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Abstract: From previous thermal and photoinduced charge-transfer reactions in duplex DNA there is
accumulative evidence for an attenuation parameterâ of the distance dependence in the range 0.6-0.8 Å-1,
with the exception of one specific system exhibitingâ ) 1.5 Å-1 which is reinvestigated in this paper.
Femtosecond to nanosecond time-resolved pump-probe spectroscopy has been used to follow photoinduced
charge-shift dynamics in DNA duplexes containing a covalently appended, protonated 9-alkylamino-6-chloro-
2-methoxyacridine chromophore. This acridine derivative (X+) resides in the DNA duplex at a specific abasic
site, which is highly defined as reflected in the monoexponentiality of the kinetics. In the presence of only
neighboring A:T base pairs, no charge transfer occurs within the excited-state lifetime (18 ns) of the
chromophore. However, the presence of a guanine nucleobase as either a nearest neighbor or with one
interspersed A:T base pair does result in fluorescence quenching. In the case of nearest neighbors, the
intermediate radical state X• is formed within 4 ps and decays on the 30 ps time scale. Placing one A:T base
pair between the X+ and guanine slows down the forward transfer rate by 3 orders of magnitude, corresponding
to an apparentâ value of>2.0 Å-1. This dramatic decrease in the rate is due to a change in charge-transfer
mechanism from a (nearly) activationless to a thermally activated regime in which the forward transfer is
slower than the back transfer and the X• state is no longer observed. These observations indicate that the
distance dependence of charge injection in the X+-labeled DNA duplex is not solely caused by a decrease in
electronic couplings but also by a concomitant increase of the activation energy with increasing distance. This
increase in activation energy may result from the loss of driving force due to excited-state relaxation competing
with charge transfer, or reflect distance-dependent changes in the energetics, predominantly of the low-frequency
reorganization energy in this charge-shift reaction, on purely electrostatic grounds. To test the hypothesis of
distance-dependent activation energy, guanine has been replaced by 7-deazaguanine, its easier-to-oxidize purine
analogue. In these duplexes, a similar change of charge-transfer mechanism is found. However, consistent
with an a priori larger driving force this change occurs at a larger donor-acceptor separation than in the
X+-guanine systems. Independent of the detailed contributions to the distance-dependent activation energy,
this phenomenon illustrates the complex nature of experimentalâ values.

1. Introduction

Charge migration phenomena in DNA are the subject of
intense current research.1-6 The worldwide activities are driven
to a large extent by the implication of electronic conduction in
both the pathways of oxidative damage7 and the development
of electrochemical biosensoric8-10 and nanoelectronic devices.11-13

In the early 1990s, vivid interest in this field was stimulated by

the provocative twin conjectures of DNA being a “molecular
wire” which gives rise to “chemistry at a distance”.14-17 In fact,
the molecular wire concept is reminiscent of aromatic hydro-
carbon crystals18 in which the two extreme modes of carrier
transport can exist: excess carriers may be delocalized, exhibit-
ing a relatively large mean free path or they may be localized
for example in a potential well caused by a polarization of the
lattice, and consequently move in a thermally activated hopping
process. Independent of the type of carrier motion, chemical
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side reactions of charge carriers can occur at surface sites which
correspond to the macroscopic dimensions of the crystal.

As applied to DNA, the notion of “chemistry at a distance”
rests upon reactive intermediates, for example, oxidized gua-
nines, which migrate from the site of generation to a distant
site of reaction. In this case of transport of positive charges
(holes), analyses of DNA strand cleavage patterns have shown
that distances of about 200 Å can be spanned in a (almost)
distance-independent fashion.19 In contrast to an aromatic
crystal, the description of long-range hole transport in the duplex
is complicated by the different energetics of the nucleobases,
that is, the different oxidation potentials of guanine (G), adenine
(A), thymine (T) and cytosine (C).20 Experiments and theory
led to the conclusion that in a duplex constructed of G:C base
pairs separated by short A:T sequences (up to four base
pairs),21,22holes propagate by hopping between the nucleobases
with the lowest oxidation potential, that is, the guanines.
Depending on the number of steps, the hopping mechanism for
long-range hole transport is characterized by either a weak
algebraic or weak exponential distance dependence.23,24During
the individual hopping steps between any two guanines the A:T
base pairs do not form kinetic intermediates. Instead they
increase the electronic coupling between the guanines through
the superexchange interaction. This behavior reflects the
hierarchy of the in vitro oxidation potentials of the nucleobases
in aqueous and nonaqueous solution where the oxidation
potential of adenine is by about 0.4 eV higher than that of
guanine.20,25Thus, for the single-step hole transfer three out of
four nucleobases, that is, A, and to a lesser extent T and C, act
as superexchange mediators while one of them, G, plays the
role of a charge-relay station. Finally, the recent attempts to
successfully explain long-range hole transport between guanines
separated by a large number of A:T base pairs should be
mentioned.1,3,19Depending on both the lifetime of the guanine
cation and the energy separation given by the in situ oxidation
potentials of guanine and adenine, a switch of mechanism is
observed21 and theoretically modeled.22 Upon the breakdown
of single-step superexchange couplings in the presence of more
than four A:T base pairs, thermally activated oxidation of
adenines and hole transport along a nearest-neighbor A:T
sequence may take over. Thermal population of the A:T bridge
states and long-range charge transport across a delocalized
bridge system are also the basic features of an early attempt to
describe long-range charge transport in duplex DNA.26

This simplified picture is the cumulative result of the
considerable experimental1-3,17,27-32 and theoretical23,24,26,33-42

efforts which followed the observations of long-range charge
transport phenomena in duplex DNA. Since it was possible to
describe the extensive sets of hole-transport experiments
performed by Giese and co-workers1,21,43-45 in a self-consistent
way within the frame of the “simple” hopping model,33,34 it
seems that on a rudimentary level the problem of long-range
hole transport in DNA has been solved. The present discussion
appears to be converging toward a weakly distance-dependent
hopping mechanism which is also the bottom line of a more
complex “phonon-assisted polaron-like” hopping mechanism.3,46

This stage of qualitative understanding has not quite been
reached for the subject of this paper, the distance dependence
of the injection process. In any simple donor-bridge-acceptor
system the dependence of an electron-transfer rate on the
donor-acceptor distanceR is described by the Marcus-
Levich-Jortner equation47-51

The termV0 exp[-(â/2)R] is (approximately) the electronic
couplingV for the transfer process, and it is characterized by
the electronic coupling at donor-acceptor closest contact,V0,
and an attenuation parameter,â, which depends on the electronic
coupling of both donor and acceptor to the bridge and the
vertical energy gap between the donor and the bridge states.
The FC term comprises the thermally averaged nuclear Franck-
Condon density of states involving high-frequency intramo-
lecular vibrations and a nuclear reorganization energyλi, the
low-frequency reorganization energyλs, which is (mostly)
related to the response of the medium to changes in the charge
distribution, as well as the change in Gibbs free energy∆G
driving the electron-transfer reaction. The FC factor in its
quantum mechanical formulation (eq 1) is of special importance
for highly exoergic reactions since it provides for the explanation
of experimental electron-transfer rates which are larger than the
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ones given by the classical Marcus expression:52,53

wherekB denotes the Boltzmann constant andT the temperature.
Throughout this paper, the qualitative arguments concerning
activated or activationsless reactions will be based on this simple
formalism.

The value of the parameterâ in eq 1 for the transfer of holes
has been one of the most contentious points in the DNA charge-
transfer literature. The Barton group’s earliest estimates ofâ
came from experiments utilizing DNA duplexes with hole
injectors and acceptors tethered to the 5′ termini with relatively
long linkers, allowing for multiple intercalation sites.14 In the
absence of any monitoring of the charge-transfer intermediates
in their experiments, they concluded that DNA must have a
small â, that is,â < 0.2 Å-1. In other experiments, Brun and
Harriman54 also extractedâ from noncovalently attached,
intercalated donors and acceptors and obtained a value in the
range of 0.9 Å-1. While theâ values reported from these two
different experiments are in sharp disagreement, a reconciliation
between them is not possible due to poor structural definition
of these charge-transfer systems. A more precise definition of
the donor-acceptor distance has become possible in oligo-
nucleotides where the hole injector is either a specific ribose
cation,44 a covalently attached hole-injecting chromophore,32,55

or a nucleobase analogue27,29 which is capable of acting as a
hole-donating species. These newer assays have allowed studies
on the dependence of both thermal and photoinduced hole-
transfer processes on the number of A:T pairs separating the
donor and acceptor species. In the thermal hole-transfer studies
of Giese and co-workers,44 hole transfer from a guanine cation,
selectively oxidized by a ribose cation, to a triple guanine (GGG)
led to distance-dependent yields of strand-cleavage products.
A second thermal hole-transfer system comes from Geacintov
and co-workers,29 where two photon ionization of the nucleobase
analogue 2-aminopurine produces a 2-aminopurine radical cation
(2aP•+), and the distance dependence of hole transfer from 2aP•+

to a neighboring G was monitored via the transient absorption
of G•+. Photoinduced hole-transfer reactions have been studied
in chromophore-labeled duplexes using femtosecond to micro-
second time-resolved pump-probe spectroscopy or fluorescence
lifetime measurements. The oxidation dynamics of guanine are
deduced from either the excited-state behavior of the hole-
injecting chromophore, as in systems containing a protonated
9-alkylamino-6-chloro-2-methoxyacridine, X+, (Chart 1) inter-
calated at an abasic site32 or an excited nucleobase analogue
within the duplex, that is, 2-aminopurine,27 or by observation
of the charge-transfer intermediate state as in the capped stilbene
hairpins.55,56

Despite the different nature of these experiments, both the
yield of strand-cleavage products as well as the directly
measured hole-injection ratekHT decrease exponentially with
the number of A:T base pairs between the hole donor and
guanine. As for the value ofâ, both thermal and photoinduced

hole-transfer processes have yieldedâ ≈ 0.6-0.8 Å-1. This â
range is larger than that observed for donor-acceptor systems
connected byπ-conjugated bridges57-61 and significantly smaller
than that for nonspecific electron-transfer pathways in proteins62-65

and rigid aliphatic bridges66-69 which range between 1 and 1.4
Å-1. The only exception to this range ofâ values in DNA arises
in the experiments involving X+-labeled DNA duplexes, where
the decrease ofkHT with increasing distance is much steeper
andâ ) 1.5 Å-1.32 On the theory front,â values in the range
∼0.6-0.8 Å-1 were substantiated by recent quantum chemical
calculations.36,37

The largeâ value reported for X+/DNA may be system-
inherent, and differences in attenuation factors could originate
from specific electronic couplings between the different charge-
injecting species and one or more bridging A:T pairs. Moreover,
the electronic couplings may be affected by large-amplitude
motions of this modified duplex and therefore may be time-
dependent. In addition, some of the energy parameters which
govern the hole-transfer rate, such as∆G andλs, may have a
distance dependence of their own.52,70 This last hypothesis
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Chart 1. Chemical Structure of the X+ Modification
Utilized in This Work, along with the Structures of Guanine
(G) and 7-Deazaguanine (Z)
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addresses an inherent problem of electron-transfer theory which,
in relation to DNA, has been approached recently in an explicit
way.71

Before invoking these more intricate charge-transfer mech-
anisms as the origin of the reported steep distance dependence
in the X+/DNA duplexes, it seems useful to study these donor/
acceptor systems in fuller detail. In the previous work of Tanaka
and co-workers, the X+ chromophore was covalently attached
to the sugar-phosphate backbone using a proprioamide linker
and resided inside the duplex by filling an abasic pocket.32,72-75

Only the dependence of the X+ fluorescence quenching rate
upon the distance between X+ and G was used to measureâ in
these duplexes. The identity and fate of any intermediate charge-
transfer states were not monitored in these experiments;
therefore, no information was obtained about processes which
can either compete with or complicate these transfer reactions.
One excited-state process which cannot compete with charge
transfer at near neutral pH values is deprotonation, because the
pKa value of X+ does not change upon photoexcitation.76,77As
an aside, we note that, in its excited state, electron transfer from
guanine to1(X+)* should occur via a charge-shift reaction
instead of a charge-separation reaction when neutral injectors2,3

are used. Due to this feature X+ should be, in principle, an ideal
candidate to initiate long-range hopping motion since the
Coulombic barrier in a charge-shift reaction should be minimal,
thus allowing hopping to favorably compete with electron back
transfer.

While X+ appears to be a perfect hole-injecting chromophore
in DNA charge-transfer studies, it must be kept in mind that
the X+ analogue with a primary 9-amino group free in aqueous
solution displays complicated photophysics.77,78 Using steady-
state and nanosecond time-resolved fluorescence measurements
Hélène and co-workers77 report a pronounced wavelength
dependence of the fluorescence decay, that is, a dynamic Stokes
shift, which has been assigned to an environmentally sensitive
excited-state relaxation. The relaxation time scale was solvent-
and temperature-dependent, ranging from∼100 ps in glycerol
at 10°C up to 2.5 ns in aqueous solution at room temperature.
The relaxation mechanism was ascribed to the response of the
polar solvent cage to an inferred 13 D increase of the molecule’s
dipole moment upon excitation.77 Since in this work excited-
state relaxation has been claimed to depend in a specific way
on the microenvironment of the chromophore, intercalation of
X+ in the DNA duplex may influence the time scale of this
relaxation process. In this context it is interesting to add that
the dynamic Stokes shift of a coumarin dye incorporated into
an oligonucleotide in place of a normal purine-pyrimidine base
pair occurs with components near 300 ps and 13 ns as measured
with a 100 ps time resolution.79 The total Stokes shift in this
system has been expected to be roughly 1500 cm-1. Thus, in
view of a possible excited-state relaxation in1(X+)*, the steep
distance dependence reported for the X+/DNA system could

be caused by the superposition of two effects: a decrease of
both the superexchange electronic coupling and the driving force
∆G of the electron-transfer process.

In the following we present time-resolved spectroscopic
studies on a family of X+-labeled DNA duplexes (Chart 2)
where photoexcited X+ acts as a hole injector and guanine is
the hole acceptor. By monitoring three observables, the decay
of 1(X+)*, the formation of the X• hole-transfer intermediate,
and the recovery of the ground state of X+ in femtosecond
transient absorption experiments, we investigate the hole-transfer
rates as well as the underlying mechanism, as the distance
between X+ and G is varied in these duplexes. In addition, we
make use of an approach to (at least partially) compensate for
the potential loss of driving force, induced by X+ excited-state
relaxation, by replacing the electron-donor guanine with its
easier to oxidize analogue 7-deazaguanine22,80 (Z) (Chart 1).

2. Experimental Results

2.1. Steady-State Absorption and Fluorescence.All spectra
were measured at 283 K using the procedures outlined in the
Experimental section. The absorption and fluorescence spectra
of duplex X+(AT) shown in Figure 1a are representative
examples for all duplexes studied. The absorption spectrum is
typical for an intercalated 9-amino-6-chloro-2-methoxyacridine
chromophore, with S0 f S1 absorption vibronic bands at 452,
428, and 405 nm, and S0 f S2 vibronic bands at 344 and
328 nm.81

The fluorescence spectrum of X+ in all duplexes was obtained
using excitation at 390 nm, and the spectrum for X+(AT) is
shown in Figure 1a as an example. The fluorescence spectrum
of X+ in all duplexes shows a main peak at 499 nm, and two
sidebands at 471 and 530 nm. These sidebands are indicative
of X+ intercalation into the DNA base stack.74 The steady-state
fluorescence yield from X+ was found to be highly dependent
upon the nucleobase sequence flanking this chromophore (Figure
1b). In samples containing Z a lower fluorescence intensity (vide
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Chart 2. Base Sequences of the X+-Modified Single
Strandsa

a The counterstrands used to produce the duplexes are not shown;
however, all nucleobases were placed in a standard Watson-Crick pair,
and an adenine was placed opposite X+, similar to the previous work
of Tanaka and coworkers.74
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infra) was detected compared to that in analogue duplexes with
guanine. Independent of direction along the helix (3′ or 5′),
almost complete quenching of X+ fluorescence was found for
duplexes X+Z, X+G, and X+AZ, whereas X+AAZ, X +AG, and
X+AAG showed significant fluorescence yields.

In all duplexes, the fluorescence excitation spectra, at both
470 and 500 nm emission wavelengths, closely follow the X+

absorption spectrum as shown for X+(AT) in Figure 1a.
Although not shown, the CD spectra of all X+-labeled

duplexes investigated display a positive band at∼280 nm and
a negative band at 250 nm, indicative of an overall B-form DNA
structure.82,83 In the visible and near UV, all duplexes have a
strong, negative CD band (which is a mirror image to the X+

S0 f S1 absorption band) and a positive CD band at 350 nm
where the S0 f S2 band of X+ absorbs. These features are
indicative of a well-defined, rigid X+ environment in these
duplexes.

2.2. Femtosecond Transient Absorption Spectroscopy.
Femtosecond pump-probe measurements were performed using
two amplified Ti:sapphire laser systems differing in time
resolution and excitation wavelength. For measurements with
a probe wavelength of 450 nm excitation pulses at 390 nm were
used, while for all other measurements the excitation was tuned
to 455 nm (for details see Experimental Section). Both 390 and
455 nm pump pulses allow for excitation of the S0 f S1

transition of the chromophore (Figure 1a). Unless explicitly
stated otherwise the experiments presented in this section refer
to duplexes labeled by 3′-X+ in Chart 1. All kinetic data of
section 2.2 are compiled in Table 1.

Excited-State Dynamics of the Reference Duplex X+(AT).
Upon photoexcitation of X+ in this duplex, several transient
features are observed in the spectral region between 450 and
850 nm. The different spectral regions correspond to excited-
state absorption (550-850 nm), ground-state recovery (450 nm),
and stimulated emission (470-530 nm). Figure 2a shows the
kinetic traces of X+(AT) obtained at probe wavelengths of 650,
500, and 450 nm. All traces are monoexponential84 and show
lifetimes>5 ns. In a previous communication,85 the kinetics at
these wavelengths were investigated using nanosecond time-
resolved absorption spectroscopy on a laser system allowing
probing in the nanosecond-to-millisecond time window. The
monoexponential lifetime of1(X+)*, measured using 455 nm
pump/650 nm probe pulses, is 18 ns. This value is in reasonable
agreement with the fluorescence decay time of 22.8 ns for a
similar X+-labeled, all-(A:T) duplex reported by Tanaka and
co-workers.32

Hole-Transfer Dynamics in the Different G- and Z-
Containing Duplexes.When a G:C base pair is placed next to
X+, duplex 3′-X+G, a new positive feature is observed in the
stimulated emission region (Figure 2b) which rises with a time
constant of 3.8 ps and decays in 35 ps. Previous transient
absorption spectroscopy measurements on a similar acridine
derivative have shown that these chromophores have a broad
radical (X•) absorption band with a maximum around 500
nm.86,87 Because the decay time of this positive band matches
the observed recovery time of the X+ ground state (450 nm
probe) and the time scale for the decay of the red positive
transient (650 nm probe data shown in Figure 2b), we assign
this new band to absorption of the product state X• formed via
a photoinduced hole-transfer reaction from1(X+)* to G. We
note that we find no evidence for absorption of the guanine
radical cation at 450 nm,88 a result not unsurprising since the

(82) Jin, R.; Gaffney, B. L.; Wang, C.; Jones, R. A.; Breslauer, K. J.
Proc. Natl. Acad. Sci. U.S.A.1992, 89, 8832-8836.

(83) Lu, M.; Guo, Q.; Kallenbach, N. R.Biochemistry1993, 32, 598-
601.

(84) The fast recovery features seen in the kinetics under 390 nm pump/
450 nm probe conditions were instrument limited. They seem to be an
artifact as supported by the identity of excited-state decay traces probed in
either the S1 f Sn absorption (650 nm) or by stimulated emission (500
nm).

(85) Davis, W. B.; Naydenova, I.; Haselsberger, R.; Ogrodnik, A.; Giese,
B.; Michel-Beyerle, M. E.Angew. Chem.2000, 112, 3795-3798.

(86) Neta, P.J. Phys. Chem.1979, 83, 3096-3101.
(87) Jones, G., II; Farahat, M. S.; Greenfield, S.; Gosztola, D. J.;

Wasielewski, M. R.Chem. Phys. Lett.1994, 229, 40-46.
(88) Candeias, L. P.; Steenken, S.J. Am. Chem. Soc.1989, 111, 1094-

1099.

Figure 1. (a) Normalized absorption (s), fluorescence emission
(- - -), and fluorescence excitation (‚‚‚, emission at 500 nm) spectra of
X+ in duplex X+(AT) at 283 K. (b) Comparison of the relative
fluorescence intensity measured in duplexes X+(AT) (s), 3′-X+AG
(- - -), and 3′-X+G (‚‚‚).

Table 1. Forward and Backward Charge-Shift Ratesk1 andk2

duplex k1, s-1 a k2, s-1 b

3′-X+G 2.6× 1011 2.9× 1010

5′-X+G 1.7× 1011 2.0× 1010

3′-X+AG 8.9× 107 -
5′-X+AG 2.8× 107 -
3′-X+Z 1.4× 1012 1.6× 1011

5′-X+Z 1.1× 1012 1.3× 1011

3′-X+AZ 9.1 × 1010 1.0× 1010

5′-X+AZ 8.3 × 1010 5.9× 109

3′-X+AAZ 7.4 × 107 -
5′-X+AAZ 3.0 × 107 -

a Forward hole-shift rates calculated from excited-state lifetimes
according tok1 ) τobs

-1 - τ0
-1, whereτ0 is the excited-state lifetime

of the reference duplex X+(AT), 18 ns andτobs is the excited-state
lifetime of a sample with hole transfer.b Rates for the backward
charge shift obtained from radical lifetimes and the ground-state
recovery times.
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extinction coefficient of G•+ at this wavelength is only∼2000
M-1 cm-1 as compared toε ≈ 9500 M-1 cm-1 for the 9-amino-
6-chloro-2-methoxyacridine chromophore.89,90

In X+(AT) the positive feature at 650 nm is excited singlet
state absorption. However, in the duplex 3′-X+G both1(X+)*
and X• absorb at this wavelength, and as hole transfer occurs
there is an evolution between the two states which masks the
rise characteristics of X•. For probe wavelengths tuned further
to the red (>700 nm) the absorption from the excited state
dominates yielding kinetics with two decay components: a 4
ps component corresponding to the excited-state lifetime and a
35 ps component corresponding to the lifetime of the radical.
An important feature of all measurements is that both the charge-
shift rate and the back-transfer rate are monoexponential and
there is only a small fraction (<10%) of long-lived background
signal observed in our transient kinetics.

Placement of one A:T pair between X+ and guanine (3′-X+-
AG) changes the observed transient absorption features back
to those found for the reference system X+(AT), Figure 2c. The
X• band is not observed, and the kinetics of the ground-state
recovery of X+, as well as the decay of1(X+)* monitored using
the stimulated emission lifetime and the lifetime of the 540-
850 nm band, are again monoexponential with lifetimes>5 ns.

Nanosecond-transient absorption measurements yielded the
kinetics listed in Table 1 for this duplex.85 Both the ground-
state recovery and the excited-state decay are faster in
3′-X+AG than those measured in X+(AT), implying a guanine-
specific quenching mechanism for1(X+)* in this duplex. When
two A:T base pairs are placed between X+ and G, duplex
3′-X+AAG, there is no excited-state quenching of X+, indicating
an absence of hole transfer in this duplex.

When the Z:C base pair is placed next to X+, duplex
3′-X+Z, the transient absorption features resemble those ob-
served for 3′-X+G. The product state X•, monitored at 500 nm,
is formed within 700 fs and decays with a lifetime of 6.4 ps
(Figure 3). The ultrafast decay of1(X+)* is consistent with the
observation that 3′-X+Z is almost nonfluorescent in steady-state
measurements (section 2.1.). Once again, single-exponential
forward charge-shift and back-transfer kinetics are observed in
this duplex, with negligible background signal.

Unlike in duplex 3′-X+AG, the placement of a single A:T
pair between X+ and Z in duplex 3′-X+AZ does not result in
the disappearance of the X• signal, Figure 3. Both the forward
charge-shift and the back-transfer lifetime slow by a factor of
∼15 with respect to their counterparts in 3′-X+Z (Table 1).
However, placing two A:T base pairs between X+ and Z
does result in transient dynamics resembling those of duplex
3′-X+AG, (Figures 2c and 3). In 3′-X+AAZ there is no
observation of X•, and the kinetics of ground-state recovery and
excited-state decay are>5 ns. Nanosecond transient absorption
spectroscopy shows that the kinetics of ground-state recovery
and excited-state decay of X+ are monoexponential with
identical rates, and faster than those observed in X+(AT).

Directionality of the Hole-Transfer Dynamics. In addition
to the 3′-X+ duplexes we also studied hole transfer occurring
in the opposite helical direction (5′-X+ duplexes). In all 5′-X+

duplexes spectral features identical to those discussed above
for their corresponding 3′-X+ counterparts are observed. The
lifetimes of the excited state and the X• state measured for
duplexes with the same distance between the X+ hole donor
and an acceptor nucleobase are of the same order magnitude,
with rates in the 3′-X+ duplexes consistently larger than those
in the 5′-X+ duplexes (Table 1).

3. Discussion

Preliminary Remarks. The steady-state absorption and
fluorescence spectra in all of these X+-labeled duplexes are
characteristic of an X+ chromophore covalently bound in an
abasic site.74 The melting points of X+ duplex modifications75

(89) Wilson, W. D.; Lopp, I. G.Biopolymers1979, 18, 3025-3041.
(90) Asseline, U.; Delarue, M.; Lancelot, G.; Toulme´, F.; Thuong, N.

T.; Montenay-Garestier, T.; He´lène, C.Proc. Natl. Acad. Sci. U.S.A.1984,
81, 3297-3301.

Figure 2. Transient pump-probe kinetics measured in duplexes (a)
X+(AT), (b) 3′-X+G, and (c) 3′-X+AG [390 nm,∼150 fs pump pulses
were used for excitation when probing at 450 nm, and 450 nm,∼200
fs pump pulses were used when probing at all other wavelengths (500-
850 nm)]. The probe wavelength used for each kinetic trace is noted
in (a-c). The time scale is linear from-1 to 1 ps and logarithmic
from there on. The solid lines are nonlinear least-squares fits to the
data, whose fit parameters are listed in the Supporting Information.

Figure 3. Transient pump-probe kinetics measured in duplexes
3′-X+Z (2), 3′-X+AZ (b), and 3′-X+AAZ (9), using 450 nm,∼200 fs
pump pulses and either 500 or 530 nm probe pulses. The time scale is
linear from-1 to 1 ps and logarithmic from there on. The solid lines
are nonlinear least-squares fits to the kinetic data, whose parameters
are listed in the Supporting Information.
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were higher than those of abasic DNA and native DNA. Thus,
it is clearly demonstrated that hybridization and incorporation
of X+ into an abasic site are cooperative and that theπ-stacked
acridine ring compensates the destabilization due to the missing
thymine. CD spectra confirm that the overall structure of the
duplexes is largely B-form and that the environment around
the X+ chromophore is highly ordered. Details on the structure
and the chromophore’s binding geometry are expected from
differential NMR studies which are in progress.91

Since similar kinetics and transient absorption spectra are
observed for hole transfer between X+ and a hole acceptor at a
fixed base pair separation in either helical direction of the duplex
(Table 1), the following discussion is restricted to the phenom-
enology of 3′ duplexes. We note, however, that by a factor of
2, the electron-transfer rates tend to be larger in 3′ duplexes
than those in 5′ duplexes. This effect mirrors the asymmetry of
the electronic interaction between the nucleobases in the two
helical directions.36 Henceforth, we will drop the 3′-label on
the duplexes and refer to them only by the local sequence
surrounding the X+ chromophore. The kinetics and transient
absorption dynamics in these duplexes are calibrated with
respect to the kinetic features of the reference system X+(AT),
which clearly show that within the excited-state lifetime A:T
pairs are not oxidized.

The femtosecond time-resolved absorption experiments pre-
sented in the preceding section provide detailed information on
the phenomenology of hole-injection dynamics in X+-modified
DNA duplexes. The excitation and probing conditions given
for these duplexes allow independent access to the kinetics of
1(X+)* decay and X+ ground-state recovery, as well as to the
formation and decay rates of the charge-transfer product state
X•. Before entering a more detailed discussion of these
experiments, we would like to state that the crucial information
on the nature of the steep distance dependence of hole-injection
rates for X+-modified duplexes can be directly extracted from
the data set in the Experimental Results without any assumptions
or kinetic modeling. The kinetic features of the X+/DNA
duplexes clearly point to the interplay of two effects: the
decrease of the electronic couplings and a concomitant increase
of the activation energy for hole transfer with increasing distance
between X+ and the electron donor species, G or Z.

The following discussion of mechanism and distance depen-
dence of the hole-transfer rates has to be kept on a qualitative
level since thus far the data sets are too incomplete for applying
the full machinery of electron-transfer theory. Nevertheless,
whenever we try to rationalize the kinetics in the framework of
electron-transfer theory, this attempt has to be based on
independent estimates of the low-frequency reorganization
energy λs. Reorganization energies in DNA may be rather
complex, reflecting the response of the nucleobases, of the
backbone, and of the aqueous solvent on the change in charge
distribution associated with the electron-transfer process. The
most recent experimental value ofλs arises from the work of
Lewis et al.,92 where data analysis in the framework of a
semiclassical approach yieldsλs ) 0.2-0.4 eV for stilbene-
capped DNA hairpins. Similar values have been proposed
earlier.28 λs-values in this range follow also from the recent
analysis of reaction yields associated with hole hopping after
thermal injection in the Giese-type DNA systems.33,34

Hole Transfer in X+G and X+Z. The forward hole-transfer
ratesk1 in the duplexes X+G and X+Z, where the hole donor

and acceptor are in direct contact, are 2.6× 1011 s-1 and 1.4×
1012 s-1, respectively, and as mentioned before, essentially
single-exponential. Small, long-lived background signals are
attributed to a minority (<10%) of modified duplexes displaying
an extrahelical X+ geometry. This feature of monoexponential
electron-transfer kinetics pertains to all duplexes studied in this
paper. The ultrafast rate measured for X+Z implies that hole
transfer occurs under either activationless (∆G ≈ λ), or slightly
inverted conditions (∆G > λ). The above estimate ofλ limits
the driving force-∆G to the range 0.2-0.4 eV. Assuming the
oxidation potential of G to be by∼0.1-0.3 eV higher than that
of Z.22,80 It follows that -∆G ≈ 0.0-0.3 eV in X+G. The
respective back-transfer rates,k2, are for both systems slower
than the forward rates,k1, by a factor of 9. In contrast tok1 the
back transfer rate is characterized by a large driving force
(<-2.3 eV) resulting from 2.7 eV excited-state energy of
1(X+)* and the limits of ∆G for k1. Such relatively “small”
values fork1/k2 can be explained when the explicit formalism
underlying eq 1 is applied.50

How do the kinetic rates of X+-modified DNA relate to other
DNA charge-transfer duplexes reported in the literature? In
femtosecond absorption spectroscopy Lewis et al. have inves-
tigated synthetic DNA hairpins containing the neutral stilbene-
4-4′-dicarboxamide as a photoexcited hole donor.55,92In contrast
to the charge-shift reactions of the protonated acridine interca-
lator X+ the stilbene derivative undergoes charge separation and
recombination. Despite all of the differences between X+ and
the stilbene derivative, the kinetic pattern in the nearest-neighbor
hairpin (k1 ) 1.0× 1012 s-1 andk2 ) 4.3× 1010 s-1)55 and in
the X+G duplex (k1 ) 2.6× 1011 s-1 andk2 ) 2.9× 1010 s-1)
can be qualitatively compared. The different ratios of the
forward-to-back transfer rates,k1/k2 ≈ 23 for the stilbene system
andk1/k2 ≈ 9 for X+G are to be attributed to the deeper inversion
of k2 in the case of the stilbene DNA hairpin. The replacement
of G by Z in both systems results in an acceleration of the hole-
transfer rates by a factor of 5. Thus, at least in the case of nearest
neighbor charge transfer in duplex DNA, charge-shift and
charge-separation reactions tend to show similar kinetic behav-
ior.

Hole Transfer in X+AG and X+AAG. From the data in
Table 1, it follows that the ratio of the forward ratesk1(X+G)/
k1(X+AG) is 2900. In case we would ignore the mechanistic
definition ofâ according to eq 1 and extract its value from these
two data points where one of them applies to direct contact
and the other one to superexchange-mediated transfer, an
unphysically largeâ value of 2.3 Å-1 would result. This value
is even higher than the 1.5 Å-1 attenuation factor reported by
Fukui et al.32 and in even more dramatic contrast to the
previously reportedâ values of 0.6-0.8 Å-1.27,29,44,55Such a
steep distance dependence is also supported by the observation
of no fluorescence quenching in X+AAG, indicating that the
hole-transfer rate in this duplex must be much slower than the
18 ns excited-state lifetime of X+ in X+(AT). Already at this
stage of the discussion aâ value of the order of 2.0 Å-1 points
to the fact that in X+-labeled DNA duplexes the electronic
couplingV cannot be the sole factor determining the distance
dependence of the injection rate. The largeâ value is rather the
fingerprint of two superimposed effects: a decrease of the
superexchange-mediated electronic couplingsV which is ac-
companied by a growing-in of the activation energy with
increasing X+-G distance. This explanation is consistent with
the finding that in the system X+AG the product state X• is not
observed, which is indicative of a fast (less activated) back-
transfer ratek2 as compared to the forward ratek1. In summary,

(91) In cooperation with C. Griesinger, (University of Frankfurt).
(92) Lewis, F. D.; Kalgutkar, R. S.; Wu, Y.; Liu, X.; Liu, J.; Hayes, R.

T.; Miller, S. E.; Wasielewski, M. R.J. Am. Chem. Soc.2000, 122, 12346-
12351.
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in the X+/DNA system there are two hole-transfer regimes
which differ with respect to the activation energy of the forward
ratek1: for the direct contact system X+G, and also for X+Z
and X+AZ (see below)k1 exceedsk2, while the opposite is true
for the duplexes X+AG and X+AAZ.

To put the concept of a distance-dependent activation energy
in X+-labeled duplexes to test, the injection reaction in the
system X+AZ should be faster than in X+AG since replacing
G by Z is expected to increase the driving force∆G. This
expectation is also consistent with the nearest-neighbor behavior
as discussed before.

Hole Transfer in X+AZ and X+AAZ. In contrast to the large
ratio, k1(X+G)/k1(X+AG) ) 2900, the replacement of G by Z
leads tok1(X+Z)/k1(X+AZ) ) 15. This ratio coupled with the
observation of the X•AZ•+ intermediate state indeed points to a
smaller activation energy as compared to that of the system
X+AG. A reduction factor of 15 per A:T base pair between a
hole donor and acceptor in DNA would correspond toâ = 0.8
Å-1, a value similar to that observed in the previous transient
absorption experiments of Lewis et al.55 and in the Giese-type44

yield studies. In contrast to X+AG, in X+AZ the back-transfer
rate k2 is observed, whereas the dynamics in duplex X+AAZ
are similar to those of X+AG wherek2 is not observed. This
phenomenology is to be expected for a change in charge-transfer
mechanism from (nearly) activationless hole transfer in X+AZ
to thermally activated injection kinetics in X+AAZ. Hence, these
experiments involving nucleobase G/Z replacement indepen-
dently justify the assignment of the largeâ value to a change
of mechanism involving the energy parameters.

In the duplex X+AZ the ratio of ratesk1/k2 ) 10 ( 2. As in
the direct contact systems, X+G and X+Z, this ratio is expected
to predominantly reflect forward hole transfer in the activa-
tionless or slightly activated regime of the Marcus expression
while the back-transfer dynamics occur under inverted condi-
tions. Since in contrast to the nearest-neighbor systems the hole-
transfer dynamics in this duplex are mediated by superexchange
interaction due to the intervening A:T base pair, this ratio may
also include a smaller superexchange coupling fork2 as
compared tok1 caused by an increased vertical energy difference
between the state X•AZ•+ and the A:T bridge.

Distance-Dependent Activation Energy in X+-Labeled
DNA Systems.Concerning the mechanism by which distance-
dependent activation energies arise, two intrinsically different
scenarios have to be envisaged: (i) the predominant distance-
dependent effect is a loss of driving force due to excited-state
relaxation of1(X+)* competing with charge transfer, and (ii)
the reorganization energyλs in this charge-shift reaction displays
a distance dependence on purely electrostatic grounds.52,53

Falling back on the excited-state relaxation phenomena of X+

as published by He´lène and co-workers,77 it seems reasonable
to base the following discussion of the kinetic consequences of
a distance-dependent thermal activation on such relaxation
effects in X+/DNA oligomers.

In the absence of excited-state relaxation in the system
X+AG the forward ratek1 is expected in the time window
50-100 ps whenâ ≈ 0.8 Å-1 is implied. In realityk1 appears
to be in the nanosecond range. If we allow for X+* relaxation
to occur in this time window, the nanosecond rates for X+AG
reflect the superposition of two effects: (i) a decrease of the
superexchange electronic coupling with increasing X+-G
distance which slows downk1 and thus allows (ii) an X+*-
specific relaxation process to compete with charge injection after
a specific donor-acceptor separation is reached. At larger
X+-G separation the relaxation rate is assumed to be faster

than the charge-transfer rate out of the initial Franck-Condon
state. Since the relaxation process is expected to affect the
driving force∆G of the charge injection, the latter one becomes
thermally activated. If relaxation would influence predominantly
the electronic couplingsV, the ratiok1/k2 would remain fairly
constant, and X should be observed in the transient absorption
of X+AG in contrast to reality.

In Scheme 1 the dynamics of activationless or slightly
activated (1a) and thermally activated electron transfer after X+

excited-state relaxation (1b) are illustrated. If the steady-state
approximation holds, the measured decay rate of1(X+)* in
Scheme 1b is given by

wherekF is the rate of fluorescence from the relaxed excited
state1(X+)R*. The validity of the steady-state approximation is
strongly supported by the monoexponentiality and identical time
constants of the X+ excited-state decay and ground-state
recovery in these duplexes.85 Equation 3 can be rearranged to

where∆G is the energetic difference between the states1(X+)R*
and X•. Monoexponential kinetics in these duplexes can only
be observed ifk1 , k2. For the purposes of the following
discussion, we assume an arbitrary upper limit ofk2 > 5k1.
Therefore, once an appropriate expectation value ofk2 is set,
one may obtain an estimate for the maximum values of both
∆G and k1. For instance, if we assume that X+ excited-state

Scheme 1.Kinetic Scheme for the Distance-Dependent
Change of Mechanism in Case Excited-State Relaxation
Being the Origin of the Increase of Activation Energy at
Larger Distancesa

a Scheme 1a representing X+G is also a prototype for X+Z and
X+AZ, whereas Scheme 1b is valid for the dynamics in X+AG and
X+AAZ. In Scheme 1b, X•A•+G acts only as a superexchange mediator
and is not an observable intermediate.

kobs) kF +
k2k1

k2 + k-1
(3)

k1 )
kobs- kF

1 -
(kobs- kF)

k2
exp(∆G/kBT)

(4)

Charge-Shift Dynamics in DNA Duplexes J. Am. Chem. Soc., Vol. 123, No. 41, 200110053



relaxation primarily affectsk1 and notk2 (due tok2 lying in the
Marcus inverted region) and take a reasonable value of 15 for
the decrease in electronic coupling upon insertion of one A:T
base pair, thenk2 ≈ 1.9 × 109 s-1 in X+AG andk2 ≈ 6.7 ×
108 s-1 in X+AAZ. These values ofk2 lead to the limits ofk1

< 3.8 × 108 s-1 in duplex X+AG andk1 < 1.3 × 108 s-1 in
X+AAZ. From these estimates we assert that after X+ relaxation
we are in the steady-state limit wherekobs- kF ) k1. Sincekobs

- kF is 8.9× 107 s-1 in X+AG and 7.4× 107 s-1 in X+AAZ,
∆Gmax in the Z duplex is+0.033 eV and+0.068 eV in the G
duplex. We note that while the difference in the upper limits of
∆G ) 0.035 eV for the two duplexes is by a factor of 2-3
smaller than the lower limit 0.1 eV of the oxidation potential
difference between Z and G, the relative values are consistent
with Z being the easier of the two nucleobases to oxidize in
duplex DNA. On the other hand, the tacit assumptions of
invariant electronic couplings and reorganization energies in G-
and Z-containing sequences and identical relaxation patterns
might not be valid.

Although a time- and distance-dependent energy loss due to
relaxation explains the largeâ value, the task for the future is
a quantitative modeling not only of the scenario of X+ excited-
state relaxation but also of the influence of a distance-dependent
reorganization energy on the electron-transfer rates. With respect
to the time scale and the contribution of excited-state relaxation
to the activation energy, the necessary information will be
provided by measurements of the dynamic Stokes shift. In
addition, temperature-dependent studies may lead to independent
information on the relevant energetic parameters in these
duplexes. To estimate the contribution of distance-dependent
reorganization energies to the activation term, efforts are directed
toward a NMR structure of the X+/DNA system, quantum
chemical computations, and a detailed assessment of the nature
of the heterogeneous dielectric environment of the DNA core.93

Comparison to Previous Hole-Transfer Experiments in
X+-Labeled DNA Duplexes.The duplexes 3′-X+G, 5′-X+G,
3′-X+AG, and 5′-X+AG are direct analogues of the DNA
duplexes studied earlier by Fukui and Tanaka.32,74 In these
studies, fluorescence quantum yields and fluorescence decay
times were used to investigate the distance dependence of
electron transfer in DNA between 9-alkylamino-6-chloro-2-
methoxyacridine (covalently attached to the DNA through a
slightly different linker from that in X+) and a guanine
nucleobase. Most likely due to instrument limitation the forward
charge-shift rates in the X+G duplexes have not been resolved.
On the other hand, the slow hole-injection rates derived from
time-resolved fluorescence measurements on 3′-X+AG duplexes
in the previous work32,74were confirmed in this laboratory and
are in very good agreement with the pump-probe measurements
in this paper. A detailed study of fluorescence dynamics in
different duplexes with emphasis on time-dependent Stokes shift
are in progress. In addition, the dependence ofk1 on the helical
direction of transfer, for example comparison of 3′-X+AG and
5′-X+AG, is also reproduced faithfully by the transient ab-
sorption data. The ratiok1(X+G)/k1(X+AG) from these mea-
surements is 2900, which predicts an apparent value ofâ in
DNA of 2.3 Å-1, a value even higher than the value given
by Fukui and Tanaka,â ) 1.5 Å-1. As discussed in the sec-
tion above, this large attenuation factor is due to a superposi-
tion of the decrease of coupling and an increase of the acti-
vation energy, a result inaccessible in fluorescence measure-
ments alone.

4. Conclusions

Using transient absorption spectroscopy, we have studied the
distance dependence of charge-shift dynamics between the
covalently attached, photoexcited electron acceptor 9-alkyl-
amino-6-chloro-2-methoxyacridine (X+), selectively intercalated
into a DNA duplex at an artificial abasic site, and either a
guanine (G) or 7-deazaguanine (Z) base as an electron donor,
with the number of A:T base pairs between the donor and
acceptor as the only variable parameter. Monoexponential
electron-transfer rates point to well-defined electronic couplings
in these duplexes. Since these couplings reflect short-range
interactions, one majority incorporation site for the X+ chro-
mophore is highly probable. The absence of distributed kinetics
even on the subpicosecond time scale shows that structural
fluctuations94 on any longer time scale are not reflected by a
distribution of electronic couplings between X+ and the nucleo-
bases within the base stack. This invariance could be the result
of strongπ-π and dipolar interactions between the intercalated
chromophore and the neighboring nucleobases, interactions
which lead to an increased rigidity of the local structure around
the intercalator and the X+-specific features observed in the
visible and near-UV CD spectrum of these duplexes.

This work was motivated by the optimal conditions for long-
range hopping studies provided by this system: (1) injection
occurs via a charge-shift reaction with a minimized Coulombic
well and (2) on the basis of energetics and the slow forward
charge-shift rate measured by Tanaka and Fukui in duplex
3′-X+AG, we expected charge hopping in a sequence such as
3′-X+AGAG to favorably compete with the back charge transfer.
The escape probability of the hole from the initially oxidized
guanine was further expected to be enhanced by the small
electronic couplings between X+ and the proximate G, as indi-
cated by the largeâ ) 1.5 Å-1 reported in Tanaka’s previous
work.32

In the context of utilizing the system for a study of hole-
hopping dynamics in duplex DNA, the injection kinetics were
revisited using femtosecond-resolved transient absorption spec-
troscopy. The key results of this study are summarized as
follows:

In X+/DNA oligomers the distance dependence has been
shown to be complex, involving contributions of both electronic
couplings and energy parameters. Tentatively, the experimental
data have been self-consistently interpreted within the frame
of a relaxation model where forward charge-shift dynamics have
to compete with an excited-state relaxation in the singlet
manifold of photoexcited X+. This relaxation has to proceed
with a rate of approximately 2× 1010 s-1, and after relaxation
we observe features typical for activated charge transfer. In this
scenario where the forward transfer is the rate-determining step,
no charge transfer intermediate states are observed, and the
charge recombination dynamics are not resolved. On the other
hand, samples with hole-injection rates significantly faster than
the relaxation display regular behavior with forward rates being
a factor of approximately 10 faster than the back-transfer rates.
The combination of a decrease in couplings with increasing
donor-acceptor distance and a concomitant increase of activa-
tion energy leads to an apparent attenuation valueâ of around
2 Å-1.

Activated electron transfer in X+-labeled DNA may be
utilized to map out in situ the relative energetics of purine bases
in the duplex. Along these lines, the relative ease of oxidation

(93) In cooperation with M. D. Newton, N. Ro¨sch, and A. A. Voityuk.
(94) Cheatham, T. E., III; Kollman, P. A.Annu. ReV. Phys. Chem.2000,
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of single guanines and GG and GGG tracts has already been
reported.85

From the relative hole-transfer rates in the systems X+Z and
X+AZ a “two-point” attenuation factor of 0.8 Å-1 is obtained.
This value is in perfect agreement with the first points on a ln
k vs R plot in the stilbene/DNA system. In the more general
context of relating fluorescence data to charge-transfer dynamics,
the discrepancy in the conclusions of the previous work and
those of this paper is indicative of the inherent danger of reliance
on an experimental method which cannot follow the formation
and decay of an intermediate charge-separated product state,
for example, X•G•+.

However, at the present stage, this excited-state relaxation
scenario provides only an ad hoc explanation of the experimental
findings. In a future, more detailed treatment of the observed
steep distance dependence of the injection rates in the X+/DNA
system the loss of driving force via relaxation has to be
quantified and related to the influence of distance-dependent
reorganization energies on the attenuation factorâ.

5. Experimental Section

Oligonucleotides.All DNA strands used in this study were ordered
from Eurogentec Ko¨ln (Germany), delivered lysophilized after poly-
acrylamide gel electrophoresis (PAGE) purification, and stored at-10
°C under the exclusion of light until shortly before use. Stock solutions
of complementary single strands were made by dissolving each strand
in a 10 mM Na2HPO4/NaH2PO4, 100 mM NaCl, pH 7.2 buffer solution.
These stock solutions were mixed in a 1× 10 mm quartz cuvette with
a 10% excess of non-X+-modified counter strand present to help ensure
that all X+ chromophores would be located in a DNA duplex.
Hybridization was performed by heating the mixed single strands to
80 °C, followed by slow cooling to room temperature over 2 h. All
samples had an adenine base opposite to X+ on the counter strand.
The hybridized spectroscopic samples were stored at 4°C prior to their
characterization.

Steady-State Spectra.Steady-state absorption spectra were obtained
using a UV-vis spectrometer (Perkin-Elmer Lambda 2S) with 2.0 nm
resolution. For measurement of steady-state fluorescence spectra and
fluorescence excitation spectra a spectrofluorometer (Spex Fluorolog-2
model F212I) with 1.7 nm resolution or better was used. All UV-vis
and fluorescence spectra were taken at 283 K. Circular dichroism spectra
were obtained on a Janus Scientific Jasco-715 CD spectrometer using
X+-DNA samples made by diluting∼5 µL of each spectroscopic sample
in a 4× 10 mm quartz cuvette with additional buffer until an optical
density of 1.0 at 260 nm was obtained.

Transient Absorption Spectroscopy.Femtosecond time-resolved
transient absorption measurements were performed using two separate
laser systems. For measurements with a pump wavelength at 455 nm
a commercial Ti:sapphire oscillator/regenerative amplifier system
(Coherent/BMI) with a time resolution better than 200 fs and a repetition
rate of 1 kHz was used. This laser system has been previously described
in detail.95,96 Briefly, to generate pulses at 455 nm, the output at 780

nm was frequency-doubled and used to pump an optical parametric
generator, followed by a two-step optical parametric amplifier (OPG/
OPA, BMI Venturi II). With this apparatus, we were able to produce
150 fs pulses at 455 nm with 1µJ energy. Probe pulses were generated
by selecting a 15 nm wide portion out of a white light continuum
generated by focusing 1-2 µJ pulses at 780 nm in a 2 mmsapphire
crystal.

In the second system,∼150 fs, 390 nm pump pulses with an energy
of ∼100µJ/pulse were obtained by frequency doubling the 1 kHz, 780
nm output of a home-built amplified Ti:sapphire laser in a 2 mm BBO
crystal. The design of the laser system is similar to the one described
by Hochstrasser and co-workers.97 Probe pulses between 450 and 700
nm were produced by focusing a small fraction of the amplifier output
at 780 nm into a 2 mmsapphire crystal. In both systems, pump and
probe pulses were focused on the sample under a small angle. The
relative polarizations were set to magic angle (54.7°) to avoid rotational
depolarization effects.

Samples had optical densities of about 0.3 at 450 nm in a 1-mm-
path-length quartz cuvette (concentration∼0.3 mM). The cuvette was
moved perpendicularly to the probe beam to avoid sample bleaching.
Steady-state absorption spectra were taken before and after time-
resolved measurements to check for sample degradation. The temper-
ature of the samples was held fixed to 10( 2 °C during all mea-
surements using a home-built temperature controller. Deoxygenation
of the samples by purging with argon had no effect on the measured
kinetics.

Nanosecond decay times were determined using an absorption laser
system that has been described in detail previously.98 Briefly, 450 nm
pump pulses were generated by pumping a coumarin 120 dye laser
with the third harmonic of a Nd:YAG laser. Probe pulses at either 420
or 590 nm were generated by a N2-laser pumped-dye laser. The delay
time between excitation and probing pulse was adjusted electronically.
The time resolution of this setup was∼2 ns.
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