Open Access Article. Published on 23 toukokuuta 2022. Downloaded on 16.3.2026 5.19.43.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

W) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2022, 24, 14228

energies?y

Giovanna Bruno,

@ Bernardo de Souza,® Frank Neese® and Giovanni Bistoni

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Can domain-based local pair natural orbitals
approaches accurately predict phosphorescence
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Since the discovery of the peculiar conducting and optical properties of aromatics, many efforts have

been made to characterize and predict their phosphorescence. This physical process is exploited in

modern Organic Emitting Light Diodes (OLEDs), and it is also one of the processes decreasing the

efficiency of Dye-sensitized solar cells (DSSCs). Herein, we propose a computational strategy for the
accurate calculation of singlet—triplet gaps of aromatic compounds, which provides results that are in
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excellent agreement with available experimental data. Our approach relies on the domain-based local
pair natural orbital (DLPNO) variant of the “gold standard” CCSD(T) method. The convergence of our
results with respect to the key technical parameters of the calculation, such as the basis set used, the

approximations employed in the perturbative triples correction, and the dimension of the PNOs space,

rsc.li/pccp was thoroughly discussed.

1 Introduction

Aromatic compounds constitute about 30% of all the known
synthetic and natural organic compounds.’ Thanks to their
peculiar thermodynamic stability, reactivity and physical-
chemical properties, they are suitable materials for many
industrial, medicinal and engineering applications.

During the first half of the last century, scientists observed
that aromatic molecules, either isolated or polymeric, exhibited
interesting conducting and absorption properties, which could
be exploited for the design of low-cost, easy to fabricate, flexible,
green, electrical and emitting devices.”” The first purely organic
semiconductor, the charge-transfer complex TTF-TCNQ, whose
donor and acceptor moieties are both aromatic (tetrathiafulvalene
(TTF) and tetracyano-p-quinodimethane (TCNQ)®), was proposed
in 1973 by J. Ferraris et al.” In such materials, conduction can be
activated by applying a voltage across an electrochemical cell, by
doping or by photoexcitation. The latter is also a fundamental
step of the dye-sensitized solar cells work-flow,® in which an
organic or metalorganic dye, usually containing highly conjugated
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aromatic moieties,” '® is excited to a low-lying excited state by

absorbing UV-vis or NIR wavelenghts; then, through a relaxing
non-radiative process, it injects electrons into the band gap of an
inorganic semiconductor, initiating the current flux. Thus, in
such a device, radiative relaxation processes, such as fluorescence
or phosphorescence, could dramatically decrease the efficiency. In
contrast, these radiative processes are the basis for the function-
ing of OLEDs (Organic Light Emitting Diodes),'” whose layers are
usually made of aromatic polymers or molecules."®>°

The ubiquitous importance of aromatic compounds in
chemistry stimulated many experimental and computational
studies aimed at characterizing their ground state and excited
states properties.”’° In particular, the low-lying triplet states
of aromatic compounds have always attracted the interest of
the scientific community due to their unique photophysical
and photochemical properties, so that the first extensive experi-
mental work on the topic was carried out by Lewis and Kasha as
early as 1944.”” Since the transition from the first excited triplet
state (Ty) to the singlet ground state (S,) is spin-forbidden, T,
states have longer lifetimes (up to seconds) than S, states
(around nanoseconds)'®*' implying that phosphorescence
may persist much longer than fluorescence after excitation.
Besides, the probability of formation of triplet excitons, pur-
suant to electrical excitation, is three times higher than that of
singlet excitons,”®*?° making phosphorescent OLEDs usually
more efficient than fluorescent ones.’**! In addition, although
spin-orbit coupling is usually considered to be small in organic
compounds, many studies have demonstrated that benzene
derivatives and polycyclic aromatic hydrocarbons, conjugated
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or substituted by pnictogens or chalcogens, still exhibit ultra-
fast intersystem crossing.>**® Triplet states of aromatic com-
pounds can also promote reduction and addiction reactions
which are usually highly endothermic in the ground state
(So).”*° The reason of this behavior has been identified with
the anti-aromaticity of triplet states.**™*?

Computational protocols for the prediction of singlet-triplet
gaps have been proposed since the end of 90s, based on a
plethora of different electronic structure methods. Time-
Dependent Density Functional Theory (TDDFT) is of course a
popular approach in this context, as it allows the simulation of
large molecules and macromolecules in their excited states.*>*?
However, many benchmark studies on organic molecules
(including acenes**) have emphasized the accuracy limits of
popular exchange correlation functionals, especially in the
calculation of triplet state energies.*”™> Thus, several attempts
have been made over the years to overcome these limitations of
DFT. In particular, double-hybrid functionals®® demonstrated
remarkable accuracy for the calculation of singlet-triplet exci-
tation energies of organic compounds,®”*® as well as of spin
states energies of metalorganic complexes.’® In contrast, corre-
lated wavefunction-based methods such as Full Configuration
Interaction (FULL-CI)*” and Canonical Coupled Cluster with
Single, Double and Perturbative Triple excitations (CCSD(T))*®
have shown great accuracy for small model systems. Unfortu-
nately, due to their steep scaling with the system size, applica-
tions of these approaches in their canonical implementation
are still limited to small and medium-size molecules. Machine
learning techniques, obviously affected by generality issues,
have also been recently applied to large datasets® of organic
molecules to compute phosphorescence energy gaps, yielding
errors comparable to DFT ones (~0.1 eV).%>°!

In this work, we explore the use of the Domain-Based Local
Pair Natural Orbital CCSD(T) method®*®* (DLPNO-CCSD(T)) for
the calculation of phosphorescence energies of aromatics. This
method belongs to the family of Local Correlation CCSD(T)
approaches,®* ¢ which exploit the short-range nature of elec-
tron correlation to increase the efficiency of post Hartree-Fock
approaches. In particular, we propose two computational pro-
tocols based on the DLPNO-CCSD(T) methodology that differ in
their accuracy and computational cost: (i) “Gold” settings are
designed to provide results that are at convergence with respect
to both the basis set size and the DLPNO thresholds used, and
thus retain essentially canonical CCSD(T) accuracy; (ii) “Silver”
settings provide the optimal balance between accuracy and
computational cost for large systems, thus allowing the calcula-
tion phosphorescence energies for systems with potentially
hundreds of atoms.

The manuscript is organized as follows. Computational
details are given in Section 2.3. In Section 3.1, the convergence
of the DLPNO-CCSD(T) energy of aromatic molecules in their
singlet and triplet states with respect to the key technical
parameters of the calculation is studied in detail. This informa-
tion is then used for defining the Gold and Silver DLPNO-
CCSD(T) settings. In Section 3.2, these settings are used to
compute adiabatic singlet-triplet gaps of a series of aromatic
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molecules, and their accuracy is verified using experimental
data as reference. In Section 3.3, our Silver methodology is used
to compute the key photophysical properties of challenging
carbazolyl dicyanobenzene (CDCB) compounds as an illustra-
tive example of its potentially broad applicability.

2 Computational details
2.1 Experimental reference data

The reference experimental phosphorescence energies were
mainly taken from the work by Lewis and Kasha®” and partly
from the works by Siebrand®” and by Metcalfe et al.®® The entire
set consists of about 100 aromatic compouds. Among those, we
selected 18 compounds trying to maximize the sample’s var-
iance with respect to chemical structure. Therefore, our sample
includes benzene derivatives (Group A), naphthalene deriva-
tives (Group B), polycyclic aromatic hydrocarbons (Group C), a
group named by us ‘“‘complex conjugated compounds” (Group
D), which are mainly biphenyl derivatives, and heterocycles
(Group E) (Fig. 1).

2.2 Methodological aspects

The theoretical phosphorescence energy, corresponding to the
adiabatic singlet-triplet gap (AEy), was computed by adding
the differential zero-point energy correction (AZPE) to the “well
to well” singlet-triplet gap (AE) (eqn (1)) computed at various
levels of electronic structure theory.

In particular, we shall introduce two computational protocols
for the calculation of singlet-triplet gaps of aromatics that rely
on the DLPNO-CCSD(T) methodology for the calculation of AE.
Unless otherwise specified, all calculations were carried out
with a development version of ORCA based on ORCA 4.2.1.%°

2.3 Computational details

2.3.1 Geometry optimizations. Geometry optimizations
were carried out at the DFT level of theory. To select a suitable
exchange correlation functional, we optimized both the singlet
and the triplet state of all compounds in Fig. 1 using the BLYP,
B3LYP and M06-2X functionals. The Grimme’s D3 dispersion
correction’”’? was included in all the calculations. In particu-
lar, the original zero-damping correction D3(0) (D3ZERO key-
word of ORCA 4.2.1) was employed for M06-2X optimizations
while the Becke-Johnson damping variant (D3B]J keyword of
ORCA 4.2.1) was employed for both BLYP and B3LYP optimiza-
tions. The optimized geometries were then used to perform
DLPNO-CCSD(T) single point calculations. Our analysis (see
Section S1 of ESI,t for further details) revealed that, in most of
the cases, B3LYP optimized geometries provide the lowest
singlet ground state (S,) and first excited triplet state (T,)
DLPNO-CCSD(T) energies. These data are consistent with those
previously published on acenes,”>”* showing a good agreement
between B3LYP structures and both experimental and CCSD(T)
structures.
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GROUP A: la:benzene; 2a:toluene; 3a:fluorobenzene; 4a:acetophenone; 5a:m-xylene; 6a:1,2,3,4-

tetrafluorobenzene; Ta: m-nitroacetophenone.

GROUP B: 1b:naphthalene; 2b:2-chloronaphthalene; 3b:1-nitro-2-methylanthraquinone; 4b:1,8-

diaminonaphthalene; 5b:ethyl 1-nahthoate.
GROUP C: 1c:2-aminofluorene; 2c:anthracene.

GROUP D: 1d: biphenyl; 2d:4,4’-dinitrobiphenyl;

GROUP E: le:quinoline.

3d:thiobenzophenone.

Fig.1 Sample of Aromatic Compounds GROUP A: la:benzene; 2a:toluene; 3a:fluorobenzene; 4a:acetophenone; 5a:m-xylene; 6a:1,2,3,4-
tetrafluorobenzene; 7a: m-nitroacetophenone. GROUP B: 1b:naphthalene; 2b:2-chloronaphthalene; 3b:1-nitro-2-methylanthraquinone; 4b:1,8-

diaminonaphthalene; 5b:ethyl 1-nahthoate. GROUP C: 1c:2-aminofluorene;

benzophenone. GROUP E: 1e:quinoline.

Therefore, in our final computational protocols, we employ
the B3LYP-D3 functional in conjuction with the def2-TZVPP
basis set. The RI approximation for both Coulomb (J) and
Exchange (K) integrals (RIJK option of ORCA 4.2.17%)7%7” was
used to speed up the calculations. Numerical frequencies at the
same level of theory were computed to get the zero-point energy
(ZPE) correction used in the calculation of the adiabatic phos-
phorescence gap (AEy). In all cases and for all molecules real
vibrational frequencies were obtained, confirming that the
B3LYP optimized geometries correspond to local minima.

2.3.2 DLPNO-CCSD(T) calculations. The open-shell imple-
mentation of DLPNO-CCSD(T) method’®’® was employed for
running single-point energy calculations of both the singlet
ground state and the first excited triplet state on the corres-
ponding DFT optimized structures, using the Quasi Restricted
Orbital (QRO) determinant as the reference wave function. In
fact, the transformation of Unrestricted Hartree-Fock (UHF)
Canonical Orbitals into Quasi Restricted Orbitals®®®! allows to
avoid a severe spin contamination by returning a zeroth-order
wave function which is eigenfunction of $* operator. The RIJK
approximation was used to speed up the calculations. The

14230 | Phys. Chem. Chem. Phys., 2022, 24,14228-14241

2c:anthracene. GROUP D: 1d:biphenyl; 2d:4,4'-dinitrobiphenyl; 3d:thio-

dependence of the DLPNO-CCSD(T) results on the technical
parameters of the calculation, such as the basis set, the DLPNO
thresholds and the approximations used in the triples correc-
tion evaluation, was assessed to define the computational
protocols.

With respect to the triples correction evaluation, the (T0)
and (T1) corrections were tested in DLPNO calculations. The
abbreviation (T0) denotes the traditional semi-canonical per-
turbative triples correction,®>** while (T1) denotes the recently
implemented iterative algorithm.®® The latter is computation-
ally more demanding but returns more accurate results by
iteratively calculating triples amplitudes.

In the basis set convergence study, the correlation-
consistent basis sets of Dunning®* (i.e., cc-pVNZ) as well as
their “augmented” counterparts (i.e., aug-cc-pVNZ) featuring
additional diffuse functions®® were used. Thus, DLPNO-
CCSD(T) single point calculations were performed by increas-
ing the basis set cardinality (N = D, T, Q) of both the cc-pVNZ
and aug-cc-pVNZ family. The extrapolation to the complete
basis set (CBS) limit for each basis set class was carried out
using a two-point extrapolation scheme for both the SCF and

This journal is © the Owner Societies 2022
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the correlation energy. For the SCF energy, the Karton and
Martin’s formula®® (eqn (2a)), also used by Zhong et al.,*” was
used. For the correlation energy instead, Truhlar’s version®® of
the Helgaker formula®*° (eqn (2b)) was employed.

By = ESBS + Ae™/¥ (2a)
Edor = Eomy + AX P (2b)

In particular, ESes and Eooy were obtained by using 3- and
4-C basis sets in combination with « and f parameters cali-
brated by Neese and Valeev®" for the 3/4 extrapolation (x = 5.79,
f = 3.05). In the following, cc-pVNZ basis sets (N = D, T, Q) are
sometimes abbreviated as ‘“NZ” for the sake of simplicity, while
aug-cc-pVNZ basis sets are denoted as “aNZ”.

Related to the convergence of the DLPNO-CCSD(T) energies
as a function of the DLPNO thresholds, two main parameters
were considered: (i) Tcurpno, Which determines the pair natural
orbitals included in the virtual space of each electron pair while
solving the coupled cluster equations (PNOs with occupation
numbers lower than the set threshold are discarded); (ii)
Tcutpairss; Which determines the electron pairs included in the
coupled cluster treatment (only those whose MP2 correlation
energy is higher than the set threshold are included in the
Coupled Cluster calculation). In particular, two recent studies
by Altun et al.°*® on the GMTKN55 superset®® showed that
DLPNO-CCSD(T) accuracy can be considerably improved by
extrapolating to the complete PNOs space limit (CPS), using
the simple two points extrapolation scheme reported in eqn (3):

E=E*+F(E' — EY (3)

in which EX and E" represent the energies obtained at Tcypno =
10 ¥ and Tcuepno = 107 Y levels, respectively (Y= X+ 1) and Fis a
parameter that minimizes the deviation from the canonical
CCSD(T) energy. In particular, we followed the procedure
proposed by Altun et al.®® by using the pair X = 6 and Y = 7
and the optimal value F = 1.5. This approach is denoted here-
after as CPS(6/7).

2.4 Phosphorescence spectra and rate constants

For the calculation of phosphorescence rates and spectra, the
path integral approach implemented in the ORCA_ESD module
was used.”>® It relies on the harmonic approximation to
propagate the time evolution of the systems analytically, but
has the advantage to exactly include temperature effects and is
able to also include vibronic coupling to the transition dipole
moments, which is a key factor for organic molecules without
heavy atoms. The method essentially needs the well to well
singlet-triplet gap (T; — So) AE, obtained here from DLPNO-
CCSD(T), to compute both the spectrum and the rate constant,
together with the oscillator strengths, which were computed
using SOC-TDDFT. We performed these excited state calcula-
tions using B3LYP with RIJCOSX®” in combination with def2-
TZVPP basis set, LR-CPCM®® under equilibrium conditions to
include the toluene solvation effects and the RI-SOMF(1X)*
method for the spin-orbit coupling related integrals. The
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temperature of the simulations was set to 77 K and we used
the Silver DLPNO-CCSD(T) AE calculated prior to it.

3 Results and discussion
3.1 The “Gold” and “‘Silver” DLPNO-CCSD(T) Settings

3.1.1 Accuracy target and design philosophy. In 2009 Haj-
gaté and co-workers tested the performance of canonical
CCSD(T) on a small group of polycyclic aromatic hydrocarbons,
including benzene, naphthalene and anthracene (compounds
1a, 1b and 2c of Fig. 1). They showed that CCSD(T) phosphor-
escence energies at the estimated CBS limit deviate from the
experimental results of about 0.14 eV for these small
acenes.’®'%%1%! This is set as the target accuracy for the
two protocols developed in this section. To achieve this aim,
Gold settings were developed by selecting the technical para-
meters of the calculations in such a way that the individual
errors associated with these parameters were smaller than 0.04
eV. Comparatively less “tight” parameters were selected
while defining the Silver settings. In this case, errors up to
0.09 eV were considered as acceptable. This study was per-
formed on a subset of three compounds (benzene (1a), 1,2,3,4-
tetrafluorobenzene (6a) and thiobenzophenone (3d)) (Fig. 1),
which was selected trying to maximize the variance with respect
to the chemical structure. In particular, we chose to include
compounds of different size and with and without heteroa-
toms. The results of this study are discussed in the following
subsections.

3.1.2 Basis set convergence study. We initially tested the
convergence of DLPNO-CCSD(T) energies with respect to the
basis set size for the singlet ground state (S,) and for the first
triplet excited state (T,) of the systems discussed above. For
these calculations, we used TightPNO®*'%* settings and the
recently published iterative algorithm for the perturbative
triples (T1),%* as implemented in ORCA 4.2.1.

In Fig. 2, we report the basis set convergence plots for the S,
and T, energies, alongside with that of AE (Eqn 1) for com-
pound 3d. Analogous plots for compounds 1la and 6a are
reported in Section S3 of ESL{ All the relevant energies are
reported in Table 1.

Interestingly, by increasing the dimension of the basis set,
the singlet-triplet gap increases. Thus, improving the quality of
the simulation returns a more endothermic description of the
process. Remarkably enough, both the absolute energies and
the gap smoothly converge to essentially the same values upon
CBS extrapolation, irrespective of the basis set family used. In
addition, the variance of the cc-pVNZ gap with respect to N is
smaller than that associated with the aug-cc-pVNZ gap. Hence,
in the case of cc-pVNZ basis set family, the increase of cardin-
ality affects the gap to a lesser extent.

In order to select the best basis set for the Gold and the
Silver protocols, we analysed both the accuracy and the com-
putational cost associated with each basis set. We used the AE
values extrapolated to the complete basis set limit of the aug-cc-
PVNZ family (aTZ/aQZ) as reference to evaluate the error
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Fig. 2 Basis set convergence of singlet state (Eso), triplet state (Et1) and AE gap of compound 3d (Fig. 1) for basis sets family aug-cc-pVNZ (N =D, T, Q)
and for basis sets family cc-pVNZ (N = D, T, Q). Horizontal dotted lines represent energies extrapolated by means of egn (2a) and (2b).

Table 1 Well to well singlet—triplet gap (Ty — So, AE) (values in eV) of
compounds 1a, 6a and 3d (Fig. 1) obtained by employing aug-cc-pVNZ
and cc-pVNZ basis sets family (N = D, T, Q) and by extrapolating to the
corresponding complete basis set limit (aTZ/aQZ) for aug-cc-pVNZ family
and (TZ/QZ) for cc-pVNZ family. All the simulations have been performed
by employing T1 and TightPNO options of ORCA 4.2.1

Compounds Basis sets AE

la (aug)/cc-pvDZ (3.38) 3.87
(aug)/cc-pVTZ (3.94) 3.95
(aug)/cc-pvQz (3.97) 3.96
(aug)/(TZ/QZ) (3.99) 3.99

6a (aug)/cc-pvVDZ (3.29) 3.44
(aug)/cc-pvTZ (3.43) 3.46
(aug)/cc-pvQzZ (3.47) 3.48
(aug)/(TZ/QZ) (3.50) 3.50

3d (aug)/cc-pvDZ (1.62) 1.72
(aug)/cc-pvTZ (1.75) 1.75
(aug)/cc-pvQZ (1.79) 1.78
(aug)/(TZ/QZ) (1.81) 1.80

obtained with smaller basis sets. The corresponding energy
differences are shown in Fig. 3.

Compounds

la 6a 3d

0.24

0.20+

E=0.09 eV

E=0.04 eV

P P %
S O IR S i S

Fig. 3 Basis set incompleteness error associated with DLPNO-CCSD(T)
well to well singlet—triplet gap (Ty — So) AE calculations for compounds
1a, 6a and 3d (Fig. 1), obtained for different basis sets and extrapolation
schemes. The gap computed at the CBS(aTZ/aQZ) limit was used as
reference.
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The accuracy of the aug-cc-pVDZ basis set is not satisfactory
inasmuch as the deviation from the (aTZ/aQZ) limit ranges
from around 0.15 eV to around 0.22 eV. The performances of
the cc-pVDZ basis set are slightly better since the deviation
remains below 0.09 eV for two of the three compounds ana-
lysed. On the contrary, the error associated with basis sets of
cardinality N = T and N = Q is always smaller than 0.08 eV and
0.03 eV, respectively, for both the cc-pVNZ and aug-cc-pVNZ
basis set families.

In terms of efficiency, the analysis of the computation time
in terms of CPU hours (Fig. 4) revealed that, by increasing the
cardinality from N =T to N = Q, the computational cost of the
calculations increases by 3-4 times for all compounds.

Importantly, the use of diffuse functions in the aug-cc-pVNZ
increases dramatically the computational cost with respect to
that obtained with the cc-pVNZ family. For example, the
computational times associated with the aug-cc-pVQZ basis
set are roughly twice the sum of that obtained with cc-pvVTZ

60
la E=E S,
40 1 I T

20+ B .

400

6a

2 200+

1000
3d .
500

. i)
0L— : == ; ;

Basis sets

Fig. 4 Computation times in CPU hours for the simulation of singlet (So,
blue bars) and triplet state (T, light blue bars) of compounds 1a, 6a and 3d
(Fig. 1) corresponding to aug-cc-pVNZ and cc-pVNZ basis sets family (N =
D,T,Q) in combination with T1 and TightPNO options of ORCA 4.2.1.
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Table 2 Well to well singlet-triplet gap (T; — Sp) AE (values in eV)
of compounds 1a, 6a and 3d (Fig. 1) obtained by employing different
Teueno = 107 settings (X = 6, 7) and at the (CPS(6/7)) limit, using different
levels of theory (DLPNO-CCSD, DLPNO-CCSD(TO) and DLPNO-
CCSD(T1)). All calculations were performed by using aug-cc-pVTZ basis
set and TightPNO settings for all the DLPNO thresholds besides Tcuipno

Compounds Teuteno = 1075 AE AE™ AE™)
la X=6 3.88 3.91 3.95
X=7 3.88 3.90 3.94
(6/7) 3.88 3.89 3.93
6a X=6 3.37 3.43 3.44
X=7 3.36 3.41 3.42
(6/7) 3.35 3.40 3.41
3d X=6 1.65 1.73 1.76
X=7 1.66 1.72 1.75
(6/7) 1.67 1.72 1.75

and cc-pVQZ basis sets. These results demonstrate that cc-
pVTZ/cc-pVQZ extrapolation provides AE that are at conver-
gence with the basis set size while being at the same time
computationally affordable. Thus, this scheme was selected for
our “Gold” protocol. For our “Silver” protocol, the cc-pVTZ was
used. This basis set provides errors that are below our chosen
threshold of 0.09 eV while reducing the the computation time
by 55-75% with respect to the corresponing aug-cc-pVIZ
basis set.

3.1.3 Perturbative triples effect. Table 2 shows the AE
values computed at DLPNO-CCSD, DLPNO-CCSD(T0) and
DLPNO-CCSD(T1) levels obtained with Teupno = 10~°, Toupno =
10~7 and CPS(6/7).

View Article Online
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For these systems, the triples contributions to the gap
appear to be rather small. Regardless of the Tcuwpno Value used,
the deviation between DLPNO-CCSD and DLPNO-CCSD(T0/T1)
is always below 0.09 eV. Only for compound 3d the contribution
of the triples becomes significant, reaching up to 0.11 eV.
Hence, it is not surprising that the difference between the
DLPNO-CCSD(T0) and the DLPNO-CCSD(T1) results is even
smaller, remaining below 0.04 eV in all cases. Interestingly, a
noteworthy difference exists between TO and T1 triples algo-
rithms in terms of efficiency, as shown in Fig. 5.

The computational cost of a DLPNO-CCSD(T0/T1) calcula-
tion for these systems increases by 3-5 times with T1. Based on
these results, the TO algorithm was selected for the Silver
settings, while the more robust T1 triples correction is used
in Gold settings.

3.1.4 DLPNO thresholds convergence study. As shown in
Table 2, the effect of Tcupno threshold on the AE energies
is also relatively small. In all cases, the deviation between
Teueno = 107°, Toupno = 1077 and CPS(6/7) results remains
below 0.04 eV for all compounds.

In terms of efficiency, the computation times associated
with Teupno = 1078, Teurno = 1077 and CPS(6/7) calculations
are shown in Fig. 6.

Interestingly, as Tcupno = 10~° calculations are extremely
efficient, the overall computational cost of CPS(6/7) is only
slightly higher than that associated with Tcypno = 1077 Based
on these results, we decided to use the extrapolation technique
for the treatment of PNOs virtual space in the Gold settings. For
the Silver methodology, we decided to set Tcuypno tO an

501 1a 801 64 3001 34 - S,
601 Lk
; 15 1 200 4
5 104 Al
100
s{Il 20 E==
= =
0l= , ol . 0l= .
Q <> Q <> Q <>

Triples Correction

Fig. 5 Computation times in CPU hours for DLPNO-CCSD(T) calculations of the singlet (So, blue bars) and triplet state (T4, light blue bars) of compounds
1a, 6a and 3d (Fig. 1) corresponding to TO and T1 triples corrections. In all cases, the aug-cc-pVTZ basis set and TightPNO settings were used.
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Fig. 6 Computation times in CPU hours for the calculation of singlet (So, blue bars) and triplet state (T4, light blue bars) of compound 1a, 6a and 3d
(Fig. 1) with different Tcupno = 107X thresholds as well as with CPS(6/7) extrapolation.
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Table 3 Technical parameters defining the Gold and Silver DLPNO-
CCSD(T) Settings. The corresponding average computation time in CPU
hours for compounds 1a, 6a and 3d of Fig. 1 is also shown. The label (TZ/
QZ) refers to the CBS extrapolation with cc-pVTZ and cc-pVQZ basis sets.
CPS(6/7) refers to the PNO extrapolation technique. See text for details

Triples
Method Basis set correction Tcurpno Tcutpairs t
Gold CBS(TZ/QZ) T1 CPS(6/7) 107° 562
DLPNO-CCSD(T)
Silver cc-pvVIZ TO 333 x 1077 107" 8

DLPNO-CCSD(T)

intermediate value between 10~ ¢ and 107, as both thresholds
provided similar accuracy. Specifically, we set Tcuwpno =
3.33 x 1077, corresponding to the default value of DLPNO-
CCSD(T) calculations.

Finally, we also investigated the convergence of the results
with respect to the TCutpalrs parameter. Three thresholds were
tested: Touepairs = 10, Toutpairs = 10 and Toyepairs = 10~°. In all
cases, the aug-cc-pVTZ basis set was used in conjuction with the
T1 triples correction and Tcyepno = 1077, It was found that the
results are weakly affected by the specific value used for Tcypairs
parameter, with maximum deviations below 0.02 eV. The
computational cost associated with the calculations is also
comparable. For these reasons, we selected the Tcyepairs =

* threshold for the Silver settings, and the more conserva-
tive Tcuwpairs = 107> threshold for the Gold settings. These
correspond to the default thresholds of NormalPNO and
TightPNO calculations, respectively.

3.1.5 Summary: gold vs. silver settings. In this section we
discussed the accuracy and efficiency of the DLPNO-CCSD(T)

View Article Online
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methodology for the calculation of AE of aromatics in relation
to the technical parameters of the calculation. This study led to
the definition of two computational settings for DLPNO-
CCSD(T) calculations in this context, namely the “Gold” and
“Silver” settings. The former is an accurate procedure which
can be considered as our gold standard. The second is a cost
effective procedure applicable to large systems. The parameters
combination and the average computation time (?) for both the
methodologies are summarized in Table 3.

3.2 Computed vs experimental phosphorescence energies

In this section, we analyse the agreement between the experi-
mental and theoretical phosphorescence gap for the com-
pounds reported in Fig. 1.

Table 4 reports the AE,, values computed using the Silver
and the Gold DLPNO-CCSD(T) settings for the calculation of
AE; it also reports the corresponding UHF and QRO energies
(E(0), which is expected to be close to the corresponding
Restricted Open Hartree-Fock (ROHF) energy), as well as the
experimental phosphorescence gap and the differential zero-
point energy correction (AZPE).

The mean absolute error associated to the UHF and E(0)
references is extremely high, though the transformation of the
UHF canonical orbitals into quasi-restricted orbitals markedly
improves the accuracy.

Remarkably enough, DLPNO-CCSD and the DLPNO-
CCSD(T) perform equally well, with errors of the order of few
tenths of eV. Importantly, the mean absolute error (MAE) of
Gold DLPNO-CCSD(T) is the same of the canonical CCSD(T)
one (0.14 eV) reported by Hajgaté and co-workers.’® In addi-
tion, the accuracy of the Silver and Gold methodologies is

Table 4 DLPNO-CCSD(T) adiabatic singlet—triplet gap (AEpo) computed using Gold and Silver (values in parenthesis) Settings for the compounds
reported in Fig. 1. The corresponding ZPE-corrected UHF and QRO energies (E(0)) are also shown for comparison, alongside with the differential zero-
point energy correction (AZPE) and the experimental singlet-triplet gap (Ecyp) in eV

AEOO
Compounds UHF E(0) DLPNO-CCSD DLPNO-CCSD(T) AZPE Eexp
1a 2.51 (2.51) 3.80 (3.81) 3.70 (3.66) 3.76 (3.69) —0.22 3.66”
2a 2.44 (2.45) 3.72 (3.72) 3.61 (3.58) 3.67 (3.61) -0.20 3.58
3a 2.54 (2.55) 3.79 (3.80) 3.70 (3.66) 3.76 (3.70) —0.21 3.65”
4a 1.70 (1.69) 2.74 (2.74) 3.18 (3.11) 3.25 (3.15) —0.10 3.30
5a 2.38 (2.38) 3.64 (3.65) 3.53 (3.51) 3.59 (3.53) —0.18 3.52?
6a 5.25 (2.25) 3.11 (3.13) 3.32 (3.29) 3.39 (3.35) —0.10 3.62°
7a 1.39 (1.32) 2.49 (2.40) 2.88 (2.82) 2.87 (2.84) —0.11 2.65
1b 2.04 (2.05) 2.90 (2.90) 2.73 (2.71) 2.72 (2.67) —0.14 2.64
2b 0.59 (0.57) 1.59 (1.56) 2.79 (2.71) 3.01 (2.88) —0.08 2.69
3b 1.82 (1.82) 2.59 (2.59) 2.54 (2.54) 2.55 (2.54) —0.20 2.49
b 1.99 (1.99) 3.02 (3.03) 2.74 (2.74) 2.73 (2.71) —0.14 2.60
5b 1.84 (1.87) 2.77 (2.79) 2.44 (2.44) 2.43 (2.40) —0.15 2.37
1c 2.05 (2.03) 3.32 (3.49) 3.00 (3.01) 3.00 (2.99) -0.13 2.81
2¢ 1.24 (1.24) 1.81 (1.81) 1.93 (1.93) 1.95 (1.95) —~0.10 1.85%
1d 2.04 (2.05) 3.44 (3.45) 3.08 (3.08) 3.07 (3.07) —0.14 2.86
2d 1.68 (1.65) 4.33 (4.43) 3.03 (3.03) 2.96 (2.97) -0.11 2.65
3d 0.24 (0.23) 1.50 (1.49) 1.67 (1.61) 1.75 (1.68) —0.05 1.86
1e 1.73 (2.03) 2.99 (2.99) 2.81 (2.81) 2.82 (2.79) —0.14 2.69

“ Data taken from work by Siebrand.®” *

Data taken from work by Metcalf et al.;

1.;%% all the other data are taken from work by Lewis and Kasha.>” To

facilitate the discussion, we calculated the deviation between the computed and the experimental phosphorescence gap at various levels of theory

(Fig. 7).
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Fig. 7 Mean absolute errors (MAEs) between experimental singlet—triplet gap and computed adiabatic one (AEqp). AEge was calculated using Gold and
Silver settings for the dominant AE term (Table 3). The corresponding ZPE-corrected UHF and QRO energies (E(0)) are also shown for comparison.

comparable in all cases. The mean absolute error (MAE) is
actually smaller for the Silver settings than for the Gold settings
of about 0.02 eV, due to favorable error cancellation. It is
also worth mentioning here that AZPE ranges from around
—0.22 eV to —0.05 eV, and significantly affects the singlet-
triplet gap, improving the overall agreement between theory
and experiment.

Summarizing the results obtained so far, we can conclude
that: (i) the use of the DLPNO approximation enables to
simulate the phosphorescence gap of small and medium size
aromatic compounds with the same accuracy of the canonical
CCSD(T) at a relatively low computational cost, provided that
enough care is made in the selection of the technical para-
meters of the calculation (Gold DLPNO-CCSD(T), Table 3). (ii)
For these systems, the effect of the perturbative triples correc-
tion on the accuracy is extremely small; this indicates that
popular approaches that do not explicitly include this term,
such as EOM-CCSD, STEOM-CCSD etc., are expected to provide
an adequately accurate description of analogous aromatic
compounds in their excited states. (iii) Finally, in spite of the
looser thresholds, the Silver methodology (Table 3) provides an

N\ 7

(a) 4,5-Bis(carbazol-9-yl)-1,2-dicyanobenzene

(2CzPN)
Fig. 8 CDCB-Based model systems.

This journal is © the Owner Societies 2022

accuracy that is comparable to that obtained using the much
more conservative Gold settings. This suggests that, by employ-
ing the Silver procedure, one may obtain highly accurate results
also for large aromatic molecules with a complex electronic
structure, as discussed in the next section. It is worth pointing
out that since DLPNO-CCSD(T) is a single reference method, it
converges on a specific triplet state wave function in case of
degenerate or nearly degenerate triplet states. Obviously, this
would not affect the singlet-triplet energy gap but it may affect
other physical observables.

3.3 The photophysical properties of CDCB compounds

To test the broad applicability of the Silver methodology (Sec-
tion 2), we applied it to compute the phosphorescence gap of
two challenging systems, namely the 4,5-bis(carbazol-9-yl)-1,2-
dicyanobenzene (2CzPN) and 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-
dicyanobenzene (4CzIPN) (Fig. 8), belonging to carbazolyl
dicyanobenzene (CDCB) family. Such systems are charge
transfer compounds in which the dicyanobenzene acts as
the electron-withdrawing group, while carbazolyl as the electron-
donating one, and have found applications as thermally activated

N
NC CN

N N

O O

(b) 1,2,3,5-Tetrakis(carbazol-9-yl)-4,6-
dicyanobenzene (4CzIPN)
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Table 5 Adiabatic singlet—triplet gap (AEqgg) at B3LYP and Silver DLPNO-CCSD(T) levels of theory, zero-point differential energy correction (AZPE),
thermal energy correction at 77 K (4,74), energy correction due to solvent effect (Asolv) and experimental phosphorescence gap (Eeyp,) of compounds

2CzPN and 4CzIPN. All values are reported in eV

Compounds AEy, (B3LYP) AE,, (Silver)

AZPE

A77x Asolv Eexp

2CzPN
4CzIPN

2.44
2.28

2.99
2.94

delayed fluorescence (TADF) emitters'® %" and photocatalysts.' %%

In particular, among the CDCB compounds, 2CzPN and 4CzIPN
have drawn special attention since they represent a viable alternative
to transition metal-based chromophores. In fact, they show high
photoluminescence quantum yield at room temperature (around
74% for compound 4CzIPN and around 47% for compound
2CzPN).'” Therefore, they have been widely studied and character-
ized by both experimental techniques and simulations.

However, the large size of these molecules (54 atoms and
238e~ for compound 2CzPN; 94 atoms and 410e~ for com-
pound 4CzIPN) considerably limits the applicability of post-HF
methods for the computation of their photophysical properties,
which remains a major challenge. In this context, our DLPNO-
CCSD(T)-based protocols may represent a promising tool for
the calculation of their photophysical properties.

To test the reliability of DLPNO-CCSD(T), the Silver protocol
was used to compute AE,y, of both compounds in toluene at
77 K. Solvent effects were accounted using the conductor-like
polarizable continuum model (CPCM) and the Perturbation
Theory Energy (PTE) approximation which is the default scheme
of ORCA 5.0.1 for the treatment of the coupled-cluster Lagran-
gian of implicitly solvated systems. Although less crude approx-
imations such as PTE(S) and PTES are already available in
ORCA 5.0.1 (see ORCA 5.0.1 manual for further details), PTE
scheme proved to be highly reliable for a wide variety of neutral
organic solutes with deviations from PTE(S) and PTES energies
of only few tenths of kcal mol *."'° The results are shown in
Table 5 alongside with the corresponding experimental values.

The data reported in Table 5 demonstrate that the Silver
DLPNO-CCSD(T) approach returns highly accurate results also
for these systems. For the 2CzPN compound, the adiabatic
Silver singlet-triplet gap is 2.99 eV, while the experimental
value is 2.75 eV. Thus, the deviation between theory and
experiment in this case is only slightly larger than that obtained
for the other aromatic compounds studied in this work. For the
sake of comparison, the corresponding B3LYP value is 2.44 eV.
Concerning instead the 4CzIPN compound, the Silver DLPNO-
CCSD(T), the experimental and the B3LYP singlet-triplet gap
are 2.94 eV, 2.67 eV and 2.28 eV, respectively. Hence, in this
case, the DLPNO-CCSD(T)-based method is more accurate than
B3LYP by 0.12 eV.

To further validate the reliability of Silver method, we also
calculate the phosphorescence spectrum and rate constants of
2CzPN within a path integral framework, as detailed in the
Section 2.4. The computed spectrum reported in Fig. 9 results
from the average of spectra of the first three roots obtained
from SOC-TDDFT, which approximately correspond to the three
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Fig. 9 Computed phosphorescence spectrum of 2CzPN obtained by

employing Silver DLPNO-CCSD(T) AE (black curve) and experimental

phosphorescence spectrum (red curve) recorded by Hosokai et al. See

text for details.™?

1.5 4.0

spin sub-levels of the first triplet; the experimental one instead
has been recorded by Hosokai et al. in toluene at 77 K.

Considering the challenging nature of this system, the
qualitative agreement observed between the computed and
experimental spectra is remarkable, even though the
former is blue-shifted by around 0.3 eV. At least part of this
effect should originate from the implicit solvation model
employed. Further and deeper investigations, beyond the scope
of this work, should be conducted in order to address this
phenomenon.

Importantly, the theoretical average phosphorescence rate
constant (3.49 s ') is of the same order of the experimental
phosphorescence rate constant (9.09 s~*)*°” and well within the
experimental error. The latter refers to a phosphorescence
experiment in a 1,3-bis(9-carbazolyl)benzene (mCP) film
at 80 K.

4 Conclusions

We assessed the accuracy and efficiency of the DLPNO-CCSD(T)
method for the calculation of phosphorescence energies, spec-
tra and rate constants of aromatics.

Initially, an extensive analysis of the accuracy and computa-
tional cost of the methodology for the calculation of singlet and
triplet energies of aromatic molecules was conducted, in rela-
tion to the main technical parameters of the calculation (basis
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set, triples correction approximation, dimension of PNOs
space).

Our analysis revealed that large basis sets with cardinality
N > 3 are required to reduce the error below 0.09 eV with
respect to the complete basis set limit. Larger basis sets and
extrapolation techniques are needed to reach chemical accu-
racy (0.04 eV). In addition, it was found that aug-cc-pVNZ basis
sets family does not provide any advantage in terms of accuracy
with respect to cc-pVNZ basis sets one. In contrast, it drama-
tically increases the computational cost of the calculations.

Remarkably enough, the contribution of the perturbative
triples correction to the gap was found to be rather small,
inasmuch the deviation of the DLPNO-CCSD gap from the
DLPNO-CCSD(T) one is below 0.09 eV. This suggests that
methods that do not include a triples contribution may still
be suitable for predicting the photophysical properties of
aromatics.

The convergence of the DLPNO-CCSD(T) electronic energy
for triplet and singlet states with respect to the key DLPNO
parameters was also investigated in detail. It was found that
standard thresholds are adequate for the description aromatic
systems.

These results were used to define two DLPNO-CCSD(T)
settings for the calculation of singlet-triplet gaps of aromatics,
differing for their accuracy and computational cost. The “Gold”
DLPNO-CSSD(T) settings provide results that are at conver-
gence with respect to all the technical parameters of the
calculation. It provides a MAE that is the same as the canonical
CCSD(T) one (0.14 eV) with respect to the experimental refer-
ence data. This approach is applicable to medium-sized mole-
cules. For larger systems, the cost-effective “Silver” DLPNO-
CCSD(T) settings should be used. These settings provide MAEs
with respect to the experimental phosphorescence gap that are
still comparable to the “Gold” settings, enabling highly accu-
rate simulations of large aromatic molecules.

Finally, the Silver DLPNO-CCSD(T) method was used to
compute the phosphorescence gap, spectra and rate constants
of prototype CDCB compounds in toluene. A very good agree-
ment was found between theory and experiment, which sug-
gests that our computational protocol is potentially broadly
applicable. This work opens new avenues for the calculation of
the photophysical properties of aromatic compounds.
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