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ABSTRACT

Coordination polymer (CP) glasses have recently emerged as a new glass state. Given the young state of the field, the discovery of con-
cepts that guide the synthesis of CP glasses with targeted thermal and macroscopic properties is at the center of ongoing research. In our
work, we draw inspiration from research on inorganic glasses, investigating the impact of Li(C;N3) as a modifier on the thermal proper-
ties of the new molecular perovskite [(C3H7)3N(C4Ho)]Mn(C;N3)3 (with [C;N3]™ = dicyanamide, DCA). We derive the phase diagram and
show that Li(C;N3) and [(C3H7)sN(C4Ho)]Mn(C;N3)s form a eutectic mixture, in which the melting temperature is decreased by 30 K.
Additionally, for the eutectic mixture at xiipca ~ 0.4, a CP glass forms under slow cooling, opening interesting pathways for scalable syn-
thesis routes of CP glasses. Given the virtually unlimited parameter space of hybrid modifiers, they will play a major role in the future to
alter the glass’ properties where the availability of rigorously derived phase diagrams will be important to identify material class overarching
trends.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0143404
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INTRODUCTION

Coordination polymers (CPs) are composed of inorganic
and organic building units, offering a large chemical space to
address various applications, such as water harvesting,' ferro-
electrics,” fine chemical catalysis,” and sensing’ among many more.
The discovery of glass-forming CPs is one of the latest mile-
stones in the field,” conceptually closing the gap between inor-
ganic and polymer-based glasses. Examples of glass-forming CPs
are zeolitic imidazolate frameworks, such as ZIF-4 ([Zn(Im),],
Im~ = imidazolate),” ZIF-62 ([Zn(Im);.75(bIm)g2s], bIm™ = benz-
imidazolate),’ and ZIF-62(M)-bIm,° (M = Co**, Zn>*), thiocyanate

and nitrile-based CPs, such as [Cuz(SCN)3(Czbpy)]'’ (Cobpy™ = 1-
ethyl-[4,4-bipyridin]-1-ium) and [Ag(mL1)(CF3S03)]-2C¢Hg (mL1
=1,3,5-tris(3-cyanophenylethynyl)benzene),'! and low-dimensional
CPs, such as [Zn(HPO4)(H,PO,4);]-2H,Im'? and [Au(SPh)],"”
(SPh™ = thiophenolate). In addition to the fundamental inter-
est in this new glass-state, CP-based glasses show potential
in various applied areas, such as gas separation'* and solid
electrolytes.' CP glasses are typically synthesized by rapid cooling
of a melt that is obtained by heating a crystalline CP. There-
fore, the melt, as a key intermediate state toward CP glasses,
deserves close attention, where conceptual progress for tailoring
the melting temperature (T1,) through chemical and compositional
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changes to suppress parasitic decomposition processes is of great
importance."‘ 118

More recently, a series of ABX3; molecular perovskites
[Pr4N]B(C,N3); ([PryN]* = tetrapropylammonium, B = Mn®",
Fe**, and Co**) was reported to melt before thermal decomposi-
tion (Tm < T4) and to form a stable coordination polymer glass
upon rapid cooling.'””’ Subsequently, the manipulation of Ty, by
A- and B-site substitution was investigated for AB[C;N3]3 CPs; T
decreases with increasing alkyl chain length of the A-site cation
([PesN]* > [BugN]* > [PryN]* with Pe = pentyl, Bu = butyl, and
Pr = propyl) or decreasing Shannon ionic radius of the B-site metal
(Mn** > Fe** > Co**).2! A similar impact of A-site cation substitu-
tion on Ty, and the glass transition temperature (Ty) was observed
for 2D perovskite-related A;BX4 materials, such as [A],Pbly with
six alkylammonium A-site cations (n-bua, sec-bua, 1-me-bua,
n-hexa, 1-me-hexa, and 2-et-hexa with me = methyl, et = ethyl, bu
= butyl, hex = hexyl, and a = ammonium),”>*’ despite the chem-
ically different bonding situation within the inorganic 2D layers.
These studies show that melting properties are heavily impacted
by the A-site cations’ entropic contributions and that B-site sub-
stitution allows for fine-tuning the materials’ thermal properties.
Therefore, ABX3 perovskite-type CPs have proved as a power-
ful model platform for studying composition-structure—thermal
property relationships by systematic compositional changes on the
A-, B-, and X-site. An open opportunity that has yet not been
explored for glass-forming perovskite-type materials is tailoring of
glass formation properties, i.e, Ty and T, by the use of glass
modifiers.

Our work is inspired by decades of work on inorganic glasses,
where the addition of modifiers is established as a tool for tailoring
glass properties,”* i.e., their structural,” optical,”® and electronic’’
properties. Recent studies on the impact of various glass-network
modifiers, i.e., inorganic metal oxides (Li,O, Na,O, CaO, MgO,
BaO, and ZnO) on the thermal properties and glass forming abil-
ity of phosphate and aluminate glasses, emphasize the suitability of
this approach toward CP glass chemistry.”*”’ Additionally, it was
recently shown that the superprotonic properties of CsHSO4 are
preserved through the formation of a binary CsHSO4-CP system
that shows eutectic behavior.”’ Here, we report a new molecu-
lar perovskite [PrsNBu]Mn(C;N3)s, investigate its melting behavior
and glass-forming ability, and explore the impact of Na(C;N3) and
Li(C;N3) on these processes. We identify Li(C,N3) as a suitable
compound for the formation of a eutectic mixture, which stabilizes
the formation of a CP glass at high amounts. Our study emphasizes
that the established principles from inorganic glasses are an impor-
tant research compass to unlock the potential of CP glasses, which
we expect to be key in deriving CP glasses with targeted thermal
properties in the future.

RESULTS AND DISCUSSION

Synthesis and thermal properties
of [PrsNBulMn(C>N3z);

In the first step, the A-site cation butyltri-n-propylammonium
([Pr;NBu]*) was synthesized from tri-n-propylamine and
1-bromobutane in a one-step nucleophilic substitution reaction,
see the supplementary material (S-2) for details and Fig. S1. Single

scitation.org/journal/apm

crystals of the molecular perovskite [PrsNBu]Mn(C,;N3); were
obtained by following an established mild solution synthesis
route by starting from [PrsNBu]Br, MnCl,-6H,0O, and Na(C;N3)
in H,O, see Fig. S2 and the supplementary material (S-3). The
structure of [PrsNBu]Mn(C;N3); was determined via single
crystal x-ray diffraction, see Fig. 1(a), Table S1, and Fig. S5 for
crystallographic data. At room temperature, [PrsNBu]Mn(C;N3)3
crystallizes in the space group Pbcn with the cell parameters
a = 165315(17) A, b = 17.5441(17) A, and ¢ = 32.348(3) A,
V = 9382.0(17) A’. Thermogravimetric analysis-differential scan-
ning calorimetry (TGA-DSC) was carried out on the as-synthesized
[PrsNBu]Mn(C;N3)3 material, showing thermal decomposition at
T4 = 570 K. Two endothermic events were observed at 371 and
474 K in the DSC signal before thermal decomposition, see Fig.
S11. Variable temperature powder x-ray diffraction (VTPXRD)
and cyclic DSC (Differential scanning calorimetry) measurements
show that the heat event at Ts = 368 K belongs to an irreversible
crystalline-to-crystalline (solid-to-solid, Tss) phase transition, see
Fig. 1(d) and the supplementary material (Figs. S15, S16, and S26).
Comparing the PXRD pattern of the high-temperature phase with
the PXRD of the molecular perovskite [Pr3;NBu]Ni(C;N3); suggests
that both materials are isostructural. In turn, both crystalline phases
of [Pr3NBu]Mn(C;N3); exhibit a perovskite-type structure motif,
making [PrsNBu]Mn(C;N3); to another molecular perovskite
that shows tilt and shift polymorphism,’ see the supplementary
material (Figs. S14, S17, and S18) for details on the structure
discussion. Furthermore, VIPXRD shows that the second heat
event at T, = 469.4 K, which occurs significantly before T4y,
corresponds to a crystalline-to-amorphous phase transition, see
Figs. 1(d) and Fig. S25. Following on from previous reports on
the melting behavior of related dicyanamide-based materials,
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FIG. 1. (a) Structure visualization of the molecular perovskite [PrsNBu]Mn(C,N3)3,
where [Mn(C;N3)3]~ forms a 3D ReOs-type network and the A-site molecule sits
in its void for charge balance, forming the perovskite structure motif (color code:
Mn polyhedral—light gray, N—dark blue, C—dark gray, and H atoms were deleted
for better visualization). Optical images of the as-synthesized crystals (b) and the
melt-quenched [PrsNBu]Mn(C,N3)s (c). (d) PXRD patterns (A = 0.206 79 A) during
heating from 290 to 485 K, showing a crystalline-to-crystalline phase transition at
approximately Tss = 371 K (dark to light blue), followed by amorphization (gray)
on holding at 485 K.
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such as [PrsN]Mn(C;N3); and [BusN]Mn(C;Ns)s,”"”"" the
second heat event is assigned to a solid-to-liquid phase transition,
i.e., melting of [PrsNBu]Mn(C;N3)s. This is further supported
by the glass-like appearance of the melt-quenched material,
see Fig. 1(c).

Melted and glassy state of [PrsNBu]Mn(C;N3)s

Compared to other ABX3 molecular perovskites, Tm = 474 K
for [Prs3NBu]Mn(C;N3)s is the lowest reported melting temperature
to date, and the difference of AT = 96 K between T4 and Ty, stands
out being 61 K higher than for [Pr4N]Mn(C;N3)3 (AT = 35 K), see
Fig. S11. However, it is important to mention that related ABX;
non-perovskite [C,N3]™-based CPs, such as [BusN]Mn(C;N3)3 and
[Pe4sN]Mn(C;N3)3, have been reported to melt at around 423 K
Therefore, by drawing comparisons to ionic liquids, these results
suggest describing AB(C,N3)3 materials as AX-BX, compounds, a
perspective that highlights the inorganic-organic-ionic nature of
CP melts and helps in rationalizing their thermal properties.”” Fol-
lowing this train of thought, the T of [Pr3NBu]C;N3-Mn(C;N3),
agrees with previous reports: with increasing the alkyl chain
length of the quaternary ammonium A-site cation, an increased
entropy of melting is observed, resulting in a monotonic decrease
of T along the series [PrsN]C,N3-Mn(C;N3), (535 K)'%20%
> [PI‘3NB11]C2N3'MI’1(C2N3)2 (474 K) > [BU4N]C2N3~MH(C2N3)2
(458 K)”"*? > [Pe4sN]C,N3-Mn(C,N3), (422 K).**

Taking a closer look at the melting process of
[PrsNBu]Mn(C;N3)3 via cyclic DSC measurements, reversible
melting is observed with a small decrease of T, of ~4.5 K from
the first cycle Ty = 469.4 K to the second cycle T, = 464.9 K,
see Fig. S26. The thermogravimetric analysis combined with
mass spectrometry was used to search for potential decompo-
sition processes during melting, see Fig. S38. No evidence for
material decomposition was found up to 493.15 K, and the first
fragmentation products of the A-site alkyl chain were observed
at T = 513.15 K. Furthermore, 'H NMR spectroscopy of the
acid-digested solid after melting shows no additional signals, see
Fig. S9. Therefore, decomposition processes during the melting
process are expected to play a minor role if any. Slowly cooling
the melt to room temperature at a rate of 5 K min™' leads to
recrystallization, which is observed in the DSC as a sharp exother-
mic event at Tc = 452.7 K, see Figs. S24 and S26. Interestingly,
recrystallization after melting, which might open opportunities for
new synthesis routes of functional, crystalline thin film CPs, can
still be considered as an unusual behavior for CPs and has only
been reported for a few examples, such as Co-bis(acetamide)’* and
Cu(isopropylimidazolate).” Applying a rapid cooling procedure by
quenching the [Pr3NBu]Mn(C;N3); melt in liquid N suppresses
recrystallization and leads to x-ray amorphous, glass-like fragments,
see Fig. 1(c) and Fig. S19. Elemental analysis of the melt-quenched
[Pr3sNBu]Mn(C;N3)3 agrees with the ABX;3 stoichiometry of the
starting compound, see details in the supplementary material (S-5).
DSC measurements of the melt-quenched [PrsNBu]Mn(C;N3);
show a glass transition at around Ty = 253.28 K, see Fig. S37.
Therefore, the molecular perovskite [Pr3;NBu]Mn(C;N3); forms
a stable liquid upon heating and a coordination polymer glass
upon rapid cooling akin to previous reports on [PrsN]B(C;N3);
B= Mn®*, Co?*, and Ni2+).

scitation.org/journal/apm

Li(C2Ns) as eutectic forming modifier

Drawing inspiration from research works on inorganic glasses,
we investigated the impact of M(C;N3)(with M = Li* and Na™)
as a modifier on the melting behavior and glass formation of
[PrsNBu]Mn(C;N3)s. Na(C;N3) is commercially available and was
used as purchased, while Li(C;N3) was synthesized in a mod-
ified literature procedure starting from Na(C,N3), see prepara-
tion details in the supplementary material (S-4). The phase purity
of Li(C;N3) was confirmed by TGA-DSC analysis and IR spec-
troscopy, see Figs. S10 and S39-S41. Both Li(C;N3) and Na(C;N3)
undergo a trimerization reaction upon heating while no melting
is observed, see the supplementary material (S-13). Before prepa-
ration of modifier-[Pr;NBu]Mn(C;Nj3); mixtures of various mole
ratios, both M(C;N3)3 salts and [Pr3NBu]Mn(C,N3)3; were dried,
see preparation details in the supplementary material (S-12). In
the first step, we screened the impact of the modifier on Tp, via
TGA-DSC experiments of different mole fractions, see Figs. S12
and S13. From this screening series, it can be observed that the
melting point of [Pr3NBu]Mn(C;N3)3 decreases when mixing with
increasing mole fractions xripca of Li(C;N3), while Na(C;N3) as
modifier has no evident impact. Applying established equations that
describe the solid-liquid thermodynamics in the studied system, our
experimental results suggest a large difference in theoretical melt-
ing temperatures of Li(C;N3) and Na(C,N3), which can be expected
based on their different crystal structures; for a more elaborate
discussion, see the supplementary material (S-37).

Subsequently, we explored the impact of Li(C;N3) on Tr, as
a function of increasing mole fractions xLipca (xLipca = 0, 0.15,
0.25, 0.32, 0.38, 0.41, 0.45, 0.49, 0.58, and 0.66) via DSC in more
detail, see Fig. 2 and Figs. S27-S35. From the DSC traces, it is evi-
dent that an increase in xipca has no significant impact on Tss of

T T T T T T
1 endo ° Ty, o Ty
JL .Tss .Tsol
[ ]
n {— Xipca= 0.66
k2] [ ] o
c — X_pca= 0.58
5 J.\__Jx__‘ LibeA
_E' [} — XLipca™ 0.49
@ ° /Og
% ° ° J— Xupca = 0.45
= ° Xiipca = 0.41
© [ ]
T oca=0.38
T i ° ° 1 Xiipca = -
_/.\—_J\/.\—— — Xupca=0:32
— Xipca= 0.25
i N e
) — Xupca= 0.15
[ 2 J\
Xiipca=0

360 380 400 420 440 460 480 500
Temperature / K

FIG. 2. DSC curves of Li(CaN3)-[PrsNBu]Mn(C;N3); mixtures with varying the
amount of modifier salt, X,ipca. The DSC data of various mole fractions obtained
on heating were used to build a phase diagram. For beter visualization, the curves
are offset by a random shift.
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[PrsNBu]Mn(C;N3)s. This is expected as there is no obvious path-
way of how Li(C;N3) as a modifier impacts the internal structural
reorganization of [Pr3NBu]Mn(C,N3)3 prior to melting. In contrast,
already at xipca = 0.15, two distinct endothermic signals become
visible in the DSC traces, which belong to the liquidus (Tiq) and the
solidus temperature (Ts), see Fig. S27. Further increasing xripca
leads to a monotonic decrease of Thig until approximately xripca
~ 0.4, where the eutectic mixture (T, = T}q) is reached. Further-
more, in the second heating cycle of the mixtures xripca = 0.15, 0.25,
0.32, and 0.38, an exothermic event is observed, see Figs. $27-S30.
This exothermic event reflects a structural reorganization related to
crystallization and is known as cold crystallization (Tc). Overall,
for xripca = 0.38, a decrease of ~30 K in the melting of the homo-
geneous mixture (T}q) is observed; for comparison purposes with
literature data, the offset temperature of Ty, is used for the discus-
sion, while Table S3 contains both Tp, as determined from peak
onset and offset. Taken together, the data provide the basis to build
a temperature-composition phase diagram up to xLipca = 0.41, see
Fig. 3. To the best of our knowledge, this is the first report of a
molecular perovskite-related eutectic mixture, showcasing the appli-
cability of established concepts to tailor the thermal properties of
melting coordination polymers.

The decreased Tr, of [Pr3NBu]Mn(C,N3)3 by the formation of
a eutectic mixture with Li(C;N3) as a modifier provides improved
opportunities for glass formation compared to currently employed
TGA-DSC-based processes. Additionally, opening the gap between

500 : T T T

L Tliq i Tsol. Tss

450
Swp Hight * L

X
o
2
@ 400 | Stioca + Swp Hight 7
8
'—
350 + e
Stioca * Swp Lowt
300 + e
0 0.1 0.2 0.3

XLipca

FIG. 3. Partial phase diagram of the binaryLi(C,N3)-[PrsNBu]Mn(C,N3); system
at ambient pressure showing simple eutectic behavior, with S = solid phase,
L = liquid phase, MP = molecular perovskite, and LIDCA = Li(C,N3). We would
like to note that the phase diagram was built from DSC data of the initial heating
run up to xupca = 0.41 since Tjq of mixtures with higher mole fractions (X ipca
=0.41, 0.45, 0.49, 0.58, 0.66) are not possible to determine. For small mole frac-
tions, we observed a very weak signal without a clear peak onset and offset, and
for larger mole fractions, we assume that Ty, raises quickly above the temperature
where trimerization of Li(C,N3) and/or decomposition of [PrsNBu]Mn(C,N3); start.
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Tm and T4 is expected to further suppress any potential decompo-
sition processes. To demonstrate this, we performed simple model
experiments by heating 20 mg of mixtures near the eutectic (xripca
=0.38 and 0.41) to 443 or 441 K in a glass vial under Ar atmosphere,
see method details in the supplementary material (S-5). Initial melt-
ing started after 10 min, and after 30 min, the melting process was
completed. After cooling slowly to room temperature, the remain-
ing solids were transparent and had a drop-like appearance, see Fig.
S4. Comparing the PXRD pattern prior to and after melting of the
mixture closest to the eutectic (x1ipca = 0.41), all sharp reflections
disappeared, see Fig. S23. For the mixture of xipca = 0.38, how-
ever, evidence for crystalline domains remained, which is expected
from the observed recrystallization event in the DSC traces of the
xLipca = 0.38 mixture when cooled slowly, see Figs. S21, S22, and
$30. Importantly, an excess of Li(C2N3) (xtipca = 0.41 and higher)
avoids any recrystallization even when cooled slowly. This suggests
that the composition of the eutectic mixture is at a mole fraction
of approximately xpipca ~ 0.4. In parallel, for all mixtures with
a mole fraction xiipca > 0.41-0.66, a clear glass transition Ty is
visible, which decreases from Ty = 312.3 K (xLipca = 0.41) to Ty
= 301.3 K (xLipca = 0.66), see Figs. S31-S35. Furthermore, misci-
bility of [PrsNBu]Mn(C;N3); and Li(C;N3) in the liquid state is
assumed since only a single T;; was obtained for mixtures between
xtipca = 0.41 and 0.66, see Figs. S31-S35. Therefore, Li(C;N3) is a
suitable modifier for tailoring the melting behavior of the molecular
perovskite [PrsNBu]Mn(C;N3)s.

CONCLUSION

We report the synthesis of the new molecular perovskite
[PrsNBu]Mn(C;N3)s, investigate its melting behavior, and show
that Li(C,;N3) is a suitable eutectic forming glass modifier. For the
eutectic mixture at xripca ~ 0.4, we observe a decrease of T of
30 K and show that a CP glass can be obtained even when cooled
slowly. Our results underpin that established principles for inor-
ganic glasses are a suitable compass for progressing the area of
CP glasses, and specifically, the use of eutectic mixtures provides
a myriad of opportunities to alter the glass’ resulting macroscopic
properties.

In going forward, the use of “non-innocent” glass modifiers,
i.e., modifiers with an intrinsic physical property, such as opti-
cal activity or interesting photophysics, might offer a pathway to
incorporate new properties in the resulting glass beyond its impact
as a modifier per se. For instance, for an AX modifier, A* might
be optical active while X~ guarantees high miscibility with the
parent material when chosen according to the chemistry of the
glass forming CP. Additionally, we propose that established for-
mulas that describe the underlying solid-liquid thermodynamics
can guide the search for other potential eutectic formers for CP
forming glasses such as purely organic [C;N3] ™ -based modifier salts
with suitable melting temperatures for [C;N3] -based molecular
perovskites. Future research opportunities include the investigation
of materials’ mechanical properties, such as compressibility, bulk
moduli, and thermal expansion behavior, as a function of mole frac-
tions xripca. Therefore, we believe that the use of modifiers will
become an increasingly important research branch in the field of
CP glasses, for which our results provide an important fundamental
groundwork.
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