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Inner-shell electronic structures, properties and ionization spectra of DNA/
RNA bases are studied with respect to their parent pyrimidine and purine
species. Density functional theory B3LYP/aug-cc-pVTZ has been employed to
produce the geometries of the bases, whereas LB94/et-pVQZ//B3LYP/aug-cc-
pVTZ is used to calculate site-related Hirshfeld charges and core (vertical)
ionization energies, as well as inner-shell spectra of Cls, N1s and Ols for DNA/
RNA bases and their parent pyrimidine and purine species. The site-dependent
variations of properties indicate the changes and inheritance of chemical
environment when pyrimidine and purine become substituted. In general,
although the changes are site-dependent, they are also ring-dependent.
Pyrimidine bases change less significantly with respect to their parent pyrimidine
than the purine bases with respect to their parent purine. Pyrimidine bases such
as uracil, thymine and cytosine inherit certain properties from their parent
pyrimidine, such as the Hirshfeld charge distributions and the order of core
ionization energy level efc. No particular sites in the pyrimidine derivatives are
engaged with a dramatic chemical shift nor with energy crossings to other sites.
For the core shell spectra, the purine bases inherit very little from their parent
purine, and guanine exhibits the least similarities to the parent among all the

DNA/RNA bases.
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1. Introduction

When a photoabsorption process occurs in biological systems
such as living cells, it may cause certain (photobiological)
effects on the system. Induced molecular changes are recog-
nized and modified by various enzymes in the intracellular
environment. The repairable and/or unrepairable changes, or
damages, may cause macroscopic changes such as cell death or
mutation in the biological systems. Initiating processes are
clearly the same as those studied in atomic physics or photo-
chemistry (Usami et al., 1991). The intrinsic properties of the
model molecules, which are usually hidden in the complex
medium of a real biological system, can be understood in an
isolated environment in the gas phase. The demands for gas
phase information arise from the anticipation that many
biological phenomena can be traced to the fundamental
properties of molecular constituents. Experiments in the gas
phase lead to large amounts of data providing insight into the
physicochemical origin of properties of biological molecules

Keywords: pyrimidine bases; purine bases; inner-shell ionization spectra; chemical shift;
property and spectral inheritance.

(Sponer et al., 2001; Wang, 2005; Segala et al., 2006; Saha et
al., 2008; Plekan et al., 2008). Both laser spectroscopy and
computational modelling have significantly contributed to
elucidating the structures and dynamics of these biomolecules
and their solvated complexes in the gas phase (Wang, 2005;
Fujii et al., 2003, 2004; Li et al., 2007; Wang et al., 2005; Saha et
al., 2008; Plekan et al., 2008).

As the hydrogen-bonded purine (Pu) and pyrimidine (Py)
bases store genetic code in DNA and RNA, investigation of
the nucleic acid bases is significant in life science when
considering radiation damage to DNA/RNA (Shukla &
Leszczynski, 2007; Callis, 1983). Novel experimental and
theoretical studies of the DNA/RNA bases still envisage
providing detailed information towards our understanding of
the molecular structures and therefore properties and func-
tions. Nucleic acid bases adenine (A), guanine (G), cytosine
(C), thymine (T) and uracil (U) represent some of the most
important building blocks of life. A large fraction of biologi-
cally relevant damage in living cells can be traced to structural
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and chemical modifications of cellular DNA and RNA.
Studies have revealed that radiation can induce damage in
living cells and create exceeding amounts of low-energy
electrons along the ionization track (Sanche, 2002). Electrons
with energies of the order of tens of eV can immediately
induce reactions, both directly in DNA/RNA and indirectly
through the environment (e.g. medium).

It has been demonstrated for a large range of energetic ions
that a striking correlation exists between the inactivation of
various cells and inner-shell ionization cross section in carbon,
nitrogen and oxygen atoms of the DNA/RNA molecules
(Chetioui et al., 1994). The relative biological efficiency of
ultra-soft X-rays to induce cellular inactivation (Herve du
Penhoat et al., 1999; Fayard et al., 2002), exchange type
chromosomal aberrations (Gobert et al., 2004; Griffin et al.,
1998) and double strand break (DSB) induction (Yokoya et
al., 1999) was found to be strongly correlated to the number of
core events and, moreover, the DSB repair data indicate a
significant decrease in the repairability of DSB when it is
triggered by core ionization. In addition, such core events
usually exhibit approximate atom-localized electronic states,
so that the electronic structure about specific elements can be
studied even in the presence of many other elements. It is well
known that binding energies and orbital wavefunctions of
electrons are element specific in the core region. The core-
electron binding-energy shift with chemical environment
contained in the orbital wavefunctions makes it possible to
differentiate atoms of the same element located at the
inequivalent sites in a molecule, giving a simpler and more
novel picture of the molecular structure on a specific element
than the largely delocalized valence orbitals of small energy
splitting (Wang, 2005; Alagia et al., 2005).

Recently, in a study to explore the impact to the inner shell
of the amino group (-NH,) attachment in adenine with
respect to the parent Pu (Saha er al., 2008), it was anticipated
that the Nls ionization spectra between the molecule pair
would exhibit significant differences owing to the extra N atom
in adenine, whereas the Cls spectra were expected to be very
similar owing to almost the same carbon frames (Saha et al.,
2008). The results, however, are surprising: similarities are
observed for the Nls spectra of A and Pu, whereas the Cls
spectra of the molecule pair are significantly different. Such a
finding from core-shell structures of A and Pu leads to ques-
tions, i.e. is this trend also true for all Pu bases including G?
What changes would the inner-shell structures and spectra of
the Py bases T, C and U have?

In the present study, inner-shell chemical shifts of all Pu and
Py bases are investigated against the unsubstituted Pu and Py
to reveal the impact of modifications to the parent purine and
pyrimidine in the Cls, N1s and Ols spectra in the gas phase.
The simulated X-ray photoelectron spectra (XPS) of T and A
are compared favourably with the most recently available
experiment using synchrotron-sourced XPS (Plekan et al.,
2008). As a result, the model has been further applied to study
inner-shell spectra and their electronic structures of other Pu
and Py bases to reveal the trends of chemical shifts in the inner
shell with respect to their corresponding parent Pu and Py.

2. Computational details

All geometry optimizations of the DNA/RNA bases are
carried out using the B3LYP/aug-cc-pVTZ model incorpo-
rated in the Gaussian03 computational chemistry package
(Frisch et al., 2004), followed by harmonic vibrational analysis.
The obtained geometries of the bases exhibit minimum energy
structures without any virtual frequencies. Single-point
calculations using density function theory (DFT) based on the
LB9%/et-pVQZ model (van Leeuwen & Baerends, 1994;
Chong et al., 2004) are then employed to produce the core
orbital energies. The core-shell ionization potential (IP)
energies are calculated using the ‘meta-Koopman theorem’
without further modification and scaling, which is similar to
the LB94/TZ2P model used previously (Saha et al., 2008). The
DFT single-point calculations are performed using the
Amsterdam Density Functional (ADF) computational chem-
istry package (Baerends et al., 2006). A number of molecular
properties such as Hirshfeld charges (Hirshfeld, 1977) and
dipole moments are calculated using the same model as the
IP energies.

3. Results and discussion

The ground electronic states of the Pu and Py bases, A, G, T, C,
U, and their parents Pu and Py, are all in closed shells with
doubly occupied orbitals. While Pu, Py, U and T exhibit C;
point group symmetry, the amino group (-NH,) of A, G and C
is reported to be pyramidal owing to the partial sp® pyrami-
dalization of the amino nitrogen (Leszczynski, 1992; Hobza &
Sponer, 1999; Fonseca-Guerra et al., 2006; Jones et al., 2006;
Saha et al., 2008). The non-planarity of A was observed by the
vibrational transition moment direction measurement (Dong
& Miller, 2002). However, a previous study indicated that the
amino group non-planarity of A does not cause the apparent
binding ionization energy shift but leads to distortions of a
group of related orbital wavefunctions (Downton & Wang,
2006).

The chemical structures and numbering of the five DNA/
RNA bases and their parents Pu and Py are given in Fig. 1. The
DNA/RNA bases can be considered as the derivatives of
unsubstituted Pu and Py. For example, U can be considered as
the product when the pair of C—H bonds at positions C(2)
and C(4) of Py are reproduced by a pair of C=0 bonds. T is
considered as the product when the C(5)—H bond of U is
replaced by the C(5)—C(5')H; fragment, whereas cytosine is
produced when the C(4)=O bond of U is replaced by a
C(4)—N(4")H, fragment. Minimal geometric relaxations are
obtained among the base derivatives with respect to their
unsubstituted Pu and Py, accordingly. For example, the
hexagon and pentagon ring perimeters, Ry and Rs (summa-
tions of all bonds constituting the rings) (Wang et al., 2005),
which are given in Fig. 1 with the structures of the bases,
exhibit only small variations from Pu and Py, depending on the
numbers and positions of the double bonds. For example, the
R (829 A) of G extends 0.16 A from the Rq (8.13 A) of Pu
owing to the saturation of the N(1)=—=C(6) double bond in G.
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Table 1

Comparison of calculated and experimental core IPs for thymine (in eV).

the number of double bonds contained in
the hexagon ring reduces to one, leading to

Site Meant  LB94/et-pVQZ  CEBE/TZP;  ADC(4)/6-31G§
C(5) 29150  289.94 291.18 290.95 (+1.60)
c(5) 29210 290.60 290.95 290.67 (+1.60)
C(6) 29368 29170 292.27 292.29 (+1.60)
C(4) 29494 29287 293.79 294.19 (+1.60)
) 29588 29374 294.75 295.36 (+1.60)
N(3) 40826  404.87 406.56 406.52 (+1.20)
N(1) 40862 40525 406.91 406.80 (+1.20)
o) 53958 53435 537.25 537.24 (+1.00)
o) 53961 534.47 537.45 537.46 (+1.00)

F Simple mean of IPs based on the models of HF/aug-cc-pVTZ and B3LYP/aug-cc-pVTZ.
al. (Takahata et al., 2006).
Cls, N1s and Ols, respectively (Plekan et al., 2008).

i CEBE from Chong et
§ The IPs based on ADC(4)/6-31G have been shifted by —1.60, —1.20 and —1.00 eV for
¢ Experimental data in the gas phase (Plekan et al.,

Expt{ AIP the extension of R¢ by 0.25 A, from 8.10 A
20100 —106 in Py to 8.35 A in U. Replacing the H atom
201.00  —0.40 on C(5) of U by a methyl group to produce
29230 —0.60 T does not change the numbers and posi-
ggg;g jié tions of double and single bonds in the Py
40670  —1.83 ring directly; as a result, the perimeter R
406.70 —1.45 of T retains the same value as that of U
gg;;g jz; (R¢ = 835 A). Finally, formation of C

produces two double bonds in the Py ring
and therefore the Rs of C is given by
8.26 A, between Py and U (and T).

2008). 1 Derivation of the IPs using the LB94/et-pVQZ model from the experimental data in the gas phase. To validate the Computational model,
the simulated inner-shell binding-energy
Table 2 spectra of A and T are compared with
Comparison of calculated and experimental core IPs for adenine (in eV). available results including a recent
Site  Meant LB94/et-pVQZ CEBEi ADC(4)/6-31G§ LB94/TZ2PY Exptit AIPii synchrotron-sourced experimental spectra
in th h Plekan et al, 2 .
C(5) 29193  290.42 29096  291.19 (+127)  290.57 291.00 —0.58 the gas phase (Pleka e ak, 008)
C(2) 29316 29108 20166  291.94 (+1.27) 29123 20250 —142  Tables 1 and 2 compare the inner-shell IP
C(4) 29343  291.50 29215 29247 (+1.27) 291.66 29250  —1.00 results produced in the present study
C(8) 29360 291.63 29213 292.66 (+127)  291.77 29250  —0.87 LB94/et-pVOZ/B3LYP/aug-cc-pVTZ) of
C(6) 29395  291.89 292.64 292,96 (+127)  292.05 29250  —0.61 ( pVQ i rraug-ccp )
N(1) 40626  402.83 40423 40427 (+132)  402.87 40440 —157  Tand A, respectively, with available results
N(3) 40641  402.97 40437  404.40 (+1.32) 403.03 40440  —1.43 such as the core-electron binding energy
N(7) 40671 40320 40478 404.99 (+1.32) 40325 40440  —120 EBE) (Takahata et al.. 2006). the fourth-
N(6) 40723  403.85 40586  405.62 (+1.32)  403.91 40570 —1.85 (C ) ( ST )
N(9) 40844 40494 40674 406.63 (+1.32)  405.00 40670 —176  order algebraic diagrammatic construc-

F Simple mean of IPs based on the models of HF/aug-cc-pVTZ and B3LYP/aug-cc-pVTZ.
al. (Takahata et al., 2006).
Nls, respectively (Plekan et al., 2008).
data in the gas phase (Plekan et al., 2008).
experimental data in the gas phase.

No apparent changes in the pentagon ring of the Pu bases are
observed and therefore the perimeters of this ring change very
little (AR5 = 0.03 A) Half of the six bonds in Py are double
bonds, which gives an Rg of 8.10 A (Py). When U is produced,

L64N9 é@ \\>

Pu (R6 =8.13A, R5 = 6.85A)
(w=3.52D)

A(R6=8.14A, R5=683A) G (R6=829A, R5=682A)
(u=252D) (u=6.71D)

NH,
5~ N 3 fk | ﬁN
6 N/J\O

H H
Py (R6 =8.10A) U R6=835A) TR6=835A) C(R6=8.264)
(n=2.45D) (L=4.68D) (u=4.72D) (u=6.85D)
Figure 1

Structure, numbering and dipole moment of DNA/RNA bases with their
parent purine and pyrimidine.

i CEBE from Chong et
§ The IPs based on ADC(4)/6-31G have been shifted by —1.27 and —1.32 eV for Cls and
4 Results with the LB94/TZ2P model (Saha et al., 2008).
$% Derivation of the IPs using the LB94/et-pVQZ model from the

tion, ADC(4)/6-31G (Plekan et al., 2008),
and the experimental results in the gas
phase (Plekan et al., 2008). The results in
the second column of the tables are esti-
mated using the averaged orbital energies
(negative) generated from the HF/aug-cc-pVTZ and B3LYP/
aug-cc-pVTZ calculations. Although the mean IPs so gener-
ated do not exhibit a strict theoretical basis, they are able to
provide a quick estimation for experimental measurement as
found by Powis et al. (2003). The IPs produced by the simple
model of LB94/et-pVQZ in the present study using the meta-
Koopman theorem fit the experimental results, with good
agreement without any scaling. For example, the largest IP
deviation in A is —1.85eV on the N(6') site whereas the
maximum IP deviation of T is —2.95 eV on the O(4') site of T.
Given the fact that the IPs are generated in such simple
calculations without taking into consideration a number of
effects such as orbital relaxation and relativistic effects etc., the
present method is very attractive.

Figs. 2 (thymine) and 3 (adenine) report the agreement
between the simulated inner-shell spectra of the base pair and
recent synchrotron-sourced XPS in the gas phase (Plekan et
al., 2008). The simulated spectral lines (solid lines) are
produced using the IPs calculated in the LB94/et-pVQZ
model (column 3 in Tables 1 and 2). The energy shifts of
1.00 eV, 1.60 eV and 2.90 eV in the Cls, N1s and Ols spectra
of thymine, respectively, in Fig. 2 have been applied in the
spectra in order to compensate the systematic errors, such as
orbital relaxation, relativistic effects and basis set super-
position errors, introduced by the model. Lorentzian shape
functions with full widths at half-maximums (FWHMs) of

+1 Experimental
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Figure 2

Comparison of Nls, Ols and Cls XPS of thymine between experiment

and calculation. The theoretical results have been constructed by

Lorenzians of 0.59 eV, 0.95 eV and 0.70 eV FWHM and the ionization

energy shifted as a whole by 1.60 eV, 2.90 eV and 1.00 eV for Nls, Ols
and Cls, respectively.

0.59 eV, 0.70 eV and 0.95 eV are employed to simulate the
thymine Nls, Cls and Ols spectra, respectively, according to
the experimental conditions (Plekan et al., 2008). It is noted
that the theoretically produced spectra (Plekan et al., 2008) of
thymine were simulated using the superior ADC(4)/6-31G
model with energy shifts of 1.60 eV, 1.20 eV and 1.0 eV for the
Cls, N1s and Ols spectra, respectively (Plekan et al., 2008).

For the simulated XPS of adenine given in Fig. 3, the
energies of Nls and Cls have been shifted by 1.65 eV and
0.85 eV, respectively, and the spectra were simulated using
FWHMs of 0.59eV and 0.57 eV, respectively, from the
experiment (Plekan ef al., 2008). The agreement between the
observed XPS and simulated spectra is excellent at the given
level of theory. The LB94/et-pVQZ model is therefore applied
to calculate the inner-shell binding-energy spectra of other
DNA/RNA bases in the present work.

Table 3 reports the site-based Hirshfeld charges of all seven
Pu and Py bases calculated in the present study. As observed
previously (Saha er al., 2008), all the N sites (and O site in G)
of the Pu bases possess negative charges whereas the positive
charges are deposited onto the C sites. This is also true for the

T T T T T T 1
409 408 407 406 405 404 403 402
NH,

1.0 N7 N C1s
@y
N H ;

0.5

Photoelectron intensity (arbitrary unit)

0.0 1

T T I T T T 1
296 295 294 293 292 291 290 289
lonization energy (eV)
Figure 3
Comparison of Nls and Cls XPS of adenine between experiment and
calculation. The theoretical results have been constructed by Lorenzians

of 0.59 eV and 0.57 eV FWHM and the ionization energy shifted as a
whole by 1.65 eV and 0.85 eV for N1s and Cls, respectively.

Py bases except for the C(5) sites and the branch connecting at
C(5)-C(5')H; in Twhich exhibits opposite charge to the rest of
the C sites in the Py bases. In Py, the C(5) site is located at one
end of the triangle formed by N(3), N(1) and C(5) in the
hexagon ring to balance the negatively charged N sites of the
triangle, forming a conjugated Py ring. This negatively charged
C(5) site has been passed into other Py bases of U, T and C.

Table 4 displays the inner-shell IPs for Py bases, including
Py, U, C and T, together with some other available results. The
IPs of the Py bases exhibit an appropriate variation tendency
depending on the chemical surroundings. To further demon-
strate the trends of the IPs, Fig. 4(a) provides an energy
diagram for N1s and Cls sites of the Py bases. Apparent site-
dependent changes with respect to the unsubstituted Py are
observed. The Nls pair in the unsubstituted Py is situated in a
similar chemical environment, hence the N(1) and N(3) sites
are almost energy degenerated as they are both engaged with
the C—N==C chains in Py. The C(4) and C(6) sites in Py are
also in a similar situation with almost degenerated energies. In
U and T, the equivalency of the nitrogen pair no longer exists
and the N=C double bonds are saturated. As a result, the
core orbital ionization energies of the N pair split with small
energy difference, reflecting the alternation of the chemical
environment. In C, the energy gap of the N(1) and N(3) sites is
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Table 3
Site-dependent Hirshfeld charges Q(H) of purine and pyrimidine bases
(in atomic units).

Site Py U T C Site Pu A G
0(2) —033 —-034 —035 O() —0.33
o4) —-032 —0.31 N(2) —0.18
N@#) —0.16 N(6') —0.16

N(1) —-018 —0.08 —0.09 —0.09 N(9) —0.08 —-0.08 —0.08
N(3) =018 —009 —009 —021 N(I) =019 —021 —0.10
C(2) 0.08 0.21 0.21 019 N@3) —-019 -022 —0.23
C(4) 0.04 0.17 0.17 012 N(7) —-021 —-022 —0.20

C6) 004 004 002 004 C@2) 007 007 016
C(5) —004 —006 —001 —008 C(6) 004 012 016
c(s) —0.10 C(4) 010 009 008
Cc®) 008 005 006
c(5) 003 001 000

Table 4
Calculated core IPs of the pyrimidine bases (in eV).

CEBE/TZP
Atom Mean IPs¥ LB9%4/et-pVQZ (gas phase)i
Py
N(1) 406.94 403.46
N(@3) 406.94 403.46
C(2) 293.42 291.45
C(4) 293.05 291.14
C(6) 293.05 291.14
C(5) 291.92 290.35
U
0(2) 539.75 534.66 537.66
o4) 539.61 534.43 537.33
N(1) 408.79 405.45 407.14
N(@3) 408.33 404.98 406.67
C(2) 296.02 293.93 295.07
C4) 295.05 293.02 294.12
C(6) 294.00 292.02 292.85
C(5) 291.97 290.44 291.14
C
0(2) 538.56 533.42 536.45
N(1) 408.15 404.67 406.34
N#) 407.51 404.09 406.13
N(@3) 406.02 402.71 404.11
C(2) 294.72 292.61 293.72
C(4) 294.32 292.21 293.11
C(6) 293.66 291.54 292.32
C(5) 291.69 290.11 290.71
T
0(2) 539.61 534.47 537.45
o) 539.58 53435 537.25
N(1) 408.62 405.25 406.91
N(@3) 408.26 404.87 406.56
C(2) 295.88 293.74 294.75
C(4) 294.94 292.87 293.79
C(6) 293.68 291.70 292.27
C(5) 292.10 290.60 290.95
C(5) 291.50 289.94 291.18

+ Mean IPs from the negative orbital energies of the HF/aug-cc-pVTZ and B3LYP/aug-
cc-pVTZ models.  CEBE from Chong et al. (Takahata et al., 2006).

further widened as they associate with imino [N(3)] and amino
[N(1)] nitrogen atoms. The site energy of N(4') in the addi-
tional amino group, -NH,, shows closer energy to the amino
N(1) site in the diagram. The results confirm the previously
observed Nls energy splitting in other bases, and that the
N sites separation is associated with a single/double (imino/
amino) bond of the sites, rather than on/out of the Py ring
(Harada et al., 2006; Wang, 2006; Saha et al., 2008). No crossing
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Figure 4

Energy correlation diagram of pyrimidine and its bases in the core-shell
(a) and Cls ionization energy spectra of pyrimidine, uracil, thymine and
cytosine (b).

in the core energies is observed in the Nls site among the Py
bases. Similar trends are presented in the Cls spectra of the Py
bases.

The Cls spectra of U and T, owing to the two C=0 groups
at the C(2) and C(4) positions, exhibit a significant expansion
to the larger energy end of the spectra, whereas the Cls
spectrum of cytosine shows a limited energy expansion. Even
though their spectra (Fig. 4b) indicate apparent differences,
the degree of chemical shift is similar to all C sites, and the
chemical shift does not engage with any level crossings in the
Cls spectra of the Py bases. As noted in the atom-based
Hirshfeld charge analysis, the site energy for C(5) is appar-
ently separated from other C atoms at the lower energy end
for Py and its bases.

The N1s and Cls site-dependent IPs of the Pu bases have
changed more significantly than the Py counterparts, as the
spectra of the Pu bases are not just associated with the spectral
peak shifts but also the site-dependent energy-level crossing of
the spectral peaks. As a result, structurally, the inner-shell
structures and spectra of the Pu bases are more complex and
therefore contain richer information than their Py counter-
parts. Table 5 compares the inner-shell IPs of the Pu bases with

628 Wang, Zhu and Ivanova -+ Inner-shell chemical shifts
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Table 5

Calculated core IPs for the purine bases (in eV).

Atom Mean IPs} LBY%/et-pVQZ CEBE/TZP
Pui

N(9) 408.72 405.29 407.16
N(3) 407.05 403.61 405.19
N(7) 406.90 403.47 405.09
N(1) 406.74 403.29 404.84
C(8) 293.96 292.02 292.67
C(4) 293.82 291.96 292.73
C(2) 293.38 291.43 292.09
C(6) 292.97 291.05 291.71
C(5) 292.39 290.85 291.58
A§

N(9) 408.44 404.94 406.74
N(6') 407.23 403.85 405.86
N(7) 406.71 403.20 404.78
N(@3) 406.41 402.97 404.37
N(1) 406.26 402.83 404.23
C(6) 293.95 291.89 292.64
C(8) 293.60 291.63 292.13
C(4) 293.43 291.50 292.15
C(2) 293.16 291.08 291.66
C(5) 291.93 290.42 290.96
G§

o(6') 539.08 533.91 536.71
N(9) 408.41 404.94 406.65
N(1) 408.32 404.80 406.42
N(2) 407.87 404.41 406.46
N(@3) 406.69 403.36 404.72
N(7) 406.48 403.02 404.53
C(2) 295.41 293.20 293.74
C(6) 294.59 292.49 293.30
C(4) 293.63 291.72 292.20
C(8) 293.25 291.40 291.79
C(5) 291.79 290.35 290.68

F Mean IPs from the negative orbital energies of the HF/aug-cc-pVTZ and B3LYP/aug-
cc-pVTZ models. # CEBE calculated by Chong er al. (Saha et al., 2008). § CEBE
from Chong et al. (Takahata et al., 2006).

other available results in the gas phase. As indicated earlier,
the IPs of adenine calculated using the simple DFT-LB9%4/et-
pVQZ model agree well with the recently available XPS
experiment with the largest deviation of —1.85 eV [at N(6')],
which is almost at the same degree of accuracy as for the more
sophistic ACD(4)/6-31G model. The latter leads to an error of
1-2 eV (see Table 2). The present calculations agree reason-
ably well with the more computationally demanding DFT
CEBE/TZP calculations of Chong et al. (Takahata et al., 2006).
The CEBE method, which is a ADFT method, engages with
n + 1 times state calculations (where n is the number of core
hole states), compared with the present method. The major
difference between the present and the CEBE method is due
to the orbital relaxation ignored in the meta-Koopman
theorem, apart from the V,. functional and basis set differ-
ences. The available XPS experimental IPs of adenine are not
fully resolved, so that detailed site-dependent IPs of the base
are expected to be obtained from theory. For example, all Cls
sites in the experiment XPS of adenine contribute to the peak
centred at 292.50 eV, except for the C(5) site, which is
approximately 1.50 eV split from the main Cls peak, whereas
the Nls sites split into three peaks, among which two peaks
represent sites N(6') and N(9), and the third peak consists of
N(1), N(3) and N(7) (Plekan et al., 2008).

24
51‘”_; 16 -
i)
(2]
“
s}
=
2
[} 81
(=]
0
T T T T T T 1
405.5 405.0 404.5 404.0 403.5 403.0 4025
lonization energy (eV)
[}
[O)
L
©
5
2]
.
s}
>
=
(7]
[
()
o
:
T v T ¥ T ¥ 1
293 292 291 290
lonization energy (eV)
(®)
Figure 5

N1s ionization energy spectra (a) and Cls ionization energy spectra (b) of
purine, guanine and adenine.

The inner-shell of guanine behaves very differently from
that of adenine. Figs. 5(a) and 5(b) present the simulated Nls
and Cls spectra of the Pu bases: A, G and unsubstituted Pu. In
general, any substitution to the unsubstituted Pu results in a
red shift (lower energy) to the sites without direct substitu-
tions or bond character changes, such as N(9), N(3) and N(7)
for N1s spectra and C(4), C(5) and C(8) for Cls spectra. Our
previous study on the amino group —NH, attachment to Pu
indicated certain similarities in the N1s spectra between A and
Pu, whereas the Cls spectra of Pu and A are surprisingly
different (Saha et al., 2008). This finding is not applicable to G.
The present study further reveals that the N1s and Cls spectra
of G have little similarities with either A or Pu, indicating
substantial structural differences between G and A (and Pu).
Fig. 6 provides the orbital-based information underlying the
changes associated with the Pu bases. In this figure, the single-
bonded amino group, -N(2')H,, in G is pushed further to the
blue side (larger IP) in G than in A [N(6')], to join the amino
N sites of N(9) and N(1). The imino N sites of N(3) and N(7)
are well separated from the amino Nls sites, leading to the
N(7) site of G possessing the lowest IP energy in the Nls
spectrum. This implies that this site can be the most active site
from the energy point of view, as found by Sponer et al. (2004)
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in a study of metal-guanine binding
positions. In Fig. 5(a) the N1ls ionization
spectra of Pu and its bases can be divided
into three bands: the higher-energy band
assigned to amino N sites in the Pu ring,
the middle band representing the N atom
in the -NH, group, and the lower-energy
band representing imino N sites.

Table 6

N1s and Cls site IP shifts (LB94/et-pVQZ) with respect to Py and Pu (in eV).

Site

N(1)
N@3)
C(2)
C(4)
C(6)
o)

UPy)t

1.99
1.52
2.48
1.88
0.88
0.09

The most significant change in the Cls
spectrum of G with respect to Pu is the

T(Py)t C(Py)t Py Site A(Pu)i G(Pu)t Pu
1.79 1.21 403.46 N(9) —0.35 —0.35 405.29
1.41 —0.75 403.46 N(3) —0.64 —0.25 403.61
2.29 1.16 291.45 N(7) —0.27 —0.45 403.47
1.73 1.07 291.14 N(1) —0.46 1.51 403.29
0.56 0.40 291.14 C(8) —0.39 —0.62 292.02
0.25 —0.24 290.35 C(4) —0.46 —0.24 291.96
C(2) —0.35 1.77 291.43
C(6) 0.84 1.44 291.05
cG)  —043 —0.50 290.85

extension of the Cls spectral band,
ranging from 1.17 eV in Pu to 2.85 eV in
G, owing to the significant blue shift of
the C(2) and C(6) sites in G (see Fig. 5b). The C(2) site
connected with the amino -NH, attachment shifts more
significantly than the C(6) site associated with the C=0O
attachment in G. The peak positions in G are very different
from in its parent Pu too. For example, the IP energy order of
the Cls sites in Pu is C(5) < C(6) < C(2) < C(4) < C(8),
whereas this order in G is given by C(5) < C(8) < C(4) < C(6) <
C(2). There is little similarity in the two Cls spectra of A and
G. Perhaps one of the most apparent differences between the
purine bases A and G and parent Pu is the separation of the
C(5) peak from the rest of the Cls sites in A and G, which
indicates that the C(5) site has a very similar chemical envir-
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Figure 6

Energy correlation diagram of purine, adenine and guanine in the core
shell.

t Site-dependent IP shifts for Py bases with respect to the N1s and Cls IPs of unsubstituted Py. f Site-dependent IP
shifts for Pu bases with respect to the N1s and Cls IPs of unsubstituted Pu.

onment in A and G. As a result, in Fig. 5(b) the lower IP
energy peak owing to C(5) can be easily separated from other
C atoms in the Pu rings of A and G.

Table 6 reports the core ionization energy shift of the DNA/
RNA bases with respect to their parent Py and Pu. The
directions of such shifts are very different in the Py and Pu
bases. The nitrogen sites and carbon sites of the Py bases are
dominated by blue shift towards the larger energy end of the
spectra with respect to the parent Py. For example, in Tand U,
all core sites shift up against the corresponding sites in their
Py parent. The core sites of cytosine, however, differentiate
themselves from those of T and U. In cytosine, the N(3) and
C(5) sites shift against the direction of other N and C sites in
red shift (lower energy) with respect to the same sites of their
parent Py. The Pu bases are opposite to the Py bases. The core
shell energy shifts are dominated by red shift towards the
lower energy end of the spectra, when the parent Pu becomes
substituted. Usually the sites which connect to a fragment are
associated with an opposite energy shift: a blue shift (larger
energy). For example, in adenine, only C(6) is associated with
an amino group, -NH,, and therefore the C(6) site shifts to the
blue end of the spectrum. In G, three sites, C(6), N(1) and
C(2), which form a chain C(6)-N(1)-C(2), do not change their
energies in the same direction as the other sites in G.

4. Conclusions

Site-dependent changes in the inner-shell spectra and struc-
tures of DNA/RNA bases with respect to their parent Py and
Pu are investigated using the DFT LB94/et-pVQZ//B3LYP/
aug-cc-pVTZ model. Good agreement with the recently
available synchrotron-sourced XPS in thymine and adenine
indicates the suitability of the model for studying inner-shell
structures. It is found in the study that the changes in inner-
shell properties of these DNA/RNA bases with respect to their
parent Py and Pu can be divided into Py bases and Pu bases.
More significant changes are found to relate to the Pu bases.

Although the geometric parameters such as the perimeters
of the hexagon and pentagon rings experience small varia-
tions, depending on the number of bonds and the bonding
characters, some properties exhibit certain consistency within
the single ring bases (Py bases) and the double ring bases (Pu
bases). Hirshfeld charges, for example, of Py have been
inherited by its derivatives. Similarly, the same positive and
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negative charge distributions of Pu are also passed into A and
G. Other properties, such as dipole moment and core shell
energies, are quite different. The dipole moment of the Py
derivatives, U (4.68 D), T (472 D) and C (6.85 D), are
significantly larger than their parent Py (2.45 D) but, in the Pu
case (3.52 D), adenine has an apparently smaller dipole
moment (2.52 D) but G exhibits a very large dipole moment of
6.71 D. The site-dependent core ionization energy shifts in Py
bases are dominated by blue shifts (larger) with respect to
their corresponding Py sites, with the N(3) and C(5) sites of
cytosine being the exceptions; whereas the core energy shifts
in the Pu bases are opposite to the shifts in the Py bases: they
are dominated by the red shifts (smaller) with respect to their
parent Pu sites, except for the sites, such as C(6) in adenine,
and N(1), C(2) and C(6) in guanine, which are associated with
blue energy shifts. These sites in the Pu bases are dominated
by the substituted sites.

The spectral shifts of the bases with respect to their parent
Py and Pu are single-ring and double-ring related. In the Py
bases, when the derivatives such as U, T and C are produced,
the chemical environment of the sites alters noticeably,
leading to the apparent spectrum range expansion towards the
blue energy end, depending on the bonding situation. The
degrees of the site-dependent shift in Py bases do not vary
significantly so that there are no level crossings in the Nls
spectra, nor in the Cls spectra. The Pu bases exhibit a very
different nature however. With respect to the Nls and Cls
spectra of the parent Pu, adenine inherits certain features in
the Nls spectra as previously found (Saha et al., 2008), but
little has been inherited by G. In conclusion, if the DNA/RNA
bases have more or less spectral and structural properties
inherited from their parent Py and Pu species, G is the species
with the least inheritance from its parent Pu in the inner shell.
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