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Abstract

Spin polarized transient EPR spectra are reported for an aluminum(IIl) porphyrin
(AlPorF;) triad in which the electron donor bis-triphenylaminoborondipyrromethene
(BDP-TPA,) is attached covalently to one face of the porphyrin and an imidazole-
appended Cg, is attached by coordination of the imidazole group to the AI(III)
center on the opposite face. Excitation of the porphyrin results in two sequential
electron transfer steps leading to charge separation between BDP-TPA, and C,.
The transient EPR spectra measured at room temperature in the organic solvent
o-dichlorobenzene consist of two emission/absorption antiphase doublets assigned
to (BDP-TPA,)*" and Cg, *~ in the radical pair generated by the charge separation.
The two antiphase doublets show opposite net polarization with net emission on
(BDP-TPA,)**and net absorption on Cg,*". It is proposed that the net polarization
develops as a result of singlet—triplet mixing during the lifetime of the initial radical
pair generated by either electron transfer from ' AlPorF;* to Cg or hole transfer from
'AlPorF,* to BDP-TPA,. Simulations of the spectrum only reproduce the observed
line shape if the influence of singlet—triplet mixing is included. However, because
the singlet—triplet mixing that occurs in the two possible primary radical pairs is
similar, determining the order of the electron transfer and hole transfer steps unam-
biguously is challenging. It is argued that the larger reorganization energy and elec-
tronic coupling expected for the hole transfer make it the more likely the first step.
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1 Introduction

Light-induced electron transfer is the central process of light energy conversion
and storage in natural and artificial photosynthesis. The transfer of charge asso-
ciated with the electron transfer generates an energy rich oxidant and reductant
thereby storing the energy of the absorbed photon. In natural photosynthesis, a
quantum yield of close to unity is achieved by stabilizing the initial charge sepa-
ration with secondary electron transfer along a chain of acceptors [1]. As a result
of the increased distance between the oxidized donor and reduced acceptor, the
lifetime of the charge separation is increased from about 10~ s in the initial
charge-separated state to more than 107 s. This provides enough time to allow
diffusion limited electron transfer steps involving soluble donors and acceptors to
occur and effectively store the absorbed energy. The high quantum yield comes at
the cost of the loss of a significant portion of the absorbed energy as heat. Mim-
icking this process in synthetic complexes has been an active area of research
for many years [2-9]. These complexes generally consist of a chromophore or
photosensitizer that is attached via covalent bridges to a series of electron accep-
tors and/or donors and the primary goal, is to achieve stabilized charge separation
through sequential electron transfer steps. However, characterizing the pathway
of the electron transfer and the lifetimes of the steps can be challenging. Gen-
erally, time-resolved optical methods are used and although they can provide a
great deal of information, the optical signatures of the various states are often
difficult to distinguish.

From a magnetic resonance perspective, these systems are of great interest
because the electron transfer generates a series of sequential spin correlated radi-
cal pairs [10-16]. The correlation of the electron spins arises from the fact that
before the light excitation they occupy the same orbital and must, therefore, obey
the Pauli principle. If the quantum yield of the electron transfer is to be high,
it must outcompete processes such as fluorescence and intersystem crossing that
depopulate the lowest excited singlet state of the photosensitizer. Thus, the initial
charge separation occurs on a time scale that is far shorter than that of the motion
of electron spins and hence the correlation between the spins persists in the radi-
cal pair. The secondary electron transfer steps must outcompete charge recombi-
nation in the primary radical pair, which typically has a lifetime on the order of
107 to 10”7 s. This time regime is comparable to that of the precession of elec-
tron spins and hence, the electron spin dynamics and the electron transfer kinetics
can become intertwined. Because of this, time-resolved EPR (TREPR) spectros-
copy can also be used for exploring the details of electron transfer in natural and
artificial photosynthetic systems [17-20].

Tetrapyrroles such as porphyrins and phthalocyanines are popular choices as
photosensitizers in photosynthetic reaction center mimics because of their strong
absorption in the visible region and moderate redox potentials that allow them to
act as both donors and acceptors [2, 21-25]. Their properties can also be easily
tuned by incorporating different metals into the center of the tetrapyrrole ring
and/or adding electron withdrawing or donating groups on the periphery. In most
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cases, the donor—acceptor dyads and triads are constructed by also attaching the
electron donors and/or acceptors to the periphery of the ring. Over the past sev-
eral years, we have explored the possibility of using the unique properties of the
main group element porphyrins in which the donors and acceptors can be attached
axially to the element in the center of the porphyrin [21, 26-30]. This arrange-
ment has the advantage that groups attached to opposite faces of the porphyrin do
not interact with each other and modifications of the porphyrin periphery to con-
trol its redox potential do not affect the structure of the electron transfer pathway.

Aluminum(IIT) porphyrins are particular well-suited for these types of complexes
[21]. In addition to the four coordination bonds to the nitrogen atoms of the tetrapyr-
role ring, the AI(III) center can form an axial covalent bond via oxygen and also readily
forms coordination bonds to Lewis bases such as pyridine and imidazole. These two
types of bonding allow donors and acceptors to be attached axially to the porphyrin on
opposite faces of the ring.

Recently, we reported the synthesis and initial characterization of an aluminum(III)
porphyrin triad in which bis-triphenylaminoborondipyrromethene (BDP-TPA,)
was attached covalently to one face of the porphyrin and Cg, was coordinated via an
attached imidazole on the opposite face [31]. The redox potential of BDP-TPA, makes
it a good electron donor while Cg, is a good electron acceptor. The structure of the
complex Cqy-Im— AlPorF;-BDP-TPA, is shown in Fig. 1. Time-resolved optical spec-
troscopy suggested that excitation of the porphyrin leads to multistep electron transfer
between BDP-TPA, and C,, However, the order of the steps and the lifetime of the
charge-separated states were difficult to determine precisely. Both of these quantities
are accessible from TREPR experiments. The spin polarization pattern of a spin cor-
related radical pair (SCRP) that is part of a sequence of RPs depends on the singlet—tri-
plet mixing that occurs in all precursor RPs. Thus, it is possible to draw conclusions
about the pathway by which it was formed, provided that sufficient mixing occurs in the
precursors.

The optical data for Cgy-Im—AlPorF;-BDP-TPA, suggested that the lifetime of
the intermediate RP is on the order of a few ns. This is precisely the time region in
which the TREPR spectra of subsequent RPs are most sensitive to the singlet—tri-
plet mixing of the precursor RP. Here, we report TREPR spectra and simulations for
Cgo-Im—AlPorF;-BDP-TPA, and will show that they show clear evidence of precursor
singlet-triplet mixing confirming that sequential electron transfer does indeed occur in
the complex. However, because the parameters that govern the singlet—triplet mixing in
the two possible precursors states are similar, the effect of the mixing on the spin polar-
ization pattern of the observed spectra is similar. Thus, the present study also illustrates
the limitations of TREPR in definitively establishing the electron transfer pathway in
complex multi-modular donor—acceptor systems. However, it provides information that
can be used together with other spectroscopic data and computations to rationalize the
electron transfer sequence.
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Fig.1 Chemical structures of the triad Cgy-Im—AlPorF;-BDP-TPA, (R=3,4,5-trifluorophenyl) and its
reference compounds

2 Materials and Methods
2.1 Transient EPR Measurements

Transient EPR experiments were performed using a modified Bruker EPR 200D-
SRC X-band spectrometer. Time/field datasets were collected at a microwave
power of 6 mW. The EPR samples were prepared by dissolving the porphyrin
complex in o-dichlorobenzene (0-DCB) or the liquid crystal 4-cyano-4’-pentylbi-
phenyl (5CB) to a concentration of ~7 X 10~ M. For the room temperature exper-
iments on the o-DCB samples, the solution was placed in a flat cell and sealed
with parafilm to prevent exposure to oxygen. The SCB samples were placed in
a 4-mm o.d. EPR tube and degassed by several freeze pump thaw cycles prior to
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the measurements. The samples were excited at 532 nm using 10 ns pulses from
a Surelite Nd: YAG laser at a repetition rate of 10 Hz and a pulse energy of 3 mJ.

2.2 DFT Calculations

The electronic structure of the triad Cgy-Im— AlPorF;-BDP-TPA, and the g-values
of the radical ions were calculated using ORCA [32, 33] with the Perdew—Burke—
Ernzerhoff (PBE) generalized gradient approximation density functional [34], the
D3BJ dispersion correction [35] and the def2-TZVP basis set [36]. The resolution of
identity approximation [37] with the def2/] auxiliary basis set was used to speed up the
calculations. The structures of the components of the triad TPA,-BDP, AlPorF; and
Cgo-Im were first constructed using the program Avogadro [38] and subjected to energy
minimization using the UFF force field [39]. The geometries of the fragments were
then optimized in ORCA. The triad was constructed from the geometry-optimized frag-
ments and an optimization of the entire triad was carried out. The solvent was modeled
using the Conductor-like Polarizable Continuum Model [40] with a dielectric constant
of 9.93 and a refractive index of 1.5514 for o-DCB.

3 Results and Discussion
3.1 Formation and Electronic Structure of C;,-lm — AlPorF,-BDP-TPA,

As reported in ref. [31] the supramolecular triad, Cgy-Im — AlPorF;-BDP-TPA,, can be
constructed by titrating the dyad AlPorF;-BDP-TPA, with Cgy-Im. The observed shifts
of the absorption and emission bands and isosbestic points are typical of coordination
of Lewis bases to aluminum(III) porphyrins and show that the 1:1 self-assembled triad,
Cgo-Im — AlPorF;-BDP-TPA, is formed. The UV —visible absorption spectrum of dyad
AlPorF;-BDP-TPA,, also reported in [31], is essentially the sum of the spectra of the
reference compounds AlPorF;-Ph and BDP-TPA,. Thus, the n- and n*-orbitals involved
in the absorption transitions do not interact strongly with each other, and AlPorF; and
BDP-TPA, can be treated as essentially independent species. This is confirmed by the
frontier molecular orbitals of the triad determined by DFT calculations shown in Fig. 2.
Consistent with the UV—visible absorption spectra, the orbital wave functions are local-
ized on different parts of the molecule. As expected, the HOMO (Fig. 2a) is local-
ized on the BDP-TPA, group and the LUMO (Fig. 2b) is on Cg,. The HOMO-2 and
LUMO+4 (Fig. 2c, d) are both localized on the porphyrin and represent the HOMO
and LUMO of this part of the complex. Importantly, there is very little delocalization
of the porphyrin orbitals onto the bridging groups that connect it to the fullerene and
BDP-TPA,.

3.2 Excited State Energies and Electron Transfer Pathways

The optical and electrochemical data reported previously [31] suggest that exci-
tation of AlPorF; leads to two charge transfer reactions that result in charge
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Fig.2 Frontier molecular orbitals of Cgy-Im— AlPorF;-BDP-TPA,. a HOMO b LUMO ¢ HOMO-2
(HOMO of AlPor) d LUMO +4 (LUMO of AlPor). The green and red surfaces represent positive and
negative electron density, respectively

separation between BDP-TPA, and Cg,. Depending on the relative rates of the two
reactions, there are two possible routes, route 1: Cg-Im — '(AlPorF;)*-BDP-TPA, =
(Cg0)*-Im — (AlPorF;)**-BDP-TPA, = (Cg)*~-Im — AlPorF;-(BDP-TPA,)** and
route 2: Cgy-Im— (AIPorF,)*-BDP-TPA, = Cgy-Im — (AlPorF;)*"-(BDP-TPA,)**
= (Cg)* -Im — AlPorF;-(BDP-TPA,)**. Which of these two possibilities occurs is
not certain, but the rate constants obtained from the transient absorbance data indi-
cate that the charge separation between TPA,-BDP and AlPorF; in the triad is about
an order magnitude faster than the charge separation between AlPorF; and C,.
The lifetime of the final charge-separated state in the triad could not be determined
accurately from the transient absorbance data but was estimated to be on the order
of ~20 ns [31].

Figure 3 shows difference density plots of the charge transfer (CT) states obtained
from time-dependent DFT calculations. The calculated energies, which also include
the solvent stabilization in 0-DCB predict that (Cg;)*~-Im — AlPorF;-(BDP-TPA,)**
is the lowest energy excited state (Fig. 3a) and Cgy-Im — (AlPorF;)*~-(BDP-TPA,)**
(Fig. 3c) is the highest energy CT state. The solvent correction of ~1 eV appears to
be overestimated in these calculations since it gives energies for the states shown in
Fig. 3a and b that are lower than the ground state energy. However, the correction
is roughly the same for all three states so that their relative energies do not depend
strongly on the solvent.

3.3 TREPR Spectroscopy

To investigate whether TREPR data can be used to resolve the ambigu-
ity in the order of the electron transfer steps and the lifetime of the final radi-
cal pair state, room temperature time/field datasets were collected in 0-DCB
and in the liquid crystal 5CB. Figure 4 shows a comparison of the TREPR

@ Springer



Sequential Electron Transfer in a BODIPY-Aluminum(lll)... 677

Fig.3 Difference densities of the charge transfer states of Cg,-Im— AlPorF;-BDP-TPA, from time-
dependent DFT computations. a Lowest energy CT state E=— 1.152 eV relative to the ground sate.
b AlPor to Cg, charge transfer state, E=— 0.337 eV. ¢ BDT-TPA, to AlPor charge transfer state,
E=0.119 eV. The green and red surfaces represent positive and negative changes in electron density
between the ground and excited state, respectively

spectra of Cgj-Im — AlPorF;-BDP-TPA, and the reference compound Cgy-Im
at 150 ns after the laser flash in the two solvents. Spectrum (a), which is
Cgo-Im — AlPorF;-BDP-TPA, in 0-DCB, arises primarily from the charge-sepa-
rated state (Cq)*-Im — AlPorF;-(BDP-TPA,)** and consists of two overlapping
emission/absorption (E/A) antiphase doublets with different linewidths. As can
be seen in Table 1, the isotropic g-value of (Cg4y)*~ obtained from DFT calcu-
lations is smaller than that of (BDP-TPA,)**. In addition, the inhomogeneous
linewidth for (Cg)®~ is expected to be smaller than that of (BDP-TPA,)** because
(Cgp)°~ does not contain any magnetic nuclei. Thus, we assign the narrow E/A
doublet, which occurs at slightly higher field (smaller g-value), to (Cg4y)*~ and
the broader E/A pattern to (BDP-TPA,)**. The doublet from (Cg,)*~ appears to
show net absorptive polarization while that from (BDP-TPA,)** has net emission.
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Fig.4 Room temperature TREPR spectra of the triad Cq,-Im — AlPorF;-BDP-TPA, and the reference
compound Cyy-Im in two different solvents. a Cgy-Im — AlPorF;-BDP-TPA, in 0-DCB; b Cgy-Im in
0-DCB ¢ Cgy-Im — AlPorF;-BDP-TPA, in the liquid crystal 5CB; d Cgy-Im in 5CB. The spectra were
extracted from the time-field dataset in a time window centered at 150 ns after the laser flash

Table 1 The g-values of the radical ion species in the possible light-induced charge transfer states
obtained from DFT calculations and other parameters used for the simulation of the spectra in Fig. 6

(BDP-TPA,)** (AlPorF;)** (AlPorF;)*~ (Cep)*~
g-values 2.00284 2.00348 2.00119 2.00111
Linewidths (mT) 0.38 0.20 0.20 0.14
(BDP-TPA,)**-(Cgy)*~ (AlPorF;)**-(Cgo)*™ (BDP-

TPA,)**-
(AlPorF;)*~

J (mT) 0.08 1.5 1.5

Lifetime (ns) 90 2.5 2.0

Spectrum (b) is the triplet state of Cg in 0-DCB. The rapid isotropic motion leads
to averaging of the zero-field splitting and cancelation of the multiplet polariza-
tion of the triplet state so that only a very weak absorptive signal is seen. In con-
trast, in the liquid crystalline solvent SCB, in which the motion is anisotropic, the
zero-field splitting is not averaged to zero and a prominent A/E pattern about 4
mT wide from the Cg, triplet state is seen for both the triad (spectrum (c)) and the

@ Springer



Sequential Electron Transfer in a BODIPY-Aluminum(lll)... 679

fullerene reference compound (spectrum (d)). The narrow features at the center of
spectrum (c) arise from the charge-separated state and are similar to spectrum (a).

Figure 5 shows fits of the time traces taken at the absorptive and emissive max-
ima of the radical pair spectrum of Cq,-Im — AlPorF;-BDP-TPA, in 0-DCB (spec-
trum (a) in Fig. 5). The time traces are fitted as the sum of two exponentially decay-
ing components:

S(t, By) = a(B,) exp(—kgpt) + B(B) exp(—kcmt), 1)

where a(B,) and f(B,) are the amplitudes of the signals from the radical pair
(Cg0)*~-Im — AlPorF;-(BDP-TPA,)** and the fullerene triplet state, respectively, at
a given field position, B,,. The decay rates of the two signals are governed by spin
relaxation and decay to the ground state such that k = I/Tml + 1/Tdmy. The lifetime

of the Cgj triplet state is known to be ~50 ps at room temperature [41] and is negli-
gible relative to the spin relaxation decay. For the radical pair, the spin relaxation
lifetime is unknown, but it is clear from the time traces that the signal decay is much
faster than that of the weak Cq triplet state component. Radical pairs usually have
longer spin relaxation times than triplet states, due to the weaker spin—spin coupling.
Thus, decay of the radical pair TREPR signals appear to be dominated by charge
recombination. In the fits, we have taken the observed relaxation lifetime for the Cg,

-—

(a)

[ I B L L L
346 347 348 349 350 351 352
Magnetic Field (mT)

Spin polarized TREPR signal

Time (us)
Fig.5 Kinetic fit of the spin polarized EPR transients from the triad Cg,-Im — AlPorF;-BDP-TPA, in

0-DCB at room temperature. The transients were taken at a 349.1 mT and b 348.7 mT at the absorptive
and emissive maximum of the spectrum as shown in the inset
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triplet as a lower limit of 7,,; for the radical pair. Since this lower limit for 7, is
much longer than the lifetime of the radical pair TREPR signal it has little effect on
the fitted lifetimes. The ~ 100 ns rise time of the spectrometer is taken into account
by convoluting S(#) with an exponential response function:

J1 Sy exp(—=(t — 1)/ 7,55, )dt’

Sops (D) = -
’ f_oo exp(—(t - t,)/Trise)

(@)

The fits of the transients yield a spin relaxation lifetime of 1.80 ps and a lifetime
for the radical pair of 90 ns. The lifetime of the radical pair is somewhat longer than
the value of ~ 20 ns obtained from optical data probably because the lifetime is close
to the lower limit of the time resolution of the TREPR spectrometer and beyond the
3 ns time window of the optical pump-probe experiments reported in reference [31].

3.4 TREPR Spectral Simulations

For the triad, it is clear from the TREPR spectrum in 5CB that in addition to the
charge-separated state, the triplet state of Cg is also formed. However, in 0-DCB,
the motion is clearly fast enough to average the ZFS. Thus, we can safely assume
that the weak dipolar coupling and any g-anisotropy in the radical pair will be aver-
aged. We can also expect that the exchange coupling is smaller than the inhomoge-
neous linewidth. Under these conditions the line shape of the antiphase doublet is
given by [17, 42, 43]

I, = Y (w; — wy) exp _—(a)i—a)o)z 3
l V2rAw? l ’ 2007 ’ ©)

1
where i refers to the two radicals, w; = h~'g,B,, is the resonance frequency of each
radical, Aw;, is the inhomogeneous linewidth and J is the isotropic exchange cou-
pling the radical pair.

The fact that the each of the antiphase doublets in the experimental spectrum in
0-DCB shows net polarization of opposite sign is indicative of singlet—triplet mixing
in the initial radical pair state. The mixing results in two additional contributions to
the polarization of subsequent radical pairs [17, 42, 43]. The singlet—triplet mixing
that arises from the difference in the g-values of the radicals in the precursor radical
pair leads to equal and opposite net polarization of each radical with intensity given
by

BBy 2J,(gp — 84
u — —

F ,
h k?

“)
where k is the decay rate, J; is the exchange coupling and g, and g, are the g-val-
ues of the donor and acceptor in the precursor radical pair. The inhomogeneous line
broadening also contributes to the singlet—triplet mixing and leads to a multiplet
contribution to the antiphase doublet of the radical that is not transferred:where Aw
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is the inhomogeneous linewidth of the radical that is not directly involved in the sec-
ondary electron transfer step.

In Cgy-Im— AlPorF;-BDP-TPA,, the initial radical pair can be either
(AlPorF;)**-(Cy)*~ or (BDP-TPA,)**-(AlPorF;)*~. Thus, we have simulated the
spectra in 0-DCB assuming both scenarios. The simulated spectra have been calcu-
lated using the g-values obtained from DFT computations (Table 1). The exchange
coupling and radical decay rates are unknown for the two possible initial radical
pairs and these two parameters are interdependent in determining the spectrum of
the second radical pair. Therefore, we have arbitrarily set the exchange coupling in
the initial radical pair to J;=1.5 mT and adjusted the lifetime to achieve best agree-
ment with the experimental spectrum. The simulations are shown in Fig. 6.

The simulations in Fig. 6 show that the experimental polarization pattern is con-
sistent with singlet electron transfer and a positive value for the spin—spin coupling
in the radical pair (BDP-TPA,)**-(C¢,)®". Since the spin—spin coupling is much
smaller than the inhomogeneous linewidth, its value cannot be determined accu-
rately from the spectrum. Thus, the value of J used in the simulations is just a rea-
sonable estimate based on a survey of literature values from CIDNP data [44, 45].
In simulation (a) in Fig. 6, the initial charge separation is assumed to be electron
transfer from AlPorF; to Cg,, while in simulation (b) hole transfer from BDP-TPA,
to AlPorF; is the first step. The simulations also include a weak contribution from

—— Experiment
—— Simulation

I T T T T T 1
346 347 348 349 350 351 352
Magnetic Field (mT)

Fig.6 Transient EPR spectrum of Cgy-Im— AlPorF;-BDP-TPA, at room temperature in 0-DCB
using the parameters given in Table 1. a Comparison of the experimental spectrum (black) and simu-
lated spectrum (red) assuming that (AIPorF;)**-(Cg)®~ is the precursor to (BDP-TPA,)**-(C¢)*™. b
Simulation assuming that (BDP-TPA,)**-(AlPorF;)*~ is the precursor. The contributions from (BDP-
TPA,)**-(Cg)*~ (blue) and the triplet state of Cg (green) to simulation (b) are also shown
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3(Cgp). The simulated (BDP-TPA,)*"~(Cg,)*~ and *(Cy,) spectra used in simulation
(b) are also shown in Fig. 6. As can be seen, both possible reaction schemes lead to
an adequate simulation of the experimental spectrum, but the agreement is slightly
better when the hole transfer is assumed to be the first step. Thus, the polarization
pattern is consistent with either of the two possible reaction schemes provided that
the sign of the exchange coupling is the same for both of them.

4 Conclusions

The TREPR data allow the following conclusions to be made: (1) light-induced charge
separation generating the state (BDP-TPA,)"-(Cq,)*~ occurs in the triad following excita-
tion of AlPorF;. (2) The lifetime of the (BDP-TPA,)**-(Cq,)*~ state is~90 ns. (3) The
charge separation occurs via an intermediate radical pair state that has a lifetime on the
order of a few nanoseconds, showing that the triad supports multistep sequential electron
transfer. However, which of the two possible intermediates is formed remains ambiguous.
Their calculated energies show that the driving force for electron transfer from ' AlPor*
to C, is greater than for hole transfer from ' AlPor* to BDP-TPA,. However, the relative
rates of the two reactions also depend on the electronic coupling and the reorganization
energy, 1. Geometry optimizations of the porphyrin radical cation and radical anion show
that the minimum energy geometry of (AlPorF;)*™ is substantially different from that of
the neutral molecule and (AIPorF;)**. The root means square difference between the neu-
tral porphyrin and radical anion structures was computed to be 1.347 A, while for the rad-
ical cation it is only 0.401 A. In addition, the reorganization energy for reduction of Cg,
is known to be very small [46] and is probably smaller than that for oxidation of (BDP-
TPA,)**, which has greater structural flexibility. This suggests that there is a significant
difference in the reorganization energies for the two possible initial charge transfer steps,
with a larger value of 1 for the hole transfer from ' AlPor* to BDP-TPA,. Given the fairly
large driving force of at least — 450 meV for the two reactions, the larger reorganization
energy most likely results in a lower activation energy. The bridge between BDP-TPA,
and AlPor is also shorter than that between AlPorF; and Cg,, which probably results in
stronger electronic coupling. Thus, the properties of the complex point to a faster rate for
hole transfer to BDP-TPA, compared to electron transfer to Cg,, which is also consistent
with previously reported transient absorbance data [31].
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