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Abstract: We have investigated the suitability to use the dfin crossover coordination
polymer [Fe(4-(2’-hydroxyethyl)-1,2,4-triazoll,'H,O, known to crossover around room
temperature, as a sensor via optical detectiorgusanious contact pressures up to 250MPa. A
dramatic persistent colour change is observed.ekperimental data, obtained by calorimetric
and Mossbauer measurements, have been used feoratibal analysis, in the framework of the
Ising-like model, of the thermal and pressure irdlspin state switching.

Keywords: spin crossover; pressure sensors; optical detecmart materials; material
characterization

I. Introduction

Due to the current need of processing and storbga mcreasing amount of information
it becomes necessary to use miniaturized devicetudimg multifunctional components.
Particularly, molecular materials are consideredaagromising class for implementation in
molecular nano-devices. To this aim, spin cross¢8€0) materials including 38d’ transition
metals were selected due to their potential mingdtion and suitable applications in memory
devices, sensors, switches, and displays [1-4].s&hmaterials can switch between two
distinguished states, namely the low-spin (LS)estatd the high-spin (HS) state by applying
external perturbations such as temperature, pmsbght or a magnetic field [4]. As a result,
different optical, magnetic, vibrational and stuwrel properties are observed, which are more
pronounced in the case of Fe(ll) complexes. Thet wately used perturbation to induce a spin
state transition is the temperature, but a presstimailus also induces modifications on the spin



state. Thus SCO materials are considered as peesmmsors [2,5]. A remarkable family
concerns 1D Fe(ll) coordination polymers with 1;&jdzole ligands [6,7], which show marked
colour changes making this family of materials &l¢ to be used as temperature and pressure
sensors with optical detection [2]. In Figure lze pressure applied to the Fe(ll) material is
lower than the critical pressure,, Bnd the SCO compound appears white (HS state)white
surface can reflect the laser light to the lightedeor, which can be connected to a computer. In
Figure 1b, the pressure applied to the materiakurstudy is above the critical pressurg, P
causing the SCO compound to turn purple (LS stdieg purple surface absorb the light or
reflect it to a lesser degree, depending on theeleagth of the light used. The change in
pressure can thus be detected optically at aa@riaint.

P<Pc P> Pc
SCO compound in SCO compound in
Optical HS state Optical LS state
detector detector
(a) (b)

Figure 1 SCO material used as pressure sensor: (a) the riB&e€rial reflects the light to the
detector, indicating that the pressure is belowdtigcal point; (b) the SCO material does not
reflect the light to the detector, indicating thta@ pressure is above the critical point.

The continuous developments of chemical systenmiimaboratory allows the selection of the
best SCO systems with special requirements comagriie SCO temperature region, which
need to be located around the room temperaturerregg well as the width of their bistability
domain which need to be as large as possible. Wnltpthese conditions, we decided to focus
on the 1D chain [Fe(hyetr),-H,O (hyetrz = 4-(2’-hydroxyethyl)-1,2,4-triazole) assuitable
candidate. This material is known to exhibit a caapive and thermochromic spin transition
from LS (S = 0, violet) to HS (S = 2, white) aroutheé room temperature region [8]. In this work
we show that [Fe(hyetrg),-H>.O can be used as a visual detector of strong maeiarontact
pressure from 250 to 2500 bars. This result is sup@d by thermal dependence of the optical
density measurement¥’Fe Mdssbauer spectroscopy and differential scanoaigrimetry. A
correlation of SCO properties with the pressuretacnis made thanks to an Ising-like model.
These results provide the basis for the constmafa marker pressure device.

2. Temperature study

The colour change of the sample from white (HS)itdet (LS) was monitored through variable-
temperature optical reflectivity measurements idrg nitrogen atmosphere at 2 K/min. The
thermal dependence of the optical density has beearded spectroscopically at a quasi-
monochromatic wavelength df= 550(50) nm (Figure 2).
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Figure 2. Thermal evolution of reflectance spectra recomiefFe(hyetrz)l ,-H,O in the solid

state (left) and of the optical densitydat 550 nm (right).

The hysteretic SCO behaviour around room tempegasuconfirmed for [Fe(hyetrZ),-H,O at

T = 292 K andT.' = 275 K by optical reflectivity measurements (Feg2). The high colour
contrast of the sample observed on cooling camdw&ed by recording temperature dependence
of the reflectance spectra. In the LS state, tHeatance spectrum shows a band centred on 680
nm, in good agreement with the pink colour of samy increasing the temperature, a blue
shift of the spectrum maximum is observed, followey a broadening of the reflectance
spectrum, in good agreement as well with the wbdieur of the sample in the HS state. The
optical characterization has been completed byeudfftial scanning calorimetric (DSC)
measurements that were undertaken to confirm timetigmsition temperature range as well as to
determine, quantitatively, the thermodynamic patanseto be used in our Ising model described
hereafter.
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Figure 3. DSC curves for [Fe(hyetrg).-H,O over the temperature range 265-303 K.

DSC profiles were recorded at 10 K/min in the hegtand cooling modes around the room
temperature region as shown in Figure 3. The DS@ecshows an endothermic peaKlak' =

293 K and an exothermic peak @tw' = 280 K, in fair agreement with the transition
temperatures observed from optical measurements.difference seen in the lower branch of
the spin transition curve is associated to the tos@an rate (2K/min) used for the optical



measurements. The enthalpy and entropy variati@ns determined asH = 16.42 kmot and
AS=57.42 J.metK™. The experimentally measured entropy variatioroants for an electronic
contribution, RIn5 = 13.4 J.md&K™, and a vibrational contribution of 41.77 J.fH§I*. These
values were corrected taking into account the adites fraction associated to the spin transition
which was accurately determined from complimentslidssbauer spectroscopy measurements
detailed below. Indeed on cooling to 78 K, a singledrupole doublet with isomer sht® =
0.50(1) mm.g was observed indicating 100% LS ions. The presefice quadrupole splitting
AEQLS = 0.24(1) mm.3, indicates a distortion for the octahedral as etquewithin a 1D chain
[9]. At 313 K, a temperature for which the compousadexpected to have undergone the spin
transition, according to optical reflectivity measnents (Figure 1), the spectrum shows a major
quadrupole doublet (87%) attributed to HS' k&= 0.99(1) mm.s$ and 4E, = 2.49(2) mm.3)

and a minor one (13%) corresponding to LS &= 0.36 mm.§ and4Eg = 0.17(5) mm.3).
Thus [Fe(hyetrz]lH,O undergoes an incomplete ST on warming with 13%auf switching

sites, which need to be taken into account foreththalpy determination associated to the spin
state change.
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Figure 4. °'Fe Mdssbauer spectra for [Fe(hyefliz)H,O at 78 K (left) and 313 K (right).

3. Pressure study

Pressure experiments were carried out on a home-nmacromechanical device. The sample
was deposited on a metal plate and covered witotls tape (Figure 5).

25MPa 50MPa  100MPa

150MPa  200MPa 250MPa

Figure 5 (Left): sample holder showing the SCO compounaain temperature on its sample
holder covered with a scotch tape. (Right): Enldrgew of the sample evidencing colour



change to pink at room temperature for variousiaggressures (25 MPa, 50 MPa, 100 MPa,
150 MPa, 200 MPa and 250 MPa).

As shown in Figure 5, the material is white at rommperature and ambient pressure which is
characteristic of the HS state. The pressure wpkegjpat selected spots on the sample, released
and a photograph was taken again. As it can be, $ee a threshold value of the applied
pressure of ca. 30-40 MPa, the SCO powder swititbeswhite (HS) to pink (LS) and retain its
colour (spin state) when pressure is released.

4. Phase diagram based on Ising like model

Various physical methods, such as magnetic su$déyti measurements, Mdossbauer
spectroscopy, optical and vibrational spectroscopyray diffraction and heat-capacity
measurements [4], are used to describe the swgdbimaviour of SCO materials. Due to the
expensive cost of such equipments used in physicaicterizations, several theoretical models
are used to predict the SCO properties. This iredudodels such as atom-phonon coupling [10-
15], Ising-like [16-20] or mechano-elastic [11] whihave been used to describe the role played
in SCO behaviour by the lattice architecture, thm#luence of short- and long-range
intermolecular interactions when applying exterpaiturbation such as a temperature and/or a
pressure variation.

In the Ising like model, to represent the two ®até a SCO molecule, Wajnflasz and
Pick [16] have introduced a fictitious spin operatowhich can take the value¢l when the
molecule is in the HS state orl when the molecule is in the LS state with respecti
degeneracieg),; and g,.

For a system with non-interacting molecules the Haman is given by:
N
2 (1)

N
wherez denotes the sum over all SCO molecul®$, is the number of molecules af\d
i=1
represents the energy gap between the HS and €S sta
Over the last few years an important effort haslmsne in order to explain the influence
of both short- and long-range interaction whichucel different types of spin transition shapes
[19-24], with or without hysteresis. The widenedgshe hysteresis loop is determined by the
long-range interaction parameter.

The Hamiltonian for interaction molecules, as psgabin[14] can be written as follows:
H = A_szT ng 2.0,-3,2.00,-G(9)2.0,
i i i (2)

where,z is the sum over nearest neighbour spikygs,s the Boltzmann constan§ = g,,s / 9,5
i

is the degeneracy ratial and G represent the short and long rage interactionnpeters and

<0’> is the average value of the fictitious magnetorati



In the mean field approach the average of theifics magnetization is given by:
(o) = tanh( 2r (o) +k;TIng —A]
2k, T 3)
where™ = Jq + G is the reduced interaction parameter e A(T, p) is the reduced gap energy.
The HS molar fraction is given by:

4)
The pressure dependence of the energy gap is:
A(T,p) =4, + pdv , 5)
whereA, = A(T, p=0), dV is the volume variation ang is the external applied pressure.

From the DSC measurements, and taking into acc®tftt of spin switching determined by
Mossbauer measurements, the entropy value calduld® = 57.42 JmolK™' give a
degeneracies ratio state of the two spin stateuch adng = 6.906 and the enthalpy variation
give a gap energylo/ks=1978.6K. For the volume variations{) during the spin transition
(LS—HS, HS-LS), we used a typical value of volume chadge 100A°,

The thermal and pressure dependence of the HS rmaftron, nys, at ambient pressure and
temperature computed for [Fe(hyetfiz}H,0, i.e. for a complex displaying an hysteretic spin
transition around room temperature is displayedrigure 6. The transitions temperatures at
atmospheric pressure afg' = 292.5 K and up and¢' = 278.6 K, which are in excellent
agreement with the ones detected by optical réfiec{Figure 1). The transitions temperatures
at 300 K areP.! = 19.2 MPa and up ai}' = 9.3 MPa.
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Figure 6 Thermal dependence at 1 bar (left) and pressysendience at 300 K (right) of

the HS molar fractionnys, derived from the Ising like model. The parameteatues are
Aolkg=1978.6K, 5V=100A3, Ing = 6.906 and™ = 360K

A (p-T) phase diagram was calculated to understia@ahfluence of temperature and pressure on
the SCO behaviour. The calculated phase diagrgmessure-temperature coordinates using the
same parameters as in Figure 6, is displayed ur&ig.
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Figure 7 Pressure-temperature phase diagram calculated3@0O system switching around the
room temperature region using the following par@rsevaluesy/ks=1978.6K, 5V=100A3 Ing
=6.906 and™= 360 K.

As can be seen in Figure 7, the transition fromHBeto the LS state can be achieved either by
decreasing the temperature or by increasing presgnen the SCO compound located at point
A, i.e. at given temperatuiie, and pressur®s, is heated until it reaches poiBtat temperature
T2 Ty at a constant pressuRs, a switch back to the HS state is observed. FBynif the
temperature is decreased until it gets back tot@oifT ;,P;) then the compound remains in the
HS state. By applying a pressure, the compounaestfrom HS to LS states at po®\{(T1,P,

> Pgown). If now the pressure is lowered backRp(point A), the compound will remain in the
LS state. In other words, inside the hysteresighyithe compound will keep the state of origin.
When coming from the LS state it will remain in th8 state and when coming from the HS
state it will retain the HS state as shown in Salédm

1ip g 1t/ip
O=——8——
HS it p HS It/ p S

Scheme 1Representation of the switching mechanism indigegmperature and/or by
pressure.




5. Conclusion

In this work we proved the feasibility of pressdegection using a molecular SCO based
sensor/marker operating at ambient temperature. tRertitted compound we obtained a
threshold value of the contact pressure of abou¢1B@ to induce irreversibly the colour change
of the molecular material, due to the spin statéctimg form HS to LS state. These results open
important perspectives for molecular materialsrespure sensing applications, making possible
their insertion in piezo- and thermo-chromic paititat will allow the visual detection of
mechanical collisions, a very important issue mdleronautic and automotive industries.
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Experimental

[Fe(hyetrz)]l -H,O was prepared as a solid white powder as desciibed [6]. The reflectance
was determined by means of an optical microscoplym{@us BX51) equipped with a
photodiode and a 543 nm interferential filter, whihe optical spectra have been recorded by
using an UV-Vis Ocean Optics spectrometer mountedhe optical microscope. The sample
temperature was controlled using a Linkam THMSG@@idl nitrogen cryostage. During the
experiment the temperature was changed at a r&2&/afin. Differential scanning calorimetry
measurements were carried out in agHatmosphere using a Perkin-ElImer DSC Pyris 1
instrument equipped with a cryostat and operatiogrdto 98 K. The purge gas wasg)
Temperatures and enthalpies were calibrated oweetdimperature range 98-300 K using the
solid/solid and liquid/solid transitions of purectygpentane (P99%, Acros) [25]. The calibration
sample was introduced in an aluminum pan and heratigtsealed using an encapsulating press.
The calibration was made at a scan rate of 10 K/mie characteristic temperatures, which
were assigned to the crystal/crystal transitions cgtlopentane, were obtained by the
extrapolation of the onset peak temperatukasempty aluminium pan, identical to the one used
for the sample, was used as a reference to obtegtiadle baseline. The system produces or
uptakes energy in order to keep the temperatutieeofompound identical to the reference. This
energy difference between two resistances (in n8Mansformed by PYRISTM DSC Software
7.0 in specific heat, (J /mol/K). The DSC measurement of the samplecaased out at a scan
rate of 10 K/min, in warming and cooling modes. 72g were encapsulated at room
temperature in aluminum pans and hermetically dedlée sample was maintained at room
temperature for 5 min in order to allow the systenequilibrate, and was further cooled down
from 298 to 98 K. The sample was maintained at 98K5-10 min to reach equilibrium,
followed by a similar scanning mode as on cooliegeen 98 K and room temperatutéce
Mossbauer spectra were recorded in transmissiommegiep with a Wissel Mossbauer



spectrometer equipped with®4Co(Rh) radioactive source (Cyclotron Ltd, Russipgrating at
room temperature, and a Reuter-Stokes proportiooahter. The samples were sealed in iron
free aluminum foil and mounted on a nitrogen Oxftmgtruments bath cryostat. The spectra
were fitted to the sum of Lorentzian functions bieast-squares refinement using Recoil 1.05
Mossbauer Analysis Software [26]. Pressure teste werformed on a micromechanical device
developed at Onera. The cylindrical indenter withoatact surface of 4 nfnis fixed in the
upper part and the sample holder is placed on theabie part. This latter receives the load
sensor and two deformable blades are used to gldeolumn designed to transmit the load
between the sample holder and the pressure séastpper motor is used to move the platform
via a screw-nut system. An Entran load sensor (EC23000250L) with a capacity of 1100 N is
used. During contact between indenter and sanpdembving part stops automatically when a
force of 1 N is measured. For indention testing,tfoving speed wasis and the displacement
is stopped when the required load is reached.

References

1. Gutlich, P.; Goodwin, H.A. Spin crossover - Amemall perspective, in Spin Crossover in
Transition Metal Compounds2004 p. 1-47.

2. Linares, J.; Codjovi, E.; Garcia, Y. Pressure d®mperature Spin Crossover Sensors with
Optical DetectionSensors 2012 12, 4479-4492.

3. Bousseksou, A.; Molnar, G.; Salmon, L.; Nicolax¥. Molecular spin crossover phenomenon:
recent achievements and prospeCtem. Soc. Rev. 2011, 40, 3313-3335.

4, Gutlich, P.; Gaspar, A. B.; Garcia, Y. Spin statitching in iron coordination compounds.

Beilstein J. Org. Chem. 2013 9, 342-391.

5. Ksenofontov, V.; Levchenko, G.; Spiering, H.;tliah, P.; Létard, J. F.; Bouhedja, Y.;
Kahn. O. Spin crossover behavior under pressufe(PM-L)L(NCS), compounds with
substituted 2pyridylmethylene 4-anilino ligand€Chem. Phys. Lett. 1998 294(6), 545-

553.

6. Roubeau, Olriazole-based one-dimensional spin-crossover ¢oatidn polymers.
Chem. Eur. J. 2012 18, 15230-15244

7. Garcia, Y., Adarsh, N. N., and Naik, A. D. Calstngineering of I'—”espin crossover coordination
polymers derived from triazole or tetrazole ligar@simia 2013 67, 411-418

8. Garcia, Y.; van Koningsbruggen, P. J.; Lapouy&le Rabardel, L.; Kahn, O.; Wieczorek, M.;

Bronisz, R.; Ciunik, Z.; Rudolf, M. Synthesis amarscrossover characteristics of polynuclear 4-
(2’-hydroxy-ethyl)-1,2,4- triazole Fe(ll) molecularaterialsC. R. Acad. Sc. Paris 1998 llc, 523.

9. Dirtu, M. M.; Garcia, Y.; Nica, M.; Rotaru, ALjinares, J.; Varret, F. Iron(ll) spin transition
1,2,4-triazole chain compounds with novel inorgafiicorinated counteranionsPolyhedron
2007, 26, 2259.

10. Nasser, J.A. First order high-spin/low-spin ggh#&ransition induced by acoustic-phonoBst.
Phys. J. B 2001, 21, 3-10.

11. Nasser, J.A.; Boukheddaden, K.; Linares, J.-$t@p spin conversion and other effects in the
atom-phonon coupling moddtur. Phys. J. B 2004 39, 219-227.

12. Boukheddaden, K.; Miyashita, S.; Nishino, Magic interaction among transition metals in one-
dimensional spin-crossover solidys. Rev. B 2007 75(9).

13. Rotaru, A.; Linares, J.; Codjovi, E.; NasserSlancu, A. Size and pressure effects in the atom

phonon coupling model for spin crossover compouddsppl. Phys. 2008 103, 07B908.



14.

15.
16.
17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

Rotaru, A.; Linares, J.; Mordelet, S.; Stanéu, Nasser, J. Re-entrance phase and excited
metastable electronic spin states in one-dimenkispia crossover compounds explained by
atom-phonon coupling model.Appl. Phys. 2009 106(4), 043507.

Boukheddaden, K., Static and Dynamical Aspeafsa Phonon-Induced Spin-Crossover
Transition - Local Equilibrium Approackur. J. Inorg. Chem. 2013 5-6, 865-874.

Wajnflasz, J.; Pick, R. Transitions « Low spi High spin » dans les complexes dé'Fé&
Phys. Collog. 1971, 32, C1-91-C1-92.

Slichter, C.P.; Drickamer, H. G. Pressure-lmtuElectronic Changes in Compounds of Iran.
Chem. Phys. 1972 56(5), 2142-2160.

Bousseksou, A.; Nasser, J.; Linares, J.; Baldhgen K.; Varret, F. Ising-like model for the 2-
step spin crossovel. Phys. | 1992 2(7), 1381-1403.

Linares, J.; Spiering, H.; Varret, F. Analytiemlution of 1D Ising-like systems modified by
weak long range interaction - Application to spiessover compound&ur. Phys. J. B 1999
10(2), 271-275.

Jureschi,C. M.; Rusu, l.; Codjovi, E.; Linares, J.; Garci4,; Rotaru, A. Thermo- and
piezochromic properties of [Fe(hyptrz}pd,O spin crossover 1D coordination polymer: towards
spin crossover based temperature and pressurasdig@ica B 2014 449, 47-51.

Chiruta, D.; Linares, J.; Dahoo, P. -R.; Dimith Analysis of long-range interaction effects on
phase transitions in two-step spin-crossover chayngsing Ising-type systems and Monte Carlo
entropic sampling techniqué. Appl. Phys. 2012 112(7).

Chiruta, D.; Linares, J.; Garcia, Y.; Dahoo, R?; Dimian, M. Analysis of the Hysteretic
Behaviour of 3D Spin Crossover Compounds by Usinglsing-Like Model.Eur. J. Inorg.
Chem. 2013 21, 3601-3608.

Chiruta, D.; Jureschi C. -M.; Linares, J.; Gard.; Rotaru, A. Lattice architecture effect dret
cooperativity of spin transition coordination polgra.J. Appl. Phys. 2014 115(5), 053523.
Klokishner,S.; Linares, J; Varret, F. Effect of hydrostatiegsure on phase transitions in spin-
crossover 1D system&hem. Phys. 200Q 255(2-3), 317-323.

Rotaru, A.; Dirtu, M. M.; Enachescu, C.; TsmaR.; Linares, J.; Stancu, A.; Garcia, Y.
Calorimetric measurements of diluted spin crossceenplexes [FdV1(btr)2(NCS)]*H-O with

MII = Zn and Ni.Polyhedron 2009 28, 2531.

Lagarec, K.; Rancourt, D. G. Recoil, Méssha&mectral Analysis Software for Windows 1.0,
Department of Physics, University of Ottawa, Cand@98.



