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ABSTRACT  

We have employed a range of ultrafast x-ray spectroscopies in an effort to characterize 

the lowest energy excited state of [Fe(dcpp)2]2+ (where dcpp is 2,6-(dicarboxypyridyl)pyridine). 

This compound exhibits an unusually short excited-state lifetime for a low-spin Fe(II) 

polypyridyl complex of 270 ps in room-temperature fluid solution, raising questions as to 

whether the ligand-field strength of dcpp had pushed this system beyond the 5T2/3T1 crossing 

point and stabilizing the latter as the lowest energy excited state. Kα and Kβ x-ray emission 

spectroscopies have been used to unambiguously determine the quintet spin multiplicity of the 

long-lived excited state, thereby establishing the 5T2 state as the lowest energy excited state of 

this compound. Geometric changes associated with the photo-induced ligand-field state 

conversion have also been monitored with extended x-ray absorption fine structure. The data 

show the typical average Fe-ligand bond length elongation of ~0.18 Å for a 5T2 state and suggest 

a high anisotropy of the primary coordination sphere around the metal center in the excited 5T2 

state, in stark contrast to the nearly perfect octahedral symmetry that characterizes the low-spin 

1A1 ground state structure. This study illustrates how the application of time-resolved x-ray 

techniques can provide insights into the electronic structures of molecules - particularly 

transition metal complexes - that are difficult if not impossible to obtain by other means. 
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INTRODUCTION 

The capture and conversion of light into electrical and/or chemical energy is one of the 

most promising venues for addressing energy needs on a global scale. As in nature, molecular or 

materials-based approaches require as a first step the separation of charge: the chemical potential 

this charge separation creates is what drives subsequent processes such as current generation in 

solar cells1 or the coupling of redox equivalents to catalysts for the formation of energy-dense 

compounds2. In terms of kinetics, the lifetime of this charge separated state must be sufficiently 

long relative to the processes reliant on the redox activity of the excited state to effect subsequent 

chemical dynamics. For strategies that employ transition metal-based compounds, complexes of 

the second- and third-row transition series (e.g., Ru, Ir) are characterized by metal-to-ligand charge 

transfer (MLCT) excited states possessing excited-state lifetimes that can range from tens of 

nanoseconds to many microseconds, thereby allowing for their use in a wide range of settings, 

including bimolecular reaction chemistry3. Unfortunately, these elements represent some of the 

least abundant of the entire periodic table. Although this is not necessarily a problem when 

incorporated into catalysts – many large-scale industrial reactions use compounds based on 

rhenium, for example – the diffuse nature of sunlight makes the light capture part of the solar 

energy conversion problem material-intensive. The elemental availability of the components 

making up the chromophore is therefore a critical issue when it comes to scalability. 

To overcome this problem in the context of transition metal-based chromophores, one 

would want to replace rare 4d/5d complexes with more earth-abundant first-row (3d) complexes. 

Successful efforts along these lines have employed Cu(I). For example, a Cu-based photosensitizer 

has been employed in a homogeneous water splitting system;4 and Cu(I)-based polypyridyl 

complexes have been used as chromophores in dye-sensitized solar cells (DSSCs).5 The d10 
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configuration of Cu(I) gives it an electronic structure reminiscent of Ru(II) (i.e., the lowest-energy 

excited state of polypyridyl complexes of Cu(I) is a 3MLCT), so the ability of these complexes to 

engage in photo-induced electron transfer is not surprising. More challenging has been the use of 

iron, the first-row congener of ruthenium. An enormous number of low-spin (LS) Fe(II) complexes 

are known, including the thoroughly studied Fe(II) polypyridyl complexes [Fe(bpy)3]2+
 
6–8 and 

[Fe(terpy)2]2+ 9–12. Their absorption spectra are dominated by strong MLCT transitions in the 

visible regime, however, these Fe(II)-based complexes have been difficult to employ in solar 

energy conversion schemes5 due primarily to the fact the MLCT states convert to lower-lying 

metal-centered ligand-field (LF) states on the ~100 fs timescale8,13–16. Although the underlying 

reason(s) driving these surprisingly rapid dynamics are still the subject of active research,17 recent 

calculations suggest that the potential energy surfaces of these ligand-field excited states cross 

those of the MLCT states in proximity of the Franck-Condon regime.18,19 This can lead to efficient 

non-radiative decay through coupling of states at conical intersections. 

One approach to eliminating the problem of rapid deactivation of MLCT states in Fe-based 

chromophores has been to design ligands that impart substantially stronger ligand fields to the 

metal center. This should result in destabilization of multielectronic terms states that arise due to 

population of the eg
* orbitals and, potentially, alter the dynamics associated with the MLCT 

state(s). Warnmark and co-workers have pioneered this approach by replacing the bidentate and 

tridentate polypyridyl ligands with N-heterocyclic carbenes (NHCs)20–23. The strongly sigma-

electron donating nature of the carbene-based ligands does in fact result in dramatic increases in 

MLCT lifetimes due to significant destabilization of the high-spin (5T2) state.23,24 Complementary 

approaches include stabilizing the MLCT states by using strongly pi-accepting ligands25 or the use 
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of sterics which Damrauer and co-workers have successfully employed to increase the lifetime of 

the 5MLCT lifetime of a high-spin Fe(II)-terpyridine complex26,27. 

More subtle changes in the coordination sphere have also been observed to give rise to 

unexpected perturbations to the excited-state dynamics of Fe(II) polypyridyls. One of us 

(McCusker) recently reported the synthesis, structure, and fundamental photophysics of a new 

class of Fe(II) chromophores in which the basic terpyridine motif was modified by the 

incorporation of a C=O group between the C-C links of the pyridyl rings.28 This new complex – 

[Fe(dcpp)2]2+ (where dcpp is di(carboxypyridyl)pyridine) – exhibited a number of structural and 

dynamic features quite distinct from its polypyridyl cousins [Fe(bpy)3]2+ and [Fe(terpy)2]2+ (Figure 

1). The primary coordination sphere of this compound is a near-perfect octahedron due to the six-

membered metallocycle that is formed upon binding (as opposed to the 5-membered ring that 

results upon ligation of both bpy and terpy). More surprising was the excited-state. With regard to 

the compound’s photo-induced properties, the time constant for ground-state recovery in fluid 

CH3CN solution was measured to be 280 ± 10 ps, significantly shorter than that of [Fe(bpy)3]2+
 

(960 ± 20 ps) and [Fe(terpy)2]2+ (5.35 ± 0.15 ns) under identical conditions.28 

The shorter lifetime coupled with data indicating that dcpp presents a significantly stronger 

ligand-field to Fe(II) than bpy raised a question as to whether this system was the first example of 

a six-coordinate all-polypyridyl Fe(II) complex whose ligand-field strength pushed the system past 

the 3T1/5T2 crossing point in the Tanabe-Sugano diagram, i.e., a pseudo-octahedral polypyridyl 

compound whose lowest-energy excited state was not the 5T2, but rather the intermediate 3T1 state. 

The data available at the time of this earlier report were insufficient to  
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Figure 1. Left: Structural formula of [Fe(dcpp)2]+, the nitrogen atoms constituting the first 
coordination shell around Fe are grouped into axial Nax and equatorial Neq, the carbon atoms of 
the second coordination shell into Cax, Ceq1 and Ceq2. Right: 3-D structure of [Fe(dcpp)2]2+ 
obtained from the single-crystal x-ray structure reported in 28. (H atoms omitted for clarity). 
 

differentiate between these two possibilities. Indeed, this ambiguity underscores a fundamental 

problem that arises when studying the photophysics of the vast majority of first-row metal 

complexes. Whereas the energetics of charge-transfer states are usually quite easily determined 

either through emission spectroscopy or electrochemistry, determining the nature and identity of 

ligand-field excited states can be exceedingly difficult. With rare exceptions (e.g., the 2E state of 

Cr(III) complexes), ligand-field excited states are usually non-emissive even at low temperature. 

This is certainly the case for a 5T2 state, whose radiative coupling to the 1A1 state is virtually zero 

due to the ∆S = 2 difference between the two states. Electrochemistry is likewise not useful in this 

regard: ligand-field excited states are not redox in nature and therefore cannot be simulated in a 

manner similar to charge-transfer states. Finally, with the exception of spin-crossover systems in 

which the lowest-energy excited state can be accessed either with temperature or through simple 
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chemical modifications of the ligand29, data from traditional time-resolved optical measurements 

are generally not diagnostic for the identity of any specific excited state.  

With this report, we will show that the combined application of various time-resolved x-ray 

spectroscopies can succeed in identifying the exact nature of a ligand-field excited state where 

other methods cannot. Specifically, we have exploited ultrafast x-ray absorption spectroscopy 

(XAS) and x-ray emission spectroscopy (XES) to meticulously characterize both the geometry and 

spin of the lowest-energy excited state of [Fe(dcpp)2]2+. In addition to resolving ligand-field theory 

questions about this specific compound, we will demonstrate the power of these methods to not 

only determine the geometric structures of excited states, but to provide insights into the electronic 

structures that are difficult if not impossible to acquire by other means. 

          
EXPERIMENTAL AND THEORETICAL METHODOLOGY 

Time resolved XAS and XES have been measured at beamline 7ID-D of the Advanced 

Photon Source at Argonne National Laboratory. The experimental setup has been described 

previously.30 The APS storage ring was operated in 24 bunch mode with an average ring current 

of 102 mA in top-up mode.30 The laser system, synchronized to the storage ring, generated 10 ps 

pulses at MHz repetition rates. x-rays were monochromatized to ΔE/E=5.4×10−5 with a double-

crystal diamond (111) monochromator31. The sample consisted of a ~10 mM solution of 

[Fe(dcpp)2]2+ in CH3CN flown through a sapphire nozzle with rectangular 0.1 mm × 6 mm orifice, 

which created a 100 µm thick flat sheet liquid jet. The liquid jet was tilted to about 45° with respect 

to the x-ray propagation direction, allowing a quasi-simultaneous measurement of XES and XAS 

spectra, i.e. at the front and backside of the liquid jet at 90° in the vertical plane parallel to the x-

ray polarization direction. In order to reduce the amount of sample required, efforts were made to 

minimize the necessary sample volume to around 20 mL by employing a peristaltic pump to 
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circulate the solution. Evaporation of CH3CN was largely suppressed by i) fully enclosing the 

sample environment, and ii) cooling the sample reservoir by placing it in a chilled water container. 

Furthermore, a second automated and remote-controlled pump was set up to refill the sample with 

solvent, allowing frequent (about once per hour) injections of small quantities (on the order of 1 

mL) without entering the experimental hutch and disturbing the data acquisition. 

XAS spectra were measured by scanning the incident x-ray energy from 7.08 to 7.60 keV 

and measuring the total fluorescence yield (TFY) with a gated scintillator coupled to a photo-

multiplier tube (S/PMT). The XANES part of the recorded XAS can be found in Figure 2. The 

laser repetition rate was set to 1.304 MHz, i.e. the fifth subharmonic of the x-ray repetition rate of 

6.52 MHz. The laser power was set to 1.5 W exciting the sample with a pulse energy of 1.15 µJ. 

The lifetime of the excited state was determined by measuring the transient intensity at the 

strong Β−feature of the XANES spectrum while scanning the laser-x-ray delay (Fig. 3). Kα1 XES 

(Fig. 4) was measured at equivalent laser excitation conditions with a Johann type32 scanning XES 

spectrometer employing a 100 cm radius spherically bent Ge(440) analyzer crystal, which focused 

the monochromatized fluorescence photons onto a second S/PMT. Full XES spectra were obtained 

by scanning the Bragg angle over the corresponding range. Reference XES spectra were collected 

on the powder samples as described previously.8 The spectra were normalized by the incident x-

ray flux and further background subtracted by setting the high energy tail of the spectrum to zero. 

The areas of all spectra are normalized to unity to facilitate a comparison between the sample and 

the reference measurements. Furthermore, reference spectra are arbitrarily shifted as the sample 

plane of the reference powder was slightly different than the one of the liquid jet.  

In a second measurement campaign, Kβ XES (Fig. 5) were obtained with a von Hamos 

spectrometer 33 employing a 25 cm radius cylindrically bent Si(531) analyzer crystal dispersing 
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the spectra onto a gated 34 Pilatus 100k detector. Here, the laser repetition rate was set to 0.931 

MHz (the 7th subharmonic of the 6.52 MHz x-ray repetition rate). Owing to the slightly larger laser 

spot size on the sample, a higher optical laser pulse energy of 2.7 µJ (corresponding to 2.5 W) was 

chosen in order to match the amplitude of the transient signal (normalized to the absorption edge-

jump) edge-jump normalized transient signal strength of the first measurement campaign 

(simultaneous XAS and Kα1 XES) and ensure the creation of an identical excited state fraction. 

The full spectra were obtained by selecting a region of interest of the detector and integrating the 

signal perpendicular to the dispersive axis of the spectrometer. The total area underneath all 

emission lines are normalized to unity; normalization to the incident x-ray flux is not needed, as 

the x-ray emission over the full spectral width is acquired within each x-ray pulse.  

The structural optimizations for singlet, triplet and quintet spin states of [Fe(dcpp)2]2+ were 

done employing the B3LYP functional35–38 and Grimme’s D2 dispersion correction39. An SDD 

effective core potential and associated basis set40 was utilized for Fe along with 6-311G* basis 

set41–43 for all other atoms (C, H, O, N). Geometry optimizations were performed with polarizable 

continuum model (PCM)44 for water as a solvent. The computational approach was chosen based 

on our previous work, as it provided for reliable optimized structures and spin-state energetics for 

[Fe(terpy)2]2+ and [Fe(dcpp)2]2+ based compounds.45,46 The local minima on the potential energy 

surface were confirmed with the vibrational frequency analysis for all the equilibrium structures. 

Cartesian coordinates of all optimized complexes are provided in a xyz file format as Supplemental 

Information. These calculations were carried out using Gaussian 09 software package.47 

We carried out additional geometry optimizations utilizing the BP8648,49 exchange-

correlation functional in combination with the TZP Slater atomic basis set, as implemented in the 

ADF2013 program package.50–52 In these calculations, we constrained the occupation of molecular 
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orbitals by D2 point group symmetry for the three components of the 5T2 manifold (5B2, 5A, and 

5B3). 

RESULTS AND DISCUSSION 

The iron K-edge XANES spectra of [Fe(dcpp)2]2+ in CH3CN with and without laser 

excitation are shown in Figure 2. The most prominent features are labeled A-E; in terms of the 

qualitative spectral features, transient changes in the XANES spectra are almost identical to those 

observed following photoexcitation of [Fe(bpy)3]2+ 6 and [Fe(terpy)2]2+ 9–11. The spectral range 

labeled A is assigned to the so-called pre-edge region where bound-bound transition to unoccupied 

molecular orbitals can be found. These transitions correspond to formally dipole-forbidden 1s3d 

transitions, of both t2g and eg
* character. Spectral changes in this region reflect directly the change 

in occupancy of different 3d metal orbitals due to spin transition. In fact the final states of these 

weak resonances are the same as in case of transition metal L-edge spectra, however in the latter 

case the XAS spectra are dominated by dipole-allowed 2p3d transitions and therefore bearing 

much higher sensitivity to the occupancy of 3d(t2g) and 3d(eg
*) orbitals as has been reported earlier 

for similar Fe(II)-based complexes.53,54 The other spectral features visible in the XANES spectrum 

in Fig. 2 correspond to multiple scattering resonances in the vicinity of the ionization potential and 

therefore they are quite sensitive to the overall molecular structure of the complex, similarly to 

other K-edge spectra of Fe complexes6,9,55. However, none of the spectral features in the XAS 

spectrum allows for an unambiguous determination of the spin multiplicity of the metal, which is 

one of the primary goals of our study. The temporal decay of the B feature together with a fit is 

shown in Figure 3. The fit is a convolution of a Gaussian-broadened step function with an 

exponential decay and results in a (77±3) ps risetime reflecting the x-ray pulse duration and a 

(272±4) ps decay, in excellent agreement with the known lifetime of the lowest-energy excited 
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state of [Fe(dcpp)2]2+ in CH3CN solution28. This lifetime is significantly shorter than that observed 

for [Fe(bpy)3]2+ (0.96 ns in CH3CN28) and [Fe(terpy)2]2+ (5.35 ns in CH3CN28) under identical 

experimental conditions. As mentioned above, this observation coupled with the increased ligand-

field strength imparted by the dcpp ligand relative to both bpy and terpy prompted consideration 

that the lowest-energy excited state of [Fe(dcpp)2]2+ was the 3T1 state as opposed to the 5T2 state 

characteristic of other Fe(II) polypyridyl complexes.  

 

Figure 2. The XANES region of the K-edge spectra of the 1A1 ground state [Fe(dcpp)2](PF6)2 in 
CH3CN solution (blue), ~50 ps after 532 nm laser excitation (red), the transient difference 
spectrum (green), and of the compound’s lowest-energy excited state assuming an excited-state 
fraction of f = 78% has been produced (grey). 
 

 

Figure 3. Kinetics trace for [Fe(dcpp)2](PF6)2 in CH3CN solution at the B feature (7123 eV) 
following 1A1 → 1MLCT excitation. The data can be described by a single exponential kinetic 
model with τobs = (272±4) ps. 
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To address this unresolved question, we have measured Kα1 XES in analogy to the 

measurements on [Fe(bpy)3]2+ 7,56,57 and [Fe(terpy)2]2+ 9 in order to determine the spin of the 

excited-state being sampled in the ground-state recovery dynamics of [Fe(dcpp)2]2+. The spectra 

of the GS, about 50 ps after laser excitation and their respective difference, as well as the  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. a) Kα1 XES spectra of the ground state of [Fe(dcpp)2]2+ (blue), 50 ps after laser 
excitation (red), and the excited-state/ground-state transient difference (green). The 
corresponding spectrum of a standard which possesses a high-spin, S=2 ground state, is also 
shown (grey). b) A plot of the Kα1 XES data for a series of Fe(II) and Fe(III) complexes (yellow 
points), revealing an approximately linear correlation between spin-state and spectral line width.. 
The spectrum acquired subsequent to photoexcitation of [Fe(dcpp)2]2+ corresponds to an average 
spin of Sdcpp,LON = 1.56, a value consistent with sampling a S=2 excited state with a f = 78% 
excited-state fraction. 
 
spectrum of a high-spin (S=2) reference complex can be seen in Figure 4a. It can be seen that the 

laser ON spectrum is virtually identical to the S=2 reference spectrum, an indication that the 
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excited state for [Fe(dcpp)2]2+ is likely S = 2 in character. A more detailed assessment of the 

average spin-state of the photo-excited ensemble is facilitated by the approximately linear relation 

that exists between the number of unpaired 3d electrons and the Kα1 linewidth58,59. The line shape 

of the ground- and photo-induced excited states of [Fe(dcpp)2]2+ along with a series of static 

references having S=3/2 and S=2 have been analyzed based on based on the approach by Vankó 

et al.58 This relationship is highlighted in Figure 4b, which shows a plot of the Kα1 line width as a 

function of S for a series of Fe(II) and Fe(III) complexes. The experimentally determined line 

width of the photoexcited sample of [Fe(dcpp)2]2+ corresponds to a spin of S = 1.56, however, this 

value represents a superposition of the excited state being sampled as well as any residual ground 

state not upconverted upon excitation. The fraction of sample that is actually excited and sampled 

will vary depending on pulse power, pump-probe cross-section, and the molar absorptivity of the 

absorption feature among other factors, and in principle can range from 0 to 100%. Assuming that 

only a single excited state is being sampled following photoexcitation, we can use the excitation 

fraction as a weighting factor and describe the spin-state value obtained from the correlation in 

Figure 4b as   

 Sexp = (1−f) SGS  +  f  SES  (1) 

where SGS and SES are the spin values corresponding to the ground and excited states, respectively, 

and f is the excitation fraction. For [Fe(dcpp)2]2+, SGS = 0 and Sexp = 1.56; since the excitation 

fraction cannot be larger than 1 (i.e., you cannot produce more excited state than you have ground 

state to begin with), a value of Sexp = 1.56 in eq. 1 effectively rules out an isolated 3T1 term as the 

lowest energy excited state of [Fe(dcpp)2]2+. The experimental data can be interpreted in terms of 

a 5T2 excited state for [Fe(dcpp)2]2+ assuming f = 0.78, i.e., photoexcitation results in 78% of the 

sample being converted to the excited state. This represents a large but plausible excitation cross-
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section given that the molar absorptivity at the excitation wavelength (532 nm) is on the order of 

103 M-1 cm-1. 

 Despite the reasonableness of the above analysis, the Kα1 measurements cannot completely 

exclude a contribution of a second excited state species (e.g., a thermally accessible 3T1 state and/or 

extensive mixing between the 5T2 and 3T1 terms). To verify that the S = 2 state is the only excited 

state contributing to the Kα1 signal, we therefore measured the Kβ1,3 x-ray emission spectrum of 

[Fe(dcpp)2]2+ due to the distinct features it exhibits as a function of spin-state in iron complexes8. 

The Kβ1,3 XES data we acquired are shown in Figure 5a, together with spectra for the ground states 

of low-spin (S=0) and high-spin (S=2) complexes, which have previously been measured by W. 

Zhang et al.8, for comparison. The main feature of the laser ON spectrum exhibits a blue shift 

compared to the GS spectrum and exhibits a spectral profile that is virtually identical to the S=2 

reference spectrum. Moreover, the transient difference spectrum for [Fe(dcpp)2]2+ (Figure 5b) is 

wholly consistent with what has previously been observed for other compounds possessing an 

isolated 5T2 term as their lower energy excited states, with the amplitude and other features 

reminiscent of the typical fingerprints of the singlet-quintet difference spectrum. In contrast, there 

are distinct qualitative disparities between the data for [Fe(dcpp)2]2+ and the expected singlet-

triplet difference spectrum. We have quantified this result further by assessing the fits of the data 

on [Fe(dcpp)2]2+ in terms of their consistency with a triplet versus quintet excited state. We have 

calculated the transient differences spectra for linear combinations of triplet-singlet (grey in Fig. 

5b) and quintet-singlet (yellow in Fig. 5b) differences for each contributing between 0% and 100%. 

The reduced square deviation χr
2 of this superposition and the measured difference is shown in the 

contour plot in Figure 5c. The minimum χr
2, corresponding to the best agreement of the reference 

difference and the experimental data, was obtained for a quintet contribution of fQ = 72% and a 



 15

triplet contribution of fT = 0%, a result that is in excellent agreement with the result obtained from 

the analysis of the Kα XES data. 

 
 

Figure 5. a) Kβ XES spectra of [Fe(dcpp)2]2+ in ground state (blue) and 50 ps after laser excitation 
(red); spectra corresponding to model complexes having S=0 and S=2 are also shown. b) 
Normalized difference spectra between the ground and excited states of [Fe(dcpp)2]2 (green) 
compared to those corresponding to excited states having S = 1 (grey) and S = 2 (yellow) (all 
reference spectra shown here are obtained from ref 8). c) χr

2
 contour plot of the transient Kβ XES 

fit as a function of triplet-singlet and quintet-singlet contributions. The minimum is observed at 
0% triplet and 72% quintet, consistent with [Fe(dcpp)2]2+ having an (isolated) S = 2 lowest-energy 
excited state. 
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Having established the 5T2 state as the lowest energy excited state of [Fe(dcpp)2]2+, we 

turned our attention to characterizing the molecular structure changes accompanying the LS-HS 

conversion by analyzing the EXAFS part of the XAS. In the first step, the XAS of the pure excited 

state spectrum μES is reconstructed from the laser ON spectrum μLON and laser OFF spectrum μLOFF 

using the excited state fraction f determined from the XES measurements via 

μES = μLOFF + (1/f) * (μON - μLOFF)         (2) 

where the laser-off spectrum corresponds to the ground-state spectrum, i.e., μGS = μLOFF. The 

atomic background is then subtracted and the resultant spectrum normalized to a unitary K-edge 

step height, yielding the EXAFS spectra χGS(E) and χES(E) of the GS and ES, respectively, using 

ATHENA from the IFEFFIT toolbox 60. The energy axis can be converted to a photo-electron 

wave-number k axis; to enhance the visibility of the EXAFS features at higher energies, the spectra 

can be additionally k2 weighted as shown in Figures 6a and 6b. Fourier-transformation (FT) of the 

EXAFS spectra from k- to R-space results in pseudo-radial distribution functions (Figures 6c and 

6d) 61. EXAFS spectra for [Fe(dcpp)2]2+ are shown in Figure 6. They have been modeled with 

FEFF8 62 using the DFT calculated 1A1 structure for the GS and a possible triplet 3T1 and quintet 

5T2 structure for the excited state. These have been used as starting guesses in fitting the EXAFS 

spectra using the Artemis software, which is also part of IFEFFIT. In the GS fit, Fe-Nax, Fe-Neq, 

Fe-Cax, Fe-Ceq and Fe-Ceq2 bond lengths as well as non-structural parameters such as an energy 

shift, amplitude reduction factor and Debye-Waller factors are optimized. In the ES fit, the non-

structural parameters are fixed to those of the GS and only the five bond-lengths are fitted (further 

details on the EXAFS fit can be found in the SI). For the excited state fit, both the 3T1 and 5T2 

structures have been used as starting guesses to facilitate an unbiased structure determination, and 

both fits converged to the same result. 
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Figure 6. a) Ground-state and b) Excited-state k2 weighted EXAFS spectra of [Fe(dcpp)2]2+ in k-
space. c) Ground-state and d) Excited-state EXAFS spectra in R-space. For the k2-weighted 
spectra, the residuals of the fit are plotted in green. 

 

The obtained GS and ES Fe-N and Fe-C bond lengths as well as those of the three DFT 

structural models are summarized in Table 1. The GS structure from EXAFS is in good agreement 

with experiment as well as the DFT geometry-optimized structure, with only small discrepancies 

in the bond lengths being observed. The typical structural changes associated with a low-spin to 

high-spin conversion in Fe(II) are evident, with an average Fe-N bond elongation of ~0.18 Å due 

to the population of the eg
* σ-antibonding orbitals in the (t2g)4(eg

*)2 configuration that characterizes 

the 5T2 state. In contrast, an S = 1 state that derives from a (t2g)5(eg
*)1 configuration would be 

expected to exhibit a much smaller average bond elongation, as has been observed in [Co(terpy)2]2+ 

with an average Co-N bond elongation of ~0.08 Å63. Nevertheless, while the primary coordination 

sphere for the ground state of [Fe(dcpp)2]2+ is almost perfectly Oh in symmetry, the excited-state 
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structure exhibits a surprisingly anisotropic distortion with significant differences between the 

axial (R(Fe-Nax) = 2.05 Å) and equatorial  

Table 1. Experimentally determined first and second coordination shell bond lengths of 
[Fe(dcpp)2]2+ in its ground state, its excited state, and their respective difference. Bond lengths 
obtained from x-ray crystallography as well as DFT (B3LYP+D2/SDD,6-311G* level of theory) 
are shown for comparison. The error estimates as estimated standard deviations obtained from 
ARTEMIS are given in brackets. 
 

 
R(Fe-Nax)/ 
Å 

R(Fe-Neq) / 
Å 

R(Fe-Cax) / 
Å 

R(Fe-Ceq1) / 
Å 

R(Fe-Ceq2) 
/ Å 

1A1 from DFT 2.00 2.02 2.93 2.95 2.94 

Ground state 
from x-ray 
cryst.28  

1.974(2) 
1.985(2) 
- 1.989(2) 

2.920(5) 2.925(3) 2.931(3) 

Ground state 
from EXAFS 1.96(1) 1.98(1) 2.91(2) 2.92(2) 2.92(2) 

3T1 structure 
from DFT 

1.98 2.14 2.92 3.02 3.06 

5T2 structure 
from DFT 

2.16 2.17 3.07 3.08 3.06 

Excited state 
from EXAFS 

2.05(2) 2.21(2) 2.97(4) 3.10(2) 3.07(2) 

Diff. GS-ES +0.09(2) +0.23(2) +0.06(5) +0.17(3) +0.15(3) 
 

 

 (R(Fe-Neq) = 2.21 Å) bond distances. Nevertheless, this fit result is in contrast to the DFT 

geometries, which predicts an almost perfectly octahedral structure in the 5T2 state. The reasons 

for disagreement between the DFT-optimized geometries and experimental data are unclear. With 

the analyzed k-range from 2.5 Å-1 - 10.5 Å-1 we cannot observe the Fe-Nax and Fe-Neq bonds as 

separate peaks in the pseudo radial distribution functions (Figs 6c and 6d) and resolve their relative 

bond length difference of ~0.02 Å in the GS. Nevertheless, the bond length changes of the 

inequivalent Fe-N bonds during the LS-HS transition of [Fe(terpy)2]2+ 9,11 and [Fe(tpen)]2+ 64 have 

been characterized with a similar k-range and we can analogously use the change in peak width 

and intensity to quantify the change in symmetry in the first coordination shell of [Fe(dcpp)2]2+. 

The increased asymmetry in the ES is reflected in the broadening and strong peak intensity 
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decrease, which could otherwise only be explained by a large change in the Debye-Waller factor, 

although within the ~100 ps temporal resolution of the measurement the largest part of the 

ensemble of molecules in the ES have thermalized. To further test the excited state EXAFS fit 

result we have constraint the geometry to a symmetric one, which leads to a comparably good 

symmetric fit, but with a significant and almost unreasonable (~6-fold for the first coordination 

shell compared to the ground state) increase in the Debye-Waller factors and amplitude reduction 

factor (see Table S3). Constrained optimizations of [Fe(dcpp)2]2+ in the 5T2 state with Fe-Nax and 

Fe-Neq bond lengths fixed at 2.05 Å and 2.21 Å, respectively, yielded two different structures that 

are only 4.8 kcal/mol and 2.6 kcal/mol higher in energy than the fully optimized 5T2 structure. The 

two structures differ from each other by orbital occupancy and inter-ligand interactions (natural 

orbitals showing d orbital occupation as well as a table with structural parameters for fully-

optimized and constrained-optimized structures can be found in the SI). This suggests that the PES 

of 5T2 state is flat with respect to the asymmetric distortions along the axial and equatorial Fe-N 

bond lengths. Unlike [Fe(terpy)2]2+ and [Fe(bpy)3]2+ complexes, [Fe(dcpp)2]2+ displays significant 

inter-ligand interactions between the CO bridging groups of one dcpp ligand and pyridine moieties 

of the second dcpp ligand (see Figure 1), calculated C (CO) – N (pyridine) distance is 2.90 Å (2.84-

2.87 Å in the crystal structure). It is possible that these inter-ligand interactions affect the structure 

of the complex in the ES, and that our chosen computational methodology is unable to describe 

them with sufficient accuracy.  

We have also attempted to find fully-optimized asymmetric structures. The pseudo-

octahedral ligand field of molecules possessing D2 molecular symmetry, as is the [Fe(dcpp)2]2+ 

complex, splits the 5T2 state into three components: the 5B2, 5A, and 5B3. Geometry optimizations 

utilizing the BP86 exchange-correlation functional48,49 show that the energy splitting of these states 



 20

is below 50 meV (the lowest being the 5B3). Furthermore, while the 5B2 structure reflects an almost 

completely symmetric FeN6 core, the one of the 5A and 5B3 exhibits a Fe-N anisotropy of ca. 0.05 

Å and 0.03 Å, respectively. These results hint at the existence of an energetically accessible 

distorted HS structure, even if the theory-predicted anisotropy is significantly smaller than the one 

obtained from the EXAFS experiment (0.16 Å).50–52 

To further verify the anisotropically distorted excited state we have compared the EXAFS 

spectra to those of [Fe(terpy)2]2+ in its ground and excited states (Figure 7). The ground-state 

EXAFS spectrum for [Fe(terpy)2]2+ differs significantly from that of [Fe(dcpp)2]2+, reflecting the 

distinctly different ground-state structures of the two compounds. Interestingly, the compounds 

become far more similar in the excited state: the first coordination shell of the excited state of 

[Fe(terpy)2]2+ is very similar to that of [Fe(dcpp)2]2+, with R(Fe-Nax) = 2.08 Å and R(Fe-Neq) = 

2.20 Å9 (Figure 7e). This leads to almost identical excited-state EXAFS spectra for the two 

compounds (Figures 7f). The overall result is therefore rather intriguing: whereas the low-spin to 

high-spin conversion in [Fe(terpy)2]2+ is more or less isotropic, the same process in [Fe(dcpp)2]2+ 

is very anisotropic. The reasons underlying this difference in behavior is still unclear but likely 

relates to the greater degree of geometric constraint associated with the terpy ligand (which creates 

5-membered rings upon chelation to a metal center) as compared to the more structurally 

accommodating 6-membered metallocycles that result from dcpp complexation. 
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Figure 7. a) Ground-state XANES spectra of [Fe(dcpp)2]2+ (from this work) and [Fe(terpy)2]2+ 
(reproduced from ref 4). b) k2-weighted ground-state EXAFS spectra of [Fe(dcpp)2]2+ and 
[Fe(terpy)2]2+. c) Transient XANES spectrum for [Fe(dcpp)2]2+ at a delay of  ~50 ps following 1A1 
→ 1MLCT excitation at 532 nm. d) Transient k2-weighted EXAFS spectra. e) Reconstructed excited 
state XANES spectra. f) Reconstructed excited state k2-weighted EXAFS spectra. 
 

CONCLUDING COMMENTS 

We have employed time-resolved x-ray absorption and emission spectroscopies in an effort 

to characterize the electronic and geometric structure of [Fe(dcpp)2]2+, an Fe(II) polypyridyl 

complex whose photophysical properties were sufficiently anomalous that it called into question 

the nature of its lowest-energy excited state. Whereas more traditional forms of steady-state and 

time-resolved spectroscopies were unable to definitively answer this question, the quintet spin 

multiplicity of this excited state has been unambiguously determined via Kα and Kβ XES, thereby 

establishing the lowest-energy excited state as a 5T2. Additional insights into the geometric 

changes that accompany conversion between the high-spin excited and low-spin ground states of 

this compound were obtained from an analysis of EXAFS data. While the average Fe-N bond 

elongation of ~0.18 Å is consistent with structural changes associated with LS→HS conversions 
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in a number of other Fe(II) polypyridyl complexes,6,9,44,61 the distortion in [Fe(dcpp)2]2+ appears 

to be highly anisotropic, leading to a structure that is best described in terms of pseudo Jahn-Teller 

distortion. This somewhat unexpected result is tentatively attributed to the nature of the dcpp 

ligand which allows for a degree of structural flexibility due to the manner in which it chelates to 

a metal as compared to complexes such as [Fe(terpy)2]2+,9 where the geometric constraints are 

expected to be more severe. . Further systematic analyses of EXAFS-derived structures of the 

ground and excited states of a range of Fe(II) polypyridyl complexes will be required in order to 

understand this as yet unresolved aspect of the present study.  

Returning to the question that catalyzed this work, namely the nearly 4-fold increase in the 

rate constant for ground-state recovery for [Fe(dcpp)2]2+ as compared to [Fe(bpy)3]2+, our 

determination of quintet spin multiplicity for the lowest-energy excited state of [Fe(dcpp)2]2+ 

means that we cannot attribute the observed difference in kinetics to a significant change in the 

electronic coupling between the two states (i.e., a ∆S = 1 versus ∆S = 2 spin change). The excited-

state relaxation kinetics of [Fe(bpy)3]2+ in solution have long been considered to be at65 or near66 

the barrierless limit, i.e., ∆G0 ≈ λ. This was indeed one of the assumptions that led to the suggestion 

that perhaps the lowest energy excited state of [Fe(dcpp)2]2+ was a 3T1 as opposed to 5T2.28 

However, it has recently been determined that ground-state recovery for [Fe(bpy)3]2+ in fluid 

solution has a small but nevertheless measurable barrier of ~300 cm-1,67 whereas corresponding 

studies on [Fe(dcpp)2]2+ under identical conditions reveal an essentially barrierless process with 

measured rate constants at 295 K and 215 K that are within experimental error of each other.68 

Interestingly, the pre-exponential term in an Arrhenius treatment of the data on [Fe(bpy)3]2+ yields 

a value of ca. 250 ps-1, i.e., very close to the observed ground-state recovery time for [Fe(dcpp)2]2+. 

Since the pre-exponential Arrhenius term is the time constant expected in the limit of zero barrier, 
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we can conclude that the experimentally observed 4-fold difference in ground-state recovery time 

between [Fe(bpy)3]2+ and [Fe(dcpp)2]2+ is simply a reflection of a ~300 cm-1 difference in their 

respective activation energies as manifested at room temperature. Given that the Arrhenius 

activation energy equates to ((∆G0 + λ)2/4λ), it's difficult to push this analysis any further absent 

an independent measure of either ∆G0 or λ. That stated, it seems plausible that the reorganization 

energy associated with ground-state recovery for [Fe(dcpp)2]2+ could be larger than that of 

[Fe(bpy)3]2+ given the more complex structural changes that appear to be occurring in 

[Fe(dcpp)2]2+ based on the data and analysis we have presented herein. Whether that would require 

a larger or smaller driving force in order to compensate will depend on whether these systems lie 

in the normal or inverted region, an interesting question that is beyond the scope of the present 

study. 
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SYNOPSIS 

Time-resolved x-ray emission and absorption spectroscopies have been used to probe the excited-

state electronic and geometric structure of an Fe(II) polypyridyl complex. Analysis of the data 

revealed that the lowest energy excited state is high-spin (S = 2) in character. This determination 

had not been possible using other experimental techniques (e.g., time-resolved optical 

spectroscopy), demonstrating the potential for ultrafast x-ray methods to address scientific 

questions that are difficult to resolve by other means. 


