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Photoluminescence and electronic transition behaviors of single-stranded DNA
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Due to the potential application of DNA for biophysics and optoelectronics, the electronic energy states and
transitions of this genetic material have attracted a great deal of attention recently. However, the fluorescence
and corresponding physical process of DNA under optical excitation with photon energies below ultraviolet
are still not fully clear. In this work, we experimentally investigate the photoluminescence (PL) properties of
single-stranded DNA (ssDNA) samples under near-ultraviolet (NUV) and visible excitations (270 ∼ 440 nm).
Based on the dependence of the PL peak wavelength (λem) upon the excitation wavelength (λex), the PL behaviors
of ssDNA can be approximately classified into two categories. In the relatively short excitation wavelength
regime, λem is nearly constant due to exciton-like transitions associated with delocalized excitonic states and
excimer states. In the relatively long excitation wavelength range, a linear relation of λem = Aλex + B with A > 0
or A < 0 can be observed, which comes from electronic transitions related to coupled vibrational-electronic
levels. Moreover, the transition channels in different excitation wavelength regimes and the effects of strand
length and base type can be analyzed on the basis of these results. These important findings not only can give a
general description of the electronic energy states and transitional behaviors of ssDNA samples under NUV and
visible excitations, but also can be the basis for the application of DNA in nanoelectronics and optoelectronics.
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I. INTRODUCTION

Since the discovery of the deoxyribonucleic acid (DNA)
structure as reported by Watson and Crick in 1953 [1], this
genetic material has been a center of attention for scientific
research and wide areas of applications. The DNA molecule,
well known for the storage and transmission of the genetic
code of all living species, is usually composed of two polynu-
cleotide strands coiled around each other to form a double
helix. The monomer unit of each strand is a nucleotide
containing nucleobases, deoxyribose, and phosphoric acid.
Over the past decades, the study of DNA not only laid the
foundation for genomics and molecular biology, but also
opened up new fields of research in physics and electronics.
For example, DNA has attracted many research interests in
nanoelectronics recently due to its potential application in
working as a template for assembling nanocircuits and as an
element of such circuits [2–6].

Undoubtedly, the in-depth understanding of the electronic
structure (electronic states) and electronic transition in DNA
plays a significant and important role in the application of
DNA for electronics and optoelectronics. Similarly to other
conventional electronic and optoelectronic materials, the fea-
tures of transition among different states and channels, the
charge transfer under external field (e.g., electrical and op-
tical) driving, the electrical and optical responses, etc., in
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DNA are the key physical properties that we are interested
in. Meanwhile and particularly, it has been realized that the
mechanisms of photostability and photoinduced damage of
DNA are also directly related to the electronic states and tran-
sitions in DNA structures [7–9]. At present, three following
facts hamper the study of DNA’s electronic properties. First,
DNA is neither a periodic lattice system such as a single
crystal nor truly random. A recent work pointed out that it
may show long-range correlations [10], which are difficult to
analyze. Second, the non-negligible forces between water or
other solvent molecules and DNA contribute to random elec-
tronic surroundings. Thus, it is insufficient to consider simply
the DNA molecule itself. Furthermore, the strong influence
of molecular vibrations can also result in extra freedom in
the analysis of DNA. In short, DNA is a highly dynamic and
complex system due to these structural, environmental, and
vibrational features. In this research field, the concepts based
on electronic transitions among electronic states in DNA,
borrowed from solid-state physics and electronics, have been
demonstrated to be very useful and significant for the investi-
gation of DNA from the viewpoint of physics [11]. However,
to date, this topic still remains somewhat controversial.

Optical experiments have been widely utilized to study the
possible electronic energy structures and transition behaviors
of DNA and its related biomolecules. These experimental
methods include optical absorption spectroscopy [8,12–15],
photoluminescence (PL) [13,15–18], transient pump-probe
spectroscopy (PPS) [19–21], etc. For example, the absorption
spectra of the nucleic acids and their various components
were measured in the far-ultraviolet as early as 1963 [12].
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Before the 1990s, by applying PL and transient PPS mainly
based on ultraviolet (UV) excitations, many works prelimi-
narily investigated the electronic states, especially the excited
singlet states, of nucleic acid systems, and explored the effects
of temperature, pH value, and light polarization on DNA’s
electronic properties such as transition wavelength, lifetime,
and PL quantum yield [17,22–25]. Since 2000, thanks to
the progress made in optoelectronic instrumental techniques,
more and more knowledge of the electronic transitions of
DNA has been accumulated [9,11]. The Crespo-Hernández
group demonstrated that vertical base stacking controls the
dynamics of excited singlet electronic states in single- and
double-stranded oligonucleotides based on transient PPS
[7]. Marguet and co-workers experimentally obtained the
timescales of thymine dimer formation [8]. By applying fem-
tosecond PPS, Buchvarov and co-workers investigated the
electronic energy delocalization and dissipation in single-
and double-stranded DNA [26]. Based on the PL of unmod-
ified DNA, Backman’s group investigated a photoswitching
process of native nucleotides and realized superresolution
intrinsic fluorescence imaging of chromatin [27]. Besides
these experimental researches, people also achieved important
theoretical results in this field. For instance, the electronic
properties of DNA, as well as the effects of structure, molecu-
lar stretching and twisting, and water and counterions were
discussed based on density-functional theory [11]. More-
over, the nonlinear response function of a DNA duplex helix
[28] and specific DNA conformational modes responsible for
significant changes in the exciton parentage [29] were also
calculated and revealed.

It is obvious that most of the experimental and theoretical
works mentioned above are focused mainly on the relax-
ation or absorption behaviors of excited electrons, which are
pumped to the excited singlet states by UV light with a wave-
length of less than 270 nm. This concern for the UV excitation
or pumping is mainly owing to the mechanism that DNA
dissipating excess energy from absorbed solar UV light is
essential to understand the vulnerability of all genetic material
to photodamage and subsequent mutations [7,26]. However,
up to now, detailed knowledge of the electronic transitions
from the ground state in DNA, induced by near-UV (NUV)
and visible light and the corresponding electronic states, is
still far from sufficient, which is the prime motivation of
this work.

Here, we investigate the PL properties of single-stranded
DNA (ssDNA) samples excited by NUV and visible light with
different wavelengths (270 ∼ 440 nm) at room temperature,
and analyze the corresponding electronic states and transition
behaviors of ssDNA. There are two reasons why we choose
ssDNA rather than double-stranded DNA as the research
object in this work: (1) ssDNA provides an ideal platform
for studying the effects of base stacking on electronic states
of nucleic acid in the absence of base pairing [7]; (2) it is
more flexible and can more readily obtain the undertwisted
conformation that promotes dimerization [9]. Meanwhile, it
should be noted that the PL spectra of the ssDNA samples are
measured without adding any fluorescent probe in this study.
Although the fluorescent probes can enhance the PL signals
and are consequently widely used in biology [30–33], these
additional probes usually lead to a complex experimental pro-

FIG. 1. PL spectra of the dd-water in a cuvette, G28 solution
in a cuvette, and G28 at the excitation wavelengths of (a) 340 nm
and (b) 380 nm. Note that the process of achieving the relative PL
spectrum of G28 shown here is also valid for the cases of other
excitation wavelengths or other samples. The inset to (a) shows the
schematic diagram of the experimental setup.

cess, high cost, and to the pollution of samples. Therefore,
fluorescent probes have not been used in our measurements.
The ssDNA samples with sequences containing nucleobases
of only one type of adenine (A), cytosine (C), thymine (T),
and guanine (G) structure with different base numbers are
measured by using nontransient PL and photoluminescence
excitation spectroscopy, respectively. Based on the PL proper-
ties, we provide a physical description for the electronic states
and transition behaviors of ssDNA samples under NUV and
visible excitations. These results may find potential applica-
tions in nanoelectronics and optoelectronics based on DNA.

II. SAMPLE PREPARATION AND EXPERIMENTAL SETUP

In this work, the ssDNA samples are prepared by us-
ing solid-phase phosphoramidite triester method [34,35]
with an automatic synthesizer (Bioautomation-MerMade-
192E DNA/RNA). The strand sequence of each ssDNA
sample contains a certain number of nucleobases of only one
type of A, C, T, and G base. For a given kind of nucleobase,
we prepared the samples with base numbers (N) of 28, 35,
and 56. Table I shows the information for a set of samples
with N = 28 as examples. By using double-distilled water
(dd-water) as solvent, all samples are prepared as a solution
form with unified ssDNA concentration of 5 μmol/L. The
ssDNA solution is contained in cuvettes. The PL and PL exci-
tation (PLE) spectra for the ssDNA samples are measured by
employing a multifunctional fluorescence system (HORIBA,
USA), as illustrated in the inset to Fig. 1(a). A xenon lamp
with a radiation wavelength range from 240 nm to 850 nm
is taken as the light source. The broadband light beam is
monocolored by a monochromator (Gemini 180), which is
used for tuning the excitation wavelength. Under the illumina-
tion of the excitation light, the PL emission from the sample
can be detected by a grating spectrometer (iHR320) together
with a photomultiplier tube (PMT). In the measurement, the
excitation light beam is applied at an angle of about 45◦ to the
sample surface, and the detection is undertaken at about 60◦ to
the sample surface. The accuracy of the spectral measurement
is 0.2 nm. Note that the experiment is performed at room
temperature. At a given excitation wavelength λex, the PL
spectrum of the sample solution in a cuvette can be obtained
as Isr (λe), in which λe denotes the emission wavelength (not
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TABLE I. The base sequences of the ssDNA samples.

Sample No. Base (number) Sequence

T28 Thymine (28) 5′-TTTTTTTTTTTTTTTTTTTTTTTTTTTT-3′

A28 Adenine (28) 5′-AAAAAAAAAAAAAAAAAAAAAAAAAAAA-3′

C28 Cytosine (28) 5′-CCCCCCCCCCCCCCCCCCCCCCCCCCCC-3′

G28 Guanine (28) 5′-GGGGGGGGGGGGGGGGGGGGGGGGGGGG-3′

only emission peak wavelength). Meanwhile, the PL spectrum
of the dd-water in a cuvette Ir (λe) is measured as reference.
To eliminate the influence of the solvent and container, the
relative PL spectrum of ssDNA Is(λe) can be achieved by
Is(λe) = Isr (λe) − Ir (λe). In Fig. 1, we take G28 as an example
for this process.

Furthermore, since the excitation photon energy and exci-
tation power or intensity in our experiment are weak enough,
the ssDNA molecules are not damaged and the observed PL
spectra of all samples are stable. First, previous works usually
discussed the mechanism that DNA dissipate excess energy
from absorbed solar UV light, and demonstrated that DNA
is intrinsically photostable under UV excitation (e.g., λex �
270 nm) [7,26]. Therefore, for excitation wavelengths in the
NUV and visible regimes (270 ∼ 440 nm), the lower photon
energy also cannot modify the ssDNA molecular structure
here. In addition, we know that the PL spectra were stable for
excitation intensity or power below 2 GW/cm2 (at 266 nm)
[7], 25 kW/cm2 (at 430, 532, and 560 nm) [27], and 1 W
(at 270 nm) [26]. In our work, the monocolored excitation
intensities (powers) depending on the wavelength are in the
range of 0.6 ∼ 1 mW/cm2 (0.3 ∼ 0.5 mW), which is much
lower than that used in previous works. Meanwhile, due to
the strong absorption of the excitation light by dd-water, the
light intensity experienced by ssDNA molecules can become
still weaker. Accordingly, the excitation light used here cannot
damage the ssDNA molecules and affect the PL stability.
Moreover, the quantum yield of the fluorescence of our sam-
ples is in the range of ∼0.01% to ∼0.1% [22,27], which was
also measured and used in some early works associated with
nucleic acids.

III. RESULTS AND DISCUSSION

First, we measure the PL spectra of the ssDNA samples and
examine mainly the dependence of the PL peak wavelength
(λem) upon the pumping or excitation wavelength (λex). For
a given kind of base, we find that the spectral line shape of
PL and emission peak position corresponding to each exci-
tation wavelength are not sensitive to the base number N,
whereas the fluorescence intensity increases with increasing
N. Although here we only present the results of T28, T35, and
T56 in Figs. 2(a) to 2(c) for simplicity, the situations of A-,
C-, and G-based ssDNA samples are similar. Accordingly, in
our further discussion we mainly focus on the PL properties
of the samples with N = 28 (i.e., A28, C28, T28, and G28),
whose emission spectra for λex = 270 ∼ 400 nm are provided
in Fig. 2. To investigate the electronic energy states of ssDNA,
we can plot the emission peak wavelength (λem) as a function
of the excitation wavelength (λex) for ssDNA with different
base types (T, A, C, and G), as shown in Figs. 3(a) to 3(d).

For clarity, each λem-λex relation can be divided into dif-
ferent intervals based on the variation of the curve. It is
obvious that in the short excitation wavelength regime (I),
λem for different samples depends very weakly on λex, where
λem ≈ 419 nm for T28, 422 nm for A28, 430 nm for C28, and
406 nm for G28. These emission peak wavelengths are close
to the results for UV excitation reported in previous works
[24,27]. In regime I, the λem-independent emission behavior
can mainly be attributed to exciton-like electronic transitions
[36,37]. It is well known that excitons are quasiparticles and
perceived as the solid-state counterpart of atoms. Specifically,
the absorption of a photon by an interband transition in a
material system creates oppositely charged particles, i.e., an
electron and a hole, which can attract each other through
Coulomb interaction. Under some conditions, this attractive
interaction can lead to the formation of a bound electron-hole
pair, which is called the exciton and can be conceived as a
small hydrogenic system [38]. From the perspective of PL
spectral characteristics, the emission peak wavelength asso-
ciated with the exciton or exciton-like transition is nearly
independent of the excitation wavelength, which is exactly the
situation discussed here.

Details can be found in the energy-level diagram depicted
in the left panel of Fig. 4. The energy difference between the
ground and excited states (including the excimer or exciplex
state and excited singlet state) for excitonic transitions dif-
fers for ssDNA with different bases, which results in diverse
peak wavelengths (λem) for different samples. Furthermore,
it is known that poorly stacked and well-stacked single bases
usually coexist in nucleic acid samples. Thus, in regime I, the
effects of base stacking on the electronic state of DNA can
play an important role, which was demonstrated in previous
works [7,9]. Specifically, for ssDNA with well-stacked bases,
the absorption of excitation light, i.e., UV and NUV here, can
transfer electrons from the electronic ground state (S0) to the
so called delocalized exciton states (SDE), which are induced
by the spread of the electronic wave functions over the bases
in a stack [26]. Due to this kind of exciton-state delocalization,
ssDNA can absorb photons with different wavelengths in a
narrow band, such as λex = 300 ∼ 330 nm for A28 and T28
and λex = 270 ∼ 300 nm for C28 and G28. This narrow band
can also be expressed by using an energy broadening δEDE,
which is the difference between the highest and the lowest en-
ergies of excitation photons. Then, the electrons in SDE decay
to excimer states (SE) on an ultrafast timescale (several 100 fs)
[7], followed by relaxation to S0 with photon emission. An
excimer or excited dimer is formed by neighboring aromatic
molecules in their excited singlet state (S1). At the excimer
equilibrium distance, the molecules attract each other in the
excited state but repel each other in the ground state. As a
consequence, by comparing with the PL of base monomers
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FIG. 2. PL spectra for ssDNA samples of (a) T28, (b) T35, (c) T56, (d) A28, (e) C28, and (f) G28 at different excitation wavelengths. The
dashed black arrows indicate the movement trend of the peak positions and the insets show the corresponding nucleic acid structures.

excited by UV light [17,23,25], excimer fluorescence is red-
shifted from them and shows no vibrational fine structure (i.e.,
coupled vibrational-electronic levels) [39]. Thus, the observed
PL peak positions of the samples are nearly constants in
regime I. Moreover, the energy parameters associated with
the electronic states or transitions in this regime can be de-
rived easily through the experimental data, which are listed in

Table II. In addition to δEDE, the energy difference between
the lowest level in SDE and the ground state S0 can be ob-
tained by �EDE-L ≈ hc/λex-MAX, while the difference between
SE and S0 is calculated by �EE ≈ hc/λem, where h, c, and
λex-MAX are the Planck constant, the speed of light in vacuum,
and the maximum of the excitation wavelength in this regime
for a specific sample, respectively. Furthermore, the energy

FIG. 3. The emission peak wavelength (λem) as a function of the excitation wavelength (λex) for (a) T28, (b) A28, (c) C28, and (d) G28.
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TABLE II. The energy parameters associated with the electronic states or transitions for different wavelength regimes. The asterisk (*)
indicates data that correspond to λex = 400 nm instead of λex = 410 nm, since the measurement noise or error of the PL at λex = 410 nm for
G28 is larger and leads to �Eshift-III slightly below zero.

I (Well-stacked base domain) II to IV (Vibrational-electronic coupling domain)

�EDE-L + δEDE �EE �Eshift-I �Eshift-II �Eshift-III �Eshift-IV

Sample No. (eV) (eV) (eV) (eV) (eV) (eV)

T28 ∼3.76+0.37 ∼2.96 ∼0.80 [0.30, 0.74]
A28 ∼3.76+0.37 ∼2.94 ∼0.79 [0.30, 0.74]
C28 ∼4.13+0.46 ∼2.89 ∼1.24 [0.77, 1.10] [0.33, 0.71]
G28 ∼4.13+0.46 ∼3.05 ∼1.08 [0.49, 1.00] [0.08*, 0.38] [0.27, 0.31]

shift induced by the nonradiative relaxation from the the low-
est level in SDE to the excimer state SE can be obtained by
�Eshift-I = �EDE-L − �EE.

Next, at long wavelength excitations, λem of ssDNA de-
pends strongly on λex and different samples show different
dependencies. One can see from Figs. 3(a) and 3(b) that for
T28 and A28, λem increases or redshifts roughly linearly with
λex, which can be fitted by λem = Aλex + B, where A = 0.66
and B = 202.5 nm for both of them. Meanwhile, the λem-λex

relations in region III (λex > 340 nm) for C28 and in re-
gions II (λex = 310 ∼ 370 nm) and IV (λex > 420 nm) for
G28 are similar to the case of A28 and T28, although the
fitting parameters (A, B) are obtained as (0.77, 160.2 nm),
(0.34, 307.5 nm), and (1.75, −272.5 nm), respectively. These

FIG. 4. The diagram of the electronic energy levels and the cor-
responding transitions. Note that poorly stacked and well-stacked
single bases coexist in ssDNA samples. Thus, the contributions of
the stacked bases with exciton-state delocalization and the poorly
stacked bases with coupled vibrational-electronic levels are domi-
nated in the PL properties. For single base molecule, the electronic
ground state, “dark” states (e.g., 1nπ∗ states and triplets [9]), and
excited singlet states are denoted by S0, SD, and S1, respectively. For
well-stacked bases, the electronic ground state, delocalized exciton
states, and excimer state are labeled by S0, SDE, and SE, respectively.
For poorly stacked bases, the ground state and excited singlet state
with coupled vibrational-electronic (vibronic) levels (fine solid lines
in black and red) are denoted by S0 and S1, respectively. We use
solid-line arrows to represent the electronic transitions with photon
absorption or emission, whereas dotted-line arrows represent the
transitions without the participation of photons. Meanwhile, IC, ISC,
and VC are internal conversion, intersystem crossing, and vibrational
cooling, respectively [40,41]. The nonradiative relaxation is denoted
by NR.

PL behaviors are typical π -π∗ transitions associated with
coupled vibrational-electronic (vibronic) levels, as shown in
the right panel of Fig. 4. By comparison with the single
base molecule, the π electron delocalization in the ssDNA
molecule with many repeat base units can reduce the energy
of the excited singlet state S1. Meanwhile, the atoms in a
ssDNA molecule can vibrate about their bonds, which gives
the molecule vibrational energy in addition its electronic en-
ergy (S0 and S1). Hence, a series of excited vibrational levels
appear in S0 and S1, and the corresponding transitions show
linear dependence between λem and λex. This phenomenon
is known as vibrational-electronic transitions, which can be
understood by invoking the Frank-Condon principle [38]. This
principle states that the nuclei do not move during the optical
transitions, and is a consequence of the fact that electrons are
much lighter than the nuclei. Therefore, the optical absorption
and emission process does not alter the mean nuclear separa-
tion in the ground and excited states, but takes the molecule
(electron) to the excited or ground state and changes the
corresponding equilibrium nuclear separation. Then, a rapid
nonradiative relaxation process, shown in the right panel of
Fig. 4, can bring the molecule back to its equilibrium separa-
tion in the excited or ground state.

However, one may ask that why discrete and fine vibronic
peaks are not observed in PL spectra shown by Fig. 2. Two
reasons lead to the continuum spectra: (1) the ssDNA is a
large molecule and possesses many vibrational modes of dif-
ferent frequencies, which produce overlapping progressions
of vibronic lines that fill out into a continuum; (2) the thermal
motion and collisions of the ssDNA and solvent molecules
broaden the transitions so that the individual vibronic lines
cannot be resolved. As a result, S0 and S1 for these regimes
can be treated as quasi-energy-bands akin to the valence and
conduction bands of a solid, as shown in the right panel of
Fig. 4. In the bands of S0 and S1, we use nex0 and nex1 to label
the vibronic levels associated with the absorption process,
respectively, whereas we label the vibronic levels in the case
of emission by using nem0 and nem1, respectively. Based on
the Franck-Condon principle, a common and simple model
means that one can expect the emission spectrum to be the
“mirror” of the absorption spectrum when reflected about the
energy difference h̄ω0 ≈ E1 − E2, which means nex0 = nem1

(usually equals 0) and nex1 = nem0. This is known as the mir-
ror symmetry rule [38]. Obviously, the mirror symmetry rule
can result in decrease of λem with increasing λex. Therefore,
the roughly linear behavior of λem = Aλex + B with A > 0
does not meet the mirror symmetry rule, which indicates
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nex0 �= nem1 or nex1 �= nem0. For example, the excitation or ab-
sorption can be represented by nex0 = 0 → nex1 = 5, but the
emission process is nem1 = 0 → nem0 = 3 �= nex1, as shown
in the part of A > 0 in Fig. 4. A possible reason for this
phenomenon is that the nonradiative relaxation time increases
almost linearly with lowering energy levels in the quasi-
energy-bands [36]. Although the relaxation time cannot be
obtained by nontransient PL experiment here, we can cal-
culate the total energy shift induced by the nonradiative
relaxation processes in the two quasibands through the fol-
lowing expression:

�Eshift = hc

(
1

λex
− 1

Aλex + B

)
. (1)

The ranges of �Eshift for different samples in the
vibrational-electronic coupling domain obtained by using
Eq. (1) are presented in Table II. Note that the separate energy
shift in S1 and S0 cannot be distinguished in �Eshift, since the
precise numbers of quanta for vibronic levels and the energy
difference between adjacent levels are not known.

In regime II (λex = 310 ∼ 330 nm) for C28 and in regime
III (λex = 380 ∼ 410 nm) for G28, we find that the λem-λex

relations are also roughly linear, but the emission peak wave-
length shows a decrease or blueshift rather than increase
behavior with increasing excitation wavelength. By fitting
the experimental data with λem = Aλex + B, the parameters
(A, B) can be obtained as (−0.58, 606.8 nm) and (−1.00,
810.5 nm) for C28 and G28, respectively. On one hand,
from the perspective of phenomenological description, this
blueshift behavior (A < 0) could also be explained in the same
physical framework for the linear redshift behavior (A > 0)
mentioned above. On the other hand, the λem-λex relations
with A < 0 can be understood by the mirror symmetry rule,
which means nex0 = nem1 (usually equals 0) and nex1 = nem0

[38]. For example, the excitation process can be expressed as
nex0 = 0 → nex1 = 2, while the emission process is nem1 =
0 = nex0 → nem0 = 2 = nex1, as shown in the part of A < 0
in Fig. 4. One can deduce that the nonradiative relaxation
time may decrease with lowering energy levels in the quasi-
energy-bands of S1 and S0, which is contrary to the case of
A > 0. Meanwhile, we can also calculate the ranges of �Eshift

for different samples in these two regimes, as presented in
Table II.

In an electronic system, the dependence of λem upon λex

should also rely on the electronic transition channels for
photon emission. Therefore, we undertake the PL excitation
(PLE) measurement on these ssDNA samples. PLE peaks
correspond to the excitation wavelengths leading to high-
efficiency emission with a fixed wavelength, which also can
be treated as transition channels. The relative height of a PLE
peak is usually proportional to the excitation efficiency. To
some extent, the PLE spectrum can also reflect the electronic
excitation and absorption channels of a material. Here the
normalized PLE spectra are obtained by fixing an emission
peak wavelength λem and scanning the excitation wavelength
λex. As shown in Fig. 5(a) to Fig. 5(d), since the PLE spectra
for A- and T-base samples are similar, we first take the T-base
ssDNA as the example for the investigation and analysis. The
PLE spectra for T28, T35, and T56 are obtained at λem = 419
and 450 nm, which correspond to regime I (SE → S0) and

regime II (S1 → S0 with A > 0), respectively. As we can see,
the normalized intensity of the PLE for the T-base sample
enhances with the strand length (i.e., base number N), because
T-base ssDNA with larger N possesses more electrons avail-
able for these transition behaviors associating with photon
emission. Meanwhile, only one PLE peak can be observed
at about λex = 345 nm for λex = 419 nm, corresponding to
the dominated transition channel in the exciton-like transi-
tion behavior (SE → S0). Although the channel is centered
at λex = 345 nm beyond regime I (λex = 300 ∼ 330 nm), its
bandwidth covers this regime. The center wavelength only
means that the 419 nm emission with highest efficiency can
be obtained under excitations with λex = 345 nm. Therefore,
the exciton-like transition can occur for any excitation pho-
tons with λex approaching the channel. In contrast, two peaks
are obtained for λem = 450 nm at about λex = 345 nm and
397 nm. They can be fitted via Gaussian functions (dashed
curves), which indicate two transition channels associated
with the PL emission of S1 → S0 with A > 0. Accordingly,
the competition between these two channels can be expected
to result in the PL properties in this regime. However, to get
the details of this process, time-resolved measurement may
be necessary. This is beyond our discussion. Moreover, we
also find that the excitation channel centered at 345 nm can
contribute to the PL peaks corresponding to both regimes I
and II. Interestingly, one can see from Fig. 5 that the PLE
properties for A-base samples are similar to those for T-base
samples, whereas the results of C- and G-base ssDNA show
obvious differences.

By taking C-base ssDNA as an example, the PLE spectra
measured at λem = 430 nm (regime I), 420 nm (regime II),
and 450 nm (regime III) are illustrated in Figs. 5(e), 5(f), and
5(g), respectively. For comparison, the PLE spectra for C35
and C56 are also given besides C28. By examining the results
for λem = 430 nm (SE → S0) and 450 nm (S1 → S0, A > 0),
we can find two transition channels centered at λex = 345 nm
and 397 nm for most of the C-base samples, which are similar
to those for the T-base samples in regime II. Furthermore,
the PLE spectra measured for 420 nm (S1 → S0, A < 0) also
show a transition channel at 345 nm, but have a less obvious
PLE peak at λex = 397 nm. In addition, another channel can
be observed near 306 nm for C28 and C35. This transition
channel only slightly redshifts with increasing base number N,
but disappears for a long strand such as N = 56. As mentioned
above, the exciton state delocalization (in regime I) and the
π electron delocalization (in regimes II to IV) in repeat base
units can reduce the required photon energies for S0 → SDE

and S0 → S1 transitions. Therefore, a longer strand ssDNA
possesses more repeat base units, which leads to a redshift
of this absorption channel. However, if the strand is too long
(e.g., N = 56), this channel is suppressed by the other two and
the PLE peak near 306 nm disappears. For the case of G-base
ssDNA in regimes I and III, we find two excitation channels
at shorter (345 nm) and longer (384 nm) wavelengths, which
is akin to the situation of C-base samples. Meanwhile, in the
high-energy (UV) range, an excitation channel near 290 nm
can be observed in Fig. 5(h) and Fig. 5(i), which could be
compared with that near 306 nm for C-base ssDNA. However,
for longer strand length, e.g., G35 and G56, the excitation
efficiency of the transition channel centered at 384 nm shows
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FIG. 5. Normalized PLE spectra measured at the fixed emission wavelengths corresponding to different regimes for T-, A-, C-, and
G-base samples. The emission wavelengths are selected as (a) λem = 419 nm and (b) 450 nm for T-base samples, while those for A-base
samples are fixed at (c) λem = 422 nm and (d) 450 nm. For C-base samples, (e) λem = 430 nm, (f) 420 nm, and (e) 450 nm are chosen to show
the PLE spectra, whereas the situations of (h) λem = 406 nm, (i) 430 nm, (j) 400 nm, and (k) 470 nm are presented for G-base samples. Note
that PLE peaks at 384 nm for G35 and G56 shown in (h) and (j) are obtained by extrapolating the measured data. The gray rectangles denote
the ranges of the excitation channels in the high-energy (UV) regime. For C-base ssDNA, this channel is more sensitive to the strand length,
whereas that for G-base sample is not obvious.
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a remarkable increase. Thus, the spectral features (peaks)
associating with the other two channels (∼345 nm and
∼290 nm) are suppressed in different degree. This fact
hampers our further investigation into their behaviors. Ac-
cordingly, other kinds of experimental research, such as
transient PL and absorption spectroscopy, can be expected to
clarify these processes, which are beyond the main topic of
this work.

Based on the analysis for the PL and PLE spectra of
ssDNA, we establish a general description for the electronic
states and transition behaviors of A-, T-, C-, and G-based
ssDNA samples under NUV and visible excitations. Our
theoretical framework can not only explain the phenomena
observed here, but also supports some relevant experimental
results reported in previous works [24,26,27,39]. It should be
noted that in addition to some traditional concepts associated
with electronic transitions borrowed from solid-state physics,
the framework obtained here is also based on the theory
of vibrational-electronic (vibronic) transitions. Therefore, the
model of molecular vibrational levels without vibrational-
electronic coupling is not suitable for the explanation to our
experimental results. The reasons are listed as follows: (1)
It is well known that the vibrational resonances (vibrational
levels) of most biological molecules are located in the infrared
and terahertz regimes instead of the NUV and visible regimes.
For example, mid-IR pulses can probe vibrational transition
dynamics of single-base excited states of DNA via bleach
recovery of ground-state fundamentals (1625 cm−1) as well as
hot band decay (1590–1615 cm−1) [9]. (2) As shown in Fig. 4,
the vibrational cooling process is also included for a single
base. For a single base and poorly stacked bases, vibrational
cooling returns the molecule to thermal equilibrium with the
solvent, which is a nonradiative relaxation process [9,26].

Moreover, the measurements of fluorescence anisotropy
would be helpful to improve the physical discussion proposed
here. However, two reasons limit our further study on this
property. First, Callis demonstrated that the PL polarization
(fluorescence anisotropy) at room temperature for most of
the DNA bases is considerably less than at low temperature
(e.g., −125 ◦C) [17]. It is obvious that the DNA solutions
at room temperature are liquid. Therefore, the orientation of
the DNA molecules is highly random, which leads to low

PL polarization. In addition, the concentrations of our ssDNA
samples are about 100 to 1000 times lower than those of the
DNA samples used in Ref. [17]. Thus, the performance of
polarization-resolved PL measurements will be much poorer.
Based on these points, we encourage future works to focus
on the fluorescence anisotropy of ssDNA excited by NUV
and visible light for high-concentration samples or at low
temperatures or in a solution with weak absorption of the
excitation and emission light beams.

IV. CONCLUSIONS

In summary, by using nontransient PL and PLE measure-
ments under NUV and visible excitations, the PL properties
of A-, T-, C-, and G-based ssDNA samples with different
strand lengths are investigated. The PL behaviors of all the
samples can be roughly classified into two categories accord-
ing to the λem-λex relations and physical mechanisms. One
can be ascribed to exciton-like transitions associated with
delocalized exciton states and excimer states. Thus, the PL
peak position of ssDNA is nearly constant in a relatively
short excitation wavelength regime. The other comes from
electronic transitions related to quasi-energy-bands composed
of coupled vibrational-electronic levels, which shows a linear
relation of λem = Aλex + B with A > 0 or A < 0 in relatively
long excitation wavelength range. Meanwhile, we also obtain
the transition channels for different excitation wavelength
regimes and analyze the effects of strand length and base
type. These results are not only essential for understanding the
electronic structure of DNA excited by NUV and visible light,
but also important for the nanoelectronic or optoelectronic
applications realized by DNA.
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