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AbstractÐNew metastable species are formed by low-temperature irradiation of crystals of transition metal nitrosyl complexes. In the work
described, photocrystallographic techniques, in which crystals are exposed in situ, are combined with differential scanning calorimetry
measurements, IR spectroscopy and theoretical calculations. The new species are identi®ed as isonitrosyl and h2-NO linkage isomers, which
revert to the ground state on subsequent warming. The stability of the linkage isomers increases with increasing p-withdrawing ability of the
ligand trans to NO, indicating the crucial role of electronic factors in determining relative stability of the isomers of different complexes.
Isomers with decay temperatures up to ,08C have been prepared. Solid state effects are evident from comparison of the behavior of different
salts of the same ion, of sodiumnitroprusside in the neat crystal and in a co-crystal with 18-crown-6 ether, and from the observation of
different photochemical behavior when [Ru(NO)(NH3)5](NO3)3 is absorbed in a sol±gel glass. The two independent molecules in the
asymmetric unit of [Ni(NO)(h5-Cpp)] show different orientations of the h2-NO ligand after irradiation, the difference being related to the
shape of the reaction cavities at the two sites. A previously unknown side-on binding mode, similar to that occurring for NO, has been
discovered for the dinitrogen ligand in [Os(NH3)5(N2)][PF6]2, indicating the potential of the techniques used in the search for new species and
novel binding modes of transition metal atoms. q 2000 Elsevier Science Ltd. All rights reserved.

Introduction

The effect of light on crystals of sodium nitroprusside
dihydrate (Na2[Fe(CN)5(NO)]´2H2O, or SNP, was dis-
covered in 1977.1 At that time and long after, the light-
induced species were classi®ed as electronically excited
states, even though their unusually long lifetimes at low
temperature raised questions about this interpretation,
given the diamagnetic nature of the light-induced species.
A large body of valuable information on the thermo-
dynamics, kinetics and other properties of SNP and other
nitroprusside salts was obtained in subsequent studies (see
for example Refs. 2±5).

In the same year as the discovery of the light-induced meta-
stable states of SNP, but apparently quite unrelated, Rest
and co-workers observed light-induced changes in
[Ni(NO)(h5-Cp)],6 and concluded that electron transfer
from the metal to the nitrosyl ligand was involved, with
possible bending of the M±N±O group. Perhaps because
SNP is an {MNO}6 complex in terms of the notation intro-
duced by Enemark and Feltham,7 while Ni(NO)Cp is

{MNO},10 the relation between the two sets of observations
appears not to have been noticed for at least a decade.

Our initial interest in the light-induced transition metal
nitrosyl species stemmed from their classi®cation as elec-
tronically excited states. Given the long lifetimes (t.107 s
at liquid nitrogen temperature), the compounds seemed
intriguing candidates for excited state diffraction studies.
In the synchrotron-based experiments on excited state
species, low-temperature diffraction is combined with in
situ laser-excitation, and pulsed laser and X-ray sources
are used in time resolved experiments of short-lived species.
We have proposed the name photocrystallography to
describe the ®eld, which combines photochemistry and
crystallography in single experiments. The work described
here did not require synchrotron radiation, but provided
valuable experience in combining the crystallographic and
spectroscopic techniques.

Techniques Used

In situ irradiation of a diffractometer-mounted, cryogeni-
cally cooled crystal is the preferred method for studying
the geometry of geometry short-lived metastable and
excited species. In our ®rst experiments this was accom-
plished with liquid nitrogen cooling and a classical four-
circle diffractometer equipped with a scintillation detector.
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The experiment is much facilitated by the use of area
detectors such as imaging plates and more recently CCD
detectors, while the scope of the studies is extended by
the use of helium cryostats or helium gas-¯ow systems.
The use of a cryostat requires light-transparent windows
in an X-ray transparent vacuum chamber.8 He gas ¯ow
systems give less restricted access to the sample, and thus
simplify installation of ¯uorescence and absorption probes,
but tend to be much more expensive to operate. The choice
of laser depends, of course, on the absorption spectrum of
the system to be studied. In our work we have used Ar1,
He±Cd and Nd±YAG lasers.

To con®rm the presence of a photo-induced species prior to
conducting the crystallographic experiment, other tech-
niques must be employed. Foremost among these is differ-
ential scanning calorimetry (DSC) of a sample previously
exposed in situ to light at low temperature. Such a DSC scan
for Na2[Fe(CN)5NO]´2H2O, sodium nitroprusside (SNP),
showing the existence of two different light-induced
species, labeled MS1 and MS2, is shown in Fig. 1. The
quantitative measurement of the heat ¯ow to a sample of

known weight at a constant rate of temperature increase,
allows an estimate of the conversion percentage, provided
the difference in enthalpy of the two states is known at least
approximately.

As the conversion is generally incomplete, the photo-
excited crystal contains at least two different species.
Small changes in cell dimensions, indicative of the change
in molecular shape of part of the molecules occur upon
photo-illumination. In none of the systems we have studied
were superstructure re¯ections observed, indicating the
absence of long range ordering of the light-induced species.
One is thus dealing with a disordered system. However,
unlike in conventional disordered crystals, precise informa-
tion is available on the packing and geometry of one of the
components since the parent structure is known. It is impor-
tant to use this information in the subsequent analysis.

The ®rst step in the crystallographic analysis is the calcula-
tion of a photodifference map, showing the electron density
difference between the irradiated and pristine crystals. The
second step is the modeling of the photo-induced species
based on the information from the photodifference map, and
its introduction in the subsequent least-squares analysis. To
obtain the structure of the metastable state, the ground state
molecule is treated either as a rigid-body, or as a pseudo-
rigid body, by applying strong restraints to deviations from
the ground state structure. The positional parameters of the
atoms of the metastable species are re®ned, together with
the population of the metastable state. Temperature factors
of atoms remote from the photoactive site may be ®xed at
their ground state values.

A second method that has been traditionally employed to
detect photo-induced changes is infrared spectroscopy.9±11

It remains a highly sensitive and fast method for examining
samples prior to further analysis. A difference IR spectrum
showing the change as a function of exposure time in a
spectrum of [Ru(NH3)5(NO)]Cl3 upon irradiation is shown
in Fig. 2. The observed downshift of the NO stretching
bands by 100±150 cm21 is characteristic for the photoactive
transition metal nitrosyl complexes. In several cases a
second photo-induced band downshifted by about
300 cm21 or more is observed. The nature of the new
species is discussed in the following section.

The Nature of the Photo-Induced States of Transition
Metal Nitrosyl Compounds

Our structure determinations of a number of transition metal
nitrosyl complexes prior and following low-temperature
irradiation show that the photo-induced states are not
electronically excited states, but rather linkage isomers in

Figure 1. Differential Scanning Calorimetry (DSC) curve for a laser-
irradiated crystal of sodium nitroprusside.12

Figure 2. Difference spectrum of [Ru(NH3)5(NO)]Cl3 after irradiation with
320±350 nm light, as a function of time. Note the weakening of the NO
bands in the 1900±1950 region and the appearance of the band, assigned to
ON, at 1800 cm21.

Scheme 1.
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which the nitrosyl ligand is bound through the oxygen atom
(MS1), or sideways (h2) through both oxygen and nitrogen
(Scheme 1).12 For MS2 the evidence is based directly on the
photodifference maps, which show an electron-de®cient
valley in the region of the terminally bound NO group,
and photo-induced density in the plane perpendicular to
the ground state NO ligand (Fig. 3). For the isonitrosyl
group in MS1 the evidence is somewhat more circumstan-
tial, but quite abundant. It became ®rst clear for sodium
nitroprusside (SNP), when a charge density re®nement of
the light-induced state indicated a larger valence electron

population on the proximal atom than on the distal atom of
the NO group.13 It is well known that incorrect element
assignment leads to dramatic anomalies in atomic displace-
ment parameters from crystallographic analyses.14 Least
squares re®nements of the light-induced state resulted in
very large anomalies for the atomic displacement para-
meters when the N-bounded geometry was selected, with
the terminal atom having mean-square displacements up to
20 times larger than those of the proximal atom. Introduc-
tion of the isonitrosyl geometry leads to a physically mean-
ingful result, as shown in Fig. 4 for K2[RuNO(NO2)4OH].15

GuÈdel pointed out earlier16 that the longevity of the induced
species is inconsistent with any one-electron transfer model;
and that either a large structural change, or a multi-electron
promotion is required to explain the stability. The ®nding
that the metastable states are linkage isomers rather than
electronically excited states provides a logical explanation
for this apparent paradox, and is in agreement with the
observed diamagnetism of the new species.17,18

DFT calculations con®rm that the new linkage isomers
correspond to local minima on the potential energy surface
of the diamagnetic ground state. Theoretical geometry
optimization leads to quite reasonable agreement with
experimental geometries.19 Though both states have not
been observed for all photoactive complexes, this should
not be interpreted as indicating the absence of the second
isomer. For the {M(NO)}10 [Ni(NO)(h5-Cp)] complex, for
example, for which the photo-induced state was ®rst
observed by IR in 1977,6 only the MS2 state was reported
until very recently Guida et al. discovered the existence of
MS1 by IR of a concentrated liquid sample.20

The full mechanism of the isomerization process remains to
be unraveled, but it is clear that a HOMO±LUMO transition
to an excited state occurs upon irradiation, and that the
excited state subsequently relaxes into a subsidiary mini-
mum on the ground state surface. This is well illustrated
by the DFT calculation of SNP by Delley et al.,21 the results

Figure 3. Difference in electron density between the photoirradiated
[Ni(NO)(h5-Cp)] crystal and ground state molecules. Contours at
0.4e AÊ 23. Negative contours dotted.19

Figure 4. ORTEP drawings of the Ru±NO (left) and Ru±ON (right) models for the MS1 excited state of the [Ru(OH)(NO)(NO2)4]
22 anion, showing the

differences in the nitrosyl thermal parameters. Thermal parameters for the other atoms are the same as those for the ground-state molecules. 50% probability
ellipsoids are shown. The hydroxyl-hydrogen atom has been omitted.15
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of which are shown in Fig. 5. In agreement with thermo-
chemical data, the side-bound MS2 state is found to be
slightly lower in energy than the MS1 state, which lies
,1.1 eV above the ground state according to the experimen-
tal data. Our calculations on Ru±nitrosyls (see below) give
larger energy differences between MS1 and the ground state
of 1.6 eV or more. The spectroscopic and thermal transi-
tions that can be induced are schematically illustrated in
Fig. 6.

Chemical Substitution and the Stability of the NO
Linkage Isomers

The metastable NO linkage isomers that were known up to
1995 invariably decayed back to the ground state at
temperatures at or below about 200 K, as illustrated for
SNP in Fig. 1. As the NO transition metal complexes have

potential as write±read storage devices, raising the decay
temperature is of practical importance. The light-induced
molecular change is accompanied by a signi®cant variation
of the color and the refractive index of the crystals. This
means that patterns can be written into the crystals by a light
beam. Moreover, the change can be reversed by irradiation
with longer wavelength light.22 The feasibility of very high-
density memory devices based on these properties has been
demonstrated.23±25 The question then arises: can complexes
stable at higher temperatures be synthesized, and what are
the factors in¯uencing stability?

To explore the factors in¯uencing stability of the NO link-
age isomers, we have prepared a series of ruthenium nitrosyl
derivatives. We ®nd chemical substitution to be an effective
means of varying the properties of the complexes. This is
illustrated in Fig. 7, which shows the difference DSC curves
(de®ned as difference between the dark and the photo-
exposed sample traces) for the NO3 and PF6 salts of
[Ru(NO)(NH3)5]

31. For these compounds the MS1 peaks
occur at 260 and 267 K, respectively, thus much higher
decay temperatures are achievable by chemical substitution.

Subsequent studies showed the decay temperature for
complexes with different trans ligands to correlate, with
one notable exception, with the stretching frequency of
the N±O bond (Fig. 8). The trans in¯uence on the strength
of the bond trans to the substituted ligand is well known,26

and related to the strength of the p-acceptor properties of
the ligand. In the Ru complexes back-donation from the
metal to the nitrosyl group occurs through p-bonding
between the Ru d-orbitals and the NO pp-antibonding orbi-
tals. Thus metal±NO p±bonding weakens the N±O bond
and decreases the N±O stretching frequency. We ®nd that
the stronger the p-withdrawing properties of the trans
ligand, and thus the weaker the p-bonding to NO in the
ground state, the larger the stability of the linkage isomers.
Though the series of compounds investigated is incomplete,
the observed trend indicates that electronic effects play a
dominant role in the relative stability of the NO linkage
isomers.

DFT calculation shed further light on the correlation. To
compare the effect of the trans ligand we have performed
a series of calculations on the relative height of the energy
minima corresponding to the MS1, MS2 and ground state
isomers of K2[Ru(NO)LCl4], varying the trans ligand L
without changing the equatorial ligands. All calculations
were performed using the Amsterdam Density Functional
program, version 1999.02.²27 The results are summarized in
Table 1. In all cases the linkage isomers correspond to stable
species on the ground state energy surface.

Figure 5. Theoretical reaction coordinate according to Delley et al.21

Figure 6. Proposed relationship and interconversion pathways between the
different states of SNP. Straight vertical arrows are electronic transition.
Slanted arrows combine an electronic transition with nuclear motion.
Curved arrows are radiationless thermal decay processes.12

² For C, N, O and halogen atoms the valence shells were described using a
triple-6 STO basis set, augmented by one d-STO polarization function
(ADF database IV). The atomic orbitals of hydrogen were described by
double-6 basis set, augmented by one p-STO polarization function. For the
ns, np, nd, (n11)s and (n11)p shells on Ru, a triple-6 STO basis set was
employed, augmented by exponential decay factor. The 1s2 shell of C, N, O,
1s22s22p6 of halogens and the 1s22s22p63s23p63d10 shells of Ru were treated
by frozen-core approximation. All calculations were based on the local
density approximation (LDA) in the parametrization of Vosko, Wilk and
Nusair (VWN) (Vosko, S. H.; Wilk, L.; Nusair, M. Can. J. Phys. 1980, 58,
1200±1211).
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Examination of the results shows the energy differences
between the ground and MS1 states to be generally larger
for the more stable MS1 linkage isomers listed towards the
right of the table. In other words, the linkage isomers with
the higher decay temperatures are the ones with a higher
energy relative to the ground state. This implies that the
decreased p-back bonding weakens the Ru±isonitrosyl
interaction more than the Ru±nitrosyl bonding. The impli-
cation then is that the bonding in the rate-determining
transition state is even more weakened, leading to a higher
energy barrier for return to the ground state. The decrease in
metal±NO p±bonding evidently affects not only the energy
of the MS1 linkage isomers but also the barrier to transition
back to the ground state. The energy differences for the
bidentate MS2, listed in the third row of Table 1, show
much less variation, indicating the different nature of the
metal±NO bonding in the MS2 geometry.

Solid State Effects

Is there any effect of the space restrictions that must exist in
the solid state on the possibility for reorientation of the
nitrosyl ligand?

Ohashi et al.28 have de®ned the reaction cavity as the space
limited by the van der Waals radii of the adjacent non-
bonded atoms plus a radial increment of 1.2 AÊ . For inter-
molecular distances, the radius of the atom(s) bonded to the
ligand is (are) taken to be the bond length, so that the
nucleus of the bonded atom of the reactive ligand is located
at the boundary of the cavity. This de®nition, which is not
unique, has been useful in providing insight into the solid-
state racemization of ±CpH(CH3)CN (cyanoethyl) substi-
tuted cobalt complexes. Volumes of the reaction cavities
for a number of nitrosyl complexes, calculated in this
manner, are listed in Table 2 together with the correspond-
ing MS1 decay temperatures. The volume of the reaction

Figure 7. Difference DSC curves for: (a) [Ru(NH3)5(NO)](NO3)3, and (b) [Ru(NH3)5(NO)](PF6)3.

Figure 8. Decay temperature of MS1 as a function of the ground-state
NO stretching frequency. 1: [Ru(NO)(bpy)(NO2)(OH)(H2O)][NO2], 2:
[Ru(NO)(OH)(py)4][PF6]2, 3: K2[Ru(NO)(NO2)4(OH)]; 4: K2[Ru(NO)Cl5];
5: [Ru(NO)Br(py)4][PF6]2; 6: [Ru(NO)Cl(py)4][PF6]2; 7: [Ru(NO)(NH3)5]-
[NO3]3.

39

Table 2. Volume of the reaction cavity for a number of nitrosyl complexes

COMPOUND Volume AÊ 3 Td(MS1)(K)

Ni(NO)(h5-CpA)
Molecule A 3.436
Molecule B 3.058 ,50 (MS2)
Na2[Fe(CN)5NO]2H2O 1.101 195
Na2 (18-crown-6)2

[Fe(CN)5NO]´8H2O
38

1.507 180

[Ru(NH3)5(NO)](NO3)3
a

Ru1±N±O 0.340 260
Ru2±N±O 0.403
Ru3±N±O 0.835
Ru(NH3)5(NO)Cl3H2O 0.913 260

a A fourth independent molecule in the asymmetric unit is disordered.

Table 1. Calculated energy differences (eV) with ground state for
K2[Ru(NO)LCl4] MS1 and MS2 linkage isomers and corresponding
decay temperatures. Compounds are listed in order of increasing NO
stretching frequency

L� NO2
2 OH2 Cl2 NH3 H2O Nicotinamide

MS1 1.643 1.730 1.765 1.871 2.007 1.812
MS2 1.107 1.393 1.510 1.371 1.488 1.377
Td

a 208b 216c 260d

a Td: decay temperature for MS1.
b For K2[Ru(NO)(NO2)4(OH)].
c For K2[Ru(NO)Cl5].
d For [Ru(NH3)5(NO)][NO3]3.
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cavity in the different solids varies over a wide range, and is
very small for [Ru(NH3)5(NO)] (NO3)3 in which the oxygen
of the NO group makes short intermolecular O±O contacts
with other oxygen atoms. It should be noted that as the
cavity is de®ned by adding 1.2 AÊ to the radii of the atoms
lining the cavity, even small cavity sizes allow some atomic
motion.

It is evident from Table 2 that there is no clear correlation
between the size of the reaction cavity and the MS1 decay
temperature. The most informative comparison is between
Na2[Fe(CN)5NO]´2H2O (SNP) and the co-crystal of SNP
with 18-crown-6 ether of composition Na2(18-crown-
6)2[Fe(CN)5NO]´8H2O. The reaction cavity is substantially
larger for the latter, 1.507 vs. 1.101 AÊ 3, but the decay
temperature is lower by 158. It is plausible that the larger
cavity allows easier thermal return to the ground state, but
more data are required before a de®nite conclusion can be
drawn, as induced polarization, which varies with the crystal
matrix,29 may also be a factor.

That the crystal cavity can affect the orientation of the side-
bound nitrosyl ligand is evident from the results on
[Ni(NO)(h5-Cpp)]. The complex crystallizes in a mono-
clinic P21/c cell with two independent molecules in the
asymmetric unit. For one of the two molecules the side-
bound nitrosyl ligand is fully ordered, but two different
orientations occur for the second molecule. Examination

of the reaction cavity suggests the orientation to be strongly
in¯uenced by the shape of the cavity (Fig. 10).

The effect of the solid state environment is also evident in
DSC data obtained on a sample of [Ru(NO)(NH3)5](NO3)3

absorbed in microporous silica gel glass. While the decay
temperature of MS1 is the same in the neat crystal and the
glass, there is a dramatic difference in the relative popula-
tions in the two media, the peak being strong in the neat
crystal and quite weak in the glass. Comparison of the DSC
curves for the NO3 and PF6 salts (Fig. 7) suggests that the
MS2 peaks in the neat crystals occur at 220±240 K, though
the peak is very weak for the nitrate salt. For the complex
absorbed in the glass (Fig. 9), a pronounced peak occurs at
about 130 K. This peak, which is just discernable in the neat
nitrate crystals, could correspond to MS2, but perhaps more
likely to a hitherto unidenti®ed species. One might conjec-
ture that MS2, or the different linkage isomer, is favored
because more space is available in the nanophase in the
glass. Further experiments are clearly needed to elucidate
this observation.

Other Diatomic Ligands: h2 Side-Bound Dinitrogen

While side-bound O2 complexes like Ti(H2O)2(dipic)(O2)
and IrCl(CO)(O2)(PPh3)2

30 have been known for quite
some time, the side-bound h2-NO ligand has not been
observed previously. Can similar metastable isomers be
generated for other diatomic molecules such as N2 and
CO? There are indirect indications in the literature that
the answer is positive, at least for N2. In 1970, for example,
Armor and Taube interpreted IR spectra of isotopically
labeled [Ru(NH3)5(

15NN)]21 in terms of end-to-end rotation
of N2 taking place through the side-on bound state of N2.

31

We selected the osmium analogue, [Os(NH3)5(N2)][PF6]2,
for the study, as maximal overlap between d-orbitals of
the metal and 2p orbitals of the h2-bound N2, and thus
maximal stability, can be expected for third row transition
metals. The formation of a new species upon irradiation of
the Os salt was observed by both DSC and IR spectro-
scopy.32 The DSC shows a peak centered at about 218 K,
corresponding to the thermal decay of the light-induced
species. Assuming an energy difference between the meta-
stable and ground states of 1 eV, as for h2-NO in sodium
nitroprusside,33 the peak corresponds to a metastable state
population of 19%. The IR spectrum taken at 100 K shows a

Figure 10. Reaction cavities for the two crystallographically independent molecules of [Ni(NO)(h5-Cp)], and the orientation of the NO ligand in the
sidebound MS2 isomer, as determined experimentally: (a) Molecule A, (b) Molecule B.

Figure 9. Difference DSC curve of [Ru(NH3)5(NO)][NO3]3 in a micro-
porous silica gel glass. The curve for the neat crystal is shown in Fig. 7a.
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light-induced band of the [Os(NH3)5(N2)][PF6]2 species at
1838 cm21, downshifted by 187 cm21 from the 2025 cm21

band assigned to the stretching vibration of (h1) N2. As for
the nitrosyl complexes, the process is thermally reversed
when the light is switched off and the sample warmed to
room temperature.

The results of the photo-crystallographic experiment, shown
in Fig. 11, con®rm the existence of an h2 metastable state,
with a population of 17.4(5)%, quite comparable to the
population reached in the DSC experiment described
above. As may be expected, changes in the bond lengths
upon transition from the h1-N2 to the h2-N2 con®guration
are quite large: the axial Os±N(NH3) bond shortens by
0.054(14) AÊ , while the equatorial Os±N(NH3) bonds are
elongated by 0.034(7) AÊ . The most pronounced change
occurs for the Os±N(N2) bond, which lengthens by
0.263(17) AÊ .

Like for the NO complexes, Density Functional calcula-
tions, performed with the ADF package, con®rm that the
experimentally observed geometry of [Os(NH3)5(h

2-N2)]
21

corresponds to a local minimum on the potential energy
surface, and gives geometry changes which are generally
in agreement with those found experimentally. The mini-
mum is located ,0.82 eV above the ground state energy, a
value somewhat smaller than that found for the side-bound
NO complexes.

Concluding Remarks

In addition to the fundamental importance of the reactions
described above, the mode of bonding of small molecules to
transition metal atoms is of biological relevance. Nitric
oxide plays a crucial role in several biologically processes
such as intercellular signal transduction, blood pressure
regulation, and cytotoxic activity of immune systems.34

We have found that metastable h1-NO and h2-NO linkage
isomers are also formed on low-temperature irradiation of

the nitrosyl metalloporphyrins (OEP)Ru(NO)L (L�O±i-
C5H11, SCH2CF3),

35 and may thus play a role in NO binding
to the heme group. Similarly, the coordination geometry of
N2 has attracted renewed attention with the elucidation of
the atomic resolution (2.7 AÊ ) structure of the MoFe-protein
of the catalytic enzyme nitrogenase,36 for which the binding
mode of N2 is as yet unknown.

The stability of the NO linkage isomers is clearly dominated
by electronic factors, though solid state effects cannot be
completely ignored, as is clear of the variation of the meta-
stable state decay temperatures between different salt of the
same ion, between sodium nitroprusside in the neat crystal
and in its complex with 18-crown-6, and by the effect
of particle size on the MS1/MS2 ratio for [Ru(NH3)5-
(NO)](NO3)3.

Finally, we note that the photocrystallographic technique
applied in the work described above is not limited to the
study of metastable species, but can be used with some
modi®cations to determine the structure of short-lived
transient species in solids.37
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