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l of competing electron transfer
pathways in iron tetracyano-polypyridyl
photosensitizers†
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Photoinduced intramolecular electron transfer dynamics followingmetal-to-ligand charge-transfer (MLCT)

excitation of [Fe(CN)4(2,20-bipyridine)]
2� (1), [Fe(CN)4(2,3-bis(2-pyridyl)pyrazine)]

2� (2) and [Fe(CN)4(2,20-
bipyrimidine)]2� (3) were investigated in various solvents with static and time-resolved UV-Visible

absorption spectroscopy and Fe 2p3d resonant inelastic X-ray scattering (RIXS). This series of polypyridyl

ligands, combined with the strong solvatochromism of the complexes, enables the 1MLCT vertical

energy to be varied from 1.64 eV to 2.64 eV and the 3MLCT lifetime to range from 180 fs to 67 ps. The
3MLCT lifetimes in 1 and 2 decrease exponentially as the MLCT energy increases, consistent with

electron transfer to the lowest energy triplet metal-centred (3MC) excited state, as established by the

Tanabe–Sugano analysis of the Fe 2p3d RIXS data. In contrast, the 3MLCT lifetime in 3 changes non-

monotonically with MLCT energy, exhibiting a maximum. This qualitatively distinct behaviour results from

a competing 3MLCT / ground state (GS) electron transfer pathway that exhibits energy gap law

behaviour. The 3MLCT / GS pathway involves nuclear tunnelling for the high-frequency polypyridyl

breathing mode (hn ¼ 1530 cm�1), which is most displaced for complex 3, making this pathway

significantly more efficient. Our study demonstrates that the excited state relaxation mechanism of Fe

polypyridyl photosensitizers can be readily tuned by ligand and solvent environment. Furthermore, our

study reveals that extending charge transfer lifetimes requires control of the relative energies of the
3MLCT and the 3MC states and suppression of the intramolecular distortion of the acceptor ligand in the
3MLCT excited state.
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Introduction

Transition metal complexes with strong charge transfer
absorption bands in the visible spectral region can be utilized as
photosensitizers for solar energy conversion applications.1

Conventional molecular photosensitizers use noble metals,
such as Ru, leading to higher costs and motivating the identi-
cation of photosensitizers using abundant metals, such as
Fe.2–5 Development of Fe-based photosensitizers has been
inhibited by the rapid deactivation of the light absorbing metal-
to-ligand charge-transfer (MLCT) states. For instance, the MLCT
relaxation occurs in �100 fs with unit quantum yield for the Fe
analogs of the conventional Ru polypyridyl photosensitizers,
and results in the conversion of electronic energy to heat.6–8

Extending the lifetime of MLCT excited states has, therefore,
been recognized as one of the key challenges to developing
functional Fe-based photosensitizers. This work focuses on
understanding the chemical properties dictating MLCT relaxa-
tion mechanisms and lifetimes for a class of solvatochromic Fe
This journal is © The Royal Society of Chemistry 2020
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tetracyano-polypyridyl complexes by tuning ligand composition
and solvent environment.

The nano- and micro-second lifetimes of Ru(II) and Os(II)
polypyridyl complexes usually follow the energy gap law, where
the lifetimes increase as the MLCT energy is increased.9–11 This
behavior results from a direct 3MLCT / ground state (GS)
pathway in the inverted Marcus region, as illustrated by the kdir
relaxation pathway in Scheme 1 where the intramolecular
electron transfer involves the electron transitioning from the
polypyridyl p* orbital to the Fe 3d t2g orbital. In this regime,
nuclear tunneling along the high-frequency ligand breathing
modes is crucial. Prolonged MLCT lifetimes have been
demonstrated by either increasing delocalization of the excited
electron over a larger ligand framework, or by increasing the
rigidity of the ligand with chemical links between pyridyl
rings.12 In contrast, short-lived Fe(II) polypyridyl complexes
follow an indirect relaxation pathways facilitated by metal-
centered states (MC), as illustrated by kind in Scheme 1 where
the intramolecular electron transfer involves the electron tran-
sitioning from the polypyridyl p* orbital to the Fe 3d eg
orbital.8,13–16 Understanding and controlling the MLCT relaxa-
tion rates through low-energy MC states is currently an active
eld of research.17 A variety of synthetic strategies aiming to
modify the Fe–ligand bonding and motions have resulted in
longer MLCT lifetimes. These range from destabilization of the
MC states by high-symmetry ligand environment with improved
p-back-bonding18,19 and introduction of halogen ligand-
substituents to sterically hinder the motions facilitating
MLCT / MC relaxation.20,21 The most successful approach to
date was introduced by the Wärnmark group22–24 and followed
by the group of Gros.25,26 This approach utilizes strongly s-
donating N-heterocyclic carbene ligands to destabilize the MC
excited states. Chábera et al. reported a luminescent ferric
complex with a ligand-to-metal charge-transfer (LMCT) lifetime
of 100 ps (ref. 27) and an analogous ferrous complex with 528 ps
MLCT lifetime.28 This was further improved by Kjær et al., who
Scheme 1 Direct (blue) and indirect (red) relaxation pathways gov-
erning the 3MLCT lifetime. MLCT – metal-to-ligand charge-transfer
state, MC – metal-centred state, GS – ground state. The direct
pathway involves the transfer of an electron from a polypyridyl p*
orbital to an Fe t2g orbital, while the indirect pathway involves the
transfer of an electron from the same p* orbital to an Fe eg orbital. The
horizontal axis schematically represents the structural reorganization
that results from populating the anti-bonding eg orbital.

This journal is © The Royal Society of Chemistry 2020
demonstrated a 2 ns LMCT lifetime in a Fe(III) complex capable
of photoreduction and oxidation.29 Very recently, the longest
lifetime of a MLCT-like state in an Fe(II) complex, �2.5 ns, was
reported by Braun et al.30

The synthetic strategies discussed above focus on manipu-
lating the Fe–ligand bond, reecting the current consensus that
the indirect pathway dominates the MLCT relaxation in Fe
photosensitizers. However, cases where the direct pathway is
the limiting mechanism for MLCT relaxation, as expected when
MLCT states are much lower energy thanMC states, have not yet
been sufficiently addressed. In a detailed study of Ru cyano-
polypyridyl complexes Indelli et al.31 observed a transition
between regimes dominated by either the direct or indirect
pathway by tuning the MLCT energy. Here we report a similar
systematic study on Fe tetracyano-polypyridyl complexes.
Consequently, we demonstrate a transition between the direct
and indirect pathways controlled by ligand- and solvent-
dependent MLCT energy. Distinct from the nano- and micro-
second MLCT lifetimes of Ru cyano-polypyridyl complexes, the
transition in the studied Fe systems occurs for sub-ns MLCT
lifetimes. Therefore, the direct relaxation pathway becomes
limiting at signicantly shorter MLCT lifetimes than for Ru
complexes, indicating that the control of the direct pathway, in
addition to the indirect pathway, is crucial for achieving
extended MLCT lifetimes.

Specically, we carried out systematic measurements of
MLCT lifetime and MLCT and MC state energies for sol-
vatochromic complexes 1, 2, and 3 (Scheme 2) in a large range
of solvents. In addition to the study of Indelli et al.,31 this
investigation is inspired by early UV-Visible transient
absorption experiments on complex 1 by Winkler et al.32 The
introduction of strongly coordinating cyanide ligands serves
the purpose of increasing the ligand eld, thus destabilizing
the MC excited states and slowing the MLCT/MC relaxation
pathways for this class of complexes. Previously, we have used
femtosecond resolution X-ray emission spectroscopy (XES)
and UV-Visible transient absorption spectroscopy to investi-
gate the relaxation dynamics and mechanism of the MLCT
excited state in Fe cyano-bpy complexes.8,14,33–35 We demon-
strated that complex 1 in dimethysulfoxide (DMSO) has
a MLCT lifetime of �19 ps,36 which has been further
conrmed in the work of Jay et al.37 However, the strong sol-
vatochromism of the MLCT state of 138 inuences the MLCT
relaxation dynamics. We found that in water, the MLCT of 1
decays in �100 fs to a 3MC intermediate with a 13 ps life-
time.39 Based on the conjecture that only the MLCT states
display signicant solvatochromism, that is the 3MC energy
and the 3MLCT / 3MC reorganization does not change
signicantly with changes in polypyridyl ligand and solvent,
we focus here on a systematic investigation of the MLCT
excitation energy dependence of the MLCT lifetime and
relaxation mechanism. We achieve a large range of MLCT
energies by changing the electron accepting polypyridyl
ligand and the solvent (Fig. 1). Very recently, the effect of
polypyridyl ligand p-system conjugation to the MLCT ener-
gies was investigated in Fe cyano-polypyridyl complexes
computationally.40
Chem. Sci., 2020, 11, 4360–4373 | 4361
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Scheme 2 Structural formulas of the complexes [Fe(CN)4(2,20-
bipyridine)]2� (1), [Fe(CN)4(2,3-bis(2-pyridyl)pyrazine)]

2� (2), and
[Fe(CN)4(2,20-bipyrimidine)]2�(3).

Fig. 1 UV-Visible absorption spectra of 1, 2 and 3 in selected solvents
demonstrating solvatochromism of metal-to-ligand charge-transfer
(MLCT) bands. MeOH – methanol, DMSO – dimethylsulfoxide, DMF –
dimethylformamide.
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Interpreting the inuence of ligand substitution and solvent
on the lifetime also requires understanding their inuence on
the reorganization energy of the MLCT state and the thermo-
dynamic driving force for 3MC formation. The intra- and inter-
molecular reorganization energies for the MLCT state can be
extracted from UV-Visible spectra. This approach has been
successfully employed in the Mulliken–Hush analysis of inter-
valence electron transfer rates in mixed-valence complexes,41–44

as well as in the vibronic band shape analysis of the absorption
and uorescence spectra.45–48 This approach, however, does not
access the driving force and the reorganization energy associated
with the MLCT / MC electron transfer reaction. Dipole transi-
tions to the relevant MC states are Laporte and spin-forbidden,
and they overlap energetically with the dipole allowed MLCT
absorption bands. In order to access the energetics of the rele-
vant MC excited states we utilize resonant inelastic X-ray scat-
tering (RIXS) at the Fe L3-edge (700–715 eV). RIXS provides
a powerful spectroscopic technique for measuring low-energy
excitations of matter with the element selectivity of X-ray
4362 | Chem. Sci., 2020, 11, 4360–4373
spectroscopy.49 RIXS at 3d transition metal L-edges involves
resonant dipole allowed 2p / 3d excitation and de-excitation
transitions (Scheme 3). The RIXS nal states do not contain
a core-hole and the resulting RIXS spectra are dominated by the
relevant MC valence excited states.50 Additionally, because MC
and MLCT states have electrons excited to different unoccupied
molecular orbitals, different nal excited states can be accessed
by tuning the incident X-ray photon energy to different X-ray
absorption resonances. Therefore, a RIXS spectrum measured
at the metal L-edge 3d absorption resonance (white line) is
dominated by the MC nal states, while being completely free of
MLCT nal states.51 This makes metal L-edge RIXS a highly
suitable probe of MC excited state energetics and enables the
Tanabe–Sugano analysis of the Fe polypyridyl complexes,
a capability we utilize in the present work.
Experimental
Samples

We purchased the potassium salts of complexes 1, 2 and 3 from
Allichem Inc. and used them without further purication.52

Complexes 2 and 3 were examined with elemental analysis: 2
(C18H16O3FeK2N8) calc.: C, 37.25; H, 3.82; N, 19.30%. Found: C,
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9sc06272f


Scheme 3 Resonant inelastic X-ray scattering (RIXS) at the Fe L-edge
eg-resonance of an octahedral low-spin Fe 3d6 complex. Dominant
RIXS final states are metal-centered (MC) excited states (shown with
a black dashed arrow).
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37.04%; H, 2.34%; N, 19.50%. 3 (C12H12O3FeK2N8) calc.: C,
32.01; H, 2.69; N, 24.88%. Found: C, 31.81%; H, 2.18%; N,
24.63%. We exchanged the K+ with tetrabutylammonium (TBA+)
to increase the solubility in organic solvents. Firstly, the
protonated form of the complexes were prepared following
a published procedure.53 The resulting product was reacted with
a TBA–OH (Sigma-Aldrich) methanol solution in a stoichio-
metric amount, which was subsequently dried to retrieve the
complexes in the TBA+-form.23
UV-Visible absorption

We conducted femtosecond time-resolved UV-Visible transient
absorption (TA) and steady-state UV-Visible absorption
measurements on various solutions of complexes 1, 2 and 3. We
used K+-salts for aqueous solutions and TBA+-salts for all other
solutions. Complex 1 was studied in H2O, methanol (MeOH),
dimethysulfoxide (DMSO), acetonitrile (MeCN) and dime-
thylformamide (DMF). Complex 2 was studied in H2O, MeOH,
DMSO and DMF. Complex 3 was studied in H2O, MeOH,
butanol, hexanol, dichloromethane (DCM), propylene
carbonate, pyridine, benzonitrile, DMSO, MeCN, acetone and
DMF. All solvents were reagent grade. Concentrations of all the
solutions were adjusted to have a maximum absorption in the
visible region between 0.3–0.5 OD for a 100 mm path length
(concentrations of a fewmM). For TAmeasurements of aqueous
solutions we used a recirculating sheet jet with a 100 mm
thickness. For all the other samples we used a vibrating 100 mm
thick quartz cell without owing the solution. We measured all
of the steady state UV-Visible absorption spectra using a 100 mm
quartz cell with a Cary 50 spectrophotometer.

TA experiments were carried out using an amplied Ti:sap-
phire laser system (Coherent Mantis or Vitara oscillator with
This journal is © The Royal Society of Chemistry 2020
Coherent Legend Elite Duo) with a 5 kHz repetition rate, 800 nm
central wavelength, 2 mJ pulse energy and 40 fs FWHM pulse
duration. A portion of the laser pumped an optical parametric
amplier (Spectra-Physics OPA-800C) to generate a near IR
signal and idler. We used sum-frequency generation of the
signal and 800 nm light to make 500–550 nm pump pulses and
frequency doubling of the signal to generate 610–820 nm pump
pulses. The pump pulse was directed to the sample through
a delay stage, a 2.5 kHz chopper, and a lens, resulting in pump
pulses with 200–300 mm focal diameter (FWHM) and uences of
1–5mJ cm�2. The pump was overlapped with a white light probe
pulse (via supercontinuum generation in 4 mm of CaF2) at the
sample position. The probe was transmitted through the
sample and imaged on a spectrometer (Horiba Jobin Yvon
iHR320, grating 150 grooves per mm). The probe spectrum was
recorded at 5 kHz with a NMOS linear image sensor (Hama-
matsu, S8380-512Q) simultaneously over the whole 350–750 nm
spectral range. The instrument response function was esti-
mated to be �100 fs (FWHM). We measured UV-Visible
absorption spectra of the solutions before and aer the TA
experiments to check for photodamage. Most samples showed
no optical degradation, with a few exhibiting a few percent
reduction in absorption. The differential absorbance (DA) was
calculated asDA¼ log(Ioff/Ion), where Ion and Ioff are the pumped
and unpumped intensity, respectively. We used the cross-phase
modulation signal between the pump and the probe to deter-
mine t0 for each probe wavelength and to correct for the group
velocity dispersion.
Resonant inelastic X-ray scattering

RIXS experiments were carried out at beamline 10�1 at the
SSRL storage ring at SLAC National Accelerator Laboratory.
Here we utilized a novel energy dispersive X-ray spectrometer
based on transition-edge sensor (TES) technology54–57 with >100
times higher detection efficiency compared to conventional
grating spectrometers. The endstation and the so X-ray TES
spectrometer57 are described in more detail by Titus et al.58 and
Lee et al.59 The employed TES signal processing techniques are
described by Fowler et al.60 Powder samples of K+-salt complexes
were pressed on carbon tape attached to a sample holder.
Samples were kept at room temperature. RIXS maps over the
complete Fe L2,3-edge were collected by scanning the incident X-
ray energy from 700–735 eV (0.1 eV step, 0.2 eV monochromator
bandwidth) and raster scanning over 20 spots on each sample
(two monochromator scans on each spot, 1 mm � 1 mm X-ray
footprint, average incident ux �5 � 1010 photons per s). No
beam damage effects were observed in the collected data. The
RIXS maps of each sample were acquired for 2 h and 45 min.
The incident photon energy was calibrated to match the Fe L3-
edge eg-resonance of K4[Fe(CN)6] published by Hocking et al.61

X-ray photon energies detected by the TES spectrometer were
calibrated with a procedure described by Fowler et al.62 that
gives 0.4 eV uncertainty in absolute photon energies. This
calibration was rened for Fe 2p3d emission by shiing the
elastically scattered photon energy to match the incident
photon energy. We estimate that the uncertainty in relative
Chem. Sci., 2020, 11, 4360–4373 | 4363
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photon energies is below 0.1 eV. The spectral response of the
TES spectrometer was measured at 750 eV with elastically
scattered light from a gold lm (see ESI†). The energy resolution
of the TES spectrometer at the Fe L-edge was 2.3 eV (FWHM);
over shorter acquisition times but in otherwise similar oper-
ating conditions, it is as good as 1.8 eV.59
Results

Below we present the results from three different sets of
experiments. Firstly, we performed femtosecond resolution UV-
Visible transient absorption (TA) measurements to determine
the excited state relaxation dynamics and the 3MLCT lifetimes.
Secondly, we carried out band shape analysis of the steady state
UV-Visible absorption spectra to quantify the 1/3MLCT excita-
tion energies and the associated intra- and inter-molecular
reorganization energies. Thirdly, we performed steady state Fe
2p3d RIXS experiments to establish the MC excited state ener-
gies. Results from each of these experiments are described in
detail in the following sub-sections.
UV-Visible transient absorption

UV-Visible TA experiments were used to probe the photoexcited
MLCT state relaxation dynamics of 1, 2 and 3 in various solvents
Fig. 2 Femtosecond transient absorption (TA) data of 1, 2 and 3 in (A) DMF
match the TA signal amplitudes for comparison. The artefact around 53

4364 | Chem. Sci., 2020, 11, 4360–4373
with different solvatochromic effects. In Fig. 2, we display time-
resolved difference TA spectra of 1, 2 and 3 in DMF and H2O. Of
all the studied solvents, DMF and H2O solutions have the most
red- and blue-shied MLCT absorption spectra, respectively.
The complete collection of measured TA data is included in the
ESI (Fig. S1–S3†).

Characteristic absorption signatures of the MLCT excited
states are well established for transition metal polypyridyl
complexes and these are very similar to the absorption features
of reduced polypyridyl radicals.63,64 This facilitates robust
assignment of MLCT relaxation dynamics. We assign the
excited state absorption (ESA) feature positioned below 550 nm
for all of the measured datasets to intra-ligand transitions of the
reduced polypyridyl radicals in the MLCT excited state of the
complexes.65 These MLCT ESA features decay concomitantly
with the ground state bleach (GSB) recovery in most of the
studied solutions of all three complexes (Fig. 2, except 1 and 2 in
H2O). In addition, we observe dynamic shiing of the MLCT
ESA features on the one ps time scale which we assign to
solvation and vibrational energy redistribution (ESI, Fig. S1–
S3†). The simultaneous decay of ESA and GSB features conrms
no population accumulates in metal-centred (MC) excited
states. This is consistent with the previously published results
of 1 in acetone and DMSO.32,36 This does not mean MC excited
states do not participate in the MLCT relaxation mechanism,
and (B) H2O. Negative ground state (GS) spectra (in black) are scaled to
0 nm for 2 in water results from pump scatter.

This journal is © The Royal Society of Chemistry 2020
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only that the lifetime of the 3MLCT state signicantly exceeds
the lifetime of any MC excited state.

Qualitatively different dynamics are observed in H2O and
MeOH solutions of 1 and 2 where the MLCT ESA features
associated with the polypyridyl radical decay on the sub-
picosecond timescale without GSB recovery. Our recent work
combining TA with time-resolved Fe Ka/Kb X-ray emission
spectroscopy (XES) measurements of 1 in H2O determined that
the MLCT state decays into a triplet metal-centred (3MC) excited
state.39 This 3MC intermediate in 1 lacks the signature ESA of
a reduced ligand, while exhibiting a broad ESA to the red of the
GSB. Given the similarity of the transient absorption spectra for
1 and 2 in H2O, we also assign the �10 ps intermediate of 2 in
H2O and MeOH solutions to a 3MC excited state. We observe no
population of MC states in any solution of 3.

To accurately determine the time scales of the observed
population dynamics, we carried out global tting of the TA
data. The singular value decomposition-based kinetics tting
procedure utilized here has become a standard method for the
analysis of 2D TA data.66 A description of the procedure and all
of the t results are presented in the ESI.† A summary of the
extracted 3MLCT lifetimes is presented in Table 1. 1 and 2 show
more than two orders of magnitude decrease in the 3MLCT
lifetime as the MLCT energy increases in hydrogen bonding
solvents. 3MLCT lifetimes decrease from 29 ps to 180 fs for
complex 1, and from 67 ps to 300 fs for 2. The 67 ps 3MLCT
lifetime of 2 in DMF is the longest 3MLCT lifetime observed in
polypyridyl-containing Fe complexes.

Surprisingly, complex 3 exhibits qualitatively different
behaviour. The 3MLCT lifetime dependence of 3 on the 3MLCT
Table 1 Summary of the vibronic band shape analysis of the lowest en
lifetimes extracted from transient absorption (TA) experiments. Ev and
geometries, respectively. lcl and lq are GS-1MLCT reorganization energie
the 3MLCT lifetime retrieved from the global fitting of TA data

Complex Solvent Ev (eV) lcl (eV)

1 H2O 2.64 0.33
MeOH 2.41 0.32
DMSO 1.95 0.20
MeCN 1.94 0.20
DMF 1.83 0.19

2 H2O 2.33 0.28
MeOH 2.10 0.24
DMSO 1.83 0.19
DMF 1.77 0.19

3 H2O 2.32 0.42
MeOH 2.04 0.33
Butanol 1.88 0.25
Hexanol 1.76 0.24
DCM 1.79 0.23
Propylene carbonate 1.74 0.23
Pyridine 1.76 0.24
Benzonitrile 1.75 0.24
DMSO 1.73 0.22
MeCN 1.73 0.24
Acetone 1.70 0.25
DMF 1.64 0.19

This journal is © The Royal Society of Chemistry 2020
energy is non-monotonic and changes only by a factor of two in
all solvents (Table 1). The 3MLCT lifetime increases from�12 ps
at the lowest 3MLCT energy in DMF and reaches a maximum in
pyridine solution (�23 ps), and then it decreases again to �12
ps in H2O. The non-monotonic dependence of the 3MLCT life-
time on MLCT excitation energy provides clear evidence that
a second relaxation pathway dominates for smaller MLCT
excitation energies. The nature of this secondary relaxation
pathway and why it depends strongly on polypyridyl ligand will
be explained in the Discussion section.

UV-Visible absorption

We carried out a vibronic band shape analysis of the lowest-
energy 1MLCT UV-Visible absorption features to obtain the
1,3MLCT energies and the reorganization energies associated
with the GS / MLCT transitions in all the investigated solu-
tions. Similar vibronic band shape analysis has been success-
fully applied to the MMCT bands of mixed-valence complexes46

and MLCT bands of Fe and Ru polypyridyl complexes.13,67,68 In
particular, the assignment of the band shape of the lowest-
energy absorption to a vibronic progression is supported by
the polarized low temperature spectra of [Fe(bpy)3]

2+,69 and by
TDDFT calculations presented in the ESI.† The latter support
the conclusion that only one 1MLCT excited state makes
a signicant contribution to the lowest energy absorption band
for all three complexes (ESI, Table S2†). We therefore model the
lowest energy absorption with a single high-frequency quantum
mode and with an effective classical mode that includes all the
low-frequency modes. As clearly shown in Fig. 3, the lowest
energy 1MLCT absorption can be accurately t to
ergy 1MLCT UV-Visible absorption band and the 3MLCT excited state
E0 correspond to the lowest 1MLCT energy at the GS and MLCT

s for the classical and high-frequency quantummodes, respectively. s is

lq (eV) E0 (eV)

Excitation energy

s (ps)nm eV

0.19 2.12 500 2.48 0.18
0.17 1.92 520 2.38 0.22
0.13 1.62 670 1.85 16.5
0.13 1.61 720 1.73 19.3
0.12 1.52 720 1.73 28.7
0.13 1.92 530 2.34 0.30
0.12 1.73 610 2.03 0.61
0.11 1.53 720 1.73 31.6
0.12 1.47 740 1.68 66.9
0.18 1.71 550 2.25 11.9
0.16 1.55 625 1.98 16.9
0.16 1.48 690 1.80 20.0
0.16 1.36 670 1.85 19.9
0.16 1.40 730 1.70 20.7
0.16 1.36 750 1.65 21.4
0.16 1.36 750 1.65 22.6
0.16 1.35 760 1.63 18.5
0.15 1.36 775 1.60 19.4
0.15 1.34 775 1.60 13.5
0.16 1.29 775 1.60 16.6
0.16 1.29 820 1.51 12.7

Chem. Sci., 2020, 11, 4360–4373 | 4365
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Fig. 3 Fits of the lowest 1MLCT UV-Visible absorption peak of 1, 2 and 3 in (A) DMF and (B) H2O. Energetic parameters of the lowest 1MLCT peak
retrieved from a fit are displayed in each panel. E0–0 – energy of the zero-phonon peak, G – Gaussian broadening (FWHM), lq – reorganization
energy of the high frequency mode, and hn – quantum energy of the high frequency mode. Black dashed lines show residual absorption that is
not due to the lowest energy 1MLCT state.
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IðEÞ ¼
X
n

Sne�S

n!
exp

"
�4 lnð2Þ ðE � E0�0 � nhnÞ2

G2

#
; (1)

where n is the vibrational quantum number, S ¼ lq/hn is the
Huang–Rhys factor for the high-frequency quantum mode, and
lq and hn are the respective reorganization energy and vibra-
tional quantum energy of this high-frequency mode. E0–0 is the
excitation energy with zero quanta of the high-frequency
vibration. The Gaussian broadening G (FWHM) is related
directly to the classical reorganization energy:

lcl ¼ G2

16 ln 2kBT
: (2)

The fully relaxed (minimum) energy of the 1MLCT state with
respect to the ground state is E(0

1MLCT) ¼ E0–0 � lcl ¼ E(v
1MLCT) �

lq � lcl, where E(0
1MLCT) and E(v

1MLCT) correspond to the struc-
turally relaxed and vertical 1MLCT energies. The energetic
parameters directly extracted from the t are E0–0, G, lq and hn
(Fig. 3). These t parameters provide the required input to
calculate lcl, E

(
0
1MLCT), and E(v

1MLCT), all of which are reported in
Table 1. Within the experimental uncertainty, the high-
frequency vibrational mode has the same frequency of hn ¼
4366 | Chem. Sci., 2020, 11, 4360–4373
0.19 � 0.01 eV (1530 � 80 cm�1) for 1, 2, and 3 in all solvents.
Note that this vibrational frequency agrees well with the poly-
pyridyl intra-ligand breathing mode observed in previous
studies of Ru and Fe polypyridyl complexes.13,69,70 For example,
a 0.199 eV (1607 cm�1) high frequency mode dominates the
vibronic structure of the lowest energy 1MLCT band of
[Fe(bpy)3]

2+.13

In several measured UV-Visible absorption spectra a low-
energy tail is present that cannot be described by the 1MLCT
vibronic structure or Gaussian broadening (see 1 in DMF,
Fig. 3). Such low-energy features have been observed in Fe
polypyridyl complexes and were assigned to the 3MLCT
state.13,69 In particular, Kober et al. carried out a detailed anal-
ysis of the low-temperature [Fe(bpy)3]

2+ UV-Visible absorption
spectrum and found that the 3MLCT state is 0.25 eV below the
1MLCT state with a similar vibronic structure.69 Therefore, in
the tting of all our room temperature spectra, we have
included a peak that is 0.25 eV below the 1MLCT and has an
identical shape to the 1MLCT. This successfully describes the
low-energy tail in all the measured spectra. The observed
intensity of the 3MLCT peak is typically >50 times smaller than
the 1MLCT intensity. Energy of the 3MLCT state is thus
E(0

3MLCT) ¼ E(0
1MLCT) � 0.25 eV.
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 presents several relevant trends in the classical and
high-frequency reorganization energies. Firstly, the sol-
vatochromic effect is strongest in 1, with DE0h E(0

1MLCT)(H2O)�
E(0

1MLCT)(DMF) ¼ 0.6 eV. In comparison, DE0 ¼ 0.45 eV and
0.42 eV in 2 and 3, respectively. These observations are consis-
tent with the study of Toma et al.38 Secondly, the classical
reorganization energy lcl increases linearly with the sol-
vatochromic effect (Fig. 4A), but the proportionality between
energies is roughly a factor of two larger for 3. Thirdly, the
reorganization energy of the high frequency mode lq is signif-
icant, accounting for 30–40% of the total reorganization energy.
The respective Huang–Rhys factors are between 0.6 and 1. Most
importantly, we observe that the reorganization energies of 3
are consistently larger than in 1 and 2. This is particularly
evident for lq in weakly interacting solvents (small
E(0

1MLCT)). Although lcl of 3 is similar to 1 and 2 in weakly
interacting solvents, in H2O it is signicantly larger than in 1
and 2. This likely reects the two H-bond accepting nitrogen
sites on the pyrimidine ligand of 3. As will be addressed in the
Discussion section, these larger reorganization energies for the
MLCT state of 3 provides an explanation for the qualitatively
different MLCT relaxation mechanism for complex 3. Parame-
ters of the linear ts in Fig. 4 are included in the ESI.†

Interestingly, the intramolecular high frequency mode
reorganization energy, lq, shows an unexpected difference
between protic and aprotic solvents. This can be seen clearly in
Fig. 3 when comparing the vibronic progression for complex 1
Fig. 4 Dependence of (A) classical reorganization energy and (B)
reorganization energy of the high-frequency quantum mode of 1, 2
and 3 in various solvents from the fits of the lowest energy 1MLCT UV-
Visible absorption peak.

This journal is © The Royal Society of Chemistry 2020
in DMF andH2O. TheMLCT excitation energy also shows strong
variation between protic and aprotic solvents. This blue shi in
protic solvents has been attributed to direct H-bonding to the
cyano ligands that weakens the Fe–CN p-donation and
increases the Fe–CN p-back-donation, lowering the energy of
the t2g orbitals, and increasing the energy required for the
MLCT excitation.39 This change in Fe–CN interaction should
also impact the extent of p-back-donation to the polypyridyl
ligand, and potentially modify the spatial extent of the MLCT
excited state and the magnitude of lq. Additionally, the vibronic
progression does not appear distinctly in H2O, as shown in
Fig. 3B. This makes differentiating the classical and quantum
mechanical reorganization energies more challenging and may
provide a systematic uncertainty in the t not fully captured by
the error bars.
Resonant inelastic X-ray scattering

Measuring the relative energy of the 3MLCT and 3MC states is
critical to understanding the 3MLCT / 3MC relaxation
pathway. While the 1,3MLCT energy can be extracted from the
UV-Visible absorption spectrum, this is not possible for the
weakly absorbing MC excited states that overlap with the
intense 1MLCT bands. Instead, we use Fe 2p3d RIXS to establish
the energetics of the MC excited states (Fig. 5). Different from
UV-Visible absorption, the Raman selection rules for 2p3d RIXS
results predominantly in scattering to MC excited states,
providing direct access to the energies of these states. The RIXS
spectra in Fig. 5A were recorded at the Fe L3-edge X-ray
absorption white-line resonance around 709 eV resulting from
transitions from 2p to unoccupied 3d (eg) orbitals (see ESI†).
The measured RIXS spectra of all three complexes are very
similar. The spectra are dominated by an inelastic scattering
feature at �3 eV energy transfer, indicated by the light blue line
in Fig. 5A. Weak elastic scattering is clearly visible at 0 eV energy
transfer. At higher energy transfer, there is a broad feature
(centred at 6–7 eV) that can be assigned to decays from occupied
ligand orbitals generating ligand-to-metal charge transfer
(LMCT) excited states.51,71 For the purposes of this work, we
focus on the energies of the MC states observed in the RIXS
spectra and in particular to the dominant MC RIXS feature at
3 eV. To accurately obtain these energies we carried out the peak
tting and Tanabe–Sugano analysis described below.

Assignment of the �3 eV MC RIXS feature is based on the
Tanabe–Sugano energy matrices72 and on previous RIXS studies
of similar low spin Fe2+ complexes.51,71 Within the octahedral
approximation, the dominant RIXS spectral peak can be
unambiguously assigned to the 1T1g (t2g

5eg
1) excited state. Based

on the Tanabe–Sugano energy matrices and the measured TES
spectrometer instrument response, we t the RIXS spectrum
using only the octahedral ligand eld 10Dq as a free t
parameter to describe the MC state energies (Racah parameters
B and C are known, see ESI† for a detailed description of the
analysis). The t provides a robust and accurate measure of 1T1g
excited state energy (Fig. 5A). This energy, in conjunction with
the known values for the Racah B and C parameters, allows us to
calculate the energies of other MC states in the ground state
Chem. Sci., 2020, 11, 4360–4373 | 4367
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Fig. 5 (A) Fe 2p3d resonant inelastic X-ray scattering spectra at the Fe L3-edge eg-resonance. The light blue line corresponds to the vertical
energy of the dominant 1T1g RIXS feature. (B) UV-Visible absorption spectra and the vertical energies of MC excited states derived from RIXS
(Table 2, average values). Also shown is the 5T2g energy at 2.86 eV. Vertical gray lines correspond to 3MLCT vertical energies. Shaded area shows
the range of vertical 3MLCT energies from DMF to H2O covered in different solutions. Labels 1, 2 and 3 correspond to the complexes.
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geometry, including the lowest energy 3MC state that is relevant
for the indirect MLCT relaxation channel shown in Scheme 1.
We label each octahedral MC state manifold according to its
octahedral term symbol.

The resulting MC excited state energies extracted from the
tting of the RIXS spectra are summarized in Table 2. The MC
state energies of the different complexes are identical within the
experimental uncertainties (�0.1 eV); therefore, all three
ligands have very similar ligand elds. We take the averages of
these as the best estimate for all three complexes. Thus, any
changes in the MLCT lifetime between the complexes should
not be related to differences in MC excited state energies. The
Table 2 Summary of the vertical MC state energies derived from the
Tanabe–Sugano analysis of the RIXS spectra of 1, 2 and 3 (Fig. 5). The
scaling factor for 3d electron repulsion Racah parameters is 75%: B ¼
0.110 eV and C ¼ 0.406 eV (see ESI for details)

Complex 10Dq (eV) 3T1g (eV)
3T2g (eV)

1T1g (eV)
1T2g (eV)

1 3.24 2.09 2.80 2.98 4.40
2 3.22 2.08 2.78 2.97 4.38
3 3.19 2.04 2.75 2.93 4.34
Average 3.22 2.07 2.78 2.96 4.38

4368 | Chem. Sci., 2020, 11, 4360–4373
value of 10Dq, as expected, lies between [Fe(bpy)3]
2+ (10Dq ¼

2.8 eV (ref. 73)) and [Fe(CN)6]
4� (10Dq ¼ 4.2 eV (ref. 74)). The

lowest energy MC state is 3T1g at 2.07 � 0.1 eV, which is �0.7 eV
lower than the second lowest MC state 3T2g. With the vertical
MC state energies from Table 2, we can establish the relative
energetics of the low energy MC excited states with respect to
the MLCT states observed in the UV-Visible absorption (Fig. 5B).
The shaded area in Fig. 5B shows the range of vertical 3MLCT
energies in various solvents due to the solvatochromic effect.
Clearly, the 3MLCT energies are within the same range of the
3T1g energy, providing further support for the importance of the
3MLCT / 3T1g relaxation pathway.
Discussion

Fig. 6 shows the dependence of the 3MLCT lifetime on the
3MLCT minimum energy E(0

3MLCT). It is evident that complexes 1
and 2 show very similar behaviour, expressed by an exponential
increase in lifetime as E(0

3MLCT) decreases. In contrast, complex 3
behaves differently and shows a non-monotonic lifetime
dependence on E(0

3MLCT). The appearance of a maximum in the
lifetime indicates that two independent 3MLCT relaxation path-
ways occur for 3. The rate of one pathway becomes slower as the
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Measured electron transfer lifetime dependence on the 1MLCT
minimum energy E(0

3MLCT) of 1, 2 and 3 (points). Solid lines correspond
to calculated electron transfer lifetimes. See text for further details.
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reactant 3MLCT energy decreases, whereas the second pathway
becomes faster. We demonstrate below that this variation in the
3MLCT lifetimes of complexes 1–3 in a variety of solvents can be
understood within the framework of non-adiabatic electron
transfer theory. Within this model, we describe two competing
pathways for relaxation: an indirect pathway 3MLCT / 3MC /

GS involving a 3MC intermediate and a direct relaxation pathway
3MLCT / GS. The indirect 3MLCT / 3MC / GS pathway
involves thermally activated barrier crossing in the Marcus
normal region, �DG > l. Alternatively, the direct 3MLCT / GS
pathway resides in the Marcus inverted region, �DG < l, where
nuclear tunneling in high-frequency vibrational modes critically
inuences the relaxation rate.

The total rate of 3MLCT decay is the sum of a direct and an
indirect relaxation rate, kdir and kind, shown in Scheme 1:

ktot ¼ kdir + kind. (3)

To address both the classical and quantum mechanical
reorganization, we have used the non-adiabatic electron trans-
fer theory developed by Marcus, Jortner and co-workers,75–77

ki ¼ k
ðiÞ
0

X
n

Sne�S

n!
exp

2
64�

�
DGi þ nhnþ l

ðiÞ
cl

�2

4l
ðiÞ
cl kBT

3
75; (4)

where i ¼ dir, ind labels the quantities corresponding to direct
and indirect pathways, respectively. The Huang–Rhys param-
eter, S ¼ lq/hn, is the same for both pathways. n is vibrational
quantum number. Therefore, the lifetime data presented in
Fig. 6 are t to the sum of the two rates, each modelled using
eqn (4). The two pathways differ by pre-factor k0, classical
reorganization energy and driving force. Eqn (4) is a simpli-
cation of the approach developed by Barbara et al. to simulate
femto- and picosecond electron transfer in various solvated
molecules.46,78,79 Our analysis does not include the dynamical
This journal is © The Royal Society of Chemistry 2020
solvation effects present in the Barbara analysis,80 as we assume
the 3MLCT state is fully relaxed before the electron transfer and
we do not consider the weak 1/l reorganization energy depen-
dence of the pre-factors. A brief derivation of eqn (4) is also
presented in the ESI.† A detailed account of the parameters
used for each pathway is given below.

The direct pathway inuences strongly the 3MLCT relaxation
rate only for complex 3 for the smaller values of the driving
force. Nonetheless, evaluation of the 3MLCT/ GS rates is more
straightforward than the indirect 3MLCT/ 3MC rates, because
the relevant driving force and reorganization energies can be
extracted directly from the UV-Visible absorption spectrum
within the Condon approximation. The driving force of the
direct pathway in eqn (4) is DGdir ¼ � E(0

3MLCT). Reorganization
energies l(dir)cl ¼ lcl and lq depend linearly on E(0

1MLCT), described
by the ts shown in Fig. 4 for each complex 1, 2 and 3 (ESI, Table
S3†). The value of hn extracted from the UV-Visible spectra is
constant for all complexes and solutions. This leaves only one
free t parameter, the reaction rate pre-factor, k(dir)0 ¼ (8 � 1) �
1012 Hz.

The indirect pathway dictates the MLCT relaxation for 1 and
2 in all the solvents we investigated and also determines the
MLCT relaxation for complex 3 in solvents where the 3MLCT/
3MC driving force is large. For the indirect pathway, DGind ¼
E(0

3MC)� E(0
3MLCT)and l(ind)cl ¼ l(inner)cl + lcl, where E

(
0
3MC) is the 3MC

state minimum energy and l(inner)cl is the inner coordination
sphere reorganization energy. E(0

3MC) and l(inner)cl are treated as
free t parameters with the identical values for complexes 1–3
and are extracted from the t of the kind to eqn (4). As noted, the
classical reorganization energy l(ind)cl has two prominent origins,
l(inner)cl and lcl. The constant inner coordination sphere reorga-
nization energy, l(inner)cl , is associated with the changes inmetal–
ligand bond lengths and angles upon formation of the 3MC
state. The ligand and solvent dependent outer sphere reorga-
nization energy, lcl, is mostly associated with solvation of the
3MLCT state and is extracted from the UV-Visible spectroscopy,
identical to the treatment of the direct pathway (Fig. 4). This
analysis provides a pre-exponential factor k(ind)0 ¼ (2.1 � 1.5) �
1013 Hz, a reorganization energy of l(inner)cl ¼ 0.34 � 0.16 eV, and
E(0

3MC) ¼ 1.32 � 0.05 eV.
The reasonableness of the four parameters extracted from

the Marcus–Jortner analysis, k(dir)0 , k(ind)0 , l(inner)cl and
E(0

3MC) warrant discussion. k(dir)0 is 10–50 times smaller than
determined by Indelli et al.31 for Ru dicyano-bipyridine and
tricyano-terpyridine complexes. Given that k0 f |V|2 (V is elec-
tronic coupling), the smaller pre-factor reects, at least in part,
the smaller spin–orbit coupling in Fe complexes than Ru
complexes. The value of l(inner)cl is consistent with the large
changes in inner coordination sphere geometry between the
singlet ground state and the 3MC structure predicted by theo-
retical calculations for polypyridyl 3MC states.73 While we do not
have an additional means of experimentally determining the
value for E(0

3MC), we can compare the vertical 3MC state energy
for the ground state geometry, E(v

3T1g) ¼ 2.07 � 0.1 eV, extracted
from the RIXS measurement, to the 3MC energy at the 3MLCT
geometry, E3

(
MLCT
3MC) ¼ E(0

3MC) + l(ind)cl + lq ¼ (2.0 � 2.3) � 0.2 eV,
extracted from the rate model analysis and UV-Visible
Chem. Sci., 2020, 11, 4360–4373 | 4369
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absorption. These values fall in the same range, therefore con-
rming that the barrierless region of the indirect pathway
corresponds to a resonance between the 3MLCT state and the
3T1g manifold.

Given the several assumptions in themodelling, the extracted
parameters from the t in Fig. 6 are likely not unique. However,
we can reliably draw some qualitative conclusions. First,
inclusion of the 3MLCT / GS pathway explains the
difference between complex 3 and complexes 1 and 2. The direct
3MLCT / GS pathway is more prominent in 3 because of the
larger lq values in weakly interacting solvents (Fig. 4B). The
relatively slow change of the 3MLCT lifetimes at E(0

3MLCT) <
1.25 eV in 3 is due to compensation of the driving force decrease
by the increase in lcl. The model predicts that complex 3 at
E(0

3MLCT) > 1.35 eV has a longer 3MLCT lifetimes than 1 and 2, as
observed experimentally, primarily because of the larger clas-
sical reorganization energies for complex 3.

The validity of a statistical reaction rate model also warrants
comment. Foremost, the large range of lifetimes motivates the
Marcus–Jortner analysis. Since the equilibration of the 3MLCT
state should occur within a few picoseconds, the assumption of
a statistical reaction appears appropriate for most of the relax-
ation rates. For the fastest MLCT decays, Marcus–Jortner theory
will break down, but this most strongly inuences the expo-
nential pre-factor and has minimal impact on the free energy
values extracted from the analysis.

Closing remarks

We have explored the MLCT excitation energy dependence of the
3MLCT lifetime of heteroleptic Fe tetracyano-polypyridyl
complexes by varying the polypyridyl ligand and the solvent to
determine how these chemical properties dictate electron trans-
fer rate. These variations generated an eV span of electron
transfer driving force and resulted in 3MLCT lifetimes ranging
from 0.18 to 67 ps. Over this range, we found that 3MLCT relax-
ation can proceeds via two competing electron transfer pathways:
a direct 3MLCT/ GS pathway where the electron in a ligand p*

orbital transfers to an Fe t2g orbital and an indirect 3MLCT /
3MC pathway where the electron in a ligand p* orbital transfers
to an Fe eg orbital. The latter electron transfer takes place in
a normal Marcus regime with a rate that decreases as
E(0

3MLCT) decreases. The reorganization energy for this pathway is
large due to considerable intramolecular reorganization associ-
ated with the occupation of an anti-bonding eg orbital in the 3MC
state. The direct 3MLCT/ GS electron transfer takes place in an
inverted Marcus regime, with the solvent and the polypyridyl
intra-ligand breathing mode reorganizations being coupled to
the back-electron transfer. In solvents with smaller MLCT exci-
tation energies, the MLCT relaxation mechanism for
[Fe(CN)4(2,20-bipyrimidine)]2� (complex 3) resembles the energy
gap law behaviour of many Ru and Os polypyridyl photosensi-
tizers where the direct pathway dominates the 3MLCT relaxation.
The observed 3MLCT lifetimes can be quantitatively described
within the framework of a nonadiabatic Marcus–Jortner electron
transfer model that includes a classical mode and a single high-
frequency quantum mode.
4370 | Chem. Sci., 2020, 11, 4360–4373
We have used Fe 2p3d RIXS measurements to directly probe
the low-energy MC excited states that cannot be accessed with
conventional UV-Visible spectroscopic methods. Tanabe–
Sugano analysis of the experimental Fe 2p3d RIXS data enabled
us to determine the approximate octahedral ligand eld energy
and the energies of all relevant MC states. Comparison of these
MC energies to the reorganization energy and equilibrated 3MC
energy extracted from the Marcus theory analysis of the MLCT
relaxation rate conrms the indirect relaxation pathway
proceeds through the lowest energy metal-centered triplet state.
The application of RIXS to study chemically relevant systems,
oen with dilute concentrations and of limited sample quan-
tity, is signicantly constrained due to the small cross-sections
of RIXS processes and the low efficiencies of so X-ray spec-
trometers. The high-efficiency TES spectrometer utilized in this
work is expected to considerably expand the applicability of
RIXS for studies of chemically relevant systems.

Within the mechanistic model proposed in this work, we
consider the factors behind the record-long charge-transfer
lifetimes observed in Fe N-heterocyclic carbenes.28,29 The 528
ps 3MLCT lifetime reported by Chábera et al. for a ferrous
heterocyclic carbene complexes with low MLCT energy (�800
nm) agrees well with the model presented here.28 Our model
predicts that a similar lifetime can be achieved for Fe
tetracyano-polypyridyl complexes if the polypyridyl ligand is
modied to have the same MLCT energy, but minimal ligand
breathing mode distortion in order to suppress the direct
pathway. Curiously, the situation differs for the ferric hetero-
cyclic carbene, where a 2 ns LMCT excited state lifetime has
been observed.29 Arrhenius analysis reveals a much smaller free
energy barrier (DG# ¼ 0.03 eV) for the ferric carbene complex
than for the longest MLCT lifetime reported here dominated by
the indirect pathway (DG# z 0.15 eV for complex 2 in DMF).
Instead, the long LMCT lifetime results from the very small pre-
exponential factor in the relaxation rate of �109 Hz, compared
to the �1013 Hz we observe for ferrous tetracyano-polypyridyl
complexes. This indicates that a key factor behind the record
lifetimes in ferric carbene complexes is the spin-forbidden two-
electron 2LMCT–4MC electronic coupling, which is apparently
100 times smaller than the spin-allowed one-electron
3MLCT–3MC electronic coupling in similar ferrous complexes.

This work demonstrates that lowering the MLCT energy by
decreasing the ligand acceptor orbital energy and the solvent
interactions effectively suppresses the indirect 3MLCT / 3MC
/ GS relaxation pathway and extends the 3MLCT state life-
times. However, we also observed a change in this behaviour for
very low energy MLCT states (E(0

1MLCT) < 1.5 eV), where
decreasing MLCT energy increases the decay rate via the direct
3MLCT / GS pathway, consistent with the well-established
energy gap law.9–11 This direct relaxation pathway was not the
focus of previous studies of Fe polypyridyl complexes, as the
indirect mechanism was reported to dominate in prior systems.
Our investigation nds that in addition to suppressing the
indirect pathway, factors that decrease the rate of the direct
relaxation pathway must also be considered, such as decreasing
the solvent and ligand related reorganization energies. Here,
synthetic strategies previously devised to slow the rate of MLCT
This journal is © The Royal Society of Chemistry 2020
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/ GS relaxation in 4d and 5d polypyridyl complexes warrant
investigation. These include increasing delocalization of the
excited electron over a larger ligand framework and increasing
the rigidity of the ligand with chemical links between pyridyl
rings.12 Both strategies result in longer MLCT lifetimes by
decreasing the Huang–Rhys parameter of the intra-ligand
vibrational modes, and are therefore expected to be generally
effective in supressing the direct relaxation pathway for Fe
photosensitizers with low MLCT energy.
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