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ABSTRACT: Two new ferrocenylsubphthalocyanine dyads with ferroce-
nylmethoxide (2) and ferrocenecarboxylate (3) substituents directly
attached to the subphthalocyanine ligand via the axial position have been
prepared and characterized using NMR, UV−vis, and magnetic circular
dichroism (MCD) spectroscopies as well as X-ray crystallography. The
redox properties of the ferrocenyl-containing dyads 2 and 3 were
investigated using the cyclic voltammetry (CV) approach and compared
to those of the parent subphthalocyanine 1. CV data reveal that the first reversible oxidation is ferrocene-centered, while the
second oxidation and the first reduction are localized on the subphthalocyanine ligand. The electronic structures and nature of
the optical bands observed in the UV−vis and MCD spectra of all target compounds were investigated by a density functional
theory polarized continuum model (DFT-PCM) and time-dependent (TD)DFT-PCM approaches. It has been found that in
both dyads the highest occupied molecular orbital (HOMO) to HOMO−2 are ferrocene-centered molecular orbitals, while
HOMO−3 as well as lowest unoccupied molecular orbital (LUMO) and LUMO+1 are localized on the subphthalocyanine
ligand. TDDFT-PCM data on complexes 1−3 are consistent with the experimental observations, which indicate the dominance
of π−π* transitions in the UV−vis spectra of 1−3. The excited-state dynamics of the dyads 2 and 3 were investigated using time-
correlated single photon counting, which indicates that fluorescence quenching is more efficient in dyad 3 compared to dyad 2.
These fluorescence lifetime measurements were interpreted on the basis of DFT-PCM calculations.

■ INTRODUCTION
Synthesis of functional materials with high-solar-energy
conversion efficiency represents a fundamental goal in modern
sciences.1 Effective light-to-energy conversion requires the
efficient formation of long-lived charge-separated (CS)
electronic states, which have high energy content.2 In natural
photosynthetic systems, the sequential electron-transfer pro-
cesses lead to a spatial separation of ion pairs, which follow a
redox gradient created by properly aligned and electronically
tuned π-congugated porphyrinoids.3 Although a similar strategy
has been successfully applied for the formation of long-lived CS
states in artificial photosynthetic supramolecular multichromo-
phoric assemblies, one serious drawback is the major loss of
input energy during each electron-transfer step.4 Simple
donor−acceptor hybrids represent a very attractive alternative
for the preparation of artificial photosynthetic systems.5 In
general, the electron-transfer kinetics and the excited-state
relaxation mechanism in such donor−acceptor hybrids depend
on the magnitude of the electronic coupling between the
different substituents, which is dictated by the donor−acceptor
distance, their orbital and spatial orientation, and the nature of
the linking group between them.6 In addition, charge-
recombination and intermolecular interactions could also play
a significant role in the kinetics of CS state formation. The most
critical parameter for efficient CS state formation was shown to
be the donor−acceptor distance in the assembly.7 In particular,
it has been demonstrated that a short donor−acceptor distance

(∼2.6 Å) favors the formation of CS states with an
exceptionally long (230 μs) lifetime.8

Among numerous porphyrinoids used as an antenna in
donor−acceptor dyads, the subphthalocyanine (SubPc) macro-
cycle attracted special attention because of its optical properties
(very strong absorption in the visible region) and bowl-shaped
geometry, which is potentially useful for covalent as well as
noncovalent coordination to acceptors such as C60.

9 In
addition, SubPc's have higher fluorescence quantum yields
and smaller reorganization energies compared to porphyrins.10

During the past decade, Torres and co-workers as well as other
groups have shown that the C60−SubPc−donor triads could be
used as light-harvesting subunits.9 Specifically, they can be
involved in a light-induced multistep charge transfer, which
results in the formation of a spatially separated C60

•−−SubPc−
donor•+ radical ion pair.9 In particular, ferrocene donors,
connected via a p-phenyloxy linker to the axial position of
SubPc, provided long-lived (up to 231 μs) CS states in the
above-mentioned triads.9 It could be anticipated, however, that
decreasing the ferrocene-to-SubPc distance should positively
affect CS state formation. To our surprise, however,
ferrocenylsubphthalocyanine dyads with a direct ferrocene−
boron or substituted ferrocene−boron bond have never been
investigated. Thus, in this paper, we report the synthesis,

Received: January 10, 2012
Published: May 31, 2012

Article

pubs.acs.org/IC

© 2012 American Chemical Society 6537 dx.doi.org/10.1021/ic3000608 | Inorg. Chem. 2012, 51, 6537−6547

pubs.acs.org/IC


characterization, and photophysical studies of the new
ferrocenylsubphthalocyanine dyads (Scheme 1) in which
ferrocenylmethoxide (SubPcOCH2Fc, 2) and ferrocenecarbox-
ylate (SubPcO2CFc, 3) are directly bonded to the boron atom
in the SubPc chromophore.

■ EXPERIMENTAL SECTION
Reagents and materials. All reactions were performed under an

argon atmosphere using standard Schlenk techniques. Solvents were
purified by standard methods: tetrahydrofuran (THF) was distilled
over a sodium−potassium alloy, toluene was distilled over sodium
metal, dichloromethane (DCM) and hexane were distilled over
calcium hydride, o-dichlorobenzene (o-DCB) was distilled over P2O5
under reduced pressure, and methanol was distilled over magnesium
under an argon atmosphere. NaBH4, NH4Cl, tert-butyllithium solution
in hexanes, SubPcCl (1), ferrocene, and ferrocenecarboxaldehyde were
purchased from Aldrich and used without further purification. Silica gel
(60 Å, 60−100 μm) was purchased from Dynamic Adsorbents Inc.
Preparation of FcCH2OH (4) and FcCO2H (5). The axial ligands

411 and 512 were prepared using slightly modified procedures reported
earlier (see the Supporting Information for details).
Preparation of SubPcOCH2Fc (2). A mixture of 1 (50 mg, 0.116

mmol) and silver triflate (37 mg, 0.148 mmol) was dissolved in 3 mL
of dry toluene and stirred for 2.5 h at room temperature. After this
period of time, a solution of 4 (50 mg, 0.233 mmol) and (i-Pr)2NEt
(20.5 μL, 0.145 mmol) in 3 mL of toluene was added as a single
portion, and the reaction mixture was stirred for an additional 8 h.
Solvent was removed under vacuum, and the solid was redissolved in 5
mL of DCM and loaded onto a short chromatographic column [SiO2,
toluene/THF (5:2, v/v)]. The first pink fraction was collected, its
solvent was evaporated under reduced pressure, and the resulting solid
was recrystallized from a water/THF mixture and then from DCM/
hexane . Yie ld : 12 mg (17%). Elem ana l . Calcd for
C35H23BN6OFe·0.12CH2Cl2: C, 67.99; H, 3.78; N, 13.55. Found: C,
68.01; H, 3.83; N, 13.47. 1H NMR [δ, ppm, Si(CH3)4, CDCl3]: 8.85
(6H, dd, α-SubPc), 7.90 (6H, dd, β-SubPc), 3.75 (5H, s, Cp), 3.71
(2H, m, β-Cp), 3.40 (2H, m, α-Cp), 2.34 (2H, s, CH2).

13C NMR [δ,
ppm, Si(CH3)4, CDCl3]: 151.7 (α-pyrrole), 131.1 (β-pyrrole), 129.8
(α-SubPc), 122.2 (β-SubPc), 85.3 (Cipso), 68.2 (Cp), 68.1 (α-Cp),
67.8 (β-Cp), 58.0 (CH2). APCI MS (THF): 610.3 ([M]+).
Preparation of SubPcO2CFc (3). A mixture of ferrocenecarbox-

ylic acid (321 mg, 1.395 mmol) and 1 (200 mg, 0.465 mmol) in 3 mL
of o-DCB was refluxed for 3 h, cooled, and filtered, and the remaining
residue was washed with DCM. Combined organic layers were
evaporated under reduced pressure, and the resulting solid was
redissolved in toluene and filtered. The toluene was evaporated under
reduced pressure, and the remaining solid was redissolved in DCM
and separated on a short chromatography column [SiO2, DCM/THF
(1:15, v/v)]. The first red fraction was collected, and the solvent was
evaporated under reduced pressure. A total of 280 mg of the crude
product was recrystallized first from THF/water and then from DCM/
hexane. Yield: 185 mg (64%). Elem anal . Calcd for
C35H21BN6O2Fe·0.16CH2Cl2·0.21C6H14: C, 66.69; H, 3.73; N,
12.82. Found: C, 66.77; H, 3.53; N, 12.67. 1H NMR [δ, ppm,

Si(CH3)4, CDCl3]: 8.90 (6H, m, α-SubPc), 7.92 (6H, m, β-SubPc),
3.98 (2H, m, β-Cp), 3.97 (2H, m, α-Cp), 3.65 (5H, m, Cp). 13C NMR
[δ, ppm, Si(CH3)4, CDCl3]: 170.47 (CO2), 151.7 (α-pyrrole), 131.3
(β-pyrrole), 130.1 (α-SubPc), 122.6 (β-SubPc), 105.0 (Cipso), 71.1 (α-
Cp), 70.1 (β-Cp), 69.7 (Cp). APCI MS (THF): 624.8 ([M]+).

Density Functional Theory Polarized Continuum Model
(DFT-PCM) and Time-Dependent (TD)DFT-PCM Calculations.
The initial geometries of complexes 1−3 were taken from the X-ray
data and optimized at the DFT level, using a hybrid PBE1PBE
exchange-correlation functional.13 This exchange-correlation func-
tional was shown to provide good agreement between theoretical
and experimental bond distances and angles in ferrocene-containing
compounds.14 In the case of dyads 2 and 3, the PBE1PBE exchange-
correlation functional allows better agreement between theoretical and
experimental geometries compared to the tested BP86 and B3LYP
exchange-correlation functionals. Equilibrium geometries were con-
firmed by frequency calculations and specifically by the absence of
imaginary frequencies. Solvation effects were modeled using the PCM
approach.15 DCM was used as the solvent in all calculations. All single-
point DFT-PCM and TDDFT-PCM calculations were conducted
using a pure BP86 functional,16 which accurately describes vertical
excitation energies in a variety of porphyrinoids.17 Again, in the test
calculations, the BP86 exchange-correlation functional allowed better
agreement between theory and experiment compared to the tested
B3LYP and PBE1PBE exchange-correlation functionals. The first 50
states were considered in all PCM-TDDFT calculations. In all cases,
Wachter’s full-electron basis set18 was used for iron centers and 6-
31G(d)19 for all other atoms. All calculations were performed using
Gaussian 09 software.20 Molecular orbital (MO) analysis was
conducted using the QMForge program.21

X-ray Crystallography. Single crystals of complexes 1−3 suitable
for X-ray crystallographic analysis were obtained by the slow
evaporation of o-DCB, DCM/hexane, and toluene solutions,
respectively. X-ray diffraction data were collected on a Rigaku
RAPID-II diffractometer with a graphite monochromator using Cu
Kα (λ = 1.5418 Å) or Mo Kα (λ = 0.71073 Å) radiation at −150 °C.
Multiscan absorption correction22 was applied to the data in all cases.
The crystal structures were solved by a direct method (SIR-92)23 and
refined by a full-matrix least-squares method on F2 using the SHELXL-
97 program.24 The PLATON program was used for visualization of the
results. Crystal data for complexes 1−3 are summarized in Table 1,
while selected bond distances and angles are presented in Table 2.
CCDC 861030, 861031, and 861032 contain the supplementary
crystallographic data for all compounds (see the Supporting
Information). These data can also be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, U.K.;
fax (+44) 1223-336-033 or e-mail deposit@ccdc.cam.ac.uk).

Spectroscopy Measurements. UV−vis data were obtained on
Jasco-720 or Cary-17 spectrophotometers. Magnetic circular dichroism
(MCD) data were recorded using an OLIS DCM 17 CD
spectropolarimeter with a 1.4 T DeSa magnet. The MCD spectra
were measured in mdeg = [θ] and converted to Δε (M−1 cm−1 T−1)
using the regular conversion formula: Δε = θ/(32980Bdc), where B is
the magnetic field, d is the path length, and c is the concentration.

Scheme 1
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Complete spectra were recorded at room temperature in parallel and
antiparallel directions with respect to the magnetic field. APCI mass
spectrometry (MS) data were collected using a Agilent LCQ MS
system and THF as the solvent. Electrochemical measurements were
conducted using a CH Instruments electrochemical analyzer utilizing a
three-electrode scheme with platinum working, auxiliary, and Ag/AgCl
reference electrodes in a 0.1 M solution of tetrabutylammonium
perchlorate (TBAP) in N,N-dimethylformamide (DMF) with redox
potentials corrected using an internal standard (decamethylferrocene,
Fc*) in all cases. The redox potentials were then corrected to
ferrocene using appropriate oxidation potentials for Fc*/Fc*+ vs Fc/
Fc+ in the DMF/TBAP system. NMR spectra were recorded on a
Varian INOVA instrument with a 500 MHz frequency for protons and
125 MHz for carbon. Chemical shifts are reported in parts per million
(ppm) and referenced to tetramethylsilane [Si(CH3)4] as an internal
standard. In all cases, final assignments of 1H and 13C signals were
made using COSY and HMQC spectra. Elemental analyses were
conducted by Atlantic Microlab. Steady-state fluorescence data were
collected using a Cary Eclipse fluorimeter at room temperature.
Time-resolved fluorescence data measurements were carried out

using a time-correlated single-photon-counting (TCSPC) technique,
which was described in detail elsewhere.25 Briefly, femtosecond laser
pulses (475 nm, 4.2 MHz, 120 fs) were generated using a titanium−
sapphire laser system (950 nm, 760 MHz, Mira 900-F, Coherent), a
pulse picker (Mira 9200, Coherent), and a second-harmonic generator
for one-photon excitation of compounds 1−3. The samples were
prepared in a deep-well slide and a coverslip, sealed with nail polish,
and positioned in the focal plane of a 1.2NA microscope objective
(Olympus) in an inverted IX81 microscope (Olympus). The
epifluorescence signal was directed toward a microchannel plate
photomultiplier tube (MCP-PMT; R3809U, Hamamatsu) through a
filter (585 ± 40 nm) and a Glan-Thompson polarizer, which was set at
the magic angle (54.7°). A histogram of fluorescence photon arrival
times (i.e., a fluorescence decay) was recorded using a SPC 830
module (Becker and Hickl, Berlin, Germany) and analyzed using
SPCImage software.

■ RESULTS AND DISCUSSION
Synthesis. Ferrocenylmethanol and ferrocenecarboxylic

acid were prepared in multigram quantities using slightly
modified reported methods (Supporting Information, Scheme
S1).11,12 Ferrocenyl-containing SubPc dyads 2 and 3 were
synthesized as described in Scheme 1. Nucleophilic substitution
of the chloride atom by alkoxide (OR−) in SubPcBCl or
SubPcBBr can be achieved by refluxing these macrocycles with
a corresponding alcohol in toluene.26 While this approach is
very simple, it is effective only for the thermally stable alcohols.
In the case of the reaction between 1 and 4 in boiling toluene,
no desired SubPcBOCH2Fc was detected. Instead, bis-
(ferrocenylmethylene) ether, (FcCH2)O, and unreacted 1
were isolated under these reaction conditions. In order to
obtain complex 2, we adopted a new versatile two-step strategy
described by Torres and co-workers for axial modification of
the 1 systems.27 First, an anion-exchange reaction between 1
and silver triflate was conducted, followed by quenching of the
resulting SubPcOTf by ferrocenylmethanol. Using this strategy,
subphthalocyanine 2 was obtained in 17% yield (Scheme 1).
The relatively low yield originates from the low stability of
complex 2 on silica gel that was required for its successful
purification.
The introduction of a carboxylic acid group into SubPc

systems is not straightforward. Indeed, only SubPc's axially

Table 1. Summary of Crystallographic Data for Compounds
1−3

1 2 3

empirical formula C24H12N6BCl C35H23N6OBFe C35H21N6O2BFe
fw 430.66 610.25 624.24
cryst syst orthorhombic monoclinic monoclinic
space group, Z Pnma, 4 C2/c, 8 P21/c, 4
a (Å) 12.1224(2) 28.610(5) 17.2645(8)
b (Å) 14.8449(10) 11.197(5) 7.7863(2)
c (Å) 10.3283(1) 18.146(5) 20.6276(14)
β (deg) 90 114.658(5) 95.019(7)
volume (Å3) 1858.6(1) 5283(3) 2762.3(2)
ρcalc(g cm−3) 1.539 1.535 1.501
μ (mm−1) 2.041a 0.615b 4.757a

θmax (deg) 68.24a 27.49b 68.41a

measd/unique
reflns

12595/1756 17320/6032 29594/5040

Rint 0.0351 0.0492 0.0647
GOF(F2) 1.156 1.047 1.092
R1c/wR2d [I >
2σ(I)]

0.0668/0.1872 0.0612/0.1553 0.0657/0.1817

R1c/wR2d (all
data)

0.0852/0.2127 0.0704/0.1625 0.0815/0.2060

Δρmax/Δρmin (e
Å−3)

0.838/−0.485 1.067/−0.902 0.618/−0.971

aCu Kα. bMo Kα. cR1(F) = ∑||Fo| − |Fc||/∑|Fo|.
dwR2(F2) =

{∑[w(Fo
2 − Fc

2)2]/∑w(Fo
2)2]}1/2.

Table 2. Selected Bond Lengths (Å) and Angles (deg) for
Compounds 1−3

Compound 1

Cl1−B1 1.890(6) N2−B1 1.470(8)
N1−B1 1.473(4)

N2−B1−N1 105.7(3) N2−B1−Cl1 112.4(4)
N1−B1−N1#1a 106.5(4) N1−B1−Cl1 113.0(3)

Compound 2

Fe···πb(centroid) 1.650(2), 1.659(2) N1−B1 1.504(4)
Fe···C(average) 2.049(2) N3−B1 1.499(4)
C25−O1 1.398(4) N5−B1 1.489(4)
C25−C26 1.497(4) O1−B1 1.430(4)

O1−B1−N5 111.1(2) O1−B1−N1 118.1(2)
O1−B1−N3 116.0(2) N5−B1−N1 104.3(2)
N5−B1−N3 103.1(2) N3−B1−N1 102.7(2)

C26−C25−O1−B1 −160.9(2) O1−C25−C26−
C27

148.1(3)

Compound 3

Fe···πb(centroid) 1.644(2), 1.648(2) N1−B1 1.498(5)
Fe···C(average) 2.039(2) N3−B1 1.490(5)
B1−O1 1.467(4) N5−B1 1.480(5)
B1−O2 2.772(5) O2−C25 1.218(4)
C25−C26 1.472(5) O1−C25 1.334(4)

O2−C25−O1 123.1(3) O1−B1−N3 117.7(3)
O2−C25−C26 124.8(4) N5−B1−N3 104.5(3)
C25−O1−B1 121.3(3) N5−B1−N1 104.9(3)
O1−B1−N1 115.1(3) N3−B1−N1 104.8(3)

O1−C25−C26−
C27

10.7(5) B1−O1−C25−
C26

178.0(3)

a#1: x, 3/2 − y, z. bRing centroids were built on C26−C27−C28−
C29−C30 and C31−C32−C33−C34−C35.
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bonded to acetate, phenylacetate, trifluoroacetate, trichloroace-
tate, chloroacetate, and benzoate have been described so far.28

Moreover, synthetic procedures for the preparation of these
complexes require boiling or melting of 1 with the
corresponding acid. This method, however, is unacceptable in
the case of ferrocenecarboxylic acid because of its well-known
thermal decomposition.29 We found, however, that substitution
of the axial chlorine atom in SubPcBCl by ferrocenecarboxylate
could be achieved by refluxing the reagents in o-DCB for 3 h
(Scheme 1).
X-ray Crystal Structures. An ultimate knowledge on the

chemical structures of ferrocenylsubphthalocyanine dyads 2 and
3 was further gained from single-crystal X-ray analysis. In order
to accurately compare structural changes in complexes 2 and 3
to the parent SubPc 1, an X-ray structure of compound 1 was
also determined with the same experimental conditions.
Refinement parameters for compounds 1−3 are presented in
Table 1, while their selected bond lengths and angles are
summarized in Table 2. ORTEP diagrams of compounds 1−3
are shown in Figure 1. Similar to all previously known
structures of SubPc complexes,9,26−28,30 the macrocyclic ligand
adopts a bowl-shaped conformation, with the boron atom
pointing away from the macrocyclic base. In all structures, the
boron atoms are located in a trigonal-pyramidal (3N + Cl for 1
and 3N + O for 2 and 3) environment. The axial B−Cl bond in
1 is longer, while the B−O bonds in 2 and 3 are shorter
compared to the B−N bonds in respective SubPc's. The B−O
bonds in dyads 2 [1.430(4) Å] and 3 [1.467(4) Å] are quite
different but similar to the other SubPc's with alkoxy or carboxy
substituents in axial positions.9,26−28,30 The shorter B−O bond
distance in dyad 2 can be understood in terms of the electron-
donating properties of the axial ligand in this compound. The
η1 coordination of the axial ferrocenecarboxylate group in dyad
3 could be clearly determined from its X-ray structure (Figure 1
and Table 2). Indeed, the B−O1 and B−O2 bond distances are
1.467(4) and 2.772(5) Å, respectively, while the O1−C25 and
O2−C25 bond distances are 1.334(4) and 1.218(4) Å,
respectively. This is indicative of the η1 coordination of the
axial ferrocenecarboxylate group and the presence of C−O and
CO bonds in 3. The axial ferrocene ligands are tilted toward
one of the nitrogen atoms, which is reflected in the respective
O−B−N angles [118.1(2)°, 116.0(2)°, and 111.1(2)° in 2 and
108.6(3)°, 117.7(3)°, and 115.1(3)° in 3]. The B−N bond
distances in dyads 2 and 3 are close to each other but longer
than those in the parent compound 1 [1.489(4)−1.504(4) Å in
2 and 1.480(5)−1.498(5) Å in 3]. The O−C bond distance in
2 [1.398(4) Å] is significantly shorter than the same bond
distance in 4 [for three symmetry-unique molecules of 4:
1.434(6), 1.451(6), and 1.450(5) Å],11 which is indicative of
the electron-acceptor properties of the SubPc macrocycle.
Torsion angles B1−O1−C25−C26 and O1−C25−C26−C27
in dyad 2 are −160.9(2)° and 148.1(3)°, respectively, while
those in dyad 3 are 178.0(3)° and 10.7(5)°, respectively. The
carboxylic acid group in 3 is almost coplanar with the
monosubstituted cyclopentadienyl (Cp) ring [torsion angle
O1−C25−C26−C27 is 10.7(5)°]. The Fe−C bond distances
were observed in the ranges of 2.031(3)−2.070(3) and
2.016(4)−2.071(4) Å in dyads 2 and 3, respectively, and the
Cp rings adopt close to an eclipsed conformation. The packing
motif in dyads 2 and 3 is very similar and consists of π···π
stacking between overlapping isoindole fragments of the
macrocyclic ligand (Supporting Information, Figures S1 and
S2). To the contrary, π···π stacking in the parent SubPc 1

occurs between the isoindole fragment of one molecule and the
meso-nitrogen-containing six-membered fragment of the
neighboring macrocycle (Supporting Information, Figure S3).
Both of these motifs are typical for substituted SubPc's.9,26−28,30

NMR Spectroscopy. The introduction of ferrocenyl
substituents into target complexes 2 and 3 significantly

Figure 1. ORTEP-labeled diagram for X-ray structures of 1 (a), 2 (b),
and 3 (c). All hydrogen atoms are omitted for clarity. Thermal
ellipsoid probability level of 50%.
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increases their solubility in common organic solvents compared
to the parent macrocycle 1. Indeed, both complexes 2 and 3 are
reasonably soluble in toluene, DCM, chloroform, and THF.
Substitution of the axial chloride in 1 by ferrocenylmethoxide
and ferrocenecarboxylate was easily confirmed by 1H NMR
spectroscopy. Similar to other axially coordinated phthalocya-
nines and their analogues,31 the 1H NMR spectra of complexes
2 and 3 exhibit proton signals of the Cp ligands that are shifted
to higher fields compared with the corresponding signals
observed in parents 4 and 5 (Supporting Information, Figures
S4 and S5). The effects of the ring current are especially
significant for protons located close to the macrocycle. Indeed,
protons of the −CH2− group in complex 2 have a resulting
shift in their resonance from 4.33 to 2.34 ppm. As expected,
NMR signals of the ferrocenyl protons are less shifted
compared to the NMR signals of the parent molecules. It is
interesting to note that the chemical shifts of the α-Cp and β-
Cp protons in complex 3 are very close to each other and
cannot be separated in the COSY experiment, although their
integral intensity is in good agreement with the proposed
structure. NMR shifts for the SubPc aromatic protons in all
complexes are close to each other, suggesting a negligible
influence of the axial ligand on the chemical shifts. A similar
trend was observed in the case of other axially substituted
SubPc's.9,26−28

UV−Vis and MCD Spectroscopy of SubPc's 1−3. UV−
vis and MCD spectra of SubPc's 1−3 are presented in Figure 2
and summarized in Table 3. In agreement with previous
studies,9,26−28,32 axial substitution of the chlorine atom by
alkoxy or carboxylate ligands in SubPc's 2 and 3 has a negligible
effect on their UV−vis and MCD spectra, which are dominated
by the very intense intraligand π−π* transitions. Indeed, the
low-energy Q band is observed at 564 nm in parent SubPc 1

and ferrocenylsubphthalocyanine dyad 3, while only a 2 nm
shift in the Q-band position is observed for complex 2.
Similarly, the MCD spectra of complexes 2 and 3 are almost
indistinguishable from the MCD spectrum of parent SubPc 1.
They are dominated by the Faraday A term centered at 559 nm
(complex 2) and 561 nm (complex 3), which corresponds to
the most intense Q-band band in the UV−vis spectra of these
compounds and confirms their 3-fold effective symmetry.
As shown below, our electrochemical experiments as well as

DFT-PCM and TDDFT-PCM calculations predict that
ferrocene-centered MOs in dyads 2 and 3 should dominate
the highest occupied molecular orbital (HOMO) region. As a
result, we explored the possible presence of metal-to-ligand
charge-transfer (MLCT) transitions in the near-IR (NIR)
region. Although MLCT bands were not observed in dyad 2
between 600 and 1500 nm, three relatively low intensity bands
centered at 867, 938, and 1064 nm were observed for several
independently prepared samples of dyad 3 (Figure 2). These
weak MLCT transitions could be attributed to charge transfer
from ferrocene-centered HOMO to HOMO−2 to the nearly
degenerate SubPc-centered lowest unoccupied molecular
orbital (LUMO) and LUMO+1 on the basis of TDDFT-
PCM calculations, as discussed below. The absence of similar
MLCT bands in dyad 2 can be understood in terms of the
higher flexibility of the axial ferrocene-containing substituent,
which could result in significantly lower band intensities, and
thus MLCT bands could be masked by the low-energy wing of
the intense (ε ∼ 100000) Q band. The MCD signals for NIR
MLCT bands even at the solubility and/or optical saturation
limits are extremely weak, which is typical for MLCT
transitions in ferrocenyl-containing donor−acceptor dyads.33

Redox Properties. The redox properties of the ferroce-
nylsubphthalocyanine dyads were examined using cyclic

Figure 2. UV−vis (left) and MCD (right) spectra of 1−3 .

Table 3. UV−Vis Absorption and Emission Data for Compounds 1−3

UV−vis fluorescence

compound λabs, nm (log ε) λfl, nm τ1, ns (%) τ2, ps (%) τav, ps

1 564 (5.05), 545sh (4.79), 509sh (4.56), 302 (4.86) 581 3.11 (100) 3110
2 562 (5.04), 543sh (4.77), 520sh (4.52), 306 (4.73) 578 2.92 (30) 5 (70) 882
3 564 (5.07), 546sh (4.86), 508sh (4.58), 302 (4.84) 580a 1.65 (3) 21 (97) 65

aCrude estimation because of the low emission intensity.
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voltammetry (CV) approach (Table 4). Because of the
relatively low solubility of dyads 2 and 3 and especially the

parent SubPc 1 in DCM and THF, all electrochemical
experiments were conducted in a DMF/TBAP system. The
ferrocene substituents in dyads 2 and 3 exhibit reversible first
oxidations at +0.02 and +0.35 V (Figure 3). Oxidation of the

axial ferrocenyl substituent in dyad 2 was observed at a lower
potential compared with dyad 3, which is in good agreement
with the electron-donating nature of the ferrocenylmethanol
group and DFT calculations presented below. All three studied
SubPc's (1−3) reveal a single reduction peak, at −1.70, −1.51,
and −1.32 V, respectively, which correspond to the one-
electron-reduction process centered at the macrocyclic ligand.
In agreement with previous reports,9,26−28,34 oxidation of the
SubPc ligand was observed as the only partially reversible
process at 0.66, 0.55, and 0.73 V, for complexes 1−3,
respectively, which is attributed to partial degradation of the
macrocyclic ligand. Degradation of the macrocyclic ligand was
further confirmed by CV experiments on dyad 3. Indeed, when
the CV experiments were conducted between 0 and −1.75 V,
only a single reversible peak of SubPc reduction was observed
at −1.32 V (Figure 3). On the other hand, when the CV
experiment was conducted by sweeping between +1.25 and
−1.75 V, four additional peaks at −0.043, −0.337, −0.698, and
−0.958 V were observed. Similar peaks, assigned to the
degradation of SubPc's, have been reported previously.34 It is
important to note that the difference between the oxidation and
reduction potentials of the SubPc core was ∼2 V in all three
systems, which is in the typical range for all SubPc's.
Fluorescence Quantum Yield and Excited-State Life-

time. Axially substituted SubPc's are known as fluorescent
emitters with electron- and/or energy-donating or -accepting
capabilities.10 The high fluorescence quantum yield (ΦF) of the

parent SubPc 1 (ΦF = 0.25) allows for study of the
intramolecular excited-state deactivation process. Indeed, the
Q-band excitation of the parent compound 1 exhibits an
intense emission centered at 581 nm, assigned to the S1 → S0
transition in the SubPc ligand (Figure 4). The luminescence

observed in SubPc's has shown to be the mirror image of the Q-
band and is almost independent of the solvent as well as the
nature of the axial substituents. When fluorescence spectra for
compounds 1−3 were recorded under the same experimental
conditions (i.e., concentration, excitation wavelength and
intensity, and resolution), both emission intensities in dyads
2 and 3 were found to be several orders of magnitude lower
than the fluorescence observed in 1. Such strong quenching of
the fluorescence, however, has no effect on the overall emission
profile for compounds 1−3 (Figure 4 and Table 3). Such
behavior has been observed for several SubPc's with different
quenching groups and was attributed to the intrinsically faster
singlet excited-state deactivation.9,10 In order to examine this
tentative assignment, we have measured the first excited-state
lifetimes of compounds 1−3 using the TCSPC approach.25

The S1 fluorescence of the parent 1 excited at 475 nm and
detected at 585 ± 40 nm decays as a single exponent with an
estimated fluorescence lifetime of τS1 = 3.11 ns. In contrast, the
S1 state fluorescence of ferrocenyl-containing dyads 2 and 3
decays as a biexponential, as summarized in Table 3. More
importantly, the dominant component in the fluorescence
decay of ferrocenyl-containing dyads 2 and 3 was found to be 5
ps (70%) and 21 ps (97%), respectively. It is worth noting that
these ultrafast decay components are faster than the full-width
half-maximum (fwhm) of our system response function (∼45
ps), which was used in the deconvolution-based fitting
algorithm. The observed ultrafast fluorescence lifetimes of
complexes 2 and 3 confirm the presence of efficient
deactivation processes, which are assigned as charge transfer.
These fluorescence lifetime measurements are, therefore, in
general agreement with our UV−vis and electrochemical data
as well as TDDFT-PCM calculations presented below.

DFT-PCM and TDDFT-PCM Calculations. Further in-
sights into the electronic structure, spectroscopy, and redox
properties of the ferrocene-containing dyads 2 and 3 were
gained using DFT-PCM and TDDFT-PCM calculations, which
provide accurate energetic and spectroscopic parameters for a
large variety of ferrocene-containing complexes35 and macro-
cyclic compounds including SubPc's.17,36 As shown in Table 5,
the predicted geometries from DFT-PCM calculations are in
good agreement with the X-ray experimental parameters. The
DFT-PCM predicted MO energy diagrams for SubPc's 1−3 are

Table 4. Redox Properties of Compounds 1−3

oxidation, V reduction, V

EOx2 E1/2
Ox1(Fc) E1/2

R1

1 0.655a −1.698a

2 0.545a 0.020 −1.505
3 0.725a 0.345 −1.323

aIrreversible process; all potentials (±5 mV) are given in volts relative
to Fc/Fc+.

Figure 3. Room temperature CV data for compounds 1−3 in the
DMF/TBAP system (asterisks indicate that the macrocycle degrada-
tion products originated from the irreversible oxidation of the SubPc
core).

Figure 4. Comparative fluorescence intensities of compounds 1−3
recorded at the same optical density at 500 nm. The excitation
wavelength in all cases was 500 nm.
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presented in Figure 5, while an analysis of the orbital
compositions is provided in Figure 6 and the Supporting

Information, Table S1. In addition, the frontier orbitals of the
target SubPc complexes 1−3 are pictured in Figure 7. In
agreement with Gouterman’s classic four-orbital model for
porphyrins and phthalocyanines,37 the HOMO in the parent 1
has a2 symmetry (C3v point group) and is a SubPc-centered π
orbital with an electron density distribution that resembles an
a1u MO in the phthalocyanine’s D4h point group. In agreement
with previous calculations on SubPc's36 but contrary to closed-
shell phthalocyanines and porphyrins,38 HOMO−1 and
HOMO−2 are doubly degenerate MOs, which, as predicted
by TDDFT-PCM calculations, contribute significantly to the B-
band region intensity of the UV−vis spectrum of 1. The
HOMO−3 again resembles a classic Gouterman’s MO with a
large contribution from the meso-nitrogen atoms (Figure 7).
The introduction of axial ferrocenyl-containing ligands in dyads
2 and 3 leads to the situation where HOMO to HOMO−2
become predominantly iron-centered MOs (dxy, dx2−y2, and dz2,
respectively) entirely localized on the axial organometallic
ligands (Figure 7), with all occupied SubPc-centered π orbitals
having lower energies. Such a MO description is in excellent

agreement with the electrochemical data, which suggest that the
first oxidation process in dyads 2 and 3 is ferrocene-centered.
As expected from the electron-withdrawing nature of the
carboxylic group, the ferrocenyl-centered HOMO to HOMO−
2 in dyad 3 are more stable (−4.466, −4.522, and −4.664 eV)
compared to analogous MOs in dyad 2 (−4.180, −4.187, and
−4.378 eV). In all investigated SubPc's, LUMO and LUMO+1
are, or nearly are, doubly degenerate π* MOs entirely localized
on the SubPc ligand. These MOs are well separated from the
higher energy unoccupied orbitals.
DFT-PCM calculations suggest that the UV−vis spectrum of

the parent compound 1 would be dominated by the symmetry-
allowed π−π* transitions, while in the case of the dyads 2 and
3, additional low-energy, low-intensity HOMO to HOMO−2

Table 5. Comparison of the Experimental and DFT-PCM-
Predicted Bond Distances in Compounds 1−3

bond X-ray DFT-PCM

Compound 1a

B−Cl 1.890(6) 1.855
B−N 1.473(4); 1.470(8) 1.485

Compound 2b

B−O 1.430(4) 1.416
B−N 1.498(5); 1.490(5); 1.480(5) 1.508, 1.508, 1.496
C−O 1.398(4) 1.408

Compound 3b

B−O 1.467(4) 1.458
B−N 1.498(5); 1.490(5); 1.480(5) 1.494, 1.494, 1.491
C−O 1.334(4) 1.337
C O 1.218(4) 1.216

aThe C3v point group was used during geometry optimization by DFT,
and local Cs symmetry was observed in the solid state. bThe C1 point
group was used during geometry optimization.

Figure 5. DFT-PCM-predicted MO energy diagram for compounds
1−3.

Figure 6.MO compositions of compounds 1−3 predicted at the DFT-
PCM level.
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→ LUMO, LUMO+1 MLCT transitions are expected in their
UV−vis spectra. Further insight into the nature of the
experimentally observed transitions was gained using the
TDDFT-PCM approach. It was found that TDDFT-PCM
calculations reproduce well all experimentally observed features
in the SubPc complexes 1−3 (Figures 8−10 show the

experimental and TDDFT-PCM-predicted data in the recip-
rocal centimeter scale, while similar data in the nanometer scale
are presented in the Supporting Information, Figures S6−S8;
expansion coefficients for all transitions are presented in the
Supporting Information, Tables S2−S4). In agreement with
earlier publications,17,36,39 typical TDDFT-PCM errors for
complexes 1−3 are in the very reasonable range of ∼0.1−0.2

eV. All features in the TDDFT-PCM-calculated spectra of
parent SubPc 1 could be arranged in two regions, as labeled in
Figure 8, while those calculated for dyads 2 and 3 could be
arranged in three spectral regions, as labeled in Figures 9 and
10. In agreement with previous calculations, the Q-band region
in complexes 1−3 could be entirely described by the two
SubPc-centered π−π* transitions originating from HOMO →
LUMO, LUMO+1 (complex 1) or HOMO-3 → LUMO,
LUMO+1 (complexes 2 and 3). Similarly, the B-band region in
SubPc's 1−3 is described by several SubPc-centered π−π*
transitions dominated by Gouterman-type transitions from
HOMO−3 → LUMO, LUMO+1 (complex 1) or HOMO−9
→ LUMO, LUMO+1 (complexes 2 and 3). In addition to Q-
and B-band regions, the MLCT region was predicted by the
TDDFT-PCM calculations in the NIR area for ferrocene-
containing dyads 2 and 3 (Figures 9 and 10). The MLCT
region originates from the six ferrocene-centered HOMO to
HOMO−2 → LUMO, LUMO+1 transitions, which are
predicted to have a several orders of magnitude lower intensity
than the SubPc-centered π−π* transitions. Both TDDFT-
PCM-predicted intensities for MLCT transitions and their
relative energies (i.e., lower energies for complex 2 compared to

Figure 7. DFT-PCM-predicted frontier orbitals of compounds 1−3.

Figure 8. Experimental (top) and TDDFT-PCM-predicted (bottom)
UV−vis spectra of compound 1. The Q- and B-band regions are
labeled as Q and B.

Figure 9. Experimental (top) and TDDFT-PCM-predicted (bottom)
UV−vis spectra of complex 2. Q- and B-band and MLCT regions are
labeled as Q, B, and MLCT.

Figure 10. Experimental (top) and TDDFT-PCM-predicted (bottom)
UV−vis spectra of complex 3. Q- and B-band and MLCT regions are
labeled as Q, B, and MLCT.
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those of complex 3) are in a good agreement with the
experimental data. In general, TDDFT-PCM data correlate very
well with the experimental data although, in all cases, the
calculated excitation energies for the Q-band and MLCT
regions are slightly overestimated, while those for the B-band
region are slightly underestimated.
The DFT-PCM and TDDFT-PCM calculations explain the

observed differences in the fluorescence lifetime measurements
for dyads 2 and 3 as well as the relatively large fluorescence
yield of dyad 2 compared with that in dyad 3. Although the
excited-state lifetime of both dyads 2 and 3 is shorter than that
of the parent SubPc 1, the average lifetime for the S1 excited
state in more rigid dyad 3 is more than 100 times shorter than
that in the more flexible dyad 2 (Table 3). A rational
explanation of this phenomenon could be achieved by detailed
analysis of the electronic structures and nature of the excited
states of dyads 2 and 3. Taking into consideration TDDFT-
PCM calculations and earlier data on SubPc's, it is reasonable to
expect that the S1 excited state in dyads 2 and 3 predominantly
originates from the SubPc-centered π → π* transitions (i.e.,
HOMO−3 → LUMO, LUMO+1; Figures 5 and 7). Once the
S1 state has been formed, nonradiative electron transfer from
the ferrocene substituent to the half-filled HOMO−3 forms the
CS state (SubPc•−-Fc·+), observed and characterized earlier by
the femtosecond regime transient absorption measurements for
several ferrocene-containing SubPc's9 (Figure 11). The

formation of CS states will be especially efficient when the
energy difference between the energies of S1 and CS is small.
According to TDDFT-PCM and electrochemical data, the S1
and CS states in dyad 3 are energetically much closer to each
other compared to those in dyad 2. Thus, we can speculate that
the S1 state couples with the CS states through a vibronic
coupling mechanism,40 which is more efficient for dyad 3 than
dyad 2. Accordingly, the average lifetime of the S1 state in dyad
3 should be shorter compared to that in dyad 2, which is in
agreement with our experimental data. The observed long
average lifetime of the S1 state in dyad 2 is consistent with the
relatively higher fluorescence yield in this complex compared to
that in dyad 3.

■ CONCLUSIONS
In this report, we synthesized two new ferrocenylsubphthalo-
cyanine dyads with ferrocenylmethoxide (2) and ferrocene-
carboxylate (3) substituents directly attached to the SubPc
ligand via the axial position. New dyads were characterized
using NMR, UV−vis, and MCD spectroscopies as well as X-ray
crystallography. The X-ray crystallographies of 2 and 3
confirmed the trigonal-pyramidal geometry of the boron
centers and an axial coordination of the ferrocene substituents

to the parent macrocycle. The redox properties of ferrocenyl-
containing dyads 2 and 3 were investigated using the CV
approach and compared to those in parent SubPc 1. It was
found that the first reversible oxidation is ferrocene-centered,
while the second oxidation and first reduction are localized on
the SubPc ligand. The electronic structures and nature of the
electronic transitions observed in UV−vis and MCD spectra of
all target compounds were also confirmed using DFT-PCM and
TDDFT-PCM calculations. It has been found that in dyads 2
and 3 HOMO to HOMO−2 are ferrocene-centered MOs,
while HOMO−3 as well as LUMO and LUMO+1 have π or π*
nature and are localized on the SubPc macrocycle. The
excitation energies calculated using the TDDFT-PCM
approach in complexes 1−3 are consistent with the
experimental data and clearly suggest the dominance of π−π*
transitions in the UV−vis spectra of 1−3. In addition, several
weak MLCT bands were predicted by the TDDFT-PCM
calculations in the NIR region of the UV−vis spectra of dyads 2
and 3. The steady-state and time-resolved fluorescence of dyads
2 and 3 indicate that fluorescence quenching is more efficient in
dyad 3 than in dyad 2, which is in agreement with DFT-PCM
and TDDFT-PCM calculations. Our results represent a first
step toward a rational design of new donor−acceptor dyads
that are potentially useful in light-harvesting elements.
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