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Theoretical Study of Excited States of DNA Base Dimers
and Tetramers Using Optimally Tuned Range-Separated

Density Functional Theory

Haitao Sun,*™ Shian Zhang,"®! Cheng Zhong,®

Excited states of various DNA base dimers and tetramers
including Watson-Crick H-bonding and stacking interactions
have been investigated by time-dependent density functional
theory using nonempirically tuned range-separated exchange
(RSE) functionals. Significant improvements are found in the
prediction of excitation energies and oscillator strengths, with
results comparable to those of high-level coupled-cluster (CC)
models (RI-CC2 and EOM-CCSD(T)). The optimally-tuned RSE
functional significantly outperforms its non-tuned (default) ver-
sion and widely-used B3LYP functional. Compared to those
high-level CC benchmarks, the large mean absolute deviations
of conventional functionals can be attributed to their inappro-
priate amount of exact exchange and large delocalization

Introduction

Fundamental understanding the excited electronic states and
photophysical properties of DNA and RNA nucleic acid bases
(NABs) has its significant biological importance and so far has
attracted great attention.""® For example, the formation of
excited states of NABs by UV radiation is a primary step caus-
ing genetic damage; The charge transfer (CT) process”’
through a DNA strand plays a photoprotective role in enhanc-
ing its photostability,”™ which allows for DNA-based structures
as promising materials for nanoelectronics.*'"" However, due
to the complex biological environment and flexible geometries
of a DNA duplex, a comprehensive understanding of the cru-
cial phenomena such as UV radiation-induced DNA damage
and conductivity along DNA double helices remains a chal-
lenge.l'*"3 First, it is of great importance to fully characterize
the relationship between the optical properties and electronic
structures of DNA molecules, as well as intra- and inter-
molecular interactions." Although many experimental and
theoretical efforts have focused on isolated DNA bases, sys-
tematic studies on base pairs and assemblies are relatively lim-
ited.”™ Kohler"® pointed out that the photochemistry
properties between isolated DNA bases and DNA chain are
quite different and the relaxation in a DNA duplex is much
slower than that in individual monomers. Miannay et al.l'”’
demonstrated that the behavior of excited-state relaxation in
guanine-cytosine (GC) double helix contrasts with that in
adenine-thymine (AT) duplex by comparing their fluorescence
decays. Créspo-Hernandez et al. have shown the key role of
stacking interaction in the control of the excited-state dynam-
ics in an AT complex.” Therefore, DNA pairs and especially
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errors which can be greatly eliminated by tuning approach.
Furthermore, the impacts of H-bonding and 7-stacking interac-
tions in various DNA dimers and tetramers are analyzed
through peak shift of simulated absorption spectra as well as
corresponding change of absorption intensity. The result indi-
cates the stacking interaction in DNA tetramers mainly contrib-
utes to the hypochromicity effect. The present work provides
an efficient theoretical tool for accurate prediction of optical
properties and excited states of nucleobase and other biologi-
cal systems. © 2015 Wiley Periodicals, Inc.
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larger clusters, which combine hydrogen(H-) bonding and =-
stacking interactions, are relevant prototypical systems to be
studied since they can be seen as the basic building blocks of
a realistic DNA duplex."® From a theoretical perspective care
must be taken, however, in choosing an appropriate level of
theory that is capable of providing both efficient and accurate
prediction of the excited-state properties of the DNA building
blocks.”!

Various computational approaches from low to high levels
of theory have been performed to describe the excitation
spectrum and excited-state relaxation of NABs.2°23! These
methods may be divided into two categories: “inexpensive but
rough” and “accurate but expensive.” The former type, such as
configuration interaction singles (CIS) and latter-developed
intermediate neglect of differential overlap-spectroscopic
parameterization (INDO/S) semi-empirical quantum chemistry
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methods,”*® can be applied to large biological system but is

mostly restricted to a qualitative study. The latter type such as
post-Hartree-Fock (PHF) methods can allow for accurate pre-
diction of excited-state properties due to their inclusion of suf-
ficient electron correlation and is commonly employed as
high-level benchmarking methods.*¥ However, the careful
choice of active space in the multi-configurational second-
order perturbation approach (CASPT2) and particularly the
very high computational cost using coupled-cluster (CC) meth-
ods limit their applicability as a routine calculation. More
importantly, there is a great need to develop reliable approxi-
mate methods that can be applied for long DNA strands
beyond isolated bases, since the high-level PHF methods are
typically too expensive to be feasible. Fortunately, time-
dependent density functional theory (TDDFT)?*?" has
become a popular tool for calculations of excitation spectra
and molecular response properties, due to the attractive scal-
ing of computational requirements.?”? A common view has
been emphasized that choosing a reliable approximation for
the exchange-correlation (XC) potential is essential to deter-
mine the success or failure of TDDFT.*® For example, TDDFT
calculations with standard approximations (e.g., global hybrid
B3LYP functional) have been shown to provide accurate pre-
diction of the valence excitations of molecules.>>?°! However,
while calculating charge-transfer molecules, those conventional
functionals do not achieve sufficient accuracy in describing the
CT excitation energies. This is also known as the classic break-
down of TDDFT.2Y It has been further demonstrated that
even 7n-n* valence transitions in some polycyclic aromatic
hydrocarbon molecules also suffer a “CT-like” issue.*®*" Gen-
erally, one can attribute the severe systematic errors in the cal-
culated results to the introduction of inappropriate
approximations in TDDFT. Furthermore, they can be traced
back to large delocalization error (DE)*? and lack of derivative
discontinuity (DD),®* and an incorrect asymptotic behavior of
the potential.243°]

Recently, density functionals with range-separated exchange
(RSE)®>2®! switching from DFT to HF at increasing interelec-
tronic distances have been developed with intent of alleviating
the CT problem of TDDFT.”! For example, Lange et al.B®
pointed out the necessity of using RSE functionals for proper
description of CT states of adenine dimer. Jensen and
Govind? showed that RSE functionals significantly outper-
form conventional functionals for the calculations of excitation
energies of DNA base pairs due to the full (100%) exact
exchange (eX) in the long-range limit. Significant improve-
ments are also found in prediction of excited states of other
organic m-conjugated systems using the RSE approach.!'>3940
In these functionals, the interelectronic repulsion is separated
into short- and long-range domain, which is given for the
interelectronic distance ry, as:>*

L 1—[o+ ferf (wri2)] N a+ perf (wry3) )

2 2 2

The exchange is split into long-range eX component and
short-range DFT component of the exchange. The parameter «
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in eq. (1) quantifies the fraction of eX in the short-range limit,
while o+ f gives the fraction of eX in the long-range limit.
The range-separation parameter w is the inverse of a distance
at which the functional switches from DFT-like to HF-like. Typi-
cally for a RSE functional such as LC-wPBE and wB97X, o+ f§
equals 1, indicating 100% eX in the long-range limit and guar-
anteeing an asymptotically correct behavior of functional. Fur-
thermore, the parameter @ in RSE functionals can be
considered as a function of the density™'*? and has been
shown to be strongly system-dependent.**¥ Baer, Kronik,
and coworkers have considered a nonempirical criterion to
determine the optimal o based on RSE functionals.** This
concept of “optimal tuning” is to adjust o to fulfill a funda-
mental DFT requirement: in exact Kohn-Sham (KS) or general-
ized KS (GKS) theory, for an N-electron system the negative of
highest occupied molecular orbital (HOMO) energy, —ey(N), is
equal to the ionization potential (IP) exactly.*® An optimal @
for RSE functionals is nonempirically determined to satisfy the
above condition by minimizing |ey(N)+IP|. For donor-acceptor
systems, an improved eq. (2) was used as shown below:

P=3"0 Jen(N+H) +IP(N+i)] 2 )

This expression not only considers the IP of N-electron neu-
tral system but also the IP of N+ 1 anion system. By consider-
ing the IP of N+ 1 anion, we can circumvent the issue of non-
existence of an analogous theorem that relates the lowest
unoccupied molecular orbital (LUMO) of neutral system to its
corresponding electron affinity (EA). The IP of N+ 1 anion can
be then approximately considered as the EA of neutral system
if ignoring relaxation effects. Therefore, the more refined
eq. (2) can benefit properties that depend on not only HOMO
energy but also on LUMO energy of N-electron system. Our
earlier work has demonstrated that vertical ionization poten-
tials of various adenine-thymine pairs and clusters can be well
described using this “tuning” method.!"® Moore et al.*”! have
demonstrated that the optimal tuning approach allows to
obtain accurate excitation energies without degrading the
description of band shapes for a set of small organic mole-
cules. In addition, the tuned RSE method has been successfully
used in other cases considered challenging for TDDFT, such as
Rydberg and CT excitations.”>***4 Wong and coworkers calcu-
lated excitation energies of individual DNA monomers and
dimers using this tuned RSE approach and achieved good
accuracy compared to the high-level benchmark results.!'>4®!
However, they also mentioned that accuracy seems to be
closely related to the amount of short- and long-range eX
included in the functional.”® In other words, the range separa-
tion parameter o as well as the parameters « and f (= 1 —0)
are necessary to be adjusted to obtain “better” accuracy. If
considering only @ tuning as “one-dimensional” (1D) tuning,
adjusting the parameters @ and o simultaneously to minimize
J? (as close to zero) in eq. (2) can be seen as “two-
dimensional” (2D) tuning.*”!

In this work, we performed TDDFT calculations to obtain dif-
ferent types of excitation energies, including n-m*excitation,
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Figure 1. Molecular structures of various isomers of DNA dimers and tet-

ramers (G: Guanine; C: Cytosine; T: Thymine; A: Adenine; WC(.): Watson-
Crick; ST(:): stacked; DNA: X-ray structure of DNA duplex).

n-7* localized excitation (LE,,«) and n—-7* CT excitation (CT,«)
of Watson-Crick (WC) base pairs and stacked complexes
(molecular structures shown in Fig. 1). First, we show that the
optimally-tuned RSE functionals have the overall improved pre-
dictive power not only for the well-publicized CT issue but
also for n-n* and LE, .+ transitions, significantly outperforming
conventional density functionals. The reliability of the tuning
approach can then be explored in larger tetramers whose
structures are directly extracted from X-ray DNA duplex. By
the assistance of tuning method, we then analyze the impact
of H-bonding and n-stacking interactions by simulating the
absorption spectra of various DNA base dimers and tetramers.
Finally, we summarize the results of the present work and pro-
vide useful insights for the design of DNA-based materials for
future applications in biology and bioelectronics.

Computational Details

The ground-state geometries of DNA dimers (GCyc, GCsy,
ATwc, and ATst as shown in Fig. 1) are optimized at the
“resolution-of-identity” second-order Mgller-Plesset perturba-
tion (RI-MP2) level, taken from the work of Sponer et al.”” To
simulate a more realistic DNA model, the unrelaxed geome-
tries of dimers and tetramers (G.Cpna, G:Conar ATona ATona,
GGCCpna, GCCGpna, AATTpna, and ATTApna) are originally
extracted from X-ray structure of the water-solvated DNA
duplex (see Supporting Information Fig. $1).°"! Since hydrogen
atoms are not resolved in the X-ray structures, they were
added manually and their positions were optimized at the
®wB97X-D/6-31+G(d,p) level.”? All the geometries are docu-
mented in the Supporting Information.
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The excitation energies of 30 singlet excited states were cal-
culated at the TDDFT/cc-pVTZ level. The polarized triple-{ cc-
pVTZ basis set has been successfully applied in the computa-
tions of ground- and excited-state properties of DNA-based
systems due to the accuracy of results accompanying with rea-
sonable computational cost.'>'*°2*31 A Gaussian broadening
(0.667 eV full width at half maximum) was applied to simulate
the corresponding electronic absorption spectra. Computa-
tions of excitation energies with coupled cluster singles and
doubles model using the resolution-of-identity approximation
(RI-CC2) were carried out using the Turbomole code,®* with
TZVP basis set and SV(P) auxiliary basis set. Benchmark values
using equation of motion coupled-cluster method with single
and double as well as approximate triple excitations EOM-
CCSD(T) were taken from the work of Szalay et all'® The
behavior of delocalization error was investigated by calculating
energies of DNA pairs as a function of fractional electron num-
bers using the NWChem package.””

Part of this work is mainly concerned with the parameter-
optimization of RSE functionals. Optimal w values listed in
Table 1 were determined for all the DNA systems with two
types of RSE functionals: LC-wPBE”® (x=0.00, f=1.00,
®=0.400) and ®wB97X"” (x=0.16, f=0.84, w = 0.300). As
indicated in the Introduction, LC-wPBE and »wB97X functionals
contain 0% ~ 100% and 16% ~ 100% eX, respectively, from
short to long-range limit. Hereafter we refer the optimally
tuned RSE functionals with a symbol of asterisk (LC-wPBE* and
wB97X*) to distinguish the default versions. All the single-
point calculations were carried out for the neutral (N), cation
and anion (N = 1) systems using default SCF convergence cri-
teria in Gaussian 09 software.”® The minimization of J* in eq.
(2) is conventionally carried out by so-called fitting method
which requires a large number of single-point calculations of
neutral, cation, and anion systems (as illustrated in Supporting
Information Fig. S2). In other words, this will somewhat limit
the efficiency of tuning method. In this work, we have imple-
mented the “golden ratio” method based on the Brent’s algo-
rithm (see Supporting Information for details) and use it to
minimize the J? values with fewer steps and finer accuracy of
® values. All the tuning calculations were performed and ana-
lyzed using “xtune_g09” script provided as a supporting mate-
rial in this work.

Table 1. Optimal w values (Bohr™") tuned for various isomers of DNA
pairs and quartets with the cc-pVTZ basis set, values in parentheses are
for structures extracted from X-ray DNA helix.

Optimal @ Optimal @
System wB97X LC-wPBE
Default 0.300 0.400
GCwc 0.218 (0.218) 0.251
GCsr 0.214 (0.216) 0.248
ATwc 0.218 (0.218) 0.252
ATsr 0.213 (0.217) 0.243
AATTponA 0.185 -
ATTApnA 0.193 -
GGCCpna 0.180 -
GCCGpna 0.198 -
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Table 2. Vertical excitation energies E., (€V) and oscillator strengths f (au) for six lowest singlet excited states of various GC and AT pairs using different
methods.?!

B3LYP LC-wPBE LC-wPBE* wBI7X* RI-CC2 EOM-CCSD(T)
States Type Eex f Eex f Eex f Eex f Eex f Eex f
GCwc
G n—n* LE 4.86 0.10 5.27 0.08 4.95 0.08 5.05 0.08 4.99 0.06 4.85 0.07
C n—n* LE 4.90 0.04 5.39 0.14 5.06 0.08 5.19 0.09 5.04 0.06 4.92 0.10
Gn—Cn* cT 3.38 0.00 6.49 0.00 5.38 0.01 5.45 0.01 5.33 0.03 5.36 0.01
G n—n* LE 5.24 0.29 5.83 0.49 5.46 0.39 5.55 0.41 5.57 0.40 5.48 0.41
C n—n* nm* 4.79 0.00 5.93 0.00 5.36 0.00 5.59 0.00 5.54 0.00 5.65 0.00
G n—n* nm* 5.58 0.00 5.99 0.00 5.62 0.00 5.82 0.00 5.77 0.00 5.76 0.00
GCsr
C n—mn* LE 4.73 0.02 5.22 0.04 4.86 0.02 4.97 0.02 4.84 0.03 4.83 0.05
G n—n* LE 4.95 0.07 5.33 0.08 4.99 0.04 5.04 0.03 5.14 0.05 5.04 0.04
C n—n* nm* 4.88 0.01 5.43 0.02 4,89 0.00 5.17 0.03 5.06 0.01 5.20 0.03
Grn—n*C cT 4.04 0.00 5.96 0.06 5.141 0.06 5.23 0.07 5.36 0.12 542 0.15
G n—mn* nm* 5.24 0.00 5.60 0.00 5.28 0.00 5.47 0.00 5.42 0.01 5.51 0.00
G n—n* LE 5.06 0.15 5.78 0.27 5.36 0.20 545 0.21 5.54 0.19 5.57 0.21
ATwc
T n—n* nm* 4.84 0.00 5.44 0.00 5.03 0.00 5.22 0.00 5.09 0.00 - -
T n—n* LE 4.98 0.08 5.38 0.20 5.05 0.15 5.17 0.18 5.28 0.16 - -
A n—mn* LE 5.24 0.07 5.54 0.08 5.28 0.12 5.38 0.07 5.26 0.11 - -
A ¥ LE 494 0.24 5.57 0.28 5.22 0.19 5.30 0.24 5.38 0.24 - -
A n—n* nm* 5.15 0.00 5.75 0.00 5.21 0.00 5.46 0.00 5.49 0.00 - -
An—n*T cT 4.24 0.00 7.28 0.01 6.03 0.01 6.12 0.00 6.10 0.02 - -
ATst
T n—n* nm* 4.79 0.00 5.26 0.00 4.86 0.00 5.06 0.00 4.98 0.00 5.04 0.00
A n—n* LE 5.24 0.04 5.59 0.07 5.25 0.04 5.38 0.03 5.15 0.01 5.13 0.00
T/An—m* LE 4.90 0.01 5.35¢ 0.03 5.02© 0.02 512 0.02 5.24 0.03 5.23 0.02
A n—n* nn* 4.88 0.01 5.46 0.01 4.88 0.00 5.18 0.01 5.28 0.00 5.31 0.00
T/An—mn* LE 5.04 0.17 5.54 0.25 5.17 0.17 5.28 0.21 541 0.30 5.46 0.34
An—n*T cT 434 0.03 6.31 0.04 5.30" 0.08 5411 0.07 5.73 0.05 5.88 0.05
MAD nm* 0.31 - 0.28 + 0.19 - 0.08 + 0.06'9! -
MAD LE (r7*) 0.25 - 0.25 + 0.12 - 0.12 + 0.05¢ +
W (nr¥) 0.09 - 0.32 + 0.06 + 0.15 + 0.06'9! +
B (nr*) 0.41 - 0.21 + 0.17 - 0.08 - 0.05 +
MAD CT (nn*) 1.63 - 0.88 + 0.19 - 0.15 - 0.08'9! -
[a] The sign + and — means that the calculated excitation energies are overestimated and underestimated, respectively, compared to the reference val-
ues. MAD values of DFT methods are compared to those of RI-CC2 methods. [b] Mixing G n—nr* C CT character. [c] Mixing G n—n* character. [d] Mix-
ing T n—n* character. [e] Mixing A n—=n* T CT character. [f] Mixing A n—n* character. [g] MAD values of RI-CC2 are compared to those of EOM-
CCSD(T) taken from Szalay et al.l'”

Results and Discussion

This section is organized as follows: we first calculate the exci-
tation energies and oscillator strengths of three types of transi-
tions (nn*, LE,+ and CT,.+) for various optimized DNA dimers
(GCst, GCwc, ATst, and ATwc) using TDDFT including the 1D
optimally-tuned RSE functionals. The calculations of excitation
energies based on 2D tuning were also performed in compari-
son to those of 1D tuning for GCsr and GCyc. Then we
explore this tuning method for the calculations of excitation
energies of four tetramers (GGCCpna, GCCGpna, AATTpna, and
ATTApna) Whose structures are extracted from X-ray DNA
duplex. The results are in comparison to those of B3LYP and
RI-CC2 methods. We followingly analyze the performance of
different functionals from the viewpoint of amount of eX and
the corresponding DE of functional. After proving the reliabil-
ity of tuning method in the description of excitation energies
and oscillator strengths, the absorption spectra for both
dimers and tetramers are thus simulated to analyze the effects
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of H-bonding and n-stacking interactions, as well as the hypo-
chromicity effect.

The optimal range-separation parameters (w) based on the
two types of RSE functionals for AT and GC base pairs are
listed in Table 1. Compared to the default w values (0.400
Bohr™' for LC-wPBE and 0.300 Bohr™' for wB97X), the opti-
mally tuned @ values significantly reduce to roughly 0.25
Bohr™! for LC-wPBE and 0.21 Bohr™' for wB97X, respectively.
For larger tetramers, the  values further decrease to 0.185 ~
0.198 Bohr™ ' for wB97X. The results indicate that the tuning
means is necessary for those DNA dimers and tetramers. A
decreased  value indicates that in the short region there is
more composition of electron correlation than that of exact
exchange, in other words, the short-range DFT is more slowly
replaced by long-range exact exchange. The lowest excitation
energies of four relaxed dimers calculated using different func-
tionals are collected in Table 2. Results from an approximate
coupled-cluster model RI-CC2 are also calculated in this work
to assess the TDDFT excitation energies, since the reliable

Journal of Computational Chemistry 2016, 37, 684-693
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experimental data for the absorption spectra is very limited.
The benchmarking values by more accurate EOM-CCSD(T)
method, taken from the work of Szalay et al.,''” are used to
assess the RI-CC2 and TDDFT results. The oscillator strength (f)
is also calculated because (i) it provides another benchmark
test for evaluation of excited-state properties and (ii) helps to
determine the assignment of different types of transitions.
First, we analyze the performance of different functionals on
the calculations of three types of transitions including n-n*,
LE,» and CT,.« excitations. The n-zn* transition is always
accompanied with characteristic of very small (almost zero)
oscillator strengths. The LE, .« transition is recognized as a local
excitation on one base while the CT transition distributes the
HOMO on the one base and LUMO on the other one. As seen
in Figure 2, compared to the excitation energies calculated by
RI-CC2 method, the B3LYP functional underestimates all the
three types of transitions with the mean absolute deviations
(MADs) of 0.31 (n-n*), 0.25 (LE,,+) and 1.63 (CT,.+) eV, respec-
tively. In contrast, the non-tuned LC-wPBE overestimates all
the values with MADs of 0.27 (n-n*), 0.25 (LE..+), and 0.88
(CT, 0 €V, respectively. The deviations for n-n* and LE, .« tran-
sitions are still acceptable, however, both hybrid B3LYP and
non-tuned LC-wPBE functionals produce significantly large
errors for the prediction of CT excitation energies. This finding
is consistent with the previous studies in the literature.'>"
Importantly, we find that the optimally-tuned LC-wPBE* func-
tional produces the results very comparable to those of the RI-
CC2, and the MADs are 0.19 (n-n*), 0.12 (LE,..+), and 0.19
(CT,») eV, respectively. The results using wB97X* are slightly
better, with MADs of 0.07 (n-n*), 0.12 (LE,+), and 0.15 (CT )
eV, respectively. In both cases, the MADs of n-n* and LE,.»
transitions are reduced by more than half, and particularly the
deviations of CT excitation energies are significantly reduced.
Improvements are also found for the prediction of oscillator
strengths by the tuning method. Interestingly, in the 6 lowest
excited states of AT pairs and GC pairs, there are two localized
n—1* excitations located on adenine (A n—n*) and two located
on guanine (G n—n¥*), labeled as bright “B” and weak “W,”
respectively, due to their relative oscillator strengths as shown
in Table 2. As indicated in the Introduction, the hybrid B3LYP
functional has been proved to produce accurate n—n* valence
excitation energies, which is also reflected in this work (by
considering the moderate MAD of 0.24 eV using B3LYP). How-
ever, when local n—n* transitions are separated into W and B
types, the MAD of LE, .« excitations of B type is 0.41 eV, signifi-
cantly larger than the MAD of 0.09 eV of W type. Such large
deviations of B type LE, .« excitations are also observed previ-
ously by Wong and coworkers.">*® Kronik and coworkers®
assigned those B type transitions as “charge-transfer-like” cases
in which the occupied and unoccupied orbitals can be well
separated by unitary transformation. The errors of W and B 7—
7* valance excitations can be reduced by two optimally-tuned
RSE functionals. To confirm the reliability of RI-CC2 as the
benchmark method, we then compare the RI-CC2 excitation
energies with those of EOM-CCSD(T) from the work of Szalay
et al”" It can be seen that the RI-CC2 results are in good
agreement with the EOM-CCSD(T) data, with MADs smaller
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Figure 2. Histogram of mean deviations of various density functionals com-
pared to those of RI-CC2 method. RI-CC2 values are compared to more
accurate EOM-CCSD(T) data. Negative (positive) values indicate an underes-
timation (overestimation) of excitation energies with respect to the
benchmarks.

than 0.1 eV for all three types of excitations. The double exci-
tation contributions were found to be small through checking
the diagnostic parameters for double excitations in RI-CC2 cal-
culations (listed in Supporting Information), indicating that it is
reasonable to calculate the excitation energies using tuned
range-separated TDDFT. In addition, the sign “+” and “—" in
Table 2 indicates that the calculated excitation energies are
overestimated and underestimated, respectively, with respect
to the reference values. By taking into account the sign of
errors, the deviations of CT excitations from the two tuned RSE
functionals (LC-wPBE* and ®wB97X*) can be further reduced
with respect to the EOM-CCSD(T) data.

Due to the efficiency of tuning using the golden ratio
method in this work, we take the chance to perform the 2D
tuning based on LC-wPBE functional (x=0.00, o = 0.400
Bohr™") for GCyc and GCsr. Each optimal w value was deter-
mined based on different « values from 0.00 to 0.60 as shown
in Supporting Information Table S1. As o values increase the
corresponding optimal @ values decrease. This can be attrib-
uted to the fact that at small ry, distance those functionals
with large o values already include high percentages of eX
and smaller o values are needed to compensate for the rela-
tively higher percentage of eX in the short-range region. As
shown in Supporting Information Figure S3, the minimization
of J* can be found as close to zero in the range of « from 0.00
to 0.50. When o exceeds 0.5, significantly large J? values exist
even the tuning approach is performed. The result indicates
that high percentage of eX (more than 50%) is not favorable
to minimize J* and then to improve the quality of tuning.
Interestingly, if zoom in the range of « from 0.00 to 0.50, we
find that the J? values can be further reduced until practically
zero which corresponds to the “optimal” o value. Through this
way, the optimal o (and w) is determined as 0.20 (0.194
Bohr™") for GCywc and 0.16 (0.204 Bohr™') for GCgr, respec-
tively. Then we used the optimal 2D tuned functionals (LC-
wPBE-u*) to calculate the excitation energies (listed in Support-
ing Information Table S2). The LC-wPBE-o* functional can pro-
duce slightly better description of excitation energies,
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Table 3. Vertical excitation energies E., (€V) and oscillator strengths f (au) for 10 lowest singlet excited states of GGCCpya and AATTpna Using different
methods.
wB97X* RI-CC2 B3LYP

States Transitions'® Type Eex f Eex f Type Eex f

GiCy GGCCona

GGy
Sq G n—n*C cT 4.44 0.00 4.51 0.00 cT 2.80 0.00
S, G n— G cT 4.67 0.00 4.76 0.00 cT 2.96 0.00
S3 G n—n*Cy; Gy — ¥ Cy cT 4.81 0.00 4.88 0.00 cT 3.02 0.00
Sa Gin—n*CyGym— 1% Cy cT 485 0.01 4.92 0.03 cT 3.13 0.00
Ss Gy m— 7*Gy; Gyt — % Cy LE/CT 492 0.02 5.01 0.01 cT 4.19 0.00
Se Gom— ¥ Gy Com— 1% Cy LE 5.07 0.03 5.03 0.08 cT 426 0.00
S, CGrn—n"Cy;Cn— n*Cy LE 5.08 0.03 5.03 0.00 cT 430 0.00
Sg Gn—-n*Cy G n— *(C LE 5.09 0.08 5.14 0.04 cT 4.34 0.00
So Gyt — %G, LE 5.28 0.13 5.40 0.00 cT 4.36 0.00
Sto Cin— n*Cy; Gy n— n*C, nn*/CT 535 0.00 541 0.11 cT 439 0.00

AT, AATTonA

T,A;
S, Ay m— 7 Ap Ay T — T A, LE 4.96 0.02 495 0.00 cT 3.94 0.00
S, Tyn—n*T, nm* 5.00 0.00 5.01 0.00 cT 4.07 0.00
S Ton—onTyTin—rT, nm*/LE 5.06 0.01 5.07 0.02 cT 424 0.00
Sa T,n— T, nr* 5.07 0.00 5.17 0.01 cT 438 0.00
Ss Tin—n*T;Thrn—nT, LE 5.10 0.20 5.23 0.04 LE 452 0.01
Se Ayt — * A Ay — T Ay LE 5.16 0.02 5.26 0.00 LE/CT 4.65 0.02
S, Ay = A Ay — T A, LE 529 0.18 530 0.28 LE 4.65 0.00
Sg Ayt — ¥ A Ay — T Ay LE 5.31 0.19 5.39 0.30 nm* 4.73 0.01
So Ay n — ¢ A, nr* 536 0.03 5.44 0.03 nr* 479 0.00
Sto Ay n — 1t A, nn* 5.46 0.00 5.56 0.00 LE/CT 481 0.02
[a] Those transitions are assigned based on the results using optimally tuned ®B97X* functionals and the hole/electron distributions for each transition
are presented in Supporting Information Figure S5.

particularly for n-n* transitions, with respect to the correspond-
ing 1D tuned LC-wPBE* (x = 0.00) due to the inclusion of eX in
the short-range limit. The finding is consistent with recent stud-
ies by Raeber and Wong,® and Kronik and coworkers.” In
this regard, the slightly better performance for wB97X* in this
work can also be attributed to its 16% short-range eX. However,
considering the comparable accuracy of 1D tuning and the rela-
tively expensive cost of 2D tuning, only 1D tuning based on the
wB97X functionals is employed through the following studies.
For the GCy base pair, both the RI-CC2 and EOM-CCSD(T)
calculations show that the lowest allowed transition is localized
on the guanine base, as seen in Table 2. The “bright” n—n* tran-
sition with large oscillator strengths, can be assigned as a local
excitation (LE) located at guanine. The CT transition is found
with the HOMO located on guanine and the LUMO on cytosine.
For the stacked GCst molecule, the ordering of the lowest
excited states changes compared to the GCyc and the lowest
transition can be assigned as the n—n* transition on cytosine. It
should be noted that B3LYP functional incorrectly predicts the
lowest excited state of GCst and GCyc as CT excitations while
all the RSE functionals correctly recognize the LE character of
the lowest excited states. For ATy, and ATy, the lowest excited
states are assigned as the n-n* transitions located on thymine
bases. The B3LYP functional still fails to describe the character
of lowest excited state and incorrectly predict it as a CT transi-
tion. The n-n* excitation energies in ATy pair are smaller than
those in the stacked pair. This can be explained by the fact that
the lone pairs on the oxygen atoms play a more important role
in the formation of hydrogen bonds than the stacking interac-
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tions."” The CT excitation energies of ATsr are significantly
smaller than those of ATy but the corresponding oscillator
strengths is somewhat larger. This is mainly due to the influence
by the n-n* stacking interactions resulting a more ionic charac-
ter between adenine and thymine.

In a realistic DNA model, both the WC H-bonding and =-
stacking interactions exist and can act simultaneously. The
models of WC or ST dimers are apparently not enough and the
tetramer model including the two types of interactions can be
approximately considered as the basic building blocks of a DNA
duplex. We then calculate the excitation energies and the corre-
sponding oscillator strengths of four tetramers using optimally-
tuned wB97X* functionals. Results of AATTpna and GGCCppa are
shown in Table 3 and those of ATTApna and GCCGpypa are pre-
sented in Supporting Information Table S3. Results using B3LYP
functional are also calculated for the sake of comparison. Calcu-
lations based on more reliable but expensive RI-CC2 method
are performed for AATTpya and GGCCpyna and only 10 lowest
excited states are computed. The absorption spectra were also
simulated as illustrated in Figure 3 and Supporting Information
Figure S4. First, as seen in Figure 3, both the excitation energies
and oscillator strengths calculated by wB97X* agree reasonably
well with the results of RI-CC2 for 10 lowest singlet excited
states. However, B3LYP functional completely fails to predict the
excited states of larger tetramers. The 10 lowest excitation ener-
gies calculated by B3LYP are obviously below the RI-CC2 data as
large as > 1.0 eV and their resulting oscillator strengths of 10
lowest excited states are almost zero. For GGCCppnpa, the B3LYP
functional arbitrarily predict all the 10 lowest excited states as
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Figure 3. Simulated electronic absorption spectra of GGCCpya and
AATTpna, the corresponding oscillator strengths of 10 lowest singlet
excited states are also included: red columns for B3LYP; blue columns for
RI-CC2; and black columns for wB97X*. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

CT excitations. The strongest transition using wB97X* functional
is found at the 12th singlet excited state with the excitation
energy of 5.43 eV (f = 0.25) and can be assigned as the mixture
of LE (G; © — n* G;) and CT (G; © — n* G,) transitions. A very
close excitation energy of 5.43 eV at the maximum absorption
(f = 0.44) is found for GCCGpna and this strong transition can
be assigned as localized excitation (G, = — n* G;) on guanine.
The excitation energies at maximum absorption for GGCCpna
and GCCGpna calculated by B3LYP are significantly underesti-
mated by roughly 0.4~0.6 eV compared to those of wB97X*
functional. For AT tetramers, similar failures using B3LYP are
observed, however, the differences between the results of
®wB97X* and B3LYP are not obvious. As shown in Figure 3 and
Supporting Information Figure S4, the absorption peaks for
AATTpna and ATTApna by B3LYP are only 0.2~0.3 eV red-shifted
compared to those of wB97X* functional and the calculated oscil-
lator strengths are also improved. Interestingly, the CT transition
is not observed in the 10 lowest singlet excited states of AATTpna
based on the results of wB97X*, however, the B3LYP functional
predicts the 4 lowest excited states as CT excitations. Further-
more, one can observe more CT characters in the 10 lowest
excited states of GC tetramers while there are more localized
excitations (such as nn* and nz*) in AT tetramers. This finding
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gies. First, as seen in Figure 4a, the percentages of exact-
exchange as a function of interelectronic distance were plot-
ted for various functionals used in this work. At r;, around 3
atomic units (~ 1.58 A) which approaches carbon-carbon sin-
gle bond length, both the two tuned functionals (LC-wPBE*
and »wB97X*) afford roughly 65% eX. The non-tuned LC-wPBE
and wB97X give higher percentages of 90% and 80% eX,
respectively, indicating they are more “HF-like” method.®” The
pure HF method with 100% eX is known to be a strong local-
ization of electronic structure due to ignoring the role of elec-
tron correlation. The B3LYP functional includes only 20% eX,
which is still too low and makes it somewhat delocalized. It
can be seen that both high and low percentages of eX
included in the functionals will result significant errors. Second,
it is well-known that issues with DFT are closely connected to
violations of basic conditions of constraints in the exact KS
theory.®"! For instance, conventional density functionals always
overestimate/underestimate the effect of delocalization of
holes/electrons. In exact KS theory, the energy of an atom or
molecule as a function of electron number E(N) should afford
straight-line segments between integers.®® Therefore, the cur-
vature of E(N) is indicative of the so-called delocalization error
(DE).®" Here, as shown in Figure 4b, we examine the behavior
of E(N) for GCyc as a representative example. The results are
closely related to the finding of eX percentages in Figure 4a.

(a) 100 (b) g : - .
LC-wPBE*(-0.01,-0.05)
1\ LC-uPBE(-053-061)
80 6 N\ B3LYP(1.79,1.80) =
g 35
g = 5 4
? ¥
! 2
8 o 2
20 i 1
0
g N . . - ‘ : :
0 2 4 6 8 10 4 05 0 0.5
Interelectronic Distance (ry3) AN

Figure 4. a) Percentages of exact-exchange (eX) as a function of interelec-
tronic distance (ry,), the curves of LC-wPBE* and wB97X*are plotted for
GCwc with the @ values of 0.251 and 0.218, respectively; b) Energy of
GCwc as a function of fractional electron number, AN, relative to neutral
system (AN = 0). The numerical values in the plot correspond to the coeffi-
cients of (AN)? of quadratic fits to E(N) in the electron-deficient and
electron-rich regime, respectively (AN < 0, AN > 0). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. Simulated absorption spectra of various DNA pairs and tetramers extracted from the X-ray structures using the optimally tuned »wB97X* func-
tional and cc-pVTZ basis set. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Global hybrid B3LYP produce large positive curvature of E(N),
indicating that it is too delocalized. For LC-wPBE functional,
the behavior of DE is more improved but it still affords an
obvious negative curvature, showing a localized character.
Overall, the optimally tuned LC-wPBE* can greatly eliminate
DEs and the tuning procedure appears to be successful in
terms of vanishing DE values. Here, we emphasize again that
an “ideal” amount of eX included in density functionals is nec-
essary to obtain accurate results.

Due to the efficiency and accuracy of tuning method, the
effects induced by the H-bonding and 7-stacking interactions in
DNA dimers and tetramers are quantitatively investigated using
the wB97X* functional by simulating the absorption spectra.
Krylov and coworkers™ demonstrated that there is a coopera-
tive effect between H-bonding and stacking interactions
through studying ionization potentials of AATTpya tetramer and
further assigned it as the crossing (electrostatic) interactions
between the diagonal bases. In this work, the simulated absorp-
tion spectra are presented in the range from 3.8 to 6.0 eV where
most intense peaks in low-energy region appear. The calculated
peak positions of WC pairs with H-bonding interactions (A.Tpya,
G.Cpna) and the stacked complexes with n-stacking interactions
(A:Tpna, G:Cpna) are also listed in Figure 5, as well as the linear
combination of the photoabsorption cross sections from the iso-
lated bases (Apna + Tona: Gona + Cona). Therefore, the effects
induced by the H-bonding and =w-stacking interactions can be
revealed according to the shifts of the intense peaks. In GC
dimers, the stacking effect (A =0.23 eV) is more pronounced
than the H-bonding interaction (A = 0.13 eV) with respect to the
peak of Gpna + Cpna- Similarly in AT dimers, the effect of stack-
ing in A:T (A =0.14 eV) is also stronger than that of H-bonding
in AT (A=0.08 eV). This is mainly due to the formation of a
more delocalized electronic structure in the stacked configura-
tion. Furthermore, we studied the peaks shifts of larger tet-
ramers where H-bonding and stacking effects are active
simultaneously as shown in Figure 6. In ATTAppa, firstly assuming
there are no interactions between the four isolated bases, the H-
bonding results a red-shift of —0.08 eV and the stacking causes
a decrease in the peak position of 0.14 eV. The additivity of the
two effects is —0.22 eV compared to the shift of —0.26 eV in
ATTApna. Thus, the —0.04 eV can be attributed to the coopera-
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tive effect of H-bonding and stacking interactions. For AATTpya,
the H-bonding of A.Tpya still results a red-shift of —0.08 eV and
the stacking effect from the homodimers (A:Apya and T:Tpna)
causes a decrease of 0.12 eV (Supporting Information Table S4).
The sum of two effects is —0.20 eV compared to the shift of
—0.21 eV in AATTpna. Therefore, the computed cooperativity in
AATTpna is —0.01 eV which is less pronounced than that in
ATTApna- This result is consistent with the finding by Krylov
et al.®? Through the same way, we also studied the cooperativ-
ity for GC tetramers and the computed values are +0.15 eV for
GGCCpna and +0.05 eV for GCCGpya. However, unlike the coop-
erative effects in AT tetramers contributing in the further red-
shift of peaks, the cooperativity in GC tetramers conversely
makes the corresponding peaks blue shift. We speculate the dif-
ference in cooperativity of GC and AT tetramers is due to the
excessively stronger interactions of H-bonding and stacking in
GC tetramers. The stronger interactions in GC tetramers than
those in AT tetramers can be intuitively reflected from the maps
of electrostatic potential surfaces (ESP) as shown in Supporting
Information Figure S6. ESP maps are very useful to visualize the
charge distributions and electrostatic interactions in three
dimensional diagrams of complex molecules. The red color as
the lowest electrostatic potential energy value and the blue as
the highest one are employed to interpret the varying intensities
of the electrostatic potential energy values.

In experiment, the UV absorption of DNA duplex is increased
when the two single DNA strands are being separated upon
denaturation and then many bases are in free form and do not
form hydrogen bonds with complementary bases. This phe-
nomenon is known as the hyperchromicity effect and the
inverse process is called hypochromicity effect. A recent com-
bined theoretical-experimental study by D’Abramo et al.®®! also
captures the phenomenon of hypochromicity on the denatura-
tion of a polyA—polyT double strand. Here, with the assistance
of optimally-tuned RSE functional, we also get the chance to
(semi-)quantitatively study the hypochromicity effect by analysis
of absorption intensity (molar absorption coefficient) of various
DNA tetramers. The molar absorption coefficients for all the sys-
tems are calculated and listed in Supporting Information Table
S4. As shown in Figure 5, compared to the sum of peak inten-
sities of isolated bases, the H-bonding interactions (A.Tpna and
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Figure 6. Schematic diagram of cooperative effect in various DNA tetramers and all the values (in eV) in the figure correspond to the excitation energies
of intense peaks calculated by wB97X* functional. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

G.Cpna) result an enhancement of the absorption intensity but
the stacking interactions (A:Tpna and G:Cpna) conversely reduce
the intensity. Interestingly, for various tetramers in which the H-
bonding and n-stacking interactions are combined, the absorp-
tion intensities of linear combinations of four isolated bases
(Apna + Tona + Apna T Tona @and - Gpna + Cpna + Gpna + Cona)
are consistently larger than those of various tetramers
(AATTpna, ATTApnA, GGCCpna, and GCCGpya). This finding is in
agreement with the experimental evidence where four isolated
bases correspond to the free-form bases after denatured and
the various tetramers randomly extracted from X-ray structure
of water-solvated DNA duplex are approximately considered as
the basic building block of DNA helix. The decrease of absorp-
tion intensity (hypochromicity effect) can be explained by the
fact that the effect of stacking interaction is stronger than that
of H-bonding. This result agrees with the finding of Danilov and
Volkov.®" In addition, this work presents another example of
the existence of cooperative effect between H-bonding and
stacking interactions by studying the shifts of absorption peaks,
the changes of molar absorption coefficients and the resulting
hypochromicity effect.

Conclusions

In this work, we have demonstrated the reliability and effi-
ciency of optimally-tuned RSE functional in the prediction of
excited states of various DNA dimers and tetramers. Especially
the excitation energies of three types of transitions (n7*, LE .+,
and CT,.+), as well as the corresponding oscillator strengths,
can be well predicted and the results are comparable with
respect to high-level RI-CC2 and EOM-CCST(T) benchmarks.
The RSE functionals with optimally tuned (usually smaller)
values significantly outperform their default version. Further-
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more, the larger mean absolute derivations by the widely-used
B3LYP functional can be attributed to the lack of long-range
exchange interactions and large delocalization error. The large
errors of non-tuned RSE functional are mainly due to their
high percentages of exact exchange. The impacts of H-
bonding and n-stacking interactions are analyzed by the simu-
lated UV absorption spectra of both relaxed and unrelaxed
DNA dimers and tetramers using the optimally-tuned wB97X*
functional. The hypochromicity effect is investigated in the
models of DNA base tetramers and the result shows that the
stacking interaction, instead of H-bonding interaction, makes
the main contribution to the hypochromicity. Overall, the pres-
ent work has demonstrated a reliable theoretical tool for char-
acterization of excited states of DNA base dimers and
tetramers. It is potentially interesting to explore this tuning
method in a longer DNA helix or large biological system due
to its efficiency and accuracy. Furthermore, a reliable first-
principle evaluation of the effective electronic couplings (hole/
electron mobility) in DNA-based nanoelectronics is urgently
required and we reserve those issues for subsequent studies.
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