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Ultrafast transient-absorption and steady-state fluorescence measurements have been performed on
dinucleotides comprising the fluorescent adenine analogue 2-aminopurine and guanine, adenine, cytosine,
thymine or hypoxanthine, respectively. Two oligodeoxyribonucleotide duplexes that were site-selectively
substituted with a single 2-aminopurine moiety were also studied. A strong quenching of the steady-state
fluorescence was observed in all samples. The transient-absorption spectra were remarkably similar to those
of the isolated 2-aminopurine (Larsen et al.; O. F. A. Larsen, I. H. M. van Stokkum, M.-L. Groot, J. T. M.
Kennis, R. van Grondelle and H. van Amerongen, Chem. Phys. Lett., 2003, 371, 157–163), exhibiting both a
fluorescent and a non-fluorescent excited state. There was no evidence for significant amounts of charge-
separated states in the transient-absorption spectra. The probability that an excitation of 2AP leads to stable
charge transfer products was estimated to be very low (�0.1%). In the systems we studied, the observed
fluorescence quenching can largely be explained by a shift of the equilibrium between the two excited states
in 2AP, in which the non-fluorescent state is favored.

1. Introduction

The study of charge-transfer processes in DNA is a topic of
intense interest.1–5 The fluorescent adenine analogue 2-amino-
purine (2AP) has often been used to study DNA electron
transfer (ET) as well as DNA structural dynamics and hetero-
geneity.1–4,6,7,18–20 The 2AP probe possesses several highly
attractive properties. Contrary to the ultrashort excited-state
lifetimes of the normal DNA bases, which are typically on
the order of hundreds of femtoseconds (fs),8,9 the excited-state
lifetime of 2AP is relatively long, namely �12 nanoseconds
(ns). In aqueous environment (pH ¼ 7) 2AP is highly fluores-
cent with a quantum-yield of 0.66, and can be selectively
excited because of its long wavelength absorption band around
305 nm.10,11 Furthermore, 2AP can be incorporated into
DNA, replacing a specifically chosen adenine residue for
example, without significantly disturbing the B-DNA helix.12

Strong quenching of the 2AP fluorescence upon its incor-
poration into DNA has been attributed to ET processes
between the normal DNA bases and the excited 2AP.1,4,17,21

Among the normal DNA bases and based on its oxidation
potential, guanine (G) is expected to be the most favorable
candidate for transferring an electron to an excited 2AP resi-
due. Recently, a structural heterogeneity of the excited state
of 2AP has been revealed using ultrafast transient-absorption
spectroscopy.13 Besides the well-known fluorescent state of
2AP, an additional long-lived non-fluorescent state was also

observed, which was populated to a significant extent after
excitation.
Using two-photon ionization of 2AP, ET from nearby gua-

nine moieties to ionized 2AP in DNA was unambiguously
demonstrated using transient-absorption techniques.3 In this
work, however, we focus on potential ET dynamics between
the normal DNA bases and the single-photon excited state
of 2AP. Ultrafast transient-absorption as well as steady-state
fluorescence techniques have been used. Both single-stranded
DNA dinucleotides comprising 2AP and guanine (G), adenine
(A), thymine (T), cytosine (C), or inosine (I), respectively, were
studied, as were short oligodeoxyribonucleotide duplexes that
contained a single 2AP residue. A very strong quenching of the
2AP fluorescence was observed in all of these model systems.
However, no evidence for a complete charge-separation due
to ET was found. The transient-absorption spectra were highly
similar to those of isolated 2AP and did not reveal the spectra
of the expected ET products. As in isolated 2AP, in addition to
the fluorescent state, a non-fluorescent electronic excited state
was present. The observed fluorescence quenching was attri-
buted to an equilibration between these two states, with the
non-fluorescent state being present in greater proportion in
the DNA system than in isolated 2AP.

2. Experimental

2.1. Chemicals

2AP DNA dinucleotides were obtained from Biolegio
(Malden, The Netherlands), with a purity of �99%. The
dinucleotides were dissolved in a 20 mM phosphate buffer with
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pH ¼ 7.0, containing 100 mM NaCl. Five different dinucleo-
tides were investigated:

50 2AP�Guanine 30

50 2AP�Adenine 30

50 2AP� Cytidine 30

50 2AP� Thymidine 30

50 2AP� Inosine 30

Synthesis and purification of single-stranded 2AP incorporated
DNA oligonucleotides was performed using a Cyclone DNA
synthesizer (Biosearch Inc., San Rafael, CA) as described
before.3 The required nucleoside phosphoramidites (2AP, G,
A, C, and T) and solid supports for DNA synthesis were
obtained from Glen Research (Sterling, VA). Two different
DNA duplexes were synthesized, both with a single 2AP sub-
stitution, as displayed in Fig. 1. The complementary strands,
containing no 2AP, were purchased from Biolegio (Malden,
The Netherlands).
The oligodeoxyribonucleotides were dissolved in the buffer

as described above. Hybridization was accomplished by mix-
ing the 2AP-containing strands with their complementary
strands, heating for 10 min at 80 �C, and slowly cooling down
to room temperature. To ensure that all 2AP-containing
strands were hybridized, an excess of 10% of the complemen-
tary strand was added. The purity of the duplexes was
�95%. Incorporation of 2AP dramatically reduces the effi-
ciency of the coupling of more bases. The amounts of DNA
needed for transient-absorption experiments are much higher
than those needed for fluorescence studies. To maximize the
synthesis yield, 2AP is placed relatively to the end of each
duplex. This may enhance the probability of disruption of
base-stacking in the direct vicinity of 2AP, though.

2.2. Steady-state spectroscopy

Absorption measurements were performed on a Perkin Elmer
(lambda 40) absorption-spectrophotometer. Polarized steady-
state fluorescence emission spectra were measured on a SPF-
500 spectrofluorometer (SLM instruments), using an excitation
wavelength of 309 nm. At this wavelength, the relative absor-
bance of the all the normal DNA bases together is very low
as compared to the 2AP absorbance (�10%). Isotropic emis-
sion spectra were constructed from the parallel and perpendi-
cularly polarized emission spectra according to the literature,24

and used for determination of the amount of fluorescence
quenching.

2.3. Transient-absorption spectroscopy

The transient-absorption spectrometer consisted of a 1-kHz
Ti:sapphire amplifier and non-collinear optical parametric
amplifier (NOPA) system as described in more detail else-
where.13,14 Briefly, fs (pump) excitation-pulses centered at
309 nm were generated by frequency mixing of the 506 nm out-
put of the NOPA with 800 nm pulses. The time evolution of
the excited-state dynamics was subsequently monitored using
a second white-light (probe) pulse, resulting in an instrument
response of �600 fs FWHM.

With this setup, transient-absorption spectra (absorption
difference of the white-light with and without pump pulse)
were monitored. Different wavelength intervals were probed
(each spanning �120 nm and all together ranging from �335
nm to �520 nm). For duplex-2, a larger wavelength window
from �335 nm to �690 nm was probed. No significant signal
of hydrated electrons from 2AP was observed (2-photon ioni-
zation), which are known to be formed when very high excita-
tion densities are used.2 Hence, it was assured that primarily
one-photon excitation of 2AP was performed and ET from
guanine to 2AP radicals could be excluded. All the spectra
were recorded at 200 different delay times (the time difference
between pump and probe pulses). The time window that was
probed was 1 ns for the dinucleotides and ‘‘duplex-1 ’’, and 5
ns for the ‘‘duplex-2 ’’ sample. Hence, the precision of ‘‘ long’’
ns lifetimes is rather low, and they should merely serve as a
first estimate.

3. Data analysis

For each wavelength interval, a typical transient-absorption
data set consisted of > 104 data points (the transient-absorp-
tion spectrum was dispersed on 256 pixels, and 200 different
delay times were probed). For each sample studied, complete
data sets of different wavelength intervals were simultaneously
fitted using a sequential global analysis method.15,16 In this
model, the excited species that is assumed to be present at time
zero (more species at time zero are also possible, see below)
evolves with a certain decay rate k1 into another second spe-
cies, that can subsequently evolve with a slower rate k2 into
a third species, and so on. The last species n obviously decays
to its ground state with slowest rate kn . Each species has its
own spectrum, the species associated difference spectrum
(SADS) Ai(l). Two different species (1 and 2) are sufficient
to describe the transient-absorption datasets of the dinucleo-
tides whereas three lifetimes (and their corresponding SADS)
are needed for the duplex-1 and duplex-2 DNA samples. The
isotropic decay Iiso(t) is described by:

IisoðtÞ ¼
Xn
i¼1

AiðlÞciðtÞ
" #

� IðtÞ ð3:1Þ

With n ¼ 2 for the dinucleotides, and n ¼ 3 for duplex-1 and -
2. I(t) is the instrument response and � denotes convolution.
The concentrations ci are (exponential) functions of k1 , k2 ,
and k3 . It is important to note that it is not a prerequisite to
have only one single species present at time zero. Two species
1 and 2 can also be present at time zero, and in that case k1
simply represents an equilibration (spectral evolution) between
these two states. Hence, structural heterogeneity can be
included in this way.

4. Results

4.1. Steady-state fluorescence

The fluorescence of 2AP upon insertion into a dinucleotide or
duplex was heavily quenched. The relative fluorescence yields
of the different samples studied are summarized in Table 1.

4.2. Transient-absorption spectroscopy

The decay kinetics of all the dinucleotides were simultaneously
fitted over the complete wavelength region (335 nm to 520 nm)
using the sequential model as described in the data analysis
section, using a picosecond (ps) lifetime and a ns lifetime.
The kinetic traces arising from duplex-1 could be adequately
fitted with three different species absorbing in the UV region
(two species with ps lifetimes and one with a ns lifetime).
However, not more than two lifetimes could be extracted from

Fig. 1 Sequences of the DNA oligodeoxyribonucleotides with 2AP
substitution. The two duplexes were hybridized with their natural
complementary strands (not shown), with basepairing according to
G-C, A-T and 2AP-T.
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the data in the visible region, and therefore these two wave-
length intervals were eventually fitted separately. Duplex-2 dis-
played three different lifetimes (Table 2) after a simultaneous
fit of the complete wavelength window that was probed (335
nm to 690 nm). The SADS of the dinucleotides are shown in
Figs. 2a-e, whereas the SADS of duplex-1 and duplex-2 are
given in Figs. 3a and 3b respectively. It should be stressed that
the displayed spectra with corresponding lifetimes are not the
‘‘ raw’’ transient-absorption data, but the results of the global
analysis as described in section 3. All the ps lifetimes in Fig. 2
should not be over-interpreted and merely indicate an esti-
mated time-range (30–40 ps in case of the dinucleotides),
rather than exact lifetimes. The precision of ‘‘ long’’ ns life-
times should also be treated with care because of the probed
time window (see experimental section).
All samples exhibit a very pronounced excited-state absorp-

tion spectrum (ESA, positive transient-absorption signal),
peaking around 520 nm. The UV region, however, is different
for different samples. For the 2AP-G- and 2AP-T-dinucleotide,
only ESA seems to be present. For the 2AP-I-, 2AP-A-, and
2AP-C-dinucleotides, a significant increase in the amount of
stimulated emission (SE) is observed. SE is reflected by a broad
‘‘dip ’’ centered at �370 nm that is superimposed on the ESA.
This SE signal seems to be (almost) absent in the ps component
for the 2AP-I- and 2AP-C-dinucleotide, but is clearly present
in their ns SADS. For the 2AP-A-dinucleotide, SE can be
observed in both the ps and the ns SADS. For duplex-1, the
SADS are shown in Fig. 3a. The UV region (see inset) is strik-
ingly similar to the UV region of the 2AP-G-dinucleotide. The
10 ps and 70 ps species show ESA. The �1 ns component
seems somewhat negative, indicating SE. Obviously, a rapid
depletion of excited-states has taken place that decreases the
ESA signal and makes the SE more clearly observable. The
visible region shows again a very pronounced ESA peaking
at �520 nm. For the duplex-2 sample, the complete region
from �335 to �690 nm was probed. The duplex-2 sample also
does show very pronounced ESA for all three species around
520 nm. SE is observed for the 29 ps species. This SE is clearly
superimposed on ESA.

5. Discussion

5.1. Steady-state spectroscopy

The fluorescence of 2AP is dramatically quenched in all of the
samples studied. Obviously, guanine is not the only residue
that can quench the fluorescence of 2AP in DNA; the fluores-
cence of 2AP is clearly quenched by all of the bases. This is in
agreement with earlier results by Fiebig et al.,17 who studied
mixtures of 2AP and different DNA bases (although not cova-
lently bound in a dinucleotide system like in our studies). It has
been suggested that this quenching of the 2AP fluorescence can
be attributed to electron-transfer (ET) processes between
excited 2AP (2AP*) and the normal DNA bases.1,4,17 Based
on the electronic excitation energy of 2AP (3.74 eV), the redox
potentials of the normal DNA bases (oxidation potentials for
G, A, C, and T respectively 1.29 V, 1.42 V, 1.6 V and 1.7 V vs.
NHE18) and the oxidation potential of 2AP* (1.5 V vs. NHE1),
the free Gibbs energy for such an ET reaction can be estimated
using the Rehm-Weller equations.25 Based on this estimation,
oxidation of guanine by 2AP* (eqn. (5.1)) is expected to be the
most favorable ET reaction, whereas oxidation of thymine by
2AP* is expected to be the least favorable. Alternatively,
reduction of thymine by 2AP* (eqn. (5.2)) could take place.

2AP� þG. 2AP��� þG
�þ ð5.1Þ

2AP� þ T. 2AP��þ þ T
�� ð5.2Þ

Hypoxanthine should, in principle, possess little driving force
for a charge-transfer reaction with 2AP*, based on its redox
potential of 1.5 V vs. NHE.1 It is important to note that the
(unknown) activation energies for such ET reactions can, of
course, influence the probabilities of these reactions to take
place. Furthermore, the redox potentials of the individual
bases1,18 may be altered upon incorporation into DNA. The
amount of quenching for the systems we studied seems to scale
with the redox potential of the base that is linked to the 2AP
residue. Less driving force for oxidation of the linked base
results in less fluorescence quenching (G<A< I), and less
driving force for reduction of the linked base also results in less
fluorescence quenching (T<C< I). The observed quenching
can, however, most likely not be explained by a redox reaction
only, because the fluorescence of the 2AP-I-dinucleotide is also
significantly quenched (82%). Similar conclusions were drawn
in a previous study.6 This, together with the aforementioned
considerations, points out that detailed speculations are not
warranted. However, based on our results it seems likely that
the observed fluorescence quenching of 2AP has at least partly
a charge-transfer process at its base.

5.2. Transient-absorption spectroscopy

Excited-state heterogeneity. Recently, transient-absorption
spectra of excited 2AP molecules have been reported.13 These
data revealed that even in the case of the free 2AP molecule, a
heterogeneity of excited-states of 2AP is observable. Two elec-
tronic states were shown to be populated after excitation at 309
nm. One state is fluorescent (resulting in a negative signal in
the UV due to stimulated emission, SE), whereas the second
one is long-lived (> 15 ns), though non-fluorescent (resulting
in positive signal in the UV transient-absorption spectrum
due to excited-state absorption, ESA). Pronounced ESA was
observed around 520 nm for both states. The transient-absorp-
tion spectra measured for the dinucleotides and DNA duplexes
are quite similar to those of the isolated 2AP molecules.
All samples exhibit a very pronounced ESA for all species
peaking around 520 nm. However, the ESA spectrum in the
UV region seems to be dependent on the base that is adjacent
to 2AP in the dinucleotides and probably reflects a specific
interaction between the two bases. In the case of the 2AP-G-
dinucleotide, only ESA is observed in the UV region and there

Table 1 Relative fluorescence yields

Molecule Relative fluorescence yield (�2	 10�3)a

2AP 1

Duplex-1 0.01

Duplex-2 0.02

2AP-G-dinucleotide 0.04

2AP-A-dinucleotide 0.08

2AP-T-dinucleotide 0.09

2AP-C-dinucleotide 0.12

2AP-I-dinucleotide 0.18

a Determined by the ratios of the areas of the emission spectra of the

corresponding molecule and 2AP.

Table 2 Isotropic lifetimes tF/ps

Molecule t1 (�10%) t2 (�10%) t3 (�10%)

duplex 1 10 70 1	 103

duplex 2 29 2.7	 102 9.9	 103

2AP-G 40 4	 103 —

2AP-A 30 2	 103 —

2AP-T 40 2	 103 —

2AP-C 40 1.5	 103 —

2AP-I 30 1	 103 —

Derived from the target analysis of the transient-absorption data (see

data-analysis section).

156 P h y s . C h e m . C h e m . P h y s . , 2 0 0 4 , 6 , 1 5 4 – 1 6 0 T h i s j o u r n a l i s Q T h e O w n e r S o c i e t i e s 2 0 0 4



is no significant SE. This is to be expected considering the dra-
matic quenching of the steady state fluorescence. For the 2AP-
T-dinucleotide, no SE can be observed either. However,
significant steady-state fluorescence is still observed (9%). In
the case of the other dinucleotides, a significant (30–40 ps) rise-
time in the SE can be observed. The amount of SE seems in
line with the observed steady-state quenching. Besides the
30–40 ps risetime, a strong decrease in the total transient-
absorption signal is also clearly observed on the ps timescale
in all samples. Hence, it seems that a rapid depopulation of
excited states takes place.
The transient-absorption spectrum in the UV region of

duplex-1 is very similar to that of the 2AP-G-dinucleotide as

well as to that of the 2AP-T-dinucleotide (all exhibit predomi-
nantly ESA and very little SE), which is not surprising consid-
ering that in this sample the 2AP residue is flanked by G and T.
In the case of duplex-2, a significant SE signal is present in the
first spectrum but disappears on a �30 ps time scale (no SE
can be seen in the 272 ps and �10 ns spectra). This is in con-
trast to the 2AP-A-dinucleotide, where SE is still present after
30 ps (reflected in the broad negative dip in the 2 ns spectrum).
In the following discussion, we will first focus on the dinu-

cleotide data, because these systems are relatively easier to
model than the duplex data. If one assumes just one (fluores-
cent) species to be present in the dinucleotide, one can calcu-
late that the expected lifetime of this species does not match

Fig. 2 SADS of the 2AP-dinucleotides obtained from global analysis of the transient-absorption data. The insets show the UV region from 335 nm
to 390 nm. (a) 2AP-G, (b) 2AP-A, (c) 2AP-I, (d) 2AP-C, (e) 2AP-T.
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with the experimental data. The extent of quenching of the
steady-state fluorescence of, for example, the 2AP-G-dinucleo-
tide is 96%. In a dynamic quenching model this would corres-
pond to a reduction of the original 2AP lifetime of 11.8 ns18

to �500 ps (4% of 11.8 ns). However, the measured transi-
ent-absorbance lifetimes are 30–40 ps and 1–4 ns respectively.
A model in which only one fluoresent state is present can thus
be rejected in the case of the 2AP-G-dinucleotide. Further-
more, it is not possible to model the 2AP-G-dinucleotide using
only one non-fluorescent non-radiative state either, because
some steady-state fluorescence is observed. Thus, coexisting
states are needed to adequately describe the data. The 2AP-
G-dinucleotide data can be most simply modelled using a mini-
mum of two different excited states. Besides a fluorescent state,
a non-radiative state must be present as well in order to
account for the ensemble of observations. Similar arguments
hold for the other dinucleotides. Based on our observations,
the scheme shown in Fig. 4 is proposed to explain both the
steady-state emission and the transient-absorption data for
all the dinucleotides. This scheme is analogous to that
proposed for isolated 2AP, except that a clear 30–40 ps equi-
libration time was observed in the case of the dinucleotides.13

In this scheme, structural heterogeneity of the 2AP moiety is
assumed to exist in the ground state, resulting in two different
populations of 2AP. This heterogeneity can arise from differ-
ences in the relative configurations of the two bases in the
dinucleotides involving, for example, different extents of
base-stacking interactions. Upon excitation, the interactions
between the two bases are altered, resulting in a re-adjustment
of the orientations of the two bases relative to one another.
Our observations are consistent with a two-state model, in
which one of these states decays predominantly by non-radia-
tive pathways, and the other by a partially radiative pathway.
Following photoexcitation on the fs time scale, an equilibra-
tion between these two types of excited states occurs within
the first 30–40 ps, which is reflected in the observed 30–40 ps
risetime in SE in the 2AP-A-, -C-, and -I-dinucleotides. The
depopulation of excited states taking place within this 30–40
ps is also monitored. This results in less ESA and can be
observed most clearly in the case of the 2AP-G- and 2AP-T-
dinucleotides, by comparing the intensity of the ESA signal
at �520 nm (see Figs. 2a and 2e). The other dinucleotides exhi-
bit this depopulation as well, although it is less pronounced.
Obviously, this loss of ESA is still not sufficient to clearly
observe the SE signals in the 2AP-G- and 2AP-T-dinucleo-
tides. The observed ns lifetime state must be a combination
of both a fluorescent state and a non-radiative state, but the

two states cannot be resolved within the limitations of the cur-
rent signal-to-noise ratio. The observed ns lifetime (with corre-
sponding rate kslow) contains both the decay rates of the
fluorescent state (krad and knon-rad) and the decay rates of the
non-radiative state (krad and k0non�rad) according to
kslow ¼ x*(krad+ knon-rad)+ y*(krad+ k0non�rad), x and y being
the contributions of the fluorescent channel and the non-radia-
tive channel to the observed ns lifetime excited state. Hence,
analogous to isolated 2AP,13 both a fluorescent and a non-
radiative state are present. However, contrary to isolated
2AP, a clear equilibration on a timescale of 30–40 ps between
these two states is observed in the case of the dinucleotides. It
is important to note that both states can decay both radiatively
as well as non-radiatively. However, for the non-radiative
state, krad is much smaller than the non-radiative rate:
krad
 k0non�rad. For the radiative state, on the other hand, this
difference is less dramatic: krad< knon-rad . In the radiative
state, knon-rad must still be much larger than krad since the

Fig. 4 Proposed minimal reaction scheme of an excited 2AP moiety
in a dinucleotide. In the ground state, two conformers (1 and 2) are in
equilibrium with one another with interconversion from one to the
other being negligibly slow on the time scale of excitation. In the
excited state, equilibration between the two states takes place on a time
scale of �40 ps. Both states decay by both radiative (krad) and non-
radiative (knon-rad or k0non�rad) pathways. However, the fluorescence
quantum yield is significantly higher for the 2AP*(fl) state (although
knon-rad > krad), whereas in the non-radiative state 2AP*(non-fl),
k0non�rad � krad (see text). Solid lines: radiative transitions, dashed lines:
non-radiative transitions.

Fig. 3 SADS of the DNA duplexes obtained from global analysis of the transient-absorption data. (a) duplex-1 (the inset shows the UV-region),
(b) duplex-2.
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fluorescence lifetime is much less than 10 ns, but the difference
in rates is less pronounced than for the non-radiative state.
For the DNA-duplexes, a minimum of three different excited

states is observed. These states are, analogous to the dinucleo-
tides, also attributed to co-existing fluorescent and non-fluor-
escent states. For duplex-1, lifetimes of �10 ps, �70 ps and
�1 ns were extracted from the transient-absorption spectra
in the UV region, whereas only two lifetimes (�13 ps and
1.5 ns) were needed to fit the data in the visible region (Fig.
3a). The ns species exhibits a small amount of fluorescence.
Also for this duplex, a rapid depopulation of excited states is
observed.
For duplex-2, three different species can be extracted from

the data. Two non-radiative states are present, decaying with
characteristic lifetimes of respectively �270 ps and �10 ns.
Only one fluorescent state is observed (29 ps). The fluorescence
can clearly be observed at �370 nm, represented by the ‘‘dip ’’
in the ESA centered around this wavelength (Fig. 3b). The
fluorescence cannot originate only from this state, because
the yield calculated from this lifetime is lower than that mea-
sured in steady-state fluorescence measurements. A fluores-
cence component that decays with a �30 ps lifetime would
give rise to a quenching of almost 100% (�30 ps is 0.3% of
11.8 ns, the original lifetime of 2AP, hence a quenching of
99.7% is expected). However, the observed steady-state
quenching is 98%. Hence, the spectra of the two other non-
radiative states (272 ps and �10 ns) also contain some stimu-
lated emission (SE) originating from either unresolved states,
or from k0non�rad being somewhat smaller as compared to
k0non�rad from the other samples. Nevertheless, since the fluor-
escence contributions are still very small, we also call these
states ‘‘non-radiative ’’. No equilibration between the different
states is observed as in the dinucleotide samples and no rise in
fluorescence could be detected. Possibly, the fluorescent state
in this duplex can interact to a lesser extent with the other
states due to a high-energy barrier. Contrary to the dinucleo-
tide samples, more than two lifetimes are observed in the
DNA samples. These lifetimes can be attributed to different
conformations of the DNA molecules that require different
reorientation times before they are rapidly depopulated
(‘‘quenching’’ of both fluorescent and non-radiative states)
analogous to earlier results.6

Summarizing, two different electronic excited states are
populated when 2AP is incorporated into a substituted DNA
molecule: a fluorescent state and a non-fluorescent state. These
states are analogous to the fluorescent and the non-radiative
state in isolated 2AP.13 In the case of 2AP in DNA, the equili-
brium between these two states is clearly shifted to the non-
fluorescent state as compared to isolated 2AP, thus accounting
for the steady-state fluorescence quenching. This can be
observed in the transient-absorption data in the case of the
2AP-G-dinucleotide, 2AP-T-dinucleotide, and duplex-1 (pre-
dominantly ESA, originating from the non-fluorescent state,
in the UV region). For the other samples, the equilibrium is
shifted somewhat more in favor of the fluorescent state,
although the non-fluorescent state is still the dominant species
(reflected by the high ESA ‘‘background’’ in the UV region of
the transient-absorption spectrum, on which the SE of the
fluorescent state is superimposed).

One-photon induced electron transfer?. Electron transfer
(ET) resulting in stable, long-living, charge-separated spe-
cies does at most take place with low probability. This is
illustrated by the relatively low amounts of permanent pro-
ducts that were observed. These products were determined
by comparing the steady-state absorption spectrum before
and after the transient-absorption experiments on the studied
samples, which were shown to be 7% at the highest (data
not shown). Based on the expected bleaching of the 2AP
absorption band at 309 nm (�5 mOD for each lasershot,

Appendix 1), and the observed permanent product at 309
nm, the probability of permanent product formation upon
excitation was estimated to be �0.1% for the 2AP-G-
dinucleotide (see Appendix 1).
If ET indeed occurs upon one-photon excitation of 2AP, the

corresponding product species should be revealed via their
transient-absorption spectra. Because ET from G to 2AP*
has been reported,1,4,17 and because G in DNA is the most
likely species to undergo an ET reaction, we focus our discus-
sion first on the 2AP-G-dinucleotide. In the case of ET, the
transient-absorption spectrum is expected to be a sum of the
absorption spectra of G�+ and 2AP*��, according to eqn.
5.1. To our knowledge, the absorption spectrum of 2AP*��

has never been measured. In our experiments, low white-light
signal prevents us from measuring transient-absorption signals
at 310 nm. At this wavelength, a characteristic absorption
band for G�+ should be present in case of ET. However, based
on the spectrum of G�+,22 at �380 nm a significant transient-
absorption signal of G�+ should also be present in the case
of ET. The estimated transient-absorption signal around 380
nm should be �2.4 mOD (see Appendix 2) if one assumes
96% ET efficiency (to explain the fact that for the 2AP-G-dinu-
cleotide 96% of the fluorescence is quenched). The transient-
absorption signal we observe at �380 nm is �0.5 mOD, sug-
gesting that little absorption of G�+ is observed. Thus, the
observed signal is at least a factor of 5 too small to be ascribed
to G�+. Another argument that argues against oxidation of the
guanine moiety by 2AP* is the fact that the transient-absorp-
tion spectrum in the visible region looks remarkably similar to
that of the isolated 2AP base (see ref. 13), which would be sur-
prising in the case of the formation of ET products. Analogous
to earlier reports on benzo[a]pyrenetetraol-nucleoside com-
plexes23 and our steady-state emission data, it seems that a fast
charge-separation (possibly coupled to a proton-transfer reac-
tion) indeed takes place, but is followed by a rapid recombina-
tion. This rapid recombination would prevent observation of
the charge-separated states. Similar arguments can be made
for the DNA duplexes; no spectral features from G�+ resulting
from ET could be observed.
In summary, our steady-state fluorescence results indicate

that a charge-transfer process is most likely at the base of
the observed steady-state quenching because the fluorescence
seems to scale with the redox potential of the base flanking
the 2AP moiety. However, within the limits of our time-resolu-
tion and signal-to-noise ratio, fast ET from guanine to 2AP*
resulting in stable ions occurs at most with low probability
because no product-spectra could be determined. A very rapid
recombination after charge separation may account for the
absence of these spectra. In 2AP-substituted DNA, the non-
fluorescent exited-state of 2AP is more favored as compared
to isolated 2AP, which explains the steady-state fluorescence
quenching to a large extent. Future experiments in which the
degree of charge separation can be investigated in more detail,
as in (time-resolved) Stark spectroscopy, will be performed.

Appendix 1. Expected formation of product

In this appendix, the probability of charge transfer upon exci-
tation of 2AP is calculated by combining the expected bleach-
ing of the 2AP band in the transient absorption experiments
with the observed permanent product formation. The bleach-
ing is calculated as follows. The excitation power used at 309
nm is 300 mW at 1 kHz, giving 3	 10�7 J pulse�1, correspond-
ing to 4.7	 1011 photons per pulse. The absorption of the
sample at 309 nm is 0.2 mm�1. Hence, the number of excited
molecules can be calculated: OD ¼ 0.2 mm�1 ¼ �log(I/I0) ¼
�log(I/4.7	 1011), hence I ¼ 3	 1011 photons are trans-
mitted. The difference is the amount of absorbed photons:
4.7	 1011� 3	 1011 ¼ 1.7	 1011 photons are absorbed, hence
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also 1.7	 1011 excited molecules. The probing volume is about
3.14	 10�8 l, which results in a concentration of excited 2AP
molecules, 2AP*, of 9	 10�6 M. Using e ¼ 5400,11 we expect
a bleaching of: OD ¼ 5400	 4.9	 10�5 M	 0.1 ¼ 5 mOD at
310 nm. To obtain the transient absorption signal, 9.6	 106

lasershots were used. The expected bleach of 2AP is 5 mOD
per shot, so one expect 4.8	 104 OD units bleaching if all
the excited molecules were confined in the probing volume.
The probing volume is �3.14	 10�8 l. The total volume of
the sample �0.1 cm	 1.5 cm	 1 cm ¼ 0.15	 10�3 l. Hence
the volume ratio is 4.8	 103 and the expected bleaching signal
in the cuvet is 4.8	 104 OD/4.8	 103 ¼ 10 OD units. The
typical amount of steady-state product (difference steady-state
absorption spectrum after and before transient-absorption
measurement) at 309 nm is �0.01 OD unit. Hence, the prob-
ability that an excitation of 2AP leads to charge transfer is
�0.1%. Of course, this calculation is based on the expectation
that significant mixing of the bleached molecules with the
molecules outside the probing volume takes place, due to diffu-
sion or convection. If this would not be the case, all the
bleached molecules would stay confined it the very small
probing volume, resulting in a much smaller amount of
steady-state product absorption signal.

Appendix 2. Expected signal of electron transfer
products

In this appendix we will consider the electron transfer (ET)
reaction between 2AP* and G according to eqn. (5.1), because
this is in general to be considered the most likely candidate for
ET to occur upon excitation of 2AP. The concentration of
2AP*� is in appendix 1 calculated to be 9	 10�6 M. If we
assume that quenching occurs because 96% of the 2AP* is
indeed converted into 2AP*� (the quenching of the steady-
state fluorescence is 96%), the concentration of G�+ is 96% of
9	 10�6 M ¼ 8.6	 10�6 M. The expected OD signal at 380
nm due to G+ cations is thus: OD ¼ 8.6	 10�6

M	 2720	 0.1 ¼ 2.4 mOD (using e ¼ 2720 from ref. 21).
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