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Abstract

Subpicosecond polarized transient-absorption measurements on the fluorescent adenine analogue 2-aminopurine

have been performed in the wavelength region from 320 to 690 nm. Global target analysis of the data reveals structural

heterogeneity of the chromophore in the excited state. Two distinct states with remarkably different spectroscopic

properties were resolved. One state does show stimulated emission, whereas the other state does not and exposes a very

long excited-state lifetime.

� 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

The study of the dynamical and charge-transfer

properties of DNA is a research area of intense in-

terest [1–4]. For performing (time-resolved) fluo-

rescence spectroscopy, the use of extrinsic probes is

a prerequisite because of the very low fluorescence

quantum yield of the natural nucleic acids [5]. The

adenine analogue 2-aminopurine (2AP) is a widely
used probe for these purposes [6–9], because of its

high fluorescence quantum yield (0.66), its red-

shifted absorption allowing selective excitation, and
its property to build into the DNA B-helix without

significant structural disturbance [10,11]. Intro-

duction of 2AP into DNA causes a large reduction

of the fluorescence quantum yield, which is attrib-

uted to stacking interactions with the neighboring

bases possibly causing charge transfer processes [8].

Two different tautomeric states of 2AP are

known; the 9-H and 7-H tautomers that have a
proton at, respectively, nitrogen number 9 and 7.

Both calculations and experiments show that 2AP in

the ground state mainly exists as the 9-H tautomer

[10,12]. However, recent experiments and calcula-

tions suggest that the 7-H tautomermight be present

in significant amounts upon excitation [13,14].

A better understanding of the 2AP quenching

mechanism and thus of the dynamical and charge-
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transfer properties of DNA requires a thorough

knowledge of the underlying photophysics of iso-

lated 2AP as compared to 2AP incorporated in

DNA. In this study we have therefore measured the

transient-absorption spectra of 2AP with subpico-

second time resolution.

2. Experimental section

2.1. Chemicals

2AP (Sigma Aldrich, Zwijndrecht) with a purity

of >99% was dissolved in a 20 mM Na2HPO4=
NaH2PO4, 0.1M NaCl, pH 7.0, buffer, and con-

tinuously flowed during the experiment to avoid

photodecomposition.

2.2. Subpicosecond transient-absorption setup

The setup consists of a 1-kHz Ti:sapphire am-

plifier and non-collinear optical parametric ampli-
fier (NOPA) system as described in more detail

elsewhere [15]. Briefly, femtosecond (pump) exci-

tation-pulses centered at 309 nm were generated by

frequency mixing of the 506 nm output of the

NOPA with 800 nm pulses. The time evolution of

the excited-state dynamics was subsequently moni-

tored using a white-light (probe) pulse, resulting in

an instrument response of �600 fs FWHM. Tran-
sient-absorption spectra (absorption difference of

the white-light with and without pump pulse) were

monitored. Four different wavelength intervals

were probed (each spanning �120 nm and all to-
gether ranging from�320 to�690 nm), which were
simultaneously analyzed. The white-light contin-

uum was generated using a CaF2 crystal, which was

continuously translated to avoid burning. No sig-
nificant signal of hydrated electrons from 2AP was

observed, which are known to be formed when very

high excitation densities are used [16]. Both aniso-

tropic (parallel and perpendicularly polarized) as

well as isotropic signals were recorded.

3. Results

In Fig. 1, several representative transient-ab-

sorption traces at different wavelengths are shown.

It is immediately clear from the data that the

polarization behavior of 2AP changes dramati-

cally with the probe wavelength. At probe wave-

length 365 and 450 nm the initial anisotropy is

negative (parallel signal below the perpendicular

signal), whereas it is positive at 408 and 600 nm. In
all traces the anisotropy decays to zero after �100
picoseconds (ps). At 365 nm, stimulated emission

(SE) is expected to be observed, with an initial

anisotropy very close to 0.4 [10]. Because a nega-

tive initial anisotropy is observed, the signal at this

wavelength cannot only be attributed to SE. Ex-

cited-state absorption (ESA), with a much lower

initial anisotropy, must also be present to explain
the measured negative initial anisotropy at this

probe wavelength. Note that the SE at 365 nm is

most clearly observed in the parallel signal, and

that this negative signal disappears together with

the anisotropy. At 408 nm a short decay of �1 ps
is clearly present, followed by a slower decay on a

nanosecond (ns) timescale. At 450 nm, the amount

of SE is expected to be rather small (see below),
and therefore the large initial negative anisotropy

that is observed must mainly be attributed to ESA.

Finally, at 600 nm, only ESA is expected to be

present. A small positive anisotropy of the ESA

can be observed.

4. Data analysis and discussion

First, the isotropic data are analyzed by a glo-

bal analysis method [17,18]. The isotropic decay

IisoðtÞ is described by a sum of exponential decays,
each component having its own decay-associated

difference spectrum (DADS) AiðkÞ and concentra-
tion ciðtÞ:

IisoðtÞ ¼
X3
i¼1

AiðkÞi � ciðtÞ
" #

� IðtÞ ð1Þ

IðtÞ reflects the instrument response and � denotes
convolution.

The concentration of each component is de-

scribed by a mono-exponential decay:

ciðtÞ ¼ e�kit ð2Þ

with ki being the decay rate of component i.
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The global analysis of the isotropic data (Eqs.
(1) and (2)) resulted in three different lifetimes of

1.3 ps, 3.5 ns and �14 ns, indicating structural
heterogeneity of the sample. The decay-associated

difference spectra (DADS) are shown in Fig. 2

(upper panel). The short-lived DADS (1.3 ps)

shows ESA at �400 and �550 nm, and a negative
feature centered at �460 nm. It has to be noted
that the negative features observed in the spectra
can not be due to bleaching of the ground state of

2AP, because the lowest energy absorption band

of 2AP peaks at 305 nm and the spectrum is zero

above �350 nm [10]. We therefore attribute this
negative signal to SE, which is known to peak

around 370 nm [7]. The second DADS (3.5 ns)

shows ESA peaking at �400 and �530 nm, re-
spectively, and some SE at �430 nm. The third
DADS (�14 ns) shows ESA peaking around
520 nm. The 3.5 ns DADS differs from the �14 ns
DADS by a larger contribution of SE superim-

posed upon the ESA in the former. The compo-

nent decaying with 1.3 ps is ascribed to an

unrelaxed state (see below) that decays into the

3.5 ns state most likely due to a reorganization of

the surrounding solvent (spectral relaxation). The
two ns components cannot be attributed to the

earlier suggested 7-H and 9-H tautomeric states of

2AP (see below).

Secondly, both isotropic and anisotropic data

were globally fitted using the following target

analysis (see Fig. 3). The 2AP molecules are con-

sidered to be a heterogeneous mixture of 9-H

tautomers having different interactions with the
solvent. One population of 9-H tautomers inter-

acts with the solvent in such a way that upon ex-

citation a state is formed which rapidly transforms

into a non-fluorescent long-lived state �1� (see be-
low). Possibly, a proton transfer (which is too fast

to be resolved with our setup) gives rise to rapid

transformation of the excited 9-H tautomer into

the non-fluorescent 7-H tautomer. However,
transient-absorption experiments on 2AP-DNA

dimers, for which the 7-H tautomer cannot exist

because the 9 position of the base is involved in a

covalent binding with deoxyribose, also reveal a

similar long-lived non-fluorescent state (unpub-

lished results). Therefore, it can be ruled out that

the obtained non-fluorescent state originates from

Fig. 1. Representative transient-absorption traces at different wavelengths. (jj) Parallel signal; (i) isotropic signal; (?) perpendicular
signal. Note that the time axis is linear up to 10 ps and logarithmic thereafter. Smooth lines: fit (see target analysis below).
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the 7-H tautomer, and we will therefore refer to

this state as a 9-H �dark� state. Parallel to this,
there is another population of 9-H tautomers that

interacts differently with the solvent and forms

upon excitation a state (2) that is favorable to

evolve into stabilized excited fluorescent 9-H tau-

tomers (state 3).
The isotropic 1.3 ps DADS is interpreted as this

transition from state 2 to 3. Evidence for hetero-

geneity of 2AP has already been given by the ob-

servation that the fluorescence quantum yield of

2AP is very dependent on the pH [14]. In all the

traces, the anisotropy decays with �25 ps, which is

in good agreement with earlier ultrafast fluores-

cence results [7]. To correctly fit the data one ad-

ditional assumption was required concerning the

anisotropy of the states involved. As can already

be noticed from the �raw� data, the anisotropy is
very low in the visible part (where only ESA is

expected), whereas it is much higher in the UV,
where both SE and ESA take place (Fig. 1). To

account for this wavelength dependent anisotropy

behavior, we assume that the initial anisotropy of

states 2 and 3 below 440 nm may be different from

the initial anisotropy above 440 nm. The aniso-

tropy of the long-lived state 1 was a single fitting

parameter for the entire wavelength region. Using

this target analysis, a good fit was obtained and
the lifetimes and difference spectra of the different

states with their corresponding anisotropies could

be estimated. A schematic representation of the

used target analysis is given in Fig. 3.

According to the model as depicted in Fig. 3,

the following relations hold for the concentrations

of the different states:

c1ðtÞ ¼ c1ð0Þe�k1t; ð3Þ

c2ðtÞ ¼ c2ð0Þe�k2t; ð4Þ

c3ðtÞ ¼
k2ðe�k3t � e�k2tÞ

k2 � k3
: ð5Þ

The initial concentrations of states 1 and 2 were

somewhat arbitrarily chosen in such a way that

their corresponding spectra have approximately

Fig. 3. Model used for fitting of the transient-absorption data,

ki are the fitted decay rates of the excited states.

Fig. 2. Upper panel: DADS and their corresponding lifetimes

as obtained from a global analysis of the isotropic transient-

absorption data. Lower panel: SADS and their corresponding

lifetimes as obtained from a target analysis of both the isotropic

and polarized transient-absorption data. Negative black dotted

line: calculated SE spectrum of 2AP (see text).
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the same maximum amplitude. Most likely, this is

an oversimplification of reality (see below). The

two polarized transient-absorption signals Ipar and
Iperp (parallel and perpendicular polarization of
pump and probe light) were fitted to

IparðtÞ
IperpðtÞ

� �
¼

P3
i¼1

Iiso;iðtÞ � ð1þ 2riðtÞÞ

P3
i¼1

Iiso;iðtÞ � ð1� riðtÞÞ

2
664

3
775� IðtÞ; ð6Þ

where Iiso;iðtÞ is the isotropic fluorescence signal of
state i (as defined in Eq. (1), with corresponding
concentrations as defined in Eqs. (3)–(5)), and riðtÞ
is its associated anisotropy.

The anisotropy ri of component i is described as

riðtÞ ¼ rið0Þe�t=s ð7Þ

with rið0Þ being the initial anisotropy of state i and
s the rotational correlation time, for which the
same fitting parameter was used for all the differ-

ent states. As explained above the initial aniso-

tropy below 440 nm of states 2 and 3 was treated
as an extra fitting parameter, and was allowed to

be different from the initial anisotropy above

440 nm for these states. The initial anisotropy of

state 1 was a single fitting parameter for the entire

wavelength region.

To illustrate the quality of the fit an overview of

several traces ranging from �320 up to �690 nm
with the corresponding fits is given in Fig. 4. The
obtained species associated difference spectra

(SADS) are depicted in Fig. 2 (lower panel).

At time zero, two states (1 and 2) are present

(Fig. 2 lower panel). State 1 shows a rather flat

ESA profile over the whole wavelength region

peaking around 520 nm and decays with a lifetime

of >15 ns. The second state shows ESA peaking at

both �550 and �400 nm and evolves with 1.3 ps
into a new state (3) which decays with �6.5 ns. It
has to be noted that the total time window probed

was 5 ns, and hence the precision of these �long�
times is low, which also explains differences in

�long� lifetimes that are obtained when using either
the first (DADS) or the second model (SADS). A

significant contribution of SE is observed around

370 nm for both states 2 and 3. It should be
stressed that the spectral shape of the SE is ob-

scured because of the ESA that is also present in

this wavelength region. Therefore, the SE spec-

trum that was calculated from a measured steady-

state emission spectrum of 2AP is also included in

Fig. 2. The SE spectrum was calculated using the

following relation [19]:

�hx3

p2c3


 �
B21 ¼ A21 ð8Þ

with �h Planck�s constant, c the velocity of light,
and B21 and A21 the Einstein coefficients describing
SE and spontaneous emission, respectively. It

should be noted that the SE will most likely show a

dynamic Stokes shift which is reported to take

place within 4 ps [20], comparable with the 1.3 ps

time we find.
Interestingly, when state 2 evolves into 3 the

ESA increases around �500 nm while it goes
down at �400 nm. The difference between the 6.5
ns SADS and the 1.3 ps SADS is illustrated in

Fig. 5.

Clearly, upon relaxation of state 2 into state 3,

signal is gained around 500 nm while signal is lost

around 400 nm. The gain in signal peaking at
�500 nm should most likely be attributed to a gain
in ESA, because no significant SE is expected to be

present around this wavelength. The loss in signal

at �400 nm can both be attributed to a loss of
ESA and/or an increase of SE. Clearly, a large

amount of reorganization takes place within 1.3

ps, which is not unexpected considering the large

Stokes shift of �5000 cm�1 between the lowest
steady-state absorption band (305 nm) and the

maximum of the steady-state emission (370 nm).

The anisotropy of state 1 is �0:2� 0:1. The
anisotropy of state 2 and 3 in the 320–440 nm

region is 0:35� 0:05, while above 440 nm it is
0:10� 0:02 and 0:08� 0:02, respectively. The
concentration ratio of state 1 and state 2 is 0.3:0.7,

indicating that the non-fluorescent state 1 is �2.3
times less abundant than the fluorescent states 2

and 3. Considering the fact that the fluorescence

quantum yield is 0.66 [10], practically no quench-

ing should take place for the fluorescent subset of

molecules (70% of all the molecules), which seems

unlikely. The concentration ratio of states 1 and 2

(0.3:0.7) we obtain should therefore be considered

as an upper limit.
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Summarizing, two different electronic states

were revealed from the data. One state does show

SE, whereas the other state does not. A clear re-

laxation is observed for the emitting state (re-

flected by the 1.3 ps lifetime), which can most

likely be ascribed to spectral relaxation [20]. States

2 and 3 have �0.35 anisotropy in the 320–440 nm
range. The anisotropy of the SE is expected to

have an anisotropy of 0.4, based on earlier steady-

state measurements [10] and based on theory [21].

Fig. 4. Traces of both the isotropic and anisotropy data (mOD) with their corresponding fit at different wavelengths (vertical label).

Blue, parallel signal; red, isotropic signal; black, perpendicular signal. Note that the time axis is linear up to 5 ps and logarithmic

thereafter. Dashed lines: fit (target analysis). The data have been presented from �320 nm (upper right panel) to �690 nm (lower left
panel), with intervals of 10 nm.
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Because the anisotropy in this wavelength region is

both due to SE and ESA, it can be concluded that

the ESA is also highly polarized up to 440 nm. In

the 440–690 nm region, the polarization of the

states 2 and 3 is very low (�0.1 and �0.08, re-
spectively) indicating almost completely depolar-

ized ESA. The �0:2� 0:1 anisotropy of state 1
indicates that the polarization of the ESA is per-
pendicular to the polarization of the ground-state

absorption and illustrates the rather different

electronic properties of the two states.
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