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cases include additional metallic-node 
centers, e.g., in perovskite structures.[3,4] 
The majority of the discovered structures 
are crystalline and typically synthesized by 
hydrothermal processes,[5] but recently it 
has been discovered that some members 
of this chemical family can form a stable 
liquid phase upon heating (prior to thermal 
decomposition), allowing subsequent 
supercooling into a glassy state.[6–9] This 
work has opened a new glass family,[10] 
notably distinct from the existing metallic, 
organic, and inorganic glasses, and with 
possible applications in, e.g., nuclear waste 
immobilization,[11] thermoelectrics,[4] gas 
separation,[12] and energy storage,[13] as well 
as the possibility to produce bulk-sized 
hybrid organic-inorganic samples (>1 cm3) 
without grain boundaries.[14]

Although these hybrid glasses are 
chemically distinct from the traditional 
glass families, they share a number of 

structural similarities to chemically ordered network glasses 
(e.g., oxides), as the metallic nodes (for oxides typically Si, Ge, 
P; for hybrids typically transition metals) bridge through single 
oxygens and large organic linkers for oxide and hybrid glasses, 
respectively.[15] Similarly, the metal nodes in the two glass fami-
lies share the same range of coordination numbers (typically 
4–6).[15–17] However, there is a major difference in the discovery 

Chemical diversification of hybrid organic–inorganic glasses remains limited, 
especially compared to traditional oxide glasses, for which property tuning 
is possible through addition of weakly bonded modifier cations. In this work, 
it is shown that water can depolymerize polyhedra with labile metal–ligand 
bonds in a cobalt-based coordination network, yielding a series of nonstoichi-
ometric glasses. Calorimetric, spectroscopic, and simulation studies dem-
onstrate that the added water molecules promote the breakage of network 
bonds and coordination number changes, leading to lower melting and glass 
transition temperatures. These structural changes modify the physical and 
chemical properties of the melt-quenched glass, with strong parallels to the 
“modifier” concept in oxides. It is shown that this approach also applies to 
other transition metal-based coordination networks, and it will thus enable 
diversification of hybrid glass chemistry, including nonstoichiometric glass 
compositions, tuning of properties, and a significant rise in the number 
of glass-forming hybrid systems by allowing them to melt before thermal 
decomposition.
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1. Introduction

Hybrid organic-inorganic networks, including 3D metal-organic 
frameworks (MOFs) and 1- or 2D coordination polymers (CPs), 
have opened new application areas within solid-state chemistry 
throughout the last few decades.[1,2] The materials typically con-
sist of metal nodes connected by organic linkers, and in some 
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and design of new glasses. Hybrid glasses are typically made by 
melt-quenching or ball-milling a specific crystal or a mixture of 
crystals of which at least one should be meltable and thus “co-
melt” the mixture.[18] Recent findings also suggest that eutectic 
points may be used to guide hybrid glass formation.[19] On the 
other hand, the compositions of oxide glasses are well known 
for allowing continuous composition adjustment through the 
addition of so-called modifiers or “fluxes” (e.g., alkali oxides), 
which result in the breakage of the continuous network struc-
ture of the pure network-forming oxide, thereby creating non-
bridging oxygens, i.e., oxygens which will only covalently bond 
to one cationic node.[15] This leads to changes in the physical 
properties, for example lowering of the melting and glass tran-
sition temperatures, hence enabling melting at significantly 
lower temperatures.[15] The modifier addition in oxide glasses 
thus enables a significant chemical diversity that has led to a 
broad range of applications, from window glasses and touch-
screen displays to nuclear waste immobilization, bioactive 
glasses, and pharmaceutical vials.[20] While some works have 
been devoted to co-melting and property tuning of MOFs and 
other coordination networks, e.g., through partial crystalliza-
tion of glass and ionic liquid facilitated melting,[18,21,22] the lack 
of a universal method for modification of hybrid glasses is one 
of the main bottlenecks for exploiting the vivid potentials of 
this glass family.

In this work, we present experimental and computational 
evidence for water acting as a modifier in a transition metal-
based bis-acetamide hybrid coordination network glass 
(HCNG) of composition Co(hmba)3[CoBr4], where hmba: 
N,N’-1,6-hexamethylenebis(acetamide). While we focus on 
the Co(hmba)3[CoBr4] system, we also confirm the effect of 
the modifier on other hybrid coordination networks when 
changing the bridging metal to Mn or the charge compen-
sating anion to thiocyanate, i.e., for Mn(hmba)3[MnBr4] and 
Co(hmba)3[Co(SCN)4] systems, respectively. Here, we use 
the term “hybrid coordination network” instead of “metal-
organic framework” to describe these systems as the latter 
may imply a 3D dimensionality as well as porosity, whereas 
the former designation better captures the bonding scheme 
in the studied systems.[17] Structurally, in the crystalline state, 
the Co(hmba)3[CoBr4] system consists of octahedral Co2+ nodes 
connected through weak coordination bonds to uncharged 
hmba structures in a 2D layer-like structure, with nonintercon-
nected charge compensating [CoBr4]2− units situated in between 
network layers (see Figure 1a–c).[17,23] While this glass is water-
soluble when being submerged in water, we show that careful 
water addition results in significant alteration of physical prop-
erties including the melting and glass transition temperatures. 
Both experiments and ab initio simulations show that water 
facilitates the breaking of the network-forming CoO bonds 
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Figure 1. a) Unit cell of crystalline Co(hmba)3[CoBr4] with highlights of Co tetrahedra and octahedra (shaded in gray), with the colored spheres rep-
resenting carbon (grey), nitrogen (blue), oxygen (red), and bromine (pink) atoms. Hydrogens are omitted for clarity. b) Replicated Co(hmba)3[CoBr4] 
structure overlaid with highlighting showing how Co2+ and hmba serve as the network part of the structure (blue), while [CoBr4]2−-tetrahedra are placed 
between the layers within the network (red). c) Depiction of a single layer of percolating hmba linkers and Co-octahedra. d) X-ray diffraction patterns of 
synthesized ethanol-containing crystals (Co(hmba)3[CoBr4]⋅2EtOH) and subsequently dried crystals (Co(hmba)3[CoBr4]) as well as the corresponding 
melt-quenched Co(hmba)3[CoBr4] glass. The calculated reference spectra are based on the CIF files of ref. [23] which have also been deposited in the 
CCDC[24] with deposition numbers 120454 and 120455, respectively, where Mn is exchanged for Co. Arrows in (a–c) indicate crystallographic directions.
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as well as alteration of the [CoBr4]2− units, ultimately allowing 
for the tuning of glass properties within this glass family. We 
believe these findings pave a new avenue for tuning the melting 
temperatures of other hybrid crystals to allow them to melt 
before thermal decomposition, and hence allow the formation 
of a broader range of melt-quenched hybrid glass compositions.

2. Results and Discussion

2.1. Crystal Melting and Glass Formation: Effect of Water

The studied hybrid coordination network crystal 
(Co(hmba)3[CoBr4]) studied in the present work was synthesized 
following the procedure of ref. [17], creating single crystals with 
ethanol of composition Co(hmba)3[CoBr4]⋅2EtOH. The ethanol 
molecules were subsequently removed by prolonged storage 
under vacuum (<10 mbar) and moderate heating (≈30–40  °C), 
resulting in a polycrystalline powder that is isostructural to the 
Mn(hmba)3[MnBr4] analog (as reported in ref. [23] and depos-
ited in the Cambridge Crystallographic Data Centre (CCDC)[24] 
with deposition number 120454). The unit cell structure of 
Co(hmba)3[CoBr4] (crystallizing in the P-1 space group with 
two unique Co sites, namely an octahedron and a tetrahedron) 
is presented in Figure  1a, while Figure  1b highlights the i) 
layer-like percolating network of Co and hmba-linkers and ii) 
interpenetrating [CoBr4]2−-tetrahedra positioned in the vacan-
cies of the layered network. Figure  1c shows a single layer of 
the percolating hmba linkers and Co2+ octahedra. Finally, 
Figure 1d shows the measured X-ray diffraction (XRD) patterns 
of the crystal before and after drying together with simulated 
spectra of Co(hmba)3[CoBr4]⋅2EtOH and Co(hmba)3[CoBr4] 
structures as based on the unit cell structures of their Mn-
analogs. Images of the two crystalline products are presented 
in Figure S1a (Supporting Information). The preparation of the 
Co(hmba)3[Co(SCN)4] and Mn(hmba)3[MnBr4] crystals follows 
a similar procedure (see Methods in Supporting Information) 
and XRD confirmation of their final structures is presented in 
Figure S2 (Supporting Information).[17] Furthermore, multiple 
signatures from the hmba ligands in the Co(hmba)3[CoBr4] 
structure are confirmed by the X-ray photoelectron spec-
troscopy (XPS) data presented in Figure S3 (Supporting 
Information). For Co(hmba)3[CoBr4]⋅2EtOH, Co(hmba)3[CoBr4], 
and Mn(hmba)3[MnBr4] crystals, we observe an excellent repro-
duction of the XRD peaks, while some minor misalignment 
and possible amorphous and crystal impurities are observed 
for Co(hmba)3[Co(SCN)4]. However, we note that the expected 
reflections are observed (Figure  1d and Figure S2, Supporting 
Information) and that the calorimetric response (in terms of the 
values of Tm and Tg) nicely resembles the Co(hmba)3[Co(SCN)4] 
system when compared to the results in a previous study (see 
Figure S4, Supporting Information).[17] For Co(hmba)3[CoBr4], 
these results confirm the expected structural change upon 
storage and subsequent desolvation,[17,23] but we note that the 
signal-to-noise ratio likely indicates an increased degree of 
thermal fluctuations as well as partial amorphization upon des-
olvation of the Co(hmba)3[CoBr4] ⋅2EtOH structure.

The melting and subsequent glass formation has been 
described previously for both Co(hmba)3[CoBr4] (see example 

picture of molten Co(hmba)3[CoBr4] in Figure S1b, Supporting 
Information) as well as other bis-acetamide-containing HCNGs 
including Co(hmba)3[Co(SCN)4] and Mn(hmba)3[MnBr4].[17] Yet, 
here we demonstrate that the properties of these systems are 
highly sensitive to the water content. Figure 2a shows differ-
ential scanning calorimetry heating scans performed in sealed 
Al crucibles for the pristine Co(hmba)3[CoBr4] crystal and glass 
with none or 7 wt% added water (i.e., ≈4.6 water molecules per 
bridging cobalt atom, which is significantly below the content 
needed to fully dissolve the sample in water), respectively. Upon 
water addition, the melting transition clearly becomes broader 
as it occurs over a larger range of temperature and ends at a 
significantly lower temperature (right part of Figure 2a).

Before initiating melting, we also tested the effect of water 
addition on the X-ray diffraction pattern of the Co(hmba)3[CoBr4] 
crystal (Figure S5, Supporting Information). Upon the addition 
of 14 wt% water (the maximum concentration used in the pre-
sent study), the intensities of the crystal reflections decrease, 
but no new crystalline species appear. This suggests that water 
may partially amorphize the crystal before the melting proce-
dure, possibly explaining the apparent decrease in the melting 
enthalpy upon water addition. Apart from the melting tempera-
ture, the glass transition temperature also decreases signifi-
cantly upon water addition (left part of Figure 2a). The depend-
ence of the melting peak temperature (Tm) and glass transition 
temperatures (Tg) on water content in the Co(hmba)3[CoBr4] 
system is shown in Figure 2b. Examples of the DSC scans used 
to extract the Tm and Tg values at different water contents are 
shown in Figures S6 and S7 (Supporting Information), respec-
tively. The increase in water concentration significantly lowers 
the melting temperature from ≈110  °C to a constant value of 
~70 °C at a water concentration of ~7 wt%, with no significant 
changes upon further water addition. As the samples were pre-
pared in sealed Al crucibles, water could not escape from the 
system during heating. There is also no indication of free water 
in the crucibles based on the calorimetric data around 0  °C, 
suggesting that all the added water is incorporated into the 
hybrid coordination network. However, it is interesting to study 
the stability of the hydrated glasses upon re-heating in an open 
crucible. To this end, we prepared a glass with ~7 wt% water, 
giving a Tg value of around −20 °C. Upon reheating to 120 °C in 
an open Al crucible followed by a 10 min isothermal hold, the 
Tg values increases to ~7  °C (Figure S8, Supporting Informa-
tion). In comparison, the Tg of the pristine (anhydrous) glass is 
≈20 °C, i.e., partial but not full recovery toward the original Tg 
value occurs upon reheating.

Furthermore, to probe the universality of the effect of water 
on Tm and Tg within the hmba HCNG family, we also inves-
tigate the melting behavior of the Co(hmba)3[Co(SCN)4] and 
Mn(hmba)3[MnBr4] networks.[17] As presented in Figure S9 
(Supporting Information), we find a very similar effect of 
decreasing Tm with increasing water content in these sys-
tems as that found for Co(hmba)3[CoBr4], although the 
Co(hmba)3[Co(SCN)4] crystal features a 3D rather than a 2D 
network.[17] In addition to the melting and glass transitions, 
we observed recrystallization in the Mn(hmba)3[MnBr4] system 
upon heating slightly above Tg with subsequent remelting when 
the temperature was further increased. Notably, this recrystal-
lization is significantly suppressed upon adding even small 

Small 2023, 19, 2205988
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amounts of water (see Figure S10, Supporting Information). As 
such, water addition may be used to increase the glass forming 
ability, which in some HCNGs has been observed to be low,[22] 
or tune the properties of mixed glass-crystal phases. In sum-
mary, these observations clearly confirm the universality of 
the water effect on the melting within the present hmba-based 
glass family. However, in the remaining part of this article, we 
focus on the Co(hmba)3[CoBr4] system as it features the best 
glass-forming ability and thus serves as a good model system 
for understanding the mechanism of the water interaction with 
the hybrid network.

Considering the Co(hmba)3[CoBr4] system, we find a decrease 
in its glass transition temperature from a pristine value of 
16  °C to -17  °C for the highest water content studied, which 
corresponds to nine water molecules per bridging Co atom, 
where bridging-Co refers to Co atoms bonded to hmba linkers. 
Notably, a significant initial decrease followed by stabilization 
is observed for both Tm and Tg. Specifically, Tm and Tg reach a 
constant value when around three to four water molecules per 
bridging-Co have been added. Interestingly, this is equivalent 
to the ratio of bridging-Co to hmba in the system. Thus, at the 
water concentration of Tg-convergence, one water molecule per 
hmba linker is present. Based on this analysis and considering 
the chemical environment of the percolating network, i.e., Co-

nodes connected by bidentate hmba-linkers through CoO 
coordination bonds, the monodentate water species thus appear 
to replace the bridging carbonyl oxygens around the Co centers. 
This leads to a fully depolymerized network of Co atoms sur-
rounded by a distribution of hmba-linkers and water molecules, 
while the [CoBr4]2−-tetrahedra would remain largely intact. As 
such, this behavior is equivalent to water-based modifier addi-
tion in the HCNG system, which, to our knowledge, has not 
previously been reported for hybrid glasses.

To test the state of the trapped water in the structures, we 
have investigated the water evaporation from the dry and 
hydrated glasses (i.e., containing 0, 7, and 14 wt% water, 
equivalent to 0, 4.6, and 9.2 H2O per bridging Co, respectively). 
These experiments were done in open crucibles by thermogravi-
metric analysis (Figure S11, Supporting Information), while we 
note that the initial water incorporation was done in sealed 
crucibles. We find that nearly all the added water is released 
upon heating and that evaporation is initiated already at ~50 °C 
(upon contact with a dry He atmosphere). The sample with 14 
wt% water exhibits a faster water release at lower temperatures 
compared with the 7 wt% water sample. This suggests weaker 
bonding of water at higher water concentrations. That is, some 
water may not be interacting with the coordinating Co-octa-
hedra and thus either weakly bond in the depolymerized hybrid 

Small 2023, 19, 2205988

Figure 2. a) Differential scanning calorimetry heating scans of crystalline (right) and glassy (left) Co(hmba)3[CoBr4]. Results are shown for both a dry 
sample (red lines) and one with 7 wt% added water (blue lines), i.e., containing ≈4.6 water molecules per bridging cobalt atom. b) Melting and glass 
transition temperatures (Tm and Tg, reported as the peak and onset temperatures, respectively) of the Co(hmba)3[CoBr4] as a function of the ratio of 
H2O to bridging-Co (i.e., Co atoms bonded to hmba linkers). c) Reduced glass transition temperature (Tg

* = Tg/Tg
WF, scaled in Kelvin and where Tg

WF 
is the glass transition temperature of the water-free glass) of the Co(hmba)3[CoBr4]⋅water glasses at different water concentrations as well as of several 
different sugars, organic polymers, and silicate glasses as obtained from refs. [25–27].
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coordination structure or react with the [CoBr4]2− units. These 
observations agree with the stabilization of the Tg and Tm values 
at high water contents (Figure 2b).

The water-induced depolymerization and decrease in Tg 
have been observed in other glassy systems, including sili-
cates, organic polymers, and sugars. To compare the extent 
of the decrease, we plot the reduced glass transition tem-
perature (Tg

*  = Tg(Tg
WF)−1, where Tg

WF is the glass transition 
temperature of the water-free glass) as a function of water 
content in Figure  2c. Results are shown for the present 
Co(hmba)3[CoBr4] glass well as various systems available from 
literature.[25–27] Water addition has a pronounced effect on the 
Tg of the inorganic silicates and polymers, with a decrease 
in their Tg by ~50% when adding 10–14 wt% water. This con-
trasts the behavior of the majority of the sugars and poly-
mers as well as the present Co(hmba)3[CoBr4] HCNG, which 
exhibit only a minor (~10–15%) reduction in Tg in the same 
water concentration range. Interestingly, the water-containing 
Co(hmba)3[CoBr4] HCNGs also appear to feature a more con-
verged Tg (i.e., Tg is constant upon increasing water content) 
compared to other organic and inorganic systems upon water 
addition. This is likely because water significantly outnumbers 
the number of bridging Co atoms at a relatively low water con-
centration (~5–10 wt%), creating a glassy system controlled by 
weaker cohesive forces and hydrogen bonds. In contrast, the 
anhydrous system consists of the highly crosslinked (yet rather 
weak) Co-hmba network.

To further clarify the glass transition behavior of the 
Co(hmba)3[CoBr4] glasses, we performed annealing experi-
ments at 0.9Tg of both pristine and hydrated samples. Based 
on the DSC measurements of these samples, we find for both 
the pristine and hydrated glasses that their fictive temperatures 
(Tf, determined in a similar manner as Tg from calorimetry, 
yet with varying heating rates) decrease, and the endothermic 
overshoot of the glass transition increases with annealing 
duration (Figure S12, Supporting Information). This is con-
sistent with previous findings for other glass families[28,29] and 
is a consequence of the decrease in the overall enthalpy of 
the system through the hopping between metastable states 
and, upon such heating, into local minima of the potential 
energy surface.[30] Additionally, we determined the liquid fra-
gility (m), which quantifies the extent of non-Arrhenius tem-
perature dependence of viscosity at Tg (see Supporting Text 
for an introduction to the concept of liquid fragility as well 
as the method to determine it). This was done on both pris-
tine and hydrated glasses using a DSC-based method.[31] 
Specifically, glasses were heated from below to above Tg at a 
range of heating rates (5, 10, 15, 20, 25, and 30 K min−1) and 
the shift in fictive temperature was recorded (see Figure S13,  
Supporting Information for calorimetric scans of anhydrous and 
hydrates glasses at various heating rates). This gave m values of 
42 ± 4 and 47 ± 6 for the pristine and hydrated glass, respectively. 
This is in the same range as many modified oxide and metallic 
glass-forming systems (m ≈ 30–70),[32,33] but considerably lower 
than most organic systems[31] and higher than the hybrid ZIF-62 
(m = 23)[34] as well as pure SiO2 (m = 20)[35] glasses. We note that 
assigning a structural origin to these differences in fragility is 
challenging, given that fragility is determined by the tempera-
ture derivative of atomic degrees of freedom.[36]

2.2. Spectroscopic Analyses

To understand these changes in melting and glass transition 
behavior upon water addition, we conducted a series of spec-
troscopic analyses on the water-containing Co(hmba)3[CoBr4] 
HCNGs, including in situ Raman spectroscopy measurements 
during the crystal melting and a subsequent cooling/heating cycle 
(Figure S14, Supporting Information), and ex situ FT-IR spectros-
copy measurements (Figure S15, Supporting Information). In 
agreement with the in situ FT-IR data reported in ref. [17], we find 
no apparent changes in our ex situ FT-IR measurements upon 
the glass formation in the anhydrous system except for some 
peak broadening. In the hydrated glass, we find a stronger inten-
sity and a broad band in the frequency range of 3000–3700 cm−1, 
indicating the presence of water in the hydrated glass. In the in 
situ Raman spectroscopy measurements, we find that a peak at 
~1611 cm−1 ascribed to the carbonyl vibration in hmba (based 
on previous studies of Co–acetamide complexes[37]) is signifi-
cantly reduced around the melting temperature (Figure S14a, 
Supporting Information), but then overlaps with nearby peaks 
without resharpening in the glassy state (Figure S14d, Supporting 
Information). This suggests that the carbonyl group is directly 
involved in the melting transition and in agreement with the 
expected variation in the chemical environment of the carbonyl 
unit relative to Co (breaking of bonds and variation in bond 
angles and lengths) in the molten and glass states compared to 
the crystal. In turn, this would affect the distribution of the spe-
cific vibration frequency of the carbonyl bonds. Such broadening 
of otherwise sharp crystalline Raman bands upon melting is well 
known in other systems, e.g., silicates.[38]

To further probe any structural changes around the Co atoms, 
we measured the visible absorption spectra of the pristine and 
hydrated glasses (Figure 3a). We were unable to quantify the 
used film thickness and hence the absorption coefficient due 
to differences in thickness across the film. However, we find 
that higher water content leads to smaller absorption. The large 
band around 6–700 nm present in all samples can be assigned 
to the crystal field splitting in [CoBr4]2−, where Br− ligands are 
tetrahedrally coordinated to Co-centers, as[39] i) Br− is in the 
lowest splitting part of the spectrochemical series, and ii) lower 
coordination is known to induce lower splitting. This interpreta-
tion agrees well with previous absorption spectra of tetrahedral 
[CoBr4]2− in a tetrabutylammonium [CoBr4]2− complex.[40] As 
such, the octahedral Co atoms surrounded by carbonyls should 
absorb at smaller wavelengths (higher energies) due to their 
expected larger splitting (based on the spectrochemical series) 
and higher coordination state, yet most likely with a signifi-
cantly lower absorption coefficient (possibly by several orders of 
magnitude[41]) and therefore it cannot be observed. As such, the 
minor changes in the normalized absorption spectrum suggest 
that the [CoBr4]2− units remain relatively stable both in the pris-
tine and hydrated glasses, but based on the observed decrease 
in absorption, their abundancy likely decreases.

2.3. Molecular Dynamics Simulations

The melting mechanism of the Co(hmba)3[CoBr4] system 
as well as that with 0, 1, 2, or 3 water molecules added was 

Small 2023, 19, 2205988
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further studied by ab initio molecular dynamics simulations. 
The procedure generally follows that of a previous work stud-
ying the melting of a Mn2+-based hybrid perovskite system.[4] 
While our simulations provide new insights as shown below, 
we note that the short simulation timescales and lack of 
quenching to the glass state (due to the very high computa-
tional cost) reduce our possibilities of observing chemical 
species and making direct comparisons to the experimental 
findings. First, we consider the dynamics of the pristine, 
water-free crystal structure (as obtained from its CIF file) 
at temperatures of 500, 1000, and 1500 K to calculate the 
mean square displacement (MSD). The results are shown in 
Figure 3b for Co MSD at 1000 K for different water contents 
and in Figure S16 (Supporting Information) for both Co and 
Br MSD at the different temperatures. The simulations at 500 
K present solid-like behavior (i.e., constant value of MSD), 
while the simulations at 1500 K present a liquid/gas-like 
behavior (i.e., increasing MSD with time). The simulations at 
1000 K exhibit behavior in-between these extrema, thus rep-
resenting an initiation of melting. We further confirmed this 
through calculation of the Lindemann ratio (Δ), i.e., the ratio 
of the estimated amplitude of the atomic vibrations divided 
by the bond length[42,43] of the CoO bonds. As shown in the 
inset of Figure S16a (Supporting Information), Δ increases 
from ~0.10 to ~0.18 when the temperature is increased from 
500 to 1500 K. Generally, melting is considered to occur when 

Δ reaches a value of around 0.10–0.15,[42,43] matching the 
values from the simulation data at 1000 K. By adding water to 
the Co(hmba)3[CoBr4] system at 1000 K, the Co MSD increases 
more rapidly with time (Figure  3b), suggesting that water 
promotes the melting process. The same trend that the MSD 
increases with both temperature and water content is also 
found for Br (Figure S16b,c, Supporting Information).

The melting process of the Co(hmba)3[CoBr4] system is also 
investigated through analysis of the simulated coordination 
numbers (CNs) of the two different Co-centers (i.e., the CoO 
and CoBr CNs). Interestingly, we find that the CN of the 
CoO and CoBr correlations differ significantly (see Figure 3c 
for CoO and Figure S17, Supporting Information for CoBr). 
We note that the stepwise nature of the data in these figures is 
due to the small number of Co atoms in each simulated box. 
Upon initializing dynamics at 1000 K of the crystalline system 
with 0, 1, 2, or 3 water molecules, we observe a major decrease 
in the CoO CN (i.e., the network percolating species) from 6 
to ~4 within the first 10  ps. This decrease in CN is found to 
be promoted by the presence of water, as seen from the more 
rapid decrease of CN in the first picosecond of the simulation 
with the largest amount of water. To showcase this, we have 
fitted the data to a stretched exponential decay function,

t a a
t

t

b

CN e 60( ) ( )= + −
−



  (1)

Small 2023, 19, 2205988

Figure 3. a) Normalized visible absorption spectra of Co(hmba)3[CoBr4] HCNGs with varying water content (see colorbar). b) Simulated mean square 
displacement (MSD) of Co atoms in the Co(hmba)3[CoBr4] system at 1000 K with 0, 1, 2, or 3 water molecules in the unit cell structure. Note the loga-
rithmic axes. c) Simulated average coordination number (CN) of the CoO correlation in structures containing 0, 1, 2, or 3 water molecules. d) Trace 
of one water molecule's trajectory over 10 ps of simulation time at 1000 K, where blue refers to the initial position and red to the final position. The 
remaining part of the structure is shown as the final frame. Note the movement across the periodic boundaries.
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where a is the decay of CN, b is an exponential fitting para-
meter related to the rapidness of the decay, and t0 is the time 
needed to reach 63.2% of the expected decay, a. We restrict  
0 ≤ a ≤ 2 and note how Equation (1) ensures that the fit is initi-
ated at CN(0) = 6. We show the obtained fits in Figure S18a–d 
(Supporting Information) and the derived parameters in Table S1 
(Supporting Information). Generally, the time constant is found 
to decrease with increasing water content (Figure S18e, Sup-
porting Information), highlighting how water acts to enhance 
the decoordination of hmba linkers towards the molten state.

In contrast to the CoO centers, the CoBr tetrahedra 
exhibit only minor deviations from the initial four-fold coordi-
nated state caused by the high temperature. This persistence 
of the tetrahedral state is found to be largely independent of 
the water content (Figure S17, Supporting Information), but 
we note that the change in CN is more pronounced at higher 
water content. Figure  3d illustrates the movement of a water 
molecule inside the structure at 1000 K, highlighting how water 
explores multiple parts of the structural space, including both 
the CoO octahedra as well as the CoBr tetrahedra. However, 
the water molecule does not seem to directly bond to neither Co 
centers nor replace the oxygens in hmba or the bromide ions in 
the molten state. This is supported by calculations of the time-
resolved bond distance between the oxygens from water and 
the Co atoms in the structure, with separation distances sur-
passing 3 Å (Figure S19, Supporting Information) in contrast to 
the network-forming CoO and interconnected CoBr bonds, 
exhibiting bond distances in the range of 1.9–2.5 Å (Figures 
S20–S23, Supporting Information).

2.4. Co Environment Probed by EXAFS

To complement the ab initio simulations and provide real 
space temperature-resolved structural information of the 
Co(hmba)3[CoBr4] hybrid coordination network system in both 
the crystalline, molten, and glassy states, we have performed 
in situ extended X-ray absorption fine structure (EXAFS) 
measurements (see raw data in Figure S24, Supporting 
Information) collected at the Co K-edge to assess the local envi-
ronment of Co atoms in samples. The Fourier-transformed 

extended X-ray absorption fine structure (FT-EXAFS) spectra 
are shown in Figure 4 for both the pristine (Figure  4a) and 
hydrated (Figure  4b, 14 wt% water) systems in the crystalline 
(red), molten (green), and glassy states (blue). We note that the 
presented FT-EXAFS spectral peaks are shifted by around −0.5 Å  
due to an uncorrected phase shift, which is a common feature 
in EXAFS data. In the water-free system, the cobalt environ-
ment features a bimodal distribution of bond lengths, with the 
shortest one corresponding to CoO (below 2 Å) and the longer 
one to the CoBr distance (above 2 Å). Upon heating to 140 °C, 
we find a decrease in the overall peak area of both the CoO 
and CoBr correlations, suggesting a decrease in the CNs and 
an increase in thermal disorder for both Co environments in 
the structure. We note that the simulations mainly showed 
breakage of the CoO bonds, but this may reflect the general 
limits in terms of simulation time. Furthermore, we find that 
the CoBr bonds appear to be re-established when cooling into 
the glassy state, while the CoO bonds appear to be perma-
nently shortened and with a smaller CN (see Figure  4a, blue 
curve). This is consistent with the persistent blue color from 
the [CoBr4]2− centers observed in the optical absorption spectra 
(Figure 3a).

Significant changes in the FT-EXAFS spectra are observed 
upon water addition to the Co(hmba)3[CoBr4] system 
(Figure  4b). First, considering the crystalline state with added 
water, the relative intensity of the CoO to the CoBr peak 
is significantly increased when adding water (see direct com-
parison in Figure S25a, Supporting Information) and a new 
shoulder peak around 1.4 Å seems to appear. This may be 
because water already affects the CoO octahedra even before 
the system enters the molten phase, as also suggested by the 
partial amorphization found upon hydration of the crystal 
(Figure S5, Supporting Information). Yet, the decrease in the 
relative intensity of the CoBr peak would suggest that this 
species is partially removed even in the non-heated state. This 
suggests that some of the CoBr tetrahedra are hydrated, 
possibly forming a new Co species (likely fully or partially sur-
rounded by H2O and Br) that gives rise to the new shoulder 
peak. Such species have previously been suggested to exist.[44]

Now, upon heating to 140 °C (green curve in Figure 4b), the 
local geometry of Co is further altered, with more significant 

Small 2023, 19, 2205988

Figure 4. In situ Fourier transformed extended X-ray absorption fine structure (FT-EXAFS) spectra of a) pristine and b) hydrated (~14 wt% H2O) 
Co(hmba)3[CoBr4] systems in the crystalline state (red), molten phase at 140 °C (green), and glassy state at approximately −30 °C (blue). Areas for 
the approximate radial distances corresponding to cobalt coordinating to oxygens from hmba as well as Br are shaded in blue and pink, respectively.
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changes in the coordination environments as compared to the 
anhydrous case (Figure  4a). An apparent trimodal distribution 
is observed. We are not able to unambiguously assign the dif-
ferent signals to specific chemical species. However, we note 
the appearance of a new peak around 1.4 Å, which was previ-
ously visible as a shoulder in the hydrated crystalline system. 
Simultaneously the peak at ≈1.8 Å appears to be shifted to larger 
distances compared to the anhydrous system (Figure  4a). The 
observed splitting might be due to a variation in the coordination 
number of Co as well as a modified ligand distribution incorpo-
rating water. This is supported by previous studies, suggesting 
that [Co(H2O)4]2+ species can be present under some conditions, 
e.g., at elevated temperatures,[45] and featuring a shortened bond 
length of 2.0–2.1 Å[46] (i.e., slightly shorter than the bond-length 
expected in CoO(hmba) of 2.1–2.2 Å[17,47]). Similarly, as also 
suggested in the case of the hydrated crystal, mixed halide/water 
species likely exist in the obtained melt and glass.[44] This inter-
pretation is based on how the crystalline CoBr peak (shown 
above 2 Å) increases in intensity upon melting and glass forma-
tion in the hydrated sample (Figure 4b). This would suggest that 
the coordination number increases, possibly by the inclusion of 
water to form mixed octahedra with Br− and H2O ligands.

Such mixed coordination environments for CoBrH2O 
have previously been observed for weak aqueous solutions 
of CoBr2 at elevated temperatures.[44] Based on the measured 
UV–vis absorption spectra (Figure  3a), some [CoBr4]2− centers 
likely remain intact, but feature a decrease in the fraction of 
this species. The latter is consistent with the general observa-
tion of lower UV–vis absorption with higher water content. 
That is, the percolating Co-hmba octahedra as well as the 
[CoBr4]2− species feature a minor decrease in coordination 
upon melting in the anhydrous state. Yet upon cooling into the 
glass state, the [CoBr4]2− species reform while the CoO(hmba) 
network remains in a liquid-like state. In contrast, adding 
water to the crystal seems to slightly remove [CoBr4]2− spe-
cies, likely forming fully or partially hydrated tetrahedra. Upon 
heating, the CoO(hmba) bonds are also altered by full or par-
tial exchange with water molecules, while the [CoBr4]2− units 
appear to be partially exchanging Br− anions for water ligands 
while also partially adopting an octahedral state.

2.5. Melting Mechanism

Finally, based on the performed simulations and experiments, 
we propose a melting mechanism of the Co(hmba)3[CoBr4] 
system with and without water addition, which is expected to 
also apply to other transition metal-based bis-acetamide hybrid 
coordination networks. First, upon heating of the anhydrous 
system, the labile bonds between Co and O in hmba (i.e., the 
red spheres in Figure 5a) tend to break, leading to a decrease 
in the overall network connectivity and ultimately the forma-
tion of a molten state. This is accompanied by minor breakage 
of the tetrahedral [CoBr4]2− units. Upon cooling this liquid into 
the solid glass state, the [CoBr4]2− units reform, while the CoO 
network undergoes partial reformation (Figure  5a,b). By the 
addition of water to the crystal, the temperature-induced de-
coordination process is dramatically enhanced.

In the hydrated system, the CoO(hmba) bonds likely break 
much more and some hmba are ultimately replaced by water 
molecules in the glassy state (Figure  5a). Furthermore, the 
addition of water causes the [CoBr4]2− centers to adopt new 
geometries to allow for the full or partial addition of water 
into tetrahedral or octahedral states (Figure  5b). Ultimately, 
we suggest that when water replaces the oxygens of hmba, 
dangling organic motifs (i.e., hmba only coordinating to one 
Co center) are created as shown by the significant reduction 
in the Tg from 16 °C to -15 °C for the fully polymerized and 
fully depolymerized glass structures, respectively. Last, when 
adding more water than what causes full depolymerization, 
it is found that water bonds less tightly, suggesting that water 
has another bonding mechanism, likely related to the hydra-
tion of the [CoBr4]2− centers. We note that only octahedral 
configurations are presented in Figure  5a, but that these are 
most likely accompanied by four- (and possibly five-) fold coor-
dinated Co centers. In crystallography, such nonuniform dis-
tribution in hydration and coordination numbers are generally 
considered to be defects in the perfect crystal and hence not 
easily described (although commonly handled through, e.g., 
partial occupancies). However, such distributions of, e.g., coor-
dination environments are intrinsic to the molten and glassy 
states.[15]

Small 2023, 19, 2205988

Figure 5. Proposed structure of the a) octahedral CoO and b) tetrahedral [CoBr4]2− sites in the water-free crystal (top left) and the glasses after 
melt-quenching with different amounts of added water. Bottom left: no water; top right: excess water beyond what causes full depolymerization of the 
network. Cobalt, oxygen, bromine, and hydrogen are represented as violet, red, yellow, and white spheres, respectively. Note the suggested possibility 
of mixed water/bromide octa- and tetrahedra in (b).
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The fundamental melting (and glass formation) mecha-
nism is similar to that of other known hybrid systems, namely 
ZIFs[16,42] and hybrid perovskites,[4] involving the breakage 
(and full or partial reformation) of the coordination network 
upon melting and subsequent quenching into the glassy state. 
As such, water addition limits the reformation of the initial 
network-connecting species, in agreement with the lack of 
recrystallization upon hydration in the Mn(hmba)3[MnBr4] 
glass as shown in Figure S10 (Supporting Information). In 
oxide glass science, such elements are termed as “modi-
fiers.” The effect observed in this work, as studied in detail for 
Co(hmba)3[CoBr4] but also confirmed for Co(hmba)3[Co(SCN)4] 
and Mn(hmba)3[MnBr4] systems, is therefore mechanisti-
cally different from the recent work of vitrification by desolva-
tion.[48,49] We believe that the proposed structural mechanism 
is not unique to the systems studied in this work and may also 
find usefulness for, e.g., the much-studied ZIFs where much 
work has been devoted to lowering the melting temperature 
and viscosity[50] or other systems prone to react with water. As 
such, the ability to incorporate modifiers would be of great use-
fulness to push the field forward.

As reflected from the observed water-induced decrease in 
Tm and Tg (Figure  2b and Figures S6, S7, and S9, Supporting 
Information), the resulting glass properties are expected to 
exhibit similar large changes upon inclusion of water. From tra-
ditional rigidity considerations, the depolymerization of a net-
work greatly reduces, e.g., its hardness and elastic moduli.[51–53] 
Such change may be useful depending on the application, but 
as hybrid glasses are generally soft and flexible,[14,54] further 
reducing the mechanical moduli may be disadvantageous. Sim-
ilarly, chemical durability may be heavily impacted by modifier 
addition as in the case of oxide glasses, where modifiers can 
both enhance or reduce corrosion resistance depending on the 
chemistry of the glass and the corrosion conditions.[55] Simi-
larly, it is also possible that modifiers in hybrid glasses could 
increase, e.g., Tg, by introducing stronger bonds or higher-
coordinated species in the modified glass network. Such effect 
is well known in the case of for example borate glasses,[56] but 
has not yet been observed in hybrid glasses. Water (or other 
“modifier”) addition may thus serve as a method for tweaking 
the properties of hybrid glasses, similar to the case of oxide 
glasses. Moreover, the described depolymerization could allow 
more hybrid and MOF crystals to melt before they thermally 
decompose, thus dramatically expanding the range of hybrid 
glass formation.

3. Conclusion

We have shown that water addition to a cobalt-based hybrid 
coordination network crystal leads to a significant decrease in 
its melting point and glass transition temperature significantly. 
Through calorimetric, spectroscopic, diffraction, XAFS, and 
simulation methods, we have proposed a mechanism for the 
water-promoted breakdown of the internal network of Co2+ ions 
and bis-acetamide organic linkers, with a partial redistribution 
of the [CoBr4]2− centers. The former is obtained by replacing 
labile CoO bonds from the organic ligand with coordination 
to water molecules. We also probed the effect of water addition 

on the melting behavior of two related hybrid coordination 
network systems with exchanged transition metals and charge 
balancing anions, showing a similar decrease in melting tem-
perature and thus confirming the universality of the mecha-
nism for other hmba-based hybrid coordination network glass 
systems. This mechanism resembles that of water and other 
network “modifiers” in traditional oxide glass-forming systems, 
where such structural modification is used to design and tune 
glass properties for industrial applications. As such, the present 
results pave the way for a significant expansion of the meltable 
and glass-forming hybrid systems as well as substantial non-
stoichiometric chemical diversification of these systems.
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