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One-dimensional (1D) coordination polymers of formula [Fe(NHatrz)s]A - nH,0, {A = TiFg>~, n=0.5(1)and n=1 (2);
A=ZF?~,n=05(3)and n=0 (4); A= SnFs>", n=0.5(5)and n=1(6); A=TaF,>",n=3(7)and n=2.5 (8); A =
GeFs®~, n=1(9) and n= 0.5 (10), NHatrz = 4-amino-1,2 4-triazole} have been synthesized, fully characterized, and
their spin crossover behavior carefully studied by SQUID magnetometry, Mdssbauer spectroscopy, and differential
scanning calorimetry. These materials display an abrupt and hysteretic spin transition around 200 K on cooling, as well
as a reversible thermochromic effect. Accurate spin transition curves were derived by >’Fe Mdssbauer spectroscopy
considering the corrected ffactors for the high-spin and low-spin states determined employing the Debye model. The
unusual hysteresis width of 3 (28 K), was attributed to a dense hydrogen bonding network involving the ZrF?~
counteranion and the 1D chains, an organization which is also revealed in [Cu(NH,trz)s]ZrFg - HoO (11). Trinuclear spin
crossover compounds of formula [Fes(NHatrz)10(H20)2](SbFe)s - S {S = 1.5CH30H (12), 0.5C,Hs0H (13)} were also
obtained. A structural property relationship was derived between the volume of the inserted counteranion and the
transition temperature Ty, of the 1D chains. Two linear size regimes were identified for monovalent anions (0.04 < V
(nmA) < 0.09) and for divalent anions (above V = 0.11 nm®) with saturation around T, = 200 K. These characteristics
allowed us to derive an anion based database that is of interest for the prediction of the transition temperature of
such functional switchable materials. Diffuse reflectivity measurements under hydrostatic pressure for 3,4 com-
bined with calorimetric data allow an estimation of the electrostatic pressure between cationic chains and counter-
anions in the crystal lattice of these materials. The chain length distribution that ranges between 1 and 4 nm was also

derived.

1. Introduction

Major developments in advanced electronic technology
require new switchable magnetic materials presenting a
bistability behavior around room temperature. Iron(II) spin
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transition (ST) coordination compounds belong to such an
appealing class of switchable materials with spin state being
reversibly triggered by temperature, pressure, or electromag-
netic radiation.! In this context, the reversible thermochro-
mic ST of one-dimensional (1D) chain compounds of
formula [Fe(NHstrz)s;](anion),-nH,O (NH,trz = 4-amino-
1,2.,4-triazole), that can occur around room temperature, has
been thoroughly investigated,™® with prospective potential
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applications (e.g., thermal displays, memory devices, and
sensors).*> Because these materials hardly crystallize, their
structure was deduced by EXAFS at the Fe—K edge®® and
confirmed by single crystal X-ray analyses of a few Cu'
analogues.”™ " It shows linear chains where Fe' jons are
bridged by three Ny,N,-1,2,4-triazoles in the low-spin (LS)
state as well as in the high-spin (HS) state.” Most of these Fe'!
complexes exhibit an abrupt ST with hysteresis loops of 2 to
20 K wide that is accompanied by a pronounced thermo-
chromic effect, characteristics which can suit a potential
application.'? The origin of the hysteresis loop was primarily
attributed to the effective propagation of short-range elastic
cooperative effects through the r1g1d NH,trz bridges between
neighboring spin changing Fe''ions located at ~ 3.5 A each.”
Indeed, the use of a more flexible bridging ligand connect-
ing the active centers, such as 1,2-bis(tetrazol-1-yl)propane,
afforded a linear chain w1th trlply bridged bis mono-
dentate ligands linking the Fe' ions at ~7 A. As a result,
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this compound displays a gradual spin crossover (SCO)
behavior on cooling."” Decrease of short and long-range
elastic cooperative interactions within a polymeric chain were
also probed thanks to metal dilution studies of [Fe;— M-
(NH,trz);](NOs), (M = Zn, Ni, Mn, Cu),"* in which a
systematic decrease in the steepness of the ST was observed.
The intriguing magnetic behavior of the non diluted sample,
[Fe(NH,trz);](NOs),, that displays a hysteresis loop of 35 K
wide®**¢ was recently accounted by an extended hydrogen
bonding network involving the nitrate anion as part of a
three-dimensional (3D) supramolecular lattice of high con-
nectivity involving the 1D chain.'® This example points out
the role of interchain spacing that was not systematically
considered in earlier studies.” In particular, it is interesting to
note that the ST of Fe'' 1D chain compounds bearing bulky
substituents on the 4-position of the 1,2,4-triazole'®™" is
much less cooperative pointing out at the importance of
chain packing in the crystal lattice. It was also noted that the
modification of the nature and the geometry of non-coordi-
nated anions can affect the transition temperature, T, of
these materials without dramatically modifying the hystere-
sis loop. This feature has been observed for monovalent
inorganic anions (C1~, Br—, 1", BF,~, ClO, )** *® and orga-
nic sulfonate anions (alkyl, 33" phenyl derivatives,’¢->*32
2-naphthalene derivatives,® and spiropyrane sulfonate’®) for
the series [Fe(NH,trz);](anion), - nH,O. Indeed, the insertion
of spherical counteranions, such as halogen anions, leads to
higher T, as compared with bulkier anions such as BF,~
and ClO4 . A relationship was proposed between the anion
radii and the transition temperatures for [Fe(hyetrz)s;]A,-
nH>0 (hyetrz = 4-(2'-hydroxyethyl)-1,2,4-triazole ; A= CI ",
NO;~, Br~, I, BF,~, ClO,~, PF,),%° but little is known,
however, on the role of divalent anions in promoting/
decreasing interchain interactions in such 1D switchable
systems. We selected in this work novel fluorinated inorganic
anions (TiFs>~, ZrF¢*~, SnF¢> ", GeF¢>~, TaF,”") that are
expected to favor the engineering of H-bonding networks.>!
1D coordination polymers of formula [Fe(NH,trz);]Anion-
nH,0O were thus synthesized, and their ST investigated by a
set of relevant techniques. We also report on the crystal
structure of [Cu(NH,trz);]ZrFs-H,O which represents a
rare example of a crystallized 1D chain complex with triple
Ni,N>-1,2,4-triazole bridges. A preliminary account on the
ST prozperties of some of the Fe'' materials was communi-
cated.”
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Figure 1. (a) X-ray powder diffraction patterns at 293 K for 1-10.
(b) SEM imaging at 293 K for 1, 4, 5, and 8.

2. Results

2.1. Synthesis. The 1D coordination polymers were
obtained as white powders by self-assembly of the corre-
sponding Fe'' inorganic precursors [Fe(H,O)¢]Anion,
prepared in situ and in air, with an alcoholic solution of
NHo,trz (methanol or ethanol). These compounds were
successfully characterized by CHN and TGA analyses,
atomic absorption, X-ray powder diffraction (293 K), IR,
UV—vis, and °"Fe Mossbauer spectroscopy. Thermogra-
vimetric and elemental analyses did not reveal the pre-
sence of alcohol guest molecules but instead revealed
non-coordinated water molecules, affording the follow-
ing general formula [Fe(NH,trz);]JAnion-nH,0: {anion=
TiFs> ,n=0.5(1)and n=1(2); anion=ZrFs* ,n=0.5(3)
and n =0 (4); anion = SnF¢> ,n=0.5(5) and n =1 (26);
anion=TaF,>",n=3(7)and n=2.5(8); anion = GeF¢>,
n=1(9)and n=0.5(10)}. Hemihydrate or monohydrate
compounds were thus obtained, except for Zr and Ta.
Inclusion of solvent used for synthesis was only observed
for [Fe3(NH2trZ)10(H20)2](SbF6)6‘S {S = 15CH3OH
(12), 0.5C,HsOH (13)} whose trinuclear nature was con-
firmed by both elemental analysis and M&ssbauer spec-
troscopy (vide infra).

Isostructurality of the chain complexes was concluded
from X-ray powder diffraction patterns that revealed the
presence of principal peaks in all diffractograms
(Figure 1a). Compounds 4 and 8 show the better resolved
diffractograms of the series. Spherical particles of 484 nm
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(4) and 1.80 um (8) diameter are distinguished in the
aggregates, as well as elongated rods of dimensions (457 x
108 nm) for (5) by SEM imaging. Compound 1 is,
however, much less crystalline (Figure 1b). This series
of materials have also essentially identical IR spectra. The
bands assigned to ring torsion of NH,trz at v=619 cm ™!
and the N—N stretching band at v = 1197 cm™ ' are
shifted®* upon complexation to 624 cm ™' and 1210 cm ™',
respectively, for example, for [Fe(NH,trz);]ZrFq (4).
These values confirm a coordination of the iron to the
1,2,4-triazole ring.24 Presence of non-coordinated diva-
lent counteranions originating from the inorganic pre-
cursors is also confirmed by IR as listed in the synthesis
section. °’Fe Mossbauer spectroscopy confirms the pre-
sence of only one Fe''Nj site, undergoing SCO behavior
on cooling and the absence of oxidation product of iron
(see Figure 5). Mossbauer parameters of these com-
pounds (see section 2.3.2) are typical for 1D polymeric
chains with NHtrz as ligand.>?

These materials including trinuclear complexes, pre-
pared as white powders, present a reversible thermochro-
mism to pink on cooling. These colors depend on the spin
state of the Fe'' centers. The white color is due to the
location of the spin-allowed lowest energy d-d transition,
Sng — SEg, for the HS sites in the near-infrared region
(~ 11800 cm™").?* The pink color is due to the lAlg—' Ty,
d-d transition of LS Fe' sites observed at ~19250 cm™".

2.2. X-ray Crystal Structure of [Cu(NH,trz)s;]ZrFg-
H,O. Blue needles single crystals of [Cu(NH,trz);]ZrFg-
H>O (11) were successfully obtained by slow evaporation
of an aqueous solution of [Cu(H,0)e]ZrF¢ and NH»trz at
room temperature. Attempts to crystallize other Fe! and
Cu'! complexes of the series failed. Crystallographic data
at 100(1) K and structure refinement of 11 that crystallizes
in the monoclinic P2;/n space group are given in Table 1.
Figure 2a shows a view of the 1D polymeric chain built
of cationic [Cu(NH>trz);]*" units. The asymmetric unit
consists of two Cu'' atoms, Cul and Cu2, located on
inversion centers. These copper ions are linked by
three bidentate bridging NH,trz ligands through N/,
N2 atoms. Both copper ions are arranged in a CulNg core
of octahedral geometry within the chain. The basis of the
octahedron is formed by four ligands with bond lengths
ranging between 2.014(3)—2.080(3) A (Table 2). Two
NHytrz ligands are axially coordinated to copper
(Cul—=N1 = 2.080(3), Cu2—NI12 = 2.385(3) A) with
difference in bond length indicating a distortion. The
ligand bridges Cul and Cu2 ions almost at the same
distance with Cul—N21 = 2.029(3) A and Cu2—N22 =
2.029(3) A. The Cul—NI11 distance is 2.014(3) A which
corresponds to an angle of 122.6(2)° for Cul -N11—-NI12.
As the distance Cu2—NI12 = 2.385(3) A increases, the
(Cu2—NI12—N11) angle widens to 125.5(2)°. In this case,
only a torsion angle (Cul =N11—N12—Cu2) = —12.8(3)°
maintains this geometry. The coordination mode of N1,
N2 of NH,trz presents quite a high degree of asymmetry
compared to the Cu—N—N bridge angles, which are

(23) Haasnoot,J. G.; Vos, G.; Groeneveld, W. L. Z. Naturforsch. B1977,
32,421.
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1987, 32, 1586.
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Table 1. Crystallographic Data and Structure Refinement for [Cu(NHytrz);]
ZtF-H,0 (11) at 100(1) K

empirical formula C¢H [ 4OCuN»ZrF4
T [K] 100(1)

M [g/mol] 539.05

crystal system monoclinic

space group P2,/n (No. 14)

alA] 10.997(4)

b[A] 7.771(3)

c[A] 19.421(8)

B [doe%] 91.39(2)

VA 1659.2(1)

zZ 4

D[g.cm™?] 2.158

crystal size [mm] 0.40 x 0.10 x 0.06
F(000) 1060

reflections collected 15701
independent reflections 3352 (R;n;=0.051)
observed reflections [/ > 20(1)] 3166
completeness to 6 =26.4 98.5%

no. parameters 291

goodness of fit on F> 1.172

RI, wR2 [I > 20()]

. 0.0382, 0.1061
largest difference peak and hole [e A~

0.86 and —0.88

“ R=3_||Fo| = |F||/> | Fol for observed reflections, wR= ow(F,? —
FASowFA2, w=1/(07(Fy) 4 0.025F?), F=(2F, + F.)/3.

127.2(3)° for Cul —N1—N2 and 122.1(3)° for Cu2—N2—
NI1. The Cul —=N1—N2-Cu2 torsion angle is +18.5(3)°. In
fact, the connection of Cu"' ions, whose octahedra are
distorted, should involve a deviation from the b axis
which is clearly seen on Figure 3a.

The Cu octahedra are oriented in an ababa fashion
(Figure 2b) as observed for [Cu(NH,trz)s](BF4),- H,0'"
and two other 1D Cu'' chain complexes.”"!" Other ar-
rangements were found for [Cu(NH,trz);]SiF4-8/3H,0
(abcabe)® and [Cu(hyetrz);](Cl04),+ 3H,O (abcbab).”

The Cu---Cu intrachain distance of 3.8850(3) A is
shorter than the Cu---Cu distance found for [Cu-
(NH,trz)3]A,-nH0, (A =BF;, (x =2, n = 1); SiF*~
(x=1,n=28/3)),'"" with 3.922 A and 3.904 A, respectively
(Table 3). In [Cu(hyetrz);](CF3SO3),-2H,0, " there exist
three types of Cu" ions, with Cul---Cu2 = 3.8842(4) A
and Cu2- - -Cu3=3.9354(4) A, which reflects a difference
between the coordination geometry of two pairs of triple
NI—N2-1,2 4-triazole bridges. A similar situation is
found for [Cu(hyetrz);](ClOy4),-3H,O with two types of
distances at 3.853(2) A for Cul - - -Cu2 and 3.829(2) A for
Cu2---Cu3. These distances are a little shorter than the
ones observed in 11, which gives a very slight zigzag
arrangement to the chain. This can also be seen by the
value of the angle between the vectors of Cu" pairs ions,
(Cul, Cu2) and (Cu2, Cu3) which is 175°. For [Cu-
(hyptrz);](4-chloro-3-nitrophenylsulfonate), - 2H,O
(hyptrz=4-(3' -hydroxypropyl)-l,2,4-tr°iazole),7f the Cul -
- +Cu2 distance increases up to 3.962 A.

Non-coordinated species are also found in the crystal
packing (Figure 3a). A hexafluorozirconate anion is
connected to the amino group of the triazole through
hydrogen bonding. In addition, the fluorine atoms allow
interchain interactions though the connection to nitrogen
atoms belonging to two different chains. The involvement
of the counteranion in the H-bonding network is probed

Inorganic Chemistry, Vol. 48, No. 16,2009 7841

Figure 2. (a) Drawing and atomic labeling system showing the 1D chain
of [Cu(NH,trz);]ZrFs- H,O along the a-axis. Non-coordinated counter-
anions and water molecules have been omitted for clarity. (b) Orientation
of CuNg octahedra in a [Cu(NH,trz);]ZrF¢-H,O chain.

by its distortion parameter = = 22.05(5)° that was deter-
mined following ref 25. Indeed, there are two inter-
molecular interactions between fluoride and the non-
coordinated water molecule, (O1—H—F2 and F4), but
both fluorine F2 and F4 are linked to N6 and N16,
respectively. There is one hydrogen bond between the
water molecule and the amino group of the triazole at
2.836 A, O1---N6 (Table 2b). Water molecules also
connect two metallic sites by C—H---O interactions
through the triazole rings (Figure 3b). It is found at
2.12 A (C5—H5---01) and at 2.20 A (C3—H3---01).
Thus, these interactions set up a dense hydrogen bonding
network.

2.3. Thermal Spin-Crossover Properties. 2.3.1. SQUID
Magnetometry. Magnetic susceptibility data for (1, 2, 9, 10)
were recorded over the temperature range 70—300 K range,
and over 4—300 K for 3—8. The magnetic data of all
compounds were converted to the HS molar fraction
yus(7) by means of eq (a) and are displayed on Figure 4:

T =)
78 = ST~ ST ("‘)

v (7)) = 184.107% em® mol ', % and y"(T) is the para-
magnetic susceptibility determined by fitting the susceptibility
data in the HS region with the Curie law.

On cooling, compounds 1—10 reveal an abrupt hys-
teretic ST. At room temperature, 1—4 are fully HS.
yus first decreases slightly to ~235 K, and more abruptly
down to ~100 K reaching ~0.17 for 1 and 0.22 for 2,
indicating an incomplete ST. The transition temperatures
on slow cooling and warming are 7' /2l =194 K and T} /2? =
200 K for 1, and T,,' = 189 K and T}, = 196 K for 2,

(25) Marchivie, M.; Guionneau, P.; Letard, J. F.; Chasseau, D. Acta
Crystallogr. 2005, B61, 25.

(26) Carlin, K. D.; van Duynevedt, A. J. Magnetic properties of transition
metal compounds; Springer-Verlag: New York, 1977.
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Table 2. (a) Selected Bond Distances (A) and (b) Inter-Atomic Distances (up to
3.2 A) and Angles (deg) for Hydrogen Bonds Interactions in [Cu(NH,trz);}-
ZrFs-H,0 (11)

NI11-NI12 1.388(4)
Cul...Cu2 3.8850(3) NI11-CI15 1.310(4)
NI12—Cl13 1.311(4)
bond lengths N14—CI13 1.345(4)
Cul—NI1 2.299(3) NI14—NI16 1.417(4)
Cul—N21 2.080(3) N14—-Cl15 1.351(4)
Cu2—N2 2.023(3) N21—-N22 1.374(4)
Cu2—N12 2.385(3) N21—-C25 1.317(4)
Cu2—N22 2.029(3) N22—-C23 1.322(4)
Cul—N11 2.014(3) N24—N26 1.415(4)
N24—-C25 1.352(4)
C23—N24 1.346(4)
D—H D-H H..-A <DHA D...A A
N6—H6A 0.87  2.00 163 2.845 F4
N6—H6B 077 221 154 2924 F2[x,y—1,z]
N16—HI6A 0.84  2.06 166 2.882 F5[x,y—1,z]
NI6—HI6B 0.87  2.08 166 2924 F4[— ‘c+3/2 y—1/2,
—z+1/2]
N26—H26A 0.84 2.10 156 2.888 F3[x+1,y,z]
N26—H26A 0.84  2.58 122 3.109  Fl1[—x+3/2,y—1/2,
—z+1/2]

N26—H26B 095  1.89 171 2.835 Fl[x+1,y—-1,7]
O1-HI100 090 1.94 169  2.836 N6 [—x+1,
—y—1 —z]
OI-HIOl 093  2.00 146 2.824 F2[v,y—1,7]
O1-HI01 093 234 130 3.029 F4[x,y—1,7]
C3—H3 095 2.19 152 3.066 Ol [x, 1+y, 2]
C5—H5 095 212 176 3.067 O1[x,y,7]

respectively. The ST of 3 and 4 is more complete at the
lowest temperature 1nvest1gated and shifted upward with
Tl/zbzongnd Ty, =226K for3,and T} ,'=214 K and
T, /2 = 238 K for 4, respectlvel?/ Contrary to all other
compounds, only 85% HS Fe" ions are found over a
plateau region 300— 230 K for §, after which ygg de-
creases abruptly at 7' /2 =211 K and then smoothly down
to 18% at 100 K indicating an 1ncomplete ST. On warm-
ing the hysteresis is found at 7T} /2 =225 K. The ST curve
of 6 is shifted upward by 12 K, compared to 5 with
Ty,,' =226 K and T} ,' =242 K. The ST of 7 and 8 occurs
around 180 K. 8 displays the most gradual SCO of the
series with T1/2 =172 K and Tl/z =174 K, with ~30%
Fe'' HS active sites at 100 K. 7 presents a more abrupt ST
but still incomplete with T /2 =176 Kand T, 2 =184K.9
and 10 presents similar 1ncomplete SCO behav1or with a
small hysteresis width (9: 72 "=211K, Ty, ' =209 K; 10:
T1/2 =205 K, T\, " = 204 K). The lowering in ygs,
recorded below 25 K for 3—8 can be attributed to zero-
field S}I)httmg but antiferromagnetic mteractlons between
HS Fe'"ions cannot be fully excluded.?” A careful analysis
of the low temperature tail of the magnetic curves of
compounds 3—6 and 8 evidence no freezing-in effect, as
recently discovered on [FeL;s](PFg), with L = 2-[3-(2'-
pyrldyl)pglrazole 1-ylmethyl]pyridine].**

2.3.2. F e Mossbauer Spectroscopy. Mdssbauer spec-
tra of Fe'' compounds (1—10) were recorded on cooling
and warming over the temperature range 78—300 K.
Figure 5 shows representative spectra for compound 4.
Mossbauer parameters are listed in Table 4 and in the

(27) Timm, C.; Schollwock, V. Phys. Rev. B 2005, 71, 224414,
(28) Mishra, V.; Mukherjee, R.; Linares; Codjovi, J.; Varret, F.; Lawson-
Daku, M. Hyperfine Interact. 2009, 188, 71.
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supplementary section for all other compounds (Support-
ing Information, Tables S1—S9). The spectrum at 78 K
shows two quadrupole doublets attributed to HS FeH ions
(0"=1.15(1)mm-s 'and AEQHS 3.41(2)mm-s” ") and
LS Fe''i ions (0" =0.53(1) mm-s~ " and AEQ"® = 0.29(1)
mm-s_ ') in population 7/93, indicating an incomplete ST
in good agreement with magnetic susceptibility measure-
ments (Figure 4a). This latter value that represents the
lattice contribution to the electric field gradient reveals
the presence of local distortions as expected within a
constrained chain where some Fe'' ions have not been
switched.”” Upon warming, the relative intensity of the
HS doublet slowly increases until 183(1) K to reach
~15%, and then more abruptly. At 300 K, the spectrum
consist of only one HS doublet (0" =1.05(1) mm-s !
and AEQHS 2.77(1) mm-s~"). On cooling from room
temperature to 78 K, the reverse situation is observed.
The spectra shown on cooling and warming modes at 243
and 183 K clearly evidence a hysteresis effect. Indeed, the
ST curve deduced by plotting the variation of the tem-
perature dependence of Ays/ Ao Shows a hysteresis loop,
with Ty,,' = 179 K and T ' = 206 K (Figure 6). Other
compounds also reveal incomplete and hysteretic SCO
behavior over the temperature range 300—50 K as shown
in Figure 6. These curves were transformed in yys by
assuming equal Lamb Mossbauer factors for the LS and
HS states. Surprisingly, unusually broad hysteresis loops
were derived, sometimes temperature shifted as com-
pared to the yys(7) curves deduced from SQUID mea-
surements (Figure 4). These features prompted us to
revise our hypothesis and to accurately determine f
factors for both spin states employing the Debye model.”
The logarithm of the surface of the Mossbauer peaks
shows two temperature domains, as expected for the HS
and LS states. The slope is proportional to the Debye
temperature, fp, which is determined in the two spin
states for 1—6 (Table 5). Taking into account the respec-
tive ffactor, we could correct the ST curves (Figure 6) and
derive the real ST temperatures (Table 5). No major
differences are found except for 2, 3, and 5. The Debye
temperatures allow determining the rigidity of these
chains in the two spin states. The LS lattice is always
more rigid than the HS one since the vibrational frequen-
cies increase during the HS to LS transition as a result of
the decrease in the Fe—N bond lengths. For comparison,
Op™S for 2 and 6 is similar as for [Fe(NHxtrz);](ClO.,),
with 05 = 188(12) K.*° Overall, the variation of the
lattice rigidity, A@p=60p"> — 65, accompanying the ST
of 1—6 is of the same order of magnitude (~21 K).
Figure 7 shows the evolutlon of the isomer shift at 78 K
in the LS state, ;5% vs T1/2 for [Fe(NHtrz);]*" 1D
complexes including monovalent and divalent anions,
prepared in aqueous methanol or ethanol. In both cases,
a linear decrease of yLs78K when increasing T /21 is
observed. This behavior corresponds to an increase of
the Fe—N bond covalency when anions of smaller vo-
lumes are inserted between the chains, resulting in higher
transition temperatures (See Figure 8). This increase in
covalency may originate from the chains being brought
closer together as a consequence of the insertion of small

(29) Boukheddaden, K.; Varret, F. Hyperfine Interact. 1992, 72, 349.
(30) Varnek, V. A.; Lavrenova, L. G. J. Struct. Chem. 1995, 36, 104.
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Figure 3. (a) Projection of the crystal structure of [Cu(NH,trz);]ZrF- H>O on the (ac) plane showing hydrogen-bonded chains; (b) view of the cationic
chain of [Cu(NH,trz);]ZrF¢- H,O along the b axis showing intramolecular CH- - - O interactions involving the water molecules and the triazole ring. On the
(bc) plane, the H atoms belonging to the amino groups are actually masked by the N atoms.

Table 3. Collection of Crystallographic Data for the [Cu(NHstrz);]JAnion 1D Chain Complexes

Vanion (nm*®)**  intrachain Cu - - -Cu (A) interchain Cu - - -Cu (;\) octahedra arrangement crystal system space group ref.

anion
BF,~ 0.073 3.922 10.4,10.6 ab ab ab triclinic PI (10)
ClO,~ 0.082 - - - triclinic P1 24
BF, /(SiFs 2)os  0.073/0.112 3.877, 3.886 10.3,11.3,13.3 ab ab ab triclinic P1 (10)
SiFg 2 0.112 3.855, 3.886, 3.904 10.5,11.4,12.3 abc abc monoclinic Pl (10)
ZrFg 2 0.121 3.885 10.99, 11.04, 11.70 ab ab ab triclinic P2y/n ¢
“This work.

LRy
—e—10
U'U L i A A A A
0 50 100 150 200 280 300
TIK]

Figure 4. yysvs T curves on cooling and warming modes for [Fe(NH,trz)s;]Anion-nH,O complexes (a) 1—4; (b) 5—8; (¢) 9, 10, as deduced from magnetic

susceptibility measurements.

guest anions. As a result, the local distortion of the FeNg
octahedron increases as seen on Figure 9b for AEQHS
(295 K). It is worth noting that in the LS state, AEQLS
remains constant at 0.30(1) mm/s (Figure 9a). Because
there is no valence contribution to consider, the lattice
contribution to the quadrupole splitting indicates that the
Fe'l sites are distorted, as expected for such metal centers
connected within a chain by 3 N1,N2—1,2,4-triazole
bridges. A °’Fe M&ssbauer spectrum was also recorded

on [F€3(NH2U'Z)lo(Hzo)z](SbF6)6' 15CH3OH (12) at
143 K (Figure 10). This spectrum was fitted best by taking
into account 3 quadrupole doublets. The central signal
corres;aonds to LS Fe'ions (6™ = 0.53(1) mm-s~ ' and
AEQL = 0.27(1) mm-s~") after switching whereas the
two other signals correspond to HS Fe!' ions (6"5! =
1.43(1) mm-s™' and AEG™S' = 3.76(2) mm-s™', o"5% =
1.19(1) mm-s™" and AEQ"* = 3.57(1) mm-s™"). The
relative area fraction of these signals of 70/15/15 does
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Figure 5. Seclected ’Fe Mdssbauer spectra of 4 on warming (left) and
cooling modes (right). Gray and dark gray correspond to the HS and LS
doublets, respectively.

not correspond to the LS/HSI/HS2 spin population
because of the Debye—Waller factor differences of the
spin states in this system.

An incomplete ST was systematically observed at low
temperature for the chain compounds 1—10. This char-
acter could originate from crystal defects nearby the ends
of chains resulting from an imperfect packing of the
polymeric chains, HS inactive FeNg sites, or water mole-
cules in the coordination sphere of ends of chains. A
closer look at the Md&ssbauer spectra of 1—10 at 78 K
reveals only one Fe"' site being in the LS and HS states
(Figure 5 for 4 and Supporting Information, Figure S1 for
2, 9, 8). Thus, there is no indication of an FeN;O3
environment which would be characteristic of three term-
inal coordinated water molecules®' provided these are
present in sufficient concentration. Nevertheless, ends of
polymeric chains with less coordinated water molecules
may not be detected by Mdssbauer spectroscopy>” and
thus cannot be a priori excluded. However, none of these
species are distinguished in our Mgssbauer spectra con-

(31) Garcia, Y.; Guionneau, P.; Bravic, G.; Chasseau, D.; Howard, J. A.
K.; Kahn, O.; Ksenofontov, V.; Reiman, S.; Giitlich, P. Eur. J. Inorg. Chem.
2000, 1531.

(32) Thomman, M.; Kahn, O.; Guilhem, J.; Varret, F. Inorg. Chem. 1994,
33, 6029.
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Table 4. Overview of the “’Fe Mossbauer Parameters for 4 on Warming and
Cooling Modes over the Temperature Range 78—300 K

relative
T [K] 0“ [mm/s] AEQ’7 [mm/s] T/2°[mm/s] area[%] sites

78(1) " 1.15(1) 3.41(2) 0.17(1) 7 HS
0.53(1) 0.29(1) 0.15(1) 93 LS
o)t 1.16(1) 3.40(1) 0.18(3) 7.7 HS
0.52(2) 0.29(1) 0.14(2) 923 LS
1oh)" 1141 3.40(1) 0.16(2) 7.0 HS
0.52(1) 0.29(2) 0.15(1) 93.0 LS
Ro" 1132 3.42(3) 0.172) 7.0 HS
0.52(1) 0.28(2) 0.15(1) 93.0 LS
60" 1.133) 3.33(3) 0.18(1) 12.0 HS
0.51(1) 0.28(3) 0.14(1) 88.0 LS
183" L11(D) 3.25(1) 0.16(1) 153 HS
0.50(2) 0.27(1) 0.15(3) 84.7 LS
220" 1.09(1) 3.08(1) 0.15(1) 43.0 HS
0.48(1) 0.27(1) 0.13(1) 57.0 LS
240(1)" 1.08(1) 3.01(1) 0.14(1) 82.0 HS
0.47(1) 0.26(1) 0.14(1) 18.0 LS
260(1)"  1.07(1) 2.91(1) 0.13(1) 96.0 HS
0.40(2) 0 0.14(2) 4.0 LS
263(1)" 1.18(1) 3.03(1) 0.18(1) 9.3 HS
0.74 0.2¢ 0.51(5) 3.7 LS
280() " 1.05(1) 2.83(1) 0.14(5) 100.0 HS
300(1) 1.05(1) 2.77(1) 0.13(1) 100.0 HS
263(1)"  1.16(1) 3.03(1) 0.21(1) 98.8 HS
0.52(6) 0 0.10(1) 12 LS
243D 1.2103) 3.11(1) 0.21(1) 98.1 HS
0.54(7) 0.24(1) 0.10(1) 1.9 LS
23(H)Y 1.22(1) 3.19(1) 0.22(1) 95.0 HS
0.57(3) 0.29(2) 0.13(2) 5.0 LS
203" 1.24(8) 3.28(2) 0.23(5) 70.3 HS
0.51(2) 0.25(1) 0.159) 29.7 LS
183()" 1212 3.14(2) 0.23(1) 65.0 HS
0.51(3) 0.24(3) 0.2¢ 35.0 LS
163(H*  1.27Q2) 3.44(2) 0.24(1) 31.0 HS
0.52(1) 0.26(1) 0.22 69.0 LS
non'  L12(2) 3.42(2) 0.20(1) 9.1 HS
0.55(2) 0.27(1) 0.15(1) 90.9 LS

“9 = isomer shift relative to o-iron. ” AEq = quadrupole splitting.
/2 = half width at half-maximum. ¢Fixed parameters. ‘Cooling.
Warming.

trary to what is found for the trinuclear complex 12 that
clearly reveals two lattice sites: a SCO one and a HS
one corresponding to a FeNsO core with one coordi-
nated water molecule at the extremity of the oligomer
(Figure 10).

2.3.3. Differential Scanning Calorimetry (DSC). Com-
pounds 1—10 were investigated by differential scanning
over the temperature range 100—295 at 5 K/min for both
cooling and heating rates. Representative heat and cool-
ing capacity profiles are depicted in Figure 11. An endo-
thermic peak is observed on warming for 1 at TmaXT =
210 K and an exothermic peak is recorded at T, max* =
200 K, on cooling, thus revealing a hysteresis loop (10 K).
These peaks correspond to the first-order phase transition
associated to the SCO behavior of 1. The hysteresis width
matches rather well the one recorded by magnetic sus-
ceptibility measurements (6 K). It is however, in compar-
ison, temperature shifted because of the different heating
and cooling rates used for the calorimetric experiments.
All compounds present the same behavior except 6 for
which a broad satellite peak is associated to the main
exothermic peak. This technique allowed us to confirm
the gradual character of the SCO behavior (e.g., 7, 10) by
the observation of broad peaks. The hysteresis width as
well as thermodynamic parameters derived from these
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Figure 6. Overview of selected yys vs 7 curves as deduced from
Mossbauer spectroscopy, before (@) and after (a,¥) Debye—Waller
corrections for 1—6. The line is a guide to the eyes after corrections.

measurements (AHyyp, AShr, ASy;p) are listed in Table 6.
Note that the enthalpy values were evaluated taking into
account the active Fe ions only, as deduced by
Maossbauer spectroscopy, to strictly refer to SCO sites.
The entropy gain is much larger than the characteristic
value for the electronic contribution to the entropy (R In
5 =13.4 J/mol K) which indicates a contribution to the
change in the frequencies of the vibrational modes.' Such
values are, however, not sufficiently high to suggest
another transition type, such as an order—disorder tran-
sition of the anion for instance, as earlier noted for
[Fe(NH,trz);]SnFg-0.5H,0.%"

2.4. Diffuse Reflectivity Measurements under Hydro-
static Pressure. The temperature dependence of the nor-
malized reflectivity at the excitation wavelength of
550 nm was investigated over the pressure range (1 bar
to 1.7 kbar) for compounds 3 and 4 (Figure 12a) At 1 bar,
the hysteres1s loops are dehneated at (T, 2 =225(1) K,
Tl/z =212(1) K and (T1/2 =224(1) K, T1/2 =212(1) K)
for 3 and 4, respectively. The transition temperatures
recorded by optical reflectivity differ from the ones
obtained by magnetic and calorimetric measurements
because of the difference of recording mode (only the
surface is probed) and the acquisition rate is much slower
0.3 K/min. As the pressure is increased, a shift of the
hysteresis loops to higher temperatures is observed while
their shape is essentially unchanged. This temperature
shift is attributed to the increase of the energy difference
between the first vibronic levels corresponding to the HS

(33) Garcia, Y.; Ksenofontov, V.; Mentior, S.; Dirtu, M. M.; Gieck, C.;
Bhatthacharjee, A.; Giitlich, P. Chem.—Eur. J. 2008, 14, 3745.

(34) Ksenofontov, V.; Spiering, H.; Schreiner, A.; Levchenko, G.; Good-
win, H. A.; Giitlich, P. J. Phys. Chem. Solids 1999, 60, 393.
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and LS states under pressure because the volume of the
LS Fe''ions is smaller.! A decrease of the hysteresis width
was also observed under pressure as noted on the phase
diagram (7, vs P) for compounds 3 and 4 (Figure 12b).
Extrapolating the 7, vs P curves, we estimate that the
hysteresis width should disappear at a critical pressure of
~7.8 and ~8.5 kbar for 3 and 4, respectively, provided
there are no other effects to consider, such as for instance
a structural phase transition. Thus, although the tran-
sition temperatures under 1 bar are similar, the critical
pressure is different.

To estimate the magnitude of the internal pressure p,
introduced by the anions within the chains, the results
obtained from reflectance measurements have been
coupled to the calorimetric ones. Thus, the enthalpy
variation associated to the ST can be written as

AH = HAg+ pAVyuL (b)

with AH, = 5.8(1) kJ mol™', our reference enthalpy
corresponding to compounds 7 and 8 that do not display
any hysteresis loops and present the lower enthalpies of
the series.

The volume change associated to the ST, AV, can
be evaluated as 7.25 A* from the (T'1,—P) phase diagram
displayed in Figure 12, where P refers to the external
pressure applied to the system, and from the entropy
associated to the ST, ASyL (Table 6) using the Clausius—
Clapeyron relationship (eq ©):**

dT]/z
ar (c)

Thus, using eq ¢, we derive the internal pressure that
ranges between ~1 and 5 kbar (Table 6).

AH — AH,

N (d)

3. Discussion

The rational design of highly efficient and specific func-
tional SCO materials is now a main area of investigation.
Several 1D chain compounds of formula [Fe(NH,trz);]An-
ion-nH,0 including monovalent or a few divalent counter-
anions have been synthesized but no rationalization of their
ST properties has been proposed up to now. These com-
pounds display thermally induced ST behavior whose work-
ing temperature range actually depends on the nature of the
counteranion (geometry, H-bonding ability, etc) and parti-
cularly the1r size. Indeed, relatively small anions, such as
NO;~ 2 or Br~,? allow observation of STs around room
temperature, for example, whereas bulkier anions (e.g.,
BF, 2®) afford SCO at much lower temperatures. A some-
how linear trend between the transition temperature 7,
and the anion radii for [Fe(NH»trz)s;]J(Anion),-nH,O was
preliminarily suggested by Lavrenova et al.” but later inva-
lidated by the same authors.” In the present work, we have
carefully investigated the ST of a series of Fe'"' 1D NHytrz
coordination polymers including new divalent inorganic
anions of different size (TiF627, ZrFs®~, TaF;>~, SnFs ",
GeF¢®") allowing to evidence two linear size regimes to
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Table 5. Selection of Méssbauer Parameters and Transition Temperatures for [Fe(NH,trz);]Anion-nH,0 (1-10)

synthesis AEQ“S(295$5) K) AEQ"S (78 K)

chain anion 7 solvent [mm s [mms™'] yus (18K) 0™ K] 0™ [K] AOp[K] Tnt[K] Tt [K] ATIK]
1 TiF& 05 MeOH 2.760(1) 0.296(1) 0.16 218(5) 244(5)  26(10) 212 195 17
2 TiF&~ | EtOH 2.763(4) 0.306(2) 0.27 188(5) 209(5)  21(10) 202 192 10
3 ZrF& 0.5 MeOH 2.770(3) 0.293(1) 0.10 122 (5) 148(5)  26(10) 218 190 28
4 ZtF&~ 0 EtOH 2.794(6) 0.293(1) 0.085 151(5) 171(5)  20(10) 216 179 37
5  SnF¢&~ 0.5 MeOH 2.777(2) 0.318(6) 0.23 132(5) 149(5)  17(10) 218 200 18
6  SnF& 1 EtOH 2.784(2) 0.317(2) 0.20 167(5) 184(5)  17(10) 225 189 36
7  TaF~ 3  MeOH 2.804(5) 0.292(4) 0.38 199
8 TaF 25 EtOH 2.785(1) 0.299(2) 0.28 217 217
9  GeF&™ 1 MeOH 2.889(5) 0.282(3) 0.32 230
10  GeFs&>~ 0.5 EtOH 2.890(1) 0.280(2) 0.39 223
PG | pen to a chain spacing limit in such a way that when the LS—HS
a20 |\ er transition occurs, FeNg sites have enough freedom to in-
N crease their bond length and expand along the chain axis, the
\ counteranion being affected very little by the ST itself because
280 | \ g of the large distance between a pair of chains where these
v anions are located. Thus, insertion of a bigger counteranion
- i between the chains decreases the relative vertical displace-
o il < : ment of the potential wells, in favor of the HS state, thereby
N W s inducing a negative pressure effect. What would be the
e Wl . il SCO situation when the anion volume increases further?
sio L \ 32 We extrapolate that the chains woul_d become.lsolated to
¢ wmiEt each other and that the 7, would either stay in the same
£l temperature range (~200 K) or decrease thus favoring a fully
i i i i ; HS state. This second hypothesis has actually been recently
i s - m",; I confirmed for the HS 1D chain [Fe(NH,trz);]B;oH;o- H,O*’

Figure 8. Variation of the transition temperatures, 7)., as deduced
from *’Fe Mossbauer spectroscopy, on cooling (¥) and warming modes
(A) vs the anion volume for [Fe(NH,trz);]- Anion.

be considered to account for the ST range observation
(Figure 8). Here, we consider the variation of T , (on coolin%
and warming) versus the volume of the inserted anion’

instead of considering the radius only determined from the
Kapustinskii’s equation.*® This choice allowed us to take into
account the dimensional size of the anions. Two linear
regimes are effective: (i) between 0.04 < ¥ (nm?) < 0.09,
where a decrease of the 7)), is observed with increasing
volume. In this volume range, less energy is needed to switch
the spin state of the metallic ions as much as we increase in
volume and space out the chains. (ii) Above ¥ = 0.11 nm?,
with a saturation of T, ~ 200 K. This behavior corresponds

(35) Donald, H.; Jenkins, B.; Roobottom, H. K. Inorg. Chem. 1999, 38,

3609.
(36) Yatsimirskii, K. B. Thermochemistry of Complex Compounds; Mos-

cow, 1951.

that includes a counteranion of ¥ ~ 0.23 nm>>® that is
much higher than the one of TaF,>~, which is the biggest
anion investigated in the present study. This compound
stays paramagnetic on cooling over the temperature range
300—2 K.

Asdeduced by comparison of the X-ray powder diffraction
patterns recorded at 293 K for compounds 1—10 (Figure 1),
the insertion of this series of divalent anions does not affect
much the structural organization of the chains, allowing
to validate complementary spectroscopic comparisons.
Indeed, Méssbauer spectroscopy confirms that whatever
the inserted divalent anion, the local symmetry of the Fe
octahedra is not modified as deduced by the constant value of
the quadrupole splitting in the HS state. For lower size anion,
a decrease of AEG"5(295 K) is however noted (Figure 9b)
thus indicating an increase of the local distortion around the

(37) Bushuev, M. N.; Lavrenova, L. G.; Shvedenkov, Y. G.; Varnek, V.
A.; Sheludyakova, L. A.; Volkov, V. V.; Larionov, S. V. Koord. Khim. 2008,
34, 195.

(38) Kaczmarczyk, A.; Dobrott, R. D.; Lipscomb, W. Chemistry 1962, 48,
729.
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Figure 10. *’Fe Mossbauer spectra at 143 K for [Fes(NHtrz);o-
(H,0),](SbF¢)s-1.5CH;0H (13). Gray and light gray correspond to
two HS sites. Dark gray correspond to a LS doublet.

metallic ion. Indeed, it is worth noting that the electric field
gradient contribution of the lattice is usually of opposite sign
as compared to that of the valence electrons.* This increase
of local distortion indicates that chains are much closer in the
case of lower size anions than for larger size anions. This
geometric feature is also seen on the evolution of the isomer
shift for the LS state, 0™5, versus 7} 2 (Figure 7). Indeed, when
T increases, thdt is, when the anion volume decreases (See
Figure 8), d1s"*% decreases. Because the isomer shift is of
opposite sign to the electronic density seen by the iron atoms,
the covalency degree of the Fe—N bond increases, which
is consistent with the chains that are moved closer.
Such structural features are deduced by X-ray diffraction
when comparing the crystal structures of [Cu(NHatrz)s]-

Asor e nHzO (A BF,~, SiF>") that crystallizes in the P1
space group.' Indeed when the anion volume increases
(V(BF,")=0.073 nm® < V(SiFs*> ") =0.112 nm’ A) the chain
spacing increases (Table 3).

In the absence of suitable single crystals for these Fe'
compounds, and to better understand the impact of the
supramolecular organization of these materials, the crystal
structure of a model compound including a divalent anion of
the present series was solved: [Cu(NH,trz);]ZrFg- H,O (11).
The structure is stabilized by a dense hydrogen bonding
network, involving the counteranion, ZrFs>~, located in the
third coordination sphere, the amino group of the 1,2,4-
triazole ligand, and a non-coordinated water molecule
(Figure 3a). More precisely, the anion is linked to both amino
group and water molecules and to two 1D chains through the

(39) Ingalls, R. Phys. Rev. 1964, 133, A787.

anion setting up interchain interactions. Intrachain interac-
tion is also found because a non-coordinated water molecule
establishes a bridge between metallic sites within a chain
(Figure 3b), as noted for [Cu(tba);](CF3S03),-3H,0 (tba =
N-(4H-1,2,4-triazole-4-yl)benzamide.***! Such supramole-
cular interactions may well play an effective role in the
propagation of elastic cooperative interactions within 3
resulting in the observation of a wide hysteresis loop of
28 K (Figure 4a). Such an extended 3D hydrogen bonding
network was also suggested to account for the 35 K hysteresis
width of [Fe(NH,trz);](NOs),."” These results thus point out
the high potential of H-bonds for transmitting cooperative
interactions during a ST as recently highlighted for a struc-
turally characterized Fe"' mononuclear SCO co 4}gound that
displays a 70 K wide thermal hysteresis loop We thus
cannot separate the influence of H-bonding® from the size
effect of the anions on the SCO behavior of the Fe derivatives
because the selected fluoride anions could favor extended
H-bonding networks as found in the crystal structure of 11.

We can also comment on the nature of the inserted anions in
this system. It is of interest to note that 1980, Ge, and '*'Sb
atoms are Mossbauer active and could thus give relevant
information on the crystal lattice in the LS and HS states of
these SCO compounds, thus acting as nuclear sensors.
Already, we have recently gained insight to the internal
pressure felt by the counteranion during the SCO of chain
compounds by accurately following the temperature depen-
dence of its local distortion in [Fe(NH,trz);]SnF¢-0.5H,O by

Sn Mossbauer spectroscopy. We could observe that the
octahedron is distorted below 7', and becomes regular above
it, thereby demonstrating that the anion is able to feel the spin
state crossover despite its localization external to the chains.*®
Itis finally of interest to note that it is the first time that Zr, Ge,
Ti, and Ta based anions are inserted in SCO compounds, thus
affording a new generation of inorganic precursors that could
be used in the future syntheses of SCO systems and extending
the panel of anions usually employed in SCO research such as
BF,, ClO, and PF4, to name a few.

Hydrostatic pressure measurements were carried out on
selected SCO compounds, 3 and 4. Under pressure the chains
are expected to get closer to each other, which should increase
the connections in the crystal lattice and render the transition

(40) Seredyuk, M.; Gaspar, A. B.; Munoz, M. C.; Verdaguer, M.; Villain,
F.; Giitlich, P. Eur. J. Inorg. Chem. 2007, 28, 4481.

(41) Seredyuk, M.; Gaspar, A. B.; Ksenofontov, V.; Galyametdinov, Y
Verdaguer, M.; Villain, F.; Giitlich, P. Inorg. Chem. 2008, 47, 10232.

(42) Weber, B.; Bauer, W.; Obel, J. Angew. Chem., Int. Ed. 2008, 47,
10098.
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Figure 11. Selected DSC profiles for [Fe(NH,trz);]Anion (1—7, 10) in the 100—295 K temperature range in the cooling and warming modes.

more abrupt. The steepness of the transition curves is,
however, preserved whatever the applied pressure which
indicates that the chain character is maintained.** The slopes

(43) Garcia, Y.; Van Koningsbruggen, P. J.; Lapouyade, R.; Fournes, L.;
Rabardel, L.; Kahn, O.; Ksenofontov, V.; Levchenko, G.; Giitlich, P. Chem.
Mater. 1998, 10, 2426.

of the T versus Pline, d T o/ dP=11.7(5) K kbar 'and 13.6
(5) K kbar™! for 3 and 4, respectively, are similar to the one
observed for the mononuclear compound [Fe(2-pic);]Cl,-
EtOH (2-pic = 2-picolylamine)** but lower than the one

(44) Koppen, H.; Miiller, E. W.; Kohler, C. P.; Spiering, H.; Meissner, E.;
Giitlich, P. Chem. Phys. Lett. 1982, 91, 348.
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Table 6. Transition Temperatures As Deduced from DSC Measurements, Thermodynamic Parameters, Chain Lengths, and Transition Temperatures for 1-10

entry  Tmax (K)  Tax' (K)  AT(K)  as (%)*  AHpp (kJmol™")  ASy Jmol ™' K™')  ASyp Gmol ™' K™ N 7(mm)* p (kbar)
1 210 200 10 72 7.1 34.5 21.1 7 2.15 2.7
2 206 201 5 75 7.3 36 22.6 8 2.50 34
3 233 209 24 85 7.4 33.6 20.2 13 4.30 3.6
4 256 220 36 85 6.7 30.5 17.1 13 4.30 1.8
5 224 203 21 75 6.3 31.2 17.8 8 2.50 0.9
6 244 224 20 80 8 343 20.9 10 3.58 5.0
7 206 197 9 72 59 30 17 7 2.15 Po
8 200 60 5.8 29 16 5 1.43 Po
9 213 211 2 62 6.4 30 17 5 1.43 1.1
10 213 207 6 58 6.9 32 19 5 1.43 2.5
“as = active sites. ” Number of atoms in a chain. ‘7 = chain length. ¢ = electrostatic pressure.
g 10Fa 'P=1 bar 330 "
§ o P=0.5kbar i
A P=1.0kbar .
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Figure 12. (a) Normalized reflectivity at 550 nm vs 7 over the temperature range 100—300 K on cooling and warming at several pressures (1 bar up to
1.7 kbar). (b) Variation of transitions temperatures on warming (A) and cooling (¥) vs P for [Fe(NH,trz);]ZrF¢-0.5H,O (3) (top) and [Fe(NH,trz);]ZrF (4)
(bottom). The dotted line indicates the pressure at which the hysteresis loop disappears.

found for the 1D chain [Fe(hyetrz);](3-nitro-phenylsulfo-
nate), (24 K kbar™")* and the 2D ST compound [Fe-
(btr),(NCS),]-H,0 (btr = 4,4'-bis-1,2 4-triazole)* (19.0(5)
K kbar™") that was also studied by diffuse reflectivity.*®
Interestingly, a decrease of the hysteresis width is observed,
which may indicate a weakening of supramolecular interac-
tions for this system, in particular intra-chain interactions
that were identified for [Cu(NHo»trz);]ZrF4- H>O (Figure 3b).
Hysteresis decrease has been predicted by mean field theory™*
but only once observed for a 1D chain compound, [Fe-
(hyptrz);](4-chlorophenylsulfonate),- HO (hyptrz = 4-(3'-

(45) Garcia, Y.; Ksenofontov, V.; Levchenko, G.; Schmitt, G.; Giitlich, P.
J Phys. Chem. B 2000, 104, 5045.

(46) (a) Jeftic, J.; Menendez, N.; Wack, A.; Codjovi, E.; Linares, J.;
Goujon, A.; Hamel, G.; Klotz, S.; Syfosse, G.; Varret, F. Meas. Sci. Technol.
1999, 10, 1059. (b) Tanasa, R.; Stancu, A.; Letard, J. F.; Codjovi, E.; Linares, J.;
Varret, F. Chem. Phys. Lett. 2007, 443, 435.

(47) Garcia, Y.; Ksenofontov, V.; Levchenko, G.; Giitlich, P. J. Mater.
Chem. 2000, 10, 2274.

hydroxy-propyl)-1,2,4-triazole), with an additional reen-
trance phenomenon.

It is here important to distinguish between the external
pressure P that corresponds to a given energy provided to the
system (as one can consider the temperature (7 2) necessary
to be provided to switch the system from the LS to the HS
state) from the electrostatic pressure set up by anion—cation
interactions, p, that we have here estimated numerically, for
the first time. This pressure can also be regarded, by compar-
ison, as a “chemical pressure”** ™ because it corresponds to
a variation of the composition of the material depending on
the nature of the inserted non-coordinated species. This
internal pressure is, however, different from the local elastic
pressure set up during thermal relaxation after LIESST

(48) Schenker, S.; Hauser, A.; Wang, W.; Chan, 1. Y. Chem. Phys. Lett.
1998, 297, 281.

(49) Hauser, A.; Amstutz, N.; Delahaye, S.; Sadeli, A.; Schenker, S.;
Sieber, R.; Zerara, M. Chimia 2002, 56, 685.

(50) Jeftic, J.; Ecolivet, C.; Hauser, A. High Pressure Res. 2003, 23, 359.
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irradiation and that is induced by the neighboring spin
changing molecules as described by Hauser.”!

Itis of interest to note that a large internal pressure range is
found for the investigated compounds (Table 6). This is not
surprising because a tiny change in the nature or number of
non-coordinated species can dramatically modify the transi-
tion temperature.2 3 The number of atoms in a chain, N,
also reported in Table 6, has been evaluated following eq e:>>

N=2 (IO(I)OEas> ©)

where as is the number of active sites undergoing the SCO
behavior that has been accurately determined by ’Fe
Mossbauer spectroscopy in the higher and lower thermal
branches of the ST curves for 1—10. The chains (3, 4)
comprising the larger number of atoms {13} display the
wider hysteresis loop as expected for longer chains with
enhanced cooperative effects. Unfortunately, it was not
possible to compare these results with dynamic light scatter-
ing data because of the low solubility of the present coordina-
tion polymers. Because, the Fe- - - Fe distance of the cationic
chain [Fe(l\{Hztrz)ﬂ2+ was determined by EXAFS spectros-
copy (3.58 A),* it was possible to estimate for the first time,
the chain length distribution 7 that ranges between 1 and 4 nm
(Table 6).

4. Concluding Remarks

We have shown that the nature and geometry of the
counteranions, as well as the chain length, govern the ST
behavior of 1D coordination polymers. Because the ST of
these materials is accompanied by a dramatic color change,
such characteristics could be useful for selecting appropriate
candidates for a given application (displays, sensors, etc.) in a
certain temperature or pressure working range. The first SCO
materials with new fluorinated inorganic anions were pre-
sented and included in a database according to their volume.
The internal electrostatic pressure of these anions located in
the neighboring cationic chains, as well as chain lengths of
these coordination polymers, was also estimated.

5. Experimental Section

Syntheses. All reagents and solvents were used as received
from commercial sources: hexafluorotitanic acid, 99.9%,
60 wt % solution in water (Aldrich), hexafluorozirconic acid,
45 wt %, solution in water (Aldrich), ammonium hexafluoros-
tanate(IV), 99.99% (Aldrich), ammonium heptafluorotantalate
V), 99.99% (Aldrich) ammonium hexafluorogermanate(IV),
99.99%, (ACROS), iron(II) chloride tetrahydrate 99% (AC-
ROS), iron powder 99.99% (Janssen Chemica), Cu powder,
99.5% (Merck), 4-amino-1,2,4-triazole, 99% (ACROS).

[Fe(NH,trz)3] TiFg- 0.5H,O (1). Iron powder (0.0857 g, 1.534
mmol) was mixed with 0.1 mL of H,TiF¢ (1.534 mmol) and
stirred at room temperature and in air for 30 min, the solution of

(51) (a)Hauser, A. Chem. Phys. Lett. 1992, 192, 65. (b) Jeftic, J.; Hauser, A.
Chem. Phys. Lett. 1996, 248, 458. (c) Jeftic, J.; Hauser, A. J. Phys. Chem. B
1997, 101, 10262. (d) Hauser, A.; Jeftic, J.; Romstedt, H.; Hinek, R.; Spiering, H.
Coord. Chem. Rev. 1999, 190—192, 471.

(52) (a) Roubeau, O.; Gomez, M. A.; Balskus, E.; Kolnaar, J. J. A.;
Haasnoot, J. G.; Reedijk, J. New J. Chem. 2001, 25, 144. (b) Quesada, M.;
Prins, F.; Bill, E.; Kooijman, H.; Gamez, P.; Roubeau, O.; Spek, A. L.; Haasnoot,
J. G.; Reedijk, J. Chem.—Eur. J. 2008, 14, 8486.
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which was filtered leading to a green solution of [Fe(H,O)4] TiFs.
This aqueous precursor solution was added to a hot methanolic
solution (5 mL) containing NH,trz (0.3871 g, 4.6 mmol). A
white precipitate was formed immediately and stirred for ~1 h at
room temperature. It was filtered, washed with 5—10 mL of
methanol and dried in a desiccator. Yield: 0.61 g, 83%. Anal. for
FeCgH 3N 1,00 5TiF¢ (479 g/mol): caled C, 15.05; H, 2.74; N,
35.09; Fe, 11.66. Found: C, 15.51; H, 2.80; N, 35.54; Fe, 10.14%.
IR (cm™Y): »(NH,) ~ 3305 (s), ¥(N—N) ~ 1217 (s), »(C—H out
of plane) ~ 1027 (m), (C—H ring torsion) =621 (vs), v(Ti—F) ~
569 (m).

[Fe(NH,trz);|TiF¢- H,O (2). It was synthesized following the
same procedure as for 1 except that warm ethanol was used to
dissolve NH,trz. A white precipitated was obtained. Yield:
0.43 g, 86.5%. Anal. for FeC¢H 4N ,OTiF¢ (488.01 g/mol):
caled C, 14.77; H, 2.89; N, 34.44; Fe, 11.44. Found: C, 15.26; H,
2.59; N, 34.87; Fe, 12,57%. IR (cm ™ ): »(NH>) ~ 3318 (s), ¥(N—
N) ~ 1218 (s), v(C—H out of plane) ~ 1031 (m), »(C—H ring
torsion) = 624 (vs), v(Ti—F)~567 (m).

[Fe(NH,trz);]ZrF¢-0.5H,0 (3). Iron powder (0.0857 g, 1.534
mmol) was mixed with 0.1 mL of H,ZrFg (1.5 mmol) and stirred
at room temperature and in air for 30 min, the solution of which
was filtered leading to a pale green solution of [Fe(H,O)g]ZrF.
The same procedure was used as for 1 working with NH,trz
dissolved in MeOH, affording a white precipitate. Yield: 0.94 g,
66.4%. Anal. for FeC¢H 3N 1,00 5ZrFg (520.97 g/mol): caled C,
13.80; H, 2.51; N, 32.18; Fe, 10.69. Found: C, 14.36; H, 2.47; N,
32.81; Fe, 9.96%. IR (cm™"): »(NH,)~3308 (s), (N—N) ~ 1218
(s), (C—H out of plane) ~ 997 (m), »(C—H ring torsion) =
625 (vs), v{(Zr—F)~590 (m).

[Fe(NH,trz);]|ZrF¢ (4). It was synthesized following the same
procedure as for 3 except that warm ethanol was used to dissolve
NH,trz. A white precipitated was obtained. Yield: 0.64 g, 50%.
Anal. for FeCgH 52N ,ZrF¢ (511.96 g/mol): caled C, 14.04; H,
2.36; N, 32.75; Fe, 10.88. Found: C, 14.80; H, 2.49; N, 33.03; Fe,
9.65%. IR (cm ™~ '): ¥(NH,)~3226 (m), v(N—N) ~ 1218 (s), ®(C—
H out of plane) ~ 997 (m), »(C—H ring torsion) = 624 (vs),
v1(Zr—F)~590 (m).

[Fe(NH,trz)3]SnF¢-0.5H,O (5). (NHy4),SnFg (0.3388 g, 1.26
mmol) dissolved in 10 mL of water was added to a 5 mL of
aqueous solution of FeCl,-4H,0 (0.2506 g, 1.26 mmol). A pale
green solution of [Fe(H,O)s]SnF¢ was obtained. The same
procedure was used as for 1 working with NH,trz dissolved in
MeOH, affording a white precipitate. Yield: 0.38 g, 76%. Anal.
for FCC6H13N1200W5SHF6 (55096 g/mol) caled C, 13.1 1; H,
2.38; N, 30.57; Fe, 10.16. Found: C, 13.31; H, 2.31; N, 29.84;
Fe, 9.80%. IR (cm ™ "): (NHy)~ 3215 (s), (N—N) ~ 1217 (s),
v(C—H out of plane)~1000 (m), »(C—H ring torsion) =612 (s),
v(Sn—F)~ 601 (m).

[Fe(NH,trz)3]SnF¢- H,O (6). It was synthesized following the
same procedure as for 5 except that a warm ethanol was used to
dissolve NH,trz. A white precipitated was obtained. Yield: 0.4 g,
80%. Anal. for FeC¢H 4N ,0SnF¢ (559.96 g/mol): caled C,
12.90; H, 2.53; N, 30.08; Fe, 9.99. Found: C, 13.04; H, 2.27; N,
29.80; Fe,9.17%. IR (cm ™~ '): »(NH,) ~3225 (s), "(N—N) ~1217
(s), v(C—H out of plane) ~ 998 (m), v(C—H ring torsion) =610
(s), ¥(Sn—F)~ 600 (m).

[Fe(NH,trz)3]TaF;-3H,0 (7). An aqueous solution (10 mL)
containing 0.3176 g of FeCl,-4H,O (1.59 mmol) was added to
an aqueous solution (5 mL) containing 0.5591 g of (NHy),TaF;
(1.59 mmol) and ~ 0.01 g of ascorbic acid. A pale green solution
of [Fe(H,0)4]TaF; was obtained. The same procedure was used
as for 2 working with NH,trz dissolved in methanol, affording a
white precipitate. Yield: 0.8 g, 74%. Anal. for FeCsH gN,05-
TaF; (676.03 g/mol): caled C, 10.66; H, 2.68; N, 24.86;
Fe, 8.26. Found: C, 10.66; H, 1.79; N, 24.44; Fe, 8.84%.
IR (cm™Y): »(NH,) ~3220 (s), "(N—N) ~1220 (s), »(C—H out
of plane) ~ 1000 (m), »(C—H ring torsion) =613 (s), (Ta—F) ~
1394, 536 (m).
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|[Fe(NH,trz);]TaF;-2.5H,0 (8). It was synthesized following
the same procedure as for 7 except that warm ethanol was used
to dissolve NH»trz. A white precipitated was obtained. . Yield:
0.8 g, 81%. Anal. for FeC¢H 45N |,0, sTaF; (667.03 g/mol):
caled C, 10.75; H, 2.56; N, 25.08; Fe, 8.37. Found: C, 10.80; H,
2.57;N, 2520; Fe,9.50%. IR (cm ™ "): »(NH») ~3223 (s), *N—N)
~1221 (s), v(C—H out of plane) ~ 1000 (m), »(C—H ring
torsion) = 612 (s), »(Ta—F)~ 1396, 534 (m).

[Fe(NH,trz);]GeFg- HO (9). FeCl,-4H,O (0.2232 g, 1.12
mmol) dissolved in 3 mL of distilled water was added to an
aqueous solution (5 mL) of (NH4),GeFg (0.25 g, 1.12 mmol)
with a pinch of ascorbic acid. A pale green solution of [Fe-
(H,0)6]GeF¢ was obtained after stirring for a few minutes. The
same procedure was used as for 1 working with NHstrz dis-
solved in MeOH, affording a white precipitate. 0.5 g, 70%. Anal.
for FeC¢H 14N 1,OGeFg (513.98 g/mol): caled C, 14.06; H, 2.75;
N, 32.78; Fe, 10.89. Found: C, 14.01; H, 2.52; N, 32.19; Fe,
9.92%. IR (cm ™ '"): (NH,) ~ 3230 (s), ¥(N—N) ~ 1217 (s), (C—
H out of plane) ~ 997 (m), »(C—H ring torsion) =624 (s), (Ge—
F) ~ 600 (s).

[Fe(NH,trz);]GeFg-0.5H,0 (10). It was synthesized follow-
ing the same procedure as for 9 except that warm ethanol was
used to dissolve NHytrz. A white precipitated was obtained.
Yield: 0.45 g, 80%. Anal. for FeC4H 3N ,0 5GeFg (504.96 g/
mol): caled C, 14.31; H, 2.60; N, 33.37; Fe, 11.09. Found: C,
14.31; H, 2.57; N, 32.38; Fe, 9.94%. IR (cm ™ "): ¥(NH,) ~ 3300
(s), V(IN—N) ~ 1217 (s), v(C—H out of plane) ~ 997 (m), v(C—H
ring torsion) = 621 (s), »(Ge—F) ~ 603 (s).

[Cu(NH,trz)3]ZrFs- H,O (11). A 5 mL portion of aqueous
solution of [Cu(H,O)e|ZrF¢ was obtained by stirring copper
powder 0.0455 g (0.7 mmol) with 0.22 mL (0.72 mmol) of
H,ZrF¢ at room temperature for 30 min, the solution of which
was filtered leading to a pale blue-green solution. This precursor
solution was added to 10 mL of aqueous solution of NH,trz
(0.1808 g, 2.15 mmol). A blue precipitate appeared after adding
the first drops of the copper solution. The volume of distilled
water was increased to 65 mL, and the solution was warmed at
80 °C for 3 h to dissolve the precipitate. A blue solution was
obtained and kept for crystallization at room temperature. After
8 months, blue needle crystals were obtained. Yield: 0.1 g, 30%.
IR (cm™"): »(NH,) ~ 3230 (m), »(N—N) ~ 1220 (m), »(C—H out
of plane) ~ 988 (m), v(C—H ring torsion) = 625 (s), v{(Zr—F) ~
590 (m).

[Fe3(NH,trz)o(H20),|(SbFg)s- 1.5CH3;0H  (12). FeCl,-4
H>0 (0.3 g, 1.51 mmol) and ~ 0.01 g of ascorbic acid dissolved
in 5 mL of water were added to KSbFg (0.8294 g, 3.02 mmol)
that was sparingly soluble in 10 mL of water. The resulting pale
green solution of [Fe(H,0)4](SbFg), was added to a methanolic
solution (5 mL) containing NH,trz (0.3806 g, 4.5 mmol). An off
white precipitate was formed after 10 min of continuous stirring
at r.t. It was filtered, washed with 5—10 mL of methanol and
dried in a desiccator. Yield: 0.8 g, 21%. Anal. for Fe;Cy; sHys-
N4003‘5Sb6F12 (250688 g/mol) caled C, 1030, H, 201, N,
22.35; Fe, 6.68. Found: C, 9.36; H, 2.64; N, 21.48; Fe, 6.5%.
IR (cm™1): »(NH,) ~3330 (s), (N—N) ~ 1221 (s), "(C—H out of
plane) ~ 997 (m), »(C—H ring torsion) =622 (s), »(Sb—F) ~ 642,
732 (m).

[Fe3(NH2tI'Z)10(H20)2](SbF6)6'0.5C2H50H (13). It was syn-
thesized following the same procedure as for 12 except that
ethanol was used to dissolve NH,trz. An off white precipitated
was obtained. Yield: 1 g, 27%. Anal. for Fe;Ch Hys-
Ny400,.5SbgF36 (2481.85 g/mol): caled C, 10.18; H, 1.91; N,
22.62; Fe, 6.78. Found: C, 9,82; H, 2.60; N, 21.39; Fe, 6.58. IR
(em™Y): »(NH,) ~ 3300 (s), ¥(N=N) ~ 1219, »(C—H out of
plane) ~ 1000, »(C—H ring torsion) ~ 621(s), »(Sb—F) ~ 745,
640 (m).

Physical Measurements. Elemental analyses were performed
at University College London (U.K.). Atomic absorption ana-
lyses were carried out on a Perkin-Elmer 3110 spectrometer.
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Sampling was carried out in aqueous solutions containing nitric
acid (65%). Standard solutions were prepared with Mohr’s salt.
IR spectra were collected on a BioRad FTS-135 spectrometer
using KBr pellets and on a Shimadzu FTIR-84005. Thermo-
gravimetric analyses (TGA) were performed in air (100 mL/min)
at the heating rate of 1 °C/min from 293 to 400 K using a Mettler
Toledo TGA/SDTA 851e analyzer. Diffuse reflectance spectra
on solids were recorded with a CARY 5E spectrophotometer
using polytetrafluoroethylene as a reference. Powder X-ray
diffraction patterns were recorded on a Siemens D5000 counter
diffractometer working with Cu Ka radiation and operating at
room temperature. The samples were mounted on the support
with silicon grease. °>’Fe Mossbauer spectra were recorded in
transmission geometry over the temperature range (78—300 K)
with conventional Md&ssbauer spectrometers equipped with a
37Co(Rh) radioactive source operating at room temperature.
The samples were sealed in aluminum foil and mounted on a
nitrogen Oxford bath cryostat. The spectra were fitted to the
sum of Lorentzians by a least-squares refinement using Moss-
fit>* or Recoil 1.05 Mossbauer Analysis Software.>* All isomer
shifts refer to a-Fe at room temperature. Magnetic susceptibil-
ities were measured in the temperature range 50—300 K using a
MPMS-5 SQUID magnetometer. Data were corrected for
magnetization of the sample holder and diamagnetic contribu-
tions, which were estimated from the Pascal constants. Differ-
ential scanning calorimetry measurements were carried out in a
He,) atmosphere using a Perkin-Elmer DSC Pyris 1 instrument
equipped with a cryostat and operating down to 98 K. Alumi-
num capsules were loaded with 20—50 mg of sample and sealed.
The heating and cooling rates were fixed at 5 and 10 K min~ .
Temperatures and enthalpies were calibrated over the tempera-
ture range of interest usin% the crystal—crystal transitions of
pure cyclopentane (=99%).> Diffuse reflectivity measurements
were performed using a hydrostatic pressure device (operating
with He gas) and an optical detection system which has been
described in ref 46. The powder samples have been thermally
cycled at least 10 times over the temperature range 78—300 K
before starting the measurements. This thermal treatment led to
the automilling of the crystallites because of the internal stress
induced by the volume variation during the ST and ensures a full
reproducibility of the hysteresis loop.*® The light source used is
a Quartz Tungsten Halogen lamp from LOT-ORIEL of 100 W
maximal power, combined with an interferential filter operating
at 550 nm. Scanning electron microscopy (SEM) was performed
using a Gemini Digital Scanning Microscope 982 with 1 kV
accelerating voltage with an aluminum sample holder.

Single Crystal X-ray Diffraction. The X-ray intensity data
were collected at 100(1) K witha MAR345 image plate using Mo
Ka (1 =0.71069 A) radiation. The crystal was mounted in an
inert oil and transferred to the cold gas stream for flash cooling.
The data were not corrected for absorption, but the data
collection mode partially takes the absorption phenomena into
account (78 images, A® =3, 15701 reflections measured for 3352
independent reflections). The crystal data and the data collec-
tion parameters are summarized in Table 1. The unit cell para-
meters were refined using all the collected spots after the inte-
gration process. The structure was solved bzy direct methods and
refined by full-matrix least-squares on F> using SHELX97.%
All the hydrogen atoms were localized by Fourier-difference
synthesis. They were included in the refinement with a common
isotropic temperature factor. The details of the refinement and

(53) Teillet, J.; Varret, F. Mossfit; unpublished work.

(54) Lagarec, K.; Rancourt, D. G. Recoil, Méssbauer Spectral Analysis
Software for Windows 1.0; Department of Physics, University of Ottawa:
Ottawa, Canada, 1998;

(55) Rotaru, A.; Dirtu, M. M.; Enachescu, C.; Tanasa, R.; Linares, J.;
Stancu, A.; Garcia, Y. Polyhedron 2009, DOI: 10.1016/j.poly.2009.04.046.

(56) Sheldrick, G. M. SHELX97, Program for crystal structure determi-
nation and refinement; University of Gottingen: Gottingen, Germany, 1997.
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the final R indices are presented in Table 1. CCDC 728233 for 11
contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from the Cambridge
Crystallographic Data Center via www.ccdc.cam.ac.uk/
data_request/cif.
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