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Two extremely long lived metastable states (SI and SlI) can be accessed by irradiation with light in the blue-green
spectral range at temperatures below 200 K in Cs,[Ru(ox)(NO)Cls], [Ni(cyclam)][Ru(ox)(NO)Cls]-3H,0, and
[Ru(terpy)(NO)(OH)CI][PF¢]. The crystal structures of the ground states of the oxalate-containing compounds are
presented, and the influence of the atomic distances of the cations/anions is discussed with respect to the decay
temperatures. The radiationless thermal decay of the metastable states is detected by differential scanning calorimetry
(DSC) for the three compounds. Both metastable states decay exponentially in time under isothermal conditions.
The excited states are energetically separated from the ground state by potential barriers given by the activation
energy of the Arrhenius law. In [Ni(cyclam)][Ru(ox)(NO)Cls]-3H,0 the enthalpy maximum of the thermal decay of
Sl appears at 182 K, which is a relatively high decay temperature for SlI. The reason for this strong temperature
shift compared to those of the other compounds could be due to the polarization effect of Ni?* on the electron
density at the Ru site via the ClI atom.

Introduction found with similar photophysical behavior. Characteristic for
all compounds is the nitrosyl ligand (NO), so the existence
of the metastable states does not depend on the presence of
the 3d, 4d, or 5d electrons of the central metal atoms, but
mainly on the optical and electronic properties of the NO
ligand. The empty antibonding*(NO) orbital lies energeti-
cally between the empty and filled d states of the metal atom.
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Since the discovery of extremely long lived light-induced
metastable states in sodium nitroprusside[R&gCNyNO]-
2H,0 [NaNP], by Hauser et al.many complexes containing
ruthenium(I)2=4 osmium(ll)> and nickel(ll} have been
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Light-Induced Metastable States in Ru Complexes

ground state (GS) and from each other. The barrier height We have prepared and investigated new ruthenium nitrosyl
is responsible for the lifetimes of these states. A lifetime of compounds GERu(ox)(NO)CE], [Ni(cyclam)][Ru(ox)(NO)-

7 > 10 s can be realized at room temperature, if the Cl3]-3H,O, and [Ru(terpy)(NO)(OH)CI][P4,¢ to analyze
activation energyEa exceeds 1.0 eV. These excited states the influence of thecis- andtransligands and the metal

can be detected with differential scanning calorimetry organic Ni complex on the decay temperature and the degree
(DSC)¢ infrared/Raman spectroscopiossbauer spectros-  of population. We present the crystallographic structures for
copy;® extended X-ray absorption fine structure (EXAFS) the compounds containing the oxalate ligand and, for the
spectroscop$,and neutroft and X-ray diffraction'? The three compounds, the dynamics of the thermal decay of S
transfer of both states into the ground state is possible byand SlI, measured by differential scanning calorimetry. The
irradiation with light corresponding to the energy difference photophysical results will be discussed with respect to the
between the HOMO of Sl or Sll and the LUM@*(NO)), structural details.

AE = E(SI,SIl) — E(7*(NO)), or by heating the system.
The radiationless thermal decay is a first-order reaction an
can be described by the Arrhenius law. Otherwise, by A. Synthesis All chemicals were of reagent grade and were used
irradiation with light in the spectral range of the absorption as commercially obtained. Terpy (%22"-terpyridine) was pur-
band of SI, the metal nitrosyl compounds can be partially chased from Aldrich Chemicals, [Ni(cyclam)}e2H,0 (cyclam=
transferred from Sl into SlI. It is also possible to go from 1,4,8,11-tetraazacyclotetradecane) was prepared as already de-

SlI to SI72 This points to the reversibility of the population ~ Scribedi”and K[Ru(NO)Ck] was prepared according to the method

cycles for these metal nitrosyl compounds and suggests that'described in the literatuf$. Generally, electrochemis#y or a

on the basis of strong differences in the refractive indices of Chem'cal oxidizing agef is employed to prepare R;uthgnlum
boutAn ~ 10-2 among SI, SiI, and GS, these materials nitrosyl compounds, but we pr_eferred addition react nshlch_

a . ! ’ o i allow the control of the obtained products. All the described

could be used for information storage with high capacity by compounds are stable in air.

employing volume holographic methotfsor this applica- Cs[Ru(ox)(NO)Cl3] (1). A 10 mL aqueous solution of 4&,0,

tion it is necessary to get substances in which the new stateg6 mmol) was added to a 10 mL solution containing 3 mmol of

are stable above room temperature with sufficient population K, [Ru(NO)Ck]. We adjusted the pH of this suspension to 3, with

of at least 2%. a concentrated KOH solution. Then the solution was stirred for 3
Different strategies can be used for obtaining such materi- h under reflux. During this operation, we adjusted the pH three

als. The first approach involves the modification of the well- times to 3. At the end, no change of the pH was observed. After

known compound NgFe(CN)NOJ-2H;0 by variation of the this clear red §o|ution was cooled, it was added to 5 mL of a

cation. It was found in an earlier study that exchange of the saturated solution of aqueous CsCl, and then the resulting solution

cation (by alkali or p-block metals) leads to an increase of was allowed to stand at room temperature to evaporate. After several

: days dark red crystals of the formula fJRu(C,0,)(NO)Cl3],

the decgy temperature of S| from 186 to 223 K, Wh'l(,e the suitable for X-ray diffraction, appeared. They were collected by

population of the metastable states decre&s&he maxi- fiation, washed with cold water, and dried under vacuum. Anal.

mum population for Sl of 50% is reached in #e(CN)- Calcd for GNOsCI:.Cs,Ru : C, 40.59; Cl, 18.01; N, 2.36. Found:

NO]-2H,0 and Li[Fe(CN)NO]-4H,O. A second approach  c, 41.30: Cl, 18.55; N, 2.30.

is based on changing the metal center (i.e., Ru or Os instead [Ni(cyclam)][Ru(ox)(NO)Cl3]-3H,0 (2). 2 was obtained using

of Fe) and its environment (Cl, Nietc. as ligands instead the same procedure as far After the solution was cooled, a

of CN). In recent years, Morioka et 4and Coppens et af. saturated aqueous solution of [Ni(cyclam3@H,O was added.

presented new ruthenium nitrosyl compounds, in which S| After several days, red-brown crystals of the formula [N@¥H4)]-

is stable at about 270 K, but with a very low population [RU(C204)(NO)CL]-3H,0, suitable for X-ray diffraction, appeared.
0 Anal. Calcd for GoH3oClsNsNiOgRu : C, 22.55; H, 4.70; Cl, 16.68;
(~2%)

N, 10.96. Found: C, 23.40; H, 4.30; Cl, 16.50; N, 11.15.
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Table 1. Crystallographic Data for Compounds-3 (New Measure-
ment)

1 2 3
empirical formula QC|3C82NO5RU C]_zH3oC|3N5Ni- C]_5H12C|N40z-
OgRu PRRu
fw 591.27 638.54 561.78
cryst syst triclinic triclinic monoclinic
space group P1 (No. 2) P1 (No. 2) P2;/c (No. 14)
a(A) 6.8497(7) 9.111(2) 9.688(2)
b (A) 7.2981(8) 10.005(2) 13.936(3)
c(A) 12.7495(14) 15.443(3) 14.544(3)
o (deg) 87.540(13) 89.69(3)
p (deg) 80.048(13) 73.22(3) 105.86(3)
y (deg) 67.762(12) 64.27(3)
V (A3) 580.89(11) 1202.4(4) 1888.9(7)
z 2 2 4
temp (K) 223(2) 295(2) 296(2)
calcd density (g cd) 3.380 1.764 1.97
A 0.71073 0.71073 0.71073
w (mm1) 8.208 1.790 1.135
final R12 wR2® 0.0258, 0.0543 0.0404,0.0891 0.0448,0.1156
indices ( > 20(l),
obsd)
R1, wR2 indices 0.0273,0.0549 0.0903, 0.1057 0.0687,0.1240
(all data)

aR1 factor definition: R1= S (||Fol — |Fel|)/3 |Fol. ® SHELXL-97 WwR2
factor definition: wR2=[SW(Fo? — FA)4 Y W(Fd)? Y2 Weighting scheme:
w = 1/[04(Fo)? + (np)? + p], p = (MaxFd) + 2FA/3.

[Ru(terpy)(NO)(OH)CI|PF s (3). A new preparation of this
compound is presented here. A 10 mL alcoholic solution of

Ferlay et al.

was carried out by full-matrix least-squares techniques, with
SHELXL-97% (see Table 1). An empirical absorption correction
was applied using the DIFABS routine in the program PLAT®N,
transmission factors min/max 0.0.403/0.797. The largest differ-
ence peak and hole were 0.848 anfl.662 e A3,

A brown red square-pyramidal crystal @fwith approximate
dimensions of 0.36< 0.20 x 0.06 mn? was chosen for the X-ray
structure determination. A triclinic unit cell was determined from
25 indexed reflections in the range 14212 20 < 25.9. The
number of intensity data measured was 724K (ange+12, +14,
0—21). Intensities were corrected for Lorentz, polarization, and
absorption effects with the MolEN program packadg&he space
group was PJl using the Patterson interpretation routine of
SHELXS-97. Refinement was carried out by full-matrix least-
squares techniques, with SHELXL-97 (see Table 1). Due to the
relatively weak diffracting crystal, hydrogen atomic positions were
calculated at distances of 0.93 A from carbon atoms and were fixed
by using a rigid model in the refinemement. The largest difference
peak and hole were 1.009 antD.836 e A3,

The fractional coordinates as well as the atomic coordinates for
all atoms and bond distances and angles for compolin@sare
given in the Supporting Information.

C. Differential Scanning Calorimetry. The samples (single
crystals) for DSC measurements were ground to thin plates with a
thickness of about 0.3 mm and were irradiated with unpolarized
light. The irradiation was performed with a metal vapor lamp (HMI
575), filtered to the spectral range of 41800 nm using an intensity
of 200 mW/cmi. The total exposure wa® = 2800 (W s)/cr.

terpyridine (3 mmol in methanol) was added to a 10 mL aqueous The temperature was kept constant at 100 K. The radiationless

solution containing 3 mmol of ¥Ru(NO)Ck]. We adjusted the

pH of this suspension to 6, with a concentrated KOH solution. Then

the solution was stirred f& h under reflux. During this operation,

we adjusted the pH three times to 6. At the end, no change of the
pH was observed. After this clear red solution was cooled, it was

added to 5 mL of a saturated methanolic solution of KRHhd

then the resulting solution was allowed to stand at room temperature
to evaporate. After a couple of days, red crystals of the formula

[Ru(C;sN3H11)(NO)(OH)CIIPFR appeared. They were collected by
filtration, washed with cold water, and dried under vacuum. Anal.
Calcd for QSH12C|F6N402PRU 1 C, 32.04; H, 2.14; CI, 6.32; N,
9.97. Found: C, 33.5; H, 2.2; Cl, 6.5; N, 10.2. We performed X-ray

diffraction on single crystals, and obtained a comparable resolution

of the structure as proposed in the literattfre.

B. Determination of the Structure. Selected crystallographic
data and structure determination parameters for compolads!
2 are given in Table 1, together with those ffor comparison.

decay of S| and Sl is detected by a modified DSC apparatus
(Mettler DSC 30, TA 2000), which is equipped with two quartz
windows inside and outside the furnace for the irradiation of the
samples with light. The irradiated sample is heated with constant
velocity g (K/min) during detection of the exothermal heat flév
(mW), H = dH/dt, which is the time derivative of the enthalpy

H = q(dH/dT) is the temperature derivation.

In all spectra we have subtracted the heat flow of the unirradiated
sample, measured before and after the irradiation, to get only the
exothermal heat flow of SI and SlI. From the peak integration we
get the enthalpy, which is proportional to the population of the
metastable states:

H= ["Fdt =10, FdT

To andTg indicate the boundaries for the integration. The isothermal

For all the compounds, the data were collected in the GS of the yg.4y can be fitted by an exponential function, so we can evaluate

molecules. Intensity data were collected at 223 K on a Stoe image

plate diffraction system equipped with¢acircle, using Mo Kux
graphite-monochromated radiatioh € 0.71073 A) forl and at

room temperature using an Enraf-Nonius CAD-4 diffractometer

with graphite-monochromated ModKradiation ¢ = 0.71073 A)
for 2 and3.

A dark red square-pyramidal crystal df with approximate
dimensions 0.40x 0.30 x 0.10 mn¥ was chosen for the X-ray
structure determination. A triclinic unit cell was determined from
25 indexed reflections in the range 3.6 20 < 52.C°, with an
image plate distance of 70 mm, garange of 6-185, and an

all spectra using the Arrhenius la#Due to the monoexponential
decay, the reaction orderiis= 1 (first-order reaction) and we can
fit the spectra using a modification of our earlier fit functivn:

o Ba z 7 Ea .
H(T)—HZGXF{—@_—ELOGXF(—kB—T,)dT

where the activation enerdy, and the frequency factd are the
adjustable parameterbl is the integrated enthalpy of the whole
peak, andkg is the Boltzmann constant. In all spectra the dots

increment of 1. The number of intensity data measured was 3955 correspond to the experimental data and the solid lines to the fits.

(hkl range+8, +8, —14 to +15). The space group was Rising
the Patterson interpretation routine of SHELXS?9Refinement

(22) Sheldrick, G. M. SHELXS-97 Program for Crystal Structure Deter-
mination.Acta Crystallogr.199Q 467.
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Figure 1. Asymmetric unit with atomic numbering scheme Jof

In this case the decay temperature is defined as the peak
maximum in the heat flow vs temperature at a certain heating rate.
The existence of the maximum is a result of the dynamic
measurement with a heating raje= 0.

Results

A. Description of the Structures. Compoundsl and 2 Figure 2. Asymmetric unit with atomic numbering scheme2f
have the same anion in the unit cell, [Ru(ox)(NQ)I, with articularly long (about 3.3 and 3.6 A), and cannot reveal a
analogous distances and geometry. Thus, we only present ong interaction between the cesium and the oxygen or
structural details of compourt and compouna will only chlorine atom. This is different from what was observed in

be briefly described in a further paragraph. The nature of 4iher oxalate compounds, which contain alkali-metal cations
the countercation induces changes in the orientation of theg,ch as N&, for example, where the NeO distance is

molecules in the unit cell, and consequently in the photo- 2.320(6) A
physical properties of the compounds. , [Ni(cyclam)][Ru(0x)(NO)Cl3]-3H0 (2). Only the pack-
CSZ[RU(OX)(NO)2C|3] (1). The structure ofl consists of g cell and the geometry of the cation are discussed here.
[Ru(NO)(C:04)Cl5]*~ anions, which are well separated from - 1he [Ru(ox)(NO)CHJ2~ units are arranged in an antiparallel
the Cs gatlons. The asymmetrlc L'mlt,'along with the atomic 1 anner along the axis (figure in the Supporting Informa-
numberlrzlg schemes, is shown in Figure 1. The [Ru(0X)- jon). The asymmetric unit, along with the atomic numbering
(NO)CL]*" units are also arranged antiparallel along the gschemes; is shown in Figure 2. Three molecules of the crystal
[111] direction. All the distances and angles as well as a \yater are present in the lattice.
view of the packing are given in the Supporting Information.  The [Njl(cyclam)P* counterion is quasi-planar. The
The ruthenium centers are in a distorted octahedral gisiances in the [Nicyclam)p* cations are comparable to
environment with one oxygen, from the oxalate ligand, and the gnes found in the free cati8hThe environment of the
the nitrogen of the nitrosyl ligand in axial positions, the pickel jons is a strongly distorted octahedron as is evident
equatorial plane being filled with three chlorine 'atoms and from the elongated distances to the axial positions— Ni
the other oxygen atom from the oxalate. The-Rudistances  (22) and Ni-O(21) distances are 3.125(2) and 3.528(2)
are 2.021(3) and 2.044(3) A for R©O(3) and Ru-0(2), A, respectively. The Ni-CI(2) distance is 3.026(2) A, the
respectively, which is in accordance with the distances found Ru—CI(2) distance is 2.3547(12) A, and the RNi distance
in the corresponding trisoxalato complexehe bridging s 4.89 A. Hydrogen bonding between the water molecules
oxalate ligands are virtually planar and have bond distances,ng the oxalate ligands occurs since the HEQJ12)
and angles within normal limits. The RIN(1) distance is distance is 1.908(8) A.
equal to 1.746(4) A, in accordance with the-Ru distance [Ru(terpy)(NO)(OH)CIJPF & (3). The structure o8 is in
found in other ruthenium nitrosyl compountisThe Ru-  4ccordance with the one already publisetihe asymmetric
Cl average distance is equal to 2.3615(3) A, which is typical, unit, along with the atomic numbering schemes, is shown
as well as N(1>O(1) at 1.131(5) A. The linearity of the in Figure 3.
Ru—N—O linkages is strongly indicative of the nitrosyl B. Photophysical Properties The light-induced meta-
ligand bonding as NQ and thus, the oxidation state of the  giapje states SI and SlI are found in all three Ru compounds.
ruthenium centers is-2. _ _ _ However, in comparison with Ngre(CN)NO]-2H;0 (NaNP)
The environment of both cesium cations consists of 10 {he population is very low. In Figure 4, the heat flow of the

atoms: chlorine atoms and oxygen atoms from the oxalate harmal decay o1—3 is shown in the range of 126220 K.
ligand. These CsO and Cs-Cl average distances are

(28) Decurtins, S.; Schmalle, H. W.; Pellaux, R.; Schneuwly, P.; Hauser,

(26) Faure, R.; Duc, G.; Deloume, J.Atta Crystallogr.1986 C42, 982— A. Inorg. Chem.1996 35, 1451-1460. (b) Decurtins, S.; Schmalle,
984. (b) Kaziro, R.; Hambley, T. W.; Binstead, R. A.; Beattie, J. K. H. W.; Schneuwly, P.; Ensling, J.; ®igh, P.J. Am. Chem. So&994
Inorg. Chim. Actal989 164, 85-91. 116 9521-9528.

(27) Veal, J. T.; Hodgeson, D. horg. Chem.1972 6, 1420-1424. (29) Prasad, L.; McAuley, AActa Crystallogr.1983 C39 1175-1177.
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completely independent from each other and have no
interaction with those in the ground state. By population of
the metastable states we have only changed the number
density in GS, SI, or SlI.

Substituting the cation Csfor [Ni'(cyclam)f* in 2, the
decay temperature of Sl increases a littlel{81) = 201 +
1 K. But, as shown in Figure 4b, the decay temperature of
Sll is significantly increased td(Sll) = 182+ 1 K, which
is a high decay temperature for Sll. The enthalpies or
populations are very lowH(SI) = 0.8 £+ 0.2 kJ/mol H(SII)
= 0.4+ 0.2 kd/mol. The activation energies and frequency
factors areE(Sl) = 0.55+ 0.05 eV,E(SII) = 0.44+ 0.05
eV,Z(Sl)=(6+ 1) x 10" s %, andZ(Sll) = (2 + 1) x
100 s,

The terpyridine compoun8was prepared for comparison
with Ko[RU(NG,)4(OH)(NO)]. In the latter we have fourtl
a significant shift of Sll to higher temperatures compared to
that of NaNP, but we could not decide whether it is a result

Figure 3. Asymmetric unit with atomic numbering scheme 3f

120 140 160 180 200 220 of the OH ligand trans to the NO or of the equatorial NO
020f ° Meswement  CoplRuNOXC0,)Cl3]3 ligands. As shown in Figure 4c the decay temperatures of
o1sh it A Sl and SlI of3 decrease td(Sl) = 180+ 1 K and T(SII)
010k L cnr o 16K § A ; = 147+ 1 K, compared withr(SI) = 199+ 1 K andT(SlI)
TpaTskmin g = 166+ 1 K for Kj[Ru(NO,)4(OH)(NO)]. Therefore, the
0.05 OH ligand seems not to be responsible for the shift of the
0,00 ——— , . decay temperatures. The increase is produced by the equato-

0,10} [N'(C‘°N4H24)HR“(NOXCZO“)C'§)'I3;'20- rial NO; ligands.
E  pa75Kimin The activation energies & areE(SI) = 0.44+ 0.05 eV
Z 00 andE(SIl) = 0.46+ 0.05 eV. The frequency factors differ
ki by about 4 orders of magnitude, which results in a much
Y ) S—— smaller line width of SI:Z(SI) = (3 £ 1) x 10571, Z(SII)
010k o ['Ru(terpy)(‘OH)(NO)bl][PFG]_ =(15+1.0)x 10"% s
’ Again the enthalpy or population is very low(Sl) =
005k 1.2+ 0.2 kd/mol,H(SII) = 0.9+ 0.2 kJ/mol. A significant
’ overlap of the decays is only found in compl&xFor the
0.00 integration of the peaks a linear baselinddat= 0 is used,
T120 140 160 180 200 220 since the subtraction of the irradiated and unirradiated
Temperature [K] samples gives zero heat flow before, during, and after the

Figure 4. Exothermal heat flovil versus temperature of the metastable d€cay regions. There is no detectable structural phase
states Sl and SII upon irradiation with unpolarized light for the three transition in the ground state or induced by the irradiation.
compounds (a}, (b) 2, and (c)3. The exposure has an amount@f=
2800 (W s)/cr.

) .. Discussion
For 1 the maxima of the decay temperatures, detected with

a heating velocity of) = 5 K/min, are found af(SI) = 198 All'iron and ruthenium nitrosyl compounds, in which SI
+ 1 KandT(Sll) = 161+ 1 K. Assuming the same behavior and SII can be accessed, show the same behavior of
between enthalpld and population as found in NaNHi.e., excitation and thermal decay: the irradiation wavelength is

an enthalpy of 1 kJ/mol corresponds to a 1% population), determined by the energetic difference between the empty
we find a population of 1.3% for Sl and 0.6% for SlI, given 7*(NO) orbital and the occupied mainly d orbitals of the
by the enthalpies dfi(SI) = 1.3+ 0.2 kd/mol andH(SII) = metallic atom. At every population value, the new states are
0.6 + 0.3 kJ/mol, respectively. The isothermal decay can stable below the decay temperatures, so the transferred
be fitted by a pure exponential function so the reaction order compounds in the ground state, Sl, and Sll are independent
isn =1 and the Arrhenius law is valid. From the evaluation from each other. This is also confirmed by the pure
of the temperature dependence of the dynamical measureexponential isothermal decay with the reaction omer 1.
ments ofH by the Arrhenius law, the activation energies The stored energy of both states is released to the lattice.
E(SI) = 0.60+ 0.05 eV ande(Sll) = 0.46+ 0.05 eV and The potential barriers can be calculated using Arrhenius’ law.
the frequency factorg(Sl) = (2.5 + 1.0) x 10" s ! and Therefore, the physical backgrounds of the metastable states
Z(Sll) = (5 £ 1) x 102 s ! are obtained. From the pure in the iron and ruthenium nitrosyl compounds are identical.
exponential decay under isothermal conditions we can clearlylt is possible to shift the decay temperatures of Sl and Sli
deduce that the excited [Ru(NO)(ox)}I anions are toward room temperature by variation of the ligaids,
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Table 2. Activation Energy and Frequency Factor for States | and Il for Some Ruthenium Nitrosyl Compounds

Sl sl
activation frequency activation frequency
compd ref energy (eV) factor (s'1) energy (eV) factor (s'1)
1 0.60 2.5x 1013 0.46 5x 10t2
2 0.55 6x 101 0.44 2% 1010
3 0.44 3x 100 0.46 1.5x 104
cis-K[Ru(ox)z(en)(NO)] 4c 0.45 4.1x 107
cis-K[Ru(ox)2(en)(NO)]3HO 4c 0.46 1.1x 108
cis-[Ru(Hox)(en}(NO)]Cl,-EtOH 4c 0.53 7.6< 108
cis-[Ru(Hox)(ox)(en)(NO)] 4c 0.46 1.%10°
trans[Ru(Hox)(eny(NO)]Cl, 4c 0.67 1.3x 1®°
trans[RuCl(enNO]Cl, 4b 0.69 1.7x 104
cis-[RuCl(enpNO]Cl 4b 0.46 1.7x 108
trans-[RuBr(enpNO]Br2 4b 0.53 5.2x 108
cis-[RuBr(enyNO]Br, 4b 0.36 3.7x 1P
[RuCl3(en)NO] fac- andmer) 4b 0.27 5.2x 10®
trans[Ru(H-0)(enyNO]Cl3 4b 0.67 4.4x 10°
K2[RU(NO2)4(NO)(OH)] 2b 0.65 3.6¢ 1014 0.47 3.8x 1012
K2[RUCIsNO] 2a 0.71 3x 105 0.47 5x 105
Nag[Fe(CN)(NO)]-2H,0 8 0.70 5x 105 0.50 8x 104
whereby the underlying physical details of this potentiality 250 167T &) 125 100
remain unknown, but we see general trends. 10° ErrTTrTITTT T e 107
(1) As shown in this paper the existence of Sl and SlI 10° B 310"
seems to be independent of whether the ruthenium complex 102 j\\ — I 102
is an anion or a cation, so the formal total charge can be = .y T S 3 o
negative or positive, i.e., [Ru(NO)§O4)Cls]?~ (1 and2) or ‘Q o - - o 2
[Ru(terpy)(NO)(OH)CIt (3). The main point is that formally T = 3 =
R and (NO) are present, which guarantee an efficient ](.)10 - - ‘010
charge-transfer transition from the d orbitals of the central ‘0_13 = = 1013
atom to thex*(NO) orbital. 0°F 310
10"6 e bt bt b o Nl 0|6

(2) We assume that the temperature where a significant
decay of the metastable states (decay temperature) can be o
detected depends on the amount of electron density in the T (K)
a*(NO) orbital, and on the nature of the chelating ligand. Figure 5. Temperature dependence of the lifetimesf SI/SII in 2,
Therefore. we have prepared and investigated Compound alculated from the c/ilf;ermlned activation endegyand the frequency factor

’ Tt =ZexpE .
1—-3 to introduce the ligand £O, with its closed-ring-like (, p(, A, R
structure. However, we found that this ligand has no using Arrhenius’ law for the decay of the metastable states.
significant influence on the lifetime of the metastable states. To interpret the physical origin of the parameters, we also

As already reported, it seems that ligands such as O and Ninspected the Eyring equation, which allows a more detailed
donor ligands (oxalate, ethylenediamine, terpyridine, ...) are

analysis of the decay processes. In the Eyring equation the
less-bonding and morer-bonding, and they present the

intermediate states are taken into account for the description
ability to give metastable states with high thermal stabffity,

of the decay process: SI/SH intermediate states> GS.
as summarized in Table 2, where the activation en&gy One obtains for the frequency factar= (ke T/h) exp@s
and frequency factoZ for the states Sl and Sll of some

R), whereh is Planck’s constanR is the molar gas constant,
metal nitrosyl compounds are presented. Since the IifetimejarEdAS.'S t_he change in entropy ddurlng lthe dﬁcay process.
7 is given byr = Z-1 expEalksT) at a certain temperature e activation energia corresponds mainly to the activation
T, the high thermal stability is determined by a high

enthalpy Ex = AH. The frequency factoZ is linearly
activation energ¥a and a low frequency factat. Figure 5 dependgnt on the temperature and is determined by the
shows the temperature dependence of the lifetimes of SI/SlI change in entropy,

which describes the order of the system.
exemplarily for2. In the temperature range 9830 K the Unfortunately, because of the low population obtained for
lifetimes drop from thousands of years down to milli- an

d the presented compounds, we are not able to determine the
microseconds. In Table 2 we compare our results with values ofAS Following the model of Carducci et &.which
literature results for various Ru compounds. One finds that

claims an isonitrosyl configuration (F€®ON) for SI and a
the frequency factaZ varies by over 10 orders of magnitude S|de-on.conf|gurat|%n Of. l\llO Ior SIiig). the actlvaF(ljon h
for SI, whereaga varies by only a factor of about 2.5 (from Energy IS cfomhpo;e Ngaén ydo tvgo parths, onhone Sc'j' e,ht €
0.27 to 0.7 eV), so the variation & is the more important reaxing 1?ht ?\IOHR on | and on the ot erhS| edt € f
contribution to the shift of the thermal stability. Therefore, rotastlon of the - Rotational energies are on the orader o
compoundsl—3 have no significant higher thermal decay 107 eV, so they can be neglected compared to the binding
temperatures compared with the other compounds listed in30) cargucci, M. D.; Pressprich, M. R.; CoppensJPAM. Chem. Soc.
Table 2. The values foEx andZ were obtained from a fit 1997, 119, 2669-2678.

4 6 8  10x10”

Inorganic Chemistry, Vol. 43, No. 11, 2004 3505



Ferlay et al.

energies. In the Eyring description the large variation of the maxima to lower values with respect to those of compounds
frequency facto# for the different Ru compounds is due to 1 and2 is not a significant hint for this interaction. The local
the change in entropAS which describes the change in environment of the Ru atom can also be responsible for the
the order of the system. Therefore, there must be a largedecrease. As found in a lot of other nitrosyl compouhds
range of variation with respect to the structural or electronic the crystal water has no influence on the decay temperatures,
ordering among SI, SlI, and GS. so only the cation can produce this shift, probably by
(3) The decay temperatures of Sl and Sll depend on thehydrogen-bridge bonds of the cyclam to the oxalate or by
environment in which the complex is embedded. The highest polarization effects from the cation in the range of theRu
decay temperature of Sll (182 K) has been foun@.iifhe N—O bonds.
influence of the cation on the lifetime of SI/SIl has been At present, we have no explanation concerning the effect
investigated systematically by Hioer et al'* for a large of the nature of the ligand on the intensity of the populations
variety of cations in [Fe(CNNO] compounds. The longest  of the states.
lifetime (highest decay temperature with a heating rate of 5 In summary we have found two extremely long lived

K/min) was found for the cation Ct.. In Cl[Fe(CNENO]- metastable states (Sl and SlI) in Ru compounds, using DSC.
2H,0 the shortest CuFe distances are 3.458 and 3.269 A Their population and decay behavior are the same as those
bridged over the axial and equatorial cyano ligands(Nu— found in Fe complexes, so they are based on the same

Nax = 2.160 A) and Ny (Cu—Neq = 1.976 A)3! Here the physical principle. Consequently, we can generally propose
polarization effect on the Fe electron density induced b§¥Cu  that these metastable states can be accessed in nitrosyl
is produced over the diatomic cyano ligands (CN)2lthe compounds, in which a charge-transfer transition—d

Ni2" is acting over the monatomic chlorine ligand CI2){Ni  7*(NO)) exists, whereby tha*(NO) orbital lies energetically
Cl(2) = 3.02 A) directly on the electron density of the Ru between the d orbitals of the central atom. To get a long
(Ru—Ni = 4.89 A). We assume that this is the reason for lifetime at room temperature, a high activation energy and a
the strong shift to higher decay temperatures (of Sll) in this low frequency factor are needed. Since we have not measured
compound. In the Cs compourdd on the other hand, the the structure of the presented compounds in the excited states,
shortest distance between Cs(1) and Cl is 3.5 A and the decaywe follow the proposal of Carducci et #lthat the products
temperatures are found at lower values. An interesting resultformed upon light irradiation are linkage isomers of the
is the short distance of 2.872 A between the fluorine atom normally N-coordinated nitrosyl ligands.

F(6) of PRk and the oxygen O(1) of the nitrosyl ligand 3y
which is only 0.487 A longer than the R«CI bond inside

the cation. If the metastable states are explained by a
structural change in the RtN—O region, as proposed by
Carducci et al® this interaction has to be broken, which
should be detectable using vibrational spectroscopy by a
frequency shift of the breathing and deformation modes of Supporting Information Available: Crystallographic data for

the [PR]~ anion. The small shift of the decay temperature compoundd—3in CIF and PDF formats. This material is available
free of charge via the Internet at http://pubs.acs.org.
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