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ABSTRACT: A 3d—4f heterobimetallic material with mixed anions,

Liquid LED

Ho,Cu(TeO;),(SO,),, has been prepared under hydrothermal = N2 ¢ Light

conditions. Ho,Cu(TeO;),(SO,), exhibits both thermochromism
and the Alexandrite effect. Variable temperature single crystal X-ray —+ #
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diffraction and UV—vis—NIR spectroscopy reveal that changes in the

Cu" coordination geometry result in negative thermal expansion of

axial Cu—O bonds that plays a role in the thermochromic transition of Ho,Cu(TeO;),(SO,),. Magnetic studies reveal an
effective magnetic moment of 14.97 uB. which has a good agreement with the calculated value of 15.09 uB.

B INTRODUCTION

Hetero-bimetallic materials display numerous functions that
include single molecule magnetism, selective ion-exchange, gas
storage, fluorescence, and optical sensing." The incorporation
of lanthanides into these compounds can provide both large
magnetic moments and considerable single ion anisotropy.”
The optical properties of lanthanide ions such as luminescence
and the Alexandrite effect allow one to couple optical and
magnetic properties.’ The inclusion of a transition metal
enrichs these materials to include electronic conductivity,
ferromagnetism, and thermochromism.* The preparation of
these 3d—4f heterobimetallic materials can be quite challenging
owing to complexation competitions between 3d and 4f metals
with the ligands, which typically results in the formation of
multiple homometallic products rather than a single hetero-
bimetallic complex.'* The majority of 3d-4f compounds have
been synthesized using organic linkers such as carboxylates and
phosphonates."“™***> While this class of metal—organic
frameworks (MOFs) is promising in many regards, they tend
to be of relatively low thermal stability and are vulnerable to
decomposition. Purely inorganic 3d—4f heterometallic materials
are still rare.® Herein we report on a new hetero-bimetallic
mixed anion material, Ho,Cu(TeO5),(SO,),, that displays both
remarkable structural complexity and a host of atypical
electronic properties.

We have recently undertaken a study of the materials
chemistry of an array of d- and f-block tellurites because of the
propensity of these materials to exhibit unusual bonding that
gives rise to key properties such as guest—host chemistry.”
Tellurites possess a stereochemically active lone-pair of
electrons on TeV, and these anions can be interconnected to
form polymeric structures, which results in highly variable
coordination environments in this family of compounds.® We
present here a method for preparing a holmium copper tellurite
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sulfate, Ho,Cu(Te05),(SO,),.” To the best of our knowledge,
this is one of the few examples of inorganic 3d—4f bimetallic
compounds containing mixed anions. Ho,Cu(TeO;),(SO,),
shows both thermochromic and Alexandrite effects. Thermo-
chromism is the reversible change in the color of a compound
when subjected to a temperature variation within a certain
range; substances with the Alexandrite effect change color
under variable lighting sources.'® Ho,Cu(TeO;),(SO,), is one
of the rare materials that exhibits both of these properties.

B RESULTS AND DISCUSSION

Single crystal X-ray diffraction reveals that Ho,Cu-
(TeO5),(SO,), crystallizes in the triclinic space group P1
with a three-dimensional (3D) framework (cf. Table SI,
Supporting Information). As shown in Figure la, the TeO;*~
and SO,>” ligands both chelate and bridge the Ho™ and Cu"
ions. Each Ho™ is bound to three TeO,>” anions and three
SO, anions. The Ho™ polyhedra edge-share with two other
Ho™ centers and one Cu" center. The Ho™ ions edge-share
alternatively, forming one-dimensional (1D) Ho-oxo ribbons
extending along the b axis (cf. Figure S1, Supporting
Information). Lanthanides are typically 8-, 9-, or 10-coordinate
when bound by oxygen atoms, yielding different coordination
geometries based on square antiprisms, dodecahedra, tricapped
trigonal prisms, capped triangular cupola, etc.' Shape8
calculations demonstrate that the geometry for the HoOjg
unit is best described as a distorted trigonal dodecahedron
with approximate D,,; symmetry (cf. Figure 1b).'* The Ho—O
bond distances range from 2.269(4) to 2.510(4) A at 100 K (cf.
Table S2, Supporting Information). The Cu' ions are in a
distorted octahedral geometry. The six O atoms bound to Cu"
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Figure 1. (a) View of the structure of Ho,Cu(TeO;),(SO,),
extending along the a axis. (b) Representation of the trigonal
dodecahedral coordination environment of Ho™. (¢) [Cu-
(Te03),(80,),]* unit. Ho polyhedra are shown in green, Cu
polyhedra are in dark blue, TeOj; polyhedra are in gray, SO, tetrahedra
are in purple, and O atoms are in red.

are donated from four TeO,> anions, which are the equatorial
O atoms, and two SO,*” anions, which are the axial O atoms,
forming a [Cu(TeOs),(SO,),]¢ unit (cf. Figure Lc).

The reversible thermochromic transition of Ho,Cu-
(Te0;),(SO,), is revealed by dipping the crystals into liquid
nitrogen (cf. video in Supporting Information). Under standard
room fluorescence lighting, Ho,Cu(TeO;),(SO,), crystals are
pink at 298 K which is typical for Ho compounds (Figure 2b).*
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Figure 2. Photographs of Ho,Cu(TeO5),(SO,), crystals showing the

thermochromic and Alexandrite effects. (a) Under standard
fluorescent light at 100 K, (b) under standard fluorescent light at
298 K, (c) under LED light at 298 K.

When the temperature decreases approximately to 100 K, the
crystals change to a green hue due to contributions from the
Cu" ions (Figure 2a). The pink color is recovered when the
sample is returned to room temperature. The color change of
Ho,Cu(Te0;),(SO,), can also be achieved by changing the
light source used for illumination. Specifically, the sample
appears pink under standard fluorescence lighting, while it
appears green under natural light, a halogen or LED lamp at
room temperature (Figure 2c). This phenomenon is referred to
as the Alexandrite effect.

Thermochromism can be attributed to a variety of
mechanisms such as phase changes,” 3 5 change in the
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coordination geometry of the transition metal,*" alterations of
the excited states in thermal equlhbrlum,l and a change of
electron configuration in spin-crossover complexes.'> In our
scenario, the change of the Cu' coordination geometry
contributes to the thermochromic transition. The thermal-
driven change of the Cu" geometry is determined by X-ray
crystal structure analyses at two different temperatures (298 K
and 100 K). Cu and O atoms show more significant thermal
vibrations at 298 K as shown by the larger ellipsoids in Figure 3.
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Figure 3. (a, b) ORTEP (50% probability level ellipsoids)
representations of copper octahedra showing the changes of the
Cu"-0 bond lengths, driven by a more pronounced Jahn—Teller
effect at 100 K.

The Cu" ions lie on an inversion center and are coordinated by
three crystallographically independent O atoms. At 100 K, the
Cu—O bond lengths in the equatorial plane decrease from
1.951(4) A to 1.947(4) A for O, and from 2.053(4) A to
2.037(4) A for O,, respectively. The axial Cu—O, bond length,
however, increases from 2.259(4) A to 2.268(4) A. By the
application of temperature or pressure, the nature of a Jahn—
Teller distortion can be manipulated as exhibited here, where
the geometry shifts more toward a square planar environ-
ment." Lowermg the temperature leads to a more pronounced
Jahn—Teller distortion in the Cu" environment, leading to the
color change of Ho,Cu(Te0;),(SO,),. A similar effect has
been observed in [Cu(bpym)-(tcnoet),]-H,O (tcnoet
1,1,3,3- tetracyano -2-ethoxypropenide anion; bpym = 2,2-
blpyrlmldme)

Variable temperature UV—vis—NIR absorption spectra were
acquired from single crystals using a microspectrophotometer.
Crystals were placed on quartz slides under Krytox oil, and the
data were collected from 200 to 900 nm. As shown in Figure 4,
Ho,Cu(Te0;),(SO,), has a broad absorbance from approx-
imately 600 to 900 nm, which can be assigned to a combination
of ll%and—to—CuII charge transfer and d—d transitions of Cu"
ions."” The sharp f—f electronic transitions of Ho™ have been
assigned, and the signature peaks are displayed in the spectra.'®
There are only very subtle changes between the spectrum at
298 K and spectra acquired at lower temperatures. While it is
true that the coordination environment of the Cu!

ions is
changing, the sharpness and intensity of the Ho™ transitions
are also altered by the varying temperature as well. The Ho™ °I

— SF; transition at 650 nm is the most affected. It appears that
unlike in most thermochromic materials where distortions of a
single metal ion are responsible for the colors changes, in
Ho,Cu(Te0,),(SO,), there is a subtle interplay between the
absorption features of the two different metal ions. In fact, if
one were to only have the spectra in hand, a color change might
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Figure 4. UV—vis spectra of Ho,Cu(TeO;),(SO,), at 100 K and at
298 K.

not be anticipated at all, but one is clearly observed by the
naked eye, much like the Alexandrite effect.

The magnetic susceptibility of Ho,Cu(TeO;),(SO,), was
measured in the temperature range of 1.8—300 K with an
applied direct—current (DC) magnetic field of 1000 Oe. The
plots of yuT and 1/yy versus temperature for Ho,Cu-
(TeO5),(SO,), are given in Figure S, panels a and b,
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Figure 5. Plots of (a) yuT and (b) 1/yy versus temperature for
Ho,Cu(Te0,),(SO,),.

respectively. As the temperature decreases, the yT value
remains essentially constant down to 200 K. The yT value
decreases gradually with the decreasing temperature and drops
abruptly near 10 K, which could be attributed to the
depopulation of the Stark levels of the Ho™ ion at low
temperature.'® The susceptibility data were least-squares fit to
1/xn = (T — 6)/C, where C is the Curie constant,  is the
Weiss constant. The refined parameters corresponding to the
best fit of the data in the temperature range of 50—300 K are C
= 28.01 emu-K:mol™ and Weiss constant of § = —5.69 K
(Figure 4c). The Curie constant was used to calculate the
effective magnetic moment by following . = [(3kC)/N
up?]?, where N is Avogadro’s number and k is the Boltzmann
constant, and thus p g = 14.97 pg. The observed i 4 value has a
good agreement with the calculated value of 15.09 ug, as

expected for two Ho'" and one Cu" ions for the corresponding

ground states Iy and *Dj 5, respectively.'?

H CONCLUSION

In conclusion, Ho,Cu(Te0,),(SO,), provides a rare example
of an inorganic 3d—4f hetero-bimetallic compound containing
mixed anions. Ho,Cu(TeO;),(SO,), exhibits two different
optical transitions: a reversible thermochromic transition
approximately at 100 K and changes in color under different
lighting sources, the Alexandrite effect. X-ray crystal structure
analyses reveals that changes of the Cu'' coordination geometry
result in a more pronounced Jahn—Teller effect at low
temperatures. However, the thermochromic transition is likely
a result of a combination of changes in the absorption features
of Ho™ and Cu™.
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X-ray crystallographic files in CIF, video of thermochromic
transition (as an mp4 file in a zip file), Figure S1, crystal image
of Ho,Cu(Te0;),(SO,),, table of crystallographic data, and
table for selected bond distances are provided. This material is
available free of charge via the Internet at http://pubs.acs.org.
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