2% C2H5OH/CHCl3 (v:v), was collected
and the solvents evaporated to dryness to give the desired product
(10 mg, 5.5%).
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