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ABSTRACT: A series of 1,7-dipyrene-aza-BODIPY and 1,7-
dipyrene-3,5-diferrocene-aza-BODIPY derivatives 5a−e with
pyrene ligands covalently attached to the β-pyrrolic positions
of the boron-azadipyrromethene (aza-BODIPY) core have
been prepared and characterized by NMR, UV−vis, and
steady-state fluorescence spectroscopy; high-resolution mass
spectrometry; and X-ray crystallography. The redox processes
of these donor−acceptor aza-BODIPY systems were inves-
tigated by electrochemistry (cyclic voltammetry and differ-
ential pulse voltammetry methods) and spectroelectrochemis-
try. The potential of the closely spaced 1,7-dipyrene fragments
to promote formation of noncovalent π-complexes with
nanocarbon materials (C60, C70, (6,5)-single-walled carbon
nanotube, and graphene) was explored. UV−vis, steady-state
fluorescent, and time-resolved transient absorption spectroscopy data indicated that the interaction between the new pyrene-
aza-BODIPYs and C60 or C70 fullerenes in solution is weak, and time-resolved transient absorption spectroscopy provided no
evidence of photoinduced electron transfer. X-ray crystallography on a binary solid of aza-BODIPYs 5b and C60 was indicative
of a pyrene−pyrene rather than pyrene−C60 interaction motif, whereas fullerenes were found to form close contacts with the
electron-rich B,O-chelated part of aza-BODIPY 5b. In contrast, pyrene−pyrene and pyrene−C60 but not aza-BODIPY−C60
interactions were observed in the crystal structure of aza-BODIPY 5d and C60. Density functional theory (DFT) and time-
dependent DFT calculations were used to support conclusions based on experimental data and are suggestive of rather weak
interaction energies between 1,7-dipyrene-aza-BODIPYs and nanocarbon materials. Direct comparison with an analogous
control compound lacking the pyrene ligands demonstrated that the pyrene substituents were ineffective at promoting and
directing complex formation with nanocarbon materials. A common measurement of complex formation, emission loss in the
presence of a nanocarbon acceptor, was demonstrated to have an alternative explanation in these systems, and the general
effectiveness of using pyrene ligands to build noncovalent complexes was drawn into question.

■ INTRODUCTION

Facile formation of stable, long-lived, and charge-separated
states is an important initial step in the preparation of efficient
organic solar cells.1−5 There are many examples of covalently
bound donor−acceptor (D−A) systems, where strong binding
provides stability and some degree of design control over the
electronic coupling.6−19 When substituted with electron-
donating groups capable of intramolecular electron transfer,
porphyrins,20−31 phthalocyanines,32−40 subphthalocya-

nines,41−47 boron-dipyrromethenes (BODIPYs),48−54 and
boron-azadipyrromethenes (aza-BODIPYs)55−60 have been
demonstrated to be effective and stable assemblies for initial
light absorption and charge separation. Organic amines61−72

and ferrocene,73−88 as examples, have been shown to be
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effective electron-donating groups capable of facilitating
photoinduced intramolecular electron transfer. Formation of
noncovalent D−A systems has received considerable attention
in recent years.1−5,89−101 While the potential advantages of
noncovalent systems include self-assembly upon simple mixing,
the weaker bonding in noncovalent D−A systems can
compromise stability and increase conformational disorder. It
becomes challenging to control the relative D−A geometry and
orientation, which is the key to tuning the degree of electronic
coupling between the donor and acceptor.102−111 There are
examples demonstrating efficient formation of long-lived
photoinitiated charge-transfer states between conjugated
chromophore donors and noncovalently associated fullerenes,
carbon nanotubes, and graphene.112−121 Formation and
stability of these noncovalent D−A assemblies rely on
enhancement of dispersion forces and electronic coupling
provided by π−π interactions and topologies that facilitate
strong spatial overlap.
The pyrene ligands installed have been reported to serve as

effective noncovalent linkers to nanocarbon surfaces,122−128

and evidence for photoinduced electron transfer between
organic chromophores and a nanocarbon surface following
excitation at around 400 nm has been presented. We report the
synthesis and characterization of a series of 1,7-dipyrene aza-
BODIPYs (5a−e, Scheme 1 and Synthesis and Character-
ization of 5a−e) and the subsequent investigation of
noncovalent complex formation with potential nanocarbon
electron acceptors in solution (Titration with Nanocarbon
Materials in Solution) and in the solid state (Solid-State
Mixtures). Two covalently linked pyrene groups at the β-
positions of the aza-BODIPYs were hypothesized to facilitate
noncovalent interactions with nanocarbon materials such as
C60 and C70 fullerenes, (6,5)-single-walled carbon nanotube
(SWCNT), and graphene. Some of the experimental
observations are consistent with results in analogous studies
that were presented as strong support for the presence of
excited-state charge transfer and the hypothesis that pyrene

ligands mediated complexation of other chromophores with
nanocarbon partners.1−5,124 However, we demonstrate that the
observations presented here are not the result of charge
transfer and do not provide evidence of strong pyrene-
mediated association.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of 5a−e. We have used

a typical chalcone-based synthetic strategy129−131 for the
preparation of pyrene-containing aza-BODIPYs 5a−e and the
reference 1,3,5,7-tetraphenyl-aza-BODIPY 6 (Scheme 1). A
variety of aryl substituents located at the α-positions were
chosen to modulate electron density at the aza-BODIPY core.
Chalcones 2a−e were synthesized by the condensation
reaction of 1-pyrenecarboxaldehyde and the corresponding
ketones 1a−e with subsequent nitromethylation to form
products 3a−e. Nitromethyl derivatives 3a−e were converted
to the corresponding azadipyrromethenes 4a−e by reaction
with ammonium acetate and then to the final pyrene-
containing aza-BODIPYs 5a−e by reaction with boron
trifluoride solution. All new compounds were characterized
by 1H and 13C NMR spectroscopy, high-resolution mass
spectrometry (HRMS), and UV−vis spectroscopy (Exper-
imental Procedure and Figures S1−S33, Supporting Informa-
tion). The NMR spectra of all target compounds confirm their
symmetric nature, while high-resolution mass spectra are in full
agreement with their elemental composition.
The molecular structures of 4e, 5a, 5d, and 5e were

confirmed by X-ray crystallography (Figure 1). Relatively large
torsional angles between the two phenyl substituents and the
aza-BODIPY core in 5a, ∼35.84 and ∼43.10°, inhibited
conjugation between the substituents and the chromophore’s
π-system. The torsional angles were much smaller in 5d and
5e. The crystal structure of 5d had torsion angles between the
thiophene group and aza-BODIPY core that varied between
∼0.90 and ∼29.94°, and in 5e, the torsion angles between the
ferrocene group and aza-BODIPY core varied between 6.64

Scheme 1. Synthetic Pathway for Preparation of Aza-BODIPYs 5a−e
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and 17.10°. The observation of a nearly coplanar arrangement
between the aza-BODIPY core and the ferrocene substituents
in 5e and the relatively short Fe−Fe distance (∼8.13 Å) should
facilitate electron transfer between the ferrocene donor and the
aza-BODIPY acceptor, as previously observed in the phenyl
analogue of 5e.132

In the crystal structures of 4e, 5a, 5d, and 5e, both pyrene
groups are rotated away from the aza-BODIPY π-system (the
torsion angles vary between ∼33.82 and ∼44.78° for 5a,
∼36.64 and ∼53.68° for 5d, and ∼48.04 and ∼51.62° for 5e),
which reflects the steric bulk of pyrene. Interestingly, the
pyrene fragments in 5a do not form the typical intermolecular
π−π stacking motif. Rather, they form close slipped-stack-type
contacts with both the aza-BODIPY core and the pyrene group
from a neighboring molecule of 5a. The closest pyrene−pyrene
intermolecular contact observed in the crystal structure of 5a is
∼3.35 Å, which is close to the pyrene-β-pyrrolic (∼3.34 Å) and
pyrene-α-pyrrolic (∼3.32 Å) intermolecular contacts. In the
ferrocene-containing 5e, both slipped-stack (∼3.19 to ∼3.26
Å) and H-type (∼3.35 to ∼3.36 Å) close pyrene−pyrene
contacts were observed in the crystal structure. With the
thiophene-containing 5d, only H-type (∼3.34 to ∼3.39 Å)
pyrene−pyrene stacking was observed in the crystal structure.
In contrast to that in the X-ray crystal structures of 5d and 5e,
the aza-BODIPY core in the crystal structure of 5a adopts an
unusual, slightly domed conformation. Doming occurs away
from the two bulky pyrene fragments. Important for the
potential to form noncovalent complexes with nanocarbon
partners, the X-ray crystallography data on 5a, 5d, and 5e
suggest a large enough cavity between two pyrene groups to
accommodate both fullerene and (6,5)-SWCNT in a chelate-
type geometry.
The UV−vis spectra of 5a−e are presented in Figure 2 and

can be separated into three general categories. The first
consists of 5b−d, with UV−vis spectra, typical for this class of
compounds (for instance reference compound 6), dominated
by a single narrow band in the visible range followed by several
lower-intensity components.129−131 The key differences
between UV−vis spectra of 5b−e and 6, which lack the
pyrene ligands, are the broader low-intensity bands in the
visible range and the presence of intense and characteristic
absorption bands at ∼275 and ∼345 nm that are associated

Figure 1. CAMERON representation of BODIPYs 5a (A) and 5e
(B), two crystallographically independent molecules of 5d (C), and
aza-DIPY 4e (D), with thermal ellipsoids shown at 50% probability
level. All hydrogen atoms are omitted for clarity.

Figure 2. UV−vis spectra of aza-BODIPYs 5a−e and 6 as well as reference compounds in dichloromethane (DCM).
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with the pyrene constituents in 5b−e (Figure 2). The second
category is represented by the phenyl derivative 5a that has a
broad and intense single low-energy band in the visible region
and narrow bands at wavelengths shorter than 400 nm
primarily localized on the pyrene fragments. The last category
is represented by the ferrocene derivative 5e. It has two intense
low-energy bands observed at 638 and 856 nm that are in good
agreement with a previously reported diphenyl-ferrocene
analogue.132 The low-energy broad band observed at 856 nm
was assigned to the metal-to-ligand charge-transfer (MLCT)
transitions, and the narrower band observed at 638 nm was
assigned to an aza-BODIPY-centered π−π* transition. In
general, the energy of the most intense π−π* transition
observed in 5a−d correlates well with the density functional
theory (DFT)-predicted (discussed below) electron-donating
ability of the substituents located at the α-positions of the
BODIPY core, 5a < 5c < 5b ∼ 5d.
Steady-state fluorescence spectra are shown in Figures 3 and

S34. Fluorescence from the ferrocene-containing 5e was

completely quenched, which is typical for ferrocene-containing
BODIPYs133−137 and aza-BODIPYs.132,138,139 The fluores-
cence quantum yields for 5a−d were significantly smaller
than those for other BODIPY compounds,140,141 reflecting the
electron-donating role played by the installed pyrene
substituents. The fluorescence spectrum of 5a was an
approximate mirror image of its absorption spectrum with a
significant Stokes shift of 2570 cm−1 (Table 1). Following
excitation at 275 and 345 nm, predominantly centered on the
pyrene substituents, emission was observed from 5a−d in the
visible and near-IR regions, clearly indicating energy transfer
from pyrene substituents to the aza-BODIPY core; see Figure
S34. In the case of thiophene-containing compound 5d, the
pyrene-centered fluorescence peak is much stronger than the
aza-BODIPY emission peak, whereas the opposite trend was

observed for 5a−c upon excitation at 275 and 345 nm, which
is indicative of much better energy transfer from pyrene
fragments to the aza-BODIPY core in compounds 5a−c
(Figure S34). Although one might speculate that the
anomalous behavior of the thiophene-containing 5d can be
attributed to the presence of the heavier sulfur atoms in this
compound, at this moment, we do not have a clear explanation
for such experimental observation.
Excited-state lifetimes are reported in Table 1. At 1−2 ns,

the lifetimes for 5a−d are all similar to reported values for
analogous BODIPYs and aza-BODIPYs systems.140 The data
and fits are presented in Figures S35−S38. The data were well-
fitted with a single exponential decay. No longer-lived emission
was found within the signal-to-noise ratio in the experiments,
leaving no evidence for the formation of a triplet state. This is
in contrast with the reports of triplet state formation following
excitation of meso-pyrene BODIPYs.142,143

Time-resolved pump−probe transients for the nonfluor-
escent ferrocene-containing 5e are shown in Figure 4. The

decay of the transient absorption feature centered at 475 nm
was well-fitted with a single exponential having a time constant
of 1.7 ns (Table 1). This is consistent with the excited-state
lifetimes of 5a−d, and we assign this state to a π* excited state
involving both the aza-BODIPY core and the pyrenes. It is
interesting to note that the lifetime of this state is substantially
longer than the 176 ps lifetime of the excited state we
previously reported for the analogous BODIPY diphenyl
diferrocene system.144,145 In that system, we assigned the

Figure 3. Fluorescence spectra of the aza-BODIPYs 5a−d and 6 in
DCM. Excitation wavelengths are as follows: 650 nm (5a), 680 nm
(5b), 670 nm (5c), 700 nm (5d), and 600 nm (6).

Table 1. Selected Photophysical Properties of 5a−e and the Reference Compound 6a

compound λabs [nm] (ε [M−1 cm−1]) emission [nm] (Φ) τ [ns]

5a 335 (49 000), 351 (59 000), 667 ( 55 000) 805 (0.006) 0.87 ± 0.07
5b 347 (70 000), 735 (78 000) 436, 782 (0.0076) 1.6 ± 0.1
5c 346 (36 000), 709 (64 000) 398, 760 (0.0167) 1.1 ± 0.1
5d 347 (73 000), 735 (47 000) 421, 778 (0.0142) 1.3 ± 0.1
5e 344 (101 000), 638 (57 000), 854 (52 000) 1.7 ± 0.2
6 308 (35 000), 648 (75 000) 674 (0.34)

aLifetimes were determined by transient absorption for all compounds. Data are presented in Figures 4 and S35−S38.

Figure 4. Pump−probe response for 5e. Symbols are the data, and
lines are fits as described in the text. Data probed at 650 nm has been
inverted for comparison with data probed at 475 nm. Inset: transient
full-frequency spectra at indicated pump−probe delay times. The
solid lines represent the data pumped at 640 nm, and the dashed lines
represent the data pumped at 920 nm. The dash-dotted line
represents the absorption spectrum inverted as a guide to the shape
of the bleach component in the pump−probe spectra.
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excited-state lifetime to charge recombination following
excitation that immediately produced a charge transfer from
the ferrocene to the aza-BODIPY core. As shown in Figure 4,
unlike the transient absorption at 475 nm that decayed as a
single exponential, to obtain a reasonable fit to the recovery of
the ground-state bleach probed at 650 nm, a second
exponential decay component with a time constant of ca.
100 ps becomes statistically significant in the data (Figure 4).
Addition of the faster component is consistent with over-
lapping transitions in the excitation that includes both the
pyrene-centered excitation and ferrocene-to-aza-BODIPY core
charge transfer. The shorter time constant is consistent with
the time scales for charge recombination that we reported in
similar ferrocene-appended BODIPY systems.144 Increase in
the amplitude and subtle change in shape of the transient
difference spectra with excitation at 920 nm compared to those
at 640 nm are also consistent with the expectation that there
should be an increase in the contribution from the charge-
transfer transition as the excitation moves to a longer
wavelength.
The redox properties of 5a−e were investigated by

electrochemical methods (cyclic voltammetry (CV) and
differential pulse voltammetry (DPV)). The data are
summarized in Table 2 and shown in Figures 5 and S39. In

the cases of 5a−d and the reference compound 6, one
oxidation and two reduction processes associated with the aza-
BODIPY core were observed. Both reduction processes were
quasi-reversible, in agreement with the literature data.144,146,145

The first reduction potentials were all within 100 mV of each
other, indicating limited influence of the substituents located at
the α-position of the corresponding aza-BODIPY. This is
consistent with the significant contribution from the nitrogen
atoms to the lowest unoccupied molecular orbital (LUMO) in
aza-BODIPY, as discussed below. The first oxidation process is
quasi-reversible in 5a−c and irreversible in 5d. The larger
range of oxidation potentials across the series is consistent with
the significant contribution from the α-pyrrolic carbon atoms
to the highest occupied molecular orbital (HOMO) in aza-
BODIPYs. Irreversible oxidation of the pyrene groups in 5a−d
was observed at higher potentials (Table 2, Figures 5 and S39).
A single broad two-electron oxidation wave was observed in
the CV and DPV experiments on 5b−d. With 5a, two one-
electron oxidation waves associated with a stepwise oxidation
of the pyrene groups were clearly resolved in the DPV
experiments. In the case of the ferrocene-containing 5e, the
first and second reduction processes remained reversible and
were attributed to the reduction of the aza-BODIPY core. The
first reduction potential is more negative in 5e than in 5a−d.
The first and second single-electron oxidations were assigned
to the stepwise oxidation of two ferrocene groups in 5e. Both
of these oxidations were quasi-reversible, and the difference
between them, 460 mV, is similar to that observed for the
phenyl analogue of 5e.132 More interestingly, three additional
single-electron oxidation waves were observed in CV and DPV
experiments on 5e. The first quasi-reversible oxidation in 5e,
Ox3 in Table 2, was assigned to oxidation of the aza-BODIPY
core, whereas the other two, closely spaced at the higher
potentials, Ox4 and Ox5, were attributed to the stepwise
irreversible oxidation of the pyrene fragments.
To characterize spectroscopic signatures of the redox-active

species generated upon stepwise oxidation of the ferrocene
groups in 5e, we conducted spectroelectrochemical oxidation
experiments (Figure 6). Similar to the phenyl analogue of
5e,132 during the first oxidation process, a new broad band
appeared in the near-infrared (NIR) region (∼1000 nm). In
addition, a very broad band between ∼1500 and 2600 nm
appeared in the spectrum, very characteristic for diferrocene-
BODIPY compounds.132 Simultaneously, the initial bands at
557 and 685 nm were transformed into a single broad band
observed at 577 nm. The broad band at ∼2500 nm is
characteristic of mixed-valence diferrocenyl-132 and tetraferro-
cenyl-containing147 aza-BODIPYs and is indicative of for-
mation of the mixed-valence [5e]+. Band deconvolution
analysis of the NIR region of the UV−vis−NIR spectrum of
[5e]+ is suggestive of the class II (weakly coupled) behavior of
this mixed-valence compound (Figure S40).148−150 During the
second oxidation process, the NIR bands are diminished and
the final spectrum is dominated by a very characteristic strong
aza-BODIPY-centered π−π* transition observed at 593 nm.
The presence of this band in doubly oxidized [5e]2+ indicates
that the aza-BODIPY chromophore is not significantly affected
upon stepwise oxidation of 5e, which is consistent with a
stepwise oxidation of the two ferrocene groups.
To correlate experimentally observed spectroscopic and

redox properties with the electronic structure, DFT and time-
dependent DFT (TDDFT) calculations were performed on
5a−e. The predicted frontier orbital compositions are shown

Table 2. Redox Properties of 5a−e and the Reference
Compound 6a

compound
EOx

4

(V)
EOx

3

(V)
EOx

2

(V)
EOx

1

(V)
ERed

1

(V) ERed
2 (V)

5a 1.0* 0.7 −0.86 −1.6*
5b 1.0* 0.62 −0.91 −1.5*
5c 1.05* 0.57 −0.91 −1.63*
5d 0.95* 0.57* −0.81 −1.55*
5e 1.1* 0.85 0.44 0 −1.16 −1.84
6 0.84 −0.85 −1.65
660 0.76 −0.79 −1.54

aAll potentials are referenced to the FcH/FcH+ couple in DCM/0.05
M tetrabutylammonium terakis(pentafluorophenyl)borate (TFAB).
“*” denotes an irreversible or a partially reversible process.

Figure 5. CV and DPV data for aza-BODIPYs 5b and 5e in DCM. *
Indicates degradation products originated from the irreversible
oxidation processes.
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in Figure 7, an energy-level diagram is presented in Figure 8,
and the important frontier orbitals are pictured in Figure 9. In
the case of reference 1,3,5,7-tetraphenyl-aza-BODIPY 6, DFT
predicts that the HOMO is primarily localized at the α- and β-
position of the chromophore’s core, which is typical for
BODIPYs and aza-BODIPYs.133−137 In addition to this, 5a−d
have significant (∼20−50%) contributions from the pyrene
fragments, whereas HOMO − 1 and HOMO − 2 were
predicted to have dominant pyrene character. DFT predicts
that the LUMO in 5a−d is localized on the pyrrolic- and meso-
nitrogen atoms, which is common for aza-BODIPY chromo-
phores.133−137 The energy of the HOMO follows the electron-
donating ability of the functional group attached at the α-
position of aza-BODIPY, as one might expect. A large

Figure 6. Spectroelectrochemical oxidation of compound 5e in the DCM/0.15 M TFAB solvent system: the first oxidation process (left) and the
second oxidation process (right).

Figure 7. DFT-predicted compositions of frontier orbitals for compounds 5a−e and 6.

Figure 8. DFT-predicted energy diagram for the frontier MOs in 5a−
e and 6.
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contribution from the pyrene fragments to the HOMO,
HOMO − 1, and HOMO − 2 of 5a−d is indicative of the
potential electron-donating character of the pyrene π-system.
This adds partial pyrene-to-aza-BODIPY charge-transfer
character to the HOMO → LUMO single-electron excitation
and explains significant decrease in fluorescence quantum
yields observed in 5a−d when compared to that in 6. In all
compounds studied, pyrene-centered LUMO + 1 and LUMO
+ 2 were predicted to be ∼1.5 eV higher in energy than the
LUMO. In 5e, the DFT-predicted HOMO is ferrocene-
centered, whereas the highest-energy occupied π-type molec-
ular orbital (MO) is HOMO − 1. This electronic structure
correlates well with the experimentally observed CV and DPV
oxidation of the ferrocene groups in 5e at low potential.
Overall, the DFT-predicted electronic structures of 5a−e are
suggestive of a large contribution from the pyrene fragments to
the HOMO energy region, which is expected to be exhibited
by disappearance of the aza-BODIPY core-centered π−π*
transitions observed in the reference compound 6 and
appearance of the significant pyrene-to-aza-BODIPY charge-
transfer character in transitions observed at the low-energy
region of the corresponding UV−vis spectra.
Energies, oscillator strengths, and theoretical UV−vis spectra

predicted by the TDDFT calculations for aza-BODIPYs 5a−e
and 6 along with experimental UV−vis spectra are shown in
Figure 10. In the case of 5a−d, the TDDFT-predicted UV−vis
spectra in the low-energy region (550−900 nm) are dominated
by three intense bands, which correlate well with the
experimental data. Indeed, in the case of 5b, three bands can
be clearly seen in the low-energy region. In the cases of 5c and
5d, the most intense band in the 600−720 nm region is
accompanied by a lower-intensity broad shoulder, and in the
case of 5a, a broad asymmetric band spans the entire low-

energy range. DFT predicts that the lowest-energy transition
should be dominated by the HOMO−LUMO single-electron
excitation, which has aza-BODIPY/pyrene (π)→ aza-BODIPY
(π*) character. The other two intense transitions predicted by
the TDDFT calculations in the 550−900 nm region are
dominated by the pyrene (π, HOMO − 1 and HOMO − 2)→
aza-BODIPY (π*, LUMO) excitations. Due to the significant
charge-transfer (pyrene-to-aza-BODIPY) character, B3LYP-
based TDDFT calculations may overestimate the pyrene-to-
aza-BODIPY transition intensities. The predicted locations in
energy are in good agreement with the experimental data. In
the case of the ferrocene-containing 5e, TDDFT predicts five
transitions with significant MLCT character for the longer-
wavelength band experimentally observed between 670 and
1100 nm. These transitions are dominated by HOMO −
HOMO − 5 → LUMO single-electron excitations. TDDFT
calculations predicted the pyrene-to-pyrene π−π* transitions
observed in the UV region. Overall, the TDDFT calculations
correctly predicted trends in energies and intensities of the
most intense transitions observed experimentally for 5a−e.

Interaction and Potential Complex Formation with
Nanocarbon Materials. Titration with Nanocarbon Mate-
rials in Solution. Installation of the pyrene substituents into
5a−e was motivated by the potential to promote assembly of
intermolecular complexes with nanocarbon electron acceptors.
The hypothesis that the pyrene motif would successfully
provide an effective conduit for association and charge transfer
was based on prior reports of other donor−acceptor complexes
observed in solution.151−158 The energetics of electron transfer
from the 5a−e photoexcited states to a nanocarbon acceptor
can be estimated from the spectroscopic and electrochemical
measurements following a standard approach.159−163 One-
electron transfer is energetically favorable in all cases, with ΔG

Figure 9. DFT-predicted frontier molecular orbitals for 5a−e and 6.
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ranging from −0.2 eV for 5d to −0.5 eV for 5e. Changes in
static and time-resolved absorption and static fluorescence with
addition of C60, C70, (6,5)-SWCNT, and graphene were
measured as potential indicators of charge transfer and
quantitative evidence of complex formation.
C60 and C70 Acceptors. Titration of 5a−d and the reference

compound 6 with solutions of C60 and C70 fullerenes reveals
identical results (Figures 11 and S41−S45). No significant
reduction in fluorescence was observed with addition of
fullerenes when excited at the most intense low-energy band
(first excited state). A reduction in both the pyrene and aza-
BODIPY emission bands was observed with addition of
fullerenes when exciting at 275 and 345 nm. Accounting for
the significant absorption at these wavelengths by both C60 and
C70 to first order, a Stern−Volmer analysis of the titrations was
carried out taking into consideration a competitive absorption
of aza-BODIPY and C60/C70 chromophores.164 The resulting
quenching constants are shown in Table 3 and suggest the
possibility of weakly associating and/or interacting complexes.

However, the need to correct for substantial interference from
direct absorption of the fullerenes at these wavelengths164

when quantifying the reduction in emission leaves significant
uncertainty in the evidence for complex formation. The fact
that the quenching constants for 5a−e are smaller or
comparable to that for reference 6 demonstrates a lack of
any specific enhancement from the pyrene substituents in the
formation of complexes at room temperature in solution.
Upon titration of the aza-BODIPYs with fullerenes, all

spectral changes in the UV−vis absorption could be accounted
for by independent absorption of the added fullerene (Figures
11 and S41−S45). No low-energy absorption bands, character-
istic of charge transfer, were observed. The lack of evidence for
electron transfer is consistent with recent reports on
noncovalent complexes formed between functionalized sub-
phthalocyanines and fullerene.165−168 We conclude that if
there was any residual emission quenching when exciting in the
UV region, it was the result of energy transfer rather than
charge transfer. Using covalently linked subphthalocyanine−

Figure 10. Experimental (top) and TDDFT-predicted (bottom) UV−vis spectra of aza-BODIPYs 5a−e and 6.
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fullerene dyads, Torres and co-workers demonstrated a strong
distance dependence of the donor−acceptor quenching
mechanism.169−171 Shorter distances (∼3.1 Å) between the
donor and acceptor facilitated electron transfer, whereas small
increases in separation (∼3.3 Å) favored energy transfer.
Transient absorption was used to investigate the possibility

of photoinduced electron transfer between the electron-rich,
nonfluorescent 5e and C60. Figure 12 compares transient
absorption for solutions of 5e, C60, and 5e/C60 (1:10 molar
ratio). Transient absorption was measured following excitation
at 410 nm, where absorption is a combination of 5e and C60,
and at 650 nm, where the absorption is dominated by 5e.
Figure 12a,b compares excitation at 650 nm with and without

C60 present. Within the signal-to-noise ratio of the experi-
ments, there was no detectable difference between the shapes
or time evolution of the spectra with the addition of C60. The
transient spectra are a combination of a ground-state bleach
that mirrors the absorption spectrum (negative ΔOD) and
excited-state absorption on both the short- and long-wave-
length sides of the bleach (positive ΔOD). The spectra appear
within the time resolution of the experiment, ∼100 fs, and
decay in both the visible and near-IR regions of the spectrum
with the lifetime reported in Table 1. The absence of electron
transfer is supported by the unperturbed decay of the initial
excited state of 5e in the presence of C60 and the lack of any
new absorption features in the near-IR region consistent with
the anion of C60.
When exciting at a shorter wavelength, 410 nm, the transient

spectra of 5e alone are nearly identical to the spectra when
exciting at 650 nm. The addition of C60 significantly changes
the shape and decay of the spectra, Figure 12c, with strong,
broad absorption in the near-IR region peaked at around 980
nm. However, the new features are all well accounted for by
direct absorption of C60, as presented in Figure 12d. The
pump−probe spectra for the 1:10 molar ratio of 5e/C60 are a
linear combination of independent 5e and C60 spectra. There is
no evidence for charge transfer. We note that transient

Figure 11. Steady-state (top and middle) and difference absorption (bottom) spectra of the aza-BODIPY 5b upon stepwise addition of the C60
(left panel) and C70 (right panel) fullerenes. Excitation wavelengths are shown in the upper right corners of each figure.

Table 3. Estimated Quenching Constants for Complex
Formation between 5a−e and 6 and C60 or C70 Fullerenes

a

compound Ksv C60 Ksv C70

5a 4600 11 500
5b 19 500 15 700
5c 22 900 18 700
5d 9230 15 800
6 12 800 18 200

aKsv values were determined using the formula shown in refs159−163.
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absorption features in the near-IR region reported here are
very similar to those in other reports that have interpreted the
signals as an indicator of energy and charge transfer in
analogous systems.41,42,60,172,173 Our results demonstrate the
potential for dominance of the near-IR transient absorption by
direct excitation of independent C60 in these types of titration
studies. This indicates that even at low C60 concentrations and
longer wavelengths in the tail of the C60 absorption, signals
originating from direct fullerene absorption must still be
carefully accounted for prior to drawing any conclusions
associated with energy or charge transfer.
(6,5)-SWCNT and Graphene Acceptors. Titration of aza-

BODIPYs 5a−d and the reference compound lacking the
pyrene ligands, 6, with (6,5)-SWCNT and graphene all
resulted in reduction in the observed fluorescence intensity
independent of the excitation wavelength (Figures 13 and
S46−S50). However, loss of fluorescence was always
accompanied by a linearly correlated loss in absorption of
the aza-BODIPY, Figures S46−S51. The lack of solubility of
(6,5)-SWCNT and graphene complicated the experiments
with interference from scattering and changes in the back-
ground that limited quantitative confidence when correlating
the emission and absorption losses. Within error, the slope of
emission versus absorption with addition of SWCNT and
graphene was always close to 1. When solutions of 5a−e and 6
were treated with an excess of (6,5)-SWCNTs or graphene,
time-dependent loss of absorption was also observed (Figure
S51). We conclude that loss of emission and absorption
predominantly reflected removal of the chromophores from
the excitation volume via physical adsorption and loss of
solubility as SWCNT or graphene was added. The observation
indicated association between the aza-BODIPY compounds
and the nanocarbon materials. However, there was no
observed enhancement in that interaction with installation of
the pyrene ligands. The emission and absorption losses were
comparable for pyrene-containing 5a−d and the reference
compound 6. The indirect nature of the measurement, the

complexity imposed by the limited solubility of the acceptors,
which is likely to change dynamically with donor association,
and the potential for larger-scale aggregation limit the
interpretation of these observations to the presence of
association without characterization of the strength of the
interaction.

Solid-State Mixtures. Although there was only minimal
evidence for spontaneous association between 5a−e and
fullerenes in solution, assuming some degree of mixing,
proximity is forced in the solid state. Several porphyrins and
subphthalocyanines have been shown to cocrystallize with C60,
forming well-ordered light-harvesting/electron-accepting layers
potentially useful for photovoltaic applications.165−168,174−183

Multilayer combinations of the subphthalocyanines and
fullerenes have demonstrated decent photovoltaic performance
despite a lack of electron transfer between these components
in solution.184−187 We have compared UV−vis spectra of solid-
state samples of 5a−e with and without equimolar amount of
C60 (Figures 14 and S52). Peak broadening in some cases did
not allow clear observation of cocrystallization with the
fullerene. However, in all cases, some interaction between
aza-BODIPYs and C60 was observed. The clearest examples
were 5b and 5e, presented in Figure 14. In the case of
ferrocene-containing 5e, the NIR MLCT and visible π−π*
transitions were shifted to higher energy by ∼30 and ∼10 nm,
respectively, in the 5e·C60 complex compared with the same
bands in pure 5e. A shift of ∼20 nm in the opposite direction,
to lower energy, was observed in 5b·C60 complexes. Spectral
shifts for the other aza-BODIPYs were less evident, Figure S52,
and a significant change in the overall absorption profile
throughout the longer-wavelength region (550−1000 nm) was
found for all systems. These results suggest the possibility of
different modes of interactions between 5a−e and C60 that

Figure 12. Pump−probe transients for 5e, a mixture of 5e and C60,
and C60 in solution: (a) 5e excited at 650 nm, (b) 5e/C60 (1:10 mole
ratio) excited at 650 nm, (c) 5e/C60 (1:10 mole ratio) excited at 410
nm, and (d) C60 excited at 410 nm.

Figure 13. Steady-state emission (top and middle) and difference
absorption (bottom) spectra of the aza-BODIPY 5b upon stepwise
addition of the (6,5)-SWCNT (left panel) or graphene (right panel).
Excitation wavelengths are shown at the upper right corners of each
graph.
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would not reflect a single favored pyrene−C60 chelate
interaction motif.
To support our hypothesis, we attempted cocrystallization of

equimolar amounts of the individual aza-BODIPYs 5a−e and
C60 fullerenes. In the majority of cases, the crystals obtained
were either too small and/or too poorly diffracting (typically
only up to 3 Å), which is common for noncovalent complexes
between functional dyes and fullerenes. We were able to obtain
relatively good quality crystals suitable for X-ray diffraction for
assemblies of 5b·C60 and 5d·C60. The solid-state structure of
5b·C60 shows formation of a 1:1 complex. The B,O-chelating
motif can be clearly seen from the experimental X-ray
structure. In addition, a single disordered toluene solvent
molecule was also observed in the unit cell (Figure 15). The

fullerenes did not form close contacts with the pyrene
fragments. Instead, fullerenes were located above the
electron-rich B,O-fragment of 5b and formed a one-dimen-
sional (1D) channeled structure with the closest contact
between two C60 molecules with a distance of ∼3.87 Å. The
closest contact between 5b and C60 was ∼3.34 Å, which is
similar to that for noncovalent complexes between subphtha-
locyanines and C60.

165−168,184−187 The X-ray structure of the
noncovalent complex between 5b and C60 also contains
intermolecular pyrene−pyrene interactions with short contacts
typical of π−π complexes (∼3.17−3.34 Å). These noncovalent
interactions led to the formation of 1D aza-BODIPY chains of
5b. The pyrene−pyrene intermolecular noncovalent contacts
were shorter than expected, and the aza-BODIPY/C60 contacts
were longer than expected.
Similar to those in the X-ray structure of 5a, the pyrene

fragments in the solid-state structure of 5b·C60 are rotated
away from the aza-BODIPY π-system. A general motif in the
X-ray structure of noncovalent complexes between 5b and C60
is two independent chains: one consisting of C60 and the other
of aza-BODIPY 5b molecules. The electron-deficient fullerenes
prefer to interact with the electron-rich part of 5b, which is
localized at the phenolic rather than the pyrenyl fragment of
the aza-BODIPY core.
In comparison, crystallization of the equimolar amounts of

5d and C60 fullerene results in the formation of a 5d·2C60
aggregate and characteristic needles of 5d (Figure 16). A key

Figure 14. Solid-state (KBr matrix) UV−vis spectra of 5b and 5e
without and in the presence of C60 fullerene. Solid-state spectra of C60
fullerene are also provided for comparison.

Figure 15. Representative images of the X-ray crystal structure of 5b·C60 (in all cases, hydrogen atoms are omitted for clarity): two independent
molecules on 5b observed in the unit cell; (B) view along the crystallographic a axis; (C) C60 interacting motif with the electron-rich B,O-chelated
area; (D) pyrene−pyrene interaction motif; (E) view along the crystallographic b axis; and (F) view along the crystallographic c axis.
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difference with the solid-state structure of 5b·C60 is the
presence of shorter contacts (∼3.1 Å) between the pyrene
moieties of 5d and C60. The aggregate appears to be held
together by close pyrene−C60 contacts between one 5d and
two fullerenes (∼3.08, 3.31 Å; Figure 16b), with an additional
close contact between a third C60 and an electron-rich

thiophene ring (∼3.32 Å) similar to that in 5b·C60. Each
thiophene is situated close to a second C60 (∼3.38 Å), though
offset at an angle that significantly reduces any π−π
interactions. Pyrene−pyrene interactions (∼3.48 Å) are
retained between neighboring molecules of 5d. One of two
pyrene fragments in each 5d forms a well-aligned H-type

Figure 16. Representative images of the X-ray crystal structure of 5d·2C60 (in all cases, hydrogen atoms are omitted for clarity): (A) independent
molecules observed in the unit cell; (B) close contacts formed between two fullerene molecules and pyrene fragments in 5d; (C) pyrene−pyrene
interactions in 5d; (D) “six pyrene−two fullerene” cage; (E) four fullerene molecules forming close contacts around 5d; and (F) view along the
crystallographic a axis.

Table 4. DFT-Predicted Interaction Energies for the Formation of Noncovalent Complexes between Pyrene and Nanocarbon
Materialsa,b

functional pyrene/pyrene pyrene/C60 pyrene/(6,5)-SWCNT pyrene/graphene

LC-wPBE −1.91 (−1.63) −2.23 (−1.87) −3.30 (−1.34) −4.21 (−4.38)
CAM-B3LYP −1.55 (−1.39) −1.59 (−1.45) −2.18 (−1.30) −2.62 (−2.85)
LC-wPBE-D3 −14.53 (−13.69) −13.45 (−12.71) −22.61 (−21.81) −30.25 (−29.68)
CAM-B3LYP-D3 −10.77 (−10.21) −10.87 (−10.28) −17.93 (−17.46) −23.34 (−22.95)
B3LYP-D3 −12.34 (−11.60) −11.69 (−11.09) −20.23 (−18.24) −26.79 (−26.19)
B97D −13.31 (−12.33) −14.00 (−13.75) −23.26 (−20.71) −30.03 (−28.99)
wB97XD −15.94 (−14.68) −15.41 (−14.60) −27.49 (−23.23) −32.34 (−31.45)

aValues in parentheses are zero point energy-corrected. bAll energies in kcal/mol.
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aggregate with a neighboring 5d molecule (Figure 16c). Six
molecules of 5d form a “cage” around two fullerene molecules
(Figure 16d). On the other hand, there are four closely spaced
fullerene molecules wrapped around single molecule of 5d
(Figure 16e). The closest contact between two C60 molecules
is ∼3.23 Å, with pairs of fullerenes forming a 2 × 2 ribbon
running through the crystal lattice. Overall, X-ray data on 5b·
C60 and 5d·2C60 complexes clearly suggest that the electron
density at the BODIPY core can be easily tuned to compete
with the pyrene group for noncovalent interaction with the
nanocarbon materials. Such competitive interactions can be
used to control the desired architecture in noncovalent
assemblies formed between aza-BODIPY or BODIPY
chromophores and fullerenes.
Density Functional Theory Predictions for Intermo-

lecular Complex Formation. To explore energies for the
formation of noncovalent π−π complexes between pyrene and
nanocarbon materials, we have conducted set of DFT
calculations for pyrene−pyrene, pyrene−C60, pyrene−(6,5)-
SWCNT, and pyrene−graphene assemblies (Table 4, Figures
17 and S53−S58). Because it is expected that the DFT-
predicted interaction energies for such weakly interacting
complexes should have significant dependence on the
exchange-correlation functional, we have compared two
functionals that incorporate long-range corrections (CAM-
B3LYP188 and LC-wPBE189−192) and several functionals with

dispersion corrections (B97D,193 wB97-XD,194 CAM-B3LYP-
D3,195 B3LYP-D3,195 and LC-wPBE-D3;195 Figures 17 and
S53−S58). The DFT-predicted interaction energies for
noncovalent pyrene−pyrene dimers show a clear dependence
on chosen exchange correlation functional (Table 4). Long-
range-corrected functionals predict small interaction energies
(∼1.4−1.6 kcal/mol) between two pyrene molecules, whereas
dispersion-corrected functionals predict higher interaction
energies (∼10−14 kcal/mol). In all cases, pyrene molecules
remained planar and the pyrene−pyrene complexes have
slipped-stack geometries (Figures 17 and S53−S58). Geo-
metries also remain planar for the pyrene−graphene complexes
calculated by all tested exchange-correlation functionals.
Similarly, in the case of pyrene−C60 complexes, long-range-
corrected functionals predict rather small formation energies
(∼1.4−1.9 kcal/mol), whereas dispersion-corrected func-
tionals predict much higher interaction energies (∼10−13
kcal/mol). It should be noted, however, that dispersion-
corrected functionals predict geometries of the pyrene−C60
complexes with rather short intermolecular distances, which
were not observed in the experimental X-ray structures of the
pyrene-containing compounds.196−199 No difference was
predicted by DFT when energies of complex formation for
pyrene−pyrene and pyrene−C60 pairs were compared between
exchange-correlation functionals (on average ±0.5 kcal/mol
for each pair). This similarity in energy is indicative of a lack of
preference for pyrene−C60 over pyrene−pyrene interactions
and correlates well with the experimental data. DFT-predicted
geometries and interaction energies for the pyrene−(6,5)-
SWCNT complexes exhibit the same trends as pyrene−C60
complexes. Long-range-corrected functionals predict smaller
interaction energies and planar pyrene geometries, whereas
dispersion-corrected functionals predict much higher inter-
action energies and slightly distorted pyrene geometries (Table
4, Figures 17 and S53−S58). When the complex formation
energies are compared for pyrene/(6,5)-SWCNT and pyrene/
graphene, we found no clear trend across the different
exchange-correlation functionals (Table 4). Overall, it seems
that the dispersion-corrected functionals overestimate inter-
action energies for the formation of pyrene−nanocarbon
complexes. Such a large interaction, 15−30 kcal/mol, is not
consistent with the experimental observations. The DFT
calculations predict a lack of the energetic preference for
selective pyrene−C60 noncovalent complex formation when
compared with competing pyrene−pyrene interactions, which
correlates well with the experimental X-ray crystal structure of
the 5b·C60 and 5d·2C60 systems. DFT-predicted noncovalent
complex formation energies for pyrene−(6,5)-SWCNT and
pyrene−graphene were higher, in agreement with the
experimental data. Overall, DFT calculations are indicative of
weak pyrene−nanocarbon interaction energies that are not
strong enough to either facilitate structural assembly or
photoinduced electron-transfer processes.

■ CONCLUSIONS
A synthetic strategy was demonstrated for the preparation of a
series of 1,7-dipyrene-aza-BODIPY and 1,7-dipyrene-3,5-
diferrocene-aza-BODIPY derivatives with pyrene substituents
at the β-positions of the aza-BODIPY core. The ability to tune
the electronic properties via substitution at the α-positions was
demonstrated with full structural and electronic character-
ization of new aza-BODIPY compounds 5a−e. Installation of
the β-pyrene substituents was motivated by the hypothesis that

Figure 17. Predicted geometries (a, c, e, g) and charge density
isosurfaces (b, d, f, h) of the intramolecular interaction calculated at
the LC-wPBE level of theory for pyrene−pyrene (a, b), pyrene−C60
(c, d), pyrene−(6,5)-SWCNT (e, f), and pyrene−graphene (g, h),
respectively.
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they would provide an effective intermolecular binding motif
to drive complex formation with nanocarbon-based electron
acceptors. This hypothesis was based, in part, on prior reports
of analogous applications creating intermolecular charge-
transfer complexes that appeared to spontaneously assemble
in solution.1−5,151−158 The intended relative geometry between
the two appended pyrenes in 5a−e was realized as
complementary to the curvature of fullerene and SWCNT
acceptors, supporting the potential for favorable geometric
overlap. Excited-state electron transfer from 5a−e to the
nanocarbon acceptors was shown to be downhill in Gibbs
energy. Experiments titrating nanocarbon-based acceptors into
solutions of 5a−e resulted in a significant reduction of
measured emission from 5a−e and the appearance of new
absorption features in the transient absorption following
photoexcitation, both of which are observations that have
been used to support the presence of pyrene-mediated
complexation and excited-state electron transfer in analogous
systems. However, careful accounting of the interference from
direct interaction of the nanocarbon acceptors with the
excitation light left only limited, residual evidence of weak
interactions with nanocarbon acceptors in solution. No
photoinduced electron transfer to the nanocarbon material
was observed upon selective excitation of the aza-BODIPY
chromophores in solution. Solid-state structures and DFT
predictions supported the relatively weak and somewhat
nonspecific interaction between 5a−e and the nanocarbon
acceptors. Direct comparison with the control compound
lacking pyrene substituents, 6, demonstrated no significant
enhancement in the interaction with nanocarbon acceptors
with the addition of the pyrene ligands. The pyrene
substituents were demonstrated to be ineffective as a motif
to promote and direct intermolecular complex formation with
fullerenes and SWCNTs, disproving the initial hypotheses. In
the absence of a dominant pyrene−nanocarbon-driven
association, tuning of the electron-donating groups at the α-
positions of the aza-BODIPY core was observed to play a role
in the relatively weak noncovalent complex formation between
5a−e and fullerenes. This work draws into question
conclusions that pyrenes are generally effective ligands in the
construction of organic donor−nanocarbon-based-acceptor
assemblies, and it highlights the care that must be taken
when interpreting some commonly employed approaches to
measuring complex formation.

■ EXPERIMENTAL PART
Reagents and Materials. Solvents were purified using

standard approaches: toluene and tetrahydrofuran (THF) were
dried over sodium metal, and DCM and chloroform were dried
over calcium hydride. Fullerenes C60 and C70, (6,5)-SWCNT
(95% purity), and graphene were purchased from Sigma-
Aldrich. BODIPY derivative 3,200 acetyl ferrocene,201 and
chalcones 3a,202 3b,203 3c,204 and 3d205 were prepared as
described earlier. SWCNTs were additionally purified follow-
ing the literature procedure.206

Spectroscopy Measurements. Jasco-720 and Agilent
spectrophotometers were used to collect UV−vis data.
Fluorescence spectra were recorded on a Cary Eclipse
spectrometer. Electrochemical cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) measurements were
conducted using a CH Instruments electrochemical analyzer
utilizing a three-electrode scheme with platinum working,
auxiliary, and Ag/AgCl reference electrodes. DCM was used as

a solvent, and 0.1 M solution of tetrabutylammonium
perchlorate and 0.05 M tetrabutylammonium terakis-
(pentafluorophenyl)borate (TFAB) were used as supporting
electrolytes. 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 frequency for carbons and on a Bruker Avance
instrument with a 300 MHz frequency for protons and 75
MHz frequency for carbons. Chemical shifts are reported in
parts per million (ppm) and referenced to tetramethylsilane
(Si(CH3)4) as an internal standard. 13C NMR spectra for
compounds 4a−d were not recorded because of the low
solubility. High-resolution mass spectra of compounds 4a−e
and 5a−e were recorded using a Bruker micrOTOF-Q III.
Fluorescence lifetimes were measured using time-correlated

single-photon counting (TCSPC). Samples in a 1 cm quartz
cuvette were excited with a 650 nm, 40 MHz diode laser
(Driver: Picoquant PDL 800-B; Head: Picoquant LDH-P-
470). Emission was directed through a double monochromator
(Jobin Yvon DH10), detected using an avalanche photodiode
(Picoquant MPD PDM), and time-resolved using a TimeHarp
300 TCSPC system. The instrument response of the system is
approximately 500 ps full width at half-maximum (FWHM).207

Nonemissive samples were measured with pump−probe
spectroscopy. A home-built laser system consisting of a
Ti:sapphire oscillator (powered by Spectra Physics Millennia
Pro) and regenerative amplifier (powered by Spectra Physics
Empower 15) generated 75 fs (FWHM), 0.8−1.0 mJ, 815 nm
pulses at a repetition rate of 1 kHz. A portion of this light was
directed into a home-built noncollinear optical parametric
amplifier to create excitation pulses at 640, 650, and 920 nm.
Continuum probe pulses of 420−750 and 850−1400 nm were
created by focusing a small fraction of the 815 nm light (∼20
μW) into a 2 mm sapphire window and yttrium aluminum
garnet crystal, respectively. The excitation light was polarized
at 54.7° 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). Pump and
probe pulses were focused and spatially overlapped in a 1 mm
quartz cuvette containing the sample. The probe beam
emerging from the sample was collimated, directed through a
monochromator, and detected on an array. A Princeton
Instruments SP2150i monochromator (150 lines/mm, 500 nm
blaze) with an attached 256 pixel diode array (Hamamatsu
S3902-256Q) was used for visible light. A Princeton
Instruments SP2150 monochromator (150 lines/mm, 1200
nm blaze) with an attached 256 linear pixel InGaAs diode array
(Hamamatsu G9213-256S) was used for infrared light. The
pump beam was modulated at half the laser repetition rate,
whereas the probe beam was measured for every laser pulse,
and the change in optical density, ΔOD, induced by the pump
was calculated and recorded for each pulse pair. Typically, 20
000−40 000 pulse pairs were averaged for each time point
presented in the pump−probe data. The dependence of the
ΔOD signal for pump pulse energies between 20 and 100 nJ
was found to be linear. Data shown was collected with pump
pulse energies of 60 and 120 nJ. Samples had an optical density
of <0.25 at the excitation wavelength and were held in a 1 mm
path length cell during data collection. Absorption spectra
taken before and after the pump−probe experiments were
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indistinguishable, indicating no evidence of sample degrada-
tion.
Computational Details. The starting geometries of

compounds 5a−e and 6 were optimized using a B3LYP
exchange-correlation functional.208,209 The B3LYP exchange-
correlation functional was found to result in good agreement
between calculated and experimentally determined bond
distances and angles in ferrocene-containing com-
pounds.210−215 Energy minima in optimized geometry were
confirmed by the frequency calculations (absence of the
imaginary frequencies). The solvent effect was calculated using
the polarized continuum model (PCM).216 In all calculations,
DCM was used as the solvent. In PCM-TDDFT calculations,
the first 50 states were calculated. Full-electron Wachter’s basis
set217 was utilized for iron atoms, whereas all other atoms were
modeled using the 6-311G(d)218 basis set. Gaussian 09
software was used in all calculations.219 The QMForge
program was used for molecular orbital analysis.220 In DFT
calculations on the formation energies of pyrene−pyrene,
pyrene−C60, pyrene−(6,5)-SWCNT, and pyrene−graphene
noncovalent complexes, long-range-corrected CAM-B3LYP
and LC-wPBE exchange-correlation functionals and several
functionals with dispersion correction (B97D, wB97XD CAM-
B3LYP-D3, and LC-wPBE-D3) have been tested. For pyrene−
pyrene, pyrene−C60, pyrene−(6,5)-SWCNT, and pyrene−
graphene systems, the 6-31+G(d) basis set was used for all
atoms. (6,5)-SWCNT was modeled by the 134-atom truncated
geometry with terminal hydrogen atoms located at the edges.
The length of such a (6,5)-SWCNT model was 13.568 Å,
which is sufficient for an accurate description of pyrene−(6,5)-
SWCNT interactions. Graphene was modeled by the repeated
translation of the six-membered carbon units (54 total carbon
atoms). The terminal carbon atoms in the graphene model
were terminated by hydrogens. The final model had a 14.48 ×
14.48 Å2 size, which is sufficient to model pyrene−graphene
interactions.
X-ray Crystallography. Single crystals of aza-BODIPYs

4e, 5a, 5d, and 5e and 5b·C60 and 5d·2C60 complexes suitable
for X-ray crystallographic analysis were obtained by slow
evaporation from their DCM (4e, 5a, 5d, and 5e) or DCM/
toluene (5b·C60, and 5d·2C60) solutions. X-ray diffraction data
for 5a and 5b·C60 were collected on a Rigaku RAPID II Image
Plate system using graphite-monochromated Cu Kα radiation
(λ = 1.54187 Å) at 123 K. Data for 5d, 5e, and 5d·2C60
compounds were obtained on a Bruker D8 QUEST ECO
CMOS diffractometer using graphite-monochromated Mo Kα
radiation (λ = 0.71073 Å) at 150 K. Data for 4e were obtained
on a Bruker APEX-II diffractometer using graphite-mono-
chromated Cu Kα radiation (λ = 1.54187 Å) at 150 K. All
diffractometer manipulations, including data collection, in-
tegration, and scaling, were carried out using the Bruker
APEX3 software suite. Absorption corrections were applied
using SADABS. The structures were solved by direct
methods221 (5a, 5d, 5e, 5d·2C60) or by the SuperFlip
method222,223 (5b·C60) and refined by full-matrix least-squares
refinement using Crystals for Windows224 (5a) or SHELXL-
2014/7225−227 (5b·C60, 5d, 5e, 5d·2C60) programs. No
obvious missed symmetry was reported by PLATON. All
nonhydrogen atoms were refined with anisotropic thermal
parameters. Hydrogen atoms were placed in idealized positions
and refined using a riding model. The solvent toluene molecule
in the 5b·C60 complex was found to be disordered over two
sites. In 5d·2C60, the disorder in one of two C60 molecules in

the asymmetric unit could not be satisfactorily modeled,
leading to higher than desirable thermal parameters for the
carbon sites in this unit. A “flip”-type disorder was observed for
thiophenyl side chains in 5d and 5d·2C60, wherein different
types of atoms (sulfur and carbon) occupy positions that are
close to each other. This disorder influences the thermal
parameters of the respective sulfur and carbon atoms, which
were therefore equated for each pair of disordered atoms in the
disordered rings.
Crystal data for 4e C60H39Fe2N3: molecular weight (MW) =

913.64, monoclinic, space group P21/n, a = 7.3960(4) Å, b =
45.697(3) Å, c = 12.5412(7) Å, α = 90°, β = 94.623(5)°, γ =
90o, V = 4224.82 Å3, Z = 4, μ = 5.864 mm−1, 35 657 reflections
(3810I > 2σ(I)), 2θmax = 125.54; final R1 = 0.0845, Rw (all) =
0.1494. Crystal data for 5a C52H30B1F2N3: MW = 745.64,
monoclinic, space group P21/c, a = 12.8265(2) Å, b =
20.1233(4) Å, c = 14.4166(10) Å, α = 90°, β = 105.552(7)°, γ
= 90°, V = 3584.9(2) Å3, Z = 4, μ = 0.697 mm−1, 12 889
reflections (1665I > 2σ(I)), 2θmax = 58.935; final R1 = 0.0782,
Rw (all) = 0.1874. Crystal data for 5b•C60 C119H36B1O2N3:
MW = 1458.28, monoclinic, space group C2/c, a = 19.7995(4)
Å, b = 47.3003(9) Å, c = 14.7939(10) Å, α = 90°, β =
106.263(7)°, γ = 90°, V = 13300.4(11) Å3, Z = 8, μ = 0.677
mm−1, 6927 reflections (3569I > 2σ(I)), 2θmax = 50.427; final
R1 = 0.1203, Rw (all) = 0.2665. Crystal data for 5d
C49H28BCl2F2N3S2: MW 842.57, monoclinic, space group
P21/c, a = 29.1647(15) Å, b = 7.7468(3) Å, c = 33.4875(16) Å,
α = 90°, β = 96.487(3)°, γ = 90°, V = 7517.5(6) Å3, Z = 8, μ =
0.337 mm−1, 12 828 reflections (6009I > 2σ(I)), 2θmax =
49.556; final R1 = 0.0966, wR2 (all) = 0.1880. Crystal data for
5d•C60 C169H26BF2N3OS2: MW = 2226.86, triclinic, space
group P1̅, a = 13.2973(10) Å, b = 16.7957(12) Å, c =
22.0745(16) Å, α = 101.739(4)°, β = 105.539(3)°, γ =
99.699(4)°, V = 4518.7(6) Å3, Z = 2, μ = 0.143 mm−1, 15 469
reflections (7504I > 2σ(I)), 2θmax = 49.658; final R1 = 0.1075,
wR2 (all) = 0.2836. Crystal data for 5e C60H38BF2Fe2N3: MW
= 961.44, monoclinic, space group P21/c, a = 21.490(2) Å, b =
9.7500(10) Å, c = 19.997(2) Å, α = 90°, β = 96.947(4)°, γ =
90°, V = 4159.2(7) Å3, Z = 4, μ = 0.756 mm−1, 7127
reflections (4418I > 2σ(I)), 2θmax = 49.514; final R1 = 0.1036,
wR2 (all) = 0.2078. Additional crystallographic information for
all compounds may be found in the combined CIF included as
the Supporting Information or accessible from the Cambridge
Structural Database: CCDC-1582584 (5a), CCDC-1582586
(5d), CCDC-1582588 (5e), CCDC-1582585 (5b·C60), and
CCDC-1582587 (5d·2C60).

■ EXPERIMENTAL PROCEDURE

Compound 2e. To the solution of acetyl ferrocene (8.7
mmol, 2000 mg) and pyrenecarboxaldehyde (8.7 mmol, 2017
mg) in dry dimethylformamide (20 mL), sodium hydride (8.7
mmol, 209 mg) was added portionwise. The resulting mixture
was stirred for 5 min at room temperature and then quenched
with iced water (20 mL). The resulting precipitate was filtered,
washed with water, and dried. Yield 3600 mg (90%). 1H NMR
(300 MHz, CDCl3) δ 8.99 (d, JH,H = 15.6 Hz, 1H), 8.64 (d,
JH,H = 9.3 Hz, 1H), 8.44 (d, JH,H = 8.0 Hz, 1H), 8.26−8.21 (m,
4H), 8.16−8.02 (m, 3H), 7.44 (d, JH,H = 15.6 Hz, 1H), 5.02−
5.01 (m, 2H), 4.65−4.64 (m, 2H), 4.28 (s, 5H); 13C NMR (75
MHz, CDCl3) δ 137.73, 132.79, 131.53, 130.98, 130.38,
129.38, 128.72, 128.66, 127.50, 126.46, 126.07, 125.95, 125.49,
125.16, 124.24, 123.01, 81.03, 73.00, 70.32, 69.99.
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Compound 3a. To the solution of compound 2a (2.69
mmol, 896 mg) in nitromethane (10 mL), 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) (2.69 mmol, 410 mg)
was added. The resulting mixture was refluxed for 5 min. The
resulting colorless solution was cooled down to room
temperature and diluted with water (10 mL), and then,
methanol was added until white solid precipitated. The
product was collected by filtration, yielding 990 mg (93%) of
3a. 1H NMR (500 MHz, CDCl3) δ 8.51 (d, JH,H = 9.4 Hz,
1H), 8.23−8.20 (m, 3H), 8.17 (d, JH,H = 8.0 Hz, 1H), 8.09 (d,
JH,H = 11.6 Hz, 1H), 8.05−8.01 (m, 2H), 7.95−7.93 (m, 3H),
7.58−7.55 (m, 1H), 7.46−7.43 (m, 2H), 5.52−5.47 (m, 1H),
5.08 (dd, JH,H = 12.6, 7.0 Hz, 2H), 3.76 (dd, JH,H = 6.8, 3.1 Hz,
2H); 13C NMR (75 MHz, CDCl3) δ 197.05, 136.49, 133.74,
132.61, 131.51, 130.96, 130.87, 128.89, 128.78, 128.21, 127.90,
127.39, 126.36, 125.72, 125.49, 125.26, 122.04, 79.59, 42.15.
Compound 3b. To the solution of compound 2b (4.02

mmol, 1400 mg) in nitromethane (15 mL), DBU (4.02 mmol,
611 mg) was added. The resulting mixture was stirred for 10
min at room temperature. Then, the resulting colorless
solution was acidified with acetic acid (1 mL) and diluted
with water. The product was extracted with chloroform. The
organic layer was washed with water (2 × 40 mL) and brine
solution, dried over MgSO4, and evaporated to dryness,
yielding 1478 mg (89%) of pure 3b. 1H NMR (500 MHz,
CDCl3) δ 11.85 (s, 1H), 8.43 (d, JH,H = 9.3 Hz, 1H), 8.18−
8.14 (m, 3H), 8.11 (d, JH,H = 8.0 Hz, 1H), 8.03 (d, JH,H = 8.9
Hz, 1H), 7.99−7.95 (m, 2H), 7.86 (d, JH,H = 8.0 Hz, 1H), 7.70
(dd, JH,H = 8.1, 1.5 Hz, 1H), 7.42−7.38 (m, 1H), 6.89−6.88
(m, 1H), 6.83−6.80 (m, 1H), 5.44−5.39 (m, 1H), 4.99 (dd,
JH,H = 11.8, 6.5 Hz, 2H), 3.78 (dd, JH,H = 17.8, 6.5 Hz, 2H);
13C NMR (75 MHz, CDCl3) δ 202.73, 162.62, 136.99, 132.05,
131.47, 131.01, 130.79, 129.66, 128.87, 128.78, 127.97, 127.34,
126.40, 125.80, 125.54, 125.42, 125.26, 124.86, 123.31, 121.83,
119.25, 119.18, 118.87, 79.51, 41.53, 29.85.
Compound 3c. To the solution of compound 2c (1.82

mmol, 660 mg) in nitromethane (10 mL), DBU (1.82 mmol,
276 mg) was added. The resulting mixture was stirred for 10
min at room temperature. Then, the resulting colorless
solution was diluted with water and the product was extracted
with chloroform. The organic layer was dried over MgSO4 and
evaporated to dryness, yielding 694 mg (90%) of pure 3c. 1H
NMR (300 MHz, CDCl3) δ 8.52 (d, JH,H = 9.4 Hz, 1H), 8.23−
8.14 (m, 4H), 8.00−8.004 (m, 3H), 7.96−7.91 (m, 3H),
6.93−6.88 (m, 2H), 5.52−5.43 (m, 1H), 5.09 (dd, JH,H = 12.6,
6.8 Hz, 2H), 3.85 (s, 3H), 3.70−3.67 (m, 2H); 13C NMR (75
MHz, CDCl3) δ 195.48, 163.99, 132.84, 131.49, 130.88,
130.86, 130.51, 129.57, 128.83, 128.70, 127.83, 127.39, 126.32,
125.66, 125.44, 125.23, 124.93, 79.60, 55.68, 41.77.
Compound 3d. To the solution of compound 2d (3.50

mmol, 1193 mg) in nitromethane (15 mL). DBU (3.50 mmol,
532 mg) was added. The resulting mixture was stirred for 10
min at room temperature. Then, the resulting colorless
solution was diluted with water and the product was extracted
with chloroform. The organic layer was dried over MgSO4 and
evaporated to dryness, yielding 1281 mg (91%) of pure 3d. 1H
NMR (300 MHz, CDCl3) δ 8.50 (d, JH,H = 9.4 Hz, 1H), 8.23−
8.15 (m, 4H), 8.09−8.00 (m, 3H), 7.95 (d, JH,H = 8.0 Hz, 1H),
7.71−7.70 (m, 1H), 7.64−7.62 (m, 1H), 7.11−7.08 (m, 1H),
5.50−5.41 (m, 1H), 5.13 (dd, JH,H = 12.6, 6.9 Hz, 2H), 3.74−
3.70 (m, 2H); 13C NMR (75 MHz, CDCl3) δ 189.85, 143.61,
134.48, 132.42, 132.28, 131.47, 130.96, 130.83, 128.82, 128.78,

128.37, 127.90, 127.36, 126.35, 125.72, 125.49, 125.41, 125.24,
124.89, 123.43, 121.97, 79.40, 42.70.

Compound 3e. To the solution of compound 2e (8.10
mmol, 3580 mg) in nitromethane (25 mL), DBU (8.10 mmol,
1230 mg) was added. The resulting mixture was refluxed for 10
min. The resulting colorless solution was cooled down to room
temperature and diluted with water (20 mL), and the product
was extracted with chloroform, washed with water and brine,
dried over Na2SO4, and evaporated to dryness. Yield 3260 mg
(80%) of 3e. 1H NMR (300 MHz, CDCl3) δ 8.57 (d, JH,H =
9.4 Hz, 1H), 8.26−8.19 (m, 4H), 8.09−7.96 (m, 4H), 5.48−
5.39 (m, 1H), 5.12 (dd, JH,H = 12.6, 7.0 Hz, 2H), 4.77−4.73
(m, 2H), 4.49−4.48 (m, 2H), 4.01 (s, 5H), 3.57 (dd, JH,H =
17.5, 6.3 Hz, 2H); 13C NMR (75 MHz, CDCl3) δ 201.05,
132.89, 131.53, 130.97, 130.91, 128.95, 128.77, 127.90, 127.41,
126.36, 125.71, 125.49, 125.18, 124.97, 122.21, 79.61, 78.51,
72.73, 72.69, 69.95, 69.41, 43.11.

General Procedure for the Synthesis of Compounds
4a−e. The mixture of appropriate nitrobutanone derivative
3a−d and ammonium acetate (50 equiv) was refluxed in
ethanol or n-butanol (30 mL) for 12−24 h. After cooling to
room temperature, the precipitate was filtered, washed with
ethanol, and dried.

Compound 4a. The mixture was refluxed for 24 h. Yield
280 mg (35%). 1H NMR (500 MHz, CDCl3) δ 8.53 (d, JH,H =
9.4 Hz, 2H), 8.18 (d, JH,H = 7.6 Hz, 2H), 8.15−8.13 (m, 2H),
8.10−8.06 (m, 6H), 7.98−7.95 (m, 6H), 7.81 (d, JH,H = 8.9
Hz, 2H), 7.69 (d, JH,H = 7.6 Hz, 2H), 7.63−7.60 (m, 4H),
7.55−7.52 (m, 2H), 7.38 (s, 2H); HRMS (atmospheric
pressure chemical ionization (APCI) positive) calcd for
C52H31N3 [M + H]+: 698.2591, found 698.2575.

Compound 4b. The mixture was refluxed for 12 h. Yield
330 mg (25%). 1H NMR (300 MHz, dimethyl sulfoxide-d6) δ
8.41 (d, JH,H = 9.3 Hz, 1H), 8.26−8.25 (m, 2H), 8.22−8.18
(m, 4H), 8.12−8.05 (m, 8H), 7.81 (d, JH,H = 9.1 Hz, 2H), 7.75
(s, 1H), 7.69−7.68 (m, 1H), 7.43−7.40 (m, 2H), 7.21−7.19
(m, 2H), 7.08−7.05 (m, 2H); HRMS (APCI positive) calcd
for C52H31N3O2 [M + H]+: 730.2489, found 730.2459.

Compound 4c. The mixture was refluxed for 12 h. Yield
182 mg (27%). 1H NMR (300 MHz, CDCl3) δ 8.54 (d, JH,H =
9.3 Hz, 2H), 8.19 (d, JH,H = 7.9 Hz, 2H), 8.14−8.11 (m, 2H),
8.07−7.93 (m, 12H), 7.80 (d, JH,H = 8.9 Hz, 2H), 7.68 (d, JH,H
= 7.9 Hz, 2H), 7.29 (s, 2H), 7.14 (d, JH,H = 8.7 Hz, 4H), 3.96
(s, 6H); HRMS (APCI positive) calcd for C54H35N3O2 [M +
H]+: 758.2802, found 758.2782.

Compound 4d. The mixture was refluxed for 20 h in n-
butanol. Yield 166 mg (26%). 1H NMR (300 MHz, CDCl3) δ
8.51 (d, JH,H = 9.2 Hz, 2H), 8.16−8.12 (m, 7H), 8.08−8.03
(m, 4H), 7.99−7.95 (m, 7H), 7.80−7.77 (m, 2H), 7.71−7.70
(m, 1H), 7.68−7.65 (m, 2H), 7.60−7.58 (m, 1H); HRMS
(APCI positive) calcd for C48H27N3S2 [M + H]+: 710.1719,
found 710.1698.

Compound 4e. The mixture was refluxed for 24 h in n-
butanol under an argon atmosphere. After cooling to room
temperature, the product was filtered, washed with ethanol,
and dried. The crude product was purified by column
chromatography on Al2O3 using toluene as the solvent. The
dark violet fraction was collected and evaporated to dryness,
yielding 260 mg (15%) of pure 4e. 1H NMR (300 MHz,
CDCl3) δ 8.56 (d, JH,H = 9.3 Hz, 2H), 8.23 (d, JH,H = 8.0 Hz,
2H), 8.14 (d, JH,H = 7.4 Hz, 2H), 8.08 (d, JH,H = 6.9 Hz, 2H),
7.98−7.93 (m, 6H), 7.83 (d, JH,H = 8.9 Hz, 2H), 7.72 (d, JH,H =
8.0 Hz, 2H), 6.98 (s, 2H), 4.99 (t, JH,H = 1.9 Hz, 4H), 4.68 (t,
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JH,H = 1.9 Hz, 4H), 4.33 (s, 10H); 13C NMR (75 MHz,
CDCl3) δ 156.45, 150.41, 140.97, 131.48, 131.08, 130.65,
129.75, 129.72, 129.31, 127.59, 127.35, 127.02, 126.25, 125.84,
125.05, 125.01, 124.95, 124.72, 124.28, 119.38, 71.48, 70.52,
69.81, 67.92; HRMS (APCI positive) calcd for C60H39Fe2N3
[M + H]+: 914.1919, found 914.1889.
Compound 5a. The solution of compound 4a (0.143

mmol, 100 mg) in DCM (10 mL) was treated with N,N-
diisopropylethylamine (DIPEA) (0.717 mmol, 92 mg) and
stirred for 10 min at room temperature. Then, the solution of
BF3·Et2O (1.43 mmol, 203 mg) was added dropwise and the
mixture was stirred overnight at room temperature. Then, the
reaction mixture was slowly quenched with methanol (10 mL)
and the resulting precipitate was filtered, yielding 87 mg (81%)
of pure dye 5a. 1H NMR (500 MHz, CDCl3) δ 8.58 (d, JH,H =
9.3 Hz, 2H), 8.26 (d, JH,H = 8.0 Hz, 2H), 8.21−8.20 (m, 4H),
8.18−8.16 (m, 4H), 8.09 (d, JH,H = 9.3 Hz, 2H), 8.04−8.00
(m, 4H), 7.90−7.87 (m, 4H), 7.58−7.55 (m, 6H), 7.27 (m,
2H); 13C NMR (75 MHz, CDCl3) δ 131.87, 131.79, 131.42,
131.20, 130.95, 129.97, 129.84, 128.91, 128.44, 128.13, 127.50,
126.24, 125.78, 125.54, 125.44, 124.79, 124.55; HRMS (APCI
positive) calcd for C52H30BF2N3 [M + H]+: 746.2560, found
746.2433.
Compound 5b. The solution of compound 4b (0.137

mmol, 100 mg) in dry THF (10 mL) was treated with DIPEA
(2.05 mmol, 264 mg) and stirred for 10 min at room
temperature. Then, the solution of BF3·Et2O (2.74 mmol, 390
mg) was added dropwise and the mixture was stirred overnight
at room temperature. Then, the reaction mixture was slowly
quenched with water (20 mL) and the product was extracted
with EtOAc, dried over Na2SO4, and evaporated to dryness.
The crude product was purified by column chromatography on
silica gel using toluene as the solvent, yielding 20 mg (20%) of
pure dye 5b. 1H NMR (500 MHz, CDCl3) δ 8.68 (d, JH,H = 9.3
Hz, 2H), 8.34 (d, JH,H = 8.0 Hz, 2H), 8.22−8.18 (m, 4H), 8.16
(d, JH,H = 9.3 Hz, 2H), 8.06−7.94 (m, 10H), 7.52−7.58 (m,
2H), 7.44 (s, 2H), 7.22−7.15 (m, 4H); 13C NMR (75 MHz,
CDCl3) δ 156.08, 142.96, 133.74, 131.82, 131.45, 131.00,
129.79, 129.70, 129.11, 128.35, 128.04, 127.72, 127.51, 126.91,
126.24, 125.73, 125.55, 125.33, 125.22, 124.88, 124.77, 121.33,
120.52, 118.35; HRMS (APCI positive) calcd for
C52H28BN3O2 [M + H]+: 738.2334, found 738.2303.
Compound 5c. The solution of compound 4c (0.132 mmol,

100 mg) in DCM (10 mL) was treated with DIPEA (1.32
mmol, 170 mg) and stirred for 10 min at room temperature.
Then, the solution of BF3·Et2O (1.98 mmol, 281 mg) was
added dropwise and the mixture was stirred overnight at room
temperature. Then, the reaction mixture was slowly quenched
with methanol (10 mL) and the resulting precipitate was
filtered, yielding 90 mg (85%) of pure dye 5c. 1H NMR (500
MHz, CDCl3) δ 8.57 (d, JH,H = 9.3 Hz, 2H), 8.25−8.23 (m,
6H), 8.17−8.15 (m, 4H), 8.08 (d, JH,H = 9.3 Hz, 2H), 8.03−
7.99 (m, 4H), 7.89−7.85 (m, 4H), 7.10 (d, JH,H = 8.9 Hz, 4H),
3.93 (s, 6H); 13C NMR (75 MHz, CDCl3) δ 162.24, 132.01,
131.67, 131.42, 130.97, 129.86, 129.75, 128.24, 127.94, 127.88,
127.50, 126.16, 125.65, 125.31, 125.10, 124.81, 124.50, 124.32,
123.09, 114.58, 55.64; HRMS (APCI positive) calcd for
C54H34BF2N3O2 [M + H]+: 806.2771, found 806.2694.
Compound 5d. The solution of compound 4d (0.473

mmol, 336 mg) in DCM (20 mL) was treated with DIPEA
(4.73 mmol, 610 mg) and stirred for 10 min at room
temperature. Then, the solution of BF3·Et2O (9.46 mmol, 1.39
g) was added dropwise and the mixture was stirred overnight

at room temperature. Then, the reaction mixture was slowly
quenched with water (20 mL) and the organic layer was
washed with water, dried over Na2SO4, and evaporated to
dryness. The crude product was purified by column
chromatography using chloroform as the solvent, yielding
129 mg (36%) of pure dye 5d. 1H NMR (300 MHz, CDCl3) δ
8.54−8.51 (m, 4H), 8.21 (d, JH,H = 8.0 Hz, 2H), 8.18−8.15
(m, 4H), 8.10 (d, JH,H = 9.3 Hz, 2H), 8.03−7.98 (m, 4H),
7.89−7.83 (m, 4H), 7.72 (dd, JH,H = 5.0, 0.8 Hz, 2H), 7.39 (s,
2H), 7.37−7.34 (m, 2H); 13C NMR (75 MHz, CDCl3) δ
143.83, 134.35, 133.45, 132.12, 131.78, 131.40, 130.95, 130.11,
129.76, 129.71, 128.33, 128.07, 127.48, 127.43, 126.20, 125.71,
125.52, 125.38, 125.07, 124.77, 124.48, 123.03; HRMS (APCI
positive) calcd for C48H26BF2N3S2 [M + H]+: 758.1688, found
758.1651.

Compound 5e. The solution of compound 4d (0.109
mmol, 100 mg) in DCM (10 mL) was treated with DIPEA
(1.09 mmol, 141 mg) and stirred for 10 min at room
temperature under an argon atmosphere. Then, the solution of
BF3·Et2O (2.18 mmol, 312 mg) was added dropwise and the
mixture was stirred overnight at room temperature under an
argon atmosphere. Then, the reaction mixture was slowly
quenched with methanol (10 mL) and the resulting precipitate
was filtered, yielding 87 mg (67%) of pure dye 5e. 1H NMR
(500 MHz, CDCl3) δ 8.55 (d, J = 9.3 Hz, 2H), 8.29 (d, J = 8.0
Hz, 2H), 8.17 (d, J = 7.6 Hz, 4H), 8.11 (d, J = 9.3 Hz, 2H),
8.03−7.99 (m, 4H), 7.91−7.88 (m, 4H), 7.14 (s, 2H), 5.51−
5.50 (m, 4H), 4.90−4.89 (m, 4H), 4.35 (s, 10H); 13C NMR
(75 MHz, CDCl3) δ 131.49, 131.31, 131.03, 129.62, 129.47,
128.38, 127.93, 127.70, 127.59, 126.52, 126.12, 125.75, 125.47,
125.17, 125.12, 124.88, 124.52, 73.84, 71.53; HRMS (APCI
positive) calcd for C60H38BF2N3Fe2 [M + H]+: 962.1935,
found 962.1923.
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(171) Gonzaĺez-Rodríguez, D.; Carbonell, E.; de Miguel Rojas, G.;
Castellanos, C. A.; Guldi, D. M.; Torres, T. Activating Multistep
Charge-Transfer Processes in Fullerene−Subphthalocyanine−Ferro-
cene Molecular Hybrids as a Function of π−π Orbital Overlap. J. Am.
Chem. Soc. 2010, 132, 16488−16500.
(172) Cantu, R.; Gobeze, H. B.; D’Souza, F. Synthesis and
Pho to chem i c a l S t ud i e s o f a T r i s (4 - I odophenoxy ) -
Subphthalocyaninato Boron(III)-Fulleropyrrolidine Dyad. J. Porphyr-
ins Phthalocyanines 2016, 20, 987−996.
(173) KC, C. B.; Lim, G. N.; D’Souza, F. Tuning Optical and
Electron Donor Properties by Peripheral Thio−Aryl Substitution of
Subphthalocyanine: A New Series of Donor−Acceptor Hybrids for
Photoinduced Charge Separation. Chem. − Eur. J. 2016, 22, 13301−
13311.
(174) Mutolo, K. L.; Mayo, E. I.; Rand, B. P.; Forrest, S. R.;
Thompson, M. E. Enhanced Open-Circuit Voltage in Subphthalo-
cyanine/C60 Organic Photovoltaic Cells. J. Am. Chem. Soc. 2006, 128,
8108−8109.
(175) Ma, Z.; Liu, S.; Hu, S.; Yu, J. Highly Efficient Tandem Organic
Light-Emitting Diodes Based on SubPc:C60 Bulk Heterojunction as
Charge Generation Layer. J. Lumin. 2016, 169, 29−34.
(176) Morris, S. E.; Shtein, M. High Efficiency Organic Photovoltaic
Cells Based on Inverted SubPc/C60/ITO Cascade Junctions. Org.
Electron. 2014, 15, 3795−3799.
(177) Credgington, D.; Liu, S.-W.; Nelson, J.; Durrant, J. R. In Situ
Measurement of Energy Level Shifts and Recombination Rates in
Subphthalocyanine/C60 Bilayer Solar Cells. J. Phys. Chem. C 2014,
118, 22858−22864.
(178) Su, W.-C.; Lee, C.-C.; Liu, S.-W.; Lin, C.-F.; Chou, C.-C.;
Huang, B.-Y.; Cheng, C.-W. Improving the Performance of
Subphthalocyanine/C60 Planar Heterojunction Organic Photovoltaic
Device Through the Insertion of Molybdenum Oxide Anodic Buffer.
Jpn. J. Appl. Phys. 2014, 53, No. 03CE02.
(179) Kim, J. Y.; Kwak, J.; Noh, S.; Lee, C. Enhanced Performance
of SubPC/C60 Solar Cells by Annealing and Modifying Surface
Morphology. J. Nanosci. Nanotechnol. 2012, 12, 5724−5727.
(180) Josey, D. S.; Nyikos, S. R.; Garner, R. K.; Dovijarski, A.;
Castrucci, J. S.; Wang, J. M.; Evans, G. J.; Bender, T. P. Outdoor
Performance and Stability of Boron Subphthalocyanines Applied as
Electron Acceptors in Fullerene-Free Organic Photovoltaics. ACS
Energy Lett. 2017, 2, 726−732.
(181) Duan, C.; Zango, G.; Iglesias, M. G.; Colberts, F. J. M.;
Wienk, M. M.; Martinez-Diaz, M. V.; Janssen, R. A. J.; Torres, T. The
Role of the Axial Substituent in Subphthalocyanine Acceptors for
Bulk-Heterojunction Solar Cells. Angew. Chem., Int. Ed. 2017, 56,
148−152.
(182) Castrucci, J. S.; Josey, D. S.; Thibau, E.; Lu, Z.-H.; Bender, T.
P. Boron Subphthalocyanines as Triplet Harvesting Materials within
Organic Photovoltaics. J. Phys. Chem. Lett. 2015, 6, 3121−3125.
(183) Wilcox, D. E.; Lee, M. H.; Sykes, M. E.; Niedringhaus, A.;
Geva, E.; Dunietz, B. D.; Shtein, M.; Ogilvie, J. P. Ultrafast Charge-
Transfer Dynamics at the Boron Subphthalocyanine Chloride/C60

Heterojunction: Comparison between Experiment and Theory. J.
Phys. Chem. Lett. 2015, 6, 569−575.
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