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A prototype molecular switch is demonstrated that works on the principle that the local
electric field produced by one photogenerated ion pair (D, *-A, 7) can influence the rate
constants for photoinduced electron transfer and recombination in a second donor-
acceptor pair (A,-D,). Two ultrafast laser pulses were used to control the rate of a
photoinduced electron transfer reaction within a molecule that consists of two covalently
linked electron donor-acceptor pairs fixed in a linear structure, D,-A;-A,-D,. This type
of molecular architecture may lead to the development of electronic devices that function

on the molecular length scale.

Donor-acceptor arrays that undergo pho-
toinduced electron transfer reactions are
promising as molecular electronic devices
because many of these reactions are revers-
ible, occur with high quantum efficiency,
and proceed with subpicosecond time con-
stants ([-6). One method of controlling
the rates of electron transfer reactions is
through the application of electric fields.
As a consequence, a considerable amount of
work has been devoted to the theoretical
modeling (7-9) and experimental realiza-
tion . (10-12) of molecular electronic
switches consisting of organic electron do-
nor-acceptor pairs whose function is con-
trolled by an external electric field. Lang-
muir-Blodgett films containing monolayers
of donor and acceptor chromophores have
been created in which control of electron
transfer was achieved by varying the layer
composition separating the donors and ac-
ceptors and by the application of external
fields (13, 14).

Recently, it was shown that the electric
dipole of a synthetic a-helical polypeptide
can influence the rate of electron transfer
between organic electron donors and accep-
tors covalently attached to the polypeptide
(15). The electric field produced by a pho-
togenerated ion pair can, in turn, have a
large effect on the electronic states of sur-
rounding molecules. We have studied co-
valently linked donor-acceptor-probe mo-
lecular arrays that undergo photoinduced
charge separation in <10 ps in low-polarity
solvents (16, 17). These photogenerated
donor®-acceptor™ ion pairs produce an
electric field of 6 MV cm™!, which shifts
the optical absorption spectra of the probe
molecules by 5 to 15 nm.

These results suggest that it might be
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possible to use the large, anisotropic, local
electric fields generated by the formation of
ion pairs to control a second photoinduced
electron transfer reaction on a picosecond
time scale. The use of photogenerated ion
pairs to generate an electric field at the
molecular level holds several advantages
over external, macroscopic field generation:
(i) the applied field strength can be larger,
that is, macroscopic field strengths are lim-
ited by dielectric breakdown; (ii) the field
can be turned on and off on a picosecond
time scale; (iii) the electric field is under
optical control; and (iv) only a very small
volume is affected by the locally applied
electric field. Here, we describe a donor,-
acceptor,-acceptor,-donor, molecule (D;-
A-A,-D,, Fig. 1) (18) in which photoin-
duced charge separation within one donor-
acceptor pair controls the rate constants for
photoinduced charge separation and thermal
charge recombination within a second do-
nor-acceptor pair. Multiple 150-fs laser puls-
es are used to selectively control and probe
the generation of the two ion pairs (19).
For the electric field-induced switching

Fig. 1. Structure of (A)
reference molecule D, -
A, (B) reference mole-
cule A,-D,, and (C) D, -
A-A,-D,,.
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effect to be observed, the D;-A-A,-D,
molecule must fulfill several major require-
ments. First, it must be possible to selective-
ly excite the two donors, D, and D,. Zinc
5-phenyl-10,15,20-tri(n-pentyl)porphyrin
(D,) and the phenyldimethylpyrromethene
dye (D,) were chosen for this purpose be-
cause they can be independently excited at
416 and 512 nm, respectively. Second, the
two acceptors, A; and A,, should be trans-
parent at the two excitation wavelengths in
either their neutral or singly reduced states.
However, they should have strong absorp-
tions at other wavelengths that are inde-
pendently observable when A; and A, are
reduced. 1,4:5,8-Naphthalenediimide (A,)
and pyromellitimide (A,) were chosen be-
cause they absorb weakly at 416 and 512
nm in their ground states, and their radical
anion spectra have well-separated absorp-
tions at 480 and 713 nm, respectively (20,
21). Third, the population of field-
generating ion pairs, D; "-A, 7, within D;-
A-A,-D, must be large enough to affect
the electron transfer reactions of A,-D,.
This was achieved by choosing a porphyrin
with a large absorption cross section at the
416-nm excitation wavelength (g,,, = 10°
M~ em™!) as D, (22, 23). Fourth, redox
potentials for the one-electron oxidation of
D, and D, as well as for the one-electron
reduction of A, and A, must be chosen to
ensure that charge separation and recombi-
nation occurs only within each individual
donor-acceptor pair, D;-A, and A,-D,.
Fifth, the free energies for photoinduced
charge separation from the lowest excited
singlet states of the donors within each pair
to their corresponding acceptors should be
sufficiently negative to ensure rapid rates of
ion pair formation in the low-polarity sol-
vents necessary to support large electric
fields. The redox potentials for Dy, A}, A,,



and D,, as well as the lowest excited singlet-
state energies for D; and D,, fulfill the
fourth and fifth requirements (24).

Single-pulse excitation of D;-A-A,-D,
in 1,4-dioxane at either 416 nm ("D,) or
512 nm (" D,) led to ion pair folmatlon of
either D;* A or A,7-D,", respectively,
as was momtored at 480 nm (A7) or 713
nm (A,7) (Fig. 2). The time constants for
ion pair formation and decay of either D, *-
A" or A,7-D," within D;-A-A,-D, are
snmlar to those observed f01 the D, A “and
A,-D, reference compounds (Fig. 1). In the
two—pump pulse experiment, a single 512-
nm pulse again produced D-A-A,7-D,*.
The transient absorption signal for A,~
within D;-A-A,7-D," reached a maxi-
mum at ~700 ps after the arrival of the
512-nm pulse. At that time, a second 416-
nm pulse was used to produce '"D,-A -
A,7-D,*, which underwent rapid electron
transfer from "D, to yield D, *-A,7-A,~
D,*. The solid curve in Fig. 2 does not
directly reflect the kinetics of the D;"-A,~
state because of the detection strategy (19)
and because the probe at 713 nm monitors
the population of A, selectively. Instead,
the effect of the electric field generated by
the D, *-A, ™ state on the population of the
A,7-D,* state is observed (25).

An energetic and kinetic scheme was
used to madel the electric field effect (Fig.
3) (24). The basis for the model is simply
that the rates of charge separation and re-
combination for each of the two donor-
acceptor pairs will be different when the
adjacent donor-acceptor pair is in a charge-
separated state as opposed to the neutral
state. These new electric field-modified
rate constants for electron transfer and re-
combination are represented by primes in
Fig. 3. In addition, the absorption cross
sections for each species were: varied to
reflect the possibility that the electric field
generated by one ion pair might shift the
electronic absorptions of the ionic or neu-
tral donor and acceptor within the other
pair (26). The populations of all species
were solved analytically and used to gener-
ate the fit shown (smooth solid line in Fig.
2). The observed kinetics are more sensitive
to the electric field effect on the rate of
recombination of the A,”-D,™ state (k’,)
than to its effect on the rate of formation of
this state (k;) at pump pulse separation
times of hundreds of picoseconds. The time
constant for recombination of the A,-D,™*
state to the ground state in the presence of
the D, *-A |~ ion pair (1/k_,) is 140 =+ 30
ps, whereas with the D;-A| pair in its neu-
tral state the time constant for recombina-
tion of the A,~-D," state (1/k_,) is 1.3 ns.
The fits are only weakly dependent on vari-
ations in kj, and we were unable to deter-
mine this parameter beyond the restriction

that k, = 2 ns~'. Thus, the data in Fig. 2
suggest that the slow formation and decay
of the A,7-D, ™ state is disrupted during the
short lifetime of the D;*-A |~ state because
the electric field generated by the D, *-A |~
state makes recombination of the A,~-D,™"
state to the ground state (140 ps) consider-
ably faster than formation of the A,~-D,™
state (>500 ps).

The mechanism of' this electuc field—
induced 10-fold increase in the A,”-D,*
recombination rate can be analyzed within

the context of electron transfer theory (27,
28) by considering the possible effects of
the electric field produced by D;*-A;~ on
the free energy, the total nuclear reorgani-
zation energy, and the electronic coupling
matrix element, V, for the charge recombi-
nation reaction. The free energy for charge
separation within A,”-D,* alone, AGg,
cannot be more negative than —0.3 eV, as
estimated from the lowest excited singlet-
state energy of D5, the electrochemical po-
tentials for one-electron oxidation and re-
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Fig. 3. Scheme used to model the kinetics of electr

D;-As-Az-D,
on transfer in D,-A,-A,-D, in 1,4-dioxane (24). Solid

arrows depict ion pair formation, ion pair decay, and excited-state decay processes and are labeled with
their respective rate constants k. Photoexcitation processes are depicted with dashed arrows.
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duction of D, and A, respectively, and the
Coulomb interaction energy between the
two ions (24). The corresponding free en-
ergy for charge recombination, AG g, can-
not be more positive than —2.1 eV (24).
Rapid, laser-induced formation of D, *-A |~
adjacent to A, -D," changes the total
Coulombic interaction energy within the
ensemble of four ions. As a result of the
Coulomb interaction of the adjacent ion
pairs, the energy of the D, *-A,7-A,7-D,*
state in 1,4-dioxane is ~0.21 eV greater
than the sum of the energies of the D, -
A, 7-A)-D, and D-A-A,7-D, 7 states. A
pairwise breakdown of the interaction en-
ergies of the ions (Table 1) (29) shows that
the A;7-A,” and D, *-D," ion pairs con-
tribute repulsion energies of 0.65 eV and
0.22 eV, respectively, but this is largely
compensated by the attractive forces within
the D;"-A,” and A,7-D," pairs. If the
energy of the D;"-A,7-A,7-D," state is
above that of D, "-A,7-A,-D,*, partial re-
population of the D, *-A,;7-A,-D,* state
may occur, resulting in an increase in stim-
ulated emission from D,*. However, there
was no significant difference (<5%) in the
observed stimulated emission intensities
from D,* monitored at 553 nm between the
one-pump and two-pump experiments. In
addition, the data in Fig. 2 could not be fit

accurately with the inclusion of a predom- .

inant rate constant for repopulation of D, *-
A 7-A;-D,* in the kinetic model. These
results suggest that recombination of A, -
D,* to its ground state within D, *-A, -
A,7-D,* is faster than excited-state re-
population leading to D, *-A | 7-A,-D,*.
The free energy of the charge recombi-
nation reaction within A,7-D," is = —2.1
eV, and therefore this reaction is most like-
ly well into the Marcus inverted region
(27). Thus, destabilizing A,”-D,* by 0.21
eV makes AG more negative and should
result in a decrease in the charge recombi-
nation rate, not the increase that is ob-
served (27, 28). In addition, generating
D,"-A,” at a fixed distance and orienta-
tion relative to A,7-D," within a low-
polarity solvent should have a negligible
effect on the total reorganization energy for

Table 1. Energetics of the Coulomb interaction
between the adjacent ion pairs in D, *-A;7-A, -
D,* in 1,4-dioxane (25).

. Energy
lon pair DISZEI\;WCG shift
(eV)
AT-A 12.2 +0.65
A ~-D," 23.4 -0.34
D,"-A" 251 -0.32
D,*-D,* 36.3 +0.22
Total +0.21
586

charge recombination within A, -D,*
(30). On the other hand, the electronic
coupling matrix element between A,~ and
D,* may be increased by electronic repul-
sion between the singly occupied molecular
orbitals in A;~ and A, . This increase in V
should result in an even larger increase in
the rate constant for charge recombination,
ke g, because kg & V2 (27, 28). Analogous
arguments can be made focusing on the
rates of charge separation and recombina-
tion within D, *-A,~, which are influenced
by the electrostatic effects of the ions with-
in A,”-D,*.

This analysis suggests that the rapid cre-
ation of the D;*-A,~ dipole modifies the
electronic environment in the vicinity of
A,7-D,*. These environmental changes
can be imposed in a rapid and controlled
fashion by means of ultrafast laser pulses.
Even larger field effects might be observed if
the two donor-acceptor pairs are positioned
side by side. Our results suggest that this
type of molecular architecture has many of
the characteristics required of a prototype
molecular switch, the most notable of
which is the rapid control of state switching
by femtosecond optical pulses.
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Interlayer Tunneling Models
of Cuprate Superconductivity:
Implications of a Recent Experiment

A. J. Leggett

It is shown that, given a few generic assumptions, any theory of high-temperature
superconductivity that attributes a substantial fraction of the condensation energy to the
saving of c-axis kinetic energy must predict an inequality relating the c-axis penetration
depth \ | (0)to the zero-temperature superconducting-normal energy difference and the
fluctuations of the c-axis kinetic energy around its mean value. Application of this formula
to Tl,Ba,CuQ, implies that if A  (0) is greater than 10 micrometers, as suggested by a
recent experiment, these fluctuations must have an unusual form.

Of the many and varied approaches to the
high-temperature superconductivity (HTS)
problem currently available, none is more
novel or intriguing than the interlayer tun-
neling (ILT) model of Anderson and co-
workers (1-4). This model rests on two
major postulates: (i) The normal state of
the electrons within a single CuO, plane is
different in nature from the traditional
Landau Fermi liquid, and (ii) as a result,
single-particle tunneling between the CuO,
planes is strongly inhibited in the normal
phase; however, in the superconducting
phase, tunneling of pairs is possible and
results in a strong decrease of the c-axis
kinetic energy T | . Thus, depending on the
particular version of the model considered,
either all or, at least in the cuprates with
higher transition temperatures T, a large
fraction of the condensation energy E_
(the difference between the superconduct-
ing ground-state energy and the “best” nor-
mal-state energy) comes from the decrease
of (T, ) (brackets denote expectation value)
in the superconducting state. In this report,
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[ shall take this last statement as the defi-
nition of the ILT model, irrespective of the
way in which point (i) is implemented.

The ILT model has a number of attrac-
tive features. It explains in a natural way
why all materials known to date with T_>
35 K have well-separated planes in which
the electronic behavior appears to be two-
dimensional (2D) in the first approxima-
tion, and why despite the apparent simi-
larity of the in-plane behavior, the values
of T, for the various cuprates vary by a
factor of more than 20. The model obvi-
ates the need for an anomalously strong
in-plane attraction mechanism, and it can
be argued (2) to be consistent with a
variety of apparently puzzling experimen-
tal properties of the cuprates, in particular
(4) with the normal- and superconduct-
ing-state finite-frequency c-axis conduc-
tivity. It is therefore important to explore
the generic consequences of the ILT mod-
el and to examine their compatibility with
existing experimental data.

For this purpose, I confine myself to
those (“single-plane”) cuprates in which
all pairs of neighboring CuO, planes are
equivalent. In this case, various particular
SCIENCE »
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implementations of the ILT model [see
especially (3)] lead to an expression for
the T = 0 interplane coupling energy E, .,
(which in these versions is the difference
between the normal- and superconduct-
ing-state values of (T, )) that is a special
case of the more general Lawrence-
Doniach (LD) expression (given for a par-
ticular pair of planes i, i + 1)

ELP = K — JcosAprn (1)

where Ad{P" is the difference in the phase
of the superconducting order parameter be-
tween the two planes in question, and K
and ] are material-dependent constants. In
non-ILT theories, which simply regard the
interplane tunneling process as described by
the original Josephson model (5) for a tun-
nel oxide barrier and naively apply the Am-
begaokar-Baratoff expressions (6), one finds
that K =~ J, and hence in the superconduct-
ing ground state [AG = 0], no appre-
ciable energy is saved by tunneling. How-
ever, in the current form of the ILT model
(3, 4), K is postulated to be zero, or at any
rate, K << J. If this is so, one obtains a
relation between the saving of c-axis kinetic
energy in the superconducting ground state,
AT™, and the T = 0 c-axis superfluid den-
sity p,,: for K =0

ns ﬁ 2
CATY =53] P

where m is the electron mass and d is the
interplanar spacing. In the ILT model, AT"}?
supplies a substantial fraction m of the su-
perconducting condensation energy, which,
as pointed out by Anderson (4), leads to a
definite prediction for the T = 0 c-axis
penetration depth A (0). For our purposes,
it is convenient to write this prediction in
the form

(2)

1 i mc aA\?
)\in’ﬂ Nt At = E—‘m (3)

where ¢ is the speed of light, E_ . is the
superconducting condensation energy per
formula unit, a, is the Bohr radius, and A is
the area per formula unit. (The precise def-
inition of Aj 1 is chosen with a view to
giving Eq. 7 below a simple form.) A case
of particular interest is T1,Ba,CuQO, (Tl-
2201), where A+ ~1.8 pm. Recently, van
der Marel et al. (7) concluded, on the basis
of the absence of a c-axis plasmon peak in
their optical reflectivity measuréments, that
A, (0) must be >10 wm. From Eq. 3, this
implies that vy < 0.01 in this material; this
conclusion holds for any positive value of K
in Eq. 1.

A value of A (0) > 10 pm in T1-2201, if
confirmed, would thus seem to refute defin-
itively any version of the ILT model, such
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