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The thermally induced hysteretic spin transition (ST) that occurs in the polymeric chain compound
[Fe(NH,trz)3](NOs), (1) above room temperature (TT = 347K, TC¢ = 314 K) has been tracked by *>'Fe Mossbauer
spectroscopy, SQUID magnetometry, differential scanning calorimetry (DSC), and X-ray powder diffraction (XPRD) at
variable temperatures. From the XRPD pattern indexation, an orthorhombic primitive cell was observed with the
following cell parameters: 2= 11.83(2) A, b=9.72(1) A, ¢=6.361(9) A at 298 K (low-spin state) and a = 14.37(2) A,
b=9.61(4) A, c=6.76(4) A at 380 K (high-spin state). The enthalpy and entropy variation associated to the ST of 1,
have been evaluated by DSC as AH = 23(1) kJ mol~" and AS=69.6(1) J mol~' K~". These thermodynamic data
were used within a two-level Ising like model for the statistical analysis of First Order Reversal Curve (FORC) diagram
that was recorded for 1, in the cooling mode. Strong intramolecular cooperative effects are witnessed by the derived
interaction parameter of J=496 K. The crystal structure of [Cu(NH,trz)3](NO3), - H,0 (2) was obtained thanks to high
quality single crystals prepared by slow evaporation after hydrothermal pretreatment. The catena poly[u-tris(4-amino-
1,2,4-triazole-N1,N2) copper(Il)] dinitrate monohydrate (2) crystallizes in the monoclinic space group C2/c, with a =
16.635(6) A, b=13.223(4) A, c=7.805(3) A, 8 = 102.56(3)°, Z= 4. Complex 2 is a 1D infinite chain containing triple
N1,N2-1,2 4-triazole bridges with an intra-chain distance of Cu- - - Cu = 3.903(1) A. A dense H-bonding network with
the nitrate counteranion involved in intra-chain and inter-chain interactions is observed. Such a supramolecular
network could be at the origin of the unusually large hysteresis loop displayed by 1 (AT ~ 33 K), as a result of an
efficient propagation of elastic interactions through the network. This hypothesis is strengthened by the crystal
structure of 2 and by the absence of crystallographic phase transition for 1 over the whole temperature range of

investigation as shown by XRPD.

1. Introduction

A growing interest in the coordination chemistry of 4-sub-
stituted-1,2,4-triazole derivatives has been accentuated while
searching for crystal structure-magnetic properties relation-
ships for 3d transition metal complexes with these ligands."
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Indeed, such bidentate molecules are able to propagate
elastic’ and magnetic interactions® between transition metal
ions in polynuclear complexes, which are of fundamental
importance in molecular magnetism.* In particular, several
one-dimensional (1D) spin crossover (SCO) chains of for-
mula [Fe(4-R-1,2,4-triazole)s](anion), have been prepared
and thoroughly investigated.” These coordination polymers
generally display in the solid state a spin transition (ST) with
a hysteresis width of variable extent, sometimes centered near
room temperature.>>® Their associated thermochromism
make them potentially useful for various applications such
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as display and memory devices units,” sensors,® and cold
channel control units in food and medicals storage.”

The origin of the hysteresis loop of these materials and its
thermal extent are not yet fully understood.'® It is recognized
that strengthening of intramolecular interactions by triply
1,2,4-triazole bridges connecting spin changing molecules
can promote cooperative effects, resulting in the observation
of hysteresis width ranging between 2 and 20 K. Indeed, 1D
chains where the Fe'" ions are linked by loose bridges all
display gradual SCO behavior without any hysteresis effect.
This is the case when triply bis-tetrazoles bridges with flexible
spacers are employed'' or when single brid%es are used (e. g
1,2-bis(4-pyridyl)etha(e)ne,'? 4,4-bipyridine, " dicyanamide').
Intermolecular interactions are believed to also contribute to
the ST cooperative mechanism, thus resulting in larger
hysteresis loops.>'>'® There indeed exist three examples of
1D chains where intermolecular interactions in combination
with the above-mentioned intramolecular interactions
may contribute to the effective propagation of elastic inter-
actions between spin changing molecules. This is the case for
[Fe(Htrz),trz]BF4 (Htrz = 4-H-1,2,4-triazole, trz = triazo-
lato) that displays a ST above room temperature with a
hysteresis width of ~40 K.'* and for [Fe(hyptrz)s](4-chloro-
3-nitrophenylsulfonate), - H,O (hyptrz =4-(3'-hydroxypropyl)-
1,2,4-triazole) that display a ST with an hysteresis width
of ~50 K below room temperature.'® For the first case, the
BF,  anion directly bridges neighboring chains through
hydrogen bonding as deduced from WAXS experiments.'’
For the second case, 7— stacking interactions of the anions
as well as direct hydrogen bonding between the 4-R sub-
stituent of neighboring chains were observed in the analogous
Cu"" crystal structure of the 1D chain.!” The third example
concerns [Fe(NH,trz);](NO3), (NH>trz = 4-amino-1,2.4-
triazole) (1) whose large hysteresis of ~35 K, >'® could
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Figure 1. Variation of transition temperature, 7', as deduced from
Maassbauer spectroscopy, on cooling (¥) and warming modes (A) versus
the anion volume for [Fe(NHstrz)s](anion),.2 The circle highlights the
wider hysteresis width of the nitrate derivative.

originate from intermolecular interactions involving the
nitrate as concluded from muon spin relaxation (uSR)
experiments.'’

It is however known that the ST regime of [Fe-
(NHo,trz)s](anion), chain compounds can be tuned over a
wide thermal domain by modifying the nature of the non-
coordinated anion in the crystal lattice.” This conclusion was
supported by a useful anion database for these materials
including monovalent inorganic anions (Cl, BF, , ClO4 ,
PFy~, ..) and doubly charged fluoride anions (SnFg”
ZrF¢*, GeFg> ™, ...).° This comprehensive work confirmed
a linear relationship between the transition temperatures,
T, /2L on cooling and 7', on warming, and the anion volume
for monovalent anions (Figure 1). Indeed, when the volume
of the anion decreases, the transition temperature increases
and the covalency of the Fe—N bonds within the chain
increases.”’ Interestingly, the transition temperatures of
1 are located well above the linear regime (Figure 1) despite
the monovalent character of the nitrate anion. In addition,
the hysteresis width of 1 is much wider than the one usually
observed for these ST materials.’ This difference in properties
may originate from the planar nature of the nitrate anion,
compared to the spherical geometry of the other inserted
monovalent anions, which would allow the propagation of
elastic interactions in a directional manner between chains,
thanks to hydrogen bonding.

This hypothesis was probed by preparing novel
Fe"=NH,trz chain compounds including anions having
planar aromatic rings (benzene sulfonate,”> naphthalene
sulfonate derivatives™) which can eventually promote 77—z
interactions. However, the hysteresis width of such ST
materials did not exceed 20 K.> Thus, it can be concluded
that the use of planar aromatic anions is not a sufficient
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Figure 2. SEM images of powders at different resolutions of [Fe(NH,trz);](NOs),, 1, (a), (b), and of [Cu(NH,trz);](NOs),-H>0, 2, (c), (d).

condition to observe a wide hiysteresis loop. In the absence of
crystal structure of a 1D Fe''=NH,trz chain containing the
nitrate anion, it was difficult to draw further conclusions.
These materials indeed hardly crystallize, and only a few Cu'"
analogues were obtained by slow evaporation of the reaction
medium or by recrystallization of the powders of the target
compounds.*'*?**#* In this context, recrystallization of
powders of [Cu(NH,trz);](NOs),-H>O (2) after hydrother-
mal treatment afforded single crystals that were analyzed in
this work by single crystal X-ray diffraction. The crystal
structure reveals 1D triple bridged N1,N2-1,2,4-triazole Cu"
chains and allows the study of the supramolecular organiza-
tion of the anion with respect to other components of the
system. To get deeper insights to the origin of cooperative
effects of the ST of 1, First-Order Reversal Curves (FORC)
were recorded along with superconductiong quantum inter-
ference device (SQUID) measurements. This study was
completed by differential scanning calorimetry (DSC) and
variable temperature X-ray powder diffraction and *’Fe
Mossbauer spectroscopy carried out above 293 K where
the ST proceeds.

2. Results

2.1. Synthesis. 1 was precipitated as a pink powder
containing nanorods (length ~300—800 nm and thickness
~66 nm) that were identified by scanning electronic
microscopy (SEM) (Figure 2a, b).

Attempts to obtain single crystals of 1 by slow evapora-
tion, slow diffusion, recrystallization, and hydrothermal
methods, all failed. The X-ray powder diffraction pattern
(Figure 3) indicates a rather crystalline material which is
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Figure 3. X-ray powder diffraction patterns at 293 K for 1 and 2.

similar to the one displayed by 2. Repeated attempts to
grow single crystals of 2 by slow evaporation, from an
aqueous solution of the reaction medium at room tem-
perature afforded dendrite type crystals. Recrystalliza-
tion of a powder of 2 afforded a microcrystalline powder
that provided a well resolved X-ray diffractogram
(Figure 3), but no single crystals suitable for a X-ray
analysis. The high crystalline morphology of this sample
was confirmed by SEM with elongated rods of 120—
330 nm length (Figure 2c,d). These features prompted
us to invest more efforts in the recrystallization process.
The powder of 2 was then dissolved in distilled water and
treated hydrothermally in an acid digestion bond at
155 °C for 36 h. After cooling to room temperature, slow
evaporation of the solution afforded after 1 week thin
needles that are isostructural to the powder of 2, as
deduced from X-ray powder diffraction (Figure 3) and
suitable for a single crystal X-ray diffraction analysis
(Section 2.2.). A thermogravimetric measurement was
carried out for 2 over the temperature range 25—900 °C.
The residue obtained after ~900 °C was identified as CuO
by comparison of its X-ray powder diffractogram with
the JPCDS-JCDD database. This allowed us to derive the
Cu % from the TGA analysis which is in agreement with
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Table 1. Crystallographic Data and Structure Refinements for [Cu(NHstrz)s]-
(NO3),-H,0 (2) at 293(2) K

empirical formula Ce Hij3 Cu Ny Oy
M (g/mol) 456.84

crystal system monoclinic
space group C 2/c (n°15)
alA 16.635(6)
b/A 13.223(4)
c/A 7.805(3)
ﬁ/dpg 102.56(3)°
VIA 1675.7(10)
zZ 4

D/g.em ™ 1.811
crystal size (mm) 0.1 x 0.1 x0.9
F(000) 928
reflections collected 873
independent reflections 873

no. parameters 149
goodness of fit on F> 1.076

R1, wR2 [I > 20(1)]
R1, wR2 [all data] .
largest difference peak and hole/e A3

0.0534, 0.1423
0.0614, 0.1510 .
0.986 and —0.631 e A3

the expected one for 2. The crystals and powder of 2 have
identical IR spectra. The bands assigned to ring torsion of
triazole (619 cm ™ ') and the N—N stretching bands (1197
cm ') are shifted to 621 cm~ ! and 1218 cm™', respec-
tively, thus confirming the coordination of Cu'' to the
triazole ring.>** The strong band v5 ~ 1384 cm ™' and the
weak band v, ~ 827 cm ™' are characteristic of the asym-
metric stretch and out-of-plane bend of nitrate anion,*’
thus confirming the presence of a non-coordinated coun-
teranion. Diffuse reflectance spectra of 2 as powder or
crystals show a broad asymmetric band in the range
440—870 nm which is due to a d-d transition, with a
maximum at 15385 cm ™', which is in agreement with the
presence of a CulNg chromophore and a tetragonal dis-
tortion of Cu" octahedra.?®

2.2. X-ray Crystal Structure of [Cu(NH,trz);](NO3), -
H>0 (2). [Cu(NH>trz);](NOs3), - H>O (2) crystallizes in the
monoclinic system (C2/c). The crystallographic data are
presented in Table 1, and selected bond lengths and angles
are given in Table 2a. Each Cu' ion is coordinated to six
N atoms belonging to six NH»trz ligands setting up an
octahedral symmetry, as indicated by the bond lengths
and angles involving Cu" (Table 2a). The basal plane of
the octahedra is formed by four nitrogen donor atoms at
1.991(4) A and 2.081(4) A and two NH,trz ligands that
coordinate axially at 2.372(4) A. The axial bond lengths
are larger than the equatorial ones because of the
Jahn—Teller effect. These Cu—N bond lengths are shorter
than for other Cu'" 1D chain with NH,trz including other
anions (Table 3). The bidentate NH»trz ligand bridges the
copper ions through the N/- and N2- nitrogen atoms to
form a 1D infinite polymer (Figure 4). Compared to other
crystallized Cu'" 1D chain compounds, only one repeat-
ing Cu'' type has been found within the chain, the
octahedron thus appears to be less distorted (distortion
parameter®’ 3" = 13.0(5)°) (Table 3).

The Cu' octahedra are oriented in an ababa arrange-
ment within a chain (Figure 4). The intra-chain distance

(25) Nakamoto, K. Infrared and Raman Spectra of Inorganic and coordi-
nation Compounds, 5 ed., Part B; Wiley-Interscience: New York, 1997.

(26) Hathaway, B. J.; Billing, D. E. Coord. Chem. Rev. 1970, 5, 143.

(27) Marchivie, M.; Guionneau, P.; Letard, J. F.; Chasseau, D. Acta
Crystallogr. 2005, B61, 25.
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Table 2. (a) Selected Bond Distances (A) and Angles (deg), and (b) Inter-Atomic
Distances and Angles (deg) for Hydrogen Bond Interactions in [Cu(NH,trz);]-
(NO3),-H,0 (2)

(a) Bond Distances and Angles

bond length bond angle
Cul—N3 2.372(4) N4—Cul—N4 180.0(4)
Cul—N4 1.991(4) N4—Cul—N7 90.53(17)
Cul—N7 2.081(4) N4—Cul—-N7 89.47(17)
N3—-N4 1.391(5) N7—Cul—N7 180.0(3)
N4-C2 1.300(8) N4—Cul—N3 89.88(17)
N5—N6 1.402(10) N4—Cul—N3 90.12(17)
N6—C3 1.344(7) N7—Cul—N3 87.10(16)
N7-C3 1.305(7) N7—Cul—N3 92.60(16)
N7-N7 1.385(8) N3—Cul—N3 180.0(3)
N8-Ol 1.204(9) C2—-N2—-Cl 105.5(5)
N§-02 1.195(12) C2—N2—-NI1 128.1(5)
N8—-03 1.225(10) CI—N3—N4 126.2(5)
C1—N3—N4 106.0(4)
C1-N3—Cul 128.1(4)
N4—N3—Cul 125.4(3)
C2—N4—N3 107.0(5)
C2—N4—Cul 128.3(4)
N3—N4—Cul 124.4(3)
N3—C1-N2 111.2(5)
N4—-C2—N2 110.2(5)
C3—-N6—C3 105.3(7)
C3—N6—NS5 127.4(4)
C3—N6—NS5 127.4(4)
C3—N7-N7 106.7(3)
C3—N7—Cul 126.0(4)
N7-N7-Cul 126.81(13)
N7-C3—-N6 110.6(6)
02-N8—O0l 118.4(10)
02—Ng8—-03 122.3(11)
O1-N8-03 119.2(11)

(b) Inter-Atomic Distances and Angles

ZD—
D-H D-H H---A H-A D---A A

N5S—H54 086 3.023 89 3126 OI[—0.5+x,0.5—y, —0.5+2]
N5—H54 0.86 3.023 89 3126 O0I1[0.5-x, 05—y, 2]
NI-HIA 086 3102 90  3.224 03[0.5—x,0.5—y, —z]
NS—H54 086 2720 125 3229 02[0.5-x,0.5+y, 0.5-2]
NS—HSA 086 2720 119  3.229 02[-0.5+x, 0.5+, 7]
C2—-H2 101 2974 87 3087 OI[0.5—x,0.5—y, —z]
C3—H3 090 2963 87  3.048 OI[-0.5+x,0.5—y, —0.5+z]
NI-HIA 086 2312 165 3.5 OI[x,y, —I+7]

NI-HIA 086 3129 84 3159 02[x, —y, —0.5+2]

CI-HI 101 2248 157 3125 O3[x,y.7]

C2—-H2 101 2151 163 3129 O3[x,y, —I+z]

C3—H3 090 2350 162 3.215 04[0.5—x, 0.5-y, —]
O4—H4 078 2648 149 3339 OI[I—x,y, 0.5z

O4—H4 078 2312 137 2931 O02[I-x, v, 0.5—z]

Cu---Cu = 3.903(1) A, is in the expected range for 1D
Cu"' coordination polymers with 1,2,4-triazole ligands.
This value varies depending on the counteranion and the
number of Cu' types within a chain (Table 3). This
distance is, however, higher than for the Fe'' derivatives,
with a Fe---Fe ~ 3.5 A as deduced by EXAFS measure-
ments.® For 2, the inter-chain distance Cu- - - Cu distance

(28) (a) Michalowicz, A.; Moscovici, J.; Ducourant, B.; Cracco, D.;
Kahn, O. Chem. Mater. 1995, 7, 1833. (b) Michalowicz, A.; Moscovici, J.;
Kahn, O. J. Phys. IV 1997, 7, 633.
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Figure 4. 1D chain of [Cu(NH,trz);](NO3), - H,O running along the ¢ axis illustrating the atomic labeling scheme (counteranions have been omitted for

clarity).

Table 3. Collection of Crystallographic Data for the [Cu(NHstrz);Janion-7nH,0O Chain Complexes

octahedral
R octahedra crystal system, distortion
anion n bond distances (A) sequence space group o) ref.

BF,~ 1 Cu---Cu = 3922 abab ab triclinic/ P1 D ocuny = 12.68(5)° 24b
Cul—NI11 = 2.379 Cu2—N12 = 1.977 D cuzy = 22.20(5)°
Cul—N21 = 2.003 Cu2—N22 = 2.423
Cul—N31 = 2.067 Cu2—N32 = 2.059

ClOo,~ 1/3 triclinic/PT 24a
Cu—N = 2.01-2.11 (eq. plane)
Cu—N = 2.26—2.38 (axial plane)

BF, /(SiFs %)os 2 Cu +--Cu = 3.877, 3.886 ab ab ab triclinic/PT docuny = 21.92(5)°  24b
Cul—NI11 = 2.426 Cu2—NI12 = 2.017 (cuw2) = 14.55(5)°
Cul—N21 = 2.018 Cu2—N22 = 2.327 D cuz) = 12.56(5)°
Cul—N31 = 2.040 Cu2—N32 = 2.042
Cu3—N41 = 2.315 Cu2—N42 = 2.018
Cu3—N51 = 2.013 Cu2—N52 = 2.369
Cu3—N61 = 2.096 Cu2—N62 = 2.037

SiFs 2 8/3 Cu ---Cu = 3.855, 3.886, 3.904 abc abc triclinic/ P1 >cury = 10.96(5)°  24b
Cul—N11 = 2.065 Cu2—N12 = 2.069 > cury = 15.87(5)°
Cul—N21 = 2.329 Cu2—N22 = 1.985 (cuz) = 25.47(5)°
Cul—N31 = 2.006 Cu2—N41 = 1.992 D cusy = 13.44(5)°

Cu2—N51 = 2.317

Cu3—N42 = 2.353
Cu3—N52 = 2.048 Cu4—N72 = 2.314
Cu3—N62 = 2.039 Cu4—N82 = 2.082
Cu3—N71 = 2.030 Cud—N92 = 2.019
Cu3—N82 = 2.031
Cu3—N91 = 2.039

ZrFq 2 1 Cu ---Cu = 3.8850(3) abab ab monoclinic/P2i/n > cuny = 12.76(5)° 20
Cul—N1 = 2.299(3) Cu2—N12 = 2.385(3) > cury = 19.44(5)°
Cul—N21=2.080(3) Cu2—N2 = 2.023(3)
Cul—NI11=12.014(3) Cu2—N22 = 2.029(3)

NO;~ 1 Cu ---Cu = 3.903(1) ab ab ab monoclinic/C2/¢ > cury = 13.00(5)° this work

is 13.223(4) A. All 1,2,4-triazole rings are planar; the
deviation from the least-squares plane through the ring
atoms is smaller than 0.18 A. The crystal packing is formed
by an infinite octahedral array of [Cu(NH,trz);]*" linear
chains running along the ¢ axis, with two NO3~ counter-
anions and a non-coordinated water molecule in the
vacancies (Figure 5a). Many intra- and inter-chain
H-bonding interactions involving the nitrate with the
non-coordinated water molecule and with the amino
group of the triazole ring, are found (Figure 5).
Intra-chain interactions are clearly identified between
triazoles belonging to the same chain and the nitrate anion.
Indeed, two amino groups of a triazole, of the A and B
planes, are connected through H-bonding to two different

oxygen atoms of the same nitrate group: N5S—HS5A- - - Ol at
3.126 A and NI—H1A---0O3 at 3.224 A (Figure 5b). An
additional H-bond is found between the amino group of the
A plane and the O2 atom of the nitrate at 3.229 A (N5—
HSA---02). A bifurcated H-bonding type is also found
between O1 atom of nitrate and the —C—H of triazole rings
in two different planes, C2—H2- - -Ol and C3—H3- - - Ol at
3.087 A and 3.048 A, respectively (Figure 5b).

In the B plane, the second NO;  group makes short
intramolecular interactions between (a) the -NH, groups
of two adjacent triazole rings, N1-HIA---O1 at 3.151
Aand NI-H1A---02at 3.159 A; (b) the —=C—H of two
different triazole rings at 3.125 A (C1—H1---03) and at
3.129 A C2—H2- - -0O3 (Figure 5c).
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Figure 5. Intra-chain H-bonds interactions involving H,O or nitrate for 2: (a) the water molecule is connected to neighboring triazole (in yellow) by
C—H- - -Ointeractions. (b) A nitrate is found to link the —C—H and the amino group of two triazole ring belonging to different planes (A in yellow and B
pink). (c) A nitrate is connected to two amino groups and C—H of two triazole rings located in the B plane.

The water molecule also connects two octahedra within
a chain by C—H---O interactions through the triazole
rings of the A plane at 3.215 A (C3—H3- - -O4). The same
water molecule is connected through H-bonding to oxy-
gen atoms of nitrate groups at 3.339 A (O4—H4---01)
and at 2.931 A (O4—H4---02) (Figure 5a). This water
molecule is located between the chains and forms two
bifurcated H-bonds with two nitrate which are related to
different chains thanks to electrostatic interactions thus
establishing indirect inter-chain interactions (Figure 6a).
In addition, the nitrate anions strengthen inter-chain
interactions; a trifurcated hydrogen interaction is found
for O1, with amino groups belonging to two different
chains, N5S—H5A---O1 = 3.126 A, NI-HIA---0O1l =
3.151 A, and with a —CH group of a chain (C2—H2- - -
O1 = 3.087 A). O2 is also connected to an amino group
(N5—H5A---02 = 3.229 A) (Figure 6b) and the third
oxygen of the nitrate (O3) is connected to a triazole ring
(C2—H2---03 =3.129 A).

Nitrate groups are thus implied in different intermole-
cular interactions (bi- and trifurcated)® and set up a
dense hydrogen bonding network.

Intramolecular interactions involving a non-coordi-
nated molecule were also identified for related Cu'! 4R-1,
2,4-triazole chains.>*>***~¢ In the case of [Cu(hyetrz);]-

(29) Taylor, R.; Kennard, O.; Versichel, W. J. Am. Chem. Soc. 1984,
106, 244.

(ClO4),-3H,0 (hyetrz = 4-(2'-hydroxyethyl)-1,2,4-tria-
zole),*® a hydrogen bond between hydroxyl groups from
the ligands, originating from neighboring triple u-triazole
links is identified as an intra-chain H-bonding lock. In
[Cu(hyetrz);](CF5S05),+-H>0,*® and in [Cu(NHstrz)s]-
(BF4)>-H,0,** a weak double hydrogen bonding
—C—H::-X:-+H-C— (X = CF3S03  or BF;) that
connect the anions to the chains is found. In
[Cu(NH,trz)3]ZrF¢-H,O no hydrogen bonds between
the fluorine atom of ZrFs>~ and the —C—H of triazole
ring is identified,?’® but a pseudo three-dimensional (3D)
hydrogen bonding network is formed by H-bonding
between fluorine atom and the -NH, group of the triazole
and with the oxygen atom of water molecule. In 2, the
situation is unique because all types of interactions could
be identified. The ‘tripod’ character of nitrate groups
allows linking the NH,trz rings by their —C—H and
amino groups, which does rigidify the H-bonding net-
work. The H-bonding network is reinforced by four
different hydrogen bonds between water molecule and
two different nitrate groups that belong to two different
chains, —N—O- - -H(H,0)- - -O—N— by double hydro-
gen bonding —C—H-:-X..-H—C—. However, the hy-
drogen bonding network can be overall considered of
moderate strength because hydrogen bonds range from
2.931 to 3.339 A with bond angles varying from 84° to
165°, which deviates from linearity.
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Figure 6. Projection of the crystal structure of 2 on the (ab) plane showing intermolecular hydrogen-bonded chains involving (a) both nitrate and water

molecule, and (b) nitrate and triazole rings.
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Figure 7. Kubelka—Munk function F(R) of 1 showing the d—d transi-
tions at 293 K and at 400 K.

2.3. Thermally Induced STin1. 2.3.1. UV—vis Diffuse
Reflectance Spectroscopy. Compound 1 presents a reversi-
ble thermochromism from pink to white on warming above
room temperature (Figure 7). These colors depend on the
spin state of the Fe'' centers. The pink color, at 293 K., is due
to the 'A, e 'T, ¢ d-d transition of LS Fe'l'sites observed at
~18700 cm~'. A second band identified around 26700
cm” s attributed to A e szg d-d transition. The white
color, at 400 K, results from the location of the d-d
transition, ° T — 3 E , for the HS sites in the near-infrared
region (~12300 cm ) The ligand field strength for the HS
and LS states have been evaluated thanks to eqs 1 and 2.*°

10D,"S = ECE) — E(°T») (1)

(30) (a) Giitlich, P.; Jung, J.; Goodwin, H. A. Spin Transitions in Iron(II)
Complexes. An Introduction In Molecular Magnetism: From Molecular
Assemblies to the Devices; Kluwer Academic: Dordrecht , The Netherlands,
1996; p 327. (b) Giitlich, P.; Hauser, A.; Spiering, H. Angew. Chem., Int. Ed.
Engl. 1994, 33, 2024. (c) Giitlich, P.; Hauser, A.; Spiering, H. In Inorganic
Electronic Structure and Spectroscopy; A. B. Lever, P., Solomon, E. 1., Eds.;
John Wiley & Sons: New York, 1999; Vol. 11, p 575. (d) Giitlich, P.; Garcia, Y.;
Goodwin, H. A. Chem. Soc. Rev. 2000, 29, 419. (e) Giitlich, P.; Garcia, Y.;
Spiering, H. Magnetism: From Molecules to Materials 1V; Wiley-VCH:
New York, 2003; p 271. () Giitlich, P.; Goodwin, H. A. Spin Crossover in
Transition Metal Compounds. In Topics in Current Chemistry; Springer: Berlin-
Heidelberg, 2004; pp 233—235.

E('Ty) —E('Ty)
% (2)

-1

10D, = E('T)—E('A)) +

The following values were obtained: 10D, HS 12300 cm
and 10D, LS ~ 25375 cm ™. These are typlcal of Fe' comp-
lexes presentlng a thermally induced SCO behavior.*®
2.3.2. 3"Fe Massbauer Spectroscopy. An inspection of
the SCO properties for 1 using °>’Fe Mossbauer spectros-
copy was undertaken over the temperature range 293—
380 K (Figure 8a, b). Mossbauer parameters are listed in
Table 4, and representative spectra are shown in Figure 8b.
The spectrum at 293 K shows one quadrupole doublet
attributed to LS Fe'! ions (0" = 0.44 (1) mm-s~ ' and
AEQLS 0.19(1) mm-s~ ") in good agreement with litera-
ture data that were only reported at room tempera-
ture.'®'” The detection of a quadrupole splitting stems
from a lattice contribution to the electric field gradient
which points out to a distortion of the LS octahedra
within the chain.?® The compound remains in the LS state
on warming up to 330 K, after which a second quadrupole
doublet attributed to HS Fe!! ions grows in intensity (e.g.,
at 342 K, M5 =0.98(3) mm-s~" and AEQHS = 2.59(1)
mm-s_ ). This larger quadrupole splitting i 1s due to the
rising of the valence contribution of HS Fe' jons. The
relative area fraction of the HS doublet slowly increases
to ~38.5% at 346 K and then more abruptly at 351 K
where the spectrum consists of a dominant HS doublet,
74% (aHS =099 (1) mm-s™' and AE,"S= 2.57(2)
mm-s~'). The slight asymmetry of the lines observed in
the HS state is attributed to a texture effect. After this
temperature the relative area of HS Fe'' ions increases
again slowly to reach 92% at 380 K, with 6" = 0.97(1)
mm-s~ ' and AEQHS = 2.49(1) mm-s~ ", indicating an
incomplete ST at this temperature. Upon cooling to room
temperature, the reverse situation is observed. The spec-
tra shown on cooling and warming modes at 330 K clearly
evidence a hysteretic effect (Figure 8b). Indeed, the ST
curve deduced by plotting the variation of the tempera-
ture dependence of the HS molar fraction, Vs, shows a
hysteresis loop, with T.' = 347(1) K and 7.} = 317(1) K
(Figure 8a). These values are in good agreement with the
ones obtained by magnetic susceptibility measurements
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Figure 8. (a) yus vs T'curves on cooling (¥) and on warming (A) modes for 1. (b) Selected *’Fe Mossbauer spectra of 1 on warming and on cooling mode.

Gray and dark gray correspond to the HS and LS doublets, respectively.

Table 4. Overview of the *’Fe Mossbauer Parameters for 1 on Warming and on
Cooling Mode, over the Temperature Range 293—380 K

T[K] o“[mm/s] AE,"[mm/s] T/2°[mm/s] relative area [%] sites
293(1) - 0.4(1) 0.19(1) 0.16(2) 100 LS
330(1) 0.45(1) 0.18(1) 0.19(1) 100 LS
342(1)" 0.98(3) 2.59(1) 0.17(1) 25.7 HS

0.41(1) 0.16(1) 0.16(1) 74.3 LS
346(1)" 1.03(3) 2.59(1) 0.18(2) 38.5 HS
0.42(1) 0.16(3) 0.15(1) 61.5 LS
351" 0.99(1) 2.572) 0.16(2) 74.0 HS
0.41(1) 0.13(2) 0.16(1) 26.0 LS
358(1)" 0.99(1) 2.55(1) 0.17(1) 80.0 HS
0.35(1) 0.19(1) 0.2¢ 20.0 LS
363(1) " 0.99(1) 2.54(1) 0.17(1) 85.3 HS
0.38(2) 0.19(1) 0.15¢ 14.7 LS
380(1)  0.97(1) 2.49(1) 0.17(1) 92.0 HS
0.34(1) 0.157 8.0 LS
361(1)" 0.99(1) 2.54(2) 0.17(1) 87.0 HS
0.37(1) 0.0(1) 0.18(1) 13.0 LS
346(1) % 0.99(1) 2.59(2) 0.17(1) 83.6 HS
0.35(1) 0.16° 0.27(1) 16.4 LS
330(1)"  1.00(1) 2.632) 0.17(2) 80.8 HS
0.45(1) 0.29(1) 0.20(1) 19.2 LS
315(1) " 1.01(1) 2.69(1) 0.16(1) 28.6 HS
0.42(1) 0.17(1) 0.16(1) 71.4 LS
305(1) 0.44(1) 0.17(1) 0.20(1) 100 LS
293(1)"  0.44(1) 0.19(1) 0.17(2) 100 LS

“0 = isomer shift relative to o-iron. AEQ = quadrupole splitting.
‘T'/2 = half width at half-maximum. “Fixed parameters. Coolmg
Warming.

T. "=348 K and T. '=313K ,'"® uSR spectroscopy T
346 K and T.' = 312 K,'” DSC and XRPD at variable
temperature (vide infra).

2.3.3. X-ray Powder Thermo-Diffractometry. The
rather resolved X-ray powder diffraction pattern of 1 at

293 K (Figure 3) prompted us to investigate its thermo-
diffractometry on warming to track the ST and an
eventual crystallographic phase transition that could be
at the origin of the observed hysteresis loop. X-ray
diffraction patterns of 1 were thus recorded on cooling
and warming over the same temperature range investi-
gated by Mossbauer spectroscopy (298—380 K), where
the ST reversibly proceeds. The heating/cooling rate was
fixed at 10 K/min between each temperature step. Figure
9a shows typical diffraction patterns which are found to
be similar on cooling and on warming mode and suggest
that there is no crystallographic phase transition over the
temperature variation. The intensity of a peak at 26 =
24.6°, corresponding to the HS state, was selected as a
marker to follow the ST and the hysteresis loop of 1,
which is included in Figure 9b. On warming, the intensity
of the peak at 24.3°, corresponding to the LS state,
decreases in favor of the HS peak (Figure 9b). The peaks
recorded for intermediate temperatures consist of the sum
of these two contributions. The trans1t10n temperatures
derived from the evolution of /''S(T) are T.!=347K and
T.! = 314 K. These values agree very well with those
obtained, for example, by Mossbauer spectroscopy and
by uSR." Indexation of the 10 most intense peaks of the
diffractogram of 1 (Figure 9), at 293 K (LS) and 380 K
(HS), provided preliminary unit cell parameters: at 293 K,
a=11832)A,b=9.72(1)A, c= 6. 361(9)A, V= 728.585
A®, and at 380 K, a = 14.37(2) A, b =9614) A, ¢ =
6. 76(4) A, V' =941.501 A>. An elongation of the a axis
along with a large volume change of 212.92 A? and a
preservation of an orthorhombic primitive lattice, are
observed for 1. A full Rietveld analysis was not possible
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Figure 9. (a) X-ray powder diffraction of 1, recorded on warming, between 293 and 380 K. The inset shows a zoom of the X-ray powder diffraction
recorded on warming. (b) The temperature dependence of the relative intensity of the HS phase I''S peak at 26 = 24.6°, the data were recorded on cooling ()

and warming (A) modes.
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1 1
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Figure 10. DSC profile of 1in the 293—400 K temperature range in the
cooling () and warming (—) modes.

because of the presence of broad peaks and a low signal/
noise ratio. Assuming 2 molecules in the asymmetric unit,
as in the analogous compound 2, the volume change per
unit chain would be 106 A°. Thls value is a 4-fold
increased compared to AV which is the volume differ-
ence between HS and LS states for mononuclear com-
plexes (~ 25 A3) 2 For 1, one should consider the
combined effect of thermal dilatation, spin state change
of the FeNg core, along with variation of interactions
between the counteranions and the ligands of the 1D
dimensional chains.

2.3.4. DSC. Differential scanning measurements of
1 were carried out at a scan rate of 10 K/min over the
temperature range 293—400 K on warming and cooling
modes. An endothermic peak is observed on warming at
T, maXT = 347 K and an exothermic peak is recorded at
Tmaxl = 314K, oncooling, thus revealing a hysteresis loop
of width 33 K (Figure 10). This behavior is characteristic
of a first-order phase transition and can be related to the
ST detected by magnetic measurements,'® XRPD, and
Mossbauer spectroscopy studies. The enthalpy and en-
tropy variation have been evaluated as AH = 23(1) kJ
mol~' and AS = 69.6(1) J mol~" K~'. The enthalpy
variation agrees well with the one obtained by isobaric

(31) Bessergenev, V. G.; Berezovskii, G. A.; Lavrenova, L. G.; Larionov,
S. V. Zh. Fiz. Khim. 1997, 71, 809.
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Figure 11. y\ 7 versus T plot for 1 over the temperature range 274—
380 K.

heat capacity measurements AH = 22.8(4) kJ mol ™ '.?!
The vibrational contribution to the entropy variation is
evaluated as AS,; = 56.2 J mol™ ' K™, the electronic
contribution being equal to R In5 = 13.4 Jmol ' K™ for
Fe"' SCO compounds.®® These entropy values are some-
what larger than usually observed for Fe'" mononuclear
SCO compounds,®”? but conforms well with the strong
cooperative nature of the ST for this 1D coordination
polymer.”'?

2.3.5. Magnetic Susceptibility Measurements. SQUID
Investigation. The magnetic data were collected over the
temperature range 274—380 K on warming and cooling
modes under an applied field of 1000 Oe. The temperature
dependence of the molar magnetic susceptibility is dis-
played in Figure 11 in the form of a y\7 versus T' 1plot

¥m being the molar magnetic susceptibility per Fe'' ion
corrected for dlamagnetlc contributions. At 274 K, XMTIS
equal to 0.34 cm® mol ' K, which indicates Fe'' ions in the
LS state with few paramagnetic ions that were also identi-
fied at room temperature in a previous >'Fe Mossbauer
spectrum.'” Such HS ions were not detected in our
Maossbauer investigation (Figure 8b) presumably because
of the less resolution of our spectrum (compared with the
one from the reference study'®). As T is 1ncreased XMT
progressively increases reaching about 0.8 cm?® mol
around 338 K, after which yy, 7 increases sharply at 352 K
Above this temperature, xMT increases very slowly and
shows a plateau of 3.47 cm® mol™' K at 380 K, which

(32) Konig, E. Struct. Bonding (Berlin) 1991, 76, 51.
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Figure 12. Thermal FORC in warming/cooling modes.>*.

indicates HS Fe'" ions. In the cooling mode, as the tem-
perature is decreased, yu 7 follows the same pathway as
that observed when warming except in the range 350—
319 K, which indicates a hysteresis loop ~37 K wide
centered at 328 K. The transition temperatures at which
50% of active LS and HS molecules are present in the
warming and cooling modes are TCT =347(1) K and TJ =
310(1) K. The hysteresis loop is retained over successive
cooling and heating thermal cycles, which confirm the ST
reversibility of 1.

FORC Diagram Investigation. The recording of mag-
netic measurements in DC mode reported above only
provides a primary analysis of the hysteresis loop of 1.
We have extended this study by recording First-Order
Reversal Curves (FORCs) to determine the distribution
of switching temperatures and interactions fields for all of
the ‘particles’ that contribute to the hysteresis loop.*
FORCs actually represents a specific class of minor
hysteresis loops, for which the sweeping process of the
input 4parameter, here temperature, is reversed only
once.** The measurement of a FORC begins with the
saturation of the sample in the HS (or LS) state, where
yus = 1 (or ygs = 0). The temperature is then ramped
down (or up) to a reversal temperature called 7, (or 7,,*).
The FORC consists of a measurement of yys as the
temperature is then increased from 7, (or 7,*) back up
(or down) to saturation. The HS fraction at 7}, (or 7,*) on
the FORC with reversal point 7, is denoted by yys(7,,T5)
(see Figure 12). Two sets of FORCs data can thus be
recorded, but here we have restricted ourselves to one
mode (vide infra).

The temperature step is chosen with 7, and 7, being
regularly spaced, which means that yys(7,,7)) can be
plotted on a regular grid. We also define the equilibrium
temperature in the frame of an Ising like model as

A
kB lng

T = (3)

where g = gps/grs is the ratio of the degeneracy of
states, which results from the change in entropy for a

(33) Pike, C. R.; Roberts, A. P.; Verosub, K. L. J. Appl. Phys. 1999, 85,
6660.

(34) Tanasa, R.; Enachescu, C.; Stancu, A.; Varret, F.; Linares, J.;
Codjovi, E. Polyhedron 2007, 26, 1820.

(35) Enachescu, C.; Tanasa, R.; Stancu, A.; Codjovi, E.; Linares, J.;
Varret, F. Phys. B 2004, 343, 15.
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Figure 13. FORC:s of the thermal hysteresis loop of 1 recorded in the
cooling mode, with T,, T} increments of 0.5 K.

total spin conversion (AS = R In g), R is the gas
constant).®

The FORC distribution p(7,,T}) is defined as the mixed
second derivative:

_ BZVHS ( Taa Tb)

p(Ta Ty) = 9T, 0T,

4)

and plotted with rotated axes from switching tempera-
tures (7,,7T,) to a “bias” (b)—*“coercivity” (c¢) diagram
following eqs 5 and 6, respectively.

The b and ¢ parameters are defined as follows:

o Ta+Tb
T,— T,
‘=73 ©)

The “bias” parameter, which is related to the equilibrium
temperature 77, roughly corresponds to the energy gap
A between HS and LS states. The “coercivity”, which is
related to the width of the thermal hysteresis loop, reflects
the strength of intra-domain interactions, which is char-
acterized by the J parameter.’>*® J is an interaction
parameter derived from a two-level Ising like description
of interacting SCO units.

Figure 13 shows the experimental FORCs for 1 ob-
tained on a SQUID magnetometer. The sample was
slowly warmed up to a reversal temperature located on
the upper branch of the hysteresis loop, and the sample
was subsequently cooled. The temperature step was fixed
at 0.5 K for both 7, and 7,, with a sweeping rate of
0.8 K/min. It was essential to use such a small temperature
step to obtain the best accurate data.>® Kinetic effects
were also avoided by working in cooling mode only.
Indeed, preliminary measurements attempted in the
warming mode revealed that it was not possible to fix
the reversal temperature on the lower branch of the
hysteresis loop because of the thermal inertia of the
SQUID magnetometer.

(36) Tanasa, R.; Enachescu, C.; Stancu, A.; Codjovi, E.; Linares, J.;
Varret, F.; Haasnoot, J. G. Phys. Rev. B 2005, 71, 014431.
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Figure 14. Experimental FORC diagram derived from Figure 13, in coercivity-bias coordinates: (a) 2D contour plot representation and (b) 3D
representation.
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Figure 15. Experimental joint FORC diagram in J-A coordinates: (a) 2D contour plot representation and (b) 3D representation.

Table 5. Statistical Analysis of the FORC Distributions from Figure 14

b [K] o(b) [K] ¢ [K] a(e) [K] Ieb A"[K] o(A) [K] TY[K] o(J) [K] rra
329.4 3.7 14.7 4.4 —0.67 2813 20 496.4 17.8 —0.75

“b, ¢, A, T represent the mean values of the parameters b, ¢, A, and J, respectively.

As it has been shown in ref 36 by using the Jacobian of correlation between the joint distributions following
transformation, a correspondence can be performed eq 7.
between FORC distributions in ¢-b and J-A coordi-
nates. The FORC diagram is actually a 3D image re,p = cov(b,c)/a(b)o(c) (7)

represented by the 2D contour plot of the FORC dis-

tribution. Colors provide information about the prob- A negative correlation is found with r., = —0.67 and
ability that a single domain could be characterized by ray = —0.75, which is altered on the FORC diagram by a
a given value c-b or J-A (Figure 14, 15). The probability rotation of the distribution counter-clockwise. A similar
is very low in the blue region and becomes very high effect has been observed in diluted [FeM;_(btr),-

in the red region. In the present case, an interaction (NCS),]-H,0 2D SCO materials (M" = Zn, Co, Ni)

parameter J = 496 K and an energy gap A = 2813 K where the correlation parameter increases with increasing
were obtained (Table 5). It is much higher than the one dilution.>>3? Such correlation may be ascribable to the

found for the two-dimensional (23]63) ST compound counteranion effect on the chains which is acting as a
[Fe(btr)>(NCS),]-H,0 (J 3 235 K)™ which presents a negative pressure on these.”® A detailed study of this effect
hysteresis \Szv%glth of 25 K,”" free of any structural phase could be part of a future work where the size of the count-
transition,”*" compared to 33 K for 1. eranion will be modified to track a correlation between

We have also performed a statistical analysis after the the counteranion size and the cooperativity of the system.
procedure described in ref 36 that allowed us to derive the

average values of bias (b), coercivity (c¢), the standard

deviations, o(b) and o(c), and the dimensionless correla- 3. Discussion
tion parameter r., (Table 5). It represents the degree The exclusive ST properties of [Fe(NH,trz);](NOs), (1)
being associated to an unusually large hysteresis loop feeds
(37) Vreugdenhil, W.; Van Diemen, J. H.; De Graaff, R. A. G.; Haasnoot, the debate aboultI the .Ol‘lgln of coop5elrg1t1ve effects for 1D
J. G.; Reedijk, J.; Van der Kraan, A. M.; Kahn, O.; Zarembowitch, J. 1,2,4-triazole Fe" chain compounds.™" A crystallographic

Polyhedron 1990, 9, 2971.

(38) (a) Garcia, Y.; Gieck, C.; Stauf, S.; Tremel, W.; Giitlich P. 4th TMR
TOSS-Meeting, Bordeaux, France, 2001. (b) Pillet, S.; Hubsch, J.; Lecomte, C. (39) Rotaru, A.; Dirtu, M. M.; Enachescu, C.; Tanasa, R.; Linares, J.;
Eur. Phys. J. B 2004, 38, 541. Stancu, A.; Garcia, Y. Polyhedron 2009, 28, 2531.
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phase transition that would occur concomitantly with the
ST* could explain the increase of hysteresis width for 1 com-
pared to other NH,trz chains that also present an hysteretic
ST but of lower width (Figure 1). This situation has already
been encountered for instance for Fe'' mononuclear com-
plexes [Fe(l-n-propyl-tetrazole)s)(BF,),,*! and [Fe(PM-
AzA)>(NCS),] (PM = N-2'-pyridylmethylene, AzA = 4-
(phenylazo)aniline),** that both display a ST on cooling
below room temperature. XRPD patterns recorded on
warming at variable temperatures for 1 have, however,
revealed the absence of a crystallographic phase transition
(Figure 9), a result which was confirmed by DSC that did not
reveal an unusually large entropy value.*> The hysteresis
width developed by 1 can thus fully be ascribed to solid state
cooperative effects that have been investigated in this work.

The transition temperatures and the hysteresis width are
usually employed to characterize hysteretic SCO curves and
to establish comparisons between SCO systems.*® However,
because of the various combinations of ligands, anions, grain
size, internal stress, and elastic interactions among active
SCO sites, different systems can be characterized by the same
transition temperatures and even by the same external
thermal envelope of the hysteresis loop, whereas a completely
different behavior occurs within their hysteresis loop, parti-
cularly regarding domain distributions.* In an attempt to
remove some of the ambiguities inherent to conventional
hysteresis measurements, Pike et al. developed a novel char-
acterization tool based on First-Order Reversal Curve
(FORC) measurements.>® It was also successfully used for
the characterization of other systems Presenting hysteretic
behavior such as ferroelectric materials,* nanowires,* multi-
layers,*® spin glasses,*” and ST materials presenting pressure,
thermal, and light induced thermal hysteresis.** > On the
basis of the thermodynamic characterization of 1 derived by
DSC, the extent of cooperative effects effective in 1 was
probed, for the first time in a 1D SCO system, through a
FORC investigation. The mean value of the interaction
parameter derived from this FORC analysis was evaluated
as J = 496 K. This value is relatively high and suggests that

(40) Kusz, J.; Giitlich, P.; Spiering, H. Top. Curr. Chem. 2004, 234, 129.

(41) Jeftic, J. High Press. Res. Int. J. 2009, 2, 369.
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intra-chain interactions between the spin active molecules
play an important role on the cooperativity of this system
(section 2.3.5). Furthermore, the FORC diagram reveals a
strong correlation between distributions in ¢-b and J-A
coordinates which has been attributed to an internal pressure
effect induced by the nitrate anion on the chain.

Since Fe''—1,2,4-triazole systems hardly crystallize, because
of insolubility of the coordination polymers and potential
Fe(II) oxidation, it was necessary to obtain single crystals of an
analogous material containing a nitrate anion so as to gain
further insights to the ST phenomenon of 1. Hydrothermal
pretreatement as a method of recrystallization of 1D chains
was proposed and provided single crystals of 2 suitable for a
X-ray analysis. The first crystal structure of a 1D chain triazole
derivative with a nitrate anion was thus obtained. It also
represents one of the rare example of crystallized 1D chain
complexes with triple N1,N2-1,2,4-triazole bridges.>!¢2°>
The crystal structure of 2 is stabilized by a sophisticated and
dense hydrogen bonding network, involving the nitrate, the
amino group of the triazole ligand and a non-coordinated
water molecule (Figure 6b). The anion is bonded to both
amino groups of adjacent triazole molecules belonging to two
1D chains setting up inter-chain interactions. Thus, each chain
is hydrogen bonded to four others, only by implication of the
nitrate group with the ligand (—NH,, —C—H) of different
neighboring chains. Intra-chain interactions are identified
between the nitrate groups and the amino groups of two adja-
cent (in the same or in different planes) triazole rings. Intra-
chain interactions are also found between a non-coordinated
water molecule and —C—H of two triazole rings within the
chain. The water molecule (Figure 4b) plays a double role
because it participates in intermolecular interactions and
increase supramolecular contacts between the chains. We thus
conclude on the relevance of water molecules in the stabiliza-
tion of the structure, which relates two different NO; ™~ groups,
involved also in intra- and inter-chain interactions in different
chains. Indeed this stabilization is supported by the systematic
single crystals degradation of 2 into a powder observed by
taking out the samples from the mother solution at room
temperature and ambient pressure.

Intra- and intermolecular interactions are thus assumed to
strengthen elastic interactions between switching centersin 1,
thus resulting in a wide hysteresis loop. Such interactions may
not only be facilitated by the planar geometry of the nitrate
anion but also by its “tripod” character. In particular, the role
of the nitrate anion that acts as a fourth supramolecular
bridge in addition to the triple 1,2,4-triazole bridge between
metallic centers is pointed out (Figure 5b). This extra-bridge
is believed to strengthen elastic interactions within the chain
of 1 compared to classic chains that show hysteresis of lower
width (Figure 1). These findings are consistent with the liter-
ature. Indeed, it was observed for 1 by uSR spectroscopy'’
that the amino group of the 1,2.4-triazole cannot freely rotate
as a consequence of its likely hydrogen bonding to a nitrate
anion that would support intra-and inter-chain interactions
claimed for 1. It is worthwhile to note that the role of
hydrogen bonds to promote wide hysteresis loop has also
recently been recognized in SCO research for an iron(II)
mononuclear material presenting a 70 K wide hysteresis loop
around room temperature.

(51) Weber, B.; Bauer, W.; Obel, J. Angew. Chem., Int. Ed. 2008, 47, 10098.
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4. Concluding Remarks

The origin of the wide hysteresis loop occurring above
room temperature for [Fe(NH,trz);](NOs), has been dis-
cussed in light of a careful examination of the magnetic
properties along with DSC, Mossbauer, and structural stud-
ies. This study confirms that intramolecular interactions
realized by triply 1,2,4-triazole bridges connecting spin chan-
ging molecules as well as intermolecular interactions mediated
by a tripodal planar anion can promote strong cooperative
effects,” resulting in the observation of large hysteresis width,
free of any structural phase transition. Because the ST of this
material is accompanied by an intense color change, such
characteristics could be useful for optical data recording or
thermal sensing around room temperature.” We shall further
synthesize and investigate new SCO chains including planar
and “poly pods” counteranions to increase the hysteresis
width of these materials that can switch their spin states
around the room temperature region.

5. Experimental Section

Synthesis. All reagents and solvents were used as received from
commercial source: 4-amino-1,2,4-triazole, 99% (ACROS),
copper(Il) nitrate trihydrate, extra pure (ACROS), iron(II)
sulfate heptahydrate (ACROS), barium nitrate (VWR).

[Fe(NH,trz)3](NO3), (1). [Fe(NHxtrz);J(NO3), was synthe-
sized as a pink powder using a procedure described elsewhere.'®
Before all analysis the compound was maintained in vacuum
condition to remove the eventual presence of surface water in
[Fe(NH,trz);]NOs),. Fractional degree of hydration, when ex-
posed to air (0.13 mol H,O) was confirmed by TGA measure-
ments (Supporting Information, Figure S1).

[Cu(NH,trz)3](NO3),- H,O (2). An aqueous solution (3 mL)
of Cu(NO3),+3H,0 (0.0957 g, 0.396 mmol) was added dropwise
to a 2 mL aqueous solution of NHstrz (0.1 g, 1.189 mmol)
leading to a blue precipitate. After 30 min of vigorous stirring at
room temperature, a blue solid was filtered off in air, washed
with distilled water (2 mL), and dried in a desiccator. Yield:
0.1 g, 55%. Anal. for CuC¢H;4N;407 (457.81 g/mol): calcd. C,
15.74; H, 3.08; N, 42.83, Cu, 13.88%. Found: C, 15.88; H, 2.98;
N, 42.64, Cu, 13.2%. IR (KBr, cm™'): »(NH,) ~ 3305 (w),
13(N—0O) ~ 1384 (vs), (N—N) ~ 1218(w), v (C—H out of plane)
~ 985(m), vo,(N—O) ~ 827 (w); v (C—H ring torsion) ~ 621 (s).
Single crystals of [Cu(NH,trz);](NO3),-H>O were obtained as
follows: 10 mg of 2 was dissolved in distilled water (2 mL) and
transferred in a poly(tetrafluoroethylene) container of an acid
digestion bomb. The mixture was heated in an oven at 155 °C for
36 h. A small amount of black precipitate formed after reaction
was eliminated by filtration at room temperature. The blue
filtrate was allowed to stand at room temperature, and blue
single crystals in form of needles were obtained by evaporation
of the solvent within one week.

Physical Measurements. Elemental analyses were performed
at University College London (U.K.). IR spectra were collected
on a Shimadzu FTIR-8400S spectrometer using KBr disks.
Thermogravimetric analyses (TGA) were performed in air
(100 mL/min) at the heating rate of 5 °C/min from 293 to
1173 K using a Mettler Toledo TGA/SDTA 851e analyzer.
Powder X-ray diffraction patterns were recorded on a Philips
X’Pert counter diffractometer working with Cu K, radiation
and operating over the temperature range (293—380 K). The
heating/cooling rate was 10 K/minute between two steps of
analysis. Indexation of unit cell parameters was carried out
using the DICVOLO04 software.>> DSC measurements were car-
ried out in a He(,) atmosphere using a Perkin-Elmer DSC Pyris

(52) Boultif, A.; Louér, D. J. Appl. Crystallogr. 2004, 37, 724.
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1 instrument equipped with a cryostat and operating down to
98 K. An aluminum capsule was loaded with 30.4 mg of sample
and hermetically sealed. The heating and cooling rates were
fixed at 10 K/minute. Temperatures and enthalpies were
calibrated over the temperature range of interest using
the solid—liquid transitions of pure Indium (99.99%).*° The
sample was maintained at room temperature for 5 min to allow
the system to equilibrate, and was further warmed from 293 to
400 K. The sample was maintained at the highest temperature
for 5—10 min to reach equilibrium, followed by a similar
scanning mode as on warming, between 400 K and room
temperature. The experiment was carried out 4 times to check
the reproducibility. Scanning electron microscopy (SEM) was
performed using a Gemini Digital Scanning Microscope 982
with 1 kV accelerating voltage with an aluminum sample
holder. Diffuse reflectance spectra were obtained with a Varian
Cary 5E spectrophotometer using PTFE as a reference. Mea-
surements at 400 K were carried out using a homemade heating
procedure. >’Fe Mossbauer spectra were recorded in transmis-
sion geometry over the temperature range 293—380 K with a
WissEL spectrometer equipped with a Cyclotron *’Co(Rh) radio-
active source. The sample was sealed in aluminum foil and
mounted on an oven equipped with a WEST 3810 temperature
controller. The spectra were fitted to the sum of Lorentzians by a
least-squares refinement using Recoil 1.05 Mossbauer Analysis
Software.”* All isomer shifts refer to a-Fe at room temperature.
Debye—Waller factors for HS and LS Fe ions were assumed as
equal. This way, the HS molar fraction was directly derived from
the relative area fraction. Magnetic susceptibilities were measured
in the temperature range 269—380 K using a MPMS-XL (7T)
SQUID magnetometer. Data were corrected for magnetization of
the sample holder and diamagnetic contributions, which were
estimated from the Pascal constants. The FORC distribution is
determined at each point by fitting a mixed second-order poly-
nomial of the form [a) + a2 T, + a3 T + asT,> + asTy> + ag Ty Th)
to a local moving grid. When interpolation is done to obtain the
distribution value we take into consideration also the neighboring
interpolated point. In this case the value of — ag provides the
mixed second derivative of the fitted surface, and it can be
assigned to the center of the grid as a representation of the density
of the FORC distribution p(7,,T}) at that point. The value of the
magnetization is interpolated in every measured point with that
polynomial of second order.

Single Crystal X-ray Diffraction. A blue crystal of 2 was
selected and mounted with epoxy glue on a glass capillary.
The measurement was carried out at 293 K using an Oxford
Diffraction Xcalibur 2 diffractometer with Mo K, radiation.
The exposure time was 10 s per frame and the crystal-detector
distance was 60 mm. Data reduction and analytical absorption
correction were performed using the CRYSALIS RED software
suite.* The final lattice parameters (¢ = 16.635(6) A, b =
13.223(4) A, ¢ = 7.805(3) A, B = 102.56(3)°) were calculated
from all reflections observed in the actual data collection.
Systematic absences indicated the monoclinic space group C2/c.
The structure was solved by direct methods using SIR 2004, which
revealed the atomic positions, and refined by using the SHELX-97
program package.” The final refinements were carried out on
F,%. Atomic scattering factors for spherical neutral free atoms
were taken from standard sources, and anomalous dispersion
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corrections were applied.>” Final R indices were R; = 0.0534, wR, =
0.1423 for [I > 20(I)] and R; = 0.0614, wR, = 0.1510 for all data.
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