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Theoretical understanding of two-photon-induced
fluorescence of isomorphic nucleoside analogs†

Pralok K. Samantaa and Swapan K. Pati*ab

We use ab initio Density Functional Theory (DFT) and Time-dependent DFT (TDDFT) calculations for a

detailed understanding of one-photon absorption (1PA) and two-photon absorption (2PA) cross sections

of eight different nucleoside analogs. The results are compared and contrasted with the available

experimental data. Our calculated results show that the low energy peaks in the absorption spectra

mainly arise because of the p–p* electronic transition of the nucleoside analogs. The emission spectra

of the nucleoside analogs are also calculated using TDDFT methods. The calculated absorption and

emission spectra in the presence of a solvent follow the same trend as those found experimentally.

Our results demonstrate that the nucleoside analogs show significantly different electronic and optical

properties, although their bonding aspects towards Watson–Crick base pairing remain the same. We also

derive the microscopic details of the origin of nonlinear optical properties of the nucleoside analogs.

1 Introduction

A long chain polymer of amino acids or nucleic acids can be
synthesized with artificial residues to introduce new properties to
the polymer with the help of a recent advancement in technology.1,2

This technique helps to replace Watson–Crick base pairing with
modified-nucleobase pairing3–5 or metal-modified base pairing.6–8

Modified nucleic acid residues possessing fluorescence activity
in the UV-visible region improve biological and biomedical
applications.9–12 The natural nucleosides do not show fluorescence
in the UV-visible region and hence the modification of nucleosides
is important to improve biological and biomedical applications.13

It is also very important to consider minimal structural and
functional perturbations to design a fluorescence active nucleo-
side analog.9,14 Therefore, emissive nucleoside analogs that
show strong structural resemblance to the natural nucleosides
are important.

Molecular two-photon absorption (2PA) has potential applica-
tions in spectroscopy, optical data storage,15 microfabrication,16

optical power limitation,17 three-dimensional imaging18 etc.
Molecules with efficient 2PA and stimulated emission depletion
(STED) are important for enhanced scientific and technological
application, such as two-photon-induced fluorescence microscopy

(2PFM),19,20 high-resolution molecular spectroscopy,21 light
amplification of stimulated emission,22,23 etc. Nucleoside analogs
with large 2PA cross sections and fluorescence property would
have added advantage for biomedical applications. This is because
2PA increased the wavelength of the irradiated light to double in
comparison to the 1PA, less (or not) harming the biological cell.

Motivated by the experimental work by Lane et al.,24 here, we
explore the photophysical properties of a variety of nucleoside
analogs using ab initio Density Functional Theoretical (DFT)
and Time-dependent DFT (TDDFT) calculations (Fig. 1). These
modified nucleosides show fluorescence in the visible region
and they also closely resemble the corresponding natural
nucleobases with respect to their overall dimensions. These
modified nucleosides can form Watson–Crick base pairing with
complementary modified or natural nucleosides.3,4 We calculate
1PA and 2PA properties of these nucleoside analogs. We also
calculate their emission spectra and compare with the experi-
mentally reported results. In our study, we provide a microscopic
origin of the low-energy 1PA and 2PA peaks and emission peaks
that are observed experimentally.

2 Computational details

The geometry of modified nucleosides are optimized using DFT,
and their optical spectra are calculated using Time-dependent DFT
(TDDFT) methods as implemented in the Gaussian 09 program
package.25 All the calculations are done using B3LYP (Becke, three-
parameter, Lee–Yang–Parr)26–28 hybrid exchange and correlation
energy functional, with the 6-31++G(d,p) basis set for all atoms.
The DFT and TDDFT calculations are performed both in the gas
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phase and in a water solvent. Solvent phase calculations are done
using the Polarized Continuum Model (PCM).29 After geometry
optimization, frequency calculations are done to remove any
vibrational unstable mode. The convergence criterion for the
self-consistent-field (SCF) was set to ‘Tight’, and the ‘UltraFine’
grid is used for numerical integration in DFT, as implemented in
Gaussian 09 sets of code.

The transition intensity for 1PA is described by oscillator
strength,

fij ¼
2oij

3

X
a

j maj jih ij j2 (1)

where oij denotes the energy difference between the states |ji
and |ii, and ma is the a (x, y or z) component of the dipole
moment and the summation is performed over the molecular x,
y and z axes.

The 2PA cross section (s2P) which is directly comparable
with experimental measurement is defined as30–33

s2P ¼
4p2a05a
15c0

o2gðoÞ
Gf

d2P (2)

where a0, c0 and a are the Bohr radius, speed of light and fine
structure constant, respectively. o is the frequency of the
incident light, g(o) denotes the spectral line profile, Gf is the
lifetime broadening of the final state.34

The 2PA probability (d2P) of molecules excited by a linearly
polarized monochromatic beam is calculated as,35

d2P = 6(Sxx + Syy + Szz)
2 + 8(Sxy

2 + Sxy
2 + Sxy

2 � SxxSyy

� SxxSzz � SyySzz) (3)

where Sab is the 2P matrix element for the 2P resonant absorption
of identical energy. Sab can be calculated using sum-over-state
(SOS) formulas,

Sab ¼
X
j

f maj jjh i j mbj jgh i
oj � of=2� iGf

þ f mbj jjh i j maj jgh i
oj � of=2� iGf

� �
(4)

where |gi and |fi denote the ground state and final state,
respectively, |ji are all the states, oj is the excited state energy
and ma is the a (x, y or z) component of the dipole moment. We
have used ten low energy states in our calculations.

The 2PA cross sections of all molecules in both gas phase
and solvent phase are calculated with the B3LYP functional
using the DALTON201336 quantum chemistry program. The
6-31++G(d,p) basis set is used for all the atoms. The PCM model is
also considered for solvent phase calculation using DALTON2013.
Then the emission spectra are calculated using optimized first
excited state (S1) geometry of each nucleoside analogs using the
TDDFT method as implemented in Gaussian 09.25 Excited state
optimizations are done in both gas phase and also in the presence
of a solvent (using PCM model), separately. For excited state
geometry optimization, the B3LYP exchange and correlation energy
functional is used with the 6-31++G(d,p) basis set for all atoms.

3 Results and discussion
3.1 1P absorption

Before discussing the 2PA properties, we discuss the 1PA properties
obtained from our TDDFT calculation using the Gaussian 09
program package.25 While the natural nucleosides show 1PA
peak below 300 nm, these nucleoside analogs show 1PA peaks
above 300 nm.3 The 1PA peaks are given in Table 1. We observe
the lowest energy peaks at 362 nm, 330, 334 nm and 291 nm for
1–4, respectively, in water. The lowest energy peaks are found at
345 nm, 304 nm, 339 nm and 322 nm for 5–8, respectively, and
which were reported in water medium in earlier calculations.3,4

Our calculated lowest energy 1PA peaks are in good agreement
with the experimentally observed absorption peaks at 332 nm,
314 nm, 316 nm, 316 nm, 341 nm, 304 nm, 321 nm, and
320 nm, for 1–8, respectively. We observe that the lowest energy
excitation (S0 - S1) corresponds to p–p* (HOMO - LUMO, see
Fig. 2) transitions for all the complexes. The red-shifted absorp-
tion of these nucleoside analogs compared to natural nucleo-
sides is because of the extended chromophoric system. Like the
natural nucleoside, the HOMOs and LUMOs are localized on
the nucleobase part of the nucleoside analogs.

Fig. 1 B3LYP/6-31++G(d,p) level optimized structures of the modified
nucleosides and ribonucleosides; 1: 5-(thiophen-2-yl)-6-aza-uridine,
2: 5-(thiophen-2yl)-20-deoxyuridine, 3: 5-(furan-2-yl)-20-deoxyuridine,
4: 7-amino-1-ribosequinozoline-2,4(1H,3H)-dione. 5, 6, 7 and 8 are the
thieno[3,4-d]pyrimidine nucleoside analogues of A, U, G and C RNA
nucleoside, respectively. Atom color code: blue (N), cyan (C), white (H),
red (O), and yellow (S).

Table 1 HOMO–LUMO gap (DEHL) and lowest excitation energies
(S0 - S1) and corresponding oscillator strengths (f) of all the nucleoside
analogs, 1–8 in both gas phase and PCM solvent (water)

Molecules

Gas (water)
phase Excitation energy and f

DEHL

Calculated

Expt.24,37In gas In water

eV eV (nm) f eV (nm) f eV (nm)

1 3.83 (3.72) 3.48 (356) 0.246 3.42 (362) 0.293 3.73 (332)
2 4.05 (4.21) 3.70 (335) 0.284 3.75 (330) 0.299 3.95 (314)
3 4.08 (4.10) 3.75 (331) 0.283 3.71 (334) 0.313 3.92 (316)
4 4.87 (4.67) 4.40 (282) 0.109 4.26 (291) 0.276 3.92 (316)
5 3.99 (4.02) 3.64 (341) 0.160 3.59 (345) 0.200 3.64 (341)
6 4.71 (4.64) 4.17 (297) 0.066 4.07 (304) 0.085 4.08 (304)
7 4.35 (4.17) 3.86 (321) 0.096 3.66 (339) 0.134 3.86 (321)
8 4.17 (4.40) 3.66 (339) 0.075 3.85 (322) 0.103 3.87 (320)
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3.2 2P absorption

2PA of all the molecules, 1–8, are also calculated at the B3LYP/
6-31++G(d,p) level using DALTON2013 programs.36 Since the
molecules do not have an inversion center, it is expected that
2PA will roughly follow the 1PA spectra (see Fig. 3). We find the
same for all the complexes, although the intensity distribution
is not the same in 1PA and 2PA (see Table 2). We report five
lowest energy excitation (S0 - S1) for both 1PA and 2PA with
their transition intensity parameter in Table S1 (see ESI†).
S0 - S1 is both 1PA and 2PA active for all the complexes. We
find the lowest energy 2PA peaks at 751 nm, 681 nm, 661 nm,
605 nm, 711 nm, 618 nm, 695 nm, and 656 nm, for 1–8,
respectively, in water. Our gas phase calculations give the 1PA
peaks for all the molecules (1–8) at 356 nm, 335 nm, 331 nm,
282 nm, 341 nm, 297 nm, 321 nm, and 339 nm, respectively and
the S0 - S1 2PA peaks for all the molecules (1–8) at 713 nm,
670 nm, 662 nm, 563 nm, 681 nm, 595 nm, 642 nm, and
678 nm, respectively. For both 1PA and 2PA, the transition
energies are more or less matching in the solvent phase due to
different definition of cavity of solvent molecules in Gaussian
09 and DALTON2013 programs (see Table 2 and Table S1, ESI†).
However, the energies are exactly matching in the gas phase for
both the programs.38 Since 2PA increases the wavelength of
irradiated light twice (compared to 1PA), it is very much
important to excite the molecules using 2P in biological systems.
Experimentally, it is reported that the emission spectra of 1–4
and 6 for both 1P and 2P excitation are identical.24 This means
that the emission occurs from the same 2P excited state, which is
both 1P and 2P allowed.

3.3 Emission properties

Emission spectra are calculated for all the nucleoside analogs
and compared with the experimentally observed emission
spectra (see Table 3, Fig. 4). The emission occurs from the first
excited state (S1) and we find the emission peaks at 462 nm,
430, 414 nm, 321 nm for 1–4, respectively, in water. And the

emission peaks are observed at 428 nm, 386 nm, 438 nm, and
443 nm for 5–8, respectively, and reported earlier in water.3,4,39

Our calculated emission peaks are in good agreement with the
experimentally observed emission peaks at 463 nm, 446 nm,
434 nm, 363 nm, 420 nm, 409 nm, 453 nm, and 429 nm, for 1–8,
respectively, in aqueous solvent.24,37 These nucleoside analogs
show fluorescence in the visible region. On the other hand,
natural DNA/RNA nucleosides (A, T, U, G or C) are fluorescence
inactive because their excited states decay to the ground state
nonradiatively.40 Our calculated emission peaks in water solvent
(using PCM model) are more close to the experimental results
compared to the gas phase results. These results also suggest the
important roles of solvent in the photophysical properties of
these systems.

Fig. 2 Calculated highest occupied molecular orbitals (HOMOs) and
lowest unoccupied molecular orbitals (LUMOs) of the nucleoside analogs
in the gas phase.

Fig. 3 1PA and 2PA spectra of nucleoside analogs. Half-wavelength is
considered for 2PA.
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The radiative lifetime (t) is calculated for spontaneous
emission by using the Einstein transition probabilities according
to the formula (in a.u.).41,42

t ¼ c3

2ðEfluÞ2f
(5)

where c, Eflu and f are the velocity of light, fluorescence energy and
oscillator strength, respectively. The small value of t indicates

the high light-emitting efficiency. This also can be explained in
terms of oscillator strength ( f ). The higher value of t indicates
the electron or energy transfer. The t-values for all the molecules
are shown in Table 3. Our results show that molecule 4 has the
lowest t value among all the molecules and hence has the
highest light-emitting efficiency.

4 Conclusions

To summarize, we use DFT and TDDFT calculations with the
B3LYP functional and 6-31++G(d,p) basis sets for the detailed
understanding of 1PA and 2PA of eight different nucleoside
analogs. All the nucleoside analogs are 2PA active and show
fluorescence in the visible region. The results are compared
against the findings from both gas phase and implicit solvent
calculations with the available experimental data. Our calculated
results show that the low energy peaks in the absorption spectra
mainly arise because of the p–p* (HOMO - LUMO) electronic
transition of the nucleoside analogs. The calculated absorption
and emission spectra in the presence of solvent are well compar-
able with the experimental findings. The emission occurs from
the same 2P excited state, which is both 1P and 2P allowed. We
find that the nucleoside analogs show significantly different
electronic and optical properties, although their Watson–Crick

Table 2 Lowest transition energy peaks (S0 - S1) of the nucleoside analogues, 1–8 in both gas phase and in implicit solvent (water). Oscillator strength
(f) for 1PA and s2P (in GM) for 2PA are also givena

Molecules

Transition energy

Calculated

In gas In water

1PA 2PA 1PA 2PA

eV (nm) f eV (nm) s2P eV (nm) f eV (nm) s2P

1 3.48 (356) 0.25 3.49 (713) 7.08 3.42 (362) 0.29 3.30 (751) 31.30
2 3.70 (335) 0.28 3.69 (670) 4.55 3.75 (330) 0.23 3.64 (681) 18.23
3 3.75 (331) 0.28 3.75 (662) 11.36 3.71 (334) 0.31 3.75 (661) 11.70
4 4.40 (282) 0.11 4.40 (563) 3.72 4.26 (291) 0.28 4.10 (605) 72.65
5 3.64 (341) 0.16 4.64 (681) 7.45 3.59 (345) 0.20 3.49 (711) 3.98
6 4.17 (297) 0.07 4.17 (595) 3.74 4.07 (304) 0.08 4.01 (618) 12.82
7 3.86 (321) 0.10 3.86 (642) 5.54 3.66 (339) 0.13 3.57 (714) 16.90
8 3.66 (339) 0.08 3.67 (678) 4.78 3.85 (322) 0.10 3.78 (656) 11.32

a For 2PA, the wavelengths are twice the wavelength equivalent to transition energies.

Table 3 Emission peaks (S1 - S0) of all the nucleoside analogs with their corresponding oscillator strength (f) and radiative lifetime (t)

Molecules

Emission energy, f and t

Calculated

Expt.24,37In gas In water

eV (nm) f t (ns) eV (nm) f t (ns) eV (nm)

1 2.79 (444) 0.151 19.6 2.68 (462) 0.328 9.8 2.68 (463)
2 2.99 (415) 0.221 11.6 2.88 (430) 0.419 6.6 2.78 (446)
3 3.13 (396) 0.224 10.5 2.99 (414) 0.393 6.5 2.86 (434)
4 4.19 (296) 0.132 10.0 3.86 (321) 0.558 2.8 3.42 (363)
5 2.97 (417) 0.132 19.7 2.89 (428) 0.254 10.9 2.95 (420)
6 3.26 (380) 0.049 44.0 3.21 (386) 0.116 19.2 3.03 (409)
7 3.07 (404) 0.079 31.1 2.83 (438) 0.156 18.4 2.74 (453)
8 2.69 (461) 0.053 60.0 2.80 (443) 0.121 24.3 2.89 (429)

Fig. 4 Calculated emission spectra of the nucleoside analogs in both gas
phase and in implicit solvent.
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base pairing property remains the same as natural nucleobases
(A, U, G and C). Our results give microscopic details of the
experimentally observed two-photon stimulated emission of the
nucleoside analogs (1–4, 6). Herein, we theoretically predict
three nucleoside analogs (5, 7 and 8) having strong two-photon
stimulated emission in the visible region. We believe that the
nucleoside analogs can be used as sensing probes and have
important applications in biological systems as singe-molecule
labels.
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