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Molecular systems for artificial photosynthesis have successfully
employed bioinspired, multistep electron transfer strategies to
achieve long-lived radical ion pair (RP) states for solar energy
conversion and storage.1,2 The distance over which the two charges
areseparateddependsonthestructureof themoleculardonor-acceptor
array, while the lifetime of the charge separation and ultimately its
ability to carry out useful redox chemistry depend on the electronic
coupling between the final oxidized donor and reduced acceptor.
The radical ions produced by charge separation are frequently
delocalized over the π systems of the final oxidized donor and
reduced acceptor, so that there is often significant uncertainty as
to the average distance between the separated charges, which in
turn translates into uncertainty in the degree to which the radical
ions are electronically coupled. In fact, in low dielectric constant
media, where the Coulomb attraction of the ions may be significant,
the charge distribution of the ions may be distorted, so that the
average distance between them may be shorter than that implied
by their chemical structures.3,4

Pulse EPR spectroscopy offers powerful methods to measure
spin-spin interactions within photogenerated RPs, which directly
yield structural information.5 For example, the anisotropic dipolar
interaction, D, between the unpaired electrons in the RP depends
on the RP distance (1/r3), while the exchange interaction (J)
monitors the electronic coupling between the radicals.6 The earliest
application of electron spin echo (ESE) spectroscopy to photosyn-
thetic reaction center (RC) proteins using a Hahn two-pulse echo
experiment, π/2-τ-π-τ-echo, where τ is the delay time between the
π/2 and π microwave pulses, observed that the echo signal from
the photogenerated RP is phase-shifted relative to that of the same
spin system at thermal equilibrium and appears with the same phase
as the applied microwave pulses.7 Later theoretical studies showed
that this “out-of-phase” (OOP) echo is due to the spin-spin
interactions D and J within the RP, which modulate the echo decay
as a function of τ, so that the overall observed effect is termed
out-of-phaseelectronspinechoenvelopemodulation(OOP-ESEEM).8,9

The first experiments using OOP-ESEEM to determine D, and
therefore the RP distance, were performed on the charge separated
state within the RC of Rb. sphaeroides (P865

+•QA
-•).10 The RP

distance derived from D was found to agree very well with that
obtained from the RC X-ray crystal structure.11 While this approach
has been successfully applied to a variety of RC proteins,12-16 it
has not been demonstrated for artificial photosynthetic systems. Here
we show for the first time direct RP distance measurements in
several artificial photosynthetic model systems using OOP-ESEEM.

The synthesis and characterization of electron donor-acceptor
molecules 1-3 are reported in the Supporting Information. Pho-
toexcitation of the charge transfer bands of 6ANI17 in 1 and 2 and
DMJ-An18 in 3 rapidly produce the spin-correlated RPs 1:
BDX+•-PI-•, 2: TTF+•-PI-•, and 3: DMJ+•-NI-•. Samples for

EPR measurements were dissolved in toluene (OD ) 0.65 at 416
nm), loaded into 3.8 mm o.d. (2.4 mm i.d.) quartz tubes, subjected
to several freeze-pump-thaw degassing cycles on a vacuum line
(10-4 Torr), and then flame-sealed using a hydrogen torch. Pulse
EPR measurements were carried out using a Bruker Elexsys E580
spectrometer operating at 9.5 GHz (X-band). Samples were
photoexcited at 85 K inside the EPR resonator using 416 nm, 0.7
mJ, 7 ns laser pulses at a 10 Hz repetition rate as described earlier.19

The spin echo was generated using two microwave pulses following
the laser pulse in the sequence: laser-tD-π/2-τ-π-τ-echo, where tD

) 200 ns, the π/2 and π microwave pulses were 8 and 16 ns long,
respectively. The echo signal was measured as a function of the
delay time τ between the two microwave pulses (in increments of
12 ns beginning at τ ) 108 ns). The spin-polarized EPR spectra of
BDX+•-PI-•, TTF+•-PI-•, and DMJ+•-NI-• obtained at 100 ns
after the laser flash are given in Figure S1.

Figure 1 shows the time dependent OOP-ESEEM associated with
the spin correlated RPs of 1-3. As predicted by theory8,9 and
observed experimentally,10 the out-of-phase echo decays show
strong modulation. After orientational averaging, the time domain
echo can be described by15,16

where T is the relaxation time, A is the amplitude of the modulated
echo, ω ) 2J - 2D(cos2 θ - 1/3), and θ is the angle between the
externally applied magnetic field and the vector joining the two
spins in the RP. The data in Figure 1 were least-squares fit to the
analytical solution of eq 1, which yields D and J directly.15,16 Since
A ) 0 for the spin-polarized RP when the delay time τ ) 0,9 the
echo amplitude during the initial 108 ns “dead time” was restored
by extrapolating the fit of the modulation signal to τ ) 0. Sine
Fourier transformation (SFT) of the fits to the data yield the spectra
given in Figure 2. The SFT of the time domain modulation produces

S(τ) ) Ae-τ/T∫0

2π ∫0

π
sin(ωτ) sin(θ) dθ dφ (1)
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a Pake doublet with turning points (ν⊥, ν|) and (ν′⊥, ν′|) resulting
from the two dipolar- and exchanged-coupled spins having an
antisymmetric shape with respect to the central frequency due to
spin polarization. The peaks ν⊥ and ν′⊥ are assigned to perpendicular
orientation of the vector connecting the radical ions within the RP
with respect to the magnetic field (θ ) 90°), while the spectral
edges ν| and ν′| are assigned to the parallel orientation (θ ) 0°).
The RP distances were calculated using the point dipole approxima-
tion, D ) -2785 mT ·Å/r3 (Table 1).

The measured RP distances for 1-3 are compared in Table 1
with the calculated distances between the centroids of the spin
distributions of the oxidized donors BDX+•, TTF+•, and DMJ+• and
those of the reduced acceptors PI-• and NI-• determined using the
semiempirical UHF-PM3 method.20 The centroids calculated for
BDX+•, TTF+•, PI-•, and NI-• are all at the geometric centers of
their structures, while that of DMJ+• is in the middle of its C-N
bond. The measured RP distances for 1 and 3 agree well with those
of the calculations, while the measured distance for 2 is ∼0.8 Å
longer than the calculated value, which may be due to the

distribution of rotational conformers of TTF about the phenyl to
which it is attached, which results from the “off-axis” attachment
of the TTF relative to the rod-like structure of 2. These results show
that, despite the intrinsically nonpolar nature of the toluene glass
at 85 K, the spin (and charge) distributions of the RPs are not
significantly distorted by Coulomb attraction over these long
distances. As a further check on the assumptions intrinsic to the
point dipole approximation, the D value and its corresponding
rhombicity parameter E were calculated from the spin distributions
of each radical using the energy minimized structures of 1-3 (Table
1). The calculated values of D are slightly smaller than the measured
values, while the E values are negligible, showing that the point
dipole approximation is adequate for determining the RP distances
relative to the accuracy of the distances derived from the molecular
orbital calculations.

The small J values for 1 and 2 result from a combination of
structural features that reduce the electronic coupling between the
two radicals of the RP: namely, the saturated piperidine ring, which
interrupts π orbital overlap; the fact that the HOMOs and LUMOs
of all of the aromatic imides and diimide components have nodal
planes that bisect the imide N atoms at which they are connected;
and the nearly orthogonal orientation of the phenyl ring joining
ANI and PI. The J value for 3 is reduced by the long distance
between the radical ions.

This study shows that OOP-ESEEM is well-suited for probing
the detailed structural features of charge-separated intermediates
that are essential to understanding how to design molecules that
prolong charge separation for artificial photosynthesis.
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Figure 1. Out-of-phase ESEEM of 1-3 measured at 85 K. Experimental
conditions: (1) νmw ) 9.714 GHz, B0 ) 345.8 mT; (2) νmw ) 9.614 GHz,
B0 ) 342.3 mT; (3) νmw ) 9.716 GHz, B0 ) 346.0 mT. The red traces are
the fits to the experimental data.

Figure 2. Sine Fourier transformation (SFT) of the time domain echo
modulation signals of 1-3 shown in Figure 1. The red curves superimposed
on the experimental spectra are the SFTs of the fitting functions. The Pake
doublet turning points are indicated.

Table 1. Radical Pair Parameters and Distances for 1-3

D (µT)
meas

J (µT)
meas

r (Å)
meas

r (Å)
calcd

D (µT)
calcd

E (µT)
calcd

1 -179 ( 2 -18 ( 2 25.0 ( 0.1 25.4 -144 0.8
2 -125 ( 2 12 ( 2 28.1 ( 0.1 27.3 -108 0.4
3 -52 ( 2 7 ( 2 38.0 ( 0.2 37.6 -47 0.0
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