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ABSTRACT: In mononitrosyl complexes of transition metals two long-lived
metastable states corresponding to linkage isomers of the nitrosyl ligand can be
induced by irradiation with appropriate wavelengths. Upon irradiation, the N-
bound nitrosyl ligand (ground state, GS) turns into two different conformations:
isonitrosyl O bound for the metastable state 1 (MS1) and a side-on nitrosyl
conformation for the metastable state 2 (MS2). Structural and spectroscopic
investigations on [RuCl(NO)py,](PFy),-1/2H,0 (py = pyridine) reveal a nearly
100% conversion from GS to MS1. In order to identify the factors which lead to
this outstanding photochromic response we study in this work the influence of
counteranions, trans ligands to the NO and equatorial ligands on the conversion
efficiency: [RuX(NO)py,]Y,-nH,O (X = Cl and Y = PF,~ (1), BF,~ (2), Br (3),
Cl™ (4); X=Brand Y = PF;~ (5), BF,” (6), Br (7)) and [RuCI(NO)bpy,](PFy),
(8), [RuClL,(NO)tpy](PEq) (9), and [Ru(L,O)(NO)bpy,](PF), (10) (bpy =
2,2"-bipyridine; tpy = 2,2:6',2"-terpyridine). Structural and infrared spectroscopic investigations show that the shorter the
distance between the counterion and the NO ligand the higher the population of the photoinduced metastable linkage isomers.
DEFT calculations have been performed to confirm the influence of the counterions. Additionally, we found that the lower the
donating character of the ligand trans to NO the higher the photoconversion yield.

Bl INTRODUCTION for the metastable state 2 (MS2).>”">* A schematic illustration
of the photoinduced processes occurring in these salts is shown

It is of great interest to develop new molecular-based inorganic
in Scheme 1. The decay of the metastable states occurs

solids whose physical properties can be controlled by an

external perturbation.'™"° In this context, materials where the radiationless upon heating, and the enthalpy can be detected by
photochromic response is based on light-induced linkage differential scanning calorimetry (DSC).

isomerism have been largely studied. On one hand, they are

of interest for studying fundamental questions like bonding Scheme 1. Three Possible Structural Configurations for GS,
properties in metastable states, and on the other hand, they MS1, and MS2 States

offer high potential for applications such as data storage and
real-time optical applications as well as in the context of
photoinduced NO release.''™'* Especially appealing are GS— MSI _ GS— M52

. . . Isonitrosylstructure for MSI state Sideways structure for MS2 state
photochromic and photorefractive compounds, which allow

for reversible switching between well-defined states using . . . .
different wavelengths and short laser pulses.15 Since the The rotation of the NO ligand observed in the reversible

discovery of long-lived metastable states in the mononitrosyl transformation GS — MS2 — MS1 is triggered by the charge
complex Na,[Fe(CN)(NO)]2H,0 (SNP = sodium nitro- transfer transition from metal d orbitals to the nitrosyl z*(NO)
prussi de),16’17 many éo mplexes containing, e.g, ruthenium, orbital. The necessary conditions for generation of the
osmium, manganese, iron, nickel, and platinum have been metastable linkage isomers in ML;NO-type compounds have

N
M—N=—=0 —» M—O0=—N M—N=—0 —» M ||

found with similar photophysical behavior, 18726 Upon irradi- been described recently, and a corresponding potential scheme
ation, the conformation of the N-bound nitrosyl ligand (GS,

ground state) switches to the isonitrosyl conformation for the Received: December 15, 2011

metastable state 1 (MS1) and the side-on nitrosyl conformation Published: July 3, 2012
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has been proposed.®® First, optical excitation must lead to a
change in the bond between the NO group and the central
metal atom M, e.g., by a metal-to-ligand charge transfer of type
d - 7*(NO), which results in a 2-fold degenerate E state, so
that the vibrational deformation mode §(M—N—O) can drive
the system into the linkage configuration on the basis of the
Jahn—Teller theorem by lifting the degeneracy.*’** The
metastable states correspond to minima on the ground state
potential surface separated by potential barriers. Second, the
excited state potential must possess a minimum close to the
saddle point of the ground state surface between GS and MS2
or cross that surface such that the relaxation from the excited
state into the metastable minima can occur. For MS2, it was
recently shown in SNP crystals that NO rotation is ultrafast
(~300 fs) and occurs along a diabatic potential, i.e., there is
crossing between the GS and the MS2 potential.>> We can
assume that in all ML{NO-type compounds formation of MS1
and MS2 occurs in a similar way. The population of the
metastable linkage isomers is determined by the ratio of the
cross sections for depletion and population at a given
wavelength (Scheme 2).

Scheme 2. Potential Scheme for Formation of the
Isonitrosyl-Bound Linkage Isomer MS1 in Ruthenium
Nitrosyl Complexes
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The metastable linkage isomers can be evidenced by the shift
of the vyo stretching vibration, and the fopulation is
determined by the decrease of the vy band.** In the UV—
vis spectral range population of MS1 and MS2 leads to a
decrease of the absorption bands of the GS and the appearance
of new absorption bands characteristic for the metastable
states.”® The energy barriers (activation energy) separating the
metastable states from the ground state and the energetic
positions of the metastable states can be determined by DSC.*°
Thereby, the stored energy from the metastable states is
released as heat to the lattice and detected as enthalpy by DSC.

Recently, we focused on the study of the ruthenium complex
[RuCI(NO)py,](PF4),-1/2H,0 (1) for which the highest
population (92% for MS1 and 48% for MS2 on single crystals)
has been observed up to now for this kind of inorganic
compounds.””** The previously reported highest populations
of about 50% for MS1 were observed in a single crystal of
SNP."” The almost full photoconversion in 1 allowed for a very
precise investigation of the MS1 structural conformation by X-
ray diffraction after irradiation, and it could be shown that solid
state DFT calculations reproduce the observed linkage isomer
structures with high precision concerning bond lengths and
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angles.”” The color change as an illustration of the photo-
induced processes occurring in this salt is shown in Figure 1,
where irradiation with 476.5 nm generates MS1 and subsequent
irradiation with 980 nm generates MS2.

Figure 1. Color change of [RuCl(NO)py,](PFs),-1/2H,0 single
crystal at 180 K upon irradiation with laser light of wavelengths 476.5
and 980 nm.

In the present work, we studied the photoswitching behavior
of a series of mononitrosyl compounds based on the
[RuCI(NO)py,]** cation associated with four different counter-
ions PF~ (1), BF,” (2), Br7(3), and CI~ (4). Moreover, we
changed the trans ligand of NO from Cl to Br and the
equatorial ligand from pyridine to 2,2"-bipyridine (bpy) or
2,2":6',2"-terpyridine (tpy) ligands, and we studied the
metastable states in [RuBr(NO)py,]Y,-nH,0O (Y = PF;~ (5),
BF,” (6), Br (7)), [RuCI(NO)bpy,](PF), (8), [RuCL,(NO)-
) (5) and (RO NO oprI(PR), (10) Tave
1).

Table 1. Numbering of the Nitrosyl Complexes

trans

complexes counterions equatorial ligands  ligands
[RuCI(I(\I(; )py4] (PFg),-1/2 PFy pyridine Cl
,0 (1
[RuCI(NO)py,](BF,),1/2 BF, pyridine Cl
,0 (2)
[R(u?I(NO )py4]Br,:3/2H,0 Br pyridine Cl
3
[RuCI(NO)py,]CL-4H,0 (4) Cl pyridine Cl
[RuBr(NO)py,](PFy), (5) PFq pyridine Br
[RuBr(NO)py,](BF,), (6) BF, pyridine Br
[RuBr(NO)py,]Br, (7) Br pyridine Br
[RuCI(NO)bpy,](PF), (8) PFq 2,2"-bipyridine Cl
[RuCl,(NO)tpy](PE) (9) PF, 2,262 Ny,
terpyridine
PE, 2,2"bipyridine H,0

[Ru(H,0)(NO)bpy,](PF),
(10)

We found that the population of the metastable linkage
isomers depends on the distance between the counterion and
the NO ligand. The shorter the distance of the counterion to
the NO ligand the higher the population is. Further, the lower
the donating character of the trans-to-NO ligand the higher the
photoconversion yield. This observation allows designing new
molecules with optimal photochromic behavior.
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Table 2. Selected X-ray Crystallographic Data for 1-5 and 9 at 180 K

[RuCL(NO)py,](PFs),  [RuCI(NO)py,](BF,),  [RuCl(NO)py,]Br,  [RuCl(NO)py,]  [RuBr(NO)py,]  [RuCL(NO)tpy]
1/2H,0, 1 1/2H,0, 2 3/2H,0, 3 Cly4H,0, 4 PEy), S D),
cryst syst monoclinic monoclinic monoclinic monoclinic orthorhombic monoclinic
a (A) 15.7016 (4) 13.7292(3) 13.8031(3) 20.924(5) 16.814(S) 8.9771(S)
b (A) 13.4512 (4) 13.3179(2) 12.6530(3) 12.799(6) 12.842(3) 16.2944(8)
¢ (A) 26.8147 (7) 18.8043(3) 18.2544(3) 20.172(7) 26.396(5) 12.6972(7)
a (deg) 90 90 90 90 90 90
B (deg) 92.436 (2) 126.324(1) 126.832(1) 150.243(9) 90 95.956(4)
7 (deg) 90 90 90 90 90 90
Vv (A3) 56583 (3) 2770.14(9) 2551.78(10) 2681.2(18) 5700.0(3) 1847.28(17)
z° 8 4 4 8 8 4
V/zZ (A%) 707.3 692.5 637.9 335.1 712.4 461.8
space group P2,/c P2,/c P2,/c C2/c Pbca P2,/c
reflns collected/ 41039/12319 31528/8131 56 567/5175 12 764/2586 24 504/5224 18 897/5620
unique
final (R) indices 1> R, = 0.0277 R, = 0.0645 R, = 0.0447 R, = 0.0251 R, = 0.0288 R, = 0.0253
20(1
WR, = 0.063 wR, = 0.2009 wR, = 0.1236 wR, = 0.0622 wR, = 0.0612 wR, = 0.0547
R indices (all data) R, = 0.043 R, = 0.1018 R, = 00523 R, = 0.0278 R, = 0.0468 R, = 0.0453
WR, = 0.0695 wR, = 02427 wR, = 0.1312 wR, = 0.0641 wR, = 0.0676 wR, = 0.0589
“Number of formula units in the unit cell.
B EXPERIMENTAL SECTION spectrophotometer with a resolution of 2 cm™'. The pellet was
mounted on a copper coldfinger cooled to 100 K in a home-built
Reagents and General P,rocedure' The following .chemicals and cryostat equipped I\«)\Eth Csl wingdows. Irradiation was performed using
reagents were used as recelved': RuClyaH,0 (Aldrich), NBu,Br, monochromatic light of an Ar* laser (4 = 476.5 nm), a diode laser (980
NBu,Cl, and NBu,(BF,) (Aldrich). Solvents were used without nm), and a Nd:YAG laser (1 = 1064 nm) up to saturation.
P urif.lcation (CH,CN from SDS Co: (HPLC grade), pyridine from X-ray Diffraction. Single crystals suitable for X-ray crystallographic
Aldrich (99%)). The photochromic complexes [RuCI(NO)py,]- analyses were obtained by slow evaporation of an acetonitrile/water
(PFg)y1/2H,0 (1) and [RuBr(NO)py,] gPFG)Z (s) were prepared mixture. Crystal data have been collected on an Oxford Diffraction
following previously reported procedures.”® Complexes [RuCl(NO)- XCALIBUR diffractometer, equipped with an Oxford Cryosystems
bpy,J(PEe), (8), [Ru(H,0)(NO)bpy,] (I_)F5)3 (10), and cooler device, using graphite-monochromated Mo Ka radiation (4 =
[R1317(;12(NO) tpy] (P317Z|§) (9) were alre;dy described by Nagao et 0.71073 A). Structures were solved by direct methods and refined by
al, Meyer et al,”” and Ferlay et al. least-squares procedures on F* with the aid of the program SHELXL-
Synthesis. A 60 mg (0.08 mmol for 1, 0.09 mmol for $) amount of 97.% All non-hydrogen atoms were anisotropically refined. Hydrogen
complex was dissolved .in a minimum amount o_f acetonitrile. A 250 mg atoms were fixed by a riding model. Crystallographic figures have been
amount of the appropriate NB u4_Y salt (Y = CI” (4) (0.78 mmol), Br generated by ORTEP, with 30% probability displacement ellipsoids for
(3 and 7) (0.69 mmol), and BF,~ (2 and 6) (0.67 mmol)) dissolved in non-hydrogen atoms.>?
S mL of acetonitrile was added dropwise to the previous solution. An DFT Calculations. Gas-phase geometries for [RuCI(NO)py,]**
orange powder appears after a few minutes of stirring. The product and [RuCI(ON)py,]** cations were fully optimized using the
was washed with a minimum amount of acetonitrile. For 1: yield 92%. Gaussian-09 program package®® within the framework of the DFT at
Anal. Caled: C, 30.72; H, 2.71; N, 8.96. Found: C, 30.79; H, 2.47; N, the B3LYP/6-31G*/LANL2DZ(Ru) level 41 ™*3 The starting metrical
8.94. For 2: yield 89%. Anal. Caled: C, 36.09; H, 3.18; N, 10.52. parameters for the calculations were taken from the present crystal
Found: C, 35.91; H, 3.37; N, 10.60. For 3: yield 95%. Anal. Caled: C, structures. No symmetry was imposed in the computations. However,
35.87; H, 3.46; N, 10.46. Found: C, 35.74; H, 3.68; N, 10.35. For 4: C, symmetry is observed in the final geometries within a tolerance of
yield 96%. Anal. Calcd: C, 38.38; H, 4.51; N, 11.19. Found: C, 38.21; 0.002 A for [RuCI(NO)p}q]B and 0.001 A for [RuCl(ON)pyy‘]B.
H, 4.17; N, 11.10. For 5: yield 92%. Anal. Caled: C, 29.39; H, 2.47; N, To check the effect of the environment on the relative stability of
8.57. Found: C, 29.45; H, 2.33; N, 8.71. For 6: yield 96%. Anal. Calcd: both Ru—NO and Ru—ON isomers, calculations were performed on
C, 34.27; H, 2.88; N, 9.99. Found: C, 34.32; H, 2.81; N, 9.90. For 7: [RuCI(NO)py,] (PF), and [RuCI(ON)py,](PF)..
yield 93%. Anal. Caled: C, 34.96; H, 2.93; N, 10.19. Found: C, 34.78; Results are consistent with the X-ray data (in particular, it is
H, 3.00; N, 10.04. For 8: yield 91%. Anal. Calcd: C, 31.24; H, 2.10; N, observed that the Ru—N—-O and Ru—O—-N fragments are linear),
9.11. Found: C, 31.13; H, 2.09; N, 9.34. For 9: yield 94%. Anal. Calcd: Moreover, frequency calculations indicate a lowering of the NO
C, 31.05; H, 1.91; N, 9.66. Found: C, 31.27; H, 1.68; N, 9.41. For 10: vibration frequency in the gas phase from 1975 to 1927 m~! on
)2'16131;1 91\(1)%é Igiml' Calcd: C, 26.80; H, 2.02; N, 7.81. Found: C, 26.56; H, passing from Ru—NO to Ru—ON, in qualitative agreement with the IR
FT-IR spectra: for 1 vyo ~ 1911 cm™ (m), for 2 vyo ~ 1920 cm™! data.
m), for 3 vyo & 1911 em™ (m), for 4 vyo = 1917 cm™ (m), for §
gNo) ~ 1909 cm! (m), for 6 uio)z 1919 cm-! (m), for 7 VIEO )z 1913 B RESULTS AND DISCUSSION
cm™ (m); abseillce of PF¢™ significant signal vpy = 832 Cmil-_lfor 8 Molecular Structure. Crystal structures of 1—5 and 9 were
Uno R 192_8 cm™!(m), for 9 vy is at 1896, 1914, and 192_5 cm’” ; Upg investigated. Crystal data for compounds 1—5 and 9 are given
=832 em™! (s) for 8, 9, and 10. For 10 vyyo &~ 1940 cm™! (m). . o
Instrumentation. Elemental analyses were performed on a Perkin in Table 2. Compounds 1-3 and 9 crystallize in the same
Elmer 2400-II analyzer. IR spectra were recorded in transmission monoc!lmc P2, /e space group, whereas 'an'alogu es 4 and S have
geometry on a Perkin Elmer GX2000 and a Nicolet 5700 FT-IR two different space groups, monoclinic C2/c¢ for 4 and
spectrophotometer operating from 400 to 4000 cm ™. The fine powder orthorhombic Pbca for S.
of the samples was mixed with KBr and pressed to a pellet. Infrared Complexes 1 and 4 show two ruthenium cations and one-half
measurements upon irradiation were performed on the Nicolet a ruthenium molecule, respectively, in the asymmetric unit,
7494 dx.doi.org/10.1021/ic202702r | Inorg. Chem. 2012, 51, 7492—7501
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Figure 2. View of complexes 2 [RuCI(NO)py,]** (a) and 9 [RuCL,(NO)tpy]* (b) at 180 K.

Table 3. MS1 Population Linked to Crystallographic Data and/or Counterion Volume for Complexes 1—7

complexes space group Ru—N-O angle (deg) Pys1 counterion counterion vol. (A%)
[RuCI(NO)py,] (PFe),-1/2H,0 (1) P2, /e 178.3(2)/1723(2) 76% PF, 120.02
[RuCI(NO)py,] (BE,),1/2H,0 (2) P2,/c 177.6(3) 45% BE, 89.99
[RuCl(NO)py,]Br,-3/2H,0 (3) P2, /e 176.0(4) 17% Br 26.52
[RuCI(NO)py,]Cl,-4H,0 (4) C2/c 180.0(1) 11% cl 2245
[RuBr(NO)py,] (PE), (5) Pbea 175.4(3) 46% PF, 120.02
[RuBr(NO)py,](BE,), (6) 28% BE, 89.99
[RuBr(NO)py,]Br, (7) 5% Br 26.52

Table 4. Angles in 1—5 and 9 in the Ground State from XRD Refinement

complexes Ru—N-O angle (deg)
[RuCI(NO)py,](PFy),-1/2H,0 (1) 178.3(2)/172.3(2)
[RuCI(NO)py,](BE,),-1/2H,0 (2) 177.6(3)
[RuCI(NO)py,]Br,3/2H,0 (3) 176.0(4)
[RuCI(NO)py,]CL-4H,0 (4) 180.0(1)
[RuB(NO)py ] (PEy), (5) 1754(3)
[RuCL(NO)tpy](PF¢) (9) 1732(2)

Niipg—Ru—Nj;,, angle (deg)

Njig—Ru—X (X = Cl or Br) angle (deg)
88.18(5)
87.16(12)—89.17(12)
86.71(10)—90.31(11)
87.0(3)—91.4(3)
87.71(8)—89.38(8)
88.06(5)

89.96(7)
91.67(16)—90.93(17)
86.67(14)—91.78(14)
88.8(4)—91.3(4)
88.91(11)—91.04(10)
78.80(6)

Table S. Interatomic Distances in Complexes 1—5 and 9 from XRD Refinement

complexes Ru—Ny, (A)
[RuCI(NO)py,](PFy),-1/2H,0 (1) 1.752(2)/1.759(2)
[RuCI(NO)py,](BE,),1/2H,0 (2) 1.757(4)
[RuCI(NO)py,]Br,-3/2H,0 (3) 1.753(4)
[RuCI(NO)py,]CL-4H,0 (4) 1.756(3)
[RuBr(NO)py,] (PF), (5) 1752(3)
[RuCL(NO)tpy](PFy) (9) 1.759(2)

N-O (A) Ru—X (X = Cl or Br) (A) Ru—N,;,, (&)
1.148(2)/1.142(2) 2.325(1)/2.323(1) 2.113(2)/2.110(2)
1.120(6) 2.317(2) 2.104(4)

1.126(5) 2.335(1) 2.109(4)
1.117(4) 2.329(1) 2.104(2)
1.131(3) 2.465(1) 2.109(3)
1.131(2) 2.337(1)/2.363(1) 2.073(2)

whereas the other compounds have just one ruthenium cation.
Except for § and 9, all systems contain crystal water in the
asymmetric unit. The volume of the unit cell V normalized to
the number of molecules in the unit cell Z decreases from
compound 1 to 4 so that the packing density increases.

For mononitrosyl {M-NO}° photochromic complexes such
as [Fe(CN);NOJ*", [RuCI,NOJ*", or [RuNO(NH,);]*, the
M—-NO group is linear in the ground state. Similarly, the
conformation of the nitrosyl ligand in 1—5 and 9 is quasilinear
(Figure 2). The different values for the M—N-O angle
reported in Tables 3 and 4 range from 180.0°(1) to 172.3°(2).

The largest N—O bond lengths (1.148(2) and 1.142(2) A)
and equatorial Ru—N,;,, distances (2.113(2) and 2.110(2) A)
are found in 1 where the counteranion is the hexafluorophos-
phate ion.

In 1-§, the Ru—Ny,, distances are very close to 2.10 A
Moreover, the pyridine ligands are not located in the same

7495

plane. Each pyridine ring is quasiperpendicular to its trans
analogue with an angle around 90° (Table 4). Interatomic
distances are comparable for the six complexes. The biggest
variation is observed for Ru—X (X = Cl or Br) going from
2.317(2) Ain 2 to 2.465(1) A in § in agreement with the more
voluminous radius of the bromide versus the chloride ligand.
This feature does not affect the Ru—Nyo bond length, which is
between 1.752(2) and 1.759(2) A (Table 5).

In [RuCL(NO)tpy](PFs) (9), the ruthenium(Il) ion is
located at the center of a distorted octahedron with the chloro
ligands in a mutual trans position: the Cl—-Ru—Cl angle is
171.9(2)°. The terpyridine ligand is planar, and the NO ligand
is not coplanar with it: the nitrosyl forms an angle of 175.3(1)°
with the central nitrogen atom of the terpyridine. The nitrosyl
ligand is quasilinear (Ru—N—O = 173.2(2)°). The Ru—Nyqo
bond distances are similar to those in [RuCI(NO)py,]-

dx.doi.org/10.1021/ic202702r | Inorg. Chem. 2012, 51, 7492—-7501
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Table 6. Intermolecular contacts (in Angstroms), Shorter than the Sum of the van der Waals Radii, Observed Between the
[RuX(NO)py,]** Complex, Counteranion, and Crystallization Water Molecules in 1—5¢

dier (R) Srvdw (A) PF, 1 BE,, 2 Br, 3 Cl, 4 PF, S
Ono—F 3.00 2.906(3),2.913(3) 2.932(2), 2.900(2), 2.802(2) 2.725(12) 2.680(13), 2.696(14)
Ono—Om0 2.80 2.571(4)

(trans-Cl)—H (H,0) 3.01 2.390(20) 2.60(30)

“[RuCl(NO)py,]Y,-nH,0 (Y = PF, (1), B, (2), Br (3), Cl (4)) and [RuBr(NO)py,](PF¢), (5).

F12

3\ CI2

Fie (@

P

b)

Figure 3. Intermolecular contacts between the oxygen atom of the nitrosyl ligand and the closest neighbors in 1 (a), 2 (b), and 4 (c).

(PF¢),-1/2H,0 (1), while the N—O distance of 1.131(2) A is counteranions (Table 6). These contacts, which are defined as a

slightly shorter than those observed in 1 (Figure 2). distance lower than the sum of van der Waals radii, attest to

The tetrahedral counteranion BF,” shows a small distortion intermolecular interactions between the cation, particularly to
with angles around 109.5° + 5°. In complex §, one of the PF,~ the nitrosyl ligand. Therefore, they may change the photo-
anions is highly disordered probably due to the vicinity of the chromic response. Contacts between the trans-ligand Cl and
pyridine ligand while the second one is almost perfectly crystal water molecules are observed in 1 and 3. In the case of
octahedral (F—P—F = 90° + 1°) as in complexes 1 and 9. [RuCI(NO)py,](PF¢),-1/2H,0 (1) we observed four inter-

There are numerous intermolecular contacts between the molecular contacts between the fluorine and the oxygen atoms.
oxygen atom from the nitrosyl ligand and atoms from the The number of intermolecular interactions on oxygen atoms is

7496 dx.doi.org/10.1021/ic202702r | Inorg. Chem. 2012, 51, 7492—-7501



Inorganic Chemistry

lower in 2 with BF,” counterions. When the counteranion is
ClI” or Br™, no contact was observed between the oxygen atom
of the NO ligand and the anion (Figure 3).

IR Spectra of GS and upon Irradiation. The reversible
structural change can be evidenced by infrared spectroscopy
upon irradiation at low temperature (100 K), where the lifetime
of the NO linkage isomers is longer than 10° s. Indeed, the
existence of metastable states is associated with the nitrosyl
ligand interconversion which is easily observable by the shift of
the vy vibration frequency to lower frequencies. The GS peak
area ratio before and after irradiation in the absorbance spectra
allows evaluating the population of the metastable states MS1
and MS2. In previous work®* on a powder sample of 1, the
population was found to be 76% for the isonitrosyl
conformation (MS1) and 56% for the side-on conformation
(MS2). Furthermore infrared spectroscopy allows identifying
subtle influences of cations or anions and crystal water by small
shifts or amplitude variations in the corresponding vibrational
bands upon photoexcitation. We consider exemplarily the
results obtained on compounds 1 and 2 as they exhibit the
highest population. The results on the other compounds are
given in tabular form, and corresponding spectra can be found
in the Supporting Information (Figures S1 and S2). Infrared
spectra collected at 100 K for GS of 1 and 2 are reported in
Figure 4. These allow for assignment of the vibrational bands
and especially to identify the NO related vibrations at 1906/
1914/1919 (1) and 1896/1914/1921/1929/1942 cm™" (2) for
the (NO) stretching vibration, at 614 (1) and 609 cm™ (2)
for the 5(Ru—N—0) deformational mode, and at 606 (1) and
603 cm™ (2) for the v(Ru—NO) stretching vibration. The
splitting of the ©(NO) bands is due to different crystalline
environments for different positions of the cation and crystal
water in the crystallographic unit cell. Furthermore, the v(Ru—
Cl) stretching vibrations of the trans-to-NO ligand are visible at
458/454 and 452 cm™ for 1 and 2, respectively. They can be
unambiguously identified due to the decrease of the bands after
irradiation. Vibrational bands of the anions are found at 832/
837/843/851 cm™* for PF¢~ (1) and in the range 1000—1200
cm ™" as well as at 521/534 cm™' for BF,” (2). The strong
anionic vibrational bands provide a very sensitive signature for
the purity of the other compounds, where they have been
replaced by Br~ (3) and Cl™ (4). The vibrational bands
originating from the pyridine rings are found in the range 650—
1650 cm™ and can be separated from the anionic vibrational
bands by comparison of 1 and 2.

30 T T T T T =
—

251 @ _

2.0 — —

extinction

800

1200 1600 2000

-1
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Figure 4. Infrared spectra of GS in 1 and 2 at 100 K.
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Figure S shows the vibrational spectra of 2 in the range
1500—2200 and 400—650 cm™" after irradiation. The MSI state
is generated by irradiation with light at 476.5 nm up to
saturation, which corresponds to an exposure Q of about 300
J-cm™2 The area of the (NO) GS vibrational bands decreases
by 45%, and a new band at 1780 cm ™" appears however without
the strong splitting compared to GS. State MS2 is generated in
a two-step process, generating at first MS1 with 4 = 476.5 nm
up to saturation and subsequently irradiating with infrared light
at 1 = 1064 nm (Q = 200 J-cm™). This leads to a decrease of
the MS1 band (1780 cm™) together with a small increase of
GS and the appearance of MS2 at around 1625 cm™. Due to
the overlap of MS2 with the §(H,O) vibration at 1611 cm™ the
precise position of MS2 was determined from the difference
spectrum of GS—MS2. Again, the strong splitting of the 2(NO)
GS vibration is absent in MS2. The population of MS2 is 25%.
The downshift of about 140 cm™ for MS1 and about 300 cm™
for MS2 observed for compounds 1—7 is comparable to the
downshift detected in other mononitrosyl photochromic
compounds.***~*

In the low-energy range 400—650 cm™ the changes upon
irradiation allow for identification of the S(Ru—N-O)
deformational mode at 603/610 cm™" which diminishes while
vibrational bands of MS1 and MS2 appear at 483 and 567 cm™.
Furthermore, one observes the disappearance of the v/(Ru—Cl)
stretching vibration of the trans ligand at 452 cm™ in MSI,
while for MS2 it reappears at 452 cm™". Given the fact that the
Ru—Cl distance shortens from 2.32 A in GS to 2.28 A in MS1*
we could expect a hardening of this vibration, and so the band
at 483 cm™' might correspond to the Ru—Cl stretching
vibration in MSI.

Due to the fact that the ground state #(NO) band is isolated
and proportional to the concentration of unchanged molecules,
its area can be accurately determined before and after
irradiation in order to calculate the amount of transferred
molecules for all investigated compounds. The correspondingly
determined populations of the metastable states and the
downshifts are reported in Table 7.

In the case of 3 and 4, where the counteranion PFy is
substituted by a halide anion, the metastable states population
decreases drastically. Substitution of hexafluorophosphate for
the tetrafluoroborate anion leads to a decrease of the
population from 76% for 1 to 45% for 2. The same behavior
is observed between S and 6, where the population of MSI
decreases from 46% to 28%. In the infrared spectra this
behavior is reflected in the bands of the PF,~ and BF,™ anions
(Figure 6). While in 1 a clear change of the amplitude of the
PF,~ bands is observed, the vibrational bands of the BF,”
anions in 2 are only slightly affected upon irradiation. In 1 the
central PF~ band at 832 cm™ decreases in MS1 and increases
in MS2.

The MSI1 states were detected in 8 and 9 after irradiation.
The area of the NO band for the ground state decreases in both
cases. The GS — MSI conversion is 15% for 8 with bipyridine
ligands and 8% for 9 with the terpyridine ligand. The new MS1
signals are weak but clearly visible at 1810 and 1789 cm™" for 8
and 9, respectively. Changing the trans ligand in the bipyridine
compounds from Cl in 8 to H,O in 10 has a positive effect on
the population of MS1 as it increases from 15% in 8 to 19% in
10.

Counteranions and Crystal Water. The observations
evidence the influence of the counteranion on the photo-
chromic response. The drastic variation of the metastable state
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Figure 5. Infrared spectra of GS, MS1, and MS2 in 2 at 100 K: 1500—2250 cm™" (inset 3500—3650 cm™) range (left) and 400—650 cm™' range

(right).

Table 7. vyyo Downshift and Populations of the MS1 and MS2 Metastable State in I:RuX(NO)py4:|2+

compounds vgs (em™) Vgt (em™) Uno downshift (cm™) Pyigi (%) Py, (%)
[RuCI(NO)py,] (PFq),1/2H,0 (1) 1911 1777 134 76 56
[RuCI(NO)py,] (BE,),-1/2H,0 (2) 1920 1781 139 45 25
[RuCI(NO)py,]Br,-3/2H,0 (3) 1911 1768 143 17 13
[RuCI(NO)py,]ClL,-4H,0 (4) 1917 1775 142 11 10
[RuBr(NO)py,](PEy), (5) 1909 1764 145 46 18
[RuBr(NO)py,](BE,), (6) 1919 1773 146 28
[RuBr(NO)py,]Br, (7) 1913 1770 143 S
35T T T 1.6 that they facilitate rotation of the NO ligand and in
M .". _ 8§+M’S] , @ 14 consequence the population.

XU | Ge+MS?2 ' Short contacts between the ruthenium cation and the crystal

25k } r 112 water are observed via the oxygen or hydrogen atoms of H,O in

. ' M 10 1 and 4, but they have no visible influence on the

g 20 ﬂ i photoconversion rate as both low and high populations are

.E el \ \ B biis observed under these conditions. Several intermolecular

o [ —0.6 contacts are present between equatorial ligands and water

1.0 - | \ 3 molecules (distance between 1.7 and 2.4 A). In 2 the

W oo ™ population of MS1 induces a shift of the symmetric v,(O—

0.5~ \¥ \J\,\; 0.2 H) and asymmetric v, (O—H) vibrations to lower wave

0.0 1 | | 0.0 numbers from v,(O—H) = 3531 (GS) to 3519 cm™' (MS1)

800 850 900 1000 1200 and from v, (O—H) = 3613 (GS) to 3600 cm™'. For MS2,

-1
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Figure 6. Infrared spectra of GS, MS1, and MS2 at 100 K: in 1 P—F
region (left), in 2 B—F region (right).

populations in complexes 1—3 (76% for 1, 45% for 2, and 17%
for 3 for MS1; 56% for 1, 25% for 2, and 13% for 3 for MS2),
which crystallize in the same space group, indicates that the
symmetry relations have no direct influence on the photo-
commutation (Table 3 and 7).

Note that the population for MS1 decreases regularly when
the counteranion is less voluminous, from 76% for 1 to 11% for
4 and from 46% to 5% for S and 7, respectively (Table 3,
Figure 3). Moreover, when the anion is bigger, the structural
investigations confirm that the intermolecular contacts between
the ruthenium cation and the counteranion increase (Table 6).
The short contacts observed between the nitrosyl ligand and
the counteranion in the case of 1 and 2 correspond to the
highest light-induced populations. Therefore, we can assume
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however, the wavenumber increases to ,(O—H) = 3538 cm™!

but v,(O—H) = 3613 cm™' is the same as in GS. In the
isonitrosyl configuration the N---H hydrogen bond is much
weaker compared to O---H hydrogen bonds in GS, and so the
vibrations shift to lower wave numbers. In MS2 the N—-O
ligand rotates by 90°, and if the oxygen is slightly approaching
the hydrogen the bonds become stronger, which affects ,(O—
H) but not v,,(O—H).

On the other hand, the presence of fluoro atoms in the PF,~
and BF,” counterion leads to an important increase of the
metastable state population (compounds 1, 2, 5, and 6) in
comparison to the other systems (compounds 3, 4, and 7) with
the CI™ or Br™ counterions, in which the populations are not as
high.*® In conclusion, the photochromic response is enhanced
by the presence of short contacts between the ruthenium cation
and the neighboring atoms especially with fluorine ones.

DFT Calculations. Computed geometries for the free
cations (without counteranion) are first compared to the X-ray
data in Table 8 in order to evaluate the reliability of the DFT
approach for the present complexes. In both GS and MS1 a
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Table 8. DFT-Computed Bond Lengths in the Coordination
Sphere of [RuCI(NO)py,](PF;), and [RuCl(ON)py,](PF;),
Compared to X-ray Data for 1%’

complex distances (A) DFT X-ray data
[RuCI(NO)py,]* Ru—Nyo 1.779(1.770)%  1.752(2)/1.759(2)
Ru-N,, 2.149(2.159) 2.113(2)/2.110(2)
Ru—Cl 2.380(2.336) 2.325(1)/2.323(1)
N-O 1.136(1.149) 1.148(2)/1.142(2)
[RuCI(ON)py,]* Ru—Ogy 1.925(1.887) 1.862(2)/1.863(2)
Ru-N,, 2.145(2.152) 2.095(2)/2.096(2)
Ru—ClI 2.343(2.301) 2.278(1)/2.280(1)
N-O 1.129(1.145) 1.140(2)/1.141(2)

“Values in parentheses are computed on the free cations (optimized
without PF(").

tendency for a slightly inflated coordination sphere in the
computed structures is observed, with largest differences of
0.047 and 0.056 A observed for the Ru—N,, distances in the
free [RuCI(NO)py,]** and [RuCl(ON)py4ﬁ2+cations, respec-
tively. This effect has previously been observed in ruthenium
complexes' and may tentatively be assigned to the influence of
the solid state environment. Furthermore, these differences are
reduced to 0.037 and 0.049 A in [RuCI(NO)py,]*" and
[RuCI(ON)py,]*", respectively, if the PF,~ anions are
introduced in the computation (Table 8).

In addition, the computations ran in the presence of PF4~
anions lead to the observation of longer Ru—NO (1.779 vs
1.770 A) and Ru—ON (1.925 vs 1.887 A) computed bond
lengths in the presence of PF,~. This suggests that the
counterions play a role in the capability for isomerization
observed in the solid state.

Computed Gibbs free energies (AG®) carried out on the
ruthenium complexes with and without PF4~ counterions are
reported in Table 9 for [RuCI(NO)py,]** and [RuCI(ON)-
py,)*". Data indicate always that the ground state conformation
is [RuCI(NO)py,]*".

Table 9. Influence of the Counteranion on the DFT-
Computed Energetic Gap between the Isonitrosyl
Conformation of the MS1 State and the Ground State
Nitrosyl Conformation of [RuCI(NO)py,]**

complex Counteranions AGgg — AGy; (kcal'mol™)
[RuCI(NO)py,]* none 39.1
PF, 344

We would like to point out that the presence of anions leads
to a stabilization of the [RuCl(ON)py,]** metastable isomer
with respect to the situation encountered in the free cation
(39.1 and 34.4 kcal-mol™ for the free cation and the PF;~ salt,
respectively). This effect likely arises from the observation that
the interactions with the anions are less pronounced in Ru—
NO than in Ru—ON (computed Ru—NO--F short contact of
2.63 A reduced to 241 A in Ru—ON-F in qualitative

agreement with the X-ray values of 2.910 and 2.886 A in Ru—
NO--F and Ru—ON:--F, respectively). From differential
scanning calorimetry 24.8 kcal/mol is received®* for the
decay of MS1 in the PF¢ compound, which deviates by about
17% from the calculated data.

This study suggests that the energetic properties of the
linkage isomers are largely influenced by the environment,
which is consistent with the intuition that the formally +1
charged nitrosyl ligand may strongly interact with the anions
during its rotation in the solid state as also pointed out in an
earlier study on Ru(NH;);NO compounds.> Observation of
the shift of the H,O vibrational bands to lower energies in MS2
and higher energies in MS1, where different hydrogen bonds of
O-+H (GS) and N-+-H (MS1) are formed, indicates the
influence of the environment. Furthermore, while it is possible
to stabilize a metastable linkage (MS2) isomer with side-on
configuration by DFT in the free complex cation, the presence
and nature of the anions may lead to decoordination of NO
during the computational process in this configuration. This
unexpected result suggests that the energy barrier is also
significantly reduced in the Ru—NO to Ru—ON crossover
process. Altogether, these calculations support the idea that in
the solid state the anion plays an important role in the
photoswitching process.

Equatorial Ligand Influence. Pyridine ligands are
substituted by 2,2"-bipyridine and 2,2":6',2"-terpyridine ligands
in [RuCI(NO)bpys] (PF), (8) and [RuCl,(NO)tpy) (PE,) (9),
respectively.

The influence of the ligands in the cis position with respect
to the nitrosyl is as important as that of the ligands in trans
position. Earlier studies performed on the series of trans-
hydroxynitrosylruthenium [Ru(OH)(NO)L,]"" (L, = (bpy),,
(NH,),) complexes evidence the ligand effect on the NO
vibration frequency.**>> However, there is no direct relation-
ship between the nature of the ligands in the cis position and
the population of the metastable states or their decay
temperature.

Complexes [RuCI(NO)py,](PFq),'1/2H,0 (1) and [RuCl-
(NO)bpy,](PF¢), (8) exhibit two types of equatorial ligands
which are comparable in terms of electronic nature, except for
the delocalization on the bipyridines. Moreover, they contain
identical counterions and the same ligand in the trans position
to NO. While the pyridine ligands of 1 have a high degree of
freedom as they can freely rotate for adopting a more stable
conformation, the bipyridine ligands of 8 are rigid because of
the C—C bond connecting pyridine cycles constraining them to
a planar configuration. This higher degree of freedom of the
pyridine ligand might explain that the conversion yields are 5
times higher in [RuCl(NO)py,](PF4),-1/2H,0 (1) than in 8.
During the NO rotation the pyridine rings can freely rotate, and
in the metastable configuration they can adapt to the novel
configuration to lower the overall energy. In contrast the
bipyridine ligands are severely restrained in their flexibility, and
this seems to be unfavorable for achieving high populations.

Table 10. vy Downshift and Populations of the MS1 Metastable State in [RuCL,(NO)tpy]* and [RuCI(NO)bpy,]** versus

[RuCI(NO)py,]**
compounds Vgs (em™)
[RuCI(NO)py,] (PE,),-1/2H,0 (1) 1911
[RuCI(NO)bpy,] (PFy), (8) 1928

[RuCL(NO)tpy](PFq) (9) 1896—1914—1925
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Uyisi (em™) Uno downshift (em™) Pys1 (%)
1777 134 76
1810 118 15
1776—1788 120—-137 8
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Complex [RuCL(NO)tpy](PF;) (9) shows a slightly different
structure from the reference complex (1). In 9, one of the
nitrogen atoms of the terpyridine ligand is in the position trans
to NO while the other two nitrogen atoms occupy two of the
equatorial ligand positions. Furthermore, two chlorine atoms
complete the equatorial plane. This combination of the rigid
terpyridine ligand and the two chlorine atoms leads to a MS1
population in 9, which is about 10 times lower than in 1 (Table
10).

Trans Ligand of NO Influence. Complexes of 1 and §, 2
and 6, as well as 3 and 7 are compared in pairs in order to
analyze the influence of the trans ligand of NO on the
population. In the three cases, the trans ligand Cl (1, 2, or 3) is
substituted by Br (5, 6, or 7) while the counteranion is
unaltered PF,~, BF,”, or Br~, respectively (Table 11).

Table 11. Influence of the Nature of the Trans Ligand of NO
on the Photochromic Response®

donor effect of the

trans trans ligands of NO

ligand Py,  on the metastable
complexes of NO (%) state population
[RuCI(NO)py,] (PF¢),-1/2H,0 (1) Cl 76 decrease of 40%”
[RuBr(NO)py.)(PE), (5) B 46
[RuCI(NO)py,](BF,),-1/2H,0 (2) Cl 45 decrease of 38%"
[RuBr(NO)py,](BE,), (6) Br 28
[RuCI(NO)py,]Br,-3/2H,0 (3) Cl 17 decrease of 70%"
[RuBr(NO)py,]Br, (7) Br S
[RuCI(NO)bpy,](PFy), (8) cl 15 decrease of 21%°
[Ru(H,0)(NO)bpy,](PF,); (10) H,0 19

“The donating ability of the used ligands is H,0 < Cl < Br. b(Pysi(C1)
= Pyis1(Br)) /Py (CD). “(Pysy (H,0) — Pyisi (C1))/Pygsi (H,0).

Although complexes 1 and $ crystallize in different space
groups, their crystal structures evidence two intermolecular
contacts between PF~ and the NO ligand. In 1 and §, the 40%
decrease of the population seems to originate from the change
of the ligand in trans to NO. Similar results are obtained by
comparing complexes 3 and 7 (70% decrease of the MS1
population) and complexes 2 and 6 (38% decrease of the MS1
population). In order to confirm this observation, we compared
the MS1 population of two bipyridine complexes. From
[Ra(H,0)(NO)bpy, ] (PF); (10) to [RaCI(NO)bpy, ] (PF),
(8) the population decreases by 21%, one-half of the change
observed for complexes with pyridine ligands.

The donating ability of the used ligands is as H,O < Cl < Br.
In the four conducted comparisons (1 and §, 2 and 6, 3 and 7,
and 8 and 10), the population of the MSI state decreases when
the donating character of the ligand in trans to NO increases.
Moreover, studies on the [RuX(NO)(en),]™ (X = Cl, Br,
H,0) and [RuX(NO)(NH;,),]"* (X = NH,, OH, H,0)* series
show the increase of the MS1 decay temperature when the
donating character of the X ligand in the trans position to NO
decreases. This result confirms that metastable states are
favored when weak donating ligands are trans to NO.

B CONCLUSION

We studied a series of ruthenium mononitrosyl complexes
based on trans-[RuX(NO)py,]** cations with X = Cl and Br in
order to rationalize the parameters that favor the photochromic
response, which is of importance with respect to potential
applications. Using single-crystal X-ray diffraction the structures
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of five compounds were determined revealing the presence of
intermolecular contacts between the counterions and the
nitrosyl ligand which favor the photoswitching efficiency. The
IR study of complexes 1—6 shows that the nature of the
counteranion affects the photochromic property of the
ruthenium cation. The population of metastable states can be
amplified by a factor of 7 from 11% to 76% in powdered
samples when the counterion CI~ is substituted by PF,". DFT
calculations and infrared spectroscopy evidence the importance
of direct intermolecular contacts between the NO ligand and
the counteranions. The Jahn—Teller-induced rotation of the
N-O ligand is not suppressed by the short contacts due to the
local change of the electron density in the Ru—Nyo bond. This
is in agreement with the existence of both isomers in crystals
with different kind of phase transitions>* so that the driving
force for formation of the isomers is located in the M—N—-O
bonds. However, the efficiency (population) depends on the
external influence (contacts) as shown in this article.

We also investigated the influence of the nature of the
equatorial ligands and the ligand trans to NO on the
photoconversion. Complexes 8 and 9 show a drastic decrease
of the conversion yield related to the rigidity of the bipyridyl
and terpyridyl ligands compared to the more flexible pyridine
ligands. The donating effect of the ligand in trans position from
NO has also consequences on the photocommutation, as
observed in the study of complexes 15, 2—6, 3—7, and 8—10.

All of these interactions are responsible for the shift of the
energy minimum and reaction coordinate (as defined in
Scheme 2) for GS and MS. This leads to an increase or
decrease of the absorption cross sections for the population
Opop and depopulation 6y, at the same wavelength. While for
1 the ratio is 6,4,/ Cgepop > 1, in all other cases the potential
shift reduces o,,, or increases 6y, such that the achievable
population decreases. Therefore, central atoms, ligands, and
counterions can tune the population via their influence on the
energy surface, which can be seen in the ratio of 6,0,/ Gyepop-

In conclusion, this work brings out the particular influence of
the nature of the counterion on the photochromic properties of
mononitrosyl cationic ruthenium complexes. It would now be
interesting to extend this study to other mononitrosyl
complexes in order to identify other structural effects which
enhance the photochromic response.
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