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The members of the CuMo; — \W,QO4 series (0 < x < 0.1) undergo a first-order phase transition at normal pressure,
which can be induced by temperature. The two allotropic forms exhibit two distinguishable colors, green for the
high-temperature form (o) and brownish-red for the low temperature one (y), which opens up a new market for
user-friendly temperature indicators. From X-ray diffraction and microprobe analyses as from optical properties, the
tungsten substitution rate for molybdenum is limited to 12%. Beyond, a third, parasitic wolframite-type phase,
CuMogsWo 405, Systematically crystallizes besides the o/yCuMoggWo104 compounds. Within the CuMo; — \W,04
solid-solution domain, the dependence of the transition temperatures was followed by calorimetry, optical reflectivity,
and magnetism. On the basis of these measurements, the transition is characterized for all of the chemical
compositions by a hysteresis loop of about 90 K in width with a temperature transition strongly dependent on the
tungsten content. Namely, the y — o transition can occur between 260 and 360 K, and the a — y transition
between 175 and 275 K as a function of x. The control of the o/y transition temperatures with x is related to the
larger propensity of tungsten compared to molybdenum, to adopt a tetrahedral environment.

1. Introduction For oxides, various mechanisms may be at the origin of
the color change with temperature increase: continuous
reduction of the band gap for semiconducting oxides leading
to a red shife reduction of the ligand field on a chro-

mophore cation due to thermal dilatation as in chromium-

Currently, thermochromic materials receive much attention
due to their potential applications as user-friendly temperature
indicators in a wide range of devices such as chill checkers,

cooking tools, hotplates, medical strips, sterilization displays, doped AbOs ruby? or phase transition implying a change

fridges, furnaces... Generally speaking, thermochromic Ma i\ electronic transition energies and/or insulating/metallic

_terlals can be deflneql as materl_als presenting a reversible Ol ehavior transitions as for \ViOoxides 12 BaMnOs % or
irreversible change in color, with respect to temperature.

Practically, organic compounds or liquid crystals are used
for applications at temperatures lower than about 400 K. For
higher temperatures, this kind of material may deteriorate
due to their intrinsic, low thermal stability.

Then, inorganic materials may be of great interest as
substitutes because of their higher stability and durability
upon temperature cycling.
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Adaptable Thermochromism in the CuMo. \W,O4 Series

by reflectivity measurements in the UV-vis region, and a
new interpretation of the spectra is given. Moreover, the
transition temperature modifications with tungsten substitu-
tion are carefully analyzed via three different techniques,
calorimetry, reflectivity, and magnetism, and interpreted with
respect to a first-order transition thermodynamic model. As
reported in ref 19, the ternary CuoW,0, oxides also
Figure 1. Colors of-CuManszsNoords in the high-temperature form exhibit irrever§ible .piezochro.mic/tribochromic properties.
@ andy.-CuMoo_gz NoorDs in the low-temperature form (b) with = These p_ropertles WI” be_det_alled else_where. Hereafter, _the
72.2,a = —7.9 andb = 52.0, andL = 46.7,a = 14.9 andb = 22.9, synthesis and the investigation techniques are summarized
respectively. in section 2. In section 3, after a brief description of the

~ structural types, we discuss the solubility limit of tungsten
MoOz.** The advantage of the latter category of materials is in CuMoy — W, O,, the optical properties, and the temperature
that the materials that exhibit a phase transition are the only ¢ the o = y transition determined via temperature-

ones associated with a drastic change in color at a desiredyependent reflectivity, differential scanning calorimetry
temperature. Indeed, reductions in the band gap in semicon- DSC), and magnetic measurements. Finally, essential find-

ductors and reductions of ligand field energy with dilatation ings of our work are summarized at the end of the discussion
are soft and progressive phenomena. section.

Recently, the temperature dependence of the optical
properties of CuMoQ@were reported by G. Steiner et &., 2. Experimental Section
the pressure dependence on the absorption spectrum of

CuMoQ; by D'. Herrimdez 9t al:? whereas the _gnpr_ec- through solid-state reactions. Briefly, the constituent oxideg2Cu
edented “one finger push” mdu_ced—phase transition in the (Alfa-Aesar, 99%), MoQ (Alfa-Aesar, 99.95%), and WAFluka,
CuMoy 9Wo.,04 compound was discussed by M. Gaudon et gg go4) were intimately mixed in the prerequisite proportions, in
alt’ Indeed, the CuMp- \W,0, oxides (0= x < 0.1) appear  an agate mortar. Then, the mixture was ball-milled in an agate
as materials of interest for thermochromic applications container partially filed with acetone. The blend was calcined at
because they exhibit, at normal pressure, two distinct 700°C for 24 h and cooled down to room temperature.
allotropic forms already described in the literature for  Powder X-ray Diffraction. Powder X-ray diffraction patterns

b)

Synthesis.CuMo; - \W,O, polycrystalline samples were prepared

CuMoG,.*820 The high-temperature (low-pressureform were recorded in a DebyeScherrer geometry on an INEL
is green, whereas the low-temperature (high-pressui@)m diffractometer equipped with a 12QCurved Position Sensitive
is brownish-red as depicted in Figure 1 for Cud@No.o70s. Detector with monochromatic Ciio. radiation (1.540598 A) and

with a spatial resolution of 0.03 Data were collected over the
5—120° 20 range for at least 12 h. The structure refinements of
the triclinic o andy forms were carried out via a Rietveld analysis

Versus the tungsten content, these first-onder a and the
o.— v transitions may occur between 260 K and 360K, and
petween_ 175 and 275_ K upon heating and c.:ooli.ng, respec—by means of theullProf package
tively, W'th a hystereSIS loop Of abo.ut'85 Kiin width. . Microprobe Analysis. Elemental composition was determined

In this article, the solubility limit of tungsten in  py means of a Castaing microprobe CECAMA SX 630 apparatus
CuMo, - \W,O4 oxide is probed whereas the influence of the py wavelength dispersive spectrometry. Analyses were performed
tungsten content on the thermochromic properties are on uniaxial pressed-powdered pellets and yield the relative copper/
characterized and discussed. The stabilization at roommolybdenum/tungsten molar ratios. The oxygen content was
temperature of purer-type samples upon cooling after deduced to ensure the right charge balance, the oxidation states of

synthesis at 700C has allowed an optical characterization copper, molybdenum, and tungsten being taken to be equal to I,
VI, and VI, respectively. Each microprobe analysis was repeated

(10) Sobhan, M. A.; Kivaisi, R. T.; Stjerna, B.; Granqvist, C.S®l. Energy three times in three distinct zones. Error bars on each composition

an Mater. Sol. Ce||5199§h44 (S4)i_5151_|- 096 239, 281282 measurement were calculated from the standard deviation and tend

11) Jin, P.; Tanemura, Shin Solid Filmsl ), 281— . 0 ; i

(12) Livage, J.Coord. Chem. Re 1999 391, 190-192. to be less than 1 mol %. Furthgrmore, it has to be specnﬂed that

(13) Heiras, J.; Pichardo, E.; Mahmood, A‘peaz, T.; Peez-Salas, R;  the analyses were performed with a probe volume size i,
Siqueiros, J. M.; Castellanos, M. Phys. Chem. SolidZ002 63 (4), that is, for a volume significantly lower than that of each probed
591. _ particle of the pellets.

(14) Quevedo-Lopez, M. A.; Ramirez-Bon, R.; Orozco-Teran, R. A,; . . . .
Mendoza-Gonzalez, O.; Zelaya-Angel, Thin Solid Films1999 202, DSC Measurements. The differential scanning calorimetry
343-344. _ _ (DSC) analyses were made on a PerkinElmer DSC7 calorimeter

(15) 3?;(3079;1(37-5261&% R.; Reichelt, W.; Freseniugnal. Chem2001, with charge compensation. The data were collected with a heating

734, . I

(16) Herriadez, D.; Rodguez, F.; Garcia-Jaca, J.; Ehrenberg, H.; Weitzel, and cooling rate of 10 Kmr) .'n the 56-400 K temperature range.

H. Physica B1999 265, 181—185. The apparatus characteristics were recorded just before the sam-

(17) Gaudon, M.; Jobic, S.; Demourgues, A.; Deniard, P.; Thiry, A-E.; ples’ measurements, using the same thermal cycles for posterior
Carbonera, C.; Le Nestour, A.; Largeteau, A'tdre, J.-F. submitted,

2007 subtractions.
(18) Herriadez, D.; Rodguez, F.; Garcia-Jaca, J.; Ehrenberg, H.; Weitzel, Magnetic Susceptibility Measurements.Magnetic measure-
H. Physica B1999 265(1~4), 181 ments were done on the superconducting quantum interference

(19) Wiesmann, M.; Ehrenberg, H.; Miehe, G.; Peun, T.; Weitzel, H.; Fuess, ; i i
H.J. Solid State Chem997, 132 (1), 88, device (SQUID) apparatus Cryogenix S600 magnetometer within

(20) Ehrenberg, H.; Weitzel, H.; Paulus, H.; Wiesmann, M.: Witschek, G.; the temperature range of-340 K at atmospheric pressure. All of
Geselle, M.; Fuess, Hl. Phys. Chem. Solids997, 58 (1), 153. the measurements were performed with heating and cooling rates
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of 10 K-min~1. The data were corrected for the magnetic signal of
the sample holder and for diamagnetic contributions of the
constituents estimated from Pascal’'s constants.

Reflectivity Measurements. Room-temperature U¥vis-NIR
diffuse reflectance spectra were collected on a finely ground sample
with a Cary 17 spectrometer (Varian) equipped with a 60 mm
diameter integrating sphere. Diffuse reflectance was measured from
200 to 1500 nm using Halon powder (from Varian) as a reference
(100% reflectance). 1964-CIE Lab system parameters were deter-
mined by a mathematical conversion of the reflectivity signal
treatment. Low-temperature reflectance was collected on powder

via two home-built instruments, that is, a setup equipped with a
CVI spectrometer, which allows us to follow the evolution of UV-
vis spectra in the 400 to 900 nm range between 5 and 290 K and

a setup equipped with a photomultiplicator to collect, in the-150 T T T T T T T T T T
395 K temperature range, the integrated reflected intensity of a 26 (degq)
green-filtered white-light incident beam (56650 nm). In both

cases, the white-light source was a halogen lamp, and the heatingFigure 2. X-ray Diffraction patterns of the phase mixture for Cujdé/o 104
cooling rate was settled at 10-#in~2. (a) and CuMg W 304 (b) nominal compositions. ¢) o-CuMoO4 struc-
ture type, W) y—CuMoO, structure type, @) wolframite structure type).

3. Results and Discussion . . . .
As illustrated on the electronic density micrographs

Brief Structural Description of o and y-CuMo; - WO, reported in the Figure 3, when the tungsten phase is present,
PhasesAll of the members of the CuMo. \W,0, series X it can be easily detected. Indeed, this latter phase, which
< 0.12) may crystallize in the.-CuMoQO, and y-CuMoOy contains the largest tungsten rate and thus the highest
structure types witlP1 as a space grou§-2! In the o form, electronic density, appears white, whereas the boron com-

/3 and?; of CW?* cations occupied [Cugpsquare-pyramids  position with lower tungsten content appears gray; at least
and [CuQ] elongated octahedra, respectively, wherea§™Mo the pellet porosity appears black.

or WP* cations sit at the center of a [Ma[Jetrahedral site. It was possible to limit the probed volume to a zone

In the y form, all of the Cd*" and Md" (and W) ions inferior than the particle size (gray or white areas). Hence,
display an octahedral coordination. The— y transition  for each sample, the chemical composition of boron and
goes along with a~12% shrinkage of the cell volume, tungsten can be extracted. In Table 1 is a sum-up of the

whatever the tungsten concentration, for exampies= elemental analyses of Culylo,W,0, samples withx ranging
9.8989(2) A,b = 6.7931(1) A,c = 8.3569(2) A o = from 0 to 0.5. First, from these results, the solubility limit
101.154(2), p= 96.902(1), y = 107.38(1}, and V = in tungsten in the CuMgo. \W,O,4 oy structure type is clearly
~5198 A, and a = 9.7175(3) A, b = 6.3100(2) A, between 0.1 and 0.15. Indeed, fo< 0.1, only the boron

c = 7.9786(3) A,a = 94.727(4), B = 103.345(3), y = composition is detected, whereas for 0.15, the presence
103.318(3), V = ~458 A for o-CuMaedNo10s and of the tungsten phase is clearly identified. This observation
y-CuMay.90W0.104, respectively. appears to be in agreement with X-ray diffraction investiga-

Solubility Limit of Tungsten in CuMo ;- WO, The tions, which only evidence andy structure types. One can
purity and the exact chemical composition of notice that, the boron composition presents a small molyb-
CuMo; - \W, O, compounds with @< x < 0.5 were inves-  denum or tungsten deficiency depending on the sample, in
tigated by X-ray diffraction and microprobe analysis. First, comparison with the target compositions, a phenomenon
the X-ray patterns clearly evidence that for low tungsten probably caused by raw material impurities and/or their slight
content & < 0.12), all of the diffraction peaks obtained hydratation, leading to slight weighing errors. Moreover, the
can be indexed as belonging t@-CuMo; - WxO, or microprobe analyses indicate that the chemical composition
y-CuMo; — \WxOy triclinic phases (Figure 2). However, for of boron and tungsten does not change for nominal
high tungsten contenk (> 0.12), a third phase is detected, CuMo; - W,0,4 chemical composition, witkx higher than
which crystallizes in the wolframite-type structure as CuWWO the solubility limit. This phenomenon is clearly associated
To support this segregation for a high tungsten rate, Figurewith the existence of a miscibility gap between the boron
2 displays the X-ray diffraction patterns obtained on the and tungsten phases. The compositions of the two ex-
CuMay 0Wo.104 composition, for which a mixture ai and tremes of the boron and tungsten solid solutions on both
y forms is obtained and for the CuM®V, 30, nominal sides of the miscibility gap could be estimated as about
composition, for which a mixture of the three phasesy, CuMay gWo.104 and CuM®@ W ¢0s, respectively. More-
and wolframite-type forms) is obtained. Second, the micro- detailed analyses made on the electronic density micrographs
probe analyses were carried out to determine exact chemicahave confirmed that the total tungsten rate of the sample
composition of the bistable composition composed. aind does not influence the two final compositions but, in fact,
y forms (hereafter noted boron composition) and wolframite- controls their volume ratio. Indeed, this behavior could be
type phase (hereafter noted tungsten phase) versus the&haracterized by image treatment, udimage Tookoftware,
tungsten amount in the target composition. of the electronic density micrographs. As illustrated on the

10202 Inorganic Chemistry, Vol. 46, No. 24, 2007



Adaptable Thermochromism in the CuMo. \W,O4 Series

Table 1. Elemental Analyses of CuMo xW,04 Samples Obtained by
Castaing Microprobe

nominal composition cationic proportion analyzed compositions

CuMayp 98Wo.004 B composition
CU/(MO + W) =1.03 CuMay.98Wo.004
W/(Mo + W) = 0.02

CuMay 95Wo,0504 B composition
CU/(MO + W) =1.03 CUMQ),94W0A0@4
W/(Mo + W) = 0.06

CuMap 9oWo.104 B composition
CU/(MO + W) =1.03 CuMaoy.9oWo.1004
W/(Mo + W) =0.10

CuMay g5Wo.1504 B composition
CU/(MO + W) =1.02 CUM(b,ngo(1204
W/(Mo + W) =0.12
W phase
CU/(MO + W) =1.01 CUMQ),41W0‘5@4
W/(Mo + W) = 0.59

CuMap goWo.2004 B composition
CU/(MO + W) =1.02 CuMog.gaWo.1104
W/(Mo + W) =0.11
W phase
CU/(MO + W) =1.01 CuMog.4dWo.6604
W/(Mo + W) = 0.60

CuMOoy 70Wo.3d04 B composition
CU/(MO + W) =0.94 CuMaoy.9oWo.104
W/(Mo + W) =0.10
W phase
CU/(MO + W) =1.00 CUMQ)_42W0_5304
W/(Mo + W) = 0.58

CuMay 50Wo 5004 B composition
CU/(MO + W) =0.93 CUM(b,goWo(1@4
W/(Mo + W) =0.10
W phase
CU/(MO + W) =0.96 CUM%,39W0A6104

W/(Mo + W) = 0.61

Figure 3. Electronic density micrograph (a) and binary pictures obtaine
after image thresholds 1 (b) and 2 (c), respectively. Gray and white grai

due to the propensity of the form to partially transit into

the y form. In Figure 4, the optical-absorption spectra

(Kubelka Munk transformed: K/S curves) collected for three
4 compositions,x = 0, 0.05, and 0.075, are reported to
ns underline the influence of the substitution of molybdenum

are assigned to the boron composition and the tungsten phase, black spot$or tungsten on the-form colorimetric parameters. CIE Lab

to porosity. Micrographs represent a 150250 um? area.

Figure 3, the phases volume ratio can be obtained, proceedin(\%S

by a double binarization of the numeric micrographs, puttin
in evidence of the total-solid volume (threshold 1) and th

tungsten-phase volume (threshold 2). Finally, an integration

of white and blacks areas obtained after each binarization

performed for volume quantifications. Elsewhere, considering
in a first approximation that the molar ratio between the
wolframite and triclinic phases is equal to their volume ratio,

an overall composition can be calculated and compared
the target one. In all of the cases, a high proximity of th

these compositions was observed that validates the existence

of the gap of miscibility as well as the solubility limit values

of tungsten in the boron composition and of molybdenum

in the tungsten phase.
UV —Vis Properties at Room Temperature. At room

temperature, reflectivity spectra have been recorded on 0 ‘
a-CuMo; - WO, compounds, for which their tungsten rate L L

allows the stabilization of a pure singbephase in ambient
conditions, that is, for < 0.075. Indeed, for higher tungsten
content, only a mixture oft andy phases can be obtained

parameters are given in Table 2.

The general feature of the K/S curves of the three materials
very similar. For all of the compositions, the optical
spectrum evidenced two absorption bands, one located below
~1.8 and one located above2.5 eV, in good agreement
with the observed green color of the material. The former is
commonly associated with €ud—d transitions, whereas

9
e

is

wavelength (nm)
500 400

800 700 60
T

to 12
€ 10

K/S
&

3 4
energy (eV)

Figure 4. Room-temperature KubelkaMunk spectra of CuMo@
CuM0p 98Wo.0504, and CuM@ 9290 07404 oxides in theiro. form.
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Table 2. CIE Lab Parameter afi-CuMo; — \WxO4 Oxides at Room
Temperaturex = 0, 0.05, and 0.075)

A (nm

800 700 600 500 gl]l] 700 600 500

compounds optical parameters
formula L-—a—b 8+
CuMoOy 69.6— 6.9—57.0
CUM00,95V\/0,0504 72.3—8.2—53.8
CuM0o.928W0.07504 77.7— 10.0— 55.7 6

the latter would be due, according to Hémdaz et al® and
Rodfguez et al?t to an G~ — Cw" charge transfer (CT).

At this stage, this last assignment is somewhat questionable,
and we wonder whether an?O— Mo®*, W™ CT assign-
ment would be not preferable, to account for the high-energy
absorption for the following reasons: (i) a regular increase
of the & — Mo®", W8 CT is expected with tungsten
concentratioff as observed in Figure 4. At the opposite, the 2715
02~ — Cw*" CT should remain almost unmodified for a E (eV)
substitution rate as low as 5% because the copper environrigyre 5. Evolution of Kubelka-Munk spectra of CuMo@ versus
ment is not directly perturbed, (i) another ternary oxide: temperature.

ZnMoO, with the samex-form triclinic structure presents a

02~ — Mo®* CT more or less at the same position in energy toward higher energy is observed. This is the expected trend
(iii) Furthermore, it will be shown that the thermochromism for any semiconductor, and this phenomenon originates from
is linked to this CT shift, and a comparative thermochromism the contraction of thex-CuMoQ, cell parameters and a
effect is observed for the ternary oxide CoMp@here a decrease of the oxygeitation interatomic distances, which
phase transition involving a change in the molybdenum favors a stronger localization of the bond electrons around
coordination also occurs. Consequently, it appears quitethe ligand, and so, induce a higher energy to transfer the
seductive to associate the color change going fooi@u- electron from the ligand top metal center. This goes along
MoO; to y-CuMoQ, to a change in molybdenum coordina- With a weak broadening of the reflectivity window, the
tion from tetrahedral to octahedral. Whatever may be the positioning of the absorption band assigned-taldransition
case, that means the CT between the oxygen and the firstoeing almost not affected by temperature, the crystal field
empty molybdenum 4d orbital appears at an energy energybeing just a bit sensitive to temperature in comparison with
lower than that of the CT from the oxygen first empty copper CT. This trend agrees with the evolution of the transmission
3d orbital. Such a hypothesis could be well explained by spectra of am-CuMoQ, crystal reported by Steiner et .

two phenomena : (i) the d-orbital splitting due to the strong in the 296-673 K temperature range. Second, between 200
octahedral ligand field coupled with a Jatfieller effect ~ and 10 K, the apparition of the-CuMoQ; form results in

on CW# (4€3d?), and (ii) the CT from ligand to G (3cP) the appearance of a new charge-transfer band located at lower
implies that the electron transfer takes place in a half energy concomitantly with a slight enlargement of the copper
occupied orbital, what implies the creation of an intrasite d—d absorption band due to the structure change. Conse-
columbic repulsion contribution. Whatever may be the case, quently, upon cooling, a significant narrowing of the reflec-
from the spectral curves reported in Figure 4, which evidence tivity window is observed due to a blue shift and a red shift
an enhancement of the reflectivity window versus the of the d-d and G~ — Mo®* absorption bands, respectively.
molybdenum/tungsten substitution, it appears, as summedn regard of the crystallographic structure of theand y

v
4

24

185 K

0 I M T N 1 v 1
15 18 21 24

Ll r T v T N 1

18 2,1 2.4 27

up in Table 2, thata-CuMo, - WO, oxides exhibit a
luminosity L, which increases witk, whereas the a and b
colorimetric parameters remain almost constant, probably
because the center of the reflectivity window does not move
in energy withx. Nevertheless, the green coloration is more
and more dirtlike (the green transforms into an olive
coloration) versus, which is traduced by the slight increase
of the a* colorimetric parameter.

UV—Vis Properties During the Phase Transition.
Kubelka—Munk absortivity curves of CuMopbetween 30
and 280 K, are reported in Figure 5. First, upon cooling from

forms, the phenomenon can be explained by the transition
of the Md®*/W6* cations from tetrahedral to octahedral sites.
It is well-known that a red shift of the liganemetal charge
transfer occurs when metal coordination incregsesleed,

the metal coordination increase is the cause of two phenom-
ena linked to each other: the increase of the ligand coor-
dination number (decrease of the effective charge directed
toward each metallic metal center) and the increase of
ligand—metal bond distances. Structural characterization has
shown, besides the oxygen environment, that the phase
transition leads to nearly no change in terms of the number

room temperature to 185 K, a displacement of the absorptionof copper neighboring oxygens (from 17/18anto 1 iny

threshold associated with the#O— Mo®* CT (vide supra)

(21) Rodfguez, F.; Hernandez, D.; Garcia-Jaca, J.; Ehrenberg, H.; Weitzel,
H. Phys. Re. B 200Q 61, 16497.

(22) Goubin, F.; Gleee, L.; Deniard, P.; Koo, H.-J.; Whangbo, M.-H.;
Montardi, Y.; Jobic, SJ. Solid State Chen2004 177, 4528.
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per oxygen) and CuO bond distances, whereas the number
of molybdenum neighboring oxygens decreases (from 1.5
to 1 per oxygen) and MeO average distances increase.
Consequently, CuO bonds appear quite stable between the
two a andy forms, whereas the average MO bonds are
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Table 3. o — y (Tizc) andy — a (T124) Temperature Transitions
Issued from Reflectivity Measurements
304 o-form
P compounds Tizc Tizn AT
N kbl T formula (K) (K) (K)
: | Data extracted from the helium cooled setup
' 1 -
2 | Tho = 225K ! CuMoQy 175 247 72
S 204 : -------------------------- 1 CuMoo 983W0.01404 181 - -
§ ________ [ Data extracted from the nitrogen cooled setup
b : | CuMay.983W0.01904 201 281 80
[ ; Th =310K | CuMao.sMWo.004 222 310 78
x L S H | CUuMy.95Wo.0504 227 293 65
10 orm T - CuMap.928W0.07404 251 352 101
yform CuMoy Wo.104 282 382 100
%0 180 270 360 450 the sample with the temperature; the DSC process allows

T°inK
Figure 6. Evolution of the integrated reflectivity percentage in the green
zone (506-550 nm) of CuM@ gy 0804 compound with temperature.

the calculation of the enthalpy heAH with the equation:

dH/dt = dQ/dt + (C, — C,,)dT/dt + RCAQ/df’

strongly modified by the phase transition; what underlines

the thermochromism is well due to the Mo/W site modifica- With Q = recorded power (wattsi;s and Crer = calorific

tion and the high-energy absorption phenomenon is without ¢apacity of the sample and the apparatus, respectively

any doubt @— Mo®+/Ws*+ CT. Last, one can argue thatthe (K™, R= thermal resistance of the sample-¥i"*) and

CT shift is a red shift one because the exchanged valencel = time (seconds).

per bonds (bond effective charge) decreases fibrm o The picture of part a of Figure 7 shows that normally two

form to 1.0 iny form. This effective charge decrease from Characteristic temperatures can be easily extracted by DSC

o to y form traduces, in a way, lower attraction of the bond Measurements: ThBnses Which represents the ideal transi-

electrons though the ligand side gnform, that is, it is a  tion temperature, and thigealocated at the signal maximum.

more probable possibility to transfer one electron from the Nevertheless, to extract theyd temperatures for direct

ligand to the metal, that is, a low-energy absorption threshold. coOmparison with the other characterization techniques, the
a—y Transition Temperatures Characterized by Re- in_tegration of the peak was perfo_rmed as shown in. part b of

flectivity Measurement Versus x. The a < y phase Figure 7. Results are cqmplled in Tabl_eﬁy Transition

transition causes a drastic change in optical properties of the! €mperatures Characterized by Magnetic Measurements. -

CuMo — \W,O4 solid solutions. In terms of absorption, the Finally, another way to characterlze the sample; behavior

a form is very reflective in the green region, contrary to the VETSus the tungsten content is to perform magnetic measure-

y form. Thus, the characterization of the phase transition Ments because of the presence of Caations in the d

can be initiated by means of reflectivity setup, allowing

access to the integrated reflectivity in the 550 nm 0,09 - Tpeak = 256.5 K
domain. Upon heating, thg — a transition allows the
determination of T,y temperature (corresponding, in a first - 007
approximation, to about 50 mol % of theandy phases). ,"‘- 005 AH=1,58Jg"
In the same way, the equivalent,t temperature corre- 2 A
sponding to thex — v transition is recorded upon cooling. = 0,03
All of the members of the CuMo. ,W,O, series evidence © 001 | Tonset =247 K
a large hysteresis loop of the integrated reflected inten- ’
sity versus temperature. The hysteresis width is hereafter -0,01 4 ‘ ‘ |
characterized by thATi, = Tioc — Tin. As an illustra- 150 200 o 250 300
tion, the evolution of the integrated reflectivity of the 11
CuMay oWy 00, Oxide is displayed in Figure 6, where it
schematized the procedure followed to extractThe: and %9
Ti2n temperatures. The relevant characteristics of the phase = 0.7 -
transition of CuMoQ and some of its tungsten-doped g
congeners are summed up in Table 3, the discrepancy for § 0.5 1
the two CuM@ 953V 01404 datasets originating from the use < 03
of two different setups. 3
o—y Transition Temperatures Characterized by DSC 011
Measurements.In a first-order phase transition, the two 014 ‘ ‘
involved forms get different reticular energy and total 150 200 250 300

0
entropy, and the transition is accompanied by an enthalpy _. TK o .
heatAH = TAS, with T = ideal to a first-order temperature Figure 7. Heat-flow peak related to the— o transition with increasing
ea - - p temperature for the CuMaQcompound and integration of the collected

of transition. Thus, by following the calorific capaci® of signal.
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Figure 8. Evolution of the magnetic susceptibility of the CubAaWo.0s04 150 3

compound with the temperature.

Table 4. oo — y (Tied andy — o (T124) Temperature Transitions
Issued from DSC Measurements

100 | ; ; ; .
compounds Tanc Tas2n AT 0 0,02 0,04 0,06 0,08 0,1
formula K K K
®) ® ® x -tungsten rate-
CuMoOy 158 254 96
CUMCh,9W0,104 271 348 77

Figure 9. Evolution of the transition temperatures (during heating or

cooling steps) plotted from the three techniques’ results.
Table 5. a— y (Tizg) andy — a (T124) Temperature Transitions g steps) p 9

Issued from Magnetic Measurements

a-y Transition. Conclusion. The difference between the

C?gfnouﬂgds T(:f)c T(tf)'* A(%/z Ti. values obtained from the different techniques can be
CuMo O 165 245 20 considered resulting from uncertainties and artifacts inherent
CUM0b.08Wo 0604 202/223 273/284 73/61 to measurement processes, and they will not bg discussed
CuMay 0Wo 104 251/271. 65 here. The results obtained from the three techniques were

electronic configuration, with & = %/, spin and a variable ~ put together; they are both reported in Figure 9. The aim of

g factor function of the environment, leading to various this study is not to conclude on respective advantages/
susceptibilities. Because of the fact that the SQUID apparatusdisadvantages of each technique, but on the opposite, to
allows us to reach temperatures only up to 340 K, and only combine three different techniques with different uncertain-

compounds with a doping fraction of up o= 0.05 were ties and artifact sources to obtain a summation of all of the

susceptible to be studied. It should be noted here that themeasurements to obtain a more-precise global trend for the
SQUID instrument allows a more-controlled speed in the transition temperatures’ evolution versus the tungsten content.
temperature change with respect to the reflectivity apparatus. Whatever may be the case, a significant increase in the
This analysis method was convenient because of the changéemperature transition is observed when molybdenum is
of a part of the copper from a penta-coordinated insertion substituted for tungsten, in a parallel way for the heating

site to an octahedral site during the-y transition, leading  and cooling mode. The evolution @fc or Ti2n With the

to an evolution of the totad) factor: X = NaS/3kTF(S)(S tungsten contentx is roughly linear. Thus, these two

+ 1) with Na = Avogadro number andk = Boltzman evolutions were fitted as linear function. The two slopes are
constant. Results obtained are reported in Table 5, and agoughly similar, so theAT hysteresis between the cooling
an illustration, the magnetic loop recorded on Cybid/o 004 and heating temperatures can be considered as remaining

is plotted in Figure 8. Compared with reflected intensity constant with the tungsten content. Furthermore, tils
change on cooling, the magnetic susceptibility evolves more hysteresis can be approximated to 85 K. From the approxi-
gradually in the SQUID apparatus than in the reflectivity. mation made on the two curve slopes, it can be calculated
This observation is probably due to kinetic effects, whereas that 10% of the tungsten substitution leads to an increase in
the transition in the heating mode seems not to be affectedthe two transition temperatures of about 100 K. The
from the kinetics, as well as froffy, values, as it appears outstanding point to underline is that this control-6£00
evident if we compare the values obtained on SQUID with K on the transition temperatures allows for stabilizing of the
the two other techniques. o or they form around the room temperature. Briefly, we
To extract theT,,, temperatures, here, the bisector of the mention that the measurdd,, temperatures for the CuMQO
two X~ = {(T) linear curves is used as shown in picture compound differ slightly from the values proposed by F.
9, considering the susceptibility inverses are roughly addi- Rodriguez et at! based on temperature dependence of a
tive. Results obtained with this last technique are reported crystal optical density at 540 nm at ambient pressure with a
in Table 5. cooling rate of 1 K/min (i.e., 10 times lower than here). The
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most important difference between the two studies resides Finally, as an example, the Culg@W, 00, compound

in the hysteresis width; ATy, of about only 26-30 K was can be first stabilized at room temperature in its green-colored

proposed by Rodriguez. Such a large difference remains noty form by a preliminary cooling at a temperature below 225

easily explainable; it could be issued from two factors: K. This compound will then turn redx(form) at about 310

Rodriguez worked with a lower heating/cooling rate, with a K, that is, human-body temperature. For this composition,

monocrystal. the o form induced by a temperature of 310 K is still stable
The increase in the transition temperatures while tungstenat room temperature because of the quite la@enysteresis

is substituted for molybdenum can be explained in a first taking place on both sides of the room temperature. Hence,

approximation by the stronger octahedra preference @t W  a slight variation of temperature and/or pressure will lead to

as compared to M. It can be reminded as an illustration a structural modification accompanied with a strong color

that MgMoQ, crystallizes in theC/2m crystallographic  variation. So, this material can be used as a convivial

network where M&' is 4-fold coordinated, whereas MgWO  temperature as well as a pressure indicator. In a forthcoming

crystallizes in theP21/c network where W' is 6-fold article, the piezochromic properties of these CuMMW,O,

coordinated. Tungsten will stabilize the octahedral site form, oxides will be discussed in more detail.

that is, they form to the detriment of the tetrahedral site

form, that is, thex form. Furthermore, same considerations ~ Acknowledgment. The authors wish to thank D. Denux,

were made in the literatue’2 to explain the control of the ~ research engineer at the ICMCB, for DSC measurements.

VO, phase transition temperatures wher&" \¢ations are

substituted for Mé" or W**cations. IC701263C
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