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ABSTRACT: Examples of Fe complexes with long-lived (>1 ns) charge-transfer states are limited to pseudo-octahedral geometries
with strong o-donor chelates. Alternative strategies based on varying both coordination motifs and ligand donicity are highly
desirable. Reported herein is an air-stable, tetragonal Fe"" complex, Fe(HMTI)(CN), (HMTI = 5,5,7,12,12,14-hexamethyl-1,4,8,11-
tetraazacyclotetradeca-1,3,8,10-tetraene), with a 1.25 ns metal-to-ligand charge-transfer (MLCT) lifetime. The structure has been
determined, and the photophysical properties have been examined in a variety of solvents. The HMTI ligand is highly 7-acidic due to
low-lying 7*(C=N), which enhances Ap, via stabilizing t,, orbitals. The inflexible geometry of the macrocycle results in short Fe—N
bonds, and density functional theory calculations show that this rigidity results in an unusual set of nested potential energy surfaces.
Moreover, the lifetime and energy of the MLCT state depends strongly on the solvent environment. This dependence is caused by
modulation of the axial ligand-field strength by Lewis acid—base interactions between the solvent and the cyano ligands. This work
represents the first example of a long-lived charge transfer state in an Fe'' macrocyclic species.

n recent years, an intense interest has arisen in the A p-tolyl B =

development of chromophores based on 3d metals,' N=N os p
which may replace the established chromophores based on Ru N/ N

) s i 4 —

or Ir in applications such as dye-sensitized solar cells” and . |
photoredox catalysis.” Among 3d metals being studied, iron Fe N e
complexes are most investigated and frequently compared with N
their group 8 congeners (i.e., Ru).° In the case of Ru"-based \N—N 3
chromophores, the large ligand field splitting (Ag,) stabilizes \p-tolyl R
the triplet metal-to-ligand charge-transfer state (*MLCT) [Fe(btz)s2* Fe(RL) /N\ *N\\
compared to the metal-centered excited states (*>*MC) and 528 ps (ref. 8) R Ch 'Bu, CF3 NEC-[—ES”—CEN
hence extends the *MLCT lifetime. Analogous ligand field 6. 06 et 9,10) WA
splittings in iron complexes (Ap,) are much smaller, promoting c

rapid deactivation of *MLCT via **MC.

The common approaches to increasing Ag, focus on the
modification of classical chelating bipyridine and terpyridine
motifs, increasing o-donicity (via C-metalation, carbene or
amido moieties), enhancing z-acidity, or intensify‘in; both o-
donicity and z-acidity using mesoionic carbenes.”” Notable
successes include Fe'' complexes with MLCT-type lifetimes of
0.528 ns (A, Figure l),8 3 ns (B),g’10 or 1 ns (C)11 and Fe™
species with ligand-to-metal charge-transfer (LMCT) lifetimes
up to 2.0 ns.'” Coordination geometries of Fe complexes with
long-lived charge-transfer states are limited to pseudo- Figure 1. Illustration of selected Fe'' chromophores (left) and 1
octahedral based on tris-bidentate, bis-tridentate, and (right).
tridentate scorpionate chelate motifs.

A complementary approach toward enhancin§ the lifetime
involves heteroleptic or “modular” complexes,'”~'® in which
bidentate or tridentate chelates (which act as the charge
acceptors for MLCT) are combined with some other ligands.
The lifetimes of the resulting complexes have shown
improvement over simple symmetric analogs (e.g., Figure 1,
D),'*"'>"” but have been generally limited to ca. 10 ps. While
the utility of these approaches has been amply demonstrated, it
is desirable to expand the library of available coordination

Fe(HMTI)(CN), (1)
1.25 ns (This work)

[Fe(bpy)(CN)4I*

g (PMMNNAC)oFe 29 ps (ref. 17)

1 ns (solution, ref. 11)
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motifs for Fe chromophores. Reported in this contribution is a
demonstration of the enhancement of Ag, within a tetragonal
motif using a 7-acidic tetradentate macrocycle, which leads to
an Fe' species possessing a remarkably long-lived MLCT state.
During the process of investigating the chemistry of
Fe'"(HMC) alkynyls (HMC = 5,5,7,12,12,14-hexamethyl-
1,4,8,11-tetraazacyclotetradecane), we rediscovered the con-
version of Fe(HMC) compounds to Fe(HMTI) species
(HMTI = §,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclote-
tradeca-1,3,8,10-tetraene) via aerobic dehydrogenation of the
HMC rin§,18 a process previously described by Busch and co-
workers.'”* Inspired by the possibilities of a tetragonally
distorted ligand field, we examined the physical attributes of
cyano adduct Fe"(HMTI)(CN), (1; Figure 1) (see Support-
ing Information [SI] for synthetic details). The structure of 1
was determined via X-ray diffraction (Figure S1), confirming
the two a-diimine units within the macrocycle bound to the
metal center. This results in short Fe—N bonds (1.918(2)—
1.939(2) A) compared to most similar polypyridyl-based
complexes (Table S1)'**'~** and a planar Fe-macrocycle core,
with the N—=C—C=N dihedral of <1°. The cyano ligands are
oriented trans to one another, with an elongated Fe—C bond
(1.955(3) A).”* More striking is the intense band in the
absorption spectra centered at 647 nm (dichloromethane; & =
8000 M~ cm™!), which is ascribed to MLCT from Fe dz to
7*(a-diimine) (Figure $3).2° Therefore, femtosecond UV/
visible transient absorption spectroscopy was used to probe the
dynamics of the state formed via excitation of this band.
Figure 2 shows selected transient spectra in CHCI; after
excitation at 636 nm, with kinetic traces at 535 and 605 nm
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Figure 2. Transient absorption difference spectra at multiple time
delays of Fe(HMTI)(CN), in CHCl,. Inset shows kinetics traces.
Pump scatter (619—645 nm) has been removed.

shown in the inset. Similar spectral features are observed across
various solvents (given in the SI), though as discussed below
the lifetimes differ significantly. A prominent ground-state
bleach (GSB) is centered around 590—640 nm in all solvents,
with an excited-state absorption (ESA,) directly to the blue,
centered around 505—530 nm. This band consists of
excitations of mixed cyanide—tetraimine ligand-to-metal
charge-transfer character, as assigned in Figures S9 and S10.
Another ESA (ESA,) can be seen in the near-UV from a mix of
n—n* and LMCT transitions, and a third ESA is observed
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directly to the red of the GSB in the near-IR (ESA;) due to
low-lying LMCT excitations. These features sharpen slightly in
the first 20 ps due to vibrational relaxation, then decay with an
exponential time constant of 1.25 + 0.04 ns.

This nanosecond excited state is assigned as an MLCT state
on the basis of spectroelectrochemistry and density functional
theory calculations. Fe(HMTI)(CN), has a reversible Fe!''/!!
oxidation at 0.14 V (versus the ferrocene couple) and an
irreversible ligand-centered reduction at —1.84 V. The
oxidation is significantly more anodic than typical Fe'
chromophores with nanosecond lifetimes (—0.61 to —0.88
V),”~"" indicating a very electron-poor metal center in the case
of 1. As a result, 1 is exceptionally air stable (see SI). A
simulated transient absorption spectrum generated from the
spectra of the electrochemically oxidized/reduced complex is
an excellent match with the observed transient absorption
spectrum,” indicating that the long-lived state is of MLCT
character ((spectro)electrochemical section of the SI).

Density functional theory calculations were performed in the
Gaussian 16°° and ORCA 4.2.1” packages at the MOG6L/6-
311g(d) level of theory”® ' using a polarizable continuum
solvent model®* for CH,Cl,. The geometries of the possible
singlet, triplet, and quintet spin states were optimized (see SI
for details). To understand the nanosecond lifetime, we
mapped the excited-state potentials using time-dependent
density functional theory (TD-DFT). A vibrational mode
calculated at 347.4 cm™' was selected to model the potential
energy surfaces, as it had both large symmetric Fe—C
displacement and symmetric Fe—N displacement in the form
of expansion along a single N—Fe—N axis. These symmetric
M-L displacements frequently correspond with occupation of
e, * orbitals in metal-centered states. Eight geometries were
generated by vectorizing this vibrational mode and adding or
subtracting multiples of the vector to the singlet ground-state
geometry. Singlet and triplet single-point energies at each
geometry were calculated along with a TD-DFT calculation of
50 singlets and 50 triplets.

The results of these calculations are shown in Figure 3,
mapped onto the Fe—C stretch coordinate. Each excited state
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Figure 3. Manifold of states calculated at the MO6L/6-311g(d) level
of theory, with some higher-energy states omitted for clarity. Fe—C
displacements are shown.

was designated as d—d or MLCT based on analysis of the
initial and final orbitals of the highest-contributing transition,
as discussed in the computational methods section of the SI. A
SMLCT state is calculated to be the lowest excited state, with
'MLCT and *MC states 0.113 and 0.135 eV higher in energy,
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respectively. The lowest "MC is strongly distorted (Table S6) gands' @734 and likely results from Lewis acid—base

and lies ca. 0.4 eV above the lowest *"MLCT (Figure S13).
Along both the Fe—C and Fe—N coordinates, the potentials
are well-nested, with the exception of some higher-energy
triplet states.

Interestingly, the potential energy surfaces are steeper along
the Fe—N than the Fe—C coordinate. An expansion/
contraction of the Fe—N bonds by ca. 0.05 A (Figure S13)
results in an increase in energy of >1.5 eV. A similar change
along the Fe—C bonds only increases the energy by ca. 0.25
eV. The dependence of the energy on the Fe—N geometry is
likely a result of the macrocyclic nature of the complex and
agrees well with the somewhat short Fe—N bonds observed
crystallographically (vide supra).

This constraint may explain why the maximum MLCT
lifetime of 1 (>1 ns) far exceeds those of related species such
as [Fe(bpy)(CN),]*~ (29 ps)."” The macrocycle inhibits the
expansion of the Fe—N bonds frequently associated with
metal-centered states,'””’ whereas such expansion with a
typical bipyridine chelate is facile.” Intersystem crossing (ISC)
is therefore rapid in the latter case due to thermally accessible
curve crossings into low-energy metal-centered states. In the
present case, the strong ligand field raises the metal-centered
states above the lowest-energy *"MLCT state, and none of the
excited states intersect the ground-state surface. The small
displacement between the ground- and excited-state potential
energy surfaces also minimizes the vibrational wave function
overlap responsible for nonradiative relaxation. This effect has
been previously observed in the inherently nested spin-flip
states of Cr(IlI) complexes or sterically restricted Cu(I)
complexes.”*™*° Finally, a close inspection of Figure 3 shows
that two triplet surfaces (one d—d and one MLCT) do exhibit
slightly expanded Fe—C bonds; these states likely contribute to
the initial fast relaxation through the excited-state manifold
before the system is trapped in the lowest *MLCT state.

As shown in Figure 4, the lifetime of the MLCT excited state
depends on the solvent. Moreover, 1 was found to be quite

1.4 Chloroform
©q.2-
Q
£,0. ooy tBUOH
31 x
2 . IPOH o
= 0.8-
Q087 yp
3 MeCN
0.6 } []
0-4 T T T T T T T 1
5 10 15 20 25 30 35 40 45

Acceptor Number

Figure 4. Acceptor number vs lifetime of the longest-lived MLCT
state as observed by OTA.

solvatochromic, with the energy of the MLCT band (Eyy cr)
varying from 1.88 eV (658 nm) in THF up to 2.07 eV (598
nm) in water. Further investigation revealed that this variation
exhibited a linear dependence on the Lewis acidity of the
solvent (as quantified by the acceptor number,”® AN; Figure
S$25). This variation of Eyy cr is well documented for charge-
transfer states in chromophores bearing cyano li-
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interactions between the solvent and the basic nitrogen of the
bound cyanide, as recently described computationally for
[Fe(bpy)(CN),]*” in explicitly modeled H,O.*" Plots of the
excited-state lifetime versus other solvent parameters such as
dipole moment, dielectric constant, and viscosity did not reveal
any clear trends (Figure S26).

In terms of the ligand field, the Lewis acid interaction with
the nitrogen terminus diminishes the o/7-donor character of
CN~, while enhancing its 7-accepting nature.””~** (This may
be viewed as an intermolecular extension of covalent Lewis
acid-cyano adducts which have been recently investi-
gated.”"™*") The energies of the filled dz and the empty d’
should therefore drop in acidic environments. The energy of
the tetraimine 7 system is expected to stay relatively constant
in contrast,43 s0 Eypcr concomitantly increases (Chart 1), as
observed experimentally. This phenomenon allows for the
influence of the axial ligand on lifetime to be evaluated.

Chart 1. Illustration of Proposed Changes in Orbital
Energies as a Function of Lewis Acidity

| Max
EMLCT

\\\
~
~ —

I Increasing Acceptor Number >

Indeed, the lifetimes vary from 627 and 604 ps (THF, AN =
8, and CH,CN, AN = 18.9), to 1.25 ns (CHCl;, AN = 23.1),
to 744 ps (MeOH, AN = 41.5). A biphasic pattern emerges in
which the lifetime reaches a maximum in environments of
intermediate acidity. This has been previously observed for
Ru(11)*” and Fe(II)"” species bearing cyano ligands, where the
phenomenon was attributed to competing deactivation path-
ways. In solvents of high acceptor number (and therefore
higher Eyy o), the metal-centered states may become relatively
lower in energy, leading to more rapid deactivation.”’ As
Eypcr decreases (with lower AN), deactivation via MC states
becomes less significant, but direct deactivation to the ground
state increases in accordance with the energy gap law. High-
level ab initio methods including explicit solvent, combined
with quantum dynamics calculations, will be needed to confirm
this mechanistic hypothesis.""

In summary, 1 is distinct from mixed polypyridyl/cyano
iron(I) chromophores in that the maximum lifetime achieved
is 1.25 ns in CHCIl;, comparable to the MLCT states of state-
of-the-art Fe'' chromophores (e.g, Figure 1, A—C).””"" In
contrast, the longest MLCT lifetime achieved within a
polypyridyl/cyano framework is 67 ps.'” This nearly 20-fold
leap in the lifetime of 1 versus its nearest analogues upon
transition to the macrocyclic HMTI appears due—in part—to
the inflexible Fe—N bonds. This results in nested potential
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energy surfaces, in contrast to typical chelating motifs, * ">

including [Fe(bpy)(CN),]>*~.*" The range of lifetimes in
various solvents suggests that tuning the donor/acceptor
character of the axial ligand should be an effective means of
altering the charge-transfer lifetime while maintaining the
nested potential surfaces. Furthermore, the nature of 7*(C=
N) in Fe(II) tetraimine macrocycles can be readily modified
through either the change of double-bond locations or the
increase in ring unsaturation, which may have a profound
impact on both the energy and lifetime of the MLCT state.
This work suggests that this tetraimine, macrocyclic motif and
the nested potentials it creates represent a hitherto underex-
plored strategy toward the development of earth-abundant
alternatives to traditional 4d/5d chromophores.
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