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Removal of the functional groups of guanine, i.e. ketone and amino, one by one
produces model molecules of hypoxanthine, 2-aminopurine and unsubstituted
purine. The impact of the ketone and amino moieties on guanine is revealed
using their atomic-site-based inner-shell electronic properties and spectra. A
density functional theory based model has been employed to study the model
molecules. Electronic properties, such as Hirshfeld charges and inner-shell
chemical shift, are found to be both site-dependent and moiety-dependent. The
site-based inner-shell chemical shift of the species exhibits a simple linear
correlation, although certain similarities among the model molecules regroup
the species into two pairs of purine and 2-aminopurine, as well as hypoxanthine

and guanine.

© 2009 International Union of Crystallography
Printed in Singapore — all rights reserved

1. Introduction

In recent years, photon-induced ionization mechanisms and
dynamical processes of biological molecules have been
recognized as being able to reveal further insight into damage
to biological cells and tissues (Kent ef al., 1993; Dreuw, 2006;
Magulick et al., 2006). When a photoabsorption process occurs
in biological systems such as living cells, it may cause certain
(photobiological) effects on the system, such as direct DNA
strand breaks (Yokoya ef al., 1999). Moreover, a large number
of secondary electrons and radical cations of DNA bases
generated from radiation can react with biomolecules and
cause DNA strand breaks, base fragmentation and base
release in dry DNA under vacuum (Cai et al., 2006; Cauet et
al.,2006; Huels et al., 2003). A combination of initial ionization
and subsequent interactions and reactions will result in chro-
mosome aberrations, mutations, cellular inactivation and
finally cellular or tissue death (Gobert et al., 2004; Fayard et al.,
2002).

As the media surrounding the molecules are very complex
in real biological systems, the requirement for structural and
intrinsic properties of the model molecules in the gas phase
arises to understand the fundamental biological phenomena
caused by radiation. Inner-shell events have attracted great
attention in recent years, either experimentally or theoreti-
cally, for constituent molecules such as amino acids and

Keywords: guanine model molecules; inner-shell ionization spectra; Hirshfeld charge;
chemical shift; condensed Fukui function.

nucleic bases (Plekan et al., 2008; Cai et al., 2005; Ptasinska et
al., 2008; Fujii et al., 2003, 2004; Peeling et al., 1978a,b; Taka-
hata et al., 2006; Saha et al., 2008; Wang et al., 2008). Compared
with the valence shell, the inner shell contributes a major part
to the total electronic energy of a molecule, and exhibits a
strong screening effect on the outer neighbours which, in
return, influences the active sites and bonding strength in the
molecules. Furthermore, orbitals of inner-shell electrons
exhibit a localized and element-dependent character, which
provides clear information for correlating their ionization
spectra with atomic sites in a molecule (Wang, 2005; Wang et
al., 2005; Saha et al., 2008; Takahata et al., 20006).

With the aid of synchrotron radiation sources, experimental
techniques such as near-edge X-ray absorption fine-structure
spectroscopy, X-ray absorption spectroscopy and X-ray
photoemission spectroscopy have been used to study the
inner-shell binding/excitation energy spectra of biomolecules
in the gas phase (Plekan et al., 2008; Cai et al., 2005; Ptasinska
et al., 2008; Fujii et al., 2003, 2004; Peeling et al., 1978a,b).
However, for larger biomolecules containing a number of
atoms of the same element, such as nucleic bases, these
experimental techniques are likely to assign the major spectral
peaks, separated by a large chemical shift owing to their
resolutions (Plekan et al., 2008). On the other hand, inner-shell
ionization processes of these biomolecules provide a major
challenge to theory and many of the methods developed for
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small inorganic molecules (Chong, 1995; Loos & Assfeld,
2007) are hardly applicable to biomolecules (Wang et al.,
2008).

The development of theory to accurately predict larger
(bio)molecules has been envisaged (Tarantelli & Cederbaum,
1989; Thiel et al., 2003; Nakata et al., 2006; Chong et al., 2004).
However, even for biomolecules as large as nucleic bases,
accurate prediction of the core-electron binding energies is
computationally expensive, so that most of the post-Hartree—
Fock (HF) methods including MP2 become inapplicable.
Methods based on density functional theory (DFT) are not
usually directly applicable to calculating binding energies of a
molecule as Koopman’s theorem does not apply to orbital
energies owing to self-energies (Tu et al., 2007). For small
molecules, particularly inorganic molecules, Chong (1995)
developed a DFT-based method for core-electron binding
energies (CEBESs). In this method a CEBE can be calculated
using AE(PW86-PWI1) + C., (Chong, 1995). The second
term, C,, is produced semi-empirically. Later, Loos & Assfeld
(2007) adopted the Boys—Foster localization criterion to
determine the hole core orbital and to obtain the Cls binding
energy in different chemical surroundings using the PBE0/6-
311++G** model (Loos & Assfeld, 2007).

For larger molecules such as DNA bases, an ab initio
method using the fourth-order algebraic diagrammatic
construction method ADC(4) (Thiel et al., 2003) and one-
particle Green’s function has been used to interpret the X-ray
photoemission spectra of thymine and adenine with a
systematic correction (Plekan et al., 2008; Thiel et al., 2003). In
our recent studies (Saha et al., 2008; Wang et al., 2008), a DFT
model with LB94 exchange-correlation potential (van
Leeuwen & Baerends, 1994) and the ‘meta-Koopman
theorem’ (Chong, 1995) was employed in the simulation of
inner-shell binding-energy spectra for DNA bases such as
purine and pyrimidine bases. In these studies, the simulated
inner-shell binding-energy spectra exhibit competitive accu-
racy to results obtained from a more computationally
demanding ADC(4) model (Plekan et al, 2008). More
recently, the same group (Thompson et al., 2009) further
compared this DFT-based model on a nucleoside, cytidine,
with a recently developed model of CV-B3LYP (Nakata et al.,
2006) and yielded a compatible accuracy. In this work, the
same model is employed to study model molecules of guanine
in the inner shell, in order to reveal the impact of ketone and
amino moieties on the inner-shell electronic structures of
guanine (Gu) and purine (Pu) through model molecules of
hypoxanthine (Hx) and 2-aminopurine (Ap).

The model molecules, hypoxanthine (Hx) and 2-amino-
purine (Ap), are also important building blocks of life.
Hypoxanthine, a purine metabolic intermediate in living
systems, also exists in transfer RNA as a minor Pu base
(Stryer, 1988; Tokdemir & Nelson, 2005). 2-Aminopurine,
which could form Watson-Crick base pairs with thymine (T)
without disrupting the DNA double helix, is often used as a
quasi-intrinsic fluorescent probe of the structure and dynamics
of DNA (Su et al., 2004; Vilkaitis et al., 2000; Sowers et al.,
1986). In a study of inner-shell properties of purine bases

(Wang et al., 2008), guanine shows very little inheritance from
its parent purine in the inner shell. As the ketone and amino
moieties (C=O0 and —NH,) on the pyrimidine (hexagon) ring
of Gu may influence the Cls and Nls spectra with respect to
unsubstituted Pu, questions arise. For example, would the
moieties exhibit different effects on the inner-shell chemical
shift? If yes, how much? Are the chemical shifts related when
one moiety at a time contacts the pyrimidine ring? We attempt
to reveal these insights in the present study.

2. Computational details

All geometries of the four model molecules, guanine, purine,
hypoxanthine and 2-aminopurine, are fully optimized at the
level of B3LYP/aug-cc-pVTZ, using the Gaussian03 compu-
tational chemistry package (Frisch et al., 2004) followed by
harmonic vibrational analysis. The stable geometries have
been obtained without any virtual frequencies. Based on the
LB%/et-pVQZ model (van Leeuwen & Baerends, 1994;
Chong et al., 2004), single-point calculations employing the
ADF (Amsterdam Density Functional) computational chem-
istry package (Baerends et al., 2006) are then employed to
produce the core orbital energies, orbital wavefunctions and
properties. Core-shell ionization potential (IP) energies are
calculated using the meta-Koopman theorem without further
modification and scaling. The procedure has been detailed in
our earlier study (Wang et al, 2008). Molecular properties
such as Hirshfeld charges (Hirshfeld, 1977), Fukui functions
and dipole moments are produced next.

Partitioning of electron density according to the Hirshfeld
scheme (Hirshfeld, 1977) has been widely applied in atomic
charge analyses and calculations of atomic dipole moments
and Fukui functions. The Hirshfeld scheme evaluates a point
charge condensed on the kth atom in a molecule as (Hirshfeld,
1977, Proft et al., 2002)

QG =Zr— fWk(l')P(l') dr,

where Z; and w;(r) are the nucleic charge and weight factor of
the kth atom, respectively, and p(r) represents the molecular
electron density. The Hirshfeld charge can predict site selec-
tivity which agrees well with experiment in most cases (Proft et
al., 2002), such as reactive sites, and is superior to other
schemes such as the Mulliken and natural population analyses
(Arulmozhiraja & Kolandaivel, 1997). As a result, the Hirsh-
feld charge scheme is employed in the present study.

Fukui functions can be evaluated by functional derivatives
of chemical potentials with respect to the external potential.
Recently, condensed Fukui functions have become the
preferable choice for convenience in calculation and quasi-
quantitative analysis (Sablon et al., 2007; Ayers et al., 2007), as
the information is related to molecular orbitals and orbital
relaxation. In the original formula, the condensed Fukui
functions are defined as (Yang & Mortier, 1986; Parr & Yang,
1984)
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Table 1

Geometric parameters of the model molecules obtained using the DFT-based B3LYP/aug-cc-pVTZ
model (in A); the shifts with respect to purine are given in the last three columns.

results in a C(6)=0 bond replacing
the C(6)—H bond in Pu. Alter-
natively, Hx can also be considered as

Pu_ Ap % Hx % Gu § AHx(Pu) AAp(Pu) AGu(Pu)  being derived when the —N(2')H,
N(1)—C(2) 1340 1352 1345 1359 1364 1366 1371  0.019 0.012 0.026 fragment connected at C(2) sites in
C(2)—N(3) 1334 1341 1331 1297 1300 1306 1.314 —0.037 0.007 —0.028 Gu (Tokdemir & Nelson, 2005) is
N(3)—C(4) 1323 1323 1321 1357 1359 1354 1360  0.034 0.000 0.031 removed. On the other hand, Ap is
C(4)—C(5) 1406 1405 1392 1390 1393 1390 1398 —0.016  —0.001 —0.016 . e
C(5)—C(6) 1388 1388 1377 1441 1445 1435 1444 0053 0.000 0.047 considered as the C(2)—N(2)H,
N(1)—C(6) 1333 1327 1324 1430 1434 1435 1440  0.097 —0.006 0.102 fragment replacing the C(2) —H bond
C(5)—N(7) 1385 1387 139 1375 1376 1379 1383 —0.010 0002  —0.006 in Pu, or the ketone group at C(6) in
N(7)—C(8) 1303 1300 1287 1305 1308 1302 1310 0002  —0.003 —0.001 L -
C(8)—N(9) 1378 1385 1387 1375 1379 1381 1386 —0.003 0.007 0.003 Gu is removed, as shown in Fig. 1.
C(4)—N(9) 1372 1370 1360 1367 1370 1366 1371 —0.005  —0.002 —0.006 It has been demonstrated that the
R6Y 8124 8136 8090 8274 8295 8286 8327  0.150 0.012 0.162 sp*-hybridized N atom in the amino
R5¢ 6.844 6.847 6822 6812 6826 6818 6848 —0.032 0.003 —0.026 . .

moiety (NH,) of guanine leads to the

 See Mishra et al. (2000). % B3LYP/6-311++G(d,p) (Shukla & Leszczynski, 2000). § B3LYP/cc-pVDZ geometry non-planar pyramidalization of the

(Mennucci et al., 2001). 9 Ring perimeters, see Wang et al. (2005).

& =aq (N +1) — q(N)
i =@ (N) —q,(N —1)
fko = (1/2)[‘]k(N +1) — g, (N — 1)]

for nucleophilic attack,
for electrophilic attack,
for radical attack.

In these equations, (N + 1), gx(N) and g (N — 1) represent
charge populations on the kth atom of the N + 1 (anion), N
(neutral molecule) and N — 1 (cation) electron systems of the
same molecule, respectively. In this study, the charges are
Hirshfeld charges.

3. Results and discussion

Chemical structures and nomenclature of the model molecules
are shown in Fig. 1. Hx and Ap can be considered to be model
molecules of Gu or derivatives of Pu; for example, Hx, which

-0.32

_0"\{9 '05'8 -0.20
‘ -0.08
Pu(z=3.52D) Hx (u=5.35D)
033
O
0.04 021
00N
020N N\ 0.10HN
0.15 | e
X 0.16
H-N N 0.09"N
-0218 -0.22 H HoN H
‘ ' -0.09 P -0.23 008
A =3 0Dy Gu (1= 6.71D)
Figure 1

Structures, numbering and dipole moments of model molecules of purine
(Pu), hypoxanthine (Hx), 2-aminopurine (Ap) and guanine (Gu).
Hirshfeld charges are labelled on the atomic sites of the structure. The
dipole moment of Gu is given by 6.26 D based on the MP2/aug-cc-pVDZ
model (Choi & Miller, 2006).

Gu molecular structure (Jones et al.,

2006; Shukla & Leszczynski, 2007,
Hobza & Sponer, 1999; Sponer & Hobza, 1994). The non-
planar structure in Gu is more pronounced compared with
that of adenine (Jones et al., 2006; Downton & Wang, 2006).
The non-planar geometries of Gu and Ap possess a C;
symmetry, whereas the planar Pu and Hx possess a Cs point-
group symmetry. The ground electronic states of all the model
molecules are closed shells with doubly occupied orbitals.

Geometric structures of the model molecules are reported
in Table 1. Bond lengths in the purine ring of the model
molecules are compared with results from the literature using
different models (Shukla & Leszczynski, 2000; Mishra et al.,
2000; Mennucci et al., 2001). The last three columns of this
table provide deviations of the bond lengths in each molecule
from those of the unsubstituted purine as references. Closer
geometric similarities between the Ap and Pu pair than those
between the Hx and Gu pair are seen, as the AAp(Pu) exhi-
bits smaller discrepancies in bond lengths than the AHx(Pu)
and AGu(Pu). Such trends are also seen in the ring perimeters
of the pyrimidine (hexagon, R6) and imidazole (pentagon,
R5) rings (Wang et al., 2005), as indicated in Table 1. The
dipole moments of molecules with ketone, Hx and Gu, are
5.35 D and 6.71 D, respectively, considerably larger than those
of Pu and Ap, 3.52 D and 3.06 D, respectively.

A recent X-ray photoemission spectroscopy (XPS) study of
guanine by Ptasinska et al. (2008) and an even more recent
core shell XPS measurement of guanine tautomers by Plekan
et al. (2009) provided a relatively high revolution, enabling us
to compare our simulation with experiment for guanine.
Table 2 compares inner-shell ionization potentials (IPs) of
(canonical) guanine with available theoretical and experi-
mental results. Note that only the most recent experiment of
Plekan et al. (2009) was carried out in the gas phase. For
example, in the recent XPS study, Ptasinska et al. (2008) used
thin DNA films on grounded substrates using silver conductive
paint. An earlier XPS study was performed on the surface of
Cu(110) (Furukawa et al., 2007). The mean IPs in the fourth
column are the simple averaged absolute values of orbital
energies given by the HF/aug-cc-pVTZ and B3LYP/aug-cc-
pVTZ models as suggested by Powis et al. (2003). The mean
IPs provide estimations for larger molecules where ab initio

J. Synchrotron Rad. (2009). 16, 545552
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a Q(H) of —0.08 and —0.10 a.u.,
respectively. Q(H) of the carbon
sites, however, depends on
whether or not the site directly
connects with the functional
groups, as seen in their IP spectra.
For example, Q(H) of C(2) and
C(6), which directly connects to
the amino and ketone groups in
the species, varies depending on
the moiety attached. It is no

Table 2

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

Atom LB9%/et-pVQZ CEBE/TZPt Mean IPst ADC(4)§ Expt§ Expt Exptit

O(6") 53391 536.71 539.08 536.57 536.7  531.00-532.00 531.00 £ 0.20
N(9) 404.94 406.65 408.41 406.40 406.3  400.00 400.0 (400.400)
N(1) 404.80 406.42 408.32 406.21 406.3  400.00 400.0 (400.400)
N(2') 404.41 406.46 407.87 406.38 406.3  400.00 400.0 (400.400)
N(3) 403.36 404.72 406.69 404.51 404.5  398.00-399.00  398.40 (399.10)
N(7) 403.02 404.53 406.48 404.61 404.5  398.00-399.00  398.40 (399.10)
C(2) 293.20 293.74 295.41 294.06 293.8  289.00

C(6) 292.49 293.30 294.59 293.25 293.8  288.00

C(4) 291.72 292.20 293.63 292.12 292.1  286.00-287.00

C(8) 291.40 291.79 293.25 291.93 292.1 286.00-287.00

C(5) 290.35 290.68 291.79 290.42 2909  285.00

surprise that the keto oxygen leads

+ See Takahata et al. (2006).
pVTZ.
Ptasinska et al. (2008).

methods are not practical. The ab inito ADC(4) results of IPs
for guanine (Plekan er al, 2009) are also compared in this
table.

The XPS experimental results [Ptasinska et al. (2008), as the
more recent gas-phase measurement (Plekan et al., 2009) has
not been fully published] exhibit environment- and technique-
dependent variations of the peak positions in the Cls, N1s and
Ols spectra of guanine. Owing to the resolution, the results
provide clustered peak positions for Ols, N1s and Cls spectra
rather than a detailed site-dependent measurement, particu-
larly in higher energy bands such as the N1s spectral region of
400 eV. Fig. 2 reports the N1s and Cls spectra of (canonical)
guanine simulated from the present study (dashed line) and a
recent XPS (solid line) experiment of Ptasinska et al. (2008),
together with the deconvoluted spectra based on the experi-
mental assignment (dotted lines; Ptasinska et al., 2008). In the
simulation, in order to remove systematic errors such as solid-
state effects and orbital relaxation effects, large energy shifts
of —4.6 eVand —5.6 eV, respectively, have been applied to the
Nls and Cls spectra. A full width at half-maximum (FWHM)
of 0.76 eV has been employed in the Gaussian shape function.
For the guanine Nls spectra in this figure, the present results
(dashed line) achieve excellent agreement with the deconvo-
luted spectra (dotted line) based on the experiment data
(Ptasinska et al., 2008). However, Cls spectra of guanine agree
well in the lower energy side (<287 eV) of the spectra with the
experiment. At the higher energy end (>287 eV), two peaks
with respect to C(2) and C(6) exhibit significant red shift,
compared with the experimental data. In guanine, sites C(2)
and C(6) correspond to carbon sites which are either part of
the ketone moiety or the carbon atom which directly connects
to the amino moiety (see Fig. 1 for the structure).

Hirshfeld charges of the model molecules are given on
atomic sites of the structures in Fig. 1. As observed before
(Wang et al., 2008; Saha et al., 2008), N and O atoms possess
negative charges but C atoms are deposited with positive
charges. In general, Hirshfeld charges of the N sites do not
exhibit significant changes with respect to the amino moiety.
For example, Q(H) values on N(1) of Pu and Ap are given by
—0.19 and —0.20 a.u., respectively. However, ketone signifi-
cantly reduces the negative charges on N(1) in Hx and Gu with

f Simple mean of IPs based on the models of HF/aug-cc-pVTZ and B3LYP/aug-cc-
§ The most recent gas-phase core shell spectroscopy of guanine. See Plekan et al. (2009).
11 XPS experiment on Cu(110) with the coverage 6 of 0.2 ML. See Furukawa et al. (2007).

to an increase of positive charge
condensed on C(6) in Hx and Gu,
owing to its strong electro-
negativity with respect to its
counterparts in Pu and Ap. Similar behaviour is seen with
respect to the charge deposited on site C(2) for the amino
group. It is noted that site C(5) is almost neutral [i.e. Q(H) =~

¢ XPS experiment. See

Photoelectron intensity (arbitrary unit)

T T
398 400 404

lonization energy (eV)

(@)

Cis

Expt

Theo

Expt Simu

Photoelectron intensity (arbitrary unit)

T T T T 1
284 286 288 290 292
lonization energy (eV)

(b)

T
280 282

Figure 2

Comparison of Nls and Cls XPS of guanine between the experiment
(solid line) and the present simulation (dashed line). The theoretical
results have been constructed by Gaussian line shape of 0.76 eV FWHM
and shifted the ionization energy as a whole by —4.60 eV and —5.60 eV
for N1s and Cls, respectively. The experiment peaks are deconvoluted in
dotted lines.
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0] in all model molecules, which is also found  Table 3
in purine bases (Wang et al., 2008). Calculated site-specific core IPs of the model molecules and their simple relationship (in eV).

Condensed Fukui functions for nucleo- LB94/et-pVQZ Fit ()t Fit (I1)}
philic attack (f7), electrophilic attack (f7)  site  Pu Gu Ap Hx AIP(Gu-Pu)§  AIP (Gu-Pu)  AIP(Gu-Pu)
and radical attack (f°) have been produced ,

d d ted in Fie. 3. F th O(6") 533.91 534.10
and and arc presented i g. 5. TTom the — Neg) 40529 40494 40487 40526 035 —0.37 —0.34
condensed Fukui functions, the most apparent N(3)  403.61 40336 403.13 403.78 —0.25 —0.22 —0.19
character is that the N(9) sites in all model ~ N(7) 40347 403.02  403.07 40332 —0.45 —047 —0.45

N(1) 40329  404.80 40295 405.08 1.51 1.53 1.52

molecules stay almost unchanged, and the N(2) 40441 40354
variations in the Fukui functions can be C(8)  292.02 29140 29155 29175 —0.62 —0.65 —0.62
separated by N(9) which groups the negative ~ C(4) 29196 29172 29162 29196 —024 —027 —0.25

H) sit 1) dN the left-hand sid C(2) 29143 29320 29227 29232 1.77 1.57 1.51
Q(H) sites (Os and Ns) on the lefthand side ) 20105 20240 20077 20270 144 1.43 1.43
from the positive Q(H) sites on the right-hand C(5) 29085 29035 29032 29075 —0.50 —0.53 —0.49

side. The f~ and f°, which respectively
represent electrophilic attack and radical
attack, are more active in the oxygen and
nitrogen sites as they are electron donors,
whereas f, which attracts nucleophilic attacks, is more active
in the carbon sites. The oxygen O(6') sites of Hx and Gu
exhibit large f~ values, which likely form hydrogen bonds with
cytosine in DNA helix (Shukla & Leszczynski, 2007). The
amino nitrogen sites, N(2'), in Ap and Gu remain inactive for
these reactions, as they possess low condensed Fukui func-

} ® Pu
*og [ Hx
0144 ", —e—Ap
* *—Gu
NV > \ e
LA™\ N * %
0.07 A w / N_eLe
[\ / W ¢ 4
L N S g
*
- 0.00 SIS S RS B B B S S B B A BB A
_g 0.18
Q +
5 ] f 2
i :
2 0124 s / X
=) * *
B 1 e /@ / *
(%] k& R 4 \ /
c * e KK \ /
® 0.06 LN K &\ )
T \ / N % oW
o * L 2 & X
o 1 Lo | T T T LI T T T TTT
0.15
° fO
[ = 2
* e
0.104 *. / * o)  —
*x / \ /e
/ *— \ / /
o \n W/ e W\ N/
0.05 \/ * —@ x
*

U L L L L L L U R
O(B)N(2) N(1) N(3) N(7) N(9) C(2) C(4) C(5) C(6) C(8)
Atoms

Figure 3

Condensed Fukui functions for electrophilic attack (f ™), nucleophilic
attack (f*) and radial attack (f°) according to the Hirshfeld charges of
Pu, Hx, Ap and Gu. The Os and Ns sites are separated from the Cs sites
at N(9).

T Fit I. AIP(Gu-Pu) = o AIP(Hx-Pu) + 8 AIP(Ap-Pu) where o = 1.006 and = 0.808.
from the fitting. AIP(Gu—Pu) = « AIP(Hx—Pu) + 8 AIP(Ap-Pu) where o = 0.993 and 8 = 0.746.
is the difference of core IPs between Gu and Pu.

i Fit II excludes C(2)
§ AIP(Gu-Pu)
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Core ionization energy correlation diagram of Pu, Hx, Ap and Gu.

tions, whereas other N sites except for N(9) are very active,
with N(3) the most active N site. It is also interesting that, for
the N sites, the trend Pu > Ap > Hx > Gu almost always exists
for f*, f~ and f°, again except for N(9). Taking the three-
dimensional factor into account, the unsaturated N(3) and
N(7) (imino nitrogen sites) are likely to attract electrophilic
attacks by metals such as Au and Ru (Kastner et al., 1981;
Kumar et al., 2006). As noted by a number of studies, when the
condensed Fukui function is greater than 0.04 the parallel
stacking is most likely the interaction when two bases are put
together or a base molecule is adsorbed by a metal or non-
metal surface (Sponer et al, 2002; Hobza & Sponer, 1999;
Seifert et al., 2007; Furukawa et al., 2007). When the carbon
sites are more active with relatively large condensed Fukui
functions f* and f°, the C(2) sites in Hx and Gu and C(6) sites
in Ap and Pu experience the most significant changes among
the model molecules.

Fig. 4 demonstrates site-related core IPs of the model
molecules and their shifts owing to attachment of the moieties;
the data are given in Table 3. In unsubstituted purine, the
energy ordering of the nitrogen sites is given by N(1) < N(7) <
N(3) < N(9) and the carbon sites by C(5) < C(6) < C(2) < C(4)
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< C(8). Addition of the amino group [N(2')H,] at the C(2) site,
which forms Ap, does not alter the N ordering of Pu but N(2')
is inserted between N(3) and N(9). However, formation of an
N(2')—C(2) bond significantly increases the energy on C(2) in
Ap, leading to a highest carbon energy of this site in Ap. When
ketone C(6)=0 replaces the C(6)—H bond in Ap, apart from
the predicable C(6) energy increase in Gu which pushes up the
energy of C(2), the energy of N(1) also changes significantly as
the C(6)=N(1) bond in Pu and Ap becomes a single bond in
Gu. As a result, the energy ordering in Gu becomes N(7) <
N(3) < N(2") < N(1) < N(9) and C(5) < C(8) < C(4) < C(6) <
C(2). Finally, removal of the amino group in Gu, which gives
Hx, does not affect the N site energy ordering but leads to the
C(2) site energy drop to below C(6) in Hx. In these molecules,
C(5) is always the lowest energy site, regardless of the
attachment of amino or ketone on the purine ring, in agree-
ment with the most recent core-shell spectrum of guanine
(Plekan et al., 2009).

Core ionization binding-energy spectra of the model
molecules are given in Figs. 5(a) and 5(b) for the N1s spectra
and Cls spectra, respectively. Although geometries of the
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Figure 5

Nls ionization energy spectra (a) and Cls ionization energy spectra (b) of
Pu, Hx, Ap and Gu.

purine ring in the model molecules do not experience signif-
icant changes when the amino and ketone moieties are
connected with the purine ring, their core electronic struc-
tures, in particular their core binding-energy spectra, indicate
that they are completely different molecules, regardless of
whether the chemical bonding nature changes (e.g. Pu, Gu and
Hx) or not (Pu and Ap, or Gu and Hx). However, certain
similarities are seen in Gu and Hx, as well as Pu and Ap,
particularly for their Nls spectra.

The most apparent property of the Nls binding-energy
spectra is the large energy gap between the imino (—N=) and
the amino (—N—) nitrogen sites as indicated by Wang (2006),
which is confirmed again in the core shell spectrum of guanine
(Plekan et al., 2009). In Pu and Ap, N(9) is the only amino N
site and in Gu and Hx both N(1) and N(9) sites are amino N
sites, together with the N(2') site in Gu and Ap. As a result, the
imino—amino energy gaps are over 1 eV except for Ap, whose
imino-amino energy gap is given by 0.41 eV between N(2')
and N(3) rather than N(9) and N(2'). This may be caused by
the conjugated chain consisting of N(1)—C(2)[N(2")[=N(3)
in Ap, which shows certain imino N character for N(2"). As a
result, similarities between the Pu and Ap pair, and the Gu
and Hx pair, are seen in this Nls spectra.

The Cls spectra of the molecules are even less similar,
although positions of the carbon atoms in all the model
molecules do not alter. However, regardless of the changes of
chemical bond nature, the Cls spectra of all molecules are
simply not the same, as found in Pu and adenine previously
(Saha et al., 2008). What is observed from the Cls spectra is (i)
the C(5) site is always the first peak on the low energy end and
(ii) the spectral band widths exhibit in the order Gu (2.85 eV)
> Ap = Hx (1.95 eV) > Pu (1.17 eV), indicating a trend of the
more functional groups on the purine ring, the larger region of
the carbon spectra. Moreover, ionization energies of C(4) and
C(8) are almost degenerate owing to the similar chemical
surroundings in Pu and Ap, which does not happen to Hx
and Gu.

Simple additions of the site-based chemical shift of Hx, Ap
and Gu with respect to Pu have been observed and are listed
in Table 3. It is found that certain relationship exists for the IPs
of these model molecules with respect to the unsubstituted
purine, such that

AIP(Gu—Pu) = o AIP(Hx—Pu) + 8 AIP(Ap—Pu),

where parameters « and 8 were obtained by fitting the IPs into
the above equation. The parameters @ and 8 can be consid-
ered as the weights of the ketone and amino moieties. The
fitting (Fit I) gives the (o, B) pair as (1.006, 0.808). It is noted
that the IP of the C(2) site causes the largest error; if the C(2)
sites are excluded from the fitting, the fitting (Fit II) gives the
(0, B) pair as (0.993, 0.746). Therefore, from an energy point of
view, the site-based IPs in the inner shell of Gu are dominated
by the contributions of the ketone model molecule of Hx with
respect to Pu, whereas the amino group makes a contribution
of 80% from Ap with respect to Pu.
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4. Conclusions

Varied trends of site-dependent changes such as Hirshfeld
charges, condensed Fukui functions and inner-shell ionization
spectra have been studied with the DFT LB94/et-pVQZ//
B3LYP/aug-cc-pVTZ model. Comparison among the four
model molecules, Pu, Ap, Hx and Gu, is carried out to
demonstrate different effects of the keto oxygen at C(6) and
the amino group at C(2) to structures and properties. It was
found that Pu and Ap seem to form a pair according to the
similarity of various properties, e.g. the condensed Fukui
function, whereas Hx and Gu may form another pair.

The theoretical simulation agrees well with a recent XPS
study in the gas phase (Plekan et al., 2009) when the systematic
errors owing to the theoretical models are removed. With
comparisons among Hx, Ap, Gu and Pu it is found that the
inner-shell ionization spectra of the atoms on the pyrimidine
and imidazole rings change apparently in Gu and Hx owing to
the bond nature changes caused by the keto oxygen. However,
the amino group at the C(2) site in Ap does not lead to great
changes in atomic Hirshfeld charges and inner-shell spectra
for the atoms on the rings except the directly connected C(2)
site, when compared with Pu. It can be concluded that the
substitution through a double bond linked to the Pu rings will
have greater effects on the structures and electronic properties
than the substitution with a single-bond connection. In this
work, the chemical shift of the inner-shell ionization energies
has been a useful tool for studying the purine ring variations in
hypoxanthine, 2-aminopurine and guanine.
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