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Abstract Aiming to pinpoint an atomic basis set pro-
viding accurate transition energies at a minimal compu-
tational cost, we investigate the evolution with basis set
size of the energy of low-lying excited states in nine rep-
resentative conjugated dyes with a wide panel of theo-
retical approaches, namely TD-DFT, SOPPA, ADC(2),
CIS(D), CC2, EOM-CCSD, as well as several scaled oppo-
site spin variants, namely SOS-CIS(D), SOS-CIS(DO)
and SOS-ADC(2). At the exception of TD-DFT that dis-
plays the lowest basis set dependence, it turns out that the
changes obtained when increasing the size of the basis
set are rather independent of the selected wavefunction
model, but strongly change according to the nature of the
excited state considered. Reasonable compromises between
accuracy and computational burden can be attained with
6-3114+G(2d,p) that allows much faster calculations than
the typical reference basis set, namely aug-cc-pVTZ, for an
average loss of accuracy limited to ca. 0.02 eV.
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1 Introduction

The simulations of excited-state (ES) properties with
quantum-mechanical methods remain a topic of extremely
intense research, not only because of the academic inter-
est of designing appropriate approaches for challenging
cases, but also due to the need of complementing spectro-
scopic measurements that are often difficult to interpret
with standard chemical concepts [1]. ES calculations can
be performed with a wide range of approach. This includes,
on the one hand, the highly accurate but computation-
ally demanding wavefunction approaches, e.g., CAS-PT2
(complete active space second-order perturbation theory)
[2], MR-CI (multi-reference configuration interaction) [3],
EOM-CC (equation-of-motion coupled cluster) [4—-6], ADC
(algebraic diagrammatic construction) [7-9] and SAC-CI
(symmetry adapted cluster CI) [10, 11], and, on the other
hand, more qualitative but less demanding methods, e.g., the
semi-empirical ZINDO (Zerner’s intermediate neglect of
differential overlap) [12] as well as the ab initio CIS (CI sin-
gles) [13] and TD-DFT (time-dependent density functional
theory) [14, 15]. The latter approach undoubtedly remains
the most popular approach for ES, as it allows a rapid esti-
mation of transition energies and ES properties for a limited
computational effort, even for relatively large molecules
(ca. 100400 atoms) [16]. Despite considerable successes,
especially in designing new dyes, TD-DFT suffers from a
series of limitations, e.g., its inadequacy for ES presenting
a significant double-excitation character and its strong func-
tional dependence—the obtained ES energies and properties
are strongly dependent on the selected exchange-correlation
functional [17]. The continuous increase in computational
power accompanied by the developments of efficient imple-
mentation, e.g., the RI (resolution of identity) [18] and the
Cholesky decomposition techniques [19-21], has now made
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possible the treatment of ES of medium-sized molecules
with approaches such as ADC(2) (second-order ADC) [7],
CC2 (the simplest EOM-CC scheme) [18, 22] and CIS(D)
(CIS with a perturbative correction for double excitations)
[23, 24]. These methods can provide accurate transition
energies in cases in which TD-DFT is less adequate, e.g.,
for ES presenting a significant multi-excitation nature.
There are indeed, an increasing number of applications of
these approaches for non-trivial molecules [25-39].

Both the computational time and the quality of the results
obtained with these second-order approaches are sensi-
tive to the size of the selected atomic basis set (BS). It is
indeed accepted that these schemes, as their wavefunction
ground-state counterparts, tend to require larger BS to attain
convergence than TD-DFT. This may seriously limit the
applicability to large molecules. Therefore, as these wave-
function methods become more widely applied for low-
lying excited states of medium-size molecules, it is certainly
worth to select the most compact BS leading sufficiently
accurate results so to avoid two pitfalls: consuming compu-
tational time with oversized BS and analyzing results so far
from BS convergence that they become meaningless. As a
rule of thumb, one could state that the selected BS should
have an effect limited to ca. 30 % of the method accuracy.
As ADC(2), CIS(D) and CC2 are generally recognized to
provide ES energies with a typical deviations in the 0.05—
0.15 eV range (for non-exotic compounds) [9, 29, 37], a BS
effect limited to ca. 0.03 eV is enough for most purposes.
Surprisingly, despite the large number of valuable stud-
ies published to date (see next section), we could not find
in the literature an investigation aiming to define the small-
est possible BS providing accurate results for the low-lying
ES of “real-life” organic dyes and the present paper aims
to fill this gap. We have selected the nine molecules shown
in Fig. 1 to perform our assessment. This set includes rep-
resentative members of four of the most important classes
of organic fluorophores, namely boron-dipyrromethene (2),
coumarin (3), bimane (6), 1,8-napththalimide (7) as well as
biphenyl (a typical hydrocarbon, 1), and a highly conjugated
stilbene (5) and three compact chromogens relevant for dye
chemistry representative of the thiocrabonyl (4), nitroso
(8) and diazo (9) classes. This set has been also designed
to include representative members of 7 — 7* valence (1, 6
and 7), n — 7* valence (4, 8 and 9), charge-transfer (3 and
5) and cyanine (2) excitation categories.

2 Literature survey
In this section, we summarize previous studies focussing
on the determination of low-lying excited states, employ-

ing several wavefunction methods and using at least three
atomic basis sets.
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Fig. 1 Representation of the systems investigated herein

Grimme and Ugorodina carried out an extensive study
of the 0-0 transition energies in small organic molecules
with the TD-DFT, CIS(D) and SCS-CIS(D) methods [40].
Using CIS(D) with three BS [TZV(d,p), TZV(2df,2pd) and
aug-cc-pVTZ], they benchmarked the B, state of the acene
series and deviations of —0.24 eV (benzene), —0.22 eV
(naphthalene) and —0.20 eV (anthracene) have been
obtained when going from TZV(d,p) to aug-cc-pVTZ. In
contrast, for other covalent states, TZV(d,p) was found suf-
ficient with deviations of ca. 0.05 eV or less. In addition,
these authors observed that for n — 7* (r — 7*) states,
the excitation energies increase (decrease) with extension
of the BS. They also found that the BS effects are slightly
smaller with SCS-CIS(D) than with CIS(D).

Thiel’s group addressed the BS dependency in
his well-known benchmark studies (CAS-PT2, CC2,
CC3, CCSD) of 223 electronic states determined in 28
medium-sized organic molecules [41-43]. In their first
study, this team tested 12 different BSs, from cc-pVDZ
to d-aug-cc-pV5Z (see Fig 2. in Ref. [41]) for ethene and
concluded that the TZVP BS provides transition ener-
gies to the lowest ES within 0.1 eV of BS convergence
[41]. In contrast, they found that for both hybrid valence-
Rydberg and higher-lying Rydberg states, the inclusion
of diffuse functions was necessary to reach BS conver-
gence. In two further studies, they concluded, using a
much more extended set of molecules, that the TZVP and
aug-cc-pVTZ energies are typically within 0.1 eV from
each other [42, 43].
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Lischka et al. investigated excited-state intramolecular
proton transfer within five small molecules and observed
variations of ca. 0.1 eV of the RI-CC2 vertical excitation
energies when going from SVP to TZVP, the deviations
being smaller with TD-DFT [44]. In another work, they
studied charge-transfer state in two DNA base dimers using
RI-CC2, RI-ADC(2) and TD-DFT (B3LYP, PBEO, M06-2X
and M06-HF). Comparing SVP and TZVP BS, they con-
cluded that the flexibility of TZVP was needed for both RI-
ADC(2) and RI-CC2 calculations [45]. An investigation of
BS effects at the ADC(2) level was also performed on poly-
(p-phenylenevinylene) oligomers, using SV, SV(P), TZVP
and TZVPP for chains up to seven unit cells (the largest BS
was applied up to the tetramer) [46]. It was concluded that
going from SVP to TZVP induces a decrease in the excita-
tion energies by ca. 0.3 eV, irrespective of the chain length,
whereas TZVPP yields a further decrease of 0.1 eV, clearly
hinting a quite slow convergence with BS size.

In the same vein, Russo and his collaborators pub-
lished several articles comparing TD-DFT and RI-CC2
performances and assessing BS effects in quite large mol-
ecules [26, 31]. Indeed, they carried out benchmarks on
both squaraines (ca. 16-35 non-hydrogen atoms) [26] and
pyranoanthocyanins (25 or more non-hydrogen atoms)
[31]. The impact of BS size on the excited-state energies
has been studied for representative compounds with SV(P),
SVP, DZ, DZP, TZVP, TZVPP, cc-pVDZ, cc-pTVZ, aug-
cc-pVDZ and aug-cc-pTVZ. They concluded that TD-DFT
and RI-CC2 are not sensitive to the BS for these cyanine-
like derivatives. Indeed, for a small squaraine, a limited
decrease in 0.04 (0.06) eV is found when going from SV(P)
or SVP to aug-cc-pVTZ with TD-DFT (RI-CC2), whereas
for the peonidin-3-glucoside pyruvic acid, the variation
between SV(P) or SVP and the triple-¢ TZVP or cc-pVTZ
is 0.02 eV (0.04 eV) with TD-DFT (RI-CC2).

In 2009, Starcke, Wormit and Dreuw considered open
shell molecules [47, 48] and compared the results obtained
with the unrestricted formalisms of ADC(2) and EOM-
CCSD for the pentadienyl neutral radical and the hex-
atriene radical cation using 6-31G, 6-31G(d), 6-31+G(d),
6-311G(d) and cc-pVTZ. Probably because their focus
was low-lying excited states, they found that 6-31G(d)
was a valid compromise to model medium-sized cases
[neutral radical of phenoxyl, phenyl, anilino and (methyl)
benzyl; radical cation naphthalene, dihydroacenaphthylene
and pyracene; radical anion benzoquinone]. Krauter et al.
[9] employed Thiel’s set and discussed BS effects using
ADC combined to aug-cc-pVDZ, cc-pVTZ and aug-cc-
pVTZ. Neglecting diffuse functions induced significant
variations (increase in the mean error from 0.03 to 0.14 eV)
while going from triple- to double-¢ introduced only minor
changes (decrease in the mean error from 0.03 to 0.01 eV)
for singlet excited states. Very recently, the same group

investigated several variations of the ADC approach in
the framework of a solvatochromic benchmark [49]. The
impact of the BS [(aug-)cc-pVDZ and (aug-)cc-pVTZ]
has been investigated for nitrobenzene, a charge-transfer
molecule. At the ADC(3) level, they noticed quite large BS
effects, with a variation larger than 0.3 eV when shifting
from cc-pVDZ to aug-cc-pVTZ.

Kerkines et al. [S0] computed the low-lying excited-state
energies of pyrene, 1,6-dithiapyrene and tetrathiafulva-
lene with 6-31G(d), (aug-)TZVPP, aug-cc-pVDZ, aug-cc-
pV(D+d)Z and aug-cc-pV(T+d)Z . They underlined that
TZVPP or aug-TZVPP have to be employed to reach rea-
sonably accurate estimates of the RI-CC2 absorption and
emission spectra, whereas 6-31G(d) is sufficient for TD-
B3LYP calculations [50].

Though, not focussed on BS effects, it is worth to briefly
review recent studies using extended BS to model the
excited states of non-trivial molecules, in order to illustrate
the growing interest for such simulations.

In 2007, Rhee and Head-Gordon applied their SOS-
CIS(D) approach with the 6-311(2+4,24)G(d,p) BS on a
set of molecules proposed by Grimme [24]. The follow-
ing year, Corral et al. [51] simulated the absorption of
anthracene-9,10-endoperoxide with MS-CAS-PT2//CAS-
SCF(14,12)/ANO-S as well as with TD-DFT and RI-CC2
approaches using both 6-311G(d,p) and cc-pVTZ. In 2010,
Pino et al. [52] explored the reactivity of phenol and its
complexes with ammonia in a joint experimental-theoreti-
cal study. They computed ES energies at the RI-CC2/aug-
cc-pVDZ, this large BS being justified by the Rydberg
nature of the investigated excited states. In 2011, Guthmul-
ler used TD-DFT/6-3114++G(2df,p), CC2/def2-QZVPP
as well as SCS-CC2/def2-QZVPP approaches to evalu-
ate excitation energies of o-nitrophenol [30]. Studying the
charge-transfer induced excited-state intramolecular proton
transfer in the chromophore of green fluorescent protein,
Cui, Lan and Thiel selected aug-cc-pVTZ for TD-DFT
(B3LYP, CAM-B3LYP, wB97XD and M06-2X) computa-
tions and TZVP for RI-CC2 calculations [33]. In a recent
extensive benchmark paper, Hittig’s group compared 0-0
electronic transition energies in 66 organic molecules from
catechol to Zn-tetraphenylporphyrine with a large panel of
methods [B3LYP, ADC(2), CC2, SOS-CC2 and SCS-CC2]
[37]. They optimized the structures at the TZVP (DFT)
and TZVPP (wavefunction) schemes, while they computed
all transition energies with aug-cc-pVTZ, an exceptional
feat. Already, in the early 2000, the same group performed
RI-CC2 calculations with quite larger basis set, namely
TZVPP [18] and aug-cc-pVTZ [53] for specific molecules.
Krylov et. al. discussed the singlet and triplet 7 — 7*
states of a model of the GFP chromophore, namely the
4-hydroxybenzylidene-2,3-dimethylimidazolinone (HBDI)
anion using CIS, SOS-CIS(D), EOM-EE-CCSD [54]. As
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the excited states of HBDI anion are lying below the elec-
tron detachment energy, the use of compact basis sets cre-
ated discrete states and artificially excluded the detached
states. Increasing the number of diffuse function was cru-
cial to bring the continuum down, the lowest excited state
corresponding to the detached state when a large BS is used
(see Fig. 4 and Table 2 in Ref. [54]). Adding sets of diffuse
functions results lowered the CIS and TD-DFT excitation
energy of the bright state by 0.1 eV, whereas going from
aug-cc-pVDZ to aug-cc-pVTZ decreased the excitation
energy by 0.13 eV.

As can be concluded from this survey, a systematic BS
benchmark considering several types of valence states and
methods in m-conjugated compounds, and aiming not only
to estimate deviations but also to determine the best “accu-
racy/cost” BS is missing, and the present work is an effort
in that direction with a focus on molecules relevant for
organic chemistry.

3 Methodology

All calculations presented below have been made using
optimal ground-state geometries determined at the MO06-
2X/6-314+G(d) level of approximation. These optimiza-
tions as well as the subsequent TD-DFT [14, 15] and
CIS(D) [23] calculations were carried out with the latest
version of the Gaussian 09 program package [55]. For the
TD-DFT part, we have selected the M06-2X functional
[56] and used the so-called ultrafine pruned (99,590) grid.
The scaled opposite spin CIS(D) [SOS-CIS(D)] [24], SOS-
CIS(DO) [57], ADC(2) [7] and SOS-ADC(2) [8, 9] transi-
tion energies were determined with the Q-Chem package
using the Resolution of the Identity (RI) scheme [58, 59].
For the most demanding cases, TURBOMOLE was also
used to perform some ADC(2) calculations [60]. CC2 [18,
22] and second-order polarization propagator approxima-
tion (SOPPA) [61] calculations were performed with the
Dalton code [62]. Note that EOM-CCSD [4, 6] transi-
tion energies can be computed with three out of the four
programs, and test calculations indicated that the varia-
tions from one implementation to the other were negligi-
ble (max deviation noted 0.001 eV). Consequently, EOM-
CCSD calculations have therefore been performed with
the three codes, depending on which one was the most
efficient for a given molecule and BS. Similar compari-
sons have been performed for ADC(2) calculations com-
puted with Q-Chem and TURBOMOLE and trifling differ-
ences were noted. We have checked that for both ADC(2)
and EOM-CCSD, the RI approximation has no signifi-
cant influence by performing non-RI calculations for a
dozen of cases. No deviations larger than 0.001 eV could
be detected, and we have therefore processed all further
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calculations with the RI approximation when available.
In the present work, we tested several popular atomic BS
with or without diffuse orbitals, namely Pople’s 6-31G(d),
6-311G(d,p), 6-314G(d), 6-314+G(d,p), 6-31+G(2d),
6-3114-G(2d.p), 6-311++G(d,p), 6-3114++G(2df,2p) and
6-311++,G(3df,3pd); Dunning’s cc-pVDZ, cc-pVTZ, aug-
cc-pVDZ and aug-cc-pVTZ; as well as def2-TZVP.

4 Results and discussion

Let us first underline that our goal is not to perform com-
parisons with experiments as we considered vertical tran-
sition energies in the present contribution. Our results are
listed in Tables 1, 2, 3, 4 and 5. It appears that the two larg-
est BSs, namely 6-3114++G(3df,3pd) and aug-cc-pVTZ,
provide very similar values, independently of the consid-
ered theoretical approach. Indeed, considering all data,
the mean absolute deviation between the results of these
two BS is as small as 0.008 eV, whereas the three largest
discrepancies are obtained for compound 4 using SOS-
CIS(DO0) (0.033 eV), CC2 (0.026 eV) and EOM-CCSD
(0.025 eV). For this reason, we performed EOM-CCSD
calculations for 4 using larger Dunning BSs. The results
are shown in the Supporting Information (SI). The differ-
ence between the aug-cc-pVTZ and the d-aug-cc-pVQZ
transition energies is as small as 0.002 eV. One can there-
fore consider that the aug-cc-pVTZ data are close to BS
convergence and that they can be used as reference values.
The deviations listed in the following have therefore to be
understood as “with respect to aug-cc-pVTZ.”

It is obvious from the data of Tables 1, 2, 3, 4 and 5 that
increasing the size of the BS almost systematically induces
a decrease in the excitation energies, a result typical of
low-lying transitions. This can be qualitatively understood:
the excited state is more delocalized than the ground state
and therefore tends to be more stabilized by the addition of
supplementary atomic functions. The very few exceptions
that can be found (for which an increase in the BS size
provokes an increase in the transition energy) are quantita-
tively negligible. Indeed, the upshifts are tiny, typically ca.
0.005 eV, the largest effect being +0.036 eV between the
TD/aug-cc-pVDZ and TD/aug-cc-pVTZ energies of 8. It is
also clear from the data listed in all tables that 6-31G(d),
which is often a reasonable choice for geometry optimiza-
tion at the DFT level, is significantly too small, as it yields
overestimations of the transition energies by ca. 0.1-0.3 eV
depending on the molecule and method considered.

Another expected finding is that the BS effects depend
not only on the applied method but also on the selected mol-
ecule. Let us first discuss the former dependency. We note
that the BS effects are (almost always) smaller with TD-
DFT than with the wavefunction approaches, as expected
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4 Fig. 2 Errors made when using the cc-pVDZ BS (using aug-cc-
pVTZ values obtained with the same method as reference) for the
three first molecules [from top to bottom: 1 (w — m* valence), 2
(cyanine), 3 (charge transfer) and 4 (n — 7* valence)] considering all
nine theoretical approaches

from previous works. This fact is illustrated in Fig. 2 for cc-
pVDZ, a representative example of the BS behaviors. Com-
plete representations for all methods and BS are available in
the SI. We highlight that for the cyanine-like 2, for which BS
effects are rather small (see below), the EOM-CCSD results
constitute an exception to that general trend; i.e., TD-DFT
BS effects are larger than their EOM-CCSD counterpart for
2. Nevertheless, the BS variations obtained with TD-DFT
can generally be regarded as lower bounds of the variations
reached with other approaches. While the BS effects tend to
be larger for wavefunction methods than for TD-DFT, they
are globally of the same order of magnitude for all wave-
function schemes, as illustrated in Fig. 2. However, we
note that the variations obtained with SOS-CIS(D) tend to
be systematically larger than those measured with CIS(D);
e.g., the differences between 6-314+G(d) and aug-cc-pVTZ
are 0.171 [0.202] eV, 0.035 [0.078] eV, 0.139 [0.170] eV,
0.012 [0.055] eV, 0.169 [0.193] eV, 0.060 [0.090] eV, 0.141
[0.181] eV, 0.052 [0.132] eV and 0.111 [0.166] eV with
CIS(D) [SOS-CIS(D)] for 1, 2, 3,4, 5, 6,7, 8 and 9, respec-
tively. On the contrary, these 6-314+-G(d)—aug-cc-pVTZ
differences become more similar when comparing ADC(2)
and SOS-ADC(2), that is 0.161 [0.168] eV, 0.040 [0.039]
eV, 0.103 [0.088] eV and 0.035 [0.032] eV for the first four
compounds, respectively. One can additionally conclude
that cyanine states are particularly unsensitive to BS effects
which contrasts with 7 — 7* and n — 7* valence and
charge-transfer states (see Sect.2 and below). It is interest-
ing that SOS-CIS(D) that allows faster implementations of
the double corrections than its canonical counterpart suffers
from being more sensitive to BS effects. It is also striking
from Fig. 2 that the BS effects are not systematically larger
with EOM-CCSD than with CC2, though the latter can be
viewed as a less correlated version of the former.

Let us now discuss the variations obtained for the nine
molecules. As stated above, the BS effects are weak for
2 (<0.12 eV with the considered panel of BS), and this
can be ascribed to the cyanine nature of the excited state
in BODIPY [17, 26, 31, 63]. By contrast, 3 and 5 that are
characterized by charge-transfer like electronic transitions
are much more sensitive to the size of the BS, which is con-
sistent with previous studies (see Sect. 2), and the addition
of diffuse functions becomes important to attain reason-
ably accurate results, e.g., the difference between ADC(2)/
cc-pVTZ and ADC(2)/aug-cc-pVTZ attains 0.099 eV for
5. For 1, 6 and 7 that all present a valence-like 7 — 7*
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Fig. 3 Evolution with BS size of the ADC(2) transition energies for
all compounds. From left to right: 1, 2 and 3 (top); 4, 5 and 6 (center)
and 7, 8 and 9 (bottom). The horizontal black line indicates the refer-

excited state, the BS effects are large with the wavefunc-
tion models in two (1 and 7) out of three cases; 6-31G(d)
yields errors larger than 0.3 eV. For n — m* states, the
convergence of the transition energies with BS size seems
slower than for w — 7* states; e.g., for 9 with CIS(D),
the 6-3114++4G(d,p) result is still too large by 0.069 eV,
whereas for both 4 and 8 going from double-¢ to triple-¢
induces a strong decrease in the energies with the SOS-
CIS(D) approach. We could not find evident correlations
between the size of the treated system and the amplitude
of the BS effects, the nature of the state is obviously more
crucial.

Let us now try to determine an “optimal” BS keeping
in mind that a 0.03 eV error can be viewed as acceptable
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ence aug-cc-pVTZ results, whereas the red line gives the border for
a 0.03 eV error. The smallest BS providing an error smaller than this
limit is indicated

for most purposes (see Sect. 1). As all approaches (but
TD-DFT for all states and SOS-CIS(D)/SOS-CIS(D0) for
n — m* transitions) undergo rather similar BS depend-
encies, we have only represented the BS effects with the
ADC(2) approach in Fig. 3—ADC(2) was selected because
it delivers a rather average behavior over all the wavefunc-
tion methods (see Fig. 2). Complete data can be found in
the SI. First, diffuse functions are obviously mandatory in
all cases (see Tables 1, 2, 3, 4, 5), not only because they
induce a strong decrease in the transition energies, but
also because they allow a faster convergence with BS
size. For instance, cc-pVTZ yields significant deviations,
e.g., exceeding 0.1 eV for the m — 7* transition in 1,
despite its size. Likewise, def2-TZVP often delivers errors
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Table 1 Evolution of vertical transition energies with the atomic BS size for the lowest dipole-allowed excited state of 1

Basis set TD SOPPA CIS(D) S-CIS(D) S-CIS(D0) ADC(2) S-ADC(2) cC2 CCSD
6-31G(d) 5.496 5.286 6.115 5919 5.962 5.775 5.639 5.805 5.983
6-311G(d,p) 5.379 5.112 5.946 5.752 5.814 5.615 5.486 5.645 5.814
6-31+G(d) 5.318 5.086 5.857 5.691 5.749 5.554 5.435 5.569 5.730
6-31+G(d.p) 5.308 5.069 5.840 5.675 5.735 5.538 5421 5.558 5.719
6-314+-G(2d) 5.295 4.964 5.769 5.599 5.680 5.471 5.352 5.472 5.643
6-311+G(2d.p) 5.267 4.920 5.722 5.545 5.634 5.422 5.304 5.445 5.604
6-3114+4+G(d.p) 5.274 4.993 5.781 5.611 5.685 5.479 5.362 5.501 5.662
6-3114++G(24df,2p) 5.263 4.902 5.709 5.514 5.615 5411 5.285 5.432 5.584
6-311++G(3df,3pd) 5.254 4.888 5.695 5.498 5.604 5.399 5.272 5.419 5.573
cc-pvVDZ 5.421 5.153 5.978 5.794 5.853 5.650 5.525 5.677 5.843
cc-pVTZ 5.327 4.969 5.812 5.594 5.691 5.492 5.356 5.519 5.676
aug-cc-pVDZ 5.269 4.933 5.715 5.562 5.646 5.424 5.316 5.439 5.597
aug-cc-pVTZ 5.253 4.881 5.686 5.489 5.599 5.393 5.267 5.411 5.565
def2-TZVP 5.316 4.946 5.782 5.570 5.667 5.467 5.333 5.490 5.646
All values are in eV. TD stands for TD-DFT(M06-2X), S for SOS and CCSD for EOM-CCSD

Table 2 Vertical transition energies for the lowest dipole-allowed excited state of 2

Basis set TD SOPPA CIS(D) S-CIS(D) S-CIS(D0) ADC(2) S-ADC(2) cC2 CCSD
6-31G(d) 3.173 2.293 2.980 2.631 2.800 2.853 2.602 2.987 2.922
6-311G(d,p) 3.139 2.238 2.945 2.594 2.770 2.814 2.574 2.946 2.908
6-31+G(d) 3.107 2.245 2.934 2.594 2.754 2.804 2.561 2.928 2.872
6-31+G(d.p) 3.100 2.231 2.920 2.582 2.744 2.791 2.552 2917 2.866
6-314+-G(2d) 3.088 2211 2.933 2.583 2.754 2.795 2.558 2916 2.885
6-311+G(2d.p) 3.079 2.176 2.907 2.550 2.727 2.767 2.533 2.895 2.871
6-3114++G(d.p) 3.094 2.201 2910 2.565 2.734 2.777 2.542 2.905 2.869
6-3114++G(24df,2p) 3.080 2.178 2914 2.538 2.726 2.773 2.534 2.898 2.887
6-311++G(3df,3pd) 3.077 2.163 2.901 2.521 2.712 2.760 2.520 2.887 2.878
cc-pVDZ 3.151 2.283 2.977 2.639 2.814 2.852 2.614 2.976 2.932
cc-pVTZ 3.099 2.189 2.924 2.541 2.738 2.788 2.545 2915 2.904
aug-cc-pVDZ 3.078 2.203 2.909 2.568 2.749 2.784 2.554 2.904 2.870
aug-cc-pVTZ 3.075 2.164 2.899 2.516 2.713 2.764 2.522 2.887 2.879
def2-TZVP 3.084 2.187 2.923 2.544 2.737 2.786 2.544 2.910 2.898

See caption of Table 1 for more details

significantly exceeding the 0.03 eV limit. Consequently,
in terms of computational efficiency, it is adequate to limit
our search of the optimal BS in the diffuse-containing sub-
group. In that panel, two major components appear to be
necessary: a second set of d polarization functions and
the selection of a triple-¢ BS. In other words, the small-
est reasonable BS are, on the one hand, 6-3114+G(2d,p)
in Pople’s series and, on the other hand, aug-cc-pVDZ
in Dunning’s series. One can indeed see from Fig. 3 that
these two BSs are often the smallest to be within 0.03 eV
of the aug-cc-pVTZ reference. The maximal deviations
are 0.082 eV [SOS-CIS(D) on 9] and 0.123 eV [SOPPA

on 4] for 6-3114-G(2d,p) and aug-cc-pVDZ, respectively.
In addition 30 and 57 % of the estimates undergo an error
exceeding the 0.03 eV mark for 6-3114+-G(2d,p) and aug-
cc-pVDZ, respectively. Interestingly by excluding the
three n — 7* dyes from the set, these values fall to 10 and
46 %, respectively. Despite their similar sizes, it turns out
that 6-3114+G(2d,p) is overall the most effective of this
pair of BS. Indeed, the average absolute errors consider-
ing all approaches and molecules (56 cases) are 0.024 and
0.040 eV for 6-311+G(2d,p) and aug-cc-pVDZ, respec-
tively. To significantly improve over 6-3114+-G(2d.p), that
is to cut the remaining error by a factor of ca. 2, one needs

@ Springer
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Table 3 Vertical transition energies for the lowest dipole-allowed excited state of 3

Basis set TD SOPPA CIS(D) S-CIS(D) S-CIS(DO0) ADC(2) S-ADC(2) cc2 CCSD
6-31G(d) 4.501 3.836 4.787 4.688 4.606 4.375 4.269 4475 4.628
6-311G(d,p) 4.451 3.745 4.698 4.596 4.545 4.297 4.208 4.392 4.569
6-31+G(d) 4.434 3.753 4.696 4.606 4.538 4.291 4.205 4.391 4.557
6-31+G(d.p) 4.429 3.740 4.683 4.594 4.528 4.278 4.196 4.382 4.551
6-31+G(2d) 4.413 3.674 4.623 4.528 4.500 4.235 4.163 4.321 4517
6-311+G(2d.p) 4.391 3.633 4.580 4.479 4.463 4.198 4.128 4.290 4.491
6-3114+4+G(d.p) 4.407 3.691 4.638 4.542 4.500 4.242 4.166 4.336 4.522
6-3114++G(24df,2p) 4.393 3.631 4.577 4.458 4.461 4.201 4.128 4.291 4.500
6-311++G(3df,3pd) 4.389 3.618 4.564 4.443 4.450 4.189 4.115 4.280 4.491
cc-pvVDZ 4.460 3.778 4717 4.627 4.575 4.323 4.239 4415 4.583
cc-pVTZ 4.423 3.656 4.608 4.483 4.484 4.229 4.149 4.320 4.525
aug-cc-pVDZ 4.387 3.652 4.581 4.502 4.484 4.208 4.150 4.298 4.487
aug-cc-pVTZ 4.393 3.614 4.557 4.436 4.450 4.188 4.117 4.276 4.488
def2-TZVP 4411 3.646 4.596 4.474 4.477 4.219 4.143 4.308 4.515
See caption of Table 1 for more details

Table 4 Vertical transition energies for the lowest excited state of 4

Basis set TD SOPPA CIS(D) S-CIS(D) S-CIS(DO0) ADC(2) S-ADC(2) cC2 CCSD
6-31G(d) 3.679 3.463 3.955 3.692 3.825 3.851 3.635 4.086 3.924
6-311G(d,p) 3.637 3.402 3.905 3.626 3.761 3.795 3.574 4.025 3.867
6-31+G(d) 3.590 3.387 3.896 3.631 3.755 3.780 3.569 4.000 3.843
6-314+-G(d.p) 3.590 3.387 3.896 3.631 3.755 3.780 3.569 4.000 3.843
6-314+-G(2d) 3.550 3.333 3.903 3.626 3.747 3.775 3.562 3.974 3.838
6-311+G(2d.p) 3.541 3.300 3.885 3.608 3.731 3.748 3.543 3.950 3.825
6-3114+-+G(d,p) 3.580 3.371 3.890 3.611 3.741 3.772 3.557 3.989 3.834
6-3114++G(2df,2p) 3.554 3.282 3.878 3.573 3.724 3.751 3.537 3.946 3.825
6-311++G(3df,3pd) 3.551 3.257 3.860 3.553 3.701 3.730 3.512 3.921 3.802
cc-pvVDZ 3.658 3.545 4.063 3.784 3917 3.956 3.727 4.157 3.992
cc-pVTZ 3.591 3.333 3.930 3.621 3.778 3.794 3.580 4.002 3.878
aug-cc-pVDZ 3.562 3.403 3.962 3.697 3.823 3.840 3.632 4.023 3.877
aug-cc-pVTZ 3.557 3.280 3.884 3.576 3.734 3.745 3.537 3.947 3.827
def2-TZVP 3.555 3.291 3.897 3.588 3.742 3.772 3.552 3.962 3.838

See caption of Table 1 for more details

to apply a much larger BS, namely 6-311+4-G(2df,2p), but
the computational cost becomes significantly higher. Table
6 provides a statistical analysis for all BSs allowing one to
estimate the error made with a specific BS selection. We
underline that these data have been obtained considering all
methods and states. As stated above, these two parameters
significantly influence the final accuracy of a given BS.
Though it is not our main goal here to define the merits
of the different quantum chemical approaches applied, we
can briefly comment on the relative energies obtained with
all approaches. One notices that the ordering of the transi-
tion energies tend to follow CIS(D) > SOS-CIS(DO) >
SOS-CIS(D) and ADC(2) > SOS-ADC(2), the SOS effect

@ Springer

being particularly marked for 2 and relatively weak for all
other molecules. EOM-CCSD results are larger than their
CC2 counterparts for both 1 and 3, but are similar for 2 and
smaller for 4. It is also striking that the SOPPA transition
energies are always significantly below the one computed
with the other theories.

S Conclusions
We have performed a complete investigation of BS effects

involved in the calculation of low-lying excited states of
conjugated dyes, selecting 14 bases, 9 significant molecules
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Table 6 Statistical analysis of the errors obtained in the present work

Basis set MAD MAX Ro.03 Ro.10
6-31G(d) 0.192 0.430 98 71
6-311G(d,p) 0.115 0.263 93 45
6-314+-G(d) 0.091 0.205 89 43
6-314+-G(d.,p) 0.084 0.188 82 41
6-31+G(2d) 0.049 0.120 68 5
6-3114+G(2d,p) 0.022 0.085 30
6-3114++G(d,p) 0.053 0.122 63 11
6-3114+4+G(2df,2p) 0.013 0.069 2 0
6-311++G(3df3pd) 0.008 0.033 2 0
cc-pVDZ 0.160 0.305 98 77
cc-pVTZ 0.051 0.126 75 11
aug-cc-pVDZ 0.040 0.123 57 5
def2-TZVP 0.035 0.096 43 0

All deviations are reported with respect to aug-cc-pVTZ consider-
ing all data in Tables 1, 2, 3, 4 and 5. We provide the mean abso-
lute deviation (MAD, eV), the maximal derivation (MAX, eV) and
the percentage of cases with deviations exceeding 0.03 (R o3, %) and
0.10 eV (Ro.10, %)

and 9 theoretical methods. This study was stimulated by
a literature search indicating that methods like CC2 or
ADC(2) are often used either with compact diffuse-less
single- or double-¢ BS (for large compounds) or with aug-
cc-pVTZ (for medium-sized molecules), so that defining
a valuable compromise between these two rather extreme
choices would be of interest. Fixing the acceptable margin
of BS error to 0.03 eV, we found that 6-311+G(2d,p) is the
lightest BS able to match this limit in ca. 70 % of the tested
cases. aug-cc-pVDZ that presents a similar size deliv-
ers larger average errors. Choosing 6-31+G(d.,p), a quite
popular BS for excited-state calculations, induces signifi-
cant deviations (0.084 eV on average), with only 18 % of
the tested cases within the 0.03 eV limit. Among all tested
theoretical methods, TD-DFT [SOS-CIS(D)] appeared to
be the least [most] sensitive to BS size, though all wave-
function theories provide rather similar evolutions with BS
size for a given compound. Obviously, the nature of the
excited state also plays a crucial role on the BS effects, and
cyanine (charge transfer) transitions tend to require small
(large) BS, whereas triple-¢ BS is to be recommended for
n — m* transitions. It is our hope that this work will allow
future excited-state calculations to be performed on larger
molecules with a well-controlled accuracy.
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