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long-living electronic metastable configurations (SI and
SII) can be generated in Na2NP single crystals by irradia-The Mössbauer parameters isomer shift (IS), quadrupole

splitting (QS), and probability of recoilless absorption f 9 of 26 tion with light in the spectral range 350–580 nm at tempera-
nitroprussides have been measured at room and liquid nitrogen tures below 200 K (SI) and 150 K (SII). The changes of
temperatures. The values of the QS and the IS of the different structure and N–C–Fe–N–O bond distance at ground and
compounds are close to each other, which is supposed to result electronically exited states have been directly measured
from the same short-range environment of the Fe atom in by neutron diffraction (8). Population, depopulation, and
the [Fe(CN)5NO]22 ion. A weak correlation between IS and transition dynamics between the ground and two metasta-
electronegativity of the lattice cation, as well as between QS ble states have been precisely studied as a function of the
and CNtrans stretching vibrations was found. For some of the

intensity, wavelength, polarization, and duration of theinvestigated nitroprussides a Goldanskii–Karyagin effect was
illuminating light (9). The electronic structure of both newobserved. The Mössbauer parameters IS and QS for two long-
metastable states is investigated by means of Mössbauerliving electronic metastable configurations in some nitroprus-
spectroscopy (10). Such nearly infinitely long-living elec-side single crystals are measured, too. Like in the case of ground
tronic states can be generated in many nitrosylpentacya-state, these parameters are very close to each other, which

shows that for the new metastable states the changes in the noferrates (11).
electron density distribution of the [Fe(CN)5NO]22 anion do Not less interesting is the observed difference between
not practically depend on the kind of the metal cation.  1996 the probabilities of recoilless resonance absorption f 9 and
Academic Press, Inc. reemission f 0 of gamma-quanta in single crystals of Na2NP

(12). The values of recoilless absorption f 9 and recoilless
reemission after resonance absorption f 0 are commonly

INTRODUCTION assumed to be equal. Unexpectedly, the Mössbauer mea-
surements revealed that f 0 . f 9.Sodium nitrosylpentacyanoferrate (II) dihydrate, more

For a number of nitroprussides QS and IS have beencommonly known as sodium nitroprusside Na2[Fe
measured at room temperature, but the values of f 9 have(CN)5NO] · 2H2O (we use the abbreviation NP for [Fe
not been determined (13, 14). The results from Ref. (13)(CN)5NO]22), is most often used in Mössbauer spectros-
have been limited by the capabilities of Mössbauer spec-copy as a velocity calibration standard for the drive sys-
troscopy available at that time, so some of the numericaltems. The quadrupole splitting (QS), isomer shift (IS),
data are not reliable. In the present work the Mössbauerand the recoilless fraction f 9 for the three principal crystal
parameters QS, IS, and f 9 of a number of nitrosylpentacya-directions have been measured with high accuracy for
noferrates at room and liquid nitrogen temperatures areNa2NP single crystals (1). However, this material possesses
determined. Some of these nitroprussides have not beensurprising features. By means of Mössbauer spectroscopy
investigated by means of Mössbauer spectroscopy so far.a very interesting phenomenon, in connection with the
The main purpose of this investigation is to find correla-formation of a new exited metastable state of the mole-
tions between formation conditions of the metastablecules, has been observed (2). The phenomenon has already

been studied by means of many other methods (3–7). Two states and Mössbauer parameters of the ground state. An
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eventual prediction of the species with the highest tempera-
S(t) 5

N(y)aftGA

2
exp(2t/2) · [I0(t/2) 1 I1(t/2)]

[1]
ture (Tmax) at which the metastable state still exists is of
great importance. As a result of the performed studies the
Mössbauer parameters IS and QS for the new metastable t 5

ns0 f 9GN

GA
,

states populated in single crystal species of Li2NP, Na2NP,
and K2NP were determined as well. Another aim of this
work is to find nitroprussides with Mössbauer parameters where N(y) is the number of impulses at infinite velocity

of the source (the absorber is fixed), a is a recoilless partwhich are suitable for investigations on the inequality be-
tween f 9 and f 0. of the gamma-quanta in the window of the differential

discriminator, GN is the natural line width 0.097 mm/s de-

EXPERIMENTAL METHODS termined by the lifetime of the Mössbauer level 14.4 keV,
GA is the line width of the absorber, I0 and I1 are modified

Samples Bessel functions of the first kind and zero and first order,
respectively, n is the number of 57Fe nuclei per cm2 (theThe examined compounds are iron complexes. The gen-
natural abundance of the 57Fe isotope was 2.19%), and s0eral chemical formula of all nitroprussides is MxNP · yH2O,
is the maximum resonant absorption cross section (thewhere M are NH4 , H, Tl, Ce, Cr, Mn, Fe, Co, Ni, Cu, Ag,
value of s0 5 2.57.10218 cm2 has been used).Zn, Cd, Hg, Li, Na, K, Rb, Cs, Ca, Sr, Ba, and some organic

The determination of the parameter GA is difficult, be-cations like CN3H6 (guanidinium), CH6N (methylammo-
cause the width of the source line GS is not known. It isnium), and C2H7N2 (acetamidinium) and y 5 0, 1, 1.5, 2,
usually assumed that GA 5 GN , which leads to higher values2.5, 3, 4, 5, and 6. The iron is located in the center of
of f 9. In our case of a well resolved quadrupole doubletthe quasi-octahedral complex nitroprusside ion [Fe(CN)5
and the absence of magnetic and relaxation phenomenaNO]22 (NP) and as a normal cation in FeNP. The raw
the equality GA 5 GN is fulfilled. The experimentally mea-material for growing single crystals has been synthesized
sured line widths of the doublet Gexp 5 GA 1 GS at roomfrom Ag2NP or Hg2NP which were produced from aqueous
temperature lie within the range 0.250–0.280 mm/s. Thesesolutions of Na2NP by adding AgNO3 or HgNO3 . Treat-
values are typical for absorbers with effective nonzeroment of the washed precipitates with the corresponding
thickness t and are very close to the minimum possiblechlorides MCl, MCl2 , or MCl3 , respectively, in water,
experimental width Gexp 5 2GN 5 0.194 mm/s. This is ayielded an aqueous solution or a precipitation of the re-
strong evidence that the measurements were carried out atquired nitroprussides MxNP · yH2O (11, 13). Therefore, Na
optimum conditions, the influence of disturbing vibrationswas substituted by all alkali and alkaline earth ions, some
and other artifacts causing line broadening being excluded.transition metals, NH4 , H, Tl, Ce, and some organic cat-
The observed line widths speak about well crystallizedions. Single crystals of some of the substances under inves-
substances. In the case Gexp 5 2.5GN the presence of unre-tigation could be grown from aqueous solutions by slow
solved magnetic splittings and relaxation phenomena mustevaporation of the solvent at about 310 K (15).
be excluded.

The other parameter, which strongly influences the re-
Mössbauer Study

sults for f 9 and cannot be directly determined, is a. The
‘‘control absorber’’ method with ‘‘black filter’’ was usedThe Mössbauer absorbers were single crystal species

cut from big crystals of high quality or were prepared by to measure a. Transmission geometry was applied placing
additionally a ‘‘black absorber’’ in front of the detector.pressing a powdered mixture of the investigated compound

and polyvenyl alcohol (PVA). All spectra have been ob- The ‘‘black absorber’’ 57FeOOH moves with an infinitely
high velocity (6200 mm/s) at the time the Mössbauer spec-tained in geometry of absorption. The source 57Co[Pd]

with activity of about 30 mCi was driven with a constant trum accumulation and resonance absorption in it is there-
fore impossible. After this spectrum was taken two moreacceleration by an electrodynamic-type drive system. A

scintillation detector with a thin 0.1 mm NaI(Tl) crystal measurements were carried out to determine a with the
black filter technique. The first was done with a movingwas used. The velocity calibration was performed many

times during the measurements with Na2NP single crystals, source and a moving black filter. The velocities are high
(6200 mm/s) and are different for the source and the blackfor which the values of QS and IS are known with high

accuracy (1). The experimental spectra were fitted to a sum filter, in values as in direction. In this case no resonance
absorption is possible in the sample and in the black filter.of Lorentzian lines by means of a least-squares procedure.

For determination of the probability of recoilless absorp- The detector registers both the transmitted resonance and
nonresonance emission of the source N1 . The other mea-tion, f 9, a method which uses the area of the absorption

lines was applied. The experimental area in the case of a surement is made with a fixed source and a fixed black
filter (v 5 0). In this case the source and the black filtersingle Lorentzian absorption and source lines is
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are in resonance and since the black filter’s ability for
recoilless absorption is very high, a Q 0.95, practically all
the emitted resonance gamma-quanta are absorbed. The
detector registers only the nonresonance gamma-quanta
emitted by the source, N2 , which pass through the absorber
and the black filter. For a we obtain

a 5
N1 2 N2

a · N1
.

The method is described in details in (12, 16).
For each compound the a value was determined and

two spectra were taken at room and liquid nitrogen temper-
ature, respectively. Room temperature measurements
were performed without taking the sample out of the cryo-
stat. Since in both cases the geometry of measurement is
the same the recoilless part a is one and the same. The f 9
factors are calculated after [1]. When the precise chemical
composition and the exact amount of Fe is unknown, only
the f 9/f 0 ratio can be determined.

Population Conditions

SI has been populated in single crystal species of Li2NP,
Na2NP, and K2NP by irradiation from an Ar1 laser with
light in the blue spectral range (usually 457.9 nm line). The
irradiated single crystal cuts are several hundred em thick FIG. 1. Mössbauer spectra of a (CN3H6)2NP polycrystal sample at

room and liquid nitrogen temperature.and are placed in a vacuum cryostat at about 80 K. To
avoid warming of the sample, the light intensity was kept
under 30 mW/cm2. An important condition to achieve high
population for all single crystal species is that the direction

units: metal ions, complex nitroprusside ions, and (notof the light polarization should be perpendicular to the
always) crystal water molecules. The short-range environ-C–N–Fe–N–O molecule axis (9), which was fulfilled in
ment of the Fe atom is the same in all nitroprussides. Theall experiments. The transfer of the population molecules
NP anion is schematically drawn for the case of Na2NP infrom SI into SII was examined with a Nd-YAG laser (1064
Fig. 2. For other lattice cations the interatomic distancesnm). The irradiation was no more than 300 Ws/cm2, since
may vary by 0.05 Å and in the case of nonideal octahedralhigher doses transfer SII to the ground state.
symmetry the angles Fe–N–O, N–Fe–Cl, or others may
differ by up to 28 (17). This can explain the narrow interval

RESULTS AND DISCUSSION in which IS varies, from 20.025 to 0.025 mm/s at room
temperature and from 0.05 to 0.09 mm/s at liquid nitro-

Isomer Shift
gen temperature.

It can be seen that the second order Doppler shift isAll nitroprussides display Mössbauer spectra with a well
resolved quadrupole doublet. An example with virtually the same for all the compounds and is on the

order of 0.06 to 0.08 mm/s at temperatures between 77(CN3H6)2NP is shown in Fig. 1. Only the spectrum of FeNP
is more complex (13, 14). We observe two doublets due and 295 K. From the average value it is possible to calculate

that the iron in these compounds shows an average effec-to the Fe in the center of the NP ion and the Fe21 as a
normal cation. Table 1 lists the experimental values of IS, tive recoil mass of about 140 g/mol. This value indicates

extensive covalent bonding with first neighbors: five carbonQS, Gexp , and f 9 for our samples. The isomer shift parame-
ter of the NP ion is weakly dependent on the cations. and one nitrogen atom (recoil mass 131 g/mol), as would

be expected for these materials.Hence the population and distribution of the 3s and 4s
electron density in the molecular orbitals (18) remain prac- The isomer shift correlates with the electron density

which could be proved by calculating the number of elec-tically the same. This has been expected since the crystal
lattices of all nitroprussides consist of the same structure trons in each unit cell and dividing it by the unit cell volume.
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TABLE 1
Data for IS (Related to Na2NP at Room Temperature), QS, Gexp (G1 , G2 for the Left and Right Lines,

Respectively), and f 9 Factors of the Examined Nitroprussides at Room and Liquid Nitrogen Temperatures

Note. In case that the precise chemical composition and the exact amount of Fe is unknown, only the f 977K/f 9295K ratio can be
determined. The errors of the measured f 9 factors are only statistical and should be referred to only as a lower limit of the
error interval. When measuring polycrystal species the influence of dispersity, inhomogeneity of the absorber, and eventual
impurities may increase the error about 2 times.

* Calibration values after R. W. Grant, R. M. Housley, and U. Gonser, Phys. Rev. 178, 523 (1969).
** f 977K/f 9298K .

Unfortunately, there is no precise data of the crystal struc- isomer shift is really observed but only for nitroprussides
with similar crystal structure and cations belonging to oneture for most of the nitroprussides. The powder diffraction

patterns taken from all samples do not give enough infor- and the same group of the periodic table.
A small change in the isomer shift can be caused by amation about the unit cell. Single crystal diffraction mea-

surements are needed to get unambiguous data for the number of factors, like the cations valence and their
number in the unit cell, respectively, the cation radius,crystal lattice.

The lattice cations are bound to the CN groups from its electronegativity, the number and orientation of the
NP anions, the presence of crystallized water and itsthe equatorial plane only. Therefore, the type and size of

the cation can slightly affect only the bonds on this plane. quantity, and the space group in which the corresponding
nitroprusside crystallizes. The influence of all these factorsA weak correlation between the cation radius and the
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of the nitroprussides. The values of IS change weakly,
notwithstanding the considerable changes in electronega-
tivity of the cation (from 0.7 to 2.3). It slightly increases
with decreasing electronegativity. The IS change may be
considerable when the electronegativity of the ligands
changes. For example, the IS of the ferrous halides strongly
increases as the electronegativity increases (22). In the case
of NP an important characteristic should be taken into
account. The metal cation is located in the second coordi-
nation sphere and changes the distribution of the formally
negatively charged CN2 groups which in turn changes the
distribution of the electron density of the central Fe atom
in the NP ion. As a consequence of the indirect interaction
the IS change in respect to the electronegativity change is
reverse—it decreases with the increase of electronegativity
and it is very weak, too. The H2NP is an exception because
of its specific lattice structure (15); the proton together
with the crystal water form a H3O1 ion. The structural
formula is (H3O)1

2 · [Fe(CN)5NO]22 ? H2O and the ions
bond through hydrogen bridges. The Fe–N bonding is
shortest in this nitroprusside—1.635 Å (15). The NO1 li-
gand is a strong acceptor and the electron density with-
draws toward it, while around the Fe21 it reduces. Because
of the smaller s electron density, the isomer shift of this

FIG. 2. The structure of the NP ion in Na2[Fe(CN)5NO] ? 2H2O after nitroprusside is larger.
(21). All distances are in Å.

Based on the results from Fig. 3, we suppose that the
metal ion has a very weak influence on the electron density
at the site of the Mössbauer nucleus 57Fe. A qualitative

on the isomer shift can hardly be distinguished. All evaluation shows that the influence of the second coordina-
the 26 measured values of the IS lie within a 50 em tion sphere is about 10 times weaker than the influence
interval, only. of the first. For this reason and because of the greater

It is known that there is a correlation between isomer experimental errors of the IS determination, no correlation
shift and electronegativity (19). Figure 3 shows the depen- between IS and electronegativity has been observed in
dence of IS on the electronegativity of the metal cation Ref. (13).

Further, no correlation between the IS and the decay
temperatures Tmax of the new states (11) was found.

Quadrupole Splitting

The change of QS for different cations is also weak (from
1.64 to 1.90 mm/s at room temperature). The value of QS
is proportional to the electric field gradient (EFG) q in
the Fe nucleus when the asymmetry parameter h 5 0,
which is valid for NP ions with slightly distorted octahe-
dra—nearly 4m symmetry (1). The EFG is conveniently
expressed as

q 5 (1 2 R)qval 1 (1 2 cy)qlat .

The lattice cation cannot substantially change the first term
which involves the valence contribution qval and the
Sternheimer shielding effect, but a change of the latticeFIG. 3. Dependence of IS on the electronegativity of the cation. The
charges or small changes in their coordination canrange of error for all values of isomer shift is 612 em/s. the data for the

electronegativity are taken from Ref. (20). strongly influence the second term because the
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FIG. 4. Dependence of QS on wavenumber ñ(CN)trans of the C–N stretching vibrations trans to the N–O. Gu 5 CN3H6 .

Sternheimer antishielding factor cy has a large negative The results for IS and QS of all the nitroprussides
we have examined make us consider some values of ISvalue (about 210 (23)). In our case the indirect interac-

tion between the lattice cation and the Fe atom should and QS cited in Ref. (13) to be not quite real (for
example for Cs2NP, IS 5 0.4 mm/s and QS 5 2.00 mm/s).lead to a decrease of QS. The NP ion which is not

bound to any other ions in the crystal structure is
therefore expected to give considerably larger QS than

Probability of Recoilless Absorption
the bounded NP one. We have not found a dependence
of the QS from the electronegativity of the lattice cation. Most of the nitroprussides have spectra with a symmetric

quadrupole doublet. In the case of (NH4)2NP, (CN3H6)2NP,There is a weak, but distinct, correlation between QS
and ñ(CN)trans stretching vibrations shown in Fig. 4. It (CH6N)2NP, and (C2H7N2)2NP a well pronounced asym-

metry in intensities of the two lines was observed. Figurecan be expected that for very weak bonds between the
CN groups and the cations (quasi-free NP) the value of 1 shows the Mössbauer spectra of absorption for

(CN3H6)2NP at room and liquid nitrogen temperatures.QS will be about 1.95 mm/s. Experimentally measured
values for QS as well as semiempirical self-consistent The observed asymmetry can be caused by the Goldanskii–

Karyagin effect (GKE) or simply by oriented texture infield molecular calculations are presented by Trautwein
et al. (25). Similar values of QS are given for NP ions the absorber. The unit cell of this nitroprusside is shown

in Fig. 5 after Ref. (17). The coordination of NP is differentin solid solution (24) where the NP ion can be considered
quasi-free. For CoNP and NiNP, which are X-ray amor- along the three principal axes which leads to an anisotropy

of the intermolecular vibrations. This means that f 9 for thephous and so the near crystal surrounding is absent, the
QS values are very close to 1.95 mm/s, too. All theoretical different directions has different values and the observed

asymmetry in the Mössbauer spectrum results from thecalculations (18, 25) of the orbital population of the NP
ion should be fitted not to the QS value 1.73 mm/s Goldanskii–Karyagin effect. It is also possible that an an-

isotropy of the intermolecular vibrations of NP exists, butwhich corresponds to Na2NP (crystal) but to the value
1.95 mm/s. Knowing that the Sternheimer shielding effect it cannot be significant since for most of the nitroprussides

the quadrupole doublet is symmetric. Magic angle mea-is normally (1 2 R) > 0.8 (23) the pure valence contribu-
tion qval in EFG for the free NP ion should give values surements are known as a tool to prove the isotropy of

the crystal (i.e., the absence of the Goldanskii–Karyaginfor QS of about 2.3 mm/s.
No distinct correlation between the Mössbauer parame- effect) but it can be applied only if the EFG has only one

direction in the crystal. Then at an angle of 548449 betweenter QS and the important decay temperature Tmax of
metastable states is observed. The CuNP with the highest the gamma beam and the EFG direction the measured

intensities for the two lines will be equal. In our caseTmax 5 222 K (11) shows the smallest value of QS 5
1.641 mm/s. though, this method cannot be applied since the NP ions
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existing in nitroprussides with larger lattice energy and
harder phonon spectra, respectively.

From all measured NP the (CN3H6)2NP turns out to be
most suitable for further investigations on the metastable
states and the difference between f 9 and f 0. The fact that
the f 9 values are different for the three principal crystal
directions allows one to measure f 0 for each output direc-
tion at two input directions with different f 9. The strong
temperature dependence and the presence of a Goldan-
skii–Karyagin effect down to liquid nitrogen temperature
allows one to carry out such measurements for different
values of the f 9 factor in a large temperature range.

Mössbauer Parameters of Exited States

The Mössbauer spectra of three single crystal absorbers,
Li2NP, Na2NP, and K2NP, populated in SI are shown on
Fig. 6. The measured values of the Mössbauer parameters
are summarized in Table 2. The analysis and the compari-
son between the Mössbauer parameters of unpopulated
crystals species and those of species with populated SI (or
SII) leads to the following conclusions.

1. The Mössbauer parameters of the new metastable
electron states are very close to each other, like in the case
of the crystal in ground state. The isomer shifts (referred
to Na2NP at liquid nitrogen temperature) for SI lie in
the interval 0.18–0.20 mm/s. The quadrupole splittings are

FIG. 5. The unit of guanidinium nitroprusside after (17).
traditionally high and lie in the interval 2.75–2.95 mm/s.
This shows that for the new metastable states the changes
in the electron density distribution of the [Fe(CN)5NO]22

anion depend weakly on the kind of the metal cation.have two different orientations in the crystal. The axis
N–C–Fe–N–O which coinsides with the EFG direction 2. The quadrupole splitting ratios QSSI/QSGS are very

close to each other. For not a very high degree of popula-has two different orientations, about 698 to the c axis of
the crystal (15, 17). We are going to investigate the GKE tion of SI (about 20%) this ratio is about 1.57(1) (Li2NP

and K2NP). For a high population 40–50% (Na2NP) it isin more details with single crystals of (CN3H6)2NP. For
this reason we have already measured the f 9 factors at larger, 1.605(5). This fact may be explained by a very weak

dependence of the Mössbauer parameters for the GS androom temperature for the three principal crystal directions
using single crystal a, b, and c cuts. The differences between for SI on the degree of population. Similar results are

published in Ref. (24).the respective f 9 values, f 9a 5 0.130(5), f 9b 5 0.167(6), and
f 9c 5 0.198(6), give clear evidence for crystal vibration an- 3. The above conclusions (points 1 and 2) are valid for

the new state SII, too. Here we should only point out thatisotropy and GKE.
Usually, the f 9 factors for NP with inorganic cations the great differences between SI and GS do not already

exist between SI and SII. The isomer shifts of SII lie in thediffer by about 2 times for room and liquid nitrogen tem-
perature. Larger differences (about 4 times) are observed interval 0.19–0.21 mm/s, the quadrupole splittings within

2.86–3.00 mm/s. The corresponding Mössbauer parame-only in the case of NP with organic cations. The f 9 factor
at room temperature is comparatively low, 0.16–0.18. The ters of SII are always a little larger than those of SI. A

precise analysis of the case of Na2NP is carried out in ourelastic stiffness and the Debye temperature of these materi-
als is low resulting in low values of f 9. A very interesting work (10). We may say that a totally new distribution of

the electron densities in the complex [Fe(CN)5NO]22 atcharacteristic of these materials is their low critical temper-
atures Tmax of decay of the new states. This fact confirms SII cannot be expected. Probably only a dynamic change

of the new electron density distribution in SI may explainthe assumption in Ref. (11) that there exists a distinct
correlation between the energy distribution in the phonon the Mössbauer parameters of SII. Although, with very

close values of the Mössbauer parameters the new statesspectrum and the decay temperature. Probably one can
expect metastable states with higher decay temperatures should be referred to as two completely different physical
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FIG. 6. Mössbauer spectra of three single crystal absorbers populated in SI. The population and the Mössbauer measurements are carried out
at 80 K.

states of the complex. The transfer of SI into SII at irradia- 4. By means of Mössbauer spectroscopy we have shown
(10) that the observed spectra before and after irradiationtion with the Nd-YAG laser is nothing else than causing

dynamic effects in distribution of electron density in the are absolutely and completely reversible. This important
result has been proved by other techniques, too: optic (4,SI accompanied by processes of decay from SI and SII to

GS. At doses of about 3000 Ws/cm2 the new states are 5), calorimetric (6), structural (8), etc. The change of the
crystal color after population of SI or SII state can be seentotally transferred to GS.
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Z. Phys. D 25, 351 (1993).
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New York, 1967.the Mössbauer parameters of powder samples and those
21. F. Bottomley and P. S. White, Acta Crystallogr. Sect. B 35, 2193 (1979).of single crystal species. This can be explained by higher
22. R. C. Axtmann, Y. Hazony, and L. W. Hurley, Chem. Phys. Lett. 2,concentrations of impurities (Hg and Cl) present in the

673 (1968).
powder species which originate from the output compo- 23. D. Barb, ‘‘Grundlagen und Anwendungen der Mössbauerspektrosko-
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