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ABSTRACT: Reaction between ferrocene lithium or ethy-
nyl ferrocene magnesium bromide and (chloro)-
boronsubphthalocyanine leads to formation of ferrocene- (2)
and ethynylferrocene- (3) containing subphthalocyanine dyads
with a direct organometallic B−C bond. New donor−acceptor
dyads were characterized using UV−vis and magnetic circular
dichroism (MCD) spectroscopies, NMR method, and X-ray
crystallography. Redox potentials of the rigid donor−acceptor
dyads 2 and 3 were studied using the cyclic voltammetry (CV)
and differential pulse voltammetry (DPV) approaches and
compared to the parent subphthalocyanine 1 and conformationally flexible subphthalocyanine ferrocenenylmethoxide (4) and
ferrocenyl carboxylate (5) dyads reported earlier. It was found that the first oxidation process in dyads 2 and 3 is ferrocene-
centered, while the first reduction as well as the second oxidation are centered at the subphthalocyanine ligand. Density
functional theory-polarized continuum model (DFT-PCM) and time-dependent (TD) DFT-PCM methods were used to probe
the electronic structures and explain the UV−vis and MCD spectra of complexes 1−5. DFT-PCM calculations suggest that the
LUMO, LUMO+1, and HOMO-3 in new dyads 2 and 3 are centered at the subphthalocyanine ligand, while the HOMO to
HOMO-2 in both dyads are predominantly ferrocene-centered. TDDFT-PCM calculations on compounds 1−5 are indicative of
the π → π* transitions dominance in their UV−vis spectra, which is consistent with the experimental data. The excited state
dynamics of the parent subphthalocyanine 1 and dyads 2−5 were investigated using time-resolved transient spectroscopy. In the
dyads 2−5, the initially excited state is rapidly (<2 ps) quenched by electron transfer from the ferrocene ligand. The lifetime of
the charge transfer state demonstrates a systematic dependence on the structure of the bridge between the subphthalocyanine
and ferrocene.

■ INTRODUCTION

Numerous donor−acceptor (D−A) dyads and donor−anten-
nae−acceptor (D−An−A) triads were explored during the last
several decades as prospective systems for artificial photosyn-
thesis and solar energy conversion.1−5 The electron transfer
kinetics, the desired charge-separation (CS) state stability, and
mechanism for the excited state relaxation dynamics in such
D−A assemblies is influenced by the degree of electronic
coupling between the donor and acceptor. Such coupling
strongly depends on the distance between donor and acceptor,
the donor−acceptor spatial orientation, and the electronic
structure of the bridging group between them.6 Other factors
that could play a significant role in the formation and stability
of CS state are intermolecular interactions and charge-
recombination. It is commonly accepted that the donor−
acceptor distance in corresponding dyad is the most important
parameter for CS state formation and stability.7 For instance, it
has been shown that a short, ∼2.6 Å, distance in donor−

acceptor dyad leads to formation of an exceptionally long-living
(230 μs) CS state.8

Various porphyrins and their analogues were suggested as an
effective antenna in donor−acceptor dyads. Among these, the
subphthalocyanine (SubPc) macrocycle was intensively studied
because of its specific absorption properties as well as
nonplanar geometry. The bowl-shaped curvature of the
SubPc may offer advantages for covalent and noncovalent
coordination with nonplanar electron acceptors (i.e., carbon
nanotubes and fullerenes).9 SubPcs have higher fluorescence
quantum yields and smaller reorganization energies than
porphyrins.10 Ferrocene-containing SubPcs reported by Torres
and co-workers as well as our group have shown promising
photophysical properties for applications in organic photo-
voltaics (OPV).9,11 For instance, long-lived (up to 230 μs) CS
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states were observed in D−A systems in which ferrocene
substituents were axially connected via B−O bond (using a p-
phenyloxy bridging group) to the SubPc.9 Under the
hypothesis that the shorter Fe-SubPc distance should increase
the rate of CS state formation, we have recently prepared and
characterized ferrocene SubPc dyads 4 and 5. The ferrocene
group in these dyads is connected to the central boron atom via
carboxylic or alkoxide type covalent B−O bond (Scheme 1).11

To our knowledge, more rigid Fc-SubPc dyads with a direct
organoboron B−C bond have not been previously investigated.
In this paper, we report synthesis, spectroscopic character-
ization, redox properties, and photophysics of two new Fc-
SubPc donor−acceptor systems (Scheme 1) in which ferrocene
(SubPcBFc, 2) and ethynylferrocene (SubPcBCCFc, 3) are
bonded to the central boron atom of the SubPc macrocycle via
B−C bond. The redox and photophysical properties of these
new dyads are compared to those in dyads 4 and 5 as well as
the parent SubPcBCl 1 (Scheme 1).

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

argon atmosphere using standard Schlenk techniques. Solvents were
purified using standard approaches: toluene was dried over sodium
metal, THF was dried over sodium-potassium alloy, and hexane and
DCM were dried over calcium hydride. SubPcBCl (1), ethynylferro-
cene, and ethylmagnesium bromide were purchased from Aldrich and
used without further purification. Bromoferrocene was purchased from
Alfa Aesar. SubPcBOCH2Fc (4) and SubPcBO2CFc (5) were prepared
as described earlier.11 Silica gel (60 Å, 60−100 μm) was purchased
from Dynamic Adsorbents Inc.
Preparation of SubPcBFc (2). Bromoferrocene (258 mg, 0.975

mmol) was dissolved in anhydrous THF (7 mL) under Ar purge. After
5 min, BuLi (0.371 mL, 2.5 M in THF) was added to the
bromoferrocene solution and stirred at −78 °C for 15−20 min. The
orange color reaction mixture was then allowed to warm to ambient
temperature. After this procedure, the ferrocene lithiated solution was
transferred into a solution of SubPcBCl (100 mg, 0.232 mmol), and
the resulting solution was stirred for 2 h (complete consumption of

the SubPcBCl was observed by TLC). The solvent was evaporated
under reduced pressure. Column chromatography on neutral alumina
with hexane/CH2Cl2 (40:60, v/v) as eluent gave the titled compound.
Yield 28.2 mg (21%). Elemental analysis: calculated for C34H21BN6Fe
x 0.5CH2Cl2 x 1.3C6H14: C, 69.15; H, 5.51; N, 11.44. Found: C, 69.05;
H, 5.19; N, 11.46. 1H NMR [500 MHz, δ, ppm, CDCl3]: 8.85 (6H, dd,
J = 5.80 Hz, J = 2.90 Hz, α-SubPc), 7.90 (6H, dd, J = 5.80, J = 2.90, β-
SubPc), 3.56 (5H, s, Cp), 3.50 (2H, m, J = 1.67 Hz, β-Cp), 2.38 (2H,
m, J = 1.67 Hz, α-Cp). 13C NMR [125 MHz, δ, ppm, CDCl3]: 150.9
(α-pyrrole), 130.9 (β-pyrrole), 129.6 (α-SubPc), 122.1 (β-SubPc),
77.3 (Cipso), 68.6 (α-Cp), 68.4 (β-Cp), 67.8 (Cp).

Preparation of SubPcBCCFc (3). Ethylmagnesium bromide (0.240
mL, 0.719 mmol, 3 M in ether) was added to a solution of
ethynylferrocene (170 mg, 0.812 mmol) in anhydrous THF (5 mL).
The resulting mixture was refluxed at 60 °C for 1.5 h and cooled down
to room temperature. The ferrocenyl Grignard mixture was then
transferred via canula to a solution of SuPcBCl (100 mg, 0.232 mmol)
in anhydrous THF (15 mL). The mixture was stirred at room
temperature for 1 h (complete consumption of the SubPcBCl was
observed by TLC). The solvent was evaporated, and the crude product
was subjected to a neutral alumina column to obtain the desired
product using hexane/CH2Cl2 = 20:80 v/v as eluent. Yield: 36.4 mg,
26%. Elemental analysis: calculated for C36H21BN6Fe x 0.4CH2Cl2 x
0.6C6H14: C, 69.63; H, 4.41; N, 12.18. Found: C, 69.94; H, 3.73; N,
12.32. 1H NMR [500 MHz, δ, ppm, CDCl3]: 8.82 (6H, dd, J = 5.90
Hz, J = 2.94 Hz, α-SubPc), 7.82 (6H, dd, J = 5.90 Hz, J = 2.94 Hz, β-
SubPc), 3.82 (2H, m, J = 1.80 Hz, β-Cp), 3.79 (5H, s, Cp), 3.78 (2H,
m, J = 1.80 Hz, α-Cp). 13C NMR [125 MHz, δ, ppm, CDCl3]: 150.5
(α-pyrrole), 130.9 (β-pyrrole), 129.7 (α-SubPc), 122.2 (β-SubPc),
93.2 (-CC−), 77.3 (Cipso), 71.2 (α-Cp), 69.8 (Cp), 68.2 (β-Cp),
64.6 (-CC−).

DFT-PCM and TDDFT-PCM Calculations. The starting geo-
metries of compounds 1−5 were adopted from the experimental X-ray
data and were optimized using a hybrid PBE1PBE exchange-
correlation functional.12 This PBE1PBE exchange-correlation func-
tional was found to result in good agreement between calculated and
experimentally determined bond distances and angles in ferrocene-
containing compounds.13 Energy minima in optimized geometries
were confirmed by the frequency calculations (absence of the
imaginary frequencies). Solvent effects were calculated using the

Scheme 1
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polarized continuum model (PCM).14 In all calculations, DCM was
used as the solvent. A pure BP86 exchange-correlation functional was
used in all single-point DFT-PCM and TDDFT-PCM calculations,15

because it is more accurate in calculations of the vertical excitation
energies in a variety of porphyrins and their analogues.16 In all PCM-
TDDFT calculations, the first 50 states were calculated. In all
calculations, full-electron Wachter’s basis set17 was utilized for iron
atoms, while all other atoms were modeled using the 6-31G(d)18 basis
set. Gaussian 09 software was used in all calculations.19 QMForge
program was used for molecular orbital analysis.20

X-ray Crystallography. Useful for X-ray crystallographic experi-
ments single crystals of dyads 2 and 3 were prepared by the slow
evaporation of saturated DCM/hexane solutions. A Rigaku RAPID-II
diffractometer with a graphite monochromator and Mo Kα (λ =
0.71073 Å) radiation was used for X-ray diffraction data collection. All
experiments were conducted at −150 °C temperature. Multiscan
absorption correction21 was applied to the data in all cases. The crystal
structures were solved by the direct method (SIR-92)22 and refined by
full-matrix least-squares method based on F2 using the SHELXL-2013
and SHELXLE programs.23 All non-hydrogen atoms were refined
anisotropicaly, while hydrogen atoms were refined using “riding mode”
with displacement parameters bonded to a parent atom: Uiso(H) =
1.2Ueq(C) (Ueq = 1/3(U11 + U22 + U33)).
The ethynylferrocene group in 3 was found to be disordered over

two positions by an rotation along the C−B bond by an angle
(Supporting Information, Figure S1). The final refined occupancies
were found to be 0.61 and 0.39, respectively. A standard set of
geometrical restraints such as DELU and SIMU was used during the
refinement. Also, in solvent DCM molecule one chloride atom was
found to be disordered over two positions with occupancies 0.56 and
0.44, respectively. The structure also contains voids of volume 182 Å3

that occupied by a disordered solvent. Unfortunately, we were not able
to find a good model for disordered molecules, and the SQUEEZE
routine implemented in PLATON was used to remove a contribution
of the disordered part from the overall diffraction data. The analyses of
the structures and visualization of the results were done using
PLATON software. Crystal data for complexes 2 and 3 are
summarized in Table 1, while selected bond distances and angles are
presented in Table 2. CCDC 1008499 and 1008500 contain the
supplementary crystallographic data for all compounds. These data can
be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.
html (or from Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033 or
deposit@ccdc.cam.ac.uk).
Spectroscopy Measurements. Jasco-720 spectrophotometer was

used to collect UV−vis data. OLIS DCM 17 CD spectropolarimeter
with a 1.4 T DeSa magnet was used to collect MCD data. 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/(32980·Bdc),
where B is the magnetic field, d is the path length, and c is the
concentration. Complete spectra were recorded at room temperature
in parallel and antiparallel directions with respect to the magnetic field.
Electrochemical measurements were conducted using a CH Instru-
ments electrochemical analyzer utilizing a three-electrode scheme with
platinum working, auxiliary and Ag/AgCl reference electrodes. DCM
or DMF were used as solvents and 0.1 M solution of
tetrabutylammonium perchlorate (TBAP) was used as electrolyte. In
all cases, experimental redox potentials were corrected using
decamethylferrocene (Fc*H) as an internal standard. 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 tetramethylsi-
lane (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.
Fluorescence lifetimes were measured using time correlated single

photon counting. Samples in a 1 cm quartz cuvette were excited with a
472 nm, 40 MHz diode laser (Driver: Picoquant PDL 800-B; Head:

Picoquant LDH-P-470). Emission was directed through a double
monochromator (Jobin-Yvon DH-10) and detected using an avalanche
photodiode (Picoquant MPD PDM). The instrument response of the
system is approximately 500 ps fwhm.

Pump−probe spectroscopy allowed for the time-resolved measure-
ment of nonemissive samples. A home-built laser system consisting of
a Ti:sapphire oscillator (powered by a Spectra Physics Millenia Pro)
and regenerative amplifier (powered by a Spectra Physics Empower
15) generated ∼60 fs (fwhm), 0.8 mJ, 805 nm pulses at a repetition
rate of 1 kHz. A portion of this light was directed into a home-built
noncollinear optical parametric amplifier (NOPA) to create excitation
pulses at 560 nm. Continuum probe pulses (420−750 nm) were
created by focusing a small fraction of the 805 nm light (∼20 μW) into
a 2 mm sapphire window. The excitation light was polarized at 54.7
deg relative to the probe polarization (the magic angle) to isolate the
isotropic dynamics of the excited state. Time delay between the
excitation and probe pulses was controlled by a mechanical delay stage
(Newport UTM150PP.1). After the pulses were focused in the sample,
the probe beam was collimated, directed through a monochromator
(Princeton Instruments SP2150i), and detected using a 256 pixel
diode array (Hamamatsu S3902-256Q) giving a resolution of ∼2 nm
per pixel. The pump beam was modulated at half the laser repetition
rate, while the probe beam was measured for every laser pulse allowing
for the change in optical density, ΔOD, induced by the pump to be
calculated for each pulse pair. The dependence of the ΔOD signal for
pulse energies between 10 and 40 nJ was found to be linear. Data
shown were collected with pulse energies of 25−35 nJ. Samples had an
optical density of 0.25 at the excitation wavelength and were
continuously pumped through a 1 mm flow cell during data collection
to ensure a fresh sample for each laser pulse. Absorption spectra taken
before and after the pump probe experiments were indistinguishable,
indicating no evidence of sample degradation.

■ RESULTS AND DISCUSSION

Synthesis. The direct attachment of ferrocene to the
SubPcBCl (compound 2) was achieved by the room-temper-
ature reaction between the parent compound 1 and ferrocenyl-
lithium salt prepared from BuLi and bromoferrocene in THF at
−78 °C.24 The synthetic route for compound (3) includes the

Table 1. Summary of Crystallographic Data for Compounds
2 and 3

2 3

empirical formula C34H21BFeN6 C36.25H21.5BCl0.5FeN6

formula weight 580.23 625.48
crystal system triclinic triclinic
space group, Z P1̅, 2 P1 ̅, 4
a (Å) 10.0410(4) 13.2281(8)
b (Å) 11.8991(5) 13.6458(9)
c (Å) 12.3514(8) 19.1772(14)
α (deg) 102.901(7) 71.365(5)
β (deg) 105.917(8) 89.078(6)
γ (deg) 107.811(8) 71.701(5)
volume (Å3) 1272.8(1) 3100.6(4)
ρcalc(g/cm

3) 1.514 1.340
μ(Mo Kα) (mm−1) 0.631 0.566
θmax (deg) 27.482 24.712
Rint 0.0388 0.0711
GOF (F2) 1.100 1.055
R1
a (F2 > 2σ(F2)) 0.0466 0.0863

wR2
b (all data) 0.1432 0.2696

Δρmax/Δρmin (e/Å3) 0.618/−0.799 0.908/−1.012

aR1(F) = ∑∥Fo| − |Fc∥/∑|Fo|.
bwR2(F

2) = {∑[w(Fo
2 − Fc

2)2]/
∑w(Fo

2)2]}1/2.
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axial chlorine atom substitution in the starting SubPcBCl (1)
with the ethynylferrocene-Grignard reagent prepared from
ethynylferrocene and ethyl magnesium bromide in hot THF.25

Both compounds are surprisingly stable at ambient conditions
and were purified by chromatography method using neutral
alumina. The relatively low yields of the target products 2 and 3
(21−26%) could be attributed to the well-known low stability
of subphthalocyanine core in basic conditions.9 The ethynyl
linker in compound 3 promotes stereochemical rigidity and
potentially better through bonds electron-transfer properties

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

Compound 2

N(1)−B(1) 1.505(4) N(5)−B(1)−C(25) 114.9(2)
N(3)−B(1) 1.512(4) N(1)−B(1)−C(25) 117.6(2)
N(5)−B(1) 1.502(4) N(3)−B(1)−C(25) 114.5(2)
C(25)−B(1) 1.582(4) N(5)−B(1)−N(3) 102.3(2)
N(5)−B(1)−N(1) 102.8(2) N(1)−B(1)−N(3) 102.8(2)
Fe−C (average) 2.047(3) Fe···πa 1.648(2), 1.656(2)

Compound 3

N(1)−B(1) 1.502(7) N(7)−B(2) 1.486(9)
N(3)−B(1) 1.492(7) N(9)−B(2) 1.485(9)
N(5)−B(1) 1.504(8) N(11)−B(2) 1.513(8)
C(25)−B(1) 1.583(9) C(61A)−C(62A) 1.163(13)
B(2)−C(61A) 1.617(13) C(62A)−C(63A) 1.368(15)
N(3)−B(1)−N(1) 102.5(4) N(1)−B(1)−N(5) 103.3(5)
N(3)−B(1)−N(5) 102.6(4) N(3)−B(1)−C(25) 115.7(5)
N(1)−B(1)−C(25) 116.5(4) N(5)−B(1)−C(25) 114.3(4)
N(9)−B(2)−N(7) 103.6(5) N(9)−B(2)−N(11) 104.0(5)
N(7)−B(2)−N(11) 103.9(6) N(9)−B(2)−C(61A) 121.7(8)
N(7)−B(2)−C(61A) 110.7(7) N(11)−B(2)−C(61A) 111.2(8)
Fe−C (average) 2.029(8) Fe···πa 1.662(5), 1.637(7), 1.644(3), 1.644(4)

aThe centroids were defined for each cyclopentadienyl ring of the ferrocenyl moieties.

Figure 1. Labeled ORTEP diagram for X-ray structures of 2 (top) and
3 (bottom, only nondisordered unique molecule is shown). Hydrogen
atoms are omitted for clarity. The thermal ellipsoid probability level is
50%.

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

Table 3. UV-vis Spectra and Time Constants Data for
Compounds 1−5

UV−vis
transient absorption time

constantsa

compound λ, nm (ε/104) τET, ps τBET, ps

1 564 (7.01), 546sh, 510sh, 303 (3.83)
2 566 (5.06), 550sh, 512sh, 305 (3.21) 0.2 ± 0.1 41 ± 1
3 565 (6.69), 549sh, 513sh, 308 (4.34) 1.9 ± 0.1 80 ± 4
4 562 (10.96), 543sh, 520sh,

306 (5.37)
5.1 ± 0.1 350 ± 10

5 564 (11.75), 546sh, 508sh,
302 (6.92)

1.5 ± 0.1 224 ± 4

aτET is a time constant for the initial electron transfer, and τBET is a
time constant for the subsequent back electron transfer (see
Discussion for details).
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than B−O linker in the dyads 4 and 5 which we discussed in
our previous publication.11 To the best of our knowledge, the
dyads 2 and 3 are the first reported subphthalocyanine-
ferrocene compounds containing the B−C bond. Moreover,
structural rigidity and very short B−Fe distances, which are
present in dyads 2 and 3, suit these complexes for potentially
fast photoinduced electron transfer processes.9

X-ray Crystal Structures. A decisive confirmation on the
chemical structures of ferrocenyl-subphthalocyanine complexes
2 and 3 was obtained from the single-crystal X-ray data.
Refinement parameters for compounds 2 and 3 are shown in
Table 1, while important bonds lengths and bond angles are

Table 4. Redox Potentials of Compounds 1−5 (DCM/0.1M
TBAP)

oxidation, V reduction, V

EOx2 E1/2
Ox1 (Fc) E1/2

R1

1b,c 0.655a −1.698a

2 0.754a 0.050 −1.579
3 0.546a 0.089 −1.550
3b 0.57a 0.120 −1.398
4b,c 0.545a 0.020 −1.505
5b,c 0.725a 0.345 −1.323

aIrreversible process; all potentials (±5 mV) are given in volts relative
to FcH/FcH+. bData for DMF/TBAP system. cFrom ref 11.

Figure 3. Room-temperature CV (100 mV/s, blue) and DPV (red)
data for compounds 2 (top) and 3 (bottom) in DCM/0.1 M TBAP
system (Fc*H is decamethylferrocene used as internal standard).

Figure 4. Relative fluorescence spectra of compounds 1 (black), 2
(blue), and 3 (red) following excitation at 500 nm in DCM.

Figure 5. Transient spectra following excitation at 560 nm for (a) 1,
(b) 3, and (c) 2. The dashed lines are the inverted absorption spectra
for reference.
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listed in Table 2. ORTEP drawings of compounds 2 and 3 are
presented in Figure 1. In agreement with all previously reported
structures of SubPc compounds,9,26−29 the subphthalocyanine
core reveal a bowl-shaped nonplanar conformation with the
boron atom positioned above the plane formed by the isoindole
nitrogen atoms. In both dyads 2 and 3, the boron center is
present in a trigonal pyramidal (3N+C) coordination. The axial
B−C bond in 2 and 3 are virtually the same (1.582(4) and
1.583(9)Å, respectively) and compatible with previously
reported C-substituted subphthalocyanines.27,30 Equatorial B−
N bonds in complexes 2 and 3 are very similar but slightly
longer than B−N bonds in the macrocycle 1 and dyads 4 and
5.11 The CC bond in dyad 3 is quite short (1.163(13) Å)
and comparable with the bond in (Bu)2N-(p-Ph)-CC-
BSubPc.30 At the same time less rich phenyl group tends to
contract the CC bond and thus in case of p-tolyl substituent
the same bond is longer (1.192(4) Å). The Fe−C bond
distances were found to be in the typical for ferrocene
derivatives range (Table 2). The Cp rings in dyads 2 and 3
were found to be in conformation close to an eclipse. The B−
Fe distance in 2 (3.337(4) Å) is the shortest among all known
ferrocene-subphthalocyanine dyads, and it is obviously longer
in dyad 3 (5.629(3)−5.640(7) Å). The packing diagram for
complexes 2 and 3 is shown in Supporting Information, Figure
S2 and indicative of intermolecular π−π stacking between
nearby isoindole rings of the SubPc ligand.

Spectroscopy. Because of the presence of the ferrocene
groups in dyads 2 and 3, their solubility in common organic
solvents is much higher as compared to the unsubstiuted
macrocycle 1. For instance, donor−acceptor dyads 2 and 3 are
quite soluble in DCM, DMF, toluene, THF, and chloroform.
1H NMR spectroscopy on dyads 2 and 3 confirms the axial
chloride substitution in SubPcBCl 1 by the ferrocene and the
ethynylferrocene. Indeed, signals of protons of the Cp ligands
in complexes 2 and 3 are shifted to higher fields in comparison
with the respecting signals in the parent FcH and FcCCH
molecules, and such behavior is very characteristic for the
axially coordinated phthalocyanines and their analogues31

(Supporting Information, Figures S3 and S4). Because of the
shorter distance between ferrocene group and the macrocycle,
α-Cp and β-Cp proton signals in dyad 2 were observed at 2.37
and 3.50 ppm, while those in dyad 3 were detected at 3.785 and
3.82 ppm, respectively. NMR chemical shifts for the
subphthalocyanine protons in dyads 2 and 3 are very similar,
which is indicative of a negligible effect of the axial group on the
NMR chemical shifts. A close behavior was found in the other
axially substituted SubPcs.9,26−30

UV−vis and MCD spectra of SubPcs 1−3 are shown in
Figure 2, and their numeric values are listed in Table 3. Similar

Figure 6. Transient spectra following excitation at 560 nm for (a) 4
and (b) 5. The dashed lines are the inverted absorption spectra for
reference.

Figure 7. Two primary spectral components used to fit the time-
dependent spectra shown in Figure 5b,c for (a) 3 and (b) 2. The insets
show the weights of the two fitting components as a function of time.
Direct comparisons of the total fits to the raw data at selected time
delays are provided in the Supporting Information.
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to the previous reports on SubPcs,9,11,26−32 replacement of the
chlorine atom by ferrocene or ethynylferrocene groups in dyads
2 and 3 has a minimal influence on their UV−vis and MCD
spectra, which consist of the intense SubPc centered π → π*
transitions. For instance, an intense low-energy Q-band is
found at 565 nm in dyad 3, which differs by only 1 nm from
parent 1, while only a 2 nm red-shift for the Q-band is found
for dyad 2. Not surprisingly, the MCD spectra of dyads 2 and 3
are very close to each other as well as to the MCD spectrum of
initial subphthalocyanine 1. Indeed, the most prominent feature
in the MCD spectra of dyads 2 and 3 is the MCD Faraday A-
term observed at 562 nm (dyad 2) and 558 nm (dyad 3), which
correlates well with the most intense Q-band band observed in
the UV−vis spectra of complexes 2 and 3. The presence of this
MCD Faraday A-term also confirms 3-fold effective symmetry

in these dyads. As it will be concluded below, electrochemical
data and theoretical modeling are indicative of ferrocene-
centered HOMO to HOMO-2 MOs in complexes 2 and 3.
Such an electronic structure could result in observable low-
energy metal-to-ligand charge-transfer (MLCT) transitions in
the NIR region for complexes 2 and 3. Although we tested the
presence of such MLCT transitions in UV−vis spectra of dyads
2 and 3, no evidence for such transitions was found.
Redox properties of the ferrocene-subphthalocyanine dyads

were examined using cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) approaches (Table 4 and Figure 3).
In order to compare redox properties of new dyads 2 and 3
with redox potentials of the earlier reported dyads 4 and 511 as
well as parent subphthalocyanine 1, we first conducted
electrochemical experiments in a DMF/0.1 M TBAP system.
Dyad 2, however, showed low stability in this system, and thus
the only reliable data were collected for complex 3 (Table 4).
Fortunately, both dyads 2 and 3 were found to be stable in less
polar DCM solvent, and thus separate set of electrochemical
experiments was conducted in the DCM/0.1 M TBAP system.
In general, electrochemical data on dyads 2 and 3 are consistent
with previously reported redox properties of complexes 4 and 5.
Specifically, the first oxidation and reduction processes were
found to be reversible, while the second oxidation is a
irreversible process (Figure 3). The axial ferrocene group
oxidation in complex 2 was found at ∼40 mV lower potential as
compared to ferrocene group oxidation in complex 3, and this
observation is in a good agreement with stronger electron-
donating properties of the ferrocene group in dyad 2 compared
to electron-donating properties of ethynylferrocene group in
complex 3. Similarly, the first, subphthalocyanine-based,
reduction in complex 2 observed at ∼30 mV more negative
potential compared to the same process in 3. Second oxidation

Figure 8. Fluorescence spectra change upon oxidation of dyads 2−4 with Fe(ClO4)3 and dyad 5 with Br2 in DCM.

Figure 9. MO energy diagram for compounds 1−5 predicted at the
DFT-PCM level.
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process was assigned to the oxidation of the subphthalocyanine
core. This process was found to be the only partially reversible
because of the significant degradation of the subphthalocyanine
core, which is in excellent agreement with the earlier
publications.9,26−28,33

Axially substituted SubPcs have well-documented fluorescent
properties and able to participate in energy and/or electron
transfer processes.9−11 The parent SubPcBCl 1 has a high
fluorescence quantum yield (ΦF = 0.33, in agreement with the
previous report11). Such a high quantum yield provides an
easily accessible indication of excited-state deactivation in the
dyads. For instance, upon the excitation at Q-band wavelength,
the initial macrocycle 1 exhibits a very strong emission
observed at 581 nm, which is assigned to the S1 ← S0
transition of the SubPc core (Figure 4). The fluorescence
observed in SubPcs has been shown to be the mirror image of
the Q-band absorption, has a small Stokes shift, and has only
small dependence on the solvent polarity and the type of the
axial group. Upon recording of the fluorescence spectra of
complexes 1−5 at the same experimental concentration,
excitation wavelength, intensity, and resolution, it was found
that the emission intensities in dyads 2−5 are only 1%−3% of
the emission from 1. In addition, the weak emission from the
dyads was spectrally indistinguishable from 1, suggesting that
the measured emission was coming from small amounts of
residual precursor, 1, or its hydroxide analogue (Supporting
Information, Table S1). Efficient emission quenching was
previously reported in several SubPcs with different quenching
groups.9−11 Here we employed pump−probe spectroscopy to

characterize the rapid excited state deactivation and subsequent
recovery of the ground state via a charge transfer intermediate.
Transient difference spectra following π* ← π excitation at

560 nm for 1−5 are shown in Figures 5 and 6. In Figure 5,
overlapping transient absorption (TA) and the ground state
bleach (GSB) result in a differential shape. For 1 the transient
spectrum is evident within the time resolution of our
experiment (50 fs). The shape of the spectrum exhibits no
change with time, and the amplitude decays very little during
the 900 ps measured. This is consistent with the measured
fluorescence lifetime of 3 ns for the parent SubPc 1. We assign
the TA that peaks around 610 nm (a result of interference
between the TA and the GSB) to the initially excited singlet
state of the SubPc.
Immediately after excitation (time delays <100 fs), the

transient spectra from 2 and 3 were nearly identical to 1,
indicating the spectrum of the initially excited π* state.
However, the spectra for 2−5 subsequently underwent rapid
evolution not found in the case of 1. The peak in the TA shifted

Figure 10. Molecular orbital compositions of compounds 2 and 3
predicted at the DFT-PCM level.

Figure 11. Frontier orbitals of compounds 2 and 3 predicted at the
DFT-PCM level.
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from 610 nm to about 570 nm in less than 10 ps. The initial
shift was followed by nearly complete decay in the amplitude of
both the TA and the GSB during the 900 ps probed. This
indicated a return to the original ground state in less than 1 ns.
The Glotaran software package was used to fit the spectra as
linear combinations of individual spectral components that have
time-dependent amplitudes.34 Two primary spectral compo-
nents were sufficient to represent the measured pump−probe
spectra (Figure S5, Supporting Information), and these are
presented in Figure 7 for 2 and 3 along with the time evolution
of the amplitude of each component. The analogous figures for
4 and 5 are presented in Figure S6, Supporting Information.
Exponential time constants determined from the fitting are
presented in Table 3. The differential shape with TA peaked at
570 nm is consistent with absorption from the reduced
SubPc.35 On the basis of this, and the oxidative return of the
fluorescence presented in the next section, we assign the
observed dynamics to quenching of the excited state via
electron transfer from the ferrocene substituent followed by
subsequent decay of the charge transfer state:

‐ ‐ → *‐ ‐ ⎯→⎯ ‐ ‐
⎯ →⎯⎯ ‐ ‐

= − ≡ ‐ ‐ ‐ ‐ ‐

τ

τ

− +

2 3 4 5

SubPcB L Fc SubPcB L Fc SubPcB L Fc
SubPcB L Fc

L nil ( ), C C ( ), OCH ( ), O C ( )

hv

2 2

ET

BET

Direct axial linkage of the Fc, 2, resulted in ultrafast, 200 fs
deactivation of the excited state via reduction of the SubPc and
a relatively short-lived charge transfer state with a lifetime of 41
ps. Addition of the ethynyl spacer, 3, increased the donor−
acceptor distance, slowed the forward electron transfer by an
order of magnitude to 1.9 ps, and doubled the lifetime of the
charge transfer state. The ether, 4, and ester, 5, linkages also
resulted in initial charge transfer on a picosecond time scale.
Transfer with the ester was about 4 times faster than with the
ether. In agreement with these pump−probe measurements,
previous experiments using time-resolved fluorescence deter-
mined that the quenching in 4 and 5 takes place very rapidly.11

However, limitations on the time resolution of the fluorescence
experiments prevented an accurate determination of the time
constants. The distance between the Fc donor and the SubPc
acceptor is very similar in 3−5,11 and the resulting forward
electron transfer rates are also very similar. Quantitative
agreement in the rates between 3 and 5 can be explained by
the similarity in the relative orientations of the Fc and SubPc.
In 4, the axial ferrocene-containing ligand has greater
conformational flexibility relative to 3 and 5, and the rate of
forward electron transfer is modestly reduced.
Although the rates of forward transfer in 3 and 5 are nearly

the same, the back electron transfer for 5 is significantly slower
than for 3. The reorganization energies are expected to be very
similar for this series comprised of identical donor and acceptor
moieties. Slowing of the back electron transfer may reflect the
greater conformational flexibility provided by the ester linkage
compared with the ethynyl. That flexibility allows for larger
changes in the relative orientations of the Fc and SubPc
following forward charge transfer in 5. The result could be
reduced donor−acceptor electronic coupling following equili-
bration in the charge transfer state that slows the back electron
transfer.
The transient spectroscopy experiments are indicative of the

standard quenching mechanism in ferrocene-containing com-
pounds, i.e., electron-transfer from the low-spin iron(II) center
in ferrocene substituent to the photoexcited subphthalocyanine
core.7 Given such a mechanism, oxidation of the iron center
should partially restore the fluorescence of the macrocycle.
Figure 8 presents the measured fluorescence recovery following
stepwise oxidation of the ferrocene substituents by Fe(ClO4)3
in dyads 2−4. Because of the higher oxidation potential of the
Fc ligand, complex 5 was titrated with a stronger oxidant, Br2. It
is interesting to note that the emission profiles for redox-
activated fluorescence in dyads 4 and 5 are close to the
emission spectrum of the parent compound 1, while emission
profiles of dyads 2 and 3 display different relative intensities in
the observed primary vibronic progression. This difference in
the Franck−Condon progression indicates different vibronic
coupling to the π → π* electronic transition in complexes 2
and 3 compared to complexes 4 and 5.
Further insights into the redox behavior, UV−vis spectros-

copy, and electronic structure of the new organoboryl
complexes 2 and 3 as well as reference compounds 1, 4, and
5 were obtained on the basis of DFT-PCM and TDDFT-PCM
calculations, which allow predictions of spectroscopy and
energies of a large number of ferrocene-containing com-
pounds36 as well as aromatic macrocycles including SubPcs
with a great accuracy.11,16,37 The energy diagram for SubPcs 1−
5 predicted at the DFT-PCM level is shown in Figure 9, while
an analysis of the orbital compositions is provided in Figure 10.
In addition, the frontier orbitals of the new SubPc complexes 2

Figure 12. Experimental and predicted at TDDFT-PCM level
(bottom) UV−vis spectra of dyad 2 (top) and 3 (bottom).
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and 3 are presented in Figure 11. The HOMO, HOMO-1, and
HOMO-2 in dyads 2 and 3 were predicted to be predominantly
iron (dxy, dx2−y2, and dz2, respectively)centered MOs localized
on the axial ferrocene fragment (Figure 11) with the first
SubPc-centered occupied π-orbital being the HOMO-3, which
correlates well with previous DFT calculations on dyads 4 and
5. Such a molecular orbital description correlates well with the
redox data, which suggest that the first oxidation in complexes 2
and 3 is localized at ferrocene fragment. The ferrocenyl-
centered HOMO in dyad 3 is ∼0.12 eV more stable than the
HOMO in complex 2. In addition, the HOMO-4 and HOMO-
5 in dyad 3 have a significant contribution from the -CC-
bridge. The LUMO and LUMO+1 in dyads 2 and 3 are π*
MOs centered on the macrocyclic core and are almost
degenerate. The LUMO and LUMO+1 are well separated by
energy from the LUMO+2.
In order to confirm a tentative assignment of the UV−vis

spectra of dyads 2 and 3 as well as to probe possible MLCT
transitions in these complexes, we have conducted TDDFT-
PCM calculations. Similar to our previous report, TDDFT-
PCM predicted UV−vis spectra of dyads 2 and 3 correlate well
with the experimentally observed data. Predicted at the
TDDFT-PCM level UV−vis spectra of 2 and 3 on the
nanometer scale are shown in Figure 12 in comparison with the
experimental data, while the same data on the cm−1 scale are
shown in Supporting Information, Figure S7 (Supporting
Information, Table S2 provides expansion coefficients for all
transitions). The typical errors in our TDDFT-PCM
calculations for dyads 2 and 3 were found to be very reasonable
(∼0.1−0.2 eV), which correlates well with earlier reports.16,37,38
Similar to the previous publications on SubPcs, the Q-band
region (∼500−600 nm) in dyads 2 and 3 is dominated by the
two intraligand subphthalocyanine π → π* transitions, which
have the HOMO-3 → LUMO and HOMO-3 → LUMO+1
origin. The B-band region (∼300−350 nm) in SubPcs 2 and 3
is dominated by the number of intraligand subphthalocyanine π
→ π* transitions with the HOMO-9 → LUMO and HOMO-9
→ LUMO+1 being the most intense. The TDDFT-PCM
calculations for organoboryl complexes 2 and 3 also predicted
several MLCT transitions with the energies lower than the Q-
band region (Figure 12). Specifically, TDDFT-PCM calcu-
lations predict that the MLCT region should be located at NIR
region and originate from six transitions, which predominantly
come from excitations from ferrocene-centered HOMO,
HOMO-1, and HOMO-2 to SubPc centered LUMO and
LUMO+1. According to TDDFT-PCM calculations, however,
the intensities of these MLCT transitions should be much
smaller that intraligand subphthalocyanine π → π* transitions.
Not surprisingly, MLCT transitions were not observed in the
experimental UV−vis spectra of new dyads 2 and 3. In general,
TDDFT-PCM predicted UV−vis spectra of new dyads 2 and 3
are in excellent agreement with the experimental data on these
compounds and suggestive of the π → π* transitions
dominance in both Q- and B-band regions.

■ CONCLUSIONS
Two new organoboryl ferrocenyl-subphthalocyanine complexes
with ferrocene (2) and ethynylferrocene (3) fragments directly
bonded to the boron atom using a B−C bond have been
prepared using reaction between SubPcBCl and FcLi (2) or
FcCCMgBr (3). Target compounds were characterized by
spectroscopic (UV−vis, NMR, and MCD) and X-ray
crystallography methods. Trigonal pyramidal (3N+C) coordi-

nation of the boron center in complexes 2 and 3 was confirmed
by the X-ray crystallography. Redox potentials of organoboryl
complexes 2 and 3 were studied by CV and DPV approaches in
DCM/0.1 M TBAP and DMF/0.1 M TBAP systems and
correlated to those in subphthalocyanine 1 as well as reported
earlier dyads 4 and 5. The first oxidation in dyads 2 and 3 was
found to be reversible and centered at the ferrocene fragment,
respectively. The first reduction and the second oxidation were
found to be centered at the subphthalocyanine core. DFT-PCM
and TDDFT-PCM calculations were used to elucidate the
electronic structures in new dyads 2 and 3 and to support a
tentative assignment of the intense bands observed in the UV−
vis spectra of complexes 2 and 3. DFT-PCM approach predicts
that the HOMO, HOMO-1, and HOMO-2 in complexes 2 and
3 should be centered at the ferrocene group, while HOMO-3 as
well as LUMO and LUMO+1 should be π or π*MOs in nature
and centered at the subphthalocyanine core. The vertical
excitation energies in complexes 2 and 3 were predicted by the
TDDFT-PCM method and correlate well with the experimental
UV−vis spectra. On the basis of the predicted oscillator
strengths, it was suggested that the π → π* transitions should
dominate in their UV−vis spectra. Although the TDDFT-PCM
calculations predict several MLCT transitions in the NIR
region for complexes 2 and 3, their intensities are rather weak,
and these bands were not observed in experiments. The steady-
state, time-resolved, and oxidative titration fluorescence data
were collected for subphthalocyanines 1−5. The results
demonstrate that the excited state quenching takes place via
electron transfer from the ferrocene to the SubPc, and
subsequent back electron transfer to the original ground state
occurs in less than 1 ns. Comparison between the dyads
indicates that the dominant coupling between donor and
acceptor is through space and controlled by distance and
orientation. Additional conformational flexibility in the ether
and ester bridges compared with the ethynyl bridge allows for
additional reorientation in the charge separated state that slows
charge recombination by a factor of about 4.
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