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Abstract 
This study uses transient X-ray absorption (XA) spectroscopy and time-dependent density functional 

theory (TD-DFT) to directly visualize the charge density around the metal atom and the surrounding 

ligands following an ultrafast metal-to-ligand charge-transfer (MLCT) process in the widely used Ru
II
 

solar cell dye, Ru(dcbpy)2(NCS)2 (termed N3). We measure the Ru L-edge XA spectra of the singlet 

ground (
1
A1) and the transient triplet (

3
MLCT) excited state of N3

4–
 and perform TD-DFT 

calculations of 2p core-level excitations, which identify a unique spectral signature of the electron 

density on the NCS ligands. We find that the Ru 2p, Ru eg, and NCS π* orbitals are stabilized by 2.0, 

1.0, and 0.6 eV, respectively, in the transient 
3
MLCT state of the dye. These results highlight the role 

of the NCS ligands in governing the oxidation state of the Ru center. 

Metal-to-ligand charge-transfer (MLCT) states of transition-metal complexes are widely used to 

harness solar energy in dye-sensitized solar cells (DSSCs).(1-5) These electronic excited states 

are generated because absorption of light causes electron transfer from metal d orbitals to π* 

orbitals of the surrounding ligands. Visualizing the time-evolving electronic and molecular 

structure of these fleeting MLCT states is crucial for understanding and controlling fundamental 

photochemical phenomena and for improving the efficiency of light-harvesting devices. The goal 

of this study is to map the electron density in the ground and the photoexcited 
3
MLCT state of 

one of the most efficient solar cell dyes, Ru(dcbpy)2(NCS)2 (termed N3), using picosecond Ru L-

edge X-ray absorption (XA) spectroscopy and time-dependent density functional theory (TD-

DFT). 

Time-resolved XA spectroscopy is an ideal probe of local changes in electronic and molecular 

structure following photoexcitation of a molecule in solution and has been used to study a wide 

range of chemical phenomena in transition-metal systems over the past several years.(6-15) 

Ruthenium L-edge XA spectroscopy involves excitations of Ru 2p core electrons to bound 

valence states and continuum states above the ionization potential. The Ru 2p states are split by 

core spin–orbit coupling into the 2p3/2 and 2p1/2 levels, giving rise to two main spectral features 

termed L3- and L2-edges, respectively. The spectra are dominated by dipole-allowed transitions 

from the Ru 2p levels to the unoccupied Ru 4d orbitals. Time-resolved Ru L-edge XA 

spectroscopy sheds light on how the time-evolving electron density around the Ru atom dictates 

the course of ultrafast charge-transfer processes in solution. 

The N3 dye and similar analogues are integral parts of some of the most successful DSSCs to 

date. Numerous transient absorption studies have shown that excitation with 400 nm light leads 

to the formation of a 
1
MLCT state that undergoes an ultrafast (<50 fs) intersystem crossing to a 
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metastable 
3
MLCT state with a lifetime of 59 ns.(16-21) It is well-known that the electronic 

structure of the dye molecule critically influences the performance of DSSCs, and quantum 

chemical calculations have been routinely employed to aid in the engineering of new solar cell 

dyes.(22-24) In this study, we focus on visualizing the time-evolving local electronic structure of 

free N3
4–

 in solution. 

The Ru L3-edge XA spectrum of the 
1
A1 ground state shown in Figure 1a reports on 2p3/2 → 4d 

core transitions and contains two features labeled B and C. The XA difference spectrum in 

Figure 1b encodes the changes in the electronic structure at 250 ps following the ultrafast charge 

transfer from the Ru atom to a dcbpy ligand with 400 nm light. These changes result in the XA 

spectrum of the transient 
3
MLCT state (Figure 1a) displaying (i) a new feature A′ at 2837.5 eV, 

(ii) the main spectral feature B′ shifted to +1.0 eV, and (iii) the feature C′ shifted by +1.4 eV with 

respect to the ground state. The peak positions of all of the spectral features are listed in Table 1. 

The time evolution of the difference XA spectrum is shown in the inset of Figure 1b and 

confirms that the 
3
MLCT state of N3

4–
 forms within the 70 ps time resolution of the experiment. 

The XA spectra of the 
1
A1 and 

3
MLCT electronic states of N3

4–
 at the Ru L2-edge, reporting on 

2p1/2 → 4d core transitions, mirror the changes observed at the L3-edge and are shown in Figure 

S3 of the Supporting Information. 

 
Figure 1. (a) Ru L3-edge XA spectrum of the 

1
A1 ground state (green) and transient 

3
MLCT excited state (blue) of 

[Ru(dcbpy)2(NCS)2]
4–

, termed N3
4–

, where dcbpy = 4,4′-dicarboxylic acid-2,2′-bipyridine in water. The 
3
MLCT 

spectrum is constructed from the ground state and the transient difference XA spectrum assuming 18% 

photoexcitation (see Figure S2 and the associated discussion in the Supporting Information). The solid line is a fit of 

the data to a sum of pseudo-Voigt line shapes (see Figures S4 and S5, Supporting Information). The structure of the 

dye is shown in the inset. (b) The difference XA spectrum at 250 ps following photoexcitation of N3
4–

 with 100 fs 

400 nm light pulses. The inset shows the difference XA spectra as a function of pump–probe delay (t) recorded at 

the specified energies. Gray curves represent sigmoidal fits of the time-resolved XA data, revealing an experimental 

time resolution of 70 ps given by the X-ray probe pulse width. The error bars correspond to a 95% confidence 

interval. 
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Table 1. Peak Positions (eV) for Peaks in the Experimental and Calculated XA Spectra of the Ground and Excited 

State of N3
4–a

 

  A(A′) B(B′) C(C′) 

1
A1   2840.3 2843.5 ± 0.2 

1
A1 (DFT)   2840.3 2843.3 

3
MLCT 2837.5 ± 0.1 2841.3 2844.9 ± 0.2 

3
MLCT (DFT) 2837.3 2841.0 2844.2 

a
 Error bars represent a 95% confidence interval from a least-squares fitting of each peak. Only uncertainty values 

≥0.1 are listed above. 

The main features in the L-edge XA spectra of d
6
 Ru

II
 and d

5
 Ru

III
 complexes are commonly 

assigned using ligand field theory.(25, 26) If we approximate the symmetry of the N3
4–

 molecule 

as octahedral, the 4d orbitals would be split into the familiar triply degenerate t2g and doubly 

degenerate eg orbitals separated by the ligand-field splitting energy, Δo. In the 
1
A1 ground state, 

the six electrons assume a low-spin configuration occupying the t2g orbitals. As a result, the peak 

B in the Ru L3-edge XA spectrum is assigned to transitions from the 2p3/2 orbitals to the vacant 

eg orbitals. In the 
3
MLCT state of N3

4–
, one of the Ru 4d electrons is transferred to a dcbpy 

ligand. The resultant transient Ru
III

 d
5
 complex has a vacancy in the t2g orbitals, and we observe a 

new low-energy peak A′, which is assigned to 2p → t2g transitions. The peak B′ is the 2p → eg 

transition in the 
3
MLCT state. On the basis of these assignments, the separation of the A′ and B′ 

peaks provides a direct measure of a 3.8 eV ligand-field splitting energy in the 
3
MLCT state of 

N3
4–

. The clear pre-edge C (C′) feature has not been discussed extensively in previously 

published Ru L-edge spectra and does not have a simple “atomic” interpretation as we discuss 

below. 

With the goal of achieving a detailed molecular-level understanding of the MLCT process in 

N3
4–

, we simulated the Ru L3-edge XA spectra of the 
1
A1 and 

3
MLCT states using TD-DFT, as 

shown in Figure 2. TD-DFT calculations were carried out using ORCA and employed the 

B3LYP functional, the def2-SVP basis set (Sapporo-DK3-TZP for Ru), COSMO for solvation 

effects, and DKH for scalar relativistic effects.(27-32) Further details are given in the Supporting 

Information. Each spectral feature in the calculated XA spectrum is comprised of multiple 

transitions tabulated in Tables S2 and S3 (Supporting Information). We note that the calculated 

XA spectra are able to reproduce all of the experimentally observed trends in terms of relative 

peak positions (see Table 1), amplitudes, and shapes. The ab initio calculation of the Ru L3-edge 

XA spectrum generates maps of the difference densities for each of the core transitions, resulting 

in the experimentally observed spectral features. The positive part of the difference densities 

plotted in Figure 2c–g maps the spatial distribution of the core-excited electron for representative 

transitions. The surfaces plotted in Figure 2c and f show significant electron density at the Ru 

center and along the metal–ligand bond axes, confirming the eg character of the orbitals 

contributing to the final state probed by feature B (B′). The difference density in Figure 2e 

reveals that the A′ spectral feature probes the t2g orbitals of the Ru atom that are strongly mixed 

with the NCS ligand orbitals. Finally, the difference electron densities plotted in Figure 2d and g 
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show that the spectral features C (C′) are direct probes of the NCS π* orbitals in the ground and 

excited states of N3
4–

. 

 
Figure 2. TD-DFT simulations of the Ru L3-edge XA spectra of the (a) ground 

1
A1 and (b) transient 

3
MLCT states of 

N3
4–

. The discrete transitions are displayed as circles for each transition with a nonzero oscillator strength and have 

been convoluted with a Voigt line shape consisting of a 1.75 eV Lorentzian width and a 0.4 eV Gaussian broadening 

to account for the Ru 2p core–hole lifetime and the resolution of the monochromator, respectively. The calculated 

spectra are shifted by −2.85 eV to align the feature B of the 
1
A1 state with the experimental spectrum in Figure 1a. 

(c–g) Positive part of the difference densities are shown for transitions representative of each of the spectral features. 

The negative portion of the difference density is concentrated at the Ru core and is not visible. 

The combination of time-resolved XA measurements and TD-DFT simulations of the Ru L3-

edge provide a detailed description of the electronic and molecular structure of 
1
A1 ground and 

transient 
3
MLCT excited states of N3

4–
, as detailed in Figure 3. Figure 3a shows the highest 

occupied molecular orbital (HOMO) for the 
1
A1 and 

3
MLCT states of N3

4–
. Exciting the 

1
A1 

state with a 400 nm photon depopulates the HOMO orbital containing Ru t2g and NCS π* 

character. Following ultrafast intersystem crossing, the excited electron density resides in the 

HOMO of the 
3
MLCT state localized on one dcbpy ligand, as shown in Figure 3a. The ultrafast 

photoexcitation process leaves a vacancy in the Ru t2g orbitals, giving rise to the new peak A′ in 

the 
3
MLCT L3-edge spectrum (Figure 1a). A comparison of the difference density plotted in 

Figure 2e and the HOMO of the 
1
A1 state in Figure 3a reveals that the A′ feature is a probe of the 

HOMO vacated upon MLCT excitation. The observation of strong orbital mixing in the HOMO 

suggests that the 
3
MLCT state of N3

4–
 is not a pure Ru

III
 state as the MLCT excitation removes 

electron density from both metal and NCS ligand orbitals. Our TD-DFT results reveal that the 

molecular orbital contributing most significantly to the intensity of the A′ transition in the 

calculated XA spectrum has Mulliken populations of 0.6 and 0.2 for Ru and NCS, respectively 

(see MO 177β in Figure S7, Supporting Information), and calculated Mulliken charges confirm 

the loss of electron density on the NCS ligands following the formation of the 
3
MLCT state 

(Table S1, Supporting Information). The mixing between the Ru and NCS orbitals observed in 

this study agrees with photoelectron spectroscopy of the ground state of N3 and confirms 

previous theoretical predictions.(33, 34) 
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Figure 3. Electronic structure of N3

4–
 in its 

1
A1 (left) and 

3
MLCT (right) states as revealed by time-resolved Ru L3-

edge XA spectroscopy and quantum chemical calculations. (a) HOMO orbitals of N3
4–

 in the singlet and triplet 

states. The HOMO in the ground state is a mixture of Ru 4d and NCS π* orbitals. The HOMO in the triplet state is 

localized on the one of the dcbpy ligands. (b) Orbital structure of N3
4–

 probed by Ru L3-edge XA spectroscopy 

assuming octahedral symmetry. Orbitals that give rise to peaks in the XA spectra are shown in bold with green 

transitions for the singlet and blue transitions for the triplet state. The energetic shifts in the orbitals derived from 

time-evolving spectral features are shown in the center column. 

It is important to note that the experimentally measured spectral shifts in features B and C 

following 400 nm photoexcitation can originate from changes in the binding energies of the 2p 

electrons and/or shifts in the valence orbital energies between the 
1
A1 ground and transient 

3
MLCT excited states of N3

4–
. By fitting the absorption edge, we determined that the Ru 2p 

ionization energy increases by 2.0 eV for the 
3
MLCT state. This agrees well with our DFT 

calculations, where the average orbital energy for Ru 2p electrons in the 
3
MLCT state lies 1.5 eV 

below its ground-state value. The stabilization of the 2p orbitals in the triplet state relative to that 

for the singlet ground state results from a decrease in shielding concomitant with the decrease in 

electron density at the Ru atom and is shown schematically in Figure 3b. 

We measure a +1.0 eV shift in the transition energy of the B (B′) feature following 

photoexcitation, which is attributed to a −2.0 eV shift in the 2p core levels and a 1.0 eV decrease 

in the energy of the Ru eg orbitals in the 
3
MLCT state of N3

4–
. The shift in energy of the Ru eg 

orbitals is a complex function of electrostatic and geometric factors. The 400 nm MLCT 

transition removes electron density at the Ru atom, decreasing the shielding of the eg orbitals 

from the nuclear charge and reducing electron–electron repulsion. While these stabilizing 

http://pubs.acs.org/doi/full/10.1021/jz300671e#fig3


electrostatic effects dominate, the MLCT excitation also results in a 0.04 Å decrease of the 

average Ru–NNCS distance, which should slightly destabilize the Ru eg orbitals. We measure a 

+1.4 eV shift in the transition energy of the C (C′) feature following photoexcitation and attribute 

it to a 0.6 eV relaxation of the NCS π* orbitals in the 
3
MLCT state of N3

4–
 after accounting for 

the 2p core level shift. As discussed earlier, the 400 nm MLCT excitation removes electron 

density from both metal and NCS ligand orbitals. The subsequent decrease in the anionic 

character of the NCS ligands stabilizes their π* orbitals, as shown in Figure 3b. Our results show 

how the C (C′) spectral feature in the Ru L3-edge XA spectrum of N3
4–

 tracks the charge 

depletion and rearrangement of electron density on the NCS ligands during the MLCT excitation. 

It is instructive to compare our time-resolved Ru L3-edge XA spectroscopy results on the solar 

cell dye N3 to similar measurements on [Ru(bpy)3]
2+

 performed by Chergui and co-workers.(35) 

Notably, the Ru L3-edge spectra of [Ru(bpy)3]
2+

 do not show the spectral feature C (C′) that 

arises from transitions to the π* orbitals of the NCS ligands in N3. We note that the feature 

labeled C in ref 35 is a post-edge feature arising from multiple scattering effects, not to be 

confused with the pre-edge feature labeled C in Figure 1a. The stabilization of the 2p core levels 

in the 
3
MLCT state of [Ru(bpy)3]

2+
 by 1.8 eV is similar to the 2.0 eV value measured for N3

4–
 in 

this study. Ru L-edge spectroscopy of [Ru(bpy)3]
2+

 predicted a 0.03 Å decrease in the Ru–N 

bond distances for the 
3
MLCT state. This differs from the case of N3

4–
, where the DFT 

calculations predict no change in the Ru–Ndcbpy bond lengths upon photoexcitation. Recently 

Zhang et al. performed a complementary time-resolved XA experiment at the Ru K-edge on N3 

adsorbed on TiO2 nanoparticles.(8) They reported a 0.06 Å decrease in the Ru–NNCS bond 

distances and little change in the Ru–Ndcbpy bond distances in the N3
+
 complex following 

photoinduced charge injection into TiO2. Although the 
3
MLCT state of N3

4–
 probed in our 

experiment is different from that of the N3
+
 complex, the geometry changes upon 

photoexcitation predicted by our DFT simulations agree closely with the results from the Ru K-

edge experiment. 

The success of TD-DFT to qualitatively reproduce the equilibrium and transient XA spectra of 

N3
4–

 in solution builds on recent theoretical studies that have employed methods rooted in 

Kohn–Sham DFT for simulating Ru L-edge XA spectra.(36, 37) The choice of TD-DFT for 

calculating L-edge XA spectra of second-row transition-metal complexes requires careful 

consideration of multiplet and spin–orbit effects and warrants some discussion. The energetic 

and spatial separation between the 2p and 4d orbitals of the second-row transition metals 

substantially weakens the p–d exchange interaction, and the L-edge spectra are not dominated by 

transitions arising from multiplet effects.(38) Campbell et al. applied spin-free DFT using the Z + 

1 approximation to interpret the time-resolved Ru L3-edge XA spectra of [Ru(bpy)3]
2+

.(36) More 

recently, ground-state orbitals from two-component relativistic calculations were used to 

construct initial and core-excited states by Koopman-style excitations to simulate and interpret 

the L2,3-edges for several Ru
II
 and Ru

III
 complexes.(37) Both of these approaches were able to 

reproduce the experimentally observed features, suggesting that multiplet effects in Ru L2,3-edge 

spectra are weak. Our simulations also neglect 4d spin–orbit coupling, but ligand-field multiplet 

calculations have shown that inclusion of 4d spin–orbit coupling has a very slight effect on peak 

amplitudes and positions in the Ru L3-edge spectrum.(39) In the case of the d
5
 molecule, 

[Ru(NH3)6]Cl3, 4d spin–orbit coupling affects only the partially occupied t2g orbitals, shifting the 

transition energy by +0.13 eV relative to the spin-free value.(25) Because this energy shift is 
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well below the resolution of our experiment, neglect of spin–orbit coupling has little impact on 

the interpretation of our experimental spectra using TD-DFT simulations. This is evident from 

the excellent agreement of our experimental and calculated L3-edge XA spectra (see Figures 1a 

and 2a,b and Table 1). 

Our ability to design molecules and materials for solar energy capture and conversion relies on 

the development of new quantitative experimental tools that can track time-evolving electron 

density at high spatial and temporal resolution. In this study, the combination of ultrafast X-ray 

absorption spectroscopy and TD-DFT provides a detailed understanding of the time-evolving 

electron density and molecular structure of the transient 
3
MLCT state in the widely used solar 

cell dye molecule, N3
4–

, in solution. In summary, core-level transitions of the Ru 2p electrons to 

the Ru 4d orbitals probe the mixing of the metal and the NCS ligand orbitals. Following the 400 

nm ultrafast MLCT excitation of N3
4–

, the dye relaxes to a 
3
MLCT state indicated by the 

appearance of the A′ feature in the XA spectrum. The ultrafast transfer of electron density from 

the Ru atom and the NCS ligands to one of the dcbpy ligands leads to a 2.0 and 1.0 eV 

stabilization of the Ru 2p and eg orbitals, respectively. The TD-DFT simulation of the Ru L3-

edge XA spectrum identifies the molecular origin of spectral feature C (C′), which directly tracks 

the loss of electron density from the NCS ligands during the ultrafast MLCT process. This 

investigation yields important new insights on the influence of the NCS ligand on charge-transfer 

and dye regeneration efficiencies in DSSCs. The multielectron transfer mechanism by which the 

dye is regenerated with the I
–
/I3 redox couple in a solar cell is still unclear.(40-42) Our results 

demonstrate that the charge density on the NCS ligands modulates the oxidation state of the N3 

dye, which provides a microscopic explanation for the superior efficiency of Ru
II
 dyes containing 

the NCS ligands. We identify the spectral feature C (C′) in the Ru L-edge XA spectrum as a 

sensitive NCS-ligand-specific probe, which can be used to monitor transient structural dynamics 

of the dye regeneration process and aid in the design and engineering of new DSSCs at the 

molecular level. 

Supporting Information  

Materials; experimental methods; computational details; transient XA at the Ru L2-edge of N3
4–

; 

fits of XA data for the Ru L3-edge of N3
4–

; Mulliken charges from DFT calculations; Cartesian 

coordinates for optimized geometries of N3
4–

; and table of TD-DFT transitions and contributing 

orbitals. This material is available free of charge via the Internet at http://pubs.acs.org. 
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