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The structure of a glass obtained by the melt quenching of a
two-dimensional (2D) coordination network was examined.
X-ray analyses disclosed a 2D-to-OD  structural
transformation before and after glass formation. The
mechanism is unique to coordination compounds, as it is
characterized by labile and flexible coordination bonds.

Glasses are an important class of materials and can be formed by
many routes. Of various routes to the glassy state, melt quenching is
one of the most common methods to obtain glasses.> Many types of
substances form glasses via melt quenching; there are several types
of glasses classified according to their building units, including
molecular (toluene), metallic (Au-Si), covalent (As2Ses), and open
network glasses (SiO2).2 Recently we have reported a number of
melting coordination polymers (CPs), and demonstrated the glass
formation of one such melting CP by melt quenching.® CPs are a
class of crystalline inorganic—organic hybrids that form extended
networks via coordination bonds.* The immense number of possible
combinations of metal ions and ligands results in rich structural and
compositional diversity in CPs. This enables fine-tuning to give CPs
that can melt. In addition to the aforementioned archetypal glasses,
those from molten CPs can be classified as a new type of glass
former that potentially inherits the useful properties of CPs.>
Although glasses do not have long range order, the local structures
often resemble those of their crystalline counterparts; therefore
molecular crystals form molecular glasses, and network crystals
form network glasses.® In a previous study, we examined the
structure of a vitreous CP and identified that the glass state had a
network structure that was similar to its crystalline state.® Other
extended coordination  materials, including metal-organic
frameworks (MOFs), also exhibit network structures in the vitreous
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states inherited from their parent crystals.” The network preservation
of these materials in glass and crystalline state can be rationalized by
considering the lattice enthalpies that must be comparable in both
states.® However, this “preservation rule” might be expected to break
down in cases where the lattice enthalpies between the two states are
similar despite having very different structures.

In this communication, we report a study on a glass-forming CP,
which exhibits a network-to-molecular transformation before and
after glass formation. This kind of drastic fragmentation is not
observed in conventional glass formers such as organic polymers
and silica glasses.® The suggested molecular structure of the vitreous
state, determined on the basis of X-ray absorption and pair
distribution function (PDF) analyses, indicates that the chemical
diversity of coordination species and flexibility in coordination
geometry are responsible for the unique glass formation, which is
accompanied by a dynamic rearrangement in a coordination sphere.

The glass-forming CP, [Zn(H:PO4)2(HTr)2ln (1; Tr: 1,2/4-
triazolate), comprises octahedral (On) zinc ions surrounded by HTr
and phosphate ligands in the crystalline state. Each HTr ligand
bridges two zinc ions equatorially to build an extended two-
dimensional (2D) network, with the phosphate ligands standing
axially on the sheet (Fig. 1a).° Air cooling at ambient temperature
from the molten state of 1 is sufficiently rapid to afford the vitreous
state (1'), suppressing the recrystallization into 1 (Fig. 1b). 1’
exhibits a glass transition at 305 K (Tg), determined as described
below using differential scanning calorimetry (DSC), and is thus
stable as a glass at ambient temperature.
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Fig. 1 (a) Crystal structure of 1. The Zn, P, O, N, and C atoms are shown in purple,
orange, red, blue, and gray, respectively. H atoms have been omitted for clarity.
(b) Photographs of the crystals of 1 and the glassy flake of 1’.

The X-ray absorption spectra (XAS) of the K edge of the zinc ions
of 1 and 1’ indicate that the arrangements around these zinc ions are
distinct even at the nearest neighbors (Fig. 2). The sharp peak at the
rising absorption edge — the so called “white-line” — of 1 becomes
less intense in 1'. The difference in the white-line intensities
suggests a change in the site symmetries of the zinc ions (i.e., how
the orbitals are hybridized) because the intensities are subject to the
selection rule of electron transitions (Al = + 1). Besides an On
arrangement, a zinc ion is also stable in a tetrahedral (Ta)
arrangement. The Tq arrangement is well ascribed to the less intense
white line of 1’ because the electronic transitions associated with X-
ray absorption at the K edge of the Tad zinc ions have a stronger
character of 1s — 3d transition (Al = + 2) than those of On.1° The
radial distribution function (RDF) around the zinc ions of 1" deduced
from its XAS is fitted well by a model in which the zinc ions are
surrounded by four atoms with a shorter bond distance than those of
1 (Fig. S1 and Table S1 in ESI). Therefore, we postulate that the
arrangement around the zinc ions has changed from On to Tq during
the phase transition.

2| J. Name., 2012, 00, 1-3

3
6
T L
r Tl
2 =2t
o I 1 1
E 1 2 3 4
;<_ r/A
L P A .
9650 9700 9750 9800
E/eV

Fig. 2 XASs of 1 (blue) and 1’ (red) observed at the K edge of the zinc atoms at
298 K and the derived RDFs (inset).

In order to probe the detailed structure of 1’, we collected X-ray
total scattering data using a PANalytical Empyrean diffractometer
equipped with a Ag X-ray tube. The normalized and corrected X-ray
structure factors F(Q) and the corresponding pair distribution
functions D(r) are given in Fig. 3.1! On the basis of the D(r) of 1, the
single crystal structure of 1 was refined and thus some peaks of the
D(r) were assigned (Fig. S2 in ESI). One of the remarkable features
of the D(r) of 1’ is that the atomic correlations are much diminished
beyond 5 A (Fig. 3a). The Zn-Zn correlation observed at 6.4 A in the
D(r) of 1 has disappeared in that of 1’, suggestive of the absence of
an extended structure in 1’ (Fig. 3b). This is in striking contrast to
the PDFs of the amorphous ZIFs, for which the Zn-Zn correlation is
preserved.'?7 In addition, the peak for the coordination shell of the
zinc ions (around 2 A) has a lower intensity and occurs at shorter
distance for 1’ than for 1, consistent with the Tq arrangement of the
zinc ions of 1' suggested by the XAS spectrum.
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Fig. 3 (a) D(r) of 1 (blue) and 1’ (red) at 298 K from 1 to 25 A. (b) Comparison of
the D(r)s of 1 (blue) and 1’ (red) in the range from 1 to 10 A (298 K). Some of the
assigned peaks of the D(r) of 1 are indicated.
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The remarkably short correlation length evident from the PDF
profile of 1" suggests that the building unit of 1’ is likely a discrete
molecule (0D).%® Therefore, we built a molecular model for 1’ as
shown in Fig. 4a (bottom). The model was obtained by changing the
HTr molecules from bridging to monodentate ligands; thus the
geometry becomes Ta while the chemical formula remains the same
as 1, [Zn(HzPO4)2(HTT)2], except that it is no longer a constitutional
repeating unit. Expecting that the vitreous 1’ is a condensed phase in
which  [Zn(H2POs4)2(HTr)2] molecules pack randomly, we
constructed a 25 x 25 x 25 A3 cubic amorphous cell with P1
symmetry filled with the fifty molecules by using the Amorphous
Cell module implemented in Accelrys Materials Studio 6.0.* The
amorphous cell was relaxed via MD simulation using the Forcite
module (Fig. 4b), and whose 2 x 2 x 2 super cell was settled as an
initial model for a reverse Monte Carlo (RMC)®* refinement. We
used the program RMCProfile and refined the structure to fit the X-
ray total scattering data in real and reciprocal space (Fig 4c).* The
refined structure maintained the initial MD constitution (Fig. S3 in
ESI), and thus we succeeded in suggesting a consistent structural
model for 1’.
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Fig. 4 (a) Arrangements around the zinc ions for 1 (top) and 1’ (bottom,
postulated). (b) Amorphous cell that comprises 50 T4 models for 1’. (c) Result of
RMC refinement of the amorphous cell in real (left) and reciprocal spaces (right).
Experimental data and fitting results are shown in black crosses and red lines,
respectively.

Having established a viable structural model for 1’, its physical
properties are of interest. Heat capacity (Cp) is one of the most
important thermodynamic parameters to characterize glasses, and we

ascribe the behavior of the Cp of 1’ to its discrete molecular structure.

As shown in Fig. 5, the glass transition of 1' is superimposed on a
gradually-rising  background, indicating that the molecular
rearrangements involved in the glass transition commence before the
vibrational heat capacity is fully exited. This is a common
characteristic for molecular glass formers, which have vibrational
modes in infrared and Raman regions (i.e., with high Einstein
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temperatures). While thermally amorphized ZIF-4, known to be a
molecular network glass, also exhibits glass transitions on the slope
of Cp, the jump of the Cp at the Ty (ACp(Tg)) of 1’ is more than four
times larger (ACp(Tg) = 0.70 J K1 g%) than that of high density
amorphous (HDA) ZIF-4 (ACp(Tg) = 0.16 J K1 g1).72 The small
ACp(Tg) of amorphous ZIF-4 is explained by its three dimensional
bonding pattern, cf. vitreous GeOz (an inorganic network glass).! In
contrast, the large ACp(Tg) of 1’ is due to its discrete structure, as
seen in other molecular glass formers including toluene and
ethanol.'” The normalized C, value of 17, Cp(1)/Cp(1’), exceeds 2
around Tq (Fig. 5 inset). This supports the attribution of a discrete
molecular structure in which the configurational heat capacity is
larger than that of a network glass. The change in entropy across the
glass transition was calculated as AS(1’) = 81 J K-* mol-* (280-325
K).
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Fig. 5 Heat capacities of 1 (blue) and 1’ (red) calculated from DSC
measurements. Inset shows the variation of the heat capacity through the glass
transition for 1'.

We performed density functional theory (DFT) calculations to
understand the energetics of 1 and 1'. According to the Gibbs free
energies of the complex formation reactions (ArG) of the finite On
and Ta models at 298 K (Fig. S4 and Scheme S1 in ESI), the energy
difference between the two configurations is only 54 kJ mol™?
(ArG(On) = 2616 kJ mol2, A\G(Td) = —2562 kJ mol-t). Considering
that the Ta arrangement can form more hydrogen bonds (which are
not included in the DFT calculation) than the On arrangement, the
energy difference may be less than 54 kJ mol-, and thus the small
free energy difference indicated by the DFT calculations also
represents the validity of the Ta model. The bistability of zinc ion in
the two arrangements, combined with electrical neutrality of the
bridging ligand (HTr), appear to be the keys for enabling the
fragmentation into OD structure. The structural flexibility and
compositional diversity of coordination compounds are of central
importance for this unique behavior. Having a permanent dipole
moment (5.61 Debye; indicated by the DFT calculation), the
dielectric and optical properties of 1’ are of interest for applications
as a functional glass.®

Conclusions

The disordered structures of glasses are most commonly
characterized as continuous random networks (CRNs) in 3D and 2D
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systems,® or entangled strings in 1D systems (linear polymers).2° In
this study, we examined the structure and properties of a glass
obtained by melt quenching of a 2D coordination network. The XAS
and PDF analyses indicated a discrete (OD) structure for the glass
state which was consistent in terms of composition, preferred
coordination geometries for zinc ions, behavior in heat capacity, and
energetics in DFT calculations. The RMC refinement of the
amorphous cell of the 0D models visualized the glass structure in
bulk, elucidating a unique glass formation from 2D materials. This
mechanism of glass formation is characteristic to coordination
compounds in the sense that it requires labile bonds and flexible
rearrangements. Having performed a structure study for a glass from
2D coordination network, in addition to 1D® and 3D systems, we
would be able to understand an important design guide for preparing
glass forming CPs. Our study provides a useful insight to developing
novel functional glasses from CPs.
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