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Abstract
The spectroscopic and electrochemical properties of two isomeric forms of the supramolecular species [l-(H2TPyP){Ru(bpy)2Cl}4]4+ (H2TPyP = 5,10,15,20-tetra(3- or 4-pyridyl)porphyrin, bpy = 2,2 0 -bipyridine) have been compared and consistently
interpreted with the aid of molecular orbital calculations. In these complexes, the HOMO and LUMO levels are predominantly
localized in the ruthenium complexes and porphyrin ring, respectively. There is an extensive mixing of the wave functions of both
components in other MOs, however, and their contributions are reﬂected in the spectroelectrochemical and spectroscopic behavior.
For example, the electronic mixing is enough to allow the energy-transfer from the peripheral complexes to the porphyrin ring, as
well as the appearance of a RuII(dp) ! H4P(pp*) charge-transfer band at 700 nm in the bis-protonated [l-(H4TPyP){Ru(bpy)2Cl}4]4+ species, showing the strong stabilization of the porphyrin LUMO levels.
 2005 Elsevier B.V. All rights reserved.
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1. Introduction
In the last decade, many eﬀorts have been focused on
the preparation of sophisticated molecules by assembling smaller units through covalent bonds and even
weak molecular interactions [1]. Such molecular building blocks can be specially chosen in order to impart
their photochemical, catalytic, electrocatalytic and electron-transfer properties to the supramolecular systems
[2–19]. A ﬁne-tuning of their electronic properties is also
required to optimize the cooperative interactions between the several components. This relevant subject,
*
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which can be further exploited in supramolecular chemistry, requires a careful investigation since it can be inﬂuenced by subtle interactions, not always possible to be
evaluated without suitable systems for comparison. Fortunately, the theoretical methods have evolved extraordinarily in the last decade, constituting a worthy tool
for the study and interpretation of molecular and supramolecular properties [20–29].
Supramolecular porphyrins obtained by the coordination of [Ru(bpy)2Cl]+ complexes [30,31] (where
bpy = 2,2 0 -bipyridine) and [Ru3O(OAc)6(py)2]+ trinuclear ruthenium acetate clusters [19,32] (where py = pyridine and OAc = acetate) to the pyridyl N-atoms of
meso-tetra(4-pyridyl)porphyrins, M(4-TPyP), have been
systematically investigated in our laboratory in recent
years. This approach has allowed us to combine the
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Fig. 1. Schematic and respective lateral view of the geometry optimized structures of the H2(4-TRPyP) and H2(3-TRPyP) complexes.

porphyrin chemistry with the ruthenium complex chemistry, generating interesting catalytic, electrocatalytic and
photochemically active materials [30,32–35]. A remarkable aspect is that the [Ru(bpy)2Cl]+ derivatives can easily
form quite homogeneous, electrochemically active and
conducting molecular ﬁlms, which may be useful for the
preparation of amperometric detectors [36–38] based on
modiﬁed electrodes. In addition, those porphyrins can
form nanomaterials exhibiting enhanced electrocatalytic
properties, by electrostatic assembly [19,39]. In order to
provide a better understanding on the electronic structure
and properties of those materials, the tetraruthenated
porphyrins shown in Fig. 1 were investigated, by following a comparative approach, using molecular modeling
calculations as support for the interpretation of the electrochemistry and spectroscopic data.

2. Experimental
5,10,15,20-Tetra(3-pyridyl)porphyrin, H2(3-TPyP), was
synthesized by the condensation of pyrrol (0.145 mmol)
and 3-pyridylcarboxaldehyde (0.145 mmol), in reﬂuxing
acetic acid for an hour [40]. The viscous black tar

obtained after solvent removal was treated with a
dimethylformamide/ethanol 1:1 mixture and ﬁltered.
The bright violet solid was puriﬁed by silica gel column
chromatography, using dichloromethane/ethanol 95:5
mixture as eluent. Yield: 20%. Anal. Calc. for
C40H26N8 (H2(3-TPyP), 618.70 g mol1): C, 77.60; H,
4.21; N, 18.10. Found: C, 76.40; H, 4.69; N, 17.98%.
1
H NMR (300 MHz, CDCl3, TMS): d = 2.80 ppm(s;
2H; pyrrole NH); 7.77 ppm(dd; 4H); 8.53 ppm(d; 4H);
8.87 ppm(s; 8H); 9.07 ppm (dd; 4H); 9.46 ppm(s; 4H).
5,10,15,20-tetra(4-pyridyl)porphyrin, H2(4-TPyP), was
purchased from Aldrich and used without further
puriﬁcation.
5,10,15,20-Tetra(3-methylpyridinium)porphyrin, [H2(3TMPyP)]Cl4 Æ 6H2O, and 5,10,15,20-tetra(4-methylpyridinium)porphyrin, [H2(4-TMPyP)]Cl4 Æ 9H2O, were
obtained by reﬂuxing the corresponding meso-tetrapyridylporphyrins with an excess of methyltosylate in
N,N-dimethylformamide (DMF) for 4 h (95% yield),
according to the method described by Pasternack et al.
[41]. Anal. Calc. for C44H38N8Cl4 Æ 6H2O (H2(3TMPyP), 928.74 g mol1): C, 56.90; H, 5.43; N, 12.07.
Found: C, 56.03; H, 5.78; N, 12.02%. 1H NMR (300
MHz, acetone-d6, TMS): d = 10.07 ppm(s, 4H); 9.61
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ppm(d, 4H, J1 = 0.02 ppm); 9.49 ppm(d, 4H, J1 = 0.02
ppm); 9.24 ppm(s, 8H), 8.73 ppm(t, 4H, J1 = 0.02
ppm), 4.93 ppm(s, 12H) and 2.99 ppm(s, 2H). Anal.
Calc. for C44H38N8Cl4 Æ 9H2O (H2(4-TMPyP), 982.79
mg mol1): C, 53.77; H, 5.74; N, 11.40. Found: C,
53.60; H, 5.64; N, 11.27%. 1H NMR (300 MHz,
DMSO-d6, TMS): d = 9.47 ppm(d, 8H, J1 = 0.02 ppm);
9.81 ppm(s, 8H); 8.98(d, 8H, J1 = 0.02 ppm); 4.72
ppm(s, 12H) and 3.10 ppm(s, 2H).
Octakis(2,2 0 -bipyridyl-1j2N,1j2N 0 ,2j2N,2j2N 0 ,3j2N,2 0
3j N ,4j2N,4j2N 0 )tetrachloro-1jCl,2jCl,3jCl,4jCl-(l45,10,15,20-tetra(3-pyridyl-1jN:2jN 0 :3jN00 :4jN000 -porphyrin)) tetraruthenium-(4+)tetrakis(triﬂuoromethanesulfonate), [H2(3-TRPyP)](TFMS)4, was obtained by the
reaction of 200 mg of H2(3-TPyP) with 630 mg of [Ru(bpy)2Cl2] (1:4.1 molar ratio), in reﬂuxing glacial acetic
acid for an hour, as described previously [31]. The ﬁnal
puriﬁcation was carried out by neutral alumina column
chromatography, using a mixture of dichloromethane/
ethanol 9:1 as eluent. Yield: 95%. Anal. Calc. for
C120H90N24Ru4Cl4(CF3SO3)4 Æ 12H2O (3226.7 g/mol):
C, 46.15; H, 3.56; N, 10.42. Found: C, 46.02; H, 3.49;
N, 10.22%. 1H NMR (300 MHz, acetone-d6, TMS):
3.28 ppm (s, 2, NH); 7 to 10 ppm range (broad envelope, 88H). The number of water molecules was determined by thermogravimetry using the same sample
sent for elemental analysis. The synthesis and characterization of [H2(4-TRPyP)] and cis-dichloro-bis(2,2 0 bipyridine)ruthenium(II) complex, [Ru(bpy)2Cl2], were
previously described [31].
Molecular modeling calculations were carried out for
H2(3-TRPyP), H2(4-TRPyP) and the respective protonated species, starting with the MM+ and a modiﬁed
MM2(91) force ﬁeld [42] for geometry optimization,
employing the HYPERCHEM program [43]. A gradient
of 103 kcal mol1 Å1 was used as convergence criterion in a conjugated gradient method. SCF molecular
orbital calculations were performed at the RHF level,
using the ZINDO/S method [44–47] and the default
parameters
(scaling
factors
jpr = 1.267
and
jpp = 0.585) or the PM3(tm) method [48] and a 107
kcal mol1 as convergence criterion. Geometry optimization was successively reﬁned using the atomic charge
distribution, resulting from the semi-empirical calculations, until reaching convergence. The electronic spectrum was calculated based on single CI excitations
using an active space of 25 frontier molecular orbitals
(15 highest occupied and 10 lowest unoccupied MOs).
For the model compounds, geometry optimizations
were carried out using a gradient of 103
kcal mol1 Å1 in a conjugated gradient method. In
these cases, DFT ab initio RHF/SCF molecular orbitals
were obtained after the density matrix reached 107
kcal mol1 of convergence.
The cyclic voltammograms were obtained in CH3CN
and DMF, using an AUTOLAB PGSTAT30 Potentio-
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stat/Galvanostat. A conventional three electrodes cell
was employed, consisting of a platinum disk working
electrode, Ag/Ag+ (0.010 M, in acetonitrile) reference
electrode and a coiled platinum wire auxiliary electrode.
The UV–Vis spectra were recorded on a HP-8453A
diode-array spectrophotometer, in the 190 to 1100 nm
range. The luminescence spectra were recorded on a
Photon Technology Inc., model LS-100 spectroﬂuorimeter. The luminescence quantum yields were determined
utilizing H2(4-TMPyP) in water as standard (/std =
0.047) [40,49,50] and the relationship / = /std(Absstd/
Abs)(Int/Intstd), where Absstd and Abs, and Intstd and
Int are the absorbance at the excitation wavelength
and the integrated ﬂuorescence of the standard and the
sample, respectively. The triplet state lifetimes were measured on a ﬂash-photolysis equipment (Edinburgh Analytical Instruments) using a pulsed Nd:YAG laser
(Spectron Laser System, England) operating at 355nm,
for sample excitation. The analysis system, constituted
by a 150 W pulsed xenon lamp, a Czern-Turner monochromator and a germanium detector for the near infrared, coupled with a Hewlett–Packard 54510B digital
oscilloscope for data acquisition, was positioned at 90
(k = 420 nm). The samples were purged for 15 min with
99.99% argon immediately before use.
Electrospray mass spectra were recorded on a Q-Tof
mass spectrometer (Micromass) with a quadrupole (Qq)
and high-resolution orthogonal time-of-ﬂight conﬁguration (o-TOF). The samples dissolved in methanol were
injected with a syringe-pump (Harvard Apparatus,
Pump 11, 10 ll/min) and the spectra acquired using an
ESI capillary voltage of 3 kV and a cone voltage of 10
V. A sequential inductively coupled plasma optical spectrometer (Spectro Analytical Instruments GmbH,
Kleve, Germany) equipped with a quartz spray chamber
torch and concentric nebulizer (Meihard, TR-20-C1)
was used for ruthenium determination by atomic ﬂuorescence at k = 349.9 nm. The atomic absorption spectra
were collected in a SIMAA-6000 electrothermal spectrometer; which was equipped with a longitudinal Zeeman eﬀect background correction system, Echelle
optical arrangement solid-state detector and standard
THGA graphite tube (Perkin–Elmer, Norwalk, CT,
USA), in single-element mode (ruthenium cathode,
k = 349.9 nm, i = 300 mA), and calibrated with
[Ru(bpy)3]Cl2.

3. Results and discussion
All compounds exhibited well resolved characteristic
H NMR peaks, except for H2(3-TRPyP), in which the
signals of the 2,2 0 -bipyridine ligand and the H2(3-TPyP)
b-pyrrolic and pyridyl protons in the 7 to 10 ppm range
were superimposed, giving an integrated signal corresponding to 88H, consistent with the expected structure.

1

2632

I. Mayer et al. / Inorganica Chimica Acta 358 (2005) 2629–2642

The singlet at 3.28 ppm (2H) was assigned to the inner
ring protons. The mass spectrometry at low cone potential (10 V) exhibited a set of major signals centered at
m/z = 604 corresponding to the [C120H90N24Cl4Ru4]4+
molecular ion [51], which matched perfectly with the
simulated spectrum.
The structures of the supramolecular porphyrins were
further conﬁrmed by determining the average number of
coordinated [Ru(bipy)2Cl]+ complexes in H2(TRPyP)
supermolecules by measuring the ruthenium content at
2200 C, by atomic absorption and emission techniques.
In the ﬁrst one, the pyrolysis and atomization processes
were carried out at 1300 and 2200 C, respectively, after
a judicious study aiming the optimization of the analysis
procedure. The pyrolysis temperature was carefully chosen for complete removal of the organic matrix that may
interfere in the atomization process, without loosing
ruthenium from the sample. An average content of
68.2 (±0.8) lg dm3 of ruthenium was determined for
a 68.60 lg dm3 aqueous solution of H2(3-TRPyP), as
expected for a supermolecule with four [Ru(bipy)2Cl]+
complexes bound to the pyridylporphyrin N-atoms.
This result was conﬁrmed by atomic emission spectroscopy which gave a ruthenium content of 0.100 mg dm3
(0.990 lM) for a 0.800 mg dm3 aqueous solution of
H2(3-TRPyP) (0.992 lM in ruthenium).

3.1. Molecular modeling
Molecular modeling calculations were carried out for
the tetraruthenated porphyrin species using molecular
mechanics and ZINDO/S methods. In order to obtain
a properly optimized geometry for such a multicomponent supramolecular species, current methods based on
more rigorous quantum mechanics calculations are difﬁcult to use, mainly because of the still too long computational time necessary in methods such as DFT.
Molecular mechanics approach is much faster, however,
it seems not to be adequate because of the supposedly
higher deviations involved. However, Norrby and coworkers [52] have already developed rather suitable
parameters for ruthenium polypyridyl complexes in
which the Ru(II) ion is coordinated to six N-atoms like
in the [Ru(bpy)3]2+ complex, based on a simplex method. For this reason, we started performing an extensive
work on geometry optimization based on MM2(91)
force ﬁeld, pursuing the determination of good parameters for other ruthenium polypyridine complexes by
using the available X-ray structural data as comparative
references. In this way, we successfully extended Norrbys parameterization to complexes such as [Ru(bpy)2Cl(X)] and [Ru(tpy)(bpz)Cl]+ [53–55], where X =
Cl and 4,4 0 -bpy and bpz = 2,2 0 -bipyrazine, respectively, based on Allinger, Badger and Halgrens strategy
[56–59]. Such parameters, e.g., Ru–Cl bonds stretching

constant = 1.55 md Å2 (considering an equilibrium distance of 2.42 Å) and N–Ru–Cl bending parameter = 0.56 md Å rad2 (for an equilibrium angle of
91.5), were critically tested for geometry optimization
by comparison with the XRD crystallographic structures and DFT calculations (Fig. 2). Those complexes
were chosen because of the structural similarity with
the peripheral groups of H2TRPyP supramolecular porphyrins. The calculations were carried out using three
levels of theory: the new force ﬁeld, semi-empirical
PM3(tm) and ab initio DFT. The results are quite good
and some selected calculated bond distances are compared with that obtained by XRD in Table 1. It is possible to note that the new force ﬁeld is sometimes better
than ab initio calculations. The mean errors of the structures obtained by MM2(91), PM3(tm) and DFT methods are 2.3%, 3.4%, and 3.1%, respectively, relative
to the XRD data. Excellent matching was obtained for
the H4TPP2+ porphyrin ring (Fig. 2, Table 2) [60], where
TPP = 5,10,15,20-tetraphenylporphyrin, conveying enough conﬁdence for the use of our strategy for the structural optimization of molecular systems constituted by
quite a large number of atoms like the supramolecular
porphyrins. Unfortunately, the XRD structures are
inﬂuenced by molecular interactions that are neglected
in the calculations in the vacuum and signiﬁcant diﬀerences can appear, for example, in the phenyl ring dihedral angles, which are strongly inﬂuenced by
p-stacking in the crystal. In fact, the calculated structure
showed a 30 dihedral angle, while in the XRD structure
it is equal to 60.
Although the optimized structures of both supramolecular porphyrins display C2 global symmetry, it should
be noted that in the case of H2(4-TRPyP) species the
ruthenium ions are in the porphyrin ring plane, while
in the H2(3-TRPyP) isomer two [Ru(bpy)2Cl]+ groups
at opposite corners are above and the other two are below the porphyrin ring, as shown in Fig. 1. As one can
see by inspection of Tables 1 and 2, the geometries of
the peripheral ruthenium complexes in the supermolecular porphyrins are in good agreement with those reported for related ruthenium polypyridyl complexes
and porphyrin crystallographic data.
The electronic coupling of the ruthenium complexes
and the porphyrin ring is dependent on the pyridyl
bridge dihedral angle and can be insigniﬁcant when it
becomes orthogonal to the macrocyclic ring. In fact,
dihedral angles of 50–60 were found for the supramolecular species H2(3-TRPyP) (50–53); H2(4-TRPyP)
(57–59); H4(3-TRPyP) (48–56) and H4(4-TRPyP)
(55–58). In general, that angle was lower for the metain comparison with the para-isomer, as expected for a
lower steric hindrance between the ortho-pyridyl and
b-pyrrole H-atoms caused by a saddle distortion of the
porphyrin ring. This was consistently higher in the optimized structure of the meta-isomer and was enhanced by
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Fig. 2. Structures of [Ru(bpy)2Cl2], [Ru(bpy)2(4,4 0 -bpy)Cl]+ and [Ru(tpy)(bpy)Cl]+ complexes, and top and side (the phenyl rings were omitted)
views of H4TPP2+ optimized by MM2(91) method in comparison with the X-ray diﬀraction structure (gray).

the bis-protonation because of the intense electrostatic
repulsion between the inner acidic hydrogen atoms.
The relevant HOMO and LUMO levels obtained by
SCF calculations and the fractional mixture of the frontier orbitals are listed in Tables 3 and 4.
The HOMO (MO 373) of H2(4-TRPyP) species has
a2u symmetry and is predominantly localized on the
ruthenium polypyridyl complexes (66%), but possesses
a substantial contribution from the porphyrin moiety

(24%), where the electronic density is concentrated on
the pyrrole nitrogen and meso-carbon atoms (Table 3).
The two lowest energy LUMOs (MO 374 and 375) are
highly localized on the porphyrin ring. The bridging
pyridyl groups contribute with about 10% for the
HOMO and LUMO composition, favoring the electronic coupling of the porphyrin with the peripheral
ruthenium complexes in the ground and excited states.
In addition, the relative conformations of these

Table 1
Selected X-ray diﬀraction and calculated (by MM2(91), PM3(tm) and DFT methods) bond lengths and respective errors (%)
Bonds

XRD

MM2(91)

PM3(tm)

DFT

[Ru(bpy)2Cl2]
Ru–Cla
Ru–N(bpy)a

2.426
2.034

2.449 (0.95%)
2.112 (3.8%)

2.376 (2.1%)
2.014 (0.82%)

2.499 (3.0%)
2.057 (1.1%)

[Ru(bpy)2(4,4 0 -bpy)Cl]+
Ru–Cl
Ru–N(bpy)a
Ru–N(44 0 bpy)

2.433
2.051
2.116

2.446 (0.53%)
2.111 (2.9%)
2.124 (0.38%)

2.402 (1.3%)
2.038 (0.53%)
2.064 (2.1%)

2.501 (2.8%)
2.076 (1.2%)
2.158 (2.0%)

[Ru(tpy)2(bpz)Cl]+
Ru–Cl
Ru–N(bpz)a
Ru–N(tpy)a

2.405
2.035
2.073

2.432 (1.1%)
2.102 (3.3%)
2.103 (1.4%)

2.366 (1.6%)
2.022 (0.53%)
2.045 (1.2%)

2.463 (2.4%)
2.071 (1.8%)
2.098 (1.2%)

a

Average values.

2634

I. Mayer et al. / Inorganica Chimica Acta 358 (2005) 2629–2642

Table 2
Selected bond lengths of H2TRPyP supramolecular porphyrins and H4TPP2+ calculated by MM2(91) method and from X-ray diﬀraction
H4TPP2+ (XRD)

Bond
Ru–Cl
Ru–N(bpy)*
Ru–N(pyP)
C1–C2
C2–C3
C4–C5
C1–N21
N21–H
*

1.442
1.348
1.399
1.384
1.018

H4TPP2+ (MM2)

H2(3-TRPyP)

H2(4-TRPyP)

1.400
1.389
1.404
1.276
1.041

2.458
2.115
2.128
1.398
1.386
1.401
1.276
1.048

2.445
2.118
2.132
1.399
1.386
1.401
1.276
1.048

Nitrogen atom trans to the bridging pyridyl group.

complexes can change without increasing very much the
energy because of the relatively low steric hindrance.
In contrast, the HOMO (MO 373) of the meta-isomer
comes out to be essentially localized (89%) at the peripheral ruthenium complexes (Fig. 3 and Table 4), including
the pyridyl bridging groups (9%), while the contribution
of the porphyrin ring is very small (<2%). On the other
hand, the two lowest energy LUMOs (MO 374 and 375)
are essentially localized on the porphyrin ring (91%) and
on the pyridyl-bridging group (9%), in analogy with the
para-isomer. This means that the excited state properties
will be controlled by the porphyrin moiety in both cases,
but signiﬁcant diﬀerences are expected as a consequence
of the orbital mixture observed specially for the H2(4TRPyP) species.

DFT calculations have been used to explain the
strong coupling observed between the porphyrin ring
and the meso-phenyl substituents in TPP [29,61]. Similar
eﬀects are expected for the meso-pyridylporphyrins.
Accordingly, the calculations are reﬂecting the much
stronger electronic coupling between the peripheral
ruthenium bipyridyl complexes and the porphyrin ring
in the H2(4-TRPyP) isomer. This result probably is
reﬂecting the presence of a nodal plane at the pyridylbridge of H2(3-TRPyP), whereas in the(4-TRPyP)
isomer such node is absent. On the other hand, the coupling should also be dependent on the dihedral angle between the porphyrin and bridging pyridyl rings, tending
to disappear when they are orthogonal and reaching a
maximum when both are coplanar. Our modeling results

Table 3
Selected H2(4-TRPyP) HOMO and LUMO energy levels and respective
molecular orbital composition (%) determined by SCF calculation (RHF-CI)
using ZINDO/S method

Table 4
Selected H2(3-TRPyP) HOMO and LUMO energy levels and respective
molecular orbital composition (%) determined by SCF calculation (RHF-CI)
using ZINDO/S method

MO

Energy (eV)

Ru

Cl

Pyridyl

Porphyrin

Bpy

MO

Energy (eV)

Ru

Cl

Pyridyl

Porphyrin

Bpy

384
383
382
381
380
379
378
377
376
375
LUMO 374
HOMO 373
372
371
370
369
368
367
366
365
364
363
362
361
360
359
358
357

6.34
6.38
6.39
6.39
6.58
6.75
6.76
6.77
6.84
7.94
7.95
12.25
12.40
12.40
12.41
12.61
12.65
12.65
12.66
12.74
12.75
12.75
12.75
12.92
13.07
14.19
14.19
14.19

6.06
4.43
4.21
4.18
5.73
4.81
4.41
4.25
1.49
0.43
0.66
46.54
62.77
62.80
62.92
71.49
78.44
78.72
78.67
74.47
77.59
77.65
77.66
27.60
0.66
0.54
0.54
0.54

0.23
0.28
0.27
0.27
0.15
0.09
0.08
0.08
0.03
0.01
0.01
1.61
3.27
3.28
3.37
3.74
2.71
2.72
2.67
4.75
4.13
4.12
4.07
0.10
0.01
0.21
0.21
0.21

1.06
7.00
9.66
10.59
20.71
5.98
8.02
8.96
25.88
6.93
10.99
10.32
8.43
8.34
8.15
3.13
3.83
3.80
3.86
0.78
1.32
1.34
1.40
9.90
1.94
0.11
0.11
0.11

6.86
1.23
1.26
0.73
31.21
1.80
1.37
0.58
14.27
92.07
87.32
23.59
0.83
0.88
0.86
7.40
0.57
0.25
0.26
3.17
0.16
0.08
0.09
54.75
97.21
0.01
0.01
0.01

85.79
87.05
84.60
84.23
42.20
87.31
86.12
86.13
58.33
0.57
1.02
17.94
24.70
24.71
24.70
14.24
14.45
14.50
14.54
16.84
16.80
16.81
16.78
7.64
0.18
99.14
99.14
99.14

384
383
382
381
380
379
378
377
376
375
LUMO 374
HOMO 373
372
371
370
369
368
367
366
365
364
363
362
361
360
359
358
357

6.90
6.91
6.96
6.96
7.26
7.36
7.36
7.42
7.42
8.66
8.70
12.96
12.97
13.00
13.02
13.17
13.17
13.23
13.26
13.29
13.31
13.32
13.33
13.37
13.89
14.69
14.69
14.71

4.58
4.60
3.59
3.59
0.79
5.37
5.17
3.75
3.37
0.09
0.13
60.78
62.20
61.47
65.53
75.84
76.14
54.61
79.02
60.76
77.52
73.51
76.70
48.80
1.74
0.56
0.55
0.64

0.22
0.21
0.28
0.28
0.04
0.14
0.13
0.07
0.06
0.01
0.00
3.62
3.87
3.84
4.25
3.10
3.12
1.75
2.09
3.54
4.41
3.73
3.89
2.06
0.04
0.28
0.28
0.23

33.97
38.15
27.40
25.64
23.12
7.31
8.64
13.00
15.26
8.68
9.21
9.16
8.53
6.40
4.98
5.66
5.79
8.45
3.98
5.03
1.04
2.64
2.65
6.83
2.04
0.06
0.04
0.14

0.67
0.79
1.74
0.67
69.32
0.24
1.32
0.35
1.94
91.09
90.56
1.83
0.23
4.94
0.22
0.75
0.14
24.39
0.13
17.98
0.04
3.76
0.11
31.53
95.52
0.02
0.02
0.02

60.56
56.24
66.98
69.82
6.73
86.93
84.73
82.83
79.36
0.13
0.09
24.62
25.17
23.36
25.02
14.64
14.82
10.80
14.78
12.69
17.00
16.36
16.66
10.77
0.66
99.09
99.11
98.97
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Fig. 3. (A,C) LUMO and (B,D) HOMO of H2(4-TRPyP) (left) and H2(3-TRPyP) (right). Hydrogen atoms were omitted for clarity.

showed that the dihedral angle is comparable in both
isomers, indicating that the nodal plane at the pyridylbridge is playing a major role in controlling the electronic coupling between the central and peripheral
groups.

3.2. Electronic spectra
The UV–Vis spectra of the H2(3-TRPyP) and H2(4TRPyP) species in methanol (Fig. 5) exhibited the porphyrin Soret, Qy(1–0), Qy(0–0), Qx(1–0) and Qx(0–0) bands
at 417 (log (e) = 5.37), 513 (4.56), 547 (4.13), 588 (3.96)
and 650 (3.46), and 416 (5.33), 513 (4.66), 554 (4.37),
590 (4.13) and 648 (3.75), respectively. The parent
H2(3-TPyP) and H2(4-TPyP) species exhibited the Soret,
Qy(1–0), Qy(0–0), Qx(1–0) and Qx(0–0) bands at 413, 512,
545, 587 and 646 nm, respectively, in chloroform, showing a small perturbation of pyridylporphyrin spectra
after the coordination of four [Ru(bpy)2Cl]+ groups.
However, they added three new absorption bands to
the characteristic spectra of porphyrins at 294, 360
and 480 nm, assigned to the 2,2 0 -bipyridine intraligand
pppp* and two RuII(dp) ! bpy(pp*) charge-transfer
transitions, respectively.

ZINDO/S CI calculations have been carried out for
the parent H2(3-TPyP) and H2(4-TPyP) species and
the corresponding tetraruthenated complexes. In the
case of the porphyrin species, the ZINDO/S results
matched the transition energies of the measured spectra
and intense bands were predicted in the 400 nm (Soret)
and weaker ones in the 500 to 700 nm range (Q bands).
In the case of the supramolecular complexes, the large
number of atoms and especially the presence of the
ruthenium atoms introduced a high burden to the calculations. However, even in this more demanding case, the
position of the Ru(dp) ! bpy(pp*) charge-transfer
bands was reasonably predicted (393 and 483 nm for
H2(3-TRPyP), and 388 and 509 nm for H2(4-TRPyP),
respectively, for the MLCT1 and MLCT2 transitions,
Tables 5 and 6) by the ZINDO/S method. Strong contributions of RuII(dp) ! pyP(pp*) charge-transfer transitions were also predicted in the 400 to 510 nm region
for both species. Because of the strong spectral superimposition, no evidence of such bands has been found in
the UV–Vis spectra of both isomers but is showing up
as band broadening, particularly in the case of H2(4TRPyP) species, as expected for a higher electronic coupling and orbital mixing. However, the RuII(dp) !
pyP(pp*) charge-transfer transition has been observed
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Table 5
Electronic spectrum of H2(3-TRPyP) in methanol (kexp) and calculated electronic transitions by ZINDO/S CI (kcalc) and orbitals contributing in the
ground (MOi) and excited (MOf) states of the supermolecular species, respectively
kcalc (nm)

Calculated intensity

MOi ! MOf

680

w

360,

612

m

360 ! 374, 375

m
m
m
w

368, 371, 373 ! 374, 375 (RuII(dp) ! pyP(pp*))
368, 370, 371 ! 378, 379, 374 (RuII(dp) ! bpy(pp*))
363 ! 375 (RuII(dp) ! pyP(pp*))
363, 364 ! 381, 382 (RuII(dp) ! bpy(pp*))

MLCT bands

360

505
483
445
393

417

351

s

360 ! 374, 375

Soret band

kexp (nm)
H2(3-TRPyP)
650 (Q0–0)
588 (Q0–1)
547 (Q0–0)
513 (Q0–1)
a
a

480
a

Assignment

361, 367 ! 374, 375

Q bands

w = weak (<0.1); m = medium (0.1–1), s = strong (>0.5).
a
Broad band envelope.

Table 6
Electronic spectrum of H2(4-TRPyP) in methanol and selected calculated electronic transitions by ZINDO/S CI and orbitals contributing in the
ground (MOi) and excited (MOf) states of the supermolecular species, respectively
kexp (nm)a

kcalc (nm)

Calculated intensity

MOi ! MOf

676

w

360,

616

m

360, 373 ! 374, 375

s
m
w
m

363, 364 ! 377, 379 (RuII(dp) ! bpy(pp*))
372, 373 ! 374, 375 (RuII(dp) ! pyP(pp*))
364, 365 ! 374 (RuII(dp) ! pyP(pp*))
(RuII(dp) ! bpy(pp*))b

MLCT bands

365

501
442
405
389

416

347

s

360, 361 ! 374, 375

Soret band

H2(4-TRPyP)
648 (Q0–0)
590 (Q0–1)
554 (Q0–0)
513 (Q0–1)
480a
a
a

361, 373 ! 374, 375

Assignment
Q bands

w = weak (<0.1); m = medium (0.1–1); s = strong (>0.5).
a
Broad band envelope.
b
Probable assignment.

for the Zn(4-TRPyP)/H2TPPS ion-pair species at 460
nm, in methanol [62], showing a good matching with
the calculated result (442 nm for H2(4-TRPyP)).
3.3. Protonation eﬀects in the electronic spectra
The H2(3-TRPyP) and H2(4-TRPyP) species can undergo bis-protonation at the porphyrin center, leading
to signiﬁcant spectral changes, as illustrated in Fig. 5.
The H2(3-TRPyP) isomer exhibited a spectrum [63] that
resembles the sum of the ruthenium complex and the
protonated-porphyrin absorption bands, showing the
characteristic red-shifted Soret band at 444 nm and a
couple of narrow Q bands at 600 (log (e) = 4.05) and
650 (4.39) nm, in methanol. The H4(4-TRPyP) species
exhibited drastic diﬀerences. In addition to the bpy
intraligand pp  pp* at 294 nm and the Soret band at
443 nm, the typical porphyrin spectral proﬁle with two
sharp bands in the visible was replaced by two broad
features at 560 (3.9) and 704 (4.52) nm, in acidiﬁed
methanol solution. The energy diﬀerence between these

bands (3650 cm1) is more than twice that normally
found between the Q bands of H4-TMPyP. Also, they
are solvent sensitive and the lower energy band was
shifted to 690 nm in aqueous HCl solution and 712
nm in CH3CN. Its assignment to a RuII(dp) ! H4(4-TPyP)2+ charge-transfer transition is consistent with
the ZINDO/S CI modeling results and was conﬁrmed
by spectroelectrochemistry [64]. The porphyrin p orbitals are stabilized by the bis-protonation of the ring,
consequently increasing the contribution of ruthenium
orbitals in the HOMO (compare Figs. 3 and 4). In fact,
for the H4(4-TRPyP)2+ species, a medium intensity band
was predicted by the theoretical calculations at 1468 nm
(6812 cm1), corresponding to the ruthenium-to-protonated porphyrin charge-transfer transition. The red-shift
with respect to the predicted ruthenium-to-porphyrin
MLCT band at 442 nm in the H2(4-TRPyP) species is
qualitatively consistent with the increased facility to reduce the protonated porphyrin ring. However, in comparison with the experimental band at 704 nm
(14204.5 cm1) the energy matching is poor. More rea-
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Fig. 4. LUMO (A) and HOMO (B) of H4(4-TRPyP)2+; LUMO (C) and HOMO (D) of H4(3-TRPyP)2+. Hydrogen atoms were omitted for clarity.

sonable agreement between the calculated and experimental transition energies was found for the porphyrin
Q and Soret bands. In this case, a deviation of up to
20% was observed, indicating that the semi-empirical
approximations should be improved further in order
to obtain more rigorous quantitative predictions. A similar charge-transfer transition was predicted for the
H4(3-TRPyP)2+ isomer as well but with much lower
intensities. In fact, no band was observed experimentally. This is consistent with a smaller transition moment
integral as consequence of a less eﬀective electronic coupling between the peripheral ruthenium complexes and
the porphyrin ring.
Furthermore, the comparison of TPP-like porphyrins
with peripherally crowded nonplanar porphyrins such as
octaethyltetraphenylporphyrin
and
dodecaphenylporphyrin suggested that the red-shift of the absorption
bands can arise from ring distortions [61,65]. However,
recently, Rosa et al. [29] showed by time-dependent
DFT calculations that it is a consequence of the strong
p-interactions between the porphyrin and the phenyl
rings in H4TPP2+. Similar behavior is expected for pyridilporphyrins, as can be inferred from the spectral char-

acteristics of H4TPyP2+, H4TMPyP2+ and H4TRPyP2+
species. Red-shifted and broadened Soret bands in comparison with the corresponding non-protonated species
were observed in these cases also, reinforcing the possibility of a RuII(dp) ! pyP(pp*) charge-transfer transition in our supramolecular porphyrin system.
3.4. Luminescence spectra
The ﬂuorescence spectra of H2(4-TRPyP) and H2(3TRPyP) exhibited the Q(0,1) and Q(0,0) transitions at
652 and 703, and 654 and 708 nm, respectively, at room
temperature, in analogy with H2(4-TMPyP). This indicates that the lowest luminescent excited state is localized on the porphyrin ring, as predicted by the
theoretical calculations. The emission energies were only
slightly perturbed, but the coordination of four [Ru(bpy)2Cl]+ groups to the pyridylporphyrin N-atoms decreased the ﬂuorescence quantum-yield by two and
three orders of magnitude (/ﬂ  1 · 104 and 2 ·
105) for the para- and meta-isomers, respectively. This
should arise from the enhancement of thermal relaxation and intersystem-crossing eﬃciencies induced by
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Fig. 5. UV–Vis spectra of 3.0 lM solutions of protonated (dashed
lines) and non-protonated (solid lines) (A) H2(4-TRPyP) and (B) H2(3TRPyP), in methanol. The protonation was carried out by dissolving
gaseous HCl into the solution.

the peripherally bound ruthenium complexes, as well as
the higher dipole moment (lmeta = 10.3 D; lpara = 0.0 D,
by ZINDO/S method) predicted for the H2(3-TRPyP)
species [29,61]. This same eﬀect can be observed for
the H2(3-TMPyP) and H2(4-TMPyP) species also, for
which the triplet-state lifetime in methanol solution
was determined to be 17.6 ls for H2(4-TMPyP) and only
1.6 ls for the H2(3-TMPyP) species. In the case of the
supramolecular porphyrins, that eﬀect is shadowed by
the heavy atom eﬀect and tuned by the electronic coupling between the porphyrin ring and the ruthenium
complexes. In fact, the triplet-state lifetimes of the
H2(3-TRPyP) and H2(4-TRPyP) species were found to
be 1.9 and 0.21 ls, respectively.
The ﬂuorescence and phosphorescence spectra of
these species in ethanol glass matrix (77 K) are shown
in Fig. 6. H2(3-TRPyP) exhibits emission bands at 654,
710 and 842 nm (kexc = 420 and 514 nm), while the
H2(4-TRPyP) isomer showed the same bands at 655,
704 and 841 nm, respectively. However, the band at
840 nm was observed with higher intensity when the
solution was excited at 514 nm, i.e., where the contribution of the ruthenium complexes MLCT band is predominant. The lowest emission band energy of both
species compares well with that reported [40] for the
phosphorescence band of H2(4-TMPyP) in ethanol glass
(860 nm) and was assigned accordingly. The excitation
spectra obtained by monitoring at the ﬂuorescence and

Fig. 6. Luminescent emission (right axis; kexc = 420 and 514 nm) and
excitation spectra (left axis; kem = 655 (dashed line) and 840 nm (dotted
line)) of (A) H2(4-TRPyP) and (B) H2(3-TRPyP) supermolecules, in
ethanol glass, at 77 K. * scattering.

phosphorescence emission bands (kem = 655 and 840 nm,
respectively) matched the absorption spectrum of
H2(3-TRPyP) even at the RuII(dp)-to-bpy(pp*) chargetransfer band around 480 nm. Similar result was obtained for the para-isomer, strongly suggesting the
occurrence of energy-transfer from the ruthenium complexes to the porphyrin singlet and triplet excited states,
in both supermolecular porphyrins [18,31].
3.5. Electrochemistry
The electrochemistry of H2(3-TRPyP) was studied by
cyclic voltammetry (Fig. 7) exhibiting six redox processes in the 1.8 to 1.8 V range, which were conﬁrmed
by spectroelectrochemistry (Figs. 3 and 4). The processes below 0.5 V, attributed to the reduction of the
porphyrin and 2,2 0 -bipyridine ligands, are better seen
in DMF solution. The wave above 1.3 V, corresponding
to the oxidation of the porphyrin ring, was better visualized in CH3CN solution (inset Fig. 2). The oxidation
wave at 1.57 V showed a scan rate dependent behavior,
characteristic of an EC process and was assigned to the
oxidation of the porphyrin ring followed by a chemical
reaction, probably involving the solvent. The reversible
Ru(III/II) process was found at E1/2 = 0.88 V, which is
40 and 20 mV more negative than for the H2(4-TRPyP)
isomer (0.92 V) [64] and [Ru(bpy)2pyCl]+ complex [66],
respectively, in DMF (Table 7). However, there is an
inversion in such order in acetonitrile solution, and both
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Fig. 7. Cyclic voltammogram of a 2.0 · 103 M solution of H2(3TRPyP) in DMF, 100 mV s1. Inset: Cyclic voltammogram of a
2.0 · 103 M solution in CH3CN, in the 0.50 to 1.65 V range and DPV
results for the Ru(III/II) and Porf(1/0) process.

potentials become lower than that found for the [Ru(bpy)2pyCl]+ complex [67] (0.99 and 0.96 V, respectively,
in comparison with 1.02 V). That anodic shift reﬂects
the lower stabilization of the Ru(III) complex in the less
polar solvent, and eventually can be used as a measure
of the degree of charge localization in those complexes.
As expected, the potential of the conventional pyridine
complex was the most strongly shifted (120 mV), closely
followed by H2(3-TRPyP) (110 mV), while the potential
of H2(4-TRPyP) was shifted by only 40 mV. This suggests that the charge on the meta-substituted isomer is
essentially localized as in the [Ru(bpy)2pyCl] complex.
In contrast, extensive charge redistribution should be
occurring in the para-isomer, as conﬁrmed by the theoretical calculations. The HOMO and LUMO composition is also in accordance with the electrochemistry
results, where the ﬁrst oxidation occurred at the ruthenium complexes while the ﬁrst reduction was porphyrin
centered (Tables 3 and 4).
The two successive monoelectronic porphyrin ring
reductions of meta- and para-H2(TRPyP) to the radical
anion and dianion were found at E1/2 = 0.67 and
1.06 V (Fig. 2) and at 0.68 and 0.93 V, respectively.
This shows that the energy necessary to introduce the
ﬁrst electron is essentially the same, as expected for
the virtually equivalent density of charge on the pyrrole
N-atoms calculated by Mülliken population analysis
(qmeta = 0.480; qpara = 0.478) for both isomers. There
is a signiﬁcant diﬀerence in the potential for the second

Fig. 8. Spectroelectrochemistry (A) of a 1 · 104 M H4(3-TRPyP)2+ in
CH3CN solution in the 0.50 to 0.95 V range; and of a 2.0 · 103 M
H2(3-TRPyP) in DMF solution in the (B) 0.80 to 1.08 V and (C) 1.40
to 1.80 V range. Electrolyte: 0.10 M TEAClO4.

reduction (130 mV), however, which can be assigned to
a higher electrostatic repulsion in the meta-isomer, because the extra electron is more eﬃciently delocalized
into the peripheral groups in the para-species.
The reduction of the bipyridine ligands was not signiﬁcantly inﬂuenced by the porphyrin moiety, such that
the ﬁrst monoelectronic process was found at
Epc = 1.39 V and the second at Epc = 1.63 V for both
species. The integrated charge under the Ru(III/II) and
P(0/1–) waves of the cyclic voltammograms (Fig. 7) gave
a 4:1 ratio for the ruthenium complexes to porphyrin
moiety. This result was conﬁrmed by diﬀerential pulse
voltammetry. All redox potentials are listed in Table 7
including those of the H2(4-TRPyP) species.

Table 7
Redox potentials (V vs. SHE) of H2(TRPyP) in DMF solution
Compound
H2 (3-TRPyP)
H2 (4-TRPyP)

Bpy2/1
1.63

Bpy1/0
1.39
1.42

Porph2/1
1.06
0.93

Porph1/0
0.67
0.68

Ru3+/2+

Porph0/+1
a

0.88 (0.99)
0.92 (0.96)a

 (1.57)a
 (1.65)a

The potential of reversible processes was determined as the average of Epc and Epa, while Epc (second reduction of the bpy ligands) and Epa (oxidation
of porphyrin ring) were listed for the irreversible processes.
a
In CH3CN solution.
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Fig. 9. Spectroelectrochemistry of 1.5 · 103 M H2(3-TRPyP) in the (A) 0.40 to 0.80 V, (B) 0.80 to 1.25 V, (C) 1.25 to 1.50 V and (D)
1.50 to 1.90 V range. Electrolyte: 0.10 M TEAClO4 in DMF.

The spectroelectrochemistry data were collected in
DMF and CH3CN. The oxidation of the H2(3-TRPyP)
supermolecule in the 0.80 to 1.08 V range (Fig. 8B, in
CH3CN) led to the disappearance of the RuII(dp)to-bpy(pp*) charge-transfer band at 480 and 370 nm.
Concomitantly, the bpy pp ! pp* band at 297 nm disappeared and two new bands rose at 299 and 317 nm,
while the characteristic porphyrin absorption bands remained almost unchanged (the Soret band was 20%
intensiﬁed and shifted 3 nm to the red). In fact, the spectrum of [H2(3-TPyP){RuIII(bpy)2Cl}4] species above 350
nm is similar to that of H2(3-TPyP) (Soret and Q-bands
at 413, 512, 545, 587 and 646 nm, compared with 420,
513, 547, 588 and 643 nm, respectively), evidencing that
the redox process was localized on the ruthenium complexes. Similar behavior was observed for the protonated H4(3-TRPyP)2+ species (Fig. 8A), except for the
shift of the Q0–0 band at 658 to 647 nm concomitantly
with the intensiﬁcation and shift of the Soret band from
450 to 444 nm. Note that the spectrum of the protonated
species in CH3CN exhibits the characteristic ruthenium
complex bands at 294, 365 and 496 (sh) and the porphyrin bands at 450 (Soret), 608 and 658 nm, in CH3CN.
The broad band at 496 nm, which disappeared after oxidation to the Ru(III) species, was assigned to a chargetransfer band envelope. Finally, when the potential was
stepped to 1.80 V the porphyrin Soret and Q bands decreased rapidly, in both the non-protonated (Fig. 8C)
and the protonated species, while the bpy p ! p* band
remained unchanged, evidencing the oxidation of the
porphyrin ring.
Moving to the negative side, more speciﬁcally to the
0.40 to 0.80 V range, a reversible process was ob-

served, which caused the shift of the Soret band from
420 to 446 nm concomitantly with the increase of the
absorbance at 600 nm and the decrease of the band at
514 nm (Fig. 9A). Those changes are characteristic of
the reduction of the porphyrin ring to the radical anion.
When the potential was shifted to 1.25 V the Soret
band at 446 nm decreased while the absorbance at 800
nm was enhanced (Fig. 9B), indicating the reduction
of the porphyrin ring to the dianion. The reduction of
one of the bpy ligands of each peripheral ruthenium
complexes to the radical anion was observed in the
1.25 to 1.50 V range, where the bpy(pp ! pp*)
intraligand band at 297 nm decreased to about half of
its initial intensity while the absorbance at 350 and 620
nm was increased (Fig. 9C). Going to more negative
potentials, an intense and broad band appeared at 342
nm concomitantly with the disappearance of the bands
at 297 and 441 nm, at 1.80 V, indicating the reduction
of the second bpy ligand. All results are in perfect agreement with the assignment of the electrochemical processes observed in the cyclic voltammograms.

4. Conclusion
The molecular modeling calculations showed that the
HOMO and LUMO of the tetraruthenated porphyrins
are predominantly localized at the ruthenium complexes
and porphyrin ring, respectively. Nevertheless, there are
MOs with quite a high degree of orbital mixing specially
in the para-isomer. The theoretical electronic spectra obtained by single CI ZINDO/S calculations were in fairly
good agreement with the experimental data, giving a
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more precise understanding of the electronic structure of
the tetraruthenated porphyrins. The MOs involved in
the electronic transitions showed a signiﬁcant mixture
of ruthenium complex and porphyrin wave functions,
even in the case of the meta-isomer. This may explain
the energy-transfer from the peripheral ruthenium complexes to the porphyrin ring, observed in the excitation
spectra of both isomers in ethanol glass (77 K). Another
evidence for the electronic interaction was the blue shift
of the Soret and Q bands of the protonated species when
the peripheral groups were oxidized to the Ru(III) complex. However, no RuII(dp) ! H4P(pp*) charge-transfer
band was found in the spectrum of the bis-protonated
meta-isomer, in contrast with the para-isomer which
exhibits a broad band at 704 nm. A good consistency between the theoretical and the electrochemical results was
also observed, supporting the assignment and interpretation of the redox processes observed in the supramolecular porphyrins.
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