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Abstract

The optical spectra of neutral oxygen vacancies (F 0 centers) in the bulk MgO lat-

tice was investigated using density matrix embedding theory. The impurity Hamilto-

nian was solved with the complete active space self-consistent field (CAS-DMET) and

second-order n-electron valence state perturbation theory (NEVPT2-DMET) multiref-

erence methods. To estimate defect-localized vertical excitation energies at the non-

embedding and thermodynamic limits, a double extrapolation scheme was employed.

The extrapolated NEVPT2-DMET vertical excitation energy value of 5.24 eV agrees

well with the experimental absorption maxima at 5.03 eV, whereas the excitation en-

ergy value of 2.89 eV at the relaxed triplet defect localized state geometry overestimates

the experimental emission at 2.4 eV by only nearly 0.5 eV, indicating the involvement

of triplet-singlet decay pathway.
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Introduction

F centers are point defects commonly observed in metal oxides, arising from anion vacancies.

They possess distinct electronic states, including a singlet ground state and a triplet excited

state. The optical properties of the F centers are highly tunable, making them suitable for

a wide range of color-center laser applications.1 In particular, magnesium oxide (MgO), an

ionic oxide, exhibits F centers that significantly influence the material’s chemical properties,

thus making it a promising candidate for optoelectronic and catalytic applications.2,3 The

interesting properties of F centers in alkaline earth oxides can be attributed to their distinct

electronic structure which results from the emergence of new local energy levels within their

optical gap. F centers can trap one or two electrons within the anion vacancy, resulting in

the formation of F+ and F0 centers respectively. The electrostatic stabilization effectively

retains these electrons within the vacancy due to the large Madelung constant of the ionic

crystal.4

In this study, we focus specifically on the neutral oxygen vacancy, the F0 center in the

bulk of MgO crystal, and aim to understand the optical transitions involved. The F0 center

in MgO has been extensively investigated. The optical absorption energy has been computed

using quantum chemical embedded cluster approaches,5,6 periodic boundary conditions us-

ing equation of motion coupled cluster theory,7 quantum Monte Carlo8 and many-body

perturbation theory methods.9,10 Despite their seemingly simple nature, MgO F0 centers are

electronically complex, and there is disagreement between the molecular quantum chemical

and solid-state calculations on the nature of the electronic states involved in the optical ab-

sorption and emission spectra. The absorption maxima has been experimentally determined

to occur at 5.03 eV.11 The absorption process involving the midgap state can occur in two

ways: (i) an electron is promoted to the conduction band minimum (CBM), known in liter-

ature as photoionization, or (ii) defect localized excitation to one of the higher energy triply

degenerate states. Quasiparticle excitation methods9 and quantum Monte Carlo studies8

have suggested that the absorption maxima is due to the photoionization process, with the

2

https://doi.org/10.26434/chemrxiv-2023-z0vxs ORCID: https://orcid.org/0009-0007-8560-846X Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-z0vxs
https://orcid.org/0009-0007-8560-846X
https://creativecommons.org/licenses/by/4.0/


exception of the recent embedded-BSE study.12 On the other hand, wave-function based

methods have always attributed the absorption maxima to the defect localized excitation.2,7

A report by Rosenblatt et al. 13 measures a difference of 0.06 eV between the relaxed F0

center excited state and the conduction band edge, suggesting that the two processes are

energetically similar. Overall, there is an uncertainty of the states involved in the absorp-

tion process. The experimental emission bands have been detected at around 2.4 eV and

3.1 eV.13,14 The later has been ascribed to the F0 center, interpreted to arise from a singlet-

singlet, triplet-singlet transition,15 recombination of midgap electrons with the valence holes9

or hole capture at an F+ center.12 However, there is no definitive evidence that establishes

which transitions correspond to the photoluminescence bands. The lack of a fundamental

understanding engenders the need to seek a method which can affordably deliver an accurate

quantum chemical description of the electronic interplay in MgO F0 center.

Furthermore, F0 centers have degeneracy in the low-lying defect localized excited states,

giving rise to strong electronic correlation. Computing electronic excitation energies in ex-

tended systems is still a challenge for ab initio quantum chemistry methods. Although

density functional theory is commonly employed for periodic calculations,16 its single de-

terminant nature is inadequate for addressing multireference systems.17 This is the reason

one needs multireference quantum chemistry methods or the inclusion of many body effects

through the Green’s function method,18 to explore multiconfigurational systems, despite

their steep computational scaling. Fortunately, strong correlation in point defect materials

tends to be localized, implying that uniform accuracy throughout the quantum chemical

model may not be necessary.

Recently, quantum embedding methods have emerged as efficient approaches for cal-

culating optical transitions involving strongly correlated electrons. These methods involve

mapping the infinite bulk system onto an impurity model embedded within a bath.19–23 By

partitioning the full system into smaller fragments, these techniques address the compu-

tational complexity associated with extended systems featuring localized correlation. The
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fragment with the region of interest is treated with an expensive yet accurate method and

is embedded in the rest of the system termed as the environment, which is solved at a low

cost, mean field level of theory. Various quantum embedding theories have been reported

in the literature19,24,25 leveraging the different central embedding variable. These variables

include the density,26–29 the density matrix30,31 and the Green’s function.32–37 In this study,

we employ the periodic version of density matrix embedding theory (pDMET).20,23,30,38,39

Due to the localized nature of strongly correlated defects, such as F centers in MgO, they

are well-suited for embedding methods.

Density Matrix Embedding Theory

Optical transitions for bulk F0 center have been studied utilizing the periodic-DMET al-

gorithm38 with complete active space self-consistent field (CASSCF) and second-order N-

electron valence state perturbation theory (NEVPT2) high-level impurity solvers.20 For a

more thorough understanding of the DMET framework, we refer the readers to the avail-

able extensive literature.30,31,38–46 Briefly, the algorithm begins with a Slater determinant

trial wave function that approximates the entire system. It can be a restricted closed-shell

Hartree Fock (RHF) or restricted open-shell Hartree Fock (ROHF) wave function. Sub-

sequently, all orbitals (N tot in number) are transformed into maximally localized Wannier

functions (MLWFs) and divided into N frag number of fragment and the remainder environ-

ment MLWFs, based on the specific system being investigated. By performing a singular

value decomposition (Schmidt decomposition)47 on the fragment-environment block of the

full one-body reduced density matrix, a set of bath orbitals is generated as a linear com-

bination of environment MLWFs that are entangled with the fragment MLWFs. By using

a RHF (ROHF) Slater determinant trial wave function, there will be a maximum of N frag

(N frag+2S) bath orbitals,20 where S represents the total spin quantum number of the peri-

odic supercell. To solve the DMET embedding Hamiltonian, multiconfigurational methods
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such as CASSCF and NEVPT2 are employed.

Computational Methods

The DMET calculations were carried out using the pDMET code developed in our group,48,49

which utilizes electron integrals and quantum chemistry solvers from PySCF.50,51 Wannier-

ization was performed with the wannier9052 program through the pyWannier90 interface.53

Geometry optimizations were performed with periodic boundary conditions at the gamma

point, at the PBE level, using Quantum Espresso.54,55 In order to allow the localization

of electrons within the cavity, a set of Gaussian basis functions was placed at the vacancy

site. We used four defective supercells in this work- three primitive supercells (2 × 2 × 2,

3× 3× 3, 4× 4× 4) with 15, 53 and 127 atoms, respectively, and one conventional 2× 2× 2

supercell with 63 atoms (Figure 1). The pseudopotential of Goedecker, Teter and Hutter

(GTH)56,57 was used along with a combination of double- and triple-zeta valence polarized

Gaussian basis sets consistent with this pseudopotential for all calculations. The description

of basis sets and other computational details are provided in the Supporting Information.

Geometry optimization in excited states was carried out using time-dependent density func-

tional theory (TDDFT) method within the Tamm-Dancoff approximation, as implemented

in the WEST code.58–60 The equilibrium atomic geometries of excited states were obtained

by minimizing the nuclear forces below the threshold of 0.01 eV/Å. CAS-DMET calculations

for singlet-singlet excitations are performed using the CAS (2e, 5o) with a state average over

five states with equal weights. For singlet-triplet excitations, state average over five singlet

and four triplet states is used with the same active space and equal weight on each of the

nine states.
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Figure 1: The four different supercells involved in the periodic DMET study along with their
nomenclature and the respective number of atoms in each.

Results and Discussion

The pristine cubic MgO crystal exhibits octahedral (Oh) symmetry. The nearest pair of

magnesium (Mg) atoms are 4.26 Å apart in the PBE-optimized geometry. Upon removing

an oxygen atom, the resulting vacancy retains the original symmetry, but the two electrons

trapped in the vacancy cause a slight outward shift (0.04 Å) of the six closest magnesium

(Mg) atoms surrounding the oxygen vacancy (OV). This defect generates an occupied totally

symmetric (a1g) s-type single-electron state within the band gap as well as a set of three

unoccupied p-type atomic orbital states (t1u) above the conduction band (Figure 2). Both

Figure 2: Qualitative single-electron energies: the midgap singlet state orbital a1g and defect
localized unoccupied orbitals t1u are labeled. The green box identifies the complete active
space.

singlet and triplet excitations, specifically, 1A1g→1T 1u and 1A1g→3T 1u, have been exam-

ined. The presence of a triply degenerate excited state necessitates a multiconfigurational
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approach to handle static correlation effectively, followed by multireference perturbation

theory to capture dynamical correlation. Hereby, in our DMET calculations, the CASSCF

solver (CAS-DMET) is employed to account for static correlation and the NEVPT2 solver

(NEVPT2-DMET) captures dynamic correlation.

Figure 3: The face centered cubic MgO crystal with the DMET fragment cluster (OV−Mg6)
consisting of the nearest neighbor 6 Mg atoms around the vacancy.

Once the DMET embedding space (consisting of fragment and bath orbitals) is generated

through the ROHF trial wave function, we define the complete active space (CAS) with two

active electrons in five active orbitals (2e,5o), shown in Figure 4 below. This includes the

defect localized a1g and three degenerate t1u orbitals, along with the CBM orbital. The

CASSCF impurity ground state wave function is dominated by the a↑↓1g determinant. The

CAS selected here is larger than the minimal active space of (2e,2o), previously used in

symmetry-constrained cluster calculations.5,6 The use of periodic boundary conditions facil-

itates the straightforward treatment of delocalized CBM-like orbitals because of the absence

of spurious boundary effects.
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Figure 4: The CAS-DMET natural orbitals for (2e,5o) active space. The orbitals are centered
on the vacancy. The numbers below the orbitals are the state-averaged occupation numbers,
with a state average over five states.

Scrutinizing the CAS-DMET active space, our optimized CBM orbital has no inversion

center, meaning the photoionization process is dipole forbidden, since the ground state is

closed-shell. In case delocalized orbitals with an inversion center were available at higher

energies, we also checked a (2e,8o) CAS. No delocalized states with u-symmetry in the

targeted energy range were obtained. Therefore, our initial goal is to compute the energy

difference between 1A1g and
1T 1u states. Figure 5 shows the linear trend of CAS-DMET and

NEVPT2-DMET excitation energies with embedding size, for each supercell, for the local

singlet transition (1A1g→1T 1u) and for the excitation to the delocalized state associated to

the CBM (1A1g→1CBM).
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To compute these vertical excitation energies (VEEs), we vary the number of embed-

ding orbitals (N emb), which includes both the fragment and bath orbitals. The initial step

involves adjusting N emb in the fragment OV−Mg6 of a supercell, illustrated in Figure 3.

For each DMET calculation, the number of fragment orbitals (N frag) is selected from the

MLWFs located within a specified distance, r frag, from the initial OV−Mg6 fragment. The

corresponding N frag+2 entangled bath orbitals are included to obtain the N emb. Following

this procedure, DMET excitation energies are calculated for different values of N frag, by

gradually increasing r frag. This strategy is applied to each of the four supercells. In princi-

ple, N frag can be increased only up to (N tot-2)/2 in case of a ROHF bath. Here N tot is the

total number of atomic orbitals or total number of MLWFs for a particular supercell. How-

ever, the location of the DMET fragment itself in the computational supercell is also crucial

to dictate the maximum N frag (or r frag) that will be physically meaningful. The distance

r frag should not exceed the distance of the fragment atoms from the atoms on the supercell

boundary to avoid spurious interactions with periodic images, which can lead to specious

trends in DMET VEEs. Additionally, the case where N tot/N emb=1, is the non-embedding

limit VEEs calculated through DMET.

A linear decrease in the computed VEEs with increasing N emb is observed. Consequently,

it is possible to extrapolate the VEEs to the non-embedding limit, the values of which are

reported in Table 1.
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Figure 5: Extrapolation of CAS-DMET and NEVPT2-DMET excitation energies for the
two transitions (1A1g→1T 1u and 1A1g→1CBM) to the non-embedding limit for supercells
(a) primitive 2× 2× 2, (b) primitive 3× 3× 3 (c) conventional 2× 2× 2 and (d) primitive
4× 4× 4. The solid squares (circles) represent DMET data points for the singlet excitations
to t1u (CBM) and the hollow squares and circles denote the respective extrapolated VEEs.
The red (purple) color symbolizes CAS-DMET (NEVPT2-DMET).

Let us now discuss the photoionization. We aim to understand how a ‘local’ embedding

framework handles an electronic transition involving a ‘delocalized’ state. The CAS-DMET

and NEVPT2-DMET VEEs for this excitation from A1g to CBM are plotted in Figure 5.
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Figure 6: Extrapolation of CAS-DMET and NEVPT2-DMET excitation energies
(1A1g→3T 1u) to the non-embedding limit for primitive supercells (a) 2× 2× 2, (b) 3× 3× 3
(d) 4 × 4 × 4 and (c) conventional cell 2 × 2 × 2. The solid squares represent DMET data
points and the hollow squares denote extrapolated energy values.

Next, we examine the singlet-triplet transition of the F0 center. Experimentally, there

are two peaks in the emission spectra at 2.3 eV and 3.2 eV, attributed to the F0 and F+

centers, respectively.13 Since the lifetime of the F0 photoluminescence is longer, it has been

suggested that the emission occurs through a triplet to singlet transition.6,7,12,61 Therefore,

we first show in Figure 6 the VEEs from the singlet a1g ground state to the triplet t1u

state, following the same procedure of varying embedding space described above for singlet-

singlet transitions. The difference between CAS-DMET and NEVPT2-DMET values is less

compared to the analogous singlet-singlet transition. This implies a lower degree of dynamic

correlation for the triplet excited states.

Since the objective is to calculate the deexcitation energy from the relaxed 3T 1u to the
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1A1g state, we use TDDFT forces to obtain the optimized excited 3T 1u geometry. We refer

to the work by Jin et al.60 for the implementation of the TDDFT method and the details of

the TDDFT calculations on MgO. With the optimized 3T 1u and 1A1g geometries at hand,

the TDDFT excitation energies between the two states at both geometries are computed.

We denote the TDDFT excitation energy from 1A1g →3 T1u at the optimized geometry X

by E
1A1g→3T1u

TDDFT @x, where X can be either 1A1g or
3T 1u. The DMET VEE from 1A1g to

3T 1u

at the relaxed 3T 1u structure (Eem
DMET ) is calculated through the following equation:

Eem
DMET = E

1A1g→3T1u

DMET @1A1g −
[
E

1A1g→3T1u

TDDFT @1A1g − E
1A1g→3T1u

TDDFT @3T1u

]
(1)

= E
1A1g→3T1u

DMET @1A1g − Ecorr
TDDFT (2)

where E
1A1g→3T1u

DMET @1A1g is the DMET non-embedding limit VEE, reported in the last two

columns of Table 1. The last two terms in equation 1 have been combined into Ecorr
TDDFT .

This equation is used to calculate Eem
DMET for each supercell, the corresponding values for

CAS-DMET and NEVPT2-DMET are mentioned in Table 2.
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Figure 7: (a) The thermodynamic limit of the singlet-singlet and singlet-triplet defect local-
ized transitions calculated through CAS-DMET and NEVPT2-DMET. The non-embedding
limit energies are plotted as a function of the system size, i.e., the number of atoms (Natoms).
(b) The CAS-DMET and NEVPT2-DMET non-embedding limit photoionization energies
plotted as a function of Natoms.
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Table 1: Convergence of the F0-center excitation energies in MgO for increasing supercell
sizes. TDL stands for the extrapolated thermodynamic limit estimate of the respective
excitation energies, assuming a 1/N convergence. Here, N denotes the number of atoms in a
supercell as a representative of the system size. All energies are in units of eV.

Supercell CAS-DMET NEVPT2-DMET CAS-DMET NEVPT2-DMET
1A1g→1T 1u

1A1g→3T 1u

Primitive 2× 2× 2 10.08 9.71 7.49 8.15
Primitive 3× 3× 3 7.36 6.58 4.53 4.88

Conventional 2× 2× 2 6.93 6.04 4.06 4.28
Primitive 4× 4× 4 6.89 5.79 3.95 4.15

TDL 6.26 5.24 3.40 3.44

To get a meaningful understanding in the context of solid-state systems, calculations

must either be performed in or extrapolated to the thermodynamic limit (TDL), which is,

for instance, the limit of an infinite number of atoms. There is, therefore, a critical need to

get an insight into how the DMET excitation energies approach the thermodynamic limit

with increasing system size. In our case, the 1A1g→1T 1u,
1A1g→3T 1u and Eem

DMET defect

localized transition energies decrease monotonically with supercell size and thus a linear

extrapolation to the TDL is conveniently possible. The corresponding TDL plots for the

first two transitions are shown in Figure 7 (a). The obtained values are summarized in Table

1. The NEVPT2-DMET value of 5.24 eV for the defect-localized singlet excitation energy

is within 0.2-0.3 eV of the experimental value. The corresponding CAS-DMET value is 6.26

eV. The triplet excited state, at the ground state singlet optimized geometry, is thus more

stable compared to the singlet by ≈1.8 eV. The TDL plot for DMET VEEs considering the

relaxed excited state is shown in Figure 7(b) and the TDL values are mentioned in Table

2. If the relaxation of the excited triplet state is taken into account and photoemission

occurs through 3T 1u → 1A1g, the corresponding energy should be approximated to the

NEVPT2-DMET value of 2.89 eV. On the same note, for the photoionization process, when

the non-embedding limits for each supercell are plotted as a function of supercell size, the

excitation energy does not decrease monotonically (see Figure 7 (c)). The CAS-DMET and

NEVPT2-DMET vertical excitation energy for primitive 4 × 4 × 4 cell increases abruptly

14

https://doi.org/10.26434/chemrxiv-2023-z0vxs ORCID: https://orcid.org/0009-0007-8560-846X Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-z0vxs
https://orcid.org/0009-0007-8560-846X
https://creativecommons.org/licenses/by/4.0/


and therefore a linear extrapolation to get the thermodynamic limit is not possible.

Table 2: F0-center excitation energies for increasing supercell sizes after considering geometry
relaxation of the excited 3T 1u state. All energies are in units of eV.

Supercell Ecorr
TDDFT Eem

CAS−DMET Eem
NEV PT2−DMET

Primitive 2× 2× 2 0.99 6.50 7.16
Primitive 3× 3× 3 0.63 3.90 4.25

Conventional 2× 2× 2 0.70 3.36 3.58
Primitive 4× 4× 4 0.62 3.33 3.53

TDL 2.74 2.89

The optical absorption energies obtained by NEVPT2-DMET are in good agreement with

those obtained from other quantum chemistry calculations, as summarized in Table 3. Our

extrapolated NEVPT2-DMET value is in closer agreement with the experimental absorption

energy compared to the CASPT2 cluster calculations6 by around 0.2 eV and agrees within

0.04-0.06 eV with periodic equation of motion coupled cluster singles and doubles (EOM-

CCSD) results.62 An embedded-BSE study12 showed that the transition momentum matrix

elements from A1g → T1u transition are greater in magnitude than those of A1g → CBM ,

which implies that the transition to T1u state is more probable than the photoionization. Our

NEVPT2-DMET values again agree very well with their defect localized excitation value of

5.23 eV

For the emission energy corresponding to the de-excitation from the triplet excited state,

EOM-CCSD7 and CASPT2 cluster calculations6 have been reported. The corresponding

values by CAS-DMET (3.30 eV) and NEVPT2-DMET (3.44 eV) are within 0.25 eV of the

EOM-CCSD value. However, these studies do not take into account the relaxed excited 3T 1u

state geometry. The GW-BSE9 and QMC8 reports compute the decay energies through

the excited singlet T 1u state along the A1g mode. The embedded-BSE results predict the

photoemission to occur through a ionization process involving the CBM with a value of 2.93

eV. These emission energies are marked with an asterisk in Table 3 as they correspond to

likely correspond to the emission band at 3.1 eV, with the decay mechanisms not involving

the triplet defect localized excited state. The CAS-DMET and NEVPT2-DMET values,
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2.74 eV and 2.89 eV respectively, accounting the relaxed excited state, are in much better

agreement with the experimental photoemission signal at 2.4 eV compared to the various

available literature values. Work is also in progress to directly compute DMET VEEs at

relaxed excited state geometries.

Table 3: Reported optical transition energies in the F center in MgO. The experimental
absorption energy is 5.03 eV and the emission occurs at 2.4 eV. All the energies are in units
of eV.

Method Absorption Emission
1A1g→1T 1u

1A1g→1CBM 3T1u→1A1g

CAS-DMET@ROHF 6.26 2.74
NEVPT2-DMET@ROHF 5.24 2.89

CASPT2-cluster6 5.44 4.09
EE-EOM-CCSD7 5.28 3.66

Embedded-EOM-CCSD62 5.31
Embedded-BSE@DDH12 5.23 2.93

G0W0@LDA-BSE9 4.95 3.40*
GW@PBE10 5.20

QMC (FN-DMC)8 5.0 3.8*

Conclusion

We utilized multireference methods, specifically CASSCF and NEVPT2, along with density

matrix embedding, to determine the electronic transition energies between the singlet ground

state (1A1g) and singlet (1T 1u), triplet (3T 1u) defect localized excited states, within the

bulk MgO’s neutral oxygen vacancy. This is the first study in which a delocalized orbital

corresponding to the CBM of g-symmetry was present in the active space. Our findings

consistently support an optical transition involving the singlet defect localized states, and

for this excitation, we observed linear trends as the DMET embedding space increases.

By employing a two-step extrapolation scheme, we obtained a vertical excitation energy

of 5.24 eV through NEVPT2-DMET, which can be interpreted as the absorption maxima.

Employing the same procedure for the singlet-triplet defect localized excitation, both at the

optimized ground state geometry and optimized excited state geometry, led to a NEVPT2-

16

https://doi.org/10.26434/chemrxiv-2023-z0vxs ORCID: https://orcid.org/0009-0007-8560-846X Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-z0vxs
https://orcid.org/0009-0007-8560-846X
https://creativecommons.org/licenses/by/4.0/


DMET value of 2.89 eV for the later case. This value at the optimized excited state geometry

is in good agreement with experiment, and overestimates the experimental emission value of

2.4 eV by approximately 0.5 eV. Our results suggest the observed emission to be originating

from a 3T 1u to 1A1g transition, motivating deeper investigation in this direction.
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