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The crystal structure of [Fe(bt)o(NCS),] (A) was determined by X-ray diffraction at 293 and at 150 K in order to
analyze the structural changes associated with the spin transition. The space group is P1 with Z = 2 at both
temperatures. Lattice constants are as follows: a = 8.5240(4), b = 11.0730(6), ¢ = 12.5300(8) at 293 K and a
=8.1490(4), b = 11.4390(5), ¢ = 12.1270(6) at 150 K. The iron(ll) atom lies at the center of a distorted octahedron
[FeNg] defined by two bt ligands arranged in a cis conformation. The two remaining coordination positions are
occupied by two isothiocyanate anions. The average bond lengths of 2.159(4) A (293 K) and 1.951(2) A (150 K)
clearly indicate the change in spin configuration. The trigonal distortion parameter ¢ has a value of 9.6° and 5.5°
at 293 and 150 K, respectively. For A, AV = AVsco = 28 A3 per formula unit and is accompanied by a hysteresis
of 10 K. yuT vs T curves at atmospheric pressure for A show an abrupt spin transition with T} = 176 K and T
= 187 K. The thermodynamic parameters associated with the spin transition are AH = 8.4 + 0.4 kJ mol* and
AS = 465 + 3 J K mol™. The thermal dependence of the magnetic susceptibility at different pressures,
0.1-0.91 GPa, points out an unusual behavior, which can only be understood in terms of a crystallographic phase
transition or a change in the bulk modulus of the complex. Polymorph B crystallizes in the C2/c space group with
an average Fe—N bond length of 2.168(2) A and ¢ = 14.7° at 293 K. B remains in the HS configuration even at
pressures of 1.06 GPa.

Introduction properties, dielectric constants, color, and structures. Their

Spin crossover (SCO) has turned out to be a particularly magqetic, (_jielectric, and optical properties may be altered
appealing phenomenon as it offers the possibility of bista- drastically in a narrow range of temperature and. pressure
bility, i.e., that complex molecules may exist in two different fOr cooperative transitions. Furthermore, hysteresis accom-
electronic states at the same temperature. The reversibld?@nies the first-order spin transition (ST) when the structural
change between low-spin (LS) and high-spin (HS) states cha_mges are transmitted cooperatively through the whole
driven by a variation in temperature and pressure or also bySO“d- ) o ) )
light irradiation, mainly observed in pseudo-octahedral iron- ~ Because of their switching properties, the SCO materials
(I) coordination complexes, is up to now one of the best &€ potentially gseful for rewntaple optical, thermal, or
examples of molecular bistability® In the HS and LS states,  Pressure memories at a nanometric s€alélo sum up the

spin crossover compounds have distinct magnetic and optical€quirements that a SCO material must fulfillfor the
construction of devices for displays or recording data, we
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Study of [Fe(bty(NCS),] PolymorphsA and B

can say that abruptness, hysteresis, room-temperature operaddition, their effects are not always consistent from one
tion, change in color, and chemical stability are necessary system to another and in general are not predictable. This is
conditions. Nowadays, prototypes of thermal displays basedparticularly accentuated for monomeric complexes (0D SCO

on the 1D SCO polymeric systems [Fe(4-Ril&}10,),,
[Fe(4-Rtrz)s—s(4-R2trz)s](A) .»-nH,O, and [Fe(4-Rtrz)-
(AY—A%)2'nH0 (4-Rtrz= 4-substituted-1,2,4-triazole) have
been describedl’

systems) as the communication between the SCO centers is
achieved exclusively through intermolecular interactions,
such as hydrogen bonding, aromatie r interactions, sul-
fur—sulfur interactions, and even metallophilic interactions.

During recent years, the search for new SCO functional Despite this, in some cases, it is possible to find correlations
materials suitable for practical applications has stimulated between the structure and the nature of the SC@ne of
synthetic chemists to design and explore the chemical andthe key problems in this kind of rationalization is the lack

physical properties of 1D, 2D, and 3D SCO polym@&rs.

of systematic experimental studies. In polymeric compounds,

In this respect, the development of supramolecular chemistrypartial or total substitution of these intermolecular interactions
and crystal engineering concepts has conveyed much of theby covalent linkage of the metal centers leads to a more
impetus to the search for new SCO polymers. Such inves- predictable control of the cooperative behavior.

tigations have provided among others 3D SCO materials with  Among the 0D SCO systems exhibiting abrupt spin
pressure tunable thermal-hysteresis and baro-hysteresis loopgansitions, the [Fe(bfiNCS)] complex (polymorphA) is

at room temperature3D materials exhibiting photoinduced
spin transitions at room temperatdfeand 1D materials

an illustrative example. Since it was reported by Nelson et
al. in 1976 several publications have appeared in the literature

gathering liquid crystal and spin crossover properties at devoted to the chemical, physical, and structural character-

around 60°C .2t
The occurrence of the SCO and its characteristics (

ization of both polymorphs of the complexes, hereaker
andB.?>728 |t deserves to be noted that one decade elapsed

hysteresis, chromism, etc.) are governed by subtle structuralbetween the first report of the mateffahnd the discovery

and electronic modifications tuned by the crystal packing,

of its polymorphisn¥’ In contrast to polymorphA where

which determines the ligand field strength and the SCO TdJ = 171.2 K andT = 180.9 K, polymorphB does not
behavior. These modifications depend essentially on the exhibit SCO behavior. Special attention has been focused
nature of the ligands, the noncoordinating anions, the solventin the study of the hysteresis effect in polymori332528]t
molecules, and the crystal packing. The complete control of has been stated that the spin transition An(powder)

these variables is a rather difficult task to accomplish. In

(5) Galet, A.; Gaspar, A. B.; Mz, M. C.; Bukin, G. V.; Levchenko,
G.; Real, J. AAdv. Mater. 2005 17, 2949.
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Krober, J.; Jay, CAdv. Mater. 1992 4, 718.
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139, 543.
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Commun 2003 1248.
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J. D. Science2002 298 1762.
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Kooijman, H.; Haasnoot, J. G.; Moscovici, J.; Provost, K.; Micha-
lowicz, A.; Renz, F.; Gtlich, P.Inorg. Chem200Q 39, 1891.

(19) Schweifer, J.; Weinberger, P.; Mereiter, K.; Boca, M.; Reichl, C.;
Wiesinger, G.; Hilscher, G.; van Koningsbruggen, P. J.; Kooijman,
H.; Grunert, M.; Linert, W.Inorg. Chim. Acta2002 339 297.

(20) Bonhommeau, S.; MolnaG.; Galet, A.; Zwick, A.; Real, J. A;
McGarvey, J. J.; Bousseksou, Angew. Chem., Int. Ed. End2005
44, 4069.

(21) Seredyuk, M.; Gaspar, A. B.; Ksenofontov, V.; Reiman, S.; Galyamet-
dinov, Y.; Haase, W.; Renstchler, E.;'tBch, P.Chem. Mater2006
18, 2513.

proceeds as a first-order phase transition involving indepen-
dent domair® of around 56-55 moleculeg® To clarify if
the spin transition is accompanied by a crystallographic phase
transition or not is still an open question, as temperature-
dependent crystal structure determinations have not yet been
reported. In contrast, Misbauer experiments up to pressures
of 0.2 GPa performed oA28 have shown the occurrence of
a linear decrease iMATc)Y? with pressure as well as an
increase in the HS fraction measured at low temperature with
the increasing pressure.

We report herein the crystal structure determinatio of
at 150 K and a detailed analysis of the unit cell volume in
the spin transition region. Structural reinvestigations of both
polymorphsA andB at 293 K and the influence of hydro-
static pressures up to 1 GPa on the spin crossover properties
are also discussed.

Experimental Section

Materials. FeCh-4H,0O, KNCS, and absolute ethanol were
purchased from commercial sources and used as received. The 2,2
bithiazoline was synthesized as described in the liter&fure.

(22) Nelson, J.; Nelson, S. M.; Perry, W. D.Chem. Soc., Dalton Trans.
1976 1282.

(23) Bradley, G.; McKee, V.; Nelson, S. M.; Nelson,Jl.Chem. Soc.,
Dalton Trans.1978 522.

(24) Konig, E.; Ritter, G.; Irler, WInorg. Chim. Actal979 37, 169.

(25) Muller, E. W.; Spiering, H.; Gtlich, P.J. Chem. Physl983 79, 1439.

(26) Kulshreshtha, S. K.; Sasikala, R.;#g, E. Chem. Phys. Lettl986
123 215.

(27) Ozarowski, A.; McGarvey, B. R.; Sarkar, A. B.; Drake, J.forg.
Chem.1988 27, 628.

(28) Konig, E.; Ritter, G.; Grasteudel, H.; Dengler, J.; Nelson,ldorg.
Chem.1994 33, 837.
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Synthesis of [Fe(bt}(NCS),] (A and B). The synthetic method Table 1. Crystal Data for Polymorphs andB

used in the synthesis of [Fe(RHINCS)] (A) and [Fe(bt)(NCS)] A (293 K) A(150K) B (293 K)
(B) varies slightly from that described by Ozarowski et’alhe

synthesis was carried out under an argon atmosphere. To a solutior\t\cfvrmma &%HQZNGSGFE)
of FeCb-4H;0 (0.2 g, 1 mmol) in absolute ethanol (15 mL) was  ¢rystal system triclinic triclinic monoclinic
added an ethanolic solution (15 mL) of KNCS (0.2 g, 2 mmol). space group P1 P1 C2/lc
The solution was stirred for 15 min, and the resulting precipitate a(ﬁ) 8.5240(4) 8.1490(4)  18.7470(8)
(KCI) was filtered off. The colorless solution containing Fe/NCS b (A) 11.0730(6) 11.4390(5)  10.7970(5)
} i X c(A) 12.5300(8) 12.1270(6)  11.6000(5)
(1:2) was heated to 46C and added dropwise to a hot solution ¢ (geg) 96.816(3) 93.516(2)
(40°C) of 2,2-bithiazoline (0.26 g, 1.5 mmol) in absolute ethanol g (deg) 91.811(3) 95.411(2)  117.439(2)
(25 mL) changing the color of the solution to violet. The quickly 7 (degg) 106.256(2) 107.400(2)
formed precipitate was filtered off, and the solution was heated Y (A°) ;124-74(11) 21069-12(9) . 837.5(4)
until reduced to one-third of the total vglyme. Next, it was allowed De (mg cnm?) 1525 1,605 1.646
to evaporate under argon for 1 week, giving crystal& ¢é¢longated F(000) 528 528 1056
black parallelepipeds) arii (black octahedral with cutoff corners)  u (Mo Kq) (mm™) 1.239 1.304 1.338
suitable for X-ray studies. Results farfollow. Yield: 50%. Anal. crystal size (mm) 0-058 8-906 0-056 8-906 0-046 8-605
. . . . X U. X U. X U.
Calcd.for C14H1.6N686Fe. C, 32.56; H, 3.10; N_, 16..28.0Found. C, temperature (K) 203(2) 150(2) 203(2)
32.71; H, 3.14; N, 16.47. Results fBrfollow. Yield: 30%. Anal. no. of total reflections 5092 4769 2355
Calcd for G4H16NeSsFe: C, 32.56; H, 3.10; N, 16.28. Found: C, no. of reflections[ > 20(1)] 2880 3968 2050
32.43; H, 3.09; N, 16.11. Ra [l > 20(1)] 0.0569 0.0392 0.0285
: ; : ; : wReb 0.1254 0.1040 0.713
X-ray Crystallographic Study. Diffraction data for all com 1,060 0.097 0.997

plexes were collected with a Nonius Kappa-CCD (charge-coupled
device) single-crystal diffractometer using MaxKadiation ¢ = bWa—RllEUZZ(L‘FZ(iI-:(E% Igr IESI]; vmzzp[z_[vg'(fgi—zgc%)g/_ Zm[iv(gzg);lzl ;’z
0.71_0 7_3_ A). A multiscan absqrptlon correction was found to have (293 K)) 0'0%661 (150 K)), and 0.05822): ;ndn 200'0670 1293 K)).
no S|gn|f|car_1t effect on the re_flnement results. The str_uctures WETe () 3023 ( (150 K)), and 9.53542).

solved by direct methods using SHELXS-97 and refined by full-

matrix least-squares d¥? using SHELXL-972° All non-hydrogen

. . : K for A. ComplexesA andB crystallize in the triclinic and
atoms were refined anisotropically.

Differential Scanning Calorimetry (DSC). Calorimetric mea- monopllnlc space groups!?l and C2fc, .rESpeCtlvely' A
surements have been performedfnsing a differential scanning §elept|on _Of crystallographic dat‘?" bond dlstances,_and angles
calorimeter (Mettler Toledo DSC 821e). Low temperatures were 1S given in Tables 1 and 2. Figures 1 and 2 display the
obtained with an aluminum block that was attached to the sample Mmolecular structure of polymorpA and B, respectively,
holder, refrigerated with a flow of liquid nitrogen, and stabilized together with the corresponding atom numbering scheme.
at a temperature of 110 K. The sample holder was kept in a drybox The structure of both is made up of discrete neutral [Fe-
under a flow of dry nitrogen gas to avoid water condensation. The (bt),(NCS)] units. The iron(ll) atom lies at the center of a
measurements were carried out using around 20 mg of a powderedjjistorted octahedron [FgN defined by two bt ligands

sample sealed in aluminum pans with a mechanical crimp. grranged in a cis conformation. The two remaining coordina-
Temperature and heat flow calibrations were made with standard 4, positions are occupied by two isothiocyanate anions

samples of indium by using its melting (429.6 K, 28.45J)g a4 593 K the trigonal distortion parametgthas a value of
transition. An overall accuracy of 0.2 K in the temperature and ' . .
9.6° and 14.7 for A andB, respectively, which denotes a

2% in the heat capacity is estimated. . . .
Magnetic Susceptibility Measurements under Hydrostatic stronger distortion from the octahedron toward a trigonal

Pressure. Variable-temperature magnetic susceptibility measure- Polyhedron inB. (The average trigonal distortion parameter,
ments were performed on small single crystals by using a Quantum®, can be defined ag = 3 (|60 — 0])/24, wheref represents
Design MPMS2 SQUID susceptometer equipped with a 5.5 T the trigonal angles defined by two opposed faces of the
magnet and operatingt & T and 1.8-375 K. The hydrostatic octahedron, giving a total of 24 trigonal anglés.)

pressure cell made of hardened beryllium bronze with silicon oil
as the pressure transmitting medium operates in the pressure rangé1) él:\ﬂehl,llé-é Ki§5|, (135-:6%<d1|er, C. P.; Spiering, H.; Glich, P. Inorg.
10°Pa< P < 1.2 GPa (accurac.}t 0.'025 QPa). Cy“ndrlca“y_ (32) ReZTj. A.?Gailois, B..; Granier, T.; Suez-PanafmaZarembowitch,
shaped powder sample holders with dimensions of 1 mm in diameter™ " j |norg. Chem1992 31, 4972. (b) Ksenofontov, V.: Gaspar, A. B.:
and 5-7 mm in length were used. The pressure was measured using Levechenko, G.; Fitzsimmons, B.;@ah, P.J. Phys. Chem. B004

the pressure dependence of the superconducting transition temper-__ 108 7723.

ature of a built-in pressure sensor made of high purity®din. o) g{g'%’ﬂf Ksenofontov, V.; Gaspar, A. Eoord. Chem. Re 2005
Experimental data were corrected for diamagnetism using Pascal’s(34) Ksenofontov, V.; Gaspar, A. B.; ®ich, P. Top. Curr. Chem2004

constants. 235 23. o
(35) Usha, S.; Srinivasan, R.; Rao, C. N.Ghem. Phys1985 100, 447.
Results (36) Kbohler, C. P.; Jakobi, R.; Meissner, E.; Wiehl, L.; Spiering, H{l&h,

P.J. Phys. Chem. Solids99Q 51, 239.

Crystal Structure of A and B. Crystal structure deter- ~ (37) Romstedt, H.; Hauser, A Spiering, 8. Phys. Chem. Solid998
. . 59, 265.
minations were performed at 293 K férandB, and at 150 (38) Adler, P.; Wiehl, L.; Meissner, E.; Kier, C. P.; Spiering, H.; Glich,
P.J. Phys. Chem. Solidk987, 48, 517.
(29) Sheldrick, G. M. SHELX97: Program for Crystal Structure Deter- (39) (a) Knig, E.; Madeja, K.Inorg. Chem 1967, 6, 48. (b) Kinig, E.;

mination. University of Gottingen, Germany, 1997. Madeja, K.; Watson, J. KJ. Am. Chem. So0d.968 90, 1146.
(30) Baran, M.; Dyakonov, V. P.; Gladczuk, L.; Levchenko, G. G.; Piechota, (40) Gallois, B.; Real, J. A.; Hauw, C.; Zarembovitch,ldorg. Chem.
S.; Szymczak, GPhysica C1995 241, 383. 199Q 29, 1152.
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Study of [Fe(bty}(NCS),] PolymorphsA and B

Table 2. Selected Bond Lengths (A), Intermolecular Contacts (&), and
Angles (deg) forA andB

A(293K) A (150K) B
Fe-N(1) 2.211(3) 1.954(2) 2.2235(2)
Fe-N(2) 2.200(3) 1.961(2) 2.199(2)
Fe—-N(3) 2.239(3) 1.954(2)
Fe-N(4) 2.177(3) 1.961(2)
Fe-N(5) 2.068(4) 1.938(2) 2.082(2)
Fe—N(6) 2.059(4) 1.940(2)
average FeN distance 2.159(4) 1.951(2) 2.168(2)
N(1)—Fe—N(2) 74.11(12) 80.48(8) 74.72(6)
N(1)—Fe-N(3) 89.97(12) 96.15(8)
N(1)—Fe-N(4) 95.23(13) 95.10(8)
N(1)—Fe—N(5) 162.60(13)  171.07(8) 162.44(7)
N(1)—Fe—N(6) 89.04(14) 86.51(8)
N(2)—Fe-N(3) 88.55(12) 93.19(8)
N(2)—Fe—N(4) 159.34(14)  171.42(8)
N(2)—Fe—N(5) 88.55(13) 91.19(8) 87.72(7)
N(2)—Fe—N(6) 106.11(13) 94.93(8)
N(3)—Fe-N(4) 73.54(12) 79.90(8)
N(3)—Fe-N(5) 88.07(13) 87.47(8)
N(3)—Fe—N(6) 164.41(13) 171.77(8)
N(4)—Fe—N(5) 100.78(13) 93.57(8)
N(4)—Fe—N(6) 91.06(14) 92.12(8)
N(5)—Fe—N(6) 97.4(2) 91.03(8)
S-S contacts A(293 K) A (150 K) B
S(5p---S(1) 3.340(2) 3.2719(8)
S(6f++-S(2) 3.941(2) 3.597(9)
S(6Y-+S(6) 3.908(3) 4.1783(11)
S(5y---S(3) 4.576(2) 3.8415(11)
S(5F---S(4) 4.028(2) 3.6434(10)
S(2)--S(1) 3.7954(7)
S(3p-+-S(2) 3.8080(7)
S(3)---S(1) 3.3863(7)
S(2)-++S(2) 3.4883(9)

al+x1+y,zPl1—-x1-y2—-z°¢—x1—-y,1—-z91+xy,
zel—-x-y,1-z"1-x-y,1-291—-x1-y,1—z"x+1/72,
12—y, z+12."1—x,y,32— 2

ForA, at 293 K, the Fe'N bond lengths involving NCS
groups [Fe-N(5) = 2.068(4) A and FeN(6) = 2.059(4)
A] are much shorter than those involving the bt ligands{Fe
N(1) = 2.211(3) A, Fe-N(2) = 2.200(3) A, Fe-N(3) =
2.239(3) A, Fe-N(4) = 2.177(3) A]. These bond distances
are typical for iron(ll) complexes in the high-spin state, in

agreement with the magnetic measurements at room tem

perature. The isothiocyanate ligands are almost linear fN(5)
C(13)-S(5)=178.9(2) and N(6)-C(14)-S(6)= 178.1(2)]
and slightly tilted with respect to the corresponding—e
N(5) and Fe-N(6) bonds by 16.2and 1.2, respectively.

(41) Matouzenko, G. S.; Bousseksou, A.; Lecoq, S.; van Koningsbruggen,
P. J.; Perrin, M.; Kahn, O.; Collet, Anorg. Chem.1997, 36, 5869.

(42) (a) Moliner, N.; Gaspar, A. B.; Mgz, M. C.; Niel, V.; Cano, J,;
Real, J. A.Inorg. Chem 2001, 40, 3986. (b) Gaspar, A. B.; Mioz,
M. C.; Moliner, N.; Ksenofontov, V.; Levchenko, G.; @ich, P.; Real,
J. A. Monatsh. Chem2003 134, 285.

(43) Thompson, A. L.; Goeta, A. E.; Real, J. A.; Galet, A.; ManM. C.
Chem. Commur2004 1390.

(44) Hauser, A.; Gtlich, P.; Spiering, HInorg. Chem.1986 25, 4245.

(45) Ksenofontov, V.; Spiering, H.; Schreiner, A.; Levchenko, G.; Goodwin,
H. A.; Gitlich, P.J. Phys. Chem. Solids999 60, 393.

(46) Ksenofontov, V.; Levchenko, G. G.; Spiering, H.;tl&h, P.; L&ard,
J. F.; Bouhedja, Y.; Kahn, GChem. Phys. Lettl998 294, 545.

(47) Guionneau, P.; Brigouleix, C.; Barrans, Y.; Goeta, A. Efak@, J.-
F.; Howard, J. A. K.; Gaultier, J.; Chasseau,@.R. Acad. Sci. Paris
Chemie/Chemistrg001, 4, 161.

(48) Guionneau, P.; Marchivie, M.; Garcia, Y.; Howard, J. A. K.; Chasseau,
D. Phys. Re. B 2005 72, 214408.

(49) Purcell, K. FJ. Am. Chem. Sod.979 101, 5147.

S(5)

Figure 1. OTERP diagram of [Fe(bf)NCS)] polymorph A at 293 K
with the corresponding atom numbering scheme. Displacement ellipsoids
are shown at 50% probability levels.

Figure 2. OTERP diagram of [Fe(bfjNCS)] polymorph B at 293 K
with the corresponding atom numbering scheme. Displacement ellipsoids
are shown at 50% probability levels.

This crystal data at 293 K foA agrees very well with the
earlier findings reported in ref 28.

The crystal packing oA can be described as formed by
chains of monomers running parallel to the [110] direction.
Figure 3 displays a view of the crystal packing along the
[100] direction. Within a chain, there are very short-S
intermolecular contacts established between the atom S(1)
of the bithiazoline ring and the atom S(&f the isothiocy-
anato group of a consecutive complex molecule. The distance
S(1y-+S(5) = 3.340(2) A is remarkably shorter than the sum
of the van der Waals radii of two S atoms (3.7 A), indicating
the occurrence of strong-SS interactions. There are also
four much weaker &-S contacts between the chains, ranging
3.908(3)-4.576(2) A (Table 2).

No change in the space group occurs at 150 K in this
polymorph. At 150 K, an average bond length of 1.951(2)
A clearly denotes the change in the spin configuration. The
more symmetric octahedral coordination sphere inherent
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Figure 3. View of the crystal packing oA in the (b, c) plane. The intermolecular-8S contacts between mononuclear units in all directions are denoted
as dotted lines.
to the LS configuration is also reflected in the angles where withh 5 K the volume is reduced by 563%and
N(1)—Fe—N(5), N(2-Fe—N(4), and N(3-Fe—N(6), their remains constant down to 150 K (1068)AThe volume cell
average being 171.42(8)§162.12(14) at 293 K). Indeed,  variation shows ca. 10 K of hysteresis width, like that
the trigonal distortion parameteris equal to 5.5in the LS observed in the magnetic susceptibility as well as in the heat
state. The S-S contacts become notably shorter at this capacity (vide infra). At 180 K, the volume again reaches
temperature: S(1)S(5) = 3.2719(8) A, S(2)-S(6) = 1123 A (HS configuration). The change in volurde/ of
3.597(9) A, S(3)-S(5)Y = 3.8415(11) A, S(4)-S(5Y = the unit cell can be separated into two contributions: the
3.6434(10) A, and S(6»S(6)' = 4.1783(11) A. As a  volume changeAVsco, resulting from the spin crossover
consequence, the cell parametexsand ¢ contract by and the lattice thermal contractiak\V.3! Figure 4b repre-
0.3713(9) and 0.4030(2) A, respectively, andxpands by  sents the thermal variation of the lattice parameters. As can
0.3659(9) A (Table 2). be seen, the thermal contraction (expansioAV+) is
Figure 4a illustrates the variation in the unit cell volume negligible between 293 and 190 K, asb, andc remain
as a function of the temperature, in the cooling and warming constant; only in the vicinity off, does an appreciable
modes, which has been derived from multitemperature X-ray modification of the cell parameters take place. Therefore,
single crystal determinations successfully performed on this the AV = 56 A3 can be considered to be equal A¥sco,
polymorph. At 200 K, a volume of 11233Andicates a HS  which corresponds to 283%ber formula unit. TypicalAVsco
configuration for the Fe(ll) ions. Practically no change in values are in the range £30 A3 for most mononuclear and
the volume is observed until the vicinity d&l (=170 K), polynuclear compounds:3132
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As far as the molecular structure of polymorjgh is
concerned, it is very similar to that of polymorgh The
average bond length, 2.168(2) A, is just 0.009(4) A larger
than that observed foA at 293 K. The major difference
between both polymorphs is found to be the parameter of
trigonal distortiong, which is 5.F greater foB (¢ = 14.7).

The crystal packing oB is rather different from that of
polymorphA (Figure 5). Each complex molecule interacts
with its four nearest neighbors through six strong, short
S+++S contacts (four S(1)»S(3Y = 3.3863(7) A and two

S(2)y+-S(2)¢ = 3.4883(9) A) defining corrugated layers,
which lie in theac plane and stack along thedirection.

The planes are related by the{ 1/2,y + 1/2, 0) symmetry

operation.

Magnetic Properties of A and B under Applied Hy-
drostatic Pressure. The thermal dependence of theT
product v is magnetic susceptibilityT is temperature)
performed at 1 bar (POPa) for A is depicted in Figure 5
together with the thermal dependence of the heat capacity,
C,, obtained from DSC (differential scanning calorimetry)
measurements. The critical temperature at which the spin
transition arises for the cooling and warming modgs=
176 K andT/ = 187 K, matches very well with that re-
ported in the literaturé>2” The thermodynamic parameters
evaluated from differential scanning calorimetry measure-

ments,AH = 8.4 + 0.4 kJ mot! andAS= 46.54+ 3 J K

(b) . .
Figure 4. (a) Volume change in the unit cell as a function of the temperature MOl 1, are in agreement with those reported by Kulshreshtha
et al?t

for A. (b) Temperature dependence of the lattice parametebs and c

for A.

Figure 5. View of the crystal packing oB in the (g, c) plane. The intermolecular-8S contacts between mononuclear units in all directions are denoted as

dotted lines
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100 120 140 160 180 200 220 240 Figure 8. (a) Temperature-dependent magnetic susceptibility measure-
T(K) ments performed at 0.19, 0.22, and 0.34 QPaAchrate o_f measurements:
1 K/min). (b) xmT vs T at 0.19 GPa; the first hysteresis cycle is denoted
Figure 7. Temperature-dependent magnetic susceptibility measurementswith black triangles and the second hysteresis cycle as a gray rhombus.
performed at 1®Pa, 0.10 GPa, and 0.16 GPa fo(rate of measurements:

1 K/min). 35
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The pressure influence on the spin transition behaviors of
A andB was monitored by performing magnetic susceptibil-
ity (ym) measurements at the rate of 1 K/min. Figure<l6
show a representative set of such measurements expressed
as the thermal dependence of thgl product at different
pressures.

Figures 7 and 8 display the magnetic behaviorAot
relatively low pressures, ca. 6:0.34 GPa. FoP = 0.1 GPa, e
the transition remains steep and the critical temperature for 0 50 100 150 200 250 300
the cooling and warming modes changdg: = 171 K and T(K)

T/ = 195 K, respectively. Surprisingly, the thermal hysteresis Figure 9. Temperature-dependent magnetic susceptibility measurements
dramatically increasesAT ~ 24 K. This change in the performed at 0.54, 0.74, and 0.91 GPa for(rate of measurements: 1
hysteresis loop is still much more pronounced at pressures
of 0.16 GPa. Indeed, th&/ is shifted downward, being at 0.19 GPa. As can be seen, the width of the hysteresis is
centered at around 157 K, afd is equal to 208 K AT ~ reduced by around 23 K in the second cycle. Such a decrease
51 K). Another remarkable fact is the decrease in abruptnessin the hysteresis width with the increasing number of cycles
of the spin transition in the cooling mode, in contrast to the has been observed also at 0.16 and 0.22 GPa.

transition in the warming mode, which remains steep. A When the pressure reaches 0.22 GPa, surprisingly, the spin
further increase in the pressure up to 0.19 GPa results in antransition resembles that observed at P@; however, it is
increase in the hysteresis loop widihT ~ 71 K); the spin shifted upward and loses its original well-defined square
transition in the cooling mode becomes more gradual in shape. The hysteresis widtil ~ 14 K (T = 210 K and
comparison with that observed at 0.16 GPa. It is also worth T, = 224 K) is similar to that observed at atmospheric
noting the increase in the residual HS fraction as the pressurepressure AT ~ 11 K). Increasing the pressure to 0.34 GPa
increases. In this respect, the percentage of molecules in therovokes a drastic change in the spin crossover behavior.
HS state at low temperature (5 K) and at Ba inferred At 210 K, the spin transition appears quite steep with a 20
from the yuT value is ca. 9%, and it is 16% at 0.19 GPa. K hysteresis loop; however, below ca. 190 K, it transforms
Figure 8b depicts the hysteresis cycle experiments performedinto a gradual one with ca. 30% of molecules remaining in

N
o
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35 HS configuration and agrees withyaT of 3.20 cni K mol—*

(Figure 10). The magnetic properties of the complex at
1.06 GPa atmospheric pressure are identical to those observed at 1.06

ﬁ GPa. Consequently, no spin transition is observed under such

° a relatively high pressure. The decreasgui below 50 K

is due to the zero field splitting of the iron(ll) ions in tise

= 2 state.
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| . . . : The effect of polymorphism on the SCO behavior has been
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known since the first studies on the classical system [Fe-

T(K) . "
Figure 10. Temperature-dependent magnetic susceptibility measurements(L)Z(NCX)Z],’_ Where L is phen (Xg_ S, Se) OI: 2,2bipy (X
performed at 1.06 GPa fd (rate of measurements: 1 K/min). = S), by Kinig and co-worker$? In these instances, the

difference between polymorphs arises from the different
the HS state at low temperature. A further increase in the preparative methods used (extracted, precipitated, etc.), which
pressure to 0.54, 0.74, and 0.91 GPa discloses the appearanggfluence the abruptness and the residual HS molecules at
of a new stable phase in which only 50% of the Fe(ll) ions temperatures beloW.. For instance, the so-called polymorph
undergo a spin transition (Figure 9). Seemingly, the trans- | of the phen derivative, obtained from [Fe(phg@CX)-
formation to the new phase is completely accomplished at via Soxhlet extraction with acetone for ca. 3 weeks, displays
0.74 GPaT]_/zQ’/ 120 K). In fact, at 0.91 GPa, the percentage a Comp|ete and quite abrupt SCO Rt~ 176 K with a
of molecules showing a change in the spin state remainshysteresis of 1 K. In contrast, the precipitated form (poly-
constant andy; is shifted to 145 K. Reversibility of these morph ||) is less Cooperative_ It disp|ays a very narrow
measurements was checked after completely relaxing thehysteresis, and around 16% of molecules remain HS below
pressure because the magnetic behavigk af 10 Pawas T, ~ 177 K. Magnetic and crystallographic studies on single
perfectly reproducible. Moreover, the magnetic behavior of crystals, obtained 20 years later from slow diffusion methods,
A in the range 19Pa to 0.74 GPa was investigated in two confirmed that the precipitated form and the single crystals
independent experiments obtaining exactly the same reSU'tSCorrespond to the same po|ymorph 1 (Space gerpr)_‘lO
The pressure dependence ©{P) can be expressed as However, as far as we know, the first structurally character-
follows: ized example of polymorphism in an iron(Il) SCO compound
corresponds to the system [Feftt)CS)].%” Soon after, other
T(P) = To+ P(AV, JASy) @ important examples of structurally characterized polymor-
phisms appeared in the literature, such as the three poly-
morphs of thefac[Fe(dppa)(NCS)] complex (dppa=
dTJdP = AV, /AS,, ) 3-aminopropyl)bis(2-pyridylmethyl)amin®) and the two
polymorphs of the system [Fe(abgCX);] (abpt =
In general, SCO systems follow this linear dependence of 4-amino-3,5-bis(pyridin-2-yl)-1,2,4-triazole and % S or
T(P) versusP.233 Furthermore, the mean field theory of Se)*? In the former system, polymorphA (P1) presents a
phase transitions in SCO compounds predicts a decrease irBCO withT, ~ 150 K, polymorphB (P2,/c) is paramagnetic,
the hysteresis width and in the slope of the transition curve and polymorphC (Pbcg undergoes an abrupt SCO centered
with increasing pressur&.3 The hysteresis vanishes at a at 116 K with 8 K ofhysteresis width. The asymmetric unit
critical pressure, and at even higher pressures, the transitiorcells of the three polymorphs are almost identical and consist
transforms into a second-order gradual phase transition.of one chiral complex molecule with the same configuration
However, there are several SCO systems in which the effectand conformation. The main differences between the struc-
of pressure on the SCO behavior cannot be adequatelytures of the three polymorphs are found in their crystal
described by this theoi?:3* Occurrence of structural phase packing. The stabilization of the HS configuration for
transitions and a change in the bulk modulus of the materials polymorphB is tentatively explained by the presence of two
under applied pressure has been proposed for the anomalousenters of steric strain in the crystal lattice resulting in the
behavior observed, e.g., an increase in the hysteresis widthelongation of the FeN (aromatic) distance. The observed
and nonlinear hysteretic behavior Bf(P) versuspP.533:34:45 hysteresis in polymorp@ has been attributed to the existence
The response of polymorpA under applied pressures is of an array of intermolecular contacts in the crystal lattice
quite unexpected and only can be understood in terms of amaking the spin transition more cooperative than polymorph
crystallographic phase transition or a change in the bulk A. For the latter system based on the abpt ligand, there are
modulus of the material. An understanding of such unex- two polymorphs, which crystallize in the monoclinic space
pected pressure effects will be possible from crystal structure group P2:/n). These complexes are very similar; however,
determination under applied pressure and, of course, atthere are two significant differences: (i) the average Re
variable temperature. bond distance is shorter for polymorghby 0.03 A, and
At 293 K, the bond length average for compouBds (i) the dihedral angle defined by the uncoordinated pyridyl
2.1684(17) A, which indicates that the compound is in the group with the rest of the abpt ligand is 8.8 polymorph

or
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A, indicating that this molecule can be considered almost AVsco is an unexpected observation for a monomeric
planar, whereas this angle is 34.fr polymorphB. The compound undergoing strongly cooperative spin transition
quasi-planarity of polymorptA molecule stems from the because usuallyt decreases noticeably from room temper-
formation of an intramolecular hydrogen bond between the ature because of the thermal contraction (dilati@i}:*4In
nitrogen atom of the uncoordinated pyridyl group and the contrast,AVsco falls into the upper limit range of values
hydrogen atom of the 4-triazole-amine group. This singularity expected for iron(ll) complexes (80 A?)3133132peing
also dictates the distinct crystal packing. Thus, although 36% bigger than that observed for the classical system [Fe-
polymorphA defines a one-dimensional array of molecules, (phen}(NCS)] polymorph Il, whereAVscois 18 A3332n
a two-dimensional array is observed for polymorph the latter systemAV andVr per complex molecule are 35.7
Polymorph A undergoes SCO, and polymorgh (NCS™ and 17.7 A, respectively. Consequently, almost 50% of the
derivative) remains HS up to ca. 0.4 GPa and successivelyvolume change is due to the thermal contraction (dilation)
undergoes a more complete spin conversion with higher and takes place progressively in a large interval of temper-
characteristic temperaturé,». It is worthwhile mentioning atures (306-130 K). In contrast, the change in the volume
that the SCO behavior of this polymorfihat 1.05 GPa is  observed irA occurs just aroundl; where the cell parameters
similar to that of polymorpf at 1¢ Pa. A singular example a, b, and ¢ experience a change similar in magnitude
of polymorphism has been reported recently for the system (0.3750(4), 0.3660(6), and 0.4030(8) A, respectively) but
{Fe[H:B(pz)]-pher} ([H:B(pz)] = dihydrobis(pyrazolyl)- different in sign, becausk expands ané andc contract.
borate), where the photo-induced and thermal-induced HSThis correlates quite well with distribution along the three
states display different structures and consequently differentdirections of the strongest and the weakest intermolecular
polymorphs® This system was found to be in th&2/c S+-+S contacts, respectively. The former contacts are found
monoclinic space group at 200 K where the compound is to be within thea + b direction with a major component in
HS, but to undergo a loss of symmetry to a related primitive b, and the latter contacts along theand ¢ directions. In
structure (P), with a unit cell volume approximately half  [Fe(phen)(NCS)] polymorph Il, strongz—x interactions
that of the HS when the compound is cooled just below  are observed in thea( b) plane and are mainly oriented in
~ 160 K. This loss of lattice symmetry when the system the b direction (ten G--C contacts ranging 3.468.52 A),
goes from the HS configuration to the LS one leads to the and only one contact is observed in thdirection (S--C =
loss of theC, molecular symmetry, a fact that probably favors 3.36 A). Thermal variation om, b, andc parameters shows
the observation of thermal hysteresis. Interestingly, when the strong anisotropy according to the distribution of the
LS form is irradiated with red light at 30 K, it transforms intermolecular contacts. In fa@,contracts drastically around
into a second HS polymorph without ti& molecular axis T. (0.391(2) A), whereas slightly contracts from 300 K
(P1). until T, after which it expands during the spin transition
In the present work, the synthetic method followed to but ends in a total contraction at 130 K of 0.073(2) A. The
obtain both polymorphs of the [Fe(BiNCS)] system is parametec continuously contracts by 0.258 A in the whole
slightly different from that reported by Ozarowsky et?al.  temperature range investigated (3080 K).
These authors obtained polymorf@tfrom slow evaporation Despite the fact that compourdand [Fe(phenNCS))]
of warm (78°C) ethanol solutions; polymorp crystallizes polymorph Il show similar spin crossover parameters (
from evaporation of ethanol solutions at room temperature. AH, AS, AV) and strong intermolecular interactions and
However, we have shown that crystals of both polymorphs, remain in the same space group whatever the temperature,
elongated black parallelepipeds and black octahedrons withtheir response to applied hydrostatic pressures is dramatically
cutoff corners, foA andB, respectively, can also be obtained different. In [Fe(phenYNCS)] polymorph Il, as pressure is
by slow evaporation of ethanol solutions at room temperature. increased, the transition curve shifts to higher temperatures
The abrupt spin transition taking place within a few Kelvin with an average dependency of 220 K/GPa. With the
accompanied with a 10 K hysteresis loopAncould occur application of pressure, the narrow hysteresis loop disappears
concomitantly with a crystallographic phase transition like and the transition curves become gradual. At pressures
that observed fof[Fe(ptz)](BFJ)2}** or in { Fe[H.B(pz)]2- around 0.6 GPa, the sample is mostly in the LS state at room
pher}*3 among other$.However, it is also well-known that  temperaturé2® Meanwhile, the response of polymorgh
abrupt spin transitions are observed without a change in theunder applied pressure is quite unusual and can only be
crystallographic space group, as in [Fe(ph@ES)].5**The understood in terms of the occurrence of a crystallographic
crystal structure determination performed at 150 K Aor  phase transition or a change in the bulk modulus of the
has demonstrated that no change in the space group takematerial, as has been proposed for [Fe(pli€)O.,),,*° [Fe-
place concomitantly with the change in the spin configura- (PM-Bia)(NCS)],*6 and{Fe(pmd)(HO)[Ag(CN),]2} -H,0 5
tion. Moreover, multitemperature X-ray determinations in For these systems, an increase in hysteresis width, crystal-
A have shown that the volume variation of the unit cell due lographic phase transitions, and nonlinear hysteretic behavior
to the thermal contraction (dilationYy, is negligible in the of T¢(P) versus pressure, respectively, have been reported.
measured temperature range. Hence, the variation of theln order to gather deeper insight of such unexpected pressure
volume of the crystal and that attributed to the SCO processeffects, crystal structure determination under applied pressure
is the sameAV = AVsco = 28 A3 per formula unit and is  and, of course, at variable temperatures would be necessary.
accompanied by a hysteresis of 10 K. The fact iNgt= However, the experimental difficulties involving pressure and
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temperature-dependent crystal structure determinations arghe bond length and the trigonal distortion parameter between
well-known. Nowadays, high-pressure structural properties A andB are 0.009 A and 5°1 it should be expected that
of only three SCO Fe(ll) systerf¥s” and one SCO Mn(lll) pressures as high as 1.0 GPa should induce the change in
complex have been reportéd. the spin configuration. Therefore, the hypothesis of a
It is worthwhile mentioning the discrepancy found between pressure-induced crystallographic phase transition becomes
the pressure experiments reported in ref 28 and in the presenplausible in order to explain the responseBofSeemingly,
work with regard to polymorptA. In ref 28, the authors  application of pressure induces a new crystallographic phase
found a linear shift off¢(P) vs P in the range 19Pa to 0.2 in which the HS configuration is favored.
GPaZ® In contrast, in the present work, we have evidenced |, symmary, the structural analysis of polymo#bipoints
anonlinear dependence B{P) vs P under strict hydrostatic oyt that no change in the space group accompanies the abrupt
pressure conditions. This discrepancy could be ascribed togyin transition and that the change in the volume of the
the possible nonhydrostaticity of the pressure cell construc- crysta| is mainly due to the spin crossover process. Pressure
tion used in ref 28. Indeed, similar related discrepancies havegyperiments o demonstrate a nonlinear behaviorTofP)
been previously reported:*° . vsP, which could be understood in terms of crystallographic
As far as polymorpf8 is concemed, the crystallographic  phase transitions under applied pressuresBrapplication

data indicate that this polymorph crystallizes in a more ot hygrostatic pressures seems to stabilize the HS configu-
symmetricalC2/c space group instead of tHel triclinic ration.

space group indicated in the previous wéflConsequently,
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