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Abstract: Excitation of a triad artificial photosynthetic reaction center consisting of a porphyrin (P) covalently
linked to a fullerene electron acceptor (C60) and a carotenoid secondary donor (C) leads to the formation of
a long-lived C•+-P-C60

•- charge-separated state via photoinduced electron transfer. This reaction occurs in
a frozen organic glass down to at least 8 K. At 77 K, charge recombination of C•+-P-C60

•- occurs on the
microsecond time scale, and yields solely the carotenoid triplet state. In the presence of a small (20 mT)
static magnetic field, the lifetime of the charge-separated state is increased by 50%. This is ascribed to the
effect of the magnetic field on interconversion of the singlet and triplet biradicals. At zero field, the initially
formed singlet biradical state is in equilibrium with the three triplet biradical sublevels, and all four states
have comparable populations. Decay to the carotenoid triplet only occurs from the three triplet sublevels. In
the presence of the field, theS and T0 states are still rapidly interconverting, but theT+ and T- states are
isolated from the other two due to the electronic Zeeman interaction, and are not significantly populated.
Under these conditions, recombination to the triplet occurs only fromT0, and the lifetime of the charge-
separated state increases. This effect can be used as the basis for a magnetically controlled optical or
optoelectronic switch (AND gate).

Introduction

The effects of magnetic fields on the lifetimes of radical pairs
formed by photoinduced electron transfer and the corresponding
yields of the products of radical pair decay have been studied
for many years.1-4 They arise because the field can affect the
rates of interconversion among the singlet radical pair and the
three sublevels of the triplet radical pair. The observation of
such effects requires two apparently contradictory conditions.
For photoinduced electron transfer to occur from an excited
singlet state, the electronically excited electron donor (acceptor)
and the ground-state acceptor (donor) must experience relatively
strong electronic coupling so that electron transfer can compete
kinetically with the other decay pathways available to the excited
state. However, such strong coupling generally precludes the
interconversion of the singlet and triplet radical pair states
necessary for the development of magnetic field effects. Both
conditions may be satisfied sequentially by allowing diffusional
processes to bring together the donor and acceptor, thus
promoting rapid photoinduced electron transfer. Diffusion can
then separate the radical pairs, reducing coupling and allowing
singlet-triplet interconversion. Thus, magnetic field effects are
generally observable in radical pair systems wherein the donors
and acceptors freely diffuse in solution, or in biradicals where
the radicals are linked by flexible chains such as polymethylene
groups so that large-scale internal motions are facile.

Because of these restrictions, rigid donor-acceptor as-
semblies, or those in media such as low-temperature glasses

where molecular motions are restricted, typically do not
demonstrate magnetic field effects on radical pairs originating
from excited singlet state precursors. This hinders the use of
such effects in the design of molecular-scale electronic com-
ponents that must function in rigid media. The conundrum can
be avoided by employing a multistep electron-transfer strategy
whereby the electron is moved from the primary donor to the
ultimate acceptor via intermediate donor-acceptor species. In
this way, the electronic coupling between adjacent donor-
acceptor pairs is strong enough so that each electron-transfer
step is rapid and can compete with other decay pathways,
resulting in a high yield of the final charge-separated state. At
the same time, the electronic coupling between the donor and
the ultimate acceptor is small, and this can allow rapid singlet-
triplet interconversions and consequently magnetic field effects.

The preeminent example of this phenomenon is photosyn-
thesis, where a number of different magnetic field effects on
reaction yields and rates have been observed.5-11 In the case
of photosynthetic model systems, magnetic-field-dependent
nonexponential decays of biradical states at room temperature
have been reported in diporphyrin-imide triad molecules.12
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Small magnetic fields increased the initial rate of decay of the
biradical to the ground state by charge recombination. Magnetic
field effects have also been reported in dyads consisting of
porphyrins linked to viologen electron acceptors by flexible
chains.13,14 In these cases, photoinduced electron transfer
originates from the porphyrin excited triplet state, rather than
the singlet.

We recently reported15-17 the preparation and study of a
carotenoid (C)-porphyrin (P)-fullerene (C60) triad artificial
photosynthetic reaction center (1) that demonstrates photoin-

duced electron transfer behavior ideally suited for the observa-
tion of unusual magnetic field effects. Excitation of the
porphyrin moiety yields C-1P-C60, which decays by photo-
induced electron transfer to give C-P•+-C60

•-. Secondary
electron transfer from the carotenoid to the porphyrin radical
cation produces the C•+-P-C60

•- charge-separated state. This
process occurs even in low-temperature organic glasses where
molecular motions and some electron spin relaxation processes
are slowed. In addition, charge recombination yields only the
carotenoid triplet state,3C-P-C60, rather than the molecular
ground state. As discussed below, this combination of properties
results in a lifetime for the C•+-P-C60

•- charge-separated state
on the microsecond time scale that is increased by 50% upon
application of a weak magnetic field.

Results

Photochemistry at Ambient Temperatures. The synthesis
and characterization of triad1 has been previously reported.15

The photochemistry of the triad may be discussed with reference
to Figure 1, which shows the relevant high-energy states and
decay pathways. Time-resolved spectroscopic studies have
shown that at ambient temperatures in 2-methyltetrahydrofuran
solution, excitation of the porphyrin moiety yields C-1P-C60,
which decays in 10 ps by photoinduced electron transfer to the
fullerene to generate C-P•+-C60

•- (step 3 in Figure 1,k3 )
1.0 × 1011 s-1). The fullerene excited singlet state accepts an
electron from the porphyrin to also yield C-P•+-C60

•- (k2 )
3.1 × 1010 s-1). The overall quantum yield of C-P•+-C60

•-

by these two pathways is essentially unity. Secondary electron
transfer from the carotenoid (step 4) competes with charge
recombination by step 7 to yield the final C•+-P-C60

•- charge-
separated state. The rise time of this state is 80 ps, and the
overall yield is∼0.14, as determined by the comparative method
with themeso-tetraphenylporphyrin triplet state (φT ) 0.67, (εT-

εG)440 ) 6.8 × 104 L mol-1 cm-1) as a standard, and using an
extinction coefficient of 1.6× 105 L mol-1 cm-1 for the
carotenoid radical cation. The C•+-P-C60

•- state decays
exponentially in 170 ns exclusively by charge recombination
to produce the carotenoid triplet state (Φt ) 0.13). Decay of
3C-P-C60 occurs in 4.9µs (k15 ) 2.0 × 105 s-1). The
application of a small (up to 41 mT) magnetic field to the sample
at ambient temperatures had no effect on either the yield or the
lifetime of the charge-separated state.

Photochemistry at 77 K in the Absence of a Magnetic
Field. Excitation of a ∼1 × 10-4 M solution of 1 in a
2-methyltetrahydrofuran glass at 77 K with a 590 nm, 5 ns laser
pulse gave rise to several transient species.15 A transient
absorption with a maximum at 700 nm corresponding to the
fullerene triplet state was observed. The quantum yield of
C-P-3C60 was 0.17, as determined by the comparative method,
and it decayed with a time constant of 81µs. At the excitation
wavelength,∼19% of the light is absorbed by the fullerene
moiety, and the quantum yield of triplet in model fullerene
compounds is essentially unity. Thus, C-P-3C60 is postulated
to form by normal intersystem crossing via step 10 in Figure 1.
This conclusion has been borne out by time-resolved EPR
experiments that confirm the intersystem crossing mechanism.16

The nanosecond time-resolved absorption experiments also
reveal a transient absorption with a maximum at 965 nm
corresponding to the carotenoid radical cation of the C•+-P-
C60

•- charge-separated state. The quantum yield is∼0.10, based
on total light absorbed and using the extinction coefficients
reported for the tetraphenylporphyrin triplet state and carotenoid
radical cations at ambient temperatures. Transient absorption
experiments carried out under similar conditions with subpico-
second excitation at 575 nm with the pump-probe technique
gave a rise time for C•+-P-C60

•- of 770 ps at 77 K (Figure
2). This rise time is presumably the reciprocal of (k4 + k7) at
this temperature.

The decay of the carotenoid radical cation absorption of C•+-
P-C60

•- occurs on the microsecond time scale, and is shown
in Figure 3. It is accompanied by the rise of a new transient
with a maximum absorbance at∼550 nm whose rise kinetics
are identical to the decay kinetics of the carotenoid radical
cation. The new state is ascribed to3C-P-C60 generated by
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Figure 1. High-energy states of C-P-C60 triad 1 and their relevant
interconversion pathways at 77 K. Energies were estimated from
spectroscopic results at ambient temperature and from cyclic voltam-
metric experiments carried out on suitable model compounds in polar
solvents at ambient temperatures.15 These energies have not been
corrected for any Coulombic effects.
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charge recombination of the C•+-P-C60
•- biradical. It is

formed with a quantum yield of∼0.07 based on ambient-
temperature extinction coefficients, which is comparable to the
yield of C•+-P-C60

•-, within experimental error. The decay

can be fit within the noise limits with two exponentials. The
major component has a time constant of 10µs, which is a typical
lifetime for a carotenoid triplet state, and the lifetime of the
minor component is 83µs. The similarity of the minor
component lifetime to that for C-P-3C60 suggests that it may
be due to some absorption of the fullerene triplet state at 550
nm.

The 980-nm absorption of C•+-P-C60
•- at 77 K does not

decay as a single exponential, in contrast to the behavior at
ambient temperatures. To compare these results with those
obtained in the presence of a magnetic field, we have defined
an “average” decay rate,kavg, for the illustrated time window
defined by eq 1, whereA, A′ andA′′ are the amplitudes of three

exponential decay components with rate constantsk, k′, andk′′.
For example, at zero field, the decay may be fitted over the
time window shown in Figure 3 with two exponential compo-
nents of 1.0 (60% of the decay) and 2.5µs (37%) and a very
slowly decaying component with an amplitude of 3%. Thus,
thekavg value for1 is 7.5× 105 s-1 in the absence of an applied
magnetic field. Using different time windows yields slightly
different combinations of time constants and amplitudes.

Photochemistry at 77 K in the Presence of a Magnetic
Field. Identical experiments at 77 K on the nanosecond time
scale were carried out in the presence of a weak (41 mT), steady-
state magnetic field (B) applied before excitation. The yield
of C•+-P-C60

•- under these conditions was essentially identical
to the yield atB ) 0. The decay of the charge-separated state,
however, was significantly slower than that in the absence of a
magnetic field (Figure 3). Application of eq 1 to these data
yields akavg value of 5.0× 105 s-1 in a 41 mT field.

The magnetic field dependence ofkavg is shown in Figure 4.
The effect on the lifetime of the biradical saturates at a few
tens of mT; the field strength for half-saturation,B1/2, is 6.4
mT. The time dependence of the difference in the transient
absorption of the biradical at zero field and at saturating
magnetic field effect may be quantified by subtracting the decay
curve in the absence of field from that obtained at 41 mT. The
resulting curve (Figure 5a) shows that the maximum difference
in concentration of the charge-separated states, as a function of
time, occurs 1.3µs after the excitation pulse. The total
difference in response of the triad to the two field strengths is
conveniently illustrated and quantified by integrating the two
transient absorptions over their lifetimes (Figure 5b).

Figure 2. (a) Transient absorption spectrum of C•+-P-Q•- taken 3950
ps after excitation of a∼1 × 10-3 M solution of 1 in a 2-methyltet-
rahydrofuran glass at 77 K with a 150-fs, 20 nJ laser pulse at 575 nm.
(b) Rise of the absorption in part a, determined at 950 nm. The smooth
curve is an exponential fit to the rise data with a time constant of 770
ps.

Figure 3. Decay of the transient absorption of the C•+-P-C60
•-

charge-separated state in a 2-methyltetrahydrofuran glass at 77 K,
monitored at 980 nm where the carotenoid radical cation absorbs
strongly. Excitation was at 575 nm with a∼5 ns laser pulse. The lower,
more rapidly decaying transient was obtained at zero magnetic field,
and the upper, more slowly decaying signal at 41 mT. The smooth
curves passing through the experimental data are best fits of the data
in the time window shown with use of three exponential components,
as described in the text.

Figure 4. Dependence ofkavg, as defined by eq 1, on magnetic field
strength at 77 K.

kavg ) Ak + A′k′ + k′′A′′
A + A′ + A′′ (1)
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The yield of the carotenoid triplet species,3C-P-C60, arising
from charge recombination was determined at zero field and at
saturating field (41 mT), and no differences outside of experi-
mental error were observed. In addition, the rise kinetics of
the carotenoid triplet state at 0 and 41 mT were identical with
the decay kinetics of the carotenoid radical cation. Thus, the
carotenoid triplet state is the only significant product of charge
recombination at all field strengths investigated. The carotenoid
triplet state lifetime at 77 K was independent of the magnetic
field.

Discussion

The 50% increase in the lifetime of the C•+-P-C60
•- charge-

separated state resulting from the application of a relatively weak
static magnetic field may be explained by reference to the simple
and well-known kinetic scheme in Figure 6, which shows the
singlet biradical state, the three triplet biradical sublevels, and
the pathways that interconvert and depopulate them. The rapid
(770 ps) formation of the C•+-P-C60

•- state at 77 K ensures
that its excited-state precursor is the porphyrin first excited
singlet state, rather than the triplet. Thus, C•+-P-C60

•- is
formed as a singlet biradical. It has been previously determined
by time-resolved EPR spectroscopy16 that the exchange interac-
tion energy between the two electrons of the biradical is very
small (J ) 0.12 mT). In this case, the spin HamiltonianH can

be divided into four parts,18

whereâ is the Bohr magneton,B0 is the applied magnetic field,
g1 andg2 are the electronicg-factors for each radical,S1 andS2

are electron spin operators for the two components of the
biradical,J is the scalar exchange interaction constant,Ii andIk

are nuclear spin operators, anda1i and a2k are the isotropic
hyperfine coupling constants of nucleusi with radical 1 and
nucleusk with radical 2. The first term in eq 2 accounts for
the different electronic Zeeman interactions of the two radicals
with the magnetic field. The second term represents the scalar
coupling interaction of 2J, and the last two terms allow for the
isotropic hyperfine coupling interactions of magnetically active
nuclei (mainly protons) with the electron spins. It is assumed
that nuclei associated structurally with a given radical couple
only with that radical; this is justified whenJ is very small.

The singlet biradicalS (Figure 6) can in principle decay by
charge recombination (ks, which is identical tok8 in Figure 1),
or interconvert with theT0 (ka) or T+ andT- (kb) states. The
three triplet sublevels can interconvert viakc, and each can
undergo charge recombination to yield the carotenoid triplet state
with a rate constantkT.

At zero applied field, the first term in eq 2 vanishes, and the
energies of all four states in Figure 6 are nearly degenerate when
the exchange interaction energy is very small, as in1. It is
postulated that as a result, interconversion among all four states
via hyperfine coupling interaction (HFI)-induced intersystem
crossing is rapid on the time scale of charge recombination.
The resulting equilibrium leads to a population that is 25%
singlet biradical and 75% triplet. The experimental results show
that this population decays only within the triplet manifold (kS

, kT), yielding 3C-P-C60 as the sole product. Under these
conditions, and assuming allkT values to be equal, the decay
of the charge-separated state is given by

where [BR] is the total concentration of the biradical. The
charge-separated state will decay by step 9 in Figure 1 with an
observed first-order rate constantk9 ) 3kT/4.

At saturating applied magnetic field strengths, the Zeeman
interaction of the spins with the external magnetic field (first

(18) Closs, G. L.AdV. Magn. Reson.1974, 7, 157-229.

Figure 5. (a) Transient absorbance at 980 nm of a solution of1 in
2-methyltetrahydrofuran at 77 K determined at 41 mT minus that
determined at zero magnetic field. This is the difference of the two
curves in Figure 3. (b) Integral of the transient absorbance at 980 nm
of a solution of1 in 2-methyltetrahydrofuran at 77 K, determined at
41 mT (upper curve) and zero field (lower curve). These are the integrals
of the two curves in Figure 3 over time.

Figure 6. Schematic representation of the singlet biradical, the three
triplet sublevels of the biradical, and their decay and interconversion
pathways.

H ) âB0(g1S1 + g2S2) - J(1/2 + 2S1S2) + ∑
i

a1iS1Ii +

∑
k

a2kS2Ik (2)

d[BR]
dt

)
3[BR]

4
kT (3)
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term in eq 2) removes the near-degeneracy of the triplet
sublevels, increasing the energy ofT+ and decreasing that of
T- by an equal amount. Under these conditions, the mixing
betweenT0 andS is much stronger than the mixing among any
other electronic states. At 77 K, it is postulated that on the
time scale of biradical recombination, the interconversion of
the S and T0 levels is still rapid. However, interconversion
between these states andT+ andT- by any relaxation mecha-
nism is now much slower than charge recombination, and the
T+ andT- states are in effect isolated from the other two. Under
these conditions, C•+-P-C60

•-, which is born as a singlet
biradical, rapidly equilibrates withT0, but T+ and T- are not
significantly populated. When the field is present, the decay
of the biradical is given by

and the first-order decay constantk9 is kT/2. Thus, the observed
k9 at zero field will equal 1.5 timesk9 at a saturating field
strength. This result corresponds to what is observed experi-
mentally, askavg at zero field is indeed 1.5 times that at a
saturating field.

It was noted that the decays at 77 K are not single
exponentials. This is ascribed, for the most part, to the
likelihood that in the frozen medium, a variety of molecular
microenvironments and a variety of slightly different molecular
conformations exist, and that these have slightly different
recombination rates. Thus, although the data may be fit, within
experimental error, by two exponentials and a small baseline
offset, the true kinetic description is likely better described as
a distribution of decays. In this connection, it is interesting to
note that bothk andk′ in eq 1 are larger by a factor of∼1.5 in
the absence of a magnetic field. Thus, the molecules in the
great majority of the postulated microenvironments respond in
the same way to the presence of the field.

It is worthwhile to briefly examine a few of the postulates
underlying the above explanation. As determined by EPR
spectroscopy, the couplingJ between the electron spins in C•+-
P-C60

•- is +0.12 mT.16 This means that theT0 state lies 2.7
× 10-8 eV below the singlet state. The zero-field splitting
between the triplet states must be of this general magnitude as
well. At 77 K, thermal energies are∼6.6 × 10-3 eV. Thus,
the assumption that when in equilibrium at zero field, the four
energy levels are essentially equally populated is justified.

It is generally found that the dominant mechanism for
singlet-triplet interconversion at zero and low fields is HFI-
induced intersystem crossing.1-4 At zero field, the four spin
levels are essentially isoenergetic, and HFI-induced intersystem
crossing rapidly equilibrates all four states. As the magnetic
field strength increases and the Zeeman interaction splits the
energies ofT+ andT- away from those ofT0 andS (Figure 6),
HFI-induced intersystem crossing toT+ andT- becomes slower.
Finally these two states are no longer populated, and the
magnetic field effect saturates. Weller and co-workers have
shown19 that for a series of organic radical pairs, the magnetic
field value at half saturation due to HFI,B1/2, is given by:

where B1 and B2 refer to the energies of the hyperfine

interactions between the nuclear spins and unpaired electron
spins on each radical. These may be determined from the values
of the isotropic hyperfine coupling constantsaik. For the current
example, where the dominant hyperfine interactions are with
protons (I ) 1/2), the value ofBi is given by:19

In the case of triad1, the fullerene moiety is expected to
contribute negligibly because there are few, if any, hyperfine
coupling interactions with protons. This is consistent with the
narrow EPR line width of this radical (∼0.1 mT).20 The large
number of hyperfine couplings in the carotenoid radical cation,
which lead to a broad EPR signal, are expected to dominate
B1/2. The proton hyperfine coupling constants forâ-carotene
have been determined.21 If we use these values to estimate those
for the carotenoid of1, thenBcar is 3.4 mT, and eq 5 yields a
B1/2 value of 6.8 mT, which is in good agreement with the
experimental value of 6.4 mT (Figure 4). This result is
consistent with the assignment of HFI-induced intersystem
crossing as the major intersystem crossing mechanism.

In the presence of magnetic fields, the spin rephasing (∆g)
mechanism can also interconvert theS0 and T0 states. This
mechanism relies on the difference in precession frequencies
of the electron spins in the biradical (∆g) that arises from
differences in chemical environments (first term in eq 2). The
time for interconversion of theS0 and T0 states by this
mechanism (∆ω) is given4 by:

The g values for the carotenoid radical cation and fullerene
radical anion are 2.0027 and 1.998, respectively.20,22,23 At the
field where the magnetic field effects in1 saturate,∼0.020 mT,
1/∆ω equals 120 ns. Thus the∆g mechanism could have some
effect onS0-T0 interconversion at the higher magnetic field
strengths, although the HFI mechanism dominates overall, as
discussed above.

Spin-orbit coupling can also in principle lead to intercon-
version among spin states in biradicals. Spin-orbit coupling
is most important for heavy atoms, and interconversion by spin-
orbit coupling is expected to be too slow to be significant in
triad1 at 77 K. The fact that a magnetic field effect is observed
at all, and that it saturates at low magnetic fields, shows that
rapid interconversion of all spin states by spin-orbit coupling
or any other mechanism is not, in fact, occurring under these
conditions.

At 298 K, no effect of small magnetic fields on the lifetime
of C•+-P-C60

•- is observed in organic solvents. Thus, under
these conditions, rapid equilibration among the various spin
sublevels must be occurring even in the presence of the field.
It is possible that properties of the fullerene radical anion
contribute to the high equilibration rate.

The treatment above assumes that all singlet-triplet inter-
conversion occurs in the C•+-P-C60

•- biradical. Given the
770 ps rise time of this state at 77 K, it is conceivable that
some interconversion could also happen in the precursor C-P•+-

(19) Weller, A.; Nolting, F.; Staerk, H.Chem. Phys. Lett.1983, 96, 24-
27.

(20) Zoleo, A. 1995. Dissertation, Universita di Padova.
(21) Piekara-Sady, L.; Kahled, M. M.; Bradford, E.; Kispert, L. D.; Plato,

M. Chem. Phys. Lett.1991, 186, 143-148.
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Soc.1988, 110, 2151-2157.
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R.; Gust, D.; Moore, T. A.; Moore, A. L.J. Am. Chem. Soc.1990, 112,
6477-6481.

Bi ) (∑
k

I(I + 1)aik
2 )1/2 ) (∑

k

3aik
2

4 )1/2

(6)

∆ω ) ∆gâB/p (7)

d[BR]
dt

)
-[BR]

2
kT (4)

B1/2 ) 2
B1

2 + B2
2

B1 + B2
(5)
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C60
•-, although the radicals are presumably much more strongly

coupled in this state. If this occurs, it has no significant
consequences. The yield of C•+-P-C60

•- is essentially the
same at 77 K and ambient temperature, where the rate of
formation of C•+-P-C60

•- is much too fast to permit inter-
system crossing in the precursor biradical. The yield of C•+-
P-C60

•- at 77 K is also independent of magnetic field strength.
This suggests that singlet-triplet interconversion in C-P•+-
C60

•- is not affecting the competition between steps 4 and 7 in
Figure 1.

Conclusions

Triad 1 provides a unique opportunity to observe a straight-
forward influence of weak magnetic fields on radical pair
recombination, and the expected 50% increase in the lifetime
of the charge-separated state. There are several reasons for this
situation. In the first place,1 generates the charge-separated
state via a multistep electron-transfer strategy that produces a
long-lived charge-separated state in high yield, but with only a
small exchange interaction between the radicals. This weak
coupling permits singlet-triplet interconversion by hyperfine
interactions of the electron spins with nuclear magnetic mo-
ments. Presumably, these are mainly the hydrogen atoms on
the carotenoid chain. Second, charge separation occurs in a
rigid glass at 77 K (electron transfer occurs down to at least 8
K in 1), and this establishes the conditions for rapid equilibration
of the S andT0 states with no population ofT+ andT- in the
presence of the magnetic field. Finally, charge recombination
yields exclusively the carotenoid triplet state. If recombination
occurred only to the singlet ground state, the lifetime of the
charge-separated state would bereducedby the magnetic field.

As mentioned above, there are numerous examples of
magnetic field effects on reaction yields in mobile radical ion
pairs (MARY effect).1-4 Examples with rigid systems are less
common. Effects related to those reported here have been
observed in photosynthetic reaction center preparations, where
large-scale motions within the protein matrix are restricted. In
reaction centers ofRhodobacter sphaeroidesexcitation of the
special pair of bacteriochlorophyll molecules is followed by
photoinduced electron transfer via a bacteriochlorophyll mono-
mer to a bacteriopheophytin. An electron then migrates to a
quinone acceptor QA, and finally to a second quinone QB. If
QA is prereduced so that it cannot act as an acceptor, a long-
lived radical pair consisting of the special pair radical cation
and bacteriopheophytin radical anion is formed. The singlet
radical pair can recombine to yield the ground state, or undergo
intersystem crossing to the triplet radical pair, which decays to
yield the triplet state of the special pair. In the presence of a
magnetic field of 50 mT, the yield of triplet chromophore
decreases by∼50%.5,7 The genesis of this effect is that at zero
field, the singlet radical pair can interconvert rapidly with the
three triplet sublevels by hyperfine interactions. In the presence
of the field, interconversion only occurs between the singlet
and T0 levels, as discussed above, and therefore charge
recombination to the ground state is enhanced. Other effects
are observed at much higher field strengths.

A magnetic field effect on quantum yields such as that found
in reaction centers can only be observed if radical pair
recombination can occur by two competing mechanisms. In
triad 1, this is precluded because charge recombination yields
only the carotenoid triplet state, but lifetime effects are observed.
A somewhat related situation has been observed in modified
bacterial reaction centers at temperatures below∼70 K.11 Under
these conditions, electron transfer proceeds to yield a radical

pair consisting of the special pair radical cation and the QA

radical anion, but further electron transfer is blocked. Charge
recombination occurs only from the singlet radical pair to yield
the ground state, as the special pair triplet state is energetically
inaccessible. At fields of 50 mT, the initial part of the
nonexponential decay of the radical pair to the ground state
shows an increase in decay rate, attributable to decreased
interconversion of theSandT0 states with theT+ andT_ states.

Magnetic field effects at ambient temperatures have been
reported in triad photosynthetic model systems consisting of
two covalently linked porphyrins, one of which bears an
aromatic imide electron acceptor.12 The decay to the ground
state of the biradical resulting from photoinduced electron
transfer is biphasic, and the rate of the initial part of the decay
increases in the presence of a very small (5 mT) magnetic field.
This effect, which is quite different from those observed for1,
is ascribed to an initial decay of the singlet biradical to both
the ground state and the triplet manifold, with comparable rate
constants. Eventually a dynamic equilibrium is established,
giving rise to a slower component. The magnetic field decreases
the rate of intersystem crossing, thus affecting the rate constants
and enhancing singlet decay to the ground state at early times.
In these systems, magnetic field effects are not observed when
the charge separation lifetime is longer than a few hundred
nanoseconds.

The magnetic field effects observed for1 are potentially
useful in two ways. In the first place, the enhanced lifetime of
a charge-separated state induced by the magnetic field could in
principle be of value in solar energy conversion applications of
artificial reaction centers. A longer lifetime could increase the
quantum yield of useful energy conversion reactions by slowing
down charge recombination. Of course, this is only a 50%
effect, and is observable only at low temperatures in1.

The ability to significantly slow charge recombination by
application of a small field could be the basis of a magnetically
controlled optical or optoelectronic switch or logic gate. The
change in absorption of the carotenoid radical cation at 980 nm,
monitored either at the time of maximum difference in the
curves with the field on and the field off (Figure 5a) or as the
integral of the absorptions over their lifetimes (Figure 5b), is
much larger than the noise level in these experiments. Ap-
propriate monitoring of this transient absorption with a probe
light beam and a detector with a suitable threshold would allow
implementation of an AND gate-like function. In its unper-
turbed resting state, a collection of triads would have no
detectable absorption at 980 nm, as no light is absorbed by the
ground state in this spectral region. Switching on the magnetic
field would not generate an absorption. Excitation in the
absence of a magnetic field would generate a signal below the
detection threshold. However, excitation in the presence of the
field would produce a measurable signal, and therefore a change
in the state of the device. Thus, an output signal would be
produced only in the simultaneous presence of two inputs, the
magnetic field and the excitation pulse, as required for an AND
gate. A similar device with an electrical readout could be
devised if electron transfer from the charge-separated state of
the triad to an external circuit competed with decay to the
carotenoid triplet state. The electrical signal would be larger
in the presence of the magnetic field, when recombination to
the triplet was slowed.

Experimental Section

Transient absorption measurements on the picosecond time scale
were made with use of the pump-probe technique. The sample was
dissolved in purified 2-methyltetrahydrofuran and the resulting∼0.001
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M solution was placed in a cuvette having a 2-mm path length in the
beam area and stirred. For low-temperature measurements, a closed-
circuit helium refrigerator from APD Cryogenics Inc. equipped with
a Model 330 temperature controller from Lake Shore Cryogenics was
used. Excitation was at 590 nm with 150-200 fs, 30µJ pulses at a
repetition rate of 540 Hz or with 100-150 fs, 5µJ pulses at a repetition
rate of 1000 Hz. The signals from the continuum-generated white-
light probe beam were collected by an optical spectrometric multi-
channel analyzer with a dual diode array detector head.24

For nanosecond transient absorption measurements, similar solutions
were placed in a cuvette with a 1-cm path length. For measurements
at ambient temperatures, the sample was deoxygenated by purging with
argon. The transient absorption measurements were made with
excitation from an Opotek optical parametric oscillator pumped by the

third harmonic of a Continuum Surelight Nd:YAG laser. The pulse
width was∼5 ns, and the repetition rate was 10 Hz. The detection
portion of the spectrometer has been described elsewhere.25

Magnetic fields were generated with use of Helmholtz coils. The
sample, sealed in a cuvette, was immersed in liquid nitrogen in a clear
glass dewar flask. The magnetic field was measured at the sample
with a Bell Gaussmeter (calibrated to(3%).
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