Coupled cluster calculations on TiO2 nanoclusters.
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The excitation energies of the four lowest-lying singlet excited states of the TiO», Ti2Os, and
Ti30s clusters are calculated by a variety of different Equation-of-Motion Coupled Cluster
(EOM-CC) approaches in order to obtain benchmark values for the optical excitations of
titanium dioxide clusters. More specifically we investigate what the effect is of the inclusion
of triple excitations “triples” in the (EOM-)CC scheme on the calculated excited states of the
clusters. While for the monomer and dimer the inclusion of triples is found to only cause a
rigid shift in the excitation energies, in the case of the trimer the crossing of the excited states
is observed. Coupled cluster approaches where triples are treated perturbatively were found to
offer no advantage over EOM-CCSD, whereas the active-space methods (EOM-CCSDt(11/1))
were demonstrated to yield results very close to full EOM-CCSDT, but at a much reduced

computational cost.



1. Introduction

Understanding the excited state properties of Titania (TiO2) and other transition metal
oxide nanostructures (i.e. nanocluster, nanoparticles, nanotubes) and extended
materials is extremely relevant and topical because of their importance in emerging
technological applications such as photocatalytic watersplitting and dye-sensitized
solar-cells. Transition metal oxides, however, are potentially challenging materials for
standard computational chemistry and physics methods used to study the excited state
properties of nanosized systems; Time-Dependent Density Functional Theory (TD-
DFT) and Green’s function methods (GW, GWy), followed by solving the Bethe-
Salpeter Equation (BSE). There is, therefore, a clear need for accurate correlated
quantum chemistry benchmark calculations to compare the performance of methods
such as TD-DFT and BSE with. Because of the computational scaling of accurate
quantum chemistry methods such benchmark calculations by definition will focus on
small clusters containing only one to three transition metal atoms and will purely

concentrate on vertical excitation energies.

Ideally, the quantum chemistry method used for the benchmark calculations should
yield results as close as possible to the exact solution of the electronic time-
independent non-relativistic Schrédinger equation (or in practice a Full Configuration
Interaction (FCI) calculation for the same basis-set). This means a method that
describes all contributions to the electron correlation beyond the Fermi correlation (or
exchange), correlation between the motion of electrons of the same spin, already
included in the Hartree-Fock (HF) theory that underlies all quantum chemical
methods. This means a method that ideally describes both dynamic (Coulomb)
correlation, correlation between the motion of electrons independent of their spin that

is absent from HF because of the mean-field approximation, and static correlation,



which arises from the inability of a single Slater determinant to describe situations
where different electronic configurations (Slater determinants) lie close in energy,
equally well. Moreover, the ideal method treats the electronic ground state and
excited state on the same well-balanced footing and is unambiguously defined. In
practice such an ideal method does not exist. FCI is prohibitively expensive for
everything but atoms and very small molecules and all the other methods are
primarily geared towards describing either dynamic (e.g., truncated Configuration
Interaction!, CI, or Coupled Cluster!, CC, methods) or static (e.g., Complete Active
Space Self Consistent Field’, CASSCF, and other multiconfigurational-SCF based
methods) electron correlation. Although, taking the above into account, CASSCF with
a well-defined and well-balanced CAS (the active space of orbitals for which
essentially a full CI is performed, typically consisting of 6-16 orbitals and containing
6-16 electrons) followed by a second-order perturbation step (combined in the
CASPT2, Complete Active Space 2™ order Perturbation Theory>?) is likely to recover
a large part of the dynamical correlation. Equally CCSDT® (a Coupled Cluster
calculation including Single, Double and Triple excitations) has been shown to
recover, at least, part of the static correlation and to perform well for classic ground
state static correlation problems such as the breaking of bonds.® Finally, within the
coupled cluster framework the ground state energy is calculated using a total energy
approach while the excitation energy are obtained using an Equation-Of-Motion
(EOM) formalism, while within, for example, CASSCF all states (including the
ground state) are calculated variationally. The latter means that to guarantee
orthogonality between states belonging to the same irreducible representation state-
averaging has to be employed, where all such states are optimized together, and the

results might become slightly dependent on the number of states studied.



Both CASSCF/CASPT2” and CC"8 (EOM-CCSD, i.e. EOM-CC theory with Single
and Double excitations) have previously been used to study excitations for the TiO»
monomer and found to yield very similar results. Use of more approximate methods
(CIS, CIS(D), CC2) have also been reported in the literature but were found to give
very unreliable results when compared with CASPT2 and EOM-CCSD.8 In this paper
we focus on CC as for transition metal clusters it is not clear cut which orbitals and
electrons to include in the active space and a strategy of simply including all valence
electrons and orbitals is only tractable for the TiO> monomer (in part because of the 5
d-orbitals per titanium atom). We consider EOM-CCSD, EOM-CCSDT and a number
of CC models that combine CCSD models with some approximate treatment of the
triples, and predict spectra for the global minimum energy geometries®!® (i.e., the
most stable isomers) of not only the TiO, monomer but also the Ti>O4 dimer and the
Ti306 trimer (see Figure 1). We specifically will discuss the effect of including triple
excitations into CC (i.e., EOM-CCSDT) and the required balance between treating the
triples contribution iteratively and/or approximating part of the triples contribution
pertubatively. In the remainder of the paper we will first revisit CC theory and the
different possible CC models (section 2), then discuss technical details of the practical
calculations (section 3), followed by a discussion of the spectra obtained for the

different clusters (sections 4 and 5) and conclusions.
2. Equation-of- Motion Coupled cluster methods

The Equation-of-motion coupled cluster theory (EOM-CC)!*-2! can be viewed as an
excited-state extension of single reference CC formalism, where the wavefunction of
K-th state |¥, ) is obtained by acting with the state-specific excitation operator Rk

onto an already correlated CC ground-state wavefunction; that is



|¥,) = RgeT|P)

In the above formula T is the cluster operator and |®) is the reference function,
usually chosen as a Hartree-Fock determinant. The 7" and Rg operators can be

represented as sums of their many-body components 7; and Rk ;:
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In our study of TiO; clusters we used several EOM-CC methods including EOM-
CCSD  (m=2),22%> EOM-CCSDT (EOMCC with single, double, and triple
excitations; m=3),>*2% and several variants of the active-space EOM-CCSDT
approach (EOM-CCSDt)?” where the selection of the most important triply excited
excitations is made based on the active space concepts. More specifically, we employ
the EOM-CCSDt(IlIT)/ EOM-CCSDt(Il)/) EOM-CCSDt(I) family of active space
EOM-CC methods,?® which include increasing subsets of triple excitations. For
example, in the most rudimentary EOM-CCSDt(IIl) approach triply excited
amplitudes carry active spinorbitals only (tihcand 7,4, where upper case 1J,K, ...
(4,B,C,...) indices refer to the occupied (unoccupied) active spinorbitals). The EOM-

CCSDt(IT) and EOM-CCSDt(I) approaches use larger domain of triple excitations

defined by (tXBIE, Alfg’j ; lower case indices i,j,... (a,b,..) refer to generic occupied

(unoccupied) indices) and (t Ifljbli, AL{,IC() sets of triply excited cluster amplitudes,

respectively. In addition to the iterative EOM-CC methods we also utilized various

non-iterative completely renormalized EOM-CCSD(T) approach (CR-EOM-



CCSD(T))?** and its reduced variant (r-CR-EOMCCSD(T) method of Ref. 3°) where
the effect of triply excited configurations is accounted for in a perturbative manner.
Although the EOM-CCSDT approach is capable of providing very accurate estimates
of excitation energies for a wide class of excited states its applicability is limited by
its steep numerical scaling proportional to N°, where N symbolically represents
system-size. For this reason the EOM-CCSDT can be used in calculations for
relatively small molecular systems. More details on the EOM-CC formulations can be

found in several review papers.’!
3. Computational details

The geometry of all the structures used in this work were optimized at the DFT level
with the hybrid B3LYP3? exchange-correlation (XC) functional in conjunction with
the triple-{ def2-TZVP basis set.’* The Harmonic frequencies at these optimized
geometries were calculated employing the same DFT setup to verify that the
optimized structures correspond to proper minima on the ground state potential
energy surface. Use of the B3LYP optimized ground state structure instead of a
CCSD/CCSDT optimized structure was found to introduce differences in the
calculated excitation energies of less than 0.05 eV in case of the monomer, and is the
only realistic alternative for larger clusters.

The electronic ground state of all the clusters studied in this work is a closed-shell
singlet. The optimized structure for the monomer (TiO) has a C>, geometry with Ti-
O bond length (1.641 A) and O-Ti-O bond angle (111.8°) in good agreement with the

> which showed a

accurate multireference-CI** (MRCI) results obtained by Grein,?
bond length of 1.640 A and O-Ti-O bond angle of 112.0° respectively. The optimized

structure for the lowest energy dimer (Ti204) has a C2, geometry with O-Ti (terminal

bonds) bond lengths of 1.627 A and Ti-O bond lengths of 1.847 A, which compares



well with the minimum energy geometry found by Li and Dixon at the CCSD(T)
level'? with bond lengths of 1.648 A and 1.863 A respectively. A large set of other
dimer structures is known, where two of them lie relatively close in energy to the
global minimum.’3%37 These two structures, with C», and Cs symmetry respectively,
lie 0.25 and 0.73 eV higher in energy than the lowest energy dimer (B3LYP), and are
not considered here. The optimized trimer structure (Ti30s) with two terminal and one
3-fold coordinated oxygen atom, has Cs; symmetry and it is in agreement with the
global minimum obtained in previous studies at B3LYP level.!%1416-1837 Previous
studies located on the trimer energy landscape a multitude of higher lying isomers,
with a series of different coordination environments for the titanium and oxygen
atoms. Among this set, the lowest energy alternative trimer structure (also with Cs
symmetry) has two terminal oxygen atoms, a three-fold coordinated titanium atoms
and lies 0.36 eV higher in energy (B3LYP).3” Again, its excitations are not studied
here. Please find the B3LYP optimized Cartesian coordinates for the respective global
minima cluster in the ESI.3®

The singlet vertical excitation energies of the four lowest-lying excited states for the
DFT ground state geometries have been calculated with various variants of coupled
cluster theory including EOM-CCSD, CR-EOM-CCSD(T), r-CR-OM-CCSD(T),
EOM-CCSDT and different versions of active-space EOM-CCSDt ( I/ I/ III). More
information about the different coupled cluster approaches can be found in the
introduction. The most expensive EOM-CCSDT calculations for the trimer molecule
have been performed using 2.000 cores on the Olympus cluster (Atipa Cluster,
Opteron 6272 16C 2.100GHz, Infiniband QDR) at the Pacific Northwest National
Laboratory. To calculate adiabatic excitation energies in the case of the monomer

relevant excited states were relaxed using EOM-CCSD, while keeping the point group



symmetry fixed, followed in the case of EOM-CCSDT by a EOM-CCSDT single-
point vertical excited state calculation on the EOM-CCSD optimized geometry.

The performance of the EOM-CC methods has been tested for a series of different
basis sets. The selected basis sets are the small split-valence def2-SV(P) basis-set®
and the larger triple-( def2-TZVPP basis set,** which from now on will be defined as
SV and TZ respectively. Moreover, for selected systems we have also used a triple-{
aug-cc-pVTZ* basis set to compare with literature results (further referred to as ATZ).
The majority of the coupled cluster calculations, for reasons of computational
tractability, employed the frozen core approximation, where only the valence
electrons are correlated (i.e, the 1s orbitals of the oxygen atoms and the Is to 3p
orbitals of the titanium atoms are frozen in the CC calculations). However, for the
smallest structure in this work (TiO2) we were able to obtain the vertical excitation at
the EOM-CCSD level of theory, employing the def2-TZVPP and the aug-cc-pVTZ all
electron approach, which from now on will be referred to as aeTZ and aeATZ
respectively. The electronic character of the excitations found by CC methods is
interpreted in terms of the single and double electron orbital excitations with the
largest EOM-CC amplitudes (R1 and Rz), where we deem amplitudes as significant
when R, > 0.1 and a leading contribution for R, > 0.25. The largest EOM-CC
amplitudes are reported in specific R-vector normalization employed by the EOM-CC
eigensolver.

The DFT ground state calculations, finally, were performed with the Turbomole 6.4

41

code,” while all the coupled cluster calculations employed the Tensor Contraction

Engine (TCE) module*? of the NWChem 6.1 package.*

4. Results and discussion



We will now review the excitation energies for the three clusters calculated with the
different method combinations and then discuss the role of including triples and the
practical balance between including triples and the quality of basis-sets one can

employ.

4.1 Monomer

Figure 2 shows the four lowest excitation energies for the TiO» monomer cluster
(please see the ESI for matching tables with excitation energies).® As can be seen all
method combinations (except for the all-electron SV EOM-CCSD calculation) find
the same ordering of excited states and relative gaps (i.e., a large gap between S; and
S, i.e. 1'Bz and 1'A,, and smaller gaps between S> and S3 and S3 and S4). Increasing
the basis-set quality from the split-valence SV basis-set to the larger triple-C zeta TZ
basis-set is found to result in a consistent upward shift in the calculated excitation
energies of ~ 0.2 eV, while going from the frozen core approximation to an all
electron calculation, where feasible, results in a consistent downward shift in the
calculated excitation energies of ~ 0.1 eV. Including triples iteratively using EOM-
CCSDt(I) and EOM-CCSDT leads to a consistent down-ward shift of up to ~ 0.25 eV.
EOM-CCSDt(III/I) yields excitation energies in between those calculated with EOM-
CCSD and EOM-CCSDT, while EOM-CCSDt(I) slightly overshoots and predicts
values that are slightly lower than those obtained with EOM-CCSDT. The non-
iterative pertubative triples CR-EOM-CCSD(T) method, finally, yields results that lie
~ 0.1 eV above the values obtained with plain EOM-CCSD. A similar thing happens
for EOM-CCSDt(III/II) (EOM-CCSDt(III) results in the ESI),*® the active space
methods with the smaller subset of triple excitations employed (see Section 2), which

yield values close to those obtained with EOM-CCSD.



The EOM-CCSD aeTZ data from Figure 2 (and the EOM-CCSD aeATZ data given in
the ESI)*® agree very well with EOM-CCSD, CASPT2 and MRCI results from the
literature. The difference with the literature EOM-CCSD data is consistently smaller
than 0.06 eV, the differences with the published CASPT2 data is smaller than 0.1 eV
for the lowest two excitations and less than 0.2 eV for the next two, while the
difference with the literature MRCI data is smaller than 0.05 eV for all but the al
excitation. While we did not run EOM-CCSDT aeTZ calculations for all irreducible
representations due to the computational cost involved with such calculations, aeTZ
EOM-CCSDT results for the lowest 'B; excitation (2.12 ¢V) show a 0.14 ¢V further
downward shift when going from the frozen-core approximation to including all-
electrons, in-line with what is observed for EOM-CCSD/aeTZ, EOM-CCSD/acATZ,
and EOM-CCSDT/aeSV. The EOM-CCSDT aeTZ for the 1'B; state (and the other
states by extrapolation) thus lies ~ 0.3 eV lower than the corresponding states found

with CASPT2 and MRCI.

Comparison with experimental spectral data for the TiO2 molecule is complicated as
typically adiabatic rather than vertical excitation energies are reported.***® The most
recent experimental study on molecular beams of TiO2 molecules reports an adiabatic
excitation energy of 2.18 eV*® for a state identified, partly based also on previous
computational work, as the 1'B, state. Previous experimental work on TiO> in a neon
solid matrix* also yielded another adiabatic excitation energy at 1.97 eV (together
with what was identified as the 1'Bs excitation at 2.37 eV, slightly higher than in the
molecular beam experiment). This 1.97 eV adiabatic excitation was assumed to
originate from a linear isomer of the monomer instead of the global minimum bent
C>, isomer studied here, because none of the computational studies performed till that

date had predicted any excitation energies lower than 2.4 eV. Finally, the authors of
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the more recent molecular beam experiments report not seeing the 1.97 eV adiabatic
excitation (but do not show the relevant spectral range in the paper), which they argue
is due to the fact that the linear isomer is a higher energy isomer that might not be
created in the laser ablation process used to prepare the TiO: clusters for their

molecular beam.

To compare our results with experiment we optimized the lowest two (i.e. 1'B> and
1'A;) excited states using EOM-CCSD, followed by single-point EOM-CCSDT
calculations where possible, and calculated the adiabatic excitation energies. Just as in
previous work we observe that for the 1!B, state optimization results in a decrease of
the O-Ti-O angle to ~ 101° (see ESI for CCSD optimized geometry),’® while the
optimized 1'A> geometry becomes effectively linear (O-Ti-O angle to ~ 180°), where
the exact angle depends on the specific basis-set used. Table 1 gives the as such
calculated adiabatic excitation energies. Focusing on the larger basis-set results (i.e.
TZ and ATZ) it is clear that EOM-CCSD yields a 1'B, adiabatic excitation energy
that lies relatively close (< 0.2 eV) to the value measured in the molecular beam
experiment, especially when including the core-electrons in the EOM-CCSD
calculations (i.e. using aeTZ and aeATZ basis-sets). This fits with the previous
computational work of Lin et al’” who made a similar observation for their EOM-
CCSD calculations. The EOM-CCSDT calculations yield values that lie further away
from experiment (below instead of above). Specifically, an all electron EOM-CCSDT
calculation with the aeTZ basis-set yields a 1'B; adiabatic excitation energy of 1.92
eV (2.01 eV with the frozen-core approximation). However, it is tantalizing to note
that this 1.92 eV value lies very close to the 1.97 eV value measured in the neon
matrix. One could suppose that the 2.18 eV peak then finds its origin in an adiabatic

excitation into a higher excited state of the monomer (e.g. 2'B: and 2'A). While we
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find that the 1'A» state lies in the correct range it would make an unlikely candidate
for the 2.18 ¢V adiabatic excitation in this scenario, as an 'A» excitation is symmetry
forbidden (at least in the case of vertical excitations at both the ground state and
relaxed excited state geometries) and hence would have low intensity. Most
importantly, our calculations suggest that the original identification of the 1.97 eV

adiabatic excitation as originating from a linear isomer might need to be revisited.

The leading single electron HF excitation contributions to the lowest 1!B, excitation
for both EOM-CCSD and EOM-CCSDT are HOMO -> LUMO and HOMO ->
LUMO+2 (R; > 0.25). In all cases the relevant occupied orbital involve p-orbitals on
the terminal oxygen atoms, while the unoccupied virtual orbitals are d-like orbitals
located on the central titanium atom (see ESI)*®. There are no significant double

electron HF excitation contributions (R2 > 0.1).

4.2 Dimer

Figure 3 shows the four lowest excitation energies for the trans Ti2O4 dimer cluster.
Just as for the monomer all method combinations find the same ordering of excited
states and relative gaps, the effect of increasing the basis-set from SV to the triple-{
zeta TZ is an upward shift of ~ 0.2 eV, and the effect of including pertubative triples
is ~ 0.3 eV (slightly larger than for the monomer). CR-EOM-CCSD(T) does slightly
better than for the monomer but still does not seem to improve beyond EOM-CCSD.
Finally, all methods predict the excitation energies for the dimer to consistently lie
higher in energy than their monomer counterparts (by ~1.4 eV for the lowest

excitation and ~0.8 eV for all the others).

The leading single electron HF excitation contributions to the lowest energy 'Bg

excitation for both EOM-CCSD and EOM-CCSDT are HOMO -> LUMO, HOMO ->
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LUMO+3, HOMO-1 -> LUMO+1 (See ESI).*® In all cases the relevant occupied
orbital involve p-orbitals on both the terminal and two-fold coordinated oxygen atoms,
while the virtual orbitals are predominantly localized on the two titanium atoms (see
ESI).3® Just as for the monomer there are no significant double electron HF excitation

contributions.

4.3 Trimer

Figure 4 shows the four lowest (two lowest for EOM-CCSDT, where fully converging
two excitations per irreducible representation was found to be numerically intractable)
excitation energies calculated for the Ti3Os trimer cluster. Here, in contrast to the
monomer and dimer, do we see a clear effect of including triples beyond a simple
downward shift in energy. The lowest two excitations change ordering upon including
a certain amount of pertubative triples. For EOM-CCSD, CR-EOM-CCSD(T) and
EOM-CCSDt(IIl) the lowest singlet excitation has A” symmetry, while for EOM-
CCSDt(Il), EOM-CCSDt(I) and EOM-CCSDT the lowest singlet root has A’
symmetry. A similar switch can also be observed for the second pair of excitations.
The fact that we see the switch in EOM-CCSDt(Il), EOM-CCSDt(I) and EOM-
CCSDT, where we could converge multiple excitations for the former methods,
makes us feel comfortable that the observed switch is real and not an artifact resulting

from the iterative solver missing the lowest lying excitation.

The position of the trimer excitations relative to those of the monomer and dimer are
less sensitive to the inclusion or not of pertubative triples. All methods consistently
predict that the lowest trimer excitation lies ~1.4 eV higher in energy than its
monomer counterpart and is similar in energy to the lowest excitation of the dimer

(slightly higher for EOM-CCSD and slightly lower for EOM-CCSDT).
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The leading single electron HF excitation contributions to the lowest energy 2'A’
excitation for EOM-CCSD and EOM-CCSDT are HOMO -> LUMO, HOMO ->
LUMO+2 and HOMO -> LUMO+S. As can be seen in Fig. 5 the occupied orbitals in
these excitations are typically localized on the terminal oxygen atoms, while the
virtual orbitals are predominantly localized on the triply coordinated titanium atom.
The main contributions to the lowest energy 'A” orbital are both in the case of EOM-
CCSD and EOM-CCSDT HOMO-7 -> LUMO and HOMO-7 -> LUMO+2. The
virtual orbitals are again localized on the three-fold coordinated titanium atom but the
occupied orbitals are predominantly localized on the three oxygen atoms located
around the three-fold coordinated titanium atom instead of the terminal oxygen atoms.
The 1'A” excitation thus appears more localized while the 2!'A’ excitation has more
long-distance charge-transfer character. Just as for the monomer and dimer, finally,
there are no significant double electron HF excitation contributions for either the

lowest 2! A’ and 1'A” excitations.

4.4 Discussion

When considering the effect of including triples in coupled cluster calculations two
different but interrelated effects have to be distinguished; (i) a (rigid) shift in
excitation energies and (ii) crossing of excited state energies. All three clusters
studied here show a non-negligible type (i) effect, where the EOM-CCSDT excitation
energies are invariably located 0.3-0.4 eV below the EOM-CCSD excitation energies.
For the trimer also a type (ii) effect was observed, where the 1'A” and 2'A’ states
cross when going from EOM-CCSD to EOM-CCSDT, while for the monomer and
dimer excited states were not found to cross. The lowest excited states for all clusters
are dominated by single-electron excitations (see above) so it is unlikely that effect (i)

and (ii) are related to excitations having double excitation character, and hence their
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origin must lie in an approved description of static (and dynamic) correlation. The
rigid shift (i) might be ironically related to an improved description of the ground
state in the CCSDT calculation that precedes the EOM-CCSDT excited state
calculation. This might also explain why methods based on non-iterative triples (e.g.
CR-EOM-CCSD(T)) do not yield improved results relative to EOM-CCSD. Such
methods add triples corrections to the excited state but describe the ground state with
standard CCSD. The exact origin of the crossing of states for the trimer is also
unknown but it might be related to the fact that, as outlined above, the 2'A” and 1'A”
excitations have a fundamentally different chemical character, while for the monomer
and dimer all lowest excited states have a similar character. Another contributing fact
might be that, as can be seen in Fig. 6, the spectrum of Hartree-Fock orbitals that
enter the EOM-CC calculation becomes denser with increasing cluster size and
unoccupied orbitals end up lying increasingly close in energy. It is also of note that
the lowest singlet 2'A’ excitation for the trimer is an extreme case in terms of the
number of the significant amplitudes (R; > 0.1) changing when going from EOM-
CCSD to EOM-CCSDT. For the lowest 2!A’ excitation of the trimer the number of
significant amplitudes changes from 10 to 3 (i.e. seven amplitudes decrease to a R; <
0.1), while the number of significant amplitudes for the lowest 1!A” excitation stay
constant and the observed difference for the lowest excitations of the other clusters is
at most a reduction of two. The 0.1 cut-off is to a certain extent arbitrarily but the
large change for the 2'A’ excitation and lack of change for the 1'A” excitation
respectively, suggests that the origin of the state crossing is a different description of
the states in EOM-CCSD and EOM-CCSDT. This is, finally, corroborated by the fact
that for the lowest 2!A” trimer excitation, the largest amplitude changes when going

from EOM-CCSD to EOM-CCSDT (from HOMO -> LUMO+8 to HOMO -> LUMO,
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see Fig. 5), again something not observed for the other clusters or the lowest 1'A”

excited state of the trimer.

The computational cost of EOM-CCSDT relative to EOM-CCSD (N® vs. N° scaling)
is found to be a practical constraint on the size of systems that can be studied and/or
the size of basis-sets that can be employed. Specifically, in the case of the monomer
EOM-CCSDT calculations with the triple- TZ and aeTZ basis sets were found to be
feasible on contemporary parallel machines while for the larger clusters only EOM-
CCSDT calculations with the smaller SV basis-set were found to be tractable. For
example, for the monomer and using 120 cores in each case, a single EOM-CCSD/SV
iteration for 3 roots per irreducible representation took 2-7 seconds, a single EOM-
CCSDT/SV iteration 30-90 seconds and a single EOM-CCSDT/TZ iteration 2300-
2600 seconds. For the trimer a single EOM-CCSDT/SV iteration took around 1200-
1500 seconds, when 2048 cores were employed in the calculation with five gigabytes
of memory per core. There is thus, currently at least, for the dimer and trimer a
tradeoff between improving the method (i.e. including triples) and maintaining the
quality of the basis-set (i.e. the need to reduce the basis-set from TZ to SV). The
EOM-CCSDt(]I) active-space method was found to yield results that are very close to
full EOM-CCSDT at a lower computational cost. However, while use of EOM-
CCSDt(I) generally allowed more roots to be studied than where feasible with EOM-
CCSDT, the computational savings were typically not sufficient to allow the usage of
a larger basis-set. EOM-CCSDT and EOM-CCSDt(I) calculations for clusters larger
than the trimer were found to be currently numerically intractable. Coupled cluster
approaches where triples are treated perturbatively (e.g. CR-EOM-CCSD(T)), while
displaying advantageous scaling compared to EOM-CCSDT and EOM-CCSDt(I),

were found to offer no advantage over EOM-CCSD and sometimes even found to
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produce worse result. EOM-CCSD is thus the only feasible coupled cluster approach
for systems that are too large to treat with either EOM-CCSDT or EOM-CCSDt(I).
Our calculations suggest that when type (i) effects dominate an approximate idea of
the possible EOM-CCSDT spectrum might be obtained by pragmatically shifting the

EOM-CCSD spectrum by a rigid amount.

Finally, focusing on the chemistry rather than methodology, our calculations suggests
that, independently of the exact method used, there is a distinct upward shift in
excitation energies when going from the monomer to the dimer and trimer. The
lowest energy excitations of the dimer and trimer are predicted to lie more than 1 eV
higher in energy than that of the monomer. A tentative explanation for this difference
in lowest excitation energy might lie in the oxygen coordination of the titanium atoms
in the different clusters (two-fold in the monomer, three-fold in the dimer, and
three/four-fold for the trimer) and hence the electrostatic field experienced by the

excited electrons localized on the titanium atoms.

5. Conclusions

In this paper we studied the application of coupled cluster methods to study the
optical excitations of TiO: clusters containing one to three Titanium atoms. We
specifically focused on EOM-CC methods that included contributions of triples
including full EOM-CCSDT, the approximate iterative active-space EOM-CCSDt(I)
method and approaches that treat triples perturbatively; e.g. CR-EOM-CCSD(T). Our
calculations show that there is a non-negligible effect of adding triples, mostly in the
form of a downward shift in excitation energies relative to those obtained by EOM-
CCSD, and that the approximate iterative active-space EOM-CCSDt(I) method yields

results that are in good agreement with full EOM-CCSDT. Methods that treat triples
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perturbatively in contrast are found to yield results that are not better of even worse
than those obtained by EOM-CCSD. Finally, we find that for the larger clusters there
is a tradeoff between method and basis-set, where calculations using methods that

include iterative triples are currently only feasible with moderately-sized basis-sets.
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Fig. 1 Structures of the three (TiO2), global minima forn=1—3.

Fig. 2 Trend in the four lowest excitation energies of the TiO> monomer as calculated
with different method combinations (1!'B; red-line, 1'A, green-line, 2'B, blue-line,
and 2'A; purple-line; B, and By labels interchanged to yield labels consistent with

previous theoretical studies).

Fig. 3 Trend in the four lowest excitation energies of the Ti;O4 trans dimer as
calculated with different method combinations (1'Bg red-line, 1'Ay green-line, 1'By

blue-line, and 2! A, purple-line).

Fig. 4 Trend in the four lowest excitation energies of the Ti3Os trimer as calculated
with different method combinations (2'A’ green-line, 1'A” red-line, 2'A” blue-line,

and 3'A’ purple-line).

Fig. 5 Leading single electron HF excitation contributions (R; > 0.25) to the two
lowest energy singlet A’ and A” excitations for the trimer, calculated with EOM-
CCSD and EOM-CCSDT. For each contribution the amplitude value is specified in
blue. The isodensity plots for the HF orbitals are calculated at a value of 0.1 a.u.,
where the green lobes represent the positive portion of the wavefunction and the blue

orbitals correspond to the negative one.

Fig. 6 Energy ordering of the HF orbitals (occupied and virtuals) for the TiO»
monomer (black lines), TioO4 dimer (red lines) and Ti3Og trimer (blue lines). All the

energies are in Hartrees.

Table 1 Adiabatic excitation energies for the first and second excited state of the

monomer as calculated with EOM-CCSD and EOM-CCSDT (single points on EOM-

19



CCSD optimised geometries, only where tractable) with the SV, TZ and ATZ basis-

sets (all electron results, where tractable, given between parentheses).
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