Long-Range Photoinduced Electron Transfer
Through a DNA Helix
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Rapid photoinduced electron transfer is demonstrated over a distance of greater than
40 angstroms between metallointercalators that are tethered to the 5’ termini of a
15-base pair DNA duplex. An oligomeric assembly was synthesized in which the donor
is Ru(phen),dppz2* (phen, phenanthroline, and dppz, dipyridophenazine) and the ac-
ceptor is Rh(phi),phen®* (phi, phenanthrenequinone diimine). These metal complexes
are intercalated either one or two base steps in from the helix termini. Although the
ruthenium-modified oligonucleotide hybridized to an unmodified complement luminesces
intensely, the ruthenium-modified oligomer hybridized to the rhodium-modified oligomer
shows no detectable luminescence. Time-resolved studies point to a lower limit of 10°
per second for the quenching rate. No quenching was observed upon metallation of two
complementary octamers by Ru(phen),2* and Rh(phen),3* under conditions where the
phen complexes do not intercalate. The stacked aromatic heterocycles of the DNA
duplex therefore serve as an efficient medium for coupling electron donors and acceptors

over very long distances.

Experiments in many laboratories have
focused recently upon measurements of
electron transfer rates between metal cen-
ters over long distances in proteins or pro-
tein pairs as a function of distance, driving
force, and the intervening medium (I).
Model complexes have also been prepared
to explore systematically how different struc-
tural and electronic factors may mediate
electron transfer reactions (2), and theories
exploring optimal pathways for electron
transfer have been devised to reconcile ex-
perimental studies (3). Among the many
ideas put forth concerning how the medium
may serve to modulate or direct electron
transfer has been the notion that aromatic
groups could serve as efficient “w-ways” over
which electron transfer reactions might be
promoted efficiently, yet few experimental
measurements of electron transfer through
ar-stacks have been accomplished (4).

The DNA helix provides a novel medi-
um through which to examine electron
transfer processes (5-8) and, in particular,
electron transfer through mr-stacks. The
DNA helix may be considered a polymer
which contains a rigid, electronically cou-
pled aromatic column of stacked base pairs
within a water-soluble polyanion, the sug-
ar-phosphate backbone. The DNA helix
enhances rates of electron transfer between
donors and acceptors which associate with
DNA (6-8). Factors contributing to this
enhancement include: (i) the effects of
increased local concentration of the bound
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species; (ii) facilitated diffusion of the non-
covalently bound species along the duplex;
as well as (iii) the possibility of electron
transfer at long range being mediated by the
ar-stack. In these systems, however, a mul-
tiplicity of binding sites of donors and
acceptors on the helix makes it dificult to
evaluate how each of these factors contrib-
ute to the overall rate.

In this report we demonstrate rapid pho-
toinduced electron transfer over distances
>40 A between metallointercalators that
are tethered to the 5’ termini of a 15-base
pair (bp) DNA duplex. Intercalation of the
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donors and acceptors provides an interaction
that can directly probe the nature of the pur-
ported mr-way in DNA, and covalent attach-
ment of one metal complex to each end of
the helix permits measurements of quench-
ing rates with discrete, well-defined species.
Both donor and acceptor bind to double-
helical DNA by intercalation with affinities of
=10° M~! (9, 10). The donor, photoexcited
bis(phenanthroline) (dipyridophenazine)ru-
thenium(II), Ru(phen),dppz?*, shows no
luminescence in aqueous solution, but lu-
minesces intensely in the presence of
DNA because intercalation of the dppz
ligand protects the phenazine nitrogen
atoms from quenching by water (9). The
acceptor is bis(9,10-phenanthrenequinone
diimine) (phenanthroline)rthodium(III),
Rh(phi),phen**. Rh(Ill) complexes con-
taining phi also bind tightly to nucleic acids
via intercalation of this ligand (10-12).
Two-dimensional nuclear magnetic reso-
nance experiments provide direct evidence |
for specific intercalation by Rh(phen),phi**
in an oligonucleotide (11). Phi complexes
of Rh(IIl), furthermore, promote DNA and
RNA strand cleavage upon photoactivation
(12-14). The electronic characteristics of
these complexes are also well suited to this
study. The lowest excited state (*) of
Ru(phen),dppz** is a metal-to-ligand charge
transfer transition centered on the dppz li-
gand, and the luminescence observed in non-
aqueous solvents can be quenched by electron
acceptors (15). Likewise, the lowest excited
state of Rh(phi),phen®* contains ligand-to-
metal charge transfer character from the phi
ligand (16), permitting an arrangement where

73+  Fig. 1. Structures of the
donor and acceptor com-
plexes, Ru(phen’),dppz2*+
and Rh(phi),phen’3+, and
schematic illustration of the
doubly modified oligonu-
cleotide showing the 3.4 A
interbase pair separation
and the shortest donor-ac-
ceptor distance of 41 A.
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photoinduced electron transfer may be direct-
ed from the Ru(Il) donor to the Rh(III)
acceptor through the DNA helix (Fig. 1).

Luminescence quenching experiments
with these metallointercalators in the pres-
ence of DNA indicate that Rh(phi),phen®*
is an unusually efficient quencher of Ru-
(phen),dppz?** emission (17). In experi-
ments on the nanosecond time scale in
the presence of DNA, static quenching
of Ru(phen),dppz*** emission by Rh(phi),-
phen®* contrasts the dynamic quenching of
Ru(phen),dppz2** by Ru(NH,)>*, which
binds DNA through hydrogen bonding in the
groove. These experiments with metallointer-
calators noncovalently associated with DNA
have provided the impetus for synthesizing a
well-defined electron transfer assembly with
the donor and acceptor bound to the DNA at
a discrete distance.

Oligonucleotides were metallated at
their 5’ terminus by coupling of a 15-mer
functionalized with a hexamethylene amine
at its 5' terminus to either Ru(phen’),-
dppz?>* (phen’ = 5-amido—glutaric acid-
1,10-phenanthroline) (18) or Rh(phi),-
(phen’)3* (19-21). Modeling studies sug-
gested the ability of the tethered complexes
to intercalate 2 bp in from the 5’ end of the
metallated strand. The relative rigidity of a
15-bp double helix eliminates the possibil-
ity of collisions between metal complexes
tethered to the same duplex even in the
absence of intercalation.

Intercalation into the duplex by the co-
valently attached Ru complex may be mon-
itored by observing the intense lumines-
cence of the Ru-modified oligomer annealed
to its complement. The Ru-modified oligo-
nucleotide, without complement or in the
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Fig. 2. Luminescence titration of 5 pM Ru-
modified duplex with free Ru(phen),dppz?*.
Ru(ll)* emission increases linearly, indicative of
independent binding by the tethered and free
metal complexes, until saturation. Lumines-
cence intensity saturates at 1.8 eq of added
Ru(phen),dppz2*, showing that the covalently
bound complex is not displaced by the added
intercalators. The covalently ruthenated duplex
behaves as an oligomer containing one bound
intercalator.
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presence of noncomplementary single-strand-
ed DNA, displays little luminescence (18).
Dilution studies have been consistent with
intramolecular intercalation by the covalently
attached Ru complex at concentrations <5
M. Hybridization studies with mismatched
complementary strands show that the cova-
lently bound Ru complex preferentially
stabilizes base mismatches near the site of
covalent attachment, supplying additional
evidence for intramolecular intercalation
and underscoring the strong binding of the
dppz ligand to DNA. All experiments
reported here were accomplished at micro-
molar concentrations in the presence of 50
mM NaCl, conditions which strongly dis-
favor intermolecular aggregation.
Luminescence titrations of the ruthen-
ated duplex with additional free Ru-
(phen), dppz?* demonstrate that the ruth-
enated duplex behaves as a 15-mer bearing
one intercalator. As free Ru(phen),dppz?*
is added to a solution of ruthenated 15-mer
duplex (Fig. 2), the luminescence increases
linearly until the emission reaches satura-
tion at a ratio of 1.8 equivalents of free
Ru(Il) per duplex. Saturation of lumines-
cence at this relative concentration is con-
sistent with competitive binding of Ru

Fig. 3. Determination of the position of interca-
lators on the helix and separation distances
between bound donors and acceptors. (A)
Autoradiograph of a 20% polyacrylamide dena-
turing gel showing cleavage by covalently and
noncovalently bound Rh. Lanes 1 and 2 and 7
to 10 show cleavage of *5-AGTCGGAAGCT-
TGCA-3' by Rh(phi),phen’3+ covalently linked
to the complementary strand. The intercalated
Rh complex cleaves primarily 1 and 2 bp from
the 5’ end to which it is covalently bound.
Lanes 3 to 6 show the nonspecific cleavage by
noncovalent Rh(phi),phen* of the unmodified
oligonucleotide. Lanes 13, 14, and 15 show
labeled oligonucleotide irradiated without metal
complex, the labeled oligonucleotide in the
presence of Rh(phi),phen+ but without irradi-
ation, and the labeled oligonucleotide after
hybridization to the Rh-modified strand but

complexes to the 15-mer duplex and an
average binding site size of ~5 bp (22).
When the analogous experiment is con-
ducted with unmetallated duplex, satura-
tion of luminescence occurs after 2.8 equiv-
alents of Ru(phen),dppz?* are added. This
comparison indicates that: (i) the metal-
lated duplex is properly annealed, because
an incompletely hybridized oligonucleotide
would offer fewer binding sites for addition-
al intercalators; and (ii) the covalently
bound Ru complex is not ejected by the
added intercalators. The DNA binding af-
finities of phi complexes of Rh(III) are
somewhat lower than that of Ru(phen),-
dppz** (9, 23); consequently, Rh(phi),-
phen®* and its covalent analog are even
less likely to displace the covalently bound
Ru complex. Furthermore, photocleavage
studies in which a 28-mer oligonucleotide
duplex is cleaved by Rh(phi),phen®* in the
presence and absence of Ru(phen),dppz?*
indicate that the two complexes do not
bind cooperatively (17); no change in the
distribution of Rh(III) cleavage is observed
in the presence of Ru complex.
Hybridization of the Rh-modified oligo-
nucleotide to its unmodified complement
permits the determination of the position of
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without irradiation, respectively. Lanes 11 and ¥ ol bd

12 are Maxam-Gilbert sequencing reactions for

G + Aand C + T, respectively. Oligonucleo-

tides were *°P-labeled at the 5' end with T4 &, G o
polynucleotide kinase and annealed either to

unmodified or Rh-modified complement. Samples were B i }
irradiated at 313 nm for 5 min (lanes 1, 3, 5, 7, and 9) 5'-*AGTCGGAAGCTT -3!
and 7.5 min (lanes 2, 4, 6, 8, 10, and 13) with an Oriel 3'- TCAGCCTTCGAAC =5 "

model 6140, 1000W Hg-Xe lamp. Concentrations are 5

wM in duplex for lanes 1 to 4 and 1 pM in duplex for
lanes 5 to 10. Varying amounts of radioactivity were
loaded in order to emphasize the distribution of cleav-
age sites. (B) Schematic of duplex covalently modified
at one end by Rh(phi),phen’3*, showing sites of cleav-
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age on the complementary strand. Cleavage is consis-

tent with intramolecular intercalation of the Rh complex at interbase pair sites 1 or 2 bp in from the
covalent linkage. (C) Schematic of the doubly modified duplex, showing a separation distance of
the donor and acceptor. If we assume that both the Rh and the Ru complex can intercalate 1 to 2
bp from their linkage with equal probability, then 25% of the donor-acceptor pairs are separated by

41 A, 50% by 44 A, and 25% by 48 A.
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intercalation on the helix, because photo-
activation of phi complexes of Rh(III)
promotes strand cleavage directly at the
intercalation site without a diffusing inter-
mediate (12). Figure 3 shows the results of
photoinduced strand cleavage of the Rh-
modified duplex and, for comparison, pho-
tocleavage of the same oligomer by non-
covalently bound Rh(phi),phen®*. Cova-
lent modification leads to cleavage on the
unmodified 3?P end-labeled strand at posi-
tions 2 and 3 from the 3’ terminus with
approximately equal efficiency. This result
indicates the positioning of the intercalator
with equal probability 1 or 2 bp in from the 5’
terminus of the metallated strand (24, 25). In
contrast, a uniform distribution of cleavage
across the strand is observed for the nonco-
valently bound Rh complex. Specific cleavage
also confirms that the intercalation by the
covalent species is primarily intramolecular at
these concentrations and that the Rh-modi-
fied duplex is properly hybridized. Because the
tether for the Ru intercalator is identical to
that for the Rh complex, we deduce a com-
parable positioning of the bound Ru. Thus, as
illustrated schematically in Fig. 3C, the pho-
tocleavage studies establish that the separa-
tion distance between bound intercalating
ligands would be either 41, 44, or 48 A in a
duplex formed by annealing the Rh-modified
strand to the Ru-modified oligomer (26).
Figure 4 displays the steady-state lumi-
nescence spectra of the Ru-modified oligo-
mer annealed to its complementary strand
and also annealed to the Rh-modified
strand. Annealing the Ru-modified oligo-
mer to its unmetallated complement yields
intense luminescence. Annealing the two
metallated strands together, however,
leads to complete quenching of the Ru
emission. Time-resolved luminescence de-
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Fig. 4. Emission spectrum of 5 pM 5’-Ru(dppz)-
(phen’),-(CH,)¢-5'-AGTGCCAAGCTTGCA-3’
annealed to its complement. The upper trace is
for Ru-DNA + unmetallated complement, and
the lower trace is for 5 uM Ru-DNA annealed to
complementary Rh-DNA. Although intense
emission is observed with the Ru-modified du-
plex hybridized to unmodified complement,
complete quenching of the emission is appar-
ent with complement modified to contain the Rh
intercalator.
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cay experiments at 10-ns resolution were
insufficient to determine the rate of elec-
tron transfer quenching in the fully met-
allated duplex (27). These measurements
are consistent with the steady-state exper-
iments that set an upper limit on the
excited-state lifetime for the metallated
duplex of 2.5 ns (28). Picosecond single-
photon counting experiments were con-
ducted and were also limited by the time
resolution of the detector (300 ps), estab-
lishing a lower limit of ~10° s™! for the
quenching rate (29).

Table 1 compares the remarkable
quenching seen when the Ru(Ill) donor
and Rh(III) quencher are intercalated in
the same helix to several companion exper-
iments where intermolecular quenching
may occur. A 5 uM solution of Ru cova-
lently attached to the oligonucleotide and
hybridized to an unmodified complement
(B) shows comparable luminescent intensi-
ty to 5 wM Ru(phen),dppz’* nonco-
valently bound to the helix (A). Addition
of the quenched, doubly modified duplex to
the Ru-modified duplex (D) does not
quench the luminescence from the Ru-
modified duplex, demonstrating the ab-
sence of any adventitious quenchers in the
Rh sample. The addition of 2.5 uM Rh-
modified duplex to 2.5 pM Ru-modified
duplex gives the intermolecular analog of
the doubly metallated oligomer; in (E), 86%
of the luminescence is retained. This exper-
iment establishes that intermolecular
quenching of a ruthenated duplex by one
containing Rh(III) is not substantial and,
therefore, quenching at these concentra-

Table 1. Luminescent properties of intramolec-
ular metal-DNA intercalation complexes.

— o
A Ru(phen),dppz2++ 0.88
B @_—_— 1.00
c 0.00
D GuU—RN + 1.15
E 12@— + 1/2:‘ 0.43
F ét + 2 Ru(phen),dppz?+ 2.78
G @I+ Rn(phi},phend 008

@ refers to 5’-Ru(phen’) ,dppz-AGTGCCAAGCTT-
GCA-3' annealed to its complement; refers to
5'-Ru(phen’) ,dppz-AGTGCCAAGCTTGCA-3" annealed
to 5’-Rnh(phi),phen’-TGCAAGCTTGGCACT-3'; and —
refers to the duplex DNA. Samples were dissolved in
buffer (5 mM tris, 50 mM NaCl, pH 7.2) to <5 pM.
+All spectra were taken on an SLM Aminco 8000 spec-
trofluorimeter. Intensities were integrated from 500 to 800
nm and are relative to that of ®_—. The integrated
intensities have an uncertainty of £10%.
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tions in the doubly metallated oligomer must
be primarily intramolecular. From these
studies as well as from the photocleavage
experiments (Fig. 3), we estimate that at
least 85% of this interaction is intramolecu-
lar at these concentrations. Because the
Ru-bearing 15-mer can accommodate two
additional intercalators (Fig. 2), it is not
surprising that the addition of stoichiometric
free Rh(phi),phen®* to the Ru-modified
duplex (G) leads to substantial but not
complete quenching of the Ru emission. As
seen with the doubly metallated oligomer,
free Rh(phi) ,phen’* efficiently quenches Ru
luminescence. With noncovalent Rh com-
plex, there is still residual emission because
of the random distribution of Rh species on
the Ru duplexes; a few duplexes accommo-
date two Rh complexes, and therefore some
Ru duplexes remain unoccupied and un-
quenched. That the emission is not com-
pletely quenched further indicates that
quenching in the doubly metallated duplex
is intramolecular because the same concen-
tration of Rh(phi) ,phen®* is present in both
experiments.

Thus, complete quenching is observed
only when the acceptor is covalently bound
to the same duplex as the donor. The
intervening DNA helix facilitates the do-
nor-acceptor interaction despite the large
distance of separation between metalloint-
ercalators on the helix.

In principle, either electron or energy
transfer quenching mechanisms may be op-
erative over 40 A distances (30). There are
several reasons why the quenching in this
system may most reasonably be attributed
to a long-range electron transfer reaction
rather than energy transfer. The large
thermodynamic driving force for electron
transfer of 0.75 eV (31) favors this mech-
anism. Precedence for an electron transfer
quenching mechanism has been docu-
mented with other covalently linked
Ru(II)-Rh(III) polypyridyl systems (32).
Forster energy transfer is clearly ruled out
because the donor excited state is not
singlet in character and because there is
no spectral overlap between the photoex-
cited Ru(II) donor and Rh(III) acceptor.
Because transient intermediates have thus
far not been detected on the nanosecond
time scale, our experiments cannot rule
out the possibility of triplet energy transfer
as a component of the observed quench-
ing. However, this interaction is itself a
form of electron transfer. Moreover, that
either mechanism should occur with such
facility over this distance is unprecedented
and appears to require a special participa-
tion of the DNA helix in the quenching
step.

Electron transfer through the r-stack can
be compared with the absence of quenching
seen in a shorter metallated duplex under
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conditions where no intercalation occurs.
The complexes Ru(phen),phen’?* and
Rh(phen),phen’3* have been linked to the
smaller oligonucleotide 5'-CGATTAGC-3'
and its complement, respectively. Ru-
(phen),?* differs from Ru(phen), dppz?*
with regard to the depth of its intercalation,
with binding constants for intercalation
three orders of magnitude lower than for
Ru(phen),dppz?* (9, 33). Unlike Ru-
(phen),dppz?*, Ru(phen);?* does luminesce
in aqueous solution in the absence of DNA
and shows an increase in luminescent lifetime
when intercalated (33). As can be seen in
Table 2, no long-lived luminescent lifetime is
observed upon hybridization of the Ru-
(phen);** -tethered oligomer to unmetallated
complement, indicating the absence of inter-
calation by this tethered complex. The inabil-
ity of tethered Ru(phen),(phen’)?* to inter-
calate is consistent with the more shallow and
weaker intercalation of phenanthroline versus
the dppz ligand. Also, the rate of ferrocyanide
quenching of Ru(phen) ,2** is the same when
the Ru complex is free in solution as when it
is covalently bound to the oligonucleotide
duplex. Quenching of Ru luminescence by
Fe(CN)*~ is known to be inhibited when
the Ru complex is intimately associated with
the DNA polyanion; the failure of the
8-mer duplex to protect the metal com-
plex from quenching is another indication
that the tethered tris(phenanthroline)
metal complex does not intercalate.
Therefore, the duplex derivatized with
both M(phen);"* complexes provides a
covalently bound analog in which the
metal complexes are not coupled to the
w-stack. In contrast to the fully interca-
lated doubly metallated assembly, here no
luminescence quenching of the Ru center
is observed upon hybridization of the Ru-
(phen);**-modified oligonucleotide to the
Rh-modified oligomer (34).

These results demonstrate that interca-
lation is required for electron transfer to
occur. The absence of luminescence

quenching when the covalently tethered
donor and acceptor are not intercalated is
fully consistent with the comparison seen
earlier between the emission quenching
of Ru(phen),dppz?** by Rh(phi),phen®*
versus Ru(NH,) 2+ (17); when Rh(phi),-
phen’* serves as the electron acceptor, the
luminescence is quenched on a subnanosec-
ond time scale, whereas Ru(NH;)*
quenches Ru(phen),dppz?** emission at
diffusion-controlled rates. Ru(NH;)¢*>* binds
to DNA by electrostatic attraction and
hydrogen bonding and is therefore not
bound within the DNA r-stack. Similarly,
since the tethered phenanthroline com-
plexes are not intercalated, the pathway
joining the donor and acceptor involves
only o-bonds, with no direct w-stack inter-
action. Our results indicate that the rapid
electron transfer requires the coupling of
donor and acceptor to the mw-stack. More
generally, the different quenching efficien-
cies found with these different pathways
suggest that electron transfer can proceed
much more readily through stacked r-sys-
tems than either through a covalent
o-framework or by ionic interactions.

Based on these results, we conclude that
photoinduced electron transfer between in-
tercalators occurs very rapidly over >40
through the DNA helix over a pathway
consisting of mr-stacked base pairs. From
Marcus theory (35), one may calculate the
extent to which the DNA mr-stack couples
donor and acceptor, which is denoted by
the quantity B (units of A~1):

kec ot exp[ — B(d — 1o)] (1)

where k., is the rate of electron transfer
(s71), d is the distance between donor and
acceptor, and r, is the distance of closest
approach of donor and acceptor. From our
measurements of driving force and distance
and assuming a lower limit in the rate of 3
x 10° 5™, we estimate B to be <0.2 A~!
(36). This value may reasonably be com-
pared to a value of B of 0.14 A~1 found for

Table 2. Luminescent properties of tris(phenanthroline)metal-DNA complexes. Samples were
dissolved in buffer (5 mM tris, 50 mM NaCl, pH 7.2) to <5 pM. Time-resolved emission experiments
were performed as in (28) but at 10°C to ensure duplex stability.

Sample

Lifetime (ns)

Ru(phen),phen’2

Ru(phen),phen’?* + 5'-CGATTAGC-3’
3'-GCTAATCG-5

Ru(phen),phen’-5'-CGATTAGC-3'
Ru(phen),phen’-5'-CGATTAGC-3’

3'-GCTAATCG-5’
Ru(phen),phen’-5’-CGATTAGC-3’

3'-GCTAATCG-5'-Rh(phen),phen’3*

820

850 (90%)*
3460 (10%)*

820

830

830

*The values in parentheses represent the percentages of each decay component in the biexponential curve. The
long-lived component makes only a small but significant contribution to the decay under the conditions required

for this experiment.
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Ru(II)/Ru(IIl) centers covalently linked by
a dipyridyl polyene bridge (37).

The DNA double helix therefore serves
as an efficient medium for coupling electron
donors and acceptors over very long dis-
tances (>40 A). We have constructed a
duplex assembly bearing a donor and an
acceptor intercalated at each end which
promotes electron transfer over distances
that are comparable to those found in bio-
logical systems (38). The efficiency of DNA
in mediating long-range electron transfer
gives credence to the notion that nonco-
valently stacked aromatic heterocycles can
serve as rapid “m-ways.” Finally, these re-
sults offer the possibility that nature takes
advantage of the electron transport proper-
ties of nucleic acids in some context.
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Picosecond Resolution in
Scanning Tunneling Microscopy

G. Nunes Jr.* and M. R. Freeman

A method has been developed for performing fast time-resolved experiments with a
scanning tunneling microscope. The method uses the intrinsic nonlinearity in the micro-
scope’s current versus voltage characteristics to resolve optically generated transient
signals on picosecond time scales. The ability to combine the spatial resolution of tunneling
microscopy with the time resolution of ultrafast optics yields a powerful tool for the inves-
tigation of dynamic phenomena on the atomic scale.

The scanning tunneling microscope
(STM) (1) first found wide use in the field
of surface science as an atomic-scale probe
of topography and electronic structure, but
applications of tunneling microscopy now
extend from the imaging of such complex
molecules as DNA (2) to the fabrication of
structures out of single atom building blocks
(3). The success of the STM has also
inspired a rapidly growing variety of new
scanned probe microscopies based on atom-
ic (van der Waals) forces, magnetic forces,
capacitance, and near field optics, to name
but a few (4). Among these powerful tech-
niques, the STM alone relies on the ex-
tremely localized quantum mechanical tun-
neling of electrons between the sample and
the tip and therefore offers the advantage of
an extraordinarily high three-dimensional
spatial resolution. Although the possibility
has long been recognized (5), researchers
have so far met with limited success in
attempting to extend that resolution to the
“fourth” dimension, that is, to allow the
STM to probe phenomena on atomic time
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scales as well as atomic length scales.

Adding such time resolution to the ca-
pabilities of the STM requires that some
important obstacles be overcome. Al-
though the intrinsic time scale for tunnel-
ing across the junction between the sample
and tip in an STM has been estimated to be
of order 10 fs or less (6), stray capacitance
in the wiring and the unavoidable trade-off
between signal-to-noise ratio and speed in
the external electronics limit the band-
width in typical instruments to ~30 kHz or
less. Similar difficulties arise in the field of
ultrafast optics, where the speed of the
electronics is no match for femtosecond
optical pulses, and it is natural to adapt
optical “pump and probe” methods for de-
tecting fast transient signals to time-re-
solved STM experiments.

In optical experiments, these pump and
probe methods often rely on some nonlin-
earity in the system under study so that the
separate response to each of a pair of fast
excitations (the “pump” and “probe” puls-
es) is different from the response when the
pulses arrive simultaneously. To overcome
the fact that the signal from a lone pump
and probe pair will be both too small and
too fast to record directly, a continuous
train of pulses is applied so that the detec-
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