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ABSTRACT: In this report we describe the synthesis of multichromophore
arrays consisting of two Bodipy units axially bound to a Sn(IV) porphyrin
center either via a phenolate (3) or via a carboxylate (6) functionality.
Absorption spectra and electrochemical studies show that the Bodipy and
porphyrin chromophores interact weakly in the ground state. However,
steady-state emission and excitation spectra at room temperature reveal that
fluorescence from both the Bodipy and the porphyrin of 3 are strongly
quenched suggesting that, in the excited state, energy and/or electron transfer
might occur. Indeed, as transient absorption experiments show, selective
excitation of Bodipy in 3 results in a rapid decay (τ ≈ 2 ps) of the Bodipy-
based singlet excited state and a concomitant rise of a charge-separated state
evolving from the porphyrin-based singlet excited state. In contrast, room-
temperature emission studies on 6 show strong quenching of the Bodipy-
based fluorescence leading to sensitized emission from the porphyrin moiety due to a transduction of the singlet excited state
energy from Bodipy to the porphyrin. Emission experiments at 77 K in frozen toluene reveal that the room-temperature electron
transfer pathway observed in 3 is suppressed. Instead, Bodipy excitation in 3 and 6 results in population of the first singlet excited
state of the porphyrin chromophore. Subsequently, intersystem crossing leads to the porphyrin-based triplet excited state.

■ INTRODUCTION
The design and synthesis of photosensitizers capable of
harvesting a large fraction of solar light has been the subject
of intense investigation due its importance for applications
ranging from dye-sensitized solar cells1,2 to photocatalytic
hydrogen production.3−6 In particular, porphyrin derivatives are
a class of chromophores possessing favorable photosensitizer
properties due to their highly redox-active excited states.7,8

However, one drawback of porphyrin derivatives is their
relatively poor absorption in the blue-green region of the
spectrum (450−550 nm). One strategy of improving the
absorption properties of porphyrin derivatives is their
functionalization with strongly absorbing boron dipyrrin,
Bodipy, “antenna” chromophores that are capable of sensitizing
the porphyrin-based excited state through efficient intra-
molecular energy transfer.9−19 In the vast majority of
Bodipy−porphyrin conjugates, the Bodipy groups are linked
to the organic periphery of the porphyrin ring, thus leading to a
unidirectional Bodipy to porphyrin energy transfer in a
horizontal direction with respect to the porphyrin
plane.9,11,12,19−22 To the best of our knowledge, there is only
a single example where Bodipy moieties are linked to a Sb(V)
porphyrin as axial ligands.23,24 In addition, Ng and co-workers

studied systems featuring Bodipy chromophores axially bound
to Si phthalocyanines25,26 or boron subphthalocyanines.27 This
synthetic approach offers the benefit of avoiding the elaborate
and multistep synthetic procedures usually involved in the
preparation of unsymmetrically substituted porphyrins. The
organic periphery of the porphyrin is thus left free for further
chemical functionalization. In this paper we describe the
synthesis and photophysical study of 3 and 6 consisting of a
Sn(IV) porphyrin (SnP) with two Bodipy-functionalized
phenolate and benzoate axial ligands, respectively. We show
that photoexcitation of the Bodipy units at room temperature
leads, in the case of 3, to eventual formation of a charge-
separated state, yielding the phenoxyl radical and the porphyrin
radical anion, while in the case of 6, efficient Bodipy to SnP
energy transfer leads to the porphyrin-based singlet excited
state which converts to the corresponding triplet by intersystem
crossing.
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■ EXPERIMENTAL SECTION
Chemicals. Sn(OH)2TPP (2),28 4,4-difluoro-8-(4′-hydroxyphen-

yl)-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene (1),29 4,4-di-
fluoro-8-(4′-carboxyphenyl)-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-
indacene (5),30 and Sn(OBz)2TPP (7)31 were prepared according to
published procedures. Chloroform and toluene were kept over
activated 3 Å molecular sieves for 24 h prior to use. All other
chemicals and solvents were purchased from the usual commercial
sources and used as received.
X-ray Crystallography. Suitable crystals of 3 and 4, grown by

slow evaporation of solutions in chloroform/heptane 1:1, and 6, grown
by the slow evaporation of a solution in toluene, were coated in oil and
mounted on the goniometer of a STOE IPDS II diffractometer
equipped with an image plate detector. Intensity data were collected at
2000 W power (50 kV, 40 mA) with graphite monochromatized Mo
Kα (λ = 0.71073 Å) radiation. An analytical absorption correction was
applied using the program X-RED (routine within the X-AREA
software package).
Structures were solved by direct methods using the SIR 92

program32 and refined by full-matrix least-squares on weighted F2

values for all reflections using the SHELX33 suite of programs. Non-
hydrogen atoms were refined anisotropically. Hydrogen atoms were
placed in calculated positions, refined using idealized geometries
(riding model), and assigned fixed isotropic displacement parameters.
In the crystal structures of 3, 4, and 6 the Sn atom lies in a special
position and applying the appropriate symmetry elements generates
the molecular structures of the corresponding complexes. In the case
of compound 6, a disordered toluene molecule in the asymmetric unit
was split and refined isotropically in two positions with approximately
50% site occupancy applying appropriate constraints. Otherwise,
refinements of the crystal structures of 3, 4, and 6 proceeded
smoothly.
Photophysical Measurements. UV−vis absorption spectra were

measured on a Shimadzu UV-1700 spectrophotometer using 10 mm
path-length cuvettes. Emission spectra were measured on a JASCO
FP-6500 fluorescence spectrophotometer equipped with a red-
sensitive WRE-343 photomultiplier tube (wavelength range 200−
850 nm). Quantum yields were determined from corrected emission
spectra following the standard methods34 using rhodamine B (Φ =
0.49 in ethanol),35 5,10,15,20-tetraphenylporphyrin (Φ = 0.11 in
toluene),36 and 5,10,15,20-tetraphenylporphyrinato zinc (Φ = 0.03 in
toluene)36 as standards. Emission lifetimes were determined by the
time-correlated single-photon counting (TCSPC) technique using an
Edinburgh Instruments mini-tau lifetime spectrophotometer equipped
with an EPL 405 pulsed diode laser at 406.0 nm with a pulse width of
71.52 ps and a pulse period of 200 ns and a high-speed red-sensitive
photomultiplier tube (H5773-04) as detector. Calculations of Förster
spectral overlap integrals and critical radii were performed using the
PhotochemCAD37,38 computer program (version 2.1). Femtosecond
transient absorption studies were performed with 420 and 387 nm
laser pulses (1 kHz, 150 fs pulse width) from an amplified Ti:Sapphire
laser system (Clark-MXR, Inc. CPA 2101), the laser energy was 200
nJ.
Electrochemistry. Cyclic and square wave voltammetry experi-

ments were carried out at room temperature using an AutoLab
PGSTAT20 potentiostat and appropriate routines available in the
operating software (GPES version 4.9). All measurements were carried
out in freshly distilled and deoxygenated dichloromethane with a
solute concentration of ca. 1.0 mM in the presence of tetraethy-
lammonium hexafluorophosphate (0.1 M) as supporting electrolyte. A
three-electrode cell setup was used with a platinum working electrode,
a saturated calomel (SCE) reference electrode, and a platinum wire as
counter electrode. All potentials are reported versus the ferrocene/
ferrocenium couple (0.43 V versus SCE under the above conditions).
Computational Methods. Density functional theory (DFT)

calculations were performed using the GAUSSIAN 0339 suite of
quantum chemical programs on triad 3. The ground state geometries
were fully optimized in the gas phase using the atomic coordinates
adopted from the X-ray structure. The Becke three-parameter

exchange functional along with the Lee−Yang−Parr correlation
functional (B3LYP) has been employed in the study.40,41 The
LANL2DZ basis set was used for Sn(IV), while the 6-31G(d) basis
set was used for all other atoms. No negative frequencies were
obtained in the frequency calculation on the optimized structure,
indicating the global minima of the geometry in the gas phase. In order
to obtain electronic excitations, time-dependent density functional
theory (TD-DFT) calculation was carried out on the geometry-
optimized structure using the same basis sets. The solvent effect was
modeled using the conductor-like polarizable continuum model
(CPCM)42−44 implemented on the Gaussian 03 package for TD-
DFT calculations.

trans-Bis(4,4-difluoro-8-[4-hydroxyphenyl]-1,3,5,7-tetra-
methyl-4-bora-3a,4a-diaza-s-indacenato)-[5,10,15,20-tetrakis-
(phenyl)porphyrinato]tin(IV) (3). 1 (17 mg, 0.05 mmol) and
Sn(OH)2TPP, 2 (19 mg, 0.025 mmol), were refluxed in dry
chloroform (10 mL) under an atmosphere of nitrogen for 12 h. The
reaction mixture was left to cool, and the solvent was removed in a
rotary evaporator. The solid residue was dissolved in a minimum
amount of dichloromethane/hexane 1:1 and passed through a short
alumina (activity IV) column. The main band was collected, solvent
was removed in a rotary evaporator, and solid was redissolved in
chloroform (3 mL). To this solution about 2 mL of heptane was
added, and the resulting mixture was left to slowly evaporate, yielding
the desired compound in well-formed X-ray-quality crystals (yield 28
mg, 79%).

1H NMR (300 MHz, CDCl3): δ (ppm) 0.58 (s, 12H, Bodipy Me);
2.15 (d, J = 9.0 Hz, 4H, Bodipy phenol); 2.39 (s, 12H, Bodipy Me);
5.58 (d, J = 9 Hz, 4H, Bodipy phenol); 5.69 (s, 4H, Bodipy pyrolic);
7.86 (m, 12H, porphyrin meta and para phenylic); 8.24 (m, 8H,
porphyrin ortho phenylic); 9.14 (s (Sn satelites J = 15.1 Hz), 8H,
porphyrin pyrolic). 13C NMR (75 MHz, CDCl3): δ (ppm) 14.5, 15.2,
118.0, 120.5, 122.0, 123.0, 126.5, 127.3, 128.8, 131.6, 132.9, 134.8,
140.8, 142.9, 147.5, 154.6, 156.8. HRMS (MALDI-TOF): m/z calcd
for C63H46BF2N6OSn, 1071.2816 [M − Bodipy]+; found, 1071.2845.

trans -Bis(phenolato)-[5,10,15,20-tetrakis(phenyl)-
porphyrinato]tin(IV) (4). A modified literature procedure was
followed for synthesis of the model compound 4.45 Phenol (4.7 mg.
0.05 mmol) and Sn(OH)2TPP, 2 (19 mg, 0.025 mmol), were
dissolved in toluene (7 mL), and the mixture was stirred at 60 °C for 5
h. The solvent was removed in a rotary evaporator, and the solid was
dissolved in chloroform (3 mL). To this solution about 2 mL of
heptane was added, and the resulting mixture was left to slowly
evaporate, yielding the desired compound in well-formed X-ray-quality
crystals (yield 21 mg, 92%).

1H NMR (300 MHz, CDCl3): δ (ppm) 1.88 (d, J = 8.1 Hz, 4H,
ortho phenol); 5.66 (t, J = 7.2 Hz, 4H, meta phenol); 5.79 (m, 2H,
para phenol); 7.81 (m, 12H, porphyrin meta and para phenylic); 8.24
(d, J = 7.2 Hz, 8H, porphyrin ortho phenylic); 9.07 (s, 8H, porphyrin
pyrolic). HRMS (MALDI-TOF): m/z calcd for C50H33N4OSn,
825.1676 [M − phenol]+; found, 825.1652.

trans-Bis(4,4-difluoro-8-[4-carboxyphenyl]-1,3,5,7-tetra-
methyl-4-bora-3a,4a-diaza-s-indacenato)-[5,10,15,20-tetrakis-
(phenyl)porphyrinato]tin(IV) (6). 5 (17 mg, 0.05 mmol) and
Sn(OH)2TPP, 2, (19 mg, 0.025 mmol) were stirred at room
temperature in dry toluene (10 mL) under an atmosphere of nitrogen
for 2 h. The reaction mixture was left to slowly evaporate to yield the
desired product as red crystals within 5 days. Product was obtained by
filtration and dried under vacuum (yield 27 mg, 74%).

1H NMR (300 MHz, C6D6): δ (ppm) 0.32 (s, 12H, Bodipy
methyl); 2.42 (12H, Bodipy methyl); 5.30 (s, 4H, Bodipy pyrolic);
5.39 (d, J = 8.1 Hz 4H,Bodipy benzylic); 5.54 (d, J = 8.1 Hz, 4H,
Bodipy benzylic); 7.45 (m, 12H, porphyrin meta and para phenylic);
8.04 (m, 8H, porphyrin ortho phenylic); 9.10 [s (Sn satelites J = 14.7
Hz), 8H, porphyrin pyrolic). HRMS (MALDI-TOF): m/z calcd for
C64H46BF2N6O2Sn, 1099.2765 [M − Bodipy]+; found, 1099.2758.

■ RESULTS AND DISCUSSION
Synthesis. 3 and 6 and their model compounds 4 and 7

were prepared by reaction of Sn(OH)2TPP, 2, with the
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appropriate phenolate or benzoate ligands as shown in Scheme
1 using modified literature methods.31,46−48 3 was synthesized
by reaction of 2 with two equiv of phenol-substituted Bodipy, 1,
in refluxing dry chloroform. Model compound 4 was readily
prepared by reaction of 2 with 2 equiv of phenol in toluene at
60 °C. 6 was prepared by addition of 2 equiv of carboxy-
substituted Bodipy 5 in a solution of 2 in dry toluene at room
temperature. Axial coordination of the Bodipy units to the
Sn(IV) porphyrin in 3 and 6 was confirmed by the upfield shift
of the signals corresponding to the Bodipy protons in their 1H
NMR spectra (see Figure S1, Supporting Information). The
strongest upfield shift is experienced by the signal of the
phenolic protons a (see Scheme 1) of 3 which shifts from δ 6.7
in 1 to δ 2.2 ppm as a result of their proximity to the porphyrin
center, leading to strong shielding by the porphyrin ring
current. Less pronounced upfield shifts are observed in the
resonances corresponding to the rest of the Bodipy protons of
3. Also, due to the longer distance between the Bodipy moiety
and the porphyrin core, much less pronounced upfield shifts are
observed in the carboxylate-bridged 6 (Figure S1, Supporting
Information). It is worth mentioning that no splitting or
broadening is observed in any of the Bodipy proton signals in
both 3 and 6, indicating that rotation of the Bodipy ligand in
solution is fast at the NMR time scale.

Structural Characterization. 3 and 6 along with model
compound 4 were characterized by single-crystal X-ray
crystallography. The crystal structure of 3 contains two
independent molecules in the asymmetric unit. A collection
of bond lengths and angles of 3, 6, and 4 can be found in
Tables S1, S2, and S3, Supporting Information, respectively,
while crystallographic details are shown in Table S4, Supporting
Information. 3 and 6 consist of two Bodipy−phenolate and
Bodipy−benzoate ligands, respectively, axially bound to a
distorted octahedral Sn(IV) center of a Sn(IV)TPP moiety
(Figure 1 and Figures S2−S5, Supporting Information). In both
cases the Bodipy ligands adopt the expected anti conformation
about the porphyrin ring, which does not show any distortion
from planarity.47 In 3, the average Sn−O−C angle, 125°, and
average Sn−O distance, 2.062 Å, are in good agreement with
those found in other Sn(IV) porphyrin phenolates.47,49−51

Similarly, the average Sn−O distance in 6, 2.095 Å, is well
within the expected range for a Sn(IV) porphyrin carboxylate
complex.31,46 The angles between the mean planes of the
Bodipy units and those of the phenolate groups in 3 average at
77°. This deviation from the expected orthogonality is
attributed to the steric hindrance induced by the porphyrin
ring. In contrast, in 6 the benzoate ring is almost perpendicular
to the mean plane of the Bodipy unit (83°) due to the greater
average distance between the porphyrin and the Bodipy groups.

Scheme 1. Synthesis of 3 and 6 and Reference Compounds 4 and 7

Inorganic Chemistry Article

dx.doi.org/10.1021/ic2026472 | Inorg. Chem. 2012, 51, 4193−42044195



In both 3 and 6, the Bodipy moieties are unremarkable,
showing the usual tetrahedral arrangement about the boron
atom with B−F and B−N distances averaging at 1.393 and
1.552 Å, respectively.
The structure of 4 (Figure S6 and Table S3, Supporting

Information) is unremarkable and correlates well with the
structures of other Sn(IV) porphyrin phenolates.47,49−51

Electrochemical Study. The redox behavior of 3 and 6
and their reference compounds 1, 2, 4, and 7 was studied by
cyclic and square wave voltammetry in dichloromethane using
ferrocene as an internal standard. The redox data are
summarized in Table 1, and representative cyclic voltammo-
grams are shown in Figure 2. The first reversible oxidation wave
shown by 3 and 6 between 0.72 and 0.76 V vs Fc/Fc+ is
attributed to simultaneous oxidation of the two Bodipy units to
the corresponding cationic radicals.52−54 Additionally, 3 shows
a second irreversible oxidation wave, which is assigned to
oxidation of the coordinated phenolic groups of the SnP moiety
to the corresponding phenoxyl radicals.48,55,56 3 also shows two
reversible reduction waves: the first (−1.41 V vs Fc/Fc+)
corresponds to porphyrin-based reduction and the second
(−1.81 V vs Fc/Fc+) to simultaneous reduction of the
coordinated Bodipy units. It is noteworthy that the Bodipy-
based reduction of 3 is considerably shifted to more negative
potentials (by 0.09 V) compared to that of reference compound
1. This is attributed to the electrostatic effects induced by the

reduced porphyrin. The anticipated second porphyrin-based
reduction of 3 occurs outside of the solvent window as is
rendered more difficult due to the electrostatic repulsion
induced by the reduced Bodipy groups. 6 shows three
consecutive reversible reduction waves (−1.38, −1.73, and
−1.87 V vs Fc/Fc+) attributable to the first porphyrin, Bodipy,
and second porphyrin-based reductions respectively. These
assignments are further supported by the results of the DFT
calculation on 3 and 6 vide infra, which show that the highest
occupied molecular orbitals (HOMOs) possess predominantly
Bodipy character, while the lowest unoccupied molecular
orbitals (LUMOs) are located on the porphyrins.

Photophysical Properties. Electronic Spectra. UV−vis
absorption spectra of compounds 1−4 and 6 and 7 are shown
in Figure 3. 3 and 6 show a combination of absorption features
from their two constituent chromophores. The intense peak at
ca. 500 nm corresponds to the lowest energy π−π* transitions
of the Bodipy chromophores,52−54 while the strong absorption
at 425 nm and the two weaker transitions at ca. 560 and 600

Figure 1. Molecular structures of (a) one of the two independent
molecules of 3 found in the unit cell of 3·2CHCl3 and (b) 6 taken
from the crystal structure of 6·2C7H8. Solvent molecules and hydrogen
atoms are omitted for clarity. Color code: carbon, black; nitrogen,
blue; oxygen, red; boron, light gray; fluorine, green; tin, dark gray.

Table 1. Redox Data of Compounds 1−4a

compound E1/2
Red1/V (ΔEp/V)b E1/2

Red2/V (ΔEp/V)b E1/2
Red3/V E1/2Ox1/V (ΔEp/V) E1/2Ox2/V (ΔEp/V)

1 −1.72 (0.09) 0.73 (0.08)
2 −1.42 (0.09) −1.82 (0.12) 1.04 (irrev.)
3 −1.41 (0.08) −1.81 (0.12) 0.72 (0.10) 1.08 (irrev.)
4 −1.43 (0.08) −1.89 (0.10) 0.65 (irrev.)
6 −1.38 (0.08) −1.73 (0.09) −1.87 (0.07) 0.76 (0.08)
7 −1.42 (0.05) −1.83 (irrev.)

aAll potentials are reported vs the ferrocene/ferrocenium (Fc/Fc+) redox couple. Unless otherwise noted, all waves are reversible. ΔEp of the Fc/Fc+
redox couple is 0.07 V. The error on the reported potentials is 0.1 mV. bThe anodic − cathodic peak separations are given in parentheses.

Figure 2. (a) Cyclic voltammograms of triads 3 and 6 and reference
compounds 1, 4, and 7 in dry dichloromethane using a saturated
calomel electrode (SCE) as reference at a scan rate of 100 mVs−1. (b)
Fc/Fc+ denotes the redox couple of ferrocene, which was used as an
internal standard.
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nm are due to the SnP-based Soret and Q bands, respectively.46

These attributions are consistent with the results of time-
dependent DFT calculations on 3 vide infra. It is worth
mentioning that the absorption features of 3 are slightly blue
shifted by 1−3 nm compared to the corresponding transitions
of the model compounds 1 and 2. In addition, the Soret band
of 3 is broader and has lower oscillator strength compared to
that of 2 (Figure 3). These effects have been observed in model
compound 4 and in other Sn(IV) porphyrin complexes with
phenolate axial ligands.45,46,56,57 As seen in Figure 3, the
absorption spectra of 3 and 6 are largely superpositions of those
of 1 and 4 and 1 and 7, respectively, indicating weak
interactions between the porphyrin and Bodipy chromophores
in the ground state.
Emission Spectra at Room Temperature. The emission

spectra of 1−4 in toluene solutions at room temperature are

shown in Figure 4, while selected emission data are listed in
Table 2. 1 shows the typical bright fluorescence of Bodipy at

513 nm when excited at 488 nm. In 3 the Bodipy emission is
strongly quenched as shown in Figure 4a, where the
fluorescence spectra of isoabsorbing solutions of 1 and 3 are
compared. The observed quenching of the Bodipy-based
emission can be explained on the basis of photoinduced energy
transfer from the Bodipy 1π−π* excited state to the lower lying
singlet excited state of the porphyrin and/or to the existence of
new nonradiative pathways form the Bodipy 1π−π* state to the
ground state. In addition, no SnP-based emission could be
detected at room temperature when 3 was selectively excited at
the Bodipy chromophore (488 nm, Figure 4a), and only a very
weak emission was detected upon excitation of the SnP unit
(560 nm, Figure 4b). 4 also shows strongly quenched
fluorescence compared to its hydroxyl counterpart 2, in
agreement with what is observed in similar phenolate Sn(IV)
porphyrin complexes.23,58,59 This quenching has been attrib-
uted to electron transfer from the phenolate ligand to the
excited porphyrin.59 In fact, excitation of Bodipy in 3 into its
first 1π−π* excited state, as shown by transient absorption
experiments vide infra, leads to rapid energy transfer to the
corresponding porphyrin-based singlet excited state, which is, in
turn, reductively quenched by the phenolate moiety.
The emission spectra of 6 and 7 in toluene solution at room

temperature are shown in Figure 5, while selected emission data
are given in Table 2. In contrast to 3, selective excitation of
Bodipy of 6 shows a strongly quenched Bodipy-based emission
accompanied by fluorescence from the porphyrin with maxima

Figure 3. UV−vis absorption spectra of compounds (a) 1−4 and (b)
6 and 7 in toluene.

Figure 4. Room-temperature fluorescence spectra of isoabsorbing (A = 0.1) toluene solutions of (a) 1 and 3 exciting at 488 nm (Bodipy
chromophore) and (b) 2, 3, and 4 exciting at 560 nm (SnTPP chromophore).

Table 2. Emission Data for Compounds 1−7 in Toluene at
Room Temperature

compound λmax/nm (λexc/nm) Φ τ (ns)

1 513 (488) 0.64 3.7
2 607, 660 (560) 0.035 1.6
3 513 (478) ∼0.003 <1
4 606, 659 (560) ∼0.003 <1
5 516 (488) 0.57 2.6
6 605, 657 (557) 0.020 <1a

1.3b

7 604, 656 (557) 0.021 1.3
aUsing a ±40 nm interference filter centered at 500 nm to monitor
Bodipy residual fluorescence. bUsing a ±40 nm interference filter
centered at 670 nm to monitor Sn porphyrin fluorescence.
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at 604 and 656 nm (Figure 5). The excitation spectrum of 6
monitoring at 657 nm, shown in Figure 6, reveals a pronounced

Bodipy absorption feature at ca. 500 nm. This is a clear
indication of photoinduced energy transfer from the 1π−π*
excited state of the Bodipy chromophore to the lower lying
singlet excited state of the porphyrin unit, leading to sensitized
fluorescence from the latter. In 6, we observe no quenching of
the porphyrin-based emission as, contrary to 3, electron
transfer between the benzoate functionality and the Sn(IV)
porphyrin chromophore does not occur.
Emission Spectra at 77 K. To shed more light on the

processes taking place upon photoexcitation of 3 and 6, a series
of experiments was performed in toluene glass at 77 K. The
emission spectra of 3 and 4 at 77 K after excitation at 560 nm
are shown in Figure 7. The most striking difference in
comparison to the room-temperature spectra of Figure 4 is the
restoration of porphyrin-based fluorescence (λmax ≈ 600 and
660 nm) in phenolate complexes 3 and 4. This observation is in
agreement with the results obtained in the study of other two-
component systems, in which photoinduced electron transfer,
readily occurring at room temperature, is suppressed in frozen
solvents at 77 K.60−62 This is a result of destabilization of
charge-separated states due to lack of solvent reorganization.
One more interesting feature seen in the low-temperature
emission spectra of 3 and 4 is a relatively weak emission at ca.

780 nm that is due to phosphorescence. The long lifetime of
this low-energy emission (ca. 20 ms) confirms its spin-
forbidden nature. The excitation spectrum of 3 at 77 K (Figure
8) monitoring at both the fluorescence (660 nm) and the

phosphorescence (780 nm) emissions reveals absorption
features of both the SnP and the Bodipy chromophores. This
is unambiguous evidence that selective excitation of the Bodipy
chromophores of 3 into their 1π−π* excited state is followed by
energy transfer to the first singlet excited state of the porphyrin
unit, which then partly undergoes intersystem crossing to the
corresponding triplet.
6 exhibits almost identical behavior with 3, as can be seen in

the emission spectra of 6 and 7 at 77 K after selective excitation
at both the Bodipy and the porphyrin chromophores which are
shown in Figure 9. Studies on the Bodipy chromophore in
combination with [Ru(bipy)3]

2+-type units (bipy = 2,2′-
bipyridine) have revealed a Bodipy-based phosphorescence
emission at ca. 770−790 nm with a lifetime in the range of tens
of milliseconds.54 The fact that in 3 and 6 the Bodipy 3π−π*
excited state lies at similar energy to the 3SnP* state suggests
that a thermal equilibrium between the two states is possible in
3 and 6. Such bidirectional triplet energy transfer leading to a
long-lived triplet equilibrated excited state has been shown to
occur in an array combining the Bodipy chromophore with a
Pt(II) tetrabenzoporphyrin.12 Thus, as the Jablonski diagram in

Figure 5. Normalized room-temperature emission spectra of 6 and 7
in toluene exciting at either 480 (Bodipy chromophore) or 554 nm
(SnP chromophore).

Figure 6. Uncorrected excitation spectra of 6 and 7 in toluene
monitoring at the porphyrin-based fluorescence.

Figure 7. Normalized emission spectra of 3 and 4 in toluene glass at
77 K after selective excitation of the Sn(IV) porphyrin chromophore at
560 nm.

Figure 8. Normalized excitation spectra of 3 in toluene glass at 77 K
monitoring at 660 and 780 nm.
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Figure 10 shows, excitation of 3 into the Bodipy-based 1π−π*
excited state is followed by energy transfer to the porphyrin-

based 1SnP* excited state, which, in turn, partly decays
radiatively (fluorescence) to the ground state and partly
intersystem crosses to the 3SnP* excited state, which gives
rise to phosphorescence.63

Transient Absorption Spectroscopy. Femtosecond transient
absorption spectroscopy provided further insight into the
excited state reactions in 3 and 6, especially to corroborate the
energy transfer. To this end, 3 and 6 and model compounds 1,
4, and 7 were probed with 150 fs laser pulses at either 420 or
490 nm to excite the porphyrin or Bodipy. For the model
complexes 4 and 7, the porphyrin singlet excited state
characteristics, which evolve with a lifetime of 0.4 ± 0.1 ps
from higher lying excited states that are formed upon 420 nm
excitation, include minima at 435, 560, 600, and 660 nm and a
broad maximum of absorption between 445 and 600 nm, see
Figure S7, Supporting Information. It is interesting to note that
the bleaching at 435, 560, and 600 nm correlates nicely with the
transition seen in the ground state spectrum of 4 and 7 (Figure
3). In 7 (Figure S7, Supporting Information), the singlet
excited state is subject to intersystem crossing and forms within
1400 ± 100 ps of the corresponding triplet excited state. The
most significant spectral features of the latter are maxima at 480
and 815 nm as well as minima at 560 and 600 nm. In stark

contrast, the singlet excited state in 4 (Figure S8, Supporting
Information) decays rather rapidly and undergoes electron
transfer with a lifetime of 4 ± 2 ps vide supra. The main
spectral features of this product are maxima at 515, 585, 620,
645, 710, 760, and 825 nm, which resemble the spectral
features of the one-electron-reduced porphyrin.64−66 The
product of the one-electron oxidation of the phenolate ligand
is, however, masked by the porphyrin-centered features. In fact,
it is known to absorb below 400 nm.67,68 This initial electron
transfer is accompanied by a second, slower decay with a
lifetime of 20 ± 5 ps to yield a transient with maxima at 460,
485, 545, 585, 615, and 645 nm and is probably due to
structural rearrangement. In addition, a long-lived component
of 450 ± 50 ps is noted, which reinstates the singlet ground
state and, as such, reflects the charge recombination.
Next, 1 (see Figure S9, Supporting Information) was excited

at 490 nm. The transient absorption changes, as they are
formed immediately after the laser pulse, are dominated by
ground state bleaching in the 510 and 560 nm range, a finding
that is well in line with previous investigations,11,19,53,54,69 and a
maximum at 435 nm. These features decay within 3.5 ± 0.5 ns
in toluene to the corresponding triplet excited state.
Different is the picture when using 420 or 490 nm to excite

Bodipy and SnP or Bodipy, respectively, in the Bodipy−
porphyrin conjugates 3 and 6. Initially after the laser pulse,
formation of the singlet excited state of Bodipy is detected with
transient minima at in the 510 and 560 nm range, see Figures
11 and 12. In contrast to 1, the decay of the singlet excited state
is remarkably fast and completed within 3.5 ± 1 ps in the case
of 6 (Figure 11). The product of this decay process is not the
triplet excited state of Bodipy but rather the porphyrin singlet
excited state, as determined from the observation of the
characteristic spectral features throughout the visible and near-
infrared part of the spectrum (i.e., minima at 435, 560, 600, and
660 nm as well as a broad maximum between 445 and 600 nm).
Importantly, the porphyrin singlet excited state formation
kinetics are a qualitative match for those corresponding to the
Bodipy singlet excited state decay. The correspondingly formed
porphyrin singlet excited state intersystem crosses, as in 7, to
the triplet manifold. Likewise, photoexcitation of 3 at 490 nm is
best described as a process that forms the Bodipy singlet
excited state (Figure 12). The closer proximity between Bodipy
and porphyrin in 3 induces a faster energy transfer decay of 2.0
± 0.5 ps than that seen in the carboxy-bridged 6. The main
product of the decay is, as in 6, the singlet excited state of the
porphyrin. In the latter, a charge transfer state evolves, however,
as verified by the characteristic features at 460, 485, 545, 585,
615, and 645 nm and by the characteristic charge transfer
dynamics of 4 ± 2 ps vide supra. From here a biexponential
decay with lifetimes of 20 ± 5 and 450 ± 50 ps is seen, which
are associated with structural rearrangement of the charge
transfer state and charge recombination, respectively, vide
supra. At this point we attempt to comment on the mechanism
of Bodipy to porphyrin energy transfer in 3 and 6. Assuming a
Förster-type resonance energy transfer, FRET, mechanism70 we
calculate a predicted FRET rate, kFRET, using eqs 1 and 2

=
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Figure 9. Emission spectra of 6 and 7 in frozen toluene glass at 77 K.

Figure 10. Jablonski diagram of the processes that take place after
selective excitation of the Bodipy chromophore of 3 and 6 at 77 K.
Energies given are those calculated for 3; however, the ones for 6 are
almost equal (see Figure 13). 1BDP* and 1P* denote the Bodipy and
porphyrin-based singlet excited states, respectively, while 3BDP* and
3P* denote the corresponding triplets. PEnT stands for photoinduced
energy transfer and ISC for intersystem crossing.
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where τD is the fluorescence lifetime of the donor, Rc is the
Förster critical radius, rDA is the donor−acceptor distance, ΦD is
the fluorescence quantum yield of the donor, J(λ) is the Förster
overlap integral between the emission spectrum of the donor
and the absorption spectrum of the acceptor, and κ2 is a factor

related to the relative orientation of the donor and acceptor
transition dipoles.71,72 For 3 and 6 using the spectroscopic data
in Table 2, taking rDA as the B−Sn distance in the crystal
structures of 3 (10.1 Å) and 6 (11.2 Å) and taking κ2 = 2/3

Figure 11. (a) Differential absorption spectra (visible and near-
infrared) obtained upon femtosecond flash photolysis (490 nm, 120
nJ) of 6 in toluene with several time delays between 1.1 and 6750 ps at
room temperature; see figure legend for details about time evolution.
(b) Time−absorption profiles of spectra at 450, 475, and 510 nm
monitoring the energy transfer (i.e., 3.5 ± 1 ps). (c) Time−absorption
profiles of spectra at 450, 475, and 510 nm monitoring the intersystem
crossing (i.e., 1400 ± 100 ps).

Figure 12. (a) Differential absorption spectra (visible and near-
infrared) obtained upon femtosecond flash photolysis (490 nm, 120
nJ) of 3 in toluene with several time delays between 1.1 and 160 ps at
room temperature; see figure legend for details about time evolution.
(b) Time−absorption profiles of spectra at 505 and 515 nm
monitoring energy transfer (i.e., 2.0 ± 0.5 ps). (c) Time−absorption
profiles of spectra at 445, 505, and 515 nm monitoring the charge
transfer (i.e., 4 ± 2 ps) and structural rearrangement of the charge
transfer state (i.e., 20 ± 5 ps)..
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(dynamically averaged orientation70,71) gives critical radii of
36.3 and 36.6 Å and energy transfer rate constants of 5.9 × 1011

and 4.7 × 1011 s−1, respectively. The experimentally determined
rate constants (1/τ) are 5.0 × 1011 and 2.9 × 1011 s−1 for 3 and
6, respectively, and agree remarkably well with the computed
ones in both trend and magnitude. Additionally, the results of
DFT calculations on geometry-optimized models of 3 and 6,
vide infra, show no significant orbital overlap between the
Bodipy and the porphyrin, thus precluding the existence of
Dexter exchange energy transfer73 pathways. It should,
however, be noted that in solution there may be some transient
geometrical orientations, in which the orbital overlap between
the Bodipy and the porphyrin is significant. In light of the
aforementioned, we cannot completely rule out a contribution
from the Dexter mechanism.74 However, given the good
agreement between experimental and theoretical values
(assuming exclusively FRET mechanism) and taking into
account the results of DFT calculations on 3 and 6 we conclude
that Bodipy to porphyrin energy transfer takes place
predominantly by the Förster mechanism.
In summary, selective excitation of Bodipy units in 3 and 6

leads, in both cases, to the population of the porphyrin-based
singlet excited state by rapid Bodipy to porphyrin energy
transfer. However, as shown in the Jablonski diagrams of Figure
13, the fates of the porphyrin singlet excited states in 3 and 6
are quite different. In the case of 3, as a result of the tendency

of phenolate ligands to oxidize to the corresponding phenoxyl
radicals,59,75,76 the porphyrin singlet excited state converts to a
charge-separated state due to phenolate to porphyrin electron
transfer. The existence of this electron transfer pathway in 3 is
responsible for rapid deactivation of the porphyrin singlet
excited state, leading to the observed almost complete absence
of porphyrin-based fluorescence at room temperature (Figure
4). In contrast, the presence of the nonoxidizable benzoate
linker in 6 results in formation of a stable porphyrin-based
singlet excited state following Bodipy to porphyrin energy
transfer. This singlet exited state, as expected, partly converts to
the ground state by fluorescence and partly undergoes
intersystem crossing to form the corresponding porphyrin
triplet excited state.

DFT Calculations. Theoretical DFT calculations were
performed on 3 and 6 at the B3LYP level of theory using the
631-G* basis set. The frontier orbitals of 3 and 6 were
generated from the gas-phase-optimized geometries (a list of
Cartesian coordinates can be seen in Tables S5 and S6,
Supporting Information) and are shown in Figures 14 and 15,

respectively. The HOMO and HOMO−1 orbitals of 3 (Figure
14) are almost degenerate in energy and π-bonding orbitals
located on the Bodipy moieties. The LUMO and LUMO+1 lie
closely in energy and are π-antibonding orbitals of porphyrin
character. The TD-DFT calculation predicts three intense
closely spaced singlet electronic transitions at 398, 399, and 400
nm with oscillator strengths of 1.72, 0.98, and 0.31, respectively
(Table S7, Supporting Information). The first two are of

Figure 13. Jablonski diagrams illustrating the processes that take place
after photoexcitation of the Bodipy part of (a) 3 and (b) 6 at room
temperature. Rate constants, k, of the processes as measured by
transient absorption spectroscopy are also shown. 1BDP* and 1P*
denote the Bodipy and porphyrin-based singlet excited states,
respectively, while 3BDP* and 3P* denote the corresponding triplets.
PET stands for photoinduced electron transfer, PEnT for photo-
induced energy transfer, and ISC for intersystem crossing. Dashed
arrow denotes radiationless decay.

Figure 14. Frontier orbitals obtained from gas-phase DFT calculation
on conjugate 3 (see main text for details).

Figure 15. Frontier orbitals obtained from gas-phase DFT calculation
on conjugate 6 (see main text for details).
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HOMO−5 to LUMO+1 and HOMO−5 to LUMO character,
respectively (porphyrin-based π−π* transitions), and corre-
spond to the experimentally observed Soret band. The third
transition at 400 nm (mainly HOMO−4 to LUMO+3)
corresponds to a phenolate to Bodipy charge transfer transition.
In addition, a clearly Bodipy-based π−π* (predominantly
HOMO−1 to LUMO+3 and HOMO to LUMO+2) transition
at 423 nm is predicted and corresponds to the experimentally
observed band at 500 nm. As can be seen in Figure S10,
Supporting Information, which compares the experimental
absorption spectrum of 3 with the calculated one, the energy of
the predicted Bodipy-based transition is much higher compared
to that of the observed absorption band. However, TD-DFT
calculations are known for overestimating the energy of the
lowest singlet transition in Bodipy chromophores.69,77 Finally,
the two lowest energy bands predicted at 577 and 582 nm with
oscillator strengths of 0.03 and 0.04, respectively, are of mixed
porphyrin π−π* and phenolate to porphyrin charge transfer
character (predominantly HOMO−2 to LUMO+1 and
HOMO−2 to LUMO, respectively). The partial phenolate to
porphyrin charge transfer nature of the lowest energy
transitions in 3 is in agreement with the experimentally
observed formation of a charge-separated state resulting from
phenolate to porphyrin electron transfer following selective
excitation of the Bodipy chromophore.
In the case of 6, the HOMO and HOMO−1 orbitals are

almost degenerate in energy and possess Bodipy π character,
while the LUMO and LUMO+1 are π-antibonding orbitals of
porphyrin character (Figure 15). The TD-DFT calculation
predicts two closely spaced intense transitions at 399 and 401
nm (oscillator strengths of 1.25 and 0.96, respectively) and one
at 422 nm (oscillator strength 0.78). The first two are mainly of
HOMO−3 to LUMO+1 and HOMO−3 to LUMO character,
respectively (porphyrin-based π−π* transitions corresponding
to the Soret band), while the third transition possesses mainly
HOMO to LUMO+3 character (Bodipy-based π−π* tran-
sitions). As in 3, the TD-DFT calculation considerably
overestimates the energy of the Bodipy-based π−π* transition
(Figure S11, Supporting Information).69,77 Lower intensity
transitions of HOMO−2 to LUMO+1 and LUMO character
(porphyrin-based π−π* transitions corresponding to the Q
bands) are predicted at 550 and 552 nm (oscillator strengths
0.02 and 0.03, respectively). It is worth noting that the low-
energy transitions predicted for 6, contrary to those of 3 (see
discussion above), do not possess any benzoate to porphyrin
charge transfer character (Table S7, Supporting Information).
This is in agreement with the observed lack of electron transfer
in the room-temperature emission and transient absorption
spectrum of conjugate 6.

■ CONCLUSIONS
3 and 6, consisting of two Bodipy-functionalized phenolate and
benzoate ligands, respectively, axially bound to a Sn(IV)
porphyrin, were synthesized and structurally characterized. The
absorption spectra and electrochemical studies on 3 and 6 show
that the Bodipy and porphyrin chromophores interact only
weakly in the ground state. However, the almost complete
absence of photoemission from 3 at room temperature suggests
that, in the excited state, energy and/or electron transfer might
be taking place. Indeed, as transient absorption experiments
show, selective excitation of the Bodipy unit in 3 results in rapid
(k = 5.0 × 1011 s−1) decay of the Bodipy-based singlet excited
state and concomitant formation of the Sn(IV) porphyrin-

based singlet exited state which is quenched by formation of a
charge-separated state resulting from phenolate to porphyrin
electron transfer. Contrary to 3, the carboxy-bridged Bodipy−
porphyrin conjugate 6 shows strongly quenched Bodipy
fluorescence and sensitized porphyrin emission upon selective
excitation of the Bodipy unit. Transient absorption measure-
ments on 6 show rapid Bodipy to Sn(IV) porphyrin singlet
energy transfer (k = 2.9 × 1011 s−1) leading to a stable
porphyrin singlet excited state, which deactivates by fluo-
rescence and intersystem crossing to the corresponding triplet
state (τ = 1.4 ns). Emission experiments at 77 K in frozen
toluene show that the electron transfer pathway observed in 3
at room temperature is suppressed. Instead, in both 3 and 6,
excitation of the Bodipy unit results in population of the first
singlet excited state of the Sn(IV) porphyrin chromophore.
Subsequently, intersystem crossing leads to phosphorescence
from the Bodipy triplet excited state. The above results suggest
that improvement of the light harvesting ability of a Sn(IV)
porphyrin is better achieved by use of a benzoate bridge to link
to a Bodipy sensitizer compared to use of a phenolate linker.
This is because the benzoate bridge effectively mediates
sensitization of the Sn(IV) porphyrin excited state without
providing electron transfer pathways, which rapidly quench it as
occurs in the case of a phenolate bridge. The Sn(IV) porphyrin
excited state may then be used as an electron donor/acceptor in
a photocatalytic or photocurrent scheme.
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