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A thermochromic substance changes its color when
subjected to a temperature variation in a certain range. For
practical reasons, the thermochromism should occur in the
temperature range appropriate for desired applications.
CuMoO, exhibits thermochromism'™ in the temperature
region between ~175 and ~260 K, which depends strongly
on the heating/cooling rate, and has two polymorphs, that
is, the high temperature (HT) form (i.e., a form) and the
low temperature (LT) form (i.e., v form). The temperature-
induced color change in CuMoO; originates from a first order
phase transition between the two structures (with ~10%
shrinking of the unit cell volume at the transition).* A recent
study of tungsten-doped derivatives of CuMoOs, that is,
CuMo;_W,0; (x < 0.12), showed that the temperature range
of their thermochromism can be raised to a more easily
accessible range.”® These materials are thus attractive for
uses around room temperature. For example, at ambient
pressure, CuMo, oW 104 changes its color from red to green
by warming above ~360 K and from green to red by cooling
below ~275 K. Furthermore, the color change from green
to red can be triggered by applying a weak pressure (e.g.,
finger push; Figure S1 of the Supporting Information), and
the green color is regained by heating.”® The a- and y-type
structures of CuMoQO, are maintained in the CuMo;_,W,O4
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Figure 1. Evolution of the OA at 520 nm of CuMoOy vs temperature and
upon cycling with a cooling/warming rate of 1.5 K+min™'. The arrows
indicate the cooling/warming curves.

(x < 0.12) solid solution. It is of interest to probe how well
CuMoOy and its tungsten derivatives can withstand repeated
cooling/warming (C/W) cycles without losing their thermo-
chromism significantly. In the present work we examine this
question of cyclability by performing optical absorbance
(OA) at 520 nm, differential scanning calorimetry (DSC)
analyses, and magnetic susceptibility measurements as well
as spin dimer analysis for the o and y structures of CuMoOs..
Our study reveals that, after a number of repeated cooling/
warming cycles, the o-form loses its ability to transform into
the y-form. The structural and physical properties of
CuMo;_,W,O4 (x < 0.12) are not reported here because of
their strong similarities to those of CuMo0Os.

Figure 1 shows how the OA value at 520 nm of CuMoOQO4
varies during the C/W cycles between 10 and 300 K with
C/W rate of 1.5 K-min™' (see Figure S2 of the Supporting
Information for measurements with a 5 K-min™! C/W rate).
At high temperature, the single phase material is green so
that the light of wavelength 520 nm is reflected hence falling
down the OA values. When the temperature is lowered, the
green to red transition occurs. Thus, the reflectivity spectrum
changes with absorption ranging approximately from orange
to UV, and the OA value increases.>® To a first approxima-
tion, the OA value at 520 nm reflects the relative percentage
of the o and y forms in the probed sample. Once the o0 —
y transition is initiated by cooling, the a form can be
recovered by warming. However, at the second cooling, only
a part of the a form changes to the y form. With increasing
the number of C/W cycles, the amount of the o form that
changes to the y form decreases progressively so that the
hysteresis loop of the OA versus T plot progressively
becomes smoothed out, and finally the a form is stabilized
in a wider temperature range. Experiments carried out with
different C/W rates lead to the same observations except that,
at a lower C/W rate, the total disappearance of the y-form
requires more C/W cycles without change in the transition
temperatures.

Figure 2 gives the evolution of the heat flow on heating
at 20 K-min™' between 200 K and 453 K observed for
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Figure 2. Evolution of the DSC curve of CuMoO4 on warming cycle.

CuMoO; for the first 10 C/W cycles. The enthalpy change
associated with the y — a transition at about 272 K is
estimated to be +6.84 J+g~' (1.53 kJ-mol™") in the first cycle,
falls down to +0.7 J+g™" (0.16 kJ-mol™") after six cycles,
and approaches zero thereafter. Similar trends are found for
CuMoyoW.104; the enthalpy change is +12.14 J'g’l (2.82
kJ-mol™) in the first cycle and decreases to +2.71 Jeg!
(0.63 kJ-mol™") after 10 cycles. Data collected on cooling
gave rise to a broad and diffuse exothermic peak, which is
difficult to analyze. Nevertheless, the peak intensity decreases
with increasing the number of C/W cycles. Thus, results of
DSC measurements are consistent with the conclusion from
the OA measurements that the HT-form loses its ability to
transform into the LT-form progressively as the number of
C/W cycles increases.

We now examine the cyclability of the thermochromism
in CuMoO; on the basis of magnetic susceptibility measure-
ments. The 1/y versus T plot measured for the first C/W cycle
(with 2 K+min™") is shown in Figure 3a. On cooling the
sample from 300 K to 200 K, the susceptibility of the o
form follows a Curie-Weiss law, ¥(T) = Co/(T — 0,) with
0o~ -19 K and C; ~ 0.46 cm® K mol™". The latter C, value
leads to the effective moment of 1.87 ug per Cu atom, which
is consistent with Cu®" (S = 1/2) and g ~ 2.2. At lower
temperatures, the a — y transition induces a deviation from
the high-temperature Curie—Weiss behavior. As can be seen
from the yT versus T plot (Figure 3b), a rapid decrease of
xT begins at about 190 K on cooling, and a new low-
temperature Curie—Weiss regime is observed below about
100 K. Because the o — v transition does not change the
+2 oxidation state of Cu, the decrease in 7T between 190
and 100 K indicates the occurrence of strong antiferromag-
netic (AFM) spin exchange interactions that couple some
Cu spins into units with diamagnetic singlet state in the low
temperature y phase (for further discussion, see below).
Between 80 and 10 K, a Curie-Weiss fit leads to Oyt ~ -5
K and Cir ~ 0.25 cm® K mol™!. Both the negative O r and
the decrease in ¥7T between 100 and 5 K suggest that weak
AFM interactions occur between the remaining spins not
involved in the formation of the diamagnetic units. There is
no evidence for a long-range magnetic ordering in the
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Figure 3. Temperature dependence of (a) 1/y and (b) ¥7 of CuMoO,. The
arrows indicate the cooling and warming curves.

investigated temperature range. On warming, a pronounced
hysteresis effect is observed in the 190—250 K region, which
is consistent with a first-order transition. Figure 4a presents
the yT vs T curves observed for CuMoO, for a number of
successive C/W cycles. The variations of ¥7 at 190 K (on
cooling) and 250 K (on warming) are less and less
pronounced when the number of C/W cycles increases. The
Curie constants, extracted from the Curie—Weiss fits for the
HT (200-280 K) and LT (20-80 K) regions, are plotted as
a function of the cycle sequence (see Figure 4b). With
increasing the number of cycles, the HT Curie constant
remains nearly constant but the LT Curie constant increases
significantly. To gain insight into the magnetic properties
of CuMo;_,W,0,, we evaluate the spin exchange interactions
in the a and y structures of CuMoO, by performing spin
dimer analysis based on extended Hiickel tight binding
(EHTB) calculations.” As summarized in Figures S3 and S4
of the Supporting Information, there are nine spin exchange
paths to examine in the o form, and seven spin exchange
paths in the y form. The strength of a spin exchange inter-
action between two spin sites is described by a spin exchange
parameter J = Jr + Jap, Where Jr is the ferromagnetic term
(Jr > 0) and JaF is the antiferromagnetic term (Jar < 0). In
most cases Jr is very small so that the trends in the J values
are well approximated by those in the corresponding Jar
values. For a spin dimer in which each spin site contains
one unpaired spin, the Jar term is approximated by Jar &
—(A&)*/Uess where Uy is the effective on-site repulsion,
which is essentially a constant for a given compound. If the
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Figure 4. (a) Temperature dependence of ¥7 for CuMoOy as a function of
the C/W cycles. (b) Evolution of the Curie constants of CuMoOy for the
high-temperature (200—280 K) and the low-temperature (20—80 K) regions
as a function of the C/W cycles.

two spin sites are equivalent, A¢ is the energy difference
Ae between the two magnetic orbitals representing the spin
dimer. When the two spin sites are nonequivalent, (Ag)* =
(Ae)? — (Ae®)?, where Ae is the energy difference between
the magnetic orbitals representing each spin site of the spin
dimer (Ae® = 0 if the two spin sites are equivalent). In the
present work, the Ae and Ae® values for various spin dimers
are evaluated by performing EHTB calculations (Table S1,
Supporting Information). Results of our spin dimer analysis
are summarized in Table S2 (Supporting Information). In
the a form, all spin exchange interactions are weak, which
is consistent with the effective paramagnetic moment and
the small 6, =~ —19 K observed in the first cooling cycle. In
the y form, there is a very strong AFM spin exchange
interaction associated with each nearly linear Cu(2)-O—Cu(3)
superexchange path and all other spin interactions are weak.
A rough estimation of the strongest Cu(2)-O—Cu(3) super-
exchange interaction J can be done by comparison with other
copper oxides. Namely, in layered and one-dimensional
cuprates for which the relevant Cu—O—Cu bond angle equals
180°, the nearest-neighbor interaction |J| lies in the range
1200-2300 K.® The value of |J| decreases as the bond angle
deviates from 180° and the Cu-O distance increases. In
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BaCu,Ge,0,,° for instance, a value of [J] ~ 540 K is
associated with a bond angle of 135° and a Cu-O distance
of 1.97 A. In y-CuMoQy, the Cu(2)-O—Cu(3) bond angle
of 150° and the short Cu-O distance of about 1.91 A will
thus lead to a |J| value much higher than 540 K (of the order
of 1000 K). Such a strong AFM interaction between the
Cu(2) and Cu(3) sites form isolated AFM dimers giving rise
to a very small contribution to the low temperature magnetic
susceptibility, and the Cu(1) spins become isolated and hence
become paramagnetic. Because there are equal numbers of
the Cu(1), Cu(2), and Cu(3) sites, the Curie constant in the
low-temperature region should be reduced by a factor of 3
from that in the high temperature region if the o form is
completely converted to the y form on cooling. For the first
cooling cycle, the observed Cyr ~ 0.25 em® K mol ™! is higher
than the expected value Co/3 ~ 0.15 cm® K mol ™. Therefore,
the increase in the low-temperature Curie constant, shown
in Figure 4b, indicates that the conversion of the o form to
the y form becomes less efficient with increasing the number
of C/W cycles. This agrees with the conclusion reached from
the OA and DSC measurements, and is also consistent with
in situ diffraction experiments from 240 to 130 K,4 which
evidenced that a single phase a-CuMoQOy sample is partially
transformed into a y-CuMoOy upon cooling, with the residual
pristine high temperature form estimated to be more than
10%.

It appears important to consider why the a-form progres-
sively loses its ability to become the y-form as the number
of C/W cycles increases. Two hypotheses may be envisaged.
First, crystal growth is hindered with increasing the number
of C/W cycles because the size of crystallites becomes
smaller than a critical size. Namely, the oo == v transformation
involves about 10% change in the unit cell volume, which
triggers crack formation within crystals so that crystallites
become progressively smaller in size as the number of C/W
cycles increases. However, this hypothesis seems inconsistent
with the observation that the cyclability of CuMoQy is better
when the C/W rate is faster (see Figure S2 of the Supporting
Information). Moreover, XRD analyses on CuMoQO, before
and after 17 C/W cycles show no change in the coherence
lengths & of a-CuMoOy, that is, & > 200 nm (with no
trace of residual y-CuMoO,) even if SEM analyses reveal
the anisotropy of the grains after several C/W cycles becomes
more noticeable and crystals larger than 20 um disappear.
Second, the successive o == ¢ pseudo-reconstructive/diffu-
sionless transitions might generate defects that favor the
stabilization of the HT form at the expense of the LT form
upon cycling.
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