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SUMMARY

The Mdssbauer absorption spectrum of 57Fe in single crystals of
Na2|FeII(GN)5NO| 2H,0 has been studied. The angular variation of the ratio of
intensities of the quadrupole splitted lines with the incident radiation has
been measured at different crystal orientations. The results may be
satisfactorily interpreted by considering the detailed symmetry of the crystal
and the effects of the anisotropy of the recoilless absorption probability. It
was found that an axially symmetric field gradient with its principal axis
oriented along the Fe-NO directions couples with the nuclear quadrupole moment
of 57Fe giving a posttive imteraction with the value eq =+ 0.585 x 10°° V/eu®,
This field.gradient is assumed to originate from unba}anced d electron dengity
and the electronlc population calculated for the molecule agrees with that
obtained by molecular orbital methods. The large total s-electron density at

e 57?9 nucleus meagureéd” by the.isomenﬂshift is quantitatively related to the
effective 3d electron population and to the 4s partial occupation. Estimates of
the 4e density also agree with that reported from molecular orbital calcula-

tions.
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The MOssbauer spectrum of sodium nitroprusside (sodium penta=-
cyanonitrosyl (II), NaZIFe(GN)5NOIOZH20) is in many respects a
remarkable one 1? 27 I, It presents a relatively large quadrupole
splittingy AE = 0,1726 + 00,0002 cm/sec, and the nuclear isoner
shift (= 0.0075 cw/sec relative to 5706 in Cr) indicates sn unusual
ly lqrge s~electron density at the iron nucleus. The spectrum shows
the narrowest linewidth observed with iron compounds [ = 0,0202 e/
sec¢. These hyperfine interactions change very little on going from

room to liquid nitrogen temperature.

The pecularities and stability of this spectrum under
different external conditions makes attractive sthe ‘useof:isoditm
nitroprusside as a standard for nuclear isomer shift measurements

with iron 4@

The M8ssbauer spectrum of sodium nitroprusside has been
discussed in connection with other iron riitrosyl complexes S, In
this paper we report.sngular variation measurements of %thé Moss-
bauer hyperfine interacdtions in sodium nitroprusside single crystals

and its relations with the molecular structure of the: complex.

Exger;gggtg;

Sodium nitroprusside growths in large orthorhombic single
crystalsy with space group symmetry D%ﬁ ~ Pnnm. The usual habit
and the orientation relative to the cell.constants-é-a_= 6+17 + 0.034

b = 11.84 *+ 0.06A and ¢ = 15.43 + 0.084 are shown in fig. L.

Large single crystals, carefully grown from saturated agueous
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solution of the complex, were cut in a fixed orientation and

platelets about 1 cma were polished to the desired thickness.

The platelets were used as absorbers and could be mounted at
any particular orientation relative to the incldent gamma radia~
tion emmited by the M&ssbauer source. 4 5 mc 5700 in Cu was used
as source, attached to a loudspeaker device driven with a
triangular velocity waveform. The spectremeter is ~eperated in the
pulse-height mode, with pulses from a single channel analyser
modulated with the velocity waveform. Pulse height sorting 1s
performed with a 812 Nuclear Data multlchannel analyser, the half
of the memory being used for register of the spectrum and the other
half stores a standard pulse which is used for normalization  of

the MOssbauer spectrum.

Typical results are illustrated in fig. 2 which reproduce the
Mésshauer spectra obtained with single crystal platelets cut along
the planes (bc) |100| and (ab) |010|, with ~the gamma .radiation .
incident perpendicular to the plane of the platelet.

All measurements were obtained at 2% + 2%c.

Theoretical Considerations

The 14.4 keV Mossbauer gamma radlation of 57pe 15 emitted in
a transition from the first excited state with spin 3/2 to  the
ground state with spin 1/2. The Hamiltonian for coupling between
the quadrupole moment Q of the 3/2 state .(the ground state with
I =1/2 has no quadfupole moment) with an electric fileld gradlent
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(EPG)produced at the nucleus is given by:
_1.2 [2.,..5 L2 2] |
H=%e" qQ|I; -3+ 2(I +1I0) | (1)

where eq 1is the EFG in the Z (major axis) direction, v) the  asym-
metry about Z (0&M<1) and I & and I_ raising and lowering operators.

The eigenvalues: 3
= a L A2 L 2 ;

EQ iﬁe qQ(1+3q (2)

define two hyperfine components of the Mdssbauer transitiom,

13(3 3/2 == + 1/2) and I,(% /2 —»# 1/2), characterizing the two

absorption peaks of the observed spectra.

The experimental variable used for the determination of the
electric field gradient parameters (EFG) are the absorptiom peak

areas /. As has been shown by Zory 8

s the ratio of the areas of the
two peaks as a function of the polar and azimuthal angles 6 and ¢
that the lncident gamma radiation mekes with perturbing field caus-

ing the splitting, is given bis

sites
o ; Pa(8ys ¥) £9(0,y ¥,)
:; g, sites (3)

- Ppl8ys $3) £2(8y5 )

P (8, q&) 1s the relative angular dependent absorption
probability for the transition n and £'(@;, ¥;) is the recoilless
absorption probability (Debye-Walter or Mssbauer factor) whose
angular depemdenee derives from the anisotropy im the mean square

displacement of the vibrating nucleus. The sum extends %o the
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total number of equivalent sites per unit cell being equivalent
those sites in which the surroundings of the absorbing nuclei are
the same but differ in orientation,

The derivation of the explicit form of Pn(ei’ @i) is given by

Zory 8

y using first ordei perturbation methods for the quadrupole
splitting of the 14.4/ev transition of Fe®’, The results for the
hyperfine, transitions p3(i 2/2 —>+ 1/2) and pl(:_!: /2 —=+ 1/2)
are respectivelys |

%
p5(ei, CPi) 4[(3+q2)/3] + (3 cos‘2 eiwl él:wq‘-sinz Gi cosZQOi)

(4)

%
pl(ei’ "Pi) 4E3+Q2)/3] = (3 cos2 Bi~1+ﬂsin261 cos 2 (Pi)

On the form of f“(eig ¢i) we have no a priori information..

We consider now the specific problem of sodlum nitroprusside.
The basic structural unit of the crysta1'6 is shown in fig. 3. The
nitroprusside ion in the crystal has, within the experimental er-
ror, the C, symmetry. The Fe =N = O portion of the ifon is
strictly linear as are the Fe = C N groups. The unit cell of the
erystal is compoéed of four of these distorted octahedra. These
four ions form twe equivalent sites. A view down the c-axis is
shown in fige 4. We neglect translation from one site to the

other, which has no interference in the angular dependence.

Let us now express the relations (4) passing from the coor-
dinates ©; and ; to the coordinates #* and ¢ which define the
crystalline axis as is illustrated in fig. 5. Since @, b and ¢
directions are orthogonal, the following expressions relate ei,
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kpi to @ and {> and the unknown Buler angles relating site 1 to
the axes (2, Dy 0J3
sin 8, cos¢ = cos(r, %,) = (8.%;) sin 1@ cos $ + (Box4) cos 81 +
+ (&.%;) sin 1@l sin @
sin 8, sin ¢, = cos(.¥;) = (Qo:?i) sini@ cos $ + (B.F,;) cos @ +
@& A .
+ (C.¥y) sin @ sin &
cos @y = CQS(’Yegi) = (aozi) sin @ cos P + (&%)coslel-ﬁ-
H R o .
+ (8.2;) sint@isin P » (5)

Each of the direc_tion-éesines, (2, :?i), (ﬁo§i) etc can be ex~-

pressed as a function of the same Euler angles s 9 Pi’ ’Tie

The symmetry relation between the two sites of the unit cell

is a 180° rotation about the a axis and can be written as

AoA s oA
aoxl = 8.X
& &

3‘@5’51 = = 3.=§2
with analogous relations for 5?1 and gla
Assuming that £° is isotropic and taking into account (4), (5)
and (6) one finds by substitution in.(B) the foilowing relation:
a : 4[(3«@722)/3]% + [3R-149x1)
& a[(32)3]" - [BR-14yxe]

(7)

where

K = {( Zg coszé +4, sin® $) sin” e + Zy2, sinZ 18l sin & ‘-¥-Z,§cos2 lel}

_ (8)
= 2 N 2 Gl . L .
K:_{Examya)gos @—a— (_X;-YQ Jsin %]sina el +BbX0mYbYQsm2 18l sin qb +
%E{%%Z% <':c>s2 ol
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The quantities Za’ Ya’ etc., are the direction cosines Z.a, §.3,

et

Eq. 8 is similar to that derived by Zory for FeCl,.4H,0 but
the parameters K are different due the different symmetry of the
I\TaZIFe(CN)SNOIZHaO.

Results
The general equation (7) is rather complicated. The following

observation directions were investigated:

a) 10l =g 0(%(%
) $= % 0<oKZ (9)
c) =0 0<0<%

Thesé directions were obtained with slngle crystal plateletis
cut along (ac),; (be) and (ab) planes.

For cases (a) and (b) it can be seen that the relations (4),
(5) and (6) give for the angular dependence of the absorption
probabilities pa(el, ¢&) = p3(82, 4%) and p,(8,, ?&) = pl(ez, 4%),

For these cases the problem became equivalent to that of a
crystal with a single site in the unit cell. It 1s important to
observe that in such conditions eq. (7) remain valild even if the

factor f' is anisotropic.

Further simplification can be made by observing that a rota
tion of w/2 around the Fe ~ NO direction does not introduce any

modification in the molecule. We may thus assume that the z axis
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of the EFG tensor is parallel to the ab plan of the crystal and
coincides with the Fe - NO direction. The EFG is thus axially
symmetric (Y) = 0) and entirely determined by it z component.

As a consequence of the axial symmetry of the EFG the general
relation (5) for the cases (&) and (b) reduces to:
az 1+k cos? f ,

2- S JENEE NS
* % -k ces® &

(a)
(10)
a 1 + Kkt 2 e
@ == 2 @=T, 04Kk D)
e %-k' cosZ ol

with k = cos® 33° 55t and k+ = cos™ 56° 051,

Fig. 6 illustrates the results obtained for different absorber
thickness in the (ajyc) planes On deereasihg the thickness of the
absorbers the results tend to the theoretical values of the area
ratios. These values are obtained with absorbers of thickness £0.02

em as is shown below:

$ el Exp cale
+ 0.05

z Z 0.62 0.60

L 45° 0.78 0.77

]21 ILO° 102 0496

The agreemen’t between experimental and theoretical results
means that the ratlo of the high energy experimental absorptlon area
to the low energy one is equal to 3 and not to El « This means

%1 5
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that the (+ %3/2 —»+ 1/2) sub-level is higher than the (% /2 —>+1/2)
sub-level, which is equivalent to saying that the guadrupole interacy
tion AE with 57Fe in sodium nitroprusside is positive.

The area ratio for the experimental situation (c) is given by:

%3 i + |k + (k' - k) cosZ el | :
.51...: [ J (=0, ogwigD) (1)
% m~E?-+°(k"~»k) cosaleﬁ]_ :

Fig. 7 compares the results obtained with an effectively thin
absorber (0.02 cm) with those calculated from (11).

The lack of agreement between experimental and calculated values
which becomes greatest near #© = 45° may be attributed to the fact
that £' is not isotrople, as was assumed in the derivation of eq.(11).
Evidence for the anisotry of the factor f! 1s given by the Mossbauer
spectra of pollycrystalline sodium nitroprusside 2 which exibits a
narked Goldanski effect 7, the peak arvea ratio being 0.97.

If we consider that the probablility of the recollless factor is
anisotropic,_f'(913 ¢i), eqe (11) may be written for two sites as:

?3 f"(PB(el’ ‘-Pl) 'f' p3(_92a LPZ) (12)
— ’ =~ 12
%1 £ pi(6gy P7) + py(8,, ¢))

where f" is the ratio of the anisotropy factor for the two directions

corresponding to the sites.

The usual harmonic approximation for the anisotropy factor

gives 10

£1 = exp |- k% ¢ (61, @i)l (13)
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where k is the photon wave vector and rz(ei; ¢i) the expectation
value of the square of the nuclear displacement projected In the
(8,9 ¥;) direction.

Assuming that the principal axis of the nuclear vibration
tansor colincides with those of the EFG, it is possible to show 8
that in the experimental conditions (clone has:

" = exp =~ k% 2 & sin 2 W - (14)

where o does not depend on 18i and .

Introducing (14) in (12) and taking into account the simplifica
tions for the experimental situation (e¢) it is easy to show that the
difference between the area ratios calculated by (12) from those
calculated by (11) goes through a maximum at i = 45°, in agreement
with the results illustrated in fig. 7.

Discussion

The Mossbauer quadrupole interaction in sodium nitroprusside
single crystals show that an axially symmetric field gradient with
its princlpal axis oriented along the Fe « NO direction couples with
the nuclear moment of 57Fe(Q = + 0,29 barns) giving = positive inter
action of + 0.1726 cm/sec. From eq. (2) one calculateé eq = + 0.585x%
x 10%8 V/cu® or 0.627 a.u.

A qualitative description has been given of the Mossbauer hyper

5

fine interactions of the nitroprusside molecule ¥ on the basis of a

M.0. bonding scheme proposed for nitresyl-transition metal

11

complexes . Recently detailed M.0. calculations have been.naxmiedla
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and a quantitative interpretation of these hyperfine interactions in
terms of the electronic densities of the molecule can be compared

with the results from the M.0. method.

The ground state configuration for iron in the nitroprusside
molecule is (d ., dyzo4 (dxy)z, with the electrons in the lower
(&, dyz) doublet strongly delocallzed by back-donation to the
2pr orbitals of the nitrosyl ligand whereas the qry electrons ‘can

be slightly delocalized to the equatorlial cyanides l2.

We assume that the major contribution to the EFG comes from
this asymmetric expansion of the d electrons towards the 1igands;a§
Since the EFG due to a single d electron 1@‘13 4/7’<r-3> we have,
according to the ground state proposed for FeII(CN)SNOZ':

&= 4 -3 - 2 3
¢=* 7 <r >n‘xy ,7<r >(nxz * nyz) (1'5)
where the n's denote the effective number of 4 electrons in each

sub=~shell.

The equatorlal cyanides can interact: directly with the dxy

orbital. However nxy is expected to be close to the ienic value
since the dxy shell remains essentially non-bonding in MX5N0
complexes. An estimate. of the nZY population can be made by niing
the covalency factor for bonding with the cyanides ligand in a para

18 sueh as FeIII(CN)g"o The orbital reduction

magnetic complex
factor for this complex is k = 0.87 which gives a population

nxy = 174 (16)

Substituting. (16) in (18) and taking into account the values
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16 : *

q = + 0.627 a.u. and <r=3>3d = 4.4 ael. one finds:

(ng, +0g,) = 2.98 (17)

The delocalization of a dxz'ﬁr dyz orbital involves P,
orbitals on two equatorial cyanides and px(pyl orbitals on the
axial cyanide and on the nitrosyl. If one neglects the delocali
zation to the equatorial eyanides it is possible to write from
(17) the molecular orbitals

Yea(yz) = 02869 $pp(yg) + 0-496 ™ 2(y) (HO) (18)

This M.O0. indicates a population of 24.5% 7 NO which is in
good agreement with the value of 24.8% given in reference (12).

The quadrupole coupling has also been investigated in
™ (CN) 0P, which has the same crystal structure 7 as
FeII(CI\I)SNOE“:o The electron spin resonance spectrum of this para
magnetic complex shows satellite lines of low intensity  between
the Am = O transitions. These An = + 1 transition were -a::-xsignedq‘l'8
as arising from the guadrupole coupling with SSMno From the.
quadrupole coupling constant obtained = 62.4 Me and the quadrupole:

moment of 99Mn = 0,35 b one calculates eq = = 0.754 a.ue

The ground state configuration for Mall(CN).NOZ~ is
(dy s dyz)4(dxy)l° A lover limit to the extent of delocalization
of (4,5 do,) has been calculated from (15) with {r™ )y, = 3.l
and nxy equal to ones
nIZ + Ryz = 2:858 (19)

_ *.
This gives a 28.5¢ m NO populaticn which compares well with
the result for Fe(CN)SNOZ”'and confirms the strong delocalization

of the d_,, d

vz orbitals in the pentécyanitrosylso
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The high s~electron density indicated by the unusual value of
the isomer shift of Fe(CN)5N02= complex has been assumed to be a
consequence of the delocalization of the 3d electrons of the iron

jon 19.

The total s-electron density at the 57Fe nucleus in the
complex can be written as the-sun of inner shells contribution
and a fraction'Wis(O) of 4s density arising from the partial oc-

cupation of this shell by electrons from the ligands 20.

2 3 .2 ?PZ'

0) =27 ¥, (0) + x ¥, .(0) (20)
1l

The total s~electron density %ﬁ(o) can be evaluated from the

proportionality with the measured isomer shift:

I.8. =a}Z(0) + cte (21)
On the basis of effective charge calculations for ionlc iron
complexes we have derived the value Zlo
o= = 0,021 cm/sec (22)
From (21) it 1is possible to write:
, , (I8)pg o = (IS)ge*+ 5
= + 23
Ys(0dpeyo = ¥t 0)pe* el

¢§(0)Fe++ * 11.879,8 is the total s-electron density for the

21 (IS)Fe++

free ion 3d6 configuration and the corresponding has

been taken as + 0.145 cm/sec which is the value of the more lonic
bivalent salts refered to a Cr source. With (IS)Fe-NO =
= = 0,0075 cn/sec refered to the same source one finds from (23):

Y2(0)py.yo = 11-887,0 a.u. (24)
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In order to evaluate the contribution of the inner s-shells
it is necessary to take into account that the s-electron density
at the iron nucleus changes with the a? configuration. This 1is
due to the decrease in shielding of the s-electrons when the 3d
electrons are removed 205 From (16) and (17), which teake into
account the delocalization of the dg electron of the metal, one
has 25:

Dgpp = Bpy * By, + 0y, = .72 (25)

Interpolating from the free ion wave functions calculated by

Watson one finds for the contribution of the inner s-shells cor-

responding to the 3d4‘? configurations

3 5 |
2 30005447 = 114883 awue (26)
1

Substituting (24) and (26) in (20) gives:
x §2.(0) = 4 a.. (27)

The density at the 57Fe nucleus due to a single 4s electron
on the 3d4’7 configuration can be estimated using the Fermi-Se-
gré-Goudsmith formula 2°. This gives 8 a.u. Comparing with
(27) one finds a:bts which is to be compared with a 4s popula-

tion of 44.9% calculated by M.0. methods <.

* * ok
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Figure Captions

The usual habit and orientation relative to the

erystal axes of a single crystal of NaZ]Fe(CN)SNOIZHZ .

Mossbauer spectra of single crystal of sodium nitroprus
side obtained with incident radiation: a) parallel to

axes ¢ andb) parallel to axes.a.
Basic structural unit of Na,|Fe(CN) NO| 2H,0.

A view down the ¢ ~ axes of the crystal showing the
relative position of the Fe-NO directions in the unit
cell.

Orientation of the incident photon relative to the
crystal axes (a, by, ¢) and to the EFG principal axes

(fi? §i’ 21)'

Angular variation of the ratio a3/al of the axes of
the gqupdrupole peaks for several thickness of an
absorber cut along the (a, c) plane: (®) 0.09 cm;
(@) 0.05 emj (+) 0.04 cmj; (A) 0.03 cme.

Comparison between theoretical area ratios assuming
an isotropic Mossbauner factor and results obtained
with & 0.02 cm thickness absorber cut along the (a,b)

plane.
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Fig. 3



187

> T

Fig. 4



188

Fig. 5
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We are indebted to Dr. Gilbert J. Perlow who suggested that
we should evaluate covalency parameters by comparing the
value of the aquadrupole - splitting in sodiuvm nitroprusside

to a standard splitting such as that of FeSiF6 { E =037 c/
secs)s This approximation has they merit to avoid any assump
tion on the value of the gquadrupole moment of Fes7m ﬁbout
which there are still some discussion. Using relations (15),
(16) and a covalency coefficient o= 0.8 for FeSiFg one
calculates from the ratio of quadrupole splittings in +the
two compounds n., +n_ = 2.8, which is close to the value

y
given in (17)."



