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Abstract 

Photoinduced NO-linkage isomers were investigated in the solid state of labelled trans-[Ru(14/15NO)(py4)F](ClO4)2 

complex by combined IR-spectroscopy and DFT calculations. The calculated IR-spectra show features similar to the 

experimental data allowing reliable assignment of the vibrational bands. The structural change from the Ru-NO (GS) 

to the Ru-ON (MS1) and Ru-η2-(NO) (MS2) linkage configuration leads to the downshift of the ν(NO) and ν(Ru-(NO)) 

bands, and a corresponding increase of the energy of the ν(Ru-F) band. The shift of the bands corresponds to the 

change of the Ru-(NO) and Ru-F bond lengths: increase of the Ru-(NO) bond length leads to the decrease of the 

energy of the ν(Ru-(NO)) band; decrease of the Ru-F bond length leads to the increase of the energy of the ν(Ru-F) 

band. These observations can be extrapolated to the family of related nitrosyl complexes and therefore be used for 

the qualitative prediction of the Ru-(NO) and Ru-Ltrans-to-NO bond lengths of different linkage isomers in the 

framework of one complex. While the formation of linkage isomers is a reversible process, long-time irradiation 

sometimes induces irreversible reactions such as the release of NO. Here, we show that the photolysis of trans-

[Ru(14/15NO)(py4)F](ClO4)2 in KBr pellets may lead to the release of nitrous oxide N2O, conceivably through the 

formation of a {Ru-(κ2-ONNO)} intermediate. 

 

Introduction 

Metal nitrosyl complexes (M-NO) are a wide class of materials exhibiting outstanding photochemical properties. 
The photoexcitation is based on the charge transfer from the metal center to the antibonding empty π*(NO) orbital 
of the coordinated nitrosyl ligand resulting either in the isomerization of the NO-ligand (formation of linkage 
isomers) or in the release of nitric oxide [1,2]. Photoinduced linkage isomers in solids can be used in data storage 
technologies based on holography [3], whereas the NO release from nitrosyl ruthenium complexes in solution 
renders these complexes attractive for photodynamic therapy applications (PDT), due to generation of highly 
reactive ruthenium species and free NO [2,4–6]. 

In general, the investigation and search for novel nitric oxide donors is an important field due to known biological 
properties of NO [7–10]. Recently, many researchers emphasized also the significance of investigating new nitric 
oxide carriers with respect to the fight with COVID-19 [11–14]. The mechanism of nitric oxide photo-release in 
solution is subject of debate and might involve several intermediates. One possible reaction scheme involves 
metastable linkage isomers as intermediates and was schematically described as follows [15]: 

L5Ru2+-NO+ → L5Ru2+-η2-(NO+) + Solvent → L5Ru3+(Solvent) + NO0, 

where η2-(NO+) corresponds to one of the nitrosyl linkage isomers (MS2 in current case). In this case, since for 
the NO release two photons are needed to be absorbed by the ruthenium complex, a longer lifetime of the linkage 
isomers that constitute the intermediate state may thus provide a better efficiency of nitric oxide release. 

In fact, nitrosyl linkage isomers can be generated in various media, from solutions over gels to crystalline solids, 
however the solid state offers advantages for both the stabilization of the isomers and their structural 



characterization [6,15–19]. As a matter of fact, these photoinduced nitrosyl linkage isomers corresponding to 
different types of nitrosyl ligand coordination to the metal, represented by M-NO (GS), M-ON (MS1) or M-η2-(NO) 
(MS2, side bond) coordination (Fig. 1) are so-called metastable states. The metastability is characterized by an 
energy barrier separating the photoinduced linkage isomers MS1 and MS2 from the ground state GS. The higher 
the barrier the more stable the linkage isomer, which is very often indicated in the form of a so-called decay 
temperature Td, defined as the temperature where the decay rate constant of the metastable linkage isomer is 
0.001 s-1 [20]. This type of isomerism is characteristic for different metals, but the most prominent results and 
effects was observed in octahedrally coordinated ruthenium complexes with the general formula of L5Ru–NO, due 
to the much higher decay temperatures of metastable states compared to other central metal atoms [20–25]. 

 

Fig. 1. The calculated (DFT, ADF, B3LYP/TZP) geometries of GS (left), MS1 (middle) and MS2 (right) for 

trans-[Ru(NO)(py4)F]2+ with chosen depicted bond lengths [Å]. 

 

Among other methods applied for the study of the different linkage modes, IR-spectroscopy is the most powerful 

and sensitive tool to detect the changes of the NO coordination, since especially the ν(NO) stretching vibration has 

a large amplitude due to a very strong derivative of the dipole moment [26–30]. The relative energetic position of 

the bands gives a clear view into the change of the force constants which are a measure of the bond forces between 

M-NO and N-O even with small fractions of linkage isomers, which cannot be observed by e.g. X-ray diffraction [31]. 

The common energy range of the ν(NO) stretching vibration in GS is about 1900-1800 cm-1, which shifts to lower 

energy by about 150 and 300 cm-1 in case of MS1 and MS2 respectively. This behavior is well known and supported 

by other spectroscopic and diffraction data as well as DFT calculations [22,23,26,31]. Other signatures of the nitrosyl 

linkage are the changes of the ν(Ru-NO) stretching vibrations, the δ(Ru-N-O) deformation modes and the ν(Ru-Ltrans-

to-NO) bands, which are lying below 700 cm-1. However, contrary to the well-established data of the high energy 

range, the assignment of the bands in the low energy range (below 700 cm-1) is not so obvious even in the ground 

state. A clear assignment is important for the explanation of the formation of linkage isomers e.g. on the basis of 

the Jahn-Teller effect [32–34]. Here, the δ(M-N-O) deformation mode is the natural movement for the rotation of 

the NO ligand and in consequence, using 4m symmetry, the two-fold degeneration of this mode is lifted. 

Earlier works [35,36] postulate, that the ν(Ru-NO) vibration possess a higher energy compared to the δ(Ru-N-O) 

mode, which is shown by IR and Raman spectroscopy using labeled 15NO nitrosyl ligands in the [Ru(NO)X5]2- 

complexes (X = Cl-, Br-, I-). This is confirmed by normal-coordinate analysis of trans-[Ru(NO)(py)4Cl]2+ (Py = pyridine) 

and trans-[Ru(NO)Cl4F]2- [37,38], as well as by the data obtained on phthalocyanine (pc2-) ruthenium complexes 

with different trans-to-NO ligands [39]. For instance, in trans-[Ru(NO)(pc)F] the ν(Ru-NO), δ(Ru-N-O) and ν(Ru-F) 

modes were assigned to the bands at 624, 581 and 483 cm-1 respectively. On contrary, using DFT calculations and 

labelled (15NO) samples it was indicated that the δ(Ru-N-O) mode has a higher energy than ν(Ru-NO) in different 

complexes of cis-[Ru(NO)(TPA)X]2/3+, where TPA is tris(2-pyridylmethyl)amine [40]. The same sequence of these 

bands was shown for amine complex [Ru(NO)(NH3)5]Br3 [41]. Hence, the mutual position of these bands is 

influenced by the different ligand environment of the ruthenium center. 

In the study of linkage isomers in K2[Ru(NO)(NO2)4OH] [42] the ν(Ru-NO) and δ(Ru-N-O) modes were assigned to 

the bands at 633 and 625 cm-1 for GS and at 612 and 603 cm-1 for MS1 respectively. The reverse sequence of the 

energy of the bands was reported for Na2[Ru(NO)(CN)5]∙2H2O [43]. The bands of δ(Ru-N-O) in GS, MS1 and MS2 

were found at 643, 592, 595 cm-1, whereas the bands of ν(Ru-NO) were observed at 583, 539 and 523 cm-1, 



respectively. However, for both studies, the data were not supported by experiments with 15N labelled species, and 

the bands were assigned tentatively. In [44] the ν(Ru-NO) and δ(Ru-N-O) modes in GS of trans-[Ru(NO)(en)2Cl]Cl2 

and trans-[Ru(NO)(en)2Br]Br2 complexes were assigned to the bands at 617 and 609 cm-1, and 608 and 600 cm-1, 

respectively. The corresponding bands of MS1 were found at 479 and 436 cm-1, and 473 and 432 cm-1. However, 

the authors emphasize “15N-substitution experiments are needed to make clear whether the 617 cm-1 or the 609 

cm-1 band corresponds to ν(Ru-NO) or δ (Ru-N-O)”. In complexes of [Ru(NO)(NH3)5]3+ with different anions [45] the 

band of δ(Ru-N-O) was found to have higher energy than ν(Ru-NO), but again the bands of linkage isomers were 

not precisely assigned to the δ(Ru-N-O) or ν(Ru-NO) modes. The study of diverse pyridine complexes trans-

[Ru(NO)(py4)X]2+ (X = Cl-, Br-) reveal that the energy of δ(Ru-N-O) bands (614, 609 cm-1) is higher compared to ν(Ru-

NO) (606, 603 cm-1) in GS, whereas bands of linkage isomers at 483 and 567 cm-1 were tentatively attributed to the 

δ(Ru-N-O) or ν(Ru-X) vibrations [46]. Surprisingly, though linkage isomerism in nitrosyl compounds is a known 

phenomenon, the detailed investigation of spectroscopic properties of the linkage isomers and particularly the 

assignment of the low-energy bands of metastable states was never explored systematically. Moreover, the precise 

knowledge of the energetic positions of the δ(Ru-N-O), ν(Ru-NO) and ν(Ru-Ltrans-to-NO) vibrational bands in the range 

below 700 cm-1 provides basic information about the change of the bond energies upon nitrosyl ligand 

isomerization. 

In order to shine light on these questions and perform unambiguous assignment of the low-energy bands of the 

photoinduced linkage isomers, we present the detail description of the vibrational bands of IR-spectra of all linkage 

isomers in trans-[Ru(NO)(py4)F](ClO4)2 by combined IR-spectroscopy and DFT calculations including investigation of 

the 15NO labelled complex. This complex is particularly suited for the purpose, since earlier we studied the 

mechanism of photoisomerization of nitrosyl ligands, the thermal stability of MS1 and MS2, by calorimetric, 

spectroscopic and structural analysis of the linkage isomers in this compound [22,23]. The linkage isomers can be 

generated with high efficiency, using blue light irradiation for MS1 and subsequent near-infrared exposure for MS2. 

Furthermore, as already reported in earlier studies, long-time irradiation might lead to NO release even in the solid 

state [47–49], however, a clear identification of the NO release and/or the photoproducts is difficult. In the 

framework of our current study with 15NO labelled compounds, we detect the product of the nitric oxide photo-

release in the solid state (the crystalline complex embedded in KBr pellets) and we propose a possible reaction path 

towards the formation of nitrous oxide N2O. 

 

Experimental 

 

Synthesis 

Trans-[Ru(14NO)(py)4F](ClO4)2 was prepared according to the reported methods [22,50,51]. The labelled complex 

trans-[Ru(15NO)(py4)F](ClO4)2 was synthesized from labelled K2[Ru15NOCl5] obtained using Na15NO2. The substitution 

of 15N against 14N in the nitrosyl ligand is nearly 100%, as confirmed in the absence of any v(14N-O) band area. 

Infrared spectroscopy 

IR spectroscopy measurements were performed using a Nicolet 5700 FT-IR spectrometer with a resolution of 2 

cm−1 in the range 400 − 4000 cm−1. The sample was grinded, mixed with KBr, and pressed into pellets. KBr pellets 

were bonded by silver paste on the coldfinger of a closed cycle cryostat (Oxford Optistat V01) and irradiated by LED 

through KBr windows with light. For measurements in the range 670 – 60 cm-1 (resolution of 1 cm-1) the sample was 

mixed with polyethylene (PE) and pressed into pellets. Equally, the windows of the cryostat for this spectral region 

are PE windows. In order to perform irradiation, a new head for the optical cryostat was constructed, with an 

additional window (common glass) adjacent to the PE windows. MS1 was generated by the irradiation with light of 

420-450 nm, 100 mW. MS2 was generated by the subsequent irradiation of MS1 with light of 850-940 nm, 100 mW. 

Experiments were carried out at 10 K. The cryostat allows controlling the temperature in the range of 9−320 K. The 



populations of metastable states were calculated from the decrease of the area under ν(NO) band in GS (%MS1 = 100 

– (I(ν(NO)GS after)/I(ν(NO)GS before))∙100). 

Density functional theory calculations 

Starting geometries were optimized from available experimental structural data obtained for all linkage isomers 

[23]. DFT calculations of trans-[Ru(NO)(py)4F]2+ ion in the gas phase were performed using the ADF2017 package 

[52]. For geometry optimization, the hybrid B3LYP functional [53] and the triple-z-quality with one polarization 

function (TZP) basis set [54] were used. No symmetry restrictions were imposed on the geometry for the 

optimization. A closed-shell electron configuration and the scalar relativistic zero-order regular approximation 

(ZORA) [54] for the Hamiltonian were applied. The widely applied B3LYP functional was selected due to the good 

agreement between calculated structures of ruthenium complexes and experimental data in previous 

investigations [6]. IR-spectra were calculated for optimized structures using the same level of theory. Scaling factors 

(shift of the calculated bands) for calculated IR-spectra of GS, MS1 and MS2 were -13, -16 and -15 cm-1, respectively. 

The scaling (subtraction of -13, -16 and -15 cm-1 from the calculated spectra of GS, MS1 and MS2 respectively) 

allowed to have a better match with the experimental bands in the range of 700-400 cm-1. Tables with calculated 

atomic coordinates, frequencies and Hessian matrixes of ADF are placed in Supporting information (Tables S4-S15). 

The assignment of the vibrational modes is made based on the position, intensity and sequence of the calculated 

bands with respect to the experimental data. Independent assessment of the reliability of the ADF calculations was 

made by performing an additional calculation using the CASTEP19.11 code [55]. In this case, the structure 

optimization (no symmetry restrictions) and calculation of IR spectra for GS, MS1 and MS2 of trans-

[Ru(14NO)(py)4F]2+ were performed using PBE functional [56] with ZORA relativistic treatment [54] and Norm 

conserving pseudopotentials (NCP19) [57] Plane wave basis set cut-off was set to 900 eV using a standard grid of 

2.0 and a fine grid of 3.0. The isolated cations were placed in a 30 x 30 x 30 Å3 cell using one k-point at the Gamma 

point. The geometry optimization was performed with strict convergence tolerance criteria to avoid significant 

imaginary vibrations for the IR calculations (1E-7 eV/atom total energy convergence; 1E-3 eV/ Å max ionic force; 

5E-4 Å max ionic displacement). No scaling factors were applied for the calculated IR frequencies. The obtained 

calculated bond lengths and frequencies are summarized in Table S2 and S3. 

 

Results and discussion 

 

IR-spectra of trans-[Ru(14NO)(py4)F](ClO4)2  

The discrimination between GS, MS1 and MS2 is performed by at first stepwise irradiation with blue or violet 

light, resulting in a gradual decrease of GS bands and a corresponding increase of MS1 bands, followed by radiation 

with IR light, whereby the new bands of MS1 decrease completely, but bands of MS2 arise and bands of GS increase 

due to the partially back transfer. 

The high-energy range of the IR-spectra of GS, MS1 and MS2 is shown in Fig. 2. The most intense bands with 

maxima at 1921 and 1914 cm-1 corresponds to the ν(NO) stretching vibrations (see Table 1). The band splitting of 7 

cm-1 is due to two inequivalent ruthenium complexes with slightly different crystal environment [22,23]. The ν(NO) 

bands of MS1 are shifted by 151 cm-1 to lower energy. There are again two maxima (1770 and 1763 cm-1) with 

reachable population of ~80%. Unlike GS and MS1, the corresponding band of MS2 shows at least four maxima 

(1600, 1580, 1591 and 1564 cm-1) indicating an additional splitting of the bands. Since the small increased 

absorption at 1571 cm-1 is overlapped with the low intense band of pyridine at 1573 cm-1 in GS we cannot 

unequivocally assign this band to MS2. The reachable population of MS2 is ~30%. The origin of this additional 

splitting is a completely different coordination type of the NO ligand in MS2 (side bond coordination with an angle 

Ru-N-O of 84° vs. almost 180° in case of GS and MS1). Close inspection of the behavior of the v(NO) band of GS 

during the irradiation reveals that the band with maximum at 1921 cm-1 is much faster transferred to MS1 with the 



corresponding maximum at 1770 cm-1 than the one at 1914 cm-1 with the corresponding maximum at 1763 cm-1 

(see Fig. 2). Thus, the ν(NO) band at 1921 cm-1 of GS corresponds to the ν(NO) stretching mode of MS1 at 1770 cm-

1 while the band at 1914 cm-1 of GS corresponds to the one at 1763 cm-1 of MS1. The first overtone of the ν(NO) 

vibration of GS is at 2∙ν(NO) = 3815/3801 cm-1 with a splitting of 14 cm-1 and an anharmonicity of 27 cm-1 with 

respect to the fundamentals. In MS1 the new bands are at 3507/3491 cm-1 with a splitting of 16 cm-1 but a larger 

anharmonicity of 33/35 cm-1 so that the NO-potential in MS1 is significantly broadened. 

 

Fig. 2. The range of 1950-1550 cm-1 of IR-spectra of trans-[Ru(14NO)(py4)F](ClO4)2 in GS, MS1 and MS2, 

KBr pellet. 

The low-energy ranges (670-400 cm-1 and 350-100 cm-1) of the IR-spectra are shown in Figs. 3, 4 and S1-S4. For 

the analysis and discussion of the vibrational modes the spectrum of GS is subdivided in several regions: 1) the 

splitted bands at 662/659/657 and 649/647 cm-1 are related to the mixed vibrations of pyridine rings and trans-ON-

Ru-F coordinate; 2) the strongest band with maxima at 626, 623 cm-1 is related to the δ(Cl-O) vibrations of the 

perchlorate anion; 3) the band with two maxima at 563 and 558 cm-1 is related to the ν(Ru-F) vibrations, the splitting 

is due to the two inequivalent ruthenium complexes in the crystal structure; 4) the triple band at 465, 461, 457 cm-

1 and bands at 450 and 442 cm-1, which mostly correspond to the pyridine vibrations; 5) bands with maxima at 

320/314/307, 277 and 238 cm-1 comprising complex vibrations of the F-Ru-N-O chain; 6) low intense bands at 162, 

143, 119 and 106 cm-1. The assignment of the bands is shown in Table 1, except of the bands below 200 cm-1. 

  The spectrum of MS1 shows bands at 654, 611/605, 509, 480/473 cm-1, a triple band with maxima at 464, 460, 

457 cm-1, bands at 448, 441, 301, 271, 231 and 147 cm-1 (not assigned), which are listed in Table 1. In case of MS2 

the bands are detected at 580, 418/412/407 (the splitting is clearly visible in Fig. S3), 334, 299, 286/282, 268 and 

260 cm-1 (see Table 1). All other bands are related to the pyridine rings vibrations, the bands are observed at 3119, 

1611, 1490, 1455, 1366, 1249, 1226, 1155, 1047, 1017, 956, 769 and 699 cm-1, which slightly change intensities 

after nitrosyl ligand isomerization. The visualization of the pyridine bands of the complex in GS is shown in Table 

S1. In addition, the intense band at 1090 cm-1 is related to the ν(Cl-O) stretching mode of the perchlorate anion. 

 



 

Fig. 3. The range of 670-400 cm-1 of IR-spectra of trans-[Ru(14NO)(py4)F](ClO4)2 in GS, MS1 and MS2, KBr 

pellet. Insert shows the range 520-400 cm-1. 

 

 

Fig. 4. The ranges of 350-200 (on the left) and 220-100 (on the right) cm-1 of IR-spectra of trans-

[Ru(14NO)(py4)F](ClO4)2 in GS, MS1 and MS2, PE pellet. 

 

Table 1. The experimental (IR) and calculated (DFT, ADF, B3LYP, TZP) bands of labelled 14NO/15NO trans-

[Ru(NO)(py4)F](ClO4)2 complex in GS, MS1 and MS2  with corresponding assignment of the bands. 

State/ 
ṽ ,cm-1 

14NOexp 15NOexp Δexp 14NOcalc 15NOcalc Δcalc Assignment 



GS 

1921; 
1914 

1884; 
1876 

37; 
38 

1916 1878 38 ν(NO) 

662; 
659; 
657 

659; 
656; 
654 

3 651 651 - pyring stretch + δ(Ru-N-O)m* 

- - - 628 623 5 ν(Ru-NO) + ν(Ru-F)m 

- - - 
625; 
623 

609; 
607 

16; 
16 

δ(Ru-N-O) 

563; 
558 

561; 
556 

2; 
2 

555 552 3 ν(Ru-F) + ν(Ru-NO)m 

465; 
461; 
457 

465; 
461; 
457 

- 445 445 - pyring bend + δ(Ru-N-O)m 

450 450 - 437 437 - pyring bend 

442 442 - 427 427 - pyring bend + ν(Ru-NO)m 

320; 
314; 
307 

315; 
308; 
302 

5; 
6; 
5 

276 275 1 δ(F-Ru-N-O) + pyring rocking 

277 276 1 256 255 1 ν(F-Ru-N-O) + pyring rocking 

238 238 - 222 222 - δ(Ru-F) + pyring rocking m 

 

MS1 

1770; 
1763 

1743; 
1735 

27; 
28 

1871 1839 32 ν(NO) 

654 654 - 643 643 - pyring stretch 

611; 
605 

611; 
605 

- 606 606 - ν(Ru-F) 

509 507 2 524 522 2 δ(Ru-O-N) 

480; 
473 

473; 
468 

7; 
5 

471 465 5 ν(Ru-ON) + ν(Ru-F)m 

464; 
460; 
457 

464; 
460; 
457 

- 442 442 - pyring bend + δ(Ru-O-N)m 

448 448 - 438 438 - pyring bend 

441 440 1 427 427 - pyring bend + ν(Ru-ON)m 

301 298 3 271 270 1 δ(F-Ru-O-N) + pyring rocking 

271 271 - 246 245 1 ν(F-Ru-O-N) + pyring rocking 

231 231 - 217 217 - δ(Ru-F) + pyring rocking m 

 

MS2 

1600; 
1580 

1577; 
1559 

23; 
21 

1625 1597 28 pyring stretch + ν(NO)m 

1591; 
1564 

1565; 
1541 

26; 
23 

1619 1583 36 ν(NO) 

- - - 655 650 5 δ(Ru-(NO)) + pyring stretch m 

- - - 636 626 9 δ(Ru-(NO)) + pyring stretch m 

580 575 1 581 579 2 ν(Ru-F) + δ(Ru-(NO))m 

418; 
412; 
407 

409; 
406; 
401 

9;  
6;  
6 

410 408 2 ν(Ru-(NO)) 

334 332 2 298 298 - δ(F-Ru-(NO))Ʇ + pyring rocking 

299 299 - 271 271 - δ(F-Ru-(NO)) + pyring rocking 

286; 
282 

285; 
281 

1 256 255 1 ν(Ru-(NO)) + δ(Ru-F) + pyring rocking 



268 268 - 244 244 - δ(Ru-F) + pyring rocking m 

260 259 1 232 231 1 δ(Ru-(NO))Ʇ + δ(Ru-F) 

* Symbol «m» indicates minor contribution 

 

IR-spectra of trans-[Ru(15NO)(py)4F](ClO4)2 

The irradiation of the 15NO labelled complex induces analogous changes in the spectra (see Fig. 5 and Table 1). 

The labelling of the complex by the 15NO shifts the ν(NO) bands to lower wavenumbers, which is in agreement with 

earlier reports [40]. The shift of the GS, MS1 and MS2 bands is 37/38, 27/28 and 23/21/26/23 cm-1, respectively. 

The different values of the shifts are related to the different coordination type of the NO ligand, a larger isotope 

effect might indeed be expected for the nitrogen bound GS configuration, compared to the oxygen bound MS1 

configuration. 

 

Fig. 5. The range of 1950-1550 cm-1 of IR-spectra of trans-[Ru(15NO)(py)4F](ClO4)2 in GS, MS1 and MS2 

(solid lines) and corresponding data of trans-[Ru(14NO)(py)4F](ClO4)2 (dotted lines), KBr pellet. 

 

The isotope-induced wavenumber shifts in the low-energy range of the spectra are extremely helpful for an 

unambiguous assignment of the bands (see Figs. 6, 7 and S1-S3). From the literature data [35,40], the labelling of 

the species by the 15NO induces a shift of the δ(Ru-N-O) and ν(Ru-NO) modes by ~15 and ~5 cm-1
 respectively to 

lower energy. In the GS there are only four bands at 659/656/654, 561/556, 315/308/302 and 276 cm-1 which show 

isotopic shift (see Table 1). The band at 140 cm-1 probably also exhibits an isotopic shift, however its low intensity 

prevents a definitive conclusion. In the case of MS1, four bands at 507, 473/468, 440 and 298 cm-1 indicate isotopic 

shift by 1, 7/5, 1 and 3 cm-1, respectively. Similar to the band of GS at 140 cm-1, the band of MS1 at 143 cm-1 may 

show isotopic shift (see Fig. 7). Finally, in MS2 the isotopic shift is observed for bands at 575, 409/406/401, 332, 

285/281 and 259 cm-1 with shifts by 1-9 cm-1 (see Table 1). The shift of the listed bands clearly indicates the presence 

of ν(Ru-(NO)) and/or δ(Ru-(N-O)) modes in these bands. If the observed bands would correspond to pure vibrational 

modes of one species, as often assumed for simplification in the discussions found in the literature, one would 

expect isotope-induced changes only for the ν(Ru-NO) and δ(Ru-(N-O)) modes. However, the real situation is more 

complex including coupling of vibrational modes and hence fractional contributions of certain modes to several 

bands. In order to give an accurate and unambiguous assignment in these circumstances, we use the DFT calculated 

values for the assignment. 



 

 

Fig. 6. The range of 670-400 cm-1 of IR-spectra of trans-[Ru(15NO)(py)4F](ClO4)2 in GS, MS1 and MS2 (solid 

lines) and corresponding data of trans-[Ru(14NO)(py)4F](ClO4)2 (dotted lines), KBr pellet. Insert shows the 

range 520-400 cm-1. 

 

 

Fig. 7. The ranges of 350-200 (on the left) and 220-100 (on the right) cm-1 of IR-spectra of trans-

[Ru(15NO)(py)4F](ClO4)2 in GS, MS1 and MS2 (solid lines) and corresponding data of trans-

[Ru(14NO)(py)4F](ClO4)2 (dotted lines), PE pellet. 



 

DFT calculations of 14NO/15NO complexes 

The IR frequencies calculated by DFT are in good agreement with the experimental data, the differences in the 

experimental and calculated frequencies of the ν/δ(ON-Ru-F) vibrations do not exceed 36 cm-1. However, the 

calculated energies of the ν(NO) bands of the metastable states (mostly for MS1) are overestimated, which is 

probably due to worse convergence of the optimized geometries with respect to the GS structure (see Table S2 and 

Fig. 1), and because the crystal environment is neglected in the used model (gas phase, trans-[Ru(NO)(py)4F]2+ ion). 

Nevertheless, the DFT calculations provide a full picture of the atomic movements, intensities of the vibrational 

bands and the wavenumbers in order to assign the observed bands to the associated atomic movements. The 

calculated high-energy range of the spectra is shown in Fig. 8. The ν(NO) bands of the GS and MS1 exhibit a similar 

downshift with respect to the experimental data (see Table 1). The isotopic shifts of the bands are 38 and 32 cm-1, 

respectively, with a small overestimation of the shift in case of MS1. The spectra of MS2 contains two bands of 

ν(NO) stretching vibration: one intense band at 1619 cm-1 with isotopic shift of 36 cm-1 and the second band at 1625 

cm-1 with a smaller shift of 28 cm-1. The second band reveals mixed vibrations of ν(NO) and stretching vibration of 

the pyridine ring (see visualization of displacements vectors in Fig. S5). Apparently, the split is due to both the 

elongation of the Ru-(NO) bond length and the side-on bond coordination type of the nitrosyl, which induce such 

intramolecular interaction. In the experimental data the isotopic shifts for these bands are 23/21 and 26/23 cm-1, 

so the agreement between experiment and calculation is reasonable. 

 

Fig. 8. The range of 1950-1550 cm-1 of DFT (ADF, B3LYP, TZP) calculated IR-spectra of trans-

[Ru(15NO)(py)4F]2+
 in GS, MS1 and MS2 (solid lines) and corresponding data of trans-[Ru(14NO)(py)4F]2+ 

(dotted lines). 

The low-energy range of the calculated spectra is shown in Fig. 9. The calculated spectrum of the GS exhibit 

assigned bands at 651, 648, 628, 625/623, 555, 445, 437, 427, 276, 256 and 222 cm-1. The bands at 651 and 648 cm-

1 do not show significant isotopic shift (the isotopic shift for the band at 651 cm-1 is 0.4 cm-1), however the band at 

651 cm-1 contains mixed vibrations of stretching type of pyridine rings and a smaller fraction of δ(Ru-N-O) bending 

vibration (see Fig. S6 with visualizations). So, it is likely to see the isotopic shift in the experimental spectra, namely 

in the band at 662/659/657 cm-1. The bands at 628 and 625/623 cm-1 have characteristic isotopic shifts [35,40] and 

correspond to the ν(Ru-NO) and δ(Ru-N-O) modes. Unfortunately, the intense bands of δ(Cl-O) prevent the 

experimental detection of these weak bands. The band at 555 cm-1 shows isotopic shift and is related to the mixed 

vibrations of ν(Ru-F) with a moderate contribution of the ν(Ru-NO) mode. The band at 445 cm-1 does not exhibit an 

isotopic shift and is assigned to the bending vibration of the pyridine ligands with very small contribution of δ(Ru-



N-O). Most likely, this band is related to the triple band at 465, 461, 457 cm-1 in the experimental spectrum, where 

the observed splitting is due to the two different ruthenium complexes in the crystal structure. The band at 437 cm-

1 is assigned to the pure bending vibration of the pyridine ligands, whereas the band at 427 cm-1 also comprises a 

very small contribution of the ν(Ru-NO) mode. In the calculated spectrum three intense bands were observed at 

276, 256 and 222 cm-1 in the range of 400-200 cm-1, which were assigned to the most intense bands of the 

experimental spectra. The bands at 276 and 256 cm-1 show isotopic shifts similar to the ones observed in the 

experimental data and are related to the «deformational» δ(F-Ru-N-O) and «stretching» ν(F-Ru-N-O) vibrations of 

the whole linear chain F-Ru-N-O with a considerable displacement vector of the ruthenium atom (see Fig. S7 with 

visualizations). These bands also comprise moderate contributions of «wheel-like» vibrations of the pyridine rings 

(pyring rocking). The band at 222 cm-1 reflects the δ(Ru-F) vibration with contribution of the pyring rocking. Note that the 

assignment of the bands below 200 cm-1 is very tentatively due to the low resolution and intensity of experimental 

bands in that range, and will not be discussed further. In conclusion, all experimental bands of GS, which show 

significant isotopic shift, truly contain the contributions from the ν(Ru-NO) and δ(Ru-N-O) vibrational modes, which 

is verified by the calculations and in good agreement with DFT data. 

The spectra of MS1 contain six bands at 643, 606, 442, 438 and 427 cm-1, which do not show an isotopic shift. 

The band at 643 cm-1 is assigned to the stretching vibration of pyridine rings, whereas the band at 606 cm-1 

corresponds to the pure stretching vibration ν(Ru-F) (see Fig. S6). The band at 442 cm-1 comprises bending vibrations 

of pyridines with small partial contribution of δ(Ru-O-N). Similar to the triple band of GS, the band at 442 cm-1 

corresponds to the triple band with maxima at 464, 460, 457 cm-1 in the experimental spectrum. The band at 438 

cm-1 is related to the bending vibrations of pyridine, and the band at 427 cm-1 additionally comprises small 

contribution of ν(Ru-NO), which agrees with experimental data, where the band exhibits an isotopic shift of 1 cm-1 

(see Table 1). The band at 217 cm-1 is assigned to the δ(Ru-F) vibration with partial contribution of the pyring rocking 

vibration. The bands at 524 and 471 cm-1 show isotopic shifts of 2 and 5 cm-1, respectively, and correspond to the 

δ(Ru-O-N) and ν(Ru-ON) modes. The latter vibration comprises small contribution from the ν(Ru-F) mode. Similarly, 

bands at 271 and 246 cm-1 exhibit isotopic shift by 1 cm-1 and correspond to the δ(F-Ru-O-N) and ν(F-Ru-N-O) 

vibrations of the F-Ru-O-N chain with a contribution of pyring rocking (see Fig. S7). The experimental isotopic shift of 

the band at 271 cm-1 (246 cm-1 in calculation) is 0.4 cm-1. 

Similar to the experimental data, in the calculated spectra of MS2 the bands at 581 and 410 cm-1 show isotopic 

shifts of 2 cm-1. The band at 581 cm-1 reveals the mixed vibration of ν(Ru-F) with partial contribution of δ(Ru-(N-O)) 

mode, whereas the band at 410 cm-1 is assigned to the ν(Ru-(NO)) vibration (see visualization in Fig. S8). Also, the 

two calculated bands at 655 and 636 cm-1 exhibit significant isotopic shifts by 5 and 9 cm-1 respectively. Both bands 

correspond to the δ(Ru-(NO)) vibrations mixed with the stretching vibrations of pyridine rings. These bands are not 

visible in the experimental spectra due to the presence of the intense δ(Cl-O) band in the same region. The spectrum 

of MS2 below 400 cm-1 exhibits at least five dominant vibrations. Similar to GS and MS1, the bands at 271, 256 and 

244 cm-1 are assigned to the δ(F-Ru-(NO)), combined ν(Ru-(NO))/δ(Ru-F) and single δ(Ru-F) vibrations, respectively, 

with contribution of the pyring rocking for all bands. An isotopic shift is observed for the band at 256 cm-1, similar to the 

experimental data (band at 286/282 cm-1). The band at 271 cm-1 exhibits an isotopic shift of 0.4 cm-1, whereas the 

experimental detection of the shift is limited by the low intensity of the band (299 cm-1). The remaining two bands 

at 298 and 232 cm-1 involve a different vibrational type of NO, for which the displacement vectors are directed 

perpendicular to the F-Ru-(NO) chain (see Fig. S7). Thus, the band at 298 cm-1 is assigned to the δ(F-Ru-(NO))Ʇ mode 

and comprises pyring rocking vibration. Experimentally, the band shows an isotopic shift of 2 cm-1, which can be 

expected due to the presence of the bending mode of NO. The band at 232 cm-1 shows an isotopic shift and is 

assigned to the mixed vibrations of δ(Ru-(NO))Ʇ and δ(Ru-F), in view of the absence of a displacement vector on the 

ruthenium atom. Hence, the special coordination of the NO ligand in MS2 generates completely new vibrational 

modes leading to the appearance of the new bands in the spectra.  

In order to assess the reliability of the calculated data, additional independent structure optimization and 

calculation of IR spectra for GS, MS1 and MS2 of trans-[Ru(14NO)(py)4F]2+ were performed using the CASTEP code 



[55] applying methods based on plane-wave basis sets and pseudopotentials. The obtained frequencies are 

summarized in Table S3, which show reasonable agreement with the experimental and ADF calculated data. 

 

Fig. 9. The ranges of 670-400 (on the left) and 350-170 (on the right) cm-1 of DFT (ADF, B3LYP, TZP) 

calculated IR-spectra of trans-[Ru(15NO)(py)4F]2+
 in GS, MS1 and MS2 (solid lines) and corresponding data 

of trans-[Ru(14NO)(py)4F]2+ (dotted lines). 

Thus, based on the DFT models we can unambiguously assign all experimental bands showing the features of 

linkage isomers. First of all, the calculated ν(NO) band of MS2 shows the splitting of this band and thus explains the 

experimental observation. While this effect may be characteristic only for pyridine complexes we cannot exclude 

that the particular structural configuration of MS2 would lead to similar observations for the whole family of these 

nitrosyl complexes, which show the formation of MS2 isomer. It is important to mention, that usually the population 

of MS2 is low, which renders the experimental detection of the corresponding bands more difficult. From the 

calculations we can derive the major vibrational contributions and assign them to the observed bands. In GS, the 

vibrations ν(Ru-NO) and ν(Ru-F) are not completely separated due to combined movements, however, in regard of 

the dominant contributions, the ν(Ru-F) mode has lower energy (563/558 cm-1, exp.) with respect to the ν(Ru-NO) 

mode (628 cm-1, calc.). The δ(Ru-N-O) mode possesses almost the same energy (625/623 cm-1, calc.) as ν(Ru-NO), 

which is likely a specific feature of this complex which cannot be generalized. The energy gap between δ(F-Ru-N-O) 

(320/314/307 cm-1) and ν(F-Ru-N-O) (277 cm-1) is with 40 cm-1 more pronounced. An even bigger difference is found 

for the ν(Ru-F) and δ(Ru-F) (228 cm-1) vibrations, with a gap of 330 cm-1. In case of MS1, the elongation of the Ru-

ON bond length mediates the split of the ν(Ru-NO)/ν(Ru-F) modes. The pure ν(Ru-F) (611/605 cm-1) stretching mode 

is shifted by 47 cm-1 to higher energy with respect to the same band of GS, which is in accordance with the 

experimental Ru-F bond lengths (1.914 Å in GS vs. 1.898 Å in MS1). The opposite situation is observed for the 

calculated ν(Ru-ON) and δ(Ru-O-N) modes, which are shifted to lower energy by 157 and 101 cm-1 respectively. 

Thus, in MS1 the energy of the δ(Ru-O-N) mode (509 cm-1) is higher than the energy of the ν(Ru-ON) mode (480/473 

cm-1). Note, that the experimental bond lengths for Ru-NO and Ru-ON are 1.750 and 1.841 Å, respectively. A similar 

sequence is conserved for the δ(F-Ru-O-N) (301 cm-1) and ν(F-Ru-O-N) (271 cm-1), with an energy gap of 33 cm-1. 

Interestingly, contrary to the energy of the ν(Ru-F) mode, the energy of the δ(Ru-F) mode of MS1 (231 cm-1) is lower 

with respect to that for GS (238 cm-1). Apparently, such a behavior is due to a larger influence of pyring rocking vibrations 

to these bands. Similar to MS1, the ν(Ru-F) band of MS2 is shifted to higher energy with respect to GS by 17 cm-1. 

Clearly, the shift reflects the contraction of the Ru-F bond length, supported by the calculations and X-ray diffraction 

results obtained for the related trans-[Ru(NO)(py)4Cl](PF6)2∙0.5H2O [31]. The ν(Ru-(NO)) vibration is also shifted to 

lower energy by 218 cm-1, due to large difference in the Ru-(NO) bond length compared to GS. The correlation 

between the calculated bond lengths Ru-(NO), Ru-F and the wavenumbers of ν(Ru-(NO)), ν(Ru-F) shows a linear 

behavior as illustrated by the fit given in Fig. S9. The δ(Ru-(NO)) bands of MS2 are found at almost the same position 

as the δ(Ru-N-O) bands of GS (655/636 in MS2 vs. 625/623 in GS). Although the MS2 and GS bands are close energy, 

it is important to emphasize that MS2 possesses a completely different coordination type of NO. This fact is 



especially reflected by the appearance of new bands, which are different from those of GS and MS1, namely the 

δ(Ru-(NO))Ʇ modes. Finally, the energy of δ(Ru-F) (268 cm-1) of MS2 is higher than that of GS (238 cm-1) and MS1 

(231 cm-1), whereby no correlation is observed with respect to the Ru-F bond length. Presumably, the absence of 

such a correlation in the range of 400-200 cm-1 is due to a bigger contribution of pyring rocking vibrations to the bands 

in this spectral region. 

 

The N2O release in KBr pellets 

The long-time irradiation (130 min vs. 10 min characteristic for previous chapter) of the complex induces the 

formation of the bands at 2228 and 2159 cm-1 in case of 14NO and 15NO species respectively (Fig. 10). On the one 

hand, these bands may reflect the formation of free nitrous oxide N2O (ν(N-N) vibration), which have similar 

signatures depending on the crystallinity of the N2O phase [58,59]. On the other hand, the coordinated N2O ligand 

exhibits a similar band at 2231 cm-1, however its isotopic shift (labelling by 15N2O) was found at 2209 cm-1 (Δ of free 

N2O is 69 cm-1 vs. Δ of coord. N2O is 22 cm-1) [41]. Such kind of bands of 14N2O and 15N2O were observed at 2226 and 

2157 cm-1 after photolysis of a dimeric hyponitrite complex [(NH3)5CoN(O)NOCo(NH3)5]Br4 in the solid state [60]. 

The bands were assigned to the coordinated N2O ligand. In our case we rather suggest the formation of free N2O, 

given that a smaller isotopic shift would be expected in the case of coordinated N2O [41]. Nevertheless, in the 

absence of reference data for a coordinated Ru-N2O compound, we cannot unambiguously exclude that the 

detected vibrational mode belongs to a coordination state of N2O. The formation of a complex with coordinated 

dinitrogen N2 can be ruled out due to the fact that  the ν(N-N) band would be expected at much lower wavenumbers 

(≈2100 cm-1) [61]. Based on the decrease of the intensity of the ν(NO) band after irradiation, trans-

[Ru(NO)(py)4F](ClO4)2 loses about 20% of NO upon long-time irradiation in the blue-violet spectral range. Earlier 

reports suggested the photoinduced release of N2O or NO in solid state [47–49], while our current results (including 

isotope labelling) rather support the formation of N2O in KBr. Such a product would indicate a high reactivity of the 

coordinated NO in KBr pellets even at 10 K. 

 

Fig. 10. The spectra after long-time irradiation of the of trans-[Ru(14/15NO)(py)4F](ClO4)2 by the 420 nm 

light. 

 

The mechanism of N2O formation in solution when starting from a nitrosyl compound could comprise the 

formation of monometallic {M-(κ2-ONNO)} (bonding through two oxygen atoms) or bimetallic  



{M2-μ-(NOON)} (bonding through bridged nitrogen atoms) intermediates [62–65]. Also, the ability of hyponitrite 

compounds to release N2O in the solid state after light excitation has been reported [60]. In the current case, 

assuming the release of N2O, this would rather indicate the formation of {Ru-(κ2-ONNO)} in a monomolecular site. 

Moreover, the formation of linkage isomers would be expected to favor the generation of a {Ru-(κ2-ONNO)} 

intermediate. In this context, we recall  that the mechanism of the MS1 formation using blue light irradiation can 

be described as a consecutive reaction involving two excitation-relaxation steps and thus involving two photons 

GS→MS2→MS1, where the MS2 is an intermediate state [23,66]. The mechanism was extensively studied 

theoretically, where it was shown that this reaction is rather a multistep excitation-relaxation process, which 

involves several nonadiabatic intersystem crossing processes between the singlet and triplet states of all three 

involved isomers GS, MS2, and MS1 [67–70]. Furthermore, it was reported that the mechanism of NO release in 

solutions might also involve the formation of the linkage isomers MS2 and MS1 [6,15,16]. However, given the static 

conditions of our experiments, it is impossible to unravel the mechanism, further investigations are required 

including usage of time-resolved techniques. 

 

Conclusions 

Detailed analysis of the experimental and calculated IR-spectra of GS (Ru-NO), MS1 (Ru-ON) and MS2  

(Ru-η2-(NO)) NO-linkage isomers of labelled trans-[Ru(14/15NO)(py)4F](ClO4)2 complexes has afforded to 

unambiguously assign the experimentally observed bands to vibrational modes of the complex. Whereas ν(NO) 

bands of GS and MS1 show one mode of ν(NO), the ν(NO) band in MS2 exhibits two modes: the pure ν(NO) 

stretching vibration, and a mixed ν(NO) stretch involving a stretching vibration of pyridine rings. A more complex 

behavior of the ν(Ru-(NO)), δ(Ru-(N-O)) and ν(Ru-F) and corresponding combined vibrations is observed in the low-

energy range of the spectra. For all three linkage isomers the ν(Ru-(NO)) vibrational mode is associated with a small 

fraction of the ν(Ru-F) vibration and vice versa. A similar situation is found for the δ(Ru-(N-O)) mode, which can 

comprise stretching or bending vibrations of pyridine rings. Hence, the low-energy bands are not pure, but can be 

considered as complex vibrations with the presence of dominant modes. 

The change of the NO coordination type leads to a drastic change of the energy of ν(Ru-(NO)) and ν(Ru-F) bands: 

from GS to MS1 and MS2 the ν(Ru-(NO)) band shifts to lower energy while the ν(Ru-F) band shifts to higher energies. 

Moreover, there is an almost linear correlation between the Ru-(NO) and Ru-F calculated bond lengths and the 

position of the corresponding vibrational bands (see Fig. S9): increase of the Ru-(NO) bond length leads to the 

decrease of the energy of ν(Ru-(NO)) band; decrease of the Ru-F bond length leads to the increase of the energy of 

the ν(Ru-F) band. We suggest that this dependence can be used for a qualitative prediction of the Ru-(NO) and Ru-

Ltrans-to-NO bond lengths of different linkage isomers in the framework of one complex. Nevertheless, no such 

correlation is found for δ(Ru-F) or δ(Ru-(N-O)) modes. Finally, the long-time irradiation of the complex induces 

release of NO followed by the formation of nitrous oxide N2O. Supposedly, the mechanism of the N2O release 

comprises the formation of a {Ru-(κ2-ONNO)} intermediate, similar to known reactions [60,62–65]. 
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