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We synthesized luminescent coordination polymer glasses composed of d° metal cyanides and
triphenylphosphine through melt-quenching and mechanical milling protocols. Synchrotron X-ray total
scattering measurements and solid-state NMR revealed their one-dimensional chain structures and high
structural dynamics. Thermodynamic and photoluminescence properties were tunable by the
combination of heterometallic ions (Ag*, Au*, and Cu®) in the structures. The glasses are moldable and
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Accepted 23rd February 2022 thermally stable, and over centimeter-sized glass monoliths were fabricated by the hot-press technique.
They showed high transparency over 80% from the visible to near-infrared region and strong green

DOI: 10.1039/d1sc06751¢ emission at room temperature. Furthermore, the glass-to-crystal transformation was demonstrated by
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Introduction

Glassy coordination polymers (CPs) and metal-organic frame-
works (MOFs) have been of interest as a new class of amorphous
materials."™ Their structure and properties are distinct from
conventional glasses and are controlled by the combination of
metal ions and bridging molecular ligands. In addition, the
non-crystalline, high processability, and adhesive characteris-
tics have gained research interest in both fundamental behav-
iors as well as applications such as ion conductive solid
electrolytes, gas separation membranes, and electrochemical
catalysis.”™°

One of the most successful applications of glass, in general,
is optics. The transparency and moldability of optically active
glass materials have enabled many optical functionalities,
including photoconductivity, photon up-conversion, and
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laser irradiation through the photothermal effect of the glasses.

spectral concentration.”*™* However, studies on the optical
properties and materials fabrication of CP/MOF glasses are still
in their infancy. This is because limited compounds have been
found which possess essential criteria for optical materials: (i)
strong luminescence, (ii) moldability in bulk size (over a centi-
meter), and (iii) high transparency over 80%.'* The preparation
of bulk ZIF-62 glass monoliths with a high transparency up to
90% in the visible and near-infrared region has been reported in
a previous report.” Mid-infrared luminescence was achieved
through Co®>" doping into ZIF-62 glass.'®” Au" and thio-
phenolate CP only showed red luminescence at low-
temperature (—180 °C) and a transparency of 26% at
850 nm." It is demanded to explore the new luminescent CP/
MOF glasses to meet these criteria.

One ligand system to construct CP/MOFs with tunable
compositions and dimensionalities is cyanide."*** CP/MOFs
composed of cyanide and dicyanamide are reported to show
melting and vitrification behaviors. The flexible coordination
bond between cyanides and monovalent d'® metal ions is
suitable for glass formation.**"*® Here we report three cyanide-
based CP glasses with one-dimensional (1D) structures
{{MN(PPh;),]IME(CN), ]}, (MY, M® = Cu*, Ag" or Au*).® The
glassy state was obtained from crystalline states through either
the melt-quenching or ball milling process. The alternative
monovalent metal centers adjust the thermodynamic and
photoluminescence properties of glasses. The CP glasses
formed a centimeter-scale transparent monolith by a simple
vacuum hot-press technique and showed strong green emis-
sion at room temperature. Moreover, the laser triggered phase
transition from glass to the crystal in the monolith was
demonstrated.
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Results and discussion

Crystal structures

Fig. 1A and B show the crystal structures of {[Ag(PPh;),]
[Au(CN),]}, (AgAu).”” Ag" has a tetrahedral configuration with
two phosphine atoms from triphenylphosphine (PPh;) and two
nitrogen atoms from cyanides. These tetrahedra are linked to
Au' to give 1D zig-zag chains along the c-axis. Weak interactions
including Au---H and C-H- - interactions exist between the 1D
chains. Guest-containing {[Ag(PPh;),][Cu(CN),]},,-xH,O and
{[Cu(PPh;),][Au(CN),]},,-xH,O were synthesized as microcrys-
talline powders following the reported procedures (see the
ESIt).22® Their guest-free phases, {[Ag(PPh;),][Cu(CN),]},
(CuAg) and {[Cu(PPhs;),][Au(CN),]}, (CuAu), were obtained by
removing the guest water molecules upon heating. Powder X-ray
diffraction (PXRD) patterns of AgCu and CuAu are similar to
that of AgAu, indicating that they have the same 1D chain
structures (Fig. S1A, S2A and S3At). We conducted Rietveld
refinement analysis of AgCu and CuAu using synchrotron PXRD
data at 25 °C. These two crystal structures have the same space
group as AgAu, and the structures are identical with slight
differences of cell parameters (Fig. S4T). Elemental analyses and
FT-IR spectra also confirmed the compositions and same
structures for the three compounds. The compounds are here-
after denoted as MM, where M€ is the metal center that links
to the C atoms, and MY is the metal center that links to the N
atoms (Scheme 1).

Crystal melting and formation of melt-quenched glass (MQG)

Thermogravimetric analysis (TGA) was carried out to check the
thermal behaviors of M¥MC. AgCu and CuAu showed no weight
loss at 200 °C, while AgAu exhibited higher thermal stability and
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CuAu | MN = Cu, M® = Au
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Scheme 1 Illustration of the chemical structures of MNMC.

no weight loss at 220 °C. All M™M® melt upon heating.
Differential scanning calorimetry (DSC) clarified that the
melting temperatures (Ty,) of AgAu, AgCu, and CuAu are 218,
198, and 197 °C, respectively. The melt phases of CuAu and
AgAu are colorless, and that of AgCu is yellow (Fig. S1B, S2B and
S3BT). The enthalpy and entropy changes in phase transition
(AH,, and AS,,) calculated from DSC are summarized in Table
S1.} AgAu exhibits higher Ty, and AH,, (65 k] mol™") than CuAu
and AgCu, suggesting the stronger coordination bonds and
M®---H and C-H--- interactions. Glass transition (7) of CuAu
was observed at 100 °C in the first cooling process, and the
second heating-cooling cycle (Fig. 1C). We denote the glassy
state of CuAu obtained by melt-quenching as CuAu-MQG
hereafter. Glassy materials usually exhibit a T,/T,, (K/K) value of
2/3, which is summarized as the empirical Kauzmann 2/3
rule.”?* CuAu-MQG has a Ty/Ty, value of 0.79, which is higher
than the commonly observed 2/3 ratio (=0.67), indicative of its
high glass forming ability.** AgAu and AgCu did not form glass
but crystallized upon cooling as confirmed by DSC and PXRD
(Fig. S57). Although these compounds have identical crystal
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Fig.1 Crystal structures of AgAu (A) in the Ag* coordination sphere and (B) 1D chains along the c-axis. Grey, blue, orange, violet, and green are
C. N, P, Ag, and Au, respectively. (C) First (black) and second (red) DSC upscan/downscan cycles of CuAu. Melting temperature T,, and glass
transition temperature T4 are shown. (D) First DSC upscan of MNMC-g from 35 to 160 °C. The heating rate is 10 °C min™™.
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structures, they show different T,, and AH,,. Higher AH,, in
AgAu and AgCu than in CuAu suggests the stronger interactions
(coordination bonds and other non-covalent interactions) in
coordination polymers, which result in faster recrystallization
kinetics than glass formation.* Elemental analysis suggested
that the composition of M¥M®s does not change by the melt-
quench process (Table S27).

Formation of mechanically induced glasses (MIGs) and
thermal properties

Ball milling of CP crystals is another procedure to obtain
a glassy state.>®® Ball milling of three MM under an Ar
atmosphere yielded the MIGs that are denoted as M"M®g
hereafter. M"M®-g exhibited broad PXRD patterns suggesting
their amorphous nature. TGA confirmed that the decomposi-
tion temperatures of M"M®-g are the same as M"MC (Fig. S1-
S$37). DSC confirmed that the onset 7, of M"M®g are 73 °C,
84 °C, and 100 °C for AgAu-g, AgCu-g, and CuAu-g, respectively.
Above Ty, we found the exothermal peaks which correspond to
crystallization. The crystallization peak temperatures (T.) are
88 °C, 116 °C, and 146 °C for AgAu-g, AgCu-g, and CuAu-g
(Fig. 1D). PXRD confirmed that all MM -g crystallized back to
the original crystal structures M"M€ (Fig. S1A, S2A and S3At).
Different thermal behaviors were found between CuAu-MQG
and CuAu-g in the heating process of the DSC profile, in which
CuAu-MQG did not show T, at 146 °C. This is due to their
different particle sizes and surface areas. The larger surface area
of CuAu-g induces higher probability for crystallization.>® We
ground CuAu-MQG into a powder and then performed DSC. T,
and T, at 100 and 146 °C were observed in the first heating
process of the DSC profile, which is identical to CuAu-g. No
exothermal peak was observed in the second heating process
because of the formation of the bulk melt-quenched glass
(Fig. S6T). CuAu-g exhibited the largest temperature window
between T, and 7. of 46 °C among M"M%g (15 °C for AgAu-g
and 32 °C for AgCu-g). The large operating window of CuAu-g
provides an opportunity for glass engineering since crystalliza-
tion hardly happens during the thermal treatment.®*

Structural characterization of MIGs

FT-IR and Raman spectra were measured to study the local
structural differences between M"M® and M"M%g, as the
—-C=N bond (vCN) vibration is sensitive to its chemical envi-
ronment.** The four cyanide vibration peaks in CuAu are due to
the coupling of stretching modes between cyanide bonds.**?¢ In
CuAu-g, these vibrational peaks were broader and red-shifted to
2158 and 2118 cm ™, indicating the elongation of the M"-N
coordination bond (Fig. S77).>”*® Only the broadness of the vCN
bands is observed in AgCu-g and AgAu-g with a negligible shift
(Fig. S8 and S9t). In the Raman spectra of CuAu, the peak at
128.9 cm ™ that is assigned to Cu-P vibration disappeared by
vitrification.**** Same as CuAu-g, the peaks corresponding to
Ag-P at 125.1 and 126.7 cm ' in AgCu-g and AgAu-g dis-
appeared (Fig. S10-S127). The loss of crystallinity results in
a broadening or disappearance of peaks in the Raman
spectra.*'™*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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We performed X-ray absorption spectroscopy (XAS) for CuAu
and CuAu-g to understand the local structure around Cu'. They
showed identical X-ray absorption near-edge structure (XANES)
spectra with the intense rising-edge 1s to 4p transition lies at
8980 eV, which is identical to Cu,O. This suggests that Cu in
CuAu-g maintains the +1 oxidation state (Fig. S137).** The radial
distribution functions (RDFs), obtained from the Fourier-
transformed Cu K-edge extended X-ray absorption fine struc-
ture (EXAFS) spectra, showed a similar shape in the range of 1.2
to 2.3 A corresponding to the first coordination sphere of Cu".
The lower peak intensity in CuAu-g than in CuAu is due to the
structural disorder. The fitting results of k* weighted RDFs
indicate that the coordination number of Cu" is 4.3 4 0.6 and
4.2 + 1.0 in CuAu and CuAu-g (Fig. S1471). The results suggest
that the tetrahedral coordination geometry of Cu is preserved in
the glassy state. X-ray total scattering measurements and cor-
responding pair distribution function (PDF) analyses were
carried out to investigate the structural periodicity in M"M®-g.
We compared the PDF profile of M"M®g with the simulated
profile of M¥MC. The peaks at 5.0, 9.8 (peak 1), and 13.6 A (peak
2) in Fig. 2A of CuAu-g correspond to Cu-NC-Au, Cu-Au(CN),-
Cu/Au-Cu(NC),-Au, and Cu-Au(CN),-Cu-NC-Au (Fig. 2A and
B). This indicates the preservation of the periodic order along
the 1D chain in the glassy state. PDF profiles of AgCu-g and
AgAu-g showed the same periodic features as CuAu-g
(Fig. S15t). We conclude that the 1D chain structures are mainly
preserved in M"MS-g with disordered packing modes.

Solid-state NMR (SSNMR) at 25 °C was carried out to study
the structural dynamics (Fig. S161). *'P NMR spectra of CuAu
exhibited peaks at 8.1, 3.2, —1.6, —6.6, and —12.4 ppm ascribed
to Cu-P and P-P couplings. Broad peaks at —2.5 and 40 ppm
were observed in CuAu-g due to the structural disorder. The
peak at 40 ppm is ascribed to Cu(PPh;),NC units.** The 'H spin-
lattice relaxation time (7;) of PPh; in CuAu-g is 2.60 s, signifi-
cantly shorter than that of CuAu (47.37 s). As a same trend, T;
values of 'H for AgCu-g and AgCu are 3.03 and 121.21 s,
respectively. The shorter 7y in M"M®g suggests the higher
mobility of PPh; ligands by the smaller M®---H and C-H- 't
interactions as a result of weakened inter-chain interaction.*®

Photoluminescence properties of MIGs

The excitation and emission spectra of CuAu and CuAu-g are
shown in Fig. 2C. CuAu showed the emission peak at 484 nm
and excitation maximum at 338 nm. Previous studies have
confirmed that the emission of M¥M€ is from metal-to-metal-to-
ligand charge transfer (MMLCT).?* The LUMO of M"M€ is
composed of m*(C=N) and p*(M") orbitals and HOMO is
composed of the d, orbital of the M"N,P, chromophore with
o(M"-P) bonding, m-orbital from phenyl rings and m(C=N)
bonding. The excitation and emission maxima red-shifted to
367 and 500 nm in CuAu-g. The emission and excitation spectra
of CuAu-MQG show the same feature as CuAu-g (Fig. S17A7).
The alteration of coordination bond lengths and molecular
packing upon glass formation would affect the electronic
structures and induce different photophysical properties. The
changes contribute to the different energy levels of bonding

Chem. Sci., 2022, 13, 3281-3287 | 3283
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(A) PDF profiles of simulated CuAu and CuAu-g at 25 °C. (B) Atomic pairs corresponding to peak 1 and 2 in the PDF profile of CuAu. Grey,

blue, orange, violet, and green are C, N, P, Cu, and Au, respectively. (C) Excitation and emission spectra of CuAu and CuAu-g at 25 °C. (D)
Transparent monolith of CuAu-g made by hot-pressing with/without UV light. Scale bar is 1 cm. (E) Transmittance of the CuAu-g monolith from

250 nm to 2000 nm.

orbitals and antibonding orbitals. This causes the smaller
HOMO-LUMO bandgap and the bathochromic shift of the
MMLCT emission band in CuAu-g.*”** The full width at half
maximum of the emission spectra of CuAu and CuAu-g is 96
and 140 nm. The larger FWHM is consistent with its disordered
structure. AgCu, AgAu, and their glassy states exhibit weaker
emissions than CuAu and CuAu-g. In AgCu and AgAu, the
emission band did not significantly shift by amorphization
because the HOMO-LUMO band gap is kept at a similar level
(Fig. S17B and Ct). MM exhibited two-component decay of
the photoluminescence lifetime in the microsecond time scale,
implying the phosphorescence mechanism. CuAu has 22.7 ps
(61.7%) and 4.6 us (38.3%) of photoluminescence lifetimes.
CuAu-g exhibits 8.0 ps (36.2%) and 1.4 ps (63.8%). The average
photoluminescence lifetime is 15.8 ps for CuAu and 3.8 ps for
CuAu-g. The shorter lifetime in a glassy state than that of the
crystal is due to the following reasons. (i) Increased energy
trapping states by the formation of defects and (ii) enhanced
molecular dynamics in glassy states as confirmed by the relax-
ation time of SSNMR.**® The other two glasses M "MS-g also
showed a shorter photoluminescence lifetime than M™MC

(Fig. S187).

Preparation of a transparent bulk glass monolith from MIGs
and laser-induced crystallization

One of most important advantages of glass is the processability
of materials in a wide range of scales. We prepared a bulk glass
monolith by the vacuum hot-press technique. We first pre-
heated the pellet of CuAu-g at 105 °C which is higher than its T,
(100 °C). The pressure of 60 kN was then applied to the pellet
and maintained for 30 min. A bulk glass monolith with
a diameter of 1.273 cm and thickness of 0.438 mm was obtained
after cooling to 25 °C. The prepared CuAu-g monolith maintains

3284 | Chem. Sci, 2022, 13, 3281-3287

its amorphous state as confirmed by PXRD (Fig. S19A%). It
exhibits high transparency and maintains green emission
under UV light irradiation (365 nm, Fig. 2D). The transmittance
is over 80% from 400 to 2000 nm, comparable to soda-lime glass
which is used for windows.**"** The absorption below 400 nm is
ascribed to the MMLCT absorption band. Two absorption peaks
observed at 1139 and 1680 nm are from the C-H stretching from
the phenyl groups of PPh;, as these two peaks are observed at
similar wavelengths from the reflectance diffusion spectra of
PPh; (Fig. 2E and S19Bt).** SEM and microscope images indi-
cate that the monolith has a crack-free and smooth surface
(Fig. S20A-Ct). We prepared the crystalline CuAu pellet under
the same hot-press conditions as the control experiment. The
obtained crystalline pellet was opaque, and particles separated
by grain-boundaries are observed during the SEM of its surface
and cross section (Fig. S20D and Ef).

A similar procedure was used to prepare the transparent
monolith of AgCu-g, and the transmittance is 80% from 400 to
2000 nm (Fig. S21t). On the other hand, the transparent
monolith of AgAu-g was not successfully prepared because
crystallization occurred during hot-pressing due to its small Ty~
T. window of 15 °C.

The phase transition from amorphous to crystal by laser
irradiation is a crucial phenomenon for the preparation of glass
ceramics and phase memory devices.>®® For instance, crystal
and amorphous states of ternary alloy GeSbTe systems have
different reflectance, and they are used in the Blu-ray disc. The
phase transition from M"M®-g to M¥M® has been confirmed by
DSC and PXRD, which inspired us to demonstrate the glass-to-
crystal transformation triggered by laser irradiation. AgCu-g was
chosen because its lower T, (116 °C) than CuAu-g (T, = 146 °C),
which means less thermal energy is required to induce crys-
tallization. We first tried to induce crystallization of AgCu-g by

© 2022 The Author(s). Published by the Royal Society of Chemistry
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direct irradiation of the monolith with a 730 nm laser . It was
not successful due to the low absorption of the 730 nm laser in
the glass. We then mixed anhydrous CuSO, (particle sizes are
ca. 2 pm) into the glasses as the laser absorber. It is known that
Cu?' in CuSO, shows a photothermal effect from forbidden d-
d transitions.***® Homogeneous distribution of the mixed
CuSO0, particles would generate heat to induce the crystalliza-
tion of local domains in the glasses. 20 mg of CuSO, was mixed
with 180 mg of AgCu-g by ball-milling under an Ar atmosphere.
The PXRD pattern of the mixed powder AgCu-g-CuSO, contains
characteristic peaks of only CuSO, (Fig. S22At). Reflectance
diffusion spectra of AgCu-g-CuSO, showed an absorption band
at 700 nm corresponding to the absorption of CuSO,
(Fig. S22B¥). The bulk monolith of AgCu-g-CuSO, obtained by
the hot-press process maintains its transparency (>60%,
Fig. S21Ct). CuSO, particles with a diameter of 2 um are
homogeneously distributed on the surface of the monolith,
confirmed by SEM and energy-dispersive X-ray spectroscopy
(EDS) mapping (Fig. S22D and E¥). Fig. 3A shows the example of
the surface of the monolith of AgCu-g-CuSO, observed using the
microscope. We irradiated some spots on the monolith for
60 min using a 730 nm laser of 47 pm size. The irradiated
domain turned grey. Confocal Raman spectroscopy within the
range of 300 nm was carried out to identify the phase of irra-
diated areas (Fig. 3B). The Raman spectra of grey areas 1 and 2
in Fig. 3A showed an identical pattern to AgCu. The Ag-P
vibration peak at 125.1 cm™ ' was found in the Raman spectra.

/E,ejwithout laser irradiation
e . A
* I

300

/N
T 7/ T i T
600 2100 2400

Wavenumber / cm™

Fig. 3 (A) Surface of the AgCu-g-CuSO,4 monolith under the micro-
scope. Areas 1 and 2 are irradiated using a 47 um size laser. Other grey
spots are also crystallized domains. (B) Confocal Raman spectra at
areas 1 and 2, and the area without laser irradiation. Spectra of pure
AgCu and AgCu-g are also shown.
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The relative intensities of the two cyanide peaks at 2130.8 and
2153.6 cm ™" are the same as AgCu. These results suggest that
the crystalline AgCu phase was generated in areas 1 and 2 upon
laser irradiation. The change was not observed in areas without
laser irradiation, as also shown in Fig. 3B. This observation
further proves the occurrence of glass-to-crystal transition
through laser irradiation. Laser-induced crystallization was also
observed on the surface of AgCu-g-CuSO, powder pellets
(Fig. $237).

Conclusions

We have explored three luminescent CP glasses M"M®-g
composed of d'® metal cyanides and triphenylphosphine.
Structural analyses revealed that the glasses are constructed
from 1D chains which originate from their crystal structures.
Higher structural dynamics in M"M-g were confirmed by solid-
state NMR. The disordered structures and enhanced molecular
dynamics contributed to a shorter photoluminescence lifetime
of M¥M®g¢ than crystalline M™MC. Centimeter scale glass
monoliths were prepared by the hot-press technique, and they
exhibited both strong emission and high transparency over 80%
from 400 to 2000 nm. Furthermore, the bulk transparent glass
doped with a light absorber demonstrated the laser-induced
crystallization at the target spot. The strong photo-
luminescence at room temperature and soft, moldable char-
acter of CP/MOF glasses in micro to macro scales will provide
opportunities in lighting and photonic applications.
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