5482 J. Phys. Chem. R007,111,5482-5491

Quantum-Chemical Investigation of the Structures and Electronic Spectra of the Nucleic
Acid Bases at the Coupled Cluster CC2 Level

Timo Fleig* and Stefan Knecht

Institute of Theoretical and Computational Chemistry, Heinrich Heinevehsity Disseldorf,
Universitadsstrasse 1, D-40591 ‘Bseldorf, Germany

Christof Ha'ttig

Lehrstuhl fu Theoretische Chemie, Ruhr-Ueirsitd Bochum, Undersitasstrasse 150, D-44801 Bochum,
Germany

Receied: October 23, 2006; In Final Form: March 8, 2007

We study the ground-state structures and singlet- and triplet-excited states of the nucleic acid bases by applying
the coupled cluster model CC2 in combination with a resolution-of-the-identity approximation for electron
interaction integrals. Both basis set effects and the influence of dynamic electron correlation on the molecular
structures are elucidated; the latter by comparing CC2 with Harffeek and Mgller-Plesset perturbation

theory to second order. Furthermore, we investigate basis set and electron correlation effects on the vertical
excitation energies and compare our highest-level results with experiment and other theoretical approaches.
It is shown that small basis sets are insuffient for obtaining accurate results for excited states of these molecules
and that the CC2 approach to dynamic electron correlation is a reliable and efficient tool for electronic structure

calculations on medium-sized molecules.

1. Introduction to the electronic spectra of the NA bases so far. However, this
method becomes difficult to apply when the electronic structure
' of a species requires the use of an extensive complete active
orbital space, which for larger molecules quite frequently is the
case. In coupled cluster theory, on the other hand, the leading
Yhigher excitations representing the multireference space of the
CASPT?2 calculations are contained in the cluster expansion of
the wave function.
Using the approximate coupled cluster model &G&rough-
out, we pursue the following purposes with this investigation:
(1) Full ground-state geometry optimization of all 5 NA bases
without molecular symmetry, thus allowing for relaxation to
the energetically most favorable nonplanar structures. We use
series of one-particle basis sets and systematically elucidate

The nucleic acid (NA) bases adenine, thymine, guanine
cytosine, and uracil are essential building blocks of DNA and
RNA. A profound understanding of their electronic structure
and dynamics is of great interest, as the NA bases are remarkabl
stable with respect to damaging UV irradiatibim recent works,
rapid decay pathways for electronic energy in excited states of
adenine and also the other NA bases have been investijdted,
indicating the importance of high-accuracy data for excited
singlet and possibly also triplet states of the NA bases.

With the impressive advance of quantum-chemical methodol-
ogy and computational power in the past decade, ab initio
calculations of molecules of the size of the NA bases and also

Fhellr dd_lmerls have becorlng poismle U‘T"r:jg Ilarge baS|sh§§}t$s aNG,asis set effects and the influence of electron correlation treated
including electron correlation by coupled cluster met *at different levels of sophistication on molecular geometries.

A consistent study of the NA bases_ using the same high-level (2) Vertical excited-state calculation of singlet and triplet states

treatment for both full geometry optimizations and the calcula- ¢ he NA bases using the optimized geometries. We here

gon of excited states, however, has not been available to the gy qifically focus on basis set and electron correlation effects
ate. o ) ) ) on excitation energies and the character of excited states in terms
Apart from applications of various density functional theory  of contributing orbitals/excitations. (3) Assessment of a level

and semiempirical models, only a few ab initio approaches have ¢ high accuracy and a profound understanding of the subunits
been applied to the calculation of excited states of the NA bases.for sypsequent investigation of NA base dimérs.

Dynamic electron correlation has either been treated by con-

In the following section (2), we summarize the employed
figuration interaction (Cl) theory (e.g., in refs 11 and 12) or g @ POy

ltiref on th o th | . computational approaches. Section 3 comprises the main body
multireference perturbation theory via the complete active space ¢ e paper with all results and their discussion, and in Section

perturbation theory to second order (CASPT2, as in refs 13 and4, we draw conclusions from our studies, with an emphasis on
14). Shifted ClI singles is not a rigorous method, as electron ¢ ,re work concerning larger related systems.

correlation is merely accounted for in an implicit fashion.
Moreover, Cl approaches generally suffer from the low com-
pactness of the truncated Cl wave function. CASPT2 based on
CASSCF wave functions has been the most rigorous approach The CC2 equations are an approximation to the coupled
cluster singles and doubles (CCSD) equations, where the singles
* Corresponding author. E-mail: timo@theochem.uni-duesseldorf.de. equations are retained in the original form and the doubles

2. Computational Method and Basis Sets
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equations are truncated to first order in the fluctuation poten- TABLE 1. Sum of Bond Angles C—=N—Hj;, C—=N—H,,
tial.’> We used the implementati&f?in the TURBOMOLE? H,—N—H,, in deg at the Amino Group with Different Basis
quantum chemistry program package. A resolution-of-the- Se€ts and Levels of Electron Correlation

identity (RI) approximation is employed for molecular orbital method/basis set adenine guanine cytosine
two-particle integrals. The errors made within this approximation  Rrj-cc2/sv(P) 353.80 343.39 352.72
are, with optimized auxiliary basis sets, in general negligible RI-CC2/aug-cc-pVDZ 353.69 338.98 352.58
as compared to errors due to the one-electron basis set E:-gggaug-cc-pxg (i) 355.77 33:14219679 354.53

i 7,18 i i - aug-cc-p (@ .
incompletenes&’18 All electrons were correlated, i.e., 78 in MP2/aug-co-pvTZ 353.74 340,96 353.77

guanine, 70 in adenine, 66 in thymine, and 58 in cytosine and
uracil. This computational level was retained for both the o i ]
geometry optimizations and the excited-state calculations via 2 (fc) denotes an optimization with all 1s electrons forming a frozen
coupled cluster response theory. For a few molecules and basi$ore: The deviation from 360s a measure of the nonplanarity of the

) . amino group.
sets, we also checked for the effect of forming a frozen core

from the 1s electrons on structures and. excitation energies. All cardinal number is only observed with augmenting functions.
calculations have been carried ou@npoint-group symmetry. . . . :
In total, the elongation due to augmenting basis functions and

We used a sequence of standard Gaussian basis sets, thfﬁis contraction happen just to level out so that cc-pVDZ and

polarized Sf’ litvalence SV(P) (C, N, O 7s4p;d/ 3s2pld; H: aug-cc-pVQZ geometries of uracil are almost exactly the same.
4s1p/2s1p§tand the augmented correlation-consistent sets aug- In view of the very small changes from going to the QZ basis

cc pVDZ.(C, N, O: 1055p2d/433?p2.d, H: 5s2p/3s2p), ce-pVTZ set and the general fact that the error from the limited treatment
(C, N, O: 10s5p2d1f/4s3p2d1lf; H: 5s2pld/3s2pld), aug-cc- . :

i o of electron correlation surpasses the basis set error already at
pVTZ (C, N, O: 11s6p3d2f/5s4p3d2f; H: 6s3p2d/4s3p2d), aug- 9 . .

- s the aug-cc-pVTZ level? we consider our results converged with
cc-pVQZ (C, N, O: 13s7p4d3f2g/6s5p4d3f2g; H: 7s4p3d2f/ - -
523 . ot , respect to the extent of the one-particle basis set.
5s4p3d2fp223 The corresponding auxiliary basis sets for the ; . . . .
Regarding the nonplanarity of amino groups in adenine,

RI approximation are documented in refs 24,25. uanine, and cytosine, we confirm earlier findifg$%3!

For analyzing the chara_cter of _excmzad states, we have useo'?’able 1 gives the sum of the three optimized bond angles around
the MOLDEN program suite version 48. the amino nitrogen atom in adenine, guanine, and cytosine. The
individual bond angles can be found in the Supporting Informa-
tion for this article. The largest nonplanarity is found for

A. Geometry Optimizations. The geometries of the nucleic ~ guanine. The nonplanarity decreases with increasing size of the
acid bases are sensitive to both the employed basis sets and thBasis sets, where the smallest SV(P) does not follow this trend.
treatment of electron correlation. For consistency in our study, It is interesting to note that, for a given approach to electron
the geometry at which the single-point calculations of vertical correlation, a basis set of increasing size leads to a more planar
excitation energies were carried out are optimized using the samestructure. This finding is in line with the results of a study on
electronic structure method. We therefore optimize all geom- the planarity of formamide by Fogarasi et*al.
etries with the CC2 approach and compare the obtained 2. Effects of Electron Correlatiofor obtaining information
structures employing different basis sets. Moreover, we elucidate on the effect of electron correlation on the molecular geometries,
the influence of electron correlation by comparing structures We have carried out Hartred=ock geometry optimizations and,
obtained with the same basis sets but different approaches tdfurthermore, compare with the MP2 results by Wang €t al.
electron correlation. Commencing with the effect on nonplanarity, the inclusion

1. Basis Set EffectdThe optimized geometries of all five  Of electron correlation leads to a considerable increase for the
nucleic acid bases can be found in the Supporting Information amino groups. However, the perturbative optimizations reveal
(figures S1-S5) to this article. The following discussion is based that MP2 nonplanarities are slightly larger than those obtained
on the CC2 results. Because of the high computational demandWith CC2, as can be seen in Table 1. This indicates that the
only uracil was treated with the set of quadruglguality. For partial sg character of the amino nitrogen atoms is decreased
the series aug-cc-pVXZ (% D,T,Q), we observe that bonds by including single excitations in the wavefunction at the CC2
contract systematically by about 0.01 A for DZ to TZ and by level.
about 0.005 A for TZ to QZ. The small SV(P) set, which is ~ As expected, due to the shift of electron density into
comparable to the commonly used 6-31G* basis set in quality, antibonding orbitals, bonds are stretched upon accounting for
overestimates bond lengths in the range of 0.01 to 0.02 A exceptelectron correlation (Figures SB5 in the Supporting Informa-
for C=0 bonds, where bond lengths resemble those obtainedtion). This increase ranges from 0.004 to 0.04 A, with the
with the aug-cc-pVQZ set. The effect of diffuse augmenting exception of one €C ring bond per system, which is slightly
functions, by comparison with the results for the cc-pVTZ for contracted. The contracted bond is always the longest ring bond
uracil, is to stretch all bonds by roughly 0.005 A. We have added with the largesis-bonding character. The elongation of=O
these functions for an appropriate description of Rydberg-type bonds is most pronounced compared to other elongations and
excited states and especially preparing for a further study on at the upper limit of the range of<€0 bond lengths in smaller
the NA base dimers, where they are required for modeling molecules®
excited states of charge-transfer type and the hydrogen bonds We have furthermore investigated the correlation contribu-
in many dimer structures. We confirm the trend of the CC2 tions due to the 1s electrons by optimizing geometries using a
method to give slightly longer bond lengths than MP2 (cc-pVTZ, respective frozen core. The effects on bond lengths are very
ref 27), which has been established earlier for a test set of smallsmall, with elongation of bonds due to the frozen core
moleculeg928The effect of augmenting basis functions becomes approximation in the order of 0.005 A. For guanine and the
particularly interesting when considering the cc-pVDZ geom- aug-cc-pVTZ basis set, we observe the largest effects.
etries of uracil, which are the same up to 0.001 A as those with  B. Excited States.Tables 2 through 6 contain the vertical
the cc-pVTZ basis set. The contraction from increasing the excitation spectra of the five molecules, a qualitative charac-

HF/aug-cc-pVTZ 358.45 348.79 359.64

3. Results and Discussion
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Figure 1. Uracil: CC2 vertical singlet excitation energies with different basis sets, at corresponding ground-state optimized geometries; oscillator
strengths of the transitions are given in italics.

terization of the electronic transitions and the involved molecular energies increase slightly with increasing cardinal number, but
orbitals, and the oscillator strengths for singlet states, obtainedthe observed changes are well within the expected error margins
with the most extensive of the investigated basis sets, respec{from the incomplete treatment of dynamic electron correlation
tively. The comparison of results with various basis sets has due to the truncated coupled cluster expansion. A favorable error
been carried out for all five molecules and is displayed compensation, i.e., the increasing excitation energies through
graphically in Figure 1 for uracil as a representative exarfiple. increasing cardinal number combined with decreasing energies
All results have been obtained from calculations at the when the inherent correlation error is accounted for, lets us
optimized geometry with the respective basis set. anticipate that the aug-cc-pVDZ level provides results closest
1. Basis Set Effectsor uracil, it was computationally feasible 0 experimental values. This statement finds support in the direct
to increase the basis set cardinal number up to 4 and besidecomparison with experimental results in the following subsection
SV(P) and cc-pVTZ compare the series aug-cc-pvVXZ=x  (3.B.2).
D,T,Q). The most striking observation is the inadequacy of the  The general trends for uracil are also observed for the other
very small split-valence basis set for giving accurate vertical NA bases and triplet excited states. The inadequacy of small
excitation energies in CC2 calculations. The deviations may basis sets may be of particular relevance for the reliability of
become as large as 1.0 eV when comparing to the aug-cc-pVDZdetailed studies (e.g., deactivation and other photophysical
set. Both the ordering and the character of the excited statesprocesses) also with other approaches to dynamic electron
on the other hand, remain essentially unchanged. Excitationcorrelation when such small basis sets are employed, quite
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Figure 2. CC2 vertical singlet excitation energies with the aug-cc-pVTZ basis set, at corresponding ground-state optimized geometry; oscillator
strengths of the transitions are given in italics. (a) Two excited states are obtained as a conjugated pair of degenerate roots with complex eigenvalu
(see text for details).

frequently 6-31G(*) (e.g., in refs 3, 33). Moreover, the inclusion 2. Excitation Energies and Character of Excited States.
of augmenting diffuse basis functions (aug-cc-pVTZ compared Vertical excitation energies of all five NA bases, both for singlet
with cc-pVTZ) not only opens for the description of Rydberg- and triplet states, and using the aug-cc-pVTZ basis set through-
type states but also improves the excitation energies of valence-out (the largest common set for all studies), are displayed in
excited states significantly (Figure 1). We ascribe this finding Figures 2 and 3. In the following, we discuss the NA bases
to the fact that the one-particle basis sets we are discussing haveeparately, but refrain from repeating all reference values
been optimized for atomic ground states and that the additionalreported in the literature, as a very extensive overview has been
diffuse basis functions play a non-negligible role in the given by Crespo-Hermalez et al Instead, we compare our
description of molecular excited states, even if these are valence+esults selectively with available experimental values and some
excited states like in the present case. recent studies from the theoretical literature. An overview is
A specific observation of Neiss et al. for the uracil molecédle, given in Table 7.
namely thatwr* transitions are supposed to be rather insensitive  Adenine. Despite the fact that adenine has received consider-
to the size of the basis set is not supported by our study. As able attention by both theoreticians and experimentalists, there
shown in Figure 1, we find the same trend in the same order of does not seem to be a consensus on the character of the lowest
magnitude for singlet excitation energies with varying basis sets, singlet-excited state. Our most sophisticated calculation (CC2/
irrespective of the character of the transition. aug-cc-pVTZ, Table 2) predictsr* as the S state, with two
Conclusively, we consider aug-cc-pVDZ a reliable basis set close-lyingzz* states 0.13 eV above the State. We obtain
quality for the study of larger systems involving the NA base the two low-lyingzr* states as degenerate complex eigenvec-
monomers. From systematic investigations, it is known that the tors within response theory, an artifact which may be attributed
errors due to incomplete treatment of electron correlation to the nonsymmetric Jacobi matrix for CC2, leading in the
typically surpass the basis set error at the aug-cc-pVTZ respective region of the potential hypersurface to a conjugated
level 18:3536which underlines our judgment. pair of degenerate roots with complex eigenvattiasstead of
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Figure 3. CC2 vertical triplet excitation energies with the aug-cc-pVTZ basis set, at corresponding ground-state optimized geometry.

two almost degenerate real eigenvalues. We are confident,our result. The defect of the earlier calculation was there
however, that the two states correspond to the lowesistates explained by the use of an active orbital space in ref 13
identified previously both by experiment and theory (e.g., refs insufficient for describing thex* excitation properly. Two quite
4,33,38), as the orbital character and the oscillator strengths werecent LDA/TDDFT studies on the NA bases and also their
obtain are in agreement with earlier findings. dimers report ther* excited states at lower energies, and this
From the work of Clark et aP® which allows for direct applies to all NA bases as compared to our results. Tsokalidis
comparison with most theoretical work, it cannot be deduced et al*! find the lowestzz* states at 4.52 and 4.95 eV, and
whether $ is of wz* (at 4.98 eV) ornt* character. Our Varsano et at? at 4.51 and 4.88 eV, respectively. Their results
prediction is, however, in general agreement with the experi- are generally in good agreement with experiment, but deviations
mental work of Kim et al3 from which vibration-corrected =~ may be in both directions, in contrast to our values where the
(Eo—0) excitation energies of 4.40 eV forr* and 4.48 eV for excitation energies are systematically overestimated.
s, respectively, can be deduced. Vibronic coupling between  For higher excited states, we observe considerable Rydberg-
the respective electronic states is known to be |4°dmit the valence mixing when the augmented basis sets are used. This
proximity effect would lead to a further lowering of threr* applies also to the triplet-excited states of adenine in Table 2,
state relative to therr* excited states if considered in our for which there is fairly good agreement in the lower part of
calculations. For adenine, we have also carried out a geometrythe spectrum with earlier DFT/MRCI calculatiofs.
optimization in the lowestA{—x*) excited state at the CC2/ Thymine. Owing to the double keto group in this NA base,
aug-cc-pVDZ level, yielding an adiabatic excitation energy of we find a low-lyingns* singlet state involving the nonbonding
4.47 eV (Is electrons frozen). This value is in perfect agreement oxygen electrons, shown in Table 3. The lowest excited states
with the vibration-corrected experimental result of Kim etf@l.  are well separated energetically, which also applies to the triplet-
CC2 excitation energies are typically up to a few tenths of excited states in Table 3 and in Figure 3. The excitation energies
an eV too hight? and this is rather systematic for all excited are in general agreement with those obtained with other
states. Therefore, we cannot supportnari excitation energy methods}, in particular, the TD-DFT(B3LYP) calculations of
in adenine of 6.15 eV as obtained bylsther et al. with Crespo-Herfiadez et al. (in ref 1). Our best value of 5.20 eV
CASSCF/CASPT22 In a more recent study with CASSCF/  for the lowestrz* excitation energy exhibits about the same
CASPT22 a value of 4.96 eV is reported that agrees well with deviation from experimental results (obtained in gas phase and
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TABLE 2: Excited Singlet and Triplet States of Adenine
and Their Character (aug-cc-pVTZ); Oscillator Strengths f
for Transitions?

TABLE 3: Excited Singlet and Triplet States of Thymine
and Their Character (aug-cc-pVTZ); Oscillator Strengths f
for Transitions?

state transition  AE (eV) ta/||t]] (%) f state transition AE (eV) t/||t]] (%) f
S n— m* 5.121 0.704 (49.6) 0.00672 S n— m* 4.818 0.606 (36.7) 0.00002
0.498 (24.8) 0.573 (32.9)
S T — a* 5.250 —0.453 (20.5) —0.01737 S T — a* 5.201 0.629 (39.6) 0.18168
7 — Ryd —0.404 (16.3) 0.539 (29.1)
T — a* 0.336 (11.3) Ss 7 — Ryd 5.743 0.827 (68.4) 0.00038
S T — a* 5.250 0.534 (28.5) 0.30215 —0.320(10.2)
0.444 (19.7) S n— m* 6.162 0.409 (16.7) 0.00007
7 — Ryd —0.337 (11.4) 0.400 (16.0)
S 7 — Ryd 5.534 0.685 (46.9) 0.01057 0.387 (14.9)
w— Ryd —0.400 (16.0) S T — a* 6.271 0.561 (31.5) 0.03686
S n— Ryd 5.749 —0.533 (28.4) 0.00264 0.556 (30.9)
—0.519 (27.0) Ss n— Ryd 6.391 0.718 (51.5) 0.06121
n— m* 0.448 (20.1) —0.395 (15.60)
S w— Ryd 5.863 0.668 (44.6) 0.00372 w— Ryd 6.489 0.565 (31.9) 0.00042
7 — Ryd 0.478 (22.8) 0.475 (22.6)
S n— Ryd 6.078 0.762 (58.1) 0.03023 0.360 (13.0)
S n— m* 6.139 0.682 (46.6) 0.00121 S 7 — a* + Ryd 6.528 —0.591 (34.9) 0.17755
0.499 (24.9) 0.458 (21.0)
T, T — a* 4.058 0.702 (49.3) 0-360 (13.0)
0.471 (22.2) T, T — a* 3.820 0.645 (41.6)
T n— m* 4.979 —0.694 (48.2) 0.559 (31.2)
—0.486 (23.6) T, n— m* 4.614 0.599 (35.9)
Ts 7 — Ryd 5.002 —0.539 (29.0) 0.560 (31.4)
—0.484 (23.4) Ts T — a* 5.390 0.530 (28.1)
T — a* 0.423 (17.9) 0.483 (23.3)
T4 T — a* 5.385 0.476 (22.7) 0.334 (11.2)
—0.403 (16.2) T4 w— Ryd 5.703 0.816 (66.5)
Ts 7 — Ryd 5.483 0.563 (31.7) —0.326 (10.6)
w— Ryd —0.412 (16.9) Ts x— a* + Ryd 5.954 —0.491 (24.1)
Ts n— Ryd 5.505 —0.461 (21.2) 0.398 (15.8)
—0.459 (21.1) —0.363 (13.2)
n— m* 0.363 (13.2) Te n— m* 6.034 0.425 (18.0)
T, 7 — Ryd 5.747 —0.475 (22.6) 0.352 (12.4)
T — a* 0.441 (19.4) 0.327 (10.7)
7 — Ryd —0.376 (14.2) T7 n— Ryd 6.354 —0.723 (52.3)
T — a* 0.320 (10.2) 0.466 (21.7)
Ts 7 — Ryd 5.816 0.425 (18.0) Ts w— Ryd 6.435 0.608 (36.9)
27— Ryd 0.374 (14.0) 0.397 (15.7)
0.354 (12.5)

at,/||t|| denotes the relative weight of the single-excitation amplitudes

(t2) in the CC expansion. aty/||t|| denotes the relative weight of the single-excitation amplitudes

(t2) in the CC expansion.
solution, as shown in Table 7) as those for the other NA bases.

For both the singlet- and the triplet-excited states, Rydberg- of angular momentum projectiors,(zt, etc.). The Rydberg-
valence mixing is far less pronounced than in adenine. valence mixing is especially pronounced when all electrons are
Guanine. Guanine comprises an exception in our series ofcorrelated, in which case we find strong contributions of
calculations, in the sense that it is the only molecule where the Rydberg-type excitations to all excited states (aug-cc-pVTZ).
ordering of lower excited states varies with the extent of the For some of the higher triplet states in Figure 3, this mixing
basis set. Mainly for this reason, we include more details on does not even allow a precise assignment. Beside the oscillator

this molecule, which are shown in Figure 4. When using the strengths, which should be largest for statesof character,
aug-cc-pVTZ basis and a frozen-core (fc) approximation for we usedm?(expectation values for the involved orbitals to
the 1s electrons, the;State has the expectedt* character, identify valence and Rydberg characters of excited states. This
and the second* as well as thenz* states reported in the  led us to the assignments as given in Figure 4. A pronounced
literaturé are found at significantly higher energies. The feature of the guanine spectrum when larger basis sets are used
identification of these states is, however, unambiguous due tois the occurrence of groups of excited states separated by
the oscillator strengths, which are in good agreement, e.g., withsignificant energy gaps. The groups arise through changes of
the values of Flscher et al. with CASSCF/CASPT2.We the participating virtual orbitals, whereas the occupied orbitals
obtain a low-lying additional state, though, which we ascribe from which the excitations are performed remain essentially the
strong Rydberg character and which does not appear when usingsame (Table 4).

a basis set without diffuse functions (Figure 4). In comparison  Cytosine. For the singlet-excited states of cytosine, we can
with experiment (in ref 13), our excitation energies appear to support the consensubat S is of zz* and S of nr* character,

be somewhat too high, in this case with deviations up to with the two states located quite close in energy (Table 5). With
0.5 eV for the low-lyingzzzt* state. Our oscillator strength of  respect to the oscillator strengths of the respective transitions,
0.132 from the vertical calculation for this state, however, agrees however, our results agree very well with the CASSCF/CASPT2
quite well with the experimental value of 0.16 (in ref 13). Most values of Merchan et df and Fischer et al%* whereas the

of the excited states are mixed both with respect to Rydberg result for the lowestrzz* transition obtained with a shifted CIS
contributions as well as the approximate designation in terms calculatiod! deviates from these by a factor of 2. Most



5488 J. Phys. Chem. A, Vol. 111, No. 25, 2007 Fleig et al.

1]

10
71 Sgmla#+Ryd]) 6.98 0022
Sl Ryd+m«]) 6.83 2003
Sg(nm=) 6.74 004
s () 0.000
6.5 Ss(nm#) 6.52
Sy(nm#) —— 6.31 2000
_ Sg(nRyd) 6.13 L0085 Sg(nRyd) 6.13 201
= So(R[Ryd+ 1) 6.05 2001 So(nRyd) 6.07 2296 g (p[Ryd+me]) 6.06 003
EB 61 " Sy(nRyd) 5.9g L0I6 Sg(mRyd)—— 5,99 0.003 S6(nRyd) 5.99 (003
Sy(n[ms+Ryd]) 0.271 '
% l . | 591 Sr":JTR_\i.H 5.87 0,003
=
2
kS
3 S5(nm=) 5.66 1002
3
551 Ss(m| Ryd+ ) =y ¢~ 5 47 g7 o .
Ss(ml Ryd+T+]) 5.44 0313 5,(TRyd) 543 442 . last;ﬂa)dl_. 21‘? 0078
( Ryd])—— 5.39 2002 ] 3R 0.003 J(m[Ryd+m+]) AL
Sa(n[m=+Ryd]) 5.39 Ss(n[Ryd+m+]) 5.38 Sa(n[me+Ryd]) 535 0.003
S (nns) —— 5,28 2200 S;3(nRyd) 5.29 001
. S,(MRyd)—— 5,08 2028 Sy (mRyd) 5,07 0014
5 So(mm+) 501+ S, (n[m#+Ryd]) 4.9g 132 S o) 4,95 0144
SmRyd)—— 4,90 2026 B :
45
SV(P) aug—ce—pVDZ aug—cc—pVTZ aug—ce—pVTZ [fc]
basis set

Figure 4. Guanine: CC2 vertical singlet excitation energies with different basis sets, at corresponding ground-state optimized geometry; oscillator
strengths of the transitions are given in italics. [fc] denotes a calculation with a frozen core of 1s electrons.

experimental values for the, xcitation energy (in ref 44) are et al3° (5.08 eV), and the corresponding oscillator strengths of
around 4.6 eV, in perfect agreement with our highest-level value the two states closely resemble those obtained by Lorentzon et
(CC2laug-cc-pVTZ). The gas-phase result of Clark ef%l., al.'*The lowestzz* excitation energy of Varsano et #from
however, with a maximum at 4.28 eV, is significantly lower. LDA/TDDFT at 4.69 eV appears to be somewhat too low. All

Particularly interesting is the comparison of our triplet excitations involve electrons from occupied molecular orbitals
excitation energies for cytosine with those of Nguyen €fal. with strong oxygen participation, and the energy gap in the
For the T, state, Nguyen et al. obtain 3.63 eV with DFT/B3LYP  spectrum arises from the character of virtual orbitals, which are
(largest basis set reported), 3.83 eV with CCSD, and 3.75 eV higher lying for the upper part of the spectrum. Especially the
with CCSD(T). Our RI-CC2/aug-cc-pVTZ value of 3.88 eV lower-energy part of the calculated spectrum closely resembles
(Table 5) agrees quite well with their CC results, but the DFT that obtained for thymine, both with respect to the ordering/
value appears to be somewhat too low. In the following character of the excited states and the excitation energies. Our
subsection on uracil, we will look more closely into electron triplet excitation spectrum in Table 6 agrees well with that
correlation errors arising from truncated CC expansions. obtained earlier with the DFT/MRCI methd#l.

Uracil. As shown in Table 6 and Figure 1, two low-lying Finally, we have been able to assess electron correlation errors
excited singlet states are found for uracil, the lower identified through calculations of higher accuracy on uracil. In Table 8,
as annsx* transition, the higher asz*, in accord with most we report coupled cluster excitation energies obtained with the
previous studie$1445The excitation energy of 5.35 eV for the  smallest basis set used here, SV(P), and the DALT@Ngram
wr* state agrees fairly well with the gas-phase result of Clark package. For very small model systems, the errors for excitation
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TABLE 4: Excited Singlet and Triplet States of Guanine TABLE 5: Excited Singlet and Triplet States of Cytosine
and Their Character (aug-cc-pVTZ); Oscillator Strengths f and Their Character (aug-cc-pVTZ); Oscillator Strengths f
for Transitions? for Transitions?
state transition AE (eV) ta/||t]] (%) f state transition  AE[eV] ta/||t]] (%) f
S x—m* + Ryd 4.984 —0.447 (20.0) 0.13151 S T — m* 4.657 0.562 (31.5) 0.05180
0.400 (16.0) 0.436 (19.0)
0.361 (13.0) —0.353 (12.5)
0.317 (10.0) S, n—z* 4.868 0.561(31.4)  0.00188
S 7 — Ryd 5.079 0.695 (48.4)  0.02776 0.441 (19.4)
S n— Ryd + z* 5.379  —0.368(13.5) 0.00281 —0.363 (13.2)
—0.336 (11.3) S n— a* 5.262 0.547 (29.9) 0.00160
S a—Ryd 5.429 0.646 (41.7)  0.14133 0.447 (20.0)
S 7 — Ryd + 7* 5.466 0.595(35.3)  0.17925 —0.362 (13.1)
—0.335 (11.2) S 7— Ryd 5.530 0.800 (64.0)  0.00511
S 7 — Ryd 5.993 0.755 (57.0) 0.00335 S T — * 5.615 0.541 (29.2) 0.13808
S n— Ryd 6.073 0.444 (19.8) 0.00587 0.401 (16.0)
0.331 (11.0) —0.381 (14.5)
S n— Ryd 6.130 0.361 (13.0) 0.00770 S n— ma* 5.834 0.475 (22.6) 0.00002
T1 7 — m* + Ryd 4.289 0.520 (27.0) 8233 88%
—0.411 (16.9) S n— Ryd 5.950 0.657 (43.2)  0.03084
—0.402 (16.2) S 71— Ryd 6.079 0.552 (30.4)  0.02553
0.333(11.1) 0.490 (24.0)
T, 7T Tt 4.405 0.470 (22.1)
77— Ryd 0.376 (14.1) T, 7 — 3.876 0.622 (38.7)
Ts  7—Ryd+xa* 5.030 0.789 (62.2) 0.375 (14.0)
Ts n— Ryd+ z* 5161  —0.377 (14.2) —0.360 (12.9)
—0.326 (10.6) T, T — T 4.708 —0.509 (25.9)
Ts a7—Ryd 5397 —0.518(26.8) —0.419 (17.5)
T — T 0.351 (12.3) 0.323(10.4)
—0.332 (11.0) Ts n—z* 4.787 0.528 (27.9)
Te  a—Ryd 5.447 0.684 (46.7) 0.415 (17.2)
T, mix 5.896 —0.342 (11.7)
Ts 7—Ryd 5.970 0.703 (49.4) Ts n— m* 5.085 0.559 (31.2)
. . . . L . 0.461 (21.2)
ta/[|t|| denotes the relative weight of the single-excitation amplitudes —0.367 (13.5)
(t2) in the CC expansion. Ts 7 — 7 5.266 0.543 (29.5)
—0.447 (20.0)
energies are known to decrease along the series CC2-CCSD- —0.328 (10.7)
CC3, where CC3 provides a very high level of accuracy close Te 7 — Ryd 5.500 0.792 (62.7)
to the exact basis set energies from full configuration interaction 0.321 (10.3)
; o T, n— * 5.667 0.455 (20.7)
(FCI) calculationg® For more realistic systems such as benzene, ~0.375 (14.1)
however, CCSD excitation energies tend to overshoot for many 0.347 (12.1)
low-lying states ofz—a* characte® and CC2 excitation Te n— Ryd 5.919 —0.625 (39.0)

ene_rgl_es are In. fact closer to the_exact _ver_tlca}l electronic aty/||t|| denotes the relative weight of the single-excitation amplitudes
excitation energies. We make precisely this finding for two (1 i the cC expansion.

selected excited states of uracil, from which the CC2 correlation

errors are seen to be arousid.1 eV. This is also in line with  gstaplish the expected behavior of MP2 as compared to our CC2
earlier findings, that CC2 errors are small if the double yegyts, where the latter typically come out slightly too long
replacement character of a given excited state is well below 41 vice versa for the former. However, the deviations are quite
10%7° which is the case here. It was not possible to carry out gmg| overall, making both MP2 and CC2 geometries reliable
the same study using a larger basis set due to the steep increasgarting points for further studies of vertical excitation spectra.
in computation time. The results in Table 8 also substantiate  gq poth singlet and triplet vertical excitation energies, we
that errors from t_he RI approximation are negI|g|_bIe. obtain reliable results with the CC2/response method. The
V‘.’e gain confldence that the obtained vertical ,Rl'CCZ description of various excited states is balanced and we assign
excitation energies also for the other NA bases, which have errors in a range of 040.3 eV, the obtained energies

similar elec(;romc structure, aorle of high accur:(ajcyh. As far as the o\ ershooting the expected experimental results. Upon investi-
Ipreslent studies are concerne 'r‘]"’e recomme? 'tl e COTpUtat"?nagating electron correlation errors and regarding basis set errors,
evel RI-CC2/aug-cc-pVDZ as the most beneficial CC electronic e ghserve a favorable error cancellation from basis set

structure level for_ the c_alculation of vertical electronic excitation | iations and limited correlation treatments at the CC2/aug-
energies of medium-sized molecules. cc-pVDZ level. In these studies, the use of a high-level approach
to electron correlation like the CC2 method and the use of
extensive basis sets becomes a major issue in obtaining accurate
Our systematic series of geometry optimizations for the NA results. In particular, small basis sets like the split-valence set
bases suggests that an accuracy of up to 0.01 A for equilibrium with polarization functions (SV(P)) in combination with the CC2
bond lengths can only be obtained with basis sets of at leastapproach is clearly insufficient in describing the excited states
triple-¢ quality. Such basis sets can be used for the monomer of NA bases satisfactorily. We consider it rather important to
studies here, but for larger systems (like, e.g., the correspondingnote that the addition of diffuse functions (aug) to one-particle
dimers), one has to compromise. Furthermore, we show the basis sets yields significantly lower and more precise excitation
trends of electron correlation on molecular geometries and energies than calculations without such functions. For geometry

4. Concluding Remarks
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TABLE 6: Excited Singlet and Triplet States of Uracil and
Their Character (aug-cc-pVQZ) and Oscillator Strengths f
for Transitions?

state transition

S

AE[eV]
4.802

t/l[t]] (%) f

0.612(37.4)  0.00000
—0.509 (25.9)
0.367 (13.5)
0.645 (41.6)
—0.456 (20.7)
0.405 (16.4)
0.779 (60.7)
~0.393 (15.4)
—0.566 (32.0)
0.391 (15.3)
0.630 (39.7)
—0.496 (24.6)
0.418 (17.5)
0.744 (55.4)
—0.400 (16.0)
0.595 (35.5)
0.506 (25.6)
~0.363 (13.2)
0.818 (67.0)

0.665 (44.2)
—0.465 (21.6)
0.408 (16.6)
0.601 (36.1)
—0.501 (25.1)
0.352 (12.4)
0.552 (30.5)
—0.417 (17.4)
—0.408 (16.7)
0.339 (11.5)
—0.583 (34.0)
—0.370 (13.7)
0.368 (13.6)
0.789 (62.3)
—0.408 (16.7)
0.682 (46.4)
0.401 (16.1)
0.732 (53.6)
—0.436 (19.0)
0.555 (30.8)
0.531 (28.2)
—0.384 (14.7)

at,/||t|| denotes the relative weight of the single-excitation amplitudes
(t) in the CC exapansion.

n— ma*

T * 5.347 0.18226

S

7 — Ryd 6.085 0.00250

n—a* 6.103 0.00011

1%

T a* 6.265 0.03593

6.487 0.03605

6.558 0.00094

T — 6.702
T — 7 3.945

0.16623
Ta

T n— ma* 4.605

T3 T a* 5.421

Ty 5.967

Ts 6.038

Ts T a* 6.125

T, 6.459

Ts 6.506

TABLE 7: Selected Vertical Excitation Energies of the NA
Bases from Present CC2 Calculations (aug-cc-pVTZ Basis
Set, aug-cc-pVQZ for Uracil) and Comparison with
Experimental Data

NA base state (transition) RI-CCR [eV] experimental
adenine S(n—x*) 5.12 4.43
4.98

S, (m—7*) 5.25 448
thymine S (n—x%) 4.82

S, (m—7*) 5.20 4.8 4.0
guanine S (r—7*) 4.98 4.4-4.5
cytosine S (m—%) 4.66 428
uracil S (n—x*) 4.80

S, (m—7*) 5.35 5.08

aEy_, vibration corrected® ° Vapor phasé? ¢ 1,3-Dimethyluracil,
gas phas& 9In water and TMP? € From ref 13.

optimizations in both ground and excited states, on the other
hand, one-particle basis sets without diffuse functions may be ;4

more favorable as basis set superposition errors are smaller.
For thymine (SV(P), aug-cc-pvVDZ, and aug-cc-pVTZ),

guanine (SV(P) and aug-cc-pVTZ), and uracil (SV(P), aug-cc-

pVDZ, and aug-cc-pVTZ), we compared our calculations with

Fleig et al.

TABLE 8: Lowest #—a* Excitation Energies of Uracil,
SV(P) Basis Set

state RI-CC2 cc2 CCsD CC3
S 5.67 5.67 5.81 5.61
Sy 6.63 6.63 6.91 6.51

aRI-CC2 from TURBOMOLE, all others from DALTON.

small deviations for both geometries (max of 0.002 A) and
excitation energies (max of 0.01 eV, 0.03 eV for guanine) which
are much smaller than the other errors discussed here.

In ongoing studies, we exploit the obtained knowledge and
investigate particularly charge-transfer states of the NA base
dimers at the CC2/aug-cc-pVDZ level. Here TDDFT is no
longer applicable with standard density functionals and the
application of the CASSCF/CASPT2 approach is hampered by
the computational demand arising especially from the require-
ment for extensive complete active orbital spaces. We expect
that the CC2 method is a significant and accurate tool for the
investigation of excited singlet and triplet states of systems of
increasing size like the mentioned NA base dimers or caged
compounds.
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