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Abstract: Investigating exciton dynamics within DNA nucleobases is essential for comprehensively
understanding how inherent photostability mechanisms function at the molecular level, particularly
in the context of life’s resilience to solar radiation. In this paper, we introduce a mathematical model
that effectively simulates the photoexcitation and deactivation dynamics of nucleobases within an
ultrafast timeframe, particularly focusing on wave-packet dynamics under conditions of strong
nonadiabatic coupling. Employing the hierarchy equation of motion, we simulate two-dimensional
electronic spectra (2DES) and calibrate our model by comparing it with experimentally obtained
spectra. This study also explores the effects of base stacking on the photo-deactivation dynamics
in DNA. Our results demonstrate that, while strong excitonic interactions between nucleobases
are present, they have a minimal impact on the deactivation dynamics of the wave packet in the
electronic excited states. We further observe that the longevity of electronic excited states increases
with additional base stacking and pairing, a phenomenon accurately depicted by our excitonic model.
This model enables a detailed examination of the wave packet’s motion on electronic excited states
and its rapid transition to the ground state. Additionally, using this model, we studied base stacks in
DNA hairpins to effectively capture the primary exciton dynamics at a reasonable computational
scale. Overall, this work provides a valuable framework for studying exciton dynamics from single
nucleobases to complex structures such as DNA hairpins.

Keywords: excited states; ultrafast deactivation; population dynamics

1. Introduction

The unraveling of the photoexcitation and deactivation mechanism in nucleobasesand
nucleotides is an important question for understanding DNA photostability under UV
radiation [1–4]. It is well established that the UV excitation of DNA nucleobases decays
within a few picoseconds [5]. Under UV excitation, the population excite to an electroni-
cally bright state ππ∗ and undergo an ultrafast radiationless transition to a dark excited
state nπ∗ within an ultrafast timescale, implying the existence of a conical intersection
(CI) between two potential energy surfaces (PESs) [6,7]. In the vicinity of the CI, strong
nonadiabatic coupling between PESs induces a strong mixture of electronic and vibrational
Degrees of Freedom statistics (DoFs), which results in Born–Oppenheimer approximation
breakdown [8,9]. Nonadiabatic dynamics in nucleobases have been intensively studied by
quantum chemistry calculations [10,11]. The revealed dynamics show the short lifetime of
the electronic excited state, which implies the wave packet moves to the grounded state
within an ultrafast timescale. Due to the recent development of ultrafast spectroscopic
techniques, studies of radiationless transitions and deactivation processes of DNA have
been carried out over the last decades. In 2005, Kohler et al. studied the excited-state
dynamics in A-T DNA by transient absorption spectroscopy [12]. They observed that
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base stacking is the key geometric factor in determining the lifetime of electronic excited
states in DNA. However, due to the lack of detailed calculations, the physical mechanism
of wave-packet dynamics and deactivation processes were missing. In addition, excited-
state dynamics in DNA are complicated. Marguet et al. state that the interpretation of
Ref. [12] was oversimplified [13]. Moreover, the charge–transfer dynamics in DNA have
also been studied by time-resolved spectroscopy [14]. More interestingly, the development
of multipulse configuration has been extended to UV regions and its application in 2D
ES was achieved by Prokhorenko and coworkers [15] in 2016. Due to the advanced pulse
compression techniques, they achieved a time resolution of 5 fs. In this way, they were able
to probe the quantum coherence and the ultrafast deactivation dynamics by 2D ES with
an excellent Signal/Noise Ratio (SNR). Moreover, the quantum coherent dynamics of the
pyren molecule were further studied by 2D ES at a UV wavelength [16].

Theoretically, the photoinduced dynamics in excited states of DNA and nucleobases
have been well studied by ab initio methods [17]. Garavelli et al. employed the CASPT2 or
CASSCF to scan the PESs and calculated the 2D ES by using the phase-matching approach
in the UV region [18,19]. However, the full configuration methods of electronic orbitals
in molecules are a great challenge in calculations [7]. Meanwhile, the system–bath model
could provide an alternative approach to studying the photo-excited state dynamics in nu-
cleobases and DNA. Based on the system–bath model, Dijkstra et al. developed an effective
model to capture the population transfers and relaxation dynamics in nucleobases [20]. By
transforming the key reaction coordinates into the bath, an effective excitonic model could
yield numerically exact results with a hierarchy equation of motion (HEOM) [21,22]. Duan
et al. constructed an effective model for capturing the wave-packet dynamics near the
CI [23]. By transforming the effective reaction coordinates into the bath, they developed an
effective model to examine the population relaxation with a strong nonadiabatic coupling in
the CI. Furthermore, the model was further employed to examine the impact of vibrational
coherence on the process of photoisomerization [24,25].

2. Materials and Methods

Motivated by the above-mentioned model, we construct an excitonic model to study
the photoexcitation and deactivation dynamics of nucleobases [26,27]. A unified model of
excited-state dynamics from nucleobases to DNA string was built. We first constructed
an exciton model and refined the modeling parameters by calculating 2D ES in the UV
region [28,29]. The excitonic interaction of the base stacking was calculated. The constructed
dimer model of adenine molecules allowed us to study the impact of exciton interaction on
the population dynamics. With the increasing number of stacking bases, we were able to
observe the gradual prolonging of the excited-state lifetime of bright electronic states in
a string of stacked adenine molecules. By studying the photoexcitation and deactivation
dynamics in nucleobases, the detailed mechanism of the deactivation process in the DNA
string can be well interpreted. At the same time, our work in the experiments was feasible.
One can collect the 2D ES by using pump/probe beam geometry [30]. The pump pulse is
generated by a pulse shaper, which shapes the pulses from a broadband ultrashort laser
source with a center wavelength of 800 nm ± 17 nm, pulse width of 50 fs, repetetion rate
of 1 KHz, and pulse energy of 900 µJ. The derivation details are provided in Appendix A.
Our work provides a valuable platform for studying the detailed physical mechanism of
photoactivation, deactivation, single nucleobases and big molecules of DNA strings.

We first captured the excited-state dynamics and relaxation process in a nucleobase.
The adenine molecule was selected for study. In principle, the rest of the nucleobases can
be extended by using different site energies and parameters. We constructed an exciton
model with three electronic states; the Hamiltonian can be written as
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H = ϵe|e⟩⟨e|+ ϵd|d⟩⟨d|
+ M2Ω2

2Q2deD2|e⟩⟨e|+ M2Ω2
2Q2ddD2|d⟩⟨d|

+ M1Ω2
1Q1D1(dV1|d⟩⟨e|+ h.c.)

+ M1′Ω
2
1′Q1′D1′(dV1′ |g⟩⟨d|+ h.c.)

(1)

where |g⟩, |e⟩, and |d⟩ denote the electronic ground, bright, and dark states, respectively,
ϵe and ϵd are the site energies of bright and dark electronic states, and Mi, Di, and Ωi
are the masses and characteristic length scales. To efficiently form CI, we also selected
two reaction coordinates and used them as tuning modes Q2 and a coupling mode Q1 [31].
The adiabatic energy varies along Q2, and the coupling between the adiabatic states varies
along Q1. Based on this procedure, we were able to construct effective CIs between bright
and dark excited states of (ππ∗ and nπ∗), and between dark and ground states of (nπ∗ and
|g⟩). Through a canonical transformation, the Hamiltonian was rewritten as [20,23]

H = ϵe|e⟩⟨e|+ ϵd|d⟩⟨d⟩+ (de|e⟩⟨e|+ dd|d⟩⟨d|)∑
α

g′2αx′α − (dv|g⟩⟨d|+ h.c.)∑
α

g′1αx′α

− (dv′ |d⟩⟨e|+ h.c.)∑
α

g′αx′α,
(2)

The parameters of de and dd indicate the amplitude of the vibronic coupling strength
of the tuning mode, and dv and dv′ are the vibronic coupling strengths between bright–dark
and dark–ground states, respectively. We employed three baths with coupling strengths
of g′2α, g′1α, and g′1′α, respectively. The frequency distribution of these coupling strengths
can be modeled as spectral densities. The Lorentzian spectral densities with Drude-type
cut-off were employed as J(ω) = 2λi

π
γiω

ω2+γ2
i
, where λi and γi are the reorganization energy

and cut-off frequency for the ith bath, respectively. A detailed derivation of the cascade
equations of motion is provided in Appendix B.

3. Results
3.1. The 2D Electron Spectra of DNA Bases

The simulation results are shown in Figure 1a–c with selected waiting times, T = 0,
250, and 500 fs, respectively.

Figure 1. Calculated 2D electronic spectra (real part) and transient absorption spectrum based on
three-level model. The calculated 2D electronic spectrum at T = 0, T = 250 and T = 500 fs are shown
in (a–c). The calculated values for the transient absorption spectrum of adenine are described in (d).
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To capture the main features of Ground State Bleaching (GSB) and Exciting State
Absorption (ESA) in 2D ES, we needed to add two electronic states and the transitions from
bright and dark states. The site energies of |e⟩ and |d⟩ were 40,000 cm−1 and 28,000 cm−1,
respectively. The parameters were set as de = −1.0, dd = 1.0 and λ2α = 4000 cm−1 in order to
form effective CIs. The d′v and dv were set as 1.0. The reorganization energies of two baths
were set as 40 and 80 cm−1, respectively [20]. Therefore, λ1α = 40 cm−1 and λ1′α = 80 cm−1,
respectively. In addition, the cut-off frequency of spectral densities was γ = 1000 cm−1 for
all baths.

Generally, the axis of the two-dimensional spectrum is expressed as follows: the
horizontal axis is the excitation frequency axis (ωt) and the vertical axis is the detection
frequency axis (ωτ). In Figure 1a, we observe a signature GSB central peak of 40,000 cm−1

at T = 0 fs. The ESA peak is shown as a broadband blue (negative) peak located at
(ωτ , ωt) = (37,000, 40,000) cm−1, indicating the transition from |d⟩ to the high energy level.
The time-resolved magnitude of this ESA peak is checked to track the population transfer-
ring from |e⟩ to |d⟩. The absolute value of ESA peak reaches a maximum at around 300 fs
and subsequently decays. The transient absorption (TA) spectrum was calculated and is
shown in Figure 1d. It is shown how our three-level model could capture the population
transfer and the photo-deactivation process in the adenine molecule. With these parameters,
the PESs of ground, electronic bright, and dark states were constructed and these are shown
in Figure 2. To obtain the 2D ES, we need to include high-level electronic states as well as
the electronic transition from |d⟩ in our model.

Figure 2. (a) Quantum mechanical spectroscopic model for DNA nucleobases: there are two conical
crossings between bright and dark states and between dark and ground states. (b) Spectral models
describing the dynamics of DNA bases.

With the optimal set of parameters, we were able to study the detailed population
transfers and the motion of the wave packet on PESs near the CI in the electronically
excited states of the adenine molecule. We first calculated the population dynamics of the
three-level model, as shown in Figure 3a. The time-resolved population of |e⟩ is represented
as a red dotted line. The dynamics of the dark state |d⟩ and ground state |g⟩ are shown as
blue and black lines, respectively. The calculations were performed at 300 K. It is shown
that the population was initially located at the bright electronic state |e⟩. It then decayed
rapidly to the dark state |d⟩ at 100 fs. Based on the configuration of PESs, it is clear that the
wave packet passed through the CI and deactivated to the dark electronic state. Moreover,
the population on the electronic ground state |g⟩ increased within an ultrafast timescale
and reached a maximum at 500 fs, which is in agreement with the timescale revealed in
the spectroscopic measurements [15]. We further calculated the population dynamics at
a low temperature (77 K), as shown in Figure 3e. The population transfer from |e⟩ to |d⟩
and the subsequent relaxation to |g⟩ were slower when comparing with the results at
room temperature.
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Figure 3. The population dynamics of adenine, thymine, guanine, and cytosinethe. (a–h) shows
the normal-temperature (300 K) and low-temperature (77 K) population dynamics of the three-level
model. The excited-state dynamics of the bright and dark states are plotted as red and blue dotted
lines, respectively. The ground-state dynamics are shown by the black line.

We further studied the population dynamics and the associated relaxation of the other
nucleobases. We calculated the site energies of nucleobases, guanine, thymine, and cytosine
molecules. We calculated the population dynamics of their bright, dark, and ground
states (|e⟩, |d⟩ and |g⟩) and plotted the time-resolved traces, as shown in Figure 3a–h,
at different temperatures. We observed the deactivation dynamics from |e⟩ to |g⟩ with
similar timescales compared to the results of adenine shown in Figure 3a,e. We concluded
that the constructed three-level model can capture the population transfer and the main
deactivation dynamics of the CIs between ground and excited states.

3.2. Impact of Base Stacking on Population Transfer in Nucleobases

Based on the proposed three-level model, we studied the impact of base stacking
on the population transfer and the associated coherent dynamics of electronic excited
states of nucleobases. We first obtained the molecular configuration of base stacking. The
configurations of stacking effect between two adenine molecules were selected. Starting
from a DNA configuration (1SM5.pdb), we selected two adenine molecules with stacking
configurations. The extracted molecular configurations are shown in Figure 4a,b, respec-
tively. With the same stacking configuration, the energies of excited states were calculated
by using the Time-dependent Density Functional Theory (TDDFT) method. The magnitude
and directions of transition dipole moments were calculated by TDDFT as well; these are
shown by red arrows in Figure 4a. An angle of 15 degrees between two stacked adenines
can be observed. The exciton coupling between two adenine molecules was calculated as
∼150 cm−1 with a component of charge transfer by using the atomic–transition–charge
method. The calculation details of excitonic coupling can be found in Ref. [32]. Note that
the charge-transfer mechanisms between two nucleobases are not considered here.

We further constructed an exciton model with two stacked adenines and calculated
the associated population dynamics at 300 K, as shown in Figure 5a. It was found that the
population transfer from ππ∗ to nπ∗ was slightly slower than the case of single adenine,
indicating that the excited-state relaxation can be slightly modulated by the strong excitonic
coupling between two adenine molecules. We also calculated the population dynamics
of an adenine dimer at a low temperature (77 K). As shown in Figure 5b, the population
was initially located at two bright electronic states, |e1⟩ and |e2⟩, with a value of 0.5. They
decayed rapidly and reached a minimum within 100 fs, showing the same timescale of
deactivation compared to the results with a single adenine molecule. Moreover, the popula-
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tion of electronic ground state |g⟩ increased with evolving time and reached a maximum at
500 fs, which quantitatively agrees with the observations of dynamics of ground states with
a single adenine. Obviously, the base stacking effect does not significantly alter excited-
state dynamics in an adenine dimer. We further calculated the population dynamics of an
adenine–thymine dimer at a lower temperature 77 K, as shown in Figure 5c. Compared to
the results with single adenine, we observed a difference in population transfer from the
bright state |e⟩ to the dark state |d⟩ with a small rate of transfer. However, the deactivation
pathways and timescales did not change dramatically at 77 K.

Figure 4. (a) geometric configuration of A-A nucleobase stacking, electronic transition dipoles µij

and the center-to-center distance vector. (b) Watson–Crick ground state geometric configuration of
A-T base pairs with bond lengths indicated in angstroms.

Figure 5. (a,b) The population dynamics of A-A base stacking; (c,d) the population dynamics of A-T
base pairs. The left and right panels show the normal-temperature (300 K) and low-temperature
(77 K) population dynamics of the three-level model. The excited-state dynamics of bright and dark
states are plotted as red and blue dotted lines, respectively. The ground-state dynamics are shown by
the black line.

4. Discussion

In our modeling and calculations, we showed that the constructed three-level model
can capture the main feature of population transfer and deactivation dynamics in adenine
molecules, as well as the stacking effect. Moreover, we also showed that this model could
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track the wave-packet dynamics on PESs of the other three types of nucleobases. The base
stacking could modulate the population dynamics of excited states with an increasing
number of nucleobases. However, in this paper, the employment of HEOM, which yields
numerically exact results, required large-scale computational resources. This limited us
to performing the calculations with larger scale stacking bases. The recent development
of parallel calculations with a Graphics Processing Unit (GPU) allowed us to perform
calculations on a much larger scale [33,34]. The combination of an effective exciton model
with GPU techniques will enable us to perform the excited-state calculations, yielding
numerically exact results with a reasonable scale of DNA string. Our model shows potential
in understanding the detailed mechanism of deactivation in DNA strings.

5. Conclusions

In this paper, we developed a sophisticated model tailored to elucidating the dynam-
ics of photon-induced population transfer and deactivation in nucleobases, utilizing a
refined three-level excitonic framework derived from the linear vibronic coupling model.
Our approach simplifies the computational effort by incorporating reaction coordinates
directly into the environmental bath. By leveraging 2DES experimental data for parameter
validation, we effectively aligned our model with empirical observations. Employing this
model, we examined the photon-driven population dynamics and associated wave-packet
movements on the potential energy surfaces of the adenine molecule. Furthermore, we
extended our analysis to adenine molecules in a base-stacking arrangement, observing how
the excitonic interactions between nucleobases progressively modulate population transfers
and deactivation pathways near conical intersections. This study provides comprehensive
insights into the exciton deactivation mechanisms from individual nucleobases to complex
DNA structures, establishing a potent framework for investigating the photoexcitation and
subsequent deactivation of nucleobases and DNA arrays in the realm of photonics.
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Appendix A. The Phase Matching Approach

Only rephasing (RP) signals are usually detected in two-dimensional spectroscopic
experiments; their direction is KS = −k1 + k2 + k3. For non-rephasing (NR) signals, their
direction is KS = k1 − k2 + k3, K1, K2, where K3 represents the direction of the first, second,
and third pulses, respectively. As can be seen from the RP signal and the NR signal
directions, another signal is obtained by simply switching the order of the first and second
pulses. If the time interval between the first pulse and the second pulse of the RP spectrum
is defined as τ ⩾ 0, then the NR spectrum τ ⩽ 0.

By fixing the residence time T , the time domain signal S(τ, T, t) can obtain the
corresponding two-dimensional spectrum S(ωτ , T, ωt).
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I(ωt, T, ωτ) = Re
∫ ∞

0
dτ

∫ ∞

0
dt
[
ei(ωττ+ωtt)Snr(t, T, τ)

+ ei(−ωττ+ωtt)Srp(t, T, τ)
]
.

(A1)

Two-dimensional electron spectroscopy usually detects the rephasing (RP) signal in the
k⃗rp = −⃗k1 + k⃗2 + k⃗3 direction and non-rephasing(NR) signals in the k⃗nr = k⃗1 − k⃗2 + k⃗3 direc-
tion. The sum of the spectra of the two phase-matching directions is the two-dimensional
absorption spectrum, which is commonly used in signal detection direction. The two-
dimensional absorption spectrum can obtain the most information, and, of course, it
can also detect other phase-matching directions, such as k⃗1 + k⃗2 − k⃗3, which gives a two-
dimensional electron double quantum coherence spectrum.

At the impulsive limit, the absorption spectrum of the 2D spectrum is partially given
by Rnr(τ, T, t) and Rrp(τ, T, t) carries out a two-dimensional Fourier transform.

Snr(ωτ , T, ωt) = Re
∫ ∞

0

∫ ∞

0
dτdteiωττ+iωttRnr(τ, T, t) (A2)

Srp(ωτ , T, ωt) = Re
∫ ∞

0

∫ ∞

0
dτdte−iωττ+iωttRrp(τ, T, t) (A3)

S(ωτ , T, ωt) = Snr(ωτ , T, ωt) + Srp(ωτ , T, ωt) (A4)

Appendix B. The Hierarchy Equations of Motion

The spectral density Jk(ω) is defined as

Jk(ω) = ∑
j

(
gk

j

)2

2mk
j ωk

j
δ(ω − ωk

j ) (A5)

and the corresponding correlation function is

Ck(t) =
1
π

∫ ∞

0
Jk(ω)

[
coth (

βω

2
) cos ωt − i sin ωt

]
dω (A6)

We further have the Bose distribution function:

1
1 − e−βω

=
1

βω
+

1
2
+

Nl

∑
l=1

2ηl βω

(βω)2 + ξ2
l

(A7)

coth (
βω

2
) = 2

[
1

1 − e−βω
− 1

2

]
=

2
βω

+
Nl

∑
l=1

4ηl ω
β

ω2 + ν2
l

, νl =
ξl
β

(A8)

Let us first consider the Drude spectral density

Jk(ω) =
2λkγkω

ω2 + γ2
k

Jk(ω) coth (
βω

2
) =

2λkγkω

ω2 + γ2
k

 2
βω

+
Nl

∑
l=1

4ηlω
β

ω2 + ν2
l

 (A9)

1
π

∫ ∞

0
Jk(ω) coth (

βω

2
) cos ωtdω = iλkγk coth(

iβγk
2

)e−γkt − 4λkγk
β

Nl

∑
l=1

ηlνl

γ2
k − ν2

l
e−νl t

= λkγk cot (
βγk

2
)e−γkt − 4λkγk

β

Nl

∑
l=1

ηlνl

γ2
k − ν2

l
e−νl t

(A10)
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1
π

∫ ∞

0
Jk(ω) sin ωtdω = λkγke−γkt (A11)

In summary, the correlation function for the Drude spectral density is

Ck(t) = λkγk

[
cot(

βγk
2

)− i
]

e−γkt − 4λkγk
β

Nl

∑
l

ηlνl

γ2
k − ν2

l
e−νl t (A12)

Because the correlation function is a sum of exponentials, a hierarchy of equations of motion
for the reduced density matrix can be derived in the usual way. If we write the correlation
function as

Ck(t) =
Jk

∑
jk=0

(c
′
jk + ic

′′
jk )e

−γjk
t (A13)

We can derive the HEOM that consists of the following set of equations of motion for the
auxiliary density operators (ADOs):

∂

∂t
ρ̂n1,··· ,nNB

(t) = −
[

iĤ×
S +

NB

∑
k=1

Jk

∑
jk=0

njk γjk

]
ρ̂n1,··· ,nNB

(t) (A14)

−
NB

∑
k=1

Φ̂k

Jk

∑
jk=0

ρ̂··· ,nk+ejk
,···(t)−

NB

∑
k=1

Jk

∑
jk=0

njk Θ̂jk ρ̂··· ,nk−ejk
,···(t) (A15)

Here, ejk is the unit vector along the jkth direction and we defined Ĥ×
S ρ̂ = [ĤS, ρ̂], Φ̂kρ̂ =

i[V̂k, ρ̂] and Θ̂k = c
′
jk

Φ̂k + ic
′′
jk

Ψ̂k, with Ψ̂k ρ̂ = i{V̂k, ρ̂} nk = (nk0k
, · · · , nkjk

), where each
element takes an integer value greater than zero.
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