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Exploiting earth-abundant iron-based metal complexes as high-
performance photosensitizers demands long-lived electronically
excited metal-to-ligand charge-transfer (MLCT) states, but these spe-
cies suffer typically from femtosecond timescale charge-transfer (CT)-
state quenching by low-lying nonreactive metal-centered (MC) states.
Here, we engineer supermolecular Fe(II) chromophores based on the
bis(tridentate-ligand)metal(II)-ethyne-(porphinato)zinc(II) conjugated
framework, previously shown to give rise to highly delocalized low-
lying 3MLCT states for other Group VIII metal (Ru, Os) complexes.
Electronic spectral, potentiometric, and ultrafast pump–probe tran-
sient dynamical data demonstrate that a combination of a strong
σ-donating tridentate ligand and a (porphinato)zinc(II) moiety with
low-lying π*-energy levels, sufficiently destabilize MC states and sta-
bilize supermolecular MLCT states to realize Fe(II) complexes that ex-
press 3MLCT state photophysics reminiscent of their heavy-metal
analogs. The resulting Fe(II) chromophore archetype, FeNHCPZn, fea-
tures a highly polarized CT state having a profoundly extended
3MLCT lifetime (160 ps), 3MLCT phosphorescence, and ambient envi-
ronment stability. Density functional and domain-based local pair nat-
ural orbital coupled cluster [DLPNO-CCSD(T)] theory reveal triplet-
state wavefunction spatial distributions consistent with electronic
spectroscopic and excited-state dynamical data, further underscoring
the dramatic Fe metal-to-extended ligand CT character of electroni-
cally excited FeNHCPZn. This design further prompts intense panchro-
matic absorptivity via redistributing high-energy absorptive oscillator
strength throughout the visible spectral domain, while maintaining a
substantial excited-state oxidation potential for wide-ranging
photochemistry––highlighted by the ability of FeNHCPZn to photo-
inject charges into a SnO2/FTO electrode in a dye-sensitized solar cell
(DSSC) architecture. Concepts enumerated herein afford opportunities
for replacing traditional rare-metal–based emitters for solar-energy
conversion and photoluminescence applications.
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Transition-metal–based photosensitizers are extensively
exploited for solar-energy conversion applications that

include dye-sensitized solar cells (DSSCs) (1, 2), photo-
electrochemical cells (3, 4), and photoredox catalysis (5, 6), as
well as in light-emitting diode technologies (7, 8). The long-lived
metal-to-ligand charge-transfer (MLCT) states and moderate
light absorptivity of ruthenium and iridium complexes make
them the most widely utilized photosensitizers for these appli-
cations (9–11); however, their large-scale technological imple-
mentation is severely impeded by the rarity and toxicity of these
metals. Replacing these metals with iron, the earth-abundant
lighter congener of ruthenium, offers an attractive solution. Yet
any energy conversion reaction that might be driven by iron com-
plexes is challenging, as they typically suffer from femtosecond
timescale quenching of their respective photoreactive charge-
transfer (CT) states by low-lying nonreactive metal-centered (MC)
states (12–14). After decades of exploration, while novel Fe(III)
complexes exhibiting up to nanosecond-timescale 2LMCT (ligand-to-
metal charge-transfer) lifetimes and 2LMCT → 2GS (ground-state)

fluorescence have been developed (15, 16), advancement of
Fe(II) complexes that mimic the benchmark 3MLCT state photo-
physics of their Ru(II)/Os(II) analogs, has long been overdue.
Fe(II)-based photosensitizer design strategies to promote ex-

tended 3MLCT lifetimes (τ3MLCT) through destabilizing MC
states relative to MLCT states, have relied upon ligands that
have been previously realized in analogous Ru(II) systems (13,
17–21). These Fe(II) coordination environments commonly
feature strong-field (σ-donating, π-accepting) ligands that de-
stabilize MC states, or ligands with low-energy π*-orbitals that
stabilize significantly MLCT states. However, unlike Ru(II)
complexes, in which a wide range of ligand environments make
possible 3MLCT states having long nanosecond-to-microsecond
3MLCT lifetimes (22, 23), the significantly lower MC state en-
ergies of Fe(II) have long precluded the design of Fe(II) com-
plexes that display analogous photophysical properties. For
instance, McCusker and coworkers have studied the effect of a
near-perfect octahedral dcpp (2,6-bis(2-carboxypyridyl)pyridine)-
based Fe(II) ligand environment, which facilitates stronger metal–
ligand interaction relative to that afforded by the common tpy
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(2,2′:6′,2″-terpyridine) ligand, on MC-state energies and excited-state
lifetimes (13). Although this strategy increases the ligand-field split-
ting to a point where the lowest-energy ligand-field excited
state becomes the 3MC rather than the 5MC state, an increase
in the MLCT lifetime of Fe(dcpp)2

2+ is not observed relative to
that established for tris(2,2′-bipyridine)iron(II) ([Fe(bpy)3]

2+).
Other promising strategies to boost Fe(II) complex CT-state
lifetimes have been introduced by Wärnmark and Gros that ex-
ploit strong σ-donating 2,6-bis(imidazol-2-ylidene)pyridine–derived
N-heterocyclic carbene (NHC) ligands; air-stable Fe(II) complexes
in such coordination environments demonstrate MLCT lifetimes up
to an ∼20-ps timescale (17–20, 24). Recent work is highlighted by
an Fe(II) complex, Fe(btz)3

2+ [btz = 3,3′-dimethyl-1,1′-bis(p-tolyl)-
4,4′-bis(1,2,3-triazol-5-ylidene)], which features a 528-ps MLCT
lifetime in an O2-free environment (21). Nonetheless, practical
applications of Fe(btz)3

2+ are hindered by its instant oxidation to
Fe(btz)3

3+ once exposed to air, due to its low oxidation potential
induced by the strong σ-donating NHC-based btz ligand. This obser-
vation signals that strategies that employ only strong σ-donating
ligands to extend Fe(II) complex MLCT lifetimes have likely
plateaued, and that further progress toward realizing rich MLCT
photochemistry based on Fe(II) complexes requires entirely new
molecular designs that simultaneously destabilize MC states and
stabilize MLCT states.
We have demonstrated an exceptional and nonconventional ap-

proach to realize long-lived (>microsecond) globally delocalized
low-lying MLCT states in highly conjugated Ru(II)/Os(II) metal com-
plexes based on the bis(terpyridyl)metal(II)-ethyne-(porphinato)zinc(II)
supermolecular framework (25–36), wherein the bis(terpyridyl)metal(II)
(M = Ru(II)/Os(II)) and (porphinato)zinc(II) (PZn) units are
connected via an ethyne unit that bridges the 4′-terpyridyl and
porphyrin macrocycle meso-carbon positions, aligning the respective
low-energy transition moments of these chromophoric building
blocks in a head-to-tail arrangement. The nature of this chromophore-
to-chromophore connectivity effectively mixes PZn π-π* and
metal polypyridyl-based charge-resonance absorption oscillator
strength, giving rise to 1) high-oscillator-strength long-wavelength
absorption manifolds, and 2) low-lying, long-lived (microsecond
timescale) triplet states featuring highly polarized charge-separated
(MLCT) character. For instance, in the Ru(II) archetype of this
molecular framework (RuPZn, Chart 1), a significantly extended
3MLCT lifetime of 43 μs is achieved that contrasts sharply with
the 250-ps 3MLCT lifetime of the Ru(tpy)2 benchmark (26, 27).
Here we exploit this molecular design concept in conjunction

with the strong σ-donating NHC ligand to craft Fe(II) complexes
that simultaneously realize extended 3MLCT lifetimes and in-
tensive visible-light absorptivity. Along this line, we synthesize
two prototypical highly conjugated Fe(II) complexes, FePZn and
FeNHCPZn (Chart 1), Fe(II) analogs of RuPZn that also pos-
sess highly delocalized low-lying MLCT states and panchromatic
absorptivity. We analyze the influence of excited-state interpig-
ment electronic coupling and the nature of ligand electronic
structure upon the ground-state absorptivity and excited-state
relaxation dynamics in these highly conjugated Fe(II) super-
molecular complexes. Spectroscopic data show that 1) both
FePZn and FeNHCPZn manifest a 10-fold increase in visible
spectral domain transition oscillator strength relative to that of
classic Fe(II) complexes, and 2) while the 3MLCT lifetime of FePZn
differs little from that determined for [Fe(tpy)2]

2+, FeNHCPZn ex-
hibits nearly an order of magnitude amplification in 3MLCT lifetime
(τ = 160 ps) compared to the benchmark values of conventional air-
stable Fe(II) complexes, and displays phosphorescence. Aided by
such an extended 3MLCT lifetime, panchromatic light absorptivity,
and insights gleaned from state-of-the-art electronic structural stud-
ies, we demonstrate the utility of FeNHCPZn as a photosensitizer in
a proof-of-principle DSSC architecture. This chromophore design
concept outlined herein thus forms the basis for a class of Fe(II)
supermolecules with compelling 3MLCT lifetimes, visible-light

absorptivity, and gripping photophysical properties, suitable
for replacing traditional Ru(II)-based photosensitizers in solar-
energy conversion applications.

Results and Discussion
Molecular Design and Electronic Absorption Spectroscopy. FePZn
(Fig. 1B) and FeNHCPZn (Fig. 1C) manifest panchromatic ab-
sorption resulting from intense mixing of FeL2 (L = tpy or NHC)
MLCT and PZn B- and Q-excited states, in resemblance to the
previously established RuPZn system (25–38) (Fig. 1A); synthetic
details and characterization data may be found in SI Appendix.
Both Fe(II) supermolecules feature an intense absorption band
centered at ∼440 nm with an extinction coefficient exceeding
105 M−1·cm−1; this manifold derives from mixing of the porphyrin
1π-π* B- (λmax = 426 nm) and FeL2 MLCT states. The prominent
absorption band in the long-wavelength region (550 ∼ 700 nm)
of these FePZn and FeNHCPZn spectra (Fig. 1 B and C)
exhibits substantial tpy-E-PZn or NHC-E-PZn 1π-π* Q-band
(550 ∼ 650 nm) character; the enhanced absorptive oscillator
strength of this manifold relative to those characteristic of
simple porphyrin chromophores originates from symmetry breaking
of the PZn in-plane electronic transitions and charge-resonance
interactions between the FeL2 and PZn units that are made pos-
sible by the ethyne bridge. Apart from these transitions featuring
substantial PZn-derived oscillator strength, note that the absorption
band displaying significant MLCT character in the RuPZn (526 nm)
spectrum (Fig. 1A) is also prominent in the FePZn and FeNHCPZn
absorption spectra, centered, respectively, at 567 and 516 nm. The
redshifts of these MLCT transition band maxima of the Fe(II)
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supermolecules relative to those of the conventional FeL2
benchmarks underscore the extent to which the MLCT state is
stabilized by the π-expanded PZn-containing ligand motif.
While we utilize “B,” “Q,” and “MLCT” labels for describing
electronic absorption manifolds characteristic of RuPZn,
FePZn, and FeNHCPZn, these descriptors only denote the
dominant character of these transitions, as PZn B and Q, and
metal complex MLCT electronic states mix extensively in these
supermolecules (25–36); because the nature of conjugation in these
chromophores aligns the ML2 and PZn transition dipoles in a
head-to-tail arrangement, extensive excited-state interpigment
electronic communication is enforced that drives significant CT
character in each of these lowest three singlet excited states. Inte-
grated absorptive oscillator strengths of FePZn and FeNHCPZn
over the 400–750 nm spectral range (SI Appendix, Fig. S8) are one
order of magnitude higher than those of Fe(tpy)2 and Fe(NHC)2,
emphasizing that FePZn and FeNHCPZn are much better visible-
light absorbers, especially with respect to the low-energy yellow and
red spectral regions of the solar spectrum, which are com-
monly unabsorbed by conventional transition-metal sensitizers
used in DSSCs.
Despite that FePZn and FeNHCPZn exhibit analogous electronic

absorptive spectral signatures (Fig. 1), note that the FeNHCPZn
supermolecule highlights a substantial degree of MLCT transition
stabilization relative to the FeNHC building block: the FeNHCPZn
MLCT band (516 nm) is redshifted 2,500 cm−1 relative to that for
Fe(NHC)2 (457 nm); in contrast, the FePZn MLCT band (567 nm,

overlapped with the PZn-derived y-polarized Q band) redshifts only
480 cm−1 with respect to the Fe(tpy)2 MLCT band (552 nm). This
picture is congruent with the relative lowest unoccupied molecular
orbital (LUMO) energy levels of tpy, NHC, and PZn as probed by
potentiometric and computational methods (vide infra).

Potentiometric Properties. Oxidative and reductive electrochemical
data indicate that for RuPZn (25), FePZn, and FeNHCPZn, the
observed anodic and cathodic potentiometric responses trace their
genesis to established bis(ligand)metal (Ru/FeL2)- and PZn-redox
processes, indicating that the singly and doubly oxidized- and
reduced-ground states of these species correspond to cation and
anion states that are localized predominantly on the building-block
chromophores of these supermolecules (Fig. 2 and SI Appendix, Fig.
S7). These potentiometric data provide insight into MLCT- and
MC-state energy levels, and the nature of electronic transition po-
larization in these supermolecules. Note in this regard that: 1) the
E(Fe2+/3+) values of both Fe(II) supermolecules are almost identical
to their FeL2 benchmarks, indicating that the σ-donating/π-accepting
properties of the tpy/NHC ligandmotifs (and thus theMC-state energy
levels) are unperturbed despite being linked to a highly conjugated PZn
π-framework, and 2) FeNHCPZn manifests a PZn−/0-based reduction
potential (E1/2

−/0 = −1.15 V) at significantly higher potential than
the E1/2

−/0 value for Fe(NHC)2 (−1.96 V) (17), contrasting the
nature of the E−/0 and E2−/− redox processes for FePZn (Fig. 2).
With respect to this latter point, note that the E2−/− redox process
for FeNHCPZn that would localize substantial electron density on
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the Fe(NHC)2 fragment, lies outside the solvent window afforded
by acetonitrile solvent. These potentiometric data are thus con-
gruent with a picture which emphasizes that while the MLCT state
of FePZn will feature electron density polarized toward the tpy
moiety, the corresponding MLCT state of FeNHCPZn will have a
much greater transition moment, with electron density delocalized

substantially on the conjugated PZn macrocycle (vide infra).
The similarity of FeNHCPZn potentiometric (ΔEp = [E1/

2(Fe
2+/3+) − E1/2(L

0/−)]) and optical (ΔEop) bandgaps under-
scores this point. ΔEp for FeNHCPZn (1.91 eV) is diminished
0.79 V relative to that for Fe(NHC)2 (2.70 eV), much larger than
the corresponding 0.21 eV drop in the magnitude of ΔEp manifested
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for FePZn relative to Fe(tpy)2. ΔEp(FeNHCPZn) matches the value
of its lowest-lying optical transition energy (ΔEop= 642 nm; 1.93 eV),
emphasizing that electronic excitation gives rise to low-lying excited
state having substantial CT character.

Excited-State Dynamics. Ultrafast pump–probe transient absorption
spectroscopic data acquired at early delay times (<1 ps) demonstrate
that both FePZn and FeNHCPZn exhibit excited-state absorption
features similar to those characteristic of bis-(terpyridyl)metal(II)-
ethyne-(porphinato)zinc(II) supermolecules such as RuPZn
(Fig. 3) (26–36). Immediately following S0 → S1 photoexcita-
tion, near-infrared (NIR) transient absorption signals centered
at ∼780 nm are evident for both Fe(II) supermolecules (Fig. 3 B
and C). This low-energy NIR signal, absent in the early delay time
transient absorption spectra of the NHC-E-PZn ligand alone (SI
Appendix, Fig. S10), is characteristic of the S1 → Sn absorptive
manifold of the bis(terpyridyl)metal(II)-ethyne-(porphinato)zinc(II)
supermolecules (see that of RuPZn in Fig. 3A) (26–36). The decay of
this S1→Sn absorptive manifold correlates with the rise of a NIR
transient absorptive signal centered at ∼970 nm for FePZn and
∼930 nm for FeNHCPZn, indicating the evolution of a new
electronically excited state. This time-dependent transient spec-
tral evolution is akin to that evinced for RuPZn, wherein this
lower-energy NIR transient absorption signal has been shown to
be a signature of an extensively delocalized low-lying triplet state

having substantial MLCT character (26–36). In this regard, note
that the FeNHCPZn NIR transient absorptive manifold centered at
∼930 nm evinces positive solvatochromism with decreasing solvent
polarity (SI Appendix, Fig. S11), corroborating the CT character of
this excited state. For these reasons, coupled with substantial lit-
erature precedent (26–36), we denote the transient absorption
manifold centered in this low-energy NIR spectral region (∼970 nm
for FePZn and ∼930 nm for FeNHCPZn) as a TMLCT → Tn

transition, and a spectroscopic hallmark of the MLCT state in these
supermolecules; the rise time of this TMLCT → Tn signal thus cor-
responds to S1→

3MLCT intersystem crossing dynamics (τISC ∼ 0.1 ps
for FePZn and τISC = 0.3 ps for FeNHCPZn).
However, at longer delay times (t > 1 ps), while the excited-state

absorption features of FePZn resemble those of conventional
Fe(II) complexes such as Fe(tpy)2 (17), FeNHCPZn spectral evo-
lution shows remarkable correspondence to that manifested by the
RuPZn benchmark, congruent with the fact that this ligand design
realizes an Fe(II) complex that features a low-lying excited
state that recapitulates the MLCT photophysics elucidated for
(polypyridyl)metal(II)-ethyne-(porphinato)zinc(II) supermolecular
chromophores that exploit the heavy metals ruthenium and osmium
(26–36). In sharp contrast to FeNHCPZn, the FePZn 3MLCT state
decays on an ultrafast timescale, accompanied by the rise of a new
transient absorption signal having substantial oscillator strength
over the ∼450–500-nm spectral region, which lies to the red of the
PZn-derived B-band bleaching signal. Given that 1) this nascent
transient absorption signal decays in a few nanoseconds, close to
that for 5MC state lifetimes typical for Fe(tpy)2 derivatives (17), and
2) the transient signature associated with 5MC → nMC* absorption
(where nMC* denotes a higher-lying, metal-centered electronically
excited state) commonly lies to the red of the ligand-derived
ground-state absorption bleaching signals (39, 40), we assign
this transient absorption signal at ∼450–500 nm as an FePZn 5MC→
nMC* transition. The transient absorptive signatures charac-
teristic of the S1,

3MLCT, and 5MC states, and their corresponding
time-dependent spectral evolution, indicate that 3MLCT → 5MC
conversion dominates FePZn 3MLCT-state relaxation dynamics,
and signifies that the 3MLCT state of FePZn lies higher in energy
than these MC states. Note that FeNHCPZn relaxation dynamics
stand in marked juxtaposition to those described for FePZn, as
FeNHCPZn’s 3MLCT NIR absorption decays simultaneously with
the ground-state recovery (τ3MLCT = 160 ps; Figs. 3C and 4),
without the observance of any other new excited-state absorption
signals: this excited-state dynamical behavior is identical to that
manifest by RuPZn (26–36). These data thus indicate that 3,5MC
states play a negligible role in excited-state relaxation processes
associated with the 3MLCT state of FeNHCPZn. The Fig. 4A
Jablonski diagram summarizes the relative energetic arrange-
ments of these FePZn and FeNHCPZn electronic states and
their corresponding excited-state relaxation dynamics elucidated
by pump–probe transient absorption spectroscopy and time-
resolved emission experiments (vide infra).
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Fig. 4. Jablonski diagrams illustrating the relative energetic arrangement
of (A) FePZn and (B) FeNHCPZn selected electronic states and corresponding
excited-state relaxation dynamics; (C) steady-state emission (λex = 532 nm,
Pex = 1 mW) and (D) time-resolved emission (λex = 405 nm) of FeNHCPZn in
1:1 MeCN:H2O solvent at room temperature.

Table 1. Ground-state singlet (S0), and electronically excited
triplet (T1)- and quintet (Q1)-state energetic minima (eV),
computed using DFT and coupled cluster theory

FePZn FeNHCPZn

B3LYP TPSSh M06L B3LYP TPSSh M06L CCSD(T)

S0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
T1 0.72 0.87 0.83 1.35 1.36 1.29 1.95
Q1 0.23 0.43 0.50 3.05 3.04 2.75 3.70

See SI Appendix.
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Electronic Structural Studies. Density-functional theory (DFT)
calculations (41) that reveal frontier orbital energy levels, the
nature of singly occupied molecular orbitals (SOMOs) that de-
scribe electronically excited triplet and quintet states, the spatial
distribution of excited-state wavefunctions, and the magnitudes
of FePZn and FeNHCPZn ground- and excited-state dipole
moments, corroborate conclusions derived from electronic spectral,
potentiometric, and time-resolved transient dynamical data. These
comprehensive DFT computational studies exploit three different
DFT functionals (M06L, B3LYP, and TPSSh); results stemming
from these computations were further verified using domain-based
local pair natural orbital coupled-cluster [DLPNO-CCSD(T)] the-
ory. These latter computational studies are particularly significant
as DLPNO-CCSD(T) theory is designed to reproduce ∼99.9% of
the canonical correlation energy, and defines the present quantum-
mechanical “gold standard” for determining molecular-state ener-
gies (computational details are provided in SI Appendix) (42, 43).
Table 1 displays the ground-state singlet, and electronically excited
triplet (T1)- and quintet (Q1)-state energetic minima (eV), com-
puted using DFT and DLPNO-CCSD(T) theory for FePZn and
FeNHCPZn. Note that for FePZn, the calculated lowest Q1-state
energy is lower than its T1-state energy, mirroring the ultrafast
pump–probe transient dynamical results (Fig. 3); in contrast, for
FeNHCPZn, this picture is reversed––the calculated FeNHCPZn
T1 state resides at much lower energy than its Q1 state. The SOMOs
that describe the FeNHCPZn T1 state are shown in Fig. 5; note that
SOMOA shows electron density localized primarily at the Fe metal
center, while SOMOB depicts electron density delocalized over
the extended NHC-E-PZn ligand framework, with the lion’s
share of electron density concentrated on the porphyrin macrocycle.
These Fig. 5 SOMOs underscore the intense MLCT character of the

FeNHCPZn T1 state. Table 2 highlights computational data
that characterize the dipole moment magnitudes of the ground- and
lowest-energy triplet and quintet states for FePZn and FeNHCPZn.
While the lowest-energy T1 and Q1 states of FePZn reflect dipole
moments that resemble its S0 state, the FeNHCPZn lowest-energy
T1 and Q1 states manifest dipole moments 30 D greater than that
of its ground state. These computational analyses (SI Appendix)
thus reinforce the Fig. 4 Jablonski diagram derived from experiment,
and emphasize the diminished roles played by MC states in
FeNHCPZn excited-state relaxation dynamics. As FeNHCPZn T1-
state electron density is extensively polarized toward the PZn unit
of the ligand framework, this 3MLCT state concomitantly minimizes
3MLCT–3,5MC and 3MLCT−S0 wavefunction overlap relative to that
characteristic of many benchmark photosensitizers, driving the long
3MLCT-state lifetime of FeNHCPZn.
Owing to the substantially extended FeNHCPZn 3MLCT lifetime

relative to that of FePZn and other conventional Fe(II) complexes,
supermolecular 3MLCT → S0 phosphorescence from FeNHCPZn
is observed. Photoexcitation of FeNHCPZn in a 1:1 MeCN:H2O
solvent mixture gives rise to weak room-temperature photo-
luminescence centered at 880 nm (Fig. 4C). Time-correlated single-
photon counting determines a photoluminescence lifetime of 175 ps
(Fig. 4D), in close agreement with the 160-ps 3MLCT lifetime
acquired from ultrafast pump–probe spectroscopic data. The
magnitudes of these matched lifetimes, coupled with the energy
separation between the absorption and emission band maxima
(Stokes shift = 3,076 cm−1) are consistent with an assignment of
the FeNHCPZn photoluminescence as phosphorescence result-
ing from a 3MLCT → S0 radiative transition; note that the
magnitude of this Stokes shift resembles that evinced for RuPZn
phosphorescence (35). Despite the weak nature of this room-temperature
phosphorescence, these data 1) provide an important measure of
the 3MLCT-state energy (E0,0 = 810 nm = 1.53 eV) and 2)
demonstrate direct 3MLCT → S0 photoluminescence from an
Fe(II) complex using a conventional excitation source that does
not employ fluorescence upconversion experimental methods
(44, 45). Moreover, these transient absorptive and emission ex-
periments establish that FeNHCPZn is extraordinarily robust, as
no evidence of photobleaching is observed in any of these ambient
temperature photophysical experiments.
Beyond these excited-state dynamical and electronic structural

properties, the promising utility of FeNHCPZn is also highlighted
by the relative energetic arrangement between its triplet excited-state
oxidation potential (3E*/+) and the conduction bands (CBs) of
widely exploited semiconductor electrode materials (SI Appendix,
Fig. S12A). The FeNHCPZn 3E*/+ value (−0.77 V vs. SCE; SI
Appendix, Fig. S12A and Eq. S1) indicates exergonic driving forces
for electron injection into the CBs of TiO2 (−0.74 V, vs. SCE) and
SnO2 (−0.24 V, vs. SCE), two n-type semiconductor electrode ma-
terials commonly used in DSSCs (4). SI Appendix, Fig. S12 B and

Fig. 5. B3LYP-computed SOMOs of the FeNHCPZn T1 state.

Table 2. B3LYP-computed dipole moment components (X, Y, Z;
debye) of the ground- and lowest-energy triplet and quintet
states for FePZn and FeNHCPZn; here the Fe–Zn axis is defined as
the x direction

FePZn FeNHCPZn

X Y Z X Y Z

S0 58.33 −0.01 0.23 58.52 −0.02 0.13
T1 58.40 0.00 0.14 88.11 0.14 0.21
Q1 57.47 0.02 0.17 94.33 0.14 0.16

The large dipole moment difference between the FeNHCPZn T1 and S0
states underscores the MLCT nature of its lowest-energy electronically ex-
cited triplet state. Similar dipole moment magnitude changes between these
FePZn and FeNHCPZn ground and excited states were obtained using TPSSh
and M06L functionals. See SI Appendix.
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C data highlight the efficacy of FeNHCPZn as a DSSC photo-
sensitizer in a regenerative cell architecture that exploits an
FeNHCPZn-sensitized photoelectrode (FeNHCPZn/SnO2/FTO);
further details are provided in SI Appendix. Pump–probe transient
absorption spectroscopic experiments that interrogate FeNHCPZn-
anchored SnO2 particles corroborate that electron injection into the
semiconductor derives from an FeNHCPZn excited state produced
via visible-light absorption (SI Appendix, Fig. S13). We emphasize
that the measured JSC and VOC responses in this regenerative cell
represent a rare, if not unique example, of a substantial photo-
sensitization effect achieved in a device architecture using an Fe(II)
MLCT chromophore (46–48)

Conclusion
In this work, we define a robust air-stable Fe(II) complex,
FeNHCPZn, that features both a subnanosecond 3MLCT life-
time and intensive visible-light absorption by applying a non-
conventional chromophore engineering strategy based on the
bis(tridentate-ligand)metal(II)-ethyne-(porphinato)zinc(II) con-
jugated framework. This molecular framework decouples ligand
functions that destabilize MC states from those that lead to
stabilized MLCT states in the FeNHCPZn supermolecule.
Electronic spectral, potentiometric, and ultrafast time-resolved
pump–probe transient dynamical data emphasize that electronic
excitation of FeNHCPZn gives rise to a low-lying 3MLCT excited
state having substantial CT character. State-of-the-art electronic
structural computations, using DLPNO-CCSD(T) theory, dem-
onstrate the unusual nature of the FeNHCPZn electronically
excited triplet (T1) state: in contrast to conventional Fe(II)
complexes, it lies substantially lower in energy than its corre-
sponding quintet (Q1) state and features a dipole moment am-
plified by 30 D relative to its ground state. The long 160-ps
FeNHCPZn 3MLCT state lifetime at ambient temperature,
coupled with its substantial 3E*/+ potential, high oscillator
strength ultraviolet (UV)-vis panchromatic absorptive proper-
ties, and ability to serve as a photosensitizer in a DSSC archi-
tecture, demonstrate possibilities for exploiting Fe(II) complexes
in solar-energy conversion applications, as photoluminescent
materials, and as photoredox catalysts. Chromophore designs
that further augment the extent of MLCT-state polarization and

stabilization in FeNHC-expanded conjugated ligand frameworks
(e.g., by modulating PZn motif π*-energy levels via electron-
withdrawing groups, or replacing PZn with other polarizable
units) offer opportunities to push Fe(II) complex MLCT lifetimes
to the submicrosecond timescale. We anticipate that this class of
earth-abundant Fe-based photosensitizers with long MLCT
excited-state lifetimes and intense visible-light absorption will
serve to advance opportunities for environment-friendly and low-
cost solar-energy conversion.

Materials and Methods
Synthetic Materials. Tetrahydrofuran (THF) was purchased from Sigma-
Aldrich (Inhibitor free, high-performance liquid chromatography [HPLC]
grade) and distilled over sodium and benzophenone before use. Diisopro-
pylamine was purchased from Sigma-Aldrich (redistilled, 99.95%). All other
solvents utilized in syntheses were purchased from Fisher Scientific (HPLC
grade). Acetonitrile was dried over calcium hydride and distilled. All other
reagents were used as received (Aldrich or Fisher). Chromatographic purifi-
cation (silica gel 60, 230–400 mesh, EM Science; aluminum oxide, 50–200 μm,
60 Å, Acros Organics; Bio-Beads S-X1, 200–400 mesh, BioRad) of all newly
synthesized compounds was accomplished on the bench top.

General Characterization Instruments. A 400-MHz Brüker spectrometer was
used to obtain NMR spectra for all synthesized compounds. Chemical shifts
for 1H NMR spectra are reported relative to residual protium in deuterated
solvents (δ (residual) = 7.26 ppm in CDCl3, δ (residual) = 1.94 ppm in CD3CN, δ
(residual) = 2.05 ppm in acetone-d6, δ (residual) = 1.72 ppm in THF-d8). All J
values are reported in hertz. Reported matrix assisted laser desorption/ion-
ization time of flight (MALDI-TOF) data were acquired with an Applied
Biosystems DE-Pro MALDI-MS at the Department of Chemistry at Duke
University. Samples were prepared as micromolar solutions in acetone, using
(2-(4-hydroxyphenylazo)benzoic acid) as the matrix. Electronic absorption
spectra were acquired on a Shimadzu Pharmaspec UV-1700 spectrometer.

Data Availability. All study data are included in the article and SI Appendix.
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45. J. Šima, (Non)luminescent properties of iron compounds. Acta Chim. Slov. 8, 126–132

(2015).
46. M. K. Nazeeruddin et al., Conversion of light to electricity by cis-X2Bis(2,2′-bipyridyl-

4,4′-dicarboxylate)ruthenium(II) charge-transfer sensitizers (X = Cl-, Br-, I-, CN-, and
SCN-) on nanocrystalline titanium dioxide electrodes. J. Am. Chem. Soc. 115,
6382–6390 (1993).

47. S. Ferrere, B. A. Gregg, Photosensitization of TiO2 by [Fe
II(2,2′-bipyridine-4,4′-dicarboxylic

acid)2(CN)2]: Band selective electron injection from ultra-short-lived excited states. J. Am.
Chem. Soc. 120, 843–844 (1998).

48. T. Duchanois et al., An iron-based photosensitizer with extended excited-state lifetime:
Photophysical and photovoltaic properties. Eur. J. Inorg. Chem. 14, 2469–2477 (2015).

Jiang et al. PNAS | August 25, 2020 | vol. 117 | no. 34 | 20437

CH
EM

IS
TR

Y


