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Intersystem Crossing to Excited Triplet State of Aza Analogues of Nucleic Acid Bases in
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Excited state characteristics of aza analogues of nucleic acid bases, 8-azaadenine (8AA), 5-azacytosine (SAC),
8-azaguanine (8AG), and 6-azauracil (6AU), in acetonitrile solution were comprehensively investigated with
steady state absorption and emission spectra, transient absorption measurements, emission measurements for
the singlet oxygen molecule, and time-dependent density functional theory (TD-DFT) calculations. The
triplet—triplet absorption spectrum of 8 AA whose peak was 455 nm was observed for the first time. Sensitized
singlet oxygen formation of 8AA was also observed in O,-saturated acetonitrile with quantum yields of 0.15
+ 0.02. It was concluded that there were two kinds of aza analogues of nucleic acid bases: type A had
substantial quantum yield for the intersystem crossing and potential of O, (‘A,) formation (8AA and 6AU),
and type B did not (5AC and 8AG). TD-DFT calculations indicated that type A molecules had a dark 'nz*
state below the first allowed '7z77* state, while both S; and S, states for type B molecules had a z7z* character.
It strongly suggested that the dark 'nsr* state below the '7zzr* state would play an important role in the ISC

process of aza analogues of nucleic acid bases.

Introduction

Nucleic acid bases (adenine, cytosine, guanine, thymine, and
uracil) serve as a main chromophore of DNA and RNA
absorbing radiation below 300 nm.! Light absorption by nucleic
acid bases will cause lethal photodamage to DNA. To under-
stand such phenomena fundamentally, much research with
ultrafast spectroscopy and quantum chemical calculations has
been carried out on the excited state dynamics of nucleic acid
bases in recent years.””'* In general, nucleic acid bases are
extremely stable to photochemical reaction, because the bases
in the excited singlet states exhibit a remarkably rapid decay
into the ground (Sy) state.>™

It was clarified in our previous works that the relaxation
dynamics of nucleic acid bases was quite sensitive to some
chemical substitutions.'>'® In particular, the excited state
dynamics of 6-azauracil (6AU, Chart 1), which has an N atom
inserted into the C6 of uracil, was studied in acetonitrile.'® It
was found to drastically differ from that of uracil: high yields
for intersystem crossing (ISC) (1.00 4 0.10) and the singlet
oxygen O, ('Ag) formation (0.63 + 0.03) with 248 nm
excitation. The N substitution resulted in a change of dominant
relaxation processes of uracil from ultrafast internal conversion
to ultrafast ISC. Although there were some cases in which an
N substitution results in a change of relaxation processes like
the case of benzene and pyridine,'”"!® our results were quite an
interesting report in terms of changing intrinsic ultrafast internal
conversion of nucleic acid bases with a simple chemical
modification. Investigation of other aza analogues of nucleic
acid bases will give us meaningful information on potential
energy surfaces including conical intersections, which have been
studied extensively>™'* on the relaxation process of normal
nucleic acid bases.

In this work, 8-azaadenine (8AA), 5-azacytosine (5AC),
8-azaguanine (8AG), and 6AU were comprehensively investi-
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CHART 1: Molecular Structures of Aza Analogues of
Nucleic Acid Bases

NH; NH;
oo e
o
e LA
8-Azaadenine 5-Azacytosine
(BAA) (5AC)
o o
N
HN ] Sy HLNH
/]Q§ N/ N.. /1\0
HNT N7 N
8-Azaguanine 6-Azauracil
(8AG) (6AU)

gated (Chart 1). 8AA has been used in the treatment of cancer, '
asthma, and allergenic diseases.?>?! SAC and 8AG are known
to have a cancerostatic’>** and antineoplastic effect.?* Under
medical cancer treatment with the aza analogues, chemotherapy
and photodynamic therapy are often performed simultaneously;
however, photosensitivity was also reported.?>?¢ Knowledge of
the excited state characteristics of the aza-substituted nucleic
acid bases is of great importance and is very meaningful. In
this article, the excited state characteristics of 8AA, SAC, and
8AG in acetonitrile were investigated by means of steady state
absorption and emission spectra measurements, laser flash
photolysis, emission measurements for the singlet oxygen
molecule, and time-dependent density functional theory (TD-
DFT) calculations. In acetonitrile, a polar but aprotic solvent,
we could exclude the formation of solute/solvent hydrogen
bonds and the influence of the photoreaction such as the addition
of a water molecule,?’” and we could investigate the intrinsic
excited state dynamics of the aza analogues of nucleic acid
bases.
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Figure 1. Optimized molecular structures, the bond lengths (A), and
the angles (deg) of (a) 8AA, (b) 5AC, (c) 8AG, and (d) 6AU.

Experimental Section

Materials. SAC, 6AU, 8AA, 8AG, adenine, cytosine, gua-
nine, and uracil were purchased from Sigma Aldrich and used
without further purification. Acetonitrile (Kanto Chemical, GR
grade) was used from a freshly opened bottle. Sample solutions
were deaerated by bubbling with Ar gas or flashed with O, gas
for 30 min.

Apparatus. For the transient absorption measurement, a KrF
excimer laser (Lambda Physik, COMPex102; 248 nm, 350 mJ/
pulse, 30 ns pulse duration) was used as an excitation light
source and a Xe flash lamp (Ushio UXL-300DO; 300 W) was
used as a monitoring light source.

The spectra of the emission of singlet oxygen, O, ('A,), were
measured by using a time-correlated single photon counting
apparatus (Hamamatsu Photonics, C7990) with a Nd**:YAG
laser light operated at 266 nm (CryLas, FQSS266-Q2; 2.8 ulJ/
pulse, <1 ns pulse duration, repetition rate = 3 kHz) as an
excitation source. The overall instrumental response function
was about 400 ps. The emission quantum yield of O, ('A,) was
determined with an InGaAs PIN photodiode (Hamamatsu
Photonics G8376-05) and a handmade amplifier. Since the
InGaAs PIN photodiode has spectral sensitivity for the wave-
length region of 1100—1400 nm, it can be applied to the
observation of the luminescence from O, ('A,).!628%

The sample solution flowed into the cuvette to remove the
influence of photoproducts. All the measurements were carried
out at room temperature.

The UV absorption spectrum was measured with a double
beam spectrometer (Jasco Ubest V-550). The emission spectrum
was measured with a spectrofluorometer (Jasco FP-6500).

Theoretical Calculation. Becke’s three-parameter hybrid
functional and Lee—Yang—Parr correlation functions (B3LYP)
were adopted. A 6-31G(d,p) basis set was used for the geometry
optimization calculations. Vertical transition energies and oscil-
lator strengths of the excited singlet and the triplet states of aza
analogues were calculated by TD-DFT, using the optimized
geometry of the Sy state. The solvent effect was computed using

J. Phys. Chem. A, Vol. 113, No. 44, 2009 12089

8AA
Adenine 4

Cytosine

Absorbance (a.u.)
Oscillator Strength (a.u.)

350

Wavelength (nm)

Figure 2. Absorption spectra of aza analogues of nucleic acid bases
(solid line) and normal nucleic acid bases (dotted line) in acetonitrile.
Computed oscillator strengths of aza analogues of nucleic acid bases
(red) and normal nucleic acid bases (blue) in acetonitrile are also shown.

the polarized continuum model (PCM).**3! The GAUSSIAN
03 suite of programs® was used for the calculations. The
molecular orbitals were viewed using GAUSSVIEW %

Results and Discussion

Molecular Structures and Electronic Configurations of
Aza Analogues of Nucleic Acid Bases. The optimized ground
state geometries of aza analogues of nucleic acid bases in
acetonitrile are shown in Figure 1. The bond lengths and the
angles for the molecules are also shown. Our calculation
indicated that the S, state of all the aza analogues had a planar
molecular structure as well as the corresponding normal bases.
The molecule structures of 7-methyl-8-azaadenine,* 8AA
monohydrated,* and 6AU>® were reported to be planar by the
X-ray structure analysis.

To investigate the electronic structures of the aza analogues,
absorption spectrum measurements and TD-DFT calculations
were carried out. Figure 2 shows absorption spectra of aza
analogues of nucleic acid bases. For comparison, the absorption
spectra of the corresponding normal nucleic acid bases except
guanine (because guanine hardly dissolves in acetonitrile) are
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TABLE 1: Ground State Absorption Spectrum, Computed
Vertical Excitation Energies (E..), and Oscillator Strengths
(feae) of Excited Singlet and Triplet States of 8AA, SAC,
8AG, and 6AU in Acetonitrile

state nature Ama/mm (cm™)  Egmm (ecm™)  fuad
SAA
Sy nr* 273 (36 540) 0.0001
S, Tk 275 (36 360) 272 (36 740) 0.2144
Ss3 nr* 248 (40 300) 0.0046
S4 Tk 257 (38 910) 241 (41 460) 0.0228
T, T 396 (25 250)
T, nr* 304 (32 940)
Ts T 281 (35 560)
Ty Tk 280 (35710)
5AC
Sy T 266 (28 120) 0.0034
S, T 260 (38 520) 248 (40 230) 0.0145
Ss3 nr* 237 (42 250) 0.0007
Sy n*, g 225 (44 510) 232 (43 050) 0.0716
T, Tt 308 (32 490)
T, nor* 301 (33 230)
T, ;% oot 285 (35 150)
Ty nw* 259 (38 740)
8AG
Si T 258 (38 760) 267 (37 500) 0.1482
S, T 249 (40 080) 0.0001
Ss3 T 230 (43 570) 246 (40 690) 0.2075
S4 n* 241 (41 470) 0.0057
T, 373 (26 800)
T, o 305 (32 800)
T, 288 (34 710)
T, o 271 (36 940)
6AU
S| nir* 302 (33 120) 0.0003
S,  mm* 259 (38610) 264 (37910)  0.1221
S nir* 263 (38 020) 0.0016
S, 229 (43670) 230 (43530)  0.0674
T, 413 (24 190)
T, o 348 (28 700)
T,  mn* 294 (34 070)
T, o 287 (34 830)

@ The peak wavelengths of absorption spectra. ” Calculated by the
TD-DFT method for the molecular structure in the S, state
optimized at the B3LYP/6-31G(d,p) level. “ The values scaled by
0.95.

also shown. Oscillator strengths for each transition were
calculated (see Figure 2). 8AA and 6AU had a relatively intense
absorption band around 270 nm. Compared with the corre-
sponding band of adenine and uracil, the band was red-shifted.
5AC had no absorption band peak at around 275 nm while
cytosine did. Wavelengths at absorption peak maxima, computed
vertical excitation energies, and oscillator strengths of excited
singlet and triplet states for 8AA, 5AC, 8AG, and 6AU in
acetonitrile are summarized in Table 1.

Figure 3 shows the molecular orbitals (MOs) of the aza
analogues. For 8AA, the lone pair orbital of N8 contributed to
the HOMO — 1, and for 6AU, that of N6 contributed to the
HOMO — 1. The S; state of 8AA arose mainly from the HOMO
— 1 — LUMO transition, which had a nz* character, whereas
the S, state predominantly had the HOMO — LUMO transition,
which had a zz* character. Similarly, 6AU had the nsr* state
below the first allowed !zz* state, and it arose mainly from
the HOMO — 1 — LUMO transition.'® Gas-phase photoelectron
spectroscopic!! and theoretical'? studies suggested that adenine
had a 'nzr* state below the first allowed !7tzr* state. The 'ns*
state of 8AA and 6AU should locate below the first allowed
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Figure 3. Description of molecular orbitals involved in the S, and the
S, electronic transitions for (a) 8AA, (b) SAC, (c) 8AG, and (d) 6AU.

l7rr* state as shown by our computational results (see Table
1), although they were not observed in the absorption spectrum
due to their low oscillator strengths (foge ~ 1074).

Both of the S; and S, states of SAC and 8AG had a ww*
character. The S; state of SAC arose mainly from the HOMO
— 1 — LUMO transition, while the corresponding state of
cytosine arose mainly from the HOMO — LUMO transition.
The oscillator strengths (0.0034 for 5SAC and 0.0692 for
cytosine) were consistent with the absorption intensities for SAC
and cytosine. The S, state of SAC arose mainly from the HOMO
— LUMO transition. The S, state of 8AG arose mainly from
the HOMO — LUMO transition, and the S, state predominantly
has the HOMO — 2 — LUMO transition (HOMO — 1 of 8AG
was an n-type orbital, and data are not shown).

The emission spectra of 8AA, SAC, and 8AG were measured
with 248 nm excitation at room temperature. Emissions of 8AA
and 8AG are shown in Figure 4. The excitation spectra are also
shown in Figure 4. The spectrum of 8AA was identical to the
absorption spectrum. The ®p value of 8AA with 248 nm
irradiation was estimated to be (3.2 & 0.4) x 1073 in comparison
with naphthalene as a reference (®r = 0.21%’). The ®g value
of 8AA in water was reported to be 8 x 107%;*® thus, it was
the same order as the value we determined. On the other hand,
the excitation spectrum of 8AG was clearly different from the
absorption spectrum (Figure 4). It was also reported that the
principal N(9)H tautomer was nonfluorescent (®g < 1073) but
the N(8)H tautomer emitted fluorescence in the aqueous
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Figure 4. Absorption (dotted line), emission (red line), and excitation
(black line) spectra of 8AA and 8AG in acetonitrile at room temperature.
Excitation wavelength for both emission spectra was 248 nm, and
monitoring wavelengths for the excitation spectra of 8AA and 8AG
were 350 and 380 nm, respectively.

solution.* The fluorescent species would be N(8)H tautomer
because the excitation spectrum was similar to the reported one
for the N(8)H tautomer in aqueous solution. No emission of
8AG and 5AC was observed with the 248 nm excitation at room
temperature, revealing that the ® value of 8AG and SAC from
the excited singlet state to the Sy state was quite low (<1073).

Transient Absorption Measurement of Aza Analogues of
Nucleic Acid Bases. To obtain the spectral and kinetic informa-
tion on excited states for the aza analogues of nucleic acid bases,
8AA, 5AC, and 8AG, laser flash photolysis was utilized to
measure transient absorption spectra. Figure 5a shows the
transient absorption spectrum of 8 AA in Ar-saturated acetonitrile
obtained immediately after the 248 nm laser irradiation. An
absorption peak was observed at around 455 nm. Figure 5b
shows the time profiles of the transient absorption at 455 nm
under Ar saturation or aerated conditions. The absorption
decayed with the first-order kinetics, and the decay rate constant
was estimated to be (4.3 & 0.1) x 10° s™'. The rate constant
did not depend on the monitoring wavelength. The decay rate
constant was estimated to be (2.0 £ 0.1) x 107 s™! in the aerated
acetonitrile solution. The spectrum obtained under the aerated
condition corresponded to that in the Ar-saturated solution, but
the lifetime of the transient became shorter. As the transient
had a lifetime for submicrosecond order and it was effectively
quenched by O,, the spectrum was assigned to the absorption
of 38AA*. The information on triplet 6AU has been already
shown in our previous report; the peak wavelength of the
triplet—triplet (T—T) absorption was 320 nm, and the triplet
lifetime was 190 ns in the Ar-saturated acetonitrile.

Transient absorption spectra of SAC and 8AG were also
measured. A very weak and broad band was observed in the
region from 300 to 700 nm (data not shown). However, since
they were not quenched by dissolved O, molecules, the transient
species were not *5AC* and *8AG*. These results reveal that
5AC and 8AG should have a quite low triplet yield.
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Figure 5. (a) Transient absorption spectrum of 8AA in Ar-saturated
acetonitrile obtained immediately after the 248 nm laser irradiation.
(b) Time profiles of the transient absorption of 8AA monitored at 455
nm in Ar-saturated (red) and air-saturated (black) acetonitrile. The solid
lines denote the analytical results obtained with the single-exponential
equations.

Singlet Oxygen Formation by Photosensitization of Triplet
8AA. Since *8AA* was quenched by dissolved molecular
oxygen, a sensitization reaction between 38 AA* and molecular
oxygen should occur

1 it 3 ko 1
8AA “8AA* 8AA
3 3 Ker 1
"8AA* + 70, 8AA + O,*
'8AA + 0,

where ky is the unimolecular decay rate constant of 38AA* in
the absence of 30,, kgr is the bimolecular quenching rate
constant of *38AA* by 30, with energy transfer, and k" is the
bimolecular quenching rate constant without energy transfer.
To confirm the existence of the O, ('A,) molecule by photo-
sensitization by 38AA*, the emission spectrum was observed
in the near IR region by means of the time-correlated single
photon counting method. Figure 6 shows the emission spectrum
observed upon excitation of 8AA in air-saturated acetonitrile
in the near IR region after the 266 nm laser irradiation. An
emission band was observed with a maximum in the vicinity
of 1270 nm, indicating that the emission band was ascribable
to the phosphorescence of O, ('A,).

The yield (Pa) of O, ('A,) photosensitized by *8AA* was
determined with the InGaAs PIN photodiode under the O,-
saturated condition in acetonitrile. Figure 7 shows the ®, values
of the aza analogues of nucleic acid bases in O,-saturated
acetonitrile with the 248 nm excitation obtained with 6AU (P4
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Figure 6. Luminescence spectrum of 8AA (black) in air-saturated
acetonitrile obtained by the 266 nm laser irradiation. The solid line
designates the best fit line obtained with the Gauss function.
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Figure 7. Quantum yield for the O, (]Ag) of aza analogues of nucleic
acid bases in O,-saturated acetonitrile obtained with the 248 nm laser
irradiation.

= 0.63)'® as a reference. Only 8AA showed a significant ®,
value (0.15 = 0.02). The ®, values of SAC and 8AG were
negligibly low (<1072). These results also indicate that the ®yg¢
values of SAC and 8AG are quite low.

Intersystem Crossing of Aza Analogues of Nucleic Acid
Bases. Our experimental results indicate that there are two kinds
of the aza analogues. One is the type which has a substantial
value of ®gc and potential of O, (‘Ag) formation by photo-
sensitization from the excited triplet state (8AA and 6AU: type
A). Another one is the type which should have a quite low ®5c
value (SAC and 8AG: type B). This type of molecule cannot
generate a significant amount of O, (‘Ag).

Figure 8 shows the vertical transition energies from the Sy
state of the aza analogues of nucleic acid bases. From our
calculations, all four aza analogues of nucleic acid bases were
excited to the allowed str* state by the 248 nm irradiation. Type
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Figure 8. Computed vertical excitation energies of the lower singlet
(S,) and triplet states (T,) for the aza analogues of nucleic acid bases
in acetonitrile.

A molecules had a dark 'nzr* state below the first allowed '™
state, while both S; and S, states of type B molecules were
nr* state. Type A molecules showed their triplet formation,
and type B molecules did not. It indicates that the dark 'nz*
state below the '7zr* state plays an important role in the ISC
process of these molecules.

Rapid ISC in the vibronic state following the internal
conversion from the S, (;z7*) to the S; (n7r*) state was proposed
in our previous study of 6AU.'® Additionally, theoretical study
using the state-averaged CASSCF method for 6AU suggested
that the optimized structures at both '7z7t%/'nst* conical intersec-
tion and 'nzt*/*77r* crossing point are almost planar while that
of l*/*nsr* crossing point is nonplanar.®® Since 6AU at the
Franck—Condon region in the 'zz7r* state has a planar structure,
it would be easy to reach the 'nzr*/3zzr* crossing point without

TABLE 2: Photophysical Properties of 8AA, 6AU, SAC, 8AG, and Uracil

Ama®/mm k2106 57! r/ns kq?/10° dm? mol ™" 57! D’ oY x 10° (oI SAl ref
S8AA 455 43 +0.1 240 £ 5 82+04 - 32404 0.154£002 — this work
6AU 320 53402 190 £ 10 2540.1 1.00 £0.10 N.D. 0.63 4003 08 refl6
uracil 340 0.70 £ 0.02% 1400 £ 100/ 6.3 +£0.1V 0.21 £0.02 0.035% 0.154+0.02 0.8 this work, refs 8 and 16
5AC N.D. N.D. <0.01 this work
S8AG N.D. 98 + 11!  <0.01 this work

@ Peak wavelength of T—T absorption. ” Rate constant of the triplet unimolecular decay. ¢ Triplet lifetime (1/k;). ¢ Bimolecular quenching rate
constant of the triplet by oxygen. The O, concentration of the sample solution was estimated by the literature value.** ¢ Quantum yield for
singlet — triplet ISC. /Quantum yield for the fluorescence. ¢ Quantum yield for generation of O,('A,) via photosensitization under the
O»-saturated condition. " The fraction of triplet state molecule quenched by ground state oxygen that results in the formation of O, ('A,). ' The
self-quenching of triplet uracil by the parent molecule in the ground state was reported. This unimolecular decay rate constant of triplet uracil
was estimated with the T—T absorption decay rate constant, the rate constant of the self-quenching (2.0 x 10° dm?® mol™' s™!),*! and the
concentration of uracil (1.5 x 107* mol dm™3). / Reference 16. ¥ Reference 8. ! The fluorescent species would be N(8)H tautomer. This value is
lower limit because the equilibrium constant of 8AG and N(8)H tautomer in acetonitrile has not been determined. See text for details.
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notable out-of-plane distortion. Blancafort reported that 'nsr*
state adenine populated via internal conversion from '7zzr* state
could undergo ISC to the 3zzzr* state.'” In the case of 8AA, it is
also likely that the 'nz* state below the 'szr* state plays an
important role in the triplet formation.

These experimental and computational results indicate that
an analysis of electronic structure is important to understand
relaxation processes of the aza analogues as well as the normal
nucleic acid bases. For a more detailed discussion of their
relaxation mechanisms, information on vicinity and intersection
between the potential energy surfaces should be required. Our
results will be a clue to understanding the ultrafast relaxation
of nucleic acid bases.

Conclusion

Table 2 summarizes the photophysical properties of 8AA,
5AC, 8AG, and 6AU in acetonitrile. For comparison, the
photophysical properties of uracil are also shown. In this work,
excited state characteristics of 8AA, 8AG, SAC, and 6AU were
investigated to obtain comprehensive knowledge about aza
analogues of nucleic acid bases. Their electronic structures were
investigated by absorption spectrum measurements and TD-DFT
calculations. Emission of 8AA was observed, and the quantum
yield of fluorescence with 248 nm irradiation was estimated to
be (3.2 = 0.4) x 1073, Transient absorption measurement and
the T—T absorption spectrum of 8AA were observed for the
first time with the maximum absorption peak at 455 nm.
Sensitized singlet oxygen formation of 8AA was also observed
in O,-saturated acetonitrile with quantum yields of 0.15 £ 0.02.
On the other hand, the triplet and sensitized singlet oxygen
formation of SAC and 8AG was not observed.

From our results, it was clarified that there are two kinds of
aza analogues of nucleic acid bases. Type A has a substantial
value of ®@j5c and potential of O, ('A,) formation by photo-
sensitization from the excited triplet state (§AA and 6AU), and
type B has a negligibly low ®sc value (SAC and 8AG). Type
A molecules have a dark 'nsr* state below the first allowed '7rz*
state, while both S, and S, states of type B molecules are ™
state. It indicates that the dark 'nzr* state below the '7r* state
plays an important role in the ISC process of these molecules.

These experimental and computational results indicate that
an analysis of electronic structure is important to understand
relaxation processes of analogues of nucleic acid bases. Our
results will be very important information on relaxation mech-
anisms of not only aza analogues but also normal nucleic acid
base.
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