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The complex [Fe(3-bpp),][Fe(CN)s(NO)] (3-bpp = 2,6-bis(pyrazol-3-yl)pyridine) undergoes an abrupt, thermally-
induced 'A, < 3T, spin transition associated with a narrow (~3 K) hysteresis loop (T',,¢ = 181 K; T,,T = 184 K).
The transition is accompanied by a change in crystallographic space group (P4/ncc at 294 K; Pnca at 100 K) along
with a change in the average Fe—N distance of 0.21 A. The complex cation and anion are linked by hydrogen bonding
involving each of the four pyrazolyl-NH moieties of each complex cation and the four equatorial cyano groups of
each anion, resulting in layers of 4,4-nets. The hydrogen bonding remains essentially the same in both phases but the
relative orientations of the cations and anions change significantly to allow for the change in the dimensions of the
complex cation, accounting for the cooperativity associated with the spin change.

Introduction

Salts of the [FeNgJ** derivative of 2,6-bis(pyrazol-3-yl)pyridine
(1) (3-bpp) are spin crossover systems and thus display remark-
able electronic properties resulting from the spin state of the
iron being delicately poised energetically between a singlet ‘A,
(low-spin, LS) and a quintet 5T, (high-spin, HS). The spin state
is sensitive to perturbations in the physical conditions such as
variations in temperature, pressure and light irradiation, as well
as chemical modifications such as variation in the associated
anion and in the degree of hydration in the salts. A number of
salts [Fe(3-bpp),]X,-nH,0 have been characterised and the
general aspect that emerges is that under ambient conditions
the spin state of the hydrated salts is a singlet and that of the
anhydrous is a quintet."* For both species spin transitions are
observed, those for the former occurring above, and for the
latter below, room temperature. Moreover, the nature of the
transitions differs — those for the hydrates being continuous,
while those for the latter are abrupt and associated with thermal
hysteresis. These comments apply where X = BF,”, NCS™,
NCSe™, I". The behaviour of the triflate salt is somewhat dis-
tinct in that it crystallises as a trihydrate (which is essentially
low-spin at room temperature) and this readily loses two mole-
cules of water with the monohydrate being high-spin at room
temperature and displaying a remarkable spin transition curve
which reveals a very abrupt HS — LS change with decreasing,
and a two-step LS — HS change with increasing temperature.
The latter is displaced markedly to higher temperature, leading
to an extraordinarily broad hysteresis loop. The remaining
water molecule is lost at higher temperature but this results,
surprisingly, in the restoration of a LS fraction at room temper-
ature and a continuous increase in this at low temperatures,
without any evident thermal hysteresis when the sample is
cycled through the temperature range.® In addition to these
properties, the relatively long lifetimes (at unusually high tem-
peratures) of photo-induced metastable states of salts of
[Fe(3-bpp),]** place these systems amongst the most remark-
able of spin crossover species.*

It has been proposed that the highly cooperative nature
of the transitions observed in the anhydrous salts and in
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[Fe(3-bpp),][CF;S0O;],H,O arises from propagation of the
structural changes associated with the spin change in the
complex cation throughout the lattice via hydrogen bonding
interactions involving the uncoordinated >NH groups of the
pyrazolyl moieties and the anions (or, for the triflate mono-
hydrate, the anions and the water). The crystal structures of a
number of hydrated salts (LS) have revealed extensive hydro-
gen-bonded networks involving linkage through the pyrazolyl
>NH groups. It has not, however, been possible so far to obtain
the crystal structure of a species in which water has been lost
and a highly abrupt transition results. Obviously, the structure
of such a species would be highly relevant to an understanding
of the likely mechanism for the cooperativity displayed. Crystal
structure determination of these species has been precluded by
breakdown of the crystal lattice accompanying the loss of
water. Structural information has been obtained from EXAFS
measurements but this relates only to the immediate environ-
ment of the metal atom and not to the overall lattice packing.’

Some doubt regarding hydrogen bonding promoting the co-
operativity of the transitions in these systems has arisen in the
light of the properties of the isomeric system [Fe(1-bpp),]X,
(1-bpp = 2,6-bis(pyrazol-1-yl)pyridine (2)) for which hydrogen
bonding of the kind which has been identified in the hydrated
salts of [Fe(3-bpp),J** is not possible. Despite this, the proper-
ties of [Fe(3-bpp),l[BF,], and [Fe(1-bpp),][BF,], are remarkably
similar, both salts undergoing abrupt transitions below room
temperature with associated thermal hysteresis loops.®

It is feasible that the origin of the cooperativity could lie in
aryl-aryl interactions which are facilitated by the 3-bpp systems
adopting a general form of crystal packing for bis(planar-
tridentate)metal systems which allows for offset face-to-face
and edge-to-face interactions.” This packing motif is present in
the structure of [Fe(1-bpp),][BF,], too, although it has been
suggested that for this system the cooperativity may be related
to a partial ordering of the anion orientation near the transition
temperature. Aryl-aryl interactions have been proposed to
account for the cooperativity in other spin crossover systems
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where they are present and where there is no other obvious
means of propagation of the structural changes.® The
determination of the lattice characteristics which promote co-
operativity in spin crossover systems is one of the primary goals
of much current activity in the area since this feature is essential
for molecular bistability, the property which is likely to be
exploited in practical applications of such systems.’

In a continuing effort to understand the origin of the co-
operative nature of the transitions in [Fe(3-bpp),]X, salts one
of our goals has been to obtain structural data for a system
above and below the spin transition temperature. Our previous
efforts have been thwarted principally by the breakdown of the
crystal lattice on loss of water from a hydrated species to give
the cooperative spin transition system. In the present work
we report the properties of [Fe(3-bpp),][Fe(CN)s(NO)]. This
species crystallises from water as an anhydrous compound, is
high-spin at room temperature and undergoes a strongly
cooperative transition to low-spin at low temperature, the
thermally-induced cycle HS — LS — HS enclosing a hysteresis
loop. Moreover it has been possible to grow crystals for detailed
structural analysis, enabling the determination of the structure
above and below the transition temperatures and revealing the
likely origin of the cooperativity.

Results and discussion

Electronic properties of [Fe(3-bpp),l[Fe(CN);(NO)]

The bulk samples of [Fe(3-bpp),][Fe(CN)s(NO)] were obtained
by the slow addition of aqueous sodium nitroprusside solution
to aqueous [Fe(3-bpp),]Cl,. Crystals for the structural analysis
were grown by slow diffusion of these solutions. At room tem-
perature the salt is bright yellow, typical for a species containing
high-spin [Fe(3-bpp),]**, while at low temperatures it is deep
red—brown, characteristic of low-spin species.! The spin transi-
tion in this salt was characterised by the measurement of the
temperature-dependence of the magnetism and the Mdssbauer
spectrum. At 298 K the magnetic moment is 5.4 ug, while at
99 K it is 1.3 ug, indicative of a virtually complete, thermally-
induced singlet (*A,) <> quintet (°T,) transition in this tem-
perature range. The variation in the magnetic moment with
temperature is shown in Fig. 1 which reveals the abrupt nature
of the transition and the appearance of a narrow hysteresis
loop.

Iy
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Temperature (K)
Fig. 1 Temperature-dependence of the magnetism of [Fe(3-bpp),]-

[Fe(CN)s(NO)]. Filled circles: decreasing temperature; open circles:
increasing temperature.
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Table 1 Mdssbauer spectral parameters (mm s™') for [Fe(3-bpp),]-
[Fe(CN)s(NO)]

Ion TIK  AEy" &' re e I
[Fe(3-bpp),J** 298 2.09 096 036 093 253
80 0.65 042 057 093 211

[Fe(CN)(NO)?~ 298  1.84 —028 023 007  3.09
80 190 —022 030 007 @ 2.76

“ Quadrupole splitting. * Isomer shift (relative to metallic iron at 298 K).
¢ Line width at half height. ¢ Area fraction. ¢ Percentage transmission.

From the magnetic measurements the transition temper-
atures are estimated as 7,4 = 181 K and T',,7 = 184 K, giving
the width of the hysteresis loop AT, = 3 K. The actual values
for the transition temperatures were not exactly reproducible
for different samples and showed a variation of about +3 K for
a range of eight independently prepared samples. The variation
in AT ,,, was £ 1 K. This is not considered unusual.'® Moss-
bauer spectral data clearly indicate a change in spin state as the
source of the temperature-variation in the magnetic moment.
The spectra are somewhat more complex than those of other
[Fe(3-bpp),]*" systems previously reported because of the pres-
ence of iron in both the cation and the anion and the partial
overlap of spectral features of each ion. In addition, asymmetry
is evident in the spectra to varying extents. This may arise
from orientation effects or can be ascribed to the Goldanskii—
Karyagin effect. These problems were minimised by the meas-
urement of the spectra of the species containing the cation
enriched to 50% in *'Fe and also that containing the cation
enriched to 100% in **Fe. The former allowed the parameters
due to the cationic species to be determined with good precision
since its contribution dominated the spectrum, while in the
latter the contribution of the nitroprusside ion only was evi-
dent. Relevant spectra are shown in Fig. 2 and the spectral
parameters are listed in Table 1. Those for the complex cation
are consistent with values obtained for previously described
[Fe(3-bpp),]X, systems and those for the nitroprusside ion
are normal (¢f., for example, AE, = 1.88 mm s™' and J;, =
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Fig.2 Maossbauer spectra of [Fe(3-bpp),][Fe(CN)s;(NO)]: (A) at 298 K
(sample enriched to 100% in **Fe); (B) at 298 K (sample enriched to
50% in *’Fe); (C) at 80 K (sample enriched to 50% in 5’Fe).



—0.26 mm s~' for [Fe(bpy);][Fe(CN)s(NO)], a system closely
related to the present one'"). It is evident that the lines in the
spectrum for the low-spin cation are substantially broadened.
This suggests that there may be two doublets present with
essentially the same isomer shift but with slightly different
quadrupole splittings. The presence of two different iron sites at
low temperature, as revealed by the structural data reported
below, could be the origin of the broadening but there is very
little difference in the environment of the two independent iron
atoms.

Structural details

The structure of [Fe(3-bpp),][Fe(CN)s(NO)] was determined at
294 and 100 K, temperatures well above and well below, respect-
ively, the transition temperature. The same crystal was used for
both determinations and was cooled to 100 K over a period of
90 min, the rate of cooling being set slowest in the region of the
transition temperature. The spin transition is accompanied by a
phase transition, the crystal changing from tetragonal sym-
metry at 294 K (space group P4/ncc) to (pseudo-tetragonal)
orthorhombic at 100 K (space group Pnca). There are two
independent cations in the low-temperature structure. Apart
from minor differences within the chelate rings, the geometry
of the two cations is the same. The structure of the complex
cation at 100 K and its atom numbering scheme are shown in
Fig. 3. Changes in the dimensions within the complex cation
accompanying the temperature change reflect the smaller radius
of low-spin iron(1r). Thus at 294 K the average Fe—N distance is
2.174 A, while at 100 K it is 1.958 and 1.959 A for the
two independent cations. The change in average bond length
(0.21 A) is typical for spin crossover systems and is comparable
to the difference found at 294 K for high-spin [Fe(3-bpp),]-
[NCS],2H,0 (average Fe-N = 2.16 A)? and low-spin
[Fe(3-bpp),]I,-4H,0 (average Fe-N = 1.95 A)! and for
[Fe(3-bpp),][BF,], in its high-spin and low-spin phases (Adg. n
is 0.19 A)% determined from EXAFS measurements. The
relevant dimensions are listed in Table 2. Within each complex
cation the HS — LS change is accommodated essentially by a
contraction along the N gpya—FeNeenera aXis. This leads to the
reduction in the Fe-N, i distances and the lower angular
distortion about the iron atom but increased distortion in the
chelate rings, in particular in the angles about the interannular
bridges. Thus at the molecular level the changes in spin state
involve relatively straightforward geometrical changes resulting
from the contraction or expansion along this axis. In all

Fig. 3 ORTEP drawing of one of the two independent molecules of
[Fe(3-bpp),*" in the low-temperature structure, showing the atom
labelling. Thermal ellipsoids are shown at the 20% probability level.

Table 2 Selected bond lengths and bond angles within the chelate
rings in [Fe(3-bpp),][Fe(CN)s(NO)]

294 K 100 K molecule 1 100 K molecule 2

Bond length/A

a 2.189(3) 1.976(2) 1.965(2)
b 2.143(3) 1.933(2) 1.933(2)
c =a 1.967(2) 1.976(2)
Angle/®

a 73.58(7) 79.0(1) 78.6(1)
p =aq 78.9(1) 79.4(1)
y 116.0(2) 116.3(1) 117.6(1)
) 116.8(3) 113.9(2) 112.7(2)
£ 113.7(3) 110.9(2) 111.3(2)
4 119.7(2) 119.8(1) 119.8(1)
n =( 119.8(1) 119.8(1)
0 =¢ 110.8(2) 110.2(2)
1 =0 113.6(2) 115.0(2)
K =y 116.8(1) 115.3(1)

instances each tridentate ligand is essentially planar, the maxi-
mum distance of an atom out of the least-squares best-fit plane
being 0.12 A at 294 K and 0.12 A for complex 2 at 100 K
and 0.14 A for complex 1 at 100 K. At 100 K the iron atom lies
0.07 A out of the ligand plane for complex 1 and 0.08 A for
complex 2. The individual heterocycles were constrained to
planarity in the low-temperature phase but not in the high-
temperature phase where they are close to planar.

The geometry of the nitroprusside ion is unremarkable,
the bond distances being similar to those in other salts of
the anion, perhaps the most relevant comparison being with
[Fe(bpy);][Fe(CN)s(NO)]."* In both the room-temperature
and low-temperature structures the oxygen atom is disordered
about the CN-Fe-N(O) axis and hence a precise value for the
Fe-N-O angle is unavailable.

The most striking feature of the packing of the ions is the
efficient hydrogen-bonding linking the nitroprusside ions
to the complex cations. This results in the build-up of
stacked, puckered sheets of (4,4) nets. Each two-dimensional
hydrogen-bonded network consists of two distinct, alternating
4-connectors: each nitroprusside ion hydrogen bonds to four
separate complex cations; each complex cation hydrogen bonds
to four separate anions. Each of the pyrazole >NH groups
is hydrogen bonded to a CN nitrogen of one of the four
equatorial cyano groups. This is evident in the 294 K structure
represented in Fig. 4(a) which shows two layers viewed down
¢ and Fig. 4(b) which is an enlarged view of the hydrogen bond-
ing of one anion. The NC-Fe-N(O) axis coincides with the
four-fold axis.

The axial CN and NO groups are not involved in hydrogen
bonding. In this structure the hydrogen bonding potential of
the complex cation is very effectively accommodated by that of
the anion, without any involvement of solvate molecules and
this is perhaps why this salt, in contrast to the others previously
described, crystallises from aqueous solution as an anhydrous
compound.

In the less symmetrical low-temperature structure the same
hydrogen bonding interactions are retained but the layers are
modified such that the NC-Fe-N(O) axes are tilted away from a
crystallographic axis (Fig. 4(c) and (d)). The tilt directions are
different in adjacent layers. In contrast, there is no major
change in the orientation of the cations accompanying the spin
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(d)

Fig. 4 The unit cell projection of (a) the room-temperature tetragonal and (c) the low-temperature pseudo-tetragonal (orthorhombic) structure of
[Fe(3-bpp),][Fe(CN)s(NO)]. In both structures, the hydrogen bonded layer is perpendicular to c. (b) and (d) show enlarged views of the hydrogen
bonding of a single anion in each structure. Rotation of the room-temperature structure (a and b) by 45° about ¢ yields views which may be compared

to those of the low-temperature structure (c and d).

transition. This tilting allows the layers to approach one
another more closely than at 294 K, reflected in the observed
increase in density (1.50 and 1.56 g cm ™ at 294 and 100 K,
respectively).

The alignment of the nitroprusside ions in columns along ¢
differs in the two phases. In the high-spin phase they are almost
eclipsed whereas in the low-spin they are distinctly staggered,
the rotation angle of the Fe(CN), plane in alternate layers being
~30° (see Fig. 4(a) and (c)). Fig. 5(a) and (b) illustrate the simi-
larity of the cation chains along ¢ in the two structures, together
with the change in orientation of the anions along the stacks.
In both structures the inter-anion NO --- NC distances are
unusually short (~2.8 A) but this may simply be a corollary of
the packing requirements determined by the strong >
NH._aon * ** NCypion hydrogen bonding. The N-H hydrogen
bonding distances are all ~1.8 A at both temperatures.

In addition to hydrogen bonding there are aryl-aryl inter-
actions involving the cations both within and between the
layers. These interactions are essentially the same at both tem-
peratures. There are edge-to-face interactions between cations
within each layer, where the edge from the pyridyl ring interacts
with two faces, one from each of two ligands on the adjacent
cations. The acceptor faces are pyrazole rings. There are also
edge-to-face interactions with poor geometry between adjacent
cations in each chain. A cycle of four such interactions links
pairs of cations along the chain. It is noteworthy that the
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typical “terpyridine embrace” of many bis(planar tridentate)
systems7 is not present in these structures.

Conclusion

The overall contraction in the molecular dimensions accom-
panying the HS — LS change in [Fe(3-bpp),][Fe(CN)s(NO)]
necessitates an orientational change in the hydrogen bonding
centres on the complex cations. An accompanying change in the
orientation of the nitroprusside ions allows the basic features of
the hydrogen bonding to be maintained. It seems most probable
that this concerted change and the cooperativity of the spin
change are inter-related. In some respects the role of the nitro-
prusside ion in this system, with four equatorial cyano groups
linking the spin transition centres, is similar to that of the
planar tetracyanometallates ((M(CN),*> (M = Ni, Pd, Pt))
which bridge Fe(py),”* units in the Hoffmann-type lattices
which also display cooperative spin transitions,'? the essential
difference being that the bridging is via covalent bonds rather
than the hydrogen bonds of the present system. Some prelimin-
ary studies of [Fe(3-bpp),][M(CN),] salts, which form readily,
have been undertaken but to date structural data have not been
obtained. A structure very similar to that of [Fe(3-bpp),]-
[Fe(CN)s(NO)] would be predicted. Similarly the trans dicarb-
onyl-tetracyanoferrate(ir) ion, [Fe(CN),(CO),]*", which forms
layer-type networks bridged through the cyano groups,'* may



Fig. 5 Comparison of the hydrogen bonding chains of cations and
anions in (a) the room-temperature and (b) the low-temperature
structures viewed along a and the ab diagonal, respectively. Note the
similarity of the cation chains, but the difference in the anion chain at
the two temperatures.

well prove a useful linking moiety for the [Fe(3-bpp),]** species.
Finally it may be anticipated that the nitroprusside salt of the
bis(2,6-bis(1,2,4-triazol-3-yl)pyridine)iron(ir) ion (also a spin
transition system)** would present scope for hydrogen bonding
similar to that of the present system, with the four non-
coordinated >NH groups of each complex cation.

Details of the effects of irradiation on the electronic
properties of [Fe(3-bpp),|[Fe(CN)s(NO)] will be published
separately.'®

Experimental

Preparation of bulk samples of [Fe(3-bpp),][Fe(CN)s(NO)]

In an atmosphere of nitrogen solid 3-bpp (0.43 g, 2 mmol) was
added to a solution of freshly prepared iron(1) chloride tetra-
hydrate (0.2 g, | mmol) in de-aerated water (25 mL) and the
mixture gently warmed until the ligand had all reacted. The
solution was then filtered and a warm solution of sodium
nitroprusside dihydrate (0.6 g, excess) in water (25 mL) was
slowly added. A bright yellow crystalline precipitate of the
product separated almost immediately. This was washed with
cold water and dried in vacuum (Found: Fe, 15.9; C, 46.5; H,
2.9; N, 32.5; Cale. for C,,H,4N;,OFe,: Fe, 16.1; C, 46.7; H, 2.6;
N, 32.3%). Enriched iron(1) chloride was prepared by reaction
of the appropriate iron isotope as metallic iron with a slight
excess of 0.1 mol L' HCI and repeated evaporation of the
solution under nitrogen.

Physical measurements

Maossbauer spectra were recorded with a constant acceleration
spectrometer in transmission mode, together with an Oxford
Instruments cryostat and ITC-4 temperature control unit. The
isomer shift values are relative to the midpoint of the iron spec-
trum at room temperature. The spectral parameters (Table 1)
were extracted from a least squares fit of the data to Lorentzian
line shapes. Magnetic data (corrected for diamagnetic contri-
butions) were collected on a Newport variable-temperature
Gouy balance calibrated with CoHg(NCS),.

Crystallography

Crystals of [Fe(3-bpp),][Fe(CN)s(NO)] were grown by slow
diffusion of solutions of [Fe(3-bpp),|Cl, (prepared in situ as
above) and sodium nitroprusside in separate arms of an H-cell.

Crystal data for room-temperature [Fe(3-bpp),l[Fe(CN)(NO)]

C,,H sFeN,, CsFeNO, M = 694.2, tetragonal, space group
Palnce, a=b=13.346(3), c = 17.273(5) A, V=3077(1) A%, D, =
1.50 g cm™, Z = 4, piygo = 0.991 mm~', 26, = 50°, min. and
max. transmission factors 0.80 and 0.89, T = 294 K. The
number of reflections was 875 considered observed out of 1361
unique data. Final residuals R, R, were 0.034, 0.041 for the
observed data.

Crystal data for low-temperature [Fe(3-bpp),l[Fe(CN)s(NO)]

C,,H sFeN,,sCsFeNO, M = 694.2, orthorhombic, space group
Pncal Pneb twin, a = 18.8716(2), b = 18.8716(2), ¢ = 16.6791(3)
A, V'=5940.1(1) A>, D,=1.56 gcm™>, Z =38, ;o = 1.03 mm ™",
26 1max = 55°, min. and max. transmission factors 0.90 and 0.83,
T =100 K. The number of reflections was 5694 considered
observed out of 7104 unique data. Final residuals R, R, were
0.044, 0.058 for the observed data.

Structure determinations

For the room-temperature structure, reflection data were meas-
ured with an Enraf-Nonius CAD-4 diffractometer in /20 scan
mode using graphite-monochromated molybdenum radiation
(4 =0.7107 A). Data were corrected for absorption using the
analytical method of de Meulenaer and Tompa ¢ and for any
decomposition. Reflections with I > 2g(/) were considered
observed. The structure was determined by direct phasing and
Fourier methods. Hydrogen atoms were included in calculated
positions and were assigned thermal parameters equal to those
of the atom to which they were bonded. Reflection weights used
were 1/6%(F,), with o(F,) being derived from o(l,) = [¢*(1,) +
(0.041,)*]'2. The weighted residual is defined as R, = (ZwA4?*/
SwF ", Atomic scattering factors and anomalous dispersion
parameters were from International Tables for X-ray Crystallo-
graphy.'” Structure solution was by SIR92' and anisotropic
refinement used RAELS." The Fe atom of the cation was
located on a 222 site (3/4, 1/4, 1/4), while that of the anion was
on a 4-fold axis at (1/4, 1/4, z) with disorder of the coordinated
NO.

Data for the low-temperature structure were recorded from
the crystal used for the room-temperature determination. A
Nonius Kappa CCD area detector diffractometer was used
with molybdenum radiation (4 = 0.7107 A). The determination
of the low-temperature structure proved problematic. Absences
were consistent with either twinned Pcna/Pnch or twinned
PncalPcnb. The Z = 8, PcnalPncb option would have the
cations at four non-equivalent sites of 222 symmetry and their
equivalents. The Z = 8, PncalPcnb option would have the
cations at two non-equivalent sites of 2 symmetry, viz. (1/4, 1/2,
z) and (3/4, 1/2, z') and their equivalents. The anions are on a
general position and its equivalents in both instances. The
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z displacement of cations is only allowed by the correct space
group choice.

The final refinement invoked twinning in the orthorhombic
space group Pnca with a twin ratio of 0.497(1) : 0.503. The rings
of each of the ligands of each cation were constrained to be
planar, the four five-membered rings were constrained to be
equal and the two six-membered rings were constrained to have
equal local mm?2 symmetry relative to the Fe to which they were
attached. The anisotropic atom displacement parameters were
refined using rigid body TLX parameterisations. The cations
were site symmetry restricted?® and so 9 parameters per site
were used rather than 15. An extra libration parameter was
used to define the disordered O attached to the N of the anion.

Comprehensive description of the procedures adopted in the
refinement of the low-temperature structure will be published
elsewhere. !

CCDC reference numbers 202880 (294 K structure) and
202881 (100 K structure).

See http://www.rsc.org/suppdata/dt/b3/b301218b/ for crystal-
lographic data in CIF or other electronic format.
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