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Abstract: [Fe(NH,trz);]SnFqn H,O
(NH,trz=4-amino-1,2 4-triazole; n=1
(1), n=0.5 (2)) are new 1D spin-cross-
over coordination polymers. Com-
pound 2 exhibits an incomplete spin
transition centred at around 210 K with

cooling “Fe Mossbauer and supercon-
ducting quantum interference device
experiments allow dramatic widening
of the hysteresis width of 2 from 16 K
up to 82 K and also shift the spin-tran-
sition curve into the room temperature

region. This unusual behaviour of
quenched samples on warming is at-
tributed to activation of the molecular
motion of the anions from a frozen dis-
torted form towards a regular form at
temperatures well above approximately

a thermal hysteresis loop approximate-
ly 16 K wide. The spin transition of 2
was detected by the Mdssbauer reso-
nance of the "Sn atom in the SnFs~
anion primarily on the basis of the evo-
lution of its local distortion. Rapid-
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Introduction

The fast developments in advanced electronic technology
call for new compounds showing bistability behaviour on
the nanometer scale.? Spin-transition (ST) molecular ma-
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210 K. Potential applications of this
new family of materials are discussed.

terials belong to an appealing class of switchable coordina-
tion compounds with spin states that can be reversibly trig-
gered by temperature, pressure or electromagnetic radia-
tion.>* In this context, the reversible thermochromic ST of
1D Fe chain compounds with 4-substituted 1,2,4-triazole li-
gands that occurs around room temperature has been thor-
oughly investigated® with potential applications in mind
(e.g., thermal displays, memory devices and sensors).*” Be-
cause these materials of general formula [Fe(4-(R)-1,2,4-
triazole);](anion),.n H,O hardly crystallise, their polymeric
nature was deduced by extended X-ray absorption fine
structure (EXAFS) analysis at the Fe K-edge*'" and later
confirmed by single-crystal X-ray analyses of a few Cu" ana-
logues.”*®'12 These compounds are made up of linear
chains in which the adjacent Fe ions are linked by three
Ny,N,-1,2 4-triazole bridges (Figure 1). Non-coordinated spe-
cies, such as solvent and/or counteranions, are located be-
tween the cationic chains. Most of these materials exhibit an
abrupt ST with hysteresis loops 2 to 20 K wide that is ac-
companied by a pronounced thermochromic effect; these
are characteristics that are suit for several potential applica-
tions.®” Such cooperative ST behaviour is no longer ob-
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Figure 1. Schematic side-view of the polymeric chain structure of [Fe-
(NH,trz),]+.14

served for chain compounds with bulky substituents on the
4-position of the triazole.'>*!

[Fe(Htrz),trz](BF,) (Htrz=4H-1,24-triazole; trz=1,2,4-
triazolato)'*'"! and [Fe(NH,trz);](NO;), (NH,trz=4-amino-
1,2,4-triazole)™ are important examples of this family of
materials because they exhibit a hysteretic ST ~400'" and
~35 K% wide, respectively. A structural modification
from a linear conformation in the low-spin (LS) state to a
zigzag one in the high-spin (HS) state was first proposed to
account for the absence of long-range ordering in X-ray ab-
sorption experiments (EXAFS, wide-angle X-ray scattering
(WAXS)) in the HS state for these materials.”*>*! ESR
measurements of the diluted sample [Fe,oCu,,(Htrz),trz]-
(BF,) showed systematic rhombic distortion in the HS
state,® thus supporting the zigzag structural hypothesis that
could have satisfactorily accounted for the observed hystere-
sis of the non-doped Fe' ST derivative.'” This hypothesis
was, however, later rejected on the basis of more precise
and comprehensive EXAFS measurements that unambigu-
ously demonstrated the linearity conservation of the chains
in the diamagnetic and paramagnetic states.”

Abstract in French: [Fe(NH,trz);]SnFyn H,O (NH,trz=4-
amino-1,2 4-triazole; n=1 (1), n=0.5 (2)) sont de nouveaux
polymeéres de coordination 1D a transition de spin. Le com-
posé 2 présente une transition incompléete centrée a ~210 K
avec une boucle d’hystérése large de ~16 K. La transition de
spin de 2 a été sondée par résonance Mossbauer de I'atome
d"’Sn de P'anion SnF;~, en particulier grace a I'évolution de
sa distorsion locale. Des cycles de refroidissements rapides et
chauffage lent suivis par spectroscopie Méssbauer du *'Fe et
mesures SQUID ont permis d’élargir remarquablement la lar-
geur de I’hystérése de 2 passant de ~16 K a =82 K, et de dé-
placer la courbe de transition de spin dans la région de la
température ambiante. Ce comportement inhabituel au chauf-
fage pour les échantillons piégés a été attribué a activation
thermique du mouvement moléculaire des anions; d’une
forme gelée distordue vers une forme réguliére a des tempéra-
tures bien au-dela de ~210 K. Les applications potentielles
de cette nouvelle famille de matériaux sont discutées.
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Given that no crystallographic phase transition accompa-
nying the ST was observed for [Fe(Htrz),trz](BF,) by varia-
ble-temperature synchrotron X-ray powder diffraction ex-
periments,”?! the origin of the hysteresis loop was primarily
attributed to the propagation of short-range elastic coopera-
tive effects through the rigid 1,2,4-triazole bridge between
spin-changing Fe'' sites (Figure 1).” These interactions were
probed by metal dilution studies of [Fe,_ ,Cu,(Htrz),trz]-
(BF,)?! and [Fe, ,M,(NH,trz);](NO,), (M"=Zn, Ni, Mn,
Cu),?? in which a systematic decrease in the steepness of
the ST was observed, as expected for the accompanying de-
crease in elastic interactions (short and long range) within
the polymeric chain. Little is known, however, about the
role of long-range elastic interactions in the crystal lattice of
these materials that are believed to play a key role in the
propagation of cooperative effects associated with the ST of
individual chains throughout the whole network. These ef-
fects could be mediated through non-coordinated species,
such as the anions or solvent molecules, but this role has not
yet been experimentally proven. However, the influence of
the nature and the geometry of the counteranion is known
to affect the ST temperature, 7;, of these materials.
Indeed, the insertion of spherical counteranions, such as hal-
ogen anions, leads to a higher 7y, compared with bulkier
anions, such as BF,” and ClO, .?"? Solvent effects with the
same consequences on the spin state were also found for the
chain [Fe(hyetrz);](3-nitrophenylsulfonate),nSolv (hyetrz=
4-2'-hydroxyethyl-1,2,4-triazole; Solv=H,0, MeOH, DMF,
DMA).»)

In the present work, an internal anionic probe was suc-
cessfully implanted in the crystal lattice of the 1D chain
compounds [Fe(NH,trz);]SnF¢n H,O with the aim of sensing
supramolecular cooperative effects associated with the spin
transition. These new materials, including SnF¢*>~ as counter-
anions, offer a new opportunity to probe locally the thermal-
ly induced ST by means of two Mossbauer isotopes located
within the chain (¥'Fe) and in the anionic sublattice ('°Sn).
We also report the influence of anionic sublattice dynamics
on ST behaviour, which is sensed by rapid-cooling Mossba-
uer spectroscopy and superconducting quantum interference
device (SQUID) experiments. Potential applications of
these materials are also briefly discussed.

Results

Syntheses: A monohydrate complex was precipitated as a
white powder by mixing warm solutions of [Fe(H,O)¢]SnF;
and NH,trz (1:3) in methanol; the precipitate was washed
with methanol and dried in air. Elementary analyses and
thermogravimetric measurements confirmed the composi-
tion as [Fe(NH,trz);|]SnF+H,O (1; Figure 2). The white
colour of the precipitate is characteristic of the HS state of
the Fe' centres. Indeed, the absence of charge-transfer tran-
sitions in the visible range allows an easy identification of
the spin state because the spin-allowed lowest-energy d-d
transition, *T,,—’E,, for the HS Fe"" ions occurs in the near-

Chem. Eur. J. 2008, 14, 3745-3758
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Figure 2. Thermogravimetric analysis (recorded at 1 Kmin™") for 1 (%)
and 2 (@) over the temperature range 298 to 403 K on warming and cool-
ing. A standby period of 30 min at 403 K was included for 2 in its temper-
ature programme.

IR region (#2/11900 cm™"). The precipitate obtained during
the synthesis of 1 was pumped under vacuum at 50°C for
30min. This annealing process afforded [Fe-
(NH,trz);]SnFg0.5H,0 (2) and its degree of hydration was
confirmed by TGA measurements (Figure 2). The reprodu-
cibility of this preparation method under the very same con-
ditions was checked twice. On standing in air for a long
period, a 2—1 transformation slowly occurs (as confirmed
by thermogravimetric measurements), but the degree of hy-
dration of 2 can be maintained provided the sample is kept
under a nitrogen atmosphere. Attempts to isolate the fully
dehydrated material 3 from 1 or 2 under ambient conditions
failed because the dehydrated materials slowly reabsorb
water molecules in ambient air, as seen in Figure 2, both on
cooling from 403 K and on standing at room temperature.

Compounds 1 and 2 exhibit reversible thermochromism to
deep purple on quenching of the sample in liquid nitrogen.
This colour change is a signature of a thermally induced
spin-crossover (SCO) phenomenon. Indeed, this purple
colour is due to the 'A,,—'T,, d-d transition of LS Fe" ions,
which occurs at ~520 nm."! The nature of the SCO behav-
iour in these samples on cooling and re-warming has been
tracked by using several techniques (see below).

Infrared spectroscopy: Compounds 1 and 2 have essentially
identical IR spectra at room temperature. The ring stretch
found at 7=1544 cm™!, 3(NH,) at ~1630 cm™' and the exo-
cyclic N-N bond stretch at ~1216 cm™! exactly correspond
to the vibrations reported in the spectroscopic study of [Cu-
(NH,trz),](C10,),-0.5H,0, a Cu" complex containing triple
N,,N,-triazole bridges whose 1D character was recog-
nised.® This indicates that coordination to the Fe' ion
takes place exclusively through the azole ring.*” The ab-
sence of noticeable splitting for the IR-active vibration v;
for SnF¢*~ observed at 555 cm™! calls for a symmetric octa-
hedron (0,).B"
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X-ray powder diffraction: Compounds 1 and 2 are isomor-
phous as deduced by comparison of the X-ray powder dif-
fraction patterns recorded at room temperature (Figure S1
in the Supporting Information). Thus, slight variances in the
water content does not noticeably modify the structural or-
ganisation of these materials.

Maéssbauer spectroscopy: The present Fe' compounds are
stable to oxidation because no ferric species were detected
in the *’Fe Mossbauer spectra of 2. The Mdssbauer parame-
ters, reported in Table 1, are consistent with other 1D Fe"
coordination polymers with the NH,trz ligand.®? The 'Sn
Mossbauer spectrum of 2 recorded at 300 K shows a single
line with an isomer shift at 0~ —0.3 mms™' (relative to the
source 'Sn(CaSn0O;)), which confirms the Sn' oxidation
state for the anion. This low isomer shift fits very well with
the value obtained at 300K for CuSnF, (0=
—0.35(5) mms ™), but is less negative than those found for
the hydrated salts at 300K ([Fe(H,O)¢SnFs: o=
—0.437 mms B and CuSnFg4 H,0: 6= —0.46(1) mms '),
This behaviour suggests that the SnF,*~ octahedron in 2 is
not hydrogen bonded to water molecules. Indeed, in the
crystal structure of [Fe(H,0)q]SnF,, the SnFs*>" octahedron
is hydrogen bonded to the coordinated water molecules,*
which reduces the donation of electrons from the fluorine,
and thus, decreases the s-electron density at the Sn atom
thereby shifting the isomer shift to a more negative value.
The absence of quadrupole splitting at 300 K for 2 is consis-
tent with the IR observation described above that suggested
a regular octahedral coordination sphere.

Study of the spin transition in [Fe(NH,trz);]SnFernH,0: We
present the study of the thermally induced ST of [Fe-
(NH,trz);]SnFen H,O (n=0-1.5) by slow cooling (SC) and
warming below room temperature by means of SQUID
magnetometry, Mossbauer spectroscopy (*’Fe, '"“Sn), X-ray
powder diffraction and differential scanning calorimetry
(DSC).

SQUID magnetometry: The temperature dependence of the
molar magnetic susceptibility of 1, 2 and 3 (fully dehydrated
compound, n=0), on cooling and warming over the temper-
ature range 300 to 5K, is displayed in Figure 3 in the form
of a yyT versus T plot, in which x), is the molar magnetic
susceptibility. At room temperature, yyI is equal to
3.19 cm’mol ! K for 1, which corresponds to a major frac-
tion of Fe' ions in the HS state, presumably some Fe' ions
are also in the LS state. As T is lowered, y\7 first decreases
very slowly to 225 K and then rapidly to 150 K. Below this
temperature, yy 1 decreases very slowly and shows a plateau
with a value of 0.56 cm®mol™ K at 50 K, indicating an in-
complete HS—LS transition. The slow fall of y\7T below
25 K is attributed to the effect of zero-field splitting of the
remaining HS Fe" ions, and the preferred Boltzmann popu-
lation of the lowest levels with decreasing temperatures. As
the temperature is increased, y\7 follows the same pathway
as that observed when cooling except in the range of 150 to
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Table 1. Overview of the ¥Fe Mossbauer parameters for 2.

7 ot AEy i Relative area Sites
K] [mms™] [mms™!] [mms™] [%]
8ol 1.16(1) 3.38(1) 0.30(1) 15.5(6) HS
0.52(1) 0.28(2) 0.28(1) 84.5(4) LS
1207 1.15(5) 3.34(1) 0.32(1) 16.1(6) HS
0.52(1) 0.27(1) 0.28(1) 83.9(4) LS
2107 1.10(1) 3.13(2) 0.36(2) 9.5(6) HS
0.49(1) 0.25(1) 0.26(1) 90.5(3) LS
2307 1.10(1) 3.08(2) 0.38(2) 9.9(8) HS
0.48(1) 0.24(1) 0.26(1) 90.1(5) LS
2507 1.08(1) 2.99(2) 0.38(2) 10.5(9) HS
0.47(1) 0.23(1) 0.26(1) 89.5(5) LS
2707 1.06(3) 2.87(2) 0.30(1) 35.4(9) HS
0.45(3) 0.23(1) 0.26(1) 64.6(6) LS
2907 1.05(1) 2.79(3) 0.26(1) 92.6(1) HS
0.4514 0.224 0.6(1) 7.4(2) LS
300 1.04(4) 2.75(1) 0.26(1) 100 HS
2704 1.06(1) 2.87(2) 0.28(1) 96.3(1) HS
0.4514 0.3 0.6(3) 3.7(2) LS
2504 1.08(1) 2.95(2) 0.28(1) 93.9(1) HS
0.42(5) 0 0.6(1) 6.1(2) LS
2304 1.08(1) 3.03(2) 0.28(1) 91.3(9) HS
0.46(2) 0.22(5) 0.36(4) 8.7(9) LS
2104 1.10(1) 3.10(2) 0.28(1) 80.5(8) HS
0.49(1) 0.25(1) 0.30(1) 19.5(6) LS
190 1.11(2) 3.16(2) 0.28(1) 42.9(1) HS
0.50(1) 0.28(1) 0.26(1) 57.1(4) LS
1704 1.12(2) 321(2) 0.30(1) 35.0(1) HS
0.51(1) 0.287(2) 0.26(1) 65.0(4) LS
1204 1.15(3) 3.33(1) 0.30(1) 23.0(7) HS
0.52(1) 0.30(2) 0.28(1) 77.0(1) LS
821 1.16(4) 3.38(8) 0.32(1) 20.6(6) HS
0.53(1) 0.31(2) 0.28(1) 79.4(4) LS
1207 1.15(1) 3.34(1) 0.32(1) 23.3(4) HS
0.52(1) 0.30(1) 0.28(1) 76.7(3) LS
1707 1.12(2) 3.22(2) 0.30(1) 32.7(6) HS
0.51(1) 0.28(1) 0.26(1) 67.3(4) LS
1907 1.11(2) 3.17(2) 0.30(1) 37.8(7) HS
0.50(1) 0.28(1) 0.26(1) 62.2(4) LS
2107 1.10(2) 3.11(1) 0.30(1) 48.6(7) HS
0.49(2) 0.27(1) 0.26(1) 51.4(5) LS
2307 1.10(1) 3.05(1) 0.28(1) 75.6(8) HS
0.48(1) 0.25(1) 0.28(1) 24.4(6) LS
2507 1.08(1) 2.98(1) 0.28(1) 89.8(1) HS
0.46(2) 0.22(2) 0.34(1) 10.2(1) LS
2707 1.06(1) 2.89(1) 0.26(1) 95.2(8) HS
0.39(4) 0 0.6(2) 4.8(1) LS
300 1.05(2) 2.78(1) 0.26(1) 97.1(2) HS
0.19(1) 0.4(1) 0.2(1) 2.9(1) LS
8ol 1.16(4) 3.40(1) 0.34(1) 18.7(6) HS
0.53(1) 0.32(1) 0.28(1) 81.3(4) LS
1207 1.15(4) 3.37(1) 0.32(1) 19.3(6) HS
0.53(1) 0.31(1) 0.28(1) 80.7(4) LS
2107 1.11(2) 3.18(1) 0.28(1) 36.3(7) HS
0.50(1) 0.28(2) 0.26(1) 63.7(5) LS
2307 1.09(1) 3.04(3) 0.28(1) 87.3(9) HS
0.47(1) 0.24(2) 0.30(2) 12.6(8) LS
2507 1.08(1) 3.01(2) 0.28(1) 90.4(8) HS
0.46(1) 0.25(2) 0.32(2) 9.6(6) LS
2707 1.06(1) 2.93(3) 0.28(1) 93.0(1) HS
0.14(4) 0.66(7) 0.36(5) 7.0(2) LS
300 1.05(2) 2.79(1) 0.26(1) 96.6(2) HS
0.2(1) 0 0.4(5) 3.4(3) LS
8ol 1.16(5) 3.40(1) 0.32(1) 18.8(7) HS
0.53(1) 0.32(1) 0.28(1) 81.2(4) LS
1207 1.15(4) 3.36(1) 0.32(1) 19.0(1) HS
0.53(1) 0.31(1) 0.28(1) 81.0(4) LS
3748 www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 1. (Continued)

7 ot AE n Relative area Sites
K] [mms~!] [mms™!] [mms~] [%]
2107 1.10(1) 3.12(2) 0.30(1) 49.5(4) HS
0.50(1) 0.27(2) 0.26(1) 50.5(3) LS
2307 L10(1)  3.093)  028(1)  633(8) HS
0.49(1) 0.27(1) 0.26(1) 36.7(6) Ls
2507 1.08(1) 2.98(1) 0.28(1) 92.8(1) HS
0.41(4) 0 0.4(2) 72(2) LS
2701 1.06(1) 2.88(1) 0.26(1) 92.0(1) HS
0 0 0.46(8) 8.0(2) LS
300 1042)  277(1)  026(1)  95.6(2) HS
0.3(2) 02(2) 0.8(6) 4.4(4) LS

[a] T indicates warming and { indicates cooling. [b] d =isomer shift rela-
tive to o-iron. [c] AE;=quadrupole splitting. [d] I'=width at half maxi-
mum. [e] Values obtained after rapid cooling.

XuT/cm®*mol~ K

0 . 1 . 1 . 1
0 100 200 300

T/K

Figure 3. Temperature dependence of yy7 on cooling and warming for
[Fe(NH,trz);]SnFe¢nH,0 (n=1 (1, @), n=0.5 (2, +) and n=0 (3, 0).

225 K, which indicates a hysteresis loop ~7 K wide centred
at 190 K. The transition temperatures (the temperatures at
which 50% of active LS and HS molecules are present) in
the cooling and warming modes, respectively, are T, =
193 K and T,,T =200 K. This hysteresis is retained over suc-
cessive cooling and heating thermal cycles, provided the
temperature does not exceed 300 K to avoid dehydration of
the sample, which is shown to occur by thermogravimetric
measurements (Figure 2). The magnetic properties of hemi-
hydrate 2 were also investigated by SQUID measurements.
ymT is constant at 3.04 cm’mol ' K over the temperature
range 300 to 250 K, which suggests the presence of a frac-
tion of LS Fe" ions that were detected by Méssbauer spec-
troscopy (Figure 4). The shape of the ST curve is similar to
that of 1, however, it reaches lower yy7 values at 50 K
(0.42 cm*mol ! K), which indicates a more complete ST. The
ST is shifted upwards to higher temperatures and a larger
width of ~16K (T,,l=201K and T,,T=217K) is ob-
served.

Chem. Eur. J. 2008, 14, 3745-3758
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Figure 4. ’Fe Mossbauer spectra of 2 at selected temperatures on warm-
ing after slowly cooling the sample to 82 K. The light grey and black sig-
nals refer to HS and LS Fe" ions, respectively.

A fresh sample of 2 was loaded in the SQUID cavity at
300 K and the temperature was raised to 350 K. The mag-
netisation data was subsequently recorded, on cooling and
warming, over the temperature range 350 to 5K in incre-
ments of 2 K. This in situ thermal treatment allows record-
ing of the magnetic properties of the fully dehydrated
sample of [Fe(NH,trz);]SnF, (3). Indeed, on warming the
sample from 298 to 350 K at 1 Kmin™, only 0.2 water mole-
cules remain in the sample, as determined by complementa-
ry TGA measurements (Figure 2). Because the material is
first warmed from 300 to 350 K within the SQUID -cavity,
then slowly cooled to 293 K and has to stabilise its tempera-
ture at each 2 K interval to allow data to be recorded, we
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can be confident that full dehydration is reached with this
process. The shape of the ST curve is preserved compared
to 2, but the ST is shifted slightly downwards (7Tl =197 K
and 7,,T =210 K).

% Fe Mossbauer spectroscopy: Selected Mossbauer spectra of
2 recorded in the heating mode after cooling the sample
slowly from room temperature are displayed in Figure 4. At
82 K, the spectrum consists of two quadrupole doublets of
different resonance area fractions. The major quadrupole
doublet with isomer shift 6=0.53(1) mms~' and quadrupole
splitting of AE,=0.31(2) mms™' correspond to the LS state
of Fe". The presence of the quadrupole splitting in this case
stems from a so-called lattice contribution to the electric
field gradient and thus, reveals a distorted character for the
LS octahedron as expected within a chain, in which con-
straints may not be negligible. Another doublet, correspond-
ing to HS Fe' ions of weaker population (20.6%), is also
observed (0=1.16(4) mms™' and AE,=3.38(8) mms™"). The
presence of this doublet confirms the incomplete nature of
the ST at 82K as also found by SQUID magnetometry
(Figure 3). It is likely that the incomplete character of the
ST may stem from the terminal of chains of the FeN¢-type
compound, which have a ligand field strength too weak to
meet conditions for a thermally induced SCO to occur.! It
is unlikely that end of chains of the FeN;Os;-type with three
terminally coordinated water molecules are responsible for
the residual HS fraction. In this case, the quadrupole split-
ting would be expected to be much smaller than the actually
observed value of 3.38 mms™' because the lattice contribu-
tion to the electric field gradient (EFG) arising from the
mixed-ligand coordination sphere FeN;O; is expected to be
larger than that from a FeNj entity and owing to the known
opposite sign to that of the valence electron contribution
which reduces the total EFG more than in the case of FeNs.
This is observed for the terminal Fe" ions of trinuclear
[Fes(4-ethyl-1,2,4-triazole)s(H,0)4](CF;SO;)s  with AEG=
2.51 mms~" at 77 K.P”) In other cases, however, the quadru-
pole splitting for external iron(II) ions can be larger than
for an FeN, octahedron, as determined by the *’Fe Mossba-
uer studies of structurally characterised trinuclear complexes
of [Fe;(4-isopropyl-1,2,4-triazole )s(H,O )] (Tos)s2 H,OF*!
(Tos =p-toluenesulfonate) and [Fe;(4-2'-hydroxyethyl-1,2,4-
triazole)s(H,0)4](CF;S05),.*! This situation is explained by
the negligible lattice contribution to the EFG from the local
FeN,0; fac-isomer configuration.*”’ In the present case, the
observed quadrupole splitting of 3.38 mms™ is close to that
expected for Fe" HS compounds with little or no lattice con-
tribution to the EFG. We believe that the terminal entities
of the chains only consist of FeNg octahedra because a
unique site was observed on varying the temperature. The
presence of two terminally coordinated water molecules
that may not be detected by Mossbauer spectroscopy!*!!
should, however, also be considered. On warming to 210 K,
the intensity of the HS doublet increases at the expense of
that of the LS doublet, which confirms a thermally induced
LS —HS conversion for a single Fe'' site. At 300 K, the spec-
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trum clearly shows a major signal corresponding to HS Fe®
ions, with a remaining weaker fraction of LS ions (3.0%),
which had to be taken into account for the reliability of the
fitting procedure. This confirms the incomplete character of
the ST at room temperature, as suggested in the SQUID in-
vestigation. The asymmetry of the quadrupole doublet cor-
responding to HS Fe" ions is attributed to a texture effect.
The ST curve, deduced from *’Fe Mdssbauer spectroscopy
considering equal Lamb-Mossbauer factors for the LS and
HS Fe" ions, closely resembles that deduced from magnetic
measurements (Figure 11 in the ST range) with T,,T =216 K
and Tl =196 K.

X-ray powder diffraction: X-ray diffraction patterns of 2
have been recorded on cooling and warming over the tem-
perature range 270 K to 100 K. Figure 5 shows three typical

z 2 1.0 —
é 2500 | :; 08 e
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2000 | 0.4
0.2 .
1500 | oobe ¥ P00

90 120 150 180 210 240 270
T/IK
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201/

Figure 5. X-ray diffraction patterns of 2 at 100 (—), 180 () and
270 K (—). The inset shows the temperature dependence of the relative
intensity of the HS phase Is/lr,, peak at 260~2.5°. The data were re-
corded on cooling and warming.

diffraction patterns. The diffraction patterns are essentially
similar and suggest the absence of a crystallographic phase
transition. However, a decrease in the intensity of some
peaks is observed, whereas other peaks grow in intensity as
shown by comparing the patterns at 270 and 100 K. This be-
haviour is correlated to the spin-state crossover that occurs
at around 200 K, as tracked by SQUID and “'Fe Mossbauer
spectroscopy. It is evident that at the intermediate tempera-
ture of 180 K, the spectrum shows a superposition of the
patterns for the HS and LS phases with a temperature-de-
pendent intensity. On this basis, we selected the intensity of
a peak at 260~2.5° as a marker to track the ST and the hys-
teresis loop whose dependence is shown in the inset to
Figure 5. The transition temperatures of 7;,T~197 K and
T4 ~224 K were derived. These values are in good agree-
ment with those obtained by Mossbauer spectroscopy. The
transition curve is very gradual and as such points to the
presence of a non-first-order phase transition.
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Calorimetric measurements: Compounds 1 and 2 were inves-
tigated over the temperature range 98 to 298 K on cooling
and warming at 5 Kmin~!. Transition temperatures as well
as enthalpy and entropy values are gathered in Table 2. The
DSC response for 2 is given as an example in Figure 6. Exo-

Table 2. Thermodynamic parameters and transition temperatures for 1
and 2.

Tl Tl AH AS ASy
K] K] [kJmol '] [Jmol 'K [Jmol K™

1 207 - 7 34 20.6
2 225 203 6.9 34 20.6

300 +

200

p

100

AC /Jmal' K

0

-100

-200

-300

-400

190 200 210 220 230 240
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Figure 6. DSC measurements of 2 in the 190 to 240 K temperature range.
The cooling and warming modes are in black and grey, respectively.

thermic and endothermic peaks are observed at Tp,,~203
and 225 K, respectively, thus clearly confirming the presence
of a hysteresis loop. These peaks are obviously related to
the ST detected by Mossbauer, magnetic and XRPD studies,
and probably may call for the presence of a first-order
phase transition. The enthalpy and entropy variations have
been evaluated as AH=69kJmol”' and AS=
34 Jmol ! K™!, respectively, by considering the transition of
the active Fe'l ions (76.5%) and the fraction of Fe spins un-
dergoing the SCO in this temperature range (40 %), as de-
duced from Mossbauer measurements. The experimentally
measured entropy variation can be accounted for by an elec-
tronic contribution, RxIn5=13.4Jmol '!K™!, and a vibra-
tional contribution (20.6 Jmol 'K ™).l The presence of a
structural phase transition accompanying the ST should dra-
matically increase the AS value, which is not observed here
(Table 2).1¥

"9Sn Mossbauer spectroscopy: ''*Sn Mossbauer spectra were
recorded by slow cooling and warming 2 over the tempera-
ture range 300 to 80 K followed by another cooling mode to
42 K to track any possible hysteresis loop. The "’Sn Moss-
bauer parameters are given in Table 3. Figure 7 shows repre-
sentative ''”Sn Mossbauer spectra recorded at 80 K. The

Chem. Eur. J. 2008, 14, 3745-3758


www.chemeurj.org

Spin Transition of Coordination Polymers

Table 3. Overview of the ''*Sn Méssbauer parameters for 2.
T[K] o6 [mms™] AES [mms™] I72 [mms™'] Relative area [%]
300 —037(6) 0 0.4(1) 100

2300  —0.29(2) 0 0.55(3) 100
1904  —0.29(3) 0 0.52(1) 100
1304 —0.28(1) 0.28(2) 0.57(1) 100
80l  —0.27(2) 0.34(2) 0.54(1) 100
130T —0.282(2)  0.29(2) 0.52(1) 100
190T  —0.29(1) 0 0.52(1) 100
2307 —0.30(1) 0 0.53(2) 100
2607 —0.30(2) 0 0.49(4) 100

300 -029(6) 0 0.4(1) 100

2104  —030(1) 0 0.50(1) 100
1600 —029(1)  0.24(3) 0.49(1) 100
110l —028(2)  028(2) 0.53(1) 100
904  —028(2)  031(2) 0.54(1) 100
sl —026(1)  040(5) 0.61(2) 100
40T —027(1)  036(3) 0.59(1) 100
420 —026(1)  039(5) 0.62(2) 100

[a] 0 =isomer shift relative to the source '“Sn(CaSnO;). [b] AE,=quad-
rupole splitting. [c] 772 =half width at half maximum.

temperature variation of 0 shown in Figure 8 reveals a
linear increase on cooling that is attributed to a second-
order Doppler shift. The normalised resonance area shown
in Figure 9 clearly evidences two linear temperature do-
mains of different slopes. Interestingly, a jump is found at
around 190 K on cooling, a feature that is a clear signature
of a phase transition. Indeed, such a jump is observed by
"Fe Mossbauer spectroscopy while crossing the ST range.
But contrary to Fe' and Fe SCO compounds,***! there is
no change of effective mass expected with Sn, which leads
to an accurate determination of the Debye temperature and
characterises the rigidity of the Sn—F bonds. Nevertheless,
this characteristic temperature is not expected to be dramat-
ically modified by the spin-state crossover in the present
case because the SnF¢*~ ions occupy lattice positions that
are not in the close neighbourhood of the spin-changing
iron ions. Interestingly, the appearance of AE, below 190 K
was observed for 2 (see Figure 9, inset), which means that
the anionic SnF¢*~ octahedron becomes distorted below this
temperature and is regular above it. This observation satis-
factorily matches the IR spectrum at 300 K, which suggested
a regular octahedron. This overall behaviour reflects a
phase transition at around 190 K that results from the spin-
state change in individual chains, which was detected in the
same temperature range by other physical methods.

Rapid cooling experiments: Rapid cooling (RC) experi-
ments were performed, from room temperature to liquid ni-
trogen temperature, to investigate the possible dynamics of
the SnF¢*~ ion in the crystal lattice of Fe'' chain compounds
and to study their influence on the spin-state crossover.
Compound 2 was selected for these experiments because it
displays the widest hysteresis loop in the series.

7Fe Méssbauer spectroscopy: Rapid cooling experiments

were carried out on 2. At 80 K, the spectrum shows a major
quadrupole doublet (6=0.52(1) mms ™, AEq=
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Figure 7. 'Sn Mossbauer spectra of 2 at selected temperatures recorded
on cooling from 300 K.

0.28(2) mms™"), which corresponds to LS Fe" ions (~85%),
and another doublet of weaker intensity (~15%), which
corresponds to HS Fe" ions (0=1.16(1) mms™, AEq,=
3.38(1) mms™'). These parameters nicely correspond to
those recorded at 82 K on slow cooling (Figure 4), which
confirms the absence of thermal trapping of a metastable
HS state. Mossbauer spectra were then recorded on slow
warming and cooling over the temperature range of 80 to
300 K, followed by slow warming to 300 K. The correspond-
ing HS molar fraction (yys) that was derived from the spec-
tra is plotted in Figure 10. The compound mostly stays in
the LS state up to 250 K. A slight decrease of yyg is ob-
served over the temperature range 120 to 210 K. This de-
crease may be slightly overestimated owing to the somewhat
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Figure 8. Temperature dependence of the isomer shift ¢ (relative to the
source '"Sn(CaSnO;) of 2 over the temperature range 300 to 4.2 K on
cooling and warming, as deduced from '"?Sn Méssbauer spectroscopy.
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Figure 9. Temperature dependence of the normalised resonance area, S,
with a logarithmic scale of 2 over the temperature range 300 to 4.2 K on
cooling and warming, as deduced from "Sn Mossbauer spectroscopy.
The inset shows the temperature dependence of the quadrupole splitting
AE, over the same temperature range.

higher Debye-Waller factor of the LS Fe ions compared
with the HS ions as a consequence of the stronger metal—
ligand bonds and a more rigid lattice for the LS state. This
effect is well known with Mdssbauer spectroscopy on SCO
complexes of iron, and the resulting uncertainty is estimated
to be less than five percent. For comparison, the sample
should have switched to the HS state at ~200 K if the LS —
HS conversion pathway had been followed without the RC
procedure. We note that no relaxation occurs with time at
these temperatures, in which the compound is in the LS
state, because each Mossbauer spectrum was recorded for at
least one day to reach an acceptable signal-to-noise ratio.
Above 250 K, yyg sharply increases up to 300 K with values
that correspond to the HS state. Upon cooling to 80 K, and
slow warming, a ST behaviour similar to that found by
SQUID measurements is observed (Figure 10).
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Figure 10. Temperature dependence of the molar fraction of HS mole-
cules, yus, as deduced from *’Fe Mossbauer measurements of 2 after
rapid cooling to 80 K followed by slow warming to 300 K (e). The HS
molar fraction as deduced from SQUID measurements after slowly cool-
ing and warming the sample over the temperature range 300 to 50 K is
shown for comparison (o curves). The line is a guide to the eyes and the
arrows indicate the broad hysteresis loop.

Three RC experiments to 80 K were successively per-
formed on the same sample and “Fe Mossbauer experi-
ments were recorded at the same set of temperatures on
slow warming to 300 K. The Mossbauer parameters are
gathered in Table 1. Figure 11 shows the HS molar fraction
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Figure 11. Temperature dependence of the molar fraction of HS mole-
cules, yys, for 2 as deduced from "Fe Mossbauer spectroscopy, after
rapid cooling to 80 K followed by slow warming and cooling over the
temperature range 80-300 K. The yys for the second and third warming
modes subsequent to rapid cooling to 80 K is also shown. The symbols
(¢), (a) and (&) refer to the first, second, and third rapid cooling experi-
ments, respectively.

derived from these experiments. At 125 K, the compound is
mostly in the LS state. Upon warming to 210 K and above,
the HS molar fraction increases to indicate an LS—HS tran-
sition curve, which corresponds to that obtained without
rapid cooling. The reproducibility of this curve was obtained
in the second and third RC experiments. Thus, trapping of
the LS state was not reproducible on the same cycled
sample.
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We prepared [Fe(NH,trz);]SnF¢1.5H,0 (4) with a differ-
ent preparation mode compared with 2 to test whether the
synthesis pathway could play a role in the observed trapped
LS state. For this purpose, we carried out the synthesis in a
different solvent (DMF) and did not perform any annealing
process during preparation. As a result, the hydration
degree was varied and no DMF was inserted, as suggested
by the absence of any characteristic peak in the IR spectrum
of 4. The sample was rapidly cooled to 80 K and studied by
S’Fe Mossbauer spectroscopy in a similar manner to com-
pound 2. Full details of the Mdssbauer parameters are given
in Table 4. The HS molar fraction derived from these ex-

Table 4. Overview of the ¥Fe Mossbauer parameters for 4.
TK] o [mms™] AES [mms™] [ [mms™]

Relative  Sites

area [%]
80-98¢1  — - - 19.9(6)  HS
- - - 80.14) LS
1207 1.15(2) 3.34(1) 0.28(1) 20.1(1)  HS
0.52(1) 0.3 0.26(2) 79.9(6) LS
2107 1.10(1) 3.11(1) 0.30(1) 213(7) HS
0.48(1) 0.26(1) 0.26(1) 78.7(4) LS
2307 1.09(1) 3.05(1) 0.30(1) 248(1) HS
0.47(2) 0.25(1) 0.26(2) 752(8) LS
2507 1.08(2) 2.97(1) 0.28(1) 39.6(7)  HS
0.46(1) 0.24(2) 0.24(1) 60.4(5) LS
2707 1.07(3) 2.88(1) 0.28(1) 52(1) HS
0.45(3) 0.23(1) 0.24(1) 48(1) LS
300 1.05(2) 2.77(2) 0.26(1) 96(1) HS
0.34(1) 0 0.6(4) 4(1) LS
2704 1.07(1) 2.88(2) 0.26(1) 95(1) HS
0.38(4) 0.1(7) 0.58(1) 5(1) LS
2504 1.08(2) 2.97(4) 0.26(1) 923(2) HS
0.47(2) 0.21(4) 0.22(1) 7.7(1) LS
2304 1.09(1) 3.042) 0.28(1) 72.1(8) HS
0.47(3) 0.24(5) 0.26(1) 279(6) LS
2104 1.10(2) 3.11(4) 0.28(1) 549(1)  HS
0.48(3) 0.25(4) 0.26(1) 451(7) LS
1904 1.11(2) 3.16(4) 0.28(1) 36(1) HS
0.49(1) 0.26(2) 0.26(1) 64(1) LS
1704 1.13(4) 3.22(1) 0.26(1) 30.4(1)  HS
0.50(2) 0.27(3) 0.26(1) 69.6(7) LS
84l 1.16(2) 3.37(1) 0.30(1) 182(8)  HS
0.52(1) 0.29(2) 0.26(1) 81.8(5) LS
1207 1.15(3) 3.33(1) 0.30(1) 212(6)  HS
0.52(1) 0.28(1) 0.26(1) 78.8(4) LS
150T 1.14(1) 1.14(1) 0.28(1) 253(1) HS
0.51(1) 0.51(1) 0.26(1) 747(6) LS
170T 1.12(2) 3.21(1) 0.28(1) 20.4(6)  HS
0.50(1) 0.27(2) 0.26(1) 70.6(4) LS
190T 1.11(1) 3.16(3) 0.28(1) 322(4) HS
0.50(1) 0.26(1) 0.26(1) 67.72) LS
2107 1.10(2) 3.10(1) 0.28(1) 37.1(5) HS
0.48(1) 0.26(2) 0.26(1) 62.9(4) LS
2307 1.10(1) 3.04(1) 0.28(1) 469(1)  HS
0.47(3) 0.24(1) 0.26(1) 53.1(8) LS
2507 1.08(1) 2.96(1) 0.28(1) 632(8) HS
0.46(2) 0.23(2) 0.24(1) 36.8(6) LS
2707 1.07(1) 2.87(2) 0.26(1) 79(1) HS
0.45(1) 0.22(1) 0.24(1) 21(1) LS
300 1.05(1) 2.76(2) 0.26(1) 97.7(1)  HS
0.3(1) 0.1(2) 0.28(4) 2.3(2) LS

[a] 6=isomer shift relative to a-iron. [b] AE,=quadrupole splitting.
[c] F'=width at half maximum. [d] after rapid cooling.
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periments is shown in Figure 12. At 80 K and up to 210 K,
the compound is mostly in the LS state, ~20% of Fe" ions
stay in the HS state as found for 2. Upon further warming,
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Figure 12. Temperature dependence of Ays/A,, of 4 as deduced from *’Fe
Mgssbauer spectroscopy. The sample was studied on slow warming ()

and cooling (¥) over the temperature range 80-300 K after being rapidly
cooled to 80 K. It was then slowly warmed to 300 K (a).

an LS—HS transition is observed at T,,T =274 K. On slow
cooling and warming, a SCO curve with T;,d =218 K and
T,,T =248 K is delineated. This latter SCO may well corre-
spond to the ST curve of 4 in the absence of the RC proce-
dure. Therefore, reproducibility of the trapping of a meta-
stable LS state in a material of this family prepared in a dif-
ferent manner than 2 has been demonstrated.

SQUID magnetometry: The temperature dependence of the
magnetic properties of 2 was reinvestigated on a fresh
sample by slowly cooling and warming in the temperature
range 300 to 50 K. The susceptibility was measured every
2 K in both temperature modes and care was taken not to
overheat the sample above 300 K to avoid any solvent re-
moval (Figure 13) The magnetisation data were converted
to a yyg curve by means of Equation (1):
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Figure 13. Temperature dependence of the HS molar fraction as deduced
from a SQUID measurement of 2 after a)slowly cooling and warming
over the temperature range 300-50 K (@) and b) rapid cooling to 80 K
followed by slow warming and cooling over the temperature range 80—
300K (o).
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T (T)

YHS = THS A LIS/
e (D) = (T)

in which %2(T)=184x10"°cm’mol™ below 50K and
13 (T)=0.966 cm’mol ™" because it follows a Curie law in
the HS state.

A spin-transition curve was thus delineated and the transi-
tion temperatures determined to be T, =200K and T,
,T=218 K were in perfect agreement with the magnetic
data of Figure 3. The sample was subsequently rapidly
cooled to 80 K within the SQUID cavity and slowly warmed
to 300 K, then slowly cooled to 80 K. For comparison, the
susceptibility was also measured every 2 K. Mossbauer spec-
troscopy of the same sample showed that T),| is preserved,
but here T,,T increases to 231 K, thus revealing an increase
in the hysteresis width by 31 K. The width is lower than that
obtained by Mossbauer measurements (=82 K) because re-
laxation back to the HS state occurs more rapidly owing to
the scanning mode used to record the SQUID data. These
experiments thus confirm the reproducibility of the ob-
served effect by Mossbauer spectroscopy on a fresh sample.

X-ray powder diffraction: An X-ray diffraction pattern of 2
was recorded after rapidly cooling the sample to 100 K.
Comparison of the powder diffractograms at 100 K before
and after RC did not reveal a major difference (Figure 14).
In particular, no significant broadening of the lines was ob-
served, which suggests the absence of a crystallographic
phase transition for the defect structure.

2000 |-
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Figure 14. X-ray diffraction patterns of 2 at 100 K after a) slow cooling
from 300 K (-----) and b) rapid cooling to 100 K (—). The data were re-
corded without a detector offset.

Discussion

The origin of the hysteretic magnetic behaviour of 1D 1,2, 4-
triazole Fe!' chain compounds is still being debated.”! In ad-
dition to short-range interactions promoted by the triazoles
linking the Fe" ions, hydrogen-bonding and anion—cation in-
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teractions are believed to play a decisive role in the cooper-
ative effects associated with the spin transition. Such long-
range interactions could be mediated by lattice solvent mol-
ecules, non-coordinated counteranions or hydrogen bonding
through the substituent of the triazole ligand.! Direct hy-
drogen bonding between chains through the non-coordinat-
ed tetrafluoroborato anion (B—F:--H) were deduced from
WAXS experiments for the ST material [Fe(Htrz),trz](BF,),
which displays a broad hysteresis effect.”” Hydrogen bond-
ing involving the anion was also suggested from recent
muon spin-relaxation experiments performed on the ST
chain compound [Fe(NH,trz);](NO;),, which also displays a
broad hysteresis loop.[*¥! Hydrogen bonding between linear
chains through the hydroxyl group of the triazole substituent
were observed in the crystal structure of [Cu(hyptrz);](4-
chloro-3-nitrophenylsulfonate),-H,O (hyptrz =4-(3'-hydroxy-
propyl)-1,2,4-triazole), a configuration that was also thought
to be present in the related Fe' analogue, which displays a
cooperative ST with a hysteresis loop of ~ 50 K.Y

In this work, we have incorporated an internal probe into
the crystal lattice of [Fe(NH,trz);]**, without modifying the
chemical nature of the chains, to study the role of lattice dy-
namics and supramolecular interactions in 1D chain com-
pounds. We thus directed our choice to a non-coordinated
counteranion and focused on the hexafluorostannate metal
salt. Indeed, this salt is not only a precursor for the synthesis
of new molecular compounds, but it also offers the possibili-
ty of using the SnF,*~ anion as a '""Sn Méssbauer probe to
study the local surroundings in the crystal lattice of 1D
chains. It would thus provide relevant information on local
distortions that could be modified by a phase transition and
could also probe hydrogen-bonding interactions involving
the fluorine atoms.

We successfully prepared new 1D NH,trz ST compounds
with different degrees of hydration incorporating this novel
anion as a non-coordinated counteranion, as suggested from
IR spectroscopy recorded at room temperature. Monohy-
drate 1 shows a reversible abrupt ST around 190 K, which is
not complete, but accompanied by a hysteresis loop that is
~7 K wide. The ST of hemihydrate 2 has a similar character
and is shifted upwards to higher temperatures with a hyste-
resis loop that is ~16 K wide. The ST of dehydrated 3,
which retains its shape, is shifted downwards and has a hys-
teresis that is ~13 K wide. The effect of solvent molecules
on the mechanism and the spin state is hard to predict;™*!
however, several trends were deduced for 1D 1,2 4-triazole
chain materials. It is generally accepted that stabilisation of
the LS state occurs upon increasing the number of water
molecules,” and this observation has been found in many
other types of SCO compounds. However, stabilisation of
the HS state was also encountered.? In another case, re-
moving non-coordinated water molecules can even prevent
SCO occurring.”? Here, varying the water content has an
effect on the crystal field because the ST is shifted either up-
wards or downwards, but no affect is seen on the shape of
the ST, which is fully preserved. Such non-coordinated
water molecules are expected to be located in the third co-
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ordination sphere!”! and bound to the amino group of the
triazole of the chains by hydrogen bonding.!'! Hydrogen
bonding to the triazole seems reasonable because the ligand
field is only modified by water removal. Also, ''*Sn Méssba-
uer has suggested that the anion is not hydrogen bonded to
water molecules. We can thus conclude that non-coordinated
water molecules play no role in the cooperative nature of
the ST of these compounds and that varying the strength of
the supramolecular network involving such species does not
affect the cooperative nature of the spin transition.

We have also found that the non-coordinated anion,
which is found between the chains, is able to feel the ST of
individual chains. This behaviour was suggested primarily on
the basis of the evolution of its local distortion registered by
9Sn Mossbauer spectroscopy. Indeed, the SnFg* octahe-
dron is found to be regular in the HS state and distorted in
the LS state, which presumes that the lattice change associ-
ated with the spin-state change of Fe" ions along the chains
influences the local distortion of the anion. Also, Mdssbauer
resonance dramatically varies on crossing the ST range,
which is a clear signature of a phase transition (Figure 9).
This behaviour may reflect the sensing of long-range elastic
interactions between chains associated with ST through the
phonons. This result constitutes the second example of ST
sensing through the non-coordinated anion and the very
first example obtained by Mdossbauer spectroscopy. Indeed,
a similar conclusion was drawn by following the B-F vibra-
tion of the tetrafluoroborato anion in the course of the ST
of [Fe(ptz)s](BF,), (ptz=1-propyl-tetrazole) by IR spectros-
copy."? It would also be interesting to complete the Mossba-
uer results by recording IR spectra for 2 on cooling. The
current investigation is also the first combined "”Sn and *’Fe
study in an Fe" ST molecular compound. Indeed, to the best
of our knowledge, there is only one series of materials on
which a combined Mossbauer study could be feasible,
namely, the thiospinels M,FeSn;Sy (Mt =Cu, Ag) that were
reported to exhibit a HS—LS spin equilibrium at T,
~200K, as deduced from magnetic susceptibility and *'Fe
Mossbauer spectroscopy measurements.’! The rigid lattice
of this solid-state compound should allow a variable-temper-
ature ''’Sn Mossbauer study and provide insights into the
spin conversion of these solid-state materials.

The importance of lattice effects on the magnetic proper-
ties of SCO complexes is increasingly recognised. These ef-
fects were probed by trapping, partially or totally, the meta-
stable HS state by RC for numerous Fe" SCO com-
plexes®>7 and a few Fe compounds.®®! Such thermal trap-
ping experiments were attempted to sense cooperative ef-
fects of the SCO by looking at the shape of the time
dependency of the yyg relaxation curves at selected temper-
atures. These experiments were paralleled by thermal relax-
ation experiments after trapping the HS state by light irradi-
ation (light-induced excited-spin-state trapping (LIESST)).”!
Thermal trapping experiments of the HS state often fore-
shadow the presence of a LIESST effect, although one ex-
ample is known to behave differently.”” Indeed, RC experi-
ments were performed to prevent a structural phase transi-
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tion and provide insight into the origin of the SCO coopera-
tive behaviour of [Fe(ptz)s](BF,), that nevertheless displays
the LIESST effect. Indeed, on slow cooling and warming the
sample from 300 K, an asymmetric hysteretic ST of ~7 K
wide is observed.*”! The ST is accompanied by a structural
phase transition from R3 in the HS phase to a disordered
structure in the LS phase, as deduced from powder diffrac-
tion experiments."” The structural phase transition and the
hysteresis loop are fully reproducible by thermal cycling. On
rapid cooling of the sample, the formation of the R3 phase
is preserved, but a ST is still observed. Therefore, this ex-
periment could nicely demonstrate that the ST has its “own
life” and is not dependent on the presence of a crystallo-
graphic phase transition.

In the present work, a hysteresis broadening was observed
by RC of 2 from 16 to ~82 K (Figure 10). This behaviour is
unprecedented because RC allows the trapping of an LS
state that is preserved over a temperature range that ex-
tends far above the transition temperature on warming, con-
trary to all reported examples. The LS Fe" ions are believed
to be in a metastable state and thermal relaxation back to
the stable HS state is expected to occur in an abrupt fashion,
which is nicely observed at ~278 K (Figure 10). Upon RC
the sample does not change T,,T, but increases T),!, thus
revealing a very broad hysteresis loop that is ~82 K wide
around the room temperature region. This behaviour cannot
be explained by breaking up of crystallites upon RC because
such a phenomenon would increase the residual HS fraction
at lower temperatures as a result of the creation of defects
in the lattice.’! On the contrary, no increase in the HS pop-
ulation was observed. The presence of a space group change
on RC can also be excluded (Figure 14). We suggest that
above ~250 K, thermal relaxation of the frozen distorted
form of the SnF¢’~ anion towards a regular configuration is
observed, and that this relaxation results in SCO behaviour.
9Sn Mossbauer spectroscopy recorded after RC over the
temperature range 80 to 300 K would be quite informative
and would confirm these hypotheses and should therefore
be considered for future investigations.

Interestingly, after thermal relaxation to the stable HS
state, the metastable LS state cannot be obtained again after
successive RC experiments (Figure 11). The trapping experi-
ments are, however, perfectly reproducible on fresh samples,
as shown by SQUID measurements (Figure 13). The imme-
diate non-reproducibility of LS-state trapping may result
from the RC experiment itself. Indeed, the strains induced
in the lattice by trapping the anion in a distorted state over
a wider temperature range and also by its release to reach a
regular state may induce local defects that prevent the possi-
bility of trapping the distorted state again. However, time-
dependent lattice relaxation should not be excluded; it was
not investigated in the present work. We also exclude the
possibility that the annealing process undertaken to prepare
2 affected the probability of trapping the metastable LS
state because successful RC experiments could be repro-
duced on 4, which was not thermo-treated, at high tempera-
tures (Figure 12).
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A few examples of Fe SCO materials are known to pres-
ent order—disorder transitions of the counteranion."% Such
transitions, which were detected by DSC or uSR, are gener-
ally decoupled from the electronic transition. The control of
such transitions was recently proposed as a useful tool for
the elaboration of a new range of molecular switches for
memory or sensing applications.’® In this case, such an
order—disorder of the SnF¢>~ anion may be present, but if so,
it would be strongly coupled to the SCO because DSC pro-
vided the signature of a single-phase transition occurring in
the temperature range of the spin transition (Figure 6).
Indeed, there is no link between the local distortion of an
octahedron and its disorder state because an anion may be
distorted/regular and ordered/disordered. For RC, we sug-
gest decoupling the phase transition associated with the
anion (whatever its nature) from the electronic transition, a
phenomenon resulting in the unusual hysteresis loop widen-
ing observed in this work.

Conclusion

An SnF¢* ion has been successfully inserted in Fe"™1,2,4-tri-
azole 1D SCO chain complexes to probe the local anionic
surroundings in their crystal lattice by "'”Sn Mossbauer spec-
troscopy. This dianion is used as a tool to sense the electron-
ic transition occurring in 2 as seen from the modification of
its local geometry from a regular form in the HS state to a
distorted one in the LS state. By rapidly cooling the sample,
followed by a slow warming mode, the distorted form of the
anion is assumed to be frozen, which results in the observa-
tion of the LS state at temperatures well above 7,,T,”) and
is followed by an abrupt LS—HS crossover that presumably
results from thermal relaxation to a regular anionic form. In
this respect, the shift of the ST range could presumably be
explained by a decoupling process between the electronic
SCO and the phase transition of the anion. This phenomen-
on results in the observation of a broad hysteresis loop
around room temperature that is appealing in terms of po-
tential applications. Indeed, taking into account that on
cooling, not only the spin state changes from a paramagnetic
to a diamagnetic configuration, but also the colour changes
from white to purple, there should be some potential appli-
cations for these materials. A large temperature variation
resulting in the appearance of a LS signal at temperatures at
which it should not be observed may be easily detected, for
example, by an optical sensor incorporated in an alert
device. This property could be useful for the detection of
any unwanted temperature exposure in the frame of cold
channel applications, for example, for the storage of certain
classes of pharmaceutical products (vaccines, medicines and
chemicals) that must not be cooled below a certain tempera-
ture during shipment and storage. This property could also
be useful for direct applications control in industry. The
one-shot observation of the hysteresis loop offers the possi-
bility of control to the user and may also find future applica-
tions in the fight against forgery. Another perspective is the
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possibility of addressing the spin state of these compounds
by light within their instability domain. Such experiments
could provide useful insights into the cooperative mecha-
nisms effective in these materials.

Experimental Section

General: All reagents and solvents were used as received from commer-
cial sources (ACROS) except [Fe(H,0)4]SnF,, which was kindly supplied
by Prof. G. Levchenko, Donetsk Physical Technical Institute (Ukraine)
and whose hydration degree was checked by thermogravimetric measure-
ments. A Heraeus VTR 5036 oven was used for the annealing experi-
ments. CHN analyses were performed by the Zentrale Analytik of the In-
stitut fiir Organische Chemie (University of Mainz) and at University
College London (UK). IR spectra were recorded as KBr pellets by using
a BioRad FTS-135 spectrometer. Thermogravimetric analyses (TGA)
were performed in air (100 mLmin') at a heating rate of 1°Cmin~' by
using a Mettler Toledo TGA/SDTA 851e analyzer. Diffuse reflectance
spectra on solids were recorded by using a CARY 5E spectrophotometer
with polytetrafluoroethylene as a reference.

[Fe(NH,trz);]SnFH,0 (1): [Fe(H,0),](SnFg) (1.59 g, 4 mmol) and ascor-
bic acid (2 mg) were heated to 65°C in methanol (10 mL) under a nitro-
gen atmosphere. The resulting pink solution was filtered and added to a
warm solution of NH,trz (1.4 g, 16.6 mmol) in methanol (10 mL). A
white precipitate was instantaneously observed. The mixture was stirred
at room temperature for a few hours under a nitrogen atmosphere. The
precipitate was filtered, washed with methanol, and dried in air to give 1
as a white powder with slightly pinkish glints (1.43 g, 64%). IR (KBr):
7=3313 (s; v(H,0)), 3228 (s; v(NH,)), 3114 (s; v(NH,)), 3002 (m;
v(CH)), 1634 (s; 6(NH,)), 1544 (m; Viying), 1472 (W; Vaying), 1392 (M5 V30.),
1218 (s; v(N—=NH,)), 1091 (s; 6(C-H)), 1025(S; Vering)s 997 (S: Viring)s
883 (w; y(CH)), 624 (vs; v(C-H ring torsion)), 555 cm™" (vs; v;(Sn—F));
UV/Vis (PTFE): A,=838 nm (°E«°T,); elemental analysis calcd (%)
for FeC¢H,,N,,OSnFg: C 12.90, H 2.53, N 30.08; found: C 13.52, H 2.52,
N 30.15.

[Fe(NH,trz);]1SnF-0.5H,0 (2): A similar synthesis to that of 1 was used
to give a slightly pink powder that was dried under vacuum in an oven at
50°C for 30 min. After 15 min, the powder was gently ground. This pro-
cess led to the formation of a white powder whose hydration degree was
confirmed by TGA analyses. IR (KBr): 7=3321 (s; v(H,0)), 3230 (s; v-
(NH,)), 3114 (s; v(NH,)), 3000 (w; v(CH)), 1634 (s; 6(NH,)), 1548 (m;
Viring)s 1429 (] Vpyi,), 1392 (M3 Vsy,), 1218 (35 v(N-NH,)), 1091 (s; 6(C—
H)), 1027 (S: Vering)s 997 (S; V1sing)» 883 (w; y(CH)), 624 (vs; v(C—H ring
torsion)), 555cm™' (vs; v3(Sn—F)); UV/Vis (PTFE): A,.,=838nm
(CE+"T,).

[Fe(NH,trz);]SnF1.5H,0 (4): [Fe(H,0):](SnF,) (1.6 g, 4 mmol) and as-
corbic acid (2 mg) were heated to 65°C in DMF (10 mL) to give a red so-
lution under a nitrogen atmosphere. Some drops of water were added to
the solution and it turned yellow. The solution was filtered and a warm
yellow solution of NH,trz (1.4 g, 16.6 mmol) in DMF (10 mL) was added.
A white precipitate was observed and the mixture was stirred at room
temperature for one day under a nitrogen atmosphere. The white precipi-
tate was filtered and dried in air (1.62 g, 71%). IR (KBr): #=3317 (s; v-
(H,0)), 3329 (s; v(NH,)), 3115 (s; v(NH,)), 2998 (m; v(CH)), 1654 (s; 0-
(NH,)), 1548 (m; Vy4n,), 1472 (VW5 Vaine), 1392 (M3 V), 1218 (s; v(N—
NH,)), 1090 (s; 6(C—H)), 1027 (S; Vsing)s 996 (85 V74ing)s 912 (w; y(CH)),
624 (vs; v(C—H ring torsion)), 555 cm™" (vs; vs(Sn—F)); UV/Vis (PTFE):
Imax=855nm  (E«°T,); elemental analysis caled (%) for
FeC¢H;sN,O, sSnFy: C 12.87, H 2.7, N 30.03; found: C 13.27, H 2.29, N
29.82.

Study of the spin transition: Magnetic susceptibilities were measured at
1.8 to 300 K with a Quantum Design MPMS2 SQUID magnetometer
equipped with a 5.5 T magnet operating at 1 T. The samples were insert-
ed into gelatine capsules and mounted on a plastic straw. The magnetic
data were corrected for diamagnetic contributions, which were estimated
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from Pascal’s constants. For the RC experiment, the plastic straw con-
taining the sample was immersed in liquid nitrogen, and then quickly in-
serted into the magnetometer, which was tempered at 80 K. Fe Mossba-
uer spectra were recorded at various temperatures between 80 and 300 K
in transmission geometry by using a conventional constant acceleration
spectrometer with a nitrogen cryostat. The source of *’Co(Rh) was kept
at RT. The samples were sealed in a Plexiglas sample holder. The spectra
were fitted to Lorentzian curves by using Recoil 1.03a Mossbauer Analy-
sis Softwarel®! assuming equal Debye-Waller factors of the HS and LS
states of the Fe' ions. Isomer shifts refer to a-Fe at RT. For the RC ex-
periments, the extremity of the sample rod was rapidly immersed into a
Dewar filled with liquid nitrogen. The sample rod was then quickly in-
serted into the cryostat and a Mdssbauer spectrum was recorded at 80 K.
Maossbauer spectra at selected temperatures were then recorded on slow
warming and cooling over the temperature range 80 to 300 K. '*Sn Moss-
bauer measurements were measured in transmission geometry by using a
19mgn (CaSnO;) source operating at RT. Spectra were recorded on cool-
ing by using a cryostat operating over the range 300 to 4.2 K. All isomer
shifts refer to CaSnO;. DSC measurements were carried out under a
helium atmosphere by using a Perkin—Elmer DSC Pyris1 instrument
equipped with a cryostat and operating down to 98 K. Aluminium capsu-
les were loaded with 14 to 30 mg of the sample and sealed. The heating
and cooling rates were fixed at 5 Kmin~'. Temperatures and enthalpies
were calibrated over the temperature range of interest by using the crys-
tal-crystal transitions of pure cyclopentane (>99 %).

X-ray powder diffraction (XRPD): X-ray powder patterns were recorded
at RT from 26 =35 to 70° with an interval of 0.02° by using a SIEMENS
D-5000 counter diffractometer working with Cug, radiation (A=
1.5418 A). Temperature-dependent XRPD measurements were per-
formed by using an Oxford Diffraction Xcalibur 2 single-crystal diffrac-
tometer equipped with a CryojetXL cryostat liquid nitrogen blower
using Moy, radiation (A1=0.71073 A). A borosilicate glass capillary
0.3 mm in diameter was filled with the sample. The sample-to-detector
distance was 130 mm. To cover a wider range of 26, the diffractograms
were recorded for two detector positions with an offset of 0 and 12°, re-
spectively. The detector position at #=12° resulted in a systematic distor-
tion of the diffractogram. Correct d values were calculated from a refer-
ence mineral (Kyanite) with known peak positions. The acquisition time
per sample was 180 s and the sample rotation was 3°s™". The sample was
mounted at RT and slowly cooled to 100 K. In a second run, the sample
was slowly warmed from 100 K to RT; 10 min per cooling step were nec-
essary between two measurements. The reading error on the temperature
was approximately 1 K. The relative intensity of the HS phase Iyg/I,,; was
obtained by a least-squares refinement to a Gaussian lineshape.” For
the RC experiments, the sample holder was immersed into a Dewar
filled with liquid nitrogen, and then mounted on the diffractometer with
the temperature set at 100 K by means of a stream of nitrogen. The
mounting procedure took less than one minute. The corresponding data
were collected without detector offset.
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