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Excited State Evolution of DNA Stacked Adenines 

Resolved at the CASPT2//CASSCF/Amber Level: 

from the Bright to the Excimer State and Back 

Irene Conti*a, Artur Nenova, Siegfried Höfingerb,c, Salvatore Flavio Altavillaa, 
Ivan Rivaltad, Elise Dumonte, Giorgio Orlandia, Marco Garavelli*a,e  

Deactivation routes of bright ππ* (La) and excimer charge transfer (CT) states have been 
mapped for two stacked quantum mechanical (CASPT2//CASSCF) adenines inside a solvated 
DNA double strand decamer (poly(dA).poly(dT)) described at the molecular mechanics level. 
Calculations show that one carbon (C2) puckering is a common relaxing coordinate for both the 
La and CT paths. By mapping the lowest crossing regions between La and CT states, together 
with the paths connecting the two states, we conclude that at least one CT state can be easily 
accessible. The lowest-lying conical intersections between ground state (GS) and CT states 
have been fully characterized in a realistic DNA environment for the first time. We show that 
the path to reach this crossing region from the CT minima involves high barriers that are not 
consistent with experimental data lifetimes. Instead, the multiexponential decay recorded in 
DNA, including the longest (ca. 100 picoseconds) lifetime component detected in oligomeric 
single- and double-stranded systems, is compatible both with intra-monomer relaxation 
processes along the La deactivation path (involving small barriers) and with population of the 
excimer (CT) state that is behaving as a trap. In the latter case, deactivation is feasible only 
going back to the La state by following its preferred decay coordinate. 
 

 

 

 

 

 

 

 

Introduction 

Photoinduced events in DNA have always attracted great 
interest, mainly as ultraviolet light is capable of inducing 
deleterious strand breaks and mutations1-5. The motivation is to 
understand how the base-surrounding environment changes the 
decay dynamics of nucleobases. Thanks to experiments and 
computational studies, the excited state photophysics of the 
monomer nucleoobases is well understood nowadays. Two life 
times, τ1 and τ2, in the order of hundreds of femtoseconds (fs) to 
a few picoseconds (ps), characterize monomers lifetimes6-9. On 
the contrary, the photophysics of nucleobase multimers reveals 
remarkably different features: (i) deactivation occurs over a 
wider range of time scales10-16 (in addition to τ1 and τ2, a longer 
lifetime component τ3, in the order of tens to hundreds ps, 
appears) and (ii) a long-lived and red-shifted emission is 
observed 9, 17-21, even if multimers are not significantly more 
fluorescent than the monomers9, 19, 22.  The nature of these 
phenomena is still debated.  Due to the increased complexity 

and variety of possibilities, theoretical analysis is fundamental 
for deciphering experimental observations. 
The seminal works by Kohler and co-workers, applying fs 
transient-absorption techniques, support a model in which DNA 
multimers excitations decay to excimeric states, thus 
accounting for the long lived excited states1, 3, 10, 12, 16, 23-33. They 
indicate that excited states localized on just two stacked bases 
are the common traps of stacked poly-nucleotides; the fraction 
of oligonucleotides that yield long lived excited states increases 
with the oligomer’s length 26, 28, 34. The existence of excimer 
and exciplex states has also been recently supported by means 
of broadband time-resolved transient absorption spectroscopy 
in diribonucleosides containing adenine 35. On the other hand, 
fluorescence up-conversion experiments performed by 
Markovitsi and co-workers both in synthetic 36, 37  and natural 38 
DNA double-strand samples have been rationalised through the 
formation of an excitonic state delocalised over several 
nucleobases upon excitation, up to six according to some 
theoretical estimates 39, 
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thus conferring the long-lived component to the charge 
separation and charge recombination processes undergone 
along the relaxation of the delocalised excitation over several 
chromophores. More recent findings support the fact that long 
lived excited states decay more rapidly in A-T double stranded 
sequences than in single stranded d(A)n sequences10, a feature 
also corroborated for the G-C base pairs and intrinsic of 
Watson-Crick (WC) base pairs hydrogen-bonding motifs3, 11, 40-

45. The possibility that inter-strand proton transfer could play a 
role in the DNA deactivation mechanism is intriguing but will 
require further experimental and theoretical studies. 
Many computational works have been recently undertaken on 
DNA multimers models, to elucidate how light interacts with 
this electronically and structurally complex system 27, 38, 46-54. 
From a theoretical standpoint, Merchán and co-workers support 
the idea that the long-lived excited states seen in adenine 
homodimers originate from excimer state population, formed 
by two stacked bases. They show (at ab initio multireference 
CASPT2 level) that increasing the overlap of stacked adenines 
together with decreasing the distance between the two bases (in 
a perfect ‘face-to-face’ stacking), the energy of the CT excimer 
state decreases48. The flexibility is crucial for the formation and 

stabilization of excimers, with the totally overlapped 
conformation being almost not accessible in a constrained 
geometry like DNA, thus indicating that energetics and 
structures of the CT states strongly depends on the 
conformational properties of DNA. Recently, Lischka and co-
workers55, as well as Matsika and co-workers56, computed the 
vertical absorption spectra of alternating adenine-thymine and 
d(A)20-d(T)20 oligomers using an hybrid quantum-
mechanics/molecular-mechanics (QM/MM) scheme with two 
to four π-stacked adenines in the quantum region described 
with the algebraic diagrammatic construction method 
(ADC(2)). Both studies conclude that CT states contribute only 
to the high energy tail of the absorption spectrum. However, 
states of mixed local-CT character should be easily accessible 
at lower energies. In a recent paper, Rohlfing and co-workers 57 
apply ab-initio many-body Green's function theory on small 
single-stand d(A)n and double-strand d(A-T)n multimers and 
argue that aqueous solvation may lower the energy of the CT 
states by more than 1 eV compared to wavefunction-based 
QM/MM. A QM/MM study by Lischka and co-workers50, 54 
employing ab initio multi-reference configuration interaction 
(MRCI) calculations on the adenine dinucleotide in water 
predicts the formation of several stable low lying exciplexes of 
nπ* and ππ* character with short inter-molecular separation 
(due to the high flexibility of the base), but without notable 
charge transfer. The authors argue that the longest lifetime 
results from trapping the system in these minima. Finally, 
employing TD-DFT calculations within a continuum (PCM) 
model, Barone and co-workers showed that a CT excimer is the 
absolute excited state minimum for water-solvated single- and 
double-stranded poly(A) multimers 49, 51, 58-60 and suggested that 
the long-lived component of the excited state population 
correspond to a dark excimer produced by inter-monomers 
charge transfer between stacked bases. However, a 
characterization of the CT deactivation pathway consistent with 
experimental data lifetimes remains indeterminate. 
The present work encompasses a multireference ab initio 
(CASPT2//CASSCF) study in which the decay mechanisms of 
two stacked QM adenines are mapped within a realistic DNA 
environment d(A)10·d(T)10 described at the molecular 
mechanics level (see Figure 1). Thus properly modelling base-
base electronic interactions, and how excitation energy can be 
shared and transferred between the two nucleobases to create 
new excited states such as excimer 1, 6, 10, 12, 13, 25, 26, 48, 49, 
exciton38, 61-64 and/or CT states. 12, 13, 16, 17, 25, 27-29, 48, 50, 65. At the 
same time, steric hindrances limiting the conformational 
freedom, which may affect the topology of the potential energy 
surface, as well as electrostatic interactions with stacked and 
paired bases, with the backbone groups, with the counterions 
and solvent (water) molecules are explicitly considered. This 
work goes far beyond our previous study of a single QM 
adenine within the same double strand environment (i.e., inter-
base electronic interactions were fully neglected there).66 
Indeed, extension of the QM region to a second stacked adenine 
reveals an unprecedented mechanism for populating the CT 
state out of the initially excited bright (La) state: a common 
relaxation path appears for the two states that is based on the 
same leading geometrical deformation (C2 puckering 
coordinate) and allow an energetically feasible internal 
conversion (IC) between the CT and La states.67  However, 
direct decay from the CT to the ground state appears to be 
energetically too demanding and deactivation can only proceed 
though re-population of the original La state eventually 
following its natural deactivation path. Therefore, the proposed 
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Figure 1 In the upper picture, red line highlights the QM couple of π-
stacked adenines (Ade1 and Ade2, called high part, ball and stick 
representation) in the d(A)10⋅d(T)10 in water environment. The MM 
groups confining with the QM part (sugar-phosphate backbone, 
stacked and paired bases, H-bonded waters, called medium part, tube 
representation) are moving together with QM atoms during 
optimization calculations. The rest of the system (including bases, 
waters and counterions, low part, stick representation) were optimized 
after the former two parts converge. The lower picture shows enlarged 
QM parts, including bond length ground state minimum geometry 
(MinGS). Ade1 and Ade2 are the fourth and the fifth residues of the 
adenine strand. 
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mechanism reveals CT states as a natural traps and reservoirs of 
excited dimers, accounting for the longest lifetime component 
observed in time-resolved experiments. 
 

Computational Details 

(a) Ground State Classical Molecular Dynamics. 

The starting geometry for the double-stranded d(A)10.d(T)10 
DNA fragment was obtained following a classical 4 ns long 
molecular dynamics (using NTP at 300K, 1 bar and 2 fs 
timestep) starting from the crystallographic B’-DNA structure 
68 (PDB ID code is 1PLY). AMBER-8 69 program and ff03 
force field 70 were applied. Explicit solvation by TIP3P water 
molecules with eighteen Na+ ions within a buffer of 10 Å and 
periodic boundary conditions were applied. The choice of the 
starting structure was done through a cluster analysis over the 
sampled snapshots, selecting the lowest energy optimized 
structure among the ten most stable structures of the largest 
cluster. The selected structure was further refined via QM/MM 
approach optimization (see following subsection). The scope 
was to produce a representative (average) structure of the 
investigated system. This structure was then employed for all 
the following QM/MM studies (see below). 
Additionally, in order to obtain a larger sampling of DNA 
geometries for a more statistically accurate analysis of the 
available excitation energies for ππ* and CT states in the 
Franck Condon region, a ∼150 ns MD simulation71 was 
performed starting from the previously selected MM geometry. 
This study was aimed at producing a proper sampling of DNA 
geometries for a more statistically accurate analysis of the 
available excitation energies for ππ* and CT states in the 
Franck Condon region as intra- or inter-base parameters (for 
example stretching and stacked bases distances) changes in the 
ensemble. More details of the dynamics calculations are 
reported in the Electronic Supplementary Information section 
(ESI). 

(b) QM/MM calculations: set up and active spaces 

QM/MM calculations 72 were performed with the 
COBRAMM73 interface developed by our group (presented in 
detail elsewhere 73). The adopted selection for the QM region 
(shown in the bottom part of Figure 1) produces a charge 
distribution on the nucleobase and its -system that reflects the 
covalent link between the adenine and the sugar ring. This 
makes the choice suitable for this kind of investigation. It 
includes both the sugar ring carbon directly linked to the base 
and the adjacent oxygen atom; a hydrogen link-atom approach 
has been adopted. A three layers (high, medium and low) 
approach was used: the fourth and fifth π-stacked adenines 
(called Ade(1) and Ade(2) respectively, numbering from the 5-
position of the poly(dA).poly(dT) decamer) were included in 
the QM region (high layer, inside the red line in Fig. 1) and 
were described at SA-CASSCF level, while all the rest was 
described classically. The MM groups adjacent to the QM 
region (sugar-phosphate backbone, stacked and paired bases, 
H-bonded waters) were included in the movable medium layer 
(the part out of the red line in Figure 1). The remaining MM 
atoms (six couples of bases plus the corresponding backbone 
and bulk waters), i.e. the low layer, were optimized, in each 
step, after the high+medium parts converged (see ref. 73). Both 
the Gaussian-03 74 and AMBER-8 packages were employed 
during QM/MM computations 75. CASSCF/AMBER energies 
were refined at CASPT2 level to account for correlation effects. 

76, 77 MOLCAS-7.7 78 was used for the CASPT2 computation 
by modelling the environment with AMBER point charges 75. 
The QM/MM optimizations were done at CASSCF(8,8)/6-31g* 
level, thereby including four π and four π* orbitals in the active 
space. In particular, the active space encompasses the HOMO-
1, the HOMO, the LUMO and the LUMO+1 orbitals on each 
base. In this way we could compute simultaneously La, Lb, CT, 
Ba and Bb states. On top of each CASSCF optimized geometry 
three different SA-CASSCF//CASPT2/6-31g* single point 
computations were performed: (a) SA-5-CAS(8,8) averaging 
over five states to evaluate ππ* energy profiles along La(1) and 
La(2) decay routes; (b) SA-7-CAS(12,10) by adding the two n 
orbitals, localized on the two adenines,  aimed at resolving the 
positions of the nπ* states along the La decay paths; (c) SA-12-
CAS(8,8) thereby resolving the energetics of the two lowest 
charge transfer states, involving an electron transition from 
Ade1 to Ade2 (CT12) and the other way round (CT21). Conical 
Intersection (CI) geometries were found with the conical 
intersection optimizer developed within the COBRAMM code 
(see section S9 in ESI). 

(c) Reaction path calculation strategy 

Several previous works 5, 66, 67, 79-91 identify C2 ring puckering 
(here defined by the dihedral angle θ =C2N1C4C5), followed by 
hydrogen out-of-plane modes (defined by the dihedral angle  
=H2N1C4C5), as the adenine distortion coordinate leading to the 
La/S0 CI and the ultrafast decay of the nucleobase monomers 
along La (Figure 2). Thus, the photoinduced motion computed 
along adenine La deactivation path 66, 67  provides the basis for 
the optimized scan employed here to map the adenine decay 
routes on both the La surfaces, from the Franck Condon (FC) 
region to the La/S0 CI. In the present work, La MEPs are 
computed by optimized scans at fixed increasing values of the 
C6N1C2N3 and C’6N’1C’2N’3 dihedral distortion values 
respectively, that (jointly to the N1C2N3C4 and N’1C’2N’3C’4  

ω C4-C4’ C5-C5’ 

MinGS 35° 4.67 4.20 

MinCT12 26° 4.16 3.55 

MinCT21 31° 4.22 3.67 

Dyn1 31° 3.25 3.14 

Dyn2 28° 3.20 3.19 

Dyn3 33° 3.14 3.27 

ω Ade1-Ade2 
rotation 

INTER-BASE STUCTURAL PARAMETERS 

C4 

C4’ 

C5’ 

C5 

Scheme 1 
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Figure 2 CASPT2//CASSCF(8,8)/6-31g*-SA5 energy profiles along the relaxation path computed along the La(1) state and La(2) state in the MM 
DNA d(A)10.d(T)10 environment (first and second windows, respectively). SA-12 CT21 and CT12 energies are included in the pictures. Lb and nπ* 
CASSCF(12,11) states are calculated at SA7-CASPT2//CASSCF(12,10) level. Energy values are in Table 1 and are shifted on the MinGS lowest 
excited state value of SA5 calculation. The third graph represents CASPT2//CASSCF(12,11)/6-31+g**-SA-9 potential energy surface profiles along 
La minimum energy path (MEP) of adenine in vacuum. Full and empty triangles correspond to CASPT2 and multistate-CASPT2, respectively (see 
ref 67).  θ and  represent the out of purine plane bending angle of C2 and H2, respectively. 
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twisting) governs the C2 and C2’ ring puckerings of La(1) and 
La(2) (localized on Ade1 and Ade2 respectively).  
The simultaneous dihedral rotation of both dihedral angles 
creates the C2 out of plane motion, evaluated as θ, called ring 
puckering (Figure 2). Additionally, CT12, CT21 MEPs were also 
evaluated along the same reaction coordinate (C6N1C2N3 and 
C’6N’1C’2N’3 dihedral distortion, respectively). 
 

Results and Discussion 

(a) Ground State Geometry analysis 

Ground state optimized geometry (MinGS) at QM/MM level of 
the two stacked QM adenines shown in Figure 1 essentially 
reproduces/matches the planar structure previously calculated 
for a single QM Adenine, both in DNA environment and in 
vacuum (see Scheme S1 in ESI)66, 67 .  
The stacked bases conformation can be defined by three 
descriptors (see Scheme 1), the two inter-base distances C4-C4' 
and C5-C5', and the twisting angle ω=C4C5C5'C4'. In the 
optimized QM/MM structure, the inter-base distance and 
twisting angle values are 3.69 Å and 35°, respectively, in 
satisfactory agreement with analysis of X-ray diffraction data 
from a polycrystalline and well oriented fiber of the sodium salt 
of poly(dA).poly(dT)68. 

(b) Vertical excitation energies 

Computed vertical excitation energies show that bright La states 
(La(1) and La(2) localized on Ade1 and Ade2, respectively, see 
Fig. 1) are the lowest excited states (4.93 and 4.97 eV, 

respectively), with the Lb states only ~0.10 eV above (see Table 
1). Moreover, we observe that the lowest-energy absorption 
band is caused by exciton states delocalized over the two bases. 
This is originated by the linear combination of the two ππ* 
absorbing HOMO→LUMO transitions (La configurations) of 
the different monomers. The shared excitation between the two 
bases is confirmed at different level of calculations, including 
SA calculations with five, seven and twelve electronic states 
(see Table S1 in ESI).  
Interestingly, the nπ* states, which in gas-phase lie below the 
La band, are blue-shifted in the solvated d(A)10.d(T)10 
environment  up to 6 eV, becoming energetically inaccessible 1, 

92-95CT states are considerably higher than La absorption 
energies: CT12 and CT21 are at 6.40 eV and 6.99 eV 
respectively in the Franck Condon region (see Table 1). The 
agreement of the calculated La absorption energies with the 
experimental absorption band energies (4.79 eV recordered in a 
poly-d(A)n·d(T)n duplex61) is encouraging and validates the 
computational procedure and QM/MM model employed. 1, 9, 96-

98 

(c) (La) states deactivation of two stacked adenines in d(A)10 

·d(T)10 DNA multimer 

The calculated MEP profiles along the puckering La(1) and 
La(2) relaxation coordinates (C6N1C2N3 and C’6N’1C’2N’3 
respectively, details in Computational Details section) are given 
in Figure 2, while energy values are reported in Table 1. 
Different levels of calculations were necessary to include all the 
relevant states in the excited adenine deactivation path (see 
Computational Details section). 

Table 1. SA-5 CASPT2//CASSCF (8,8)/6-31g*/AMBER relative energies (∆E,eV) for the relevant points along the La(1) (upper table) and La(2) (lower 
table) decay paths (C6N1C2N3 dihedral angle rotation) of two QM adenines (Ade1 and Ade2, Figure1). See ‘Reaction path calculation strategy’ section 
for more information. The active space consists of four π (HOMO and HOMO-1 orbital for each base) and  four π* orbitals (LUMO and LUMO+1 for 
each base).a SA-7-CASSCF(12,10)//CASPT2/6-31g*/AMBER relative energies (∆E,eV). The active space consists of four π two n orbitals localized on 
each base and four π* orbitals. b SA-12 CASPT2//CASSCF (8,8)/6-31g*/AMBER relative energies (∆E,eV). CASSCF includes four π and four π* 
orbitals. Extended tables for each state average calculation are reprted in section S7 of ESI. 

 
MinGS 

0° 
0La1 
0° 

MinLa(1) 
7° 

24La1 
24° 

32La1 
32° 

40La1 
40° 

48La1 
48° 

55La1 
55° 

La(1)/GS CI 
64° 

 

GS 0.00 0.26 0.30 0.69 0.82 0.95 1.45 3.14 3.58  
La(1) 4.93 4.28 4.25 4.28 4.40 4.21 4.25 4.25 3.04  
La(2) 4.97 5.39 5.49 5.87 5.87 5.82 6.40    
Lb(1) a 5.10 5.15 5.17 5.47 5.52 5.42 5.58    
Lb(2) 

a
 5.17 5.34 5.36 5.51       

nππππ*(1) 
a
 6.04 5.60 5.57 5.73 5.70 5.65 6.05    

nππππ*(2) a 5.98 6.26 6.31 6.73 6.77      
CT12 

b
 6.40 6.64 6.41 6.44 6.78 6.89 7.21 8.38   

CT21 
b
 6.99 6.06 5.93 6.27 6.31 6.22 6.38 7.51   

 
MinGS 

0° 
0La2 

0° 
MinLa(2) 

11° 
24La2 

24° 
32La2 

32° 
40La2 

40° 
48La2 

48° 

55La2 

55° 
La(2)/GS CI 

68° 
 

GS 0.00 0.11 0.13 0.35 0.49 0.80 0.99 1.55 3.90  
La(1) 4.93 5.40 5.05 5.27 5.37 5.59 5.50   
La(2) 4.97 4.08 4.04 4.13 4.05 4.18 4.09 4.09 3.53  
Lb(1) a 5.10 5.36 5.26 5.65 5.48 5.79    
Lb(2) 

a
 5.17 5.35 5.03 5.25 5.30 5.57 5.32   

nππππ*(1) 
a
 6.04  6.09 6.34      

nππππ*(2) 
a
 5.98 5.36 5.51 5.58 5.43 5.60 5.39   

CT12 
b
 6.40 5.98 5.95 5.64 5.91 6.22 6.30 6.44 

CT21 
b 6.99 6.13 6.34 6.54 6.72 6.95 6.79 7.66 
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Very notably, the La deactivation paths computed here for each 
base, reasonably match the MEP previously computed for a 
single QM adenine in vacuum67 (see the bottom of Figure 2) 
and in the double stand, validating the previous study for 
localized excitations66. However, since two QM adenines are 
included in the current model, CT states can be plotted together 
with localized states to understand the role that they play in the 
deactivation path.  
We compare the La(1) and the La(2) deactivation paths of the 
stacked adenines (Ade1 and Ade2, respectively) in the DNA-
like environment (upper and middle panels in Figure 2) with the 
La path of adenine monomer in vacuum (lower panel in Figure 
2)67. Bond planar relaxation of the bases drive the system out 
the Franck-Condon region, lowering the energy by ~1.00 eV. 
Afterwards the system follows C2 puckering distortion (θ 
values given in Figure 2) on either monomer. The wavefunction 
analysis shows that an intra-monomer character substitutes the 
exciton nature already during the initial planar relaxation on the 
La energy surface, explaining why the distortion localizes on a 
single base. The La energy profiles along the puckering 
coordinate are remarkably flat, (even more than adenine in 
vacuum), see Table 1 and Figure 2: the La states energies 
remain substantially unchanged from the planar relaxed 
structure (0°) until ~ 55° rotation, indicating absence of a clear 
well-directed gradient. Moreover, both paths show small 
barriers (~0.15 eV), that are absent in vacuum, induced by 
electronic and steric influence. Despite locating minima 
(computed without any constraints) at the CASSCF level 
(hereafter denoted as MinLa(1) and MinLa(2)) has been 
possible, the CASPT2 correction clearly demonstrates that the 
Potential Energy Surface (PES) remains very flat making it 
hard to define a real La minima. The surface profile decreases 
significantly only beyond ~ 55° distortion. 
The calculated La profiles justifies the two different decay time 
ranges observed in the DNA multimer systems10-16: (a) the 
monomer-like lifetimes (τ1 and τ2, in the order of hundreds of fs 
to a few ps), plus (b) the longer lifetime component (τ3, in the 
order of tens to hundreds ps). 
(a) The similar shapes found for La in vacuum and in DNA, 
suggests that the two fastest decays observed for isolated67 and 
for stacked adenines (τ1=0.39 and τ2=4.3 ps) 6 involve an intra-
molecular process and follow the same fate documented for 

isolated adenine. They can be assigned to the initial relaxation 
and ring puckering distortion on the C2 atom (τ1), followed by 
the activation of the hydrogen out-of-plane bending (τ2), which 
opens the decay process on ground state. We assume that the 
system does not completely relax in the plateau region. This 
means that the excess of vibrational energy allows accessing 
the La/GS crossing virtually without overpassing any barrier. In 
this case (like in vacuum) the La plateau acts as a dynamical 
barrier that only slows the decay toward the La/GS crossing and 
gives origin to the biexponential decay kinetics (τ1+τ2).   
(b) At the same time, the La profiles of the dimer are 
compatible with the slowest decay time, τ3 (in the order of 
hundred ps) as already pointed out in our previous study: it 
could be assigned to the slower process needed to overcome the 
environment-generated barriers (steric, electrostatic and 
electronic effect). Interestingly, simple kinetic considerations 
show that a room temperature process with a lifetime of 100 ps 
corresponds to a barrier of 0.16 eV, in good agreement with the 
computed barriers (see ESI). The height of the La barriers 
slightly fluctuates depending on the parameters of the 
computations (compare Table 1 with Table S2 and Table S4 in 
ESI, where just active space and state average parameters are 
changing). This outcome strongly suggests that a barrier, 
related to the La relaxation, always exist in the DNA 
environment, enlarging the excited state lifetime. The latter 
path provide a route for a full dissipation of the vibrational 
energy in the environment during the relaxation on the La 
plateau, requiring hundreds of ps to overpass the barrier 
(τ1+τ2+τ3). While we consider that our results are only 
qualitative, they give a satisfactory indication of the influence 
of the DNA environment on the deformation motion of the 
adenine ring. The fluorescence associated with the longest 
lifetime (~3.2 eV) measured for d(A)20 in water6 are also in 
qualitative agreement with the La-GS energy gaps in the La 
states plateau region (from 3.95 to 2.8 eV values) evaluated in 
our calculations (see La-GS energy gaps from both MinLa(1) 
and MinLa(2) to 48° dihedral distortion in Table 2). The 
calculated La profile findings contradicts the large part of the 
literature which addresses the slowest decay of multimers to a 
process involving an excimer or exciplex formation. However, 
in the section below we show that these different scenarios can 
actually coexist. 

Table 2 SA-5-CASSCF(8,8)//CASPT2/6-31g*/AMBER SN-GS energy gaps (eV) and relative oscillator strength (in parenthesis) obtained from SA-5-
CASSCF(8,8)//CASPT2/6-31G*/AMBER (La) and SA-12-CASSCF(8,8)//CASPT2/6-31G*/AMBER (CT) calculations. The active space consists of four 
π and four π* orbitals. 

 
MinGS 

0° 
0La1 
0° 

MinLa(1) 
7° 

24La1 
24° 

32La1 
32° 

40La1 
40° 

48La1 
48° 

55La1 
55° 

 

La(1)-GS 4.93(0.61) 4.02(0.15) 3.95(0.15) 3.59(0.14) 3.58(0.11) 3.26(0.11) 2.8(0.10) 1.11(0.05)  

 
MinGS 

0° 
0La2 
0° 

MinLa(2) 
11° 

13La2 
13° 

24La2 
24° 

32La2 
32° 

40La2 
40° 

48La2 
48° 

55La2 
55° 

La(2)-GS 4.97(0.06) 3.97(0.13) 3.91(0.11) 3.88(0.14) 3.78(0.11) 3.56(0.11) 3.38(0.11) 3.1(0.10) 2.54(0.09) 

 
0CT21 

0° 
MinCT21 

7° 
24CT21 

24° 
32CT21 

32° 
     

CT21-GS 3.73(0.01) 3.65(0.01) 3.58(0.01) 3.55(0.01)      
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(d) CT states population and deactivation paths 

Along the La de-excitation pathways the lowest CT states, CT12 
and CT21, lie too high in energy to interact with La states 
(Figure 2, upper and middle panels). In the following, we shall 
investigate the possibility of structural deformations that will 
bring the CT and the La states closer, or even allow a crossing, 
thus making feasible population of CT states either out of the La 
state via vibrational energy redistribution and internal 
conversion, or directly upon GS excitations. To study the 
former mechanism we (i) characterize the CT minima structures 
and energies, (ii) perform constrained optimizations of the CT 
states along the C6N1C2N3 distortion coordinate driving the La 
decay, (iii) map the topology of the PES connecting La and CT 
profiles, extracting geometries required for an La→CT IC, (iv) 
characterize the decay paths out of the CT minima leading to 
conical intersections with the GS or La states; and (v) perform a 
long GS molecular dynamics simulation to investigate the 
possibility of populating CT states upon direct vertical 
excitation. The latter step allows to elucidate the correlation 
between CT energetics and DNA sampled conformations 
through excited state calculations at selected snapshots, 
fulfilling a set of criteria for the expected stabilization of the 
CT states.  

(i) Upon geometry optimization, the CT12 and the CT21 states 
are stabilized down to the first excited state, i.e. below the La 
band (see Figure 3). The CT12 and CT21 minima (MinCT12 and 
MinCT21, respectively) are shown in Scheme 2 (blue colour) 
where the main structural differences with respect to the ground 
state equilibrium geometry MinGS (red colour) are highlighted. 
The most evident changes are the decreasing of the distances 
between C4-C4’ and C5-C5’, as well as of the base-base twisting 
angle, allowing for a better alignment and, thus, increased 
orbital overlap. These three coordinates lower the excimer state 
energy, as documented earlier48. With values of 14° and 7° at 
MinCT12 and MinCT21 for the C6’N1’C2’N3’ and C6N1C2N3 

angle respectively, the C2 puckering distortion emerges as a 

common feature of both the La and CT relaxation pathways. 
Along the La deactivation pathway the puckering is a result of 
the CN-methanamine-like twist around the C2-N3 double bond, 
necessary to reach the CI (Figure 4). Along the CT21 (CT12) 
deactivation pathway the puckering is a consequence of the 
high electron density in the Ade1 (Ade2) -system and the 
consequential increase of partial negative charge on C2 (C2') 
and N3 (N3') (atoms charge distribution is provided in the ESI). 
The puckering leads to a tetrahedral conformation 
(pyramidalization) of the atoms, allowing to better shield the 
excess negative charge (Figure 4). The different causes that 
induce the puckering distortion influence in different ways the 
intra-base bond lengths changes in MinLa and in MinCT 
structures. Specifically, the C2-N3 torsion requires a larger bond 

stretching comparing with a C2 pyramidalization distortion. We 
suppose that the higher stabilization of CT21 comparing with 
CT12 minimum (see Table S5) is a consequence of the base 
stacked inter-base orientation (in particular base-base rotation). 

Figure 3. First and second panels represent the 
CASPT2//CASSCF(8,8)/6-31g*-SA12 CT12 and CT21 MEP along the 
C6N1C2N3 and C6’N1’C2’N3’ distortion coordinate on Ade2 an Ade1 
respectively (Table S5 in ESI section), starting from the planar  (0°) 
optimized geometry. The thin lines are the La(1) and La(2) minimum 
energy path along the same coordinate (La(1)rif and La(2)rif, 
respectively, values in Table S4). Third panel shows the 
CASPT2//CASSCF(8,8)/6-31g*-SA8 interpolation between the 
optimized La(1) (0La, 7La, 24La and 32La) and the optimized CT21 (0CT21, 
7CT21, 24CT21 and 32CT21) at 0°, 7°, 24°, 32° C6N1C2N3 dihedral distortion 
on Ade1 (energy values in Table S6). 

MinGS vs MinCT: Ade1-Ade2 reducing distance 

MinCT12 

C5’-C5’ 

0.61Å 

N9’-N9’ 

0.56Å 

MinCT21 

N1-N1 

0.85Å 

C2-C2 

0.96Å 

Scheme 2 
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The distortion on Ade1 reduces the C2-C4’ distance, that 
stabilize the CT21 charge redistribution. In the CT12 case, the 
puckering does not lead C2’ distortion to approach a positive 
charged part of Ade1, because of the base-base rotation angle 
between stacked bases, and charge stabilization is hindered. 
Technical details on charge redistribution and CT minima 
structures are in the ESI section. 
(ii) The MEPs of CT12 and CT21 along the common C6N1C2N3 

distortion coordinate are shown in Figure 3. The first panel 
shows that CT12 state is more or less isoenergetic with the La(2) 

state along the dihedral distortion axis, but they are both higher 
than the La(2) MEP energy profile (thin line). The energy gap 
between MinLa(2) and MinCT12 (energy values in Table S5 and 
S4 in ESI) is ∼0.7 eV. So, it is reasonable to assume that is very 
unlikely to access the CT12 surface from La(2) decay path. The 
second panel shows that the optimized CT21 profile is lower 
than the La(1). At the same time we can see that the CT21 
profile is isoenergetic with the La(1) MEP (thin line) from 0° to 
32° puckering values. This opens the possibility to access to the 
CT21 state. 

(iii) To evaluate the opportunity to populate CT21 from La(1), 
we map the topology of the S1 potential energy surface between 
La(1) and CT21 we have performed interpolations between La(1) 
and CT21 geometries, optimized at the same dihedral angle 
values. The graphs for four puckering angles (0°, 7°, 24° and 
32°) are shown at the bottom of Figure 3, following the 
orthogonal intra-base stretching coordinate. Upon increasing 
the distortion (over 32°) the barriers become higher (see Table 
S6). The La(1)↔CT21 exchange involves mainly intra-monomer 
stretching of bonds C2-N3 and C4-C5, as well as shortening of 
the inter-base distance (values in Figure S1 in SI), as shown in 
cartoon-like picture in Figure 4. The increase of C2-N3 La bond 
length matches with the ethylene-like excited state that leads to 
rotation on this bond, explained above in (i). The interpolations 
show that the La(1) and the CT21 minima values at the fixed 
dihedral angle are a bit shifted (toward CT21 and La(1) 
respectively) at the CASPT2 level as compared to CASSCF 

calculations, making more feasible the population transfer. In 
Figure 4 we show the barriers, that have been estimated a the 
crossing point between the CT21 and La(1) (values are also 
reported in Table S6). The path on S1 that is leading from a 
CT21 to a La(1) excited state is likely to involve an avoided 
crossing transition state instead of a real crossing, as indicated 
by our calculations that were never able to identify S2/S1 real 
crossing points.. It is apparent that the documented barriers 
provide an upper limit for the real activation energies (≤0.28 
eV), falling therefore in the same range as the intra-monomer 
barriers calculated along the La(1) and La(2) deactivation 
paths99. Therefore, because of these relatively small energy 
barriers and the little structural differences between CT21 and 
La(1) geometries, La(1)↔CT21 population transfer is likely to 
compete with the La deactivation route. Moreover the CT21-GS 
energy gaps along the CT21 MEP (~3.6 eV, Table 2) match 
reasonably well with the fluorescence experimental data at the 
longest lifetime,τ3 (3.2 eV) 6, not far from the La-GS energy 
gaps calculated along the La plateau  and discussed above. This 
could address excited state population during the 3 lifetime to 
both La and CT21 states. 
 (iv) After unravelling the possible scenario for populating the 
CT21 state from La(1) decay pathway, we characterize feasible 
deactivation paths out of the CT21 minimum by looking at 
conical intersections between this state and the GS (see right 
part of Scheme 3 and Table S5). Two different CIs were found 
out of the CT21 minimum: the lowest energy CI (CI CT21/GS 
PT) is characterized by a proton transfer between the amino 
groups, where the protons hops from Ade2 to Ade1 (lower-right 
part of Scheme 3), neutralizing the charges; this CI is located 
0.48 eV lower then MinCT21. However, the optimized path to 
reach this CI shows a 0.9 eV activation barrier (see Figure 5). A 
second CI between the CT21 minimum and the GS was 
characterized (CI CT21/GS) which involves shortening of the 
inter-base distance (see upper-right part of Scheme 3), together 
with Nam and C2 pyramidalization, that shift the excess electron 
density toward the positively charged Ade2 and thus facilitating 
charges neutralization; this CI is 1.1 eV above MinCT21 
geometry. Besides the severe out-of-plane deformation 
observed in this second CI, which breaks the aromaticity of the 
nucleobases, an important effect is the distruption of the H-
bond pattern involving the thymine WC paired base of Ade1 
towards the CI (shown in Figure S2 in ESI section). While this 

CI CT12/GS  CI CT21/GS  

CI CT21/GS PT CI CT12/GS PT  
E= MinCT21 - 0.48 eV 

3.11Å 
 

2.97Å 
 

C5’ 

C6 

Nam’ 

Nam 

C6’N1’C2’N3’=38° 
N1’C2’N3’C4’=36° 
N1’C6’C5’N9’=148° 
 

E= MinCT12 + 0.72 eV 

2.10Å 2.49Å 
 

Nam’ 

Nam 

N1 

C6’ 

E=MinCT21 + 1.1 eV 

2.28Å 
 

2.36Å 
 

E= MinCT12 – 0.92 eV 

Scheme 3 

Figura 4. Cartoon like representation of the population transfer 
between La(1) and CT21 states along the inter-base distance plus 
intra-base stretching coordinate, orthogonal to puckering distortion 
coordinate. C2 puckering is the La(1) and CT21 common relaxation 
coordinate: in the La(1) state originates from a C2-N3 stretching 
followed by torsion (blue dashed rows), in the CT21 state it originates 
from the C2 pyramidalization distortion (red dashed rows). 
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effect is not fully accounted within the QM/MM scheme 
employed here, we expect that a wavefunction description of 
the paired thymine bases would probably forbid large out of 
plane deformations, as required to reach CI-CT21/GS, further 
increasing the energies of the CIs. The corresponding CIs with 
the GS found for the other CT state (CT12) (CI CT12/GS PT and 
CI CT12/GS, Scheme 3) behave similarly. 
The size of the barriers to reach those CT/GS CIs indicates that 
the more plausible way to decay to the GS is to return back to 
La(1) and then follow the usual La(1) deactivation path. The 
barriers associated with this kind of mechanism suggest 
lifetimes comparable with the longest lifetime (τ3) observed 
experimentally in these systems, a scenario further supported 
by the estimated fluorescence energies that match (within the 
computational errors) the observed ones. 

(v) Finally, we explore the possibility to populate the CT states 
directly upon excitation, a hypothesis that is ruled out when 
considering the electronic structure of the QM/MM GS 
optimized geometry at the FC region, where CT states are very 
high in energy (6 eV above the GS). To this aim, we run a 150 
ns MD dynamics of d(A)10·d(T)10 double strand in water at 
room temperature, sampling a relatively large number of 
ground state conformations. In particular, we are looking for 
structures where the two adenines are closer and overlap more 
efficiently, thus lowering the excimer states energie48 . Three 
structures were selected with the smallest average values for the 
C4-C4’ and C5-C5’ distances and we calculated their vertical 
energies and oscillator strengths at the MM geometries. Inter-
base geometry parameters are shown in table of Scheme 1 with 
the acronyms Dyn1, Dyn2 and Dyn3, respectively (see also SI). 
Even if the inter-base distances and the twist angle values are 
even lower than what we find at the CT minima (see Scheme 1 
parameters), the lowest CT state is still at least 0.8 eV above the 
La bands. This indicates that the inter-base distance alone is not 
responsible for stabilizing CT states. The CT energy is also 
very sensitive to the intra-base bond lengths, which delocalize 
the charges. This implies that the stabilization of the CT is a 
dynamical process, connected with both inter- and intra-
molecular vibrations, as shown in Figure 4, and that a more 
elaborate and extensive analysis of sampled configurations 
must be performed. The analysis of the GS relaxed geometries, 
performed in this and other studies, may thus overestimate the 
positions of the CT states. Additionally, Dyn1, Dyn2 and Dyn3 
show low energy states possessing exciton and CT mixing 
character. These results suggest (a) that electronic configuration 
mixing plays an important role in the photophysics of oligo 
nucleotides and (b) that the conformational flexibility of 

oligonucleotides may play a basic role for their photophysical 
properties. These results are confirmed by the absorption and 
CD spectra of a wide ensemble of ground state configuration 
(~200) obtained through QM/MM simulation of (dA)20(dT)20 
oligonucleotide56, and the possibility to directly populate the 
CT state from the FC region cannot be completely ruled out. 
The position and the population of the CT states in the Franck 
Condon region is still an hot topic56, 57 that requires further 
computational investigations. More information about wave 
functions and energies of Dyn1, Dyn2 and Dyn3 geometries are 
shown in the SI section (Table S8). 
 
 

 (e) Role of Lb and nππππ* states 

The different timescale of excited state dynamics observed in 
single gas-phase monomers and solvated multimer calls for a 
critical assessment of the computational results and the 
mechanistic scheme drawn out of these data. In particular, our 
results speak for a possible population transfer between La and 
CT states in the dimer that is otherwise inaccessible during the 
ultrafast deactivation of the isolated monomer. On the other 
hand, speculations that the Lb and nπ* states are not populated 
due to weak vibronic couplings, as suggested by the rotational 
analysis of the vibrational bands in resonance enhanced two-
photon ionization (R2PI) spectra 100 of the monomer, may not 
hold here, since even a weak coupling could lead to appreciable 
population transfer over the 100 ps timescale of the longer 
decay component. Therefore, the proposed internal conversion 
mechanism involving La↔CT transfer can be generalized to 
any low lying state sharing common relaxation deformations 
with the La state (as it happens indeed in CT states). Gas-phase 
studies document a planar minimum for the Lb state 67, 101, 
lacking the characteristic C2 puckering with stretching modes 
different from the ones observed along the La MEP. 
Consequently, Lb relaxation from Franck Condon region occurs 
in an orthogonal direction compared to the relaxation of the 
bright La state, letting us conclude that the La↔Lb internal 
conversion process is still inefficient. Concerning nπ* states, 
however, theoretical studies in vacuo document that the 
relaxation leading to nπ* minimum involves also a C2 
puckering distortion 67, 101. This is not surprising as n→π* 
excitation leads to an increase of the π-electron density, 
similarly to the net effect of a CT transition. Therefore, we 
suggest that internal conversion to the nπ* state may also be a 
feasible trapping mechanism in adenine multimers, allowing for 
a population transfer from the La channel. In support of this 
hypothesis our calculations demonstrate that the nπ* state 
exhibit a pronounced stabilization of ~0.5 eV along the excited 
state profiles of the La states (see Table 1, stabilization of 
nπ*(1) along the MEP on La(1) and stabilization of  nπ*(2) 
along the MEP of La(2)), a behaviour similar to that seen for 
CT states. The role of nπ* states in the deactivation process in 
adenine multimers will be analysed in a forthcoming work. 

Conclusions 

Extending the QM region to two-stacked adenines in QM/MM 
calculations of a double-strand DNA (dA)10-(dT)10 multimer 
reveals that C2 puckering is a relaxation coordinate common to 
both La and CT states. We show that population transfer 
between these states is energetically feasible and is likely to 
occur via vibrational energy redistribution into orthogonal 
modes that connect La and CT states. Our results suggest that 

Figure 5. CASPT2//CASSCF(14,12)/6-31+g**-SA2 optimized scan 
between MinCT21 and CI CT21/GS PT (MinCT21 PT)  along Nam’-H 
distance coordinate. Energy values in Table S7 in ESI section. 
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the longest lifetime component observed in d(A)n-d(T)n 
oligomers (in the order of hundred ps) may be due to both a) a 
direct intra-monomer mechanism involving relaxation on the 
localized La(1) and La(2) states and their decay along a (small) 
barrier controlled path leading to a CI with the ground state, 
and b) a population transfer to a CT state that would thus act as 
a trap and reservoir of excited dimers. In this latter case, we 
clearly show that direct decay of the CT state to the GS via a 
conical intersection is too demanding energetically, and back-
transfer and population to the original La state needs to occur 
for triggering decay to the ground state (by following the usual 
intra-monomer decay route). 
Dynamical simulations joint to ultra-resolved transient 
spectroscopies may possibly reveal the oscillations between La 
and CT states responsible for this transfer/back-transfer 
process, also showing if population transfer is a coherent 
process or instead involves population splitting and spreading 
on the PES. In the future, we plan to extend the QM region to 
the two WC paired thymines in order to investigate the inter-
strand interactions that could also play a role in the deactivation 
process, as some experiments and computations suggest10. For 
instance, direct proton transfer between Adenine-Thymine WC 
base pairs could possibly trigger an alternative and more 
efficient mechanism for deactivation of the CT states (e.g., the 
barrier that leads to the proton transfer CI with the GS could be 
lowered, if the proton involved is transferred to the H-bonded 
oxygen of the paired Thymine instead of the stacked Adenine), 
thus enlightening the full reaction pattern accessible by the 
system.  
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