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Abstract 

We report on the experimental investigation of single crystals of trans-[RuNOPy4F](ClO4)2 (1) in its 

ground state (GS). The X-ray absorption spectroscopy (XAS) spectra measured at the N, O and F K-edges 

were compared to TDDFT calculations to identify and assign the absorption peaks, and to elucidate the 

structures of coordinated nitric oxide (NO). Based on a reasonable match of experimental and calculated 

spectra of GS, the N, O and F K-edges XAS spectra of Ru-ON (MS1) and Ru-η2-(NO) (MS2) isomers of 1 were 

calculated. According to the calculations, the energy or/and intensity of the 1s→LUMO, LUMO+1 peaks of 

N, O or F K-edge changes significantly after GS isomerization to both MS1 and MS2. Current theoretical 

modeling of the NO linkage isomer in 1 is a background for the future investigation of isomerization 

process of NO by XAS methods. Since the investigated isomerization occurs in a variety of different nitrosyl 

complexes, obtained results can be extrapolated to a large family of transition metal nitrosyl compounds. 

 

Introduction 

Nitrosyl linkage isomerism is the ability of the nitrosyl ligand NO to be bound to the metal center in 

different ways – through nitrogen (M-NO), oxygen (M-ON) or by the side bond type (M-η2-(NO)) [1]. This 

type of isomerism is characteristic for different metals, but the most prominent results and effects were 

observed in octahedral ruthenium complexes with general formula L5Ru-NO. In the ground state (GS) the 

nitrosyl is coordinated by the nitrogen atom (Ru-NO). The linkage isomers or metastable states (MS1 in 

case of O-coordinated NO and MS2 in case of side bonding of NO) can be formed after light irradiation of 

GS. The reaction GS↔MS1/MS2 is reversible and can be driven by light in both directions: blue light 

excitation induces the direct reaction GS→MS1/MS2, while red light induces the back transfer 

MS1/MS2→GS. Such linkage photoisomerization can be applied for data storage, for example, since this 

system can be used as molecular switch [2,3]. The mechanism of photoisomerization is schematically 

shown in Scheme 1. According to this scheme, light excitation of GS (L5Ru-NO) leads to MS2 formation 

(L5Ru-η2-(NO) isomer), which then can be excited to the MS1 isomer (L5Ru-ON). Thus, in the simplest way, 
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the mechanism of GS isomerization to MS1 is considered as two-step photo-process with MS2 as an 

intermediate state [4,5]. Experimental data confirmed the two-step mechanism, but experimental 

information about the nature of transition states (TS) and the transient excited states that are occupied 

during the isomerization is still missing. A possible mechanism involving the formation of triplet excited 

states was suggested by density functional theory (DFT) calculations [6–8]. According to work [6], light 

excitation of GS leads to MS2 formation through a triplet state with following excitation of MS2 to another 

triplet state and then relaxation to MS1. Nevertheless, experimental evidences are needed to reveal the 

complicated interplay of excited states during the isomerization process. Knowledge about the 

intermediate states during photoisomerization is essential to better understand the isomerization 

mechanism and for identifying the most efficient photoisomerization paths. 

 

Scheme 1. Schematic photoisomerization mechanism GS→MS2→MS1 on the example of trans-

[RuNOPy4F]2+. TS1 – a transition state between GS and MS2, TS2 – a transition state between MS2 and 

MS2. 

Time resolved X-ray absorption spectroscopy (TR-XAS) is one of the best techniques to study fast (fs - 

ms) processes, since this is a direct method to measure changes in the electronic configuration of a chosen 

atomic core. The main advantage of TR-XAS compared to optical spectroscopic methods is its sensitivity to 

optically dark transition states [9]. However, before being able to study transient states by time resolved 

XAS, it is essential to elucidate the signatures of the GS, MS1 and MS2 isomers in order to distinguish these 

known isomers from potential intermediate states. 

Recently, the photoinduced metastable states MS1 and MS2 in trans-[RuNOPy4F](ClO4)2 (1) (Py = 

pyridine) were characterized by spectroscopic methods and X-ray diffraction (XRD) [4,10,11]. The MS1 

isomer was populated by 405-450 nm irradiation of GS, while the MS2 isomer was obtained by 850-1050 

nm irradiation of MS1. The bond length Ru-NO was determined to be 1.750(1) Å in GS, while in MS1 the 

Ru-ON bond length was found to be 1.841(1) Å. In the MS2 isomer the Ru-N-O angle is 80°, and the Ru-N 

and Ru-O distances are 2.00(2) and 2.09(1) Å, respectively [4]. The Ru-F bond length is also changed after 

GS→MS1 isomerization from 1.914(1) to 1.898(1) Å. By differential scanning calorimetry it was shown, 

that MS2 is stable until about 180 K and MS1 decays at around 290 K, while at 80-100 K both states have 

almost infinite lifetime (GS is fully stable at room temperature). Since GS, MS2 and MS1 isomers in trans-



[RuNOPy4F](ClO4)2 are well characterized, and achievable populations of MS1 and MS2 are high enough 

(approximately 90 and 20%, respectively), this complex is a good candidate for the study of the linkage 

isomers by XAS methods, with particular attention to the changes in the F-Ru-(NO) coordinate of interest, 

since the biggest structural changes occur in this group. 

Thus, in the current work we report XAS spectra of N, O and F K-edges of single crystals of trans-

[RuNOPy4F](ClO4)2 (1) in GS. The experimental spectra were explained by means of time-dependent 

density functional theory (TDDFT) calculations including the description of the TDDFT calculations were 

then extended to predict the spectra of MS1 and MS2 isomers. 

 

Experimental 

Synthesis 

The compounds  trans-[RuNOPy4F](ClO4)2 (1) and K2[RuNOCl5] were synthesized according to the 

previously published procedures [10,12]. 

XAS spectroscopy 

The XAS spectra at N, O and F K-edges of trans-[RuNOPy4F](ClO4)2 (1) and at N, O K-edges of K2[RuNOCl5] 

were measured at 115 K in total fluorescence yield mode at the BACH beamline of the ELETTRA 

synchrotron facility (Trieste, Italy) [13,14]. The x-ray fluorescence emission was detected by a micro-

channel plate detector (MCP Hamamatsu F4655-13). Single crystals of 1 were attached to the sample 

holder using a double sided copper adhesive, the single crystal of K2[RuNOCl5] was fixed on a Cu foil using a 

clamp. The measurements chamber pressure was below 1·10-9 mbar during the experiment. The photon 

energy resolution was set to 70 meV at N K-edge and 150 meV at O and F K-edges. The measured XAS 

signals from the sample were corrected to the x-ray flux by measuring the photocurrent from a gold mesh 

inserted into the X-ray beam in front of the sample chamber. The photon energy scale was calibrated using 

the difference in the kinetic energy of Au 4f core-level measured by photoemission spectroscopy and 

recorded in the first- and second-order light. The XAS spectra shown in the paper were normalized to the 

absorption edge jump after a background removal. 

Density functional theory calculations 

Density functional theory (DFT) calculations were performed in the ADF 2020 package [15]. For the 

geometry optimization of trans-[RuNOPy4F]2+
 in GS, MS1 and MS2 (closed-shell electron configurations) in 

the gas phase, the Perdew-Burke-Ernzerhof (PBE) functional [16] with quadruple-ζ-quality with 4 

polarization functions all-electron (QZ4P) basis set [17] was used. The spin-orbit coupling for the 

Hamiltonian was applied. Initial geometries for the structure optimization were taken from experimental 

XRD data [4]. Molecular orbitals were calculated for optimized structures on the same level of theory 

except that a scalar relativistic effect [18] was applied instead of spin-orbit coupling. XAS spectra of K-edges 

of N, O, F atoms were calculated on the same level of theory with a scalar relativistic effect. XAS spectra 

were simulated using time-dependent DFT (TDDFT) approach for allowed transitions by the Davidson 

method [19]. The first 1500 and 500 singlet-singlet electronic excitations were calculated for N, O and F 

atoms, respectively. 

 

Results and discussion 



Experimental XAS spectra of N and O K-edges 

The measured N, O XAS spectra of trans-[RuNOPy4F](ClO4)2 (1) single crystals in GS are shown in Fig. 1. In 

order to distinguish the peaks related to N and O atoms of the nitrosyl ligand NO without interference of 

these atoms related to Py ligand (NC5H5) and ClO4
-, the XAS spectra at N and O K-edges of the related 

complex K2[RuNOCl5] containing N and O atoms only in the NO ligand were measured. 

The N K-edge XAS spectrum of 1 shows three structures at 399.8, 401.6 and 403.8 eV (Fig. 1, a). 

Comparison with the spectrum of K2[RuNOCl5] indicates that the peak at 401.6 eV is associated with the 

nitrogen atom of NO ligand (see Fig. 1, a). Earlier reports on N K-edge XAS spectra of NO gas adsorbed on 

different metal surfaces support the assignment [20–22]. The peaks at 399.8 and 403.8 eV are assigned to 

the nitrogen atoms of the pyridine ligands [23–25], however, the peak at 401.6 eV also might contain a 

contribution from the pyridines [26]. All these peaks are associated with π-bonds. A broad peak found at 

higher energy (> 405 eV) is related to σ−bonds. The evolution of the XAS spectra after scanning on the 

same spot of the sample for a long time (~60 min) is shown in Fig. S1. The X-ray beam induces a decrease of 

the intensity of mainly the NO peak at 401.6 eV, indicating radiation damage. This modification agrees well 

with the DFT-calculation: the first LUMO orbitals originate from the Ru-NO group, and their population 

could potentially lead to a cleavage of the Ru-NO bond [27]. 

Four main structures at 532.8, 535.6, 537 and 545.5 eV are observed in the O K-edge XAS spectrum of 1 

(Fig. 1, b). The comparison with the reference spectrum of K2[RuNOCl5] leads to the conclusion that the 

peak at 532.8 eV should be assigned to the oxygen atom of NO ligand (Fig. 1, b). The other three peaks at 

535.6, 537 and 545.5 eV likely are associated with the oxygen atoms of the ClO4
- anions. This assignment of 

the peak at 532.8 eV to the oxygen atom of NO is in agreement with literature reports [21,22,28], even 

though we cannot completely exclude a contribution to this peak originating from the perchlorate anion. 

 

 

Fig. 1. Comparison of the experimental XAS spectra of N (a) and O (b) K-edges of K2[RuNOCl5] 

and trans-[RuNOPy4F](ClO4)2 (1). 

 

DFT calculations 

To simulate XAS spectra using the TDDFT approach, the GS, MS1 and MS2 structures of 1 (trans-

[RuNOPy4F]2+) were optimized with the PBE functional and QZ4P basis set. The calculated bond lengths and 

angles agree reasonably well with the experimental data [4], the mean absolute deviations of the 



calculated and experimental bond lengths are 0.022, 0.021 and 0.064 Å for GS, MS1 and MS2, respectively 

(see Table S1). The biggest structural changes occur in the F-Ru-(NO) chain: the Ru-(NO) bond changes from 

1.747 Å for GS to 1.838 Å for MS1 and to 1.909/2.157 Å for MS2, which are similar to the experimental data 

(1.750(1), 1.841(1) and 2.00(2)/2.09(1) Å, respectively). 

The most relevant molecular orbitals involved in the electronic transitions appearing in the XAS spectra 

are shown in Fig. 2 and listed in Tables S2-S5. In case of all isomers the LUMO (118) and LUMO+1 (119) 

orbitals are composed of Ru d and p orbitals of NO. The average contribution of Ru to these orbitals is 

approximately 30%, while about 60% originate from the nitrosyl ligand. The remaining contribution to the 

118 and 119 antibonding orbitals comes from fluorine p orbitals of the F-Ru-(NO) chain which, however, do 

not exceed 10%. The majority of the higher lying orbitals shown in Fig. 2 exhibit π*-character related to the 

pyridine orbitals. The 120, 125 orbitals of GS and 123 orbital of MS1 are composed of Ru d and N, C p-

orbitals of pyridine ligands. Overall, the change of the NO linkage in 1 does neither lead to a drastic change 

of the nature of LUMO and LUMO+1 orbitals nor for the rest higher lying orbitals, which mostly are 

represented by the π*-pyridine contributions in case of GS, MS1 and MS2. 

 

 

Fig. 2. The main orbitals involved in the transitions of XAS spectra of 1 in GS, MS1 and MS2. The number 

of LUMO orbital is 118. The energy of the orbitals is shown schematically. 

 

Description of N K-edge XAS spectra 

The experimental XAS spectrum at the N K-edge of the single crystals of trans-[RuNOPy4F](ClO4)2 (1) in 

GS is shown in Fig. 3 together with the TDDFT calculated spectra for GS, MS1 and MS2. The spectrum in the 

range of 397-407 eV contains four peaks at 399.8, 401.6, 403.8 and 405.7 eV. In order to assign the peaks 

to certain transitions, the XAS spectrum of trans-[RuNOPy4F]2+ in the gas phase was calculated using 

TDDFT. The calculated spectrum of GS is in good agreement with the experimental data (after having 

applied an energy shift of +18.9 eV to the calculated spectrum). The electronic transitions contributing to 



the XAS peaks and their energies are listed in Table 1. The first structure at 399.8 eV corresponds to the 

transitions from the 1s orbitals of the nitrogen atoms of the pyridine ligands (NPy) to the 123-125 (LUMO+5-

LUMO+7) orbitals (further designated as 1s Npy→123-125). These orbitals mainly comprise π-orbitals of 

pyridine rings with a contribution of ruthenium d-orbitals (see Table S2). The second peak at 401.6 eV is 

related to the transition from the 1s orbital of nitrogen of the NO ligand (NNO) to the 118, 119 (LUMO, 

LUMO+1) orbitals (1s NNO→118, 119), which are mainly composed from the antibonding orbitals of the Ru-

NO unit (see Table S2). The last two low-intensity peaks at 403.8 and 405.7 eV are assigned to the NPy 

transitions to the high lying p-orbitals of pyridine ligands (144-146 and 170-173, respectively). 

According to the DFT calculations, the change of the Ru-NO (GS) linkage to the Ru-ON (MS1) leads to a 

drastic change in the XAS spectrum. The calculated spectrum of 1 in MS1 has three structures at 399.8, 

403.8 and 406.4 eV (Fig. 3, Table 1). The peak with maximum at 399.8 eV comprises two overlapping 

transitions: 1s NPy→120-122, 125 and 1s NNO→118, 119. Thus, the NO ligand isomerization leads to a shift 

of the energy of the 1s NNO→118, 119 transition by -2.1 eV with respect to that in GS. The nature of the 

120-122, 125 orbitals is related to the π-systems of pyridines, whereas 118, 119 orbitals arise from the 

antibonding orbitals of the Ru-ON group. Two remaining peaks at 403.8 and 406.4 eV are also related to 

the p-orbitals of pyridine rings. Thus, the nature of electronic transitions involved in GS and MS1 is similar, 

but the energy of the NNO peak is different, being lower in the case of in MS1. 

The calculated nitrogen K-edge XAS spectrum of the MS2 isomer shows four structures at 399.8, 402.5, 

403.8 and 405.7 eV. Similar to the spectrum of 1 in MS1, the peak with maximum at 399.8 eV contains two 

transitions 1s NPy→122-125 and 1s NNO→118, 119, as listed in Table 1. The orbitals involved in these 

transitions are analogous to both GS and MS1 and shown in Table S2. The peak at 402.5 eV reflects the 

transition 1s NNO→125-127, which was not observed in XAS spectra of GS and MS1. If the transition 1s 

NNO→118, 119 is mainly due to the electron transfer from 1s orbital of NNO to the antibonding orbitals of 

Ru-η2-(NO) group, the 1s NNO→125-127 exhibit an additional transfer to the orbitals of pyridine rings. The 

last two peaks at 403.8 and 405.7 eV are similar to those in GS and MS1 (see Table 1). 

An interesting feature of the calculated spectra is the differing intensity of the peak at 399.8 eV in case 

of GS, MS1 and MS2. In MS1 and MS2 the intensity is larger compared to the GS, which is due to the shift 

of the 1s NNO→118, 119 transitions to the lower energy by -2.1 eV inducing an apparent increase in 

intensity due to the two overlapping peaks (see Fig. 3). The higher intensity of the 1s NNO→118, 119 peak 

of MS1 compared to that of MS2 is explained by the higher oscillator strength of the transition (0.0806 vs. 

0.0554, respectively), which is correlated with the occupancies of the NO orbitals in 118, 119 (72 vs. 54%, 

respectively, see Table S2). Recently, similar correlation between the intensity of a pre-edge structure in 

GS, MS1, MS2 and occupancy of the NO orbitals in LUMO(+1) was shown for sodium nitroprusside 

(Na2[FeNO(CN)5]·2H2O) [29,30]. Thus, from the DFT calculations we may assume a decrease of intensity of 

the peak at 401.6 eV and corresponding increase of the peak at 399.8 eV after generation of any 

metastable states due to the shift of the 1s NNO→118, 119 peak. 

 

Table 1. TDDFT calculated transitions in XAS spectra of N, O and F K-edges of 1. 

N K-edge 
GS MS1 MS2 

E, eV 1s transition E, eV 1s transition E, eV 1s transition 

399.8 NPy→123-125 399.8 
NPy→120-122, 125 

NNO→118, 119 
399.8 

NPy→122-125 
NNO→118, 119 



401.9 NNO→118, 119 403.8 NPy→142, 144-146 402.5 NNO→125-127 
404 NPy→144-146 406.4 NPy→172, 173 403.8 NPy→144-146 

405.9 NPy→170-173 - - 405.7 NPy→170, 171 
O K-edge 

532.8 ONO→118, 119 534.5 ONO→118, 119 532.8 ONO→118, 119 
F K-edge 

683.2 F→118, 119 682.7 F→118, 119 683.2 F→118, 119 
684.8 F→125 685 F→125 685.2 F→125, 126 
688 F→134 688.1 F→134 688.4 F→134, 139 

690.3, 
691.5 

F→157, 158 
690.5, 
691.6 

F→157, 158 
690.4, 
691.7 

F→155, 156 

 

 

Fig. 3. Experimental (exp) and TDDFT calculated (calc) spectra of N K-edge of 1 in GS, MS1 and 

MS2. Panel a represents comparison of experimental and calculated spectra of 1 in GS, panel b 

shows comparison of calculated GS, MS1 and MS2. Scale factor for energy (X-axis) is +18.9 eV 

and the Intensity (Y-axis) is multiplied by 0.8 for calculated spectra. 

 

Description of O K-edge XAS spectra 

The experimental O K-edge XAS spectrum of the complex in GS shows four structures at 532.8, 535.6, 

537 and 545.5 eV (see Fig. 4). It follows from the experimental O K-edge XAS spectrum of K2[RuNOCl5] that 

the peak at 532.8 corresponds to the N-O bond from the ligand NO (ONO), in agreement with literature 

reports [21,22,28].Therefore the peaks at 535.6, 537 and 545.5 eV in the spectrum of 1 can be assigned to 

the ClO4
- anions. Based on the DFT calculations the peak at 532.8 eV of the complex in GS corresponds to 

the 1s ONO→118, 119 transition. Concerning MS1 and MS2 the nature of the transitions remains the same, 

the biggest shift of the 1s ONO→118, 119 peak is observed in case of MS1 (see Table 1). Contrary to the N K-

edge spectra of linkage isomers, the 1s ONO→118, 119 peak of MS1 is shifted to a higher energy (+1.7 eV), 

while the peak of MS2 slightly shifts to a lower energy (-0.5 eV). In conclusion, from the theoretical point of 

view the peak at 532.8 eV should change the amplitude and the position after isomerization of NO. 

 



 

Fig. 4. Experimental (exp) and TDDFT calculated (calc) spectra of O K-edge of 1 in GS, MS1 and 

MS2. Panel a represents comparison of experimental and calculated spectra of 1 in GS, panel b 

shows comparison of calculated GS, MS1 and MS2. Scale factor for energy (X-axis) is +22.3 eV 

and the intensity (Y-axis) is multiplied by 0.44 for calculated spectra. 

 

Description of F K-edge XAS spectra 

Three structures at 684 (shoulder), 684.8 and 692 (broad) eV are observed in the experimental F K-edge 

XAS spectrum of the complex in GS (see Fig. 5). Regarding the DFT calculations, experimental structures at 

684 and 684.8 eV are related to the peaks at 683.2 and 684.8 eV, which are assigned to the 1s F→118, 119 

and 1s F→125 transitions, respectively. The unoccupied orbitals of the Ru-NO unit are mainly involved in 

these transitions (see Table S2). Three calculated peaks at 688, 690.3 and 691.5 eV are assigned to the 

broad experimentally observed peak at 692 eV. Calculated peaks are listed in Table 1, and correspond to 

the 1s transitions to s-orbitals of pyridine ligands (see Table S2). TDDFT simulated spectra of MS1 and MS2 

show similar patterns and the corresponding transitions are listed in Table 1. Since nitrosyl isomerization 

affects the Ru-F bond length less than the Ru-(NO) bond length [4,11,31], the calculated spectra do not 

show such drastic changes as observed in the N and O K-edges. The biggest shift to lower energy is 

observed for the 1s F→118, 119 peak of MS1 (-0.5 eV), whilst the peak at 684.8 eV noticeably changes the 

amplitude in different states (Fig. 5). 

 

 



Fig. 5. Experimental (exp) and TDDFT calculated (calc) spectra of F K-edge of 1 in GS, MS1 and 

MS2. Panel a represents comparison of experimental and calculated spectra of 1 in GS, panel b 

shows comparison of calculated GS, MS1 and MS2. Scale factor for X is +26.8 eV and for Y is 

multiplied by 100 for calculated spectra. 

 

From the TDDFT data the energy shift of the 1s NNO/ONO/F→118, 119 (LUMO, LUMO+1) peaks is 

expected after GS isomerization to MS1 and MS2 (see Figs. 3-5). In case of the N K-edge XAS spectra the 

NO isomerization from GS to MS1 and MS2 leads to downshift of about -2.1 eV of the 1s NNO →118, 119 

peak. In case of the O K-edge XAS spectra, the GS isomerization to MS1 leads to an upshift of about 1.7 eV, 

whereas the generation of MS2 leads to a downshift of about -0.5 eV. Note that the nature of these 

transitions (1s NNO/ONO→118, 119) is very similar, thus the energetic positions of the 118 and 119 orbitals 

should indicate at least the expected direction of the shift. However, the consideration of those energies 

alone would not explain the shift, since from that only a downshift would be expected (see Fig. 2, the 

energies of 118/119 for GS, MS1, MS2 are -9.763/-9.761, -10.462/-10.460, -10.780/-10.095 eV, 

respectively). Hence, the energies of the 1s orbitals must be considered as well in order to explain the 

resulting shift of the peaks. In Table 2 the energies of the 1s orbitals related to NO, F ligands along with the 

energies of 118 (LUMO), 119 LUMO+1 orbitals and 1s→118, 119 transitions are presented. From Table 2, it 

is clear that the energy of the 1s orbital varies for different isomers and compensates the energy change of 

118, 119 orbitals. For example, in case of the N K-edge the energy gap between 1s and 118, 119 orbitals is 

higher for GS than in MS1/MS2 by 1.6/1.7 eV, which is in accordance with the energy difference of the 

corresponding 1s→118, 119 transitions (2.1/2.1 eV). In case of the O K-edge the 1s→118, 119 energy gap 

is different, leading to the difference between GS and MS1/MS2 gaps of -1.6/0.8 eV. 

A possible origin of the decrease of the energy of antibonding orbitals 118 (LUMO) in the sequence GS 

(-9.763 eV), MS1 (-10.462 eV) and MS2 (-10.780 eV) is the elongation of the Ru-(NO) bond length, which 

are 1.747, 1.838 and 1.909/2.157 Å, respectively. Thus, weakening of the Ru-(NO) bond should facilitate 

the occupation of antibonding LUMO orbitals. The change of the energy of 1s orbitals might be attributed 

to a redistribution of the Hirshfeld charges on atoms after NO isomerization (see Table S6). The biggest 

difference in the energy of 1s orbitals of NNO/ONO and their charges is observed between GS and MS1 

isomers. The overall charge on NO changes from 0.099 (GS) to 0.16 (MS1) with corresponding decrease of 

the charge on Ru atom from 0.493 (GS) to 0.468 (MS1), indicating the transfer of electron density from NO 

ligand to Ru. In case of the MS2 isomer the decrease of the charge on both Ru (0.486) and NO (0.073) 

occurs, which lead to the increase of the charges on fluoride and pyridine ligands (Table S6). 

 

Table 2. The comparison of 1s, 118 (LUMO), 119 (LUMO+1) energies and the energies of 1s→118, 119 

transitions of GS, MS1 and MS2. 

Energies of 1s orbitals, eV 
 GS MS1 MS2 

1s NNO -391.966 -391.026 -391.324 
1s ONO -520.591 -522.916 -520.810 

1s F -665.535 -665.721 -665.781 
Difference energy of 1s and 118/119 orbitals (ΔE), eV 

|1s NNO – 118/119| 382.203 380.564 380.544 
|1s ONO – 118/119| 510.828 512.454 510.03 



|1s F – 118/119| 655.772 655.259 655.686 
 Difference of ΔE energies, eV Difference of 1s→118, 119 peaks from TDDFT, eV 

ΔEGS-ΔEMS1/ΔEGS-ΔEMS2 (1s→118, 119)GS-(1s→118, 119)MS1 /  
(1s→118, 119)GS-(1s→118, 119)MS2 

N K-edge 1.6/1.7 2.1/2.1 
O K-edge -1.6/0.8 -1.7/0.5 
F K-edge 0.5/0.1 0.5/0 

 

Conclusions 

The experimental N, O and F K-edge XAS spectra of single crystals of trans-[RuNOPy4F](ClO4)2  (1) in GS 

were measured. In order to distinguish XAS structures related to the coordinated NO molecule, the N and 

O K-edge XAS spectra were compared with those of related complex K2[RuNOCl5]. Subsequently, TDDFT 

calculated N, O and F K-edge XAS spectra allowed for the assignment of the observed transition exhibiting 

a relatively good quantitative agreement with experimental data. According to the analysis of molecular 

orbitals, the 118 (LUMO) and 119 (LUMO+1) are related to the unoccupied orbitals of the Ru-NO group. 

The next higher lying orbitals are mainly represented by the π-systems of pyridine ligands. In N, O K-edge 

XAS spectra of 1 the structures which correspond to the 1s NNO/ONO →118, 119 transitions are found at 

401.6/ 532.8 eV, respectively. In F K-edge XAS spectra the peak of 1s F→118, 119 transition is observed at 

684 eV. It is important to emphasize that these peaks are the most interesting in terms of investigation of 

NO isomerization, since the biggest structural changes occur in the F-Ru-(NO) chain after formation of any 

linkage isomer. Given a decent match of experimental and calculated XAS spectra of 1 in GS, the N, O and F 

K-edge XAS spectra of MS1 and MS2 isomers were simulated using TDDFT. In the calculated N K-edge XAS 

spectra of MS1 and MS2 the shift of the 1s NNO→118, 119 peaks with respect to that of GS by -2.1 eV is 

observed. The calculated O K-edge spectra exhibit a different behavior: the spectrum of MS1 is 

characterized by the shift of the 1s ONO→118, 119 peak to higher energy by +1.7 eV, whereas a downshift 

by -0.5 eV is observed for MS2. The 1s F→118, 119 transition of the MS1 F K-edge XAS spectrum exhibits a 

downshift by -0.5 eV, whereas that peak of MS2 has the same energy with respect to GS. The observed 

differences of the calculated shift of these peaks were interpreted by a significant change of the energies 

of the 1s levels of N, O, F atoms of NO and F ligands in different linkage isomers. Thus, based on the 

experimental XAS spectra of GS of 1, the spectra of MS1 and MS2 linkage isomers were calculated using 

TDDFT approach. Subsequently, these results will allow to prepare the more complex study of the 

mechanism of nitrosyl photoisomerization by time resolved XAS. 
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