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The influence of the molecular orbitals on charge transfer (CT) reactions is analyzed through wave function-based calculations.
Characteristic CT processes in the organic radical 2,5-di-tert-butyl-6-oxophenalenoxyl linked with tetrathiafulvalene and the in-
organic crystalline material LaMnOj3 show that changes in the inner-shells must be explicitly taken into account. Such electronic
reorganization can lead to a reduction of the CT vertical transition energy up to 66%. A state-specific approach accessible through
an adapted CASSCF (Complete Active Space Self-Consistent Field) methodology is capable of reaching good agreement with
the experimental spectroscopy of CT processes. A partitioning of the relaxation energy in terms of valence- and inner-shells is
offered and sheds light on their relative importance. This work paves the way to the intimate description of redox reactions using

quantum chemistry methods.

1 Introduction

Charge transfer (CT) reactions consist in the displacement of
an electron from one chemical region to another. Such pro-
cess is governed by the laws of thermodynamics, but can also
be triggered by some external stimulus. The transfer causes a
change of the oxidation states of both reaction partners. Two
mechanisms are traditionally reported for CT reactions. The
inner-sphere CT reactions are characterized by two redox cen-
tres that are chemically connected either by a permanent co-
valent linkage (intra-molecular CT) or a transitory one (inter-
molecular CT). On the other hand, the outer-sphere CT re-
actions involve redox centres that are not connected by any
bridge. In that case, a through-space hopping mechanism oc-
curs between the donor and acceptor sites.

Numerous biological processes such as photosynthesis and
respiration involve several CT reactions.! Porphyrin-based
metal complexes act as cofactors of proteins (i.e. haem com-
pounds in haemoglobin) which perform such charge transfer.
Despite a rather low efficiency, the electron transport chain al-
lows plants to convert sunlight into chemical energy.? More
generally, the flow of electron takes part in the production of
energy that can be used to fuel the organisms activities.

Such interest in CT reactions is not restricted to fundamen-
tal research in biochemistry. With the current growing demand
for energy production, CT reactions are an intense field of re-
search in photovoltaics.® Porphyrin-based compounds are se-
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riously considered for molecular electronics, being incorpo-
rated in dye-sensitized solar cells* which can exhibit spec-
tacular conversion efficiencies.’ Nevertheless, much efforts
are also dedicated to purely organic devices. %’ Taking advan-
tage of the chemical flexibility of organic compounds, it be-
comes possible to tune the electronic affinity and ionization
energy of the donor and acceptor almost at will. However,
the charge separation (so-called photo-induced exciton) is a
critical step which calls for fundamental inspection. Recently,
the organic radical 2,5-di-tert-butyl-6-oxophenalenoxyl (60OP)
has been linked with a tetrathiafulvalene (TTF) moiety (1, see
Fig. 1).® The resulting electron donor (TTF) — acceptor (60P)
system has been considered for solar energy conversion.

Fig. 1 Structure of the electron donor (TTF) and the electron
acceptor (60P) moeities of 1.

CT reactions are likely to give rise to unusual magnetic
properties in extended systems. In doped LaMnOs3; materi-
als, it is widely accepted that ferromagnetic properties result
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from the double exchange mechanism as originally proposed
by Zener.® The discovery in the 1990s of colossal magnetore-
sistance (CMR) at room temperature in manganese oxides '°
renewed the interest in this family of materials.!' The CMR
involves an interrelated change in the ordering of charge, mag-
netism and crystal lattice degrees of freedom within these
perovskite-type manganites. Such phenomena are mainly de-
termined by cooperative effects that arise from a highly corre-
lated character.

The prototype perovskite LaMnOs (2) has a lattice structure
formed by corner sharing MnOg Jahn-Teller (JT) distorted oc-
tahedra, with La ions enclosed in boxes formed by eight MnOg
groups. Figure 2 shows a schematic representation of the crys-
talline structure of LaMnO3.12 The lattice exhibits an alter-
nating orientation in the ab—plane of the long Mn—O bond of
the MnOg pseudo-octahedra, the so-called collective JT mode.
Additionally, the adjacent MnOg groups are tilted in the ab di-
rections, leading to O-Mn-O angle values smaller than 180°.
The manganese metal ions are formally 3d* Mn3* with a high
spin (HS) ground state electronic configuration (tggeé).

Fig. 2 Lattice structure on the ab—plane of the prototype perovskite
LaMnOs.

It is not straightforward to establish the origin of these co-
operative effects, which involve the interplay of the electronic
structure, the crystal phonons and the lattice structure. There-
fore, a microscopic description of the electronic structure of
LaMnOs; that is capable to reproduce CT processes and ul-
timately, the magnetic field-sensitive conductivity would be
particularly instructive for this kind of materials.

Regardless of the nature of the phenomenon, intra- or
inter-molecular, and the extension of the underlying network,
molecular or extended, the description of CT reactions us-
ing first-principle calculations is particularly challenging. '
The inherent charge reorganization that occurs between the

ground and charge transfer states must be treated properly,
rendering the use of state-average molecular orbitals (MOs)
questionable. Thus, there is much interest in developing effi-
cient quantum chemistry methods that can treat synthetic sys-
tems combining spectroscopic accuracy, microscopic informa-
tion of the charge redistribution and an affordable computa-
tional cost. Commonly, charge transfer excitations in organic
donor-acceptor systems have been computationally charac-
terized within the time-dependent Density Functional The-
ory (DFT) framework and using many-body Green’s func-
tion techniques.”‘17 Nevertheless, the standard formalisms
based on DFT may not be adapted to describe the electron-
trapped character of CT states.!® The constrained DFT (C-
DFT) method was specifically developed to mend this short-
coming of DFT by including an arbitrary constraint to the
electronic density. 2! Unfortunately, based on our own ex-
perience, C-DFT results depend significantly on the choice of
the constraint employed.

In the present work, we apply a recently reported strat-
egy based on wave functions calculations to accurately fol-
low CT reactions.?? By allowing the inactive MOs to adapt,
the ground and charge transfer states can be treated on the
same footing, leaving out the state-average (SA) strategy to
favour a democratic one. This procedure results in an optimal
description of the respective electronic distributions present
in the context of CT reactions. The methodology is applied
to describe the charge transfer between the two moieties of
the organic radical-based TTF-60P (1) and the inter-site d—d
transition between two adjacent Mn atoms on the ab—plane
of LaMnO3 (2), the so-called metal-to-metal charge transfer
(MMCT).

2 Computational Details

The environment effects present in the ionic crystal 2 were
treated within the embedded cluster framework.?® More pre-
cisely, we built a cluster [Mn,O11]'®~ to describe the MMCT
between two neighbouring MnOg sites, which is depicted in
Fig. 3. This cluster was embedded in a first layer of ab ini-
tio model-potentials (AIMP)?’ to reproduce the short-range
interactions between the cluster and its closest environment.
The AIMPs reduce the electronic dispersion from the clus-
ter to the surrounding cations and, additionally, can incorpo-
rate orthogonalization basis functions. In the present case, 12
La3* and 10 Mn3+ AIMPs surround the [MnyO;;]'~ cluster.
The cluster and the AIMPs are embedded in a distribution of
point charges placed on lattice positions. The charge values
are optimized to accurately reproduce the Madelung potential
on the cluster region.?® The embedding is formed by 1113
point charges. Similar models to the hereby presented have
been successfully employed to study the electronic structure
of LaMnO3>°-3? and the same strategy has proven to be ade-
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quate to examine localized electronic processes that take place
in strongly correlated materials, typical of many transition-
metal compounds. 3334 Even though the [Mn,0;]'%~ cluster
has no symmetry due to the collective JT mode, we will use
the labels of the O;, symmetry group to identify the molecular
orbitals of 2.

Fig. 3 Structure of the employed cluster model [Mn, 0110~ with
12 La3* and 10 Mn3+ AIMPs. The purple octahedra represent the
quantum described cluster region and the surrounding spheres
represent model potentials of La (green) and Mn’ (purple).

The synthetic organic radical 1 was simplified by changing
the tertiobutyl groups into methyl groups to reduce the com-
putational cost. In the subsequent calculations, we checked
that this simplification leads to relative energy changes smaller
than 8%. All the electronic structure calculations were per-
formed within the MOLCAS 7.6 package.> The sizes of the
ANO-RCC type atomic basis sets 337 used for the electronic
structure calculations of 1 and 2 are given in Table 1. Only the
contracted basis sets, omitting some polarization functions,
were used in the calculations. As reported in the literature, 8
an appropriate representation of the charge distribution relies
more on a balanced dressing of the atoms rather than on a sys-
tematic use of extended atomic orbital basis sets.

The main objective of this work is to stress the importance
of the MOs set in the evaluation of the CT excitation en-
ergy. Within the state-average (SA) approach, each state is
described based on a common set of MOs. In contrast, state-
specific calculations treat each state individually, using a set
of MOs fully-adapted to their individual electronic distribu-
tion. We explore the effects on the vertical excitation ener-
gies induced by the adaptation of the MOs. Thus, we stay
in the Born-Oppenheimer approximation and in all cases, we
use the ground state geometry of each compound with fixed
nuclear positions. Starting from the SA approach in the com-

Table 1 Basis sets scheme used for 1 and 2. All orbital angular
momenta not shown in the contracted column with respect to the
decontracted column were omitted.

Element Decontracted Contracted
60P-TTF (1)

H 8s4p3d1f s

C 14s9p4d3f2g 3s2pld

(0] 1459p4d3f2g 3s2pld

S 17512p5d4f2g 4s3pld
LaMnOs (2)

(0] 1459p4d3f2g 4s3p2d
Mn 21s15p10d6 f 6s5p4d2f
Mn’ AIMP+22516p AIMP+1slp
La AIMP AIMP

AIMP: Ab Initio Model Potential

plete active space self-consistent field (CASSCF)* or the re-
stricted active space self-consistent field (RASSCF)* calcu-
lations, we intend to reach gradually the state-specific descrip-
tion.

The CASSCF wave function is built upon all the possible
electronic configurations that span the so-called complete ac-
tive space (CAS). A minimal CAS was chosen for 1 to ac-
count solely for the CT between the TTF and 60P, namely a
CASJ[3,2] with 3 electrons in 2 7-like MOs (see Fig. 4). The
RASSCF wave function is built upon three active sub-spaces
(RAS). This division allows us to limit the total number of
excitations incorporated in the wave function. Additionally,
as we will see below, this approach facilitates the way to a
state-specific description. In the case of 2, we included in the
RASI 6 electrons in 6 3d(2,)-like MOs of the two Mn cen-
tres forcing 6 holes to be always present; the RAS2 is formed
by 2 electrons in 2 3d(e,)-like MOs, one for each Mn; and
the RAS3 included the 2 remaining empty 3d(e,)-like MOs
of both Mn forcing 0 or 2 particles on them (see Fig. 4). In
both cases, the active spaces are constructed to minimize the
number of possible electronic configurations incorporated in
the wave function. Hence, the CT states appear as low-lying
excited states, avoiding the inclusion of other excited states of
different nature (i.e. intra-metallic d-d transitions, ligand-to-
metal charge transfers or intra-ligand 7—7* excitations) that
reduce the weight of the CT state in the MOs optimization
procedure.

Determining state-specific energies of excited states re-
mains challenging as there is no systematic way to perform
such calculations. We devised a procedure that uses the SA
result as the starting MOs input and gradually increases the
weight of the CT state in the orbital optimization step. The
goal is to produce CT state-adapted MOs. The procedure is
inspired from recent studies on metal-to-metal charge trans-
fer analysis.>? At each step, the weight of the CT state is in-
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creased to some arbitrary degree and one macro-iteration of
the CASSCEF is executed. Subsequently, the characters of the
resulting states are identified and, if necessary, the distribution
of weights is readjusted. Since each state is described with its
own set of MOs, we performed a last step consisting in a State
Interaction calculation to ensure the orthogonality.*! On top of
the CASSCF and RASSCEF, a second-order perturbation the-
ory treatment (CASPT2 or RASPT2)*? was performed with
the default IPEA value of 0.25 hartree and an imaginary shift
factor of 0.20 hartree to minimize the intruder state problem. *3

60P-TTF LaMnO;

0/2 particles

Mne)  Mnge)
Nttt
TTF(r) 60P(m) Mn,(e,) Mn,(e,)

6 holes
tttrtt
3x Mny(t,y) 3% Mny(ty,)

Fig. 4 Definitions of the Complete Active Space used for 1 and the
Restricted Active Space used for 2.

3 Results and Discussion

Having a transferability goal in mind, different CT processes
were considered for systems 1 and 2. The charge excitation of
the radical-based organic compound 1 is examined following
the aforementioned strategy and its energy is compared to the
reported experimental value 2 = 1315 nm (i.e. 0.94 eV).??
Subsequently, the metal-to-metal charge transfer of 2 is esti-
mated following the same procedure. The MMCT of LaMnO3
is reported to be behind the optical absorption band at ca. 2 eV
for this material. *+-47

3.1 60P-TTF

Figure 5 shows the CAS[3,2]SCF active MOs of 1 and stresses
its donor and acceptor part. The traditional SA strategy using
one set of MOs which is a compromise between the ground
and excited states leads to a CT excitation energy of ca.
2.13 eV.

The calculated CT excitation energies represented in Fig-
ure 6 were obtained in a different manner. All along the curve,

the state-specific ground state energy, calculated within its
own set of MOs, is used as a reference. However, the vari-
ation lies in the MOs set used for the description of the CT
state. It includes an increasing weight of the CT state ranging
from 0% (ground state MOs set used for the CT state) to 90%
(two distinct quasi state-specific MOs sets for the ground and
CT state). Due to convergence problems, we did not manage
to go beyond the critical CT weight of 90%. However, the CT
energy is reduced by less than 0.05 eV when the CT weight is
increased from 80% to 90%. Thus, one can assume that any
further modification of the MOs would lead to a negligible
change in the vertical energy.

? H—9
o ° [ 3 s—coi'. o °
| -
ed*° o &

e .. @

—

Qo

OAO ° o o
| ? \‘
° .,ta‘. ?0 .‘b‘ ‘.
e, 9
0 ® e ®e® ¢ WD
3 8 o o it 8 o o

Fig. 5 Molecular orbitals involved in the CT of 1. The CT occurs
between the MOs mainly localized on the TTF (left) and the 60P
moiety (right).

Starting from the ground state MOs, the CT excitation en-
ergy is 5.08 eV. Evidently, these MOs are fully adapted to de-
scribe the ground state and do not offer a good description of
the CT phenomenon. Thus, the active MOs were first opti-
mized by freezing all the inactive orbitals and fixing the CT
weight to 90%. This first step towards a state-specific point
serves to evaluate what we define as the valence-only elec-
tronic relaxation energy (see Fig. 6). The latter was estimated
to be 0.63 eV, a rather large contribution which cannot be ne-
glected. By allowing the simultaneous inner-shell and valence
MOs relaxation, the energy difference drops by 2.85 eV (full
electronic relaxation in Fig. 6), a reflection of the sensitivity of
the spectroscopy to the MOs definition. If one assumes a strict
additivity of both contributions, the inner-shell relaxation en-
ergy accounts for 2.22 eV.

These observations are to be contrasted with the CASPT2
values. Indeed, whatever the set of MOs (state-average or
state-specific, as previously defined) the CASPT2 CT excita-
tion energy was found to be 1.20 eV, in good agreement with
the experimental value. In summary, the gas-phase calcula-
tions clearly demonstrate the important role of optimized MOs

4| Journal Name, 2010, [vol]1-7
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5 valence-only
48 electronic relaxation
T 4
Ly
3 35
3 full electronic
relaxation
25

0 10 20 30 40 50 60 70 80 90 100
% CT

Fig. 6 CT excitation energy AE (eV) of 1 with respect to the CT
weight. The ground state energy is the CAS[3,2]SCF value.

in the calculation of spectroscopic processes.

3.2 Lanthanum Manganite

The state of affairs might change in molecular architectures
where the valence orbitals have a stronger atomic charac-
ter. Thus, we applied the same strategy to the embed-
ded cluster [Mn,01]'6~ to study the MMCT of 2. This
CT consists in the transition from the HS ground state
Mn3*/Mn?**, with two dominant electronic configurations
of the form Mn(z3,e,)/Mn(13,¢,), to the HS excited MMCT

state MnZt/Mn**, with a dominant electronic configuration
Mn(tggeé)/l\/[n(tggeg). Hence, the MMCT transfers an electron
between two 3d(eg)-like MOs localized on each Mn centre.
We computed the lowest five HS states (S = 8/2) allowing up
to double excitations between the 3d(e,) MOs on Mn (i.e. two
particles in RAS3, see Fig. 4). Therefore, the ground state,
three intra Mn d—d transitions and the MMCT were simulta-
neously treated in these calculations. Fig. 7 shows the energy
difference AE as a function of the MMCT weight on the or-
bital optimization procedure at the RASSCF level. All along
the curve, AE is calculated using the state-specific ground state
energy (0% MMCT). At this point, the MOs are fully adapted
to the ground state charge distribution and hence, we obtain
the upper bound limit of the transition (17.46 eV) at this level
of theory. Furthermore, as it is observed for 1, the transition
energy is also very sensitive to the MOs definition. Increasing
the MMCT weight to 20% and hence, reaching the SA point,
recovers ca. 25% of the transition energy (13.00 eV). In the
present case, it is possible to push the weight up to 68%. Be-
yond that value, the MMCT state becomes almost degenerate
with intra-metallic d—d transitions, mixing with them and hin-
dering the identification of the resulting states. Nonetheless,
at 68%, the estimate of the MMCT energy is 7.53 eV, repre-

senting a 57% improvement upon the SA solution.

164

141 state-specific
> 121 AE=5.98 eV
~ 104
3 e

B e .

% MMCT

Fig. 7 MMCT excitation energy AE (eV) of 2 at the RASSCF level
as a function of the MMCT weight on the orbital optimization
procedure. The state-specific value is obtained by not allowing any
particle in the RAS3.

Even though we were not able to increase the MMCT
weight beyond 68% due to the presence of other quasi degen-
erate electronic states, it is still possible to reduce the active
space to eliminate any other state than the one of interest. This
reduction can be achieved by not allowing any particle in the
RAS3 sub-space. Along this scheme, a monoconfigurational
description is reached. In practice, we can describe both states
by exchanging the corresponding MOs between the RAS2 and
RAS3 sub-spaces. Fig. 4 illustrates the setting for the ground
state and, for example, the exchange of the Mn;(eg) MO of
RAS2 with the Mnj(eg) MO of RAS3 produces the MMCT
state. Obviously, this approach kills the purpose of multicon-
figurational methods like RASSCEF, but it is necessary in order
to improve the description of one particular excited state such
as the MMCT of 2. Since a significant part of electronic cor-
relation is missing at the CASSCF or RASSCEF level, there is
always a trade-off between the number of effects included in
the calculation (i.e. the size of the active space) and the qual-
ity of the result obtained for a specific excited state. The larger
the active space, the more versatility of the wave function, but
also more electronic states become accessible and ultimately,
the set of orbitals is less adapted to one particular state.

Applying this technique to 2 results in two separate cal-
culations that have a different arrangement of the active or-
bitals. One describes the HS ground state, with an electronic
configuration of the form Mn(tgge;)/l\/[n(tgge;), and the other
describes the MMCT state, with an electronic configuration
Mn(tggeg)/Mn(tggeg). The energy difference between these
two states with their adapted set of MOs is 5.98 eV, which fits
well with the extrapolation of the curve in Fig. 7. Additionally,
the state-specific MMCT value is much closer to the reported
2 eV value than the SA result obtained from using the same SA

This journal is © The Royal Society of Chemistry [year]
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orbitals for both ground and MMCT states, which results in a
transition energy of 12.51 eV. Surprisingly, this very large re-
laxation of the MMCT does not translate in any relevant mod-
ification of the shape of the orbitals involved in the transition.
Fig. 8 shows the MO losing one electron in the ground state
and the MO accepting one extra electron in the MMCT state.
They are clearly 3d(e,)-like orbitals very well localized on the
Mn centres and these characteristics are not altered once the
state-specific level is reached. On the other hand, one of the
holes in the 3d(#¢)-like MOs of Mn, becomes partially delo-
calized over a 2p MO localized on a first-neighbour O ligand.
Thus, the adaptation of the orbitals involve a reduction of the
formal MMCT character of the CT state by not constraining
the induced hole in the metal centre.

Fig. 8 Molecular orbitals involved in the MMCT of 2. Left: MO
losing one electron in the ground state. Right: MO gaining one
electron in the MMCT state.

In spite of having achieved a significant improvement for
the estimate of the MMCT transition, the value of 5.98 eV
stays still far from the 2 eV value reported in the liter-
ature. The state-specific RASSCF result is based on a
mono-configurational description that does not incorporate
any amount of electronic correlation effects. By means of
a second-order perturbation treatment performed over the
ground and MMCT states, we capture a larger amount of elec-
tronic correlation. The absolute energies of those states at the
RASPT?2 level are lowered by 91.6 and 90.9 eV, respectively.
These large contributions do not improve the MMCT excita-
tion energy though, with a value that reaches 6.70 eV. Never-
theless, the MMCT energy at the RASPT?2 level is very stable
and does not depend significantly on the imaginary shift pa-
rameter (0.1 eV variation between 0.2—1.0 hartree of shift),
which is an improvement over previous studies that reflects
the better quality of the state-specific reference.*®

4 Conclusion

The CT processes in the organic radical 60P-TTF (1, Fig. 1)
and the inorganic crystalline material LaMnOs (2, Fig. 2) were
examined based on wave function calculations. By devising a

strategy that allows the evaluation of the energy of both states
involved in the CT process on the same footing, not only an
improved construction of MOs sets is delivered but a detailed
analysis of the electronic structure relaxation energy is of-
fered. The adaptation of the MOs to the CT state of 1 recovers
66% of the transition energy, resulting in a value of 2.22 eV
(Fig. 6). This result offers a good reference to perform a sub-
sequent CASPT?2 step to include more electronic correlation
effects that leads to a value of 1.20 eV, in good agreement with
the experimental result (0.94 eV). In the case of the MMCT of
2, the adaptation of the MOs also recovers 66% of the transi-
tion energy, resulting in a value of 5.98 eV (Fig. 7). However,
the mono-configurational wave function needed to reach the
state-specific value is too limited to treat enough electronic
correlation effects, which are very important in 2, and our es-
timate stays far from the reported value (2 eV). Along this
framework, one can also separately access the valence- and
inner-shell reorganization contributions (Fig. 6). Besides, the
evaluation of the correlation energy is improved by accounting
for the mean-field modifications resulting from charge trans-
fer and the stability of a subsequent perturbative treatment is
significantly improved. This work can be considered as a step
towards the construction of spectroscopy that incorporate the
leading electronic phenomena in the orbitals optimization.
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