*Ru Mossbauer effect study of ruthenium nitrosyls
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The *Ru Méssbauer effect has been measured in a series of ruthenium nitrosyls at 4.2 K. The isomer shifts (IS =
—0.20 mm s~") for most of the compounds are nearly equal and consistent with a +2 charge for ruthenium. However,
the IS for K,[Ru(NO)Cly], which is still Ru(ir), is much more negative (IS = —0.43 mm s~'). This implies that the
ligand field strength is much stronger in this compound than the other compounds. Two of the compounds are
broadened single lines or have small quadrupole interactions, but the compounds [Ru(NO)Cl(py),](PFy),, [Ru(NO)-
Br(py)4J(PF¢), and [Ru(NO)(NH,);]Cl; each display two distinct lines (AEq =~ 0.40 mm s™"), which shows the non-

symmetric Ru environment in these compounds.

Introduction

Complexes of ruthenium(1) bearing nitrosyl groups (RuNO
compounds) have long been known. Early studies on these
compounds were driven by the synthetic accessibility of a large
number of complexes of this type.! More recently, RuNO
compounds have been investigated as possible sources of
NO for medical applications? and as a possible information
storage medium.® The latter use stems from the formation of a
metastable state (MS1) for many of these compounds upon
irradiation with blue light. MS1 has been shown to be a linkage
isomer formed by flipping the NO from the normal, N-bound
state to a Ru—ON binding mode.* In some cases the linkage
isomer is stable at temperatures well above 250 K before revert-
ing to the ground state.’ In some complexes, another metastable
state (MS2) is observed at lower temperatures and has been
shown to contain a side bound NO ligand.*

Although the Maossbauer effect was first observed for
ruthenium-99 in 1963,° Ru-99 Mdossbauer spectroscopy is a
relatively unexplored technique for characterizing and studying
molecular complexes of ruthenium.” Recently, a number of
solid state structures, including high 7, superconductors, have
been studied with this technique.® One disadvantage of the
technique for studying molecular complexes is the requirement
of at least 100 mg cm™? of ruthenium to be present in the
sample. This often necessitates the synthesis of several grams
of a ruthenium complex. This is largely due to the low recoil
free fraction of these compounds, which implies low Debye
temperatures relative to metals.

In our ongoing search for RuNO compounds with a ther-
mally stable MS1, we embarked on a *Ru Mdssbauer study of
several of the compounds to determine if any correlation exists
between the Mossbauer isomer shift (IS) and the transition
temperature (7'4) for the decay of MSI. The results of our
studies are presented below.
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Results and discussion

The compounds (1-5) chosen for study are shown in Scheme 1.
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Each is a diamagnetic, octahedrally coordinated Ru(ir) complex
with an approximate four-fold symmetry axis. The compounds
each display a strong v(N=0) IR stretching frequency near 1900
cm™', characteristic of linear coordination for the NO ligand.
This geometry has also been supported by X-ray crystal-
lographic work in several cases.>*® Represented within the
complexes are four different trans ligands (NH;, Cl, OH, Br)
and four different equatorial ligands (NHj;, Cl, NO,, py).

The 4.2 K Méssbauer spectrum for K,[Ru(NO)(NO,),(OH)]
(1) consists of a sharp, single line (Fig. 1). It qualitatively repre-
sents the largest recoil free fraction. The data were fitted with a
single Lorentzian line with a full width at half maximum
(FWHM) of 0.23(0.01) mm s~ ' and an IS of —0.22(0.01) mm
s~!. This is an exceptionally narrow experimental linewidth,
though it is still larger than the natural linewidth (0.15 mm s™).
This is in part due to the y-ray source, which produces some-
what broadened lines due to the hexagonal structure of
ruthenium.
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Fig. 1 The *Ru Méssbauer spectrum of compound 1 at 4.2 K.

“Ru spectra often show two resonance lines due to
quadrupole splitting (AE) of the I = 3/2" first excited state.
With this in mind, the data for compound 1 were also fitted to
two Lorentzians to determine the upper limit of this splitting
for this compound. A quadrupole splitting of no larger than
0.07 mm s~' could be fit to the data while still maintaining an
experimentally reasonable linewidth (FWHM > 0.20 mm s ™).

The data for K,[Ru(NO)CI;] (2) appeared to display a small
quadrupole splitting. Two Lorentzians (FWHM = 0.20(0.03)
mm s~ ') of approximately equal intensity fit well to the data,
giving an IS value of —0.43 mm s™' and a AE, of 0.11(0.03)
mm s ' (Fig. 2). These values compare favorably with those
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Fig. 2 The *Ru Méssbauer spectrum of compound 2 at 4.2 K.

of a previous study in which the very similar complex Rb,-
[Ru(CI)sNO] was analyzed.' In that study, an IS value of
—0.37(0.03) mm s~ ' was reported. These same authors reported
a broadened line (FWHM of 0.50 mm s '), which allowed them
to calculate a quadrupole splitting of 0.24(0.13) mm s~
Another report places the quadrupole splitting value for this
complex at 0.18 mm s ' Our data seem to discount
such a large splitting for this compound. It is possible that
some of the discrepancy is due to lattice effects, but a
more likely explanation lies in the nature of our y-ray source,
which can consistently produce lines with an FWHM
~0.20 mm s~ .

The spectrum of [Ru(NO)(NH;)s]Cl; (3) consists of two
lines, FWHM = 0.25(0.01) mm s, of unequal intensity and an
IS of —0.20(0.03) mm s~' (Fig. 3). The split lines of spacing
0.41(0.03) mm s~' probably represent an EQ split spectrum,
as previously noted by Greatrex et al.'® The previously reported
values for this complex were IS = —0.20(0.03) mm s~' and
FWHM =0.79 mm s~'. The observed broadening allowed these
investigators to calculate a quadrupole splitting of 0.36(0.03)
mm s”, a value in close agreement with that in this report.
Earlier investigators reported a value of IS of —0.19 mm s~!
and a AE, of 0.39(0.01) mm s™' for this same complex.”

The [Ru(NO)Cl(py),J(PFe), (4) and [Ru(NO)Br(py),J(PFe),
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Fig. 3 The *Ru Méssbauer spectrum of compound 3 at 4.2 K.
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Fig.4 The *’Ru Mdssbauer spectra of compound 4 (top) and 5 (lower)
at4.2 K.

(5) spectra shown in Fig. 4 each show two lines of nearly equal
intensity, FWHM = 0.22(0.01) mm s~', and the same IS or
center shift of —0.20 mm s~". The split lines can either represent
an electric quadrupole splitting (EQ) of 0.37(0.03) mm s™' or
two inequivalent Ru sites within the materials. The former is a
more likely explanation because of the molecular nature of the
compounds. We view it as unlikely that two otherwise identical
molecules occupying different sites within the crystal structure
would have such markedly different IS values.

The results, along with the IR data, and decay temperatures
for MS1 (T',) are summarized in Table 1. The IS values are
similar to those found in other RuNO complexes and are con-
sistent with a +2 oxidation state for Ru. In a series of RuNO
complexes, the IS was found to increase with ligand field
strength.'® In this regard, the important considerations are
the o-donor and m-acceptor characteristics of the ligands. Both
of these bonding interactions tend to increase the s-electron
density at the Ru nucleus. Back-donation to the ©* orbitals of
the NO™ ligand is very strong and is expected to dominate the
ligand field."" However, this contribution to the total ligand
field is approximately the same for each of the complexes
studied as can be seen by the relatively small variations in
v(NO). Thus the small variations seen in the IS values are a
result of the contribution to the ligand field from the remaining
ligands. No correlation exists between the IS and the decay
temperatures for the MSI states of these compounds.

The AE, values show that the electronic environments
around the Ru ion in the complexes are asymmetrical and pro-
duce an electric field gradient (efg) across the Ru nucleus
coinciding with the four-fold symmetry axis. The efg results
both from valence electrons and lattice effects, although it is
probably reasonable to neglect the latter and focus on the dis-
tribution of electrons in the five 4d-orbitals of the metal atom.™
Assuming a positive sign for the efg for all of the compounds,
larger values of AE correspond to less electron density in the
orbitals oriented towards the axial ligands (d.., d,., and d,.)
relative to those oriented in the xy plane (d.. _ » and d,). This
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Table 1 Isomer shift, quadrupole splitting, IR and decay temperature data for compounds 1-5
Compound IS/mms™! AEq yp/mms™! y(NO)/em™! T, (MS1)/°C
1 —0.22 <0.07(0.03) 1886 208
2 —0.43 0.11(0.03) 1902 216
3 —0.20 0.41(0.03) 1927, 1911 260
4 —-0.20 0.37(0.03) 1911 256
5 —0.20 0.37(0.03) 1902 231

Table 2 Calculated quadrupole splittings for the Fe complexes (1'-5")

Compound 1 2 3 4’ 5

AEq pimms™  +021"  +0.64  +1.08  +1.40  +1.44

“ Calculated using the formulas provided in the text with the following
PQS values in mm s~ (values from references 12 and 13): NO* (+0.02),
NO, ™ (—0.41), CI" (—0.30), Br™ (—0.28), NH; (—0.52), and py (—0.48).
® Value calculated using a PQS value for OH™ = —0.73 mm s ™'. See text.

suggests that the Ru—-NO bonding interactions (o and 1) should
weaken with increasing values of AE, This suggestion is
supported by the trend towards higher values of »(NO) with
increased quadrupole splitting. Previous studies have noted a
general correlation between v(NO) and the decay temperatures
for the MSI states.’ Inspection of the data shows a possible
correlation between the quadrupole splitting and the decay
temperature as well. In general, the larger the quadrupole
splitting, the higher the decay temperature.

The relative magnitudes of the quadrupole splitting in this
series of compounds can be explained using Bancroft’s partial
quadrupole splitting (PQS) treatment developed for *’Fe com-
plexes.'? In this approach, the PQS values for each ligand are
combined according to the geometry of the complex. For com-
pounds of general formula trans-FeA,B(NO), the quadrupole
splitting can be calculated as 2PQSB + 2PQSNO — 4PQSA.
For compounds of formula FeAy(NO), the splitting becomes
2[PQSNO — PQSA]. Because the bonding in Ru(ir) complexes
is expected to be similar to that in the analogous low-spin Fe(1r)
complexes, the PQS values and corresponding quadrupole
splitting in Ru(1r) complexes should be nearly proportional to
those in Fe(i1) complexes. Using this approach, the quadrupole
splittings have been calculated for the analogous Fe complexes
(1'-5") and are shown in Table 2.

The method approximately reproduces the trend for AE, in
the RuNO complexes. Unfortunately, due to the lack of discreet
low-spin Fe(i1)-OH complexes in the literature, a PQS value
cannot be directly assigned for the OH™ ligand. We have there-
fore used our data to make an estimate of its value. Using
0.07 mm s~ for the quadrupole splitting in 1 and 3.0 for the
ratio AEg(YFe)/AEy(*Ru),"* a PQS value of —0.73 mm s™' can
be calculated for the OH™ ligand. This value is reasonable, as
PQS values for ligands with no m-accepting tendencies get pro-
gressively more negative as o-donor ability increases. Thus
PQS(OH™) should be more negative than PQS(NH;) and
PQS(H,0), which are —0.52 mm s~ ' and —0.44 mm s™' respec-
tively. The PQS value for H™, a powerful 6-donor, is —1.04 mm
s~!. A similar treatment of the *Ru Mossbauer data for the
complex [Ru(NH,),(NO)(OH)ICI, (IS = —0.16 mm s, AE, =
0.25 mm s ') returns a PQS value of —0.69 mm s~'. As has been
previously noted, it is possible since these are all charged species
that a significant lattice effect resulting from nearby ions could
contribute to the electric field gradient, resulting in substantial
deviations from the expected values.

Experimental

The compounds were obtained as follows. Compound 1 was
synthesized from RuCl; as described in the literature.'> Com-
pound 2 was a commercial sample obtained from Aldrich.

Compound 3 was synthesized by the action of NO gas on an
aqueous solution of [Ru(NH,)¢]Cl,.'* Compounds 4 and 5 were
synthesized in four steps by the published method '’ starting
from Ru(DMSO0),Cl,.'*

The Mossbauer experiments were performed in a transmis-
sion geometry using a *Rh(Ru) source prepared by irradiating
a mixed target of '®Ru and 'Ru using 30 MeV protons in a
cyclotron.” The decay of *Rh produces the 3/2 Mossbauer
state (lifetime = 20 ns) which emits a 90 keV gamma ray in the
transition to the 5/2 ground state. Both the source and absorber
were maintained in the cryostat at 4.2 K by helium exchange
gas. In previous work with ruthenium samples, ruthenium
masses from 57 mg cm 2 to 290 mg cm 2 produced a range of
FWHM linewidths from 0.18 to 0.23 mm s~ ' The variation in
linewidth with absorber thickness for *Ru is much lower than
that of ’Fe due to the differences in maximum resonant cross
section and the recoil free fraction.?® Absorber samples with the
amount of Ru in parentheses are: K,[Ru(NO)(NO,),(OH)]
(1, 240 mg cm™?), K,[Ru(NO)Cl] (2, 160 mg cm™?), [Ru(NO)-
(NH,)5]Cl (3, 76 mg cm?), [Ru(NO)Cl(py),)](PFy), (4, 145 mg
cm?), and [Ru(NO)Br(py),J(PFy), (5, 135 mg cm ?). The
sample size of complexes 4 and 5 was limited by the size of the
absorber holder. In the other samples, the absorber amounts
were limited by the amount of material produced or purchased.

The samples were placed in aluminium containers and placed
below the source inside the cryostat. The 3 mm thick Nal
detector was placed below the Mylar windows outside the
cryostat to detect the Mdssbauer effect gamma ray. The calibra-
tion for the experiments was determined by the inner four lines
of the S’Co(Rh) versus iron foil measurement. The zero velocity
channel was determined by a “Rh(Ru) versus ruthenium
powder experiment.
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