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Vertical excitation energies in uracil in the gas phase and in water solution are investigated by the equation-
of-motion coupled-cluster and multireference configuration interaction methods. Basis set effects are found
to be important for converged results. The analysis of electronic wave functions reveals that the lowest singlet
states are predominantly of a singly excited character and are therefore well described by single-reference
equation-of-motion methods augmented by a perturbative triples correction to account for dynamical correlation.
Our best estimates for the vertical excitation energies for the lowest singlet n — 7* and 7w — 7* are 5.0 &+
0.1 eV and 5.3 £ 0.1 eV, respectively. The solvent effects for these states are estimated to be +0.5 eV and
+0.1 eV, respectively. We attribute the difference between the computed vertical excitations and the maximum
of the experimental absorption to strong vibronic interaction between the lowest A" and A’ states leading to

intensity borrowing by the forbidden transition.

1. Introduction

Natural nucleobases—adenine, guanine, thymine, cytosine,
and uracil—combine with residues of phosphoric acid and sugars
to form nucleotides, the monomers of nucleic acids. Being UV
chromophores, the nucleobases define a large portion of the
RNA and DNA photochemistry and are used as model systems
to study the properties of the polymers.' ™

UV radiation is harmful to living organisms: when absorbed
by the nucleic acid, it initiates excited-state dynamics that can
result in structural damage. The process, which starts with an
electronic excitation of a UV chromophore, can be quenched
by radiationless relaxation to the ground state. Photoexcited
natural nucleobases have lifetimes of less than 1 ps, and that is
believed to be responsible for the remarkable photostability of
DNA.! In a review, Crespo-Herndndez et al.! discuss mecha-
nisms, pathways, and dynamics of the relaxation process.

The mechanism of the excited-state population decay varies
from nucleobase to nucleobase and depends on the order of the
lowest electronically excited states, which correspond to a
forbidden n — z* transition and an allowed 7 — 7* transition.
Areas of potential energy surfaces (PESs) where the ground and
the excited states are degenerate or near-degenerate play a
special role in the radiationless relaxation dynamics.>~” The
mechanism of the efficient radiationless decay through conical
intersections in uracil was initially investigated using the
multireference configuration interaction (MRCI) method by
Matsika.? Later results obtained with other methods®~'* are in
qualitative agreement with MRCL

The equilibrium structure of uracil is planar and has the C;
point group symmetry. The first singlet excited state corresponds
to the n — sr* transition and belongs to the A" irreducible
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representation. The second singlet excited state, A', arises from
the ;r — sv* transition. Only the second transition has oscillator
strength by symmetry. The next two valence singlet states are
also of the n — sr* and w — 7* types. A Rydberg A" state is
close in energy to the second n — 7* state.

Absorption spectra of uracil in the gas phase'® and in
solution!! show a broad feature centered at 244 nm (5.08 eV)
and 259 nm (4.79 eV), respectively. These values have been
interpreted as the vertical w — s* excitation energy. The
assignment was supported by complete active space self-
consistent field (CASSCF)!¢ calculations with the perturbation
theory correction (CASPT?2) and time-dependent density func-
tional theory (TD-DFT) with the PBEO functional,'"!7 which
produce gas-phase vertical excitations of 5.0 and 5.26 eV,
respectively. However, more reliable MRCI® and equation-of-
motion coupled-cluster calculations with single and double
excitations (EOM-CCSD)'®!% predict higher values of the
vertical excitation energy for the bright # — 7* state. More
recent CASPT2 calculations!® employing an empirical parameter
to correct for “the known tendency of CASPT2 to slightly
underestimate excitation energies”!® yield a slightly higher
excitation energy, which agrees better with EOM-CCSD, but
moves away from the experimental absorption maximum. Thus,
the excellent agreement between the earlier CASPT2 calcula-
tions'® and the experiment is rather coincidental. The authors
of two recent benchmark studies'®!? note that EOM-CCSD
energies are generally higher than CASPT2 and that inclusion
of triple excitations through the iterative CC3 method? usually
brings them down. For smaller molecules and a nonaugmented
basis, an impressive correlation between CC3 and CASPT2
results has been observed.!” CC3 calculations'® of uracil in a
polarized double-£ quality basis produce an excitation energy
of the t — sr* state 0.2 eV lower than EOM-CCSD and do not
reveal any significant doubly excited character of the state.
Unfortunately, no CC3 results with larger bases have been
reported.
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In this paper we revisit the electronic structure and the excited
states of uracil using high-level MRCI and EOM-CC methods,>' =24
with the purpose of obtaining reliable and accurate theoretical
estimates of vertical excitation energies. We investigate the
dependence of the excitation energies on the basis set, the
possible doubly excited character of the states, and dynamical
correlation effects using several EOM-CC methods with triple
excitations.>>~%

Our best estimates of the vertical n — 7% and 7w — 7*
excitations are 5.0 and 5.3 eV, respectively, with estimated error
bars of less than 0.1 eV. We attribute the 0.2 eV difference
between the computed vertical excitations and the maximum
of the experimental absorption to a strong vibronic interaction
between the lowest A" and A’ states leading to intensity
borrowing by the forbidden transition. Experimental observa-
tions of Kong et al.’® suggest the strong vibronic coupling
between the states. The EOM-CCSD/aug-cc-pVTZ excitation
energy of the n — s state is only 0.23 eV higher than our best
estimate, which is well within a conservative estimate of the
EOM-CCSD error bars.3! Thus, no evidence of a significant
overestimation of the excitation energies in uracil by EOM-
CCSD has been observed. We also investigate solvent effects
and provide accurate estimates for vertical excitation energies
of triplet and other singlet states.

2. Theoretical Methods

2.1. Equation-of-Motion Coupled-Cluster Method. In EOM-
CC theory,???+32738 the target wave function of the mth
electronic state is derived by applying a linear excitation operator
R,, to a coupled-cluster (CC) reference wave function:

WEMO=R W= R, exp(D)Id,[] (1)

where |®ylJis a Hartree—Fock determinant, 7 is a cluster
operator that satisfies the CC equations

@ JH — EId =0 )

H=exp(—DH exp(T) 3)
and |®,[denotes all u-tuply excited determinants with respect
to |DoL]

The EOM amplitudes satisfy the eigenproblem

@ |H— E,MR, D=0 4)

The cluster operator 7 and the excitation operator R, can be
truncated at different excitation levels:

T=T,+T,+T,+.. Q)
R,=R,,+R, +R,,+R,;+.. (6)

m,1 m,3

Individual terms of the series are expressed in the second
quantization form. For example

_ a it _ 1 ab i i
T, = Z tiaa;, T,= 7 z 1y a,a,a,a, (7
ia tjab

R _ R _ a i R — l ab 1 T

m0 rm,()’ m1 Z rm,iaaai’ m2 4 z rm,ijaaaba]ai
ia jab

3)
Occupied and virtual spin—orbitals are labeled as i, j, ... and
a, b, ..., respectively. The creation and annihilation operators

aj and a, create or remove an electron from the spin—orb-
ital Ip[]

In EOM-CCSD,?'~?4 the cluster operator T and the excitation
operator R,, include terms up to 7, and R, ». In the EOM-CC
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method with single, double, and full triple excitations (EOM-
CCSDT),20:39741 the series for T and R,, are truncated after 73
and R, 3. It provides superb quality of wave functions, but
remains prohibitively expensive for all but tiny systems. The
EOM-CC(2,3)*’#2 approximation is obtained when R, is
truncated after R, 3, and 7T is the same as in EOM-CCSD. The
CC2 and CC3 methods are iterative approximations to full
EOM-CCSD and EOM-CCSDT, respectively.?°

Explicit inclusion of triples, as in EOM-CCSDT or EOM-
CC(2,3), results in the O(N?) scaling versus the O(N°) scaling
of EOM-CCSD, where N is the number of one-electron basis
set functions. Computational cost can be reduced by using a
restricted subset of triple excitations via an active space, where
the three-body operators 73 and R, 3 are replaced by operators
t3 and r,,, 3, which are required to include at least one excitation
within the active space.?~?7 CC2 and CC3 scale as O(N?) and
O(N7), respectively.

In the active-space CCSDt and EOM-CCSDt methods,*3
the cluster operator 7" for CCSDt and the excitation operator
for the mth electronic state R}, for EOM-CCSDt are given by

T'=T,+T,+1t, ©)
Rin = Rm,O + Rm,l + Rm,2 + rm,3 (10)
The operators t3 and r,, 3 are
nh= >  ithaaaaaa, (1n
isjskAsbsc
rmq3(I) = ri{;{;bca;aZaza kA4 (12)
isjsKAsbsc

Capital letter indices denote orbitals from the active space. This
form of the 73 and r,, 3 operators defines the so-called variant I
of CCSDt and EOM-CCSDt, or CCSDt(I) and EOM-CCSDt(I).
The size of the operators can be reduced further by constraining
two pairs of spin—orbitals to the active space:

— JK T T f
t3(II) - t;B(raAaBa(raKajai (13)
i<sJ<KA<B=c
— iJK ot T
rm,3(II) - Z rjn,ABcaAaBacaKalai (14)
isJ<KA=<B=c

giving rise to the CCSDt(Il) and the EOM-CCSDt(IT) models.
In CCSDt(III) and EOM-CCSDt(IIl), all the spin—orbitals in #3
and r,,, 3 belong to the active space, which results in the lowest
memory and time requirements.

The active-space variant of EOM-CC(2,3), the EOM-CC(2,3)
method, is based on the CCSD reference and includes internal
and semi-internal triple excitations via the r,, 3 operator, as given
by eqs 10 and 12.

The EOM-CCSD methods give an error in the range of
0.1—0.3 eV for excitation energies, and including triples reduces
it to 0.01—0.02 eV, as was shown for small molecules.’! A
compilation of benchmarks by Schreiber et al.!° estimates errors
in the excitation energies of singlet states for CC2, EOM-CCSD,
CC3, and EOM-CCSDT: mean absolute errors are 0.486, 0.12,
0.016, and 0.029 eV, and maximum errors are 1.08, 0.23, 0.047,
and 0.083 eV for the four methods, respectively.

Full-space EOM-CC(2,3) results closely follow those obtained
with EOM-CCSDT.?”*> However, the EOM-CC(2,3) method
for excitation energies, EOM-EE-CC(2,3), is not size-intensive,
which may result in increased error bars for larger molecules.
Slipchenko and Krylov?’ report encouraging results for the
active-space EOM-CC(2,3); e.g., they observe errors on the
order of 0.01 and 0.1 eV for singly and doubly excited states,
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respectively. Kowalski et al.>3 show that, for states with the
singly excited character in small benchmark systems, EOM-
CCSDt(I), -(II), and -(IIT) give almost the same accuracy with
the difference between EOM-CCSDt(I) and EOM-CCSDt(III)
excitation energies not exceeding 0.1 eV. The active space for
EOM-CC calculations with large basis sets has to be chosen
with care, as diffuse orbitals often appear below the frontier
valence orbitals.

2.2. Completely Renormalized EOM-CCSD(T). A calcula-
tion of accurate excitation energies requires a proper account
for both nondynamical and dynamical correlation. Methods that
include active-space triple excitations such as EOM-CC(2,3)
and EOM-CCSDt are capable of recovering nondynamical
correlation arising from the doubly excited character of a target
state or a multiconfigurational reference. A small magnitude of
this correction indicates that the dynamical correlation compo-
nent dominates in the overall effect. That can be accounted for
accurately by including a complete set of higher excitations or
less expensively through a noniterative perturbative triples
correction,20-28.29.55-63

The completely renormalized EOM-CCSD with noniterative
triples [CR-EOM-CCSD(T)]?%% is based on the methods of
moments of coupled-cluster equations (MMCC).%4% It includes
an approximate treatment of triple excitations and has the O(N7)
scaling like CCSD(T).5¢

The CR-EOM-CCSD(T) correction 9,, for the mth electronic
state is

_W,(3)IM,, 5(2)ld,0
W, (3)WEMD

15)

m

where the M, 3(2) operator corresponds to triply excited
moments of the EOM-CCSD equations for the mth state;**
WEMO and 1W,,(3)0 are the EOM-CCSD and trial wave
functions, respectively. The latter takes the form

W, (3= P+ Q,+0,+0)R,+R, +R,,+
R, e’ 1, 0(16)

where T, T2, Ry 0, R, 1, and Ry, » are the cluster and excitation
operators from the CCSD and EOM-CCSD wave functions, and
the R, 3 operator approximates the exact EOM-CCSDT R, 3
operator. The P and Q,, (m = 1, 2, 3) operators are projection
operators onto the reference Hartree—Fock determinant |®o[hnd
the subspace of all m-tuply (m = 1, 2, 3) excited configurations,
respectively. The amplitudes defining the R, 3 operator are
expressed in terms of the triply excited moments.?8?° As
demonstrated previously,®”-%® good estimates of vertical excita-
tion energies are obtained by adding these corrections to
corresponding EOM-CCSD excitation energies.

2.3. Multireference Configuration Interaction. In MRCI
methods, the wave function is expanded as

NCSF
[PMRCI = z ¢ lp, 0 (17)
L=1

The basis functions of the expansion {li; [} are configuration
state functions (CSFs). The CSFs, which are linear combinations
of Slater determinants, are eigenfunctions of spin operators and
have a correct spatial symmetry.® The MRCI energies and wave
functions are obtained by diagonalizing the Hamiltonian in the
basis of the CSFs.

MRCI calculations begin by determining zero-order wave
functions and molecular orbitals (MOs) in a CASSCF calcula-
tion. The CASSCF wave function includes configurations
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created by all possible excitations within an active orbital space.
The coefficients of the expansion in eq 17, ¢z, and the MOs are
variationally optimized. Dynamical correlation is then described
by MRCI by including single and double excitations from the
reference CASSCF configurations. The MRCI method is very
accurate, provided that all the important configurations are
included in the expansion. This requirement is easily satisfied
for small molecules, but as the size of the system increases, the
expansion becomes prohibitively large, and truncations are
necessary. The Davidson correction”® provides a simple formula
for evaluating the contribution of the missing quadruple
excitations to the energy computed with configuration interaction
with up to double excitations.

2.4. Solvent Effects. Several iterative and noniterative EOM-
CC methods, including EOM-CCSD, active-space EOM-CCSDt,
and CR-EOM-CCSD(T) are fully interfaced with the molecular
mechanics module of NWChem,”! which enables excited-state
simulations of molecules in realistic environments within the
quantum-mechanical/molecular-mechanical (QM/MM) frame-
work. Excited-state studies of biologically relevant species have
indicated the need for balanced inclusion of correlation effects,
as well as effects of a fluctuating environment.%%7273 In the
present work, a similar approach is employed to compute the
excitation energies of uracil in the aqueous solution.

3. Computational Details

Density functional theory (DFT) with the B3LYP’* functional
and the 6-311G(2df,2pd)”>7¢ basis set is employed for ground-
state structure optimization.

Pople’s 6-31G”7 and 6-311G” basis sets with polarization
and diffuse functions are used in the study. Their performance
is compared with Dunning’s cc-pVDZ and aug-cc-pVTZ® bases,
as well as the NASA Ames atomic natural orbital (ANQ)7-80
basis set contracted as double- and augmented with diffuse
functions taken from the aug-cc-pVDZ’® basis set. In many
calculations, mixed basis sets are employed: a higher quality
basis is used on heavy atoms. The mixed basis sets are
designated with a forward slash; for example, 6-311+G(d)/6-
31G(d,p) means that 6-3114+G(d) is used on the carbon,
nitrogen, and oxygen atoms and 6-31G(d,p) is used on the
hydrogens. All basis sets include the pure angular momentum
spherical harmonics (five d-functions).

The lowest eight core orbitals are frozen in all the calculations.
Where specified, the highest eight virtual orbitals are frozen as
well.

Active spaces are denoted as (n,m), which stands for n
electrons in m orbitals.

The EOM-CC(2,3) and EOM-CCSDt calculations are per-
formed with two active spaces. The first one contains 10
electrons in 8 orbitals: five highest occupied (two a' in-plane
lone pairs and three a” s orbitals) and three lowest virtual
orbitals (one a' orbital and two a" sr* orbitals). We denote this
active space as (10,8). The second active space extends (10,8)
by including two more lowest virtual orbitals, both of which
are a'. This active space is denoted (10,10).

Two different MRCI expansions are used. In both, the eight
core and the highest eight virtual orbitals are frozen. The first
expansion, denoted MRCII, is based on a (14,10) active space,
which consists of two a’ in-plane lone pair orbitals, five occupied
a" o orbitals, and three virtual a" s* orbitals. The MOs are
obtained from a state-averaged CASSCF(14,10) calculation with
five states included in the average. Single excitations outside
the active space are allowed from the active and all o orbitals.
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Figure 1. Structure of uracil defining atom labels referred to in
Table 1.

X

The expansion consists of 16—32 million CSFs, depending on
the basis set.

The second expansion (MRCI2) uses a smaller (12,9) active
space, which includes only one a’ lone pair orbital and the same
eight a" orbitals as in (14,10). A previous study® showed that
(12,9) and (14,10) produce very similar energies of the first two
excited states, which are the most important for the photophysi-
cal properties of uracil. MRCI2 is used to refine those energies.
The MOs are obtained from state-averaged CASSCF(12,9) with
five states included in the average. Single and double excitations
are allowed from the active space and only single excitations
from the o orbitals. The Davidson correction is also computed
for these MRCI2 energies. This MRCI2 expansion consists of
about 100—330 million CSFs. Because of the size of the
expansion, only the first two excited states are calculated at the
MRCI2 level. Moreover, since the active space has only one a’
orbital, only one A" state can be computed.

Solvent effects are evaluated by the QM/MM approach®! as
implemented in NWChem. The uracil molecule at the equilib-
rium ground-state geometry is embedded in a 30-A-wide cubic
box containing 887 water molecules. The QM region consists
of the uracil molecule, and the rest of the system is treated at
the MM level using the SPC/E water model.3? To ensure proper
solvent structure around uracil, the solvent part of the system
is first optimized, equilibrated over the course of 50 ps of
molecular dynamics simulations, and then reoptimized again.
During this simulation, the electrostatic field of uracil is
represented by a set of fixed effective charges obtained from
an electrostatic potential (ESP) fitting using B3LYP calculations
with the 6-31G(d) basis set. Molecular dynamics equilibration
is performed at the constant temperature of 298.15 K with a
15 A cutoff. The resulting configuration is then used to calculate
the vertical excitation energies using the B3LYP and EOM-
CCSDt levels of theory with the 6-31G(d) basis set. The (10,10)
active space is used in the QM part.

EOM-CCSD and EOM-CC(2,3) calculations are performed
with Q-Chem;3* CR-EOM-CCSD(T), EOM-CCSDt, and some
EOM-CCSD computations are carried out with NWChem.”!-84
The COLUMBUS?># suite of programs is used for MRCI
calculations.

4. Results and Discussion

4.1. Structure and Electronic States of Uracil. In the
ground electronic state, uracil is a planar molecule. Figure 1
defines atomic labels in its diketo tautomer. Table 1 gives
equilibrium geometric parameters optimized by DFT and
compares them to experimental values®’ obtained by averaging
32 uracil residue structures found in a crystallographic database.
The standard deviation of the experimental data is about
0.01 A for distances and about 1.0° for angles. The differences
between the calculated and experimental parameters do not
exceed 0.03 A for bond lengths and 2.5° for angles. The
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TABLE 1: Equilibrium Geometry of Uracil®
bond caled? expt angle caled? expt

N, —C, 1.3908 1.379 Cs—Ni—C, 123.57 121.3
C,—Ns 1.3801 1.373 N;—C,—N3 112.92 114.8
N;—C4 1.4092 1.383 C—N3—Cy 128.15 127.0
C4—Cs 1.4559 1.440 N;—C4—Cs 113.40 114.7
Cs—Cs 1.3426 1.338 C4—Cs5—Cs 119.97 119.2
Cs—N, 1.3706 1.380 Cs—Cs—N; 121.99 122.8
C,—0, 1.2084 1.218 0,—C,—N; 124.43 122.0
C4—Oy4 1.2110 1.227 04,—C4—Cs 126.18 125.4
N;—H, 1.0060 Hi—N,—C, 115.03
N;—H;3 1.0112 H;—N;—C4 116.20
Cs—Hs 1.0769 Hs—Cs—Cs 121.92
Cs—He 1.0808 He—Cs—N;y 115.42

“The calculated structure is optimized with B3LYP/6-311G-
(2df,2pd). Experimental values are obtained by averaging dimen-
sions found in crystal structures.®” Atomic labels are defined in
Figure 1; distances in angstroms and angles in degrees. ” Nuclear
repulsion energy En,. = 357.159 959 hartree.

equilibrium structure also agrees well with the CC2/aug-cc-
pVQZ optimized geometry reported by Fleig et al.:'® the
maximum difference between the bond lengths is 0.015 A.

Frontier MOs calculated with RHF/aug-cc-pVDZ are depicted
in Figure 2. The 26 a' and 27 a' are occupied in-plane lone
pairs on oxygen atoms. They lie below 28 a” and 29 a", two
occupied 7 orbitals. Two virtual t* orbitals, 34 a” and 35 a",
contain contributions from orbitals on all the heavy atoms. There
are two low-lying diffuse orbitals: the lowest unoccupied MO
30 a' and a higher orbital 38 a'.

The 1 — m* states correspond to transitions from the 7
orbitals 28 a” and 29 a" to the w* orbitals 34 a” and 35 a"
(Table 2). Transitions originating from the lone pair orbitals
26 a' and 27 a' form the n — 7* states. The transition from
HOMO to the lowest diffuse orbital gives rise to a low-lying
Rydberg state.

Table 2 lists leading electronic configurations as well as EOM
singles amplitudes obtained in an EOM-CCSD/aug-cc-pVDZ
calculation. The total norm of singly excited amplitudes R7 is
about 0.9 for all the excited states, which suggests that they do
not carry a significant doubly excited character. This conclusion
is also supported by a small weight of triple excitations in the
EOM-CCSD(2,3) wave function, as discussed below.

4.2. Effect of the One-Electron Basis Set. The upper panel
of Figure 3 shows changes in the excitation energies of singlet
and triplet states as the basis set on heavy atoms is expanded
with diffuse and polarization functions. Changes in the oscillator
strength are shown in the lower panel.

States within 5.5 eV from the ground state do not exhibit a
significant dependence as the basis set is augmented: the
excitation energy changes by less than 0.05 eV (Table 3). The
change is appreciable for higher states (1'A’' and upward).
Among the studied states, the low-lying Rydberg 2' A" state is
affected the most. At least one set of diffuse functions is required
to describe it correctly, and with a second set of diffuse functions
its excitation energy drops by 0.15 eV. Fleig et al.!® report
similar effects of improving the basis set. They also show that
the CC2 excitation energies for the four lowest valence singlet
states of uracil change by 0.01 eV by extending the basis set
from aug-cc-pVTZ to aug-cc-pVQZ, whereas the energy of the
lowest Rydberg state changes by 0.05 eV. Thus, we consider
our aug-cc-pVTZ energies of the valence states converged within
approximately 0.01 eV with respect to the one-electron basis
set.

The oscillator strength of the allowed 7w — & transitions
changes very slightly as the basis set is expanded. In the case
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34a” 35a”
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0.084 a.u.
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n orbitals (in-plane lone pairs)

Figure 2. Frontier molecular orbitals of uracil at the ground-state
equilibrium geometry. Orbital energies are calculated with RHF/aug-
cc-pVDZ.

of the dark n — st* transitions, the oscillator strength drops by
an order of magnitude upon addition of a set of diffuse functions
on heavy atoms.

We also note the excellent performance of the augmented
ANO double-¢ and aug-cc-pVDZ bases, which produce excita-
tion energies for the two lowest states within 0.02 eV from aug-
cc-pVTZ (see Table 3), whereas the CC2 energies from ref 18
change by 0.08—0.11 eV between the aug-cc-pVDZ and aug-
cc-pVTZ bases.

Overall, both polarization and diffuse functions are required
to obtain the correct order and converged energy of the excited
states. The basis set effects can account for as much as 0.25 eV
for the @ — ov* state, while the n — s state is less sensitive.
We will use the aug-ANO-DZ and aug-cc-pVTZ basis sets in
the best estimations of excitation energies.

As summarized in Table 3, EOM-CCSD calculations with
the 6-311(2+)G(df)/6-31G(d,p), aug-ANO-DZ, and aug-cc-
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TABLE 2: Leading Electronic Configurations in the
EOM-CCSD/aug-cc-pVDZ Wave Function®

state configuration r R?
XA’ ..(26 2')%(27 a")%(28 a")%(29 a")?
T'A" (n — %) ...(26 a")%(27 a')(28 a")%(29 a")?(34 a") 0.22 0.91

(26 2)X(27 a')(28 a")%(29 a")*(35 a") 0.33
(26 2)X(27 2')%(28 a")*(29 a")(34 a") 0.28 0.91
(26 2)X(27 a')%(28 a")*(29 a")(35 a") 0.44
(26 2)X(27 a')%(28 a")*(29 a")(30 a") 0.68 0.93
(26 2)X(27 a')%(28 a")*(29 a")(38 a") 0.08

VA" (7 — %)

2'A" (Rydberg)

AT (T — ) .26 2)2(27 2)%(28 2")(29 a”)2(34 a") 0.34 0.89
(26 2)X(27 a)X(28 a")(29 a")2(35 a") 0.31

BA (r — %) .26 2)X(27 a)%(28 a")2(29 a")(34 ") 0.30 0.95
(26 2)X(27 a)X(28 a")2(29 a")(35 a") 0.46

PBA" (n— %) ..(262")227 a)(28 a")%(29 a")%(34 a") 021 0.92

(26 2)%(27 a')(28 a")2(29 a")2(35 a") 0.33

@ r is the weight of a configuration, R? is the norm of the EOM
singles amplitudes.

pVTZ bases give excitation energies of 5.21—5.25 eV for the
lowest n — z* state and 5.59—5.71 eV for the 7 — x*
transition.

4.3. Effects Due to Including Higher Excitations. Methods
with explicit active-space triples, EOM-CC(2,3) and EOM-
CCSDt, are used to estimate the effect of nondynamical
correlation. Results obtained with the 6-31G(d) basis set are
presented in Table 4. Due to the high computational cost, only
the energies of the first two transitions can be calculated with
EOM-CCSDt(I). Including active-space triples affects the EOM-
CCSD vertical excitation energies by no more than 0.15 eV for
the lowest two singlet states.

The EOM-CC(2,3) expansion is similar to that of EOM-
CCSDt(I), only different reference wave functions are used for
the two methods: CCSD and CCSDt, respectively. Unlike EOM-
CCSDT, EOM-CC(2,3) is not size-intensive.?” This can be the
cause of the opposite direction of the excitation energy shift
produced by the two methods: EOM-CC(2,3) transition energies
are blue-shifted, while EOM-CCSDt(I) energies are red-shifted
with respect to EOM-CCSD. The resulting large discrepancy
of about 0.2 eV (5.42 versus 5.20 eV and 5.96 versus 5.80 eV
for the n — 7% and w — 7r* transitions, respectively) is attributed
to the same reason. However, both methods agree on the energy
difference between the excited states. The transition energy
between the first two excited singlet states (1'A"” — 1A") is in
the 0.54—0.61 eV range for all the explicit triples methods,
slightly down from the 0.63 eV of EOM-CCSD. Thus, both
models with active-space triples confirm that there is no
significant doubly excited character in the lowest valence states
of uracil, in agreement with the small basis CC3 results from
ref 18.

Table 5 shows contributions from the singles, doubles, and
triples parts of the excitation operator to the EOM-CC(2,3)/6-
31G(d) wave function in the (10,10) active space. The excitation
operator R is described by eqs 6 and 8. The norm of the doubly
excited with respect to the reference part R, is 0.16 and 0.13
for the n — sr* and w — 7r* states, respectively; the norm of R3
does not exceed 0.01 for both. Thus, there is no evidence of a
multiconfigurational reference or a doubly excited character, for
which explicit higher excitations are required. Therefore, the
perturbative correction can be applied to recover the effect of
all triple excitations.

In the EOM-CCSD((III) — EOM-CCSDt(II) — EOM-
CCSDt(I) series of calculations (Table 4), the active-space
constraint for the excitations given by eqs 9—14 gradually
relaxes, giving rise to a partial account for dynamical correlation.
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Figure 3. Excitation energies (upper panel) and oscillator strengths
(lower panel) of the lowest excited states of uracil calculated with EOM-
CCSD and various one-electron basis sets.

The increasing magnitude of the correction in the series indicates
a considerable effect of dynamical correlation. The reduced
subset of triples is not capable of fully accounting for dynamical
correlation, and we employ CR-EOM-CCSD(T) for that pur-
pose, which indeed produces a larger correction of 0.11—0.28
eV. A comparable correction (0.2 eV) for the lowest &t — 7*
state was obtained at the CC3 level in a similar quality basis
set.!8 Overall, the vertical excitation energies calculated with
CR-EOM-CCSD(T)/6-31G(d) for the n — x* and w — =¥
transitions are 5.19 and 5.65 eV, respectively.

Epifanovsky et al.

Since dynamical correlation converges slowly with the basis
set, it is important to evaluate the effect of triple excitations in
a large basis set. In the aug-cc-pVTZ basis, the CR-EOM-
CCSD(T) excitation energies of the two lowest states are below
the respective EOM-CCSD values by 0.23—0.34 eV, which is
appreciably larger than the 6-31G(d) values.

The observed tendency of triples to lower EOM-CCSD
excitation energies is consistent with recent studies.'$1?

4.4. MRCI Results. The results of MRCI calculations are
presented in Table 6. Due to its high computational require-
ments, MRCI2 was only used for the first two singlet excited
states. As reported previously,® the MRCI2 expansion, which
includes more correlation than MRCI1, does not change the
excitation energies dramatically. That indicates that the o—x
correlation plays a more important role than double excitations
from the active space.

The MRCI expansions used in these calculations cannot
describe Rydberg states since there are no Rydberg orbitals
included in the active space. Thus, even when the basis set has
diffuse functions, the Rydberg states will be too high in energy,
and that is why the second A" state in the MRCI results is
always n — 7r*, even though in the coupled cluster calculations
Rydberg states appear below the second n — 7.

With the 6-31G(d,p) basis set, the MRCI2 excitations are 5.16
and 5.89 eV for the first two singlet states compared to 5.30
and 5.93 eV at the EOM-CCSD/6-31G(d) level. Thus the
MRCI2 energies are blue-shifted by 0.14 and 0.04 eV for the
two states compared to EOM-CCSD. With the 6-311+G(d)/6-
31G(d,p) basis set, the MRCI2 energies become 4.87 and 5.70
eV. The corresponding excitation energies using EOM-CCSD
and the same basis set [6-311+G(d)/6-31G(d,p)] are 5.22 and
5.70 eV. The two methods agree well on the & — 7* energy,
but the disagreement for n — 7% has now increased to 0.35
eV. This is mainly because the MRCI2 energy of the lowest
singlet shows a surprisingly large effect on the basis set. With
the aug-ANO-DZ basis set the energy of &7 — 7* is 5.65 eV,
which is very similar to the EOM-CCSD value of 5.60 eV.
Unfortunately, we could not obtain the energy of the n — s*
state at that level due to technical difficulties, so we could not
explore further the dependence of the n — 7% state on the basis
set. The basis set dependence of the n — s* state at the CC
level and at the MRCI1 level is much smaller. We do not
understand this MRCI2 dependence well at present, but it may
be an effect of the smaller active space used in MRCI2.

The Davidson correction lowers the excitation energy of the
7 — qr* state by 0.29—0.49 eV, indicating the importance of
higher than double excitations in the wave function. The
magnitude of the effect is consistent with the EOM-CCSD and
CR-EOM-CCSD(T) results (Table 4). The n — s state is not
affected as much by the Davidson correction, which lowers the
energy by about 0.1 eV.

4.5. Solvent Effects. TD-DFT calculations of the isolated
uracil molecule with the B3LYP functional and the 6-31G(d)
basis set give excitation energies of 4.73 and 5.37 eV for the n
— o and ;T — ¥ states, respectively (Table 7). Accounting
for effects of surrounding water molecules via QM/MM
increases the energies by 0.65 and 0.02 eV, respectively.

QM/MM calculations that employ EOM-CCSDt(II) with the
6-31G(d) basis and the (10,10) active space yield the first two
excitation energies of 5.75 and 5.96 eV, which are 0.44 and
0.07 eV above the respective gas-phase excitation energies.

Solvent effects are in a qualitative agreement with previous
TD-DFT/PBEOQ and TD-DFT/B3LYP calculations, which predict
a larger positive shift for the n — sr* state and a much smaller
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TABLE 3: Vertical EOM-CCSD Excitation Energies of Uracil (eV)”

1'A" 1A’ 21A" 13A 13A"
basis set ground state (n — %) (r — %) (Rydberg) 31A" 21A! (r — %) (n— 7a%)
6-311G(d)/6-31G —413.814317 5.28 5.84 6.71 6.97 3.92 4.99
(1235 x 1075)  (0.2203) (8.532 x 1076) (0.05573)
6-311G(d)/6-31G(d,p) —413.846 864 5.26 5.84 6.69 6.96 3.92 497
(1227 x 107%)  (0.2219) (8.269 x 1076) (0.054 18)
6-3114+G(d)/6-31G(d,p) —413.864 729 5.22 5.70 6.16 6.59 6.80 3.89 495
(0.984 x 107%) (0.2367)  (0.002429) (1.254 x 1076 (0.058 51)
6-311(2+)G(d)/6-31G(d,p) —413.866 067 5.22 5.70 6.01 6.58 6.79 3.89 495
(0794 x 107%) (0.2354)  (0.002514) (0.695 x 1076) (0.055 42)
6-311(2+)G(df)/6-31G(d,p) —414.008 904 5.21 5.71 6.12 6.58 6.82 3.89 494
(0.984 x 107%) (0.2385)  (0.002666) (0.598 x 1076) (0.056 77)
aug-ANO-DZ —413.953 957 5.25 5.60 6.05 6.76 3.86 498
(0.000) 02110)  (0.002 773) (0.046 66)
aug-cc-pVDZ —413.822 857 5.22 5.58 6.00 6.57 6.72 3.87 4.95
(0.026 x 107%) (0.2089)  (0.002660) (0.754 x 1076) (0.045 69)
aug-cc-pVTZ —414.131 547 5.23 5.59

% Ground state CCSD energies are shown in hartrees; oscillator strengths are given in parentheses. The singlet CCSD reference wave
function was used for both singlet and triplet EOM calculations.

TABLE 4: Effect of Triple Excitations on Vertical

Excitation Energies”

ITA" 1A 31A" 21A
method (n — %) (r—a*) (n—a*) (r—a¥%)
6-31G(d) Basis Set
EOM-CCSD 5.30 5.93 6.73 7.05

(10,8) active space

EOM-CC(2,3) 5.42 (0.12)
EOM-CCSDt  5.30 (0.00)

596 (0.03)  6.93(0.20) 6.92 (—0.13)
591 (—0.02) 6.73 (0.00) 7.04 (—=0.01)

(1D
EOM-CCSDt 5.31(0.01) 5.89 (—0.04) 6.76 (0.03) 7.02 (—0.03)
Q)

EOM-CCSDt  5.20 (—0.10) 5.80 (—0.13)

(0]

(10,10) active space

EOM-CC(2,3) 5.44 (0.14)
EOM-CCSDt  5.30 (0.00)
(IID)
EOM-CCSDt 5.31 (0.01)
D

CR-EOM-
CCSD(T)

5.19(—0.11) 5.65 (—0.28)

5.98(0.05) 6.95(0.22) 6.93(—0.12)
5.91(—0.02) 6.73 (0.00) 7.04 (—0.01)

5.89 (—0.04) 6.76 (0.03) 7.02 (—0.03)

6.77 (—0.28)

aug-cc-pVTZ Basis Set

EOM-CCSD  5.23
CR-EOM-
CCSD(T)

5.59

5.00 (—0.23) 5.25 (—0.34)

@ Shift in excitation energies due to triple excitations is shown in
parentheses. All energies are in eV.

TABLE 5: Norms of the Amplitudes R,,  from Eq 10 in the
EOM-CC(2,3)/6-31G(d) Wave Function of Uracil®

state R} R? R} R}

XA 0.99 0.00 0.00 0.01
1'A" 0.00 0.83 0.16 0.01
1A’ 0.00 0.86 0.13 0.01
21A" 0.00 0.86 0.13 0.01
21A’ 0.00 0.78 0.21 0.02

“The (10,10) active space is used. Total norm is not unity in
virtue of biorthogonal properties of EOM-CC.

shift for the & — sr* state.''3%% In our calculations, the
excitation energy of the n — sr* state increases by 0.5 eV, and
the excitation energy of the 7t — 7 state remains almost the

same. Taking into account previous calculations, we estimate
the effect on the = — 7* state as +0.1 eV.

Our calculations do not account for solvent-specific interac-
tions and possible tautomerization. Previous cluster studies of
DNA bases with several water molecules?®~%* do not suggest a
large effect on the excitation energies due to solvent-specific
interactions. For example, Yoshikawa and Matsika,>* who
investigated excited states of uracil—water isomers, report shifts
between —0.03 and +0.2 eV for the n — z* state and between
—0.1 and +0.1 eV for the w — 7* state.

There is no explicit QM treatment of the hydrogen bond
interaction between uracil and surrounding water molecules in
our calculations. Since excitation is localized on the uracil
moiety, we expect the average solvent electric field to have a
larger effect on the excitation energies than hydrogen bonding.
That is captured by the QM/MM calculations through the
classical description of the solvent. To quantify the errors due
to the classical as opposed to the fully QM description of the
first solvation shell, we perform an additional TD-DFT QM/
MM calculation with one of the waters coordinating with an
oxygen atom included into the QM part. Resulting excitation
energies of 5.38 and 5.42 eV for the n — 7r* and = — 7* states
show that the errors due to the classical description are less
than 0.01 and 0.03 eV for the two states, respectively.

4.6. Best Theoretical Estimate of Vertical Excitation
Energies in Uracil. EOM-CCSD with large augmented basis
sets gives vertical excitation energies of about 5.25 and 5.60
eV for the n — 7% and ;1 — 7* states, respectively (Table 8).
Including triple excitations noniteratively via CR-EOM-
CCSD(T) lowers both energies by 0.2—0.3 eV to 5.0 and 5.3
eV. That is our best estimate of the excitation energies. The 7
— sr* transition energy computed with MRCI with the Davidson
correction is 5.3 eV, which is in excellent agreement with the
EOM value. We estimate the error bars for the theoretical values
to be +£0.05 eV.

TD-DFT/PBEQ agrees with the EOM methods on the 7 —
7% energy, but underestimates the energy of the n — x*
transition by 0.2 eV. TD-DFT/B3LYP underestimates the
excitation energies of both states even more. The CASPT2/ANO
values!” are below our best estimates by 0.5 (n — %) and 0.3
eV (r — m*). More recent CASPT2 calculations® employing
a larger active space and a smaller basis are closer to the EOM-
CC estimates; however, in view of strong basis set dependence,
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TABLE 6: MRCI Excitation Energies (eV) of the Four Lowest Singlet Excited States of Uracil

I'A” I\ 3IA" 21A
basis set CSFs (n — %) (r — %) (n — 7r%) (ot — %)
MRCI1
6-31G(d,p) 16 627 710 5.09 (14.90 x 1073) 5.79 (0.186) 6.62 (0.000) 6.57 (0.0478)
6-311+G(d)/ 6-31G(d,p) 28 159 230 5.02 (3.200 x 1073) 5.65(0.221) 6.87 (5.100 x 1079) 6.44 (0.0357)
aug-ANO-DZ 32483 550 5.01 (0.500 x 1073) 5.53 (0.180) 6.49 (1.600 x 1073) 6.35 (0.0384)
MRCI2
6-31G(d,p) 112 036 212 5.16 5.89
6-311+G(d)/ 6-31G(d,p) 254 019 060 4.87 5.70
aug-ANO-DZ 320 019 060 5.65
MRCI2+Davidson Correction
6-31G(d,p) 5.09 5.60
6-311+G(d)/ 6-31G(d,p) 4.76 5.21
aug-ANO-DZ 5.32
@ Oscillator strengths are given in parentheses.
TABLE 7: Vertical Excitation Energies (eV) of Uracil in the Wavelength, nm
Gas Phase and Water Solution Calculated with QM/MM.* 200 220 240 260 280 300
1'A” 1A’ EOM-CCSD —-=
method environment (n — %) (r — %) CR-EOM—CCSD(T) »—— | 0%
TD-DFT/B3LYP/6-31G(d) gas phase  4.73 5.37 A
water 5.38 (0.65) 5.39 (0.02)
EOM-CCSDt(11)/6-31G(d)* gas phase  5.31 5.89 o
water 5.75 (0.44) 5.96 (0.07) g 8.
TD-DFT/PBE0/6-311+ gas phase  4.80 5.26 8 g
G(2d.2p)° g q
water 5.27 (0.47) 5.14 (—0.12) < g
5
“Energy shifts due to the solvent are shown in parentheses.
b (10,10) active space. ¢ Reference 11.
TABLE 8: Best Estimates of the Vertical Excitation 1A 1 14" 1347
Energies (eV) of the Lowest Singlet and Triplet States I / 1 000
Compared with Previously Published Results " " H : "

ITA" 1A 1PA’ 13A"

method (n — %) (r — %) (r — %) (n — 7%)

EOM-CCSD/aug-cc-pVTZ 5.23 5.59
CR-EOM-CCSD(T)/aug-cc-  5.00 5.25

pVIZ
EOM-CCSD/aug-ANO-DZ ~ 5.25 560 3867  4.98¢
CR-EOM-CCSD(T)/aug- 5.06 5.30 5.17
ANO-DZ

MRCISD+Q(12,9)/aug- 5.32

ANO-DZ

CASPT2(2,10)/Roos ANO?  4.54 5.00
CASPT2(14,10)/6-31G(d,p)c  4.93 5.18 3.80 4.71

CASPT2/TZVP¢ 4.90 5.23
TD-DFT/PBE0/6-311+ 4.80 5.26
G(2d,2p)°
TD-DFT/B3LYP/aug-cc- 4.64 5.11 3.38 4.26
pVTZ/
TD-DFT/B3LYP/aug-cc- 4.62 5.07
pVTZ:
TD-DFT/B3LYP/6-311++  4.67 5.17
G(d.p)'
CIS(2")/cc-pVDZ! 5.11 5.89
RI-CC2/aug-cc-pVQZ/ 4.80 5.35 3.95 4.61
CC2/TZVP! 491 5.52
EOM-CCSD/TZVP¢ 5.11 5.70

@ The singlet CCSD reference wave function was used. ” Refer-
ence 17. ¢ Reference 95. ¢ Reference 19. ¢ Reference 11. /Reference
96. ¢ Reference 88. " Reference 97.  Reference 98. / Reference 18.

this agreement is accidental. Empirically corrected CASPT2/
TZVP values'? for the two singlet states are below our estimates
by 0.1 and 0.02 eV. However, a relatively modest basis set was

6.5 6.0 5.5 5.0 4.5 4.0
Excitation energy, eV

Figure 4. Absorption spectrum of uracil'® with theoretical estimations

of electronic transitions calculated with EOM-CCSD/aug-ANO-DZ and
CR-EOM-CCSD(T)/aug-ANO-DZ.

used, and it is not clear how well empirically corrected CASPT2
would perform in a larger basis.

The CC2/TZVP excitation energies'® differ from our estimates
by —0.09 and +0.22 eV for the n — 7* and w — 7* states,
respectively. Consistently with our findings, larger basis CC2
calculations'® yield considerably different values, which are
—0.2 and +0.05 eV from our estimates. These differences are
well within the CC2 error bars (see section 2).

The present data, as well as previous studies,'8!® demonstrate
that a large basis set and an accurate account of dynamical
correlation are both essential for converged results.

Figure 4 shows a UV absorption spectrum!'> of uracil vapor
obtained at 228 °C and the EOM-CCSD/aug-ANO-DZ and CR-
EOM-CCSD(T)/aug-ANO-DZ vertical excitation energies de-
picted as a stick spectrum using the EOM-CCSD/aug-ANO-
DZ intensities. The experimental spectrum shows a broad feature
peaking at 242 nm (5.08 eV), which is 0.17 eV below the CR-
EOM-CCSD(T)/aug-cc-pVTZ vertical excitation energy for the
bright 7 — 7* state. As elaborated in the benchmark study of
Schreiber et al., there are numerous reasons complicating the
interpretation of the observed absorption maxima.'® We attribute
the difference to strong vibronic coupling of the n — z* and &
— mr* states. Intensity borrowing by the lower-lying dark state
can affect the overall shape of the absorption, shifting it toward
lower energies. Strong vibronic interaction is consistent with
the broad featureless shape of the spectrum,!® as well as with
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experimental observations of Kong and co-workers;* however,
more detailed investigations are necessary for a definite
conclusion.

5. Conclusions

A series of calculations of energies and oscillator strengths
of transitions to electronically excited states of uracil show that
using high-quality basis sets (i.e., aug-cc-pVTZ or aug-ANO-
DZ) with diffuse functions is essential for converged results.

Active-space EOM-CC calculations with explicit triple ex-
citations demonstrate that the excited states do not exhibit a
doubly excited character, and therefore EOM-CCSD provides
a good zero-order wave function for including remaining
dynamical correlation via perturbative treatment of triple
excitations. The latter affects excitation energies by as much
as 0.3 eV. Thus, the EOM-CCSD errors for the excitation
energies of uracil do not exceed the conventional estimates of
the EOM-EE-CCSD error bars.

Our best estimate of excitation energies calculated with CR-
EOM-CCSD(T)/aug-cc-pVTZ places the n — s singlet excited
state at E(1'A") = 5.00 eV and the & — s* singlet state at
E(1'A") = 5.25 eV above the ground state. An excellent
agreement between high-level MRCI calculations, which place
the w — mr* state at 5.32 eV, and EOM-CC further supports
our conclusions. A solvent (water) affects the excitation energies
of the two states by +0.5 eV and less than 0.1 eV, respectively.

We conclude that the maximum of the broad UV spectrum
of uracil does not correspond to the position of the vertical 7
— qr* excitation, possibly due to strong vibronic coupling with
the lower-lying dark n — 7z state. Our results indicate that
previously reported CASPT2 and TD-DFT calculations under-
estimate the excitation energies.
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