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Axially assembled photosynthetic reaction center
mimics composed of tetrathiafulvalene,
aluminum(III) porphyrin and fullerene entities

Prashanth K. Poddutoori,** Gary N. Lim,” Atula S. D. Sandanayaka,® Paul A.
Karr,! Osamu Ito,® Francis D’Souza,*" Melanie Pilkington,* Art van der Est**

The distance dependence of sequential electron transfer has been studied in six, vertical, linear
supramolecular triads, (TTF-Ph,-py—>AlPor-Ph,;-Cgp, n = 0, 1 and m = 1, 2, 3), constructed
using tetrathiafulvalene (TTF), aluminum(III) porphyrin (AlPor) and fullerene (Cgg) entities.
The Cgo and TTF units are bound to the Al center on opposite faces of the porphyrin; the Cgp
through a covalent axial bond using a benzoate spacer, and the TTF through a coordination
bond via an appended pyridine. Time-resolved optical and EPR spectroscopic methods and
computational studies are used to demonstrate that excitation of the porphyrin leads to step-
wise, sequential electron transfer (ET) between TTF and Cg, and to study the electron transfer
rates and exchange coupling between the components of the triads as a function of the bridge
lengths. Femtosecond transient absorption studies show that the rates of charge separation, kcg
are in the range of 10°-10"" s™', depending on the length of the bridges. The lifetimes of the
charge-separated state TTF'"-Cq, * obtained from transient absorbance experiments and the
singlet lifetimes of the radical pairs obtained by time-resolved EPR are in good agreement with
each other and range from 60-130 ns in the triads. The time-resolved EPR data also show that
population of the triplet sublevels of the charge-separated state in the presence of a magnetic
field leads to much longer lifetimes of >1 pus. The data show that a modest stabilization of the
charge separation lifetime occurs in the triads. The attenuation factor p = 0.36 A™' obtained
from the exchange coupling values between TTF'" and Cg, " is consistent with values reported
in the literature for oligophenylene bridged TTF-Cg, conjugates. The singlet charge
recombination lifetime shows a much weaker dependence on the distance between the donor
and acceptor, suggesting that a simple superexchange model is not sufficient to describe the
back reaction.

electron transfer steps are required to achieve long-lived charge

In photosynthesis solar energy conversion is achieved by a
multi-step electron transfer reaction in which the initial charge
separation between chlorophyll and pheophytin (or between
two chlorophyll molecules) is stabilized by a series of
subsequent electron transfer steps that separate the two
unpaired electrons.' Sequential electron transfer, as found in
photosynthetic reaction centers, is a necessary design principle
for achieving a high quantum yield of long-lived, light-induced
charge separation because the initial electron transfer step must
be fast enough to successfully compete with other decay
processes that would otherwise lead to dissipation of the
absorbed light energy. In a single donor-acceptor pair it is not
possible to optimize forward electron transfer without
increasing the rate of charge recombination. Thus, further
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separation. There are many reports of supramolecular

complexes
6-15

designed to perform light-induced charge
but achieving highly efficient light-induced

sequential electron transfer in such systems remains a
8, 11,16, 17

separation

significant challenge.

Porphyrin (Por) derivatives are commonly used as both
optical and redox active components in such complexes'®??
because their redox potentials and other properties can be easily
tuned by changing substituents on the periphery and/or the
element in the center of the Por ring and because they absorb
light over a wide spectral range, which ensures more efficient
use of the solar spectrum.”>?* A crucial factor in the function of
any electron transfer system is the electronic coupling between
the donors and acceptors, which depends to a large extent on
their spatial arrangement and whether the bonds between them
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promote exchange coupling.”® The influence of the length,
bonding and conformation of the bridges have been studied in
porphyrin-based systems in which the components are linked
via bridges to the periphery of the Por ring® ' 6 26-30
However, there are fewer studies of these factors in complexes
with the components linked axially via the central element of
the Por ring.>'*** In the natural reaction centers the chlorophylls
are generally bound to the protein via axially ligation, often by
histidine, and the axial ligands are important for controlling
factors such as the free energy change and electronic coupling
that govern electron transfer.** For artificial complexes, an
added advantage of the axial arrangement is that the placement
of the donor and acceptor units on opposite faces of the
porphyrin ensures that they are spatially well separated and that
unwanted interactions are minimized. This arrangement is
difficult to achieve with transition metal porphyrins, which
often only allow for coordination of one axial ligand, and
attachment of two different ligands via coordination bonds, is
difficult to control. Hence, examples of step-wise or cascade
electron transfer in such systems remain extremely rare.*>*¢

: TTF-py—>AlPor-Ph-Cgo

: TTF-Ph-py—>AlPor-Ph-Cgg
: TTF-py—AlPor-Ph,-Cgg

: TTF-Ph-py->AlPor-Ph,-Cgg
: TTF-py—>AlPor-Ph3-Cgp

: TTF-Ph-py—>AlPor-Ph3-Cgg
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Figure 1. Structures of the axial supramolecular triads investigated in this study.

The problem of attaching electron transfer components
axially can be addressed by using porphyrins that contain main
group elements at the center of the porphyrin ring. For example,
aluminum(III) porphyrins (AlPors) form axial covalent bonds
with alcohols, carboxylic acids and phosphinates resulting a 5-
coordinate metal center.*>>* Moreover, the high Lewis acidity

2 | Nanoscale, 2015, 00, 1-3

of Al allows coordination by Lewis bases to form 6-coordinate
complexes with the covalent ligand on one face of the
porphyrin and the coordination bond on the opposite face.
Recently, we reported examples of supramolecular triads in
which a naphthalenediimide (NDI) derivative was attached
covalently via an ester linkage and a bridging group to AlPor in
the axial position and a tetrathiafulvalene (TTF) derivative was
coordinated via a pyridine group to the opposite face of the
porphyrin.®>> Optical and electron paramagnetic resonance
(EPR) data showed that excitation of porphyrin leads to
sequential, two-step electron transfer to generate the charge
separated state TTF"-NDI". However, the lifetime of the
charge separation was short (<10 ns) unless a nematic liquid
crystalline solvent was used. This observation suggests that the
stabilization of the charge separation is limited by the
reorganization energy.

In fullerene (Cgp) derivatives delocalization of the charge
over the Cqy dodecahedron stabilizes the unpaired electron and
has been shown to result in low reorganization energy.’®®' This
combination of properties has led to a number of studies of
reaction-center mimics based on Por and Cg, conjugates'’ ' 6%
% many of which perform sequential electron transfer.® ' 16 26-
30 We have previously reported on several triads in which Cgg
was bound axially to AlPor and a secondary donor ferrocene
(Fc) or phenothiazine (PTZ) was placed on the opposite face of
the Por from the Cg.*> *® These complexes undergo sequential
electron transfer but the properties of Fc and PTZ are
problematic. In the case PTZ the driving force for secondary
electron transfer is very low and with Fc, the iron atom of Fc
promotes fast recombination.

Here we report a series of new triads, in which the
secondary donor is a tetrathiafulvalene (TTF) derivative, with
the general formula TTF-Ph,-py—>AlPor-Ph,,-C4. The
structures of the triads are shown in Figure 1. The optical and
magnetic properties of the TTF™ radical cation and Cgy °
radical anion make it possible to easily detect the formation and
decay of TTF"-AlPor-C4, " by both transient absorption and
transient EPR (TREPR) spectroscopy. Using this combination
of techniques the kinetics and spin selectivity of the electron
transfer and the electronic coupling within the complexes can
be evaluated. We have studied the dependence of these
properties on the donor-acceptor distance by varying the
number of phenyl rings in the bridge between TTF and AlPor,
and we show that there is an optimal length to the bridging
groups for formation and stabilization TTF"*-AlPor-Cg, *. The
stabilization of the charge separation by sequential electron
transfer is relatively modest increasing the lifetime of Cgy*~
from ~40 ns to ~100 ns. However, the transient EPR data
indicate that in a magnetic field the back-reaction is strongly
spin selective and the triplet lifetime of the secondary radical
pair is at least an order of magnitude longer than the singlet
lifetime.

2. Experimental Section

This journal is © The Royal Society of Chemistry 2012

Page 2 of 15



Page 3 of 15

2.1 General. '"H NMR spectra were recorded with a Bruker
Avance 300 Digital NMR spectrometer using CDCl;, (CD3),SO

and CD;OD as the solvent. Mass spectra (Fast atom
bombardment (FAB) and Matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF)) were

recorded on a Kratos Concept 1S High Resolution E/B mass
Autoflex TOF/MALDI-TOF
spectrometer. The UV/VIS spectra were recorded with a
ThermoSpectronic/Unicam UV-4 UV-VIS
Steady-state emission spectra were recorded using a Photon

spectrometer and  Bruker

spectrometer.

Technologies International (London, Ontario) Quanta Master
Model QM-2001 L-format,
monochromators, a 150 W xenon lamp, running Felix 32
Cyclic and differential pulse
experiments were performed in o-dichlorobenzene (o-DCB)

equipped with double-grating

software. voltammetric
containing 0.1 M tetrabutylammoniumperchlorate (TBAP) on a
BAS Epsilon electrochemical analyzer (working: glassy carbon,
auxiliary electrodes: Pt wire; reference electrode: Ag). The
Fc'/Fc (Fc = ferrocene) couple was used to calibrate the redox
potential values.

2.2 DFT Calculations. The geometry and electronic structures
of the supramolecular assemblies were predicted by performing
(DFT) The
calculations were performed using Gaussian 09:AS64L-
GO9RevD.01%° and all
visualized utilizing GaussView:5.0.9. The

Density  Functional Theory calculations.
structures were constructed and
Becke Three
Parameter Hybrid Functional utilizing the Lee-Yang-Parr non-
local correlation expression (B3LYP) was chosen as the DFT
method. Mixed split valence basis sets with polarizing
Gaussians: 6-311G(d, p) (for H, N, C and O) and 6-311G(df)
(Al and S) were used to complete the model chemistry.
Structural models of all six triads were first constructed using
GaussView. The initial structures were then up-loaded to a
supercomputer housed at the Holland Computing Center and
the geometry of each was optimized, in-vacuo, to a stationary
point on a Born-Oppenheimer surface using the Gaussian 09
software suite and the functional and basis sets given above.
Orbital diagrams and electrostatic potential maps of the
optimized structure were then produced using GaussView and
the formatted check files from the Gaussian 09 computation.

2.3 Absorption and Fluorescence Titrations. Absorption
titrations were carried out in o0-DCB at concentrations
appropriate for measuring the Q band. A solution containing the
acceptor (A = AlPor-Ph or AlPor-Ph,-Cs)) was placed in a
cuvette and titrated by adding aliquots of a concentrated
solution of the donor (D = py, TTF-py or TTF-Ph-py). The
donor solution also contained the acceptor at its initial
concentration so that the porphyrin concentration remained
constant throughout the titration. The binding constant (K) were
calculated using the Benesi-Hildebrand equation,”® details are
shown in our previous papers.*® *> In an analogous manner,
steady-state fluorescence titrations were carried out in o-DCB
using solutions at constant concentration of acceptor and
varying concentration of donor. The solutions were excited at

This journal is © The Royal Society of Chemistry 2012
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the isosbestic point wavelength, which was obtained from the
absorption titrations.

2.4 Femtosecond Transient Absorption Spectroscopy.
Femtosecond transient absorption spectroscopy experiments
were performed using an Ultrafast Femtosecond Laser Source
(Libra) by Coherent incorporating diode-pumped, mode locked
Ti:Sapphire laser (Vitesse) and diode-pumped intra cavity
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 femtosecond harmonics
generator both provided by Ultrafast Systems LLC was used.
The source 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. 95% of the
fundamental output of the laser was introduced into harmonic
generator which produces second and third harmonics of 400
and 267 nm besides the fundamental 800 nm for excitation,
while 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 the experiments. Kinetic
traces at appropriate wavelengths were assembled from the
time-resolved spectral data. Data analysis was performed using
All
measurements were conducted in degassed solutions at 298 K.

Surface Xplorer software supplied by Ultrafast Systems.

2.5 Nanosecond Transient Absorption Spectroscopy.
Nanosecond transient absorption measurements were carried
out in Ar saturated o-DCB using the second harmonic (532 nm)
of a Nd:YAG laser (Spectra-Physics, Quanta-Ray GCR-130, 5
ns fwhm) as an excitation source. For transient absorption
spectra in the near-IR region (600-1200 nm) and the time-
profiles, monitoring light from a pulsed Xe lamp was detected
with a Ge-APD (Hamamatsu Photonics, B2834). For the
measurements in the visible region (400-1000 nm), a Si-PIN
photodiode (Hamamatsu Photonics, S1722-02) was used as a
detector.

2.6 Transient EPR Spectroscopy. Transient EPR time/field data
sets were recorded using a modified Bruker EPR 200D-SRC X-
band spectrometer (Bruker Canada, Milton ON, Canada). Light
excitation at 532 nm was achieved using 10 ns pulses from a
Nd:YAG laser at a repetition rate of 10 Hz. EPR samples were
prepared by dissolving the porphyrin complex under study in o-
DCB to a concentration of ~10™* M. The solutions were purged
with N, and then placed in a sealed flat cell.

3. Results and Discussion

3.1 Synthesis. The details of the preparation and
characterization of the components of the dyads and triads are
given in the supporting information, Schemes S1 and S2.
Briefly, the new dyads, AlPor-Ph,-Cgy and AlPor-Ph;-Cg,, were
prepared by condensation of tetraphenylporphyrinato-
aluminum(IIl)hydroxide (AlPor-OH) with Cgo-Ph,-COOH and
Ceo-Ph3-COOH, respectively in quantitative yields, Scheme S3.

Structural characterization of the newly synthesized dyads was

Nanoscale, 2015, 00, 1-3 | 3
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carried out with FAB-MS, NMR and absorption techniques.
Synthesis and characterization of dyad AlPor-Ph-C4, and
reference porphyrin AlPor-Ph and also pyridine appended
tetrathiafulvalene derivatives (TTF-py and TTF-Ph-py) have
been reported elsewhere.*> *° Scheme S4 shows the
coordination of TTF-Ph,-py (n = 0, 1) with AlPor-Ph,,-Cgo (m =
1, 2, 3) which affords the linear axial triads shown in Figure 1.
Formation of the triads was monitored by NMR, UV-VIS
absorption and steady-state fluorescence spectroscopy.
Characteristic up field shifts of the pyridine protons in the
NMR spectra (see supporting information Figure S5 & S6)
confirm that coordination occurs via the pyridine group.

3.2 Characterization by UV-visible spectroscopy. The
UV/vis absorption spectra of the components of the triads

Nanoscale

measured are shown in Figure 2a and the data are summarized
in Table S1. The AlPor unit absorbs between 375-700 nm with
the characteristic intense Soret band at ~415 nm and weak Q-
bands at ~550 nm and 580 nm. The functionalized Cg,
derivatives (Cgo-Ph,-COOH, Cgo-Ph;-COOH) absorb in the
ultra-violet region between 230-375 nm. There are noticeable
differences in the ultra-violet region (270-360 nm) of the dyads,
where the absorption is predominantly due to the phenyl ring.
As expected, the absorbance between 270-360 nm increases as
with number of the phenyl rings present in the dyads. The
spectrum of the dyad is essentially a superposition of the
spectra of the corresponding reference compounds. However,
as reported previously*® and as has been observed in related
porphyrin-fullerene  complexes,””” 7'"* the weak long-
wavelength absorbance of AlPor-Ph-Cygj is stronger than that of
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Figure 2. (a) UV-visible absorption spectra in dichloromethane. AlPor-Ph-Cg (purple), AlPor-Ph,-Cg (maroon), AlPor-Ph;-Ce (green), AlPor-Ph (red) and Ceo-Ph-
COOMe (blue); inset: TTF-py (orange) and TTF-Ph-py (cyan). The porphyrin Q bands and TTF bands were multiplied by factor of 10. (b) Absorption titrations of
AlPor-Ph,-Cs with TTF-py in 0-DCB. The inset shows the Benesi-Hildebrand plot of the absorbance change at 604 nm. Calculated binding constant K = 1.2 x 10> M.
(¢) Fluorescence spectra of AlPor-Ph (red), AlPor-Ph-Cg (purple), AlPor-Ph,-Cg (maroon) and AlPor-Ph;-Cg (green) in o-DCB. Excitation light wavelength 550 nm.
(d) Fluorescence titrations of AlPor-Ph,-Cgy with TTF-py in 0-DCB. The excitation wavelength was chosen at the isosbestic point, 555 nm, obtained from UV-visible
titrations. In titrations TTF-py was added up to 1.9 x 107> M in 10 ul (1.12 x 10~* M) increments to a 1 ml (6 x 10~> M) solution of AIPor-Ph,-Cy.

a 1:1 mixture of AlPor-Ph and Cg and AlPor-Ph;-Cgy (see Figure S3). Overall, the spectra
indicate that the porphyrin and fullerene units in AlPor-Ph,,-Cq

AlPor-Ph, C¢COOMe,
CsCOOMe and dyads with longer bridging groups AlPor-Ph,-

4 | Nanoscale, 2015, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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(m = 1-3) do not interact strongly but the difference at longer
wavelength suggests that a weak charge-transfer interaction,
which decreases with increasing distance, may exist. The py-
appended TTF derivatives, used to construct the self-assembled
supramolecular triads, have relatively weak and very broad
absorption bands (Figure 2a inset) at A = 304 (average of 285
and 323 nm bands) and A = 432 nm for TTF-py, and at A = 299
and 427 nm for TTF-Ph-py.

Addition of TTF-Ph,-py (n = 0, 1) to a solution of AlPor-
Ph,-Csp (m = 1-3) results in significant changes in the
wavelengths of the porphyrin Q-bands as a result of complex
formation. Because the 432 nm band of TTF-Ph,-py and AlPor
Soret band at 416 nm overlap, the Q-bands were used to
monitor the titrations, see Figure 2b and Figures S7, S8, S10,
S12, S13. The observed shifts in the porphyrin bands are typical
of axial coordination of nitrogen ligands to AlPors and confirm

Nanoscale
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the formation of supramolecular triads in the solutions. Similar
absorption changes were observed from controlled titration
experiments, i.e. py vs AlPor-Ph,,-C4, (m= 1-3), py vs AlPor-Ph
and TTF-Ph,-py (n= 0, 1) vws AlPor-Ph, see supporting
information Figures S9, S11, S14-S17. Figure 2b shows an
absorbance titration of TTF-py against AlPor-Ph,-C4y from
which a Benesi-Hildebrand plot (Figure 2b inset) can be
constructed to obtain the binding constant. A value of ~(1.0-
1.5) x 10* M is obtained for all of the complexes (Table S1).

3.3 DFT calculations. Further, the geometry and electronic
structures of the supramolecular assemblies were predicted by
performing Density Functional Theory (DFT) calculations
using the B3LYP functional and the 6-311G(d, p) (for H, N, C
and O) and 6-311G(df) (Al and S) basis sets using Gaussian 09.
% Figure 3a-f shows optimized structures on a Born-
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Figure 3. (a-f) Optimized structures of TTF-Ph,-py—AlPor-Ph;,-Ceo (n — 0, 1 and m — 1, 2, 3). (g — k) Show the molecular electrostatic potential map (MEP),

LUMO+3, HOMO-1, HOMO and LUMO of TTF-Ph-py— AlPor-Ph-Cg.

This journal is © The Royal Society of Chemistry 2012
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Table 1. B3LYP/6-311G(d, p) (for H, N, C and O) and 6-311G(df) (Al and S) optimized edge-to-edge and center-to-center distances for the investigated

series of dyads and triads.

Compound Edge-to-edge distance, A Center-to-center distance, A

AlPor-Ph-Ce" 9.65 11.73
TTF-py—AlPor-Ph-Cy” 14.18 20.36
TTF-Ph-py—AlPor-Ph-Cq 18.02 24.22
AlPor-Ph,-Cg" 11.96 15.38
TTF-py—>AlPor-Ph,-Ce” 17.90 24.13
TTF-Ph-py—AlPor-Phy-Ce,” 21.22 27.96
AlPor-Ph;-Cg" 16.42 19.87
TTF-py—AlPor-Phs-Cg” 22.64 29.17
TTF-Ph-py—AlPor-Phs-Cq,” 26.66 33.34

“Distance between AlPor and Cg. Edge-to-edge distance for dyad is measured from the nearest Cq carbon to Al center. *Distance between TTF and Ceo. TTF
center is measured from the middle of C=C double bond. Edge-to-edge distance for triad is measured from the nearest Cq carbon to the nearest TTF carbon.

Oppenheimer potential energy surface of the triads, TTF-Ph,-
py—AlPor-Ph,,-Cgs, and the molecular electrostatic potential
map revealing electron rich and deficient sites of the triad and
the LUMO+3, HOMO-1, HOMO and LUMO are shown in
Figure 3h-k (see Figures S19 - S21). These orbitals are
localized on the AlPor, TTF and Cg entities, respectively as
expected. The calculated distances between the components of
the triads (Table 1) show that the center-to-center distance
between TTF and Cg increases from 20.36 A, withn = 0 and m
=11t033.34 A, with n = 1 and m = 3. The optimized structures
also provide the radii of AlPor, TTF and Cg units, which are
found to be 7.77 A, 5.47 A and 4.52 A respectively.

3.4 Energy level diagram. The driving force for possible
intramolecular electron transfer processes can be estimated
using the optical data and redox potentials of the components of
the triads. The redox potentials were determined from
differential pulse voltammetry measurements in 0o-DCB with
0.1 M TBAP as the supporting electrolyte. Figure S22 shows
the differential pulse voltammograms and the corresponding
potentials are summarized in Table S1. The values given in
Table S1 are relative to ferrocene, which has an oxidation
potential of 0.74 V versus Ag wire in o-DCB with 0.1 M TBAP
as the electrolyte in our experimental conditions. As seen in
Table S1, the potentials of the first oxidation of TTF (~0.7 V),
the first oxidation of AlPor (~1.1 V) and the first reduction of
Cso (~—0.44 V) do not vary significantly in any of the dyads,
triads or reference compounds. Hence, as expected no
significant perturbation of the molecular orbitals involved in the
redox reactions occurs when the dyads and triads are formed.
The energy level diagram derived from these data is shown in
Figure 4. The energies of the lowest excited singlet state (£5)
and triplet state (Ep) of Cg have been taken from the
literature.*® ™ The singlet and triplet state energies of AlPor
have been calculated from its optical absorption and emission

This journal is © The Royal Society of Chemistry 2013

spectra, see Figure S23. The energies of the radical ion pair
states are estimated the Weller equation’:

Eq= e[Euz(D“ /D)=-E,,(4 /AF)}" Gy

where E,,(D""/D) is the first oxidation potential of the donor,
E\»(A/A™) is the first reduction potential of the acceptor. Gy is
ion-pair stabilization and incorporates both the solvent-
dependent Coulomb energy change upon ion-pair formation or
recombination and the free energy of solvation of the ions,

G- L, t 1t gt 1 1)1
S 4re|\2R, 2R R, , )&, \2R. 2R )¢,

where R., R_and Rp_4 are the donor radius, acceptor radius and

center-to-center distance between the donor and acceptor,
respectively. gg is the dielectric constant of the solvent used for
the photophysical studies (2.38 and 9.93 for toluene and o-
DCB, respectively). e is the dielectric constant of the solvent
used for measuring the redox potentials, in this case o-DCB.
Note that the assumption of spherical charge distributions on
the donor and acceptor and other limitations restrict the
accuracy of the estimated energies to at best £0.1 eV’°

In the case of TTF-py—>AlPor-Ph and TTF-Ph-py—AlPor-
Ph, electron transfer from TTF to the excited singlet state of
AlPor is exothermic with an estimated free energy change of
approximately —0.43 eV (see Figure 4). However, whether this
process can compete with intersystem crossing in the porphyrin
depends on the activation barrier to electron transfer. Because
the energy of the lowest excited triplet state of AlPor is lower
than our estimate of the charge-separated state energy, triplet
electron transfer is probably not feasible in TTF-py—AlPor-Ph
and TTF-Ph-py—AlPor-Ph. In the TTF-Ph,-py—AlPor-Ph,,-
Ceo (n = 0, 1 and m = 1-3) triads, the sequential electron
transfer reactions TTF-'AlPor*-Cg—TTF-AlPor""-Cgp"—
TTF"-AlPor-Cgo© and  TTE-!'AlPor*-Cg—TTF"-AlPor -
Ceo—> TTF"-AlPor-C4, * are both energetically possible.

Nanoscale, 2015, 00, 1-3 | 6
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Triplet electron transfer from SAlPor* to Cg is also
energetically favourable but donation from TTF to *AlPor is
not. Downhill triplet recombination is only feasible from
TTF""-AlPor ". With toluene as the solvent, the radical ion-pairs
are found to be higher in energy than in 0-DCB (Figure S24)
and the sequential electron transfer reactions remain exergonic.
However, all of the calculated charge-separated states are
higher in energy than the lowest excited triplet state of AlPor
and Cgo entities, which increases the possibility of triplet

recombination.

s p

1AlPor*
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Figure 4. Energy level diagram illustrating the major photophysical processes in
newly constructed dyads and triads in 0-DCB.

3.5 Fluorescence Spectroscopy. Figure 2c¢ shows the
fluorescence spectra of the dyads, AlPor-Ph-Cg,, AlPor-Ph,-Cg
and AlPor-Ph;-Cg, and their reference monomer, AlPor-Ph in

4546 the fluorescence of AlPor

0-DCB. As discussed previously,
is quenched (80%) in AlPor-Ph-Cy, as a result of electron
transfer from the excited singlet state ('AlPor*) to Cg. In the
of AlPor-Ph,-C4y and AlPor-Ph;-Cgy, the AlPor

fluorescence is also quenched but the quenching (66% and

case

50%, respectively) is lower than observed with AlPor-Ph-Cg,.
This suggests that the extra phenyl rings between the AlPor and
Cgo units decrease the electron transfer rate. As shown in the
inset in Figure 2c, the 720 nm band due to fullerene
fluorescence is very weak, hence little if any, energy transfer
from 'AlPor* to Cg, occurs.

Titration of AlPor-Ph with TTF-py in o-DCB, to form the
dyad: TTF-py—AlPor-Ph also results in quenching of the
AlPor fluorescence (Figure S15). To distinguish intramolecular
and intermolecular quenching processes and to investigate
possible quenching mechanisms several control experiments
were carried out. When AlPor-Ph is titrated with TTF lacking
the pyridine group so that it cannot coordinate to AlPor, no
change in the fluorescence spectrum is observed (see Figure
S18). Similarly, titration of AlPor-Ph (Figure S17) with
pyridine leads primarily to a red shift of the fluorescence bands

This journal is © The Royal Society of Chemistry 2012
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with little change in intensity. Therefore, both the pyridine and
TTF parts of the ligands are required to induce quenching of the
fluorescence. From this, we conclude that an intramolecular
process that causes radiationless decay of the porphyrin excited
state occurs when the pyridine appended TTF unit binds to
AlPor. Since the spectral overlap between AlPor emission and
TTF absorption is weak, energy transfer from AlPor to TTF can
be ruled out as an effective quenching mechanism. Hence,
electron transfer (hole transfer) from TTF to 'AlPor* is
proposed to be responsible for the quenching of AlPor
fluorescence. The corresponding titration of AlPor-Ph with
TTF-Ph-py to form TTF-Ph-py—AlPor-Ph (Figure S16) shows
behavior that is intermediate between that in the titrations with
pryidine and TTF-py. A clear red shift of the emission is
observed, which is accompanied by some quenching. This
implies that the phenyl group in the TTF unit slows the electron
transfer as would be expected.

Upon addition of TTF-Ph,-py (n =0, 1) to the dyad (AlPor-
Ph,,-C40, m = 1-3), the fluorescence changes as a result of the
formation of the supramolecular triads. Figure 2d shows the
decrease in AlPor fluorescence with addition of TTF-py to
AlPor-Ph,-Cgy and formation of triad TTF-py— AlPor-Ph,-Cg.
The decrease in fluorescence suggests that the rate of the
proposed hole transfer from TTF to 'AlPor* is similar to or
greater than the electron transfer rate to the Cgy unit.
Corresponding titrations for the other triads are shown in the
supplementary information: TTF-py—AlPor-Ph-Cy, (Figure
S7), TTF-Ph-py—>AlPor-Ph-Cy, (Figure S8), TTF-Ph-
py—AlPor-Ph,-C¢y  (Figure S10), TTF-py—AlPor-Ph;-Cg
(Figure S12) and TTF-Ph-py—AlPor-Ph;-Cg (Figure S13). The
observed fluorescence changes in these triads can be explained
by two factors: (1) hole transfer from TTF to AlPor* and (2)
changes in the intrinsic fluorescence rates as a result of
structural changes when py coordinates to Al. It is not possible
to distinguish these two effects with certainty. However, a band
shift and increase of the fluorescence is indicative of changes in
the intrinsic fluorescence properties, whereas the proposed hole
transfer from TTF is expected to quench the fluorescence. In all
cases, the titrations with TTF-Ph-py (Figures S8, S10 and S13)
show primarily a red shift of the fluorescence, while those with
TTF-py (Figures 2d, S7 and S12) show quenching.

3.6 Femtosecond transient absorption studies (fs-TA).
Femtosecond (400 nm of 100 fs pulse width) pump-probe
spectral studies were performed to confirm that photoinduced
electron transfer occurs in the covalently linked dyads, AlPor-
Ph,-Cg9, m = 1 - 3), and subsequent supramolecular triads,
TTF-Ph,-py—>AlPor-Ph,,-C¢o (n = 0, 1 and m = 1 - 3) and to
investigate the kinetics of the light-induced processes. The
studies were performed in both toluene and o-DCB. Although
charge separation between TTF and Cg4, was clearly observed in
both solvents, accurate values of the lifetimes were difficult to
obtain in 0o-DCB. Because of the uncertainty in the lifetmes
obtained in 0-DCB, only the femtosecond pump-probe data
obtained in toluene are discussed here. Formation of TTF'" and
Ceo ~ is known to give absorbance increases in the range of 440-

Nanoscale, 2015, 00, 1-3 | 7
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600 nm>® and 1000-1200 nm and weaker absorbance changes at
550-600 nm’"*® while formation *Cgo* results in a strong peak
at 700-720 nm.®' The triplet state of AlPor has a strong
maximum at 500 nm and a weaker peak at 820 nm, while the
small absorption changes due to AlPor'" are anticipated in the
600 - 650 nm region.*> *° First, the features of fs transient
absorption data of the reference compound AlPor-Ph were
investigated. As shown in Figure S25, upon excitation, a broad
absorption increase with a maximum at ~450 nm and a long tail
stretching into the near IR is observed. Superimposed on the
absorption increase are negative bands at 550 nm due to loss of
the Q-band absorbance and at 590 and 650 nm due to emission
from the S, state. The absorbance increase and Q-band bleach
are formed instantaneously as a result of the S; — S, transition.
A kinetic phase with a lifetime of about 25 ps is then observed
in the decay of the absorbance increase and the rise of the S,
emission bands as the S, state relaxes to the S, state. The decay
of these bands is beyond the 3 ns time window of our
instrument in accordance with the 7.88 ns lifetime of the S,
state determined by time correlated single photon counting
(TCSPC) fluorescence measurements in toluene (Figure S26).
There is a shoulder at 487 at late times, which we tentatively
assign to *AlPor*-Ph. Importantly, in the near-IR region, a peak
at 1240 nm with the same decay profile as the singlet excited

Nanoscale

state is observed, suggesting that this peak corresponds to
excited singlet state absorption (See Figure S25b for time
profiles). Such near-IR peaks corresponding to singlet-singlet
transition have also been reported for other porphyrin
derivatives.®® Next, the transient spectral features of AlPor-
Ph,,-C49, m = 1 - 3, were investigated (Figure 5a and b). Several
features of the data provide evidence for the occurrence of
photoinduced electron transfer from the 'AlPor* to Cg. First,
the absorption peak at ~450 nm and the near-IR peak at 1240
nm, and the negative peaks due to S; emission at 590 and 650
nm decay more rapidly than in AlPor-Ph (see Figure 5d). The
'AlPor* decay is accompanied by a new band in the 1020 nm
region corresponding to the formation of Cg4 *. In addition,
broad absorbance in the 875-950 nm region was also observed
indicating formation of 'Cg* either by direct excitation or
energy transfer from 'AlPor*. The formation of AlPor™,
expected to result in an absorption increase in the 600-650 nm
region, was also observed, although overlapped with other
peaks in this wavelength region. The fact that the 1020 nm peak
of Cq ~ and 1240 nm peak of 'AlPor" are far from other
transient bands allows them to be used to estimate the lifetimes
of charge separation 7oy and charge recombination, 7cgr. The
time traces obtained at these wavelengths are shown in
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Figure 5. Femtosecond transient absorption spectra of (a) AlPor-Ph-Cs and (b) AlPor-Ph,-Cg in toluene at the indicated time intervals. (¢) The time profile of the 1000
nm radical anion peak of Cg for (i) AlPor-Ph-Cg, and (ii) AlPor-Ph,-Cgp. (d) Normalized to the peak maxima decay of the 1240 nm peak of (i) AlPor-Ph, (ii) AlPor-

Phs-Caq, (iii) AlPor-Ph,-Cgo, and (iv) AlPor-Ph-Ce.
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Figure 5c and d, respectively. As can be seen in Figure 5c, the
rise time of the absorbance increase is clearly resolved allowing
7cs to be determined, from which the rate of charge separation,
kcs can be calculated. The lifetime of the decay of the
absorbance increase due to 'AlPor” at 1240 nm can also be used
to calculate kcs (kcs = 1/Tayaq — 1/Trer; Where T,¢ is the lifetime of
'AlPor*-Ph being 7.88 ns in toluene, (see Figure 6d). The kcg
measured using these two approaches agree well, within the
However, the decay of Cg ° is
multiexponential with components that are longer than the 3 ns

experimental error.
limit of the instrument (Figure S5c) which hampers the
determination of 7cr. The decay of the Cgy ° peak correlates
with the decay of the Q-band bleaching at 550 nm showing that
it corresponds to charge recombination to the ground state. In
addition, a new absorption increase band is observed at 700 nm

Nanoscale
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corresponding to the formation of *Cg,". This band could be
formed by charge recombination and/or by direct excitation and
relaxation of Cgy. The rise of the 700 nm band does not
correlate directly with the decay of the 1020 nm band thus the
3Cgo  state is probably populated by intersystem crossing. The
values of [Jcg measured in toluene are presented in Table 2. As
can be seen, the electron transfer to Cgy occurs with a lifetime
>100 ps and becomes slower as the length of the bridge to the
porphyrin become longer, i.e. AlPor-Ph;-Cgy> AlPor-Ph,-Cgg >
AlPor-Ph-Cgy. The rate constants, kcs, for the formation of
AlPor'"-Cg " in toluene are also given in Table 2. These data
show that, as expected, the rate of electron transfer in the dyads
become slower as the distance between the donor and acceptor
increase.
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Figure 6. Femtosecond transient absorption spectra of (a) TTF-py—AlPor-Ph,-Cgy and (b) TTF-Ph-py— AlPor-Ph,-C in toluene. The normalized to the peak maxima
time profiles of the 1240 nm peak of 'AlPor” for the investigated AlPor-Ph-Cyg, AlPor-Phy-Cgo, and AlPor-Phs-Ce dyads (black) in the presence of TTE-py (red) and
TTF-Ph-py (blue) to form triads are shown in Figures c, d, and e, respectively. Note that the 1240 nm peak is too noisy due to rapid decay, for that reason only decay fit

curves are shown
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Table 2. Charge separation and recombination lifetimes from f5- and ns-transient absorption and TREPR data. Parameters used to simulate the TREPR data.

f5-TA* ns-TAC TREPRY
Sample s kos® - . . J(TTF"Ces”) Singlet . Rela.tive
(ps) (<1 0 s'l) (ns) (ns) (us) (mT) charactpr of 1ntens_1ty of
early signal late signal
AlPor-Ph-Cgo 152 6.45 38 - - - - -
TTF-py—AlPor-Ph-Ceo 100 9.87 64 63 1.1 1.2 0.0 0.10
TTF-Ph-py—AlPor-Ph-Cq 144 6.80 96 109 0.8 0.27 0.34 0.12
AlPor-Phy-Ceo 664 1.38 - - - - - -
TTF-py—AlPor-Ph,-Cq 220 442 - 115 0.9 0.17 0.49 0.15
TTF-Ph-py—>AlPor-Ph,-Cgo 315 3.05 - 131 1.0 0.10 0.73 0.15
AlPOI‘-PhrCsO 1 620 049 - - - - - -
TTF-py—AlPor-Ph;-Ceo 196 4.97 - - - - - -
TTF-Ph-py—AlPor-Ph;-Ceo 330 291 - - - - - -

“In Ar-saturated toluene. %kcg = 1/Tayad — 1/Teer; Where Trer is the lifetime of 'AlPor* being 7.88 ns in toluene, here the T values are decay constants of the 1240
nm peak corresponding to singlet-singlet transition of AlPor. ““In Ar-saturated 0-DCB. 1 and tr are the singlet and triplet recombination lifetimes,

respectively.

The supramolecular triads, TTF-Ph,-py—AlPor-Ph,-Cs,
formed by coordinating TTF-Ph,-py to AlPor-Ph,-C4, show
evidence of sequential electron transfer (Figure 6, Table 2).
First, as seen from the decay profiles of Cg, ~ at 1020 nm, the
radical ion-pairs persisted beyond the 3 ns time limit of the
spectrometer. The absorption increase band between 450 and
500 nm becomes broader, suggesting the presence of the TTF"
radical cation, which shows a peak at 480 nm when formed by
electrochemical oxidation of TTF.® Additionally, the broad
peak of AlPor’" in the 600 nm range vanishes upon addition of
TTF-py suggesting occurrence of a hole shift process (See
Figure S27). Interestingly, the kcs measured by monitoring the
time profile of the near-IR peaks revealed faster charge
separation than observed in the corresponding AlPor-Ph,-Cg,
dyads (see Figure 6¢c-¢ for time profiles and Table 2). For each
series of triads with the same AlPor-Cg4, bridge, the TTF-py
adduct had the highest rate of charge separation, i.e. the
following trend was observed: AlPor-Ph,-C¢y < TTF-
py—>AlPor-Ph,-C¢y > TTF-Ph-py—AlPor-Ph,-Cg, (Table 2).
Additionally, in the case of AlPor-Ph,-Cq, dyads, charge
recombination results in population of 3Cqo" in toluene likely
due to contributions from 'Cg," generated either by direct
excitation or energy transfer from 'AlPor".

As can be seen in Figures 5 and 6, the decay of the
absorbance change at 1020 nm extends beyond the 3 ns limit of
the fs transient absorption setup. Thus, we have also carried out
nanosecond transient absorption measurements to study the
long-lived charge separation.

3.7 Nanosecond Transient Absorption Spectroscopy (ms-TA).
Figure 7 shows the nanosecond transient absorption difference
spectra of the triad, TTF-py—AlPor-Ph-Cy, measured in Ar-

This journal is © The Royal Society of Chemistry 2013

saturated o-DCB solution at room temperature using 532-nm
light The
characteristic peak due to Cg4y ° is clearly visible at 1020 nm.
The time profile at 1020 nm for TTF-py—AlPor-Ph-Cg, shown
as an inset in Figure 8, decays to zero within about 400 ns and a

laser to excite mainly the porphyrin unit.

fit of the transient yields a first-order rate constant of 1.57 x 10’
s! for the decay of Cg . The same decay constant is also
observed in the decay trace at 470 nm, where the absorbance
increase due to TTF™ is expected. A slightly lower rate of 1.0 x
107 s™' is obtained from the corresponding traces for TTF-Ph-
py—>AlPor-Ph-Cg, Figure S28. These rate constants are smaller
by a factor of about three than the corresponding rate constant
of 3 x 107 s™' obtained for py—>AlPor-Ph-Cy, and AlPor-Ph-
Ceo™ * and suggest that the initial charge separation (AlPor"-
Cg ") is followed by a hole-shift from AlPor'™ to TTF to give the
final charge-separated states, TTF'-py—>AlPor-Ph-Cq, * and
TTF"-Ph-py—>AlPor-Ph-Cg, " in the two triads. These states are
sufficiently long lived that that they are detectable by transient
EPR, which allows the spin selectivity of the electron transfer
to be studied.

3.8 Time-Resolved EPR Spectroscopy (TREPR). Figure 8
shows the room temperature spin-polarized EPR spectra of four
of the triads in 0-DCB at two different times after the laser
flash. The spectra on the left of the figure were extracted from
the full dataset in a time window centered at 75 ns after the
laser flash and those on the right are at 550 ns. Positive peaks
represent absorption (A) and negative peaks are in emission
(E). The spectrum of TTF-py—>AlPor-Ph-C4, at early time
(Figure 8, top left) is the narrow A/E pattern typical of a
moderately strongly coupled radical pair with predominant
population of the T, level. The absorptive shoulder on the right
hand end of the spectrum is due to a molecular triplet state,

Nanoscale, 2015, 00, 1-3 | 10
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Figure 7. (a) Nanosecond transient absorption spectra of 0.1 mM TTF-py—AlPor-Ph-Csy observed by 532 nm (ca. 3 mJ/pulse) laser irradiation in o-DCB. Inset:
Absorption time profile at 1020 nm. (b) Absorption time profile at 470 nm.
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Figure 9. Time evolution of the population distribution of the radical pair spin
states and the spin-polarized transient EPR signals. Top: qualitative diagram
showing the time evolution of the population distribution of the spin states of the
weakly coupled radical pair TTF"Cs *. Bottom: time traces of the spin-polarized
EPR signal at the maximum of the absorptive signal near 347.4 mT. The black
traces are the experimental data. The red traces are fits. The lifetime of the initial
decay is indicated next to each trace.
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broader lines and roughly the same width for all four peaks. At
later times the polarization patterns all become weaker and
invert as a result of spin-selective recombination from the states
with singlet character. This leaves population only in the two
states (T, and T_) with pure triplet character. This evolution of
the population distribution is illustrated in the top of Figure 9.
In the bottom part of Figure 9, transients from the four triads
taken at the field position of the maximum absorptive TTF™
signal are shown. The singlet recombination of the radical pair
leads to inversion of the signal from absorptive at early time to
emissive at late time. The decay of the emissive polarization is
due to a combination of spin relaxation and triplet
recombination. The four transients in Figure 9 have been fitted
with a kinetic model, which yields the singlet recombination
lifetimes shown in Table 2 and as can be seen in the table these
lifetimes agrees well with those obtained from the ns transient
absorbance measurements. The fact that the decay of the late
signal is roughly the same in all of the samples suggests that it
is primarily due to spin relaxation.

The spin polarization patterns of light-induced radical pairs
such as those in Figure 8 are determined by the population
distribution of the spin states and they depend on the nature of
the precursor to the radical pair. For a precursor in a pure
singlet state, each radical has two peaks of equal intensity and

probably *Cgy. The other three triads all show the E/A/E/A
pattern of a weakly coupled radical pair. The low-field E/A
doublet has a g-value of 2.0084 can be assigned to transitions
associated with the TTF™ radical cation, while the high-field
doublet has a g-value of 2.0006 and is from the Cy, * radical
anion. As expected the splitting of the doublets decreases as the
distance between the two radicals increases. The linewidths of
the peaks associated with C4q " are expected to be narrower than
those of TTF' because of the lack of unresolved hyperfine
couplings in the fullerene. This effect is clearly seen in the
spectrum of TTF-Ph-py—>AlPor-Ph,-C4, (Figure 8, bottom
left). For the other triads, mixing of the spin states and/or a
distribution of values for the spin-spin coupling results in

This journal is © The Royal Society of Chemistry 2013
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Figure 10. Distance dependence of the exchange coupling and back reaction rate.
(a) exchange coupling from the simulations of the TREPR spectra. (b) back
reaction rate from nanosecond transient absorbance and singlet recombination rate
from TREPR data.
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opposite polarization. The sign of the polarization E/A or A/E
depends on the sign of the spin-spin coupling. If the precursor
has triplet character one of the two lines for each radical will be
stronger, i.e. the radical will acquire net polarization. Such
triplet character can arise either from mixing of the S and T
during the lifetime of a radical pair precursor, or if the electron
transfer is initiated from an excited triplet state. The red lines in
the Figure 9 are simulations in which it has been assumed that
the spin states are populated according to a mixture of their
singlet and triplet characters. For the early spectra the amount
of these two contributions varies and sign of the triplet-
character contribution indicates predominant population of 7.
For the late spectra the singlet contribution is zero and the sign
of the triplet character correspond to population of only 7', and
T .. A contribution from the spectrum of the Cg triplet state is
The
exchange coupling and weighting factors of the singlet and

also included as an absorptive Gaussian lineshape.
triplet contributions used in the simulations are given in Table
2. As can be seen, the exchange coupling between the radicals
decreases as the distance between the two electrons increases.
The coupling is expected to follow the relationship
J=J,exp(-f(r—r,))- From a plot of /n(J) versus r (Figure 10a)
we obtain a value of = 0.36 + 0.07A™". This value is within
error the same as that obtained for p-phenylene bridged
biradicals®

phenyleneethynylene-bridged Cg—TTF dyads®’ and thiophene-

and porphyrins.® In contrast, p-
bridged radicals® have values of f that are about a factor of
two smaller. If the back reaction occurs by a superexchange
mechanism then the rate should follow the same distance
dependence as the exchange coupling, i.e. =k, exp(-B(r-r,))-
As shown in Figure 10b, a plot of /n k vs r is linear but the
distance dependence of the recombination is much weaker.
Weak distance dependence of electron transfer rates is often
given as evidence for an incoherent hopping mechanism.?

However, for the backreaction observed here, such a
mechanism is unlikely because it would involve uphill electron
transfer. Thus, the distance dependence of the backreaction
does not appear to be governed by the superexchange
mechansism but is difficult to rationalize in terms of a hopping
mechanism.

For the two triads TTF-py—AlPor-Ph;-Cyy, and TTF-Ph-
py—>AlPor-Ph;-Cg transient EPR signals were not detectable at
room temperature in 0-DCB, while the shorter triads gave the
spectra shown in Figure 8. The distance dependence of the
exchange coupling provides a possible explanation of why this
is so. From the plot in Figure 10a we estimate values of 0.05
and 0.01 mT for the exchange coupling in TTF-py—AlPor-Ph;-
Cgo and TTF-Ph-py—AlPor-Ph3-Cg, respectively, based on the
predicted distances between the radicals. The antiphase
doublets of a weakly coupled radical pair arise from the overlap
of two oppositely polarized, inhomogeneously broadened lines.
The intensity of the spectrum is determined by the overlap of
the two lines. If the inhomogeneous linewidth is larger than the
spin-spin coupling the degree of overlap and the intensity are

proportional to the spin-spin coupling.®® Thus, the intensity of

This journal is © The Royal Society of Chemistry 2012
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the spectra for the two longest triads should be roughly one half
and one tenth as intense as that of TTF-Ph-py—AlPor-Ph,-Cg,.
Such a reduction in intensity would render the signals very
weak but nonetheless detectable. Hence we can surmise that
there is probably also some reduction in the quantum yield of
TTF"-Cg "

The initial singlet character of the TTF""Cg,
shown in Table 2 also provides insight into the spin selectivity

radical pair

of the electron transfer. As can be seen the singlet character
increases as the distance between the two radicals increases.
This is not expected since the lifetime of the primary radical
pair should increase and hence greater singlet-triplet mixing
should occur as the bridge length increases. However, the fs-
transient absorbance data show that a significant amount of
singlet charge recombination to the ground state occurs on the
timescale of ~1 ns. The singlet character of the transient EPR
can be rationalized as the result of a decrease in the relative
amount of this recombination as the bridge length is increased.
Finally, the relative intensity of the late signal is a measure of
the fraction of electron transfer originating from either *AlPor
or >Cgy. As can be seen in Table 2, this fraction is small and
does not depend strongly on the structure of the triad.

4. Conclusions

The data presented here show that the use of the main group
element Al in the porphyrin provides a convenient way of
constructing donor acceptor triads. The small reorganization
energy of Cg leads to a significant increase in the stability of
the final radical pair state compared to similar triads with
naphthenediimide as the acceptor.®® The data also illustrate the
complementary nature of optical and TREPR measurements
and the importance of the spin selectively of the electron
transfer. The weak distance dependence of the back reaction of
the final radical pair and the significant levels of singlet
recombination in the primary radical pair both suggest that
further improvement of the yield and stability of the charge
separation may be attainable by optimization of the bridge.
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