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ABSTRACT: We present a relativistic equation-of-motion
coupled-cluster with single and double excitation formalism within
the exact two-component framework (X2C-EOM-CCSD), where
both scalar relativistic effects and spin—orbit coupling are
variationally included at the reference level. Three different
molecular mean-field treatments of relativistic corrections,
including the one-electron, Dirac—Coulomb, and Dirac—Cou-
lomb—Breit Hamiltonian, are considered in this work. Benchmark
calculations include atomic excitations and fine-structure splittings
arising from spin—orbit coupling. Comparison with experimental
values and relativistic time-dependent density functional theory is
also carried out. The computation of the oscillator strength using
the relativistic X2C-EOM-CCSD approach allows for studies
phosphorescence lifetime.

1. INTRODUCTION

Excited state methods that are based on the coupled-cluster
(CC) theory' ™ can provide accurate descriptions of spectro-
scopic features, such as excitation frequencies and oscillator
strengths, and are rigorously size-extensive when truncated at
any excitation order. These methods include the linear response
CC (LR-CC),>""? the equation-of-motion CC (EOM-
CC),”"™" and the symmetry-adapted cluster configuration
interaction (SAC-CI)"® formalisms. While these methods in the
nonrelativistic regime are widely used and highly accurate for
describing valence electron excitations of light elements, the
inclusion of relativistic effects into calculations is important
when dealing with core level spectroscopy, valence electron
excitations of heavy elements, and spin-forbidden processes.
Relativistic effects, including scalar and spin—orbit effects, are
known to cause orbital contraction, an increase in binding
energy, the mixing of spin states, the modification of
hybridization in the valence shell, spectral splitting, and
intersystem crossing.'’~*' There has been a long-standing effort
to include relativistic effects in the all-electron CC framework.
Early work focused on CC formalisms based on the four-
component Hamiltonian and has shown great success in
accurately predicting chemical properties underpinned by scalar
relativity and spin—orbit coupling.”””*’ General order rela-
tivistic CC implementations have also been proposed.*’™** For
chemical research, electron-only relativistic theory is sufficiently
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of spin—orbit-driven processes, such as the spontaneous

accurate, leading to the no-virtual-pair approximation in the
correlation treatment. This consideration also gives rise to the
use of two-component frameworks in CC calculations, in the
form of Douglas—Kroll-Hess transformation-based two-
component CC****7*° and the exact-two-component (X2C)
CC.”*™* Two-component approaches have the advantage of
using a contracted basis in correlation calculations with reduced
computational cost. The relativistic EOM-CC formalism has
been developed within the X2C framework and has shown great
promise in computational relativistic spectroscopies.35’38’40’41
More recently, the relativistic CC method has been
implemented on a graphics processing unit (GPU), which
holds potential for large-scale relativistic correlation calcu-
lations. "

Two-component CC approaches usually utilize an untrans-
formed (or bare) Coulomb term in correlation calculations, and
two-electron spin—orbit effects are accounted for either by an
empirical screened nuclear spin—orbit (SNSO) treatment™**
or by a mean-field spin—orbit treatment.****~** The mean-field
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two-electron spin—orbit approach is very versatile and can be
used either perturbatively™*>**~>° or variationally®***"*¢
within the CC framework, with either atomic mean-field>”*"**
or molecular mean-field formalism.**~** Particularly, including
mean-field two-electron spin—orbit at the molecular orbital
(MO) level has been shown to be highly accurate in predicting
relativistic molecular properties in CC and EOM-CC calcu-
lations.*>*******! Earlier work using the molecular mean-field
framework in correlated relativistic theory extended to the
Dirac—Coulomb—Gaunt (DCG) Hamiltonian but did not
consider excitation intensities.** ™

With the recent advancement in building the four-component
Dirac—Coulomb—Breit (DCB) Hamiltonian using the Pauli
quaternion basis and scalar integrals,’’ " the computational
cost of including relativistic two-electron interaction within the
variational mean-field approach for obtaining the reference
Slater determinant becomes affordable compared to the cost of
the CC and EOM-CC correlation calculations. In this work, we
report an implementation of a molecular mean-field relativistic
X2C-EOM-CC approach. Three different relativistic molecular
mean-field X2C approaches are investigated in this work,
including the one-electron (1le-X2C), Dirac—Coulomb (DC-
X2C), and DCB-X2C molecular mean-field reference. Both
scalar and spin—orbit relativistic effects are included variation-
ally at the mean-field reference level as a result of the four-
component self-consistent-field solution of the Dirac—Hartree—
Fock equation. This work complements other relativistic EOM-
CC studies using molecular mean-field two-component
theory’®™** by providing analysis on the use of the DCB-X2C
mean-field Hamiltonian. In addition to excitation energies,
expressions for computing oscillator strengths are also presented
in this paper. Benchmark tests include atomic excitations to
spin—orbit-coupled manifolds and excited state fine-structure
splittings. A special emphasis will be placed on the photo-
chemical properties, as exemplified by studies of the
phosphorescence lifetime driven by state-to-state spin—orbit
couplings.

2. METHOD

2.1. Dirac—Coulomb—Breit Exact-Two-Component
Molecular Mean-Field Reference. The exact-two-compo-
nent (X2C)®'~*" approach starts by solving the four-component
Diragc2 egiluation within the restricted-kinetic-balanced condi-
tion™"™

vV T

1 C C
S 0 _
2 CI CL €+ 02
= 1
0, =T|\ct c.)lo, €
2 52 \Cs G0 (1)

where c is the speed of light. V, T, and S are the two-component
nonrelativistic potential energy, kinetic energy, and overlap
matrices, respectively. W = (6p)V(6'p) is the relativistic
potential matrix, where p is the linear momentum operator and ¢
contains Pauli spin matrices

(01) (O—i) (10]
o, = s o, = ) o, =
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Solving eq 1 gives rise to sets of positive/negative eigenvalues
{€*}, {€7} with corresponding MO coefficients (CJLr C;)T for the
positive, and (C] C5)" for the negative energy solutions.

The X2C transformation utilizes the solutions of the four-
component Dirac equation and “folds” the small component
wave function into a pseudo-large component so that the four-
component Dirac equation becomes an effective two-
component eigenfunction problem for electrons. We refer
readers to ref 73 for implementation details, since the X2C
transformation is a very successful and widely used technique.
The four-component procedure must be carried out in an
uncontracted basis to avoid variational collapse or prolapse.®*®
After the X2C transformation, basis functions can be
recontracted and used with the X2C Hamiltonian, resulting in
a reference wave function with a much reduced dimension—
from four-component to two-component and from uncon-
tracted to contracted basis. In this work, we evaluate two types of
X2C mean-field reference wave functions, as discussed in the
following sections.

2.1.1. One-Electron X2C Reference. The one-electron X2C
(1e-X2C) method uses solutions from the 1e Dirac equation. In
this approach, le scalar relativistic effects and spin—orbit
coupling are exactly incorporated during the transformation
from a four-component to a two-component electronic structure
framework. This method eliminates the necessity for a four-
component self-consistent-field (SCF) procedure, making it a
straightforward one-step approach, as it requires only the
density-independent le four-component Hamiltonian.

To account for the two-electron spin—orbit coupling
discrepancies, an empirical SNSO™* factor is utilized to scale
the le spin—orbit term. In the current study, we have employed
the newly established row-dependent DCB-parametrized SNSO
factor, which has demonstrated remarkable agreement with
results from full DCB calculations.®” >’

2.1.2. Dirac—Coulomb—Breit X2C Reference. In the DCB-
X2C method, a two-step procedure is undertaken to transform
the electron-only Hamiltonian from a four-component frame-
work to a two-component one. In the first step, the four-
component DCB equation is resolved self-consistently,
incorporating operators that account for relativistic two-electron
interactions. Subsequently, the X2C transformation is imple-
mented utilizing the SCF solutions derived from the four-
component Dirac equation. The DCB-X2C approach represents
the exact transformation where both le and mean-field two-
electron relativistic effects are transformed without any loss of
accuracy.

The DCB operator in the Coulomb auge includes the
Coulomb, Gaunt, and gauge interactions®>**®

1 1| &® e
Vi =L - L &G | A
o 20 i
0, g
ai,q = c 0 » q= {.’XI, Y, Z}
q 2 3)

where {i, j} are electron indices and 0, is the 2 X 2 zero matrix.
These operators give rise to important relativistic two-electron
interactions, such as spin-own-orbit, spin-other-orbit, spin—
spin, and orbit—orbit terms, as well as their scalar products.”” >’
Among various contributions in the DCB Hamiltonian, the DC
term is the leading contribution in relativistic two-electron
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Table 1. Error Analysis of X2C-EOM-CCSD Computed Excitation Energies and Fine-Structure Splitting in eV in Atomic Species”

position MAE splitting MAE
le-X2C DC-X2C DCB-X2C le-X2C DC-X2C DCB-X2C
DZP 0.137 (3.7%) 0.164 (5.1%) 0.160 (4.8%) 0.035 (10.4%) 0.022 (4.5%) 0.022 (4.6%)
TZP 0.110 (3.0%) 0.120 (3.5%) 0.116 (3.3%) 0.029 (6.3%) 0.024 (5.1%) 0.024 (5.1%)
0.086 (2.3% 0.091 (2.6% 0.088 (2.5% 0.022 (S5.0% 0.018 (3.7% 0.019 (3.8%
zpP 6 % 6% % % % %
“Mean absolute errors (MAEs) compared with experimental values’® are reported.
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Figure 1. Comparison of different X2C references for the calculation of EOM-CCSD excitation energies (in eV) using different basis sets (ANO-RCC-
VXZP, X = D/T/Q) in three different groups of isoelectronic systems. Computed results can be found in Table S7.

interaction. The Breit term is the most computationally
expensive and becomes important for late-row elements.

2.2. Basis Set Recontraction. The four-component Dirac—
Hartree—Fock method requires the use of an uncontracted basis
to avoid variational collapse or prolapse. Consequently, the X2C
Hamiltonian is also presented on an uncontracted basis. In the
two-component framework, the electronic solution has a lower
bound, eliminating issues related to the small component and
positronic states. This permits the adoption of a contracted
basis, reducing computational expenses related to integral
transformation and the number of orbitals.*®

In this work, we carry out a recontraction process for the X2C

. =X2C .
Fock matrix, f~ , from an uncontracted to a contracted basis

)

v

~X2C

X2C
f 8,85 uw

76

(4)

where {g} is the original contraction coefficients. The basis set
contraction scheme is defined as

PAOEDWHAC

(5)

where y and } are contracted and uncontracted basis functions.

2.3. Molecular Mean-Field Equation-of-Motion
Coupled-Cluster. The X2C transformation yields a set of
effective spinor MOs for electrons, which are complex-value
linear combinations of atomic orbital (AO) spinors.

IEAFAC
"

2, (@)

H

(6)
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Figure 2. Comparison of different X2C references for the calculation of EOM-CCSD peak splittings (in eV) using different basis (ANO-RCC-VXZP,

X =D/T/Q) sets in three different groups of isoelectronic systems.

where coordinate x includes both spatial coordinate r and spin
coordinate a or /3.

The molecular mean-field X2C-EOM-CC methodology is
formulated by using the untransformed Coulomb interaction
with complex-valued X2C spinor MOs. While the formal
algorithmic time complexity remains consistent with non-
relativistic computations, it features a considerably larger
prefactor. This increase can be attributed to the expanded
dimensionality inherent in the two-component framework
coupled with the necessity to employ complex arithmetic
calculations. For completeness, the working expressions for
computing excitation energies and oscillator strengths are
included in the Supporting Information.

3. RESULTS AND DISCUSSION

The Kramers-unrestricted relativistic X2C-CC with single and
double excitations (CCSD)* and X2C-EOM-CCSD” proce-
dures were implemented in the Chronus Quantum software
package.” In the current implementation, the evaluation of the
residual equations in X2C-CCSD and the construction of sigma
vectors in X2C-EOM-CCSD are powered by the TiledArray”'
library. The Davidson procedure, generalized for complex
arithmetic, is used for iterative diagonalization of the EOM-CC
Hamiltonian in order to get the low energy roots. ANO-RCC
basis sets with DZP, TZP, and QZPQZ_97 are used in the
benchmark calculations. The four-component Dirac—Hartree—

Fock calculations utilized the uncontracted ANO-RCC basis.
After the X2C transformation, the basis is recontracted, and the
CC component of the calculation is conducted using the
recontracted ANO-RCC basis.

3.1. Atomic Excitation Energy and Fine-Structure
Splitting. In this section, we analyze various atomic excitation
energies and fine-structure splittings arising from the spin—orbit
coupling, which is included variationally in the X2C reference.
The benchmark set includes:

e 'Sy = °D,,; excitations and *D,—’D, and *D,—*D,
splittings in closed-shell Cu*, Ag®, and Au" cations;

1Sy — SPO,I,2 excitations and *Py—3P, and *P,-°P,
splittings in closed-shell Zn, Cd, Hg, and their
corresponding isoelectronic group 13 cations (Ga®, In*,
and TI");

%Sy, = *Py)y3), excitations and P, ,,—*P;, splitting in
open-shell Na, K, Rb, and their isoelectronic group 2
cations (Be*, Mg*, Ca*, and Sr*).

All computed excitation energies and fine-structure splittings
can be found in the Supporting Information. Table 1 shows the
overall error analysis based on comparisons with experimental
values.” Figures 1 and 2 show detailed analyses for each
isoelectronic group.

When looking at Table 1, we see that the X2C-EOM-CCSD
computed excitation energies are in very good agreement with

https://doi.org/10.1021/acs.jpca.3c08167
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the experiment with a percent error of ~2—5%. The QZ basis set
clearly has the best results with a MAE of 80—90 meV, compared
to 130—170 and 110—120 meV for the DZ and TZ basis sets for
atomic excitation energies. The same trend is observed for the
calculated fine-structure splittings, although the difference is not
as significant. The improvement from TZ to QZ basis is still
noticeable, suggesting that basis set convergence has not been
achieved yet, highlighting the need for >QZ basis for relativistic
electronic structure theories.

Comparing the three different relativistic molecular mean-
field references, the more accurate DC-X2C and DCB-X2C
references show a marginal improvement over the le-X2C
approach. This is understandable as the SNSO approximation
used in this work is parametrized based on the DCB
Hamiltonian.** Because the frequency-independent DCB
operator provides the most accurate description of electron—
electron interaction before going to a genuine relativistic
quantum electrodynamics theory, the remaining computational
error is most likely due to the basis set recontraction and
incompleteness, the lack of higher excitations, and the absence
of a correlated DCB approach, specifically the exclusion of Breit
integrals in the transformation from AOs to MOs.”” In this
benchmark series, the difference between the DC and DCB
mean-field references is relatively small. Additionally, as
illustrated in Table S8 of the Supporting Information, the
difference between DCG and DCB mean-field references is only
in the 1—2 meV range. However, this trend may not hold for
core-electron excitations as the Breit Hamiltonian becomes
more important in describing core orbitals.””

Figures 1 and 2 show that the QZ basis improves the
computed results for nearly all species except in the excitation
energies of the Cu’, Ag*, and Au" series using the 1e-X2C mean-
field reference, where the small DZ basis is more accurate.
However, we emphasize that this is an example of a false positive
result when an approximate relativistic Hamiltonian is used with
a small basis.

Figure 1 shows that all X2C Hamiltonians underestimate the
excitation energies of the coinage metal ions. For example, the
MAEs for DCB-X2C-EOM-CCSD using the recontracted basis
range from 0.294 eV for Cu" to 0.207 eV for Au* (Tables 2 and
S7). Table SS in the Supporting Information shows that this
large error is observed across all microstates in the *D manifold.
Expanding the basis set size or using an uncontracted basis
(Tables 2 and S8) results in only a marginal overall

Table 2. Mean Absolute Errors (MAEs) in X2C-EOM-CCSD
Computed Excitation Energies and Fine-Structure Splittings
(in eV), Using the Uncontracted and Recontracted ANO-
RCC-VQZP Basis Sets,””°” Compared with Their
Experimental Values”®

atom position MAE splitting MAE

le-X2C DC-X2C DCB-X2C 1e-X2C DC-X2C DCB-X2C

Contracted Basis

Cu* 0.304 0.304 0.294 0.003 0.007 0.004

Ag* 0.271 0.293 0.278 0.011 0.007 0.013

Au* 0.102 0.232 0.207 0.063 0.063 0.070
Uncontracted Basis

Cu* 0.269 0.274 0.263 0.002 0.008 0.003

Ag’ 0.289 0.298 0.283 0.010 0.007 0.013

Au* 0.170 0.189 0.164 0.039 0.042 0.053

improvement. This observation suggests that this large error is
likely due to the lack of higher excitations in CC.

Excitations in atomic species can be used to validate the
computation of the oscillator strength in the Kramers-
unrestricted framework with relativistic operators. For atoms
with the *S;,, configuration (alkali metal atoms and alkaline
earth metal cations), the ground state is doubly degenerate with

M == % The ground state reference is chosen to be the
M, = % configuration. As a result of the selection rule, AM; =0,

+1, transitions from the M] = % ground state to the M] =+ %

microstates of the P, manifold are all allowed, exhibiting
nonzero oscillator strengths. However, the excitation from

M =1 ground state to the M, = —3 microstate of the ’p, /2
] 2 J 2

manifold is forbidden (zero oscillator strengths). These
characteristic excitations are correctly predicted by X2C-
EOM-CC. In addition, although the calculations are done in
the Kramers-unrestricted framework, time-reversal symmetries
and degeneracies of excited states, e.g., 2 for the *P,,, manifold
and 4 for the *P; , manifold, are recovered to be within 1 meV in
the EOM-CC approach.'®

3.2. Basis Set Recontraction Error. Although the four-
component Dirac—Hartree—Fock mean-field procedure re-
quires the use of an uncontracted basis, the X2C-CC part of
the calculation can utilize a contracted basis. This was achieved
through a basis set recontraction procedure after the X2C
transformation (Section 2.2). The decreased computational cost
of X2C-CC when using a contracted basis inevitably comes with
a trade-off in accuracy.

Table 2 presents a comparison of excitation energies and fine-
structure splittings for coinage metal cations calculated using
both recontracted and uncontracted bases in the X2C-CC
calculations. This comparison specifically looks at the 'S, —
3D1'2'3 excitations and the splittings between *D,—’D, and
3D,—3D;. The table shows that the error associated with basis set
recontraction is generally small, although it increases for heavier
elements. The difference between recontracted and uncon-
tracted bases for excitation energies is in the range of 5—40 meV
for the DCB-X2C mean-field reference, whereas for the fine-
structure splittings of excited states, it is below 17 meV. This
suggests that for correlation calculations of valence electrons,
employing a recontracted basis can offer a computationally
efficient approach with minimal error.

Figure 2 shows that the largest absolute error in each test set is
attributed to the largest splitting, which corresponds to the
heaviest element and its most energetic excitation. Table S8
indicates that the error from basis set recontraction is most
pronounced in the highest excited state of the heaviest element.
For instance, the error in the *D,—*D, splitting decreases from
92 to 55 meV with the use of an uncontracted basis, primarily
due to the improved accuracy in the energy level of the *D, state
(Table S8).

3.3. Comparison with X2C-TDDFT. A comparison to X2C-
time-dependent density functional theory (TDDFT),””'*" the
modern day workhorse for computational spectroscopy, is a
useful benchmark to show the accuracy of the X2C-EOM-CC
approach. Table 3 shows a comparison of the computing
excitation energies and fine-structures of the first excited state
manifold (°D) of closed-shell coinage atomic cations. X2C-
TDDEFT calculations using the noncollinear version of the
BLYP,'*>'%* B3LYP,'**™'% and CAM-B3LYP'”’ functionals
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Table 3. Comparison of Computed Excitation Energies and Fine-Structure Splittings in Closed-Shell Transition Metal Cations

Using X2C-TDDFT and X2C-EOM-CC*

excitation splitting
'Sy = °D, 'Sy = °D, 'Sy = °D, MAE *D;—°D, °D,—’D, MAE
Cu*
1e-X2C-TDBLYP 1.172 1.299 1.428 1.542 0.127 0.129 0.014
1e-X2C-TDB3LYP 1.827 1.955 2.091 0.884 0.128 0.136 0.010
1e-X2C-TDCAMB3LYP 1.886 2.011 2.146 0.828 0.126 0.13§ 0.010
le-X2C-EOM 2413 2.531 2.672 0.304 0.117 0.141 0.003
DC-X2C-EOM 2.407 2.529 2.678 0.304 0.121 0.149 0.007
DCB-X2C-EOM 2.426 2.541 2.677 0.294 0.115 0.136 0.004
exp. 2.719 2.833 2.975 0.114 0.143
Ag’
1e-X2C-TDBLYP 3.580 3.800 4.125 1.464 0.220 0.325 0.100
1e-X2C-TDB3LYP 4.056 4.277 4.613 0.795 0.221 0.336 0.031
1e-X2C-TDCAMB3LYP 4.133 4.351 4.684 0.910 0.219 0.332 0.097
le-X2C-EOM 4.581 4.788 5.148 0.271 0.206 0.360 0.011
DC-X2C-EOM 4.555 4.764 5.134 0.293 0.209 0.370 0.007
DCB-X2C-EOM 4.578 4.783 5.137 0.278 0.20S 0.355 0.013
exp. 4.856 5.052 5.423 0.196 0.372
Au*
1e-X2C-TDBLYP 0917 1.368 2.508 0.900 0.451 1.140 0.122
1e-X2C-TDB3LYP 1.258 1.698 2.844 0.565 0.440 1.146 0.113
1e-X2C-TDCAMB3LYP 1.341 1.770 2.903 0.494 0.429 1.133 0.115
1le-X2C-EOM 1.7587 2.127 3.304 0.102 0.370 1.177 0.063
DC-X2C-EOM 1.625 1.997 3.176 0.232 0.372 1.179 0.063
DCB-X2C-EOM 1.656 2.026 3.190 0.207 0.370 1.163 0.070
exp. 1.865 2.187 3.443 0.323 1.255
“MAEs in peak position and splitting are reported, compared with experimental values.”
Table 4. Phosphorescence Lifetimes of Various Conjugated Systems”
AE (au) f (au) 7 (s) experimental lifetime (s)
Ethylene
1e-X2C-TDB3LYP 0.1484 326 x 107 4.30 11
le-X2C-EOM 0.1626 2.04 x 1071 5.71
DC-X2C-EOM 0.1624 9.47 x 107" 12.36
DCB-X2C-EOM 0.1625 1.09 x 107" 10.73
Pyridine
1e-X2C-TDB3LYP 0.0731 1.96 x 107# 0.30 0.24
1le-X2C-EOM 0.0881 2.55%x 1078 0.16
DC-X2C-EOM 0.0880 3.76 X 1078 0.11
DCB-X2C-EOM 0.0880 2.82x 1078 0.14
Pyrazine
1e-X2C-TDB3LYP 0.1115 8.19x 1078 0.030 0.02
le-X2C-EOM 0.1295 1.25 x 1077 0.015
DC-X2C-EOM 0.1294 1.81 x 1077 0.010
DCB-X2C-EOM 0.1294 832 %1078 0.022

“Experimental data from refs 109—112.

are compared to X2C-EOM-CCSD and experimental values.
The ANO-RCC-QZP basis set”> ™" is used in all calculations.

Compared to experimental values, X2C-TDDFT with a pure
functional severely underestimates the excitation energies by
0.9—1.5 eV. Hybrid functionals (B3LYP and CAM-B3IYP)
improve the results but still have an error in the range of 0.5—-0.9
eV. The fine-structure splittings predicted by X2C-TDDFT also
show errors that can be as large as 0.1 eV. These results signify
the need for new exchange—correlation functionals that are
optimized for relativistic electronic structures.

In contrast, X2C-EOM-CC results are in much better
agreement with the experiment, significantly improving

predictions compared with X2C-TDDFT for both excitation
energies and fine-structure splittings. All three X2C mean-field
approaches are of a similar quality, although an outlier exists.
The 1e-X2C-EOM-CC computed Au" excitation energies are in
a noticeable better agreement with the experiment compared to
other X2C mean-field approaches. This is likely due to fortuitous
error cancellation in the approximate 1e-X2C Hamiltonian.
3.4. Phosphorescence Lifetime. Phosphorescence is a
radiative transition between electronic states of different spin
multiplicities, most often between the first excited state triplet
and the ground state singlet. While excitations between the
ground state and excited state singlets are spin allowed, the
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transitions between triplet and singlet states are spin forbidden.
These excitations occur due to spin—orbit couplings.

In this section, we calculate the phosphorescent lifetimes of
various conjugated molecules as a way to benchmark X2C-
EOM-CCSD computed oscillator strengths. The spontaneous
phosphorescence process originates from the triplet geometry
minimum. All triplet geometries were optimized using scalar-
relativistic DFT with the B3LYP functional'**~'% and the cc-
pVQZ”>~7*'% basis set. These geometries can be found in the
Supporting Information. All EOM-CC calculations in this
section were done using the ANO-RCC-VTZP"*~"" basis set. A
singlet electronic reference is used in the EOM-CC calculations
at the triplet geometry, and the singlet—triplet oscillator strength
is computed to resolve the phosphorescence lifetime.

The phosphorescent rate of the states can be calculated using
the Einstein coefficient for spontaneous emission, A, which is
defined as (in atomic units)

1_ 4(AE)?

A= —
T 33

_ 2(AE)f
3 7)

where 7 is the lifetime and /i is the dipole moment operator. AE
and (W lil¥,) are the energy difference and transition dipole

(PN

moment, respectively, between the triplet and singlet states.
f= %AEI(‘I’Tl/ftI‘I’S)I2 is the corresponding isotropic oscillator

strength.2

Table 4 presents the lifetimes of various phosphorescent
molecules, as determined through X2C-EOM-CCSD calcu-
lations. This selected group of molecules, composed of carbon
(C), nitrogen (N), and hydrogen (H) atoms, is characterized by
weak spin—orbit couplings. As a result, these molecules exhibit
long phosphorescent lifetimes, ranging from milliseconds to
seconds. Predicting these extensive luminescent lifetimes
accurately remains at the forefront of theoretical challenges.
This is primarily because the precision of such predictions is
contingent upon both the exact determination of the energy gap
and the oscillator strength, factors which critically influence the
observed luminescence lifetime.

Table 4 shows that the computed oscillator strengths are on
the order of 107°—107"". Numerical tests without integral
screening and tighter convergence criteria confirm that the small
computed oscillator strengths are physical. Overall, the
calculated lifetimes are a fairly good representation of the
experimental lifetimes, being on the same order of magnitude.

The results presented in Table 4 for various X2C-EOM
calculations indicate that while the calculated excitation energies
are generally consistent, the oscillator strength exhibits
sensitivity to how relativistic corrections are applied within the
mean-field framework. Among the three X2C-EOM methods,
the DCB-X2C mean-field approach produces results that are
more accurate than those obtained with 1e-X2C and DC-X2C in
the ethylene and pyrazine test cases. Moreover, in these test
systems, the DCB-X2C-EOM method is also more accurate than
the TDDFT calculations.

In the case of pyridine, all X2C-EOM approaches tend to
underestimate the phosphorescence lifetime, whereas TDDFT
predictions tend to overestimate it. This difference may stem
from the absence of spin—orbit coupling in the geometry
optimization process, a factor potentially more impactful for
pyridine due to its lower symmetry compared to the other two

molecules studied. To reach a more conclusive understanding,
future studies will include more test cases and incorporate X2C
gradients in geometry optimization.

4. CONCLUSIONS AND PERSPECTIVES

In this work, we present a Kramers-unrestricted EOM-CCSD
formalism, including expressions for computing oscillator
strengths, within the X2C framework. Three different X2C
mean-field treatments of relativistic effects, including le, DC,
and DCB X2C mean-field references, were considered.

Benchmark calculations were conducted by using atomic
excitation energies and fine-structure splittings. These calcu-
lations show that X2C-EOM-CCSD with the QZP basis and the
DCB-X2C reference has the smallest error when compared with
experimental results. The results are more sensitive to the choice
of basis than the type of mean-field treatment of relativistic
effects. Compared with relativistic X2C-TDDFT calculations,
X2C-EOM-CCSD shows a significant improvement in
predictions of atomic excitation energies.

The Kramers-unrestricted X2C-EOM-CCSD approach was
applied to compute the phosphorescent lifetimes of small
organic molecules, driven by relativistic interactions between
states. Despite the long lifetimes and small oscillator strengths,
X2C-EOM-CCSD exhibited excellent agreement with the
experimental measurements.

This research emphasizes the necessity of advanced basis sets
for relativistic electronic structure calculations. While basis sets
larger than quadruple-{ (QZ) enable a reliable extrapolation to
the basis limit, accurate smaller basis sets that can accurately
treat different spin—orbit components (e.g., p;/, and p;,,) are
needed to facilitate more efficient relativistic calculations. The
severe underestimate of atomic excitation energies in spin—orbit
split manifolds predicted by DFT calculations calls for the
development of new exchange—correlation functionals suitable
for relativistic DFT.

Although the benchmark study indicates that the DC-X2C
and DCB-X2C molecular mean-field references offer only a
slight improvement over 1e-X2C for valence excitation energies,
their significance could be more evident in core-electron
excitations and heavy-element spectroscopies. These aspects
will be explored in future research. Furthermore, benchmark
calculations on phosphorescence rates suggest that DC-X2C
and DCB-X2C molecular mean-field references might be
essential for accurately predicting the oscillator strength.

In this work, we utilized a basis set recontraction scheme after
the X2C transformation to reduce the computational cost of the
CC part of the calculation. The results show that the basis set
recontraction does not significantly affect the accuracy for
predicting the valence excitations. It remains to be determined
whether this approach is equally effective when applied to the
prediction of core excitations.
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