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Chapter 1

Towards a more efficient gas

release

1.1 Context: metal-organic frameworks for carbon capture

The implementation of efficient carbon capture, utilization and sequestration (CCUS)

technologies has been acknowledged to represent an important step towards the EU’s

long-term emissions reduction goal, especially as a means of enabling the continued use

of fossil fuels in the near term, while renewable energy sources gradually replace our

existing infrastructure. The above arguments justify the tremendous research effort in both

industry and academia towards the development of novel materials for efficient and thus

cost-effective carbon capture. Several materials have been proposed for this, depending

on the capture process, from physical and chemical absorbents using organic/inorganic

solvents and ionic liquids to physical adsorbents. See [1] for an extensive review.

Metal–organic frameworks (MOFs), which are formed through coordination bonds

between metal cations and organic ligands, are believed to be the next generation of ad-

sorbent materials for efficient gas separation applications [2]. They are characterized by

a ultrahigh porosity and large surface area, tunable pore size and geometry, and versatile

modifications, making them promising in several other applications such as heterogeneous

catalysis, water purification, and biomedicine [3]. A few recent excellent reviews summa-

rize the performance of MOFs for CC, separation, CH4 storage, and their feasibility in

industrial processes [4, 1].

There are a few families of MOFs that perform well for CO2 capture from postcombus-

tion in terms of capture capacity. Among these, i) open-metal site MOFs, ii) functionalized

MOFs, and iii) phase-change MOFs, occupy the top positions. Open-metal site MOFs are
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Figure 1.1: Illustration of two typical open-metal sites MOFs, BTT-type MOFs (left) and MOF-

74 (right). The metal exhibits a square-pyramidal coordination that allows the gas molecules to

interact via a coordination bond. Unlike in MOFs where the metal is fully coordinated and thus

inaccessible, here the adsorption energy can be very large, depending on the situation.

those that have attracted much of my attention for reasons that will become clear later.

These MOFs exhibit coordinatively unsaturated metal sites, i.e. metals with either a

5-fold (square pyramidal) or 4-fold (square planar) coordination. The discovery of these

materials around 2010, brought a lot of enthusiasm in the community due the possibility to

have materials with a strong affinity for gas molecules and thus a larger capture capacity.

1.2 Open-metal site MOFs for large adsorption energies

During my first years of research on this topic as a postdoc, between 2010 and 2014

(when I joined the CNRS), I have employed electronic structure calculations to assist and

guide experiments in the understanding of how these materials adsorb CO2. For example,

using density functional theory with a van der Waals-corrected functional, we elucidated

how CO2 binds to a novel “BTT-type” MOF, shown in Fig. 1.1, featuring open metal

centers. We showed that CO2 binds most favorably to open metal cation sites, but with

an adsorption energy that can be three times more sensitive to the choice of the bridging

ligand than to metal cation choice thus shifting the paradigm that CO2 only binds to the

metal in these materials. We also demonstrated that a judicious choice of the organic

linker and the metal center allows the binding energy to be tuned from 34.8 kJ/mol (for

CaBTTri) to a maximum of 64.5 kJ/mol (MgBTT), a value that would result in larger

uptakes [5].

A very different scenario is found when the open-metal site is replaced by transition
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metal atoms. We computed the binding between CO2 and the open-metal sites in BTT-

MOF and in MOF-74 (i.e. the two MOFs shown in Fig. 1.1) for Ca, Mg and nine divalent

transition metal cations. We have found that Ti and V result in the largest binding energies

which are twice the values expected based on pure electrostatics. We have attributed this

behavior to the electronic configuration of the metal and the symmetry of the coordination

site upon CO2 binding. Specifically, the electronic configurations of V and Ti (d2 and d3)

result in empty σ∗ states which are antibonding molecular orbitals between the CO2 and

the metal cation. For cations with a greater number of d electrons (Cr and later), these

states become occupied since these are all in high spin configuration, thus resulting in a

significantly weaker binding energy. Thus, we showed numerically for the first time that

the population of the antibonding metal-gas molecular orbital is directly associated with

the strength of the binding [6]. This is illustrated in the molecular diagram shown in

Fig. 1.2.

This result provided the first motivation for the research that I would carry out in

the upcoming years at the CNRS: computationally design open-metal sites MOFs

where a spin crossover transition occurring at a temperature slightly higher

than RT could lead to a weaker binding energy and therefore to a significantly

reduced CO2 desorption energy, compared with standard adsorption/desorption

processes.

Figure 1.2: Change of the crystal field splitting upon CO2 binding from square pyramidal to

octahedral for V (d3) (panel a). Isosurface plot of the wavefunction corresponding to the dz2

metal-CO2 antibonding orbital (panel b).
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1.3 Motivation: temperature- and light-induced gas release

In order to provide a clear motivation for this work it is important to recall the thermo-

dynamics of the adsorption and desorption processes. The quantity that is often used to

assess whether a given material is relevant for carbon capture is the working capacity,

i.e. the difference between gas uptake at the adsorption and desorption conditions (see

Fig. 1.3) and it represents the amount of gas that is effectively removed from the flue gas

at each cycle. The larger the working capacity, the more CO2 is captured.

Figure 1.3: Schematic of the separation process: CO2 is captured from the flue gas (a). Adsorption

isotherms at three different temperatures illustrating the concept of temperature swing and working

capacity (b).

A more appropriate figure of merit is the parasitic energy. The parasitic energy includes

the sensible energy needed to heat the bed to the desorption temperature and the energy

needed to supply the heat of adsorption. Smit and coworkers demonstrated that MOFs

can indeed outperform traditional absorbents such as monoethanolamines in terms of

parasitic energy [7]. However, a minimum energy limit shared by zeolites and MOFs was

identified. The question is: can this limit be broken? This question has motivated my

work. The strategy adopted in this work is to design novel materials that exhibit a high

affinity during the adsorption conditions and a low affinity during the desorption process.
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In other words, the idea is to modify the affinity for CO2 once the gas is adsorbed, by using

external stimuli. In this way the high heat of adsorption will allow for a large uptake,

while the lower affinity for CO2 upon light or temperature treatment will result in a partial

desorption of the gas and yield a lower regeneration energy and therefore a lower energy

penalty. As such, I will report results of two families of materials that potentially allow

for this mechanism: i) photo-switchable MOFs and ii) spin crossover (SCO) MOFs.

1.3.1 Photoswitchable MOFs: light-assisted carbon release

A fascinating strategy proposed for the design of energy-efficient CC technologies is the

use of light-responsive frameworks. The use of light, specifically in the visible range, rather

than temperature or pressure, potentially enables a more energy efficient separation pro-

cess, because the use of thermal energy can be fully or partially by-passed in favor of

filtered sunlight. These MOFs exhibit photo-active molecules covalently anchored onto

their internal surface in such a way that gas capture and release is triggered by the struc-

tural transformation that results from the stimuli-responsive isomerization of the organic

linkers, serving as a driving force for effective separations.

In 2011, a study by Park et al. experimentally demonstrated for the first time that

MOF-5, a paradigmatic MOF in literature (and possibly the most studied one), composed

of Zn3O metal-nodes and benzenedicarboxylate linkers, can be used for light-controlled

carbon capture by functionalizing the ligand with azobenzene [8], as illustrated in Fig. 1.4.

In their work, the change in gas uptake possibly resulted from the isomerization of

azobenzene from trans to cis induced upon light excitation. Although not optimal for CC,

mostly due to extremely slow isomerization process possibly owing to the steric hindrance

of the pendant groups, the material showed a relatively large working capacity of 50%.

Surprisingly, even though this strategy possesses great promises towards efficient separa-

tion applications, the development of these materials remains very slow and today only a

few other experimental groups have developed light-responsive MOFs yielding a reversible

modification in CO2 adsorption upon photoirradiation [10, 11, 12, 13].

A few years ago (2016), when I started to work on these materials, the mechanism be-

hind this change in gas adsorption was not known. In 2018, by combining DFT calculations

with grand canonical Monte Carlo simulations (performed by my colleague Prof. Li-Chiang

Lin at Ohio State University), we demonstrated that the change in gas adsorption resulted

from the blocking and unblocking of the metal node center by the azobenzenes molecule in

cis and trans configuration, respectively, upon light irradiation [9]. We showed for the first

time that the two chiralities of the gas phase azobenzene molecule lead to largely differ-

https://cbe.osu.edu/people/lin.2645
https://cbe.osu.edu/people/lin.2645
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Figure 1.4: Schematic of carbon capture and release process in PCN-123. The isomerization

of the ligand results in a gas desorption (panel b). Reprinted with permission from Ref. [8].

Copyright 2012, ACS. Adsorption isotherms of CO2 in MOF-5, cis PCN-123 and trans PCN-123.

The green dots are experiments reported in Ref. [8] and the red dots are grand canonical Monte

Carlo simulations performed in collaboration with Prof. Li-Chiang Lin. Reprinted with permission

from Ref. [9]. Copyright Wiley 2018.

ent adsorption properties in these materials. We further studied another photoresponsive

MOF with a different topology of the MOF skeleton [9] and found the same qualitative

results in terms of mechanism of desorption. Due to these MOFs sharing the same un-

derlying mechanism responsible for the reversible modification of gas uptake despite their

structural differences, we have anticipated a similar behavior in most frameworks exhibit-

ing exposed-, and not necessarily open-, metal nodes. And indeed, a few years later, the

same mechanism was experimentally demonstrated on other MOFs [13]. Importantly, in

our work [9], larger photoisomerization yields were predicted to result in larger differences

in gas uptake, thus a consequence of this result is that large working capacities and low

parasitic energies can be obtained by MOFs with i) strong adsorption sites and ii) large

photoconversion efficiencies. So far, we, as a community, have achieved a good understand-

ing of how MOFs can be engineered in order to exhibit large asdorption energies. The

question that was still unanswered is: how can we control the photoconversion

efficiencies in MOFs, that is what is the nature of the electronic excitations

within the optical part of the absorption spectrum?

In the case of solvated azobenzene molecules, large photo-switching yields are obtained

by exploiting the selective absorption of light by cis or trans at specific wavelengths [15,

16, 14, 17]. Typically, cis → trans photo-switching is achieved upon irradiation with

visible light (λ ∼ 420 nm) by exciting the S1 peak (i.e. the n → π∗ transition) where cis
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Figure 1.5: Optical spectra of cis and trans azobenzene in methanol (data are taken from Ref. [14])

and molecular orbitals (computed in this work) which dominate the key excitations.

has a larger molar absorption than trans, and viceversa, the trans → cis photo-switching

is performed by exciting with UV light (λ ∼ 325 nm) the intense S2 (π → π∗) of trans

[16]. In the case of MOFs, a few experimental studies have shown that the main spectral

features of functionalized photoresponsive MOFs resemble the ligand case in the UV-Vis

region and that photoisomerization does occur in the MOF [18, 19, 10, 20, 21]. However,

the nature of the excitations in the MOF and their similarity with the molecular case have

not been established yet. This will be the focus of the work reported in chapter 3.

1.3.2 Spin-crossover MOFs: temperature-assisted carbon release

Spin crossover (SCO) is a phenomenon which may take place in transition metal complexes

wherein the spin state of, e.g., octahedrally coordinated metal ions, changes between low

spin (LS, S=0) and high spin (HS, S=2) under the influence of an external perturbation

such as temperature, pressure or light irradiation.

The first experimental observations of unusual magnetic properties were observed in

the ’30s in dithiocarbamates compounds based on Fe(III) ions [22] by L. Cambi and L.

Szegö, and later by Pauling in ferrihemoglobin [23]. The underlying physics of these

observations was not immediately grasped and it took around 25 years for the scientific

community to understand it. The experimental observations were then rationalized on the

basis of the ligand field-theory and the Boltzmann statistics: when the energy gap that

separates two spin states at 0 K is small, the thermal energy kbT can induce a change in

the electronic population of these states and a modification of the magnetic state of the
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system. The relative energy difference between two spin states depends primarily on the

electronic configuration of the transition-metal ion of the system and on its coordination

environment (e.g. the nature of the axial ligands). In the ’60s a few experiments reported

the spin state transitions in Co(II) [24] and Fe(II) complexes [25, 26].

Starting from the 70’s the amount of research on SCO, especially on Fe(II) compounds,

has seen a rapid increase [27], owing to the possible technological applications of these

bistable materials in molecular spintronic, molecular electronics, sensors, and actuators

[28, 29, 30].

Figure 1.6: Tanabe-Sugano’s diagram. The energies of the different spin states of Fe(II) in an

octahedral ligand-field environment are plotted as a function of the ligand field splitting ∆: at the

critical point ∆c a crossover between the LS and HS lines (energies) occurs.

By using ligand field-theory arguments, the spin crossover phenomenon can be under-

stood in qualitative terms as the competition between the energy difference between two

electronic levels and the electronic repulsion between two electrons sitting on the same

energy level, Π. As shown in the simplified Tanabe-Sugano’s diagram of Fig. 1.6, the com-

petition between Π and the ligand field splitting ∆ in an octahedral complex determines

the stability (crossover of lines in the diagram, which gives the name to the phenomenon)

of the different electronic configurations.

From a thermodynamic point of view, the the LS→HS transition observed as a function

of temperature is entropy driven: HS is gradually stabilized due to the greater increase in

entropy (spin degeneracy and higher vibrational density of states). The Gibbs free energy

difference is:

∆G = GHS −GLS = ∆H − T∆S (1.1)
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where ∆H = HHS−HLS and ∆S = SHS−SLS represent enthalpy and entropy variations.

The transition temperature T1/2 is defined as the temperature at which the two phases are

at equilibrium, i.e. when ∆G = 0. The enthalpy and entropy differences can be computed

using electronic structure methods in terms of temperature-independent (or electronic)

and temperature-dependent contributions as:

∆H(T ) = ∆EHL + ∆Evib(T ) (1.2)

and

∆S(T ) = ∆Sel + ∆Svib(T ) + ∆Srot(T ) + ∆Strans(T ). (1.3)

The temperature-dependent terms in ∆S(T ) are the vibrational entropy variation, ∆Svib(T )

and the rotational, ∆Srot(T ), and translation entropy variation, ∆Strans(T ). The analytic

expression of Evib and Svib can be derived within the statistical thermodynamic theory

from the partition function of an harmonic oscillator. While the vibrational contribu-

tion to enthalpy and entropy can be computed with good accuracy when compared with

experimentally extracted values, the calculation of the adiabatic energy difference, i.e.

∆EH-L=EHS-ELS represents a true challenge for modern electronic structure methods.

Finding a way to compute ∆H-L with accuracy, and efficiency, for porous ma-

terials such as MOFs, represents the first challenge for our study.

The final goal of my work was to provide an in silico design of materials that could

undergo a SCO, from LS to HS, at temperatures slightly higher than room temperature

once the gas has been adsorbed. In this way, at low temperature and LS, since the

antibonding states are unoccupied, the strong affinity of the gas for the open transition

metal complex results in high uptake while at higher temperature and HS, the occupied

antobonding states results in lower uptake (i.e. in desorption). Besides high porosity, an

ideal material for an efficient SCO-induced gas capture and release should exhibit many

properties: i) open-metal sites (either 5-fold or 4-fold coordination) centers, ii) transition

metal atoms compatible with a change in the occupation of the antibonding dz2 upon

SCO; iii) a negligible hysteresis and iv) T1/2 slighlty higher than the temperature of the

flue gas in order to limit the energy penalty. This idea is illustrated in Fig. 1.7: although a

change in occupation of the dz2 for a distorted octrahedrun is compatible with an electron

count d4-d8, the idea is illustrated for Fe(II) (d6), Fe(III), (d5) and Co(II) (d7) which

represent the most frequent cases found in literature.

While we were working on this project, the group of Prof. Jeffrey Long at the Univer-

sity of California at Berkeley, published a study showing that an efficient gas adsorption

and release exploiting a spin crossover transition is possible in MOFs. In their work, the

http://alchemy.cchem.berkeley.edu/home/
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Figure 1.7: Illustration of the proposed SCO-induced gas release mechanism. The MOF represented

is of the Hofmann-type clathrates. The compressed/elongated term (right) refers to the MOF

square pyramid. For Fe(II) and Fe(III) both elongated and compressed square pyramid can yield

the desired change in occupation of the dz2 .

materials undergo a spin-state transition above a threshold CO pressure. The cooper-

ativity of the spin crossover results in step-shaped isotherms that exhibit a pronounced

temperature dependence thus allowing for exceptionally large working capacities [31].

The idea that motivates this work is however different. Here, we propose to use the

temperature as the external stimulus to induce a spin-crossover (and not gas pressure as

they do), meaning that a near RT-transition temperature is required. Second, the fact that

we are seeking a spin crossover-induced gas release for CO2, rather than CO (as shown by

Long and coworkers), makes our quest even more challenging. Unlike CO which is a

strong-field ligand molecule, CO2 induces a weak field ligand meaning that a

candidate MOF for the proposed mechanism should already exhibit a SCO in

absence of gas. Such MOF today does not exist. Thus, the second motivation

for this work is to demonstrate the feasibility of the process.



Chapter 2

Adiabatic energy differences in

Fe(II) complexes

2.1 The adiabatic energy difference ∆EH-L

As explained in section 1.3.2, in order to predict the LS→HS transition temperature, T1/2,

using ab initio calculations, the central quantity to be computed is the adiabatic energy dif-

ference, ∆EH-L=EHS-ELS, i.e. the energy difference between the two spin states computed

at their corresponding geometry. Despite the substantial effort from the computational

chemistry community in predicting the spin-state energetics of molecular complexes con-

taining transition-metal atoms [32, 33, 34, 35, 36, 37, 38], achieving a prediction of ∆EH-L

with chemical accuracy appears today as a significant challenge even for modern electronic

structure methods. This challenge possibly stems from the lack of error cancellation when

computing energy differences, using approximate electronic structure methods, between

spin states exhibiting different types and amounts of electronic correlations (dynamic and

non-dynamical)[39].

One can divide Fe(II) complexes and any transition metal complex into weak field

ligand and strong field ligand complexes according to the sign of the adiabatic energy

difference ∆H-L. In qualitative terms, the amount of static correlation is proportional to

the number and the strength of the occupied σ bonding molecular orbitals which result

in an electronic charge transfer from the ligand to the metal and a consequent increase in

the multiconfigurational character of the electronic ground-state wave function [40, 41].

The LS state has two doubly occupied σ bonding orbitals and two empty σ∗ orbitals. In

HS, the two anti-bonding σ∗ orbitals are singly occupied resulting in lower metal-ligands

bond order and lower static correlation contribution. The ligand field strength also affects
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this behavior and strong field ligand complexes exhibit stronger static correlation. Also

dynamical correlation, which depends on the electronic repulsion, enters differently in the

HS and the LS states due to the different number of parallel and antiparallel electrons.

In this chapter I will report results obtained during the PhD work of Lorenzo A.

Mariano. These results have been published in Refs. [42, 43]. Some of the results dis-

cussed at the end of the chapter on MOFs have not been published yet because they are

part of an ongoing study.

2.2 Performance of different electronic structure methods

In the Hartree-Fock (HF) method, the exchange term keeps parallel interorbital electrons

far apart resulting in an underestimation of their Coulomb repulsion compared to an-

tiparallel electrons. The result is an overstabilization of HS over LS. On the other hand,

DFT within its standard local density and generalized gradient approximations tend to

overstabilize LS over HS [44]. By adding a fraction of exact exchange, by means of hybrid

functionals one can reduce such overstabilization [45]. The main drawback in using hybrid

functionals is that the amount of exact exchange needed to correctly compute ∆EH-L is,

in general, system-dependent. Among the post-HF methods, coupled-cluster singly and

double theory with the perturbative inclusion of triple excitations, i.e. CCSD(T), has been

successfully employed to calculate ∆EH-L for systems where the electronic wavefunction

has a small multiconfigurational character [46]. For strong field ligand complexes, CASPT2

with a suitable choice of the active space can be employed to capture both dynamical and

static correlation [36]. However, it has been shown that CASPT2 tends to underestimate

∆EH-L because of a the incorrect treatment of 3s3p electrons even when these are included

in the active space [47]. Diffusion Monte Carlo has also been largely employed to compute

adiabatic energy differences because of its ability to capture static correlation.

2.3 Performance of DFT+U

Since its original formulation [48, 49], the capability of Hubbard U -corrected DFT [50] in

solving the deficiencies of standard semilocal functionals, mostly owing to self-interaction

error, has allowed it to provide a quantitatively correct description of varying properties

of transition metal complexes. Its performance in predicting spin-state energetics has also

been studied, to some extent. DFT+U with a self consistent U averaged among different

spin states was shown to significantly improve upon DFT [51, 52]. In Ref. [53], by using

a U computed at different spin-state configurations the authors correctly predicted the
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ground state and the experimentally-observed pressure-induced SCO for (Mg,Fe)(Si,Fe)O3

perovskites. Several studies have reported quantitative agreement with experiment by

adopting a value of U of 4 eV [54, 55, 56]; other studies, instead, show the necessity to

parametrize U against experiments for a quantitative description of the energetics [57,

58, 59]. Vela and coworkers recently showed that the linear response U -approach yields

an adiabatic energy difference for a well-known SCO molecular crystal, Fe(phen)2(NCS)2,

deviating almost 1.8 eV from the experimentally-extracted reference value [59].

2.4 Computational approach

In what follows I will show our results on the calculation of adiabatic energy differences

using DFT+U. First I will report a comprehensive analysis of the performance of the

DFT+U method to predict adiabatic energy differences. I will show that the DFT+U

calculations result in ∆EH-L that are biased towards HS. In the second part of this chapter

I will use this understanding to propose a new approach that makes use of the DFT+U

electronic density to compute accurate ∆EH-L.

2.4.1 Reminder of the DFT+U method

In DFT+U the total energy functional assumes the form

EDFT+U[ρ(r)] = EDFT [ρ(r)] + EHub[{nIσm }]− Edc[{nIσ}] (2.1)

where ρ(r) is the electronic density, EDFT is the energy given by an approximate DFT

functional, Ehub is the Hubbard term used to incorporate the Hubbard Hamiltonian model

into the DFT framework, and Edc is the double-counting term that removes the interac-

tions that are already accounted for within the DFT term via mean-field. The {nIσm } are

the eigenvalues of the occupation matrix for atom I which is defined below. The form

of the Hubbard energy functional EU = EHub − Edc has evolved during the years, from

the pioneering works of Anisimov and coworkers [48, 49, 50] to the simplified formulation

proposed by Dudarev et al. [60] and based on the rotationally invariant DFT+U refor-

mulation of Liechtenstein and Anisimov [61]. Within the simplified rotationally-invariant

formulation [60], the DFT+U energy takes the following form

EDFT+U[ρ(r), {nσm}] = EDFT[ρ(r)] +
∑
m,σ

U

2
[nσm(1− nσm)] (2.2)
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Practically, the Hubbard term enters a DFT calculation as an extra potential acting self-

consistently on the Kohn-Sham wave functions |Ψσ
i 〉 of orbital index i and spin σ

VDFT+U = VDFT |Ψσ
i 〉+

∑
m

U

(
1

2
− nσm

)
|φm〉 〈φm|Ψσ

i 〉 (2.3)

where the projectors {|φm〉} are here the five 3d atomic-like functions and the occupations,

{nσm}, are the eigenvalues of the 5×5 occupation matrix nσmm′ =
∑

i f
σ
i 〈Ψσ

i |φm〉 〈φm′ |Ψσ
i 〉,

with fσi being the occupation number.

A critical step in this method is the choice of the U parameter. It is common practice

to extract U by fitting some experimental values [62, 57, 59]. Alternatively, U can be

calculated in an ab initio fashion noticing that the Hubbard U energy represents the

curvature of the energy profile due to fractional occupations, i.e. U = δ2EDFT /δn
2 [63,

48], where n are some occupation numbers. In our work, we employ the linear response

formulation proposed by Cococcioni and de Gironcoli [64] inspired by the work of Pickett

and collaborators [65].

Computational details

The Hubbard U -corrected calculations, i.e. PBE+U+V, LDA+U, are performed by using

quantum espresso [66, 67] together with the GBRV ultrasoft pseudopotentials. The

other DFT single point energy calculations, such as hybrids, are performed using orca [68]

with a tight integration grid and aug-cc-pVTZ basis sets.

For the molecular complexes we optimize the geometries using TPSSh. The values

of U are computed self-consistenly using linear-response [64] and are named Usc. The

self-consistency means that U is calculated iteratively. Because the ground state changes

upon inclusion of the Hubbard correction, the U computed on the DFT ground state

may be different than the one computed on the DFT+U one [69]. Thus a self-consistent

linear-response U calculation is implemented where a first linear-response calculation is

performed on the U=0 ground-state, and then the computed U is used to obtained a new

DFT+U ground-state density upon which a further linear-response U calculation is run.

This is repeated until the U used to obtain the unperturbed charge density is close to

the output linear-response U . We impose a convergence threashold of 0.05 eV between

input and output U which is usually achieved in 2-3 steps. To compute U we either use

a home-made script computes the response functions χ = ∂n/∂α and χ0 = ∂n0/∂α from

a linear regression between the relative change of the screened (self-consistent) and bare

occupations, i.e n and n0, respectively, and the applied perturbation α, as explained in

Ref. [64]. Or we employ the hp.x utility for example when we compute DFT+U+V [70].

http://www.physics.rutgers.edu/gbrv/
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2.4.2 Coupled cluster-corrected CASPT2 energies

As a reference method for the ∆EH-L we choose the coupled cluster-corrected CASPT2 en-

ergies, i.e. CASPT2/CC, a method recently proposed by Pierloot and coworkers [47, 71].

Such an approach allows for the improvement of the description of electronic correla-

tions in semicore 3s3p electrons by adopting CCSD(T) thus removing the well-known

bias of CASPT2 towards high-spin states [47, 71]. The 3s3p-correlation contribution

∆E3s3p,CCSD(T) is calculated as the energy difference between calculations with the 3s3p

Fe electrons explicitely included (∆E+3s3p) and calculations with the 3s3p electrons kept

frozen (∆Eno-3s3p). ∆E3s3p,CCSD(T) is then obtained as

∆E3s3p,CCSD(T) = ∆E+3s3p −∆Eno-3s3p (2.4)

The final couple cluster-corrected CASPT2 adiabatic energy differences, ∆EH-L,CASPT2/CC,

are obtained as

∆ECASPT2/CC = ∆ECASPT2 + ∆E3s3p,CCSD(T) (2.5)

Although the choice of the reference method is still matter of debate [72], here we

choose the coupled-cluster corrected CASPT2 because it can be used in principle in systems

with non-negligible multiconfigurational character such as the strong-ligand field molecules

studied. Besides, its accuracy has been recently further validated by Radoń by comparing

with ∆EH-L values extracted from experiments [34].

Details of the calculations

The CASSCF/CASPT2 energy differences are computed using bagel [73] by adopting an

active space of 10 electrons in 12 orbitals (10e,12o), i.e., including the 3d and empty 4d

shells of Fe and the two occupied ligand-eg orbitals. CASPT2 calculations are peformed

using the extended-multistate approach (XMS) with a real vertical shift of 0.2 a.u. and a

Cholesky decomposition of the two-electron integrals. The three lowest states were state

avaraged and treated with XMS-CASPT2 for HS while only one states was computed

for LS. These calculations are performed without any correction applied to the zeroth-

order Hamiltonian used for CASPT2, i.e. the so-called ionisation potential-electron affinity

(IPEA) shift. Single-point CCSD(T) calculations are performed using orca [68]. We

worked in the frozen core approximation to correlate only the outer-core electrons while

freezing the core electrons of each atom. The aug-CC-pwCVTZ-DK basis set for the iron

center and a CC-pVDZ for the ligand atoms were employed.
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2.5 Biased spin-state energetics of Fe(II) molecular com-

plexes

We compute the ∆EH-L between the 1A1g LS and the 5T2g HS states of six Fe(II) octahedral

complexes with varying ligand-field strengths by employig LDA, LDA+Usc, GGA and

GGA+Usc and we show the results in Fig. 2.1. We anticipate here that our study show

a failure of DFT+U in describing the adiabatic energy differences throughout the studied

set of molecules: a systematic overstabilization of HS states by DFT+Usc is found with

deviations from the reference CASPT2/CC values reaching up to 4.5 eV for strong-field

ligands.

LDA and PBE systematically stabilize LS states possibly due to the well-known delo-

calization error as reported by many authors before (see studies cited in Ref. [42]). LDA

shows an even larger stabilization of LS possibly due to greater electronic delocalization

as compared to PBE [74]. Conversely, DFT+U overstabilizes HS with an increasing de-

viation from reference CASPT2/CC results for stronger-field ligands. Remarkably, for

weak-field ligands, among PBE, PBE+Usc, LDA and LDA+Usc, the best agreement with

the reference calculations is found for LDA+Usc, with a mean absolute error (MAE) of

0.644 eV, in agreement with findings by Zhang and coworkers [55]. As we demonstrate

below, however, this agreement is fortuitous and results from a cancellation of errors:

the LS overstabilization by LDA is compensated for by the HS overstabilitation by the

U -corrected LDA. For strong-field ligands the best agreement is achieved with PBE and

the deviation of DFT+Usc from the reference CASPT2/CC increases up to 4.5 eV (see

Fig. 2.1 and Ref. [42]).

We note that PBE+Usc performs worse than PBE despite that the U sc approach leads

to a better electronic density with reduced self-interaction error [64, 75]. This is shown in

our work in Ref. [42] where the deviation from linearity of the total energy with respect to

fractional occupancy, which arises from the self-interaction error, is systematically reduced

in the PBE+Usc density as compared with the PBE one, for both LS and HS.

Thus, while the density overall improves upon U correction, the DFT+U energetics

do not: this is because the functional form of the Hubbard energy within the DFT+U

approach, EU, leads to a bias toward the high-spin state due to the larger penalization of

LS than HS [76, 77]. Such a penalization arises from two effects: (1) the larger values of

both U sc and (2) the summation term,
∑

m,σ[nσm(1−nσm)], in LS. The Hubbard-U energy

term that enters the total energy in equation (2.3), is the largest (destabilizing) when the

total summation for a given U is the biggest, which is true when the {nσm} are close to 1/2.
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Figure 2.1: Adiabatic energy differences, ∆EH-L, computed with different approaches and the

difference between the EU term of LS and HS computed using PBE+Usc (left panels). The

CASPT2/CC reference values are -1.99 eV, -0.72 eV, -0.24 eV, 2.31 eV, 1.97 eV and 2.82 eV,

from weak to strong-field ligands. Illustration of the molecular complexes studied in this work

(right figure). The basis set for CASPT2 is cc-pwCVTZ-DK and cc-pVDZ for Fe and the ligand,

respectively.

In order to understand the results, a few aspects should be commented on at this point: (1)

the summation term increases for increasing ligand-field strengths as a result of the larger

M/L hybridization [78]; (2) this term is larger for LS than HS; (3) the difference in this

term between LS and HS increases for strong-field ligands (see Fig. 2.2); (4) the difference

between the U sc of LS and HS also increases as a function of the ligand field strength.

These trends yield a negative difference of the U energy term between HS and LS, i.e.

∆EU,H-L=EU
HS-EU

LS, that largely increases as a function of the ligand-field strength,

as shown in the lower panels of Fig. 2.1. This explains the increasing bias towards HS

states for ligands on the right side of the spectrochemical series. As a consequence, the

DFT+U-computed adiabatic energy differences are always negative and their dispersion

across the series no longer reflects the trend expected for varying ligand field strengths as

predicted by CASPT2/CC. While PBE and LDA do follow the CASPT2/CC behavior,

the Hubbard-U corrected calculations show no correlation with the reference set.

It becomes necessary at this point to understand the origin of the systematically larger

summation term for LS than HS. I recall that the {nσm} occupation numbers results from

the projection of the occupied Kohn-Sham states, only, onto the atomic basis {|φm〉};
fractional values of the {nσm} occurr when (1) the d orbitals of Fe hybridize with the ligand

and (2) the resulting M/L hybridized molecular orbitals are only partially occupied. When
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all of these molecular orbitals are occupied, even though there is strong hybridization, the

{nσm} are close to 1 (and zero when empty) thus yielding a low
∑

m,σ[nσm(1 − nσm)]. For

LS states, the bonding (ligand) eg are occupied while the e∗g states, with larger metal-like

character, are empty (see Fig. 2.2). For HS states, the e∗g are empty only for one spin

channel, yielding to a total summation term that is lower than in LS, for which both

spin channels are summed up in the summation. Additionally, the larger bond lengths in

the HS geometries contributes to a further decrease in the fractional occupation. Similar

arguments hold to explain the larger fractional occupations of the t2g states in LS than in

HS. Finally, overall, the
∑

m,σ[nσm(1−nσm)] associated to the t2g set is significantly smaller

than for the eg set as expected from the smaller hybridization resulting from a π-bond

versus a σ-bond.

It is important to note that larger values of U sc computed for LS compared to HS

may derive from the overestimation of U sc for LS as already discussed in the literature

[54, 79, 80]. Such an overestimation is reflected by the overcorrection of the density

produced by U sc in LS and is shown by the concave shape of the function that gives the

deviation from linearity, as shown in our work [42]. From the above observations, since

the penalizing Hubbard term, EU, is proportional to the
∑

m,σ[nσm(1 − nσm)] and U , the

larger bias towards HS predicted for strong-field ligands can be mitigated by adopting a

value of U smaller than U sc. For this purpose, we also computed ∆EH-L using the same

value of U for both HS and LS. We employ values of U=[2,4,6,8] eV and the average value

of U sc. The results are shown in Fig. 2.3. The difference ∆EU,H-L reported in the lower

panel of Fig. 2.3 shows, as expected, a lower bias towards HS when small values of U are

used. Thus, for weak-field ligands U=4 eV yields the best agreement with CASPT2/CC, in

agreement with previous studies adopting the same value of U also for weak-field molecules

[54, 55, 56]. The strong-ligand field complexes exhibit the best agreement with reference

data for U=2 eV and this also the overall best performer (the mean absolute errors are

reported in Ref. [42]).

2.6 Improved spin-state energy differences via the Hubbard

U-corrected density

We propose in this section a new approach based on a non-self consistent density-corrected

DFT scheme that makes use of the DFT+U density to compute adiabatic energy differ-

ences with good accuracy and efficiency. It is inspired by the work of Prof. Burke and

coworkers. In 2018 Song at al. [81] discuss the case of spin gaps in Fe(II) octahedrally-
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Figure 2.2: Left panel: molecular-orbital diagram built from both σ and π-bonding together with

the corresponding Kohn-Sham orbitals for Fe(CNH)2+6 . Right panel: the
∑
m,σ[nσm(1− nσm)] term

is plotted for the whole molecular series for increasing strength of the ligand-field and separately

for each spin states, σ, and orbital symmetry. The U values (eV) are also reported.

coordinated complexes in terms of calculations affected by large errors in the density: the

error that arises from the approximation of the exchange-correlation functional is compa-

rable or smaller than the error introduced by the use of the approximate density [82]. In

this respect, the density-corrected DFT approach [83] consists in employing approximate

density functionals on a density different than the self-consistent one and possibly closer to

the exact one. This approach implemented using the Hartree-Fock density has been shown

to improve over the self-consistent DFT results the description of many properties such

as reaction barriers, weak intermolecular forces, bond energies and the binding properties

of anions (see Ref. [43] for the full list of references).

The authors of Ref. [81] showed systematically improved results for spin-state split-
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Figure 2.3: Adiabatic energy differences, ∆EH-L, (upper panel) and energy difference of the Hub-

bard term, ∆EU,H-L, computed at different values of U , by using PBE.

tings of fours Fe(II) molecular complexes computed using the DFT[HF] approach. Our

working hypothesis is that the Hubbard U -corrected density should yield more accurate

results compared to a HF density, since the latter only includes exchange correlations while

neglecting dynamic and non-dynamical correlations. We employ a density-corrected DFT

by adopting a standard semilocal functional, such as PBE, evaluated on the Hubbard U

density. The idea is that by doing so, we shall remove the energy bias introduced by the

EU term discussed above while keeping an improved electronic density.

Practically, we perform self-consistent DFT+U calculations by computing U using linear-

response theory and then remove the EU term from the total energy to compute ∆EH-L.

This is not, strictly speaking, a non-self consistent, density-corrected DFT calculation as

the kinetic term is computed using the DFT+U orbitals. However, our assumption is that

the kinetic energy computed using DFT orbitals matches closely the DFT+U case so that

this approach can be seen as a non-self consistent density-corrected DFT method. This

assumption is motivated by a recent study employing Kohn-Sham inversion schemes to

show that the Kohn-Sham kinetic energy and the Hartree-Fock one are negligibly different

when computed on the same HF density [84].

The results of the Hubbard U sc-corrected density employed using a PBE functional are

shown in Fig. 2.4 and are named PBE[U] henceforth. In the same figure we also show the

PBE[HF] results, i.e. using the Hartree-Fock density. We stress that the PBE+U and the
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Figure 2.4: Adiabatic energy differences, ∆EH-L, computed using varying DFT approaches, to-

gether with the reference CASPT2/CC energies computed in this work. The values are also

reported in Tab. 2.1 for clarity. TPSSh geometries are used throughout this study. The reference

energies are computed by performing the extrapolation to the complete basis set limit. For more

details see Ref. [43].

PBE values are slightly different compared to those reported in section 2.5 work [42] be-

cause of the different geometries employed and the atomic basis used for the projections.

Please note that we also include results from the DFT+U+V calculations. Cococcioni

and coworkers implemented an extended Hubbard model in DFT through the inclusion an

inter-site effective interaction V within the Hubbard energy. Such a generalized scheme,

named DFT+U+V [85], aims at an improved treatment of electronic correlations. The

new Hubbard potential includes two terms of opposite sign: the first on-site term is at-

tractive for Kohn-Sham states that exhibit a localized character (the standard on-site U
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term) whereas the second inter-site term stabilizes hybridized states. Thus, a competition

between these two opposing behaviors should allow for a more balanced description of

electronic correlations and thus improved structural and electronic properties [85, 86].

The PBE[U] results are in excellent agreement with the reference CASPT2/CC set and

provide a systematically improved description of ∆EH-L compared with PBE[HF]. Specifi-

cally, PBE[HF] yields a reasonable prediction for weak-field ligands but it performs poorly

for strong field ligands. Our computed values of PBE[HF] energies are similar to those

reported in Ref. [81] on the same molecular complexes (i.e. [Fe(H2O)6]
+2, [Fe(NCH)6]

+2,

[Fe(NH3)6]
+2 and [Fe(CO)6]

+2), however, our conclusion on the accuracy of DFT[HF] is

somehow different owing to the difference in the corresponding reference values. In par-

ticular, the DMC values in Ref. [81] are systematically lower compared to CASPT2/CC

values and the largest deviation is found for CO and NCH. See Tab. 2.1 for the whole

list of ∆EH-L computed either here or in previous studies using wavefunction methods.

The performance of varying DFT functionals for the calculation of adiabatic energy dif-

ferences has been reported in the literature by several authors. We have recomputed some

the ∆EH-L using a few DFT functionals here only to establish a comparison for the per-

formance of DFT[U], however, we refer the reader to these articles for a more detailed

discussion. In Tab. 2.1 we report the ∆EH-L of each method tested here and the MAE

computed with respect to CASPT2/CC.

Among the employed approaches, PBE[U] is the best performer with the lowest total

MAE. It follows TPSSh and M06-L. It should be noted that for Fe(II) complexes exhibiting

a weak ligand strength (and a smaller multiconfigurational character), our result compare

very well also with CCSD(T) [33] and recent DLPNO-CCSD(T) results [39], thus further

validating the good performance of this approach.

Given the significant differences in the ∆EH-L among different choices of the reference

ab initio method (see bottom part of Tab. 2.1) we further test the validity of PBE[U] by

computing the ∆EH-L for a set of seven Fe(II) compounds for which the HS-LS energy

differences have been extracted from experimental data and we find again an excellent

agreement. Specifically, we see that when we employ a periodic model, the MAE becomes

as low as 0.065 eV. More details about this part are given in Ref. [43].

We also provided a quantitative estimate of the improvement of the PBE density

upon U correction. We did so by comparing the Hartree-Fock and the DFT densities

with that obtained from the relaxed CASPT2 spin-density matrix in bagel [89]. As

already observed in previous studies, we find that the effect of the Hubbard U term on

the density is qualitatively similar to the case found when increasing the exact exchange
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∆EH-L MAE

DFT methods H2O NH3 NCH PH3 CO CNH weak-field strong-field total

PBE[U] -1.50 -0.44 0.21 1.81 2.64 3.23 0.30 0.57 0.44

TPSSh -1.23 -0.21 0.41 1.51 2.24 2.76 0.53 0.45 0.49

M06-L -1.44 -0.47 0.11 1.13 1.80 2.27 0.28 0.74 0.51

PBE[U]a (atomic proj.) -1.33 -0.22 0.56 2.17 3.08 3.65 0.44 0.74 0.59

PBE0 -1.80 -0.84 -0.39 0.74 1.34 1.95 0.15 1.13 0.64

TPSS0 -1.61 -0.72 -0.34 0.52 1.09 1.67 0.01 1.38 0.70

B3LYP -1.46 -0.59 -0.21 0.50 1.25 1.85 0.16 1.28 0.72

PBE[U,V] -1.32 -0.25 0.57 / 3.17 3.77 0.55 1.02 0.74

SCAN -0.81 0.21 0.89 2.09 2.86 3.38 0.97 0.60 0.79

TPSS -0.94 0.18 1.00 2.17 3.06 3.52 0.96 0.69 0.82

BLYP -1.00 0.04 0.81 1.67 3.06 3.52 0.83 0.85 0.84

M06 -1.98 -0.95 -0.56 0.55 0.97 1.58 0.29 1.44 0.87

PW91 -1.06 0.16 1.10 2.48 3.49 3.98 0.94 0.88 0.91

PBE -1.17 0.06 1.14 2.69 3.63 4.11 0.89 1.00 0.94

PBE[HF] -2.06 -1.24 -1.04 0.04 0.58 1.20 0.57 1.87 1.22

PBE+U+V -2.33 -1.87 -1.91 / -1.46 -0.95 1.16 3.65 2.15

M06-2X -2.16 -1.61 -1.77 -1.68 -1.51 -0.90 0.97 3.84 2.41

PBE+U -2.66 -2.22 -2.48 -2.68 -2.32 -1.86 1.57 4.76 3.17

PBE+Ua (atomic proj.) -2.67 -2.25 -2.67 -3.08 -2.66 -2.27 1.65 5.15 3.40

Wavefunction methods

CASPT2/CC -1.83b -0.64b -0.16b 2.54b 2.02b 2.87b

CASPT2

-1.99b -0.85b -0.27b 2.31b 1.78b 2.66b

-2.15[32] -1.27[32] -0.81 [32] 2.07[32] 2.78 [32]

-1.88 [33] -0.98 [33] -0.32 [33] 2.41[33] 2.07 [33]

-2.02[36] -0.88[36]

CCSD(T)
-1.45 [33] -0.66 [33] -0.19 [33] 1.51 [33] 1.25 [33]

-0.09[87]

DLPNO-CCSD(T1) -1.44 [46] -0.49 [46] -0.38 [46]

DMC

-1.78 [81] -1.23 [81] -1.17 [81] 0.59 [81]

-2.60 [38] -1.55 [38] -1.37 [38]

-0.85,-0.95 [88]

Table 2.1: ∆EH-L (in eV) computed using different DFT approaches (upper left table). Values

computed using different wavefunction methods and taken from the literature (lower table). a:

values computed in this work. The difference with respect to the calculations performed in Ref.[42]

is the employed geometry. b: CASPT2/CC values computed in this work.
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Figure 2.5: Density difference plot, δρx(r), for [Fe(CO)6]+2 between x=PBE, PBE+Usc, and

Hartree-Fock and the relaxed CASPT2 density; green and blue correspond to positive and negatives

values, respectively. The plot shows values between -0.005 e/bohr3 and 0.005 e/bohr3.

admixture in global hybrid functionals [45]. I plot the in Fig. 2.5 the difference δρx(r) =

ρx(r)− ρCASPT2(r) between the electronic density obtained with x=[PBE, PBE+U, HF],

and the CASPT2 relaxed density, for [Fe(CO)6]
2+ in LS. A limitation of this analysis is

that large density differences are found in the spatial region near the ligand for PBE and

PBE+U, while negligible ones are found for the HF density, consistent with a CASSCF

active space mostly involving states associated with the Fe, and only marginally associated

with the ligand, i.e. the two eg ligand states. Thus, the CASPT2-relaxed density resembles

closely the Hartree-Fock one near the ligand, which is the reference method used to get the

CASSCF wavefunction. Due to this limitation, in what follows we limit our considerations

to the spatial region near the iron. When PBE density is used, the δρPBE(r) is negative

within the spatial region associated with the eg orbitals and positive within for the t2g

one indicating charge depletion and accumulation, respectively, for PBE compared with

CASPT2. Kohn-Sham DFT does not account for non-dynamical correlation, however the

self-interaction error arising from the implementation of approximate density-functionals

yields an overdelocalization of the charge density along the chemical bonds (and less charge

near the atom) and a more diffuse character of the electron cloud around the nuclei, as

shown in Fig. 2.5, that can actually mimic these effects [90, 91, 92] sometimes called left-

right and radial correlations, respectively. As shown in Fig. 2.5, and as discussed in the

literature, these effects are exaggerated in PBE. The PBE+Usc density is qualitatively
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similar to the PBE density but with a smaller deviation from the reference one within the

Fe region. We choose not to plot the PBE+U+V density because it yields a plot visually

identical to the PBE+U one. The Hartree-Fock density exhibits the opposite behavior

near the Fe, i.e. charge density accumulates and depletes with the eg and t2g orbitals,

respectively. This is consistent with the lack of explicit non-dynamical correlations and

absence of self-interaction error. Thus, the effect of the Hubbard U term on the density is

qualitatively similar to the case found when increasing the exact exchange admixture in

global hybrid functionals [45].

Figure 2.6: Left figure: charge density difference, ρFe,Baderx (r)− ρFe,BaderCAS (r), plotted for CO and

NCH ligands. Green and blue correspond to positive and negative isovalues of 0.004 e/bohr3.

Right figure: error on the density estimated by computing ∆ρx and weight (in %) of the dominant

electronic configuration within the CASSCF wavefunction.

To give an estimate of the error on the density we integrate the density difference

within the Bader region that we call ∆ρx, and the result is plotted in Fig. 2.6 for a weak

and a strong-field ligand case, i.e. NCH and CO. This metric gives a constant error

throughout the molecular series for PBE. The error associated with the HF density is

smaller compared to PBE, and significantly smaller for weak-field molecules. This result

is consistent with the reasonable prediction of ∆EH-L found when employing PBE[HF]

for weak-field ligands and with the larger MAE of PBE for both weak- and strong-field

ligands. The ∆ρx increase for molecules with increasing ligand-field strengths when x=HF

and the opposite is found for x=[PBE+U, PBE+U+V]. This behavior is consistent with

the DFT+U approach correcting the density more for strong-field ligand molecules, as

shown and discussed previously [42, 43]. We also notice that the Hubbard potential is less

effective in correcting the density within PBE+U+V as compared to PBE+U, consistent

with an intersite V potential that is always attractive, while the U term is, for example in
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LS, repulsive for the KS states with eg-like character and attractive for KS states with t2g-

like character. The trend along the four molecules correlates with trends in non-dynamical

correlations. In agreement with previous studies [33, 36, 41], we find that moving along the

spectrochemical series non-dynamical correlation becomes more important. This analysis

is in line with our results showing HF to perform better for molecular complexes with

weak-field ligands and lower non-dynamical correlation. One would expect that HF density

would overstabilize HS compared to LS more for strong field molecules, which is indeed

the case here (see Fig. 2.4 and Tab. 2.1).

2.7 Spin crossover-induced gas release: application to MOF

fragments

We have applied the corrected density approach to a couple of fragment models. The first

model corresponds to the open-metal node in the Hofmann-type clathrate as illustrated in

Fig. 2.7. These MOFs with formula Fe(pz)M(CN)4 (pz=pyrazine and M=Pt, Pd, Ni) have

attracted much interest in recent years as they display strong cooperative SCO transition

near room temperature [93]. These are 3D pillared-layer-type frameworks consisting of

cyano-bridged Fe(II)M(II) layers and pz ligands. The periodic structure of the MOF is

shown in Fig. 1.7 in chapter 1. The pores are square-shaped channels running along x

and y where guest molecules can be adsorbed. Physical adsorption of small molecules has

been studied and has shown a small influence of the spin crossover properties. We chose

to study this MOF because the octahedrally coordintaed Fe center already exhibits a spin

crossover transition near room temperature and because chemisorption of molecules such

as I2 and Cr2 takes place at the coordinatively unsaturated Pt(II) site, that can eventually

be replaced by SCO-compatible metal ions [94].

The binding energies and the adiabatic energy differences for the fragment model are

computed using TPSSh with semiempirical Grimme’s D3 correction in conjunction with

the Becke-Johnson damping scheme. Here I will show only some of the results obtained.

We have replaced the metal cation in the fragment by Fe(II) and Ni(II) and performed

calculations for CO, H2, N2, CO2, and H2O. The results are shown in Tab. 2.2. As

explained in section 1.3.2, because the dz2 has an antibonding character along z, the

spin crossover-induced change in the occupation of this molecular orbital yields a change

in the bond order of the fragment+gas complex [6]. For the bare Fe(II)[CN4] fragment,

the dz2 orbital is rather low in energy and the ground state is S=1 with the dz2 occupied

(see Fig. 2.7). As expected, a very strong ligand molecule such as CO, pushes the dz2
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Figure 2.7: Left figure: molecular-orbital diagrams for CO2 bound on the Fe(II)(CN)4 fragment.

An elongated octahedral ligand-field splitting is shown consistent with longer metal-gas bond dis-

tances as compared to the ligands. The electronic configuration at the metal results in strong (0.96

eV), weak (0.49 eV) and intermediate binding energies (0.67 eV) for S=0, S=1, and S=2, respec-

tively. Right figure: illustration of the fragment employed to represent the Fe2(tpt)2(NCS)4(BzOH)

MOF (see text).

high enough in energy that it stabilizes “too much” the S=0 resulting in an excessively

high adiabatic energy difference for the LS → IS transition (i.e. 2.0 eV). Other molecules

such as N2, H2 and H2O exhibit promising values of ∆EI-L with a substantial change

(decrease) in binding energy upon spin transition. This shows that the desired mechanism

of temperature-induced spin-crossover transition can occurr in presence of adsorbed gas

possibly at temperatures reasonably close to room temperature, and that this can actually

lead to gas desorption. We note that the weak field CO2 molecule does not lower the

dz2 sufficiently and the small predicted value of ∆EI-L can result in the IS being the

thermodynamically stable configuration at RT, meaning that the spin crossover-induced

release process is not feasible. We note the opposite evolution of ∆E as a function of the

adsorbed molecules in the Ni(II) fragment. While for Fe(II) larger values of ∆E are found

for molecules exhibiting stronger-field ligands, i.e. for a higher destabilization of dz2 with

respect to the low lying non-bonding orbitals, the contrary is observed for Ni(II). In this

case, stronger-field ligands results in the decrease of ∆EH-L because the destabilization of

dz2 upon a strong binding brings this molecular orbital closer to high-lying antibonding

dx2−y2 , and because the spin transition involves these two energy levels, the associated

∆EH-L decreases. It must be noted that in this case the LS→ HS transition is accompanied

by an increase in binding energy, consistent with a decrease in the occupation number of
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the dz2 . Thus, a possible associated desorption process is that once the molecules are

adsorbed at RT in HS (high adsorption), then a cooling swing can be applied to desorb

the gas.

Metal center molecule spin ∆E M-ligand M-molecule Ebind

Fe(II)

empty

0 1.00

1 0

2 1.14

CO2

0 0.06 1.92 2.06 0.960

1 0 1.96 2.42 0.487

2 0.66 2.19 2.24 0.698

N2

0 0 1.93 1.91 1.343

1 0.87 1.96 2.44 0.410

2 1.70 2.19 2.34 0.563

H2

0 0 1.92 1.67 1.131

1 0.77 1.96 2.22 0.247

2 1.77 2.18 2.21 0.314

H2O

0 0 1.91 2.03 1.741

1 0.39 1.96 2.26 1.043

2 0.90 2.21 2.14 1.361

CO

0 0 1.91 1.87 2.159

1 2.00 1.96 2.40 0.660

2 2.69 2.22 2.27 0.879

Ni(II)

empty
0 0

1 1.25

CO2

0 0 1.87 2.84 0.307

1 0.64 2.08 2.23 0.609

N2

0 0 1.87 2.97 0.210

1 0.48 2.09 2.19 0.591

H2

0 0 1.87 2.81 0.104

1 0.66 2.08 2.00 0.398

H2O
0 0 1.87 2.61 0.656

1 0.09 2.09 2.14 1.235

CO
0 0.03 1.87 2.91 0.318

1 0 2.09 2.13 0.953

Table 2.2: Binding energies (eV), metal-ligand and metal-gas bond distance (Å), for each spin

state S, and the adiabatic energy difference ∆E (eV) computed with respect to the ground state

configuration set to 0 energy.

The calculations for the periodic MOF are still ongoing and we have ecountered a

few technical issues (convergence of the scf for too large U , convergence of specific spin

configurations, role of ligand in the bpac MOF, etc). The calculations on the periodic

Fe(bpac)Fe(CN)4 MOF performed using a Hubbard-U corrected approach give a ∆EI-L of
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1.05 eV and 0.72 eV for N2, and H2, respectively, similar to the fragment case. For CO

adsorbed in Fe(bpac)Ni(CN)4 we obtain values that differ substantially from the small

fragment. In the case of Fe(pz)Ni(CN)4, i.e. for a shorter ligand on the z axis that allows

only one molecule to be accomodated within the pore, our calculations show that the

induced ligand field is not strong enough to stabilize HS, not even when CO is adsorbed.

The second MOF studied here is Fe2(tpt)2(NCS)4(BzOH)2·4(BzOH)·(H2O) (tpt=2,4,6-

tris(4’-pyridyl)-1,3,5-triazine, and BzOH = benzyl alcohol) which was synthesized and

characterized by Kepert and coworkers [95]. We have carved a fragment consisting of the

Fe(II) ion in a square-pyramidal coordination, as illustrated in Fig. 2.7. This MOF is

chosen due to a local coordination around Fe is similar to molecular complexes exhibiting

a SCO. We have employed a Hubbard-U density in conjunction with a Grimme D3 cor-

rection. The U sc is computed at either LS and IS for the fragment bound to N2 and then

used for all the molecules at that spin state.

PBE+D3 PBE+D3+U PBE+D3[U] Ebind,LS Ebind,IS

empty -0.18 -0.93 -0.30 / /

CO2 -0.03 -0.66 -0.14 0.37 0.20

H2O 0.24 -0.58 0.13 0.72 0.26

H2 0.17 -0.83 0.16 0.51 0.05

N2 0.67 -0.43 0.59 0.88 0.03

CO 0.68 -0.43 0.61 1.79 0.91

Table 2.3: Adiabatic energy difference ∆EI-L (eV) between S=1 and S=0 for and change in binding

energy (eV) for the fragment of the Fe2(tpt)2(NCS)4(BzOH) MOF upon spin transition.

The results are shown in Tab. 2.3 and demonstrate the feasibility of the process for

all gases except CO2 for which the ground state is in IS. The situation may change for

the periodic MOF due to a relatively small void volume around the metal center, these

calculations are ongoing.
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2.8 Conclusion and perspectives

In this chapter I have described and then explained the bias towards HS of PBE+U in the

description of the adiabatic energy differences. Then I have shown that the PBE[U] ap-

proach consisting of adopting the PBE functional evaluated on the PBE+U density, with a

self-consistent approach for the calculation of U , represents a reliable and computationally

efficient method for the calculation of spin gaps of both molecular complexes and molec-

ular crystals. The analysis of the density shows that PBE+U (with U sc) systematically

improves the electronic density for both weak and strong-field ligand molecules thus yield-

ing an improved description of the spin-state energetics throughout the spectrochemical

series. This work is in agreement with findings by Burke and coworkers about the role

of the density-driven error in computing adiabatic energy differences. Unlike their work,

here the PBE[HF] approach that uses the PBE functional on the HF density shows a rea-

sonable agreement with reference values for weak-field molecules but a poor performance

for strong-field molecules.

The application of the density-corrected approach to MOF fragments suggests that

the spin-crossover induced desorption of gas is feasible, speaking in qualitative terms. For

square planar coordination this mechanism will be possible only for very strong ligand

molecules while a square-pyramidal coordination, due to the presence of a ligand along

z, can accept even weaker field molecule for this mechanism to take place. The results

presented here are based only the adiabatic energy differences, and the evaluation of

the enthalpy and entropy is necessary to compute the transition temperature and thus

better assess the efficiency of the process as a whole. Not to mention the calculations of

the cooperativity-induced hysteresis that is directly connected with the thermodynamics

of the proposed capture-and-release technology. The parasitic energy can eventually be

computed and compared among different MOFs. I conclude here by reporting the T1/2 that

we predict for Fe(pz)Pt(CN)4 for which several experimental studies have been reported.

We compute the ∆G of the transition by computing the ∆E with the Hubbard U density-

corrected approach. Entropy and enthalpy are computed using the partition function of

a harmonic oscillator using the vibrational frequencies (PBE). Experiments reports the

middle of the hysteresis curve at 290 K [94]. We predict 287 K.

Part of my future research efforts will continue on this idea of correcting the density

to obtain improved (with respect to PBE) adiabatic energy differences. It is important

to understand how this approach performs for ions other than Fe, and for different en-

vironments around the metal centers; we will compute molecules such as porphyrins and
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metallocenes. Because this approach is a density-corrected method, it becomes crucial to

understand not only the correction that we apply to the PBE density but also why and

when PBE fails dramatically and when it does not. In the literature there are a few stud-

ies in which this has been shown and we believe that it deserves a better understanding.

Our previous results suggests some kind of error cancellation with the treatment of static

correlations. We would like to avoid this in our future tests, maybe by studying ions in

vacuum and ions where the ligand field is given by some point charges in the same spirit

of the studies by Radoń [96] and Pierloot [47].

On the MOF side, I believe that these results have brought many questions. During

these past years we have performed a joint computational and experimental study on gas

adsorption by the Hofmann-type MOFs. This study is being performed by a third-year

PhD student, Angel Fernandez Blanco, that I am supervising together with a colleague

at ILL, Alberto Rodriguez Velamazán. Angel studied these materials both using ab initio

calculations and neutron scattering such as diffraction and inelastic scattering. While

his results have confirmed our calculations (mechanism of binding for several molecules,

binding configurations, long range order of the ligands, absence of spin crossover, etc),

these also showed that available and well known Hofmann-clathrates are not suited for

the adsorption and desorption mechanism that we are looking for. Thus, I think a different

approach is needed (vide infra).

His work and the work of PhD Lorenzo A. Mariano have shown that we need to

better understand the role of the framework. It is still unclear to me to which extent

the calculations with a fragment are representative of the periodic case. Not only for the

environment that the adsorbed molecule feels, but also for the ligand field that the metal

atom feels. For example, our calculations show that a square pyramidal coordination of

strong field ligand molecules allow to stabilize LS. However, our search for MOFs with

a LS configuration at room temperature has given so far zero positive results: we have

performed a screening of the CoRE database to search for all the MOFs where Fe adopts

square pyramidal coordination. We have then searched for information related to the spin

state in the corresponding published article. In most of the cases the frameworks are found

at high spin at room temperature. When there is no direct information about the spin

state, we could still attribute the spin configuration from the published bond distances

between the metal and the ligand. This analysis suggests that searching the best MOF one-

by-one can be very time consuming. I think we should tackle the problem in a statistical

way. Adopting a strategy based on machine learning can be beneficial in this situation.

A new PhD student, Ashan Jose, (funded by the école doctorale) has just arrived to

https://scholar.google.ch/citations?user=_OCjClMAAAAJ&hl=vi
https://zenodo.org/record/3370144#.YZ9Z57so-BI
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work on this project and a postdoc will join in December, Joao Paulo Alameida de

Mendonca (funded by IRGA). Ashna Jose will be supervised by a colleague at LIG,

Emilie Devijver, who is a mathematician working on the development of machine-learning

related algorithms, a colleague at SIMaP, Noel Jakse, also with expertise in machine

learning applied to material science, and myself. Assessing the best performer MOF for

carbon capture among the vast dataset available is already an ongoing effort. Compared

to these studies, our idea presents several points of novelty. First, unlike previous studies,

we aim at specifically targeting gas adsorption at low pressure which is the most difficult

property to predict using artificial intelligence. Also, we wish to couple this with the

prediction of the thermodynamics of the spin crossover. To avoid computing a large data

set for training, we will develop a clustering approach based on cheap descriptors. This

will allow to build the best training set but at a limited cost. On this small learning set

a full machine learning method will be applied using variable selection tools, or causality

inference, to provide the best regression model to predict the ∆E, possibly the T1/2 and

the change in binding energy. Causality analysis is also a point of novelty compared to

previous studies.

During these past 3/4 years I have been collaborating closely with experimentalists at

ILL and the group of Jose Sanchez Costa at IMDEA Nanociencia in Madrid with strong

expertise in the synthesis and characterization of spin crossover complexes. I realized

that the experimental part is extremely time consuming and that synthesizing new MOFs

(those that we predict using our calculations) is not always possible. By adopting a

meachine learning strategy we aim at a more focussed effort on those MOFs that exhibit

outstanding properties.

https://www.univ-grenoble-alpes.fr/universite/l-initiative-d-excellence-idex/les-appels-a-projets/appel-a-projets-initiatives-de-recherche-a-grenoble-alpes-irga-2022-945552.kjsp?RH=2336958563705889
https://www.nanociencia.imdea.org/home-en/people/item/jose-sanchez-costa


Chapter 3

Optical properties of

photo-responsive MOFs

3.1 Optical properties of azobenzene-functionalized photore-

sponsive MOFs

Although the use of photoresponsive MOFs for efficient gas release has been reported by a

handful of experimental studies [97, 10, 20, 98, 99, 21], what is missing and yet important

for the development of this field is a detailed understanding of the electronic excitations in

these materials since this would tremendously assist in future design and synthetic efforts.

The resemblance in the character of the excitations between the MOF and the molecular

counterpart (azobenzene here) has strong implications on the mechanism and dynamics of

isomerization and thus on the quantum yield of isomerization, which in turn directly affects

the efficiency of the capture process. From a computational point of view, by studying

to which extent the optical properties of the functionalizing gas phase molecule or the

ligand resemble the periodic MOF, we may validate the use of small MOF fragments for

future studies. Using fragments of MOFs, if justified, can be advantageous as it permits to

employ accurate wavefunction methods such as coupled-cluster, configuration-interaction,

or multi-configurational methods with reasonable computational expense.

In this chapter I will report results obtained during the PhD work of Aseem Rajan

Kshirsagar. These have been published in Refs. [9, 100, 101, 102]. Here, I will discuss

mostly the results published in Refs. [100, 101] and will only briefly mention the work in

Ref. [102].
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3.2 A many-body perturbation theory approach

The calculations of the ground state properties are performed using DFT, while charged

(electron removal or addition) and neutral (optical spectra) excitations are computed

within the many-body perturbation theory approach, i.e. the GW and the Bethe-Salpeter

equation (BSE) formalism. This approach [103], which was originally developed and then

applied in the condensed matter community to describe optical excitations in semicon-

ductors [103, 104, 105], has recently attracted attention even in the world of molecular

systems [106, 107, 108], due to its accuracy and efficiency compared with wavefunction-

based methods like CASPT2 [109, 110] or coupled-cluster [111], and its ability to over-

come some of the limitations of TDDFT such as charge-transfer excitations and Rydberg

excitations[112, 106]. It is a two-step approach. First, the GW many-body perturba-

tion theory is used, where G is the time-ordered single-particle Green’s function which

describes the propagation of an electron or hole, and W is the screened Coulomb poten-

tial [113, 114]. The second step is to use BSE to describe a two-particle bound state, i.e.

the excited electron and the hole that it leaves behind.

By Fourier transforming the time-ordered Green function, in Lehmann representation

G(r, r′;ω) becomes

G(r, r′;ω) =
∑
n

fn(r)f∗n(r′)
ω − εn − i0 + sgn(en − ef )

(3.1)

where the fn are the additiona/removal Lehmann amplitudes and εn the corresponding

energies. The poles of this function correspond to the addition or removal electronic

energies as measured experimentally with photoemission experiments. It can be shown

that G(r, r′;ω) satifies the Dyson equation

G(r, r′;ω) = G0(r, r
′;ω) +

∫ ∫
G0(r, r

′′;ω)Σ(r′′, r′′′;ω)G(r′′′, r′;ω)d3r′′d3r′′′ (3.2)

where G0(r, r
′;ω) is the Green function of a mean field system with single particle Hamil-

tonian ĥ0(r) (including kinetic, Hartree and external potential) and Σ(r, r′;ω) is the non-

local and frequency dependent self-energy operator that contains the many-body correla-

tion effect including exchange. By inserting eq. 3.1 into eq. 3.2 one obtains the quasiparticle

equation

ĥ0(r)ψn(r) +

∫
Σ(r, r′; εn/~)ψn(r′)d3r′ = εnψn(r) (3.3)

which is non-linear in energy and where ψn(r) and εn are quasiparticle wavefunction and

energy. Equation 3.2 can also be written as a form a scattering equation where the

knowledge of the one-body Green function depends on the two-body Green function and
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so forth. Within the GW method, the set of formally closed equations formulated by Lars

Hedin [115] is approximated and only the lowest order approximation to the self energy

in terms of the screened Coulomb potential W is kept. Thus the self energy becomes

ΣGW (r, r′;ω) = i

∫
G(r, r′;ω + ω′)W (r, r′;ω′)dω′ (3.4)

and this gives the name to the method. Practically, the KS eigenvalues are corrected

perturbatively, by replacing the exchange-correlation contribution to the KS eigenvalues

by the expectation value of GW self-energy operator Σ(r, r′;ω) onto the KS eigenstates,

as follows

εGWn = εKS
n + 〈φKS

n |ΣGW (εGWn )− V XC |φKS
n 〉 , (3.5)

Here, the subscript n corresponds to nth KS state, the superscripts KS and GW denote

the level of theory, |φKS
n 〉 is the nth KS eigenstate, and V XC is the DFT XC potential.

In the work presented here, the KS eigenvalues are corrected by using a self-consistent

procedure on the eigenvalues[116, 117].

Within the BSE formalism, the central quantity is the four-point reducible polariz-

ability, L, or two-particle correlation function that describes the coupled propagation of

two particles. The Bethe-Salpeter equation is a Dyson equation for this four-point po-

larizability, that connects the noninteracting, L0, to the interacting case, L, via the BSE

kernel, in an analogous manner to how the self energy connects G0 to G. Upon some

algebra and approximations, the BSE formalism equation can be recast to an eigenvalue

problem in the product space of occupied and unoccupied orbitals and the optical excita-

tions are computed by solving a linear algebra problem similar to the Casida equation of

TDDFT [118]

 R C

−C∗ −R∗

Xµ

Yµ

 = Ωµ

Xµ

Yµ

 (3.6)

where R (R∗) represents the resonant coupling between electron-hole excitations (de-

excitations), whereas the off-diagonal blocks C and C∗ describe the non-resonant coupling

between excitations and de-excitations. Xµ and Yµ are the excitation and de-excitation

components, respectively, of the two-body electron-hole (eh) eigenstate Ψµ(re, rh) ex-

pressed in the transition basis [φv(rh)φc(re)] and µ is the index of excitation, with φv

and φc representing the KS valence and conduction states. Thus Ωµ are the eigenvalues of

BSE, i.e. the excitation energies, and the corresponding eigenvectors Ψµ(re, eh) are written
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as

Ψµ(re, rh) =
∑
vc

[Xvc
µ φv(rh)φc(re) + Y vc

µ φc(rh)φv(re)] (3.7)

The eigenvectors yield the probability amplitude of finding the electron and hole at re and

rh, respectively.

3.2.1 Accounting for solvation effects

One important aspect of our study is the comparison between molecular fragments and

the crystal, thus solvation effects need to be taken into account when comparing with

experimental results obtained for solvated molecules. In the case of azobenzene, for ex-

ample, these effects bring significant changes in the spectral features, as summarized in

the review article by Bandara and Burdette [16]. Here, we employ a QM/MM (Quantum

Mechanics/Molecular Mechanics) approach where the solvent is accounted for at both

the DFT and BSE/GW level. To describe the ground state polarization effects, among

available polarizable continuum models (PCM), we employ the solvation model based on

the density (SMD) [119] whose parameters are taken from the Minnesota solvent descrip-

tor database [120]. At BSE/GW level, the fast electronic response of the MM part is

described by the reaction field matrix calculated using the solvent optical dielectric con-

stant, εopt, which adds the contribution of the reaction field from the MM part to the

screened Coulomb potential, W . This approach has been developed by Blase, Duchemin

and coworkers [121, 122, 123, 124]. Briefly, starting from the screened Coulomb potential,

W , verifying the Dyson equation for the gas-phase molecule

W (r, r′;ω) = v(r, r′) +

∫
dr1dr2v(r, r1)χ0(r1, r2;ω)W (r2, r

′;ω) (3.8)

with χ0 being the independent-particle susceptibility, the solvent effects are incorporated

by solving the following set of equations, written in compact notation

ṽ = v + vχMMv;We = ṽ + ṽχ0We (3.9)

where the screened Coulomb potential incorporating solvent effects is We and the modified

Coulomb potential, ṽ, is the bare Coulomb potential, v, plus a renormalization term

including the solvent reaction field. To avoid dealing with a full frequency-dependent

χMM , we follow Refs. [123, 124] and adopt a strategy that consists in merging the low-

frequency optical limit of GW with a discrete polarizable model that uses a low-frequency

optical dielectric constant (e.g. εopt=1.77 for methanol). The static Coulomb-hole plus

screened exchange (COHSEX) approach is thus used to calculate We and the difference

between COHSEX self-energy calculated with and without solvent is added to the evGW
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eigenvalues to get the εGWe
n , see Ref. [100]. The We is subsequently used for building the

BSE Hamiltonian.
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Figure 3.1: Optical spectra of cis-azobenzene in gas phase calculated with

BSE/GW/DFT@PBEh(α), with α being the fraction of exact exchange. The spectra show

a large dependence on DFT functional.

3.2.2 Computational details

In this work, we use the BSE/GW as implemented in the fiesta package[125, 116], start-

ing from the KS states (εKSn , φKSn ) obtained from a DFT calculation using the nwchem

package[126]. The reaction field matrix for embedding is determined by a discrete polar-

izable model using the mescal code[127]. The solvent is described by a cubic lattice of

polarizable points with the polarizability determined by the Clausius-Mossotti relation.

The optical dielectric constant, εopt, is computed from the index of refraction at optical

frequencies as tabulated in the Minnesota solvent descriptor database. To distinguish the

embedded calculations from the gas phase, we use the symbol GWe in contrast to GWg

and similar symbols are used for DFT calculations. We name the full embedding scheme

BSE/GWe/DFTe. Geometrical optimizations are performed only once using nwchem be

employing cc-pVTZ/PBE0/SMD level[128, 129, 119].

3.3 The choice of the mean-field starting point

Because we adopt a perturbative approach for GW and BSE in which only the quasi-

particle eigenvalues are updated, some dependence on the mean-field starting point may

be expected [130, 131, 132, 133]. Therefore, in the framework of DFT, the choice of the
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exchange and correlation functional (XCF) may become important. To illustrate this, we

compare the BSE spectra of azobenzene computed with different DFT starting points (see

Fig. 3.1), using a hybrid functional [134, 128], PBEh(α), by varying the amount of exact

exchange α. Fig. 3.1 demonstrates a notable change on both the excitation energy and

the oscillator strength as a function of the XCF. Please note, that every time a few GW

iterations are performed to achieve evGW (vide infra) where quasiparticle eigenvalues

are convergend within a few tenths of an eV (see Fig. 3.2). The first excitation energy

of cis-azobenzene, E(S1), changes by as much as ∼1 eV from α equal to 0 (i.e. PBE) to

0.75, while the oscillator strength changes from 0.009 to 0.044. In agreement with previous

works [135, 106], we observe a larger dependence of S1, exhibiting a n→ π∗ character, than

S2 (with π → π∗ character) on the XCF choice. To avoid such impasse, we choose a starting

XCF that fulfills the ionization potential theorem [136, 137, 138, 139, 140]. Practically, we

choose a value of α that minimizes the difference between the HOMO energies in GW and

DFT, which corresponds to taking the quasiparticle energy, εGW , as the IP. This approach

allows us to resolve the arbitrariness in the choice of the starting XCF while improving

the asymptotic decay of the density. Because the highest occupied KS orbital dominates

the asymptotic decay of the density [141, 142, 143] (φKSH (r) → e−
√−2εH|r|), and because

the exact density of a N-electron system exponentially decays as[144] n(r)→ e−2
√
−2IP|r|,

the orbital tuning yields an asymptotic behavior of the density close to the exact-density

case.
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Figure 3.2: HOMO energy of cis azobenzene in gas and methanol-solvated phase as a function of

α. The decrease in IP due to environmental screening effects reduces α from 0.59 to 0.45.

We note that more accurate quasiparticle energies (or spectra) may be possible, by

going beyond the GW approximation for the self energy for example, or by performing a

full self-consistency along the iterations. Several authors, however, have predicted that a
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fully self-consistency does not always improve upon energies, possibly owing to some sort

of error cancellation with the missing vertex correction (beyond the GW approximation)

[131].

3.4 Embedded and orbital-tuning BSE spectra

In Fig. 3.2, we show εKSH and εGWH computed as a function of α for gas phase cis and see

that the condition for the orbital tuning is satisfied for αg = 0.59, where ’g’ subscript, we

remind, stands for gas phase. We compare in Tab. 3.1 the S1 and S2 excitation energies

and oscillator strengths of cis and trans azobenzene computed with this approach with

recent coupled cluster calculations [111] performed with aug-cc-pVTZ basis set, and find

an excellent agreement with our BSE/GWg/DFTg results.

Method cis trans Ref.

E(S1) E(S2) E(S1) E(S2)

CASSCF/CASPT2 2.72 (0.01) 4.49 (0.03) 2.53 (0.00) 4.23 (0.62) [145]

CC2 3.00 (0.03) 4.49 (0.06) 2.84 (0.00) 4.04 (0.85) [111]

TDDFT/PBE 2.39 (0.04) 3.54(0.02) 2.13 (0.00) 3.54 (0.43) [146]

TDDFT/TLC-PBE 2.65 (0.03) 4.67 (0.02) 2.86 (0.00) 4.42 (0.85) [146]

TDDFT/PBEh(αg) 2.96 (0.042) 5.06 (0.23) 3.01 (0.00) 4.24 (0.83) This work

BSE/GW/PBE 2.31 (0.01) 4.37 (0.02) 2.27 (0.00) 3.72 (0.78) This work

BSE/GW/PBEh(0.25) 2.41 (0.01) 4.43 (0.09) 2.48 (0.00) 3.82 (0.80) This work

BSE/GW/M06-2X 2.77 (0.03) 4.47 (0.05) 2.76 (0.00) 3.92( 0.79) This work

BSE/GW/PBEh(αg) 3.02 (0.04) 4.42 (0.05) 2.83 (0.00) 3.95 (0.78) This work

Expt. (high temp.) 2.92 - 2.82 - [15]

Table 3.1: S1 and S2 excitation energies and oscillator strengths trans- and cis-azobenzene in gas

phase, calculated using different theoretical approaches.

The inclusion of solvent polarization at GWe is well knwon to narrow the electronic gap:

the electron removal energies decrease as shown in Fig. 3.2 whereas the electron addition

energies increase due to the dielectric screening of the hole and electron. This polarization

effect results in a smaller value of α arising from the matching of εGWe and εKS,DFTe , i.e.

αe=0.45. This lowering of α is thus needed within DFT to follow the decrease in IP and

thus mimics the screening of the charged excitation by the environment. We note here that

the inclusion of the ground state polarization using the SMD model, i.e. DFTe, lowers the

KS eigenvalues by 0.3 eV and the quasiparticle energies GWg/DFTe by the same amount

(i.e. without embedding at GW ). Thus, the dynamical screening by the solvent needs to
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be accounted for at the GWe level so as to determine an environment consistent IP. There

has been much effort in the past few years in combining optimal tuning of range-separated

hybrid functionals with classical solvation models [147, 148, 149, 150, 151]. In this respect,

our method bears some resemblance with this approach [152] when coupled with a non-

equilibrium PCM model, where the authors perform a tuning of the amount of long-range

Fock exchange by using energies calculated with DFT+PCM [150, 153, 149, 151].
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Figure 3.3: BSE optical spectra of azobenzene-cis (upper panel) and ortho-fluoroazobenzene-cis

(lower panel) calculated with different embedding schemes. For both molecules, a good agreement

with experiment is obtained when the starting XCF is chosen using the environment consistent

apprach described in the text. Experimental spectra in acetonitrile are in black [14, 154].

In Fig. 3.3 we compare BSE spectra computed using different levels of embedding with

the experimental spectra measured in acetonitrile, for cis-azobenzene and ortho-fluoro-

azobezene (i.e. the azobenzene derivative yielding the largest difference between the S1

energy of trans and cis). Only a full embedding approach with the environment consistent

IP choice reproduces the optical spectra of these molecules (magenta curves) in acetonitrile

with an accuracy of less than a tenth of eV for E(S1), compared with experiment.

We then extend this approach to compute the BSE spectra of 10 azobenzene deriva-
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tives in solution using the full embedding scheme, BSE/GWe/DFTe@PBEh(αe). For

comparison, we also compute the BSE spectra using the full embedding scheme while us-

ing i) PBE0, ii) M06-2X, and iii) PBEh(αg) throughout. The lowest MAE is found for

PBEh(αe) (0.06), while PBEh(αg) and PBE0 give a similar MAE of 0.2 eV. However, it

must be noted that PBE0 overall underestimate the S1 excitation energy while PBEh(αg)

does the opposite. More details about this work can be found in Ref. [100].

3.5 BSE/GW spectra of PCN-123 MOF

With the validation of the embedded orbital-tuning approach in hand, a quantitative

description of the optical properties of azobenzene-functionalized MOFs seems feasible, at

least in principle. An orbital tuning approach using a hybrid functional appears however

computationally prohibitive for the fully periodic MOF, especially when using a plane-

waves basis. Since this would certainly be feasible in a small cluster that uses localized

basis set, it becomes important to establish whether a molecular fragment approach can

be used to study the optical properties of MOFs. And the next question would be: how

small can the cluster be to catch the fundamental features so that fast calculations can be

performed to accelerate the design of these materials.

Periodic and molecular models of the PCN-123 MOF are employed to assess the ac-

curacy of the fragment approach. Specifically, we employ the periodic MOF, the ligand

and three different choices of fragments with a progressively increasing number of metal

nodes and azobenzene functional groups. These models are illustrated in Fig. 3.4. The

smallest, named P, includes only one metal node and an azobenzene-functionalized ligand;

fragment Q includes two complete metal nodes and again one functionalized ligand; frag-

ment R (176 atoms), includes four metal nodes and three functionalized ligands. Once

the fragments are carved from the fully optimized periodic MOF, unsaturated bonds are

terminated using H and no further optimization is performed.

3.5.1 Computational details

Periodic. The DFT calculations are performed using quantum espresso [155, 67]

in conjunction with optimized norm-conserving Vanderbilt pseudopotentials from the

pseudo-dojo [156, 157]. The BSE/GW calculations are performed using yambo [158,

159]. To avoid escalation of computational expenses, the frequency dependence of the di-

electric matrix is approximated using Godby-Needs plasmon-pole model [160]. To reduce

the cost, only the resonant coupling between the electron and hole is considered for the
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BSE.

Fragment. Unlike for the periodic case, the frequency dependence of dielectric screen-

ing is not approximated by a plasmon-pole function in fiesta. The contour deformation

technique and the Coulomb-fitting resolution of identity (RI-V) with the universal Weigend

Coulomb fitting auxiliary basis [161] are used for integration over frequencies to calculate

the GW self-energy. The full BSE Hamiltonian in considered in this case. To deal with

the electrostatic polarization of the fragments due to the MOF environment in the ground

state, a conductor like screening model [162] as implemented in nwchem is used. The

MOF environment is then approximated using the optical dielectric constant of the peri-

odic PCN-123 in the zero-frequency limit (εopt ∼ 1.76) obtained using the random-phase

approximation in yambo. More details can be found in Ref. [101].

Ligand P Q Rf-PCN-123

Figure 3.4: Illustrations of the unit cell of the PCN-123 MOF, the PCN-123 ligand, and fragments

P, Q and R, in cis configuration. Colour code as follows, C: gray, N: blue, H: white, Zn: cyan, O:

red. The periodic MOF is shown by aligning the [111] direction perpendicular to the plane; the

black lines outline the boundaries of primitive unit cells of the PCN-123 crystal.

3.5.2 The ground state: fragment versus periodic

The density of states (DOS) computed using PBE for the three fragment models of PCN-

123, the gas phase azobenzene and the periodic PCN-123, is shown in Fig. 3.5. We only

report the cis case, for clarity, the trans case being similar is the supporing information

of Ref. [101]. The electronic structure of the three fragments, in the vicinity of the band

gap, maintains features similar to the periodic MOF in terms of energy and composition.

Two anti-bonding π states close in composition and energy, i.e. π∗1 and π∗2, arise in all

cases in place of the single π∗ of azobenzene: the breaking of symmetry between the two

benzene rings upon attachment of the carboxylic acid or groups in one of the two phenyl

rings lead to two different π∗ states which localize predominantly on the N atoms and the

benzenedicarboxylic acid. The wavefunction corresponding to these states is plotted in
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the lower panel of Fig. 3.5 for cis fragment Q. A similar behavior is found for all MOF

models. Even for the ligand, the DOS resembles the MOF case for the KS states near the

gap; below -2.5 eV and above 2.5 eV this agreement vanishes due to the presence of the

states associated with the Zn4O metal node.
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Figure 3.5: (a) pDOS of different models of cis PCN-123 calculated with PBE. The DOS and

pDOS are presented with different scales for different models. (b) and (c) π, (d) n, (e) π∗
1 and (f)

π∗
2 KS eigenstates of cis fragment Q. The midpoint of the fundamental gap is taken as the Fermi

level.
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3.5.3 The GW correction: periodic versus fragments

The GW correction was computed for all the fragment models and for the PCN-123 lig-

and. The final evGW quasiparticle gaps are reported in Tab. 3.2. In case of non-periodic

systems, the evGW eigenvalues are reported after applying the ∆COHSEX correction ac-

counting for environmental screening as explained in the previous section. The ∆COHSEX

procedure closes the band gap by about ∼0.7-0.9 eV with respect to the gas phase evGW

value. We find a good quantitative agreement among the non-periodic models, but we

note some discrepancy between the non-periodic and the periodic models. The periodic

yambo calculations yield smaller evGW corrections compared to the non-periodic fi-

esta calculations. Thus despite the PBE gap being essentially the same for the periodic

and non-periodic case (within 0.2 eV), the periodic evGW band gap is ≈ 1 eV smaller

(∼ 0.8 − 1.1 eV) compared to the non-periodic case (see Tab. 3.2). This difference may

be attributed to the different computational approaches such as the use of pseudopoten-

tials and the plasmon-pole approximation, in yambo, and the use of incomplete bases in

fiesta, as shown and discussed in detail in Ref. [163]. Also, on the fragment side, the

possible discrepancies on the long-range contribution to the screened Coulomb potential

W , as described by the ∆COHSEX scheme, may affect the fragment GW calculations.

PBE evGW/PBE PBEh evGW/PBEh

Model cis trans cis trans cis trans cis trans code

Ligand 2.08 1.94 6.59 6.44 5.39 5.24 6.71 6.53 FIESTA

P 2.07 1.88 6.38 6.23 5.38 5.19 6.51 6.36 FIESTA

Q 2.10 1.90 6.52 6.33 5.45 5.20 6.68 6.50 FIESTA

R 1.94 1.88 6.52 6.43 5.28 5.30 6.62 6.65 FIESTA

f -PCN-123 1.90 1.68 5.73 5.31 - - - - YAMBO

Table 3.2: DFT and evGW gaps for periodic and non-periodic models of PCN-123 calculated with

PBE and PBEh. The evGW gap for the non-periodic calculations are computed by employing an

embedding scheme (see text).

3.5.4 The BSE spectra: periodic versus fragments

The BSE/evGW /PBE spectra of cis of f -PCN-123 and the fragment models are plotted

in Fig. 3.6. Despite the fact that the difference in the evGW band gap between the

periodic and non-periodic calculations reaches up to 0.8 eV for cis and 1.1 eV for trans,

the energy of the S1 excitation agrees within ∼ 0.1 − 0.3 eV for both cis and trans.
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As mentioned above, this is possibly due to the much reduced impact of environmental

screening onto the neutral optical excitations, for which solvatochromic shift are known

to be much smaller than the shift in electronic energy levels. Also, errors in the screened

Coulomb potential enters with opposite sign in the quasiparticle gap than in the electron-

hole interaction, leading to well-known cancellation of errors at the BSE level. Thus, large

differences in the quasiparticle gap may reduce in the corresponding optical gap [164]. For

cis configuration, the first optical band corresponds to the HOMO → LUMO (n → π∗1)

transition, similar to the case of gas phase or solvated azobenzene. The second optical

band (yellow in Fig. 3.6), the S2, corresponds to the n→ π∗2 excitation which is absent in

azobenzene. The third optical band (sky-blue), the S3, is due to the π → π∗1 excitation.

The S4, in red, contains mixed π → π∗1/π → π∗2 excitations. From the fourth optical band

onwards, the one-to-one correspondence among excitons of different models fades away,

mostly owing to the increasing contribution of O atoms of the ZnO4 nodes and to the

more delocalized character of the exciton. The character of the excitation is also fairly

maintained, however, the exciton may delocalize when models with multiple ligands are

employed. In general, as the energy of the exciton increases the character becomes more

delocalized (see supplementary information of Ref. [101]).
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Figure 3.6: BSE/evGW spectra of different models of cis (a) and trans (b) PCN-123.

It is important to note that the n→ π∗1 optical band of cis in the periodic calculations

exhibits a significantly higher intensity compared to any other fragment model. The

visual inspection of the n → π∗1 (and also the π → π∗1) exciton in the different MOF

models allow to establish a good correspondence between the periodic and the fragment

models. However, the spatial localization and the symmetry of the wavefunction may differ
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quantitatively thus affecting directly the value of the oscillator strength. This difference

between periodic and fragment is also found in the independent particle spectra thus

confirming that some discrepancy already exist at the KS level [101].

For trans, the S1 band is the almost dark n→ π∗1 excitation, whereas the S2 is domi-

nated by π → π∗1 along with some contribution from n → π∗2 and π → π∗2, similar to the

azobenzene molecule. It is important to stress that for fragment R, the energy of S1 and

S2 for both cis and trans is blueshifted compared to the smaller PCN-123 fragments and

we checked [101] that this is due to the use of effective-core-potentials and a smaller basis

for this large cluster.
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Figure 3.7: BSE/evGW/PBE spectra of azobenzene, PCN-123 ligand, fragment R, and f -PCN-

123. All spectra in the low energy region are multiplied by 10 for visual clarity. The lower panel

show the BSE/evGW/PBEh (40% EXX) spectra of fragment R.

To better visualize the spectral regions with large selective absorption, we plot the

BSE/evGW/PBE spectra of trans and cis in the same figure, for azobenzene, the PCN-123

ligand (in gas phase geometry), fragment R and the f -PCN-123 (see Fig. 3.7). For fragment

R we plot also the BSE/evGW/PBEh (40% exact exchange) spectra in order to provide

more quantitative results. Like for the PBE case, we found that the BSE/evGW/PBEh

spectra show a small blueshift of the S1 of cis and the S2 of trans in the PCN-123 MOF

as compared to gas phase azobenzene. We note also the same qualitative change in the

spectra when using PBE versus PBEh, for fragment R, as we found for azobenzene, thus

confirming the large mean-field dependence of the BSE, especially for n→ π∗ excitations.
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3.6 Conclusion and perspectives

After showing the strong effect of the choice of the starting point KS functional on the BSE

optical spectra in the case of the S1 excitation of azobenzene, we propose an orbital tuning

scheme based on the ionization potential theorem, which is found to give BSE excitation

energies in excellent agreement with the experiment, for the 10 azobenzene derivatives

studied by us. Accounting for environmental eftects has allowed us to directly compare

with experiment. Regarding the study of the PCN-123 MOF, we have computed for the

first time the optical absorption spectra of this material in trans and cis configuration. In

terms of spectral features and character of the excitations, the periodic MOF resembles

the case of free azobenzene and the azobenzene-functionalized ligand of the MOF, with

the most intense bands slightly blueshifted in the MOF compared to the azobenzene

molecule. Overall, the low energy spectral features of the MOF resemble those of the

functionalizing molecule and that reasonable-size molecular fragment can be used to obtain

qualitative information regarding the periodic material. It must be noted, however, that

the computational details matter substantially on the quantitative results, such as basis

set, functional choice, fragment choice etc. Unfortunately, experimental spectra are not

available for this MOF, but recently we have adopted this computational scheme to study

MOF-5, one of the most studied MOFs in the literature. In this study we settle the

long lasting controversy about the electronic structure of this MOF. Unlike all previous

computational and experimental studies we predict MOF-5 to be a wide band insulator

with a band gap of around 8 eV [102]. The localized nature of the electron and hole and the

lack of screening from the environment result in strongly bound excitons yielding an optical

band gap of 4.5 eV. Our BSE results are in excellent agreement with recent experimental

findings [165], and this allows to somehow validate our computational scheme.

Understanding how carbon capture and relsease works in photoresponsive MOFs has

been a central part of my work since I joined the CNRS. This work has been funded by

the ANR JCJC (2016-2021) ComputationalCarbonCapture. First, in collaboration with

Prof. Li-Chiang Lin (who worked on the classical simulations), we explained for the first

time the mechanism behind the reversible change in uptake upon photorisomerization in

a few MOFs [9]. Our understanding of this mechanism at a molecular level allowed to

explain for the first time the first original experiments of this kind by Park et al. in 2012

and later by Wang, Knebel, Caro, Heinke and collaborators in 2016 and later. It also

allowed us to provide several design principles to enhance the working capacity of MOFs

using photoresponsive moieties, for example by including strong adsorbing sites, and by
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achieveing large photoconversion efficiences [9]. The study of the optical properties of these

materials presented in this chapter represented the natural continuation of this idea. This

study has allowed us to shed light on the nature of the optical excitations and has provided

valuable information on how to compute the optical properties of MOFs in a compromise

between accuracy and efficiency that can be chosen depending on the situation. Thus I

believe our work puts the grounds for a more systematic work in which simulations can

work together with experiments to design and make the optimal material.

Many related aspects are still worth being explored, for example how the situation

changes when there is a larger overlap between the metallic states and the ligands, the

role of low-energy phonons on adsorption and how these couple with the electronic states,

or the dynamics of the excited states within the MOF. Because some of these questions

can be, if not fully answered, at least guessed by using available knowledge and chemical

intuition, my choice is not to focus my upcoming efforts on these specific aspects. A

somehow more technical aspect that I am very interested in understanding myself is the

large dependence of the excitonic energy and oscillator strength upon the starting mean-

field approach in the case of the S1 excitations, as compared to the S2. Is this related to

the fact that the the orbital tuning is performed on the HOMO, or is the n state changing

more compared with a π state?

Part of my future research efforts will be devoted to study of MOF for toxic gas sensors.

Compared to gas capture and separations, the field of MOF-based sensors is still at its

infancy. The understanding of the electronic structure of these MOFs is missing and it

would tremendously assist the interpretation of available experimental results and guide

the design of more efficient sensors.

I am interested in studying two different mechanisms for gas sensing. The first concerns

the development of luminescent MOF sensors. There is already an ongoing collaboration

with an experimental group at IMDEA Nanociencia (Dr. Jose Sanchez-Costa and Dr. Juan

Cabanillas) to develop compact, cost-effective and ultrasensitive NO2 detectors. Recently,

we have shown a novel sensing scheme exploiting the lanthanide luminescence modulation

upon NO2 adsorption [166]. The electronic structure calculations provided fundamental

insights into the understanding of the nature and effects of NO2 interactions within the

MOFs and the signal transduction mechanism. Because of the advantages of using a

sensing scheme where the signal is visible by naked eye, luminescent-MOFs are considered

among the most promising MOF-based sensors. Our aim is to design and develop MOF

where specific ligand functionalization can yield a high selectivity and a larger modulation

in the photoluminescence respons (project submitted to Era-NET).

https://www.nanociencia.imdea.org/home-en/people/item/jose-sanchez-costa
https://www.nanociencia.imdea.org/home-en/people/item/juan-cabanillas-gonzalez
https://www.nanociencia.imdea.org/home-en/people/item/juan-cabanillas-gonzalez
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The second mechanism is new, and it concerns the use of non-linear optics. The idea

is to computationally establish a proof-of-concept for the development of efficient gas de-

tection using nonlinear optics and in particular second-harmonic generation, a mechanism

that has never been shown before in 3D porous materials. MOFs usually have large optical

gaps and second harmonic-active MOFs can have a non-linear response in the visible. An-

other working hypothesis is that owing to the strong interaction with the host framework,

the adsorption of toxic gas molecules should perturb (non-negligibly) the electronic struc-

ture in such a way that one can expect a change in the hyperpolarizability, which is closely

related to the second-order nonlinear optical susceptibility, thus leading to a “turn-off” or

modulation of the signal. This idea is further motivated by my research on luminescent

MOF sensors. However, the advantages of using a modulation in the second harmonic

generation rather than in the luminescence is the limited availability of lanthanides, the

fact that luminescence is too sensitive to analytes and cannot descriminate among different

molecules, and the possibility to implement detection devices similar to those currently

being used based on tunable diods laser absorption spectroscopy. I have submitted this

proposal to the ANR, in collaboration with two partners, Dr. Benoit Coasne at LiPhy

and Dr. Claudio Attaccalite at CINaM.

https://benoitcoasne.wixsite.com/home
http://www.attaccalite.com/
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01/09/2004–31/10/2007 : Ph.D. in physics from the University Lyon 1;
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4.2 Grants and Awards

2021-2022 : IRGA-MIAI (main proposer, 55 k€);

2021-2022 : Emergence@2021 (main proposer, 55 k€);

2015-2021 : ANR JCJC (main proposer, 273 k€);

2018-2021 : ILL funding for PhD student (main proposer, 105 k€);

2017-2020 : Ministry funding for PhD student (main proposer, 105 k€);

2018 : Mid-term career award from Alma Mater University of Camerino;

4.3 PhD students and Postdocs

2022-2023 J.P. Alameida (postdoc, 80% supervision) Machine-learning an exchange

and correlation functional for spin gaps, funded by IRGA;

https://simap.grenoble-inp.fr/
https://chemistry.berkeley.edu/chem
https://www.icmab.es/
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2021-2024 A. Jose (PhD 30% supervision) Machine-learning spin-crossover MOFs for

gas release, funded by IMEP-2 doctoral school;

2021-2022 A. Lorenzo Mariano (postdoc, 100% supervision) Spin-crossover assisted

gas release, funded by Emergence@2021;

2019-2021 A. Fernandez Blanco (PhD, 60% co-supervision with A. Rodriguez-Velamazan

(ILL)) Spin-crossover MOFs for gas separation using neutron scattering and ab initio

calculations, funded by ILL PhD program;

2017-2020 A. Lorenzo Mariano (PhD, 90% supervision) Ab initio study of spin-

crossover materials for applications in gas adsorption;

2017-2020 A. R. Kshirsagar (PhD, 90% supervision) Ab initio study of the excited

state properties of azobenzene-functionalized photoresponsive MOFs (funded by

ANR JCJC);

2016-2017 A. Charaf Eddin (postdoc, 100% supervision) Photoresponsive MOFs for

an efficient carbon capture, funded by ANR JCJC;

4.4 Professional responsabilities

• Reviewer for National Research Agencies, such as ANR (every year), Flander Re-

search Foundation, Swiss National Science Foundation;

• Reviewer for many scientific journals including high impact J. Am. Chem. Soc., J.

Phys. Chem. Letters, J. Chem. Theory and Comput., Nature Commun.;

• Web Master for the web page of the group Physics of Metals at SIMaP;

• Co-organizer of Lab seminars (one seminar per month) and co-organizer of the

transversal discussion group on numerical simulations within the Lab;

• Member of the CT9 (comité expertise thématique 9: Physics, chemistry and mate-

rials properties) Committee of GENCI;

• Representative at Laboratory Council (conseil de laboratoire).

https://simap.grenoble-inp.fr/fr/equipes/physique-du-metal
https://www.genci.fr/fr
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4.5 Teaching

I have thought or contributed for four years (from 2018) lectures and project called Multi-

scale simulations of materials for energy at Phelma, Grenoble-INP. These are TD in which

groups of two or three M1 students learn how to perform research project.

4.6 Communication activities

2017 : invited talk at The conference on gender, career paths and networking, Berlin

(Germany);

2019 : invited talk on women in Science at the ILL PhD students group meeting, Greno-

ble;

2020 : invited talk on carbon capture technologies at the Faculty of Langues Etrangères

at Grenoble (20 students);

2021 : invited talk at high school about carbon capture technologie and women in science

in occasion of the 11-F (120 students, Cáceres, Spain).

4.7 Publication list

Please see the full list here: www.robertapoloni.com: 40 publications, 20 as first or cor-

responding author. Below the list of peer-reviewed articles published during the past 10

years, i.e. since 2012:

40. J. Carnis, A.R. Kshirsagar, L. Wu, M. Dupraz, S. Labat, M. Texier, L. Favre, L.

Gao, F. E. Oropeza, N. Gazit, E. Almog, A. Campos, J.S. Micha, E. J. M. Hensen,

S. J. Leake, T. U. Schulli, E. Rabkin, O. Thomas, R. Poloni, Jan P. Hofmann and

M.I. Richard Twin boundary migration in an individual platinum nanocrystal during

catalytic CO oxidation Nature Commun. 12, 5385 (2021);

39. A. Develioglu, E. Resines-Urien, R. Poloni, L. Mart́ın-Pérez, J. Sanchez-Costa, E.

Burzuŕı Tunable Proton Conductivity and Color in a Nonporous Coordination Poly-

mer via Lattice Accommodation to Small Molecules Avd. Sci. 2102619 (2021);

38. L. A. Mariano and R. Poloni* Electric field-induced oxygen vacancies in YBa2Cu3O7

J. Chem. Phys 154, 224703 (2021);
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mura, H.-Y. Ko, A. Kokalj, E. Küçükbenli, M. Lazzeri, M. Marsili, N. Marzari,

F. Mauri, N. L. Nguyen, H.-V. Nguyen, A. O. de-la Roza, L. Paulatto, S. Poncé,
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