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Transient absorption data of [FeII(tpy)(CN)3]- reveals spectroscopic 
signatures indicative of 3MLCT with a ~10 ps kinetic component. 
These data are supported by DFT and TD-DFT calculations, which 
show that excited state ordering is responsive to the number of 
cyanide ligands on the complex. 

There is considerable interest in the replacement of ruthenium 
by iron in a variety of transition metal chromophores. Much of 
this effort is aimed at “making iron the new ruthenium,” with 
the ultimate goal of many of these studies to create a long-
lived 3MLCT state (Metal-to-Ligand Charge-Transfer) through 
judicious choice of ligand and solvent environment.1 While the 
formation of this state in ruthenium polypyridine chemistry is 
straightforward and requires little special effort, it has been 
found by many researchers that the lowest energy excited 
states of many iron chromophores is Ligand Field (LF) or Metal-
Centered (MC) in character, and thus the excited states are 
neither long-lived nor of appropriate energy to perform one-
electron oxidation or reduction chemistry.2 For example, 
Winkler, Creutz, and Sutin reported that while [Fe(bpy)3]2+ and 
[Fe(bpy)2(CN)2] featured lowest energy excited states that 
were LF in nature, that only in the presence of a weak acceptor 
solvent (acetone), could an MLCT excited state in 
[Fe(bpy)(CN)4]2– be observed.3 This result has been confirmed 
by a variety of researchers and a variety of techniques. Many 
of these studies have focused on [Fe(bpy)2(CN)2] and 
[Fe(bpy)(CN)4]2– as well as [Fe(bpy)3]2+ and [Fe(CN)6]3– within a 
comparative series.4-16

An omission from this series is [Fe(tpy)(CN)3]–, and we 
questioned if the balance of ligand field strength and CT 
energy were such that an MLCT state might be accessible or 
even lowest in energy in this complex. DFT and TD-DFT 

calculations on series of Fe(II) polypyridine complexes with a 
systematically increasing number of CN- ligands ([Fe(bpy)3]2+, 
[Fe(bpy)2(CN)2], [Fe(tpy)(CN)3]-, [Fe(bpy)(CN)4]2-) suggest that 
this may be the case. Figure 1 shows the calculated energies of 
the relevant electronic states of the Fe(II) complexes in Franck-
Condon region. As can be seen here, the energies of the 
1,3MLCT states (shown in blue and purple in Figure 1) become 
stabilized with the increasing number of CN- ligands bound to 
the Fe(II) center. At the same time, the energy of the lowest-
lying 5MC state increases significantly, with the 1,3MLCT states 
becoming more stable than the 5MC state for [Fe(tpy)(CN)3]-. 
This suggests a possible presence of low-lying 3MLCT states for 
this complex. Although DFT calculations often struggle to 
reproduce the correct ordering of electronic states with 
different spins,17-18 the systematic behaviour observed in 
Figure 1 was compelling enough for us to synthesize 
[Fe(tpy)(CN)3]- complex and measure its photophysical 
properties.

The tricyano complex is readily prepared through reaction of 
[Fe(tpy)Cl2] with an excess of KCN in boiling water (Scheme S1, 
ESI†).8 Crystals suitable for X-ray diffraction were grown from 
ethanol solution, ultimately yielding the structure shown in 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

-1 0 1 2 3 4 5

E
ne

rg
y

(e
V

)

Number of CN- Ligands

A (DFT)
MC (DFT)
MC (DFT)
MLCT (TD-DFT)
MC (TD-DFT)
MLCT (TD-DFT)

1
3
5

3
3

1

Figure 1. Calculated energies of relevant electronic states for [Fe(bpy)3]2+ (0 CN- 
ligands), [Fe(bpy)2(CN)2] (2 CN- ligands), [Fe(tpy)(CN)3]- (3 CN- ligands), and 
[Fe(bpy)(CN)4]2- (4 CN- ligands) in Franck-Condon region. Only the structure of 1A 
(ground state) was fully optimized, energies of the other electronic states were 
obtained either from the single-point energy calculations (DFT) at the 1A optimized 
geometry, or from TD-DFT calculations with 1A as the reference state. 
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Figure 2, with an expected meridional geometry of the three 
cyano ligands. The axial Fe–C bonds are 1.939(1) and 1.951(1) 
Å, with the remaining equatorial Fe–C bond exhibiting the 
shortest distance of 1.909(1) Å. There are no significance 
differences in the C-N bond lengths of the cyano groups.. The 
Fe–N bond distances are typical for terpyridine coordination, 
with the central Fe–N bond distance (1.883(1) Å) being shorter 
than the Fe–N bond distances for the peripheral pyridines 
(1.969(1) Å and 1.966(1) Å).19-24 We note that these distances 
are also consistent with low spin iron electron configuration.

Figure 2. Molecular structure of [Fe(tpy)(CN)3]– rendered with 35% thermal eliipsoids. 
K+ ions and H atoms not shown for clarity. Color scheme:  Fe, red; C, grey; N, blue.

The 1H NMR spectra and infrared spectrum are consistent with 
the molecular structure (Figures S1 – S5 and Tables S1 – S2, 
ESI†). Specifically, the infrared spectrum features three (CN) 
at 2091, 2069 and 2060 cm–1. These compare well with 
[Fe(bpy)2(CN)2] where (CN) is 2072 cm–1 and [Fe(bpy)(CN)4]2– 
where (CN) is 2032, 2044, 2057, and 2083 cm–1. As all three 
complexes are C2 (or C2v) symmetric, each CN should be 
uniquely identified in the infrared spectrum. The absence of a 
definitive peak for the dicyano complex suggests that it is 
underneath the intense asymmetric (CN)2 peak at 2072 cm–1. 
The experimental UV-vis spectrum is shown in Figure 2A and 
the calculated spectrum is shown in Figure S4 (ESI†). The 
calculated spectrum reproduces well the features found in the 
experimental spectrum and analysis reveals that the lowest 
energy visible transitions are primarily MLCT in character with 
some MC character (Table S3, ESI). Similar to the tetracyano 
complex ([Fe(bpy)(CN)4]2–), [Fe(tpy)(CN)3]– features two broad 
MLCT absorptions in the visible, but the lowest energy CT band 
for the tpy complex is quite broad, extending to 850 nm. In 
accord with many cyano complexes, the tricyano complex is 
strongly solvatochromic with the intensity, wavelength and 
shape all strongly dependent upon the choice of solvent 
(Figure S6, ESI†).3, 5, 7, 25 Indeed, the lowest energy maximum is 
observed at 497 nm in H2O, at 530 nm in CH3OH, and at 668 
nm in CH3CN. Lastly, we note that cyclic and square wave 
voltammetry reveals a Fe3+/2+ couple of 0.17 V vs Ag wire in 
propylene carbonate. 
We employed femtosecond transient absorption spectroscopy 

Figure 3. Ground state UV-Vis spectrum of K[FeII(tpy)(CN)3] (A) in acetonitrile. Selected 
excited state spectra at early (B) and late (C) pump-probe time delays in acetonitrile. 
The legend details the exact pump-probe time delay for each spectrum.

to determine whether or not [Fe(tpy)(CN)3]– exhibits evidence 
for an MLCT excited state following excitation. Spectral 
features consistent with an MLCT typically include an excited 
state absorption that is ascribed to a reduced bpy ** 
transition near 370 nm, and an unreduced bpy FeIII LMCT 
transition in the red portion of the spectrum.11 LF or MC 
lowest energy excited states do not typically feature any 
excited state absorption at any wavelength (See Figure S7, ESI† 
for data on [Fe(bpy)2(CN)2] and [Fe(bpy)(CN)4]2–).26 
Shown in Figure 3 (B and C) are transient spectra of 
[Fe(tpy)(CN)3]– collected at different pump-probe time delays. 
The first trace (0.5 ps; black) shows a transient that nicely 
mirrors the ground state absorption spectrum and features 
negative absorbances or bleaches with maxima that 
correspond well with the ground state absorption (Figure 3A). 
However, excited state absorptions are apparent at both ~350 
nm and ~475 nm. From 0.5 ps to 1 ps, the bleach features 
become more intense (grow more negative) as does the 
excited state absorption near ~475 nm. Also during this time, 
the long wavelength bleach feature narrows, yielding to a 
small excited state absorption at ~750 nm, reminiscent of what 
is observed in the transient spectra of [Fe(bpy)(CN)4]2–.5, 11, 25 
During this time interval, the peak maxima all shift to the blue, 
perhaps suggesting that this process is dominated by 
vibrational cooling, but may also be simply due to the last 
vestiges of 3MLCT formation. From 1 ps to 20 ps, the bleach 
maxima continue to shift blue, but lessen in intensity, 
ultimately relaxing to a transient that is indistinguishable from 
the zero line at 100 ps pump probe time delay. The excited 
state absorption at ~475 nm first rises in intensity and then 
relaxes back to the zero line, while the excited state 
absorption at ~350 nm broadens and loses intensity over this 
time interval. Lastly, the emergent excited state absorption at 
~750 nm gains intensity while moving to the blue, before 
ultimately relaxing to the zero line. As the transient absorption 
signal is always the sum of multiple contributions (e.g., ground 
state bleach, excited state absorption, among others), we are 
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cautious not to over-interpret the shifting of excited state 
absorptions or their band shape, as band shape variations 
could be due to changes in the bleach regions, which are 
dominant in the spectrum. Nevertheless, we do interpret the 
presence of excited state absorptions throughout the entirety 
of the transient absorption experiment as evidence for the 
formation of a lowest energy MLCT excited state in 
[Fe(tpy)(CN)3]–. Consistent with our global fitting results, single 
wavelength kinetic analysis retrieved from 550 nm yielded 
time constants of 2.9  0.5 ps and 9.5  0.6 ps (Figure S8, ESI†). 
In accord with our discussion above, we assign the short time 
constant to intramolecular vibrational energy redistribution, 
and the long time constant to relaxation of the 3MLCT to the 
ground state. These assignments are consistent with those 
made for related complexes (see below).
The excited state lifetime of [Fe(tpy)(CN)3]– ( 9.5 ± 0.6 ps) is in 
accord with [Fe(bpy)2(CN)2] ( 330 ps27 or 256 ± 4 ps6) and 
[Fe(bpy)(CN)4]2– ( 2.5 ± 0. ps and  18.5 ± 0.9 ns).11 Similar to 
[Fe(bpy)2(CN)2] and [Fe(bpy)(CN)4]2–, we find no evidence of 
photodecomposition in [Fe(tpy)(CN)3]–, which has been 
observed in [FeII(py)(CN)5]n–, where py is a substituted 
pyridine.28 Gaffney, Kjaer and coworkers ascribe the 2.5 ps 
lifetime in their study of [Fe(bpy)(CN)4]2– to intramolecular 
vibrational energy redistribution and solvent dynamics, and 
specifically state that this kinetic phase is not assigned to 
excited electronic state dynamics based on a combination of 
XAS and visible femtosecond pump probe date.11 In contrast to 
what was reported for [Fe(bpy)(CN)4]2–, our data do not 
unequivocally indicate if 1A1 ground state occurs directly from 
the 3MLCT state or if there is an intervening state (LF) that 
facilitates excited state deactivations.
The computational results displayed in Figure 1 refer to 
electronic state ordering near the Franck-Condon region 
following excitation. At present, we are uncertain of the 
relative ordering as the molecule moves away from this region, 
towards the lowest energy excited state, yet the spectroscopic 
data presented here suggest that the 3MLCT is lowest, or at 
least kinetically favoured over the MC states. For example, an 
Fe(II) N-heterocyclic carbene complex displays a long-lived 
3MLCT state, despite the fact that the 3MC state is 
thermodynamically favoured.29 Recent computational data on 
[Fe(tpy)2]2+ suggest the importance of a rocking motion,30 and 
others identify the significance of bond lengthening during 
excited state evolution and deactivation.31 We speculate that 
the dynamical motions of the terpyridine in combination with 
the vibrations associated with three cyanide ligands in 
[Fe(tpy)(CN)3]–, not only conspire to stabilize the 3MLCT state, 
but also facilitate coupling to the ground state 1A surface, such 
that the excited state lifetime is significantly shorter than that 
observed for  [Fe(tpy)2]2+ ( 5.2 ± 0.1 ns). Further studies on 
related complexes will hopefully reveal these and other 
details.

Conclusion
The data presented here strongly support the assignment of 
the lowest energy excited state to 3MLCT for [Fe(tpy)(CN)3]–. 

Specifically, the appearance of excited state absorptions in the 
transient spectra provides compelling evidence for this 
assignment. The study presented here completes the 
comparative series of iron complexes containing polypyridine 
and cyanide ligands, and suggest that other small ligands 
coordinated to [Fe(tpy)]2+ may ultimately lead to a longer lived 
3MLCT state.
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