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ABSTRACT: The accurate quantum chemical CASSCF and CASPT2 methods
combined with a Monte Carlo procedure to mimic solvation effects have been used in
the calculation of the spectroscopic properties of two tautomers of 2-aminopurine (2AP).
Absorption and emission spectra have been simulated both in vacuum and in aqueous
environment. State and transition energies and properties have been obtained with high
accuracy, leading to the assignment of the most important spectroscopic features. The
lowest-lying 1(�,�*) (1La) state has been determined as responsible for the first band in
the absorption spectrum and also for the strong fluorescence observed for the system in
water. The combined approach used in the present work gives quantitatively accurate
results. © 2006 Wiley Periodicals, Inc. Int J Quantum Chem 106: 2564–2577, 2006
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Introduction

M uch effort has been endeavored during re-
cent years to understand the electronic spec-

tra of different families of organic compounds
by employing highly accurate quantum chemical
methods. Examples are the detailed characteriza-
tion of the photophysics of indene-like molecules (a

six-membered ring fused to a five-membered one),
such as indole [1], adenine and guanine [2], purine
[3], indene [4], 7-azaindole and benzoimidazole [5,
6], and benzotriazole [7, 8], performed using mul-
ticonfigurational second-order perturbation theory,
the CASPT2 method [9–11]. To interpret the ob-
tained results, proper comparison with the experi-
mental recordings is required, something that it is
not always straightforward, considering that most
of the data are measured in solvated environments.
As has been reported previously [1, 2, 8] the impor-Correspondence to: V. Ludwig; e-mail: ludwig@if.usp.br
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tant effects of the solvent on the excited-state struc-
ture and properties are difficult to quantify. Be-
sides, the simultaneous and combined presence of
certain molecular tautomers, differentially stabi-
lized by the polarity of the medium, has to be
considered and properly understood, as we illus-
trated in the studies on adenine [2], purine [3], and
benzoimidazole [6], where the interpretation of the
measured absorption spectra was shown to require
the inclusion of prototropic tautomerism effects on
the excited-state structures. The present report tack-
les the challenging photophysical properties of
2-aminopurine by computing the absorption and
emission spectra of the system both for the isolated
molecule and in the presence of a solvent, water in
this case.

The primary interest of 2-aminopurine (2AP)
comes from its resemblance with adenine (formerly
6-aminopurine), one of the four DNA bases. Al-
though absorption of ultraviolet (UV) radiation by
the nucleobases would make them prone to yield
mutagenesis and carcinogenesis efficiently, the ul-
trafast energy decay detected in those molecules,
leading to fluorescence lifetimes as low as 100 fs,
prevents photochemical damage caused by sun-
light exposure [12]. Detailed analyses of the decay
pathways in cytosine [11, 13] and adenine have
recently been reported [14, 15]. However, photosta-
bility, which is a convenient property for avoiding
genetic damage, disfavors the spectroscopic analy-
sis of DNA structure, because the nucleobases
hardly emit (quantum yield, �F � 2 � 10�4) [16].
2AP has been used instead, due to its structural
resemblance to adenine, preserving the structure of
native DNA, and to its high fluorescence (�F �
0.66), with excited lifetimes in the nanosecond
range, a period long enough to allow photophysical
experiments [17]. It is worth recalling that, although
2AP pairs preferentially with thymine, its mutage-
nicity is associated with mismatched base pairs for-
mation with cytosine [18, 19]. Compared with other
natural nucleobases, the lowest-lying 1(�,�*) (1La)
state of 2AP is shifted to longer wavelengths, allow-
ing sensitive excitation in DNA. In solution, 2AP
emits fluorescence upon excitation with radiation
between 310 and 320 nm (4.00 and 3.87 eV, respec-
tively), being highly quenched when it is incorpo-
rated into DNA. It is known that the fluorescence
lifetime of 2AP depends on the microscopic envi-
ronment [20–23], with a quenching mechanism that
it is not fully determined. In order to understand
2AP photophysics, we have undertaken the project
of computing the excited-state structure and prop-

erties of the single molecule involved in the absorp-
tion and emission processes, in the gas phase and in
solution. Further studies will be focused on the
reaction paths and decay mechanisms related to the
radiationless processes of the system.

In the present work, the lowest-lying singlet and
triplet (�,�*) and (n,�*) states of 2AP have been
studied by using the complete active space (CAS)
SCF method complemented by a multiconfigura-
tional second-order perturbation (CASPT2) theory,
employing also high-level atomic natural orbital
(ANO)-type basis sets. It has been shown repeat-
edly that this approach has been able to provide
comprehensive and quantitative description of the
main features related to both absorption and emis-
sion spectra of organic, inorganic, and organome-
tallic molecules [10, 11, 24, 25]. As for other purine
nucleobases, 2AP has two close-lying tautomers,
9H-2-aminopurine and 7H-2-aminopurine (cf. Fig.
1), hereafter N9H and N7H, respectively, which
have to be considered in order to determine their
contribution to the spectroscopy of the system.

This study includes geometry optimizations for
the different states, excitation energies, and transi-
tion and state properties for both 2AP tautomers.
Solvatochromic shifts of 2AP in water are also ad-
dressed by using a combination of Monte Carlo
(MC) and quantum mechanical (QM) CASSCF/
CASPT2 calculations, following the procedure de-
scribed previously [8]. In short, first a MC simula-
tion in the solute–solvent liquid is carried out.
During the simulation processes, some structures
are selected based on a well-established procedure
[26–29] for sampling the most relevant configura-

FIGURE 1. Atom labeling and molecular orientation
used in the N9-2-aminopurine (N9H) (a) and N7-2-amin-
opurine (N7H) (b) tautomers. Arrow defines the positive
angles of the electronic transition moment directions
with respect to the pseudo-symmetry long axis, z.
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tions to be submitted to the subsequent quantum
mechanical step.

Methodology

ELECTRONIC STRUCTURE CALCULATIONS

The geometries of the relevant states of both
tautomers were optimized at the CASSCF [30] level
of theory employing the C,N[4s3p1d]/H[2s1p]
ANO-L basis set contractions [31], analytic deriva-
tive methods, and imposing the CS point group
symmetry, with the molecules placed in the yz
plane and z being the C2 symmetry axis. For the
geometry optimizations of the 1(�,�*) states, the
active spaces included all �-valence electrons, com-
prising a total of 10 orbitals and 12 electrons, and
labeled as (0,10), corresponding to zero orbitals of
A� symmetry and 10 of A� symmetry. The active
space was enlarged with two lone-pair orbitals of a�
symmetry for the 1(n,�*) states, leading to (2, 10).
Selected geometrical parameters for both tau-
tomers, together with other theoretical and experi-
mental results, can be found in the Supplementary
Information.

Electronic spectra were computed at the CASSCF
geometries described above, using the well-estab-
lished CASPT2 methodology [10, 11, 25, 32]. In
short, a series of state-average complete active
space self-consistent field (SA-CASSCF) [30] calcu-
lations including all states of interest within a given
symmetry was carried out, involving active spaces
with all � plus two lone-pair electrons, and the �,
�*, two lone-pair, and Rydberg orbitals. Atomic
natural orbital (ANO)-type one-electron basis sets
of triple-zeta plus polarization quality contracted to
C,N [4s3p1d]/H [2s1p] [31] were used, supple-
mented with a specifically designed set of 1s1p1d
Rydberg-type functions placed in the molecular
charge centroid of each tautomer, constructed as
described elsewhere [32]. Once included in the ac-
tive space, the Rydberg molecular orbitals were
identified and removed from the set of molecular
orbitals, generating a molecular basis set appropri-
ated to describe all valence states relevant to this
study. With the adapted set of molecular basis and
active spaces with only the valence orbitals, refer-
ence functions for all valence states were obtained
with the SA-CASSCF method. This level of calcula-
tion and computational strategy has shown to pro-
duce extremely accurate results [24, 25, 32, 33]. For
the N9H tautomer, the reference functions for the

1(�,�*) states were built by averaging over the first
nine lowest-lying states, four for the 3(�,�*) states,
and three for the 1(n,�*) states; as to the N7H, the
averaging procedure includes the 10 lowest-lying
1(�,�*) states, four 3(�,�*) states, and three 1(n,�*).
Finally, the reference functions described above
and the LS-CASPT2 method were employed to in-
troduce dynamical correlation effects into the wave
function [10, 33], with a level-shift parameter of 0.3
au to avoid the presence of intruder states. All
excitation energies were computed using the
ground-state energy obtained from a state-specific
calculation, with the same active space employed
for the calculation of the corresponding excited
states. Transition dipole moments were computed
using the CAS-state interaction (CASSI) method
[34], and the corresponding values were combined
with the energy differences calculated at the
CASPT2 level to obtain oscillator strengths. All de-
scribed calculations were performed with the MOL-
CAS-5 quantum chemical software [35].

SOLVENT EFFECTS

The N9H tautomer is determined to be the most
stable species in aqueous solution [12]. Therefore,
we will focus our attention regarding solvatochro-
mic shifts on it. Solvent effects were included using
the sequential Monte Carlo/quantum mechanics
(S-MC/QM) procedure [26, 27, 36]. Standard MC
simulations [37] were employed including the Me-
tropolis [38] sampling technique and periodic
boundary conditions using the minimum image
method in a cubic box, in the canonical NVT en-
semble, at room temperature (T � 298 K) and den-
sity of 0.9966 g � cm�3. Periodic boundary condi-
tions and a cut-off radius (rC) of 15.6 Å from the
center of mass were used to truncate the sphere of
intermolecular separation and long-range correc-
tions beyond this cut-off distance. All simulations
were performed using the DICE programs [39].

Intemolecular interactions were taken into ac-
count by the Lennard–Jones plus Coulomb poten-
tial, on which the interaction energy (Uij) between
molecules i and j is described by the equation

Uij � 4�ij���ij

rij
� 12

� ��ij

rij
� 6� � �qiqj

rij
� ,

where rij is the distance between site i (on molecule
a) and site j (on molecule b), �ij and �ij are combi-
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nations of the Lennard–Jones parameters of sites i
and j and qi is the charge of site i. After the cut-off
radius, the reaction field method of the dipolar
interaction was used to estimate the long-range
electrostatic potential participation.

The system under consideration is composed of
supermolecular structures up to 14.5 Å away from
the center of mass of the N9H in the ground- and
first excited-state relaxed geometries. This leads to
supermolecular structures composed of a central
N9H molecule and 456 water molecules for both the
ground and first excited state. The water molecules
were described by the SPC potential [40]. The solute
(N9H tautomer) was described by the OPLS param-
eters (�i and �i) [41, 42] in the optimized geometry
obtained as described above; during the simulation,
the geometry of the molecules were kept frozen.
The methodology employed in this work does not
permit optimizing the geometry of the solute in the
presence of solvent molecules. Therefore, the opti-
mized gas-phase geometries of the ground and
lowest-lying 1(�,�*) (1La) electronic states of 2AP
tautomers were employed in all calculations, as we
have successfully done previously [8].

Single-point HF/6-31�G(d) calculations and the
CHELPG [43] method were used to fit the classic
charges for the N9H tautomer, resulting in a dipole
moment of 3.02 D, against a computed value of
2.96 D for the gas phase at the optimized geom-
etry. Geometries and parameters of the Coulomb–
Lennard–Jones potential of N9H solute, in the
ground and lowest-lying 1(�,�*) (1La) states, respec-
tively, and water molecules used in the simulation
can be found in the Supplementary Information.

By considering the position and orientation of
each molecule, the initial configuration is generated
randomly. Then, by translating in all Cartesian di-
rections and rotating around a randomly chosen
axis [37] a new configuration is generated. The sim-
ulations consist of a thermalization phase of 1.8 �
107 MC steps, followed by an average stage of 108

MC steps, corresponding to 105 MC steps per mol-
ecule. The S-MC/QM [26, 27, 36] procedure was
used to analyze the electronic structure of N9H
tautomer in liquid water; the great advantage of
this approach is that it reveals the most important
MC statistical information, obtained from the auto-
correlation function of the energy [27–29], before
the QM calculation steps, thus reducing signifi-
cantly the number of supermolecular structures
that will be employed in the QM steps. In the
present work, configurations were sampled for the

QM calculations having less than 15% of statistical
correlation. A total of 45 configurations were then
selected that are apart from one another by 106 MC
steps. The absorption spectra and dipole moments
were simulated from the results of a simple average
over the QM CASSCF results for the 45 statistically
uncorrelated supermolecular configurations, with
the excitation energies computed with the CASPT2
method.

From the analysis of the calculated radial distri-
bution functions of the center-of-mass of solute, in
the ground and lowest-lying 1(�,�*) (1La) states
(Fig. 2), and the center-of-mass of water, one can
obtain important information about the structure of
the solvation shells for both electronic states. As can
be seen in Figure 2, the first solvation shell for the
ground state ends in 5.8 Å, with other structures
ending in 8.01 and 9.30 Å. After spherical integra-
tion up to the corresponding ending points, one
obtained a total of 23, 69, and 135 water molecules
in each solvation shell, respectively. After identify-
ing the solvation shells, supramolecular structures
composed by a central N9H molecule and the cor-
responding number of water molecules in each sol-
vation shells were selected to be submitted to quan-
tum mechanical calculations in order to compute
the corresponding dipole moment. The same anal-
ysis were carried out for the first excited 1(�,�*)
(1La) state, from which we concluded that its first
solvation shell ends in 6.5 Å and a second in 10.05
Å, associated with the following number of water
molecules: 78 and 168, respectively. Figure 3 illus-
trates one of the simulated supermolecular struc-
tures, corresponding to the first solvation shell for
the ground (N9H�456 SPC).

In the quantum chemical calculations, the amin-
opurine is surrounded by all the water molecules
within a given solvation shell. The solvent mole-
cules are represented by simple point charges
placed at the atomic sites. All the transition energies
are calculated in the Franck–Condon regime.
Within the Born–Oppenheimer approach, it is sup-
posed that the electrons move much faster than the
nuclei. An analogous assumption has been made
here. That is, during the absorption (emission) pro-
cess, the electronic rearrangement is much faster
than the relaxation time for the solvent (water)
molecules. Therefore, after absorption (emission)
from the optimized solute geometry, the solvent
remains in the same configuration during the ab-
sorption (emission) process time scale.
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Results and Discussion

GROUND-STATE GEOMETRIES AND SOLVENT
EFFECTS

The molecular structures and atom numbering
for both tautomers are displayed in Figure 1. Using
CASSCF optimized geometries for both ground and
excited states provide a balanced description of
vertical and adiabatic excitations. As we have no-
ticed before [3–8, 44], there is a good overall agree-

ment between our geometrical parameters and pre-
vious theoretical and experimental results (see
Supplementary Information). Besides that, it is
worth mentioning that constraining the planarity of
the amino group has a minor influence on the ring
geometry, causing very small differences in bond
distances and angles, as discussed by Jean and Hall
[45], who reported an energy difference of only
�250 cm�1 between the fully optimized C1 and Cs
structures at the MP2/6-31G(d,p) level of calcula-
tion. In fact, the planarity of the ground state is just
perturbed by the dihedral angles N1OC2ON10O
H12 and N1OC2ON10OH13, computed to be
�16.9° and �17.6° (B3LYP/6-31G(d,p)) [46] and
�18.5° and �20.7° (CASSCF/6-31G(d,p)), respec-
tively, when symmetry is relaxed to C1. As has been
pointed out earlier [45, 46], and also by our prelim-
inary calculations in other regions of the hypersur-
faces, constraining the amino group distortion does
not introduce large uncertainties in the present re-
sults.

As to the relative stability of the N9H and N7H
tautomers, a theoretical study carried out by Broo
and Holmén [46] in purines suggests that while the
N9H tautomer is clearly more stable in the gas
phase for purine, adenine, and 2AP, the N7H form
is largely stabilized in aqueous solution because of
its larger ground-state dipole moment. The experi-
mental evidence [47] points to equal amounts of
N9H and N7H tautomers in room temperature
aqueous purine, while the presence of the latter is
reduced to near 20% in aqueous adenine [12]. In
2AP the stabilization of the N7H conformer (our
computed CASSCF ground-state dipole moment in
vacuum is 4.23 D) with respect to the N9H tau-
tomer (3.03 D) seems to be of minor extent, consid-
ering that the predominance of the latter form is
estimated 97% in water from MP2/SCRF calcula-
tions [46]. It is still worth considering the contribu-
tion of the different tautomers to the spectra of the
system, which can be employed to rationalize the
observed results on other derivatives.

As to the solvent effects, all 45 structures selected
by the analysis of the autocorrelation function of
the energy (vide supra) were used in the quantum
mechanical calculations, from which one could ob-
tain an average value for the properties under con-
sideration. Figure 4 displays the convergence pat-
tern for ground- and 1(�,�*) (1La) state dipole
moments, which were computed at the CASSCF
level for the supermolecular structures. As ob-
served before [8], the dipole moment converges fast
and approximately 35 configurations are needed to

FIGURE 2. Radial distribution functions of the center-
of-mass of N9H in the ground (a) and lowest-lying
1(�,�*) (b) states and the center-of-mass of water.
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give statistically converged results. In the following
discussion, our results for the effects of solvation on
the ground- and first excited-state dipole moments
of the N9H tautomer and the solvatochromic effects
in the absorption and emission spectra will be dis-
cussed.

ABSORPTION SPECTRA OF 2-AMINOPURINE
TAUTOMERS

Considering the already mentioned stability of
the N9H form of 2AP both in vapor and in aqueous
environments and its relevance for the analysis of
the 2AP-ribose species, with the sugar bound
through N9, most of the theoretical studies found in

the literature and the experimental findings focus
on the N9H tautomer. The present CASPT2//
CASSCF results on both 2AP species are compiled
in Tables I and II, for the N9H and N7H tautomers,
respectively, on which one can find excitation en-
ergies, oscillator strengths, dipole moments, transi-
tion dipole moments, and the CASSCF spatial ex-
tension values, which confirms the valence nature
of all states, since all have similar values to that
exhibited by the ground states.

Before describing the excited states of 2AP, it is
worth remembering that the class of compounds
with six-membered fused to five-membered rings
exhibit a common structure of ��* electronic ex-
cited states, as we have already mentioned [3, 5, 7,

FIGURE 3. One supermolecular structure generated by the simulation corresponding to the minimum-distance first
solvation shell (N9H�456 SPC model). [Color figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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48]. With the usual Platt’s nomenclature [49], the
low-energy UV/Vis spectra of these compounds
can be described by two low-lying singlet excited
states of 1(�,�*) character, which are labeled 1La
and 1Lb, with the former being here the lowest state
in vapor phase absorption spectra. Higher in en-
ergy, we can find the 1Ba and 1Bb states, responsible
for the most intense transitions. In terms of Platt’s

notation, the lowest-lying 1(�,�*) excited-state tau-
tomer can be coined as the 1La state, with a wave
function dominated by the configuration highest
occupied molecular orbital HOMO (H) 3 lowest
unoccupied molecular orbital LUMO (L), with
weights 59% (N9H) and 72% (N7H). Next in en-
ergy, the 1Lb state can be described by the asym-
metric combinations of the pair of configurations H
3 L�1 and H-1 3 L, contributing similarly for
both tautomers: N9H (30% and 36%) and N7H (22%
and 43%), respectively. Higher in energy, the 1Ba
state is essentially composed by the H-1 3 L�1
configuration and 1Bb by the symmetric combina-
tion of H 3 L�1 and H-1 3 L. Depending on the
system and its symmetry, 1Lb and 1Bb states may
interact strongly leading to weak and intense tran-
sitions, respectively. Other states will appear inter-
leaved between the 1L and 1B states.

Both 2AP tautomers display such structure of
low-lying states. The 1La state is computed related
to the lowest-energy singlet–singlet transition at
4.07 and 4.02 eV for the N9H and N7H tautomers,
respectively, both with moderate oscillator
strengths. As the transition carring most of the in-
tensity, it is expected to play the key role in the
photophysics of the compound. The 1Lb transitions,
on the other hand, lie in both cases much higher in
energy, 5.02 and 5.19 eV, respectively, while the
related intensity is lower. In particular, for the N7H
tautomer the coupling of 1Lb and the higher 1Bb
state is strong enough to lead to the related transi-
tions large and small oscillator strengths, respec-
tively. The corresponding 1Ba and 1Bb states change
order in both tautomers (see Tables I and II). Re-
garding to the 1(n,�*) states, only the lowest 1(n,�*)
state becomes of interest and it is computed much
lower in the N7H (4.14 eV) than in the N9H (4.60
eV) tautomer. Other singlet and triplet states have
also been included in the calculations and their
properties are included in Tables I and II. Table III
compiles the basic experimental and theoretical,
previous and present, information about the ab-
sorption spectra of aminopurine, and allows com-
parison. The computed ground-state dipole mo-
ment for the N9H species, 3.02 D, is found to be
much larger in the N7H tautomer, 4.23 D. Al-
though, as mentioned, the former is expected to be
the predominant form, both in gas phase, nonpolar,
and even polar solvents, N7H 2AP will certainly
increase its relevance when increasing the polarity
of the environment.

The recorded UV/Vis absorption spectrum of
2AP is composed by four moderately intense tran-

FIGURE 4. Convergence of the calculated CASSCF/
ANO-L C,N[4s3p2d]/H[2s1p] dipole moments for the
ground (a) and excited (b) states of N9H�456 SPC
model. The N9H ground-state and lowest-lying 1(�,�*)
excited-state optimized geometries were used.

BORIN ET AL.

2570 INTERNATIONAL JOURNAL OF QUANTUM CHEMISTRY DOI 10.1002/qua VOL. 106, NO. 13



sition bands [17, 50] reported in water solution with
the following energies and oscillator strengths:
4.05–4.06 eV (0.10), 5.13 eV (0.05), 5.62 eV (0.20),
and 6.01 eV (0.14) [17, 50]. Another weak transition
has been reported at low energies, with an uncer-
tain position near 4.46 eV (0.002) [17]. The oscillator
strength values have been obtained from the molar
absorptivities in water and by comparison with the
estimations in 9-methylpurine [17]. Exactly that
number of transitions to singlet excited states are
obtained in our computed CASPT2 results in both
tautomers up to 6.0 eV. The lowest band, measured
in water at 4.05–4.06 eV with an estimated oscillator
strength 0.10 [17, 50], can be assigned to the low-
lying 1(�,�*) (1La) transition of the N9H tautomer
computed here at 4.07 eV with an oscillator strength
0.0891. The same nature can be attributed to the
second band (1Lb) reported at 5.13 eV with oscilla-
tor strength 0.07, and computed at the CASPT2
level at 5.02 eV, also nicely matching the oscillator

strength value, 0.0680. A slightly larger discrepancy
is found between the lowest estimated (4.46 eV) [17]
and the calculated (4.60 eV) n3�* transition, espe-
cially when the gas-phase value can be expected
lower in energy. The difference can be attributed to
the difficulties in the detection of a low intensity
band, vibronically coupled with the intense neigh-
boring �3�* transition, and in which severe as-
sumptions are considered to fit the linear dichroism
spectrum [17], but we cannot discard the presence
of the corresponding transition of the N7H tau-
tomer, which increases its presence in aqueous me-
dia and has a lower-lying computed n3�* feature.
Next in energy, two bands have been detected in
aqueous medium with band maxima at 5.62 and
6.01 eV and estimated oscillator strengths, 0.20 and
0.14, respectively [17]. Based on our computed re-
sults the two features can be assigned to two �3�*
transitions, computed lying at 5.84 and 5.89 eV,
with respective oscillator strengths 0.2081 and
0.3297.

TABLE I ______________________________________
Calculated (CASSCF, CAS, and CASPT2, PT2)
vertical excitation energies (EV, eV), oscillator
strengths (f), dipole moments (�, D), and spatial
extensions (�r2	, au) for the valence states of
9H-2-aminopurine.

EV (eV)

f 	 (D) �r2	CAS PT2

Ground state 3.02 121
1(�,�*)
1(�,�*)a 5.23 4.07 0.0891 3.51 125
1(�,�*)a 6.91 5.02 0.0680 4.72 123
1(�,�*) 7.71 5.84 0.2081 3.38 130
1(�,�*)a 7.94 5.89 0.3297 3.22 123
1(�,�*) 8.27 6.38 0.0429 3.95 126
1(�,�*)a 9.01 6.70 0.6820 4.82 131
1(�,�*) 9.29 7.25 0.2241 3.66 127
1(�,�*) 9.48 7.66 0.0808 3.49 129

1(n,�*)
1(n,�*) 5.81 4.60 0.0062 3.74 123
1(n,�*) 7.34 6.43 0.0053 1.14 126
1(n,�*) 9.26 7.72 0.0001 6.07 132
1(n,�*) 10.20 8.74 0.0018 4.34 127

3(�,�*)
3(�,�*) 4.16 3.49 — 3.71 123
3(�,�*) 5.17 4.59 — 3.15 129
3(�,�*) 5.72 4.75 — 2.98 127
3(�,�*) 5.87 5.20 — 2.55 128

a 1La, 1Lb, 1Ba, and 1Bb states, respectively. See text.

TABLE II ______________________________________
Calculated (CASSCF, CAS, and CASPT2, PT2)
vertical excitation energies (EV, eV), oscillator
strengths (f), dipole moments (�, D), and spatial
extensions (�r2	, au) for the valence states of
7H-2-aminopurine.

EV (eV)

f 	 (D) �r2	CAS PT2

Ground state 4.23 120
1(�,�*)
1(�,�*)a 5.33 4.02 0.1464 2.35 125
1(�,�*)a 6.72 5.19 0.0000 4.92 140
1(�,�*) 7.16 5.51 0.3179 3.87 142
1(�,�*)a 8.12 6.25 0.4202 3.36 134
1(�,�*) 7.97 6.27 0.0122 2.19 137
1(�,�*)a 8.60 6.72 0.2279 4.41 135
1(�,�*) 8.79 6.91 0.2662 3.00 138
1(�,�*) 9.46 7.98 0.0176 2.89 154
1(�,�*) 9.69 7.56 0.0792 2.61 143

1(n,�*)
1(n,�*) 5.23 4.14 — 3.05 117
1(n,�*) 6.76 5.38 — 2.67 117
1(n,�*) 7.07 5.60 — 2.72 118

3(�,�*)
3(�,�*) 4.28 3.48 — 3.13 120
3(�,�*) 4.93 4.62 — 2.89 126
3(�,�*) 6.13 5.89 — 7.44 170
3(�,�*) 6.44 6.03 — 5.98 148

a 1La, 1Lb, 1Ba, and 1Bb states, respectively. See text.
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In comparison with previous theoretical results
(Table III), and apart from several erratic CIS results
without quantitative value [45, 51, 52], calculations
with the ab initio mixed variational-perturbative
method CIPSI [53] and MCQDPT, a multiconfigu-
rational quasi-degenerate perturbation theory [23],
and with a time-dependent (TD) DFT/B3LYP ap-
proach [53, 54] are available. Although differing in
accuracy, most of the methods confirm the states
structure explained above. The more accurate MC-
QDPT approach places the lowest-lying �3�* and
n3�* transitions at 3.97 and 4.91 eV, respectively,
similar to the CASPT2 values, with the n3�* state
energy slightly overestimated. The CIPSI calcula-
tions computed the two low-lying �3�* transitions
at 4.26 eV, slightly higher than the other ab initio
methods, and 5.58 eV, respectively, with oscillator
strengths twice as large as the present ones and the
experimental values. The n3�* state is however
obtained at 4.46 eV, equal to the experimental esti-
mation, but below previous theoretical results.
With respect to the different TD-DFT results in
literature [53, 54], we have included in Table III
those computed with the basis sets cc-pVDZ, which
are closer to the experimental data. When the basis
is enlarged with diffuse functions to 6-31��G* [54]
the intensity distribution is totally wrong and the
energy overestimation reaches near 0.9 eV. The
n3�* transition remains, in all cases, near 4.5 eV.

One experimental aspect carefully analyzed by
Holmén et al. [17] is the direction of the transition
dipole moment, who reported that the 2AP lowest-
lying �3�* transition is polarized along the short
molecular axis (cf. Fig. 1 for convention) in PVA
film was �53°. Mennucci et al. [53] obtained a value
of �78° for the same transition, at the CIPSI level of
theory. Our computed values at the CASSCF level

of theory are �74°, in accordance with previous
theoretical results.

At this point, it is worth analyzing the lowest-
lying �3�* electronic transition of the N9H tau-
tomer in aqueous solution. Our results in water
indicate a large increase in the dipole moments (see
Table IV) for both ground and excited states in
relation to the gas-phase values. Under the polar
environment, the ground-state dipole moment of
the N9H tautomer increases 2.58 D with respect to
the gas-phase value, resulting in 5.60 
 0.12 D. For
the first excited state at the optimized ground-state
geometry (absorption) an even larger polarization
due to solvent effects is observed, amounting to
3.41 D, which results in a total dipole moment of
6.92 
 0.21 D. Therefore, upon absorption, the rel-
ative change in dipole moment goes from 0.49 D in
the gas phase to 1.32 D in aqueous solution. Exper-
imental measurements of solvatochromic shifts for
2AP have generally predicted a large change in
dipole moment between the ground (1.6 D) and the
1(�,�*) state (3.8 D), in line with our calculations.
Previous theoretical studies [45] considering the
solvent by the self-consistent reaction field (SCRF)
method, showed an increase of approximately 30%
for the magnitude of both ground- (4.50 D) and
excited-state (6.16 D) dipole moments, on going
from the gas phase to water solution. The increase
in the dipole moment upon excitation predicted
theoretically is consistent with the experimental ob-
servation reported by Zewail and colleagues [55].

Holmén et al. [17] analyzed the experimental
resolution of the absorption band and its impor-
tance regarding the photophysics of purine-based
chromophores, as for instance adenine and 2AP. As
proved in our previous work for N9H and N7H
purine tautomers [3], also in 2AP the location of the
maxima and shape of the absorption bands can be
attributed to the superposition of the spectra of
both tautomers, although a quantitative estimation
of their relative contributions would require a more
detailed analysis.

Figure 5 displays the convergence pattern of the
CASPT2 absorption energy for the N9H�456 SPC
model. In aqueous solution, the lowest-lying
1(�3�*) absorption band has been reported be-
tween 4.05 and 4.08 eV [17, 55, 56]. By applying our
MC/QM-CASPT2 approach, the vertical absorption
to the lowest energy 1(�3�*) transition shifts from
4.07 eV obtained for the isolated system to 4.02 eV
in the aqueous environment. A solvatochromic shift
to the red of 0.05 eV is consistent with the increased
values of the excited-state dipole moment and the

TABLE III _____________________________________
Calculated CASSCF dipole moments (D) for the N9H
tautomer in gas phase and in water.

State Gas phase (1 � 456 SPC)

Ground-state geometry

Ground 3.02 5.60 
 0.12
1(�,�*) 3.51 6.92 
 0.21

Excited-state geometry

Ground 2.93 5.91 
 0.14
1(�,�*) 3.49 7.90 
 0.20
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experimental findings. Other theoretical studies
reached similar but less quantitative conclusions,
with larger shifts. Table V summarizes most of the
results. The continuum IEF-PCM approach [57] was
applied together with the quantum chemical TD-
DFT/B3LYP [53] and CIPSI [53] methods, and sim-
ilar red shifts were obtained for the vertical absorp-
tion (0.13 and 0.19 eV, respectively). A two-layered
molecular orbital molecular mechanics, ONIOM
[58], procedure and a specific first-solvation shell
supermolecular approach were also applied to-
gether with TD-DFT/B3LYP [54], leading to 0.15
and 0.35 eV shifts, respectively, for the lowest-lying
�3�* electronic transition.

EMISSION SPECTRA OF 2-AMINOPURINE

The emission spectra of 2AP can be simulated by
optimization of the excited-state structures, from
which we are able to obtain band origins, Te, that is,
transitions between ground- and excited-state min-
ima and relaxed or vertical emission energies, EVE,
i.e., transitions from the excited-state minima to the
ground-state potential energy surface. This value
can be therefore considered a lower bound for the
emission band maximum. Theoretical and experi-
mental data for the characterization of the fluores-
cence and phosphorescence of 2AP are summarized
in Table V, in which one may note that the agree-
ment between the experimental data and our cal-
culated excitation energies, either in gas phase or
water solution, is very good. The geometries of the
relevant low-lying states were fully optimized at
the CASSCF level within the planar Cs symmetry. It

is worth mentioning that the solvent effects on the
emission spectrum were investigated following the
same methodology employed for the absorption
spectrum, but with updated charges with the solute
molecules at their respective excited-state opti-
mized geometry.

2AP is a highly fluorescent source, displaying a
quantum yield in water of 0.66. A single-compo-
nent fluorescence decay was reported with a large
lifetime (9.3–11.8 ns) and assigned to the N9H tau-

FIGURE 5. Convergence of the vertical CASPT2/
ANO-L C,N[4s3p2d]/H[2s1p] absorption energy for the
N9H�456 SPC model. Bars represent the statistical
errors of the average values. The N9H ground-state
optimized geometry was used.

TABLE IV _____________________________________________________________________________________________
Experimental and calculated vertical excitation energies (EVA, eV) and oscillator strengths (f) for the lowest
valence states of 9H-2-aminopurine.

State

Theoretical results for isolated system

ExperimentaldCIPSIa TDDFTa PTb CASPT2c

EVA f EVA f EVA EVA f EVA f

1(�,�*) 4.26 0.212 4.40 0.171 3.97 4.07 0.089 4.05 0.10
1(n,�*) 4.46 0.004 4.47 0.002 4.91 4.60 0.006 4.46 0.006
1(�,�*) 5.58 0.208 5.48 0.045 — 5.02 0.068 5.13 0.05
1(�,�*) — — — — — 5.84 0.208 5.62 0.20
1(�,�*) — — — — — 5.89 0.330 6.01 0.14

a Ref. [53].
b Multiconfigurational quasi-degenerated perturbation theory [23].
c Present results.
d Absorption data in water, estimated from band shapes in PVA films [17].
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tomer [17, 23, 59–62]. Measured band origins have
been reported at 4.01 eV in jet-cooled beams [63, 64]
and at 3.70 eV in water [55]. Emission band maxima
were also recorded shifted in energy at 3.49 eV in
dioxane [55], 3.60 eV in cyclohexane [65], and 3.35
eV in water [55, 65]. It has been shown that polarity
influences both band energies and radiation yield.
For the 2AP 9-ethyl derivative, the fluorescence
quantum yield changed from 0.010 in the nonpolar
solvent cyclohexane to 0.68 in water [66]. The MC/
QM-CASPT2 results presented in Table V clearly
assign the emissive state to the low-lying �3�* 1La
transition, computed with fluorescence band origin
and maximum at 3.69 and 3.59 eV, respectively, for
the isolated system, and with emission maximum at
3.45 eV for the aqueous environment. The gas-

phase CASPT2 results can be successfully com-
pared with other available theoretical values, in
particular to the result yielded by the multiconfigu-
rational QDPT ab initio theory, 3.70 and 3.67 eV,
respectively. Both methods, however, appear to un-
derestimate the band origin at 4.01 eV, while show
closer agreement with the band maxima measured
in nonpolar solvents, 3.49 and 3.60 eV (cf. Table V).
Second in energy, the n3�* singlet excited state,
computed vertically at 4.60 eV has a band origin at
4.14 eV. Similar results for band maxima and ori-
gins are obtained at the DFT/MRCI level [64],
where the �3�* state energy seems to be slightly
overestimated.

As compared with nonfluorescent purine, where
several n3�* transitions were found as the lowest

TABLE V ______________________________________________________________________________________________
Calculated and experimental energy differences (eV) for the low-lying (�,�*) singlet excited valence states of
2-9H-aminopurine in vapor and aqueous phase.

State

In vacuum In water

EVA Te EVE Abs. max. Emi. max.

MC/QM-CASPT2 resultsa

21A�(�,�*) 4.07 3.69 3.59 4.02 3.45
11A�(n,�*) 4.60 4.14 3.39 — —
31A�(�,�*) 5.02 4.85 4.50 — —
13A�(�,�*) 3.49 2.95 2.46 — —

Other theoretical results

21A�(�,�*)b 3.97 3.70 3.67 — —
21A�(�,�*)c 4.31 4.15 3.84 — —
11A�(n,�*)c 4.53 4.10 3.58 — —
21A�(�,�*)d 4.26 — 3.95 4.07 —
21A�(�,�*)e 4.40 — — 4.27 —
21A�(�,�*)f 4.34 — 3.98 4.29 3.87
21A�(�,�*)g 4.34 — 3.98 3.99 3.61

Experimental data

21A�(�,�*)h 4.01 — — —
21A�(�,�*)i — 3.49 4.08 3.35
21A�(�,�*)j — 3.60 4.07 3.36

EVA, vertical absorption; Te, electronic band origin; EVE, vertical emission.
a Present work: CASPT2 energies, CASSCF geometries, MC/QM solvent model.
b Multiconfigurational quasi-degenerate perturbation theory. CASSCF geometries [23].
c DFT/MRCI energies, TD-DFT geometries [64].
d CIPSI energies. CIS geometries. IEF-PCM solvent model [53].
e TD-DFT/B3LYP energies. CIS geometries. IEF-PCM solvent model [53].
f TD-DFT/B3LYP energies. CIS geometries. ONIOM solvent model [54].
g TD-DFT/B3LYP energies. CIS geometries. Supramolecular (6H2O) solvent model [54].
h Band origin in jet-cooled 2-aminopurine [63, 64].
i 3.49 eV: fluorescence band maxima in dioxane; other data in water (T0 � 3.70 eV) [55].
j 3.60 eV: fluorescence band maxima in cyclohexane; other data in water [65].
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features in our previous study [3], substituted pu-
rines such as adenine or 2AP have a low-lying
�3�* state. The nature of the fluorescent state can
be also determined by comparing experimentally
deduced and computed radiative lifetimes (
rad).
From intrinsic lifetimes and quantum yields, an
experimental radiative lifetime of 18 ns can be es-
timated in aqueous environments [17], while our
computed values (Strickler–Berg relationship, see
Ref. [67]) for the �3�* and n3�* states are 21 and
249 ns, respectively, pointing out also to the former
as responsible for the emission. In a parallel study,
paths for the energy in 2AP after photoirradation
will be studied to determine the full photophysical
mechanism in the system and relate the observed
fluorescence to the presence of the �3�* state re-
laxed minimum below the most accessible conical
intersection with the ground state, typically respon-
sible for fluorescence quenching in similar systems
like adenine [14].

Figure 6 displays the convergence pattern for our
computed CASPT2 emission energy for the
N9H�456 model. Regarding computed values in
water, the MC/QM-CASPT2 results, 4.02 and 3.45
eV for the absorption and emission maxima, respec-
tively, agree extremely well with the observed val-
ues, 4.08–4.09 and 3.35–3.36 eV, displaying also
very similar Stokes shift (0.6–0.7 eV), increased
with respect to the gas-phase value (computed 0.48
eV). All other available theoretical estimations led
to less realistic shifts. These results are consistent
with the changes observed in the dipole moments.
Upon emission from the 1(�,�*) optimized geome-
try, the variation in the dipole moment is larger in
water than in the gas phase. At the excited-state
relaxed geometry, the computed ground-state di-
pole moment increases from 2.93 D in vacuum to
(see Table III) 5.91 
 0.14 D in aqueous solution
(	 � 2.98 D). As to the 1(�,�*) state, its dipole
moment changes from 3.49 to 7.90 
 0.20 D in water
(	 � 4.41 D). Therefore, the red shift of 0.14 eV
computed for the emission maximum is understood
by the relative change in dipole moment, varying
from 0.56 D in the gas phase to 1.99 D in aqueous
solution. Comparing the solvatochromic shifts pre-
dicted by the present method with those obtained
by other authors with the SCRF, IEF-PCM, su-
pramolecular, and ONION methods, we can con-
clude that our approach is more sensitive to solvent
effects, and therefore able to predict more accu-
rately this very important property. Ideally in cal-
culating the excitation energies using supermolec-
ular structures we should use a wave function that

is anti-symmetric with respect to all electrons, in the
solute and the solvent. This would naturally in-
clude the exchange repulsion interaction. However,
this is out of computational possibility at a high-
level quantum chemical method, as used here. The
use of simple point charges for the solvent is rela-
tively common on this basis. In previous studies it
has been shown to be important [27, 68] but one
should note that in solvatochromic shifts the influ-
ence comes in fact from the difference in the ground
and excited states. Hence it is expected that this
difference in exchange repulsion should not be very
appreciable in the calculated transition energies re-
ported in the present work.

Summary and Conclusions

Quantum chemical CASSCF and CASPT2 meth-
ods combined with a sequential Monte Carlo pro-
cedure able to mimic solvation effects have been
used in the calculation of the spectroscopic proper-
ties of two tautomers of 2AP: N9H and N7H. The
electronic states structures have been determined at
different optimized structures for the ground and
low-lying excited states. Absorption and emission
bands maxima and origins have been obtained for
several states of the isolated molecule, where a
large number of states and properties have been

FIGURE 6. Convergence of the calculated vertical
CASPT2 emission energy for the N9H�456 SPC model.
Bars represent the statistical errors of the average val-
ues. The N9H lowest-lying 1(�,�*) excited-state opti-
mized geometry was used.
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successfully assigned in a quantitative manner. Sol-
vatochromic shifts on the low-lying absorption and
emission band have been studied by inclusion of
the solvent model. The lowest-lying 1(�,�*) state
has been determined as responsible of the first band
in the absorption spectrum, and also of the strong
fluorescence observed for the system in water. The
combined approach used in the present work has
proved in the present system its reliability for quan-
titative predictions.
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Tecnólogico (CNPq), Fundação de Amparo à Pes-
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Malmqvist, P.-Å.; Neogrády, P.; Olsen, J.; Roos, B. O.; Schim-
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