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ABSTRACT

Crystal-liquid—glass phase transitions in coordination polymers (CPs) and metal-organic frameworks (MOFs) have opened
new opportunities for materials processing and for accessing novel or enhanced functionalities inherited from their crystalline
precursors. However, strategies to modulate the properties of the resulting glassy states, collectively referred to as metal-organic
glasses (MOGS), have primarily relied on crystal engineering. Such approaches face intrinsic limitations, as the rare occurrence
of melting behavior in CPs/MOFs and the narrow compositional windows that sustain a stable liquid phase restrict access to
new structures and properties. Inspired by the compositional tunability of conventional oxide glass, this work explores a strategy
to modulate MOG properties by incorporating inorganic zirconium hydrogen phosphate as a secondary network former. We
hypothesize that the mismatch between tetrahedrally coordinated Zn*" in the parent MOG and octahedrally coordinated Zr**
in the additive induces distinct structural and functional modifications. By systematically varying the content of the zirconium
hydrogen phosphate, we demonstrate a linear increase in the glass transition temperature, viscosity, and anhydrous proton
conductivity, reaching 2.6 mS cm™ at 150°C. These results highlight the potential of translating design principles from inorganic
glass science to fine-tune the properties of MOGs.

1 | Introduction

The recent discovery of crystal-liquid—glass phase transitions
in coordination polymers (CPs) and metal-organic frameworks
(MOFs) has opened new opportunities for materials processing
and for accessing novel or enhanced functionalities derived from
their crystalline precursors [1-3]. This concept has attracted
significant attention, motivating a growing effort to identify
new meltable CPs/MOFs with unique properties [4, 5]. To
date, however, strategies to modify the properties of the glassy
states of CPs/MOFs, collectively referred to as metal-organic
glasses (MOGs), have primarily relied on crystal engineer-
ing. In this approach, CPs/MOFs are first designed in their
crystalline form with the expectation that targeted function-

alities will persist after melt-quenching [6, 7]. Yet, the rarity
of melting behavior in CPs/MOFs, observed in less than 1%
of known CPs/MOFs [5, 8], and the narrow compositional
windows that support a stable liquid state impose intrinsic
limitations on the accessible properties of MOGs. For instance,
among the series M(H,PO,),(1,2,4-triazole), (M = Zn**, Cd**,
Mn?*, Co*t, Fe**, Cr*"), only the Zn?>* analogue melts upon
heating, while the others remain crystalline until thermal
decomposition [9-12]. Developing approaches that allow direct
tuning of MOG properties, without requiring the synthesis
of new meltable crystals, would therefore greatly expand the
design space and unlock broader applications, particularly for
systems in which crystal-to-glass transitions are difficult to
achieve.
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A Conventional approach: crystal engineering
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FIGURE 1 | Schematic illustration of (A) conventional approach in metal-organic glass properties modifications via crystal engineering and (B)
the proposed structural modification process via secondary network former addition in this work.

To date, controlling MOG properties, including viscosity [13],
thermal behavior [7], mass and ion transport [14], mechanical
properties [15], optics [16] and magnetics [17] responses, and
beyond, remains a central challenge, as only a small number
of CPs/MOFs can form stable liquids upon heating (Figure 1A).
Even slight modifications in crystal composition potentially cause
the material to retain its crystalline state up to the decomposition
temperature, rather than melting [9, 11, 18]. This contrasts sharply
with conventional oxide glasses, where property control is rarely
achieved by designing new crystalline precursors. Instead, oxide
glass networks are continuously tuned through compositional
modification with network modifiers, secondary network form-
ers (intermediates), and other additives [19, 20]. Such composi-
tional flexibility enables the formation of an enormous diversity
of oxide glasses with tunable atomic structures and physical prop-
erties, including transparency, chemical durability, and mechan-
ical strength, supporting applications ranging from architectural
glass [21] to nuclear waste immobilization [22]. Inspired by the
success in oxide glasses, recent studies have explored the use of
“network modifiers” in MOGs to induce depolymerization and
chain fragmentation through ligand exchanges, thereby reducing
viscosity or altering thermal behavior in selected systems such
as zinc-phosphate-azole CPs [23, 24|, metal-bis(acetamides)
[25], and zeolite imidazolate frameworks [13]. However, com-
position tuning in glasses is not limited to depolymerization.
It can also involve incorporating “secondary network form-
ers” or “intermediates” that participate in network formation
(polymerization), thereby enhancing structural stability or intro-
ducing new physical properties through cross-linking or charge
compensation of modifier ions [26]. Yet, to date, no examples
of MOG property modulation through the incorporation of
such secondary network formers or intermediates have been
reported.

In this article, we present a strategy to modulate the ther-
mal properties, viscosity, and anhydrous proton conductivity
of a representative zinc-phosphate-azole-based MOG through
the systematic incorporation of zirconium hydrogen phosphate,
which potentially acts as a secondary network former (Figure 1B).
This role is analogous to that of Al,O; as a network-forming
oxide in conventional silica-based glasses. We hypothesize that
introducing octahedrally coordinated Zr** into the tetrahedrally
coordinated Zn?** chains of the parent MOG introduces additional
phosphate sites, which facilitate polymerization and strengthen
hydrogen-bonding connectivity (Figure 2A). These structural
modifications are expected to influence the macroscopic prop-
erties of the resulting glasses strongly. We demonstrate that the
glass transition temperature, viscosity, and anhydrous proton
conductivity can all be tuned through compositional control.
Synchrotron X-ray total scattering, pair distribution function
(PDF) analysis, thermal and rheological measurements, and
positron annihilation lifetime spectroscopy (PALS) reveal prop-
erty trends consistent with the behavior typically associated with
secondary network formers in conventional oxide glasses, thereby
enabling direct compositional tuning of the glasses‘ macroscopic
properties.

2 | Results and Discussion

2.1 | Synthesis, Melting Behavior, and Glass
Formation

A representative CP, [Zn(HPO,)(H,PO,),|(H,Im), (HIm = imi-
dazole, Figure S1), was selected because it forms a stable liquid
state and is broadly compatible with functional dopants [23, 27].
The compound, hereafter referred to as ZnPIm, was synthesized

20f10

Small, 2026

85U8017 SUOWWOD BA 81D 3qeot|dde au Aq peusencb afe sajoNe YO ‘8SN JO S8|NJ o Akeiqi8UIJUO AB]IA UO (SUONIPUOD-PUR-SWRILI0O"AB | 1M Ale.d 1[pul [UO//:SANL) SUOBIPUOD Pue SWLe | 8u 89S *[9202/70/6T] U0 AkiqiT8uliuo A8]I * Jo4 aiminsu| fuolieN -eIN [odereN Aq 6G7TS202 | IWS/Z00T 0T/10p/uoo™ A3 imArelqjeul|uo//sdny woj pepeojumod ‘2z ‘9202 ‘6289€TIT



monodentate ligand
N\ ’

A bridging ligand @

8 secondary network formers
> (mismatch coordination)

increase monodentate ligand content

B 15 C D 175 r0.82
ZnPImg 1ZiPy 7 1.2 {ZnPImy ,ZrPy -9 ' T -
—_— 5l ® * ® ° o o Y Loso
1 .
ZnPImy sZrPq ¢ ' 1.0 {ZnPImqsZrPos-g ; L ° of
T - —_—m— 0.78
o 10 | o 40
€ ZnPImg sZPy 4 € 0.8 JZPIMo6ZPo -9 1254 ® g
; X ; ' __'\__’_———— 5') r0.76
S N- S ~ . >
S [zPimezPy, ' o 06 —% 2 100+ ° 30:1: Loza -,
2 5] \[| & g o zf g
- o
S |zPimgezi,, . 2 0.4 Moo 8 5] 3 ror23
8 2 G | & ; . 20
g ZnPIm¢ZrPy 4 Y g 0.2+ T Moot o9 = ® [o:70
£ N £ B S —— 50 4 I
2 "z z Znim-g * o -0.68
"\ 0.0 -V 2 ® 'Y [ ] -10
& T P Lo.66
-0.2 ® ¢
-5 T T T T T T T T T 0 T T T T 0 ~0.64
80 100 120 140 160 0 20 40 60 80 0.0 0.2 0.4 0.6
Temperature / °C Temperature / °C ZnPIm,_,ZrP,
FIGURE 2 | (A) Schematic illustration of the hypothesized structure tuning in metal-organic glasses through the incorporation of secondary

network formers. (B) First and (C) second heating DSC profiles of all samples under N, atmosphere measured at a heating rate of 10°C min~!.

(D) Variation of melting temperature (Ty,), glass transition temperature (Ty), enthalpy change (AH), and the T,/Ty, ratio as a function of the mole

fraction (x) of ZrP in ZnPIm,_,ZrP,.

on the gram scale following previously reported procedures (see
detailed method in Supporting Information) [23, 27]. ZnPIm con-
sists of 1D chains of tetrahedrally coordinated Zn?* ions bridged
by orthophosphate (HPO,*~). Two additional monocoordinated
H,PO,™ anions complete the coordination sphere. Charge neu-
trality is maintained by two interchain imidazolium cations per
Zn**. The powder X-ray diffraction (PXRD) pattern of the as-
synthesized ZnPIm matched well with the simulated pattern
(Figure S2). Heating ZnPIm above its onset melting temperature
(T, =155.7°C) resulted in crystal melting (Figure 2B,C; Figure S3).
The liquid phase remained stable up to ca. 195°C, beyond which
thermal decomposition began. Cooling the melts prior to decom-
position yielded a vitrified glassy state, denoted ZnPIm-g. Upon
reheating, differential scanning calorimetry (DSC) confirmed
an onset glass transition temperature (T,) of 11.0°C. At room
temperature (25°C), ZnPIm-g remains a practically stable, highly
viscous supercooled liquid, showing no signs of crystallization
even at a slow DSC scan rate of 0.5°C min~" up to 160°C (Figure
S4) [28]. Further details of temperature-dependent viscosity are
discussed in the viscoelasticity section.

Amorphous zirconium hydrogen phosphate with the formula
Zr(HPO,),snH,0 (ZrP) was selected as an additive and is
expected to act as a secondary network former (Figure S5).
The amorphous nature of ZrP is expected to diminish inter-
facial mismatch in comparison to its crystalline counterparts.
The short-range structure of ZrP closely resembles that of y-
Zr(H,PO,)(PO,)-2H,0 (y-ZrP), as confirmed by pair distribution
function analysis (Figures S6-S8) [29]. Further details of this
technique will be discussed in a later section. The crystalline y-

phase consists of octahedrally coordinated Zr** ions, each bound
to two H,PO,~ and four distinct PO,*>~ groups. Upon heating to
1200°C under N, atmosphere during thermogravimetric analysis
(TGA), ZrP exhibits continuous weight loss, reaching a total of
~14.95% (see details in Figure S10). This weight loss is attributed
to the removal of one water molecule per Zr(HPO,), unit via
phosphate condensation [30, 31], while the remaining loss is
assigned to residual water in the ZrP. Based on these observations,
the composition of ZrP was estimated to be Zr(HPO,),*1.6H,0.

Preparation of modified MOGs began by homogenizing as-
synthesized ZnPIm and ZrP at different mole ratios using a mixer
mill operated at 15 Hz for 10 min (Figure 1B). The resulting
mixtures are referred to as ZnPIm,_,ZrP,, where x represents the
mole fraction of ZrP (x=0.1,0.2,0.3,0.4, 0.5, and 0.7) (Figure S12).
PXRD patterns of all mixtures closely resembled that of ZnPIm,
with no evidence of ZrP crystallization (Figure S13). The actual Zr
to Zn mole fractions of all samples were analyzed by inductively
coupled plasma optical emission spectroscopy (ICP-OES, Table
S1). The thermal stability of the mixtures was comparable to that
of ZnPIm. However, samples with higher ZrP content exhibited
greater weight loss below 200°C, attributed to the release of ZrP’s
water molecules (Figures S14-S20).

Upon heating at 10°C min™!, DSC profiles of all partially
dehydrated samples (see the detailed method in the Supporting
Information) exhibited a single endothermic melting peak, with
onset T, ranging from 148.7°C to 156.3°C (Figure 2B,D; Table S2).
This variation in T,, is considerably smaller than that typically
observed in systems displaying eutectic behavior [23] or flux
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melting [24], as previously reported for the Zn-azole-phosphate
CP family. The total enthalpy change (AH) associated with
melting decreased progressively with increasing ZrP content,
from 45.5 kJ mol™ for ZnPIm-g to 5.6 kJ mol™ for ZnPIm, ;ZrP,, ,.
This trend is consistent with the reduced fraction of meltable
ZnPIm in the mixtures. When the AH is normalized to the mole
fraction of ZnPIm in each sample, the value initially increases
from 45.5 kJ mol™ for ZnPIm to 50.2 kJ mol~! for ZnPIm, ,ZrP,,
before gradually decreasing to 44.8 kJ mol~! for ZnPIm, s ZrP,
The increase in the normalized AH relative to pristine ZnPIm
suggests the dissolution event of ZrP into the ZnPIm melts. At
higher ZrP contents, the normalized AH further decreases to
20.3 kJ mol~! for ZnPIm, ;ZrP, , (Table S2). This reduction likely
stems from differences in the extent of mechanically induced
amorphization of ZnPIm during the milling process, particularly
in ZrP-rich systems [32-34]. This observation is supported by the
decreasing crystallinity levels derived from the PXRD data of the
ZnPIm,_,ZrP, samples (Figure S21).

Subsequent DSC heating measurements revealed a single glass
transition for all samples (Figure 2C; Figure S22-S28) [35]. The
melt-quenched materials are hereafter denoted as ZnPIm,_,ZrP,-
g, and T, values are reported as onset temperatures. A linear
increase in T, was observed with higher ZrP content, increas-
ing from 11.0°C for ZnPIm-g to 57.4°C for ZnPIm,;ZrP,,-g
(Figure 2D; Table S2). Correspondingly, the T,/T,, ratio (based
on absolute temperature), an indicator that reflects the tendency
of a liquid to form a glass upon cooling rather than crystallizing
[36, 37], also increases linearly with ZrP content, from 0.66
for ZnPIm-g to 0.78 for ZnPIm,;ZrP,;-g. This increase in T,
contrasts with all previous examples in other MOG systems,
where additives typically act as network modifiers, promoting
chain fragmentation and thereby lowering the T, of the parent
compounds [13, 24, 25]. Binary glass systems composed of MOG
constituents generally exhibit either a weighted-average T, in
homogeneously mixed glasses [38, 39], or distinct T, values
corresponding to the individual parent components in phase-
separated systems [40]. The effect of ZrP observed here more
closely resembles that of AI** as a secondary network former
or intermediate in Na,0-Al,0;-SiO, glasses, where increasing
AI** content promotes the degree of polymerization (or cross-
linking) and, consequently, raises T, [26]. In addition, the heat
capacity change at T, (AC,) decreases with increasing ZrP
content (Figures S29 and S30), suggesting enhanced network
rigidity and a reduced configurational degree of freedom above
T, [26, 41].

To verify that the observed increase in T, arises from ZrP
and parallels the effect typically observed when adding sec-
ondary network formers in conventional oxide glasses, a control
experiment was conducted using Al,O; as a chemically inert
additive. Under the relatively mild melting conditions employed
in this work (< 175°C), Al,O; remains unreactive. This contrasts
with aluminosilicate glass systems, which require processing
temperatures above 1100°C [26]. An equimolar mixture of ZnPIm
and Al,O; was prepared following the same synthetic procedure,
yielding ZnPIm,;[Al,O;],s (Figure S31). The DSC profile of
ZnPIm,s[Al,0;], 5 exhibits a single endothermic peak of melting
(T,,) at 159.2°C (Figure S32). More importantly, the T, of the
melt-quenched sample (ZnPImg;[Al,O5],s-g) remained essen-
tially unchanged at 10.5°C, compared to 11.0°C of the ZnPIm-g.

This value is significantly lower than the 36.3°C observed for
ZnPIm, sZrP,s-g with comparable additive contents, suggesting
that the higher T, potentially arises from the contribution of ZrP,
rather than from the mere presence of an inert additive.

2.2 | Morphology and Free Volume of MOGs

Modified MOGs were prepared on a larger scale by heating
ZnPIm,_,ZrP, under an inert Ar atmosphere at 175°C for 10 min
(see the detailed method in the Supporting Information), then
allowing it to cool naturally to room temperature (Figure S33).
This process yielded amorphous solids that exhibited broad
diffuse scattering features in their XRD patterns, confirming the
absence of long-range order (Figure S34). Thermogravimetric
analysis results for all modified MOGs prepared by melting
at 170°C under N, atmosphere show less than 1% weight loss
up to at least 190°C (Figures S35-S41). A lower overall weight
loss at 500°C was also observed with increasing ZrP content.
Additionally, TGA results to 1200°C of all modified MOGs
suggest that any residual water after melt-quenching is below
the detection limit of TGA-based analysis (Figure S42 and Table
S3). Fourier transform infrared (FTIR, Figure S43) spectra of
representative ZnPIm,ZrP,,-g are largely identical to those
of ZnPIm-g, indicating that the imidazole molecules remain
protonated and do not coordinate to either Zn?** or Zr** ions in
the melt-quenched MOGs. The observed water-related signals
are attributed to the hygroscopic nature of the samples, since
FTIR measurements were performed under ambient conditions.
Scanning electron microscopy (SEM, Figures S44-S51) revealed
smooth, grain-boundary-free surfaces with no evidence of phase
segregation from ZnPIm-g up to ZnPIm, (ZrP, ,-g in micrometer
length scale. Within this composition range, energy-dispersive
X-ray (EDX, Figures S52-S57) mapping further confirmed that
both constituents were homogeneously distributed throughout
the observed regions. At higher ZrP contents, specifically in
ZnPIm,sZrP,s-g and ZnPIm,;ZrP,,-g, distinct Zn- and Zr-rich
domains become clearly visible, with the distinction between
them becoming increasingly pronounced as the ZrP concentra-
tion increases. The melt-quenched samples remain amorphous
for at least 2 weeks under ambient conditions, as confirmed by
the absence of Bragg peaks in the PXRD patterns (Figure S58).

We further utilized positron annihilation lifetime spectroscopy
(PALS, Figure 3) to monitor changes in the pore radius of the
free volume within the modified MOGs, providing an indirect
assessment of phase segregation and local structures. The lifetime
(13) and relative intensity (I;) of the longest-lived component,
orthopositronium (o-Ps), are correlated with the average pore
(cavity) radius and the relative number of cavities, respectively
[42]. Consequently, these parameters reflect the distribution of
free spaces within the samples. Mismatched interfaces between
segregated phases are expected to generate interfacial cavities,
thereby increasing the overall cavity size in the samples [12, 43].
The estimated pore radii (and ;) for pure ZnPIm-g and ZrP are
0.241 nm (1.56 ns) and 0.286 nm (2.00 ns), respectively. In the
modified MOGs, the free volume decreases below that of pristine
ZnPIm-g for compositions of ZnPIm,_,ZrP, -g with x < 0.5, sug-
gesting enhanced miscibility between the two components [44].
When x > 0.5, the free volume begins to increase again, consistent
with the phase segregation observed in the SEM images of
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ZnPIm,_,ZrP,-g and PALS parameter (r3°[;). These cavity sizes
were derived from the orthopositronium (o-Ps) lifetime component
(13) obtained via Positron Annihilation Lifetime Spectroscopy (PALS).
The black line and blue dashed line represent the pore radius value
of ZnPIm-g and linear additive fractional free volume reference lines,
respectively. See Figure S59 for the PALS spectra and Table S4 for the
complete parameters.

ZnPIm, sZrP,s-g and ZnPIm,;ZrP, ;-g. Furthermore, the PALS-
derived free volume parameter (z;°I;) as a function of MOG
composition displays a sub-additive trend across all compositions.
This behavior indicates that the reduced free volume limits over-
all molecular mobility, thereby restricting local conformational
rearrangements [28, 45]. Consequently, the observed increase
in Tg with increasing ZrP content, as determined by DSC, can
be attributed to the restricted molecular mobility arising from
decreased free volume.

2.3 | Short-to-Intermediate Range Structure

The influence of ZrP incorporation on the short- to intermediate-
range structure of the modified MOGs was investigated using
X-ray total scattering and pair distribution function (PDF) anal-
yses (Figure 4). This technique provides real-space structural
information by quantifying the probability of finding atomic
pairs at specific interatomic distances, represented as weighted
histograms of atom-atom correlations [46]. All samples were
characterized both before and after the melt-quenching process.
The peak assignments here were confirmed by calculated partial
PDFs derived from single-crystal structures of ZnPIm and y-ZrP
(Figures S7 and S60) [29, 47, 48]. Prior to melt-quenching, the
PDF profiles of the mixtures closely resembled a superposition
of the parent ZnPIm and ZrP components, with relative peak
intensities varying according to the composition of each con-
stituent (Figure 4; Figure S61). In the mixed samples, a new
peak was observed at approximately 5.6 A (marked by the red
dashed line), located between the characteristic 5.2 and 5.8 A
features of ZrP and ZnPIm, respectively, corresponding to the

Zr---Zr, and Zn---Zn correlations (metal-ligand-metal connectiv-
ity). However, the origin of this feature cannot be unambiguously
assigned based on the present data.

After melt-quenching, the reciprocal-space total scattering struc-
ture factor, S(q), showed the disappearance of Bragg peaks,
confirming the transformation to an amorphous phase (Figures
S62-S68). The PDF features of the resulting modified MOGs
remain largely consistent with those of their parent mixtures
at pair distances below approximately 6.5 A, but with reduced
amplitudes. This observation indicates partial preservation of
short-range metal-ligand-metal connectivity, including Zr---Zr
and Zn---Zn, consistent with the retention of local coordination
networks. At shorter pair distances (below 3.5 A), the PDF
features are nearly identical to those observed before melt-
quenching, confirming the retention of the local tetrahedral
and octahedral coordination geometries around Zn** and Zr**
centers [24]. At longer pair distances (above 7 A), the pronounced
broadening of the PDF peaks signifies the loss of long-range
structural order accompanying vitrification [49]. *'Zr solid-state
nuclear magnetic resonance (NMR) reveals subtle differences
between pristine ZrP and melt-quenched ZnPIm,;ZrP,s-g, sug-
gesting modest changes in the local environment around the
Zr** centers (Figure S77) [50]. However, further interpretation is
limited by the relatively broad NMR signals. Based on structural
characterization, ZnPIm-g and ZnPIm,4ZrP,,-g were chosen as
representative samples for further characterization to assess how
ZrP incorporation affects the viscoelastic and proton-conducting
behaviors of the samples.

2.4 | Viscoelasticity

The influence of ZrP on mechanical response was studied by
comparing ZnPIm-g and ZnPIm,¢ZrP,,-g samples using rhe-
ological analysis. Temperature-dependent dynamic mechanical
analysis (DMA) and viscosity measurements were conducted
to examine the softening behavior upon heating. Two distinct
viscoelastic regions were identified, as indicated by the dashed
lines in Figure 5A,B [51]. At lower temperatures, both sam-
ples exhibit solid-like elasticity, with a nearly constant storage
modulus (G”) exceeding the loss modulus (G’). Upon heat-
ing, softening begins at approximately 12.3°C for ZnPIm-g and
36.4°C for ZnPIm,4ZrP,,-g. Further heating to above the main
relaxation temperature (T,), at 30.4°C for ZnPIm-g and 60.8°C
for ZnPIm,¢ZrP,,-g, leads to a transition into viscous, liquid-
like behavior. The pronounced increase in both softening and
relaxation temperatures in ZnPIm,¢ZrP,,-g demonstrates that
ZrP incorporation enhances network rigidity, thereby stabilizing
solid-like behavior at elevated temperatures. Note that the T,
value is frequency dependent [52].

Temperature-dependent viscosity profiles of both ZnPIm-g
and ZnPIm, ;ZrP ,-g follow the Mauro-Yue-Ellison-Gupta-Allan
(MYEGA) equation (Figure 5C; Table S5) [58]. The glass transi-
tion temperatures derived from the viscosity curves (Ty,) were
estimated by extrapolating the viscosity to 10" Paes. [58, 59] A
distinct increase in T,, was observed, from 6.5°C for ZnPIm to
31.5°C for ZnPIm,4ZrP,,-g, consistent with the trend observed
in DSC experiments of the modified MOGs. Throughout the
measurement range, the viscosity profile of ZnPIm,sZrP,,-g
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FIGURE 4 | Local structures and pair distribution functions (PDFs) of modified samples. (A) Local coordination environment and pair-distance
labeling around (A) Zn** in ZnPIm and (B) Zr** in y-ZrP. Zn and Zr are shown as polyhedra, while P, O, C, and N atoms are represented in orange, red,
gray, and light blue, respectively. (C) Experimental PDFs of ZnPIm, ZrP, and a series of ZnPIm;_,ZrP, samples and their melt-quenched counterparts,

ZnPIm-g and ZnPIm,_,ZrP,-g. Peak labels are assigned based on partial PDFs (Figures S7 and S60) simulated from crystal structures of y-ZrP [29] and
ZnPIm [47]. Additional S(q) data and extended PDF data up to 30 A are provided in Figures S8 and S62-S76.

shifts markedly toward higher temperatures. For example, the
temperature at which the viscosity reaches the standard working
point (1 = 10* Pass) increases from 73°C for ZnPIm-g to approx-
imately 109°C for ZnPIm,4ZrP,,-g. At these temperatures, the
viscosity of both samples is comparable to molten soda-lime glass
above 1100°C and is suitable for industrial forming processes [60].
Upon further heating to approximately 150°C, the viscosity of
ZnPIm-g decreases below the practical melting point (7 < 10 Pass).
In contrast, ZnPIm,3ZrP, ,-g maintains viscosities above 10 Paes
up to at least 160°C. For comparison, at 73°C, the working point of
ZnPIm-g (n = 10° Pass), the viscosity of ZnPIm, 3ZrP,,-g already
reaches 2.2 X 10° Pass. This substantial enhancement in viscosity
is consistent with the hypothesis that ZrP may act as a secondary
network former, potentially promoting polymerization through
additional phosphate coordination associated with Zr*" species
[14, 26]. However, this interpretation is based on macroscopic
rheological behavior and does not constitute direct evidence
for specific atomic-scale cross-linking. Comparable behavior has
been reported in synthetically controlled MOGs with varying
coordination-network sizes, where materials possessing more
extended coordination networks exhibit significantly higher vis-
cosity (4.0 x 10* Paes at 120°C) than their highly fragmented
counterparts (0.68 Paes at 120°C) [14]. Similar trends have also
been reported for Na,0-Al,0;-SiO, glasses incorporating AI** as
a secondary network former [26].

The supercooled liquid characteristics of ZnPIm-g and
ZnPIm,4ZrP,,-g were compared with those of various reference
materials using a fragility diagram (Figure 5D) [6, 41, 53-56].

The fragility indices (m) of ZnPIm-g and ZnPIm, ZrP,,-g
were estimated to be 83.0 + 16.1 and 79.9 + 16.2, respectively,
with the values overlapping within experimental uncertainty.
Compared with other systems, both materials exhibit higher
fragility than inorganic ZnCl,, with intermediate fragility (m =
23) [61], and show fragility comparable to that of the metallic
glass Pt NisP,s (m = 67.2) [55]. Relative to previously reported
MOGs, the fragility indices of ZnPIm-g and ZnPIm,3ZrP,,-g
fall between Zn(imidazolate), ,s(benzimidazolate),,; (ZIF-62)
[6], with an exceptionally low m of 23, and the relatively fragile
[Zn,(H,PO,)s(H,0),](1,2,3-benzotriazole) (m = 124) [24].

2.5 | Anhydrous Proton Conductivity

The proton conductivities of ZnPIm-g, ZnPIm,4ZrP,,-g, and
ZnPIm,sZrP,s-g were compared under anhydrous conditions,
representing the pristine MOG, a modified sample with a homo-
geneous ZrP distribution, and a modified sample exhibiting clear
phase segregation, respectively. All samples, in their molten
states, were loaded into a conductivity cell of fixed geometry. Con-
ductivity measurements were carried out by alternating current
(AC) impedance spectroscopy (Figures S78 and S79). Each sample
was equilibrated at the target temperature for at least 3 h prior to
measurement, and all experiments were performed under a dry
Ar atmosphere to maintain anhydrous conditions. Note that the
temperature range used for proton conductivity measurements
also covers temperatures above T, for both materials, where they
behave as highly viscous supercooled liquids.
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FIGURE 5 | Viscoelasticity and anhydrous proton conductivity of melt-quenched samples. Temperature-dependent storage modulus (G’) and loss
modulus (G”) of (A) ZnPIm-g and (B) ZnPIm, 3ZrP, ,-g measured at 1 Hz, 0.02% strain, and a cooling rate of 2°C min~!. (C) Temperature-dependent
viscosity of ZnPIm-g and ZnPImggZrP,-g. (D) Fragility plot of ZnPIm-g and ZnPImggZrP,,-g in comparison with reference compounds. Data are

reproduced from ref. [6, 41, 53-56]. (E) Variable-temperature proton conductivity of ZnPIm-g, ZnPIm gZrP ,-g, and ZnPIm sZrP, s-g under a dry Ar

atmosphere. Data for ZnPIm-g are reproduced from ref. [23]. Fitting parameters are available in Tables S6 and S7. Conductivity values and errors are
available in Table S8. (F) Walden plots of ZnPIm-g and ZnPIm,gZrP,-g compared with 85% and 98% H;PO,, and representative protic ionic liquids.
Reference data of H3PO,, protic ionic liquids, and the calibrated ideal KCl line are taken from Ref. [54, 57].

The temperature-dependent proton conductivity of pristine
ZnPIm-g follows Vogel-Fulcher-Tammann (VFT)-type behavior
[62-64], exhibiting a maximum proton conductivity of 1.1 X 107*
S cm™ at 110°C (Figure 5E) [23]. Above this temperature, reliable
measurements could not be obtained because the viscosity of
ZnPIm-g decreases below its physical melting point, leading to
sample leakage from the measurement setup. Incorporation of
a small amount of ZrP in ZnPIm,¢ZrP,,-g increases the proton
conductivity by nearly five-fold compared to ZnPIm-g at 110°C,
reaching 5.1 X 10™* S cm™. Upon further heating to 150°C, the
conductivity value of ZnPIm,¢ZrP,,-g reaches a maximum at 2.6
x 1073 S cm™. In contrast, ZnPIm, ;ZrP, s-g exhibits significantly
lower proton conductivity, 3.9 x 107 S cm™ at 110°C and
51 x 107> S cm™ at 150°C. This reduction in conductivity is
consistent with the phase segregation observed in SEM/EDX
analyses, which reveal the formation of ZrP-rich domains. These
domains likely disrupt the continuity of the proton-conducting
network, particularly given the relatively low intrinsic proton
conductivity of ZrP. For example, Zr(PO,)(H,PO,)-2H,0 (y-ZrP)
exhibits anhydrous proton conductivity of 8 x 107® S cm™ at
180°C [65]. Although the maximum conductivity achieved in the
present work remains below the benchmark value required for
practical applications (1072 S cm™) [66], the enhanced proton
conductivity of ZnPIm,¢ZrP,,-g is achieved without a decrease
in T, or viscosity relative to pristine ZnPIm-g (Table S9). Future
improvements in proton conductivity may be realized by replac-
ing the parent MOG and/or the additive with components that
exhibit higher intrinsic proton conductivity.

All three examples display VFT-type temperature dependence,
indicating that proton transport is coupled to structural dynamics
and facilitated by structural relaxation, a behavior characteristic
of glassy or polymeric ion conductors [59]. This differs from
Arrhenius-type behavior, typically associated with thermally
activated hopping of charge carriers in crystalline conductors.
The VFT fitting parameters are summarized in Table S10. The
activation factor (B) decreases in the order ZnPIm,;ZrP,s-g
(5423 K) > ZnPIm-g (2626 K) > ZnPIm,3ZrP,,-g (1725 K),
indicating progressively weaker temperature dependence and
lower apparent activation energies for proton conduction [59, 67].

The relationship between viscosity (1) and equivalent
conductivity (A,) of ZnPIm-g and ZnPIm,3ZrP,,-g was
examined using a Walden plot to elucidate the underlying
proton-conductivity mechanisms (Figure 5F) [68, 69]. Along
Walden’s ideal line, conductivity is directly proportional to
fluidity, indicating that ion migration is fully coupled to the
viscous flow of the medium, a characteristic of dilute fluid
systems where ion transport follows the vehicle mechanism
[59]. In our study, both samples fall within the superionic
region, deviating substantially from Walden’s ideal line. Such
deviations indicate that charge carriers are partially decoupled
from the matrix dynamics and that proton transport is governed
predominantly by the Grotthuss mechanism rather than
viscous diffusion. For reference, phosphoric acid, which is
located slightly above Walden’s ideal line, exhibits ~97% of
its proton conductivity via the Grotthuss mechanism [59, 70].
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In our systems, the coordination networks within the MOG
framework likely restrict counter-ion mobility while facilitating
proton hopping along interconnected hydrogen-bond
pathways [14, 71]. Compared with the pristine ZnPIm-g,
ZnPIm,4ZrP,,-g shows a larger deviation from Walden’s ideal
line toward the superionic region. This shift reflects its higher
viscosity and enhanced proton conductivity, implying weaker
coupling between structural relaxation and proton transport.
ZnPIm,4ZrP,,-g maintains a broader viscoelastic proton-
conducting regime than ZnPIm-g before transforming into a
viscous liquid upon surpassing the working-point threshold (log
7' = —4 Poise™) [56]. These observations support our hypothesis
that ZrP incorporation introduces additional phosphate sites
that improve hydrogen-bond connectivity, thereby stabilizing
dynamic proton-conducting pathways and promoting long-range
transport.

3 | Conclusion

This study presents a strategy to modulate the properties of MOGs
through the incorporation of amorphous ZrP, which is hypoth-
esized to act as a secondary network former. We demonstrate
that ZrP significantly influences the glassy-state properties of
proton-conductive ZnPIm, enabling controlled tuning of the glass
transition temperature, viscoelasticity, and anhydrous proton
conductivity. By systematically varying the amount of ZrP, a
linear increase in T, from 11.0°C to 57.4°C is achieved, together
with anhydrous proton conductivities up to 2.6 x 10~ S cm™
at 150°C and over two orders of magnitude enhancement in
viscosity at 73°C relative to the pristine MOG. Synchrotron X-
ray total scattering and PDF analyses indicate preservation of
short-range metal-ligand-metal connectivity in the glassy state,
while both metal centers retain their characteristic coordination
geometries. On the basis of these macroscopic thermal and
rheological trends, we envisage that ZrP functions as a secondary
network-forming component that promotes increased polymer-
ization within the coordination network, analogous to the role of
intermediate or network-forming oxides in conventional silicate
glasses. Direct microscopic experimental evidence for this cross-
linking mechanism is not provided in the present work and
remains an important topic for future investigation. Overall, this
work establishes a foundation for the compositional design of
hybrid glasses, bridging the principles from oxide glass science
and coordination chemistry to enable new routes for tailoring the
structure, thermal behavior, and functional properties of MOGs.
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