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/Abstract: Metal coordination compound (MCC) glasses [e.g., metal-organic framework (MOF) glass, coordination
polymer glass, and metal inorganic-organic complex (MIOC) glass] are emerging members of the hybrid glass family. So
far, a limited number of crystalline MCCs can be converted into glasses by melt-quenching. Here, we report a universal
wet-chemistry method, by which the super-sized supramolecular MIOC glasses can be synthesized from non-meltable
MOFs. Alcohol and acid were used as agents to inhibit crystallization. The MIOC glasses demonstrate unique features
including high transparency, shaping capability, and anisotropic network. Directional photoluminescence with a large
polarization ratio (/47 %) was observed from samples doped with organic dyes. This crystallization-suppressing
approach enables fabrication of super-sized MCC glasses, which cannot be achieved by conventional vitrification

\methods, and thus allows for exploring new MCC glasses possessing photonic functionalities. )
Introduction class of MCC, are built up with three-dimensional (3D),

Metal coordination compound (MCC) glasses are the fourth
known family of melt-quenched glasses, besides the other
inorganic, organic and metallic families.""? They possess a
network structure, in which metal nodes are coordinated to
organic moieties. This new family of glass is considered to
be a promising material for various applications, e.g., gas
separation, energy storage and photonics.™ Crystalline
metal-organic framework (MOF), coordination polymer
(CP), and metal inorganic-organic complex (MIOC), a sub-

two-dimensional (2D), one-dimensional (1D), or zero-
dimensional (0D) network structure.'*' Several MOFs,
CPs and MIOCs can be melted and quenched to bulk
glasses, such that the MCC network is preserved after
vitrification.”™" Tonic liquids were recently shown to
facilitate the melting process of non-meltable MOF
structures.” In the process of making MCC glasses (e.g.,
MOFs and CPs) using melting-quenching or hot-press
techniques, which typically need high temperatures and/or
pressure, the sizes of glass samples are limited to few
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millimeters.>'*?l In addition, the melting process at ele-
vated temperatures has to be performed in an inert gas or
vacuum, to protect the organic linkers from being decom-
posed during melting.**! However, it was reported that the
2D CPs lose their structural periodicity after glass formation
as the occurrence of a high degree of distortion around
metal ions during melting.”**! Similar to MOFs and CPs,
MIOCs suffer from sublimation during melting,*>*! while
few examples of MIOCs could be transformed into glasses
by melting-quenching when the decomposition of organic
moieties during melting at high temperatures was
minimized.*'**! Furthermore, amorphous MCCs can be
obtained by mechanical milling methods."** Generally,
the fabrication of bulk MCC glasses is difficult and hence
restricts the practical applications of MCCs. To date, the
fabrication of large-sized MCC glasses at low temperatures
and under ambient conditions remains challenging.®* There-
fore, the development of an efficient and facile synthetic
approach that enables the fabrication of large-sized MCC
glasses with various structures and functionalities, is of
utmost importance.

Here, we demonstrate a synthetic approach to prepare
large-sized MCC glass in air and at low temperature (i.e.,
<373 K). Using this approach, we synthesize a novel hydro-
gen-bonded MIOC glass (i.e., Zn(NOs;),(Hbim),, Hbim =
protonated benzimidazole)™' through suppressing the crys-
tallization of non-meltable 2D zeolitic-imidazolate frame-
work-7-II1 (ZIF-7-II1)** (i.e., Zn,(bim),, bim=Dbenzimida-
zole; ZIFs are a sub-set of MOFsP) in a solution, rather
than the commonly used direct melt-quenching of MCCs.™
It is expected that molecules including ethanol and nitric
acid insert into the ZIF network, coordinate with the metal
centers, and distort the framework by interrupting its
structural periodicity, thereby transforming the framework
into a hydrogen-bonded MIOC network. The addition of
alcohol and acid induces significant geometric deformation
of the ZIF, and finally results in a new MIOC glass with a
supramolecular network. Accordingly, we performed sys-
tematic investigations into the composition, local structure,
thermodynamics, and optical properties of the as-synthe-
sized differences between the ZIF-7-1II crystal and MIOC
glass. Furthermore, using the crystallization-suppressing
strategy on the zinc and cobalt-based ZIF-7-1II crystals, we
successfully fabricated large-sized MIOC glasses (i.e., M-
(NO;),(Hbim),, M=Zn and Co). The as-synthesized glasses
can be shaped as 3D bulk objects, fibers, and thick films,
and show the capability to incorporate luminescent organic
dyes into the glass network, and hence, display efficient and
directional luminescence.

Results and Discussion

In the preparation of the ZIF-7-III crystal and MIOC glass
samples (Figure 1a and Figure S1), we first dissolved Zn-
(NO,),.6H,O and Hbim into 20 ml ethanol at room temper-
ature (RT) with a molar ratio of Zn:Hbim=1:2. The
dissolution of Zn(NO,),.6H,O and Hbim into ethanol led to
the nucleation and formation of fragments of 2D ZIF-7-111
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network consisting of Zn and Hbim. When this solution was
transferred into a capped Teflon jar and heated in an oven
at 373 K for 1 day, crystalline ZIF-7-11I was precipitated, as
a result of the increase of both temperature and pressure
inside the Teflon jar as well as the retaining of solvent
amount during the heating process. ZIF-7-II1 possesses a
supramolecular 2D layered structure (Figure 1b), which was
created by self-assembly via CH-n stacking interaction
between the monolayers.” In order to suppress the
crystallization of the 2D framework of the ZIF-7-1I1 and
then to form 3D hydrogen-bonded MIOC glass network, the
prepared solution was heated at 373 K for 1 h in air (i.e., @
atmospheric pressure). Consequently, a transparent glassy
sample (labeled as undried MIOC glass) was obtained from
the supramolecular MIOC that was connected with ethanol
through H-bonding (Figure 1c).’”! Owing to the pressure
drop inside the jar as well as the evaporation of ethanol
during heating at 373 K in air, the crystallization of 2D ZIF-
7-111 fragments was suppressed by nitrate molecules, result-
ing in the hydrogen-bonded MIOC network with high
geometrical deformation. In this network, Zn is coordinated
tetrahedrally to two NO; and two Hbim, and the Zn(NOs),-
(Hbim), molecules are connected to each other through H-
bonding (i.e., N-H--O)." However, the prolonged drying of
the undried MIOC glass at 323 K for 1 month led to the
evaporation of excess solvent and hence the formation of
transparent bulk glass (labeled as MIOC glass). It is
interesting to note that the large-sized MIOC glass can be
synthesized by casting the glass into a silicone mold with a
rectangular shape and then cooling it at 273 K to maintain
its structural rigidity. Furthermore, the drying of the undried
MIOC glass at 373 K for 1 day caused the brown color of
the glass (labeled as brown MIOC glass). The powder X-ray
diffraction (PXRD) measurements (Figure 1d) verified that
the synthesized crystalline powder was isostructural to a
previously synthesized ZIF-7-III crystal.”**! Meanwhile, the
PXRD patterns of the undried MIOC, MIOC, and brown
MIOC glasses (Figure 1d and Figure S2) confirmed that the
structure of the as-synthesized glasses was highly disordered,
since the Bragg peaks were all absent, and instead, two
overlapped broad humps were observed. Surprisingly, the
as-synthesized MIOC glass/ZIF-7-11I crystal could be easily
crystallized/vitrified to ZIF-7-III crystal/MIOC glass, respec-
tively, through controlling the bonding between Zn and bim/
Hbim/NO; (Figure S3a). Furthermore, the as-synthesized
MIOC glass fully crystallized to ZIF-7-III crystals after
immersing the glassy sample in water.*”! This is because
water plays an important role in the removal of nitrate
molecules that are coordinated to Zn atoms in the MIOC
network. The elimination of nitrate content allows Zn atoms
to coordinate to Hbim and consequently the network
changes from MIOC (i.e., Hbim-Zn-NO;) to ZIF-7-III
crystal (i.e., Zn-bim-Zn). The crystallization of MIOC glass
to ZIF-7-1II crystal using water was confirmed by PXRD
and scanning electron microscopy (SEM) measurements
(Figures S3b and S3c). Furthermore, the conversion of ZIF-
7-III crystal into MIOC glass can be realized using ethanol/
HNO; solution as evidenced by PXRD measurements (Fig-
ure S3d). These results imply that water and ethanol/HNO,
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Figure 1. Synthesis of the ZIF-7-11I crystal and MIOC glass. a, Schematic illustration for the preparation of the ZIF-7-1 crystal and MIOC glass. The
photograph of a) MIOC glass piece in the shape of rectangular with a dimension of 20 cmx20 cmx 1 cm, was captured at 273 K. b) The
architecture of the ZIF-7-111 crystal, which illustrates layered structure along ¢ axis and connected by CH-m interaction. c) The anticipated H-bonding
between the hydrogen bonded MIOC network and ethanol in the glass sample. Red sphere, O; pink, Zn; black, C; blue, N; gray, H. and green,
ethanol. d) PXRD patterns of the ZIF-7-I1l crystal and MIOC glass. The simulated pattern of the ZIF-7-111 crystal is based on the single-crystal data

(CCDC-675375).

solutions are necessary to devitrify MIOC glass and to
suppress the crystallization of ZIF-7-II1 network, respec-
tively. Moreover, we synthesized zinc and cobalt-based
MIOC glasses with different solvents (Figures S4 and S5),
implying that the crystallization-suppressing strategy of
MOF is a versatile method for the fabrication of MIOC
glasses. The as-synthesized zinc-based MIOC glasses exhibit
high transparency in the visible and near-infrared (NIR)
ranges even under an optical microscope (Figures S6 and
S7).

The compositions of the as-synthesized ZIF-7-III crystals
and MIOC glasses were investigated by several techniques,
such as thermogravimetric analysis (TGA), inductively
coupled plasma mass spectrometry (ICP-MS), CHNO ana-
lyzer, and solution 'H nuclear magnetic resonance (NMR)
measurements. The TGA traces of the crystalline and glassy
samples (Figures S8) illustrate that the ZIF-7-III crystals do
not undergo any weight loss prior to the decomposition at
973 K. The conversion of ZIF-7-1III crystal into MIOC glass
leads to the weakening of the network as a result of the
interruption of the Zn-bim-Zn bonds.” Consequently, the
degree of the thermal decomposition of the MIOC glass is
much lower than that of ZIF-7-III crystal. The undried
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MIOC and MIOC glasses start to decompose at T4, =373 K
by releasing the ethanol, and then the hydrogen-bonded
MIOC decomposes at T, = 473 K. Furthermore, the brown
MIOC glass samples directly decompose at 473 K, implying
the evaporation of ethanol during drying at 373 K. Based on
the observed weight loss in the TGA traces, the weight
percentage (wt %) of the MIOC network and ethanol was
measured and consequently the composition of the as-
synthesized MIOC glass samples was calculated as shown in
Table S1. The compositions of the as-synthesized ZIF-7-I11
crystals and MIOC glasses were further confirmed by ICP-
MS and CHNO measurements as summarized in the
Table S2.

Interestingly, the measured weight fraction of Zn, C, H,
N, and O in the as-synthesized ZIF-7-III crystal and MIOC
glasses are in line with the calculated values.” According to
the elemental analysis results, we infer that the undried
MIOC glass contains 88 wt % MIOC network and 12 wt %
ethanol. After drying the wet glassy sample, the ethanol
content decreases further to 3.5 wt % in the MIOC glass,
and the brown MIOC glass is ethanol-free. The decrease of
ethanol content in the glass samples after drying was
confirmed by NMR measurement (Figure S9). The solution
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'HNMR measurements of the as-synthesized ZIF-7-111
crystals and MIOC samples (Figure S10) reveal the decom-
position of Hbim into protonated imidazole (Him) in the
brown MIOC glasses, which is due to the presence of oxygen
(e.g., in nitrates) in the glass network. The oxygen serves as
an oxidizing agent and hence facilitates the decomposition

Table 1: The nominal and the measured molar ratios of Him/(Hbim +
Him) for the ZIF-7-111 crystal, undried MIOC, MIOC, and brown MIOC
glasses, including the detailed crystal/glass composition based on the
TGA, ICP-MS, CHNO, and NMR measurements.

Sample Measured
Him/
(Hbim + Him)

Composition (wt %)

ZIF-7-Ill crystal O
Undried MIOC 0
glass

MIOC glass 0
Brown MIOC 0.03
glass

Zn,(bim),
88 Zn(NOs),(Hbim),-12 Ethanol

96.5 Zn(NO;),(Hbim),-3.5 Ethanol
100 Zn(NO;),(Hbim), g4 (Him)oog

d
1.2
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of Hbim during drying.""*? These results explain the brown
coloration of the MIOC glasses after drying at 373 K for
1 day. The measured Him/(Hbim+ Him) values and the
detailed compositions of the crystal and glass samples are
given in Table 1.

The isobaric heat capacity (C,) curves of the undried
MIOC (Figure S11a), MIOC (Figure 2a), and brown MIOC
glasses (Figure S11b) show pronounced glass-transition tem-
peratures (T,) of 219K (AC,=0.68]Jg 'K ™), 255K (AC,=
0.57Jg'K™"), and 281.3 K (AC,=0.5Jg 'K "), respectively.
The 4C, is inversely correlated with both the network
connectivity and the number of the topological
constraints.**! These characteristics are rather low for
molecular glasses (e.g., AC,=0.70Jg'K™' for Zn-
(H,PO,),(1,2,4-triazole), glass), and high for 3D glasses
(e.g., AC,=0.16Jg 'K for ZIF-4 glass and AC,=
0.19Jg 'K for ZIF-62 glass).**%! Accordingly, the
observed high AC, values for the as-synthesized MIOC
glasses are likely attributed to their discrete molecular
structure, while the increase of 7, value together with the
decrease of its AC,, during the conversion of undried MIOC

b

290
280 PPT 9
** - o‘
270 ,-9
3 2
= 260 R4
~ 9
250 9'
2404 '
2
230 +— . ; , . .
0 5 10 15 20 25 30
Dry time (days)
Undried MIOC glass Low T,

1
1 Increase in network
connectivity after drying

MIOC network
1 Ethanol

<

Dried MIOC glass High T,

Figure 2. Glass transition of the MIOC glass. a) C, trace of the MIOC glass. The T, value of the MIOC glass as a function of, b) drying time at 343 K
and c) ethanol content. d) Schematic illustration for the microstructural features of the MIOC network during drying process.
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glass into MIOC glass and brown MIOC glasses could be
explained by the increase of network connectivity. Based on
the compositional and calorimetric analysis of the glass
samples, it is evident that the T, value of the glassy samples
is sensitive to the ethanol content. We further measured the
T, values and the quantity of the solvent in the undried
MIOC glass using differential scanning calorimetry (DSC)
and TGA (Figure S12) for samples fabricated with different
drying durations at 343 K. Thus we derived the dependence
of T, on the drying time (Figure 2b) and ethanol content
(Figure 2c). In Figures 2b and 2c, it can be seen that T,
increases with increasing drying time and decreasing the
ethanol content.*” In addition, the AC, value of the
prepared glasses decreases after drying (Figure 2a, Fig-
ure S11). These trends suggest that the gradual removal of
ethanol from the hydrogen-bonded Hbim-Zn-NO; network
leads to an increase of the network connectivity as well as
the strengthening of the interaction between MIOC mole-
cules (Figure 2d). Furthermore, the T, value of ethanol or
water, even in nano-confinement, is significantly lower than
that shown in Figure 2a."*"! Meanwhile, the ethanol-free
glass sample (i.e. brown MIOC glass) exhibits an obvious 7,
at 281.3 K. Therefore, the glass transition peak indeed
originates from the glass transition of the hydrogen-bonded
MIOC network. The occurrence of the glass transition in
MIOC glasses suggests that these glasses exhibit the
dynamic and thermodynamic behaviors of melt-quenched
glasses. This suggests that the MIOC glass forms via a
combined approach of sol-gel route and slow quenching.

To gain insights into the morphology of the as-synthe-
sized samples, SEM imaging was performed on the 2D ZIF-
7-11I crystal and hydrogen-bonded MIOC glasses as shown
in Figures S13 and S14. The SEM images of the ZIF-7-II1
crystals demonstrate ordered layers that stacked along ¢ axis
(Figure S13a), however, these layered structures disappear
in the SEM images of the MIOC glasses and brown MIOC
glasses (Figures S13b and S13c) as a result of the formation
of the 3D supramolecular network. The elemental distribu-
tion mapping of the MIOC glass (Figure S14) confirm the
enrichment of the glass network by Zn, C, N, and O. To
examine the local structure of the crystalline and glassy
samples, we measured the extended X-ray absorption fine
structure (EXAFS) spectra at the Zn K-edge for the
synthesized ZIF-7-III crystal and MIOC glasses (Figure 3a
and Figure S15). The Fourier transforms of Zn K-edge
EXAFS spectra for ZIF-7-I1I crystal and MIOC glasses are
similar and exhibit one strong peak at 1.5 A (this distance is
not phase corrected, and is typically ca. 0.5 A smaller than
the actual distance), which was assigned to the Zn—N
bond.”! The fitting results of the EXAFS spectra (Fig-
ure S16 and Table S3) show that the Zn—N bond length is
about 2 A for the ZIF-7-111 crystal and MIOC glasses. Due
to the high similarity between Zn—N and Zn—O bond
lengths in the tetrahedral configuration, we could not
precisely calculate the Zn—O bond length for the glassy
samples, where the Zn—O distance is comparable to the
Zn-N distance (i.e., Zn-N=Zn-O=~2 A) in the zinc nitrate
imidazole complex.”™™ To further investigate and compare
the local structure of the crystalline and glassy samples, X-
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ray total scattering experiments were conducted on the
MIOC glass and ZIF-7-1II crystal. The pair distribution
function (PDF) D(r) data of the MIOC glass and ZIF-7-I11
crystal (Figure 3b) suggest that the correlations between Zn
and Hbim remain intact in the MIOC glass, since the
observed C—N, Zn—N, and Zn—C correlations in the glass
sample are similar to those in ZIF-7-III crystal. Unlike ZIF-
7-11I crystal, the PDF data of the MIOC glass shows slight
shifts in the correlations of C—N and Zn—N, indicating the
contributions from N-O and O-O/Zn—O correlations,
respectively. The increase in the intensities of the correlation
peaks at 3.7 A and 5 A suggests a contribution from Zn-
nitrate correlations. The Zn—Zn correlation was interrupted
by nitrates, and hence, the medium-range order correlations
(ie., r >6 A) were not observed in the PDF curve of the
glass sample. This indicates the conversion of ZIF-7-III
network (i.e., Zn-bim-Zn) into MIOC (i.e., Hbim-Zn-NOj).
The molecular and electronic structure differences between
ZIF-7-11I crystal and MIOC glass were examined by NMR
and X-ray photoelectron spectroscopy (XPS) measurements
(Figures S17-S19 and Supporting Texts I-1I). The “Zn
magic-angle-spinning NMR (MAS NMR) spectra of the 2D
ZIF-7-1II crystal and MIOC glass collected at the two
different magnetic fields of 19.6 and 35.2 T were shown in
Figure 3c and Figure S18a. The spectra of the ZIF-7-1I1
crystal indicate the presence of more than one Zn local
environment, consistent with the results of previous X-ray
refinement studies,®®* indicating the presence of two
distinct tetrahedral ZnN, environments. Therefore, these
line shapes were simulated simultaneously with two sets of
NMR parameters corresponding to the two Zn environ-
ments. Such simulations (Figures S18b and S18c) yield the
isotropic chemical shift J;,, quadrupolar coupling constant
C, and asymmetry parameter 5 of the electric field gradient
tensor for these two environments: J;,=293.5 and
2944 ppm, C,=9.2 and 10.8 MHz, and #=0 and 0.3,
respectively. It may be noted that these J;, values are
characteristic of Zn atoms in tetrahedral ZnN, environments
in various ZIFs, whereas the C, values are significantly
higher than those in the typical range of 1-6 MHz, reported
for the 3D ZIF crystal structure,”? and hence is likely
characteristic of low-dimensional ZIFs, such as ZIF-7-I1I,
where the ZnN, tetrahedra form 2D layered structures.
Unlike the crystal spectra, the “Zn MAS NMR spectra of
the MIOC glass show a significantly broader peak for the
higher field, indicating a rather large broadening contribu-
tion from the chemical shift distribution, implying a high
degree of short-range disorder around ZnN,O, as well from
the presence of multiple sites of Zn with different degree of
distortion.”**%! The H-bonding in the networks of glassy
MIOC samples was evaluated by Raman measurement
(Figure S20 Table S4, and Supporting Text I11).”) As the 7,
value of the as-synthesized MIOC glass is below 273 K,
MIOC glass is dynamically flexible at RT and it can be
drawn to a fiber using a tapered rod. To evaluate the
anisotropic properties of the glass fiber, polarized micro-
Raman spectra were recorded with the polarization of the
excitation light parallel and perpendicular to the longitudi-
nal axis of the MIOC fiber with a diameter of 200 um
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Figure 3. Structural investigations on the ZIF-7-111 crystal and MIOC glass. a) Fourier transform of the Zn-K edge EXAFS spectra for the ZIF-7-111
crystal and MIOC glass. b) X-ray PDF data of the ZIF-7-111 crystal and MIOC glass with Hbim-Zn-NO; and Zn-bim geometries identifying peaks 1 to
7; Red sphere, O; pink, Zn; black, C; blue, N and gray, H. c) Zn MAS NMR spectra of the ZIF-7-I1l crystal and MIOC glass recorded at magnetic
field of 35.2 T. d) Polarized micro-Raman spectra recorded with the excitation light parallel and perpendicular to the longitudinal axis of the MIOC
glass fiber with a diameter of 200 pm. The inset of d is the cross-polarized optical microscope image of the MIOC fiber.

(Figure 3d). The Raman spectra show that the Hbim
resonance peaks are greater in intensity when the direction
of excitation polarization is parallel to the fiber axis.
Furthermore, there is no difference between the two
polarized spectra of the bulk MIOC glass (Figure S21a). In
addition, the intensities of the lattice vibration (@ 100 cm ™)
and the Hbim bending vibration (@ 775 cm™') peaks (Fig-
ure S21b) significantly increase by 1.66 and 1.3 times after
changing the excitation polarization from perpendicular to
parallel to the axis, indicating that the MIOC molecules
were preferentially oriented along the axis.’ Due to the
orientation of the hydrogen-bonded MIOC along the fiber
axis, birefringence was observed under the cross-polarized
optical microscope (inset of Figure 3d). The alignment of

Angew. Chem. Int. Ed. 2023, 62, €202218094 (6 of 10)

the MIOC network along the fiber axis suggests that the as-
drawn MIOC fiber possesses anisotropic local structure. The
shrinkage of the undried MIOC glass fiber is discussed in
Supporting Text IV (Figures S22 and S23 and Movie S1).

To explore the photonic application of the as-synthe-
sized MIOC glass, we doped the undried MIOC (Fig-
ure S24) and MIOC glasses (Figures4a and 4b) with
luminescent dyes, such as coumarin 120 (C120), fluorescein
(F), rhodamine 6G (R6G), and rhodamine B (RB). The
optical properties of dye-doped undried MIOC and MIOC
glasses were investigated by absorption, photoluminescence
(PL), lifetime, and PL quantum yields (PLQY) spectros-
copies (Figures S25-S28 and Supporting Text V). The PL
spectra of the dye-doped undried MIOC and MIOC glasses

© 2023 Wiley-VCH GmbH

85UB017 SUOWIWIOD 8A1IeR.D 8|l dde 8Ly Ag pauienoh ae sajone YO ‘8sn Jo s8inJ 10} Aiq178ul|uQ A8 UO (SUORIPLOD-pUe-SWB) 00" A3 | 1M Afe.d | [Bu JUO//SANY) SUORIPUOD pue SWS | 8L} 88S *[9202/20/70] U0 Ariqi8ulluo A8|IM ‘AISIBAIUN S1eIS Bp Lo AQ ¥608TZZ0Z 3I1Ue/Z00T OT/I0p/W00" A8 1M AIq1jeuluo//SdiY WOy papeo|umod ‘YT ‘€202 ‘€LLETZST



GDCh
~~

d e

Research Articles

Angewandte

intemationaldition’y) Chemie

(o)

-
o
L

1N o o
IS o ©
1 1 L

Normalized intensity (a.u.)
o
o

450 500 550 600
Wavelength (nm)

20 “’ ™™ Fiber excited by S polarized light
4. S 0.5 {7 Fiber excited by P polarized light
460 nm H
" > Orange 1.6 1 v o
Polarized laser .7 ‘ . So4
luminescence 7 ©
i b > =
Ethanol‘/n " 812 So3
. ’ 2 BaRP T . .
‘ 7] N 2 @ ._
MioC 3 ' & %81 ‘ 50245 5 = 3
P ) = A = =) PE =
R6G - Polarized £ D 0g® | g S & 9 5
(&) [y o
o 0.4+ Q Fiber excited by P polarized light 0115 S 3 3
- @ Fiber excited by S polarized light % e} o %
R6G doped fiber 0.0 @ Bulk excited by polarized light 0.0 = s

0 50 100 150 200 250 300 350

Angle (%)

Figure 4. Luminescence performance of the MIOC glass doped with different types of dye molecules. Photographs of the MIOC glass doped with
C120, F, R6G, and RB under a) natural light and b) UV-light irradiation (@ 365 nm). The MIOC glasses in (a) were prepared by casting the glass
into a silicone mould with flower shape. The photograph of the MIOC glasses in the shape of flower, was captured at 273 K. c) PL spectra of the
MIOC glass doped with C120 (A, =400 nm), F (A,=470 nm), R6G (A.,=520 nm), and RB (A, =520 nm). d) Schematic illustration for the
emitted light from the MIOC glass fiber doped with R6G. €) The variation of integrated PL intensity with different polarization angles for the MIOC
glass fiber and MIOC bulk glass doped with R6G. P and S polarized light refer to the parallel and perpendicular polarization direction of the
excitation light to the fiber axis, respectively. f) The polarization ratios of the MIOC fiber doped with C120, F, R6G, and RB under the excitation of
polarized light. The MIOC(C120) and MIOC(F), MIOC(R6G), and MIOC(RB) fibers with a diameter of 200 pm were excited by 405 nm and 460 nm

polarized lasers.

(Figure 4c and Figure S26) show efficient and sharp blue,
green, orange, and red emissions.’>™ The PLQY of the
blue, green, orange, and red emissions (Figure S28) for the
undried MIOC(C120), MIOC(F), MIOC(R6G), and MIOC-
(RB) glasses are 24 %, 62 %, 82 %, and 67 %, respectively.
These values decrease to 17 %, 54 %, 36 %, and 42 % after
drying owing to the increased coupling between dye
molecules. According to previous studies,”®! layered
structures loaded with dyes were widely used as polarized
luminescence materials, however, their luminescence aniso-
tropy is usually less than 0.15. Due to the anisotropic
structure of the MIOC glass fiber as verified by polarized
Raman spectroscopy, the dye molecules are expected to be
molecularly oriented along the axial direction of 1D hydro-
gen bonded MIOC glass fiber, and thereby enhancing the
ability of dyes to emit polarized light (Figure 4d). Thus, the
dye-doped MIOC fibers with a diameter of 200 pm show
strong polarized PL under the excitation of polarized light,
while no polarized emission was observed in the bulk
samples (Figure 4e and Figures S29 and S30). The excitation
of the C120, F, R6G, and RB doped MIOC glass fibers
(Figure 4f) by polarized laser perpendicular to the fiber axis

Angew. Chem. Int. Ed. 2023, 62, €202218094 (7 of 10)

(i.e., S polarized light) induces PL with polarization ratios
(P,) (defined as (Iax—Imin)/(Imax+ Imin)>» Where I and I,
are the maximum and minimum intensities of the polarized
emission) of 0.33, 0.34, 0.42, and 0.39, respectively. These
values slightly increased to 0.41, 0.43, 0.47, and 0.45 for the
fibers that were excited by polarized light parallel to the
fiber axis (i.e., P polarized light). These results imply the
high orientation of dye molecules along the fiber axis.
Polarized PL was also observed in the dye-doped MIOC
glass films with a thickness of 0.5 mm (Figure S31 and
Supporting Text VI). The P, values of the dye-doped MIOC
glass films (i.e., P,=0.33-0.35) are lower than that of the
glass fiber (i.e., P,=0.41-0.47), suggesting the less preferen-
tially orientation of dye molecules in the MIOC thick films.

In a previous study, we found that 1D hydrogen-bonded
ZnX,Hbim,-based MIOC crystals (X=ClI, Br, and I) can be
vitrified by melt-quenching (@ 553 K) and the derived bulk
and fiber glasses show the 362 K 7, In addition, the as-
drawn ZnCl,Hbim,-based MIOC glass fiber possesses aniso-
tropic structure.”) After doping the ZnCl,Hbim, glass fiber
by C120, F, R6G, and RB dyes, directional PL with
relatively low P, values of 0.21-0.23, was observed from the

© 2023 Wiley-VCH GmbH
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fibers, while these P, values decreased to 0.12-0.21 for the
dye-doped ZnClLHbim, glass films. By comparing the
structural and optical properties of the ZnCl,Hbim, and
MIOC (i.e., 96.5 wt % Zn(NO;),Hbim,+3.5 wt % ethanol)
glasses, we can infer that the Cl ion is replaced by NO; and
a small amount of ethanol is incorporated into the MIOC
glass network. The replacement of Cl by NO; together with
the presence of ethanol in the glass network makes the
nitrate-based MIOC network less rigid than the chloride-
based MIOC network. This structural difference may
explain why the nitrate-based MIOC glass is flexible during
fiber drawing, resulting in the formation of MIOC glass fiber
with higher structural anisotropy, as confirmed by the
Raman measurement. The polarized Raman spectra of the
ZnCl,Hbim, glass fiber show that the intensity of the lattice
vibration peak (@ 100 cm™") slightly increases by 1.12 after
changing the excitation polarization from perpendicular to
parallel direction to the fiber axis.'” In comparison, the
intensity of the lattice vibration peak increases to 1.66 for
the nitrate-based MIOC glass fiber as shown in Figure 3d,
implying the higher degree of local molecular orientation
along the axis in glass fiber made from Zn(NOj;),Hbim,
compared to ZnCL,Hbim,.”” The increase in the structural
anisotropy of the fiber enhances the polarizability of dye
molecules and hence increases the P, value of the emitted
light.>* This could explain why the dye-doped nitrate-
based MIOC fiber exhibits the polarized light with P, value
(i.e., P,=0.41-0.47) that is twice the value of the chloride-
based MIOC fiber (i.e., P,=0.21-0.23). These results also
suggest that the MCC glasses prepared by the crystalliza-
tion-suppressing approach be more promising for photonic
applications compared to the melt-quenched glasses. It is
interesting to note that the high polarization ratio of the as-
synthesized nitrate-based MIOC fibers and thick films
loaded with dyes is greater than those of perovskite nano-
crystal embedded polymer composite films,'**! dye interca-
lated in ordered layered films,***%! dye-doped ZnCl,Hbim,
glass fibers and sheets!"” and oxide nanocrystal.[%!

Conclusions

A versatile wet-chemistry approach was established to
fabricate hydrogen-bonded MIOC glasses, via the suppres-
sion of the crystallization of ZIFs. Accordingly, the crystal-
lization of layered structures of the cobalt and zinc-based
ZIF-7-1I1 was prohibited in a mixture of alcohol and acid
solutions, forming bulk glasses. The as-synthesized glass
exhibited a glass transition peak, which was associated with
the MIOC network. The super-sized MIOC glasses were
fabricated, which possessed unique optical and structural
properties. The dye-doped MIOC glass fibers and thick films
exhibit directional PL as a result of their structural
anisotropy. Our strategy provided a new route for the
fabrication of MCC glasses, which could not be realized by
conventional vitrification techniques. This work improved
the understanding of the amorphization mechanisms of
crystalline MCCs. In addition, the crystallization-suppressing
strategy enables the incorporation of luminescent materials
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(e.g., dyes) into MCC glasses, which may find practical
applications, especially in photonics.**!
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