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The electronic structure, molecular structure, and electronic spectra of lanthanideIII mono- and bisporphyrin
complexes are investigated using a DFT/TDDFT method. These complexes include YbP(acac), YbP2, [YbP2]+,
YbHP2, and [YbP2]- (where P) porphine and acac) acetylacetonate). To shed some light on the origin of
the out-of-plane displacement of Yb in YbP(acac), unligated model systems, namely, planarD4h and distorted
C4V YbP, were calculated. For comparison, the calculations were also extended to include the CeIVP2 and
[CeIVP2]+ systems. Even without an axial ligand, the lanthanide atom lies considerably above the porphyrin
plane; the distortion of the YbP molecular structure from a planarD4h to the nonplanarC4V symmetry leads
to a considerable energy lowering. The axial ligand makes the metal out-of-plane displacement even larger,
and it also changes the redox properties of the lanthanide monoporphyrin. The ground-state configurations of
YbP2 and YbHP2 were determined by considering several possible low-lying states. YbP2 is confirmed to be
a single-hole radical. The special redox properties of the bisporphyrin complexes can well be accounted for
by the calculated ionization potentials and electron affinities. The TDDFT results provide a clear description
of the UV-vis and near-IR absorption spectra of the various lanthanide porphyrins.

1. Introduction

Metal porphyrins (MPors) have been the subject of intense
research because of their great biological importance and the
unique nature of their coordination chemistry. (Here, we use
Por to refer to any porphyrin.) While experimental studies of
MPors have been expanded by the synthesis and characterization
of species containing heavy metals, lanthanides, and actinides,
theoretical studies have mainly been devoted to the first-row
transition metal porphyrins. The combination of lanthanides (Ln)
with porphyrins results in two different classes of interesting
complexes: the lanthanide monoporphyrinates1a and the lan-
thanide “sandwich” bisporphyrinates.1b Since the lanthanides
are too large to fit into the constrained porphyrin core, a large
out-of-plane displacement of the metal in lanthanide porphyrins
has been observed. Lanthanide monoporphyrins always exist
in the form of LnPor(L)n, where L is an axial ligand; they have
been studied as luminescent centers in near-infrared (IR)
polymer electroluminescent devices,2-5 photochemical probes,6,7

NMR dipolar probe and shift reagents,8-10 contrast agents,11 as
well as electroactive materials for ion-sensitive electrodes.12

Iwase and Igarashi reported electrochemical behaviors of a series
of LnTPP(acac) complexes.13

In lanthanide bisporphyrins Ln(Por)2, the Ln atom holds two
macrocycles close together. Strong electronic interactions
between the porphyrins in the stacked porphyrins impart unique
properties to these systems. Complexes of this type are proving
to be useful as structural models of the photosynthetic reaction
center in bacteria, and they possess spectroscopic and electro-
chemical properties similar to those of the special pair of
RhodopseudomonasViridis.14,15 As a result, there have been
many experimental studies of the M(Por)2 compounds in recent
years.16-25 They are also of interest because of their electro-
chromic, semiconducting, and nonlinear optical properties.26 In
comparison to analogous monoporphyrins, there are two notable

features of M(Por)2: a blue-shift of the B (or Soret) bands and
a decrease in the oxidation potential.16,17 In addition, the
porphyrin sandwich compounds have a number of characteristic
optical properties that are not exhibited by monoporphyrins or
dimers having larger spacing between the rings. For example,
LnIII (Por)2 or the π-radical cations, [MIV(Por)2]+ (formed by
oxidation), exhibit an intense broad band in the near-IR region
(1000-1400 nm)20,22 not found in simple MPor or [MPor]+.
This near-IR absorption was proposed to arise from an electronic
transition between the porphyrin-porphyrin bonding and an-
tibonding orbitals.20 Buchler and Scharbert measured optical
spectra of the whole series of compounds Ln(OEP)2 (Ln ) La-
Lu).22

Theoretical investigations on lanthanide porphyrins are very
rare. A recent calculation on the cerium bisporphine, CeP2, was
reported by Ricciardi et al.27 The electronic structure of CeP2

is relatively simple with a closed-shell ground state, where the
oxidation state of Ce is+4. For other lanthanide bisporphyrins,
however, the oxidation state of Ln is+3. In this case, the ground
state is, in essence, a ringf metal charge transfer (CT) state;
one electron has been transferred from the porphyrin ring(s) to
the metal to form a neutral complex. Different from the closed-
shell CeIV(Por)2 species, LnIII (Por)2 contains a single hole in
the porphyrinπ system. A notable characteristic of the single-
hole species is a near-IR absorption band.20,22 The electronic
structures of the LnIII (Por)2 complexes have not been explored
in detail. To our knowledge, no theoretical studies of LnPor-
(L)n have been performed so far.

This paper comprises a density functional theory/time-
dependent density functional theory (DFT/TDDFT) study of the
YbP(acac), YbP2, YbHP2, and [YbP2]- complexes, where P
stands for the simple porphine and acac designates the bidentate
ligand, acetylacetonate. The molecular structures of the com-
plexes are illustrated in Figure 1. They share the common feature
that the lanthanide atom sits above the porphyrin plane. Normal
transition metal porphines are planar (Figure 1a). The Pors used* Corresponding author. E-mail: mhuang@chem.jsums.edu.
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in the experiments were tetraphenylporphine (TPP) and octa-
ethylporphine (OEP). Previous calculations28 have shown that
the smaller P is able to mimic the essential properties of the
more complicated species.

Spyroulias and co-workers29-32 also reported synthesis and
(optical and electrochemical) characterization of protonated
forms of double-deckers, namely, LnH(Por)2 for Ln ) Nd-
Lu, where the H atom was suggested to reside atop one of the
porphyrin rings.31 For the asymmetrical complexes, one group
of the four pyrrole nitrogens is not equal to another. In a basic
solvent such as DMF or pyridine, the proton is abstracted,
leading to a deprotonated form [Ln(Por)]-.29 To examine the
influence of the axial hydrogen on the properties of the double-
deckers, our calculations were extended to include the YbHP2

and [YbP2]- systems. In addition, to see the difference between
LnIII (Por)2 and CeIV(Por)2, results for CeP2 and [CeP]+ were
also presented.

The main aim of this work is two-fold: (i) To provide a
detailed description of the ground-state electronic structures of
the mentioned ytterbium porphyrin complexes and their precise
structural information. Accurate structural parameters for LnPor-
(acac) are unknown although the NMR spectra confirm the
formation of paramagnetic metal porphyrins with the metal
considerably displaced from the porphyrin plane. (ii) To provide
a quantitative interpretation for the spectral properties of the
systems.

2. Computational Details

All calculations were carried out using the Amsterdam density
functional (ADF) program package ADF2005.01.33-36 The STO
basis set employed is the standard ADF-TZP, which is triple-ú
for valence orbitals plus one polarization function. To obtain
accurate results, the valence set on the lanthanides included
subvalence 5s and 5p shells. For N, C, and O, 2s and 2p were
considered as valence shells. The other shells of lower energy,
i.e., [Kr]4d10 for Yb/Ce and [He] for N/C/O, were described as
core and kept frozen according to the frozen-core approxima-
tion.33 Among the various exchange-correlation potentials
available, the density-parametrization form of Vosko, Wilk, and
Nusair (VWN)37 plus Becke’s gradient correction for exchange
(B)38 and Perdew’s gradient correction for correlation (P)39 were

employed. It has been shown that the combined VWN-B-P
functional can give accurate bonding energies for both main
group40 and transition metal41 systems. Relativistic corrections
of the valence electrons were calculated by the quasi-relativistic
(QR) method.42 (The relativistic corrections of atomic cores are
taken into account at the Dirac-Fock level.) In this scalar (one-
component) approach, spin-orbit (SO) coupling is not taken
into account. Because SO effects are mainly atomic in nature,
they are not expected to have significant influence on molecular
properties43 except metal-ligand binding energies.44 Calcula-
tions on open-shell systems were performed using the spin-
unrestricted method.

Electron excitation energies related to the electronic absorp-
tion spectra were calculated using the time-dependent density
functional response theory (TDDFT)45 as implemented in the
ADF program. TDDFT provides a first-principles method for
the calculation of excitation energies and presents an excellent
alternative to the conventional highly correlated configuration
interaction (CI) method. The recent implementation of TDDFT
in the updated ADF program allows calculations of excitation
energies for open-shell systems.

The ionization potentials (IPs) and electron affinities (EAs)
were calculated by the so-called∆SCF method in which separate
SCF calculations for the neutral molecule and its ion are carried
out and IP) E(X+) - E(X) and EA ) E(X-) - E(X). The
ionized and reduced species were reoptimized, but they are
shown to undergo little geometry change as compared to the
neutral species (see Table 3).

As mentioned in the Introduction, one aim of the present work
is to provide precise structural information on ytterbium
porphyrin complexes. Actually, the molecular structure of each
system studied here has been optimized in order to obtain the
“correct” electronic structure and energetic properties. The
geometry optimization was done within certain symmetry
specified for the system, and the choice of the symmetry is based
on the most probable geometries of the molecule and the
available X-ray crystal structures of comparable compounds.
As the present model porphyrins are highly symmetric and rigid,
the geometry optimization can be expected to converge to a
minimum. The good agreement between the calculated and
available experimental bond lengths and angles supports this
point of view.

3. Results and Discussion

3.1. Electronic Structure, Structural, and Energetic Prop-
erties. 3.1.1. YbP(acac). For comparison, we also calculated
two model systems of unligated YbP, which are in square planar
D4h and distortedC4V symmetries, respectively. Figure 2
illustrates the changes of electronic structure from YbP (D4h)
to YbP (C4V) to YbP(acac) (C2V). With a 4f106s2 configuration
for Yb, the ground state of YbP is a closed-shell state. The
highest occupied molecular orbitals (HOMOs) are a set of 4f
orbitals. As pointed out in the Introduction, lanthanides do not
form in-plane complexes with (normal) porphyrins, which may
be attributed to a poor match between the atomic size and the
macrocycle cavity diameter. In planar YbP (YbP-D4h), the
relatively small core size of P results in a largeσ-donor
interaction that elevates the lanthanide 4f orbitals greatly so that
they lie considerably above the porphyrin a2u orbital. When the
central metal moves out of the plane, theσ-donor interaction is
reduced and the 4f orbitals are shifted down. When YbP is
ligated by acac, the axial ligand abstracts an electron from the
4f orbitals, and so the 4f orbitals are further lowered and now
located around the porphyrin a2u and a1u orbitals in YbP(acac).

Figure 1. Molecular structures of MP, YbP(acac), YbP2, and YbHP2.
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The degeneracy of the f orbitals is split with a bandwidth of
∼0.2 eV. Although the axial ligand acac lowers the symmetry
of YbP fromC4V to C2V, no split is found between the 2e-derived
orbitals, 25b1 and 21b2.

Table 1 presents the calculated properties for YbP-D4h, YbP-
C4V, Yb(acac), and YbP(acac); they include various structural
parameters (R, ∠), Mulliken orbital populations (Yb-5d, Yb-
4f), Mulliken atomic charge (Q), Yb-P binding energies (Ebind),
ionization potentials (IP), and electron affinities (EA).Ebind is
defined as

whereE(YbP), E(Yb), andE(P) are the total energies of the
indicated species. (TheEbind is not corrected with the zero-point
energy, which is expected to be small for the relatively large
systems. That is, the vibration frequency of the Yb-P bond is
expected to be low as both Yb and P are relatively large
moieties.)RCt(N4)‚‚‚N is a measure of the porphyrin core size and
RCt(N4)‚‚‚Yb represents the displacement of the metal out of the
porphyrin plane.

The Ebind values indicate that distorted YbP-C4V is ∼1.6 eV
more stable than planar YbP-D4h, owing primarily to the energy
lowering of the HOMOs. The displacement of Yb above the
plane defined by the four pyrrole N atoms is as large as

0.87 Å. Figure 3 illustrates the change of the relative energy of
YbP with the motion of the metal out of the plane. (At each
fixed R, the structure of YbP was reoptimized underC4V
symmetry.) The potential curve shows the Yb atom has a strong
tendency to move out of the porphyrin plane.RCt(N4)‚‚‚Yb

increases by∼0.16 Å when YbP is attached by acac. There are
X-ray crystal structure data available for YbTPP(H2O)(THF)-
(Cl), wherein Yb is displaced by 1.090 Å,46 in good agreement
with the calculation (1.04 Å). On the other hand, the calculated
Yb-O distance (2.25 Å) and OYbO angle (75.4°) in YbP(acac)
agree well with those (2.22 Å, 73.4°) estimated from crystal-
lographic results on lanthanideâ-diketonate complexes.9 We
also calculated the fragment system Yb(acac); it is shown that
both the distance and angle change significantly on going from
Yb(acac) to YbP(acac).

The gross Yb-5d population in YbP-C4V is ∼0.8 e, showing
a large electron donation from the ring ligand lone pair to the
metal ion; on the other hand, there is about 0.4 e back-donation
from the metal 4f orbitals to the ring, with the result that the
positive charge on Yb in YbP-C4V is ∼1.7 e.QYb is increased
by only ∼0.3 e from YbIIP to YbIIIP(acac).

The Yb-P binding energy in YbP-C4V is estimated to be 9.7
eV. With the presence of acac, the Yb-P bond is destabilized
by about 1 eV, owing to the strong binding between Yb and
acac.

The first ionization of YbP-C4V occurs from a high-lying f
orbital. In the case of YbP(acac), the energies of the f orbitals
are greatly lowered, and so the first ionization now takes place
from the porphyrin a2u (28a1), in agreement with electrochemical
results that the center of oxidation of LnPor(acac) is on the
porphyrin base.13 The calculated first IP of YbP(acac) is∼0.4
eV larger than that of YbP, suggesting that the axial ligation
makes the oxidation of the system more difficult. This ligation
also changes the electron affinity and the character of the LUMO
(lowest unoccupied MO). For YbP, the added electron goes into
the high-lying, antibonding porphyrin 2e orbitals. In contrast,
the added electron in YbP(acac) now occupies a low-lying f
orbital. Therefore, the EA of YbP(acac) is more than 1 eV higher
than that of YbP.

3.1.2. YbP2. Ln(Por)2 is a sandwich-like complex in which
the macrocycle rings are staggered by about 45° (Figure 1c).
This symmetry has been well established by experiment, and

TABLE 1: Calculated Properties of Ytterbium Monoporphyrin Complexesa

YbP(acac) (C2V)

YbP (D4h) YbP (C4V) Yb(acac) calc exptl

RYb-N, Å 2.204 2.264 2.321 2.326c

RCt(N4)‚‚‚N, Åb 2.089 2.076 2.055c

RCt(N4)‚‚‚Yb, Å 0.874 1.037 1.090c

RCt(N4)‚‚‚Ct(C8), Åb 0.228 0.141
RCt(N4)‚‚‚Ct(H8), Åb 0.328 0.201
RYb-O, Å 2.167 2.251 2.22d

∠OYbO, deg 82.4 75.4 73.4d

Yb-5d, e 0.74 0.77 0.43 0.91
Yb-4f, e 13.73 13.60 13.74 13.29
QYb 1.68 1.67 0.65 1.94
Ebind(Yb-P), eV 8.08 9.65 8.70e

IP, eV 6.27 (1e/f-like) 6.62 (28a1)
6.74 (a1) 7.35 (20b2/f-like)

EA, eV -1.26 (2e) -2.21 (24b1/f-like)
-1.05 (25b1)

a R, distance;∠, angle; Ln-5d/4f, Mulliken orbital population;Q, atomic charge;Ebind, binding energy; IP, ionization potential; EA, electron
affinity. b Ct(N4), centroid of the plane defined by the four pyrrole nitrogen atoms; Ct(C8), centroid of the plane defined by the eight peripheral
carbon atoms; Ct(H8), centroid of the plane defined by the eight peripheral hydrogen atoms.c X-ray crystal structure data on YbTPP(H2O)(THF)(Cl)
(ref 46). d Estimated from crystallographic results on lanthanideâ-diketonate complexes (ref 9).e This binding energy is defined as-Ebind )
E[YbP(acac)]- E[Yb(acac)]- E(P).

TABLE 2: Calculated Relative Energies (E, eV) for Selected
Configurations in YbP2, CeP2, and YbHP2

system configurationa term Erelative
oxidation

state on Ln

YbP2 (12b2/f)1(11a1)2(5a2)1(15e3/f)4 3B1 0 YbIII

(12b2/f)2(11a1)2(5a2)1(15e3/f)3 3E3 (A) 0.57 YbIII

(12b2/f)1(11a1)2(5a2)2(15e3/f)3 3E3 (B) 0.77 YbIV

(12b2/f)2(11a1)2(5a2)0(15e3/f)4 1A1 0.89 YbII

(12b2/f)2(11a1)1(5a2)1(15e3/f)4 3A2 0.91 YbII

CeP2 (5a2)2 1A1 0 CeIV

(5a2)1(15e3)1 3E3 1.15 CeIII

YbHP2 (15b2)1(15b1)2(31e)4(23a1)2(10a2)2 2B2 0 YbIII

(15b2)2(15b1)1(31e)4(23a1)2(10a2)2 2B1 0.13 YbIII

(15b2)2(15b1)2(31e)3(23a1)2(10a2)2 2E 0.19 YbIII

(15b2)2(15b1)2(31e)4(23a1)2(10a2)1 2A2 0.43 YbII

(15b2)2(15b1)2(31e)4(23a1)1(10a2)2 2A1 0.56 YbII

a See Figure 4 for the orbitals; here “f” means an f-like orbital.

-Ebind ) E(YbP) - {E(Yb) + E(P)}
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our calculations show that the square antiprismaticD4d confor-
mation is indeed preferred over a face-to-face conformation
which maintainsD4h symmetry (see Table 3). Another structural
feature of Ln(Por)2 is that both porphyrins are domed and
severely distorted from planarity. This is also confirmed by the
calculations. The saucer-like deformation of the macrocycle is
necessary to improve the overlap of the porphyrin pair and to
maximize the Ln-N interaction.

To determine the ground state for YbP2, the energetics of
several possible low-lying states were computed, whose relative
energies are presented in Table 2. (Geometry optimization was
performed for all states. The same is true for other molecules

listed in Table 2.) According to the results, the lowest energy
electronic configuration for YbP2 is clearly (12b2/f)1(5a2)1, where
one electron is located in a Yb-4f orbital and the other resides
in a P2 orbital. There seem to be no other competing low-lying
states. Figure 4 illustrates the P, P2, and YbP2 orbital energy
levels and their correlations. The P2 MOs are formed from linear
combination of the P MOs of appropriate symmetry; they are
split into bonding and antibonding pairs. Interaction of the P
HOMOs (a1u) leads to a large splitting and the bonding and
antibonding MOs are b1 and a2, respectively. The two lowest
unoccupied MOs (LUMOs) (a2u) of P overlap to form the b2
and a1 orbitals, which split relatively weakly. In P2, b2 and a2
become the HOMO and LUMO, respectively. For the higher-
lying virtual orbitals of P2, 2e3 and 2e1 are the bonding and
antibonding MOs of the eg* orbitals of monoporphyrins.

Since in YbP2 the 5a2 orbital is occupied by only one electron,
the trivalent lanthanide sandwich complex contains a single hole
in the P2 π-system, and this hole is apparently delocalized
through the P-P interaction. Therefore, there is net bonding
interaction in the ground state of YbP2. UnderD4d symmetry,
the metal 4f orbitals transform as b2, e1, e2, and e3 and they are
split widely. There are no metal f orbitals of appropriate
symmetry to mix with the HOMO 5a2.

The orbital energy level diagram of CeP2 is presented on the
right-hand side in Figure 4. In this bisporphyrin, seven unoc-

TABLE 3: Calculated Properties of Lanthanide Bisporphyrin Complexes at the Ground Statea

CeIVP2

YbIIIP2 calc exptlb [YbIIIP2]+ [CeIVP2]+ YbIIIHP2 [YbIIIP2]-

∆E(D4d - D4h), eV -0.20 -0.38 -0.09 -0.28 -0.50 -0.44
RLn-N, Å 2.476 2.526 2.475 2.462 2.522 2.556, 2.409c 2.503
RCt(N4)‚‚‚N, Åd 2.060 2.077 2.057 2.055 2.079 2.029, 2.063 2.070
RCt(N4)‚‚‚Ln, Å 1.374 1.438 1.376 1.357 1.428 1.554, 1.244 1.407
RCt(N4)‚‚‚Ct(C8), Åd 0.512 0.532 0.522 0.506 0.617, 0.526 0.540
RCt(N4)‚‚‚Ct(H8), Åd 0.726 0.762 0.747 0.728 0.868, 0.728 0.763
RP-P, Åe 2.748 2.876 2.752 2.714 2.856 2.798 2.814
RCt(N4)‚‚‚H(ax), Å 0.594
RN-H(ax), Å 2.114
Ln-5d, e 0.89 1.27 0.92 1.26 0.99 0.80
Ln-4f, e 13.36 0.88 13.36 0.90 13.30 13.37
QLn 2.06 2.01 2.08 2.01 2.06 2.04
Ebind(Ln-2P), eV 14.09 19.30 14.34f 19.00f 15.04g 18.80h

IP, eV 6.02 (5a2) 6.17 (5a2) 6.09 (10a2)
6.11 (11a1) 6.30 (11a1) 6.30 (23a1)
6.38 (15e2/f) i 7.28 (31e1/f)
6.54 (16e1/f)
6.66 (15e3/f)

EA, eV -2.98 (5a2) -2.12 (15e3/f) -2.54 (15b2/f)
-2.28 (12b2/f) -1.23 (16e3)

a See the legend of Table 1.b X-ray crystal structure data on Ce(OEP)2 (ref 25). c The second set of values represents the structural parameters
related to the other, lower-part, porphyrin ring which does not carry an axial H atom (see Figure 1d).d See the legend of Table 1.e RP-P, which is
equal to 2RCt(N4)‚‚‚Ln, represents the distance between two porphines in the dimer.f The value of the binding energy for the positive ion is defined
as-Ebind ) E([LnP2]+) - E(Ln+) - 2E(P). g Here-Ebind ) E(YbHP2) - E(Yb) - 2E(P) - E(H). h Here-Ebind ) E[(YbP2)-] - E(Yb-) - 2E(P).
i Here “f” means an f-like orbital.

Figure 2. Orbital energy levels for the valence orbitals of P, YbP-
D4h, YbP-C4V, and YbP(acac).

Figure 3. Variation of the relative energy of YbP with the Yb out-
of-plane displacement.
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cupied 4f-like orbitals (15e3, 15e2, 16e1, 12b2) all lie well above
the 5a2 orbital and they constitute the LUMOs. The ground state
of CeP2 is clearly (5a2)2, a closed-shell1A1 state. There is no
single electron that occupies a 4f orbital, and so Ce in CeP2

has the oxidation state of+4.
The calculated properties of ground-state YbP2 are presented

in Table 3, together with the results of CeP2 for comparison.
HereEbind is defined as

which provides one measure of the extent ofπ-π overlap
interaction in LnP2. As mentioned above, the porphyrin in LnP2

adopts a domed conformation.RCt(N4)‚‚‚Ct(H8) is a direct measure
of the doming in such complexes. We also presented in the table
the distance between the N4 and C8 planes,RCt(N4)‚‚‚Ct(C8).

The Yb atom in YbP2 sits 1.37 Å above the centroid of the
plane defined by the four pyrrole N atoms. This is larger than
the displacement of the metal in YbP(acac) (1.04 Å). The
doming defined byRCt(N4)‚‚‚Ct(H8) is as large as 0.73 Å. In Table
3, RP-P represents the P-P distance, which is taken as the
distance between the planes defined by the four N atoms of
each ring. According to this definition, the two macrocycles in
YbP2 are separated by 2.75 Å. The total height of the molecule
as measured from one H8 plane to another H8 plane is 4.2 Å.
As CeIV is bigger than YbIII (1.01 vs 0.94 Å), the calculated
structural parameters for CeP2 are all slightly larger than those
for YbP2; even the doming is larger in CeP2 than in YbP2. There
are X-ray crystal structure data available for the OEP substituted
sandwich Ce(OEP)2,25 which are in good agreement with the
calculation.

The Ln-P2 binding energy is large, 14.1 eV for YbP2 and
19.3 eV for CeP2. This accounts for the high stability of the
Ln(Por)2 complexes.

According to the calculation, the first ionization occurs from
the 5a2 orbital. Thus, one-electron oxidation of Yb(Por)2 will
produce a double-hole [Yb(Por)2]+ species. The second hole
resides in the same MO as the first hole, consistent with a
resonance Raman (RR) spectroscopy study:19 Electron spin
resonance (ESR) spectra recorded for the two-hole complexes
also suggested no unpaired electrons reside in the porphyrin
π-π system at room or low temperature.19 As sandwich

porphyrin cations have been the subject of experimental
studies,18,19,22 Table 3 also reports the optimized structural
parameters for [YbP2]+, which indicate that the positive ion is
slightly ‘tighter” than the neutral species because removal of
an electron from the antibonding dimer MO would increase the
net π-π bond order in the ground state. Owing to the
antibonding character of the 5a2 orbital, the calculated first IP
of the dimer (6.02 eV) is significantly smaller than that of the
monomer (6.62 eV), in agreement with the experimental result
that oxidation of Ln(Por)2 is remarkably easy compared to that
of MPor.

Concerning the reduction, the added electron in YbP2

occupies the P2-5a2 orbital and the calculated EA is very
negative (-2.98 eV). This is in contrast to YbP(acac). Addition
of an electron to the 4f-like orbital 12b2 yields a significantly
smaller EA. This is again in accord with the experimental fact
that LnIII (Por)2 is much easier to reduce than the corresponding
monoporphyrin.16 In the case of CeIVP2, the reduction involves
addition of an electron to the LUMO (15e3/f), giving the anion
with CeIII .

[CeP2]+ has a ground-state configuration of (5a2)1. Therefore,
neutral YbP2 is electronically similar to the CeIV sandwich
porphyrin cation radical. The structural change from CeP2 to
[CeP2]+ is smaller than that from YbP2 to [YbP2]+.

3.1.3. YbHP2. The ground state of YbHP2, (15b2/f)1(10a2)2,
actually corresponds to that of YbP2 by addition of one electron
to 5a2. Thus, the oxidation state of Yb in YbHP2 is still +3.
Magnetic susceptibility measurements of YbH(Por)2 yield values
of magnetic moments typical for the trivalent oxidation state.29

The experimental result is supported by the calculation. A (15b2/
f)2(10a2)1 state is 0.43 eV higher in energy (see Table 2). With
the 10a2 orbital doubly occupied, YbH(Por)2 is no longer a
π-radical. This was verified through ESR spectroscopy in
solution and pure solid.29 The orbital energy level diagram of
YbHP2 is illustrated in Figure 4. There is a large downshift of
the 4f-like orbitals on going from YbP2 to YbHP2 so that these
orbitals now fall well below the porphyrin 10a2 and 23a1 orbitals.

As illustrated in Figure 1d, the molecular structure of YbHP2

is asymmetric, where one porphyrin is bonded with an axial H
atom and other one is not. The complex may be expressed as
Yb(HP)(P), where the porphyrin (P) and the protonated por-
phyrin (HP) represent different subunits. Table 3 shows that
the distances from Yb to the N4 planes of HP and P are rather
different, with RCt(N4)‚‚‚Yb in HP being larger than that in P.
Correspondingly, the core size (RCt(N4)‚‚‚N) of HP is somewhat
smaller than that of P, but the doming of the ring is more
significant in HP than in P.

Owing to a small downshift of the valence P2-a2 orbital, the
calculated first IP of YbHP2 is also slightly larger than that of
YbP2. The reduction of YbHP2 now involves addition of an
electron to the 4f-like orbital 15b2, and the calculated EA for
this complex is smaller than that for YbP2. The negative ion
[YbP2]- has the same ground state as YbHP2 does, and so it is
also not aπ-radical. The nonradical character of [Yb(Por)2]- is
supported by the optical properties, since no near-IR band was
detected

3.2. Electron Excitation Energies.Tables 4-9 report the
TDDFT calculated excitation energies (Eexc) and oscillator
strengths (f) for the allowed transitions from the ground state
to excited states in YbP(acac), YbP2, CeP2, [CeP2]+, YbHP2,
and [YbP2]-, respectively. Experimental data13,21,22,29for each
system are provided for comparison.

3.2.1. YbP(acac). For a “normal” planar metal porphyrin (e.g.,
MgPor, NiPor, or ZnPor), the HOMO and HOMO- 1 are the

Figure 4. Orbital energy levels for the valence orbitals of P, P2, YbP2,
YbHP2, and CeP2.

-Ebind ) E(LnP2) - {E(Ln) + 2E(P)}
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porphyrin a2u and a1u, respectively, which are nearly degenerate
and well separated from lower-lying levels. The excitations from
the (a2u, a1u) to the LUMO (eg), which lead to the two lowest
excited states 11Eu and 21Eu, give rise to a weak absorption
band Q in the visible and a very strong B (or Soret) band in the

near-ultraviolet (UV).47 (For the a1u, a2u, and eg orbitals
mentioned here, refer to the orbital energy level diagram of YbP-
D4h in Figure 2).

Experimental spectral data are available for YbTPP(acac)13

and are shown to be different from those of a normal MPor.

TABLE 4: Calculated Excitation Energies (Eexc) and Oscillator Strengths (f) for YbP(acac)

Eexc, eV

state contribution (%)a calc exptlb f assignmentc

12B1 99 (30a1 f 24b1) 0.15 0.2× 10-4 f f f
22B1 90 (29a1f 24b1) 0.26 0.4× 10-4 f f f
32B1 91 (28a1 f 24b1) 0.42 0.3× 10-4 R f M
22A1 79 (22b1 f 24b1); 20 (21b1 f 24b1) 0.75 0.0035 Rf M
42A1 71 (21b1 f 24b1); 17 (22b1 f 24b1) 1.71 0.0327 Rf M
72B1 96 (25a1 f 24b1) 1.86 0.0041 Rf M
92B1 99 (14a2 f 21b2) 2.06 2.08 (0.7) 0.4× 10-7 Q′
42B2 99 (14a2 f 25b1) 2.06 0.3× 10-8

52A1 93 (19b1 f 24b1) 2.08 0.0049 Rf M
82B2 98 (28a1 f 21b2) 2.58 2.23 (2.4) 0.0011 Q
132B1 98 (28a1 f 25b1) 2.58 0.0009
102A1 50 (24b1 f 25b1); 39 (20b2 f 21b2) 2.74 0.0014 Mf R
152B1 95 (23a1 f 24b1) 2.83 0.0124 Rf M
122B2 99 (23b1 f 15a2) 3.06 0.0015
182B1 66 (19b2 f 15a2); 17 (20b2 f 15a2) 3.13 0.0018 Mf R
132B2 43 (28a1 f 21b2); 35 (27a1 f 21b2) 3.15 2.90 (48) 0.1363 B
192B1 52 (28a1 f 25b1); 41 (27a1 f 25b1) 3.17 0.0408
192A1 82 (17b2 f 21b2) 3.21 0.0014
212B1 67 (27a1 f 25b1) 3.25 3.03 (5.0) 0.1202 B′
142B2 60 (27a1 f 21b2) 3.25 0.1635
202A1 87 (13a2 f 15a2) 3.26 0.0049 Mf R
232B1 53 (26a1 f 25b1) 3.29 0.2335
162B2 50 (26a1 f 21b2); 11 (27a1 f 21b2) 3.30 0.2058
172B2 74 (11a2 f 24b1); 20 (24b1 f 15a2) 3.33 0.0047 Rf M
182B2 62 (24b1 f 15a2); 21 (11a2 f 24b1) 3.35 0.0101 Mf R
242B1 49 (26a1 f 25b1); 25 (27a1 f 25b1) 3.36 0.1775 EB1
192B2 45 (26a1 f 21b2); 17 (27a1 f 21b2); 15 (24b1 f 15a2) 3.37 0.1329
252B1 67 (19b2 f 15a2); 19 (20b2 f 15a2) 3.49 0.0019
262B1 55 (18b2 f 15a2); 18 (19b2 f 15a2) 3.57 0.0258
212B2 59 (26a1 f 21b2); 22 (23b1 f 16a2) 3.60 0.2301 EB2

a A contribution of less than 10% is not listed; the same is true for other tables.b Experimental data for YbTPP(acac), ref 13; the values in
parentheses are the absorbance intensity (ε10-4) in dm3mol-1cm-1. c M ) metal and R) ring.

TABLE 5: Calculated Excitation Energies (Eexc) and Oscillator Strengths (f) for YbP2

Eexc, eV

state contribution (%) calc exptla f assignment

13B2 100 (11a1 f 12b2) 0.11 0.0004 Rf M
23B2 93 (5b1 f 5a2) 1.15 1.08 (3.83) 0.0713 near-IR
33E1 98 (14e3 f 12b2) 1.25 0.0016 Rf M
33B2 95 (15e3 f 17e1) (â) 1.34 0.0117 Mf R
63E1 96 (15e1 f 5a2) 1.50 0.0026
43B2 97 (15e3 f 17e1) (R) 1.60 0.0043 Mf R
53B2 97 (16e1 f 16e3) 1.63 0.0012 Mf R
83E1 75 (12b2 f 16e3); 16 (11b2 f 16e3) 1.73 0.0014 Mf R
63B2 99 (10a1 f 12b2) 1.90 0.0171 Rf M
113E1 62 (5a2 f 17e1); 29 (14e1 f 5a2) 2.01 1.85 (3.21) 0.0030 Q1
133E1 56 (14e1 f 5a2); 19 (11a2 f 17e1); 16 (5a2 f 17e1) 2.12 0.0040
163E1 68 (5b1 f 16e3); 12 (11a1 f 17e1) 2.34 2.34 (3.76) 0.0052 Q2
183E1 95 (13e3 f 12b2) 2.51 0.0012 Rf M
193E1 95 (11b2 f 16e3) 2.55 2.49 (3.75) 0.0018 Q3
213E1 92 (12e3 f 12b2) 2.65 0.0098 Rf M
233E1 97 (14e2 f 16e3) 2.81 0.0032
113B2 89 (15e1 f 16e3) 3.08 0.0104
263E1 81 (10b2 f 16e3) 3.13 0.0948
283E1 96 (14e2 f 17e1) 3.29 0.0096
133B2 89 (14e3 f 17e1) 3.41 0.0175
293E1 90 (13e2 f 16e3) 3.61 0.0978
303E1 38 (13e2 f 16e3); 33 (16e1 f 16e2) 3.65 3.35 (4.98) 0.3866 B
313E1 60 (16e1 f 16e2); 31 (13e2 f 16e3) 3.67 0.0662
323E1 33 (13e2 f 16e3); 10 (5b1 f 16e3) 3.74 0.7508
163B2 96 (9a1 f 12b2) 3.75 0.0050 Rf M
333E1 95 (10a1 f 17e1) 3.84 0.0192

a Experimental data for YbOEP2, ref 22; the values in parentheses are the absorbance intensity (logε) in dm3mol-1cm-1.
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They exhibit two weak absorption bands (assigned as Q′ and
Q) and two strong absorption bands (assigned as B and B′).
The multiple bands in the Q and B regions are supported by
the calculations on YbP(acac). Because there is no split between
the 25b1 and 21b2 orbitals, the excitation energies for the
transitions from an orbital to 25b1 and 21b2 are the same or
nearly the same. The Q′ and Q bands are assigned to the 92B1/
42B2 and 82B2/132B1 states, respectively, which are nearly pure

14a2 f 21b2/25b1 and 28a1 f 21b2/25b1 transitions. Here, 14a2

and 28a1 are the porphyrin a1u and a2u orbitals, respectively.
For a normal MPor, a1u and a2u are nearly degenerate and the
Q and B bands just arise from a mixture of the a1u f eg and a2u

f eg transitions; that is, Q is described by a plus combination
of the a1u f eg and a2u f eg transitions while B is described by
a minus combination of the a1u f eg and a2u f eg transitions.
In the case of YbP(acac), the 14a2 and 28a1 orbitals are separated

TABLE 6: Calculated Excitation Energies (Eexc) and Oscillator Strengths (f) for CeP2

Eexc, eV

state contribution (%) calc exptla f assignment

11B2 100 (11a1 f 12b2) 0.87 0.0043 Rf M
21B2 93 (15e1 f 15e3) 1.69 0.0038 Rf M
31B2 77 (14e2 f 15e2); 20 (14e3 f 16e1) 1.76 0.0011 Rf M
71E1 92 (10b2 f 15e3) 1.78 0.0020 Rf M
41B2 79 (14e3 f 16e1); 16 (14e2 f 15e2) 1.87 1.94 0.0317 Q′
121E1 68 (5a2 f 17e1) 2.12 2.16 0.0102 Q
61B2 99 (13e1 f 15e3) 2.40 0.0069 Rf M
71B2 99 (10a1 f 12b2) 2.56 0.0111 Rf M
161E1 93 (13e1 f 15e2) 2.67 2.66 0.0096 Q′′
181E1 98 (9b2 f 15e3) 2.81 0.0028 Rf M
191E1 95 (14e2 f 16e3) 2.84 0.0090
201E1 84 (13e2 f 16e1) 3.01 0.0526 Rf M
81B2 49 (13e2 f 15e2); (13e2 f 16e1) 3.05 0.0036 Rf M
211E1 97 (13e3 f 15e2) 3.06 0.0024 Rf M
91B2 53 (13e3 f 16e1); 24 (15e1 f 16e3); 20 (13e2 f 15e2) 3.07 0.0026 Rf M
221E1 55 (10b2 f 16e3); 15 (13e3 f 12b2); 11 (13e2 f 16e1) 3.12 0.1190
101B2 50 (15e1 f 16e3); 29 (13e2 f 15e2); 13 (14e3 f 17e1) 3.12 0.0223
231E1 79 (13e3 f 12b2); 20 (10b2 f 16e3) 3.17 0.0048 Rf M
241E1 94 (14e2 f 17e1) 3.26 0.0224
111B2 82 (14e3 f 17e1); 14 (15e1 f 16e3) 3.38 0.0079
251E1 98 (12e2 f 15e3) 3.39 0.0166 Rf M
261E1 33 (12e3 f 15e2); 10 (12e3 f 12b2);10 (10b2 f 16e3); 10 (5b1 f 16e3) 3.54 3.28 0.9188 B
271E1 54 (12e3 f 15e2); 35 (12e3 f 12b2) 3.64 0.1836 Rf M
121B2 91 (13e1 f 16e3) 3.66 0.0101
291E1 48 (12e3 f 12b2); 11 (12e3 f 15e2) 3.80 0.8446 Rf M
301E1 92 (10a1 f 17e1) 3.93 0.1212

a Experimental data for Ce(OEP)2, ref 21.

TABLE 7: Calculated Excitation Energies (Eexc) and Oscillator Strengths (f) for [CeP2]+

Eexc, eV

state contribution (%) calc exptla f assignment

22B2 89 (11a1 f 12b2); 11 (5b1 f 5a2) 0.81 0.0007 Rf M
32B2 85 (5b1 f 5a2) 1.02 0.98 0.0573 near-IR
102E1 53 (15e1 f 5a2); 42 (14e1 f 15e3) 1.43 0.0022
52B2 81 (15e1 f 15e3); 15 (14e2 f 15e2) 1.68 0.0028 Rf M
142E1 46 (10b2 f 15e3); 26 (14e2 f 16e1) 1.73 0.0032 Rf M
92B2 70 (14e3 f 16e1); 10 (14e2 f 15e2) 1.84 0.0453 Rf M
212E1 83 (14e1 f 5a2) 1.95 0.0022
252E1 55 (5a2 f 17e1); 14 (5b1 f 16e3); 13 (11a2 f 17e1); 11 (13e1 f 5a2) 2.14 0.0042
292E1 39 (5b1 f 16e3); 33 (10a1 f 16e1) 2.38 2.41 0.0030 Q
302E1 60 (10a1 f 16e1); 31 (5b1 f 16e3) 2.39 0.0044 Rf M
132B2 99 (13e1 f 15e3) 2.43 0.0062 Rf M
152B2 97 (10a1 f 12b2) 2.52 0.0137 Rf M
342E1 56 (13e1 f 15e2); 31 (14e2 f 16e3) 2.69 0.0040 Rf M
352E1 57 (14e2 f 16e3); 39 (13e1 f 15e2) 2.70 0.0068 Rf M
382E1 94 (14e2 f 16e3) 2.80 0.0072
402E1 98 (9b2 f 15e3) 2.84 0.0048 Rf M
412E1 96 (10b2 f 16e3) 2.98 0.0036
422E1 51 (13e2 f 16e3); 26 (10b2 f 16e3) 3.01 0.0682
432E1 97 (13e2 f 16e1) 3.02 0.0032 Rf M
452E1 47 (10b2 f 16e3); 45 (13e2 f 16e1) 3.08 0.0116
482E1 96 (13e2 f 12b2) (â) 3.16 0.0162 Rf M
492E1 95 (13e3 f 12b2) (R) 3.23 0.0282 Rf M
502E1 94 (14e2 f 17e1) 3.25 0.0308
522E1 99 (12e2 f 15e3) 3.44 0.0132 Rf M
532E1 31 (12e3 f 15e2); 12 (5b1 f 16e3); 10 (12e3 f 12b2) 3.57 3.44 0.9930 B
542E1 98 (12e3 f 15e2) 3.59 0.0166 Rf M
562E1 51 (12e3 f 15e2); 33 (12e3 f 12b2) 3.67 0.1830 Rf M
602E1 49 (12e3 f 12b2) 3.84 0.7058 Rf M

a Experimental data for [Ce(OEP)2]+, refs 20 and 21.

LanthanideIII Mono- and Bisporphyrin Complexes J. Phys. Chem. A, Vol. 110, No. 48, 200613095



relatively widely and the 14a2 f 21b2/25b1 and 28a1 f 21b2/
25b1 transitions do not mix, which give rise to just two weak Q
bands. Our calculated oscillator strength (f) for the Q′ band is
nearly zero, and it may be underestimated by the TDDFT
method. We find that there is a ring to metal (Rf M) transition,
i.e., 19b1 f 24b1, occurring at 2.08 eV withf ) 0.005. It is
possible that the Q′ band results from this transition. Since the
4f-shell is open, there exist several Rf M transitions with
nonnegligiblef to the red of the Q bands. They occur at 0.75,
1.71, and 1.86 eV, respectively, and should contribute to the
near-IR region of YbPor(acac). There are also 4ff 4f
transitions, which have low excitation energies and very small
oscillator strengths.

On the basis of the calculatedEexc and f, the two strong B
and B′ bands are assigned to the 132B2/192B1 and 212B1/142B2

states, respectively; the former arises from a mixture of the 28a1

f 21b2/25b1 and 27a1 f 21b2/25b1 transitions while the latter
is mainly from the 27a1 f 21b2/25b1 transition. According to
the calculations, several transitions with largef are present to
the blue of the B bands, but there has been no experimental
elucidation of any details about this energy region. Between
the Q and B bands, there are some Mf R and R f M
transitions, which may only contribute to the broadening of the
Q or B band. The calculated excitation energies for YbP(acac)
are generally 0.2-0.3 eV larger than the spectral data for
YbTPP(acac). (For the Q′ band, the calculated and experimental
results are almost equal.)

3.2.2. YbP2. Experimental spectral data are available for Yb-
(OEP)2 and show three weak bands, assigned as Q1, Q2, and
Q3, and one strong band, assigned as B.22 In addition, there is

TABLE 8: Calculated Excitation Energies (Eexc) and Oscillator Strengths (f) for YbHP 2

Eexc, eV

state contribution (%) calc exptla f assignment

32E 88 (29ef 15b2) 0.49 0.0036 Rf M
12A1 91 (14b2 f 15b2) 0.77 0.0030 Rf M
52E 100 (27ef 15b2) 1.23 0.0014 Rf M
32A1 97 (23a1 f 24a1) 1.51 0.0253 Rf H(ax)

52A1 70 (13b2 f 15b2); 19 (22a1 f 24a1) 1.84 0.0140 Rf M
152E 69 (10a2 f 33e) 2.12 2.04 (3.50) 0.0068 Q1

192E 73 (22a1 f 32e) 2.25 2.23 (3.87) 0.0003 Q2

272E 69 (22a1 f 33e) 2.59 2.53 (3.92) 0.0034 Q3

282E 47 (21a1 f 32e); 22 (15b2 f 32e) 2.64 0.0086 Mf R
332E 24 (28ef 24a1); 23 (21a1 f 32e);15 (29ef 24a1) 2.78 0.0296 Rf H(ax)

152A1 82 (29ef 32e); 10 (31ef 32e) 2.83 0.0050
372E 93 (28ef 24a1) 2.98 0.0030 Rf H(ax)

382E 35 (14b1 f 32e); 33 (15b1 f 32e) 3.00 0.0054
412E 44 (21a1 f 33e); 25 (20a1 f 32e); 12 (9a2 f 33e) 3.06 0.0058 Mf R
422E 82 (14b1 f 32e) 3.08 0.0060
442E 40 (21a1 f 33e); 25 (9a2 f 33e) 3.17 3.06 (5.42) 0.0376 B
452E 54 (14b2 f 33e); 39 (15b2 f 33e) 3.21 0.0016
472E 75 (27ef 24a1); 19 (21a1 f 33e) 3.28 0.0128 Rf H(ax)

492E 51 (21a1 f 33e); 11 (20a1 f 33e) 3.34 0.0050
512E 68 (14b1 f 33e); 23 (15b1 f 33e) 3.40 0.0026
542E 96 (23ef 15b2) 3.54 0.0012 Rf M
552E 41 (20a1 f 33e) 3.60 0.2274 EB1
562E 91 (19a1 f 32e) 3.63 0.0130
572E 100 (22ef 15b2) 3.71 0.0018 Rf M
582E 40 (20a1 f 33e) 3.73 0.6314 EB2

a Experimental data for YbH(TPP)2, ref 29; the values in parentheses are the absorbance intensity (logε) in dm3mol-1cm-1.

TABLE 9: Calculated Excitation Energies (Eexc) and Oscillator Strengths (f) for [YbP 2]-

Eexc, eV

state contribution (%) calc exptla f assignment

12B2 100 (11a1 f 12b2) 0.17 0.0024 Rf M
22B2 100 (15e3 f 17e1) 1.21 0.0026 Mf R
32E1 98 (14e3 f 12b2) 1.28 0.0016
32B2 99 (15e3 f 17e1) 1.54 0.0016 Mf R
52B2 100 (10a1 f 12b2) 1.93 0.0092 Rf M
112E1 71 (5a2 f 17e1); 12 (11a1 f 17e1) 2.07 1.94 (3.46) 0.0082 Q1
132E1 70 (5b1 f 16e3); 18 (11a1 f 17e1) 2.24 2.03 (3.48) 0.0007 Q2
142E1 66 (5b1 f 16e3); 24 (11a1 f 17e1) 2.28 2.21 (3.90) 0.0042 Q3
172E1 96 (11b2 f 16e3) 2.54 2.37 (3.80) 0.0020 Q4
182E1 91 (12e3 f 12b2) 2.63 2.53 (4.12) 0.0158 Q5
202E1 96 (14e2 f 16e3) 2.77 2.62 (4.15) 0.0028 Q6
102B2 88 (15e1 f 16e3); 11 (14e3 f 17e1) 3.03 0.0070
232E1 82 (10b2 f 16e3); 17 (14e2 f 17e1) 3.11 0.0014
242E1 75 (10b2 f 16e3) 3.14 3.05 (5.67) 0.1516 B
252E1 94 (14e2 f 17e1) 3.19 0.0026
122B2 87 (14e3 f 17e1); 10 (15e1 f 16e3) 3.34 0.0128
262E1 80 (13e2 f 16e3); 16 (16e1 f 16e2) 3.54 0.0248
272E1 74 (16e1 f 16e2); 21 (13e2 f 16e3) 3.55 0.0600 Mf R
282E1 70 (13e2 f 16e3) 3.58 0.3006 EB1
292E1 26 (13e2 f 16e3); 12 (5b1 f 16e3); 10 (10b2 f 16e3) 3.67 0.9008 EB2

a Experimental data for [Yb(TPP)2]-, ref 29; the values in parentheses are the absorbance intensity (logε) in dm3mol-1cm-1.
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an intermediately strong band at a low energy of 1.08 eV. The
presence of an intense near-IR absorption is a remarkable feature
of the single-hole LnIII (Por)2 and [CeIV(Por)2]+ species and is
attributed to a transition between the two delocalized MOs,
namely, 5b1 f 5a2. This is a consequence of the orbital splitting
due to ring-ring interaction. Our calculatedEexc (1.15 eV) and
f (0.0713) for the 5b1 f 5a2 transition nicely account for this
near-IR absorption.

The Q1 band is assigned to the 113E1 state, which is
dominated by the 5a2 f 17e1 transition (∼60%) and includes
some participation of the 14e1 f 5a2 transition (∼30%). Since
5a2 is an antibonding orbital and lies relatively high, the Q1

band here is red-shifted with respect to the Q′ band of YbP-
(acac). The Q2 and Q3 bands are accounted for by the 5b1 f
16e3 and 11b2 f 16e3 transitions, respectively. The 303E1 state
(Eexc ) 3.65 eV,f ) 0.3866) is then responsible for the B band,
which shows a large mixture of the 13e2 f 16e3 and 16e1 f
16e2 transitions. There are several Rf M and M f R
transitions occurring to the red of the Q bands.

The general appearance of the spectrum of Ce(OEP)2 is
similar to that of Yb(OEP)2 (three weak Q bands and one strong
B band), including the absorption maximum positions.21 This
is consistent with the calculations on YbP2 and CeP2. With a
doubly occupied 5a2 orbital, the CeP2 species does no longer
have a characteristic near-IR absorption, different from YbP2.

In contrast to neutral Ce(OEP)2, the absorption spectrum of
[Ce(OEP)2]+ is relatively simple; it exhibits one Q band and
one B band.21 In the cationπ-radical, the 5b1 f 5a2 transition
results in a strong near-IR absorption feature, similar to the
situation for Yb(Por)2. The calculatedEexc for this transition
(1.02 eV) is close to that observed for [Ce(OEP)2]+ (0.98 eV).
There is a blue-shift of the B band from Ce(OEP)2 to
[Ce(OEP)2]+; the same trend is obtained from the calculation.

3.2.3. YbHP2. The experimental spectral data given in Table
8 for comparison are those measured for YbH(TPP)2.29 They
show three weak Q bands and a single strong B band. This is
similar to Yb(OEP)2, but the protonated complex no longer has
the characteristic near-IR absorption according to the calculation,
in agreement with the experimental nonobservation.29 The
addition of an H atom to Yb(Por)2 also produces a significant
red-shift in the B band, as indicated by both calculation and
experiment.

[Yb(TPP)2]- has a similar ground state to YbH(TPP)2, but
its spectral data display significant differences.29 They consist
of six Q bands in addition to a single B band. These bands are
assigned to the 112E1, 132E1, 142E1, 172E1, 182E1, 202E1, 242E1

states, respectively, according to our calculation. Also, [Yb(Por)2]-

does not exhibit a strong near-IR absorption band.

4. Conclusions

Even unligated YbP is nonplanar with the lanthanide atom
lying considerably above the porphyrin plane. The axial ligand
acac in YbP(acac) makes the metal out-of-plane displacement
even larger, and it also changes the redox properties of the
lanthanide monoporphyrin. The one-electron oxidation and
reduction of YbP occur from the metal and porphyrin ring,
respectively, but the opposite situations are found for YbP(acac).
Both the first IP and EA are increased on going from YbP to
YbP(acac).

The orbital energy level diagrams provide insight into the
electronic structure of the lanthanideIII bisporphyrin complexes.
The ground-state configurations of YbP2 and YbHP2 are
determined to be (b2/f)1(a2)1 and (b2/f)1(a2)2, respectively, where
b2 is a metal 4f-like orbital and a2 is derived from the

overlapping of the porphyrin a1u orbitals. Therefore, YbP2 is a
single-holeπ-radical, similar to [CeIVP2]+. Both one-electron
oxidation and reduction of YbP2 all occur from the a2 orbital.
The first IP is relatively small while the EA is large, which
accounts for the ease of both oxidation and reduction for the
porphyrin π-π system. The experimental predictions of the
ground states of Yb(Por)2, [Yb(Por)2]+, YbH(Por)2, [Yb(Por)2]-

are supported by the calculations. The large interaction between
Ln and P2 accounts for the high stability of the Ln(Por)2

complexes.
The calculated excitation energies and oscillator strengths are

generally in good agreement with the experimental spectral data.
In contrast to a normal, square planar metal porphyrin (MPor),
the spectrum of a lanthanide porphyrin (whether it is a mono-
or bisporphyrin) is more complicated; it contains a number of
weak, low-energy absorptions to the red of the Q band. In YbP-
(acac), the near degeneracy of the porphyrin a1u and a2u orbitals
is lifted; the a1u f LUMO and a2u f LUMO transitions become
almost pure, which give rise to the Q′ and Q bands, respectively.
The spectrum of YbPor(acac) also exhibits two B bands, which
are shown to result from a significant mixture of several
transitions from lower-lying orbitals to the LUMOs. In the
bisporphyrins, the strongπ-π interaction between the two
macrocycles results in the appearance of new optical features
including a number of Q bands for [YbP2]- and the strong near-
IR absorption for YbP2 and [CeP2]+. The origin and nature of
the B bands of the bisporphyrins are also different from those
of a normal MPor.

Finally, our optimized structures of the various ytterbium
porphyrins in this work would aid in future X-ray crystal-
lographic studies of corresponding compounds.
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