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ABSTRACT: A high-potential supramolecular triad (TPE-AlPor
← Im-C60) composed of aluminum(III) porphyrin (AlPor),
fullerene (C 60 ), and tetraphenylethylene (TPE) has been
constructed. The fullerene and tetraphenylethylene units are
bound axially to opposite faces of the porphyrin plane via
coordination and covalent bonds, respectively. The ground and
excited-state properties of the triad and reference dyads are studied
using steady-state and time-resolved spectroscopic techniques. The
transient data show that photoexcitation results in charge separation
from tetraphenylethylene to the excited singlet state of the
porphyrin (1AlPor*), generating a high-energy (2.14 eV) chargeseparated state, (TPE)•+-(AlPor)•−, in toluene. A subsequent
electron migration from the AlPor−• to fullerene generates a
second high-energy (1.78 eV) charge-separated state (TPE)•+-AlPor ← Im-(C60)•−. The lifetime of the charge separation is
about 25 ns. The high energy stored in the form of charge-separated states along with their reasonable lifetimes makes these
donor−acceptor systems potential electron-transporting catalysts to carry out energy-demanding photochemical reactions,
especially in artiﬁcial photosynthesis for conversion of solar energy into chemical energy.

■

INTRODUCTION

a series, that is, by a Z-scheme design, where the PSI and PSII
are operated by two diﬀerent photons.
There has been a great progress in mimicking and modeling
the various components of the natural photosystem using
artiﬁcial donor−acceptor (D−A) systems. In this context,
many elegant porphyrin-based donor−acceptor systems have
been reported in the literature.14−18,15,19−31 These reported
model compounds not only revealed the intricate details of
photoinduced energy and electron transfer processes but also
provided design principles to achieve stable radical pairs with
high eﬃciency and quantum yields by multistep electron
transfer. One of the strategies used in these donor−acceptor
systems is the incorporation of multiple electron donor units
with a redox gradient, that is, the later electron donor would
have lower oxidation potential than that of the former electron
donor.32−35 Such a design principle ensures sequential electron

One of the major challenges humanity faces at the present time
is ﬁnding a clean and renewable energy source.1−3 This is due
to the nonrenewable nature of fossil fuel resources and the
environmental problems associated with them. One promising
way to address this is by developing artiﬁcial photosynthetic
systems, which convert solar energy into chemical energy or
electricity.4−10 The design of artiﬁcial photosystems can be
guided by the key steps of natural photosynthesis, such as the
eﬃcient capture of visible light and the electron/hole
separation through the electron transfer process to give
energy-rich charge-separated states with longer lifetimes. One
of the crucial components in photosynthesis is the reaction
center complex, which generates a long-lived charge-separated
state with suﬃcient energy to perform the water oxidation and
CO2 reduction reactions.3,11−13 The long-lived chargeseparated state (CS) is achieved by a cascade of electron
transfer processes through a variety of redox centers, whereas
the high energy required for the CS state is accomplished by
integrating photosystem I (PSI) and photosystem II (PSII) in
© 2018 American Chemical Society
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Scheme 1. Synthesis of the Dyad TPE-AlPor and Reference Compound AlPor-Pha

a

Reaction conditions: (i) Reﬂux in dry toluene for 12 h under N2.

resides in the same region of space as the axial ligands,
increasing the electronic coupling between the excited state of
the porphyrin and the acceptor and thus promoting electron
transfer. The TPE derivative has been selected as a primary
electron donor due to its moderate oxidation potentials as well
as due to the fact that its ﬁrst oxidation potential is close to
that of the AlPor, it is expected to generate high-energy chargeseparated states if it is coupled with AlPor through the
reductive electron transfer process. The ether linkage was
chosen between AlPor and TPE, which keeps the two redox
components in close proximity, which may eventually help to
increase the orbital overlap to promote the anticipated electron
transfer. To stabilize the ﬁrst radical pair, a well-known
secondary electron acceptor fullerene (C60) was chosen.52−54
Initially, the axial bonding ability of AlPor was exploited to
construct the dyad AlPor-TPE. Later, the Lewis acid−base
interactions, between the Al center of AlPor and N atom of the
imidazole of C60-Im, were employed to construct the triad
molecule, TPE-AlPor ← Im-C60. The newly designed and
synthesized compounds have been fully characterized by
steady-state spectroscopic techniques, and their optical properties have been investigated using transient spectroscopic
methods. We have also used density functional theory
(DFT) calculations to elucidate and model the observed
properties. Time-resolved studies have shown that these
compounds undergo photoinduced electron transfer processes.
In the TPE-AlPor dyad, AlPor serves as an electron acceptor to
the TPE. In the case of triad TPE-AlPor ← Im-C60, initially
electron transfer occurs from TPE to AlPor followed by
electron migration to C60, which ultimately results in (TPE)•+AlPor ← Im-(C60)•−. We will show that the charge-separated
states, AlPor−•-TPE+• and (TPE)•+-AlPor ← Im-(C60)•−, have

transfer processes. However, relatively less attention has been
paid toward the design and construction of donor−acceptor
systems where high-energy charge-separated states can be
produced in high quantum yields with suﬃcient lifetimes.33,36−38 In fact, the energy of the charge-separated state
is as crucial as its lifetime because without enough potential
energy it is not feasible to drive the catalytic processes in
artiﬁcial photosynthetic systems, for example, water oxidation
requires a potential of at least 1.23 V. Therefore, there is a
great deal of interest in such donor−acceptor systems, and
they could prove ideal candidates for solar energy conversion
and storage applications. From this perspective, here we report
a new dyad (TPE-AlPor) and triad (TPE-AlPor ← Im-C60),
using aluminum(III) porphyrin (AlPor) in combination with
tetraphenylethylene (TPE) and fullerene (C60). Similar to
most of the other model compounds, we have chosen
porphyrin as a photosensitizer because it absorbs strongly in
the visible region, is often highly ﬂuorescent, and not only has
rich redox chemistry but also its optical and redox properties
are easily tunable. Among porphyrins, aluminum(III) porphyrins (AlPor) are unique because of the following characteristics:
(i) they form axial covalent bonds with alcohols and carboxylic
acids to form a 5-coordinate metal center, (ii) as a Lewis acid,
they have a sixth coordination site available for binding Lewis
bases, such as pyridine and imidazole, and (iii) they have
moderate redox potentials, which make them a primary donor
and/or acceptor.39−51 These properties make Al(III) porphyrin an excellent candidate for preparation of “axial-bonding”type multicomponent D−A systems where the photoinduced
processes (energy and electron transfer) are perpendicular to
the porphyrin plane, a crucial factor that maximizes the spatial
separation of the charges produced by the electron transfer.46−48,50,51 In addition, the π* orbital of the porphyrin
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Scheme 2. Formation of (a) Triad TPE-AlPor ← Im-C60 and (b) Dyad Ph-AlPor ← Im-C60 in Solution

in Scheme 1. The Lewis acid−base interactions were
employed to construct the dyad Ph-AlPor ← Im-C60 and its
corresponding supramolecular triad TPE-AlPor ← Im-C60,
Scheme 2. Synthesis of precursor compounds, TPE-OH and
C60-Im, is reported elsewhere.32,55
Preparation of TPE-AlPor. A mixture of AlPor-OH (100
mg, 0.152 mmol) and TPE-OH (54 mg, 0.152 mmol) in 30
mL of dry toluene was reﬂuxed for 12 h under a nitrogen
atmosphere. The solvent was evaporated, and the obtained
solid was dissolved in dichloromethane. The resulting solution
was dried over anhydrous Na2SO4 and evaporated to dryness.
The solid was washed with boiling hexane to get the desired
product in a pure form. Yield: 138 mg (92%). ESI MS: m/z

high energies as well as the stabilization of former chargeseparated state by the secondary electron acceptor (C60).

■

EXPERIMENTAL SECTION
Synthesis. All of the chemicals and solvents were obtained
from Sigma-Aldrich, VWR, or Fisher Chemicals and were used
as received. Chromatographic materials were procured from
Sigma-Aldrich or SiliCycle Inc. The precursor porphyrins such
as 5,10,15,20-tetraphenylporphyrin (H2Por) and its Al(III)
derivative 5,10,15,20-tetraphenylporphyrinatoaluminum(III)
hydroxide (AlPor-OH) were synthesized according to the
literature procedures.49,50 The details of synthesis of the dyad
TPE-AlPor and its reference compound AlPor-Ph are given
133
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986.3091 for [M]+, calculated 986.3560 for C70H47AlN4O;
639.1785 for [M − (O-TPE)]+. 1H NMR (CDCl3): δ, ppm
9.02 (s, 8H), 8.13 (d, 8H, J = 7.3 Hz), 7.76 (m, 12H), 7.09 (m,
2H), 7.02 (m, 2H), 6.96 (m, 4H), 6.76 (m, 2H), 6.63 (m, 3H),
6.47 (m, 2H), 5.48 (d, 2H, J = 9.0 Hz), 2.24 (d, 2H, J = 9.0
Hz).
Preparation of AlPor-Ph. A solution of AlPor-OH (100
mg, 0.152 mmol) and phenol (15 mg, 0.152 mmol) was
dissolved in 30 mL of dry toluene, and the resulting solution
was reﬂuxed for 12 h under a nitrogen atmosphere. The
product was puriﬁed in a manner analogous to that described
above for AlPor-TPE. Yield: 95 mg (85%). ESI MS: m/z
639.1789 for [M − (O-Ph)]+. 1H NMR (CDCl3): δ, ppm 9.05
(s, 8H), 8.16 (d, 8H, J = 7.6 Hz), 7.78 (m, 12H), 5.83 (m,
3H), 2.44 (d, 2H, J = 6.5 Hz).

energy calculations of the minimum structures in an implicit
dichloromethane polarizable continuum model59 were performed to determine solvated orbital energies. These
calculations were used as part of a thermodynamic cycle to
calculate redox potentials for the structures according to a
previously established method.60 Linear-response time-dependent DFT calculations61 were performed with CAMB3LYP62 to obtain the 30 lowest-energy singlet electronic
transitions for the molecules. All calculations were performed
using the Gaussian09 software package.63 Orbital isosurfaces
are shown with an isovalue of 0.02. Natural transition orbital
(NTO) analysis64 was used to visualize the calculated
electronic transitions using a single pair of orbitals, from an
excited “particle” to an empty “hole”.
Femtosecond Laser Flash Photolysis. Femtosecond
transient absorption spectroscopy experiments were performed
using an ultrafast femtosecond laser source (Libra) by
Coherent incorporating a diode-pumped, mode-locked Ti:Sapphire laser (Vitesse) and a diode-pumped intracavity doubled
Nd:YLF laser (Evolution) to generate a compressed laser
output of 1.45 W. For optical detection, a Helios transient
absorption spectrometer coupled with a femtosecond harmonics generator, both provided by Ultrafast Systems LLC, was
used. The sources for the pump and probe pulses were derived
from the fundamental output of Libra (compressed output,
1.45 W; pulse width, 100 fs) at a repetition rate of 1 kHz.
Then, 95% of the fundamental output (95%) of the laser was
introduced into a TOPAS-Prime-OPA system with 290−2600
nm tuning range from Altos Photonics Inc. (Bozeman, MT),
whereas the rest of the output was used for generation of white
light continuum. In the present study, the second harmonic
400 nm excitation pump was used in all of the experiments.
Kinetic traces at appropriate wavelengths were assembled from
the time-resolved spectral data. Data analysis was performed
using Surface Xplorer software supplied by Ultrafast Systems.
All measurements were conducted in degassed solutions at 298
K.

■

METHODS
NMR and Mass Spectroscopy. NMR spectra were
recorded with Bruker Avance (300 MHz), or Varian (500
MHz) NMR spectrometer using CDCl3 as the solvent. ESI
mass spectra were recorded on a Bruker MicroTOF-III mass
spectrometer.
Electrochemistry. Cyclic voltammetric experiments (dichloromethane, 0.1 M tetrabutylammonium perchlorate
(TBAP)) were performed on a BASi Epsilon electrochemical
analyzer (working electrode: platinum, auxiliary electrodes: Pt
wire; reference electrode: Ag/AgCl). The Fc+/Fc (Fc =
ferrocene, E1/2(Fc+/Fc) = 0.48 V vs SCE in CH2Cl2, 0.1 M
TBAP under our experimental conditions) redox couple was
used to calibrate the potentials.
Steady-State Spectroscopy. UV-visible spectra were
recorded with an Agilent Cary 100 UV−VIS spectrometer.
The concentration of the samples solutions used for these
measurements ranged from 1 × 10−6 M (porphyrin Soret
band) to 5 × 10−5 M (Q-bands). Steady-state ﬂuorescence
spectra were recorded using a Photon Technologies International Quanta Master 8075-11 spectroﬂuorimeter, equipped
with a 75 W xenon lamp, running with FelixGX software.
Titrations. Absorption titrations were carried out in dry odichlorobenzene (o-DCB) at a concentration of 4.0 × 10−6 M
appropriate for measuring the porphyrin Soret band. A
solution containing the donor (D = TPE-AlPor or AlPor-Ph)
was placed in a cuvette and titrated by adding aliquots of a
concentrated solution of the acceptor (A = C60-Im or 1methylimidazole (Me-Im)). The acceptor solution also
contained the donor at its initial concentration so that the
porphyrin concentration remained constant throughout the
titration. The binding constants were calculated using the
Benesi−Hildebrand equation,56 [D]/Abs = (1/[A])(1/εK) +
(1/ε), where [D] is the total concentration of the bound and
unbound donor and is kept ﬁxed, Abs is the absorption of
complex at the wavelength λ, [A] is the total concentration of
the acceptor which is varied, K is the binding constant, and ε is
the molar absorptivity of the D−A complex. In an analogous
manner, steady-state ﬂuorescence titrations were carried out in
dry o-DCB using solutions at a constant concentration of D
and varying the concentration of A. The solutions were excited
at the isosbestic point wavelength, which was obtained from
the corresponding absorption titrations.
Calculations. Density function theory (DFT) was used to
optimize the structures at the B3LYP57/def2SVP58 level of
theory. Frequency calculations were performed to verify that
the obtained minimum geometry was stable. Single-point

■

RESULTS AND DISCUSSION
Synthesis and Characterization. The synthesis and
construction of dyads and triad are shown in Schemes 1 and
2. Aluminum(III) porphyrins are well known to form two axial
bonds: (i) an axial Al−O bond through condensation with
alcohols and (ii) an axial bond Al−X (X = N and O atom)
through Lewis acid−base interactions.46−51 These unique
properties of aluminum(III) porphyrin were exploited to
construct the investigated dyads (TPE-AlPor and Ph-AlPor ←
Im-C60) and triad (TPE-AlPor ← Im-C60). Initially, the dyad
TPE-AlPor was prepared by condensation of 5,10,15,20tetraphenylporphyrinatoaluminum(III) hydroxide (AlPorOH) with TPE-OH in quantitative yield (see Scheme 1).
The Al center in the dyad, TPE-AlPor, acts as a Lewis acid;
therefore, an imidazole-appended fullerene (C60-Im) Lewis
base was employed to construct a supramolecular triad TPEAlPor ← Im-C60 (see Scheme 2a). A similar strategy was used
to construct the dyad Ph-AlPor ← Im-C60 starting from the
reference compound AlPor-Ph (see Scheme 2b). The mass
(ESI) spectra of dyad TPE-AlPor showed a low-intensity peak
ascribable to the parent M+ ion (see Figure S1). However, the
peaks due to those fragments obtained upon elimination of the
axial ligand of TPE-AlPor and Ph-AlPor were found to be
intense. The 1H NMR spectra of dyad TPE-AlPor and
unbound TPE-OH are shown in Figure S2, and the data is
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Figure 1. (a) UV−visible absorption spectra of TPE-AlPor (red) and its reference compounds AlPor-Ph (black), TPE-OH (green), and C60-Im
(blue) in dichloromethane. (b) Fluorescence spectra of TPE-AlPor (dashed line) and AlPor-Ph (solid line), red spectra in dichloromethane and
blue spectra in toluene; excitation wavelength was 550 nm.

Table 1. UV−Visible, Fluorescence, and Redox Data of Investigated Compounds in Dichloromethane
absorption, λmax [nm] (log (ε [M−1 cm−1]))

potential [V vs SCE]
sample

oxidation

reduction

B-band

Q-band

TPE-AlPor
AlPor-Ph
C60-Ima
TPE-OH

0.93, 1.17
0.95, 1.19

−1.21, −1.61
−1.21, −1.61
−0.65, −1.03, −1.57

415 (5.51)
415 (5.58)

509 (3.31), 547 (4.13), 586 (3.30)
509 (3.45), 546 (4.23), 585 (3.42)

axial ligand
309 (4.25)

ﬂuorescence, λexc = 550 nm
λmax, nm
593, 643
593, 645

255 (5.25), 308 (4.73)
310 (4.11)

1.13

a

Measured in o-DCB, 0.1 M TBA·ClO4.32

Figure 2. Absorption titrations of (a) TPE-AlPor with C60-Im. C60-Im was added up to 6.7 × 10−5 M in 40 μL (8.5 × 10−6 M) increments to 1 mL
(4.0 × 10−6 M) solution of TPE-AlPor; the inset shows the Benesi−Hildebrand plot of the change of absorbance at 430 nm. (b) AlPor-Ph with
C60-Im. C60-Im was added up to 9.7 × 10−5 M in 20 μL (7.8 × 10−6 M) increments to 1 mL (4.0 × 10−6 M) solution of AlPor-Ph; the inset shows
the Benesi−Hildebrand plot of the change of absorbance at 429 nm. All titrations were performed in o-DCB.

summarized in the experimental section. As seen from Figure
S2, the resonance positions of the protons a and b (see Scheme
1 for labels) on the bridging phenyl are quite diﬀerent from
those of corresponding protons in unbound TPE-OH. The
ortho and meta (with respect to the hydroxy group) protons of
the unbound TPE unit resonate at 6.57 and 6.90 ppm,
respectively. The same protons in the dyad TPE-AlPor now
resonate in the upﬁeld region, that is, at 2.25 and 5.48 ppm,
respectively, because of the ring current eﬀect exerted by the

aluminum(III) porphyrin. The ortho protons experience great
shift because they are much closer to the porphyrin ring
compared to the meta protons. Similar shielding eﬀects were
revealed on the remaining protons of TPE. However, their
chemical shift depends on the distance between the proton and
the porphyrin ring.
Figure S3 shows the 1H NMR spectra of a 1:1 ratio of C60Im and TPE-AlPor (black) along with the individual spectra of
TPE-AlPor (red) and C60-Im (blue). In the coordination
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Figure 3. DFT-calculated frontier orbitals of the dyad TPE-AlPor (top) and the triad TPE-AlPor ← Im-C60 (bottom).

nitrogen ligands to AlPors. Benesi−Hildebrand analysis56
(Figure 2a, inset) gives a linear plot, indicating that a 1:1
complex is formed, and the slope yields a binding constant K =
2.5 × 104 M−1. Together with NMR and absorption titrations,
formation of the triad TPE-AlPor ← Im-C60 in solution was
established. Similar absorption changes were observed from
control titration experiments, i.e., TPE-AlPor with Me-Im
(Figure S4, K = 4.0 × 104 M−1), AlPor-Ph with C60-Im (Figure
2b, K = 3.6 × 104 M−1), and AlPor-Ph with Me-Im (Figure S5,
K = 4.5 × 104 M−1).
Density Functional Theory Calculations. To obtain
further insights into the electronic interactions between the
components of the dyad and triad, density functional theory
calculations were performed to optimize the relevant
structures, characterize their frontier orbitals, and simulate
UV−vis spectra (details of computational procedures are given
in the Experimental Section); see Figures 3 and 4. The
calculated spectra show strong agreement with the experimental results in terms of both peak positions and relative
intensities between AlPor-Ph and TPE-AlP, Figure 4. Of
particular interest in this study is the transition at 550 nm, as

complex (see the black spectrum), shielding due to the
porphyrin ring causes an upﬁeld shift of the C60-Im protons on
the imidazole unit, bridging phenyl group, and the ﬁve
membered ring that is attached to the fullerene unit. The
magnitude of the shift depends on the distance of the protons
from the porphyrin ring; therefore, the imidazole protons
display the greatest shift, indicating that coordination occurs
via the imidazole group. These chemical shifts conﬁrm the
formation of supramolecular triad TPE-AlPor ← Im-C60 in the
solution. On the phenoxy bridging group, the protons a and b
closest to the porphyrin ring show an increased upﬁeld shift
upon coordination, suggesting that the aluminum(III) center
lies out of the porphyrin plane in TPE-AlPor and is pulled into
the plane when Im-C60 coordinates.
Absorption Spectroscopy. The UV−visible spectra of the
dyad TPE-AlPor and its reference compounds (AlPor-Ph and
TPE-OH) were measured in dichloromethane and are shown
in Figure 1a. The band positions (Q-band and B- or Soret
band) and their molar extinction coeﬃcients (ε) are
summarized in Table 1. The absorption spectrum of the
dyad is essentially a linear combination of its reference
porphyrins. Furthermore, the band positions and molar
extinction coeﬃcients (ε) of the dyad are similar to those of
corresponding monomer porphyrins. Overall, the absorption
studies suggest that there exist no or weak interactions between
the basal porphyrin (AlPor) and axial unit (TPE). The
imidazole-appended acceptor, C60-Im, has a broad absorption
band in the ultraviolet region, Figure 1a.
To complement the TPE-AlPor ← Im-C60 triad formation in
a solution, absorption titrations were performed. Figure 2a
shows the formation of the triad TPE-AlPor ← Im-C60 in oDCB and was monitored by absorption titrations. Upon
addition of C60-Im, the porphyrin B-band and Q-bands were
shifted from 418, 546, and 588 nm to 422, 561, and 600 nm,
respectively. Isosbestic points were observed at 422 and 555
nm, indicating the formation of TPE-AlPor ← Im-C60. The
shifts in the porphyrin bands are typical of axial coordination of

Figure 4. DFT-calculated absorption proﬁles of TPE-AlPor (red) and
AlPor-Ph (black).
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of the traces of the AlPor-Ph and TPE-OH references. Hence,
the observed two reduction processes at −1.21 and −1.61 V
are assigned to the ﬁrst and second reduction of the AlPor unit.
During the anodic scan, two processes, at 0.93 and 1.17 V,
were observed. Based on reference compounds, the ﬁrst observed oxidation is assigned to the ﬁrst oxidation of AlPor,
whereas the second process is a combination of second
oxidation of AlPor and ﬁrst oxidation of TPE units. The redox
processes of AlPor are found to be one-electron reversible on
the basis of the peak-to-peak separation values and the
cathodic-to-anodic peak current ratio. However, the oxidation
process of TPE could be irreversible or quasi-reversible.
Furthermore, the observed processes appeared without any
perturbation in their redox potentials, suggesting that the axial
TPE/Ph unit does not have signiﬁcant inﬂuence because of
weak coupling induced by the perpendicular orientation of the
linker and porphyrin π-systems. The redox potentials of C60-Im
were adapted from the literature,32 which showed three
processes, −0.65, −1.03, −1.57, corresponding to the
consecutive reductions of its C60 moiety.
From the electrochemistry studies, it was revealed that the
ﬁrst oxidation of TPE is overlapped with the second oxidation
of AlPor; therefore, for the better estimation of the chargeseparated state energy, we have used the reference TPE
oxidation potential, 1.13 V, in our calculations. For AlPor,
potentials 0.95 V and −1.21 V are chosen as the ﬁrst oxidation
and ﬁrst reduction processes, respectively. The potential of
−0.65 V was selected as the ﬁrst reduction process for the C60
moiety. The energy of the charge-separated states (ECS) and
the free-energy changes for charge separation (ΔGCS) are given
by eqs 1 and 265,66

this is the excitation wavelength used in the transient
absorption studies. Natural transition orbital (NTO) analysis
shows that in the TPE-AlPor molecule this transition originates
on the porphyrin core and the excited state is localized to the
porphyrin core as well (Figure S6). This helps explain why
such small diﬀerences are observed in the UV−vis spectra of
AlPor-Ph and TPE-AlPor, despite the electron-donating eﬀects
of TPE. Examination of the frontier orbitals of TPE-AlPor
shows that the highest occupied molecule orbital (HOMO) is
localized to the TPE group, which is expected given the nature
of the TPE adduct. Moreover, a close inspection reveals that
the HOMO of TPE is predominantly localized on the bridging
phenyl group. The HOMO−1, lowest unoccupied molecular
orbital (LUMO), and LUMO+1 are all localized to the
porphyrin ring and are primary contributors to the transition at
550 nm. Examination of the frontier orbitals of the triad
structures shows that the HOMO and HOMO−1 of the dyad
and triad are qualitatively similar, further indicating the extent
of electronic decoupling between the C60 and TPE moieties
in the triad, as seen in Figure 3. The DFT calculations also give
insights into the structures. The radii of TPE, AlPor, and C60
are found to be about 6.2, 8.8, and 3.6 Å, whereas the centerto-center distances in the dyads TPE-AlPor and Ph-AlPor ←
Im-C60 and the triad TPE-AlPor ← Im-C60 are estimated to be
7.5, 15.5, and 22 Å, respectively.
Electrochemistry and Energetics. Redox potentials of
the newly synthesized compounds were measured in 0.1 M
TBA·ClO4 dichloromethane with ferrocene as an internal
standard. Representative voltammograms are shown in Figure
5, and the data is summarized in Table 1. The voltammogram
of the dyad TPE-AlPor (Figure 5, bottom) is essentially a sum

ox
red
ECS = E1/2
(donor) − E1/2
(acceptor) + GS

(1)

ΔGCS = ECS − E0 − 0

(2)
47

where E0−0 is the singlet-state energy of AlPor (2.14 eV). GS
is the ion-pair stabilization and incorporates both the solventdependent Coulomb energy change upon ion-pair formation
and recombination and the free energy of solvation of the ions,
eq 3
GS = e 2 /(4πε0)[(1/(2R+) + 1/(2R −) − 1/RD − A )1/εS
− (1/(2R+) + 1/(2R −))1/εR ]

(3)

where R+, R−, and RD−A are the donor radius, acceptor radius,
and the center-to-center distance between the donor and
acceptor, respectively. εS is the dielectric constant of the
solvent used for photophysical studies (8.9 and 2.4 for
dichloromethane and toluene, respectively). εR is the dielectric
constant of the solvent used for measuring the redox potentials,
in this case, dichloromethane. Using the radii from the DFT
calculations, GS values of −0.22 and −0.20 eV for TPE•+AlPor•− in dichloromethane and toluene, respectively, are
obtained. It should be noted that the Coulomb term (GS) was
ignored for Ph-(AlPor)•+ ← Im-(C60)•− and triad (TPE)•+AlPor ← Im-(C60)•− species because of the relatively large
RD−A values.34,35 Using the energies obtained from the optical
and electrochemical data, the energy-level diagram was
constructed for the dyads and triads in dichloromethane
(Figure S7) and toluene (Figure 6). It appears that the AlPor
singlet is excited and the TPE•+-AlPor•− charge-separated
states are very close in energy, which suggests that the
photoinduced reductive electron transfer from TPE to 1AlPor*

Figure 5. Cyclic voltammograms of TPE-OH (red) (green:
diﬀerential voltammogram), AlPor-Ph (blue), and TPE-AlPor
(maroon) with 0.1 M TBA·ClO4 in dichloromethane. The experiments were measured with ferrocene (voltammogram at 0.48 vs SCE)
as an internal standard. The scan rate is 100 mV/s.
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out as a quenching mechanism because the spectral overlap
between AlPor emission and TPE absorption is essentially
zero. On the other hand, the redox data (see Table 1) suggest
that TPE•+-AlPor•− is nearly isoenergetic with 1AlPor* in
dichloromethane and toluene solvents. Hence, the observed
quenching is more likely due to reductive electron transfer
from TPE to 1AlPor*.
To examine the inﬂuence of C60-Im on the 1AlPor* state,
the dyad TPE-AlPor was titrated with C60-Im (see Figure 7a).
The excitation wavelength was adjusted to the isosbestic point
at 555 nm (see Figure 2a), which was obtained from
absorption studies so that the extinction coeﬃcient is the
same for each sample solution. In the absence of C60-Im, the
ﬂuorescence spectrum of AlPor-Ph shows peaks at 595 and 645
nm. Upon addition of C60-Im, a minor increase in the
ﬂuorescence followed by moderate quenching was noticed.
The revealed spectral changes conﬁrm the formation of the
triad, TPE-AlPor ← Im-C60. However, to investigate the
possible quenching mechanism, several control experiments
were carried out. When TPE-AlPor is titrated with Me-Im
(lacking C60), a red shift of the ﬂuorescence bands with an
increase in intensity (see Figure S4c) was observed. The
increase in intensity is due to changes in the intrinsic
ﬂuorescence rates as a result of structural modiﬁcations when
imidazole coordinates to the Al center. However, titration of
AlPor-Ph (lacking TPE) with C60-Im resulted in a strong
quenching of AlPor ﬂuorescence (see Figure 7b). Based on the
energy-level diagram (Figure 6), the observed strong
quenching is attributed to the intramolecular oxidative electron
transfer from 1AlPor* to C60 entity to yield Ph-(AlPor)•+ ←
(C60)•−, as the corresponding ΔGCS for this process is
estimated to be −0.54 eV. Therefore, the observed weak
ﬂuorescence quenching during the titration of TPE-AlPor vs
C60-Im is indeed due to an intramolecular oxidative electron
transfer from 1AlPor* to C60 moiety to yield TPE-(AlPor)•+ ←
Im-(C60)•−. It is important to note that the ﬂuorescence
quenching is much weaker during the titration of TPE-AlPor vs
C60-Im than AlPor-Ph vs C60-Im, suggesting that the rate of the
reductive electron transfer from TPE to 1AlPor* could be
faster than or, at least, similar to that of the oxidative electron

Figure 6. Energy-level diagram of the photo- and redox-active units
(AlPor, TPE, C60) and possible-separated states in toluene.

followed by an electron shift to C60 is exergonic in
dichloromethane and toluene solvents. On the other hand,
the oxidative electron transfer from 1AlPor* to C60 is
energetically favorable but the subsequent hole shift is an
uphill process in both solvents.
Steady-State Fluorescence Studies. The steady-state
ﬂuorescence spectra of TPE-AlPor and its reference compound
AlPor-Ph were measured in toluene and dichloromethane. The
experiments were carried out at the same concentration of
porphyrin for all samples. The spectra were measured with an
excitation wavelength of 550 nm, which excites the Q-band
transition of the porphyrin. Figure 1b shows a comparison of
the ﬂuorescence spectra of TPE-AlPor with those of its
reference compound AlPor-Ph. The spectral shapes and the
emission maxima of the dyad are essentially the same as those
of its reference compound AlPor-Ph. However, the ﬂuorescence of the dyad is strongly quenched compared to that of
the reference compound, which indicates the existence of a
new relaxation process, which is operating on the singlet
excited state of porphyrin (1AlPor*) in the presence of the
TPE entity. Singlet−singlet energy transfer can be safely ruled

Figure 7. Fluorescence titrations of (a) TPE-AlPor with C60-Im and (b) AlPor-Ph with C60-Im. For the details of solution concentrations, see
Figure 2 caption. All titrations were performed in o-DCB, and the excitation wavelength was chosen at the isosbestic point, 555 nm, which was
obtained from corresponding absorption titrations.
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Figure 8. Femtosecond transient spectra at the indicated delay time of (a) AlPor-Ph, (b) TPE-AlPor, (c) Ph-AlPor ← Im-C60, and (d) TPE-AlPor
← Im-C60 in toluene, excited at 550 nm.

bleach were found instantaneously as a result of the S0 → Sn
transition. The decay of these bands was beyond the 3 ns time
window of our instrument in accordance with the 7.88 ns
lifetime of the S1 state determined by time-correlated singlephoton counting ﬂuorescence measurements in toluene. There
was a shoulder band at 490 nm and a broad peak in the 800−
900 nm range at late times, which we tentatively assigned to
3
AlPor*. Importantly, in the near-IR region, a peak at 1240 nm
with the same decay proﬁle as that of the singlet excited state is
observed (see Figure 9c (i) for time proﬁle), suggesting that
this peak corresponds to excited singlet state absorption. Such
near-IR peaks corresponding to the singlet−singlet transition
have also been reported for other porphyrin derivatives.67
The transient spectra of the dyad TPE-AlPor, excited at 550
nm, are shown in Figure 8b. In this case, the instantaneously
formed 1AlPor* had spectral characteristics similar to those of
the control AlPor-Ph; however, the decay of the positive peaks
and recovery of the negative peaks were rapid. These
observations suggest the occurrence of excited-state events,
possibly the generation of an energetically close chargeseparated state, TPE•+-AlPor•− (see Figure 6 for energy-level
diagram). In such a case, new transient peaks corresponding to
AlPor•− and TPE•+ could be expected. To characterize the
one-electron-reduced and one-electron-oxidized products of
AlPor, spectroelectrochemical studies were performed in oDCB, as shown in Figure S8. During one-electron oxidation,
new peaks at 600, 685, 791, and 882 nm, corresponding to
AlPor•+, and during one-electron reduction, new peaks at 570,
610, and 645 nm, corresponding to AlPor•−, were observed. It
may be pointed out here that the intensities of the radical
anion peaks were much smaller than those of the neutral
species, making it diﬃcult to spectrally isolate them in the

transfer from 1AlPor* to C60 entity. Under these conditions, it
is reasonable to predict that the major part of the excited state
1
AlPor* in the triad TPE-AlPor ← Im-C60 could be quenched
by the reductive electron transfer from TPE to 1AlPor* along
with a minor oxidative electron transfer from 1AlPor* to C60
unit. Hence, two charge-separated states (TPE)•+-(AlPor)•−
← Im-C60 (major) and TPE-(AlPor)•+ ← Im-(C60)•− (minor)
are expected to be generated upon excitation of the AlPor
moiety in the triad. Based on the energy-level diagram, the
(TPE)•+-(AlPor)•− ← Im-C60 state could further undergo a
subsequent electron migration to produce (TPE)•+-AlPor ←
Im-(C60)•− as a ﬁnal charge-separated state. The free-energy
change for the electron migration (ΔGEM) was found to be
−0.34 and −0.36 eV in dichloromethane and toluene,
respectively. However, in the case of TPE-(AlPor)•+ ← Im(C60)•−, the subsequent hole shift, i.e., TPE-(AlPor)•+ ← Im(C60)•− to (TPE)•+-AlPor ← Im-(C60)•−, is unlikely to take
place because it is an uphill process (see Figures 6 and S7).
Transient Absorption Spectroscopy. Femtosecond
transient spectral studies were subsequently performed to
probe the excited-state events. Because both DCM and o-DCB
are not stable under strong laser irradiation, the transient
absorption studies were performed in toluene. The transient
spectra of the control compound AlPor-Ph, excited at 550 nm
corresponding to visible peak maxima, are shown in Figure 8a.
Immediately after excitation, a broad intense absorption
increase with a maximum at 454 nm and additional peaks at
585 and 608 nm were observed. In addition to the absorption
increase, there were negative bands at 551 nm because of the
loss of the Q-band absorbance (ground state bleach) and at
600 and 652 nm because of emission from the S1 state
(stimulated emission). The absorbance increase and Q-band
139

DOI: 10.1021/acs.jpcc.8b09500
J. Phys. Chem. C 2019, 123, 131−143

Article

The Journal of Physical Chemistry C

Figure 9. Femtosecond transient absorption spectra (a) at a delay time of 50 ps of (i) AlPor-Ph and (ii) TPE-AlPor and (b) at the delay time of 10
ps of (i) TPE-AlPor and (ii) TPE-AlPor ← Im-C60 in toluene (λex = 550 nm). The time proﬁle of (c) 1235 nm near-IR peak of (i) AlPor-Ph, (ii)
TPE-AlPor, and (iii) TPE-AlPor ← Im-C60; (d) 1235 nm near-IR peak of (i) AlPor-Ph and (ii) Ph-AlPor ← Im-C60; and (e) 1010 nm peak of (i)
Ph-AlPor ← Im-C60 and (ii) TPE-AlPor ← Im-C60.

transient spectral data. However, the counter cation, TPE•+,
has well-deﬁned broad absorption features centered at around
850 nm in the near-IR region68 and far enough to avoid
overlap with the porphyrin ground-state and excited-state
transient features; therefore, it is ideal for detection under
transient experimental conditions. However, they may overlap
with 3AlPor* absorption features between 800 and 900 nm.
Figure 9a shows the transient absorption spectrum of the
AlPor-Ph control and TPE-AlPor dyad at a delay time of 50 ps.
As anticipated, spectral features corresponding to AlPor•− and
TPE•+ are indeed observed in the range of 610−645 and 800−
1000 nm (with contributions from 3AlPor*), respectively,
providing proof of reductive electron transfer. The time
proﬁles of the near-IR band corresponding to 1AlPor* of the
control and dyad are shown in Figure 9c, and a rapid decay of
the dyad peak with a time constant of 234 ps was observed.
The rate constant for charge separation, kCS, using this time
constant and lifetime of 1AlPor* was found to be 4.16 × 109
s−1. Here, it is important to note that the HOMO of the dyad
TPE-AlPor extends onto the bridging phenoxy unit, bringing it
into proximity of the LUMO and LUMO+1, which are
localized on the AlPor entity. The resulting direct orbital
overlap could help promote electron transfer even when the
thermodynamic driving force is small (see Figure S9). This
contrasts with the triad species, which has a large physical
separation between the HOMO and HOMO−1 and the
LUMO and LUMO+1, which are located on the C60 moiety
(Figure 3). It is interesting to note that the formed chargeseparated state holds high energy (ECS = 2.14 eV); hence, it

could relax to the ground state by populating the low-lying
triplet state of 3AlPor* = 1.61 eV or could relax directly to the
ground state. A more deﬁnite absorption feature between 800
and 900 nm was evidenced in the case of TPE-AlPor than for
the reference compound, establishing relaxation of the TPE•+AlPor•− state to the triplet state of 3AlPor*.
Figure 8c shows the transient absorption spectra at diﬀerent
delay times of the supramolecular Ph-AlPor ← Im-C60 dyad,
excited at 550 nm corresponding to AlPor. From the energylevel diagram shown in Figure 6, charge separation from
1
AlPor* to generate the Ph-AlPor•+ ← Im-(C60)•− state is an
energetically favorable process as the ΔGCS for this process is
estimated to be −0.54 eV. If such a process occurs, one would
expect rapid decay of the transient peaks originating from
1
AlPor* and new transient peaks corresponding to radical ionpair species. As expected, the signature peak of (C60)•− at 1010
nm and a broad peak in the 880 nm range corresponding to
AlPor•+, which were overlapped with those of 3AlPor* in the
spectral regions, were indeed observed, thus providing
evidence of charge separation in the dyad. Figure 9d shows
the time proﬁle of AlPor with and without coordinated C60-Im.
The decay proﬁle of the Ph-AlPor ← Im-C60 dyad was
biexponential with a short-lived component of time constant of
616 ps and a long-lived component with time constant beyond
3 ns. The short-lived component was attributed to the dyad
undergoing charge separation, and the long-lived component
was attributed to unbound AlPor. The rate constant for charge
separation, kCS, using this time constant and lifetime of
1
AlPor* was found to be 1.49 × 109 s−1. To monitor charge
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between our previously reported self-assembled triads46−48,50,51 and the present triad is the nature of the linkage
between AlPor and its redox counterparts (i.e., the electron
donor and acceptor units). In earlier reported triads, the
electron acceptor was covalently linked to the central AlPor,
whereas the secondary electron donor was linked through
coordination bonding using either the pyridine or imidazole
moiety. In the present triad, the opposite is true, where the
electron donor and acceptor were linked through covalent and
coordination bonds, respectively. The steady-state and
transient absorption studies reveal that the initial charge
separation occurs between TPE and AlPor to produce the
(TPE)•+-(AlPor)•− ← Im-C60 state, which subsequently
undergoes charge shift to C60 to generate the (TPE)•+-AlPor
← Im-(C60)•− radical pair as an ultimate state with a lifetime of
about 25 ns. Remarkably, the observed charge-separated states
hold high energies, 2.14 and 1.78 eV for (TPE)•+-(AlPor)•− ←
Im-C60 and (TPE)•+-AlPor ← Im-(C60)•−, respectively.
Therefore, the studied dyad and triad could be potential
candidates in the areas of artiﬁcial photosynthesis for
producing energy-demanding light-to-fuel products. Studies
are in progress to improve the lifetimes of the investigated
donor−acceptor systems.

recombination, the decay of the (C60) peak at 1010 nm was
monitored. As shown in Figure 9e(i), the delay lasted over 3
ns.
Having established charge separation in the TPE-AlPor and
Ph-AlPor ← Im-C60 dyads, next, we focused our attention to
probe photochemical events in the TPE-AlPor ← Im-C60 triad.
There are at least two electron transfer paths originating from
1
AlPor* in the triad: ﬁrst, reductive electron transfer to yield
the (TPE)•+-(AlPor)•− ← Im-C60 charge-separated state and
second, oxidative electron transfer to yield the TPE-(AlPor)•+
← Im-(C60)•− charge-separated state. Additionally, the former
charge-separated state could undergo an electron migration to
the coordinated C60 to yield (TPE)•+-AlPor ← Im-(C60)•− as
the ultimate product. However, the later charge-separated state
is unlikely to undergo hole shift as this is an uphill process.
Due to distal separation of the positive and negative radical
ions, a long-lived charge-separated state could be envisioned.
However, due to high energy stored in (TPE)•+-AlPor ← Im(C60)•− (ECS = 1.78 eV), the charge-separated state could relax
to the ground state by populating one of the low-lying triplet
states (3AlPor* = 1.61 eV and 3(C60)* = 1.50 eV). Under such
conditions, the lifetime of (TPE)•+-AlPor ← Im-(C60)•− could
be shortened considerably.
Figure 8d shows the transient absorption spectra of the
TPE-AlPor ← Im-C60 triad at diﬀerent delay times, excited at
550 nm. The spectral features were indicative of charge
separation in the triad. That is, transient peaks corresponding
to both the radical cation and the radical anion were observed.
This is shown in Figure 9b for the TPE-AlPor dyad and the
TPE-AlPor ← Im-C60 triad at a delay time of 10 ps. For the
triad, the (C60)•− peak at 1010 nm appeared as a shoulder peak
to the broad peak in the 800−950 nm range, which was
completely missing in the case of the dyad. The decay of
1
AlPor* in the triad closely tracked that of the dyad TPE-AlPor
(see Figure 9c(iii) for time proﬁle). Assuming that it was
mainly due to reductive electron transfer, the rate constant for
charge separation, kCS, using this time constant and lifetime of
1
AlPor* was found to be 1.92 × 109 s−1, faster than that
observed for Ph-AlPor ← Im-C60. The decay proﬁles of
(C60)•− for the TPE-AlPor ← Im-C60 triad and Ph-AlPor ←
Im-C60 dyad, monitored at 1010 nm, are shown in Figure 9e.
The persistence of the (C60)•− peak beyond 3 ns suggests an
electron shift/hole transfer, resulting into the formation of the
(TPE)•+-AlPor ← Im-(C60)•− charge-separated state. Nanosecond transient absorption spectral studies did not reveal a
signal corresponding to that of (C60)•−, indicating that the
lifetime of the ﬁnal charge-separated state is less than 25 ns,
lower detection limit of our nanosecond transient setup. As
pointed out earlier, the (TPE)•+-AlPor ← Im-(C60)•− state
could relax to the ground state by populating either 3AlPor* or
3
C60*, thus promoting the charge recombination process. In
any event, although energetically not so favorable, we have
been successful in observing charge separation in the TPEAlPor dyad, which seems to also involve electron migration,
resulting in the formation of (TPE)•+-AlPor ← Im-(C60)•− as
an ultimate charge-separated state.
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