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ABSTRACT: The ground and excited states of iron(II) bis(dipyridylbenzene) l;: SMLCT

were probed by means of DFT and TDDFT. In comparison to the well-known /=N S
Fe(tpy),”, this neutral complex should not suffer from ligand loss, and it
displays a better absorption profile in the visible region. The relative energies of \

the spectroscopically relevant excited states (®MLCT, *MC, MLCT, and *MC) " T I WC
are quite different from those of its archetypical counterpart and thus make it a [ )

promising candidate for photophysics in general.

he abundance and low toxicity of iron with respect to

ruthenium would certainly make it inescapable for
photophysical applications if one could circumvent the kinetic
lability of its polypyridine complexes. Iron(II) bis(terpyridine)
(Fe(tpy),”*) is indeed characterized by low-energy metal-
centered excited states (or ligand-field states) that give rise to
thermally labile ligands and prevent, for instance, the isolation
of heteroleptic compounds. Iron(Il) compounds of the
[FeNg]** type have been thoroughly studied for spin crossover
since the early 1980s," and time-resolved spectroscopic studies
have shown that a MC state is populated in less than 700 fs
from the initial singlet metal-to-ligand charge transfer (MLCT)
state.” More recent studies on Fe(bpy);** propose, following
population of the 'MLCT state, a first intersystem crossing
(ISC) to the *MLCT state followed by ISC to the "MC state,
without involving an intermediate MC state.”” Destabilizing
these MC states should thus render the MLCT states more
usable, e.g. for electron transfer, and above all avoid ligand loss.
The destabilization of MC states has been accomplished on
ruthenium bis(terdentate)*™'* or tris(bidentate)''~"® polypyr-
idine complexes by introducing one strongly ¢ donating
cyclometalating ligand in place of a pyridine nitrogen in the
first coordination sphere, which results in an increased splitting
between the t,-like and e,-like orbitals. Surprisingly, to the best
of our knowledge, no publication has ever reported on
cyclometalated iron compounds. Photophysical studies of
carbon-containing iron(II) polypyridine compounds are in
fact very limited. Logically, cyano complexes have been studied
first. Fe(bpy)z(CN)z19 and Fe(bpy)(CN)42_zo bear low-lying
ligand field excited states. For the latter, only under very
specific experimental conditions (namely solvent) can the
*MLCT state be stabilized enough to be observed.”® Never-
theless, the absence of long-lived excited states in solution does
not preclude applications at an interface, such as sensitization of
TiO, for solar cells, in which charge injection to the
semiconductor is ultrafast”’ (<350 fs) and is able to compete
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with other deactivation mechanisms. Ferrere and Gregg indeed
reported the first sensitization of TiO, by the tetracarboxylate
derivative of Fe(bpy),(CN),.”* However, this complex contains
two monodentate ligands, which could compromise the long-
term stability of the complex.” Recent DFT calculations have
rationalized the observation that electron transfer to TiO, is §
times more efficient on excitation in the higher energy MLCT
band in comparison to that in the lower energy MLCT band,
due to a better orientation of the orbital receiving the excited
electron.” Similarly, the potential of Fe(bpy)(CN),*™ as TiO,
photosensitizer has been studied.** This complex can directly
bind to TiO, via the cyanide nitrogen and is able to sensitize
TiO, through two complementary mechanisms: direct metal-
to-particle charge transfer (MPCT)> and more classical
electron transfer from the bpy-based anion radical of the
photopopulated *MLCT state. Very recently, Sundstrom and
Wirnmark have reported a tetracarbene [FeN,C,]** complex
bearing a long-lived *MLCT state (r = 9 ps; ie. 2 orders of
magnitude larger than for Fe(tpy),>*).>® The present work was
therefore intended to probe by quantum methods the
photophysical potential of a bis(cyclometalated) FeN,C,
polypyridine complex. 1,3-Di-2-pyridylbenzene (NCN)?>’ was
selected as ligand for its stronger ligand field in comparison to
that of tpy, as well as for the “covalent” M—C bond it provides.
It also maintains an axial symmetry, thus permitting directional
electron transfer along this axis, for instance. The use of two
NCN ligands provides neutral compounds with divalent metal
ions, which can be advantageous for practical reasons (Figure

1.

B METHODS

All calculations were performed with ORCA version 2.8 (rev 2360).*®
No pseudopotential was used on iron, given the conclusions recently
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Figure 1. Chemical structures of Fe(tpy),>* and Fe(NCN),.

drawn by Truhlar and Xu.*’ Scalar relativistic effects were considered
using ZORA.*® The ZORA-adapted triple-¢ and polarized def2-
TZVP(-f) basis set was used for all atoms.”* Results with TZVP were
qualitatively very similar. The B3LYP* hybrid functional was selected
for this study (see computational details in the Supporting
Information).”> An empirical dispersion correction (VDWO06) was
also used to improve the geometries.*> No symmetry constraints were
applied, thus taking possible Jahn—Teller effects into consideration.
Vibrations were calculated at the same level of theory following
geometry optimizations, to ascertain the nature of the states as true
minima (no imaginary frequency). The Mulliken spin density on the
metal was used to indicate the nature of the excited states, and we also
checked that their spin contamination was low. Natural orbitals,>*
obtained by diagonalization of the density matrix, are intrinsically more
localized than the canonical Kohn—Sham molecular orbitals. As such,
they constitute a convenient way to picture open-shell wave functions
and have been used throughout this study for triplet and quintet states.
Given that the X-ray geometry of Fe(tpy),*" is best reproduced by the
PBEO functional, the TDDFT calculations were performed at the
PBEO-optimized ground state geometries, in contrast to a recent study
which analyzed various combinations of functionals for geometry
optimization and TDDFT.* An asymptotic correction®® was applied,
following the determination of ionization potentials. Solvent was
included as a continuum with COSMO, and 40 roots were computed.
The absorption spectra were generated by the ASA®’ module of
ORCA using Gaussians, with a midheight width of 1766 cm™L

B RESULTS

In recent years, the sophistication of quantum chemistry codes
and methods and the increase in computational power have
facilitated the exploration of excited state potential energy
surfaces. Recently, a few detailed DFT studies interested in
describing several different excited states of ruthenium
complexes and their possible deactivation pathways have
appeared in the literature.”® ** The powerful predictive
character of such studies is progressively being recognized.
Although not routine at all, this type of complex calculation is
gradually taking an increasing importance in the full research
process, sometimes coming before/without any experimental
data. Focusing on the design of molecules bearing specific
physical properties, some remarkable examples have been
reported in the fields of spin crossover,* two-photon
absorption,* organic**** and inorganic** photovoltaics,
optimization of the spectral properties of chromophores,***’
and anticipation of the photophysical properties of novel
complexes (refs 32 and 38 and this work). The first part of this
study has thus been devoted to the validation of our method by
reproducing the available experimental data on Fe(tpy),*".
The bis(terpyridine) Complex Fe(tpy)22+. The exper-
imental data on Fe(tpy),”" includes the ground-state
structure,”®*° absorption properties,*>°" oxidation potential,**
nature”®* and lifetime®>~* of the photopopulated MC excited
state, and structural and electronic data on the SMC excited
state by transient X-ray absorption spectroscopy.®® The
available computational data on this complex concern DFT

ground-state optimization and UV-—vis absorption model-
ing,és’66 as well as exploration of the quintet MC excited
state by DET®” and very recently of the triplet and quintet MC
excited states by TD-DFT and CASPT2 methods.®® The results
reported here both reinforce the previous data and allow a full
description of the excited states, particularly in terms of orbitals
(Figure S1, Supporting Information). In line with the
experimental data, all of the lowest optimized excited states
have MC character. The major geometrical variations among
ground (singlet), triplet, and quintet states are a marked
elongation of the Fe—N bonds and a subsequent gradual
closing of the NFeN bite angle (Table S1 and Figure S9,
Supporting Information). Remarkably, there are different types
of MC states, a fact that had not been pointed out in previous
reports: the interaction between the singly occupied e,
orbital(s) and the bound nitrogen atoms is overall nonbonding
for the *MC state, while it is clearly antibonding in the "MC
state (Figure 2). In addition, this antibonding interaction

Figure 2. Natural orbitals receiving the excited electron in the SMC
state (left) and in the *MC state (center and right) of Fe(tpy),**. The
Fe—N interactions are overall nonbonding in the 3MC state and
antibonding in the SMC state.

involves the three nitrogen atoms of the same tpy ligand, which
explains the spontaneous ligand decoordination specifically
observed in the MC state. The occupation of the orbitals
shown in Figure 2 is responsible for the geometrical distortions
of the metal-centered excited states.

The bis(cyclometalated) Complex Fe(NCN),. Ground
State Orbitals. To highlight the specificities of the bis-
(dipyridylbenzene) complex Fe(NCN),, a close examination
of the ground-state orbitals is first undertaken. Indeed, among
these ground-state orbitals, the tre orbitals are HOMO,
HOMO-1, and HOMO-2, with a small contribution from the
phenyl rings in HOMO and HOMO-1. Covalent Fe—C ¢
bonds are found in HOMO-3 and HOMO-8, and a metal—
phenyl 7z-bonding interaction is found in HOMO-6 and
HOMO-7 (Figure 3). The virtual LUMO+8 is similar to
LUMO+8 of Fe(tpy),**, with antibonding interactions with the
four peripheral N atoms (Figure S4, Supporting Information).
However, as elongating a covalent Fe—C bond costs far more
energy than elongating a dative Fe—N bond, the tendency to
form MC states will not be as strong.

Figure 3. Kohn—Sham orbitals of the ground state of Fe(NCN),
displaying strong contributions from the bound carbon atoms. From
left to right: HOMO-3, HOMO-6, HOMO-7, and HOMO-S.
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Absorption Spectrum. Time-dependent DFT was used to
probe the absorption properties of the complexes. After
reproducing the experimental absorption of Fe(tpy),**,*®!
the same conditions were applied to model the absorption of
Fe(NCN),: the lowest energy band was shifted from 537 to
614 nm upon bis(cyclometalation) (Tables S5—S7 and Figures
$13—S1S, Supporting Information). Therefore, the introduc-
tion of two carbon atoms in the Fe(II) coordination sphere
results in a pronounced bathochromic shift of the spectrum,
together with a relatively strong absorption extending beyond
650 nm (Figure 4). Bathochromicity and hyperchromicity are

:
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Figure 4. Computed UV—vis absorption spectra of Fe(tpy),>* (solid
line) and Fe(NCN), (dotted line) in water in the 350—750 nm range.

favorable in view of using such compounds as dyes: e.g, for
solar cells. A further bathochromic shift of the absorption can
be expected after appropriate substitution of selected rings and
a further red shift upon adsorption on TiO,.* Solvent effects
can also be invoked to further stabilize the CT states, as shown
for Fe(bpy)(CN),*" in acetone.*

Excited States. At odds with Fe(tpy),”, four different
excited states were identified as true minima for Fe(NCN),:
*MLCT, *MC, *MLCT, and *MC. The Fe—N bond length
increases from 2.00 A in the ground state and in the *MLCT
state’® to 2.16 A in the *MC state and 2.30 A in the *MC state
(Table S2, Supporting Information). Similarly, the Fe—C bond
length increases from 1.90 A ('GS) to 1.92 A (*MLCT and
*MC states) and to 2.08 A in the MC state. The relatively
limited elongation of the Fe—C distance is related to the
covalent nature of these bonds, which is responsible for the
strong destabilization of the MC state. A strong distortion of
the complex, in which the C—Fe—C angle drops from 180 to
167° (Figure S10, Supporting Information), is observed in the
SMC state and helps to avoid Fe—C antibonding interactions. It
is noteworthy that, unlike the case for Fe(tpy),**, ligand
labilization is not expected to occur in this MC state since the
interactions are antibonding with two nitrogen atoms but
bonding with two carbon atoms (Figure S): therefore, the
ligands are repelled but are nevertheless held firmly by the
covalent Fe—C bonds. In the lowest SMC state, the five d
orbitals spread over 2.1 eV, which is twice the value for
Fe(tpy),”". This situation should disfavor the emergence of
magnetic properties in bis(cyclometalated) Fe(II) compounds.
The SMLCT state, which bears three unpaired electrons on the
metal and one on the ligand, displays a distorted geometry (see
inset of Figure 7 and Table S2 (Supporting Information)). The
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Figure 5. Natural orbitals receiving the excited electron in the *MC
state (left) and in the "MC state (center and right) of Fe(NCN),. The
3MC state involves four Fe—N antibonding interactions, while the
SMC state involves two Fe—N antibonding interactions (center and
right) and two Fe—C bonding interactions (right). On the right, the
yellow lobes on the metal do not point toward the carbon atoms.

ligand receiving the electron is overall much less repelled than
the other, resulting in Fe—N bond lengths of 2.07 and 2.19 A,
respectively. This quintet state, which can be seen as the
superimposition of *MC and 3MLCT states, can in fact be
expected to combine both characters and physical properties;
hence, a longer but more explicit acronym could be more
appropriate (e.g, "MC-MLCT). The only other theoretical
description of such a SMLCT state in a Fe(II) compound is an
ab initio CASPT2 study,”" which is far more computationally
demanding.

Minimum Energy Crossing Points. The optimization of
minimum energy crossing points (MECPs) between potential
energy surfaces of different spin multiplicity yields information
regarding the ease of a state to undergo intersystem crossing, in
terms of both energetic cost and geometrical changes (Tables
S3 and S4, Supporting Information). This type of study is
compulsory when one wants to envisage possible deactivation
pathways of a photopopulated excited state. In this work, we
have focused on MECPs that are relevant to the deactivation of
the *MC state (Figure 6). All of them involve relatively low

'Gs
Gs

Figure 6. MECPs (in blue) of Fe(tpy),** (left) and Fe(NCN), (right)
and energy gaps in eV.

activation energies, ranging between S and 9 kcal/mol (2137
kJ/mol). In the case of Fe(tpy),**, a direct "MC/'GS crossing
would imply overcoming a 0.29 eV barrier (and shortening the
Fe—N,pn bonds by 0.04 A). An alternative two-step
mechanism, via the >MC state, can be envisaged. In this case,
the MC/>MC crossing involves a 0.38 eV barrier (and a 0.03 A
shrinkage) and is followed by a *MC/'GS crossing, also
involving a 0.38 eV barrier (and the removal of one tpy, with
0.07 and 0.20 A elongations of the corresponding Fe—Nyeriph
bonds). For Fe(NCN),, reaching the *MC/*MC crossing point
from the *MC minimum only costs 0.22 eV (0.01 A shrinkage),
which is comparable in terms of energy to the cost of the
SMC/'GS crossing (0.24 eV but 0.05 A shrinkage). The second
part of the two-step mechanism, ie. reaching the *MC/'GS
crossing from the *MC minimum, involves overcoming a 0.28

dx.doi.org/10.1021/ic402453p | Inorg. Chem. 2013, 52, 13369—13374



Inorganic Chemistry

Energy (eV)
A
2 —
1.5
1
1GS 0.13 0.20 x (A)
0.5
«3MC (+0.90 eV)
«SMC (+0.85 eV)
04

Fe(tpy),2* distortion coordinate

Energy (eV)
A
SMLCT
2 3MLeT
Sme
1.5
1GS s
1 MC
1GS 0.07 0.16 0.30
05 3MLCT x (A)
-~ {+1.29 eV)
0.16 «*MC (+0.72 eV)
019, o
SMLCT
0 0.30 /(+1.64eV) | 5MC
y (A) (+1.28 eV)

Fe(NCN}), distortion coordinate

Figure 7. Potential energy curves versus a multidimensional distortion coordinate. The insets show the schematic projection of the minima on the
plane defined by the Fe—N,,;,, stretch for one ligand (x) and the other (y). In this representation, MC states lie on the diagonal while the SMLCT

state does not. Energy gaps with 'GS are given in parentheses.

eV barrier (and a 0.06 A elongation). One can note that the
activation energies are always lower for Fe(NCN), than for

Fe(tpy),”".

Bl DISCUSSION

Figure 7 displays schematic potential energy curves for the
various states of Fe(tpy),”* and Fe(NCN),, versus a multi-
dimensional distortion coordinate that connects the ground
state and the MC state. It is noteworthy that the left half of
Figure 7 is qualitatively very similar to the CASPT2 potential
energy curves reported for Fe(tpy)zp’,68 strengthening our
confidence in the predictive character of this DFT study.
Overall, the introduction of two carbon atoms in the Fe
coordination sphere restores accessible *"MLCT and *MLCT
minima and strongly destabilizes the MC state with respect to
the ground state, as expected with strongly ¢ donating
ligands.72 Nevertheless, the charge-transfer states can be
expected to be short-lived, due to the presence of more stable
ligand-field states. Qualitatively, given the relative positions of
minima and MECPs, the mechanism and efficiency for the
population and depopulation of the SMC state can be expected
to be truly different from those of Fe(tpy),**. It is particularly
striking from Figures 6 and 7 that the lifetime of the MC state
can be expected to be shorter for Fe(NCN), than for
Fe(tpy),”*, given the inevitable "MC—>MC—GS cascade with
two carbon atoms. In addition, the SMC state is most probably
exclusively populated from the *MLCT state, itself being
populated from another upper-lying MLCT state (not shown
on Figure 7). One could speculate, with a particular excitation
wavelength/setup, to favor the 'MLCT—MLCT—*MC—'GS
route, while another excitation wavelength/setup could favor a
'MLCT'—*MLCT'—*MLCT—*MC—’MC—'GS route. The
*MLCT state could deactivate either by near-IR emission or
by population of the *MC state, which in turn can populate the
'GS.
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H CONCLUSION

To summarize, bis(cyclometalated) Fe(Il) polypyridine com-
plexes seem promising compounds for photophysics, allowing
us to circumvent the two major drawbacks of Fe(tpy),**: (i) no
tendency toward thermal or photochemical ligand loss is
expected due to the anchorage of the ligands via covalent Fe—C
bonds; (i) in comparison to Fe(tpy),*, the MC state of
Fe(NCN), does not appear as a trap with potentially long
lifetime and should not kill the photophysical properties of
these compounds, particularly electron transfer. Fe(NCN),
thus paves the way toward a new family of kinetically stable
Fe(1I) compounds, allowing real chemistry and physics to be
envisaged: e.g., adjustment of their properties with substituents,
solvent, temperature etc. In order to dispose of potentially
luminescent MLCT states with longer lifetimes, it is crucial to
consider the position of the carbon atoms: when placed on the
central cycles of the tridentate ligand, facing each other, they do
not prevent the population of an MC state that elongates the
four peripheral Fe—N bonds. To recover a measurable
luminescence, it is desirable to feature ligand-field states that
involve at least one antibonding Fe—C interaction, which would
automatically destabilize the MC states by a significant amount
of energy. We are therefore currently exploring the excited
states of all isomers of Fe(NCN), to rationalize the energies of
the excited states with respect to the position of the carbon
atoms, in a “molecular design” approach. Similarly, we are
currently transposing this study to Ru(II) analogues.

B ASSOCIATED CONTENT

© Supporting Information

Text, figures, and tables giving computational details, selected
geometric parameters and orbitals, major angular variations as a
function of electronic configuration, energy gaps among
singlets, triplets, and quintets, MECP energies and geometries,
TDDFT modeling of absorption maxima and orbital analysis,
and Cartesian coordinates of all minima (and their absolute
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energies) for Fe(tpy),”" and Fe(NCN),. This material is
available free of charge via the Internet at http://pubs.acs.org.
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