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ABSTRACT: Water is one of the most reactive and abundant Metal-organic framework Lower transition temperatures
molecules on Earth, and it is thus crucial to understand its reactivity
with various material families. One of the big unknown questions is

how water in liquid and vapor forms impact the fast-emerging class }
[

T=460°C = 250

of metal—organic frameworks (MOFs). Here, we discover that high-
pressure water vapor drastically modifies the structure and hence
the dynamic, thermodynamic, and mechanical properties of MOF
glasses. In detail, we find that an archetypical MOF (ZIF-62) is
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extremely sensitive to heat treatments performed at 460 °C and . e 2
: Sealed crucible 5 s, .
water vapor pressures up to ~110 bar. Both the melting and glass \* X
transition temperatures decrease remarkably (by >100 °C), and i
p Y ( Y )’ Water Stifferand harder ==

simultaneously, hardness and Young’s modulus increase by up to
100% under very mild treatment conditions (<20 bar of
hydrothermal pressure). Structural analyses suggest water to partially coordinate to Zn in the form of a hydroxide ion by replacing
a bridging imidazolate-based linker. The work provides insight into the role of hot-compressed water in influencing the structure and
properties of MOF glasses and opens a new route for systematically changing the thermodynamics and kinetics of MOF liquids and
thus altering the thermal and mechanical properties of the resulting MOF glasses.

B INTRODUCTION reduced temperatures'* and for continuous property alteration.
The latter is a hallmark of traditional glass families (oxides,
chalcogenides, metallic)'> but has not yet been achieved in
hybrid glasses.

Coordination chemistry is featured by the interaction
between electron-donating ligands and metal ions, but the
chemistry of the ligands varies significantly and determines the

Metal—organic frameworks (MOFs) are composed of metal-
ion nodes connected by organic-linkers." Over the past decade,
a variety of amorphous MOFs made by mechanochemical
synthesis have been reported, and in 2015, the first melt-
quenched MOF glasses were discovered.”” The most studie(i
MOF glass family is zeolitic imidazolate frameworks (ZIFs) o i i
since tl%ey exhibit high glass forming ability due to high T,/ T, final bond strength and stability. This has been the basis for

ratio (>0.8), where T, and T, are the glass transition lowering T, and T, inaclobaltll;is—acetamid.e hybrid glass using
temperature and the milting point of ZIFs, respectively.2’3’5 water as a replacement ligand * as well as in ZIF-8/62/76 by

. . . incorporating ionic liquids.'"'® Other approaches include
ZIFs consist of metal-ion nodes (Zn, Co, Fe) connected with

. . . . hanging the ligand chemistry in ZIFs, e.g., the imidazolat
imidazolate-type linkers through metal—nitrogen coordination ¢ anglng . ¢ fgan c ermis ry' 1?713 S €8 . ¢ m ézo ate

. . to benzimidazolate ligand ratio """ or the introduction of
bonds. ZIF glasses show great promise as materials for

. . 19 ;
membranes,”” batteries,” and as stabilizing agents for halide cyano-substltu-ted hgfmds. The latter app rolagch resulted in a
perovskite light-emitting diodes.” However, one of the most very low melting point of ZIF-4 (~500 K).~ Moreover, the

. L weak coordination bonds in ZIFs are sensitive to even

significant obstacles toward such applications and sample scale-

up is the proximity of the melting (T,,) and decomposition
10 i i i Received: November 10, 2023 i

(Ty) temperatures. ~ To this end, the effect of water is crucial )

to explore considering its abundance and reactivity, for Revised:  February 17, 2024

example, it is known to lower T,, and T, of oxides. Indeed, Acce_Pted‘ February 20, 2024

some progress has been made through combination of hybrid Published: March 6, 2024

systems with liquid water (and some ionic liquids),"' ™" but

there is the lack of routes for creating defect-free materials at
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moderate pressures (from tens of MPa to few GPa), resulting
in changes in transition temperatures (T,, changes’’ by ~70 K
and T, changes”' by ~40 K). As such, while several methods
exist for decreasing T}, and T,, approaches for a unified and
continuous decrease of T, and T, are lacking. Inspired by the
previous work on both water and high-pressure sensitivity in
MOF glasses,'”*>*" and further motivated by the importance
of understanding water—MOF interactions, we here reveal that
water-assisted compression and modification of the MOF
structure through hydrothermal treatment leads to unprece-
dently low T, and T, values of an archetypical ZIF glass,
namely, ZIF-62 (ZnIm, ;sbIm,,s, where Im is imidazolate and
blm is benzimidazolate). The treatment is performed by
heating sealed high-pressure crucibles containing water to 460
°C, which was chosen considering the ambient pressure
melting point (~450 °C) and the maximum temperature of the
used high-pressure crucibles (500 °C). Notably, the treatment
simultaneously makes the glass stiffer and harder, unlike the
case in oxide glasses, where lower T,, and T, values are almost
always associated with softer glasses.

B METHODS

Synthesis. The synthetic procedure to prepare crystalline ZIF-62
follows that of previous reports.””*’ Specifically, zinc nitrate
hexahydrate (3.79 g, 12.74 mmol), imidazole (5.69 g, 83.58 mmol),
and benzimidazole (1.60 g, 13.54 mmol) were dissolved in 75 mL of
N,N-dimethylformamide (DMF). The mixture was then stirred until
all solids were dissolved. Now, the solution was transferred to a
Teflon-lined autoclave where the solution was heated in an oven for
72 h at 120 °C before cooling to room temperature. The formed ZIF-
62 was transferred to a SO mL centrifuge vial, and 30 mL fresh DMF
was added. This mixture was then centrifuged for 5 min at 3000 rpm.
This procedure was repeated twice, but the last one used 30 mL
dichloromethane instead of DMF. Finally, some ZIF-62 was dried at
~350 °C under an argon atmosphere to remove residual DMF from
the pores of the ZIF-62 structure. As shown in Figure S1, the
experimental composition of the as-synthesized ZIF-62 crystal was
found to be Zn(imidazolate) ,,,(benzimidazolate),,.s based on 'H
NMR spectroscopy analysis of a digested sample. This is close to the
nominal composition of Zn(imidazolate), ,s(benzimidazolate),,s. A
similar composition is found for the dried ZIF-62 crystal (Figure S2).

Glass Formation and Calorimetry. All differential scanning
calorimetry (DSC) measurements were performed by using a Netzsch
STA F449 F3 instrument equipped with liquid N, cooling or a
Netzsch STA F449 FS instrument. Noncompressed samples were
measured in Netzsch cold-welded aluminum crucibles. The other
sample measurements with added water were performed using 100 uL
BFT 94 crucibles (Bichler Feintech AG). Specifically, these are steel
crucibles sealed using a steel screw cap pressing onto a gold lid (with a
torque of 3.7 N m) ensuring tightness up to ~270 bar of pressure.
Demineralized water was added using an adjustable Finnpipette (0.1—
1.0 uL), and water masses were confirmed by subsequent measure-
ments of the total mass of sample and water in the crucible. Melting
temperatures (T,) were determined as offset values of the
endothermal melting peak, while glass transition temperatures (T,)
were determined as the onset temperature. Similarly to the
experiments with water, experiments with ethanol and n-hexane
were performed to mimic the experiments with the highest water
content. Here, the solvents were added to the pressure tight crucibles
(now in a gold coated version to avoid any possible reactions between
the solvents and the container) in a similar molar ratio and with a
similar amount of ZIF sample mass as for the water experiments of
highest water content. This was done to ensure similar maximum
pressures at all temperatures above the evaporation point of the
solvent.

Estimation of Pressure Inside High Pressure Crucibles.
Before glass formation, each 100 uL high-pressure crucible was loaded
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with approximately 10 mg of ZIF-62. Varying amounts of
demineralized water were then added (from O to approximately 3
uL). Due to the encapsulation of the sample and water, the boiling
point of water (and thus the temperature at which all water is
transformed to gas) was significantly above that under atmospheric
conditions. To estimate whether all water evaporated inside the
crucible, we used the Antoine equation to estimate the vapor pressure

of water (p),

_ B
C+T

lo =A

8(p) (1)
where A, B, and C are empirical constants and T is temperature. By
plotting the vapor pressure as well as the estimated gas pressure using
the ideal gas equation, we estimate the boiling point from the
interception between the pressure of the ideal gas equation and that
from eq 1. As shown in Figure S3, all samples feature boiling points
below 300 °C. Since all samples are subjected to heating above these
boiling points of water, an estimation of the pressure inside the
crucible relies on the gas pressure. To this end, we used the ideal gas
equation to determine the pressure at the maximum temperature
(Figure S3).

Indentation-Based Mechanical Properties. Prior to inden-
tation experiments, the ZIF-62 glass samples were ground by using
SiC grinding papers to obtain a level sample surface. The surfaces
were then polished using a water-free 3 ym diamond suspension. A
series of at least eight Vickers indentations were made on each sample
using a Nanovea CBS00 instrumented indentation apparatus. A peak
load of 0.2 N and a hold time of 15 s at peak load were used. Both the
loading and unloading rates were 0.8 N/min. During indentation
experiments, both the load (P) and displacement (h) were
continuously measured using the instrument’s load cell and optical
noncontact depth sensor, respectively, to obtain load—displacement
(P—h) curves.

The obtained load—displacement curves were then analyzed using
the Oliver—Pharr method.**** For each load—displacement curve, the
function P(h) = B(h — hy)* was fitted to the unloading data from
0.195 to 0.040 N by using a least-squares procedure to optimize the
three fitting parameters hy k, and B, where h; corresponds to the
displacement at zero load during unloading and the value of k is
related to the indenter geometry. Using P,.,, = 0.2 N and the fitted
parameters, h,, was calculated as h,, = b + (Pn./B)"* The
stiffness S (i.e., the slope of the unloading curve at h,,) was then
calculated as S = kB(hyn, — he)*!. The contact depth h_ was estimated
as h. = hy,, — 0.75P,../S and used to estimate the indentation contact
area projected to the surface A, = [2tan(136°/2)h.]* Then, the
reduced modulus was calculated as E, = 0.50627%S/A.’°. Lastly, the
indentation contact area was estimated as A; = [4tan(136°/2)/
c0s(136°/2)1h.? and used to calculate the sample Vickers hardness as
H=P,,/A.

We also compared the obtained load—displacement-based Vickers
hardness from the glass produced without hydrothermal pressure
(and thus only at a maximum of 2.5 bar of Ar gas, value of Hy = 0.56
GPa) with a previous report of Hy, based on microscopic analysis of
the indents (Hy = 0.525 GPa),”"*° finding very good agreement.

Powder X-Ray Diffraction Analysis. Samples were measured on
a zero-background plate made of monocrystalline silicon. Measure-
ments were conducted using a Panalytical Empyrean X-ray
diffractometer equipped with a Cu source (dg, = 1.5406 A).

Pair Distribution Function Analysis. ZIF-62 glass samples were
mounted in 0.0342” (~0.86 mm) Kapton capillaries, and total X-ray
scattering data were collected using a STOE STADI P laboratory
diffractometer. The instrument is equipped with four MYTHEN 4K
detectors and a Ag Ka radiation source (1 = 0.559407 A). The data
were collected using moving mode covering a 26 range of 2 to 118°
and with a total measurement time of 24 h. The total scattering data
were subsequently reduced, to obtain S(Q) and Fourier transformed
to the pair distribution function (PDF) G(r) using the PDPgetX?y.27 A
Qunax Of 184 A7 and an Tpoly Value of 1.1 A were used.

Fourier Transform Infrared Spectroscopy (FTIR). FTIR
spectra were recorded by using an attenuated total reflection setup

https://doi.org/10.1021/acs.chemmater.3c02873
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Figure 1. (a) Calorimetric heating scans of ZIF-62 crystals mixed with varying amounts of water, corresponding to maximum water pressures of
1.0, 2.5, 11.6, 22.3, SL.5, and 111.1 bar. (b) Melting temperature (T,,) and glass transition temperature (Tg) as a function of the maximum
hydrothermal pressure. Open crucibles are regular aluminum DSC (max internal pressure of 3 bar) pans, while high-pressure crucibles are capable
of withstanding internal pressures up to 270 bar. Arrows indicate relevant y-axis. (c) Optical micrographs of the formed glasses, showing an increase
of fluidity with increasing water pressure. The scalebar in each micrograph corresponds to 1 mm.

on a Bruker Tensor II spectrometer. Crystalline diamond was used as
the attenuation crystal. All samples were measured under ambient
conditions in the 500—4000 cm™" frequency range.

Solid State 7Zn NMR. Solid-state NMR analyses were carried
out on a 22.3 T Bruker Avance III HD narrow-bore (950 MHz for
'H) spectrometer equipped with a 4 mm HX double-resonance probe.
The Zn (I = 5/2) NMR data were recorded using magic-angle
spinning (MAS) with a spinning frequency of 15 kHz and a Hahn-
echo pulse sequence using 15.8 kHz rf field strength with a total echo-
time of one rotor period (pulse times of 4 and 8 ms were used for the
initial 77/2 pulse and the echo 7 pulse, adjusted to compensate for rf
pulse effects influenced by quadrupolar coupling). The spectrum for
the sample prepared at 1 bar was acquired for a mass of 92 mg and
employed 1,447,978 scans. The spectrum for the sample prepared at
11 bar was acquired for a mass of 99 mg and employed 1,810,200
scans. Both spectra used a repetition delay of 0.1 s. In addition, an
empty rotor experiment was recorded under the same experimental
conditions, and the spectrum was subtracted from the sample spectra
(see Figure S4) to remove effects from the “’Zn NMR background.
Isotropic chemical shifts are relative to those in an aqueous 1.0 M
solution of Zn(NO;),. Simulation of the experimental spectra was
performed using the open-source SIMPSON software®® by adding a
series of 231 powder spectra (each representing 4180 crystallite
orientations selected using the Zaremba—Conroy—Wolfsberg meth-
0d)* ™" with quadrupolar coupling (Cq) and asymmetry (1)
parameters distributed in a grid equidistantly from 1 to 11 MHz
(21 values) and 0 to 1 (11 values), respectively, and weighted
according to the Czjzek model for disordered solids®* with <C2Q'7> =
6.5 MHz (see plot of weighting values in Figure SS; the simulated
spectra were apodized with 350 Hz Lorentzian linebroadening). Apart
from a minor isotropic shift (7.5 ppm), all NMR interaction
parameters match earlier report by Madsen et al. for ZIF-62 glass.>

Solid State '"H NMR. Solid-state 'H NMR experiments were
carried out on a 22.3 T Bruker Avance III HD narrow-bore (950 MHz
for 'H) spectrometer equipped with a 1.9 mm 'H-"C-"N-*H
probe. The 'H NMR data were recorded by using magic-angle
spinning with a spinning frequency of 35 kHz. Both spectra used a
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repetition delay of 3.0 s. Isotropic chemical shifts are relative to 'H for
adamantane at 1.82 ppm.

Liquid State 'H NMR. Liquid-state NMR analyses were
performed on a Bruker Avance III 600 MHz (14.1 T) spectrometer.
Solid samples (5—10 mg) were digested in 400 uL of 1:S, and DCI
(35 wt % in D,O, > 99% d): DMSO—d, (99.8% D) solutions were
used prior to measurements.

X-Ray Photoelectron Spectroscopy. Before measurements,
millimeter-sized glass samples were molded in epoxy and polished
using SiC papers and anhydrous diamond suspensions (down to a
particle size of 3 um). The X-ray photoelectron spectroscopy
measurements were then performed using a Hiden MAXIM SIMS
system equipped with a Specs XRS50 X-ray source and a Specs Phoibos
150 electron analyzer. The X-ray beam (Al anode) has a wavelength
of 1 = 0.83401 nm while the X-ray optics ensures signal collecting
from a spot of ~2 mm in diameter (i.e., from both epoxy and glass
sample). For this reason, we restrict the XPS analysis to Zn, which is
present only in the ZIF sample. Subsequent raw data analyses were
performed using CasaXPS software by performing the standard
energy corrections according to the expected C 1s transition (284.8
V) and following background removal.

Estimation of Liquid Fragility (m). The liquid fragility was
estimated based on the DSC data and a correlation between heating
rate and fictive temperature (Tj), which provides the activation energy
for viscous flow (Eg),34

ln[iz] =2 4+
T; RT; (2)
We determined T for heating rates of 10, 20, and 30 K min™" for

the sample prepared under a maximum pressure of 111.1 bar, and the
activation energy was then determined from a linear fit to a plot of

ln(%] against T . The liquid fragility was finally determined as
f

E

"= RT, In(10) (3)

https://doi.org/10.1021/acs.chemmater.3c02873
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(b) In situ pressure sensitivity of the glass transition temperature (dT,/dP) as a function of the glass transition temperature for a range of
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and inorganic glasses,” as well as the studied ZIF-62 system for the highest pressure case.

Ab Initio Molecular Dynamics Simulations. To access the
structural features of the liquid ZIF-water state, we performed ab initio
molecular dynamics (MD) simulations of a unit cell of ZIF-62 with
three added water molecules. This corresponds to the amount of
water molecules in the ZIF volume when considering the volume of
the experimentally used amount of water for the highest water content
and the 100 uL crucible. In detail, the simulations were performed
with the Vienna Ab initio Simulation Package (VASP) using the
standard PBE pseudopotential and a time step of 0.5 fs. An energy
cutoff of 400 eV and a convergence criterion of 10™* eV were used.
First, the water molecules were placed randomly in the ZIF unit cell
using Packmol, and then the structure was relaxed while allowing
relaxation of both unit cell dimensions and positions using a target
pressure of 0. Next, dynamics were initiated at 1000 K and run for 10
ps (a total of 20 000 molecular dynamics steps). In this process, the
structure was allowed to deform freely with a target pressure of 100
bar (to mimic the pressure inside the DSC crucible). The structure,
especially of the bonding environments (neighbors and possible
bonds) of the added water molecules, was evaluated throughout the
simulation.

B RESULTS AND DISCUSSION

Melting Point Suppression. In detail, we have mixed
solvent-free crystalline ZIF-62 (see X-ray diffraction [XRD]
pattern in Figure S6) with varying amounts of water, then
sealed the crucible, and subsequently heated it to 460 °C
without escape of water from the crucible. This creates large
vapor pressures (up to ~111 bar, see Methods and Figures S3
and S7) that in turn causes a giant reduction in T,, of ZIF-62
from ~447 °C to below 300 °C (Figure 1ab) and in T, from
~320 °C to ~200 °C (Figures 1b and S8).

All the obtained glasses following melt-quenching under
pressure are found to be noncrystalline and show no signs of
decomposition based on XRD and '"H NMR analyses of the
digested samples (Figures S9—11). All studied glasses have
been subjected to similar heat treatment (linear increase to 460
°C followed by linear decrease to RT, all at 10 K min™"), but
the high temperatures caused water evaporation inside the
crucible (see Figures la and S7), creating hydrothermal
pressures depending on the water content. While our crucibles
are rated to ~270 bar of pressure, we estimate the maximum
experienced pressure, using the Antoine and ideal gas
equations (see Figure S3), inside the crucible with the highest
amount of water to be around p = 111.1 bar (~10 MPa). This
high hydrothermal pressure causes weaker calorimetric melting
peaks (Figure la) as well as significant endothermal
evaporation signals (Figures la and S7), making it difficult
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to accurately determine the T, for the highest water contents.
To determine T,, more accurately, we have heated two crystal-
water samples to temperatures below and above the suspected
transition temperatures to investigate if glass formation has
occurred. Based on the recorded XRD patterns and sample
morphology after the calorimetric measurements (Figures
S12—13), we find that the sample with the highest water
content (and pressure) undergoes complete vitrification
already upon heating to 295 °C, confirming the assignment
in Figure la. The sample with a lower water content also shows
good agreement between the T, value determined from
calorimetry (Figure la) and the observed temperature of
vitrification.

In addition to the presented calorimetry scans (Figures la
and S8a of melting and glass transition behavior, respectively),
we have also made the following two tests: 1) glass prepared
under atmospheric pressure (i.e., in an Al crucible without
water, shown as P, = 1 bar in Figure la) is subsequently
scanned in a closed high pressure crucible with water (amount
corresponding to P, ~ SS bar); and 2) glass prepared with
the highest used water content (P,,,, = 111.1 bar in Figure la)
is subsequently scanned in an Al crucible (P, = 1 bar). This
was done to access the impact of permanent and dynamic
effects on the recorded glass transitions. Figure S14a shows
that the glass prepared at ambient pressure features a
significant drop in T, to ~232 °C upon rescanning with
water (P, ~ S5 bar). This is similar to what is expected for a
glass initially prepared with water (Figure 1b). In contrast,
Figure S14b shows that rescanning a glass originally prepared
with a high water vapor pressure (P, = 111.1 bar) in an Al
crucible reveals a glass transition temperature of ~277 °C
(compared to ~200 °C when performing a scan with water),
followed by a weight loss (~1 wt %, see Figure S14c), which is
likely due to water release as this has previously been found to
be released around this temperature in the ZIF-62 crystal.””
These measurements suggest a permanent densification effect
inducing a T, drop of ~45 °C (compared to T, ~ 320 °C
when making the ZIF-62 glass without water), while the
presence of water vapor induces another T, drop of ~70 °C.
Notably, upon a subsequent upscan (after first scanning to 450
°C), the densification effect is relaxed, and we measure a T, of
~320 °C (Figure S14b). The change of T, of the permanently
densified glass is similar to that observed (ATg ~ 40 K) in a
recent study of spark-plasma-sintered ZIF-62 glass compressed
to 60 MPa (600 bar).”!
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Figure 3. (a) Solid-state “Zn MAS NMR spectra of samples prepared at 1 and 111.1 bar of hydrothermal pressure along with a numerical
simulation of the spectra. (b) Solid-state "H MAS NMR spectra of samples prepared at 1 and 111.1 bar of hydrothermal pressure. Inset shows the
—2 to 6 ppm range, highlighting the signal from hydroxide (OH™). The data in the main plot are shifted vertically for the sake of clarity. Coloring is
similar to that in panel (a). The stars (*) in both panels (a) and (b) indicate spinning sidebands. (c) Ab initio MD simulated atomic snapshot of
configuration of hydroxide coordinating to a Zn polyhedra together with both imidazolate and benzimidazolate. Zn is green, N blue, C orange, O
red, and H white. All aromatic hydrogens are omitted for clarity. (d) Pair distribution function, G(r), of ZIF-62 glasses prepared under argon and
water gas pressures ranging from 1 to 111.1 bar. An illustration of the internal distances in the zinc-imidazolate-zinc ZIF building block is shown as
an inset. Distances are labeled in roman numerals and correlated with the shaded peaks in the G(r) data.

Interestingly, optical microscopy images of the samples after
initial melt-quenching with and without the presence of water
reveal clear evidence of viscous flow, with the hydrothermal
treatment giving rise to liquids of significantly increased fluidity
(Figure Ic). This is explained by a significant drop in T,
(defined as the 10'* Pa's isokom temperature) from the
standard T, value of ZIF-62 glass of ~325 to ~200 °C for the
samples sub]ected to the largest hydrothermal pressure (Figure
1b). To our knowledge, the obtained values of T,, and T, are
the lowest ever reported for any melt-quenched ZIF
system, ' 19212236 We summarized T, and T,, values for
various ZIFs in Figure 2a. Similarly, we have estimated the
effect of pressure on T, and found a pressure sensitivity of dT,/
dP ~ —6500 K GPa™" (Figure 2b). This value is based on the
highest pressure value case while taking into account the
permanent densification effect as identified in Figure S14. This
pressure effect is notably larger than any studies of
organic,37—40 chalcogenide,‘”’42 and inorganic glass (see
examples in Figure 2b)."”> We have also probed the liquid
fragility index m (i.e., the rate of change of v1$cos1ty at T,) of
the dried ZIF-62 system prepared at P, = 111.1 bar (see
Methods and Figure S15). From this, we find it to be a
superstrong system with a liquid fragility of m & 18, even lower
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than that of the same glass prepared under ambient pressure
(m ~ 23).>*

In addition to the performed analyses on the solvent-free
ZIF-62 crystals, we have also investigated the effect of
hydrothermal treatment on crystalline ZIF-62 with DMF
solvent trapped in the pores after the synthesis (Figures S16—
18). This analysis shows a significant drop in T, upon
hydrothermal treatment, but not to the same extent as the case
of dried ZIF-62 (minimum T,, value of ~350 °C for the
undried case). Furthermore, no clear glass transition peak
could be identified for these samples, but we did observe
increased fluidity without decomposition upon hydrothermal
treatment (Figure S17).

Structure at Different Length Scales. In the following,
we investigate whether the observed changes in T;, and T, are
due to the water-generated pressure inside the sealed crucible,
structural incorporation of water in the ZIF, or a combination
of these two effects. First, we note that a proposed ZIF-62
phase diagram suggests a reduction in T, down to ~360 °C at
around 2 GPa of pressure,”’ while another study found a
reduction in T, by 40 °C upon spark-plasma sintering at 0.06
GPa.”' Here, we have subjected crystalline ZIF-62 to
significantly lower pressures than those in the previous studies
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(max pressure of ~0.01 GPa), but nonetheless, we observe a
significantly greater reduction in Ty, and T,. This points to the
importance of having water vapor compared to nonpenetrable
mechanical pressure from, e.g., the spark plasma sintering press
or the large molecular weight pressure medium from a
diamond anvil cell’®*' Furthermore, recent results on a
water-sensitive bis-acetamide hybrid glass have demonstrated
that water may be directly incorporated in the glass structure.'”
Such water incorporation is also a possibility in the present
ZIF-62 glass, but the calorimetry scans reveal an endothermic
peak around 0 °C (Figure S8a), suggesting that free water (i..,
unbound H,0) is present in the system after glass formation
and that the added water is thus not fully incorporated into the
resulting glass network. This is further supported by the
infrared spectroscopy analysis (Figure S19), revealing no major
absorption in the characteristic region of water (or hydroxyl)
vibrational modes (3000—4000 cm™'). We also note that the
FTIR results suggest that there is no significant decomposition
upon melt-quenching of the ZIF samples. X-ray photoelectron
spectroscopy measurements also show no clear change in the
Zn or N environments (Figures S20 and S21). Practically, we
found a liquid (most likely water) to be condensing on the
inside of the high-pressure crucible lid after the glass formation
procedure was performed, separately from the produced glass,
which would stick to the bottom of the crucible walls. This
explains the difference between the amount of water added in
the highest pressure cases (~25 wt % of the total system mass)
compared to the mass of the released water upon rescanning a
sample prepared under high pressure in a low pressure crucible
(~1 wt %, see Figure Sl4c).

To probe the network-forming short-range order in the
formed glass, we target the local Zn-environment by 77n
solid-state MAS NMR spectra recorded for ZIF-62 glass
samples prepared at ambient pressure and at 111.1 bar under
hydrothermal conditions (Figure 3a). This technique has
previously been found to be very sensitive to short-range
distortions in the Zn-tetrahedra.** In Figure 3a we find, within
the limitation of available signal-to-noise, overlapping signals of
the two studied samples, which (as ZIF-62 glass in ref 33)
match very well with numerical SIMPSON®® simulations of the
line-shape under consideration of Czjzek model distribution of
quadrupolar coupling interactions as representative for
disordered solids’> (see details on experiments and data
treatment in Figures S4 and SS). This implies no major
alteration of the local Zn-environment in either the sample
prepared at ambient pressure or the sample prepared at
hydrothermal pressures of up to 111.1 bar. We note that we
find a stronger signal from the P, = 111.1 bar sample. We
ascribe this to a higher density of this sample (estimated Ap =
10% based on the packed amount of powder in the NMR
rotors) as well as slight differences in the total measuring times.
The signals in Figure 3a are normalized against sample scans
and the mass.

We supplement the ’Zn NMR spectroscopy measurements
with solid-state '"H MAS NMR measurements of the samples
prepared at P, values of 1 and 111.1 bar, respectively (Figure
3b). Here, we identify two main peaks, namely, a very large
one arising from aromatic hydrogens from the imidazolate
linkers (shift of 4—8 ppm) and a less intense one at around 1.5
ppm, which is especially apparent in the sample prepared at
P« = 111.1 bar of water pressure. Notably, the shift of this
peak matches that expected for hydroxide ions (OH™).*® This
suggests that the added water acts as an acid to donate a H' to
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a bridging imidazolate/benzimidazolate, presumably leading to
a (benz)imidazole only coordinating to one Zn polyhedra with
OH™ acting as a new ligand. To further assess this hypothesis,
we consider the ab initio MD simulation of a ZIF-62 unit cell
loaded with three water molecules. We chose this ZIF-to-water
ratio as it corresponds to the amount of water molecules in the
volume occupied by the ZIF sample in the experiments if the
water is evenly distributed in the 100 uL crucible. Upon
relaxation and 10 ps of dynamics at 1000 K (see Methods), we
find that one of the three water molecules has indeed lost one
hydrogen atom and forms a stable coordination to a Zn
polyhedron (Figure 3c). This supports the suggested
mechanism. However, we note that only a minor fraction of
the added water undergoes this reaction, since we find that the
majority of the added water does not enter the structure (as
observed from the similar calorimetry signals of water with and
without ZIF in the closed crucible; see Figures S7 and S8a).
The mechanism involving defective ZIF structures upon
reaction with water is also supported by previous work on
especially ZIF-8.*~*

To further study the structural impact of the hydrothermal
treatment, we have measured total X-ray scattering and,
therefrom, obtained the pair distribution functions (PDFs) of
the ZIF-62 glasses prepared at ambient and elevated pressures
(up to 111.1 bar). The PDFs are presented in Figure 3d
(reciprocal space functions are shown in Figure $22). While
the atom correlations I-IV (see Figure 3d) consist of several
overlapping peaks from the (benz)imidazolate linkers,
correlation V is clearly ascribed to the Zn—Zn correlation.
Remarkably, this correlation shows little change with pressure
(Figure 3d), suggesting that the overall structural effect of the
hydrothermal pressure is relatively small (although it has a
large effect on the transition temperatures). Considering the
peak at the smallest Q-value in the X-ray structure factor S(Q),
we observe a small shift in position toward higher Q with
pressure (Figure S22b), which we ascribe to changing medium-
range order packing.”>°' In turn, this is likely caused by the
observed water vapor-assisted densification of the overall
structure (as Q is inversely proportional to real space length).*
The lack of any obvious changes in the PDF caused by OH™
coordination can likely be ascribed to the following two effects.
First, only a small fraction of (benz)imidazolate linkers appear
to be exchanged. Second, the coordination of OH™ to Zn*" is
expected to be similar to that of the short-range correlations
for Zn-imidazolate due to the very similar X-ray scattering
lengths (i.e., the number of electrons) of oxygen and nitrogen.

To supplement the experiments using water, we have also
tested the use of two other solvents as pressure media,
specifically, ethanol (EtOH), and n-hexane. EtOH was chosen
because it, like water, features lone pairs available for
coordination bonding, whereas n-hexane was chosen because
it is a noncoordinating molecule due to the lack of lone pairs.
Notably, we find no major effect on the melting temperature
upon EtOH or n-hexane addition for these samples (see Figure
S23a), but we observe an apparent decrease of the melting
enthalpy for the sample with n-hexane. We also observe peaks
that could be interpreted as glass transitions in the range of
270—280 °C (see Figure S23b), indicative of glass formation
caused by the pressure effect from the gaseous EtOH/n-
hexane. However, unlike that with water, no giant suppression
of T, and T, is found. We speculate that this may be due to
the differences in kinetic diameters (water: ~2.7 A; ethanol
and n-hexane: 4.4—4.5 A),>>°’ enabling water to enter the ZIF-
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Figure 4. (a) Sketch of an indentation experiment. (b) Examples of residual indentation imprints on the surfaces of the samples experiencing a
maximum pressure of 2.5 bar (left) and 111.1 bar (right) during the glass synthesis procedure (the indentation load was 200 mN). The white
scalebar is 20 ym in length. (c,d) Indentation-based measurements of (c) Vickers hardness (Hy) and (d) Young’s modulus (E) of the studied ZIF-
62 glasses at water gas pressures ranging from 1 to 111.1 bar. The Hy and E data are also compared with previous literature reports, shown with star
symbols in panels (c) and (d), acquired using microscopic analysis of indents and ultrasonic echography,'*° respectively, on ZIE-62 synthesized in
open crucibles (i.e., P, = 1 bar, star symbol). Dashed lines in panels (b), (c), and (d) are guides for the eye.

62 structure (pore size ~2.7—3.3 A)” while excluding EtOH
and n-hexane. Lastly, we note that the visual appearance of the
samples also differs significantly (Figure S24).

Mechanical Properties. Finally, we have performed
mechanical characterization of the samples through depth-
sensing indentation testing using a Vickers diamond tip (i.e.,
four-sided pyramid diamond indenter with a face angle of
136°). The resulting load-depth curves (sketched in Figure 4a)
are used to determine Vicker’s hardness (Hy) and Young's
modulus (E) of the samples using the Oliver—Pharr
method.”*>® We provide a detailed description of the
indentation procedure in the Methods section. Example of
the residual imprints after unloading in the samples subjected
to maximum water gas pressures of 2.5 and 111.1 bar during
synthesis is shown in Figure 4b, revealing a significantly smaller
imprint upon hydrothermal treatment, corresponding to an
increase of hardness. Interestingly, we also find evidence of
shear-banding in these samples (that is, zones of significant
strain as exemplified with a green arrow in Figure 4b), similar
to what has previously been observed for pristine ZIF-62
glass.”® The obtained values of Hy and E are shown in Figure
4c,d as extracted from load—displacement data (see Figure
$25). The data reproduce previous reports' **° in terms of the
absolute values of Hy and E for the pristine ZIF-62 glass, but
upon hydrothermal treatment, Hy and E increase by ~100%
and ~50%, respectively, at a moderate maximum water vapor
pressure (<20 bar).

We note that a slight increase in Hy (AHy = 0.1 GPa) and a
decrease in T, (AT, ~ —40 K) have previously been found for
a spark-plasma sintered (SPS) ZIF-62 glass compressed to 600
bar.”’ In comparison, the observed effect of hydrothermal
pressure on Ty, Hy, and E in this work is more significant (ATg
of more than —100 K and AHy, > 0.4 GPa for the present study
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vs AT, & —40 K and AHy < 0.1 GPa for the SPS study”') at
pressures more than an order of magnitude lower (hydro-
thermal: <20 bar vs SPS: 600 bar). This stands in significant
contrast to traditional glass families (e.g., oxides and
chalcogenides), for which a decrease in T, is typically
associated with a decrease in network connectivity and thus
a decrease in mechanical hardness and stiffness.”*™° As such,
the present effect of decreasing T, and increasing mechanical
stiffness is fundamentally different from network modification
effects in well-known glass formers.”' Here, we ascribe the
property alterations to be caused by small exchange of organic
linkers for hydroxide, the presence of guest molecules in the
framework,”’ changes in the medium-range order structures as
hinted by the X-ray total scattering results (Figure $22) as well
as an increase in density,”"””' but the question is now
specifically how water governs the underlying densification
mechanism compared to previous cases of densification in ZIF
glasses.

Densification Mechanism. While crystallographic anal-
yses upon discovery of ZIF-62 suggested accessible pore sizes
around 1.6 A, it has later been found that CO, (a kinetic
diameter of ~3.3 A)>” can access both crystalline and glassy
ZIF-62 structures.’” As the kinetic diameter of water (~2.7
A)*? is somewhat smaller than that of CO,, water should be
able to physically enter the crystalline ZIF structure, effectively
providing isostatic gaseous pressure inside the structure. In
turn, this causes pore shape changes and “frustrates” the
connected network, similar to the effect of adding bulky
ligands.”’19 It is known that, e.g, the ZIF-8 structure is
unstable in aqueous media due to cleavage of its Zn—N bond
caused by the attack of water.** We expect similar reactivity of
other ZIF structures. Given the extreme environment inside
the crucibles (up to 460 °C and >100 bar of water vapor
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pressure), the stability of the Zn—N bond is likely significantly
impacted. While the water present in the crucible at lower
temperatures is likely less reactive, at higher temperatures/
pressures, the water vapor enhances the breakage of Zn—N
bonds. Based on the results from solid-state 'H NMR and ab
initio MD simulations, this is likely initiated by the creation of a
new coordination bond between Zn and OH™ and possibly by
water stabilizing the dangling (benz)imidazolate linkers. The
presence of water in ZIF crystals thus causes more linker
exchange at lower temperatures than that in the water-free ZIF
crystals, thereby lowering the melting and glass transition
temperatures of the crystalline and glassy structures,
respectively. Furthermore, upon cooling, as evidenced by the
solid-state '"H NMR data (Figure 3b) and MD simulations
(Figure 3c), the hydroxide permanently exchanges a small
amount of bridging (benz)imidazolate linkers in the frame-
work.

This aligns well with how the introduction of various types
of “disorder” (e.g, linker change, metal change, and internal
strain from ball milling) has been found to lower the melting
point in other MOFs.'’~*°*%° Interestingly, other available
studies on pressure-related effects on ZIF-62 used either an
isostatic high molecular weight (oil) pressure transmitting
media®® or simple uniaxial mechanical pressing,21 while the
present use of water is significantly different. This highlights
the important role of the size and reactivity of the pressure-
transmitting/generating medium, especially in the case of
porous materials.

In addition, and opposite to observations in other glass-
forming systems, hardness and elasticity are not positively
correlated with T,, highlighting a decoupling of the glass
dynamics and mechanics. While the introduction of hydroxide
effectively breaks up the ZIF network, we suspect that the
observed compression (Figure S22) and the presence of a
guest molecule will induce more atomic “constraints”®"%* (i.e.,
fixation of atoms) per unit of volume—something which is
well-known to cause an increase of both hardness and elasticity
in the resulting glass phase.”***®® Simultaneously, the glass
transition temperature is found to be permanently (drop in T,
of ~40 K) and dynamically (further drop in T, of ~70 K)
modified in the present system prepared with water.
Considering the relation between T, and hardness, we note
that while hardness is a static property, the glass transition is
associated with dynamical change of mobility in the underlying
glass network as the temperature changes. As such, their
decoupling is not necessarily surprising and may be associated
with how the glass transition in the MOF glass systems tends
to have a negative correlation with pressure—an effect which
has previously been assigned to frustration and deformation of
the pores inside the MOF structure.”’ Furthermore, in the
present case, the disturbance caused by the exchange of
(benz)imidazolate for hydroxide may also disrupt the network
dynamics (and thus T,) even at very small concentrations. A
similar large effect on T, upon only sli§ht modifier addition is,

g
e.g, found in alkali germanate glasses.”*

B CONCLUSION

We have demonstrated that hot-compressed water significantly
lowers the melting transition temperature of the zeolitic
imidazolate framework ZIF-62, allowing glass formation at an
unprecedented low temperature while simultaneously increas-
ing hardness and mechanical stiffness by up to 100% of the
resulting glass phase. We ascribe these effects to the water-
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assisted structural densification and reactivity of water inside
the framework to partially replace bridging linkers for the
hydroxide. The results shed light on the reactivity of water
vapor with MOF systems at elevated temperatures and by
doing so open a new avenue for the continuous alteration of
both thermal and mechanical properties of MOF systems. We
envision that the described water-assisted densification
mechanism will enable the production of larger samples of
more diverse hybrid chemistry as well as the tuning of
properties of existing MOF families.
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