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The electronic structure of the ionized p-stacked and H-bonded uracil dimers as well as that of
the monomer, is characterized by the equation-of-motion coupled-cluster method for ionization
potentials (EOM-IP). Vertical ionization energies (IEs) for the 5 lowest states of the monomer
and the 10 lowest states of the dimers are presented. Non-covalent interactions in the dimers
reduce the lowest vertical IE by 0.34 and 0.13 eV in the p-stacked and H-bonded dimers,
respectively. The electronic spectra of the cations are also presented. The two dimer cations
feature intense charge resonance bands at 0.52 and 0.11 eV, respectively. The position and
intensity of the bands are sensitive to the dimer structures, for example, the geometric relaxation
in the p-stacked dimer blue-shifts the CR band by more than 1 eV and results in a threefold
intensity increase. The results of the calculations are rationalized within the dimer molecular
orbital – linear combination of fragment molecular orbitals (DMO-LCFMO) framework. The
basis set eﬀects and energy additivity schemes are also discussed.

1. Introduction
Nucleotide ionization plays an important role in DNA and
RNA damage caused by high-energy radiation or oxidizing
agents. While the ionization energies (IEs) of the nucleotides
in the gas phase are characterized both experimentally1–5
and computationally,6–8 the ionization mechanism of the
nucleobases in DNA (and in solution) is not yet well
understood. Diﬀerent interactions deﬁning the structure and
properties of neutral DNA and RNA9,10—base stacking, base
pairing via hydrogen bonding, and solvent eﬀects—inﬂuence
the electronically excited states of the bases11 and are expected
to aﬀect their ionization thresholds and redox potentials,
which are closely related to IEs. Solvent eﬀects have been
reported to lower IEs of anionic nucleotides and to reduce
the gap between them and phosphate IE suggesting that
nucleotide ionization becomes more favorable in water.12
Likewise, microsolvation of the nucleobases decreases their
IEs.5,13 Base pairing and other hydrogen bonding interactions
also reduce IEs and the oxidation potentials, as discussed in a
computational study by Crespo-Hernández et al.14 Similar
eﬀects of p-stacking on the electronic properties have been
observed in oligonucleotides and polyﬂuorenes.15,16
Computationally, the eﬀects of p-stacking on IEs of the
nucleobases have been evaluated at Hartree–Fock and DFT
levels using the Koopmans theorem.15,17,18 Similar calculations
characterized the eﬀect of stacking interactions in heterocyclic
oligomers on bandwidths in the context of molecular electronics.19
Recently, the ionized states of several p-stacked dimers
have been characterized by MP2 (Møller–Plesset perturbation
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theory) and CASPT2 (perturbatively-corrected complete
active space self-consistent ﬁeld) calculations.6,8,20
It is well recognized that p-stacking interactions play an
important role in charge transport through the extended
aromatic p-systems of DNA, oligonucleotides, and model
polyaromatic systems.16,19,21–26 Whereas the qualitative
features of ionization of p-stacked systems, e.g., lowering of
IE, dependence of hole delocalization on the relative orientation
of the fragments, can be easily explained by simple molecular
orbital (MO) analysis and the Koopmans theorem, as has been
done by Sugiyama and Saito,17 the quantitative predictions are
much more challenging. Ab initio calculations of these systems
are diﬃcult due to symmetry breaking and spin-contamination
of the underlying open-shell Hartree–Fock (HF), see, for
example ref. 27 and 28, which are exacerbated by the
perturbation theory. CASSCF wave functions are more
robust, but can also exhibit symmetry breaking.29,30 Moreover,
the state-speciﬁc nature of CASSCF-based approaches
complicates the calculations of energy gaps, couplings and
transition properties between diﬀerent electronic states.
Whereas energy proﬁles can be improved by inclusion of
electron correlation, the molecular properties remain rather
poor even at highly correlated levels (e.g., coupled-cluster
model with single and double substitutions) due to the tendency of Hartree–Fock to overlocalize the hole.31 Moreover,
since properties calculations at CASPT2 level have not yet
been implemented, only CASSCF-based densities are available
from such calculations. The density functional theory (DFT)
description of ionized systems is plagued by a self-interaction
error32,33 which results in artiﬁcial charge delocalization.34–37
In summary, charge localization, a key quantity for mechanistic
understanding of ionization-induced processes and charge
transport in systems with p-stacking, is described incorrectly
by many popular computational methods.
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An elegant solution to the above problems is oﬀered by the
equation-of-motion coupled-cluster method for ionization
potentials, EOM-IP-CCSD.31,38–41 EOM-IP describes problematic
doublet wave functions as ionized states derived from a
well-behaved closed-shell wave function (see section 2) and
is, therefore, free from symmetry breaking and spincontamination. Other advantages of EOM-IP are: simultaneous
inclusion of dynamical and non-dynamical correlation, the
ability to describe multiple electronic states in one calculation,
availability of codes for properties calculations. Recently,
we characterized electronic structure of several ionized
non-covalent dimers31,37,42–44 by using EOM-IP-CCSD.31,38–41
In the sandwich isomer of the benzene dimer cation,31,42 the
stacking interactions lower IE by about 0.53 eV (vertically).
Moreover, ionization of van der Waals dimers changes the
bonding from non-covalent to covalent and results in new
electronic transitions, so called charge-resonance (CR) bands,
which are very sensitive to the structure and can therefore be
employed as a spectroscopic probe of the ionization-induced
dynamics. Similar but less intense transitions are also present
in the dimers with structurally non-equivalent fragments,
i.e., water dimer37,44 and the T-shaped (C6H6)2+ isomer,31,42
despite less extensive delocalization.
These properties of ionized non-covalent dimers can be
rationalized within DMO-LCFMO (dimer molecular orbital
linear combination of fragment molecular orbitals) framework,37,42 which allows one to describe the electronic structure
of the dimer in terms of the fragment molecular orbitals,
similar to the familiar MO-LCAO description of diatomics.
In the context of ionized dimers, DMO-LCFMO maps the
dimer problem into H2+. DMO-LCFMO explains important
features of the dimer’s electronic structure and provides
convenient notations for the dimer molecular orbitals and
states.
The dimer molecular orbitals (DMOs) are symmetric
and antisymmetric linear combinations of the fragment (or
monomer) molecular orbitals (FMOs), as exempliﬁed in Fig. 1:
1
fþ ðnÞ ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ðn A þ n B Þ
2ð1 þ snn Þ

ð1Þ

1
f ðnÞ ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ðn A  n B Þ
2ð1  snn Þ

ð2Þ

where nA and nB are the FMOs centered on two equivalent
fragments A and B, f+(n) and f(n) denote the bonding
and antibonding orbitals with respect to the interfragment
interaction and snn is the overlap integral. The energy splitting
between the bonding and antibonding orbitals is proportional
to the overlap integral snn.45 Thus, more eﬃcient overlap due to
favorable orientation or shorter distances will result in lower IE,
as well as blue-shifted and more intense CR bands.
In the stacked and hydrogen-bonded uracil dimers the
fragments are equivalent. When fragments are not equivalent,
e.g., as in the T-shaped benzene dimer31,42 or water
dimers,37,44 the FMOs are mixed with diﬀerent weights, as in
heteronuclear diatomics.
In virtue of eqns (1) and (2), the uracil dimer features twice
as many ionized states compared to the monomer, and the
1304 | Phys. Chem. Chem. Phys., 2009, 11, 1303–1311

Fig. 1 DMO-LCFMO description of the two lowest ionized states in
the uracil dimer. In-phase and out-of-phase overlap between the
fragments’ MOs results in bonding (lower) and antibonding (upper)
dimer’s MOs. Changes in the MO energies, and, consequently, IEs, are
demonstrated by the Hartree–Fock orbital energies (Hartrees). The
ionization from the antibonding orbital changes the bonding from
non-covalent to covalent, and enables a new type of electronic
transitions, which are unique to the ionized dimers.

splitting between the states derived from the corresponding
bonding and antibonding DMOs depends on the geometry
and orbital character. For example, in the stacked dimer the
p-like orbitals overlap more eﬃciently than the lone-pair
orbitals, resulting in a bigger splitting for the states derived
from p-like orbitals. In the planar hydrogen-bonded dimer, we
expect the opposite behavior, because the interaction is
spatially favorable for the orbitals of a lone-pair type.
The goal of this work is to characterize the electronic
structure of the ionized uracil dimers, to quantify and compare
the eﬀects of p-stacking and hydrogen bonding on vertical IE
and electronic spectroscopy of the dimer cations. Lower
symmetry and the presence of heteroatoms in uracil results
in more localized monomers’ MOs, which aﬀects the MO
picture of the dimer. Moreover, the polarity of uracil results
in stronger bonding in the neutral dimers as compared to
benzene, e.g., the binding energy of the p-stacked uracil is
9–10 kcal mol1 versus 2.6 kcal mol1 in (C6H6)2.46–49
The structure of the paper is as follows. Theoretical methods
and computational details are described in section 2. Section 3
presents vertical IEs of the uracil monomer, p-stacked and
H-bonded dimers, as well as electronic spectra of the cations.
We also discuss the basis set eﬀects for the monomer and
dimer IEs computed by EOM-IP-CCSD (section 3.3.1), and
introduce an eﬃcient energy-additivity scheme that reduces
the cost of such computations (section 3.3.2). Lastly, we
present the electronic spectra of uracil and two uracil dimer
cations calculated at the neutral geometry, as well as at the
optimized cation geometry.

2. Theoretical methods and computational details
Since open-shell doublet wave functions can formally be
derived from a closed-shell system by subtraction/addition of
This journal is
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an electron, they can be accurately and eﬃciently described by
ionization potentials (IP) and electron aﬃnities (EA) variants
of equation-of-motion coupled-cluster (EOM-CC),38–41 or the
closely related symmetry-adapted-cluster conﬁgurationinteraction (SAC-CI) methods.50–52 EOM-IP, which relies on
the N-electron closed-shell reference, is free from the symmetry
breaking and spin-contamination problems that are
ubiquitous in open-shell calculations, and is capable of
describing charge localization patterns in ionized dimers.31
Moreover, EOM-IP includes dynamical and non-dynamical
correlation simultaneously, describes multiple electronic states
in one calculation, and allows one to describe states with a
diﬀerent number of electrons on the same footing, i.e.,
electronically excited, ionized or attached states of the uracil
dimer can be described by the EOM-CC family of methods
employing the same closed-shell CCSD reference wave
function of the neutral.53 Moreover, correlated one- and
two-particle densities and transition densities are available
for the EOM-CC methods, see, for example, ref. 31, 40, 54,
which facilitates calculations of analytic nuclear gradients,
permanent and transition dipole moments, as well as Dyson
orbitals for ionization from the ground and electronically
excited states.55
The target open-shell wave functions are generated by a
Koopmans-like excitation operator R acting on the reference
CC wave function:
CEOMIP(N  1) = R̂eT̂F0(N)

(3)

where F0(N) is the reference determinant of the N-electron
neutral system, T is the coupled-cluster excitation operator
including single and double substitutions, and R consists of 1h
and 2h1p (1 hole and 2 hole 1 particle) and operators
generating (N  1)-electron determinants from the N-electron
reference. EOM-IP-CCSD yields accurate energy splittings
and smooth potential energy surfaces along charge transfer
coordinates.43 Amplitudes of T and R are found by solving
CCSD equations for the ground-state wave function of the
neutral and subsequent diagonalization of the similarity
 = eTHeT, respectively.
transformed Hamiltonian, H
In all calculations of vertical IEs, we employ the uracil
dimer geometries shown in Fig. 2 from the S22 set of Hobza
and coworkers.46 The monomer calculations are conducted
using the RI-MP2/cc-pVTZ geometry. The calculation of
IEs and electronic spectra of the stacked isomer at the
relaxed geometry employ the geometry optimized by
DFT/6-311(+)G(d,p) with 50–50 functional (i.e., equal
mixture of the following exchange and correlation parts:
50% Hartree–Fock + 8% Slater + 42% Becke for exchange,
and 19% VWN + 81% LYP for correlation).56 We found
several isomers, e.g., the T-shaped and stack-like structures,
and the spectrum presented here is computed for the latter.
The optimized structures and relative energies of the diﬀerent
isomers will be discussed elsewhere.57
IEs of the dimers and the monomer were calculated at the
EOM-IP-CCSD level using several Pople bases,58,59
i.e., 6-31(+)G(d), 6-311(+)G(d,p), and others. In the
monomer calculations, we also employed the 6-31G(d) and
6-31+G(d) bases with a modiﬁed d-function exponent
This journal is
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Fig. 2 p-Stacking and hydrogen-bonding in DNA (top) and the
geometries of the stacked (a) and hydrogen-bonded (b) uracil dimers.

(0.2 instead of 0.8) as in ref. 7. The core orbitals were frozen
in the IE calculations.
Electronic spectra of the cations were computed at the
EOM-IP-CCSD/6-31(+)G(d) level. The monomer spectrum
was also calculated with a bigger cc-pVTZ basis set.60
The molecular structures and the relevant total energies are
given in the ESI.w All calculations were conducted using the
Q-CHEM electronic structure package.61

3. Results and discussion
3.1 Prerequisites: Ionized states of uracil and the electronic
spectrum of the uracil cation
We begin with a brief overview of the electronic structure of
uracil. It is a planar closed-shell molecule of Cs symmetry. The
lowest electronic states of the uracil cation correspond to
ionizations from the ﬁve highest occupied MOs shown in
Fig. 3. Among these ﬁve orbitals, there are two p orbitals of
a00 symmetry corresponding to the C–C and C–O double
bonds of uracil; two orbitals of a 0 symmetry corresponding
to the oxygen lone-pairs, and one a00 orbital of a mixed
character. The HOMO is pCC.
Vertical IEs of the 5 lowest ionized states of uracil are
presented in Table 1, and the corresponding electronic
spectrum of the uracil cation is shown in Fig. 3. The ground
state of the cation corresponds to pCC (or 1a00 ) orbital being
singly occupied (the corresponding orbital is shown in the
picture). Four excited cation states are derived from ionization
from the 1a 0 , 2a00 , 2a 0 or 3a00 orbitals. All 4 electron transitions
are symmetry allowed, but their intensities are diﬀerent: the
parallel (allowed in x,y-direction) A00 - A00 transitions are
Phys. Chem. Chem. Phys., 2009, 11, 1303–1311 | 1305

corrected CASPT2 value7 for the lowest IE is 9.22 eV, which is
0.23 eV below the experimental range).
3.2 Electronic structure of the uracil dimers

Fig. 3 Electronic spectrum and relvant MOs of the uracil cation at
the geometry of the neutral. The MO hosting the hole in the ground
state of the cation is also shown (top left). Dashed lines show the
transitions with zero oscillator strength.

intense and the perpendicular (allowed in the z-direction)
A00 - A 0 transitions are weak due to an unfavorable orbital
overlap. Overall, calculated vertical IEs (e.g., with cc-pVTZ)
for the monomer are in agreement with the experimentally
determined values, with the exception of the 32A00 transition,
for which the calculated IE value at 13 eV is outside the
experimental range of 12.5–12.7 eV. The diﬀerence is within
the EOM-IP-CCSD error bars (0.2–0.3 eV). The absolute
diﬀerences between EOM-IP/cc-pVTZ and CASPT2 IEs from
ref. 7 are within 0.13–0.49 eV range and are slightly larger than
the discrepancies between the EOM-IP and the experimental
values. Note that the CASPT2 results shown in Table 1 are
obtained using the empirical IPEA correction,7 which
improves the agreement with the experiment (e.g., not IPEA

Fig. 4 displays the calculated Hartree–Fock MOs corresponding
to the 10 lowest ionized states of the stacked uracil dimer and
the corresponding ionization energies (IEs) calculated with
EOM-IP-CCSD/6-311(+)G(d,p). The 10 highest occupied
orbitals of the stacked dimer are symmetric and antisymmetric
combinations of the 5 highest occupied FMOs. The biggest
splitting (0.53 eV) is between the states derived from bonding
and antibonding combinations of the p-like FMOs, whereas
the combinations of FMOs of the lone pair character are
almost degenerate.
As Fig. 5 shows, the electronic structure of the hydrogenbonded dimer exhibits similar trends, i.e., the FMOs of
the same character are combined to produce bonding and
anti-bonding DMOs. The important diﬀerence is that the

Fig. 4 MOs and IEs (eV) of the ten lowest ionized states of the
stacked uracil dimer. Ionization from the highest MO yields the
ground electronic state of the dimer cation, and the ionizations from
the lower orbitals result in electronically excited states.

Table 1 Five lowest verical IEs (eV) of the uracil monomer calculated with EOM-IP-CCSD. The number of basis functions (b.f.) is given for each
basis
Basis

b.f.

12A00

12A 0

22A00

22A 0

32A00

6-31G(d)
6-31G(d)a
6-31(+)G(d)
6-31(+)G(d)a
6-31(2+)G(d)
6-311(+)G(d,p)
6-31(2+)G(d,p)
6-31(+)G(2d)
6-31(+)G(2d,p)
6-311(2+,+)G(d)
6-311(+)G(2d)
6-311(2+)G(d,p)
6-311(2+,+)G(d,p)
6-31(+)G(2df)
cc-pVTZ
Exp.b
CASPT2c

128
128
160
160
192
200
204
208
220
224
228
232
236
284
296

9.13
9.11
9.38
9.28
9.39
9.48
9.41
9.45
9.46
9.43
9.49
9.48
9.48
9.60
9.55
9.45–9.6
9.42

9.75
9.72
10.05
9.92
10.05
10.11
10.07
10.13
10.13
10.09
10.20
10.12
10.12
10.30
10.21
10.02–10.13
9.83

10.17
10.11
10.44
10.30
10.45
10.51
10.47
10.52
10.53
10.47
10.57
10.52
10.52
10.69
10.62
10.51–10.56
10.41

10.75
10.69
11.03
10.92
11.03
11.09
11.04
11.10
11.11
11.07
11.16
11.09
11.09
11.26
11.17
10.90–11.16
10.86

12.71
12.73
12.95
12.88
12.95
13.02
12.97
12.99
13.00
12.97
13.02
13.02
13.02
13.13
13.08
12.50–12.70
12.59

a
Modiﬁed d-orbital exponent.
from ref. 7.

b

The experimental results are from ref. 1–3. c Empirically corrected (IPEA = 0.25) CASPT2/ANO-L 431/21
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Table 2 Excitation energies, transition dipole moments (m) and
oscillator strengths (f) of the electronic transitions in the uracil cation
calculated with EOM-IP-CCSD with diﬀerent bases
Property

Basis

12A 0

22A00

22A 0

32A00

DE/eV

6-31(+)G(d)
6-311(+)G(d,p)
cc-pVTZ
6-31(+)G(d)
6-311(+)G(d,p)
cc-pVTZ
6-31(+)G(d)
6-311(+)G(d,p)
cc-pVTZ

0.668
0.642
0.664
0.0003
0.0003
0.0002
0.0000
0.0000
0.0000

1.647
1.614
1.627
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

1.063
1.037
1.069
0.7888
0.7859
0.7378
0.0205
0.0200
0.0193

3.566
3.543
3.533
1.3419
1.3586
1.3306
0.1172
0.1180
0.1152

hm2i/a.u.
f

Fig. 5 MOs and IEs (eV) of the ten lowest ionized states of the
hydrogen-bonded uracil dimer. Ionization from the highest MO yields
the ground electronic state of the dimer cation, and the ionizations
from the lower orbitals result in electronically excited states.

overlap between the FMOs is the biggest for the in-plane
orbitals, resulting in the biggest splitting for the DMOs formed
from FMOs corresponding to the lone pairs on the two
neighboring oxygens. Overall, the splittings are smaller than
in the p-stacked dimer, i.e., the largest splitting is 0.35 eV, and
the splitting between the two lowest states is only 0.10 eV.
Note that the orbital splitting does not change state
ordering in the dimers relative to the monomer.
3.3

Vertical ionization energies of the monomer and the dimers

3.3.1 Monomer ionization energies, transition dipoles, and
the basis set eﬀects. We investigate the basis set eﬀects using
monomer IEs to choose an optimal basis set for the dimer
calculations. Basis set convergence is illustrated in Fig. 6. The
range of the experimental IEs is shown by the shaded areas. As
one can see, beyond the 6-311(+)G(d,p) basis the variations in
IEs are less than 0.12 eV. The analysis of the data in Table 1
leads to the following conclusions. Firstly, the triple-z quality
basis is desirable, as double-z and triple-z IEs diﬀer by

Fig. 6 Basis set dependence of the ﬁve lowest IEs of uracil. The
shaded areas represent the range of the experimental values.
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up to 0.07 eV—compare, for example, 6-31(2+)G(d,p) vs.
6-311(2+)G(d,p), and 6-31(+)G(2d) vs. 6-311(+)G(2d)
results. Secondly, the polarization on hydrogens and additional
polarization on heavy atoms have a noticeable eﬀect on IEs:
for example switching from 6-31(2+)G(d) to 6-31(2+)G(d,p)
results in a just 0.02 eV change; yet the diﬀerence between
6-311(2+,+)G(d) and 6-311(2+,+)G(d,p) values is 0.05 eV.
The diﬀerence between the 6-31(+)G(2df) and 6-31(+)G(2d)
values is 0.17 eV. Lastly, adding diﬀuse functions on
hydrogens and extra diﬀuse functions on heavy atoms has a
negligible eﬀect on IEs—compare, for example, 6-31(+)G(d)
vs. 6-31(2+)G(d); 6-311(+)G(d,p) vs. 6-311(2+)G(d,p); and
6-311(2+)G(d,p) vs. 6-311(2+,+)G(d,p). Thus, we choose
6-311(+)G(d,p) as an optimal basis for the dimers. The results
with the modiﬁed d-orbital exponent7 do not show systematic
improvement over the values obtained with the standard
polarization function.
Overall, calculated vertical IEs for the monomer are in
agreement with the experimentally determined values, with
the exception of the 32A00 transition, for which the calculated
IE value at 13 eV is outside the experimental range of
12.5–12.7 eV. The diﬀerence is within the EOM-IP-CCSD
error bars (0.2–0.3 eV).
Another observation is that both the state ordering and the
energy gaps between the states do not depend on the basis set,
i.e., the curves in Fig. 6 are almost parallel. This suggests that
cost-reducing energy-additivity schemes can be employed for
the IE calculations.
Finally, Table 2 contains monomer excitation energies and
oscillator strengths calculated with diﬀerent bases ranging
from 6-31(+)G(d) to cc-pVTZ. Interestingly, the energies,
transition dipole values and oscillator strengths change only
slightly with the basis set increase, and the 6-31(+)G(d)
basis set appears to be suﬃcient for the transition property
calculations.
3.3.2 Dimer IEs and the energy additivity scheme. The
monomer results from section 3.3.1 suggest to employ the
6-311(+)G(d,p) basis for the dimer IE calculations together
with energy-additivity schemes. Here we investigate whether
these results apply for the dimers, whose description may
require a basis larger than 6-311(+)G(d,p), i.e., augmented
by additional diﬀuse functions, to accurately describe the
p-stacking or hydrogen-bonding interaction.
Tables 3 and 4 contain calculated IEs for the 10 lowest
ionized states of the stacked and hydrogen-bonded complexes,
Phys. Chem. Chem. Phys., 2009, 11, 1303–1311 | 1307

Table 3

Ten lowest vertical IEs (eV) of the stacked uracil dimer calculated with EOM-IP-CCSD

State

6-31G(d)

6-31(+)G(d)

6-31(2+)G(d)

6-31(2+)G(d,p)

6-311(+)G(d,p)

6-311(++)G(d,p)

6-311(2+)G(d,p)

8.81
9.31
9.77
9.81
10.11
10.15
10.67
10.72
12.38
12.65
256

9.03
9.56
10.06
10.12
10.38
10.44
10.94
10.99
12.61
12.88
320

9.04
9.56
10.06
10.12
10.39
10.44
10.94
10.99
12.61
12.88
384

9.06
9.59
10.07
10.13
10.41
10.46
10.96
11.00
12.63
12.91
408

9.14
9.66
10.14
10.20
10.47
10.52
11.02
11.07
12.67
12.96
416

9.14
9.66
10.14
10.19
10.47
10.52
11.02
11.06
12.69
12.96
424

9.14
9.66
10.14
10.19
10.47
10.52
11.02
11.06
12.68
12.96
480

2

XB
12A
22B
22A
32B
32A
42B
42A
52B
52A
b.f.

Table 4 Ten lowest verical IEs (eV) of the hydrogen-bonded uracil
dimer calculated with EOM-IP-CCSD
State
2

X Au
12Bg
12Bu
12Ag
22Bg
22Au
22Bu
22Ag
32Au
32Bg

6-31G(d)

6-31(+)G(d)

6-311(+)G(d,p)

9.01
9.11
9.84
9.89
10.37
10.35
10.85
11.20
12.53
12.63

9.26
9.37
10.13
10.17
10.62
10.65
11.12
11.49
12.76
12.87

9.35
9.47
10.20
10.25
10.69
10.72
11.19
11.55
12.83
12.95

respectively. The IE data in Table 3 exhibit similar basis set
eﬀects as in the monomer. Additional sets of diﬀuse functions
on heavy atoms or hydrogens have a negligible eﬀect on IEs,
whereas extra polarization leads to noticeable changes in IEs.
Overall, the results from Tables 3 and 4 conﬁrm that the
6-311(+)G(d,p) basis is indeed an optimal choice for the
stacked dimer in terms of accuracy versus computational cost.
Surprisingly, a single set of diﬀuse functions is suﬃcient for
adequate representation of the ionized p-stacked dimer,
although additional diﬀuse functions might become more
important at shorter interfragment distances.
The stacked dimer IEs from Table 3 demonstrate that,
similarly to the monomer, the energy spacing between the
ionized states remains almost constant in diﬀerent bases, thus
suggesting that energy-additivity schemes can be employed.
IEs for the hydrogen-bonded dimer are collected in Table 4
and exhibit the same trends as in the stacked dimer.
Finally, we describe a simple energy-additivity scheme for
the dimer IE calculations. As the IE curves remain parallel

both in the monomer and dimer, we approximate the target
dimer IEs calculated with a large basis, ED,large
EOMIPCCSD, using
the dimer IEs calculated with a smaller basis, IED,small
EOMIPCCSD,
and the monomer IEs calculated with the large and small bases
M,small
(EM,large
EOMIPCCSD and IEEOMIPCCSD, respectively):
D,small
IED,large
EOMIPCCSD E IEEOMIPCCSD
M,small
+ (IEM,large
EOMIPCCSD  IEEOMIPCCSD) (4)

As follows from the data from Tables 5 and 6, this scheme
yields the results that are very close to the exact calculation.
All IEs estimated from the dimer 6-31(+)G(d) values are
within 0.01–0.02 eV from the full EOM-IP-CCSD/
6-311(+)G(d,p) dimer results for both complexes. This
diﬀerence is negligible compared to the 0.2–0.3 eV error bars
of EOM-IP-CCSD.
To rationalize the excellent performance of the energyadditivity scheme, let us rewrite eqn (4) separating the dimer
and monomer terms as follows:
D,small
IED,large
EOMIPCCSD  IEEOMIPCCSD
M,small
E IEM,large
EOMIPCCSD  IEEOMIPCCSD

(5)

Eqn (5) thus implies that the basis set correction is the same for
the monomer, stacked or hydrogen-bonded dimer and the
splitting between the overlapping FMOs is well reproduced
even in a relatively small basis set, i.e., 6-31(+)G(d).
3.4 The electronic spectra of dimer cations
This section compares the electronic spectra of the monomer
and the dimer cations calculated by EOM-IP-CCSD. The
transitions are between the states of the cation corresponding
to diﬀerent orbitals being singly-occupied. Our best estimates,

Table 5 Ten lowest verical IEs (eV) of the stacked dimer calculated with EOM-IP-CCSD/6-311(+)G(d,p) versus the energy additivity scheme
results estimated using 6-31(+)G(d)
State
2

XB
12A
22B
22A
32B
32A
42B
42A
52B
52A

IED
6–31(+)G(d)

DIEM
6311(+)631(+)G(d)

IED,estimated
6311(+)G(d,p)

IED
6311(+)G(d,p)

Abs. Error

9.03
9.56
10.06
10.12
10.38
10.44
10.94
10.99
12.61
12.88

0.10
0.10
0.07
0.07
0.07
0.07
0.06
0.06
0.08
0.08

9.13
9.66
10.13
10.19
10.45
10.51
11.00
11.05
12.69
12.96

9.14
9.66
10.13
10.19
10.46
10.52
11.00
11.05
12.67
12.96

0.01
0.00
0.00
0.00
0.01
0.01
0.00
0.00
0.02
0.00
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Table 6 Ten lowest vertical IEs (eV) of the hydrogen-bonded uracil dimer calculated with EOM-IP-CCSD/6-311(+)G(d,p) versus the energy
additivity scheme results estimated from 6-31(+)G(d)
State
2

X Au
12Bg
12Bu
12Ag
22Bg
22Au
22Bu
22Ag
32Au
32Bg

IED
6–31(+)G(d)

DIEM
6311(+)631(+)G(d)

IED,estimated
6311(+)G(d,p)

IED
6311(+)G(d,p)

Abs. Error

9.26
9.37
10.13
10.17
10.62
10.65
11.12
11.49
12.76
12.87

0.10
0.10
0.06
0.06
0.07
0.07
0.06
0.06
0.07
0.07

9.36
9.47
10.19
10.23
10.69
10.72
11.18
11.55
12.83
12.94

9.35
9.47
10.20
10.25
10.69
10.72
11.19
11.55
12.83
12.95

0.01
0.00
0.01
0.02
0.00
0.00
0.01
0.00
0.00
0.01

i.e., EOM-IP-CCSD/6-311(+)G(d,p), show that stacking and
hydrogen-bonding interactions lower the ﬁrst ionization
energy of the dimer by 0.34 and 0.13 eV, respectively, relative
to uracil. The magnitude of the IE decrease in the stacked
dimer is remarkably close to that in benzene. Thus, the uracil
dimers are ionized more easily than the monomer. Another
interesting observation is a relationship between the drop in IE
and the degree of initial hole localization. Since a larger IE
drop is a consequence of a better orbital overlap, the dimer
conﬁgurations that ionize easier would feature more extensive
initial hole delocalization. This might have mechanistic
consequences for the ionization-induced processes in DNA,
where diﬀerent relative nucleobase conﬁgurations are present
due to structural ﬂuctuations.
Electronic transitions in the dimers belong to the two diﬀerent
types, namely, CR (charge resonance) and LE (local excitations).
The former are derived from the transitions between the bonding
and anti-bonding DMOs, e.g., see Fig. 1 and eqns (1), (2), and
are unique for the ionized dimers. The latter are the transitions
between DMOs formed from diﬀerent FMOs, and resemble the
monomer transitions. Another diﬀerence between the CR and
LE transitions is that the transition dipole moment of the former
increases linearly with the fragment separation, whereas the LE
bands decay.42 The strong sensitivity of the CR bands to the
dimer geometry suggests to employ these transitions as a
spectroscopic probe of structure and dynamics in ionized
p-stacked and H-bonded systems.
3.4.1 Stacked uracil dimer cation. The calculated electronic
spectra of the stacked dimer cation at the neutral’s geometry is
shown in Fig. 7 and summarized in Table 7. The ground
electronic state of the cation is 12B (the respective
singly-occupied orbital is shown). All nine arising transitions
are allowed by symmetry: the transitions of the B - A type
are perpendicular, whereas the B - B transitions are parallel
with respect to the inter-fragment axis. The four most intense
bands correspond to the ﬁnal electronic states 12A, 32A, 52B
and 52A, the ﬁrst one giving rise to the CR band. Note that the
intensity of the LE transitions between the lone-pair like and
p-like orbitals remains very small.
To estimate the eﬀect of geometry relaxation of the cation
on the spectra, we also computed the vertical excitation
spectra at the optimized dimer geometry (see section 2 and
ESIw). The corresponding excitation energies, transition
dipoles, and oscillator strengths are given in Table 8. As in
the benzene dimer cation, the optimized geometry of the uracil
This journal is
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Fig. 7 Vertical electronic spectrum of the stacked uracil dimer cation
at the geometry of the neutral. Dashed lines show the transitions with
zero oscillator strength. MOs hosting the unpaired electron in each
electronic states, as well as their symmetries, are shown for each
transition. The MO corresponding to the ground state of the cation
is shown in the middle.

Table 7 Oscillator strengths (f) and transition dipole moments (m) for
the electronic transitions in the ionized stacked uracil dimer calculated
with EOM-IP-CCSD/6-31(+)G(d) at the geometry of the neutral
Transition
2

XB
X2B
X2B
X2B
X2B
X2B
X2B
X2B
X2B

-

2

1A
22B
22A
32B
32A
42B
42A
52A
52B

DE/eV

hm2i/a.u.

f

0.523
1.027
1.081
1.349
1.406
1.906
1.952
3.844
3.573

7.2917
0.0028
0.1503
0.1141
0.5170
0.0023
0.0052
0.3530
0.9990

0.0935
0.0000
0.0039
0.0037
0.0178
0.0001
0.0002
0.0332
0.0874

dimer cation features a shorter interfragment distance that
facilitates a more eﬃcient orbital overlap.
Fig. 8 compares the spectra calculated at the neutral
geometry and at the optimized geometry of the cation. The
intensity pattern is similar to the spectra at the neutral
geometry: the most intense bands correspond to the ﬁnal
electronic states 12A, 32A, 52B and 52A. A signiﬁcant increase
(approximately threefold) in intensity of the CR band is
Phys. Chem. Chem. Phys., 2009, 11, 1303–1311 | 1309

Table 8 Oscillator strengths (f) and transition dipole moments (m) for
the electronic transitions in the ionized stacked uracil dimer calculated
with EOM-IP-CCSD/6-31(+)G(d) at the equilibrium geometry of the
ionized dimer
Transition
2

XB
X2B
X2B
X2B
X2B
X2B
X2B
X2B
X2B

-

2

1A
22B
22A
32B
32A
42B
42A
52A
52B

DE/eV

hm2i/a.u.

f

1.60
2.08
2.10
2.48
2.63
3.09
3.09
4.88
4.60

6.6438
0.0006
0.0075
0.0721
0.4591
0.0011
0.0008
0.1995
0.7477

0.2601
0.0000
0.0003
0.0044
0.0295
0.0000
0.0000
0.0238
0.0842

Fig. 9 Vertical electronic spectrum of the hydrogen-bonded uracil
dimer cation at the geometry of the neutral. The dashed lines show the
transitions with zero oscillator strength. MOs hosting the unpaired
electron in each electronic state, as well as their symmetries, are shown
for each transition. The MO corresponding to the ground state of the
cation is shown in the middle.

Fig. 8 Vertical electronic spectra of the stacked uracil dimer cation at
two diﬀerent geometries: the geometry of the neutral (bold lines) and
the DFT/5050/6-311(+)G(d,p) optimized cation geometry (dashed
lines). MOs hosting the unpaired electron in each electronic states
are shown for each transition.

Table 9 Oscillator strengths and transition dipole moments for the
electronc transitions of the ionized hydrogen-bonded uracil dimer
calculated with EOM-IP-CCSD/6-31(+)G(d) at the geometry of the
neutral
Transition
2

X Au
X2Au
X2Au
X2Au
X2Au
X2Au
X2Au
X2Au
X2Au

-

2

1 Bg
12Bu
12Ag
22Bg
22Au
22Bu
22Ag
32Bg
32Au

DE/eV

hm2i/a.u.

F

0.113
0.870
0.914
1.357
1.390
1.867
2.232
3.614
3.501

27.4606
0.0000
0.0002
0.2527
0.0000
0.0000
0.0000
1.3025
0.0000

0.0762
0.0000
0.0000
0.0084
0.0000
0.0000
0.0000
0.1153
0.0000

observed; LE band intensity increases for some electronic
states (32A), slightly decreases for the others (52B and 52A).
Overall, the excitation energies uniformly increase, with the
shift being around 1.1 eV.
3.4.2 Hydrogen-bonded uracil dimer cation. The spectrum
of the hydrogen-bonded dimer is presented in Fig. 9 and
Table 9. Comparison of this spectra with the stacked dimer
example instantly reveals an important diﬀerence, i.e., smaller
1310 | Phys. Chem. Chem. Phys., 2009, 11, 1303–1311

number of peaks with non-zero intensity owing to higher
symmetry of hydrogen-bonded complex. The ground electronic
state of cation is 12Au and the 12Au - Au and 12Au - Bu
transitions are now forbidden by symmetry. Two transitions
derived from the allowed parallel transitions, 12Au - Ag, are
also of zero intensity in the spectra. Three transitions of the
12Au - Bg type are the most intense, 12Au - 12Bg is the CR
band, and the rest are LE. The CR band in H-bonded dimer
appears at 0.11 eV, which is 0.4 eV below the CR band in the
p-stacked dimer, however, its oscillator strength is only
slightly smaller (0.076 vs. 0.094). The intensity of the CR
transition is lower than the most intense LE transition.

4. Conclusions
We characterized the electronic structure of the p-stacked and
hydrogen-bonded uracil dimer cations by EOM-IP-CCSD. We
computed IEs corresponding to the ground and electronically
excited states of the cations and calculated transition
dipoels and oscillator stengths for the electronic transitions
between the cation states. The results of the calculations are
rationalized within the DMO-LCFMO framework.
Similarly to the benzene dimer, the p-stacking lowers IE by
about 0.4 eV vertically. The magnutude of the IE decrease
correlates with the degree of initial hole localization, as both
depend on orbital overlap. Thus, the dimer conﬁgurations that
ionize easier would feature a more extensive initial hole
delocalization.
Ionization changes the bonding from non-covalent to
covalent, which induces signiﬁcant geometrical changes,
e.g., fragments move closer to each other to maximize the
orbital overlap. The electronic spectra of the ionized dimers
feature strong CR bands whose position and intensity are very
sensitive to the structure, e.g., geometrical relaxation in the
p-stacked dimer blue-shifts the CR band by more than 1 eV
and results in the threefold intensity increase. These properties
This journal is
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of the CR transitions may be exploited in pump–probe
experiments targeting the ionization-induced dynamics in
systems with p-stacking interactions, e.g., DNA or RNA
strands. The perturbation in the LE bands in the dimer is also
described. The hydrogen-bonded dimer features slightly less
intense CR bands at lower energies.
Benchmark calculations in a variety of basis sets show that
6-311(+)G(d,p) basis yields suﬃciently converged IEs, and
that the energy additivity scheme based on dimer calculations
in a small 6-31(+)G(d) basis allows an eﬃcient and accurate
evaluation of the dimer IEs.
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8 E. Cauët and J. Liévin, Adv. Quantum Chem., 2007, 52, 121–147.
9 K. Müller-Dethlefs and P. Hobza, Chem. Rev., 2000, 100, 143–167.
10 J. Sponer, J. Leszczynski and P. Hobza, Biopolimers, 2002, 61, 3–31.
11 C. Crespo-Hernández, B. Cohen, P. Hare and B. Kohler, Chem.
Rev., 2004, 104, 1977–2019.
12 H. Fernando, G. Papadantonakis, N. Kim and P. LeBreton, Proc.
Nat. Acad. Sci., 1998, 95, 5550–5555.
13 L. Belau, K. Wilson, S. Leone and M. Ahmed, J. Phys. Chem. A,
2007, 111, 7562–7568.
14 C. Crespo-Hernández, D. Close, L. Gorb and J. Leszczynski,
J. Phys. Chem. B, 2007, 111, 5386–5395.
15 S. Schumm, M. Prévost, D. Garcia-Fresnadillo, O. Lentzen,
C. Moucheron and A. Krisch-De Mesmaeker, J. Phys. Chem. B,
2002, 106, 2763–2768.
16 V. Chebny, R. Shukla and R. Rathore, J. Phys. Chem. A, 2006,
110, 13003–13006.
17 H. Sugiyama and I. Saito, J. Am. Chem. Soc., 1996, 118,
7063–7068.
18 F. Prat, K. Houk and C. Foote, J. Am. Chem. Soc., 1998, 120, 845.
19 G. Hutchison, M. Ratner and T. Marks, J. Am. Chem. Soc., 2005,
127, 16866–16881.
20 D. Roca-Sanjuán, M. Merchán and L. Serrano-Andrés, Chem.
Phys. Lett., 2008, 349, 188–196.
21 M. Bixon and J. Jortner, J. Phys. Chem. A, 2001, 105,
10322–10328.
22 G. Schuster, Acc. Chem. Res., 2000, 33, 253–260.
23 F. Lewis, R. Letsinger and M. Wasielewski, Acc. Chem. Res., 2001,
34, 159–170.

This journal is


c

the Owner Societies 2009

24 R. Rathore, S. Abdelwahed and I. Guzei, J. Am. Chem. Soc., 2003,
125, 8712–8713.
25 F. Gervasio, A. Laio, M. Parrinello and M. Boero, Phys. Rev.
Lett., 2005, 94, 158103.
26 E. Bittner, J. Chem. Phys., 2006, 125, 094909.
27 E. Davidson and W. Borden, J. Phys. Chem., 1983, 87, 4783–4790.
28 N. Russ, T. Crawford and G. Tschumper, J. Chem. Phys., 2004,
120, 7298–7306.
29 J. Nash and R. Squires, J. Am. Chem. Soc., 1996, 118,
11872–11883.
30 W. Eisfeld and K. Morokuma, J. Chem. Phys., 2000, 113,
5587–5597.
31 P. Pieniazek, S. Bradforth and A. Krylov, J. Chem. Phys., 2008,
129, 074104.
32 V. Polo, E. Kraka and D. Cremer, Mol. Phys., 2002, 100, 1771–1790.
33 Y. Zhang and W. Yang, J. Chem. Phys., 1998, 109(7), 2604–2608.
34 T. Bally and G. Sastry, J. Phys. Chem. A, 1997, 101, 7923–7925.
35 M. Lundber and P. Siegbahn, J. Chem. Phys., 2005, 122(224103), 1–9.
36 V. Vanovschi, A. Krylov and P. Wenthold, Theor. Chim. Acta,
2008, 120, 45–58.
37 P. Pieniazek, J. VandeVondele, P. Jungwirth, A. Krylov and
S. Bradforth, J. Phys. Chem. A, 2008, 112, 6159–6170.
38 D. Sinha, D. Mukhopadhyay and D. Mukherjee, Chem. Phys.
Lett., 1986, 129, 369–374.
39 S. Pal, M. Rittby, R. Bartlett, D. Sinha and D. Mukherjee, Chem.
Phys. Lett., 1987, 137, 273–278.
40 J. Stanton and J. Gauss, J. Chem. Phys., 1994, 101(10), 8938–8944.
41 M. Nooijen and R. Bartlett, J. Chem. Phys., 1995, 102, 3629–3647.
42 P. Pieniazek, A. Krylov and S. Bradforth, J. Chem. Phys., 2007,
127, 044317.
43 P. Pieniazek, S. Arnstein, S. Bradforth, A. Krylov and C. Sherrill,
J. Chem. Phys., 2007, 127, 164110.
44 P. Pieniazek, E. Sundstrom, S. Bradforth and A. Krylov, to be
published, 2008.
45 P. Atkins and R. Friedman, Molecular Quantum Mechanics,
Oxford University Press, New York, 2005.
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